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ABSTRACT 

The total electrical conductivi ty and the electronic conductivi ty in silver 
beta a lumina  have been determined between 23 ~ and 800~ over a wide range 
of oxygen part ial  pressure using a-c and d-c techniques. The ionic t ransfer-  
ence number  was found to be very  close to un i ty  under  all conditions. Com- 
parison of these measurements  with tracer diffusion studies shows that  the 
diffusion of silver ions takes place by an interst i t ialey mechanism. 

Previously reported measurements  (1-3) of the ionic 
conduct ivi ty  and the diffusion coefficient of mono-  
valent  ions, M, in materials  of the  beta a lumina  struc- 
ture, represented by the general  formula MAlllO~7, 
have indicated that  this phase might  prove to be very 
useful as a solid electrolyte or t ransducer  e lement  in 
electrochemical cells. 

In  order to evaluate materials  for such purposes, 
however, knowledge must  be obtained about the 
t ransference numbers  of both ionic and electronic 
species as well  as the total  electrical conductivi ty over 
broad ranges of temperature  and other thermo-  
dynamic variables. Widely useful  materials  should 
have low values of electronic conduct ivi ty and re la-  
t ively rapid ionic t ransport  under  conditions whereby 
they might  be applied. It is not enough to have this 
informat ion for only a l imited set of exper imenta l  
circumstances. 

Informat ion concerning the electrical conductivi ty 
of single crystals of beta a lumina  containing silver as 
the monovalent  cation is presented in  this paper. In  
this case simple (silver) metallic electrodes could be 
used which are essentially reversible to both M ions 
and electronic species over wide ranges of both tem- 
pera ture  and oxygen part ial  pressure. In  addition to 
s tandard a-c and d-c measurements,  the Wagner  
asymmetric polarization technique (4-8) was used to 
investigate the electron and hole conductivities. Ex-  
per iments  were conducted from 23 ~ to 800~ and over 
a range of oxygen part ial  pressures, from 0.2 to 10 -24 
atm. 

Experimental and Results 
Preparation and analysis of samples.--Batches of 

single crystals of sodium beta a lumina  were obtained 
from the Carborundum Company, and crystals which 
were optically free of a second phase were selected 
for study. Samples of silver beta a lumina  were pre-  
pared from the sodium beta a lumina  start ing mater ial  
by immersion in pure silver n i t ra te  at a tempera ture  
slightly above its melt ing point (1). However, in this 
case, e lemental  silver was also present  in  the bath, so 
that  the silver activity was main ta ined  at unity.  A 
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process of solid-state ion exchange takes place by 
chemical diffusion among the monovalent  cations in 
the beta a lumina  structure,  with the sodium ions being 
replaced by silver ions. After  equi l ibrat ion (about 24 
hr) the samples were removed, washed, and weighed 
to indicate the amount  of exchange, and replaced in 
a fresh batch of silver ni t ra te  so that the sodium activ- 
i ty was again reduced to a very  low value. This process 
was repeated unt i l  no fur ther  detectable weight 
change occurred. Except in the case of large crystals, 
this normal ly  involved only one exchange. Complete- 
ness of the exchange of the monovalen t  ions was 
checked by arc spectrographic techniques. In  all cases, 
the residual  sodium content  was found to be less than  
0.1% by weight;  the other major  impuri t ies  present  
were silicon (0.1%), calcium (0.03%), and iron 
(0.02%). 

The assumption that  only the ident i ty  of the mono-  
vatent  cations was being changed by this process w a s  

investigated by  similar reconversion of samples to 
sodium beta alumina.  Weight measurements  indicated 
that this assumption was justified, as complete re-  
versibi l i ty was found. 

In  all cases, an excess of the monovalent  cation con- 
centrat ion was found, relat ive to the stoichiometric 
formula MA11101T. Expressing the composition as 
Agl+zAll~OI~, the value of x was found to be 0.158 ___ 
0.004 for eight different samples. 

X- ray  diffraction experiments  of the samples con- 
ta ining silver showed that they had the same struc- 
ture  as that reported (9-11) for sodium beta alumina,  
but  with lattice parameters  of ao = 5.596A and co = 
22.47A. These agree well  with the results of Yao and 
K u m m e r  (1), who found the values of 5.594 and 
22.498A, for ao and co, respectively. Analysis  of the 
intensities of the various diffraction lines indicated 
that  they could be best explained by assuming the 
presence of 15-20% excess silver ions residing in the 
secondary (al ternat ive)  monovalent  cation site in the 
loosely packed layer  in this s t ructure (10). The site 
geometry wi th in  this br idging layer, which is adjoined 
by blocks having the spinel s t ructure of MgA1204, the 
Mg2+ sites also being occupied by  A18+ ions, is indi -  
cated in Fig. 1. 

Measurements of the total electrical conductivity.-- 
Crystals about 5 mm square and 1 m m  thick were 
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Fig. I. Ionic arra,gement in loosely packed layer of beta alumina. 
,'~Oxygen ions above and below plane of paper; C) oxygen ion in 
I~fane of paper (aluminum ions are in the tetrahedral sites above 
and below these ions). 0 M ion in plane of paper on normal lattice 
site; [~ interstitial site in plane of paper. 

mounted  between silver electrodes in a quartz cell 
assembly in  which the oxygen par t ia l  pressure could 
be controlled. The c-axis was perpendicular  to the 
large faces, and the electrodes were placed so that  
conduction was measured parallel  to the a-axis. The 
na ture  of the crystal s tructure is such that  highly 
anisotropic behavior  is expected, with very  much 
slower t ransport  in  the c-direction. Contact to the 
solid silver electrodes was enhanced by coating the 
appropriate edges of the crystals with Engelhard silver 
resinate solution, which was baked at 500~ to give a 
coherent film of silver metal. Excess silver was re-  
moved by nitr ic acid, and the electrodes attached by 
the application of more resinate solution and baking 
the whole assembly. A small a m o u n t  of mechanical  
force was applied by an  external  steel spring to press 
the electrodes and sample together. This procedure 
gave excellent mechanical  and electrical contact. 

In order to remove spurious effects due to the pres- 
ence of residual  silver ions from the resonate solution 
on the crystal  surface, samples were annealed for 12 
hr at 800~ prior to conductivi ty measurements.  The 
measuring cell was contained in a furnace, whose tem- 
perature  control and stabil i ty were better  than  0.5~ 

The use of e lemental  silver electrodes fixed the 
chemical activity of the silver in the beta a lumina  at 
uni ty;  however, in such a t e rnary  system the activity 
of one of the other components must  also be controlled 
in order to properly define the thermodynamic  state 
of the sample. In  this case the oxygen part ial  pressure 
was controlled by the use of a flowing gas system. 
Hel ium was used as the flowing gas and its oxygen 
content  was controlled by passage over hot t i t an ium 
or calcium chips; the gas was subsequent ly  dried by 
passage through liquid nitrogen. The oxygen par t ia l  
pressure in  the hel ium was moni tored cont inuously by  
the use of the solid-state electrochemical t ransducer  
technique (8, 12-14) with a stabilized zirconia tube 
and air at the reference electrode. 

The total a-c conductivi ty was measured by use of 
a General  Radio Type 1608A impedance bridge and an 
external  oscillator. No frequency dependence was ob- 
served over the span 102-105 Hz at any  combinat ion of 
tempera ture  and oxygen part ial  pressure wi th in  the 
range investigated. Measurements made under  d-c 
conditions also gave the same values of conductivi ty 
if the value of total  cur rent  was main ta ined  less than 
about 5 mA/cm~ (at high temperatures) .  At higher 
current  fluxes the apparent  conductivi ty was found to 
decrease gradually,  possibly because of void forma-  
t ion at the interface between the crystal and the 
silver source electrode or polarizat ion at this interface. 

Measurements of both a-c and d-c conductivi ty were 
obtained for five crystals; results are shown in Fig. 2 
for a typical sample. It is seen that  the data produce a 
l inear  relat ion between the logari thm of conduct ivi ty-  
tempera ture  product and the reciprocal of the absolute 
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Fig. 2. Total conductivity of silver beta alumina 

tempera ture  from room tempera ture  to above 650~ 
as expected from the general  relat ion 

= (~o/T) exp ( - - Q / R T )  [1] 

The origin of the positive deviation from this relat ion 
at higher temperatures,  which was observed for all 
samples, is not  definitely known but  may be due to a 
change in the diffusion mechanism. 

The apparent  activation energy Q for the l inear  
range was found to have the value 3.98 • 0.08 kcal /  
mole. The conductivi ty at 23~ was (6.41 • 0.30) x 
10-8 (ohm-cm) -1 

Attempts to measure the oxygen part ial  pressure 
dependence of the total conductivi ty resulted in  the 
conclusion that  the dominant  conduction process is 
essentially independent  of oxygen par t ia l  pressure 
over the range from that  of air to about 10 - ~  atmo- 
spheres. Experiments  from 600 ~ to 800~ showed an 
effect of less than  5%, which is deemed to be wi thin  
exper imental  error. 

M e a s u r e m e n t s  of the  electronic  contr ibut ion  to the 
c o n d u c t i v i t y . - - F o l l o w i n g  the method of Wagner  (4-7), 
the electronic conduct ivi ty  of silver beta a lumina  has 
been deduced from current -potent ia l  curves for the 
cell 

- -Ag /AgAlnOl~ /P t  -t- (I) 

On applying a potential  below the decomposition 
voltage of silver beta a lumina  to the cell (I) wi th  
the negat ive pole on the left silver ions wil l  tend to 
flow to the left and electrons to the right. However 
there is no source of silver ions at the r ight  electrode, 
so the crystal will  become depleted in silver at this 
electrode which will  cause silver to flow toward this 
end under  a chemical concentrat ion gradient. At 
equi l ibr ium the flow of silver ions due to the electrical 
gradient  wil l  equal  the flow due to the chemical gradi-  
ent, and the total cur rent  wil l  be carried solely by 
electrons and positive holes. 

This current  in a cationic conductor is given by 

I = ( R T / L F )  [~e(1 -- exp [ - - E F / R T ] )  
-{- ca (exp [ E F / R T ]  -- 1)] [2] 

where  I is the current,  L the cell constant  which is 
determined by the crystal geometry, ~e and an the 
electron and hole conductivities, respectively, and E 
the applied potent ial  difference. This may  be rear-  
ranged (7) to give the more exper imental ly  useful 
expression 

I~ [ exp (EF/RT) -- 1 ] 
---- RT/LF [~e exp (--EF/RT) + O'h] [3] 
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Thus the value of o'e may  be obtained from the slope 
of a plot of I / [ e x p ( E F / R T )  --1] against exp 
( - - E F / R T )  and Oh from the intercept  on the 
I~ [exp (EF/RT)  -- 1] axis. 

For this set of experiments  a crystal  was prepared as 
described above for the total conductivi ty measure-  
ment  except that p la t inum resinate solution was used 
to form one of the electrodes. The sample was 
suspended in  the furnace by means of wires attached 
to the electrodes so that  there was no possibility of a 
sample holder short-circui t ing the specimen. In  all  
cases it was found necessary to keep the cell at about 
800~ for several  days, with an applied voltage across 
it to prevent  the migrat ion of silver across the surface. 
After  this t rea tment  the current  at tained a steady low 
value which was much less than originally observed. 
Subsequent ly  when the applied potential  was changed, 
polarization occurred f a i r l y  rapidly and the equi l ib-  
r ium current  was usual ly at ta ined within  an hour. 
Measurements  of the current  using a Cary 401 elec- 
t rometer  were made on cell (I) between 555 ~ and 
790~ over a wide range of oxygen part ial  pressure. 
Figure  3 shows the results obtained at 790~ 

The intercept on the potential  axis is influenced by 
two (extraneous) different effects. In  cell (I) the 
oxygen act ivi ty  at the p la t inum electrode is fixed by 
the sur rounding  oxygen part ial  pressure; however at 
the silver electrode the silver activity is fixed at such 
a high value that the oxygen activity will  be very  
low, and so only at very  low oxygen part ial  pressures 
will  the activity of the oxygen at both electrodes be 
equal. Thus there will  be an oxygen concentrat ion 
gradient  across the beta a lumina  causing a potential  
drop across the sample opposite in sign to the applied 
potential. In  agreement  with the exper imental  ob- 
servations, this potent ial  decreases with decrease of 
ambient  oxygen part ial  pressure, however the curves 
still do not go through the origin at very low pres- 
sures. 

The silver activity at the p la t inum interface is de- 
scribed by aAg ----- exp ( - - E F / R T ) ,  and as silver is 
soluble in p la t inum (15) there will  be a flow of silver 
into the p la t inum which will  create a silver ion cur-  
rent  in the beta alumina.  This cur ren t  which may  be 
large at low potentials will  cause the measured cur-  
rent  to fall  to zero at some positive potential  as ob- 
served. Figure 4 shows the effect of these different 
behaviors on the measured cur ren t -poten t ia l  curve at 
790~ where the oxygen part ial  pressure was 0.2 atm. 
Similar  behavior has been reported for AgBr (16) 
and AgC1 (17). 
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Fig. 3. Current-applied potential curves for silver beta alumina 
at 790~ 

Fig. 4. Contributary and total current-potential curves at 790~ 
for PO2 = 0.2 arm. 

As Eq. [3] can clearly not be used when there is an 
appreciable silver ion current,  which varies with the 
applied potential, the electron conductivi ty was cal-  
culated from the current  pla teau using the expression 

cre = I L F / R T  [4] 

which is simply Eq. [2] with no positive hole conduc- 
tion. These results are given as a function of tempera-  
ture  in  Fig. 5. Satisfactory results could not  be ob-  
tained at lower temperatures  because of both long 
equil ibrat ion times and as no plateau was reached in 
the cur ren t -poten t ia l  curve although one was ob- 
viously being approached. This lat ter  behavior  was 
undoubtedly  due to the silver ion contr ibut ion to the 
total current.  In  no case was any positive deviation 
from the current  pla teau observed, indicat ing that  the 
positive hole conductivi ty was at least three orders of 
magni tude less than the electron conductivity. 

Replacement  of the p la t inum in cell (I) by  graphite, 
in which silver is not expected to be soluble, gave 
cur ren t -poten t ia l  curves which appeared to go through 
the origin as expected from the above theory. How- 
ever this cell could not be used for quant i ta t ive  meas-  
urements  as the results obtained were unreproducible  
and were accompanied by a large amount  of "noise" 
of the kind described by Van der Meulen and Kr6ger 
(17). For p la t inum this noise was completely el imi-  
nated by the init ial  h igh- tempera ture  anneal,  but  such 
a t rea tment  had no effect on the graphite cell. This 
noise is most probably due to poor interface contact 
at the blocking electrode. 
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Fig. 5. Electron conductivity of silver beta alumina. Oxygen 
partial pressure: O ,  0.2; F], 7 x 10-6; Z~, < 10 -15 arm. 
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Discussion 
Defect  s tructure  of  beta a lumina . - -S i lver  beta a lu-  

mina  was shown above to contain a considerable 
excess of the monovalent  ion, silver. It  may  thus be 
described as a highly defective nonstoichiometric 
compound. As none of the ions show any polyvalent  
character and the electronic conduct ivi ty  is so low, 
it is highly probable that  the excess silver ions are 
charge balanced by  other lattice defects ra ther  than  
by electronic defects. As ment ioned earlier, the 
crystal s t ructure  of beta a lumina  is made up of cubic 
close-packed blocks, four layers thick, of oxygen ions 
in which the a luminum ions take up both the mag-  
nesium and the a luminum positions of the spinel  
MgA1204; these blocks are held together by a loosely 
packed layer  containing A1-O-A1 bridging groups and 
silver ions. The a r rangement  in this layer  was shown 
in Fig. 1. I t  is clear tha t  extra ions can be readily ac- 
commodated in  this layer.  

X - r a y  studies (10) on the silver and tha l l ium beta 
aluminas indicate that  the excess monovalent  ions, M, 
are present  as interstitials,  Mi, on the interst i t ial  site 
indicated in Fig. 1. These may be charge balanced 
either by addit ion of negative charge in the form of 
interst i t ial  oxygen ions, O% or by removal  of positive 
charged a luminum ions giving a luminum vacancies, 
V"'AI. A third possibility is the replacement  of some of 
the a l u m i n u m  ions by divalent  cations. However there 
were not enough such impur i ty  ions present  to com- 
pensate the observed silver excess. Impur i ty  effects 
will  therefore be ignored. X - r a y  data have not yet  
been able  to distinguish between the first two models 
as they involve low defect concentrations of poor x - r ay  
scatterers, e.g., in the second case, a luminum vacancies 
on less than 0.5% of the total a luminum sites would 
compensate a 15% excess of M. It is most probable 
that  such a luminum vacancies or replacement  ions 
will  be in the region of the bridging layers so as to be 
close to the defects they are compensating. Excess 
oxygen ions could reside upon  a number  of positions, 
e.g., some of the oxygen ions on the normal  lattice 
sites might  be displaced slightly to give small  regions 
of the magnetoplumbi te  structure (18), or they might  
displace some of the M ions from their  lattice sites. It  
is unl ike ly  that  oxygen ions would reside on the in ter -  
stitial sites suggested for the excess silver ions as this 
would involve placing an oxygen ion between two 
other oxygen ions which would be energetical ly un -  
favorable. 

The effect of the oxygen part ial  pressure on the con- 
centrat ions of defects in the first two models, and 
hence on their  electrical conductivity, will  now be 
discussed. In  both cases it is assumed that  the concen- 
t rat ions of electrons and positive holes are small  com- 
pared to those of the lattice defects of the same charge; 
this is consistent with the known ionic conductivi ty of 
these materials.  At high oxygen pressures the pre-  
dominant  defects are l ikely to be cation interstitials,  
M'i, and its compensat ing defect, either V"'A~ or 0 %  
whereas at low oxygen pressures the compensating 
defect is more l ikely to be a cation vacancy, V'M. The 
la t ter  is s imply Frenke l  disorder in the M lattice. 
Figures 6 and 7 show the results of calculations based 
on these defect models, and using the exper imental  
data at 550~ with the assumption that  the electron 
and hole mobili t ies are unity.  

Both these models suggest that at high oxygen pres-  
sures the concentrat ions of interst i t ial  cations and 
electrons, [M'i] and [e'], should depend on the oxygen 
part ial  pressure. This was not found to be the case 
exper imenta l ly  and suggests that  either (i) all oxygen 
pressures investigated were wi th in  the lower range, 
(ii) the defect models considered are incorrect, or 
(iii) the silver beta a lumina  samples were not in 
equi l ibr ium with the environment .  As the models con- 
sidered here seem to be the most feasible, and no 
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Fig. 7. Defect equilibrium where O"i is predomffmnt at high po2. 
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excess of M is expected in  the lower oxygen pressure 
range, the possibility of nonequi l ib r ium with the en-  
v i ronment  is the most likely. The sodium beta  a lumina  
from which these samples were  obtained was crystal-  
lized from the melt  at about 2000~ at no subsequent  
t ime were the samples raised to such temperatures.  
It is thus possible that  if one of the compensat ing de- 
fects were  frozen in on cooling from this tempera ture  
the silver concentrat ion would reflect the thermo-  
dynamic condition (and sodium content)  expected at 
that  high tempera ture  ra ther  than  of the tempera ture  
at which it was prepared by the ion exchange tech- 
nique or present  dur ing the subsequent  measure-  
ments.  This assumption leads to a differentiation be-  
tween the two proposed compensation mechanisms. If 
compensat ion were by means of oxygen intersti t ials 
then there is no a priori  reason why these defects 
should not show a reasonably high diffusion coefficient 
and be able to come to equi l ibr ium with the envi ron-  
ment  at 800~ considering the open na ture  of the 
planes containing these ions. However, if the com- 
pensat ing defect were an a l u m i n u m  vacancy, then it 
could be frozen into any  part  of the close-packed blocks 
or in  the br idging groups; in ei ther case it would be 
expected to have a much lower diffusivity than the 
oxygen interstit ial.  It is therefore suggested that  the 
compensation mechanism for the excess M ions in the 
beta a lumina  structure involves a luminum vacancies 
and that for all  practical purposes these vacancies 
should be considered frozen into the lattice at the 
temperatures  of these experiments.  

Mechanism of di~usion of s i lver  in beta a l u m i n a . -  
The diffusion coefficients for silver diffusion in silver 
beta  alumina,  obtained from the conduct ivi ty  data of 
Fig. 2 using the Nerns t -Eins te in  relat ionship 

D -= aRT/cq  2 [5] 

and from the tracer  diffusion studies of Yao and 
K u m m e r  (1), are compared in  Fig. 8. The concentra-  
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Fig. 8. Diffusion coefficient for silver in silver beta alumina. 
- -  Measured, - . . . .  extrapolated. 

t ion of silver ions, c, was taken as equal to that  of the 
stoichiometric compound, which is 5.453 x 10 -~ 
moles/cc. The conduct ivi ty results show that in  the 
equation 

D = Do exp ( - - Q / R T )  [6] 

Do and Q have the values of 2.55 x 10 -4 cm~ sec -~ and 
3.98 kcal/mole,  as compared with tracer  diffusion 
values (1) of 1.65 x 10 -4 cm~ sec-~ and 4.05 kcal/mole.  
The value of D~/Dt at 280~ the center of the meas-  
ured tempera ture  range, is 1.64. This suggests that dif- 
fusion does not  take place by an interst i t ial  mech-  
anism. Inspection of Fig. 9 shows that  an interst i t ialcy 
mechanism is the most probable;  it may  also be noted 
that the s t ructure  precludes the possibility of a col- 
litiear interst i t ialcy mechanism. Theoretical ly (19) for 
the interst i t ialcy mechanism the correlation factor, f, 
is given by  

Da/Dt = 1/~ = (ai/at)2/2 (1 + cose) [7] 

where a~ is the effective jump distance of an in te r -  
stitial ion, at is the j ump  distance of the tracer, and 
is the angle between a tracer j ump  from an in te r -  
stitial site to a normal  lattice site and the next  jump 
from the normal  site to an interst i t ial  site. In  this case, 

agreement  with experiment.  It  should be remembered  
however that  there is a 15% occupancy of the in te r -  
stitial sites. This has been ignored in the above t rea t -  
ment,  but  is expected to reduce the value of Da 
slightly, thus decreasing the ratio Da/Dt, and raise 
the value of ]. 

The l inear  var ia t ion of log (r wi th  1/T in Fig. 2 
is in accordance with a model in  which there is a 
large number  of charge carriers, which does not  
change appreciably with temperature.  The small  posi- 
tive deviation at the higher temperatures  may  be as- 
sociated with excitation of some of the silver ions 
from normal  lattice sites to inters t i t ia l  sites thus 
creating a larger number  of charge carriers. It  may  
also be due to an actual change in the diffusion mech-  
anism, e.g., to a mul t ip le  jump mechanism. 

Comparison w i th  other  fast  ionic conductors . - -The 
ionic conductivities of several "good" electrolytes are 
compared in Fig. 10. Only  two, AgI and RbAg4Is, 
have appreciably higher conductivities than AgAI~OI~, 
and the difference between these two can be accounted 
for by the difference in silver concentration. It is 
interest ing to consider why  there is such a large dif-  
ference in  the conductivi ty [6.4 x 10-~ and 2.1 x 10 - I  
(ohm-cm) - I ,  respectively, at 23~ between 
AgAI~O~7 and RbAg4Is, when the crystal s t ructure of 
beta a lumina  is so open. In  RbAg4I~ all the silver ions 
are on equivalent  sites (25) so that  they are all 
equal ly capable of diffusing in a potential  field; how- 
ever, in beta a lumina  the silver ions are on two dif-  
ferent  sites and because of the diffusion mechanism 
the "effective number"  of mobile ions is equal to the 
concentrat ion of occupied interst i t ial  sites. Thus the 
number  of charge carriers, n, is 1.13 x t0 ~ cm -3 for 
RbAg415 and about 15% of 3.28 x 1021 or 4.92 x 1020 
cm -3 for AgA111Ol~. 

Using the common expression, r = nq#, the mobility, 
#, of the silver ion in beta a lumina  is found to be 70% 
of that  in the rub id ium iodide. It  is clear that  the ma in  
reason for the conductivi ty difference does not lie +in 
the ionic mobil i ty  but  in the n u m b e r  of ions avai lable 
for conduction. The conductivi ty of beta a lumina  
might thus be improved by  increasing the number  of 
interst i t ial  ions, e.g., by doping with a divalent  metal  
such as magnes ium which wil l  reside on an a luminum 
site. There should be no difficulty in doing this as the 
block structure of beta a lumina  is that of the spinel 
MgA1204 and replacement  of only 4.5% of the a lumi-  
nums by magnesium will increase the silver content  to 

I 000  500  250  moo 23~ ai is the distance between two inters t i t ia l  sites and at I I I 
the distance between an interst i t ial  and a normal  ~ ~̂T 
lattice site. For  this s t ructure (at~at)2 = 3 and the ,o 3 
value of 1 + cose has been calculated, by  direct sum-  ~ \ - ~ . ~ + z  5 
mat ion of the jumps of an interstit ial,  to be 0.898 _+ ~~ ~ I 
0.002 assuming no interact ion between interst i t ials  
and only completely free silver ions on normal  and ~ ~ \ ~ \ \ ~ " ~  ] 
interst i t ial  sites. This gives Da/Dt = 1.67 in excellent ~ to' 

b lo-' 
(.co0  .... .,\ \\ 

id2 _ (X = CI,  Br, I )  

, \ 
0.8 1.2 1,6 2,0 2.4 2.8 3.2 

I O 0 0 / T  ~  

Fig. 9. Ionic arrangement in diffusion layer. Q Silver ion on Fig. 10. Conductivity of some highly conducting solid electrolytes. 
lattice site; | immobile oxygen ion; -~  interstitial silver ion. ZrO2(7), CuX(6), AgBr(20), AgCI(21) ,AgI(22,23) ,  RbAg415(24). 
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50% over  s toichiometr ic  and thus  the  present  i n t e r -  
s t i t ia l  concentra t ion by  more  than  a factor  of three.  
However ,  the  diffusion mechanism wil l  p robab ly  
change at  some value  of the  in te rs t i t i a l  concentra t ion 
when the assumpt ion tha t  the  in te rs t i t i a l  ions are  in-  
dependent  of one another  breaks  down. 

Inspect ion of the  t racer  diffusion da ta  of Yao and 
K u m m e r  (1) shows tha t  the  sodium ion in the be ta  
a lumina  has a mobi l i ty  about  double  tha t  of the  s i lver  
ion. Sodium be ta  a lumina  is thus  expected to have  the  
highest  known mobi l i ty  of any  known solid e lec t ro ly te  
at ambien t  tempera ture ,  and sui table  doping of the  
a lumina  m a t r i x  as discussed above should be capable  
of producing  values  of ionic conduct iv i ty  comparab le  
in magni tude  wi th  that  of RbAgdIs. 

The s t ruc ture  of sodium beta"  a lumina  (10, 11, 26) 
is ve ry  s imi lar  to tha t  of beta  alumina,  but  it  contains  
about  twice the  concentra t ion of sodium ions, al l  of 
which are  thought  to be in ident ical  sites. The dif -  
fusion mechanism m a y  then be s imi lar  to tha t  in the  
two h igh ly  conduct ing s i lver  iodides so that  al l  the 
sodium ions par t ic ipa te  in the  diffusion process. 

To be useful  as an e lec t ro ly te  in ba t te r ies  or sol id-  
s ta te  cells a ma te r i a l  must  exhib i t  r ap id  ionic t r ans -  
por t  of one or  more  species, and at  the  same t ime have 
a ve ry  low electror/ic t ransference  number  over  wide 
ranges  of t empera tu re  and pa r t i a l  pressures  of the  
components.  S i lver  be ta  a lumina  c lear ly  fulfills these 
cri ter ia .  F rom the da ta  of Fig. 2 and 5 the  electron 
t ransference  number  can be found as a function of 
tempera ture .  Resul ts  are  shown in Fig. 11. These 
values of the  t rans fe rence  number  for electronic car -  
r iers  a re  lower  than  the measured  values  of any  of 
the  other  solid e lectrolytes  shown in Fig. 10, severa l  
of which are  being used as e lectrolytes  in ba t te r ies  
and other  so l id-s ta te  cells. I t  has the  added  advan tage  
that  i t  appears  be be unaffected by  l ight  con t r a ry  to 
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Fig. 11. Electron transference number of silver beta alumina. 
Measured, - . . . .  extrapolated. 

the  behavior  of some other  s i lver  compounds.  Thus 
s i lver  beta  a lumina  appears  to be a ve ry  in teres t ing  
solid e lec t ro ly te  for both  technological  and scientific 
uses. 
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The Microstructure of Sintered Silver Electrodes 
III. Ag~O Formation during Charges 

Charles P. Wales* 
Electrochemistry Branch, Naval Research Laboratory, Washington, D. C. 20390 

ABSTRACT 

Ag electrodes were charged at the 20-hr rate of constant  current  and dis- 
charged at the 1-hr rate in 35% KOH solution at 25~ Cross sections of 
samples cut from the electrodes dur ing charges at cycles 1-30 were ex- 
amined. Almost all Ag particles had a visible coating of Ag20 when an elec- 
trode was charged for half the capacity accepted at the Ag/AgeO potential  
plateau. The electrode surface had the same structure  as the interior. In  a 
cycled electrode approximately 60% of the Ag had been oxidized to Ag20 
when the potential  peak separating the Ag/Ag20 and Ag20/AgO plateaus 
was reached. 

The present  paper describes s t ructural  changes in 
Ag electrodes as Ag20 was formed in an alkal ine solu- 
tion. The Ag electrodes were of the type used in Ag-Zn 
and Ag-Cd storage batteries. 

There have been two previous papers in this series 
concerning the microstructure of sintered Ag elec- 
trodes. The first paper described the structures present 
as charged electrodes were being reduced dur ing dis- 
charges (1). The second described the structures pres-  
ent at the end of a series of complete discharges (2). 
The formation of AgO will  be the subject of a later 
paper. The electrodes in this series of investigations 
were always discharged at the 1-hr rate and charged 
at the 20-hr rate of constant  current  in 35% KOH 
solution. 

When Ag electrodes are discharged in a KOH solu- 
t ion at a high current  density for a series of cycles the 
electrode capacity is main ta ined  at a higher value than 
when a low discharge C.D. is used. This difference in 
capacity results from changes in the microstructure of 
the electrodes. The microstructure of a cycled elec- 
trode depends par t ly  on the discharge C.D. that is used. 
A discharge at the relat ively fast 1-hr rate results in 
formation of small  Ag particles, m a n y  having a size 
on the order of 1~. Particles of this size oxidize readily 
during the next  charge. When the slow 20-hr discharge 
rate is used, however, most of the Ag particles that 
form are 10-25~ (3). 

Particles of Ag larger than 4 or at most 5~ do not 
oxidize completely dur ing a charge. Oxidation usual ly  
stops before an oxide layer reaches a thickness of 2~. 
As a result, the central  portion of large particles re- 
mains  as metall ic Ag at the end of a charge instead of 
being oxidized. Once large particles form in an elec- 
trode dur ing a slow discharge, the original  discharge 
capacity is not regained readily. When slow discharges 
are used, the capacity decreases so rapidly  that  by 
cycle 3 the electrodes always discharged at the 20-hr 
rate give less capacity than electrodes always dis- 
charged at the 1-hr rate. This occurs despite the fact 
that approximately  10% of the oxide remains  at the 
end of a fast discharge, and almost all of the  oxide is 
reduced dur ing  a slow discharge. 

Experimental Procedure 
Only a brief  account of the exper imental  procedure 

will  be given here, because it has already been des- 
cribed (1). Sintered Ag electrodes were cycled indi-  
v idual ly  in an excess of 35% KOH solution at 25~ 
The Ag electrodes were charged using constant current  
at the 20-hr rate un t i l  oxygen began to evolve. Elec- 
trodes were discharged using constant current  at the 
I -h r  rate. These currents  were not based on theoretical 

* Elect rochemical  Society Act ive  M e m b e r .  
K e y  words :  s i lver  electrode,  s i lver  oxidat ion,  s i lver  oxide, e lec -  

t r o d e  s t ructure .  

capacity of the electrodes but  were the currents  that 
actually resulted in a charge reaching oxygen evolu- 
t ion in 20 hr and a discharge reaching the cutoff po- 
tent ial  in 1 hr. Discharges were ended at a potential  
of --500 mV vs. the Ag/Ag20 reference electrode, the 
equivalent  to approximately  1.0V for a typical  Ag-Zn 
cell. Electrodes were given up to 30 charge-discharge 
cycles. 

Samples for microscopic examinat ion were cut from 
the Ag electrodes at various t imes dur ing charges. 
After  a sample had been washed and dried, it was im-  
pregnated with an epoxy resin while under  a vacuum. 
Then a cross section of the sample was prepared by 
gr inding and polishing. F ina l ly  a sample was examined 
with a metal lurgical  microscope and the appearance of 
significant areas recorded by  photography. 

Results 
Oxidation of Ag to AgzO.--A small area of an elec- 

trode that had been part ly charged at the Ag/Ag20 
potential  plateau is shown in Fig. 1. All  photographs 
in this paper are of cross sections through electrodes. 
The photographs, therefore, also show cross sections 

Fig. 1. Ag electrode charged approximately halfway across the 
Ag/Ag20 potential plateau at cycle 6 in 35% KOH. Electrode was 
given 19% of average charge acceptance. Metallic Ag particles 
are the lightest shade in the photograph. Ag20 that formed during 
the charge is medium gray. Void areas are the darkest shade. 
Marker indicates 15F. 
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through the individual  crystaIs in  the active mater ia l  
of an electrode. This sample was taken from an elec- 
trode dur ing cycle 6 charge. The electrode had always 
been charged at the 20-hr rate and discharged at the 
1-hr rate. 

The electrode shown in  Fig. 1 had been given half 
the capacity this electrode would accept dur ing a 
charge at the Ag/Ag20 potential  plateau. The part ial  
charge amounted to approximately  19% of the capacity 
usual ly  accepted before oxygen evolution began. The 
surface of this electrode had the black color of Ag20. 
Microscopic examinat ion showed that  the surface had 
the same structure  as the interior. The reaction was 
uneven  in  the electrode, however, with a greater  
amount  of Ag20 having formed in some areas than  in 
others. 

The small  Ag particles wi thin  the Ag20 of Fig. 1 
were the unoxidized remainder  from Ag particles that  
formed dur ing the previous discharge. Most of the Ag 
in a discharged electrode was present  as small  par-  
ticles or needles. Some larger Ag particles were also 
present. These larger particles of Ag were residual 
from the particles present  in the unused electrode. 
Small  Ag particles and needles of Ag are visible in 
the par t ly  charged electrode shown in Fig. 1. Only 5% 
of a typical  unused electrode consisted of particles 
over 15~ in size. The area shown in  Fig.  1 did not in -  
clude any of these large Ag particles. 

A definite Ag20 coating had formed on most of the 
Ag particles dur ing the part ial  charge given the elec- 
trode shown in Fig. 1. Based on the weight of Ag 
present  in the unused electrode (excluding the grid of 
expanded sheet Ag) the part ial  charge at the Ag/Ag20 
potential  had oxidized approximately 28% of the Ag 
to Ag20. If the charge had not been in ter rupted  the 
amount  of Ag20 in the electrode would have doubled 
before charge potential  rose sufficiently that  AgO could 
begin to form. Only a very  small  proportion of the Ag 
had no visible Ag20 coating. 

Ag20 and AgO appear as different shades of gray 
when  unpolarized light is used and unde r  most condi- 
tions can be distinguished from each other readily. 
Identification may be less certain when  using unpo-  
larized light if only one of the oxides is present, but  
under  polarized light Ag20 and AgO have quite differ- 
ent  colors. Under  polarized light the crystals in Fig. 1 
were definitely identified as being Ag20 and not AgO 
crystals. 

Figure 2 shows an electrode charged unt i l  potential  
rose to the peak that  ends the Ag/Ag20 potential  
plateau. The area shown includes some of the larger 
Ag particles present  in an electrode. Comparison with 
Fig. 1 shows changes that  took place as Ag20 was 
forming. Ag particles had decreased in size as the re-  
sult of addit ional oxidation of their  surfaces. Very few 
of the needlelike particles of Ag remained in electrodes 
charged to the end of the Ag/Ag20 plateau. 

The oxidation did not take place evenly throughout  
an electrode. Figure 3 shows another  area of the same 
electrode already shown in Fig. 1 but  after the elec- 
trode was charged twice as much. Based on the weight 
of Ag present in this electrode, the charge had oxidized 
approximately 60% of the Ag to Ag20. In the area 
shown in Fig. 3, an area of very small  Ag particles, 
80-90% of the Ag had been oxidized. In  some other 
areas where larger Ag particles were present, less than 
50% of the Ag had been oxidized to Ag20. 

Small  Ag particles were still present wi thin  almost 
all of the Ag20 in an electrode charged to the end of 
the Ag/Ag20 potential  plateau. A few individual  crys- 
tals or small  clumps of Ag20 crystals not containing 
metallic Ag were also found. Although Ag20 from the 
surfaces of adjacent Ag particles tended to grow to- 
gether, many  small voids remained in the Ag20. The 
Ag20 did not form into large solid masses in the way 
that  AgO formed later  in a charge. No AgO formed 
before the potential  peak was reached. 
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Fig. 2. Ag e~ectrode charged at cycle 2 until potential reached 
the peak that ends the Ag/Ag20 plateau. Lines forming squares 
are 15~ apart, same magnification as Fig. 1. 

Fig. 3. Ag electrode charged at cycle 6 until potential rose at 
the end of the Ag/Ag20 potential plateau. Electrode was given 
39% of average charge acceptance. Small Ag particles in the area 
shown had largely oxidized to Ag20. Same magnification as Fig. 1 
and 2. 

A lower magnification view of Ag20 formation is 
given in Fig. 4. This electrode, charged at cycle 2 unt i l  
potential  rose to the peak that  ends the Ag/Ag20 po- 
tent ial  plateau, is the same electrode shown in Fig. 2. 
Magnification is one-four th  as much as was used in 
Fig. 1-3. The lower magnification emphasizes the fact 
that  the active mater ia l  was in clumps. 

Par t  of the expanded metal  grid and a few of the 
larger Ag particles are included in Fig. 4. The large 
particles were dis tr ibuted randomly  in an electrode at 
cycle 2. Ag20 had formed on the surface of the Ag 
particles as well as on the grid. The surface of the 
grid in an unused electrode was comparat ively smooth. 
Penet ra t ing  attack was already noticeable on the grid 
surface shown in Fig. 4. The large Ag particles had the 
same amount  of surface attack as did the grid. Thicker 
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Fig. 5. Charge capacity accepted at Ag/Ag20 level when elec- 
trodes were charged at the 20-hr rate in 35% KOH at 25~ Solid 
lines are for two Ag electrodes always discharged at the 1-hr 
rate. Dashed lines are for two electrodes always discharged at the 
20-hr rate. At point A one cell stood discharged 74 days and at 
point B the electrolyte in this one cell was replaced. 

Fig. 4. Ag electrode charged at cycle 2 until potential rose at 
the end of the Ag/Ag20 potential plateau, showing typical Ag20 
formation found in early cycles. Large white object is part of the 
Ag grid. Lines forming squares are 60/z apart. 

Ag20 layers  had formed on the gr id  and on the large 
Ag par t ic les  of this  pa r t l y  charged e lec t rode  at cycle 2 
than had formed dur ing  the  first charge. The Ag20 
l aye r  was thickest  on the  smal l  Ag part icles.  

E~ects of current density and cycling.--The amount  
of Ag20 tha t  formed dur ing  a charge  was s t rongly  in-  
fluenced by  the condit ions used for the  previous  cycles. 
When electrodes were  a lways  discharged at  the  r e l a -  
t ive ly  fast 1-hr rate,  the charge acceptance at  the  A g /  
Ag20 potent ia l  p la teau  increased dur ing  the first few 
charges. Consider  cycle  2, for example .  The e lect rode 
shown in Fig. 2 had been charged  to app rox ima te ly  
22% of theoret ica l  capacity.  This means  tha t  an est i -  
ma ted  44% of the  Ag  had been  oxidized to Ag20 by  the 
t ime tha t  potent ia l  reached the peak  tha t  separa tes  
the A g / A g 2 0  and A g 2 0 / A g O  plateaus.  Charge  ac-  
ceptance at  the  Ag /Ag20  p la teau  had increased at  
cycle 6. A p p r o x i m a t e l y  60% of the  Ag had oxidized to 
Ag20 in the  e lect rode shown in Fig. 3. As charge  ac-  
ceptance at  the  A g / A g 2 0  p la teau  increased,  charge 
acceptance at the  Ag~O/AgO p la teau  had decreased 
propor t iona te ly .  Total  capaci ty  accepted before  oxygen 
evolut ion began was r e l a t ive ly  constant  in this  period.  
The electrodes shown at cycles 2 and 6 had accepted 
33% and 39% of to ta l  capacity,  respect ively,  when 
charge potent ia l  reached the peak.  

F igure  5 gives the  charge capaci ty  that  Ag  elec- 
t rodes accepted before  the i r  potent ia l  reached the 
peak  ending the A g / A g 2 0  plateau.  Each of the  four 
electrodes whose capaci ty  is shown had close to the  
same capaci ty  acceptance dur ing  the first charge. Al l  
the  e lectrodes were  charged  at  the  20-hr rate.  Two 
were  discharged at the  1-hr  ra te  and the other  two at 
the 20-hr rate.  The changes in d ischarge  capaci ty  when 
these four electrodes were  cycled have been shown in 
Fig. 6 of re fe rence  (2). 

A l l  e lectrodes given the  same cycle t r ea tmen t  tended 
to accept  app rox ima te ly  the same amount  of charge  at  
the  A g / A g 2 0  potent ial .  A f t e r  the  first few cycles, e lec-  
t rodes  a lways  d ischarged at  the re la t ive ly  fast  1-hr  
ra te  formed app rox ima te ly  th ree  t imes  as much Ag~O 
as did  electrodes a lways  d ischarged at  the slow rate  
(Fig. 5). When  the  1-hr  discharge ra te  was used, the  
charge accepted at the  A g / A g 2 0  level  at cycle  1 was 
33-39% of the  capaci ty  of the  fol lowing discharge.  
F rom cycles 3 to 30 the  charge was usua l ly  in the  range  
of 37-46% of d ischarge  capacity.  

A l a rge r  d ischarge  capaci ty  was obta ined at  cycle  I 
when the 20-hr  discharge ra te  was used than  when  the 
1-hr ra te  was used. The charge  accepted at  the  A g /  
Ag20 level  at  cycle 1 was 27-32% of capaci ty  of the  
fol lowing discharge when  the  discharge was done at 
the  20-hr  rate.  The  charge at the  A g / A g 2 0  level  de-  
creased for the  next  few cycles and then f rom cycle 
5 to cycle 30 was usua l ly  in the  range  15-22% of the 
capac i ty  of the  slow discharges.  

Replacing the old e lec t ro ly te  wi th  fresh 35% KOH 
made a not iceable  difference in charge acceptance.  
Elec t ro ly te  was replaced  in one cell  at point  B of Fig. 
5. The charge  acceptance  at the  A g / A g 2 0  level  was 
somewhat  l a rger  af ter  the  e lec t ro ly te  was replaced,  
but  the  total  discharge capac i ty  had  increased by  a 
greater  proport ion.  

Changes in structure after repeated cycling.--The 
average  size of Ag par t ic les  in an electrode tended to 
increase as an e lec t rode  was cycled using fast  dis-  
charges. F igure  6 i l lus t ra tes  an e lect rode charged  at  
cycle 28 for half  the  capaci ty  the  electrode would  ac-  
cept at the  A g / A g 2 0  potent ia l  plateau.  Most of the Ag 
par t ic les  were  covered wi th  a l aye r  of Ag20. Ag20 
coatings were  the  same on par t ic les  a t  the  surface of 

Fig. 6. Ag electrode charged approximately halfway across the 
Ag/Ag20 potential plateau at cycle 28. The surface of the elec- 
trode is included at the right of this photograph. Compare with 
Fig. I to see changes in particle size that gradually took place as 
electrode was cycled. Lines forming squares are 15~c apart. 
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the electrode as in its interior.  A small  proport ion of 
the particles had no Ag20 coating visible at the mag-  
nifications used (up to 1600X). Many Ag particles 
larger than  those shown here were present in other 
areas of the electrode. 

When the charge of this electrode was continued 
unt i l  potential  rose to the peak that  ends the Ag/Ag20 
potential  plateau, addit ional Ag20 formed as shown in 
Fig. 7. The area shown in Fig. 7 included larger Ag 
particles than  were shown in Fig. 6. The changes to 
be noted are the decrease in  size of the small  Ag par-  
ticles and increase in Ag20 thickness. Based on the 
weight of Ag in the unused electrode, 27% and 52% of 
the Ag had been oxidized to Ag20 in  the electrodes 
shown in  Fig. 6 and 7, respectively. The size of typical 
Ag particles was larger at cycle 28 than  at cycles 2 and 
6. This can be seen by comparison of Fig. 6 with Fig. 1, 
and also by comparison of Fig. 7 with Fig. 2 and 3. 

When an electrode was cycled repeatedly the dis- 
t r ibut ion of the large Ag particles became uneven.  The 
large Ag particles had a marked tendency to form in 
the interior  of an electrode rather  than in areas near  
a surface (2). The small  Ag particles became less 
common as the large particles developed. Many of the 
smallest Ag particles present  at the beginning of 
cycle 28 charge had already been oxidized to Ag20 be-  
fore the state of charge shown in Fig. 7 was reached, 
because the current  oxidized small  particles in prefer-  
ence to large particles. Figure  7 was typical of the 
s t ructure  at the end of the Ag/Ag20 potential  plateau 
at cycle 28, al though a few areas similar to the one 
shown in Fig. 3 were still present. Individual  isolated 
crystals of Ag20 or groups of these crystals had been 
found in the early cycles but  were rare  at cycle 28. 
Almost all clumps of Ag20 contained metallic Ag. 

The active mater ia l  gradual ly  clumped as an elec- 
trode was cycled. Figure  8 gives a lower magnification 
view of another  part  of the electrode shown in Fig. 7. 
Comparison of Fig. 8 with Fig. 4 shows that  the active 
mater ial  was in larger clumps at cycle 28 than in cycle 
2. The Ag20 still formed as a quite porous mass, much 
as in the early cycles. As the clumps of active mater ial  
became larger, the dis tr ibut ion of void space worsened 
and large voids formed in the electrode. 

A small number  of clumps of particles had become 
oriented parallel  to each other as an electrode was 
cycled. An example of particles in clumps parallel  to 
other clumps is shown at the right side of Fig. 8. These 

Fig. 7. Same electrode and magnification as Fig. 6, but charged 
until potential rose at the end of the Ag/Ag20 potential plateau 
at cycle 28. Compare with Fig. 2 and 3 for changes with cycling. 

Fig. 8. Another area of the electrode shown in Fig. 7, but at 
lower magnification with lines forming squares being 60~ apart. 
Electrode surface is at the right. Comparison with Fig. 4 shows 
that active material had clumped as electrode was cycled. 

oriented clumps were not common. They were found 
most often at the surfaces of the electrodes, with the 
clumps aligned at right angles to the electrode surface. 

Discussion 
Anodic formation o~ AgzO.--It has been established 

that  the anodic oxidation of Ag to Ag20 in an alkaline 
solution takes place through two mechanisms (4-6). 
When a bare Ag surface is anodically oxidized, the 
init ial  reaction is Ag going into solution, probably as 
the ion Ag(OH)2- .  The solution becomes supersatu-  
rated in the early part  of a charge (7). Dissolved Ag 
precipitates on the Ag surface as Ag20. Through this 
process the amount  of Ag in a particle can increase or 
decrease as the Ag is oxidized. In  practice, little or no 
change in average particle size was observed dur ing a 
charge. The oxidation mechanism changes after a layer 
of Ag20 has deposited on Ag and then Ag20 forms 
directly at crystall ization centers. Obviously the n u m -  
ber  of crystallization centers present  in the sintered 
electrode was very large. This was evident  from the fact 
that  almost all ind iv idua l  Ag particles had a coating of 
Ag20 before the formation of Ag20 was half completed. 
The formation and growth of Ag20 crystals on smooth 
Ag has been studied by  electron microscopy of surface 
replicas by Yoshizawa and Takehara  (8) and in more 
detail by Briggs et al. (9). Al though most of the pres- 
ent work was not directly comparable with this elec- 
t ron microscopy, the results agreed in general. The 
present work differed in using cross sections of porous 
electrodes and in viewing these at a much lower mag-  
nification. The fact that  particles near  the surface of 
porous electrodes differed from the interior after  cy- 
cling indicated that  conditions in sintered Ag particles 
can be significantly different from those on smooth Ag. 

Measurements have shown no appreciable photo- 
chemical decomposition of Ag20 under  ordinary  condi- 
tions (10). When anodic current  is being passed, i l -  
lumina t ion  can result  in nonequi l ib r ium conditions at 
the surface of the electrode, resul t ing in lowered re-  
sistance and AgO forming at potentials lower than  
usual  (11-13). This process can take place only near  
the surface where light penetrates  and probably had 
no effect on the present  work using relat ively thick 
electrodes which were never  i l luminated strongly. The 
exper imental  cell was exposed to some room light dur -  
ing daytime, b u t  light reaching the electrode was 
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l imited by the t ranslucent  polyethylene cell case and 
also by the opaque separator mater ia l  which was 
wrapped around the electrode. 

There are indications that  Ag20 and AgO are not 
the only  oxides of silver. For  example, Vol and Shisha- 
kov heated th in  films of Ag at 100~176 in O2 near  
atmospheric pressure and detected by electron dif- 
fraction what  they considered to be a th in  surface per-  
oxide film of "AGO2" having a cubic structure with 
a = 5.52 ___ 0.02A (14). Later  Gossner and Polle used 
electron diffraction and detected a surface oxide which 
they call "A~O~, =" when  Ag reacted with H202 or when 
Ag was anodically oxidized in 0.1M NaOH (15). This 
oxide was reported to have a cubic structure with a 
= 5.55 • and is obviously the same mater ia l  
found earlier (14). No chemical analyses have been 
reported for this AgO2 or AgOx. 

More recently Gossner et al. studied the anodic oxi- 
dation of Ag in 0.01M NaOH and claim that  this AgO= 
always forms as an in termediate  between Ag20 and 
AgO (16). They reported that  after a coating of Ag20 
has formed bn the surface of Ag under  constant cur-  
rent  conditions, then AgO= forms in place of the Ag20 
as potential  rises toward the peak at the end of the 
Ag/Ag20 plateau, and no Ag20 remains  on Ag at the 
potential  peak. AgO is then formed from the AGO=. 
They find the same formation sequence under  potentio- 
static conditions. 

If it is assumed that  Ag20 is ent i re ly  converted to 
some other oxide such as AgO= before potential  reaches 
the peak, then the photographs in the present  work 
should show this other oxide and not Ag20. However, 
there actual ly is no valid reason for believing that  
any oxide except Ag20 is shown in the photographs. 
When  earlier work is considered, it becomes obvious 
that  the statements of Gossner et al. (16) cannot be 
accepted as universa l ly  true. For  example, the results 
of x - ray  diffraction performed while Ag was being 
anodically oxidized in 8.4M KOH showed the presence 
of only Ag20 and Ag as potential  approached and 
reached the peak (17). The Ag20 diffraction pat tern  
did not broaden or shift as Ag20 was then oxidized 
to AgO. Obviously all Ag20 had not been converted to 
a mater ial  such as the proposed AgO= before AgO 
formed. In  fact, if any AgO= was present under  these 
conditions it must  have been present  in only such a 
small amount  or such a thin layer that  AgO= was un -  
detectable by x - ray  diffraction. 

Perhaps the difference between much of the l i tera-  
ture concerning the anodic oxidation of Ag and the 
results of Gossner et al. comes from the weakly alka-  
l ine solution they used (16) in contrast to the strongly 
alkal ine solutions more often used. However, even in 
1N KOH Briggs et al. found only Ag20 in samples 
oxidized anodically up to the potential  peak (9). There 
is no reason to doubt that  in the present  work when 
an electrode was oxidized to the potential  peak the 
oxide was mostly or ent i re ly  Ag20 and not AgOx. 

Oxidation of Ag in porous electrodes.--Ag20 occupies 
a greater volume than  does metall ic Ag, per atom of 
Ag. Void space between particles of Ag decreased, 
therefore, as Ag~O was formed dur ing a charge. This 
change can be seen by comparing Fig. 1 with Fig. 2 and 
3. It can also be seen by comparing Fig. 6 with Fig. 7. 

Although the oxidation of Ag did not take place 
s imultaneously in all  areas of the porous electrodes 
used in the present  work, Ag20 had formed on most 
of the Ag particles before an electrode was 20% 
charged. Approximate ly  40% of the active mater ia l  in  
a cycled electrode still  remained as metall ic Ag when 
potential  reached the peak between the Ag/Ag20 and 
Ag20/AgO plateaus. Most of this Ag consisted of the 
larger Ag particles in the electrode, particles that  did 
not oxidize completely dur ing a charge. The smaller 
Ag particles had been oxidized to a greater extent, and 
only small  remnants  of these remained as Ag metal  
(Fig. 2, 3, 7). 
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Approximately  one- ten th  of the silver oxide in a 
charged electrode was not reduced dur ing  a discharge 
at the 1-hr rate, but  still remained when potential  
reached the cutoff value and discharge ended. The 
amount  of oxide remaining  gradual ly  increased as the 
electrolyte aged, apparent ly  the result  of carbonate 
concentrat ion slowly becoming larger while KOH con- 
centrat ion decreased proportionately.  An increase in 
capacity was obtained by replacing the electrolyte 
with fresh KOH solution. Par t  of this increase is indi-  
cated in Fig. 5 by the increased amount  of Ag20 which 
formed in cycles after point B. 

Changes in structure a#er repeated cycling.--The 
charge capacity that  an electrode accepted at the 
Ag/Ag20 potential  depended on whether  large or small  
Ag particles had been formed during the preceding 
discharge. There was a large change i n  the structure 
of Ag electrodes dur ing their  first discharge, with the 
change depending on the discharge C.D. As mentioned, 
during a fast (1-hr)  discharge Ag formed as particles 
having a size on the order of 1~. These particles were 
smaller  than those in  the unused electrode. On the 
other hand, Ag particles ten times larger than  those 
in the unused electrode had formed dur ing the first 
slow (20-hr) discharge. Most Ag particles that  form 
dur ing  a slow discharge are in  the range of 10-25~ in 
size. During cycle 2 charge an increased amount  of 
Ag20 formed from electrodes containing small  par t i -  
cles, while a decreased amount  of Ag20 formed from 
the large particles. An  example of the large Ag par-  
ticles that  formed dur ing slow discharges is given in 
Fig. 9. Since the large particles were only oxidized to 
a depth of 1-2~ at their  surfaces, approximately 82% 
of the Ag remained in the metall ic state in the elec- 
trode shown in Fig. 9. The effect of C.D. on particle 
size is reflected in Fig. 5 by the rise in the solid lines 
and fall in the dashed lines dur ing  the first few cycles. 

After electrodes that  always used fast discharges 
were given a number  of cycles, the average size of Ag 
particles had increased. Despite this increased size the 
Ag particles were still much smaller after 27 cycles 
than after 5 cycles using slow discharges. This can be 
seen by comparing Fig. 6 and 7 with Fig. 9, all at the 
same magnification. Only a small  proportion of par-  

Fig. 9. Electrode charged at cycle 6 to potential peak that ends 
the Ag/Ag20 plateau. This electrode was always discharged at the 
20-hr rate, in contrast with other photographs where the 1-hr rate 
was always used. Comparison with Fig. 3 and 7 shows effect of 
discharge rate on subsequent formation of Ag20. Lines forming 
squares are 15~ apart. 



12 J. Electrochem. Sac,:  E L E C T R O C H E M I C A L  S C I E N C E  J a n u a r y  I971 

t ieles were  la rger  than  5~ in an e lect rode never  given 
slow discharges.  

Al though  the propor t ion  of par t ic les  having a pa r -  
t icu lar  size changed wi th  cycling, the  range  of par t ic le  
sizes and shapes did not  change. When  an e lect rode 
was v iewed at  high magnif icat ion (800X or h igher ) ,  
areas  could be found in a we l l - cyc led  e lect rode tha t  
closely r e sembled  areas  in an e lec t rode  af te r  only  1 or  
2 cycles. The  changes tha t  took p lace  dur ing  a p a r -  
t icu lar  charge  as Ag  par t ic les  were  oxidized to Ag20 
were  usua l ly  best  observed  at  h igh  magnifications.  

Lower  magnificat ions (100X to 400X) were  useful  
for s tudying changes in s t ruc tu re  tha t  took p lace  
g radua l ly  over  a series of cycles, such as changes in sizes 
of voids and of c lumps of act ive mater ia l ,  as wel l  as 
changes in the  propor t ion  of act ive ma te r i a l  having 
a given s tructure.  The c lumping of act ive ma te r i a l  
dur ing  cycl ing can be seen by  compar ing  Fig. 4 and 8 
for e lectrodes at  cycles 2 and 28. Clumping can also 
be seen, but  less readi ly ,  b y  compar ing  Fig. 1 and 6. The  
c lumping of act ive ma te r i a l  resu l ted  in large voids 
developing whi le  smal l  voids decreased in number .  The 
act ive ma te r i a l  t ended  to c lump a round  large Ag pa r -  
t icles and a round  the Ag  grid. A s tudy of the changes 
dur ing  cycles 1 and 2 indica ted  tha t  p robab ly  al l  this  
deposi t ion of active ma te r i a l  on la rge  Ag  par t ic les  and  
on the grid took place dur ing  discharge and p robab ly  
none dur ing  charge.  

Conduct iv i ty  mus t  have been good because exami -  
nat ion of these  electrodes in var ious  states of charge  
and discharge  did no t  indicate  tha t  react ions  took place 
at  the  grid (Fig. 4) in preference  to the  r ema inde r  of 
the  electrode.  Par t ic les  or  groups of par t ic les  tha t  ap-  
peared  to be isolated reac ted  to the same extent  as pa r -  
ticles obviously  touching each other. There  must  have  
been connections be tween  the par t ic les  tha t  were  above 
or be low the  planes  where  the  electrodes had been cut  
to r evea l  the  cross sections. Many  Ag  par t ic les  tha t  
remained  at  the end of a charge,  pa r t i cu l a r ly  the  la rger  
part icles,  served as par t s  of a conduct ive  ne twork  to-  
gether  wi th  the  grid. Dur ing  a fast  d ischarge  groups 
of smal l  Ag  par t ic les  fo rmed  on the Ag of the  con- 
duct ive  ne twork .  

Even at  the  end of cycle 1 charge,  before  active 
ma te r i a l  had  clumped,  ad jacent  crys ta ls  of AgO were  
often found touching each other. Since the  oxides were  
s l ight ly  soluble  in the  KOH solution, oxides close to 
conduct ing par t ic les  could be reduced on these pa r -  
ticles. In  this  w a y  the deposi t  of smal l  dendri t ic  Ag  
par t ic les  g radua l ly  th ickened on la rger  par t ic les  and 
on the grid as an e lec t rode  was cycled (compare  Fig. 
4 and 8). As a resul t  the  act ive ma te r i a l  came to be 
present  in increas ingly  la rge  clumps of part icles.  At  
the  same t ime voids be tween  the c lumps grew in size. 
The c lumping and deve lopment  of voids was the  same 
whe the r  the  e lect rode was given fast  or slow dis-  
charges.  

The smal l  A g  par t ic les  tha t  deposi ted near  the  
large A g  par t ic les  and  near  the  gr id  dur ing  a fast  
d ischarge were  of sui table  size to be oxidized com- 
p le t e ly  dur ing  the next  charge.  Thus the  oxide  layers  
in charged electrodes g radua l ly  became th icker  wi th  
cycling. I t  was pointed out  ear l ie r  tha t  the smal l  Ag  
par t ic les  oxidized before  the  grid surface and formed 
a coating pro tec t ing  the gr id  f rom ser ious  at tack,  in 
contras t  wi th  the  large Ag par t ic les  which formed du r -  
ing slow discharges  (2).  

The fact  tha t  a few groups of par t ic les  developed an 
a l ignment  at  r ight  angles to the  e lect rode surface 
( r ight  side of Fig. 8) suggests  that  format ion  of these 
groups was connected wi th  e i ther  cur ren t  pa ths  or 
diffusion in the  electrolyte .  The a l igned groups shown 
in Fig. 8 must  have been presen t  at  t he  end of the  p r e -  
vious discharge,  because Ag  par t ic les  were  vis ible  
wi th in  the  Ag20. A few s imi la r ly  or ien ted  groups of 
AgO were  found at  the  end of a charge.  I t  is not known 
whe ther  the a l ignment  of par t ic les  took place dur ing  
charges or discharges.  

Conclusions 
1. Ag~O formed on Ag par t ic les  at  the  surface  and 

in ter ior  of e lectrodes wi thout  preference  dur ing  a 
charge,  but  more  Ag20 formed in some areas  than  in 
others. 

2. Most of the  Ag par t ic les  had  a definite Ag~O coat-  
ing before  the  Ag/AgzO potent ia l  p la teau  was ha l f  
completed.  Very  few par t ic les  were  comple te ly  oxi -  
dized to AgzO when  the  poten t ia l  peak  ending the  
Ag/AgzO p la teau  was reached.  

3. Ag~O did not  fo rm into large  solid masses  bu t  con-  
ta ined  many  smal l  voids. Void space wi th in  an elec-  
t rode decreased dur ing  a charge,  however ,  because 
Ag~O occupied a g rea te r  vo lume than  did Ag. 

4. Electrode capac i ty  was defini tely re la ted  to the  
micros t ructure .  Charge  acceptance at  the  A g / A g 2 0  po-  
ten t ia l  p la teau  increased dur ing  the  first few charges 
fol lowing discharges  at  the  1-hr  rate.  In  contrast ,  
charge  acceptance decreased fol lowing discharges  at  
the  20-hr ra te  unt i l  only  one - th i rd  as much Ag~O 
formed.  The difference resul ted  f rom smal l  Ag pa r -  
ticles forming dur ing  fast  discharges  whi le  large  pa r -  
t icles formed dur ing  slow discharges  

5. Conduct iv i ty  was good wi th in  the  electrode,  ap-  
pa ren t ly  because  many  Ag par t ic les  served as par t s  of 
a conduct ive ne twork  toge ther  wi th  the  grid. Nea rby  
oxides could be reduced  on the conduct ing par t ic les  
dur ing  discharges.  As a result ,  dur ing  a series of 
cycles the  act ive ma te r i a l  g r adua l ly  c lumped around 
la rge  Ag par t ic les  and  a round  the  grid. 

6. Fas t  discharges  repea ted  for  m a n y  cycles re -  
sul ted  in changes wi th in  an electrode,  bu t  l i t t le  change 
at the  surfaces. I t  can, therefore,  be  mis leading to 
d raw conclusions about  s t ruc ture  af ter  examining  only 
the  surfaces of an electrode.  

Manuscr ip t  submi t t ed  J u l y  8, 1970; rev ised  m a n u -  
scr ipt  received Sept.  15, 1970. This was Pape r  56 p re -  
sented at  the  At lan t ic  City Meeting of the  Society,  
October  4-8, 1970. 

A n y  discussion of this  paper  wi l l  appear  in a Discus- 
sion Sect ion to be publ i shed  in the December  1971 
JOURNAL. 
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Electrodissolution Kinetics of Iron in Chloride Solutions 
Part I. Neutral Solutions 

S. Asakura* and Ken Nobe* 
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ABSTRACT 

Anodie dissolution of iron in unbuffered neu t ra l  chloride solutions has 
been investigated by t ransient  polarization techniques. A new method to cor- 
rect for the ohmic potential  drop has been proposed. It  has been observed that  
the anodic Tafel slopes were 40 mV/decade for fast polarization and 80 mV /  
decade for slow or s teady-state  polarization. Steady-sta te  anodic character-  
istics of iron have been studied by superimposing short cathodic potential  and 
current  pulses. At steady-state anodic polarization a Tafel relat ion was ob- 
tained between the cathodic potential  (r and the cathodic current  (ic) with 
a Tafel slope of about 120 mV/decade for both potentiostatic and galvano- 
static pulses. The difference in anodic Tafel slopes has been interpreted in 
terms of the formation of a hydroxochloro-iron complex, [Fe (OH) m (C1) n] 2-m-". 
The cathodic pulse polarization results indicate that  m = 1. 

Numerous studies of the anodic dissolution of iron 
in acidic chloride solutions have been carried out. 
There have not been as many  studies of iron in neut ra l  
solutions in spite of their practical importance. Hoar 
and Farrer  (1) studied the anodic polarization of mild 
steel in dilute neut ra l  chloride solution and obtained 
Tafel slopes of about 60 mV. Stern  (2) observed 
marked hysteresis for i ron in 4% NaC1 solutions of 
pH 1-4. S tern  and Roth (3) indirect ly deduced the 
anodic Tafel slope of i ron in this solution as 78 or 68 
mV. On the other hand, Hur len  (4) obtained repro-  
ducible Tafel lines with slopes of 30 mV for iron in 
acidic KC1 solutions. He observed deviations from the 
Tafel line at high current  densities and at high pH. 
Based on extensive experiments,  Bockris, Drazic, and 
Despic (5) obtained anodic Tafel slopes of 40 mV for 
iron in acidic sulfate and chloride solutions. 

Nobe and Tobias (6) observed that  the anodic po- 
larization of iron in H2SO4 in the active state was not 
appreciably affected by chloride ions. Podesta and 
Arvia (7) found that  the steady-state anodic polariza- 
t ion of i ron yielded Tafel slopes of 32-54 mV (2M 
NaC1) and 37-61 mV (0.2M NaC1) for solutions of 
various pH values. 

Ross, Wood, and Mahmud (8) studied the anodic be- 
havior of iron in  flowing solutions of HC1 and  H2804. 
While no effect of flow was observed at low current  
densities, polarization decreased as the flow rate in-  
creased at high current  density. They ascribed the 
lat ter  to the formation of a porous surface compound 
formed at high current  densities. Foroulis (9) observed 
considerable hysteresis in HC1 solutions and surmised 
that this hysteresis was due to adsorption of C1- and  
subsequent  complex formation. Complex formation of 
this kind had been previously proposed by Schottky 
(10). Morozumi and Posey (11) applied the pH-stat  
technique (12) to the detection of an iron complex. 
Florianovich, Sokolova, and Kolotyrkin  (13) have sug- 
gested the formation of an i ron-sulfate  complex. 

In  this work, the anodic dissolution of iron in un -  
buffered neut ra l  solutions has been investigated by 
t rans ient  techniques. 

Experimental 
The electrolyte used was 1N potassium chloride solu- 

tion, deaerated with purified nitrogen. The test speci- 
men was Ferrovac E iron with a pur i ty  of 99.91%. The 
1 cm diameter  rod was sealed in Teflon such that  only 
one cross-sectional surface was exposed to the elec- 
trolyte. This surface was polished by 2/0 emery paper. 
The electrode was degreased with detergent  and rinsed 
several times with distilled water  and benzene. When 
surface roughing became pronounced during an experi-  
ment,  the electrode was repolished, degreased, and 
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rinsed again in the same manner .  Electrical signals 
were generated by combining the potentiostat  (re-  
sponse time, 1 ~sec) with funct ion generators and pulse 
generators. The responses were recorded on either an 
oscilloscope or an X-Y recorder. The electrochemical 
cell was constructed of Pyrex  and was the common 
three-electrode type cell. The tempera ture  was main-  
ta ined at 25 ~ • I~ 

Results 
Steady-state anodic polarization.--The open tr iangle 

in Fig. 1 shows the apparent  potential  (Ea)-current  
(ia) relat ion under  steady-state anodic polarization. 
While the plot follows Tafel behavior  at low current  
density, the deviation is considerable at high current  
density due to the ohmic potential  drop. The potential  
after the subtract ion of the ohmic drop from the ap- 
parent  potential  is plotted as closed circles. The solu- 
t ion resistance was determined by the pulse technique. 

The electrode potential  was also measured by the 
cu r ren t - in te r rup t ing  method. Current  was interrupted 
for 120 ~sec. The in ter rupt ion  was repeated at in ter -  
vals of 10 Hz. The open circles represent  the potential  
immediately after in te r rupt ing  the current .  The plots, 
after correction for the ohmic drop, show Tafel be-  
havior with a slope of about 80 mV/decade up to 200 
m A / c m  2. 

Linear anodic potential sweep polarization.--The l in-  
ear potential  sweep method was used to obtain the  
anodic polarization behavior unde r  t rans ient  condi- 
tions. The potential  sweep in the anodic direction was 
started at the open-circui t  potent ial  (Eo). The open- 
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circuit  potent ia l  was a round  --780 mV vs. SCE. At  high 
sweep rates,  the  charging cur ren t  for the  double  l aye r  
capacitance,  i.e., nonfaradaic  current ,  was dominant  in 
the low cur ren t  dens i ty  region.  However ,  at high cu r -  
ren t  densi t ies  the  ohmic drop became considerable.  
Therefore,  in order  to obtain the  faradaic  cur ren t  at  
fast potent ia l  sweeps the  ohmic drop must  be e l imi-  
nated.  

The tangent  method has been deve loped  to e l iminate  
the  ohmic drop. The procedure  is as follows. As i l lus-  
t r a t ed  in Fig. 2, a l ine tangent  to a point  on the  ap-  
paren t  po ten t i a l - cu r ren t  curve is d r awn  and ex t r apo -  
la ted to zero current .  The in tercept  of the  tangent  l ine 
wi th  the  potent ia l  axis (ia = 0) is an impor tan t  p a r a m -  
eter  as shown below. 

The apparen t  potent ia l  (Ea) is equal  to the  sum of 
the  e lectrode potent ia l  (Ca) and the ohmic drop Rsia 

Ea = Ca + Rsia [ 1 ]  

where  Rs is the  solution resistance.  The l ine tangent  to 
the  curve at (i~],Eal) is expressed  b y  

= ( 0Ca R s ]  ( i a - -  Eal [2] 

The potent ia l  of the intercept ,  Ea~, is obta ined by  pu t -  
t ing ia ----- 0 

Eax = ~ba --  ial ( (9~ba )  
Oi'---~ i~=~l [3] 

Equat ion [3] does not  include the t e rm for the  ohmic 
potent ia l  drop given in Eq. [1]. In  other  words,  E ~  is 
only a function of ~a. The solution of the  different ia l  
Eq. [3] wi th  respect  to Ca is shown in Eq. [4]. 

~a = ia~ (Eaxlia ~) dia [4] 
ial 

Thus, the  e lectrode potent ia l  r which does not  in-  
clude the  ohmic potent ia l  drop, can be deduced from 
the in tercept  E~x. For  the  special  case where  Ca obeys 
the  Tafel  equat ion 

~ a = a + b  log ia  [5] 

E~x can be expressed  by  

Eax = a -- b/2.3 "t- b log ia [6] 

Equat ion [6] indicates  that  a plot  of  Eax vs. log i~ is a 
s t ra ight  l ine wi th  the  slope b. Therefore,  Ca is de te r -  
mined from 

Ca = Eax + b/2.3 [7] 

An example  of a plot  of Ca vs. log ia is shown in Fig. 3 
and compared  wi th  the  apparen t  Tafel  plot. A t  low 
current  densities,  Ea and Ca show good agreement  be-  
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Fig. 3. Comparison of polarization curves obtained directly and 
by the tangent method. 

cause of the negl igible  ohmic potent ia l  drop. At  high 
cur ren t  densities,  Ea deviates  f rom the s t ra ight  line, 
while  ~a st i l l  follows the l inear  re la t ionship.  The plots 
of ~b a VS. log ia were  de te rmined  for var ious  sweep 
rates. At  high sweep rates  these plots were  st i l l  l inear  
in the  high cur ren t  dens i ty  region. The Tafel  slopes 
thus obtained are  shown in Fig. 4. The Tafel  slope was 
found to change from 80 to 40 mV/decade  wi th  in-  
crease in sweep rate.  Limi ta t ions  of the  funct ion gen-  
e ra tor  prec luded resul ts  at h igher  sweep rates.  

Potent ios ta t ic  anodic pulse  po lar i za t ion . - -A  short  
single potent ia l  pulse  was imposed on the e lect rode at  
the  open-c i rcu i t  potential ,  as shown in Fig. 5. An anal -  
ysts of the  responding cur ren t  yields  the  polar izat ion 
behavior  corrected for the  ohmic potent ia l  drop. The 
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pr inciple  is as follows. The equiva lent  circuit  of the  
e lect rode is given by  the top figure in Fig. 5. The ap-  
pl ied potent ia l  pulse AE~ can be d iv ided  into the  change 
in the  e lec t rode  potent ial ,  e, and the  ohmic potent ia l  
drop, e2, i.e. 

AEa = e l  Jr- e2 [8] 

Immed ia t e ly  af te r  AEa is imposed, el is zero due  to the  
double  l aye r  capaci tance Cel. Therefore  

e2 = hEa at t = 0 [9] 

Then, the  cur ren t  iap at  t = 0 is 

lap = AEa/Rs [10] 

Af te r  Cd] is charged,  the  cur ren t  reaches  a constant  
value,  ias. A t  this  s tage  

el = ~a --  Eo [11] 

e~ = Rs ias [ 12] 

where  ~a is the  e lect rode potent ial ,  exclus ive  of the  
ohmic potent ia l  drop. 

When  the  pulse is shut  off at t ~ �9 (AEa = 0), ez st i l l  
follows Eq. [11]. Then, /cp, the cur ren t  at  t ~- �9 is r e -  
la ted  to ~a b y  

r = R,, ]'Zcp ] + Eo [13] 

Thus, ~a can be de te rmined  because of the exis tence 
of the double  l aye r  capacitance.  Exper imenta l ly ,  the  
double  l ayer  charging was comple ted  wi th in  1 msec. 
Rs was  de te rmined  f rom the plot  of lap VS. AEa. By sub-  
s t i tut ing Rs, thus  obtained,  into Eq. [13], ~ba can be de -  
termined.  ~a is p lo t ted  vs. log i~s in Fig. 6. The plots  
show s t ra ight  l ines up to high cur ren t  densi t ies  in 
spite of the  large ohmic drops. When  AEa is small ,  the  
points for  short  pulses devia ted  f rom these  plots due 
to the  nonfaradaic  current .  Tafel  s lopes were  about  
40 mV/decade  for short  pulses, whi le  i t  was about  80 
mV/decade  for long pulses. 

Poten t ia l  pulse  reduct ion  oJ an anodized e l e c t r o d e . -  
A n  anodica l ly  polar ized e lect rode at  a s teady s tate  was 
per iod ica l ly  reduced  b y  short  constant  cathodic po-  
ten t ia l  pulses. The potent ia l  pulse  wid th  was 5 msec 
and the t ime in te rva l  be tween  pulses was 0.5 sec. The 
dura t ion  of the  potent ia l  pulse was so short  tha t  the  
anodic process can be considered to be main ta ined  at  
s t eady-s ta te  conditions. F igure  7 shows an example  of 
the  cur ren t  t rans ien t  (ic) due to a reducing cathodic 
potent ia l  pulse. The plot  is shown as the logar i thm of 
[icl vs. t ime  ( t ) .  A slow l inear  decrease in log cur ren t  
is observed af ter  a sharp decrease which  corresponds 
to the charging of the double  l ayer  capacitance.  The 
plots  of the  cur ren t  (i~i) at  t = 0 vs. the appl ied  pulse 
potent ia l  give s t ra ight  l ines as shown in Fig. 8. 

Since a double  l ayer  capaci tance exists  be tween  the 
electrode and solution as shown in Fig. 5, the  e lectrode 
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potent ia l  at  s t eady-s ta te  anodic polarizat ion,  ~a, is 
s t i l l  ma in ta ined  at  t = 0. Then, the  re la t ion  

ir = (Ec --  Ca)/Rs [14] 

is obtained,  where  Ec is the  appl ied  cathodic pulse po-  
tential .  Therefore,  the  slopes of the  l ines in Fig. 8 ex-  
press the solution conductance 1/Rs and the ex t r apo la -  
t ion of these lines to zero cur ren t  gives, Ca, the  s t eady-  
state anodic potent ia l  exclusive  of the  ohmic potent ia l  
drop. The anodic e lectrode potential ,  Ca, thus obtained,  
is p lo t ted  against  the logar i thm of the  anodic current ,  
ia, in Fig. 9. The Tafel  slope of th is  l ine is about  80 m V /  
decade. 

0Ca/0 log ia = 80 mV/decade  [15] 

This value  is in good agreement  wi th  tha t  obta ined  
f rom the  direct  s t eady-s ta te  anodic polar iza t ion  da ta  
discussed above. Thus, the  anodic Tafel  s lope of i ron 
in neu t ra l  chlor ide  solutions for s t eady-s ta te  polar iza-  
t ion has been confirmed by  another  method.  Morozumi 
(14) r epor ted  nea r ly  the  same va lue  for i ron in neu t ra l  
sodium chlor ide  solutions. 

The slow decrease in the  log I/c] p robab ly  resul ts  
f rom a change in the  surface s tate  of iron. The ex t r apo -  
lat ion of the  l inear  por t ion  of the  curve in Fig. 8 to 
zero t ime would  give the  cathodic current ,  icx, at  con- 
di t ions where  t he  i ron surface and its envi ronment  
have not  changed apprec iab ly  from tha t  at  s teady-  
state anodic polar izat ion.  The charging cur ren t  is only  
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Fig. 9. Steady-state anodic Tafel plot obtained by the cathodic 
potential pulse method. 

a negl igible  par t  of  icx. The logar i thm of ]Qxl is p lot ted 
in Fig. 10 against  r which is the  cathodic po ten t ia l  ex-  
clusive of the  ohmic potent ia l  drop. The slope of the  
plots was about  --  120 mV/decade  

( 0~c ) ~ - - 1 2 0 m V / d e c a d e  [16] 
0 log lic+l a 

F igure  11 shows the dependence  of the  cathodic cur -  
rent  ir on the  s t eady - s t a t e  anodie current ,  ia. I t  is 
found that  log [icxl is l inear ly  re la ted  to log ia wi th  the 
slope of about  1 

(01~ c ~ 1  [17] 

Galvanostatic pulse reduction of an anodized elec- 
t rode . - -A  short  cathodic cur ren t  pulse, ia, was super -  
imposed on the constant  anodic current .  The cathodic 
cur ren t  pulse  width  and t ime in te rva l  be tween  pulses 
were  5 msec and 0.5 sec, respect ively .  The anodic 
process was main ta ined  at s teady state. The potent ia l  
t rans ient  for a reducing cathodic cur ren t  pulse  is shown 
in Fig. 12. At  t = 0, the  potent ia l  ab rup t ly  drops to 
Eel due to the  ohmic po ten t ia l  drop  fol lowed by  a 
gradua l  decrease.  The l inear  par t  of the curve is ex -  
t rapo la ted  to t : 0 and the in tercept  is defined as Eel. 
Both Eai and E~x include the ohmic potent ia l  drop, 
Rsic, i.e. 

E e i =  ~ba ~- Rsic [18a] 

Ecx = r -t- Rs~c [18b] 

where  r is the  cathodic potential ,  exclusive  of the  
ohmic potent ia l  drop. 
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Fig. 11. Extrapolated cathodic current (lax) vs. the steady-state 
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Fig. 12. Potential transient of a cathodic current pulse during 
anodic polarization of iron. 

Therefore  
Ec~ --  Ecx = ~ba - -  ~bcx [19] 

and does not include the ohmic potent ia l  drop. Since ~ba 
is independent  of ic, the  fol lowing re la t ion  holds 

0(EEL -- Ecx) 
0 l ~ g g  ~cl  "~a [ 2 0 ]  

The plots  of log licl vs. (Eoi -- ~ax) are  shown in Fig. 13. 
These plots exhibi t  s t ra ight  l ines wi th  slopes of about  
120 mV/decade .  Therefore,  the  fol lowing re la t ion  is 
obta ined 

( 0~cx ) ~ - - 1 2 0 m V / d e c a d e  [21] 
0 log l/a1 +a 

The plots of Ecx vs. log i a at constant  ic are  shown 
in Fig. 14. A l inear  re la t ion is observed  wi th  slopes of 
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between 120 to 95 mV/decade, i.e. 

( O E c x ) ~  1 2 0 ~ ~  logia = [22] 

By introducing Eq. [18b], Eq. [22] becomes 

( 0 r  = 1 2 0  to 95 mV/decade [23] 
0 log ia ic 

Discussion 
As ment ioned above, the anodic Tafel slopes were 

about 40 mV/decade for fast polarization and about 
80 mV/decade for slow or steady-state polarization. 
The Tafel slope for fast polarization is consistent with 
that  deduced from the Bockris mechanism. Akiyama 
et al. (15) reported the same value for iron in 1N 
H2SO4 under  steady-state polarization. It is evident  
that the pH at the electrode is much different from 
that of the bulk  solution in unbuffered neut ra l  solu- 
tions. In  this experiment,  the anodic passivation was 
not observed even at a current  density of 200 m A / c m  2. 
The critical current  density for the neut ra l  solutions in 
the absence of chloride ions has been reported to be 
less than 100 ~A/cm 2 (16). In  acidic solutions, e.g., 1N 
H2SO4, the critical cur rent  is about 200 mA/cm 2 in the 
absence of chloride ions (17). The absence of passiva- 
t ion even at high current  densities and Tafel behavior 
in the entire range indicate the probable formation of 
a soluble iron complex with chloride ions. The exist- 
ence of an iron complex with chloride ions has been 
suggested previously by Schottky (10) and Foroulis 
(9). Therefore, it seems reasonable that  the results of 
this work can be interpreted by assuming the formation 
of a hydroxochloro-iron complex and the consequent 
pH change at the electrode surface. In addition, the 
Bockris mechanism (5) with low coverage of reaction 
intermediate,  Fe(OH) ,  is assumed. 

Reaction mechan i sm. - -The  Bockris mechanism (5) 
for iron dissolution is as follows 

Fe + O H -  = (FeOH)ads -F e [24a] 

RDS 
(FeOH) > FeOH + + e [24b] 

FeOH + = Fe + + + O H -  [24c] 

In  addition, the reaction for the formation of the com- 
plex is assumed to be at equi l ibr ium 

Fe + + + mH20 + nC1- 
= [Fe(OH)m(C1)n] 2n~  + mH + [24d] 

Therefore, the over-al l  reaction can be expressed by 

F e + m H 2 0 + n C l -  = F e X q - m H  + + 2 e  [24e] 

where FeX represents the complex ion, [Fe(OH)m- 
(C1),] 2-"-m. According to Eq. [24e] the solution at the 
electrode becomes more acidic as the reaction proceeds. 
When step [24b] is rate de termining and the hydrogen 
ion concentrat ion at the electrode surface is (a~+)z=o 

ia ----ka(a~+) -lx=~ exp (1 q- f l)FCa/RT (25) 

where  ka and ~ are the rate constant and the t ransfer  
coefficient, respectively. It has been assumed that  the 
surface coverage of FeOH is low and that  the Lang-  
mui r  isotherm is valid. 

Fast anodic polarizat ion.--The concentrat ion of I-I + 
at the electrode can remain  near ly  constant  during 
polarization because the amount  of H + produced by 
reaction [24d] is not appreciable. Therefore 

0Ca 
- -  = R T / ( 1  -}- ~) F [26] 

a In ia 

The Tafel slope corresponding to this equation is 40 
mV/decade for ~ = 1/2 at 25~ This value is con- 
sistent with that  obtained experimental ly.  

Steady-s ta te  anodic polar izat ion. - -At  steady state, 
the H + and FeX produced must  diffuse away con- 
tinuously. Also the current  is proportional to the dif- 
fusion rates of H + and FeX. The relat ion can be ex- 
pressed by 

( OaFex --2FD~+ OaH+ 

[27] 

Application of diffusion layer theory simplifies Eq. [27]. 
Also, (aH+)x=0 is assumed to be much larger than the 
activity of H + in the bulk  solution. Then 

ia = 2FDH + (all + ) z=o/m 5 = 2FDFex (aFex) x=o/5 [28] 

where 5 is the diffusion layer  thickness. Insert ion of 
(aH+)x=0, thus obtained, into Eq. [25] gives 

2FkaDH + 
ia 2 exp [(1 q- ~)FCa/RT] [29] 

m5 
that  is 

ia = h/2FkaDH+/m8 exp (1 -F ~)F~a/2RT [30] 

Therefore 
0r ia---- 2 R T / ( 1 %  ~)F [31] 

The Tafel slope corresponding to Eq. [31] is 80 mV/  
decade. Thus, the difference in the Tafel slopes can 
be interpreted on the basis of pH changes at the iron 
surface. As discussed above, a n u m b e r  of authors 
have reported i rreproducibi l i ty  and deviat ion from 
anodic Tafel behavior  at re lat ively high pH. At least 
part  of these complications are the result  of the pH 
change at the electrode surface. 

Potential pulse reduction o] an anodized e l e c t r o d e . -  
Since the complexation reaction is assumed to be at 
equil ibrium, the following equation holds for a large 
excess of chloride ions 

a F e x a m H  + 
= K [32] 

aFe+ + 

where K is the equilibrium constant. Equations [28] 
and [32] give 

(are+ + ) x=o = K -1 (arex) ~=o (a~+)'~x=o 

= K'ia �9 ia m = K'ia ~+1 [33] 
where 

DH + DFeX 

When Eq. [24b] is also rate determining for the cath- 
odic deposition reaction, the faradaic cathodic current  
is expressed by 

icx ---- - -  kc  ( a F e +  + ) x=0  ( a o H - - )  x=0  exp -- (~'Fr162 
[34a] 
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o r  

'cx = - -  e ( a F e +  + ) x = ~ ( a H + ) - - l x = 0  e x p  (~ 'F#c /RT)  
[34b] 

where  kc and k'c are  r a t e  constants  and 8' is the  t r ans -  
fer  coefficient corresponding to the  r eve r se  react ion of 
Eq. [24b]. Combining Eq. [34b] wi th  [28] and [33], 
the  cathodic cur ren t  for condit ions where  the  e lec t rode  
surface and its env i ronment  are  at  the  s t eady-s ta te  
anodic polar iza t ion  is ob ta ined  

icx = -- k"cia m + l ia-  1 exp --  (~ 'F~c /RT)  

= --k"cia m exp --  (~ 'F#c /RT)  [35] 

where  k" is a constant .  c 
From Eq. [35], the fol lowing re la t ion  can be deduced 

( 0 , c  ) = --2.3RT 

O log I icx [ ia 8 'F  [36] 

( Olog l icx,  ) = m  [37] 
a log ia ~c 

F rom Eq. [36] 

( O ' c  ) = - - 1 2 0 m V / d e c a d e  
O log ] icx I ia 

for ~ ---- 1/z at  25~ 
This is consistent  wi th  the values  obta ined from 

Eq. [16] and [21]. A comparison of Eq. [37] wi th  Eq. 
[17] gives m = 1. This resul t  can also be de te rmined  
f rom the  galvanosta t ic  reduct ion exper iments .  In  this  
case, Eq. [35] is t r ans fo rmed  to 

i c = - - k " c e x p  -- R T  \ r -- m ln ia [38] 
~ 'F 

Therefore,  when  ic is constant,  the  fol lowing re la t ion 
is obta ined 

( Or ~ = 2.3RT 
[39] 

By inser t ing Eq. [23], m is obta ined as 

m = 0.8 to 1 

Thus, the  pulse reduct ion  studies of anodized electrode 
have been shown to be consistent  wi th  the Bockris  
mechanism of i ron electrodissolution,  the  format ion  of 
a hydroxoch lo ro - i ron  complex,  [Fe (OH) m (C1),]  2 . . . .  , 
m ---- 1 and the re la ted  pH change at the  e lect rode 
surface. 
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Electrodissolution Kinetics of Iron in Chloride Solutions 
Part II. Alkaline Solutions 

S. Asakura* and Ken Nobe* 
School of Engineering and Applied Science, University oJ California, Los Angeles, California 90024 

ABSTRACT 

The anodic behavior  of pure  i ron in a lka l ine  chlor ide  solution was s tudied 
by potent ia l  sweep and galvanosta t ic  methods.  Fo r  act ive dissolution anodic 
Tafel  slopes of 65 and 66 mV/decade  were  obta ined  f rom the galvanosta t ic  and 
potent ia l  sweep exper iments ,  respect ively.  These  values  can be in te rp re ted  
in t e rms  of the Bockris  mechanism wi th  "Temkin adsorpt ion.  Pass iva t ion  
was also observed.  The peak  cur ren t  or cr i t ical  cur ren t  which  appeared  in 
the po ten t i a l - cu r ren t  curve obtained by  potent ia l  sweeps was p ropor t iona l  
to the  square root  of the sweep rate.  The potent ia l  associated wi th  the  peak  
cu r ren t  var ied  l inear ly  in the  anodic di rect ion as the  log of the sweep ra te  
wi th  a slope of 33 mV/decade .  The square root  of the  pass ivat ion  t ime ob-  
ta ined  f rom galvanosta t ic  polar izat ion was inverse ly  propor t iona l  to the  cu r -  
rent.  These resul ts  were  in te rp re ted  by  assuming tha t  pass ivat ion occurred 
when the i ron chlor ide  complex a t ta ined its so lubi l i ty  l imit .  

Compara t ive ly  few studies have been repor ted  
prev ious ly  of i ron in a lka l ine  chlor ide  solutions. K a b a -  
nov, Burstein,  and F r u m k i n  (1) found tha t  the  ra te  of 
anodic dissolution was not affected by  the concent ra-  
t ion of chlor ide  ions ranging  from 0.01 to 4N in 0.01N 
NaOH. They  concluded that  C1- did not ac tua l ly  pa r -  
t ic ipate  in the  anodic process. Hur l en  (2) carr ied  out  
some galvanosta t ic  exper iments  in a lka l ine  potass ium 
chlor ide  solutions. His chronopotent iograms showed 
act ive dissolution and pass ivat ion behavior .  Shepherd  
and Schuld iner  (3) s tudied the potent iosta t ic  behavior  
of iron in a closed, high-purity alkaline system. They 
showed that iron acted like an inert noble metal but 
with addition of chloride ions extensive iron corrosion 
occurred; however, passive behavior as shown in 
potential-current curves was observed. 

The complexation of iron in alkaline chloride solu- 
tions could p l ay  an impor t an t  role  in the  i ron dissolu-  
t ion processes. The impor tance  of the  format ion  of i ron 
chlor ide complexes  has been pointed out prev ious ly  by  
Schot tky  (4) and Foroul is  (5). Recently,  Ogura,  H a r u -  
yama,  and Nagasaki  (1) s tudied the  open-c i rcu i t  po-  
ten t ia l  decay  of pass iva ted  i ron in neu t ra l  solut ions 
containing chlor ide ions. They  in te rp re ted  the i r  resul ts  
by  assuming the format ion  of the  complex FeOC1, 
which had been suggested previous ly  b y  Schot tky  (4). 

In this  paper  the  anodic behavior  of i ron in an a lka -  
l ine chlor ide  solution was inves t iga ted  b y  poten t ia l  
sweep and galvanosta t ic  methods.  The resul ts  have 
been in te rp re ted  in te rms of the  format ion  of an i ron 
chlor ide  complex,  as proposed in a previous  paper  (7), 
and its p rec ip i ta t ion  on the electrode.  

Experimental 
A 1N potass ium chlor ide  and 0.1N potassium hy-  

droxide  solution was used as the  e lectrolyte .  The solu- 
t ion was deaera ted  wi th  prepur i f ied  ni trogen.  The  test  
specimen was Fer rovac  E iron wi th  a pur i ty  of 99.9%. 
The t empe ra tu r e  was ma in ta ined  at  25 ~ _ 1 C ~ The 
e lect r ica l  s ignals  we re  genera ted  by  a potent ios ta t  and  
funct ion generators .  The e lect r ica l  responses were  re -  
corded by  an X - Y  and o rd ina ry  pen  recorders .  

Results 
The elect rode was reduced  at  about  --1.5V (vs. SCE) 

and then  lef t  at  open-c i rcu i t  condit ions unt i l  the  elec-  
t rode  potent ia l  reached  a constant  value.  Af t e r  this 
t rea tment ,  the  e lect r ica l  signals were  imposed on the 
electrode.  

Potential sweep experiments.--The potent ia l  sweeps 
in the  anodic di rect ion were  s ta r ted  f rom the  open-  

* Electrochemical Society Active Member. 
Key words: corrosion, passivation, anodie behavior. 

circuit  potent ial .  Examples  of the  po ten t i a l - cu r ren t  
curves  are  shown in Fig. 1. Pass iva t ion  behav ior  was 
observed,  and it is seen tha t  the  shape of the  curves  
was affected by  the  sweep ra te  (L). The logar i thm of 
the  peak  current  (ip) is p lo t ted  against  log ~. in Fig. 2. 
The log ip was found to be l inea r ly  re la ted  to log X 
with  the slope of 1/2. Hence,  the  fol lowing re la t ion 
was obtained 

ip = kiX/~ [ 1 ] 

where  kl is a constant .  The p r i m a r y  passivat ion po ten -  
t ia l  (Ep), i.e., the  potent ia l  associated wi th  the  peak  
cur ren t  is p lo t ted  vs. log ~ in Fig. 3. The slope of the  
l inear  re la t ionship  was 33 mV/decade  

O, JN KO~+JON KCl 

a~ eS*r 

SWEEP RAT[ 

�9 0.4 m . / ~  

- -  b 3J) mv./*ea. 
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- I  I - I .0  - 0 ~  -O.8 -0 .7  - 0 . 6  - O.5 -O.4 -O3  -O.2 
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Fig. 1. Polarization of iron in alkoline chloride solutions by the 
potential sweep method. 
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Fig. 2. Dependence of the peak current on the sweep rate 
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Fig. 3. Dependence of the peak potential on the sweep rate 

# Ep 
- -  = 33 mV/decade  [2] 
0 log 

The nonl inear i ty  of the plot at high sweep rates was 
probably due to the ohmic potent ial  drop. 

Galvanostatic experiments.--A typical  chronopoten-  
t iogram is shown in Fig. 4. There is a potential  arrest  
at Ea and then a subsequent  increase in potential. Ea 
can be regarded as the active potent ial  corresponding 
to the applied current  (ia). 

Ea is plotted against log ia in Fig. 5. The Tafel slope 
was about 65 mV/decade 

0 E a  
- - .  = 65 mV/decade [3] 
0 log ia 

The passivation t ime (tp) was determined in the m a n -  
ner  shown in Fig. 3. The plot of log t ,  vs. log i~ is 
given in Fig. 6. A l inear  relat ion is obtained with the 
slope of --2 giving the following relat ion 

i~x/-t~ = ~ [4] 
where k~ is a constant. 
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Fig. 4. A typical potential transient for galvanostatic polariza- 
tion. 
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Fig. 6. Dependence of passivation time on the current 

Discussion 
In the previous paper (7) the dissolution kinetics of 

iron in neut ra l  chloride solutions was interpreted in 
terms of the Bockris mechanism with the addit ional  
consideration of the formation of an iron chloride com- 
plex. The present  results can also be interpreted on the 
same basis. 

The Bockris mechanism (8) is as follows 

Fe + O H -  = Fe (OH) -t- e [5a] 

RDS 
FeOH > Fe(OH)  + ~- e [5b] 

Fe(OH)  + = Fe + + ~ O H -  [5c] 

The complexation reaction of i ron in alkal ine chloride 
solutions is 

Fe + + -t- m O H -  -t- nC1- = [Fe(OH)m (C1),] 2"m-" [6] 

Then, the over-al l  reaction is 

Fe -I- m O H -  ~- nC1- --> FeX -F 2e [7] 

where FeX represents the complex ion 

[Fe (OH),,  (C1),,] ~'mn 

In alkal ine solutions, the reaction mechanism would 
differ from that  in neut ra l  solutions as follows: (A) 
The surface coverage of the reaction intermediate  
Fe (OH) is considerably larger due to the high concen- 
t ra t ion of O H - .  (B) The change of pH at the electrode 
surface is not  appreciable. (C) The na ture  of the com- 
plex FeX in a lkal ine  solutions is different than  in  
neut ra l  solutions. 

Anodic Tafel s/ope.--The Bockris mechanism (8) 
predicts the anodic Tafel slope of iron in acidic solu- 
tions as 40 mV/decade.  In  acidic solutions, the surface 
coverage of the react ion in termediate  FeOH is assumed 
to be very  low. Therefore, the Langmui r  isotherm was 
applicable. This assumption was shown to be also valid 
for iron dissolution in neu t ra l  solutions (7). However, 
in alkal ine solutions, the coverage of FeOH should be 
much greater. Therefore, the Temkin  isotherm would 
be more appropriate than the Langmui r  isotherm. The 
rate equations of reaction [5a] for Temkin  adsorption 
can be wr i t ten  as (9) 

ra = ks (1 -- 0) [OH-]  exp (~EF/RT) exp ( - -  a]0) 
[8a] 

r - a  = k - a  eexp [ - -  (1 --  fl)EF/RT] exp [(1 -- ~)$6] 
[8b] 

where, ra and r - a  = the rate of the forward and back- 
ward reactions; ka and k - a  = rate constants of the 
forward and backward reactions; ~ = symmetry  factor; 
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E : potent ia l ;  a ---- propor t iona l i ty  constant  (0 < a <-- 1); 
f = Temkin  f ree  energy pa ramete r ;  0 = coverage of 
FeOH. 

Since 0 is in the  r ange  0.2 < 0 < 0.8, in the  case of 
Temkin  adsorpt ion,  Eq. [8] can be approx imated  as 
follows 

ra = ka [ O H - ]  exp (~EF/RT)  exp ( - -  af0) [ga] 

r - a  : k - a  exp [ - -  (1 --  ~) EF/RT]  exp [(1 --  ~)fe] 
[9b] 

Since Eq. [5a] is at  equi l ib r ium 

ra = r - a  [10] 

Then, ]0 can be obta ined  as 

] f0 = In - / c a  [ O H - ]  exp (FE/RT)  [11] 

Now, the  ra te  equat ion for Eq. [5b] can be  wr i t t en  as 

rb = kb 0 exp (TFE/RT)  exp (el0) [12] 

where  kb, ~, and e are  the  ra te  constant,  the s y m m e t r y  
factor, and the p ropor t iona l i ty  constant  for reac t ion  
[5b], respect ively .  Equat ion [12] is simplified to 

rb = k'b exp (TFE/RT)  exp (el0) [13] 

F ina l ly ,  the  react ion r a t e  can be obta ined  b y  inser t ing 
Eq. [11] into Eq. [13] 

ia = k"b [ O H - ]  c exp [ (~ q- e) FE/RT]  [14] 

where  k 'b  is a constant.  
Usually,  e is equal  to (1 --  7) and  7 is 1/2. Therefore,  

the  ac tual  ra te  equat ion can be given by  

ia ~--- k"b %/ [OH- ]  exp [FE/RT] [15] 

The Tafel  slope is obta ined  as 

OE 2.3 RT 
[16] 

O log ia F 

This value  is 60 mV/decade  a t  25~ which is in good 
agreement  wi th  the  resul t  of act ive dissolution of i ron 
given by  Eq. [3]. 

Interpretation of passivation phenomena. - -The  pas-  
s ivat ion phenomena  can be in te rp re ted  based on the 
fol lowing assumptions:  (I) Act ive  dissolution proceeds 
unt i l  pass ivat ion occurs. (II) When the  concentra t ion 
of F e X  at ta ins  the  solubi l i ty  l imit ,  pass ivat ion occurs. 
(III) The equi l ib r ium constant  of the  complexat ion  
process, Eq. [6], is sufficiently large,  i.e., [Fe ++] < <  
[FeX].  

The  concentrat ion,  C, of F e X  can be obta ined  by  
solving the  diffusion equat ion 

aC O~C 
---- D [17]  

Ot Ox 2 

where,  D = diffusion coefficient of F e X  
t = t ime af ter  the imposi t ion of the  e lect r ica l  

signals 
x = the dis tance from the e lect rode surface. 

Since the  concentra t ion of FeX in the  bu lk  solution is 
negligible,  the  fol lowing condit ions app ly  

C (o~,t)  = 0 [18] 

C (x, 0) : 0 [19] 

According to assumpt ion ( l iD,  the  cur ren t  is re la ted  
to the concentra t ion of F e X  in the  fol lowing manner  

x 0 

Laplace  t ransformat ion  can be ut i l ized to solve the  
above  different ia l  equat ions (10). Equat ions  [17], [18], 
and [20] a re  t r ans formed  wi th  respect  to t ime 
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d~u ( x,s ) 
su (x,s) = D [21] 

dx  2 

u(oo,s) : 0 [22] 

( du(x ' s )  )x = , ( s )  [23] 
--D dx  =o 

where  s is the  Laplace  pa rame te r  and u(x ,s )  which 
satisfied Eq. [21], [22], and [23] is 

1 s 

Apply ing  the convolut ion theorem,  the  inverse  t r ans -  
form of Eq. [24] can be ob ta ined  

1 
s u(x , s )  = 

~/D 

1 
Z-I f ( s ) * s  %/S 

exp ~ S x ~ ]  --  ~-- / J  [25a] 

Equat ion [25a] can be t r ans fo rmed  to 

_1  
C(x, t )  = F ( t - -  ~) %/~ exp d~ [25b] 

Final ly ,  the concentra t ion of F e X  at the  e lect rode sur -  
face is given by  

1 f t  1 
C(O,t) -- %/nD o F ( t - -  ~) %/~ d~ [26] 

In accord wi th  assumption (II) pass ivat ion occurs 
when  C(0,t)  a t ta ins  the  solubi l i ty  limit,  Cs 

C(0,tp) = Cs [27] 

where  tp is the pass ivat ion time. In the  case of gal-  
vanostat ic  polar izat ion,  F (t)  is constant  

F ( t )  = Fo [28] 
Then, tp is given by  

2Fo 
Cs = �9 %/t-p [29a] 

%/~D 
In t roducing Eq. [20], ia is re la ted  to tp 

ia ~ t ' ,  = F e s  %/n-D = constant  [29b] 

Thus, the empir ica l  re la t ion  of Eq. [4] has been de-  
duced theoret ical ly�9 

In the  case of the  potent ia l  sweep exper iments ,  F (t) 
is given by  the Tafel  re la t ion  for act ive dissolution, 
according to assumption ( I ) .  When  the poten t ia l  
sweep s tar ts  f rom the  open-c i rcu i t  potential ,  F ( t )  is 
expressed by  

F ( t )  = k exp (E /K)  [30] 
E ---- ~t -F Eo 
K = b/2.3 

where,  k = a ra te  constant  
b = Tafel  slope 

= sweep ra te  
Eo = open circui t  potent ia l  

The inser t ion of Eq. [30] into Eq. [27] gives 

~tp exp (--~) 
Cs : _ _  exp (Ep /K)  3 d~ [31] 

%/~D o %/~- 
where  Ep = ~,t, q- Eo. 
Pu t t ing  y = ~t/K, Eq. [31] becomes 

V' T Cs = k exp (Ep/K)  

�9 exp (--y) dy t321 
~/~-o" 
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1 ~'z exp (--y)  
~(z) _-- j . dy [33] 

V ;  o 

is plotted in Fig. 7. For z > 4, ~ (z) is almost unity 

~b(z)~l ,  Z > 4  [34] 

In the present experiments, ( E p -  Eo) is greater 
than 250 mV and b is about 60 mV/decade. Therefore, 
the approximation of Eq. [34] is valid for this experi- 
ment. Equation [32] is simplified to 

~ /  ---- k exp (Ep/K) [35] 
D~ 

Cs K 

Since the peak current is expressed 

ip = 2F - F(tp) 

the combination of Eq. [35] with Eq. [30] gives 

X/D  ip = 2Fk exp [Ep/K] = 2FCs K [36] 

As Cs and D are constant, ip is proportional to ~/~ 
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Thus, Eq. [1] can be derived theoretically. Also, Ep can 
be deduced from Eq. [35] as follows 

K x/D 
Ep = - -  In X + In 2FC, [37] 

2 
Therefore 

aEp b 
a log ~ = 2- [38] 

The Tafel slope can be obtained by inserting the ex- 
perimental value of Eq. [2]. The anodic Tafel slope, b, 
thus calculated is 66 mV/decade. This value is in ap- 
proximate agreement with that obtained from the gal- 
vanostatic experiments, Eq. [3], and also with that de- 
rived theoretically, Eq. [16]. 
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Anodic Polarization Behavior of 25% Chromium 
Ferritic Stainless Steels 

E. A. Lizlovs* and A. P. Bond* 
Research Laboratory, Climax Molybdenum Company of Michigan, Ann Arbor, Michigan 48106 

ABSTRACT 

Potentiodynamic polarization curves in 1N H2SO4 and in 1N HC1 were ob- 
tained for 25% Cr ferritic stainless steels containing 0-5% Mo and 0-4% Ni. 
High-purity alloys and alloys containing the usual commercial levels of C, N, 
Si, and Mn were investigated. The critical current density was decreased by 
molybdenum and molybdenum-nickel additions in both acids. All the high- 
purity 25% Cr steels containing 3.5 or 5% Mo were immune to pitting corro- 
sion and highly resistant to crevice corrosion at 25~ in IN HC1 and in 0.33M 
FeC13. Alloys containing commercial levels of impurities, on the other hand, 
were all subject to pitting attack in IN NaC1 solution under potentiodynamic 
conditions and in immersion testing in ferric chloride solution. The relative 
pitting resistance, however, was still improved by molybdenum additions. 

The engineering applications of the austenitic stain- 
less steels are sometimes limited by stress-corrosion 
cracking in chloride-containing media. The ferritic 
stainless steels, e.g. Types 430 and 434, are immune to 
stress-corrosion cracking (1), but their use is limited 
by their comparatively poor resistance to general cor- 

" E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  c o r r o s i o n ,  p o t e n t i o d y n a m i c  p o l a r i z a t i o n ,  m o l y b d e n u m ,  

pitting,  s u l f u r i c  a c i d ,  hydrochlor ic  acid. 

rosion. It is therefore of interest to investigate the 
possibility of improving the general corrosion resist- 
ance of ferritic stainless steels by increasing their 
alloy content, while preserving their good resistance 
to stress-corrosion cracking. 

Molybdenum and nickel were the two additional 
alloying elements selected for this study on improving 
the general corrosion resistance of the iron, chromium 
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Table h Chemical compositions of the 25% Cr ferritic stainless steels 

Composition, % 
Steel 

C Cr  Mo  N i  M n  Si  P S N 

High-purity s tee l s  

25% Cr  0.002 25.66 0.002 0.13 N A  a N A  N A  N A  
25% C r - 2 %  Mo 0.002 25.26 2.05 0.13 N A  N A  N A  0.017 
25% Cr - 3 . 5% Mo 0.002 25.28 3.49 0.13 N A  N A  N A  N A  
25% C r - 5 %  Mo 0.002 25.25 5.24 0.13 0.019 0.012 0.002 0.013 
25% Cr -3 .5% M o - l %  N i  0.002 25.32 3.49 1.14 N A  N A  N A  N A  
25% Cr -3 .5% Mo-2 .5% N i  0.002 26.54 3.50 2.56 N A  N A  N A  N A  
25% C r - 3 . 5 %  M o - 4 %  N i  0.002 26.35 3.54 3.91 N A  N A  N A  N A  

Commerical-purity s tee l s  

25% Cr  0.035 24.24 0.046 0.12 0.59 0.23 0.046 
25% C r - l %  Mo NA NA 0.97 NA NA NA NA 
25% Cr -2 .5% Mo N A  N A  2.37 N A  N A  N A  N A  
25% Cr -3 .5% Mo N A  N A  3.52 N A  N A  N A  N A  
25% C r - 5 %  Mo 0.033 24.19 4.94 N A  N A  N A  0.043 

N A  = n o t  a n a l y z e d ,  b u t  a s s u m e d  to b e  s i m i l a r  to  a n a l y z e d  v a l u e s  

alloy. The 25% Cr al loy was selected as the  base 
composit ion since it, in combinat ion wi th  molybdenum,  
was expected to re ta in  a ferr i t ic  s t ructure  wi th  nickel  
contents, as high as 4%. The choice of the base ferr i t ic  
a l loy composit ion s tudied was suppor ted  by  the work  
of Ha rada  et al. (2). These authors  conducted po la r i -  
zat ion exper iments  in 5% H2SO4 at 70~ and at the  
boil ing point  wi th  an  extensive series of 25% Cr 
stainless steels a l loyed wi th  n ickel  and molybdenum,  
and the i r  exper iments  suggest tha t  such alloys should 
possess good genera l  corrosion resistance. 

This s tudy  was conducted in two steps: first, h igh-  
pur i ty ,  vacuum-me l t ed  al loys we re  invest igated;  then, 
alloys containing the  usual  commercia l  levels of C, Si, 
N, and Mn were  studied. Since even h i g h - p u r i t y  
n ickel -conta in ing  alloys were  shown to be susceptible  
to s t ress-corros ion cracking (3), no nickel  al loys of 
commercia l  pu r i ty  were  invest igated.  

Experimental Procedures 
MateriaLs.--The chemical  composi t ions of the  h igh-  

pur i ty  and commerc ia l -pu r i ty  ferr i t ic  stainless steels 
s tudied are  given in Table  I. The h igh -pu r i t y  heats  
were  vacuum mel ted  using Plast i ron,  low-carbon  
fer rochromium,  nickel-shot ,  and mo lybdenum pellets.  
Commerc i a l -pu r i t y  al loys were  mel ted  f rom Armco 
iron, pure  mo lybdenum chips, fer rochromium,  fe r ro -  
manganese ,  ferrosil icon, and graphi te ,  and  were  p re -  
pa red  by  mel t ing in argon and cast ing in air. The 
sp l i t -hea t  technique (3) was used for both  series of 
alloys. The ingots were  hot forged and hot rol led to 
s tr ips  0.76 cm (0.3 in.) th ick  and then  cold ro l led  to a 
0.38 cm (0.15 in.) thickness.  

H i g h - p u r i t y  al loys were  heated at  980~ (1800~ 
for 1 hr  and  wa te r  quenched.  Micrographic  e x a m i n a -  
tion showed that  980~ was the  min imum t e m p e r a t u r e  
tha t  insured  the absence of a second phase in the  
h i g h - p u r i t y  h igh -mo lybdenum alloys. The commer -  
c i a l -pu r i t y  al loys were  hea ted  at 1095~ (2000~ for 
1 h r  and wa te r  quenched, then  heated at  705~ 
(1300~ for 1 hr  and wa te r  quenched. The 1095~ 
t r ea tmen t  was used to minimize  the  presence of the  
second phase in h igh -mo lybdenum alloys, and the 
lower  t empe ra tu r e  (705~ t r ea tmen t  to minimize  the 
sensi t izat ion to in t e rg ranu la r  corrosion resul t ing  from 
the h i g h - t e m p e r a t u r e  t rea tment .  In  contras t  to h igh-  
pur i ty  alloys, the  sensi t izat ion caused by  h igh - t em-  
pe ra tu re  hea t  t r ea tmen t  is expected for the  commer -  
c i a l -pu r i t y  al loys because  of the  h igher  carbon and 
n i t rogen levels  (4).  

Polarization experiments.--The electrodes for the 
potent iodynamic  polar izat ion studies were  mounted  in 
acryl ic  plastic,  the  exposed surface  (0.5 by  0.6 cm) 
a lways  being a longi tudina l  section pa ra l l e l  to the  
rol led surface. The exposed surface was pol ished using 
s tandard  meta l lograph ic  techniques,  ending wi th  a 

for other m a t e r i a l s  o f  s i m i l a r  m a j o r  a h o y  c o n t e n t .  

dist i l led w a t e r  s lu r ry  of 0.3~ alumina.  For  the  p i t t ing  
potent ia l  measurements ,  the fine crevices  be tween  
plast ic  and al loy were  masked  by  Glyp ta l  or the elec-  
t rode  surface was masked  wi th  e lec t ropla ter ' s  tape  
(Scotch 470), except  for a c i rcular  a rea  0.36 cm in 
diameter .  Masking of the  electrodes was unde r t aken  
to prevent  crevice corrosion of the  e lect rode in chlo-  
r ide media.  

The potent iodynamic  polar izat ion exper iments  were  
per formed  using s tandard  equipment  and techniques. 
Potent ia ls  were  measured  with  respect  to a sa tura ted  
calomel  electrode.  The exper iments  were  pe r fo rmed  
in 1N H2SO4, 1N HC1, and 1N NaC1 sa tu ra ted  wi th  
prepuri f ied ni t rogen at 29.8~ The potent ia l  scanning 
ra te  was 0.15 mV/sec.  

Potent iosta t ic  exper iments  were  pe r fo rmed  in 
1N HC1 wi th  the mate r ia l s  tha t  did not  undergo pi t t ing  
under  potent iodynamic  polar izat ion conditions. For  the  
potent iostat ic  exper iments ,  the  e lect rode was first 
ac t iva ted  and then  the potent ia l  of the  e lectrode was 
ab rup t ly  changed f rom the na tu r a l  corrosion potent ia l  
to the selected passive potent ia l  by  switching the po-  
tent ios ta t  on with  a potent ia l  prese t  a t  the  des i red  
value.  The polar izat ion cur ren t  and potent ia l  were  re-  
corded by  a two-pen  s t r ip  char t  recorder .  The elec-  
t rode  was usual ly  kep t  overnight  (over  16 hr )  at  the  
desired potential .  

Potent ios ta t ic  holding exper iments  a t  --0.250V were  
also per formed  wi th  al l  commerc i a l -pu r i t y  mater ia l s  
in 1N HC1. Since these exper iments  were  designed to 
de te rmine  the mode of a t t ack  in hydrochlor ic  acid in 
a nea r -pass ive  range,  the  electrodes were  not masked  
for these exper iments .  

Immersion tests.--Both the  h igh -pu r i t y  and com-  
m e r c i a l - p u r i t y  mate r ia l s  were  tested in acidified 
(pH 2) 0.33M FeCh.  H i g h - p u r i t y  mate r ia l s  were  also 
tested in oxygen- sa tu ra t ed  1N HeSO4 and n i t rogen-  
sa tura ted  1N HC1. Test coupons for the  l a t t e r  exper i -  
ments  were  ac t iva ted  by  touching wi th  a magnes ium 
rod immed ia t e ly  af ter  immers ion in acid. Al l  i m m e r -  
sion tests  were  pe r fo rmed  at room tempera ture ,  25 ~ • 
I~ 

Results 
Polarization behavior in the active-passive transition 

region.--Typical potent iodynamic  polar izat ion curves 
in the  ac t ive-pass ive  t rans i t ion  region in 1N H2SO4 
for h i g h - p u r i t y  al loys are shown in Fig. 1 and 2. 
Molybdenum addi t ions to both series of al loys caused 
a decrease in cr i t ical  cur ren t  density.  1 This decrease 
in cr i t ical  cur ren t  wi th  increasing Mo content  was 
more  pronounced for  h i g h - p u r i t y  al loys than  for the  
commerc ia l -pu r i ty  steels. In  addition, the  cr i t ica l  cur -  
ren t  dens i ty  for the  commerc i a l -pu r i t y  25% Cr steel  

1 T e r m s  " c r i t i c a l  c u r r e n t  d e n s i t y "  a n d  " p r i m a r y  p a s s i v a t i o n  p o t e n -  
t i a l "  a r e  d e f i n e d  in  Ee l .  (5). 
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Fig. 1. Potentiodynamic polarization curves for the high-purity 
25% Cr stainless steels in 1N H2~O4 at 29.8~ Curve A, 25% 
Cr; curve B, 25% Cr-2% Mo; curve C, 25% Cr-3.5% Mo; curve 
D, 25% Cr-5% Mo. 
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Fig. 2. Potentiodynamic polarization curve for the high-purity 

25% Cr-3.5% Mo stainless steels in 1N H2SO4 at 29.8~ Curve 
A, 25% Cr-3.5% Mo; curve B, 25% Cr-3.5% Mo-1% Ni; curve C, 
25% Cr-3.5% Mo-2.5% Ni. 

was cons iderably  lower  than  for the  h i g h - p u r i t y  25% 
Cr a l loy (Fig. 3). In  the  25% Cr-3.5% Mo steels, 
n ickel  lowered  the  cr i t ical  cur rent  dens i ty  in 1N 
H2SO4. The increase in n ickel  content  f rom 1 to 2.5% 
decreased the  cr i t ica l  cur ren t  dens i ty  in 1N H2SO4 to 
such an ex ten t  tha t  local action cathodic cur ren t  was 
la rger  than  the cri t ical  cur rent  and, as a result ,  the  
cri t ical  behavior  could  not be observed and was 
m a r k e d  only as some devia t ion  f rom the  expected 
cathodic polar izat ion curve (Fig. 2). 
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Fig. 3. Dependence of critical current density on molybdenum 
content for the 25% Cr stainless steels in 1N H2SO4 at 29.8~ 
Curve A, high-purity alloys; curve B, commercial-purity alloys. 
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Fig. 4. Dependence of critical current density on molybdenum 
content for the 25% Cr stainless steels in IN HCI. Curve A, high- 
purity alloys; curve B, commercial-purity alloys. 

The decrease  of cr i t ical  cur ren t  dens i ty  wi th  m o l y b -  
denum content  was also observed in 1N HC1. In 
general ,  the  cr i t ica l  cur ren t  densi t ies  were  cons ider -  
ab ly  h igher  in 1N HC1 (Fig. 4) t han  in 1N H2SO4. 
Again,  the  decrease  in cr i t ical  cur ren t  dens i ty  was 
more  pronounced for h i g h - p u r i t y  mate r ia l s  than  for  
commerc i a l -pu r i t y  alloys, and the 25% Cr h i g h - p u r i t y  
a l loy had  cons iderably  h igher  cr i t ical  cur ren t  densi ty  
than  the 25% Cr c omme rc i a l -pu r i t y  a l loy (Fig. 4). 
Nickel  addi t ions also decreased the  cr i t ical  cur ren t  
dens i ty  in the  h i g h - p u r i t y  25% Cr-3.5% Mo alloys in 
IN HC1 (Fig. 5). 

The effect of a l loying e lements  on  the  p r i m a r y  
pass ivat ion potent ia l  is shown in Fig. 6. P r i m a r y  
passivat ion potent ia ls  for the  pure  25% Cr a l loy were  
cons iderab ly  more  noble than  corresponding p r i m a r y  
pass ivat ion potent ia ls  for commerc i a l -pu r i t y  al loys 
in IN H2SO4 and in IN HC1. Fo r  the pure  alloys,  the  
addi t ion of 2% Mo to the  base composit ion resul ted  in 
s ignif icant ly more  active p r i m a r y  pass ivat ion  po ten-  
t ia ls  in IN H2SO4 and in IN HC1. Fu r the r  increases in 
mo lybdenum content  r endered  p r i m a r y  pass ivat ion 
potent ia ls  s l ight ly  more  noble in 1N H2SO4 for both  
series of alloys. Increas ing amounts  of mo lybdenum 
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Fig. 6. Dependence of primary passivation potentials on molyb- 
denum content for the 25% C~ stainless steels (A) in 1N H2SO4 
and in (B) 1N HCI at 29.8~ 

in pure alloys rendered pr imary  passivation potentials 
more active in 1N HC1, but  no definite molybdenum 
effect was observed in commercia l -pur i ty  materials.  
In  general, p r imary  passivation potentials for pure 
alloys in 1N HC1 were more active than for commer-  
cial- type steels. In  the pure 25% Cr-3.5% Mo series 
of steels, nickel rendered the pr imary  passivation 
potentials more noble in  both acids. 

With the exception of the molybdenum-f ree  alloy, 
all the pure alloys displayed a cathodic loop on polari-  
zation curves in 1N H2SO4, indicat ing that  a stable 
passive state is possible in a given medium. Only the 
25% Cr-3.5% Mo and 25% Cr-5% NIo steels of the 
commercia l -pur i ty  series displayed a cathodic loop on 
the polarization curve in 1N H2SO4. The extent  and the 
max imum value of the cathodic loops increased with 
alloying content  (Fig. 1). Cathodic loops were never  
obtained in  polarization experiments  in 1N HC1. 

Polarization behavior in sulfuric acid in the passive 
range.--The passive range for all materials in 1N 
H2SO4 terminated  at the expected transpassive t rans i -  
tion range, i.e. +0.85 to +0.95V. The passive potentio- 
dynamic polarization curves above 0.1V were uneven t -  
ful. The passive current  densities under  continuous 
potential  scanning conditions were of the order of 1 x 
10 -6 A /cm 2 for all the h igh-pur i ty  materials.  Under  
potentiostatic conditions, current  densities even at the 
threshold of the transpassive t ransi t ion range (0.80V) 
gradual ly  decreased to the order of 1 x 10 -T A/cm 2, 
and possibly even lower, so that  no t rue  dependence 
of passive current  densi ty on the potential  or alloy 
composition was observed for h igh-pur i ty  stainless 
steels. For  the commercia l -pur i ty  steels, the lowest 
passive current  densities were  observed with 25% Cr 
and 25% Cr - l%  Mo alloys. Increases in molybdenum 
content  resulted in increased passive currents  with 
the 25% Cr-5% Mo steel having the highest cur rent  
densities of all materials.  This steel had a passive cur-  
rent  density of the order of 10 -~ A /cm 2 even under  
potentiostatic conditions at +0.60V. 

Polarization behavior in hydrochloric acid in the 
passive range.--The current  density for the 25% Cr, 
h igh-pur i ty  alloy in 1N HC1 decreased very  sharply 
after reaching the critical value. However, the current  
density beyond the pr imary  passivation potential  did 
not decrease below 2.7 mA / c m 2. Fur thermore,  the 
polarization current  increased as the electrode poten- 
tial was scanned toward more noble values. Similar  
behavior was also observed with the pure 25% Cr-2% 
NIo steel, except that the m i n i m u m  polarization cur-  
rent  was about two orders of magni tude  lower than 
that of the 25% Cr steel. A potentiostatic-holding ex- 
per iment  with the h igh-pur i ty  25% Cr alloy at --0.10V 
showed that it suffered general  etching at this poten- 
tial in 1N HC1. The masked 25% Cr-2% Mo electrode, 
on the other hand, could be passivated in 1N HC1 when 
its potential  was jumped from the active corrosion po- 
tent ial  to +0.80V, and passivity could be main ta ined  
potentiostatically at this potential  for more than 16 
hr with the final polarization current  of the order of 
1 x 10-7 A /cm 2. Hence, the relat ively high current  
densities in  the passive range observed with unmasked 
electrodes of the above alloys would correspond to 
general  corrosion for the 25% Cr steel and only to 
crevice corrosion for the  25% Cr-2% Mo steel. 

The remaining  h igh-pur i ty  alloys, i.e. all the 3.5 and 
5% Mo alloys, exhibited complete passivity up to the 
normal  transpassive t ransi t ion potentials. Polarization 
current  densities under  potent iodynamic conditions 
were of the order of 1 x 10 -6 A/cm 2 and were com- 
parable to passive current  densities in 1N H2SO4. Fu r -  
thermore, all the h igh-pur i ty  3.5 and 5% Mo steels com- 
pletely passivated in 1N HC1 when the potential  of the 
unmasked electrode was jumped from the corrosion 
potential  to +0.80V, and the passivity could be main-  
tained at this potential  for over 16 hr with no indica- 
t ion of any tendency of the passive polarization cur-  
rent  to increase at the end of the experiment.  The 
final polarization current  density at +0.80V was of the 
order of 1 x 10 -~ A/cm 2 and was the same as the 
current  density in 1N H2SO~ under  the same condi-  
tions. 

For all the commercia l -pur i ty  steels, cur rent  den-  
sities beyond the critical peak in  1N HC1 first de- 
creased to some m i n i m u m  value, then increased again 
with an increase in potential. The lowest cur ren t  den-  
sities in  the passive state were observed for the 25% 
Cr-3.5% Mo and 25% Cr-5% Mo alloys. For the 25% 
Cr-5% Mo steels, current  densities from 0 volt to 
transpassive t ransi t ion potentials remained between 
7 x 10-4 and 3.6 x 10 -4 A/cm 2. The drastic differences 
in passive polarization behavior between h igh-pur i ty  
and commercia l -pur i ty  alloys in 1N HC1 are i l lustrated 
in  Fig. 7, which shows polarization curves for 25% 
Cr-5% Mo alloys. Potentiostat ic-holding experiments  
showed that all commercia l -pur i ty  materials suffered 
general  etching at --0.250V. Hence, high current  den-  
sities in the passive range in 1N HC1 for commercial-  
pur i ty  alloys would correspond not only to crevice 
corrosion but  to general  corrosion as well. In  no case 
was pit t ing observed for any of the materials in 1N 
HCI. 

Exper iments  with a masked h igh-pur i ty  25% Cr 
electrode showed that  a complete passive range could 
be obtained in 0.1N HC1 under  potent iodynamic polari-  
zation conditions. However, passivity could not be 
potentiostatically main ta ined  at +0.80V for a pro- 
longed time. On the abrupt  potential  change from the 
corrosion potential  to a selected potential  in  the pas- 
sive range, the masked 25% Cr electrode would pas- 
sivate in 0.IN HC1 at +0.40V but  would pit at +0.50V. 

Polarization behavior in 1N NaCl.--Potentiodynamic 
polarization experiments  in 1N NaC1 solution were 
designed to obtain pit t ing potentials. Definite pi t t ing 
potentials for commercia l -pur i ty  alloys were  only ob- 
tained for the two lowest alloyed materials,  i.e. the 
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Fig. 7. Anodic potentiodynamic polarization curves in 1N HCI at 
29.8~ for 25% Cr-5% Mo alloys. Curve A, high-purity alloy; 
curve B, commercial-purity alloy. 

25% Cr and 25% C r - l %  Mo alloys. The 25% Cr al loy 
p i t ted  at +0.15V and the  25% C r - l %  Mo al loy pi t ted  
at  +0.16V. For  the  ma te r i a l s  of the  h igher  m o l y b -  
denum content,  cur ren t  in the passive state was i r -  
r egu la r  and g radua l ly  increased.  For  the  25% Cr-3.5% 
Mo and 25% Cr-5% Mo steels, cu r ren t  r emained  at  
r e l a t ive ly  low values  (10 -6 to 10-SA) throughout  the  
passive range  up to the  normal  t ranspass ive  t rans i t ion  
range. Whi le  no definite potent ia l  could be assigned 
to the  onset of pi t t ing,  microscopic examina t ion  r e -  
vealed some smal l  pi ts  and localized etching. The pure  
25% Cr a l loy p i t ted  in 1N NaC1 solution under  po ten-  
t iodynamic  polar iza t ion  condit ions only  at  0.79V. 

Immersion tests in ferric chloride.--Corrosion ra tes  
in 0.33M FeCI3 solution are  given in Table II. The 
h i g h - p u r i t y  alloys, wi th  the  except ion of the  25% Cr 
steel, did not pit. Al l  the  commerc ia l -pu r i ty  al loys 
were  pi t ted.  The most severe  p i t t ing  was sustained by  
the  25% Cr and the  25% Cr-1% Mo steels. The 25% 
Cr-5% Mo al loy was the  least  pi t ted.  P i t t ing  occurred 
over  all  surfaces of the  coupon. 

Immersion tests in sulfuric acid and hydrochloric 
acid.--Corrosion rates  in 1N H2SO4 and 1N HC1 at 
room t e m p e r a t u r e  (25~ are  given in Table  III. 
Molybdenum addi t ions  decreased the  corrosion ra tes  
in both media.  An especia l ly  dramat ic  decrease in cor-  
rosion ra te  was observed be tween  the 25% Cr and the 
25% Cr-2% Mo alloys. The 25% Cr-3.5% Mo and 25% 
Cr-5% Mo al loys repass iva ted  in 1N H~SO4 af ter  act i -  
vat ion wi th  magnes ium and they  r ema ined  passive for  
the dura t ion  of  the  test  (6 days ) .  In  no case was 
p i t t ing  observed and any  corrosion was uniform. 

Discussion 
The mate r ia l s  tha t  show a passive range  up to nor-  

real  t ranspass ive  t r ans i t ion  potent ia ls  in 1N HCI with  

Table II. Corrosion rates in 0,33M FeC[3 solution at 25~ 

Steel 

Commercial-purity 
High-purity alloys a alloys b 

Exposure, Corrosion Exposure, Corrosion 
days rate, todd days rate, todd 

25% Cr 7 40 1 1,224 
25% Cr-1% Mo 1 3,112 
25% Cr-2% Mo 31 Nil 
25% Cr-2.5% Mo 1 ~55 
25% Cr-3.5% Mo 31 Nil 1 558 
25% Cr-5% Mo 31 Nil 1 324 

- Tes ted  at pH 1. 
b Tes ted  at  pH 2. 

Table III. Corrosion rates of high-purity alloys at 25~ 

Steel 

Corrosion rate,  todd, a f te r  24-hr exposure  

1N H~-~O4 I N  H a l  
On-saturated Ns-saturated 

25% Cr 20,000 39,400 
25% Cr-2% Mo 2,450 1,260 
gS% Cr-3.5% Mo Nil ~ 556 
25% Cr-5% Mo Nil ~ 307 

Six -da y  exposure .  

masked electrodes under  potent iosta t ic  condit ions 
could be considered to be immune to pitting corrosion 
at the given chloride ion concentration and tempera- 
ture. It follows that all molybdenum-bearing, high= 
purity 25% Cr steels are immune to pitting corrosion 
in 1N HCI at 29.8~ The molybdenum-flee 25% Cr 
steel could be pitted under potentiodynamic conditions 
in 1N NaCI at the potential close to the transpassive 
transition (+039V) and under the potential-jumping 
conditions in 0.1N HCI. These data indicate that 
molybdenum-free 25% Cr steel could pit under some 
circumstances when exposed to chloride media. The 
ferric chloride test verified this prediction. Only the 
25% Cr steel of the high-purity series was pitted when 
immersed in 0.33M FeCl~. The immersion in FeCl3 
solution would approximate the conditions of poten- 
tial-jumping experiments in HCI. 

Some qualitative conclusions concerning the sus- 
ceptibility of stainless steels to crevice corrosion could 
be deduced from the passive polarization behavior of 
unmasked electrodes in hydrochloric acid. It has been 
found that susceptible alloys always display a rise in 
current within the normal passive region at potentials 
more active than the pitting potential, indicating that 
unmasked electrodes prepared by the techniques used 
always contain unintentional crevices (6, 7). Thus, 
since all the high-purity 25% Cr steels containing 3.5% 
or more molybdenum with or without nickel do not 
display any unusual current rise in the passive range 
up to transpassive transition in 1N HCI, these alloys 
should be highly resistant to crevice corrosion under 
experimental conditions. In another investigation em- 
ploying a special crevice corrosion cell, it was shown 
that 25% Cr-3.5% Mo indeed is immune to crevice 
corrosion in 1N CI- concentration at room temperature 
(8). 

The de t r imen ta l  effects o f  impur i t ies  on the  cor-  
rosion resis tance of 25% Cr steels a l r eady  manifes ted  
themselves  in the  passive s tate  in 1N H2SO4. Passive 
polar iza t ion  densit ies  for 2.5-5% Mo steels were  h igher  
t han  for the  corresponding pure  al loys under  com-  
pa rab le  expe r imen ta l  conditions.  In  1N HC1, the  cur -  
rent  densi t ies  in the  passive s tate  of commerc ia l -  
pur i ty  al loys were  severa l  orders  of magni tude  h igher  
than  for  the  pure  al loys and etching ac tua l ly  occurred 
at  passive potentials .  Fur the rmore ,  all  the  commerc ia l -  
type  steels were  subject  to p i t t ing  corros ion and, 
whi le  crevice corrosion was not  specifically studied, 
there  is l i t t le  doubt  that  al l  the  commerc i a l -pu r i t y  
25% Cr steels would be subject  to crevice  a t tack  in 
chlor ide  media.  

The  dele ter ious  effects of impur i t ies  on the  res i s t -  
ance to p i t t ing  corrosion are  p robab ly  due to the  
presence of carb ide  and n i t r ide  precipi ta tes .  F u r t h e r -  
more,  meta l lograph ic  examina t ion  showed tha t  2.5-5% 
Mo al loys of commercia l  pu r i ty  contained an in te r -  
meta l l ic  phase,  p r e sumab ly  ch i -phase  (9).  Whi le  i t  
was possible to br ing  this second phase  into solut ion 
by  a hea t  t r ea tmen t  at 1095~ a desensi t izing t r ea t -  
men t  a t  705~ resu l ted  in the  r eappea rance  of the  
second phase. Thus, there  exists  a d i l emma wi th  r e -  
spect  to heat  t r ea tmen t  of commerc i a l -pu r i t y  alloys. 
Since, according to the  previous  exper ience  in this  
Labora tory ,  fer r i t ic  s tainless steels tha t  have  been 



Vol. 118, No. 1 FERRITIC STAINLESS STEELS 27 

sensitized to in te rgranu la r  corrosion have much poorer 
resistance to pi t t ing corrosion than  in the desensitized 
condition, all  the alloys were tested in the desensitized 
state with an intermetal l ic  phase present  for the high- 
molybdenum steels. It  is possible that  the presence of 
a second phase was det r imenta l  to the stabil i ty of the 
passive state, as indicated by relat ively high passive 
current  densities in  sulfuric acid and general  etching 
in the passive region in  hydrochloric acid of 2.5-5% 
Mo alloys. No such effects were observable for com- 
parable  h igh-pur i ty  alloys. 

A very  strong effect of molybdenum was observed 
on active corrosion rates of pure  alloys in  1N H2SO4 
and 1N HC1 at room tempera ture  (Table I I I ) .  With an 
increase in molybdenum content  from 0 to 2%, cor- 
rosion rates were reduced approximately by a factor 
of 10 in 1N H2SO4 and by a factor of 30 in HC1. For 
3.5 and 5% Mo alloys in  oxygenated 1N H2SO4, re-  
passivation occurred and corrosion rates were con- 
sequently nil. Apparently,  the critical current  density 
for these materials  was sufficiently small  so that the 
oxygen reduction current  could polarize these alloys 
beyond the critical peak. Sharp reduction of active 
corrosion rates for pure  25% Cr alloys with additions 
of molybdenum in 1N H2SO4 was also reported by 
Chernova and Tomashov (10)  

The observed decrease in critical current  density 
with an increase in molybdenum content  in 25% Cr 
stainless steel was in accord with the results from pre-  
vious work with 17% Cr steels (7, 11) and the re-  
sults of other  investigators on a var ie ty  of stainless 
steels (10, 12-15). Of special interest,  however, is the 
large difference in critical current  densi ty between the 
commercia l -pur i ty  and h igh-pur i ty  25% Cr steels, 
commercia l -pur i ty  mater ial  having the lower critical 
current  density. A similar difference in critical current  
density in 5% (1N) H2SO4 was observed earlier be-  
tween the h igh-pur i ty  17% Cr alloy and its commercial  
counterpar t  Type 430 steel (11, 16). In  the present  case, 
the elements that  are present  in considerably larger 
amounts  in commercia l -pur i ty  mater ia ls  than  in high-  
pur i ty  materials  are C, N, Si, and Mn. Silicon already 
has been shown to have no significant effect on critical 
current  density (11). The effect of manganese is not 
well known;  however, it has been shown by other in-  
vestigations to have an effect of increasing critical cur-  
ren t  density to some extent  for Type 304 steel (17) and 
200 series (Cr-Ni-Mn)  stainless steels (18). Thus, the 
sharp lowering of the critical cur rent  density for com- 
mercia l - type ferritic stainless steels as compared to 
h igh-pur i ty  counterparts  most probably is the com- 
bined effect of residual  carbon and nitrogen. Carbon 
has been shown by  Wilde and Greene to lower the 
critical current  density very  considerably for Type 304 
stainless steel (17). The effect of ni t rogen on critical 
current  density, however, is not known. Fur ther  work 
is needed to clarify the effect of ni t rogen and also the 
effect of carbon on crit ical cur rent  density for ferritic 
stainless steels. 

The analysis of the critical cur rent  densi ty data 
showed some interest ing correlations with the molyb-  
denum or nickel content. The decrease in critical cur-  
rent  density in sulfuric acid was l inear  with increase 
in molybdenum content  from about 2 % for pure  alloys 
and from about 2.4% for commercia l -pur i ty  alloys 
(Fig. 3). For the commercia l -pur i ty  steels, the slope 
of the l inear  portion was quite small, so that  the effect 
of molydenum additions on critical current  densi ty 
was less pronounced than  for h igh-pur i ty  alloys. The 
l inear relationship between molybdenum content  and 
critical cur rent  density in 1N H2SO4 obtained in this 
investigation is in agreement  with the results of 
Chernova and Tomashov (10). Their  investigation 
showed that  the addition of even 0.5% Mo to the 25% 
Cr, h igh-pur i ty  alloy results in  a sharp reduction of 
the critical current  densi ty in  1N H2SO4 and that  

further  reduct ion is l inear  up to a molybdenum con- 
tent of 3%. The dashed port ion in Fig. 3 refers to the 
estimated port ion of the critical current  density curve 
based on the similar curve given by Chernova and 
Tomashov. The decrease of critical current  density in  
1N HC1 was logarithmic with an increase in the 
molybdenum content  from about 1 to 5% for both 
series of alloys (Fig. 4). The logarithmic relationship 
was also observed for the decrease of critical current  
densi ty in 1N HC1 for 25% Cr-3.5% Mo alloys with an 
increase in the nickel content  (Fig. 5). 

It should be noted that, while commercial- type 
alloys had critical cur rent  densities either lower than 
or comparable to the pure alloys, their  corrosion 
properties were inferior to those of pure alloys. Thus, 
the lowering of the critical cur ren t  density by alloying 
additions cannot  always be taken as a sole character-  
istic parameter  for improving the corrosion resistance 
of stainless steel, especially for the alloys containing 
appreciable amounts  of precipitates and second phase. 
There appears to be no simple connection between the 
magni tude  of the crit ical cur ren t  density and stabili ty 
of the passive state. The lowering of the critical cur-  
rent  density predicts only the ease of t ransi t ion from 
an active to a passive state and only for the alloys of 
similar  composition and structure.  

The 25% Cr-3.5% Mo steels alloyed with nickel 
showed some desirable corrosion properties: the ab-  
sence of an active region in 1N H2SO4 indicated that  
these materials  should remain  passive in  dilute sul-  
furic acid, and the passive range up to normal  t rans-  
passive transi t ion in 1N HC1 indicated that  excellent 
pi t t ing and crevice corrosion resistance of the 25% 
Cr-3.5% Mo alloy is not adversely affected by alloying 
with nickel. However, the usefulness of the nickel-  
containing ferritic stainless steels is very seriously 
l imited by their  susceptibil i ty to stress-corrosion 
cracking (3). 

Of all the effects of molybdenum on the corrosion 
properties of ferritic stainless steels discussed above, 
the most remarkable  is the increase of the s trength 
of the passive film with the increase of molybdenum 
content. Assuming that the s trength of the passive 
film will  be reflected in the density of the 
polarization current  in the passive region in hydro-  
chloric acid as well  as in the pi t t ing potential  and 
relat ive resistance to breakdown of passivity wi th in  a 
crevice, the relat ive strength (or stabili ty) of the 
passive film of various stainless steels can be inferred 
from the polarization diagrams in 1N HC1. Comparison 
of the polarization behavior of 17% Cr steels (7) and 
18% Cr-16% Ni steels (6) in 1N HC1 and the results 
of this investigation of 25% Cr steels indicate that the 
degree of the passive film stabil i ty achieved by a cer- 
ta in  amount  of molybdenum is dependent  on the 
chromium content. Thus, it is the chromium-molyb-  
denum combinat ion that  pr imar i ly  determines the 
stabil i ty of the passive film toward the chloride ions 
in part icular  and, probably, toward aggressive ions in 
general. 

Conclusions 
Molybdenum and nickel additions lowered the 

critical cur rent  density of 25% Cr stainless steels in  
1N H2SO4 as well  as in 1N HC1. The critical current  
density for commercia l -pur i ty  25% Cr steel was con- 
siderably lower and the p r imary  passivation potential  
more active than for the h igh-pur i ty  25% Cr alloy in 
both 1N H2SO4 and 1N HC1. This phenomenon is most 
probably  due to the combined effect of higher carbon 
and ni t rogen levels in commercia l - type alloys. 

All  the h igh-pur i ty  alloys containing molybdenum 
were immune  to pi t t ing in 1N HC1 under  potentiostatic 
conditions and in acidified 0.33M FeCI~ solution at 
room temperature.  The h igh-pur i ty  alloys containing 
3.5% Mo or more were also highly resistant  to crevice 
corrosion under  potentiostatic conditions in 1N HC1. 
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The commercial  levels of carbon and ni t rogen were 
de t r imenta l  to the pit t ing corrosion resistance of 25% 
Cr steels; all the commercia l -pur i ty  25% Cr materials 
were pitted in 0.33M FeC13 solution. 

Manuscript  submit ted Apri l  27, 1970; revised ma nu-  
script received ca. Sept. 12, 1970. This was Paper  85 
presented at the Detroit Meeting of the Society, Oct. 
5-9, 1969. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1971 
JOURNAL. 
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Effects of Amides on the Passivation of Iron 
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ABSTRACT 

The passivation of iron in acidic mediums with and without added amides 
has been studied by the steady-state polarization method. An empirical equa- 
tion for the dissolution of iron was obtained from the polarization curves. A 
mechanism, based on the competitive adsorption by amides and the inhibiting 
species, Fe(OH)2, for the anodic process is proposed. Assuming that the 
Langmuir adsorption isotherm is followed for this mechanism, a series of 
equations were derived for the surface coverages by Fe(OH)2, 81, and by 
amides, 82, as well as the formation constant of Fe(OH)2, KI, and the adsorp- 
tion constants of amides, K2. These equations have been verified by experi- 
ments. K, was calculated by varying pH in a given system and K2 by varying 
the amide concentration at a given pH. Linear relationships between the 
critical overpotentials and pH, as well as the logarithm of critical current 
densities and pH, were all obtained from this derivation and confirmed by 
the experiments. The surface coverage by amide reveals that the adsorption 
and desorption processes depend on the applied potential, since a surface 
coverage maximum is always observed in the Ecrit ~ Ep region. In the active 
region, the adsorption of amide is predominant and reversible. However, 
beyond the critical potentials, the formation of inhibiting species is pre- 
dominant and is irreversible in the passive region. 

There is some agreement  that  the ini t iat ion of passi- 
vation is associated with the appearance of a mono-  
layer or less of inhibi t ing species (1, 2). In  the case of 
iron, these inhibi t ing species are believed to be FeO or 
its hydrated species, Fe(OH)2 (3,4).  A recent study 
by Pigeaud and Kirkpat r ick  (5) s trongly supported 
this point of view. If this is so in steady-state mea-  
surements,  the most l ikely electrochemical reaction 
for this precursory process for the passivation of iron 
in acidic mediums can be regarded as (1, 6, 7) 

Fe (H20)2 ~ Fe(OH)2 + 2H + -{- 2e-  [1] 

Smialowski (8) has studied the effect of acids on 
the passivation of steel and concluded that  the fatty 
acid anions reduced the n u m b e r  of active sites on the 
surface of iron and hence facilitated its passivation. 
From the adsorption theory of passivity (9), it is ex- 
pected that  the adsorption of organic species and the 
inhibi t ing species [i.e., Fe(OH)2] on the metal  sur-  
face are competing processes. 

This paper presents an at tempt to elucidate the 
kinetic cause for the paasivation of i ron in acidic 

1Presen t  address:  Depa r tmen t  of Chemistry,  Rice Universi ty ,  
Houston, Texas 77001. 

* Electrochemical  Society Act ive  Member .  
K ey  w o r d s :  sur face  coverage,  inhibition, polarization. 

mediums in the presence of organic materials.  A series 
of amides were chosen for this study because of their  
chemical and electrochemical stabilities (10) which 
restricts these organic species to a simple adsorption 
process and avoids complications arising from the 
anodic oxidation of these organic species as can be the 
case (8). 

Experimental 
All chemicals used were analyt ical  reagent grade. 

The solutions were all 0.10M in K2804, were made 
from tr iple-dist i l led water, and were deaerated by bub -  
bling through He. The He gas was purified and de- 
oxygenated with activated copper. The pH values were 
measured with a Beckman expandomatic  pH meter  and 
adjusted with 2M H2SO4 to the range 1.1-4.9. The re-  
action vessel was thermostated at 5~ The working 
electrodes were made of zone-refined iron (99.995% of 
Fe by weight, supplied by Battel le Memorial  Inst i tute  
and said by them to have no more than  45 ppm im-  
purit ies) .  They were about 4 mm diameter  rods which 
were inserted into a cylindrical  Teflon plug, leaving 
one flat edge exposed. The plug was mounted  in a 
glass support with a brass center  rod screwed into the 
Teflon plug and the iron rod to provide good elec- 
trical contact. Immedia te ly  before use, the exposed 
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face of the electrode was abraded with 0 and 4/0 emery 
papers, degreased with acetone and pentane, and finally 
electropolished in 4 volumes of 70% HC104 to 1 of 
glacial CHsCOOH. A Hg-Hg2SO4 half cell was used as 
the reference electrode. A large p la t inum mesh cyl in-  
der was bui l t  in the r eac t i on  vessel and used as the 
counterelectrode. Electrode potentials were measured 
using a Luggin capil lary and were converted to the 
hydrogen scale by adding 0.64V to measured values. 

A Model 610B Keithley Electrometer was used to 
measure the rest potential  and a Model 61RS Wenking 
Potentiostat  was used to obtain anodic polarization 
curves. An ul trasensi t ive d-c microammeter  (RCA) 
was used for current  measurements  in  the passive 
region. Each potential  setting was controlled manua l ly  
and the current  readings were taken at 50 mV in ter -  
vals, except near  the critical potent ial  where 10 mV 
intervals  were used. 

The amides (11) listed in Table I were obtained from 
Eastman Organic Chemicals. The DMF, DMA, and 
NMP were vacuum distilled at less than 1 mm Hg. 
The other liquid amides were used as received. The 
pur i ty  of these amides was checked by conductivity 
measurements  (12) which showed a specific resistance 
of at least 5 x 106 ohm-cm at 24~ for all. The solid 
amides, A, NMA, and P, were recrystall ized from 50:50 
acetone:chloroform (13) and vacuum dried. 

Results and Discussion 
Mechanism of the anodic process.--Empirical equa- 

tion 5or iron dissolution at high overvoltage.--It is 
observed from the anodic polarization curves shown 
in Fig. 1 that  at high overpotentials (e.g., ~l > 300 mV) 
the slope d~l/d log i is greater than the usual  reciprocal 
Tafel slope. These slopes extend over 300-500 mV, de- 
pending on pH, and their magni tude depends on pH 
but  not on the presence or absence of amide. The cor- 
responding values of these slopes at various pH's, to- 
gether with some electrochemical data obtained from 
Fig. 1, are given in Table II, where ER is the rest po- 
tent ial  and Ep is the passivation potential.  

From Table II, it is found that  the anodic reciprocal 
slopes at high overpotentials (i.e., concentrat ion po- 

Table I. Symbols and physical properties of amides* 

M.P.  B,P .  D e n s i t y  
C o m p o u n d  S y m b o l  (~ (~ ( g / m l )  

Formamide  F 2.57 21B 25 ~ 
1.1292 

N - m e t h y l f o r m a m i d e  N M F  -- 5.4 180-185 21 ~ 
0.9961 

N , N - d i m e t h y l f o r m a m i d e  D M F  - -61  153 25 ~ 

0.9445 
Acetamide  A 81.5 221.5 105 ~ 

0.980 
N - m e t h y l a c e t a m i d e  N M A  29.5 206 30 ~ 

0.9503 
N , N - d i m e t h y l a c e t a r n i d e  D M A  - - 2 0  165 25 ~ 

0,9366 
P r o p i o n a m i d e  P 79 213 25 ~ 

1.042 
N - m e t h y l p r o p i o n a m i d e  N M P  -- 43 146 /90  25 ~ 

m m H G  0.9304 
N , N - d i m e t h y l p r o p i o n a -  D M P  - -45  175.5 /765 25 ~ 

m i d e  m m H G  0.9203 
N , N - d i m e t h y l b u t y r a m i d e  D M B  -- 40 124 .5 /100  25 ~ 

m m H G  0.9064 

* D a t a  f r o m  Ref .  (10) ,  (11) ,  a n d  (23).  

Table II. Some electrochemical data from Fig. 1 

ER 
p H  (mY)  

E c r l t  io i e r i t  (O) dv/dlogi  
(mY)  ( m A / c m  2) ( m A / c m e )  ( m Y / d e c a d e )  

I . I  - -300  670 I00  260 2100 
2.3 - - 3 5 0  560 24 86 1500 
3.5 - -400  450 8,2 52 980 
4.0 - -420  400 5.2 42 750 
4.9 - - 5 6 0  200 1.6 21 420 

i c r i t ( o )  is t h e  c r i t i c a l  c u r r e n t  d e n s i t y  w i t h  no  a m i d e  in  t h e  so lu -  
t ion ;  io is  t h e  e x t r a p o l a t e d  c u r r e n t  d e n s i t y  f r o m  t h e  a n o d i c  r e c i p r o -  
ca l  s lopes  a t  7/ = 0; E c r i t  is t h e  c r i t i c a l  p o t e n t i a l  (see Fig .  1 w i t h  
p H  4.9 as  e x a m p l e ) .  

T 

- 0 . 3 0  O .ZO 0 . 5 0  0 . 9 0  1.3O 

E B 

Fig. I. Anodic polarization curves at different pH's in K2S04 -5 
H2S04 solution. 

larization region) are related to pH by 

dn/d log i = 2.54 -- 0.45 pH [2] 

Integrat ion of Eq. [2] with ~] from 0 to ~] and i from 
io to i gives 

i ---- io exp 2.54" ---- O.~ pH [3] 

Equation [3] gives the dissolution rate of iron at high 
overpotentials in the active polarization region. 2 

From Table II it is seen that  the current  density at 
~] ~ 0, ~o, is related to pH as 

io----k [H+] �9 [4] 

in which k = 102.4s (mA/cm e) is the dissolution rate 
constant  for i ron in the concentrat ion polarization re-  
gion at pH 0 and ~ ---- 0.456. Subst i tut ing Eq. [4] into 
Eq. [3] gives the expression for dissolution of iron in 
the concentrat ion polarization region, i.e. 

( 2.303~l ) [5] 
i ---- k [H + ] �9 exp 2.54 -- 0.45 pH 

Formation of inhibiting species, Fe(OH)2, on metal 
surface.--When the applied potential  reaches the Flade 
arrest, EF, it is believed that  kinetically it is possible 
for an oxygen-metal  ion complex to be formed due to 
the adsorption of oxygen on the metal  surface (1, 4). 
However, this is offset by the chemical dissolution of 
this species. The detailed mechanism for the Fe(OH)2 
formation reaction is still controversial  but, under  the 
steady-state condition in the active polarization region, 
this reaction is ~eneral ly regarded as 

Fe (H20) 2 ~ Fe (OH) 2 -5 2H + 2e-  [1] 

Anodic processes for amide adsorption.--The addition 
of amides to the solutions would be expected to cause 
change in passivation mechanism in two ways: (a) 
The amide may form complex compounds with ferrous 
ions in the metal  surface which would accelerate the 
anodic dissolution reaction and thus be det r imenta l  to 
the formation of passive films. (b) A competitive ad- 
sorption between amides and H20 (or SO4 =) on the 
active sites of metal  could result  in the inhibi t ion of 
iron corrosion and facilitate the passivation. There was 
no exper imental  evidence found for process (a) since 

2 In  the  p o l a r i z a t i o n  c u r v e ,  t h e  p o t e n t i a l s  b e t w e e n  ER a n d  E c r i t  
a r e  de f ined  as a c t i v e  p o l a r i z a t i o n  r eg ion .  
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all the corrosion rates decreased in the presence of 
amides. The decrease of the corrosion rates were pro- 
portional to the increase of the amide concentrations. 
The reciprocal anodic slopes at high overvoltage show 
no change with respect to the values listed in Table II. 
Therefore, a mechanism based on the competitive ad- 
sorption between amide and water  (or SO4 =) on the 
active iron surface was considered to be a proper 
mechanism in the anodic process for this system. 

From the values of the acidity constant  (Ka ,~ 10 -16) 
and the basicity constant  (Kb-~ 10-15), it is believed 
that amides, unlike amines, will remain  neut ra l  or 
hydrated species in aqueous solution wi thin  a certain 
pH range (14). 

Previous workers (1, 7, 15, 16) proposed that the ac- 
tive iron surface is FeOH o and not Fe by virtue, 

Fe (H20) ~ FeOH ~ + H + + e -  [6] 

and the adsorption mechanism of polar organic inhib i -  
tors of Hackerman and Makrides (17) suggest the most 
l ikely mechanism for the adsorption of amides on the 
iron surface to be 

FeOH-OH2 + A ~ FeOH-A -5 H~O [7] 

In steady-state measurements, the over-all adsorption 
process for these organic species would include Eq. 
[6] and [7]. Therefore, the over-al l  adsorption reaction 
is 

Fe(H20)  + A ~ - F e O H . A  -5 H + + e -  [8] 

where A represents amide. 
It must  be emphasized that in Eq. [8] the chemi- 

sorbed site of the amide molecule in the metal  surface 
is considered to be by means of the oxygen atom and 
not the ni t rogen atom, since the structures of amides 
are best described as resonance hybrids of the pr imary  
structures 

R R'R" <--> R C = N  R'R" 

where R, R', and R" = H, CH3, C2H5, and C3Hs for the 
different amides in this study. Thus, electrostatical]y, 
the e lec tron-r ich  oxygen atom would be favored for 
adsorption on the metal  surface. Furthermore,  it has 
been proved from infrared spectra that all amide com- 
plexes are coordinated with the metal  through the 
oxygen ra ther  than the ni trogen atom (18). 

Over-a l l  m e c h a n i s m  of the anodic p roces s . - -Fo l lowing  
the discussion of the sections under  Results and Dis- 
cussion, we may obtain the most probable mechanism 
for the electrochemical reactions of i ron in the pres- 
ence of amides in K2SO4 -5 H2SO4 solutions in the 
concentrat ion polarization region as 

K~ 

Fe(H20) -5 A ~-FeOH.A-5 H + +e- [8] 
(i -- 8) 02 

+ H20 
Fe(OH)2 + 2H + + 2e- [i] 

K~ 
k 81 

Fe+ + -5 2e-  [9] 

in which Eq. [9] is the final expression for iron dis- 
solution reaction. In  the above mechanism, 81 and 82 
are the surface coverages of the metal  surface by 
Fe (OH)2 and amides, respectively. K1 is the formation 
constant of Fe(OH)2 and K2 the adsorption constant 
for amides; k is the dissolution rate constant defined 
by Eq. [4] ; and 0 = 81 + 03 is the total surface coverage. 

It is observed from all the polarization measure-  
ments  that the total surface coverage, 8, on the elec- 
trode surface is always small  (8 < 0.1) in the active 
polarization region. Therefore, before a detailed dis- 
cussion of the various surface coverages, 8, 81, and 62, 
is given, a Langmuir  type isotherm (19) (i.e., the free 
energy of the active site surface will  not be affected 
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by the surface coverage, etc.) is considered for this 
mechanism and the following derivat ion is deduced, 
based on this isotherm. 

Both Eq. [lJ and [8] comprise the t ransport  of 
protons and electrons. Although the high transport  
number  of protons and the high applied field in the 
anodic process will tend to remove protons from the 
electrode, the rate of these transports  is still very 
small compared to the charge transfer  reaction of Eq. 
[9J in the active polarization region. The choice be- 
tween passivation and continuous dissolution there-  
fore appears to depend on the comparative ease with 
which protons and ferrous ions (or Fe + + complexes) 
pass through the interface. 

Below the oxygen reversible potential, reaction [1] 
cannot proceed continuously and a quas i -equi l ibr ium 
will obtain in which 01 will be potential  dependent  ac- 
cording to the electrochemical isotherm. 
81 [H+] 2 

1 - - 0  

01 

1 - - 8  

= K1 exp (2 (EH - -  E R ) F / R T )  

= K1 exp (2 n F / R T )  

= K1 e 2z [H + ] -2 [10] 

where n ---- EH -- ER, X ---- ~]F/RT. 
Equation [8] is the adsorption reaction of amides 

on the iron surface comprising one charge only. A 
quas i -equi l ibr ium is considered in which 62 is de- 
pendent  on potential  according to the re la t ion 

02 [H + ] 
= K2 e x 

(1 -- o) [ A ]  

82 
= K 2 e  z [A] [H+] -1 [ l l ]  

1 - - 0  

From Eq. [10] and [11] 
[H+]2 

1 -- o = [12] 
[H+] 2 + K l e  2z -5 K2e x [A] [H +] 

which corresponds to the active surface area for the 
anodic dissolution reaction of Eq. [9]. Equations [10] 
and [ l l ]  also suggest that the corresponding surface 
coverages for the chemisorbed species, FeOH.A, and 
the inhibi t ing species Fe (OH)2, are 

K2e �9 [A] [H +] 
62 = [13] 

[H+] 2 -4- K l e  2x + K2e x [A] [H + ] 

K l e  2x 
ol = [14] 

[H+] 2 -5 K l e  2z + K2e x [A] [H + ] 

and the total surface coverage 

K l e  2x -5 K2e x [A] [H + ] 
0 = ol -5 02 ---- [15] 

[H+]2 + K l e  2z + K2e �9 [A] [H +] 

Under Langmuir  isotherm conditions and in terms 
of the absolute rate theory (19), the final expression 
for the dissolution rate of iron in the presence of ad- 
sorption species for this system at high overpotentials 
is 

( 2 . 3 0 3 n ) [ 1 6 ]  
i = k [H+]~ ( 1 - -  ~ exp 2.54 -- 0.45 pH 

From Eq. [12], Eq. [16] reads 

K[H+]2+~ 
i (A)  = 

[H+] 2 -5 K i e  2x + K2e x [A] [H + ] 

exp (-2.54 2"303 *] ) [17] 
-- 0-0-0-0-~ pH 

If the system does not contain amides, the active 
corrosion current  density will  be 

i ( o )  k [H+]2+,  ( 2.303~1 ) 
exp [18] 

[H+] 2 + K l e  2z 2.54 -- 0.45 pH 
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The iormation constant and the coverage of Fe(OH)2 
in the active polarization region.--Should the active 
anodic polarizat ion curves follow Eq. [17] and [18], 
then the fol lowing propert ies wi l l  be observed f rom 
the exper iments :  

At EH --~-- Ecrit, ~ ---- O, 

pH 
dx F 

where  ~1 = E~ -- ER and - -  = 
dn RT 

The result  for Eq. [18] wil l  be 

[H+] ~ 
Kle 2x crit ~-~ [ 19] 

91.2 -- 16.2 pH 

The coefficient 2F/2.303 RT = 36.3 V-1 has been in- 
cluded in the denominator  of Eq. [19]. The crit ical  
current  density can be expressed in the form 

k[H+]Y (2.51 -- 0.45 pH) 
icrit (0) ~--- 

2.54 -- 0.45 pH 

2.303 ~lcrit 
exp ] [20] 

From Eq. [19] the formation constant of Fe(OH)2,  
K1, can be calculated for various pH values and is 
given in Table III. K1 at pH 0 is calculated f rom the 
extrapola ted ~q~ in which Tl~ = E~ -- E~ and 
X~ : F / R T  Tl~ The average K1 is 4.8 x 10 -40. The 
small formation constant reveals  that  the formation 
of the inhibit ing species in the active corrosion region 
of the polarization curve is not important.  This effect 
should become noticeable at higher  overpotential ,  es- 
pecially when  ,1 ---> Tlcrit. 

The location of the Flade arrest  has not always been 
a mat te r  of agreement  between invest igators  (4, 20, 21). 
This disagreement  becomes even greater  at pH-~  7.0 
(21). The Flade  arrest  is re la ted to pH for passivity 
decay by 

2.303 RT 
EF = EF ~ -- " pH 

zF 

This relat ion was first observed by Franck  (22) for 
iron in sulfuric acid solutions. According to the ad- 
sorption theory of passivity, EF is the potential  at 
which oxygen begins to adsorb on the meta l  surface. 
However ,  the adsorption of oxygen is restr icted ei ther 
by the dissolution of meta l  or by the  chemical  dissolu- 
tion of the inhibit ing species result ing f rom the oxygen 
adsorption. The kinetics of the chemical  dissolution of 
the inhibit ing species in the passivation process is still 
unknown. Therefore,  a theoret ical  a t tempt  to explain 
the l inear relat ionship between EF and pH or the slope, 
2.303 RT/nF = 59 mV at 25~ for iron in the potent io-  
static polarization curves is almost impossible. How-  
ever, an a t tempt  based on the previous der ivat ion to 
correlate ~crit ra ther  than EF with  pH is possible. 

Based on Eq. [14], there  is a tendency to form the 
inhibit ing species even at the corrosion potential  (ER) 
in the anodic process. This tendency becomes signifi- 
cant only when the meta l  surface is highly saturated 
with  meta l  ions. At  the cri t ical  potential,  Ecrit, the ac- 
celerat ion of meta l  dissolution via Eq. [9], along with 
the chemical  dissolution of Fe(OH)2,  becomes equal  

Table III. Calculated formation constant of Fe(OH)2, K1, 
from different pH 

~cr~t 
pH (mV) e - ~ c r i t  K 1  X 1 0  -40 

0 1025 lO-ST.Ts 2.1 
1.1 970 10--~.~ 5.2 
2.3 910 lO-SS.os 4.4 
3.5 850 10 -8o.~ 4.0 
4.0  820 10-~.76 6.6 
4.9 760 10 -es-at 6.6 
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to the acceleration process of protect ive film format ion 
according to Eq. [1]. Fol lowing Eq. [19], a l inear re-  
lation between the crit ical  overpotential ,  Tlcrit, and pH 
can be obtained for this system, i.e. 

Tler i  t = $}~ t - -  b pH [21] 
where  

2.303 RT 4 2.303 RT 
log and b = (1.92) 

~ 3 ~  2 F  9 i ' ~  1 2F 

in which a simplification has been made such as 

in ( l + x )  ~ + x f o r l x  I < < 1  

and is only val id  at low pH (acidic mediums) .  With 
K1 = 4.8 x 10 40, the calculated Tl~ ~--- 1.029 (volts) 
and b = 0.053 (vol ts) .  

This behavior  has been verif ied f rom experiments ,  
and it is shown in Fig. 4 that  

Tlcrit = 1.025 -- 0.054 pH [22] 

which is ve ry  close to the calculated values. 
F rom Eq. [20] and [21] it can be fur ther  shown 

that  
icrit(o) = K [ H + ]  x [23] 

where  K --~ 102.8~ )~ -- 0.284. These calculated values 
are val id only at pH < 5.0. 

The exper imenta l  pH dependence of icrit(o) is shown 
in Fig. 2. This gives the relat ion 

icrit(o) = 102.72 [H+] 0"286 

in fair agreement  wi th  the calculated values. 
Coverage by the Fe (OH)2, 01, can be calculated f rom 

Eq. [10] in which 
Kle 2x 

01 = [24] 
[H+] 2 + Kle 2x 

Experimental ly ,  coverage by Fe (OH)2  can be obtained 
f rom the s imple expression obtained from Eq. [5] and 
[16], namely  

ia -- i (o) 
01 [25] 

ia 

Here i (o)  is the actual measured current  density in 
the absence of amides and ia is de termined from Fig. 1 
by extrapolat ion of the logari thmic act ive meta l  dis- 
solution section up to the given potential.  The active 
meta l  dissolution in the concentrat ion polarization 
region is expressed by Eq. [5] and not by the usual 
Tafel  relation. However ,  as seen f rom Fig. 1, the cur-  
rent  difference be tween ia and i (o)  is too insensitive 
to be detected from the exper iment  in the act ive 
polarization region. At  the critical potentials, the cal-  
culated surface coverages by the inhibit ing species, 01, 
for pH = 1.1, 2.3, 3.5, 4.0, and 4.9 are 0.027, 0.045, 0.075, 
0.110, and 0.145, respectively.  

2 . 5 0  

I z.2o 

1.90 

I.r~D 

1.30 

compounds Sy:ols 

DMA (O.50M) Q 
Nt.tP (0. SOM) Z~ 

0 . 0  1 . 0  2 . 0  3 . 0  4 . 0  5 . 0  

pH  

Fig. 2. Variation of log icrit with pH 
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Table IV. Critical current densities, icrlt (A) (mA/cm2), at 
different concentrations of F, NMP, DMA, and DMF at 

various pH's 

~ p ~ C o n c  (m)  

C o m p o u n d X X  0 0 . 1 0 0 . 3 0 0 . 5 0 0 . , 0 1 . 0 0  

F 1.1 260 255 245 236 226 119 
2.3 86 84 80 77 73 71 
3.5 52 50 47 45 43 41 
4.0 42 40 38 35 33 32 
4.9 21 20 18 17 16.5 15 

N M P  1.1 260 255 243 230 217 208 
2.3 86 83 78 72 68 63 
3.5 52 50 46 42 40 37 
4.0 42 40 37 33 31 30 
4.9 21 20 18 16 14.5 14 

DMA 1.1 260 256 245 240 230 225 
2.3 86 84 80 77 75 71 
3.5 52 51 48 46 45 42 
4.0 42 40.5 38 36 34 32 
4.9 21 20.5 19 17.5 16.5 15.5 

D M F  1.1 260 258 245 241 235 226 
2.3 86 85 81 78 75 73 
3.5 52 51 49 47 44 43 
4.0 42 40.5 39 36 34 33 
4.9 21 20.5 19 ~7 16.5 15 

Adsorption constants of amides and the competi t ive 
surface coverages by Fe(OH)2 and amides in the active 
polarization region.--The polarization curves in the 
presence of amides look very much like those without 
amides. Some important  features which have been 
observed are: (a) the rest potentials and critical po- 
tentials show no change with respect to the previous 
study; (b) at potentials near  the E c r i t ,  iron dissolution 
rate decreases with increasing amide concentration. 
Therefore, a relat ion between ~crit and pH can also be 
described by Eq. [21]. 

Table IV shows the concentrat ion effects of four 
amides on the critical cur rent  density at various pH's. 
It is seen from this table that  i c r i t  ( A )  is related to pH 
by 

icrit (A) = g '  [H+] x [26] 

which is similar to Eq. [23]. This equation is derived 
from Eq. [17] and [21] following the same argument  
given previously for the system without  amides and 
is confirmed by experiments  (shown in Fig. 2). The 
exper imental  values of K' for 0.50M DMA and NMP 
found in Fig. 2 are 102.68 and 10 T M ,  respectively. 

Table V lists the critical current  densities, icrit(A), 
for 0.10M amides at various pH's. It is obvious that  the 
addition of amides decreases the critical current  den-  
sity, thus decreasing the dissolution rate of iron at the 
critical potential. The adsorption of amides on the 
metal  surface therefore decreases the active sites of 
the surface for metal  dissolution which in tu rn  de- 
creases the dissolution of the metal  in the active cor- 
rosion region. 

Although the change of dissolution rate due to the 
adsorption of amide is small in all cases, a detailed 
study of the polarization curves provides evidence that  
amides with higher dielectric constants adsorb on the 
iron surface more effectively than do the lower ones. 
From Fig. 2 and Table IV, the relat ive adsorption effect 
for the four amides is NMP > F > DMA > DMF. 
This is also the order of decreasing dielectric constant  
for these compounds (10, 23, 24). In  other words, the 
higher dielectric amides are better  inhibitors than 
those amides with lower dielectric constants. 

In  general, the adsorption constant  of the amide, K2, 
can be obtained from polarization studies by varying 
the amide concentrat ion in a given system�9 
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Fig. 3. A plot of icrit(o)/icrit(DMA) VS. [DMA] 

At Tlcrit, the ratio of the uninhibi ted  and inhibited 
critical current  densities from Eq. [17] and [18] is 

i c r i t  ( O )  K2exc r I t [ H  + ] 
1 + �9 [A] 

icrlt(A) [H+] 2 + Kle . . . . .  

From Eq. [19], this ratio becomes 

ic  r i t  ( 0 ) 
1 q- p [A] [27] 

icrit (A) 
in which 

2.51 -- 0.45 pH e xcr,t 
p=K2 

2.54 -- 0.45 pH [H + ] 

Experimental ly,  p is obtained from a plot of icrit(o)/ 
ic,.it(A) vs. the concentrat ion of amide, [A]. A typical 
plot based on Table IV is shown in Fig. 3 for d imethyl-  
acetamide. Fa i r ly  straight lines were obtained for each 
pH and it was observed that a relat ively large slope 
was obtained at higher pH. According to the proposed 
mechanism, as shown in Eq. [8], the adsorption of 
amides is accompanied by proton t ransport  from the 
metal  surface into the solution. This proton t ransport  
will  be smaller  at lower pH due to the re tardat ion of 
this process by hydronium ions in the solutions which, 
in turn,  will result in a smaller adsorption of amides 
and therefore a smaller slope. 

The adsorption constant, K2, can be obtained direct- 
ly from Eq. [27] in the form 

K2 = ( 2"51--0"45pH ex~ ) -1 �9 p [28] 

2.54 -- 0.45 pH [H + ] 

Based on Table IV, different plots similar to Fig. 3 
can be obtained for DMF, F, and NMP. These plots 
give different slopes, p, which enable us to calculate 
the adsorption constants of amides, K2, by using Eq. 
[28]. Table VI gives the various slope values, p, and 
the calculated adsorption constants, K2, for F, NMP, 
DMA, and DMF. It is seen that, for each amide, the 
adsorption constant  is independent  of pH. The aver-  
age K2 for F, NMP, DMA, and DMF is 5.5 x 10 -2~ 
7:8 x 10 -u0, 4�9 x 10 -2~ and 4.4 x 10 -20, respectively. 
A higher K2 indicates a better  inhibitor.  

Relat ing Eq. [13], [17], and [18], we are able to find 
a simple expression for the .surface coverage, e2, by 
amide at any  given potential, i.e. 

i(o) -- i ( A )  
82 = [29] 

i (o)  

PH• m p ~  F 

1.1 255 
2.3 84 
3.5 50 
4.0 40 
4.9 20 

Table V. Critical current densities, icrit (A), for 0.10M amides at various pH's 

NMF DMF A NMA DMA P NMP DMP DMB 

252 258 260 255 250 259 255 254 260 260 
82 85 86 82 84 87 83 84 82 86 
49 51 53 49 50 52 50 51 51 52 
3g 4~5 41 39.5 40.5 42 40 41 40 42 
19 20.5 21 19 20.5 21 20 21 20.5 21 
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Table Vl. Various slopes and calculated adsorption constants for F, NMP, DMA, and DMF 
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p H  

2 .S l -0 ,45  p H  

2 .56-0 .45  DH 

e,, e r i t  ) - z  
• _ _  F NMP D M A  D M F  

[H+] p K~ x IO m p K~ x 10 m p K2 x 10 m p K~ x 10 m 

1.1 10 - l~ . e~  
2.3 10-1s.s~7 
3.5 10-1s.ulso 
4.0 10 -ls.s~o 
4 .9  I0 -~s-~ 

0.208 4.2 0.300 6.0 0.175 3.5 0.172 3.5 
0.266 4.2 0 .390 6.0 0.220 3.4 0.210 3.3 
0.295 3.6 0.440 5.4 0.260 3.2 0.255 3.1 
0.395 5.4 0.545 6.8 0.335 4,6 0.320 4.4 
0.462 10.0 0.680 14,7 0.390 8.6 0.350 7.7 

A plot based on Eq. [29] and [13] for DMA at pH 
4.0 with three different concentrat ions is given in Fig. 
4 as an example of the adsorption of amides. The 
relative surface coverage by this amide changes dras- 
t ically with respect to the potential  change. It is im- 
portant  to note also that  the critical overpotenial  which 
corresponds to the max imum dissolution rate of iron 
in a given system is not synonymous with the maxi-  
mum surface coverage by the organic species. This is 
also true for the coverage of Fe(OH)2 (see Fig. 5). As 
can be seen in Fig. 4, 8a increases continuously beyond 
lqcri t z 820 mY. Therefore, from the experimental  ob- 
servation, it is apparent  that the quas i -equi l ibr ium re- 
actions of Eq. [1] and [8] will  proceed at the potential  
beyond the critical potential, Ecrit.  A detailed discus- 
sion on the surface coverages in the potential  region 
Eerlt - -  Ep, where Ep ~ Ecrit, is presented in the next  
section. 

Figure 5 shows the competitive surface coverages 
by Fe(OH)2, 81, and by DMA at 0.50M, e2. This figure 
shows that  the surface coverage by amide is always 
greater than the coverage of inhibi t ing species in the 
active polarization region. It is obvious from this that 
the adsorption of amide plays a predominant  role on 
the total surface coverage at any given potential  in 
this region. 

A d s o r p t i o n  process  in  the  Ecri~ ,~ Ep r e g i o n . - - I n  the po- 
tential  region immediate ly  more noble than the critical 
potentials, the anodic currents  flowing at a given po- 
tential  decrease with time, eventual ly  reaching a low 
steady value. With amides added in the solution, the 
time required to obtain the steady value is longer. 
This shows that the passivating film is gradual ly be-  
coming more protective. However, the film is not com- 
pletely protective against metal  dissolution since a 
quas i -equi l ibr ium reading of current  (constant read-  

~crit = S20 mv 

T O.lOO 

f /. /- 

o.o5o / / /  y 

o. // 

0 
760 770 780 790 800 BiO 820 830 

Fig. 4. Relative surface coverage by DMA, 82, at high overpoten- 
tials at pH 4.0 with concentrations of 0.10, 0.30, and 0.50M: 

experimental (by Eq. [29]), - . . . . . . . . .  calcu- 
lated (by Eq. [13]). 

ing within a certain period of time) can still be ob- 
tained at a given potential  unt i l  a certain potential  
(El,), considerably more positive than  the critical po- 
tential, is reached. In  general, it is difficult to identify 
from the anodic polarization curves obtained in this 
investigation, a marked discontinuity which could be 
definitely associated with the iron surface becoming 
completely protective by the passive film. This is a 
phenomenon observed by many  other investigators 
(25-28) also. The potential  corresponding to the com- 
pletely protected passive film is known as the passiva- 
t ion potential  and is represented as Ep (Fig. 1). 

Normally, as can be seen from Fig. 1, the poten-  
tial range of Ecri t  ~ Ep extends from about 50 mV (for 
pH 1.1) to 300 mV (for pH 4.9), depending on pH. At 
lower pH, the potential  range is nar rower  and re- 
veals the ease of onset of the complete protective 
film. At pH 4.9, this range extends approximately 
300 mV, revealing the difficulty of onset of complete 
protection by the passive film. 

The onset of complete passivity, Ep, represents the 
complete coverage of the electrode surface with the 
inhibi t ing species. This potential  also corresponds to 
the reversible m i n i mum for Eq. [1], the Fe(OH)2 for- 
mat ion reaction. An  approximate evaluat ion of this 
portion of the electrode surface covered by a surface 
film, 8, at any  given potential  between Ecrit and Ep can 
be obtained from the relation 

ia --  i ( A )  
o =  -, 0 = 0 , + 8 2  [30] 

ia 

which is equivalent  to Eq. [25] except that the mea-  
sured current  density is i ( A )  instead of i (o) .  A more 
precise polarization measurement  (a potential  step of 
10 mV instead of the 50 mV used in most of this in-  
vestigation) in this portion, Ecri t  "~ Ep, reveals the pos- 
sibility of calculating the coverage by Fe(OH)2, el, 

760 770 780 790 800 810 820 830 

(mY) 

Fig. 5. Competitive surface coverages by Fe(OH)2, O~, and by 
DMA (0.50M), 0~, at pH 4.0; 0 = 01 + 02. 
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Fig. 6. Anadic polarization curves in the region Ecrit -- Ep at 
pH 3.5: without amide, - . . . . . . . . .  with 
[DMF] = 0.30M. 

as well as the surface coverage by  amide, ee. Figure 6 
shows the polarization curves with and without DMF 
at pH 3.5. The upper  straight line is the extrapolat ion 
of the logarithmic active metal  dissolution governed 
by concentrat ion polarization. Figure 7 shows the com- 
parison of the calculated coverage by Fe(OH)2 using 
Eq. [24] with the exper imental  values using Eq. [25] 
based on Fig. 6. It is seen that the coverage of Fe(OH)2 
changes drast ically with respect to a small,  change of 
applied potential. Figure 8 shows the total surface 
coverage, #, using Eq. [30] and the coverage by DMF, 
82, using Eq. [29]. The calculated curves using Eq. 
[15] for # and Eq. [13] for 82 are also given in this 
figure for comparison. 

These figures show that the coverage of Fe(OH)2 
is a continuous process before the onset of the com- 
plete protection at Ep. However, the surface coverage 
by amide reveals that the adsorption and desorption 
processes depend on the applied potential  since an ad- 
sorption max imum exists in the E c r i t  ~ Ep region. In 

o . 8o /,/j 

0.60 

0"40 //i/ ~ 

0 . 2 0  

/ 
/ 

/ '  

o .  oo  i i p p ~ 

830 850 870 8gO 910 930 950 970 

(mY) ----* 

Fig. 7. The coverage of Fe(OH)2, 0,, in the Ecrit - -  Ep region at 
pH 3.5: - experimental, - . . . . . . . . .  calculated. 
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Fig. 8. Total surface coverage, 8, and the surface coverage by 
DMF (0.30M) in the Ecrit - -  Ep region at pH 3.5: 
experimental, . . . . . . . . . .  calculated. 

Fig. 8 it is seen that 82 at the potent ial  near  Ep is neg- 
ligible compared to 01. This is to be expected if the 
proposed mechanism is correct since it can be assumed 
that, under  quas i -equi l ibr ium conditions, the adsorp- 
t ion of amide and the Fe(OH)2 formation are com- 
petitive reactions. Beyond the critical potential,  the 
Fe(OH)2 formation is predominant  and desorption of 
amide occurs. This desorption continues unt i l  the po- 
tent ial  reaches E~ at which the active electrode surface 
is essentially completely covered by the inhibi t ing 
species. Beginning at Ep, the adsorption of amide must  
take place on the passive metal  surface mater ial  ra ther  
than on the active surface. A detailed discussion on the 
amide adsorption in the passive region is given in the 
next  section. 

El~ect of amide adsorption in the passive region. -  
Beginning at the onset of the complete passivity, Ep 
(Fig. 1), the rate of anodic process is independent  
of potential. The reason for this constant rate of anodic 
process is still controversial  (1, 9). According to the 
adsorption theory, the anodic reaction on a passive 
metal, as on an active metal, consists of the t ransfer  
of lattice cations into the bu lk  solution. Passivation is 
due to an increase of the overvoltage of this t ransfer  
which is the resul t  of some changes in the properties 
of the adsorbing oxygen on the metal  surface. The 
mechanism of these changes is not clear. The oxide 
film theory explains that the constant  current  of the 
anodic process is due to the chemical dissolution of 
the passivating oxide, not  to the formation of hydrated 
cations. The cations arr ive in the solution as the result  
of the subsequent  dissociation of this oxide and is 
considered to be an ordinary electrically neut ra l  
chemical reaction (29). 

These two theories must  work from the same con- 
clusion that  metal  cations appear in the solution and 
their  formation is governed by Faraday 's  laws. With an 
increase in the anodic potential  and the electrical 
field in the film, the rate of the penetra t ion of metal  
ions from the active metal  surface through the pro- 
tective film in the opposite direction increases, resul t-  
ing in protect ive film thickening. Therefore, the oxide 
film thickness is directly dependent  on the applied 
potential  (30). 

Although it is general ly  agreed that  the ini t iat ion 
of passivation before Ep is associated with the appear-  
ance of a monolayer  or less of an "adsorbed" inhibi t ing 
species (2, 3), the ent i ty  of this "species" has not been 
ful ly understood. In  the case of iron, the adsorbed in-  
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pH• m p ~  

1.1 
2.3 
3~5 
4.0 
4.9 

Table VII. Possiv~,tion current densities, ip (#A/cm2), of 0.10M amides at different pH's 

F N M F  D M F  A N M A  D M A  P N M P  D M P  D M B  

9.6 7.2 7.6 8.8 8.0 7.6 9.0 8 .4  6.4 7.8 7.4 
7.9 5.6 5.8 7.6 5.9 6.0 7.5 6.8 4.0 7.2 6.5 
5.6 ~ 2  ~ 0  4.9 5.0 4.6 4.9 4.6 3.8 5.1 4 .0  
5.0 4.0 3.6 4.2 4.5 3.5 4.4 4 .~  2.9 4.4 3.3 
4.4 3.2 3.0 3.8 3.6 2 .8  3.6 4 .0  2.6 3.0 2 .5  

hibit ing species is bel ieved by some to be FeO or its 
hydrated species, Fe (OH) 2. The a l ternate  oxide species, 
Fe304, is also possible since ferrous hydroxide  may de- 
compose to a mix tu re  of magnet i te  and iron (21, 31). 

4 Fe(OH)2--* Fe304 ~ Fe  -{- 4H20  

Beginning at Ep, a more protect ive oxide film other 
than Fe (OH)2  is formed on the meta l  surface (1, 4). 
F rom electron diffraction (32) and chemical  analysis 
(27) of this oxide film, the passive film of iron is said 
to consist of 7-Fe203 and Fe.~O4. The dissolution species 
in the passive state, no mat te r  whe ther  it is coming 
from the corrosion of the active meta l  surface or the 
dissolution of oxide film, is ferr ic ions instead of fe r -  
rous ions (21). 

Table VII lists the passivation current  densities, ip, 
wi th  and without  0.10M amides at various pH's. Each ip 
is the average of three  experiments.  

Table VIII  shows the concentrat ion effect of four  
amides  on the passivation current  density. The cur-  
rent  densities decrease wi th  increase of concentrat ion 
at a given pH. If we regard the passivation current  
density as the dissolution rate of the passive state, 
then it is clear that  amides wil l  behave as an in- 
hibitor on the passive iron. Comparing Tables IV and 
VIII, the inhibit ing effect of the organic mater ia l  i s  
seen to be much more effective in the passive than in 
the active region. Unless a ful ly  detai led chemical 
analysis of the oxide film is carr ied out, it is ve ry  
difficult at this stage to guess whe the r  the amides wil l  
be incorporated in the oxide film growth. It seems 
l ikely that  the effects of amides on the passivation cur-  
rent  densities are associated with  thei r  strong ad- 
sorption on the passive meta l  surface. This adsorption 
should lead to decreased ionic conduct ivi ty  in the 
passive film. 

The marked  inhibit ion effect of amides on the pas- 
sive state as compared to that  for the active state is 
probably due to the in terference by metal  dissolution 
in the latter. The large dissolution rate of iron in the 
act ive polarization region suggests a less compet i t ive 
adsorption of these organic species on the active metal  
surface, while  the small  and constant dissolution rate 
of oxide film should permit  a more  competi t ive ad- 
sorption of amides on the passive meta l  surface. 

Table VtlI. Passivation current densities, ;p, st different 
concentrations of F, NMP, DMA, end DMF at various pH's 

• p~onc (M) 
Compound ~ ~ 0 0.i0 0.30 0.50 0.70 1.00 

F 1.1 9.6 7.2 3.6 2.4 1.9 1.9 
2.3 7.9 5.6 3.2 1.8 1,5 1.1 
3.5 5.6 4.2 2.1 1,8 1,5 1.2 
4.0 5.0 4.0 2.5 1.3 0.8 0.6 
4.9 4.4 3.2 1.6 1.0 0.6 0.3 

NMP 1.1 9.6 6.4 4.2 1.2 0.6 0.4 
2.3 7.9 4.0 1.2 0.8 0.5 0.5 
3.5 5.6 3.8 1.4 0.6 0.6 0.2 
4.0 5.0 2.9 2.1 0.9 0.4 0.3 
4.9 4.4 2.6 1.2 0.4 0.2 0.2 

D M A  1.1 9.6 9.0 6.9 6.2 6.0 4.4 
2.3 7.9 7.5 6.9 6.0 5.2 3.8 
3.5 5.6 4.9 4.3 4.5 3.2 2.5 
4.0 5.0 4.4 3.8 3.0 2.3 2.1 
4.9 4.4 3.6 2.6 2.2 1.6 1.9 

D M F  1.1 9.6 8.8 7.4 6.4 6.1 4.9 
2.3 7.9 7.6 6.4 5.3 5.2 3.8 
3.5 5.6 4,9 5,3 4.5 2 .9  2.5 
4.0 5.0 4.2 4.2 3.4 2.6 2.3 
4.9 4 .4  3.8 2.9 2,6 2.0 1.4 
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LIST OF ABBREVIATIONS 
V volts 
mV mil l ivol ts  
mA mil l iamperes  
#A microamperes  
E H measured potential  wi th  respect to hydrogen 

scale 
ER rest potential  or corrosion potent ial  
Ecrit critical potent ial  
Ep passivation potent ial  
EF Flade arrest  
i current  density ( m A / c m  2) 
icrit critical current  density 
ip passivation current  density 
i (o) current  density in the absence of amide 
i (A)  current  density in the presence of amide 
io current  density at ~ = 0 
ia extrapola ted active meta l  dissolution current  

density 
i o current  density at pH 0 

overpotential ,  ~EH .-- ER 
Tlcri t critical overpotential ,  = Ecrit -- ER 
Ti~ crit ical  overpotent ia l  at pH 0 
k dissolution ra te  constant 
KI oxygen- ion complex formation constant 
K2 adsorption constant of amide 
~1 surface coverage by inhibit ing species 
o2 surface coverage by amide 
8 over-a l l  surface coverage, = el + o2 
A abbreviat ion for amide 
-/ constant, = -- 0 log io/O pH 
x = ~F/RT 
)~ constant, = -- 0 log icrit/O pH 
K, K' propor t iona lcons tan ts  for icrit(o) and icrit(A) 
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Any  discussion of this paper  wil l  appear in a Dis- 
cussion Section to be published in the December  1971 
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Crystallographic Factors in High-Rate Anodic 
Dissolution of Copper 

D. Landolt *'1, R. H. Muller,* and C. W. Tobias* 
Inorganic Materials Research Division, Lawrence Radiation Laboratory and Department of Chemical Engineering, 

University of California, Berkeley, California 94720 

ABSTRACT 

Surface textures result ing from the anodic dissolution of polycrystal l ine 
and single crystal copper at 50 A / c m  2 in 2M KNO3 have been studied. Elec- 
trolyte flow velocities of 2500 and 400 cm/sec have been used for dissolution 
in the active and transpaasive mode. Results obtained by light and electron 
microscopy show that surface topography result ing from active dissolution 
depends on crystal orientation. Flow streaks appear in transpassive dissolution. 
Transpassive pit t ing was observed in polycrystal l ine samples only. 

An impor tant  problem in the process of electro- 
chemical machining is the control of the resul t ing 
surface finish. In  previous studies of h igh-ra te  anodic 
metal  dissolution (1-3), it has been shown that  the 
surface finish resul t ing from the anodic dissolution of 
copper in a given electrolyte depends both on flow 
velocity and current  density. The micrographs shown 
in  Fig. 1 exhibit  a t ransi t ion from etching to polishing 
dissolution along a l ine runn ing  approximately from 
the upper  left to the lower r ight  of the array. Below 
this line, the surface appears etched and dull;  above 
it, smooth and bright, with pits increasing in promi-  
nence with the separation from the t ransi t ion region. 
The t ransi t ion in surface finish coincides with the 
t ransi t ion from a low voltage dissolution mode, which 
we have termed active, to a high voltage mode, which 
we call transpassive. It is to be expected that  s truc-  
tural  factors of the anode mater ia l  also affect the re-  
sult ing surface finish. In  the present study, the surface 
topography resul t ing from the h igh-ra te  anodic dis- 
solution of copper specimens has been investigated 
under  active and transpassive dissolution conditions in 
2 molar potassium ni t ra te  solution. Polycrystal l ine 
samples of variable  grain size and single crystals of 
different orientat ions have been used. 

Experimental 
The flow system and the electrical circuit employed 

have been described before (1). Two flow rates have 
been employed, 2500 cm/sec for dissolution in the 
active mode and 400 cm/sec for dissolution in the 
passive mode. Electrolysis was conducted at a con- 

1 School of Engineering and Applied Science, University of C a l i -  
f o r n i a ,  Los  Angeles,  California 90024. 

* Electrochemical Soc ie ty  Active M e m b e r .  
Key words: electrochemical machining, copper dissolution, s i n g l e  

c r y s t a l  dissolution. 

stant  current  of 50 A /cm ~ with a stainless steel cathode 
of 3 mm diam positioned 0.5 m m  from the anode. Dur-  
ing each experiment,  a charge of 25 coulombs/cm 2 was 
passed, which corresponds to an average dissolution 
depth of 10/~ (based on the formation of Cu + +). 

Disk anodes of 1.5 mm diam and 45 mm length, em- 
bedded in cylindrical  polypropylene holders of 5 mm 
diam, were used. They were prepared from 99.999% 
copper rod (Cominco Co., Spokane, Washington) .  
Polycrystal l ine specimens were used as received or 
were annealed (1750~ 4 hr in argon, after 7.5% 
diam reduct ion) .  Single crystals were grown from the 
same mater ial  in  induct ion-heated graphite molds, 
using spherical seed crystals. The surfaces of the em- 
bedded electrodes were gent ly  polished over extended 
periods (6-30 hr) wi th  1 and 0.5~ chromium oxide 
abrasive. S t ructura l  damage due to this t rea tment  was 
sufficiently shallow that it was not visible in the x - r ay  
diffraction pat tern  of single crystals. In  order to put a 
l imit  on the depth of lattice damage expected to be 
still present  on the surface (without affecting the 
x - r ay  diffraction pat tern) ,  experiments  were per-  
formed to determine the thickness of distorted copper 
necessary to obli terate the diffraction from an under -  
lying single crystal. Cold-rolled copper foils of dif- 
ferent  thicknesses were attached to the surface of a 
(100) oriented crystal. No discernible diffraction 
pa t te rn  was obtained with a 10/~ thick foil and a 
greatly at tenuated one resulted from 5~, independent  
of the closeness of contact of the copper foil. These re-  
sults indicate that  surface damage due to polishing 
extended to a depth of much less than 5~, and the 
anodic dissolution indeed proceeded into the undis-  
turbed crystal. The smoothness and flatness of the 
polished electrode surface was ascertained by inter-  
ference microscopy. Deviat ion from flatness over the 
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Fig. 1. Polycrystalline copper surfaces after dissolution in 2M KNO3 at different current densities and flow velocities. Optical micrographs 

entire surface was usual ly  less  than  2~ as i l lustrated 
in Fig. 2. Residual polishing marks  were at most 0.05~ 
deep (Fig. 3). 

Before use, the electrodes were cleaned wi th  ace- 
tone and detergent  and subjected to cathodic hydrogen 
evolution in 1M NaOH (100 mA/cm2, 3 min) .  After 
the dissolution experiment,  the electrodes were im-  
mediately removed from the flow channel  cell, r insed 
with distilled water, and dried with acetone. Without 
delay, they were examined by optical microscopy and 
interference microscopy. From some surfaces, plastic- 
carbon replicas were prepared for t ransmission elec- 
t ron microscopy; others were examined in the 
scanning electron microscope. 

Active Dissolution 
Figure 4 shows the surface of an annealed poly- 

crystal l ine electrode after dissolution in  the active 
mode. The exhibit ion of individual  grains, similar to 
chemical etching, suggests that  anodic attack depends 
on crystallographic orientation. The same surface 
viewed at higher magnification (Fig. 5) demonstrates 
that the different appearance of grains is due to the 

development of ridges and shallow etch pits, whose 
orientat ion and shape vary  among adjacent grains. 
Still higher magnification reveals that  ridges and etch 

Fig. 3. High-power interference micrograph of polished copper 
single crystal electrode surface t0 ~ off (110) orientation. Maximum 
depth of residual polishing marks 0.05F. 

Fig. 2. Low-power interference micrograph of polished copper 
single crystal electrode surface 10 ~ off (110) orientation. Maximum 
deviation from flatness, 2~. 

Fig. 4. Differentiation of grains in annealed polycrystalline copper 
after active dissolution. Optical micrograph. 
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Fig. 7. (110) single crystal surface with barely visible texture 
after active dissolution. Optical micrograph. 

Fig. S. Ridges and etch pits on different grains after active dis- 
solution. Same specimen as in Fig. 4. 

Fig. 6. Submicroscopic steps in a grain of polycrystalline copper 
after active dissolution. Electron microgfaph of two-stage carbon 
replica. Diameter of latex spheres 0.5~. 

pits are composed of submicroscopic steps (Fig. 6). 
These observations are similar to those reported from 
electrocrystallization and vaporization studies. They 
can be related to the mechanism of removal  of atoms 
from the crystal lattice which can be described by the 
movement  of atomic ledges across close-packed lattice 
planes. 

In order to investigate the effect of crystal orienta-  
tion, experiments  were also carried out with single 
crystal electrodes. Contrary  to the polycrystals which 
exhibited a dull  appearance after active dissolution, 
single crystal  surfaces of low index orientat ion re- 
mained bright  without  visible etching. This difference 
is i l lustrated in Fig. 7 which may be compared with 
Fig. 5 taken at the same magnification. The (110) face 
employed in Fig. 7 shows surface texture  at the l imit  
of optical resolution. On the (100) face, only the elec- 
t ron microscope revealed shallow crystallographic etch 
patterns. The (111) face (even at that resolution) was 
almost featureless, as shown in Fig. 8. These results 
seem to support a dissolution mechanism involving 
the motion of monatomic ledges on t ightly packed 
lattice planes (6). These observations are also con- 
sistent with those of Hulet t  and Young (7) who found 
the formation of etch pits on (111) copper faces in HC1 
at low current  densities only after the addit ion of HBr 

Fig. 8. Smooth copper (!11) surface after active dissolution. 
Latex sphere of 0.53~ diam provides scale for direction and length 
of shadows. Electron micrograph of two-stage carbon replica. 

which acted as a poison for ledge motion. No such 
poisoning appears to have occurred under  the present  
dissolution conditions. According to the ledge motion 
mechanism, dissolution start ing with a high index 
crystal plane (comparable to the random orientation 
of grains in polycrystal l ine material)  is expected to 
result  in a faceted surface. Such facets have been ob- 
served on several randomly  oriented crystals. A 
typical example is shown in Fig. 9. This surface texture  
is similar to the one reported for iron cathodically 
deposited at high (150-200 mV) overvoltage (8). The 
surface textures result ing from active dissolution in -  
dicate that dissolution at very  high rates does not 
proceed by a basically different mechanism from that  
at low rates, provided that removal of reaction prod- 
ucts from the surface by convective diffusion and 
migrat ion is sufficiently fast. 

Transpassive Dissolution 
Figure 10 i l lustrates a polycrystal l ine surface after 

transpassive dissolution. In  contrast to the appearance 
of the same specimen after active dissolution (Fig. 4), 
the surface now is bright  and differences between in-  
dividual  grains are barely discernible at the optical 
level of resolution. A large number  of round, deep pits, 
some arranged in rows, are distr ibuted over the sur-  
face. Streaks in the flow direction, due to a waviness 
of the surface, extend from the leading edge over most 
of the specimen. Bright and pitted surfaces, resul t ing 
from dissolution in the presence of an anodic passivat-  
ing layer, have also been reported for electropolishing 
at much lower current  densities (9). Brightness is" due 
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Fig. 9. Copper single crystal surface, oriented 10 ~ off (110) 
direction after active dissolution. Scanning electron microcjraph. 
tilted 30 ~ . 

Fig. 11. Surface texture of neighboring grains of annealed, fine 
grain polycrystalline copper after transpossive dissolution. Electron 
micrograph of two-stage carbon replica. 

Fig. 10. Bright, pitted surface with flow streaks. Annealed poly- 
crystalline copper after transpassive dissolution. Optical micrograph. 
Flow direction from lower left to upper right. 

to a greatly reduced micro-roughness,  and the even 
attack on differently oriented grains has been ex- 
plained by the equalizing effect of an oxide layer (10). 
At much higher resolution, differences in surface 
tex ture  between neighboring grains occasionally be-  
come visible. The electron micrograph, Fig. 11, i l lus- 
trates one of the most pronounced microtextures ob-  
served after transpassive dissolution. Compared with 
the surface resul t ing from active dissolution shown in 
Fig. 6 at the same magnification, the roughness is an 
order of magni tude  lower. 

The difference in microtexture  between active and 
transpassive dissolution is par t icular ly  pronounced 
With a randomly  oriented single crystal. The electron 
micrographs in  Fig. 12 i l lustrate this si tuation for a 
surface oriented 10 ~ off the (110) plane. In teres t ingly  
enough, no pit t ing has been observed on any  of the 
single crystals studied. Flow streaks appeared on 
single crystals in transpassive dissolution similar to 
the ones observed on polycrystal l ine specimens. The 
interferogram, Fig. 13, shows the associated macro- 
scopic waviness of the surface. Typically these profiles 
are 0.1 mm wide and a few microns deep and they 
become shallower and wider downstream. Flow 
streaks observed under  technical ECM conditions have 
been a t t r ibuted  to cavitat ion effects. In  the present  

Fig. 12. Microtexture of copper single crystal oriented 10 ~ off 
(110): (o) after active dissolution, (b) after transpassive dissolution, 
same magnification. Electron microgrophs of two-stage carbon 
replicas, diameter of latex spheres 0.53~. 

Fig. 13. Flow streaks resulting from transpassive dissolution of 
(100) single crystal face. Interference micrograph. Flow direction 
from left to right. 

study, flow streaks have not been observed in  active 
dissolution, where cavitat ion is more likely, due to the 
higher flow rates (2500 cm/sec active, 400 cm/sec 
transpassive).  

Conclus ions 
1. The present  study shows that  crystallographic 

factors influence the surface texture  resul t ing from 
high-ra te  anodic dissolution of copper in the active 
mode. Transpassive dissolution proceeds in the pres- 
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ence of anodic layers, which diminish the effect of 
crystal or ientat ion and lead to brightening.  

2. In the active mode, submicroscopic facets lead to 
the development of ridges, which give the surface an 
etched appearance. This appearance depends on 
crystallographic orientat ion and results in a differ- 
ent iat ion between grains in polycrystal l ine material .  
Active dissolution of (100) and (111) faces has not re-  
sulted in the formation of facets. These observations 
are in agreement  with a dissolution mechanism based 
on the motion of atomic ledges on t ightly packed 
lattice planes. 

3. Flow streaks are associated with transpassive 
dissolution, while the surface resul t ing from active 
dissolution is independent  of flow direction. 

4. Transpassive pit t ing is l inked to metal lurgical  
factors not present  in the single crystals studied. 

Acknowledgment 
The authors wish to thank  Mr. W. T. Giba for the 

preparat ion of electron microscope replicas and for 
other valuable assistance in this investigation. This 
work was conducted under  the auspices of the U.S. 
Atomic Energy Commission. 

Manuscript  received Sept. 30, 1970. This was Paper  
219 presented at the Atlantic City Meeting of the So- 
ciety, October 4-9, 1970. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1971 
JOURNAL.  

REFERENCES 
1. D. Landolt, R. H. Muller, and C. W. Tobias, This 

Journal, 116, 1384 (1969). 
2. D. Landolt, R. Acosta, R. H. Muller, and C. W. 

Tobias, ibid., 117, 839 (1970). 
3. K. Kinoshita, D. Landolt,  R. H. Muller, and C. W. 

Tobias, ibid., 117, 1246 (1970). 
4. J. O'M. Bockris and G. A. Razumney "Funda-  

menta l  Aspects of Electrocrystallization," 
P lenum Press, New York (1967). 

5. R. W. Mar and A. W. Searcy, J. Chem. Phys., in 
press. 

6. R. Kaischew and E. Budevski, Contemp. Phys., 8, 
489 (1967). 

7. L. D. Hulett, Jr., and F. W. Young, Jr., J. Phys. 
Chem. Solids, 26, 1287 (1965). 

8. K. E. Heusler and R. Knoedler,  Electrochim. Acta, 
15, 243 (1970). 

9. T. P. Hoar and G. P. Rothwell, ibid., 9, 135 (1964). 
10. T. P. Hoar, Corrosion Sci., 7, 341 (1967). 
11. T. P. Hoar, D. C. Mears, and G. P. Rothwell, ibid., 

5, 279 (1965). 
12. J. Bayer, M. A. Cummings, and H. V. Jollis, TID 

Report ML TDR 64313, General  Electric Co. 
(1964). 

13. R. R. Cole and Y. Hopenfeld, Trans. ASME Set. B, 
85, 395 (1963). 

14. S. Maeda, N. Saito, and S. Arai, Technical Report, 
Nagoya Works, Mitsubishi Electric Corp., Aug. 
(1963). 

Anode Potentials in High-Rate Dissolution of Copper 
D. Landolt, *,1 R. H. Muller,* and C. W. Tobias* 

Inorganic Materials Research Division, Lawrence Radiation Laboratory, and Department of Chemical Engineering, 
University of California, Berkeley, California 94720 

ABSTRACT 

A constant  current  in ter rupter  technique was employed in the experimental  
determinat ion of anode potentials during high-ra te  anodic dissolution of cop- 
per. The influence of ohmic voltage drops in the solution on measured over-  
voltage has been compensated by electronic means. For short electrolysis 
times, dissolution proceeds in the active mode; in sulfuric acid, Tafel behavior 
was observed up to the highest current  densities employed (100 A/cm2). Pas-  
sivation effects may lead to significantly higher anodic potentials. 

In electrochemical machining (ECM), metals are 
dissolved anodically at cur rent  densities of many  am-  
peres per square centimeter. In order to get a bet ter  
unders tanding  of electrochemical factors governing 
metal  dissolution proceeding at such high rates, mean-  
ingful anode potential  measurements  are needed. 
Potential  measurements  performed at high current  
densities with rapidly dissolving anodes pose many  
problems (1), and anode potential  data reported for 
technical ECM conditions appear to be of questionable 
value (2, 3). The anodic dissolution of copper has been 
chosen in this laboratory for the s tudy of some funda-  
mental  aspects of ECM (1, 6-8). For high-rate  anodic 
dissolution of copper, abrupt  potential  changes of 
many  volts have been found, coinciding with a change 
from an active to a transpassive dissolution mode (1). 
However, the exper imental  techniques employed did 
not allow for the subtract ion of ohmic voltage drops 
from the potential  values measured. Electrode poten- 
tial data obtained at low current  densities have been 
extrapolated by Hoare et al. to predict high current  
density behavior  of ECM electrolytes (4, 5). In view 
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of many  unknowns  inherent  in ECM it appeared de- 
sirable, however, to develop exper imenta l  procedures 
that allow direct potential  measurements  over a wide 
range of current  densities. In  the present  paper, a gal- 
vanostatic in ter rupter  technique is described which 
was applied to the determinat ion of anode potentials 
prevail ing under  conditions of h igh-ra te  dissolution of 
copper in sulfate electrolytes. Exper iments  were per-  
formed under  free as well  as under  forced convection 
conditions. 

Experimental 
Two cell types were employed, each assuring fast 

electrical response through low capacitance and care- 
ful exclusion of ground loops. Cell I (Fig. 1) was of 
cylindrical  geometry, thus providing for even current  
distribution. No external  convection was employed. A 
10 mil  diam, 6.3 mm long 99.999% copper wire served 
as anode, providing a surface area of 5 mm 2. Since, due 
to dissolution, considerable loss of diameter  resulted 
during experiments,  it was necessary to replace the 
anode frequently.  This was accomplished by simply 
advancing the continuous wire (A) by approximately 
1/2 in. During experiments,  the anode was sealed by 
two Teflon compressible inserts (E) which were held 
tight by means of nylon screws (G). The anode was 
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ence of anodic layers, which diminish the effect of 
crystal or ientat ion and lead to brightening.  

2. In the active mode, submicroscopic facets lead to 
the development of ridges, which give the surface an 
etched appearance. This appearance depends on 
crystallographic orientat ion and results in a differ- 
ent iat ion between grains in polycrystal l ine material .  
Active dissolution of (100) and (111) faces has not re-  
sulted in the formation of facets. These observations 
are in agreement  with a dissolution mechanism based 
on the motion of atomic ledges on t ightly packed 
lattice planes. 

3. Flow streaks are associated with transpassive 
dissolution, while the surface resul t ing from active 
dissolution is independent  of flow direction. 

4. Transpassive pit t ing is l inked to metal lurgical  
factors not present  in the single crystals studied. 
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ABSTRACT 

A constant  current  in ter rupter  technique was employed in the experimental  
determinat ion of anode potentials during high-ra te  anodic dissolution of cop- 
per. The influence of ohmic voltage drops in the solution on measured over-  
voltage has been compensated by electronic means. For short electrolysis 
times, dissolution proceeds in the active mode; in sulfuric acid, Tafel behavior 
was observed up to the highest current  densities employed (100 A/cm2). Pas-  
sivation effects may lead to significantly higher anodic potentials. 

In electrochemical machining (ECM), metals are 
dissolved anodically at cur rent  densities of many  am-  
peres per square centimeter. In order to get a bet ter  
unders tanding  of electrochemical factors governing 
metal  dissolution proceeding at such high rates, mean-  
ingful anode potential  measurements  are needed. 
Potential  measurements  performed at high current  
densities with rapidly dissolving anodes pose many  
problems (1), and anode potential  data reported for 
technical ECM conditions appear to be of questionable 
value (2, 3). The anodic dissolution of copper has been 
chosen in this laboratory for the s tudy of some funda-  
mental  aspects of ECM (1, 6-8). For high-rate  anodic 
dissolution of copper, abrupt  potential  changes of 
many  volts have been found, coinciding with a change 
from an active to a transpassive dissolution mode (1). 
However, the exper imental  techniques employed did 
not allow for the subtract ion of ohmic voltage drops 
from the potential  values measured. Electrode poten- 
tial data obtained at low current  densities have been 
extrapolated by Hoare et al. to predict high current  
density behavior  of ECM electrolytes (4, 5). In view 
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of many  unknowns  inherent  in ECM it appeared de- 
sirable, however, to develop exper imenta l  procedures 
that allow direct potential  measurements  over a wide 
range of current  densities. In  the present  paper, a gal- 
vanostatic in ter rupter  technique is described which 
was applied to the determinat ion of anode potentials 
prevail ing under  conditions of h igh-ra te  dissolution of 
copper in sulfate electrolytes. Exper iments  were per-  
formed under  free as well  as under  forced convection 
conditions. 

Experimental 
Two cell types were employed, each assuring fast 

electrical response through low capacitance and care- 
ful exclusion of ground loops. Cell I (Fig. 1) was of 
cylindrical  geometry, thus providing for even current  
distribution. No external  convection was employed. A 
10 mil  diam, 6.3 mm long 99.999% copper wire served 
as anode, providing a surface area of 5 mm 2. Since, due 
to dissolution, considerable loss of diameter  resulted 
during experiments,  it was necessary to replace the 
anode frequently.  This was accomplished by simply 
advancing the continuous wire (A) by approximately 
1/2 in. During experiments,  the anode was sealed by 
two Teflon compressible inserts (E) which were held 
tight by means of nylon screws (G). The anode was 
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5cm 
I I 

Fig. 1. Cross section of cell I for studies under free convection 
conditions: A, copper wire anode; B, cylindrical copper cathode; C, 
reference electrode; D, capillary; E, Teflon inserts; F, set screw; 
G, nylon screws; H, Lucite cell cover; I, Lucite cell body. 

surrounded by a circular  counterelectrode made of 
copper (B). The whole  interelectrode space was filled 
with liquid. Holes dri l led in the cell cover (H) near 
the cathode provided  for escape of cathodically evolved 
gas. The reference electrode (C), made of copper, was 
connected to the cell compar tment  by capil lary D, 
positioned at a distance of 24 m m  from the center. The 
cylindrical  geometry  of the cell a l lowed one to calcu- 
late the ohmic voltage drop between capi l lary and 
anode. No provision for excluding oxygen was made, 
since at the high current  densities employed here its 
effect on the dissolution kinetics was considered negli-  
gible. On the other  hand, the presence of oxygen might  
influence the potent ial  of the reference electrode by 
establishing a mixed  potential. Numerica l  est imation 
showed, however ,  that  this effect was always much 
smaller  than 10 mV and, hence, could be neglected 
within  the accuracy of the present study. Before in- 
sertion in the cell, the copper electrodes were  cleaned 
in nitric acid and rinsed with  distil led water.  Several  
short anodic current  pulses were  applied before the 
start  of measurements .  

Cell  II (Fig. 2) was a rec tangular  flow channel  (E) 
through which the electrolyte  was moved by means of 
a piston pump (C). A Teflon piston was advanced at 
constant, preset  rate in a PVC cylinder,  sweeping out 
a volume of 400 cm 3. At the end of each stroke, the 
motion of the piston was stopped by means of micro-  
switches. The direction of rota t ion of the motor  was 
then reversed to refill the cyl inder  wi th  electrolyte. 
An electrolyte  reservoir  of 2 l i ters was employed. 
Except  for the electrodes, no meta l  parts were  in con- 
tact wi th  the solution. 

The 0.5 x 3 mm copper anode was cast into epoxy, 
and its short length was positioned paral le l  to the flow 
direction. A copper counterelectrode of the same sur-  
face area was used. The distance be tween anode and 
cathode was 0.5 mm, fixed by the thickness of a Teflon 
spacer into which a 3-ram wide s lo t - - the  flow channe l - -  
was cut. The cell  was sealed by pressing the flat anode 
epoxy cast against the Teflon spacer by means of 4 
knur led screws. 

Linear  flow velocities at the electrodes up to 10 m/sec  
were  used, corresponding to a min imum discharge 
t ime of the pump of 25 sec. In order to reach such high 
velocities wi thout  requir ing excessive inlet pressures, 
the distance be tween cell  inlet  and anode was kept 
short  (1.5 cm).  Thus, the hydrodynamic  conditions in 

Fig. 2. Flaw channel apparatus for studies under forced convec- 
tion conditions: A, motor drive; B, dial indicator for setting flow 
rate; C, piston pump; D, electrolyte reservoir; E, flow channel cell 
(cell II). 

G 

C. 

Osc. .-- 
Fig. 3. Electrical circuit with IR compensation: A, anode; B, 

cathode; C, pulse generator; D, current measuring preamplifier; 
E, preamplifier with variable gain; F, preamplifier for reference 
electrode signal; G, reference electrode; H, series resistor; I, 5 
ohm resistor. 

the present cell were  not as wel l  defined as those in 
previous exper iments  (1, 6). In the present  study, using 
t ransient  techniques,  it was considered more important,  
however,  to achieve a compact design which al lowed 
one to keep electrical  connections to the cell short and 
which made it possible to avoid any metal l ic  contact 
other  than the electrodes wi th  the electrolyte  solution. 
In addition, the present design permit ted  the achieve-  
ment  of high flow velocities at the electrodes without  
requir ing large electrolyte  volumes. A copper reference 
electrode was located in the cell  wal l  upstream from 
the cathode. All  exper iments  were  carr ied out at room 
temperature .  

A galvanostatic pulse method was chosen for this 
study because it offers the most convenient  technique 
for the el iminat ion of large ohmic voltage drops in-  
herent  in high current  density potent ial  measurements .  
The electr ical  circuit  is given schematical ly in Fig. 3. 
Current  was drawn from a pulse generator  2 capable 
of providing square-pulses of up to 100V and 2A with  
rise t ime < 15 nsec. Pulse durat ion was var ied be tween 
10 #sec and 10 msec. Constant current  through the cell 
was established by means of a series resistance (H).  
The current  was measured in each exper iment  over  
a 5 ohm resistance (I) and displayed on a dual beam 
oscilloscope. 3 

e M o d e l  2 1 4 A  H e w l e t t  P a c k a r d .  
3 M o d e l  5 5 5  D u a l  B e a m  T e k t r o n i x .  
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Two types of potential  measurements  were per-  
formed. On the one hand, the over-al l  behavior of po- 
tent ial  t ransients  was determined on a millisecond 
time scale. These experiments  yielded information on 
relative potential  changes associated with passivation 
phenomena.  On the other hand, potential  decay upon 
switching off the cur ren t  was measured on a micro- 
second time scale. These experiments  allowed for esti- 
mates of the nonohmic part  of anode potentials in both 
the active and transpassive dissolution mode. Elec- 
tronic compensation of ohmic voltage drops between 
capil lary and anode surface was necessary in these 
experiments.  This was achieved by means of variable 
gain preamplifier (E), the output  signal of which was 
subtracted from the output  signal of amplifier (F) 
connected to the reference electrode (G). A commer-  
cial amplifier uni t  4 was used in this procedure. The dif- 
ference signal was displayed on the dual beam oscillo- 
scope together with the current  signal and recorded 
on Polaroid film. Among several compensation pro- 
cedures investigated, the following was found to give 
most satisfactory results. Low current  density pulses, 
typically in the order of 20 m A / c m  2, were applied to 
the cell in order to determine the ohmic resistance 
between capil lary and anode. Double layer  charging 
was sufficiently slow under  these conditions to allow 
for easy separation of the ohmic and the nonohmic 
part  of the charging transient.  The cell was then dis- 
connected and replaced by an ohmic resistance of ac- 
curately known value, usual ly lower than the measured 
resistance between capil lary and anode. The gain of 
amplifier (E) was adjusted to provide compensation 
equal to the value of the inserted resistance. The cell 
was then reconnected for the exper iment  while keep- 
ing the gain of (E) to the adjusted value. The use of a 
fixed compensating resistance of we l l -known value, 
together with variable amplifier gain, allowed for fre- 
quent  and easy recheck of the accuracy of compensa- 
tion. Partial ,  ra ther  than full, compensation of the 
ohmic electrolyte resistance was used in order to avoid 
saturat ion of the differential amplifier. The uncom- 
pensated part  of the ohmic electrolyte resistance was 
subtracted from the decay t ransient  in a conventional  
way. 

Active Dissolution 
At high flow rates or very short exper imental  times, 

copper dissolves anodically in sulfate solutions in the 
active dissolution mode (1). Experiments  were per-  
formed here to investigate the val idi ty of extrapolat-  
ing Tafel behavior found at low current  densities (9) 
to high currents. For this purpose, anode potentials as 
a function of current  density were determined from 
decay transients.  The length of the applied current  
pulse was kept short enough to avoid any significant 
influence of concentrat ion polarization effects on the 
anode potentials measured. On the other hand, pulse 
lengths were long enough to completely charge the 
electrical double layer. Depending on current  density, 
pulse dura t ion was between 10 ~sec and several mil l i -  
seconds. 

Results obtained in cell I with a 1M sulfuric acid 
solution containing 0.1 mole per l i ter copper sulfate 
are given in Fig. 4. Within  the accuracy of the mea-  
surements,  Tafel behavior is observed up to the high- 
est current  density studied (39 A/cm2).  The accuracy 
of the data at high current  densities is l imited mainly  
by two factors: the I R  drop in the solution and the 
rate  of double layer discharge. The influence of the 
latter may be estimated by setting for the rate of 
change of overvoltage n after current  switch-off 

- dn I iFI 
= ~ [11 

dt C 

with i -~ Faradaic current  density, C ---- double layer F 
capacitance. For constant  C and TafeI kinetics the 

4 M o d e l  1A1 T e k t r o n i x .  
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Fig. 4. Anode potential vs. current density for active dissolution 
of copper in sulfuric acid solution: Q ,  data obtained in cell I in 
1M H2S04, 0.1M CuS04; . . . .  , uncertainty calculated from Eq. 
[2 ] ;  , uncertainty due to IR subtraction; e ,  data 
from Ref. (9) for 0.SM H2S04 0.075 CuS04. 

solution of Eq. [1] becomes (10) 

~lt=o - -  ~1 = b l og  1 -~ b C  [2] 

where i ~ applied current  density. 
Due to l imitations in the frequency response of the 

amplifiers, n cannot be determined exper imental ly  
exactly at t = 0. One expects, therefore, that  measured 
~l values are lower than the t rue overvoltage prevai l -  
ing at cur rent  switch-off. The possible magni tude  of 
this error was estimated by insert ing typical  numerical  
values into Eq. [2]. From oscilloscope traces, it was 
estimated that in present experiments,  potential  read-  
ings were possible wi thin  at least 0.5 #sec after switch- 
off. Decay traces suggested that a reasonable value for 
C was 50 ~F/cm 2. (Exper imenta l ly  determined C 
values showed large scatter, and the value given has 
to be regarded as an order of magni tude estimate only.) 
The value of b was determined from Fig. 4 to be 40 
mV. With these numerica l  values, one calculates 
n t : o -  ~t=o.5 ~sec ---- 21 mV at 4 A /cm 2 or 55 mV at 40 
A /cm 2. The result ing uncer ta in ty  in potential  mea-  
surements is indicated in Fig. 4 by the dotted line. 

Large ohmic voltage drops exist between capillary 
and anode as i l lustrated by Fig. 5 in which measured 
I R  drops and anode potentials for the experiments  of 
Fig. 4 are plotted on a l inear scale. At the highest cur-  
rent  density of 39 A /cm 2, the ohmic voltage drop is 
approximately 28 times larger than the actual anode 
potential. From the measured slope, one calculates a 
conductivity of 0.364 o h m - l c m  -1 at 24~ in good 
agreement  with the value one obtains at 25~ by using 
the estimation formula  given by Hsueh (11), 0.379 
o h m - l c m  -1. By employing opt imum compensation 
conditions as described above, it was estimated that  
the value of the nonohmic decay potential  could be 
measured to ___1% of the I R  drop corresponding to the 
current  density of the measurements.  The result ing 
uncer ta in ty  in measured anode potentials is indicated 
by the dashed line in Fig. 4. A least square fit of the 
measured points in Fig. 4 yielded a Tafel slope of 40 
mV, coinciding with the value reported by Mattson 
and Bockris (9) for copper dissolution in highly pur i -  
fied sulfuric acid electrolytes at low current  densities 
under  exclusion of oxygen. Tafel parameters  for anodic 
copper dissolution in sulfuric acid as well  as values 
from the l i terature are summarized in Table I. Present  
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Fig. 5. Measured ohmic drop (IR) and anode overvoltage 01) 
cell I, 1M H2S04 0.1M CuS04. 

resu l t s  e x t e n d  the  p r e v i o u s l y  r e p o r t e d  Tafe l  r eg ion  to 
h i g h e r  c u r r e n t  dens i t ies  by  two  o rde r s  of magn i tude .  

A t  h igh  cu r r en t  densi t ies ,  unce r t a in t i e s  associa ted  
w i t h  fast  double  l aye r  d i scharge  and  ohmic  c o m p e n s a -  
t ion b e c o m e  inc reas ing ly  m o r e  impor t an t .  The  ind i -  
ca ted  Tafe l  b e h a v i o r  up to 40 A / c m  2 has, t he re fo re ,  to 
be cons ide red  as an  a p p r o x i m a t i o n  r a t h e r  t h a n  an 
exac t  r e p r e s e n t a t i o n  of rea l  behav io r .  Indeed ,  a d e v i a -  
t ion f r o m  the  g iven  Ta fe l  s lope of 40 m V  at  h igh  
e n o u g h  c u r r e n t  dens i ty  is to be  e x p e c t e d  if  t he  t w o -  
step cha rge  t r a n s f e r  m e c h a n i s m  sugges ted  by  Mat t son  
and Bockr i s  p r eva i l s  

fas t  

Cu ~ Cu + -4-e (I)  

slow 
Cu + ~ Cu  2+ q - e  (II)  

The  species Cu + is cons ide red  adsorbed  on the  surface,  
i ts su r face  concen t r a t i on  d e p e n d i n g  on potent ia l .  A s -  
suming  no loss of Cu + due  to diffusion, t he  c u r r e n t  
for  such a t w o - s t e p  c h a r g e  t r a n s f e r  process  can  be  
expres sed  (12) b y  

exp  [ - -  (al q- a2)f~l] --  exp  [(2 - -  ~1 --  a2) f~l] 
i = 2  

1 1 
-:---exp [(i-- a2)f~] -F . exp (-- alfn) 
?,01 ~02 

[3] 

w h e r e  al and  a2 a re  the  cha rge  t r ans f e r  coefficients for  
s teps I and II, i01 and  i02 a re  the  r e spec t ive  e x c h a n g e  
c u r r e n t  densi t ies .  F o l l o w i n g  the  a s sumpt ion  u s u a l l y  

Table I. Tafel parameters for anodic copper dissolution in sulfuric 
acid 

E l e c -  
t r o l y t e  Current 

I-IzS O~ CuSO4 density a b 
(M) (M) (A/cm 'z) Cell Ref. (mY) (mY) 

1 0.1 5 x 10 -a to 39 I 

1 0.1 8 x 10 ~ to 140 I I  

0.5 0.5 
0.5 0.075 5 x 10 - 3 t o  0.2* 
0.5 0.011 

pres- 171-4-16 40-+15 
ent 

pres- 184-+21 51-4-16 
ent 

(9) 81,t 82 40-~---6,t 36-4-10 
(9) 93,t 113 44• 
(9) 100 41 -+ 4 

* T h e  r a n g e  of c u r r e n t  d e n s i t y  in  w h i c h  T a f e l  b e h a v i o r  w a s  ob- 
served w a s  e s t i m a t e d  f r o m  t w o  f igu res  g i v e n  i n  iRef. (9). 

t F i r s t  v a l u e  fo r  H e  a n n e a l e d  coppe r ,  s econd  fo r  e l e c t r o d e p o s i t e d  
coppe r .  T h e  s t a n d a r d  d e v i a t i o n  of t h e  r e s u l t s  g i v e n  in  Ref .  (9) w a s  
m u l t i p l i e d  b y  t w o  to ge t  a 95% con f idence  l im i t .  T h e  v a l u e s  of a 
w e r e  c a l c u l a t e d  f r o m  /o values  g iven  in Ref .  (9).  
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Fig. 6. Anode potential vs. current density for active copper dis- 
solution in I M  H2S04 0.1M CuS04 in flow channel cell (cell I lL 
Flow rate, 140 cm/sec; . . . .  , uncertainty according to Eq. [2 ] ;  

, uncertainty due to IR subtraction. 

made,  one m a y  set ~1 = ~2 = a = 0.5. F o r  the  case of 
i01 > >  i02 and i n t e r m e d i a t e  o v e r v o l t a g e  n, t he  first  
t e r m s  in t he  n u m e r a t o r  and  d e n o m i n a t o r  can  be  n e -  
g lec ted  and Eq. [3] r educes  to 

i = - - 2 i 0 2 e x p [ ( 2 - - a ) f , l ]  ( 1  < < f , l < < l n i ~  ~ 
i02 / 

[4] 

This equat ion predicts  a Tafel  slope of 39 inV. At  high 
values  of n, the  l imi t ing va lue  of Eq. [3] is 

i = - -  2 i01exp [ ( 1 - -  a) f~l] (fTl-> er [5] 

corresponding to a Tale1 slope of 118 mV. Since we do 
not know the va lue  of i01, no quant i t a t ive  test  of the  
above  re la t ionsh ips  is possible.  A s l ight  dev i a t i on  f r o m  
the  slope of 40 m V  cons is ten t  w i t h  t he  p red ic t ion  of 
Eq. [4] canno t  be e x c l u d e d  at t he  h ighes t  c u r r e n t  
densi ty ,  bu t  the  m e a s u r e d  resu l t s  s eem to fit Eq.  [4] 
m u c h  b e t t e r  t h a n  Eq. [5]. No f u r t h e r  mechan i s t i c  i n -  
t e r p r e t a t i o n  of resu l t s  is jus t i f iab le  here .  

F l o w  channe l  cells  h a v e  been  used  p r e v i o u s l y  for  
s tudy ing  h i g h - r a t e  m e t a l  d i sso lu t ion  u n d e r  fo rced  con-  
vec t ion  condi t ions  (1, 6-8) .  The i r  a d v a n t a g e  l ies in t he  
con t ro l  of mass  t r ans f e r  and  t e m p e r a t u r e  effects. On  
t h e  o the r  hand,  c u r r e n t  d i s t r ibu t ion  is i n h o m o g e n e o u s  
in such  cells. To inves t iga t e  e x p e r i m e n t a l l y  t he  e r ro r  
t ha t  m i g h t  be  i n t r o d u c e d  in po ten t i a l  m e a s u r e m e n t s  
p e r f o r m e d  u n d e r  non idea l  c u r r e n t  d i s t r i bu t ion  cond i -  
t ions, t he  same  e x p e r i m e n t s  desc r ibed  above  w e r e  p e r -  
f o r m e d  w i t h  cel l  II, t he  g e o m e t r y  of w h i c h  r e s e m b l e d  
tha t  of p r e v i o u s l y  used f low c h a n n e l  cells. 5 Resu l t s  
c o m p a r a b l e  to those  g iven  in Fig. 4 a re  ind ica t ed  in 
Fig.  6. The  leas t  squa re  fit y i e l d e d  a s lope of 50 m V  
w h i c h  is s o m e w h a t  h i g h e r  t h a n  the  40 m V  ob ta ined  
w i t h  cel l  I h a v i n g  cy l ind r i ca l  geomet ry .  The  sca t t e r ing  
of da t a  did no t  a l low a q u a n t i t a t i v e  analys is  of th is  
d i f ference.  S o m e  q u a l i t a t i v e  c o m m e n t s  m a y  be  a p p r o -  
pr ia te ,  h o w e v e r .  U p o n  c u r r e n t  swi tch-off ,  two  dis-  
cha rge  processes  m a y  p roceed  now.  As ide  f r o m  the  
F a r a d a i c  cu r ren t ,  a cu r r en t  m a y  flow in t he  so lu t ion  
b e t w e e n  d i f fe ren t ly  cha rged  reg ions  of t h e  doub le  layer .  
The  second effect  w i l l  be l a r g e r  w h e n  the  c u r r e n t  
d i s t r ibu t ion  is m o r e  n o n u n i f o r m .  In  t he  case  of Ta fe l  
k ine t ics  and  in t he  absence  of c o n c e n t r a t i o n  po la r i za -  
tion, t he  u n i f o r m i t y  of c u r r e n t  d i s t r i bu t ion  is c h a r a c -  
t e r i zed  by the  m a g n i t u d e  of t he  p a r a m e t e r  K = ~b/li, 

5 since experimental times were kept short in the present experi- 
ments, convection did not influence these results. 
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Fig. 7. Transpassive behavior of copper in IM H2SO4 -~- 0.1M 
CuSO4, Cell II. Current density, 77 A/cm2; flow velocity, 140 cm/ 
sec; no IR compensation. Trace a: over-all potential transient; 
anode potential, 10 V/div; time, 1 msec/div. Trace b: decay tran- 
sient after current switch-off; anode potential, 10 V/div; time, 
5 #sec/div. Trace c: current transients; 5 V/div. 

where l is a characteristic length, i the current  den-  
sity, K the electrolyte conductivity,  and b the Tafel 
slope. P r imary  current  distr ibution prevails for K 
~ 1; secondary current  distribution, for K > ~  1. In  
our case ~ = 0.38 ohm -1 cm -1, l = 0.5 mm, b = 40 mV. 
One may, therefore, assume pr imary  current  dis t r ibu-  
t ion for K ~ 0.1 or i ~ 3 A /cm 2 and secondary current  
distr ibution for K ~ 10 or i ~ 30 mA/cm ~. In  the 
intermediate  region, a gradual  change from secondary 
to pr imary  current  distr ibution occurs with increasing 
current,  i.e. the current  density at the edge of the elec- 
trode will  increase more than  the average current  den-  
sity. The ohmic part  of the measured decay transient ,  
on the other hand, is independent  of current  dis t r ibu-  
t ion (14). Therefore, in the intermediate  region 
0.1 < K ~ 10, one would expect that  the measured 
nonohmic part  of the anode potential  increases faster 
with current  density than that corresponding to the 
t rue Tafel slope. This is qual i ta t ively consistent with 
the observed behavior of Fig. 6. It  appears that, in the 
case of active copper dissolution in acid sulfate solu- 
tions, the anodic behavior at high current  densities can 
be described adequately by extrapolat ing Tafel kinetics 
valid for low current  density. For many  electrochemi- 
cal machining purposes, possible inaccuracies in anodic 
overvoltage measurements  result ing from a nonun i -  
form current  distr ibution can be neglected. 

Transpassive Dissolution 
At sufficiently high current  densities and longer ex- 

per imental  times, solid anodic layers may  be formed 
which lead to a sharp rise in measured anode poten-  
tials. The behavior is i l lustrated by Fig. 7, trace a. The 
measurement  was performed in cell II at a flow veloc- 
ity of 140 cm/sec and a current  density of 77 A /cm ~. 
The electrolyte was 1M H2SO4 ~ 0.1M Cu SO4; no IR 
compensation was employed. An increase in over-al l  
measured anode potential  by 25V takes place 1 msec 
after start  of the galvanostatic run.  6 It has been shown 
previously that  dissolution in the high voltage mode 
proceeds with different stoichiometry (7) and leads 
to a different surface texture  (1). The t ransi t ion be-  
tween the two dissolution mechanisms, active and 
transpassive, is mass t ransfer  controlled (1). In  the 
present  study, experiments  were performed aimed at 
fur ther  characterizing the current  voltage behavior of 
copper anodes dissolving in the transpassive mode. This 
included the s tudy of the influence of flow rate and of 
current  density on the measured voltage rise and the 

e P o t e n t i a l  t i m e  t r a n s i e n t s  o f  t h e  t y p e  g i v e n  e x h i b i t  a m a x i m u m  
b e f o r e  s t e a d y  s t a t e  is r e a c h e d .  T h i s  does  n o t  s h o w  h e r e  b e c a u s e  of  
t h e  s h o r t  pu l s e  l e n g t h  e m p l o y e d .  T h e  i n d i c a t e d  v o l t a g e  i n c r e a s e  u p o n  
l a y e r  f o r m a t i o n  is  t h e r e f o r e  l a r g e r  t h a n  t h e  s t e a d y - s t a t e  v o l t a g e  
d i f f e r e n c e  a c r o s s  t h e  l aye r .  

measurement  of decay potentials in the transpassive 
region. 

Optical observation of anodically dissolving copper 
electrodes in acidic sulfate solutions suggested that  
relat ively thick loosely adherent  oxide layers are 
formed upon passivation (8). One would expect that  
their thickness and, hence, their  effect on measured 
over-al l  anode potential  would strongly depend on the 
prevai l ing hydrodynamic conditions; at high flow 
velocities, the loosely adherent  deposits would be 
washed away from the anodes much more easily, and 
the extent  of the voltage rise upon passivation ought 
to be reduced. Figure 8 gives five superimposed t ran-  
sients measured at 89 A /cm 2 with flow rates ranging 
from 65 to 1000 cm/sec. Qualitatively,  the expected 
decrease in measured voltage with increasing flow 
rate is indeed observed, but  the effect is small; for 
example, the difference between ini t ia l  voltage (which 
represents mostly the IR drop in  the solution) and 
max imum voltage is AE : 26V at 65 cm/sec and 
~E = 23V at 1000 cm/sec. This indicates that  the ob- 
served voltage increase is caused by a t ight ly adherent  
layer rather  than by the loosely adherent  solids ob- 
served visually. The magni tude  of the observed voltage 
increase cannot be explained by the formation of in-  
sulat ing solid dissolution products which block the 
anode surface and thereby increase the effective ohmic 
resistance. Figure 8 shows a 25-V potential  increase 
taking place wi th in  a t ime interval  of approximately 
2 msec dur ing which a charge of 154 mcoulomb/cm 2 
is passed. The thickness of a compact cuprous oxide 
layer formed at 100% current  efficiency during this 
t ime would be 3.8 x 10 -~ cm. So as to explain the ob- 
served voltage drop across such an insulat ing layer 
by electrolytic conduction in pores, a porosity in the 
order of 10 -4 would have to be postulated. 

Other observations lead to a similar conclusion. 
A change in specific electrolyte conduct ivi ty by 
approximately a factor of two had no measurable effect 
on the voltage rise AE. Furthermore,  a large fraction of 
.~E was found to be nonohmic as indicated by trace b 
in Fig. 7, which represents the potential  decay after 
current  in ter rupt ion  (time resolution 5 ~sec/div) for 
the same electrolysis conditions under  which charging 
trace a was observed. 

The above discussion suggests that during t rans-  
passive dissolution the anode potential  is determined 
by the presence of a th in  compact layer. It  can be 
speculated that dissolution occurs through this layer  
by solid-state conduction, although no exper imental  
proof for this view exists at present. An increase in 
ionic conductivi ty of an anodic layer  with increasing 
current  density due to heating effects is qual i ta t ively 

Fig. 8. Effect of flow rate on anodic transients in transpassive 
region. Current density (b), 89 A/cm~; time, 1 msec/div; anode 
potential {a), 10 V/div. Flow rate for transients from top to bot- 
tom: 65 cm/sec, 140 cm/sec, 370 cm/sec, 610 cm/sec, and 1000 
cm/sec. 
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consistent with the results shown in F~g. 9. The voltage 
rise is almost independent  of current  density, which 
indicates that  the effective resistance of the layer de- 
creases strongly with increasing current  density (and 
hence increasing power dissipation). It is possible that, 
as a result  of the heat ing effect, stresses are generated 
wi thin  the layer, which lead to its periodic rup ture  
dur ing the anodic dissolution process. 

A more detailed unders tanding of the na ture  of the 
anodic layers present is necessary to determine the 
sequence of events in transpassive dissolution. Kino-  
shita et al. (7, 8) analyzed solid reaction products dur -  
ing copper dissolution in sulfate media by x - r ay  dif- 
fraction. The products were sampled cont inuously 
downstream from the anode. Cuprous oxide which may 
disproportionate into copper ion and metallic copper 
was found to be a major  constituent.  The direct ana-  
lytical study of anodic layers is complicated, however, 
by the fact that  upon current  switch-off their  na ture  
may be changed within  a mat ter  of milliseconds. This 
is evidenced by the exper iments  i l lustrated in Fig. 10 
and 11. Two identical current  pulses were applied to 
the anode in t ime intervals  ranging from a fraction of 
a mill isecond to several milliseconds. The shape of the 
second pulse then depended strongly on the elapsed 
time between the two pulses (Fig. 10). The t ime inter-  
val necessary for the second pulse to become identical 
with the first pulse was considered equivalent  to the 
t ime necessary for removal  of the anodic layer after 
current  switch-off. In  Fig. 10, this corresponds to ap- 
proximately  6 msec. The time for removal  depended 
on the flow rate as well  as on the current  density at 
which the layer had been  formed. This is evidenced by 
Fig. 11 in which the difference between the ini t ial  
voltage of the second pulse and that  of the first pulse, 
as determined from transients  similar to those given 
in Fig. 10, is plotted as a function of the elapsed t ime 

Fig. 10. Double pulses applied at different time intervals. Cur- 
rent density, 77 A/cm2; flow rate, 1000 cm/sec; anode potential 
traces, 10 V/div, time scale, 1 msec/div. 
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Fig. 11. Difference in initial voltage between first and second 
pulse as a function of time interval between pulses: e ,  93 A/cm 2 
at 1000 cm/sec; O ,  46 A/cm ~ at 1000 cm/sec; A ,  93 A/cm 2 at 
140 cm/sec; 4 * ,  50 A/cm 2 at 140 cm/sec. 

between two consecutive pulses. The layers formed at 
high current  densi ty appeared to be removed faster 
than those formed at lower current  density. Increasing 
flow rate also accelerated removal. The lat ter  effect is 
not unexpected; it may be related to an enhancement  
of ei ther mechanical  removal  of solid products or to an 
increase in rate of mass t ransport  of dissolved prod- 
ucts. It is to be noted, however, that  layer removal  
took somewhat longer than  layer formation (Fig. 10). 
Since layer formation is init iated by a mass t ransport  
l imited process (1), it appears that  removal  is not 
ent i rely governed by a simple mass t ranspor t  process. 
Accelerated layer removal  with higher formation cur-  
rent  density may be due to higher local temperatures  
of the surface which speed up chemical dissolution, or 
to larger concentrations of hydrogen ions accumulated 
at the surface under  conditions of high formation cur-  
rent  density. 

Summary and Conclusions 
Galvanostatic t ransient  techniques have been used 

for the study of current  voltage relationships charac- 
terizing anodic copper dissolution at current  densities 
of up to more than 100 A/cm 2. With the possible ac- 
curacy of high current  density potential  measure-  
ments, results for active dissolution obtained in the 
present  study were consistent with the Mattson- 
Bockris mechanism. Presence of oxygen and pre-  
electrolysis of the solution apparent ly  have little in -  
fluence on measured anodic Tafel slopes at high dis- 
solution rates. 

Potent ia l  current  relationships for active dissolution 
obtained in a flow channel  cell were little different 
from those measured in a cylindrical  cell. This indi-  
cates that  the error introduced into t rans ient  measure-  
ments  by the nonideal  geometry of the flow channel  
was small, and it appears that  such cells are well  
suited for the s tudy of active as well  as transpassive 
metal  dissolution under  controlled flow conditions. 

Dissolution in the transpassive mode proceeds by a 
different mechanism at much higher anode potential.  
Exper imental  results and numer ica l  estimations show 
that the observed high values of the anode potential  in 
the transpassive mode are due to a thin, wel l -adher ing  
layer. Since earl ier  studies showed that  loose solid r e -  
action products are generated dur ing transpassive dis- 
solution, it has to be assumed that  the anodic layer has 
a dual structure, consisting of a th in  compact layer in 
contact with the metal  and loose mater ia l  (mostly cu- 
prous oxide) sitting on top of it. The loose mater ia l  
has little influence on observed galvanostatic t rans ient  
behavior  which is governed by the properties of 
the adherent  layer. The effective resistance of this 
layer was shown to decrease with increasing current  
density, an effect which is a t t r ibuted to local heating. 
Quanti ta t ive models for the description of the dy-  
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namics of transpassive dissolution have not been de- 
veloped so far. 
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The Anodic Oxidation of Platinum: 
Evidence for a High-Field Ionic Conduction Mechanism 

J. L. Ord* and F. C. Hot 
Department of Physics, University of Waterloo, Waterloo, Ontario, Canada 

ABSTRACT 

The anodic oxidation of p la t inum in 1N H2SO4 is studied by using open-  
circuit t ransients  to determine Tafel slopes and by following film growth 
optically with an ellipsometer. The Tafel slope values are found to be pro- 
portional to the film thicknesses measured with the ellipsometer. This result  
is interpreted in terms of an ionic conduction model in which the overpotential  
appears across the anodic oxide film, and the logari thm of the ionic current  
density is proportional to the field in the oxide. The results are compared with 
the results of similar measurements  on iron and tanta lum.  Although plat inum, 
iron, and t an ta lum have quite different chemical properties, and their  oxides 
span a thickness range from a monolayer  to several thousand angstroms, it 
is concluded that the same basic process is responsible for the anodic oxidation 
of the three metals. 

The formation of anodic oxide films on metals is a 
process for which no part icular  model is usual ly ap- 
plied to more than a small  class of similar metals. For 
valve metals such as tantalum, it is agreed that  the 
electric field in the layer limits the process, and, 
although no single model is universa l ly  accepted, all 
models used to describe the formation of anodic oxides 
on these metals consider ionic t ransport  in a high elec- 
tric field to be rate limiting. The passive metals such 
as iron form another class of similar metals for which 
models describing the formation of anodic oxide films 
have been proposed. There is no general  agreement  on 
the ra te- l imi t ing  step in the case of the passive metals, 
and, as a result, the models proposed have v i r tua l ly  
nothing in common. 

The studies of anodic oxidation carried out in our 
laboratory have at tempted to determine whether  
anodic oxidation is real ly a process which changes 
markedly  from metal  to metal  and electrolyte to elec- 
trolyte, or whether  one model can account for the 
basic features of the process on a var ie ty  of quite dif-  
ferent  metals. We found that remarkab ly  similar re-  
sults were obtained when the same measurements  
were made on iron and t an ta lum (1, 2), and we con- 
cluded that a high-field ionic conduction model could 
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be used to account for the growth of anodic oxide 
films on both metals. To account for all the features 
of the anodic behavior of iron, a dissolution reaction 
competing with oxide film formation at low potentials, 
and an electronic tunne l ing  current  above the oxygen-  
evolution potential  must  be added to the basic model. 

In  this paper we present  the results obtained when 
p la t inum is used as a substrate in the experiments  
whose results on iron and t an ta lum form the basis for 
the high-field model. P la t inum is an ideal metal  on 
which to study anodic oxidation because it is possible 
to s tudy the process from its ini t iat ion on a bare sur-  
face, through par t ia l  surface coverage, to growth 
beyond monolayer  thickness. It  is a simpler metal  to 
study than either i ron or t an ta lum in that  its anodic 
oxide is reducible and no dissolution reaction precedes 
oxide formation, but  the nar row potential  region over 
which oxide is formed before oxygen is evolved re-  
stricts the film thicknesses to very low values. The 
three metals have one feature common to their  anodic 
behavior: under  galvanostatic oxidation the potential  
increases l inear ly  with t ime across the layer growth 
region. In  the case of p la t inum this is one of the 
criteria used to test for cleanliness of the system (3). 
This behavior is required by a field-limited model, 
and without  it such a model could be rejected for the 
anodic Oxidation of p la t inum without  fur ther  study. 
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In  principle, it is a straightforward mat ter  to deter-  
mine  whether  the field or the potential  drives an 
activation-controlled process. The Tafel slope ex- 
presses the change in  overpotential  required to pro- 
duce a specified (usually tenfold) change in the cur-  
rent  density. If the change in  the cur ren t  density is 
produced by a change in  the field in  the layer, then 
the measured Tafel slope must  be directly proportional 
to the layer  thickness (V = D E, hence AV = D hE);  
otherwise the Tafet slope should be independent  of 
the layer  thickness. Hence simultaneous Tafel slope 
and layer  thickness measurements  can provide direct 
evidence enabl ing field-limited processes to be dis- 
t inguished from potent ia l - l imited processes. 

In  practice, values obtained for Tafel slopes on 
oxide-covered electrodes often depend on the experi-  
menta l  technique used in their determinat ion (1, 2, 
4, 5). This difficulty arises because the Tafel slope is 
defined as the part ial  derivative of the overpotential  
with respect to the logari thm of the current  density, 
and it is difficult to select exper imental  conditions to 
measure this part ial  derivative without making a 
basic assumption about the na ture  of the process under  
study. We choose to measure Tafel slopes by analyzing 
open-circui t  t ransients  using a technique similar to 
that proposed by Grahame in his paper on the cur ren t -  
in te r rupter  method (6). We feel that  a measurement  
of this type disturbs the system only slightly, and as 
a result  provides a value for the Tafel slope which 
comes close to being a true part ial  derivative. 

Experimental 
In situ optical measurements  were made during 

anodic oxidation using a following ellipsometer. Two 
following ellipsometers have been buil t  in our labora- 
tory, and their  construction, operation, and perform- 
ance have been described in the l i terature (7, 8). They 
differ from conventional  ellipsometers in that  they 
can be hulled in less than  1 sec with 0.01 ~ resolution, 
and hence can make nul l  measurements  on surfaces 
covered by films which are growing at slow to 
moderate rates. The data presented in this paper 
i l lustrate this performance and show how the accuracy 
of the measurements  (as indicated by the scatter in 
the data)  compares with the resolution of the ins t ru-  
ment.  A small he l ium-neon  gas laser is used as a light 
source, and all our refractive index values were de- 
termined at its wavelength,  6328A. 

The cells used with the ellipsometer are constructed 
for a specified angle of incidence. Angles of incidence 
of both 60 ~ and 75 ~ were used in this study, but  only 
data obtained at 60 ~ are presented here. The 60 ~ cells 
consist of hollow glass equilateral  prisms with 
s tandard taper joints in the top for mount ing  the elec- 
trode, p la t inum counterelectrode, mercurous sulfate 
reference electrode (with 0.1N K2SO4 salt br idge),  
and gas dispersion tube. The cell used for 75 ~ measure-  
ments  has a separate compar tment  in which the eIec- 
trode is mounted.  An angIe of incidence of 60 ~ was 
chosen for sets of measurements  where  a reproduci-  
bi l i ty from run  to r u n  of ~_ 0.01 ~ was required be-  
cause the 60 ~ cells have a bet ter  geometry for sweep- 
ing out the trace amounts  of hydrogen and oxygen 
which are evolved even in experiments  designed to 
minimize evolution of these gases. The cell is bubbled 
wi th  argon for a day prior to an experiment,  and the 
bubbl ing  is continued throughout  the experiment,  
keeping the cell at a slight excess pressure of argon 
and minimizing the leakage of oxygen into the cell 
through the Teflon-sleeved s tandard- taper  joints. All  
experiments  were performed at room tempera ture  
(23~ 

A major  factor influencing reproducibil i ty of the 
optical data from run  to run  is the roughness of the 
surface. A study of the smoothing and roughening of 
the single-crystal  p la t inum surface was carried out 
using a var ie ty  of electrolytes, and conditions were 

determined under  which a series of experiments  
could be carried out with no change in the roughness 
factor of the surface. The study of the effect of vary ing  
surface roughness on optical measurements  was too 
extensive for a description of the experiments  to be 
included here. 

The p la t inum sample used in  the experiments  was 
a single crystal  which was clamped between Teflon 
washers in  a glass electrode holder exposing a 
cylindrical  surface of 1.2 cm 2 area to the electrolyte. 
A flat on one side of the cylinder was used for the 
optical measurements,  although the laser source and 
double-pinhole lens-free optics of the ellipsometer 
enable measurements  to be made on cylindrical  sur-  
faces. The electrolyte used in  all the experiments  was 
1N H2SO4 prepared from high-pur i ty  sulfuric acid 
purchased in 10N concentration. Measurements of the 
steady-state current  density gave values comparable 
to those obtained by other workers using closed sys- 
tems (9). A Tafel slope is often used to express the 
potential  dependence of this s teady-state  current  
density, and we would like to emphasize that this 
Tafel slope is in no way related to the Tafel slope 
for anodic oxidation which we study in  this paper. The 
steady-state current  is the residual current  which 
flows after the anodic oxidation process has slowed to 
an imperceptible rate, and as such it is very  sensitive 
to trace impurit ies in the system. The current  whose 
potential  dependence we express using a Tafel slope 
is the current  flowing when the anodic oxidation re-  
action is proceeding at an appreciable rate. We meas- 
ure this Tafel slope over a range of current  density 
dur ing the open-circui t  self-discharge transient,  but  
all current  densities in this range (typically 1-1O 
~A/cm 2) are well  in excess of the steady-state current  
density at the same potential. Our measured Tafel 
slope values are not strongly affected by the clean- 
liness of the system, and we find that  greater care is 
required to achieve reproducibil i ty in the optical data 
than in the electrical data. 

The electrical circuitry uses high-impedance opera- 
t ional amplifiers for a galvanostat,  potentiostat, po- 
tential  sweep circuit, and follower. The potential  is 
monitored on a strip chart recorder in the laboratory, 
but the t ransients  from which Tafel slopes are deter-  
mined are recorded using the A/D converter  of the 
IBM 1710 process control computer, The computer 
sets a latching contact to open a relay in the cell 
circuit, then samples the potential  at fixed time in ter -  
vals (every 4.8 msec) and stores data at specified po- 
tent ial  intervals.  The recording of data in this manner  
provides a set of results directly suited to a least 
squares analysis of potential  vs. log t. The computer 
carries out this analysis and prints  out the Tafel slope 
and an estimate of its s tandard deviation. 

The capacitance can be determined from the open- 
circuit t rans ient  analysis, however the curve-fi t t ing 
procedure is Iess sensitive to capacitance errors than 
it is to Tafel slope errors. We can monitor  the capaci- 
tance continuously dur ing  an experiment  by adding an 
a-c component to the current  from the galvanostat. 
A lock-in amplifier detects the component of the a-c 
voltage 90 ~ out of phase with the current,  and the 
output  of the lock-in amplifier is plotted vs. potential  
on an X-Y recorder. 

Results and Discussion 
A typical anodic oxidation t rans ient  is shown in Fig. 

1. The p la t inum electrode is held ini t ia l ly at a potential  
of +0.27V (on the hydrogen scale). At point  A the 
electrode is switched to the galvanostat  set for a cur-  
rent  density of 10 ~A/cm 2. The potential  rises rapidly 
at first, then increases l inearly with t ime along BC. 
At point  C (1.37V) the galvanostat  is switched to --10 
~A/cm 2, and the potential  traces out the s-shaped re-  
duction curve to point D at which the electrode is 
switched back to its ini t ial  potential, +0.27V. A series 
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Fig. I .  Variation of potential (solid curve) end polarizer null 
reading (triangles) for galvanostatic oxidation (ARC) end reduc- 
tion (CD) at 10/~A/cm 2 of a platinum electrode in IN H2SO~. 

of polarizer and analyzer  nu l l  readings are recorded 
by the following ell ipsometer as the t rans ient  is swept 
out. The polarizer nu l l  readings (P) at 8 sec intervals  
are plotted vs.  t ime along with the potential  in Fig. 1. 
P changes l inear ly  with t ime in the region BC in 
which the potential  increases l inear ly  with time, and 
re turns  to its ini t ial  value at point D after cathodic 
reduction. The over-al l  change in P is only 0.27 ~ and 
hence the accuracy and reproducibi l i ty  of the data are 
very important .  The narrowness  of the range of 
variat ion of P made it necessary to carry out a study 
of the effect of var ia t ion in surface roughness on re-  
versibil i ty and reproducibi l i ty  of the data. Under  the 
exper imental  conditions used to obtain the data in 
Fig. 1, the optical data can be reproduced in a suc- 
ceeding run  to wi th in  -!-_ 0.01 ~ . The accuracy of the 
data is not apparent  in Fig. 1 in which points at 8-sac 
intervals  are plotted. In  Fig. 2 the section of Fig. 1 
from t = 50 to t = 100 sec is plotted on an expanded 
time axis. The data points show very  li t t le scatter; in 
fact, in the lat ter  half  of the t ime interval,  no scatter 
is detectable, and the only deviation from l inear i ty  is 
produced by 0.01  ~ resolution of the ins t rument .  F i f ty -  
n ine  data points were recorded in this 50-sec interval ,  
but only 53 distinct points appear in  the figure because 
only two of the 18 pr in ter  columns were used to re-  
cord time, and the data have a l imited 1-sec t ime re-  
solution. As a result, in two instances two values of 
P appear as distinct s imultaneous points, and 6 other 
points overlap the plotted points. 

In  Fig. 1 and 2, P is used to represent  the optical 
data, but  an actual  optical measurement  includes the 
analyzer nul l  reading, A, also. The optical results can 
be displayed convenient ly  on an X-Y  plot of P vs. A. 
This is the form in which the data are monitored 
dur ing  an experiment,  and the same form is used 
when fitting the data using a graphic display computer  
terminal.  Figure 3 is a P - A  plot of the optical data 
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Fig. 2. Complete polarizer null data for a segment of the 
transient plotted in Fig. 1. 
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Fig. 3. P-A plot of the optical data recorded during the galvano- 
static transient plotted in Fig. 1. To avoid overlap, different A 
scales are used for the oxidation data (ABC, right A scale) and 
the reduction data (CD, left A scale). Open circles show points 
which were recorded once only; solid circles show points recorded 
two or more times. 

recorded dur ing  the t ransient  plotted in Fig. 1. The 
points A, B, C, and D in the figure are the points so 
identified in Fig. 1. The optical data show a slight in-  
flection at point  B during anodic oxidation, but  show 
no inflection along CD dur ing cathodic reduction. The 
lines AB (47 points, slope 0.509 with s tandard devia-  
t ion 0.026), BC (75 points, slope 0.215 with standard 
deviation 0.021), and CD (58 points, slope 0.254 wi th  
s tandard deviat ion 0.006) were fitted to the data using 
least squares. The inflection dur ing anodic oxidation 
occurs at a potential  of 1.1V, and the change in slope 
is statistically significant. 

The changes in P and A produced by growth of a 
uni form film depend on both the complex refractive 
index of the film, n - ik ,  and its thickness, D. For th in  
films the locus traced out in the P - A  plane as D in-  
creases with n and k constant  is s imply a straight l ine 
whose slope depends on n and k, and whose length is 
proport ional  to D. The data in Fig. 3 fall  on three 
lines of significantly different slope and hence cannot 
be generated by a process in which only D is varying.  
The inflection at point B can be accounted for either 
by the growth of a second layer with different index 
on top of the ini t ial  layer grown from A to B, or by a 
progressive change in the refractive index as the layer 
continues to grow beyond the 1.1V potential.  (A 
s tructure  of this type would not be produced by the 
growth of a monolayer  whose effective index varies 
with surface coverage, followed by growth beyond a 
monolayer  at constant  index; such behavior  would re-  
quire  A, B, and C to be co-l inear  points, BC to be a 
straight line, and AB to deviate from lineari ty.)  The 
fact that  the data fall  on one l ine of in termediate  
slope as the layer is removed by cathodic reduction 
suggests that  only one layer is present  on the surface 
at point  C, and hence favors a model in which the 
film index changes progressively as the potential  in -  
creases beyond 1.1V. A detailed analysis to determine 
the refractive index of the layer at point C is presented 
in the Appendix. A unique  value cannot  be determined 
for the layer index or the absolute thickness. A 
reasonable estimate of the cal ibrat ion factor re la t ing  
changes in P to changes in film thickness is found to 
be 10-20 A/deg P with higher values possible. This 
gives a range  of 0.8-1.6A for the thickness at B, and 
2.7-5.4A at C. 

A set of Tafel slopes can be determined at points 
along the t rans ient  plotted in  Fig. 1 by opening the 
circuit briefly at selected points and recording poten-  
t ia l - t ime data for Tafel slope analysis. The parameter  
we use to designate the point  at which the Tafel slope 
is measured is the potential  reached just  prior to 
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opening the circuit. We refer to this potent ial  as the 
formation potential, Vf. The Tafel slope expresses the 
dependence of current  density on overpotential  and is 
not itself a function of overpotential,  but  it may de- 
pend on the state of the electrode surface, and this 
state may be specified uniquely  in these experiments  
by two parameters:  the formation potential  and the 
formation current  densi ty (the value set on the gal-  
vanostat) .  

The Tafel slopes obtained at a formation current  
density of 10 ~A/cm 2 are plotted vs. formation po- 
tent ial  in Fig. 4 along with the corresponding values 
of (Po--P) .  For values of Vf above 1.1V, the Tafel 
slope increases l inear ly  with formation potential, 
whereas below 1.1V the Tafel slope remains  approxi-  
mately constant at 19 mV. (Po--P) also increases 
l inearly with Vf above 1.1V. The l inear  portions of the 
(Po--P)  and Tafel slope plots both extrapolate to 
zero at 0.975V, and hence the Tafel slope is propor-  
t ional to (Po--P)  over the region in which both in-  
crease l inear ly  with Vf. We would prefer to plot film 
thickness rather  than (Po--P)  in Fig. 4, but  this is not 
possible. If we ignore the var iat ion in refractive index 
above 1.1V, the curve ABC in Fig. 4 can be considered 
a plot of relat ive thickness vs. Vf, and we can conclude 
that  the Tafel slope is proportional to the thickness of 
the film. If the slight var ia t ion in index above 1.1V 
is taken into account, the relat ive film thickness plot 
will still be a curve similar to ABC, but  the section 
BC may be rotated slightly a b o u t  B. A rotat ion about 
B will shift the intercept  away from D, but, since BD 
is short compared with BC, a slight var iat ion in index 
will not inval idate  our conclusion that  the Tafel slope 
for anodic oxidation is proportional to the thickness of 
the oxide film, and hence the process is l imited by 
the field in the film. 

The extrapolat ion of the Tafel slope plot to in ter-  
sect the formation potential  axis at 0.975V determines 
the zero of overpotential  for the anodic oxidation 
process. In  a series of potentiostatic measurements,  
Reddy, Genshaw, and Bockris (10) found that  a film 
formed suddenly when  the potential  crossed 0.98 • 
O.OlV. Our value for the zero of overpotential  is con- 
sistent with their  measurements.  

The abrupt  change in the slope of Vo curve in Fig. 4 
at Vf = 1.1V, and the slight inflection in the P-A plot 
in Fig. 3 at the same potential, lead us to conclude 
that this is the point at which the surface is covered 
by a monolayer  of oxide. Below this value of Vr the 
Tafel slope retains a value proport ional  to the thick- 
ness of the layer par t ia l ly  covering the surface, 
whereas the optical measurements  involve an average 
over the bare  and covered portions of the surface. The 
optical estimate of the monolayer  thickness, 0.8-1.6A 
or higher, is not unreasonable  when  compared with 
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Fig. 4. Tafel slope (EFG) and change in polarizer null reading 
(ABC) plotted as a function of formation potential for o formation 
current density of 10 #A/cm 2. 

the ionic radii  of p la t inum and oxygen, 0.5 and 1.4A. 
The progressive change in layer index above 1.1V 
suggests that  PtO can be formed as a monolayer,  but, 
as the oxide grows beyond monolayer  thickness, there 
is a tendency for its oxidation state to rise. 

The value of the capacitance whose self-discharge 
is studied dur ing an open-circui t  t ransient  is deter-  
mined by  the analysis used to obtain the Tafel slope. 
In  addition, the a-c voltage at a phase angle of 90 ~ to 
a superimposed a-c current  can be plotted vs. forma-  
tion potential. The a-c measurement  is displayed di- 
rectly in a convenient  form, whereas the results from 
open-circui t  t ransients  are obtained only after a least 
squares analysis, but  the in terpre ta t ion of the a-c 
measurements  is less direct. The reciprocal capaci- 
tance values from open-circuit  t ransients  are plotted 
in Fig. 5 along with a tracing of the a-c voltage for a 
10 ~A/cm 2 50 Hz a-c current  density superimposed on 
a 40 ~A/cm 2 formation current  density. For this fre-  
quency and formation current  density, the a-c imped-  
ance at 90 ~ phase angle is not just  1/~C, but  the de- 
pendence of the a-c voltage on Vf will  be due main ly  
to the dependence of 1/C on Vr. 

The two sets of data plotted in  Fig. 5 show a con-  
sistent dependence on vf, but  this dependence is not 
the simple l inear  dependence found in Fig. 4 for the 
Tafel slope, al though in any simple high-field model 
both parameters  should be proport ional  to film thick- 
ness. The failure of the 1/C values to increase with 
formation potential  beyond 1.2V is probably related to 
the progressive change in the refractive index which 
we have at t r ibuted to the raising of the oxidation state 
of the layer. The same type of dependence of Tafel 
slope and reciprocal capacitance on formation po- 
tent ia l  was found by DeSmet (11) in his work on the 
anodic oxidation of nickel, another  metal  whose anodic 
oxide can be raised to a higher oxidation state. Al-  
though the capacitance measurements  can be made 
consistent with a high-field model, they cannot be 
claimed to provide direct support  for such a model. 

The high-field model can be used to predict the de- 
pendence of layer  thickness on formation potential  at 
higher potentials where oxygen evolution becomes 
important.  Even if other processes are going on, the 
ionic current  is determined by the field in the film, 
and the growth rate of the film is proport ional  to the 
ionic current.  The model considers oxygen evolution 
to be due to an electronic tunne l ing  cur ren t  which 
flows through the layer  to the metal  once its potential  
exceeds the oxygen evolution potential. The total 
current  flowing through the layer therefore consists 
of an electronic component and a field-limited ionic 
component. In  the layer growth region below oxygen 
evolution (region BC in Fig. 1) a l inear  potential  
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Fig. .5. Reciprocal capacitance from open-circuit transients 
(circles) and o-c voltage 90 ~ out of phase with o 50 Hz a-c 
current of 10/~A/cm 2 superimposed on o d-c current of 40/~A/cm 2, 
both plotted as o function of formation potential. 
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sweep and a constant current  are equivalent ,  but  once 
oxygen evolut ion begins the two exper imenta l  condi- 
tions are  qui te  different and resul t  in different de-  
pendences of layer  thickness on format ion potential.  

In a galvanostat ic  exper iment  the total  current  is 
fixed, and hence an increase in the electronic com- 
ponent can only result  f rom a decrease in the ionic 
component  caused by a decrease in the field in the 
layer. This drop in the field shows up in a plot of 
layer  thickness vs. format ion potent ial  as an increase 
in the slope once the oxygen evolut ion potential  is 
crossed. (Although layer  thickness increases more 
slowly with  t ime once oxygen evolution begins, it 
increases more  rapidly wi th  format ion potential.) The 
(Po--P) measurements  f rom a galvanostat ic  exper i -  
ment  at a current  density of 40 ~A/cm 2 trace out the 
curve RST in Fig. 6 when plotted vs. V:. The predicted 
increase in slope is found as the oxygen evolut ion po- 
tent ial  is crossed. 

In a l inear potent ial  sweep experiment ,  the ionic 
and electronic currents  would  seem to be independent,  
but actual ly  they are coupled. The coupling arises be-  
caUse the currents  are not dr iven by the same over -  
potential:  the overpotent ia l  across the layer  sets up 
the field which drives the ionic current ,  but the elec- 
tronic current  results f rom a react ion controlled by 
an overpotent ia l  across the double layer  in e lectrolyte  
(i.e., the  tunnel ing process is not rate  de termining) .  
These overpotent ials  are in series, and the constraint  
that  their  sum increase l inearly wi th  t ime couples the 
ionic and electronic processes. Once the formation po- 
tential  includes an increasing series component  across 
the double layer,  the slope of the (Po--P) vs. Vf graph 
decreases. The results f rom an exper iment  in which 
the potential  is swept l inear ly  at 10.8 mV/sec  appear  
in Fig. 6 plotted along XYZ. The predicted decrease in 
slope is observed as the oxygen  evolut ion potential  is 
crossed. 

The above discussion, a l though qual i ta t ive ly  correct,  
is not complete. The two effects which  produce devia-  
tions in opposite directions f rom a l inear  ( P o ' P )  vs. 
Vf plot, the reduced ionic current  and the reduced 
overpotent ia l  across the layer, are both present when-  
ever  the potential  exceeds the oxygen evolut ion po- 
tential. A more detailed discussion could show that  
the reduced ionic current  effect dominates in a gal-  
vanostat ie  transient,  whereas  the reduced overpoten-  
tial effect dominates in a potent ial  sweep transient.  
The results plotted in Fig. 6 are of some importance 
because they  show that  the high-field model  can be 
used to predict  the results of more than just  the Tafel  
slope exper iments  f rom which the model  was derived. 
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Fig. 6. Polarizer null data for transients extending into the 
oxygen evolution region; RST, galvanestatic oxidation at 40 ~A/cm2; 
XYZ, potential sweep at 10.8 mV/sec. 

Conclusions 
We have shown that  the anodic oxidat ion of plat i -  

num meets the basic requi rements  for a process 
l imited by the field in the oxide layer, and hence we 
conclude that the anodie oxidation of p la t inum and 
tan ta lum are governed by the same general  laws. We 
do not expect  this conclusion to be accepted uni-  
versal ly  by workers  s tudying anodic processes on 
plat inum, for the very  good reason that  the oxide film 
and the potent ial  across it have  v i r tua l ly  no effect on 
reactions for which the pla t inum electrode acts simply 
as a sink for electrons. The tunnel ing process wi l l  not 
i tself be  rate  determining,  and the potent ial  of im-  
portance in tunnel ing will  be the potent ial  of the  
p la t inum electrode, not the potential  of the oxide sur-  
face. 

Our conclusion says considerably more  about the 
anodic oxidation process than it does about the anodic 
behavior  of platinum. If the same basic laws govern 
the anodic oxidat ion of metals  as dissimilar as plat i -  
num, iron, and tan ta lum over a range of oxide film 
thicknesses f rom monolayer  coverage on pla t inum to 
thousands of angstroms on tantalum, then any mean-  
ingful  theory of anodic oxidation must not be over ly  
sensitive to ei ther  the chemis t ry  of the meta l  or the 
s t ructure  of the oxide. 

A c k n o w l e d g m e n t  
The authors would like to acknowledge the  help 

given by Dr. F. G. Will  in a discussion of the feas- 
ibi l i ty of these exper iments  on p la t inum and gold 
substrates. This work  was supported in part  by the 
National Research Council of Canada under  Grant  
No. A-1151. 

Manuscript  submit ted Apri l  13, 1970; revised manu-  
script received ca. Aug. 24, 1970. 

Any  discussion of this paper  wil l  appear  in a Discus- 
sion Section to be published in the December  1971 
JOURNAL. 

A P P E N D I X  
The b_~re surface measurement  at 60 ~ incidence, 

Po = 26.86 ~ Ao : 37.81 ~ gives a value  of 2.32-5.14i for 
the re f rac t ive  index of p la t inum at 6328A. As is usual 
wi th  very  thin films, a unique va lue  cannot be deter -  
mined for the ref rac t ive  index of the oxide. The set 
of n- ik  values which give layer  growth curves with 
slopes •  equal  to the slope of the exper imenta l  
curve  AC in Fig. 3 can be displayed as a curve  in the 
n-k  plane. This curve  is plotted in Fig. 7 and has two 
segments, AB and CD. Any  point on ei ther segment 
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Fig. 7. Curves showing the values of refractive index which fit 
the experimental data (AC in Fig. 3), and the absolute thickness 
calibration factors. The index values are represented in the n - k  

plane by AB and CD, and the corresponding calibration factors are 
plotted vs. n along XY and UV. 
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Fig. 8. Theoretico[ curves showing the loci traced out when k 
is incremented from 0.0 to 5.1 in 0.3 steps for o film with o thick- 
ness of 5A ond reol index component of 1.7 (EF), 2.1 (GH), and 
2.5 (JK). Point A is the bore substrote reading, ond the dashed 
line AC shows the slope of the experimentol curve generated as 
the Ioyer is removed from the surfoee. 

represents a possible value of the refractive index of 
the layer. The absolute thickness calibration factor, in 
A/deg P, depends on the value chosen for the layer 
index, and is plotted vs. n in Fig. 7. This curve also 
has two segments, XY and UV, corresponding to the 
segments AB and CD of the refractive index curve. 

Three theoretical curves are plotted in Fig. 8 to 
indicate how Fig. 7 is generated, and why it has two 
segments at low n. The bare surface measurement  is 
plotted at point A, and the dashed line AC shows the 
slope of the exper imental  curve AC in Fig. 3. Curve 
EF is the locus traced out in the P -A  plane as k is 
varied in 0.3 steps from 0.0 at E to 5.1 at F for a layer 

of fixed n = 1.7 and D = 5A. The curve EF intersects 
AC at two points corresponding to k = 0.2 and k = 1.9. 
The k = 0.2 value lies on AB in Fig. 7, and the 1.9 
value lies on CD. The thickness cal ibrat ion factor de- 
pends on the distance from A to the intersection of 
AC with EF, and hence its two values at n = 1.7 differ 
by about a factor of two. 

For  values of n equal to 2.1 and 2.5, curves GH and 
JK are traced out as k goes from 0.O to 5.1 for D = 5A. 
AC intersects GH at two points giving two values for k 
and two near ly  equal values for the thickness cal ibra-  
t ion factor. AC intersects JK at only one point, and 
hence only one value of k is possible for n = 2.5. 

The shape of the curves in Fig. 7 is quite sensitive 
to the slope AC which in tu rn  depends on Vf (due, we 
concluded, to the raising of the oxidation state as Vf 
increases). In particular,  it is apparent  from Fig. 8 
that if the slope of AC is increased somewhat, it will  
no longer intersect GH, and hence 2.1 will  not be a pos- 
sible value of n for any value of k. Our index values 
are not inconsistent with the value quoted by other 
workers (10) for ~. = 5461A, but  the sensit ivi ty to the 
slope AC and the wavelength difference make a direct 
comparison impossible. 
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The Effect of Superimposed A.C. on D.C. 
in Electrodeposition of Ni-Fe Alloys 

Zlata Kovac* i 
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ABSTRACT 

The effect of superimposing a sinusoidal a l ternat ing current  on a direct 
current  dur ing electrodeposition of Ni -Fe  alloys is discussed in terms of the 
following factors: (a) main ta in ing  the pH at the electrode equal to that  of 
the bulk  electro]yte, (b) ionic diffusion processes, and (c) chemical processes 
in solution prior to electrochemical reduction. The effect of frequency, am- 
plitude, and the ratio of a.c. to d.c. on the composition of electrodeposited 
alloy are given for acid solutions of different pH and for alkal ine solutions of 
metall ic complexes with a variable  concentrat ion of complexing agent. The 
behavior observed can be explained in terms of the factors listed above. In  
particular,  it is shown that  by proper choice of conditions, electrodeposited 
Fe-Ni  alloys can be prepared with a uniform composition throughout  their  
thickness. 

Al te rna t ing  current  has a significant influence on 
many  electrode processes and is widely used in such 
electrochemical investigations as the study of elec- 
trical double layers (1-3), the kinetics of the formation 
and dissolution of oxide films (4), fast electrode re-  
actions (5,6),  and in the electrodeposition and dis- 
solution of metals (7, 8). 

Vagramyan and Sutyagina  (9) reported that  a l ter-  
na t ing  current  can effect the grain size, brightness, and 

1 Present address: PPG Industries, Inc . ,  S p r i n g d a l e ,  P e n n s y l v a n i a .  
* Electrochemical Society Active M e m b e r :  
Key words:  electrodeposition, alloys, permalloy, Ni-Fe f i lms,  a -c ,  

doe. 

porosity of electrodeposited metals. Marchese (I0) 
showed that  the superposition of a.c. on d.c. reduces 
in terna l  stresses in electrodeposited nickel. The mag-  
netic properties of electroplated Ni-Co films could also 
be improved by superimposing a.c. on d.c. dur ing  their  
codeposition ( l l ) .  

Our interest  was to find what  effect a.c. (of variable 
frequency and ampli tude)  has on the composition and 
uniformity  of electrodeposited Ni-Fe alloys. 

First, let us examine ways in which superimposed 
al ternat ing current  can affect the electrodeposition 
process. We will  consider the cases where: 
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1. For  some port ion of each cycle, the a-c com- 
ponent converts  the electrode f rom cathode to anode. 

2. Current  is control led by ionic diffusion in the 
electrolyte.  

3. Deposit ion at the electrode is preceded by a 
chemical  react ion in the solution. 

Case I 
During electrodeposit ion of most metals, discharge 

of H30 + or H20 occurs concurrent ly  wi th  pH changes 
in the vicini ty  of the electrode surface�9 For  metals  wi th  
small  hydrolysis  constants this alkalization wil l  be 
reflected in the formation of metal l ic  hydroxides,  
which subsequent ly  can be incorporated into the de- 
posit, thus causing nonuniformity.  In the codeposition 
of two or more metals  this phenomenon can cause 
preferent ia l  deposition of one metal,  so-called anoma-  
lous codeposition (12), and a concentrat ion gradient  
across the deposit thickness (13), which wil l  be the  
most pronounced in the first 500A. 

If one superimposes a.c. on d.c. during electro-  
deposition of such metals, then during the t ime for 
which the electrode is the anode, oxidation of adsorbed 
hydrogen formed in the cathodic cycle wil l  take place 
according to 

ca th .  
H + - { - e -  ~ Hads 

anod .  

In the ideal case of balancing the rate of cathodic dis- 
charge of H + ions wi th  its rates of oxidation and dif-  
fusion from solution, one can achieve control of pH 
on the surface such that  pH (surface) ~ pH (bulk) .  
Hence, the above 'men t ioned  difficulties should be 
minimized if not complete ly  eliminated.  Mathemat i -  
cally, this presents a complex problem�9 However ,  ex-  
per imenta l ly  one can easily find the condition where  
there is no preferent ia l  deposition of one of the metals  
and where  there  is no composition gradient  in the de- 
posit, i.e., the condition of constant pH. 

Case 2 
Passage of ei ther direct or a l ternat ing current  

through an electrolytic cell wil l  produce concentrat ion 
changes, which are susceptible to mathemat ica l  t rea t -  
ment.  Sand (14) solved the diffusion equation for the 
case of electrolysis wi th  a constant direct  current  and 
Warburg  (15) and Kruger  (16) for the case of sinu- 
soidal a l ternat ing current.  Both t rea tments  start  f rom 
Fick's second law 

Oc 02c 
. =  D [1] 

Ot Ox 2 

where  c is the concentrat ion of one ionic species, D is 
its diffusion coefficient, and x is the  distance from the 
electrode into the solution. 

Both d-c  and a-c currents  have the same boundary 
conditions, namely  

cx=o = Cx=| for t = 0 
and 

0c 
= 0  for x ~  oo and t > 0  

Ox 

Here, c~=o is the concentrat ion at the electrode surface 
and cz=| is the bulk concentration�9 

The solution of Eq. [1] for constant  d.c. is 

2i ~ /  t 
c(o,t) = c| - -  ~ [2] 

nF ~D 

where  i is the current  density, t is time, n is the num-  
ber of electrons involved in: the electrode reaction, 
and F is Faraday 's  constant. For  s teady-s ta te  condi-  
tions 

i8 
co - -  c~  = [ 3 ]  

nFD 
o r  

Ac = K i 8  

where  5 is the thickness of the diffuse layer, and K 
includes all constant terms. 

For  sinusoidal a.c. the solution of Eq. [1] is (15, 16) 

Coo.t) = C| n F ~ / D ~  exp -- 2 D  " x 

( �9 sin a t - -  2D x - -  4 [4] 

where  I is the ampli tude of the current  density, and 
= 2nf where  ] is the a-c frequency.  
At the electrode surface where  x = 0, Eq. [4] be-  

comes 

o r  

hc  = n F k / D a  sin at 4 

~c = k / ~ s i n  at 4 

[5] 

where  A / ~ / ~  is the ampli tude of concentrat ion wave. 
If both currents  act s imultaneously on the system, 

then the net  concentrat ion changes can be obtained 
by adding together  the concentrat ion change that  
would be produced by each current  taken separately 
(17) (since the sum of a number  of solutions of a l inear  
differential  equation is l ikewise a solution).  Thus 

D ~ / 
~ c - - - - - - [ i S - t - I ~ / - ~ s i n ( a t  ~ - ) ]  nFD [6] 

Suppose one electrodeposits a binary alloy, wi th  one 
of the depositable meta l  ions under  diffusion control  
and the other  under  charge t ransfer  control�9 In such a 
case Eq. [6] is applicable to only one consti tuent of 
the alloy, and the other consti tuent wil l  be deposited 
as if the a.c. were  not present, since a.c. does not effect 
charge t ransfer  reactions. 

Now, let us examine  the conditions under  which 
a.c. and d.c. have comparable  effect on concentrat ion 
change of Fe, which is deposited under  diffusion con- 
trol  (13). For  a 10-3M Fe solution and a total  direct 
current  density of 2 mA cm -2, the par t ia l  current  
for discharge of Fe  is found to be 0.32 m A  cm -2, which 
f rom Eq. [3] gives ~c ---- 8.5 x 10-6M cm -3. Suppose 
we take I to be 15 mA cm -2, then the ampli tude of the 
concentrat ion wave  from [5] is 2.6 x 10 -6 and 0.37 x 
10-6M cm -a for a f requency of 20 and 1000 Hz, re-  
spectively. In other  words, a.c. of low f requency pro-  
duces 30% and of high f requency 4% of the total  con- 
centrat ion change�9 If the d.c. is increased, then the 
effect of a.c. becomes even smaller  (2% for 1000 Hz 
and id-c Of 4 mA cm-2) .  Clearly the effect of diffusion 
becomes progressively smaller  wi th  increasing f re-  
quency. Theoret ical ly  (Eq. [5]), one can increase the 
effect of a.c. by increasing its amplitude. Practically,  
however,  it is not desirable to go too high into the 
anodic region, where  dissolution of the alloy and oxide 
format ion can take place. 

Case 3 
If electrodeposit ion is carried out f rom a solution of 

complex ions, then a reduct ion to the metal l ic  state 
can take place ei ther direct ly f rom the complex ion 
or this electrochemical  step can be preceded by a 
chemical  step or several  steps in series (18, 19). 

If  one assumes that  e lectrochemical  reduct ion is 
preceded by a homogeneous chemical  react ion of a 
type 

kf 
MmCn (Zl+Zf) ~ m M z l  2 c nCz~ 

kb 

then the rate of format ion of the metal l ic  ions is 

V = k f C M c  - -  k b  (CM) m (Cc) n [ 7 ]  

where  kf is the rate  constant for dissociation of the 
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complex and kb that  for the recombination, and CMC, 
CM, CC are the concentrat ions of metall ic complex, metal  
ion, and complexing agent, respectively. Equat ion [7] 
can be wri t ten  as 

v = Vo - k C M  p [8] 

where Vo is the reaction exchange rate, k = kbCc is the 
reaction rate constant, and p is the reaction order. 

As a result  of diffusion and chemical reaction the 
change of concentrat ion with t ime and distance at the 
surface of electrode can be represented by Fick's sec- 
ond law in extended form 

= D 0~--~c 
Ot OX ~ + v [9] 

Equation [9] applies to both direct and al ternat ing 
currents.  The direct current  due to the deposition of 
metal  with a slow chemical step and p = 1 is (20) 

i ----- -- n F  ~/VoCMD 1 + ~- ~ -  -- 2--CM [10] 

where CM is equi l ibr ium concentrat ion of metal  ions 
determined by CM = KCMc/Cc, K being the stabili ty 
constant  for a given complex. When the concentrat ion 
of metal  ions at the surface, Cs, becomes zero, a l imit-  
ing reaction current  ir is reached, given by 

ir ---~ -- nF  ~/VoCMD [11] 

and from its value one can calculate Vo and k (since 
at equi l ibr ium v = 0 and Vo becomes equal to k �9 CM). 
The reaction exchange rate is also related to the thick- 
ness of the reaction layer, 8i, by the following equation 

~ / D C M  
~i = �9 [12] 

Vo 

Passage of a.c. through a system where chemical 
reaction occurs prior to charge transfer will produce 
concentration changes which depend not only on •-i/2 
but also on k. 

Vetter (21) [who simplified Gerischer's original der- 
ivation (22)] gave the concentration change as a differ- 
ence of ohmic and capacitive components of the elec- 
trolyte, both of which are function of ~-1/2 and k/~. 
The concentration wavelength as well as penetration 
depth are also dependent on the same parameters. 
This derivation is valid only for very small differences 
between CM and Cs. Furthermore, the a-c and d-c solu- 
tions of the differential equation cannot be added in 
this case, since the differential equation is nonlinear. 
A quantitative treatment has therefore not been at- 
tempted. Qualitatively, however, one would expect that 
at a low frequency the concentration wave will be able 
to follow the slowly varying current, and that the pen- 
etration depth would be of the same length as d-c 
reaction layer thickness. At higher frequencies, the 
formation and decomposition of metal complexes will 
be increasingly less important, since they cannot follow 
fast changes of current. In addition the penetration 
depth of the concentration wave will become smaller. 
For both these reasons, it is to be expected that at high 
frequencies the d-c behavior will dominate. 

When two or more metallic complexes are present 
in the system, a-c will effect them differently depend- 
ing upon the value of k/(~ for each complex. Hence by 
superimposing a.c. on d.c. one can affect the deposition 
kinetics of alloys in a very practical way. 

Exper imental  Procedure 
Experiments  were performed in two compartment  

cells. The cathode was Cu-sheet  or evaporated Ag on 
glass (2 x 2 cm), placed horizontally in one compart-  
ment  of the cell. The back of the electrode was masked, 
so that electrodeposition was carried out on one side 
only. A P t -mesh  auxi l iary electrode was placed N2 cm 
above the working electrode. The reference electrode 
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I. AUXILARY ELECTRODE 
2_ WORKING ELECTRODE 

REFERENCE ELECTRODE 
4 SIGNAL GENERATOR, HEWLETT ~ PACKARD MODEL 205 AG 
5 POWER SUPPLY 
6 AMMETER, KEITHLEY-610B 

VOLTMETER, KEITHLEY-600A 
8 DUAL-BEAM OSCILLOSCOPE, TEKTRONIX - 565 
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E Ep 

o .2  ~ 

1' 

Fig. 1. Electrical arrangement for electrodeposition with com- 
bined d.c. and a.c. On the right-hand side are shown the net cur- 
rent and potential curves. 

compartment  (SCE) was connected with the main  
compartment  through a Luggin capil lary carefully 
bent  to avoid any shielding effect. 

The electrical circuit [similar to one used by Mar-  
chese (10)] is shown in Fig. 1. Cur ren t - t ime  and po- 
tent ia l - t ime curves were recorded s imultaneously on 
a dual -beam oscilloscope (Tektronix Model 565). It is 
important  that one records the potential, since this 
provides a means of de termining the region in  which 
the oxidation of hydrogen takes place by a method 
which minimizes dissolution of alloy and avoids its 
oxidation. 

Exper iments  were carried out in acid and alkaline 
solutions. The acid solutions had the following com- 
positions (23) : "low Ni": 0.024M NiSO4, 0.006M FeSO4, 
0.035M NaKC404OB, pH = 3 or 4.6. The molar  ratio of 
(Fe/Ni)  in solution was 20/80. "High Ni": as above, 
but  with 0.114M NiSO4 and pH ---- 3, 3.8, or 4.6. Here, 
the (Fe/Ni)  ratio in solution was 5/95. The alkaline 
solutions were ammoniacal-ci t ra te  solutions (24), the 
compositions of which were: "high citrate": 0.125M 
NiCO3, 0.032M Fe dust, 0.301M CaHsOT, 0.332M (NH4)2 
HC6HsO7 and NH4OH for pH = 9.25. The "low citrate" 
solution had the same pH and concentrat ion of Ni and 
Fe, but it contained 0.127M C6HsOv and 0.137M (NH4)2 
HC6H~OT. The molar  ratio of (Fe/Ni)  in solution was 
20/80. 

The solutions were made of ACS grade chemicals 
and deionized water. The citrate solutions were pre-  
pared according to Stephan's  patent  (25). 

After electroplating, the samples were cut into 
1.5 x 1.5 cm squares and analyzed by the x - r ay  fluores- 
cence method for weight per cent Fe (accuracy +_ 1 
w/o)  and thickness (accuracy __ 150 A).  

Results 
In  the first series of experiments  we examined the 

effect of frequency on the rate of deposition and on 
the composition of the deposited alloy. In Fig. 2 and 3 
are shown the rate and per cent Fe as a function of 
log frequency in low and high nickel solutions, respec- 
tively, for conditions of constant  pH, id-c and /peak. On 
the lef t -hand sides are given values for direct current  
plat ing only. 

As was ment ioned earlier, one expects a diminishing 
effect of a.c. with increasing d.c. in the system. This 
prediction is clearly seen from Fig. 4. With dd.r of 2 
mA cm -2 the Fe  content  varies from 9.5 to 30%, bu t  
changes only from 15.2 to 18% with id-o of 5 mA cm -2 
at constant  /peak and pH (3.8). 

Figure  5 shows a log i-E plot for the high citrate 
solution. It can be seen that  for high values of total  
current, iFe reaches a l imit ing value, which is taken 
as the l imit ing reaction current  according to Vetter 's 
criteria (21). In Fig. 6 and 7 are given the deposition 
rates and per cent Fe as a funct ion of log frequency 
for two values of direct cur rent  density. 

The variat ion in composition with the densi ty of 
direct current  at constant f requency and ampli tude of 
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Fig. 2. Fe content and the rate of alloy deposition as a function 
of log f in low nickel solutions of pH = 3.0 and pH = 4.6. 
(Fe/Ni)so! = 20/80, with id-c = 2 mA cm - 2  and ip - -  13.7 
mA cra - 2 .  
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mA cm - 2  and lp ~ 15 mA cm -2 .  

al ternat ing current  is given in Fig. 8 and 9 for acid 
and alkal ine solutions, respectively.  For  the purpose 
of comparison, data for d-c plat ing alone are also 
given and designated as f = 0. 

F rom Eq. [5] one expects that  the ampli tude of the 
diffusion concentrat ion wave  to increase wi th  increas-  

ing Ipeak, and hence that  the iron content  of both the 
surface electrolyte  and the deposit should decrease. 
This indeed can be seen f rom Fig. 10. 

Since t empera tu re  affects the equi l ibr ium constant 
for the dissociation of metal l ic  comp]exes, it can be 
expected to exer t  an influence on the  deposition rate.  
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corrosion rate of the alloy becomes too large for mean -  
ingful  study. 

Discussion 
From Fig. 2, 3, 4, 6, 7, and 11 one can clearly see to 

what  a large extent  the composition of the deposit is 
influenced by frequency. Since the percentage of one 
metal  is a funct ion both of its deposition rate and of 
the total rate of metal  deposition, it is more meaning-  
ful to examine how the iron rate alone varies with fre-  
quency. The diffusion law predicts a l inear  dependence 
on ~-1/2, c.~., Eq. [6]. From the plots given in Fig. 12- 
14 it can be seen that  the rate of Fe deposition is in-  
deed l inear ly  dependent  on ~-1/2, approaching its d-c 
value at high frequencies, where the contr ibut ion from 
the a-c component  becomes negligible. However, there 
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nickel solution, (Fe/Ni)sol ~ 5/95 at pH ~ 3, 3.8 and 4.6, id-c = 
2 mA cm -2 ,  Ip 13.75 mA. Data in the right corner are the values 
for d.c. alone. 
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are two regions, one being that  of low frequency,  i.e., 
20-100 Hz, and the other  f rom 100 to 1000 Hz for which 
the slope of the line has different values, being smaller  
at lower frequencies.  The explanat ion of this behavior  
is discussed separately below for the two different 
types of solutions employed. 

Deposition # o m  acid solutions.--In the solution of 
pH ---- 3, the ra te  of alloy deposition is lower  under  
a.c. plus d.c., than under  d.c. alone. This indicates that  
some dissolution of alloy is taking place. One can 
argue that  Fe  dissolves faster  than Ni, hence there  is 
less Fe present  in a deposit. However ,  there  is no t rend  
in the var ia t ion of alloy deposition rate  wi th  f re-  
quency. Fur thermore ,  in the solutions of pH ---- 4.6, the 
total  rate is not affected with  a.c., but  the Fe rate is 
lower and shows the same clearly defined two regions 
of different dependence on frequency.  In the region of 
low f requency the contr ibution of a.c. is twofold. First,  
its effect on diffusion is the largest, and second, there  
is an effect on the surface pH. For, when  the potential  
is var ied  slowly, the electrode remains in the anodic 
region sufficiently long to allow oxidat ion of adsorbed 
hydrogen on its surface (26). Hence, pHsurface is brought  
back to its original  value for the next  cathodic cycle. 
If pHsurface does not increase, the formation of hydrox-  
ides does not occur, hence there  is no anomalous depo- 
sition of iron and the Ni deposition is not suppressed. 
This can be clearly seen f rom Fig. 12. With increasing 
frequency, the electrode spends less and less t ime in 
the anodic region, and the kinetic processes apparent ly  
cannot follow such rapid changes. As a result, pHsurface 
increases sufficiently to cause the formation of iron hy-  
droxide, which prevents  the discharge of Ni. It is in-  
terest ing to note that  already at 100 Hz Ni and Fe 
deposit wi th  the same rate, c.f., Fig. 12, in spite of the 
fact that  the bulk concentrat ion of Ni is four t imes 
higher  than that  of Fe. Above  100 Hz Fe deposits wi th  
a higher  rate  than Ni. In Fig. 13 are shown the rates 
of Fe deposition for three  values of bulk pH. Within the 
exper imenta l  error, Fe  deposits f rom the solutions of 

pH = 3.8 and pH ---- 4.6 wi th  the  same rate, indicating 
that  a.c. produced the same surface pH. 

With increasing bulk pH, or by increasing the d-c 
level, the  a-c component  becomes less effective in con- 
trol l ing the pH of the surface (c.f., Fig. 2, 3, and 4). It  
should be pointed out that  according to Bockris et al. 
(25), the Fe rate, i.e., part ial  current  density for iron 
deposition, is closely connected wi th  pH through the 
fol lowing relat ionship (0 In iFe/O log COH--) - - - - -  1. 

Examining  Fig. 2, one can see that  in the  low Ni 
solution of pH ---- 4.6, the ra te  of alloy deposition is 
h igher  under  a.c. plus d.c. then under  d.c. alone. If 
adsorbed hydroxides  block the surface, then a hydro-  
gen evolution react ion f rom the ra ther  di lute  bath 
might  be kinet ical ly  the most favorab le  reaction. With 
a.c. present  adsorption of hydroxides  does not occur, 
and hence the rate  is higher.  

Deposition Jrom complex  solut ions.--As was men-  
t ioned earlier,  deposition of the alloys f rom complex 
solutions wi th  superimposed a.c. on d.c. presents a 
ra ther  interest ing problem on account of the depend-  
ence on the k/o, ratio. Fur thermore ,  in such systems 
the two currents  are more comparable  since the re-  
action layer  thickness for d.c. is approximate ly  the 
same as the penetra t ion depth for a.c. (,-,7.5 �9 10 -5 cm). 
From Fig. 6 and 7 it can be seen that  just  by vary ing  
f requency one can vary  the Fe  content  f rom 14-59%, 
or, by decreasing the concentrat ion of complexing 
agent  for Fe, f rom 8-63%. 

In Fig. 14 are given the rates of Fe  deposition as a 
function of o,-1/2 for two values of d.c. and two con- 
centrat ions of ci t rate  ions. At  id-c = 2 mA cm -2 a qui te  
surprising effect is found, namely,  Fe  deposits wi th  a 
higher  ra te  f rom the solution containing more  of its 
complexing agent. When id-e is increased to 4 mA cm -2, 
Fe  deposits wi th  the same ra te  f rom both ci trate solu- 
tions in low-f requency  region. However ,  at h igher  f re-  
quencies the situation becomes "normal ,"  i.e., with 
more complexing agent there  are less Fe ions available 
for deposition. This "abnormal i ty"  can be explained 
if one compares the values of the rate  constant for 
low and high ci t rate  solution. 

The reaction exchange rate, Vo, can be calculated 
f rom Eq. [11] if the l imit ing reaction current,  ir, is de- 
te rmined exper imental ly .  For  the high ci t ra te  solution 
ir ---- 1.54 mA cm -2, giving Vo ---- 2.06 �9 10 -4. For  the 
low citrate solution ir ---- 2.02 mA cm -2 and Vo = 1.37 �9 
10 -4 mole cm -3 sec -1. F rom these Vo values k was 
calculated to be 4.63 �9 103 and 1.19 �9 108 sec -1 for high 
and low citrate, respectively.  It has been pointed out 
earl ier  that  the rate  depends not only on ~-1/2 but also 
on the ratio of k to ~. This ratio varies f rom 37 to 0.74 
in the high ci trate solution, but  only f rom 9.5 to 0.19 
in the low citrate, when  f is var ied  f rom 20 to 1000 Hz. 
The rate  constant is equal  to o, at 740 and 190 Hz for 
high and low citrate, respectively.  Since k is an order 
of magni tude  larger  than o, at low frequencies  in the 
high ci trate solution, Fe deposits wi th  a higher  rate  
than  f rom low ci t ra te  solution where  k and ~ are  of 
the  same order  of magnitude.  At  1000 Hz the ratio of 
k/o, in both solutions are of same magni tude  (0.74 and 
0.19), hence there  is ve ry  l i t t le difference in Fe rates 
(c.f., left  side of Fig. 14). 

By increasing id-c more mater ia l  is requi red  accord- 
ing to Faraday 's  law, and therefore  the effect of d.c. 
becomes more pronounced. When the f requency is in-  
creased the effect of a.c. is still fur ther  diminished, 
hence the t ransi t ion to "normal"  behavior  is observed. 

If the concentrat ion of ci t rate  ions is changed, one 
would not expect  to see any changes in Ni  rate, since 
Ni is present in solution as the [Ni (NH3),]  ++ com- 
plex. Exper imenta l  data given in Fig. 15 clear ly  bear  
out this expectation. 

By superimposing a.c. on d.c. one expects that  va r i -  
ation in Fe composition on the surface and consequent-  
ly in the deposit wi l l  take place wi th in  the t ime of one 
cycle, i.e., ~10 -2 sec. On a microscopic scale this means 
uniform composition, which is indeed observed exper i -  
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menta l ly ,  as shown in Fig. 16. The l ine at  the  bo t tom 
of the  graph  represents  pe r  cent  Fe  obtained f rom the 
solut ion wi th  molar  rat io  of F e / N i  = 5/95. Note that  
the composit ion of the  solution is reflected exac t ly  in 
the  deposi t  th roughout  its thickness.  

Conclusions 
By super imposing a.c. on d.c. dur ing  the e lec t ro-  

deposi t ion of al loys 
1. One can diminish  if not  comple te ly  e l iminate  

anomalous  codeposition. Fu r the rmore ,  inclusion of 
hydroxides  into deposi ts  can be excluded.  This regu-  
lat ion can be used not only  for i ron group metals ,  but  
in al l  cases where  one deals wi th  meta l  ions which 
readi ly  form hydrox ides  (Zn, In, Cd) .  

2. F r o m  the  same solution the  composit ion of an 
a l loy can be va r i ed  in a r a the r  wide  region (8-60% Fe)  
mere ly  by  va ry ing  the frequency.  This method  could 
be useful ly  appl ied  in studies of physicochemical  p rop-  
ert ies (such as stress, morpho logy  of a deposit,  gra in  
size, etc.) as a funct ion of composit ion at constant  d.c. 

3. Deposits of uni form composit ion can be obtained.  
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The Effect of Molecular Structure on the Electrode 
Kinetics of Aminoquinones and Quinone Thioethers 

Jeffrey L. Huntington and Donald G. Davis* 
Department of Chemistry, Louisiana State University in New Orleans, New Orleans, Louisiana 70122 

ABSTRACT 

The e lec t rochemis t ry  of a number  of aminoquinones  and quinone th ioe thers  
has been invest igated in aqueous-e thanol  solutions. H a l f - w a v e  potent ia ls  as a 
funct ion of pH have been measured  po la rograph ica l ly  and heterogeneous  r a t e  
constants  for severa l  of the  compounds have been de te rmined  by  cyclic 
vo l tammet ry .  The E1/2's and the ks.h'S have been compared  wi th  hyperf ine  
spl i t t ing  constants  de te rmined  by  ESR spec t romet ry  and conclusions a r r ived  
at  as to the effect of spin dens i ty  on e lect rochemical  parameters .  

A subs tant ia l  n u m b e r  of na tu ra l ly  occurr ing qui-  biological  systems (1). Also, it  has been repor ted  tha t  
nones have been shown to be essent ia l  to life. Many menadione  is an effective sensi t izer  in the  r a d io the r apy  
of these  are  involved in the  t r anspor t  of electrons in of cer ta in  types  of cancer  (2). The effectiveness of 

* Electrochemical Society Active Member. menadione  has been a t t r ibu ted  to i ts ab i l i ty  to react  
K e y  words :  ESR, cyclic vo l t ammet ry ,  he te rogeneous  ra te  con- 

stants,  polarography, wi th  thiol  groups such as cys te iny l  residues in prote ins  



58 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  SCIENCE JanuaTy 1971 

(3). Because of these facts, we decided to investigate 
the reactions of quinones with thiol and amine groups 
and to s tudy the electrochemistry and ESR spectra of 
the resul tant  products. In  this way it was hoped that  
a bet ter  unders tanding  of the biochemistry of quinones 
would result. 

Simple quinones have been studied electrochemi- 
cally by many  workers bu t  only recent ly  has the 
biologically impor tant  ubiquinone-6 been studied 
comprehensively (4). The first report  of an ESR 
spectrum of an aminoquinone appeared in 1960 (5). 
Russell et al. have published the spectrum of 2,5-bis 
( t -bu ty lamino)  benzoquinone in  DMSO and some 
work with aminoquinones  in acetonitri le has also been 
reported (6). 

For  this work we chose 50% ethanol  in water  be-  
cause this solvent allows good solubili ty of quinones. 
The hyperfine spli t t ing constants reported in  non-  
aqueous solvents (6, 7) are roughly proport ional  to 
ours in aqueous ethanol but  are only about two thirds 
as large. 

The syntheses of the various aminoquinones and 
thioethers used in this s tudy are reported elsewhere 
(8). Table I shows the structures of the various qui-  
nones studied. The same number  is used to designate 
the quinone, semiquinone,  or hydroquinone in any  
state of protonation. When a proton is spoken of as 
being a, ~, or 7, the proton in question is attached to 
the a, ~, or 7 carbon, respectively, in the side chain or 
r ing connected to the quinone moiety by the hetero-  
atom. 

Table I. Number assignments of qulnones studied 

H R 

0 

R NO. R NO. 

Me I NHCH2CH=CH 2 I0 
t-Bu 2 NHCH2COzH II 
OH 3 N~) 12 
NHMe 4 SEt 13 
NHEI 5 S-i" -Bu 14 
NH-n-Pr 6 SCH2Ph 15 
NH-i-Pr 7 S-i Pr 16 
NH 0 8 SPh 17 
aH-t-Su 9 SCH~H~OzH 18 

M e ~ R  Ph ~ R H I0 R 

R NO. R NO. R NO. 

Me 19 NH-i-Pr 22 t- Bu 24 
NH-n-Pr 20 S-i- Pr 23 COzMe 25 
NH-i-Pr 21 

0 H 

H-,,~l~-i- Pr 

t - B u ~ ' ~ H  

26 

Experimental 
The measurement  of the ESR spectra of the qui-  

nones listed in  Table I and a number  of others has 
been previously reported (8), as have the syntheses, 
analyses, and NMR spectra. The solvent chosen for the 
ESR and electrochemical studies was "50% ethanol" 
prepared by mixing equal volumes of 100% ethanol 
and distilled water. In a number  of cases it was found 
necessary to add a few per cent of chloroform to the 
"50% ethanol" to increase the solubili ty of the qui-  
none. This practice had little effect on the ESR 
spectra (see compounds 8 and 13 in Table II) or the 
electrochemistry. 

Reagents and buffers were general ly the best com- 
mercial  grade available and were used without  fur-  
ther  purification. Solutions were deaerated as neces- 
sary with prepurified nitrogen. 

No system of "pH" measurement  for nonaqueous 
solvents is universa l ly  employed (9). The "pH" values 
reported here are operat ionally defined. The procedure 
was simply to measure  the pH with a glass electrode 
after s tandardization with aqueous buffer, even though 
pH values in ethanolic solutions tend to be lower than 
found in an aqueous solution of the same buffer (9). 
The pH readings were general ly quite reproducible. 

Coulometry, polarography, cyclic vol tammetry,  
electrogeneration of radicals, and chronopotent iom- 
etry, all with three electrodes, were carr ied out by 
means of an operational amplifier, mult ipurpose elec- 
trochemical ins t rument ,  and t r iangle wave generator  
described elsewhere (10). Complete plans for this in-  
s t rument  are also available (11). The readout devices 
were a Hickock Model DMS-3200 digital voltmeter, a 
Houston Ins t ruments  HR-95 X-Y recorder, or a Tek-  
t ronix  Model 564 and /o r  Model 561A oscilloscopes with 
appropriate p lug- in  amplifiers and t ime bases. 

Electrochemical cells were of local design and were 
constructed completely of Pyrex.  The hanging mercury  
drop electrode used in many  of the studies was sup- 
plied by B r i n k m a n n  Ins t ruments  and consisted of a 
stainless steel micrometer  which extruded mercury  
from a Lucite reservoir  through a glass capillary. 

A dropping mercury  electrode was constructed in 
these laboratories, ent i rely of glass. The mercury  in a 
2 mm capil lary standpipe was supported by com- 
pressed air  in a chamber  above the mercury  reservoir. 
The mercury  column was pumped to the desired height 
by squeezing a pipette bulb. After  closing the stopcock 
the mercury  head would remain  constant  to wi th in  a 
few mill imeters  for a mat ter  of hours. A second stop- 
cock led from the reservoir  to a fu l l - length  Sargent  
capil lary (2-5 sec.) A p la t inum wire sealed through 
the glass just  above the capil lary made electrical con- 
tact, obviat ing the long lead which could be a source 
of excess noise. 

The various electrochemical techniques were ap- 
plied in  the usual  ways. Cyclic vo l tammetry  was used 
to measure heterogeneous rate constants as proposed 
by Nicholson (12). Some of the details of this applica- 
t ion are discussed below. 

Results and Discussion 
Controlled potential coulometry.--In various sol- 

vents, quinones have been reported to undergo one- 
(13), two- (7), or four-electron reduct ion (14) so it 
was necessary to establish the number  of electrons 
t ransferred for representat ive quinones upon reduc- 
t ion in 50% ethanol at moderate pH. The reduct ion of 
compound 21 at a mercury  pool in a pH 5 buffer con- 
sumed 1.98 electrons per molecule at E ---- 0.50V vs. 
SCE. Reoxidation at E ---- 0.20V recovered 1.8 elec- 
trons. Reduction of 7 under  the same conditions con- 
sumed 2.09 electrons of which 2.01 were recovered on 
reoxidation. Evidently,  reduct ion of aminoquinones in 
acidic solution is an over-al l  two-elect ron process and 
is not accompanied by  decomposition. 
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Polarography.--Aminoquinones and quinone thio- 
ethers gave reversible or quasi-reversible  polaro- 
graphic waves except that  both classes of compounds 
often exhibited large maxima. In  solutions of pH 5 or 
above, the maxima disappeared spontaneously over 
the period of an hour  or less. Quinone thioethers de- 
compose sufficiently rapidly at pH 8 or above to pre-  
vent  the gathering of useful data except for approxi-  
mate hal f -wave potentials. For this reason the follow- 
ing discussion is concerned pr imar i ly  with amino~ 
quinones. 

For  quinones and aminoquinones,  polarographic 
l imit ing currents  are proport ional  to the square root 
of the mercury  head, and the ha l f -wave  potentials do 
not depend on the drop time, the state of oxidation, or 
the support ing electrolyte concentration. The tem- 
pera ture  coefficients of the Ez/2's ( including the ef- 
fects of t empera ture  on pH and junct ion potentials) 
are small, about --1 mV/~ so it may be concluded 
that the waves are under  diffusion control. Whereas 
the theoretical  value of dE/d  log [i/id --4] is 30 mV 
for a reversible two-electron wave at 25~ the experi-  
menta l  is 32 mV for 21 and 34 mV for 7. By way of 
comparison, the slope is 34 mV for duroquinone,  19. 
The plots of log [i/id -- i] VS. E are linear, and the El/e 
does not depend on quinone concentration, which 
implies that  the electrode process is essentially re-  
versible and does not involve a dimerization. 

The less soluble compounds, such as 12, f requent ly  
gave abnormal ly  steep or otherwise misshapen waves, 
par t icular ly  below room temperature.  That the dif- 
ficulty here is insolubil i ty is corroborated by the 
normal  appearance of the waves upon warming  to 
50~ This encouraged us to a t tempt  to improve the 
electrochemistry by adding chloroform to improve 
the quinone solubility. This approach achieved a 
measure of success at chloroform concentrations of 
around 2%. Above 5%, however, the aminoquinone 
waves became increasingly irreversible,  the E1/2's 
shifted cathodically, and the drop time became 
erratic. This is presumably  a surface effect, but  why 
only 5% of so innocent  a solvent as chloroform should 
have such an adverse influence remains unexplained.  
Adding as much as 10% chloroform did not noticeably 
mitigate the enormous maxima observed at pH 5 and 
below. 

The equi l ibr ium constants for the formation of 
aminosemiquinones  by disproportionation are far too 
small  in aqueous solution to influence the shape of the 
polarographic wave. Alkyl thiosemiquinones are stable 
enough at high pH to be studied electrochemically, but  
the rapid decomposition of the parent  quinones makes 
precise measurements  near ly  impossible. 
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Fig. 1. D e p e n d e n c e  o f  p o l a r o g r a p h i c  h a l f - w a v e  p o t e n t i a l  on  
a m i n o s e m i q u i n o n e  n i t r o g e n  s p l i t t i n g  c o n s t a n t :  pH 11.0 g l y c i n a t e  
buffer, 50% ethanol, 0.20M NaCI04. Numbers beside experimental 
points refer to Table I. 

Diffusion coefficients at 24~ in 50% ethanolic pH 11 
glycine buffer containing 2.0 moles of NaC104 per l i ter 
were calculated from the Ilkovic equation to be 2.70 x 
10-s cm2 sec-1 for 21, and 2.82 x 10 -6 cm 2 sec -1 for 8. 
Duroquinone,  19, gave a diffusion coefficient of 3.52 x 
10 -8 cm 2 sec -1 under  the same conditions. These 
values are a little smaller than would be predicted for 
molecules of like size in aqueous solution, but  the 
higher viscosity of 2.0M NaC104 in 50% ethanol makes 
them seem reasonable (11). 

Table II is a compilation of the results of ESR 
studies on the compounds of interest  to this work. 

Despite the scatter in the data, it is obvious from 
Fig. 1 that  hal f -wave potentials of b is (a lkylamino)  
benzoquinones shift cathodically roughly in  direct pro- 
portion to the hyperfine split t ing constant  of the 
semiquinone amine nitrogen. There are two principal  
trends: the compounds lacking subst i tuents  in the 3 
and 6 positions fall on a line of slope --200 mV/G,  and 
the or tho-disubst i tuted aminoquinones  fall on a 
higher l ine with a somewhat  shallower slope. It ap- 
pears that the spli t t ing constant  of the semiquinone 
amine ni t rogen is a measure of the abi l i ty  of the 
ni t rogen to donate electrons to the r ing by  resonance. 
Induct ive and resonant  effects of other groups must  
be considered, however, and those compounds with 3 
and 6 position subst i tuents  must  again be treated 
separately. 

Table Ih 1H and 14N hyperfine splitting constants of semlquinone, aminosemiquinone, and 
thioethersemiquinone radical anions 

All spectra observed at approximately 3350 gauss, all splitting constants in gauss, listed without sign. 

H H  H ( C H ) 3  H N H H L i n e  S p e c t r u m  % E ce l l  
No. " ( r i n g )  a ( r i n g )  " a  = aNH aother width  (mg) width  p H  CHCI3 vs.  S C E  

4 0.77 3.47 3.00 2.20 85 38.7 11 25 - 1.00 
5 0.77 3.46 3,02 2.30 200  32.0 11 5 -- 0.83 
6 0 .80 3.17 3.17 2.35 b 400 31.78 11 5 - 0 . 8 1  

0.775 3 .20 3.25 2.36 0.1o, ~ 280  32.12 13 2 - - 0 . 8 0  
7 0.77 2.31 3 .08 2,31 200  23.08 11 10 --  1.0 
8 ~ 0.8 2.3 3.1 2.3 500 23.08 10 25 -- 1.5 
9 0. ' /8 - -  2.982 2,44 0.05 ~,e 350  18.33 I I  20  -- 1.2 

0.777 - -  3,05 2.55 0,05 ~.e 350 18.83 13 2 -- 0.8 
10 0.'/9 2.83 2.82 2.10 0.05-0.1 ~ 200 28.36 11 10 -- 1.2 
11 0.6-0.7 0 2.95 2.35 120 16.95 13 0 -- 1.2 
12 0.1 1.5 1.8 800 14.1 13 5 --0.60 
20 = 0.15 0.87 1.748 0.87 350  10.49 13 25 -- 1.10 
21 0 0.27 1.60 0.87 150 8.70 11 10 -- 1.2 
22  1.00 2 ,70  1.62 0 220 16.05 13 5 -- 1.4 

a P o o r l y  resolved.  
b C o n f i r m e d  b y  d e u t e r a t i o n .  
o E s t i m a t e d  b y  l i n e  b r o a d e n i n g .  

-~-Proton.  
E - P r o t o n .  

f E l e c t r o l y s i s  p o t e n t i a l  
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Ally lamine  would be expected to be a superior 
electron donor, and the El~2 of compound 10 does ap- 
pear more cathodic than  the ma in  line. It may be 
seen in Table II that  2 ,5-bis(N-glycyl)benzoquinone,  
11, was anomalous in  having no measurable  a-proton 
spli t t ing constant. Whether  this lack of delocalization 
accounts for the position of 11 anodic of the t rend is 
difficult to say. The induct ive effect of a carboxylate 
anion ought in any case to be electron releasing rather  
than  withdrawing.  It also may be that  compounds 12, 
20, and 21 are set apart  from the rest  due to steric 
h indrance of their  subst i tuents  which may force a 
nonplanar  configuration of the radical  and a lowering 
of a N . 

The or tho-subst i tu ted aminohydroquinones  are 
stronger reductants  than  would be predicted from 
resonant  electron release alone, as judged from a N . 
This may be due in part  to a decrease in steric re-  
pulsion when the r igidly planar  hydroquinone is con- 
verted to the slightly more flexible cross-conjugated 
quinone. Probably  more impor tant  is the increased 
abil i ty of the ni trogens to donate electrons induct ively 
when the net  positive charge on the ni t rogen due to 
conjugative electron release is lessened. 

At the present  level of precision, there is not a 
significant correlat ion between E1/2 and ana or aHring. 
Because aHNH iS approximately proportional to a N, 
much the same correlation with Ell2 is found with 
either. 

Table III  is a compilat ion of hal f -wave potentials 
as a funct ion of substi tuents and pH. The cathodic 
shift upon thioether substi tut ion is only 100-280 mV. 
The typical  bis (alkylthio) quinone is then comparable 
in oxidizing strength to 2,5-dimethyl benzoquinone 
(compound 1) and is actual ly stronger than 2,5-di- 
e thyoxy-benzoquinone (15). This indicates that  elec- 
t ron release by the formation of ~ bond's involving 
sulfur  is of less consequence than  ~ bonding between 
an etheral  oxygen and the quinone ring. This is sup- 
ported by the facts that  the r ing proton hyperfine 
split t ing constants of 2,5-dialkoxysemiquinones are 
smaller, and the a-proton splitt ings larger, than the 
corresponding 2,5-bis (alkylthio) benzoquinone (16). 

It is apparent  from Table III that  the E1/~ of a rep-  
resentative 2,5-bis (alkylamino) benzoquinone is 500 
mV more cathodic at pH 11 than the E1/2 of 2,5-di- 
methylbenzoquinone,  1. Eleven or 12 kcal worth  of 
electron release by the amino subst i tuent  (per mole) 
bespeaks very  extensive conjugat ion of the ni t rogen 

Table III. Polarographic half-wave potentials of quinones, 
aminoquinones, and quinone thioethers at pH 5, 8, and 11 

P H  b u f f e r  is  0 .2M a c e t a t e ,  p H  8 b u f f e r  is  0 .2M t r i s ( h y d r o x y m e t h y l ) -  
a m i n o m e t h a n e ,  p H  11 b u f f e r  is 0.2M g l y c i n a t e .  A l l  b u f f e r s  a r e  0 .20M 

NaC104  in  50% e t h a n o l .  T h e  r e f e r e n c e  e l e c t r o d e  is  a s a t u r a t e d  
c a l o m e l  e l e c t r o d e .  

E1/2 
C o m p o u n d  No. lol l  5 p H  8 p H  11 

1 - -0 .267  
2 - 0 . 0 1 0  - -0 .445  
3 - -  0 . 5 0  - -  1 .03  
4 - -0 .762  
5 - -  0 . 5 6  - -  0 . 7 5 1  
6 - -  0 . 5 6  - -  0 . 7 8 0  
7 - 0 . 3 1 8  - -0 .574  - -0 .790  
8 - -0 .60  - -0 .755  
9 -- 0 .728 

1 0  --0.746 
11 - - 0 . 3 2  - - 0 . 6 7  
12  - -  0 . 1 2 7  - -  0 . 3 4 5  - -  0 , 6 2 8  
13  - - 0 . 2 9 5  
14 + 0.005 
15  - -0 .29  
16 + 0.055 -- O. 120 -- 0 .293 
17 - -0 .12  
18 + 0.064 
19 -- 0.462 
20 - -0 .678  
21 -- 0.485 -- 0.688 
22 -- 0.788 
23 - -0 .279  
24 - -0 .381  
2 5  - 0 . 1 1  
2 6  - -  0 . 5 3 8  

to the ring, as predicted from the substant ia l  n i t rogen 
hyperfine split t ing constants. 

Linear  f ree-energy relationships in  monoamino-  
qmnones and monodmino-p-phenylenediamines  have 
been developed with fair success (17). Those d iamino-  
and dihydroxy-eompounds which have been studied, 
however, generahy snow nonadai t iv i ty  of Hammet t  or 
Taft parameters,  which has been at t r ibuted to various 
ortho effects. Whereas nonaddi t iv i ty  of E1/2 shifts upon 
mult iple  methyl -  or chloro-subst i tut ion are manifested 
in a decreasing effect per subst i tuent  as the number  of 
subst i tuents  increases, two ni t rogen or oxygen sub- 
st i tuents oriented para to each other may give more 
than  twice the shift of a single substi tuent.  

We observe such an instance in  2-isopropylamino- 
5- t -butylbenzoquinone,  26, whose E1/2 at pH 11 is 157 
mV more cathodic than  t -butylbenzoquinone,  24, but  
252 mV more anodic than 2 ,5-bis( isopropylamino)-  
benzoquinone.  The comparison is not quite s traight-  
forward, because of the loss of induct ive electron 
release by the t -bu ty l  group, but  the inference seems 
safe that  two isopropylamino groups oriented para to 
one another  are each more electron releasing than  a 
single isopropylamino group para to a t -butyl .  Rather  
than  a peculiar i ty of the ortho relationship between 
carbonyl  and amine, this would be better  described 
as a "para effect," due to the increased resonant  in -  
teraction between the two amine groups. The EPR 
spectrum of the monoaminoquinone,  26, shows an a N 
of 2.05G, very significantly smaller  than  the a N of 3.08G 
found in the b i s (amino)quinone ,  7. Rather than the 
second amine group pirat ing spin from the first, the 
two interact  synergist ically to increase their  spin 
densities at the expense of the rest of the molecule. 
Such a large increase in a N in the face of an increase 
from one ni t rogen to two predicts a large cathodic 
shift in Ell2 according to Fig. 1, which is exactly what  
is found. 

The most serious impediment  to comparison of 
quinone, aminoquinone,  and quinone thioether half-  
wave potentials is the difference in pH dependence 
shown in Fig. 2. In  the reduction Q ~ n e -  ~ p ( H  +) --> 
QHp r the formal  potential  will  shift cathodic by 
59 p/n  mV per pH uni t  at 25~ (18). Quinones and 
hydroquinones  are very weak acids and bases 
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+ 0 . 4 V  

+ 0 . 2 V  

O . 0 V  

- 0 . 2 V  
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- 0 . 6 V  
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- I . 0 V  

I i i i i i i i i i i i 
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Fig. 2. Dependence of polarographic half-wave potential on pH 
for 2,5-bis(isopropylthio)benzoquinone (16), 2,4-bis(2-carboxyethyl- 
thio)benzoquinone (18), tetramethylbenzoquinone (19), 2,5-bls(1- 
piperidinyl)benzoquinone (12), and 2,4-bis(isopropylamino)benzo- 
quinone (7). Glycine, citrate, imidazole, and tris(hydroxymethyl)- 
aminomethane buffers, 50% ethanol, 0.50M NaCIO4. 25 ~ ----- 2~ 
The interpolated lines are of either 60 mV/pH or 120 mV/pH 
slope; the fit to the experimental points of compound 12 is arbi- 
trary. 
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(although semiquinones are not) (19), and both 
species are general ly  neut ra l  from pH 1 to about pH 
10-13. Since both p and n equal 2, the plot of E1/2 vs. 
pH is a straight line with slope 59 mV/pH. Duroqui-  
none, bis ( isopropyl thio)-benzoquinone and bis (car- 
boxyethyl th io)benzoquinone  live up to this expecta- 
tion admirably.  Bis ( isopropylamino) benzoquinone,  
however, shows a region of 120 mV slope, a region of 
about 60 mV slope, and the curve shows signs of 
leveling off as the pH exceeds 11. A 120 mV slope 
means the consumption of four protons dur ing  the 
reduction, so the product must  be the diprotonated 
hydroquinone.  The intersection of the extrapolated 
60 and 120 mV regions lies between pH 5.5 and 6, so the 
first two pKa's of this diprotonated hydroquinone 
must  lie near  5.5 or 6. Lack of protonat ion of the 
ni t rogen of the quinone form at low pH's may be due 
to their  amide character (8). 

The E1/2 of b is (1-piper idyl )benzoquinone,  12, shifts 
with vary ing  slopes as the pH is changed. There is a 
var ie ty  of excuses for such behavior in  systems which 
are irreversible,  proceed by  complex mechanisms, or 
involve species highly charged and therefore l iable to 
"double- layer  effects," but  that  is not the case at hand. 
If the mechanism is single step, and n is 2, the im-  
plication that  p ---- 3 or 4 is inescapable. It  would 
come as quite a surprise that  2 ,5 -b i s ( l -p iper idy l ) -  
hydroquinone would be a strong enough base to be 
protonated at pH 8 or above. Even at high pH's the 
semiquinones appear to be too unstable  to effect these 
results. 

It does not seem plausible to a t t r ibute  the strange 
acid-base behavior  of 12 to the effects of adsorption 
at the electrode surface; dia lkyl-  and t e t ra -a lky l -  
benzoquinones apear to be even more strongly ad- 
sorbed (20), and the E1/2 vs. pH diagram of duro-  
quinone 19 is normal.  To insure that  the readings were 
not influenced by changes in junc t ion  potentials, 
duroquinone was present in solution with the amino-  
quinones as a "chaperon" and its El~2 was checked 
against previously determined values at each pH. 

Measurement oS heterogeneous electron transfer 
rates.--Substituent effects on electrochemical thermo-  
dynamics are well  documented (13, 17) but  the effects 
of subst i tuents  on electrochemical kinetics through 
stabilization of the t ransi t ion state are much less 
understood. The suspicion that  the electronic struc- 
tures of free radicals should bear strong analogies to 
the electronic structures of excited states prompted 
us to search the semiquinone ESR spectra for clues to 
elucidating the dependence of aminoquinone electrode 
kinetics on structure. 

There were several difficulties in  obtaining kinetic 
data. Radical anions could be studied only  in basic 
solution so it seemed fitting to study electrode kinetics 
in basic solution as well. However, most of the qui-  
nones decompose in basic solution and thus cause 
problems with kinetic studies. For this reason hetero- 
geneous r a t e  constants were measured at pH 8 where 
the quinones were found to be stable. The solutions 
contained 1% chloroform. Adsorption at the electrode 
surface also rendered at tempts to measure k~,h inval id  
for a number  of compounds so that  electrode kinetics 
could be accurately measured only for seven different 
quinones. 

Of the m a n y  techniques for measur ing electrode 
kinetics, cyclic vo l tammetry  was selected because it 
is applicable to a wide range of rate constants (12, 21), 
problems with adsorption are immedia te ly  apparent  
from the exper imenta l  data (22), and diagnostic 
criteria exist for mult is tep electrode mechanisms, with 
or without  homogeneous complications (21, 22). 

If the scan rate is sufficiently slow, the electron 
transfer  process wil l  be rapid compared to the t ime 
scale of the experiment  and "reversible" behavior  
will  be observed. As the scan rate increases, the as- 

sumption of reversibi l i ty  fails and the peak separa- 
tion increases beyond 57/n inV. Nicholson has pub-  
lished solutions to equations describing the depen-  
dence of peak potential  on electrode kinetics, scan 
rate, etc. (12). Nicholson's derivat ion assumes that  a ---- 
0.50. Fortunately ,  the calculation is very  insensi t ive to 
a and the exper imenter  need satisfy himself only that  

is between 0.3 and 0.7. For compounds 7 and 9 we 
obtained values of ~ between 0.4 and 0.6 which are 
sufficiently close to 0.5 to just i fy  using Nicholson's 
Table (12). The a values were measured from a plot 
of the logari thm of the peak cur ren t  vs. the peak 
separation (21). 

It  should be remembered  that Nicholson's solution 
is for a single-step process and is not explici t ly ap- 
plicable to quinone systems since two electron t rans-  
fers and two protonations are involved. If, however, 
the activation energies for the ra te-control l ing steps 
for the forward and reverse processes are the same, 
it ought to be possible to use the single-step model. 
This work rests on this assumption and thus the  rate 
constants reported are to be considered apparent  ones, 
recognizing that  other factors beside electron transfer  
rates may influence the peak separation. 

At the hanging mercury  drop electrode, it was 
possible to obtain meaningful  heterogeneous rate 
constants (k~.h) at pH 8 (50% ethanol)  for six bis- 
(a lkylamino)benzoquinones  and for 2,5-bis(isopropyl- 
amino) -3,6-dimethylbenzoquinone.  The measured 
rates at 25~ were: 

Compound k. ,h ,  ClTI $ec -1 

4 0.32 
5 0.24 
5 0.13 
7 0.011 
9 0,035 

10 0.32 
21 0.0030 

These values were for the first scan at a fresh drop. 
At high scan rates, the inabi l i ty  to compensate com- 
pletely for ohmic potential  drops causes the cyclic 
vol tammogram to be distorted and the peak separa- 
tion to become large regardless of the rate constant  of 
the couple under  study. The so-called "uncompen-  
sated resistance" was electronically corrected for by 
means of positive feedback (10). The feedback was 
adjusted by increasing it just  to the point  of oscilla- 
t ion and then  reducing it by the equivalent  of 1 ohm. 
Ful l  compensation wi thin  an ohm or two was 
achieved up to scan rates of about 500 V/sec. No 
quant i ta t ive data were collected above this rate. On 
the other hand, rate constants can be calculated only 
when the scan rate is fast enough to cause a peak 
separation measurably  larger than the reversible 30 
mV, which required scan rates of about 50 V/sec for 
compound 4. The larger rate constants could be mea-  
sured only over a single decade of scan rates and the 
precision of the ks.h values above 0.1 cm sec -1 is 
about 20%. Smaller  rate constants are precise to 
about 10%. 

Some of the rate constants could also be measured 
at pH 11 (50% ethanol) and were not greatly different 
from those at pH 8. The ks.h'S for 4 and 10 were about 
0.3 cm sec -1 and the ks.h for 21 remained about 3 x 
10-~ cm see -1. 

Correlations between ks.h and structure.--Hyperfine 
split t ing constants are a measure of spin densities at 
the nuclei in  question, which are a funct ion of the 
electronic energy levels of the radicals '  diamagnetic 
precursers;  hfs constants  in radicals should therefore 
give some informat ion about react ivi ty and kinetics of 
diamagnetic molecules. Lat ta  and Taft  (23) used hfs 
constants of N,N-dimethylani l ine  cation radicals to 
calculate Tafy c-parameters  for various substituents,  
which could then be applied to kinetic and thermo-  
dynamic l inear f ree-energy relationships. Poole and 
Griffith (24) found a bet ter  correlat ion between re-  
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activity toward ni t ra t ion  at various sites in  phenan-  
threne and hfs constants of protons at those positions 
in the phenan threne  radical than any reactive index 
calculated from molecular  orbi tal  considerations. The 
logari thm of the homogeneous rate constant  for 
n i t ra t ion at a par t icular  position varied l inear ly  with 
proton hfs constant  at that position over near ly  a 
decade of rate constants. 

Peover and Powell  (25) have published the only 
known direct correlat ion between hfs constants and 
electrode kinetics. The logarithms of the s tandard rate 
constants for the one-electron reduct ion of ten  ni t ra ted 
hydrocarbons in DMF varied l inear ly  with the ni t ro-  
gen hyperfine split t ing constants in the same solvent. 
As the absolute value of aNNo2 increased, log ksm in-  
creased. On the assumption that charge distr ibution in 
radical  anions parallels spin distribution, this behavior 
is explained in terms of the influence of excess charge 
at the ni t ro group on the solvation energy of the 
radical anion. The more the odd electron is localized 
on the ni t ro-group,  the higher the energy of the 
t ransi t ion state and the slower the reaction. 

The l inear  dependence of log ksm on the hyperfine 
splitt ing constant  of the a-protons is shown in Fig. 3. 
Various other correlations were at tempted but  this 
proved to be the only fit. Compounds 4, 5, 6, and 7 
form an homologous series and are used to define the 
straight line. Compound 9 has no a-protons and thus 
cannot be plotted on Fig. 3 but  its ra te  constant  is 
somewhat larger than 7. Compound 10 has two vinyl  
groups not present in any other compound, so any 
conjugat ive influence on kinetics should be empha-  
sized. Compound 21, unl ike  the others in Fig. 3, is 
subst i tuted in  the 3 and 6 position. This evident ly  in-  
dicates 21 must  be considered as belonging to a dif- 
ferent  series (see also Fig. 1). 

That  the logarithm of the s tandard rate constant in -  
creases monotonical ly and l inear ly  with alia, implies 
that the spin distr ibution in the radical is a measure 
of the subst i tuent  influences on the energy of the elec- 
trochemical t ransi t ion state. This might  be due to 
stabilization of the paramagnet ic  species by delocali- 
zation of the unpaired  electron onto the carbons. Re- 
lease or wi thdrawal  of charge can also accompany 
hyperconjugation,  and the resul t ing charge delocaliza- 
t ion might lower the solvation energy of the t rans i -  
t ion state enough to increase the rate of electron 
t ransfer  appreciably. 

The free energy of the electrode process can be 
estimated from absolute reaction rate theory accord- 
ing to 

kt  
ks.h = ~ p exp (--~G*/RT) 
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Fig. 3. Dependence of electrochemical standard rate constants 
for aminoqumones on aminosemiquinone a-proton hyperfine split- 
ting constants. See text for definitions and explanation. 

Where hG* is the Gibbs free energy of activations of 
either the cathodic or anodic reaction at E = E'o, and p 
is a parameter  needed to correct the homogeneous 
collision number  to heterogeneous uni ts  (26). In  this 
equation, k is the Bol tzmann constant, and h is 
Planck 's  constant.  The magni tude  of p is usual ly  taken 
to be of the order of 10 -8 cm, which implies a hetero-  
geneous collision number  of about 104 cm/sec (27). 
The • for 21, the slowest b i s ( a lky lamino) -benzo-  
quinone measured, is then around 8-9 kcal mole -1. 
The semiquinone anions in solution are so unstable  
that  it is hard to see how they could be of lower 
energy than  the t ransi t ion state and therefore be a 
candidate for a discrete intermediate.  However, the 
energy of a paramagnet ic  species at the electrode 
surface could be substant ia l ly  lowered by electron 
delocalization through overlap with the  electrode (28). 
If the electrode mechanism were a simple two-elec-  
t ron t ransfer  (and we have no evidence to the con- 
t rary  for aminoquinones) ,  acceptance of a single 
electron could occur at the high point on the reaction 
coordinate diagram. The t ransi t ion state could thus 
have a s tructure analogous to that  of the semiquinone 
anion without necessarily being at the same energy. 
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Polarographic Estimation of Ion-Solvent Interaction 
of the Alkali Metal Ions in Water and Other Solvents 

John Broadhead and Philip J. Elving* 
The University of Michigan, Ann Arbor, Michigan 48104 

ABSTRACT 

The hal f -wave potentials and diffusion current  constants of all five of the 
alkali metal  ions have been measured for the first t ime in  wholly aqueous 
solution in a related series of experiments.  A significant relationship has been 
shown to exist between the diffusion current  constant and the Jones-Dole B 
value for each ion, where the B value is a measure of the solvent s t ructure-  
making properties of the ion. The half -wave potential  and diffusion current  
constant  data for the alkali metal  ions in water  and thi r teen other solvents 
are compared, together with other per t inent  data where available, e.g., 
heterogeneous rate constants and spectroscopic measurements ;  the relat ive 
half -wave potentials are best in terpreted on the basis of ion-solvent  in te r -  
action. Such comparison of the electrochemical data i l luminates  the na ture  
of the electrode processes involved and allows postulation of the forms of the 
ion-solvent  complex for the different solvents. 

Despite the common occurrence of the alkali metal  
ions and their  general  analytical  importance, the 
polarographic parameters  in  wholly aqueous media 
have never  been measured for all of the ions in a single 
study. The scarcity of data for aqueous solutions has 
resulted in use being made, when  comparing data in 
different solvent media, of "aqueous" data obtained 
in  water-organic  solvent mixtures.  In connection with 
the present  comparative study of the polarographic 
behavior of the alkali metal  ions, all  of them were 
examined in aqueous solution. 

A recent comparison (1) on the rub id ium scale (2, 3) 
of the hal f -wave potentials of the alkali metal  ions in 
pyr idine showed that  the reduction of l i th ium(I )  oc- 
curs at considerably more negative potential  than that  
of other members  of the series; further,  the electro- 
chemical data (polarography, cyclic vol tammetry,  
coulometry) general ly demonstrated the complicated 
na ture  of the L i ( I )  reduction. In  the present study, 
analogous approaches, including consideration of ki-  
netic and spectroscopic data, are used to analyze the 
vol tammetr ic  data for water  and thir teen other sol- 
vents in order bet ter  to correlate the mechanistic re- 
duction paths as reflected in the potential  data. In  
particular,  it is shown that  the hal f -wave potentials of 
the alkali  metal  cations in different solvents are best 
compared on the basis of ion-solvent  interactions. For  
example, a provocative l inear  relationship was found 
for the alkali  metal  cations in water  between the diffu- 
sion current  constant and the B term of the Jones-Dole 
equation (4), which is a measure of solvent s tructure 
making and breaking properties of the ion. 

Experimental 
Reagents.--Reagents were prepared as previously 

described (1). 

Apparatus.--The ins t rumenta t ion  and cell have been 
described (1). The reference electrode was a calomel 

* Electrochemical  Society Active Member.  
Key  words:  alkali meta l  ions, cesium, ion-solvent interaction, 

l i thium, nonaqueous  solvents, polarography in nonaqueous solvents, 
potassium, potential  dependence on solvent, rubidium,  sodium, sol- 
ra t ion  of alkali  meta l  ions,  solvents .  

electrode with 0.1M te t rae thy lammonium chloride sub- 
sti tuted for 0.1M KC1. A 0.1M te t rae thy lammonium 
perchlorate (TEAP) / aga r  plug and glass frit  separated 
the reference and working compartments.  The Sargent  
S-29417 mercury  capil lary used (mercury head = 54.1 
cm) gave dropping mercury  electrode (DME) capil- 
lary constants on open circuit in 0.1M TEAP of t ~ 5.20 
sec and m ---- 1.21 mg sec -1. 

Procedure.--All test solutions were prepared by dis- 
solving TEAP and electroactive species in the requisite 
quant i ty  of water. The solution in the polarographic 
cell was deoxygenated with argon and a stream of 
argon was passed over the solution dur ing experiments.  
Mean diffusion currents  were determined by measur-  
ing the distance from the mid-poin t  of the current  
oscillations on the plateau to the background current.  
Drop-t imes were measured at the same potential  as 
that used for current  measurement .  Cyclic vol tammo- 
grams were recorded on a hanging mercury  drop elec- 
trode (HMDE) formed by collecting two mercury  
drops from the polarographic capillary. 

Results.--The alkali  metal  ions gave well-defined 
polarograms in water, which did not exhibit  maxima 
or abnormali t ies  (c$. Fig. 1 and 2). Table I summarizes 
the polarographic results for aqueous solutions of the 
alkali  metal  ions. 

All  of the alkali  metal  ions exhibited redox couples 
on cyclic vol tammetry.  The peak potential  separations 
for Na(I )  through Cs(I)  are essentially the same; for 
K ( I ) ,  it is typical ly 0.37V (0.23V, when corrected for 
background current ) .  However, Li ( I )  shows an anodic 
peak only when  l i th ium is accumulated in the HMDE 
by holding the potential  at --2.64V for 10 sec. These 
results are in  accord with the work of Imai  and Dela- 
hay (5) who found heterogeneous rate constants for 
the alkali metal  ions in the range of (2 to 9) x 10 -3 
cm sec -1, when corrected for double layer effects. 

Comparative Polarographic Data 
The excellent review by Takahashi  (6) provides a 

useful start ing point for the collation of the polaro- 
graphic data on inorganic ions in  nonaqueous solvents 
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Table I. Polarographic data for the alkali metal ions in water 
(0.1M TEAP) at 250 
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Fig. I. D-C polarogram at the DME of 1,06 mM Li(I) in aqueous 
0.1M TEAP solution. 
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Fig. 2. D-C polarogram at the DME of 0.93 mM Na(I) in aque- 
ous 0.1M TEAP solution. 

avai lab le  up to 1965. Severa l  bases have been used in 
corre la t ing  the  potent ia l  data. Thus, the  ha l f -wave  
potent ia ls  of the  a lkal i  me ta l  ions in different  solvents  
have been compared  wi th  the  donor numbers  of these 
solvents (7, 8); however ,  this  t ype  of comparison is 
a r b i t r a r y  and severe ly  l imi ted  by  the lack  of donor  
number  values.  Comparisons have  also been based on 
the  var ia t ion  in dielectr ic  constant  of the  solvents  
(9, 1O). Since the  dielectr ic  constant  is a macroscopic 
manifes ta t ion  of a microscopic proper ty ,  it  is con- 
s idered more  meaningfu l  to cor re la te  h a l f - w a v e  po-  

I o n  s - -  E l / s ,  b V I ~ W a v e  s lope  4 

L i ( I )  2.41 • 0.01 1.8 • 0.1 47 
N a ( I )  2.20 - -  0.Ol 2.2 - -  0.I 53 
K ( I )  2,22 ----- 0.01 2 . 6 -  0.1 95 
R b ( I )  2 ,22  _ 0.01 2.8---~ 0.1 50  
Cs( I )  2 .19 + _ 0.01 3.3 - -  0.1 48 

T h e  i o n i c  c o n c e n t r a t i o n  r a n g e  is  0 . I  to 2 .0  raM. 
D a t a  g i v e n  r e p r e s e n t  t h e  m e a n  a n d  a v e r a g e  d e v i a t i o n  of e i g h t  

to t w e l v e  m e a s u r e m e n t s  a t  25~ T h e  r e f e r e n c e  e l e c t r o d e  i s  d e -  
s c r i b e d  in  t h e  t ex t .  

D i f f u s i o n  c u r r e n t  c o n s t a n t ,  I = /~A raM-1 mg-~/s secl/% 
C a l c u l a t e d  f r o m  r e l a t i o n ,  E1/~ Es/4 = s lope.  

tent ia ls  wi th  the  s t ruc tu ra l  character is t ics  of the  sol-  
vent,  which affect the  state of the  ion in solution. 

Potential variation.--Table II  summarizes  the  El~2 
da ta  for the  a lka l i  me ta l  ions in four teen solvents  on the 
rub id ium scale of potent ia l  (2, 3). The solvents  are  a r -  
ranged in order  of nega t iv i ty  of the  l i th ium El/2 be -  
cause this  ion shows the  g rea t e s t  character is t ic  in te r -  
action wi th  the  solvent.  [In the s imi lar  compar ison by 
Gutmann  et al. (7), the  references  to po la rographic  
measurements  in water ,  acetonitr i le ,  and benzoni t r i le  
should include the  w o r k  of Coetzee et al. (11).] In  con- 
nect ion wi th  Table II, it  should be noted tha t  some 
degree  of i r r evers ib i l i ty  is s h o w n  by  L i ( I )  in d i -  
methylsulfoxide ,  d imethylace tamide ,  d ime thy l fo rm-  
amide [via ref. (20) but  not  according to ref. (10),], 
pyr idine,  water ,  i sobutyroni t r i le ,  p ropy lene  carbonate,  
sulfolane, and acetonitr i le .  Cs ( I )  shows some indica-  
t ion of i r revers ib i l i ty  in isobutyroni t r i le .  

The polarographic  reduct ion of l i t h ium( I )  in d i -  
methy l su l fox ide  (DMSO) (12, 13) and d ime thy lace t -  
amide (DMA) is difficult, i.e., hEII~ is la rge  and nega-  
t ive [ the da ta  in ref. (13) only  give values  of El/2 f o r  
L i ( I ) ,  N a ( I ) ,  and K ( I ) ;  the  values  of AE1/2 on the 
K ( I )  scale agree to wi th in  30 mV wi th  those in ref. 
(12)].  In t ru ly  anhydrous  DMA, L i ( I )  is i r reducible ;  
reduc t ion  on ly  occurs when  3% of w a t e r  is p resen t  
(14). In  anhydrous  DMSO, the L i ( I )  reduct ion is slow; 
the  heterogeneous ra te  constant  is of the  o rde r  of 3 x 
10 -5 cm sec -1 (15). 

In  e thy lened iamine  (EDA) (16), d ime thy l fo rmamide  
(DMF) (10, 13, 17), and pyr id ine  (1), L i ( I )  is r e -  
duced at  less negat ive  potent ia ls  than  in DMSO or DMA 
[the da ta  on DMF in ref. (17) agree  wi th  those  of 
ref. (10) to wi th in  20 mV, but  there  is d i sagreement  
be tween ref. (10) and (13) ; da ta  in Table II  a re  t aken  
f rom ref. (14) ]. 

In  wa te r  (no organic solvent  present ) ,  the  po la ro-  
graphic  reduct ion  of L i ( I )  appears  revers ib le  (18) 
wi th  a ~E1/2 of --0.19V, bu t  cyclic v o l t a m m e t r y  at  the  

Table II. Polarographic half-wave potentials of the alkali metal ions compared to 
rubidium (~E1/2) in various solvents a 

S o l v e n t :  s D M S O  D M A  E D A  D M F  P y r  H 2 0  M o r p h  

e: 46.7 37.8 12.9 36.7 12.3 73.5 7.3 
R e f e r e n c e :  (12) (14) (16) (10) (1) (18) (19) 
L i  (I) -- 0 .39 -- 0.34 -- 0.30 -- 0.29 -- 0.26 -- 0 .19 -- 0.13 
N a  (I)  -- 0.01 -- 0.02 0.14 -- 0.01 0.02 0.02 0.01 
K (I) -- 0.05 -- 0 .04 0.11 -- 0.03 0.00 0.00 0.01 
R b ( I )  0.00 0 .00 0 .00 0 .00 0 .00 0.00 0.00 
Cs (I) 0.03 0.01 -- 0.04 -- 0.01 0.02 0.03 -- 

Solvent: IBN PC Sulfo PN CH~CN BN PAN 

e: 20.4  (24 ~ 69 43.2 (30 ~ 27.2 37.5 25.2 18.7 
R e f e r e n c e :  (21) (22) (25)  (26)  (27) (26) (26) 
L i ( I )  -- 0.11 -- 0.02 O.00 0.01 0.03 0.06 0.06 

( - - 0 . 1 3 )  4 ( -- 0.10) e ( - -  0.10) ~ ( - - 0 . 0 8 )  r ( - - 0 . 0 6 )  4 
N a G )  0.02 0.01 0.11 0.11 0 .13 0 .14 0.12 
K ( I )  0.02 0.13 0.01 - -  0.02 - -  - -  
R b ( I )  0.00 0.00 0 .00 O.O0 0.00 0,00 0.00 
Cs( I )  --O.O1 0.00 0.01 ~ 0.01 - -  - -  

G ~ E I / 2  = (El/2 f o r  ion)  -- (E1/2 f o r  R b ( I ) ) .  D a s h e s  i n d i c a t e  d a t a  a r e  n o t  a v a i l a b l e .  
S S o l v e n t s :  D M S O ,  d i m e t h y l s u l f o x i d e ;  D M A ,  d i m e t h y l a e e t a m i d e ;  E D A ,  N , N ' - e t h y l e n e d i a m i n e ;  D M F ,  N , N ' - d i m e t h y l f o r m a m i d e ;  P y r ,  p y r i -  

d i n e ;  M o r p h ,  m o r p h o l i n e ;  I B N ,  i s o b u t y r o n i t r i l e ,  P C ,  p r o p y l e n e  c a r b o n a t e ;  Su i f ,  s u l f o l a n e ;  P N ,  p r o p i o n i t r i l e ;  B N ,  h e n z o n i t r i l e ;  P A N ,  p h e n y l -  
a c e t o n i t r i l e .  T h e  r e f e r e n c e  f o r  t h e  d a t a  on  t h e  p a r t i c u l a r  s o l v e n t  i s  g i v e n  in  p a r e n t h e s e s  u n d e r n e a t h  t h e  d i e l e c t r i c  c o n s t a n t ,  e. 

D a t a  r e c o r d e d  a t  30~ 
d ~Ez/2 c a l c u l a t e d  on  t h e  N a ( I )  sca le .  
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HMDE does not show a cyclic couple. An anodic Li(0)  
oxidation wave is only observed when Li(0) is ac- 
cumulated in the mercury  drop before the reverse 
sweep to positive potent ial  is started, i.e., it is seen 
only by str ipping vol tammetry.  

The Li ( I )  reduction in morpholine (19) occurs at 
a relat ively small  AE1/2 (C S. pyridine) .  

Before considering the ni t r i le  solvents, the Rb( I )  
hal f -wave potentials in these solvents should be ex- 
amined. Since the solubil i ty of rub id ium perchlorate 
in ni tr i le  solvents is extremely low, Coetzee et al. (11) 
measured the Ell2 of rub id ium iodide in t e t rabu ty lam-  
monium iodide solutions of these solvents and at-  
tempted to correct the measured potentials to "hypo- 
thetical" RbC104 values in t e t rae thy lammonium per-  
chlorate solution. The lat ter  calculation involved es- 
t imat ion of the change in ion association from a s tudy 
of the anion effect on the "comparable" Na(I )  sys- 
tem and estimation or neglect of the change in liquid 
junct ion  potential. The correction often shifted the 
Rb (I) potentials by as much as 100 mV. Because of the 
assumptions and approximations involved in this ap- 
proach, it is proposed that  a secondary reference po- 
tent ial  be used. McMasters et al. (20) have used the 
Na (I) as a pilot reference ion. Although this ion may 
not be quite as "ideal" as Rb( I ) ,  the data in Table II 
for DMSO through morpholine indicate that  had a 
Na(I )  Ell2 reference been used, the Li ( I )  potentials 
would be shifted by 20 mV or less (with the notable 
exception of EDA). Upon this basis, another  ~E1/2, 
based on Na( I ) ,  has been calculated for L i ( I ) ;  these 
values, enclosed in parentheses, are also shown in 
Table  II. 

On the basis of the Na(I )  standard, isobutyronitr i le  
(21) has a /~E1/2 for L i ( I )  s imilar  to that  of morpho- 
line. Propylene  carbonate (PC) (22) and sulfolane 
(Sulf) (23-25), however, would be reordered to follow 
the nitr i les in the potential  series. L i ( I )  is polaro- 
graphically reduced at the same potential  in pro- 
pionitr i le (26) and acetonitri le (27) and at less nega-  
t ive potentials in benzonitr i le  (26) and phenylaceto-  
ni t r i le  (26). 

Current magnitudes.---Diffusion current  constant (I) 
data for the alkali metal  ions in several of the solvents 
are summarized in Table III; the values of I~ 1/2 in the 
table compensate for the different solvent  viscosities. 
Because the I values are proport ional  to D I/2, the cor- 
rected I data are, therefore, diagnostic of the size of 
the diffusing species and, together with the AE1/2 
values, can be used to examine the na ture  of the ion-  
solvent complex. 

Discussion 
Review of the relat ive hal f -wave potentials of the 

alkali  metal  ions shows, as already mentioned, that 
only in the case of L i ( I )  does • vary  significantly 
from ODe solvent to another;  EDA is probably the 
only exception to this generalization. Consequently,  the 

subsequent  discussion is ma in ly  concerned with the 
variat ion in na ture  of the Li ( I )  solvation. Where 
supplementary  spectroscopic or thermodynamic  data 
are not available, there is some speculation concerning 
the na ture  of the Li (I) -solvent  bond. 

Dimethylsulfoxide.--Although cyclic vol tammetr ic  
data are not available for the reduction of L i ( I )  in 
DMSO, the • of --0.39V suggests a strong associa- 
t ion between solvent apd L i ( I ) ,  which strong in ter -  
action is confirmed by NMR and thermodynamic  
studies (28-30); the relat ively small  heterogeneous 
rate constant  of 3 x 10 -5 cm sec -1, observed for Li ( I )  
reduction in DMSO (15), also suggests a strong sol- 
vent-solute  linkage. However, recent data on diffusion 
current  constants (13) disagree with the preceding; 
the relat ively large values of I reported would in-  
dicate the presence of a small  (relat ively unsolvated) 
diffusing species. Fur ther  consideration of these I 
values is included with the DMF discussion. If the sol- 
vat ion bonding is between Li ( I )  and the oxygen of 
DMSO, the methyl  groups of the lat ter  will  be outer-  
most i n  the solvation shell and reduction of either the 
complex or the Li ( I )  through an electron bridge 
formed by the solvent molecules would be difficult 
because of the nonpolar  na ture  of the methyl  groups. 

Dimethylacetamide.--In anhydrous DMA, the solva- 
tion of Li ( I )  is such that  the complex ent i ty  is i r -  
reducible. If complexation is due to bonding between 
the ni trogen and Li (I), an a r ray  of methyl  groups will  
be present on the outside of the solvation species form- 
ing an even more complete sheath of methyl  groups 
than with the DMSO-Li( I )  complex. Fur thermore,  I 
for the reduction of Li ( I )  (unfor tunate ly  in  a 3% 
water-DMA mixture)  indicates a bulky diffusing spe- 
cies. In a 3% H20-DMA solution (1.6M H20),  hydrol-  
ysis of an amide group in the l i th ium solvation sheath 
may occur via hydrolytic at tack of the C-N bond, 
which is weakened by the close proximity of the Li (I) 
ion. This process would momentar i ly  leave the Li ( I )  
enti ty open to reductive attack and would explain the 
formation of the l i th ium amalgam claimed by G u t m a n n  
et al. (14). 

Ethylenediamine.--EDA is the only solvent in which 
there is a significant var iat ion in AE1/~ for all of the 
alkali  metals. This separation in potential  may  be due 
to the selective chelat ing property of this solvent. 
Na( I )  and K ( I )  are probably chelating by the normal  
mechanism, thus promoting reduction via a --NH2 
bridging group. L i ( I ) ,  however,  being a small  ion, may 
not form a stable chelate and may only solvate with 
EDA in an end-on  position, leaving a less favorable 
path for electron t ransfer  via a N-C-C-N bridge. Such 
end-on or monodendate  complexation has been ob- 
served in the complexes of Ag(I )  with EDA (31, 32). 
Cs(I)  and Rb( I )  probably do not form either type of 
complex and are not solvated to any appreciable extent. 

Table III. Polarographic diffusion current constants for the alkali metal ions a 

So lvent :  b D M S O  D M A  D M F  D M F  P y r  o H 2 0  I B N  P C  S u l f  ~ CH3CN 

7:  1.96 0.92 0.796 0.796 0.945 (20") 0.8937 3.37 e 10.29 (30") 0.345 
R e f e r e n c e :  (13) (14) (10) (13) (1) (18) (21) (22) (25) (27) 
L i ( I )  1.61 0.95 1.09 1.92 1.29 1.8 1.83 0.97 0.78 2.56 

(2.25) (0.91) (0.97) (1.71) (1.2) (1.7) (1.78) (2.50) (1.50) 
N a ( I )  1.42 1.28 1.61 1.80 1.57 2.2 1.98 1.09 0.72 3.22 

(1.99) (1.23) (1.44) (1.61) (1.4) (2.1) (2.01) (2.31) (1.89) 
K ( I )  1.~2 1.43 1.63 1.78 1.51 2.6 ~ 1.32 0.79 3.25 

(1.99) (1.37) (1.45) (1.56) (1.4) (2.5) (2.43) (2.54) (1.98) 
R b ( I )  1.43 1.53 1.68 L80  1.56 2.8 - -  1.30 0.80 3.25 

(2.00) (1.47) (1.50) (1.61) (1.4) (2.7) (2.39) (2.57) (1.91) 
Cs (I) -- 1.56 1.98 -- 1.44 3.3 -- 1.26 0.82 

(1.50) (1.77) (1.3) (3.1) (2.32) (2.63) 

a D a t a  in  p a r e n t h e s e s  are  for  171/2: p r o d u c t  of  t he  d i f fus ion  c u r r e n t  c o n s t a n t  and  the  s q u a r e  roo t  of  t h e  v i s cos i ty .  T h e  d i f f u s i o n  c u r r e n t  
cons tant  is  in  uni t s  o f  / tA raM-1 rag-2/3 secl/2; t h e  v i s c o s i t y  is  in  cen t ipo i se .  

0 S o l v e n t  a b b r e v i a t i o n s  a r e  g i v e n  in  T a b l e  I.  
I~1/2 v a l u e s  a r e  q u o t e d  to  t w o  s i g n i f i c a n t  f i g u r e s  b e c a u s e  t h e  v i s c o s i t y  of  p y r i d i n e  is  g i v e n  fo r  20~ F o r  t h e  ca l cu l a t i on ,  a " 2 5 ~  ' '  v a l u e  

of  ~ w a s  u s e d  b y  a s s u m i n g  a 2% p e r  d e g r e e  t e m p e r a t u r e  coeff ic ient .  
D a t a  fo r  3O~ I v a l u e s  are  ca l cu la ted  f r o m  c u r r e n t  v a l u e s  a t  m a x i m u m  d r o p  size. 

6 R e c e n t l y ,  the  v i s c o s i t y  o f  p r o p y l e n e  c a r b o n a t e  has  b e e n  r e p o r t e d  (41) to  be  2.48 cen t ipo i se .  U s e  of  t h i s  v a l u e  w o u l d  c h a n g e  t h e  I~;~/s 
p r o d u c t s  f or  th i s  s o l v e n t  b y  0.86. 
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Dimethylformamide.--The AE1/2 and I values for 
DMF given by Brown et al. (10) and Headridge et al. 
(17) and the AE1t2 values of Humar  and Pan tony  (13) 
are consistent; there is solvation of L i ( I ) .  The lat ter  
(13), however, report  very large I values which are 
in poor agreement  with the other data; the discrepancy 
may lie in the method of measurement  of the diffusion 
current.  The solvation complex, which is probably 
formed between the ni t rogen of DMF and Li (I),  is not 
as resistant to reduct ion as the corresponding complex 
with DMA. This sl ightly enhanced activity may well 

I 
be related to the presence of an H - - C = O  group in the 
cluster of methyl  groups. The diffusion current  con- 
stant  suggests that  the complex is similar in bulk  to 
the Li ( I ) -DMA entity. 

Pyridine.--Li(I) forms a stable complex with pyr i -  
dine (33) and  there is strong evidence to suggest that  
electroreduction involves fission of a C-N bond in one 
of the pyr idine molecules attached to the l i th ium ion 
(1). When small amounts  of water  are present, another  
process apparent ly  is observed whereby a pyr idine 
ring, which is hydrogen bonded through a water  mole- 
cule to Li( I ) ,  also is opened by reductive fission, e.g., 
two reduction peaks are observed when water  is 
present. 

Water.--Reduction of Li ( I )  in water  proceeds to the 
amalgam, al though cyclic vol tammetry  and str ipping 
vol tammetry  indicate that  the generat ion is not quan-  
titative. However, the aquo solvation does not appear 
to hinder  reduction to the degree observed with the 
previously discussed solvents. The faradaic rectifica- 
t ion technique used by Imai and Delahay (5) shows a 
slightly lower corrected heterogeneous rate constant 
for the electroreduction of Li ( I )  than for the other 
alkali metal  ions ( k t L i ( I )  = 0.002; k t N a ( I )  = 0.009; 
k t K ( i )  --~ 0 . 0 0 5  c m  s e c - 1 ) .  Although there is little var i -  
ation in AE1/2 for the other alkali metal  ions in water, 
there is a marked t rend in the corrected I values, 
which may well  be l inked to the abnormal  s tructure 
of water. Because water  is strongly hydrogen bonded 
with regions of crystal l ine regular i ty  (ice-like and 
"quartz-l ike" s t ructures) ,  the solvation of an ion is 
much more long range in its effect, i.e., the solvent 
s t ructure  well beyond the first solvation sheath has a 
measurable  influence on the t ransport  rate (34). Be- 
cause of this long range influence, there is a much 
more pronounced degradat ion in solvation from Li ( I )  
through Cs(I)  in the case of water, as can be seen 
from the change in the B coefficient of the Jones-Dole 
equation (4), which describes the relative viscosity of 
an ionic solution in terms of the expansion 

01/~1o) = 1 + AC 1/2 + BC [1] 

where ~ is the viscosity of the salt solution of concen- 
t ra t ion C, ~1o is the viscosity of water, and A and B 
are coefficients. The B coefficient is a measure of the 
ion-solvent  interact ion and the solvent s t ructure-  
making or s t ruc ture-breaking properties of the ion; a 
large positive value [0.150 for L i ( I ) ]  indicates strong 
ion-solvent  interact ion and a negative value [--0.045 
for Cs( I ) ]  a weak interact ion (s t ruc ture-breaking) .  

The approximately l inear  relationship between dif- 
fusion current  constant  (related to diffusion coeffi- 
cient),  I, and B coefficient (Fig. 3) suggests that  the 
variat ion in I is related to the characteristic change 
in  viscosity of water  and hence to the change in struc-  
tural  parameters  of ionic aqueous solution. Indeed, it 
has been proposed that  negative values of B indicate 
a negative solvation of the ionic species (35, 36). The 
individual  I values for each metal  ion in water  are, 
however, all larger than the corresponding values in 
most other solvents. In  addit ion to the s t ruc ture-break-  
ing properties of the large alkali  metal  cations, the ab-  
normal  proton jump and hydrogen bond exchange 
mechanisms in  water  effectively reduce the friction 
coefficient between ion and solvent  below that  for 
ion-nonaqueous  systems. 

2 

I 2 

Cs 
o P..b 

" kla 

I I 1 
-0.0.5 0 0.05 0 ]0  0 ]5  

B 

Fig. 3. Dependence of the diffusion current constant, I, for the 
alkali metal cations in aqueous solution on the Jones-Dole B co- 
efficient (4). I is in ~A mM - 1  mg -2 /3  sec 1/2 and B is in I 
mole-Z. 

The close agreement  between Debye-H(lckel theory 
and the solubilities of K ( I ) ,  R b ( I ) ,  and Cs(I)  per-  
chlorates in aqueous solution over a range of ionic 
strength has been interpreted as indicating the v i r -  
tual absence of ion-pai r ing (37). 

Since factors other than ion solvation can influence 
the hal f -wave potential  at mercury  electrodes, e.g., 
the free energies of amalgamat ion and of formation of 
the alkali  metals, the values of such thermodynamic  
quanti t ies are tabulated in Table IV for comparison 
with the polarographic data of Table I. The factors 
involved are discussed by Davies, Schwartz, Yeager, 
and Hovorka (38). 

Morpholine.--In morpholine, the A E 1 / 2  values are 
all very small or zero, except for L i ( I ) ,  indicating 
that  the lone pair of electrons on either the oxygen 
atom or the ni t rogen atom of the molecule is suffi- 
c ient ly active for morpholine to solvate Li (I) strongly. 
The corrected I value for Li ( I )  confirms the bulkier  
nature  of this species. 

NitriLes.--The nitr i le  solvents are considered as a 
group because the --C~_N group appears to be the 
dominant  influence in electrochemistry in these sol- 
vents. It is not clear whether  donation from the sol- 
vent  to the metal  ion occurs from the n-bonds of the 
- - C = N  l inkage or from the lone pair on the ni t rogen 
atom. However, the ~-bonding electrons of the ni t r i le  
group form a relat ively easy bridge for electroreduc- 
t ion of L i ( I ) ,  especially in benzonitr i le  and phenyl -  
acetonitri le (least negative AE1/2 of the ni t r i le  series), 
where the x-bonding of the benzene r ing probably con- 
t r ibutes to the electroreduction mechanism. 

Propylene carbonate and sulfolane.--In PC and sul-  
folane, the small  or zero El/2 for the reduction of 
Li ( I )  suggests that  steric hinderance of solvent mole-  
cules prevents  the  strong solvation which is normal ly  
exhibited by this small  ion. Of the data on sulfolane 
(23-25), only the work by Coetzee et al. (23) is quoted 
here since the other two investigations report  measure-  
ments  either at 40~ or at temperatures  below the 
na tura l  freezing point of the solvent. The large I values 
for Li ( I )  in both PC and sulfolane fur ther  support  the 

Table IV. Potential and thermodynamic data for alkali metal 
amalgams (38) 

D2 b • I06, AH, AG, 
I o n  - - E o ,  a V c m  sec  -1 k c a l / m o l e  k c a l / m o l e  AS, e u  

Li (I) 2.43 I. I0 -- 19.8 - 19.3o -- 1.7 
2.44c 

Na (I) 2.20 0.90 -- 19.97 - 19.97 -- 8.3 
K (I) 2.21 0.77 -- 26.51 -- 21.97 -- 15.2 
R b ( I )  2 .10 d - -27 .6  --21.89 - -18 .7  
Cs ( I )  2.11 e 0.52 - -38 .6  - -23 .1  - - 5 3  

a T h e s e  p o t e n t i a l s  fo r  t h e  a l k a l i  m e t a l  a m a l g a m s  w e r e  c o n v e r t e d  
f r o m  v a l u e s  v s .  N H E  to  v a l u e s  v s .  S C E  by  a d d i n g  0.242V. 

b D i f f u s i o n  eoefficlen~ in  t h e  a m a l g a m .  
c F r o m  re f .  (42) .  

F r o m  re f .  (43) .  
v V s .  m e r c u r i c  o x i d e  e l e c t r o d e .  
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notion that  only small or negligible solvation occurs in 
these two iner t  solvents. 

The presence of water  in PC gives rise to a peak on 
cyclic vol tammetry;  a plot of the l imit ing value of 
ip/V 1/2 vs. concentrat ion of water  yields a straight 
l ine from 50 to 600 ppm of water  (39). The same 
workers showed that  water  can be determined chrono- 
potentiometrical ly and inferred that  an insoluble po- 
rous film of LiOH was formed over par t  of the elec- 
trode as a result  of proton reduction. A similar effect 
was also noted by Dey (40). 
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ABSTRACT 

Exper imenta l  rates are  repor ted  for oxygen mass t ransfer  to a disk rota t ing 
in 31/2% (0.6M) aqueous l~aCl. Average  Sherwood numbers,  Sh,  were  obtained 
over  a range of tempera tures  from 0.6~ (33~ to 100~ (212~ a range 
of Reynolds numbers,  Re, f rom l04 to 1.18 x 107, and a range of Schmidt  
numbers,  Sc, f rom 34 to 1400. The laminar  flow results agree wi th  general ly  
accepted theories such as the Newman  extension of the Levich  theory,  Spar -  
row and Gregg, and Gregory and Riddiford. Transit ion f rom laminar  to tu rbu-  
lent flow was found to occur at Re = 3.0 x I0 ~. A least squares analysis indi-  
cates that  the turbulent  flow results for 8.9 x l05 < Re < 1.18 x 107 and 
34 < Sc  < 1400 can be correlated by 

Sh  = 1.17 • 10 -2 Re  ~ Sc 0-249 (I) 

with a s tandard error  of the est imate of __+8.9%. For  3.0 x 105 < Re < 8.9 x 105, 
Eq. (I) requires  modification because there  are significant contributions (over 
10%) to the average Sherwood number  due to laminar  flow in the center. The 
exper imenta l  average Sherwood numbers  agree well  wi th  friction analogy 
theories using e i ther  the Tien, Wasan, and Wilke  or the Deissler eddy diffu- 
sivi ty profiles. 

The present  invest igat ion is concerned pr imar i ly  
wi th  mass t ransfer  characterist ics by induced flow 
about a disk rotat ing at very  high Reynolds number  
in tu rbu len t  flow. 

Heat, mass, and momentum transfer  by flow about 
a rotat ing disk have been studied extensively  in re-  
cent years not only because of their  importance in 
practical  applications but  also because the disk is a 
convenient  exper imenta l  tool for the study of three-  
dimensional  boundary layers. Work on transport  
about a rotat ing disk is summarized by Kre i th  (1), 
Dorfman (2), Riddiford (3), and Levich (4). Laminar  
flow heat and mass t ransfer  to a rotat ing disk has been 
studied extensively,  and general ly  good agreement  
be tween theory and exper iment  has been recorded, 
e .g ,  Cobb and Saunders (5), Riddiford (3), Tien and 
Campbell  (6), Newman and Hsueh (7), Daguenet  (8), 
Krei th  et al. (9). Some semitheoret ical  and approxi-  
mate  theories have been developed for turbulent  flow 
about a rotat ing disk by Krei th  et al. (9), Davies (10), 
Dorfman (11), Levich (4), and Har tne t t  et al. (12). 
There have been several  exper imenta l  investigations 
of heat  or mass t ransfer  to a rotat ing disk in induced 
turbulent  flow by Kre i th  et al. (9), Tien and Camp- 
bell  (6), Daguenet  (8), Cornet  and Kaloo (13), and 
Cobb and Saunders (5); however,  these investigations 
have genera l ly  covered a l imited range of Reynolds 
numbers.  

Previous investigations have shown that  when  a 
rotat ing disk induces turbulent  flow, the centra l  por-  
t ion of the fluid will  be in laminar  flow up to a local 
Reynolds number  of about 2.5 x 105, depending on 
surface roughness, Cornet  et al. (14). For  a disk 
rota t ing at a Reynolds number  below 106 and at 
Schmidt  numbers  below 1000, there  are significant 
contributions to the average Sherwood number  f rom 
the fluid in laminar  flow. The max imum Reynolds 
numbers  obtained in previous investigations were  7 x 
105 (5, 6, 9), 106 (13), and 1.4 x 106 (8). It is difficult 
to ascertain f rom such data the behavior  of the ful ly  
turbulent  port ion of the fluid, because the laminar  
port ion accounts for more than 10% of the average 
Sherwood number.  One object ive of the present work  
was to obtain mass t ransfer  data for Reynolds number  

1 Present address: Shell Development Company, Emeryville, Cali- 
fornia. 

* Electrochemical Society Active Member. 
Key words: corrosion, turbulence, cathodic protection, oxygen 

reduction. 

>106 , where  the contributions to the average  Sher -  
wood numbers  f rom the laminar  port ion of the fluid 
are negligible. 

Preliminary Considerations 
Typical ly mass t ransfer  rates for flow about a ro-  

tat ing disk are presented in the  form of local or aver -  
age Sherwood number  as a function of the local or 
over -a l l  Reynolds number  and the Schmidt  number.  
The local Sherwood number  is defined as 

S h  = N r / ( D  zXC) [1] 

where, N = mass flux to the disk 
r = local radius 
D = diffusion coefficient 

~C = concentrat ion difference between bulk 
and surface 

The average Sherwood number  is defined as 

Sh  -: N ro/D ~C 
where  

N~---- 2ro -2 ~0 r~ N rdr  

[2] 

The local mass t ransfer  rate  to a rotat ing disk in the 
laminar  regime is given as 

Shlam : C1 Rel/21ocal Sc 1/3 [3] 

where  C1 is specified for high Schmidt  numbers  by 
Levich (15), for Schmidt  numbers  greater  than 100 by 
Newman  (16), and for Schmidt  numbers  lower than 
100 by Sparrow and Gregg (17). The local Sherwood 
number  in turbulent  flow is given by 

Sht  = C2 Re~nlocal Scn [4] 

where  m has been given as 0.8 by various invest iga-  
tors (9-12), but as 0.9 by Levich (4). Values proposed 
for n have ranged between 1/4 and 1. Equations [3] 
and [4] can be integrated to give 

Shlana = C1 Re  ~/2 Sc  1/3 [5] 
or 

Sht  ~= C3 Re  m Sc  n [6] 

The average Sherwood number  for a disk with  the 
outside flow turbulent  and center  in laminar  flow can 
be expressed as 
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S h  = rc/ro [Shlam,c -- Sht, c] + S h t  [7] 

where  c denotes that  the Sherwood number  is eval -  
uated at the radius at which transi t ion f rom laminar  
flow begins. For  Reynolds numbers  >106 and Schmidt  
numbers  >34, accepted correlat ions show 

S h  ~_ S h t  

within  10%. Equat ion [6] then is an asymptote which 
has been approached by previous invest igators and 
reached for a short Reynolds number  span by Cornet 
and Kaloo and by Daguenet.  

Equipment  and Procedure 
Mass t ransfer  rates were  measured by determining 

the current  requi red  to reduce oxygen arr iving at the 
surface of a rotat ing disk in 31/2 weight  per cent (w/o)  
aqueous sodium chloride solution. 

The over -a l l  e lectrochemical  reaction may  be con- 
sidered to be 

O2 + 2H20 + 4e -  <-> 4 O H -  [8] 

Under  l imit ing current  conditions the oxygen concen- 
t ra t ion at the cathode solu t ion-meta l  interface may  
be taken as zero. 

Equipment  is shown schematical ly in Fig. 1. The 
cathode was a 24.8 cm (9% in.) d iameter  monel  400 
alloy (ASTM B16.4 Class A) disk insulated on the 
back and outer  edges. The disk rotated in a 64.5 cm 
(24 in.) diameter,  78.6 cm (31 in.) long, steel pressure 
vessel coated wi th  coal tar  epoxy on the inside to 
prevent  corrosion. The anode was a t i tanium disk 38.1 
cm (15 in.) in d iameter  wi th  strips of p la t inum foil 
64.5 cm 2 (10 in. 2) in area at tached to the t i tanium by 
spot-welding.  The anode was bolted to the back head 
of the pressure vessel and insulated from it. The 
reference  electrode was 99.99% silver, par t ia l ly  coated 
with  si lver chloride, immersed in the 3V2% aqueous 
NaC1. This electrode was insulated by a glass tube, 
inserted through the back head and through an 
opening in the anode, so that  about 0.63 cm (% in.) 
of the  electrode extended beyond the glass tube, to 
wi th in  2.54 cm (1 in.) of the cathodic disk. 

The  disk was dr iven by ei ther a 3 or a 15 hp motor, 
at speeds ranging f rom 10 to 2500 rpm. Tempera tures  
be tween 0.6~ (33~ and 100~ (212~ were  ob- 
tained by circulat ing the fluid be tween exper iments  
through an outside heat  exchanger.  Oxygen  concen- 

~ 2 0  

22 , ( ~ T ~ 3  24 

10 II ~ . . . . . . . . . . . . . . . .  

. , 3  IF, .2 

Fig. I. System schematic: 1, disk; 2, Ag-AgCI reference elec- 
trode; 3, back head (ASA 250 Ib standard blind flange); 4, front 
head (ASA 250 Ib standard blind flange); 5, shell (24 in. dia. 
Vz in. wall SA-53); 6, 21ASA 250 Ib standard slip-on welding 
flanges; 7, platinum titanium anode; 8, anode lead wire (insulated 
from head); 9, probe lead wire; 10, current supply; 11, potential 
measuring contact; 12, shaft; 13, insulating coupling; 14, 2--bear- 
ings; 15, packing gland; 16, 15 hp motor Varidrive; 17, bearing 
support table; 18, insulating block; 19, 60-tooth gear and induction 
pickup; 20, regulated power supply; 21, high impedance voltmeter 
(Hewlett Packard 412A); 22, ammeter (Weston 430); 23, pulse 
amplifier; 24, counter. 

t rat ion in solution was de termined  by Winkler  analysis 
(18). Addi t ional  details of equipment  and procedure  
are avai lable  (19). 

Results and  Discussion 
A typical  set of polarization curves is shown in Fig. 

2. The mass t ransfer  l imit ing current,  i.e., the mass 
flux of oxygen to the surface of the disk when  the 
concentrat ion of oxygen on the surface is zero, was 
chosen as the point of inflection on the polarization 
curves. F rom the l imit ing current  data of Fig. 2, it is 
possible to evaluate  Sherwood number,  S h  = 
q r / n F D A C  at a given Reynolds number  R e  ~ r2~/v. 
The diffusion coefficient for oxygen, D, was obtained 
by applying a t empera tu re  correction, af ter  Wilke 
(20), to values f rom the Internat ional  Crit ical  Tables. 

Typical ly  the l imit ing curr.ent could be determined 
from the point of inflection to wi thin  • 5%. In Fig. 2 
some of the curves at s imilar  rpm's  represent  differing 
oxygen concentrations, so the agreement  in mass 
t ransfer  is bet ter  than the curves might  imply. 

The exper imenta l  average  Sherwood numbers  for 
laminar  flow are shown in Fig. 3 and 4 as a function 
of Reynolds number  for Schmidt  numbers  of 53, 110, 
400, and I400, which correspond to e lect rolyte  t emper -  
atures of 82~ (180~ 54~ (130~ 24~ (75~ 
and 0.6~ (33~ It is seen that  the exper imenta l  data 
agree with we l l -known  theoret ical  predictions wi th in  
5%, except  for the lowest Reynolds numbers  where  
free convection may be contr ibut ing substant ial ly to 
the mass transfer.  Agreement  wi th  convent ional  heat  
and mass t ransfer  correlations is obtained by assuming 
four electrons are t ransfer red  per molecule  of oxygen 
in the mass t ransfer  l imited cathodic reduction. 
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Fig. 2. Polarization curves 
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Fig. 4. Rotat ing disk laminar  flow (theory a f te r  J. S. N e w m a n )  
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There  was some var ia t ion  of t empera tu re  be tween  
several  exper imenta l  runs so that  the actual value  of 
the Schmidt  number  may differ by as much as 7% 
from the mean value reported;  however ,  the actual  
value of the  Schmidt  number  was used to calculate 

the ratio S h / S c  ~/3 for the plotted exper imenta l  points. 
Transit ion from laminar  to turbulent  flow was found 

to occur at R e  = 3.0 x 1O ~. 

Figure  5 is a plot of S h / S d / 4  vs .  R e  for turbulent  
flow wi th  Schmidt  numbers  of 34, 49, 109, 400, and 
1300. Note that  most of the data presented are for 
Reynolds numbers  above 106 and that  the highest 
Reynolds number  attained was 1.18 x 10 ~, which is 
almost an order  of magni tude  higher  than previous 
published heat  or mass t ransfer  data. 

Above  a Reynolds number  of 8.9 x 10~ a straight l ine 
can be passed through the data. A least squares an- 
alysis indicates that  the equation of the best straight 
line through the  data is 

S h  ---- 1.17 x 1O-~ Re0.896 Sc 0.249 [9] 

wi th  a s tandard error  of the est imate of ~_ 8.9%. 
Figure  6 is a plot of the present  data and the high 

Schmidt  number  electrochemical  mass t ransfer  data 
of Daguenet.  There is considerable  scatter  in the data 
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Fig. 6. Rotat ing disk turbulent  flow 
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at low Reynolds numbers.  As the Schmidt  number  
changes, the extent  of the laminar  contr ibution to the 
over -a l l  Sherwood number  changes. It  is seen, h o w -  
ever, that  as the Reynolds number  increases the 
scatter decreases, unti l  at a Reynolds number  above 
8.0 x 105 Daguenet 's  and the present  data are in rea-  
sonable agreement.  

F igure  7 is a plot of the present  data and represent -  
a t ive points from Kreith,  Taylor, and Chang (9), and 
Tien and Campbell  (6) for the mass t ransfer  of 
naphthalene  ( S c  = 2.4) as wel l  as the heat  t ransfer  
data of Cobb and Saunders (5) for Pr  = 0.72. The  
ratio S h / S c  1/4 is s l ightly lower for the naphthalene  
mass t ransfer  than the present  results and consider-  
ably lower for the heat  t ransfer  results. The reason 
for this is that  as the Prandt l  or Schmidt  number  de- 
creases both the laminar  and turbulent  flow asymptotes 
decrease (17, 21). 

Previous theories except  for Levich 's  (4) do not 
agree wi th  the data since their  forms are 

S h t  --~ C3 Re ~ Sc~ [10] 

The Levich theory  with  its unspecified constant fits the 
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data since it predicts approximately the r ight  power 
of the Schmidt and the Reynolds numbers.  

Sh t  = C3 Re  ~ Sc 1/4 [11] 

Previous theories except for Levich do not agree too 
closely with the present  exper imental  data since they 
were developed for low Schmidt n u m b e r  flows. At 
low Schmidt numbers ,  the Sherwood number  is 
proport ional  to the Reynolds number  times the friction 
factor, whereas for high Schmidt numbers  the 
Sherwood number  is usual ly considered to be propor-  
t ional to the Reynolds number  times the square root 
of the friction factor (21-23). 

Using Krei th 's  technique (9), bu t  with a friction 
factor after Dorfman (2) and with eddy diffusivity 
profiles of either Deissler (21) or Tien, Wasan, and 
Wilke (22, 23) two equations have been derived which 
closely fit the present exper imental  results. Dorfman's  
friction factor (2) was chosen because it agrees more 
closely with the drag data than the previous theories 
of von K~rm~n (24) or Goldstein (25). The correla-  
t ion based on the Deisster eddy diffusivity profile 
yields for the average Sherwood number  

Sht .=  1.12 x 10 -2 Re ~ Sc o.25 [12] 

The Tien, Wasan, and Wilke correlation yields 

Sht  = 5.93 x 10 -~ Re ~ Sc T M  [13] 

Both of the above correlations are approximations 
valid for high Schmidt numbers .  The Deissler high 
Schmidt number  approximation predicts Sherwood 
numbers  about 8% too high (when compared to 
Deissler's exact solution) at a Schmidt number  of 34. 
The high Schmidt number  approximation of the Tien, 
Wasan, and Wilke theory predicts values of the Sher-  
wood number  about 1% too high. 

Both theories predict that  the power of the Reynolds 
number  is 0.91 as compared to the exper imental  value 
of 0.896. The Deissler theory more closely predicts the 
exper imental  value of the power of the Schmidt n u m -  
ber, 0.249, than does the Tien, Wasan, and Wilke 
theory. Figure 8 shows a representat ive plot of average 
Sherwood number  as a funct ion of Reynolds n u m b e r  
for constant  Schmidt number ,  as well  as the predic- 
tions of Eq. [12] and [13]. From Fig. 8 it is seen that  
the Eq. [12] based on a Deissler eddy diffusivity pro- 
file is almost an upper  bound for the exper imental  
data and that  Eq. [13], based on a Tien, Wasan, Wilke 
eddy diffusivity profile is almost a lower bound on the 
data. 
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It is remarkable  that the above two equations fit 
the exper imental  results so closely. They are based on 
eddy dzffusivity profiles which were developed for 
pipe flow data, where the only mean  velocity com- 
ponent  is along the axis of the pipe; in contrast, the 
rotat ing disk has a three-dimensional  boundary  layer  
with mean  velocity components in  the radial, circum- 
ferential,  and axial  directions. 

C o n c l u s i o n s  
It can be concluded from the exper imental  results 

that for Reynolds numbers  between 8.9 x 105 and 1.18 
x 107 and for Schmidt numbers  between 34 and 1300 
the mass t ransfer  rate to a rotat ing disk can be repre-  
sented by 

Sh  = 1.17 x 10 -~ ReO.S96Sc 0.249 

Furthermore,  this correlation may  be closely approxi-  
mated from a friction analogy, using either the 
Deissler or Tien, Wasan, and Wilke diffusivity pro-  
files. 
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LIST OF SYMBOLS 
~C difference in concentrat ion of oxygen be- 

tween bulk  of solution and metal-f luid in ter-  
face, g moles/cm~ 

C1,C2,C3 constants 
2 

C~ -- - -  C2 an integrat ion constant 
l + 2 m  

D diffusion coefficient, cm2/sec 
F Faraday 's  constant, 96,500 coulomb/g equiva-  

lent 
m, n exponential  constants 
n number  of electrons t ransferred in electro- 

chemical reaction, in S h  = q r / n F D A C  
N mass flux to the disk, g moles / (cm 2 sec) 
N average mass flux to the disk 
q current  density, A/cm 2 
r local radius, cm 

Subscripts 
c critical radius at which t ransi t ion from lami-  

nar  flow begins 
lain laminar  
o outside 
t t u rbu len t  

Greek Symbols 
o, angular  velocity, radians/sec 
v kinematic  viscosity, cm2/sec 

Dimensionless groups 
Re  Reynolds number ,  r2o~/v 
Sc  Schmidt number ,  y/D 
S h  local Sherwood number ,  N r / ( D A C )  
Sh  average Sherwood number  
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The Transient Behavior of Graphite-Silver Iodide and 
Platinum-Silver Iodide Interfaces in a Solid-State System 

Michael N. Hull* and Arthur A. Pilla* 
ESB Inc. Research Center, Yardley, Pennsylvania 19067 

ABSTRACT 

The electrochemical characteristics of the interface formed by  solid silver 
iodide in contact with either p la t inum or graphite have been studied 
by l inear  sweep vol tammetry,  chronopotentiometry,  and the potential  and 
current  step techniques. The results indicate that the graphite-si lver  
iodide interface exhibits pure double- layer  behavior over the potential  
range of --0.03 to ~0.46V (vs. Ag/AgI) ,  with no frequency dispersion effects 
observed up to approximately 1 MHz. In contrast, pure double- layer  behavior 
could not be isolated for the p la t inum-s i lver  iodide case under  the same con- 
ditions. It is suggested that, for cathodic potentials, this is due to the rapid 
discharge of silver atoms onto the p la t inum surface at subuni t  activity, and at 
anodic potentials to l iberat ion of iodine. Comparison of the two electrode sys- 
tems in terms of recent ideas concerning mol ten salt double- layer  behavior 
indicates that  in both of these systems, the double layer is essentially deter-  
mined by the s tructure of solid AgI. The graphite interface behaves very 
much in an ideally polarized manne r  while the p la t inum interface behaves 
very much as an ideally reversible system because of the rapid faradaic re-  
actions prevalent  throughout  the entire accessible potential  range. 

In  recent  years there has been a growing reawaken-  
ing of interest  in the use of solid electrolytes in power 
sources. This has been pr imar i ly  due to the discovery 
of a family of compounds of general  formula M Ag415 
(where M ----- K, Rb, or NH4) which have an ionic con- 
duct ivi ty  of comparable magni tude  to that  normal ly  
associated with good l iquid electrolytes (1-11). In  
these compounds, and also in the parent  compound, 
silver iodide, conduction occurs solely by the move- 
men t  of silver entities through the crystal lattice. It Js 
therefore both of theoretical and practical interest  to 
begin to obtain more basic informat ion on the na ture  
and kinetics of electrochemical processes which can 
occur in solid-state systems. 

One of the major  questions to be answered is that  
concerning the s tructure of the solid electrolyte-elec- 
trode interface. This is par t icular ly  so in view of the 
considerable theoretical and exper imental  work which 
has been reported (12-23) concerning space charge 
polarization in solid and liquid systems. These studies, 
which actual ly involve diffuse double- layer  behavior, 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
Key words:  double layer,  solid e lec t ro ly te ,  s i l v e r  iod ide ,  f r e -  

q u e n c y  dispersion. 

have at tempted to explain the f requency dispersion 
noted when, e.g., a solid electrolyte in contact with an 
ideally polarizable electrode is per turbed using a-c or 
t ransient  techniques. The exact m a n n e r  in which the 
diffuse double layer responds as a funct ion of the 
frequency of a low level per turbat ion  is still somewhat 
unclear  (23). It is, however, certain that as charge is 
injected onto an ideally polarizable electrode, it is 
possible for a static concentrat ion gradient  of an ionic 
species of given sign to be established which extends 
to a significant extent  into the bu lk  electrolyte. This 
phenomenon is, of course, well known in dilute aqueous 
electrolytes (24-26). However, it has also been ob- 
served in solid electrolytes (27) and suspected in 
mol ten salts (21). In  a typical study of solid elec- 
trolytes (16), s a-c impedance of Ag /AgBr /Ag  and 
A u / A g B r / A u  arrays at temperatures  of 200~176 
was determined. Frequency dependent  resistance and 
capacitance effects, with the lat ter  having values 
of the order of 100 ~F �9 cm -2, were observed. The 
in terpre ta t ion of these and other similar studies is 
open to some doubt since, al though no steady state 
faradaic current  can flow through an array such as 
A u / A g B r / A u  wi th in  the potent ial  limits of stabil i ty 
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of the electrolyte, a t rans ient  faradaic current  is pos- 
sible as wil l  be seen below. More recent work (28, 29) 
has pointed out that  the study of such arrays can be 
placed on a more thermodynamical ly  reasonable basis 
if one of the electrodes is reversible  to one of the elec- 
trolyte components while the other electrode is inert.  
At the inert  electrode, there again wil l  exist a potential  
range over which no steady-state  current  wil l  flow, 
but  a t rans ient  faradaic current  is possible which, ac- 
cording to the Nernst  equation, wil l  tend to readjust  
the activity of each of the electrolyte components at 
the iner t  electrode according to the applied d-c poten-  
tial. For example, in the system Ag/AgI/M,  where M 
is an electrode having no common ion with the elec- 
trolyte, the activity, a, of Ag and I2 at the M/AgI  in ter-  
face is given by, for Ag 

FE 
aAg ---- exp -- ~ [1] 

RT 
and for I~ 

2F(ED -- E) 
ai2 : exp [2] 

RT 

where ED is the decomposition potential  of the elec- 
trolyte, E the potential  of M with respect to Ag/AgI;  
the other terms have their  usual  significance. For a 
given change in the inert  electrode potential, E, both 
aAg and ai2 undergo a readjus tment  by faradaic proces- 
ses, the rates of which are, of course, not predicted by 
Eq. [1] and [2]. It is expected, however, that  the ease 
with which, e.g., an M-Ag bond forms determines to a 
great  extent  these rates as has been shown in recent  
work concerning the P t / C u  and P t /Bi  systems (30). 

An interest ing recent study (28) examined the 
double- layer  behavior  of the interface formed be-  
tween a single crystal  of silver bromide with single 
and polycrystal l ine graphite, p la t inum and gold elec- 
trodes at temperatures  of 244~176 This invest iga-  
t ion showed that the response of such interfaces to 
potential  step per turbat ions  could not be represented 
by a simple RC series ne twork  as would be expected 
for pure  double- layer  behavior  (17, 31), but  that  the 
cell response consisted of a mix ture  of several t ime 
constants. This behavior was suggested to be analogous 
to the frequency dependence of the a-c capacitance 
which is observed in aqueous systems at many  solid 
electrodes (32, 33). Electrode capacitance values, cal- 
culated by dividing the total charge t ransferred dur ing 
the repolarization of the interface by the magni tude  
of the potential  step, gave values of several hundred  
~F �9 cm -2 for p la t inum electrodes and values approxi-  
mate ly  one order of magni tude  smaller  with graphite. 
However, the high temperature  of these systems most 
probably  resul ted in re la t ively high rates for the 
faradaic processes, render ing  the separation from 
double layer  charging difficult. 

The work described here examines the properties of 
the interface formed between a polycrystal l ine elec- 
trolyte and two polycrystal l ine electrodes at room 
temperature,  thus keeping the faradaic reaction rate 
as low as possible. The system Ag/AgI /M where M is 
graphite or Pt  was examined, silver iodide was chosen 
as the electrolyte in view of its re la t ively  high ionic 
conductivi ty (0.0001 mho-cm -1) at room tempera ture  
compared to other simple solid electrolytes. It may  be 
noted that  the intr insic conductivi ty of AgI at room 
tempera ture  is ,~ 10 -8 ohm -1 cm-1,  but  higher values 
are observed where grain boundary  conduction pre-  
dominates as is the case for the polycrystal l ine ma-  
ter ial  utilized in  this study. 

Experimental 
The exper imental  cell, which consisted of a silver 

counterelectrode, silver iodide electrolyte in which a 
small  silver wire was imbedded to act as a reference 
electrode, and a p la t inum or graphite working elec- 
trode, was assembled by compressing the various con- 

st i tuents together in  a steel die under  a pressure of 
40,000 psi to produce a pellet of 1.27 cm diameter and 
0.2 cm thick. The procedure followed before pressing 
the pellet was as follows: 0.4g of powdered silver 
was placed in  the die and pressed l ightly to give a 
smooth, compacted surface. On top of this, 0.4g of 
powdered silver iodide was evenly spread and l ightly 
compacted followed by a 2.0 cm length of 0.0122 cm 
diameter  silver wire which was positioned for a por-  
t ion of its length along the circumference of the die. 
Another  0.4g port ion of the silver iodide was then 
added and again gent ly  compacted to give a flat sur-  
face on top of which 0.05g of either powdered p la t inum 
black or powdered pyrolytic graphite was spread. The 
die contents were then compressed at the designated 
load. After  removal  of the pellet from the press, it 
was carefully sanded along the edge to reveal  the 
wire reference electrode which was then pulled out at 
r ight  angles to the cell as shown in Fig. 1. The cell 
was clamped between Teflon blocks, electrical contact 
being made to the counter  and working electrodes by 
means of "plastic carbon" disks interposed between 
each of the Teflon blocks and the corresponding elec- 
trode. The complete exper imental  cell is shown in 
Fig. 1. Due to the fact that  cumulat ive  effects of re-  
peated exper imental  runs on any one cell were not 
negligible, a fresh pellet was used for each run  of 
each type of experiment.  In  this way, excellent re-  
producibil i ty of the system response was obtained. 

Anodic and cathodic potent ial  and current  per tu rba-  
tions were applied to the s tudy electrode as shown in 
Fig. 2 and 3. For  the potentiostatic experiments  (see 
Fig. 2), a fast-rise Tacussel PIT 20-2X Potentiostat  (A, 
Fig. 2) was programmed from a Tacussel GITP Pulse 
Generator  (G, Fig. 2) for the step experiments  or a 
Tacussel GSTP-2 Funct ion  Generator  (G, Fig. 2) for 
l inear  sweep studies. For galvanostatic measurements,  
the potentiostat  was employed in the mode shown in 
Fig. 3. In  this, a resistor, R, (Fig. 3) two orders of 
magni tude greater than  that of the ohmic resistance of 
the cell was placed in series with the latter. In  addi-  
tion, the feedback a r rangement  was such that a poten-  
tial step could be applied across both R and the cell 
allowing the potentiostat  (A, Fig. 3) to operate in its 
fastest mode (34). 

Because of the large electrolyte resistance ( ~  300 
ohms) and the high electrode capacitances encountered 

PLASTIC GRAPHITE SILVER WIRE REFERENCE 
CONTACT DISC ~ \ F ELECTRODE 

Fig. 1. Cell configuration 

Fig. 2. Block diagram of the circuit employed for potentiostatic 
experiments with IR compensation. 
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7//7 pE. lag) 

Fig. 3. Block diagram of the circuit employed for galvanostatic 
experiments with IR compensation. 

(up to severa l  thousand ~F/cm~),  i t  was necessary in 
both potent ios ta t ic  and  galvanosta t ic  studies to in t ro -  
duce ohmic drop compensation.  In  the  former  case, 
(see Fig. 2), this was accomplished by  re in jec t ing  
(via A2, Fig. 2) a signal  p ropor t iona l  to the  magn i tude  
of the  cur ren t  flowing through  the  cell  back  into the  
noninver t ing  input  of the  potent iostat .  Detai ls  of this  
c i rcui t ry  have  been publ i shed  e l sewhere  (34). This 
mode of opera t ion  allows a cr i t ica l ly  damped  cur ren t  
response having  a min imum t ime constant  (T,~in), 
beyond which the sys tem exhibi ts  damped  oscil lat ions 
(34), app rox ima te ly  two orders  of magni tude  lower  
than  that  of the  uncompensated  sys tem to be read i ly  
achieved. 

For  galvanosta t ic  studies, the  ohmic component  of 
the  vol tage  response was removed  b y  employing  a 
h igh-speed  different ia l  p robe  (Tekt ronix  P6046, A2 
Fig. 3) a r ranged  as shown in Fig. 3. It can be seen 
that  by  apply ing  a d-c  vol tage (IR, Fig. 3) to the in-  
ver t ing  input  of the  different ia l  probe  of magni tude  
equal  to tha t  of the  observed IR component  appear ing  
at the  noninver t ing  input, the  ohmic- f ree  vol tage re-  
sponse of the  e lectrode is obtained.  A l l  cur ren t  and 
vol tage functions were  d isp layed on a Tek t ron ix  565 
dual  beam, dual  t ime base oscilloscope (V (t)  and I ( t ) ,  
Fig. 2 and 3) ut i l izing type  3A7 different ia l  input  p r e -  
amplif ier  p lug- ins  (A~, Fig. 3). 

Results 
Linear sweep voltammetry and chronopotentiornetry. 

- - T h e  ove r -a l l  e lect rochemical  behavior  of each a r r a y  
was inves t iga ted  by  sweeping the potent ia l  of the  
s tudy e lect rode in both the  anodic and cathodic d i -  
rect ions f rom an ini t ia l  s ta r t ing  poten t ia l  of +0.46V 
(vs. A g / A g I ) .  This va lue  was chosen since p la t inum 
cells exhib i ted  an open-c i rcui t  potent ia l  of +0.46V 
wi th in  severa l  minutes  of thei r  construction.  ( Ini t ia l ly ,  
the  open-c i rcu i t  potent ia l  of the  a r r a y  is zero since 
the cell  is in a shorted s ta te  un t i l  it  is r emoved  from the  
steel  die.) As Eq. [1] and [2] show, a potent ia l  of 
+0.46V corresponds (for ED = 0.68V) to that  at  which 
the  ac t iv i ty  of s i lver  and iodine at the  p l a t inum-s i lve r  
iodide interface  are  equal  (and, therefore,  min imum) .  
In contrast ,  g raph i te  cells  ma in ta ined  an open-c i rcui t  
vol tage  of zero af ter  construction.  However ,  this elec-  
t rode  could be polar ized to any  poten t ia l  be tween  a p -  
p rox ima te ly  --0.03 and +0.5V, and the imposed vo l t -  
age would be re ta ined  under  open ci rcui t  condit ions 
indefinitely.  Thus the  g raph i t e - s i lve r  iodide interface 
appears  to be an example  of an idea l ly  polar ized in t e r -  
face (35) in a so l id-s ta te  system. 

As m a y  be seen f rom Fig. 4, no apprec iab le  fa rada ic  
cur ren t  is observed to flow across a g raph i t e - s i lve r  
iodide interface  as the  potent ia l  is swept  ca thodica l ly  
( region A-B)  unt i l  an e lect rode potent ia l  of app rox i -  
ma te ly  --0.03V is at tained,  at  which  point  s i lver  dep-  
osition commences abrupt ly .  This type  of behavior  in-  
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Fig. 4. Current-potential behavior of a graphite electrode re- 
corded at a sweep rate of 5 mV-sec - I .  

dicates tha t  Eq. [1] is not obeyed in the  g raph i t e  case 
wi th in  the  t ime scale of the exper iments  descr ibed 
here  and tha t  there  is therefore  no si lver  on the sur -  
face in i t ia l ly  even at  a potent ia l  of zero corresponding 
to an ac t iv i ty  of unity.  Af te r  the  sweep direct ion is 
reversed  at  C, s i lver  deposi t ion occurs at  potent ia ls  
below the  in i t ia l  s ta r t ing  point,  B. This shows that  
fu r the r  deposi t ion onto the  e lect rode is occurr ing at  
those sites which are  a l ready  covered with  a l ayer  of 
deposi ted s i lver  and tha t  this process can cont inue at  
a lower  overvol tage  than  that  requ i red  for deposi t ion 
onto the s i lver - f ree  sites. Be tween  D and A, the  de-  
posi ted s i lver  is r emoved  from the  surface and the 
cur ren t  passes th rough  a peak  at  about  0.1V. 

The above behavior  may  be contras ted  to that  ex-  
h ibi ted  by  p la t inum cells as shown in Fig. 5. One may  
see that,  in this case, an increas ingly  la rger  amount  of 
cu r ren t  flows th rough  the sys tem at al l  potent ials  
cathodic to the cell  open-c i rcu i t  potent ia l  of +0.46V. 
This type  of behav ior  suggests tha t  s i lver  deposi t ion 
is t ak ing  place on the p la t inum electrode at subuni t  
ac t iv i ty  according to the  dictates of Eq. [1]. Af te r  
sweep reversal ,  an anodic peak  due to the  r emova l  of 
s i lver  f rom the surface is again  observed s imi lar  to 
tha t  in the  graphi te  case. This is to be expected since 
s i lver  is being removed  from s i lver  in both cases. 

The l ibera t ion  of f ree  iodine occurs at app rox ima te ly  
+0.5V for g raphi te  and +0.46V for p l a t inum elec-  
t rodes  dur ing  an anodic poten t ia l  sweep as can be 
seen f rom Fig. 4 and 5. The l ibera ted  iodine, in each 
case, gives r ise to a broad  reduct ion  peak  on the r e -  
t u rn  sweep. 

Chronopotent iometr ic  studies were  conducted using 
var ious  cathodic currents  wi th  the  s tudy electrodes at  
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Fig. 5. Current-potential behavior of a platinum electrode re- 
corded at a sweep rate of 5 mV-sec-1. 
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Fig. 6. Schematic illustration of the differences in chronopoten- 
tiometric behavior between graphite and platinum electrodes. 

an ini t ial  potential  of +0.46V similar to the l inear  
voltage sweep studies. The general  behavior exhibited 
by each electrode is shown schematically in  Fig. 6. I t  
can be seen that  the potential  of a graphi te  electrode 
underwen t  a l inear  increase with t ime unt i l  the 
abrupt  onset of silver deposition at P. The potential  
then decreased to a steady-state value at Q. This po- 
tent ial  overshoot which corresponds to the behavior  
exhibited using l inear  sweep conditions (see BCD Fig. 
4) reflects the gradual  t ransi t ion from silver deposition 
on graphite to that of silver deposition on silver as a 
monolayer  of silver is bui l t  up on the electrode sur-  
face. On the other hand, the corresponding response of 
a p la t inum electrode did not exhibit  l inearity,  and 
the approach of the final s teady-state value required 
an order of magni tude longer t ime than graphite and 
was not preceded by  any "overshoot" region. The 
above pat terns of behavior  closely paral lel  those of 
the graphi te-s i lver  bromide and the p la t inum-s i lver  
bromide interfaces whose behavior at somewhat higher 
temperatures  (244~176 was reported earlier (28). 

Both the l inear  voltage sweep and the chronopo- 
tentiometric studies show that  there exists a range of 
potentials from approximately +0.5 to --0.03V for 
graphite arrays wi th in  which no appreciable faradaic 
reaction occurs and wi th in  which one should be able 
to observe solely the charging of the double layer on 
application of an appropriate low level perturbat ion.  
At potentials more negative than --0.03V and more 
positive than +0.5V, faradaic processes due to the dep- 
osition of silver and the l iberat ion of free iodine, 
respectively, occur. In  contrast, it appears that  there 
is no potential  range wi th in  which the p la t inum-s i lver  
iodide interface behaves as ideally polarized. The 
measurement  of the double- layer  capacitance of this 
interface could thus be expected to be complicated in 
all potential  regions by faradaic processes associated 
with either the discharge of silver onto the electrode 
surface at subuni t  activity or the l iberat ion of iodine 
by electrolyte decomposition. 

Potential  and current  step s tudies . - -Potent ial  steps 
of low ampli tude (<5  mV) were applied to each in te r -  
face with various degrees of ohmic drop compensa- 
tion. This was achieved by setting the degree of posi- 
tive feedback, as determined by  the value of Ri (Fig. 
2), such that  ei ther the fastest stable response (~mi,) 
or some fraction of zmi,, e.g., 90%, was obtained. In  
practice, the degree of compensation was adjusted 
using a "sacrificial" cell which was then replaced by a 
freshly prepared a r ray  for the exper imental  measure-  
ment. All  of the results reported here were obtained 
from the first pulse applied to a new cell. 

In  Fig. 7, two representat ive response curves for the 
graphi te-s i lver  iodide interface are presented in semi- 
logarithmic form. These were recorded at 4- 0.41V 
(i.e., within  the potent ial  range for which no t rans ient  
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Fig. 7. Semilogarithmic plots of the response of a graphite elec- 
trode to a 5 mV potential step for differing degrees of IR Compen- 
sation: (a) 90% "~min; (b) Train- 

faradaic reaction can occur) and with different de- 
grees of positive feedback. As a first point, it may be 
noticed that  both plots of log i vs. t are completely 
l inear  over the whole of the t ime scale of the charging 
process as one would expect for a system behaving as 
a simple RC series circuit. Thus for the cell configura- 
t ion employed in  this investigation, the capacitative 
properties of these interfaces may be studied without  
complications of the cell response by frequency dis- 
persion effects. This single t ime constant  behavior  
exhibited by the graphi te-s i lver  iodide interface was 
observed for times extending to seconds if the degree 
of IR compensation was sufficiently reduced and may 
be contrasted to that  of the p la t inum-s i lver  iodide 
interface for a similar potential  step per turbat ion  
wi thin  the potential  region for which no steady-state 
current  can flow but  which is active under  t rans ien t  
conditions (see Fig. 5). Figure 8 shows the semilog- 
ari thmic cur ren t - t ime  response curves f o r  a p la t inum 
electrode at two different electrode potentials and with 
90% Tmin. It may  be seen that  in this case there is no 
region of the response curve wi th in  which l inear i ty  of 
the functions plotted is observed even for times as 
long as several seconds after application of the poten-  
tial step, although more recent studies (36) indicate 
that  compensation in  the presence of rapid faradaic 
reactions may be relat ively difficult to interpret .  
Further ,  the amount  of charge required to repolarize 
the interface is several orders of magni tude  larger 
than  that  required for repolarization of the graphite-  
silver iodide interface under  identical conditions in -  
dicating again that processes in addition to those as- 
sociated with charging of the double layer are taking 
place. 

In  view of the above behavior,  galvanostatic studies 
of the p la t inum electrode were conducted since IR 
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Fig. 8. Semilogarithmic plots of the response of a platinum elec- 
trode to a 5 mV potential step at 90% ~mln. 
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Fig. 9. IR free overvoltage response of a platinum electrode 
potentiostatted at an initial potential of +0 .41V during a cathodic 
galvanostatic pulse of 780 #A. 

free measurements  could be made at shorter times 
than  those employing compensated potential  steps. It  
was believed that this procedure would increase the 
possibility of isolating the double layer parameters  in 
this case. The response of this electrode to a 780 ~A 
cathodic galvanostatic pulse applied at an ini t ial  
s tar t ing potential  of +0.41V is shown in Fig. 9. It is 
evident  that  even for times of the order of a few 
microseconds, the potent ia l - t ime relationship is not 
l inear  as would be expected if the system were ex- 
hibi t ing simple RC behavior. A similar form of re-  
sponse curve is observed at all potentials wi th in  the 
studied range. These results indicate that  the process 
giving rise to deviations from simple RC series be-  
havior is still playing a predominant  role at these 
short times. Galvanostat ic studies of the graphite-  
silver iodide interface gave results identical  to those 
observed in  potentiostatic studies. 

Discussion 
One of the advantages of s tudying the double- layer  

behavior  of a solid electrolyte is the absence of any 
effects associated with the presence of a solvent. How- 
ever, al though a one-component  system should be in-  
herent ly  simple in its behavior, one suffers from the 
disadvantage that  each ion in the double layer is a 
potent ial ly electroactive species. Thus the problem of 
achieving an exper imental  separation between non-  
faradaic and faradaic processes might  be expected to 
be greater than for the case in aqueous layer studies 
where the major i ty  of the ions in the double layer are 
iner t  in m a n y  cases (37). 

The cri terion that  ideal double- layer  charging is 
being observed has been shown to be the presence of 
a single t ime constant  over a sufficiently large t ime 
range (at least one order of magni tude)  from the 
shortest exper imenta l ly  accessible times (31). Thus 
for a potential  step exper iment  in which the r ise- t ime 
of the step is much shorter than the electrode t ime 
constant(s) ,  the double layer capacitance may  be 
calculated from the equation 

Vo t 
i (t) = exp [3] Re ReCD 

where Vo is the magni tude  of the potential  step, Re 
the electrolyte resistance, and CD the total double-  
layer capacitance. For the galvanostatic case, the 
equation 

iot 
V ( t )  ~= ioRe -t- ~ [4] 

CD 

may be employed where  io is the magni tude  of the 
current  step. 

In  the graphite case, these equations were found to 
be obeyed over the whole t ime range of the electrode 
response at each potential  wi thin  the range +0.50 to 
--0.03V (see Fig. 7). This indicates that  in  this case, 

all  of the charge accepted by the interface in  the 
above potential  range  is utilized in  solely a nonfaradaic 
process. In  addition, it is evident  that  for the cell 
configuration utilized in  these studies, as has been 
pointed out earlier, there is no frequency dispersion 
of the measured capacitance. This is in  contrast to the 
behavior reported for the graphi te-s i lver  bromide in-  
terface at temperatures  close to the mel t ing point of 
the electrolyte (28). 

Note that  in view of the fact that  graphite acts as 
an ideally polarized electrode over the potential  
range +0.46 to --0.03V, it might  be expected that  a 
diffuse double- layer  effect would be observed as the 
potential  becomes more cathodic than  +0.46V due to 
the necessary accumulat ion of positive charge from 
Ag + ions at the interface. The effect of the presence of 
a diffuse double layer is general ly  considered to be 
simply a capacitance one. In  other words, it is pre-  
sumed to be a capacitance, Cd, in series with the inner  
layer capacitance, Ci, such that 1/CD -~ 1 /Ci  -~- 1/Cd, 
indicating that Cd is a lumped parameter  showing no 
spatial dependence (25). It might therefore be assumed 
that the series RC model for which Eq. [3] and [4] 
hold is valid whether  or not the diffuse layer capaci- 
tance contributes significantly to the measured CD. 
This model, however, must  inherent ly  be wrong since 
the very  existence of a diffuse double layer presup- 
poses a concentrat ion (and potential)  gradient  ex- 
tending into the bu lk  electrolyte (25). It is thus sur-  
prising that  the major i ty  of studies concerning the 
a-c behavior of the diffuse double layer result  in an 
equivalent  electric circuit with lumped parameters  
(23). Exceptions to this are the work of Fer ry  (12), 
Anson (20), and Barker  (19) who implici t ly assume 
a distr ibuted parameter  system for the equi l ibr ium dif- 
fuse double- layer  structure. Present ly  work is being 
conducted in this laboratory to confirm the expected 
spatial dependence of both the diffuse double layer 
and the electrolyte resistance (39). 

The above discussion indicates that  the presence of 
a diffuse double layer would be expected to result  in 
f requency dispersion with respect to a simple RC 
series circuit model. However, in order to observe this 
effect at present ly available frequencies, it is necessary 
that  both the total  Cd (which can be evaluated from 
classical diffuse layer theory) be of the same order of 
magni tude  or smaller  than Ci, and that  the extent  to 
which the concentrat ion (potential)  gradient  extends 
into the bulk  electrolyte be significant. The second con- 
dition results from the conclusion that, in most cases, 
a simple finite RC transmission line is adequate to 
describe the spatial dependence of the diffuse double 
layer (12, 19, 20, 39). Since the line is finite, its be-  
havior, under  the boundary  conditions present  in this 
problem, will  reduce to that of a simple RC series 
circuit at a f requency depending on the length of the 
l ine for a given system. If, in addition, the total im- 
pedance of the line is much less than that of Ci, which 
would tend to be the case if the total Cd, as obtained 
from the line, is much larger than  Ci, it is then v i r tu -  
al ly impossible to isolate the f requency dependence of 
the t ransmission line from that  of Ci. Classical diffuse 
layer theory (24) predicts that, except possibly for 
potentials very close to the point of zero charge, Cd is 
much greater than Ci, thus allowing only Ci to be ob- 
served. 

In the case of solid AgI electrolyte in contact with 
graphite, the following will  show that  the spatial de- 
pendence of Cd is not l ikely to be observed. The total 
charge injected into the graphi te /AgI  system to move 
the potential  0.5V cathodic with respect to a potential  
of +0.46V is 4 ~C cm -2. Since solid AgI is a close- 
packed s t ructure  of I -  with highly mobile Ag + ions, 
it appears reasonable to assume that, in order to 
satisfy this charge requirement,  more Ag + ions move 
into the double layer area. A simple calculation based 
upon the fact that  105 coulombs represent  6.23 x 1023 
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Ag + ions shows, however, that  there are more than 
enough Ag + ions (by one order of magni tude)  in the 
first layer (of 1 cm 2) adjacent to the electrode to 
satisfy the 4 ~C charge requi rement  assuming that  
there is one Ag + in each 10 A 2 of a plane paral lel  to 
the electrode surface. Based on the above, it appears 
reasonable to assume that  a concentrat ion (potential)  
gradient  of Ag + extending into the bu lk  is v i r tua l ly  
nonexis tent  and, therefore, the diffuse double layer 
should act as a lumped parameter  in the over-al l  
series RC equivalent  circuit. 

The capacitance values for the graphite electrode 
which can now be considered as those of the t rue 
inner  layer capacitance, in view of the above obser- 
vations, are plotted in Fig. 10 as a function of poten-  
tial. It can be seen that, wi thin  the potential  range 
mentioned above, Ci is invar ian t  and has a value of 
8.0 #F cm -2. Beyond these potential  limits, the onset 
of the relat ively rapid faradaic reaction corresponding 
to the discharge of either silver or iodine gives rise to 
additional t ime constants which mask the measure-  
ment  of the double- layer  capacitance in this region. 
The capacitance values plotted in these lat ter  regions 
were those calculated from the tangent  of the ini t ial  
portion of the response curves to a galvanostatic step 
at the shortest accessible times. The values obtained, 
therefore, contain a contr ibut ion to the true value of 
C~ from the impedance associated with the part icular  
faradaic process occurring. 

It  is interest ing to speculate on the origin of the 
relat ively low and invar ian t  value of Ci observed in 
this case. To do this, reference may be made to recent 
work (40) concerning the double- layer  s tructure of 
molten salts which indicates that to a very good ap- 
proximation,  this quant i ty  is in large part  determined 
by the s tructure of the part icular  molten salt. These 
studies have shown that the inner  layer is present  as a 
simple parallel  plate capacitor and that  it is essentially 
ia series with another  capacitor whose value is deter-  
mined by the degree of long range order in the molten 
electrolyte which tends to prevent  the formation of a 
very compact inner  layer. In  the case of solid AgI, the 
I -  ions are hexagonal  close packed (41) at room tem- 
perature, and the bu lk  electrical properties are ohmic 
in nature.  Similar  to molten salts, it is to be expected 
(even more so in the case of a solid since it is difficult 
to visualize how the structure can become more com- 
pact) that this s t ructure  will  predominate  up to the 
inner  layer region. This region, however, is far from 
ohmic and exhibits, as shown earlier, simple capacitive 
behavior. As a first approximation, the parallel  plate 
capacitor model might  then predict the observed value 
of Ci. This is given by 
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Fig. lO. Potential dependence of the capacitance of a graphite 
electrode determined from galvanostatic measurements recorded 
at microsecond times. 
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K D  eo A 
Ci  = - -  [,5] 

d 
where KD is the dielectric constant, Co the permit t iv i ty  
of free space, d the distance between the capacitor 
plates, and A is the surface area. Since Ag + ions are 
relat ively mobile with respect to I -  ions in  the solid 
structure, it is to be expected that  the Ag + ion popu- 
lat ion in a plane paral lel  to the graphite surface acts 
as the electrolyte side of the parallel  plate capacitor 
model. The microscopic s tructure of the inner  layer is 
thus most probably a plane of free electrons in the 
graphite extending to its surface, which is parallel  to 
and opposite a plane of positive charges consisting of 
Ag + ions. For this model, d would then be expected 
to be given by the ionic radius of Ag + (1.2A). The 
proposed inner  layer s tructure also supposes that, in 
contrast to aqueous solution and mol ten salts 
(although the value of KD for the inner  layer may be 
a wrong assumption in this case) free space exists 
between the two capacitor plates in which case, KD 
1. Subst i tut ion of the above values of d and KD in [5] 
results in an inner  layer capacitance of 7.4 ~F cm -2 
in good agreement  with the observed value of 8.0 ~F 
cm-2. 

Application of Eq. [3] and [4] in the determinat ion 
of the double- layer  capacitance of the p la t inum elec- 
trode was not possible at even the shortest t ime ranges 
exper imental ly  accessible at any  electrode potential. 
This is well  i l lustrated in Fig. 9 for the galvanostatic 
case where  it is obvious that  at short times, a deviation 
from the expected l inear i ty  (Eq. [4]) occurs. It  may  
therefore be seen from a comparison of the behavior 
of both electrode systems that, although for each 
change of the electrode potential,  Eq. [1] and [2] 
require that the activity of the silver and iodine at 
the interface should readjust  to new equi l ibr ium 
values by charge transfer,  no such process appears to 
occur in the graphite case in the region of ideal po- 
larizabil i ty wi thin  the t ime range of the above exper-  
iments. On the other hand, in the p la t inum case a rapid 
readjus tment  does occur involving, for example, the 
discharge of a finite quant i ty  of silver onto the plati-  
num surface for a cathodic potential  step. That this 
readjus tment  does involve the formation of sub- 
monolayer  quanti t ies of deposited silver atoms and 
not adsorbed silver ions as has been suggested pre-  
viously for the p la t inum-s i lver  bromide case (28) has 
been proven by examining p la t inum electrodes with 
an electron microprobe after they had been potentio-  
statted at various positive electrode potentials. Clear 
proof of the presence of deposited silver on the plat i -  
num surface at such potentials was obtained (42). In  
view of the very  rapid faradaic process occurring at 
the pla t inum-s i lver  iodide interface, it is useful to 
consider the potential  dependence of the total  capaci- 
tance as determined by integrat ion of the total charge 
passed dur ing a 5 mV potential  step. This dependence 
is shown in Fig. 11 where  in the potential  region for 
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Fig. 11. Total capacitance of the platinum-silver iodide interface 
as a function of the electrode potential. 
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which no steady-state faradaic current flows (,~0.0 
to 0.5V), the form of the capacity-potential  curve in- 
creases monotonically in either direction from the 
minimum at ,~0.46V. 

It is interesting to note that the form of the capaci- 
tance-potential  curve shown in Fig. 11 is similar to 
that exhibited by liquid metal-molten alkali systems 
(40), where it has already been suggested that the 
high values of capacitance and its rapid increase as the 
potential becomes anodic or cathodic to the point of 
zero charge is due to contributions from the reversible 
faradaic reactions occurring at the interface (43). As 
stated earlier, faradaic complications are not present 
in the graphite case. It might thus be expected that 
the true double-layer  capacitance of the plat inum- 
silver iodide interface should exhibit a functional re-  
lationship with potential similar to that of graphite. 
This is part icularly so since, as shown earlier, the 
capacitance of the double layer is predominantly 
determined by the ionic structure of the solid elec- 
trolyte and to a much lesser degree, by the nature of 
the part icular electrode employed. Approximate 
evaluations of electrode capacitance at microsecond 
times obtained from results such as those shown in 
Fig. 9 yield substantially lower capacitance values (40- 
400 ~F cm-2).  These measurements indicate that the 
true value of CD might be obtainable if data could be 
gathered at times as short as several nanoseconds. This 
is possible through the use of the recently developed 
Transient Impedance Technique (31) which will  be 
employed in future work on these systems. 

In view of the difficulty in achieving an experi-  
mental separation of faradaic and nonfaradaic proces- 
ses in the platinum system at room temperature and 
of the recently published (40) ideas concerning re-  
gions of ideal polarizability and ideal reversibil i ty in 
molten salt systems, it appears important to exercise 
extreme caution in the interpretation of such experi-  
mentally measured capacitance values in terms of the 
structure of the interface and its eventual influence 
on electrode kinetics. 
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Electrochemical Studies in Liquid and Solid AgBr 
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ABSTRACT 

The comparat ive electrochemical properties of Pt  electrodes have been 
studied in liquid AgBr at 429~ and solid AgBr at 300~ ~ At all  tempera-  
tures, a significant t ime range of ideal polarization kinetics was observed. The 
intr insic AgBrIPt  double- layer  capacitance is the same for l iquid and solid 
AgBr and is constant  over the solid-state tempera ture  range investigated. In  
addition, the principal  characteristics of Ag submonolayer  deposition are the 
same above and below the AgBr melt ing point. The results indicate the elec- 
trochemical properties are determined by an interfacial  ion layer whose char-  
acteristics are independent  of the state of the electrolyte. Decreasing double-  
layer charging rates were observed with decreasing solid-state temperature  
and are a t t r ibuted to interface strain due to differential thermal  contraction. 

In  a brief communicat ion (1), the authors previously 
reported the achievement  of ideal polarization kinetics 
at the AgBr]Pt solid-solid interface. While these find- 
ings were felt to be of special interest  with regard 
to a previous body of l i terature on polarization 
capacitance in ionic solids (2), they were partial  
results of a more broadly based study to determine 
intrinsic electrode properties in a typical solid-elec- 
trolyte system. The purpose of the present publication 
is to present  the ful l  results of the s tudy and give a 
bet ter  account of the exper imental  techniques in-  
volved. 

Several  previous studies (3) in our laboratory with 
the solid electrolyte AgBr were directed pr imar i ly  
toward determining the magni tude of its differential 
double- layer  capacitance against various electrode 
materials at temperatures  ( )250~ where it possesses 
good ionic conductivity. With polarizing d-c biases 
(Ag side negative) on solid-state cells of the type 
Ag[AgBr[(Pt  or C), voltage steps were applied and 
the capacitances obtained by cur ren t  integration. Static 
capacitance of order 25-45 ~f/cm 2 were found against 
graphite, which could be at t r ibuted to a diffuse space 
charge layer in the AgBr. With p la t inum electrodes, 
min imal  capacitances an order of magni tude  larger 
were a t t r ibuted to charge storage by an Ag + ion 
layer on the Pt  surface. In  addition, as the electrode 
voltage approached the silver potential, a large pseu- 
docapacitance was observed, which could be at t r ibuted 
to the gradual  bui ldup of an Ag monolayer  on the 
Pt  by Ag + ion discharge. 

An  a d d i t i o n a l  i tem of interest  in this previous work 
was the kinetics of interface charging. In contrast  
to the behavior  expected for ideal polarized electrodes, 
plots of log i v s .  t in response to the voltage steps 
were not linear. Their course suggested charging with 
a mixture  of t ime constants, but  the exact curve shapes 
showed some r u n - t o - r u n  variabil i ty,  so effects in-  
volving the electrode contact were suspected. These 
cells consisted of cylindrical  AgBr pellets spring-  
loaded between smoothed electrode faces, with contact 
made either by 1-hr anneal ing just  below the AgBr 
mel t ing point, or by briefly heat ing the cell above 
the melt ing point to flash-melt the electrode regions. 

A principal  objective of the present study was to 
reinvestigate the charging kinetics of the AgBrlPt  
interface with a cell a r rangement  that  permit ted a 
more controlled method of forming the solid-solid 
interface. The cell employed consisted of a cylindrical  
Ag metal  cup filled with fused AgBr, into which was 
lowered a centered Pt  wire. The solid-solid interface 
was formed by  slow cooling through the mel t ing 
point. Because of the relat ively large area of the Ag 
electrode, its impedance could be ignored. Since the 
ar rangement  also permit ted electrochemical studies 

K e y  words :  solid e lect rolyte ,  A g B r  e lec t rochemis t ry ,  A g B r  d o u b l e  
layer .  

in the liquid state, a second objective of the experi-  
ments  was to compare electrode characteristics in 
liquid and solid AgBr. Ini t ia l  experiments  were car- 
ried out at 429 ~ and 417 ~ , corresponding to several 
degrees on each side of the melt ing point (423~ 
and later experiments  explored the effect of cooling 
to 350 ~ and 300 ~ in the solid state. 

Experimental 
Cylindrical  crucibles of 1 in. height, Y2 in. ID, and 

1/s in. walls were machined from h igh-pur i ty  3/4 in. 
silver rod stock and cleaned in KCN and HBr solu- 
tions. For the melt  loads, 1/2 in. cylinders of 99.95% 
AgBr single crystal rod stock, obtained from Semi 
Elements Inc., were used. Heating was carried out in 
a temperature-control led  Marshall  furnace, using a 
vertical quartz furnace tube  and a purified flowing 
argon atmosphere. Rubber  tubing  was avoided because 
of possible sulfur contamination.  A stainless-steel-  
sheathed chromel-a lumel  thermocouple in the silver 
crucible wall served as an electrode lead and tempera-  
ture indicator. The p la t inum electrode was attached 
to a coaxially mounted  support  rod which could be 
raised and lowered via a Pyrex sleeve seal. 

Thermocouple-grade 20-mil Pt  wire was general ly  
employed for the working electrode. In  one run,  a 
20-mil s ingle-crystal  Pt  wire obtained from the 
Aremco Corporation was used. No observable dif- 
ference in  electrochemical properties was seen. Prior 
to their use, these wires were electropolished in  fused 
NaC1-KC1 as described previously (3b). In  later runs, 
this operation was followed by an overnight  annea l  
at 1550~ in air. Before immersion of the working 
electrode, a sacrificial Pt  electrode was placed in 
the melt  for several days at 0.2V (positive) to oxidize 
photolytic silver and help remove any melt  impurities. 
In most runs, the AgBr was kept in  the molten state 
for less than a week in all, in order to avoid extensive 
dendrit ic recrystall ization of the Ag crucible walls. 

On completion of electrochemical operations in the 
melt, the cell was cooled through the freezing point 
at about 2~ On freezing, the Pt  electrode im-  
mersion remained the same, with a small  contraction 
"pipe" forming at one side of the solidified melt. 
Electrochemical properties showed good reproducibi l-  
ity on cycling through the mel t ing point and on cooling 
to room temperature  a n d  reheating. In the absence 
of other electrochemical operations, an 0.2V polariz- 
ing d-c bias was mainta ined on the cell. 

The electrochemical operations carried out on the 
cell were cyclic vol tammetry,  a-c impedance mea-  
surements,  galvanostatic chronopotentiometry,  and po- 
tentiostatic chronocoulometry.  The potentiostatic and 
galvanostatic operations were carried out essentially 
as described previously (3b). Series a-c resistance 
and capacitance were measured with a s tandard 
Wheatstone bridge a r rangement  (4) employing Gen-  
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eral Radio Company decade resistance and capaci- 
tance boxes, oscillographic nulling, and a 10-20 mV 
a-c signal amplitude. The f requency range was l imited 
to 0.1 to 10 kHz because of the small  resistance and 
large capacitances general ly  involved. Cyclic vol tam- 
metry  was carried out with a s tandard arrangement .  

Results 
Steady-state cell current.--Solid-state cells of the 

type AglAgBr]Pt  , which consist of a reversible and a 
more noble "inert" electrode, have been termed 
"polarization cells" (5) because of their abi l i ty  to 
completely block steady-state ionic current  over a 
wide range of applied d-c bias. In  the appropriate 
bias range, the inert  electrode functions as a capacitor 
toward ionic current  and the only d-c cell cur ren t  
observed (in the absence of accidental depolarization 
effects) is a small  electronic current.  This current  
flows under  field-free conditions, being due to an 
electron concentrat ion difference at the two electrodes. 
In the present  case, the current  is given by (5, 6) 

RT 
ie = _ - - ' - "  Ce ~ ( I  - -  e - e F I R T )  

G F  

where e is the d-c bias, ~e o is the local electronic con- 
ductivi ty at the interface with the reversible electrode, 
and G is the cell constant. Such cells have, in fact, 
been used to measure low-level  electronic conduc- 
t ivi ty in predominant ly  ionic-conducting solids (6). 
Analogous experiments,  however, have not been car-  
ried out with the same electrolyte in the liquid state. 

At solid-state temperatures,  s teady-state  cell cur-  
rents <10 ~A were obtained which showed the expected 
bias dependence and agreed well with previous data 
(7). In the liquid state at 429 ~ , the current  was 6-8 
times as large as at 417 ~ . The same bias dependence 
was observed, but the current  level showed day- to-  
day drifts and agreed only approximately among 
various cells. It appears that an electronic current  
is still involved. Where the solid-state current,  how- 
ever, is strictly a diffusional current,  it seems l ikely 
that at least some of the enhancement  in the liquid 
state is due to convection. Thus, l iquid-s ta te  cells, at 
least in the present  configuration, do not seem es- 
pecially suited to electronic conductivi ty measure-  
ments. Since such currents  are in any event small  
and reasonably constant in the short term, their  ef- 
fects can be ignored in electrochemical measurements  
by ins t rumenta l ly  compensat ing for them in poten-  
tiostatic measurements  and by using relat ively large 
currents  in galvanostatic ones. At 350 ~ and 300~ 
these currents  were small  enough to neglect com- 
pletely. In a-c impedance measurements,  they 
represent  a high-resistance parallel  circuit path that 
can be ignored. 

Cyclic voltammetry.--To obtain an over-al l  picture 
of the electrode behavior  throughout  the polarizing 
range, cyclic vol tammagrams were carried out at all 
four temperatures.  Figure 1 shows comparat ive sweep 
curves at 429 ~ and 417 ~ corrected for steady-state 
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Fig. 1. Cyclic voltammagrams, Pt electrode in AgBr, 429 ~ and 
417 ~ sweep rate 35 mV/sec, sweep direction counterclockwise. 

cell current.  The solid-state curve shows a broad range 
of purely  capacitative charging. As the Ag potent ial  
is approached, a current  a t t r ibuted to gradual  Ag 
monolayer  deposition (3) is observed, with the start  
of the reverse sweep corresponding to monolayer  
stripping. Above 0.6V, effects a t t r ibutable  to a mix-  
ture  of electronic hole current  and Br~ discharge are 
observed. 

In  the liquid state, the low-bias behavior is similar, 
but  an apparent  redox process appears above 0.4V 
and limits the range of l iquid-state  polarizability. 
Ft  bromides at these temperatures  are not  stable in 
their  s tandard states (8), but  one expects b romina-  
tion in the melt  to be favored by halogen complex 
formation and melt  dilution. In  solid AgBr, it is 
unl ikely  that Pt  halogen complexes could form in  
the crystal lattice and equal ly unl ikely  for Pt  ions 
to have appreciable mobility. This seems the most 
l ikely explanat ion for the significant difference in  
electrochemical behavior  observed here with the 
liquid and solid electrolytes. 

Cyclic vol tammagrams at 300 ~ and 350~ were 
similar to one another  and differed main ly  from the 
417 ~ curves in the low-bias region. Figure 2 shows 
comparat ive curves at 417 ~ and 350 ~ in this region. 
The main  difference is an apparent  delayed monolayer  
str ipping peak at 4170 . When sweeps at 417 ~ were 
made at successively more rapid rates, the delay 
shortened and eventual ly  became negligible. It  appears 
that  the diffusion coefficient of Ag in Pt  is large 
enough at the two highest temperatures  to permit  
some in-diffusion of the monolayer  during slow sweep 
cycles, resul t ing in a str ipping delay. This and related 
effects will be discussed more extensively in subse- 
quent  sections. 

A-C cell impedance.--The first a-c impedance mea-  
surements  taken were series resistance and capacitance 
as a function of f requency at several fixed cell biases. 
The biases chiefly used were 0.05 and 0.25V to cor- 
respond to regions of the faradaic monolayer  process 
and double- layer  charging, respectively. In  the mol ten 
state, impedances at 0.05V showed reasonable stabil i ty 
and r u n - t o - r u n  reproducibil i ty,  but  early measure-  
ments  at 0.25V gave considerable problems in this 
respect. Figure 3 shows a collection of capacitance- 
f requency results in the double- layer  charging region 
at 429 ~ from various runs. In  addition to considerable 
day- to-day  drift  and i rreproducibi l i ty  in capacitance 
values, large low-frequency series resistances (up to 
80 ohms at 0.1 kHz) were observed. These were elec- 
trode resistances, since the bulk  (high-frequency l imit)  
cell resistance at 429 ~ was ~-,1 ohm. 

A number  of at tempts were made to achieve more 
ideal capacitative charging behavior. These involved 
melt  pretreatment ,  Pt  electrode preparation,  and cy- 
cling through the electrolyte mel t ing point. In  Fig. 3, 
a single data set ( run  5, 4th cycle) gave a v i r tua l ly  
f requency- independent  capacitance associated with a 
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Fig. 2. Cyclic voltammagrams, Pt electrode in AgBr, low voltage 
segments, 417 ~ (solid) and 350 ~ (dotted), sweep rate 35 mV/sec, 
sweep direction counterclockwise. 
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Fig. 3. A-C capacitance of Pt electrode in AgBr(I) at 429 ~ and 
0.25V as function of frequency (various runs). 

very low (0.5 ohm) electrode resistance. This behavior  
was finally reproduced and stable, reproducible im-  
pedances obtained by the use of melt  p re t rea tment  
with one or more sacrificial Pt  electrodes, and the 
previously described Pt  electropolishing and anneal ing 
procedures. With these precautions, the capacitance 
at 0.25V varied as little as 1% per decade of f requency 
and agreed to wi th in  5% among various runs. It is 
felt that adsorbable melt  impuri t ies  and electrode 
surface irregularit ies were chiefly responsible for the 
previous nonideal  behavior.  

When ideal capacitative charging ( f requency- inde-  
pendent  capacitance, low series electrode resistance) 
was achieved, the first operation was to monitor  the a-c 
capacitance at 0.25V and 1 kHz dur ing a slow cooling 
through the electrolyte mel t ing point. On freezing, 
no change whatever  was observed. Figure 4 shows 
the capacitance at 1 kHz as a function of cell voltage 
(potential  with respect to the Ag electrode) at 429 ~ 
and 417 ~ Above 0.4V, the curves diverge, p resumably  
because of the Pt  oxidation indicated in the cyclic 
vol tammetr ic  studies. At lower potentials, however, 
the curves are v i r tua l ly  congruent.  It  would appear, 
then, that  the kinetics and magni tude  not only of 
double layer charging but  of the faradaic monolayer  
process are essentially identical in l iquid and solid 
AgBr. We may  anticipate somewhat our discussion 
of this result  by recall ing that  we had previously (3) 
a t t r ibuted the large double layer  capacitance of AgBr 
on Pt  to charge storage by a layer of adsorbed elec- 
trolyte ions. Our results would then indicate that  the 
na ture  of this layer is independent  of the state of the 
electrolyte. 
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Fig. 4. A-C capacitance of Pt electrode in AgBr at 429 ~ and 
417 ~ at 1 kHz as function of cell voltage. 
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Fig. 5. A-C capacitance of Pt electrode in AgBr at 0.25V as 
function of frequency and temperature. 

At 350 ~ and 300 ~ capacitance values were smaller  
and more f requency-dependent .  Figure 5 shows the 
f requency dependence in the double- layer  region at 
the four temperatures.  Capacitance-voltage curves at 
1 kHz showed the same shape as the 417 ~ curve of 
Fig. 4, being displaced downward by a more or less 
constant  fraction. This and the appearance of Fig. 5 
suggested the onset of finite charging kinetics with 
decreasing temperature,  ra ther  than a change in the 
intrinsic interface capacitance. Subsequent  data con- 
firmed this picture. 

In  the faradaic region, a-c capacitances were higher 
and general ly more frequency dependent.  Figure 6 
shows the relat ive frequency dependences of the 
electrode capacitance in the double layer and faradaic 
regions at 429 ~ and 300~ In  the 0.05V case, the 
"capacitance" is properly a pseudocapacitance. Its 
f requency dependence appears to reflect a finite rate 
for the monolayer  faradaic process. With decreasing 
temperature,  the magni tude  of the pseudocapacitance 
decreased, but  its f requency slope remained relat ively 
unchanged. The result  is that  the frequency depen-  
dences at 0.05V and 0.25V were roughly the same at 
300 ~ No at tempt was made to fit the faradaic pseudo- 
capacitance to a reaction model. As we shall see, 
more direct evidence on the na ture  of the faradaic 
process was provided by potentiostatic coulometry 
measurements .  

Potentiostatic coulometry ( capacitative region ) . - -We  
noted above that  Fig. 5 and the shapes of a-c capaci- 
tance-bias curves at 350 ~ and 300 ~ suggested the 
onset of finite double- layer  charging kinetics at these 
temperatures  rather  than  a change in the intrinsic 
capacitance. This was verified by pre l iminary  poten-  
tiostatic coulometry measurements  with an X-Y 
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Fig. 6. A-C capacitance of Pt electrode in ABBr at 429 ~ (solid) 
and 300 ~ (dotted) in faradaic (0.05V) and capacitative (0.25V) 
voltage regions as a function of frequency. 
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recorder,  which showed that  the total  (static) differ- 
ent ial  capacitance at these tempera tures  was the 
same as the a-c capacitance at 417 ~ and 429 ~ The 
same measurements ,  however ,  showed the total capaci-  
tance at 417 ~ and 429 ~ to be significantly greater  
than the a-c capacitance. To clar ify the situation, d-c 
vol tage steps were  applied in the capacitance charging 
region at all  four tempera tures  and Q( t )  moni tored 
continuously over  the t ime range O.1 msec to several  
hundred  seconds by a combination of oscillographic 
and recorder  displays. 

F igure  7 shows a Q (t) curve  at 417 ~ for the vol tage 
step 0.20-0.25V. Qual i ta t ively  similar  curves were  
seen e lsewhere  in the capaci tat ive region at 417 ~ and 
429 ~ . Two distinct charge t ransfer  processes, wel l  
separated in t ime scale, appear to be involved. The 
capacitance corresponding to the first plateau was 
the same at all  four temperatures ,  was wel l  reproduced 
f rom run to run, and matched  the a-c capacitance 
data at 417 ~ and 429 ~ . This was taken to be the 
intrinsic interface capacitance. 

The capacitance corresponding to the slow second 
charge t ransfer  process was  significant only at 417 ~ 
a n d  429 ~ , was general ly  different at these t empera -  
tures, and var ied by up to a factor of two among 
various runs. It  was first thought  to correspond to 
slow double- layer  re laxat ion  involving ion redis t r i -  
bution about i r regular i t ies  on the electrode surface. 
Its magnitude,  however ,  was too large for this. Its 
most l ikely source was indicated f rom the results of 
Q(t)  vs. t I/~ plots. F igure  8 shows such a plot for the 
Fig. 7 data in the t ime range 10 msec to 225 sec. A 
l inear var ia t ion is seen for t imes up to 90 sec, cor- 
responding to a t ime range of almost  four orders of 
magnitude.  I t  appears that  a diffusion-l imited impur i ty  
current  is involved;  the t = 0 in tercept  gives the in- 
trinsic capacitance. The fact that  the  charge t ransfer  
terminates  indicates s imply that  the impur i ty  "reser-  
voir"  is of finite extent.  Since the total  amount  of im-  
pur i ty  charge involved throughout  the  capaci ta t ive  
voltage range is only of order  one monolayer,  it seems 
pointless to guess as to the nature  of the specific 
impur i ty  or mix ture  of impurities.  

F igure  9 shows the effective capacitance from Q(t) 
curves at all four temperatures .  The voltage step in 
question is 0.225 -~ 0.275V, so corresponds to the ca- 
pacitance at or near  0.25V. At 429 ~ and 417 ~ the 
effective capacitance was augmented at long t imes by 
the above-descr ibed impur i ty  diffusion, which effect 
was essentially absent at 350 ~ and 300 ~ . At the 
shor t - t ime  end, the intrinsic charging kinetics at 
429 ~ are  apparent ly  too fast to be observed as a 
finite charging rate. Supplementa l  oscillographic 
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data. 

sweeps showing charge and voltage rise times indi-  
cated no charging lag down to 20 ~sec. At  417 ~ 
evidence of finite charging kinetics appears. The 
effect is more  pronounced at 350 ~ and still more  
pronounced at 300 ~ Since coulometr ical ly  determined 
capacitances are only val id  for t imes at least several  
t imes as large as the intrinsic RC charging t ime of 
the cell, the  curves shown here are for t such that  
( 1  - -  e -t/Rc) is at least 0.98. Here, R is the cell  resist-  
ance and C is the p la teau- leve l  capacitance. The 
start  of the curve shifts to successively longer  times 
at lower  tempera tures  because of increasing electro-  
lyte resistance (...40 ohm at 300~ The curves, then, 
show the  re la t ive  interface c~arging kinetics at the 
four  temperatures .  

The principal  result  of the Fig. 9 curves is to define 
a single t empera tu re - independen t  intrinsic interface 
capacitance. Similar  sets of curves were  obtained at 
other  voltages in the capaci tat ive charging region, 
the range of which is est imated to be about 0.15V to 
0.55V. In this range, p la teau- leve l  capacitances f rom 
Q( t )  curves wi th  various cells, voltages, and t em-  
pera tures  agreed wi th  the  Fig. 4 values to an average  
of 5%. Thus, the 417 ~ curve  of Fig. 4 in this region 
gives the intrinsic interface capacitance of AgBr  
against Pt  to sol id-state tempera tures  at least as low 
as 300 ~ . In the t empera tu re  range investigated,  cor-  
responding to a factor of 40 change in electrolyte  
conductivity,  the capacitance appears to depend solely 
on the electrode potential.  

A fur ther  mat te r  of interest  in this voltage region 
was that  Q(t)  curves in the neighborhood of the 
capacitance m a x i m u m  (N 0.33V) showed several  dis- 
t inct differences f rom Q(t)  curves  at the min ima on 
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Fig. 11. Coulometric curve at 429 ~ for voltage step (0.30-0.35V) 
in neighborhood of capacitance maximum. Open circles indicate 
oscillographic data; squares are X-Y recorder data. 

either side. First, at temperatures  where finite in ter-  
face charging kinetics were observed, charging was 
several times slower at the capacitance maximum. 
This is shown in Fig. 10 for 350~ data, which indi-  
cates a factor of three slower charging t ime at the 
maximum.  In  addition, the ful l  charging curves for 
voltage steps in  the max imum region showed an 
unusua l  sigmoidal feature. This feature, seen in the 
t ime range 5-50 msec in Fig. 11, was most readily 
visible at 429 ~ and 417~ was pa r t i a l ly  observed 
at 350 ~ , and was not seen at 300 ~ because of masking 
due to decreasing interface charging rates at the 
lower temperatures.  Both this and the decreased 
charging kinetics in  the max imum region suggest 
s t ructural  characteristics of the interface double layer 
which wil l  be discussed. 

Potentiostatic couZometry ( monolayer  faradaic re-  
g i o n ) . - - W e  have already ment ioned that  a-c imped-  
ance measurements  showed general ly slower kinetics 
for the monolayer  faradaic process than for capaci- 
tat ive charging. It  was of interest  to see what  fur ther  
informat ion on the faradaic process could be obtained 
coulometrically. Earl ier  work (3) showed that  sub- 
monolayer  electrodeposition in  response to an appro- 
priate voltage step occurred more slowly than the 
str ipping process due to the reverse step. Since this 
effect presumably  involves steric factors in the process 
of depositing a uni form monolayer,  it was felt that  
more basic informat ion could be obtained from study-  
ing the str ipping process. 

A cell was equil ibrated at 0.002V to achieve near ly  
complete monolayer  coverage at a polarizing bias 
and the voltage then stepped to 0.200V to achieve 
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Fig. 12. Coulometric stripping curves corresponding to voltage 
step 0.002-0.200V. Right-side ordinate gives equivalent number of 
monolayers corresponding to charge values on left side. 

near ly  complete stripping. Figure 12 shows the Q(t)  
curves at all  four temperatures.  Although not shown 
here, and although often obscured by slow drifts in 
the steady-state cell current ,  the curves were gen-  
erally observed to level out to show completed charge 
t ransfer  in the t ime range of several hundreds  of 
seconds. 

Only at 300~ was a clean coulometric s tr ipping 
curve obtained in the subsecond region. The higher 
temperatures  appear to show a rapid pr imary  strip- 
ping process mixed with an increasing contr ibut ion 
from one or more slower faradaic processes. We noted 
earlier (Fig. 2) that  cyclic vol tammagrams indicated 
Ag diffusion into Pt  at the two highest temperatures  
dur ing  a cyclic sweep. Accordingly, it was expected 
that  the pr imary  str ipping process in Fig. 12 was being 
augmented by outdiffusion of Ag that had entered the 
Pt  dur ing  the previous equil ibrat ion at 0.002V. 

Figure  13 shows the data for the three highest tem- 
peratures in Fig. 12 replotted as Q(t )  vs. t 1/2 in the 
t ime range 0.5 msec to 4.0 sec. At each temperature,  
a curve with two l inear  regions is obtained, possibly 
indicating outdiffusion by a mixture  of mechanisms. 
In  any event, the curves permit  a clean separation 
of kinetics presumably  associated with diffusion and 
with the pr imary  str ipping process, allowing extrap-  

250 

2 0 0  

A 150 

~ I00 

50 

o 

4 2 9  ~ 

i/ /i 

350 ~ 

~ Io 2'0 3'o 4'o 5'o 6'o 70 
t t /2(msec I / 2  ) 

Fig. 13. Data of Fig. 12 at 350 ~ , 417 ~ , and 429 ~ replotted as 
O vs. t'/=. 



84 J. Electrochem. Sac.: ELECTROCHEMICAL S C I E N C E  January 1971 

olation to t = 0 to obtain the charge associated with 
the lat ter  process. 

To obtain the monolayer  coverage from the t = 0 
intercepts, it was necessary to correct for double layer 
charging and incomplete monolayer  stripping. An ad- 
mit tedly a rb i t ra ry  double layer correction was made 
by assuming that  the m i n i m u m  capacitance of 0.19V 
from the 417 ~ curve  of Fig. 4 applied across the 
monolayer  voltage region. Galvanostatic monolayer  
coverage curves from the present  and previous (3) 
work indicate that  the coverage at the 0.002V ini t ial  
voltage for the str ipping step is close to 94% complete 
and that, at 0.200V, str ipping is essentially complete. 
The double- layer  corrected Q (t = 0) values were thus 
divided by 0.94 in  calculating the number  of mona-  
layers coverage. Table I gives the coverage data for 
a part icular  run, along with galvanostatically derived 
coverage values. 

At  417 ~ and 429~ the total charge transfer, ob- 
tained with charge integrat ion times of several h u n -  
dreds of seconds, was considerably greater than the 
"fast" monolayer  charge. At these temperatures,  
charge values varied a good deal from run  to run, 
showing a range of 5 to 20 equivalent  Ag monolayers. 
Integrat ions carried out step wise over the voltage 
range 0-0.2V showed the same general  voltage de- 
pendence pat tern  as the a-c capacitance in this range. 
Thus, it was felt that  Ag metal, ra ther  than an im- 
purity, was involved. With sufficiently long waits, the 
slower charge transfers corresponding to (reverse 
polarity) monolayer  bui ldup voltage steps approached 
those obtained with str ipping steps. From this and the 
fact that  completed charge transfer  was general ly 
observed in the long- t ime limit, it appeared that the 
presumed Ag diffusion processes involved a porous 
surface layer on the Pt, backed up by relat ively im-  
permeable  bu lk  Pt. 

Galvanostatic chronopotentiometry.--Previous chron-  
opotentiometric studies (3) on the AgBr(s)  lPt(s)  sys- 
tem had been carried out at 250 ~ and 300~ to deter-  
mine the na ture  of Ag electrodeposition on bare Pt  
and obtain data on the f rac t ional  monolayer  coverage 
as a funct ion of Ag activity. The present  galvanostatic 
work was carried out in much the same way, with the 
objectives of extending the previous studies to higher 
solid-state temperatures  and to the l iquid state. 

In  these measurements ,  the cell is abrupt ly  (~4  
msec) switched from a polarizing bias well outside the 
monolayer  range (e.g., 0.3V) to a cons tant -current  
mode which passes Ag + ions toward the Pt, and the 
voltage is monitored oscillographically. The voltage 
trace is ini t ia l ly approximately linear, corresponding 
to double- layer  charging. As the theoretical  
Ag(s)  1AgBr(s) potential  (zero volts) is approached, 
the trace rounds off and approaches it asymptotically, 
indicating gradual  submonolayer  deposition and the 
absence of any appreciable overpotential.  By extrap-  
olating the init ial  l inear  part, one can correct the 
total charge (Q = it) at any time t for the double- layer  
charging contribution,  to obtain the faradaic charge 
as a function of voltage. If matching data are obtained 
at various current  levels, the iR-corrected voltage may 
be assumed to be the equi l ibr ium electrode voltage 
and, accordingly, data on fractional ideal monolayer  
coverage obtained as a function of Ag activity. 

The present sweeps were carried out at at least 7.5 
mA/cm 2 so that  the electronic cell current  at 429 ~ 
would be relat ively negligible, i.e., ionic current  would 
predominate.  At these current  levels, coverage is cam- 

Table I. Fractional Ag monolayer coverage at unit activity 
from coulometric and galvanostatic data 

429~ 417~ 350~ 300~ 

Coulometric  1.09 0.97 0.82 0.58 
Galvanostatic  0.96 0.80 0.60 0.65 
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Fig. 14. Silver metal activity at AgBrlPt interface vs. fraction of 
ideal monolayer coverage, from galvanostatic data at 429~ and 
7.5 mA/cm 2. 

pleted in at least 50 msec, so that  contr ibutions from 
Ag diffusion into the Pt  should be minor. Comparisons 
of 7.5 and 15 m A / c m  2 sweeps on the basis of total 
charge passed as abscissa showed excellent congruence. 
Figure 14 shows an activi ty-coverage plot at 429 ~ and 
7.5 m A / c m  2 current  level. As before, l inear  log-log 
plots were obtained through most of the submonolayer  
region. Deviations at low activities probably represent 
a systematic extrapolat ion error in the double layer 
charge at the low charge levels involved. The slight 
superuni t  Ag activity in  the postmonolayer region 
was independent  of the current  level and is again 
(3b) a t t r ibuted to some var ie ty  of relaxable stress in 
the monolayer.  Extrapolat ion of the sub- and post- 
monolayer  trace portions permits determinat ion of an 
effective monolayer  coverage. 

Activi ty-coverage slopes, represent ing n in the em- 
pirical relat ionship aAg = (const) ~ ,  averaged 0.60. 
These ranged 0.55 to 0.65 more or less randomly,  
showing no tempera ture  dependence. The average 
value is in good agreement  wi th  that  from the pre-  
vious work (0.57). Thus, the activity-coverage power-  
relationship is not a function of the tempera ture  or 
state of the electrolyte. The monolayer  coverage val-  
ues for a given r un  are shown in Table I, along with 
those from the potentiostatic data. The range of cov- 
erages is about the same by the two methods. The 
galvanostatic determinations,  however, involve more 
random error, as seen by the scatter of n values and 
the smoother temperature  dependence of the potentio-  
static coverages. Because of this, as well as unknown  
contributions from Ag diffusion and monolayer  bui ldup 
steric effects in the galvanostatic process, ~he po- 
tentiostatic coverages are felt to be more reliable. 

Discussion 
Two results are of special interest. First, of course, 

is success in preparing a solid-solid interface with a 
t ime range of electrochemically ideal polarization be- 
havior. This behavior is manifested as a range of 
f requency- independent  a-c capacitance and as an ap-  
preciable t ime range of completed charge t ransfer  in 
Q(t)  plots. Solid-solid interfaces are, needless to say, 
a relat ively unexplored area. The present  results indi-  
cate it is indeed possible to prepare such interfaces 
in a sufficiently reproducible manne r  to obtain prop- 
erties characterizable as "intrinsic." In the case of the 
interface between an ionic and an electronic conductor, 
electrochemical techniques provide a sensitive, so- 
phisticated means of interface characterization. 

In the present system, however, it is perhaps equally 
interest ing that, with the exception of Pt  oxidat ion in 
the melt  above 0.45V, there was li t t le if any basic 
difference in interface behavior  with the electrolyte in  
liquid and solid forms. We already noted from the 
impedance data that, in the neighborhood of the 
electrolyte mel t ing point, the kinetics and magni tude  
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of both double- layer  charging and the monolayer  
faradaic process are essentially the same. Such var i -  
ations in electrochemical properties as were observed 
were more a mat ter  of the tempera ture  than the state 
of the electrolyte. 

One might  expect that  the electrochemical processes 
mos t  influenced by whether  the electrolyte is l iquid or 
solid would be those whose rate was at least part ial ly 
determined by t ransport  in the electrolyte. In  the 
present  case, AgBr is a good ionic conductor on both 
sides of its mel t ing point;  the conductivi ty rises only 
severalfold on melting. Since no supporting electrolyte 
is involved, polarization in the electrolyte can only be 
ohmic and, in  the present  case, ohmic effects were 
small. Also, as we have stated, the size of the double-  
layer capacitance of AgBr against Pt  requires it to 
involve charge storage in a compact ion layer. Thus, 
the electrolyte in the present  case enters the picture 
only as one member  of a phase boundary  at which 
the natures  of the electrochemical processes of interest  
are determined.  The present  results indicate that the 
na ture  of the first ion layer  on the Pt  and of a part ial ly 
deposited Ag monolayer  are independent  of whether  
the electrolyte is l iquid or solid. It is perhaps reason- 
able, then, to th ink  of the electrolyte as no more than 
a mobile t ransport  medium for supplying ions to an 
interface layer which has its own structural  charac- 
teristics. 

For the source of the large double- layer  capaci- 
tances, we postulate a considerable variabi l i ty  in the 
composition of the interface ion layer with changing 
voltage. For the max imum charge storage capability, 
we visualize the extremes of a close-packed layer of 
pure ly  cations and purely  anions at the ends of the 
electrode potential  range corresponding to Ag and 
Br2 deposition. Such a layer would presumably  involve 
chemisorptive bonding to the p la t inum and be thought  
of as distinct from the AgBr crystal lattice behind it. 
Because of the vir tually,  identical structures and lat-  
tice parameters  of Ag and Pt, a layer  of close-packed 
Ag + ions on Pt  should represent  the same charge as a 
single lattice layer of Ag metal;  about 240 ~coul/cm 2. 
If we assume the B r -  ion coverage to be reduced by 
the square of the A g + : B r  - ionic radius ratio (0.42), 
the maximal  B r -  coverage contributes 100 #coul /cm 2 
for a total of 340 ~coul/cm 2. 

It is of interest  to compare this figure with an  esti- 
mate from Fig. 4 of the total double- layer  charge over 
the full  electrode potential  range for AgBr. From 
galvanic cell measurements  of Yushina et  al. (9), the 
ful l  electrode potential  range, i.e., the AgBr decompo- 
sition potential,  is about 0.81V near  the AgBr mel t ing 
point. Earlier, we estimated the double- layer  capaci- 
tance in the faradaic region of Fig. 4 to be given by the 
capacitance m i n i m u m  at 0.19V. In fact, it would be 
more realistic to assume that the capacitance from the 
above type of ion- layer  charge storage model would 
drop to zero at the two ends of the voltage range 
(corresponding to complete anion or cation coverage) 
and rise to a max imum at an intermediate  potential. 
With this assumption, we estimate crudely from Fig. 4 
that  the total  double- layer  charge in the voltage range 
zero to 0.81V is about 175 ~coul/cm 2, or roughly half the 
maximal  theoretical value. Thus, the ion layer model 
provides sufficient charge storage capabili ty without  
the necessity of assuming full ionic coverage at the 
ends of the potential  range. We feel this model best 
accounts for the large, reproducible capacitances of 
AgBr on Pt observed with both single-crystal  and 
polycrystal l ine electrodes and with a number  of differ- 
ent interface preparat ion techniques. 

In  this respect, two points seem significant. First, 
there is a considerable l i terature on double- layer  ca- 
pacitance in fused salts (10). Several  double- layer  
models have been proposed, but these were developed 
to account for parabolic-shaped exper imental  capaci- 
tance-voltage curves with relat ively small (20-40 
~f/cm 2) and sharp capacitance minima.  Moreover, these 
models dealt ra ther  specifically with the liquid state. 
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The totally different quali tat ive and quant i ta t ive  as- 
pects of the present  results required a substant ia l ly  
different model, equal ly applicable to the l iquid and 
solid states. The model proposed, however, is in line 
with the general  observation in a recent review (10) 
that  the double- layer  capacitance in fused salts is 
most l ikely a special property of the melt  s t ructure at 
the interface. 

Second, although the results reported in the present  
and previous (3) work allow one to characterize dis- 
tinct voltage regions in terms of a predominant  fara-  
daic process and predominant  double- layer  charging, 
it is reasonable to inquire  whether  a faradaic com- 
ponent  might nonetheless be par t ia l ly  responsible for 
the large apparent  double- layer  capacitances. Gal-  
vanostatic data, such as shown in Fig. 14, indicate 
negligible Ag monolayer  coverage above 0.15V. Ca- 
pacitances are f requency-dependent  below 0.15V and 
f requency- independent  above this voltage. The mono-  
layer coverage, as well  as apparent  long- t ime im-  
pur i ty  and diffusion effects (Fig. 8, 13) were tem-  
pera ture-dependent ,  while the presumed intrinsic ca- 
pacitance is not. A possibility worth  considering is 
that  of a residual  "tail" of low-act ivi ty  metallic Ag in 
the double- layer  region, ra ther  more t ightly bonded 
to the Pt  than the bulk  of the Ag monolayer.  Such a 
faradaic component, however, should monotonical ly 
diminish with increasing potential,  where, in fact, we 
see a capacitance ma x i mum at 0.33V. Moreover, a 
f requency- independent  faradaic capacitance above 
0.15V would require faster reaction kinetics for the  
"residual" Ag than for the bu lk  monolayer.  This seems 
unl ikely  for more t ightly bonded Ag. The good run -  
to - run  reproducibi l i ty  of the presumed intr insic  ca- 
pacitance tends to rule  out fast faradaic impur i ty  re-  
actions. In sum, significant faradaic contr ibut ions 
seem unlikely.  

The ion layer capacitance model provides a basis for 
in terpret ing the observed decrease in the capacitative 
charging rate with decreasing temperature,  as well  as 
the unique kinetics effects associated with the capaci- 
tance maximum. Regarding the former, it seems likely 
that interface strain induced by different thermal  
expansion rates of the solids in question is an inevi-  
table property of solid-solid interfaces. At the mel t ing 
point, the interface is presumably  formed in  a s t ra in-  
free condition. On cooling to 300~ the l inear  con- 
traction in AgBr is about 1.3% (11); in Pt, it is about 
one- ten th  this value. Thus, significant s train can be 
expected. The result  may be that  work is required to 
exchange Ag + ions be tween the interface region and 
the bulk  electrolyte, result ing in decreased charging 
kinetics. In the present cell configuration, the in te r -  
face region would be compressively strained. Other 
s t ra in and resul tant  kinetic effects might  be expected 
with other configurations. 

The ion layer model implies that the capacitative 
charging in Fig. 4 involves cations at low biases, anions 
at high biases, and possibly a mixture  of them in the 
neighborhood of the maximum.  (It should be remarked 
here that  anion layer formation with a cat ion-con-  
ducting electrolyte can be readi ly imagined in terms 
of removal  of cations from a normal  lattice layer.) In 
fact, the decreased charging kinetics and development  
of charge re laxat ion behavior (Fig. 10 and 11) in the 
neighborhood of the capacitance m a x i m u m  suggests 
some m a n n e r  of ordering or layer s t ructure  in this 
voltage range. This might  be expected with a mix ture  
of anions and cations in the layer, though its s t ructure 
and composition might  be quite different from a 
normal  lattice layer of AgBr. In any event, an ordered 
s t ructure  might well  involve decreased charging ki-  
netics for steric reasons and might  involve rear range-  
ment  from a "fast" ini t ial  configuration. It is perhaps 
appropriate at this t ime to note that  the capacitance 
ma x i mum was well  reproduced with a number  of 
different cells and that  no peak lags were observed 
in cyclic vol tammetr ic  sweeps. Thus, it seems likely 
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to be a double- layer  effect ra ther  than to have re-  
sulted from an impur i ty  redox reaction. 

A n u m b e r  of characteristics of the monolayer  fara-  
daic reaction were ascertained. From the relat ive fre- 
quency slope of a-c capacitances at 0.05V and 0.25V 
(Fig. 6), it appears that  the double- layer  charging 
process is considerably faster at 429 ~ , but  that the 
rates of the two processes are about the same at 300 ~ . 
Much the same picture is indicated by the potentio- 
static coulometry data. Since both processes involve 
i o n  migration, to or from the electrode surface, the 
comparison at 429 ~ would indicate a finite rate for 
the electron t ransfer  step. With decreasing tempera-  
ture, the decreasing rate for the charging process 
indicates both processes become rate determined by 
i o n  t ransport  into or out of the interface region. 

We have previously discussed galvanostatic mono-  
layer  coverage results for Ag on P t  in  some detail  
(3b). In  the present  work, it was possible to extend 
the data to higher solid-state temperatures  and to the 
liquid state. In  addition, the potentiostatic coulometry 
measurements  provided independent  coverage data 
and supplied information as to the role of Ag diffusion 
into the Pt. The observed effect of increasing tempera-  
ture  was to increase the total coverage without  chang-  
ing the power dependence of the activity-coverage 
relationship, i.e., to shift the Fig. 14 type curve to the 
right. The total coverage is envisioned here as the 
"surface solubility" or absorptivi ty of metall ic Ag o n  
Pt, which is about one full  monolayer  at the upper 
temperatures  and decreases with decreasing tempera-  
ture. The constancy of the activi ty-coverage slope 
indicates that it essentially involves the the rmodynam-  
ics of the Ag-Pt  system, irrespective of the tempera-  
ture  and state of the electroIyte. 

Finally,  we consider some aspects of Ag diffusion in 
the Pt. We have already noted that the leveling out 
of faradaic Q(t )  curves in the long time l imit  of 
several hundred  seconds, as well  as approximate 
agreement  of indiffusion and outdiffusion charge val -  
ues, indicates the Pt  consists of a relat ively porous 
surface layer backed up by relat ively impermeable  
bulk Pt. Possible sources of the surface porosity are 
microcracks, dislocations, and a high concentrat ion 
of point  defects (e.g., vacancies) near  the surface. 

The existence of two l inear regions in the Q vs. t 1/2 
plots of Fig. 13 suggests a combinat ion of porosity 
types, but  another explanat ion is also possible. Since 
defects such as microcracks and dislocations are scat- 
tered about in specific locations on the electrode sur-  
face, diffusion in them should also involve lateral  
diffusion in the interface. In  this case, the over-al l  
diffusion rate should be l imited by interface diffusion 
at short times and diffusion in the electrode at long 
times. We have already indicated that interface strain 
in the solid state reduces ion mobil i ty  in the interface, 
as suggested by the decrease of capacitative charging 
kinetics with decreasing temperature.  This may help 
explain the considerable reduction in the extent  of 
diffusion at the lowest temperatures.  A similar  ex-  
planat ion may, in fact, apply to the previously ob- 
served impur i ty  currents  (Fig. 8) in  the capacitative 
charging region. 

Manuscript  submit ted Ju ly  28, 1970; revised m a n u -  
script received ca. Sept. 16, 1970. 

Any discussion of this paper will  appear in a Dis- 
cushion Section to be published in the December 1971 
J O U R N A L .  
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Tcchn ca  Notes 

Electrochemical Properties of RbAg 15 Solid 
I. Conductivity Studies 

Electrolyte 

Bruno Scrosati,* Giovanni Germano, and Gianfranco Pistoia 
Universita'  di Roma, Rome,  Italy 

The recent  discovery of highly conductive electro- 
lytes of the MAg415 type (1-5) has s t imulated renewed 
interest  in  solid electrolytes, par t icular ly  in view of 
the development  of solid-state batteries with high 
current  capabilities. 

The most stable of these electrolytes is the rub id ium 
salt on which, consequently, the at tent ion has been 
main ly  focused. Nevertheless relat ively few studies on 
the chemical and electrochemical properties of 
RbAg415 as well  as on the electrochemical character-  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r ,  
K e y  w o r d s :  sol id  e l e c t ro ly t e ,  s i l v e r  r u b i d i u m  iodide ,  conductivity. 

istics of cells containing this electrolyte have been so 
far reported. 

The crystal s t ructure  of RbAg415 has been studied by  
Bradley and Greene (4) and by Geller (6). The 
distr ibution of 16 Ag + ions over 56 available in ter -  
stitial sites per uni t  cell explains the high mobil i ty  
of the Ag + ions and the high entropy of the com- 
pound. The physical properties of RbAg415 are sum- 
marized in Table I. 

From the data of Table I a part icular  disagreement 
ill the reported RbAg415 a-c specific ionic conductivi ty 
data is obvious. Bradley and Greene found a value of 
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Table I. Physical properties of RbAg415 at 25~ 

F r e e  e n e r g y  of formation -- 142.3 -+" 0.1 k c a l / m o l e  (8) 
Entropy ~ 2 0  c a l / d e g ,  m o l e  (4) 
Densi ty  6.38 g / c m  ~ (5) 
Transport number  of Ag+ 1.00 _ O.01 (7, t h i s  

w o r k )  
Silver diffusion eQefficient 2.10 -e cm~/sec (9) 
Electronic specific conduct ivi ty  < 1 0  - u  o h m  -z c m  -1 (7) 
D e c o m p o s i t i o n  p o t e n t i a l  0.67 ~- 0 .01V (10) 
Ionic specific conductivity  

( F l a t  s i l v e r  e l e c t r o d e s )  0 .124 ohm-~ c m  -1 (2) 
M i x t u r e s  of e l e c t r o l y t e  and 

powder  s i l v e r  e l e c t r o d e s )  0.210 ohm-1  c m  -~ (5) 
M i x t u r e s  of e l e c t r o l y t e  and 

powder  si lver electrodes)  0.170 ohm-1  cm-1 (11) 
( A m a l g a m a t e d  s i l v e r  e l e c -  

t r o d e s )  0,250 o h m  -1 c m - t  (10) 
( E l e c t r o d e s  n o t  r e p o r t e d )  0.260 o h m  -z c m  -~ ~7, 13) 

P R O P E R T I E S  O F  RbAg4I~ S O L I D  E L E C T R O L Y T E  

Table II. Ionic a-c specific conductivity of RbAg415 
measured at 25~ with several types of electrodes. 

(Compression pressure of the electrolyte pellet 1200 kg/cm 2) 

0.124 ohm -1 cm -1 at 20~ using flat silver electrodes 
(2), Argue and Owens a value of 0.210 ohm -1 cm -1 
at 20~ using a mixture  of powdered silver and 
RbAg415 as electrodes (5), Takahashi  and Yamamoto, 
using the same kind of electrodes, a value of 0.170 
ohm -1 cm -1 at 25~ (11), and De Rossi, Scrosati, and 
Pistoia a value of 0.250 ohm -1 cm -1 at 25~ using 
amalgamated silver electrodes (10). F ina l ly  Oxley and 
Humphrey  reported a RbAg415 conductivi ty value of 
0.260 ohm -1 cm -1 at room tempera ture  but  without  
describing the type of electrodes used in their  studies 
(7). 

In  this paper a detailed study of the RbAg415 ionic 
conductivi ty is reported, par t icular ly  regarding con- 
tact resistance problems and reproducibil i ty,  in order 
to clarify the reason for the scattering in  the reported 
values of the solid electrolyte ionic conductivity. 

Experimental  Section 
The preparat ion of RbAg415 has been described 

already (10). The final product was compressed under  
vacuum into pellets for the experiments using a press 
of the Beckman RIIC type. The average density of the 
pellets, determined by weighing a known volume, was 
5.40 g /cm 3 at 25~ Conductivi ty measurements  have 
been performed by the use of a cell made of two 
amalgamated silver disks in contact with the elec- 
trolyte pellet. A-c conduct ivi ty was determined at 
800 Hz by a Yokogawa Kohlrausch bridge K - I A  type 
using a 545 B Tektronix oscilloscope as nul l  detector. 

The Ag + transport  number  in RbAg415 at 25~ has 
been determined by passing a known amount  of 
charge through a cell made of two silver electrodes in 
contact with a solid electrolyte pellet and comparing 
the corresponding coulombs with those obtained by  
measur ing the loss in weight of the anode. The t rans-  
port number  of Ag § as an average of 10 de te rmina-  
tions, was 1.00__0.01 in  agreement  with the value re-  
ported by Oxley and Humphrey  (7). 

Results and Discussion 
As shown in Table I, there is a certain scattering 

among the ionic conductivi ty values. The relat ively 
low value found by Bradley and Greene (2) may be 
explained in  terms of contact resistance. In fact 
Mrgudich has shown that  the use of flat silver elec- 
trodes in measur ing the conductivi ty of solid electro- 
lytes results in severe contact polarization effects 
which can be overcome using amalgamated silver 
electrodes (12). 

With this type of electrode the conductivi ty of 
RbAg415 has been found in our laboratory to be of the 
order of 0.250 ohm -1 cm -1 at room temperature.  Con- 
tact polarizations have also been overcome using a 
mix ture  of powdered silver and RbAg415 as electrodes, 
as shown by Owens and Argue (5). No discussion of 
the 0.260 ohm -1 cm -1 found by Oxley and Humphrey  
at room tempera ture  (7) is possible since the tech-  
nique used for the conductivi ty measurements  is not 
described in their report. 

Undoubtedly  contact polarizations and, conse- 
quently,  the type of electrodes used in  the measure-  
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T y p e  of e l e c t r o d e s  C o n d u c t i v i t y  ( o h m  -1 c m - D  

A m a l g a m a t e d  s i l v e r  0.243 ~-_ 0,007 
M i x t u r e  of RbAg4I s -Ag  0.200 ~- 0,007 
(1:1 in  w e i g h t )  
F l a t  s i l v e r  0 .090 -~- 0.007 
C o m p r e s s e d  s i l v e r  0 .096 _ 0.008 
E v a p o r a t e d  s i l v e r  N o t  s u c c e s s f u l  

ments, play an impor tant  role in the conductivi ty de- 
te rminat ion  of RbAg415 solid electrolyte, as shown in 
Table II: amalgamated electrodes definitely behave 
better  than the flat silver ones and than  those formed 
by compressing powdered silver directly on the sur-  
faces of the electrolyte pellets. An at tempt to vapor 
deposit silver on the pellet has also been made but  
without success. The electrolyte assumed a green-  
brownish color, the silver layer a yellowish color, and 
the conductivi ty of the assembly was very  poor and 
not reproducible. This effect, which has been pre-  
viously noticed by Bentle (9), is not very easily ex- 
plained, and it is still under  study. 

It is also possible that the discrepancies in the re-  
ported values of the conductivi ty ma y  be explained 
not only in terms of physical contact problems but  
also in terms of differences in  the compression of the 
electrolyte pellet. To check this effect, a-c conductivity 
of different pellets prepared by different compression 
pressures, has been measured. The results, reported in 
Table III and Fig. 1, show that  the RbAg415 ionic con- 
duct ivi ty indeed depends to a certain extent  on the 
pressure at which the pellet is compressed. Measure- 
ments  were made after the source of pressure was re-  
moved. The conductivity, measured with amalgamated 
silver electrodes, reaches ma x i mum values for com- 
pression pressures of the order of 1200 kg /cm 2. The 
decrease in conductivi ty at higher compression pres- 
sure could be associated with a certain decomposition 

Table III. Ionic specific conductivity of RbAg415 as a function of 
compression pressure at 25~ 

(amalgamated silver electrodes). 

Compression P e l l e t  P e l l e t  A v e r a g e  
p r e s s u r e ,  t h i c k n e s s ,  s u r f a c e ,  C o n d u c t i v i t y ,  v a l u e ,  
k g / c m  2 c m  cm 2 ohm-1 cm-1 ohm-1  cm-1 

400 0.113 1.26 0.203 ~ 0.005 
400 0,114 1.26 0.209 -~- 0.009 
400 0.123 1.26 0.202 + 0 .008 0 ,200 -~ 0.006 
400  0.055 1.26 0.197 "4- 0.009 
400 0.176 1.26 0.192 ----- 0.006 

800  0.098 1,26 0.228 __+ 0.007 
800 0.110 1.26 0.229 ~ 0.006 
800 0.122 1.26 0.224 ~ 0.005 
800 0.178 1.26 0.220 ~ 0.003 
800 0.329 1.26 0.206 -~- 0.008 0.220 - -  0.003 
800 0.303 1.26 0.219 -~ 0.004 
800 0.147 1.26 0.219 ~ 0.004 
600 0.196 1.26 0.217 ~ 0 .003 

1200 0.223 5.06 0.245 ~ 0.006 
1200 0.234 5.06 0.243 + 0.006 
1200 0.085 5.06 0.240 ~- 0.017 0.243 - -  0.007 
1200 0.210 1.26 0.243 ~+ 0.007 
1200 0.205 1.26 0,238 ~- 0.003 

1600 0.115 1.26 0.240 ~ 0.009 
1600 0.165 1.26 0.220 ~+ 0.007 
1600 0.245 1.26 0.230 - -  0.006 0.231 - -  0.007 
1600 0.126 1.26 0.235 ---+ 0.005 

2000 0.110 1.26 0.226 "~ 0.006 
2000 0.183 1.26 0,212 ~ 0.003 
2000 0,148 1.26 0.224 ~ 0 .004  0.217 ~ 0 .008 
2000  0.145 1.26 0.214 • 0.004 
2000 0.152 1.26 0.206 ~-~ 0.004 

2400 O. 155 1.26 0.204 ----- 0.003 
2400 0.193 1.26 0.211 ~ 0.003 0.211 ----- 0.005 
2400 0.144 1.26 0.218 ----- 0.004 
2400 0.172 1.26 0.212 ----- 0.003 

4000 0.166 1.26 0.192 ~ 0.003 
4000 0.213 1.26 0.205 ----- 0.002 0.199 ~- 0.007 
5600 0.206 1.26 0.169 - -  0.004 0.169 -4- 0 .004 
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Fig. 1. Specific conductivity of RbAg415 pellets as a function of 
the compression pressure at 25~ (amalgamated silver electrodes). 

of the electrolyte or to possible phase changes. An 
x - ray  study of RbAg415 pellets, compressed at pres- 
sures higher than 1200 kg /cm 2, could give a definite 
explanat ion of this effect. Such a study, however, is 
beyond the scope of this work which has been main ly  
intended as l imited to a detailed conductivi ty study in 
order to t ry  to find an explanat ion of the discrepancies 
existing in the l i terature  on the RbAg4I~ ionic con- 
ductivi ty determinations.  

The relat ively lower conductivi ty observed for the 
pellets at low compression could be explained by the 
fact that at low pressures a complete uni formi ty  of 
the pellet itself could not be achieved. Grain  boundary  
and other similar effects, which should increase in 
extent  when  the compression pressure decreases, 
should accordingly hinder  the silver ion mobil i ty  
through the electrolyte and, therefore, lower its ionic 
conductivity. This explanat ion is supported by  the 
fact that  the ionic conductivi ty of powdered RbAg4I~, 
just  sl ightly compressed between two amalgamated 
silver electrodes, is of the order of 0.055 ohm -1 cm-1, 
as reported in Fig. 1. 

On the basis of differences in compression pressure 
the relat ively low (0.170 ohm -1 cm-~) conductivi ty 
value found by Takahashi  and Yamamoto (11) may 
find its explanation. These authors have reported that  
the pellets utilized in their solid state cells were 
pressed at 5 tons /cm 2, and it seems reasonable to 
believe that  also the pellets for the conductivi ty mea-  
surements  were compressed at the same pressure. With 
this assumption, the Takahashi  and Yamamoto value is 
reported in Fig. 1. The agreement  with the data found 
in this work at the same pressure is quite satisfactory.1 

The conductivi ty measurements,  reported in Table II, 
have been obtained with pellets of different d imen-  
sions and the results show that, for a given pellet-  
compression pressure, the RbAg415 specific conductiv-  
i ty is independent  of pellet thickness and surface, i.e., 
that it obeys Ohm's law in the dimension range  ex- 
amined. 

From all the evidence so far discussed the beneficial 
effect of the amalgamat ion on the minimizat ion of 
contact polarization effect and, consequently, on the 
RbAg4I~ ionic conductivi ty is clear. Nevertheless some 
disadvantages are associated with the use of this kind 
of electrode with the solid electrolyte. The most serious 
among them is the fact that mercury  seems to slowly 
react with the electrolyte to form a definite com- 
pound which is less conductive than  RbAg4Is. In  Fig. 
2 is shown the t rend of the RbAg4I~ conductivity, 
measured with amalgamated silver electrodes, as a 
function of time. Conductivi ty remains  constant for 

Note  a d d e d  in  p roof :  R e c e n t l y  T a k a h a s h i  r e p o r t e d  t h a t  h i s  con-  
d u c t i v i t y  da t a  we re  i n d e e d  o b t a i n e d  w i t h  pe l l e t s  compres sed  at  
5000 kg /cm2  (15). 
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Fig. 2. Specific conductivity of RbAg415 as a function of time at 
25~ (pellet compression pressure 1600 kg/cm 2) where curve b 
refers to amalgamated silver electrodes and curve a to RbAg415- 
Ag mixture (1:1 ratio in weight) electrode determinations. 

about 2 hr and then slowly decreases with t ime to 
reach a constant  value which depends on the amount  
of mercury  used for the amalgamat ion of the elec- 
trodes. The break in  the curve corresponds to a time 
at which the cell was disconnected. The mercury  was 
clearly t ransferred from the electrodes to the elec- 
trolyte whose color changed from white to yellow. 
When the electrodes were reamalgamated and the cell 
assembled again, the decrease in conductivi ty was 
sharper due to the new amount  of mercury  supplied. 

The phenomenon is general  and takes place any 
t ime mercury  comes in contact with the electrolyte. 
An RbAg415 sample was left for a week in contact with 
an excess of mercury. The color of the electrolyte 
tu rned  from white to yellow, and its specific con- 
ductivity, using a pellet compressed at 1200 kg/cm 2, 
was 0.006 ohm -1 cm -1 at room temperature.  

Since the conductivity, measured with amalgamated 
silver electrodes, remains constant  for about 2 hr and 
then decreases due to the presence of the unknown  
RbAg4I~ decomposition product, and the periods of 
t ime for the measurements  reported in Fig. 1 are far 
smaller  than  2 hr, the behavior reported in this figure 
is undoubtedly  related simply to RbAg415 and not to 
the decomposition product. 

Conclusion 
The dependence of the a-c conduct ivi ty  of RbAg415 

pellets on the compression pressure and resistance 
effects at the boundary  between electrodes and elec- 
trolyte may well  explain the scattering in  the solid 
electrolyte ionic conductivi ty values reported in  
l i terature.  

Amalgamated silver electrodes behave quite well  
for a-c conductivi ty measurements  of RbAg4Is. On the 
other hand these determinat ions are not reproducible 
with t ime since mercury  slowly reacts with the elec- 
trolyte. 

During the revision of the manuscr ipt  the authors 
became aware of work by Raleigh on ionic conduct iv-  
ity of s ingle-crystal  and polycrystal l ine RbAg415 (14), 
in which it is stated that  variat ions in pressing condi- 
tions do not affect the RbAg415 polycrystal l ine con- 
ductivity, reported as 0.28 (ohm cm) -1 at 25~ On 
the other hand it is not clearly reported in the paper 
which was the pressure range  in which the conduct iv-  
ity was tested and the precision of the polycrystal l ine 
conductivity data. Apparent ly ,  the measurements  were 
done over a range of 1500 to 3000 kg/cm 2 and, since it 
is stated that the results compare both with a 0.26 and 
a 0.22 (ohm cm) -1 previously reported values, one 
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could assume a precision of • 0.06 (ohm c m ) - t .  If 
this is the case then Raleigh's data also agree with 
those reported in the present  work, according to which 
the conductivi ty varies from 0.24 to 0.21 (ohm c m ) - i  
in  the pellet compression range of 1500 to 3000 kg/cm 2. 

Fur thermore,  in Raleigh's paper it is reported that  
a contact of 1 hr with mercury  gives RbAg415 a 
yellowish coloration but  not resistance changes. These 
findings are in perfect agreement  with the observations 
reported in this work where resistance changes were 
observed at times exceeding two hours. 
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Ellipsometry of Anodic Oxide Films on GaAs 
C. J. Dell'Oca, 1,* G. Yan, and L. Young** 

Department oJ Electr~cal Engineering, The University of British Columbia, Vancouver, British Columbia, Canada 

The growth of anodic oxide films on GaAs is of cur-  
rent  interest  in connection with several potential  device 
applications. The oxide may be used as a dopant  dif- 
fusion mask or as a dielectric (1).2 Anodizat ion could 
be used for the controlled th inn ing  (e.g., profiling) of 
GaAs. Oxide films of appropriate optical thickness 
could be used to increase the external  efficiency of 
GaAs l ight-emit t ing diodes. Litt le published informa-  
tion is as yet available on the anodization of GaAs. In 
a patent  application (1), GaAs was anodized in an 
aqueous solution of boric acid and sodium te t ra-  
borate. Revesz and Zaininger  (2) anodized GaAs 
wafers in acetic anhydride  saturated with potassium 
nitrate.  They reported that  the anodic oxide seemed 
uni form but  its refract ive index could not be deter-  
mined due to severe pit t ing of the substrate dur ing 
anodization because of dissolution of GaAs. In  another  
paper, Zaininger  and Revesz (3) determined the re-  
fractive index of GaAs to be 3.923-j0.304 by  obta ining 
the asymptotic values of A and ~ of the GaAs surface 
which has been successively etched. Weinreich (4) 
reported a refractive index of 1.78 ___ 0.02 for GaAs 
oxides grown in an oxygen plasma. Navrat i l  (5) ob- 
tained a refractive index of 1.55 for thermal ly  oxidized 
GaAs. In the present  work we report an ellipsometric 
investigation of the properties of anodic oxides made 
in dilute aqueous ammonium pentaborate  solution. 
This gave uni form oxides, provided the anodization 
period was short. 

Experimental Procedure 
The GaAs specimens, about 1 x 1 x 0.2 cm 3, were 

abraded, mechanical ly polished with 0.3 ~m a lumina  
powder, cleaned in boil ing tr ichlorethylene,  boil ing 
acetone, and propanol, and then treated for 1-2 min  in 
7H2SO4(98%):H202(30%):H20 at 80~ A eutectic 
composition of gold-germanium was evaporated onto 
the reverse side of each GaAs mir ror  and later  alloyed 
in a hydrogen atmosphere (6). This procedure has been 
found to produce ohmic contacts. In  some experiments  
it  was found convenient  to use t an ta lum wire  point-  
contacts as used for silicon anodization (7) (the tan ta -  

* Elec trochemica l  Soc ie ty  S t u d e n t  Assoc iate  Member. 
*~ Electrochemical Society Active Member. 
I Present address: Fairchild Research and Development Labora- 

tories, Palo Alto ,  Calif. 
~We thank Dr. W. W. Harvey for po int ing  out  this reference 

to us. 
Key words: dielectric films, passivation,  semiconductor  devices .  

lum is anodized and no stop-off is required) .  Speci- 
mens were normal ly  mounted (using Silastic and 
Koldmount)  in a recess in a Teflon plate (Fig. 1) such 
that  only the polished surface was exposed to the elec- 
trolyte dur ing anodization. A groove on the Teflon 
plate allowed the Teflon-coated wire to be brought  out 
above the electrolyte. The Teflon plate was mounted on 
a holder which can be set at a fixed position with re-  
spect to the ellipsometer. El l ipsometry measurements  
were made on the unanodized GaAs and at intervals  
dur ing anodization. Al ignment  was main ta ined  in re-  
peated anodization steps and ell ipsometry measure-  
ments  by t ransferr ing the entire uni t  (Teflon plate and 
holder) between the ellipsometer and the anodization 
bath. After  each anodization the specimen was im- 
mediately rinsed in distilled water  and carefully dried 
with l in t - f ree  paper. Anodizat ion was carried out in 
subdued light in  a solution of 2 g/ l i ter  ammonium 
pentaborate  in water  kept  at 25~ The anodization 
circuit was closed as soon as the specimen was im-  
mersed in the solution, a switch operated by the 
weight of the specimen assembly being used to facili- 
tate this. A th in  t an ta lum wire served as the cathode. 
The voltage between the cathode and the anode was 
measured using a Fluke Model 88lAB differential volt-  
meter. The ell ipsometer and the method used in taking 

0 

l ~ t _ _ _ A  

 lllilllJi  
Fig. 1. Teflon-plate sample holder for specimens 
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ell ipsometry measurements  have already been de- 
scribed (8). 

Results 
Figures 2 and 3 show ell ipsometry data for anodized 

polycrystal l ine and single-crystal  n - type  GaAs, re-  
spectively. The respective room-tempera ture  resistivi-  
ties of the GaAs specimens were 3.8 x 10 -3 and 0.07 
ohm-cm. They were anodized at a constant current  
density of 1 m A / c m  2. The ellipsometric readings were 
taken with 5461A light at a 70 ~ angle of incidence. The 

366  

/ 
/ 

306  

z~ f 

/ 

246 / 

/ 
180 -z~ 

L--"bare" surface 

120 \z~ 

\o 
\o 

50 ~ ~ z ~  

z~ 
7o ~o s'o 70 ~f/deg 

Fig. 2. Fllipsometry data for anodized polycrystalllne GaAs. The 
curve is calculated with nt = 1.82, n2 = 4.00 - -  j0.307. /k,  First 
cycle; O ,  second cycle. 
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Fig. 3. Ellipsometry data for anodized single-crystal GaAs. The 
curve is calculated with nz ~ 1.82, n2 ~ 4.00 - -  j0.300. ~ ,  First 
cycle; O ,  second cycle. 

Table I 

GaAs 
substrates nt n,  

Total  Final 
l~o. of  oxide  

< a S >  < ~ >  points thickness  

Polycrystal  1.82 4.00-j0.307 0,22 0.95 19 2395A. 
Single crys-  

tal 1.82 4.00-j0.300 0.25 2.00 15 2150A 

refractive indexes of the oxide films and the GaAs 
substrates were obtained by curve fitting the experi-  
menta l  points using a computer  program (8, 9). A best 
fit was obtained by varying  the refractive indexes of 
the film and substrate such that  mean square deviation 
between computed and exper imenta l  points was a 
minimum.  The ell ipsometry data shown in Fig. 2 and 3 
are in good agreement  with the computed curves for 
uniform, nonabsorbing films. Table I contains the fitted 
values of the refractive indexes of the oxide and the 
substrate (n~ and n2, respectively) and the mean 
standard deviation < ~ >  and <a~>  between computed 
and exper imental  results for ~ and h, respectively. The 
index of refraction of the film and the real  and imagi-  
nary  part  of n2 were varied in sequence and the fit to 
the exper imental  results was detectably worse for 
variat ions of ___0.02 in nl  and ___0.03 ~-j0.005 in  n2 from 
the values in the table. 

The oxide is amorphous. Electron reflection diffrac- 
tion at 50 and 100 kV produced pat terns which showed 
only very  diffuse halos. The oxide was slowly dis- 
solved by the forming solution and by distilled water.  
The interference colors, on a sample that was anodized 
at constant current  to 50V and then left immersed in 
the solution for about 5 hr with no voltage applied, 
disappeared indicating that  the oxide was being dis- 
solved. Ell ipsometry indicated tha t  a 2000A thick oxide 
was dissolved away from a sample after it had been in 
water  for 2 days. Because the dissolution tends to be 
nonuniform,  formation at constant  voltage will  in 
general  lead to films of nonuni form thickness. For ex-  
ample, if an oxide is grown to 90V at 1 mA/cm2 and 
then held at this voltage, the current  then decays with 
t ime and a uniform increase in oxide thickness takes 
place at first. However, a t ime is reached when  the cur-  
rent  becomes almost constant  (at 90V this is about 
0.3 m A / c m  2) which probably corresponds to a rough 
equivalence between film growth and dissolution and 
the oxide becomes nonuniform.  The film uni formi ty  
can be restored by increasing the voltage to produce 
an increase in current  or growth rate. No changes in 
the ellipsometric readings were measured in  an oxide 
held in air for about 15 hr, indicating a stable oxide. 
Growth at constant current  gives results typical of 
anodic oxide growth on valve metals. That  is the volt-  
age and thickness increase l inear ly  with t ime corre- 
sponding to a l inear  dependence of voltage on thickness 
with a zero film thickness intercept  typically of about 
--2V. A typical  dependence of voltage on thickness is 
shown in Fig. 4. The electric field in the oxide as esti- 
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Fig. 4. Typical dependence of voltage on oxide thickness under 
anodization at constant current of 1 mA/cm 2. 
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mated from dV/dd was 5 x 106 V/cm both for poly- 
crystal l ine and single-crystal  mater ial  under  growth at 
1 m A / c m  2 (not corrected for leakage or dissolution) at 
25~ This field value is somewhat lower than for the 
same total current  densi ty applied to tan ta lum in dilute 
electrolytes at 25~ 
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Relaxation of Internal Stresses in Electrodeposits 
during Stress Measurement by Null-Deflection Methods 

J. M. Sykes and G. P. Rothwell 
University of Cambridge, Department of Metallurgy, Cambridge, England 

In most of the methods used to measure stress in 
electrodeposits, a thin metal  strip is plated on one 
side only and the deflection produced, or the force re-  
quired to prevent  that deflection is measured (1-7). 
From these measurements  the stress in the deposit may 
be calculated. The principal  criticism of methods in 
which a deflection is measured is that  in the tests re-  
laxation of the in te rna l  stresses in the deposit will 
occur as the strip bends, whereas in practice the sub- 
strate is usually too thick to be deformed by stresses 
in the deposit. Although one can often calculate what  
the original stress must  have been, relaxat ion can af- 
fect the behavior of subsequent  layers of deposit. For 
instance, relaxat ion can prevent  cracking of a brit t le 
deposit. To prevent  this kind of effect, null-deflection 
methods have been developed, such as the Hoar -Ar-  
rowsmith balance (7), in which the restoring force 
needed to prevent  deflection is measured. 

We show below, however, that  if the restoring force 
is applied to the end of the strip, even if the whole 
length of the strip is plated, the resul tant  bending 
moment  will  not be zero along the whole length of the 
strip. The bending moment  caused by the deposit will 
be the same at any  point along the strip, but  that  due 
to the restoring force wil l  be proport ional  to the dis- 
tance from the point of application of the force, so 
that  curvature  of the strip will  result. This leads to a 
new formula relat ing the restoring force to the stress 
in the deposit and allows the curvature  of the strip to 
be compared with that  of an unres t ra ined strip. 

Another  effect that  has not been thoroughly in-  
vestigated is relaxat ion of stress in the direction per-  
pendicular  to that  in  which the strip is restrained. 
This causes a decrease in elastic strain across the 
strip and will  lead to a similar reduct ion in the elastic 
strain along the length of the strip, with a consequent 
reduction in the measured stress, determined by 
Poisson's ratio for the deposited metal. It  will  be 
shown that  this is comparable with the relaxat ion 
which would occur in unconst ra ined bending and that  
it cannot be el iminated by suitable choice of d imen-  
sions for the test strip. 

Calculation 
In  the simplest case, where the substrate and deposit 

have the same Young's modulus, E, and the thickness 

K e y  words:  mechan ica l  laroperties, electroplating, Stresometer. 

of the deposit, d, is small  compared with that  of the 
substrate, t, the bending moment,  Ms, at any point  in 
the strip due to a mean  stress S in  the deposit is 
given by (8) 

Sb td 
Ms = - ~  [1] 

2 

where b is the width of the strip. 
If this couple causes the beam to bend to a radius 

of curvature  r, the elastic resistance of the combined 
beam will generate a bending moment  Me given by (8) 

E( t  + d)3b 
Me = "  [2] 

12r 

If the strip, of length l, is fixed at one end and a re-  
storing force, F, is applied at the other, a bending 
moment, ME, will  be generated at any point  in the strip, 
which will be dependent  on x, the distance from the 
fixed end. This moment  is given by (9) 

MF = (l -- x)F [3] 

If the strip is in equi l ibr ium the resul tant  of these 
three bending moments  must  be zero at all points in 
the strip. 

MS "~- Me -~- MR = O, 
Sbtd E(t  Jr d) ab 

~- + (1-- x )F  ---- O [4] 
2 12r 

Thus, the curvature  

1 12 [ Sbtd ] 
-~ = E(t  fi- d)3b L 2 -t- ( l - -  x)F [5] 

But 
1 d2y 

r dx 2 

where y is the deflection of the strip at a distance x 
from the fixed end (9). Therefore 

d~y 12 [ Sbtd ] 
d~2- -- Eb(t + d) a - - -2--  ~- F(I -- x) [6.] 

and by integrat ion 

d~-~ ~ Eb(t + d)S ~ - b  F lx - -~2 + A 
[7] 
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Because d y / d x  = 0 for x = 0, the in tegrat ing constant 
A =-- 0. Fur the r  integrat ion yields 

12 [ S b t d x 2  ( l x  2 X 3 ) ]  

Y = Eb(t-4- d) 3 ~ -t- F 2 6 -t- B [8] 

Because y ----- 0 for x = 0, the integrat ing constant B 
is also zero. 

Now in null-deflect ion methods the value of F is 
fixed so that  y = 0 for a: -= I. 
Therefore  

12 [ Sbtdl2 FI a ] 

Eb ( t -4 -d )  3 4 t - T  ----0 

3 Sbtd 
F ~ [9] 

4 l 

and 
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The contract ion due to bending, aw = w -- (r --  
t /2)  w / r .  Thus 

Aw = w t / 2 r  [15] 

The formula  normal ly  used (7) gives 

1 Sbtd ] 
Y ~ ~ - - *  

2 t 
Subst i tut ing the value of F (Eq. [9] ) into Eq. [5] 

1 3 S t d ( 3 x  -- t) 

r E l ( t  + d)3 [10] 

From this equation we may obtain the curvature  at 
par t icular  points. Thus, for x = l/3, 1/r  = 0 (no curva-  
ture) .  Elsewhere,  the strip wil l  be curved, and max i -  
mum curva ture  occurs for x = l, when 

1 6 Std  
- -  = [11] 
r E ( t  + d) 8 

At this point the applied force has no bending moment  
(Eq. [3]) and the curvature  wi l l  be approximate ly  
the same as that  for an unres t ra ined strip (8). Maxi-  
mum negat ive curvature  occurs for x ---= 0, when 

1 3 Std 
- -  [121 

r E (t + d)~ 

half the value for an unrestrained strip. 
In summary, at the point at which the force is ap- 

plied the relaxation of the internal stress will be the 
same as that for an unrestrained strip but will de- 
crease toward the point of zero curvature, where there 
will be no relaxation. Along the final third of the 
length the stress in the deposit will become increas- 
ingly higher than its true (zero curvature) value as the 
support is approached. 

By substitution from Eq. [9], Eq. [8] becomes 

3 S tdx  2 (x  -- l) 
y = - - .  [ 13 ]  

2 E l ( t  -4- d) 3 

f rom which it may  be shown that  the m a x i m u m  de- 
flection of the strip occurs at x ----- 2//3. 

Let us now consider bending across the width  of the 
strip. Where  the strip is fixed to its support there can 
be no bending, but  this constraint  wil l  be reduced fur -  
ther  along the strip. For  a long, thin strip at a sufficient 
distance f rom the support  there  wil l  be v i r tua l ly  no 
constraint. Brenner  and Senderoff (8) show that  for 
an unconstrained strip the  radius of curva ture  is given 
by 

E t ( t  -t- d) 
r -~ [14] 

6Sd 

The strip wi l l  describe an arc of a circle subtending a 
small  angle 0 at the center, such that  w = ro where  w 
is the width of the strip. The mean radius of curva ture  
for the deposit, r', wil l  be given by 

t 
r ' - - - - r - - ~  

2 

Therefore  the wid th  of the deposit af ter  contraction, 
w" = r'o = (r -- t / 2 ) w / r .  

Strain  in deposit 

But 

so that  

A w / w  = t /2r  

Et (t + d) 
r ~  

6Sd 

AW 3Sd 
- -  [ 1 6 ]  

w E ( t  + d) 

If Poisson's ratio for the deposit is p 

Al Aw 3rSd 
= v " = [ 1 7 ]  

l w E( t  + d) 

Therefore  the re laxat ion in the measured stress AS is 
given by 

At 3vSd 
AS = E,  = 

l ( t  + d ) '  

AS 3vd 

s = (t + d) 
[183 

This re laxat ion depends only on Poisson's ratio and 
the ratio of deposit thickness to total  thickness, and 
not as has been suggested (7, 11) on the l eng th /wid th  
ratio of the specimen. This is in agreement  wi th  A r -  
rowsmith 's  observat ion (10) that  the measured  stress 
is independent  of the l eng th /wid th  ratio over  a wide 
range of values. If we put values into Eq. [18] above, 
for example:  ~ = 0.4 for nickel, d ----- 10 -3 mm, t = 
10 -1 mm 

AS 0.4 �9 3 �9 10-a 
= -~ 1.2 • 10 -z  

S 10 -1 

= 1.2% 

Thus for small  thicknesses this effect may be disre- 
garded, but we may  note that  this re laxat ion is of the 
same order  of magni tude  as the re laxat ion in an un-  
restrained strip and will  increase as the deposit th ick-  
ness increases. 

Conclusions 
We have  shown that  even in null-deflect ion methods 

there  wil l  be some stress re laxat ion due to bending of 
the test strip and that  because of this bending the 
stress should be calculated using the  formula  

4 FI 

3 btd 

Similar ly  there  wil l  be some re laxat ion becatise con- 
straint  is not applied across the strip, but  for thin de-  
posits this wil l  only lead to a small  decrease in mea-  
sured stress. The only method that  r igorously simulates 
t rue  plat ing conditions is clamping the specimen com- 
pletely flat during plat ing and measuring curvature  
upon subsequent  release (3). For  continuous measure-  
ments some stress re laxat ion in the deposit has to be 
tolerated. 
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Electroless Deposition of Certain Metal Oxides 
II. TI~O~, MnO~ 

W. Mindt *'z 
Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 07974 

The object  of this  s tudy  is the  deposi t ion of meta l  
oxides  th rough  surface ca ta lyzed  oxida t ion  of meta l  
ions f rom aqueous solutions by  an oxidizing agent.  In  
pa r t  I (1) deposi t ion of =-PbO2 was described.  The 
e lect rochemical  mechanism of this process was found 
to be analogous to electroless me ta l  plating, being a 
mixed  electrolyt ic  react ion wi th  superposi t ion of 
anodic and cathodic pa r t i a l  cur ren t s  according to the  
classical  concept of Wagner  and Traud  (2). In  general ,  
the  process can be descr ibed by  the two par t i a l  reac-  
tions. 

m Mez + W nH20 --> MemOn -[- 2ni l  + 
+ ( 2 n - -  m z ) e -  [ l a ]  

(2n - - m z )  (Ox + e -  --> R e d - )  [ lb ]  

where  Me z+ is a meta l  ion which can be oxidized to a 
h igher  oxide, and Ox and  R e d -  the oxidized and re-  
duced species of a redox  system. 

The condit ions under  which electroless deposi t ion 
of a meta l  oxide is possible have been out l ined p re -  
v iously  (1). In  the present  paper ,  deposi t ion of two 
o ther  oxides is repor ted  under  expe r imen ta l  condi -  
t ions s imi lar  to those used for  PbO~. 

React ions of the  type  s tudied here  m a y  be va luable  
in cases in which an easy, room t empera tu re  deposi -  
t ion method  of an e lec t r ica l ly  conduct ive meta l  oxide 
film is desired.  An  impor tan t  f ea tu re  of the  method  is 
that  deposi t ion on rough  surfaces or  in the pores of 
porous ma te r i a l  may  be possible. Two of the  oxides 
(MnO2 and PbO2) are  of in teres t  for use as counter -  
e lectrodes in sol id  va lve  me ta l  oxide  capaci tors  (3-5).  
Other  appl icat ions  in th in-f i lm devices m a y  be 
l imited by  the  chemical  ins tabi l i ty  tha t  is exh ib i ted  by  
most  of the  h igher  meta l  oxides for  which  this dep -  
osition technique  would  be  applicable.  

Experimental 
As oxidizing agent,  ammonium persul fa te  was used 

as descr ibed in  pa r t  I. A l l  exper iments  were  car r ied  
out in a suppor t ing  e lec t ro ly te  of M ammonium 
acetate.  TI~O~ and MnO~ electrodes were  p repa red  in 
two different  ways:  (i) by  e lec t rodeposi t ion on 
p la t i num anodes---deposit ion of a 0.5~ th ick  layer  was 
car r ied  out  in the  same e lec t ro ly te  used for  the  cur ren t  
potent ia l  measurements  descr ibed below by  apply ing  
an anodic cur ren t  dens i ty  of 0.5 m A / c m  2, and (ii) by 
chemical  prec ip i ta t ion  on glass subs t ra tes  (1 X 3 in. 
s l i d e s ) - - t h e  substrates,  wi thout  special  p re t rea tment ,  
were  immersed  in a solut ion conta ining ammonium 
acetate, thal lous  or manganous  acetate,  ammonium 
persulfa te ,  and s i lver  n i t r a te  as a ca ta lys t  for the  
persul fa te  oxidat ion.  Prec ip i ta t ion  of the  meta l  oxide  
in the  solut ion s ta r ted  af te r  an induct ion t ime of  

* Electrochemica!  Society  Ac t ive  M e m b e r .  
z Presen t  address :  F. H o f f m a n n - L a  R o c h e  and  Company,  Basel,  

Switzer land.  
K e y  words :  eleetroless depos i t i on ,  o x i d e  films, m a n g a n e s e  di-  

oxide,  thallie oxide. 

severa l  minutes.  The subst ra tes  were  lef t  in the  
solut ion unt i l  a severa l  hundred  Angs t rom th ick  l aye r  
of the  oxide was formed. In the  case of T1203 a pH of 
8.0 and for MnO2 a pH of 5.0 proved to be op t imal  for 
this purpose.  The p l a t inum subs t ra te  e lectrodes were  
used for the cur ren t  potent ia l  measurements ;  the  
weight  gain measurements  were  car r ied  out wi th  
e lectrodes p repa red  in both ways.  

I t  should be noted that  prec ip i ta t ion  of the  meta l  
oxide in the  solution did not occur dur ing  the exper i -  
ments  descr ibed be low in which  AgNOa was not 
added;  the tha l l ium baths  r emained  c lear  for severa l  
days. In  the  manganese  baths,  p rec ip i ta t ion  of MnO2 
usua l ly  s ta r ted  af ter  10 to 30 rain; the solut ion was 
then exchanged for a f reshly  p repa red  one. 

The current  potent ia l  measurements  were  carr ied  
out potent ios ta t ical ly ,  using a p la t inum countere lec-  
t rode  and an normal  calomel  re ference  electrode. S ta -  
t i ona ry  condit ions were  achieved af ter  severa l  s e c o n d s  
at h igher  cur ren t  densi t ies  and a f te r  a few minutes  at 
cur ren t  densi t ies  be low 10 ~A/cm ~. 

The reagents  used were  ana ly t ica l  reagent  grades of 
T1CfH302, Mn(C2HzO2)~, AgNO~, (NI-I4)2S208, and 
NH4C4HsO2 (p repared  f rom glacial  acetic acid and 
30% N I ~ O H ) .  The pH of the  solutions was ad jus ted  
by  addi t ion of NI-I4OH. The e lec t ro ly te  was agitated.  
Al l  exper iments  were  carr ied  out at 25~ 

Results and Discussion 
In  Fig. 1, s t a t ionary  cur ren t  vol tage  curves  of T1203 

electrodes are  shown which were  obtained in a solu-  
t ion of 50 mM thallous aceta te  in M ammonium 
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Fig. 1. Stationary current/potential curves at TI203 electrodes. 
Electrolyte: 50 mM TIC,Ha02 n t- 1-100 mM (NH4)2~Os in M 
NH4C2H302 at pH 10. Dashed line: without (NH4)2S2Os. 
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acetate  at  different  concentra t ions  of ammonium pe r -  
sulfate.  In  this  solut ion the  anodic reac t ion  is 

2T1 + + 3H20-> T12Os + 6H + -t- 4 e -  [2] 

In the presence of persulfate ,  the  net  cur ren t  resul ts  
f rom superposi t ion of reac t ion  [2] and reduct ion  of 
8~Os = 

S~O8 = "t- 2 e -  -> 2SO4 = [3] 

At  zero current ,  i.e., under  open-c i rcu i t  conditions,  
deposi t ion of T12Os occurs at  a ra te  g iven by  the 
cur ren t  dens i ty  of the anodic pa r t i a l  react ion (dot ted  
l ine)  at  the  open-c i rcu i t  potent ial .  This was confirmed 
by  weight  gain measurements  under  open-c i rcui t  
condit ions at  different  S~O8 = concentrat ions.  

The s i tuat ion in the  case of MnO2 (Fig. 2) is  some-  
wha t  different  because the  zero cur ren t  p la teaus  in 
the  absence of persu l fa te  (dot ted  l ines) cor responding 
to the  reac t ion  

Mn + + + 2H20-> MnC~ + 4H + + 2 e -  [4] 

are  not  as wel l  defined as for TleOa. One can recognize, 
however,  the  effect of the  addi t ion of persulfate .  The 
curves were  not as reproduc ib le  as those of Tl~O3; 
however ,  weight  gain  measurements  at open circui t  
gave the  expected g rowth  ra te  wi th in  er rors  of • 30%. 

Properties of the i~Ims.--The deposi ts  obta ined  on 
glass subs t ra tes  were  continuous and of uniform 
thickness.  No pores could be seen by  l ight  microscopy. 
Good adherence  was achieved up to a thickness of 
about  1O~ wi th  T12Os and up to about  0.5~ wi th  MnO2. 
X - r a y  studies showed sharp  l ines of the  cubic T120~. 
No pa t te rns  were  observed in MnO2. The electr ical  
res i s t iv i ty  of T120~, de te rmined  by  the four -po in t  
method,  was 5 • 10-4 ohm-cm. The res i s t iv i ty  of 
MnOg. depended on the pH of the  e lectrolyte ,  e.g., 
values  of 4 • 102 ohm-cm and 2 X 104 ohm-cm were  
obta ined at  pH values  of 8 and 6.3, respect ively.  These 
lie wi th in  the  range  of resis t ivi t ies  found for pyro ly t ic  
mater ia l .  

Thermodynamic remarks.--The equi l ib r ium poten-  
t ia ls  of both  react ions  [2] and [4] depend on the pH 
of the  electrolyte .  Thus, the  cur ren t  potent ia l  curves 
shift  wi th  pH as was seen in Fig. 2 wi th  MnO2. This 
resul ts  in a pH dependence  of the  g rowth  rate.  In  
addit ion,  t he re  exis t  some other  pH dependent  the rmo-  
dynamic  equi l ibr ia  which m a y  in ter fere  wi th  the 
deposi t ion process. These are  summar ized  in Fig. 3 
and 4. The potent ia ls  a re  calcula ted f rom free energy 
da ta  (6-8) for  concentra t ions  of 50 mM in T1 + and 
Mn + +. 

Since only one lower  oxide of tha l l ium (T120) 
exists, the  condit ions are  easy to survey in this  case. 

,'7 / 
pH 7 . 6 / / /  pH 6 . ~  pH5.51 

, / /  ,,] / 
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"/;/ / -, i/,,"" 
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I00 200 300 400 500 

U vs. NCE (mV) 

Fig. 2. Stationary current/potentlal curves at Mn02 electrodes. 
Electrolyte: 50 mM Mn(C2H3O2)2 + 0.5M (NH4)25208 in M 
NH4C2H302 at pH 5.5, 6.5, and 7.6. Dashed lines: without 
(NH4)2S2Os. 
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Fig. 3. Equilibrium potentials of reactions [2] and [5],  cal- 
culated from thermodynamic data (6, 8), vs. pH. Bars show zero 
current plateaus at TI203 electrodes measured in a solution of 
50 mM TIC2H302 in M NH4C2H302. 
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Fig. 4. Equilibrium potentials of reactions [4] ,  [6 ] - [9 ] ,  cal- 
culated from thermodynamic data (6,7), vs. pH. Crosses show open- 
circuit potentials of MnO2 electrodes measured in a solution of 
50 mM Mn(C2,HaO~)2 in M NH4C2H302. 

The equi l ib r ium potent ia ls  of the  react ion 

T12Os + 4H + + 4 e -  ~ -  TI~O + 2H20 [5] 

a re  wel l  be low those of react ion [2] in the  s tudied pH 
range. An  influence due to this  equi l ib r ium at anodic 
currents  is un l ike ly  to occur. With  cathodic currents ,  
reduct ion  of T120~ to T120 becomes possible. The po-  
ten t ia l  range  in which a zero cur ren t  p l a t eau  is ob-  
served is shown in Fig. 3. However ,  since no ac t iv i ty  
coefficients and l iquid junct ion  potent ia ls  have been 
t aken  into account, this comparison gives only a rough 
confirmation tha t  T120 is not involved.  

The s i tuat ion in the  case of MnO2 is more  complex,  
since equi l ibr ia  of Mn + + and MnO~ wi th  lower  oxides 
of manganese  are  t he rmodynamica l ly  possible. The 
equi l ib r ium potent ia ls  of the fol lowing react ions (to- 
gather  wi th  [4]) are  p lo t ted  in Fig. 4 

2Mn + + + 3H20 ~ Mn203 + 6H + + 2 e -  [6] 

3Mn + + + 4H20 ~ MnsO4 + 8H + + 2 e -  [7] 

Mn20~ +t- H20 ~--- 2MnO2 + 2H + + 2 e -  [8] 

Mn~O4 + 2H20 ~ 3MnO2 + 4H + + 4 e -  [9] 
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The expe r imen ta l l y  observed open-c i rcu i t  potent ia ls  
are also shown. The equi l ib r ium potent ia ls  of react ions  
[6] and [7] cross tha t  of react ion [4] be tween pH 4 
and 5. I t  is in teres t ing  to note tha t  at  pH values  lower  
than  5 the  e lect r ica l  res i s t iv i ty  of the  e tect rodeposi ted  
films becomes ve ry  high, so tha t  f inally deposi t ion is 
no longer  possible. This m a y  indicate  the  beginning of 
co-deposi t ion of an insula t ing lower  oxide. The ques-  
t ion of how much the  equi l ibr ia  [8] and  [9] in ter fere  
wi th  reac t ion  [4] cannot  be answered  here.  I t  appears ,  
however ,  tha t  at  h igher  pH the cathodic par ts  of the 
cu r r en t  po ten t ia l  curves  in Fig. 2 a re  de te rmined  by  
these reactions,  since cathodic pass ivat ion occurs. 
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Anodic Oxidation of Carbohydrates and Related 
Compounds in Neutral Saline Solution 

A. J. Appleby* and C. Van Drunen 
Ins t i tu te  of Gas Technology, Chicago, Illinois 60616 

In a previous  communicat ion  (1) the  oxidat ion  of 
glucose and der iva t ives  at  p la t inum black electrodes in 
pH 7.4 sal ine solut ion isotonic wi th  human  p lasma was 
discussed wi th  the  objec t ive  of de te rmin ing  the feasi-  
b i l i ty  of consuming such mater ia l s  in an implan tab le  
energy conversion device. Smal l  versions of a fuel  cell 
of this type  (power  ~100 ~W) a re  capab le  of supply ing  
e lect r ica l  energy to a hea r t  pacemaker ,  u r ina ry  s t imu-  
lator,  or physiological  moni tor  device. Larger  versions 
(power  4.5W or more)  a re  po ten t ia l ly  capable  of sup-  
p ly ing  sufficient power  for a prosthet ic  hear t  device. 
In  each case the  anodic process would  be oxidat ion of 
ca rbohydra te s  at  an electrode with  an associated dif -  
fusion membrane  to prevent  contact  wi th  blood or 
in te rce l lu la r  fluid, and  the cathodic process would  be 
reduct ion  of oxygen der ived  e i ther  f rom in te rce l lu la r  
fluid (for the  smal ler  devices)  (2) or f rom the air  via 
a percutaneous  lead (for the  prosthet ic  hear t  power  
source) (3). 

In  the  present  communicat ion  the  cata lyt ic  effects of 
different  e lect rode mate r i a l s  on the  anodic oxidat ion 
process a re  discussed along wi th  the  order  of react ion 
and probable  kinet ic  ra tes  tha t  m a y  be  obta ined  wi th  
cu r ren t ly  ava i lab le  ca ta ly t ic  mate r ia l s  at  workab le  
overpotent ia ls .  

Apparatus 
The appara tus  used was a convent ional  glass and 

Teflon 3 -compar tmen t  cell  wi th  p la t inum countere lec-  
t rode  and sa tu ra ted  calomel  re ference  electrode. The 
e lec t ro ly te  was  Ringer ' s  phosphate  buffer solut ion of 
physiological  s t rength  and pH. A supply  of e lec t ro ly te  
(about  500 ml)  containing the requ i red  concentra t ion 
of ca rbohydra t e  was deaera ted  using n i t rogen in a 
spi ra l  deoxygena to r  (4), where  it could be s tored under  
n i t rogen unt i l  required.  Elec t ro ly te  could be t r ans -  
f e r red  d i rec t ly  under  n i t rogen f rom the deoxygena tor  
to the  cell. The whole  appara tus  was main ta ined  at 
37~ in a wa te r  bath.  

A potent iosta t ic  puls ing technique was used to p re -  
pa re  reproduc ib le  e lect rode surfaces. Polar iza t ion  r e -  
sults, however ,  were  obta ined using a convent ional  
galvanosta t ic  circuit .  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  Member .  
K e y  w o r d s :  b i o c h e m i c a l  fuel  cells, catalyt ic  oxidat ion,  Daeemaker  

e n e r g y  s o u r c e .  

Electrocatalysis Experiments 
Electrodes consisted of P t  and A u  foils, and Ir, Ru, 

Rh, and P t / R h  al loy plates  cut f rom smal l  rods or cas t -  
ings using a d iamond saw. Areas  var ied  f rom 0.51 to 
2.0 cm 2. Al l  were  ground and polished, we lded  to gold 
wires,  degreased,  and washed in concentra ted  HC1 and 
conduct iv i ty  water .  P r e l im ina ry  exper iments  es tab-  
l ished tha t  gold is a ve ry  poor ca ta ly t ic  surface for  ca r -  
bohydra t e  oxida t ion  (see be low) ;  hence the  presence 
of gold suspension wires  wi l l  not be expected to affect 
data. In  addition, a number  of exper iments  were  con- 
ducted on 1-cm 2 gold foils e lec t ropla ted  wi th  Pt  and 
Rh blacks. Areas  were  measured  using the  chrono-  
coulometr ic  hydrogen  s t r ipping method  in d i lu te  sul-  
furic acid. 

Exper iments  were  conducted in physiological  
s t rength  (0.005N) glucose solution. Each br igh t  elec- 
t rode was first given an anodic and cathodic pulse 
t r ea tmen t  to ensure a reproducib le  clean surface. The 
e lect rode was first pulsed to 700 mV vs. calomel  (1390 
mV vs. hydrogen  at the  same pH) ,  then  given a re -  
duct ive pulse to --900 mV vs. calomel,  af ter  which  it 
was left  on open circui t  for 2 min  to al low any h y d r o -  
gen formed dur ing  the  cathodic pulse to dissipate and 
to give sufficient t ime  to al low glucose adsorption.  A 
smal l  anodic current  was then  applied,  and the po la r -  
izat ion measured  af ter  2 rain. 

In i t ia l  open-c i rcui t  potent ia ls  on all  e lectrodes were  
in the  range  from --610 to --626 mV vs. calomel  (from 
+89  to +64  mV vs. hydrogen  in the same solut ion) .  
Decay on open circuit  was ve ry  smal l  (1 mV or less) 
dur ing  the ini t ia l  per iod  of rest.  Af te r  this  per iod  a 
smal l  anodic cur ren t  was appl ied  to the  electrode, and 
the polar iza t ion  measured  af ter  2 min. The puls ing 
procedure  was repea ted  before  each cur ren t  dens i ty  
was applied.  

Curren t  densi t ies  quoted for each e lec t rode  in Table 
I represent  values  where  the onset of poisoning 
phenomena  was considered to occur. Poisoning in this  
context  is defined as r ap id  posi t ive  movement  of po-  
ten t ia l  (on the order  of 5 mV or more  in 2 rain) tha t  is 
i r revers ib le  so tha t  the  e lect rode does not  r e tu rn  to the  
ini t ia l  open-c i rcu i t  va lue  when the polar iz ing cur ren t  
is removed.  
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Table I. Current densities at which poisoning occurred on 
smooth electrodes 

Curren t  density,  
Electrode  ~ / c m =  

Pt  0.5-I.0 
Rh 5.0-7.0 
I r  2.0-3.0 
Ru  0.5 
Au 0.5 

Pt-8 a /o  Ru 2.0-3.0 
Pt-18 a/o Ru 4.0 
Pt-40 a/o Ru 3.0-5.0 
Pt-60 a/o Ru 5.0 

In  all cases the potential  at which poisoning be- 
came apparent  was in the range from --605 to --610 
mV vs.  calomel (from +85 to +80 mV vs.  hydrogen 
in the same solution).  

It is evident  that  rhodium, closely followed by plat i-  
n u m - r u t h e n i u m  alloys, gives the best catalytic per-  
formance of the materials studied. P l a t i n u m - r u t h e -  
n ium alloys have been shown in other contexts to be 
effective oxidation catalysts for organic fuels in en-  
ergy-conversion devices and are known to be resis tant  
to poisoning effects in the oxidation of carbonaceous 
compounds (5). 

In  view of the above conclusion, fur ther  work was 
conducted on rhodium black electrodes. P l a t inum 
black electrodes were s imultaneously used as a s tan-  
dard of comparison. 

Oxidation on Black Electrodes 
Experiments  were conducted on glucose oxidation 

using 1-cm 2 gold foil electrodes plated with rhodium 
(area roughness factors 16'/ and 26.7) and with 
p la t inum (area roughness factor 2.9). Black electrodes 
were given a pulsing t rea tment  for ini t ial  surface ac- 
t ivat ion similar to that  for bright  electrodes but  were 
then left on open circuit for 10 min, followed by polar-  
ization at a given current  density for 10 min. 

Results were obtained in 0.005, 0.001, and 0.0002 M 
glucose solutions. Open-circui t  potentials are given in 
Table II. 

Overnight  open-circuit  values refer to electrodes 
left 16 hr in the solution after pulsing. Al though there 
is a slight tendency for the ini t ial  open-circui t  value on 
Pt  to fall  with decreasing glucose concentration, the 
opposite is the case for electrodes left overnight  in the 
solution. Open-circui t  values on Rh electrodes are es- 
sent ial ly concentrat ion independent .  Smooth Rh and Pt  
electrodes had overnight  open-circui t  voltages ,--300 
mV NHE, and showed more rapid decay. 

Ini t ia l  polarization behavior on the 167-cm ~ Rh 
black electrode is i l lustrated in Fig. 1. On this electrode, 
poisoning was not apparent  below 20 #A/cm% which on 
a real area basis is 0.12 ~A/cma. Polarization curves for 
the three glucose concentrat ions studied as shown. In  
addition, a polarization plot for the 0.001M solution 
after the electrode had been allowed to stand for 1 hr 
after activation is shown (dashed l ine).  The other 
group of polarization plots refers to the three solu- 
tions for electrodes that  had been allowed to stand 16 
hr after pulsing. It  can be seen that  the effect of 
glucose concentrat ion is small, except at high cur ren t  
density where  mass t ransport  effects may start to 
predominate.  In  general  the slow change in potential  
~t constant current  densi ty (on a geometric-area basis) 
was much less on electrodes of high specific area, but  

G l u c o s e  M 

Table II. Open-circuit potentials on black electrodes 

Rho di um open  c ircuit  P l a t i n u m  o p e n  circuit  

I n i t i a l  O v e r n i g h t  I n i t i a l  Overnight  

m Y  v s .  c a l o m e l  

0.005 6 2 6 - 6 3 0  572 639-641  510 
O.OOl 6 4 1 - 6 4 0  5 7 5 - 5 7 8  633 -637  
O,00O2 6 2 9 - 6 3 4  572  6 1 7 - 6 2 9  5 2 3  
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Fig. 1. Oxidation of glucose on rhodium black in Ringer's phos- 
phate buffer (roughness factor 167) at 37~ 

these were not as good as smooth electrodes on a 
specific-area basis from the ini t ial  polarization point  
of view. This can be at t r ibuted to difficulty of diffusion 
of poisoning products wi thin  the porous structure,  and 
perhaps to pH changes in the pore s tructure if local 
production of [H +] exceeds the buffering capacity of 
the electrolyte. 

A series of tests similar to the above was carried out 
in 0.005, 0.001, and 0.0002M gluconic acid and gluco- 
samine solutions. On the low-specific-area Rh black 
electrode (26.7 cm2), polarizations of 23, 13, and 18 mV, 
respectively, were noted in the three glucose solutions 
at a geometric-area current  density of 5 ~A/cm 2 10 
min  after activation. Open-circui t  voltages were 628- 
632 mV vs.  calomel. In  glucosamine solutions, open- 
circuit potentials were 10-15 mV more negative, and 
corresponding polarizations were ,~1, 4, and 4 mV 
only at 5 ~A/cm 2 under  the same conditions. Gluconic 
acid solutions gave open-circui t  potentials ,~15 mV 
more positive than glucose, and very large polariza- 
tions were recorded at 5 ~A/cm 2 after 10 rain (99 mV 
at 0.005M, 58 mV at 0.001M, and 23 mV at 0.0002M). 
The lat ter  results are interest ing in that  they show a 
negative reaction order. Results on Pt  black electrodes 
were similar with low apparent  reaction orders for 
glucose and glucosamine. Again glucosamine showed 
the lowest and gluconic acid the highest polarizations, 
al though the differences were not so marked  as in the 
case of rhodium (~40 and 27 mV polarization for 
0.005M and 0.0002M glucose; ~20 and ~30 mV, respec- 
tively, for similar glucosamine solutions; and N40 and 
50 mV for similar gluconic acid solutions at a geo- 
metr ic-area  current  density of 5 ~A/cm2). 

Oxidation of a typical polysaccharide was studied 
using a 0.02% chondroit in sulfate solution. P re l imina ry  
results established ini t ial  polarization behavior  to be 
midway between that for glucose and gluconic acid 
on both p la t inum and rhodium black electrodes. After  
allowing steady state to be reached (after about 16 hr 
in the solution) a Tafel plot on a p la t inum black elec- 
trode shows a slope of about 100 mV/decade (Fig. 2). 
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Fig. 2. Tafe| plot for anodic oxidation of 0.02% chondroitin 
sulfate solution in Ringer's phosphate buffer on rhodium black 
(roughness factor 26.7) at 37~ 
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Tafel plots of slope approaching 2RT/F  are also given 
by glucose and gluconic acid solutions on poisoned 
electrodes (1). 

Conclusions 
Results obtained indicate that  rhodium and Pt -Ru 

alloy electrodes are more effective than  p la t inum for 
glucose oxidation, al though gluconic acid is more ef- 
fectively oxidized on plat inum. Rate constants for 
gluconic acid oxidation appear to be lower than those 
for glucose in the W50 to W250 mV range vs. hydrogen 
in  the same solution, in agreement  with Rao and 
Drake's conclusions (6). Electrodes show a t ime-de-  
pendent  ra te  constant  due to poisoning effects. Reac- 
tion orders for glucose, gluconic acid, and glucosamine 
oxidation are low, and Tafel slopes approach 2RT/F  
for all  the carbohydrate  compounds studied when  mea-  
surements  are taken after a sufficiently long time. This 
suggests that  the mechanism of carbohydrate  oxidation 
is similar to that  reported for ethylene and other or- 
ganic compounds (5, 7) with the production or reac- 
t ion of adsorbed OH as the ra te -de te rmin ing  step, de- 
pending on the substrate. 

The polarization data obtained in this work will  be 
used in a mathemat ical  model of a glucose diffusion 

anode for use in a proposed fuel  cell for prosthetic 
heart  propulsion. 
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Nomographs for the Diffusivities of Salts, Acids, and Bases 
in Very Dilute Water Solutions 

Adam Zanker 
Kir ia t -Jam "G,'" Haifa, Israel 

Two nomographs were constructed in order to pre-  
dict and calculate the diffusivity of electrolyte mole- 
cules in very diluted water  solutions. As a basis for 
these nomographs, the following equations were 
chosen: (i) the Nernst  equation, which allows calcu- 
lation of the diffusivity at a certain tempera ture  when 
the required conductivities are known (1); and (ii) 
the Reid and Sherwood equation, which allows pre-  
diction and calculation of the diffusivity at various 
temperatures  when only a diffusivity at 25~ is known 
(2). These equations were chosen for two reasons: 
first, they give relat ively good results, in many  cases 
very close to the measured values; and second, they 
are in nomographable  form. 

The max imum discrepancies between calculated and 
measured values are as follows (in per cent) (3) 

_ ~  wCOncentration of 
e lec t ro ly te  in 

ater 

up  to 0.001M, u p  to 0.01M, 
Molecule  t y p e ~  % % 

Molecules of 1:1 type  (such 
as NaCI, KNO3) 3 8 

Othe r  types  of molecules  10 15 

In  the major i ty  of cases the calculated results are 
much closer to the measured values so that  the use of 
these homographs gives quick and relat ively rel iable 
results. The equations used are: 

1. The Nerns t  Equation 
( L + ~ 2 1 5  ~ ( Z + - p Z - )  

/)25 ~ 8.931 • 10 -10 • T �9 
( L + ~  ~ (Z+ •  

where: D25 ---- diffusivity of the molecule, cm2/sec (at 
25~ 

K e y  words :  graphical calculations (in chemistry), ionic conduc t -  
ance  (at infinite d i lu t ions) ,  e lec t ro ly te  solut ions,  t e m p e r a t u r e - d i f f u -  
s ivi ty  re la t ionships ,  mobi l i ty  of ions. 

I §  o 

I _ o  

T 

Z+ 

Z -  

cationic conductance at infinite dilution 
cm 2 �9 o h m - I / e q u i v  (at 25~ 
anionic conductance at infinite dilution 
cm 2 �9 o h m - I / e q u i v  (at 25~ 
absolute temperature,  in ~ ( taken as 
constant, T ---- 298~ ---= 25~ 
absolute valency of cation (without 
sign) 

= absolute valency of anion (without  
sign) 

2. The Reid and Sherwood Equation 

T 
Dr -~ D25 " 

334 �9 #T 

where: Dr - -d i f fus iv i ty  of molecule, c'm2/sec, at 
temp. T ~ 

D25 ~ diffusivity of molecule, cm2/sec, at 25~ 
(298~ 

T ~ required  temperature,  in  ~ 
~r ~ viscosity of water, at temp. T ~ in cP. 

In  order to facilitate use of the nomographs, several 
values of anionic and eationie conductances at 25~ 
were plotted on suitable scales (4, 5). Both nomo- 
graphs are based on the above equations, bu t  it w~s 
found more useful  to construct  two separate nomo-  
graphs, one for salts only and the other for acids and 
bases. 

Due to the large difference between the conductance 
of H + and O H -  ions, and other cations and anions, a 
nomograph covering the full range of ionic conduct-  
ances turned out to be very inaccurate in  the  conduct-  
ance of salts. The possiblity of plott ing a number  of 
values of cationic and anionic conductances was also 
limited. 

Use of the nomographs is as follows: 

(a) The known values of anionic and cationic con- 
ductances, plotted on a suitable scale, have to be con- 
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nected with a ruler. The intersection point of the ruler  
with the "reference line" gives the first auxi l iary 
point, A. 

(b) Point  A has to be  connected with a ru ler  with a 
suitable point  on the scale which gives "valencies of 
the cations and the anions." This l ine has to be ex- 
tended to the intersection point  with the scale marked  

"diffusivity of molecule at 25~ '' point  B. This point  
gives the in termediate  result, D~5. 

(c) If it is desired to learn  the diffusivity at a t em-  
perature  other than 25~ the value of D25 is to be 
connected with a ruler  with the required tempera ture  
(t = ~ on the t scale. The intersection of the ruler  
with the Dt (oblique) scale gives the final result. In  
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order to i l lustrate use of the nomograph, an example 
is drawn, with a dotted line, on each of the nomo- 
graphs shown. 

Example 1. Nomograph for Diffuslvity of Salts 
What will  be the diffusivity of diluted (0.01N) LiC1 

solution at l l~  The conductance of Li + is 38.6 cm e. 
ohm-1 /equ iv  at 25~ and the conductance of C1- is 
76.35 cm 2 �9 ohm-1 /equ iv  at 25~ Both values are 
plotted on suitable scales, and both values have to be 
connected with a ruler  and the intersection point  A 
with the reference l ine has to be found (dotted l ine 1). 

The valencies of both cation and anion are 1 and 1. 
The point  marked 1-1 on the valency scale is to be 
connected with the previously found point A, and the 
l ine extended up to the D25 scale (the dotted line 2 
and point B). The value found is D25 = 1.37 10 -6 cm2/ 
sec. [The measured value is 1.313 �9 10 -5 cm2/sec (6).] 

Point  B should then  be connected to a tempera ture  
of l l ~  on the tempera ture  t scale (dotted l ine 3 on 
the nomograph) .  The final result  is found on the Dt 
scale (point C). The result  is Dt = 0.90 �9 10 -~ cm2/sec 
at l l~  [The measured value is 0.93 �9 10-s cm2/sec 
(7) .] 

Example 2. Nomograph for Diffusivity of Acids and Bases 
What will  be the diffusivity of diluted (0.01N) HC1 

solution at 12~ The conductance of H + is 349.8 cm 2 �9 
ohm-1 /equ iv  at 25~ and the conductance of C1- is 
75.35 cm 2 �9 o h m - I / e q u i v  at 25~ Both values are 
plotted on sui table scales. Connect both values and find 
the intersection point A on the reference l ine (dotted 
l ine 1). 

The valency of the cation is 1. The previously found 
point A has to be connected with the value 1 on the 
valency scale, and this l ine has to be extended up to 
the intersection with the D25 scale, pointed B (dotted 
l ine 2). The intermediate  result  is D25 = 3.33 �9 10 -5 
cm2/sec. [The measured value, graphical ly in ter-  
polated is 3.18 �9 10 -5 cm2/sec (8).] 

The intermediate  result, point  B, has to be connected 
with the temperature  12~ on the temperature  t scale 
(dotted l ine 3). The final result  is then  found on point  
C of the Dt scale and is Dt = 2.3 �9 10 -5 cm2/sec at 
12~ [The measured value is 2.38 10 -5 cm2/sec (9).] 

Manuscript  submit ted Aug. 5, 1970; revised manu-  
script received Sept. 7, 1970. 

Any  discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1971 
J O U R N A L .  
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Communication 

Note on the Electrodeposition of Magnesium 
from an Organic Solution of a Magnesium-Boron Complex 

Abner Brenner* 
National Bureau of Standards, Washington, D. C., 20234 

Thus far no successful method of electrodepositing 
magnesium from a solution operated at room tempera-  
ture  has been published. Magnesium is too active a 
metal  to be electrodeposited from aqueous solutions 
and electrolysis of various Grignard  solutions has not 
yielded sound, coherent deposits of magnesium. The 
cathode deposits are mossy, dark in color, and obvious- 
ly contaminated. I have reviewed the unsatisfactory 
situation per ta ining to the electrodeposition of mag-  
nes ium (1). 

I have developed an organic plat ing bath, which 
deposited smooth, white, somewhat  ductile coatings of 
magnesium. It was obtained by reactions involving de- 
caborane, B10H14. 

The first step in  the preparat ion of the bath is the 
preparat ion of a l i th ium derivative of decaborane 
with a solution of l i th ium methyl  in ether. 1 Li th ium 
methyl  in  diethyl  ether (25 ml of a commercial 1.7M 
solution) was introduced into an oxygen-free vessel 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
K e y  w o r d s :  magnesium-----electrodeposi t ion of, decaborane ,  o rgano -  

m e t a l l i c  c o m p o u n d ,  n o n a q u e o u s  e l ec t rop l a t i ng ,  l i t h i u m  depos i t ion .  
1 B o t h  m a t e r i a l s  are  c o m m e r c i a l l y  ava i l ab l e .  Decaborane  a t  t he  

m o m e n t  costs a b o u t  $3 a g ram,  and,  t he re fo re ,  a r e sea rch  c h e m i s t  
m i g h t  p r e f e r  to s p e n d  his  m o n e y  on p l a t i n u m .  H o w e v e r ,  w i t h  bo r i c  
ac id  p r i ced  a t  a b o u t  f ive  cen t s  a p o u n d ,  t h e r e  is  no  i n h e r e n t  r e a s o n  
w h y  d e c a b o r a n e  s h o u l d  no t  b e  p r o d u c e d  m o r e  cheaply .  

through which pure argon flowed. Decaborane, lg, dis- 
solved in 10 ml  of te rahydrofuran  (THF) was slowly 
added. The THF needs to be anhydrous. 2 With each 
addition of the decaborane solution a vigorous efferves- 
cence occurred, which probably represented the evolu- 
t ion of methane. A heavy, yellow layer separated out 
which contained most of the li thium. 3 On electrolysis 
of this two-phase solution at 0.1 to 1.0 A / d m  2, l i th ium 
deposited on the cathode but  in much greater quant i ty  
from the lower layer  which obviously had much greater  
conductivity.4 At high current  density, the l i th ium 
deposited as dendrites from the lower layer instead 
of as a smooth deposit. 5 

To the two- layer  system of l i th ium-decaboron 
complex, 25 ml  of a saturated solution of anhydrous 
magnes ium chloride in THF was added. The system 

The  d i s t i l l a t i o n  w i t h  l i t h i u m  a l u m i n u m  h y d r i d e ,  so f r e q u e n t l y  
de sc r ibed  in  the  l i t e r a tu r e ,  is  q u i t e  unnecessa ry .  I t  is  suff ic ient  to  
add  a s o d i u m  h y d r i d e  suspens ion ,  a c o m m e r c i a l  50% s u s p e n s i o n  of 
N a i l  in  m i n e r a l  oil, in  s m a l l  q u a n t i t i e s  to  s e v e r a l  h u n d r e d  m i l l i -  
l i t e r s  of T H F  u n t i l  the  ga s s ing  ceases,  l e t  s t a n d  u n t i l  t h e  excess  N a i l  
se t t l es  out ,  a n d  t h e n  d e c a n t  off t he  T H F  as  needed .  

Th i s  l o w e r  l a y e r  h a d  m u c h  h i g h e r  c o n d u c t i v i t y  t h a n  the  s u p e r -  
n a t a n t  l i qu id .  

4 Th is  e l ec t ro lys i s  con t ra s t s  w i t h  the  i n i t i a l  so lu t i on  of  l i th ium 
m e t h y l  w h i c h  scarce ly  conduc t s  a t  a l l  a n d  f r o m  w h i c h  l i t h i u m  does  
no t  depos i t .  

6 In  some cases need le s  so f ine as to  be  scarce ly  v i s i b l e  g r e w  w i t h  
g rea t  r ap id i t y ,  fo r  e x a m p l e ,  1 c m  in  a m i n u t e ,  and  shor t ed  ou t  th e  
cell. 
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became homogeneous forming  the  p la t ing  bath.  B The 
conduct iv i ty  of the  resul t ing  solut ion was much h igher  
than  tha t  of the  l i th ium-decaboron  solut ion f rom 
which it was formed.  The magnes ium complex  in the  
solution appeared  to be soluble at  least  to the  ex ten t  
of 1 mole  per  liter.  The resul t ing  solut ion on e lec t ro ly-  
sis y ie lded  smooth, white,  sound deposi ts  of magnesium. 
The ba th  m a y  be opera ted  at cur ren t  densi t ies  be -  
tween  0.1 and 1.0 A / d m  2. The cathode and anode effi- 
ciencies were  app rox ima te ly  100%. Wi th  fu r the r  de-  
ve lopment  the  process should be on a pa r  wi th  the 
h y d r i d e - e t h e r  a luminum pla t ing process. 

The ba th  can be p repa red  d i rec t ly  f rom a Gr igna rd  
reagen t  and decaborane,  for  example ,  by  mix ing  60 mt  
of a THF solution of magnes ium e thyl  chlor ide  (com- 
merc ia l ly  obta inable)  w i th  a g ram of decaborane  and 
adding  some magnes ium ch lo r ide -THF solution. This 
ba th  was not  as sa t is factory  as the  one der ived  f rom 
the l i th ium complex,  but  w i th  fu r the r  invest igat ion it 
might  be improved.  

The magnes ium ba th  was p repa red  wi th  r ig id  ex -  
clusion of oxygen,  but  af ter  p repara t ion  it was s table 
on exposure  to d r y  air. Mois ture  would  undoub ted ly  
decompose the  magnes ium complex.  The ba th  is stable.  
A bath,  which  had evapora ted  to about  ha l f -vo lume  
dur ing a s ix -mon th  s torage period, again  became 
opera t ive  a f te r  THF was added  to b r ing  the  ba th  up to 
vo lume toge ther  wi th  some addi t ional  magnes ium 
chlor ide  in THF. 

6 M a g n e s i u m  ch lo r ide  d i s so lves  s l o w l y  in  T H F  a n d  m a y  a t  f i rs t  
g i v e  the  a p p e a r a n c e  of low so lub i l i t y ,  b u t  t he  s a t u r a t e d  s o l u t i o n  has  
a c o n c e n t r a t i o n  of  a b o u t  0.75 mola r .  The  sa l t  and  the  T H F  m a y  
need  to  s t a n d  fo r  s eve ra l  days  or  be  s t i r r ed  a n u m b e r  of hours .  On  
long  s t a n d i n g  (some w e e k s  or  m o n t h s )  t he  s a t u r a t e d  s o l u t i o n  f i l ls  
w i t h  a mass  of color less  c rys t a l s  of  t he  T H F  e thera te .  

The deposi t  has  not  been  quan t i t a t ive ly  analyzed,  
but  the  indicat ions are  tha t  it  m a y  contain a smal l  
amount  of boron, perhaps  be low 1%. Tubes of mag-  
nes ium were  e lec t roformed by  deposi t ing the  meta l  on 
th in -wa l l ed  a luminum tubing,  serving as a master ,  
which was subsequent ly  dissolved out  wi th  caustic 
soda. 

A be ry l l ium analog of the  magnes ium ba th  is under  
invest igat ion,  bu t  i t  does not  y ie ld  as y e t  sa t is factory  
deposits.  

The compound  present  in the  decaborane  mag-  
nes ium ba th  is p robab ly  not  Mg.BloH12"2Et20, which  
was p repa red  by  N. N. Greenwood and N. F. Travers  
(2) by  the  reac t ion  of d ie thy l  magnes ium wi th  deca-  
borane  in a solut ion of d ie thy l  ether.  Thei r  compound 
was p repa red  at  --78 ~ and was descr ibed as being 
rap id ly  decomposed in air  and insoluble  in al l  common 
organic solvents,  a behavior  qui te  at  va r iance  wi th  
the  s tab i l i ty  and solubi l i ty  of the  magnes ium complex  
in the p la t ing bath.  

Manuscr ip t  submi t ted  J u l y  13, 1970; rev ised  m a n u -  
scr ipt  received Sept.  4, 1970. 

Any  discussion of this  paper  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the  December  1971 
J O U R N A L .  
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ABSTRACT 

A s tudy  has  been car r ied  out  on the  kinet ics  of phosphida t ion  of n ickel  
sheets exposed to phosphorus  vapor  of 1 Torr  to 2 a tm at t empera tu re s  f rom 
400 ~ to 600~ by  means  of a sea led- tube  method.  The phosphidat ions  were  
revea led  to follow parabol ic  behavior .  The values  of the  ra te  constant  Kp at  
2 atm have  fal len into the ca tegory  of o rder  of 10 -6 to 10 - s  g2/cm4-min, 
whose Ar rhen ius  plot  y ie lded  the  act ivat ion energies  of 15 • 2.5 and 33 + 3.5 
kca l /mole  for 400~ ~ and 500~176 respect ively.  The pressure  dependence  
of Kp resul ted  expe r imen ta l ly  in the  express ion Kp cc po.055~o.109 at  500~ 
which could be in te rp re ted  in t e rms  of the mass action law. X - r a y  powder  
diffraction pa t te rns  indica ted  the  phosphides  to be composed ma in ly  of Ni2P, 
and an electron microprobe  analysis  showed that  the phosphide  l aye r  in con-  
tact  wi th  nickel  phase  is Ni2P. Meta l lographic  observat ions  showed the  phos-  
ph ida t ion  to progress  genera l ly  wi th  format ion  of phosphide  mounds,  and 
somet imes wi th  growth  of whiskers  and platelets .  

The phosphides  of n ickel  have  ex tens ive ly  been 
s tudied by  many  groups of workers .  Kons tan t inow (1) 
de te rmined  the phase d iag ram of the n icke l -phosphorus  
sys tem up to 36 atomic per  cent  (a /o )  phosphorus,  
showing the exis tence of the  phases  Ni3P, NisP~, and 
Ni2P. X - r a y  invest igat ions by  Nowotny  and Hengle in  
(2) showed tha t  in the  same range  of phosphorus  con- 
cen t ra t ion  a compound NivPs exists in addi t ion to the  
above. Thermal  decomposit ions and x - r a y  inves t iga-  
t ions of n icke l -phosphorus  compounds  by  Biltz and 
He imbrech t  (3) indica ted  the  existence of NIP3, NIP2, 
and NisP5 as h igher  phosphides.  

The heats  of format ion  (4) and magnet ic  p rope r -  
t ies (5-7) of n ickel  phosphides  have also been inves t i -  
gated. Recent ly  the  phase d iagram (8) and the  crys ta l  
s t ruc tures  of Ni3P (9), Ni5P2 (10), Nil2P5 (11), Ni2P 
(5, 12), NisP4 (13), NiP2 (6, 14), and NiPs (7) have  
been s tudied in detai l .  

However ,  the invest igat ion on the reac t iv i ty  of nickel  
wi th  phosphorus  has not been ex tended  beyond tha t  
on the  r eac t iv i ty  which  was es t imated  by  measur ing  
the  var ia t ion  in electr ic  resis tance of a technical  nickel  
wire  specimen exposed to phosphorus  vapor  (15). 
Especially,  no repor ts  deal ing quan t i t a t ive ly  wi th  the  
r a t e  of reac t ion  of n ickel  wi th  phosphorus  have  ap -  
pea red  up to the  present .  

In  a previous  paper  (16), the  r a t e  of react ion of 
copper  wi th  phosphorus  vapor  was de te rmined  using 
a quar tz  hel ix  method.  The presen t  s tudy  was unde r -  
t aken  to de te rmine  the ra te  of react ion be tween  a 
nickel  sheet  and phosphorus  vapor  b y  means  of an 
evacuated-  and sea led- tube  method,  descr ibed below, 
in the  t empe ra tu r e  region 400~176 at  phosphorus  
pressures  renging  f rom 1 Torr  to 2 atm. The phos-  
phides obta ined were  identif ied by  compar ing  the i r  
x - r a y  diffract ion pa t te rns  wi th  those of known phos-  
phides.  In  addit ion,  observat ions  were  me ta l l og raph i -  
ca l ly  made  of surfaces and cross sections of the  phos-  

K e y  words :  n icke l  p h o s p h i d e s - - f o r m a t i o n  of NbP ,  n icke l  phos-  
p h i d e s - f o r m a t i o n  of  NIP2. 

phidized specimens, and the distributions of phosphorus 
in the phosphide layers were also surveyed. 

Experimental 
Materials.--Nickel sheet  0.25 m m  th ick  was cut  into 

coupons of a pp rox ima te ly  7 b y  25 mm. According to 
an analysis  suppl ied  by  the manufac turer ,  the  amounts  
of main  impur i t ies  in the  n ickel  sheet  a re  as follows: 
Co ~ 0.25; Mn, 0.03; Fe, 0.03; and Cu, 0.01 weight  pe r  
cent (w /o ) .  The coupons were  abraded  th rough  0/5-  
0/9 emery  papers ,  degreased  in t r ichloroethylene ,  and 
vacuum-annea led  for  1 h r  at 650~ Af te r  these  t r e a t -  
ments  the  specimens to be phosphidized were  chemi-  
cal ly  polished for 40 sec at  about  90~ in a solution 
composed of 10 par t s  by  volume 95% H2SO4, 10 par t s  
85% H3PO4, 30 par t s  60% HNO3, and 50 par t s  glacial  
acetic acid. The pol ished specimens then  were  r insed 
in dis t i l led w a t e r  and subsequent ly  in acetone. 

Purif icat ion of red  phosphorus  is s imi lar  to tha t  
descr ibed in the  previous  paper  (16). 

Preparation of the sealed tube containing the sample 
nickel sheet and white phosphorus.--After an appro -  
pr ia te  amount  of the  refined red  phosphorus  was in-  
t roduced into a one-s ide-c losed  P y r e x  or  si l ica tube  
(inside d iameter :  7 mm)  and some clean glass wool  
was packed,  the  nickel  specimen was put  in this  tube.  
This tube, including the specimen and the red  phos-  
phorus,  was evacuated  to 10-2 Torr  at  room t e m p e r a -  
ture,  then  was filled to 1 a tm wi th  argon gas purif ied 
by  passing th rough  phosphorus  pentoxide  and hea ted  
act ive copper,  and f inal ly was reevacuated .  The evacu-  
a t ing and the  filling were  repea ted  five t imes at  200~ 
in o rder  to remove  moisture,  oxygen, and o ther  gase-  
ous impur i t ies  adsorbed on the  red  phosphorus,  the  
glass wool, and the inner  wal l  of the tube.  In  this  case, 
only  the  nickel  specimen placed near  the  ent rance  end 
of the  tube  was  not  heated.  A f t e r  these opera t ions  this  
tube was sealed under  vacuum. 

It  seems reasonable  for red  phosphorus  wi th  a 
va r i e ty  of s t ructures  not to give constant  phosphorus  
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vapor pressures.  Therefore,  a conversion f rom red  to 
white  phosphorus is necessary  to secure the  more  
s table  pressures  of phosphorus vapor  in the  closed 
system. In  this study,  p r io r  to the run,  the  phosphorus  
vapor that evolved b y  hea t ing  the r ed  phosphorus in  
the sealed tube was condensed into whi te  phosphorus  
by  wa te r  cooling in t he  ne ighborhood of the  packed  
glass wool.  

Appara tu s  and p r o c e d u r e . - - A  schemat ic  d rawing  of 
a phosphida t ion  appara tus  employed  is represen ted  in 
Fig. 1. I t  consists s imply  of two furnaces,  in which  
each t empe ra tu r e  was regu la ted  ind iv idua l ly  by  two 
automat ic  regu la tors  wi th in  t e m p e r a t u r e  var ia t ions  of 
less than  3~ A phosphorus  vapor  pressure  is governed 
by  the m i n i m u m  t empera tu r e  in the  closed system. The 
phosphida t ion  t empera tu re s  were  given by  one furnace,  
whereas  the  min imum t e m p e r a t u r e  in the  ne ighbor -  
hood of the contact  pa r t  of the  two furnaces  was con-  
t ro l led  by  ad jus tment  of the t empe ra tu r e  of the  o ther  
furnace.  

The whi te  phosphorus  vapor  pressure,  P T o r r ,  is given 
as a funct ion of the  absolute  t empera tu re ,  T, as fol lows 
(17): log PTorr = 7.808 --  2.729 • 10S/T, 349.6 ~ (1 Torr) 

T ~ 553~ (760 Torr ) .  A t empe ra tu r e  of 320~ gives 
2 a tm for the  phosphorus  vapor  pressure  (18). The 
above equat ions were  used to obta in  the  des i red  phos-  
phorus pressures.  

Since the  gaseous phosphorus molecule  in the  form 
of symmet r i ca l  P4 t e t r ahed ra  scarcely  dissociates into 
P2 molecules at t empera tu res  below 800~ the  phos- 
phorus vapor  can be rega rded  as consist ing of P4 mole-  
cules over  the  t empe ra tu r e  region of 400~176 em-  
p loyed in this  work.  

Af te r  the des i red  per iod of t ime of phosphidat ion,  
the tube  was taken  out of the  furnace  and immedia t e ly  
the  end of the  tube  opposite the  specimen was 
quenched to avoid the condensat ion of the  phosphorus  
vapor  on the phosphidized specimen. No apprec iab le  
a t tack  on the  P y r e x  and sil ica tubes  was detected.  
Af te r  the  phosphidized specimen was removed  from 
the  sealed tube  and weighed,  its surfaces were  ob-  
served using a microscope. Dis t r ibut ions  of phosphorus 
in the  phosphide  films were  also surveyed  with  an 
electron microprobe  ( A K A S H I  Trona lyse r  TRA-25) .  
The composit ions of the  obta inable  phosphides  were  
confirmed wi th  x - r a y  diffraction pat terns .  

Exper imental  Results 
Kinetics.--It is impossible  to measure  cont inuously  

the  weight  change, being caused by  phosphidat ion,  of 
a sample  sheet  vs. t ime  by  means  of the  sea led- tube  
method  employed  in this  s tudy.  

Kinet ic  resul t s  are  shown in Fig. 2 on phosphida t ion  
of the n ickel  sheets exposed to phosphorus  vapor  of 2 
a tm at t empera tu res  f rom 400~176 I t  should be 
noted that  each da ta  point  r epresen ted  here  was ob-  
t a ined  by  phosphidiz ing a dis t inct  specimen. The ra te  
of the  n ickel  phosphida t ion  increases obviously wi th  
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an increase  of t empera tu re  at a phosphorus  vapor  p res -  
sure of 2 atm. 

Al though  these log- log plots a re  somewhat  scat tered,  
they  y ie ld  s t ra ight  l ines wi th  a slope equal  to one-hal f .  
Therefore,  the  phosphida t ion  m a y  be r ega rded  to fol -  
low a parabol ic  ra te  law based on a diffusion process. 

Af t e r  ex tended  periods, the appearance  of sa tura t ion  
curves in the  phosphidat ions  at 500 ~ 550 ~ and 600~ 
means the  nickel  sheets to have  comple te ly  become 
the phosphides.  This was de te rmined  f rom microscopic 
observat ions  of the  cross sections of these phosphidized 
specimens, and in this case the i r  average  composit ions 
were  es t imated  to be NiPo.~, obta ined b y  weight  cal -  
culations. 

F igure  3 gives resul ts  of phosphidat ion  of nickel  at 
500~ under  phosphorus  pressures  of 1, 4, and 20 Torr, 
and shows tha t  each phosphida t ion  obeys parabol ic  
behavior .  Consequently,  it  is concluded tha t  the  p a r a -  
bolic ra te  law governs  the  n ickel  phosphida t ion  in the 
pressure  range 1 Torr to 2 a tm at 500~ 

F rom the above we conclude tha t  an in ter face  or 
adsorpt ion react ion is d is t inc t ly  fas ter  than a diffusion 
process; hence, diffusion control  p redomina tes  th rough-  
out the react ion time. 

Values of the parabol ic  ra te  constants,  Kp, obta ined 
f rom the weight  ga in - t ime  re la t ionships  a re  sum-  
mar ized  in Table  I. 

X-ray dif]raction.--Figure 4 i l lus t ra tes  the  resul ts  of 
x - r a y  diffraction pa t te rns  t aken  at room tempera ture ,  
employing  nickel - f i l te red copper  radia t ion.  A broad 
division can be made  be tween  resul ts  of pulver ized 
phosphides  and those of the  surface of the  phosphide 
films. The diffraction pa t t e rn  of powder  reflects the  
bu lk  of phosphide scal ing layers.  

The resul t ing  powder  diffraction pa t te rns  (Fig. 4A) 
revea l  the  products  to consist ma in ly  of Ni2P. For  com- 
parison,  known pa t te rns  of n ickel  phosphides  are  
i l lus t ra ted  in the  same figure. A n y  peaks  of NiP~, NIP2, 
and Ni6P5 have  seldom been observed.  

In  diffraction pa t te rns  of the  surface, however ,  the  
inheren t  peaks  of NiP~ appear  for the  specimens which  
were  phosphidized in 2 a tm phosphorus  at 400 ~ 1 hr;  
500 ~ 100 hr;  and  550~ 25 hr. Consequently,  i t  m a y  
be emphasized tha t  NiP2 as h igher  phosphide  is fo rmed 

Table I. Parabolic rate constants for the phosphidation of nickel 

K p  • l 0  s 

T e m p ,  ~ P r e s s u r e  g~ / cm4-min  

400 2 arm 1.8 ~-- 0. 9. 
450 9. 4.0 --.~ 0.2 
500 2 8.5 ~- 2 
550 2 38,0 ~-- 2 
600 2 97.0 ----- 15 
500 20 T o r r  5.3 ~- 0.3 
500 4 4,8 ~- 0,2 
500 1 4.2 ~--- 0.2 
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at r e l a t ive ly  low t empera tu res  and at  ea r ly  per iods  of 
phosphidat ion.  I t  is also no tewor thy  to see tha t  the  
weight  increases  obtained under  the  expe r imen ta l  con- 
di t ions of "500~ 2 a tm 100 hr"  and "550~ 2 a tm 25 hr"  
a re  jus t  on the  sa tura t ion  curves  shown in Fig. 2. 
Diffraction pa t te rns  at  400~ and 450~ in 2 a tm of 
phosphorus for long per iods  of t ime were  s imi lar  to 
the i r  pa t t e rns  for 6 hr, and the pa t te rns  at 500 ~ 550% 
and 600~ have  ha rd ly  var ied  wi th  phosphida t ion  t ime. 

The diffract ion pa t te rns  of the reverse  sides of phos-  
phide scal ing films are  in close agreement  wi th  tha t  
of Ni~P (Fig. 4B). This fact is ve ry  impor tan t  f rom 
the  v iewpoin t  tha t  the  format ion  of Ni2P is found to 
t ake  place at  the  phosph ide /n icke l  interface.  A large  
number  of faceted crysta ls  have grown on the surfaces 
at  500~ at  1 Tor r  for  4 and 8 hr. The  x - r a y  diffract ion 
pa t t e rn  showed d is t inc t ly  these  faceted crys ta ls  to be 
Ni2P (Fig. 4C). Under  the  exper imen ta l  condit ions 
employed,  the  existence of NiTP8 and NisP2 as lower  
phosphides could be seldom detected from the  x - r a y  
diffractions. These resul ts  are impor tant ,  suggest ing one 
side of a character is t ic  fea ture  of the  nickel  phosph ida-  
t ian  mechanism.  

Distribution of phosphorus.--Distribution of phos-  
phorus in the  phosphide scaling films, obta ined b y  an 
e lec t ron microprobe,  is shown in Fig. 5. This figure 
shows tha t  the  content  of phosphorus  in the phosphide 
films decreases toward  inner  scal ing layers.  

The  nickel  d iphosphide  a l r eady  has been indica ted  to 
be present  in the  outer  layer .  I t  must  be noted tha t  
p la teaus  having  a cer ta in  constant  content  of phos-  
phorus  appeared  in the  bu lk  phosphide.  The composi-  
t ions of these p la teaus  have  been assured to consist  of  
Ni2P f rom the x - r a y  diffraction pat terns .  I t  is wor th  
giving special  a t tent ion  to the  fact  tha t  no phosphides  
which  are  more  r ich in n ickel  t han  Ni~P have been 
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formed.  The upper  s tep in the  p la teau  in Fig. 5C sug-  
gests the  presence of a phase other  than  Ni2P, and 
corresponds reasonably  to h igher  phosphide  than  Ni2P. 

F igure  5 suggests tha t  the  phosphorus  dissolution 
and the phosphide  format ion  occur s imultaneously.  
Consequent ly  the  ra te  of phosphidat ion  under  the  ex-  
pe r imen ta l  condit ions employed  is expected to be con- 
t ro l led  b y  the  t r anspor t  p roper t ies  of the  wel l -def ined  
l aye r  of phosphide in contact  wi th  the  me ta l  phases, 
t ha t  is, the  ra te  is de te rmined  b y  a la t t ice-diffusion 
process at  the  Ni~P/Ni interface.  

Microscopic observation.--The phosphida t ion  has 
gene ra l ly  progressed wi th  growth  of mounds  of n ickel  
phosphides,  which  seem to be re la ted  to the  react ion 
velocity.  For  example ,  a mic rograph  of the surface of 
the  specimen phosphidized for 16 hr  at 450~ under  2 
a tm of phosphorus is shown in Fig. 6. This surface is 
covered al l  over  wi th  phosphide  mounds  of var ious  
sizes. Under  the  expe r imen ta l  condit ions employed,  in 
general ,  phosphide surfaces s lowly became re l a t ive ly  
flat w i th  the  lapse  of time, and phosphide  scales were  
gene ra l ly  v e r y  adheren t  to the  meta l l ic  n ickel  even at  
room tempera ture .  

A n  in teres t ing  phenomenon  is the  dapple  aspect, 
shown in Fig. 7, of the  phosphide surface which  formed 
in compara t ive ly  ea r ly  stages. F igure  8 is also a micro-  
graph of the  nickel  subs t ra te  surface af ter  r emova l  of 
the  phosphide film which  formed for 3 hr  at  500~ and 
20 Torr .  A n  aspect  s imi lar  to tha t  in Fig. 7 appears.  
These fea tures  suggest  tha t  phosphides  have been 
formed wi th  dependence  on each c rys ta l  g ra in  of the  
metal l ic  nickel.  

Growth  of phosphide  needles  or whiskers  were  found 
in 2 a tm of phosphorus over  the  ent i re  t empe ra tu r e  
range  employed  and sometimes in the  lower  phos-  
phorus pressures.  An example  is shown in Fig. 9, which  
is a micrograph  of the  phosphide needles  or whiskers  

Fig. 8. Surface of nickel substrate after removal of the phos- 
phide scale. Sample phosphidlzed at 500~ and 20 Tort phosphorus 
for 3 hr. 

Fig. 9. Phosphide whiskers grown on the surface. Sample phos- 
phidized at 500~ for 25 hr in 2 atm of phosphorus. 

Fig. 6. Surface of specimen phosphidized for 16 hr at 450~ 
and 2 arm phosphorus. 

grown in spots and local areas  on the surface of the  
specimen phosphidized at 500~ and 2 a tm for 25 hr. 

The phosphide  appeared  in the  form of a l a rge  num-  
ber  of p la te le ts  ly ing  more  or less n o r m a l l y  to the  
phosph ide /me ta l  in terface  at  500~ under  the  lower  
pressures  such as 20, 4, and 1 Torr  phosphorus.  A v iew 
of numerous  p la te le t s  g rown on the surface is i l -  
l u s t r a t ed  in Fig. 10, which  refers  to the  specimen phos-  
phidized for 3 hr  at  550~ and 4 Torr  phosphorus.  In  
Fig. 10, p la te le ts  wi th  corner  of angle  of 120 ~ are  also 
seen. P la te le ts  were  found alone or in combinat ion  
wi th  whiskers  of phosphide.  

Wr ink l e - l i ke  phosphide  surfaces were  pa r t l y  found 
at  500~ at  1 Torr  for 0.5 and 1 hr. Face ted  crys ta ls  
also were  sometimes observed at 500~ and 1 Torr,  and 
the  explana t ion  on its x - r a y  pa t t e rns  was discussed 
previously .  
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Fig. 10. Phosphide platelets grown on the surface of specimen 
phosphidized at 500~ for 3 hr in 4 Torr of phosphorus. 

At low temperatures  and low pressures the diffusion 
rate is so slow that  the growth of various phosphide 
crystals seems to have become the predominant  fea- 
ture of the phosphidation. 

There were voids in  the bulk  of almost all the scales 
produced. 

Discussion 
The tempera ture  dependence of Kp at 2 atm is plotted 

~n Fig. 11. The relationship gives two straight lines. 
Activation energies were evaluated to be 15 _ 2.5 
kcal /mole for the tempera ture  range  400~176 and 
33 __ 3.5 kcal /mole  for 500~176 The discrepancy in  
activation energy between the higher and the lower 
tempera ture  regions results presumably  from differ- 
ences in phosphidation products and in nucleat ion and 
growth of nickel  phosphides. 

A log-log plot of Kp at 500~ against  the phos- 
phorus vapor pressure is shown in  Fig. 12, giving a 
straight line, whose slope coresponds to 0.082 --+_-_ 0.027. 

It was ascertained from the x - r a y  diffraction pa t -  
terns that the Ni2P formation takes place in  the in te r -  
face between metall ic nickel  and the resul t ing phos- 
phide layer. It  is assumed that  the lattice defect equa-  
t ion for high tempera ture  is wr i t t en  as follows 

1/4 P4(g) ~-~ Ni2P' ~- 2(Ni[~".n@ ) ~- 2(2 --  n)  (D 

where n has values of 0-2, and Nil:l" and ( N i ~ " . n ( ~ )  
stand for a cation vacancy and a cation vacancy with n 
trapped electron holes (~, respectively. The n = 0 

600 ~ 550 ~ 500 ~ h50 ~ 400~ 
I s I I | 

5 E= 33<'3.5 Kcal /mole 
/. 

._c 2 
E 

~ 1 0 - ~  

~ 5 

4 0 
~ 3 

E = 1 5 + 2 . 5  kca l /mole  
2 ~ ~  

10 -s  f i J 
1.1 1.2 1.3 1.h .5 

1 0 3 / T %  

Fig. 11. Temperature dependence of the parabolic rate constant 
for the nickel phosphldation between 400 ~ and 600~ 
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Fig. 12. Phosphorus-vapor-pressure dependence for the parabolic 
rate constant of phosphidation of nickel at 500~ 

means the electron holes to be completely dissociated 
from the cation vacancies. 

The mass action law under  ideal  conditions similar  
to the ideal state in  very  di lute electrolytes is ex-  
pressed as 

X 2 ( 2 - n ) . X  2 ~ Kp1/4 
�9 ( N i C ] ~ . n e )  

where X denotes the respective concentrations and P 
is the pressure of the phosphorus vapor consisting of 
P4 molecule. The phosphorus pressure dependence of 
the lattice defect concent ra t ion- -wi th  the electrical 
n e u t r a l i t y  c o n d i t i o n  X = (2 - -  n)X - - m a y  

�9 (NiQ".ne)  
be found 

1 
X = (2 -- n )X  = const ps(3-,~ 

e ( N i E ]  ~ . n  e ) 

When n ~ 0, X = 2X ---- const p0.0417, and when 
Ni~]" 

n ---- 1, X ~ X = const p0.06~5. 
e N i O '  

A parabolic rate constant  seems to be proport ional  
to X or X . The above consideration in  the case 

�9 N i ~ "  

of n : 1 is in agreement  with the exper imental  resul t  
Kp cc po.0~5-0.,09 obtained in this study. 

In  the nickel-phosphorus system a series of step- 
wise decompositions have been found as shown below 
(3). 

4NIP3 ~ 4NIP2 ~- P4; 
log PTorr ~ --9340/T -{- 12.865 

24/7NIP2 ~ 4/7Ni6P5 ~- P4; 

log Pwor~ = --12430/T ~ 14.315 
2Ni6P5 ~ 6Ni2P + P4; 

log Pworr -~ -- 13740/T ~ 14.951 

where  PTo~ and T stand for the part ial  pressures of 
P4 vapor and the absolute temperature,  respectively. 

Figure 13 shows the chemical potential  diagram of 
the nickel-phosphorus system obtained from these 

2 
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0 

Q _ - 2  

0 - 4  
o 
" - = - 6  

c.) 

o o o o 

I I I I I ! I I l 

- I 0  . . i  i i , , 
1.5 2 2.5 3 3.5 4 

1 0 4 / 2 . 3 0 3 R T ~  

Fig. 13. Chemical potential diagram of the nickel-phosphorus 
system. 
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relations. If the reaction is controlled by a diffusion in 
the scaling film, the phosphorus potential in the film 
decreases toward the metallic nickel substrate. The 
stable phosphide phases corresponding to the phos- 
phorus potential  can be obtained from Fig. 13 so that  
the phosphide layer structure becomes NiP3/NiPs/ 
Ni6Ps/NisP. 

The formation of NiP2 for short periods of time at 
relat ively lower temperatures and that of NiP2 on the 
saturation curves of weight gain vs. time at higher 
temperatures can be explained in terms of this 
thermodynamic consideration. 

The interpretation of the phosphidation mechanism 
is complicated by many difficult factors such as the 
competition between phosphide film formation and 
phosphorus dissolution in the metal, and the correla- 
tion between the morphology of the reaction products 
and the associated rate curves, and other factors. 

Conclusions 
Experimentally it has been found that: 
1. Phosphidations of nickel by phosphorus vapor 

follows parabolic behavior under the experimental 
conditions employed, viz. in 2 atm phosphorus at 
temperatures from 400~176 and under the phos- 
phorus pressures of 1 Torr to 2 atm at 500~ 

2. All of the parabolic rate constants, Kp, obtained 
have fallen into a category of order of 10 -6 to 10 - s  
gS/cm4-min, as listed in Table I. The Kp increased with 
an increase of temperature between 400 ~ and 600~ at 
2 arm. 

3. The activation energies were estimated to be 15 _+ 
2.5 and 33 -+ 3.5 kcal/mole for the temperature regions 
4000-500 ~ and 500~176 respectively. 

4. The correlation between Kp and phosphorus pres- 
sure P was experimentally expressed as gpocpo.055,-0,109 
at 500~ which could be explained in terms of the 
mass action law. 

5. The x - r a y  diffraction patterns of the powdered 
phosphides showed the products to consist mainly of 
NisP generally, and those of surfaces of specimens 
phosphidized at relatively lower temperatures showed 
the presence of NiPs as well as NisP. 

6. An electron microprobe analysis of the cross sec- 
tions of specimens phosphidized has shown the con- 
tent of phosphorus to decrease from the outer to inner 
scaling layers over the entire temperature range em- 
ployed. It was also evident in combination with the 
x- ray  diffraction work that NisP forms at the phos- 

phide/nickel  interface, and that  no phosphides richer 
in nickel than Ni2P were formed. 

7. Morphological observations showed the phos- 
phidation to proceed with dependence on each crystal 
grain of nickel, generally with growth of phosphide 
mounds, and sometimes with growth of platelets and 
needles or whiskers, especially in comparatively lower 
pressures. 
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Selective Growth of Epitaxial Silicon and 
Gallium Arsenide 
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ABSTRACT 

Homoepi tax ia l  layers  of silicon and ga l l ium arsenide  are  grown select ively 
f rom a number  of processes, namely,  s i lane-hydrogen,  s i lane-argon,  silicon 
t e t r ach lo r ide -hyd rogen  ch lor ide-hydrogen ,  and t r ime thy l  g a l l i u m - a r s i n e - h y -  
drogen systems. Sil icon d ioxide  is used as the  p r i m a r y  masking  mater ia l .  The 
the rmodynamic  considerat ions  of the  processes are  in genera l  agreement  wi th  
t h e  expe r imen ta l  results.  The genera l  conclusion is tha t  in o rder  to achieve 
select ive g rowth  it is e i ther  necessary  for the  masking  ma te r i a l  to react  wi th  
the  deposi t ing or a r r iv ing  atoms to form volat i le  products  such as SiO, Ga20, 
etc., or to in t roduce into the sys tem addi t ional  species, such as HC1 gas, which 
wi l l  p reven t  adsorpt ion  of reac tan ts  p re fe ren t i a l ly  on the mask.  P re fe ren t i a l  
ep i tax ia l  g rowth  using a SiO2 mask  is car r ied  out  most effectively in the  pres -  
ence of control led amounts  of HC1 gas. 

Prefe ren t i a l  or  select ive growth  of ep i tax ia l  layers,  
such as those of sil icon and ga l l ium arsenide,  has many  
appl icat ions  in in tegra ted  circuits. Fo r  example ,  i t  a l -  
lows the  use of SiO2 masked  regions as isolat ion wal l s  
be tween  components  of a circuit.  I t  can also serve  to 
p roduce  e levated electrodes for  the  sil icon photodiode  
a r r a y  (1). 

General ly ,  the  method consists of the  deposi t ion of 
an ep i tax ia l  l ayer  on selected areas  of the  s u b s t r a t e  
which  are  exposed via  windows etched th rough  a 
pro tec t ive  insula t ing film, e.g., SiO2, SigN4, A1203, etc. 
In  the H2-SiC14 sys tem (2-4),  the  select ive g rowth  is 
effected by  inject ing a s t ream of HC1 gas which pre -  
vents  g rowth  on the masking  film. When  pyrolys is  of 
Sill4 is used for the  ep i tax ia l  growth,  i t  is necessary  
to establ ish a balance  be tween  the Sill4 pa r t i a l  p res -  
sure and deposi t ion t empe ra tu r e  (5). In  the  growth  
of GaAs ep i tax ia l  layers  f rom e lementa l  sources using 
H2 and HC1 car r ie r  gases, p re fe ren t ia l  g rowth  th rough  
a SiO2 mask  can also be achieved (6). 

The ma jo r  p rob lem in the  p re fe ren t ia l  ep i tax ia l  
growth,  however ,  has been effect ively and reproduc i -  
b ly  to p reven t  nucleat ion and g rowth  on the surface 
of the masking  mater ia l .  Since, under  normal  c i rcum-  
stances, h a r d l y  any surface exists in the  rea l  wor ld  
which does not  have heterogeneous  nucleat ion sites, 
it  is not  l ike ly  to be r eward ing  to seek a clean and 
defec t - f ree  surface of the  masked  region. Also, a 
h igh ly  passive masking  ma te r i a l  m a y  not  be effective 
in p revent ing  g rowth  over  the  mask,  because any a r -  
r iv ing a tom m a y  rema in  on the surface unconsumed or 
unreacted.  In  such a case it is necessary  to use add i -  
tives, such as HC1 gas, which  p reven t  g rowth  on the 
insulat ing layer ,  e.g., SiaN4, by  some unknown mecha-  
nism. If  the  insulator ,  e.g., SiO2, reacts  wi th  the  de-  
posits, e.g., St, forming a volat i le  compound,  e.g., SiO, 
then a del icate  balance  of react ion t empe ra tu r e  and 
reac tan t  pa r t i a l  pressures  is necessary  to p reven t  
g rowth  there.  Ano the r  poss ib i l i ty  which  m a y  exis t  wi th  
SiO2 masks  is the  format ion  of an oxygen deficient 
surface (7) when  hea ted  in H2 ca r r i e r  gas. A n  a r r iv ing  
Si  a tom could then  a t tach  i tself  to a surface  Si a tom 
wi thout  significant s ter ic  h indrance  f rom ne ighbor ing  
oxygen  atoms. If  this  model  is valid,  then  i t  m a y  be 
possible to g row ep i tax ia l  Si se lec t ive ly  in the  un-  
masked  areas  from pyrolys is  of Sill4 in an iner t  ca r r i e r  
gas. 

In  this  inves t igat ion select ive g rowth  of S i  on Si  
and GaAs on GaAs are  s tudied under  different  condi-  
t ions wi th  the  a im of improving  the  technology and 
be t te r  unders tand ing  of the  var ious  processes. 

�9 Electrochemical Society A c t i v e  M e m b e r .  
K e y  w o r d s :  e p i t a x i a l ,  s i l i c o n ,  g a l l i u m  a r s e n i d e ,  t h e r m o d y n a m i c s ,  

s i l a n e ,  c h l o r i d e s ,  h y d r o g e n ,  a r g o n .  

Thermodynamic Considerations 
In a r e la t ive ly  s imple system, such as the  pyrolys is  

of Sill4 in a H2 ca r r i e r  gas, the  possible in teract ion 
wi th  the  St02 l aye r  m a y  be represen ted  by  the  fo l low- 
ing reactions 

Si02(s) + St(s) ---- 2SiO(g) [i] 

SiO2(s) -~ H2(g) = S iO(g)  -~ H20(g )  [2] 

React ion [1] takes  place  be tween  the deposi t ing Si 
a toms and the surface layers  of the  SiO2 as wel l  as 
be tween the subs t ra te  Si a toms and the SiO2 surface 
in contact  wi th  the  substrate.  Hence, if it  proceeds too 
rapidly ,  it  might  resul t  in b l i s ter ing  or l i f t ing of the  
ent i re  SiO2 mask.  React ion [2] is l ike ly  to proceed only  
in H2 car r ie r  gas. F igure  1 represents  the  equi l ib r ium 
par t ia l  pressure  of SiO as a funct ion of t empe ra tu r e  
for these two reactions.  I t  is apparen t  tha t  react ion [1] 
is much more  l ike ly  than  react ion [2] and, by  select ing 
proper  growth  conditions,  could be ut i l ized to p reven t  
growth  on the SiO2 film. 

In the  SiC14-He system the process is cons iderably  
more  complicated.  Since p re fe ren t ia l  ep i t axy  using 
this sys tem has been successful only  th rough  the in-  

10 -2 ..... 
] Si02(s) +5i (s) = 2 Si0(g) 
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Fig. I. Equilibrium silicon monoxide partial pressures as a func- 
tion of temperature from reactions of silicon dloxide with silicon 
and hydrogen. 
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jection of appropriate amounts  of HC1 gas, the reac- 
tions involving HC1 are considered now 

SiO2(s) + 4HCI(g) = SiC14(g) + 2H20(g) [3] 

SiO2(s) + 2HCI(g) + H2(g) = SiC12(g) + 2H20(g) 
[4] 

Reaction [3] is not favorable since the equi l ibr ium 
SiCl4 part ial  pressure is about 7 x 10 -7 arm at 1500*K 
while the inlet  SiCLt part ial  pressure is usual ly  of the 
order of 10-2 atm. Figure  2 shows the equi l ibr ium 
part ial  pressure of SIC12 as a funct ion of tempera ture  
for reaction [4] at three levels of HC1 part ial  pres- 
sures. This is also not a l ikely reaction under  normal  
growth conditions, since the equi l ibr ium SIC12 par-  
tial pressure from this reaction is orders of magni tude  
less than that  from the SiC14-Si interactions. Further ,  
HC1 is known to prevent  growth on Si3N4 masks (4) 
which is considerably more iner t  toward HC1. One 
l ikely explanat ion is that  HC1 prevents  adsorption of 
reactant  species on only the masked area while the 
unmasked areas remain  active. The bond energies of 
adsorbed reactants to the surface atoms are l ikely to 
be weaker  on an oxide or ni t r ide surface than on a 
bare silicon surface. Possibly HC1 may  have an etching 
action which is sufficient to remove any  adsorbed re-  
actant species from the masked area. 

During the growth of GaAs through windows etched 
in SiO2 in the absence of HC1, any GaAs deposited 
on the mask could react as follows 

SiO2 (s) + GaAs (s) = SiO (g) 
+ 1/zGa20(g) + l&As2(g) [5] 

If this reaction proceeds at a suitable rate, growth 
on the masked area can be prevented.  In  the presence 
of HC1 gas a mechanism similar  to that  operating in 
the selective growth of Si with HC1 is probably effec- 
tive. 

Experimental Procedure 
Chemical-mechanical  polished silicon substrates, 

oriented in the (100) and 2 ~ off from the (111) plane, 
were thermal ly  oxidized in wet oxygen at l l00~ to 
produce an oxide layer of about 10,000A thickness. On 
some of the wafers, 1700-2500A films of silicon ni tr ide 
were deposited from a SiI-~-NH3-Ar system at about 
850~ GaAs used was of (100) orientation, semi- in-  
sulat ing and chem-mechanical ly  polished. A 4000A 

film of SiO2 was deposited on these GaAs substrates 
from a SiI-Lt-O~-Ar system at about  600"C. Windows, 
9-20~, in diameter, were then etched through these 
masks using photolithographic techniques and ap- 
propriate etchants. Epitaxial  layers were  grown in a 
conventional  horizontal  quartz reactor, having a SiC- 
coated graphite susceptor, heated external ly  by an rf  
coil. Epitaxial  layers of Si were grown in the exposed 
areas by a number  of processes, namely,  pyrolysis of 
Sill4 in H2, pyrolysis of SiI-Lt in Ar, and from the 
SiC14-H2 system with HC1 injection. Provisions for 
doping with BeH~ and /or  AsH3 were also made. Epi-  
taxial  layers of GaAs were deposited from the t r i -  
methyl  gall ium (TMG)-AsHs-H2 system as well  as 
from the AsClz-Ga-H2 system. 

The layers were evaluated by light microscopy and 
scanning electron microscopy (SEM) for growth 
morphology, and by electron microscopy for the qual-  
i ty of the deposited layer. A high resolution spreading 
resistance technique (8) was used to measure the im-  
pur i ty  profile of the epitaxial silicon layers. Resistivity, 
net  carrier  concentration, and mobil i ty of the gall ium 
arsenide films were measured by the van der Pauw 
technique (9), using test slices where the epitaxial  
layers were deposited on a substrate without  an in -  
sulat ing film. 

Results 
Selective growth of Si.--As ment ioned earlier, selec- 

tive growth of Si was carried out by three methods, 
namely,  pyrolysis of SiI-I4 in H2, pyrolysis of Sill4 in  
Ar, and from the SiCLt-H2 system with HC1 injection. 
In  the SiH4-H2 system, it was necessary to use a rela-  
t ively high deposition tempera ture  (>1200~ in order 
to prevent  growth on the SiO2 mask. Figure 3 shows 
a scanning electron micrograph of a 5~ thick layer  
grown at 1220~ using a Sill4 part ial  pressure of 1.0 x 
10-.~ atm. As can be seen from the micrograph, the 
masked regions are free from Si deposits. Reflection 
electron diffraction pat terns  from these layers were 
indicative of good quali ty epitaxial  Si. Considerably 
more growth islands were observed on accompanying 
Si3N4-coated wafers. Also, f requent  appearance of 
microcracks in the ni t r ide film dur ing epitaxial  growth 
was noted whenever  the ni t r ide film was 2000& or 
thicker. Thus prevent ion of growth on SiO2 masks, 
when a SiH4-H2 system is used, is probably the result  
of reaction [1]. When higher deposition temperatures  

lo--s 

"~ ~0-7 
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IO-glO00 120~ [4~ 1600 
T ~ 

Fig. 2. Equilibrium silicon dichloride partial pressure as a func- 
tion of temperature at various hydrogen chloride partial pressures 
from the reaction SiO2(s) + 2HCI(g) + H2(g) ~ SiCI2(g) + 
2H20(g). 

Fig. 3. Scanning electron micrograph at 45 ~ incidence of selec- 
tively grown silicon in square windows etched through thermally 
grown SiO2 using the silane-hydrogen system at 1220~ for 5 
rain; growth rote 1 F/rain. 
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(~1270~ were used, the SiO2 mask f requent ly  lifted, 
probably due to the increased rate of reaction [1] at 
the substrate-oxide interface. It  seems, therefore, that  
preferent ial  growth from the SiH4-HH2 system is ra ther  
sensitive to the growth conditions. 

The possibility of Si nucleat ion or growth on an 
oxygen deficient surface of SiO2 was tested by making 
runs  in argon carrier gas, which should prevent  the 
reduction of the oxide. Scattered deposits of Si on the 
oxides were general ly observed and the results were 
considerably inferior to those shown in Fig. 3. This 
was not surprising since thermodynamic  considerations 
indicate reaction [2] to be unl ike ly  anyway. Use of 
u l t rah igh-pur i ty  Ar  instead of the usual pa l lad ium-  
purified H2 possibly introduced a few impuri t ies  which 
may have caused the deposits to be less preferential  
relatively. 

Exper iments  with the SiC14-I-I2 system gave good re-  
sults when a controlled amount  of HC1 was injected 
dur ing the growth of the layers. Interact ion of HCI gas 
with the SiO2 was first tested to determine the extent  
of reactions [3] and [4]. In  all cases no measurable  
change in the oxide thickness was noticeable as a re-  
sult o f  HC1 t rea tment  at 1270~ However, f requent ly  
the oxide lifted because of the HC1 attack of the Si 
substrate surface through pinholes in the insulator.  
Thus it was confirmed that  reactions [3] and [4] are 
not significant. Figure 4 shows a scanning electron 
micrograph of a 5~ layer grown at 1120~ in the 
SiC14-H~ system at SIC14, HC1, and B2H6 part ial  pres-  
sures of 7.4 x 10 -s, 5.5 x 10 -~, and 9.7 x 10 - s  atm, 
respectively. The doping level of the grown layer was 
2 x 1017 at . /cm 3, and the concentrat ion profile as mea-  
sured by the spreading resistance technique indicated 
normal,  good qual i ty  epitaxial  silicon having a very 
sharp substrate-epi taxial  interface. 

The growth rate of the silicon islands shown in Fig. 
4 was about 1 ~ /min  whereas on the accompanying 
unmasked silicon wafer it was only 0.4 ~/min.  Such in-  
crease in growth rate in the presence of a mask was 
also observed by Dumin  (5) using a SiH4-He system 
and is confirmed in the present  studies. It  is interest ing 
to note this common feature of two epitaxial  systems 
of considerably different chemistry. The atomistics of 
this enhanced growth process is ra ther  complex, and 
any model to explain the results could, at best, be a 
speculation. An  explanat ion from a macroscopic point  
of view might  be that, given the conditions which 

prevent  reaction on the SiO2 surface, the effective 
concentrat ions of the reactants  are increased wi th  a 
decrease in the reactive surface, namely,  the unmasked 
region. Another  noteworthy feature of the SiC14-H2- 
HC1 process of selective growth is that, unl ike  the 
SiH4-H2 system, it is considerably less sensitive to 
variat ions in reactant  concentrat ions and growth tem- 
perature. For example, results comparable to those 
shown in Fig. 4 were obtained at 12200C without  the 
need to adjust  any of the reactant  part ial  pressures. 

Selective growth of GaAs.--In previous investiga- 
tions (6) on selective epitaxial  growth of gal l ium ar-  
senide, HC1 was introduced either as a reactant  or as a 
reaction product from the H2 reduction of AsCls. To 
test the importance of HC1 in the selective growth of 
gal l ium arsenide it was necessary to use a system free 
from any HC1 gas. Epitaxial  layers were deposited 
from the TMG-AsH~-H2 system on GaAs substrates of 
(100) orientation through a 4000A SiO2 mask. The 
qual i ty  of the grown layer from this system has been 
described elsewhere (10). Figure  5 shows a scanning 
electron micrograph of a 6~ layer grown through 
masked GaAs substrates where  the exposed regions 
were squares 20 x 20~ with 2.5~ of SiO2 separating the 
squares. The layer was grown at 700~ and part ial  
pressures of TMG and AsH3 of 6.5 x 10 -4 arm and 
1.2 x 10 -2 atm, respectively. The high ridges on the 
micrograph represent  growth on the SiO2 mask whereas 
the pits or craters represent  growth on unmasked re-  
gions. It appears that  when growth occurs on the in-  
sulator the amount  of deposit on the oxide exceeds 
that on the unmasked regions. This is also what  is ob- 
served in the case of Si growth from the SiH4-H2 
system. The rate of growth of the polycrystal l ine sili- 
con on the masked regions is found to be greater than  
that  of single crystal silicon through the windows. 
The reflection electron diffraction pa t te rn  from GaAs 
grown through the SiO2 mask gave only a single crys- 
tal  pat tern  with some twins. However, the t rans-  
mission electron microscopic examinat ion of the sam- 
ple indicated the growth on top of the oxide to be 
highly disturbed, polycrystal l ine mater ia l  which etched 
considerably more rapidly than  the GaAs grown in 
the windows. In order to e l iminate  growth on the SiO2 
mask, an at tempt is being made in which controlled 

Fig. 4. Scanning electron micrograph at 45 ~ incidence of selec- 
tively grown silicon in circular windows etched in thermally 
grown silicon dioxide using the SiCI4-HCI-H2 system at 1120~ for 
S rain; growth rate 1 ~/min. 

Fig. 5. Scanning electron micrograph at 40 ~ incidence showing 
growth morphology of GaAs deposited from TMG-AsH3-H2 system 
onto GaAs substrate with SiO~ mask. 
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amounts  of HC1 gas are  in jec ted  into the  main  s tream. 
The resul ts  of using an HCl - f ree  system, namely ,  
TMG-AsH3-H2, to grow GaAs select ively  indicate  tha t  
react ion [5] is not  ve ry  effective in prevent ing  growth  
on the SiO~ mask  under  present  exper imen ta l  condi-  
tions. F r o m  these  results,  together  wi th  those f rom 
systems containing HC1 gas (6), it  is apparen t  t ha t  HC1 
is p lay ing  a significant role  in p reven t ing  growth  on 
the SiO2 mask.  Results  ident ica l  to those shown in 
Fig. 4 were  obta ined using the AsC13-Ga-H2 system. 

Summary 
Epi tax ia i  silicon was grown select ively  at  about  

1200~ using the  SiH4-H2 system. The process was 
found to be r e l a t ive ly  sensi t ive to growth  t empe ra tu r e  
and reac tan t  concentrat ions.  Fo r  the  SiC14-H2 system, 
the  ep i tax ia l  silicon g rowth  th rough  windows etched 
in a mask ing  SiO2 l aye r  proceeds  more  effect ively 
and also at  lower  t empera tu re s  than  in the  SiI-I4-H2 
system. Growth  on the masked  regions is p r even ted  by  
inject ing appropr ia t e  amounts  of HC1 gas. The growth  
ra te  in the  windows was app rox ima te ly  1 ~/min.  HC1 is 
also impor tan t  in p reven t ing  growth  of GaAs on SiO2 
masks. Wheneve r  condit ions are  such tha t  GaAs 
growth  does t ake  place  on the SiO2 mask,  the  resul t ing  
deposi t ion ra te  of po lycrys ta l l ine  ma te r i a l  on the  mask  
is h igher  than  the ra te  of single c rys ta l  growth  ra te  
through windows etched into the  SiO~ mask.  
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Facets Formed by Hydrogen Chloride Vapor Etching on 
Silicon Surfaces through Windows in SiO  and Si3N4 Masks 

Katsuro Sugawara 
Semiconductor and Integrated Circuits Division, Hitachi, Ltd., Kodaira, Tokyo, Japan 

ABSTRACT 

Selec t ive  etching of silicon by  HC1 gas th rough  windows in SiO2 and Si3N4 
masks  was inves t iga ted  on silicon surfaces wi th  nine different  or ientat ions  on 
the [110] zone, including (001), (111), and (110). In  the  etched holes {111}, 
{311}, and (110} facets were  observed,  depending on the specimen or ientat ion.  
For  specimens wi th  Si3N4 films, facets were  developed d i rec t ly  be low the film 
as wel l  as on the pe r iphe ry  of the  bot tom of the  e tched area. Fo r  specimens 
wi th  SiO2 films, however ,  few facets could be found d i rec t ly  be low the  ~fitm. 
This difference might  be expla ined  by  assuming that,  in the  case of SiO2 
film, the  react ion of Si-SiO2, which is dominant  at h igher  t e m p e r a t u r e  as in-  
d ica ted  by  the rmodynamic  calculations,  occurs at the  pe r iphe ry  of the  etched 
hole, giving rise to faces without  facets. 

Select ive ep i tax ia l  growth  of des i red  dimensions, 
conductivi ty,  and i m p u r i t y  concentra t ion in des i red  
locations is demanded  both f rom a clarif ication of the  
crys ta l  g rowth  mechanism and f rom the fo rmat ion  of 
special  in tegra ted  circuits  for prac t ica l  use. In  fact, 
severa l  papers  on Si (1-9) and GaAs (10-13) a l r eady  
have been published.  The author  and his co l labora tors  
(14) have  examined vapor  etching b y  HC1 as a first 
s tep toward  this ep i tax ia l  g rowth  and observed in 
the  etched hole facets character is t ic  of the  surface 
or ientat ions  of the  sil icon substrates.  They  also found 
a difference in the  appearance  of the  facets be tween  
SiO2 and SigN4 films used as a mask  for  vapor  etching. 
In  this paper  crys ta ls  of addi t ional  or ientat ions  were  
selected and detai ls  of the  facet appearance  were  
fu r the r  invest igated.  Also, since examinat ions  of the  

Key words:  selective vapor  etching, Si-SiO~ reaction, SiO~-coated 
Si surface. SisN4-coated Si surface. 

cause of differences in the  facet  appearance  be tween  
SiO2 and Si3N4 films have been conducted,  the  resul ts  
are  repor ted  herein.  

Experimental 
As stated in a previous  paper  (14), a normal  hor i -  

zontal  ep i tax ia l  reac tor  was used, and vapor  e tching 
was per formed  on an R.F. hea ted  S iC-coa ted  graphi te  
susceptor.  

Boron-doped  (110) single crys ta ls  w i th  res is t iv i ty  
of about  5 ohm-cm were  grown by  the  Czochralski  
method.  Crysta ls  of n ine  orientat ions,  (001), (711), 
(511), (311), (211), (111), (331), (551), and (110) on 
the [ l l l l ]  zone were  cut. The specimen orientat ions,  
(001), (511), (311), (211)~ (111), (311), and  (110) were  
confirmed to agree  wi th  an accuracy of one degree  or 
less by  x - r a y  diffraction. Since the  diffraction of o ther  
surfaces was weak,  the  (110) surface taken  out  on the  
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side was used as the standard, and seeking the angle 
formed with each surface, slicing was done. Even the 
crystal surface sliced in  this manne r  is considered to 
be wi th in  2 ~ . 

SiO,. and SiaN4 films were formed on the mir ror -  
polished wafers. An  oxidized SiO2 film of about 
7000A in  thickness was formed in  a wet oxygen 
atmosphere. Using the SiH4-NI-I, system, a SigN4 film 
of about 3000A was deposited at 880~ Ten holes, the 
diameters of which were arranged between 50 and 
500~ at an in terval  of 50~, were made on these wafers 
at a regular  spacing of 1 mm by the usual  photoli tho- 
graphic technique. Standard  conditions for vapor 
etching consist of a tempera ture  of 1250~ (corrected 
for emissivity) ,  a mole fraction of HC1 to H2 of 0.025, 
and an etching t ime of 60 sec. The orientat ion of 
facets were determined by a goniomicroscope and /or  
60 ~ angle lapping. 

Results 
Facet appearance on (001) surSace.PFigure 1 rep-  

resents photographs of the facets as seen through the 
window opened in an SiO2 film. The upper  half  of 
Fig. l ( a )  is focused on the facets, while  the lower 
half  is a cross-sectional view of 80 ~ angle lapping. The 
figure represents  a synthesis of these two photos. As 
visible from the cross-sectional photo, the charac- 
teristic of the slope in the hole is a comparat ively 
mild incline directly below the film. No facet is ob-  
served on this part, but  at the bottom of the hole, a 
mildly incl ined facet of (311) can be observed. Figure 
1 (b) is a synthesis of photographs of the facets (upper 
half) and of directly below the SiO2 film (lower half) .  
From the lower half of the photograph, it can be seen 
that  by  uti l izing the above-ment ioned etching condi-  
tions, the ini t ial  hole in the SiO2 film expands but  

Fig. 1. Facets revealed on (100) surface when etched through a 
window of 100~ diameter in Si02 mask. Fig. 1 (a) (top) Upper half 
is the facets and the lower half is the cross section after 60 ~ 
angle lapping; Fig. 1 (b) (bottom) Lower half shows directly be- 
low the Si02 film. 

111 

Fig. 2. Facets revealed when etched through Si3N4 mask: Fig. 
2(a) (top) and 2(b) (bottom) correspond to Fig. l(a) and l(b) for 
Si02 film, respectively. 

mainta ins  its ini t ia l  contour of a round shape dur ing 
vapor etching. Figure 2(a)  and 2(b) for Si3N4 film 
correspond to Fig. 1(a) and l ( b )  for SiO2 films. In  
Fig. 2(a) ,  as steep (111) facets appear in the window, 
observation of the facets from directly above is ra ther  
difficult. The facets develop from under  the film [Fig. 
2 (a ) ] ,  and the etched shape is exhibited in a poly-  
gonized form [Fig. 2 (b ) ] .  At the bottom of the etched 
hole, mi ldly  incl ined (311) facets can be seen as in 
the case of the SiO2 mask. 

SiO2 films of 5000, 8000, and 13,000A and SisN4 films 
of 400, 950, and 2000A in thickness were made, and 
similar experiments  were carried out, but  no differ- 
ence in  the facet appearance due to film thickness was 
observable. In  addition to thermal ly  oxidized SiO2 
films, te t raethyl  orthosilicate pyrolytic decomposition 
films at 760~ and SiH4-O2 vapor -grown films at 350~ 
were made and similar  experiments  were performed, 
but  no difference in the facet appearance could be 
observed. 

Crystal orientation and facet appearance.--Schematic 
i l lustrat ions of the facet appearance on the surface of 
various crystal  orientations are given in  Table I for 
SiO2 film and Table II for Si3N4 film. The tables are 
arranged according to crystal  orientat ions along the 
(1-10) zone from (001) to (110). The asterisks in the 
tables indicate those facets that  have appeared in  
common for both SiO2 and SiaN4 films. The fourfold 
symmetry  of (001) changes as the orientat ion changes 
to (117), showing the threefold symmet ry  of (111), 
and finally becomes the twofold symmetry  of (110). 
Outs tanding features evident  from the two tables are 
as follows: 

1. With SiO2 films, few facets general ly  develop 
directly under  the film; facets existing at a compara-  
t ively deeper bottom are observable. 

2. With Si3N4 films, facets appear directly under  the 
film. For this reason, polygons are formed mostly. 
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Table I. Facet appearance through windows in Si02 masks 
The asterisks (*) indicate facets that appeared 

common for both SiO~ and SisN4 masks 

Crystal appearance of 
orientation facets 

1 2 1 0  <]io> 
( O O l )  (~) L . . . d  ~ o> 

.,.~.~ (3) 
( 2 ) _ _ , ~  15 ) <r72 > 

(, ,7) (4)~%~(,) L.<T,o> 

( I 15) 

( J ~3) 

( 4 ~ ( 3 )  <B52> 

( 5 ) ~ , ~ (  i ) (2) 

( 2 ) , ~  (3) <332> 

( 5 ) ~ .  (,)(4) L<Tio> 
( 3 ) ~  2) <T~ l> 

( I  12) / ( ~ _ . ~  (5) L<T IO>  
14)~"%,~"( ~ ) 

<if2> 
(2) I 

( ~ ] i ) L.,.<] io> 

( 4 ~ ( 3 )  d i6 )  

( 3 3 , )  ,~L__3~(z ) L<,,o> 
~ ( I )  

2 _ ~  <]] io> 

( 5 5 , )  (0 L<T,o> 

(~ ( I )  400 I,t ~ 
( i r a )  <T ~o> 

~ ( ~ , )  

angle between 
facets and specimen 
surface 

: I)  (31r)* 25.2 ~ 
:2) ( I10)* 45.0 = 

i 1 ) ( 3 ( ( ) *  13.8 ~ 
2) (3l  f)* 2Z6 ~ 
:3] (311)* 36.7 = 
[4) ( I IO) ~ 3Z6 ~ 
5) ( I I0)* 53.6 ~ 

: I ) ( I I0)* 38.9 ~ 
~(2) (311)* 9.5 ~ 
(3) (3 r l )  ~ 29.5 ~ 
{4) (31I ) *  41  ] ~ 
:5) ( ~ to) * 35,3 ~ 
I) (111)* 29.5 ~ 

:2) (3 f l ) *  35.1 ~ 
:3) (31 I)* 50.5 ~ 
(4) (311)* 50.5 ~ 
(5 )  (I  I0)* 31.5 ~ 
[ I ) {111)  ~ 19.5 = 
[2)(311) ~ I0.0 = 
[3) (31 l) ~ 42.4 ~ 
[4) (3l I) ~ 42.4 ~ 
',5) ( l lO) 30.0 ~ 
( I ) (311)  ~ 295  ~ 
(2)C I I0) 35.3 ~ 

{ r ) ( l l l ) *  22.0 ~ 
(2) (31 I)* 26.0 ~ 
3)(31 I)* 40.5 ~ 
4 ) ( I  I0) 13.3 ~ 

l ) ( l  I I ) *  27.2 ~ 
2 ) ( I  l I)* 43.3 ~ 

(3)(31 I)* 27.6 ~ 
4) (311)* 36.7 ~ 

I ) ( I  I I )  ~ 35.3 ~ 
(2) (31t)* 3L5  = 

3. Facets that appear near the periphery of the hole 
are common both for SiO2 and SigN4 masks. 

4. Only  {111}, {311}, and {110} planes appear as 
facets. 

5. When any specific facet becomes anomalously  
large, facets that should appear may  be hidden from 
view, as in the case of the (110) facets near the (111) 
facet of (331) orientation in SiO2 mask. 

Discussion 
Difference in the ~acet appearance between SiO2 and 

SigN4 coated specimens.--As can be seen from Tables 
I and II, there is a marked difference in the appear- 
ance of facets directly under the film surfaces. Under 
the circumstances, the difference was considered to be 
due to a difference in chemical  reaction between 
Si-SiO2 and Si-Si~N4 films during vapor etching, and 
the fo l lowing investigations were  made: 

Reaction between Si and films.--According to A l e x -  
ander (4),  the fol lowing are conceivable as the reac- 
tions between Si  and SiO2. 

Si  + SiO2 = 2SiO [1] 

K1 = (Psio) 2 [ la]  

Si  4- H20 = SiO 4- H2 [2] 

Psio �9 PH~ 
K~. = [2a] 

P~2o 

SiO~ 4- 2H2 : Si 4- 2H20 [3] 

(PH20) ~ 
/{3 = - -  [3a] 

(P~2) ~ 

SiO2 4- H2 = SiO 4- H~O [4] 

Table II. Facet appearance through windows in SigN4 masks 

Crystal 
orientation 

(oat) 

( 1 1 7 )  

( I 15)  

appearance of 
facets 

~ 1) ~ /0> [ I )(111) 54.7 ~ 
( z ) - ~ .  L<11o> :2)(3~I)* 25"2= 

:3)(311) 72.5 ~ 
(4) / ~ (3) [4)(110)* 45.0 ~ 

( 5 ) - . . ~ - , ~ ( 9 )  
(e)-JK ,~(~) L<T,o> 

( 9 ) ~.,.,.,.,.,.,~ ~)( 4 ) <s52> 
( ')~, ] L-(7) hole> 
( 8 ) ~ - ( 3 )  

( I )  ~'~='- "(6) 

( I I 3 ) ( 7 ) ~ ( 6 )  I0~ 

( I )  (5) 

(IA2) 

( r r l )  

(331) 

( 5 5 r )  

(f  I 0 )  

,4,4~,__,~(~, L-<~,o> 
(e)~-~,-~%) 

L, o> 

(6)~f l :~(4)  ~T6> 

(3)"E ~ L..-~T,o~ 
( 5 ) ~ . . . ~  
{ 7 ) ~ ( i  ) 

( 4 ) ~ , ~ ) ( e )  <][ IO) 

: 5 ) ~ - - ~ ( 3 )  
( 7 ) f ~ ' ~ - < ( i )  

(4)~EZ~if%__(2) (00 I) 
( 3 ) ~  h-<T,o> 

angle between 
facets and specimen 
surface 

K4 = [4a] 
PH2 

Pi and Ki are a partial pressure of each substance and 
an equil ibrium constant of each reaction, respectively.  
With SigN4 films, on the other hand, there are no data 
available for nitrides of a composition other than this 
chemical  formula, and consequently,  no reaction with 
sil icon is conceivable.  

Etching reaction of silicon.--The fo l lowing reactions 
were considered, taking into account the thermo- 
dynamic analysis of the Si-HC1 system reported by 
Lever (15), Shepherd (16), and Seki  et al. (17). 

Si  4- 4HCI = SiCl4 4- 2H2 [5] 

Psicl4 " (PH2) 2 
K5 = [Sa] 

(PHcl) 4 

Si 4- SIC14 = 2SIC12 [6] 

(Psicl2) 2 
K6 = [6a] 

Psicl4 

Si  4- 3HCI = SiI-IC18 + H2 [7] 

PSiHCL3 " PH2 
K7 = [7a] 

(PHcl) 3 

The equil ibrium constant of each reaction was calcu- 
lated from Janaf's thermochemical  tables (18). 

The total pressure Ptot in connection wi th  vapor 
etching can be expressed as 

Ptot : PH2 4- PHCl 4- PSiCl4 4- Psicl2 4- PSiHCl8 [ 8 ]  

= 1 (atm) 

The mole  fractions 0.025 (standard experimental  con- 
dit ion),  0.05 and 0.1 of the init ial  HC1 are included, 

r ) ( l l l ) ~  35.3 = 
(2)(311)* 31.5 ~ 
(3)(31 I) 64.8 ~ 
(4 ) ( i  iO) 6GO ~ 

{ I ] ( l l l ) *  295~  r) 63.0  
(2 ) ( r l~ )  5 8 5 ~  r 0 ) ' 3 i . 5  
[3)(311)* 35.1~ I0) 64.8t 
[4)(31 f )" 5Q5 ~ 
[5) (3 l l )~ 5Q5 ~ 
( I ) (111) ~ 19.5~ I)* 42.4 
(2)(311)* 10.0~ I) 60.5 
(3) (311 )t 42.4 ~ 
[4) (31I )  60.5 ~ 
{5)(111) 61.9 ~ 

I)(311)* 295 ~ 
( 2 ) ( ] { I )  70.5 ~ 
3)(311) 58.5 ~ 

( I ) ( l l l ) *  22 .0~  ]) 69.8 
1(23( r r l )  48.50 (7) (I I0) 49.5 
(3)(311) ~ 26.0 ~ 
(4)(311)* 40.5 ~ 
(5) (3r [) 61.0 ~ 

I)(111)* 2Z2~  67.7 
(2)( t i t ) *  43.3 ~ (7 ) ( I  I0) 53.E 
3)(31t) ~ 27.6~ tO) 66.'/ 
4 ) (3  I I )*  36.7 ~ 
5)(311) 62.3 ~ 

Psio �9 PH2o 

' . r ) ( l l l )  43.3~ (31 f) 62.3' 
i 2 ) ( l l l )  5 5 6 ~  67.7' 
{3)(111) 66.2~ (9) (31 i) 77.8' 
:4 ) (31 l ) *  13.8~ i0~ 37.6' 
[5) {31I)  ~ 27.6~ 53.6' 
[6)(311)* 36.7 ~ 
[ I ) ( I f o ) *  38.9~ 58.7' 
( 2 ) ( l i t )  56.3~ 66.d 
[3)(31 I ) *  9 .5~ I0){ 35.3 ' 
[4)(311)* 29.5~ I0) 57.d 
{5)(3 i i }  * 41. f ~ 
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and the  pa r t i a l  pressure  of each gas component  is 
ca lcula ted by  a computer  wi th  Eq. [6a], [Ta], [Sa]. 
Then, when  the  pa r t i a l  p ressure  (Ps i ) i  of the  hypo-  
the t ica l  Si to be vapor  etched is calculated,  the  equa-  
tions obta ined are  

(Ps i ) i  = Psicl4 Jr" PSiCl2 Jr PSiHCl3 [9] 

Using the HC1/He mole  fract ion as a parameter ,  Fig. 
3 shows the t e m p e r a t u r e  dependence  of hypothe t i ca l  
pa r t i a l  p ressure  (Psi).  

Meanwhile ,  it  can be seen f rom the equi l ib r ium 
constants  that  be tween  Si  and SiOe, react ions  [1] and 
[2] a re  l iab le  to occur at  a round 1250~ However ,  as 
the  dew point  of He car r ie r  gas is l imi ted  to be low 
--70~ the  H20 gas contained in He gas f rom the 
beginning need not be  considered in the  reac t ion  of 
Eq. [2]. Oldham (7) c la ims that  Eq. [3] and [4] need 
not  be considered since the  react ions are  slow, but  if 
it  is assumed tha t  the  to ta l  H20 ar is ing in Eq. [3] and 
[4] causes the  react ion of Eq. [2], the  hypothe t ica l  Si 
pa r t i a l  p ressure  (Ps i )n  due to such react ions can be 
expressed as 

(Psi)ll = (PSi)l Jr (Psi)2 
[I0] 

~/El PH20 
= ~ +  K ~  

2 PHe 

Figure 3 shows (Psl)Ii also. According to the above 
hypothesis, the contribution of (Psi)2 from Eq. [2] is 
small compared with (Psi)i from [I]. As these partial 
pressures of hypothetical Si are considered propor- 
tional to the etching rate, Fig. 3 shows the relative 
extent of reaction between vapor etching and Si-SiO2 
film. 

What can be seen from Fig. 3 is that (Psi)i under- 
goes practically no change due to reaction temper- 
ature and is close to the trends of Shepherd's calcula- 
tions and experiment in value (16). However, the 
Si-SiO2 reaction rate is highly dependent on the re- 
action temperature. The fact that the vapor etching 
rate is dependent on orientation can be seen from the 
formation of facets. With Si3N4 films, vapor etching 
alone occurs, and the facets appear from directly under 
the film surface, thus forming an angular shape such 
as shown in Fig. 2(b). On the other hand, since the 
Si-SiO2 reaction is not dependent on orientation the 
facets directly under the film do not appear so easily 
with SiOe films. Items that support this reasoning are: 

1. This trend was recognized by examining the 
etching rate of Si through windows in SlOe and Si3N4 

Psi ,o2  

'03 / I 

Si AND Si02 FILM 

I0; LO00 I,I ~::~ L :200 I,:~)O 1,400 

TEMPERATURE (*C) 

Fig. 3. Temperature dependence of hypothetical partial pressure 
of silicon Psi to be etched off in the vapor etching reaction and 
in the reaction between Si and SlOe film. 
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films etched s imultaneously.  The etching ra te  para l l e l  
to the  specimen surfaces was obta ined f rom the dis-  
tance be tween  the  ini t ia l  film surface and the pa r t  
where  no facet appeared  wi th  SigN4 films. The etching 
ra te  normal  to the surfaces was obta ined from the dis-  
tance be tween  the  film surface and the  spot where  the  
etching was deepest.  The etching ra te  pa ra l l e l  to the  
specimen surfaces is c lear ly  grea te r  wi th  SiO2 films, 
as can be  seen in Fig. 4. 

2. I f  the  mole  f ract ion of HC1/H2 is increased,  the  
facet appearance  even wi th  SiO2 films approaches  tha t  
of Si3N4 films, as seen in Fig. 5. The same phenomenon 
was observable  wi th  r ibbon oxide  (19), the  effective 
mole  fract ion of which changes wi thin  a single wafer.  

3. Similar ly ,  when  the react ion t empe ra tu r e  is 
lowered,  the  appearance  wi th  SiO2 film approaches  
tha t  wi th  Si3N4 film. Whi le  Fig. 6 shows the  facets 
etched at 1150~ a pa r t  of them displays  an angular  
shape, unl ike  the  shape shown in Fig. 1 (b) .  

4. The resul t  of heat ing wi thout  vapor  etching in 
He is shown in Fig. 7(a)  for SlOe film and shown in 
Fig. 7 (b) for SigN4 film. I t  is c lear ly  observable  tha t  
wi th  SiO2 film, react ion is t ak ing  place be low the  film 
and the ini t ia l  round pa r t  is enlarged.  On the  other  
hand, no react ion is observable  wi th  Si3N4 film. 

Facet appearance by other etchant.--Hays (20) has  
repor ted  tha t  vapor  etching on the  silicon surface by  
SFs was nonprefe ren t ia l  and did not  r evea l  the facets. 
Besides HC1, vapor  etching by  HBr  was tr ied.  In  the  
case of SiO2 mask,  sizes of facets were  la rger  and the  
facets were  easi ly  observed.  There  was no large  dif- 
ference in the  case of Si3N4 film. Dependence  of the  
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Fig. 4. Etching rate parallel to specimen surfaces, Vpara and 
that normal to the surfaces, Vnor. 

Fig. 5. Etching pattern through the window in Si02 mask at a 
larger mole fraction: mole fraction HCI/H2 = 0.05, crystal- 
lographic orientation = (100), and etching tempe[ature = 1250~ 
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Fig, 7. Patterns after heating for 60 sec at 1250~ in H2 width- 
out vapor etching: (a) (top) through the window of 1(30~ diameter 
in Si02 mask; (b) (bottom) through the window in Si3N4 mask. 

etching ra te  on or ienta t ion  seemed to differ l i t t le  f rom 
that  of HC1. 

Conclus ions 
Silicon wafe r s  wi th  n ine  different  or ienta t ions  on 

the  [110] zone, including (001), (111), and (110) were  
vapor  etched by  HC1 through  the windows made  in 
SiO2 and Si3N4 films. The resul ts  are  summar ized  as 
follows: 

1. Face ts  were  identif ied to be {111}, {311}, and {110}. 
The mode at which  the facets appeared,  depended  on 
the surface orientat ions.  

2. When  etching was car r ied  out th rough  a window 
made  in SiO2 film, the  facets appea red  only at  the  
pe r iphe ry  of the  bot tom of the  etched area, but  when 
Si3N4 film was used, facets appea red  d i rec t ly  under  the  
film as wel l  as at the  pe r iphe ry  of the  bottom. The 
shape of the  holes d i rec t ly  under  the  film was almost  
c i rcular  for SiO2 film but  become angula r  for Si~N~ 
film. 

3. Differences in the  facet  appearance  be tween  SiO2 
and Si3N4 films consisted of an occurrence of Si-SiOe 
react ion at  the  pe r iphe ry  of the  etched hole besides 
HC1 etching in the  case of SiO2 film, and should this  
reac t ion  have  no dependence  on orientat ion,  a qual i -  
t a t ive  explana t ion  for the  differences is possible. 
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ABSTRACT 

The crys ta l l ine  perfec t ion  of Sn -doped  GaAs crysta ls  g rown b y  the hor i -  
zontal  Br idgman  technique was found to be dependent  on the  crys ta l  g rowth  
direction.  The highest  perfect ion occurred for crysta ls  grown near  the  <013>  
direction.  Por t ions  of both seeded and unseeded doped crysta ls  grown in this  
direct ion were  found to be dis locat ion-free.  Also, undoped crys ta ls  seeded in 
the  <013>  direct ion were  dis locat ion-free.  

S te inemann  and Zimmer l i  (1) have  grown disloca-  
t ion-f ree  undoped crys ta ls  of GaAs by the Czochralski  
technique by  main ta in ing  careful  control  of the  s toichi-  
ome t ry  of the  mel t  composit ion and of the  t e m p e r a t u r e  
gradients  in the  solid. In  this  paper  we repor t  the  
growth  of d is locat ion-f ree  undoped and heav i ly  Sn-  
doped GaAs crysta ls  by  the  sealed hor izonta l  Br idgman  
technique.  The advan tage  of the hor izonta l  Br idgman  
technique is tha t  heav i ly  doped crys ta ls  grown by this  
method are  more  homogeneous  than  doped crys ta ls  
g rown by  the  Czochratski  technique.  Fo r  device ap -  
plications,  crysta ls  of high perfec t ion  and chemical  
homogenei ty  are  required.  

Experimental Technique 
The crysta ls  were  grown in a sealed quartz  sys tem 

in quar tz  boats. Synthes is  was pe r fo rmed  from the  ele-  
ments  in situ prior  to growth.  A schematic  d iag ram of 
the appara tus  and t e m p e r a t u r e  profile used for the  
exper iments  is shown in Fig. 1. Two impor tan t  fea-  
tures  of the  appara tus  a re  (a) the  zirconia  tube located 
in the  core of the  mel t  control  furnace  which tends  to 
reduce  local r ad ia l  and axia l  t he rma l  var ia t ions  and 
also re ta rds  the  ra te  of devi tr i f icat ion of the sealed 
quar tz  system and (b) the use of F i b e r - F a x  insula t ing 
board  be tween  the  two furnaces  to produce  a sharp 
t e m p e r a t u r e  gradient .  Fo r  the  growth  of the  Sn-doped  
crystals ,  the  S n / G a  weight  ra t io  in the  mel t  was 
3.3 x 10 -2. This amount  gives be tween  2 to 5 x 10 is 
a toms /cm 8 in the  first hal f  of the  crystal .  The effective 
dis t r ibut ion coefficient for Sn, which was de te rmined  
by  fitting the  dopant  profile to a normal  freeze curve, 
was found to be about  3.5 x 10 -8 for this  g rowth  sys-  
tem. The dopant  profile was de te rmined  f rom radio-  
chemical  analysis  and electr ical  measurements .  The 
growth  was per formed  at a constant  As pressure  by  
contro l l ing  the  coldest  por t ion  of the  ampoule  at  614 ~ 
• 0.2~ This As pressure  is nomina l ly  about  1 arm. 
At  this  pressure  the  mel t  is essent ia l ly  at  the  stoichio- 
metr ic  composition. 

I t  was found tha t  unseeded crys ta ls  did  not  grow 
along any of the ma jo r  axes. Therefore,  in order  to 
s tudy crys ta l l ine  perfec t ion  for g rowth  along these 
axes, it  was necessary  to grow seeded crystals .  Seeding 
of the mel t  was pe r fo rmed  in specia l ly  designed quar tz  
crucibles  as shown in Fig. 2. The inside of the crucible  
was sand b las ted  to p reven t  wet t ing.  The seed was 
p laced  in the  end of the  crucible  wi th  the  smal l  r ec -  
t angu la r  cross section. To ensure tha t  seeding occurred,  
about  one-ha l f  of the  seed was a l lowed to mel t  back 
before g rowth  commenced.  A typica l  crysta l  grown by  
this technique is shown in Fig, 3. The sealed ampoule  
was moved through  the furnace wi th  a prec ise ly  con- 
t rol led furnace  grad ien t  at  a ra te  of about 0.85 cm/hr .  
Except  for differences in growth  direction,  a l l  c rys ta ls  
were  grown under  the  same conditions.  

* Electrochemical Society Active Member. 
Key words: crystal growth, GaAs, crystal perfection. 

The degree  of perfect io  n of a c rys ta l  was de te r -  
mined  on chemical ly  pol ished (111) or (100) wafers  
cut f rom the posit ions shown in Fig. 3. Meta l lographic  
examina t ion  for dislocation etch pits  and other  s t ruc-  
tures  was pe r fo rmed  on the (111) wafers.  X - r a y  t r ans -  
mission topographs,  using the scanning osci l la tory  
technique of Schwut tke  (2), were  taken  on e i ther  
(111) or (100) wafers  tha t  were  first chemical ly  
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Fig. 1. Schematic drawing of the growth apparatus and furnace 

temperature profile. 

LSEED REGION 

Fig. 2. Schematic drawing of the quartz boat used for seeding 
of the melt. 

Fig. 3. Typical seeded crystal. A, B, and C indicate positions 
where wafers were cut for the defect examinations. 
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th inned to about 0.05 mm using the technique of Reis- 
man  and Rohr (3). 

Results 
The various growth orientat ions that were invest i-  

gated for the Sn-doped crystals are shown in Fig. 4. 
(.This is a double stereographic t r iangle which is re-  
quired because of the polar na ture  of GaAs.) The 
crystal l ine perfection level observed for each or ienta-  
t ion is indicated by the symbols. Around  the major  
axes the crystals were grossly imperfect,  with disloca- 
t ion densities greater than  104 t ines/cm 2 and with some 
dislocations aligned to form low-angle  boundaries;  
i.e., lineage structure as shown in Fig. 5b. In the cen- 
t ra l  area of the double t r iangle the only defect struc- 
tures that  were observed were dislocations with den-  
sities less than 104 lines/crn~ (Fig. 5a). The highest 
crystal l ine perfection occurred around the <013> di- 
rection and the dislocation densities were less than 
103 l ines /cm 2. Some portions were essentially free of 
dislocations. An  x - ray  transmission topograph taken 
from a Sn-doped crystal grown in  this direction is 

Asl l l  

_ _  OOI ~ Oil 

Galll 
Fig. 4. Crystalline perfection for the various growth orientations 

investigated. �9 grossly imperfect, �9 dislocated with densities be- 
tween 103 and 104 lines/cm 2. C) dislocated with densities less 
than 103 lines/cm 2 and with some positions dislocation-free. 

Fig. 5. Typical defect structures, as observed by chemical etch- 
ing, far a crystal with the growth axis (a) away from the major 
axes and (b) near the major axes. 

January 1971 

Fig. 6. X-ray topograph of a wafer from a crystal grown in 
< 0 1 3 >  direction. A few dislocation loops are evident in the plane 
of the wafer. The broad dark band is a "Pendelliisung" fringe due 
to the wedge shape of the wafer. The arrow denotes the diffraction 
vector. The Burgers vector of the two large loops is parallel to 
their long axis, a ['i101 direction. 

shown in Fig. 6. A few dislocations are evident  as slip 
lines on the top free surface. At the edges of the wafer 
the dislocation density is higher. Two or three disloca- 
t ion loops are evident  in the plane of the wafer and are 
clearly resolved. This perfection level is typical for 
position A, B, and sometimes position C (see Fig. 3) 
for crystals grown in the <013> direction. At the 
lower edge of the wafer shown in Fig. 6 some cellular 
s t ructure is evident. This is the only indication of 
chemical inhomogenei ty  present  in this region of this 
doped crystal. More typical ly at position C the amount  
of cellular s t ructure increased slightly from that  
shown in Fig. 6. Beyond position C the cross section 
shows both the cellular s tructure and two-phase 
growth. No striae were detected by etching or by in-  
frared transmission microscopy in  the first half  of 
the crystal. 

For  Sn-doped crystals it was found that  for all the 
orientations studied the highest crystal perfection 
occurred in crystals grown along the <013>.  This is 
t rue for nonseeded Sn-doped crystals and for Sn-  
doped crystals seeded in the specially designed boat. 
However, when  Sn-doped crystals were seeded with 
seeds having the same cross section as the bu lk  of the 
crystal and grown along the <013>,  the resul t ing 
crystals exhibited dislocation densities >104 l ines/cm 2. 
In  addit ion several  undoped crystals were seeded and 
grown in the <013> in the specially designed boat and 
were found to be near ly  dislocation-free. 

Except for the grossly imperfect  crystals, the dis- 
locations were generated by  plastic deformation re-  
sult ing from thermal  stresses as evident  from the slip 
l ine pat tern  shown in  the etched sample in Fig. 5b 
and in  the x - r ay  topograph in Fig. 7. The deformation 
undoubtedly  occurred at elevated temperatures  where 
GaAs is ductile. F rom the analysis of the slip line 
pat terns of the sample, which showed only one set of 
slip lines, it was determined that  the thermal  stresses 
were uniaxial .  

Discussion 
Since the dislocations were generated by plastic 

deformation, the dependence of the dislocation density 
on growth or ientat ion must  be related to the high 
tempera ture  s t rength of the crystal. The higher the 
strength, the less mobile are the dislocations, and 
therefore the greater are the stresses required to 
generate them. A mechanism whereby  the crystal is 
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Fig, 7. X-ray topograph of a dislocated wafer. Most of the dislo- 
cations lie in slip planes which indicates that they were generated 
by plastic deformation. The arrow denotes the diffraction vector. 

s t rengthened  by  the a l loying act ion of the  Sn dopant  
seems un l ike ly  since the Sn concentra t ion profile did  
not  va ry  wi th  or ienta t ion  and ~ 0 1 3 ~  seeded undoped 
crys ta ls  could also be produced  nea r ly  dis locat ion-free.  
Also, the  differences in the  resolved shear  stress to 
which the  crys ta l  was subjec ted  dur ing  growth  for 
the  var ious  growth  direct ions cannot  account for the  
or ienta t ion  dependence;  calculat ion of the  resolved 
shear  stresses of the  ~ 1 1 0 ~  {111} type  dislocation 
showed tha t  the  ~ 0 1 3 ~  growth  direct ion had the 
highest  re la t ive  value,  a l though the differences in 
values  for the  var ious  l ow- index  growth  direct ions 
were  small .  

The Dash (4) model  m a y  in pa r t  expla in  the  growth  
of the d is locat ion-f ree  seeded crystals .  In the Dash 
technique in i t ia l  g rowth  conditions are  provided  
which cause the  dislocat ions to form in s imple  lines. 
These dislocations wi l l  then even tua l ly  grow out to a 
surface and be e l iminated  if  the  l ine of the  dis loca-  
tions is at  some angle  to the growth  axis. In  GaAs the 
axis of the  most  common dislocation is the  ~ 1 1 0 ~  
direction.  The ~ 0 1 3 ~  growth  direct ion makes  an 
angle  of about  27 ~ to the  axis of the  line dislocations. 
This Dash type  of dislocation behavior  occurs when  
there  a re  no rad ia l  or t ransverse  the rmal  gradients.  
For  the  Czochralski  technique this condit ion is met  by  
necking the  crys ta l  down to a smal l  d iamete r  af ter  
seeding. In  the  presen t  s tudy it was found tha t  the  
seed must  have  a smal ler  cross-sect ional  d imension 
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than  the  c rys ta l  to be grown, which  is equiva len t  to 
the  necking down of the  Czochralski  crystals .  

If  condit ions for the  Dash model  were  the  only 
cr i te r ia  then  the ~111>  and ~ l O 0 ~  would  also be 
p re fe r red  directions.  However ,  this  was not  found to 
be the  case and this would  indicate  tha t  o ther  p a r a m -  
eters  are  impor tant ,  z Moreover,  the  Dash model  does 
not expla in  why  nonseeded doped crys ta ls  which  
g rew in the  ~013>  direct ion were  d is loca t ion-f ree  
r igh t  f rom the start .  I t  is apparent ,  therefore,  tha t  
fu r the r  s tudies must  be pe r fo rmed  in o rder  to com- 
p le te ly  under s t and  the or ienta t ion  effect observed.  

Conclus ions  
From this invest igat ion it was shown tha t  i t  is 

possible to grow homogeneous ly  doped and undoped 
GaAs crysta ls  wi th  a high crys ta l l ine  perfec t ion  by  
the hor izonta l  Br idgman  technique.  Crysta ls  p rope r ly  
seeded in the  ~ 0 1 3 ~  or unseeded Sn doped crys ta ls  
which grew in this direct ion were  of the  highest  pe r -  
fection wi th  port ions of the  crys ta l  being dis locat ion-  
free. 
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~ 1 1 1 >  a n d  ~ 1 0 0 ~  a re  no t  p r e f e r r e d  d i r e c t i o n s  m a y  be  e x p l a i n e d  
b y  t h e  c o n s i d e r a t i o n s  of S a n g s t e r ,  w h o  p r o p o s e d  t h a t  ~ 3 1 1 : >  to 
< 5 1 1 >  shou ld  be  p r e f e r r e d  g r o w t h  d i r e c t i o n s  s ince  n o n e  of  t h e  
m a j o r  a x e s  o f fe r  a n  i dea l  c o m b i n a t i o n  o f  n u c l e a t i o n  ease ,  s u r f a c e  
s t o i c h i o m e t r y ,  s u r f a c e  p a c k i n g ,  a n d  s u r f a c e  p l a n a r i t y .  G r o w t h  d i -  
r e c t i o n s  s u c h  as  t h e  ~ 3 Z l ~  (or ~ 0 1 3 ~ )  w h i c h  c o m b i n e  t h e  f a v o r -  
ab le  p r o p e r t i e s  of  t h e  {100}, {110}, a n d  {111} s u r f a c e s  a re ,  t h e r e f o r e ,  
e x p e c t e d  to  p r o d u c e  c r y s t a l s  o f  h i g h e r  p e r f e c t i o n .  JR. C. S a n g s t e r ,  
"Mode l  S t u d i e s  of  C r y s t a l  G r o w t h  P h e n o m e n a  in  t h e  I I I - V  S e m i -  
c o n d u c t i n g  C o m p o u n d s ,  '~ in  " C o m p o u n d  S e m i c o n d u c t o r s , "  Vol. 1, 
R. K.  W i l l a r d s o n  a n d  H.  L. G o e r i n g ,  Ed i to r s ,  R e i n h o l d  P u b l i s h i n g  
Corp . ,  N e w  Y o r k  (1963).] 
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Preferential Etching and Etched Profile of GaAs 
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ABSTRACT 

The Br2-CI-IzOH system has been found to give good results for preferential  
etching of GaAs. The etch rates for the low-index planes of GaAs in this sys- 
tem have been investigated as a function of Br2 concentrat ions in CH3OH. 
The order of the etch rate at 1% Br2 by weight has been found to be {110} 
> B{ l l l }  > {100} > A{ l l l }  where the A(111} planes have been only slightly 

etched. The A{ l l l }  planes have played an important  role for the etched pro- 
files produced by this etching system. A V-shaped groove, a reverse mesa-  
shaped structure, and a t r iangular  pr ism-shaped "bridge" have been formed 
by channels  being etched on the {100} planes. The sizes of the V-shaped 
groove and the "bridge" have been controlled by the width of the opening in 
the oxide mask. A channel  etched groove in the B{ l l l }  planes has also ex-  
hibited crystal habit. Interest ing etched profiles which are applicable for the 
design and fabrication of device structures are described. 

The I I I -V intermetal l ic  compounds with the zinc 
btende structure exhibit  polari ty along the <111> di- 
rections. Consequently, this s tructure has two types of 
the {111} planes designated as the A{ l l l }  planes or 
A planes and the B{l l l}  planes or B planes. Regard- 
ing the difference in the etching behavior  between the 
A { l l l }  and B{ l l l }  planes, it has been proposed that  
the B{l l l}  planes are chemically very reactive because 
of having an unshared pair of electrons, but  the A { l l l }  
planes have not (1, 2). Br2-CH3OH(3) or H2SO4-H202 
systems have usually been employed as the etchants 
which are capable of producing highly polished sur-  
faces on GaAs. For silicon, the design and fabrication 
of device structures by means of preferential  etching 
have been reported (4-6). However, for GaAs there 
has been no report on device shaping by using prefer-  
ential  etching. 

In  the present  paper, we show preferent ial  etching 
characteristics of GaAs in the Br2-CH3OH system and 
then demonstrate  geometrically etched profiles pro- 
duced in  the B{ l l l }  and {100} planes by employing 
this system. Special emphasis has been placed on the 
unique device structures which are produced by the 
difference in the etch rate between the A { l l l }  planes 
and the other low-index planes of the intermetal l ic  
compounds. 

Experimental Procedure 
Sample.--The wafers employed were slices of the 

low-index planes cut from GaAs single crystals (Te 
doped, carrier concentrat ions ranging from 5.3 to 
15 x 1017 cm-3) ,  i.e. the A{l l l} ,  B{l l l} ,  {110}, and 
{100} planes, with an uncer ta in ty  of 1 ~ or less. The sur-  
faces of these wafers were lapped and polished with 
fine abrasive a lumina  (0.05-0.1~ particle size). After  
being degreased and rinsed with deionized water  
(p > 5 meg ohms), they were chemically polished in a 

slowly stirred solution of 5 H2SO4-1 H202-1 H20 for 4 
min  at 50~176 

Masking pattern.--The method selected for prepar-  
ing the mask and determining the directions of the 
masking pat tern  was as follows. 

1. The surfaces of the wafers, except for a portion 
near  the corner, were coated with black wax. 

2. The uncoated surfaces were etched in a solution 
of one volume of 33 w/o  (weight per  cent) CrO3 
aqueous solut ion-two volumes of 46 w/o HF (Sirtl  
etch) for 4 min  at room temperature.  The etched figures 
produced by this process are employed in the following 
photoetching process for the purpose of orientat ion 
al ignment.  

1 P e r m a n e n t  address: Research and Development  Center,  Sanyo 
Electric  Co., Ltd., Hirakata ,  Osaka, Japan.  

K e y  words:  polarity of z inc b lende  s t ructure ,  e tching rate,  Br~- 
CH~OH system, Gunn  effect  device .  

3. The wafers were degreased and rinsed with de- 
ionized water  after removing the black wax. Then, 
their  surfaces were masked with a 0.3-0.5~ thick AI~O~ 
layer by electron beam evaporation. The source was 
A1203 (99.999%). 

4. The photoengraving process was carried out. 
5. Heated phosphoric acid was employed to etch the 

A120~ film. 

Etch solution.--The preferent ia l  etchant  employed 
was Br2-CH~OH and etching experiments  were carried 
out at room temperature.  The Br2 concentrat ions in 
CH3OH were varied up to 5.0% Br2 by  weight. A large 
quant i ty  of solution (--300 ml) was prepared to pre-  
vent  the etching tempera ture  from elevating and the 
etch composition from varying dur ing the experiments 
(Br2 pur i ty  ~99.0%, CH3OH pur i ty  -----99,5%). 

Etch rate determination.--The step heights etched 
were measured using a microscope after obtaining the 
etched cross sections of the samples by appropriate 
cleavage. The smallest step heights measured were 
about 0.5~, where  the accuracy of the microscope mea-  
surement  was about 0.2~. 

Results and Discussion 
Etch figures.---Schematic diagrams and photographs 

of the etch figures produced on the B{ l l l }  and {100} 
planes of GaAs in the CrO3-HF system are shown in 
Fig. 1. The etch figures on the B ( l l l }  planes revealed 
an equilateral  t r iangle as well  known for silicon. How- 
ever, the figures on the {100} planes of GaAs did not 
show a square as produced on silicon but  indicated a 
rectangle because of the polari ty along the <111> 
directions. 

Br2 concentration dependence o] the etch ra t e . -  
Figure 2 shows the average Br2 concentrat ion depen- 
dence of the etch rate for 10 rain on the A{l l l} ,  B{ l l l }  
and {100} planes of GaAs, and the etch ratio B { l l l } /  
A ( l l l } .  The etch rates on these planes increased with 
Br2 concentrat ions up to at least 5.0% Br~ by weight. 
The ratio gives a m i n i mum near  3.0% Br2 by weight. 
This result  indicates that, at the lower Br2 concentra-  
tions, etching is more preferential ;  the B{ l l l }  planes 
of GaAs are very chemically reactive compared with the 
A{ l l l }  planes. Consequently, when  a suitable etchant 
such as this system is employed, the etch rate on the 
A { l l l }  planes is slower than  on the B{ l l l }  planes 
(1,2).  

Orientation dependence of the etched depth.--Figure 
3 shows the l inear i ty  between the etch depth and etch 
t ime with 5 rain intervals  for the low-index planes of 
GaAs at 1.0% Br2 by weight. The order of magni tude 
of the etch rate was {110} > B { l l l } >  {100} > A{l l l} ,  
and the etch rate on the A{ l l l }  planes was very slow. 
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(a) (b) 

Fig. 1. Etch figures produced on B{111} and {100} planes of GaAs in CrOa-HF system (room temp, 4 min) and schematic diagram of 
individual etch figures: (a) and (b) = etch figure on B{111}, {|00}, respectively, and schematic diagram of individual etch figure (ap- 
prox 300X). 

When  the B{ l l l } ,  {110}, or {100} planes  of GaAs 
which in tercept  the  A{111} planes  are  employed  as 
p re fe ren t ia l  etching surfaces, the  e tched grooves ex-  
h ibi t ing crys ta l  hab i t  are  formed because  the  e tching 
stops at  the  A { l l l }  planes,  where  the  etch ra te  is 
slowest.  These resul ts  suggest  tha t  the  or ienta t ion 
effects produced by  this  sys tem could be  ut i l ized in the  
design and fabr ica t ion  of cer ta in  device s tructures.  

Cross section of etched channels.--The cross sections 
of channels  e tched in the  {100} and B { l l l }  p lanes  of 

GaAs are  demons t ra ted  in Fig. 4 and 5, respect ively.  
F igure  4 (a) shows the cross section of channels  e tched 
pa ra l l e l  to the  short  sides of the  etch figures revea led  
in  Fig. l ( b ) .  The etched profile was a reverse  mesa -  
shaped s t ruc ture  which  exhib i ted  crys ta l  habit ,  whi le  
cross sections of channels  etched para l l e l  to the  long 
sides of the r ec t angu la r  figures in Fig. l ( b )  were  
V-shaped  as demons t ra ted  in Fig. 4 (b ) .  This etched 
profile also exh ib i ted  crys ta l  habit .  F igures  5(a)  and 
(b) show, respect ively ,  cross sections of channels  
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Fig. 2. Br2 concentration dependence of the etch rate and etch 
ratio B{111}/A{111}: /% ~ ,  �9 = etch rate on B{111}, {100}, 
A{!11}, respectively; Q = etch ratio B{l11}/A{111}. 
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Fig. 3. Orientation dependence of the etched depth at 1% Br2 
by weight: O ,  /% El, �9 = etch rate on {110}, B{ l l l } ,  {100}, 
A{111 }, respectively. 
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Fig. 4. Cross section of channels etched in {100} planes of 
GaAs and relation between a rectangular etch figure shown in 
Fig. l(b) and the directions of a channel etching on {t00} planes: 
(a) = cross section of channels etched parallel to the short side 
of etch figure at 1% Br2 by weight for 10 rain; (b) = cross sec- 
tion of channels etched parallel to the long side of etch figure at 
4.8% Br~ by weight for 10 min; (c) = relation between etch 
figure and the directions of channels being etched (approx 300X). 

AI203 MASK ON TOP OF GoAs 
/ 

/ 4  J - - - / - 7  . . . . . . . .  J / s  

/ / / ; I  ,'t,oot 
f /  . : /OROSS SEOTIO>, 
l/" IF/ \ GOAS ~ ETCH FIGURE 

CROSS SECTION --" (b) 
(c) 

Fig. 5. Cross section of channels etched in B{111} planes of 
GaAs and relation between a triangular etch figure revealed in 
Fig. l(a) and the direction of channels being etched on B{111} 
planes: (a) = cross section of channels etched parallel to one 
side of etch figure at 1% Br#, by weight for 30 rain (approx 300X), 
(b) = cross section of channel etched perpendicular to the one 
side of etch figure at 4.8% Br2 by weight for 10 rain (approx 90X); 
(c) = relation between etch figure and the direction of channel 
being etched. 

etched para l l e l  and pe rpend icu la r  to the  one side of 
the  t r i angu la r  figures shown in Fig. 1 (a ) .  

A n  etched groove demons t ra ted  in Fig. 5(a)  ex -  
h ib i ted  c rys ta l  hab i t  but  an etched one in Fig. 5 (b) did  
not. The etched profile obta ined in Fig. 4 (a )  is asso- 
c ia ted only wi th  the  in te rmeta l l ic  compounds,  bu t  the 
profile demons t ra ted  in Fig. 4 (b)  is the  same as for 
silicon (5, 6). This unique profile is formed because of 
the  difference in the  etch ra te  be tween  the A{II1} 
p lanes  and the o ther  l ow- index  planes.  Fur the rmore ,  
we obtained a t r i angu la r  p r i sm-shaped  "bridge,"  
demons t ra ted  in Fig. 6, b y  cont inuing the  e tching fu r -  
the r  in the  case of Fig. 4 ( a ) .  As shown b y  these re -  

AI203 MASK O~ TOP OF GoAs 
- = ,~__ . . . . .  ~ ~ - ~ / ~  

v,. 
,' , t ...' "--, 

I7' i:', G A, 
\ ETCH FIGURE 

CROSS SECTION ~ ( b )  
(c) 

sults, when  the  di rect ion of channels  being etched 
on the  {100} p lanes  of GaAs is ad jus ted  to the  proper  
or ientat ion,  a V-shaped  groove, a reverse  mesa - shaped  
structure,  and a t r i angu la r  p r i sm-shaped  "br idge"  as 
i l lus t ra ted  in Fig. 7 can be  formed wi th  Br2-CH~OH 
system. 

Schemat ic  d iagrams  of the  etched cross section for 
the  zinc b lende  s t ruc ture  a re  shown in Fig.  8 and 9 by  
perspect ive  d rawing  through  the  {110} planes.  F igures  
8(b)  and  (c) ,  respect ively,  show cross sections of a 
channel  e tched pa ra l l e l  to the  [011-] and [011-] o r ien-  
ta t ion  in the  (100) plane.  
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Fig. 6. Cress section of a triangular prism-shaped "bridge" ob- 
tained in {100} planes of GaAs by the Br2-CHsOH system (4.8% 
Br2 by weight, 10 rain) (approx 300X). 
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Pig. 7. Etched profile produced in {lO0} planes of GQAs by the 
Br2-CHsOH system. 

There  is twofold  s y m m e t r y  of the  A { l l l }  or B { l l l }  
p lanes  intersect ing the {100} planes  as i l lus t ra ted  in 
Fig. 8 (a ) .  In Fig. 8 (b ) ,  the  [111] and [111] or ien ta -  
tions in tersect  the [100] or ienta t ion  at  125~ ', respec-  
t ively,  and, on the  other  hand, in Fig. 8(c) ,  the  [111] 
and [111] or ientat ions  in tersect  the [100] or ienta t ion 
at  54~ ' , respect ively .  The  (111) and (111) p lanes  are  
pe rpend icu la r  to the  (011) plane [Fig. 8 (b ) ]  and also 
the  (111) and (111) p lane  intersect  the  (01f) p lane  at  
r ight  angles [Fig. 8 (c) ]. 

In  the  case of p re fe ren t ia l  e tching in the  [100] d i rec-  
tion, the side e tching proceeds up to the  A { l l l }  planes,  
i.e. the  (111), (111), (111), and (111) plane,  whi le  the  
etch ra tes  on the  B{ l l l } ,  {110}, and  {100} planes  are  
much faster  than  the A { l l l }  planes.  Consequent ly  a 
V-shaped  and a reverse  mesa - shaped  profile a re  ob-  
ta ined  whose sides form, respect ively,  an angle  of 
54~ ' and  125~ ' wi th  respect  to the (100) surface. 
The "br idge"  can also be obta ined whose sides form 
an angle  of 125o16 ' wi th  respect  to the (100) surface. 

As schemat ica l ly  shown in Fig. 9 (a) ,  both the  A { l l l }  
and B { l l l }  p lanes  form te t rahedrons  having as al l  four 
sides e i ther  only  the  A { l l l }  or only  the  B { l l l }  planes.  
In  one case, the  insides of t e t rahedrons  are composed 
of only  the  A { l l l }  p lanes  and the  outsides a re  sur -  
rounded by  only the  B { l l l }  p lanes  [Fig. 9 ( a ) ] .  In  the 
o ther  case, the insides are  the B{111} planes  and the 
outsides a re  the  A { l l l }  planes.  Consequently,  the  [111] 

4 _  

o r ienta t ion intersects  the [111] or ienta t ion  at  70~ ' 
and the (111) p lane  is pe rpend icu la r  to the  (110) 
p lane  as shown in Fig. 9 (b) ,  which shows the cross 
section of a channel  etched pa ra l l e l  to the [11-0] or i -  
enta t ion in the  (111) p lane  alone. When  the channel  of 
the mask  pa t t e rn  is a l igned pe rpend icu la r  to one side 
of the  t r i angu la r  etch figures, the  etched cross section 
does not  r evea l  c rys ta l  hab i t  as shown in Fig. 5 (b) .  

.::2.:- ' i" .'.', L 
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Fig. 8. Schematic diagrams of cross sections etched in (100} 
planes for zinc blende structure by perspective drawing through 
{]10} planes and of relation between {100} and A(111} or 
B{111} planes: , ~ group III; �9 = group V atoms; (a) 
relation between { |00}  and A ( | ] I }  or B { | | | } ;  (b) ~ cross sec- 
tion of a channel etched parallel to [011-] in (100); (c) ~ cross 
section of a channel etched parallel to [011]. 

These resul ts  indicate  tha t  a t r i angu la r  cone-shaped  
groove wil l  be formed in the  B { l l l }  p lanes  when  a t r i -  
angular  mask  pa t t e rn  is a l igned para l l e l  to each side of 
the etch figures shown in Fig. l ( a ) .  

Mask size and etched profile.--The sizes of a 
V-shaped  groove, a t r i angu la r  p r i sm-shaped  "bridge,"  
and a t r i angu la r  cone-shaped  groove al l  can be con-  
t ro l led  by  the  wid th  of the  opening in the  oxide mask,  
since these geometr ic  shapes are  found to be sur -  
rounded  by  the A ( l l l }  planes.  The similar ,  but  un-  
symmetr ical ,  e tched profiles can be also formed by  
employing  the h igher  index planes,  i.e. {211}---, as the  
etching surfaces. 

Proposed device structures.--We can wide ly  apply  
the etched profiles descr ibed to the  design and fabr ica-  
t ion of device s t ructures .  Especial ly,  the  unique 
"br idge"  s t ructure  shown in Fig. 6 and 7 has the ad-  
vantage  tha t  the  "br idge"  is isolated by  air  and its 
size can be contro l led  by  the  window wid th  of the  
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Fig. 9. Schematic diagrams of cross sections etched in B { l l l }  
planes for zinc blende structure by perspective drawing through 
{110} planes and of geometric tetrahedrons composed of only 
A{111} planes, i.e. (111), (111), (111), (111), or of only B{111} 
planes, i.e. (11-1-), (111), (111), (111): �9 = group II I;  �9 = group 
V atoms; (a) = insides of tetrahedrons are composed of (111), 
(111), (111), and (111); (b) = cross section of a channel etched 
parallel to [110] in (111). 

oxide mask.  By using the technology of semiconductor  
in tegra ted  circuits,  we can monol i th ica l ly  fabr ica te  the  
device s t ructures  composed of lots of the  e lements  
which are  isolated by  air  and have  small ,  geometr ic  
cross sections. 

In  the  case of opera t ing  Gunn effect devices (7, 8) 
by  ut i l iz ing the "br idge"  s t ructure ,  we can suppress  
the  Gunn oscil lat ion because the  "br idge"  section is 
smal l  (9). Moreover,  the  p rob lem of heat  emission 
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due to the power  consumption of Gunn effect devices 
or luminescent  devices wi l l  be much improved  when 
the grooves a round  the  "br idge"  are refi l led wi th  a 
ma te r i a l  of efficient heat  conduction. These s t ructures  
make  the devices work  at  h igher  power.  When  we fill 
the grooves a round  the "br idge"  wi th  ma te r i a l  which 
has a dielectr ic  constant  different  f rom tha t  of the  
semiconductor  subst ra tes  used, we can control  the  s ta te  
of the  Gunn oscil lat ion (10). 

F ie ld  effect devices can be designed such tha t  the  
s t ructures  wi th  P - N  junct ions or Schot tky  contacts  
are  fabr ica ted  on the upper  surface of the  "bridge."  
Gunn  effect devices or luminescent  devices wi th  such 
a field effect s t ruc ture  can be modula ted  by  the gate  
signal. 

Conclus ion  
The Br2-CH~OH system gives good resul ts  for p re f -  

e ren t ia l  e tching of GaAs.  Below 3% Br~ by  weight ,  the  
lower  the  Br2 concentrat ions,  the  more  p re fe ren t ia l  
the  etching behavior .  The slowest  etching planes  are  
the  A { l l l }  planes,  which p l ay  an impor tan t  role for 
the etched profiles produced by  this system. When  the 
mask  pa t t e rn  is a l igned in the  proper  or ientat ion,  an 
etched groove having crys ta l  habi t  can be formed wi th  
this  system. V-shaped  grooves and t r i angu la r  p r i sm-  
shaped "br idge"  s t ructures  can be fabr icated,  wi th  
sizes control led by  the wid th  of the opening in the  
mask. These shaping methods  give much f lexibi l i ty  to 
device fabr icators .  
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ABSTRACT 

The electrical conductivi ty of sintered specimens of Cel+yO2 was mea-  
sured over the temperature  range 800~176 and f rom I to 10 -21 atm of 
oxygen. Based on the agreement  between these exper imenta l  data and theo- 
retically derived relations obtained using the law of mass action, the n o n -  
stoichiometric defect s t ructure of Ce~ +yO2 was interpreted in terms of a defect 
s t ructure consisting of t r iply and quadruply  ionized cerium interst i t ials  and 
localized electrons. The s tandard enthalpies of formation for the following 
defect reactions in Ce~ +yO~ were determined 

(a) Vi + 5Cece ~ 20o  : Cei .... -}- 4Ce'ce ~ O2 (g); AHa~ = 10.4 eV +__ 0.3 

(b) Vi -b 4Cece ~- 20o  ---- Cei"" ~- 3Ce'ce + 02 (g);  ~Hb ~ = 8.5 eV 

(C) Cece -~- Cei"" = Cei .... ~- Ce'ce; hHc ~ = 1.9 eV 3 

Nonstoichiometric cerium dioxide, Cel+yO2, has been 
the subject of several x - r ay  (1-3), thermodynamic  
(4-6), and electrical conduct ivi ty  investigations (7-12). 
Based on these exper imental  observations, Ce1+~O2 
may be classified as a metal-excess, n - type  semicon- 
ductor. Such a metal  excess may arise from the pres-  
ence of a defect s t ructure  involving anion vacancies 
or cation interst i t ials  in the crystal. However, in spite 
of all this scientific interest  in Cel +yOe, there has been 
no conclusive exper imenta l  evidence to indicate which 
of the above defect models predominates.  

Brauer  and Gingerich (3, 4) studied the influence of 
tempera ture  on the cer ium oxide system by measur ing 
the oxygen dissociation pressure in the region CeO2- 
Cei.3302, from 600 ~ to 1000~ and by high-temperature 
x-ray powder-diffraction analysis in the region CeOe- 
CeHIO2 over the temperature range 20~176 From 
the results of their investigation, it can be concluded 
that, above 800~ a homogeneous cubic solid solu- 
tion extends from CeO2 to about Cel.2002 and, from 
Cel.2002-Cel.z~Oe, a two-phase region exists. 
Kuznetsov et al. (5) utilized both a galvanic cell 

technique and a gas equilibrium method to obtain the 
thermodynamic properties of cerium oxide over the 
composition range Cei.2602 to Cei.0202. The results of 
their investigation indicate the existence of a single- 
phase region between Cei.2002 and CeLo202 above 
700~ Bevan and Kordis (6) measured the oxygen 
dissociation pressure of Ce1+yO2 and found that a 
single-phase region exists between CeO2 and Cei.1~O2 
at all temperatures above 685~ Thus the phase field 
limits of Ce1+yO2 determined by high-temperature 
x- ray  and thermodynamic  measurements  appear  to be 
in good agreement.  

More recently, Kofstad and Hed (13) have in ter -  
preted the thermodynamic data obtained by Bevan 
and Kordis in terms of a defect model involving singly 
and doubly charged interst i t ial  cations and electrons 
localized at cer ium ions on normal  lattice sites. Atlas 
(14) has proposed a statistical model to account for 
part ial  ordering of anion vacancies and reduced cations 
in a hypostoichiometric fluorite type metal  oxide. Al-  
though Ce1+yO2 is thermodynamica l ly  stable (4-6) 
over a wide range of Po2 and tempera ture  (e.g., 
Cel +yO2 is thermodynamica l ly  stable to values of Poe 
as low as 10 -20 atm at 1023~ most of the electrical 
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conduct ivi ty (7-i0)  investigations on Cel+~O2 have 
been l imited to the oxygen pressure region 1 to 10 -4 
atm. 

Rudolph (7) measured the electrical conductivi ty of 
Cel + yO2 as a funct ion of Po2 at only one temperature,  
987~ and found 

r ~, Po2-I/5.7 

Greener et al. (8), using a two-probe method, mea- 
sured the electrical conductivity of Cet+yOs in the 
temperature range 650~176 and from 0.006 to 1 atm 
of oxygen. They found that their experimental data 
could be represented by the following relation 

(--2.2) (--1.45) 
a T  ~-  crOd exp - - P o 2  -I/5: -~- ~oi exp 

kT kT 
They interpreted their  results in terms of a defect 
s tructure involving either quadruply  ionized cerium 
interst i t ials  or completely ionized oxygen vacancy 
pairs. 

Kevane  (9) analyzed the conduct ivi ty  data of 
Greener  et el. (8) and the gravimetr ic  data of Bevan 
and Kordis (6) and concludes that  it  is possible to 
in terpret  these results for Cel+yO2 on the basis of an 
oxygen vacancy model. 

The results of these conductivi ty measurements  over 
a very l imited range of Po2 have not provided an  un -  
ambiguous determinat ion of the defect s tructure in 
Cel+yO2. Thus, in order to help elucidate the defect 
s t ructure in Cel+yO2, work was ini t iated in this lab-  
oratory on the electrical conductivi ty of Ce1+~O2 as a 
funct ion of tempera ture  and oxygen part ial  pressure 
from 800 ~ to 1500~ and from 10 -17 to 1 atm of oxygen. 

The init ial  results  of this invest igat ion were reported 
recent ly by Blumentha l  and Laubach (12). Based on 
the observed curve fit be tween the theoretically de- 
r ived relat ion 

= (A~ -{- B)Po2 -1/2 

and the exper imental  conduct ivi ty  data from I000 ~ to 
1500~ in the "high" and "intermediate"  oxygen pres-  
sure region, they interpreted the nonstoichiometric 
defect s t ructure  of Cel+yO2 in terms of a defect model 
involving quasi-free electrons and both singly and 
doubly ionized oxygen vacancies. At the lower oxygen 
pressure regions in the range 1200~176 the elec- 
tr ical  conductivi ty of Cel+yO2 appeared to be rela-  
t ively insensi t ive to oxygen pressure. This region was 
qual i ta t ively in terpre ted as possibly due to degenerate 
semiconducting behavior  because of a large depar ture  
from stoichiometry. 

There appear to be at least two major  difficulties 
with the above defect model: 
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1. The expression relat ing r and Po2 was der ived 
assuming that  Cel + yO2 was in a region close to stoichi- 
ometry  (i.e., assuming uni t  act ivi ty  for the cerium and 
oxygen atoms on the normal  occupied latt ice sites). 

2. The assumed defect model  could not quant i ta -  
t ive ly  account for the re la t ive  insensi t ivi ty of a to Poe 
in the low oxygen pressure region. 

The purpose of this invest igat ion was to el iminate 
these difficulties by obtaining addit ional  conduct ivi ty  
data over  a larger  oxygen pressure region and by at-  
tempt ing a more  comprehensive analysis of the con- 
duct ivi ty  data par t icular ly  in regions which show a 
significant depar ture  f rom stoichiometry.  

Theory 
The meta l  excess nature  of nonstoichiometric  

Cel +~O2 may  arise f rom the presence of a defect s t ruc-  
ture  involving ei ther  anion vacancies or  cation in ter -  
stitials. For  electronic conduction, the electr ical  con-  
duct ivi ty  is proport ional  to the concentrat ion of elec-  
trons and the electron mobility. If  the mobil i ty  is 
assumed to be tempera ture  dependent  only, then using 
the law of mass action in combination with the as- 
sumed defect react ion and the appropr ia te  simplified 
e lec t roneutra l i ty  equations, theoret ical  expressions can 
be der ived relat ing the electrical  conduct ivi ty  to the 
part ial  pressure of oxygen. 

Thus, if the meta l  excess behavior  arises f rom a de- 
fect reaction involving cer ium intersti t ials in a single 
state of ionization, the  theoret ical  pressure dependence 
of the electronLc conduct ivi ty  may be expressed as 
( 8 ,  12) 

~ Po2 -1/m [1] 

where  m represents  the extent  of ionization (m = 2,3,4, 
or 5 for a singly, doubly, triply, and quadruply  ionized 
cer ium interstit ial ,  respect ively) .  Similarly,  for a de- 
fect reaction involving oxygen vacancies in a single 
state of ionization, the theoret ical  pressure dependence 
of the electronic conduct ivi ty  may be expressed by the 
same relat ionship with  m ~ 4 or 6 for singly and 
doubly ionized oxygen vacancies, respectively.  

Blumentha l  and Laubach (12) have  extended the 
above mass action approach by considering an elec-  
t roneut ra l i ty  condition involving two states of ioniza- 
tion. For  example,  the  electroneu.trality condition for 
t r iply and quadruply  ionized cer ium intersti t ials is 

[e'] = 3[Cei ' " ]  d- 4[Cei .... ] 

where  [e'], [Cei ' " ] ,  and [Cei .... ] are the concentrat ions 
of electrons, t r iply ionized interstitials, and quadruply  
ionized interstitials, respectively.  Using the above re la-  
t ion the electronic conductivi ty may  be expressed as 

a 5 ---- (D~ -t- E)Po2 -1 [2] 

where  D and E are constants re la ted to the mass action 
constants, the  electronic charge, and the electronic 
mobili ty.  

Similarly,  for a defect s t ructure  involving singly and 
doubly ionized oxygen vacancies, the e lectroneutral i ty  
condition is 

[e'] = [Vo'] -~ 2[Vo"] 

where  [Vo'] and [Vo"] are  the concentrat ions of singly 
and doubly ionized oxygen vacancies, respect ively.  
The electronic conduct ivi ty  may  be expressed as 

= (Ar ~- B)Po~ -1/2 [3] 

where  A and B are constants similar to D and E. 
The above expressions relat ing the electronic con- 

duct ivi ty  to the part ial  pressure of oxygen were  de-  
r ived using the fol lowing assumptions: 

(a) Only defects arising f rom nonstoichiometric de- 
fect reactions were  considered. The concentrat ion of 
defects created by the rmal  disorder and foreign im-  
purit ies were  assumed to be small  compared to the 
concentrat ion of nonstoichiometric defects. 

(b) The possibility of associated defects was ex-  
cluded because only atomic defects wi th  like charges 

were  considered. It was assumed, on the basis of 
coulombic interaction, that  these defects would  tend 
to repel  one another.  

(c) Henry 's  law was val id  for the defects (i.e., the 
act ivi ty  coefficients are independent  of defect concen- 
t ra t ion) .  

(d) An act ivi ty of one was assumed for the normal  
cer ium and oxygen atoms, and also for the vacant  in-  
terst i t ia l  sites (i.e., Raoult 's  law was assumed to be 
val id for these species and Cel+ yO2 was assumed to be 
in a composition region close to s toichiometry) .  

In this paper, the same assumptions were  made with  
the exception of (d).  Instead of unit activities, the 
cerium, oxygen, and vacant  interst i t ia l  site activit ies 
were  equated to the fract ion of the avai lable sites oc- 
cupied. These fractions may  differ significantly f rom 
one because cer ium dioxide is stable over  a wide range 
of nonstoichiometry (e.g., CeO2-Cel.2oO2). Also in this 
analysis a f i rs t-order at tempt,  s imilar  to that  used by 
Kofstad and Hed (13), is employed to account for in-  
teraction be tween defects on near  neighbor sites. Thus, 
for a defect s t ructure  involving quadruply  ionized 
cer ium interst i t ials  and localized electrons (13, 15), the 
following reaction may  be wr i t ten  

Vi -{- 5Cece + 2 Oo = Cei .... -t- 4Ce'ce + O2(g) [4] 

where  Vi is a vacant  interst i t ial  site, Cece and Oo are 
cer ium and oxygen ions, respectively,  on their  normal  
lattice sites, Cei .... is a quadruply  ionized cer ium in- 
terstitial,  and Ce'ce is an electron localized at a cer ium 
ion on a normal  cer ium site. Applying the law of mass 
action yields 

[Cei .... ] [Ce'ce]4Po2 
K1 = [5] 

[ V i ]  [ C e c e ]  5 [ O o ]  2 

where  K1 is the mass action constant and the square 
bracketed terms represent  the number  of  a given spe- 
cies divided by the  numbe~: of sites avai lable for that  
species. 

Since the oxygen sublattice is unaffected by the 
interst i t ial  defect, [Oo] = 1. The concentrat ion of nor-  
mal  cer ium sites, however ,  should be corrected for the  
occupancy of some sites by localized electrons. Kofstad 
and Hed (13) have also proposed that  an ionized in ter -  
stitial may block the six neighboring normal  cerium 
ions f rom electron occupation. The number  of in ter -  
stitial sites in Cel+yO2 is equal  to the number  of nor-  
mal  cation sites. Thus 

[ C e c e ]  = 1 - -  [ C e ' c e ]  - -  6(1 -- a) [ C e i  . . . .  ] [ 6 ]  

where  a is the re la t ive  probabi l i ty  of a neighboring 
Cece site being occupied by an electron. 

In addition, each ionized cer ium inters t i t ia l  may 
block the 12 nearest  neighboring interst i t ia l  sites f rom 
occupation because of coulombic repulsion. Thus 

[Vi] = 1 -- [Cei .... ] -- 12(1 -- ~) [Cei .... ] [7] 

where  ~ is the re la t ive  probabi l i ty  of occupation of in-  
terst i t ials in neighboring interst i t ia l  sites. 

Assuming the predominant  atomic defect is Cei .... , 
then y = [Cei .... ] and the e lec t roneutra l i ty  relat ion is 
[Ce'ce] = 4[Cei .... ]. Combining these relat ions wi th  
Eq. [6] and [7], Eq. [5] can be wr i t t en  as 

44ySPo 2 
K1 = [8] 

[ 1  - -  y ( 1 3  - -  1 2 f l ) ]  [ 1  - -  y ( 1 0  - -  6 a ) ]  ~ 
o r  

a~Po2 
K I "  = 

~ 5 [ 1 -  ( c a / ~ ) ( 1 3 -  12~)] [ 1 -  (ca/~) (10 - - 6 a ) ] 5  
[9] 

since 
Ca 

y . . . . .  [10] 

where  c is assumed to be a constant and ~ is the elec- 
t ron mobility. 
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A quant i ta t ive  analysis of the conductivi ty data us- 
ing Eq. [9] would require knowledge of the tempera-  
ture  and composition dependence of the electron mo-  
bility. Since only the tempera ture  dependence of the 
electron mobil i ty  (15) in the range 800~176 is cur-  
ren t ly  available, Eq. [9] has been closely approximated 
by 

a5 = (E -- EI~)Po2 -i [ii] 

to facilitate quantitative analysis. Equation [ii] was 
derived as described below. The denominator of Eq. 
[8] was calculated as a function of y from y = 0.0 to 
y = 0.14, which is approximately the maximum value 
of y according to existing thermodynamic data (6). 
These results are shown in Fig. 1 for the four combi- 
nations corresponding to the limiting values (i.e., 0 
and i) of a and ft. Three of the four curves go to zero 
and become negative before the maximum value of y 
is attained. This behavior is inconsistent with the above 
defect model. It "appears that, in the region where lhe 
quadruply ionized cerium interstitial predominates, a 
and fl are both closer to one than to zero. Thus, as a 
first approximation, only the fourth curve was con- 
sidered, where a ----- fl ~-~ i. In addition, it was found 
that this curve could be approximated by a linear 
function in y from y = 0.0 to y ----- 0.05 with less than 
7% error for all points where y < 0.04 and less than 
15% error for y < 0.05. 

With this motivation, Eq. [8] is wr i t ten  as 

Y~Po2 
K, ---- - -  [12] 

a -- by 

where a and b are constants. The justification for Eq. 
[12] lies in that  only a few of the data points to be 
analyzed here fall beyond the l imit ing value of y (i.e., 
y ,-~ 0.05) and therefore the error introduced due to 
these points in using Eq. [12] will  be small. Equat ion 
[i1] can then be obtained by combining Eq. [10] and 
[12] 

a s = (E -- EI~)Po2 -1 [11] 
where 

E = K,a~5/c~ [ l l a ]  

E1 = Klb~4/c 4 [ l l b ]  

For a defect s t ructure  involving a predominance of 
t r iply ionized cerium interstitials, the following ex- 
pression can be derived (16) 

r = (D -- DI~)Po2 -1 [13] 

where D and Di are parameters  similar to E and El. 

1.0 I I- 

K, = 512YeP~ , Eq. 8 
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Fig, 1. The relation between F(y) and y for E e l + y 0 2  

Similarly,  for a defect s t ructure involving singly 
ionized oxygen vacancies the following expression can 
be obtained (16) 

~2 = (A -- AIr -1/2 [14] 

For a defect s t ructure  involving doubly ionized oxy- 
gen vacancies, the following expression can be de- 
r ived (16) 

a ~ : (B -- BI~)Po2 -1/2 [15] 

Since the electronic conduction mechanism is a 
"hopping type" process (15), the tempera ture  de- 
pendence of the mobil i ty  may be expressed by the 
we l l -known relat ion 

;~ = ~o exp ( - A E / k T )  [16] 

If the defect model employed in obtaining Eq. [11] is 
valid, then the activation energy, hE, can be deter-  
mined from the tempera ture  dependence of the param-  
eters E and El as follows 

E/Ez cc # [17] 
From Eq. [16] 

E/Ei  oc exp ( - - •E / kT )  [18] 
Therefore 

dim (E/EI) ] 
AE -~ --k [19] 

d (I/T) 

The standard enthalpy of formation for a nonstoi- 
chiometric defect reaction is related to the mass action 
constant, K, by the well-known expression 

K cc exp (AS~ exp (--SH~ [20] 

All of the above electrical conductivity models con- 
tain parameters that are proportional to the electronic 
mobility and to the mass action constants correspond- 
ing to particular defect reactions. Thus, since the tem- 
perature dependence of the electronic mobility has 
been determined (15), the standard enthalpy of forma- 
tion of the defect reaction can be determined from the 
temperature dependence of the corresponding param- 
eter. 

E x p e r i m e n t a l  
Specimen preparat ion. - -The conduct ivi ty specimens 

were prepared by cold pressing and sintering CeO2 
powder obtained from the American  Potash and 
Chemical Company (12, 16). Specimens I and 2 were 
made from 99.999% 4 and specimen 3 from 99.9999% 4 
mi n i mum puri ty  CeO2 powder. The results of a mass 
spectrographic analysis of a sintered specimen pre-  
pared from 99.999% type CeO2 powder is shown in 
Table I. 

The electrical conduct ivi ty  measurements  of Ce, +yO2 
as a function of Po2 in the tempera ture  range 800 ~ 
1500~ were made in a molybdenum wound resistance 
furnace. A s tandard four-probe d-c technique was em-  
ployed for the electrical conductivi ty measurements.  
The exper imental  apparatus employed was essentially 
the same as that  described in  an earlier publicat ion 
(18). 

Oxygen part ial  pressures were achieved by means 
of two methods. For  pressures from 1 to 10 -4 atm, 
premixed and analyzed O2-Ar mixtures  at 1 atm total  
pressure were used in the study. Controlled oxygen 
part ial  pressures in the low-pressure region were ob- 
ta ined by introducing known mixtures  of CO and CO2 
at 1 atm total  pressure. The we l l -known free energy 
values for the CO/CO2 reaction were then used to 
calculate the oxygen part ial  pressure. A l inear  flow 
rate of 0.9 cm/sec was main ta ined  for all gas mixtures  
used in this invest igat ion to avoid errors arising from 
thermal  diffusion (19). Isothermal electrical conduc- 
t ivi ty  measurements  at 100 ~ intervals  between 800 ~ and 
1500~ were made for both increasing and decreasing 
par t ia l  pressures of oxygen. Since the composition 
of Ce1+yO2 has a unique  equi l ibr ium value for each 
oxygen part ial  pressure and temperature,  the above 

Purity designation with r e s p e c t  to  r a r e  e a r t h  impurities only. 
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Table I. Mess spectrographic analysis of 
a typical sintered specimen of Ce02 (ppmw) 

Element  E lement  

L i  0.3 k g  -~--0.2 
Be  <0 .01  Cd  < 0 . 2  
B "~--7.0 I n  < 0 . 1  
F 20.0 S n  0.2 
Na 15.0 S b  <0.2 
M g  2.0 T e  < 0 . 3  
ALl 15.0 I <0,i 
Si  20.0 Cs  < 0 . 0 6  
P 2.0 Ba < 1 . 0  
S "/.0 La < 0 . 5  
C1 10.0 Ce I 

K 15.0 P r  10.0 
Ca 300.0 Nd I0.0 
Se <0.i Sm <I.0 
Ti 2.0 E u  10.0 
Y --~0.03 G d  < 5 . 0  
C r  0.2 T b  2.0 
M n  0.2 D y  1.0 
Fe 6.0 H o  --~0.3 
Co 0.4 E r  --~0.5 
N i  20.0 T m  < 0 . 1  
C u  0.2 Y b  --~1.0 
Zn 1.0 Lu --~0.3 
Oa Hs 2.0 
Ge <0.2 Ta --~3.0 
AS <0 .02  W < 0 . 2  
Se  < 0 . 4  Re  < 0 . 3  
Br <0.3 as <I.0 
R b  < 1 . 0  I r  < 0 . 2  
S r  0.2 P t  < 0 . 4  
Y 0.5 A u  < 0 , 4  
Z r  10.0 H g  < 0 . 4  
N b  < 0 . 0 2  T1 < 0 . 2  
Mo  < 0 . 0 7  P b  1.0 
R u  < 0 . 1  B i  < 0 . 1  
Rh <0.02 Th 50.0 
Pd <0.2 U < 0 . 0 6  

procedure insures the measurement  of equi l ibr ium 
values of the conductivity, because the equi l ibr ium 
state was approached from both higher and lower com- 
positions of oxygen. 

Results and  Discussion 
The electrical conductivi ty of sintered specimens of 

Cel+yO2 was measured isothermally at 100 ~ intervals  
between 800~176 and from 1 to 10-21 atm of oxy- 
gen. The results of the conductivi ty measurements  for 
specimen 1 (83% theoretical density) from 800 ~ to 
l l00~ and specimen 2 (85% theoretical density) from 
1200 ~ to 1500~ are shown in Fig. 2. A check of the 
absolute magni tude  of the conductivi ty of each speci- 
men was performed at l l00~ and good agreement  was 
observed over the entire oxygen pressure region in-  
vestigated. The results of the conductivi ty measure-  
ments  on specimen 3 (70% theoretical density) are 
shown in Fig. 3. 

The values of m calculated from Eq. [1] depend on 
both the temperature  and the part ial  pressure of oxy- 
gen. Thus, for the purpose of convenience of dis- 
cussion, the conductivi ty data are divided into four 
regions as shown in Fig. 2 and 3. 
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Fig. 2. Isothermal relation between the electrical conductivity of 
Cel+y02 and oxygen partial pressure for sintered specimens 1 
and 2. 
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Fig. 3. Isothermal relation between the electrical conductivity 
of sintered Cel+y02 and oxygen partial pressure for specimen 3. 

,% qual i ta t ive explanat ion of the observed electrical 
conductivity data in terms of the four regions of m is 
described as follows: 

1. The values of m in region I decrease from about 
7.5 to 5.4 with increasing tempera ture  as shown in Fig. 
2. This can be interpreted in terms of the decreasing 
influence of impuri t ies  on the conduction process with 
increasing temperature.  In Fig. 3, the values of m vary 
differently from Fig. 2, probably because the type and 
concentrat ion of impurit ies were different. 

2. In  region II between 800 ~ and 1100~ m was ap- 
proximately equal to 5. Above ll00~ m increases to 
5.3 at 1500~ This region may be characterized by a 
predominance of quadruply  ionized cerium interst i t ials  
or a combinat ion of singly and doubly ionized oxygen 
vacancies. 

3. In  region III, m is approaching a value of 4. This 
can be interpreted as a defect model involving pr i -  
mar i ly  either t r iply ionized cerium interst i t ials  or 
singly ionized oxygen vacancies (18). 

4. In region IV, the conductivi ty appears to be rela-  
t ively insensit ive to oxygen pressure. Blumentha l  and 
Laubach (12) have qual i ta t ively interpreted this in -  
sensit ivity as due to degenerate behavior  of the elec- 
t ron because of the large concentrat ion of electronic 
defects. Another  possible explanat ion for this behavior  
is that Cel+yO2 exhibits a large departure  from stoi- 
chiometry (6, 20). Thus, the assumption of uni t  activity 
for the cerium and oxygen atoms on normal  lattice 
sites and the unoccupied interst i t ial  sites may no 
longer be valid. 

In  order to obtain a quant i ta t ive  explanat ion of the 
oxygen part ial  pressure dependence of the conduc- 
tivity, the various equations corresponding to the 
aforementioned defect models were tested with a non-  
l inear  curve fitting technique using a digital computer. 
Since region I was interpreted as an impur i ty  con- 
trolled region, no at tempt was made to analyze this 
region in  terms of nonstoichiometric defect models. 

A defect model involving quadruply  ionized cerium 
interst i t ials  

= EPo2 -1/5 [1] 

was tested using the conduct ivi ty  data in  region II. 
Below 1000~ the result  was in good agreement  with 
the exper imental  data. Above ll00~ this model did 
not provide a good fit of the data because the value of 
m in Eq. [1] is 5, whereas the value of ~n calculated 
from the data was greater than  5. 

A curve fit of the conductivi ty data in regions II and 
III  (4 --~ m ~ 5) was then at tempted using each of the 
following equations which represent  nonstoichiometric 
defect models involving defects with two states of 
ionization 

~5 = (D~ + E)Po2 -1 [2] 

for t r iply and quadruply  ionized cerium interst i t ials  
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a n d  
r = (Ar + B)Po2 -1/2 [3] 

for singly and doubly ionized oxygen vacancies. A good 
fit of the conductivi ty data was obtained for Eq. [2] or 
[3] at low temperatures  (below l l00~ for specimen 1 
and below 1000~ for specimen 3). 

It is interest ing to note that  region III  decreases in 
size with increasing tempera ture  and does not appear 
to exist above 1200~ Equat ion [2] does not  provide a 
good fit of the conductivi ty data for region II above 
1200~ because the m a x i m u m  value of m is 5, whereas 
the value of m calculated from the exper imental  data 
w a s  greater than  5. Equat ion 3, however, does pro- 
vide a good fit of the conductivi ty data in this region 
because the value of m may  vary  between 4 and 6. 

Although the singly and doubly ionized oxygen 
vacancy model provides a good curve fit of the con- 
ductivi ty data in regions II and III, it does not fit the 
data in region IV. The values of m calculated from the 
exper imental  data in region IV are greater than the 
max imum value of 6 allowed by Eq. [3] and increase 
with decreasing Po2. 

On the basis of the thermogravimetr ic  studies of 
Ce1+~O2 by Bevan and Kordis (6) and Balser (20), 
region IV corresponds to a region where the departure  
from stoichiometry is large (i.e., y > 0.02). An at tempt 
was made to analyze the conductivi ty data in regions 
II  and IV between 1200 ~ and 1500~ using Eq. [11], [13], 
[14], and [15]. These equations represent  nonstoichio- 
metric defect reactions where the departure  from stoi- 
chiometry is large and account for the dependence of 
the activity for the cerium and oxygen atoms on the 
normal  occupied lattice sites and vacant  interst i t ial  
sites on defect concentration. All  of the conductivity 
data in regions II and IV between 1200 ~ and 1500~ 
except the data points where the conductivi ty was in-  
dependent  of oxygen pressure, were analyzed for 
specimens 2 and 3. Only Eq. [11], which is based on a 
defect model involving a predominance of quadruply  
ionized cer ium interstitials,  provided a good fit of the 
conductivi ty data. The curve fit of Eq. [I1] is shown 
in  Fig. 4 where log a is plotted as a funct ion of log 
Po2 for specimen 3. 

The question arises whether  a defect model wi th  a 
predominance of t r iply ionized cerium intersti t ials and 
with values of the parameter  a and ~ less than ohe 
would also fit the conductivity data in these regions. 
This possibility may be el iminated for the following 
reason. In  region II below 1200~ the depar ture  from 
stoichiometry is small. Thus the curve fit of any of the 
aforementioned defect models is independent  of the 
values used for a and ft. The only interst i t ial  defect 
model which fits these data is one involving a predomi-  
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0 

b 

2 - 1  

o-s = (E - E,c~ Poe- ' ,  Eq,  I I  

I I ] ; L i I i L , * 
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Fig. 4. A comparison of the curve fit of the quadruply ionized 
cerium interstitial model (Eq. [ I l l )  with the experimental conduc- 
tivity data as a function of oxygen partial pressure for specimen 
3. 
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nance of quadruply  ionized cerium interstitials.  The 
same argument  applies for most of the data in region 
II  above 1200~ 

It should be noted, however, that  in region IV where 
large departures from stoichiometry are encountered 
the possibility may exist that  the concentrat ion of 
t r iply ionized cer ium in te r s t i t i a l s  is significant. The 
presence of t r iply ionized cerium interst i t ials  should 
have the effect of increasing the dependence of the 
conductivi ty on the oxygen pressure (i.e., a steeper 
slope should be observed such as shown in region III) .  
This effect, however, may  be masked in region IV for 
the following reasons: 

(a) For large departures from stoichiometry, the 
decrease of available sites coupled with interactions 
described by a and ~ has the effect of decreasing the 
dependence of the conduct ivi ty  on oxygen pressure. 

(b) The electronic mobil i ty which is a hopping type 
conduction process (15) should decrease with increas-  
ing defect concentrat ion;  i.e., the concentrat ion of nor -  
mal  cerium sites available for electron occupation, 
[Cece], decreases with increasing departure  from stoi- 
chiometry. To a first-order approximation, the com- 
positional dependence of the mobi l i ty  may  be wri t ten 
as 

oc {1 -- 4y -- 6(1 -- a)y}  [21] 

Thus, in order to obtain a more comprehensive anal-  
ysis of the conductivi ty than the analysis presented 
here, the following would be required:  

(a) El iminate  the l inear  approximation used for the 
denominator  in Eq. [11]. 

(b) Allow the parameters  a and ~ to vary  between 
0 and 1. 

(c) Allow the atomic defect to exist in more than  
one state of ionization when  the departure  from stoi- 
chiometry is large. 

(d) Consider the compositional dependence of the 
electronic mobility. However, the results of such an 
analysis would be questionable unt i l  more information 
is obtained concerning both the na ture  of the non-  
stoichiometric defects and the compositional depen-  
dence of the electron mobil i ty  at large departures  from 
stoichiometry. 

In  summation,  based on the analysis of the con- 
duct ivi ty presented here, the only defect model which 
is consistent with the exper imental  data over a wide 
range of tempera ture  oxygen part ial  pressures is a 
nonstoichiometric defect s t ructure  involving t r iply and 
quadruply  ionized cerium interst i t ials  and localized 
electrons. 

The s tandard enthalpy of formation for the non-  
stoichiometric defect reaction corresponding to the de- 
fect reactions can be calculated as discussed under  
Theory. For the defect reaction 

Vi -5 5Coco -5 20o  = Cei .... -5 4Ce'ce -5 O2(g) [4] 

AHa ~ = 10.3 _+ 0.3 eV was calculated using Eq. [2], 
[11], and [20] and the tempera ture  dependence of E, 
which is shown in Fig. 5 for specimens 1 and 2 as 
log E vs. 1/T. A correction has been made for the ex-  
per imental  activation energy of the mobil i ty  (15). The 
tolerance quoted is based on a 95% confidence l imit  
corresponding to the over-al l  tempera ture  dependence 
of E. Good agreement  was obtained for the value of 
AHa ~ ----- 10.5 __ 0.3 eV calculated for specimen 3. 

The values of E shown in Fig. 5 correspond to two 
different equations. Equation [2] was used to analyze 
the conductivi ty data in regions II and III  between 800 ~ 
and ll00~ Between 1200 ~ and 1500~ Eq. [11] was 
used where only regions II and IV were observed. 
Since the values of E in Fig. 5 lie on essentially the 
same straight line, it appears that Eq. [2] and [11] are 
consistent with the assumed defect model. 

In a similar manner ,  the s tandard enthalpy of for- 
mation, AIIb ~ for the defect reaction 

Vi -5 4Coco -5 2 Oo ---- Cei"" -5 3Ce'ce -5 O2(g) [22] 

was found to be equal to 8.4 and 8.6 eV for specimens 
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1 and 3, respectively. This result  was obtained from 
the tempera ture  dependence of D which is shown in 
Fig. 6 as log D vs. 1/T and correcting for the tempera-  
ture dependence of the mobility. A calculation of toler-  
ance is not  meaningfu l  in this case because of the rela-  
t ively small  n u m b e r  of data points. 

Therefore, the s tandard enthalpy for the defect re-  
action 

Cece --~ CeF'" = Cei .... + Ce'ce; AHc ~ = 1.9 eV [23] 

calculated from the relat ion 

AHc o =. AHa ~ -- AHb ~ [24] 

should be regarded as an approximate value. 
It  is interest ing to note that the differences in s tan-  

dard enthalpy of formation of the defect reactions for 
specimens 2 and 3 were in agreement  wi th in  4% even 
though the densities of these specimens differed by 
more than 20%. Thus it appears that, al though the 
measured value of the conductivi ty depends on the 
density, the calculated values of the  enthalpy of for- 
mat ion of the defect reaction are relat ively insensit ive 
to density. 
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Fig. 6. A plot of the logarithm of D vs. 1/T in the temperature 
range 800~176 for specimens 1 and 3. 

Kofstad and Hed (13) have in terpre ted the thermo-  
dynamic data of Bevan and Kordis (6) in  terms of a 
defect s t ructure  involving singly and doubly ionized 
cerium interstitials.  Most of the data obtained by 
Bevan and Kordis were at temperatures  and oxygen 
pressures lower than  the conductivi ty data in thi~ in-  
vestigation. However, in the region that  does overlap 
(i.e., region III  below l l00~ we have interpreted 
the predominant  defect reaction as involving t r i p l y  
ionized cerium interst i t ials  ra ther  than  doubly ionized 
cer ium interst i t ials  as Kofstad and Hed have. 

It  is interest ing to note, however, that  ~Hb ~ is ap- 
proximately  equal to the value of ~H1 ---- 7.9 eV cal- 
culated by Kofstad and Hed for the defect reaction 
corresponding to the formation of doubly ionized ceri- 
um interstit ials.  

A thermodynamic  study of the composition of cerium 
dioxide over larger oxygen pressure and tempera ture  
regions is cur rent ly  in progress in this laboratory to 
independent ly  test the val idi ty  of the defect model 
proposed in this investigation. 

Since the conductivi ty data were obtained using 
sintered specimens and accurate thermodynamic  data 
over the ent i re  oxygen pressure region were not avail-  
able, an accurate determinat ion of the absolute mag-  
ni tude of the mobil i ty  could not  be obtained. However,  
since the electronic conduction mechan i sm is a "hop- 
ping type" mechanism (15), the exper imental  acti- 
vation, ~E, may  be obtained from the tempera ture  de- 
pendence of the ratio, E/E1, if Eq. [11] is valid. ~E -~ 
0.18 eV was calculated from Eq. [19] and the slope of 
the l ine shown in Fig. 7 where log E/E1 is plotted as 
a funct ion of 1/T. Although this result  is in good agree- 
men t  with the recent ly reported value, ~E ~ 0.14 eV 
(15), it nevertheless may be fortuitous. The exact in-  
terpretat ion of the  parameter  E1 depends on the val id-  
i ty of Eq. [11] at re lat ively large departures from 
stoichiometry. And, as previously mentioned,  this 
would be difficult to ascertain from this type of anal -  
ysis. 

Manuscript  submit ted May 16, 1969; revised m a n u -  
script received Aug. 25, 1970. 

A n y  discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1971 
JOURNAL. 
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The Effects of Epoxy Encapsulant Composition 
on Semiconductor Device Stability 

R. C. Olberg* 
Research and Development Laboratory, 

Fairchild Camera and Instrument Corporation, Palo Alto, California 94304 

ABSTRACT 

This paper  descr ibes  the effects of var ious  ingredients  in an epoxy resin 
formula t ion  on the electr ical  s tab i l i ty  of encapsula ted  transistors with  only 
the rmal  oxide  passivation.  The type  and level  of ionic impur i t ies  a n d / o r  
po la r  contaminants  in a comple te ly  fo rmula t ed  epoxy resin, which affect 
the  e lectr ical  character is t ics  of t ransistors ,  are  discussed wi th  specific r e fe r -  
ence to the  na tu re  of the  epoxy, hardener ,  promoter ,  filler, and  o ther  in-  
gredients  used. Al though  the s tudy  was d i rec ted  toward  the deve lopment  of 
improved  epoxy resins for semiconductor  applicat ions,  the  pr inciples  involved 
are  appl icable  to other  organic or inorganic dielectr ic  mater ia ls .  

A plast ic  ma te r i a l  sui table  for encapsulat ion of semi-  
conductors  must  pe r fo rm many  functions:  I t  must  p ro -  
vide protec t ion  against  the  ambien t  to which the de-  
vice is l ike ly  to be exposed  (e.g., high h u m i d i t y  and 
var ious  chemical  agents) ,  as wel l  as wide t empera tu re  
fluctuations and mechanica l  shock. I t  must  provide  
such protect ion wi th  a min imum of effect on device 
pa ramete r s  over  an ex tended  per iod  of time, and be 
re la t ive ly  inexpensive  and easy to process. 

Al though many  thermose t t ing  resins have  been 
evaluated for  this application, only epoxies, silicones, 
and phenolics have been used extensively.  Ini t ia l ly ,  
the resins chosen were  fo rmula ted  to meet  the  r equ i re -  
ments  of o ther  end uses. Hence, proper care  in the  
selection of raw ingredients  by  the fo rmula tor  was not 
considered. As a consequence, semiconductor  devices 
encapsula ted in these resins exhibi ted  poor  re l iabi l i ty ,  
and producers  and consumers of semiconductor  de-  
vices al ike concluded tha t  plast ic  packaging  was 
synonymous wi th  poor  re l iabi l i ty .  However ,  over  the  
past  few years,  the  resin suppl iers  have improved  the  
electr ical  proper t ies  of thei r  resins to the  point  where  
plastic packaged in tegra ted  circuits and discrete de-  
vices are  p resen t ly  exhib i t ing  a re l i ab i l i ty  approaching 
that  of the  so-cal led he rmet ica l ly  packaged  devices 
under  most  ambien t  conditions. 

Li t t le  has been publ i shed  concerning the effect of 
the  composit ion of encapsula t ing resins on the  elec-  
t r ica l  pa rame te r s  of the  devices. Lee, Licari ,  and Valles 
(1) repor ted  the  adverse  effects of ammonia  in phenolic  
molding powders.  The ammonia  originates  f rom the 
decomposit ion of hexame thy lene  t e t r amine  used as the  
cross- l inking  agent.  They fur ther  disclosed a cor re la -  
t ion be tween  the e leva ted  t e m p e r a t u r e  res is t ivi t ies  of 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
K e y  w o r d s :  e p o x y  i n g r e d i e n t  e f f e c t  on  s e m i c o n d u c t o r s .  

various  coating mate r ia l s  wi th  the  per formance  of  
these mate r ia l s  as encapsulants .  Licar i  and Browning  
(2) disclosed the dependence  of s to ichiometry  and 
pur i ty  of the  ingredien ts  in an epoxy  resin on the  
reverse  cur ren t  leakage  of microdiodes  at  e levated 
tempera tures ,  but  did not  ident i fy  the  ingredients  
most responsible  for the  observed results.  

In  the  present  work  we have  a t t empted  to iden t i fy  
those ingredients  a n d / o r  impur i t ies  in a fo rmula ted  
epoxy  resin tha t  are  most  responsible  for the  deg rada -  
t ion of the e lect r ica l  s tab i l i ty  of  t he rma l  oxide  pass i -  
r a t e d  semiconductor  devices. 

Factors Influencing Reliability of an Epoxy Resin 
The re l i ab i l i ty  of an epoxy  resin for semiconductor  

use is dependent  upon its composit ion which, in turn,  
is d i rec t ly  re la ted  to the  bu lk  electr ical  and physical  
p roper t ies  of the  cured  resin. Therefore,  in fo rmula t ing  
an epoxy  for semiconductor  use, our  main  concern is 
the  na tu re  and pur i ty  of the  epoxy  resin, hardener ,  p ro -  
moter ,  and other  ingredients  in the formulat ion,  the  
ra t io  of reac tants  employed,  the  po la r i ty  of the  ingred i -  
ents, the  concentrat ion and type  of ionic contaminants ,  
and the completeness  of the  cure. Al l  these affect the  
e lectr ical  and phys ica l  propert ies .  Al though  m a n y  of 
these proper t ies  are  in ter re la ted ,  the  specific p rop -  
ert ies of in teres t  a re  l isted separate ly ,  as follows. 

Electrical properties: 
Stab i l i ty  of t rans is tor  under  h i g h - t e m p e r a t u r e  r e -  

verse  bias due to e lect r ica l  character is t ics  of the  
epoxy1 

Volume res is t iv i ty  at e levated  t empe ra tu r e  
Dielectr ic  constant  and diss ipat ion factor  
Conductance of aqueous ex t rac t  of cured  epoxy  

1 Used  p r i n c i p a l l y  in  t h i s  p a p e r  fo r  e v a l u a t i o n  of  v a r i o u s  e p o x y  
f o r m u l a t i o n s .  
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Physical properties: 
Moisture absorption and permeat ion 
Adhesion 
Thermal  expansion 
Thermal  conductivi ty 
Heat distortion temperature:  second-order t ransi t ion 

temperature  
Tensi le-elongat ion 
Viscosity-flow 
Cure shr inkage 
Thermal  stabil i ty 
Cosmetic appearance 

Epoxy resins.--Although there are l i teral ly dozens 
of epoxy resins available commercially, those in widest 
use in casting and molding formulat ions are diglycidyl 
ethers of bisphenol-A (BPA resins),  epoxy novolacs, 
and aliphatic or cycloaliphatic epoxy resins. Examples 
of these are shown in Fig. 1. The BPA resins are most 
common and least expensive. The value of n is low, 
approaching zero for the low viscosity grades, and one 
for the more viscous grades. When n is greater than 
one, the resins are bri t t le  solids. The epoxy novolac 
resins also vary  from highly viscous liquids to bri t t le  
solids, but  have a funct ional i ty  greater than  two. 
Because of this, they are used f requent ly  where high- 
tempera ture  properties are required. The aliphatics or 
cycloaliphatics made by the peracetic acid oxidation 
of the corresponding olefins are usual ly  low in vis- 
cosity; for this reason they are f requent ly  used as 
reactive diluents and have outstanding electrical prop- 
erties and t racking resistance. Their  bu lk  physical 
properties normal ly  are not as outstanding as the 
BPA or epoxy novolac resins. 

Hardeners.--Polyfunctional aliphatic amines, di- or 
polyfunct ional  anhydrides,  and Lewis acids or bases 
are among the most common hardeners  used for curing 
epoxy resins. However, the anhydrides are preferred 
for semiconductor application since they give better  
h igh- tempera ture  and electrical properties than amine 
cured systems. 

A large number  of anhydrides are available, ranging 
from low viscosity liquids to high mel t ing solids. Fre-  
quently,  mixtures  are used to tailor properties for a 
specific end use. Examples of some typical anhydride  
hardeners  include dodecenylsuccinic anhydride, which 
is a liquid; hexahydrophthal ic  anhydride,  which is a 
low melt ing solid; and phthalic anhydride and benzoyl-  
phenone tetracarboxylic dianhydride,  which are high 
mel t ing solids. Structures are shown in Fig. 2. 

Promoters.--Although the more highly funct ional  
anhydrides produce cured resins without  the use of 
promoters, most require ter t iary  amines or metal -  
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organic salts to promote the cure. The stoichiometry 
of the reactants is greatly affected by the na tu re  of the 
promoter, and the effectiveness of various promoters 
is likewise associated with the type of epoxy and 
hardener  employed. 

Fillers.--Since fillers f requent ly  comprise a high 
proportion of the total epoxy resin formulation, they 
exert  a major  influence on the final properties. Those 
most commonly used in epoxies for semiconductor 
application include silica, alumina,  bar ium sulfate, 
and an t imony oxide. The latter, when used in conjunc-  
tion with a bromine substi tuted epoxy, confers flame- 
proofing properties to the epoxy. Fil lers are used to 
modify the physical properties of the epoxy. They 
lower the cure shrinkage, the exotherm, and the 
thermal  expansion coefficient of an epoxy formulat ion;  
they raise the thermal  conductivi ty and the viscosity; 
and they act as reinforcing agents, par t icular ly  those 
in fiber form. The hydrated silicas are f requent ly  em- 
ployed to confer thixotropic properties to the formu-  
lation. Fillers also affect the electrical properties of 
the formulated epoxy. Ionic contaminat ion and polar 
or polarizable groups in the filler contr ibute  to a 
lowering of the electrical stabili ty of the resin, par-  
t icular ly under  high humidi ty  and /or  under  electrical 
bias. 

Other ingredients.--Other ingredients  that  may  be 
present  in a formulated epoxy resin included reactive 
diluents,  plasticizers or flexibilizers, pigments,  flow 
control agents, and mold release agents. A single for-  
mula t ion will  seldom contain all of the above secon- 
dary ingredients.  The end use determines the number  
needed in addition to those discussed above. Although 
a mold release agent is necessary in a molding powder 
formulat ion to aid in the release of the device from 
the mold, normal ly  it is not used in a casting formula-  
tion. 

Although the present  investigation does not include 
an evaluat ion of the other ingredients,  the conclusions 
regarding their na ture  and pur i ty  are applicable. 

Experimental Procedures 
npn  Transistors (Fairchild TXB-1250 HB) packaged 

in  s tandard TO-18 metal  cans were used for evaluat ing 
the various casting resins. After  removal  of the metal  
tops from the cans, the resins were cast into the cavity 
and cured. The low heat distortion tempera ture  formu-  
lations were cured for 2 hr  at 90~ and 22 hr at 
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of an amine promoter. 

150~ the high heat distortion temperature  formula-  
tions were cured at 175~ for 16 hr, and in some cases, 
followed by 200~ for up to 4 hr. 

A Fairchi ld tester, Model 500, was used to determine 
the following electrical parameters  of the encapsulated 
devices: ICBO at 25V; IEBO at 4V; ICEO at 10V; BVc~o 
at 10 ~A; BVEBo at 10 ~A; BVcEs at 500 #A and 2 mA; 
VCE.SAT 1/0.1; and hFE at 10V and 10 #A, 500 ~A, and 10 
mA. After the ini t ial  readout  the uni ts  were subjected 
to 40V reverse bias at 125~ or 150~ with periodic 
readouts for up to 1000 hr. In  each case, the uni ts  were 
cooled to room tempera ture  under  bias before the 
readout. Normally, i0 to 30 units  were employed with 
each casting resin. 

Of the above electrical parameters,  the 10 gA beta 
was found to be the most sensitive to compositional 
variat ions in the encapsulant.  Therefore, in  this in-  
vestigation the average loss in beta under  reverse bias 
w a s  used for comparing the stabili ty of various epoxy 
formulations.  However, increases in leakage currents  
could have been used and would have led to similar 
conclusions. Catastrophic failures due to shorts and 
opens under  stressing were also noted. 

The flatband voltage shift, at various current  den-  
sities under  reverse bias and at elevated temperatures,  
on a gate-control led npn  test device was also used in 
one instance for screening epoxies. 

Results and Discussion 
Effect of promoters.--As ment ioned previously, when 

an anhydr ide  is used to cure an epoxy resin, the reac- 
tion usual ly  requires a promoter. Anhydr ide-cured  
epoxies are preferred for semiconductor application 
because of their  superior electrical properties. Ter t iary  
amines, ter t iary  amine  salts, or metal-organic  salts 
are commonly used to promote the reaction. Figure  3 
compares the low current  beta stabil i ty of transistors 
encapsulated in epoxy formulat ions uti l izing the 
various promoters when  subjected to 40V VCB reverse 
bias at 125~ The epoxy resin (DER 332)3 and an -  
hydride hardener  (hexahydrophtal ic  anhydride,  
HHPA) z used were common to each formulation. Both 
the amine  (d imethylbenzylamine)  and amine salt 
(Shell curing agent D) 4 promoted epoxies caused over 
90% loss in  the 10 ~A hvE in 24 hr, while  the meta l -  
organic salt (DB VIII) 5 caused essential ly no change 
in beta under  the same conditions. No fillers were in-  
corporated in these formulations.  

Fur ther  evidence for the effect on device stabil i ty of 
the na ture  of the promoter  used in an epoxy composi- 
tion was obtained by the following flatband voltage 
shift of encapsulated gate-controlled n p n  test devices 

Dow Epoxy Resin 332, Dow Chemical Company,  Midland, Mich- 
igan. 

Allied Chemical  Corporation, Plastics Division, Morristown, N. J.  
4Shell  Chemical  Company,  Plastics and Resins Division, New 

York, N. Y. 
A propr ie ta ry  salt obtained f rom Argus  Chemical  Co., Brooklyn,  

N . Y .  

under  h igh- tempera ture  reverse bias (HTRB) at 
125~ for 200 hr. The amine promoted epoxy formu-  
lat ion gave hVFB of 25V compared to 9V for the metal -  
organic salt promoted formulation.  The lat ter  was 
similar  to that  of the metal  can control device. 

E~ect of fillers.--The mechanism by which amines 
and other polar organic ingredients  cause loss in beta 
under  high tempera ture  reverse bias is not ful ly  un-  
derstood. It appears to be a surface effect (3, 4). The 
extent  of the degradation increases with t ime under  
bias. This suggests migrat ion of polar groups to the 
surface of the device and a l ignment  of polarizable 
groups in an electric field. When the field is removed 
at elevated temperatures,  a random thermal  scattering 
of the polar groups leads to part ial  recovery of beta, 
but  the recovery is not complete. If the polar groups 
are alkali metal  ions that  can diffuse through the 
oxide, the effect is not reversible. Fur thermore,  the 
alkali  content  of the ter t iary  amine promoters is as 
low or lower than that  in the epoxy resins (~1 ppm),  
and represents a minor  portion of the over-al l  formu-  
lation. In order to gain fur ther  insight into the degra- 
dative mechanism, 5-20% filler containing Lewis acid 
sites (s i l ica-alumina cracking catalyst) was added to 
the above formulat ion promoted with N, N-d imethy l -  
benzylamine.  The results, i l lustrated in Fig. 4, support 
the view that when the amine promoter is immobilized 
by the acidic filler, the stabil i ty of the epoxy on the 
surface of the transistor is indeed improved. Fur ther ,  
it was observed that  the presence of the acidic filler 
had no effect on the rate and extent  of the cure of the 
epoxy resin; the amine promoter  was just  as effective 
in the presence of the acidic filler. 

Although fillers can improve stabil i ty by adsorption 
of polar impurit ies from the resin, they can also de- 
grade the stabili ty of the resin. An example is Minusil  
10, 6 a 10~ precipitated silica. Formula ted  resins con- 
ta in ing 50% by weight of un t rea ted  Minusil  10 silica 
cause rapid loss in low current  beta Under HTRB at 
125~ However, if the silica is first washed thoroughly 
with hot deionized water, the stabili ty of the formu-  
lated resin is equivalent  to that  of resins containing 
na tura l ly  occurring sand filler (Clemcosil 325 mesh 
silica) .7 This is i l lustrated in Fig. 5. 

The conductivity of the water  extract is indicative of 
the soluble salts removed from the filler dur ing  wash- 
ing; that  from Minusil  I0 was 1.7 x 10 -3 vs. 6.4 x I0 -4 
mhos/cc from Clemcosil. The residue recovered dur ing 
evaporation of the water  extract  from Minusil  10 was 
double that  obtained from the Clemcosil silica, in 
agreement  with the higher conductivity observed. 
However, the compositions of the two residues were 
quite similar; they consisted main ly  of alkali  and 
alkal ine earth metals. Whether  or not this similari ty 
extends to the na ture  of the original soluble salts ex- 
tracted from each silica is unknown.  Qualitatively,  we 

6 Pennsylvania  Glass Sand. Corporation, Pi t tsburgh,  Pa. 
Clement ina Sand Company.  
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Fig. 5. The effect of adsorbed soluble salts in silica fillers 
incorporated in epoxy resins on the electrical stability of the en- 
capsulated device. 

observed that  a heavy precipitate of silver halide re-  
sulted from the addition of silver ni t ra te  to the 
aqueous extract from Minusil  10, while only a trace of 
precipitate was observed with the Clemcosil extract, 
which suggests a higher concentrat ion of halide anion 
in the Minusil  10 silica. 

Effect of epoxy resin purity.--The low hydrolyzable 
chloride, PER 332LC epoxy resin, is more stable than 
the less pu l e  DER 332 resin, al though the difference in 
the stabil i ty is not marked;  a higher tempera ture  is 
required to dist inguish between them. The improve-  
ment  in the stabili ty is not  t raceable to lower sodium 
content, since the flame spectral analysis indicated 1 
ppm sodium in the PER 332LC resin vs. 0.8 ppm in the 
PER 332 resin. This is i l lustrated in Fig. 6 

Effect of anhydride purity.--The pur i ty  of the an-  
hydride hardener  likewise affects the electrical sta- 
bil i ty of the resin as shown in Fig. 7. Tetrafunet ional  
benzophenone tetracarboxylic dianhydride (BTDA) 8 
was employed in this study because the react ivi ty as- 
sociated with high funct ional i ty  precluded the use of 
promoters, thereby making  the results less am- 
biguous. It  was fur ther  demonstrated that  the very  
h igh- tempera ture  properties at ta inable in these highly 
cross-l inked epoxy systems correlate with electrical 
stabili ty on the surface of a transistor. 

E~ect of added impurities.--In order to determine 
the specific impuri t ies  that  can lead to high fai lure 
rates, we undertook a study whereby certain polar 
organic compounds and inorganic salts were added to 
a stable, h igh-pur i ty  epoxy formulat ion (75 parts 
HHPA in 100 parts PER 332). The loss of 10 ~A beta 
under  HTRB at 125~ was followed as a funct ion of 

s Obta ined f rom Gulf  Oil Corporation,  Chemical  Depa r tmen t ,  and 
pur i f ied  by w a s h i n g  w i t h  d ry  acetone and dry  isoproDyl alcohol 
unti l  fi l trate is clear. 
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Fig. 7. The effect of the purity of the anhydride hardener com- 
ponent in an epoxy resin on the electrical stability of the encapsu- 
lated device. 

time. The impurit ies selected were ma in ly  ones that  
can arise either from the method of preparat ion or the 
ini t ial  pur i ty  of the ingredients  from which the epoxy 
or anhydride  is synthesized, or the source and pur i ty  
of the filler and the na ture  of the promoter. Thus, the 
bisphenol A and epichlorohydrin impuri t ies  can arise 
from their incomplete reaction in the synthesis of the 
BPA epoxy resin. Glycidyl chlorohydrin can result  
from incomplete dehydrochlorinat ion and sodium 
chloride from incomplete removal  of the salt formed 
dur ing the dehydrochlorinat ion process. Certain 
alcoholic groups are formed dur ing  the curing reac-  
tion; glycols are sometimes used to accelerate cure. 
The results of this s tudy are shown in Fig. 8 and 9. 
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Fig. 8. The effect of various added organic impurities in an 
epoxy resin on the electrical stability of the encapsulated device. 
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Fig. 9. The effect of various added inorganic impurities in an 
epoxy resin on the electrical stability of the encapsulated device. 
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An unfilled resin system was used for  the  organic  
contaminant  study,  since the  compounds a re  com- 
p le te ly  soluble and therefore  un i fo rmly  incorporated.  
They were  added at  a rat io  of 1 par t  per  100 par ts  
resin. However ,  because  the  vola t i l i ty  of ep ich lorohy-  
dr in  requi red  a lower  gela t ion t empe ra tu r e  to p reven t  
excessive loss, i t  was run  separa te ly  along wi th  a con- 
t rol  containing no contaminant .  In  spite of this, ex ten -  
sive volat i l iza t ion occurred  dur ing  the cure  cycle. Fo l -  
lowing are  the  conclusions of this  s tudy:  

1. The polar  glycols  and epichlorohydrin ,  which  are  
capable  of polar iz ing in an electr ic field, lead to ex -  
tensive loss in low cur ren t  beta. 

2. The phenolic  hydroxy l s  in b i spheno l -A  a re  more  
react ive  and p re sumab ly  are consumed dur ing  the  
cure; therefore,  they  cause ve ry  l i t t le  loss in beta. 

3. Pheny lg lyc idy le the r  is l ikewise  consumed, but  
leads to pa r t i a l  loss in be ta  due to the  excess epoxy 
groups which upset  the  s to ichiometry  and lower  the  
heat  d is tor t ion tempera ture .  

4. The basic d ime thy lbenzy lamine  is the  most  de l -  
eterious ingredient  added.  

5. Volat i le  impur i t ies  such as ep ich lorohydr in  can 
lead  to degrada t ion  of uncontamina ted  units occupying 
the same cure  oven. This was indica ted  by  the exces-  
sive loss exhib i ted  by  control  units compared  to the  
epoxy  control  units run  wi th  the  less vola t i le  organic 
and inorganic  con tamina ted  devices. Apparen t ly ,  
ep ich lorohydr in  vapor  diffuses r ap id ly  into the  un-  
contaminated  epoxy control  units. This indicates  a 
potent ia l  p roblem and the need for main ta in ing  un-  
con tamina ted  ovens. 

With  respect  to the  added inorganic  contaminants ,  
the  fol lowing conclusions can be d rawn:  

1. The re la t ive  degrada t ion  effect exhib i ted  m a y  be 
more  a reflection of the  solubi l i ty  than  the na tu re  of 
the  impur i ty ,  since sa tu ra ted  solutions of the  var ious  
salts in the  epoxy resin were  employed.  

2. Al though  it is not shown in Fig. 9, sod ium-con-  
ta ining impur i t ies  resul t  in lower  ini t ia l  beta  than  the 
ammonium salts even though in some cases the  loss in 
beta  under  HTRB is lower.  This suggests tha t  w h e n -  
ever  the  sodium ion contacts  the surface of the  device, 
r ap id  diffusion into the  oxide occurs. On the  o ther  
hand, the  ammonium ion at  the surface does not  d i f -  
fuse into the  oxide;  since the  ini t ia l  concentra t ion is 
low, the  effect is not seen unt i l  migra t ion  occurs under  
bias. 

Conclusions 
Both the  polar  organic groups and inorganic salts 

cause rap id  degrada t ion  of the  e lectr ical  pa rame te r s  of 

devices in contact  wi th  them. The ex ten t  of deg rada -  
t ion increases wi th  t ime and t e m p e r a t u r e  under  bias. 
This suggests migra t ion  of the  polar  groups to the 
surface  of the device and a l ignment  of polar izable  
groups in an electr ic  field. This is suppor ted  by  the  
fact  tha t  the  ra te  of degrada t ion  is increased b y  
lower ing the heat  dis tor t ion t e m p e r a t u r e  of the  epoxy  
( lowering the  cross- l ink  dens i ty) .  Also, when  the 
surface  of the  device is covered wi th  a pu re  silicone, 
degrada t ion  wi l l  st i l l  occur wi th  increased time, and 
the ra te  is st i l l  dependent  on the level  of contami-  
nants  in the  epoxy  ex te rna l  coating. Fur the rmore ,  as 
indica ted  previously,  pa r t i a l  recovery  of be ta  occurs on 
hea t ing  the devices in the  absence of an electr ic  field, 
p r e sumab ly  due to the random the rma l  sca t ter ing  of 
po la r  groups. 

The mechanism by  which amines  and o ther  po la r  
ingredients  cause loss in be ta  is stil l  undefined. The 
appl ica t ion  of an image  charge  through the t he rma l  
oxide  is one possibil i ty.  However ,  a thin film of silicon 
n i t r ide  over  the  oxide appears  to give adequa te  p ro -  
tection. Ano the r  poss ibi l i ty  is e lectron t ransfer .  Ex -  
per iments  are  under  w a y  to assess these hypotheses.  
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ABSTRACT 

Three  b ina ry  compounds,  In2S3, In,ST, and InS are  s table  in the  In -S  sys-  
tem. Sol id solution was found only in In2S~, which contains  up to 1.0 m/o  
(mole pe r  cent)  more  indium than does s toichiometr ic  In~S~. A r a p i d  de-  

crease  in indium solubil i ty,  p robab ly  due to the  invers ion of t e t ragona l  
In2+zS3 to isometr ic  symmetry ,  occurs at 837~ A h i g h - t e m p e r a t u r e  form 
of InS m a y  be presen t  in the t empe ra tu r e  range  657~176 The compounds 
InsS4 and Ir~Ss, noted in previous  studies, were  not  found. The electr ical  
p roper t ies  of In2Sa are  p r o b a b l y  s t rongly  affected by  the devia t ion  f rom stoi-  
ch iomet ry  as out l ined in this  study. 

Al though  severa l  studies have  been made  in the  
In -S  system (1-3),  par t s  of the  phase d iagram are  
ambiguous.  The compound InaS4 is st i l l  considered a 
s table  phase  despi te  hav ing  been discredi ted (2), and 

Key words: indium sulfides, sulfides In system, 

severa l  phase boundar ies  have not  been  closely in-  
vest igated.  As a result ,  dur ing  our work  on t e rna ry  
sulfide systems conta in ing  indium, w e  considered i t  
necessary  to r e - e x a m i n e  portions of the  I n - S  binary.  
These da ta  were  requ i red  both for our  work  on 
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na tura l  systems containing indium and for mater ia l s  
appl ica t ion  s tudies  on ind ium sulfides. 

Previous Work  
Stubbs et al. (3) r epor ted  four ind ium sulfides, InS, 

InsS6, In3S4, and In2S~, to be  s table be tween  150 ~ and 
l l00~ (Fig. 1). The composit ion of  InsS6 has since 
been shown to be In6S7 (5). Mil ler  and  Searcy  (2) 
r epor ted  tha t  the  InSLm (In6S7) phase had a solid 
solut ion field of 3.3 _ 0.4 a /o  (a tomic per  cent)  at 
600~ which decreased to 0.8 ___ 0.1 a /o  at 664~ 
Stubbs  et al. (3) and Duffln and Hogg ( t )  were  
unable  to synthesize Ir~S4. The  poss ibi l i ty  of i t  being 
present  as an unquenchable  phase has been discounted 
by  Mil ler  and Searcy  (2). Zargarova  and Gamidov (4) 
recen t ly  c la imed to have synthesized In3S4 and a 
phase, In3Ss, which  is more  su l fu r - r i ch  than  In2S~ 
(Table  I ) .  Rooymans (6) has shown tha t  the low- 
t empe ra tu r e  In2S3 identif ied by  Hahn  and Kl ing le r  
(7) is a poor ly  c rys ta l l ized  form of thei r  h i g h - t e m -  
pe ra tu re  phase,  r a the r  than  a dis t inct  In2S~ polytype.  

Experimental Procedure 
A p p r o x i m a t e  phase boundar ies  were  es tabl ished 

f rom a series of furnace  runs, the  products  of which 
were  analyzed  by  x - r a y  diffraction. S ta r t ing  mix tu res  
were  p repared  f rom weighed amounts  of ind ium meta l  
(99.999+ %, ASARCO) and prec ip i ta ted  In2S3. P r e p -  
a ra t ion  of the  In2S3 has been descr ibed prev ious ly  (9). 

Al l  furnace  charges were  sealed in evacuated  Vycor  
glass tubes  and placed in e lect r ica l ly  hea ted  hor izonta l  

Table I. Phases in the In-S system 

C o m p o -  
s i t i on  

Phase m / o  I n  C r y s t a l l o g r a p h y  Ref.  

In2Ss  4 0 . 0  T e t r a g o n a l ,  I 4 ~ / a m d  a = 7 . 6 2 3 A  (6 ,  8)  
c = 3 2 . 3 6  

IneS~ 4 6 , 2  M o n o e l i n i e ,  P 2 ~ / m  a = 9 . 0 9 0 A  (1 ,  6) 
b = 3 . 8 8 7  
e = 1 7 . 7 0 5  

= 1 0 8 . 2 0  ~ 
I n S  5 0 . 0  O r t h o r h o m b i c ,  P m n n  a = 3 , 9 9 4 A  (1)  

b = 4 . 4 4 7  
c = 1 0 . 6 4 8  

InsS~* 4 2 . 9  H e x a g o n a l  a = 9 . 8 6 A  (4)  
c = 2 0 . 5  

InsSs*  3 7 . 5  H e x a g o n a l  a = 7 . 5 9 A  (4)  
c = 2 0 . 3  

* N o t  c o n f i r m e d  b y  p r e s e n t  s t u d y .  

tube  furnaces control led  to __.5~ Runs were  a l lowed 
to equi l ibra te  over  periods of 1-5 days. Al l  charges  
were  quenched to room t e m p e r a t u r e  e i ther  in air  or 
in cold water ,  and the products  were  examined  under  
b inocular  and reflected l ight  microscopes. A n  electron 
microprobe  was used to de te rmine  the l imits  of solid 
solution fields. 

Accura te  del ineat ion  of phase boundar ies  was  ac-  
complished by different ia l  t he rmal  analysis.  The work  
was ca r r i ed  out  on a R. L. Stone Model  202 DTA 
system, using a p l a t inum sample  holder  wi th  pos t - type  
thermocouples .  Two opera t ive  methods  were  used to 
ensure  that  no oxidat ion  took place. In  one series of 
runs, the sample  was placed in p l a t inum cups, the  
sample  chamber  was evacuated  and then  flooded wi th  
argon or  ni trogen.  Wi th  the  second method,  the  sample  
was sealed under  vacuum in specia l ly  p repa red  Vycor 
tubes. In each case, the  sample  was ground to --100 
mesh and hea ted  at  a r a t e  of 5~ 

Results 
No compounds other  than  I n 2 S 3 ,  IneST, and InS were  

synthesized (Fig. 2, Table  I I ) .  In  furnace runs  con- 
ta ining more  than  60 m/o  sulfur,  the  only phases 
present  in the charge  tubes were  In2S3, sul fur  vapor,  
and condensed sulfur.  The phase In~S5 descr ibed by  
Zargarova  and Gamidov  (4) was not  found. No optical  
or x - r a y  evidence was found for the  existence of 
In~S4 in the composi t ional  range be tween In6S7 and 
In2S~. 

Al l  charge  products  were  crystal l ine,  f ine-grained,  
and genera l ly  less than  0.1 m m  in size, a l though a few 
large crysta ls  of each ind ium sulfide were  synthesized.  
The InS occurred as e longated red  pr isms up to 1 m m  
long, or as g ranu la r  masses of smal ler  r edd i sh -b rown  
crystals .  Crysta ls  of In6Sz were  b lack  and acicular,  up 
to severa l  mi l l imete rs  long. When  coarsely  crystal l ine,  
In2S3 occurs as da rk  red crys ta ls  wi th  p y r a m i d a l  faces 
and dis t inct ive  twinning,  as descr ibed in deta i l  by  
Goodyear  and Ste igmann (10). In  pol ished section, 
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Fig. 2. Phase diagram of the In-S binary above 550~ and be-  
tween  40 and 58 m/o indium. Numbers ] through 5 refer to D T A  

reactions listed in T a b l e  I I I .  These ore illustrated in DTA curves 
at compositions A through D in the upper left-hand corner. 
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Table II. Furnace runs 

Composit ion Temperature  
m / o  I n  ~ H o u r s  P h a s e s  p r e s e n t  

37.5 702 132 In~Ss + S 
37.5 900 120 In~Ss + S 
41.0 618 112 In2Ss 
41,8 581 90 In~Ss + In6S~ 
4t .8  722 75 In2S3 + IneS~ 
43.0 600 188 In:~Ss + In6S~ 
43.0 650 168 In~Sa + InGS7 
43.0 698 66 In~S8 + InsS~ 
43.0 752 66 In~,S8 + IneS7 
43.0 782 66 In~Ss + L 
43.0 826 66 In~Ss + L 
43.0 874 92 I n C a  + L 
43.0 899 66 In.~S3 + L 
43.0 928 45 In~Ss + L 
43.0 984 77 In~Ss + L 
44.0 803 98 In~Ss + L 
44.3 581 90 In2Ss + In'~S7 
44.3 627 88 In~S~ + In,S7 
44.3 722 75 In.~Ss + In,ST 
46.0 803 98 In~Ss + L 
46.0 874 92 In~Ss + L 
48.2 581 90 In~S~ + InS  
48.2 627 88 In~S~ + InS  
48.2 659 75 In~S~ + InS  
48.2 704 112 In~S~ + L 
48.2 747 112 I n c ~  + L 
62.7 572 90 InS  + I n  
52.7 627 75 I n S  + I n  
56.0 595 95 I n S  + I n  
60.0 595 95 I n S  + I n  

InS is strongly anisotropic from deep blue to pale 
yellow, with vivid red in te rna l  reflections. In  con- 
trast, In6S7 has weaker  anisotropism and lower re-  
flectivity, while In2S~ appears isotropic with faint red 
in te rna l  reflections. I nd ium meta l  polishes poorly and 
appears as grainy light orange patches under  reflected 
light. 

The uni t  cell of In2Ss, when  in equi l ibr ium with 
In6S7, decreases with increasing temperature.  A min i -  
mum is reached at the In6S7 breakdown tempera ture  
at 768~ (Fig. 2). At 752 p and 782~ the lattice pa ram-  
eters are a ---- 7.585 • 0.005A and c = 32.20 • 0.03A. 
Above 768~ where  In2Ss coexists with an ind ium-r ich  
melt, the cell size increases slightly at first, then sharp-  
ly at 837~ to a value approximating that  of the stoichi- 
ometric In2S3 cell (a = 7.623A, c -- 32.36A) (8). The 
decrease in the In2Ss cell size is related to an increase 
in indium solubility, shown by  microprobe analyses 
to reach an approximate max imum of 41.0 +_ 0.4 m/o  
indium. Stoichiometric In2S3 has a composition of 40.0 
m / o  In. Electron microprobe analyses of co-existing 
phases showed no measurable  solid solution (• m/o  
indium) for either InsS7 or InS. 

Six different endothermic reactions were obtained 
by differential thermal  analysis (Table III) .  The 
reaction at 893~ was obtained only sporadically and 
with runs  in which the sample was flooded with argon 
gas. When  the sample was heated in evacuated Vycor 
tubes, no reaction was recorded at that  temperature.  
For  the peaks at 633 ~ 657 ~ 679 ~ and 768~ (peaks 1-4, 
Fig. 2), m a x i m u m  heat absorbed (AH max in  Table 
III)  was found to be at ~60, 50, 50, and 47 m/o  indium, 
respectively. No definite maxima  were obtained for 
the reactions at 837 ~ and 893 ~ . 

X- ray  diffraction analyses of samples after DTA 
confirmed that  InS and IneS7 break down at 679 ~ and 

Table I I I - -DTA results 

C o m p o -  
S t a n d a r d  s i t i ona l  P o s i t i o n  of  

T~ d e v i a t i o n  No. of  r ange ,  AH m a x ,  
Reaction m e a n  T~ r u n s  m / o  I n  m / o  I n  

Monotect ic ,  appear-  
ance of  L1 633.1 2.7 8 5 0 . 0 - 7 6 0  7 6 0  

Inversion (?) of I nS  657.2 1.2 20 46 .5 ->60  50 
InS ~ I n ~ 7  + L1 679.2 1.4 20 4 6 . 5 - ~ 6 0  50 
InsS7 ~--. In2Ss + I n  767.5 2.8 33 41.7-48.3 47 
Inversion (?) of  In.~Ss 837.3 2.3 24 41.0-47.0 ? 

?"  893.4 3.0 12 41.0-46.0 ? 

" Not obtained wi th in  evacuated  Yycor tubes. 

768~ respectively. The 657 ~ endotherm appears to be 
closely related to the compound InS, since the maxi-  
mum heat t ransfer  occurs consistently at 50 m/o  
indium. At least three lines (d ---- 5.85, 5.13, 3.79A) that  
are not present  in  the x - r ay  diffraction pat tern  for 
InS below 657 ~ appear in  the pa t te rn  for the mater ia l  
quenched from between 657 ~ and 679~ Rapid quench-  
ing of runs  above 837 ~ revealed, in some cases, that  the 
moderately strong diffraction peak, d = 5.11A, for 
tetragonal  In2Sa was absent. 

Discussion 
Although the thermal  reaction at 837~ (peak 5, 

Fig. 2) corresponds to the breakdown tempera ture  of 
In~S4 proposed by Stubbs et aL (3), their  lower stabil-  
ity l imit  at 370 ~ was not recorded in this study. Also, 
the event at 768 ~ mark ing  the breakdown of In6S7 
was noted in runs  of bu lk  composition 41.8 m/o  ind ium 
(Table III) .  This is well  wi th in  the mutua l  stabili ty 
field of In3S4 and In2Ss on the Stubbs et al. phase 
diagram (Fig. 1). Runs above the InsS7 decomposition 
tempera ture  with bu lk  compositions between 40 and 
48 m/ o  ind ium produced only In2S3 and a melt, even 
with very  rapid quenching. Thus we suggest that  InsS4 
is not a stable phase in this system. 

The reaction at 837~ could mark  a s t ructural  in-  
version in In2Ss. This "inversion" probably  results 
from excess indium in the te t ragonal  lattice, because 
the thermal  reaction at 837~ is not found in the 
stoichiometric compound. Inversions from tetragonal  
to isometric symmet ry  are common and often un-  
quenchable.  For  example, the stable form of chalcopy- 
ri te (CuFeS~) at 700~ is isometric. Invers ion to the 
low-tempera ture  te tragonal  form occurs when  chal- 
copyrite of m a x i m u m  sulfur  content  wi th  a Cu/Fe  
atomic ratio of approximately 1 is cooled, even rapidly, 
from 700 ~ (11). The possibility of a s imilar  inversion 
occurring in  In2S3 is supported by x - r ay  diffraction 
evidence. The absence of the 5.11A line in  some high- 
temperature  In2Ss makes it possible to index the re-  
main ing  reflections as isometric, with a cell  edge of 
approximately 10.78A. 

The erratic occurrence and magni tude  of the thermal  
reaction at 893~ suggests that  it may not be signifi- 
cant in terms of In -S  phase relationships and that  it 
may be related to the presence of argon in the sample 
chamber,  or caused by reaction of the sample wi th  the 
p la t inum cup. 

Miller and Searcy (2) note tha t  two crystallographic 
modifications of InS may exist and our  differential 
thermal  analysis tends to support  this. An endothermic 
reaction was obtained at 657~ below the breakdown 
of InS at 679 ~ Also, x - r ay  diffraction pa t te rns  for InS 
above and below 657 ~ differed slightly. The few addi-  
t ional reflections noted may  belong to a h igh- tem-  
perature modification of InS. 

Rehwald and Harbeke (13) demonstrated that  single 
crystals of In2S3 have n - type  conduct ivi ty  with a 
range of more than six decades in resist ivi ty and Hall  
coefficient at room temperature.  They at t r ibuted this 
wide range to a deviation from In~S3 stoichiometry. 
The main  effect on concentrat ion and sign of charge is 
due to a sulfur  deficiency. Therefore ind ium subst i tu-  
t ion may be the factor controll ing the inherent  semi- 
conductor properties of In2Ss. Increased amounts  of 
ind ium in the ind ium sulfide lattice wil l  produce a 
surplus of interst i t ial  cations which should s t rengthen 
the n - type  conductivity.  The the rmal  reaction at 837~ 
(Fig. 2) may be of special importance is this respect. 
The sharp drop in ind ium solubil i ty above the In2S3 
inversion could result  in a marked increase in resist iv- 
i ty approaching p- type  conductivity.  

Conclusions 
In2S~ is the on ly  indium sulfide with measurable  

solid solution (approximate max ium 1.0 m/o  ind ium) .  
The thermal  reaction at 837~ previously a t t r ibuted 
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to the breakdown of In~S4 by Stubbs et al. (3), could 
mark  an inversion of te tragonal  In2+zS3 to a higher  
symmetry  form, possibly isometric. In order to 
establish the effect of the inversion on the electrical 
properties of In2Ss, conductivi ty measurements  are 
needed on crystals synthesized above and below 837~ 
A h igh- tempera ture  modification of InS may exist in 
the tempera ture  range 657~176 No evidence was 
found to support  the existence of ei ther In3S4 or In3Ss. 

Manuscript  submit ted Apri l  8, 1970; revised m a n u -  
script received ca. Aug. 27, 1970. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1971 
JOURNAL. 

REFERENCES 
1. W. J. Duffin and J. H. C. Hogg, Acta Cryst., 20, 566 

(1966). 
2. A. R. Miller and A. W. Searcy, J. Phys. Chem., 69, 

3826 (1965). 

3. M. F. Stubbs, J. A. Schufle, A. J. Thomson, and 
J. M. Duncan,  J. Am. Chem. Soc., 74, 1441 (1952). 

4. M. I. Zargarova and R. S~ Gamidov, Izv. Akad. 
Nauk SSSR, Neorg. Mater., 3, 1085 (1967). 

5. J. H. C. Hogg and W. J. Duffin, Acta Cryst., 23, 111 
(1967). 

6. C. J. M. Rooymans, J. Inorg. Nucl. Chem., U,  78 
(1959). 

7. H. Hahn and W. Klingler ,  Z. Anarg. Chem., 260, 97 
(1949). 

8. G. A. Steigmann,  H. H. Sutherland,  and J. Good- 
year, Acta Cryst., 19, 967 (1965). 

9. R. S. Boorman and J. K. Sutherland,  J. Materials 
Science, 4, 658 (1969). 

10. J. Goodyear and G. A. Steigmann, Proc. Phys. Soc., 
78, 491 (1961). 

11. R. A. Yund and G. Kullerud,  J. Petrology, 7, 454 
(1966). 

12. A. R. Miller and A. W. Searcy, J. Phys. Chem., 67, 
2400 (1963). 

13. W. Rehwald and G. Harbeke, J. Phys. Chem. Solids, 
26, 1309 (1965). 

Technical No es 
,,, i " '  ' [ ' , '  

Energy Levels of Divalent Manganese in ZnS 
Anjan i  M e h r a  

College oJ Environmental Sciences, University oJ Wisconsin, Green Bay, Wisconsin 54305 

Manganese doped ZnS is well known for its interest-  
ing luminescence properties. A clear unders tanding  of 
the mechanism of these phosphors requires a knowl-  
edge of energy levels of ions in the crystal. In  spite of 
extensive optical studies (1-6) of Mn 2+ doped ZnS, 
the assignments of various bands to in tercombinat ion 
transi t ions wi thin  the d 5 configuration of Mn 2+ are 
still not well  understood. Present  s tudy of the energy 
levels of Mn ~+ ion in Td symmet ry  of ZnS was under -  
taken to resolve this uncertainty.  

The theory of d 5 configuration in  octahedral (Oh) 
symmetry  is well established (7-9). The crystal field 
energy matrices and energy level diagrams have been 
calculated by Tanabe and Sugano (7) and Orgel (8). 
Goode (9) has discussed the relat ive intensit ies of 
t ransi t ions to various quar te t  and doublet  levels. Orgel 
(8) has discussed the bandwidths.  Since the d 5 con- 
figuration is its own hole equivalent ,  the energy 
matrices and energy level diagram for it remain  u n -  
affected by the change of sign of Dq between Oh and 
Td coordinations, and, therefore, one expects the 
general  features of the spectra in the two cases to be 
quite similar. However, the magni tude  of Dq in Td 
complexes is found to be much smaller than that  in 
Oh complexes, and it is found that this can result  in  
different order for the levels and the corresponding 
bands in the spectra of two types of complexes. 

Exper imenta l  energies of the observed band maxima 
and the assignments of the bands are listed in Table I. 
The band  positions are taken  from McClure's (1) 
data. The absorption spectrum consists of five main  
absorption bands. We shall first discuss the spectrum 
quali tat ively with the help of the energy level diagram 
shown in Fig. 1. The spectra of t ransi t ion metal  ions 
could be discussed in both strong field or weak field 
schemes but  for small  Dq values as those of Td c o m -  
p lexes ,  it is more convenient  to employ the weak field 
terminology which is adopted in the present  work. 

Key words: manganese, crystal field, optical absorption, zinc sul- 
fide. 

The two lowest energy bands at 18,850 and 20,100 
cm -1 should be assigned to the two lowest levels 4T1 
(G) and 4T2 (G) arising from the 4G level of the free 
ion. The remain ing  two levels arising from 4G level 
are 4A~ and 4E which should be degenerate in a simple 
cubic approximation, but  in practice the degeneracy 
is removed due to several per turbat ions al though the 
levels still lie quite close to wi th in  300 cm -1 (10). 
These two states should be contained in  the 21,555 
cm-~ band and its associated structure. 

The main  problem is the assignment of next  two 
bands at 23,000 and 25,700 cm -1. Three quar te t  levels 
4T2 (D), 4E(D), and 4TI(P) are expected to lie in this 
region. In  Oh complexes 4E band  is found to be sharper 
than the 4T2 and 4T1 bands which lie on its lower and 
higher energy sides, respectively. On examining the 
23,000 and 25,700 cm -1 bands, it is found that  the 
25,700 cm -1 band has sharper s t ructure  and hence is 
more l ikely to involve the 4E(D) state. Moreover, the 
assignment  of 23,000 cm -1 band  to 4E(D) level was 
found to lead to unrealist ic values for the crystal  field 
parameters  B and C. 4T2 and 4E levels arise from the 
4D level of the free ion, and the separation between 
them increases with increase in Dq value, but  the 4T2 

Table I. Experimental and calculated bond energies of Mn 2+ in 
ZnS. Calculated energies ore for B ~- 780, C = 2400, Dq = 320, 

and c~ = 76 cm -1.  

Transition Observed a Calculated 
OA~ (aS) energy in cm-1 energy in era-1 

4T1 (G) 18,850 18,875 
~T2(G) 20,100 20,973 
4AI(G), CE(G) 21,2'/0 21,320 

21,555 
4Tz (P) 23,300 24,699 
4T~(D) 25,374 25,176 
4E (D) 25,700 25,716 

a Taken from ref. (i). 
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Fig. |. Energy level diagram of Mn s+ in a cubic field for B 
780, C = 2400, a = 76 c m - L  The observed band energies of 
h4n 9+ in ZnS are marked Q. Crystal field levels arising fram the 
4F level of the free ion are not shown. 

level always lies lower to 4E in energy. If one assigns 
the 23,300 cm-Z band to 4T2 level  (3), it  is found that  
the separat ion of 2400 cm-1  between the so assigned 
4T2 and 4E levels is larger than  the corresponding 
separation of 1900 cm-~ observed in  MnFz (10) which 
has near  Oh symmetry.  Because of the expected lower 
Dq in the present  case, this separation should also be 
less, and hence it is unl ike ly  that  23,300 cm -* may 
correspond to 4T2 level. In  our view, this level should 
be contained in  the s t ructure  of 25,700 cm-* band, and 
the 23,300 cm-1  band should involve the other elec- 
tronic state aTx(P). 

The only other possibility is the assignment of 23,300 
cm -z band to 2T2 (2I) level (2). This doublet  level 
lies lowest among the doublet  levels and u l t imate ly  
becomes the ground state of the ion in  the high field, 
low spin case. Its position is markedly  dependent  on 
the Dq value and goes down in energy for increase in 
Dq value. Theoretical ly calculated position (11) of 
this level in MnF2 is a round 29,000 cm-*,  and it is 
unl ike ly  that  it may come down to 23,300 cm -1 in the 
present case. Moreover, the in tensi ty  of 23,300 cm-Z 
band is of the same order as the intensit ies of the other 
bands which are transi t ions to the quar te t  levels, 
whereas the in tensi ty  of t ransi t ion to a doublet  level 
should have been much less than  the intensit ies of 
t ransi t ions to the quar te t  levels (9). Thus we feel 
justified in assigning the 23,300 cm-1  band  to aT1 (P) 
level on the basis of only the quali tat ive arguments.  
It  is interest ing to note that  according to present  as- 
s ignment  this level lies lower than  aE level as against 
the reversed order of the levels found in Oh complexes. 

In  the calculat ion of energy levels, we employed a 
set of four parameters  B, C, Dq and a in the weak field 
scheme. This set of parameters  has been found quite 
suitable for Mn 2+ spectra (11-13). The Trees correc- 
t ion parameter  a was as usual  fixed at the free ion 
value of 76 c m - L  Parameters  B and C were deter-  
mined from the Dq independent  [aA 1 (G),  aE (G) ] and 
4E (D) states and the values obtained are 780 and 2400 
cm-1,  respectively. A Dq value of 920 cm ~'~ was chosen 
to fit the 4TI(G) level which is most sensitive to 
changes in  Dq value. The calculated levels are given 
in  Table I. The calculated energy of the other well  as- 
signed t ransi t ion to aTe(G) state is found to be in 
excellent agreement  with the observed energy which 
justifies the choice of paramete rs . .As  expected, the 
calculated separation of about 550 cm -1 between 
4T2(D) and 4E (D) states is quite small  and makes the 
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assignment  of 23,300 cm -1 band  to 4T2(D) state very 
unlikely.  The s t ructure  of 25,700 cm -z band  extends 
over 1000 cm -z, and it is possible that  it may contain 
both the electronic states. We have chosen a prominent  
l ine at 25,374 cm -1 as belonging to 4T2(D) state whose 
energy is quite close to the calculated one, but  this 
assignment  is by no means very  certain. However,  
while analyzing the s tructure of this band, the pres-  
ence of both the electronic states should be t aken  into 
account. 

Although the agreement  for 4T, (p)  level is not  very 
good, it at least supports the a rgument  in  this paper  
that  this level could lie below 4E(D) level. A n  in-  
spection of the energy level d iagram shows clearly 
that  4T1 (P) level lies lower than  the 4E level on the 
low Dq side, but  because of its large dependence on 
Dq it goes above 4E on the high Dq side. In  the free 
ion (10) too the parent  level 4p of this level lies lower 
than  the parent  level 4D of the 4E level. In  octahedral 
complexes the Dq value is large and 4T1 (P) level lies 
higher than  the 4E(D) level while in  Td complexes 
where the Dq value is small  4TI(P) can be expected 
to lie lower than the 4E(D) level, as in the present  
case. 

The degeneracy of 4AI(G) and 4E(G) is not re-  
moved wi th in  the present  calculations, and hence no 
separate assignment  for the two is tr ied al though two 
prominent  lines at 21,270 and 21,555 cm -1 are men-  
t ioned and approximately  the mid position is taken as 
the degenerate position. It may be ment ioned that  we 
have used the band  maxima in  our calculations to 
avoid the uncer ta in ty  associated with the location of 
zero  phonon lines and also to keep the present  pa ram-  
eters in line with the l i terature  where the parameters  
have been mostly evaluated from the band maxima. 
Considering the appreciable amount  of covalent bond-  
ing (14) in ZnS the usefulness of simple crystal  field 
approach is quite satisfactory. 

The Dq value obtained here is of the same order as 
obtained in other t ransi t ion metal  doped ZnS crystals. 
The reported Dq values (15) in Co 2+ and Ni 2+ doped 
ZnS are 375 and 475 cm -1. Slack, Ham, and Chrenko 
(16) have obtained a value of 340 cm -1 for Fe 2+ in 
ZnS. Koda et al. (5) find a value of 410 cm -1 for Dq 
for Mn 2+ in ZnS from their  pressure studies on the 
luminescence. Ikeda, Itoh, and Sato (17) have studied 
Mn 2+ in CdS and have estimated Dq,~490 cm -1. It  is 
interest ing to note that  in spite of the low Dq value 
for the crystal, a comparat ively large ground state 
spli t t ing of about 23 x 10 -4 cm -1 is observed in the 
paramagnet ic  resonance (18) of Mn 2+ in ZnS. The 
calculated spli t t ing in  the ionic model using the 
parameters  obtained from the optical spectrum 
should be less than  10 -4 cm -~, which is more than  an  
order of magni tude  smaller  than  the observed 
splitting. The presence of appreciable amounts  of 
covalent  bonding in  the crystal  is perhaps responsible 
for this discrepancy. However, a quant i ta t ive  estimate 
of the effect of covalent bonding on the ground state 
spli t t ing is not possible at present. In  the optical 
studies the presence of covalent bonding is evident  
from the large reduction in  the values of B and C 
from the free ion values of 910 and 3270 cm-1,  re-  
spectively (11). 
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sion Section to be published in the December 1971 
JOURNAL. 
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Silicon Impurity Distribution 
as Revealed by Pulsed MOS C-V Measurements 

W. van Gelder* and E. H. Nicollian* 
Bel l  Telephone Laboratories, Inc., A l len town,  Pennsylvania  18103 and Murray Hill, N e w  Jersey  07974 

The purpose  of this  work  is to discuss the  appl ica-  
t ion of the  pulsed MOS C-V method  (11) and its a m i -  
ta t ions in measur ing  doping profiles in silicon. 

Severa l  methods  of measuremen t  have  been re -  
ported.  Grove  et al. (1) measured  the  red i s t r ibu t ion  of 
acceptor  and donor impur i t ies  dur ing  the rmal  ox ida -  
t ion of silicon using an incrementa l  capac i tance-vo l t -  
age technique on shal low (0.2~) diffused p - n  junctions.  
Theory  and pract ice of the  p -n  junc t ion  d e ~ d r  tech-  
nique can be found in refs. (2) th rough  (5). A va r i a -  
t ion of the  junc t ion  dC/dV technique is descr ibed  by  
Meyer  and Gulbrandsen  (6) who apply  a sine wave  
to the  junct ion  and then measure  the rat io  k2 of  the  
second harmonic  vol tage to the  first harmonic  vol tage 
genera ted  by  the  diode. They  showed tha t  doping con- 
cent ra t ion  as a function of depth  is p ropo l t iona l  to 
C2V1/k2 where  C is measured  capaci tance  and Vl is 
appl ied  a l t e rna t ing  voltage.  Ano the r  e legant  var ia t ion  
of the  junc t ion  technique  which  makes  direct  p lot t ing 
of the  inverse  doping profile possible  was recen t ly  
publ ished by  Copeland (7). Deal et  al. (8) measured  
the red is t r ibu t ion  of impur i t ies  due to t he rma l  ox ida-  
t ion using the MOS structure.  They measured  m a x i -  
mum and min imum h igh- f requency  capaci tance and 
ca lcula ted  doping concentra t ion  at  the surface by  ap -  
p ly ing  a deple t ion  approximat ion .  Other  worke r s  have  
repor ted  the  same MOS Cmax/Cmin technique using 
essent ia l ly  the  same deplet ion approx imat ion  (9, 10). 

Both the  junct ion  d C / d V  and the  MOS Cmax/Cmm 
method have thei r  disadvantages .  The diffusion of the  
p - n  junct ion  m a y  a l te r  the doping profile to be mea -  
sured and the depth  of the  junct ion  inhe ren t ly  p r e -  
vents  measuremen t  close to the  surface. Schot tky  
ba r r i e r  diodes would help  in measur ing  closer to the  
surface, bu t  fabr ica t ion  of e i ther  a p - n  junct ion  or a 
Scho t tky  ba r r i e r  is des t ruc t ive  when  these devices a re  
not des i red  in l a te r  processing. The  MOS Cmax/Cmin 
method  can be considered nondes t ruc t ive  because the  
meta l  field pla te  can be easi ly removed  from the oxide 
layer .  The MOS Cmax/Cmin method  cannot, however ,  
measure  a profile because it measures  an undefined 
average  over  a m a x i m u n  deple t ion  wid th  which  in 
i tself  is a funct ion of the  doping concentrat ion.  As 
ment ioned by  Deal  et al., the  method is based on a 
theory  which  assumes doping un i fo rmi ty  whereas  
tha t  ve ry  method  is used in the  de te rmina t ion  of a 
devia t ion  f rom this condi t ion (8). 

The pulsed MOS C-V  method  is of in teres t  because 
i t  not  only  is nondes t ruc t ive  but  it  also can be  used to 

* Electrochemical Society Active Member. 
Key words: pulsed MOS measurements, silicon impurity distribu- 

tion, pulsed C-V measurements, impurity profile. 

measure  a t rue  po in t - to -po in t  doping profile over  a 
grea ter  distance into the silicon than  the  MOS Cmax/ 
Cmin method.  I ts  theory  is r e m a r k a b l y  s imi lar  to the  
one used for the ste~ junct ion  dC/dV method.  

Theory 
Consider a MOS capaci tor  which  can be dr iven  into 

deep deple t ion  by  the appl ica t ion  of pulse bias (11). 
Only the  deple t ion  region of  the  capaci tor  cha rac te r -  
istics wi l l  be t r ea ted  here,  and it wi l l  be assumed tha t  
interface s tates  have a negl igible  influence. 

A smal l  increase in appl ied  vol tage dV is equal  to 

dV = dVo + d~ = dQsc/Co + d~ [1] 

where  Vo = vol tage  drop across the  oxide  
= silicon surface po ten t ia l  

Co = oxide capac i t ance /un i t  a rea  
Qsc = space charge dens i ty /un i t  area. 

The increase of charge  in the deple t ion  l aye r  causes 
an increase in the electr ic  field 

dE -~ dQsc/es [2] 

in which ~s is the dielectr ic  pe rmi t t i v i ty  of silicon. The 
corresponding increase in surface potent ia l  is app rox i -  
ma te ly  

de = WdE [3] 

Subs t i tu t ing  [2] and  [3] into [1] 

dV = dQsc (1/Co + 1/Cs) = dQsc/Cm [4] 

where  Cm is to ta l  measured  capacitance,  Cs = es/W, 
and W is space charge width.  Using the re la t ion  dQsc 
= q N ( W ) d W  in [4], where  N ( W )  is the  doping con-  
cen t ra t ion  as a function of W, we get 

d V  = q N ( W )  d W / C m  [5]  
But, 

d W  = "s d(1/Cs)  = ,s d(1/Cm) [6] 

as 1/Cs = 1 / C m -  1~Co. Subst i tu t ing  [6] into [5] and  
solving for  N ( W ) ,  we get  

N (W) = 2 (qes d(1 /Cm2) /dV)  -1 [7] 

This equat ion shows that  the  doping concentra t ion 
N ( W )  can be ca lcu la ted  f rom the  s lope of the  1/C 2 
vs. V curve.  

Other  authors  have  ment ioned tha t  the  impur i ty  
concentra t ion can be measured  from the slope of the  
1/C 2 vs. V curve  (11, 12). However ,  these authors  deal t  
exclus ively  wi th  an in tegra ted  vers ion of  [7] which 
can be wr i t t en  as 
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C o / C m  - -  ( 1  u t- 2 C o 2 ( V G  - -  V F B ) / ( U e s N ) )  1/2 [ 8 ]  

where  VFB = f la tband  voltage.  Equat ion  [8] cannot  
be s imply  differerl t iated to give [7] because [8] is 
no rma l ly  der ived  wi th  the  assumpt ion  tha t  N is not  
a funct ion of W. Note tha t  [7] is the  same equat ion as 
used in the  s tep junc t ion  dC/dV method given by  
Grove  (13). The only  difference is tha t  Cm in [7] 
includes Cs and Co in series whi le  in the  junc t ion  
dC/dV method  Cs is measured  direct ly .  

Limitations 
Equat ion [7] is va l id  even when  interface  s tates  are  

present  p rovided  they  do not follow ei ther  the  a-c  
measur ing  signal  or the  pulse. In  pract ice,  for typica l  
pulse  widths  of seve ra l  mil l iseconds and a-c  s ignal  
f requencies  of about  1 MHz, in ter face  s tates  fol low 
ne i the r  the  a -c  s ignal  nor  the  pulse over  most  of the  
deep deple t ion  range  because in ter face  s ta te  t ime 
constants  are  too large.  In  this  range [7] is valid.  The 
t ime constants  become smal le r  when t h e  deple t ion  
depth  is decreased.  This happens  when  the appl ied  
bias is changed towards  the  f la tband voltage. In ter face  
states begin fol lowing first the  pulse  and then the a-c  
signal.  When  this happens,  the  slope of the  I / C  s vs. V 
curve  is modified giving er roneous  values  of N ( W )  
from [7]. 

The space charge wid th  at  which interface  s ta te  
influence becomes impor t an t  wi l l  depend  on doping 
dens i ty  as wel l  as a -c  f requency  and pulse  width.  The 
value  of W at which interface s tate  influence becomes 
a factor  can be roughly  es t imated  by  measur ing  an 
admi t tance  vs. d-c  bias curve at a f requency corre-  
sponding to a rec iprocal  pulse  width.  This va lue  of W 
wil l  occur  when  the equiva len t  pa ra l l e l  conductance 
becomes appreciable .  Exper ience  has shown tha t  this 
occurs at a surface potent ia l  of a round  0.4V or  so, 
which corresponds to W = 0.7 ~m for N = 1015 cm-3  
and W = 0.2 ~m for N = 10 ~6 cm -3. 

The range  of W over  which  interface  state influence 
is negl igible  can be extended,  of course, by  using 
h igher  a-c  frequencies  ( >  500 kHz)  and smal ler  pulse 
widths  ( ~  6 msec) than  the ones used in this  work.  

Even i f  in ter face  s ta tes  a re  comple te ly  absent,  [7] 
is not val id  at the flat band condit ion where  m a j o r i t y  
ca r r i e r  dens i ty  becomes comparab le  to space charge 
density.  The l imi t ing surface poten t ia l  is in this  case 
a few kT/q  which at  room t empera tu re  amounts  to 
~0.05V. In  practice,  this  l imi ta t ion  is of no in teres t  
because the  in ter face  s ta te  effect is dominant .  

The largest  d is tance  into the silicon at  which [7] 
can be used is at  the  onset of b reakdown e i ther  by  
avalanche  for low doping densi ty  or by  tunnel ing for 
high doping density.  A basic l imitat ion,  character is t ic  
for a l l  C-V profile measurements ,  is the  fact  tha t  
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h igher  doping levels  requ i re  h igher  vol tage  to measure  
at  a cer ta in  desired depth  whi le  the  b r e a k d o w n  vol t -  
age decreases  wi th  increas ing doping level.  

Limi ta t ions  poin ted  out by  K e n n e d y  et al. (15) con-  
cerning the fact  that  the junc t ion  dC/dV measurement  
establishes the  d is t r ibut ion  of m a j o r i t y  car r ie rs  r a the r  
than  the d is t r ibut ion  of impur i ty  atoms are  of equal  
va l id i ty  for the  pulsed MOS case and should be t aken  
into account when  an a t t empt  is made  to measure  the  
impur i t y  d is t r ibut ion  wi th  e i ther  technique.  

Apparatus and Measurement Technique 
Appara tus  and measurement  technique used were  

ident ica l  to those out l ined by  Goetzberger  and Nicol-  
l ian  (11). Signal  f requency  was 500 kHz, pulse wid th  
6 msec, and du ty  cycle  6%. 

Sample Preparation 
MOS capacitors were made  on ~I00> oriented 

silicon slices cut from Sb doped pulled crystals with 
ND ~ 1015 cm -3. The slices were ~ 8 rail thick, lapped 
on both sides, and polished on one side. The metal 
field plate was filament evaporated aluminum. Con- 
tact was made to the back of a slice by evaporated 
aluminum and a vacuum chuck. A total of three slices 
were oxidized, each one in a different manner to pro- 
duce a different "redistribution" of impurities at the 
surface. Before oxidation the four point probe re- 
sistivity was measured. Prior to each application of 
the aluminum field plate the slices were baked in N2 
at 1100~ for 25 rnin to assure a moderate interface 
state density. 

The first oxidation of the three slices took place in 
separa te  runs  in a tube  furnace  at  l l00~ in wet  02 
(oxygen bubbled  th rough  80~ water . )  Oxide  th ick-  
ness was ,~ 1200A. 

Table  I shows the four -po in t  probe  ND before  ox ida-  
t ion and the  ND at the  surface as measu red  f rom MOS 
Cm~x/Cmin af ter  oxidat ion.  Note that  slice 3 was 
oxidized toge ther  (in one run)  wi th  s ix  N + phos-  
phorous diffused bu lk  silicon slices. The N + diffused 
slices were  p repa red  f rom slices s imi lar  to the  3 
samples  by  subjec t ing  them to a one-s tep  phosphorous  
prediffusion deposi t ion at 900~ for  20 rain and then 
removing  the phosphorous glass. The ND from MOS 
Cmax/Cmin w a s  measured  according to the  method  of 
Deal  et al. (8). Apparen t ly ,  the  presence of the  N + 
slices dur ing  oxida t ion  caused a large  increase in ND. 
[Evidence  of this k ind  of phosphorous  N-sk in  fo rma-  
t ion on silicon by  vapor  t r anspor t  was recen t ly  re-  
por ted  by  Edwards  (14).] A p a r t  f rom s]/ce 3 the  d i f -  
ference in ND in row 1 and row 3 could be expla ined  
by  the "p i le -up"  effect or  " red is t r ibut ion"  dur ing  
oxidat ion  (8). 

Table I. Sequence of process steps and measurements 

Slice  No. 1 Sl ice  No. 2 Sl ice  No. 3 

0.75 0.50 0.89 

We t  02 ox id i ze  W e t  02 oxid ize  W e t  O2 ox id ize  
1100~ 1200A 1100~ 1200A 1100~ 1200A 

with 6 N+ slices 
1.05 0.81 69.2 

S t r i p  ox ide  ~ 
S t e a m  ox id ize  
II0O~ 6000A 
S t r i p  ox ide  ~ - -  
We t  02 ox id i ze  
II00~ 1200A 

3.45 ~ - -  

Si  e t ch  l e f t  h a l f  ~ 
S t r i p  oxide  
W e t  Os oxidize 
1100~ 1200A 
L e f t  2.17 ~ - -  
R i g h t  4.32 
See Tab le  I I  and  Fig.  1 See Tab le  I I  a n d  Fig.  1 See Tab le  I I  and  Fig.  1 

L e f t  0.80 
R i g h t  0.80 0.61 1.01 

1 I n i t i a l  f o u r - p o i n t  probe 
]VD, cm "a • 10 ~ 

2 Process  

3 MOS  Cm=x/Cmin ~tTD, 
cnl  -s x 10~ 

4 Process  

5 Process  

5 MOS Cmgx/Cmln ND, 
e~l  "s X IO ~ 

7 Process  

8 ~VIOS Cmax/Cmin ND, 
c rn~  • 10 u~ 

9 P u l s e d  MOS m e a s u r e -  
mer i t s  

10 F i n a l  f o u r - p o i n t  p r o b e  
ND, cn "r~ X IO ~ 
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Slice No. 1 was fur ther  treated as follows (see 
Table I) .  (Read this table from top to bottom to get 
the proper sequence of operations.) The A1 dots and 
the SiO2 were stripped in boil ing HC1 and HF, re-  
spectively, and the slice was oxidized in 100% steam 
at l l00~ to an SiO2 thickness of 6000A ( ~  60 min) .  
This oxide layer  was stripped again in HF and the 
slice was oxidized again in wet O2 at l l00~ to a 
thickness of ~ 1200A SIO2. A1 dots were reapplied and 
the ND from MOS Cmax/Cmin was 3.45 x 1016 cm -3. 
This amounted to a large increase in ND compared to 
the previous MOS measurement  of 1.05 x 1015 cm -3 
or the ini t ia l  four-point  probe value of 0.75 x 1015 
cm-3: The increase was too large to be explained by 
the "redistr ibution" effect. To investigate fur ther  the 
depth of this increase the a luminum and the oxide 
were stripped again but  only from the left half  of the 
slice. The slice was then etched in a silicon etch 
(5 HNO3:4.4 acetic acid: 1 HF saturated with iodine) 
for 12 sec, and 1.1 ~m of silicon was removed from the 
left half. The oxide on the right half  was only slightly 
attacked by the etch. This oxide was removed and 
the whole slice was oxidized again in wet 02 at l l00~ 
to form 1200A of oxide. A l u m i n u m  dots were again 
evaporated over the whole slice. At this point  the 3 
slices were subjected to the pulsed MOS C-V measure-  
ments. After  these measurements  the slices were 
stripped and four-point  probe measured. Row 10 
shows the final four-point  probe ND. It is clear from 
these values, especially in the case of slice 3, that  the 
MOS-measured increase in ND Was confined to a thin 
layer at the surface. The purpose of the pulsed MOS 
measurements  was thus twofold: first, to determine if 
such measurements  are practical and, second, to con- 
firm the evidence from the four-point  probe measure-  
ments  that  the large bu i ld-up  of ND at the surface as 
measured by MOS Cmax/Cmin is indeed confined to a 
th in  layer  at the surface. 

Table II. Calculated values of W and ND corresponding to the 
points plotted in Fig. 1 

Sl ice  1 S l ice  1 
E t c h e d  h a l f  U n e t c h e d  ha l f  

Vz,-VFB, W. ND. Sl ice  2 Sl ice  3 
v o l t  # m  e m  "~ x 102 W ND W ND W ND 

--0.2,5 0.15 5.1 0.13 6.1 0.15 2.8 0.03 83 
-- 0.50 0.21 3.6 0.19 4,7 0,31 0.96 0.03 88 
--0.75 0.29 3.0 0.25 4.2 0.56 0.55" 0.04 65 
--1.00 0.37 2.4 0.30 3.9 0.82 0.50$ 0.04 55 
- 1.25 0.46 2.0 0.36 3.4 1.06 0.49 0.05 61 
- 1 . 5 0  0.56 1.6 0.43 3.3 1.28 0.42 0.06 42 
--1.75 0.68 1.1 0.49 2.9 1.50 0.37 0.06 45 
--2.00 0.81 1.1 0.55 2.4 1.69 0.50 0.07 52* 
--2.25 0.94 0.86 0.63 2.0 1.87 0.33 0.08 475  
--2.50 1.07 0.84 0.71 1.9 2.02 0.73 0.08 55 
--2.75 1.20 0.80 0.79 1.7 2.15 0.38 0.09 56 
--3.00 1.42 0.63* 0.92 1.4 2.36 0.45 0.10 46 
--3.50 1.67 0.705 1.10 1.2 2.62 0.38 0.11 48 
--4.00 1.90 0.62 1.30 0.90 2.87 0.46 0.13 44 
--4.50 2.11 0.66 1.52 0.75* 3.05 0.63 0.14 49 
--5.00 2.33 0.51 1.73 0.765 3.22 0.44 0.15 48 
--5.50 2.50 0.90 1.94 0.70 3.41 0.49 0.17 41 
--6.00 2.66 0.62 2.11 0.84 3,57 0.56 0.18 45 
--6.50 2.82 0.69 2.28 0.69 3.80 0.25 0.19 48 
--7.00 2.93 1.20 2.47 0.58 4.00 0.83 0.20 40 
--7.50 3.06 0.54 2.61 1.11 4.11 0.58 0.22 49 
-- 8.00 3.20 0.84 2.74 0,65 4.18 0.33 0.23 45 
--8.50 3.34 0.56 2.91 0.58 0.24 41 
-9,00 

* F r o m  these  p o i n t s  on a s t r a i g h t  l i ne  was  f i t t ed  as s h o w n  in  
Fig .  1. 

oxide capacitance of slices 1 and 3. The Co for slice 2 
was 2.08 x 10 - s  F / c m  2 and the W scale in Fig. 1 is 
therefore not strictly valid for slice 2, al though it is a 
good approximation. 

Table II gives the correct relat ion between W and 
ND for all slices. Values of W in this table were calcu- 
lated by taking the average of each two neighboring 
(1/Cm) ~ values and then correcting for Co. Each cor-  
responding ND value was calculated from the slope of 
the straight l ine between the points in  Fig. 1. 

Results of Pulsed MOS C-V Measurements 

Measurements  are summar i zed  in  Fig.  1 w h e r e  
(1/Cm) 2 is plotted against VA - -  ~/'FB. A least square 
straight l ine was fitted as indicated. The slope of the 
straight line gave calculated values of ND using [7]. 
Depth of measurement  can be read from the r ight-  
hand  ordinate. This ordinate is strictly valid for only 
one value of Co = 2.5 x 10 -6 F / c m  2 which was the 

",60 

'/cm' 
t40 

.,-,L J / =/  -12~ 

w~ 
~L4 (p.m) 

t,o 
: e : . . "  N O -4.6 x IO Is .6 

O ' = SLICE 3 .~  

-2  - 4  - 6  -8  "40 
vA-v~ (VOLT} 

Fig. 1. Plots of 1/Cm 2 vs. the oppiied voltoge minus flatbond 
voltage (VA --  VFB). The right-hand ordinate indicates the depth 
(W) of the measurement below the Si surface (see Table II). 

Discussion of Results 

The straight  l ine portions of the curves in  Fig. 1 
y i e l d  N D  values that  correspond well with the ini t ial  
and final four-point  probe values in Table I except for 
slice 3. Apparent ly  the depth of measurement  was 
large enough for slices 1 and 2 to reach into the un -  
disturbed region of bulk  doping. The largest value of 
W was ~- 3 ~m for slice 1 and  --~ 4 ~m for slice 2. Slice 
3 however  did not go deeper than  0.24 ~m although 
the applied ma x i mum voltage was the same. This 
points out a basic l imitat ion in  all C-V profile mea-  
surements  as discussed in the section on limitations. 
The higher doping levels require higher voltage to 
measure at the same depth, but  the breakdown volt-  
age, which limits the ma x i mum applicable voltage, is 
lower for higher ND. In  the case of slice 3 the N D  

value from Fig. 1 corresponds more to the MOS 
Cmax/Cmin value of Table I than  to the ini t ial  or final 
four-point  probe. The measurement  apparent ly  did 
not reach deep enough to reveal  the bu lk  ND. 

The ND value for slice 2 (Table II) becomes equal 
to the bu lk  ND at W ~ 0.5~. I t  is interest ing to note 
how high ND is for W = 0.15~. (see section on l imi ta-  
tions.) 

As expected, slice 1 unetched differs in profile from 
slice 1 etched. The difference is shown in  Fig. 2. 

It  appeared that  the repeated process sequence of 
oxidation-oxide strip caused an increase in ND at the 
surface after each oxidation and that  this "bui ld-up"  
can be removed by etching the silicon. The exact 
reason for and mechanism of this phenomenon is 
unknown.  

Remarks and Conclusion 

The amount  of exper imental  data in this communi -  
cation is l imited to three silicon slices because the 
measurements  are meant  mere ly  to i l lustrate the cor- 



Vol. 118, No. I S I L I C O N  I M P U R I T Y  D I S T R I B U T I O N  141 

t 0  ~s, 

* = SLICE t UNETCHED (RIGHT HALF) 
F) 

N D , 

(cm-3) 

10 Is 

D 

40 I I [ I I I I I ,  I I I 
0 .2 .4 .6 .8 4.0 t .2  t . 4  t .6  4.8 2.0 2.2 

"~-W ~ m )  

Fig. 2. Difference in ND vs. W of slice 1 unetched and slice 1 
etched. 

rectness of theory  and p rac t i ca l i ty  of method.  The 
measurements  in addi t ion deal t  wi th  an ac tual  p r o b -  
lem in device fabr ica t ion  w h e r e b y  an anomalously  
high increase  in doping occurs at  the  surface of an 
n - t y p e  sil icon slice. Wi th  these r emarks  in mind  i t  is 
concluded tha t  the pulsed MOS C-V technique  can be 
a usefu l - tool  in revea l ing  impur i ty  profiles in silicon. 
The pulsed MOS technique has been used successfully 
to confirm 4-point  probe  evidence tha t  an impur i ty  

increase due to repea ted  oxidat ion  and s t r ipping of 
the  oxide is confined to a th in  l aye r  of ~ 1 ~ra at  the 
surface. 

Manuscr ip t  submi t ted  May  4, 1970; revised manu-  
scr ipt  rece ived  ca. Aug. 28, 1970. 

A n y  discussion of this paper  wi l l  appear  in a Discus- 
sion Section to be publ ished in the  December  1971 
JOURNAL. 
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Use of HCI Gettering in Silicon Device Processing 
P. H. Robinson* and F. P. Heiman 1 

RCA Laborato~es, Princeton, New Jersey 08540 

I t  is we l l  known tha t  meta ls  such as gold, copper,  
and i ron severe ly  degrade  the  minor i ty  ca r r i e r  l i fe-  
t ime in sil icon by  forming recombinat ion  centers  in 
the  forb idden gap (1-4).  These contaminants  are  gen- 
e ra l ly  presen t  in most  diffusion and oxida t ion  fu r -  
naces, and i t  is common pract ice  to ge t te r  them from 
the silicon af ter  device processing (5-7).  One get ter ing 
technique involves a long bake  at  800~176 wi th  a 
phosphorus  glass in contact  wi th  the  silicon surface. 

Transmiss ion e lect ron microscopy and inf rared  mi -  
croscopy have  been used to ver i fy  this  ge t te r ing  action 
by  observing the d i sappearance  of copper  prec ip i ta tes  
on dislocations af ter  t r e a tmen t  (3, 8). 

Ano the r  t roublesome metal l ic  impur i ty  is sodium, 
which  introduces uns table  posi t ive charge  into the  
sil icon dioxide  l aye r  (9).  This has  genera l ly  been 
avoided in silicon processing by  u l t rac lean  techniques,  
but  most devices which  are  sensi t ive to sodium con- 
t amina t ion  (e.g., MOS transis tors)  incorpora te  a phos-  
phorus  glass l ayer  or  silicon n i t r ide  l aye r  to prevent  
contaminat ion  dur ing  meta l l iza t ion  and subsequent  
handling.  

The idea for using HC1 as the get ter ing agent  for 
sodium and o ther  contaminants  was first demons t ra ted  
b y  using a mix tu re  of hydrochlor ic  acid and dis t i l led 
wafer  as the  source of s team for oxidat ion  (14). Oxides 
were  produced with  essent ia l ly  zero oxide charge us-  
ing this technique even though the s tar t ing wafers  
were  con tamina ted  wi th  sodium. 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
1 P r e s e n t  address: Princeton E l e c t r o n i c  P r o d u c t s ,  Incorporated, 
Key w o r d s :  g e t t e r i n g ,  m i n o r i t y  c a r r i e r  l i f e t i m e ,  t h i n  f i lm  s i l icon,  

t r a n s i e n t  r e s p o n s e  MOS.  

We reproduced  this exper imen t  but  found no im-  
p rovement  in minor i ty  ca r r i e r  l ifet ime. We reasoned 
tha t  d ry  oxidat ion  containing gaseous HC1 would  be 
more  sui table  for forming volat i le  meta l l ic  chlorides;  
the  wa te r  vapor  might  favor  the  format ion  of invola -  
t i le  meta l  oxides. Indeed, most meta ls  oxidize more  
r ap id ly  in wa te r  vapor  than  in d ry  02. 

Measurements  of minor i ty  car r ie r  l i fe t ime using 
silicon films grown on both spinel  and sapphi re  have 
y ie lded  values of the  o rder  of 10-1~ -9 sec. Bi-  
po la r  t ransis tors  fabr ica ted  in these low l i fe t ime films 
requ i red  very  na r row base regions which in tu rn  lead 
to m a n y  emi t t e r - to -co l l ec to r  shorts,  as we l l  as low 
cur ren t  gains (10). An  improvemen t  in minor i ty  car -  
r ie r  l i fe t ime th rough  use of the  get ter ing technique 
descr ibed here in  fac i l i ta ted  device processing and r e -  
sul ted in signif icantly h igher  performance.  The p ro -  
cedure developed is descr ibed below. 

Experimental Procedure 
Systems for  HC1 processing in d r y  oxygen  wi th  

e i ther  rf  hea t ing  or resis tance furnace heat ing were  
used for these studies and the p rocedure  often included 
HC1 etching of the  silicon surface pr ior  to high t em-  
pe ra tu re  HC1 oxidation.  This technique has y i e l d e d  
excel lent  results  for preserv ing  as wel l  as recover ing 
minor i ty  ca r r i e r  l i fe t ime in bu lk  and thin-f i lm silicon. 
The procedure  is only  a minor  modification of s tan-  
da rd  device processing;  i.e. the  inclusion of 0.5-1.0% 
HC1 by  volume into the  oxygen  gas stream. HC1 can-  
not  be used wi th  other  gases because the  silicon wi l l  
be etched in a nonoxidiz ing ambient .  The furnace  
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exhausts into a hood and plastic or glass tubing  is 
used throughout.  Terminat ion  of oxidation in an oxy- 
gen ambient  will  result  in positive oxide charge (11). 
A 5 min  anneal  in an inert  atmosphere at oxidation 
tempera ture  wil l  remove this charge. 

Results on Bulk Silicon 
Using the above technique, zero oxide charge has 

been reproducibly obtained in  thermal ly  grown oxide 
a s  determined by the capacitance-voltage curves and 
very  high l ifet ime has been observed from the t r an-  
sient r e s p o n s e  o f  the MOS capacitor (12). Sodium, 
copper, and gold, etc. form highly volatile metal  chlor- 
ides at elevated tempera ture  and are presumably re-  
moved from the chamber  as a gas. In addition, any of 
the meta l  impuri t ies  present  in tl~e silicon can be 
gettered dur ing  this oxidation step. 

Typical results obtained with 8 ohm-cm N-type  and 
P- type  silicon wafers are as follows: (a) a s team- 
oxidized wafer  exhibited an  effective lifetime of 0.3 
~sec. After  16 hr at 1200~ in 1% HC1/O2 mixture,  
the minor i ty  carrier l ifetime increased to 100-300 ~sec, 
(b) one hour oxidation at l l00~ in 1% HC1/O2 was 
~ound to preserve the minor i ty  carrier  l ifetime of 
10-40 #sec which was measured before heat t reatment ,  
(c) increasing the HC1 content  to 10% by volume 
resulted in the format ion of water  (hydrochloric acid) 
in the cold parts of the furnace tube. The silicon 
wafer was badly pitted. HC1 concentrat ion below 1% 
does not affect the oxidation rate and it is presumed 
that  very li t t le water  is formed. 

A word is in order concerning the measurement  
technique. Lifetime is measured by observing the 
rate at which the inversion layer  forms under  an MOS 
capacitor after the application of a large depleting 
voltage (12). The generat ion rate in the depletion 
region, g, is related to minor i ty  carrier lifetime, 
T, by 

n i  
g = - -  [1] 

2~ 

where nt is the intr insic carrier density. This expres- 
sion is accurate if electron hole capture cross sections 
are equal, and all traps are locked at the center of the 
forbidden energy gap. It  can be shown (13), however, 
that  the generat ion out of traps located a distance AE 
from the center  of the gap is reduced by exp (~ E/kT) .  
Thus, only those traps near  the center are important  
in  this process. This means that  de terminat ion of life- 
t ime by measur ing the generat ion rate always results 
in  a value ~ the photoconductive lifetime. However, 
values taken before and after gettering are indicative 
of a change in impur i ty  concentrat ion and relate di- 
rectly to the change in leakage current  of diodes 
fabricated in  the material.  

Typical results are shown in Fig. 1 and 2. In  Fig. 1, 
we see the t ransient  response of an MOS capacitor 
whose oxide was grown in steam at 1100~ Anneal  
in H2 at 500~ for 30 min  assures a low density of 
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Fig. 2. Transient response of MOS capacitor; steam oxide was 
gettered in HCI/02 atmosphere at 1200~ for 16 hr. 

interface states. 2 The total transient time is about 
0.15 sec which corresponds to an average of 450 
nA/cm2. The capacitance measurement indicates an 
average depletion region depth of 0.8~ which yields a 
lifetime of 0.2 ~sec. The transient response shown in 
Fig. 2 depicts the situation after gettering in 1% 
HCI/O2 at 1200~ for 16 hr. A similar analysis yields 
a value for lifetime of I00/,sec. 

Results wi th  Th in -F i lm  Silicon Grown on Insulators 
Several experiments were performed using 2~ thick 

silicon-on-sapphire films. Measurement of lifetime in 
films before gettering resulted in values of 0,5 to i 
nsec. However, a 1 hr oxidation at 1100~ in HCI as de- 
scribed previously resulted in a lifetime of 3 nsec. Get- 
tering for 16 hr increased this lifetime to over 13 nsec. 

Lifetime measurements were also made on 2~ silicon 
films grown on aluminum-rich spinel obtained from 
Germany, having an AlsOa:MgO ratio of 3,3 to 1. 
The measured lifetimes were determined to be quite 
poor (~ 0.1 nsec) even though the films had essentially 
bulk mobilities, HCI gettering at 1100~ for 15 min 
did not improve the lifetime. Higher temperatures 
were not used due to the exsolution problem associated 
with A1 rich spinel. Either this spinel is an infinite 
source for lifetime-killing impurities or the impurities 
which are affecting the lifetime are not being gettered. 
Additional experiments are being planned to deter- 
mine why lifetime in silicon grown on this kind of 
spinel is so poor. 

Some preliminary experiments on the growth of 
silicon-on-sapphire by the pyrolysis of silane in he- 
lium (15) at temperatures ranging from 8000 to 
1000~ have begun. Single crystal silicon films as 
determined by electron diffraction patterns were ob- 
tained at growth temperatures of 880~ and above. 
Films obtained at 925~ at a growth rate of 1/4 ~/min 
were N-type with a resistivity of 2 ohm-cm. Hall 
measurements made at room temperature gave an 
electron mobility in the range of 450-500 cm2/V-sec. 
Hall mobility vs. temperature was measured and re- 
sults indicate that a negligible amount of aluminum 
is present in the silicon films. 

Lifetime measurements were made on the helium 
grown silicon films without gettering. Values of 14 
nsec were obtained on several films. These were then 
oxidized at 1200~ in the presence of HCI and life- 
time increased to 43 nsec. 

Several other silicon-on-sapphire films were grown 
by the pyrolysis of silane in helium at 1050~ These 
films were 2~ thick, P-type with a resistivity of 0,5 
ohm-cm. Mobility vs. temperature measurements in- 
dicated that these films were Al-doped presumably due 
to the higher growth temperature and a hole mobility 
of 125 cmS/V-sec was determined. 

= The authors  have  analyzed t h e  e f f e c t  o f  s u r f a c e  g e n e r a t i o n  o n  
the results.  This  can be separa ted  out by careful  wavefor rn  analy-  
sis and does not affect the values given in this report. 
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Life t ime measurements ,  however,  resul ted  in ve ry  
low minor i ty  car r ie r  l i fe t imes of 0.5 nsec, and no sig- 
nificant improvement  was found af te r  HC1 oxida t ion-  
get ter ing.  This resul t  suggests tha t  A1 present  in the 
silicon films or a l uminum-oxygen  conglomerates  af ter  
oxida t ion  could be affecting the th in-f i lm silicon l i fe-  
t ime. 

Conclusions 
We have observed that  a smal l  amount  of d ry  

gaseous HC1 in t roduced into the gas dur ing oxidat ion  
can signif icant ly reduce  the  genera t ion  ra te  in silicon. 
This is p resumed due to the  get ter ing  of metal l ic  im-  
pur i t ies  from the silicon th rough  the format ion  of 
volat i le  me ta l  chlorides.  HC1 get ter ing  processes are 
being used in the  fabr ica t ion  of s i l i con-on-sapphi re  
b ipo la r  t ransis tors  and  complemen ta ry  MOS t rans is tor  
circuits.  

F u r t h e r  w o r k  is u n d e r w a y  to invest igate ,  in de -  
tail,  the  t i m e - t e m p e r a t u r e  dependence  of the process. 
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Influence of Silicon Slice Curvature 
on Thermally Induced Stresses 

H. R. Huff,* R. C. Bracken,* and S. N. Rea 
Texas Instruments Incorporated, Dallas, Texas 75222 

The genera t ion  of t h e r m a l l y  induced dislocations in 
sil icon slices has been inves t iga ted  recent ly  for both  
diffusion furnace  and epi tax ia l  reactor  geometr ies  
(1-3).  I t  has fu r the r  been shown tha t  the deta i led  
method  of slice p repa ra t ion  can exe r t  a considerable  
influence on the dislocat ion genera t ion  (4-8).  For  ex -  
ample,  convent ional ly  p repa red  2-in. d iameter  silicon 
slices are  observed by  Ta lysur f  measurements  to ex-  
hibi t  curva tures  up to severa l  mils  (5). This cu rva tu re  
arises f rom both the  sawing opera t ion  and subsequent  
mechanica l  processing. The contr ibut ion  of each to the  
slice curva tu re  is a funct ion of the  pa r t i cu la r  process-  
ing technique util ized. Al though cu rve - f ree  slices can 
be p repa red  ut i l iz ing ex t reme  care  in pe r fo rming  each 
processing step, convent ional ly  p repa red  slices do 
exhib i t  curvature .  

In  the  presen t  note, we wil l  i l lus t ra te  the  influence 
of slice curva ture  as a mechanism for genera t ing  
t he rma l  stresses in slices placed on a un i fo rmly  hea ted  
susceptor.  I t  is shown tha t  these stresses may  be of 
sufficient magni tude  to act ivate  res idua l  surface dis-  
locat ion sources and cause the i r  p ropaga t ion  th rough-  
out  the  in i t ia l ly  d is loca t ion- f ree  slice volume I (see 
Fig. 1). The dislocations t he reby  genera ted  should be 
especia l ly  de t r imen ta l  in tha t  subsequent  h i g h - t e m p e r -  
a tu re  processing m a y  lead to the i r  mul t ip l ica t ion  as 
wel l  as the i r  in terac t ion  wi th  var ious  types  of point  
and h ighe r -o rde r  defects (9). 

A bowed slice s i t t ing  on a un i fo rmly  heated sus-  
ceptor  exhibi ts  a t e m p e r a t u r e  var ia t ion  across its r a -  
dius because of the  var ia t ion  in t he rma l  coupl ing be-  
tween slice and susceptor.  The slice is hea ted  by  the 
susceptor  th rough  both conduction and radia t ion  whi le  

* Elect rochemical  Society Act ive  Member .  
K e y  words :  epi taxy,  dislocat ions,  compute r  s imulat ion.  
1 Determined by Sir t l  etching.  

i t  loses hea t  p r i m a r i l y  by  radiat ion.  At  points  of m a x i -  
m u m  separa t ion  be tween  slice and susceptor,  the  heat  
t r anspor t  by conduct ion across the gaseous in ter face  is 
subs tan t ia l ly  lower  than  at  contact  points. Therefore,  
tha t  por t ion  of the  slice in in t imate  contact  wi th  the  
susceptor at ta ins  a t e m p e r a t u r e  near  tha t  of the  sus-  
ceptor  whi le  the  slice por t ion  bowed away  from the 
susceptor  a t ta ins  some lower  t empera ture .  The pres -  
ence of t he rma l  rad ia t ion  in t roduces  a s t rong non-  
l inea r i ty  in  the  different ia l  equat ion governing slice 

Fig. 1. Epitaxially processed slice after subsequent Sirtl etching 
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t empera ture  and necessitates computer  solution. A 
f ini te-eiement  computer  model was used following 
s tandard procedures (10). This involved dividing the 
slice into m a n y  small  elements (nodes), performing 
an energy balance on each node, and, through a re laxa-  
t ion scheme, determining the tempera ture  distr ibution 
across the slice. The slice was assumed to be in a 
hydrogen atmosphere. 

Calculated tempera ture  distr ibutions for such curved 
slices, as shown in Fig. 2, indicate that radial  tempera-  
ture  variat ions on the order of 20~ are possible in 
8-rail thick, 2-in. d iameter  slices, depending on the 
amount  and sign of curvature.  A perfectly flat slice 
exhibits a negligible tempera ture  variation. The radial  
temperature  dis tr ibut ion is fair ly insensi t ive to slice 
thickness. Calculated tempera ture  distr ibutions for 4, 
8, and 16-rail thick, 2-in. diameter  slices were v i r tual ly  
identical.  

The silicon slice is represented as a thin, circular 
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disk of radius R with a radial ly symmetric  tempera ture  
dis tr ibut ion about the center. By neglecting the stress 
component  normal  to the surface, 2 the stress tensor 
may be wr i t t en  in cylindrical  coordinates as 

( f f r O  O )  
= o o'o O [1] 

O O O 
with (11) 

'~r _ ~ f o  R _ ~ 1  foo~ T(r ) rdr  --~ = T (r) rdr r2 

~o__~_ = _ T(r)  + T(r ) rdr  + 
~E 

T(r)  rdr 

[2] 

where, for an isotropic solid, ~ is the l inear  thermal  
expansion coefficient, E is Young's modulus, and T(r)  
is the radial  temperature  distribution. 

Once the radial (~r) and tangent ia l  (~0) stresses 
are determined from Eq. [2], the max imum shear 
stress (Tsznax) may be determined through the Mohr 
circle procedure as 

"~,,n.x = ~ i O'r --  ~01 [3] 

We have estimated whether  the reSulting shear 
stress is sufficient to produce yielding by employing 
the max imum shear-stress criterion (12). That  is, 
yielding occurs when  the max imum shear stress equals 
the value it has when  yielding occurs in the tensile 
test ( taken as one-half  the upper  yield point, ~uy,) 

TS . . . .  = Vz ~uyp [4] 

z Calculated resul ts  indicate  tha t  t empera ture  var ia t ions  across 
the slice th ickness  are negligible.  
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Fig. 2. Theoretical radial temperature distributions in a 2-in. 
diameter, 8-rail thick slice, susceptor temperature 1230~ 
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Fig. 3. Theoretical maximum shear stress variation in a 2-in. 
diameter, 8-mil thick concave slice (2-mil curvature). 

The variat ion of Ts.max/aE as a function of radius 
was obtained by numer ica l  integrat ion of Eq. [2] and 
application of Eq. [3]. Figure 3 presents results based 
on the concave slice of Fig. 2 (solid l ine) .  The maxi -  
mum shear stress at the slice per iphery is estimated 
to be 21% of the upper  yield point  at 1200~ by taking 
r = 2 x l0 s dynes /cm 2 (13), a = 4 x 10-6 (~  
(14), and E ~- 1.9 x 1012 dynes /cm 2 (14). Since dislo- 
cations are observed in germanium at approximately 
25-30% of the upper  yield point  (15) at 515~ (788~ 
or 64% of the mel t ing point) ,  the development  of dis- 
locations in silicon at 1200~ (1473~ or 87% of the 
mel t ing point) is not unexpected. Thus, it appears tha t  
the thermal  stress developed from typical slice curva-  
tures may be sufficient to cause the activation of re-  
sidual surface dislocation sources. 

It should be noted, however, that the upper  yield 
point  is an ext remely  s t ructure-sensi t ive  proper ty  and 
is s trongly dependent  on whether  surface or bulk 
sources are dominant  (16-18). Furthermore,  Young's 
modulus data at epitaxial  temperatures  are not avail-  
able, al though there are indications that  it may be as 
much as 50% lower than the room tempera ture  value. 

A uni formly  heated susceptor was assumed in the 
foregoing calculations. In  practice, the susceptor itself 
can exhibi t  a substant ia l  t empera ture  var ia t ion which, 
coupled with the slice curvature  effects, might  more 
readi ly  activate residual surface dislocation sources. 
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Silicon Optical Constants in the Infrared 
P. A. Schumann, Jr.,* W.  A. Keenan,* A. H. Tong,* 

H. H. Gegenwarth, and C. P. Schneider 

IBM Components Division, East FishkiH Laboratory, Hopewell Junction, New York 12533 

The opt ical  constants  of semiconductors,  p r i m a r i l y  
silicon, are  becoming increas ingly  impor tan t  because 
of the  emphasis  on opt ical  measurement  techniques. 
These techniques are  ve ry  promising,  being in genera l  
nondes t ruct ive  and contact less (1). At  present  they  
al l  r equ i re  some knowledge  of the  opt ical  constants  
p r i m a r i l y  due to f ree  carr iers .  The most  impor t an t  of 
the  optical  measuremen t  techniques now used in the 
semiconductor  indus t ry  are  in f ra red  in ter ference  for 
the  measuremen t  of ep i tax ia l  l aye r  thickness (2-7),  
subs t ra te  ca r r i e r  concentra t ion (8, 9) and pa r t  of the 
outdiffused profile (10, 11), p lasma resonance for mea-  
surement  of high car r ie r  concentra t ion (12-14) and 
diffusion surface concentra t ion (15-18), to ta l  in te rna l  
reflection techniques for the  measuremen t  of the  ca r -  
r i e r  concentra t ion of the  epi tax ia l  l aye r  (19, 20), 
p seudo-Brews te r  angle for the  measuremen t  of ca r r i e r  
concentra t ion  and diffusion surface concentrat ion (21), 
and direct  measuremen t  of the  absorpt ion coefficient 
to de te rmine  ca r r i e r  concentrat ion.  In  addit ion,  there  
a re  m a n y  inf ra red  absorpt ion  techniques for  impur i t ies  
such as carbon and oxygen in silicon (22) and c ryo-  
genic absorpt ion  for o ther  impuri t ies .  

A l l  the  measurements  were  made  at  room t empera -  
ture  wi th  a P e r k i n - E l m e r  Model  621 spec t rophotometer  
ut i l iz ing the i r  Micro Specular  Reflectance Accessory 
for reflectance. Reflectance and t r ansmi t t ance  were  
measured  and reduced to the  optical  constants  using 
the  technique prev ious ly  r epor ted  (23, 24). Fo r  normal  
incidence,  the  ref lect ivi ty  R of a semi- inf ini te ly  th ick  
sample  is (24) 

(n - -  I )  ~ -{- k ~ 
R = [11 

(n  + I )  ~ + ~ 

where  n is the  index of refract ion,  and k is the  ex-  
t inct ion coefficient. 

The ext inc t ion  coefficient k is r e la ted  to the  absorp-  
t ion coefficient a b y  the equat ion 

~k 
k = - -  [2] 

4~ 

where  ~. is the  wave leng th  in vacuum. 
The t ransmiss ion th rough  a sample  of finite th ick-  

ness d is 
(I - -  R ) 2 e  - ad  

T --- [3] 
1 - -  R ~ e -s~d 

" E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  a b s o r p t i o n  coeff ic ient ,  i n d e x  of  r e f r a c t i o n ,  c a r r i e r  

c o n c e n t r a t i o n ,  e x t i n c t i o n  coefficient, p l a s m a  r e s o n a n c e .  

The measured  ref lect ivi ty  r for a sample  of finite 
thickness  d is (25) 

r----- R(1 -5 T e  -a~) [4] 

The s imul taneous  solution of Eq. [3] and [4] y ie lds  a 
and R; n and k can then  be ca lcula ted  f rom Eq. [1] 
and [2]. 

Car r ie r  concentra t ion  was measured  by  de te rmina -  
t ion of res is t iv i ty  and ut i l iza t ion of I rv in ' s  curves  (26). 
These resul ts  were  checked where  possible by  use of 
the  p lasma resonance minimum,  in which the  pub-  
l ished ca l ibra t ion  curves  (14) were  used. The average 
difference in the  two techniques was 12% for n - t y p e  
and 34% for p - t y p e  silicon. Thi r ty- f ive  samples  were  
measured  wi th  car r ie r  concentra t ions  be tween 8.6 x 1014 
and 6.2 x 10 TM cm -3 in the  wave leng th  range f rom 
2.5 to 40 ~m. An  intr insic  sample  was also measured  
to s tudy  the la t t ice  absorpt ion bands;  these absorpt ion 
da ta  were  then compared  wi th  the  previous  da ta  of 
Coll ins and F a n  (27). as shown in Fig. 1. As  can be 

p - TYPE  SIL ICON 

- - -  COLLINS AND FAN 
p = 9000~ -cm 

..os,2 ,O2 m ii 
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i0-1 

101 102 

ki~m) 

Fig. 1. Absorption coefficient a as a function of wavelength ?~ 
in micrometers for near intrinsic silicon. 
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Fig. 2. Index of refraction n as a function of wavelength ~. in 
micrometers for n-type silicon with various carrier concentrations. 

length, indicates even better  agreement  between 
theory and experiment.  

At a wavelength  of 40 ~m the agreement  is not good, 
as shown in  Fig. 8 and 9. The data of Walles (32), and 
Walles and Boija (33) are given in Fig. 9. For n- type  
silicon the theory misses the exper imental  data com- 
pletely. For p- type silicon, the theory crosses the ex- 
per imenta l  data and thus represents a bet ter  fit, pos- 
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Fig. 3. Index of refraction n as a function of wavelength ;~ in 
micrometers for p-type silicon with various carrier concentrations. 

seen, the agreement  between the two sources of data 
is excellent. 

Direct de terminat ion of the optical constants from 
the reflectance and t ransmit tance  is very sensitive to 
exper imental  var iat ion in these quantities.  A smooth- 
ing procedure was adopted to reduce the effects of this 
variation. After  lattice absorption was subtracted from 
the reflection and t ransmission data, the optical con- 
Stants were calculated by the technique above. The 
optical constants were first plotted as a funct ion of 
concentrat ion for the various wavelengths.  1 Smooth 
curves were h a n d - d r a w n  through these data points. 
Values were then taken from these smooth curves 
and used to construct the optical constant v s .  wave-  
length curves for various concentrat ions shown in 
Fig. 2-5. 

Most of the published work on the optical constants 
reports only the absorption coefficient. The absorp- 
t ion coefficient has thus been chosen to compare pre-  
viously published exper imental  data, this work, and 
theoretical calculations from a semiclassical free car- 
r ier  absorption model (13). Representat ive curves are 
shown for n -  and p- type  silicon. Figures 6-9 are plots 
of the absorption coefficient as a funct ion of carrier 
concentration, indicat ing both exper imental  and theo- 
retical data. The dotted l ine is a h a n d - d r a w n  estimate 
of the exper imental  data. 

Figure  6 shows the data of Spitzer and Fan  (23), 
Vavilov (28), Ukhanov (29), Spitzer, Gobeli, and 
Trumbore  (30), and the authors for n - type  silicon at a 
wavelength of 5 #m. The agreement  between the ex-  
per iment  and theory is good. Figure 7, however, which 
shows the data of Vavilov (28), Hara and Nishi (31), 
and the authors for p - type  silicon at the same wave-  

z A c o m p l e t e  s e t  o f  d a t a  a n d  c u r v e s  i s  a v a i l a b l e  o n  r e q u e s t  f r o m  
t h e  a u t h o r s :  T R  2 2 . 1 0 0 8 .  

10-3 

i0-4 
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10-10o 101 102 

X(Fm) 

Fig. 4. Extinction coefficient k as a function of wavelength k in 
micrometers for n-type silicon with various carrier concentrations. 
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Fig. 5, Extinction coefficient k as a function of wavelength )~ in 
micrometers for p-type silicon with various carrier concentrations. 
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Fig. 6. Absorption coefficient a as a function of carrier concen- 
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Fig. 8. Absorption coefficient a as a function of carrier concen- 
tration for n-type silicon at a wavelength of 40/~rn. 

sibly. In  al l  cases, the  authors '  expe r imen ta l  da ta  agree  
ve ry  wel l  wi th  the  previous ly  publ i shed  data, thus 
offering for  the  first t ime a wide  range  of opt ical  con- 
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Fig. 9. Absorption coefficient ~ as a function of carrier Concen- 
tration for p-type silicon at a wavelength of 40 #m. 

stants as a funct ion of car r ie r  concentra t ion and w a v e -  
length.  

The theore t ica l  model  used to calculate  the  optical  
constants  appears  to fit the  expe r imen ta l  da ta  wel l  at  
short  wavelengths ,  but  the  longer  wave leng th  fit is not  
successful. I t  would  appea r  necessary  therefore  to a l t e r  
the  theore t ica l  mode l  or improve  it to be t t e r  fit the  
long wave leng th  opt ica l  constants.  

Manuscr ip t  submi t ted  June  1, 1970; rev ised  m a n u -  
script  received ca. Sept.  10, 1970. 

A n y  discussion of this  paper  wi l l  appear  in a Discus- 
sion Section to be  publ i shed  in the  December  1971 
JOURNAL. 
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Comn un cadons 

Luminescence of Bi+ -Activated LaOCI under X-Ray Excitation 
P. Y. Simons 

E. I. du Pont  de Nemours & Co., Inc., Photo Products Department, Parlin, N. J. 08859 

The luminescence of Bi+3-activated LaOC1 over a 
nar row bismuth  composition range unde r  ultraviolet ,  
cathode ray, and x - ray  excitation has been reported by 
Swindells  (1). Blasse and Bril  (2) in their  invest iga-  
tion of Bi+3-activated phosphors report on LaOC1 ac- 
t ivated with 1 a/o (atomic per cent) bismuth. 

This present  work concerns a study of the lumines-  
cence properties of Bi+3-activated LaOC1 over a wide 
composition range under  x - r ay  excitation. 

Experimental 
A series of Bi+3-activated phosphors were prepared 

by  dissolving the appropriate amounts  of La20~ 
(99.99%) and reagent  grade Bi203 in  distilled water  
and HC1, evaporat ing to dryness, and firing the residue 
(LaC13 nH20) in air overnight  at 600~ in porcelain 
crucibles. An  addit ional  firing in air at 1000~ for 3 
hr was performed to increase phosphor crystall inity.  
All  samples were checked by powder x - r ay  diffrac- 
tometry and only single-phase LaOC1 was found. 

The emission spectra were  recorded on a spectro- 
radiometer  system ~ wi th  the x - r a y  excitation from a 
Faxi t ron  2 x - r ay  unit .  The apparatus consists of a 
quartz prism monochromator  3 coupled to a photo- 
mul t ip l ier  microphotometer  employing a 1P28 photo- 
mul t ip l ier  which in t u rn  was coupted to a strip chart  
recorder. Automatic scanning was obtained by  con- 
nect ing a reversible motor to the micrometer  which 
drove the monochromator.  Since the output  is a non-  
l inear  wavelength vs. light in tensi ty  peak, all spectra 
were replotted in  a l inear  scale and the intensi ty  cor- 
rected for the detector system response. 

The x - r ay  beam was collimated to reduce stray 
radiat ion in the x - r ay  chamber, and the powdered 
sample was completely immersed in x- rays  dur ing ex-  
citation. All  spectra were taken at room tempera ture  
with the unfiltered tungs ten  target  operating at 80 
kVp and 3 mA. The dose rate at the sample position 
was about 1.7 roentgen/sec as measured with an 
ionization roentgen meter.  4 

Results and Discussion 
Under  x - r ay  excitation Bi+~-activated LaOC1 is 

characterized by broad-band  emission at 365 nm and 

K e y  words: luminescence spectra, phosphors, x- ray  excitation, 
l an t hanum  oxychlor ide-bismuth  oxychloride solid solutions, lan- 
t h a n u m  oxychloride,  b ismuth  oxychloride. 

z In ternat ional  Light,  Inc., Newburypor t ,  Mass. 01950. 
2 Field Emission Corp., McMinnville, Oreg. 97128. 

Sehoeffel I n s t rumen t  Corp., Westwood, N. J.  07675. 
Victoreen Instrun~r Cleveland,  Ohio 44104. 

450 nm (measured at peak half  height) .  At  all  b ismuth 
compositions below 25% the 365 n m  is the more in -  
tense. Blasse and Bri l  (2) also observed these emissions 
in LaOCh Bi (0.01) under  ul t raviolet  excitation. The de- 
pendency of the emission on increasing bismuth con- 
tent  is given in Fig. 1, and the emission spectra of 
LaOCL doped with 10 and 25 m/0  (mole per cent) 
b ismuth are given in  Fig. 2. 

The 365 n m  emission in tensi ty  reaches a max imum 
at a b ismuth  concentrat ion of 10 m/o,  and with 
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Fig. 1. The dependency of emission on Bi content under x-ray 
excitation. The intensity is normalized for the ]65 nm emission of 
LaOChBi (0 .10)  equal to 100. 
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Fig. 2. Emission spectra of LaOCI:Bi(0.10) and LaOCI:Bi(0.25) 
under x-toy excitation. 
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increasing bismuth this emission is severely quenched. 
On the other hand, the 450 nm emission in tens i ty  ap- 
pears to reach a max imum at 25% bismuth. Note that 
while the 365 nm emission is being quenched the 450 
nm band intensi ty  increases. A weak emission at 500 
nm is also observed in the LaOCI:Bi spectrum. This 
band is due to impurit ies in the start ing material.  Un-  
doped samples of LaOC1 prepared from La2Oa gave this 
weak emission, whereas undoped LaOC1 prepared from 
La(NO3) �9 5H20 did no t  emit at 500 nm although it had 
weak bands at other wavelengths.  BLOC1 was also pre-  
pared but it did not ]uminesce under  x - r ay  excitation. 

The na ture  of the emission centers in Bi+~-activated 
phosphors is not completely understood. Emissions 
have been assigned to electronic transit ions between 
s"-sp states or ac t ivator-matr ix  states (2). Emission in 
Y203:Bi has been a t t r ibuted to bismuth occupying two 
centers in  the host (3). Without  excitation spectra the 
assignments of the transi t ions responsible for emissions 
in this system cannot be determined. However, based 

on the assignment of the 1p 1 --~ lso t ransi t ion for the 
Bi +3 emission in YOCI:Bi +3 by Blasse and Bril (2) 
it appears reasonable to assign this t ransi t ion to the 
365 nm emission in LaOChBi.  It may  also be reason- 
able to assume that  the 450 nm emission is due to the 
3p~ ~ ls0 t ransi t ion because this is the only other 
allowed transi t ion of an ion with a s~-sp excited con- 
figuration. However, this assignment cannot be made 
unequivocal ly without  a detailed study of the absorp- 
tion and excitation spectra of LaOCI:Bi emissions. 

Manuscript  received Aug. 18, 1970. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1971 
JOURNAL. 
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Inhibition of Silicon Growth Rate During the Deposition of 
Arsenic-Doped Epitaxial Silicon Layers on Silicon by 

Pyrolysis of Silane 
R. F. C. Farrow and J. D. Filby 

Ministry of Technology, Royal Radar Establishment, Malvern, Worcestershire, EngLand 

The production of epitaxial  layers of silicon by the 
pyrolysis of silane (Sill4) on silicon substrates is well  
known (1, 2) to offer several  advantages over present 
methods which involve hydrogen reduction of t r i -  
chlorosilane (SiHC]~) or silicon tetrachloride (SiCla). 
In the course of investigations into the effect of group 
III and V dopants on the epitaxial  growth of silicon on 
silicon by pyrolysis of a molecular  beam of silane, we 
have observed that  silane pyrolysis on a (111) silicon 
substrate is inhibi ted by the presence of arsine at the 
surface. Since this inhibi t ion implies a reduction in the 
growth rate of arsenic-doped epitaxial  silicon layers 
using pyrolysis of silane we have examined the effect 
in some detail  and report  here our pre l iminary  find- 
ings. 

The system used in our investigations is shown 
schematically in Fig. 1. A molecular  beam of silane is 
formed in a triple aperture, u l t ra -h igh  vacuum system 
and impinges on the (111) face of a heated silicon 
specimen in a target chamber. The target and collima- 
tion chambers are each pumped by oil diffusion pumps 
fitted with molecular  sieve traps and thermoelectr ical ly 
cooled chevron baffles to prevent  back diffusion of 
silicone oil. Gas species scattered from the  silicon 
specimen are detected by a quadrupole residual  gas 
analyzer. The entire system is baked at 350~ prior to 
each run, and base pressures in the region of 10 -10 
Torr  in  all  parts of the system are achieved. Residual 
carbon and oxygen contaminat ion  of the surface is 
removed by heating the specimen to 1250~ for 5 rain 
(3) before exposing it to the molecular  beam. Group 
III or V dopants are introduced by adding the appro- 
priate he l ium diluted dopant  gases, e.g., diborane, phos- 
phine, arsine, to the silane beam. 

The kinetics of pyrolysis of silane and arsine were 
studied by  monitor ing gas species desorbed from the 
(111) silicon surface as a function both of beam in-  
tensi ty and substrate  temperature.  It  was found that  
the onset of pyrolysis of both silane and arsine was 
marked by a rapid increase in the flux of H2 desorbed 

Key words: surface reaction kinetics,  pyrolysis.  

from the surface as a function of temperature.  From a 
plot of the logari thm of the fractional  increase in the 
H2 signal as a function of reciprocal of absolute tem-  
perature (Arrhenius  plot) activation energies of I0 +_ 1 
kcal /mole and 12 -4- 1 kcal /mole were derived for 
pyrolysis of silane and arsine, respectively, on a clean 
( i l l )  silicon surface. Fur thermore,  it was found that  
the fractional increase in the H2 signal was l inearly 
proportional to the beam intensi ty  for both silane and 
arsine pyrolysis, i.e., the production of H2 by pyrolysis 
of si lane and arsine is a first order reaction. 

In addition to s tudying the kinetics of pyrolysis of 
arsine and silane separately, the effect on silane py-  
rolysis of the introduction of arsine to the silane beam 
was also investigated. It was found that  the introduc-  
tion of arsine led to an inhibi t ion of the silane pyrol-  
ysis. This effect is shown in Fig. 2 in which the ratio 
of the H2 signal for a given incident flux of silane 
molecules with arsine present  to the H2 signal for the 
same incident  flux of silane molecules without  arsine 
is plotted as a function of t ime for three different 
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Fig. 1. Schematic of molecular beam system 
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H 2 ]  AsH3 + S i l l  4 
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Fig. 2. Inhibition of hydrogen production during pyrolysis of a 
molecular beam of arsine % silane. 

concentrations of arsine in the beam. The time zero 
represents the ins tant  at which the arsine is added to 
the silane beam. I t  is seen that  ini t ia l ly the H~ signal 
with arsine present  is greater than with only silane 
present due to the contr ibut ion of arsine pyrolysis to 
the H2 signal. However, with increasing time the H2 
production is progressively inhibi ted and approaches 
a lower l imit  at which the H2 signal is only 7 % greater 
than the H2 signal at ambient  temperature.  (The H2 
signal at ambient  tempera ture  is due to cracking of 
silane in the quadrupole residual gas analyzer.) This 
corresponds to an 80% reduction in the rate of silane 
pyrolysis. It can also be seen that  increasing the con- 
centrat ion of arsine in the beam leads to a more rapid 
approach to the lower l imit  of the pyrolysis rate but  
does not affect this l imit ing rate. Moreover, by re-  
cording corresponding data to that  shown in Fig. 2 for 
various specimen temperatures  it was found that  the 
activation energy for silane pyrolysis was increased to 
14 • 1 kcal /mole in the presence of arsine. 

On the basis of these exper imental  facts, the most 
l ikely explanat ion for the inhibi t ion of silane pyrolysis 
is that  as arsenic is produced at the silicon surface it 
becomes strongly bound to certain surface sites which 
are active in inducing silane pyrolysis, thus prevent ing  
access of impinging silane molecules to these sites. At 
the present t ime the na ture  of these active sites is not  
clear although one possibility is that  they are sites at 
the edge of atomic steps which are known  to exist on 
thermal ly  cleaned (111) silicon surfaces (4) and on 
the surface of silicon layers deposited on ( I l l )  silicon 
substrates under  u l t ra -h igh  vacuum conditions (5). 

The preceding suggestion that arsenic "poisons" ac- 
t ive sites on the silicon surface is supported by the fact 
that arsenic is well known as a catalyst poison in other 
chemical reactions, notably  in the case of SOs produc- 
t ion from SO2 and O2 in which traces of arsenic are 
sufficient to poison a p la t inum catalyst. Addit ional  
support for the observation of inhibi t ion of silane py-  

Table I. Thickness and resistivity of silicon layers 

[ A s i a ]  
% Resist ivity,  Carrier con-  

[SiH~] T h i c k n e s s ,  ~ o h m - c m  centration, c m  - s  

0 12  2 0  3 �9 101~ 
1 6 0 . 0 1 0  5 �9 1 0  le  
2 . 5  2 . 4  0 . 0 0 7  9 �9 10  ~s 
5 1 .8  0 . 0 0 6  1.1 �9 10  a~ 

10 1.2 0 . 0 0 5  1.5 �9 10  TM 

rolysis by arsine is provided by the work of Eastwood 
et aL (6) who found that  the deposition rate of arsenic 
doped SiO2 layers (on silicon substrates) formed by 
pyrolysis of a gaseous mix ture  of silane, oxygen, and 
arsine decreased with increasing arsine concentration. 

We have confirmed by measurement  of the thick- 
ness of epitaxial silicon layers deposited using a con- 
vent ional  u l t ra -h igh  vacuum system that  the pres-  
ence of arsine does indeed inhibi t  the silicon growth 
rate. This can be seen from Table I which summarizes 
the thickness and resistivity of layers grown in 60 rain 
at 850~ with a silane pressure of 0.1 Torr. 

I t  should be pointed out that  inhibi t ion of silane 
pyrolysis by arsine may prove a practical l imitat ion 
only at high arsine concentrat ions where inhibi t ion 
takes place in a t ime shorter than the t ime required 
for deposition of the epitaxial layer. At arsine concen- 
trat ions below 0.1% we have found that  the inhibi t ion 
takes several hours to reach its max imum effect. This 
would explain why no inhibi t ion of growth rate was 
reported either by Swanson and Tucker (7) or Rich- 
man  and Arlet t  (2) who investigated the arsenic dop- 
ing of epitaxial  (111) silicon layers grown by pyrolysis 
of silane. The ratio of arsine to silane used in their 
work did not exceed 0.04%, and their  layers were de- 
posited in less than  1 hr. 
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Isothermal Solution Mixing Growth of 
Thin Ga,_xAl As Layers 

J. M .  W o o d a l l *  

IBM Thomas J. Watson Research Center, Yorktown Heights, New Yo~'k 10598 

Since the development  of the liquid phase epitaxial  
growth of Gal-xAlxAs electroluminescent  devices 
(1, 2), this method has been used to realize consider- 
able improvements  in threshold current  densities for 

" Electrochemical  Society  A c t i v e  M e m b e r .  
K e y  w o r d s :  crystal  growth,  t h i n  l a y e r s ,  G a l - ~ A I ~ A s .  

injection lasers. These improvements  are due to the use 
of GaAs and Gal-xAI~As heterojunct ion structures 
(3-5). The most recent optimization (6) employs a 1~ 
thick Si doped p- type GaAs layer  sandwiched between 
an n - type  and a p- type  Gal-xAlxAS layer  with 
0.2 -~ x ~ 0.5. Fur ther  improvement  could be expected 
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if the thickness of the p- type GaAs layer  could be re- 
duced even more. Previously, layers 1~ thick were 
grown using a specially designed apparatus (6) in 
which melts of different composition were brought  into 
contact with the surface of a layer which was me-  
chanical ly wiped clean of the previous melt. In  order to 
avoid ' the possibility of mechanical ly damaging the 
surface of a th in  layer dur ing wiping, a new technique 
for heterojunct ion growth has been developed which 
is reported in the present  communication.  This method 
promises to have the capabil i ty for growing mul t i -  
layered structures with thicknesses < <  1~. The pur -  
pose of this report  is to describe the method, the ap- 
paratus, and some pre l iminary  results. 

A photograph of the apparatus used for isothermal 
solution mixing  (ISM) is shown in Fig. 1. The main  
features of this apparatus are a cylindrical  substrate 
holder and a part i t ioned crucible which can contain 
two melts. All  parts are made of high-puri ty ,  high- 
density graphite. The substrate can be brought  into 
contact with either melt  by a rotat ion of the holder 
such that the substrata is aligned with one of the win-  
dows on the inner  wal l  of the crucible. This apparatus 
can be used in ei ther  the normal  liquid phase epitaxial 
growth mode or the ISM growth mode or both. For 
the ISM mode of growth a certain amount  of one melt  
is t rapped in the holder as it is rotated into the other 
melt. This trapped melt  becomes supersaturated as it 
mixes with the other melt, causing crystal growth. 

Melt preparat ion procedures are similar  to those re-  
ported previously (7, 8). However, a notable difference 
in procedure for this method is the vacuum baking at 
200~ of the system and substrate and the subsequent  
back filling by hydrogen which is purified by means of 
a pal ladium diffuser. This process step has notably im-  
proved the wett ing of the substrate by the melt  dur ing  
the ini t ial  stages of growth. A Ga-A1 melt  is saturated 
with As using a rec tangular  bar of undoped GaAs with 
a mass in excess of that  required for saturation. Using 
this procedure it is impor tant  to allow sufficient t ime 
for complete saturat ion to occur before rotat ing the 
substrata  into the melt. This t ime is usual ly 1 hr  and 15 
rain at 830~ Bringing the substrate into contact with 
the melt  before this t ime can result  in complete dis- 
solution of the substrate. 

The composition profiles along the growth axis for 
two types of growth procedure are shown in Fig. 2 and 
3. Figure 2 shows the profile of a layer which was 
grown from two different melts at a growth rate of 
O.l~ The layer was grown on the (100) face of 
an undoped GaAs substrate. The first part  of the layer 
was grown from an As saturated melt  containing 30g 
Ga with an A1/Ga weight ratio of 3 x 10 -3, and cooled 
from 862 ~ to 852~ The substrata was then rotated into 
a melt  containing 30g Ga with an A1/Ga weight ratio 
of 5 x 10-s, and cooled between 852 ~ and 842~ It 
should be noted that  the composition profile is very 
fiat for that  part of the growth occurring in each melt. 
The decrease in A1 concentrat ion occurring near  the 
end of the profile is due to fast freezing of the melt  

Fig. i. Apparatus for isothermal solution mixing growth 
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Fig. 2. Composition profile for layer growth by O.l~ cool- 
ing and single rotation between two melts. 
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Fig. 3. Composition profile for layer growth by O.]~ cool- 
ing and 23 melt changes. 

which is t rapped in  the holder when  the furnace is 
tu rned  off. 

Figure 3 shows the composition profile of a layer 
grown in the ISM mode by many  rotations between 
two melts. It  is seen that  the layers show a periodic 
variat ion in A1 concentrat ion along the growth axis 
and that there is an over-al l  decrease in ampli tude 
along the growth axis. The period is about 3~, and 
hence each sublayer  is about 1.5~ thick. One melt  had 
an A1/Ga ratio of 10 -3 and the other had a ratio of 
5 x 10 -3 . Rotation was done by rotat ing wi thin  a 
2-sec t ime period from one melt  to another  and holding 
for 3 rain. It  was found that the thickness and spacing 
of the sublayer structure was independent  of cooling 
rates between 0.03 ~ and 0.1~ and rotat ion cycle 
t ime of 3 m i n / m e l t  and 30 sec/melt.  This appears to be 
good evidence that  the growth of the substructure  is 
due to the supersaturat ion which occurs dur ing the 
mixing of the t rapped melt  which is brought  over by 
the holder with the other melt. 

The ISM epitaxial  growth can be explained by the 
isothermal phase boundary-composi t ion relations in 
the Ga~-~Alx system (7, 9). A close examinat ion of 
the Ga rich portion of this system shows that  a solid- 
l iquid phase boundary  exists over a large composition 
range, and that the isothermal l iquidus curve is such 
that  when  two melts having different composition on 
the l iquidus l ine are mixed, the mixed melt  will  be 
supersaturated and hence crystall ization can occur. 
This effect is shown in Fig. 4 which schematically rep-  
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4--% AI 
Fig. 4. Schematic Ga-AI-As-phase diagram at Ga rich corner 
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resents the Ga-A1-As l iquidus l ine at constant  tem- 
pera ture  T at the Ga rich corner of the phase diagram. 
Points A and B represent  two melts of different com- 
position at sohd-l iquid equil ibrium. Under  equi l ibr ium 
conditions the composition of the l iquid melt  can change 
along path 1 between A and B. When the melts are 
mixed the final composition of the mixed melt  will  
lie at some point  along path 2, the actual point  de- 
pending on the volume ratio of the two melts. How- 
ever, any  point  along path 2 at T except for points A 
and B lies in a region of supersaturation.  This super-  
saturat ion is relieved by the growth of Gal-~AlxAs 
crystal. 

The volume ratio of the melt  compar tment  to the 
melt  t rapped in the holder of the apparatus in Fig. 1 is 
25. It should be possible by the proper selection of this 
volume ratio, as well  as the growth tempera ture  and 
melt  volume, to grow any  desired thickness of such a 
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sublayered structure. We have successfully employed 
this apparatus to grow a heterojunct ion layer  s tructure 
(6) in which the Gal-xAlxAs layers are 1# thick and 
the GaAs p- type layer is 1~. This s tructure has pro- 
duced lasing thresholds as low as 3600 A/cm 2 for a 75~ 
x 300~ Fabry -Pero t  cavity at room temperature.  
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Nonaqueous Batteries with LiClO4-Ethylene 
Carbonate as Electrolyte 

Gianfranco Pistoia 
Istituto Chimico, Universit~ di Roma, Rome, Italy 

ABSTRACT 

A n  evaluat ion  of the  use of e thy lene  carbonate  as a solvent  for high-  
energy  nonaqueous ba t te r ies  has been performed.  The resul ts  are  compared  
with  those obta ined  for propy]ene  carbonate.  A 1.0M LiC104-EC solut ion has 
h igher  conduct ivi ty ,  lower  viscosity,  and lower  influence on the  polar iza t ion  
of Li, CuF2, and NiS electrodes than  an analogous LiCIO4-PC solut ionJ Dis-  
charge curves  at  1.0 and 2.4 m A / c m  2, obta ined under  the  same condit ions in 
1.0M LiC104-EC and PC solutions for Li-CuF2 and L i -NiS  cells, gave be t t e r  
resul ts  when  EC was used. A test cell  Li/1.0M LiC104-EC/CuF2, capable  of 
provid ing  about  200 W h r / k g  (outs ide casing excluded)  when  discharged at 
1.0 m A / c m  2 at  30~ has been fabr icated.  

Research on the deve lopment  of h igh -ene rgy  non-  
aqueous ba t te r ies  has been focused mos t ly  on p ropy l -  
ene carbonate  (PC) e lect rolyt ic  solutions. 

In  1964, El l iot t  et al. (1) pointed out tha t  addi t ion 
of e thy lene  carbonate  (EC) to such solutions improved  
the sys tem by  increas ing the  die lect r ic  constant,  de -  
creasing the viscosity, and increasing the  conduct iv i ty  
of the solutions. No fu r the r  invest igat ion on the use 
of this  solvent  in nonaqueous  ba t te r ies  has been re-  
por ted  since, however .  

Pistoia,  De Rossi, and Scrosat i  (2) have recen t ly  
shown in a p r e l i m i n a r y  note some of the  advantages  of 
using EC solutions in e lec t rochemical  cells, for in-  
stance the h igher  specific conduct iv i ty  wi th  respect  to 
the  PC solutions. EC is solid at r oom t empera tu r e  (mp 
36.2~ but  the  high mola l  lowering of the  freezing 
point  (5.5~ can give l iquid solutions at room tem-  
pera ture .  Fur the rmore ,  the  addi t ion of only 9% PC is 
sufficient to obtain another  5~ decrease in the  freezing 
point. 

On the other  hand, the  use of EC solut ions of low 
salt  concentrat ion,  which are  solid at  room t empera -  
ture, would signif icant ly reduce the  solubi l i ty  shown 
by m a n y  substances used as cathodes (e.g., CuC1, CuF2, 
NiF2, and others)  and the  resul t ing se l f -d ischarge  
processes. Bat ter ies  containing the above-ment ioned  
solid EC solutions could be t h e r m a l l y  ac t iva ted  and 
should need a ve ry  low act iva t ion  energy  because  of 
the  smal l  t empera tu re  increase  necessary to mel t  the  
solutions. 

Elect rolyt ic  solut ions in aprot ic  solvents  must  possess 
cer ta in  basic p roper t ies  in order  to be used in a ba t -  
tery;  t hey  must :  

(a) be inact ive toward  the  e lect rodes  and, pa r t i cu -  
lar ly,  have low solubi l i ty  effects t oward  the  
cathodic mate r i a l s  

(b) have sufficiently high conduct iv i ty  to minimize  
the  IR losses in vol tage  

(c) not apprec iab ly  influence the  electrode po la r iza -  
t ion and al low high ut i l iza t ion coefficients, espe-  
c ia l ly  of the  posi t ive e lec t rode  

K e y  words: lithium, ethylene carbonate,  nonaqueous  batteries. 

This work  was carr ied  out  to see if these condit ions 
are  fulfil led for  EC electrolytic solutions and if such 
solutions are  more  prac t ica l  than  those of PC. 

To this end, viscosi ty and conduct iv i ty  measurements  
of KCNS, KPF6, and LiC104 in EC solutions, and solu- 
b i l i ty  measurements  of CuF2 in solutions of LiC104 in 
EC at var ious  concentrat ions,  have been per formed.  
Fur the rmore ,  polar izat ion curves  of Li, CuF2, and NiS 
electrodes in LiC104-EC solutions and constant  cur -  
rent  d ischarge  curves for cells  having  l i th ium anodes 
and CuF2 or NiS as cathodes, respect ively ,  have  been 
determined.  Al l  resu l t s  have been compared  wi th  those 
obta ined under  the same condit ions for equivalent  PC 
solutions. 

As ment ioned  above, in addi t ion to CuF2, which  is 
one of the most f r equen t ly  used cathode mate r ia l s  (3) 
in p r ima ry  organic ba t te r ies  ( the theore t ica l  specific 
energy for the  Li-CuF2 couple is about  1660 W h r / k g ) ,  
the  NiS cathode was examined  (the theore t ica l  specific 
energy  of the L i -NiS  couple is 1100 W h r / k g ) .  

The feas ibi l i ty  of using some sulfides such as CuS (4) 
and NiS (5) in organic ba t te r ies  has been demons t ra ted  
recent ly .  In par t icu lar ,  the  n ickel  sulfide electrodes 
have been shown to be e lec t rochemical ly  active, ca-  
pable  of h i g h - e n e r g y  dens i ty  values,  and re la t ive ly  
insoluble  in LiC104-PC. Also, for the sulfides i t  is pos-  
sible to develop p r i m a r y  cells only, since Li2S is ap-  
pa ren t ly  insoluble  both in LiC104-PC and LiC104-EC 
solutions. 

Experimental Section 
Materials.--EC (Merck  LAB product )  was purif ied 

by  the fol lowing vacuum (ca. 1 m m  Hg) dis t i l la t ion 
procedures :  

(a) wi thout  addi t ives  
(b) on Li  r ibbon  
(c) on CaO 
(d) on a molecular sieve (4A) after 2 days' storage. 

Usually, 180 cm a of solvent were distilled, of which 
only the middle 60 cm 3 cut was employed. The dis- 
tillation temperature was about 75~ that of the pot 
about 110~ The commercial product and the four 

153 



154 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  T E C H N O L O G Y  January  1971 

samples distil led as above were  analyzed by gas chro- 
matography.  The conduct ivi ty  measurements  were  ob-  
tained on the same samples (see below).  For  the prep-  
arat ion of all other solutions and of the cells to be 
discharged, the middle  fractions of EC distil led on CaO 
were  used. 

PC (anhydrous F luka  product)  was distil led under  
vacuum without  additives. 

LiC104 (anhydrous F luka  product) ,  as received, con- 
tained 1.2% of water  de termined  by the Kar l  Fischer  
method. Drying under  vacuum for 3 days at 150~ 
reduced the water  content  to 0.5%. Fusion under  
vacuum at 260~ was more effective since, af ter  this 
t reatment ,  the wate r  content  was fur ther  reduced to 
0.1%. Still, this is grea ter  than the amount  contained 
in the solvent after purification (see below).  

KCNS (Erba product) ,  KPF6 (Alfa Inorganics prod-  
uct) ,  and CuF2(anhydrous Ozark Mahoning product)  
were  dried by heat ing under  vacuum (10 -a mm Hg).  
NiS was prepared  according to the method described 
by Jasinski  (5), by react ing NiC12 6 H20 with  
(NI-L~)2S. The final product  was washed wi th  water  
and dried under  vacuum. This salt also contained about 
0.1% water .  

Graphi te  (Southwestern  1651) and polye thylene  
powder  were  used as received (af ter  drying) for the 
preparat ion of the electrodes. The l i th ium anodes and 
the molecular  sieve (Type 4A, BDH product)  for the 
purification of EC were  also used as received. 

Apparatus and technique.--Gas chromatography.- 
Gas chromatograms were  obtained on a Perkin  Elmer  
Model 880 ins t rument  wi th  a flame ionization detector,  
using a 2m stainless steel column, packed with  60-80 
mesh chromosorb W coated with  20% Carbowax 1500. 
Hel ium was used as the carr ier  gas (flow rate, 50 cm3/ 
min) .  The column, inject ion block, and detector  t em-  
peratures  were  held at 130 ~ 140 ~ and 130~ respec-  
t ively.  

Water content determination.--The water  content  in 
the distilled EC samples and in LiC104 was de termined  
by the Kar l  Fischer  method  using a Type T T A 1 / K F  
Radiometer  apparatus connected to a Type  TTT1 Radi-  
ometer  t i trator.  

Specific conductivity.--For these measurements ,  a Type 
4896 Tinsley br idge wi th  a Heathki t  oscilloscope as 
nul l  detector  and conduct ivi ty  cells of the type de-  
scribed by Kraus  (6) were  used. For  EC and PC solu- 
tions, a cell having a constant of 3.371 cm -1 has been 
employed. For  the pure solvent samples, due to thei r  
high resistance, a cell having a lower  constant, i.e. 
0.2686 cm -1, was used. 

The specific conduct ivi ty  (x) vs. concentrat ion (c) 
curves were  obtained for the KCNS, KPF6, and 
LiC104-EC solutions at 25.00 ~ • 0.02~ by the dilution 
technique. Concentrated solutions for each salt were  
prepared and the x of these solutions was determined.  
Subsequently,  weighed amounts  of mol ten  EC were  
progressively added and the resul tant  x values were  
measured af ter  thermal  equil ibration.  

Solubilities.--The CuF2 solubil i ty at 30.00 ~ _ 0.05~ in 
LiC104-EC solutions at various concentrat ions and in a 
0.92M LiC104-PC solution was de te rmined  by adding 
CuF2 to about 20 cm 3 of each solution and al lowing 
these to equi l ibrate  for 7 days in a stirred, the rmo-  
statted bath. Aliquots  of the supernatants  f rom satu- 
ra ted solutions were  collected and the Cu +2 content  
de termined polarographical ly  wi th  a differential  cath-  
ode ray polarograph (Southern  Davis  Analytical ,  Type  
A 1660). 

Polarization studies.--The l i th ium anodic polarizat ion 
and the CuF2 and NiS cathodic polarization, respec-  
tively, in LiC104-PC and EC solutions were  obtained 
at 30~ by a Type 551 AMEL potentiostat  wi th  a Type 
494 AMEL cell. A high impedance e lec t rometer  (610 C 
Kei thley)  was used to measure  voltages be tween 
working and reference electrodes. In all polarization 

runs, a l i thium sheet counterelectrode and a l i thium 
rod reference electrode, placed near  the working elec- 
trode, w e r e  used. The electrode dimensions were:  
l i th ium (working and counter) ,  sheet of 1.8 x 1.0 cm; 
l i thium (reference) ,  rod of 0.8 cm diameter  and 1.8 
cm height;  CuF2 and NiS (prepared as described be-  
low),  sheet of 1.5 x 0.7 cm. 

The counter and working electrodes were  separated 
about 0.8 cm by a f r i t tered glass plate. The resistance 
be tween the working  and reference electrodes was 
about 20 ohms at 30~ It was found that  the IR loss 
between them was not significant for this type of 
polarization study. In fact, on moving the reference 
electrode appreciably f rom the init ial  position (almost 
in contact with the working electrode) ,  a max imum 
voltage change of only 0.05V was detected. This value  
is of the same dimension as the reproducibi l i ty  of the 
polarization measurements .  Therefore,  no correction 
was made for this in the voltage data. 

Current-voltage curve.--Two pla t inum electrodes (1.3 
cm 2 sheet) ,  separated by 0.1 cm, r igidly mounted  in a 
Plexiglas  holder, were  dipped in a 1.0M LiC104-EC 
solution at 30~ gently st irred by a w a t e r - f r ee  ni t ro-  
gen flux. Variable voltages were  supplied to the elec- 
trodes by a convent ional  ba t te ry  connected to a po- 
tentiometer.  Kei th ley  electrometers  were  used to de- 
te rmine  both voltages and currents.  

Viscosities and densities.--Viscosities at 30.00 ~ +__ 0.02~ 
were  determined by a Haake Fal l ing Ball  viscosimeter 
having a precision of about 0.3%. The densities of the 
solutions at the same t empera tu re  were  measured with  
a convent ional  pycnometer .  

Preparation of the solutions.--The handling of the 
solvents and of the salts for the preparat ion of the 
solutions was all done in a dry box under  an argon 
atmosphere.  KPF6 and KCNS in EC and PC solutions 
showed a certain turbidity,  perhaps due to some im-  
purit ies in the salts. These solutions were  filtered be-  
fore use. 

CuF2 electrodes.--This type of electrode was init ial ly 
prepared by spreading a paste obtained by dissolving 
in hot toluene a powder  of CuF~ (85%), graphite 
(10%), and polyethylene  (5%) on a copper net  (225 
mesh) .  Before being pressed, the electrode was heated 
in an oven for 10 rain at 90~ Using this t rea tment ,  the 
adherence of the paste on the metal l ic  support  was 
very  satisfactory. However ,  such electrodes, made  wi th  
200 kg / cm 2 pressure, do not have uti l ization coeffi- 
cients higher  than 15% at 0.5 m A / c m  2. Fur thermore ,  
on standing overnight,  the per formance  of these elec- 
trodes was adversely  affected. 

CuF2 electrodes, obtained by heat ing the powder  
in the same proportions under  N2 for 1 hr  and pressing 
at 1000 kg / cm 2 (7), behave much better.  Lower  com- 
pacting pressures resulted in a poor adherence of the 
powder  on the metal l ic  support;  h igher  compacting 
pressures lowered the uti l ization coefficient (7). 

NiS electrodes.--This type of electrode was prepared  
according to the method of Jasinski  (5). A powder  
made of NiS (90%) and graphite (10%) was pressed 
on a copper net  electrolyt ical ly coated wi th  nickel. 
This powder  shows bet ter  adherence propert ies  than 
that  used for t h e  CuF2 electrode. Therefore,  a pres-  
sure of 400 kg / cm ~ was sufficient to obtain a good ad- 
herence on the support. No at tempts  to fur ther  im- 
prove this type of electrode and the CuF2 electrode 
were  made for this work.  

Cell assembly and discharge curves.--The cells were  
prepared by sandwiching a CuF~ or NiS cathode (4.3 
cm ~ surface each side),  surrounded by a glass fiber 
separator  (0.28 mm) ,  be tween two l i th ium anodes of 
the same dimensions as the cathode. This assembly was 
dipped in an excess of e lect rolyte  (about 15 cm ~ of EC 
or PC-LiC104 1M solutions).  Ex te rna l  contact to the 
l i thium anodes was made wi th  all igator clips; the cath-  
odes were  spot-welded to si lver wires. 
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Fig. I. Gas chromatograms of 
commercial EC and EC distilled 
under various conditions. 

Approximately 0.6g of cathodic paste was used which 
corresponded to a nominal  capacity of 0.27 A-h r  for 
the CuF2 electrodes (0.53 A-h r /g )  and 0.32 A-h r  for 
the NiS electrodes (0.59 A - h r / g ) .  

The constant current  discharges (1.0 or 2.4 m A / c m  s) 
at 30~ were usual ly  r un  without  interrupt ion.  Still, no 
appreciable changes in performance were detected 
even when the discharge was in ter rupted  overnight. 
A Model 370 Keithley recorder connected to a Kei th ley  
electrometer was used to record the discharge curves. 

Results and Discussion 
Purification of the so~vent.--In Fig. 1 are shown EC 

gas chromatograms before and after purification. The 
results obtained do not differ from each other signifi- 
cantly. Among the organic impurities, propylene gly-  
col (PG, peak 1, 1.8 m in  retent ion time) and ethylene 
glycol (EG, peak 2, 2.2 rain retent ion time) have been 
identified. 

Using gas chromatograms of distilled EC containing 
1% each of EG and PG for calibration, the commercial  
product was found to contain 2500 and 125 ppm, re-  
spectively, of these contaminants.  In  the several dis- 
t i l led materials  which were  prepared, the EG content  
is not appreciable and the PG content  is 15-20 ppm. 
Jasinski  (8) reports an increase in PG from 30 to 
200-500 ppm on distil l ing PC over CaO. In  our prepara-  
t ion of EC from CaO, however, all impur i ty  levels 
decreased. 

The exper imental  procedure under  which the gas 
chromatograms were obtained is such that  it was not 
possible to determine the water  content  of the samples. 
This quant i ty  was measured  instead by the Kar l  Fischer 
method and varied from 15 to 50 ppm for the several 
samples examined. Also, the results for a single sam- 
ple, measured during mult iple  distillations, fell in this 
range, indicat ing the necessity to carefully avoid con- 
taminat ion  by  moisture. 

In  Table I are shown the specific conductivi ty values 
of various EC samples distilled unde r  vacuum. The 
conductive impur i ty  level seems to decrease from the 
sample distilled on a molecular  sieve to the one dis- 
t i l led on CaO. 

Current-voZtage curve.--For a 1M LiC104-EC solu- 
tion, the curve at 30~ has the shape shown in Fig. 2. 
The "decomposition potential" is about 5.7V. Clearly, 
this value has little significance because of its depen-  
dence on the electrode materials  used. 

Table I. Specific conductivities at 40~ of EC and PC 
(ohm- lcm-1 .10  ~) 

E C  as r e c e i v e d  51.7 
EC disti l led f rom m o l e c u l a r  s ieve  5.91 
EC d i s t i l l e d  w i t h o u t  a d d i t i v e s  4.19 
EC d i s t i l l ed  f r o m  L i  3.47 
P C  d i s t i l l e d  w i t h o u t  a d d i t i v e s  2.07 
EC d i s t i l l e d  f r o m  CaO 1.51 

Specific conductivity o~ the solutions.--The conduc- 
t ivity at 25~ of LiC104, KCNS, and KPF6, respectively, 
in EC solutions, is shown in Table II. Solutions close 
to saturat ion were progressively diluted to observe the 
ma x i mum in the x vs. c curves. In  the case of the 
KPF6-EC solution, only one datum is reported since a 
decrease in concentrat ion immediate ly  caused the solu- 
t ion to solidify. For the KCNS and par t icular ly  the 
LiC104 solutions, on the contrary,  overcooling experi-  
ments  across a wide range verified that  the solutions, 
even at low concentration, remain  liquid at 25~ For 
all salts, the m a x i m u m  x values are greater than  those 
of PC solutions (2). In  particular,  the specific con- 
ductivi ty of a 1.0M LiC104-EC solution (7.8 x 10 -3 
ohm -1 cm -1) is 1.4 t imes greater than that  of a 1.0M 
LiCIO4-PC solution (5.6 x 10 -3 ohm -1 cm-*)  (9). 

Figure 3 shows the behavior  of the conductivi ty vs. 
temperature  for those solutions in  which the max imum 
conductivi ty is seen. The behavior  is l inear  and the 
dx/dt  values for KCNS, KPF6, and LiClO4 are 0.000307, 
0.000263, and 0.000172 ohm -1 cm-* ~ respectively. 

Viscosity of the solutions.~The viscosities at 30~ of 
1M (molal) solutions of KPF~, KCNS, and LiC104 in 
EC and PC were determined. The values obtained are 
reported in Table III  where nd is the dynamic viscosity 
and nc the kinematic  viscosity. The ratio nd LiC104- 
PC/rid LiC104-EC is 1.05, whereas the ratio of the 
specific conductivi ty of 1M solutions • LiC104-EC/x 
LiC104-PC is 1.5, and that of the equivalent  conduct-  
ances is 1.3 at the same concentration. Therefore, the 
higher conductivity,  observed in LiC104-EC cannot be 
related to the lower viscosity only, but  it is also due 
to a lesser amount  of associated nonconduct ing forms 
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Fig. 2. Current-voltage curve at 30~ for 1.0M [iCI04-EC 
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Table II. Specific conductivities at 25~ of EC solutions 

J. Electrochem. Soc.: ELECTROCHEMICAL TECHNOLOGY January 1971 

Salt e (g / lOOg so lven t )  X " lOS (ohm-Z �9 c m - D  

KPFs 
K C N S  

19.0 11.32 
9.0 11.40 

13.1 11.84 
16.1 11.62 
22.5 10.68 
25.3 10.07 
29.0 9.27 
32.0 8.50 
35.3 7.67 

3.5 6.07 
5.2 7.27 
7.7 7.87 
9.8 7.80 

14.5 6.30 
19.8 4.32 
24.9 2.73 
30.0 1.55 

Table III. Viscosities at 30~ of EC and PC solutions (1 molal) 

EC PC 
~d We ~d 7/e 

(eentipoise) (eentistokes) (eentipoise) (centistokes) 

LiC104 

LiC104 7.91 5.67 8.32 6.58 
K C N S  5.09 3.72 4.94 3.99 
KPFe 4.82 3.36 4.87 3.78 

Table IV. Solubility of CuF2 in LiCIO4-EC and LiCIO4-PC 
solutions 

LiC104 concentration (M) So lub i l i t y ,  ( m o l e s / k g  so lu t ion)  

0.92 (in PC) 0.0085 
0.84 ( in EC) 0.0098 
1.07 (in EC) 0.0079 
1.47 (in EC) 0.0063 
1.84 (in EC) 0.0062 

(ion pairs and higher associated species), due to the 
higher dielectric constant  of EC. 

Solubility of CuF2 in LiCIO4-EC and PC solutions.-- 
The t rend  of the solubil i ty of CuF2 as a function of 
LiC104 concentrat ion in  EC is reported in Table IV. As 
observed in LiC104-PC solutions (3), the solubil i ty 
decreases as the LiC104 concentrat ion increases. This 
pat tern could be related to an increase in the activity 
coefficients of the CuF2 ions with the increase of 
the ionic s trength of the solutions. The solubili ty of a 
0.92M LiC104-PC solution shows that  there is no ~ap- 
preciable difference between the two solvents. I t  is 
possible that  the solubil i ty of CuF~ in LiC104-EC and 
LiC104-PC solutions is influenced by the occurrence of 
the reaction 

CuF2(s) + 2LiClO4 ~ 2LiF(s) + Cu(C104)~ 

One cannot exclude the possibility that  the results 
obtained are affected to a certain extent  by the in-  
complete drying of LiC104 (0.1% of water) .  

I I 
� 89 13.0 wt ~  

/ , 

u 

I t t 
25 30 35 40 

Temperai'ure (oC) 

Fig. 3. Specific conductivity as a function of temperature for 
KPF6, KCNS, and LiCIO4 in EC at the indicated concentrations. 

With these values of solubility, it is obviously im-  
possible to main ta in  Li-CuF2 cells in activated storage. 
A test made on a cell Li/1.0M LiC104-PC/CuF2, kept  
8 days after preparat ion in a dry box at about 18~ 
showed a decrease in the percentage of uti l ization of 
the cathode (from 53 to 14%) and in the average po-  
tent ial  of discharge to a very  low value (ca. 1.4V). 

Pola~zation studies.--The behavior  of Li, CuF2, and 
NiS electrodes was investigated under  forced discharge 
at various current  densities (Fig. 4 and 5), using Li 
rod as a reference electrode; this is considered to be 
a satisfactory reference electrode in 1.0M LiC104-PC 
( i 0 ) .  
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I I 
1.0 1.5 

Polar izat ion (V)  

Fig. 4. Lithium anode polarization at 30~ in LiCIO4-EC and 
LiCIO4-PC solutions, Electrode surface 1.8 x 1.0 cm. 
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Fig. 5. CuF2 and NiS cathode polarization at 30~ in 1.0M 
LiCIO4-EC and PC solutions. Electrode surfaces 1.5 x 0.7 cm, OCV 
3.45V for CuF2 and 3.25V for NiS vs. Li/Li +. 
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Li  seems to show a somewhat  be t t e r  anodic be -  
havior  in LiC104-EC than  in the  corresponding PC 
solution. A lower  viscosi ty and a h igher  conduct ivi ty  
could expla in  this  behavior .  A 1.8M LiC104-EC solu- 
tion, in fact, shows a more  pronounced tendency to-  
wa rd  polarizat ion,  for the  same values  of anodic cur-  
rent,  wi th  respect  to a 1.0M solut ion having higher  x 
and lower  ~1. 

CuF2 and NiS electrodes c lear ly  seem to behave  be t -  
t e r  in EC than  in PC, p r o b a b l y  because  t hey  a re  more  
sensi t ive than  Li  anodes to the  effect of viscosity, and 
conduct iv i ty  of the solutions. In  fact, the i r  reduct ion 
react ion involves Li ions 

C u F ~ + 2 L i  + + 2 e ~ C u + 2 L i F  

so that  the  t r anspor t  of these ions f rom the  bu lk  of 
the  solution to the  cathode could be the  r a t e - d e t e r m i n -  
ing step. 

The polar izat ion seems to be more  severe  for  NiS than  
for CuF2, pa r t i cu l a r ly  at  low cur ren t  densities. As sug-  
gested by  Jas inski  (5),  i t  is possible tha t  a cer ta in  
amount  of S is present  in NiS, this  making  the OCV vs. 
L i / L i  + (3.25V) quite high and accounting for the  ini-  
t ia l  rap id  decay in voltage. No difference in the po la r i -  
zation behavior  was observed  be tween two NiS elec-  
t rodes  p repa red  at different  compact ing pressures  (400 
and 1000 k g / c m  2, respec t ive ly) .  

Cell discharge.--Discharge curves at 1.0 and 2.4 
m A / c m  2 for Li-CuF~ cells a re  r epor ted  in Fig. 6 and 
those for  L i -NiS  cells in Fig. 7. The ut i l iza t ion coeffi- 
cient of CuF2 in the  two solvents  at  1 m A / c m  2 (53%) 
is in agreement  wi th  the  work  of Boden for 1.0M 

4 o 1.0 mA/cm 2 EC 

~. " " PC 

�9 2.~, - EC 

PC 

1 
0 10 20 30 40 50 60 

% Ut i l i za t ion  ot: CuF" 2 

Fig. 6. Discharge curves at 1.0 and 2.4 rnA/cm ~ at 30~ far I.i- 
CuF2 cells in 1.0M LiCEO4-EC and PC. 
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Fig. 7. Discharge curves at 1.0 and 2.4 mA/cm 2 at 30~ for Li- 
NiS cells in 1.0M LiCIO4-EC and PC. 
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LiC104-PC (7). At  the  same discharge cur ren t  density,  
the  ut i l izat ion coefficients are  prac t ica l ly  the  same in 
EC and PC, but  the curves in EC have subs tan t ia l ly  
h igher  V values.  The curves  for  L i -NiS  cells show 
not  only  h igher  V values, but  also h igher  ut i l izat ion 
coefficients in EC. These resul ts  were  to a cer ta in  ex-  
tent  expected on  the basis of the  polar izat ion behavior  
of the posi t ive e lec t rode  and of the  viscosimetr ic  and 
conductometr ic  da ta  obta ined  for LiC104 solutions in 
EC and PC. A t  30~ the  conduct iv i ty  of 1.0M LiClO4 
in EC is 8.68 x 10 - s  ohm -1 cm -1, whereas  tha t  of 1.0M 
LiClO4 in PC is 5.81 x 10 -3 ohm -1 cm-1,  the  la t te r  
value being in agreement  wi th  tha t  found by  Ke l l e r  
at  25~ (9). This h igher  specific conduct ivi ty  in 
LiClO4-EC is especia l ly  beneficial  in reducing the  con- 
cent ra t ion  polar izat ion resul t ing  f rom the low elect ro-  
ly te  t r anspor t  rate.  This is also the  ma in  cause of the  
decrease  observed in the ut i l izat ion coefficient of the  
cathode when discharge cur ren t  dens i ty  var ies  f rom 
i.0 to 2.4 m A / c m  2. 

The difference shown by the  curves  of the  L i -NiS  
cells a t  1.0 m A / c m  2 in the  two solvents  is exaggera ted;  
some unknown factor  might  have increased the  differ-  
ence in favor  of the  cell  containing LiClO4-EC. 

A calculat ion of the  wa t thours  obta ined per  weight  
of CuF~ or  NiS in the discharges  at  1.0 rnA/cm ~ gave 
the fol lowing resul ts :  0,80 Whr /g (CuF2)  and 0.62 
W h r / g ( N i S ) .  Therefore,  the h igher  average  poten t ia l  
of discharge shown by  CuF2 counterbalances  the  lower  
ut i l iza t ion coefficient. 

Discharge at  1.0 m A / c m  z was repea ted  in a cell  
Li/1.0M LiClO4-EC/CuF2 in which the  weights  of the  
var ious  components  (electrodes,  e lectrolyte ,  and sep-  
a ra tor )  were  minimized,  except  for  the  outside casing. 
In  par t icular ,  a l igh tweight  s teel  net  (4.3 cm ~, 0.16g) 
was used in place  of the  copper  ne t  as a posi t ive elec-  
t rode  suppor t  (0.Tg of a cathodic paste)  ; the  e lect rolyte  
was reduced to the  min imum amount  (0.8g) requ i red  
to avoid decrease of the ut i l izat ion coefficient of CuF2 
(7). Under  these conditions,  a specific energy  of 195 
W h r / k g  was  measured  (outside casing exc luded) .  This 
value  could be  increased,  for  example ,  b y  increasing 
the rat io be tween  the weight  of the  cathodic paste  and 
tha t  of the  meta l l ic  suppor t  or b y  using a l ighter  
separator .  The increase in the  to ta l  weight  due to a 
l ightweight  po lye thy lene  case is about  12% (7). 

Conclusion 

Elect ro ly tes  in EC (in par t icu lar ,  LiC104) and Li, 
CuF2, and NiS electrodes in LiC104-EC solutions seem 
to behave  be t t e r  than  in PC solutions. Discharge  
curves obtained under  the  same condit ions in the  two 
solvents  confirm that  EC can be advan tageous ly  used 
in h igh -ene rgy  nonaqueous  bat ter ies .  At  the  moment ,  
cells containing an EC solvent  obviously have  a min i -  
m u m  t empera tu r e  range  limit .  This  l imi t  can be low-  
ered e i ther  by  adding PC or  b y  using another  sal t  
capable  of lower ing the EC f reez ing  point  st i l l  fur ther .  
On the  other  hand,  solid solut ions of e lect rolytes  in EC 
could solve shelf - l i fe  p roblems  in the  ac t iva ted  s torage 
of these cells, p rov id ing  tha t  the  cathodes a re  mechan-  
ica l ly  stable,  i.e. not  deformable  dur ing  the  solidifica- 
tion. Due to the  low t empera tu r e  grad ien t  necessary 
for a comple te ly  l iquid solution, a low act ivat ion en-  
e rgy  would  be requ i red  for  such the rma l  bat ter ies .  
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The Mechanism of Adhesion Failure of Plated 
Plastics in Corrosive Environments 

R. R. Wiggle,* V. Hospadaruk,* and D. R. Fitchmun 
Ford Motor Co~npany, Dearborn, Michigan 48121 

ABSTRACT 

The mechanism of adhesion fa i lure  of p la ted  ABS and po lypropy lene  (PP)  
plast ics  exposed to service condit ions was determined.  Adhesion fai lure,  
th rough  the format ion  of blisters,  proceeds by  a corrosion mechanism which  
involves (a) the  rap id  la te ra l  anodic dissolution of the  th in  electroless nickel  
l aye r  a t  the  p las t i c -meta l  in terface  or (b) the re la t ive ly  s lower  p re fe ren t i a l  
dissolution of an electroless copper l ayer  and the equal ly  react ive  ad jacen t  
e lec t rodeposi ted  copper  layer .  The  ra te  of l a te ra l  deve lopment  of b l i s te rs  is 
re la ted  to the  surface topography  of the  etched plast ic  substrate .  The h igh-  
dens i ty  crack pa t te rns  and surface roughness  of etched PP provide  a grea te r  
pa th  length  for the  anodic dissolution of the  thin electroless  n ickel  l a y e r - -  
t he reby  r e t a rd ing  the l a te ra l  undercu t t ing  more  than  wi th  a plast ic  which 
has a r e l a t ive ly  smooth etched surface (ABS) .  When  the  less react ive  elec-  
t roless  copper  is present  in a coppe r -n i cke l - ch romium system, the  plast ic  
subs t ra te  surface topography  has no effect on the l a te ra l  ra te  of b l i s te r  de-  
velopment .  The weaker  tendency  toward  bl is ter  format ion  is due to p re fe r -  
ent ia l  corrosion of the re la t ive ly  thick, two- l aye red  copper  deposit.  

The use of e lec t ropla ted  plast ics has increased d ra -  
ma t i ca l ly  since the  commercia l iza t ion  of e lec t ropla ted  
ABS plastic.  The commercia l iza t ion  was due in large 
pa r t  to the  deve lopment  of molding and process con- 
di t ions which  gave measurab le  adhesion be tween  the 
e lectrodeposi t  and plastic.  

When e lec t ropla ted  plast ics became a real i ty ,  it was 
er roneous ly  fel t  that ,  since the  plast ic  is a noncor-  
rodib le  substrate,  h igh ly  corros ion-res is tant  e lec t ro-  
p la t ing  systems were  not needed. However,  i t  was 
soon apparen t  that  the  outdoor service per formance  
of p la ted  ABS was f requen t ly  not  sa t isfactory and 
even wi th  good corros ion-res is tant  systems had a ten-  
dency  to develop excessive bl is ter ing and p rema tu re  
fai lure.  Saubes t re  and co-workers  (1) s tudied the  
na ture  of corrosion of electrodeposi ts  on ABS and 
found tha t  b l i s ter ing  fa i lure  was common. They used 
the CASS and Corrodkote  accelera ted  corrosion tests 
in the s tudy and the resul ts  showed tha t  sacrificial cor-  
rosion in the  e lectrolyt ic  copper  l aye r  was the  main  
cause of b l is ter ing fai lure;  of secondary  impor tance  
was the  electroless metal .  A l l -n icke l  decora t ive  coat-  
ings tended to bl is ter  at  or near  the p las t i c -meta l  in-  
terface for  reasons not established.  

Af te r  the  advent  of e lec t ropla ted  crys ta l l ine  po ly -  
p ropy lene  ( P P ) ,  ea r ly  service  exposure  data  for  some 
of the  specimens showed that  it  was super ior  to p la ted  
ABS. Adhesion of the  e lec t ropla te  to the  plast ic  was 
also subs tan t ia l ly  greater .  Innes (2), in compara -  
t ive  s tudy  of p la ted  ABS and PP, verif ied the  super ior  
per formance  of PP. The  resul ts  were  der ived  from 
envi ronmenta l  and accelera ted  tests. Innes did not 
de te rmine  the  under ly ing  mechanism of b l i s te r  fai lure,  

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  M e m b e r .  
Key words: adhesion failure, plated plastics, corrosion. 

but  for ABS suggested tha t  mois ture  absorpt ion,  sen-  
s i t iv i ty  to molded- in  stresses, and adhesion fluctuations 
were  impor tan t  factors. 

Service  exposure  resul ts  of e lec t ropla ted  plastics 
showed that  a la rge  por t ion  of the  b l i s te r  fa i lures  oc- 
cur red  in corrosive envi ronments  and seemed to in -  
volve the p la s t i c -me ta l  interface.  The first cons idera-  
t ion was to de te rmine  if one of the  p r i m a r y  factors 
was the  p re fe ren t i a l  corrosion of the  electroless meta l  
deposits.  In agreement  wi th  others,  i t  was found tha t  
the  pe r fo rmance  of p la ted  PP  was also m a r k e d l y  be t te r  
t han  ABS. It  was impor t an t  to under s t and  the reasons 
for  the  subs tan t ia l ly  be t te r  service per formance  and 
p la s t i c - to -me ta l  adhesion of the  P P  and the  mechanism 
of fa i lure  of both  p la ted  ABS and PP. This paper  de -  
scribes the  mechanism of b l i s te r  fa i lure  which occurs 
dur ing  exposure  of p la ted  ABS and PP  to corrosive 
service environments .  

Experimental Methods 
Service corrosion specimens.--The pla ted  plas t ic  cor -  

rosion specimens used in the  de te rmina t ion  of the  
fa i lure  mechanism were  f rom the Ford  Exposure  P ro -  
gram. The  specimens were  exposed to chlor ide  road 
deicing salts  on t rucks  fi t ted wi th  special  racks. The 
specimens were  flat, 3 x 4 in. panels  of ABS and PP,  
suppl ied  by  Marbon  Division, B o r g - W a r n e r  Corpora-  
tion, and Avisun Corporation,  respect ively.  They  were  
chemical ly  p l a t ed  wi th  the  MacDermid  Inc. MACuplex  
RT process, an a lka l ine  hypophosphi te  electroless 
nickel.  The e lect rolyt ic  deposits  used were  nickel  s t r ike  
(Wat t s ) ,  copper (Udyl i te  UBAC),  semibr ight  n ickel  
(Har shaw Perf low),  b r igh t  n ickel  (Udyl i te  66), and 
chromium (convent ional ) .  
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Reactivity studies.--The re la t ive  react ivi t ies  of the  
various deposi ts  were  de te rmined  by  anodic polar iza-  
t ion using po ten t iodynamic  techniques.  The e lec t ro ly te  
consisted of 1.0 no rma l  sodium chlor ide  ( reagent  grade  
in dis t i l led wa te r )  at  pH 6.0-6.5 which  approx imates  
outdoor service  electrolytes .  The e lec t ro ly te  was care-  
fu l ly  deaera ted  with  prepur i f ied  ni t rogen for at  least  
2 hr  before  the  test  specimens were  immersed.  The 
specimens were  immersed  at  open circui t  for  a min i -  
mum of 1 hr  before  polar iza t ion  at  a ra te  of 10 m V / m i n  
where  the  e lect rode potent ia l  was measured  re la t ive  
to a sa tu ra ted  calomel  e lect rode (SCE) .  

Thermal cycle testing.--Panels were  the rma l  cycled 
in order  to de te rmine  if adhesion fa i lure  due to 
t h e r m a l l y  induced stresses was  significant. Al l  panels  
used in t he rma l  cycle test ing were  p la ted  on one side 
only. This was designed to y ie ld  high stresses at  
the  p la s t i c -me ta l  in ter face  resul t ing  f rom the  high 
different ia l  in the  coefficients of expansion for the  
me ta l  and plastic.  The test  p rocedure  consisted of 
the  exposure  of the  panels  to the  fol lowing sequence 
of t empera tu res :  (a) 180~ for 2 hr;  (b) ambien t  
t empera tu re  for 1 hr;  (c) --20~ for  2 hr;  and (d) 
ambien t  t e m p e r a t u r e  for 1 hr. This const i tutes  one 
cycle. 

Results and Discussion 
Service performance,--Examination of service ex-  

posed panels  indica ted  tha t  good adhesion of decora-  
t ive l~lated systems to a plast ic  subs t ra te  does not 
guarantee  good ove r -a l l  service and corrosion per -  
formance.  An  examina t ion  of fa i led service par t s  
showed the  presence of b l is ters  wi th  gradat ions  f rom 
fine bl is ters  ba re ly  vis ible  to the  naked  eye to mas -  
sive de tachment  of  the  electrodeposit .  The number  and 
size of the  bl is ters  were  grea te r  on the  service  par ts  
exposed to the  more  severe  corrosive envi ronments  
indicat ing tha t  b l i s te r ing  is r e la ted  to corrosion a t -  
tack. Indeed,  examina t ion  of the  ex te r ior  of the  bl is ters  
revea led  the presence of a corrosion pit  in the  center  
of each blister .  

The association of corrosion pits  wi th  al l  of the  
bl is ters  examined  indicates  tha t  b l i s te r  fa i lures  solely 
due to t he rma l ly  induced stresses no rma l ly  encoun-  
tered in service  are  not  significant. This observat ion  
was verified b y  the rma l  cycle studies of both  p l a t ed  
ABS and PP  panels.  PP  panels  p la ted  with  var ious  
composi te  coatings wi ths tood as m a n y  as 20 the rmal  
cycles wi th  no evidence of adhesion loss. S imi la r  r e -  
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sults were  obta ined wi th  p la ted  ABS subjec ted  to 3 
the rmal  cycles. However ,  the  poss ib i l i ty  tha t  b l i s te r  
fai lure,  in some instances,  m a y  be accelera ted  by  ex -  
t r eme  the rma l  envi ronments  is not  d isregarded.  

Some of the  me ta l  films on fai led service par ts  were  
mechan ica l ly  s t r ipped  f rom the plast ic  subs t ra te  in 
o rde r  to examine  the unders ide  or in te r io r  of the  bl is -  
ters  as shown in Fig. 1. Region A is the  unders ide  of 
the  e lectrodeposi t  s t r ipped  f rom the sur face  of an 
ABS pane l  and  folded back.  Region B is the  surface 
of the  ABS panel.  The pe r iphe ry  of the  bl is ters  is 
indica ted  by  C, and in the  centers  of the  bl is ters  a re  
corrosion pits, D, which  ex tend  th rough  the  e lec t ro-  
deposit.  When the pits  are  close together,  the  bl is ters  
tha t  develop often coalesce to form la rger  blisters.  The 
d a r k e r  r ings or bands, E, of corrosion products  are  
p robab ly  due to a var iab le  corrosion ra te  in service. 
The  e lect ron microprobe  scanned across these r ings or 
bands,  both  on the  unders ide  of the  electrodeposi t  and 
the surface of the  plastic,  r evea led  the  presence of 
phosphorus- r ich  residues.  

As -p l a t ed  electroless n ickel  f rom hypophosphi te  
baths  is not  pure  n ickel  but  is a n icke l -phosphorus  
a l loy (3). Phosphorus  is incorpora ted  in the  deposi t  as 
a resul t  of compl ica ted  side react ions  which  occur  du r -  
ing the  oxidat ion  of the  hypophosphi te  reducing  
agent.  

Aga in  re fe r r ing  to Fig. 1, a th in  l aye r  of plastic,  F, 
adher ing  to the  unders ide  of the  e lectrodeposi t  is 
present  when  deposits  wi th  intact  p l a s t i c -me ta l  in-  
terfaces a re  mechanica l ly  s tr ipped.  The f rac ture  p re -  
sumably  occurs in a weakened  po lymer  surface l aye r  
formed dur ing the  etch step. The unders ides  of the  
bl is ters  are  free of p las t i c - - ind ica t ing  an essent ia l ly  
e lec t rochemical  "de tachment"  of the  me ta l  coat ing at 
the  p la s t i c -me ta l  in terface  th rough  anodic dissolu-  
t ion of the  electroless deposit.  

These resul ts  indicate  tha t  b l i s te r  fo rmat ion  is as-  
sociated p r i m a r i l y  wi th  the  p re fe ren t ia l  corrosion of 
the  electroless nickel  layer .  

To fu r the r  character ize  the  exact  locat ion of the 
fai lures,  cross sections of the  service bl is ters  were  
analyzed b y  opt ical  microscopy and the  e lec t ron 
microprobe.  F igure  2 is a cross section of a r ep resen ta -  
t ive  service b l i s te r  showing the  center  of the  cor-  
rosion pit ,  A. The center  por t ion of the  b l i s te r  is 
shown on the r ight ,  and the  edge showing the intact  
p l a s t i c -me ta l  in ter face  on the  left. The composite  
sys tem includes ABS plastic,  electroless nickel  (not 

Fig. 1. Underside of blistered 
electrodeposit mechanically strip- 
ped from plastic substrate on 
failed service part. 
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Fig. 2. Cross section of service 
blister showing location of failure 
with the aid of electron micro- 
probe traces for phosphorus and 
nickel. 

vis ib le) ,  n icke l  s tr ike,  copper,  dup lex  nickel,  and 
f inal ly chromium. Corrosion has proceeded f rom the  
corrosion pit ,  A, to point  B, beyond  which the in te r -  
face is intact .  Optical  photomicrographs  indica ted  that  
the  corrosion fol lowed a pa th  on the  unders ide  of the  
e lect rodeposi t  at or near  the  p la s t i c -me ta l  interface.  
The e lect ron microprobe  was scanned across the  in te r -  
face  and b l i s te r  void at  the  points  indica ted  to de te r -  
mine the  presence and re la t ive  concentra t ions  of two 
elements,  phosphorus  and nickel.  The phosphorus  t race  
is the  complex  da rk  l ine and the n ickel  t race is the 
finer line, wi th  increas ing concentra t ion of the  ele-  
ments  f rom left  to r ight  along the  hor izonta l  axis. The 
microprobe  scanned across the  in tac t  in ter face  showed 
the presence of phosphorus  and nickel  in the  e lec t ro-  
less n ickel  layer ,  pure  n ickel  in the n ickel  s t r ike  layer ,  
and, of course, no nickel  in the  copper  region and only 
pure  n ickel  in the  duplex  nickel  region. The middle  
microprobe  t races  across a por t ion of the b l is ter  ( the 
separa t ion  dis tance indica ted  by  the region labe led  
"Blis ter")  showed the presence of phosphorus and 
nickel  res idues  on the  surface of the  plastic,  and 
phosphorus  and nickel  residues plus pu re  nickel  ( f rom 
the  nickel  s t r ike)  on the unders ide  of the e lec t ro-  
deposit.  A t  another  por t ion  of the b l is ter  wi th  a wider  
separat ion,  the  microprobe  showed the presence of 
phosphorus  and n ickel  res idues  bo th  on the  plast ic  
surface and unders ide  of the  electrodeposit .  

Microprobe resul ts  of o ther  systems gave s imi lar  
resul ts  and  i t  is concluded tha t  apparen t  adhesion 
fa i lure  and bl is ters  a re  re la ted  to corrosion in the  th in  
electroless n ickel  layer .  Whe the r  the  e lectrodeposi t  
ad jacent  to the electroless  nickel  l ayer  is n ickel  or  
copper  appears  to have  l i t t le  effect on the  mode  of 
corrosion af ter  the  corrosion pi t  reaches the  electroless 
n ickel  deposit .  Fur the rmore ,  the  p re fe ren t ia l  l a t e ra l  
corrosion of the  electroless n ickel  l aye r  indicates  tha t  
i t  is more  react ive  than  the o ther  meta ls  of the  com- 
posite. 

Reactivity studies.--In order  to inves t iga te  the  un -  
usual ly  h igh  anodic reac t iv i ty  of the  electroless nickel,  
polar iza t ion  studies were  conducted of the  var ious  
meta ls  deposited.  F igure  3 shows the  resul ts  of anodic 
polar izat ions in neu t ra l  1.0M (molar)  sodium chloride.  

Semibr igh t  n ickel  is the  least  reac t ive  of the  elec-  
t rodepos i ted  meta ls  fol lowed in o rder  by  br igh t  acid 
copper  and the h igh ly  react ive  b r igh t  nickel.  The 
anodic r eac t iv i ty  of electroless copper  is ident ica l  to 
t ha t  of e lec t rodeposi ted  copper.  The polar iza t ion  curve 

for electroless  n ickel  shows a definite increase  in 
anodic react iv i ty ,  even grea te r  t han  tha t  of the  h ighly  
reac t ive  b r igh t  nickel.  This shows that  sacrificial cor-  
rosion of the  electroless  n ickel  l aye r  can r ead i ly  occur. 
Af te r  a corrosion pit  has pene t ra t ed  to tha t  layer,  it  is 
p re fe ren t i a l ly  dissolved producing  bl is ters  b y  la te ra l  
undercut t ing.  

F rom the da ta  presented  so far ,  it  would  seem to 
indicate  tha t  the  use  of a less reac t ive  electroless  n ickel  
would  be advantageous  for  service performance.  The 
re la t ive  react iv i t ies  of o ther  commercia l  electroless 
n ickel  deposi ts  in sodium chlor ide  solut ion have been 
de te rmined ,  two of which are  shown in Fig. 4. 

Curve  A is the  reac t iv i ty  of an electroless  n ickel  
deposi t  containing 4.5 w / o  (weight  per  cent)  phos-  
phorus,  obta ined  f rom the MacDermid  9340 a lka l ine  
hypophosphi te  ba th  used in most  of these corrosion 
studies.  Electroless  nickels  deposi ted f rom commercia l  
acid hypophosphi te  ba ths  (curves B and C) incor-  
pora ted  a h igher  weight  pe r  cent of phosphorus.  Un-  
expectedly,  the  re la t ive  react iv i t ies  a re  less and the 
anodic polar izat ion curves approach  tha t  for the 
h igh ly  reac t ive  b r igh t  n ickel  shown b y  the  dashed 
line. Nevertheless ,  the  polar iza t ion  s tudy  has shown 
tha t  a l l  of the  commerc ia l  electroless nickels  inves-  
t iga ted  are  more  reac t ive  than  the other  meta ls  in 
neu t r a l  and  acid chlor ide  media.  
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Fig. 3. Anodic polarization curves of the various metal deposits 
used on the plastics. 
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Fig. 4. Anodic polarization curves of some commercial electroless 
nickel deposits, A, B, and C, containing different amounts of 
phosphorus. Curve for bright nickel included. 

ADHESION FAILURE OF PLATED PLASTICS 

It is known  that an increase in nickel reactivi ty can 
be effected by addition of certain elements to the metal. 
The effect of the additives on the anodic react ivi ty of 
electrodeposited nickel was studied by DiBari and 
Petrocelli  (5). Small  amounts  of the elements sulfur, 
selenium, tel lurium, and phosphorus increased the 
react ivi ty of nickel, where  the relative reactivities 
were related to the e lement  electronegativities. 

Growth rate of blisters.--Although the investigation 
had shown that  the undercut t ing  and blistering 
phenomenon is due to the rapid preferent ial  corrosion 
of the electroless nickel (4.5 w/o  P) layer, it was not 
readi ly  apparent  why the blistering tendency for ABS 
was much greater than  for PP with systems using 
this electroless nickel. To unders tand  the difference, 
cross sections of plated ABS and PP were studied with 
a high magnification microscope and electron micro- 
probe. 

Figure 5 shows service blisters on ABS and PP sub- 
strafes polished to the center of the corrosion pit. The 
electrodeposited systems are the same in both cases 
and composed of electroless nickel, nickel strike, 
bright acid copper, duplex nickel, and finally 
chromium. Blisters on the ABS were 10-100 times 
larger in  diameter  than those on the PP. The lower 
photographs are enlargements  of the blister edge and 
intact  plast ic-metal  interface. Metal filled cracks are 
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Fig. 6. Schematic showing relationship between surface roughness 
and degree of lateral undercutting. 

- - ~  I - 4  

clearly visible which extend into the surface of the PP. 
These characteristic cracks are produced in the sur-  
face of the PP, a semicrystal l ine polymer, by the 
pre t rea tment  steps (swellant  and etchant)  of the 
chemical plat ing process. The amorphous regions of 
the PP which are swollen in  the hot organic condi- 
t ioner are oxidized at a greater  rate than  the crystal-  
line regions in the hot chromic acid producing a 
cracked surface. 

The electron microprobe showed that most of the 
metal  in the cracks is nickel strike. Microprobe studies 
of both systems showed that  the corrosion path is con- 
fined essentially to the very  th in  electroless nickel 
layer  present  on the polymer surfaces. For ABS with 
its relat ively smooth interface, corrosion follows a 
relat ively straight la teral  path, while, for PP, cor- 
rosion has to follow a tortuous path around each of 
the cracks. Even if the same amount  of electroless 
nickel were anodically dissolved in both cases, the 
lateral  distance of undercut t ing  is less for the PP. This 
is schematically i l lustrated in Fig. 6. 

Assuming the same amount  of electroless nickel 
anodically dissolved in all cases (darker  l ine) ,  a 
reasonable conclusion would be that the rougher the 
surface topography of the plastic substrate, the less 
would be the distance of lateral  undercut t ing  and 
hence the tendency for blister formation to occur. 

This was verified by corroding specially prepared 
samples of PP  in  a 1.0M sodium chloride, 0.02M ferric 
chloride solution. The samples were electroplated 
with 0.5 rail of br ight  nickel and 10 ~in. of regular  

Fig. 5. Cross sections of ser- 
vice blisters on ABS and PP 
showing relative blistering ten- 
dencies. 
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Fig. 7. Cross sections of speci- 
ally prepared PP samples show- 
ing relation of crack pattern and 
surface roughness to rate of lat- 
eral development of blisters. R is 
the relative blister radius. 

chromium. The PP panels were inject ion molded using 
conditions determined to produce a surface morphology 
amenable  to uniform crack pat tern  development  (4). 
The crack depth and density were del iberately varied, 
by  using several combinations of swell and etch times, 
from 10 to 15;L (top photograph) to essentially a smooth 
interface (bottom photograph).  

Photomicrographs of cross sections of blisters formed 
on these specimens are shown in Fig. 7. Only half of 
each blister is shown, the left edge of the photograph 
corresponding to the center of the corrosion blister. 
Using the relat ive radius (R) of the blister in the top 
photograph as 1, it can be seen that  the radius of the 
blisters increases with decreasing crack depth. In  the 
bottom photograph, with a relat ively smooth substrate, 
the blisters were about 10 times wider  than those in 
the first case. 

As with service performance, these results show 
that  there is a direct relat ion between the surface 
topography or roughness and service performance. The 
rate of lateral  blister development  is related to the 
crack pat tern  and type of surface roughness of the 
etched plastic substrate. Complex crack pat terns pro- 
vide a greater  path length for the anodic dissolution of 
the thin electroless l aye r - - the reby  retarding the lateral  
undercut t ing  more than  with an etched plastic which 
has a relat ively smooth surface. 

It  should be noted that  adhesion values for plated 
p]astics as determined by the Jacquet  Peel Adhesion 
Test (6) do not necessarily reflect the blister forma- 
t ion tendency in  corrosive environments .  As shown 
above, any increase in crack density and depth yields 
a corresponding increase in  resistance to blister forma- 
tion. However, adhesion values represent  a balance 
be tween crack depth and diminished surface strength 
incurred in the etch step (4). Although adhesion 
usual ly increases with crack depth, overetching may 
actually decrease adhesion even though the crack 
depth has been increased. For m a x i m u m  resistance to 
blister formation, care must  be exercised in the con- 
trol of the molding operation and the pre t rea tment  
steps of the plat ing process to produce plastic surfaces 

yielding opt imum adhesion values without  excessive 
degradation of the plastic substrate. 

To complete the picture of the fai lure mode, it was 
essential to determine the effect of surface roughness 
with a less reactive electroless metal. One part icular  
combinat ion of interest  involved the use of electroless 
copper, whose anodic reactivi ty is identical to the 
adjacent  electrodeposited copper. Unfortunately,  no 
plated PP systems containing electroless copper had 
been exposed to service for comparison to ABS. How- 
ever, plated polysulfone (PS) exhibits surface crack- 
ing similar in na ture  to PP, and was used for com- 
parison, shown in Fig. 8. 

The metal  deposit is composed of electroless copper, 
bright  acid copper, duplex nickel, and chromium. Ex- 
aminat ion of the blisters of this plating system shows 
a corrosion mechanism different from that  obtained 
wi th  systems containing electroless nickel. Corrosion 
is not confined to the electroless metal  layer and the 
blisters are due to preferent ia l  corrosion in both the 
electrodeposited and electroless copper layers. No 
fur ther  undercut t ing  has occurred past the points 
visible in the photograph. The blisters on the plated 
ABS and PS panels are very  small  and equal in size. 

The data indicate that, as the reactivi ty of the elec- 
troless metal  decreases and approaches that  of the 
adjacent  electrodeposited layer, the effect of the plas- 
tic surface topography on the lateral  rate of blister 
development  diminishes. Retardat ion of the blistering 
tendency should be evident  if less reactive electroless 
nickels are used and studies with such nickel deposits 
are in progress. 

Conclusions 
The adhesion failure mechanism for ABS and PP 

plated plastic parts involves the formation of blisters 
by the preferent ial  corrosion of the thin, highly reac- 
tive electroless nickel layer. The rate of lateral  de- 
velopment  of blisters for electroless-nickel-containing 
systems is related to the surface topography of the 
etched plastic substrate. Plastic substrates with 
rougher surface topography (etched PP) retard lateral  

Fig. 8. Cross sections of service 
blisters showing the combined 
effects of surface roughness and 
electroless metal reactivity on 
the rate of lateral development 
of blisters. 
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undercut t ing  more  than  those wi th  re la t ive ly  smooth 
surfaces such as etched ABS. 

The lower  b l is ter  fo rming  tendency  for coatings 
containing electroless copper  is due to the  essent ia l ly  
equal  react iv i t ies  of the  electroless and adjacent  elec-  
t rodepos i ted  copper  layer .  The plast ic  surface topog-  
r a p h y  has  no effect on the  l a t e ra l  ra te  of bl is ter  de-  
ve lopment  for coatings which  have  e lect rodeposi ted  
copper  on electroless copper.  

P r e m a t u r e  fa i lure  of p la ted  plast ics m a y  be avoided 
by  the use of: (a) less react ive  meta ls  on the  plast ic  
subs t ra te  such as electroless  copper  or less reac t ive  
electroless  n ickel  deposi ted  f rom an acid hypophos-  
phi te  bath;  (b) plast ics  wi th  un i fo rmly  cracked sur -  
faces such as p rope r ly  p repa red  PP;  and  (c) sui table  
composi te  coatings designed to r e t a rd  corrosion p i t  
pene t ra t ion  to the  electroless  me ta l  layer .  
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Chromium Deposition from Dicumene-Chromium 
to Form Metal-Semiconductor Devices 

N. G. Anantha, V. Y. Doo,* and D. K. Seto* 
IBM Components Division, East Fishkill Facility, Hopewell Junction, New York 12533 

ABSTRACT 

Thin chromium films were  deposi ted on silicon openings of oxidized sil icon 
wafers  by  the rma l  decomposi t ion of d icumene chromium (DCC) in an argon 
a tmosphere  at  t empe ra tu r e s  between 350~176 The meta l - s i l i con  in t e r l ace  
thus  obta ined  was charac ter ized  by cu r ren t -vo l t age  and capac i tance-vo l tage  
measurements .  The interface exhlb l ted  a rec t i fy ing effect and funct ioned as 
a Schot tky  ba r r i e r  junction.  A ba r r i e r  height  of 0.59 • 0.02 eV wi th  respect  
to Fe rmi  energy was obtained.  The switching speed of the Schot tky  ba r r i e r  
diodes was fuund  to be less than  0.1 nsec. The electr ical  p roper t ies  of the  
chromium films obta ined under  var ious  condit ions a re  discussed. This chemical  
deposi t ion technique,  where  chromium containing a smal l  amount  of carbon 
can be deposited,  gives high qua l i ty  Scho t tky  barrier diodes. 

F i she r  and  Hafner  (1) found tha t  in d icumene 
chromium (DCC) the chromium a tom is a t tached to 
two cyclic hydrocarbons  by  electrons shared  with  the 
organic rings. They pointed out  tha t  in this unusual  
t ype  of bonding, the ch romium atom is in a metal l ic  or 
ze ro-va len t  state. Consequent ly ,  pyro ly t ic  decomposi-  
t ion of DCC occurs r ead i ly  in the  absence of any  re -  
ducing agent  such as hydrogen.  Also, because of loose 
bonding be tween  the  ch romium atom and the  organic 
rings, the  chromium films thus deposi ted a re  less con- 
t amina ted  wi th  carbon and oxygen than  those f rom 
chromium carbonyl  (2, 3). Consequently,  it  appears  
tha t  the  deposi t ion of ch romium films by  the pyroly t ic  
decomposi t ion of d icumene chromium would  be  a 
h igh ly  des i rable  method for making  Schot tky  bar r i e r  
devices. The purpose of this paper  is to demons t ra te  
the  feas ibi l i ty  of using jus t  this  approach to  m a k e  
excel lent  Schot tky  diodes. 

Experimental Procedures and Results 
The appara tus  used for the  deposi t ion of ch romium 

by the chemical  vapor  decomposi t ion of DCC is s imi lar  
to those hor izonta l  reactors  used in deposi t ing  
ep i tax ia l  silicon (4). Briefly, i t  consisted of a feed 
system and a quar tz  reac tor  (Fig. 1). The feed system 

* E l e c t r o c h e m i c a l  Society Act ive  Member .  
Key  words:  chromium-si l icon rectifiers, hot carr ier  device,  meta l -  

semiconductor  contacts, Schot tky barrier .  

consisted of pressure  regulators ,  flow meter ,  valves,  
and a DCC vapor  generator .  To have a real is t ic  depo-  
si t ion rate,  the DCC vapor  genera to r  was hea ted  to 
195~ to obta in  a vapor  pressure  near  12 m m  of Hg. 
The argon car r ie r  gas passed th rough  the vapor  gen-  
e ra tor  at a ra te  of i00 ml /min .  The gas l ines f rom the 
vapor  genera tor  to the  reactor  were  hea ted  to 
minimize  the  condensa t ion  of DCC. The ma in  gas l ine 
argon had  a flow ra te  of 2.4 l i t e r s /min .  The DCC was  
transferred and kep t  under  argon at a]l t imes;  this  
p revents  exposure  to a i r  and  the format ion  of DCC- 
hydrox ide  which does not  decompose thermal ly .  A 
vi t reous  carbon  susceptor  was placed in the  50 m m  
diamete r  quar tz  reactor.  The susceptor  was used as 
the subs t ra te  ho lder  and was induc t ive ly  hea ted  to 
deposi t ion t empera tu re s  wi th  a megacycle  rf  gen-  
erator .  

The  deposi t ion t empe ra tu r e  covered in  this  work  
was 350~176 a range  des i rable  for  Scho t tky  ba r r i e r  
work.  With in  the t e m p e r a t u r e  range  and gas flow con- 
dit ions s ta ted above, the  deposi t ion ra te  va r i ed  f rom 
45 to 65 A / r a in  as shown in Fig. 2; note tha t  the  peak  
deposi t ion r a t e  appea red  at  about  450~ A deposi t ion 
ra te  peak  is often observed  in chemica l  vapor  depo-  
si t ion systems (4, 5). The deposi t ion ra te  can be ra ised 
to much grea te r  than  60 A / m i n  b y  increas ing the  DCC 
par t i a l  pressure  in the reactor .  However ,  our  p r i m a r y  
objec t ive  was to find the  most des i rable  w a y  to 
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Fig. 2. Deposition rate vs. substrate temperature 

fabricate the high-quality Schottky barrier diode's 
abrupt metal-silicon interface, rather than to investi- 
gate the wide range of the chromium deposition kine- 
tics. Because the resistivity of the deposited chromium 
films was indicative of impurity contamination, the 
film resistivity was carefully determined. The mea- 
sured resistivity of the deposited Cr films was plotted 
as a function of deposition temperature as shown in 
Fig. 3. The resistivity decreased rapidly with in- 
creasing deposition temperature in the 320~176 
range. The decrease in resistivity due to the increase 
in deposition temperature above 380~ was at a much 
slower rate. This latter result is indicative of different 
contaminating influences; it is surmised that the re- 
act ion produc ts  wi th in  the  des i red  chromium film 
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below 380~ conta in  organic contaminants .  Above  
380 ~ C, the  contaminat ion  is be l ieved  to be only carbon 
since Knap  et al. (6) r epor t ed  only  modera t e  v a r i a -  
t ions of carbon content  for  la rge  deposi t ion t e m p e r a -  
ture  changes. The low change  ra te  of res i s t iv i ty  above 
380~ deposi t ion t e m p e r a t u r e  leads  to the  des i red  
opera t ing  t empera tu re s  to form Schot tky  ba r r i e r  
diodes ut i l iz ing ch romium contamina ted  wi th  carbon. 

Fo r  the  fabr ica t ion  of Scho t tky  ba r r i e r  diodes, 
ep i tax ia l  silicon on heav i ly  doped silicon subs t ra te  
wafers  was used. The  subs t ra te  wafers  had  (100) 
or ienta t ion  and were  "chem-mech"  pol ished using the  
cupric  ion process (7). The ep i tax ia l  l aye r  was 4~ th ick  
wi th  a res is t iv i ty  of 0.25 ohm-cm.  The subs t ra te  r e -  
s is t ivi ty  was 0.002 ohm-cm.  Af te r  ep i tax ia l  deposit ion,  
the  wafers  we re  oxidized at 970~ using a d r y - w e t -  
d ry  process. Oxide windows were  opened using regu la r  
photo l i thographic  techniques.  The wafers  were  then  
placed on the carbon susceptor  and a 1200A layer  of 
ch romium was deposi ted using the above  me thod  at  
405~ A h igh-conduc t iv i ty  me ta l  l aye r  was  bui l t  on 
top of the  deposi ted chromium.  The oxide windows 
were  1 mil  in d iameter ;  meta l  pa t te rns  3 mils  in d i a m -  
e ter  were  etched using r egu la r  photo l i thographic  
techniques.  The diodes thus  fo rmed  were  diced using 
an ul t rasonic cut ter ;  the  chips were  moun ted  on TO-18 
headers.  

A typ ica l  cu r r en t -vo l t age  measu remen t  of a s i l icon-  
chromium diode is shown in Fig. 4. The  cu r r en t -vo l t -  
age re la t ionship  of a Schot tky  ba r r i e r  d iode can be 
expressed as 

J = Zs {e qvlnlcT -- 1} [1] 

where  J is the  cur ren t  dens i ty  
Js  is the  sa tura t ion  cu r ren t  density,  and is 

given b y  

Js  = A* T 2 exp ( - -  q@b/kT) [2] 

Cb is the  ba r r i e r  he igh t  in  volts 
V is the  appl ied  vol tage  
A* is the m o d i f e d  Richardson constant  
T is the  absolute  t e m p e r a t u r e  
k is the Bol tzmann constant  
n is the  diode idea l i ty  factor. Fo r  an ideal  

Schot tky  diode, n is numer ica l ly  equal  to 
one. 
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Fig. 5. Typical current-voltage relationships with forward and 
reverse bias. 

Using Eq. [2] and a value  of A* = 2.05 x 120 
A/cm~/oK 2 for the (100) silicon surface (8), we obtain 
a value  of Cb = 0.6 eV for the  s i l icon-chromium 
barr ier .  

The diodes had b reakdown  vol tages  of 10-12V at 
10 ~A and a fo rward  drop  of  0.4V at 1 mA. A typica l  
cu r ren t -vo l t age  re la t ion  is shown in Fig. 5. The re -  
verse  bias capaci tance  of the  diodes was measured  
using a Boonton capaci tance  br idge  at  a fixed f re-  
quency of 1 MHz/sec.  F igure  6 shows a plot  of l / c  2 
vs. r everse  bias  voltage,  V. F rom this  figure the  in t e r -  
cept  on vol tage  axis, Vi, is --0.44V. The ba r r i e r  height,  
r is ca lcula ted  using the re la t ion (8) 

kT 
Cb = Vi+  ~f + - - - -  ~ [3] 

q 

where VD is the diffusion potential equal to Vi ~- 
kT/q, ~f is the Fermi potential (Fig. 6) which is cal- 
culated using the doping concentration (9), and ~ is 
the image force lowering of the barrier height (I0). 
The term kT/q is due to the electric field. Using Eq. 
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Fig. 6. Plot of i / c  2 vs. voltage of Si-Cr diode 
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Fig. 7. Stored-charge measurement of Si-Cr diode 

[3] and  the  values  of VD, ~f, and  A~ shown in Fig. 6, 
we obtain a value  of 0.59 eV for Cb. 

The switching speed of the  diodes was measured  by  
tu rn ing  off the fo rward -b i a sed  diode with  a fast  
nega t ive-going  pulse as shown in Fig. 7. The to ta l  
a rea  of the curve  below the  zero level  gives the  to ta l  
s tored charge. F r o m  this value  of s tored charge and 
the fo rward  current ,  the  switching speed was es t imated 
to be about  100 ps. 

Conclusion 
Chromium-s i l icon  Schot tky  ba r r i e r  diodes can be 

fabr ica ted  using chromium deposi ted by  the rmal  de-  
composi t ion of d icumene-chromium.  This provides  an 
a l t e rna t ive  to r egu la r  evapora t ion  or sput te r ing  tech-  
niques. 

Manuscr ip t  submi t ted  Nov. 20, 1969; revised manu-  
script  received Sept.  3, 1970. 

A n y  discussion of this paper  wi l l  appear  in a Discus- 
sion Sect ion to be  publ i shed  in the  December  1971 
JOURNAL. 
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Studies on the Deposited Asbestos Diaphragm with a 
Miniature Diaphragm-Type Chlorine Cell 1 
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ABSTRACT 

Mass transfer and voltage drop in the deposited asbestos diaphragm were 
studied with a miniature chlorine cell. The diaphragm was formed on the 
steel-mesh cathode with a vacuum, and the voltage drop in the compressed 
asbestos layer was large. The streaming potential through the diaphragm was 
very small because of the highly conductive electrolytic solution. 

The rate of development  of the amalgam-type  
chlorine cell in the 20 years after World War II is 
surprising, and many  articles have been and are being 
published on this subject. On the other hand, al though 
the d iaphragm-type chlorine cell accounts for a major  
share of the chlorine produced in the United States, 
comparat ively few papers have been published on the 
diaphragm cell (1-4). 

In  the diaphragm cell, the principal  anode reaction 
involves a charge t ransfer  from C1- ion to C12 gas, 
which takes place at the surface of a graphite anode 
in contact with concentrated NaC1 solution. 

Other anodic reactions also take place as a conse- 
quence of the back migra t ion of O H -  ion through the 
diaphragm from the catholyte. 

The principal  cathode reaction involves the forma- 
t ion of hydrogen gas from water  in  the mixed solution 
of NaOH and NaC1 in contact with a steel cathode. 
Secondary reactions take place as a consequence of 
dissolved chlorine in the anolyte which percolates 
through the diaphragm into the catholyte. The possi- 
bil i ty of cathodic reduction of C103- ion, which also 
comes from the anode compar tment  to the cathode, is 
discussed in a separate paper (5). 

Mass t ransfer  and voltage balance in  the deposited 
asbestos diaphragm on the steel-mesh cathode are dis- 
cussed in  this paper. 

Mass Transfer  and Vo l tage  Drop in the Diaphragm 
Since MacMullin (6) was concerned about the 

possible effects of the zeta potent ial  on the mass 
t ransfer  through the porous diaphragm, the s t reaming 
potent ial  has been determined.  

Asbestos fiber for the Hooker Cell, Grade 5D, was 
deposited on steel-mesh in a glass cyl inder  cell of 3.6 
cm inner  diameter  at about 70 m m  Hg vacuum as 
shown in Fig. 1. The thickness was 2.5 to 3.0 mm. Calo- 
mel electrodes were placed in front of and in the rear  
of the deposited asbestos diaphragm. The concentrat ion 
of NaC1 was varied from 26 x 10 -4 to 26 w/o (weight 
per cent) and the pressure difference was varied be- 
tween 10 and 60 mm Hg. Tempera ture  was 24~ The 
results obtained are shown in Fig. 2. 

The s t reaming potential  was proport ional  to the 
pressure drop and the slope increased with decreasing 
NaC1 concentrat ion as shown in Fig. 2. Using the 
Helmholtz-Smoluchowski  equation (7), the zeta po- 
tent ia l  was calculated (Eq. [1]). The results are listed 
in Table I. 

= 4~K Es/DP [1] 

where Es = streaming potential, volt 
D = dielectric constant  (ca. 80), e.s.u. 
P ---- pressure drop, dyne /cm ~ 

---- conductivity,  mho /cm 
~l ---- viscosity, poise 

= zeta potential,  volt  

1 T h i s  s t u d y  w a s  c o n d u c t e d  a t  K y o t o  University at Uji, 1967-1968. 
* Electrochemical Society Active Member. 
Key words: streaming potential, mass transfer, current efficiency. 
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( TO VACUUM PUMP ) 

LEAD 

Fig. 1. The miniature diaphragm cell 

Because the s t reaming potential  in concentrated 
solution is very small, no significant effect of the elec- 
trokinetic phenomena on a practical diaphragm cell is 
assured. 

The IR drop in porous media has been studied by 
MacMullin et al. (8). It  was proposed that the resistiv- 
ity in a diaphragm is uniform, while the porosity may 
vary  in the direction of thickness. Matsuno considered 
similar assumptions and he estimated a characteristic 
factor for diaphragms (9). Mukaibo studied the mass 
t ransfer  phenomena through the diaphragm in a 
chlorine cell with the assumption of uni form porosity 
(10). 

A graphite anode was placed at the top of the cell 
shown in  Fig. 1. A movable Luggin capil lary connect-  
ing with a calomel electrode was set in front  of the 
diaphragm and cathode mesh. An  example of the IR 

Table I. The zeta potential at 24~ 

S o l u t i o n  Conductivity Zeta p o t e n t i a l  
NaC1 (w/o) (mho/cm) (mV) 

26  x 10 ̀ .4 0.1265 • I 0  --~ - - 3 3 . 2  
26  x I0  -s  0 .824 x lO s - - 3 3 . 1  
26  X 10 -3 2.742 • 10 4 - - 3 1 . 9  
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Fig. 2. The streaming potential vs. pressure drop curves in NoCI 
solutions at 24~ 
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Fig. 3. The IR drop vs. distance curves at various current densi- 
ties. Pressure drop, 50 cm Hg. Solid line, IR drops with diaphragm; 
broken line, IR drops without diaphragm. 

drop vs. distance curve is shown in Fig. 3. As shown 
in Fig. 1, the tip of the lower calomel electrode is 
pressed to the back of the steel-cathode screen. The tip 
of the upper  Luggin capil lary can be inser ted in  the 
deposited asbestos diaphragm unt i l  i t  touches the 
upper  surface of the cathode wire. The potent ial  dif-  
ference between the two probes would involve the 
cathode overvoltage and the I R  drop between them. 
Our reference point x = 0 in Fig. 3 and 4 is the upper  
surface of the steel cathode and, hence, there is some 
space between two probes even at x = 0. The IR  drops 
at x = 0 in Fig. 3 are exactly proport ional  to the 
cur ren t  densi ty as shown in Fig. 5, which means a 
simple IR  drop between two probes. The relat ively low 
slope of the IR  drop vs. distance curve (Fig. 3) at high 
current  density is probably due to the tempera ture  
rise in the vicini ty of the cathode caused by  elec- 
trolysis. The solid lines with open points have curva-  
ture  in the vicini ty of the cathode, but  fur ther  away 
they are almost paral lel  with the corresponding 
broken lines which show the I R  drop of the solution 
at the same current  density labeled. The IR  drop in the 
diaphragm varies with pressure as shown in  Fig. 4. 

The compressed layer  of the deposited asbestos dia-  
phragm exists near  the surface of the steel-mesh 
cathode, and its thickness is expected to be 2 to 3 mm. 

I.O 

PRESSURE 

47.7 
28.4 
13.9 

r 
0 e,. 

' 0.5 

I I I I o 
o 5 IO 15 20 

DISTANCE (ram) 

Fig. 4. The IR drop vs. distance curves at various pressure drops. 
Current density, 20 A/din2; temperature, 55~ 
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Fig. 5. The voltage drop vs. current density at x ---- 0 calcu 
from Fig. 3. 

Assuming that  the resistivity of this compressed layer  
is l inear  with distance, the IR drop is formulated as 
follows 

p -  po = - - K ( x - -  L) 
and 

s: V = i  p d x = i  p o L + - ~ L  2 [21 

where p = resist ivity at x, ohm-cm 
po = resist ivi ty beyond L, ohm-cm 
K = coefficient, ohm 
V = I R  drop, volt 
i = current density, A/dm 2 

x = distance from the cathode, cm 
L = thickness of the compressed 

layer, cm 

The value, K, calculated by this equation with the 
data in  Fig. 3 and 4 is an approximately l inear  funct ion 
of the pressure drop as shown in Fig. 6. 

MacMullin (11) has offered an al ternate  explanat ion 
from the data plotted in Fig. 3. The slopes of the vol t-  

30  

~ 2 0  
e 
o 

I0  

I I I 
0 20 40  60  80  

PRESSURE DROP (cmHg) 

Fig. 6. The resistance vs. pressure curve 
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Table II. The resistivity of the diaphragm from Fig. 3 (11) 

J. Electrochem. Soc.: E L E C T R O C H E M I C A L  T E C H N O L O G Y  

P = 50 cm H g  In  a no ly t e  I n  diaphragm 
i ( A / c m  2) d V / d x  po d V / d x  p p/po 

0.20 0.52 3.5 0.88 5.9 1.7 
O.lO 0.36 3.6 0.54 5.4 1.5 
0.05 0.18 3.6 0.26 5.2 1.5 

Average -- 3.~ ~ 5.-5 I.--5 

Table Ill. The resistivity of the diaphragm from Fig. 4 (11) 

In  ano ly t e  In  diaphragm 
P,  i, d V / d x ,  po, d V / d x ,  p, po/p, 1 -- e, 

era H g  A / e r a  ~ V/crn o h m - c m  V/era  ohm-c rn  p/po K m  y 

66.8 0.20 0.471 0.235 0.820 0.410 1.74 0.575 0.225 
47.7 0.20 0.443 0.222 0.745 0.372 1.68 0.597 0.250 
28.4 0.20 0.443 0,222 0.677 0.339 1.53 0.655 0.208 
13.9 0.20 0.443 0.222 0.626 0.313 1.41 0.710 0.170 

age gradient  outside the diaphragm in the anolyte and 
inside the diaphragm are related to the respective 
resistivities by the following equation 

dV 1 
p = ~ - -  [3] 

dx i 

where x =- cm, i = A/cm 2, and p = ohm-cm. The re-  
sults are given in Table II. Applying this same pro-  
cedure to Fig. 4, the effect of pressure drop is ob- 
tained as shown in Table III. The last two columns are 
added in order to read the fractional space ] ---- 1 -- 
occupied by the fibers from the conductivity ratio K m  
= Po/P,  using the Meredith plot, Fig. 1 in Ref. (4). 

Thus, high flow rates correspond to high pressure 
drop across the diaphragm, and this compresses the 
fibers, reduces the voids, and increases the resist ivi ty 
of the diaphragm, all in  the expected way. 

The above is not the complete answer. Stender  et al. 
have published an excellent article (3) in which the 
mathematics is correct except for one simplifying as- 
s u m p t i o n - t h a t  the conductivi ty of the electrolyte in 
the diaphragm is constant.  This assumption is incon-  
sistent with his demonstrat ion that  the O H -  concen- 
trat ion varies with x, the distance from the cathode 
inside the diaphragm. That  is, when  x = O, Coil-  is the 
same as for the catholyte itself and, when x ---- ~ (the 
thickness),  Coil-  is practically zero. Realizing that  
O H -  ion conducts bet ter  than  C1- ion, if O H -  varies, 
the conductivi ty must  vary. Qualitatively,  this appears 
to be so as shown in Fig. 7. Therefore, the IR drop in 
the diaphragm should be concave upward  as shown in 
Fig. 8. As Stender  says, there are no data on the con- 
ductivi ty of mixtures  of NaC1 and NaOH, as functions 
of Cc1-, COH-, and temperature.  

E 

i ! 
X 6 X 6 

diaphragm [by R. B. MacMullin (!1)] 

NO W " 

~Lo; "s 
X 5 

Fig. 7. Model in the 

w 

IZ  

6 X 

Fig. 8. The IR drop in the vicinity of the cathode screen [by R. B. 
MacMullin (!1)]. 
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MacMullin's comments  are reasonable if the porosity 
dis t r ibut ion across the deposited asbestos diaphragm 
is uniform. But  it is obvious that  the porosity varies 
with the normal  direction through the cake deposited 
(12). The curva ture  of the IR drop vs. distance dia-  
gram in Fig. 3 and 4, then, differs from the est imation 
shown in Fig. 8. The asbestos in  contact with the 
cathode screen is greatly compressed, while that  facing 
toward the anolyte is rough. Therefore, the voltage 
gradient  at the surface of the diaphragm does not va ry  
significantly. 

Operation of a Miniature  Cell  
A minia ture  cell shown in  Fig. 1 was operated for 

a few hours, and the flow rate, concentrat ion of NaOH, 
and cathode potential  were measured with time. The 
tempera ture  stabilized about 60 rain after s tar t-up,  
and other factors reached steady state as shown in 
Fig. 9. The logari thm of flow rate vs. logari thm of 
pressure drop in Fig. 10 is l inear  with the slope of 
about 45 ~ According to Pe r ry  (13), the permeable  
medium seems to be rigid when the slope of this curve 
is exactly equal to 45 ~ . However, the diaphragm in this 
s tudy was somewhat compressible since the IR drop 
between the cathode screen and the upper  Luggin 
capillary, placed 3 mm above the top of the cathode, 
increases slightly with pressure drop. The concen-  
t rat ion of NaOH in the catholyte decreases with in -  
creasing pressure drop because of increase in the 
percolation rate of the brine. 

Current  efficiency for the formation of NaOH can be 
calculated with the data of flow rate and concentra-  
tion. For the par t icular  exper imental  cell used, it ap- 
peared to depend on the current  density as shown in 
Fig. 11 and as independent  of other factors such as 
pressure and temperature.  I t  might  be affected by  
diaphragm material .  MacMullin has analyzed the data 
differently as follows (11). 

The current  efficiency was calculated from the 
caustic yield at six different current  densities as shown 
in Fig. 11. However, this does not indicate the cur ren t  
efficiency is dependent  solely on current  density. The 
relat ionship between the cur ren t  efficiency and the 
current  density has been described by Kircher  (14) 
and Stender  (3). Quite simply put, cur rent  efficiency 
depends chiefly on the ratio of cur ren t  densi ty  to per-  
colation rate through the diaphragm. A Hooker cell 
can achieve a current  efficiency of 94-96% over a 
current  density range of 5-15 A / d m  2 if the conversion 

2 ~  - 2 

6 

CONC.  OF N a O H  ~_ o~ 

500  

4 0 0 ~  / ~ " ' ~ . e  FLOW RATE 

o* 
,.-:, ,., 

4 0 ~  TEMPERATURE 0 - 0 

o 0 30 60 90 120 

T I M E  (rain) 

Fig. 9. Operating data of the miniature chlorine cell. Current 
density, 15 A/dm 2, pressure, 13 cm Hg; thickness of diaphragm, 
1.5-2.0 mm; distance between cathode and Luggin capillary, 3 ram. 
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Fig. 11. The current efficiency vs. current density curve 

per  pass of  a round  45-55% and a t empe ra tu r e  above 
95~ are  mainta ined.  F rom Fig. 9, at  i ---- 15 A / d m  2, 
af ter  2 hr  the  cur ren t  efficiency can be ca lcula ted  to 
be 87.5%, which is acceptable  for  a t e m p e r a t u r e  of 
38~ F r o m  Fig. 10, a t  i = 30 A/dm~, the  average  cur -  
ren t  efficiency for  the  six runs  is 92.8%. The  ca tholy te  
flow ra te  var ies  f rom 0.085 c m / m i n  up to as high as 
0.65 cm/min .  The ca tholy te  ra te  in a typ ica l  Hooker  
cell, at  15 A / d m  2, is about  0.025 c m / m i n  and for the  
same conversion,  at  30 A/dm2, which  is not  ye t  
achievable  commercia l ly ,  would  be about  0.05 cm/min .  
The cu r r en t  efficiency is genera l ly  about  96%. 

F igure  12 shows the cur ren t  efficiency as a function 
of the  ra t io  of cur ren t  dens i ty  to ca tholy te  flow rate.  
As shown, the  la rger  the  cur ren t  dens i ty  and the l a rge r  
the  flow ra te  at  a given cur ren t  density,  the l a rge r  is 
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Fig. 12. The current efficiency vs. the ratio, current density to 
the flow rate of anolyte. 

- I .O 

- I . I  

- I . 2  

- I . 3  

- I . 4  

- - | .5  I i [ 1 1 i 1 1 1  I [ ; I I ) I 1 1  1 I I ~ [ [ ;  
OJ I lO I00 

CURRENT DENSITY ( Q l d m  z) 

Fig. 13. The potential vs. current density curve of the steel 
cathode. 

the  cu r ren t  efficiency. Why  the cu r ren t  efficiency de-  
creases wi th  decrease  of the  flow ra te  of the  ca tholy te  
is not  clear,  but  it  p robab ly  would  be due to the  back-  
migra t ion  of O H -  th rough  the  d i aphragm because the  
concentra t ion of O H -  increases wi th  decreasing flow 
rate.  

F igu re  13 shows an example  of the  polar izat ion 
curve of the  s tee l -mesh  cathode in the  same cell. The 
potent ia l  is l inear  wi th  the  logar i thm of cu r ren t  
dens i ty  in a range  1-10 A / d i n  2 wi th  a slope of 160 
mV/decade .  The curve deviates  from the TafeI l ine at  
high cur ren t  densities.  The poten t ia l  became more  
noble by  a few mil l ivol ts  wi th  increas ing pressure  drop 
at constant  cur ren t  density,  the  reason for  which  was  
not  clear.  Measurement  of  the  hydrogen  overvol tage  
in concent ra ted  NaOH at  e leva ted  t empe ra tu r e  is 
somewhat  difficult. The hydrogen  overvol tage  de-  
creases wi th  increas ing tempera ture .  Re la t ive  da ta  on 
the hydrogen  overvol tage  on the graphi te  ca thode in 
concent ra ted  NaOH at high t empera tu re  ranges  have 
been publ i shed  by  Hine (15). 

Complicat ions arise, in tha t  the  ca tho ly te  of the  
d i a p h r a g m - t y p e  chlor ine  cell  is a mixed  solution of 
concent ra ted  NaOH and NaC1, and i t  contains  some 
amounts  of C 1 0 -  and C103-;  thus, the  cathode re -  
act ion is affected by  these contaminat ions.  Detai ls  of 
the ca thode react ion are  discussed in o ther  papers  (5, 
16). 
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Studies on the Cathodic Reaction in the 
Diaphragm-Type Chlorine Cell 1 

Fumio Hine* and Masaki Yasuda 
Nagoya Institute of Technology, Gokiso-cho, Nagoya 466, Japan 

ABSTRACT 

Polarization of a rotat ing p la t inum cathode in mixed solutions of NaC1 
and NaOH containing dissolved chlorine was measured. At relat ively low 
current  densities, cathodic reduction of C10-  took place as the main  reaction. 
The diffusion-l imit ing cur ren t  density was a function of the concentrat ion of 
C10-  in solution and the reaction was first order with respect to C10- .  There-  
fore, it was concluded that  the mechanism 

C10-  + H20 -{- e = Clad -{-2 O H -  

Clad -{- e = C I -  

was operative at low current densities. At high current densities, hydrogen 
formation is, of course, the main reaction. 

There is no doubt that  the hydrogen electrode process 
is a high light of theoretical  electrochemistry. Thus, 
many  papers have been published. 

The main  reaction on steel-cathode screens in the 
d iaphragm-type  chlorine cell under  operating condi-  
t ions - - tha t  is, relat ively high current  densities such as 
10-15 A/dm2--is ,  of course, hydrogen evolution from 
H20 in concentrated caustic soda solution. However, 
the catholyte of the d iaphragm-type  chlorine cell is a 
mixed solution of concentrated NaOH and NaC1 and it 
contains some amounts  of C10- .  Hypochlorite ion, 
C10- ,  is reduced easily at the cathode and it is one of 
the factors in the decrease of current  efficiency in 
chlorate cells (1, 2) because of the relat ively low cur-  
rent  density as compared with chlor-caustic cells. 

F rumk in  and his co-workers (3) studied the cath- 
odic reaction of chlorine on the rotat ing p la t inum 
cathode in acidic solution and they stated that  the 
over-al l  reaction was controlled by two consecutive 
processes, [A] and [B] 

C12 -{- e : -  Clad -}- C I -  [A] 

Clad -~- e ---~ CI -  [B] 

Since the cathodic reduct ion of chlorine in alkal ine 
solution has not yet  been described in  detail, mecha-  
nisms for the reduction of dissolved chlorine at the 
rotat ing p la t inum cathode in concentrated alkali  solu- 
t ion are now discussed. 

The rotat ing steel cathode was examined several 
times for consideration as a practical chlorine cell, but  
complicated results were obtained at relat ively low 
current  densities due to the anodic dissolution of steel 
by local cell action. At high current  densities, on the 
other hand, a similar mechanism can be assumed on 

This w o r k  w a s  c o n d u c t e d  at  K Y o t o  U n i v e r s i t y  at  Uji,  1967-1968. 
* Elect rochemical  Society Ac t ive  Member .  
Key  words :  ro ta t ing  d i sk  electrode,  hypochlor i te ,  e lec t rochemical  

r e d u c t i o n ,  r e a c t i o n  m e c h a n i s m .  

both p la t inum and steel cathodes; that  is, the hydrogen 
formation reaction. 

Because the equi l ibr ium constant  for reaction [C] 

CI2 + 2OH-  = C1- -~- C 1 0 -  ~- H20 [C] 

is large, 1.33 x 10 TM at 25~ (4), chlorine passing 
through the diaphragm toward the cathode compart-  
ment  may exist as C10-  on the cathode surface. Hy-  
drogen formation is, of course, taking place at the 
cathode at high current  densities and hence two re-  
actions, [D] and [El, are proceeding: 

2H20 § 2e = 2OH-  + H2 [D] 

El o = -- 0.828V vs. SHE at 25~ 
and 

C10-  + H20 -{- 2e = C1- -~ 2OH-  [El 
E2 ~ = q- 0.88V vs. SHE at 25~ 

where E1 o and E2 o are the s tandard reversible poten-  
tials for [D] and [El, respectively. 

Experimental Procedure 
A rotat ing disk p la t inum cathode of 5.03 cm s area 

was inserted in a plastic holder and located at the 
center of the glass electrolytic cell of about 1 l i ter 
capacity as shown in Fig. 1. The graphite anode was 
set in its compar tment  and was separated from the 
cathode with a sintered glass diaphragm. Electrolyte 
was prepared from ex t ra -pure  NaOH and NaC1 and 
with deionized water. Chlorine from a cyl inder  was 
passed through 2N NaOH to prepare NaC10 and this 
solution was added into the cell. The concentrat ion of 
C10-  was t i t rated by iodometry. The solution was de- 
aerated with purified hydrogen for at least 2 hr. Tem- 
perature  of the cell was controlled at 50 ~ ___ 0.5~ 

The mercuric oxide electrode consisting of 
Hg/HgO/2N NaOH was used as the reference elec- 
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Fig. 1. The cell for polarization measurement 

t rade and its potential  was referred to the hydrogen 
electrode. 

The IR drop between the working electrode and  the 
Luggin capil lary was calibrated by means of extrapo- 
lation of the potential  vs. distance curve to zero 
distance. 

The working cathode was pre-electrolyzed to stabil-  
ize the surface several  t imes before measurement .  

Results and Discussion 
Because of the large value of the equi l ibr ium con- 

stant  for reaction [C], no change of the concentrat ion 
of dissolved chlorine due to hydrogen purge can be 
expected. Contaminat ion of chlorine generated at the 
anode was also not  significant. 

Figure 2 shows the potent ial  vs. cur ren t  density 
curves in 2N NaOH -t- 3N NaCI containing various 
amounts  of C10-  at a constant  rotat ing speed of 1660 
rpm. The dotted l ine is the polarization curve of the 
rotat ing p la t inum cathode in the mixed solution wi th-  
out chlorine. Therefore, hydrogen formation reaction 
[D] may take place in this case. The l imit ing current  
density depends on the concentrat ion of C10- ,  bu t  is 
independent  of the concentrat ions of NaC1 and NaOH 
as shown in Fig. 3 and 4, respectievly. The l imit ing 
current  density, eL, at --0.5V vs. SHE is proportional 
to the concentrat ion of C10-  as shown in Fig. 5. 
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Fig. 2. The potential vs. current density curves in 2N NaOH -I- 
3N NaCI containing various amounts of C IO- .  Rotating speed, 
1660 rpm. 
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Fig. 3. The potential vs. current density curves in i.45N NaOH 
containing 0.05 g-equiv/liter CIO-. Rotating speed, 1660 rpm. 
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Fig. 4. The potential vs. current density curves in 0.2N NaCI con- 
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Fig. 5. The diffusion current vs. concentration of C IO-  curve at 
--0.5V. Rotating speed, 1660 rpm. 

Lewich described the relat ionship between the cur -  
rent  density, i, and the rotat ing speed, ~, as follows 
(5) 

i = A(C -- Co)~ I/s [i] 

where A ---- constant 
C = concentration in the bulk of solution 
Co = concentration at the electrode surface 

At the diffusion-limiting current density 

iL = AC~ 1/2 [2] 

Therefore, the l imit ing current  densi ty is l inear  to the 
square root of the rotat ing speed as shown in  Fig. 6. 

The current  density due to electrochemical reaction 
is a function of concentrat ion of reactant,  C, as fol- 
lows 

i = kCo ~ [3] 

where k is the rate constant  and p is the order of 
reaction�9 The concentration, Co, becomes C as the ro-  
tat ing speed approaches infinity, that  is 
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Fig. 6. The limiting current density vs. rotofing speed curves in 
solutions contoining vorious omounts of C IO- .  

i = i r =  kC~ at  ,~ ---- infini ty [4] 

Because the  charge  t rans fe r  react ion is first order  wi th  
respect  to C 1 0 -  as descr ibed below, the  nex t  equat ion 
is obta ined f rom Eq. [1], [3], and [4] 

1 1 1 
-- = -- + - -  [5] 
i ir ACoJ 1/2 

The (1/ i)  vs. (1/w 1/2) is shown in Fig. 7. The s t ra ight  
lines project  into the  origin;  therefore ,  the  react ion 
l imit ing cur ren t  density,  it, is not p resen t  in this  range.  

According  to Vet te r  (6), the  reac t ion  ra te  or the  
cur ren t  dens i ty  for  two successive charge  t rans fe r  r e -  
actions, [F] and [G] 

Sr = S m +  e [F] 

S m =  So + e [G] 

is represen ted  by  Eq. [6] 

i = - - 2 k ' a ( 1 - - a )  e x p [  ( 1 -  a ) F  E l  [6] 
RT 

=E 0.6 
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Fig. 7. The limiting current density vs. rotating speed 
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where  k' = ra te  constant  
a = ac t iv i ty  of So 
0 = coverage 
a ---- t r ans fe r  coefficient 

if  the  overvol tage  is much grea te r  t han  (RT/F)  
ln(io'/io), where  io and io' are  the  exchange  cur ren t  
densi t ies  for [F] and [G],  respect ively .  

Assuming  the fol lowing re la t ion  be tween  the  cur -  
ren t  dens i ty  and the  ac t iv i ty  of reactant ,  a, due to lack  
of diffusion in the  v ic in i ty  of the  work ing  e lect rode 

ao i 
- - =  I - - -  [7] 

a ~L 

for reactions [H] and [I]  

C 1 0 -  + H~O + e = Clad + 2 O H -  [ H ]  

Clad -t- e = C1- [I] 

C 1 0 -  + H20 + 2e = C1- W 2 O H -  (ove r -a l l  react ion)  [J] 

we have  the  nex t  equat ion f rom Eq. [6] and  [7] 

i = - - 2 k ' a ( 1 - - # ) e x p [ - -  ( 1 - - = ) F  E ]  [8] 
i RT 

~L 

The dot ted  lines in Fig. 3 and 4 show the correc ted  
Tafel  l ine by  Eq. [8] in a range  of diffusion control.  
The slope of the  Tafel  l ine is 120-140 m V / d e c a d e  and, 
hence, the t ransfer  coefficient is 0.47-0.54. Here  the  
ac t iv i ty  coefficient of the  C10-  ion was assumed to be 
un i ty  because of the  d i lu te  solution. 

The cur ren t  dens i ty  at  a given potential ,  250 mV vs. 
SHE, was plot ted vs. the  concentra t ion of C 1 0 -  as 
shown in Fig. 8. The  slope of the  curve,  (d log i /d  
log C),  is uni ty;  therefore,  the  react ion is first o rder  
wi th  respect  to C10- .  Thus, i t  is concluded tha t  the  
e l emen ta ry  react ion in this  case is react ion [H] in-  
s tead  of reac t ion  [J] ,  because the  l a t t e r  process is the  
two-cha rge  t rans fe r  react ion for C10- .  React ion  [I] 
fol lows react ion [H]. 

MacMull in  offers the  fol lowing comments  on the  
cathodic reduct ion of C 1 0 -  and C1Os- (7) : 

"The loss of cur ren t  efficiency due to dissolved C12 
in the  anolyte  seeping into the  d i aphragm is quite 
smal l  in a Hooker  cell. However ,  the  loss due to C 1 0 -  
and C103- format ion  in the  anoly te  is more  serious. 
This loss resul ts  f rom the O H -  back  migra t ion  th rough  
the d iaphragm.  Most of the  chlora te  thus  formed is 
reduced to chlor ide at  the  cathode,  so tha t  only  minor  
amounts  of chlorate  are  lef t  in the  cell  l iquor  under  
normal  conditions. 

"I t  would  be wor thwhi l e  to consider  a s imi lar  ap-  
proach to the  more  impor t an t  p rob lem of  reduct ion  o f  
chlora te  at  the cathode. 
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CONCENTRATION OF CIO" ( g - e q / t l  

Fig. 8. The current density vs. concentration of C I O -  curve at 
250 mV vs. SHE. 



Vol. 118, No. 1 

1 2 0  

1no \ + 

o~ i ce  - - + -  \ 

9o \ ,!"\ .... ~c 

+ \ i '  - q, so \ \  

g, \ \ 
\ \ 

N ec k \ 
\ \ 

so \ \  

\ 
40  \ 

\ 
c ~ \  \\ 

\ \~o. \ \  

20 ~. \ 

IO ~ ..@0" "-. n X . \  

O I 2 3 4 5 6 7 
MOLAL|TY NoCI 

Fig. 9. Effect of NaCI molality on solubility of chlorine in brine 
(7). Total pressure, 760 mm Hg. 20~ Solid line: V ,  Oliveri-Man- 
daM; O ,  Kumpf, Kohn, and O'Brien. 0 ~ 10 ~ 50 ~ 80 ~ Dashed lines: 
assumes salt effect at 20~ is constant over entire temperature 
range. Reduced experimental data of Kumpf, Kohn, and O'Brien: 
[-1, O~ O,  10~ O ,  20~ 0 ,  50~ Z~, 80~ 

D I A P H R A G M - T Y P E  C H L O R I N E  C E L L  

~ 9 0  

. J  

o. 8 0  

5, 70 
IE 

d 
z 6 0  

g 
5 0  

4 0  

3 0  

"On Fig. 2, assuming the  anoly te  was  5N, or 24.4% 
NaC1, and the t empe ra tu r e  50~ the  solubi l i ty  of C12 
in the  anolyte  is about  8 mmoles /L ,  or  the  concent ra -  
t ion of C10-  = 8 m m o l e s / L  ---- 16 mequ iv /L ,  or 0.016 
equiv /L.  This is in the  range  of C 1 0 -  concentra t ions  
tes ted in this  report .  However ,  in a Hooker  cell, where  
the  anolyte  is about 22% NaC1, t empera tu re  95~176 
the chlor ine  solubi l i ty  is only  0.15 mmole /L ,  corre-  
sponding to an C10-  concentra t ion of 0.0003 equiv /L ."  
[Est imates  of C12 solubi l i ty  made  b y  MacMull in  (7) 
a re  given in Fig. 9 and 10.] 

"On the o ther  hand, the NaC103 content  of the  cell  
l iquor  leaving the cell  is about  0.07 gpl  or  0.004 equ iv /L  
of C103-.  The NaC1Os formed at  the  anode represents  
a cur ren t  inefficiency of about  0.5%, if  the pH is 4. As-  
suming 50% decomposi t ion of the  salt, this  corresponds 
to a concentra t ion of about  

(0.005 x 5N) /2  = 0.0125 equiv  CIO~- 

or 0.0021 g-mole  NaC103 in the  anoly te  which  seeps 
th rough  the d iaphragm.  So, most of the chlora te  is r e -  
duced to chlor ide  by  the cathode, leaving  ve ry  l i t t le  
C1Os- in the  cell  l iquor.  There  is, of course, no C10-  
left  in the  cell  l iquor." 

Since receiving MacMull in 's  comments,  the  authors  
have car r ied  out exper iments  on the cathodic reduct ion 
of C103-.  The resul ts  obta ined wi th  the  same pro-  
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Fig. 10. Estimoted solubility of chlorine in NoCI brine, not acidi- 
fied (7).  

cedure  as descr ibed for  C I O -  have  been repor ted  in a 
separa te  paper  (8).  

In format ion  on the anodic process would  be very  
useful  for discussion of the  mechanism of the  cathodic 
reduct ion  of C 1 0 -  and C103-,  but  expe r imen ta l  work  
is difficult because of pass ivat ion  of p la t inum elec-  
t rodes in a lkal ine  solut ion containing chlorine.  
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A n y  discussion of this  paper  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the  December  1971 
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Anodic Mechanism of Electrochemical Machining: 
Study of Current Transient on a Rotating Electrode 

Der Tau Chin* 
Electrochemistry Department, Research Laboratories, General Motors Corporation, Warren, Michigan 48090 

ABSTRACT 

Using potentiostatic t ransients  and employing rota t ing steel anodes, a study 
has been made of the anodic mechanism occurring dur ing electrochemical 
machining in sodium chloride and sodium chlorate solutions. For chloride, 
t ransient  behavior reveals the formation, on the anode surface, of a porous, 
nonprotect ive film result ing from the precipitation of the anode product. For 
chlorate, a less porous film, about 1000A thick, is formed. Transient  behavior  
reveals that  the film is formed by anodic oxidation and that  the rate of film 
growth increases with the increase in the rate of iron dissolution. 

During the last decade, electrochemical machining 
(ECM) has had a n  impact in machining hard metal  

alloys. Although the process is still in a state of art, 
increasing efforts have been devoted to the search of 
reaction mechanisms. By unders tanding  its electro- 
chemical fundamentals ,  it is possible to broaden its 
application as an industr ia l  metal  removal  method. 

ECM general ly takes place in a flow cell composed 
of closely spaced workpiece (anode) and cathode. 
Metal is removed anodically from the workpiece at a 
rate on the order of 0.05 in. /min,  and the dissolution 
products are removed by flushing electrolyte through 
the electrode gap space. The most commonly used elec- 
trolyte for ECM of steel is the concentrated water  
solution of sodium chloride. However, sodium chlorate 
has been found to be a more favorable electrolyte be-  
cause of its good dimensional  control and better  sur-  
face finish (1, 2). In  a series of s teady-state  polariza- 
t ion (3, 4) and cathodic str ipping (5) studies, Hoare 
and his co-workers  relate this excellent property of 
sodium chlorate to the formation of a protective film 
on the surface of the workpiece. 

Knowledge regarding the formation and property 
of this film would, therefore, be useful in the devel-  
opment  of the ECM process. For this purpose the po- 
tentiostatic t rans ient  of a steel anode in NaC1 and 
NaC10~ solutions has been investigated. Since the ECM 
process requires a high flow rate of electrolyte, the 
study was carried out under  hydrodynamic  conditions 
of a rotat ing disk electrode. Polarization studies of 
ECM using rotat ing electrodes have been reported by 
Hoare, LaBoda, McMillan, and Wallace (3) and by 
Davydov, Kashcheev, and Kabanov (6). This paper 
describes t ransient  behavior  of a rota t ing steel anode 
in the ECM electrolyte. The results are presented in 
terms of the na ture  of passivation and the mechanism 
of film growth on the anode surface. 

Experimental 
The cell a r rangement  (Fig. 1) was the same as re-  

ported in Ref. (3). The anode was an  epoxy rotat ing 
disk, 1 in. OD, with an  active central  portion, 1/8 in. 
diameter, made of SAE 5160H steel. The cathode was 
a 1/2 in. copper disk cemented on a Lucite rod, which 
was inserted through a hole of a Lucite block on the 
bottom of the cell container,  and was fixed in position 
with a nylon set screw. An electrode spacing of 1 in. 
was used throughout  the study. Aqueous solutions of 
sodium chloride or sodium chlorate were used as elec- 
trolytes. The electrolyte tempera ture  was main ta ined  
at 23 ~ ___ I~ and the concentrat ion varied from 0.1 to 
4 moles/l i ter .  A saturated calomel electrode placed in 
a capi l lary tube was used to measure the anode poten-  

�9 Electrochemical  Society  A c t i v e  M e m b e r .  
K e y  words: passivity of s tee l  electrode,  p a s s i v e  f i lms ,  a n o d i c  d i s -  

so lu t i on  of  s t ee l  i n  chloride and chlorate. 

tial. The tube was immersed in the electrolyte, and 
its tip was brought  up to the downstream side of the 
steel anode. Unless otherwise noted, all the anode po- 
tentials given in the report are with respect to this 
reference. 

The anode potential  was controlled by a GMR-bui l t  
potentiostat. A Weston d-c mi l l iammeter  (Model 911) 
was used to measure the steady-state current .  The 
current  t ransient  was determined by passing the cur-  
rent  through a s tandard resistor and subsequent ly  re-  
cording the voltage drop across the resistor on a San-  
born recorder (Model 296). 

For each series of runs the surface of the rotat ing 
anode was first ground unt i l  the steel center and the 
electrically inert  epoxy surface became flush. The sur-  
face was then rubbed with a Carbimet  320-grit wet 
gr inding paper, and treated with 6N HC1 for 1 min  
followed by r insing in water. The clean anode was 
then quickly t ransferred to the electrolyte, and in-  
stalled on the spindle of the rotat ing assembly. To 
insure reproducibili ty,  the anode was cathodically 

Fig. 1. Cell and rotating disk electrode 
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t reated in  the electrolyte for 1 min. A separate elec- 
trical circuit having a steel counterelectrode and 
powered with three Burgess 1.5V batteries was used 
for the cathodic t reatment .  After  the cathodic t reat -  
ment,  several  minutes  were required  for the anode 
potential  to re tu rn  to its equi l ibr ium position. The cell 
circuit was then switched on for a preset anode poten-  
tial, and the current  was recorded on the recorder. 

Results 
Steady-~tate measuremen t .~Be fore  the t ransient  

measurement ,  a r un  was made for de termining  the 
steady-state polarization curves at various electrolyte 
concentrat ions and rotat ional  speeds of the disk elec- 
trode. Typical  results from the NaCl electrolyte are 
given in  Fig. 2 as data points connected by solid lines 
(curves 1, 2, and 4). The dashed lines (curves 3 and 
5) are the plateau cur ren t  density;  its mean ing  wil l  
be explained in  the nhxt  section. The s teady-state  
current  density in 1.0M NaC1 is given for two different 
anode revolut ion rates. It  is seen that  the speed of 
rotat ion does not have a significant effect on the rate  
of i ron dissolution. The sudden drop on curves 2 and 
4 demonstrates that  the anode becomes passive beyond 
the active potential,  which increases with decreasing 
electrolyte concentrat ion.  For 0.2M NaC1 no passiva- 
t ion occurred with the potent ial  range investigated. 

Polarizat ion curves of NaC10~ are given in Fig. 3. 
The curves were obtained at an electrode speed of 
1000 rpm; repeated measurements  at different speeds 
of rotation gave essentially the same results. It  is seen 
that the passive region is approximately from 0.5 to 
1.4V vs. SCE, beyond which the transpassive region 
begins and  the anodic gas evolution was observed. The 
active potential  also increases with decreasing con- 
centrat ion;  at 0.1NI, no active-passive t ransi t ion took 
place wi th in  the potential  range investigated. 

Current transient in NaCl electrolytes.~Typicai  
t rans ient  curves in  NaC1 electrolytes are given in Fig. 
4, where the curves drawn in wide striped bands rep-  
resent  oscillation of the current .  The width of the band  
is the peak- to-peak ampli tude of the oscillation. 

Curves 4a and 4b were obtained in 1M NaC1 at the 
potentials corresponding to the active region of 
s teady-state  polarization curves. These two curves 
are characterized by an ini t ia l  current ,  a rapid drop 
to a m i n i m u m  and recovery to a steady-state value 
having t h e  same order  of magni tude  as the ini t ia l  

i ~ 4 aa  2 
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Fig. 2. Plateau current and steady-state polarization curves in 
the sodium chloride electrolyte. 
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Fig. 3. Steady-state polarization curves in the sodium chlorate 
electrolyte. 
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Fig. 4. Recorder traces of current transients in NaCI electrolytes 

current.  Repeated measurements  at higher concent ra-  
tions showed the same characteristics; the phenom- 
enon of init ial  cur rent  and overshoot to t h e  min imum,  
however, diminished with increasing electrolyte con- 
centration. In a 3.7M NaC1 electrolyte, for instance, a 
steady-state current  was recorded immediate ly  after 
Switching on the cell circuit. If an overshoot did occur, 
its t ime constant  was too short to be seen on the re-  
corder used presently.  

Curves 4c and 4d are typical  cur rent  t ransients  at 
the passive potentials for 3.7M NaC1 electrolyte. 
Similar  results were also obtained at lower concentra-  
tions. These two curves differ from those obtained at 
lower potentials by having a flat ini t ial  cur ren t  and 
showing longer recovery t ime to the steady state. Be- 
sides, their s teady-state  current  is considerably 
smaller  than their  ini t ial  current .  The main  features 
of these curves are: 

(a) An ini t ia l  plateau, a-b, where the current  is 
large and oscillates about the average value with a 
f requency equal  to the rotat ional  speed of the anode. 
Curve 4c was obtained at zero revolutions per minute ;  
thus no oscillation occurred in that  par t icular  run.  

(b) A decrease to a minimum,  b-c, while the os- 
ci l lat ion is also decreasing as the cur ren t  drops. 

(c) A fast rise to a second maximum,  c-d, and then  
decreasing asymptotically to a second steady-state  
value, d-e. In  this stage the cur ren t  oscillates again; 
its peak- to-peak amplitude, however, is much smaller 
than  stage a. 
In  these two part icular  runs,  the cell was switched 
off for vary ing  lengths of t ime and then  switched on 
again. I t  is seen that, for every switch-on, the cur ren t  
jumps to the ini t ial  value and repeats steps a to c as 
described above. The ini t ia l  period, however, is much  
shorter, and the overshoot to the m i n i m u m  becomes 
more prominent .  The t ime required to at tain the 
m i n i m u m  of the subsequent  on-period depends on the 
length of the previous off:period: the longer the off- 
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period, the longer wil l  be the ini t ia l  period and the 
slower the drop to the min imum value. This phenom-  
enon is the same as the anodic t rans ient  of i ron in  
sulfuric acid, for which evidence has shown that  
anodic products precipitate on the anode surface as 
an adsorbed layer, which in t u rn  hinders the dissolu- 
t ion of i ron into the electrolyte (7-9). 

In  the present  study, a layer  of dark blue film was 
observed on the anode surface. The film was so porous 
that it  could be washed away easily with a jet  of 
water. On several occasions, the film fell from the 
anode as a dark  blue platelet  at high rotat ional  speeds, 
and the current  jumped up immediate ly  from the 
steady-state  value to that  of the higher ini t ia l  current .  

Figure 4 indicates that  the  current  oscillated about 
its average when the electrode was rotating. For 
curves 4a and 4b, the peak- to-peak  ampli tude (for 
convenience this wil l  be referred to as ampli tude 
henceforth) was about 10% of the average current ;  
for curve 4d, the ampli tude was about 30% in the 
plateau period, a-b, and diminished to 5% in the third 
period, d-e. The frequency of the oscillation was equal 
to the frequency of the rotat ing anode. When the anode 
was stationary, no oscillation was observed as shown 
in curve 4c. At this point  one might  th ink  that  this 
oscillation was an artifact caused by the exper imental  
device, such as the s l ip-r ing contact of the rotat ing 
anode. However, with the same exper imental  setup 
there was v i r tua l ly  no current  oscillation when  sodium 
chlorate was used as electrolyte. 

With regard to the film, the t ime  required to reach 
the min imum current  may  be designated as a measure 
of the period of film formation. This t ime is denoted 
at train as shown in curves 4c and 4d. The amount  of 
electricity per uni t  anode surface area required to 
pass through the cell before such a film has been 
f~rmed can be approximated as 

Q ----S- ,,,o i d t  [ i ]  

where i is the total current ,  and S the apparent  surface 
area of the anode. Figure  5 is a plot of Q and train at 
1000 rpm as a function of anode.potent ial  for two dif- 
ferent  concentrat ions of NaC1. It  is seen that  both Q 
and tram decrease substant ia l ly  with increasing poten-  
t ial  and electrolyte concentrations. The quanti ty,  Q, 
was calculated graphically from the recorder trace. 
Since the cur ren t  was oscillating, the integrat ion w a s  

carried out separately according to the upper  and the 
lower limits of the curve. Thus, for each t rans ient  
measurement ,  two integrals were obtained; the dif-  
ference of these two values was then represented by  
the length of I bars and rectangles as shown in Fig. 
5a. 

Figure 4 indicates that train of curve 4c is an order 
smaller  than  that  of curve 4d. In  Fig. 6, Q and the 
plateau current ,  ip, measured at an anode potent ial  of 
1.4V are plotted against the rotat ional  speed of the 
anode (the plateau cur ren t  is the current  of the  ini t ial  
fiat portion of the t rans ient  as shown in  curves 4c and 
4d). Again, I bars are used to indicate the upper  and 
the lower limits of the cur ren t  output,  if the current  
was fluctuating. The data for the plateau current  are 
fairly scattered, and no dependence of the current  on 
the anode speed could be drawn from the data points. 
The flat l ine in Fig. 6a is the average of these points. 
The quanti ty,  Q, and thus the t ime required to reach 
the cur ren t  m i n i mum train, on the other hand, increases 
substant ia l ly  with increasing speed beyond 300 rpm 
(Fig. 6b). It  seems that  the rotat ional  speed has a 
great effect on the current  t rans ient  in the NaC1 elec- 
trolyte. 

In  Fig. 2 variat ions of the plateau current  density 
with changes in anode potentials are shown as I bars 
connected by dashed lines (curves 3 and 5). I t  is seen 
that  the logari thm of the plateau cu r ren t  densi ty in -  
creases in direct proportion to the anode potential.  In  
addition, curves 3 and 5 appear to be a smooth ex- 
tension on the prepassivation, s teady-state  anodic 
current  density. It  seems evident  that  if no passivity 
occurred, the plateau current  should represent  the 
dissolution rate of i ron beyond the activation poten-  
tials. 

Current transient in NaClO~ electroZytes.--For a 
given potential  setting, the current  t rans ient  in 
NaC103 electrolytes was independent  of the speed of 
electrode rotation. The reproducibil i ty,  however, be-  
came bet ter  at higher speeds. For  this reason, all the 
t ransients  in NaC10~ are reported at 1000 rpm. 

Figure  7 represents typical  t rans ient  curves at 
various passive and transpassive potentials. The cur-  
rent  jumps to a large value as soon as an anode po- 
tent ial  is applied; it then drops rapidly to a steady- 
state value. It has been found that  the cur ren t  can be 
described by an empirical  relat ion 

i = ae-t/~ + ~ [21 
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where  a and T are  constants,  and is is the  s t eady-s ta te  
current .  F igures  8 and 9 are  the  plots of log (i-i~) vs. 
t for 0.5M and 4M NaC1Os electrolytes .  For  t > 1 sec, 
Eq. [2] fits per fec t ly  the  expe r imen ta l  da ta  obta ined 
at  different  pass iv i ty  potent ials .  In  the  t ranspass ive  
region, the  da ta  points  plot ted this  w a y  are  s l ight ly  
curved (see Fig.  8), indica t ing  tha t  the  equat ion is not  
val id  in this  region. The cell  cu r ren t  measured  wi th  
4.0M elec t ro ly te  at different  pass iv i ty  potent ia ls  fal ls  
closely about  a s t ra ight  line. I t  seems tha t  the  po ten-  
t ia l  dependence  of the  cur ren t  t rans ien t  decreases wi th  
increasing e lec t ro ly te  concentrat ion.  

Discussion 
Nature of passivation in NaCl electro~ytes.--Both 

the  t rans ien t  behavior  and the  s t eady-s ta te  po lar iza-  
t ion curves have c lea r ly  shown tha t  the  steel  anode 
becomes passive in NaC1 elect rolytes  when  the  anode 
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Fig. 8. Semilogarithmic plot of anode transients for 0.5M 
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potent ia l  is beyond the  act ive potent ial .  Expe r imen ta l  
observat ion has r evea led  tha t  the  da rk  b lue  film formed 
on the anode surface is qui te  th ick  and porous. Pa ra l l e l  
examples  of this  k ind are  the  pass iv i ty  of i ron in sul-  
furic acid (7-9) and  of copper  in hydrochlor ic  acid 
(10). At  the  pass iv i ty  potent ials ,  these  two systems 
have  the same t rans ient  behavior  as shown in curves 
4c and 4d. Their  pass iv i ty  has been a t t r ibu ted  to the  
format ion  of an adsorbed layer  of anodic product ;  in 
the  copper -hydroch lor ic  acid system, this  l aye r  was 
identif ied by  Cooper (10) as CuC1. 

Apparen t ly ,  the  pass iv i ty  of s teel  in the  NaC1 solu-  
t ion can also be a t t r ibu ted  to the  fo rmat ion  of an 
adsorbed  layer  of anodic products  on the electrode 
surface. The exact  composit ion of this  l ayer  is not  
known. It  has been found tha t  dur ing  ECM of steel  in 
NaC1, i ron dissolves into the  e lec t ro ly te  to form a 
final product  of Fe (OH)~  (11). At  sufficiently high 
potentials ,  the  anodic cur ren t  dens i ty  is ve ry  large,  
and the  e lec t ro ly te  in the  ne ighborhood of the  anode 
becomes supersa tu ra ted  wi th  ferrous  compounds.  
Some of the fer rous  compounds, such as Fe(OH)2,  
thus prec ip i ta te  on the  anode surface as a porous layer  
of fer rous  salts.  

This hypothesis  m a y  b e  confirmed by  compar ing  the 
t rans ient  da ta  wi th  Mul le r ' s  t heo ry  of the  film fo rma-  
t ion due  to p r e c i p i t a t i o n  of react ion products  on the  
electrode surface. The behavior  of curves  4c and 4d 
indicates  tha t  the cur ren t  at the  ini t ia l  per iod is not  
affected by  the  prec ip i ta t ion  of the anode product .  
Only when the  e lec t rode  becomes nea r ly  covered wi th  
the  prec ip i ta tes  does the  res is tance of the  film control  
the  flow of current .  The cu r r en t  flowing through  the  
cell, therefore,  r emains  constant  un t i l  the  anode is 
nea r ly  covered wi th  the  film, and then drops rapidly .  
For  the  film growth  of this  kind, Mul ler  (12) has de-  
r ived  an equat ion for the  behavior  of cu r ren t  when  
the  film nuclei  a re  spreading  f rom r andom sites to 
form a p la te le t  over  the  e lec t rode  surface. The cur -  
r e n t - t i m e  re la t ion dur ing  this s tage of film growth  is 
given as 

+ - - l n  - = C , + C 2 I ( i )  t = CI + C2 ip -- i ip 

[3] 

where {p is the plateau current, and C, and C2 are con- 
stants for a given transient. The constant, CI, is a 
measure of the duration of the current plateau, and C2 
is inversely related to the rate of current decrease. To 
test the validity of the Muller theory to this particular 
problem, the function, f(i), (calculated for the transi- 
ent curve, Fig. 4c, obtained at zero revolutions per 
minute) is plotted against the time, t, in Fig. I0. It is 
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Fig. 10. Comparison of current transient with Muller's theory 
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seen that  for t larger than  1.2 sec, the decrease of cur-  
rent  is indeed described by the Muller  equation. The 
time constant  C1 calculated this way is 2.72 sec; in te r -  
estingly, this value is very  close to train = 2.8 sec as 
shown in curve 4c. 

Since the Muller theory only describes the behavior 
of current  drop, one may assume that  the ini t ial  period 
of the current  t rans ient  represents the period of film 
nucleat ion and growth of film nuclei  to the critical 
sizes before spreading over the anode as platelets. Two 
factors could influence the durat ion of this period. The 
first factor is the rate of i ron dissolution: the higher 
the dissolution rate, the higher wil l  be the supersatura-  
t ion of the anodic product near  the anode surface, and 
consequently the faster wil l  be the rate of nucleat ion 
and growth of the nuclei. Figure 2 indicates that  the 
plateau current  density represents the dissolution rate 
before the anode is covered by the film. Therefore, the 
higher the plateau current ,  the shorter wil l  be the 
ini t ial  period. This tendency is clearly seen in Fig. 5, 
where  train and Q are plotted against  the anode poten-  
tial. Recall that  train is the length of t ime  required for 
the current  to reach the min imum;  it is nevertheless 
also a good measure of the durat ion of the nucleat ion 
period because the period of current  drop is very small. 
Since the plateau current ,  as shown in Fig. 2, increases 
with potential  and electrolyte concentration, it is not 
surprising that  train decreases considerably with in-  
creasing potential  and concentration. Fur thermore,  the 
amount  of charge, Q, required to pass through the cell 
before a complete layer of film has formed, also de- 
creases with the dissolution rate. This can be seen 
with a closer look at Fig. 2 and 6a: Take 3.7M NaC1, 
for instance. The value of Q decreases from 500 
coulombs/in.  2 to about 90 coulombs/in.  2 when  the anode 
potential  increases from 1.0 to 2.0V vs. SCE, whereas 
the corresponding plateau current  densities at these 
two potentials are 9 and 17 A/in. s. 

The second factor that affects the period of film 
nucleation is the convection of the electrolyte in the 
neighborhood of the anode. In a flowing NaCl electro- 
lyte, apparently only a fraction of the anodic product 
formed precipitates on the anode surface as a solid 
film; the rest is washed away by the electrolyte. Figure 
6 demonstrates the effect of convection to the length of 
the nucleation period. In that particular run the 
plateau current is nearly the same for all the speeds 
investigated; the duration of nucleation as denoted by 
Q, however, increases sharply with increasing speeds 
of rotation beyond 300 rprn. Assuming that there is a 
boundary layer over the electrode surface within which 
the electrolyte is saturated with the anode product, 
the increase in the rate of electrolyte flow would re- 
duce the thickness of this layer and, consequently, 
more anode product is carried away by the electrolyte 
before it precipitates on the surface. Therefore, the 
length of the nucleation period increases with increas- 
ing flow rate. 

The phenomena of current oscillation and the over- 
shoot to the minimum as shown in Fig. 2 are rather 
puzzling. At present there are no satisfactory explana- 
tions; further investigations are necessary before a 
definite conclusion can be reached. 

Anodic film in NaClO~ electrolytes.--Figure 3 indi-  
cates that  a protective film is formed on the anode 
surface when  the applied potential  is between 0.5 and 
1.4V vs. SCE. Hoare and his co-workers (3-5) have 
at t r ibuted the property of good shape control of sodium 
chlorate to the formation of this film on the surface of 
workpieces. They point  out that  the extent  of shape 
control increases with increasing slope of t ransi t ion 
from the passive to the transpassive region on the 
steady-state  polarization curve. I t  seems that, among 
the curves shown in Fig. 3, the best shape control wil l  
be obtained at 4.0M. This result  agrees with the ex- 
perience that  good cut t ing can be achieved only in 
highly concentrated NaC1Os. 

The composition of the film, according to x - r ay  dif- 
fraction studies (3), is a layer  of ~-Fe~Os. Nagayama 
and Cohen (13), who have studied the passivity of 
iron in borate-boric acid, suggest that  the inner  layer 
of the oxide film is composed of Fe304. In  a later  paper, 
Sato and Cohen (14) give an empirical  equation 

i = A e x p ( - - Q - ~ - )  [4] 

to describe the growth of an oxide film on iron in the 
borate-boric acid electrolyte. Here A and B are con- 
stant  for a given potential  and electrode surface area; 
the quanti ty,  Qt, is the amount  of charge accumulated 
in the film at the time, t. Accordingly, if the current  
t ransient  curve is replotted in the form of log i vs. Qt, 
one should obtain a straight line. The t ransient  data of 
4.0M NaC103 plotted this way are shown in Fig. 11, 
where Qt is calculated graphically from the data as 

~ o t ( i -  is)dt, for the steady-state current  does not  

contr ibute  to the formation of the film. I t  is seen that  
the data are not described by  Eq. [4]. Therefore, the 
mechanism of the film growth in NaC103 is different 
from that in the borate-boric acid electrolyte. 

At the passivity potentials, Fig. 3 indicates that  the 
anodic current  density is on the order of 60 m A / c m  2, 
while the corresponding current  density of an iron 
anode in borate-boric acid is at least 1000 times smaller. 
This suggests that  the oxide film formed in the chlorate 
electrolyte is porous in nature,  although it serves as a 
protective layer to prevent  the wild cut t ing in ECM 
operations. The porosity may be confirmed by com- 
par ing Eq. [2] with Vermilyea 's  theory of film growth. 
For the si tuation where the growth is controlled by 
the rate of metal  dissolution, he has derived the fol- 
lowing relat ion describing the decay of current  due to 
spreading of a nonconductive film from random nuclei  
(15) 

i = ~e-U~ [5] 
and 

SnFp8 
T = - -  

~M 

Here ~ is the ini t ial  current ,  and M, p, and 5 are the 
molecular  weight, density, and thickness of the film. 
The constant, n, is the number  of electrons t ransferred 
in the f i lm-formation reaction, and S is the surface 
area of the electrode. Since there are numerous  nuclei 
spreading lateral ly during the growth process, the 
anode surface is soon covered with a film having a great 
number  of pores. One of the major  assumptions in 
Eq. [5] is that  the pores are closed entirely;  thus, no 
current  will  be permit ted to flow through the cell after 
the anode has been covered with the film. Comparing 
Eq. [2] and [5], it is seen that the two equations have 
exactly the same form, except that  Eq. [2] has an 
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Fig. 11. Compar ison of t rans ient  da ta  of the ch lora te  solution 
wi th  Sara and  Cohen's  empi r ica l  equat ion.  
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additional term, is. It  appears that, after reaching an 
equi l ibr ium condition, the pore area of the film in the 
chlorate electrolyte wil l  not diminish to zero. Ap-  
parently,  there are two processes taking place si- 
mul taneously  dur ing the anodic t rea tment  of steel in 
NaClO3. The first one is the dissolution of iron into the 
electrolyte, and the second one is the formation of an 
anodic film. The dissolution is inhibi ted by the film 
formation process, for the spreading of the film would 
reduce the area of active sites where  the dissolution 
is taking place. After  the steady state has been reached, 
the normal  dissolution reaction can occur only wi th in  
the pores of the film, and the steady-state  current ,  is, 
may be regarded as the rate of dissolution wi th in  the 
pores. With the assumption that  the pores are not 
closed entirely, Eq. [2] could be derived in a manne r  
similar to that  for Eq. [5]. In  this case, the t ime con- 
stant, T, should be modified to 

SnFp8 
T = [6] 

(~ - -  is)M 

Figures 8 and 9 show that  Eq. [2] fits perfectly with 
the t rans ient  data obtained at the passivity potentials. 
Probably  a surface reaction that  controls the rate of 
iron dissolution is the slowest step in the f i lm-forma-  
tion process. The rate of film formation would increase 
with increasing the dissolution rate. 

Assuming that  the film is 7-Fe203, one may estimate 
the film thickness from Eq. [6] with values of a and t 
evaluated graphically from Fig. 8 and 9. For approxi-  
mation, the densi ty of the film is assumed to be 5 
g/cm 3 (16), and the apparent  surface area of the anode 
is used for all the calculations. The results are listed 

Table I. Estimated thickness* of oxide film in the chlorate 
electrolyte 

Concen- A n o d e  
t ra t ion  p o t e n t i a l  C o u l o m e t r y  E q u a t i o n s  2 and  6 
NaClO3 v s .  SCE Q~,*** 6 • 10 ~** ~ • 10 ~** 

(M) (V) m c / c m  s (era) r ,  sec a ,  m A  (cm) 

0.5 1.2 144 0.79 1.97 4.0 0.55 
1.4 250 1.40 3 1 4  6.0 1.32 

4.0 1,0 700 3.8 
1.2 710 3.9 4.79 12.2 4.1 
1.4 780 4.3 4.79 12.2 4.1 

* T he  f i lm is  a s s u m e d  to  be  5,-Fe208 h a v i n g  d e n s i t y  of  5 g / e r a  a 
(16). 

** A p p a r e n t  su r f ace  a r e a  o f  t h e  a n o d e  is  u s e d  fo r  t he  ca lcu la -  
t ions.  

*** Q~ is t h e  a m o u n t  o f  c h a r g e  d e n s i t y  r e q u i r e d  to  p roduce  a 
comple t e  l aye r  of  t h e  o x i d e  f i lm on  t h e  a n o d e  surface .  

E L E C T R O C H E M I C A L  M A C H I N I N G  179 

in Table I. Also given in the table is the thickness cal-  
culated from coulometry. The two sets of computat ion 
agree with each other very  well. The estimated film 
thickness is on the order of 1000A. This result  agrees 
with the fact observed from the ECM operation that  
a visible coating is always obtained on the work-  
piece after machining,  for a film with a thickness of 
1000A is visible to the naked eye. 

In summary,  the t rans ient  measurement  reveals for-  
mat ion of an anode film dur ing the ECM of steel in  
sodium chloride and sodium chlorate solutions. For 
chloride, the film is very porous and nonprotect ive;  its 
formation results from precipitat ion of the anodic 
product. For chlorate, the film is formed by anodic 
oxidation; electrode t ransient  reveals that  the film is 
about 1000A thick and the rate of film growth increases 
with the increase in the rate of iron dissolution. 

Manuscript  submit ted June  1, 1970; revised m a n u -  
script received ca. Oct. 1, 1970. This was Paper  218 
presented at the Atlant ic  City Meeting of the Society, 
Oct. 4-8, 1970. 

Any  discussion of this paper wil l  appear in a Dis- 
cussion Section to be published in the December 1971 
J O U R N A L .  
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Technical Notes 

Chemical Polish for Rare Earth 
Orthoferrites 

L. K. Shick 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 07974 

Proposed magnetic  domain devices require  large 
numbers  of s t ra in-free  slices of suitable magnetic  ma-  
terials. Presently,  after slicing, bulk  grown single 

Key w o r d s :  f e r r i t e s ,  p h o s p h o r i c  acid,  p o l i s h i n g ,  ra re  e a r t h  fe r -  
r i tes ,  c h e m i c a l  po l i sh ing .  

crystals of rare  earth orthoferrites are polished to ap-  
proximate required thickness using convent ional  dia-  
mond abrasives. The required final finish is obtained 
by an addit ional  polish uti l izing Syton. Syton, a trade 
name of Monsanto, consists largely of SiO2 abrasive in 
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a basic colloidal suspension ( i ) .  Such polishing pro- 
duces a smooth surface bu t  has a tendency to round 
the edges of slices and produce taper  in  the material .  
The chemical mechanical  action of this process is not 
understood. 

The Syton process produces excellent, usable speci- 
mens, but  the removal  rate is very slow. Estimates of 
this rate range from 0.125 mi l / h r  to 0.25 mi l / h r  and 
it  depends upon a var ie ty  of conditions including pad 
age and wear, total area of slices to a lap, applied 
pressure, and lap speeds. 

A search has been conducted for a suitable chemical 
polish that  would effect a more rapid removal  rate 
and also produce s t ra in- f ree  surfaces. A review of the 
l i terature revealed a wide var ie ty  of etchants based on 
common laboratory chemicals. Many have been used 
successfully on refractory oxide materials  (2-4). A 
survey was made to determine the effect of a number  
of these etchants on several of the general  class RFeO3 
(R - - - -  rare  earth)  compounds. The conditions and re-  
sults are presented in Table I. Ratios are in  parts by 
volume. 

As can be seen from the table, f e w  of these etches 
have any effect. The HF containing formulat ions seem- 
ingly react, but  do not  polish. The rare  earth fluorides 
are general ly only sl ightly soluble and it is l ikely that  
an insoluble fluoride is produced at the surface pre-  
cluding fur ther  reaction. 

Phosphoric acid has been used to chemical ly polish 
several garnets  including YIG (4). The phosphoric 
acid containing etches all produce pits in orthoferrites 
at lower temperatures.  At  tempera tures  above 160 ~ - 
180~ only  H3PO4 remains  (commercial  HsPO4 is 85% 
acid and evolves H20 as steam at 160~176 and 
thereby concentrates) .  Other common di luents  wil l  
evaporate at elevated temperatures.  Above 300~ 
HaPO4 polishes rare  earth orthoferrites. The results 
reported here have been obtained at 380~176 
At 500~ rapid attack of the crystal is evident and re- 
sults in a poor surface. 

Procedure 
Phosphoric acid is heated in a p la t inum crucible to 

about 170~ and held there un t i l  the vigorous evolution 
of steam ceases. The tempera ture  is then raised to the 
polishing range. There are no exper imental  difficulties 
encountered in using phosphoric acid at 500~ when 
only a slight white vapor evolves. However continued 
heat ing results in polymerizat ion and increased vis- 
cosity necessitating f requent  changes of the acid. 

The sample to be polished is mounted  in a suitable 
holder at the end of a fused silica rod. Some samples 
have been tied to the rod with 0.010 in. Pt  wire but  due 
to the fragil i ty of the samples a holder similar to that  
shown in Fig. 1 is preferred. Boron ni tr ide does not 
react with H3PO4 dur ing  the short polishing times 
required and has been used successfully to fabricate 
the holder. Such a holder  could easily be bui l t  to ac- 
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Fig. 1. Apparatus for chemically polishing rare earth orthoferrites 

commodate a large number of slices of uniform di- 
mensions. This assembly is rotated at about 40 rpm 
and immersed in the acid for the desired polishing 
time. After  removal  the chips are allowed to cool and 
then washed in distilled water  to remove any  remain-  
ing acid. 

Results and Discussion 
The mater ial  removal  rate at 400~ has been de- 

termined by observing the weight  loss of a sample 
dur ing polishing. This rate for polishing times of 1-5 
min  is about 0.4 mi l /min /s ide .  

The surface of slices polished is smoothed to the 
extent  that few features remain  upon which an op- 
tical microscope can be focused. The Tally Surs trace 
shown in Fig. 2(a) is of a randomly  selected slice of 
Sm0.55 Tb0.4.~ FeO3 after Syton polishing. The trace in 
Fig. 2(b) is of a similar  slice after a one minu te  
chemical polish. The surface var ia t ion  is of the order 
of • for the  chemically polished piece whi le  the 
single peak on the Syton slice is >0.5# above the 
average surface. 

Smoothing action of the polish is enhanced by slow 
rotat ion of the sample. Static polishing produces sur-  
faces with greater ripple than  that  evident  in Fig. 2. 
Very fast rotations, i.e., >1000 rpm, resu l t  in spiral 
pat terns of ripple on the surface due to vortex effects 
in the liquid. Results reported here are f rom samples 
rotated at about 40 rpm. 

Residual  surface s t ra in  induced in  d iamond polished 
rare earth orthoferrites renders  them useless for 
device uti l ization unless the s t ra in is relieved by  an-  
neal ing (5) or Syton polishing. The domain pat tern 
may be observed by the Faraday rotat ion of polarized 
light. A white  edge on a normal ly  black domain in-  
dicates that  the wall  passes through the slice at some 

Table I. The effects of various etchants on rare earth orthoferrites 

E t c h a n t  T e m p ,  ~  T i m e  R e s u l t s  

1 Cr2Os (Sa t  H~O) : 3HzPO~ 80-100 30 r a i n  p i t s  
1 S a t  K~Cr~OT: 0.1 H~SO4: r o o m  t e m p  several  h o u r s  n o  e f f e c t  

0.02 S a t  NaC1 
1 S a t  If~CrsO~. 0.1 H2SO~: 180 4 h r  no  e f f e c t  

0.02 S a t  NaC1 
S a t  KeCreO7 in  H~O 80-100 1.25 h r  no  e f f e c t  
S o d i u m  P o t a s s i u m  T a r t r a t e  m o l t e n  1 r a in  no  e f f ec t  
1 H a P O 4 : 1  H C I :  1 M e O H  80-100 25 m i n - l . 5  h r  p i t s  
1 N a O H :  1 30% HsOs  90 15 r a in  no  e f f e c t  
1 N H ~ O H :  1 30% HsOs 90 15 r a i n  no  e f f ec t  
1 H F :  2 H N O a :  3HeO 80-100 5-30 r a in  a t t a c k s  s u r f a c e  s l o w l y - -  

leaves  i t  r o u g h  
1 H F :  1 I-I2SO4:1 H : O  b o i l i n g  10 r a in  o p a q u e  f i lm  on  s u r f a c e  
1 H F :  1 H 2 0 2 : 1  M e O H  75 5 r a in  no  e f f ec t  
1 I ~ P O 4 : l H ~ O  r a p i d  " b o i l i n g "  5-6 m i n  s m o o t h s  d a m a g e  b u t  t e n d s  

to  p i t  
1 H a P O 6 : 3  H s O  r a p i d  " b o i l i n g "  5 m i n  no  e f f ec t  
I ' I aPo t  300 1 m i n  p i t s  
HaPO4 400-425 1 m i n  p o l i s h e s  
I-I~O~ 500 I min rapid attack of crystal 
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Fig. 2. (a) Tally Surf trace of Syton polished Sm~.55Tbo.45FeO3. 
(b) Tally Surf trace of chemically polished Smo.55Tbo.45FeO3. 

angle other than  90 ~ thereby changing the Faraday 
rotation angle. The effect of surface strain on the 
domains is i l lustrated in  Fig. 3(a)  which is a portion 
of the domain pat tern  of a 0.004 in. thick slice of Sm0.55 
Tb0.45 FeO3 that  had been polished with 0.1~ diamond 
abrasive paste. The i r regular  domain widths and 
ragged walls are indicative of locally high coercivity 
induced by surface strain. That  the surface is highly 
strained is fur ther  evidenced by the al ternate  white 
and black edges of the domain pattern.  

Low surface strain is characterized by domains of 
uni form width and paral lel  walls. The domains tend 
to stretch into smooth walled strips with only large 
radius curves to minimize  wall  energy. The effect of 
the chemical polish in removing surface strain is 
shown in  Fig. 3 (b) which is a port ion of the domain 
pat tern  of the same slice shown in Fig. 3(a) after 
chemically polishing for 10 sec. Much of the strain 
evident  in Fig. 3(a)  has been removed. The smooth 
domain walls, the near  uni formi ty  of the domain 
widths, and absence of the changing Faraday  rotat ion 
suggest that  the strain has been significantly reduced 
result ing in lowered coercivity. Figure. 3(c) i l lus- 
trates the domain pa t te rn  in a portion of a Syton 
polished slice of Sm0,55 Tbo.45 FeO3. The pat terns  in 
Syton polished and chemically polished slices are 
comparable in that surface strain effects such as seen 
in Fig. 3(a)  are el iminated in each. However the 
Syton operation required several hours to achieve 
this degree of s t ra in  removal  whereas the chemical 
polish effected a similar result  in  only 10 sec. 

In  order  to determine sample perfection and suit-  
abil i ty for device use, Shumate  (6) has developed a 
device that  enables a single cylindrical  domain to be 
systematically scanned through the chip. When  the 

Fig. 3. (a) A portion of the domain pattern in a 0.004 in. thick 
slice of Smo.~sTboAsFeO3 which was polished with 0.1~ diamond 
abrasive paste. Magnification 200X. (b) Typical domain pattern 
in the same slice after chemical polishing. Magnification 200X. 
(c) Domain pattern of a portion "of a Syton polished slice of 
Smo.55Tbo.45FeO3 0.002 in. thick. Magnification 200X. 
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(o) (b) 

Fig. 4. (a) Defect map of a Syton polished slice of TmFeO3 
Magnification 20X. (b) Defect map of the slice shown in a after 
a 10 second chemical polish. Magnification 20X. 

domain encounters  a defective area in the crystal, it 
is indicated by a deflection in  a chart  trace. At the 
completion of scanning,  a map of the defects in the 
crystal results. A map of a slice of TmFeO3 that  had 
been Syton polished is shown in  Fig. 4(a) .  The de- 
flections have been joined to emphasize l inear  defects 
such as cracks, twins, or scratches. Several  scratches 
are evident  through the center  of the slice as well  as 
other unidentified domain  p inning  points. The l ine 
formation in lower left is a crack and the near ly  ver-  
tical l ine at left is due to a difference in  thickness of 
the slice. The device is sensit ive to distortions of the 
domain and since the domain diameter  is a funct ion of 
chip thickness (7), variat ions in thickness wil l  appear 
on the map. A serious defect appears at lower right. 

The slice was chemically polished for 10 sec and re- 
mapped. The resul t ing trace is shown in Fig. 4 (b).  The 
slice broke along the crack at the left dur ing handl ing 
so the shape is different from Fig. 4(a) .  The central  
scratches and most of the p inn ing  points in that  region 
have been eliminated,  The thickness effect at left re -  
mains  and two smaller l ine defects have developed in 
the upper  left. The serious defect at r ight  has been 
reduced to a single large p inn ing  point. The long line 
at r ight  is associated with the point of contact of the 
slice with the holder. 

Due to the high sensit ivi ty of the mapping  technique 
and the severe surface strain in crystals that  have been 
diamond polished, it is not possible to obtain a mean-  
ingful map of an orthoferri te slice prepared in this 
manne r  for direct comparison. 

Conclusions 
Phosphoric acid at 380~176 has been shown to 

polish thin slices of rare earth orthoferrites rapidly 
and to remove residual  surface strain induced by con- 
vent ional  mechanical  polishing. Certain types of de- 
fects remaining after Syton polishing are also removed 
while main ta in ing  comparable smoothness. 

It is evident  the chemical polish removes m a n y  of 
the defects left behind  by mechanical  or chemical 
mechanical  polishing methods. Crystallographic de- 
fects of course can be el iminated by nei ther  method, 
but  may be exposed by chemical polishing. 
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On the Cathode Reaction in Solutions Containing CIO - 
Fumio Hine *,1 and Masaki  Yasuda 1 

Kyoto Universi ty  at Uji, Uji, Japan 

The cathodic reduct ion of C10-  in the d iaphragm-  
type chlorine cell has been described in a previous 
paper (1). Since the effects of ClOd-,  which may form 
at the graphi te  anode, on the cathode reaction should 
be considered (2), some exper iments  have been car-  
r ied out. 

Hydrogen evolut ion f rom H20 

2H=O -5 2e = H~ + 2 O H -  [A] 

is wel l  known to be the main react ion at the steel 
cathode of the d iaphragm cell, but  two processes 

C 1 0 -  + H20 + 2e = C1- + 2 O H -  [B] 
and 

C103- + 3H20 + 6e = C1- -5 6 O H -  [C] 

are also considered to be the  side react ion according 
to Ki rcher  et al. (3). Of these, reaction [B] is fast, but  
is l imited by diffusion of C10-  to the electrode surface 
at high current  densities. 

The anodic format ion of C103- has been studied by 
many  authors and the mechanism is summarized ac- 
cording to Ibl  et aL (4) as follows 

3 
6C10-  -5 3H20 = 2C103- -5 4C1- -5 6H + -5 -~-02 -5 6e 

(by anodic oxidat ion) [D] 

C12 -5 H20 = HC10 -5 C1- -5 H + [El 

HCIO = CIO- -5 I-I + [F] 
and 

2HC10 -5 C 1 0 -  = C10~- -5 2C1- -5 2H + [G] 

(by chemical  reaction) 

On the other hand, papers on the cathodic reduct ion 
of C103- have  not yet  been published. Whether  re-  
actions [C] and [D] take place at the cathode in a lka-  
line solution of NaC1 is discussed here. 

Experimental Procedure 
The electrolytic cell used for polarizat ion measure -  

ments  was the  same as that  of previous work  (1). A 
pla t inum rotat ing disk of 0.95 cm 2 area was used as 
the working electrode. The cathode of the d iaphragm 
cell consists of a steel screen. Thus, a steel disk elec- 
trode was first examined.  Unfortunately,  satisfactory 
results were  not obtained due to the disturbance caused 
by the local anodic dissolution of iron at low current  
densities. The mechanism of the cathode react ion on 
both steel and pla t inum electrodes is the same, while  
the exchange current  density is, of course, re la ted  to 
the cathode material .  Therefore,  the data obtained wi th  
the noble meta l  cathode are considered feasible for dis- 
cussion, par t icular ly  at high current  densities. 

The solution was prepared wi th  analyt ical  grade 
NaC1, NaOH, and NaC103 wi th  deionized and distil led 
water.  The concentrat ion of C103- was var ied f rom 
0 to 0.4 g -equ iv / l i t e r .  Chlorate  ions were  t i t ra ted with 
standard solutions of Mohr salt and cer ium sulfate (5). 

The electrolytic solution was deaerated wi th  purified 
hydrogen for 2-3 hr, and pre-e lec t ro lyzed with  a pla t i -  
num cathode of about 5 cm 2 area at 10-20 mA for about 
12 hr  before use. 

The potential  of the working electrode was mea-  
sured against  the reference electrode consisting of 

* Electrochemical Society Active Member. 
Present address: Nagoya Institute of Technology, Nagoya, Japan. 

Key words: diaphragm cell, electrochemical reduction, hypo- 
chlorite, reaction mechanism. 

Hg/HgO/2N  NaOH, then it was conver ted into the 
normal  hydrogen electrode scale. 

Since the IR drop be tween  the working electrode 
and the Luggin probe was considerable at high current  
densities, it was corrected by extrapolat ion of the po- 
tent ial  vs. distance curve  to zero distance at a given 
current  (6). 

The cur ren t  efficiency of the hydrogen  evolut ion 
f rom the cathode having 1.26 cm 2 area was determined 
by means of gas analysis. 

Results and Discussion 
An example  of the potent ial  vs. current  densi ty 

curve  is shown in Fig. 1. The potentials  observed in 
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Fig. 1. The potential vs. current density curves of a Pt cathode 
in alkaline solutions of NaCI with and without C103-. 
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Fig. 2. Volume of hydrogen vs. time curves at various current 
densities in solutions consisting of 2N NaOH and 3N NoCI with 
and without C103- at 20~ (cathode area: 1.26 cm2). 
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Fig. 3. Rote of hydrogen evolution vs. current density curves with 
various solutions at 20~ 

a solution consist ing of 2N NaOH and 3N NaC1 free 
from C103- are  shown by  the closed points  and the 
open points  i l lus t ra te  the  da ta  in a solution containing 
0.098 g -equ iv / l i t e r  C1Os-. At  low cur ren t  densities,  
less than  1 A / d m  2, the  slope of the  potent ia l  vs. loga-  
r i thm of cur ren t  dens i ty  curve is about  140 mV/decade ,  
if a in the  Tafel  coefficient, RT/aF, is assumed to be 
0.5, as shown by the s t ra ight  l ine in Fig. 1. The po ten-  
t ia l  devia tes  f rom the  Tafel  plot  a t  h igh cur ren t  den-  
sities and the  potent ia l  tends  to be ex t r eme ly  less 
noble at  cur ren t  densi t ies  more  than  50 A / d m  2, p rob -  
ab ly  due to the  lack of the  active sites on the electrode 
surface. Because the potent ia l  vs. cur ren t  dens i ty  curve 
is not  affected by  C1Oz-, it  was assumed tha t  the  
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cathode react ion in a solut ion containing C103- is 
s imilar  to one in a solut ion free from chlora te  ions. 

An  example  of the volume of hydrogen  evolved vs. 
t ime curve is shown in Fig. 2. The closed points  show 
the da ta  obtained in a solution consist ing of 2N NaOH 
and 3N NaC1 wi thout  C iOs -  at  20~ The cur ren t  effi- 
ciency was almost  100% for var ious  cur ren t  densities.  
The open points are  the  da ta  in a solution containing 
1.I0 g - e qu iv / l i t e r  CLO8- under  the  same conditions.  I t  
also shows tha t  the  cu r ren t  efficiency of the  hydrogen  
evolut ion react ion is independen t  of ClOa- .  The same 
resul ts  were  found wi th  a va r ie ty  of solutions as 
shown by  the solid l ine in Fig. 3. I t  is in teres t ing tha t  
the  b roken  line, which shows the da ta  obta ined  in a 
solut ion containing C10- ,  is l ower  than  and pa ra l l e l  
to the  solid line. The cathodic reduct ion of C10- ,  at  a 
l imi ted  ra te  due to the  slow step of diffusion, takes  
place in advance of the  charge  t rans fe r  of H20 to con- 
ver t  into H~ and O H -  as descr ibed e l sewhere  in de ta i l  
(1).  

In  conclusion, the  charge  t ransfe r  of C 1 0 -  at  the  
cathode is fast, bu t  the  cathodic reduct ion of C10~- 
m a y  not take  place under  opera t ing  condit ions of the  
d i a p h r a g m - t y p e  chlor ine cell  in pract ice.  
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ABSTRACT 

Measurements of the direct current-vol tage  characteristics of calcia-sta-  
bilized zirconia using p la t inum electrodes of various types have been made 
to investigate possible electrode processes. Depending on the form of the 
electrode, the ra te- l imi t ing  step in the electrical conduction sequence can be 
(a) ionic conduction by O = in the zirconia, (b) electronic conduction in the 
zirconia, (c) oxygen atom diffusion through the p la t inum cathode, (d) the 
t ransfer  of oxygen from the gas phase into the zirconia at the zirconia-gas 
interface on the cathode side. The conditions, under  which each of these si tua- 
tions exists, are explained in terms of the structure of the electrode. 

Earl ier  studies on cells Pt, 02[0.85 ZrO2 �9 0.15 CaOIPt, 
02 with p la t inum point  electrodes (1), or porous plat i -  
num electrodes (2), showed the I-V characteristic to 
be markedly  nonohmic. The ra te-control l ing step re-  
sponsible for this behavior  was found to be confined to 
the cathode. Two mechanisms of electrode operation 
appeared to be impor tant  (2). At low voltages (e.g., 
<2.5V), the voltage dependence and oxygen pressure 
dependence of the I -V characteristic can be explained 
by a model in which diffusion of oxygen atoms through 
the p la t inum grains from the gas phase to the plat i-  
num-zi rconia  interface is the ra te- l imi t ing  step in the 
over-al l  conduction process. However,  as discussed in 
greater detail fur ther  on, other processes involving 
the diffusion of atomic oxygen cannot be excluded. At 
higher voltages, extreme polarization occurs wi thin  the 
zirconia in the neighborhood of the p la t inum cathode, 
and as a result  the surface of the zirconia becomes 
sufficiently nonstoichiometric that  it supports elec- 
tronic conduction. Then, again from consideration of 
the form of the I-V characteristics and its indepen-  
dence of oxygen pressure at high voltages, it was found 
that  oxygen can move directly from the gas phase 
into the zirconia and that  the rate-control l ing step 
consists of the reaction 

O (adsorbed) + Vo x ~ Oo X [1] 

Here Oo x represents a normal  oxygen ion in the zir- 
conia, and Vo x represents an oxygen ion vacancy with 
two trapped electrons. Another  high voltage mecha- 
nism, electronic conduction, requires comparat ively 
long times to bui ld up and was almost completely 
el iminated by using short observation times. It  might  
be questioned whether  the use of this technique does 
not forbid the application of s tat ionary state considera- 
tions as used to arr ive at the mechanism characterized 
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by Eq. [ i] .  We believe, however, that  the slow proc- 
ess setting up electronic conduction represents only a 
small  per turbat ion  and that, therefore, the results 
arr ived at are essentially correct. We shall use the 
same approach in the present  paper. 

The aim of the present  s tudy has been to consider 
two questions arising from the earl ier  work, namely:  
(i) if diffusion of oxygen through p la t inum is rate 
controlling, then the value of the conductance should 
be inversely proport ional  to the diffusion path length. 
Examinat ion  of foil electrodes should reveal this re la-  
t ion specifically; also, the conductance of the paste 
electrode should depend on the temperature  at which 
it was sintered, i.e., on the grain size of the resul t ing 
electrode. (ii) If the second mechanism depends on 
the existence of free zirconia-oxygen interface, then it 
should be possible to suppress it by examining con- 
figurations where such an interface is absent, i.e., cells 
having large area foil electrodes. U n d e r  these con- 
ditions, and by allowing sufficient t ime for a s tat ionary 
state to be reached, the electronic conduction which is 
relat ively un impor tan t  with the porous electrodes 
should become the dominant  mechanism. 

Possible Electrode Mechanisms 
The discussion given here is valid in principle for 

any  system in which current  flow through an essen- 
t ial ly ionic conductor requires reaction at a metal  
electrode of one of the components of the conductor in 
gas form. For convenience, the discussion is concen- 
trated on the system ZrOu*-Pt-O2. Here and fur ther  
on, ZrO2* indicates stabilized zirconia of the composi- 
t ion 0.85 ZrO2 �9 0.15 CaO. 

The parameter  of interest  in the s tudy of electrode 
mechanisms in this type of system is the extent  to 
which the electrode is blocking for the species present  
in the gas phase, i.e., is effective in prevent ing  access 
of ionic carriers to the electrolyte. Where the electrode 
is part ial ly blocking, it is possible to investigate the 
path taken by those ionic carriers that  are allowed 
through to the electrolyte by observing the d-c cur-  
rent-vol tage characteristics. The presence of electrode 
effects is then revealed by the nonohmic response of 
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the system as a whole, and the na ture  of these effects 
can be determined by a s tudy of the part ial  pressure 
dependence of the current .  

A major  division among electrodes can be made on 
the basis of their  porosity. If the electrode is nonpo-  
rous, for instance a dense foil pressed onto the elec- 
trolyte surface, then, as discussed by Tedmon et al. 
(3), ionic carriers are prevented from direct access to 
the electrolyte surface and must  diffuse through the 
electrode mater ial  itself. Under  these conditions the 
ra te- l imi t ing  step in the ionic conductance may be dif- 
fusion of an atomic species from the gas to the con- 
ductor through the metal  foil or of molecules of the 
conducting Species through a boundary  layer  in the 
gas phase to the surface of the electrode. With ZrO2* tO2 
the diffusing species in the former process should be 
atomic oxygen, O, and it would have a rate  dependent  
on the root of the gas phase oxygen pressure, pO~l/2(g). 
For  the case of rate l imitat ion by gas diffusion, the 
diffusion species would be molecular  oxygen, O2, and 
would have a rate  l inear ly  dependent  on PO2(g). The 
relative importance of these mechanisms will depend 
on such factors as foil thickness, gas phase composi- 
tion, gas phase boundary  layer thickness, and magni -  
tude of the a t ta inable  ionic current .  

When the electrode, by one or other of the mecha-  
nisms, is par t ia l ly  effective in blocking the passage of 
the ionic species, polarization of the electrolyte occurs, 
and a gradient  in the chemical potential  of oxygen is 
established across the electrolyte, which gives rise to 
electronic conduction. For systems such as stabilized 
zirconia in which the ionic conduction is practically 
independent  of pO2, the electronic conductivi ty of the 
electrolyte at any point  x in the stat ionary state is 
given by  (4, 5) 

- [~O2,,, - ~O~,a] 
(ae) x = a'e ~ exp [2] 

4kT 

Here ~O2,x and ~O'~,a are the chemical potentials of 0,2 
inside the zirconia at x, and at the anode, respectively, 
and ~e o is the electronic conductivi ty under  zero po- 
larization as it is determined at the anode by the pre-  
valent  oxygen pressure. This formula is valid only if 
ce ~ is independent  of the current,  i.e., if no overvoltage 
effects for oxygen discharge and evolution occur. 
Formula  [2] indicates that under  extreme polarization 
large values of Ce can be attained. 

To determine the interact ion between the ionic and 
electronic conductances, the electrode reaction may be 
wr i t ten  as 

1/z02 "> Oo x -- Vo'" -- 2e'; 
1A~,02 = t,(Oo x) - -  n(Vo")  - -  2n(e') [3] 

where Vo'" represents a vacant  oxygen ion site in  the 
zirconia and e' an electron; the n's are electrochemical 
potentials. Assuming local equil ibrium, and neglecting 
d~(Oo~) /dx  which is pract ical ly zero, the gradients  
should satisfy 

1 d~(02) dn(e)  1 dn(Vo")  
- -  -- - -  + [4] 

4 dx dx 2 dx 

If the electrode is ful ly t ransmi t t ing  (nonblocking) to 
ions and electrons 

1 d~(O~) Je Ji dE dE 
4 dx = q  Ce q~q~i - ~ x - - q - ~ x - - - - O  [5] 

and from [2] 
O'e = ere~ [6] 

Here Je and Ji are cur ren t  densities of electrons and 
ions, ce and ai are the respective conductivities, q is 
the magni tude  of the electronic charge, and E is the 
electrical potential.  

For an electrode totally blocking to ionic carriers, 
Ji = O, and 

1 d~ (0~) Je dE 
q - =  q - [ 7 ]  

4 dx ~e dx 

In tegra t ing  [7] from the anode to the cathode, using 
[2], assuming the area and Je to be independent  of x, 
gives 

O'e = 0"e O exp - - ~  -- 1 [8] 

This is under  the assumption that  hole conduction is 
negligible under  all circumstances. If not, then  an 
appropriate hole term has to be added (6, 7). For the 
intermediate  case of a part ial ly blocking electrode, the 
actual ionic current  density, J~, will be less than the 
ionic current  that  would occur in the absence of po- 
larization, Ji, but  will  be more than zero. Then 

1 dp, (O2)  Je Ja Je Ji  Ja 
- - = q - - _ q  ,, = q  - - q - -  

4 dX ~re ~ ~ ai Jl  

dE dE Ja 
= q- x-Yj t9] 

Under  conditions where blocking is incomplete but  
nevertheless large, ( 1 -  Ja /J i )  is a slowly varying 
function of E and the electronic current  densi ty is 
given by  

Je = y a ' e  ~ - - - ~ - (  1 -- Ji  

' ql O'e  ~ exp 1 -- , Jt ' [10] 

with l the specimen thickness. The approximation 
holds for large E. 

In summary,  nonohmic behavior in the conductance 
of a system with a dense, nonporous electrode may 
arise from the control of ion motion by diffusion 
through the gas phase or the electrode, or from elec- 
t ron motion, the extent  of electronic conductivi ty being 
determined by the blocking efficiency of the electrode. 
A convenient  measure of the blocking efficiency is the 
parameter  JJJ~  which is zero for a total ly blocking 
electrode and uni ty  for a total ly t ransmit t ing  electrode. 
A schematic picture of the relatiOn between Ja/Ji and 
Ce is shown in Fig. 1, where the two contr ibut ions to 
the electron flux, i.e., from the electron concentrat ion 
gradient  (diffusive) and from the electric potential  
gradient  (electrical field) are distinguished. The con- 
siderations given so far are l imited to the relat ively 
mobile charged species. In  the actual  system, non-  
mobile or less mobile species Vo' and Vo x are formed 
by the t rapping at Vo" of electrons formed by the 
polarization process. The centers are visible as color 
centers (8, 9). The t rapping tends to reduce the elec- 
tronic current  unt i l  a s ta t ionary state has been reached 
in which just  as many  electrons are trapped at Vo" as 

O'e ~ - I )  ~ 0"| exp -~-  

equotion I0 

LOG ~ %  . V Electric field 
ELECTRONIC x\\\\\\\~ contribution to 
CONDUCTIVITY \ \ \ \ \ \ \ \ \ \ % .  the electron flux 

\\\\\ \\\\\\~ I 
D~ffu,ive \ \\ \\\\N ] 

contribution to \ \ \ \ \ ~ .  / 
't e e,eotron / 

BLOCKI NG TRANSM ITTING 
Jo  

J; 

Fig. !. Effect of the electrode blocking efficiency on the nature 
of the driving force for electronic conduction. The blocking elec- 
trode is the cathode and the anode is the reversible electrode. 
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are released from Vo' and Vo X. The t ime involved in 
reaching this s tat ionary state was found to be con- 
siderable, i.e., ~ 4 hr at 600~ 

For porous electrodes, the situation is more com- 
plicated. Tedmon et al. (3) have again discussed some 
of the possibilities. If, for example, the porous electrode 
consists of a part ial ly sintered p la t inum paste, then 
there are so-called tr iple points where  the gas phase 
(02), the p la t inum (supplying electrons) and the elec- 
t rolyte  all  come together. Ionic access then occurs over 
a l imited area in the region of this t r iple junct ion 
which has led to the concept of a "constriction" re-  
sistance, where ionic flux through the tr iple junct ion  is 
seen as the ra te - l imi t ing  step. 

Convincing evidence for the importance of the tr iple 
point has been provided by Karapachev (10), who 
found that the current  provided by a p la t inum coating 
is increased at a given voltage by scratching lines in 
the coating and thus increasing the length of the tr iple 
junction.  However, the importance of the junct ion does 
not in itself explain the detailed mechanism of oxygen 
access to the electrolyte. An effective junct ion must  
have some finite area at which O atoms are t rans-  
formed into O = ions, and across which these ions 
enter  the electrolyte. 

If this area is at the p la t inum-zi rconia  interface, 
diffusion of oxygen through either the Pt  or the zir-  
conia (or along the PtlZrO2 interface) must  be in-  
volved and may be rate controlling. The rates of all 
three are proport ional  to pO21/2 if the diffusion occurs 
in neut ra l  atomic form as Oi x. Diffusion of oxygen 
through Pt was proposed as the ra te- l imi t ing  step in 
the low-voltage mechanism for ZrO2* cells with porous 
Pt  electrodes by Yanagida et al. (2). Solution of 
oxygen in the zirconia at the gas-zirconia interface, 
followed by diffusion of oxygen through the zirconia 
to the Pt-zirconia interface was proposed as the main  
low-voltage mechanism by Tannenberger  et al. (11). 
The lat ter  type of mechanism is believed to be the 
dominant  one for gas electrodes in liquid electrolytes 
(12). Since bu lk  diffusion in neut ra l  form does not, as 
a rule, take place to an appreciable extent  in inorganic 
solid compounds (vide the Wagner  theory of oxida- 
tion) we do not consider this a l ikely mechanism. 
However, diffusion along the PttZrO2 interface may 
presumably  occur in  neut ra l  form, so this possibility 
remains  open. 

In principle, t ransport  of O2 by diffusion through 
the gas phase may also be rate controlling: mass 
t ransport  polarization in the terms of Tedmon (3). 
This would lead to a rate cc pO2, but  this type of l imi-  
tat ion is to be expected only at large current  densities. 

If the t ransfer  area lies at the gas-zirconia interface, 
electrons from the Pt  have to reach the oxygen atoms 
by diffusion over the surface or through the subsurface 
of the zirconia. This requires that  the zirconia surface 
be electronic conductive. This is normal ly  not the case 
for ZrO2* in contact wi th  an oxidizing atmosphere, 
but  it may  become so as a result  of polarization. Ac- 
tually,  Kleitz (1) observed that  polarization of a Pt  
point  on zirconia made the area of the zirconia around 
the point electronic conductive. Yanagida proposed this 
mechanism as the high voltage mechanism for diodes 
with porous Pt  electrodes (2). The l imit ing step now 
.is ei ther the diffusion of O2 in the gas phase, or one 
of the reactions involved in the take-up of oxygen in 
the zirconia. The lat ter  was found to be the case. 

Kleitz (1) suggested that surface diffusion of oxygen 
toward the tr iple junct ion  and electrons from this 
junct ion along the ZrO2*-gas interface limited the re-  
action rate at low voltages. However, as we saw above, 
electronic surface conduction is not to be expected for 
zirconia in contact with oxygen in the absence of con- 
siderable polarization. Therefore this mechanism may 
be rejected. 

Summariz ing  the possible mechanisms for a porous 
electrode or for an electrode with an adjoining free 
zirconia oxygen interface, ionic conduction may be 

l imited by gas phase diffusion, by diffusion through 
either the p la t inum or the zirconia or over the zirconia 
surface to the p la t inum-zi rconia  surface, or (at higher 
voltages and lower oxygen pressures) by one of the 
reactions involved in direct incorporation of oxygen 
into the zirconia at the free zirconia-oxygen interface. 
In  addition, at sufficiently high voltages and after 
sufficiently long times, bulk  polarization and therewith 
electronic conduction may occur. As noted earlier, it 
has been shown (2) that  for par t ia l ly  sintered plat i -  
num pastes the steps l imit ing the ionic current  are 
diffusion of oxygen through the p la t inum at low vol t -  
ages and reaction [1] at high voltages. 

Tests on other forms of electrode are the subject of 
the present  work. 

Experimental 
The electrolyte in all the exper iments  consisted of 

specimens of 7.5% by weight calcia stabilized zir- 
conia (0.85 ZrO2.0.15 CaO), cut from disks, 2.5 cm in 
diameter  and 0.75 mm thick obtained from the Zir-  
conium Corporation of America. The samples, square 
plates with an area of 20 m m  2 were polished with 1~ 
diamond powder to a final thickness of ~0.7 mm be-  
fore application of the electrodes. The grain size of the 
zirconia was about 30~ in diameter.  

The electrodes were prepared in a n u m b e r  of ways. 
Ear ly  in the s tudy it was found that th in ly  sputtered 
p la t inum electrodes gave an ohmic I -V characteristic 
with a resistance equal to the bulk  ionic resistance of 
the zirconia, a feature already noted by Heyne (13). 
Accordingly, in all subsequent  tests, the electrode to be 
studied as a cathode was placed on one side of the 
specimen, and a s tandard th in ly  sputtered electrode 
(1500V, 5 x 10 -2 Torr argon, 2 min, 2�89 cm anode-  
cathode distance) ent i rely covered the other side. In 
this way, it was certain that  deviations from an ohmic 
I-V characteristic could be a t t r ibuted to the test elec- 
trode, and it also guarantees that  the value of ~O2 at 
the anode remains  at the equi l ibr ium value; overvolt-  
age of oxygen discharge and O2 evolution would re-  
veal itself by nonohmic behavior  of the Pt]ZrO2]Pt 
cell with both electrodes consisting of sputtered Pt. 

The test electrodes comprised 
(a) Nonporous foil p la t inum electrodes prepared by 

attaching layers of 30~ thick foil to the zirconia. The 
foil was attached by pressing it against the zirconia 
under  a 600g load (with powdered A1203 between the 
load and the foil to prevent  adhesion) and heating 
to 1350~ for 1 hr. 

(b) Nonporous foil p la t inum alloy (40% by weight 
rhodium) electrodes, attached in a similar way. These 
electrodes, referred to below as p la t inum 40-rhodium, 
behaved as did p la t inum except for their  smaller  oxy-  
gen diffusion coefficient. 

(c) Nonporous sputtered electrodes prepared as for 
the s tandard electrode but  with sput ter ing times up to 
20 rain. 

(d) Porous paste electrodes prepared from non-  
fluxed p la t inum "inks" consisting of submicron plat i -  
n u m  powder suspended in an organic vehicle. These 
were painted on the zirconia and fired to different 
temperatures  to vary  the degree of porosity and the 
value of the grain size. 

(e) A nonporous paste electrode prepared as for 
(d) except that  10 w/o  of lead borosilicate glass was 
added to the ink. This provides a nonporous "fluxed" 
electrode. 

Measurements  of the I -V characteristics were made 
in the circuit shown in Fig. 2. For the studies of ionic 
processes in all the electrodes, the I -V plot was made 
by applying an increasing voltage in 1-min steps of 
0.6V and measur ing the current  at the end of the 
minute.  This technique, by l imit ing the formation and 
diffusion of F-centers  (2), gave the clearest informa-  
t ion about the ionic conduction mechanisms. For elec- 
trodes (a) and (b), when in part icular  the electronic 
processes were being studied, values were taken after 
1 hr when  the system had come close to equi l ibr ium; 
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Fig. 2. Scheme of the test circuit 

deviations from the t rue equi l ibr ium value were negli-  
gible to two figures. 

Measurements were made at temperatures  between 
500 ~ and 700~ and in oxygen pressures between 1 
and 10 -4 atm, established by mixing oxygen and tech- 
nical n i t rogen (containing 10 -5 arm 02).  Buffer sys- 
tems (HeO/H2) were used to achieve lower pressures 
(10-20 arm) but  are not satisfactory for the observa- 
tion of low pO2 effects due to the decomposition of H20 
at the electrode, as will be discussed. 

All  the measurements  were carried out for E ~ 3V. 
At this voltage, electrolysis sets in, as indicated by 
currents  increasing cont inuously with time; the same 
was reported earlier by Yuan et al. (14). 

Results 
Nonporous foil electrodes.--Low voltage mecha- 

nism: the effect of foil thickness.--Thickness effects 
were tested by using foil electrodes composed of sev- 
eral  sheets of the 30~ thick Pt  foil. The electrodes were 
4 mm2 in area covering 1/5 of zirconia plates 20 mm 2 
in area. The data are shown in Fig. 3. 

When the foils were connected as the anode, the I -V 
curves were ohmic and similar to the I-V curves for 
cells with th in  sputtered electrodes on both sides 
represented by the dotted l ine in Fig. 3. The solid lines 
are all  for the foils as cathodes, i.e., where they act as 
barr iers  to oxygen access to the electrolyte. 

Yanagida et al. (2) analyzed the I -V characteristic 
for the si tuation where  diffusion through a p la t inum 
layer is rate controll ing in terms of the equation 

[ V = IRb + ~ lnpO2(g)  

- - 2  ln{  p O 2 1 / 2 ( g ) -  BI--- } ] [11] 

8 ~ ~ 30/~ 

f l  
7 x - - x  120/~ / / 

6 111t/7 ]/ CURRENT 
(omps x I0  ~) 

31 

r / ~ ~  ~ Z /  ~ 52ooc 
X I l I I _1 

0 I 2 3 4 5 
V O L T S  

Fig. 3. Effect of Pt foil electrode thickness on I-V behavior. The 
dotted line is for a thin sputtered electrode. All electrodes are Pt 
and are observed as cathodes. S (cathode area) = 4 mm 2. The 
electrode thickness is indicated on the figure. 
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where RD is the bulk  ionic resistance (in the absence 
of polarization) and B is a t e rm descriptive of the 
electrode. For justification of the use of this s tat ionary 
state equation to describe an essentially nons ta t ionary  
state, see the introductory paragraphs.  

D 
B = 2FS- KI [12] 

8 

Here S is the area of the electrode, D the diffusion 
coefficient of oxygen atoms in the Pt  electrode, 5 the 
electrode thickness, and KI the equi l ibr ium constant  
for the reaction 

1AO2 -> O(Pt )  [13] 

Rb = 6 x 104 ohms and pOe (g) = 0.2 atm (air) .  From 
[11], it may be seen that  the current  saturates (V-> oo ) 
when I = pOelm(g)B. From Fig. 3 it is seen that  a 
saturat ion plateau for the thickest foil electrode (120~) 
exists at 1.15 x 10-5A; this means that  B has the value 
2.57 x 10 -5. 

In Fig. 4, the data for the thickest electrode are 
compared with Eq. [11] plotted with the above values 
for Rb, pO2(g), and B. The data match the equation 
below and at saturation;  above saturat ion another  
mechanism of conduction appears which is discussed in 
the next  section. 

Since B for the 1209 electrode is known, use of  Eq. 
[12] allows calculation of B for the other electrodes 
since 5 is the only variable. Then, from [11], the satura-  
tion currents  for the other electrodes may  be found; 
these are 1.5 x 10-SA and 4.6 x 10-SA for the 90 and 
309 electrodes, respectively. Figure 3 shows substant ia l  
agreement  with these values, al though the saturat ion 
levels are less clearly defined than for the 120~ elec- 
trode. The evidence is strong, however, that  diffusion 
through the foil is the ra te-control l ing process at low 
voltage. This rules out the process in which neut ra l  
oxygen diffusion through the zirconia to the Pt-ZrO2* 
interface is rate l imiting, which is not surpris ing since 
a wel l -made  foil electrode does not leave a free ZrOe*- 
gas interface. This process, al though unl ikely  for rea-  
sons ment ioned earlier, still remains  a possibility for 
porous electrodes. However, in view of the similari ty 
in the low voltage behavior of porous and nonporous 
electrodes, it seems l ikely that  both are l imited by the 
same process, O-diffusion through Pt. Use of the ex- 
per imental  values of Fig. 4 in Eq. [12] indicates that  
at 520~ DK1 is 4 x 10 -11 g at. cm -2 sec -1 atm -1/2 (D 
in cm2/sec, and K1 in g at. cm -3 atm-1/2).  
High voltage mechanism: electronic conduction.~In 
the data of Fig. 3, the I -V characteristic was plotted in 
the 0.6 V-rain mode as described earlier. If, however, 
the sample is allowed to equil ibrate  under  the applied 
voltage and if measurements  are made at lower oxygen 
pressures, the rapid increase in current  at voltages 
~2V becomes very pronounced as shown in Fig. 5. 
From the discussion earlier, it is anticipated that this is 

CURRENT 

(amps x IO 5) 

2 

I I I I 

/ / , 

. . 
...)<" 
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0 I 2 3 4 5 
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Fig. 4. Comparison between data of Fig. 3 (120/* Pt electrode) 
and Eq. [11] (ionic current limited by oxygen diffusion through 
the electrode). T = 520~ pO2 = 0.2 atm.; S = 4 mm 2. 
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Fig. 5. Equilibrated I-V curves for 30# foil electrodes under 
different oxygen pressures; T = 570~ S = 4 ram2; 8 = 120F. 

caused by  electronic conduction and that  Eq. [10] 
should apply when J~ > Ji. Taking logarithms (4) 

kT qE ( Ja ) 
i o g I = I o g ~ r  ~  1 - -  J i '  [14] 

and 
d log I q 

- -  [15] 
dE 2.3 kT 

Comparison of the data with the theoretical  gradient  
is shown in Fig. 6 where it can be seen that  when  the 
electrode area is smaller than  the zirconia area, but, 
with a completely covering anode, agreement  is u n -  
satisfactory. The assumption that  Ja ~ Ji is indicated 
to be invalid. However, if the electrode area is made 
equal to the zirconia area, i.e. the interface zirconia- 
oxygen is removed, then agreement  between the theo- 
retical l ine and the data is excellent at high voltages. 

The explanat ion for this effect is analogous to that  
for the behavior of porous electrodes at high voltages. 
Under  strong polarization the zirconia in the vicini ty 
of the electrode becomes electronically conducting, and 
direct access of oxygen to the zirconia can occur by 
[1]. An electronically conducting r ing then forms 
around the foil electrode across which oxygen can 
move directly into the  zirconia; the ionic current ,  J~, 

t I 

X - - •  Cathode area = sample orea(O.2cn 
I o o Cathode area= -]-sample area 

. . . .  Theoretical gradient for 
electron conduction 

627~ 
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TOTAL -.~ - / I 
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Fig. 6. Comparison between the I-V curves for foil electrodes and 
the theoretical expression for electronic conductivity in polarized 
electrolytes for cells in which the electrode area is equal to or 
1/5 of the sample area. The large electrodes (S = 0.2 cm 2) are 
Pt:40 Rh and 200# thick; the small electrodes ($ -~ 4 mm 2) are 
Pt and 120~ thick. 
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remains  high and so the behavior  of [15] is not found. 
When the foil covers the whole surface, the growth of 
an electronically conducting region out into the free 
zirconia surface is restricted to the edges of the sam- 
ple, Ja remains  small, and the high voltage data match 
Eq. [15]. 

Data for several temperatures,  t aken  with the large 
area Pt: 40 Rh electrodes, are compared with the theo- 
retical gradients in Fig. 7. By extrapolat ing back to 
zero voltage the data in the region where Eq. [15] is 
obeyed, the value of Ce a can be calculated from Eq. 
[14]. This is the electronic conductivi ty of ZrOe* under  
conditions of zero polarization; as seen in Fig. 8, it  has 
an activation energy of 4.62 eV, larger than  the value 
~4.15 eV that  may be deduced from data reported by 
Patterson et al. (5) (see, however, Fig. 10). 

The electronic conductivi ty ~e ~ should be cc p0~-1/4 
(5, 15). Although Fig. 9 indicates a decrease of ae ~ with 
increasing pO2, it has not been possible to demonstrate 
this dependence quanti tat ively.  If we assume a poe -1/4 
dependence, then the Ve o data of Fig. 7 and 8 can be 
represented by  

~e o = 1.5 X 107 pO2 -1/4 exp (--4.62 eV/kT) [16] 

Combination with ai = 1.5 X l0 s exp (--1.26 eV/kT)  
-5 
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as given by Kingery  et al. (16) leads to the fol lowing 
expression for p , the  oxygen pressure  at which 

~e -~ ~i and where  te : ~i : 1/2 (17) 

p = 10 TM exp (--13.44 e V / k T )  [17] 
| 

As shown in Fig. 10 the values represented by this ex-  
pression are considerably lower than those found in 
most other  investigations. Only Tre tyakov  (18) reports  
data close to ours. 3 Tre tyakov ' s  results  have been 
shown to be obtained on the basis of fallacious argu-  
ment  (20). 

In the conduct ivi ty  at low voltages where  the oxy-  
gen diffusion mechanism applies, the rate  oc pO21/2, as 
observed by Kleitz (1) and Yanagida et aI. (2) is 

T r e t y a k o v  (18) a n d  P a t t e r s o n  (19) g i v e  a n  e x p r e s s i o n  f o r  pO._, a t  
t h e  p o i n t  w h e r e  te = 0.01; f o r  ae ~r PO2 -1/4, P ~ i s  l 0  s • s m a l l e r .  

again seen for oxygen pressure ~10 -4 established by 
gas mixing.  The use of buffer systems is not satis- 
factory since, as shown, the electrode is capable of 
taking up oxygen  from the wate r  vapor  by decomposi-  
tion of the H20, and this results in an appreciable cur-  
rent. This also was noted ear l ier  (2, 14), and a similar  
behavior  was found for CO2 (1). The curves for 
N2 $ 10 -4 and 5 x 10 -4 O2 shown in Fig. 9 demonstrate  
the opposite direct ion of the oxygen  pressure  depen-  
dencies in the high and low voltage regions by the 
presence of the cross-over  of curves for different oxy-  
gen pressures at medium voltages, but  Ja in the less 
pure ni trogen exper iment  is sufficiently large that  cor-  
respondence to Eq. [15] and a rel iable  value  for ~e 
are not demonstrated.  

F igure  7 can be used to find the act ivation energy 
f o r  oxygen diffusion in Pt:40 Rh. Subtract ion of the 
electronic currents  from the total  currents  should give 
the ionic current.  Yet the curves obtained do not show 
clear saturat ion as required by [11]. An excess of 
current  in the range 1.5-2V, al though ionic in nature,  
is probably due to edge effects by the free surface 
mechanism. Qual i ta t ive  examinat ion  suggests satura-  
tion of the current  due to the low vol tage mechanism 
at ~ I V .  Both the s imilar i ty  in the form of the three  
different curves and the theoret ical  expression for the 
low vol tage mechanism [11] indicate that  a rel iable  
act ivat ion energy can be found from current  values 
below saturation. 

Using primes to distinguish parameters  for Pt:  40 Rh 
from those for Pt, Fig. 8 shows the values of SD'K't  at 
0.9V, f being the ratio of the ionic current  to its satu-  
rat ion value; the "act ivat ion" energy is 0.94 eV. Assum- 
ing the points to represent  80% saturation, i.e., f = 0.8, 
D'K'I  may  be represented by 

D'K'I  = 2.2 • 10 -6 exp (--0.94 e V / k T )  [18] 

This leads to (D'K'l)52ooc -~ 2.2 x 10 -12 and (D'K'l)25~c 
= 3 x 10 -22 g at. cm -1 sec -1 a tm -lj2. Comparison of 
the 520~ value of D'K'I  for Pt:40 Rh wi th  the cor- 
responding va lue  for Pt  as found earlier,  DK1 = 4 x 
10 -1I , it is seen that  the permeabi l i ty  for oxygen is 
sl ightly less for Pt:40 Rh than for pure  Pt. The r o o m  
t empera ture  value  may  be compared with  results on 
pure Pt  by Hoare (21), who reports  D = (1.8 -- 4.4) x 
10 -11 cm 2 sec -1. He assumes an oxygen solubili ty of 1 
at. O per  atom Pt, i.e., for PO2 = 1 atm, K1 ~- density 
of P t / a tomic  weight  Pt  ~ 0.1 g at. cm -~ atm-1/2; there-  
fore (DKO25oc ~ 3 x 10 -12 g at. (cm sec atmZ/2) -1, 
much larger  than the ext rapola ted  value  for D'K'~ 
found above. Al though we found a small  difference be-  
tween the oxygen permeabi l i ty  for Pt:  40 Rh and Pt  at 
520~ it is unl ikely  that  this wi l l  result  in a 10-1 ~ dis- 
crepancy at 25~ This large discrepancy must  proba-  
bly be explained by the  predominance of grain bound-  
ary diffusion at low temperatures .  

Nonporous  spu t tered  e t ec t rodes . - -A l l  the  sput tered 
electrodes tested were  found to have an ohmic I -V 
characterist ic wi th  R = R b .  Since even the thickest  
sput tered film has a thickness <1#, the va lue  of B is 
>120 x 2.57 x 10 - s  ~ 3 x 10 -3 at 520~ In air, wi th  
pO21/2(g) -~- 0.447, this implies a saturat ion current  
Is ~ 1 mA, and some 60V would have to be applied 
before nonohmic effects would  appear. Since electrol-  
ysis l imits the voltage to 3V, such effects cannot be 
observed. 

Porous  paste electrodes: the  ef]ect of firing t e m p e r a -  
t u r e . - - I n  the case of paste electrodes, the  parameter  5 
is less c lear ly  defined than in the case of foil elec- 
trodes, but  it is expected t o  bear  some rela t ion to the 
grain size of the p la t inum in the electrode, i.e., the 
m a x i m u m  diffusion path length f rom the  gas phase 
to the electrolyte  should be through a single grain 
of the p la t inum for a porous electrode. If  the paste is 
fired at 800~ the  organic suspending medium is re-  
moved, but the pla t inum grain size is not marked ly  
increased above that  in the original  ink (<1~).  Ac-  
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cordingly, in such a sample, 8 is itself <1~ and, as 
described in the preceding section, nonohmic behavior 
from diffusion l imited currents  is not expected below 
60V. Results for such a paste are shown in Fig. 11, 
and they are indeed seen to be ohmic with R = Rb. 

An addit ional point is that the over-al l  thickness of 
the electrode does not affect this result  (Fig. 11). This 
indicates that  gas phase polarization is un impor tan t  in 
the paste electrodes even at a thickness of 40~. Actual ly 
considerations given in ref. (3) indicate that  gas phase 
polarization is to be expected at ionic current  densities 
of ~10 A/cm e, i.e., approximately four orders of mag-  
ni tude higher than  the currents  of 2 x 10 -3 A/cm 2 at 
which the nonl inear  effects observed by us occurred. 

In pastes fired at 1350~ sintering and grain growth 
occur in the p la t inum unt i l  the final s t ructure re-  
sembles a slightly porous foil. As seen in Fig. 11, these 
samples have non-ohmic  I-V characteristics and show 
a thickness dependence similar to that of the foils. 
The ini t ial  current  values are less than for the foils 
since the area of the p la t inum contact regions is less 
than the total foil area. The high voltage mechanism 
in these pastes is as identified by Yanagida et al. (2) 
(Eq. [1]);  it occurs because areas of free zirconia 
surface are directly accessible to the gas phase. 

Nonporous  paste electrode; the  ef]ect of a f luxing 
a g e n t . - - T h e  I -V characteristic with the fluxed paste 
as cathode is shown in Fig. 12. If the value of Isat  JS 
taken from the graph as 5 x 10-sA, B is then 1.1 x 10-5 
and 8 is 280~,, assuming the same value for DK~ as in 
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6 - fired 1500 ~ / 7 ~ 
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Fig. !1. I -V curves for porous, nonfluxed, paste electrodes fired 
at different temperatures: S ~ 4 mm ~. 
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the case of the foil (Fig. 3). This is close to the total 
thickness of the electrode which was found by metal -  
lographic examinat ion to be around 300g. Apparent ly  
the glass acts to seal the pore phase in the electrode, 
6 takes on the value of the total electrode thickness, 
and, as seen in Fig. 12, the high voltage mechanism 
appears to be electronic. The lat ter  is expected, since 
the zirconia is protected from the gas phase by the 
glass and no free, accessible surface is available. 

Discussion and Summary 
The combination of the data in the present  paper 

with those obtained in the earlier work (2) allows a 
complete description of the electrode effects found in 
the Pt-ZrO2* system. These are summarized in Table I. 
The equations describing the I -V characteristics for the 
various processes are 

( o ' i ) Z r O 2 *  : V = IRb [18] 

(~re) ZrO2* : I = ~ ae~ e x p  1 - -  . [19] 
ql ~ Ji 

Do,Pt: V -~ ]Rb -[- In pO2 (g) 

I 
- - 2 1 n { p O 2 1 / 2 ( g ) - - - ~ } ]  [20] 

R T  I 
CD: V = IRb -k - I n -  [21] 

2F C 

where A is the electrode area and C a constant. Equa-  
tions [19] and [21] only apply at re la t ively high volt-  
age (>2V) where substant ial  polarization has already 
occurred. The common combinations (v. Table I) are 
[20] followed by [19], an example of which is shown 
in Fig. 4, and [20] followed by [21], an example of 
which is shown in Fig. 11 for the high fired pastes. 

There are a n u m b e r  of features in this scheme that  
may be mentioned. In the first place, for tests designed 
to measure the bulk  ionic conductivi ty of the electro- 
lyte, the th innes t  possible electrodes should be used; 
from the data here, sputtered electrodes are well  
suited for this purpose. Low fired pastes also appear to 
be satisfactory. 

Second, in tests designed to observe polarization 
effects, it is impor tant  to use electrodes covering the 
entire faces of the specimen as emphasized in  Fig. 6. 
Also, unless very  thick foils are used (or equal ly thick 
fluxed pastes), the value of /sat. provided by oxygen 
diffusion through the foil can be considerable. Thus, 
for instance, in the exper iments  of Danforth and Bodine 
(22), where the dynamic resistance of ThO2 was mea-  
sured as a funct ion of the polarization voltage, it is 
probable that  the dynamic resistance was ionic in 
nature,  and their  finding that  the two parameters  were 
independent  is expected. 

Vest et al. (23), who carried out polarization ex- 
per iments  with fluxed Pt paste electrodes, cited the 
above experiment  to just i fy assuming that  the elec- 
tronic resistance is independent  of polarization. From 
the present  measurements  (Fig. 7) and from Eq. [19], 
this seems to be invalid. 

A final feature in polarization measurements  is that  
the applied voltage should remain  below the decom- 

Fig. 12. I -V curve for fluxed (nonporous) p!atinum paste elec- 
trode. S ~ 4 mm2; total electrode thickness ~ 300/.,, 

Table I. Rate-limiting mechanisms for various types of electrodes 

(ff i)ZrO2: 
(ffe)ZrO2: 
D O , P t :  
[11 

i o n i c  c o n d u c t i o n  t h r o u g h  t h e  z i r c o n i a  
e l e c t r o n i c  c o n d u c t i o n  t h r o u g h  t h e  z i r c o n i a ;  0r p O 2 - 1 / i ( g )  
d i f f u s i o n  o f  o x y g e n  t h r o u g h  t h e  p l a t i n u m ;  cc pO2~l/ '~(g) 
t h e  r e a c t i o n  O ( a d s )  + V o  x ~ OoX; 0r p O 2 o ( g )  

~ J e c t r o l y t e  t y p e  L o w  A p p l i e d  field H i g h  

F o i l  
S p u t t e r e d  f i l m  
U n f l u x e d  p a s t e  
F l u x e d  p a s t e  

. . . . . . . .  D o , t ' t  . . . .  ~ . . . . .  (0"e)ZrO 2 . . . . . . . . . .  
~ - .  (0-|) Zr02 . . . . . . . . . . . .  ~ ~ D o , P t  ~ ~ -  (fie) Z r02- -  ~ 

. . . . . . . .  D o , P t  . . . . .  ~ . . . . . . . . .  [ 1 ]  . . . . . . . . . . .  
< . . . . . . . .  D o , P t  . . . . .  > ~ . . . .  (0"e) ZrO 2 . . . . . . . . . . .  > 
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posit ion vol tage  for the  e lect rolyte ;  o therwise  elec-  
t rolys is  occurs. 
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Intergranular Corrosion of Austenitic Stainless Steel 
C. S. Tedmon, Jr.,* D. A. Vermilyea,* and J. H. Rosolowski 

General Electric Research and Development Center, Schenectady, New York  12301 

ABSTRACT 

The we l l - known  suscept ib i l i ty  of austeni t ic  s tainless steels to i n t e rg ranu-  
lar  corrosion af te r  hea t - t r ea tmen t  in the t empera tu re  range  of 550~176 (i.e., 
"sensi t izat ion")  has long been a t t r ibu ted  t o  deplet ion of Cr from regions of 
the a l loy ma t r i x  ad jacent  to gra in  boundar ies  in which Cr~3C6 had prec ip i -  
tated.  Those regions of the  steel  in which  the local Cr composit ion fal ls  below 
about  12% have a d iminished abi l i ty  to form a pass ive  film and hence  cor-  
rode  preferent ia l ly .  

We have made  the rmodynamic  calculat ions of the Cr-C-Cr~3C6 equi l ibr ia  
in and near  gra in  boundar ies  in order  to de te rmine  the chromium c o n t e n t  
in the  vic ini ty  of carbide  part icles .  The calculat ions show tha t  the  equi l ib-  
r ium chromium content  is a s t rong funct ion of the  t e m p e r a t u r e  and of 
the carbon and al loy content  of the  steel. I t  is infer red  from the analysis  
tha t  var ia t ions  in the  suscept ib i l i ty  to i n t e rg ranu la r  a t t ack  are  de t e rmined  
p r i m a r i l y  by  changes in the equi l ib r ium chromium content  near  the  car-  
bides and not by  changes in the number  and dis t r ibut ion  of part icles .  For  
instance, above 800~ the chromium content  near  the  carb ides  is h igh enough 
to produce  passivi ty,  and the a l loy is immune  not  because of the  absence of 
carbides  but  because chromium deplet ion is not  severe. Expe r imen ta l  studies 
of ra tes  of gra in  bounda ry  a t tack  as functions of t empera tu re  and composit ion 
have confirmed the predic t ions  of the  analysis.  

A fur ther  factor  of less impor tance  is the  d is t r ibut ion  of carbides  in the  
gra in  boundary .  Calculat ions were  made  to de te rmine  the  Cr concentra t ion 
grad ien t  wi th in  the  bounda ry  be tween  carb ide  par t ic les  as a function of 
t e m p e r a t u r e  and composi t ion as wel l  as the  Cr g rad ien t  normal  to the  
boundary .  These calculat ions predic t  a s t rong in te rdependence  be tween  sus-  
cept ib i l i ty  to i n t e rg ranu la r  corrosion, carb ide  par t ic le  spacing, and sensit izing 
tempera ture .  Expe r imen ta l  resul ts  on th inned  samples  of sensit ized ma te r i a l  
corroded in a St rauss  solution and examined  by  electron microscopy are  in 
good agreement  wi th  predic ted  effects. 

In  the i r  classic paper  (1),  Bain, Aborn,  and R u the r -  
ford deve loped  a model  for  the  i n t e rg ranu l a r  corrosion 
of sensit ized stainless steel  which has had  genera l  and 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Me mber .  
Key words: intergranular corrosion, stainless steels, carbide pre- 

cipitation, sensitization, thermodynamics, localized attacks. 

widespread  acceptance for nea r ly  for ty  years.  
Their  model  a t t r ibu tes  sensi t izat ion to the  p rec ip i t a -  
t ion of chromium carbide  at  gra in  boundar ies  wi th  
concomitant  deplet ion of chromium in regions adjacent  
to the bounda ry  to levels  below tha t  requ i red  for  
passivi ty.  Al though other  models  have  been  proposed 
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posit ion vol tage  for the  e lect rolyte ;  o therwise  elec-  
t rolys is  occurs. 

Acknowledgment 
The work  on this pape r  was suppor ted  by  the Direc-  

tora te  of Chemical  Sciences, A i r  Force  Office of Scien-  
tific Research,  under  Gran t  No. AF-AFOSR-68-1405.  

Manuscr ip t  submi t ted  Aug. 3, 1970; revised m a n u -  
script  rece ived  Oct. 5, 1970. 

A n y  discussion of this paper  wi l l  appear  in a Dis-  
cussion Sect ion to be publ ished in the  December  1971 
JOURNAL. 

REFERENCES 
1. M. Kleitz, "Electrode Reactions in Solid Oxide 

Electrolytes," Thesis, University of Grenoble, 
1968. 

2. Hiroaki Yanagida, R. J. Brook, and F. A. KrSger, 
This Journat, 117, 593 (1970). 

3. C. S. Tedmon, Jr., H. S. Spacil, and S. P. Mitoff, 
ibid., 116, 1170 (1969). 

4. F. A. KrSger, "The Chemistry of Imperfect Crys- 
tals," p. 894, North Holland Publishing Co., New 
York (1964). 

5. J. W. Patterson, E. C. Bogren, and R. A. Rapp, 
This Journal, 114, 752 (1967). 

6. D. O. Raleigh, J. Phys. Chem. Solids, 25, 329 (1965). 
7. Y. J. Van der  Meulen and F. A. KrSger,  This 

Journal, 117, 69 (1970). 
8. M. Guillou, J. Millet,  M. Asquiedge,  N. Busson, M. 

Jacquin,  and S. Palous, Compt. rend. Ac. S. Paris, 
262, 616 (1966). 

9. J. Millet,  C. Deportes,  and M, Guillou, Rev. Gen. 
Elec., 76, 45 (1967). 

10. S. V. Ka rapachev  and A. T. Fi lyaev,  Elektrokhim., 
2, 1330 (1966). 

11. H. Tannenberger  and H. Siegert ,  "The Behavior  of 
Si lver  Cathodes In High Tempera tu re  Zirconia  
Elec t ro ly te  Fue l  Cells," Pape r  presented  at  the  
Chicago Meet ing of the  Amer ican  Chemical  So-  
ciety, 1967. 

12. S. Sr inivan,  H. D. Hurwitz ,  and J. O'M Bockris,  
J. Chem. Phys., 46, 3108 (1967); S. S r in ivan  and 
H. D. Hurwitz ,  Electrochim. Acta, 12, 495 (1967); 
F. G. Will,  This Journal, U0, 145, 152 (1953). 

13. L. Heyne, "Mass Transpor t  in Oxides," J. B. Wach t -  
man, Editor,  p. 149-164, N. B. S. Special  Pub l i -  
cation 296 (1968). 

14. D. Yuan and F. A. KrUger, This Journal, 116, 594 
(1969). 

15. H. Schmalzr ied,  Z. Electrochem., 66, 572 (1962). 
16. W. D. Kingery ,  J. Pappis ,  J. E. Dory, and  D. C. 

Hill, J. Am. Ceram. Soc., 42, 393 (1959). 
17. H. Schmalzr ied,  Z. Physik. Chem. (Frankfurt), 

38, 87 (1963). 
18. Ju. D. Tre tyakov,  Vesn. Mosk. Univ. Ser. I I  Khim.,  

cited in Ju. D. Tre tyakov  and A. Muan, This 
Journal, 116, 331 (1969). 

19. J. W. Pa t te rson  in "The Physics  of Electronic 
Ceramics," L. L. Hench and D. B. Dove, Editors, 
Marcel  Dekke r  Inc., New York  (1970). 

20. D. A. Shores  and R. A. Rapp,  Being considered for 
publicat ion.  

21. J. P. Hoare,  ibid., 116, 612, 1390 (1969). 
22. W. E. Danfor th  and J. H. Bodine, J. Franklin Inst., 

260, 467 (1955). 
23. R. W. Vest and N. M. Tallan,  J. Appl. Phys., 36, 

543 (1965). 
24. W. A. Fischer  and D. Janke,  Arch. Eisenh~ttenw., 

39, 89 (1968). 
25. R. J. Fruehan,  L. J. Martonik,  and E. T. Turkdogan,  

Trans. Met. Soc. AIME, 245, 1501 (1969). 
26. R. Baker  and J. M. West,  J. Iron and Steel Inst., 

(1966) 212. 
27. D. A. J. Swinkels ,  This Journal, 117, 1267 (1970). 

Intergranular Corrosion of Austenitic Stainless Steel 
C. S. Tedmon, Jr.,* D. A. Vermilyea,* and J. H. Rosolowski 

General Electric Research and Development Center, Schenectady, New York  12301 

ABSTRACT 

The we l l - known  suscept ib i l i ty  of austeni t ic  s tainless steels to i n t e rg ranu-  
lar  corrosion af te r  hea t - t r ea tmen t  in the t empera tu re  range  of 550~176 (i.e., 
"sensi t izat ion")  has long been a t t r ibu ted  t o  deplet ion of Cr from regions of 
the a l loy ma t r i x  ad jacent  to gra in  boundar ies  in which Cr~3C6 had prec ip i -  
tated.  Those regions of the  steel  in which  the local Cr composit ion fal ls  below 
about  12% have a d iminished abi l i ty  to form a pass ive  film and hence  cor-  
rode  preferent ia l ly .  

We have made  the rmodynamic  calculat ions of the Cr-C-Cr~3C6 equi l ibr ia  
in and near  gra in  boundar ies  in order  to de te rmine  the chromium c o n t e n t  
in the  vic ini ty  of carbide  part icles .  The calculat ions show tha t  the  equi l ib-  
r ium chromium content  is a s t rong funct ion of the  t e m p e r a t u r e  and of 
the carbon and al loy content  of the  steel. I t  is infer red  from the analysis  
tha t  var ia t ions  in the  suscept ib i l i ty  to i n t e rg ranu la r  a t t ack  are  de t e rmined  
p r i m a r i l y  by  changes in the equi l ib r ium chromium content  near  the  car-  
bides and not by  changes in the number  and dis t r ibut ion  of part icles .  For  
instance, above 800~ the chromium content  near  the  carb ides  is h igh enough 
to produce  passivi ty,  and the a l loy is immune  not  because of the  absence of 
carbides  but  because chromium deplet ion is not  severe. Expe r imen ta l  studies 
of ra tes  of gra in  bounda ry  a t tack  as functions of t empera tu re  and composit ion 
have confirmed the predic t ions  of the  analysis.  

A fur ther  factor  of less impor tance  is the  d is t r ibut ion  of carbides  in the  
gra in  boundary .  Calculat ions were  made  to de te rmine  the  Cr concentra t ion 
grad ien t  wi th in  the  bounda ry  be tween  carb ide  par t ic les  as a function of 
t e m p e r a t u r e  and composi t ion as wel l  as the  Cr g rad ien t  normal  to the  
boundary .  These calculat ions predic t  a s t rong in te rdependence  be tween  sus-  
cept ib i l i ty  to i n t e rg ranu la r  corrosion, carb ide  par t ic le  spacing, and sensit izing 
tempera ture .  Expe r imen ta l  resul ts  on th inned  samples  of sensit ized ma te r i a l  
corroded in a St rauss  solution and examined  by  electron microscopy are  in 
good agreement  wi th  predic ted  effects. 

In  the i r  classic paper  (1),  Bain, Aborn,  and R u the r -  
ford deve loped  a model  for  the  i n t e rg ranu l a r  corrosion 
of sensit ized stainless steel  which has had  genera l  and 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Me mber .  
Key words: intergranular corrosion, stainless steels, carbide pre- 

cipitation, sensitization, thermodynamics, localized attacks. 

widespread  acceptance for nea r ly  for ty  years.  
Their  model  a t t r ibu tes  sensi t izat ion to the  p rec ip i t a -  
t ion of chromium carbide  at  gra in  boundar ies  wi th  
concomitant  deplet ion of chromium in regions adjacent  
to the bounda ry  to levels  below tha t  requ i red  for  
passivi ty.  Al though other  models  have  been  proposed 
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(2-5), it seems clear that  the model of Bain et al., is 
qual i ta t ively valid in most instances. One of the very  
few cases for which their model is inadequate is that 
of in te rgranula r  corrosion of solut ion-treated austen-  
itic stainless steels in highly oxidizing envi ronments  
such as HNO~-Cr +6 solutions (5-6). This ra ther  
special case will  be considered in a subsequent  section 
of this paper. A critical summary  of the various theo-  
ries of in te rgranula r  corrosion of stainless steel has 
recent ly been presented by Gellings and deJongh (7). 

The theory of Bain et al. is based on the fact that  a 
certain m i n i m u m  chromium content of about 13-15% 
(8-9) (all compositions are expressed in weight per 
cent),  is required in the steel to render  it corrosion re-  
sistant. The alloy mat r ix  immedia te ly  adjacent to a 
carbide particle will have a chromium content  Xcr 
which for the case of sensitized steel will  be less than 
the value of 13-15%. Attempts to measure this value, 
or the gradient  adjacent  to sensitized grain boundaries  
have general ly  been unsuccessful (10-11), probably 
because of the very l imited width of the depleted zone. 

It  is obviously impor tant  to know quant i ta t ive ly  the 
var iat ion of Xcr with temperature,  heat- t reatment ,  
artd steel chemistry. Fur ther ,  it has been shown (3, 12) 
that  the carbides which form at grain boundaries may 
not necessarily be present as a cont inuous film, but  
rather, as discrete particles. Therefore, if values of Xcr 
were known, it would be possible to calculate the 
chromium gradient  wi th in  the boundary  between car-  
bide particles and determine whether  or not the 
chromium content  in and near  the boundary  between 
carbide particles exceeds the critical level of 13-15%. 
If it does not, then the entire boundary  would be 
effectively sensitized even though the carbide was not 
continuous in the boundary.  Alternat ively,  if the 
chromium level in the boundary  at some point be-  
tween carbide particles exceeded the critical concen- 
tration, then a "patchy" type of in te rgranu la r  cor- 
rosion would be expected. 

Values of Xcr and of the chromium concentrat ion 
gradient  in a boundary  between carbide particles are 
usually not exper imenta l ly  accessible, so it is neces- 
sary to resort to analyt ical  techniques for their evalua-  
tion. In  a recent paper (13), StawstrSm and Hil lert  
have presented a theory for in te rgranula r  corrosion of 
18-8 austenitic stainless steel which describes a method 
for calculat ing the chromium concentrat ion in the  
steel adjacent  to a grain boundary  carbide. An impor-  
tant  feature of their  model is the assumption that this 
chromium content  is thermodynamical ly  determined 
by the alloy-carbon-M~aC~ local equil ibrium. This is 
in  contrast to the more usual  assumption that the 
chromium content  in  the vicini ty of the carbide par-  
ticles is negligible, and that  var iat ion in the degree of 
sensit ivi ty results from changes in the morphology or 
dis t r ibut ion of particles along the boundary  and not 
from variat ion in chromium composition. StawstrSm 
and Hil lert  evaluated the equi l ibr ium using some un -  
published thermodynamic  expressions which had been 
developed by Nishizawa for the i ron-chromium-car -  
bon system (14). They assumed throughout  their  
analysis that  grain boundary  diffusion was sufficiently 
fast at typical  sensitizing temperatures  that  there 
would be no variat ion in chromium composition 
wi th in  the boundary  between carbide particles. In 
addit ion they considered in detail  the kinetics of the 
desensitizing process. 

In  this paper we present  a model for the in ter -  
g ranu la r  corrosion of stainless steel that is concept- 
ual ly similar to that  of StawstrSm and Hillert,  but  
differs considerably in detail  and result. Like Staw- 
strSm and Hillert, we also make  the basic assumption 
that  the grain  boundary  chromium concentrat ion de- 
termines the degree of sensitization, and that  this 
quant i ty  is thermodynamical ly  fixed. However, our 
method of calculating the grain boundary  chromium 

concentrat ion is much different from theirs, and we 
believe it to be a more general  approach, which can be 
applied to a var ie ty  of alloy compositions. Further ,  in -  
stead of assuming a uni form chromium composition 
throughout  the grain boundary,  we will  describe a 
theoretical method for calculating the chromium con- 
centrat ion profile both wi th in  the grain boundary  be- 
tween carbide particles, and also normal  to the bound-  
ary. Both analyt ical  and exper imental  evidence will  
be presented to show that  for many  cases the chrom- 
ium concentrat ion in a grain boundary  is by no means 
uniform, but in fact, very large gradients exist be- 
tween carbide particles, which have a significant effect 
on the corrosion behavior. We do not consider the 
desensitizing process. 

Thermodynamic Analysis 
The basic problem is to calculate the m i n i m u m  

chromium content  at the grain boundary.  For the re- 
action 

23Cr + 6C ~ Cr~  C6 [1] 

The equi l ibr ium constant  is given by 

1 
K = [2] 

(TcrZcr) 23 (3'cXc) 6 

where uni t  activity has been assumed for the carbide, 
and compositions are expressed as mole fractions. Iron 
solubil i ty in the carbide is neglected. Data for the 
free energy of formation of Cr23C6 are available in the 
l i terature  (15), and hence K may  be determined. In  
order to calculate Xcr it is then only necessary to 
determine the act ivi ty coefficients for carbon and 
chromium. Values for these quanti t ies  are not avail-  
able in the l i terature,  but  there are several methods 
by which they may be estimated. It  was decided to 
use the Wagner  analysis (16) for calculation of the 
carbon activity coefficient. Advantages of this ap- 
proach are that  it incorporates available exper imental  
data and permits  a physical in terpre ta t ion to be made 
of the effect of various alloying elements. Details on 
the calculation are presented in the Appendix. Figure 1 
shows the dependence of "yc on chromium composition 
for several temperatures  for a nickel composition of 
10%. Chromium strongly lowers the carbon activity 
coefficient, which is expected in  view of the pro- 
nounced tendency of chromium and carbon to form 
compounds. The influence of tempera ture  is relat ively 
small. It  is noted that  the thermodynamic  factors 
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Fig. 1. Carbon act iv i ty  coef f ic ient  vs. chromium content  for an 
austeni t ic  al loy conta in ing 1 0 %  Ni ,  for  various temperatures.  
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Fig. 2. Carbon octivity coefficient in oustenitic steel vs.  nickel 
content at 600~ for various chromium levels. 

balance in such a way as to result  in  an ideal solution 
at about 17.5% chromium. At that  point, the activity 
coefficient is un i ty  and tempera ture  independent .  

Nickel acts to increase 7c as shown in Fig. 2 at 600~ 
for three chromium levels. This effect is not unex-  
pected in view of the low solubil i ty of carbon in 
nickel and the absence of stable carbides of nickel. 

The dependence of ~c on carbon content  is small, 
because Xc is small, usual ly less than 5 x 10 -3 mole 
fraction, and for all practical purposes one can assume 
~c ~ f (Xc) .  

The activity coefficient for chromium dissolved in 
stainless steel can, in principle, be calculated using the 
Wagner  analysis. However, examinat ion  of available 
thermodynamic data for the i ron-chromium binary  
system shows that the higher order terms per ta ining 
to these two elements cannot be neglected (17). The 
influence of nickel additions on "ycr in stainless steel 
is not known. Also, data are lacking for the influence 
of carbon on ~cr, although the term Xc �9 (01n ~cr/OXc) 
will probably  be small  because Xc is usual ly small. In  
the absence of these data one approach would be to 
use the data for the Fe-Cr  b inary  system (17) for 7cr 
in stainless steel. However, values of Xcr calculated 
using this data are somewhat in disagreement with 
the corrosion results. Treat ing ~cr as a semi-adjus t -  
able parameter  and forcing a fit to corrosion data (see 
Exper imental  section for detail) for Type 304 stainless 
steel that was sensitized at 600~ gives the results 
shown in Fig. 3. The temperature  dependence was esti- 
mated by assuming a regular  solution, as described in 
the Appendix for carbon. One means of checking the 
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Fi 9. 3. Chromium oct iv l ty coeff ic ient  vs. chromium content in 
oustenitic stainless steel at various temperotures. 

validi ty of this method is to compare corrosion data 
for steels sensitized at temperatures  other than  600~ 
with predictions based on values of 7cr taken from Fig. 
3. This point  will  be discussed subsequently.  

Having obtained values for 7c and 7cr, the chromium 
composition at the grain boundary  in equi l ibr ium with 
the carbide may be calculated from Eq. [2], if the as- 
sumption is made that  the carbon activity is fixed by 
the bulk  chromium composition. This assumption 
seems reasonable, and at typical  sensitizing conditions 
carbon atoms are much more mobile than  chromium 
atoms. 

Grain Boundary Diffusion and Chromium Concentration Profiles 
Brailsford and Aaron (18) determined the concen- 

t ra t ion of diffusant in a grain boundary  dur ing  the 
growth of a grain boundary  particle using the method 
described by Shewmon (19) in his solution of the 
mathemat ical ly  analogous problem of surface diffusion 
from an infinite circular source. Leakage of diffusant 
out of the grain boundaries  into the adjacent  mater ia l  
was taken into account. This closed form solution 
gives the concentrat ion of diffusant in the grain 
boundary  after a long diffusion t ime and is a good 
approximation to that  for the usual  times of interest. 
Shewmon's  solution, however, does not give accurate 
values for the concentrat ion of diffusant in the ma-  
terial  adjacent to the grain boundary,  especially at 
large distances from the source. This is because the 
calculated grain boundary  concentration, which is the 
source of the leakage flux, is much higher than  actu- 
ally is the case dur ing the early stage of the diffusion. 
This results in overest imating the amount  of diffusant 
that wil l  be found adjacent  to a grain boundary.  

In  calculating the chromium concentrat ion around 
a carbide particle in a grain boundary  we have made 
m a n y  of the same assumptions as Brailsford and 
Aaron, but have used a different analyt ical  approach 
to the problem. The method has been described in  
detail elsewhere (20) so only a few comments  on some 
of the assumptions are made here. Specifically, we 
have assumed that  direct volume diffusion of chro- 
mium to the carbide particle can be ignored compared 
to that which diffuses to it along the grain boundary.  
Also, we have ignored the complication introduced by 
the fact that the boundary  of the carbide particle is 
moving. Both of these assumptions have been dis- 
cussed by Brailsford and Aaron who concluded that 
no significant error is introduced by invoking them 
provided the precipitate particles are greater than a 
few hundred  angstroms in size and that  reasonable 
values of the bulk  and boundary  diffusion coefficients 
were used. 

Figure 4 presents calculated values for the chromium 
concentrat ion in a grain boundary  as a funct ion of 
distance in the boundary  from the carbide particle 
after  24 hr  at 600~ In the calculation, the following 
quanti t ies  were used: grain boundary  width  ~ 10A; 
bu lk  diffusion coefficient, Dv = 10 -16 cm2/sec (21); 
DGB/Dv (ratio of grain boundary  to bulk  diffusion co- 
efficient) = 106; carbide radius = 1000A; bulk  Cr 
content  = 18%; Cr content  in equi l ibr ium with  car-  
bide -- 10%. The last value is derived from the 
thermodynamic  analysis of the preceding section and 
is typical for these conditions. If it is assumed that  in 
order  to form a passive film a m i n i m u m  of 14% 
chromium is required, then this calculation predicts 
that  the grain boundary  wil l  be depleted below this 
level to a distance of near ly  1~. This calculation also 
predicts that it is not necessary to have continuous 
carbide in the grain boundary  for the boundary  to be 
sensitized everywhere.  For example, a.s a first approxi-  
mation, this calculat ion indicates that  discrete par-  
ticles separated from each other in  the boundary  by 
about 2~ or so ought to lead to a cont inuously  depleted 
boundary.  Data support ing this prediction are pre-  
sented in the next  section. 
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Fig. 4. Chromium concentration in grain boundary vs. radial dis- 
tance from carbide particle having a radius of 1000.~. Data appro- 
priate to 600~ were used (see text). 

In  addit ion to the chromium concentrat ion in the 
grain boundary  between carbide particles, it is also of 
interest  to consider the chromium concentrat ion gradi-  
ents normal  to a grain containing a carbide particle 
as a funct ion of distance from the carbide. Figure 5 
presents results of this calculation for the previous 
conditions. Note the very  rapid change of concentra-  
t ion with distance from the grain boundary  compared 
with the much more gradual  change wi th in  the bound-  
ary  (Fig. 4). These calculations indicate that, at least 
for these part icular  conditions, direct exper imental  
de terminat ion of the chromium concentrat ion gradient  
normal  to a grain boundary,  as with a microprobe for 
example, would be impossible with available ins t ru-  
mentat ion.  
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Fig. 5. Chromium concentration as a function of distance per- 
pendicular to the grain boundary for varying distances from the 
carbide particle. Data appropriate to 600~ were used. 

The volume of a chromium carbide particle growing 
in grain boundary  must  be consistent with the deple- 
tion of chromium and carbon integrated over the 
volume around the nucleat ion site. The shape of the 
particle is determined by  the relat ive rates at which 
mater ial  is brought  to it by diffusion along the grain 
boundary  and that  at which it  is redis t r ibuted over 
the surface of the particle by  interfacial diffusion. In  
the calculations referred to above, a thickness for the 
carbide particle was not specified, but  the volume has 
been implicit ly fixed al though its shape has not. 

It is evident, by reference to Fig. 4 and 5 that  condi-  
tions may arise in which the grain boundary  is not 
uni formly sensitized. This will  happen when the car- 
bide is present  as discrete particles, separated by d i s -  
tances large enough to allow the chromium concentra-  
t ion in the boundary  between the particles to exceed 
13-15%. Exper imental  evidence of such nonuni form 
sensitization will  be presented subsequently,  and it 
will  be seen that  this behavior occurs in samples heat-  
treated in the upper  end of the sensitizing range, be- 
cause of the lower ratio of grain boundary  to bulk  
diffusion coefficient. 

E x p e r i m e n t a l  

Two types of experiments  were conducted in order 
to verify predictions of the theoretical  considerations. 
The first was designed to determine the uni formi ty  of 
the chromium depletion and consisted of scanning 
electron microscopy, t ransmission electron metallog- 
raphy, and surface replica electron metal lography of 
th in  specimens which had been sensitized and ex-  
posed to corrosive solutions. Specimens of Type 304 
annealed stainless steel sheet containing 0.045% carbon 
were sensitized by heat ing in a vacuum for 24 hr at 
600~ 1 hr at 650~ 1 hr at 700~ 1 hr at 750~ or 
10 min  at 800~ The sensitized specimens were elec- 
tropolished in  an ethanol-perchloric acid-butyl  cello- 
solve solution, exposed to a suitable corrosive solution, 
and examined. The two solutions used were boiling 
Strauss solution (10% H2SO4 plus 10% CuSO4 �9 5H20 
by weight) and 65% HNO3 at 25~ 

The second type of exper iment  was designed to ob- 
ta in  an estimate of the grain boundary  chromium 
content  as a function of both hea t - t rea tment  and steel 
composition. Several  commercial  and experimental  
alloys were used in these experiments;  compositions 
are given in  Table  I. The general  plan was to obtain 
data for the rate  of corrosion in boil ing Strauss soIu- 
tion of Fe + 10 Ni + Cr alloys as a funct ion of chro- 
mium content and then to compare the rates of grain 
boundary  penetra t ion in sensitized alloys with the 
rate vs. chromium content  data to estimate the grain 
boundary  chromium content.  Corrosion rates of in -  
duct ion-mel t :d ,  rolled, and annealed Fe + 10 Ni + Cr 
alloys were determined by measurements  of weight 
change. Gra in  boundary  penetra t ion rates of sensitized 
specimens were determined by breaking corroded 
specimens in tension and measur ing  both the fracture 
stress and the depth of penetra t ion as observed with a 
microscope. The specimens were in the form of wires 
or small rods sheared from sheet; dimensions were 
about 0.030 to 0.060 in. Plots of penetra t ion vs. t ime 
and strength vs. time permit ted a determinat ion of 
penetra t ion rate. Disagreement between these two 
rates was taken as evidence of patchy behavior,  and 
in such cases the greater rate (always the optically 
determined rate) was taken. 

Pr ior  to corrosion the specimens were ,abraded to 
remove shear marks  or drawing marks, and were solu- 
tionized by heat ing to l l00~ for 15 rain, followed by 
water  quenching. The specimens were again abraded 
to remove the scale, then sensitized by heating 
followed by water  quenching or cooling at a var ie ty  
of rates. After  a final abrasion they were exposed to 
the boil ing Strauss solution. 
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Table I. Steel compositions 

W e i g h t  P e r c e n t  o f  
Steel C Cr Ni Mn Si P S N Cu Other 

45841 0.018 18.6' 9.60* 1.4" 0.47* 0.022* 0.016" 0.026* 0.05* 0.022 Mo* 
45591 0.037 18.8 9.75" 1.25" 0.52" 0.023* 0.018" 0.036" 0.08* 0.25 Mo* 
302 AL2 0.05 18.7 8.10 0.44 0.32 0.019 0.026 0.06 0.15 
12131 0.056 18.4 9.60 1.50 0.43 0.020 0.015 0.039 0.22 
30251 0.075 17.9" 8,90" 1,53" 0.50* 0.009" 0.026* 0.045* 0.18" 0.25 Mo" 

37223 0.008 17.3 9.6 1.88 0.98 0.003 
37233 0.028 16.8 9.3 1.85 0.97 0.003 
37243 0.11 17.5 9.5 1.85 0.99 0.003 
37253 0.15 16.9 93 1.86 0.99 0.004 
37263 0.48 17.6 9.6 1.86 0.98 0.003 
37273 0 .97 17.0 9.6 1.88 0 .98 0 .004 

36963 0.003 B.1 10.3 1.85 0.99 0.005 0.005 
36983 0.005 10.4 10.0 2.06 1.00 0.004 0.004 
3699 '~ 0.003 12.5 9.4 2.05 1.01 0.004 0.004 
36973 0.003 14.3 9.7 1.99 0.99 0.004 0.005 

308 e 0.06 20.1 10.6 
308L" 0.03 20.4 10.7 
309S 7 0.06 21.7 12.9 1.50 0.48 0.014 0.015 
37343 0.07 20.0 7.6 0.36 0.004 0.17 Ti 
37358 0.06 24.2 9.5 0.38 0.004 0.18 Ti 
IN 7444 0.06 26.5* 6.6* 0.4* 0.2 Ti* 

* Supplieffs analysis. 
Blanks designate not analyzed. 
1 U.S. Steel. 
e Allegheny Ludlum Steel Company. 

Experimental alloy, are-melted at R&DC. 
4 International Nickel Company. 
5 Arcos. 
e Unknown. 

Rolled Alloys, Inc. 

Experimental Results 
Electron microscopy.--Figures 6, 7, a n d  8 s h o w  

m i c r o g r a p h s  m a d e  f r o m  d i r e c t  c a r b o n  s u r f a c e  r e p l i c a s  
of  t h e  s u r f a c e s  of  s a m p l e s  s e n s i t i z e d  a t  600 ~ 700 ~ a n d  
800~ r e s p e c t i v e l y ,  w h i c h  w e r e  s u b s e q u e n t l y  e x p o s e d  
to b o i l i n g  S t r a u s s  s o l u t i o n  f o r  10 m i n .  F i g u r e  6 s h o w s  
tha t ,  a t  600~ t h e  g r a i n  b o u n d a r y  is u n i f o r m l y  a n d  
s e v e r e l y  a t t a c k e d  b y  t h e  S t r a u s s  s o l u t i o n ,  e v e n  t h o u g h  
t h e  c a r b i d e  is p r e s e n t  as  d i s c r e t e  p a r t i c l e s  a n d  n o t  as  
a c o n t i n u o u s  fi lm. T S i s  is  in  a g r e e m e n t  w i t h  t h e  
t h e r m o d y n a m i c  p r e d i c t i o n  a n d  s u p p o r t s  t h e  d i f f u s i o n  
c a l c u l a t i o n .  A t  700~ (F ig .  7) t h e  b o u n d a r y  is s t i l l  

s u s c e p t i b l e  to  c o r r o s i o n ,  w h e r e a s  a s e n s i t i z a t i o n  t r e a t -  
m e n t  a t  800~ (F ig .  8) c a u s e d  c a r b i d e s  to  f o r m ,  b u t  n o  
g r a i n  b o u n d a r y  a t t a c k  o c c u r r e d .  A c c o r d i n g  to  t h e  
t h e r m o d y n a m i c  a n a l y s i s ,  t h i s  is b e c a u s e  t h e  c h r o m i u m  
c o n t e n t  in  e q u i l i b r i u m  w i t h  t h e  c a r b i d e  e x c e e d s  t h e  
c r i t i c a l  q u a n t i t y  r e q u i r e d  f o r  p a s s i v a t i o n .  I t  s h o u l d  b e  
n o t e d  t h a t  s a m p l e s  s e n s i t i z e d  a t  600~ a n d  t h e n  e l ec -  
t r o p o l i s h e d  as  d e s c r i b e d  a b o v e  s h o w e d  t h e  g r a i n  
b o u n d a r y  c a r b i d e s ,  b u t  w e r e  o t h e r w i s e  g e n e r a l l y  
f e a t u r e l e s s ,  t h u s  d e m o n s t r a t i n g  t h a t  i t  w a s  t h e  S t r a u s s  
s o l u t i o n  t h a t  p r o d u c e d  t h e  g r a i n  b o u n d a r y  a t t a c k .  

E l e c t r o n  t r a n s m i s s i o n  m i c r o g r a p h s  of  s e n s i t i z e d  a n d  
c o r r o d e d  fo i l  r e i n f o r c e  t h e  o b s e r v a t i o n s  m a d e  w i t h  
s u r f a c e  r e p l i c a s .  F i g u r e  9 is f r o m  a s a m p l e  o f  t h i s  

Fig. 6. Electron micrograph of surface replica from sample of 
Type 304 stainless steel that was sensitized at 600~ for 24 hr, 
then polished and exposed to a boiling Strauss solution. Note that 
the grain boundary attack is relatively uniform although the car- 
bide particles do not form a continuous film. Magnification ap- 
proximately 36,500)(. 

Fig. 7. Electron micrograph of surface replica from sample of 
Type 304 stainless steel that was sensitized at 700~ for 1 hr, 
then polished and exposed to a boiling Strauss solution. Magnifica- 
tion approximately 36,500X. 
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Fig. 8. Electron micrograph of surface replica from sample of 
Type 304 stainless steel sensitized at 800~ for I hr, polished, and 
exposed to a boiling Strauss solution. Essentially no grain bound- 
ary attack has taken place although carbides are present. Magni- 
fication approximately 37,500X. 

Fig. 10. Transmission electron micrograph of Type 304 stainless 
steel sensitized at 700~ for 1 hr and then corroded for 10 min in 
boiling Strauss solution. Note patchy attack in boundary, and 
lack of attack on carbide particles. Magnification appreximately 
13,000X. 

Fig. 9. Transmission electron micrograph of Type 304 stainless 
steel sensitized at 700~ for 1 hr, then corroded for 10 min in 
boiling Strauss solution, showing "patchy" type of attack, which 
arises because grain boundary is not uniformly depleted in chromi- 
um. Magnification approximately 6360X, 

steel that  had been rolled to foil, thinned, sensitized at 
700~ for 1 hr, and then exposed to a Strauss solution. 
In  this case, the sample is too thick for significant 
transmission through the grains, but  the corroded 

Fig. 11. Transmission electron microg~raph of Type 304 stainless 
steel sensitized at 800~ for 1 hr and then corroded for 10 min in 
boiling Strauss solution. Note absence of attack at grain boundar- 
ies although grain boundary carbides are clearly .present. Magnifi- 
cation approximately 7150X. 

grain boundaries are evident,  and it is clear that  the 
attack is nonuniform,  or "patchy." Figure 10 taken 
from a th inner  region of the same sample provides 
fur ther  evidence of the "patchy" behavior, and fur ther  
shows that the carbides themselves are inert. Figure 
11 is from a sample sensitized at 800~ Very li t t le if 
any attack has occurred at or near  the carbide par-  
ticles. An at tempt to make  such photographs with a 
specimen sensitized at  600~ resulted in  complete un i -  
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form penetra t ion of the boundaries,  and the detached 
grains fell off the specimen so that  no th in  section was 
left for t ransmission microscopy. 

Summariz ing  the electron microscopic observations, 
it is evident  that  sensitization at 600~ produces a 
depleted zone which is very susceptible to at tack and 
continuous or near ly  so. A 70O~ t rea tment  produces 
a less susceptible, patchy boundary,  while after heat-  
ing at 800~ the boundary  is fair ly resistant.  

Fur the r  evidence that  the 700~ boundaries are 
patchy was obtained using the scanning electron 
microscope. A Type 304 stainless steel specimen having 
a carbon content  of 0.076% and dimensions about 
0.034 x 0.068 x 3 in. was sensitized at 700~ corroded 
is boil ing Strauss solution for 4238 rain and pulled in 
tension. Although the fracture surface clearly showed 
ti~at grain boundaries had been corroded even in the 
center of the section the specimen still had 35% of the 
s t rength of an uncorroded specimen. Figure  12 shows a 
photograph taken of the fracture surface with the 
scanning electron microscope. The f racture  surface 
comprises flat areas of in te rgranular  f racture and 
rough areas of ductile rupture.  The fact that  some 
boundaries have been attacked in the center of the 
specimen while some areas near  the per iphery were 
still uncorroded is convincing evidence for the patchy 
character of sensitization at 700~ 

Grain boundary penetration rates.--Figure 13 shows 
the corrosion rates of exper imenta l  alloys having a 
composition typical  of Type 304 stainless steel, but  with 
varying  amounts  of chromium. The corrosion rate 
increases very rapidly when the chromium content  is 
less than 12%. Data from Osozawa and Engell  (9), 
who measured currents  in the passive region for 1M 
H2SO4 at 90~ are shown for comparison. It is prob- 
able that steels with less than 12% Cr are not ful ly 
passive in the Strauss solution. 

Table II lists grain boundary  corrosion rates for 
various steels and heat - t rea tments ;  from the experi-  
menta l  scatter we believe that  the rates are only re-  
producible to about a factor or two. Several  charac- 
teristics of sensitization are apparent  from these data. 

1. For  a par t icular  hea t - t r ea tment  the corrosion rate 
increases rapidly with carbon content,  as predicted by 
the theory. 

2. For a given carbon content  the corrosion rate 

Fig. 12. Scanning electron micrograph of fracture surface of 
sample of Type 304 stainless steel that was sensitized at 700~ 
for 1 hr, exposed to boiling Strauss solution, then pulled in tension. 
Intergranular attack occurred throughout sample, but was "patchy" 
because the grain boundaries were net uniformly depleted in 
chromium. Flat facets show areas of intergranular attack; charac- 
teristic regions of ductile rupture indicate areas where chromium 
depletion did not occur, Magnification approximately IO00X. 
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Fig. 13. Dissolution rate of Fe-10% Ni-Cr alloys in boiling 
Strauss solution as a function of Cr content. 

decreases greatly with increasing sensitizing tempera-  
ture, in agreement  with the theory. 

3. Slow cooling following heat ing at 600~176 re- 
sults in far more severe sensitization than  water  
quenching. The effect is very pronounced at higher 
sensitizing temperatures.  We in terpre t  this result  to 
mean  that carbides nucleate at the high temperatures,  
and that on cooling the chromium content  adjacent  to 
the carbides approaches a value characteristic of 
equi l ibr ium at some lower temperature.  

4. Reheating to 800~ a specimen sensitized at 600~ 
and water  quenching renders  it nonsusceptible to at-  
tack. We believe this means that  the chromium con- 
tent  near  the carbides is that  appropriate  to the equi-  
l ib r ium at 8O0~ 

5. Of the duplex (austenite  plus ferrite) alloys (308, 
308L, 309S, 3734, 3735, IN 744), only Types 308, 308L, 
and 309S became sl ightly sensitized. The in terpre ta t ion  
for the resistance of this group of alloys is that  the 
carbon activity is low because of the re la t ively  high 
chromium to nickel ratio, and hence the equi l ibr ium 
chromium content  is high. The high chromium and low 
nickel contents also result  in the duplex structure, 
and hence there is a correlation between the presence 
of ferri te and resistance to sensitization. 

From the data in Table II it is possible to make a 
quant i ta t ive  comparison of the exper imenta l  results 
with the thermodynamic  theory. The grain boundary  
penetra t ion rates from Table II are first compared with 
the data in Fig. 13 to est imate the chromium content  
in the depleted zone along the boundary.  Figure 14 
compares data so obtained with the predictions of the 
thermodynamic theory. While the exper imenta l  points 
for a given tempera ture  suggest a less pronounced 
var iat ion of equi l ibr ium chromium concentrat ion with 
carbon content  than  predicted by the theory the 
general  agreement  is very satisfactory. The method 
is l imited to chromium contents between about 9 and 
12% because at higher chromium contents the rate  is 
too slow to measure convenient ly  while at lower chro-  
mium contents the rate is l imited by diffusion through 
the grain boundary  crevice. Also included in this plot 
for comparison are results from StawstrSm and Hillert  
(adapted from Fig. 9 of their  paper) .  Their  curves are 
derived for a steel containing 8% nickel, so minor  
var iat ion might be expected from this composition 
difference. It is evident  that  at 600~ both calculated 
curves are in good agreement  wi th  the exper imenta l  
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Table  I I .  Groin boundary corrosion rates in Strauss solution 

Steel 

Grain 
Sensitization treatment boundary 

Weight Temp, Cooling c o r r o s i o n  
% carbon ~ Time rate rate, cm/see 

4584 0.018 600 24 h s l o v ~  <10 -9 
700 1 h slow <10 -s 
800 10 m slow <10 -9 
800 10 m W.Q.=  <10-9 

3723 0.028 600 24 h W . Q .  1 • 10 -  s 
650 1 h W . Q .  4 X 10 -9 
750 1 h W . Q .  4 X 10 -9 

4559 0.037 600 24 h slow 9 x 10 -~ 
600 24 h slow >8 X 10 -e 
600 24 h W.Q. 8 x 10- ~ 
700 1 h slow 9 X 1O "s 
800 10 m s l o w  < 10 -:w 

302 AL 0.05 600 24 h slow 2 X 10- ~ 
600 24 h W . Q .  8 .3  x 10 -7 
700 1 h slow 2 X 10-s 
700 1 h W.Q. <2 x 10 ~ 

1213 0.056 600 24 h slow 9 • 10- 7 
600 24 h slow 8 x lO s 
700 1 h slow 1.3 x 10 -7 
700 1 h W.Q. 1.7 x 10 -s 
800 10 m W . Q .  <10 -zo 

3025 0.075 600 24h slow 3 x 10 -9 

Followedby ~ 600 24h slow ) <10 -'~ 
800 10 m W.Q. 

600 24 h slow 8 X 10 -7 
600 24 h W . Q .  2 .4  x 10 -9 

3025 0.075 700 1 h slow 1 • 10-" 
700 1 h W.Q. 5 x 10 -9 
800 10 m slow 1 x 10- s 
800 10 m W . Q .  < 1 0 - ~  

3724 0.08 600 24 h W.Q. 5 x 10 -G 
650 1 h W.Q. 7 X 10 -7 
700 1 h W.Q. 5 • 10 -9 

3725 0.15 600 24 h W.Q. 3 • 104 
650 1 h W.Q. 3 x 10 ~ 
700 1 h W.Q. 1 X 10 -9 
750 1 h W.Q. 7 X 10- 8 
800 lOm W.Q. <2 x i0 --s 

3726 0.48 800 10 m W.Q. 3 x 10 -7 
3727 0.97 800 10 m W.Q. 4.5 x 10 -~ 
308 0.06 600 24 h W . Q .  2 • 10 -7 
308L 0.03 600 24 h W.Q. 1.2 • 10 -s 
309S 0.06 600 24 h W.Q. 3.6 x 10 -s 
3734 0.07 600 24 h W.Q. <10 -9 

700 1 h W.Q. <10 -9 
3735 0.06 600 24 h W.Q. <10-7 

700 1 h W.Q. <10 -t~ 
IN 744 0.06 475 24 h slow <10 -~ 

000 24 h slow < 10 -9 
700 1 h slow < 10 -U 
800 I0 m slow <10- 9 
800 10 m W.Q. <10 -10 

z "Slow" means cooled in a furnace. 
to 0.2 ~ 

2,,W.Q.,, means water-quenched. 

Cooling rate about 0.05~ 

da ta .  A t  700~ t h e  a g r e e m e n t  is f a i r .  A t  800~ t h e r e  
is  c o n s i d e r a b l e  d i f f e r e n c e  b e t w e e n  t h e  t w o  c a l c u l a t e d  
c u r v e s ;  t h e  e x p e r i m e n t a l  d a t a  a p p e a r s  to  b e  m o r e  i n  
a g r e e m e n t  w i t h  o u r  r e s u l t .  A t  500~ t h e r e  is a g a i n  a 
s i g n i f i c a n t  d i f f e r e n c e  b e t w e e n  o u r  r e s u l t  a n d  t h a t  of  
S t a w s t r S m  a n d  H i l l e r t ;  h o w e v e r ,  w e  h a v e  n o  e x p e r i -  
m e n t a l  d a t a  to  s u p p o r t  e i t h e r  c a l c u l a t i o n .  

I t  s h o u l d  b e  n o t e d  t h a t  o u r  m e t h o d  o f  e x p e r i -  
m e n t a l l y  e s t i m a t i n g  g r a i n  b o u n d a r y  c o m p o s i t i o n s  m a y  
o v e r e s t i m a t e  t h e  c h r o m i u m  c o n t e n t  o f  t h e  b o u n d a r i e s  
f o r  t w o  r e a s o n s .  F i r s t ,  i f  t h e  g r a i n  b o u n d a r y  d e p l e t i o n  
is p a t c h y  t h e  m e a s u r e d  p e n e t r a t i o n  r a t e  m a y  b e  s l o w e r  
t h a n  t h a t  c o r r e s p o n d i n g  to  t h e  a v e r a g e  d e p l e t i o n .  
S e c o n d ,  t h e  c o u p l i n g  o f  t h e  g r a i n  b o u n d a r y  r e g i o n  to  
t h e  m a t r i x  m a y  r e s u l t  i n  p a s s i v a t i o n  o f  a l o w e r  c h r o -  
m i u m  a l l o y  t h a n  c a n  b e  p a s s i v a t e d  w h e n  n o t  c o u p l e d ,  
so  t h a t  t h e  o b s e r v e d  c o r r o s i o n  r a t e  w o u l d  a g a i n  b e  
too  l ow .  I t  is diff icul t  t o  e s t i m a t e  t h e  m a g n i t u d e  of  t h e  
p o s s i b l e  e r r o r s .  

I n  a n  e f fo r t  to  o b t a i n  m o r e  i n f o r m a t i o n  a b o u t  t h e  
ef fec t  o f  c o o l i n g  r a t e  f r o m  t h e  s e n s i t i z i n g  t e m p e r a t u r e ,  
s e v e r a l  s o l u t i o n i z e d  s p e c i m e n s  of  3025 a l l o y  w e r e  a n -  
n e a l e d  a t  700~ a n d  w a t e r - q u e n c h e d ,  f o l l o w e d  b y  r e -  
h e a t i n g  a t  500 ~ 550 ~ a n d  600~ T h e  r a t e s  o f  g r a i n  

Fe-I8% Cr-IO% Ni 
25 ~800) - - - -  STAWSTROM 8 - 
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Fig. 14. Comparison of Cr-C-Cr23C6 equilibrium data far Type 
304 stainless steel with experimental ly obtoined corrosion data,  for 
severoJ temperatures. 

b o u n d a r y  p e n e t r a t i o n  f o r  t h e s e  s p e c i m e n s  w e r e  4 x 107, 
1.1 x 10 -6  , a n d  1.1 x 10-6  c m / s e c ,  r e s p e c t i v e l y .  A 
c o n t r o l  s p e c i m e n  a n n e a l e d  f o r  o n l y  1 h r  a t  600~ d i d  
n o t  c o r r o d e  n o t i c e a b l y  i n  360 m i n ,  so  t h e  r a t e  w a s  
< 1 0  - 7  c m / s e c .  

I t  is k n o w n  f r o m  Fig.  6, 8, a n d  9 t h a t  c a r b i d e s  a r e  
f o r m e d  a t  700~ T h e s e  e x p e r i m e n t s  s h o w  t h a t  i t  is  
p o s s i b l e  to  f o r m  c a r b i d e s  a t  700~ b u t  t h a t  t h e  c h r o -  
m i u m  d e p l e t i o n  is n o t  s e v e r e  e n o u g h  e v e n  in  a n  a l l o y  
w i t h  0.075% to  r e s u l t  i n  s e n s i t i z a t i o n .  R e h e a t i n g  to  
500~176  a l l o w s  t h e  a t t a i n m e n t  of  a l o w e r  c h r o m i u m  
c o n t e n t  in  t h e  g r a i n  b o u n d a r y  a n d  s u s c e p t i b i l i t y  to  
a t t a c k .  

Discussion 
W i t h  t h e  t h e r m o d y n a m i c  a n a l y s i s  p r e s e n t e d  e a r l i e r ,  

i t  is  p o s s i b l e  to  m a k e  q u a n t i t a t i v e  c h r o m i u m - c a r b o n  
e q u i l i b r i a  p r e d i c t i o n s  f o r  o t h e r  a l l o y s  in  a d d i t i o n  to  
T y p e  304 s tee ls .  F i g u r e  15 p r e s e n t s  c a l c u l a t e d  c a r b o n -  
c h r o m i u m  e q u i l i b r i u m  v a l u e s  f o r  v a r i o u s  s e n s i t i z i n g  
t e m p e r a t u r e s  f o r  a n o m i n a l  F e - 2 5 %  C r - 2 0 %  Ni  a l loy .  
T h i s  c o m p o s i t i o n  is c h a r a c t e r i s t i c  of  T y p e  310 a u s t e n i t i c  
s t a i n l e s s  s tee l .  I n  a l l o y s  o f  t h i s  t y p e ,  t h e  c h r o m i u m  
l e v e l  is  i n c r e a s e d  to  p r o v i d e  i n c r e a s e d  o x i d a t i o n  r e -  
s i s t a n c e ,  a n d  t h e  n i c k e l  is a l so  i n c r e a s e d  i n  o r d e r  to  
k e e p  t h e  a l l o y  a u s t e n i t i c .  F r o m  t h e  p o i n t  o f  V i e w  o f  
i n c r e a s e d  r e s i s t a n c e  to  i n t e r g r a n u l a r  a t t a c k ,  h o w e v e r ,  
t h e r e  is r e l a t i v e l y  l i t t l e  i m p r o v e m e n t  o v e r  T y p e  304 
b e c a u s e  t h e  e f fec t  o f  t h e  i n c r e a s e d  c h r o m i u m  c o n t e n t  
o n  l o w e r i n g  t h e  a c t i v i t y  coef f i c ien t  of  c a r b o n  is  l a r g e l y  
of fse t  b y  t h e  e f fec t  of  n i c k e l  o n  r a i s i n g  7c. 
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Fig. 15. Calculated Cr-C-Cr23C6 equilibria for Type 310 stain- 
less steels (Fe -25% C r - 2 0 %  Ni)  for several temperatures. 
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The data presented in  Table II showed that duplex 
stainless steels were very resistant  to in te rg ranu la r  
attack. There are also data from the l i terature (22, 23) 
that  agree with this. We interpret  this as follows. In 
order to make the steel duplex, that is, have both 
austenitic and ferritic phases present, ei ther the nickel 
content  (austeni te  stabilizer) is decreased or the 
chromium content (ferrite stabilizer) is increased, or 
both. The effect of ei ther is to lower "yc and for a given 
carbon content, the carbon activity is therefore low- 
ered. From Eq. [2] it is therefore expected that the 
equi l ibr ium chromium content  Xcr will  be higher. 

A quant i ta t ive  discussion is difficult because the 
compositions of the two phases are general ly  not 
known, especially with respect to the carbon dis t r ibu-  
tion. One approach is to ignore the fact of two phases 
and simply to calculate the chromium content  as if 
the alloy were homogeneous. Results from this calcula-  
tion are presented in Fig. 16. It  may  be seen by com- 
parison wi th  austenit ic steels (Fig. 14 and 15) that  the 
duplex steels can tolerate much more carbon without  
becoming susceptible to sensitization. 

The effect of the existence of two phases on the be- 
havior of duplex alloys can be rationalized as follows. 
It  is known that  the ferri te phase of such alloys is 
enriched in chromium and depleted in nickel (24). 
Because of the dependences of ~c on nickel and chro- 
mium contents we therefore expect the ferrite phase 
to be enriched in carbon. We may therefore expect 
that  dur ing  anneal ing at 500~176 carbides will  pre-  
cipitate at the ferrite grain  boundaries,  but  because of 
the general ly low carbon activity Xcr will  still be high 
enough to prevent  sensitization. In the austenite grains 
the chromium will be relat ively low and the nickel 
high, but again the carbon activity wil l  be low in the 
entire alloy, and hence the austenite  grain boundaries  
will not be susceptible to sensitization either. We 
expect tha t  the austeni te  grains of a 26% Cr-6% Ni 
steel with 0.08% C might  have a composition approxi-  
mat ing Type 304L (18% Cr-10% Ni-0.02% C). 

Another  fact made clear by these considerations is 
the mechanism of weld sensitization of Type 304 stain-  
less. Our isothermal studies show that  for 304 with 
about 0.05% carbon a tempera ture  of 600~ is required 
to cause sensitization, and that at least several hours 
at 600~ are needed. The area near  the weld is not 
heated long enough at 600~ to allow carbide pre-  
cipitation. However, nearer  to the weld the steel is 
heated to the range 700~176 where  carbide nu -  
cleates wi th in  minutes.  Then on cooling through the 
range 500~176 the chromium content  near  the 
carbide is decreased toward values appropriate for the 
lower tempera ture  and the steel becomes susceptible. 

25 
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Fig. 16. Colculated Cr-E-Er~C6 equilibria for Fe-25% Cr-6% 
Ni duplex stainless steel, for several temperatures. 

Reheating to 700~176 and water  quenching would 
restore immuni ty .  

Although the thermodynamic  analysis has been con- 
cerned pr imari ly  with the effects of carbon, chromium, 
and nickel on ~c, it is of interest  to consider the effect 
of other elements commonly found in stainless steels. 
Impuri t ies  such as phosphorous, sulfur, and ni t rogen 
will  probably have rela t ively little effect on "yc, be- 
cause al though the derivat ive terms Oln "~c/O X~ may 
be large, the mole fractions Xi will  be small  and con- 
sequently the product Xi. (01n ~c/0 Xi) will  be 
small. An interes t ing case to consider, however, is 
that of manganese, which has been used as an austen-  
ite stabilizer when nickel was in short supply. It is 
general ly  recognized that these steels are less suscep- 
t ible to in te rgranula r  corrosion than their n ickel-con-  
ta ining counterparts.  The in terpre ta t ion  in  terms of 
thermodynamic  behavior of these elements is that  
whereas nickel acts to increase "yc the effect of m a n -  
ganese is just  the opposite (25), so that in manganese-  
stabilized steels the carbon activity is lower and the 
chromium content  in  equi l ibr ium with the carbide is 
higher than in the corresponding nickel-stabil ized 
steels. 

It is known that  solutionized and quenched austen-  
itic stainless steels can be made to corrode in te rg ranu-  
lar ly in  highly oxidizing solutions such as HNO:~- 
Cr+6(5,6), or by potentiostatic corrosion at very high 
potentials in H2SO4 (26). It must  be emphasized that  
corrosion in these envi ronments  is fundamenta l ly  dif- 
ferent  for several reasons from that which occurs 
when  sensitized steel is exposed to less oxidizing solu- 
tions such as in a Strauss or Huey test. Both uniform 
surface corrosion as well as in te rgranula r  attack take 
place in these highly oxidizing environments ,  presum- 
ably because they can oxidize Cr +3 in the passive film 
to Cr +6 which is soluble. Such oxidation may require 
the t ransport  of electrons through the oxide film to 
the metal. Impuri t ies  segregated at grain boundaries  
(5) could locally increase the electronic conductivi ty 
of the passive film, thereby facil i tat ing the oxidation 
and corrosion at grain boundaries (27). 

Comment should be made concerning some of the 
assumptions used in the thermodynamic  analysis. First, 
the principal  justification for the basic assumption that  
these stainless steels are "dilute" alloys (see Appendix)  
is the success of the model in quant i ta t ive ly  pre-  
dicting the compositional and tempera ture  dependence 
of in te rgranu la r  corrosion of sensitized steel, of weld 
sensitization, and of the immuni ty  of duplex alloys for 
in te rgranular  corrosion. It was pointed out earlier that  
the activity coefficient of chromium was treated as a 
semiadjustable parameter ;  that  is, using calculated 
data for 7c and exper imenta l  corrosion data, 7cr at 
600~ was derived. Al though it must  be admit ted that  
obtaining activity coefficients from corrosion data is 
not a s tandard method, we feel it provides reasonable 
values. Further ,  the values thus obtained are in very 
good agreement  with Goodell, who from chromium- 
n i t rogen-n i t r ide  solubil i ty data for austenitic stainless 
steel obtained 7Cr ~ 3.1 -- 3.5 at 650~ (28). 

Although the approach used here is similar in p r in -  
ciple to that  of StawstrSm and Hillert, it differs con- 
siderably in detail and yields somewhat different re-  
sults and predictions. First, it was demonstrated ex- 
per imenta l ly  that  their  assumption of uni form grain 
boundary  composition is inadequate  in certain cases, 
and, in  fact, patchy grain  boundary  corrosion may re-  
sult  as a consequence of large variat ions in the chro- 
mium content  in  the boundary.  Second, the Wagner  
analysis permits  predictions to be made of the effect of 
various alloying elements for which interact ion co- 
efficient (01n 7c/0 Xi) data are available. The Staw- 
s trSm-Hil ler t  method leads to the prediction that  the 
carbon solubil i ty in stainless steels increases beyond 
about 20% chromium. To account for this, they suggest 



Vol. 118, No. 2 INTERGRANULAR CORROSION OF STEEL 201 

that the chromium-carbon  interact ion parameter  may  
be composition dependent,  but  there are no experi-  
menta l  data to support  their prediction, and it seems 
more l ikely that  it is a result  of the method of calcula- 
tion. 

In  summary,  the theoretical predictions are well  
supported by the exper imental  study, and we b e l i e v e  
that they are plausible. It  is therefore our contention 
that the chromium content  in equi l ibr ium with the 
carbide particles is a strong funct ion of the steel 
composition and of the sensitizing temperature  and 
can be predicted by the thermodynamic  theory. Fu r -  
thermore, because of rapid grain boundary  diffusion, 
the chromium depletion may be reasonably uniform 
despite a considerable separation of carbide particles. 
When "patchy" behavior  is encountered it will  gener-  
ally be more pronounced at higher hea t - t rea tment  
temperatures,  because of the lower ratio of grain 
boundary  to bulk  diffusion coefficient. Our results 
demonstra te  that  the degree of sensit ivi ty is controlled 
pr imar i ly  by the thermodynamical ly  controlled min i -  
mum chromium content, with morphological features 
of carbide particles playing a secondary role. 
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APPENDIX 

Calculation of Carbon Activity Coefficients by the Wagner Analysis 

Wagner derived an expression for the logari thm of 
the activity coefficient of a par t icular  alloying com- 
ponent  by a Taylor series expansion of the excess par-  
tial molar free energy. Thus, for carbon in iron with 
mole fractions Xi of the various other solute element,  
one  obtains 

0 In "Yc 
In "Yc '---- In "~~ + xc Oxc 

01n ' fc  01n~c  ] 

~- XNi' OXNi OXCr ] 
[ O'ln c ] + ~X2c ~ 0  2 in  ~,c -t- XeXNi - -  -I- . . .  [1A] 

0Xc 2 OXc 0XNi 

The higher order terms which appear wi thin  the sec- 
ond set of brackets can usual ly be neglected; they are 
general ly  small because the product xixj is small. Also, 
values for the cross-term derivatives are usual ly  lack- 
ing. In  principle, the expansion may be made around 
any composition of interest, but  data for evaluat ion 
of the derivat ive terms Oln'~c/Oxi are available only 
for the const i tuent  b inary  systems. Consequently in 
practice the expansion is real ly made around the com- 
positional origin, i.e., at XFe --> 1, and the derivatives 
are evaluated for the l imit ing case of zero concentra-  
tion of all solutes. Hence, calculations based on this 
procedure are implici ty applicable to dilute solutions 
only and extension to evaluat ion of "yc for stainless 
steels is b~sed on the assumption that  the alloy is a 
"dilute" solution. With these assumptions, and con- 
sidering stainless steel to be a solution only of carbon, 
nickel, and chromium in iron, Eq. [1A] is simplified to 

0 l-n- '~c 
In ~c -~ In ~~ + x c - -  

Oxc 
0 In ~'c 0 in  ~'c 

"~- XNi -~ X c r -  [2A] 
XNi OXCr 

Data for the derivat ive terms in Eq. [2A] can be 
obtained from the l i terature  (25, 29). In general  the 
data are not available for the tempera ture  range of 
interest  (500~176 Therefore, the activity coeffi- 
cient is calculated for the tempera ture  at which the 
data are available, and the tempera ture  dependence is 
then estimated by assuming a regular  (Hi ldebrand-  
type) solution, yielding the following expression 

H m 
In ~c = [3A] 

RT 

It is reasonable to assume that the enthalpy of mixing, 
H m, is not significantly a funct ion of temperature  at 
least over a relat ively small  range of temperature.  
Therefore, if "/c is known at one temperature,  it can 
be estimated at other temperatures  using Eq. [3A]. 

Equation [2A] was evaluated using the data of Heck- 
ler and Winchell  (29) and Chipman and Brush (25). 
Conversion was made to a graphite s tandard state. It  
is readily apparent  that an advantage of this approach 
is that the effects of the various al loying elements on 
the carbon activity coefficient are made explicit in 
Eq. [2A]. 

Manuscript  submit ted March 26, 1970; revised manu-  
script received ca. Sept. 18, 1970. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1971 
JOURNAL. 
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The Kinetics of Hydrogen Absorption into Iron 
during Cathodic Hydrogen Evolution 

C. D. Kim and B. E. Wilde* 
Applied Research Laboratory, United States Steel Corporation, Monroeville, Pennsylvania 15146 

ABSTRACT 

An electrochemical technique has been developed with which the steady- 
state concentrat ion of adsorbed hydrogen on an iron surface, 8, can be deter-  
mined. By using values of e determined by electrochemical techniques, a 
method of evaluat ing the specific rate constant  for hydrogen absorption 
into iron, kabs, has been developed. Values of ~ determined on a cathodically 
polarized iron surface in 0.0001N sodium hydroxide ~ 0.1M sodium sulfate 
were between 5 and 12% of the total monolayer  coverage, over the cur ren t -  
density range 10-300 ~A/cm 2. This cur rent -dens i ty  range represents a hydro-  
gen generat ion rate equivalent  to a corrosion rate of 5-150 mils penetra t ion 
per year. The var iat ion of ~ with cathodic overpotential  was in  close agree- 
ment  with theory; values of 5~/5 log10 ~ were 3.5 V/decade measured ex- 
per imenta l ly  and 4.2 V/decade theoretically. Exper imental  values of 0 permit,  
for the first time, determinat ion of the specific rate constant  for the absorp- 
tion reaction. 

The application of h igh-s t rength steels in aqueous 
corrosive envi ronments  is often l imited by their sus- 
ceptibility to hydrogen embri t t lement .  In  general, the 
higher the yield s trength of the alloy, the more sus- 
ceptible to cracking it becomes. Many workers have 
studied this problem in at tempts to correlate cracking 
propensity with chemical composition and microstruc-  
ture  (1-5). Most of the approaches to date, however, 
have been empirical and have not led to a successful 
solution to the problem. Consequently,  steels with 
yield strengths in excess of 80 ksi are susceptible to 
hydrogen embr i t t l ement  in envi ronments  capable of 
promoting hydrogen ent ry  into the steel. 

Because the source of the problem is the absorption 
of hydrogen into the steel as a result  of either (a) 
corrosion, (b) electroplating, or (c) cathodic pro- 
tection, we have chosen a new approach in which the 
kinetics of the hydrogen absorption process are de- 
termined. This approach is new in that  it studies the 
aqueous side of the s tee l / env i ronment  interface as 
opposed to metal lurgical  studies which are concerned 
with the solid solution side of the interface. Such a 
study may indicate some way to hinder  the absorption 
process and thereby preserve or extend the life of the 
steel without loss of mechanical  properties. 

Theoretical Background 
Almost all the hydrogen embr i t t lement  encountered 

in practice results from one or more of the above- 
ment ioned processes occurring in aqueous envi ron-  
ments. Dur ing  such reaction, hydrogen is generated on 
the steel surface by the mechanisms described else- 
where (8). From the viewpoint  of the present  invest i-  
gation, the rate of the reaction in Eq. [1] is the critical 
factor, and depends simply on the specific rate con- 
stant  kabs and the steady-state concentrat ion of hydro-  
gen atoms on the surface, 8. The present  work is con- 
cerned with the evaluat ion of 0 and the effect of en-  
v i ronmenta l  and metal lurgical  variables o n  kabs.  

* Electrochemical  Society Act ive  Member. 
Key words:  hydrogen absorption,  surface coverage,  hydrogen  dif.. 

fusion, e lectrochemical  oxidation,  electrode kinetics.  

kabs 
Hadsorbed ~ ~ I-Iabsorbe d [ 1 ] 

kdes 

TO date no successful evaluat ion of kabs for hydrogen 
absorption in steel from aqueous solutions has been 
made. The reason for this is the extreme difficulty in 
measur ing 0 on iron and steel surfaces. The work of 
the Bockris school is noteworthy in pioneering the de- 
velopment  of techniques for measur ing 8, but  has 
largely been confined to face-centered-cubic materials  
such as nickel, silver, etc. (6-11). There have, how- 
ever, been a few attempts (12, 13) to apply these tech- 
niques to body-centered-cubic  materials,  but  prob- 
lems have been encountered because of the enhanced 
hydrogen diffusivity in bcc metal  and increased metal  
dissolution rates. 

As a s tar t ing point, we selected the galvanostatic 
pulse technique (10) and applied an analysis to correct 
for both the above problems and make this tech- 
nique applicable to ferrous materials.  Briefly, the p r in -  
ciple of this technique is the rapid electrochemical oxi- 
dation of adsorbed hydrogen on the metal  surface by an 
anodic pulse. For simplicity, a s teady-state  0 was main-  
tained by the use of a constant cathodic current  ap- 
plied to the iron in dilute alkal ine solution, ra ther  than 
by direct corrosion of the iron in more acidic envi ron-  
ments. Upon application of a relat ively large anodic 
current,  ia, the potential  t ransient  varies in shape de- 
pending on the steady-state value of 8. Under  these 
conditions, the change in electrode potential  with t ime 
can be described as 

= ' ~ V  [~a - -  iH - -  iox (1  - -  8 ) ]  [2 ]  

where iH is the part ial  current  used to oxidize the ad- 
sorbed hydrogen on the surface, iox ( 1 -  8) is the 
part ial  current  used to oxidize the iron, and Cv is the 
capacity of the electrical double layer at potential  V. 
If the iron surface is oxidized as above, without  the 
presence of adsorbed hydrogen, the t rans ient  (dV/dt)  
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becomes =-L 
that the ~ ~ ~  ,; I ~ ' From Eq. [2] and [3], it can be seen term z 

( i l l  - -  iox 8) i s  given by  

- -  - -  [ 4 ]  (ill iox e) = Cv 

To evaluate Eq. [4], we must  determine Cv from Eq. 
[3] at potentials close to the reversible H2 potential  
and assume that  iox is negligibly small. This lat ter  as- 
sumption is made on the basis of data to be presented 
in the discussion and is at present  being verified by 
experiments  designed to determine Cv by methods in-  

. The - ~  dependent  of those used in Eq. [3] (14) area 
under  the curve obtained by plott ing (ill -- /ox~) 
against t ime is equivalent  to the amount  of adsorbed 
hydrogen on the iron surface. 

Values of e determined in the above m a n n e r  can be 
used in conjunct ion with hydrogen permeat ion mea-  
surements  to evaluate kabs-  The principles of the pex- 
meation techniques used are as follows. Consider the 
permeat ion of hydrogen through an iron membrane,  
where one side of the membrane  is main ta ined  at a 
constant cathodic overpotential  to produce a steady- 
state value of a. Let hydrogen be oxidized electro- 
chemically at the opposite side at a rate fast enough 
to main ta in  a zero concentrat ion at all times. Under  
these conditions, the t ransfer  of hydrogen through the 
membrane  may be considered in the following stages. 

(i) Transference of the adsorbed hydrogen from the 
surface in to  the metal  matrix.  At steady state, the net  
input  flux J ,  is given by 

J= ---- kabs6  - -  k d e s C o  [ 5 ]  

w h e r e  kdes  is the rate constant  for the desorption proc- 
ess at the ent ry  surface, and Co is the concentrat ion of 
metallic hydrogen at the ent ry  surface. 

(ii) Diffusion of hydrogen wi th in  the membrane.  At 
steady state 

D J= = T (Co -- Ce) [6] 
w h e r e  C e  is the concentrat ion of hydrogen at the exit 
side (i.e., zero) and L is the thickness of the mem-  
brane. 

(iii) Oxidation of the diffusing hydrogen at the exit 
surface, which is pa l ladium-pla ted  (13), to avoid 
problems associated with metal  dissolution and hydro-  
gen bubble  formation. From Eq. [5] and [6], it can be 
seen that  

1 L kdes 1 
+ [ 7 ]  

J.~ DO kabs  k a b s 8  

This equation is similar to that derived previously (13) 
but  had been modified to el iminate an error arising 
from an incorrect assessment of the boundary  con- 
ditions prevalent  at the input  and exit surfaces. By 
plott ing 1/J~ against L for various membrane  thick- 
nesses, 1/(kabs8) can be evaluated, and because @ is 
known from previous experiments,  kabs can be deter-  
mined. 

Mater ia ls  and Exper imental  W o r k  
The apparatus used for the determinat ion of e is 

shown schematically in Fig. 1. One compartment  con- 
tained a p]atinized p la t inum electrode which served as 
a reference. Another  compar tment  contained a bright  
p la t inum auxi l iary  electrode a n d  the central  com- 
par tment  contained the working electrode ( iron).  The 
iron electrode, of the composition shown in Table I, 
was machined to 5 mm diameter  by 10 mm long and 
was prepared by abrasion with silicon carbide paper 
down to a 600 grit finish. The electrode was mounted  
on a Stern-Makrides  (15) holder and placed in the 
cell. All three compartments  were cont inuously washed 

Fig. 1. Schematic representation of polarization assembly 
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Fig. 2. Schematic representation of electrical circuit 
CRO 

with pal ladium-purif ied electrolytic hydrogen9 An 
addit ional p la t inum gauze electrode was placed cir- 
cumferent ia l ly  around the iron electrode to serve as a 
cathode dur ing the anode pulsing. 

The electrolyte was 0.0001N NaOH Jr 0.1M Na2SO4 
made from reagent-grade chemicals and distilled water 
(7.6 megohm cm) to give a final pH of 9.5 at 25~ To 
enhance exper imental  reproducibili ty,  the electrolyte 
was pre-electrolyzed on a bright  p la t inum cathode at 
30 mA for 12 hr prior  to exper imental  use. 

The electrical circuit used is shown in Fig. 2. Two 
separate polarization circuits were superimposed on 
the test electrode as previously described (10): one 
to main ta in  a constant  value of e on the iron surface 
by a constant cathodic current ,  and the other to apply 
the anodic pulse used to oxidize the adsorbed hydro-  
gen. A high-capacity choke was used to isolate the two 

z Matheson  Gene ra to r ,  Model ER-150. 

Table I. Chemical composition of Ferrovac E iron, per cent 

C Mn P S Si Ni Cr  H Mo 

0.002 0,001 0.002 0.005 0.007 0.02 0,001 0,0001 0.003 
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circuits. Electrode potentials  were  measured with  a 
Kei th ley  e lec t rometer  (Model 610 B),  which  was also 
used as an amplifier to dr ive  the Y axis of an oscil- 
loscope (Tektronix  Model 564). To achieve almost in-  
s tantaneous tu rn-on  of the anodic pulse, a silicon 
rectified switching system (SRC) was employed,  as 
shown in Fig. 2. Two 90V dry  cells were  used as cur-  
rent  sources. 

To establish the potent ia l  t ransient  for iH = 0, the 
iron electrode was immersed in the  electrolyte  and 
was polarized to 20 mV more  posi t ive than the re-  
versible  hydrogen potential.  When a s teady-sta te  over -  
potent ial  was established, an anodic galvanostat ic  pulse 
was applied to the iron (35 mA/cm~) ,  and the poten-  
tial t ransient  was recorded on the oscilloscope with  a 
Polaroid camera at tachment.  A fresh iron electrode 
was then cathodized at a constant current  for several  
hours to establish a s t eady-s ta te  e and a un i form ab- 
sorbed hydrogen concentrat ion in the electrode. This 
electrode was then subjected to a 35 m A / c m  2 anodic 
pulse, and the t ransient  recorded. Data at various 
values of e were  determined as above by using different 
cathodic polarizing currents.  We have  chosen in this 
study to express ~ in cou lomb/cm 2 or grams hydrogen /  
cm~ as in Fig. 6. However ,  previous workers  have ex-  
pressed e in terms of the fraction of the surface 
covered with  a monolayer  of hydrogen. This la t ter  
method assumes a 1:1 iron to hydrogen ratio on a 
(100) plane of the body-cen te red-cubic  cell, having a 
total of 192 gcoulomb/cm 2 for full  coverage. Our data 
is also presented this way  in Fig. 7, al though the rate  
constant kabs is calculated on e in grams H/cm~. 

Permeat ion  studies were  conducted in the manner  
previously described (16), except  that  the oxidation 
side of the membrane  was mainta ined at +100 mVscE 
in 1N NaOH solution at 25~ and was pa l lad ium-pla ted  
to prevent  loss of sensi t ivi ty due to other  reactions 
taking place in preference to hydrogen oxidation. 

Results and Discussion 
Anodic and cathodic polarization curves were  deter-  

mined potentiostat ical ly (Wenking Model 66 TS-3) ,  
f rom which Tafel  constants of +0.041 and --0.127V 
were  obtained. It is impor tant  to note that  the above 
constants were  not influenced over  two decades of ap- 
plied current  by the saturat ion of the iron electrode 
with  hydrogen in solid solution. 

Potent ia l  t ransients  were  determined over  various 
values of e; typical  results are shown in Fig. 3 for a 
cathodic current  density of 100 gA/cm 2. Values of 
(dV/dt)  1 and (dV/dt)2 were  evaluated at various po- 
tentials for Fig. 3 and were  used to determine 
(ill -- iox6) from application of Eq. [4]. Values of 
(in -- io• plotted against pulse t ime are shown in 
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Fig. 3. Potential transient of Ferrovac E iron electrode in 
0.0001N NaOH + 0.1M Na2SO4 solution ( /ca = 100 ~cA/cm2; 
ia  - ~  35 mA/cm2). 
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600 

Fig. 4 and represent  the amount  of hydrogen adsorbed 
on the iron surface at a given cathodic current,  along 
wi th  an error  te rm result ing f rom the oxidation of 
hydrogen dissolved in solid solution over  the t ime 
period of the pulse. 

To correct  e for this error  term, the fol lowing anal-  
ysis was applied. Assume that  the dissolved hydrogen 
was uniformly distr ibuted in the iron and that  the con- 
centrat ion at the electrode surface remains zero at all 
t imes during the anodic pulse. Under  these conditions, 
a solution to the diffusion equat ion can be der ived for 
a cylindrical  specimen geometry,  in terms of Q, the 
quant i ty  of hydrogen remaining in the iron at time, t 

32 Cop2L 
Q =  

i oxpE o ,,L I 
X n = 1 ~n  2 

[6] 

where  D is the diffusivity of hydrogen, L and p are 
the length and d iameter  of the iron electrode, p,, is 
the root of the zero order  Bessel function of the first 
kind, and Co is the ini t ial  concentrat ion of metal l ic  
hydrogen in the iron. This la t ter  t e rm was obtained by 
permeat ion techniques (16) on an iron membrane  
cathodized in the same manne r  as that  used in the 
pulse studies. 

Values of Q were  determined at various t imes by 
using a computer.  The rate of removal  of dissolved hy-  
drogen, R, is s imply --dQ/dt,  and the results are shown 
in Fig. 5 for the general  case of Co ----- 10 m c / c m  3. The 
portion of the curve  re levant  to the data in Fig. 4 is 
shown in the inset, where  the hatched area represents  
the er ror  fraction in e resul t ing from the oxidation of 
dissolved hydrogen. In several  exper iments  R was 
found to be independent  of D over  the range 10 -4 to 
10-~ cm2/sec for the first second. The corrected value  
of e (determined by subtract ing the data  in Fig. 5 
from that  in Fig. 4) var ied sl ightly wi th  applied 
cathodic current  (or input  fugaci ty) ,  as shown in Fig. 
6. Previous theoret ical  studies (17) have  shown that  e 
should vary  wi th  overpotent ia l  according to 

e = k e x p  ( B F  ) [ 9 ]  
4RT 

where  K is a constant, ~ is the overpotential ,  and F 
R, and T have their  usual meaning.  The data shown in 
Fig. 6, when plotted in terms of log e vs. ~, did produce 
the straight line requi red  by Eq. [9], as shown in Fig. 
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Fig. 6. Effect of cathodic polarization on ~ for Ferrovac E iron in 
pH 9.5 solution. 

7. According to theory, the slope in Fig. 7 should be 
equal  to --F/4RT at a maximum,  or  4.2 V/decade.  The 
actual slope obtained f rom Fig. 7 was 3.5 V/decade  in- 
dicating qui te  close agreement  wi th  theory. On the 
basis of this close agreement,  we feel that  the te rm 
ioxO in Eq. [4] must  of necessity be small  wi th  respect  
to im as assumed in the analysis presented earlier.  

The permeat ion flux, J~, was determined at three  
cathodic current  densities on iron membranes  over  the 
thickness range 0.025-0.13 cm. The data obtained are 
shown in Fig. 8.  It is clear that  the relationships for 
each cathodic current  converge  to distinct points on 
the ordinate at L = 0, which when  analyzed with  
give a value of kabs which is independent  of 8, as re-  
quired by kinetic theory  for a first order reaction. The 
intercept  1/(kabs" ~) was evaluated and solved for 
kabs by using the corrected values of e obtained from 
the pulse measurements .  These data are summarized in 
Table II, where  e has been expressed as grams hydro-  
gen / cm 2 and kabs has the dimensions of sec -1. The 

0 . 3  . . . . .  , v 
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0 I I 
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Fig. 8. Variation in the reciprocal of the permeation flux with 
membrane thickness for several cathodic current densities. 

measured values of kabs appeared not to change sig- 
nificantly over  the potent ial  range investigated. 

Summary 
The galvanostatic pulse technique for measur ing e, 

the adsorbed hydrogen concentrat ion on meta l  surfaces 
during cathodic hydrogen evolution, has been success- 
ful ly  applied to ferrous base materials.  With this tech-  
nique, the concentrat ion of adsorbed hydrogen on a 
cathodically polarized iron surface in 0.0001N NaOH 
q- 0.1M Na2SO4 solution has been shown to va ry  with  
overpotent ia l  in the manner  predicted by theory. 

Values of e at three  cathodic current  densities have 
been used, along with permeat ion studies, to evaluate  
the fundamenta l  adsorption rate  constant for hydrogen 
into iron. 

Manuscript  submit ted Apri l  7, 1970; revised manu-  
script received ca. Sept. 16, 1970. 

Any  discussion of this paper  wil l  appear in a Dis- 
cussion Section to be published in the December  1971 
J O U R N A L ,  
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An Ellipsometric Study of the Anodic Deposition 
of Iron Oxide Films 
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and D. J. De Smet* 
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ABSTRACT 

Films of iron oxide were deposited on iron, platinum, and gold substrates 
by the anodie oxidation of ferrous ions contained in neutral electrolytes. The 
film growth was followed optically to thicknesses of several thousand ang- 
stroms with a following ellipsometer. The films deposited from borate elec- 
trolyte onto iron and platinum substrates were found to have a real refrac- 
tive index equal to 1.7 at a wavelength of 6328A. The films deposited onto a 
gold substrate from borate electrolyte were found to have a refractive 
index with a real component of 1.7 and a small but nonzero absorption co- 
efficient. The films deposited onto a platinum substrate from perchlorate elec- 
trolyte were found to have a real refractive index equal to 1.93. We con- 
clude that films with index 1.7 have an amorphous structure, films with 
index 1.93 are crystalline, and films deposited on gold substrates have trace 
amounts of gold incorporated in the film. 

In  an earlier paper (1) we presented ellipsometric 
measurements  on the anodic oxidation of an iron sub-  
strate in a neut ra l  borate electrolyte. In the course of 
these measurements,  we found that  ferrous ions, re-  
sult ing from the anodic dissolution of iron in the active 
state, were oxidized in  the passive state to a ferric 
oxide which deposited on the electrode. In  that  study 
we excluded ferrous ions from the electrolyte in order 
to study films formed by direct anodic oxidation of the 
iron substrate. In this paper we present  ellipsometric 
measurements  on the oxide film formed by the anodic 
oxidation of ferrous ions contained in neut ra l  electro- 
lytes. Iron, plat inum, and gold are used as substrates 
for the deposition. This process has been studied ex- 
tensively by Cohen and co-workers (2-5) who con-  
cluded that the films could be deposited onto any rea-  
sonably inert  substrate, but  that amorphous films were 
deposited from borate electrolyte whereas crystal l ine 
films were deposited from sulfate and perchlorate elec- 
trolytes. In the work we present here, we have used 
in situ optical measurements  during the deposition of 
films from borate, sulfate, and perchlorate electrolytes 
onto iron, plat inum, and gold substrates to test these 
conclusions. 

Experimental 
The electrodes used as substrates for the deposition 

were prepared from single crystals of iron, plat inum, 
and gold. In each case the sample was prepared in the 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
Key  w o r d s :  e l l i p s o m e t r y ,  anod ic  depos i t ion ,  i r on  oxide.  

form of a cylinder 0.3 in. long by 0.2 in. in diameter. 
A small hole was drilled down the axis of the cyl inder 
for the mount ing  assembly (1, 6) and a flat surface for 
the optical measurements  was ground on one side of 
the cylinder. The samples were then given electrolytic 
surface treatments.  For iron, a mixture  of water, oxalic 
acid (100 g/ l i ter ) ,  and hydrogen peroxide in a ratio of 
20: 7:1 at a tempera ture  of 35~ was used as a chemical 
polish (7). The film left on the surface after the pol- 
ishing was removed by cathodic reduction. The plat i-  
num sample was cleaned by immersion in concentrated 
nitr ic acid then in concentrated hydrochloric acid. The 
gold was anodized in sulfuric acid (8), then immersed 
in concentrated hydrochloric acid. The softness of the 
gold sample made it necessary to remove considerable 
mater ial  in this manne r  before a clean single-crystal  
surface was produced. 

The cell used was an equilateral  hollow prism of 75 
ml capacity in which were mounted a p la t inum cath- 
ode, a mercurous sulfate reference electrode, a gas 
dispersion tube, and the electrode assembly. The sur-  
face of the sample under  study was vertical. All  ex- 
per iments  were performed at room temperature.  The 
electrical equipment  and circuitry are similar  to those 
used in earlier work (9). 

The electrolytes used were similar to those used by 
Cohen and co-workers (2-5). The borate electrolyte 
was the pH 8.4 buffered electrolyte used in our earlier 
work (1). The sulfate and perchlorate electrolytes 
were of the same approximate pH but  were not  bur-  
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fered. All  electrolytes were  bubbled with  argon for at 
least 12 hr pr ior  to the beginning of an exper iment  in 
order  to remove  any traces of dissolved oxygen. The 
bubbling was continued throughout  the course of an 
experiment ,  st irr ing the e lect rolyte  mildly. Ferrous  
ions were  introduced into the electrolyte  ei ther by 
anodic dissolution of iron or by addition of a small  
amount  of ferrous ammonium sulfate. The anodic dis- 
solution introduced only  ferrous ions, but low current  
densities (and hence long dissolution t imes) were  re-  
quired to avoid passivation of the iron. The exper i -  
menta l  results were  not sensit ive to the method used to 
introduce the ferrous ions. The ferrous ions can only 
be mainta ined in the electrolyte  provided it is free of 
dissolved oxygen. 

The fol lowing el l ipsometer  used in this s tudy is de- 
scribed in detail  e lsewhere  (10). It is capable of mak-  
ing a measurement  in one second wi th  a resolution of 
0.01 ~ This fol lowing speed was more  than adequate  
for the deposition rates used in this work. A he l ium-  
neon gas laser (wavelength  6328A) was used as a light 
source, and the angle of incidence was 60 ~ for all of 
the data reported here. Severa l  digital  computer  pro-  
grams, including the original  p rogram by McCrackin 
and Colson (11), were  used to genera te  theoret ical  
curves in both tabular  and graphical  form for fitting 
the optical data. 

Results and Discussion 
The first deposition exper iment  was carried out using 

an iron electrode as a substrate in neutra l  borate  buf-  
fer. The el l ipsometer  was nulled ini t ial ly on a cath-  
odically reduced iron surface, then it was set for auto-  
matic hull ing to fol low the film growth. The electrode 
was passivated at a constant cur ren t  density of 100 
t~A/cm 2 to a potential  of 0.3V (with respect to the 
mercurous  sulfate reference electrode) and then was 
held at this potential.  The current  density was al lowed 
to decrease to 1 t ,A/cm 2 before ferrous ions were  added 
to the electrolyte.  The growth  of the deposited film 
was then followed through several  thousand angstroms. 

The results of this exper iment  are shown in Fig. 1 and 
Fig. 2. In these figures an optical measurement  at a par -  
t icular  thickness appears as a point, and as a film grows, 
the points general ly  t race out a smooth curve. The ac- 
tual  exper imenta l  data consist of over  2000 points, and 
only representa t ive  points are plotted in the figures. 
The solid lines in the figures are theoret ical  calcula-  
tions of the polarizer  and analyzer  null  positions which 
would result  f rom the growth  of layers of constant 
ref rac t ive  index. In Fig. 1 the bare  surface measure-  
ment  is plotted at point A, and data obtained during 
the anodic oxidat ion of the  iron substrate are plotted 
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Fig. I. Optical data on the anodlc oxidation of iron in a neutral 
borate electrolyte (A to B) followed by deposition of an iron oxide 
(B to C) by anodic oxidation of ferrous ions added to the electro- 
lyte. The curve from A to B is calculated for the growth of a layer 
of index 2.4-0.31 to a thickness of 40.~, and from B to C for an 
additional layer of index 1.7 to 150.~.. 
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Fig. 2. Optical data on an anodic deposition of iron oxide layers 
from neutral borate electrolyte containing ferrous ions onto iron 
(ABC) and platinum (DEF) substrates. The curves in the figure are 
calculated for the growth of layers with a real refractive index 
equal to 1.7. 

f rom A to B. The line between A and B is a theoret ical  
curve  for the growth  of a layer  of index 2.4-0.3/ to a 
thickness of 40A on a substrate of index 3.16-3.72i. 
(Other  values for the index of the anodic oxide layer 
are possible, but the choice of an index for this thin 
layer  has v i r tua l ly  no effect on the calculat ion of the 
index of the deposited layer.)  The data plot ted from 
B to C were  obtained after  ferrous ions were  added to 
the electrolyte.  The curve  f rom B to C represents  the 
growth of a layer  of real  index 1.7 to a thickness of 
150A. The curve  traced out dur ing deposition is plotted 
in Fig. 2 on a less expanded scale. (The figure also 
shows the results of the deposition exper iment  on 
p la t inum described below.) The exper imenta l  data 
t race out the loop ABC in the figure as the deposited 
layer  grows. The closure of the loop at A is character -  
istic of the growth of a layer wi th  a real  ref ract ive  
index. The curve fitted to the data in the figure repre-  
sents the growth of a film of index 1.7 to a thickness 
of 2500A when the curve  closes on itself. The fit to the 
exper imenta l  data is good for a layer  whose thickness 
is expected to be somewhat  nonuniform due to the 
diffusion-l imited nature  of the deposition process. The 
considerable difference be tween the index of the layer 
formed by oxidation of the iron substrate and the in-  
dex of the deposited layer  shows that  the layers must 
differ in composition and structure.  

The second deposition exper iment  was carr ied out 
using a p la t inum single-crysta l  substrate  in borate 
electrolyte.  The el l ipsometer  was hul led ini t ial ly on 
the p la t inum surface which was under  cathodic re-  
duction in an electrolyte  containing ferrous ions. The 
el l ipsometer  was then switched to the fol lowing mode, 
and the electrode was dr iven galvanostat ical ly  at 20 
~A/cm 2 to a potent ia l  of 0.4V with  respect to the 
reference electrode, where  it was held for the balance 
of the exper iment .  The cur ren t  density was about 10 
~A/cm 2 during the deposition. The results of this ex-  
per iment  are plotted in Fig. 2 also. The exper imental  
data t race out the clockwise loop DEF as the layer  
grows, and the loop closes at D. The theoret ical  curve  
through these data represents  the growth of a layer  
of the same index, 1.7, as was used in fitting the iron 
substrate data. The fit to the data is reasonable, but 
there  is more evidence of layer  nonuni formi ty  than 
previously. F rom the two sets of data in Fig. 2 we  
conclude that  layers wi th  the same composit ion and 
s t ructure  are deposited on pla t inum and iron in borate 
buffer. The difference be tween the t~r sets of data is 
due solely to the difference be tween the refract ive  
indices of the iron and pla t inum substrates. 

In an a t tempt  to de te rmine  if this film could be de-  
posited on any reasonably iner t  substrate we next  
t r ied a s imilar  exper iment  using a gold single crystal.  
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Fig. 3. Optical data on the anodic deposition of an iron oxide 
layer onto a gold substrate in borate buffer. The data points 
start at A and trace out an outward clockwise spiral as the layer 
grows. 

The results of this exper iment  are plot ted in Fig. 3. The 
data points start  at A and trace out a clockwise out-  
ward spiral as the layer increases in thickness. The 
first few hundred angstroms of layer  growth can be 
fitted to the growth of a layer  of real  index 1.7, but  an 
index of 1.7-0.01i is requi red  to fit the first complete  
loop. The final loop of the spiral can only be fitted 
by assuming that  the imaginary  part  of the index has 
increased by a factor of three by the t ime the final 
thickness is reached. (The layer  definitely has a small 
absorption coefficient, but the apparent  increase in the 
absorption coefficient wi th  thickness actual ly may  be 
due to nonuniformity  of the layer.) 

We did not expect  that  the layer  deposited on gold 
would differ f rom the layer deposited on the o ther  two 
metals, but in retrospect  the resul t  cannot be con- 
sidered surprising. Of the three  metals, only gold can 
be anodized, and hence it is not as inert  a substrate 
for oxygen evolution as is ei ther iron or platinum. If 
gold is not an inert  substrate for oxygen evolution, 
there  is no reason to expect  it to b e  inert  for oxida-  
tion of ferrous ions. Data on the galvanostat ic  anodic 
oxidation of gold in a borate e lectrolyte  free of ferrous 
ions are presented in Fig. 4. The data obtained on the 
growth of an anodic oxide film below the oxygen evo-  
lution potent ial  are plotted f rom A to B, and the data 
on continued film growth at low current  efficiency 
during oxygen evolut ion are plotted from B to C. The 
inflection in the data at point B shows that  the anod- 
ized film differs in index from the anodic oxide film 
formed at lower  potentials. Nei ther  iron nor p la t inum 
grow a secondary oxide film during oxygen evolution, 

46 

C 

S 44  

A 

42 

deg 

40 

38 
4 6 8 I0 12 14 16 

P deg 

Fig. 4. Optical data on the anodic oxidation of gold in a neutral 
borate electrolyte. The data from A to B were obtained during the 
growth of an anodic oxide below the oxygen evolution potential; 
the data from B to C were obtained as an oxide film grew during 
oxygen evolution. 

February 1971 

presumably  because the anodic oxide acts as a bar r ie r  
be tween the meta l  and the electrolyte.  Once the oxy-  
gen evolution potent ial  is reached with  these metals,  
electrons can tunnel  through the film, but  ions require  
a field across the film to assist the i r  motion. The film 
wil l  th icken somewhat  after oxygen  evolut ion begins, 
but  since the potent ial  no longer rises, the increase in 
thickness lowers the field in the film, and a point  is 
soon reached at which ionic conduction and hence 
fur ther  growth effectively ceases. Gold appears to be-  
have  qui te  differently. Conduction of electrons f rom 
ei ther  the oxygen evolut ion or ferrous ion oxidation 
reactions appears to enable ionic t ransport  to continue. 
The film formed in this manner  has a different s t ruc-  
ture  from the anodic oxide film as is indicated by the 
difference in its ref rac t ive  index. The results plot ted in 
Fig. 3 cannot be accounted for by assuming that, as the 
deposited film grows, an anodized film grows under  it. 
The symmetr ic  ou tward  spiral can only be accounted 
for by the growth of a single layer, and hence we con- 
clude that  a t race of gold is incorporated in the de-  
posited film and causes it to be sl ightly absorbing. 

We next  devoted considerable effort to s tudying 
films deposited onto plat inum in neut ra l  sulfate elec-  
trolyte. We could not obtain reproducible optical data 
for this process, and our single positive result  was ob- 
tained from an x - r a y  powder  pat tern  of mater ia l  f rom 
a thick deposited film. We identified the mater ia l  as 
~,-Fe20~. H20 (lepidocrocite) wi th  the aid of the 
ASTM index of powder  patterns. Leibenguth  and 
Cohen (4) made the same identification using electron 
diffraction techniques. 

Hashimoto and Cohen, in repor t ing their  measure -  
ments  on deposition from perchlorate  electrolytes (5), 
stated that  they obtained bet ter  electron diffraction 
pat terns  than were  obtained in sulfate electrolyte.  This 
comment  led us to suspect that  the films we  had been 
depositing from sulfate electrolyte  were  not single- 
phase crystal l ine films, and hence our optical data on 
their  growth could not be expected to fit theoret ical  
curves for the growth of uni form films. We then tried 
depositing onto pla t inum in neutra l  perchlorate  elec- 
trolyte,  and obtained the data plotted in Fig. 5. Two 
theoret ical  curves are plotted in the figure, ABC for a 
layer  of real  index 1.7, and ADC for a layer  of real  in-  
dex 1.93. The data c lear ly  fall on the la t ter  curve, and 
we conclude that  the i ron  oxide layer has an index of 
1.93 when it is deposited in the crystal l ine phase as 
opposed to 1.7 when it is deposited as an amorphous 
film. 

Conclusions 
Our measurements  confirm the conclusions of Cohen 

and co-workers  that  iron oxide films can be deposited 
anodica]ly onto both iron and plat inum, and that  the 
films deposited from perchlora te  electrolyte  differ in 
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Fig. 5. Optical data on the anodic deposition of an iron oxide 
layer onto a platinum substrate in neutral perchlorote electrolyte. 
The curve ABC is calculated for the growth of a layer of real 
index 1.7; the curve ADC for a real index 1.93. 
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structure from those deposited from borate electrolyte. 
We conclude in addition that  trace amounts  of gold are 
incorporated in films deposited on gold substrates, 
render ing the films slightly absorbing. We were unable  
to deposit uni form single-phase films in sulfate elec- 
trolyte. 
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On Preferential Anodic Dissolution of Alloys 
in the Low-Current Region and 

the Nature of the Critical Potential 
H. W. Pickering* and P. J. Byrne 

Edgar C. Bctin Laboratory For Fundamental Research, 
United States Steel Corporation, Research Center, Monroeville, Pennsylvania 15146 

ABSTRACT 

Previous investigations on Cu-Au and Cu-Zn alloys have shown that  the 
polarization curves for anodic dissolution of the less noble metal  are com- 
plex, that  the mechanism of preferential  anodic dissolution involves the 
interdiffusion of the components in an alloy layer next  to the surface, and 
that  appreciable surface roughening occurs. In  the present  paper the mecha-  
nism of preferent ial  anodic dissolution at lower overpotentials and the na ture  
of the t ransi t ion (current  increases sharply) which occurs at a certain (more 
noble or oxidizing) potential, E~, are examined. Results of electrochemical 
investigations on polycrystal l ine Cu- A u  alloys at E ~ E~ indicate that  Cu 
atoms in direct contact with the electrolyte readily dissolve, and that  a Cu- 
depleted layer forms both above and below Ec. At potentials more noble than  
Ec appreciable t ransport  of Cu through the Cu-depleted layer occurs as a 
result  of the onset at Ec of gross surface roughening which provides for a 
relat ively short and t ime- independent ,  interdiffusion distance. The change 
in diffusion conditions which leads to a surface instabi l i ty  at Ec is reasoned to 
be related to a potent ia l -dependent  concentrat ion of excess (di)vacancies in 
the interdiffusion layer. 

Gerischer and Rickert  (1) have observed that  a 
s tat ionary current  is reached only after a ra ther  long 
t ime dur ing anodic dissolution of Cu from Cu-Au alloy 
at constant  potential. It  is, however, by no means ob- 
vious that  a s tat ionary current  should be reached 
since with increasing t ime an increasing amount  of 
the more noble component  is accumulated at the alloy 
surface and, therefore, anodic dissolution of the less 
noble component,  Cu, is impeded. Pickering and 
Wagner  (2) have shown that  the current  is main ta ined  
by the interdiffusion of the components in the alloy; 
x - r ay  and electron diffraction data indicate that  Cu 
diffuses to the surface and Au diffuses backward into 
the alloy. As a l imit ing case suppose that  only one- 
dimensional  diffusion (normal)  to a plane surface oc- 
curs. Then the cur ren t  density would be inversely 
proport ional  to the square root of t ime (2). Actually, 
however, the si tuat ion is far more involved since 
roughening of the surface also occurs (3-5). Although 
surface roughening makes the observance of a quasi-  

* Electrochemical  Society Active Member.  
K ey  words:  anodic-reactions,  corrosion, diffusion, surfaces, cop- 

per-alloy, dezincification, gold. 

stat ionary current  qual i tat ively understandable,  it is 
difficult to analyze such observations since the increase 
in the length of effective diffusion path in  the alloy 
with time, and surface roughening both affect (in op- 
posite directions) the current .  

Fur ther  insight may be obtained from the observa-  
t ion of certain t rans ient  phenomena.  One may conduct 
experiments  in which the alloy ini t ia l ly  is kept at a 
fairly low potential  E'. Subsequently,  one may jump 
the potential  to a hgher  value E" at which normal ly  
(in the absence of a p re t rea tment  at E') a ra ther  high 
current  (1) and roughening of the surface (4, 5) are 
observed immediately.  During the ini t ia l  stage (E') 
Cu atoms are presumably  removed from the upper-  
most lattice plane of the alloy, and subsequent ly  
copper depletion may extend to a depth of several 
lattice planes via counterdiffusion of Cu and Au. Ac- 
cordingly, the current  falls off as the supply of Cu 
atoms in direct contact with the electrolyte decreases 
with t ime (2). When after this pre t rea tment  a higher 
potential  E" is applied, one may expect first a high 
current  in view of the charging of the double layer of 
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Fig. 1. Schematic diagram of expected current-time behavior 
for Cu dissolution from Cu-Au alloy. Curves a, specimen held at 
E" from t ----- t* without pretreatment at E'. Curves b, specimen 
held at E" after holding at E' for t z t*. 

the electrode; subsequent ly  a ra ther  low current  is 
expected as t ransport  conditions wi th in  the Cu- 
depleted layer  adjust  in  order to a t ta in  the higher  
current  characteristic of a sample held solely at E". 
This is shown schematically in  Fig. 1. 

Appropriate  potentials for potent ia l - jump invest iga-  
tions may be chosen with the aid of current  densi ty-  
potential  curves for dissolution of Cu from Cu-Au 
alloys. According to data of this kind already available 
[Gerischer and Rickert (1)],  a typical polarization 
curve contains a region where Cu dissolves at a low, 
potent ia l - independent  rate and another  region at 
higher potentials where the rate of Cu dissolution in-  
creases sharply with potential. It  is for the increasing 
current  region that Pickering and Wagner  found that  
preferent ia l  dissolution of Cu from Cu-Au  alloys 
occurs via interdiffusion of the components in the 
alloys. Po ten t ia l - jump investigations then may be 
made most advantageously,  for a range of E' potentials 
corresponding to the potent ia l - independent ,  low-cur -  
rent  region of the polarization curve, with potentials 
in the increas ing-current  region usual ly  chosen for E". 
Accordingly, informat ion is obtained on the mechan-  
ism of dissolution in  the low-cur ren t  region, and on 
the na ture  of the potential  Ec (referred to as the 
critical potential)  at which t ransi t ion to potent ia l -de-  
pendent  and high currents  occurs. 

Experimental Procedure 
Investigations at 23~ were carried out main ly  on 

Cu-13 a/o (atomic per cent) Au alloy (Cul3Au) in 
1N Na2SO4-0.01N H2SO4 or in 1N Na2SO4-0.1N 
CuSO4-0.01N H2SO4. Data are also reported for Cu-18 
a/o Au (Cul8Au)  and Cu-25 a/o Au (Cu25Au) alloys. 
High-pur i ty  alloys were made from 99.999% Cu and 
99.99% Au. After  homogenization at 700~ for 48 hr 
in evacuated silica capsules, cylindrical  specimens 
were prepared by  swaging, drawing to final d iameter  
(0.216 cm), machining to length = 1.42 cm (area 
1 cm2), and mechanical  polishing, except with Cu25Au 
where  sheet specimens were prepared by  cold rolling. 
Unless otherwise stated the electrodes were annealed  
in evacuated silica capsules for 2 hr at 700~ and air 
cooled, and just  prior to a r un  were polished on fine 
emery and rinsed in  distilled water  and methanol.  

The celI of Pyrex  and Teflon construction is shown 
in Fig. 2. A stream of prepurified He was passed 
through the cell prior to and dur ing  the run  in order 
to remove oxygen. The reference cell was a mercury-  
mercurous sulfate electrode in contact with 1N H2SO4. 
The potentials are all reported relat ive to the s tandard 
hydrogen electrode (SHE).  Switching of the potential  
was accomplished with a mechanical  switch and two 
independent  power supplies connected to a Wenking  

•I-- TEFLON COATED 
~STAINLESS STEEL 

He~a,w i ~"~I ELECTRoDEREFERENCE He ~ ~ , ~  

 lrf 

Pt COUNTER 
ELECTRODE 

I ~  0.5 mm HOLES 
' ~ --IN PYREX TUBE 

-~.Cu-Au CYLINDRICAL ELECTRODE 
--PYREX 

He ~t= FFTITmFITF~ 

Fig. 2. Cell used for current-time transient experiments 

potentiostat. Doubly distilled water and reagent-grade 
chemicals were used to prepare the electrolyte. 

As a check that the directly measured (meter)  cur-  
rent  was due main ly  to Cu dissolution, quant i ta t ive  
chemical analysis of the electrolyte was made after 
several runs  with IN Na2SO4-0.01N H2SO4. A cell 
similar to that in Fig. 2 was used, but  which provided 
for quick draining of the electrolyte (general ly 60 ml)  
f rom the inner  compartment .  The m i n i m u m  Cu con- 
tent  which could be detected was N 0.15 ~g/ml, 
whereas the actual  amounts  in  solution after anodic 
dissolution were more than an  order of magni tude  
higher. Chemical analysis data for a specimen were 
obtained in two or more dissolution periods. After a 
1-hr ini t ial  dissolution period the electrolyte was 
drained for analysis. This was followed by the in-  
troduction of fresh electrolyte for fur ther  dissolution of 
the specimen at the same potential, and this procedure 
was repeated in successive dissolution periods. An 
average current  density for each period was calculated 
from the amount  of Cu in the electrolyte on; the  basis 
of the projected area of the specimen. Currents  ob-  
tained by chemical analysis are specifically indicated 
in the text or in  figure captions; otherwise currents  
given are the directly measured (meter)  values. 

Results 
Dog icu-E curve.--In order to arr ive at a polariza- 

tion curve for Cu dissolution from Cul3Au the cur-  
ren t - t ime  behavior  was determined at various con- 
stant  potentials. For all potentials of Cu dissolution the 
current  ini t ia l ly  is high but  falls at a rapid, al though 
ever-decreasing rate; after 1 hr there is little fur ther  
decrease (quasi-s ta t ionary cur rent ) .  Typical cur ren t -  
t ime transients  are shown in Fig. 3 and 4. The curve 
in Fig. 4 was constructed from data obtained by  
chemical analysis of the electrolyte as well  as from 
the directly measured current .  Excel lent  agreement  
was obtained between the cur ren t  on the micro-  
ammeter  and the current  calculated from the amount  
of copper in the electrolyte. 1 No gold was found in 
the electrolyte, in agreement  with thermodynamic  
considerations and the results of others (6). 

It  is clear from the cur ren t - t ime  behavior  at con- 
stant  potential  shown in Fig. 3 and 4 that  in order to 
arr ive at ~n easily in terpretable  log icu-E curve the 
t ime of dissolution must  be held constant, although 
this condition may be relaxed at longer times. Ac- 
cordingly, the (meter) currents  at 2 hr  were used to 
construct the log icu-E curves for dissolution of Cu 
from Cul3Au and Cul8Au (Fig. 5). The curves exhibit  

1 The  a v e r a g e  c u r r e n t  d e n s i t y  ca l cu l a t ed  for  the  f i rs t  pe r iod ,  h o w -  
ever ,  is no t  v e r y  m e a n i n g f u l  s ince the  c u r r e n t  changes  by  seve ra l  
o rders  of  m a g n i t u d e ;  r o u g h l y  h a l f  t he  cha rge  fo r  t h i s  p e r i o d  was  
e s t i m a t e d  to pass  in  the  f i rs t  f ew  m i n u t e s ,  and  a c c o r d i n g l y  the  f i rs t  
pe r iod  p o i n t  was  p l o t t e d  a t  4 rain.  
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Fig. 3. Log icu-t curves based on the projected area for Cul3Au 
in 1N Na2SO4-0.1N CuSO4-0.01N H2SO4 with Ee ~ 630 inV. 
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Fig. 4. Log icu-t curve for Cul3Au in IN Na2SO4-0.01N H.2SO4 
at E ~ 550 mV (SHE) with Ec ~- 630 mV. 

a potent ia l - independent ,  low-cur ren t  region, a 
s trongly potent ia l -dependent ,  increas ing-current  re-  
gion, and a critical potential,  E~, which increases with 
increasing Au  content  of the alloy. The solid curves in 
Fig. 5 were obtained with 1N Na2SO4-0.01N H2SO4 
and the dashed curve with 1N Na2SO4-0.1N 
CuSO4-0.01N H2SO4. With the former electrolyte 
containing no CuSO4, the directly measured current  
was determined to be ent i re ly  due to dissolution of Cu 
by quant i ta t ive  chemical analysis of the electrolyte 
from a 20-hr dissolution period following an ini t ial  
1-hr period. With the lat ter  electrolyte containing 
CuSO4, a higher current  of ~ 10 -5 A /cm ~ was re-  
corded (meter)  at E < Ec (dashed l ine) ;  at E > Ec 

the currents  were the same for both electrolytes. IR 
voltages between the specimen and Luggin capil lary 
were negligible, except possibly at the higher current  
densities and surface roughnesses, and ma y  account in  
part  or total for the "bending over" of the polarization 
curves at i ~ 1 m A / c m  2. 

The critical potentials for Cul3Au and Cul8Au in  
Fig. 5, defined as the intersection of the  tangents  
d rawn to the plateau and the inflection point  of the 
increas ing-current  regions of the log i-E curve, are 
Ec ~ 590 mV (SHE) and Ec ~-- 810 mV, respectively. 
Ec for Cu25Au is ~ 1000 mV, and the current  at E < E c  
for Cu25Au decreases to less than  0.5 #A/cm 2 in  1 hr. 
The critical potentials were qui te  reproducible for 
specimens given the prescribed thermal  and mechan-  
ical t rea tment  as a group; but  Ec varied for different 
groups of specimens. Ec for three groups of Cul3Au 
specimens was 590, 630, and 660 mV. 

The log ic,-E curve was also obtained for Cul3Au 
specimens in  the "as swaged and drawn" condition 
(cold worked) .  The results were qual i ta t ively  the 
same as for annealed alloy (Fig. 5), with Ec general ly  
somewhat lower and varying  even among specimens 
of the same group. 

These data may be compared to similar cu r ren t - t ime  
and cur ren t -po ten t ia l  data recent ly  obtained for 
preferent ial  dissolution of Zn from Cu-Zn alloys (de- 
zincification) (7). Sole dissolution of Cu from Cu-Au 
alloy over the potential  range investigated is analo-  
gous to the sole dissolution of Zn from Cu-Zn alloys 
below about +50 mV (SHE).  Ec shifts to higher po- 
tentials  with increasing content  of the more noble 
metal  in both systems. The increase of Ec wi th  content  
of the more noble meta l  is such in both systems that  
Ec may be expected to be in the range  of dissolution 
of the more noble metal  for alloys r ich in the more  
noble metal, as has actually been observed with 
~-brass (7). Also preferent ia l  dissolution of Zn from 
Cu-Zn alloys has been found to occur at E > E~ via 
interdiffusion of the components in the alloy (8), just  
as was found for preferent ia l  dissolution of Cu from 
Cu-Au alloys (2). 

Potential-jump investigations.--When the potential  
is jumped to E" > Eo after a p re t rea tment  at E" < E~, 
there is a period of up to 102 sec at E" when  the rate  of 
Cu dissolution is considerably lower than in the absence 
of the Dretrentment. One observes, on jumping  the 
potential  to E", a decreasing current  and then a min i -  
mum followed by a gradual  increase and eventual  
joining with the current  characteristic of a specimen 
without pretreatment .  Thereafter,  the curves super-  
impose and a normal  decay of the current  occurs in 
the approach to a quasi -s ta t ionary value. A typical 
current  t ransient  for Cul3Au is shown in Fig. 6 where 
E' = 627 mV and E" - - - - -  640 mV with Ee = 630 mV. In -  

10-2 

10-3 

10-4 
"e 

-- iO-S 

i0-~ 

iO-Z 
350 

I I I - I I / I 
Cu 15Au Cul8Au / , =  

/ ~ . . . . . . . . . . . . . . . . . . . . .  

I I I I I I 
400 450 500 550 600 650 

E (SHE)-mV 

I I [ I 

f 
Cu 18 A u /  / .  

i 
I t I I 

700 750 800 850 

Fig. 5. Quasl-stationary log J c u -  
E curves based on the projected 
area for anodic dissolution of 
Cu from Cu13Au and Cu18Au in 
1N Na2SO4-0.01N H2S04. High- 
er currents in the plateau region 
for dissolution in 1N Na2SO4- 
0.1N CuSO4-0.01N H2SO4 are 
indicated by the dashed llne. 
Open symbols are from chemi- 
cal analyses data; closed symbols 
are microammeter readings. 
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Fig. 6. Current-time transients for dissolution of Cu from two 
Cu13Au specimens held at E" = 640 mV (Ec ~ 630 mV) in I N  
Na2SO4-0.01N H2SO4, of which one had been pretreated for 1 hr 
at E' = 627 mV. 
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Fig, 7. Current-time transients at various E" potentials for Cu 
dissolution from Cu13Au specimens which had received identical 
pretreatments of 1 hr at 635 mV. 1N Ha2SO4-0.1N CuSO4-0.01N 
H2SO4. Ee ~- 660 mV. Arrows indicate the approximate time that 
the current-time behavior becomes identical to that for a nonpre- 
treated specimen held at the same E". 

tegrat ing the current  over the t ime of pre t rea tment  at 
E' in Fig. 6 gives 0.8 C/cm 2, equivalent  to 4 x 10 -6 
mole /cm 2 or ,~ 1900 atom layers of dissolved Cu. The 
reduct ion in Cu cur ren t  from the t ime the E" potential  
is impressed unt i l  normal  dissolution behavior  charac- 
teristic of E" is attained, amounts  to the equivalent  of 
roughly 800 atom layers of Cu as given by the differ- 
ence in areas under  the E" curves. 

In  Fig. 7 cur ren t - t ime  data at E" are shown for 6 
Cul3Au specimens jumped to different E" values after 
identical  pre t reatments  of 1 hr at E' ~ 635 mV which 
provided for the dissolution of -~ 500 atom layers of 
Cu. At each of the E" potentials, the rate of Cu dissolu- 
t ion is much lower than  that  which is obtained for a 
nonpre t rea ted  specimen; the cu r ren t - t ime  curves for 
the nonpretreated specimens are not shown but  are 
qual i ta t ively the same as in  Fig. 6. 

The amount  of Cu dissolution dur ing  the t ransient  
period at E" depends strongly on the E" potential. Table 
I gives the amounts  of dissolved Cu for Cul3Au speci- 

Table I. Amounts of dissolved Cu from Cul3Au and Au excess 
on the basis of the projected area in I hr at various E' potentials. 

Ee = 660 mV 

C u  d i s s o l v e d  A u  e x c e s s  

A t o m  A t o m  
E ' ,  m V  C / c m 2  M o l e / c m  ~ l a y e r s  l a y e r s  

4 0 0  0 . 0 2 5  1 X  10 -7 64  10 
5 0 0  0 . 0 7 7  4 X 10-7 2 0 0  3 0  
600 0 . 1 0 6  6 x 10-7 2 8 0  4 2  
6 3 5  0 . 2 2 4  11 • 10-7 5 8 0  8 7  

IO'l I I I I I 
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Fig. 8. Current-time transients for Cu dissolution from Cul3Au 
specimens which were held at different E' potentials for 1 hr prior 
to jumping the potential to E" = 670 mV. 1N Na2SO4-0.01N 
H2SO4. Ec ~ 660 mV. The curve at E" for a specimen without 
pretreatment is also shown. 
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Fig. 9. Current-time transients for Cu dissolution from three 
cold-worked (open symbols) and from three annealed Cu13Au speci- 
mens at 500 mV, 1N Na2SO4-0.01N H2S04. 

mens held 1 hr at different E' potentials ranging from 
400 to 635 mV. Also given are the corresponding 
amounts  of Au excess. The response of these specimens 
when  jumped to the same E" varied greatly as seen in 
Fig. 8. The specimen held at the highest pre t rea tment  
potential, E' = 635 mV, shows the most severe de- 
pression in the rate of Cu dissolution when  the poten-  
t ial  is jumped to E" (bottom curve) .  As E' is de-  
creased, the current  recovery at E" is faster. For  E' = 
400 mV corresponding to the dissolution of less than 
102 atom layers of Cu, the current  at E" is only slightly 
depressed compared to a specimen wi th  no pret reat -  
ment  (top curve).  

Results of po ten t ia l - jump investigations with the "as 
swaged and drawn" (cold worked) Cu13Au specimens, 
al though qual i ta t ively the same as for annealed speci- 
mens, always showed higher currents.  The amount  of 
dissolved Cu dur ing the t rans ient  period at E < Ec is 
much greater for cold-worked than  for annealed 
specimens. This is i l lustrated in Fig. 9 where  icu-time 
data are shown for cold-worked (open symbols) and 
annealed Cul3Au specimens held at 500 mV. Approxi-  
mate ly  five times as much Cu (0.85 vs. 0.18 C/cm 2) is 
dissolved in the approach to the quasi-s ta t ionary cur-  
ren t  ( ~  10 -6 A/cm 2) from the cold-worked than  from 
the annealed specimens. The cold-worked specimens 
were prepared as previously described. Other cold- 
worked specimens from this group were given an  
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anneal  at 500~ in  vacuum prior to dissolution. 2 When 
these specimens were jumped to a higher potential  
(E"), the currents  were higher than  for annealed  
specimens treated similarly. The fact that  Ee differs 
from the cold-worked and annealed conditions, how- 
ever, precludes the possibil i ty of a detailed comparison 
at E" for the two conditions. 

A comparison of the amounts  of charge passed in the 
approach to a quasi -s ta t ionary current  was also made 
for ordered and disordered Cu25Au specimens. Dis- 
ordered specimens were obtained by  quenching from 
700~ Highly ordered specimens were  prepared by 
cooling from 700 ~ to 400~ in  a few hours and from 
400 ~ to 100~ at  2.3~ (9). The kinetics of Cu dis- 
solution is different for the two conditions as noted 
by two ra ther  large deviations from l inear  behavior 
(in opposite directions) in a log icu-log t plot for the 
ordered specimens compared to approximately l inear  
behavior  for the disordered specimens, al though 
averaged over the total t ime the charges passed were 
the same wi th in  the exper imental  error, 0.015 and 
0.017 C/cm 2 for ordered and disordered specimens, re-  
spectively. 

Metallographic examination.--Metallographic ex- 
aminat ion  of the cross sections of specimens held at 
E D E c  shows a dark layer  next  to the surface. In  prior 
investigations this layer  was shown to be porous by 
a-c impedance measurements  (4, 5) in agreement  with 
other investigations by Graf (10) and others (1, 6, 11) 
and was found to be Au-r ich  by x - r ay  and electron 
diffraction (2). The low currents  which flow at E ~ Ee 
preclude the recognition of Cu dissolution by metal lo-  
graphic examination.  Specimens held at E" after a 
pre t rea tment  at E' appear much the same as specimens 
held at E" without  a pre t rea tment ;  the thickness of 
the porous layer varies greatly over the surface, and 
usual ly  at least one area of the surface is essentially 
free of at tack as seen in Fig. 10a. A much more un i -  
form layer  has been observed with specimens made  
from cold-rolled and annealed stock (2). Some grain 
boundary  penetra t ion is occasionally observed as in 
Fig. 10b. 

Discussion 
The reported cur ren t - t ime  and current -potent ia l  

data for dissolution of Cu from Cu-Au alloy are es- 
sential ly in agreement  with earlier results of this kind 
obtained by Gerischer and Rickert  (1). For  the 
CuSO4-free electrolyte there is at E ~ E c a  quasi-s ta-  
t ionary Cu current  of ~-10 -6 A/cm2 (solid l ine in Fig. 
5) according to quant i ta t ive  chemical  analysis data. 
The higher quasi -s ta t ionary current  of ~ 10 -~ A/cm 2, 
which is obtained at E ~ Ee when 0.1N CuSO4 is added 
to the electrolyte (dashed line) and which was ob- 
ta ined also by Gerischer and Rickert who used only  
the CuSO4-containing electrolyte, is probably  ma in ly  
due to the electrode reaction Cu + : Cu2+ + e - .  The 
source of the cuprous ion may be impur i ty  in the salt 
or that  formed by equi l ibrat ion of cupric ion with Cu 
in particles which have become detached from the 
electrode. A rough calculation shows that  at high 
overpotentials  a current  of this magni tude  may  be ex-  
pected for the oxidation of cuprous to cupric ion in 
0.1N CuSO4 equil ibrated with metall ic copper. Also, it 
was found that the current  increased by a factor of 
2 or 3 with increased stirring, in agreement  with this 
hypothesis. 

The high Cu currents  recorded at all potentials (400 
E ~ 900 mV) on first contact of the specimen with 

the electrolyte indicate that  Cu atoms in direct con- 
tact with the electrolyte are readi ly ionized, in accord 

2 A fine e m e r y  t r e a t m e n t  was  g i v e n  to some  of these  spec imens  to 
m a k e  t he  su r face  c o n d i t i o n  m o r e  c o m p a r a b l e  to t h a t  of the  co ld-  
w o r k e d  s p e c i m e n s  w h i c h  also r ece ived  a {final} fine e m e r y  t r ea t -  
men t .  The  a m o u n t  of d i s s o l v e d  Cu (0.040 C / c m  '2) for  t he  a n n e a l e d  
and  e m e r i e d  s p e c i m e n s  was  a b o u t  tw ice  t h a t  of  the  a n n e a l e d  speci -  
m e n s  w i t h o u t  t he  e m e r y  t r e a t m e n t  a n d  p r o b a b l y  ref lects  the  cold  
w o r k  i n t r o d u c e d  by  t he  e m e r y  t r e a t m e n t .  

Fig. 10. Cross-section of a Cu13Au specimen which was main- 
tained at E' ~- 627 mV for 1 hr and then jumped to E" ~ 636 
mV for 72 hr. Ec ~ 630 mV. a (top) Magnification X30; b (bot- 
tom) Magnification X195. 

with the existing large overpotent ia l  for Cu dissolu- 
t ion (E~ : 337 mV).  At E ~ Ee the current  
falls quickly to a very  low value as access of Cu atoms 
to the electrolyte is (effectively) stifled. The possible 
sources of this stifling process are considered next, 
followed by a discussion of the na ture  of Ec. 

On the basis of earlier data obtained at E ~ Ec pre-  
ferent ial  anodic dissolution is cur ren t ly  best unde r -  
stood as follows (2, 7) : Initially,  dissolution occurs by 
the usual  (as with a pure  metal)  lateral  motion of 
steps (12) [k ink-s tep- ter race  model of a surface (13, 
14) ]. Gradual  blocking of steps soon begins as a result  
of the accumulat ion of the more noble metal  (Au in 
the case of Cu-Au alloy) on the surface eventual ly  
causing cessation of step motion. Dissolution of the 
less noble metal  (Cu) continues, however, from sites 
(2, 8) which resul t  in the formation of surface va-  
cancies, in the interdiffusion of the components in an 
alloy layer next  to the surface and in surface roughen-  
ing. 

When appreciable surface roughening occurs, as Js 
known to be the case at E ~ Ec, (4, 5) a ra ther  high 
diffusion-controlled, quasi -s ta t ionary current  is pos- 
sible (2, 3); but  in  the absence of surface roughening 
the interdiffusion distance must  on theoretical grounds 
increase and the current  decrease indefinitely (2). 
The data in the present  paper give support  to the idea 
that  at E < Ec dissolution occurs by the aforemen-  
tioned mechanism but  that  the process is effectively 
stifled because of an insufficient amount  of surface 
roughening (per uni t  amount  of dissolved copper), 
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i.e., a Cu-depleted layer forms but  the average in ter -  
diffusion distance, 8, increases wi th  time. Yet the cur-  
ren t  does not  decrease indefinitely bu t  approaches a 
low value of ,~ 10 -6 A /cm 2, indicating that  other 
factors enter, which may  include deformation and 
cracking of the Cu-depleted layer, diffusion along 
special paths (e.g., subboundaries  and dislocations) or 
incipient  surface roughening.  Deformation and crack- 
ing of the Cu-depleted layer  may  occur because of 
stress ar is ing out of the difference in  atom sizes and 
inhomogeneous accumulat ion and annihi la t ion of va-  
cancies. Both of these processes tend to decrease the 
interdiffusion distance and increase the rate of dis- 
solution (15). The greater  amount  of Cu dissolution 
and, hence, greater depth of Cu depletion, prior to the 
a t t a inment  of the quasi -s ta t ionary value wi th  the 
cold-worked specimens is in agreement  with a defect-  
enhanced diffusion process. 

By the formation of such a Cu-depleted layer at E 
Ec, one unders tands  the appreciable lag t ime (,~ 

200 sec) at E" after pre t rea tment  at E' (see Fig. 6) as 
a period of readjus tment  of parameters,  such as the 
excess vacancy concentrat ion and the surface rough- 
ness, associated with diffusion of Cu through the layer 
to the surface. Since the n u m b e r  of geometrically dif-  
ferent  sites (itself a high value for random surfaces) 
from which Cu atoms may be dissolved may be ex- 
pected to increase with increasing overvoltage for Cu 
dissolution (12, 16), it is reasonable to assume that  
the excess vacancy concentrat ion in the Cu-depleted 
layer increases with potent ia l  through the operation of 
many  of these sites (2, 8). It  follows then (a) that  Cu 
diffusion to the surface occurs more rapidly as E" is 
made more noble (Fig. 7), and (b) that  the depth of 
the Cu-depleted layer at E ~ Ec increases with in-  
creasing potential  as indicated in Table I and Fig. 8. 

Incipient  surface roughening is indicated at E ~ Ec 
by the relat ively large amounts  of Cu dissolution at 
potentials approaching Ec, e.g., ~ 540 atom layers of 
dissolved Cu in 1 hr at E' ~ 635 mV with E~ ---- 660 
mV (Table I) and ~ 1900 atom layers of dissolved Cu 
for E' v i r tua l ly  equal to Ec (Fig. 6). In  the absence of 
surface roughening,  a diffusion length, 5, of l0 s A is 
required to explain these data on a diffusion basis and 
this is an order of magni tude  l o n g e r  than that cal- 
culated assuming a large excess concentrat ion of va-  
cancies (2). That  dissolution of Cu does not occur at 
E ~ Ec solely via diffusion of Cu to a p lanar  surface 
is also indicated by the fact that  the current  is in-  
versely proport ional  to the square root of t ime only 
for an ini t ial  period of a few tens of seconds; there-  
after higher currents  are observed. Finally,  there is a 
relat ively large init ial  surge of current  on jumping  
the specimens from E' to E", which in addition to 
charging the double layer may be the dissolution of 
Cu atoms in  certain "near-surface" sites which are not 
active dissolution sites at E' but  are active at the 
higher dr iving force, E". 

The aforementioned data suggest that  the change in 
kinetics at Er involves the establ ishment  of certain 
diffusion-surface roughening conditions rather  than a 
change in the basic na ture  or mechanism of the pref-  
erent ial  dissolution process. Ec may coincide with the 
a t ta inment  of a certain diffusion-controlled rate of 
surface roughening such that the rate of recession of 
the alloy surface at the base of a penetrat ion becomes 
equal to the rate  of migrat ion of the diffusion front, 
i.e., the average interdiffusion length, 5, becomes con- 
stant  as i l lustrated in Fig. 11, thereby providing the 
necessary condition to main ta in  a quasi-stat ionary,  
diffusion-controlled current.  The increase in the quasi-  
s tat ionary current  with potential  at E ~ Ec follows if 
the (excess) (d i )vacancy concentrat ion increases with 
potential  as has already been assumed. 

Data in Fig. 5 show that  E~ is a strong function of 
the Au content  of the alloy. This may  be explained in 

ELECTROLYTE 

INTERDIFFUSIONREGION { , ~ , , , , ~ .  / It . 

CONSTANT ~-~" 
Cu-Au ALLOY 

Fig. I1. Schematic diagram illustrating possible situation during 
preferential anodic dhsolution of Cu at E ~ Ec. 

the following way. As the Au content  of the alloy in-  
creases the amount  of excess Au per uni t  amount  of 
dissolved Cu increases. This means, as shown in calcu- 
lations for diffusion to a plane surface (2), that  at a 
given potential  and t ime the rate  of dissolution of Cu 
wil l  be less and the interdiffusion distance greater for 
alloys of increasing Au content;  also the rate of va-  
cancy production may be expected to be lower with 
increasing Au content  as a result  of a correspondingly 
lower number  (at any given t ime) of Cu-occupied 
surface sites. This expectation is supported by the 
data, e.g., 0.017 C/cm 2 of Cu dissolve in the a t ta inment  
of the quasi -s ta t ionary value at 750 mY fo r  annealed 
Cu25Au compared to roughly the same amount  at only 
500 mV for annealed CulSAu. Hence, if a certain dif-  
fusion condition, e.g., the concentrat ion of excess va-  
cancies, is important  for the establ ishment  of the con- 
t inuing  diffusion-surface roughening process (constant 
5), a higher potential  must  be applied the higher the 
Au content. 

This hypothesis of the na ture  of Ec clearly is ten ta-  
tive since no formulat ion can be given which relates 
quant i ta t ively  the value of Ec to the composition of the 
alloy and other parameters  which can at least in 
principle be determined by independent  measurement .  
Nevertheless, it seems wor thwhi le  to follow the con- 
sequences which result  from the model indicated in 
Fig. 11. The model contains the impor tant  assumption 
that the concentrat ion of vacancies in the Cu-depletcd 
layer is much greater than the equi l ibr ium value and 
that this excess concentrat ion increases with increase 
in the single-electrode potential.  To the extent  that  
there is indirect evidence that  excess vacancies are 
present  in Cu-depleted layers, in the demonstrat ion of 
the occurrence of appreciable volume diffusion dur ing  
preferential  dissolution at E ~ Ec (2, 8), this assump- 
t ion is justified; clearly, however, addit ional  experi-  
menta l  support is needed par t icular ly  with regard to 
the potential  dependency aspect of the vacancy con- 
centration. Also, coalescence of vacancies wil l  occur to 
form voids and may contr ibute to surface roughening, 
as will  deformation and cracking of the Cu-depleted 
layer. The rates of these processes may  increase wi th  
potent ial  and content  of the less noble metal  in the 
alloy. Finally,  the proposed mechanism implies that  
surface energy (and other forces tending to reduce 
surface roughness) does not play a dominant  role in 
establishing conditions for a cont inuing diffusion-sur-  
face roughening dissolution process. Surface energy 
may be expected to be relat ively un impor tan t  when  
the free energy decrease per uni t  volume accompany- 
ing dissolution is large compared to the surface 
energy; i.e., at high overpotentials for Cu dissolution. 
That surface energy is of only secondary importance 
in determining Ec is indicated in the fact that  although 
Ec is a strong funct ion of alloy composition, the surface 
energy at a given potential  may  be expected to vary  
little wi th  (bulk)  alloy composition, since the surface 
composition dur ing  dissolution must  be roughly the 
same (near ly  pure Au) for all of the alloys, 

It is interest ing that  the factors which are important  
for preferential  anodic dissolution at 23~ are basically 
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the same as those tha t  are  impor tan t  in p re fe ren t ia l  
dissolution and oxidat ion  at  e levated  tempera tures ,  as 
out l ined by  Wagner  (3, 17). Al though  these processes 
must  differ in deta i l  in view of the  different  conditions, 
there  a re  m a r k e d  s imil iar i t ies  which can go even 
beyond the ma in  factors of diffusion in the  al loy as the  
r a t e -de t e rmin ing  step and the occurrence of gross 
surface roughening.  Lichter  and Wagner  (18) found 
tha t  dur ing  sulfidization of Cu-Au  al loys at  500~ the 
Cu-r ich  al loys form an ou te r  homogeneous sulfide 
layer  and an inner  two-phase  layer  consist ing of sul-  
fide and metal .  The meta l  was found to be a sponge-  
l ike ne twork  of (near ly)  pure  Au  in accord wi th  pre f -  
e rent ia l  sulfidization of Cu wi th  interdiffusion of the  
components  in the  al loy as ra te  de termining.  I t  was 
fu r the r  noted that  the t endency  for  surface  roughening  
and the extent  of sulfidization decreased wi th  in-  
creasing Au  content  of the  alloy. The decrease in sul-  
fidization ra te  was more  drast ic  wi th  the  Au- r i ch  
al loys in agreement  wi th  the  v i r tua l  absence of sur-  
face roughening.  S imi l a r ly  as ment ioned  a l ready,  the 
t endency  for surface roughening dur ing  p re fe ren t ia l  
anodic dissolution of Cu from Cu-Au alloys decreases 
wi th  increas ing Au  content,  and p re fe ren t ia l  anodic 
dissolution is essent ia l ly  res t r ic ted  to the  Cu-r ich  
C u - A u  alloys (Er for the  Au- r i ch  al loys appears  to be 
more  noble than  the  potent ia l  of A u  dissolut ion) .  

Conclusions 
Log icu-t and log icu-E re la t ions  are  presented  for 

the p re fe ren t i a l  e lect rolyt ic  dissolution at  23~ of Cu 
from Cu-rich,  Cu-Au  alloys. The log icu-t da ta  show 
that  at al l  potent ia ls  the  cur ren t  is in i t ia l ly  high but  
falls  r ap id ly  at  an ever  decreasing rate.  The log icu-E 
curve (for a given t ime of dissolution) exhibi ts  a po-  
t en t i a l - independen t  cur ren t  region and a composi t ion-  
dependent  cr i t ical  potential ,  Ec, at  which potent ia l  the 
ra te  of Cu dissolution becomes s t rongly  potent ia l  de-  
pendent ,  in agreement  wi th  the  da ta  of Gerischer  and 
Ricker t  (1). 

The  resul ts  of po t en t i a l - j ump  invest igat ions indi-  
cate  that  at E < E c a  Cu-dep le ted  layer  forms over  the  
surface which  l imits  the ra te  of Cu dissolution to that  
of Cu diffusion th rough  the layer ;  the  la t te r  process 
becomes ve ry  slow since the  interdiffusion dis tance 
necessar i ly  increases wi th  t ime in the  absence of ap-  
prec iab le  surface roughening.  The amount  of Cu dis-  
solution and hence, the depth  of the  Cu-dep le ted  
layer,  r equ i red  to effectively stifle dissolution at  E < 
Ec is found (a) to increase  in the  d i rec t ion  of more  
posi t ive potentials ,  in agreement  wi th  an expected in-  
crease in the  kinet ics  of vacancy genera t ion  wi th  in-  
creasing dr iv ing force for dissolution of the  less noble 
component,  and (b) to be la rger  for co ld -worked  
specimens wi th  the i r  h igher  defect  densi ty  than  for 
annealed  specimens, also in agreement  wi th  a defect  
enhanced bu lk  diffusion process at  E ~ Ec, and  not  
unl ike  that  found prev ious ly  by  x - r a y  and e lect ron 
diffraction invest igat ions at  E > E~. 

The factor  which accounts for the  drast ic  change in 
kinet ics  at Ec appears  to be the  ex ten t  of surface 

roughening.  At  E < Ec only incipient  surface roughen-  
ing occurs, whereas  at  E > Ec the surface area  con- 
t inuously  and very  r ap id ly  increases wi th  t ime, i.e., a 
surface ins tabi l i ty  occurs at Ec and provides  for a 
constant  (average)  interdiffusion dis tance in the al loy 
at the  advancing a l loy-e lec t ro ly te  interface,  as i l lus-  
t r a t ed  in Fig. 11. I t  is proposed tha t  the  change in di f -  
fusion conditions which leads to a surface ins tab i l i ty  
is r e la ted  to a po ten t i a l -dependen t  concentra t ion of 
excess (d i )vacanc ies  in the  interdiffusion layer .  
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ABSTRACT 

The cathode overpotent ial  and electrosorption effects of some normal  mono-  
carboxylic acids dur ing electrodeposition of copper were studied galvano- 
statically at cur rent  densities up to 20 mA - c m -2. Equations were derived 
by means of which overpotential  increments  caused by the blocking action of 
adsorbed additive can be used to calculate the separate adsorption f ree-energy 
contr ibut ions of the carboxyl and methylene  groups in the additive molecule, 
and also a coverage-dependent  lateral  interact ion free energy arising pr imar i ly  
from dipole-dipole interact ion between adjacent  carboxyl  groups in the ad- 
sorbed phase. The carboxyl  group contr ibut ion was found to be --1570 cal 
mole -1 at zero coverage, while the methylene  group contr ibut ion was --704 
cal m o l e - '  and independent  of coverage. 

A previous paper  f rom this laboratory (1) dealt with 
the cathode overpotent ial  and  electrosorption effects 
of normal  monocarboxylic acids in the electrodeposi- 
t ion of copper from acid sulfate electrolyte. The over-  
potential  data, interpreted in terms of the simple 
blocking theory, indicated that  the adsorption of such 
compounds on a copper cathode can be represented at 
low surface coverages by a Langmui r - type  isotherm 
from which the net free energy of adsorption can be 
calculated. By application of Traube 's  rule, the 
adsorption free energy could then be interpreted in 
terms of the separate contr ibut ions of the functional  
and methylene  groups in the additive molecule. 

Fur ther  work with monocarboxylic acids has shown 
that  a more careful and detailed s tudy is needed, par-  
t icular ly in view of the emerging doubt about the 
general  applicabili ty of the basic Langmui r  isotherm 
to these systems due to the importance of lateral  in ter -  
action in the adsorbed phase. More complete data are 
presented and analyzed in this report. 

Experimental  
Cathode overpotentials were measured with a Luggin 

probe in a simple glass cell shown in  Fig. 1. A cyl indri-  
cal copper-wire cathode, about 2 mm in diameter,  was 
immersed in about 100 ml  of solution. The cathode was 
fitted with a tight Teflon sleeve so placed that  a geo- 
metrical  1 cm 2 of its surface was in  contact with the 
solution. 

The t ip of the Luggin capil lary was placed about 1 
mm from the cathode, a distance greater than its 
outside diameter, to avoid possible shielding of the 
cathode surface from access of polarizing current  (2, 3). 
This causes an error in total overpotential  values due 
to IR drop between Luggin tip and cathode surface, 
but  such error cancels out because only the increments  
in overpotential  caused by organic additives were  of 
interest  and because such additives can be assumed 
to have no significant effect on the solution resistance 
since only highly conduct ing solutions were employed 
(1.0M H2SO4). Measurement  of the IR drop from 
t ransient  overpotential  bui ld-up,  us ing a cathode-ray 
oscilloscope, gave a value of 3 • 1 mV for all solutions 
at an apparent  current  density of 20 mA- c m -2, 
whether  or not additives were present. 

It was found that this cell design, with the cathode- 
to-anode distance much greater than  the cathode 
radius, resulted in a cyl indrical ly symmetrical  field in 
the vicini ty of the cathode at all exper imental  cur rent  

* Elect rochemical  Society  Act ive  Member .  
K e y  words: homologous,  addi t ives ,  interact ion,  f ree  energy,  theory.  

densities. Overpotent ial  values were the same for a 
given current  density and solution composition, wi th in  
exper imental  error, regardless of the location of the 
Luggin probe in  any horizontal  plane around the 
cathode and regardless of vert ical  displacement along 
the cathode length, provided only that the distance be-  
tween cathode surface and probe tip was the same. 

Steady-state  overpotentials were measured at con- 
stant  temperature,  25 ~ ___ 0.1~ and at constant  ap- 
parent  current  densities controlled and main ta ined  by 
means of a Harr ison Laboratories Type 6201 d-c power 
supply. Measurements were made with a Sargent  SR 
recorder and in some cases wi th  a L&N Type K po- 
tentiometer.  Curren t  ad jus tment  was made to give the 
desired apparent  current  density for overpotential  
measurement ,  taking into account the cathode radius 
at steady state. The wire cathodes were etched with 
nitr ic acid and then thoroughly washed prior to use to 
ensure removal  of possible surface contaminants .  

r 

Fig. 1. Electrolytic cell: I, cathode; 2, Luggin probe; 3, Teflon 
sleeve; 4, reference electrode; 5, anode; 6, Teflon cap. 
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The preparat ion of the s tandard solution (0.SM 
CuSO4 and 1.0M H2SO4) was in all respects the same 
as described previously (1). High-pur i ty  monocar-  
boxylic acids were used as additives and only the 
normal  s t ra ight-chain isomers were chosen for study. 

Results 
The overpotential  data in  this report are the incre-  

ments  in total s teady-state cathode overpotential  
caused by the additives employed. In  these experi-  
ments, the overpotential  a t t r ibutable  to the s tandard 
electrolyte alone with no additive present was 105 
__ 5 mV at an apparent  current  density of 20 m A - c m - " .  
The overpotential  increments  were obtained by sub- 
tracting this value from the total overpotent ial  in the 
presence of additive. The total  values were reproduc- 
ible to wi thin  +--5%. Steady states were usual ly  ob- 
tained after about 45 min  of electrolysis. 

Data for different concentrat ions of normal  monocar-  
boxylic acids from propanoic to octanoic inclusive are 
given in Table I. The. cathode overpotential  increases 
in each case with increased concentrat ion of additive. 

When the overpotential  increment  is plotted against 
the concentrat ion of a given additive, it is found that  
the curve approaches l inear i ty  as the concentrat ion 
approaches zero. Typical behavior  is shown in Fig. 2. 
The ini t ial  slopes for all the additives, given in Table 
II, show that the logari thm of the init ial  slope in-  
creases l inear ly  with the number  of methylene  groups 
in the addit ive molecule, counting the te rminal  methyl,  
as shown in Fig. 3. Advantage was taken of this l ine-  
ari ty to obtain graphically smoothed overpotential  
data for the low concentrat ions of the additives used. 
For this purpose, smoothed values of the ini t ial  slopes 
as obtained from Fig. 3 are given in the last column 
in Table II. 

Table I. Concentration of additive and cathode overpotential 
increment 

C u r r e n t  d e n s i t y  = 20 m A - c m - ~ ;  t e m p e r a t u r e  = 25" -4- O, l oC  

A d d i t i v e  C, m / 1  -z A~}, m V  

Propanoic acid 1.0 x 10 -I 36 
2.5 • 10 - I  62 
5.0 • 10-I 102 
7.5 x 10 -1 1%0 
1.0 164 

Butanoic acid 2.5 x 1O -s 24 
5.0 • 10 -~ 38 
1.0 • 10-1 88 
2.5 x 10 -I 140 
3.5 X 10.4 168 

P e n t a n o i c  a c i d  7.5 x 10 ~ 20 
2.5 • 10 4 68 
5.0 x 10 "~ 110 
7.2 • I0 -2 140 
1.0 X 10 -1 168 

H e x a n o i c  a c i d  2.5 X I 0  -a 22 
5.0 • 10 ~ 43 
1.0 x 10 4 84 
1.5 • 10 4 120 
2.5 x 10 -~ 150 

H e p t a n o i c  a c i d  1.0 • 10 -8 32 
2.5 X 10 -~ 72 
5.0 X 10 -8 110 
7.5 • lO -3 150 
1.0 X I 0  -~ 160 
1.6 x l0 s 170 

O c t a n o i c  a c i d  5.0 X 10 .4 37 
8.5 x 10--4 82 
1.5 x 10 -s 110 
2.3 x 10 -~ 146 
4.9 x I0 -~ 184 

Table II. Slope of .All vs. C curve as C ~ 0 

(A~/C) (~AIC) 
Addit ive  C - *  0 C ~ 0 ( s m o o t h e d )  

P r o p a n o i c  a c i d  2.83 X 10 ~ 2.86 X 102 
B u t a n o i c  a c i d  9.10 X 10 ~ 9.40 X 10 e 
P e n t a n o i c  a c i d  3.00 x 103 3.08 x los  
H c x a n o i c  a c i d  9.75 x I03 1.01 x I04 
H e p t a n o i c  a c i d  3.55 x 10t 3.32 x 104 
Octanoic acid 1.17 X los 1.09 x I0 s 
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Fig. 2. Overpotential increment vs. additive concentration: 
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Fig. 3. Logarithm of the initial slope, (A '~ /C)c~o vs. number of 

methylene groups in the monocorboxylic acid molecule. 

Overpotentials obtained in  this s tudy differ to a 
degree from those obtained previously with the H a t -  
ing cell (1). However, just  as before (1), and wi th in  
the accuracy of the measurements,  it was found that  
the An v s .  log C relations for all the homologous mono-  
carboxylic acids can be represented by  a family of 
parallel  curves equal ly  spaced along the log C axis as 
shown in Fig. 4. Advantage was taken of this behavior  
to obtain graphically smoothed overpotential  values 
for the higher additive concentrations, thus minimizing 
the effect of error  in individual  overpotental  measure-  
ment.  The curves in Fig. 4 are the smoothed results 
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Fig. 4. Overpotential increment vs. logarithm of concentration, 
monocarboxylic acids: I, propaaoic, 2, butanoic; 3, pentanoic; 4, 
hexanoic; 5, heptanoic; 6, octanoic. 

arising from the data in Table I and the smoothed ini-  
tial slopes in Table  II. 

Measurement  of steady-state overpotentials at dif- 
ferent  apparent  current  densities ranging  from about  
2 to 20 mA-cm -2 gave the same Tafel slope, 52 • 1 
mV, with all the monocarboxylic acids. This indicates 
that these compounds do not affect the charge- t rans-  
fer kinetics of copper deposition, their  onIy effect 
being to increase the true current  density in accord- 
ance with the simple blocking theory (1, 4, 5). 

Discussion 
The cathode overpotential  effects of normal  mono-  

carboxylic acids shown in Fig. 4 can be interpreted and 
understood in terms of the blocking theory as ex- 
pressed in the equation (1, 6) 

e = 1 -- exp ( - -h , l /b)  [1] 

where  ~ is the fraction of the surface covered by  ad- 
sorbed additive and b is the Tafel slope. Appropriate  
adsorption theory can be used to derive quant i ta t ive  
relations between the overpotent ial  increment  • and 
additive concentrat ion C. 

Calculation of 0 from Eq. [1] for the overpotential  
increments  in Fig. 4, with the Tafel slope taken as the 
exper imental  52 mV, and calculation of the s tandard 
free energy of adsorption from the Langmui r - type  iso- 
therm (1, 7) 

# {0 q- n (1 - -  0 ) }  n - 1  C 
-- - -  exp ( - - ~ G % / R T )  

(1 - -  #)n n n 55.5 
[2] 

where n, the number  of water  molecules displaced by 
a molecule of adsorbed additive, is taken as 2 (1, 8), 
results in the family of paral lel  AG~ VS. 8 curves shown 
in Fig. 5. It is immediately obvious that  the free energy 
of adsorption of monocarboxylic acids on a copper 
cathode is markedly  dependent  on the coverage, be-  
coming increasingly negat ive with increasing 0. This 
coverage dependence, which is much the same as that  
observed by Bockris and Swinkels  (7) for the adsorp- 
tion of n -decy lamine  on copper, can presumably  be at-  
t r ibuted to spontaneous lateral  interact ion in the ad- 
sorbed phase (7, 9). 

L a t e r a l  i n t e r a c t i o n  ]ree e n e r g y . - - E q u a t i o n  [2], which 
is a general  modification of the Langmui r  isotherm 
for adsorption from solution involving solvent dis- 
placement, depends for its basic derivat ion on the as- 
sumption that  no lateral  interact ion occurs in the ad- 
sorbed phase (7, 10, 11). In  this equation, the adsorp- 
tion free energy ~G% should therefore be regarded, 
strictly, as independent  of coverage. However, the use 
of Eq. [2] in calculating AG% for Fig. 5 assumes the ap- 
plicabili ty of a modified isotherm similar to that  dis- 

- 3  

-4  

8 

8 -6  
~d 

~-7 <2 

-8  

-9  

- - .  i t i .I i i I 
0 0 5  lO  

e 
Fig. 5. Free energy of adsorption vs. coverage, monocarboxylic 

acids: 1, propanoic, 2, butanoic, 3, pentanoic; 4, hexanoic, 5, 
heptanoic, 6, octanoic. 

cussed by Conway and Barradas (10) in which AG% is 
recognized as coverage dependent.  

The curves in Fig. 5 show that  the addition of each 
methylene  group to a monocarboxylic acid molecule 
results in the same increase in the adsorption free en- 
ergy regardless of coverage. Accordingly, assuming 
the val idi ty of all procedures leading to Fig. 5, the 
hydrocarbon part  of a monocarboxylic acid makes no 
significant net  contr ibut ion to the lateral  interact ion in 
the adsorbed phase. This behavior, which is consistent 
with the applicabil i ty of Traube 's  rule to the adsorp- 
tion of compounds belonging to a homologous series 
(1, 12), means that  the s tandard free energy of ad- 
sorption of a given monocarboxylic acid on copper 
can be wr i t ten  as 

~G~ ---- x •176 + AG~ + g(8) [3] 

where x is the number  of methylene  groups present, 
&G~ is the free energy contr ibut ion of each methyl -  
ene group, AG% is the contr ibut ion of the polar car- 
boxyl group at coverages approaching zero, obviously 
the same for all the monocarboxylic acids, and g (0) is 
the coverage-dependent  lateral  interact ion free energy, 
also the same for all the monocarboxylic acids at the 
same coverage. 

An appropriate isotherm for the adsorption from 
solution of a normal  monocarboxylic acid on copper 
can be wri t ten  by subst i tut ing Eq. [3] for hG~ in [2] 
and rear ranging to give 

C e x p ( - - x S G ~  
](o) exp ( g ( o ) / R T )  = 55.---5- R T  

[4] 

where ](8) is the lef t -hand side of [2]. It  will  be noted 
that  the 0-dependent exponent ial  factor on the left of 
[4] is a F rumkin - l i ke  correction for lateral  interact ion 
(13) except tha t  g(a) does not  vary  l inear ly  with 
at other than very  low coverages. 

While values of ~GOcH2 and ~GOp can be estimated 
by extrapolat ing the curves in Fig. 5 to zero coverage, 
it will  be useful to consider methods by which t h e s e  
quanti t ies can be obtained more accurately by cal- 
culat ion from the cathode overpotential  and additive 
concentrat ion data. 

Calcu la t i on  o f  t he  c o m p o n e n t s  o f  a d s o r p t i o n  f r e e  
e n e r g y . - - T h e  AG% vs.  8 curves in Fig. 5, which are in 
fact the same g(o) vs. e curve, can be shown to corre- 
spond very closely to the power series 

g(~)  -= Ao + Bo 2 Jr C~ 3 -}- Do 4 + Eo 5 

where the coefficients A, B, C, D, and E are --0.56, 2.25, 
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--12.65, 20.48, and --12.04 kcal, respectively. A more 
useful quant i ta t ive relat ion is easily derived, however, 
by rear ranging Eq. [4] to give the s t ra ight- l ine  equa-  
t ion 

g(O) ~- RT In C - -  RT In f ( o )  

- -  x~GOcH~ -- (hG% + RT In 55.5) 

where the combinat ion of terms 

RT In C -- RT  In f(o) -- x~G~ = f(C,O,x) [5] 

is the same for all the monocarboxylic acids since the 
same g(o) vs. o relat ion applies to all. AG~ can be 
calculated directly from the concentrat ion data in Fig. 
4 by subtract ing Eq. [5] for any two of the additives 
at a given overpotential  increment,  since the term 
RT in  f(o) cancels out in  the subtraction. The value 
found is -- 704 cal/mole. 

To calculate AGOp, the free energy contr ibut ion of the 
carboxyl group at zero coverage, it will  be necessary to 
consider the overpotential  vs. concentrat ion behavior 
shown in Fig. 3. 

Electrosorption effects of monocarboxylic acids at 
concentrations approaching zero.--The l ineari ty ob- 
served in Fig. 3, where the logarithm of the ini t ial  
slope (h~/C)c_~o is plotted against the number  of 

methylene  groups in the monocarboxylic acid molecule, 
follows as a consequence of the applicabil i ty of Traube's  
rule to this homologous system, and corresponds in es- 
sence to the known behavior of these compounds in 
affecting the surface tension of aqueous solutions as 
described by Ward (12). A useful  equation directly 
per t inent  and applicable to Fig. 3 can be derived from 
Eq. [4]. 

According to Fig. 5, g(0) becomes zero as 0 ap- 
proaches zero. Application of Eq. [4] to the zero-cover- 
age condition then gives for the homologous mono-  
carboxylic acids 

e_AGop/R T ] 
f(o) = C [e--~~ ~ ---- C~;~ [6] 

55.5 

where a and fl are constants at constant  temperature  as 
shown. On subst i tut ing for 0 from Eq. [1], and taking n 
as 2 (1, 8), it is easily shown that  f(0), the le f t -hand 
side of [2], can be wr i t ten  as 

1/4 (e 2~/b -- 1) 

With these substi tut ions Eq. [4] becomes 

e 2~'lb -- 1 = 4Ca[~ x 

which, on subst i tut ing the series expansion for e 2~,/b 
and dividing through by C, gives 

- g - T  - +  c " T ,  + -g" c 

C 2 
�9 ~ + .... 4 a ~  

3~ 

In the limit, as C approaches zero for zero coverage, 
this becomes 

( ~]/C) c_~o = 2b,~ x 

The logarithmic form gives the s t ra ight- l ine  equation 
for Fig. 3 as 

log (h~l/C)c.,o = log (2b~) + x log ;s [7] 

Clearly, according to Eq. [6] and [7], AG~ and 
hG% might  be calculated from the exper imental  slope 
and intercept, respectively, in Fig. 3. In  the present  
study, because of some uncer ta in ty  in  the values of 
(~/C)c_,o  in Table II, the slope for Fig. 3 was first 

calculated from the value of AG~ (--704 cal mole -1) 
found from Fig. 4 and Eq. [5], and this was then used 
with the exper imental  points as shown to find the 
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intercept, as 1.42. Using the exper imental  52 mV for 
the Tafel slope, we then find hG% ---- --1570 cal mole -1. 

Certain re levant  observations can be made. Since 
the --704 cal mole -1 found for ~G~ in this s tudy is 
not very different from the --760 cal mole -1 obtained 
by Ward (12) for the methylene-group contr ibut ion 
to the free energy of adsorption of monocarboxylic 
acids at the air-solut ion interface, then, apparently,  
there is no strong specific interact ion between the hy-  
drocarbon chain and the copper surface. In  contrast, 
the --1570 cal mole -1 found for ~G~ the free energy 
of adsorption of the bare carboxyl  group at zero cov- 
erage, is appreciably greater than  the adsorption en-  
ergy at the air-solut ion interface of methanoic acid, 
with which the carboxyl group may be theoretically 
compared. This value for methanoic acid can be esti- 
mated roughly as --900 cal mole -1 by  extrapolat ing 
from the results of surface tension measurements  made 
by Ward and Tordai (14) on solutions of the normal  
monocarboxylic acids, butanoic to decanoic inclusive. 
The indication here is that  significant specific in ter-  
action probably does occur between the carboxyl group 
and the copper surface, and, al though the interact ion 
energy appears to be less than  700 cal mole -1, it might  
be speculatively taken to indicate possible orientat ion 
of the carboxyl group toward the metal. This would be 
contrary to expectation for the adsorption of aliphatic 
compounds on metals (15), and fur ther  study and 
clarification are required. In any case, if perpendicular  
orientat ion actually occurs, then the same value of n 
in Eq. [2] must  apply to the adsorption of all normal  
monocarboxylic acids regardless of length of the hy-  
drocarbon chain, as appears to be the case. 

The quant i ty  ~ in the above equations is the Traube 
coefficient for the homologous monocarboxylic acids 
(12). It  is the factor by which the ini t ia l  slope in Fig. 2 
and Table II is mult ipl ied on the addition of each suc- 
cessive methylene group to the additive molecule. Its 
value as obtained from our data is 3.28. 

Theoretical Calculation of g(0).---Since g(8), the 
lateral  interact ion free energy, is not significantly af- 
fected by the hydrocarbon part  of a monocarboxylic 
acid molecule (Fig. 5), then it seems reasonable that  
this f ree-energy component should be calculable to a 
first approximation for any coverage 0 from only the 
dipole-dipole interact ion expected between adjacent 
carboxyl  groups in the adsorbed phase. Dispersion in-  
teract ion can be ignored as negl igibly small  since this 
effect would in any event  arise main ly  from the hydro-  
carbon chain (7). 

The interact ion between two like dipoles is given by 
(7) 

U d i p .  = - -  (~2D/eg"8) 

where ~D is the dipole moment,  ~ the  dielectric con- 
stant  of the medium, and r the distance between the 
dipoles. None of these quanti t ies  is accurately known  
for an adsorbed additive in the p r imary  cathode layer, 
but  reasonable values can be assumed for monocar-  
boxylic acids on the basis of which a calculation of 
g (0) gives approximate agreement  with experiment.  

The dipole moments  of monocarboxylic acids vary  
with the state and with the solvent, but  for a given 
state the values are near ly  the same for all the addi-  
tives used in this study (16). The pure- l iquid  value 
of about 1.3 Debye units  will  be taken as appropriate 
in the present calculation since the adsorbed state can 
be assumed to approximate the l iquid state of a pa r -  
t icular  adsorbate, especially at full  coverage. The di-  
electric constant of the p r imary  layer has been con- 
sidered to vary  l inear ly  with coverage (7, 17). I t  is 
assumed to vary  in our system from the zero-coverage 
value of 6 suggested by Bockris, Devanathan,  and 
Mdller  (15) to the pure- l iqu id  monocarboxylic-acid 
value of about 2.5 (18) at full  coverage, giving e = 
6 -- 3.5O. Finally,  an average distance of closest ap- 
proach between adsorbed dipoles can be estimated 
from the dimensions of the carboxyl  group as about 4A. 
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With these values  of ~D, e, and r, and wi th  the  added  
assumption tha t  monocarboxyl ic  acids adsorb on cop-  
per  in hexagonal  a r r a y  and in para l l e l  or ienta t ion (7), 
it  is then possible, using equat ions given by  Bockris  
and Swinke ls  (7),  to calculate  the  l a te ra l  in terac t ion  
free energy  as the  chemical  potent ia l  due to d ipole-  
dipole interact ion,  e i ther  for localized adsorpt ion  f rom 

g(o) = 9.24 eUdip. 

or for nonlocal ized adsorpt ion,  using 

g(0) = 11.55 ~PAUdip. 

The results,  conver ted  to kcal  mole  - I ,  a re  shown and 
compared  wi th  the  expe r imen ta l  da ta  in Fig. 6. 

Whi le  it  seems tha t  the  nonloca l ized-adsorp t ion  
model  gives the  be t te r  ag reement  wi th  expe r imen ta l  
results,  no c lear  dis t inct ion can be made  be tween  the 
two models ,  especia l ly  at  low coverage,  because of the  
rough approximat ions  used in the  calculations.  Ac-  
cordingly,  no definite conclusion can be  d rawn  except  
tha t  d ipo le -d ipo le  in terac t ion  is the  most  l ike ly  cause 
of the  l a te ra l  in teract ion free energy.  Ad jus tmen t  of 
the  pa rame te r s  can be made  to improve  agreement  with 

Fig. 6. Lateral interection free energy vs. coverage, experimental 
curve compared with ca|c,lated values for localized, Z~, and non- 
localized, 0 ,  adsorption. 

exper iment ,  but  the  da ta  a re  not  sufficiently re l iab le  to 
jus t i fy  th is  procedure .  I t  should be noted,  in addit ion,  
that  the dipole  moment  has been t rea ted  in this  ca l -  
cula t ion as a constant ,  whi le  i t  might  in a l l  p robab i l i t y  
v a r y  wi th  coverage. 
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Electrodeposition of Coherent Coatings of Refractory Metals 
VII. Zirconium Diboride 

G. W .  Mellors and S. Senderoff* 

Union Carbide Corporation, Parma Research Laboratory, Parma, Ohio 44101 

ABSTRACT 

The e lect rodeposi t ion of coherent  coatings of z i rconium dibor ide  f rom a 
solution of ZrF4 and B203 in the  mol ten  eutectic mix tu re  of N a F - K F - L i F  is 
described.  A constant  composit ion is ma in ta ined  by  using a ZrB2 anode and 
composit ion such tha t  no volat i le  BF3 is formed.  The funct ion of B2Os as an 
oxide ion get ter  in the  solut ion is demonst ra ted .  

Zirconium d ibor ide  is a hard  in termetaUic  com- 
pound, wi th  a mel t ing  point  in excess of 3000~ tha t  
has, according to recent  reports ,  exce l len t  oxidat ion  
resis tance at high tempera tures ,  and good s tabi l i ty  in 
contact  wi th  m a n y  mol ten  metals,  e.g., A1 and l iquid 
steel. I t  has been s ta ted  (1) that  methods  for p ro-  

* Electrochemical Society Active Member. 
Key words: zirconium diboride0 eleetrodeposition, refractory metal 

coatings, fused salts. 

ducing ZrB2 crucibles,  boats, tubing,  heaters,  etc., by  
press ing in molds  are  unsat isfactory.  A slip cast ing 
technique was descr ibed as superior,  but  shr inkage  on 
s inter ing was excessive, and the final poros i ty  of the  
art icles  exceeded 12%. Such ar t ic les  could p robab ly  
ideal ly  be made  by  e lec t roforming wi th  excel lent  con- 
format ion  to the  dimensions of the  subs t ra te  and wi th -  
out any  porosity.  
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Fig. 1. Cross section of ZrB2 deposited from pure fluoride melt 
at 800~ (approximately 150X). 

Although there are a number  of reports of the elec- 
trodeposition of ZrB2 in part iculate  form from mol ten  
mixed oxide-fluoride systems (2-4) from a mixed 
fluoride-chloride system (5), and of coherent coatings 
of TiB2 from a bora te- t i tanate  system (6), the only 
previous description of the electrodeposition of co- 
herent  coatings of ZrS2 is in a paper (7) and patent  
(8) by the present  authors in which a pure  fluoride 
electrolyte, LiF-KF-K2ZrF6-KBF4, was used for this 
purpose. Deposits were obtained on  stainless steel 
cathodes by electrolysis of the molten system Fl inak  1 
containing 9 w/o (weight per cent) ZrF4 and 10 w/o  
KBF4 at 800~ and 250 m A / c m  2 cathode cur ren t  den-  
sity. A photomicrograph of this deposit is shown in  
Fig. 1 and demonstrates  the soundness and coherence 
of this material.  The opt imum conditions for deposi- 
tion of ZrB2 coatings were similar  to those for zir- 
conium, but  the allowable ranges of current  density 
and temperature  were greater and the concentrat ion of 
boron uncri t ical  above a m in imum amount.  

An thony  and Welch (3) in discussing this process 
comment  that "this method (7, 8) can be controlled 
for only a l imited period due to the continuous change 
in melt  compositions." The present  authors recognized 
at that  t ime that  the use of zirconium metal  as anode 
and the excessive volat i l i ty of BF3 led to composition 
changes in the bath. In  order to obtain a more satis- 
factory process the following problems had to be over-  
come: (a) at the anode, 4F dissolve 1 mole of zir-  
conium while 10F are required to deposit 1 mole of 
ZrB2 at the cathode and there is thus a net increase of 
zirconium in  the bath;  (b) while only a relat ively low 
boron content  (approx. 1 ,~ 3 w/o)  is required, the 
addition has been made as KBF4 which increases the 
quant i ty  of K F  in the solution; and (c) from this solu- 
tion boron trifluoride will  volatilize, and therefore on 
prolonged s tanding the concentrat ion will  be reduced 
to essentially zero. If a ZrB2 anode could be used Jn 
this system, and if BF3 could be added cont inuously to 
the melt  to replace the volatilized BF3, these problems 
could be solved. Alternat ively,  a source of boron other 
than KBF4 may be sought. Exper iments  carried out 
with Fl inak-ZrF4 melts through which BF3 was 
bubbled with an argon carrier  showed that  ZrB2 
could be deposited using a Zr anode. However, the 
agitation caused by the passage of these gases pro- 
duced deposits rougher  than  normal.  It  became ob- 
vious that  the bubbler  system must  be baffled in some 
manne r  since the high vapor pressure and low solubil-  
ity of BF3 in  this bath suggest that  to obtain a work-  
able boron concentrat ion the additions of BFz must  be 
continuous and not batch-wise. Li terature  figures (9) 

i " F l i n a k "  is the  a c r o n y m  for  the  eu tec t i c  c o m p o s i t i o n  of K F - L i F -  
N a F  w h i c h  m e l t s  a t  454~ I t s  c o m p o s i t i o n  i n  m o l e  pe r  cen t  is  46.5 
LiF, 11.5 NaF,  42.0 KF .  

Fig. 2. Apparatus used in electrolysis of fluoride and fluoride- 
oxide melts: A, stainless steel cathode; B, "Teflon" stopper; C, 
argon outlets; D, argon inlets; E, stainless steel lid; F, "Teflon" 
or $auereisen gasket; G, "Hastefloy, alloy X" can; H, zirconium 
or ZrB2 anode; J, fluoride melt; K, nickel or stainless steel cruci- 
ble; L, thermocouple and well; M, gate valve (1 in.). 

indicate that, at 700~ at the saturat ing pressure of 
1.90 atm, the solubil i ty of BF3 is 6.30 x 10 -~ moles/cc 
of melt  in the LiF-BeF~-ZrF4-ThF4-UF4 (65-28-5-1-1) 
melt. Assuming these figures apply to the Fl inak-ZrF4 
melts under  discussion here, then at 700~ under  about 
2 atm pressure a concentrat ion of 0.43 w/o  BF3 could 
be maintained.  This would probably  be sufficient for 
continuous ZrB2 plating. 

The present  paper describes fur ther  work using pure 
fluoride melts and some extensions using B20~ addi- 
tions ra ther  than  KBF4 or BF3 to overcome this prob- 
lem. 

Exper imental  
ZrF4 and K2ZrF8 were obtained from General  Chem- 

ical Division, Allied Chemical and Dye Corporation. 
Zirconium in sheet form was obtained from Reac- 

tive Metals Inc. 
Alkali  fluorides (ACS specifications) were obtained 

from Fisher Scientific Company. 
Boron trioxide was obtained from either Matheson, 

Coleman and Bell or from American Potash and 
Chemical Corporation. 

Zirconium diboride was obtained from the Car- 
borundum Company. 

Boron trifluoride was obtained from Harshaw Chem- 
ical Company. 

Electrolytic cells.--The melts were contained in 
either a nickel or ATJ graphite 2 crucible. The elec- 
trolytic operations were carried out in the apparatus 
of Fig. 2 which has been described in  an earlier pub-  
lication (10). 

Results 
Exper iments  were carried out in the low melt ing 

system KF (32.4 w/o) -ZrF4  (67.6 w/o) ,  mp 390~ 
This system will  not yield coherent zirconium metal  
on electrolysis and on the addit ion of KBF4 produces 
mixtures  of Zr and ZrB2 powders. Thus the advantage 

2 Carbon  P r o d u c t s  D i v i s i o n ,  U n i o n  Carb ide  Corpora t ion .  
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of lower BF3 volat i l i ty at 400~176 is completely 
negated by the failure to yield coherent ZrB2. 

The problems of volat i l i ty made it necessary to seek 
other sources of boron for these melts. During work 
on the electrodeposition of zirconium (11) 0.6 w/o  
B20~ was added to a working bath in an effort to make 
ZrB2 or perhaps to observe an "addition agent" effect. 
However, the cathodic product obtained between 625 ~ 
and 750~ was a compacted powder, and li t t le was 
done fur ther  in that  direction at that  time. 

Present  work indicates that  additions of about 10 
w/o B203 to systems of the type F l i n a k - ( o r  KF-LiF)  
ZrF4 yield far more interest ing results. Electrolysis of 
the melt  containing F l inak  (80 w/o) -ZrF4  (8 w / o ) -  
BeO~ (12 w/o)  in a graphite crucible at 750~ pro- 
duces a smooth, da rk  colored deposit at 100% cathode 
current  efficiency, based on the assumption of 10 
F /mole  of ZrB2. The anode was zirconium and the 
cathode a nickel strip. X- r ay  invest igat ion of the 
deposit shows it to be ZrB2, but  a photomicrograph 
(Fig. 3) reveals a poor structure having many  voids 
and inclusions of salts. On raising the tempera ture  to 
800~ a bright, coherent plate was obtained (at 100% 
cathode cur ren t  efficiency) that  again was identified 
as ZrB2. However, the photomicrograph now showed 
a sound, void free, columnar  structure (Fig. 4a). I t  
will  be noticed that  there exists a considerable diffu- 
sion layer between the ZrB2 and the nickel substrate. 
This layer is a nickel boride, from which zirconium is 
absent. By the same token nickel is absent from the 
ZrB2 deposit. This indicates that  some boron diffuses 
into the nickel from the ini t ia l ly  deposited ZrB2, re-  
sult ing in a deposit at the interface having a B :Zr  
ratio slightly less than two. Electron probe analysis  
indicates that  the intermediate  layer  is, in all  prob~ 
ability, Ni~B, and it is thought that  the presence of 
this mater ia l  contributes to the adherence of ZrB2 to 
the substrate. 

Fig. 4a. Plate and cross section of ZrB2 deposited from fluoride- 
B203 melt on nickel at 800~ (approximately 200X). 

Fig. 4b. Plate and cross section of ZrB2 deposited from fluoride- 
B20s melt on copper at 800~ (approximately 200X). 

Fig. 3. Plate and cross section of ZrB2 deposited from fluoride- 
B203 melt on nickel at 750~ (approximately 200X). 

On copper substrates, adhesion is again excellent, 
but  a photomicrograph (Fig. 4b) shows the almost 
complete absence of a diffusion layer. Figure 4c is a 
cross section of a deposit on an  ATJ  graphite  sub-  
strate. 
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Fig. 4c. Plate and cross section of ZrB2 deposited from fluoride- 
B203 melt on ATJ graphite at 800~ (approximately 500X). 

Analys is  of the  ba th  af ter  the  run  producing  the de -  
posit  of Fig. 4a showed 5.81 w / o  Zr, 1.77 w / o  B, and  
6.11 w / o  oxygen.  

The effect of t e m p e r a t u r e  was  shown to be com- 
p le te ly  reproducib le  and reversible .  If  the  t e m p e r a t u r e  
were  lowered  from 800~ to 750~ a poor pla te  of the  
type  shown in Fig. 3 was obtained.  On ra is ing  the 
t empe ra tu r e  again  to the  region of 800~176 the  
good quali ty,  b r igh t  coherent  ma te r i a l  hav ing  the  
micros t ruc ture  of Fig. 4a was again deposited.  
Al though  excel lent  plates  m a y  be obta ined at  t em-  
pe ra tu res  in excess of 900~ it is p re fe rab le  to opera te  
at  800~ in view of the  increased du rab i l i t y  of ap-  
pa ra tus  at  the  lower  t empera ture .  

The cathode cur ren t  dens i ty  m a y  range  f rom 5 to 
100 m A / c m  2, bu t  the  plates  become significantly 
rougher  wi th  increas ing cur ren t  densi ty.  

Cont inued runn ing  of Zr  anodes th rough  mel ts  of 
the  Fl inak-ZrF4-B208 type  and ex t rac t ion  of ZrB2 u l t i -  
ma te ly  leads, as prev ious ly  mentioned,  to significant 
composit ion changes. However ,  cons iderably  before  
the  boron content  was exhausted,  the  appa ren t  ca th -  
ode efficiency increased sudden ly  to 250-300% (based 
on the assumption of 10 F / m o l e  of ZrB2 depos i ted) .  
The deposits, a l though superf icial ly  sat isfactory,  were  
proved to be compacted powders  on closer examina -  
tion. These powders  were  analyzed  and found to be 
mix tures  of ZrB2 and a g lassy  phase consis t ing of 
ZrO~ and a lkal i  z irconates.  I t  was this  occluded ma-  
te r ia l  which caused the appa ren t ly  high values  of cur -  
ren t  efficiency. 

I t  was found tha t  if B203 were  added  to the  system, 
then good deposits  of ZrB2 might  again  be obta ined 
for a l imi ted  time. Af t e r  the  passage of 28 A-h r ,  
through the  app rox ima te ly  1300g of melt ,  compacted  
powder  deposits  of ZrB2/ZrO2/zirconate  were  again 
produced.  Four  separa te  addi t ions  each of 100g B203 
were  made, but  when this procedure  was a t t empted  a 
fifth t ime  the  ba th  could not  be resusci tated.  Analyses  
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indica ted  tha t  the  ba th  now conta ined app rox ima te ly  
32 w/o  B203 and 30 w / o  K2ZrF6. This, of course, does 
not  impIy  t h a t  boron, oxygen,  and z i rconium are  p re s -  
ent  as these entit ies,  but  serves to i nd ica t e  the  large  
changes in the  concentra t ions  of these  mate r ia l s  f rom 
the  ini t ia l  values.  Exper iments  were  pe r fo rmed  wi th  
ba ths  containing 35 w / o  B203 in i t i a l ly  and be tween  
10 and 30 w / o  K2ZrF6. These composit ions would  not  
p la te  coherent  ZrB2 under  any set of conditions.  Also, 
when melts  consist ing in i t ia l ly  of Fl inak-K2ZrF8 (or 
ZrF4) and Na2B407 were  electrolyzed,  nothing but  
compacted  ZrB2/ZrO2/zirconate  powders  were  ob-  
tained.  The impl ica t ions  of these resul ts  wi l l  be con- 
s idered la te r  in the  Discussion section. 

I t  was thought  tha t  poss ibly  a react ion of B203 wi th  
mol ten  a lka l i  fluorides might  be  involved in this  
process, especia l ly  as compounds wi th  B - O - F  l inkages  
are  known. For  example ,  in the  p repara t ion  of BFs, 
the  fol lowing reac t ion  occurs  

KBF4 + 2B203 --> K [B406F] -5 BF3 t 

I~O3 (119g) was reac ted  wi th  K F  (95.2g) at 800~ A 
l i t t le  gas was evolved tha t  t u rned  out  tO be  dissolved 
wa te r  vapor  from the  B2Oz, not  BF3 as might  be ex-  
pected from the above  equation. Analys is  of the p rod-  
uct  a f te r  holding overn igh t  at  t e m p e r a t u r e  gave the 
fol lowing results :  

Nominal  Ana lyzed  
% Ini t ia l  Composi t ion F ina l  Composit ion 

B 17.46 17.42 
0 38.10 31.00 
K 29.91 29.70 
F 14.53 13.70 

Totals 100.00 91.82 

I t  may  be concluded that  BF~ is not  fo rmed from 
these components  and, in view of the  near  constancy 
of three  of the  four  elements,  i t  is l ike ly  tha t  the  d i f -  
ficulties of oxygen  analysis  m a y  account for  the d is -  
c repancy  in the fourth.  The ve ry  smal l  loss of fluoride, 
if real,  may  have  been as H F  resul t ing  f rom hydro lys i s  
wi th  the  wa te r  vapor  impur i ty .  

I t  was now evident  tha t  the  mixed  oxide-f luor ide  
sys tem had overcome one of the  ma jo r  difficulties ex-  
per ienced wi th  the  pure  f luoride melt ,  i.e., tha t  of 
vo la t i l i ty  of BFs. However ,  owing to the  use of z i r -  
conium anodes, the  z i rconium concentra t ion in the  
mel t  was increas ing whi le  on the  other  hand, tha t  of 
the  boron was decreasing.  To de te rmine  whe the r  ZrB2 
could be used as an anode, a new ba th  containing 
F l i nak  (80 w / o ) - Z r F 4  (10 w/o) -B20~  (10 w /o )  was 
e lect rolyzed with  a cen t ra l ly  mounted  zirconium anode 
in a g raph i te  crucible  which also acted as a cathode. 
A l aye r  of ZrB2 was thus bui l t  up on the  wal l s  of the  
crucible.  On mak ing  the ZrB2-pla ted crucible  the  anode 
and inser t ing a cen t ra l ly  located nickel  cathode, good 
qua l i ty  ZrB2 was deposi ted on the cathode. This ex-  
pe r imen t  demons t ra ted  tha t  e lec t ro formed  ZrB2 is a 
sa t is factory  anode. 

To prove  the point  beyond al l  reasonable  doubt,  it  
would be more  des i rable  to e lec t roform a ZrB2 anode 
in one cell fo l lowed by  the  electroref ining of this m a -  
te r ia l  th rough  a second cell. 

A deposi t  of ZrB2 about  0.2 in. to ta l  thickness  on a 
copper  ca thode  was p repa red  b y  electrolysis  of a 
Fl inak-ZrF4-B20~ mel t  in a n ickel  c ruc ib le  using a 
z i rconium anode. This cathode was then  made  the 
anode in an ident ica l  second cell. An  exce l len t  deposi t  
was obtained and is shown toge ther  wi th  a photo-  
micrograph  in Fig. 5. 

A commerc ia l ly  obta ined  compacted slug of ZrB2 3 
(1 in. d iameter ,  4 in. long) proved to be a ve ry  sat is-  
fac tory  anode, dissolving smooth ly  at  100% anode 
cur ren t  efficiency and deposi t ing clean coherent  ZrB2 

3 C a r b o r u n d u m  C o m p a n y .  
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Fig. 5. Plate and cross section of ZrB2 electrodeposit from fluor- 
ide-B~03 melt on copper at 800~ (approximately 200X). Anode: 
electraformed ZrB~. made by authors. 

Fig. 6. Plate and cross section of ZrB2 plated from fluoride- 
B203 melt on copper at 800~ (approximately 200X). Anode: 
pressed ZrB2 (Carborundum Company). 

at 100% cathode cur ren t  efficiency. A typical  sample 
prepared at 810~ is shown together with a photo- 
micrograph of the same mater ia l  in Fig. 6. The sub-  
strate mater ia l  is copper. 

.% life test was performed on the above bath  and 
cont inued un t i l  90.35 A-h r  had been passed through 
the cell which would correspond to the dissolution 
and deposition of 38.4g ZrB2 (1 A-hr  deposits 0.425g 
ZrB2). The init ial  composition of the cell contained 
32.18g Zr and 22.0g B, so it may  be seen that while 
almost complete turnover  of the zirconium has been 
achieved (38.4g ZrB2 contains 31.03g Zr and 7.37g B) 
some time remains  before the same can be said for 
the boron. The reason for the relat ively slow rate of 
turnover  is that it is necessary that  the anode current  
density be of the order of 5 m A / c m  2 to obtain satis- 
factory dissolution. Given the present  anode together 
with the geometry of the small laboratory cells, it has 
been necessary to operate at a slower rate than  would 
be possible with larger equipment.  In  the lat ter  case 
one would arrange for a large anode area and obtain 
consequent  low anode current  densi ty while a reason- 
able plat ing rate would be obtained with a cathode 
current  density of 50 m A / c m  2, i.e., anode:cathode 
area ratio of 10: 1, 

Chemical analysis of a typical  ZrB2 deposit showed 
79.85% Zr and 19.80% boron compared with the theo- 
retical values of 80.82 and 19.18%, respectively. X-rays  
of many  samples showed excellent matches for both 

"d" spacings and intensities wi th  the ASTM card. 
There were no extraneous lines in the patterns.  

Discussion 
The uniqueness of the present  method is that under  

the exper imenta l  conditions and compositions de- 
scribed, it produces only coherent ZrB2 deposits. The 
authors have confirmed that  the mixed chloride- 
powders and the oxide-chloride or oxide-chloride- 
fluoride mixtures  are no better. Fu l lam (5) noted the 
fluoride bath  of Fu l l am (5) produces only compacted 
adverse effect of oxide on the pur i ty  and yield of ZrB2. 
The deposits of Anthony and Welch (3) were also 
compacted powders containing considerable amounts  
of occluded electrolyte as can be seen in  Fig. 3 of ref. 
(3). 

Although in  practice the fluoride-oxide baths de- 
scribed in this paper would be operated using ZrB2 
anodes, the experiments  described above in which 
zirconium anodes were used are valuable in  throwing 
light on the mechanism of the process. 

When zirconium anodes are used the zirconium 
content  increases while that  of boron decreases. It  was 
found that  additions of B203 would restore the bath to 
operat ing condition, but  that  this process could not be 
cont inued ad infinitum. At a certain level  of B2Oa 
( ~  32 w/o) ,  the bath failed, and baths made up in-  
i t ial ly containing this amount  of B203 would not yield 
coherent deposits under  any  circumstances. 
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Analyses showed that, although in all cases sufficient 
boron and zirconium were present  in the bath, when  
the O/B mole ratio exceed 1.75, the bath failed, i.e., it 
produced compacted powder deposits of ZrB2 and 
ZrO2. Therefore it is believed that  the mechanism of 
bath revival  may be as follows: as the system is elec- 
trolyzed boron is extracted, the O/B mole ratio in -  
creases above 1.5 ( that  of B203) and the reaction 
O c c u r s .  

2B20~ + 0 2 -  ~ B4072- 

When the O/B ratio exceeds that  in B4072-, i.e., 1.75, 
compounds containing oxygen-zi rconium bonds are 
formed, perhaps of the zirconyl type [ZrO] 2+, and 
these may not be reducible at a cathode to form co- 
herent  ZrB2. When fresh B2Oa is added to the system 
the reaction 

[ZrO] 2+ + 2B2Oa ~ B4072- n u Zr 4+ 

then takes place. As evidence for this hypothesis the 
fact is offered that  if melts  of Flinak-K2ZrF6 and 
Na2B40; are electrolyzed only compacted powders are 
obtained. However, on adding B203 to the melt, despite 
the presence of Na2B407, coherent ZrB2 is then de- 
posited at 100% cathode current  efficiency. 

It is not implied firmly that  B40~ 2- is the l imit ing 
composition; since boron-oxygen structures are 
numerous,  it could well be that a more complex enti ty 
is involved. What is fair ly certain is that B203 acts as 
a getter for excess O 2-  ions, thus preserving the Zr 4 + 
in fluoride complexes for reduct ion at a cathode. 

A perusal  of Andr ieux 's  (2) work shows that  the 
O/B ratio of his melts was always well  in excess of 
7.75 and, if the above hypothesis has validity, not un -  
surprisingly, powder deposits were always obtained 
by this author. 

Applying this postulate to the work of Anthony  and 
Welch the oxygen:boron  ratio of the added oxide 
components was 2.5:1 whereas the total  oxygen: boron 
ratio was 0.455, including the boron original ly as- 
sociated with KBF4. I t  may be that  the former ratio is 
more important ,  and this would imply that there was 
insufficient B203 at the outset to getter all the oxide 
ions present. Thus, coherent deposits were not ob- 
tained. 

It  is perhaps valuable  to contrast and compare the 
bulk  compositions used in the present  work, ref. (2) 
by the same authors and Anthony  and Welch (3), as 
shown in Table I. 

Reference hag already been made in the preceding 
text to the deleterious effects of small  amounts  of B203 
to working fluoride-zirconium baths (11), and it may 

Table I. Solutions for electrodepositing ZrB2 

P r e s e n t  w o r k  Ref.  (2) Ref. (3) 
M a t e r i a l  w / o  M a t e r i a l  w / o  M a t e r i a l  w / o  

N a F  9 . 3 6  - -  - -  

K F  47.20 K F  60.29 K F  40"~1 
L i F  23 .44  L i F  24.45 - -  
ZrF~ 8.00 ZrF~ 8.80 ZrF~ 3~'79 
B~O~ 12.00 - -  - -  B~O~ 1,81 
-- -- BFa 6.46 BF3 15.80 
. . . .  ZrO2 3,19 

be that the failure to produce coherent deposits from 
the solution of ref. (3) may be in part  explained by 
the low B2Oa concentration. 

Summary 
Zirconium boride has been anodically dissolved and 

cathodically deposited as a coherent coating in both 
Fl inak-ZrF4-KBF4 and Flinak-ZrF4-B203 solutions. 
The lat ter  solution has been found to be a superior 
medium for this purpose main ly  because of the negl i -  
gible volati l i ty of the boron compounds in this solution. 
Coherent deposits of ZrB2 have been obtained at 100% 
cathode current  efficiency. Ranges of composition, cur-  
rent  density, and tempera ture  for satisfactory opera- 
tion have been established. The preferred composition 
is shown in the first column of Table I. The preferred 
cathode current  density and temperature  are approxi-  
mately  50 m A / c m  2 and 800~ and ZrB2, operated at 
5 mA / c m 2, is the preferred anode material .  Considera- 
tion of the composition changes when using Zr anodes 
and when resuscitating the bath  with B203 additions 
has led to useful concepts regarding the na ture  of the 
interact ion between zirconium fluoride complexes and 
B203. The use of ZrB2 anodes has been shown to be 
feasible, and that  when such anodes are used, the bath 
composition remains  constant  indefinitely, with no 
replenishment  of salts required. 

Photomicrographs of deposits show sound columnar  
mater ia l  and the adherence to th in  sheets and tubes of 
copper, nickel, graphite, and other substrates is ex- 
cellent. A thicker than usual  diffusion layer, shown 
in all probabil i ty  to be Ni3B, is present  when  ZrB2 is 
deposited on nickel. 
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ABSTRACT 

A theoret ical  t rea tment  of the t ransients  obtained in potentiostatic single 
pulse exper iments  on meta l  a l loy /me ta l  ion electrodes coupled to a redox 
reaction is presented. Formulas  have been der ived for the concentrat ion of the 
electrochemical ly  act ive component  in the alloy and of the corresponding 
meta l  ions of different valent  state which form the redox couple in the  elec- 
trolyte, respectively,  as a function of the distance f rom the interface and the 
durat ion of the voltage pulse. Expressions for the par t ia l  current  densities 
carried by the two consecutive charge- t ransfer  reactions, Me = Me z+ + z e -  
and Me ~§ = Me (z+D§ + e - ,  and for the total current  density flowing through 
the cell  have  been worked out. Analysis of the current  density t ransients  on 
the basis of these expressions allows interpreta t ion of exper imenta l  curves  in 
terms of the characterist ic kinetic parameters  of the electrochemical  system. 

In electrochemical  systems containing polyvalent  
ions, the ove r -a l l  electrode react ion f requent ly  in-  
volves  a series of consecutive charge- t ransfer  steps. 
Al though the theory  for in terpre t ing  exper iments  
under s teady-sta te  conditions is wel l  established (1, 2), 
ve ry  lit t le is known on the behavior  of such systems 
under nonsteady-sta te  conditions. 

In a preceding paper (3) potentiostatic t ransients  
on a pure m e t a l / m e t a l  ion electrode wi th  two charge-  
t ransfer  steps were  considered assuming that  the sur-  
face of the meta l  remains in equi l ibr ium with  the 
bulk of the metal. It is the aim of this paper to extend 
the t rea tment  to alloy electrodes where  changes in the 
concentrat ion of the electrochemical ly  act ive com- 
ponent (Me) at the interface, i.e., diffusion of Me in 
~he alloy, has to be taken into account. Examples  of 
this would be the we l l -known  amalgam electrodes and 
other types of l iquid meta l  alloy electrodes. At  the ele-  
vated tempera tures  of mol ten  salt systems also a siz- 
able mass flow occurs in solid alloy electrodes which 
are  included in this t reatment .  It  should be pointed 
out, however ,  that  surface alloying ("meta l l id ing")  of 
a pure meta l  which inherent ly  starts f rom nonequi -  
l ibr ium conditions requires  an independent  consider-  
ation. 

The first charge- t ransfer  step which is considered 
here  is the m e t a l / m e t a l  ion charge- t ransfer  reaction 

Me -- Me~+ + z e -  [1] 

in which the e lectrochemical ly  active component  of 
the alloy is anodically removed or cathodically de- 
posited on the interface. This charge t ransfer  reaction 
is coupled to a redox react ion 

Me z+ = Me ( '+D+ + e -  [2] 

in which the meta l  ion changes its va lency  by 1. 

Derivation of Concentration of Me in the Alloy and of 
Me z + and Me Cz + 1)+ in the Electrolyte, Respectively, as a 

Function of Distance from Interface and of Duration of 
Voltage Pulse 

In the formulat ion of the diffusion problem, the 
fol lowing assumptions are made: 

1. The only i r revers ible  processes are charge- t rans-  
fer  and diffusion in the alloy and in the electrolyte,  
respectively.  In mol ten  salt systems certain metals  are 
soluble in the electrolyte  melt  as uncharged particles. 

* K e y  w o r d s :  p o t e n t i o s t a t i c  single pulse method, electrochemical 
k i n e t i c s .  

It  is assumed that  this does not apply to the  meta l  elec-  
trodes t reated here. 

2. A perfect ly  rec tangular  vol tage pulse is applied 
to the electrode. 

3. Pr ior  to the  voltage pulse the electrode is in equi-  
l ibr ium in respect to both react ion [1] and [2]. 

4. Changes in the act ivi ty  coefficients of Me, Me z~ 
and Me (z+l~+ can be neglected, i.e., only small signals 
are considered. 

5. The electrode surface is an infinite plane, so that  
diffusion takes place in a direct ion x perpendicular  to 
the interface. Al though the meta l  diffuses in a different 
half  volume than the ions Me z+ and Me (z+ll+, x wi l l  
be always taken - -  0, i.e., x will  be defined as distance 
from the interface. This convent ion considerably facili-  
tates economical formulat ion of the  diffusion equations 
and the i r  solutions. 

6. Nei ther  st irr ing nor convection l imits the diffusion 
layer  thickness. 

7. The disproport ionation reaction 

(z + 1) Me ~+ = zMe (~ + Me 

does not occur. 
If these conditions are fulfilled, the diffusion of Me, 

Me ~+ and Me (z+ 1)+ is described by 

0Cr 02er 
= Dr ~ [3] 

r 0x 2 

0era 02era 
- -  = D i n - -  [4] 

Ot Ox 2 

OCo 02Co 
= D o -  [5] 

Ot Ox ~ 

where  Cr = c,.(x,t) is the concentrat ion of Me (most 
reduced substance of the e lectrochemical  system) in 
the alloy, Cm = Cm(x,t) is the concentrat ion of Me z+ 
( intermediate  substance) and co = co(x,t) is the con- 
centrat ion of Me (z+l)+ (most oxidized substance) in 
the electrolyte. Dr, Din, and Do are the diffusion con- 
stants of Me, Me z +, and Me (z + 1) +, respectively.  

The init ial  conditions are 

Cr z Cr.0; Cm ~ Cm.0; Co ~ Co.o for 0 --~ x ~  o0 and ~ = 0 
[6] 

The boundary  conditions are 

Cr = Cr.0; Cm = Cm,0; Co = Co.0 for X : cc and t ~ 0 [7] 
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OCt ir 
- - - -  for x----0 and t----0 [8] 

Ox ZFDr 

0Cm zio -- ir 
. . . .  for x = 0  and t--~0 [9] 

Ox zFDm 

OCo /o 
- -  - -  f o r x = 0  a n d t ~ 0  [10] 

Ox FDo 

ir = i r ( t )  and io = io( t)  are  the cur ren t  densi t ies  ca r -  
r ied by  react ion [1] and react ion [2J, respectively�9 The 
to ta l  cur ren t  dens i ty  is 

i ( t )  = i r ( t )  -5 io(t)  [11] 

Since the  pa r t i a l  cur ren t  densi t ies  i t ( t )  and /o(t)  are  
re la ted  to the  concentrat ions  Cr(0,t), cm(0,t) and 
co (0,t) by  the  equat ions 

Cr (0,t) [ arzF 
i t ( t )  = ir,o " ~ "  exp / - = - c - -  ~l ] Cr.0 \ I~'~' 

cm(O,t) ( [ i - - a r ] z F  ) 
- -  ir,o �9 ~ " exp ,1 

Cm,0 RT 

Cr (0,t) Cm (0,t) 
- - - - ~ ' i r , +  - - ~ ' i r . -  [ 1 2 ]  

Cr.O Cm,O 
and 

io (t)  = io,o �9 ~ exp 
Cm,O ~ ~ 

- -  io,o �9 - -  exp --  
Co,o R T  

c~(O,t) eo(0,t) 
: ~ ' i o , +  ----'io,- [13] 

Cm,0 Co,O 

the di f ferent ia l  Eq. [3], [4], and [5] a re  coupled by  the 
bounda ry  condit ions [8], [9], and [10]. Both anodic 
currents  and overvol tages  (~) are  t aken  positive. The 
te rms ir,0 and io,0 represen t  the  exchange cur ren t  den-  
sities for the  two charge t ransfe r  react ions [1] and [2], 
respect ively.  The te rms ar and ao are  the  corresponding 
charge  t ransfe r  coefficients, ir,+; io,+ and i t , - ;  io,-  are  
the  pa r t i a l  anodic and cathodic cur ren t  densi t ies  (a l l  
taken  posi t ive) ,  as de te rmined  by  cha rge - t r ans fe r  only. 
The differences 

ir,D : i~,+ --  ir,-- and /o,D ---- io,+ --  io,-- [14] 

represen t  the  cur ren t  densi t ies  car r ied  by  react ion [1] 
and [2] under  pu re  cha rge - t r ans fe r  control,  i.e., when 
no changes in the  concentrat ions  cr, Cm, and Co have  
ye t  occurred at  the  interface.  Since under  po ten t io-  
static condit ions the exponent ia ls  in Eq. [12] and [13] 
a re  constants,  b o u n d a r y  condit ions [8], [9], and [10] 
can be r ewr i t t en  as 

-~x - l z=o  = Klcr(O,t)  -- K2cm(O,t) [15] 

"-~--x/x=o = - -Kacr(0, t )  -5 KCm(0,t)  -- Ksco(0,t) [16] 

(0oo  
-'~'-x , ' ,~0 = --K~ �9 cm(0,t) Jr K~co(0,t) [17] 

where  Ki,  K2 - - - ,  K7 are  constants.  With  the  ini t ia l  
condit ions [6] and the  bounda ry  condit ions [7], [15], 
[16], and [17] the dif ferent ia l  l~.q. [3], [4], and [5] 
have the fol lowing solutions 

Cr ( X,t ) ir,D ~'~i$2 
= i --- __ �9 Fr(x,t) 

Cr,O zFk/Drcr�9 N/vl -- k/~2 

ir,Dio,- k /  DmCm,o -5 ( ir,Dio, + -5 io,Dir,-- ) k / D  oCo,O 

Cra (x , t )  ir.D -- Zio,D ~/7;iT2 
- -  = 1 -5 _ _  __ __ �9 Fm(x, t )  

C m , o  zFVDmCm,o A/TI -- A / ~  

ir,Dio _k/DrCr, o -- io,Din + k/DoCo,O 
-5 
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ir ,-  io,-  V'Drcr,o -5 ir, + io,-  k /  Dmcm,o -5 ir, + io, + k / D  oco,o 
�9 Gm(x, t)  [19] 

C 0 (x,t) iO,D ~TiT2 
= i -5 _ �9 Fo(x,t) 

Co,o FqDoco,o q ~ l  -- V~2 

(ir,+io,+ --  i r , - io , -  ) N/ Drcr,o -5 io.Dir, + ~ / DmCm,o 
+ 

i r , - i o , - k /  Drcr,o -5 ir, + io,- k/Dmcra,o -5 ir, + io, + k /  Doco,o 

�9 Go(x , t )  [20] 

The functions Fj (x , t )  and Gj (x , t )  are  defined by  

Fj (x,t)  -- exp -5 -- erfc ~ -5 
V/~j~I T i 2 j~ 

( ) ( x t x 
- -  exp %/DjT~ -5 = erfc 2~--Djt -5 ~ [21] 

and 

Gj (x , t )  -- erfc 2A/Djt  A / ~ -  N/~ 

V �9 exp - 5 - -  erfc ~ - 5  -- 

-5 X/~2 �9 exp -5 
~ / , i  - x/ ,2  ~/Dj,2 

erfc 2 ~ D j t  -5 ~ / ~ 2  

(j = r , m , o ) .  

The t ime constants  zi and T2 are  given by  

TI,2-~ -~- I--_. a2 

where  

[22] 

[23] 

ir ,- io,-~/Drcr,o -5 ir,+io,-N/Dmcm,o -5 ir,+io,+ ~/Doco,o 
�9 Gr(x,~)  [18] 

i r , - io , -  ~v/D--rCr,o -5 ir, + io,- k/D---~Cm,o -5 ir, + io, + k/Do~co,o 

" [ 1 - -  A/T-~ 0 i - 5 "  ~/T._.._..~_ 02] [27] 
~/~ - x/z-? ~ / ~ -  ~/~ 

zF2N/DrDmDocr,oCm,oCo,o 
[25] 

I t  can be shown that  wi thou t  except ion a 2 > 4~, i.e., 
the t ime constants  are  a lways  rea l  and positive, ~i 
being grea ter  than  T2. 

By  set t ing x = 0 and defining 

0k(t) -- exp  �9 erfc , (k  = 1,2) [26] 

the  fol lowing expressions for  the  concentrat ions  of Me, 
Me z+, and Me (z+i)+ at the  in terface  are  obta ined from 
Eq. [18], [19], and [20] 

Cr (O,t) ir,D ~/1~1T2 
= 1 - -  �9 �9 ( 0 1 - - o 2 )  

Cr,0 zFk/Drcr,o kiT1 --  ~/T2 

ir,Dio,-k/D---mCm,O -5 (ir, Dio, + -5 io,Dir,-- ) k/DoCo,o 

i r  * - -  Jr,+ -~ 

zFA/Drcr,o zFN/Dmcm,o 
io, + io,-  ) 

-5 F~/Dmcr~ ,o -5  FA/D~c~176 , [24] 

and 

i r , - io , -N/  Dr--Cr,o -5 ir, + io,- k/Dm-~Cra,o -5 ir, + io, + k /  Do--Co,o 
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C m , 0  zFx/Dmcm.o X/~I -- X/'-~ 

ir,Dio,-k/DrCr,O -- io,D " ir,+ X/Doco,o 
+ 

ir,-io,-V~Drcr,o + ir,+io,-k/Dmcm,o + ir,+io,+ X/Doco,o 

I1 . . . .  , 1 +  
x/', - x/,2 x/~, - x/t: 

Co (0,t) io,D "~/'Zl'Z2 
- - ~ -  1 -F ((~1 - -  02) 

Co,o F~/Doco,o k/ 'z -1-  N/~2 

(ir,+io,+ - -  i r , - io , - )  k/Drcr,0 + io,Dir,+ ~/DmCm,O 
+ 

ir,-io,-k/DrCr,o + ir,+io,-~/DmCm,o + ir,+io,+ k/DoCo,o 

v , ,  0,+ j :  02] 
~1~-~ - ~1~  ~ l q  - ~ 1 ~  

Current Density as a Function of Time 

The current densities irCt) and io(t) carried by 
charge-transfer  reaction [1] and [2], respectively, can 
be calculated by introducing [27], [28], and [29], in 
[12] and [13]. 

Jr(t) ir,D " 

zFVDrCr,o -~- ;FVDmcm.o F~/DmC"----m.o 

~/1:12:2 
( e ~ -  e2) [30] 

~/~  - ~ /~  

__[ io,Dio,+ "~ ~o,Dio,-- __ . ir,Dio,.___.__~+ ] 

Fk/Dmcm,o FX/Do---co,o zFk/Dmmcm o 

(01 - -  $2) [31]  

An expression for the variat ion of the total cur rent  
density flowing through the working electrode with 
t ime is obtained by summing [30] and [31] 

(ir,D -- Z/o,D) (it,-- -- /o,+) /r,D/r, + + 

zFk/Drcr,o zFk/Dmcm,0 

io,Dio,-- ] �9 "~/'1"2 " (~1 -- 82) 
+ ~'~/~oCo,o ~/T~- x/~ 

= A . f ( t )  + B . _ _ . g ( t )  [32] 

where A and B are t ime independent  parameters.  

Discussion 
The measured quant i ty  in potentiostatic single pulse 

experiments  i ( t )  depends according to Eq. [32] in a 
ra ther  complicated form on the kinetic parameters  of 
the electrochemical system. Therefore, in the following 
discussion some characteristic features of the i ( t )  
curves wil l  be worked out which may be used as a 
guide in the in terpre ta t ion of exper imental  cur rent  
density transients.  

As long as a change in electrode potential  start ing 
from equi l ibr ium is considered the ini t ial  current  den-  
sity is always 

i ( t  = O) = ~r  im,D [33] 

where irn,D is the current  density carried by the ruth 
charge- t ransfer  step under  pure charge- t ransfer  con- 
trol. This applies for any electrode reaction with an 
a rb i t ra ry  number  of n consecutive charge- t ransfer  
steps, since at the begining of the pulse no changes in 
t h e  concentrat ions cj have yet occurred (init ial  condi-  
tions) and the applied overvoltage in this moment  is 
pure charge- t ransfer  overvoltage. If un l imi ted-d i f fu-  
sion layer thickness is assumed, the i ( t )  curve ap- 
proaches zero at infinite t ime also independent ly  
from the special system under  consideration, since the 
concentrat ion gradient  becomes zero (boundary  condi- 
t ions).  

In  practice, however, the overvoltage pulse has a 
finite rise t ime and after some t ime (t > 1 sec) con- 
vection l imits the diffusion layer  thickness. There-  
fore, in previous papers (3, 6) on the potentiostatic 
single pulse method, extrapolat ion techniques have 
been proposed for the determinat ion of i (0)  and for 
t h e  consideration of i ( t )  at large t where the reaction 
is diffusion controlled. In  these t reatments ,  approxi-  
mations were used for t < <  T and t > >  T, respectively, 
which facilitate in terpre ta t ion of the i ( t )  transients.  
For small  arguments  t ick < <  1 the approximation 

(�88 exp �9 erfc (~/ t / tk)  ~ 1 -- 2x/ t /n ,k [34] 

may be applied. Int roducing Eq. [34] in Eq. [32] one 
obtains 

2 
i ( t )  = A + B .  . . x / t  for t < < ~ 2  [35] 

On the basis of Eq. [35] the value of A can be derived 
by an extrapolat ion to t = 0 of the l inear  part  of a 
plot i ( t )  vs. k i t .  However, such a l inearizat ion re-  
quires a judgment  on the range of useful data points 
which may be misleading, and the de terminat ion  of A 
from an i ( t )  vs. ~ plot can only be considered as a 
first orienting step in the analysis of the i ( t )  curves. 
For t i t  > > 1 where  

1 
exp (t/~k) " e r f c  ( ~ / t / $ k )  ~ �9 N/*k/t L36] 

Eq. [32] can be wr i t ten  in the approximate form 

1 
i ( t )  ~ const. - -  for t > >  ,1 [37] 

Since at large t the current  densi ty vs. t ime curves 
are very likely to be influenced by convective l imi-  
tat ion of the diffusion layer thickness, this approxima-  
tion may not always be applicable and an analysis of 
the i ( t )  curve at in termediate  time, where both dif- 
fusion and charge- t ransfer  determine its shape, ap- 
pears to be preferable. 

The general  properties of the i ( t )  curves in this 
in termediate  t ime range can be worked out by a con- 
sideration of the functions ] (t) and g (t) .  Since 

l im Ok = 1 and  l im Ok = 0 [38] 
t-->O t--) 

i (t) monotonical ly  decreases from i (0)  = 1 to i(oo) 
= 0 whereas g ( t )  is 0 at the beginning  of the pulse 
and 0 at infinite t ime but  positive in between. Con- 
sistent with the above ment ioned conclusions from the 
ini t ial  and boundary  conditions, this leads to i(0)  = A 
= ir,D + io,D and i(oo) = 0, In  a previous paper (3) 
on pure meta l /meta l  ion electrodes with two consecu- 
tive charge- t ransfer  steps it was shown that  a delayed 
extreme value fimaxl > Iir>D + io,DI in the c.d. curve 
may occur, This appearance, which is characteristic for 
a system with consecutive charge- t ransfer  steps can be 
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expected for alloy electrodes, too, al though addit ional 
terms containing ir .+/~/Drcr,  o show up in both B and 
the time constants, thus making the discussion of the 
alloy case more complex. 

The conditions for delayed extreme value in the c.d. 
curves may be understood best by a consideration of 
the derivatives 

1 ( oz 0 2 )  
f ' ( t )  = - _ [39 ]  

a n d  

o~ 02 ~ / ~  - ~/~2 1 
g' (t) . . . .  + [40] 

�9 ~ ~ ~ / ~  " ~2 ~ / = t  

Since f (t) is a monotonical ly decreasing function, f' (t) 
is always negative start ing from f ( 0 )  = -- 1/~/~=~ 
and approaching 0 at infinite time. The derivative of 
g( t )  starts with an infinitely large positive value and 
becomes 0 both at t = t~m, where g ( t )  has its maxi -  
mum, and at t - ~  ~ being negative for t=m < t < ~ .  
The slope of the c.d. curve is given by 

i ' ( t )  .---- A �9 [ ' ( t )  Jr B �9 
~/~ - ~/~ 

�9 g'(t) = a' ( t )  Jr b ' ( t )  [41] 
Figures 1 and 2 show curves i ' ( t )  vs.  t and the scaled 
functions a ' ( t )  and b ' ( t )  corresponding to f ( t )  and 
g ' ( t ) ,  respectively, for same ~1 but  slightly different 
parameter  combinations. The conditions for Fig. 1 are 
such that A and B have same sign. Since f ( t )  and g ' ( t )  
are opposite in sign for t < t~m there exists always a 
t~m < tgm w h e r e  / ' ( t im) = 0, i.e., in case s ign(A)  = 

il(J) / \ B I ~  g'(t) 

& 

A- fl(t) 

10-4 10-3 
I 

-5s 10-2 i0 ~1 
t [SEC] 

Fig. 1. Slope i" (t) of the c.d. curve as a function of time t .  
q ----- -}-80 mV, ir,o ~ 10 m A / c m  2,iooo ~ 1 mA /cm 2, ~ ~ 0,5, 
z ~- 1, Dr  = Dr, = Do ~ 1.5 X 1 0 - ~  crn~/sec, Cr,0 ~-  10-~M, 
cm,o = 1 0 - 4 M ,  co,o = 1 0 - 1 M .  

+10 

'f'O 

/ x 

/ " \ \  e \.., -'r "'r g'(t) 
/ 

/ 
/ t=tgm I 

/ 
! 
I 
I 
f 
/ 

l 
/ 
I 

- 1 0  ~ I 
10 . 5  10-4  

\ 

i ' ( t ~  

i0 -3 10-2 /0-1 
, [SEC] 

Fig. 2. Slope i '  ( t) of the c.d. curve as a function of t ime t. All 
parameters as Fig. 1 except Cr,o = 10-"~M. 
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s ign(B) the function l i ( t )  l has always a maximum.  In  
Fig. 2 the kinetic parameters  were chosen that  A and 
B are opposite in sign. Under  these circumstances i ' ( t )  
could become 0 only for t > tg~. However, in  this t ime 
range la '( t)  ] > ]b'(t)  [ and no m i n i m u m  appears in the 
corresponding i ( t )  curve (compare Fig. 2 and 4). 

From Eq. [32] it follows that  B is the sum of 3 te rms 
B = -- (T1 -F T2 -t- T3). Since A and T1 -F Ta have 
same sign, s ign(B) = s ign(A)  requires sign(T~.) 
sign(T~ -F T3). If n > 0 this condition can only be satis- 
fied for it,0 ) io,0 and i ~ -  < io,+, i.e., ~1 > ~min. If ~1 < 0, 
s ign(B) = s ign(A)  requires ir,O < io,o and ir , -  > /o,+, 
i.e., I~1 > I~lminl �9 Since the relat ive values of T1, T2, T3 
depend on the relat ive values of the terms "k/Dj "C],o 
in the denominators,  the conditions given above are 
necessary but  not sufficient. The behavior of B as a 
function of overvoltage is demonstrated in Fig. 3a and 
3b which show families of curves B vs.  ~t with Q,o as 
parameter  and i~,0 fixed. In  Fig. 3a the intermediate  
substance is assumed to exist in a much lower concen- 
t rat ion than both the reduced and the oxidized sub-  
stance. In  Fig. 3b the ini t ial  concentrat ions of Sr and 
Sm were assumed both equal and small  compared with 
Co.o. Note that  in the cathodic branch  large variat ions 
in C~,o (or D~) have very li t t le effect on the l imit of 
I~,,i,[, where s ign(B) becomes equal to s ign(A) ,  
whereas a drastic change occurs in the anodic branch. 
Varying the ini t ial  composition of the electrochemi- 
cal system and observing the effect on the occurrence 
of delayed maxima in the l i ( t )  t curve, provides, there-  
fore, a valuable means for confirming a proposed model 
of the electrode reaction under  investigation. 

Figures 4, 5, and 6 show families of digital ly s imu-  
lated i ( t )  vs. t curves ( t-axis  logarithmic) with Cr,0 
as parameter  and Cm,~ and co,o fixed. Figure  4 repre-  
sents an anodic case with ir,0 ~ io,0 and  Jr , -  ( io, +. For  
c~,o ~ 10 -5 mole /cm s, delayed maxima occur in the i (t) 
curve (compare the dashed curve in Fig. 3a and 
the full curve in Fig. 1). However, if Cr,o ~ 10 -6 mole /  
cm,~ the term T~ in B overrides the influence of T2. i.e., 
B has opposite sign of A and the delayed ma x i mum in 
i ( t )  disappears (compare Fig. 2 and 3b). F igure  6 
represents a cathodic case with ir,o < io,o and ir , -  > io, +. 
Since at large cathodic overvoltage the te rm T1 in B 
is of minor  influence, all curves have maxima.  How- 
ever, with decreasing cr,0 the values i (t im)/i  (0) become 
smaller  and tlm is shifted to shorter times. Therefore, 
the delayed ma x i mum is not observable in curves with 
c~,o ~ 10 -s  mole /cm 3 assuming that  the best a t ta in-  
able rise t ime of a potentiostatic system at present  is 
of the order of 10 -6 sec. In  Fig. 5 the parameters  are 
chosen in such a way that/r.O > io,O bu t  i t . -  > ~Oo+. i.e., 

iso[ 

'~176 ' 
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< 

o, I 
-ioo -5o 0 5o I00 -Ioo 5o 0 5o ~00 

-~ [r.v I ~ "~[mv] ~ 

Fig. 3. Coefficient B vs. overvoltage ~1 for various io,o. /roe = 
10 m A / c m  2, a = 0.5, z = 1; io,o = 1 mA /cm 2 
io,O ~ 5 mA /cm 2 . . . . .  ; io,o ~--- 10 m A / c m  2 ,; 
io,o ~ 50 mA /cm 2 . . . . . . .  ; io,o = 100 mA/cm 2 
. . . . .  ; Dr = D m  Do = 1.5 X 10 - 5  cm2/sec. Fig. 3a 
( left).  cr,o = Co,O = 1 0 - Z M ,  Cm,o ~ 1 0 - 4 M .  Fig. 3b (right). 
cr,o = cm,o = 10-4M, Co,o = 10-1M. 
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Fig. 4. Current densities i(t), expressed as fractions of the 
initial current density i(0) ~ ir,O "Jr io,D, as a function of time t; 
varied parameter Cr,o. ~ ~ ~ 80 mV, ir,o = 10 mA/cm 2, io:o 
1 mA/cm2; ~ ~ 0.5, z ----- 1, Dr ---~ Dr, = Do = 1.5 • 10 - 5  
cm2/sec; Cm,o = 1 0 - 4 M ,  Co,o = 1 0 - Z M ;  Cr,O = 1 0 - 1 M  
. . . . .  ; Cr,O = 1 0 - 2 M  . . . . . . .  ; Cr,0 = 1 0 - 3 M  
. . . . .  ; Cr,0 = 1 0 - 4 M  

o .  i i 
10-6 10-5 i0-4 10-3 I0-2 

, [ s E c ] ~  

Fig. 5. Current densities i(t), expressed as fractions of the ini- 
tial current density i(0) ~ ir,D -Jr- io,D, as a function of time t; 
varied parameter Cr,o. All parameters as in Fig. 4 except ~1 
d- 40 inV.  

sign(B) r s ign(A) for all i ( t )  curves which exhibit  
no delayed maxima.  

C o n c l u s i o n s  

From a consideration of the general  properties of 
i ( t )  vs. t curves in potentiostatic single pulse experi-  
ments  on systems involving two consecutive charge- 
t ransfer  reactions, the following steps are suggested to 
be taken in the analysis of exper imenta l ly  obtained 
i ( t )  t ransients:  

1. Approximate  values for A are de termined for a 
set of overvoltages from plots i ( t )  vs. ~/-t and an ap- 
proximate value for 1/ir.o -{- 1/io,0 is evaluated by  a 
conventional  analysis of the charge- t ransfer  resistance. 

2. By varying ~1 and, if necessary, by changing ini-  
t ial  composition the system is checked for the condi-  
tions under  which delayed maxima are established in 
the i ( t )  curve. If such maxima exist at anodic over-  
voltages, ir.o ~ z �9 io.0; if they exist at cathodic over-  
voltages,/r,o < zio.o. 

3. The l imit  !nminl for which maxima are observable 
and the way the maxima  are affected by changes in 
composition are investigated. A model of the electrode 
kinetics is made up on the basis of these observations, 
i.e., a reasonable range of values is coordinated to the 
different kinetic parameters.  

4. The model has to be confirmed by fitting these 
parameters  to exper imental  i ( t )  curves covering the 
full t ime range where both diffusion and charge- t rans-  

f 

~ ~-~ 
0 1  ] I .~ 

10 ,6 I0 -5 10 .4 I0 -3 10 2 

,[SEC] 

Fig. 6. Current densities ElL expressed as fractions of the ini- 
tial current density i(0) = ir,D + io, D, as a function of time t; 
varied parameter Cr,o. ~ = - - 8 0  mV, ir,o = 10 mA/cm 2, io,o = 
50 mA/cm 2 , ~  = 0.5. z = 1, Dr = Dm = Do = 1.5 X 10 - 5  
cm2/sec, Cm,o = 1 0 - 4 M ,  Co,o = 1 0 - 1 M ;  Cr,O = 1 0 - ~ M  
. . . . .  ; Cr,O = 1 0 - 3 M  . . . .  ~ ;  Cr,O ~ 1 0 - 4 M  ~ ;  
Cr,o ~ 1 0 - 5 M  

fer control the electrochemical reaction. F ina l  adjust-  
ments  are made in the parameters  to obtain best fit 
for a variety of n and cj,0. 

Considering the relat ively poor accuracy in record- 
ing of i ( t )  data at high speed and the possible sys- 
tematic errors in potentiostatic single pulse experi-  
ments, a quant i ta t ive  analysis of i ( t )  curves for elec- 
trochemical systems, which do not allow the observa-  
tion of delayed maxima,  appears to be unrealistic at 
the present state of exper imental  technique. 

Summary 
A theoretical t rea tment  of the t ransients  obtained in 

potentiostatic single pulse experiments  on metal  al loy/  
metal  ion electrodes coupled to a redox reaction is 
presented. Formulas  have been derived for the con- 
centrat ion of the electrochemically active component 
in the alloy and of the corresponding metal  ions of 
different valent  state which form the redox couple in 
the electrolyte, respectively, as a funct ion of the dis- 
tance from the interface and the durat ion of the volt-  
age pulse. Expressions for the part ial  current  den-  
sities carried by the two consecutive charge- t rans-  
fer reactions, Me ---- Me z+ + z e -  and Me z+ ---- Me (z+l)+ 
+ e - ,  and for the total current  density flowing through 
the cell have been worked out. Analysis of the current  
densi ty t ransients  on the basis of these expressions 
allows in terpre ta t ion of exper imental  curves in terms 
of the characteristic kinetic parameters  of the electro- 
chemical system. 
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Free Energies of Formation of Hydrous Oxides of Technetium 
in Its Lower Valencies 1 

G. H. Cartledge 
Chemistry Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830 

ABSTRACT 

It  has been found possible to measure  revers ib le  e lectrode potent ia l s  for 
couples containing technet ium and one or  more  of i ts hydrous  oxides.  The 
procedure  disclosed the existence,  in films, of t echne t ium in 1+ ,  2 + ,  and 3 +  
valence states, besides oxides Tc304 and Tc407, and provided  di rec t  means  
for eva lua t ing  the i r  free energies  of format ion  f rom the metal .  The previous  
ca lo r imet r i ca l ly  based free energy of format ion  of Tc (OH)4 was confirmed to 
wi th in  1%. I t  was found tha t  the rad ioac t iv i ty  of t echne t ium is invo lved  in 
cer ta in  processes on the electrode. 

The oxides of technet ium prev ious ly  known were  
TcO2, TcO~, and Tc207. E lec t roana ly t ica l  procedures  
have  been used to s tudy  the reduct ion  of the  pe r -  
t echneta te  ion, and T c ( I I I ) ,  Tc(V) ,  and Tc(VI)  were  
shown to be formed as in te rmedia te  products  under  
cer ta in  conditions,  besides Tc( IV)  (1, 2). The 3 +  
s tate  was found also as a chlorocomplex by  Busey (3),  
and both the  2-]- and 3 +  states  were  isolated as di-  
t e r t - a r s ine  complex compounds by  Fergusson and 
Nyholm (4).  There  is no known  report ,  however,  of 
oxides or hydroxides  f rom a valence s ta te  lower  than  
4+ .  

The ini t ia t ion of a s tudy  of the  e lec t rochemical  be -  
havior  of i ron a l loyed wi th  a smal l  amount  of t ech-  
ne t ium immed ia t e ly  showed the necess i ty  for  de te r -  
mining  the  anodic behavior  of e lementa l  technet ium. 
These exper iments  led to the  resul t  tha t  severa l  lower  
oxides (hydrous  or "prec ip i ta ted")  could be identif ied 
and the i r  f ree  energies  of ~ormation de te rmined  elec-  
t rochemical ly .  Confidence in the  va l id i ty  of the  ob-  
servat ion  of severa l  reproduc ib le  couple potent ia ls  was 
immedia t e ly  es tabl ished by  the fact tha t  the  potent ia l  
of a technet ium elect rode coated ca thodica l ly  wi th  
To(OH)4 gave a f ree  energy  of format ion  for this 
hyd rox ide  which  closely matched  a va lue  prev ious ly  
der ived.  This ea r l i e r  value  was ca lcula ted  by  combin-  
ing the  measured  heat  of combust ion of  technet ium to 
per technic  acid (5) wi th  the  author ' s  de te rmina t ion  
of the revers ib le  potent ia l  of the Tc ( IV-VI I )  e lect rode 
(6). 

The presen t  s tudy  consisted of the  measuremen t  of 
the  potent ia l  of meta l l ic  technet ium in sulfate  or o ther  
e lect rolytes  af ter  var ious  polarizat ions,  wi th  or  w i th -  
out  p r io r  coating of the  e lect rode wi th  a film formed 
ca thodica l ly  f rom TcO4-.  Other  measurements  were  
made on gold or p l a t inum electrodes af ter  they  were  
coated wi th  a film and subjected to var ious  po la r iza -  
t ion procedures.  I t  was somewhat  surpr is ing  to dis-  
cover tha t  al l  these types  of e lect rodes  gave charac -  
ter is t ic  halts,  or plateaus,  in po ten t i a l - t ime  charts,  
and that,  so far  as was invest igated,  the  potent ia ls  had 
the 59 m V / p H  dependence  tha t  would  be expected.  
Al though  cer ta in  of the  couples were  metas tab le  in 
that  the  e lec t romot ive ly  act ive components  of the  film 
s lowly  changed chemical ly  and produced a different  
couple, even these were  found to be  sufficiently s table 
for identif icat ion and use in calcula t ing free energies 
of formation.  The resul ts  furn ish  a d i rec t  and  indepen-  
dent  means  of re fe r r ing  the  free energies of tech-  
ne t ium compounds to the  metal .  In  addition, couples 
were  identif ied which indicate  the  existence, on the  
electrode,  of new compounds de r ived  from technet ium 

1 Research  sponsored by the U.S. Atomic  Ene rgy  Commiss ion  un-  
der  contract  w i t h  Union Carbide Corporation.  

Key words :  t echne t ium,  t echne t ium oxides,  electrode potential ,  
free energy, ionic potential, polarization. 

in the i+,  2-p, and 3n u valence states, besides the 
hybrid oxides, Tc~O4 and Tc407. The results are par- 
ticularly striking in that hard metals coated with 
oxides do not usually give reversible potentials. 

Experimental 
For  p repara t ion  of cer ta in  electrodes,  the chosen 

subs t ra te  was coated wi th  a film of black,  hydrous  
oxide  by cathodic deposi t ion f rom a lka l ine  TcO4-.  If 
the  cur ren t  dens i ty  is in the  range  of 0.5 m A / c m  2, 
e lectrolysis  for a few minutes  at room t empera tu re  
produces  a b rown i sh -b l ack  film which, a f te r  being 
dr ied  at  l l0~  in air, has the  same elect ron diffrac-  
t ion pa t t e rn  as the  produc t  f rom hydro lys i s  of 
K2Tc (IV) C16. This p roduc t  is TcO2 �9 2H20 or  Tc (OH) 4. 
[The author  is indebted  to Dr. R. H. Busey for 
the  hydro ly t ic  product  and to Mr. T. E. Wi lmar th ,  
of  the  Ana ly t i ca l  Chemis t ry  Division, for comparison 
of the diffraction pat terns .  As is seen subsequently,  
vigorous cathodic deposi t ion m a y  give a film con-  
ta in ing lower  oxides in addi t ion  to, or r a the r  than, 
Tc (OH)4.] E lemen ta ry  technet ium,  gold, plat inum, 
and go ld -p la ted  p la t inum were  used  as subs t ra tes  for 
the  p repa ra t ion  of coated electrodes.  The use of gold 
faci l i ta ted observat ion  of colors. 

Other  e lect rodes  consisted in i t i a l ly  of technet ium 
from which  any oxide film had been removed  e i ther  
by  t r ea tmen t  wi th  ammoniaca l  hydrogen  peroxide,  by  
fusion jus t  above the mel t ing  point  in KOH containing 
a l i t t le  KNO3, or b y  reduct ion in hydrogen  at a round  
425~ wi th  cooling in helium. In numerous  exper i -  
ments,  a 0.72g pel le t  of r f - m e l t e d  technet ium was 
used. (The pel le t  was p repa red  by  Mr. W. J. Mar t in  
f rom powder  produced in the  Isotopes Division by  re-  
duct ion of f iss ion-product  NH4TcO4 by  hydrogen. )  The 
resul ts  obta ined wi th  the pe l le t  were  confirmed and 
ex tended  by  use of an e lec t rode  consist ing of a gold 
coil sealed into soft glass and p la ted  wi th  metal l ic  
technet ium from 2N H2SO4 conta in ing 7 x 10-3f KTcO4 
(7). The pla t ing covered the  golden color comple te ly  
and gave a b r igh t  deposi t  resembl ing  p la t inum after  
reduct ion in hydrogen.  As a var iant ,  a gold coil was 
first coated wi th  Tc(OH)4,  and the b lack  film was 
then rinsed, dried,  and reduced in hydrogen.  Two such 
t r ea tmen t s  gave a br igh t  p l a t i num- l ike  surface. For  
work  in the  more  noble regions of potential ,  p l a t inum 
or gold electrodes were  coated wi th  technet ium t e t r a -  
hyd rox ide  and subjec ted  to cathodic polar iza t ion  to 
produce couples having oxides which  correspond to 
valence states be low 4-}-. The different  k inds  of elec- 
t rodes  m a y  be identif ied in the  subsequent  pa ragraphs  
by  reference  to Table  I. Elect rolytes  were  1N and 
0.01N H2SO4, 0.05] ph tha la t e  buffers, or a mix tu re  0.9N 
in sulfate and 0.1] in phthala te .  The acidi t ies  for cer -  
ta in  couples covered the r ange  of pH from 0.35 (1N 
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Table I. Types of electrodes 

A. Pellet of elementary technetium, u n c o a t e d  
B. Coated pellet 
C. Technetium plated over gold and reduced in hydrogen 
D. Technetium on gold by reduction of film 
E. Type C or D coated with Tc(OH)~ 
F. Platinum or gold carrying eathodically formed film 

H2804) to 6.76. Solutions were prepared from tr iply 
distilled water, and concentrated C.P. H2SO4 was 
heated to fuming to remove SO2 before dilution. 

Polarization of electrodes was accomplished by both 
galvanostatic and potentiostatic procedures (FairPort  
Inst ruments ,  Inc., Model 610). Potentials  or currents  
were measured through a v ibra t ing reed electrometer 
(APL Model 30) and a Hewlet t -Packard  Recorder 
(Model 7100B), stable potentials being checked di-  
rectly with a Rubicon Potentiometer.  Measurements 
were made at thermostat ical ly controlled room tem- 
perature, 24~ and air  was displaced from a large 
H-cell  by hel ium which had passed over copper t u r n -  
ings at 425~ Potentials  are expressed in accordance 
with the Gibbs-Stockholm convention (8). Measure- 
ments  in terms of SCE are converted to SHE by addi- 
t ion of 4245 mV. Energies are expressed in thermo-  
chemical calories, 1 cal ---- 4.184J. 

Most of the study of the Tc-Tc(OH)4 couple was 
done with the pellet of technetium, Type B, the result  
of m a n y  such measurements  being completely con- 
firmed by use of electrodes of Type E. The pellet was 
suspended in the electrolyte by a p la t inum stirrup. 
When it was found that  stable or metastable poten-  
tials other than that of the Tc-Tc(OH)4 couple were 
being observed, electrodes of e lementary  technet ium 
were used to explore the less noble range of potentials. 
For this purpose, electrodes of Type A, C, or D were 
anodically polarized, chiefly in 1N H2SO4, to form 
films possibly capable of existence in lower valence 
states. Al ternate  anodic and cathodic polarizations 
(sometimes by chance!) led to recognition of several 
well-defined potentials in the lower range. 

When it developed that  the Tc-Tc(OH)~ couple is 
electrochemically metastable with respect to couples 
of more noble potential, other measurements  were 
made with electrodes of Type F. These were subjected 
to a var ie ty  of polarizations, from which results were 
obtained which confirmed certain of the couple po- 
tentials observed when electrodes of Type A, B, or E 
were mere ly  allowed to "age" in the cell. Other details 
for locating and identifying specific potentials are 
given under  "Results." 

Results 
The Tc-Tc(OH)4 couple.--The potential  of this 

couple was obtained many  times when  freshly filmed 
and rinsed electrodes were inserted into the electro- 
lyte with a rapid stream of hel ium passing. The po- 
tential  ini t ia l ly  observed depended somewhat on the 
method of forming the film. Thus it could be varied 
by changing the current  density, by brief reversal 
of the ooating current,  or by allowing the electrode 
to remain  in the coating cell briefly after shutt ing off 
the current.  In  any event, the potential  soon shifted to 
a more or less steady value before beginning to drift  
to a more noble potential. This shift required a few 
hours or, sometimes, overnight  before a second stable 
potential  was attained. Measurements at several pH 
values served to show that  both potentials had ap- 
proximately  the 59 mV/pH dependency required for 
couples of the types possibly existing between the 
metal  and one of its insoluble hydroxides, or between 
two such hydroxides as discrete phases on a con- 
ducting, electrochemically iner t  substrate. The re-  
sults of 19 determinat ions of the lower potential  and 
10 of the more noble one are shown in Fig. 1. When 
the results are corrected to pH = 0 and SHE, one finds 
V~ = 0.296 _ 0.006 and 0.516 • 0.007V, respectively. 

3 0 0 L  ' I t i i I 
/ 

~ INTS 

2001 ~ Couple:  Tc(OH)2+ 2 H20 -~> 
I Tc(OH)4+ 2H++ 2e- 

~ ,oot ~.p~,~r ~ ~,.~o.5,6• 

o 

~0 -100I ~ 59.t6 mv/pH 

"-,~176 I ,o. o.oo,v 
_4001  I 1 I I F I 

0 t 2 3 4 5 6 7 
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Fig. 1. Electrode potentials (ref. to SCE) as a function of pH. 
The lines are drawn with the theoretical slope. 

If VOH ---- 0.296V is taken to be the reversible poten- 
t ial  of the couple, Tc 4 4H20 ~ Tc(OH)4 4 4H + 4 
4e- ,  ~F o ---- 427.3 kcal, from which ~FOf for formation 
of Tc(OH)4(pptd) is --199.5 _+ 0.7 kcal. This is seen to 
be very  close to the value --202 kcal derived from the 
earlier calorimetric and electrochemical data. The 
agreement  not only approximately confirms the in-  
directly obtained f ree-energy value, but  shows the 
surprising speed with which technet ium establishes 
electrochemical equi l ibr ium with this film. (The value 
--199.5 kcal is adjusted to --199.7 kcal subsequently,  
for bet ter  in terna l  consistency of the several station- 
ary potentials discovered.) 

Other couple potentials.--The noble potential  V~ = 
0.516V cannot be ascribed to effects associated with a 
mere "aging" of the film, such as a change in crystal 
form or degree of hydration, since the observed po- 
tentials  show that  such processes would have a posi- 
t ive f ree-energy change. It  is therefore necessary to 
assume that  the potential  shifts because of slow for- 
mat ion of a couple having at least one new compo- 
nent.  Calculations which are explained subsequent ly  
show that either Tc(OH)2 or Tc(OH)3 in  association 
with Tc(OH)4 would result  in  a reasonable free 
energy for the lower hydroxide, but  the data obtained 
in later  exper iments  are necessary for discrimination 
between the two possibilities. The existence of such a 
stable potential, however, is clear evidence of the 
formation of a couple containing a lower oxide and 
having an exchange current  sufficiently great to escape 
serious polarization by reaction of metallic technetium. 
Should there actual ly be such a polarization, the t rue 
couple potential  would be even more noble. The fact 
that  the potential  of 0.516V was repeatedly observed 
and had a proper pH dependence indicates also that  
chemically discrete phases are present in the mixed 
film, ra ther  than a composite phase of cont inuously 
variable composition, which may sometimes be 
formed. 

Fur ther  measurements  were therefore made with 
both coated and ini t ia l ly uncoated electrodes in order 
to detect other characteristic potentials. In  certain 
cases, the procedure was to bui ld  films by  anodic 
polarization of technet ium electrodes (Types A, C, 
and D). This procedure was used to explore the less 
noble region of potentials. For the more noble region, 
Type F electrodes were used. In  all these cases, var i -  
ous mild anodic and cathodic polarizations were ap- 
plied, as necessary, to insure the integri ty  of observed 
s tat ionary potentials. By these devices a total of 15 
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Fig. 2. Negative free energy of formation of oxides, per equiva- 
lent, as a function of the valence of the cation. Insert: Negative 
free energy per gram-atom of Tc, vs. valence of cation. 

significant potentials was established, including the 
two shown in  Fig. 1. The values are given in Table 
III, following a description of the procedure by which 
the couples responsible for the different potentials 
were identified. 

Identification of the couples.--In earlier publications 
(9), it was shown that  many  properties of inorganic 
compounds may be interpreted or correlated in terms 
of the ratio of the charge to the radius of their  ions. 
This function, z/r, was designated the ionic potential.  
Thus, it was shown (10) that, in  a series of compounds 
with a common anion, such as oxides, there is a quite 
general  semilogarithmic relat ion between the heats or 
free energies of formation per equivalent  and the 
ionic potentials of the cations based on their un iva len t  
crystal  radii. The present problem involves the 
hydroxides or oxides of a single element  in various 
valence states, however, and here the regularit ies are 
less obvious. Nevertheless, cer tain fair approxima- 

Table II. Estimated and experimental free energies of formation* 

~F~ (est)  ~F~ (exp)  

T c O H  -- 57.35 -- 56 .0  
T c  (OH)~  -- 110.7 -- l l O . l  
Tc~O4 - -  -- 206.1 
T c  ( O H ) s  -- 157.35 -- 157.3 
Tc4O7 ~ -- 316.6? 
Tc  (OH) 4 ( -- 199.5) -- 199.7 

* k c a l / m o l e ;  AF~ e s t i m a t e d  f r o m  Fig .  2;  A F ~  ad-  
j u s t e d  fo r  m a x i m u m  c o n s i s t e n c y  of  o b s e r v e d  p o t e n t i a l s .  

tions become apparent  from an inspection of a graph 
of the free energies of oxides, per equivalent,  plotted 
logari thmically against the valence of the cation. 
Figure 2 is such a graph. The data were taken chiefly 
from Brewer ( l l )  and the revisions of Circular 500 of 
the Bureau of Standards (12). A few are from Latimer 
(13), and recent redeterminat ions  for rhen ium are 
from King, Richardson, and Mrazek (14). The value 
for Tc207 is from Ref. (5). I t  is to be noted that, in 
the absence of specific informat ion on the s tructure of 
hydrous oxides, Lat imer  considers them preferably as 
hydroxides. For the present  approximations,  the free 
energies of the oxides and the hydrous, or "precip- 
itated," oxides may be considered to differ by half the 
free energy of l iquid water  for each equivalent.  Thus, 
from •176 for Tc(OH)4 = --199.5 keal/mole,  we find 
~Fof for 1/4 Tea2 to be (%) [ - -199.5- - ( - -2  x 56.7)] = 
-.21.5 kcal/equiv.  

Figure 2 shows that, for a given metal, the negative 
free energy decreases numerica l ly  as the valence in-  
creases, and the slight deviations from straight lines 
follow similar patterns. It  may be assumed, therefore, 
that  the free energies of perhaps hypothetical  lower 
oxides of technet ium will  not differ greatly from those 
indicated by the dashed curve in Fig. 2, which was 
based on a comparison of the exper imental  values for 
Re207, ReO3, and ReO2 with the established values for 
Tc207 and Tea2. From this curve, free energies of for- 
mat ion were calculated for TcOH, Tc(OH)2, and 
Tc(OH)3, with the results shown in Table II in the 
column AFv(est). These estimated free energies were 
then used for calculation of reversible electrode poten-  
tials for the ten  couples conceivably obtainable by 
combining the metal  with one of its hydroxides, or  
two hydroxides as discrete phases on an electro- 
chemically inert  substrate. So long as only insoluble 
components are involved, the potentials of all such 
couples will  have a --59 mV / pH  dependence. The 
ini t ia l ly  approximated potentials are shown in Table 
III under  V~ (est). The column headed V~ (obs) gives 
the potentials of the observed halts in potent ia l - t ime 

Table III. Standard electrode potentials V ~  volts vs. SHE, 24~ 

V=H p H  ( for  
Couple  V~ (est)  V~ (obs) ( n o r m a l i z e d )  m e a s u r e m e n t s )  

8 . T c  + H 2 0 ~ - T c O H  + H+ + e-  - -0 .029  
. T c  + 2H,~O ~ T c ( O H ) ~  + 2H+ + 2e -  + 0 . 0 5 9  
. 3 T c  + 4 H 2 0 ~ - T c ~ O 4  + 8H+ + 8e -  
�9 T c O H  + H~O ~ - T c ( O H ) ~  + H+ + e -  v.~47 

~ . 3 T c O H  + H 2 0 ~ - T c z O 4  + 5H+ + 5 e -  
. T c  + 3 H 2 0  ~ - T c ( O H ) ~  + 3H + + 3 e -  v.185 

g. 3 T c ( O H ) 2  ~ Tc804 + 2H~O + 2H+ + 2 e -  
h .  T c O H  + 2 H 2 0  ~ T c ( O H ) 3  + 2H+ + 2 e -  0.290 

i. T c  + 4H,20 ~ T c ( O H ) ~  + 4H+ + 4 e -  0.296 
J. 4 T c O H  + 3 H 2 0  ~ -Tc4O7 + 10H + + 10e-  
k .  T c O H  + 3 H 2 0  ~-~ T c ( O H ) 4  + 3H+ + 3 c -  0 .397 
I. T c ( O H ) 2  + H 2 0  ~ T e ( O H ) ~  + H§ + e -  0.436 

0.522 
0�9 

m. T c ( O H ) ~  + 2HzO ~ T c ( O H ) 4  + 2H+ + 2 e -  
n.  T e ( O H ) z  + H~O = T e ( O H ) 4  + H + + e -  
o. TcaO~ + 8H~_O . ~ - 3 T c ( O H ) 4  + 4H+ + 4 e -  
p. Tc804 + 5 H 2 0  ~ 3 T c ( O H ) ~  + H+ + e -  

0 .034 + 0.005(77 * 0.031 0.35, 2.05 
0.073 -*- 0 .002(7)  0.072 0.35, 3.65 

0.112 
0 . 1 ~ ( 2 )  0 .113 3.65 
0 .167(2)  0.161 0.35 

0.190 "!--- 0 .006(11)  0.165 0.35 
0.234 -4- 0.004 (4) 0.234 0.35 
0.264 -+- 0.005(77 0.262 0.35, 3.10, 4.03, 

5.00, 5.4O 
0.296 - -  0.006(197 0.294 ** 
0.338 --+-- 0.003 (7) 0.338 0.35, 2.05 
0.382 --+ 0.002 (7) 0.382 0.35, 3.65 

0.411 {2) 0 .412 0 .35  
0.516 -4- 0.007(10)  0 .518  * *  
0.619 _-~ 0.005 (6) 0.620 0.35,  3.65 
0.661 • 0 .004(5)  0.657 0.35, 3.65 

0 .765(1)  0.768 3.65 

* N u m b e r s  in  p a r e n t h e s e s  d e n o t e  t h e  n u m b e r  of o b s e r v a t i o n s .  
** See  F ig .  1. 
V~  p o t e n t i a l s  d e r i v e d  t r a m  i n i t i a l l y  a p p r o x i m a t e d  AF~ g i v e n  in  T a b l e  II .  
V ~  o b s e r v e d  s t e a d y  poten t ia l s ,  c o r r e c t e d  to S H E  sca le  and  p H  = 0. 
V ~  p o t e n t i a l s  d e r i v e d  f r o m  a d j u s t e d  AF~ g i v e n  in  T a b l e  IL 
p H ,  p H  v a l u e s  a t  w h i c h  m e a s u r e m e n t s  w e r e  m a d e .  
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curves, corrected to pH = 0 and SHE, the number  of 
observations of each couple being shown in pa ren-  
theses. The last column shows the pH values at which 
the couple was found. Although most of the work was 
done in  1N H.2SO4, the table shows that  each valence 
state was confirmed in at least one other electrolyte. 

It is seen that  most of the estimated potentials are 
within a few millivolts of one of the observed halts. 
For couples containing TcOH as one component,  there 
was a significant discrepancy between an estimated 
potential  and one of the exper imental  potentials. All  
these discrepancies were removed by taking ~F~ for 
TcOH to be --56.0 kcal/mole,  ra ther  than the postu- 
lated --57.35. A smaller  correction in the free energy 
for Tc (OH)~ was also indicated. From couples b, f, and 
l, we may infer the presence of Tc(OH)2 and Tc(OH)~ 
in the  films, wi th  free energies essentially equal to 
those based on Fig. 2. A completely self=consistent set 
of values for the ten estimated potentials was found to 
be achieved by use of the slightly adjusted values of 
the molar  free energies given in Table II under  
~F~ The corresponding s tandard electrode po- 
tentials are shown in Table III  under  VOH (normalized) 
and, without  exception, are wi th in  the limits of error 
of the measurements.  

In  Fig. 2, the points denoted by [] are the free 
energies of the respective oxides (per equivalent)  de- 
rived from the hF~ values of the hydroxides in 
Table II. In  a discussion of the method used to identify 
the couples, Dr. R. H. Busey suggested that a check on 
the semilogarithmic curves of Fig. 2 may be obtained 
from a l inear  graph so as to include the metal  as 
origin. The insert  in Fig. 2 shows the free energy per 
gram-a tom of metal  plotted against the valence state. 
The points represent  the exper imental ly  derived 
values, and the curve is seen to extrapolate neat ly  to 
zero. 

In  certain experiments,  definitely s tat ionary poten-  
tials were repeatedly observed which did not corre- 
spond to any  of the ten  previously postulated couples. 
By considering the possible formation of a discrete 
phase analogous to Fe304, it was found that  certain of 
these potentials could, indeed, be accounted for by as- 
suming a technet ium oxide with a free energy cor- 
responding to the point at an average valence 2.67 in 
Fig. 2. F igure  3, curve B, which is discussed later, 
shows one example of the formation of a couple con- 
ta in ing this compound. In like manner ,  other poten-  
tials occasionally obtained corresponded almost cer- 
ta in ly  to formation of a component  of average valency 
3.5, which might  be Tc20~.2TcO2, or Tc40~. Curve A 
in Fig. 3 i l lustrates this case. The uncer ta in ty  in the 
identification of the lower hydroxide in this couple 
arises from the fact that  almost the same agreement  

+ t 0 0  

v 0 

z -iO0 

o_ 

- 2 0 0  
o 

- 3 0 0  ~ 
uJ  

. . . .  I . . . .  I . . . .  [ 
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. . . .  T~O% %0, 

, , , , I , , , , I , , , , ] , 
5 0 0  t 0 0 0  t 5 0 0  A 

t 0 0  2 0 0  5 0 0 B  

T I M E  ( m i n )  

Fig. 3. Spontaneous ennobling of technetium electrodes in 1N 
H2SO4 in absence of air (continuous recordings). Curve A, in large 
H cell, with H2 passing 25 rain (to point o), followed by He. 
Curve B, in miniature cell with He passing. HEV is the reversible 
potential of the hydrogen electrode at pH z 0.35. The line for 
Tc-TcOH represents the potential of this couple in 1N H2SO4, and 
similarly for the other potentials indicated. 

with the observed potential  would result  if the lower 
hydroxide were Tc(OH)a, instead of TcOH. The lat ter  
seems more probable, however, in view of the demon-  
strated stabili ty of the TcOH component when the ex- 
per iment  is begun at a low potential  and, also, the 
closer agreement  with Fig. 2. 

To i l lustrate the consistency of the observed poten-  
tials among themselves, it may  be noted that  Tc304 
appeared in  couples with TcOH, Tc(OH)2, Tc(OH)8, 
and Tc(OH)4, respectively, in 12 independent  obser-  
vations. By using the hFo~(exp) values for these 
hydroxides as shown in Table II, one calculates AFof 
for TcaO4 to be --206.1 ~- 0.4 kcal/mole.  [The hybr id  
compounds, Tc304 and Tc4Oz, are wr i t ten  in  the 
anhydrous  form, par t ly  for simplicity and also be-  
cause Fei tknecht  showed clearly that  Fe304 is formed 
as magnet i te  in  the incomplete oxidation of Fe(OH)2 
in  aqueous media (15).] 

The metas tabi l i ty  of the Tc-Tc (OH)4 couple accords 
with the potentials of the other couples given, in that  
several spontaneous reactions are possible. Experi-  
ments  in which e lementary  technet ium was polarized 
anodically in H2SO4 showed that  it first forms a film 
of TcOH and becomes essentially passive when  this 
film is complete. It  is this low reactivi ty of the pas- 
sivated metal  which permits  couples containing two 
hydroxides to be established reversibly.  The potential  
V~H = 0.516V spontaneously reached slowly in 
numerous  experiments  is seen to be very close to the 
value calculated for the Tc( I I - IV)  couple, but  100 mV 
lower than that for the Tc( I I I - IV)  couple. The as- 
s ignment  of this value to the Tc(II-][V) couple is 
therefore unambiguous  and ent i re ly  consistent with 
the free energy of Tc(OH)2 derived from the 
Tc(0-I I )  couple. The free energies of Tc(OH)2, 
Tc(OH)~, and Tc304 are such that  the hybr id  oxide is 
stable, but  apears to be formed only slowly. 

The s tandard potentials of Table III  indicate the 
possible disproportionation only of Tc(OH)3, under  
the conditions of the experiments.  Values for couples 
(n) and (p) show that  its conversion to Tc304 and 
Tc(OH)~ would have a f ree-energy change of only 
--0.9 kcal/mole,  however, and the fact that  electrode 
potentials involving this component  were obtained in 
29 instances suggests that  such a kinetical ly complex 
reaction does not occur readily. For TcOH, the situa- 
tion is just  the reverse. Disproportionation to Tc and 
Tc(OH)2 is disfavored by the small f ree-energy 
change of +0.9 kcal/mole.  It is to be emphasized, 
however, that all the measured potentials for TcOH 
relate to the surface film. It is ent i rely conceivable 
that  loss of stabilization by surface forces could result  
in a change in the sign of the f ree-energy change and 
instabi l i ty  for mater ia l  in bulk. The data show that  
Tc(OH)2 is moderately  stable wi th  respect to dispro- 
portionation. Tc(OH)4, of course, is a very  stable 
compound (5). 

The sluggishness of the solid-state reactions in the 
film accounts for the observation of a potential  for 
the Tc (OH) 3-Tc (OH) 4 couple, although it is indicated 
that  Tc40~ may  result  as a stable phase. The 
Tc( I I I - IV)  couple was definitely established in several 
experiments  in  which the stable potential  was ap- 
proached from both higher and lower potentials.  

Spontaneous ennobling of electrodes.--The spon- 
taneous ennobl ing of the potent ial  of a technet ium 
electrode coated wi th  Tc(OH)4 turned  out to be a 
special case of a qui te  general  behavior. This was 
fur ther  investigated by  star t ing wi th  technet ium elec- 
trodes which were so treated as to be free of oxide 
film or else reduced below the potential  of the 
Tc-TcOH couple and then left in the cell with hel ium 
passing. In 1N H2SO4 with H2 passing initially, such 
an electrode indicated the reversible hydrogen couple 
potential  (HEV) identical ly wi th  a p la t inum elec- 
trode. This is shown at point  a in  curve A Fig. 3, 
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where hydrogen was passed for 25 min  before being 
replaced by helium. Completion of the TcOH film in 
hel ium was indicated by a 30 min  halt  at the potential  
of the Tc-TcOH couple at pH 0.35, after which the po- 
tent ial  rose slowly unt i l  it stabilized at the value pro- 
visionally assigned to the TcOH-Tc407 couple. 

Results of this kind necessitate some oxidation 
process. Although the H cell in  Which the experiments  
were conducted was believed to be adequately pro- 
tected from access of air, fur ther  experiments  were 
carried out to el iminate this possibility more certainly. 
For this purpose, a minia ture  cell (25 ml) was con- 
structed to contain the exper imenta l  electrode, a 
plat inized p l a t inum electrode, a s i lver-si lver  chloride 
reference electrode, and inlet  and outlet tubes for gas. 
This cell was then  mounted  in a jar  through which 
hel ium passed. In  start ing an experiment,  the elec- 
t rolyte  (IN H~SO4 containing 10 -3 N HC1) was boiled 
and cooled in  hel ium to expel air just  prior to its in -  
troduction into the cell. Hydrogen was passed briefly 
to insure that  the electrode was at an active potential. 
In  numerous  experiments  with this cell, the spon- 
taneous ennobl ing still proceeded, an example being 
given by curve B in Fig. 3. In  this case, the electrode 
came quickly to the corrosion potential  in 1N H~SO~ 
in  hel ium (average value --246 mV SCE) and 
ennobled slowly as the film of TcOH formed. It is 
seen that much more rapid ennobling followed passage 
through the potential  of the Tc(0-I)  couple, unt i l  a 
stable potential  corresponding to the Tc (OH) 2--Tc304 
couple was reached. It  can only be concluded that the 
behavior does not depend on access of air into the cell. 

Discussion 
The number  and reproducibi l i ty  of the more or less 

stable potentials observed and the close agreement  of 
one of these with the value derived from the calori- 
metric result  for the Tc-Tc(OH)4 couple are sufficient 
evidence of the rel iabi l i ty  of the electrochemical mea-  
surements.  It is also clear that  the approximations 
from Fig. 2 are a valid basis for identification of the 
various couples in  terms of components of a film in 
which technet ium has valencies less than  4+ .  The 
possibility of changing the components in the film by 
both cathodic and anodic polarization was repeatedly 
demonstrated, and in only a few instances did the po- 
tent ial  fail to come ul t imately  to one of the numerous  
calculated couple potentials. 

The fact that the potential  of the Tc-Tc(OH)~ 
couple is measurable  does not imply a four-electron 
process. Depending on the conditions under  which a 
film is formed cathodically from a pertechnetate,  the 
film may contain the lower hydroxides as well  as 
Tc(OH)4. Since potentials were observed for couples 
containing each valence state coupled by a one-elec-  
t ron change with another, these kinetical ly preferred 
couples may  be regarded as forming cells in series, 
so that  the measured potential  wil l  be that  of the 
strongest reducing agent (Tc) coupled with the 
strongest oxidizing agent (Tc-IV).  

Furthermore,  the spontaneous shifts of the potential  
in the noble direct ion may  be accounted for by reac- 
tions among the different hydroxides, in view of the 
demonstrated low react ivi ty of the metal.  The 
unknown  and undoubted ly  very  complex kinetics of 
these processes precludes any  detailed analysis, bu t  
one example may be chosen as a possible i l lustration. 
Thus, a technet ium electrode (plated on p la t inum)  
was subjected to a variety of polarizations in the 
noble region, after which it was reduced cathodically 
unt i l  i t  established the Tc-Tc(OH)~ potential. En-  
nobl ing set in up to the potential  of the Tc(OH)2 
- -Tc(OH)~ potential. This halt  was confirmed by  brief 
cathodic and anodic displacements of the potential.  
Following this halt, a fur ther  slow drift  to more noble 
potentials set in. The s tandard potentials in Table III 
show that  an electrode containing Tc(OH)~ together 

with either Tc (OH) 3 or Tc (OH) 4 is only metastable.  
Thus, if the free energies are expressed as vo l t -Fara-  
days 

3Tc(OH)2-~ Tc304 + 2H20 + 2H + -t- 2e - ;  
AF o = 0.468 VF 

2Tc304 + 10H20~  6Tc(OH)3 + 2H + -t- 2e - ;  
AF ~ = 1.536 VF 

Tc(OH)2 + 2Tc(OH)3-~ Tc304 -t- 4H20; 
aF o =- --0.356 VF ---- --8.2 kcal 

If Tc(OH)3 were in excess, the potential  could rise 
from that  of the Tc(OH)2- -Tc(OH)a  couple (V~ = 
0.412V) to that of the Tc304--Tc(OH)3 couple (V~ = 
0.768V). 

Such solid-state reactions cannot  be the sole reason 
for the spontaneous ennobling,  however, for the ini t ial  
presence of a film containing technet ium in  a valence 
higher than  1§  is requisite. Similar  ennobl ing was 
demonstrated in exper iments  l ike tha t  i l lustrated in  
curve B of Fig. 3. Here the electrode was drastically 
reduced prior to the experiment,  and yet the rise of 
potential  ensued. It seems necessary to consider the 
possible effects of the radioactivi ty of technetium. This 
is a beta activity of 0.3 MeV ma x i mum energy with a 
specific activity of 16 ~C/mg. It is reasonable to assume 
a radiolytic g factor of 2 for production of hydrogen 
and hydroxyl  radicals in IN H2SO4. The reaction is 
reversible, but  the formation of OH at the surface of 
the metal  or one of the hydroxides, while the ac- 
cumulat ion of hydrogen is minimized by  the gas 
stream, creates conditions favorable for consumption 
of hydroxyl  by oxidation of the surface. From the data  
given above, it may  be calculated that a single layer  
of close-packed technet ium atoms (,~1.4 x 1015/cm 2) 
wil l  produce 8 x 105 OH radicals per sec per cm 2. The 
range of the beta particles in the metal  is of the order 
of 106A, or something like 4 x 10 ~ atomic layers. Self- 
absorption, back scattering, recombinat ion of radicals, 
etc., make a close calculation impossible, but  if even 
a small  fraction of the total  disintegrations wi th in  
range of the surface is radiolyt ical ly active it follows 
that  self-oxidation of the interface is definitely pos- 
sible as a slow process. 

Possible confirmation of this in terpreta t ion may  be 
seen in the observation that  the p la t inum electrode 
responded ful ly to replacement  of hel ium by hydrogen 
in some experiments  l ike those of Fig. 3 only after 
renewal  of the electrolyte in the cell. The oxidant, 
p resumably  H202, would be expected to polarize the 
technet ium potentials also, but  this was avoided by  
replacing the electrolyte in case a long exposure had 
been necessary to establish the potential. 

It  is possible that  the somewhat surpris ing formation 
of discrete solid phases in the film is also a con- 
sequence of the radioactivity, which may  act to aid 
the nucleat ion of stoichiometric components from a 
film of mixed composition. 

Summary 
It  has been shown that  e lementary  technet ium gives 

reversible electrode potentials when  it is electro- 
lytically coated with a film of hydrous oxide. By 
util izing an empirical  correlat ion between the valence 
of the cation and the free energy of formation of the 
oxides of a given metal  in different valence states, it 
was possible to assign the numerous  stat ionary or 
metastable potentials observed to definite couples con- 
ta ining technet ium in valence states less than 4+ .  In  
this way, free energies of formation of TcOH, Tc (OH)2, 
Tc(OH)3, Tc(OH)4, Tc304, and Tc407 in films were 
established directly. It  is suggested that the radio-  
activity of technet ium plays a role in the observations. 
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Electrochemical Hydrogenation of Ethylene, Acetylene, 
and Ethylene-Acetylene Mixtures 

H. James Davitt 1 and Lyle F. Albright 
School of Chemical Engineering, Purdue University, Lafayette, Indiana 47906 

ABSTRACT 

The e lect rochemical  hydrogena t ions  of e thylene,  acetylene,  and e thy lene -  
ace ty lene  mix tu res  were  inves t iga ted  on a p la t inum cathode as a funct ion of 
appl ied  potent ia l  (0.23V to --0.05V NHE),  t empera tu re  (25 ~ 40 ~ and 55~ 
and reac tan t  pa r t i a l  pressures  (0.01 to 1 atm) using 2N H2SO4 as the e lec t ro-  
lyte.  The pr inc ipa l  products  of the react ions  were  e thane and e thylene  (from 
ace ty lene) .  Methane  format ion sometimes occurred at 40 ~ and 55~ The selec- 
t ive product ion of e thylene f rom acetylene  or f rom an e thy lene -ace ty lene  
mix tu re  genera l ly  increased wi th  tempera ture ,  ace ty lene  par t i a l  pressure,  and 
potential .  The hydrogena t ion  of acety lene  or e thy lene -ace ty lene  is often con- 
t ro l led  by the amount  of e lec t r ica l ly  discharged hydrogen  atoms at  the  
cathode surface. The ra te  de te rmin ing  step in the  hydrogena t ion  of e thy lene  
m a y  be ei ther  mass t ranspor t  of e thylene  or surface kinetics.  

Elec t rochemical  hydrogena t ion  of e thy lene  or ace t -  
y lene  has been inves t iga ted  to only a l imi ted  ex t en t  
(1-5),  and the  mechanisms of the  reac t ion  are  not  
wel l  understood.  Ca ta ly t i c  hydrogenat ions  of these 
compounds a l though inves t iga ted  more  thoroughly  
also involve a complicated mechanism which  is not  
comple te ly  unders tood  (6-15). 

Langer  and Landi  (1, 2) reduced  e lec t rochemical ly  
severa l  unsa tu ra ted  hydrocarbons  in a continuous flow 
reactor.  Reactants  in the i r  sys tem were  min ima l ly  
soluble in the  e lec t ro ly te  to avoid diffusion be tween  
the anode and the ca thode chambers .  This res t r ic t ion 
resul ted  in a slow rate  of reduction,  which is un-  
des i rab le  for  a commerc ia l  reac tor  tha t  needs a high 
ra te  of mass t r anspor t  of reac tan ts  to the electrodes.  

Burke  et al. (3, 4) r epor t  tha t  the ra te  of e thy lene  
hydrogena t ion  in HCI and NaOH solutions at  25 ~ and 
50~ on p l a t inum or  pa l l ad ium elect rodes  is l imi ted  
by  the supply  of e lec t r ica l ly  d ischarged hydrogen  ions 
at potent ia ls  which are  more  posit ive than  about  0.08V 
(NHE) and by  the  diffusion of e thy lene  at  potent ia ls  
less than about  0.08V. Their  resul ts  for  the hyd ro -  
genat ion of ace ty lene  were  r a the r  p re l imina ry  how-  
ever. E thy lene  and ace ty lene  were  reduced in a ba tch  
system by  Belos lyudova and Sokol ' ski i  (5) using 
p l a t i num elect rodes  immersed  in sulfuric  acid. Possible  
accumula t ion  of react ion products  affected the i r  
kinetic  data. 

1 Present address: Sun Oil Company, Marcus Hook, Pennsylvania 
19061. 

Key words: fuel ceils, platinum, kinetics, catalyst poisoning. 

Hydrogena t ions  of ethylene,  acetylene,  and e thy l -  
ene -ace ty lene  mix tu res  were  examined  in t he  p resen t  
inves t igat ion as a funct ion of appl ied  potential ,  t em-  
pera ture ,  and reac tan t  pa r t i a l  pressure.  The r a t e  da ta  
indicate  the  most  l ike ly  reac t ion  mechanism and the 
p robab le  reac t ive  surface species. 

Equipment and Operating Procedure 
The e lec t rochemical  reac tor  used is shown in Fig. 1. 

The P lex ig las  cell  consisted of th ree  par t s  sealed by  
silicone rubbe r  gaskets:  an e lec t ro ly te  reservoir ,  a 
suppor t  for  the  electrodes and filter paper ,  and a gas 
cap. The bot tom section (H2SO4 reservoi r )  consisted 
of three  subsections which  were  connected h y d r o -  
dynamical ly .  A l iquid br idge  connected the  reac tor  to 
a re ference  sa tu ra ted  ca lomel  e lect rode in a separa te  
constant  t e m p e r a t u r e  ba th  at  30~ The e lect rodes  
employed  were  Amer ican  Cyanamid  Type AA-1  
m a t r i x  fuel  cell  e lectrodes which  were  Tef lon-bonded 
t an ta lum screens impregna ted  wi th  p l a t inum (16). 
The electrodes were  suppor ted  by  a P lex ig las  shee t  
and were  we t t ed  f rom the  bot tom by filter paper  
d ipped into the e lec t ro ly te  of each subsection. The top 
of each e lect rode was exposed to the  flowing gas 
s t ream. A p la t inum wire  was spot welded  to each elec-  
t rode  and ex tended  outside the  reactor .  The gas cap 
contained th ree  compar tments  each of which  covered 
an e lec t rode  and corresponded to a subsect ion in the  
e lec t ro ly te  reservoir .  The middle  e lect rode (1 x 2 in.) 
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Fig. 1. Reactor design 

was used as the anode and the two outside electrodes 
(each 2 x 2 in.) as the cathodes. The reactor was posi- 
t ioned in  a constant  t empera ture  bath which was 
main ta ined  at •176 of the desired temperature.  

The electrolyte was 2N H2SO4 prepared from re- 
agent grade sulfuric acid. The reactant  gases obtained 
from Matheson Company were electrolytic grade 
hydrogen, c.p. grade ethylene, and purified acetylene. 
The hydrogen was purified wi th  a catalytic converter 
to remove traces of oxygen. The acetylene was con- 
tacted with activated a lumina  and silica gel to remove 
traces of acetone. Ethylene, acetylene, and hel ium 
were each bubbled through pyrogallol solution to 
remove traces of oxygen, dried in a Drierite column, 
and then passed through a H2SO4 solution at reactor 
temperature.  

Gas flow rates to the reactor were main ta ined  at 
approximately 20 cc/min. Purified hel ium was used as 
a di luent  in  the feed gas s t ream for m a n y  runs, and 
the total gas pressure in most runs  was about 760 mm 
Hg. 

The potential  of the cathode was controlled using a 
potentiostat to wi thin  0.002V, and the current  was 
cont inuously recorded. A saturated calomel electrode 
was used as reference electrode and all potentials were 
measured with respect to this electrode and were then 
adjusted to the open-circui t  potential  of the hydrogen 
electrode at the operat ing temperature.  Potentials  re-  
ported here are referenced to this normal  hydrogen 
electrode at the operating temperature.  A Perk in-  
Elmer Gas Fractometer  with a silica-gel and activated 
a lumina  column was used to analyze the organic 
streams. 

The following procedure was found necessary to 
obtain reproducible current  results in each run.  After 
approximately 4 hr  of hel ium purging at electrical 
open circuit, the potent ial  of the cathode was adjusted 
to 1.5V for 10 min  followed by 5 min  of 0.0V. This 
cycle of potential  adjustments  was repeated two ad- 

dit ional times for runs  with ethylene, and three times 
for runs  with acetylene (since the acetylene was more 
strongly adsorbed on the cathode). The potential  was 
then adjusted to 0.4V and mainta ined there for ap- 
proximately  10 hr. The potential  was once again cycled 
to 1.5V for 5 min  and re turned to 0.4V (twice in the 
case of acetylene) unt i l  the start  of the next  r un  (75 
min) .  

At  the start  of each r un  after the reactant  gas flows 
had been established, the polarization of the cathode 
at 0.4V was stopped, and the change in open-circuit  
potential  with t ime was recorded for 1 hr. At the end 
of 1 hr, a potent ial  was applied to the cathode (usually 
0.23V) and the change in current  with time was re- 
corded for 1 hr. The potential  was then adjusted in 
steps each hour  to 0.20, 0.15, 0.00, 0.05, 0.00, and 
--0.05V. Gas chromatographic samples of the exit 
organic stream were taken dur ing the 1 hr period at 
open circuit and at the end of each succeeding hour 
just  before the potential  change. After  1 hr at the last 
potential  studied (--0.05V), the circuit was again 
opened and the change in  open-circui t  potential  with 
t ime was recorded for 1 hr. 

Open-Circuit Potential Behavior 
Rest potentials at start-up.--Upon contact of the 

cathode with the unsatura ted hydrocarbon, the open- 
circuit potential  decreased rapidly dur ing the first 5 
min from 0.4V (where it had been main ta ined  poten- 
tiostatically),  sometimes passed through a min imum,  
and general ly rose after several addit ional minutes  to 
within 0.010V of the rest potential  which was ob- 
tained after 1 hr, as reported in Table I. The rate of 
change of the open-circui t  potential  was usual ly less 
than 0.005 V/h r  at the end of the 1-hr period. Ex-  
ceptions were runs  either with low part ial  pressures 
of e thylene (the remainder  helium) at 25~ or with 
low part ial  pressures ,of acetylene (the remainder  
hel ium) at 25 ~ and 40~ In  these cases, the open- 
circuit potential  was changing as much as 0.070 V/hr  
after 1 hr. 

Gas chromatographic analyses of the exit organic 
gas stream showed that  dehydrogenat ion-hydrogena-  
tion reactions and cracking of the reactants were oc- 
curr ing dur ing the open-circuit  runs  as indicated 
below: 

1. Ethylene equilibrations. Ethane and methane  
were produced at rates which decreased with t ime in 
the 1-hr runs.  Higher concentrations of methane 
and ethane were general ly found in runs  at low 
ethylene part ial  pressure (PE) than at high pressures, 
at 55~ than  at 40 ~ or 25~ and with a new cathode 
than an old one. 

2. Acetylene equilibrations. Generally,  ethylene 
concentrations increased with decreased acetylene 
part ial  pressures (PA) and with increased tempera-  
ture. Ethylene concentrations decreased dur ing the 
1-hr period. Only trace quanti t ies of ethane were 
found at 40 ~ or 55~ whereas, at 25~ the concentra-  

Table I. Rest potentials for ethylene, acetylene, and 
ethylene-acetylene mixtures 

T e m p e r -  P~; ( e t h y l e n e  P.~ {ace ty lene  R e s t  p o t e n -  
a t u r e ,  ~ p a r t i a l  pressure partial p r e s u r e )  t ial ,  vo l t s  

25 760 m r a  H g  - -  0.254 -4- 0.003 
38 - -  0.35 • 0.02 
- -  760 m m  H g  0.292 ~ 0.002 

44 0.34 -~ 0.01 
720 40 0.288 ~__ 0.005 

40 760 - -  0.264 • 0.005 
34 - -  0.270 • 0.003 
- -  760 0.281 ~ 0.005 

28 0.31 -4- 0.02 
727 39 0.288 +__ 0.006 

55 695 - -  0.270 ~- 0.003 
0.270 "4- 0.002 29 

670 0.272 -4- 0.002 
29 0.291 *" 0.006 

730 31 0.280 "4- 0.005 
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t ion of e thane  increased wi th  decreased ace ty lene  
par t i a l  pressure.  Methane  was never  detected.  

3. Equi l ibra t ions  for  e thy lene -ace ty lene  mixtures .  
No significant product ion of e thane  or me thane  was 
detected under  any conditions. 

Open-circuit potential after obtaining rate data.-- 
Afte r  the  ra te  da ta  were  obtained,  genera l ly  ending at  
--0.05V, the circuit  was opened. The potent ia l  usual ly  
increased asympto t ica l ly  to wi th in  about  0.04V of the  
rest  potent ia l  af ter  15 min, as indica ted  by  curve 1 of 
Fig. 2. 

An  inflection point  sometimes occurred in the  curve 
of potent ia l  vs. t ime at  a potent ia l  near  0.0V and less 
than 12 sec af ter  cessation of polar izat ion (curves  2 
and 3, Fig. 2). Immed ia t e ly  af te r  the  inflection point, 
the  potent ia l  increased asympto t ica l ly  toward  its rest  
potent ial .  The phenomena  occurred in the  fol lowing 
r u n s :  

1. Al l  e thy lene  runs at  55~ except  those in which  
an unusual  r ap id  cur ren t  increase  occurred pr ior  to the  
cessation of polar izat ion (to be discussed la te r ) ,  and 
for  the  first few runs  at  40~ immed ia t e ly  fol lowing a 
run  at  55~ 

2. Acety lene  runs  at  55~ for low ace ty lene  par t ia l  
pressures  and the  second consecutive run  at 40~ for  
low acetylene  par t ia l  pressures.  Except ions  to the  
above also occurred when  an unusual  r ap id  increase  
in cur ren t  occurred pr ior  to the  cessation of po lar iza-  
tion. 

3. Runs at  55~ using e thy lene -ace ty lene  mix tu res  
having an acetylene pa r t i a l  pressure  of app rox ima te ly  
17 m m  Hg (e thylene  pa r t i a l  pressure  of 761 m m  Hg).  

Discussion of O p e n - C i r c u i t  Results 
The e thy lene  and ace ty lene  res t  potent ia ls  r epor ted  

in Table  I a re  genera l ly  consistent  wi th  comparab le  
resul ts  r epor ted  by  Wrob lowa  et al. (17) and Johnson 
et al. (18). The suggestion has been made  (19-22) tha t  
the  rest  potent ia ls  obta ined by  organic compounds in 
contact  wi th  p la t inum electrodes a re  caused by  dis-  
sociative adsorpt ion (dehydrogena t ion)  fol lowed by  
equi l ibra t ion  of the  adsorbed  hydrogen  with  the  solu-  
tion. The slow increase of the open-c i rcui t  potent ia l  
wi th  t ime ( ~  0.005 V / h r )  p robab ly  indicates  a de-  
crease of the  surface concentra t ion of hydrogen.  Dis-  
sociat ive adsorpt ion l ike ly  occurred only at  sites wi th  
a high energy  for adsorpt ion  or  at  sites which had 
adjacent  e m p t y  sites. As these sites became covered or 
poisoned wi th  res idual  hydroca rbon  or carbon species, 
dissociat ive adsorpt ion  was s lowly  d isp laced  by  as-  
sociative adsorption.  The decreas ing rates  of dehydro -  
genation and cracking wi th  t ime dur ing  these equi l -  
ibrat ions tends  to suppor t  this  postulate.  

As discussed above the  es tab l i shment  of the  organic 
rest  potent ia l  is a dynamic  equi l ib r ium be tween  
hydrogena t ion  and dehydrogenat ion .  The ra te  of ob-  
ta ining this equi l ib r ium is r e t a rded  b y  low t empera -  
tures and low organic pa r t i a l  pressure  because  in 
these  cases s tab le  res t  potent ia ls  were  not  es tabl ished 
even af ter  1 hr. 

~ o_.~_ ,_~_t __  ' o : 

= q ~ : ~  ~ ( )  A ~- 760 MM HG140o C 

- ' -  (2) PA--- 29 MM HGJ 

(3) PA= 53 MM H G , 5 5 " C  
= III i i i i i i i i 
I 21 5 I0 20 30 40 

T I M E  ( m i n u t e s )  

--I 0.50 ,r 

~, -;o.2o 
O. > 

v 

F-  �9 

5u4 
o'T"  0.10 

I > 

Z O.OC I.u 

0 -0.0~ 

Fig. 2. Open-circuit potential decay from --0.05V (NHE), after 
obtaining acetylene rate data, vs. time. 

It  is reasonable  to expect  as a ru le  more  e thy lene  
dehydrogena t ion  than  acetylene  dehydrogenat ion;  
consequent ly  the  e thy lene  res t  potent ia l  should be t h e  
less posit ive one because of h igher  hydrogen  concen-  
trat ions.  The  e thylene  rest  potent ia l  changed l i t t le  
wi th  t empera ture ,  indicat ing tha t  the  act ivat ion 
energies  for dehydrogena t ion  and hydrogena t ion  were  
app rox ima te ly  the  same. For  acetylene,  however ,  the  
ac t iva t ion  energy  for  dehydrogena t ion  m a y  be h igher  
than  hydrogena t ion  since its res t  potent ia l  decreased 
wi th  increased t empera tu re .  

C u r r e n t - T i m e  Behavior 
The c u r r e n t - t ime  behav ior  was  ex tens ive ly  inves t i -  

gated for the  hydrogenat ions  of e thylene,  acetylene,  
and mix tures  of them. I m m e d i a t e l y  af ter  the  potent ia l  
was decreased,  a cur ren t  surge occurred and then the 
cur ren t  began to drop. Gene ra l ly  the  ra te  of decay  
was small  af ter  1 hr, and h igher  cur rents  occurred 
at  lower  potentials .  Such resul ts  which were  noted in 
most  runs  are  shown in the  fol lowing figures for the  
indica ted  reactants :  

1. Ethylene:  Fig. 3; curves  1 and 2. 
2. Ace ty lene  and e thy lene-ace ty lene  mixtures :  Fig. 

4; curves  1, 2, and 3. 
Different  types  of cu r r en t - t ime  behavior  were  found 

at these conditions:  
1. E thy lene  (see Fig. 3):  At  55~ and at potent ia ls  

be tween 0.10 and --0.05V. The ve ry  rap id  ini t ia l  cur -  
rent  decrease, such as shown by  curve 4, a lways  
fol lowed a behavior  as shown by  ei ther  curves  3 or 5. 
The inflection point  in the  decay of open-c i rcu i t  po-  
t en t ia l  (see Fig. 2) only  fol lowed a series of runs  Jn 
which curve 3 appeared  but  not  curve  5. 

2. Ace ty lene  (see Fig. 4) :  A t  55~ o r  the  second 
consecutive run  at 40~ al l  at  low pa r t i a l  pressures  
and at potent ia ls  be tween 0.10 and --0.05V. Two 
max imums  were  observed in the  decay curve at 0.10V 
(curve 4) for the second consecutive run  at  40~ in-  
s tead of only  one m a x i m u m  for the  first such run  
(curve 2). Subsequent  po ten t ia l  changes produced 
curve 5 which shows a ve ry  rap id  cur ren t  decrease 
from the  ini t ia l  c u r r e n t  peak.  

3. E thy lene -ace ty lene  mixtures :  s imi lar  to ace ty-  
lene runs. 

Methane was noted at  the  end of the  hour  per iod in 
which  the unusua l  cur ren t  decay phenomena  descr ibed 
above occurred (curve 5 of Fig. 3 and curve 4 of Fig. 
4). Subsequent  gas samples  usual ly  also contained 
some methane.  F igure  5 i l lus t ra tes  the  changing exi t  
gas composit ion wi th  potent ia l  dur ing Run No. 3-6 
shown in Fig. 4. No methane  was  detected dur ing  this 
run,  but  in the next  run,  Run No. 3-7 which was made  
at dupl ica te  opera t ing  condi t ions and which  was made  
immedia t e ly  af ter  Run No. 3-6, methane  first appeared  
at a potent ia l  of 0.10V, increased by  fivefold at 0.05V 
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Fig. 3. Typical changes in the ethylene hydrogenation current 
vs. time as a function of applied potential. 
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hydrogenation vs. time as a function of applied potential. 
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to about  0.2% concentration,  and  then decreased to 
about the same level at 0.00V as at 0.10V. Only a 
trace of methane  was found at --0.05V. Somewhat 
greater  amounts  of e thane were produced in the 
range from 0.05 to 0.10V in Run No. 3-6 as compared to 
Run  No. 3-7, and considerably more hydrogen was ob- 
tained in Run  No. 3-7. Hydrogen concentrat ions varied 
from 5 to 14% as the voltage var ied from 0.00 to 
--0.05V for the la t ter  run. Ethylene  concentrat ions in 
Run No. 3-7 were in general  significantly lower, reach- 
ing only 14% at --0.05V. Hydrogen was general ly pro- 
duced at 0.00V and /or  --0.05V dur ing  runs  in which 
acetylene was a reactant  but  never  in  runs  in which 
e thylene alone was a reactant.  

Rates of Hydrogenat ion 
Ethylene runs.--Average rate data (currents)  for 

the hydrogenat ion of ethylene at two part ial  pressures 
and 25 ~ 40% and 55~ are shown in Fig. 6 as curves 
4 through 7. These data, obtained at the end of 1 hr 
at a given potential,  were general ly  reproducible 
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Fig. 6. Current produced during acetylene and ethylene hydro- 
genation vs. applied potential as a function of reactant partial 
pressure and temperature. 

to wi th in  10% of the average value of 3 to 5 replicate 
runs. Calculations indicated that  the current  noted was 
caused by the simple reduct ion of ethylene to ethane. 
The results of these runs  are summarized as follows: 

1. The logari thm of the current  increased for all 
runs  at 25 ~ and 40~ at a decreasing rate with respect 
to the applied potential.  At  55~ and PE of about 29 
mm Hg, however, the current  passed through an in-  
flection point  as a resul t  of the wide variance in  cur-  
rents  as discussed earlier;  no significant portions of 
these curves were found to be linear. 

2. Ethylene part ial  pressure was found to have no 
significant effect on the rate of hydrogenat ion at either 
25 ~ or 40~ Currents  did increase with increased 
ethylene part ial  pressure at 55~ between 0.23V and 
0.05V. At 0.00V and --0.05V, the results were in-  
conclusive because of the wide wariation in currents  
as previously noted. 

3. At  high e thylene par t ia l  pressures, the rate of 
reaction increased wi th  increased temperatures  be-  
tween 0.23V and 0.10V, bu t  between 0.05V and --0.05V, 
the order of increasing rates was 55 ~ 25 ~ and 40~ At 
low ethylene part ial  pressures, the order of increasing 
rates was also 55 ~ 25 ~ and 40~ except at 0.23V and 
0.20V. The apparent  activation energy for the high 
part ial  pressure runs  at 0.23V was approximately 8 
kcal/mole,  but  it decreased to about 0.6 kcal /mole at 
0.10V. 

Acetylene runs.--The results of acetylene hydro-  
genations at potentials between 0.23V and --0.05V, 
temperatures  of 25 ~ 40 ~ and 55~ and high acetylene 
part ial  pressures are shown in Fig. 6 as curves 1 
through 3. Reproducibil i ty of these data was general ly 
wi th in  10 % of the average value at each exper imental  
condition. Calculations indicated that the current  
generated was accounted for wi th in  10% by the reduc- 
t ion of acetylene to e thylene  and e thane  and by the 
evolution of hydrogen. 

A l inear  relat ionship existed between the potential  
and the logari thm of the current  between 0.23V and 
0.05V for most acetylene runs. Exceptions were the 
second consecutive r un  at 40~ and all 55~ runs  at 
low acetylene part ial  pressures where  the l inear  re-  
gion was between 0.23V and 0.10V. The data (100 
data points) in the l inear  region were correlated using 
regression analysis. Only variables with a probabil i ty  
level greater than  97% were retained, and the follow- 
ing equation correlates the data wi th  a correlat ion co- 
efficient of 0.995 corrected for the mean  

In i = 89.7 + 0.78 (In PA) -- 48.4(E) -- 1408.8/(T) 
- -  276.5(ln PA)/(T) + 9609.7 (E)/(T) [I]  

o r  

= (ant i ln  89.7) (PA) (o.Ts - 276.5/T) exp [ --48.4(E) 
- -  1408,8/(T) + 9609.7(E)/(T) ] [2] 
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Table II. Acetylene hydrogenation kinetic constants 
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Temper- 
a t u r e ,  ~  b '  7 ~ n  

2 5  142  m V  ----- 4*  - - 0 . 1 5  ---~ 0 .03*  0 . 4 2  -~ 0 .02*  
40  1 3 0  -~ 4 - - 0 . 1 0  ~ 0 . 0 3  0 . 4 8  "4- 0 . 0 2  
55 120 • 4 - 0 . 0 6  • 0.03 0.54 • 0.02 

* 2~ l imits .  

where PA = average par t ia l  pressure of acetylene 
(mm Hg), E = potential  vs. NHE (volts),  and T - -  

temperature,  ~ 
"Tafel" slopes (b ') ,  listed in  Table II, were calcu- 

lated at each temperature  from 

1 8 log i X 10-8 1 

b '  OE 2.3 

[ - - 4 8 . 4 +  9609.7] 
J • lo-  [s]  

Acetylene part ial  pressure had no significant effect on 
the value of b'. 

The current  increased with decreased acetylene 
partial  pressures at potentials between 0.23V and 
0.05V (or 0.10V) at all temperatures.  Equation [4] was 
used to calculate the effect of acetylene partial  pres- 
sure on the reaction rate 

Olni  
- -  = " / =  0.78 -- 276.5/T [4] 
0 In PA 

Values of ~ (:see Table  II)  indicate that  the acetylene 
part ial  pressure had less effect on the rate at higher 
temperatures.  An extrapolat ion of Eq. [4] indicates 
that ~ is zero at about 80~ 

Apparent  activation energies were calculated for the 
hydrogenat ion of acetylene using all the terms in-  
volving temperature  in Eq. [1]. The standard Arrhenius  
form for calculating activation energies is as follows 

i = K [exp (~H*/RT) ] or In i = In K + ~H*/RT [5] 

Therefore, equating terms with (T) -~ 

~H*/R = --1408.8 -- 276.5(ln PA) + 9609.7(E) [6] 

The result ing all* are listed in Table III  as a funct ion 
of potential  and at PA = 760 mm Hg. Equation [6] 
shows that  at a constant  potential  5H* decreases with 
a decreased part ial  pressure of acetylene. 

The first a t tempt  at correlat ing the acetylene data 
of the l inear  regions of curves 1 through 3 of Fig. 6 
using a model more consistent with t radi t ional  "Tafel" 
models was unsuccessful. The model tested was the 
following 

i = B1 X (PA)Bs X exp (B3E/T) [7] 

where B3 ---- flnF/R and fl is the transfer coefficient, F 
is the Faraday constant, and R is the gas constant. 
This model was unsuccessful because the "constant" 
fin, was not constant but varied linearly from 0.42 to 
0.54 with increased temperature as shown in Table II. 

Selectivity (S) for acetylene reductions is defined 
as the ratio of e thylene production to the total e thyl-  
ene plus ethane production. The change in S wi th  
acetylene part ial  pressure, temperature,  and applied 

Table III. Apparent activation energies (~H*) for 
acetylene reduction at PA = 760 mm Hg 

P o t e n t i a l  vs. NHE, V AH*, k c a l / m o l e  

0 . 0 5  5 .5  
0 . I 0  4 .5  
0 . 1 5  3 . 6  
0.20 2.6 
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Fig. 7. Selectivity of acetylene hydrogenation to ethylene vs. 
applied potential as a function of temperature and acetylene 
partial pressure (PA). 

potential  is i l lustrated in  Fig. 7. Calculated values of 
S were wi thin  • 0.04 and often wi th in  • 0.01 of the 
average value for a constant potential.  In  general, S 
increased with increased acetylene part ial  pressure 
and temperature;  a similar finding for normal  catalytic 
hydrogenations of acetylene has been previously re-  
ported (8). S also increased with increased potential. 
The pronounced min imums  shown in curves 5 and 7 
are related to the unusua l  current  phenomenon dis- 
cussed in connection with Fig. 4 and 5, i.e., the history 
effect of the second consecutive r un  at 40~ and 55~ 
runs  at low acetylene part ial  pressures. 

Essentially no ethane was formed dur ing any run  at 
either 40 ~ or 55~ and a potential  of 0.23V. Some 
ethane was formed at 25~ but  its concentrat ion 
varied widely; therefore, the very small  increase in S 
between 0.23V and 0.15V may  not be significant. 

Runs with ethylene-acetylene mixtures.--The effects 
of potential  and tempera ture  on the rate of hydrogena-  
tion of e thylene-acetylene mixtures  of high and low 
part ial  pressures respectively are shown in Fig. 8. The 
reproducibil i ty of these data (three runs  at each con- 
dition) was general ly  wi thin  10%. One pre l iminary  
r un  was also made at very low acetylene part ial  pres- 
sures (PA "~ 5-17 mm Hg) at each tempera ture  to 
determine the general  effect of very  low acetylene 
part ial  pressures on the rate of hydrogenation.  

Plots of the  potential  vs. the logari thm of current  
had a l inear  region be tween 0.23V and 0.10V at all 
temperatures.  The logari thm of the current  below 
0.10V increased at an  increasing rate. 

The following empirical  equation correlated the 
data of the l inear  region (48 data points) with a 
correlation coefficient of 0.996 corrected for the mean 

~ - 0 . 0 5  

"~  0 . 0 0  
h i  
" r  

;~ 0.05 

_1 
,~  0 .10  

I.- 
Z 
hJ 
[-- 0.15 
0 
Q. 

~ 0 . 2 0  

. J  
n 

~ 0 . 2 5  ~ 
0.1 

S 
i i i , , , , , I  , , , , i , , 1 1  i i , , , , , ,  

i .o m.o ioo.o 
C U R R E N T  ( m o )  

Fig. 8. Current produced during ethylene-acetylene hydrogena- 
tion vs. applied potential as a function of temperature. 
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I n i  = 15.85 -- 0.06 ( lnPA) -- 23.05(E) 
- -  3261.8 / (T)  [8] 

or 

i = antiln(15.85) • (PA) -0"06 
• exp [--23.05(E) -- 3261.8/(T)] [9] 

Interact ions between these variables and also ethylene 
part ial  pressure were el iminated with probabi l i ty  
levels less than  97%. 

The "Tafel" slope (b') calculated from Eq. [8] was 
independent  of tempera ture  and organic part ial  pres- 
sure and was equal to 100 mV • 3 (2~ l imits) .  

Increased acetylene part ial  pressure decreased the 
reaction rate as shown by Eq. [9]. The exponent  of PA 
varied with 2~ limits of ___ 0.03. A single apparent  
activation energy of 6.5 kcal /mole • 0.5 (2~ limits) 
was calculated by equating the tempera ture  term of 
Eq. [8] to the temperature  term in the Arrhenius  equa- 
tion (Eq. [5]). 

The actual  conversion of acetylene to ethylene and 
ethylene to ethane could not be calculated because of 
the large error involved in subtract ing two numbers  
of essentially equal size (acetylene or ethylene con- 
centrat ions) .  Therefore, the actual selectivity (S) 
could not be calculated. The max imum S, Smax, and 
the m i n i m u m  S, Stain, could be ca lcu la ted  however. 
Smax was calculated by assuming that  all the ethane 
produced was from the e thylene feed. Sml, was calcu- 
lated by  assuming that  all  the ethane was produced 
from the acetylene feed. Smax values were usual ly  re-  
producible to wi thin  0.05 of the average for three re- 
peat runs,  and decreased from about 0.97 to 0.71 as 
the potential  decreased from 0.25 to --0.05V. S~in 
values decreased over the same potential  range from 
about 0.93 to 0.43. In  general  selectivity increased 
slightly from 25 ~ to 40~ The selectivity at 55~ was 
lower than  that  at 40~ and at potentials less than 
0.15V. 

Discussion of M e c h a n i s m s  and Rates of  H y d r o g e n a t i o n  
Ethylene  hydrogenat ion was not apparent ly  l imited 

solely by either kinetics or mass t ransport  of reac- 
tants. Kinet ics  controlled at low reaction rates because 
the rate increased more than two orders of magni tude  
and was general ly  unaffected by ethylene part ial  pres- 
sure. The reaction rate approached a constant  value at 
high rates indicat ing a mass t ransport  limit. 

The results of this s tudy support the following elec- 
trolytic reduct ion mechanism for acetylene between 
0.23V and --0.05V 

C~fl-I~so~ + (* )  ~ C2H~ 

( * )  +H+ +e-~H 

C_~H~ + H~.~ C2H~ + ( * )  

C~H3 + H~C~H4 + (*) 

The symbol (*) represents an active site and the sec- 
ond of the above reactions is the rate de termining 
step (R.D.S.). This conclusion is d rawn from the 
following data: 

1. The negative effect of acetylene part ial  pressure 
on the rate and the zero pressure effect for ethylene 
hydrogenat ion indicate that  nei ther  acetylene nor  any  
intermediate  derived from it could be involved in the 
rate de termining step. 

2. Adsorbed hydrogen atoms are known  to exist on 
p la t inum surfaces in  contact with sulfuric acid elec- 
trolyte at potentials less than  0.4V which is wi thin  
the potential  range studied (23). 

3. The predicted and observed "Tafel" slopes are in 
the same general  range (100-140 mV).  

4. The same reaction products resulted from open- 
circuit studies as f rom rate studies indicat ing that  
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although the source of the hydrogen was different, 
the reactions were probably  the same. 

At potentials less positive than about 0.05V (high 
rates of reaction),  the rate control l ing step appears to 
be changing from kinetic control to mass t ransport  
control (see Fig. 6 and 8). 

Associative adsorption of acetylene (and ethylene) 
is assumed to be the predominate  mode of adsorption 
for the following reasons: 

1. Associative adsorption is more energeticalIy 
favorable than  dissociative adsorption (17). 

2. The correspondence (usual ly wi th in  5% for 
ethylene hydrogenat ions and 10% for acetylene hydro-  
genations) between the rates of reaction calculated 
from gas chromatography and recorded currents  
which account for all the hydrogen used. 

3. The decreasing rates of dehydrogenat ion and 
cracking dur ing  ethylene or acetylene equil ibrat ions 
discussed earlier indicated a shift from dissociative to 
associative adsorption prior to each rate study run.  

Apparent  activation energies for the hydrogenat ion 
of acetylene of 5.5 to 2.6 kcal /mole  at 0.05V and 
0.20V respectively, although low, are similar  to the 
values reported by Beloslyudova and Sokol'skii (5) 
of 6.6 kcal /mole  in an electrochemical system and by 
Bond (8) of 9 kcal /mole for the usual  gas phase 
chemical hydrogenat ion of acetylene on a lumina-  
supported p la t inum between 40 o and 96~ 

The dr iv ing  force (ethylene partial  pressure) for 
main ta in ing  ethylene on the electrode surface was 
much greater  in the hydrogenat ions of the mixtures  
than in pure acetylene alone. The rate of reaction, 
therefore, should change more, for a given potential  
change, in the hydrogenat ion of e thylene-acetylene 
mixtures  than in the hydrogenat ion of acetylene alone: 
this was found exper imenta l ly  [the acetylene "Tafel" 
slopes were larger than those of e thylene-acetylene 
(120-140 mV vs. 100 mV)] .  

Figure 9 emphasizes that acetylene in e thylene-acet-  
ylene mixtures,  even in as low a concentrat ion as 1.0% 
dominates the surface and controls the rate of reaction. 
The dominat ing effect of acetylene on the rate 
diminishes however  as the potential  decreases. I n -  
creased amounts  of adsorbed hydrogen available at 
lower potentials and the slower rate  of acetylene 
hydrogenat ion enables ethylene to compete more 
favorably with acetylene for the available hydrogen 
as indicated by lower selectivity for ethylene produc- 
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Fig. 9. Hydrogenation currents vs. ethylene-acetylene mixtures 
composition at 40~ and a total organic partial pressure of 760 
mm Hg. 
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t ion wi th  decreas ing potent ia l  (see Fig. 7 as one 
example ) .  

Increased se lec t iv i ty  wi th  increased t empe ra tu r e  
m a y  be due to a h igher  act ivat ion energy for the de-  
sorpt ion of e thy lene  re la t ive  to its hydrogenat ion  (9) 
or to decreased hydrogen  a tom coverage  because of 
increased acetylene coverage.  Increased acetylene 
coverage wi th  t empe ra tu r e  is inferred f rom the find- 
ings of Gi lman  (24), which indicate  tha t  e thy lene  
coverage increased wi th  tempera ture .  Since acetylene 
is more  s t rong ly  adsorbed  than  ethylene,  i ts coverage 
m a y  also increase wi th  tempera ture .  Bond and Wells  
(8) r epor t ed  s imilar  se lec t iv i ty  findings for the chemi-  
cal he te rogeneous  hydrogena t ion  of acetylene.  

Surface Species 
The domina te  react ive  surface species dur ing  elec-  

t ro lyt ic  hydrogenat ion,  as ment ioned  earl ier ,  are  
be l ieved to be associat ively adsorbed  e thylene  and 
acetylene and monatomic  hydrogen.  The "unusual"  
cu r r en t - t ime  behavior  (Fig. 3 and 4) and open-c i rcui t  
po ten t ia l - t ime  behavior  (Fig. 2) are  complex functions 
of potential ,  t empera ture ,  organic pa r t i a l  pressure  
and e lec t rode  previous  history.  These "unusual"  be-  
haviors  are  p r o b a b l y  re la ted  to changes in the  normal  
d is t r ibut ion  of react ive  surface species. For  example,  
this  red is t r ibu t ion  of  reac t ive  surface species was in 
some w a y  connected to the methane  product ion ob-  
served dur ing  the ra te  studies. In  addi t ion the inflec- 
t ion point  in the  open-c i rcu i t  potent ia l  curve (Fig. 2), 
which m a y  be associated wi th  the  t rans ient  presence 
of hydrogen,  occurred in runs  s imi lar  to tha t  of curve 
7 of Fig. 6. In teres t ingly ,  the  inflection point  was not 
observed  in at least  one case each when it was ex -  
pected for  runs  wi th  ethylene,  acetylene,  or mix tures  
of the  two. In each instance, however ,  a sudden cur-  
rent  increase had occurred (curve 5, Fig. 3) at 0.00V 
or --0.05V pr ior  to the  end of the  run. A p p a r e n t l y  
the  react ive  specie or species, which  were  responsible  
for  the  inflection point,  were  e l iminated  f rom the sur -  
face. 

Redis t r ibut ions  of  surface species at  low acetylene  
pa r t i a l  pressures  at  40 ~ and 55 ~ for  ace ty lene-he l ium 
mix tures  and e thy lene-ace ty lene  mix tures  aided the 
ra te  of e thylene  hydrogenat ion  at the  expense of 
ace ty lene  hydrogenat ion.  Sharp  decreases in se lec t iv-  
ity, therefore  resul ted  at  a potent ia l  of 0.10V where  
methane  product ion first s tar ted.  

Conclusions 
The ra tes  of hydrogena t ion  of acety lene  and e thy l -  

ene-ace ty lene  mix tures  on p la t inum in sulfuric acid 
are  l imi ted  by  the supply  of e lec t r ica l ly  d ischarged 
hydrogen ions be tween 0.23V and about  0.05V. At  
lower  potent ia ls  the  ra te  is l imi ted  by  diffusion of re -  
actants.  

The control l ing step in the  reduct ion of e thylene  in 
this mveshga t ion  cannot  be unambiguous ly  defined as 
e i ther  mass  t r anspor t  of e thy lene  or  an e lec t ron-  
chemical  kinet ic  step. 

E thy lene  and acetylene first adsorb dissociately on 
p la t inum in contact  wi th  an acid solution, but  la te r  
adsorb  associat ively as the  surface becomes "poisoned" 

wi th  res idual  hydroca rbon  species f rom the dehydro -  
genat ion and cracking reactions.  

Se lec t iv i ty  for  the  product ion of e thylene  f rom acet-  
ylene or e thy lene-ace ty lene  mix tu res  in genera l  in-  
creases wi th  increased tempera ture ,  increased ace ty l -  
ene par t i a l  pressure,  and increased potential .  Major  
redis t r ibut ions  of reac t ive  surface species sometimes 
occurred under  condit ions of high t empera tu res  and 
low ace ty lene  pa r t i a l  pressures  and potent ials ,  which 
produced methane  as a product  and caused a sharp 
decrease in select ivi ty.  
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ABSTRACT 

When the residual  water  content of cur rent ly  used C104- electropolishing 
solution is reduced to less than 0.1 g/l, the anodic dissolution of bery l l ium fol- 
lows Faraday 's  law with a valence of one over an extended range of anodic po- 
tentials. This result  is interpreted in terms of a dissolution mechanism oc- 
curr ing in  a succession of two individual  steps, each involving a simple elec- 
tron, thus 

Be ~ Be + § e -  (electrochemical step) 
Be + -k oxidant ~ Be + + (chemical step occurring away from the electrode) 

Support  for the t ransi tory existence of the monovalent  ions is derived from 
thermodynamic  considerations allied with the structure of the anodic layer. 
Microscopic examinat ion of the state of the anode surface dur ing and after 
the dissolution shows clearly that a mechanical  disintegration of the metal  
lattice by the action of the current  cannot be the origin of the anomalous 
valence observed. On the contrary,  it is shown that disintegrat ion of this type 
contr ibutes only at low anodic potentials. This phenomenon,  known  as the 
"chunk effect," is clearly observable by scanning electron microscopy and ac- 
counts for faradaic "efficiencies" of greater  than 200% in certain electrolytic 
conditions. 

Since 1955 it has been known that the application 
of Faraday 's  law to the anodic dissolution of beryl-  
l ium could lead to calculated anode weight losses 
which were lower than measured values (1-7). 

Although, for more than a century  now, a number  
of investigations has been devoted to the study of 
analogous effects on other metals, the origin of these 
anomalous dissolution valences remains  very contro- 
versial. For some investigators, it consists of nothing 
more than a more or less incidental  in tervent ion of a 
side effect (difference effect, chunk effect 1) (7-12). 
On the other hand, there are those who consider 
these discrepancies to be evidence, on a macroscopic 
scale, of a fundamenta l  reaction process. This 
process, potent ial ly applicable to all  dissolution 
processes leading to mul t iva len t  ions, concerns the 
mechanism of the charge t ransfer  at the metal /e lec-  
trolyte interface and is proposed as a series of in-  
dividual  single electron steps (13-21). With this la t ter  
view, the systematic s tudy of these "deviations" from 
Faraday 's  law provides an approach to a better  un -  
ders tanding of the electrolytic dissolution of a metal, 
and thus, as pointed out specifically by Uhlig (22), 
also to the essential processes in metall ic corrosion. 

A metal  such as beryl l ium has favorable charac- 
teristics for s tudying anodic dissolution in  terms of 
these two different concepts of the anomalous val-  
ences. First, one can use it in the form of the usual  
industr ia l  polycrystal l ine material,  a form in which 
it ought to be more sensitive to the occurrence of dif- 

# E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
Key  w o r d s :  d i s so lu t i on  a n o m a l o u s  va lences ,  ca t ion  so lva t ion ,  an-  

odic  d i s s o l u t i o n  efficiency,  e l ec t ro ly t i c  po l i sh ing ,  mic roscope  scan-  
n i n g  e lec t ron .  

T h e  " ' chunk  e f fec t "  cons i s t s  of  the  d i s i n t e g r a t i o n  o f  t he  m e t a l l i c  
la t t i ce  u n d e r  the  ac t ion  of the  e l ec t ro lys i s  c u r r e n t ;  a h e t e r o g e n e o u s  
d i s so lu t ion  on  an  a t o m i c  scale p r o v o k e s  a sor t  of " d e t a c h m e n t "  of 
l i t t l e  c ry s t a l l i ne  u n i t i e s  w h i c h  are t h e n  ca r r i ed  in to  the  so lu t ion .  
The  pa r t i c l e s  t h u s  d e t a c h e d  f r o m  the  m e t a l  are s o m e t i m e s  o b s e r v e d  
in  the  a p p e a r a n c e  of a d a r k  co lo ra t ion  in  the  r eg ion  o f  t he  anode.  
X - r a y  s tud ie s  of these  anode  l ayers  h a v e  s h o w n  the  presence  of 
pa r t i c les  of s ign i f i can t  d imens ions ,  i . e . ,  s e ve ra l  mic rons .  

By  "d i f f e rence  ef fec t"  is  m e a n t  a modi f i ca t ion ,  u n d e r  the  in f lu -  
e n c e  of  the  cu r r en t ,  o f  t he  r a t e  o f  s e l f - d i s s o l u t i o n  o f  a m e t a l  in  an  
e lec t ro ly te .  Th i s  p h e n o m e n o n  o r i g i n a l l y  was  s t u d i e d  on ly  fo r  m e t -  
a ls  w h i c h  w e r e  a t t a cked  b y  t he  so lu t i on  a t  o p e n - c i r c u i t  po ten t ia l s .  
H o w e v e r ,  the  t e r m  "d i f f e r enc e  ef fec t"  ha s  been  u sed  r ecen t ly  e v e n  
in  cases  w h e r e  the  rate  of  c h e m i c a l  a t t ack  is zero in  the  absence  of 
an  e x t e r n a l  cu r ren t .  Th i s  effect  is  a t t r i b u t e d  to a loss of  cohes ion  
of the  p r o t e c t i v e  l aye r  w h i c h  i so la tes  the  m e t a l  f r o m  the  e n v i r o n -  
ment ,  a n d  w h i c h  o r i g i n a t e s  a t  ce r t a in  defec ts  in  the  s t r u c t u r e  of 
the  m e t a l  ( he t e rogeneous  d i s so lu t ion ) .  

ference, or chunk, effects, than a single crystal, since 
these effects are init iated by structure defects. Sec- 
ond, there are conditions, well  known, in which Fara-  
day's law will be rigorously followed if one uses a 
valence of one, a result  conforming to that  which 
would be expected, in the limit, if t ransi tory Be + ions 
only are formed in the first step of the dissolution 
process. 

The pr imary  purpose of this paper is to establish 
the fundamenta l  role played by solvation in  the solu- 
tion of a metal, which we propose should be an 
essential part  o; the theoretical s tudy of this phenom-  
enon. In particular,  we shall show how these anoma-  
lous valences of dissolution may perhaps be due to an 
insufficiency of solvation molecules in the anodic 
layer, and to an insufficiency which leads to a local 
inversion of the relative thermodynamic  stabil i ty of 
the ions Be + and Be + +. Following this we shall show, 
using results from studies of anodic dissolution in an 
anhydrous environment ,  and the complete range of 
faradaic efficiencies as established by observation of 
the anodic surface by the scanning electron micro-  
scope, that  the two concepts of anomalous dissolution 
( in tervent ion or not of t ransi tory  species of unusua l  
valence) are in fact not irreconcilable, but  may  
simply be a l ternate ly  applicable in different experi-  
menta l  domains. 

Theoretical 
The concept that  anomalous anodic dissolution val-  

ences must  be a manifestat ion on a macroscopic scale 
of a reaction mechanism which must  include the 
formation of monovalent  ions as a first step has grown 
in  acceptance at a rate proport ional  to the increase in 
examples of "abnormal"  dissolutions. There has as yet, 
however, been no theoretical basis from quan tum 
mechanical  considerations to support  this hypothesis. 
Since a quan tum t rea tment  of electron t ransfer  at the 
metal /e lect rolyte  interface in  the presence of adsorp- 
tion is not possible at the present time, we have ]ooked 
toward using thermodynamic  considerations, l inked 
to the s tructure of the anodic layer, as a means of 
placing the part icipat ion of these t ransi tory ions in the 
dissolution process on a sounder theoretical basis (19- 
23). 

243 
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Fig. 1. Pictorial description of the relative stabilities of ions 
M + and M s+ in relation to distance to electrode. 

These considerations may  be summarized briefly 
using the pictorial description of the anodic layer as 
given by Fig. 1. 

Star t ing from a concept first given by Epelboin and 
Darmois (14) in 1953, there exists at the anode a zone 
of low concentrat ion of solvent molecules, created by 
the joint  action of the electric field and the specific 
adsorption of anions from the solution. The solvent 
content  then increases regular ly  with distance from 
the surface (dashed curve).  

A calculation based on the Born-Haber  cycle shows 
that, in the absence of salvation, it is the monovalent  
ion M + which, among all the possible ions which the 
metal  can form, forms with the least energy. It is thus 
this ion which exhibits max imum stabili ty in the 
immediate  vicini ty of the anode where the normal  
salvation is sharply restricted. 

Figure 1 gives the values, for beryl l ium, of the free 
energies of formation, 2 AG, of the ions Be + + and Be + 
in  the metal,  in  dilute aqueous solution lAG (Be z+ �9 
n H20)]  and in absence of solvent lAG (Bez+)] 
( l imit ing case). 

The monovalent  ion is not stable thermodynamical ly  
except in  the immediate  vicini ty of the electrode. As 
it migrates from the electrode it very  rapidly reaches 
a zone sufficiently rich in solvent molecules that  the 
electrochemical oxidation 

Be + �9 n H._,O ~ Be + + �9 n '  H~O -{- (n'  -- n)  H20 + e -  
(from the metal)  [1] 

wil l  proceed with a decrease in  free energy. 
There is thus an inversion of the thermodynamic  

stabil i ty in  favor of the divalent  ion. The distance d 
between the electrode surface and the zone of stabil i ty 
inversion depends on the electrolyte conditions. The 
electron involved in  the electrochemical oxidation [1] 
must  t raverse the distance d to reach the electrode. 
Now, as the distance across which the charge t ransfer  
must  take place increases, the rate of the t ransfer  re-  
action wil l  decrease very  rapidly (24). In practice 
beyond a certain distance the ion M + can no longer be 
oxidized electrochemically. Thus, on  ar r iv ing in the 
solvent rich zone, it will  be oxidized chemically by  

T h e  B o r n - H a b e r  r e l a t i o n ,  f o r  t h e  c a s e  o f  t h e  s o l u t i o n  o f  a m e t a I  
i n  w a t e r  t o  f o r m  an ion M-+, is g i v e n  as  

AG = 8 + I --AGj~ -- n ~  
where S, I, AGb represent, respectively, the energies of sublimation, 
ionization, and hydration, and n@ the work to return to the metal 
the n electrons formed by the ionization. For the case of ions which 
are not stable in dilute aqueous solutions (Be+, AI+, Mg+, etc.) AGh 
must be evaluated by an indirect method. To obtain the value in 
]Pig. I we have used the Born-Webb relation which is based on the 
mutual potential energy of ions and solvent molecules 

~ G h  = ~ 1 
2 e r 

w h e r e  z = c h a r g e  o n  t h e  i o n ,  e = die lec tr ic  c o n s t a n t  of  t h e  s o l v e n t ,  
and  r t h e  e f fec t ive  rad ius  o f  the  ion  (23,  25 ,  2 6 ) .  

reaction wi th  some solution component  

Be + �9 x H20 + oxidant  -~ Be + + �9 x'  HsO 
+ (x'  -- x) H20 + reduct ion products [2] 

In  the presence of perchlorate, for example, 
analyses have shown that a par t  of the C104- has been 
reduced to C1-. 

The total  number  of electrons Ne (init ial  valence of 
dissolution) released into the exterior circuit per atom 
of metal  leaving the anode thus depends on the rela-  
tive magni tudes  of reactions [1] and [2]. When  the 
distance at which reaction [2] can proceed easily is 
clearly greater than  the distance at which the rate  of 
react ion [1] goes to zero, Ne attains the l imit ing value 
of one. 

In some respects one can predict the way in which 
the profile of the curve of Fig. I will be altered as a 
result of a modification of experimental conditions, 
and consequently the way in which the faradaic effi- 
ciency p (or Ne) of the dissolution will be affected. In 
particular it is noted that lower values of Ne are 
favored by increasing temperature (23) and by a re- 
duction in residual water content of the (anhydrous) 
electrolyte. Finally, there should exist an optimum 
region of anodic potential for values Ne ~ 1. 

These theoretical predictions have been found to be 
in good agreement with our results obtained for the 
anodic dissolution of aluminum in the ternary mix- 
ture:ethanol-water-LiCIO4 (23). In the case of 
beryllium, as we have mentioned, the limiting value 
Ne = 1 can be obtained without unusual experimental 
precautions. Nevertheless, this value Ne = 1 does not 
occur except in a narrow potential range. It is these 
results which have led us to undertake a study of this 
anodic dissolution at elevated temperatures and in 
solutions of very low water content in an attempt to 
extend the potential range where Ne is rigorously 
equal to I, while still maintaining conditions such that 
any "chunk" or "difference effect" may be excluded. 

Before describing the experimental work, it should 
be noted that several attempts have been made by 
other workers to detect directly the existence of ions 
M + of unusua l  valence at some distance from the 
electrode [r ing disk electrodes (6), detection of re-  
ducing products in an indicated anode compartment  
(27-29) ]. 

For ions like Be + and A1 + which are very  unstable  
in dilute aqueous solutions, these tests have resulted 
either in failures to detect the species or have given 
evidence which is not par t icular ly  convincing. For the 
same conditions, more stable ions like Cu +, In  +, . . . , 
have been detected in a m a n n e r  which is hard ly  dis- 
putable (30, 31). These results tend to indicate a very 
narrow depth to the zone near  the electrode in which 
the ions Be + and A1 + are stabIe. 

On the other hand we have verified that  in  the case 
of a luminum the rotation of the anode did not lead to 
a change in  the mechanism of dissolution. For rotat ion 
speeds up to 1500 rpm, we observed no measurable  
change in Ne, a result  one would expect if the anodic 
layer consists of a zone of low water  content, the 
thickness of which is small  in  relat ion to the total  
thickness of the diffusion layer. In  these conditions it  
appears unl ikely  that, as proposed by  Kabanov  (15), 
the va lue  of Ne is related to the velocity of diffusion 
into the solution of the uns table  M + ions formed at 
the anode. 

Exper imental  
Electrolyte.--The electrolyte is a t e rna ry  mix ture  

of ethanol, water, and l i thium perchlorate (reagent 
grade from G. Frederick Smith Chemical Company, 
Columbus, Ohio). 

In  order to reduce the residual  water  content  to very 
low values, we have used molecular  sieves with their  
selective properties of fixation (27). Possible con- 
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t amina t ion  of the electrolyte by  the sieves is avoided 
by operating in the gaseous phase, and heating effects 
are minimized by  dist i l l ing under  reduced pressure. 
The alcohol (with water)  vapor from the boiling 
solution traverses a sieve column where it is de- 
hydrated, then  is r e tu rned  by  reflux condenser to the 
boiling solution. For safety purposes, one thus avoids 
the heat ing of these concentrated perchlorate solu- 
tions. This method makes it possible to prepare  solu- 
tions which, by titration, contain less than  0.1g water 
per liter. 

Electrolysis cell.--In order  to work with solutions 
as anhydrous  as possible, the anodic dissolutions have 
been carried out directly in  the boil ing flask of the de- 
hydra t ion  apparatus. 

The counterelectrode is a p la t inum plate (16 cm 2) 
and the anode a bery l l ium plate (1 cm~). 

The principal  impur i ty  in  the bery l l ium is the oxide 
(0.2%); the total  impuri t ies  are of the order of 0.3%. 
Dissolutions were carried out in an argon atmosphere. 
Water  contents  were de termined by Kar l  Fischer 
titration. 

Measurement of dissolution efficiency.--For the 
quant i ta t ive  characterization of the dissolution 
anomaly,  one normal ly  uses either the value of fara-  
daic efficiency of dissolution (rates of weight loss pre-  
dicted by  Faraday 's  law with valence equal to that  of 
the ion actual ly found in solution to weight loss ac- 
tual ly  measured)  or the init ial  valence of dissolution 
Ne (the average number  of electrons flowing in the 
external  circuit  per atom of meta l  dissolved). 
Thus 

Wexp AQ n 
p . . . .  ; N e - - = ~ ;  p =  

W t h  FWexp Ne 
Wexp = weight loss measured 
Wth = weight  loss predicted by Faraday 's  law 
A = atomic weight of meta l  
Q --- quant i ty  of electricity through the cell 
F = Faraday 's  constant  
n ---- valence of ion found in  solution. 

The quant i ty  of electricity passing the cell was mea-  
sured with an electronic integrator,  wi th  an accuracy 
of less than  0.5%. The precision in  the determinat ions  
of weight  losses depends pr imar i ly  on  the t rea tment  
of the anode before and after electrolysis. Before dis- 
solution, the anodes are electrolytically polished. 
Dur ing  both the electropolishing and the dissolution, 
there is formed on the metal  a viscous layer  which 
can be removed by the vigorous action of an ultrasonic 
ethanol bath. After  repeated c leaning and drying, the 
weight of the electrode can be obtained wi th in  an 
absolute uncer ta in ty  of less than  0.05 mg. Since the 
quanti t ies  of meta l  dissolved anodically are at least 
20 rag, the relat ive uncer ta in ty  in the value of p does 
not exceed 0.5%. It follows that  the relat ive uncer -  
ta in ty  in Ne is 

~Ne ~Q ~W 
------+ ~-1% 
Ne Q W 

Observation of the surface state of the metaL--An 
examinat ion  of the anodic layer alone is not sufficient 
to make  definitive conclusions as to the  existence of 
the "chunk" effect in the anodic dissolution. Even the 
appearance of a gray coloration or the actual  ident i -  
fication of the presence of metall ic particles in  the 
anode region, al though they constitute a strong pre-  
sumption in favor of this effect, cannot be taken as 
indisputable  proof, since the formation of these metall ic 
particles may always be a t t r ibuted to the dismutat ion 
reaction 

2Be + --> Be + + q- Be $ 

Only the direct  observation of the microprofile of the 
dissolving metal  surface can furnish  the necessary 
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Fig. 2. Anodic dissolution of beryllium in a ternary mixture of 
ethanol, water, and lithium perchlorate (50g). a, [H20] = 25 
g / l , t  = 2 5 ~  [H20] = 2 5 g / l , t  = 50~ [H20] = 0.1 
g/ I ,  t = 60~ c', curve c after correction of the potential V for 
the ohmic potential drop. 

complementary  informat ion to make a definitive state-  
ment  as to the existence of the chunk  effect. 

For beryl l ium, these very interest ing observations, 
i.e., the anode in microrelief, were made with a 
scanning electron microscope (Cambridge Stereoscan) 
in collaboration with Mr. Froment .  

Results 
Measurement of Ne.- -Curves  a and b of Fig. 2 show 

Ne as a funct ion of applied potential  for anodic dis- 
solutions carried out in solutions containing 25g H20 
and 50g LiC104 per liter, maintained,  respectively, at 
25 ~ and 50~ These curves show, as previously dis- 
cussed, the critical value Ne = 1 at the min ima  in a 
very nar row potential  range (h V N 0.5V). The higher  
tempera ture  shifts this m i n i m u m  to higher potentials,  
but  no decrease in the value of Ne at the m i n i m u m  is 
observed. This furnishes a first evidence of the l imit ing 
na ture  of the value Ne = 1. Curve c of Fig. 2 was 
taken under  conditions most favorable to the observ- 
ance of low values of ini t ial  dissolution valence (high 
temperature,  60~ and low water  content, < 0.1 g / l ) .  

With these solutions of very  low water  content, we 
have at tempted to evaluate the magni tude  of the po- 
tent ia l  drop, of ohmic origin, which exists in  the anodic 
layer. 

For  this evaluat ion we have studied the response of 
the cell to the action of an exterior perturbat ion,  using 
a method developed for another  purpose (32). The 
behavior  of the anodic layer is found to be very com- 
plex. We first evaluated the impedance of the cell over 
the frequency range 10 ~ to 105 Hz. 3 From the values 
obtained we have obtained curve c' of Fig. 2 from curve 
c by  correcting the potential  V for the ohmic potential  
drop AVn -~ I R. The curve c' is only a fair  approxima-  
tion, since the system is not sufficiently stable to allow 
a precise de terminat ion  of AVn. On the other hand the 
current  in ter rupt ion  m e t h o d  (23, 32) does not yield, on 
re tu rn ing  to the equi l ibr ium potential, a curve V = ]( t )  
with the expected two relaxat ion t ime constants. Only 
the simple exponent ia l  trace is observed, wi th  a t ime 
constant  of the order of 10 ~sec, a value which is both 
too large for an  ohmic decay and too small  for the  
analogous anode potent ial  decays observed in  aqueous 
solutions. 

Thus impor tant  facts are obtained from a comparison 
of the curves a and b with c': (i) the e l iminat ion of 
water  leads to the formation of an extended potential  
range for the value Ne = 1, replacing the sharp min ima  
previously observed; (ii) at potentials less than 2.5V 
(curve c'), values of Ne less than  1 are observed, to 
our  knowledge for the first time, in noncorrosive solu- 
tions on open circuit. 

A p e r t u r b a t i o n  ~V is imposed on the  petentiostatically applied 
w o r k i n g  potent ia l ,  a n d  the  c u r r e n t  response  h l  of the  cell is fo l -  
lowed.  On the  r eg ion  of l inea r  response ,  the  ra t io  AV/AI i s  the  
impedance  Z of the  electrode.  
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Observation of the state of the surface.--Anhydrous 
solution.--Samples dissolved at  h igh appl ied  potent ia ls  
wi th  values  of Ne ---- 1 presen t  ve ry  smooth surfaces. 
No apprec iab le  s tep forming effects can be noticed 
be tween  the gra ins  of the  sample.  This  aspect  of the  
surface confirms the  r e m a r k a b l y  homogeneous  charac -  
t e r  (e lec t ro lyt ic  pol ishing)  of  the  dissolut ion which  
had  been foreseen f rom previous  in situ observat ions  
by  opt ical  in ter ference  microscopy,  w i th  an object ive  
immersed  in the  e lec t ro ly te  (4).  

The beginning  of the  increase in Ne, near  5V, is ac-  
companied  b y  the appea rance  of some re la t ive ly  ra re  
zones of  a g ranu la r  aspect, separa ted  f rom a surface 
st i l l  ve ry  smooth, Fig. 3. 

As soon as Ne takes  on values  less than  1, the  gra in  
surfaces lose the i r  para l le l i sm.  Near  2V, w h e r e  Ne be- 
gins to decrease  rapidly ,  the surface (in re l ief)  be -  
comes ve ry  rugged. On the  o ther  hand,  i t  no longer  
p resen ts  any  of the  g ranu la r  aspect  which  is observed 
in the  potent ia l  range  where  Ne is g rea te r  than  1. 

Fo r  potent ia ls  leading  to values  of Ne less than  0.9, 
clifflike s t ructures  can be c lea r ly  seen on the surface, 
overhanging  the  res t  of the  surface at  thei r  edges, 
Fig. 4. 

For  the  lowest  potent ia l  s tudied,  t h e  surface p r e -  
sents an aspect  of deep rav ines  cut  th rough  the  or ig inal  
surface lef t  intact  (summits ,  plateaus,  at  the  same 
level ) ,  Fig. 5. The dissolution does not  t ake  place  
except  along cer ta in  va l leys  wi th  ve ry  steep walls.  A t  
the  in ter ior  of  the  rav ines  can be seen zones of some 
severa l  microns  in d iameter ,  r e ta ined  b y  a t t achment  
br idges  r e a d y  to be broken,  thus  l ibe ra t ing  into the  
solution bu lk  me ta l  part ic les ,  Fig. 6. I t  is also easy to 
dis t inguish regions in which par t ic les  of somewhat  
la rger  size (tens of microns)  seem to be displaced a 
smal l  d is tance f rom the zone from which  they  were  de -  
tached, leaving a corresponding cav i ty  which  can i tself  
be c lear ly  dist inguished,  Fig. 7. 

Water containing solutions.raThe r egu la r  dissolut ion 
ex tending  over  the  ent i re  surface, as obta ined wi th  
the  anhydrous  solutions, is not observed in w a t e r - c o n -  
ta ining solutions even at  high anodic potentials .  Zones 
appear  in which the dissolut ion occurs in a v e r y  
heterogeneous fashion. At  low potent ials ,  this  he te ro -  
geneous dissolution extends  over  the  en t i re  surface. 
There  is ye t  another  essent ia l  difference be tween  the 
aspects observed wi th  and wi thout  res idual  wa te r  in 

F e b r u a r y  I97I 

Fig. 4, [H20]  < 0.1 g/I, V ~ 1V, Ne ~ 0.86. Magnification 
2000X. 

Fig. 3. Scanning electron micrograph (Fig. 3 through 8). Anodic 
dissolution of beryllium. [H20] < 0.1 g/I, V ~ 5V, Ne z 1.02. 
Magnification 1400X. 

Fig. 5. [H20] < 0.1 g/ I ,  V = 0.2V, Ne = 0.8. Magnification 
255)(. 

the e lectrolyte :  in the  presence of wa te r  the  dissolution 
remains  sensi t ive to c rys ta l l ine  or ienta t ion  of the  
grains  at  al l  potent ia ls  ( format ion of needles  of differ-  
ent  or ienta t ions  fol lowing the grains, Fig. 8), an 
aspect  s imi lar  to tha t  descr ibed by  S t raumani s  for dis-  
solution carr ied  out  in aqueous HC1 (7),  whi le  in the  
absence of wa te r  the  or ienta t ion  effect is no longer  
visible at  potent ia ls  for which  Ne is s ignif icant ly less 
than  1. 

Discussion 

The observation,  in p rac t ica l ly  anhydrous  solutions, 
of the  value  Ne = 1 over  an ex tended  anodic poten t ia l  
range  consti tutes a decisive a rgumen t  in favor  of the 
number  of mechanisms which pos tu la te  the  exclusive  
format ion  of the  ion Be + as the  ini t ia l  s tep of the  dis-  
solution, wha teve r  the  u l t ima te  react ions  envisaged 
for these ions by  the different  mechanisms.  The pa r -  
t icular  exper imen ta l  condit ions for  which this cr i t ical  
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Fig. 6. [H20]  < 0.1 g/I, V = 0.2V, Ne = 0.8. Magnification 
1300X. 

Fig. 7. [H20]  < 0.1 g/I ,  V = 0.2V, Ne = 0.8. Magnification 
1200X. 

l imi t ing va lue  is observed (high anodic potent ia ls  and 
tempera ture ,  p rac t i ca l ly  anhydrous  solutions) suppor t  
the  p rev ious ly  advanced  ideas according to which an 
obl iga tory  format ion  of the  monova len t  ion species as 
the  first s tep in the  dissolution does not lead to a 
modification of the r e m a i n d e r  of the  over -a l l  reac t ion  
except  when  condit ions give rise to a local ly  res t r ic ted  
supply  of solvent  molecules  in the  anodic layer .  

Moreover,  under  expe r imen ta l  condit ions which  lead  
to values  Ne = 1, the  dissolution occurs in a r e m a r k -  
ab ly  un i form and homogeneous fashion over  the  ent i re  
surface. The  microprofi le  observed is absolu te ly  in-  
compat ib le  wi th  any  appearance  of a chunk effect or  
wi th  a chemical  a t t ack  which  is concent ra ted  at  the  
gra in  boundaries .  The anodic l ayer  which constrains  
the  me ta l  to dissolve in the  form of Be + ions con- 
s t i tutes  also a pro tec t ive  film which  imposes a un i form 
dissolut ion on the surface (condit ion of e lect rolyt ic  
pol ishing) ,  and excludes  the  secondary  phenomena  

Fig. 8. [H20] = 25 g/I ,  V ~= 1V, Ne = 1.04. Magnification 
1200X. 

(paras i t ic  processes)  which  might  lead to values  of 
Ne less than  1. 

At  potent ia ls  less than  2V (curve  c', Fig. 2) or  in 
the  presence of water ,  devia t ions  f rom uni ty  of the  
va lue  of Ne indicate  a more  complex  mechanism.  The 
dissolution does not  occur according to the  s imple:  Be 

Be + + e -  (e lec t rochemical  s tep I)  fol lowed by:  
Be + + ox idan t  --> Be + + W reduced  species (chemical  
step I I ) ,  but  cal ls  into p l ay  o ther  s teps which a re  
c lear ly  indica ted  by  the  different  aspects of micro-  
re l ief  revea led  in the  photomicrographs ,  (Fig. 2-8).  

Thus, the  increase of Ne to va lues  grea te r  than  1 
(curve  c') is accompanied  by  the  appearance  (2) of 
the  zones of g r anu la r  appearance  al l ied wi th  the  fo r -  
ma t ion  of an oxide  (33). The observed modification 
might  be a t t r i bu ted  to a d iminut ion  of the  solvent-  
poor l aye r  cover ing the surface, due to a decrease  in 
the  s t rength  of the electr ic  field at  the  me ta l / e l ec t ro -  
ly te  interface.  The prev ious ly  ment ioned difficulties 
encountered  in the  appl ica t ion  of pe r tu rba t ion  methods  
have, however ,  p reven ted  us f rom obta in ing the  precise 
charac te r  of this  l ayer  at  low potent ials .  

Fo r  expe r imen ta l  condit ions which lead to values  of 
Ne less than  1, it  appears  to be wel l  es tabl ished from 
the  observed s t ruc tu ra l  fea tu res  of the  anode  surface 
tha t  the  meta l l ic  par t ic les  which  color the  solut ion 
are  due to the  "chunk" effect. This phys ica l  d i s in tegra-  
t ion of the surface wi l l  not  appear  except  when the 
anodic poten t ia l  becomes too smal l  to insure  the  ma in -  
tenance of the so lven t -poor  l ayer  which  protects  the  
metal .  

Manuscr ip t  rece ived  Oct. 19, 1970. 

A n y  discussion of this  paper  wi l l  appear  in a Dis-  
cussion Section to be  publ i shed  in the  December  1971 
JOURNAL. 
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Determination of the Diffusion Layer Thickness 
at a Cathode in CuSO  Solutions 

Aladar Tvarusko* and Laurence S. Watkins ~ 
Engineering Research Center, Western Electric Company, Princeton, New Jersey 08540 

ABSTRACT 

The diffusion layer thickness, 8, was measured as a function of time by a 
Mach-Zehnder interferometer on a vertical cathode in CuSO4 solution with 
and without an excess of H2SO4 at current densities, i, up to 100 nlA/cm ~. The 
thickness 6 increased linearly with t I/2 up to the start of hydrogen gas evolu- 
tion in CuSO4 solutions with and without H2SO4; in the presence of tenfold 
excess of H2SO4, 5 rapidly increased just before the gas evolution. At a con- 
stant cathodic charge, log 5 decreased linearly with increasing log i in both 
solutions and 6 is larger in pure CuSO4 solution than in the presence of excess 
of H2SO4. 

A new beam deflecting technique, based on the Lloyd 
mirror  interferometer,  has been described for the de- 
te rminat ion  of the refractive index gradient  and the 
concentrat ion change in the cathodic diffusion layer  
normal  to the electrode (1). Either  this refractive in-  
dex gradient, dn, or the thickness of the diffusion layer, 
8, can be calculated from the measurement  of the path 
length change of the deflected beam in the diffusion 
layer (1,2). Since 8, the subject of this paper, can be 
independent ly  obtained by  the Mach-Zehnder  in ter -  
ferometer, dn was calculated from the path length 
change (1-3). 

The knowledge of the diffusion layer  thickness is 
important  from both theoretical  and practical v iew- 
points independent ly  of the aforementioned need. This 
thickness can be measured directly [see, e.g., ref. (4)] 
or calculated [see, e.g., ref. (5)].  In this investigation 
the diffusion layer thickness was measured by a Mach- 
Zehnder  interferometer  as a funct ion of time at high 
current  densities up to 100 m A / c m  2 dur ing the elec- 
trodeposition of copper. 

Experimental 
The ent i re  exper imental  setup based on the Mach- 

Zehnder  in terferometer  was described earlier in detail 
(4). The camera was focused onto the end of the ver-  
tical cathode nearest  the camera. All  the sides of the 
cathode (11.5 mm wide, 0.47 m m  thick, 17 m m  immer -  

* Electrochemical Society Act ive  Member .  
1Present address: Department of Electrical Engineer ing Science, 

Univers i ty  of Essex, Colchester, Essex, England. 
Key words: laser interferometry, mass transfer, galvanostatic 

transients, supporting electrolyte, hydrogen evolution. 

sion length) were plastic coated, except the working 
side. The electrodes were placed in a Plexiglas cell of 
23 x 66 x 31 mm dimension and the anode-cathode 
distance was 6 cm. The cathode was aligned by observ- 
ing its image and rotat ing the cell for a m i n imum 
cathode image; this could be done to an accuracy of 
0.05 mm or better. The diffusion layer  thickness values 
were taken only at one height, about 8 mm below the 
solution surface (4). CuSO4 solutions were used with 
and without H2SO4 for the galvanostatic experiments.  

The interferograms were evaluated on a micro- 
photometer (Jarrel-Ash,  Model 23-100). The film was 
placed between two clear spectrographic plates which 
were separated by two feeler gauge strips of proper 
thickness on both sides of the film and held together by 
pressure sensitive tape. This a r rangement  ensured the 
flatness of the film and the movement  of the film dur -  
ing the evaluat ion of an interferogram was prevented 
by immobil izing the film on both sides of the spectro- 
graphic plate. The ha i r - l ine  on the projection screen 
was superimposed on the very  distinct edge of the 
horizontal fringe and the position of the reference scale 
was read to ~m. The carriage was moved unt i l  the ha i r -  
l ine was superimposed on the edge of the horizontal  
fr inge on the other side of the electrode. The edge of 
the diffusion layer was taken where the fringes tu rned  
down from the horizontal indicat ing the reduction in 
refractive index gradient. For  the high current  density, 
only the very beginning of this could be seen. The 
thickness of the diffusion layer was obtained from the 
difference of these readings from which the electrode 
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Fig. 2. Deflection of light rays (rl, r,~) in the diffusion layer 
caused by the refractive index gradient. Ray r 3 travels without de- 
flection outside of the diffusion layer of thickness ~. 

Fig. I. Mach-Zehnder interferogram of a cathode in 0.24M 
COS04 solution before and after the addition of 62.5 mA/cm ~. 
a (top), 0 sec; b (bottom), 4.6 sec. 

width,  measured  f rom the  same film before  the  add i -  
t ion of the  current ,  was deducted.  

Results and Discussion 
Figure  1 shows two typical  in te r fe rograms  in 0.24M 

CuSO4 solut ion t aken  before  and 4.6 sec af ter  the  be -  
ginning of e lectrolysis  at  a cur ren t  dens i ty  of 62.5 m A /  
cm ~. The p r i m a r y  hor izonta l  in te r fe rence  f r inges  are  
pe rpend icu la r  to the  ver t ica l  cathode the r ight  side of 
which  is the  work ing  surface. I t  can be c lear ly  seen 
tha t  (a) the ca thode/so lu t ion  interface  is seemingly  
displaced in the  presence of the  la rge  re f rac t ive  in-  
dex  grad ien t  and (b)  the  in te r fe rence  fr inges are  
absent  in this  ex tended  region, i.e., diffusion l aye r  
[compare  wi th  Fig. 2 of ref. (4) ]. 

I t  is wel l  known tha t  a beam of l ight  (rl,r2) passing 
th rough  a l aye r  of va ry ing  index  of ref rac t ion  and 
thickness  8, is deflected into the  region of high re -  
f rac t ive  index  as shown in Fig.  2 [for re ferences  see 
ref. (1)] .  Because of this  beam deflection, the  in te r -  
ference f r inges  and thus  the  concentra t ion change 
cannot  be de te rmined  accura te ly  or at a l l  in the  p res -  
ence of la rge  re f rac t ive  gradients ,  i.e., at h igh  cur-  
rent  densi t ies  on cathodes of a few mi l l ime te r  widths.  
This has been descr ibed in severa l  s tudies (4, 6-9).  The 
p r i m a r y  hor izonta l  in te r fe rence  fr inges do show the 
diffusion l a y e r / b u l k  solut ion in ter face  (Fig. 1) because 
the  rays  outs ide  of the  diffusion l aye r  (r~) t r ave l  wi th -  
out deflection (Fig  2), but  the  posit ion of the  work ing  
surface of the  cathode is not  visible.  Thus, 8 mus t  be 

de t e rmined  ind i rec t ly  f rom a nonwork ing  surface (4, 
7, 10, 11) or p rope r ly  p laced mark ing  outs ide the  di f -  
fusion layer .  

Let  us r e tu rn  to Fig. 1 and discuss the  in te r fe ro -  
g rams  in de ta i l  in view of the  mul t ip l i c i ty  of fr inges 
present  there in  (an inheren t  p rob lem when  using a 
laser ) .  The s l ight ly  d iagonal  fr inges (sloping down to 
the  r ight )  ex tend  over  the  whole  p ic ture  and are  due 
to reflections f rom the beam spl i t ter  back  surface. 
These are  of no significance to the  exper iment ;  nor  a re  
the ver t ica l  f r inges ex tend ing  f rom the  left, coated 
side of the ca thode since they  do not  change  th rough-  
out the  exper iment .  These ver t ica l  f r inges  were  a 
funct ion of ca thode a l ignment  and are  p r e sumab ly  dif -  
f ract ion effects f rom the  f ront  edge of the  cathode or 
i ts  plast ic  coating. Since they  r a r e ly  occur red  on the 
work ing  side of the  cathode, the  l a t t e r  exp lana t ion  
seems more  l ikely .  

The hor izonta l  f r inges are  the  ones of in teres t  and 
indicate  the  constant  re f rac t ive  index  outside the  di f -  
fusion layer .  In  Fig. l a  t hey  are  hor izonta l  r ight  up to 
the  cathode edge. In  Fig. lb  they  t e rmina t e  before  the  
ca thode  edge and begin  to tu rn  down indicat ing the 
decrease of re f rac t ive  index at  the  edge of the  d i f -  
fusion layer .  They do not cont inue toward  the  cathode, 
however,,  because of the deflection produced  by  the 
large re f rac t ive  index gradient .  This resul ts  in the 
fr inges occurr ing outside the  diffusion layer .  The large 
number  of fr inges is an indica t ion  (not  accura te  for a 
Mach-Zehnder  in te rpre ta t ion)  of the  large  ref rac t ive  
index change. I t  is in teres t ing  to note tha t  the  dis-  
tance be tween these fr inges decreases  wi th  increasing 
distance f rom the  cathode. This is because  the  r ay  
undergoes  a la rge  opt ical  pa th  length  change  near  the  
cathode due to the  la rger  r e f rac t ive  index  grad ien t  and 
is deflected more  than  the r ay  near  the diffusion l a y e r /  
bu lk  solution interface.  The  fr inges of m in imum sepa-  
ra t ion  come from neares t  the  cathode w h e r e  the  re -  
f ract ive  index grad ien t  is largest .  

The smal l  c i rcular  f r inges  are  caused by  pi ts  or de -  
pressions in the  cell  surface which  was not  special ly  
finished. Final ly ,  there  is a smal l  change in the  in te r -  
ference fr inges of the  nonwork ing  side of the cathode 
(Fig. l b ) .  This is qui te  small ,  amount ing to about  1/2 
fringe, and m a y  be due to re f rac t ive  index grad ien t  
changes ex tend ing  round  the  f ront  and back  edges of 
the  cathode. 

F igure  3 shows two in te r fe rograms taken  jus t  before  
and af ter  the  s tar t  of hydrogen  gas evolut ion  in 0.24M 
CuSO4-2.36M H2SO4 solution. I t  can be c lea r ly  seen 
tha t  the  gas evolut ion  d is rupts  the  in te r fe rogram.  
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Fig. 4. Diffusion |eyer thickness as a function of t ~/~ in 0.24M 
CuS04 at various current densities. The regression line constants 
are given in the inserted table. 

Fig. 3. Mach-Zehnder interferogram of a cathode in 0.24M 
CuSO4-2.36M H~S04 solution before and after the start of H2 
evolution at 69.1 mA/cm 2. a (top), 2.75 Sec; b (bottom), 3.38 sec. 

Therefore, meaningfu l  diffusion layer  thickness values 
can be obtained only below and at the l imit ing current  
density for metal  deposition,/L. Since the gas evolution 
does not start  ins tantaneously  after the application of 
current  densities higher than  iL, the ini t ial  stages of 
the increase of the diffusion layer can be also invest i -  
gated. The thickness of the diffusion layer  at a gas 
evolving electrode is nonuni form in t ime and space. 
The secondary interference fringes are superimposed 
on the p r imary  fringes also in the presence of H~SO4 
but  their extent  is smaller  than  in  the pure CuSO4 
solution. The circular interference fringes are caused 
by individual  gas bubbles.  

Figure 4 shows the diffusion layer thickness deter-  
mined from the nonworking  side of the cathode as a 
funct ion of square root of t ime in 0.24M CuSO4. The 
thickness ~ increases l inear ly  at all  cur ren t  densities 
up to the start  of the t ransi t ion to steady state or 
start  of hydrogen gas evolution, respectively. The dif- 
ference at the three highest current  densities invest i -  
gated is small  and the current  densi ty seems to have 
little influence above the l imit ing current  density. 
This indicates that  the conditions in the diffusion layer  
remain  near ly  the same above the l imit ing current  
density before the start  of the hydrogen gas evolution. 
All  the regression lines were fitted by the least squares 
method and the regression l ine constants are shown in 
Fig. 4 (A-intercept ,  B-slope, R-coefficient of correla- 
t ion).  The l inear  regression analysis of all  data re-  
ported here is statistically significant at greater than 
95%. 

I t  is to be noted that  the displacement of the cathode/  
solut ion interface due to the electrodeposited copper 

layer is negligible in comparison to the diffusion layer  
thickness because the electrodeposited copper layer 
is at least three orders of magni tude  smaller than  6. 

A comparison of Fig. 4 .and 5 reveals that  the be-  
havior of 8 is different in these two solutions. In  the 
presence of tenfold excess of H~SO4 it was found that:  
(a) the 8 -- t 1/2 re la t ion is l inear  only below the l imi t -  

ing current  density and in the very  beginning of the 
galvanostatic exper iments  above iL; (b) the rate of in-  
crease of 6 with t 1/2 (slope B) is approximately one 
third smaller  than  in  pure  CuSO4; (c) 8 rapidly in-  
creases just  before the start of the hydrogen gas evolu- 
tion; the position and to a certain degree, the rate of 
this increase depends on the current  density; and (d) 
the l inear  6 -- t ~/2 relat ion is practically independent  
of Che current  densi ty over a larger range than  in  pure 
CuSO4 or in the presence of smal l  amount  of H~SO4 
(3). In  the presence of 0.11M H2SO4 the slope of the 

-- t ~/2 l inear  relat ion (4) falls between the two ex- 
t reme values (Fig. 4 and 5). 

The influence of H2SO4 is obvious from these results. 
In the presence of a large excess of H2SO4 the increase 
of 6 is slower than  in  pure  CuSO4 solution. The hydro-  
gen evolution, however, starts at shorter times in the 
presence of H2SO4 than in its absence. The decrease of 
the elapsed t ime before H~ evolution in the presence 
of H2SO4 is supported by the reported results dur ing  
powder formation at the l imit ing cur ren t  densi ty (12). 
The addition of indifferent electrolytes shortens the 
time to powder formation (12), i.e., the t ime required 
for the metal  ion concentrat ion to decrease very  closely 
to zero at the cathode/solut ion interface. In  view of 
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Fig. 5. Diffusion layer thickness as o function of t ~/2 in 0.24M 
CuSO4-2.36M H2504 solution at various current densities. 



Vol .  118, No.  2 

- 0 3  

-04  

-0.5 

T -0.6 

0 . 8  

- 0 , 9  

- 1 . 0  

D I F F U S I O N  L A Y E R  T H I C K N E S S  

o O25m cuSO4+O.llm H~S04 I b l  i tol .  

+ Oem CuS04 

0 0.5 I 0 1.5 $.0 

,og ~,[mo/cm ~] 

Fig. 6. Steady-state diffusion layer thickness as a function of 
current density in various CuS04 solutions. 

-05  

-0.6 

-0.7 

-0.8 

~  9 

- L O  

- ] . t  

- 1.2 

130 mC/r ~ 

I0r176 0.423 IDg i 

R-  0.975 

O,2qm Ca S04 " 0.24rn Cu804 

2 36 . o o 

: 2 : : : oo  . . . . . .  

1.0 t.5 ~0 

,oo ~, [mo/,:.~] 

these facts, the rap id  increase of 5 before the hydrogen  
evolut ion seems to be inevi table .  

F igure  6 shows the logar i thm of s t eady-s ta te  di f -  
fusion l aye r  thickness  as a funct ion of the logar i thm 
of cur ren t  densi ty  in th ree  CuSO4 solutions. The 
s t eady-s ta te  5 decreases wi th  increas ing cur ren t  den-  
sity. The slope of the  l inear  regression line is --0.053 
for  our da ta  and the  coefficient of correlat ion,  R, is 
ve ry  low. The expe r imen ta l  slope is m a r k e d l y  lower  
than  the theore t ica l ly  pred ic ted  va lue  of --0.20 (10). 
The 5 values  of Ibl  et al. [Table 3, ref. (10)] in 0.8M 
CuSO4 yie ld  --0.18 for the  slope (Fig. 6) which is in 
closer agreement  wi th  the  theore t ica l  value.  The other  
da ta  of Ibl  et  al. (10) show smal le r  slopes and l a rge r  
scat ter  of data. Ibl  et al. (13) found that  the exper i -  
menta l  de te rmina t ion  of 8o.1, i.e., the  dis tance at which 
the concentra t ion decreased to 10% of the  total  change, 
is more  re l iab le  than  tha t  of 5 ( the t rue  thickness  of 
the  diffusion l aye r ) .  However ,  the  slope of the  ex-  
pe r imen ta l  l ine in 0.6M CuSO4 is on ly  --0.16. Our  
values  at low cur ren t  densi t ies  (<5  m A / c m  2) are  com- 
pa rab le  to those of Ibl  et al. (10) but  devia te  consider-  
ab ly  at  the h igher  cur ren t  densities.  In  view of our 
in teres t  in the nons teady-s ta te  behavior  of 5 at high 
cur ren t  densit ies,  the  reason for this devia t ion  has not  
been pursued  fur ther .  

The s t eady-s ta te  5 values  a re  meaningless  at  ve ry  
high cur ren t  densi t ies  (i > iL) because 5 var ies  in t ime 
and space due  to the  evolving H2. F igure  7 shows the 
diffusion layer  th ickness  for a constant  quan t i ty  of 
e lect r ic i ty  of 130 m C / c m  2, 513o as a funct ion of cur ren t  
density.  This value  was chosen because it is just  be -  
low the quan t i ty  of e lect r ic i ty  at  which  5 r ap id ly  in-  
creased before  the He evolut ion in the  0.24M CuSO4 
--2.36M H2SO4 solution. Log 5i30 decreases  l inea r ly  
wi th  increasing log i in both solutions. The slope of 
the  regress ion l ine in the CuSO4 solution is approx i -  
ma te ly  a th i rd  lower  than  in the  presence of tenfold  
excess of H2SO4. The magni tude  of 813o is affected also 
by  the  na tu re  of solut ion and 6la0 is l a rge r  in CuSO4 
solution than  in the  presence of tenfold  excess of 
H~SO4. The aforement ioned resul ts  seem to be caused 
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Fig. 7. Diffusion layer thickness as a function of current density 
at a constant quantity of electricity of 130 mC/cm ~ in CuS04 solu- 
tions with and without an excess of H2S04. 

by the  concomitant  change of ma in ly  the  cation t rans-  
ference number ,  and to a lesser degree  of diffusion co- 
efficient, viscosi ty and dens i ty  of  the solut ion near  the  
cathode surface. 

Manuscr ip t  submi t ted  Apr i l  9, 1970; rev ised  m a n u -  
script  rece ived  ca. Sept.  16, 1970. This was Pape r  288 
presented  at the Los Angeles  Meeting of the  Society, 
May 10-15, 1970. 

Any  discussion of this  paper  wil l  appea r  in a Dis-  
cussion Section to be publ i shed  in the  December  1971 
JOURNAL. 
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ABSTRACT 

The Cottrell  equat ion is inval id  if the electrode reaction causes motion 
of the electrolyte/electrode boundary.  The equation has been modified to take 
account of this effect and the modification applied to previously published 
data on the interdiffusion of silver and gold. The recalculated interdiffusion 
coefficients show excellent agreement  with values obtained from l i terature 
sources. The applicabil i ty of the modified equation is discussed and a new 
method for the measurement  of diffusion coefficients is advanced. 

A previous publicat ion from this laboratory (1) de- 
scribed a solid-state electrochemical method for de- 
t e rmin ing  diffusion coefficients in selected b inary  metal  
systems at elevated temperatures.  Data were reported 
for the chemical diffusion coefficient of silver in si lver- 
gold alloys at 394~ In  the composition range 10-50 
atomic per  cent (a/o) Ag, reasonable agreement  was 
obtained with extrapolat ion of diffusion data (2) mea-  
sured convent ional ly  at 650~176 At higher con- 
cen t ra t ions ,  increasing discrepancies were observed, 
which were a t t r ibuted to extrapolat ion errors. It  was 
noted (3), however, that  the diffusion t rea tment  should 
properly include a correction factor to take account of 
electrode boundary  movement  dur ing diffusion, but  
that the complexity of the t rea tment  required its post- 
ponement  to a future  publication. We here report the 
development  of this correction factor, note that  it 
brings the electrochemical data into good agreement  
with the previous work throughout  the composition 
range, and discuss its range of general  applicability. 

The diffusion measurement  technique which was 
employed (1) was to measure the faradaic current  i (t) 
which flows following the application of a constant po- 
tent ia l  E across the cell 

(--)  Ag[AgBr I (Au-Ag)  ( + )  [1] 

The current ,  crossing the AgBr[ (Au-Ag)  interface by 
vi r tue  of the react ion 

Ag + + e -  = Ag(Au-Ag)  [2] 

flows to main ta in  the silver activity in the surface 
layer of the alloy electrode at a value 

as = exp ( - - F E / R T }  [3] 

demanded by the thermodynamic  Nernst  equation, 
despite the diffusion of silver into or out of the bulk 
of the alloy. Equat ion [3], in which F, R, and T have 
their  usual  significance, is valid if activation, crystal-  
lization, and ohmic polarizations may be ignored, 
which was the case in these experiments.  

The chemical diffusion coefficient of silver was cal-  
culated from the cur ren t - t ime  dependence by use of 
the Cottrell equation (6) ~DAg 

i ( t )  = A F ( C s  -- Co) ~t [4] 

where A is the electrode area, Cs is the concentrat ion 
of silver in the surface layer  of the electrode, and Co 

z Present address: Trent University,  Peterborough, Ontario, Can-  
ada.  

* Electrochemical Society Active Member of a S u s t a i n i n g  M e m b e r  
Company. 

** Electrochemical Society A c t i v e  Me mber .  
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A g B r ,  s i l ve r -go ld ,  e l e c t r o c h e m i c a l  theory, potentiostatic e x p e r i -  
men t s .  

is the ini t ial  concentrat ion of silver in the electrode, i.e. 
the bu lk  concentration. Well-established thermody-  
namic data (4, 5) were used to calculate Cs from the 
silver activity as which was in t u rn  calculated using 
Eq. [3]. 

The der ivat ion of the Cottrell  equation treats the 
electrode surface as fixed in space. In  the above ex-  
periments,  however, the electrode surface moves be- 
cause of the continuous electrodeposition of silver. 
Indeed, this is the case for any  electrolytic metal  dep- 
osition, although, as we shall see, the effect in most 
electrodepositions, such as from aqueous solution, is 
negligible. In what  follows, we examine  the moving-  
boundary  diffusion problem with a fixed surface con- 
centrat ion and reassess the previous exper imental  
results in the light of the new theoretical result. 

Mathematical Analysis 
Perpendicular  to the p lanar  electrode we erect a 

distance coordinate, y, choosing y = 0 to correspond to 
the ini t ial  position of the silver bromide/electrode 
interface, and positive y toward the metallic phase. We 
let Y ( t )  denote the thickness of the electrodeposit, 
so that  y = - - Y ( t )  is the position of the electrolyte/  
electrode interface. At t = 0, when  the previously 
opert-circuited cell is subjected to the constant potential  
E, Y(0) = 0. For t > 0, Y ( t )  is an increasingly positive 
quant i ty  corresponding to the advance of the interface 
into the electrolyte phase. By C ( y , t )  we denote the 
local concentrat ion of silver in the alloy phase at t ime 
t ----- 0 and at positions y ~ - - Y ( t ) .  

In  the previous study (1), convent ional ly  and elec- 
trochemically obtained diffusion data were compared 
on the basis of the chemical diffusion coefficient of Ag 
in Ag-Au alloys, as assumed to be given by Eq. [4]. It 
is more convenient,  however, to carry out the present  
derivat ion and subsequent  l i tera ture  comparison in 

terms of the interdiffusion coefficient D (7), which 
characterizes diffusion in a b inary  system in terms of 
a single quanti ty.  We seek a solution to Fick's second 
law of diffusion 

DL 02 0 
C (y, t)  = ~ C (y , t )  [5] 

Oy 2 Ot 

The ini t ia l  condit ion is 

C(y,O) = Co, y > 0 [6] 

and the two boundary  conditions are 

C(L,t) = C(oo,t) = Co [7] 
and 

C(--Y(t),t) = Cs, t > 0 [8] 

The first boundary condition is appropriate because, as 
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is genera l ly  the  case in e lec t rochemical  exper iments ,  
the  thickness,  L, of the  e lect rode used by  Raleigh and 
Crowe (1) was  ve ry  large  compared  wi th  diffusant 
pene t ra t ion  depth.  The second bounda ry  condit ion re -  
flects the  potent ios ta t ic  const ra in t  (Eq. [3] ). 

The to ta l  number  of moles  of s i lver  present  at  any  
time, t, in the  e lect rode is equal  to the  number  p resen t  
in i t ia l ly  plus  those a d d e d  by electrodeposi t ion,  i.e. 

I L y~ i(t) dt [9] A - y u )  C(y,t)dy = ALCo + F 

On differentiation of this equation wtih respect to time, 
we obtain 

I :  ~ d Y ( t )  i ( t )  
N C(y,t)dy + C ( - - Y ( t ) , t )  = ~ [10] 

Y(t) Ot dt AF 

an equation we will eventually use to formulate i(t). 
An equation similar to [9] expressing the conserva- 

tion of gold throughout the experiment 

s A Y(t) C'(y,t)dy = ALC'o [11] 

whe re  C'(y,t) is the  concentra t ion  of gold in p lane  y 
at t ime t and C'o is the bu lk  gold concentrat ion,  serves 
to comple te ly  specify the  system. The concentra t ions  
of the  two components  of the  b ina ry  al loy obey the 
re la t ionship  

C(y , t )Vm = x ( y , t )  = 1 --  C ' (y , t )Vm [12] 

where  x denotes  the  atomic f ract ion of the  s i lver  in the  
a l loy and Vm is the  mo la r  volume of the  alloy. Vm 
might  be expected  to be i tself  a funct ion of x. F o r t u -  
nately,  however ,  the  la t t ice  dimensions of s i lver -gold  
al loys a r e  v i r t ua l ly  independen t  of composit ion (8), 
so we m a y  t r ea t  Vm as a constant  in the  present  ap -  
pl icat ion.  Wi th  this  simplification, Eq. [11] can be r e -  
cast as 

I L [ 1 ] [ 1 Col [13] -Y(t~ ~ - C (y , t )  dy = L V'--"~-- 

a n d  t ime-d i f fe ren t ia ted  to give 

O C(y,t)dy C ( - - Y  ( t ) , t )  
-Y(t) Ot dt Vm 

[14] 

where in  we have  subs t i tu ted  ~ for the  upper  l imit ,  
L. 

The m o v i n g - b o u n d a r y  p rob lem represen ted  by  Eq. 
[5], [6], [7], [8], and  [14] was solved by  use of a 
d imensional  analysis  approach.  The solution is 

(Cs- Co)erfc ( ( y / 2 ~ t )  
C(y , t )  = Co + [15] 

erfc ( - -~)  

where  erfc ( ) denotes  the e r ror  funct ion comple-  
ment  opera to r  and # is a constant  for  a given exper i -  
ment.  This constant  satisfies the  funct ional  equat ion 

A/~-e exp (~) erfc (--~) = C s V m  -- Corm __ Xs -- X o  

1 -- CsVm 1 -- XS 
[16] 

where xs and Xo are, respectively, the atomic fractions 
of silver in the surface layer and bulk of the electrode. 
Figure 1 shows the values acquired by r for various 
values of the (Xs -- Xo)/(1 -- xs) ratio. 

Comparison of Eq. [8] and [15] shows that 

Y (t) = 2,k/ Dt [17] 

and if this  express ion is subs t i tu ted  into [10], toge ther  
wi th  resul t  [15], we  find 

MODIFICATION OF COTTRELL EQUATION 

+ 0 . 8  [ -  [ I 
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Xs-Xo/I-Xs~ 

Fig. 1. Graph of �9 as a function of ~/~-r exp(~ 2) erfc (--or) 

i ( t)  = ~ [18] 
Vm 

This is the  resul t  which replaces  the  Cot t re l l  equation. 
Notice that  if xs < xo, �9 is negat ive  according to 

Fig. 1 and tha t  i(t) is negat ive  (anodic)  as expected.  
An  expe r imen t  under  these condit ions was t e rmed  
"out-diffusion" by Raleigh and Crowe (1).  

I t  is pe r t inen t  to inves t iga te  the  l imi t ing form of 
Eq. [18] when (Xs --  xo) is small .  Then, as Fig. 1 shows, 

is also small.  In  this  circumstance,  a power  ex-  
pansion of the  lef t  hand  side of Eq. [16] gives 

X s  ~ X o  

I --  xs 

which resul ts  in 

X s  - -  X o  

= V ~  + 2q 2 q- -~/~-~ + . . .  [19] 

[ 2(x._xo) 
1 . . . .  

~/n(l --  Xs) ~-  1 -- xs 

l 
+ T I - x, . . . .  [20] 

on reversion.  Inser t ion  into Eq. [18] leads to 

i ( t )  A F ( C s - - C ~  2 ( x s - - x ~  ] 
= (1 - -Xs)  -~-'I--~ + " "  

[21] 

which should be compared  wi th  the Cot t re l l  Eq. [4], 

where  we note D ~ DAg in the  l imi t  of d i lu te  Ag con- 
centrat ion.  We see tha t  the  classical  resu l t  is va l id  only  
if both  xo and xs are  small ,  not  only when the i r  differ-  
ence is small .  I f  Dcot is the  apparen t  diffusion coeffi- 
cient according to the Cot t re l l  equation,  then  this 
value  is seen to differ f rom the  t r ue  interdiffusion co- 
efficient by  the  fac tor  

_ _  - -  [ 2 2 ]  

Dcot mr 2 

Comparison with Previous Work 
The previous  expe r imen ta l  work  (1) repor ted  Dcot 

values  for e ight  ( X s -  xo) composi t ional  j umps  of 10 
a /o  Ag in the  range  10-90 a /o  Ag, for both  " in-di f fu-  
sion" (xs > Xo) and "out-diffusion" (Xs < Xo). In  this  
work,  the  measured  diffusion coefficients, which  va r ied  
wi th  composition, were  assigned to the  mean  com- 
posi t ional  values  Y2(xs + xo). In  Table  I, we  show 
Dcot, the  calcula ted conversion factor  (Eq. [22]) ,  and  

for  those expe r imen ta l  resu l t s  tha t  were  compared  
wi th  the  previous  work  of Sl i fk in  et al. (2). The la t te r  
work reported values for D*Ag and D*Au, the radio- 
chemical diffusion coefficients of Ag and Au in Ag-Au. 
These were reported in terms of best values for D*o 
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Table I. Calculation of true interdiffusion coefficient from previous data (1) 

X~ -- Xo (Xs -- Xo) 2 

Run Xo Xn 1/2 (Xo + Xs) 1 -- Xs w# s 

i0 ~4 X 

r �9 

Deot D �9 / 
v 

cm ~ see-I 

8 0 . I  0.2 0.15 0.125 0.065 0.755 1.34 1.012 
8 0.2 0.3 0.25 0.143 0.074 0.580 1.05 0.609 
8 0.3 0.4 0.35 O. 167 0.085 0.443 0.80 0.354 
8 0.4 0.5 0.45 0.~-00 0.I01 0.312 0.71 0.222 
8 0.5 0.6 0.55 0.250 0.121 0.217 0.81 0.176 
S 0.6 0~7 0,65 0.333 0.156 0.131 1.05 0,138 
8 0.7 0.8 0.75 0.500 0.217 0.068 1.53 0:104 
8 0.8 0.9 0.85 1.0O0 0.357 0.024 1.91 0.0.46 
7, 9 0.9 0.8 0.85 -- 0.500 -- 0.426 0.0175 3.23 0~.057 
7, 9 0.8 0.7 0.75 -- 0.333 ~ 0.244 0.053 2.00 0.106 
7, 9 0.7 0.6 0.65 -- 0.250 -- 0.164 0.118 1.74 0.205 
7, 9 0.6 0.5 0.55 --0.200 --0.127 0.198 1.37 0:~71 
6 0.6 0.4 0,45 - -0 .167 - -0 .103 0.309 0.93 O.2:rl9 
6 0.4 0.3 0.35 --0.143 ~ 0,067 0.420 1.32 O. 55 % 
6 0.3 0.2 0.25 -- 0.125 -- 0.074 0.581 1.55 0.901 
6 0.2 0.I  0.15 - - 0 . I I I  --0.065 0.753 2.00 1.506 

and Q, the parameters  of the conventional tempera-  
ture depedence expression D* -- D*o exp (--Q/RT) 
for the various compositions investigated. 

In  the previous article (1), comparison was made 
between Dcot and the chemical diffusion coefficient 
DAg. The relationship 

( dln~Ag ) [23] 
DAg = D*Ag 1 -{- d In XA------~ 

applies (7), where "fAg is the activity coefficient of sil- 
ver in the alloy. Values of D*Ag were taken from the 
best smooth curve through values of D*o exp (--QIRT) 
calculated from Slifkin's data (2) at 394 ~ and d In 
"}'Ag/d In ;)tAg was evaluated from existing thermody-  10-I4 
n~mic data (4, 5). For comparison with present re= 

sults, we now calculate D from the Slifkin data by use 
of  the expression (7) 

( d l n ' A g  ) [24]" 
~) "- (XAuD*Ag + XAgD*Aa) 1 -~- d]n XA------'~ 

where D*Ag and D*Aa are calculated directly for the 
specific compositions used in these data and d In 7Ag/d -j 
In XAg is evaluated as before, s In addition, a further ~ ,o_,S 

value of D is available from the work of Cook and 
Hilliard (9), who employed a novel evaporated-film ~~ 
technique to obtain values for the 50 a/o composition in 
the range 200~176 These authors presented a 
graph combining their values with those of Johnson. 
(10) at higher temperatures, from which an intermedi- 
ate value at 394 ~ m a y  be extracted. 

In Fig. 2, the values of D calculated from experi-  
mental  in-diffusion data in Table I are shown together 
with the Slifkin and Cook-Hill iard values. Agreement  
is seen to be respectable throughout  the entire com- 
position range. The in-diffusion values were used for 
this comparison, since they correspond to the phe- 
nomenological situation obtaining in conventional dif- 
fusion coefficient determinations. 

The values of the ratio D~ are of special inter-  
est because of the possibility of nonuni ty  ratios being 
due to effects such as boundary  motion. Actually, we 

see from Table I that  values of D/Dcot for in-diffusion 15 
and out-diffusion at a given mean composition differ by  
less than 10% for all but  the two most silver-rich corn- 

positions. Figure 3 shows the Dout/Din ratio as a func-  ~ ,o 
tion of composition. For  this plot, the original Dcot ~~ 
values were taken f rom smoothed curves [Ref. (1), o s 
Fig. 5] rather  than individual data points, in order to 
avoid the large scatter previously obtained in out-  
diffusion data and at tr ibuted to the basic nature of the 
out-diffusion process. We see that  significantly non-  

s E v a l u a t i o n  of d In  "YA~/d In  xA~ w a s  a i d e d  b y  u s e  of t he  fac t  t h a t  
i t  e q u a l s  u n i t y  a t  b o t h  e x t r e m e s  of  t he  phase  d i a g r a m  because  of  
R a o u l t ' s  l a w  a n d  the  G i b b s - D u h e m  re l a t i onsh ip .  

unity out: in ratios are still obtained. A best smooth 
curve through the individual ratio points indicates a 
fairly constant ratio in gold-rich compositions and a 
possible fall off to uni ty  at the limit of pure silver. The 
enhancement of out-diffusion was previously at tr ib-  
uted to a vacancy injection process resulting from 
creation of a large expected surface vacancy concen- 
tration on selective anodization of the alloy. Such a 
process might  indeed be expected to be most  effective 
when the nonanodized alloy component is present in 
substantial amount. 

o ~ SLIFKIN, et ~l. ] 
r I o  THIS WORK 

I~  JOHNSON; COOK AND 
| ~ HILLIARO 

| 

| 

| 
O 

~D 

10-16 _ _ ~ _ _ _ _  I ' 4'0 I ~ I ] ~  9 I - -  
0 IO 20 30 50 60 70 80 0 I00 

ATOMIC PERCENT SILVER 

Fig. 2. Comparison of interdiffuslon coefficients in the Ag-Au 
system at 394~ Q, data of Slifkin et al.; (!), these calculations; 

~ ,  datum from the work of Johnson, Cook, and Hilliard (see text). 

2.0 ~ , ~ I ~ ~ ~ 1 , ,-- 

@ 

L 1 J~  
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Fig. 3. Comparison of interdiffusion coefficients for out-diffusion 
and in-diffusion. 
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Generality of the Modification 
In principle, modification to the Cottrell equation is 

required whenever  the electrode reaction leads to the 
incorporation of material  into the electrode or removal  
of material  from the electrode. Many reactions used in 
electroanalytical chemistry, for example 

Cd 2+ + 2e -  ~ Cd(Hg)  [25] 

fall into this category. A corresponding modification 
is required for other vol tammetric  relationships (the 
Sand equation, Ilkovic equation, etc.). 

In practice, however, the vast major i ty  of electro- 
chemical experiments employ electroactive species in 
mole fractions which are very  small. In such c i rcum- 
stances the Cottrell equation is always an excellent 
approximation as Eq. [21] demonstrates. 

One circumstance in which the Cottrell equation is 
not an acceptable approximation is the electrodissolu- 
tion of a metal f rom an electrode containing a small 
amount  of an electroinactive impuri ty  in solid solu- 
tion. Then xo is close to unity, but, on account of the 
accumulation of the impur i ty  at the electrode surface, 
xs becomes significantly smaller than Xo. The ratio 
(xs -- Xo)/(1 -- xs) approaches --1, r has a large nega-  
tive value as Fig. 1 illustrates, and the asymptotic 
expansion 

1 3 
V~-r exp (~2) erfc (--~) -- --1 "4- -4- . . .  [26] 

2 r  9- 4 ~  

may be curtailed after two terms. This permits a sim- 
plified definition of ~, namely  

x /  " 
1 - -  xs 

---- - -  [ 2 7 ]  
2(1 - -  Xo) 

and leads to a replacement for the Cottrell equation 
in the form 

- - A F  _ / ~ ) (1 - -Xs )  
i( t)  - - ~  W '  [28] 

-  -5-t 

In the circumstances of almost pure metal initially, 
Raoult 's  law may  be used to relate Xa directly to the 
open-circuit  potential, Eo, prior to the experiment;  
thus 

1 - - x a ~ - l - - a o : l - - e x p ( - - F E o  ) R T  ~ FEORT [29] 

If  the applied potential E is not too different f rom Eo, 
the approximation 

F E  

l -- XS ~ RT [30] 

similarly holds. The Cottrell replacement  then assumes 
the very  simple form 

- -AF  .~ ~ . , ~  
i(t)  ---- V----~ V 2Eat [311 

where we recall f rom our discussion of Eq. [21] t h a t / ~  
becomes the chemical diffusion coefficient of the im- 
pur i ty  species in the dilute limit. Thus, a new and 
simple method is suggested for measuring the dif- 
fusion coefficient of a dilute solute in a more  electro- 
active solvent metal. The method has the advantage 
of requiring no knowledge of the activity-composition 
relationship. Such determinations, however, are neces- 

sarily limited to temperatures  high enough for D to be 
characterizable as an intrinsic property.  Thus, for in- 
stance, anodization of Fe from carbon steel in aqueous 
solutions would give highly sample-specific results 
reflecting extrinsic diffusion processes (11). 

Manuscript received Ju ly  31, 1970. 
Any  discussion of this paper will appear in a Dis- 

cussion Section to be published in the December  1971 
JOURNAL. 
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Technical Notes 

Investigation of the Direct Reduction of 
Zinc Oxide in Alkaline Electrolytes 

D. Drazic 1 and Z. Nagy* 
Electrochemistry Laboratory, University of Pennsylvania, Philadelphia, Pennsylvania 19104 

In a Zn/ZnO alkaline bat tery  electrode, the reac- 
tion, in principle, can proceed by two considerably 
different mechanisms: through a soluble intermediate 
by a dissolution-precipitation mechanism, or through 

* Electrochemical  Society Student  Associate. 
1 On leave of absence s the Facul ty of Technology, Univers i ty  

of Belgrade, Belgrade, Yugoslavia. 
Key  words:  alkaline batteries,  Zn/ZnO electrode, solid state re-  

duction, dissolution-precipitation. 

a direct, solid-state, reaction. The solution route has 
been generally favored (1, 2), but  no direct proof has 
appeared in the l i terature for the exclusion of the 
solid-state process. On the contrary, recently the solid- 
state reaction was proposed as the predominant  
mechanism (3). The direct electrochemical reduction 
of zinc oxide, in aqueous electrolytes, to zinc and 
water  has been reported (4, 5) but no kinetic data 
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were given. The possibility of direct reduction in ab- 
solute alcohol has also been suggested (6). The aim of 
this paper is to present some direct evidence which 
allows the proper selection of the mechanism. 

Experimental  
Two exper imental  methods were used. In  the first 7.s 

7.5 o n e  a ZnO single crystal was polarized cathodicalty in 3 
zincate containing potassium hydroxide solutions at 3 
constant current, and the potential-time behavior was 
recorded. In the second one, the ZnO was cathodically 
polarized at constant current in either potassium hy- 
droxide or potassium sulfate solutions, and the re- 
sulting zinc deposit was determined by anodic strip- 
ping in the same solutions. The test electrode was a 
ZnO single crystal needle (about 3 mm wide and 20 
mm long) mounted in epoxy resin and mechanically 
polished approximately perpendicular to the "c" axis; 
ohmic contact to the crystal was made through indium 
amalgam. The crystal  was obtained from Semiele- 
ments,  Inc. (Saxonburg,  Pennsy lvan ia ) .  Pu r i ty  was 
99.995%; no doping agent was added. Specific re-  
sistance of the crystal was approximately 1 ohm-cm. 
The source of donors causing this high conductivi ty 
is not known. Undoped ZnO is usual ly  considered to 
have interst i t ial  zinc (7) causing the n- type  conduc- 
tivity, al though it also has been suggested that  the ~- 
conductivi ty is due to oxygen vacancies or chemical 
impuri t ies  (8). The cell (9), and the galvanostat  (10) 
are described elsewhere. During the chronopotenio- eo 
metric  experiments,  a still solution and a zinc wire  ~ t~o 
reference electrode were used. For the second set of E 
experiments  a saturated calomel reference was used "L 
and the solution was streamed over the surface of the N IOOC 
ZnO electrode at an estimated velocity of 10 cm/sec. 
All  tests were carried out at room temperature.  75C 

In  the first tests the electrolyte was 0.3M KOH, o 
supersaturated with zincate. The chronopotentiograms 2 
exhibited two plateaus; hydrogen gas evolution was 2 5oc 
observed dur ing  the second plateau. One example is 
shown in Fig. 1. The t ransi t ion times of the first pla-  
teau for different cur ren t  densities and zincate con- ~ 25c 
centrat ions are given in Table I. [A diffusion coeffi- 
cient of 0.7 x 10 -5 cmS/sec was used in the calcula- 
tions (11).] ,~ 

Dur ing  the second set of experiments,  the ZnO was 
cathodically polarized at different current  densities, 
for different t ime durations, in flowing 1M KOH or 
0.1M K~SO4 solutions. The galvanostat  was connected 
to the electrodes before the solution entered the cell 
to avoid chemical dissolution of the crystal  prior to 
the application of the cathodic current .  After  the 
cathodic t reatment ,  the cell was totally flushed, to 

Fig. 1. Chronopotentiogram at 86 mA/cn~ in 7.5 x I0-3m 
zincate solution. 100 mV/div, 5 msec/div. 

February 1971 

Table I. Transition times 

Zineate  Cur ren t  Trans i t ion  Trans i t ion  
concentration, density, time rhea- time calcu- 

mmole/1 mA/cm~ sured,  msec  ]ated, msec  

8.6 200 166 
86 2 1.7 

8.6 20 27 
3.2 200 195 

remove hydrogen bubbles, and the crystal anodically 
polarized at 4.5 mA/cm s current density. The change 
of electrode potential with time was recorded, and the 
sudden shift in positive direction was taken as the 
indication of the end of zinc removal. The electrode 
was repolished with 400 and 600 grit silicon carbide 
papers before each experiment. The amount of charge 
needed to dissolve the zinc from the surface is 
plotted against cathodic current density, and length 
of cathodic treatment in Fig. 2 and 3. 

Discussion 
In  the chronopotentiometric experiments  three 

cathodic processes are possible: reduct ion of zincate, 
reduction of zinc oxide, and hydrogen evolution. Be- 
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Fig. 2. Depesited zinc as function of current density. Time ef 
cathodic treatment: 360 sec; 0 ,  1M KOH; C), 0.1M K2SO4. 
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Fig. 3. D e p o s i t e d  z i n c  as f u n c t i e n  o f  t ime .  C a t h o d i c  c u r r e n t  

density: 14 mA/cm 2. O, 1M KOH; G : 0.1M K2SO4. 
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c a u s e  of the low zincate concentrat ion its reduction 
should deplete the solution fast; t ransi t ion times were 
calculated for this process, using the Sand equation, 
and are compared to the measured ones in Table I. 
The agreement  is satisfactory. It was concluded there-  
fore that  the first plateau represents zincate reduction 
from the solution and the second plateau represents 
hydrogen evolution. These data alone indicate that  
direct reduct ion in the bat tery cannot have an im- 
portant  role. At the low overvoltage plateau the cur-  
rent  efficiency for direct reduct ion must  be small, if 
not zero, in view of the good agreement  of the mea-  
sured and calculated t ransi t ion times for zincate re-  
duction. At  the higher overvoltage the current  effi- 
ciency of direct ZnO reduct ion cannot  be determined 
from these experiments,  but  the fact that  it proceeds 
with vigorous hydrogen evolution at 300-400 mV more 
cathodic overvoltage than  that  of the zincate reduc- 
tion, excludes it as a bat tery  process, since these over-  
voltages are usual ly  not reached in practice. 

The second set of exper iments  gives a possibility to 
estimate the current  efficiency of the direct reduction 
of zinc oxide, dur ing the hydrogen evolution. For this 
evaluation, the following simple model is suggested as 
a first approximation. The zinc coating formed on the 
surface results from two mechanisms, the crystal can 
chemically dissolve in the electrolyte and the result ing 
ions are cathodically deposited, or the crystal can be 
reduced directly in a solid state reaction. It is fur ther  
assumed that the resul t ing coating is porous in na ture  
and does not  h inder  the fur ther  dissolution of the crys- 
tal, and the "active area" of the crystal is constant  
dur ing the exper iments  except at long times. The cur-  
ren t  efficiency of direct reduct ion is assumed to be in-  
dependent  of the current  density, wi thin  the explored 
range. Then 

Q -: at ~- ibt 

where Q (mcoulomb/cm2),  is the charge needed to re- 
move anodically the zinc coating. 

a (mA/cm2),  the chemical dissolution rate of 
the crystal expressed in equivalent  current  
density. 

t (sec),  t ime of cathodic t rea tment  
b, cur rent  efficiency of direct ZnO reduction 
i (mA/cm2),  applied cathodic current  density. 

From a Q vs. i plot, at constant time, both a and b 
can be determined;  the slope of the Q vs. t plot, at 
constant  current  density, can then be calculated as 
(a W hi) and compared to the measured value. These 
are shown in  Table II. 

These data indicate that  the current  efficiency of 
direct zinc oxide reduct ion is practically zero even 
dur ing the hydrogen evolution period in potassium 
hydroxide solution. Indicat ion of direct reduction in 
potassium sulfate solution was found with an effi- 
ciency of 2.7%. It should be noted that  because of the 
much higher chemical dissolution rate in KOH, and 
because of the scatter of the points, a small (1-2%) 
direct reduct ion efficiency in KOH would be unde-  
tectable. 

Table II. Chemical dissolution rates and current 
efficiencies of direct reduction 

1M KOI-I 0 .1M K~SO~ 

a ( m A / c m  -~) 
C h e m i c a l  d i s s o l u t i o n  r a t e  2.9 0.57 
b 
C u r r e n t  e f f i c i ency  of  d i r e c t  r e d u c t i o n  0 0.027 
(a + bi) 2.9 0.95 
S lope  of  t h e  Q vs.  t plo t  2.8 1.0 

The chemical dissolution rate of ZnO in 1M KOH 
has been measured before and is reported to be 
equivalent  to 4 m A / c m  2 (12) for sintered ZnO pellet, 
and 8 mA / c m 2 (13) for a passive layer on a zinc elec- 
trode. Considering that  the roughness factor in these 
two cases could be higher than  that  for the present 
single crystal, and realizing that  the "active area" of 
the crystal was smaller  than the geometric area, the 
agreement  is satisfactory. The deviation from l inear i ty  
in the plots at low cathodic current  densities is prob- 
ably due to the loss of zincate in the effluent, and 
that  at long times to the change of the active area. 

It  can be concluded therefore that while the direct 
reduct ion of the zinc oxide to zinc in a solid-state 
process is possible, the contr ibut ion of this reaction 
to the bat tery electrode process is not l ikely to be 
more than a few per cent, if any. The bat tery  electro- 
lyte is more concentrated than  the one used in this 
work, but  the conclusions are expected to hold also 
under  actual battery' conditions. The chemical dissolu- 
t ion process will  be much faster at the higher pH (12), 
and there is no reason to suspect that  the direct, solid- 
state process would be pH dependent.  

The results of Hladik and Schwabe (3), who suggest 
the solid-state reaction as the predominant  one, could 
also be explained by the solution mechanism. Their 
strongest a rgument  in favor of the solid-state reaction 
is that  in 1M and l l M  KOH solutions the behavior  of 
their electrode is similar. However, with their  "paste 
electrode" it is quite possible that  a large part  of the 
overvoltage is resistance polarization, controlled by 
the conductivi ty of the electrolyte. The conductivi ty 
goes through a ma x i mum with increased KOH con- 
centrat ion (14), which could explain their  data. 
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A Study of HCI in the LiCI-KCI Eutectic 
John D. Van Norman *'1 and Richard J. Tivers 

Brookhaven  National Laboratory,  Upton, New Y o r k  11973 

Many investigations have  been made in recent  
years into the behavior  of gases dissolved in mol ten  
salts. With the increased interest  in h igh- t empera tu re  
batteries,  fuel  cells, and metal lurgical  processes, the 
need for knowledge of chemical,  electrochemical ,  and 
t ransport  propert ies  of gases in solution in molten 
salts is great. 

Since the LiC1-KC1 eutectic has become a fair ly 
standard chloride solvent and the general ly  accepted 
manner  of drying the  mix tu re  involves prolonged 
t rea tment  of the eutectic, both in the solid and liquid 
state, wi th  HC1 gas, i t  was decided that  a study of 
the behavior  of HC1 dissolved in the eutectic would 
be valuable.  This paper  is a report  on the solubili ty 
of HC1 in the  LiC1-KCI eutectic as a function of t em-  
pera ture  and on its e lectrochemical  behavior;  apparent  
diffusion coefficients are also presented. 

Experimental Section 
All  chemicals used were  of reagent  grade. The 

l i th ium chlor ide-potass ium chloride eutectic was pre-  
pared in a manner  described by Laitinen, Ferguson, 
and Osteryoung (1). The apparatus for the measure-  
ment  of the solubili ty of gases in mol ten  salts has been 
described ear l ier  (2). The method simply stated is to 
isolate a known volume of eutectic saturated with 
HC1, then to sparge the HC1 f rom the eutect ic  wi th  
argon and to collect the HC1 in water .  The HC1 is 
then t i t ra ted  with  standard NaOH solution. 

The chronopotent iometr ic  measurements  were  made 
in a cell  previously described (2). The indicator elec- 
t rode was a vi t reous carbon electrode sealed into 
Py rex  glass. The vi t reous carbon (made by the 
Beckwith  Carbon Corporation) is impermeable  to 
gases and has a coefficient of  the rmal  expansion 
matched by some Py rex  glass so that  the glass to car-  
bon seal was leak tight. A si lver foil immersed in an 
AgC1 solut ion in a separate fr i t ted compar tment  
served as the reference  electrode; a porous graphi te  
rod was the counterelectrode.  Chronopotent iograms 
were  obtained by passing a constant current  between 
the carbon and graphi te  electrodes whi le  recording 
the potential  between the carbon and the si lver elec- 
trodes as a function of time. The constant current  
regulator  was buil t  by the Ins t rumenta t ion  Division 
of Brookhaven  National  Labora tory  and the chrono- 
potent iograms were  recorded on an L&N High Speed 
Speedomax 6 recorder  that  had a pen speed of 0.25 
sec full  scale and a char t  speed of 2.0 or 4.0 ips. 

The eutectic was saturated with  HC1 at a tmos-  
pheric  pressure by bubbling HC1 through the mel t  for 
at least 4 hr, a t ime found to be more  than sufficient 
to saturate  the melt, and an atmosphere  of HC1 was 
mainta ined above the mel t  at all t imes for both the 
solubil i ty and chronopotent iometr ic  studies. 

Results 
The solubil i ty of HC1 was measured  at th ree  t em-  

peratures,  490 ~ 570 ~ and 675~ Each value  reported 
is an average of eight or more  determinat ions  with 
the average deviat ion being quoted. The solubil i ty of 
HC1 in the LiC1-KC1 eutectic at 490~ is 1.20 • 0.14 
x 10 - s  moles /cc  which corresponds to a mole f rac-  
t ion of 4.I1 x 10-5; at 570~ the solubil i ty is 1.44 
• 0.i0 x 10-6 moles /cc  or  a mole  fract ion of 5.05 x 

" E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
~ P r e s e n t  addres s :  D e p a r t m e n t  of  Chemistry, Y o u n g s t o w n  S ta t e  
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Key  w o r d s :  fu sed  sal t  gases,  c h r o n o p o t e n t i o m e t r y  fu sed  salts,  

d i f fus ion  HC1, h y d r o g e n  ch lo r ide  fu sed  salts,  s o l u b i l i t y  gases.  
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10 -5 whi le  at 675~ the solubil i ty is 1.74 • 0.11 x 
10 -8 moles/cc  or a mole fract ion of 6.31 x 10 -5. 

The solubil i ty of HC1 increases somewhat  wi th  
temperature .  A plot of log XHCl vs. 1/T should be 
l inear  wi th  a slope equal  to AH~ where  AH ~ 
is the heat  of solution of HC1 in the LiC1-KC1 eutectic. 
F igure  1 shows this plot. The AH~ SO calculated is 
+3.5 kca l /mole  wi th  an est imated error  of +_10%. 

The solubilities found in this invest igat ion are of 
the same order  of magni tude  as those found by Ukshe 
and Devyatk in  (3, 4) at higher  tempera tures  for 
single salts and NaC1-KC1 mixtures.  They also found 
that  wi th  the except ion of the 1:1 mix tu re  of NaC1 
and KC1 the solubil i ty of HC1 increases with t em-  
perature.  

Cathodic chronopotent iograms were  obtained for the 
reduction of HC1 in the LiC1-KC1 eutectic at various 
temperatures .  As mentioned,  the cathode was a v i t re-  
ous carbon surface and, as was found previously for 
chlorine systems (2), ex t reme  care had to be taken to 
make  sure there  was no bubble formation on the elec- 
trode surface. Electrodes were  inspected visual ly  for 
any bubbles which might  in ter fere  wi th  proper  diffu- 
sion conditions at the electrode surface. 

F igure  2 shows a typical  cathodic chronopotent io-  
gram of hydrogen chloride dissolved in LiC1-KC1 
eutectic. The transi t ion time, T, is taken at that  point 
at which the potent ial  rise becomes linear. The basic 
equation of chronopotent iometry  is 

nF~I/2DI/~C 
ior'/2 - -  [1] 

2 

The product io~'/~ should be a constant at any given 
concentrat ion and temperature ,  a fact which was ver i -  
fied exper imenta l ly  for each run, wi th in  +5%,  the 
exper imenta l  error.  

Many chronopotent iograms were  obtained at 490 ~ 
and 570~ but a t tempts  to secure meaningful  results 
above 570~ failed because of softening of the Pyrex  
glass seal around the  vi t reous carbon electrode. Chron-  
opotent iograms obtained in the absence of HC1 showed 
no holdup of potential  indicating no residual H + or 
any diffusion of C12 generated at the anode to the 
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Fig. I. Temperature dependence of HCI solubility in LiCI-KCI 
eutectic. 
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Fig. 2. Cathodic chronopotentiogram of HCI dissolved in molten 
LICI-KCI eutectic at 570~ current density 3.25 mA/cm 2. 

cathode. Diffusion coefficients were calculated for the 
diffusion of HC1 in mol ten LiC1-KC1 eutectic. Each 
diffusion coefficient obtained is the average of ten or 
more determinat ions in each of two or more separate 
batches of salt. The exper imental  error can only be es- 
t imated but, because of variat ions between batches of 
salt, the difficulty of getting exact electrode areas and 
the possibility of undetected bubbles the error is placed 
at ~20%. The diffusion coefficient of the HC1 species 
in the eutectic, DHCl, is 2.4 "4- 0.5 X 10 -4 cm2/sec at 
490~ and 2.3 _+ 0.5 x 10 -4 cm2/sec at 570~ 

This value is an order of magni tude  greater than 
usual ly  found for metal  ions in the eutectic, 10 -5 
em2/sec. A similar ly large value was found previously 
for the diffusion coefficient of C12 in mol ten chlorides 
(2, 5). It is also interest ing to note that  the diffusion 
coefficient remains  constant  wi th in  exper imental  error 
as a function of temperature,  again similar to that  for 
C12 in the eutectic (2). However, whereas the high 
diffusion coefficient results for C12 were rationalized in 
terms of the tr ichloride ion Cl~- and a chain conduc- 
tion mechanism, it is difficult to visualize a similar ex- 
planat ion for the DHCl results. It  is more l ikely that  
the small  size of the H + ion formed from the dissocia- 
t ion of HC1 permits  more rapid diffusion through the 
ionic liquid. 

It  was impossible to de te rmine  from the ehrono-  
potentiometric measurements  whether  the reduction 
of HC1, or H +, proceeds in a reversible m a n n e r  in  the 
eutectic. Fur ther  work is needed to ascertain this fact. 
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Electrocapillary Measurements in the Presence and Absence of 
Superimposed A-C Potential 

John Lawrence and David M. Mohilner* 
Department of Chemistry, Colorado State University, Fort Colli~s, Colorado 80521 

During the last five years there has been some 
controversy (1-4), in studies of the mercury-solu t ion  
interface, concerning the origin of the discrepancies 
between thermodynamic  data derived from measure-  
ments  of differential capacitance by the a-c bridge 
method and corresponding data derived from measure-  
ments  of interracial  tension with a L ippmann  capillary 
electrometer. The thermodynamic  relationship (5) 
between interfacial  tension and differential capacitance 
is 

J ~ . p , .  = - c [ 1 ]  

Here ~ is the interracial  tension, C the differential ca- 
pacitance, E the electrode potential,  and the subscripts 
T, p, and ~ imply that  measurements  are made at con- 
stant temperature,  pressure, and composition. It fol- 
lows that double integrat ion of a differential capaci- 
tance-potent ia l  (C-E) curve should yield the electro- 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  doub le  l a y e r ,  d i f f e r e n t i a l  c a p a c i t a n c e ,  b i r t h  de tec tor ,  

m a x i m u m  b u b b l e  p r e s s u r e .  

capil lary curve if the re levant  integrat ion constants 
are available. Numerous comparisons of this type have 
been made (1-4, 6) and it has been noted that, for 
dilute solutions of weakly adsorbed electrolytes, the 
L ippmann  capil lary electrometer gives results which 
are consistently lower on the anodic branch than  those 
calculated from differential capacitance. 

Three explanations have been suggested for these 
discrepancies: (i) inaccuracies in the methods of cal-  
culat ion before a comparison can be made (4), i.e., 
during double integrat ion of the capacitance data or, 
as has occassionally been attempted, dur ing  double 
differentiation of electrocapillary data; (ii) a poten-  
t ia l -dependent  finite contact angle at the three phase 
boundary  mercury-solut ion-glass  inside the electrom- 
eter capillary (4, 7) ; or (iii) the presence of the small  
a.c. across the interphase giving rise to a nonequi l ib-  
r ium double layer during differential capacitance mea-  
surements  (1). 

Recent evidence (4, 6, 8) indicates that  (ii) is the 
most l ikely explanat ion since electrocapillary curves 
obtained by other methods which do not rely on contact 
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angle, e.g. drop time measurements  and the "maximum 
bubble  pressure" method, agree well with data derived 
from capacitance measurements .  With modern compu- 
tat ional  procedures (i) has been shown to be incorrect 
(4, 9-11) bu t  (iii) has never  been subjected to a r igor-  
ous exper imenta l  test. The present  invest igat ion of 
(iii) was under taken  pr imar i ly  in  order  to assess the 
feasibili ty of construct ing a d ig i ta l -computer-con-  
trolled capil lary electrometer based on the "maximum 
bubble  pressure" method described recent ly by Schif- 
f r in  (6). In  addition, in view of the fundamenta l  im-  
portance of the thermodynamic  relationship between 
differential capacitance and interfacial  tension (Eq. 
[1]) to the in terpre ta t ion  of double layer properties, 
it seemed wor thwhi le  to a t tempt  to settle experi-  
menta l ly  the question whether  the superimposit ion of 
a small  a-c potential  on the d-c potential  of an ideal 
polarized electrode in dilute solution seriously dis- 
turbs  the double layer  equi l ibr ium and thereby in-  
validates the conclusions drawn from analysis of C-E 
curves as was suggested previously (1). 

Experimental 
Following the basic principles described recent ly 

by Schiffrin (6), the classical method of "maximum 
bubble  pressure" (MBP) has been successfully ap-  
plied to the determinat ion of electrocapillary curves. 
The gas pressure system had a ni t rogen inlet  and out-  
let bleed a r rangement  for coarse ad jus tment  of the 
pressure and a screw copper bellows for fine adjus t -  
ment.  A 2 li ter ballast  volume facilitated fine pressure 
changes. The pressure was measured on a U- tube  mer -  
cury manometer .  The capil lary was drawn from regu- 
lar 1 m m  Pyrex  tubing to an in te rna l  radius of 15~ 
and then bent  into a U-shape so that  the tip was in-  
verted. It  was then "dewetted" by drawing the vapor 
of dichlorodimethyl  silane (12) through the capil lary 
for a few minutes,  and the tip was then recut. The po- 
tent ial  of the working electrode was controlled with an 
operational  amplifier potentiostat  circuit employing a 
Phi lbr ick P85AU as control amplifier and a P25AU as 
voltage follower. The solutions were deaerated with 
prepurified nitrogen. 

The gas pressure above the mercury  reservoir  was 
slowly increased dur ing a measurement  unt i l  the first 
droplet or "bubble" began to form at the tip of the 
capillary. This max imum pressure, which is directly 
proport ional  to the mercury-solu t ion  interfacial  t en-  
sion, was obtained by reading the manometer  with a 
cathetometer and adding to this measurement  the 
height of mercury  in the reservoir above the capillary 
tip. The lat ter  quant i ty  did not change appreciably 
dur ing  the several hours that were required to obtain 
a complete electrocapillary curve. At the end of each 
measurement  it was necessary to reduce the pressure 
to near  atmospheric in order to stop the flow of mer -  
cury through the capillary. The proport ional i ty  con- 
stant  used to convert  the max imum "bubble" pressures 
to interracial  tensions was easily determined by a 
series of measurements  with a solution for which the 
interracial  tension was known, as is done in the case 
of the conventional  L ippmann  electrometer. The ab- 
solute precision of the method, using a microscope to 
determine the ins tant  of droplet formation at the tip, 
was usual ly  better  than  • dyne cm -1. 

With the eventual  aim of runn ing  the ent i re  ex- 
per iment  on- l ine  with a PDP-8 / I  digital computer, an 
electronic detector was designed which would give 
an output  pulse of several volts at the instant  when  
the first droplet of mercury  begins to grow a t  the tip 
of the capillary. A controlled 5 mV, 10 KHz a-c poten-  
tial was superimposed on the d-c potential  of the 
working electrode using the control amplifier in a 
s tandard adder configuration (13). 

Figure 1 shows the complete "bir th" detector circuit 
which was constructed from Phi lbr ick  operational  
amplifiers. The a-c current  flowing across the in ter -  
phase was monitored by passing it through a cur ren t -  

FROM 
DeE ) 

BIRTH DETECTOR 
0.47M INIO0 

~ 6.8K OD2pF 

O.O2pF 

47K 

/ PULSE 
~" OUTPUT 

Fig. 1. Birth detector circuit 

to-voltage converter, the output  of which is shown in 
Fig. 2 (a).  This trace shows a very  small  cur rent  unt i l  
the mercury  surface begins to expand at the tip, at 
which t ime it increases with a finite slope unt i l  the 
first droplet falls off. Half -wave rectification and 
smoothing of this a-c signal result  in a d-c potential  
trace of similar shape, shown in Fig. 2(b) .  Differentia- 
t ion of this signal then leads to a sharp voltage pulse 
(of about 40 msec rise t ime and 3-5V ampli tude) at 
the ins tant  when the mercury  surface first begins to 
expand. This is i l lustrated in Fig. 2(c) where  a dual  
beam oscilloscope was used to record s imultaneously 
the smoothed d-c signal and the pulse output  from 
the differentiator. The final operat ional  amplifier 
shown in Fig. 1 is a simple 1/1 inver ter  to give a posi- 
t ive pulse suitable as an input  to a voltage level con- 
verter  1 on the interface of the computer. Even in the 
absence of a computer  for on- l ine  experiments,  it is 
much less tedious to determine the "bir th" of the drop- 
let by displaying the pulse on an oscilloscope than to 
observe the capil lary tip visual ly through a micro- 
scope. 

Results and Discussion 
Figure  3 shows a comparison of an electrocapillary 

curve obtained by the MBP method with the second 
integral  of the corresponding capacitance data for 
0.01M NaF. The lat ter  was derived from Grahame's  
charge densi ty-potent ia l  data (17) which he obtained 
by integrat ing his own differential capacitance mea-  
surements  from a potential  of zero charge determined 
from the s t reaming electrode. We then integrated Gra-  
hame's charge densi ty-potent ia l  data from five differ- 
ent potentials on the cathodic branch of the electro- 
capil lary curve, taking as the integrat ion constant  the 
value of the interracial  tension determined by the 
MBP method. The smooth curve in Fig. 3 is the average 
of these five double integrations.  Unl ike  Fig. 4 of Ref. 
(4) where an electrocapil lary curve obtained with a 
L ippmann  electrometer is compared with capacitance 
data, it can be seen that  there is no systematic devia-  
t ion between the two curves. It  should also be noted 
in Fig. 4 of Ref. (4) that  the size of the deviations 
(as large as 20 dynes cm 1-)  depends strongly on the 
potential, and the deviations disappear on the cathodic 
branch of the curve. 

The necessary requi rement  for the L ippmann  elec- 
t rometer  is that  the contact angle at the three phase 
boundary,  mercury-solut ion-glass  inside the capil lary 
must  be the same both for the solution used to cali- 
brate the apparatus and for any test solution. Other-  
wise the radius of mean  curva ture  (15) of the menis-  
cus electrode calculated from the calibration data will  
not be the same as the radius of mean  curva ture  pre-  
vail ing in the case of the test solution. {It is usual ly  
assumed that the contact angle is not only equal  in the 
presence of calibration and test solutions, but  is actu- 
ally zero. This is equivalent  to assuming that the ap- 
paratus will behave satisfactorily only when  the wall  

i A D E C  W - 5 1 0  p o s i t i v e  l e v e l  c o n v e r t e r  a n d  a n  R-302  one  sho t  
d e l a y  p r o d u c e  a p u l s e  w h i c h  can  be  u s e d  to t r i g g e r  t h e  A / D  con-  
v e r t e r  of  t h e  c o m p u t e r  (14) .  
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Fig. 3. Electrocapillary curve for 0.01M aqueous NaF at 25~ 
Solid curve is doubly integrated differential capacitance. Points 
are determined by MBP method both visually and by electronic 
birth detection. Lower points connected by dotted lines indicate 
difference (~'v-~'F.) between visual and electronic detection. Scale 
for these differences is on lower right of figure. 

1.085M AQUEOUS SODIUM CHLORIDE AT 2 5 ~  

Fig. 2. The three stages of birth detection: (a) a-c current trace 
(0.5 sec/division, 02  V/division); (b) d-c potential trace (0.5 
see/division); (c) d-c potential trace and pulse output (0.5 
sec/division, 1.0 V/division). 
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Fig. 4. Electrocapillary curve for 1.085M aqueous NaCI a t  25~  
and difference (?Y-~'E) between measurements using visual and 
electronic detection. 

of the glass capil lary is perfectly wet by  the solution 
[cf. Gouy (16)].} The condition for mechanical  equi-  
l ibr ium of the meniscus electrode is given by the 
Laplace equation which relates the pressure differ- 
ence, ~p, across the curved interface to the interracial  
tension, % and the radius, r, of mean  curva ture  

~p = 2-y/r [2] 

In  the calibration procedure, one measures L~p and 
then, knowing ~ from independent  (eg., sessile drop) 
measurements ,  calculates the radius of mean  curva-  
ture, r. When one uses a test solution one measures ,~p 
and calculates 7 using the same value of r determined 
in the calibration. If the contact angle is zero in the 
calibration exper iment  bu t  finite in the presence of 
the test solution, the actual  r ad ius  of mean  curva ture  
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Fig. 5. Electrocapillary curve for 0.5 aqueous KI at 25~ and 
difference (~'V-~E) between measurements using visual and elec- 
tronic detection. 

of the  meniscus e lect rode in the presence of the  test  
solution wi l l  have a different  value  r '  ~ r. Therefore,  
the value  of ~/ ca lcula ted  f rom a Ap measuremen t  wi th  
the  test  solution wil l  be too smal l  because one wil l  
necessar i ly  subst i tute  the  va lue  r de te rmined  by  ca l i -  
b ra t ion  ra the r  than  the (unknown)  va lue  r" into the  
Laplace  equation. The negat ive  devia t ions  of 7 m e a -  
sured wi th  a L ippmann  e lec t rometer  f rom those calcu-  
la ted by  double  in tegra t ion  of dif ferent ia l  capaci tance 
curves which were  repor ted  in Ref. (4) for the case of 
NaF  solutions can therefore  be exp la ined  by  a finite 
contact  angle  at  the  th ree  phase bounda ry  inside the 
cap i l l a ry  in the  presence of the  NaF. Ev iden t ly  [c:f. Fig. 
4, Ref. (4)]  this  contact  angle  becomes la rger  as the  
potent ia l  becomes more  posi t ive and as the  solution 
becomes more  dilute.  In  contrast ,  measurements  of 
in ter rac ia l  tension made  by  the m a x i m u m  bubble  pres-  
sure  method are  not  subject  to this  source of e r ror  (6). 

The da ta  in Fig. 3-5 were  obta ined using bo th  visual  
and electronic methods  of "b i r th"  detect ion in order  
to invest igate  prec ise ly  the  effect of the  a.c. on the  
equi l ibr ium proper t ies  of the double  layer .  Dur ing  
measurements  employing  visual  detection, the detector  
circuit  and the a-c source were  disconnected f rom the  
cell. The dot ted  lines show tha t  the  measurements  ob-  
ta ined  b y  the  two methods  agreed,  wi th in  exper imen ta l  
error,  for both  di lu te  solutions of w e a k l y  adsorbed 
e lect rolytes  (0.01M NaF  in Fig. 3) and concent ra ted  

solutions of mode ra t e ly  or s t rong ly  adsorbed e lec t ro-  
lytes  (1.085M NaC1 in Fig. 4 and 0.500M KI  in Fig. 5). 
I t  mus t  be concluded, therefore,  tha t  the  effect of a 
l ow-ampl i tude  a -c  potent ia l  appl ied  across the  i n t e r -  
phase is too smal l  to be detected wi th  present  exper i -  
menta l  techniques.  Cer ta in ly  the  large  discrepancies  
observed prev ious ly  (1-4) cannot  be a t t r i bu ted  to the 
presence of the  a-c  potent ial .  

The above discussion suggests t ha t  the  cont rovers ia l  
differences be tween e lec t rocap i l l a ry  measu remen t s  and 
different ia l  capaci tance measurements  a re  due to sys-  
temat ic  er rors  in the  cap i l l a ry  e lec t rometer  and not  
to the  effect of the  a -c  po ten t ia l  appl ied  dur ing  capaci -  
tance measurements .  Consequent ly  i t  is suggested that ,  
in a l l  fu ture  studies of the  e lect r ica l  double  l ayer  in-  
volving di lute  solutions of w e a k l y  adsorbed  e lec t ro-  
lytes,  the  convent ional  L ippmann  capi l la ry  e lec t rom-  
eter  should, not be used, If  e lec t rocap i l l a ry  curves  are  
required,  i t  is r ecommended  tha t  t hey  be obta ined by  
MBP measurements .  
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In  previous  discussions (1-3) of the  mechanisms of 
hydrogen  evolut ion react ion (h.e.r.) on var ious  metals,  
exchange cur ren t  densi t ies  (io) for h.e.r, have been 
re la ted  to var ious  fundamenta l  p roper t ies  of the  metal ,  
e.g., work  function, atomic number ,  compressibi l i ty ,  
heat  of subl imation,  etc. I t  was shown (3) tha t  these 
corre la t ions  ar ise  p r imar i l y  because of the  re la t ionship  
of io to the  M-H bond s t rengths  which in tu rn  are  
pa r t l y  de te rmined  by  M-M bond energies  th rough  the 
Paul ing ' s  we l l - known  equat ion (4). The M-M energies  
are  usual ly  (1-3) es t imated  from heats  of subl imat ion 
by assuming a coordinat ion number  of 12 so tha t  

1 
D(M-M) ~--- ~ -  AHSub 

In this  t ype  of calculation,  it  is impl ic i t ly  assumed 
tha t  the  crys ta l  s t ructure,  and hence the  coordinat ion 
number ,  of the meta l  has l i t t le  re la t ionship  to the 
mechanisms of h.e.r. As far  as a rguments  involving 
M-H bond s t rength  are  concerned, this  assumption is 
qui te  correct  since smal l  correct ions to the  es t imated 
values  of M-H bond s t rength  would arise if the crys ta l  
s t ruc ture  and the coordinat ion number  of every  meta l  
were  taken  separa te ly  into account. This has been dis-  
cussed by  Conway and Bockris  (1). However ,  such an 
impl ic i t  assumption of lack of influence of crys ta l  
s t ruc ture  of the  meta l  on the  mechanisms of h.e.r, con- 
t radic ts  some empi r ica l  observat ions  which have been 
out l ined in the  fol lowing paragraphs .  

As regards  mechanisms of h.e.r., all  meta ls  of the 
Per iodic  Table  may  be d iv ided  into two main  classes: 

Class I: h.e.r, proceeds  wi thout  significant s t eady-  
s ta te  chemisorpt ion  of hydrogen.  The meta ls  are: Zn, 
Cd, Hg, A1, In, T1, Pb, Ga, Sn, Sb, As, Bi, Te, Se, Mn, 
etc. 

Class II: h.e.r, proceeds wi th  significant s t eady-s ta te  
adsorpt ion of hydrogen.  A l l  meta ls  not  ment ioned in 
class I belong to this  class: e.g., Cu, Ag, Au, Ni, Fe, Pt, 
Rd, Ir, Mo, Ta, Nb, Ti, Re, etc. 

I t  has been observed tha t  al l  the  meta ls  of class II  
(i.e., involving chemisorbed hydrogen  and hence p ro-  

ceeding wi th  rad ica l - ion  or atomic recombinat ion  as 
the r.d.s,),  are  typica l  meta ls  in the  str ictest  sense 
because: 

(A) They crysta l l ize  into one of the  three  meta l l ic  
s tructures,  namely,  face-cen te red  cubic (fcc),  body-  
centered  cubic (bcc) or close packed hexagonal  (cph) .  

(B) Their  crys ta ls  m a y  be regarded  to be composed 
of app rox ima te ly  spher ica l  units  packed  as closely 
together  as possible. 

(C) The crys ta l lographic  coordinat ion numbers  for 
these meta ls  a re  obviously  high, i.e., 8 or 12. 

However ,  meta ls  of class I (i.e., which proceed wi th  
ini t ia l  discharge as the  r.d.s.) are  a typica l  in the  sense 
tha t  t hey  do not  meet  one or more  of the  above th ree  
character is t ics  of typ ica l  metals.  Even though some 
of the  e lements  in class I have  one of the  th ree  (fcc, 
bcc, cph) metal l ic  s t ructures  they  are  not iceably  mod-  
ified. Fo r  example ,  even though cadmium and zinc 
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crys ta l  s t r u c t u r e s  o f  metals.  

are  cph, the  dis tance between a toms along one axis  
is grea ter  than  tha t  obta ined by packing spheres  as 
closely as possible. Despite the fact  tha t  a luminum 
and lead are  cubic, the  dis tance be tween  the i r  a toms 
is g rea te r  than  expected on the basis of closely packed 
spheres.  The crys ta l  a r r angemen t  in arsenic, ant imony,  
and b ismuth  is rhombohedra l  hexagonal  type  wi th  the  
a toms a r ranged  as double layers  so tha t  each a tom has 
th ree  close neighbors  in th ree  directions;  the neigh-  
bors a re  fa r thes t  away  in this  s t ructure.  This a r range-  
ment  gives rise to a la t t ice  s t ruc ture  in which the 
coordinat ion number  wi th in  a single layer  is three.  In  
Se and Te, the  a toms are  a r ranged  in long spi ra l  
chains, wi th  each a tom having  two close ne ighbors  (5). 

According  to S la te r  (6) c rys ta l  s t ruc tures  of Mn, 
Hg, Ga, In, Sn, As, Sb, Bi, Se, and Te a re  not  typ ica l ly  
metal l ic  (fcc, bcc, cph) ,  which is consistent  wi th  the i r  
posit ion in the  class I e lements  here.  Again  in the  
classification of S la te r  (6) based on c rys ta l  s t ructures  
of elements,  m a n y  of the  e lements  contained in class 
I here  (e.g., Ga, As, Se, In, Sn, Sb, Te, T1, Bi) are  not 
o rd ina ry  metals,  but  a re  pecul ia r  in the  sense tha t  
these e lements  verge on the nonmetals .  One evidence 
of this approach to nonmetal l ic  behavior  in these ele-  
ments  is the  fact that  thei r  bonds are very  s imilar  to 
nonpola r  bonds. Ord ina ry  meta ls  (viz. class II  here)  
do not, of course, form homopolar  bonds in the  ac-  
cepted sense; this  has profound consequences which 
dis t inguish them from the typica l  meta ls  of class I 
here. Lack  of homopolar  bonding and the  re la ted  
d i rec t ional  p rope r ty  of the  bonds gives r ise in o rd ina ry  
meta ls  (viz. class II)  to a behavior  in which atoms act 
l ike spheres wi thout  p re fe r r ed  direction,  thence the 
crys ta l  s t ructures  wi th  character is t ic  close packed 
spheres.  F rom the foregoing the  fol lowing conclusions 
m a y  be made:  

1. On the basis of c rys ta l  s t ruc ture  and re la ted  con- 
siderat ion,  it has been shown that  typ ica l ly  metal l ic  
e lements  (class II)  are  associated with mechanisms 
(i.e., rad ica l - ion  and atomic recombinat ion)  in which 
h.e.r, proceeds wi th  apprec iab le  amounts  of chemi-  
sorbed hydrogen  in the s teady-s ta te .  Conversely,  on 
a typica l  meta ls  (class I ) ,  h.e.r, proceeds th rough  a 
mechanism ( ini t ia l  discharge)  involving negl igible  
s t eady- s t a t e  concentra t ion of chemisorbed hydrogen  
on the e lect rode surface. 

2. Previous  discussions of the  mechanisms of h.e.r. 
on var ious  meta ls  which were  based on the impl ic i t  
assumpt ion of the  same crys ta l  s t ruc ture  and same 
coordinat ion number  for al l  meta ls  even though resul t -  
ing in essent ia l ly  correct  arguments ,  are  inaccurate  in 
detai l .  

Why h.e.r. Involves Chemisorbed Hydrogen Only on Typical Metals? 
A n y  a t t empt  to provide  a sa t is factory  and quan t i t a -  

t ive answer  to this  quest ion would  be somewhat  p re -  
sumptuous.  However ,  a few lines of specula t ive  th ink -  
ing m a y  be ment ioned.  I t  may  be easi ly shown that,  
on the  whole, the  meta ls  in class II  here  have  high 
heats  of subl imat ion and consequent ly  high M-H 
(me ta l -hydrogen)  in teract ion energies.  This would  

tend  to favor  mechanisms involving s t rongly  chemi-  
sorbed hydrogen.  This approach has been successfully 
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quantif ied by  Conway and Bockris  (1) and recent ly  
r ev iewed  by  Mat thews  (3). This type  of analysis  does 
not, however ,  y ie ld  sa t is factory  explana t ion  of the 
qua l i ta t ive  re la t ionship  be tween  crys ta l  s t ructure  and 
the mechanisms of h.e.r, on var ious  metals ,  as out l ined 
here. 

I t  is known tha t  mechanical  p roper t ies  of the  meta ls  
are closely re la ted  to the i r  c rys ta l  s t ructures.  The 
close packing  a r r angemen t  of typ ica l  meta ls  (class I I )  
provides  the  larges t  number  of "planes  of flow" when  
the  c rys ta l  is stressed. A typica l  metal ,  under  stress, 
would  not  cleave or  fracture,  but  ins tead form a glide 
p lane  in which layers  of a tom slip over  each other  
wi th  insignificant loss of energy and wi th  the re -es tab-  
l i shment  of the  or ig inal  s tructure.  In  the  case of an 
ideal  typ ica l  meta l  (class II)  of an absolute  pur i ty ,  
i t  is possible that ,  it  would  gl ide wi thout  loss of energy 
at  all, under  appl icat ion of infini tely small  stress. In  
o ther  words,  act ivat ion energy for the  format ion  of 
dislocations would aproach zero for an ideal  meta l  (5). 
In  a rea l  typica l  metal ,  one m a y  assume that  the  act i -  
va t ion energy  for the  format ion  of dislocations, even 
though not  zero, would  tend  to be  small .  Since dis loca-  
tions and other  crys ta l  defects  a re  usual ly  regarded  
as the  sites favor ing facile chemisorpt ion,  it  follows 
that  typ ica l  meta ls  (class II)  would  tend to involve 
react ion mechanisms involving chemisorbed hydrogen  
as contras ted  to a typica l  meta ls  of class I. 

I t  m a y  be emphasized tha t  the  foregoing specula-  
t ion does not provide  a sa t is factory  causat ive exp lana -  
t ion for the fact tha t  typica l  (class II)  meta ls  sustain 
h.e.r, w i th  significant s t eady- s t a t e  coverage by  chemi-  
sorbed hydrogen  whereas  on a typ ica l  (class I) metals ,  
h.e.r, proceeds th rough  ini t ia l  d ischarge  as the  r a t e -  
de te rmin ing  step. 

A genera l ly  held v iew (1-3) tha t  facile chemisorp-  
t ion of hydrogen  on class I I  metals,  most  of which are  
t rans i t ion  metals,  arises because of presence of unfilled 
d -bands  mer i t s  some comment  here.  These conclusions 
regard ing  the  high chemisorpt ion ac t iv i ty  of t ransi t ion 
meta ls  in re la t ion to unfilled d -bands  have been 
der ived  on the basis of gas-phase  adsorpt ion of 
molecular  gases, including hydrogen.  Even though the 
hypothesis  of re la t ionship  be tween  unfilled d -bands  
and pronounced tendency  to undergo chemisorpt ion 
appears  an a t t rac t ive  one, it  does not s tand up under  
closer examinat ion,  for the  present  case where  the 
chemisorpt ion does not  involve  dissociation of gaseous 
hydrogen  molecules.  Accord ing  to analysis  of Ehrl ich 
(7), on chemisorpt ion from gas-phase,  the  gases lose 
the i r  molecu la r  const i tut ion and are  bound as atoms. 
The chemisorption,  therefore,  is d ic ta ted  by the con- 
s iderat ions of thermodynamics :  the  chemical  potent ia l  
of hydrogen  atoms bound together  in the hydrogen  
molecule  must  exceed tha t  of hydrogen  atoms held  by  
the solid in order  for chemisorpt ion to t ake  place. 
Ignor ing the entropic factor  as a first approximat ion,  
the chemisorpt ion  would  occur if the  M-H bond 
s t rength  of the hydrogen  a tom to the  meta l  M exceeds 
half  the  dissociation energy  of the hydrogen  molecule  
in the  gas phase. The expe r imen ta l  evidence only  
shows tha t  among the t rans i t ion  meta l s  this  r equ i re -  
men t  is met, undoub ted ly  owing to the i r  high heats  

of subl imation.  Fo r  the  present  case of e lect rolyt ic  
hydrogen  evolution,  the  chemisorpt ion resul ts  f rom an 
ini t ia l  discharge step which, for acidic solution, is 

M ~ H 3 0  + -{- e -  --> M - -  H -{- H 2 0  

In  this  case, in o rder  to demons t ra te  a unique 
dependence  of chemisorpt ion on the electronic s t r u c -  
t u r e  of the metal ,  it  is necessary to consider  the  gas-  
phase  adsorpt ion  of atomic hydrogen  and not  molecu-  
lar  hydrogen.  I t  has been found tha t  the re  is no corre-  
lat ion be tween  d - b a n d  configuration of the solid and 
its chemisorpt ion behavior  toward  gas-phase  atomic 
hydrogen  (7). In  fact, it  has  been observed tha t  chemi-  
sorpt ion of hydrogen  atoms from gas-phase  can occur 
on such nont rans i t ion  meta ls  as mercury ,  a luminum 
and potassium. I t  m a y  hence be concluded tha t  the 
mechanisms for h.e.r, involving significant chemisorp-  
tion, on class II  metal ,  p robab ly  do not ar ise  because 
of the  presence of unfilled d -bands  in the t ransi t ion 
metals.  Other  factors, the or ig in  of which is not  c lear  
at  present,  must  be involved.  The u l t ima te  exp lana -  
t ion of the  ma t t e r s  out l ined in this  note mus t  l ie  in 
the sa t is factory  resolut ion of the  ra the r  fundamenta l  
questions such as: why  do different  meta ls  have dif -  
ferent  c rys ta l  s t ructures?  In wha t  causat ive  manner  
a re  the  magni tudes  of heats  of subl imat ion and co- 
ordinat ion  numbers ,  and thence the M-M bond ener -  
gies, re la ted  to the  crys ta l  s t ruc ture  of metals? Wha t  
a re  the basic factors which de te rmine  the magni tude  
of M-H bond s t rength  for the  chemisorpt ion  of e lec t ro-  
ly t ica l ly  produced atomic hydrogen? And, finally, how 
can these and other  factors be in te r re la ted  t o  yield a 
coherent  p ic ture  which would predic t  high s teady-  
s ta te  chemisorpt ion  of hydrogen,  and thence the 
rad ica l - ion  and atomic recombina t ion  mechanisms,  on 
meta ls  of class II? Lack  of significant s t eady-s t a t e  
chemisorpt ion  by  atomic hydrogen  dur ing  h.e.r, on 
meta ls  of class I wil l  also have to be expla ined  in the  
foregoing terms.  A deta i led quant i ta t ive  s tudy of some 
of the  foregoing mat te r s  is in p repara t ion  (8). 

Manuscr ip t  submi t ted  June  15, 1970; revised manu-  
script  received Oct. 28, 1970. 

A n y  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ ished in the  December  1971 
JOURNAL. 
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The Exchange of Zn Between ZnO(s) and Potassium Zincate 
L. A .  V a n d e r  L u g t *  and  T ,  P. D i r k s e * *  

Calvin College, Grand Rapids, Michigan 49506 

Studies  of the  sys tem Z n / Z n ( I I ) ,  KOH, especial ly 
in concentrat ions  o rd ina r i ly  used in ba t t e ry  systems, 
have revea led  cer ta in  anomalies.  Among these m a y  be 
ment ioned the ease of product ion and s tab i l i ty  of 
supersa tu ra ted  zincate solutions (1), and the  appea r -  
ance of max imums  and min imums  in correla t ions  of 
cer ta in  kinetic  constants  w i th  KOH concentra t ion [ex-  
change currents  (2), conductance (3), and pass ivat ion  
t ime constants  (4)] .  These anomalies  appear  to be 
connected wi th  the  e lec t ro ly te  phase. A ful ler  unde r -  
s tanding of the  chemical  character is t ics  of the  e lec t ro-  
ly te  is needed in order  to more  ful ly  unders tand  the 
e lec t rochemical  behavior  of the  system. 

We have a t t empted  to get  more  informat ion  by  
inves t iga t ing  the ra te  of a t t a inment  of equi l ib r ium 
be tween  the  e lec t ro ly te  and the var ious  solid phases 
using rad ioac t ive  zinc isotopes. In this  note we present  
some resul ts  of our  s tudy  of the  equi l ibr ium be tween  
solid ZnO and the potass ium zincate  electrolyte .  

The exchange of Zn 6~ be tween  the  complex zincate 
ion and solid ZnO was s tudied by  fol lowing the de-  
crease in ac t iv i ty  of the solution phase due to the  up-  
take  of Zn 8~ by  the ZnO. The resul ts  are  shown in 
Fig. I. Curves I and 2 record  exchange be tween  pow-  
dered  ZnO (0.3~) and the zincate ion. Fo r  curve 1 the  
isotope was added  af te r  the solut ion was sa tu ra ted  
wi th  ZnO, whi le  for curve 2 the  isotope was added 
before the solut ion was sa tu ra ted  with  ZnO. Curve 3 
shows the  exchange  be tween  solid c rys ta l l ine  zinc 
acetate  and a sa tu ra ted  solut ion of zinc acetate  at  pH 
: 4.8. Curve 4 shows the same exchange at  pH --  5.5. 

These resul ts  show tha t  exchange of Zn be tween  ZnO 
and the zincate  ion is e x t r e m e l y  slow. In fact, no 
significant exchange occurs over  a per iod of 500 hr. 
The solid ZnO showed no rad ioac t iv i ty  af ter  the  ex~ 
change s tudy  was te rmina ted .  Curve 2 suggests tha t  
dur ing  the sa tura t ion  period, a smal l  amount  of 
exchange m a y  occur. However ,  once sa tura t ion  is 
achieved (,~24 hr)  no fu r the r  exchange is evident .  

For  zinc acetate  the  exchange process is normal  
(curves 3 and 4). The  effect of decreasing pH is as 
predicted,  increas ing the  exchange ra te  by  suppress ing 
hydrolysis .  I t  is in teres t ing  to note tha t  the  ex ten t  of 
this is somewhat  l a rger  than  expected.  

I t  has been shown b y  Ger ischer  (5) tha t  the  fol-  
lowing reac t ion  is fast  

Zn(OH)4  = ~ Zn(OH)2  Jr 2 O H -  [1] 

Consequently,  i t  m a y  be concluded f rom our resul ts  
that  the  react ion 

ZnO Jr H 2 0 ~  Zn(OH)~  [2] 

is slow. The apparen t  low ra te  of react ion [2] m a y  be of 
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Fig. i. Radioactivity of solution vs. time curves at 25 ~ far the 
following systems: (1) solid ZnO, 35% KOH saturated with ZnO; 
(2) solid ZnO, 30% KOH saturated with ZnO; (3) solid zinc ace- 
tate, water saturated with zinc acetate, pH = 4.8; (4) salid zinc 
acetate, water saturated with zinc acetate, pH = 5.5. Each sys- 
tem had approximately the same amount of dissolved and undis- 
solved zinc compound. 

fundamenta l  significance in in te rpre t ing  the processes 
occurr ing in z inc-a lka l ine  ba t te r ies  where  supersa tu-  
r a t ed  zincate e lec t ro ly tes  and solid ZnO are  common 
products  of discharge.  

This exchange of Zn be tween ZnO and zincate ion is 
being s tudied in a range  of e lec t ro ly te  composit ions in 
an effort to achieve a be t t e r  unders tand ing  of the  
chemis t ry  of this  system. At  present  we can suggest  
no mechanism to expla in  this  low ra te  of exchange.  
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ABSTRACT 

Sulfur  hexafluoride (SF6) gas in hydrogen ambient  is used to in-situ etch 
silicon wafers producing very smooth surfaces. The subsequent ly  grown 
epitaxial  silicon layers are of high qual i ty (stacking fault  densi ty ~ 4  per 
cm2), and the impur i ty  profiles as measured by the spreading resistance 
technique are indicative of layers not doped with sulfur. The entire process 
of etching and epitaxial  growth are carried out at temperatures  ( ~ l l 0 0 ~  
sufficiently low so that  no dislocations are generated due to high thermal  
stresses. Some of the basic l imitat ions introduced by such a highly reactive 
etchant are discussed. 

The importance of substrate surface preparat ion and 
cleanliness in the epitaxial  growth of silicon is well  
known to investigators of electronics materials.  The de- 
fects in the epitaxial  films could be caused by several 
factors; the pr imary  causes are: (a) surface impuri t ies  
derived from the substrate material ,  (b) surface im-  
purit ies derived from chemical  or mechanical  polishing 
treatments,  and (c) thermal  stresses set up due to ex-  
cessive tempera ture  gradients  from rf heating. 

In-situ etching in the epitaxial  reactors may be 
effective in  removing certain surface oxides and films, 
mechanical  damage, and other impuri t ies  which do not 
homogenize dur ing the ini t ial  hea t ing-up  period be-  
cause of their  slow diffusion rates. Unfor tunately ,  
most of the harmful  impurities,  such as heavy metals, 
are fast diffusants and must  be removed either at room 
temperature  by some chemical t rea tment  or at higher 
temperatures  by gettering (1). Thermal ly  induced dis- 
locations (2) also suggest the  use of low-tempera ture  
etchants. Even if one succeeds in developing a low- 
tempera ture  etch, then the problems of subsequent ly  
growing an epitaxial silicon at low tempera ture  still 
remain.  The qual i ty of the epitaxial  mater ial  may be 
expected to be poor with decreasing deposition tem- 
perature when compared with the cur ren t ly  avail-  
able good-quali ty Czochralski or float zone bulk  crys- 
tals. This is a ra ther  complicated subject under  cur-  
rent  investigation and therefore only  a passing ment ion  
is made here. However, many  desirable features, such 
as etching through oxide masks and in the presence 
of buried layers, make a search for a low-tempera ture  
etch worthwhile.  

In  a recent communicat ion (3), etching character-  
istics of hydrogen sulfide were examined and compared 
with those of water  vapor and hydrogen chloride. H~S 
was found to etch Si at a lower temperature  and at a 
very rapid rate, leaving a smooth surface. However, 
some of the undesirable features of this etch are high 
toxicity, ext reme poisonousness in small  quantities,  
and low purity.  HI2S etching occasionally leaves de- 
posits of sulfur  compounds in the downstream of the 
reaction chamber, al though no detr imental  effect of 
sulfur  could be detected on the subsequent ly  grown 
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layers. Sul fur  hexafluoride (SFs), on the other hand, 
is a nontoxic, noncorrosive, less poisonous, and odor- 
less gas available in fairly high purity.  Among the 
major  reaction products from SF6 etching are fluorides 
and sulfides of Si. If the fraction of SiS2 formed in-  
creases significantly, then the system becomes very 
similar to the H2S system, and the etching should be 
accompanied by some deposits of sulfur  compounds 
near  the exhaust  of the reaction tubes along with the 
characteristic odor of sulfur. If the fluorides of sili- 
con are the pr imary  reaction products, then, of course, 
the reaction tube should be essentially free of deposits 
and odor of sulfur. The importance of hydrogen carrier 
gas may also be tested by carrying the reaction in an 
inert  ambient  which makes the formation of certain 
products, such as I-IF, impossible. 

The purpose of this s tudy is to explore the feasibil i ty 
of SF6 as a low- tempera ture  etchant  for Si so that  the 
in-situ etching, as well  as the subsequent  epitaxial  
growth, of Si may  be carried out below the "critical 
temperature"  without  introducing too m a n y  disloca- 
tions (2). The possibility of low- tempera ture  vapor 
etching of substrates with mechanical  damage resul t-  
ing from lapping and sawing operations is also ex- 
amined such that  the rate of propagat ion of the dam-  
age-induced dislocations may be less than the rate  of 
etching. Etching of holes in  Si through oxide masking 
is also briefly examined. 

Experimental Procedure 
The apparatus used was a horizontal  quartz reac- 

tion chamber  in  which substrates were placed on a 
graphite susceptor and heated by an external  rf coil. 
The graphite susceptor was coated with silicon (at 
about 1500~ in runs  where in-situ etching was fol- 
lowed by epitaxial  growth. SF6 used was 10% by vol-  
ume in u l t rapure  hydrogen. Desired concentrat ions of 
SF6 were obtained by mixing  controlled amounts  with 
pal ladium-purif ied hydrogen. The ini t ia l  surfaces of 
the silicon (111) wafers used for SF6 etching were 
chemically polished, chem-mechanical ly  polished, as 
well as lapped. In  order to explore the possibility of 
etching holes in the silicon through an SiO2 mask, 
oxidized wafers with etched widows were also used. 
An  extensive cleaning and degreasing procedure was 
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followed to minimize any wafer surface contaminants .  
Temperatures  were measured by  a disappearing fila- 
ment  pyrometer  corrected for emissivity and absorp- 
tion errors (4). The etch rates were determined from 
weight loss and wafer  thickness measurements .  Scan- 
ning electron microscopy (SEM) was used to charac- 
terize these surfaces. 

Epitaxial  layers were grown on etched substrates 
f rom the SiC14-H2 process, and provisions for doping 
with Bell6 and AsHa were made. These layers were 
subjected to optical examinat ion  for stacking faults 
and other defects. The concentrat ion profiles and any  
resistivity inhomogeneit ies were measured by the 
spreading resistance technique (5). 

Results 
In  order to gain some unders tand ing  of the reactions 

taking place, experiments  were carried out in H~ car- 
rier gas as well as in Ar  carrier  gas at II00~ In 
both cases comparable etch rates were obtained (-~2.0 
~ /min) .  Based on these results, assuming that  HF 
is not formed in any significant amounts,  the over-  
aI1 reaction may be tenta t ively  wri t ten  as 

4Si(s) -5 2SF6(g) ----SiS2(s or l) + 3SiF4(g) 

The s tandard free energy of this reaction is --706.81 
kcal at 1400~ and the equi l ibr ium constant  is a very 
large n u m b e r  indicat ing that  the reaction is spontane-  
ous and irreversible under  most exper imental  condi- 
tions. A similar conclusion is reached if SiS instead of 
SiS2 is considered as a reaction product. The choice of 
SiS2 rather  than SiS as one of the reaction products 
was justified elsewhere (3). Among the reaction prod- 
ucts only SiS~ will  condense near  the outlet of the 
tube and emit the characteristic sulfur  odor dur ing 
unloading of the tube. The etched surface in H2 carrier 
gas was mirrorlike,  whereas in Ar ambient  the etching 
was relat ively nonuniform.  It is quite possible that  the 
trace amounts  of HF  that may be formed in H2 am- 
bient  are effective in removing any surface oxides 
during etching. Unl ike  H2S etching, in all these runs  
the deposits on the tube  walls were negligible (pro- 
vided an uncoated susceptor was used), and only a 
faint  odor of sulfur  was detectable dur ing unloading 
of the reactor tube. 

Figure 1 shows the temperature  dependence of the 
etch rate at an SF6 part ial  pressure of 1 x 10 -3 atm 
and a total H2 flow rate of 100 l i t e r s /min  ( l inear 
velocity ~25 cm/sec) .  Although the etch rates are 
based on the change in total thickness, the back of 
the wafers remained pract ical ly unetched. The shape 
and the slope of the curve are indicative of the in-  
creasing importance of the mass t ransfer  rates, through 
a boundary  layer, to or from the wafer  surface, with 
increasing temperature.  The dependence of the etch 
rate on SF6 part ial  pressure at a tempera ture  of 1050~ 
is shown in Fig. 2. The slope of the curve is only 

S U L F U R  H E X A F L U O R I D E  

i i i I 

I I I 

.c 

o 

~ 1 . 0  

0.6 I I I 
6.4 6.9 7.4 7.9 

10 4 O K - 1  
r ' 

Fig. 1. Effect of temperature on etch rate of silicon: O S F  6 = 

] x 10 - 3  otm; total flow rote 100 Jiters/min. 

267 

._= 
E 

5 ~ 1.0 
._~ 
E 

I I I I I 
0.1 10_ 4 I ~ i i 10 . 3  10 .2 

P S F d  a r m  
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slightly less than un i ty  and indicates that  the etch rate  
is approximately  directly proport ional  to the SF6 pa r -  
tial pressure. Thus, the rate of diffusion or t ranspor t  
of SF~ to the Si surface is playing a significant role in 
the etching process. 

The qual i ty  of the surface resul t ing from etching an 
ini t ia l ly (chemically as well  as chem-mechanical ly)  
polished surface is described first. The results of SF6 
etching of lapped surfaces are described subsequently.  
At low temperatures  (~850~ etching is preferent ia l  
and dislocation etch pits become visible. Smooth non-  
preferent ial  etching results from about 1050~ and 
above. Figure 3 shows scanning electron micrographs 
of etched surfaces at l l00~ and SF6 part ial  pressure 
of 2 x 10 -4 atm. The results in  general  indicate that  
the temperature  is much more critical than  the SF6 
part ial  pressure in de termining  the surface quality. 

Direct etching of a lapped surface is, of course, not 
desirable, because dur ing  heat ing the mechanical  dam-  
ages from sawing and lapping will  anneal  out into 
dislocations which may  then propagate into the bulk  of 
the wafer. However, this provides a reasonable indi-  
cation of the nonpreferent ia l  na tu re  of the SF6 etch. 
Figure 4 shows how an ini t ia l ly  lapped surface changes 
with the etching temperature.  The ini t ial  lapped sur-  
face (Fig. 4a) has abras ion- induced t r iangular  as well  
as some hexagonal  pits and is relat ively free from 
deep craters or pits. At 950~ the t r iangular  pits al-  
most disappear, and the surface is characterized by 
deep hexagonal  craters as well  as some remnants  of 
thin silicon flakes protruding out of the surface. These 
flakes appear bright  Jn the micrograph because they 
are thin enough for the pr imary  electron beam to 
penetra te  and produce secondary electrons on both 
sides of the flakes. It  appears that  at 950~ the hexag- 
onal pits are etched faster than the rest  of the sur-  
face, probably because of deeper mechanical  damage. 
At 1050~ relat ively larger and shallow etched mor-  
phology begins to appear (Fig. 4c) and becomes 
smoother with increasing tempera ture  (Fig. 4d). X- ray  
topographs of an ini t ia l ly  lapped wafer from which 
about 136g were removed at l l00~ (etch rate ~1.7 
~/min)  indicate the absence of significant propagation 
of damage- induced dislocations. It  seems surpris ing 
that  the etching t ime (,~80 rain) was not sufficient to 
propagate damage- induced dislocations through the 
entire thickness of the wafer (--~300~). The results in-  
dicate that, al though it may  be possible to th in  a 
lapped wafer  by vapor etching without  inducing dis- 
locations, the etched surface is not sui table for epi- 
taxial  growth and subsequent  device fabrication. 

In  the absence of any  pinholes, SiO2 films grown 
thermal ly  on silicon substrates can be effectively used 
as a mask against SF6 etch. However, in the presence 
of pinholes or etched windows (by s tandard photo- 
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Fig. 3. Scanning electron mi- 
crographs at 45 ~ incidence 
showing smooth surface of sili- 
con etched with SF6 at 1100~ 
(a) surface initially chem-me- 
chanically polished, (b) surface 
initially chemically etched in 
HF-HNO3 mixture. 

Fig. 4. Scanning electron mi- 
crographs at 45~ incidence of 
surfaces etched at different tem- 
peratures starting with a lapped 
initial surface: (a) initial lapped 
surface, (b) etched at 950~ 
(c) etched at 1050~ and (d) 
etched at 1160~ 

l i thographic techniques),  considerable undercut t ing  of 
the mask was observed. The SF6 etching was per-  
formed on circular patterns,  9~ in diameter, with 
center to center separation of 18~, and about 4~ of Si 
were removed. Figure 5 is a scanning electron micro- 
graph of an etched silicon surface through an SiO2 
mask showing considerable undercut t ing.  

One of the problems with the SF6 etch is its ex- 
t remely high react ivi ty  which imposes severe l imita-  

tions on selection of materials  such as susceptor, re-  
actor tube, etc. Although a bare graphite or a SiC- 
coated susceptor apparent ly  produces good results in 
the etching cycle of the operation, they are undesi r -  
able susceptor materials  for the subsequent  epitaxial  
growth operation. Graphite or SiC or any particle that  
etches relat ively slowly in SF6 gets embedded in the 
epitaxial  l a y e r  and often causes stacking faults. A 
silicon-coated susceptor is preferred only in the sense 
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Fig. 5. Scanning electron micrograph at 60 ~ incidence showing 
the results of etching silicon through an SiO_~ mask. 

that the reaction products from such a susceptor are 
volatile. The undesirable feature of a silicon-coated 
susceptor is that the susceptor is stripped of silicon dur-  
ing etching, exposing bare graphite surfaces. This prob-  
lem may be avoided by restricting the etching time. 
Another  l imitat ion of this etch is that  it adsorbs 
strongly on the gas lines and becomes a potential  
source of contaminat ion and defect nucleat ion during 
epitaxial  growth. Using the best available susceptor, 
namely  a silicon-coated (at .about 1500~ graphite 
susceptor, the stacking fault  densities in  the grown 
layers were minimized by restr ict ing the in-situ etch- 
ing to about 5~ and introducing SF6 gas through a 
separate line. Following these precautions epitaxial 
layers were consistently grown having a stacking fault  
density of 2-4 faul ts /cm 2. The SF6 etching as well  as 
the epitaxial  growth were carried out at 1050~176 
a temperature  range at which a significant number  of 
dislocations are not introduced (2). 

Several  runs  were made following SF6 etching, and 
the layers were doped with AsH3 giving net impur i ty  
concentrat ions in the range  of 1014 to 10 TM atm/cm~. 
The impur i ty  profiles as a funct ion of depth mea-  
sured by a high-resolut ion spreading resistance tech- 
nique (5) indicate normal  good-quali ty epitaxial  sill- 

con with no detectable effects of sul fur  contamination.  
The substrates used for these runs  were 20 ohm-cm, 
p-type.  The doping level of the substrates did not 
change from the possible in t roduct ion of donor levels 
due to sulfur contamination.  However, due to its high 
diffusivity in silicon, the effects of sulfur  at low levels 
in reducing the carrier  lifetime in  silicon cannot be 
ruled out. 

In  conclusion it should be emphasized that  the l imi-  
tations of the SF6 gas ment ioned should be common 
among most low- tempera ture  etchants. Besides forma- 
t ion of volatile reaction products a prerequisi te  for a 
low-tempera ture  etchant is its high reactivity, and the 
consequences of its high react ivi ty  are the problems 
of selection of susceptor mater ia l  and purging out 
and /or  desorption of the residual  etchant  from the 
system. 

Summary 
Sulfur  hexafluoride, unl ike  hydrogen chloride, etches 

silicon i r revers ibly and spontaneously, producing vola- 
tile sulfides and fluorides of silicon. The etching results 
in a very smooth surface on chemically as well as 
chem-mechanica l ly  polished start ing substrates, and 
the process is sui table for wafer  thinning.  Although 
lapped wafers may  be etched at low temperatures  and 
rapid rates so that  significant numbers  of damage-  
induced dislocations are not generated, the resul tant  
surface is relat ively rough and is therefore unsui table  
for device qual i ty  epitaxial  growth. SiO2 does not pro- 
vide effective masking for etching holes in selective 
areas of the substrate because of severe undercut t ing.  
The ent i re  process of etching and growth on chemically 
and chem-mechanical ly  polished substrates is carried 
out at low enough temperatures  (--~ll00~ so that no 
significant dislocations are generated from the thermal  
stresses induced in the epitaxial  reactor. However, be- 
cause of the high reactivi ty of SF6 the silicon coating 
of the susceptor is attacked rapidly, and the sub- 
sequent epitaxial  layers are not ent i re ly  free from 
stacking faults. 
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Factors Affecting the Growth Rate of Plasma 
Anodized 
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ABSTRACT 

This paper discusses the affects of anodization parameters  on the growth 
rate of plasma anodized AI20~. Variations in growth rate were inferred by 
observing the variat ions in the anodie current  decay while anodizing at 
a constant  bias potential. The following effects have been observed: (a) 
Sput tered cathode oxide was found to contr ibute significantly to the total 
film thickness unless adequate shielding was employed. (b) Heating the sub- 
strate from 30~ to 100~ caused the current  to decay tenfold faster. (c) A 
max imum growth rate (quickest current  decay) was observed at an 02 pres-  
sure of approx. 50m Torr. Probe measurements  taken at the location of the 
sample showed a max imum electron density at this pressure. The max imum 
electron density and quickest decay rate shifted to higher pressures (approx. 
100m Torr) as the discharge current  was increased. (d) The presence of small  
amounts  of water  vapor in the discharge slightly increased the anodic current  
decay rate. 

The kinetics of oxide growth in a plasma anodizing 
system are affected by several system parameters.  The 
most impor tant  of these are the cathode spu t te r ing  
rate, oxide temperature,  oxygen part ial  pressure, and 
water  vapor part ial  pressure. Different investigators 
(1-3) have studied the effects of a different one or two 
of these variables while exercising little or no control 
over the remain ing  parameters.  In  addition no two 
investigators have pursued these studies with identical 
exper imental  systems, thus making comparisons of 
plasma characteristics, sput ter ing rates, and water  
vapor content  impossible. The purpose of this paper is 
to systematically study the effects of each of the above 
parameters  on the growth rate of thin (200A) A1203 
films in a low pressure oxygen d-c glow discharge. 

Oxide growth is accomplished by  positively biasing 
an a luminum sample which is immersed in the nega-  
tive glow of a d-c oxygen glow discharge. The growth 
of an a luminum oxide film is shown schematically in 
Fig. 1. It is seen that  the oxide growth rate and sample 
current  become diminishingly  small  with time unt i l  the 
film assumes a l imit ing thickness. For the purposes of 
this investigation, the t ime required for the cur ren t  
to decay to 10% of its ini t ia l  value shall a rb i t rar i ly  be 
taken as a measure of the t ime required to grow the 
film. 

Experimental System 
The vacuum system in which the data were taken 

is shown schematically in Fig. 2(A) .  The a luminum 
cathode r ing is mounted between two stainless steel 
plates which are the anodes; the sample is mounted on 
a support below the level of the cathode r ing to avoid 
direct exposure to reactively sputtered cathode oxide. 
Figure 2(B) shows a detailed view of the sample 
holder. This design, used by Jennings  and McNeill (4), 
was sui tably modified so that  it could be heated or 
cooled by N2 gas. Care was taken to thermal ly  isolate 
the sample face and the Pyrex  walls  of the sample 
holder tube; this was necessary when  it was desired 
to cool the sample to near  l iquid n i t rogen tempera ture  
without the complication of the walls acting as a 
source or sink of water  vapor. An independent  l iquid 
ni t rogen trap was provided for that  purpose. 

The system pressure was held in dynamic equi l ib-  
r ium by controll ing the rate  of oxygen input  and sorp- 
t ion pump exhaust. Mass analysis of the gas discharge 
was accomplished by sampling a small  amount  of the 
gas in the discharge through a controlled leak. 

* Elect rochemical  Society Act ive  Member .  
K e y  words :  AI~O~ g rowth  rate, plasma anodization,  oxygen  glow 

discharge.  

Prior  to anodizing, the sample was rf sputter  cleaned 
in 10m Torr of argon for 25 rain to remove any oxide 
present. Ten minutes  after ini t ia t ing the oxygen glow 
discharge, a fixed bias voltage (Vb -- 5V) was applied 
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Fig. 1. The growth of an A[sOs film vs. time for a constant bias 
of 6V [after Miles and Smith (1)]. 
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and the t ime dependence of the current  decay was re-  
corded. The thickness, T, of the A12Os film grown 
should be no greater than  

T - -  ~ (Vb -- Vw)E 

where Vw is the floating potent ial  (--4.5V) and K is 
the anodization constant (22 A/V)  obtained by Miles 
and Smith (1) and Tibol and Hull  (5) while anodizing 
to completion at  constant  voltage in a similar dis- 
charge. Thus, these films should be approximately 
200A thick. By successively sputter  cleaning and ano-  
dizing, all of the data were taken on one sample wi th-  
out breaking the vacuum seal. RF sputter  cleaning 
cont inual ly  left a mirror  smooth surface; however, d-c 
sputter  cleaning was found to leave a rough surface 
with macroscopic patches of oxide. This is in agree -  
ment  with Jona (6), who found that rf sputter ing was 
necessary to obtain good LEED pat terns on single 
crystal a l uminum surfaces. 

The electron densi ty measurements  were made with 
a spherical gold Langmui r  probe (rp ---- 2 mm) .  For 
each probe measurement  the electron tempera ture  and 
saturat ion electron current  at the "knee" of the curve 
were obtained (see inset, Fig. 6); from these data the  
electron density of the plasma was obtained. For a 
weakly electronegative O2 plasma of this density, the 
error in  est imating the electron density is unl ikely  to 
be greater  than 40% (7). 

Results 
Cathode sputtering.~Contamination of the growing 

oxide by reactively sputtered cathode mater ial  (AlcOa 
in this instance) previously has been shown to increase 
the thickness of the oxide (8). Two of those obser- 
vations bear  repeat ing here: First, with the sample a 
few cm from, and facing the cathode, sputter deposition 
rates of 2.5 A/ ra in  and higher were recorded. Second, 
with a sample shielded from the cathode, as in Fig. 1, 
considerably lowe~ sputter  deposition rates were re-  
corded. For the electrode spacings used in this study, 
the rates were 0.45 to 0.55 A / m i n  (A12Os) respectively 
for the 50 mA and 80 mA discharges. Were the sample 
to be mounted 20 cm below the cathode plane, these 
deposition rates could be reduced to approx. 0.02 
A/min .  

Temperature efIects.--In Fig. 3 the effect of substrate 
tempera ture  at constant  pressure on the rate of current  
decay is i l lustrated for the range 32~ to 105~ one 
observes that  the 105~ film formed in one- ten th  the 
time of the 32~ film. The current  decay data can be 
approximately fitted to the sum of two exponentials;  
an unexpla ined rapid decay last ing less than  25 sec, 
followed by a slower tempera ture  dependent  decay. An 
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activation energy of 1.8 _+ 0.1 eV was obtained for the  
slower decay which agrees with Charlesby's work on 
solution anodized a luminum (9), but  is higher than  the 
value of 1.3 _ 0.15 eV obtained by Harkness and 
Young (10) by solution anodization. Since the film 
thicknesses were not measured, and the anodization 
constant  is tempera ture  dependent,  the temperature  
dependence of the current  efficiency could not be ob- 
tained. 

Some elementary characteristics of the constant  
current  d-c oxygen discharge operating in the range 

10m Torr  < P < 150m Torr will  be described here. At 
a suitably low pressure, say 10m Torr, the negative 
glow is weak and diffuses out from the cathode to fill 
the  volume; good thermal  contact exists between the 
glow and the sample, and the sample temperature,  Ts, 
is high (100~ for the 50 mA discharge). As the pressure 
is increased toward 150m Torr, less power is required 
to main ta in  the discharge current  and the negative 
glow contracts around the cathode, isolating the sample 
from the source of heat. For these reasons the un -  
controlled substrate tempera ture  was found to de- 
crease to 60~ at a pressure of 50m Torr, and 30~ 
at 150m Torr  The strong observed tempera ture  de- 
pendence of the growth rate points out the necessity of 
adequate substrate temperature  control while s tudying 
the  effects of pressure variat ions on the growth rate. 

Pressure effects.--Miles and Smith ( i )  and Fopiano 
(3) have observed a pressure dependence in the t ime 
required for film growth; both observed a m i n i m u m  in 
the  t ime required to form the oxide at pressures of 50 
to 60m Torr. These data were taken in systems with a 
geometry rather  like the one used here, that  is, a geom- 
etry with a large a n o d e  to cathode area ratio. These 
measurements  were repeated in this study with similar 
results. In  Fig. 4, the t ime dependence of the current  
decay is plotted for three pressures with all other 
variables held constant. The ini t ial  cur rent  was maxi -  
mum, and the current  decay t ime was m i n i m u m  at a 
pressure of approx, l l 0 m  Torr. From data of this type, 
one can obtain the relat ion between the formation t ime 
and pressure shown in Fig. 5; the data from this study 
taken at two discharge currents  are shown along with 
the data of Fopiano (3). For each discharge current  
studied, a m i n i m u m  formation time was observed. The 
mi n i mum for the 50 mA discharge occurred at ap- 
proximately  50 to 60m Torr, while the m i n i m u m  for the 
80 mA discharge occurred at about l l 0 m  Tort.  

The effective bias across the oxide is the potential  
difference between the applied bias voltage and the 
surface potential  of the oxide-plasma interface. In all 
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Fig. 3. The temperature dependence of the current decay of a 
plasma anodizing aluminum film. VB ~ 5V, P ~--. 50 mTorr, 
ID ---- 80 mA. 

90 

80 

7O 
< 

F-- 
g 

50 
c r  
E:) 

(o 40 
~J 

F, 
o 50 
Z 
< 

2O 

PRESSURE DEPENDENCE/- 
CURRENT DECAY OF PLASMA 
ANODr ALUM,NUM FILM 

VBIAS "-- 5 V 

I D = 80mA 

TSAMPLE = 54~ 

LN 2 TRAP 

P(02)= 200 mT. 

I0 P(O 2): 50 mT. 

_ , ~  PI(O,2);IIOr~T, i ,  , ,  i j ~ , , 

0 100 200 300 400 500 600 700 800 900 IO00 
TIME(SEC) 

Fig. 4. "/'he pressure dependence of the current decay of a plasma 
anodizing aluminum film. VB ~ 5V, ID ~ 80 mA, Tsample ~" 
54~ 



272 J. Eled:rochem. Sac.: S O L I D  S T A T E  S C I E N C E  February I97I 

2000 t 

U 
h i  

1500 

PRESSURE DEPENDENCE: 
C U R R E N T  DECAY OF P L A S M A  

ANODIZ ING A L U M I N U M  F I L M  

I 

I 

I 

FROM FOPIANO 
V B = 5V 

UJ 

Z 

 ,ooo_o ,y 
LL 

. / -,-+,+,+-: +,+~ 

+oo: ; / ,..++-.,-,:+A,+ 
" \ 

I "  
/ I I I I I 

0 50 I00 150 200 250 
PRESSURE (mT) 
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cases the bias voltage was held at +5V, and probe 
measurements  showed the plasma floating potential  to 
be --4.5 ___ 0.5V for 10m Torr < P ~ 150m Torr. For 
pressures greater than 150m Tort, the floating potential  
became very  large (--15V at P = 220m Torr) as the 
negative glow concentrated around the cathode. In this 
high pressure range the effective bias across the sam- 
ple is larger and the film is growing to a greater  l imi t -  
ing thickness than  at pressures less than 150m Torr 
where the effective bias remained near ly  constant;  
analysis is therefore l imited to the pressure range 10 
to 150m Torr. 

To aid in  in terpre t ing the data in Fig. 5, the electron 
density was measured at the location of the sample 
with a spherical gold Langmui r  probe for the same 
values of oxygen pressure and discharge current  shown 
is Fig. 5. In  Fig. 6 the electron density is seen to have 
a max imum roughly corresponding to the mi n i mum 
in anodization time. The variat ion in electron den-  
sity may be explained by recalling the discharge char-  
acteristics. For low pressures the electron density in-  
creases with pressure, but  for high pressures where 
the range of the negative glow becomes less than  the 
cathode-sample distance, the electron density de- 
creases, and the electron temperature  increases at the 
location of the probe. In  the abnormal  glow, increasing 
the discharge current  causes the negative glow to ex- 
pand, slightly shifting the peak densi ty to a higher 
pressure. 

The explanat ion for the min imum anodization t ime 
is not obvious. Although the m i n i m u m  anodization 
t ime corresponds to the max imum electron density, the 
variat ion in anodization rate with pressure is much 
greater than  the corresponding change in electron 
density. It was also found that  the pressure dependence 
of the ini t ia l  value of anodizing current  (see Fig. 4) 
was exactly like the pressure dependence of the satu-  
rat ion electron current  (not electron density) of the 
gold probe, while the total charge passed in forming 
the film (the area under  the I - t  curve in  Fig. 4) was 
less for the pressure of most rapid growth, indicat-  
ing that  the current  efficiency was greatest for this 
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case. These observations imply a large pressure de- 
pendence of the negative ion density. 

From a practical viewpoint,  it is impor tant  to know 
that  there exists an opt imum pressure for each system 
of this type which is dependent  on the ratio of the 
negative glow length to the cathode-sample distance; 
this observation is not  valid for cylindrical-confined 
discharges of equal cathode-anode area. 

Water vapor ef]ects.--The effect of water  vapor in 
the glow on the rate of anodization has been ob- 
served. In Fig. 7 the current  decay for two oxide for- 
mat ion runs  at 54~ is illustrated. In  one run  a l iquid 
ni trogen trap was used, in the second run  no liquid 
ni t rogen trap was used, but  all other parameters  were 
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plasma anodizing aluminum film. VB ~ 5V, P = 50 reTort, ID ---- 
50 mA, Ts = 54~ 
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identical. This second sample anodized about 20% 
faster. 

Mass analysis of the discharge revealed the water  
vapor pressure to be 10 -6 Torr, when  the auxi l iary  
trap was warm. With the trap cooled to 77~ and 
locally pumping  water  vapor, mass analysis in a differ- 
ent ial ly  pumped system is no longer valid. The follow- 
ing experiment  demonstrates the effectiveness of the 
trap in removing water  vapor near  the sample. When 
an a luminum sample was cooled to 140~ the pres-  
ence of water  vapor caused anomalous film growth. To 
observe this effect, the a luminum sample was anod- 
ized at a constant current  density of 0.2 mA/cm  2, and 
a temperature  of 140~ the voltage increased l inear ly  
to 5V in 3000 sec. Upon repeat ing the exper iment  wi th-  
out use of the auxi l iary  cold trap, the voltage was ob- 
served to rapidly  increase to 25V in 2000 sec, imply-  
ing formation of a very thick film; tempera ture  cycling 
this second sample to 300~ caused the voltage to drop 
sharply to 5V, showing that  this film was most l ikely 
ice. This demonstrates that  the cold trap is capable of 
reducing the water  vapor pressure to a lower, u n k n o w n  
value. 

Miles and Smith (1) observed that the resistance of 
tunne l  junct ions was increased by the presence of 
water  vapor in the discharge and suggested that  the 
a luminum was reacting directly with the water  vapor. 
Such a reaction for very low water  vapor concentra-  
tions would be in agreement  with the more rapid cur-  
rent  decay observed here in the formation of thin A120.~ 
films. 

Conclusion 
For a given electrode geometry, discharge intensi ty 

and sample location, it has been determined that  there 
is an opt imum pressure for most rapid anodization. 
For the parameters  used in this study, the opt imum 
pressure occurred between 50 and 100m Torr. It should 

be emphasized that the par t icular  values of opt imum 
pressure obtained are valid only for this geometry; 
each similar system will have its own characteristic 
opt imum pressure dependence. Increasing the sub~ 
strate temperature  was also found to increase the cur-  
rent  decay rate and probably  the oxide thickness for 
the pressure range studied. Unless the substrate tem-  
perature  is independent ly  controlled, the substrate 
will obtain a higher tempera ture  at low pressures 
where  the sample is immersed in the glow. A small 
increase in the H20 content  of the discharge was found 
to slightly increase the anodization rate for samples 
with normal  anodization temperatures.  

Manuscript  submit ted May 26, 1970; revised m a n u -  
script received ca. Oct. 20, 1970. 

A ny  discussion of this paper will appear in  a Dis- 
cussion Section to be published in the December 1971 
JOURNAL. 
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Energy Loss and Energy Storage from the 
Eu Charge-Transfer States 
in Y and La Oxysulfides 

W. H. Fonger and C. W. Struck 
RCA Laboratories, Princeton, New Jersey 08540 

ABSTRACT 

In Y202S:Eu and La202S:Eu, concentra t ion-  and tempera ture -dependent  
loss and storage effects are observed for excitation into the Eu  +3 charge- 
t ransfer  states (CTS) and into certain Eu +a 5D states. It  is shown that  the 
losses and storage both occur from the CTS. They occur for 5D excitations only 
as a consequence of the ~D excitation having reached the CTS through 
thermal ly  promoted 5D ~ CTS crossovers. The losses and storage are both 
a t t r ibuted to the Eu +3 CTS dissociating thermal ly  into Eu +2 plus a free hole. 
The freed holes are stored in hole traps. If the holes are thermal ly  or IR 
st imulated back to the Eu +~ centers and re - form the Eu +3 CTS, the stored 
energy is retr ieved as Eu +3 l ine emissions. If the extra electrons at the Eu +2 
centers migrate  through the Eu activators and recombine nonradia t ively  at the 
hole centers, the stored energy is lost. 

We have recent ly described transi t ions that  take 
place between the 5D and charge- t ransfer  states 
(CTS) of Eu +3 in oxysulfide and oxychloride hosts 
(1, 2). A configurational-coordinate diagram account- 
ing for these transi t ions through crossovers was also 
provided. We now report  on energy-loss and energy-  
storage events that occur from the CTS in oxysulfides. 

Key words:  luminescence,  phosphors,  r a re -ea r th  spectra,  concen- 
trat ion quenching,  energy  transfer.  

The interplay between these events and 5D<-->CTS 
crossovers leads to some interest ing luminescence 
phenomena. 

Configurational-coordinate models wi th  crossover 
losses to the ground state have been proposed for 
b road-band  luminescence centers by several authors 
(3). See, for example, their  recount ing in Blasse and 
Bril 's  recent  discussion of niobate phosphors (4). 
However, oxysulfide CTS crossovers to the ground ~F 



274 J. ElecSrochem. Sot.: S O L I D  S T A T E  S C I E N C E  February 1971 

mult iple t  appear to be too high (1, 2) to be significant 
for losses. Moreover, the oxysulfide losses increase 
with Eu concentration,  whereas the models cited are 
s ingle-center  models and  predict losses insensit ive to 
the activator concentration. 

For concent ra t ion-dependent  losses, Dexter  and 
Schulman  (5) proposed an ion- ion energy- t ransfer  
model. The excitat ion migrates undegraded through 
the activator ions unt i l  lost at special quenching cen- 
ters. Many workers in the ra re-ear th  field have em- 
phasized a second energy- t ransfer  model with no spe- 
cial quenching centers. The excitation is degraded in a 
single t ransfer  of par t  of the energy to a second acti- 
vator ion. For example, Van Uitert  and Johnson (6) 
have so in terpre ted concentrat ion quenching observed 
from the Sm +3 4G5/2, Eu +3 5D0, Tb +~ ~D3, Er +3 4S3j._,, 
and Nd +3 4F3/2 levels. 

Van Uitert  and Johnson's  explanations were di- 
rected toward ra re -ear th  losses that  occur from 
emit t ing 4f levels because they used excitations that  
efficiently populated these levels. However, if very 
energetic excitation is used, losses can occur from 
higher levels. For  example, Bril, Blasse, and Bertens 
(7) have found that  most Eu +3 phosphors with losses 
under  Hg 254 m~ excitation are very efficient for ex- 
citation into the emit t ing 5D levels. Riedel (8) simi- 
lar ly found that  the dominant  losses in Y203:Eu occur 
above the 5D levels. 

The work here will  show that the oxysulfide losses 1 
are of the "higher" variety and, in particular, occur 
from the short- l ived CTS. Although the losses do oc- 
cur for excitation into certain ~D states, the work here 
will show that  such losses occur only as a consequence 
of the 5D excitation having reached the CTS through 
thermal ly  promoted 5D --> CTS crossovers. 

With the losses tied to the CTS, the challenge is then 
to unders tand  their  concentrat ion dependence from 
the short- l ived CTS. Insight  for this unders tanding  is 
provided by the more readily interpreted energy-  
storage effect. 

The novel aspect of the oxysulfide storage effect, 
first discovered by Forest, Cocco, and Hersh (9) in 
La202S: Eu, is that  it can be induced by excitation into 
certain 5D states. One can, under  proper conditions, 
excite into ~D states with lifetimes less than  a mil l i -  
second and still induce energy storage for days or 
weeks. The stored energy is released by thermal  or IR 
s t imulat ion and reappears as normal  Eu +3 5D-->TF line 
emissions. 

The 5D2 state played a special role in the work of 
Forest et al. because they induced storage for 5D2 and 
higher excitations but  not for 5D1 or 5Do excitation. 
However, the 5D 2 state is incidental  to the effect. The 
work here will  show that the storage, like the losses, 
occurs from the CTS and occurs for 5D excitations only 
as a consequence of the ~D excitation having reached 
the CTS through thermal ly  promoted 5D ~ CTS cross- 
overs. 

The long storage times argue for some spatial 
separation of electrons and holes. With the losses and 
storage both tied to the CTS which can be regarded 
as a hole bound to Eu +2, we believe that both effects 
commence with thermal  dissociation of the CTS into 
Eu +2 plus a free hole. The freed holes become stored 
in hole traps. The question as to whether  the stored 
energy can be retrieved or is lost then becomes the 
question as to whether  or not the trapped holes can be 
re turned  to the Eu +2 centers. 

Measurements that  tie the losses and the storage to 
the CTS are described in  the sections Energy Losses 

1 In  oxysul f ides ,  the  Eu  +~ emis s ions  sh i f t  f r o m  m i x e d  5D e m i s s i o n s  
at  low Eu  c o n c e n t r a t i o n  to m a i n l y  6Do emis s ions  at  h i g h  E u  con-  
cen t ra t ion .  See J.  W. H a y n e s  and  J. J. B r o w n ,  J. Eleetrochem. Soc., 
115, 1060 (1968). Such  sh i f t s  a re  due  to e x c i t a t i o n s  in  u p p e r  ~D 
s tates  c o n c e n t r a t i o n  q u e n c h i n g  to  ~Do v i a  E u - E u  e n e r g y  t r a n s f e r s  of  
the  Van U i t e r t - J o h n s o n  va r i e ty .  H o w e v e r ,  s ince these  t r a n s f e r s  
on ly  r e d i s t r i b u t e  the  ]oopulat ions  "within t he  ~D s ta tes  and  do  no t  
decrease  the  to ta l  n u m b e r  of  sD -~ VF emiss ions ,  t h e y  w i l l  n o t  be  
co un t ed  as losses here .  

and Energy Storage, and our in terpreta t ion of both 
effects is given in the Discussion section. 

Summary of Oxysulfide 5D +-> CTS Crossovers 
Direct CTS ~ ~D feeding transit ions and inverse 

~D ~ CTS quenching transit ions were established in 
ref. (1) and (2). The main  results of these references 
will now be summarized. 

Figure 1 of either reference gives the configura- 
t ional-coordinate diagram showing the 5D-CTS cross- 
overs. In  the feeding direction, the CTS feed all the 
emit t ing 5D states but  especially 5D 2 and 5D1. 

In  the quenching direction, excitation in  5Dj is pro- 
moted thermal ly  to the CTS according to the rate 
constant  A exp (--Ej/kT),  where A is ~1011 sec -1 
and Ej is the activation energy to the crossover. These 
upward ~Dj --> CTS transi t ions compete with all down-  
ward processes from 5Dj, namely,  emission to lower 5D 
and VF states and relaxat ion to lower 5D states via 
mul t iphonon emissions and Eu-Eu  energy transfers. 
The rate constant summed over all downward processes 
is ~104 sec -1. This rate and the rate of upward 5Dj 
-~ CTS transit ions become equal at a tempera ture  Tj 
approximated by Ej/kTj : 17. Above Tj, 5Dj -~ CTS 
transit ions dominate, and all downward processes fail 
off sharply. The rate of fall off, determined by the 
variat ion of exp (EJkT) near  Tj, is about one order 
per 15% increase in T. Below Tj, downward processes 
dominate, and 5Dj --~ CTS transi t ions fall off sharply 
(about one order per 15% decrease in T). 

Table I summarizes, for Y202S and La202S, observed 
and estimated 5D --> CTS activation energies and the 
corresponding Tj's. The systematic differences between 
the two hosts arise because the CTS lie at somewhat 
higher energy in Y202S (~1100 cm -1 higher) .  

Tempera ture  dependences of 5D emissions described 
in ref. (2) and temperature  dependences of 5D ex- 
citations of storage described in the present paper 
have mir ror - image  relationships about the Tj's. Emis- 
sion from 5Dj is relat ively constant below Tj but  falls 
off sharply above Tj where all downward processes 
fall off sharply. On the other hand, 5Dj excitation of 
storage is relat ively constant  above Tj but  falls off 
sharply below Tj where 5Dj -~ CTS transi t ions fall off 
sharply. These mir ror - image  relationships will  be 
demonstrated in  four figures below. 

Experimental 
The oxysulfide phosphors were powdered materials 

prepared under  the direction of Dr. P. N. Yocom by 
the sul fur-carbonate  flux method (10). The t ra in  for 
the optical measurements  has been described pre-  
viously (2). 5D temperature  dependences were moni -  
tored through prominent  lines of each 5D series. In 
Fig. 3-6, these dependences were normalized to give 
the percentages of emitted photons in  each ~D series at 
295~ All slow buildups and decays of luminescence 
were measured on a recorder with a response t ime of 
a few seconds. 

The energy stored in a phosphor depends on sample 
history. For the excitations of storage described in Fig. 
8 through 12, traps were emptied prior to each excita- 
tion either thermal ly  or optically. 2 

'-' L i g h t  f r o m  a t u n g s t e n  l a m p  t h r o u g h  a C o r n i n g  3-70 fi l ter ,  t h a t  
is, t u n g s t e n  l i g h t  a b o v e  500 m~. 

Table I. Activation energies Ej from the Eu § 5D states to the 
CTS in oxysulfides. Temperatures Tj at which Ej/kTj is 17 

are also given 

Ej ,  cm -I Tj ,  ~ 
Sta te  Y202S La202S Y~O~ La202S 

~D.~ 2100 1100 180 90 
~D~ 4400 3000 370 250 
~I~ ~6600  5100 ~ 5 6 0  430 
5Do ~ 8 0 0 0  ~6500  ~ 6 4 0  a ~ 5 2 0  a 

U s e d  Eo/kTo = 18 because  of  t he  l o n g e r  ~Do l i f e t i m e  fo r  d o w n -  
w a r d  processes.  



Vol. 118, No. 2 L O S S  A N D  S T O R A G E  F R O M  Eu § CTS  275 

//--'~\ 
Y202S: 2 % Eu / I-~l ~ 
5D o EMISSION / \ / (627 m,u.) / / '~  510 ~ / /  

/ 1 /o-.2 
/ x4  / ~' 0"-='I 

- / /  I / / /  ~1"2 

0--*'364 

I 

l I 

T-L OK t 

I I 
L 

\ 

._L-.. 

I 

I 
550 350 400 450 500 

EXCITATION WAVELENGTH, rn/~ 

Fig. 1. Excitation spectra (uncorrected) of the ~Do emissions of 
Y202S:2% Eu. The dotted curve gives the distribution of the ex- 
citation source (tungsten lamp plus CuSO4 solution plus mono- 
chromator) as determined with the quantum counter liumogen. 
Excitation 7Fi -> 5Dj is labeled i -> j. The 4f states above 5D3 are 
indexed by their absorption wavelengths (m/~) from 7Fo. The broad 
excitation band is 7F0,1  --> CTS excitation. The shift of the long- 
wavelength end of this excitation band from 380 m;~ at 77~ to 
430 m;~ at 510~ is temperature broadening due to the large 
Franck-Condon shift between the CTS and 7F states. See Appendix 
of ref. (1). 

Energy Losses 
I t  was  s h o w n  in  r a t  (2)  t h a t  Y202S:0 .1% Eu was  

ef f ic ient  up  to 520~ b u t  t h a t  Y202S: 2% Eu  deve loped  
losses under  CTS exci ta t ion above --,350~ The main  
differences be tween  0.1 and 2% mate r i a l s  are  shown by 
the exci ta t ion spect ra  in Fig. 1 and 2. The 0.1% ma-  
te r ia l  is efficient at all  t empera tu res  shown. 8 However ,  
the  2% mate r i a l  shows, at  510~ inefficient exci ta t ion 
into the  CTS 4 and into al l  4f states above 5D1. 

F igure  3 shows, for  the  2% mater ia l ,  de ta i led  t em-  
pe ra tu re  dependences  of the 5D~ and ~D~ emissions for 
both CTS and 5D1 excitat ion.  The losses shown above  
~350~ for CTS exci ta t ion do not occur for 5D1 ex-  
ci ta t ion up to at  least  520~ Thus, the  losses do not 
occur f rom ~D1 or  5D0. Thei r  absence for 5D1 exci ta t ion 
is consistent  wi th  the  losses occurr ing f rom the  CTS 
because 5D~ exci ta t ion is not  t he rma l ly  promoted  to 
the CTS below the 560~ T1 t e m p e r a t u r e  cited for 
Y~O2S in Table I. 

The in te rmedia te  case of 5D2 exci ta t ion is shown in 
Fig. 4. The s t rong decrease  in the  5D2 emission above 
370~ is due not to losses but  to 5D2 empty ing  ther -  
ma l ly  to the  CTS; see the  Y202S T2 t empe ra tu r e  cited 
in Table I. [The the rma l  quenching of these 5D2 emis-  

3 In  the  0.1% ma te r i a l ,  e x c i t a t i o n s  to 4f s ta tes  above  ~D.2 appea r  
to be w e a k  a t  77~ Th i s  is due  no t  to losses  b u t  to t he  m o n i t o r e d  
"Do e m i s s i o n s  b e i n g  s ma l l e r  r e l a t i v e  to t o t a l  nD emiss ions  fo r  these  
77~ exc i ta t ions .  See ref.  (1). 

4 The  b r o a d  'F -~ CTS e x c i t a t i o n  b a n d s  in  Fig .  I and  2 we re  d is -  
t o r t ed  b y  the  e x c i t a t i o n  source  used  ( spec t ra l  d i s t r i b u t i o n  g i v e n  by  
do t t ed  c u r v e  in  Fig.  1). Th i s  d i s t o r t i o n  p lu s  t e m p e r a t u r e  b r o a d e n -  
i n g  of  the  CTS absorption caused the  observed CTS b a n d s  to  s h i f t  
p r o g r e s s i v e l y  w i t h  t e m p e r a t u r e  to  g r ea t e r  w a v e l e n g t h  and  a m p l i -  
tude.  The  co r rec ted  CTS exc i t a t i ons  p e a k  n e a r  330 m~. 
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Fig. 2. Excitation spectra of Y202S:0.1% Eu. See caption of Fig. 
1 for conditions and notation. Detector gain was higher than in 
Fig. ! but was fixed for all three spectra in each figure. 
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Fig. 3. Temperature dependences of the 5D1 and 5Do emissions 
of Y202S:2% Eu for 5D1 and CTS excitation. These dependences 
are given for constant excitation intensity. For 5D, excitation, the 
excitation was assumed proportional to the temperature-dependent 
population of 7F1, the initial state for 539 m~ excitation. For CTS 
excitation, no correction was necessary: the excitation wavelength 
was selected such that 7Fo,1 --> CTS excitation was insensitive to 
temperature, as was evidenced by the temperature-insensitive total 
5D ---> 7F emission observed for low Eu concentrations where losses 
were small. 

sions and of the  La202S 5Do and 5D1 emissions shown 
in Fig. 5 and 6, respect ively,  complement  the  ~D 
the rmal  quenching da t a  shown in ref. (2) and (11). 
These quenchings have been analyzed in the manne r  
of ref. (2). The th ree  dot ted  project ions  in Fig. 4-6 
show these th ree  5D emissions as es t imated for no ~D 
empty ing  to the  CTS, and the  corresponding crosses 
( •  show, as in ref.  (2), the  good fit of the rmal  
quenching theory  to the  observed quenchings. The 
empir ica l  5D-to-CTS act iva t ion  energies  used to fit 
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Fig. 4. Temperature dependences of the 5D emissions of Y2025: 
2 %  Eu for 7F 0 --> 5D 2 excitation. Correction was made for the 
thermal population of 7Fo. 
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Fig. 5. Temperature dependences of the 5Do emissions of La202S: 
2% Eu for 5D o and CTS excitation. For 5Do excitation, correction 
was made for the thermal population of the initial 7F1 state. 

these data were 4400 cm -1 for Y20~S 5D2 and 6300 and 
5000 cm-1 for La202S 5D0 and 5D1, respectively. These 
values have already been quoted in Table II of ref. 
(2).] The decreases in the 5D1 and 5D0 emissions above 
370~ are due to losses. When 5D 2 empties to the CTS, 
feeding of 5D1 and 5Do is revised from 5D 2 -> 5D1, 5D0 
to the chain 5D 2 --> CTS --> 5D1, 5D0. Since the losses 
are known  not to occur from 5D1 or 5Do, they occur 
from either 5D 2 or the CTS. However, since their  
370~ onset coincides with 5D2 emptying to the CTS, 
it  is reasonable to conclude that  they occur from the 
CTS. 

With respect to excitation into 4f states above 5D2, it 
was noted in connection with Fig. 1 and 2 that  such 
excitations, while efficient at 295~ are, in 2% ma-  
terial, inefficient at 510~ Above 180~ all of these 
excitations reach the CTS via thermal ly  promoted 5D3 
--> CTS crossovers. Thus, these observations too are 
consistent with losses developing from the CTS in 2% 
material  above 350~ 

For Eu in La2OeS host, Wickersheim, Buchanan,  and 
Yates (11) showed that  0.1% mater ia l  was efficient 
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Fig. 6. Temperature dependences of the 5D emissions of Lo202S: 
2 %  Eu for 7F1 ~ 5D1 and 7F1 -~ 5Do excitation. Correction was 
made for the thermal population of 7F1. 

under  CTS excitat ion up to 530~ but  we (2) showed 
that  2% mater ia l  developed losses above ~350~ 
Tempera ture  dependences of the dominan t  5Do emis- 
sions of the 2% mater ia l  are shown in Fig. 5 for both 
CTS and SD0 excitation. The losses shown above 
~350~ for CTS excitat ion are deferred to ~500~ 
for 5Do excitation. Thus, these losses do not occur from 
5D0. As cited in Table I, La202S 5Do excitation tries to 
empty thermal ly  to the CTS near  520~ If the CTS is 
free of losses (0.1% mater ia l ) ,  the excitation is re- 
tu rned  to 5D0 by reverse CTS --> 5Do crossovers, and the 
5D0 emissions do not decrease. If losses do occur from 
the CTS (2% mater ia l ) ,  the excitation is not re turned 
to 5D0, and the 5D0 emissions do decrease. 

The in termediate  case of 5D1 excitation is shown in 
Fig. 6 together with a repeat of ~D0 excitation. The 
strong decrease of the 5D1 emissions above 430~ is 
due to 5D~ empty ing  thermal ly  to the CTS; note the 
La202S T1 tempera ture  cited in Table I. The decrease 
in the 5D0 emissions above 430~ is due to losses. When 
5D1 empties to the CTS, 5Dr -> 5D0 feeding is revised 
to the chain 5D1 --> CTS --> ~Do. Since for 5Dr excitation 
the onset of the losses is advanced to 430~ and there 
coincides with the onset of 5D1 emptying to the CTS, 
one again infers that  the losses occur from the CTS. 

For 5D2 excitat ion of 2% mater ia l  (not shown),  the 
onset of losses is fur ther  advanced to ,~350~ and 
there coincides with the onset of losses for CTS excita- 
tion. This is to be expected if the losses occur from the 
CTS since, as noted in Table I, LaeO2S 5D2 empties 
thermal ly  to the CTS below the ~350~ temperature  
at which losses develop. 

In  summary,  losses are small  at low Eu concentra-  
t ion in both Y202S and La202S. However, at 2% Eu 
concentration, losses develop above ,~350~ for CTS 
excitation and also for 5]:) excitations tha t  empty  ther-  
mal ly  to the CTS by  350~ For  Y202S, the onset of 
losses is deferred to 370~ for 5D2 excitation and to 
above 520~ for 5D1 or 5D0 excitation. For La202S, 
the onset is deferred to 430~ for 5D1 excitation and to 
520~ for 5D0 excitation. These deferred onsets are 
just  those required for the excitations in question to 
empty  thermal ly  to the CTS. We conclude that the 
losses occur from the CTS and occur for 5D excitations 
only as a consequence of the excitation havihg reached 
the CTS through thermal ly  promoted 5D --> CTS cross- 
overs. 
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Fig. 7. ~Do phosphorescence of Y202S:0.]% Eu after CT$ (355 
m/~), 5D 2 (468 m/~), and 5D~ (539 m#) excitations at 295 ~ and 
420~ The phosphorescence is given as a per cent of the steady- 
state 5Do emission during excitation. 

Energy Storage 
The oxysulfide energy-storage effect was first dis- 

covered by Forest, Cocco, and Hersh (9) in La.,O~S. 
They excited into ~D2 at a low- tempera ture  TE and, 
on heat ing the phosphor, found that  stored energy was 
released as a glow peak near  270~ The glow was 
normal  Eu +3 5D ~ 7F l ine emissions. Although small 
for TE below 200~ the glow increased strongly as TE 
was raised from 200 ~ to 250~ At 250~ excitation 
into any state above 5D2 (e.g., 5D3, the 4f state at 397 
m4~, the CTS) also induced the storage, but  excitation 
into 5D1 below ~D2 did not. 

We describe experiments  here which show that  the 
storage is induced from the CTS and occurs for 5D 
excitations only as a consequence of thermal ly  pro- 
moted 5D -~ CTS crossovers. The experiments  of 
Forest et al. can be explained this way. As noted in 
Table I, T2 for La202S is 250~ Below 250~ 5D2 
CTS crossovers fall  off sharply, and 5D~ excitation can-  
not reach the CTS. Moreover, at 250=K, excitation into 
any 4f state above 5D2 empties thermal ly  to the CTS, 
but excitat ion into 5D1 below 5D2 does not. 

The energy-storage effect manifests itself through 
the slow bui ldup and decay of luminescence and 
through thermal ly  or IR st imulated glow peaks. We 
discovered the effect independent ly  in the course of 
establishing oxysulfide ~D <--> CTS transi t ions (1, 2). 
It was found that  the resolution of the Y202S:0.1% Eu 
7Fo -* 5D2 excitation l ine (468 mtz) was l o s t  above 
370~ This was determined to be due to the slow 
buildup and decay of Eu § luminescence during the 
excitation sweep through this l ine# Since we knew 
that  Y20~S 5D2 empties to the CTS above 370~ we 
suspected from the start  that  the storage occurs from 
the CTS. 

Slow decays of Y202S:Eu luminescence at 295 ~ and 
420~ are shown in Fig. 7. For  CTS excitation, the 
phosphorescence is strong at both temperatures.  How- 
ever, for 5D~ excitation, it is strong only at the higher 
temperature,  and, for 5D1 excitation, it is weak at both 
temperatures.  

Detailed tempera ture  dependences of the 15-sec 
phosphorescence (emission 15 sec after t e rmina t ion  of 
the excitation) are shown in Fig. 8. For CTS excita- 
tion, the phosphorescence is strong at every tempera-  
ture above 220~ However, for 5D2 excitation, strong 

~ I n d e e d ,  t h e  510~  e x c i t a t i o n  s p e c t r u m  s h o w n  in F ig .  2 w a s  
t a k e n  a t  t h e  s low s c a n  r a t e  of  100 m / t / h r  so t h a t  t h e  e x c i t a t i o n  
w o u l d  a p p r o x i m a t e  steady-state i n t e n s i t y .  

3~ ' ~2o2s! o iO/o E; 
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Fig. 8. 5Do phosphorescence (as per cent of steady-state emis- 
sion) of Y202S:0.1% Eu 15 sac after CTS, 5D2. and 5D1 excita- 
tions. The dotted curve shows the mirror-image steady-state 5D2 
emissions as traced from Fig. :3 of ref. (2). Corresponding phos- 
phorescence per cents ere smeller here then in Fig. 7 for two rea- 
sons: first, higher excitation intensity was used in Fig. 8, and the 
ratio of phosphorescence to steady-state emission decreased 
slightly with increasing excitation intensity; second, the phosphor 
was annealed at 500~ before each excitation in Fig. 8 but was 
not annealed in Fig. 7. 

phosphorescence is deferred to above 370~ and, for 
~D1 excitation, it is fur ther  deferred to the highest 
temperatures  studied. The dotted curve shows the 
tempera ture  dependence of the steady-state 5D2 emis- 
sions as traced from Fig. 3 of ref. (2). This curve was 
normalized to intersect the 5D2-excitation-of-phos- 
phorescence curve at 370~ the Y202S T2 tempera ture  
cited in Table  I. These two intersecting curves are, 
for 5D2, the mi r ror - image  emission and excitat ion-of-  
storage curves discussed in the section on Summary  of 
Oxysulfide 5D <--> CTS Crossovers. The corresponding 
intersection of mir ror - image  5D1 curves is estimated 
to lie beyond the tempera ture  range studied near  T1 
_-- 560OK. 

Analogous tempera ture  dependences of La202S:Eu 
30-sec phosphorescence are shown in Fig. 9. Again, for 
CTS excitation, the phosphorescence is strong at every 
tempera ture  above 220~ However, in agreement  with 
the lower Tj temperatures  for La~O2S, the onset of 
strong phosphorescence is deferred to only 250~ for 
5D2 excitation and to only 4300K for 5D1 excitation. 
The two dotted curves show the tempera ture  depen-  
dences of the s teady-state  ~D2 and 5D~ emissions. These 
curves were traced from Fig. 8 of ref. (2) and were 
independent ly  normalized to intersect their  corre- 
sponding excitat ion-of-phosphorescence curves at the 
La202S T2 and T1 temperatures  cited in Table I. These 
two pairs of intersecting curves are, for ~D~ and 5D1, 
the mir ror - image  emission and excitat ion-of-storage 
curves discussed in the section on S u m m a r y  of Oxy- 
sulfide 5D <---> CTS Crossovers. 

In  summary,  in both Y202S and La202S, 5D excita- 
tions of phosphorescence are consistently deferred to 
the Tj temperatures  at which the 5D excitations empty 
strongly to the CTS. We conclude that  the phosphores- 
cence is induced from the CTS and occurs for 5D ex- 
citations only as a consequence of the rmal ly  promoted 
5D ~ CTS crossovers. 

Our Y202S: 0.1% Eu mater ia l  had strong glow peaks 
near  240 ~ and 470~ Indeed, the existence of these 
strong peaks was already indicated by the 240 ~ and 
470~ maxima in the CTS-exci ta t ion-of-phosphores-  
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Fig. 9. 5D0 phosphorescence of La202S:0.5% Eu 30 sec after 
CTS, 5D2, and 5D 1 excitations. The dotted curves show mirror- 
image steady-state 5D~ 2 and 5D1 emissions as traced from Fig. 8 
of ref. (2). 

, , _ _  - -  I I 50 
Y202S: 0.1 ~ Eu 

. I 5Do EMISSION t \ / 

i 3 0 - -  420~ EXCITATION 11 [ ' N  ~l I 

~--~0 I O ~ z 2 0 - ~ t ~  5D2'CTS /J.f ~l~J( / 

o 
300 350 400 450 500 

TEMPERATURE,~ 

Fig. 10. Thermally stimulated ~Do glow of Y~02S:O.| % Eu follow- 
ing |O-rain CTS, 51)2, and 5Dz excitations at 295 ~ and 420~ The 
glow is given as a per cent of the steady-state 51:)0 emission dur- 
ing excitation. The heating rate was 6~ 

cence curve in Fig. 8. The 470~ glow peak is shown 
in Fig. 10 for excitations at 295 ~ and 420~ For CTS 
excitation, the glow peak is strong for both excitation 
temperatures.  However, for 5D2 excitation, it is strong 
only for the higher tempera ture  excitation, and, for 
5D1 excitation, it is weak for both excitation tempera-  
tures. 

Detailed tempera ture  dependences of excitations of 
both glow peaks are shown in Fig. 11. The curves be- 
low 300~ give the area under  the 240~ glow peak 
as a function of excitation temperature.  This area was 
integrated from the excitat ion tempera ture  to 315~ 
The integrat ion included whatever  phosphorescence 
followed excitation but  did not include phosphores- 
cence during excitation. The curves above 300~ give 
the analogous area under  the 470~ glow peak inte-  
grated to 495~ 

For CTS excitation, the glow areas are large for 
every excitation tempera ture  above ,--150~ However, 
~D2 excitation of the 240~ glow peak is always weak, 
and strong 5D 2 excitation of the 470~ gtow peak is 
deferred to above 370~ The dotted curve shows the 
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Fig. 11. ~Do glow areas for the Y20~S:0.1% Eu glow peaks near 
250~ (curves below 300~ and near 470~ (curves above 300~ 
The glows followed 5-rain CTS and 5D2 excitations at abscissa 
temperature. The areas are given in arbitrary units (photomultiplier 
output current X time). The dotted curve shows the mirror- 
image steady-state 5D2 emissions as in Fig. 8. 

mirror- image steady-state 5D2 emissions as traced from 
Fig. 3 of ref. (2) and normalized to intersect the 
~D2-excitation-of-glow curve at Y202S T2. 

Detailed tempera ture  dependences of 5D1 excitations 
of glow were not measured. However, it was shown in 
Fig. 1O that SD1 does not excite the 470~ glow peak 
up to at least 420~ This is consistent with the high 
Y202S T1 temperature.  

Our  La202S: 0.5% Eu mater ia l  had strong glow peaks 
near  250 ~ and 380~ Excitations of the 250~ glow peak 
are shown in Fig. 12. In  this case, the stored energy 
was retrieved by IR st imulat ion rather  than  heating. 
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Fig. 12. Areas under the La202S:0.5% Eu 250~ glow peak fol- 
lowing 10-min CTS and 5D2 excitations at abscissa temperature. 
The  dot ted  curve shows  the  mirror - image  s t e a d y - s t a t e  "~D2 emis -  
s ions  as in Fig. 9. 
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Fol lowing exci tat ion and a brief  period of phosphores-  
cence, the IR intensi ty 6 was increased slowly to give 
an IR-s t imula ted  glow peak of convenient  shape. The 
curves give the area under  the IR-s t imula ted  glow plus 
the phosphorescence as a function of the excitation 
temperature .  

For  CTS excitation, the glow area is, as for Y20.,S 
host, large for every  excitat ion tempera ture  above 
~150~ However ,  in agreement  wi th  the lower 
La202S T2 temperature ,  the onset of strong 5D 2 exci ta-  
tion of the glow is defer red  only slightly to ~200~ 
The rapid increase of glow for 5D2 excitat ions above 
200~ is analogous to that  reported by Forest  et al. 
(9) for thei r  La202S 270~ glow peak. The dotted 
curve shows the mi r ro r - image  s teady-s ta te  5D2 emis- 
sions as traced from Fig. 8 of ref. (2) and normalized 
to intersect  the 5D2-excitat ion-of-glow curve at La202S 
T2. 

The 380~ glow peak of our La202S:0.5% Eu ma- 
terial  was, at 295~ strongly excited by CTS and 5D2 
excitat ion but not by 5D1 excitation. 

In summary,  in both Y202S and La202S, 5D exci ta-  
tions of glow peaks are consistently deferred to the T] 
tempera tures  at which the 5D excitations empty strong- 
ly to the CTS. We conclude that  the glow peaks are 
induced f rom the CTS and occur for ~D excitations 
only as a consequence of thermal ly  promoted 5D ~ CTS 
crossovers. 

Discussion 
~D excitat ions of energy loss and storage have been 

successfully explained as consequences of the exci ta-  
t ion having reached the CTS through thermal ly  pro-  
moted ~D ~ CTS crossovers. This simple explanation 
of complex loss and storage data gives additional sup- 
port  to oxysulfide 5D 4-> CTS crossovers. However ,  we 
regard these crossovers as already well  established 
(1, 2). Moreover,  this par t icular  support  was already 
cited (2) in the work  establishing 5D <--> CTS cross- 
overs. We turn now to a newer  topic, namely, explana-  
tion of the losses and storage from the CTS. 

The long storage t imes of the storage effect argue 
for some spatial separat ion of electrons and holes. Now 
the CTS can be regarded  as a hole bound to Eu +2. We 
believe that  storage commences wi th  thermal  dissocia- 
tion of the CTS into Eu +2 plus a free hole. This CTS 
dissociation competes wi th  CTS feeding of the 5D states 
(CTS --* ~D crossovers) which would lead to 5D ~ 7F 
line emissions. The freed holes are t rapped in hole 
traps. Af te r  a storage time, the rmal  or IR st imulat ion 
refrees the holes and enables them to re turn  to Eu+2 
sites. The CTS is re-formed,  and CTS -~ 5D feeding 
can ensue. 

Once the holes are trapped, the effect has analogies 
to a CaF2 storage effect studied by Merz and Pershan 
(12). Their  storage was induced by irradiat ing 
CaF2:Re +3 with  x-rays.  The stored energy was re-  
leased by heat ing and appeared as glow peaks of Re +3 
line emissions. The tempera tures  of the glow peaks 
were  independent  of the par t icular  Re activator.  The 
x - r ay  irradiat ion induced optical absorption bands 
that  were  at t r ibuted to Re +2, and these bands disap- 
peared as the glow peaks were  annealed out. The fol-  
lowing interpreta t ion was given: the x - rays  generate  
free electrons and holes; the electrons are t rapped at 
Re +3 centers and reduce them to Re+2; the holes are 
t rapped at hole centers characterist ic of the host; heat -  
ing makes the hole centers mobile;  Re +2 and a mobile 
hole center  combine to form an excited Re +3 center;  
and relaxat ion of the excited Re +~ leads to the ob- 
served Re +3 glow. The effect was also observed for 
SrF2 and BaF2 host, and details of the hole centers 
were  elucidated through EPR (13). 

In our  oxysulfide case, the Re is Eu, and the excited 
Re +3 center  is, initially, the Eu +3 CTS and, af ter  a 
crossover, a Eu +8 5D state. The identit ies of the hole 

6 The  IR  s t i m u l a t i o n  was  l i g h t  f r o m  a t u n g s t e n  l a m p  t h r o u g h  a 
W r a t t e n  87C fi l ter ,  t h a t  is, t u n g s t e n  l i g h t  above  850 ml~. 

traps are not known. The mul t ip le  glow peaks show 
that  more than one type of hole t rap is present.  

Forest, Cocco, and Hersh (9) have also considered 
explanations of the storage effect in La202S. Al though 
their  exper iments  did not show that  the storage oc- 
curred f rom the CTS, one of their  explanat ions is 
equivalent  to the model  just  given. The first wr i t ten  
descriptions of this model, both by Forest  and by 
ourselves, may be found in the discussions at the end 
of ref. (1). 

We turn  now to the concent ra t ion-dependent  losses 
from the CTS. It is known from studies of  5D thermal  
quenching that  the l i fe t ime of the CTS against cross- 
overs to the 5D states is about 10 -11 sec (2). Thus, it 
is hard to suggest a Eu-Eu  effect that  would be fast 
enough to account for concentra t ion-dependent  losses 
f rom the CTS. However ,  this difficulty is overcome if 
the separation of charges argued in the storage effect 
also occurs for the loss effect. We believe that the 
losses s imilar ly commence with  thermal  dissociation 
of the CTS into Eu +2 plus a free hole. The ext ra  elec- 
tron bound at the Eu +2 center  has, at room tempera -  
ture, a l i fet ime against thermal  detrapping of weeks 
or greater.  More t ime is thus avai lable for concen- 
t ra t ion-dependent  Eu-Eu  effects. 

The freed holes are again stored in hole traps as in 
the storage effect. At low Eu concentrations, the extra  
electrons remain  immobil ized at the originat ing Eu +2 
centers, and the stored energy can be re t r ieved by 
st imulat ing the holes back to these Eu +2 centers 
(storage effect). At  high Eu concentrat ions and tem-  
peratures,  the ex t ra  electrons can migrate  through the 
Eu ions to the hole centers and recombine there  non- 
radia t ive ly  (loss effect). This explanat ion is offered 
with  no definite picture of the te rminat ing  loss process. 
However ,  it must  differ chemical ly  f rom free-hole  
capture at Eu +2 which leads to Eu +~ line emission. 

Thus, storage and loss are v iewed as complementary  
effects which are emphasized at low and high Eu con- 
centrations, respectively.  This picture for concentra-  
t ion-dependent  losses differs from conventional  energy-  
t ransfer  models  in that  charges as well  as energy are 
transported. 

According to the model  given, dissociations of the 
CTS, in themselves,  reduce the Eu emissions. On the 
other  hand, re- format ions  of the CTS (dr iven by Eu +2 
and f ree-hole  concentrations) increase the Eu emis-  
sions. Thus, when excitat ion is applied, s teady-state  
Eu emission can be realized only after these opposing 
CTS dissociations and re- format ions  come to equil ib-  
rium. Emission transients  observed pr ior  to steady 
state and their  in terpreta t ion wil l  be described else- 
where  (14). However ,  the emissions described in the 
section on Energy Losses are s teady-state  emissions, 
and any reductions in these emissions must  be as- 
cribed to losses, not storage. 

The activation energy for dissociation of the CTS is 
near  1100 cm -1 in both Y202S and La202S. Detai led 
measurements  showing this value  wil l  be reported 
e lsewhere  (14). This act ivat ion energy prevents  dis- 
sociation of the CTS at 77~ and leads to the t empera -  
ture onset for CTS exci tat ion of glow near  150~ cited 
for both Y202S (Fig. 11) and La202S (Fig. 12). CTS 
excitat ion of phosphorescence was deferred to ~ 200~ 
for both hosts (Fig. 8 and 9). These deferred onsets 
for phosphorescence are a t t r ibuted to low concentra-  
tions of hole traps that  empty  be tween 150 ~ and 200~ 

Our La202S:0.5% Eu had a weak background ab- 
sorption that  also induced storage re t r ievable  as Eu +3 
line emissions. This absorption extended f rom 300 to 
500 m~ (that is, over lapped the CTS absorption band) 
and induced storage across a broad tempera ture  range 
down to at least 77~ Effects due to this background 
absorption were  subtracted out of the LaeO2S exci ta-  
t ion-of -g low data shown in Fig. 12. With this subtrac-  
tion, there  was no CTS exci tat ion of storage at 77~ 
In all other  figures, effects due to such background 
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absorptions were negligible compared to the larger 
effects due to CTS and 5D excitations. 

Although the Forest, Cocco, and Hersh paper (9) is 
somewhat unclear  on this point, they agree (15) that 
there is no CTS excitation of storage in La2OsS at 77~ 

Conclusions 
Energy losses and energy storage occur from the 

Eu +3 CTS in Y202S and La202S. Both effects also occur 
for excitation into certain 5D states but  only as a con- 
sequence of the excitation having reached the CTS 
through thermal ly  promoted 5D ~ CTS crossovers. 
Both effects begin with thermal  dissociation of the 
Eu +3 CTS into Eu +2 plus a free hole. The holes are 
stored in hole traps. The stored energy is retr ieved as 
Eu +~ 5D -~ 7F glow peaks if the holes are s t imulated 
back to the Eu +~ centers by thermal  or IR stimulation.  
At high Eu concentrations and temperatures,  the extra 
electrons at the Eu +2 centers can migrate  through the 
Eu ions and recombine nonradia t ive ly  at the hole 
centers. 
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Low-Temperature Reduction of Fast Surface States 
Associated with Thermally Oxidized Silicon 
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ABSTRACT 

The effects on fast surface states associated with SiO2-Si structures due 
to anneals in ni t rogen and hydrogen-ni t rogen ambients  in the temperature  
range 300~176 are compared with similar anneals of A1-SiO2-Si structures. 
Results are reported in terms of capacitance-voltage characteristics and sur-  
face recombinat ion velocity values. Although the hydrogen-ni t rogen ambients  
are found effective in the 400~176 range for reduction of states in the non-  
metallized structures (so ~ 5 cm/sec for (111) p- type silicon), the final den-  
sities are not as low as those found for the structures involving a luminum 
field plates (So ~ 2 cm/sec).  The role of hydrogen in the reduction of fast 
surface states is discussed. 

Dur ing  the past two decades much work has been 
directed toward unders tanding  the behavior of the 
various surface charges associated with the silicon- 
silicon dioxide interface (1-3). The use of silicon di-  
oxide for passivation and also as part  of circuit com- 
ponents in the bipolar and MOS technologies has re-  
sulted in the necessity of unders tanding  the relat ion-  
ship between these surface charges and the processing 
of the units. Only with this knowledge can the proc- 
essing be designed to result  in opt imum device and 
integrated circuit performance. 

The effects of oxidation and h igh- tempera ture  an-  
neals on the fixed surface state charge, Qss, have been 
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well documented (4-6). In  addition, the effects due 
to mobile charge, Qo (positive ion contaminat ion) ,  in  
the oxide (7-10) and the effects of radia t ion- induced 
surface charge, Not, (11-14), have been thoroughly in -  
vestigated and are reasonably well  understood. It is 
the fast surface states, Nst, that  have been investigated 
most extensively, however, and it is these states which 
remain the least understood of all  the charges asso- 
ciated with the Si-SiO2 interface (1, 2, 6, 15). Because 
the fast surface states are located in the silicon band 
gap near  the Si-SiO2 interface, the total charge in the 
surface states depends on their  dis t r ibut ion in energy 
through the band gap, the surface potent ial  and their  
result ing position relat ive to the Fermi  level, and their  
electrical character, i.e., whether  they are acceptor or 
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I:ig. 1. Approximate distribution of fast states associated with 
the silicon-silicon dioxide interface following a rapid quench into 
the room ambient from a |200~ dry 02 oxidation. 

donor states. These states respond rapidly to fluctua- 
tions in the surface potential  by charging and dis- 
charging according to their  position relat ive to the 
Fermi  level. The data of Nicollian and Goetzberger 
(15) and Gray and Brown (16, 17), as well  as work 
at this laboratory (18), indicate the dis tr ibut ion of the 
fast surface states through the silicon band gap has 
peaks near  both band edges with a fair ly cont inuous 
dis tr ibut ion through the center  of the band gap. This is 
shown in Fig. 1 for a typical  1200~ dry O2 oxide struc- 
ture. 

Suggestions as to the na ture  or origin of the fast 
states general ly  involve some uncompensated bond 
defect usual ly  near  the Si-SiO2 interface, which is 
a t t r ibuted to the disruption of the periodicity of the 
silicon lattice (19). Whatever  their origin, it has been 
shown that the density of the fast states can be reduced 
to a relat ively low level by anneal ing in an iner t  am- 
bient, such as nitrogen, at low temperatures  if an ac- 
tive metal, e.g., aluminum,  is present  over the thermal  
oxide (20). Speculat ing that  some hydrogen species 
is produced by the reaction of water  adsorbed on 
the oxide and the a luminum during this t reatment ,  and 
is therefore responsible for the reduct ion of the states, 
a number  of investigators have examined the effects 
of hydrogen anneals  on fast surface states (21-27). The 
conclusions that  can be d rawn from these experiments  
are almost as numerous  as the number  of investiga- 
tions. This is probably  because very few, if any, sys- 
tematic studies have been made of the low- tempera-  
ture  reduction of fast states. In addition, other effects 
such as the presence of competing charges and non-  
reproducible processing have tended to confuse the re-  
sults that  have been obtained. Therefore a program 
was carried out to study the reduction of fast surface 
states in which the processing conditions were closely 
controlled and the contaminat ion and other competing 
reactions minimized. The results of these experiments,  
in which the abil i ty of hydrogen gas to reduce fast 
states is compared to the effectiveness of the a lumi-  
n u m - w a t e r  reaction in the temperature  range 300 ~ 
550~ are summarized in this paper. 

Exper imental  
Materials.--Single-crystal, Czochralski-grown silicon 

was obtained in the form of sawed, circular slices ap-  
proximately 575~ thick. Dislocation densities ranged 
from 5 x 108 to 5 x 104 cm -u. All  silicon used as start-  
ing mater ial  for this work was p- type  (boron-doped) 
with concentrat ion in the range 0.5-1.0 x 10 TM cm -3. 
Crystal or ientat ion was ( i l l ) .  

The a luminum used for contacts and field plates was 
specified as 99.999% pure. 1 F i lament  evaporation of 
the a luminum was employed to avoid rad ia t ion- in-  
duced traps in the oxide, which are characteristic of 
electron beam evaporation. Contaminat ion charge den-  
sity result ing from the evaporat ion averaged 3 x 1011 
cm -2. Gases used for oxidation and anneal ing  (02, N2, 
and H2) were obtained in a l iquid form. 2 Molecular 
traps were used in all gas l ines to remove any  excess 
water  or hydrocarbons.  Analyses of these gases had 
previously shown H20 content  to be less than  1 ppm. 

Processing.--For this study, silicon n + - p  gate-con- 
trolled diodes were processed which had circular  geom- 
etry with a junct ion area of 2.5 x 10 -4 cm 2. An  alumi-  
num field plate (gate),  with an area of 1.3 x 10 -3 cm 2, 
extended over the metal lurgical  junction.  In  addition, 
an outer gate was used to accumulate the surface ad- 
jacent  to the gate area and therefore prevent  channels 
from being formed due to Qss, the fixed positive surface 
charge associated with the Si-SiO2 interface. 

To ensure that  the silicon surface was free of 
mechanical  damage, a careful surface preparat ion pro- 
cedure was devised. Init ial ly,  the slices were cleaned 
in both organic and inorganic solvents, and then 
etched in an iodine-containing HF-HNO3-acetic acid 
etchant to remove 125~ from each slice. One side, to 
be used for device fabrication, was fur ther  finished by 
mechanical ly lapping to remove 100~. The slices were 
cleaned once more and then chemically etched to re-  
move 200~. The final thickness of each slice was ap- 
proximately 150~. A standard processing schedule was 
followed for the formation of n + - p  diodes in which 
phosphorus was diffused into oxide cutouts formed by 
photoresist techniques. The devices were subsequent ly  
gettered for low leakage currents.  At  this stage of 
processing, the slices were stripped of all oxide in 
hydrofluoric acid and reoxidized 3 in 1200~ dry 02 to 
an oxide thickness of 2000A in a contaminant - f ree  oxi- 
dation furnace. Following reoxidation, the slices were 
immediate ly  removed from the furnace and allowed to 
cool quickly in the room ambient.  Oxide cutouts for 
contacts to the diodes were made using photoresist 
techniques. Throughout  the processing history of the 
diodes, great care was taken to ensure con taminan t -  
free structures. This included the use of organic and 
inorganic solvent cleaning procedures whenever  pos- 
sible between processing steps. In  addition, care was 
taken to ensure that  all slices processed for this s tudy 
received identical processing, except for the final low- 
tempera ture  anneal ing  t reatment .  A control slice was 
included with each run  of diodes to characterize the 
ini t ial  fast surface-state densities of the various runs. 

The final low- tempera ture  t rea tments  were carried 
out in a resis tance-heated furnace at temperatures  
ranging from 300 ~ to 550~ in 50~ intervals.  Am-  
bients  employed at each tempera ture  included 100% 
N2, 10% He-90% N2, and 50% H~-50% N2. Annea l  t imes 
were 5 or 25 rain, with each anneal  including an addi- 
t ional 5 min pre-purge  of the system prior  to in t ro-  
duction of hydrogen, and a 5 min  post-purge after the 
hydrogen was turned off. To ensure that  the purging 
t ime did not influence the results, I0 rain were added 
to the 100% N2 anneals. A 7-min total t ime control 
anneal  in 100 % N2 was also included at each tempera-  
ture to approximate the effects of the N2 purging. Slices 
of diodes in each of three states of processing were in -  
cluded for each anneal:  (a) slices following oxide 
cuts, after reoxidation but  before a luminum evapora-  
tion, referred to as bare oxide anneals for purposes 
of this paper; (b) slices following the a luminum 
evaporation, but  before a luminum gate and contact 
etch, referred to as pre-a lneals  ( a luminum anneals 
prior to pat tern definit ion);  and (c) slices following 

1 Com inco  P roduc t s ,  Inc. ,  Spokane ,  W a s h i n g t o n .  
A~r R e d u c t i o n  C o m p a n y ,  R i c h m o n d ,  Ca l i fo rn ia .  

a R e o x i d a t i o n  to a lesser  ox ide  t h i c k n e s s  was  necessa ry  for  the  
type  of m e a s u r e m e n t  used.  Spec ia l  tests ,  h o w e v e r ,  i n d i c a t e d  v e r y  
l i t t l e  d i f fe rences  in  t he  dev ice  cha rac t e r i s t i c s  b e t w e e n  the  o r i g i n a l  
and  the  r e o x i d i z e d  samples .  
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the a luminum gate and contact etch, referred to as 
post-alneals ( a luminum anneals after pa t t e rn  defini- 
t ion).  Following the anneals,  processing was continued 
for the bare oxide annealed and pre-a lnealed  slices. 

Evaluation.--Fast surface states have been invest i -  
gated using a n u m b e r  of different measurement  tech- 
niques. Among these, the MOS capacitor is probably 
the most widely  used because of the relat ive ease in 
processing the device. Measurements with the MOS 
capacitor include capacitance-voltage characteristics in 
which the shift in the flatband voltage, V~B, at l iquid 
ni t rogen tempera ture  from the room-tempera ture  
curve can be related to the density of fast surface 
states near  the edge of the band gap (16, 19). Other 
distortions in the C-V curve have been noted with par-  
t icular processing of the capacitors and have been 
related to fast surface states elsewhere in the silicon 
band gap, as well  as to effects on device operation. The 
distortion characteristics of the C-V curves related to 
fast surface states have been labeled by Deal et al. as 
the { ~ - ,  ( ~ - ,  and ( ~ - s t a t e  voltages (18,28), as 
shown--in Fig.- 2. A discuss- ion of these states as to their  
probable location in the silicon band  gap and their  
effects on device operation has been given in  ref. (18). 
The same terminology for the various characteristics 
will  be used in this paper. Instead of MOS capacitors, 
however, the MOS structure employed in this work 
was the large gate area of the gate-controlled diode. 
For the C-V measurements  the diode junct ion  and 
outer gate were grounded to the substrate while the 
inner  gate voltage, VG, was varied. Al though the C-V 
curves were made at a f requency of 100 kHz, the dif- 
fused n + region, thus connected, supplied enough 
minor i ty  carriers dur ing the surface inversion to pro- 
vide the low f requency- type  C-V curve. This per-  
mit ted measurement  of all the labeled states, if present. 
Specifically, the ( ~ -  and ( ~ - s t a t e  voltages, related 
to the peaks of states near  the band edges, were ob- 
tained.4 

The gate-controlled diode is also ideally suited for 
examinat ion  of the density of the states in the center 
of the band gap through the measurement  of the sur-  
face recombinat ion velocity, So. This measurement  
technique is i l lustrated in Fig. 2b. It is seen that  when 
the gate is biased to accumulate  the surface, the re- 
verse bias current,  IR, of the diode is restricted to the 
metal lurgical  junct ion  current ,  I g e n , M J .  When the sur-  
face is inverted, the current  is increased by the field- 
induced junct ion  current ,  I g e n , F I J .  AS the gate voltage 
varies from accumulat ion to inversion, the surface be- 
comes depleted, but  not inverted, at some part icular  
voltage. For the MOS structure  employed in this work 
the depletion voltage is near  VG ---- 0V. During surface 
depiction, the fast surface states, which are generation~ 
recombinat ion centers, are in the space-charge region 
of the reverse-biased diode, and will  contr ibute to the 
reverse cur ren t  unt i l  the surface becomes inverted. 
This addit ional  current ,  Igen.s, is directly proport ional  
to so through the relationship (30) 

I g e n , s  ~ qnisoAs [1] 

where q is the electronic charge, ni is the intrinsic car- 
r ier  concentrat ion of silicon, and As is the area of the 
depleted surface under  the a luminum gate. Using the 
definition of So 

So -~ e s V t h N s t  [ 2 ]  

4 T h e  � 9  v o l t a g e s  o b t a i n e d  f r o m  t h e  C-V c u r v e s ,  as  s h o w n  
in F ig .  2, w e r e  s u b s e q u e n t l y  c o r r e c t e d  b y  s u b t r a c t i n g  t h e  t h e o -  
r e t i ca l  � 9  v o l t a g e  (2.0V f o r  t h e  s t r u c t u r e  used)  f r o m  t h e  
m e a s u r e d  v a l u e s .  I t  h a s  b e e n  p o i n t e d  ou t  by  N i c o l l i a n  (29) t h a t  
t h e  c h a n n e l  cu to f f  e f fec t  a t  h i g h e r  f r e q u e n c i e s  can  c a u s e  a n  i n -  
c r e a s e  in  t h e  � 9  v o l t a g e  as  d e f i n e d  in  th i s  Pape r .  E x p e r i m e n t s  
p e r f o r m e d  b y  N i c o l l i a n  on  a l n e a l e d  con t ro l  d e v i c e s  f r o m  t h i s  w o r k  
i n d i c a t e  t h a t  t h e  cu to f f  e f f e c t  is a p p r e c i a b l e  a b o v e  a p p r o x i m a t e l y  
10 k H z .  T h e  � 9  v o l t a g e  r e p o r t e d  f o r  t h e s e  d e v i c e s  a t  100 k H z ,  
0.5V, is  f o u n d  to be  d u e  e n t i r e l y  to  t h e  c h a n n e l  c u t o f f  e f fec t .  W h e n  
m e a s u r e d  a t  100 I-Iz, t h e  G - s t a t e  v o l t a g e  i s  a p p r o x i m a t e l y  0V, o r  t h e -  
o re t i ca l .  A l t h o u g h  t h i s  e f f ec t  i s  p r e s e n t  to s o m e  e x t e n t  in  all  � 9  
v o l t a g e  v a l u e s  r e p o r t e d  in  th i s  p a p e r ,  t h e  r e l a t i v e  v a l u e s  of � 9  
v o l t a g e s  fo r  t h e  v a r i o u s  a n n e a l  c o n d i t i o n s  a re  s t i l l  an  i n d i c a t i o n  of  
t h e  r e l a t i v e  d e n s i t y  of  f a s t  s u r f a c e  s ta tes .  T h e  a u t h o r s  a r e  g r a t e f u l  
to N i c o l l i a n  f o r  h i s  h e l p  in  d e m o n s t r a t i n g  a n d  e x p l a i n i n g  t h e  ef fec t .  
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Fig. 2. Typical C-V and IR-VG experimental data obtained with 
the gate-controlled diodes. Both initial (solid lines) and alnealed 
(dashed lines) data are shown. 

where Zs is the effective capture cross section, Vth i s  

the thermal  velocity, and Nst is the density of fast sur-  
face states contr ibut ing to surface recombination, we 
can relate •gen,s to a density of fast states if values are 
assumed for capture cross section and thermal  velocity. 
The theory of this device, both for C-V and so mea-  
surements,  has been explored extensively by Grove 
and Fitzgerald (30). 

Another  technique for investigation of fast surface 
states is the conductance method of Nicollian and 
Goetzberger, which employs the frequency dependence 
of the equivalent  parallel  conductance of MOS capaci- 
tors in de termining the distr ibution and density of fast 
surface states through the center portion of the sili- 
con band gap (15). Comparison of So values obtained 
on the same devices by the two different techniques 
has indicated that  both methods give the same results. 
Because the measurement  techniques and data analysis 
are less complicated using the gate-controlled diode, 
this method was selected for the present  work. 

The gate-controlled diodes were measured both as 
MOS capacitors and as reverse-biased diodes. The C-V 
curves were taken using procedures described earlier 
(4) which a l lowed continuous X-Y recorder plots to 
be made. The gate-controlled diodes were examined 
for IR-VG characteristics at a reverse bias, VR, of 300 
mV. Metallurgical  junct ion  currents  ranged from 0.5 
to 1.0 pA and  were measured with a Hewle t t -Packard  
425AR picoammeter with a sensit ivity of 0.1 pA. A 
Moseley 60B log converter  was used to provide a 
logarithmic current  scale for the X-Y recorder. These 
plots were stepped manua l ly  rather  than  cont inu-  
ously plotted to prevent  charging currents  which were 
present with the continuous plots. In both types of 
measurements,  VG was varied from --20 to +20V. All 
measurements  on the slice were taken at room tem- 
perature,  using tungs ten  probes for contacts to the de- 
vices. Dur ing  the measurements ,  the devices were 
shielded from exposure to l ight to prevent  spurious 
generat ion of carriers. Measurements were taken  in a 
shielded room to el iminate noise interference with the 
low currents  being examined. 

The ( ~ ) -  and (~)-s ta te  voltage distortions are the 
results of the peaks in the distr ibution of fast states 
near  the silicon band edges. At tempts  have been made 
to convert  the _ ~ - s t a t e  voltage to a density of fast 
surface states, Nst, (19), but  the relationship is only 
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approx imate  because the states a re  not  comple te ly  at  
discrete levels.  Results  of measurements  on numerous  
ga te -cont ro l led  diodes, fol lowing var ious  processing 
procedures,  indicate that=the ( ~ ) - s t a t e  vol tage is ap-  
p rox ima te ly  twice the  ( ~ - s t a t e  vol tage  for the  pa r -  
t icu lar  s t ructure,  measurement  frequency,  and tech-  
n ~ u e s  employed  in this  work  (18). Al though the 

-s ta te  vol tage  can be measured  with  reasonable  
accuracy at  room tempera ture ,  the  ( ~ - s t a t e  vol tage 
can only be measured  accura te ly  if i t  is about  5V or  
greater .  The ~ - ) - s t a t e  vol tage  values  involved in this  
work  are on th'~ o rder  of 5V. Therefore,  the resul ts  of 
this expe r imen t  wi l l  be discussed in te rms of  the  
( ~ - s t a t e  voltage,  wi th  the  unders tand ing  tha t  the 
same discussion applies  for  the  ( ~ ) - s t a t e  voltage.  Be-  
cause the  C-V curve has a theo~'~tical wid th  of 2.0V, 
character is t ic  of the MOS s t ructure  involved (31), the 
exper imenta l  ( ~ - s t a t e  vol tages were  corrected by  
subt rac t ing  this amount  f rom the  measured  data. The 
var ia t ion  in the corrected C(~-state vol tage  and So wi th  
anneal  condit ions gives a re la t ive  indicat ion of the  
var ia t ion in the  densi ty  of fast  states, and no a t t empt  
was made  to conver t  these da ta  to ac tua l  Nst values.  

Results--Effects of Low-Temperature Anneals 
on Fast Surface States 

Initial values of fast surface states.--AlI of the  
diodes processed for this  expe r imen t  had the same 
his tory  pr ior  to the  final l o w - t e m p e r a t u r e  anneal.  Con- 
t rol  slices, f rom each run  of ten  slices processed to-  
gether,  were  examined  for fast  sur face-s ta te  densi t ies  
pr ior  to any l ow- t empe ra tu r e  anneal.  These ini t ia l  
values  were  therefore  charac ter i s t ic  of the last  h igh-  
t empera tu re  t rea tment ,  the  1200~ d r y  O2 reoxida t ion  
with  a r ap id  quench into the  room ambient .  In i t ia l  
e x p e r i m e n t a l ( ~ - s t a t e  vol tage  values  for these control  
devices of theTen  runs  processed ranged from 2 to 3V, 
af ter  correct ion for the  theore t ica l  C(_~-state vol tage  
for this  pa r t i cu la r  MOS s t ruc ture  (2.0V). The ini t ia l  
so values  ranged  f rom 8 to 12 cm/sec.  Based on the re -  
p roduc ib i l i ty  in values  of the  imt ia l  ~ ) - s t a t e  vol tage 
and so among the control  devices, i t  was  assumed tha t  
the ini t ia l  values  of all  the  devices processed were  ap-  
p rox ima te ly  the  same. 5 

Addi t ional ly ,  hal f  of each control  slice was given a 
s tandard  l ow- t empe ra tu r e  pos t -a lnea l  t r ea tmen t  at  
550~ for 2 rain in N2, for compar ison of the  response 
of the  control  devices to an alneal  t rea tment .  Fo l low-  
ing this  alneal,  the  correc ted  ( ~ - s t a t e  vol tage  values  
ranged f rom 0.6 to 1.0V and So r anged  f rom 2 to 4 c m /  
sec. L o w - t e m p e r a t u r e  ( l iquid n i t rogen)  ( ~ - s t a t e  
vol tages  were  found to be app rox ima te ly  0.SV fSr these 
units. Again,  the  reproduc ib i l i ty  of the control  da ta  
indica ted  tha t  al l  devices in i t ia l ly  were  equivalent .  

Temperature e~ects.--Representative da ta  i l lus t ra t -  
ing the  var ia t ion  of So and the ( ~ - s t a t e  vol tage wi th  
annea l  t empera tu re  a re  given in Fig. 3-5. Each da ta  
point  represents  a t  least  five values  wi th  a s tandard  
devia t ion  of 10% or less. Min imum values  of fast  sur -  
face-s ta te  densi t ies  a re  found in the  400~176 range 
in general .  The dens i ty  of fast s tates  in some cases 
tends to increase wi th  h igher  tempera tures .  In  pa r t i c -  
ular,  the  ba re  oxide  anneals  show this increase wi th  
tempera ture ,  wi th  550~ anneals  resul t ing  in densi t ies  
ac tua l ly  grea te r  than  the  ini t ia l  values.  When  a lumi -  
num is p resen t  over  the  oxide dur ing  the alneals,  a r e -  
duct ion in the  densit ies  of fast  s tates  is observed at 
t empera tu re s  as low as 350~ Addi t iona l ly ,  the  in-  
crease wi th  increasin~ t empera tu res  does not  occur. In 
most instances, the  ~_)-state vol tage  is found to va ry  
wi th  t empera tu re  in a manner  s imi lar  to the  So data. 

Time ef]ects.--The var ia t ion  wi th  t ime  of the  (~ ) -  
s ta te  vol tage and So for bare  oxide  anneals  and  p re -  
a lneals  in ambien ts  o f  100% N2 and of  50% H~-50% 

I t  h a d  p r e v i o u s l y  b e e n  f o u n d  t h a t  t h e  r e l a t i v e l y  l o w  v a l u e  of  
f a s t  s t a t e s  w a s  d u e  to t h e  m o i s t u r e  c o n t e n t  of t h e  r o o m  a m b i e n t .  
O n  t h e  o t h e r  h a n d ,  c o o l i n g  in  a d r y  a m b i e n t  (N~ o r  Oe) r e s u l t s  i n  a 
v e r y  h i g h  f a s t  s t a t e  d e n s i t y .  

N2 are  shown in Fig. 6 and 7. Results  for  pos t -a lnea ls  
were  ve ry  s imi lar  to the  p r e - a lne a l  results.  The t ime 
selected for the  anneals  included 5 and 25 min anneals.  
The addi t ional  p re -  and pos t -purge  t imes of 5 min 
each were  accounted for by  a 7-min  to ta l  t ime an-  
neal  in N2 for each set of anneal  conditions. The pu rg -  
ing t ime had l i t t le  or  no effect on the  bare  oxide con- 
di t ions except  at  abopve 500~ where  i t  significantly 
increased both the  C ~ - s t a t e  vol tage  and So. F o r  the  
p re -  and post -a lneals ,  the  purg ing  t ime was sufficient 
to reduce, appreciably ,  the fast  surface s tates  at 350~ 
and above. 

The effects of the  5 and 25 min  ni t rogen anneals  in 
addi t ion to the effects of the  purg ing  t ime in n i t rogen 
were  main ly  to increase the  fast  surface states wi th  in-  
creasing t ime for ba re  oxide anneals.  The presence of 
hydrogen  in the  ambien t  tended to suppress  this in -  
crease somewhat .  The increase was more  evident  in 
so measurements  than  in ( ~ ) - s t a t e  vol tage  ds~ta. Fo r  
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the alneal  conditions, the increase with t ime was not 
as pronounced. In  a few cases the tendency was to de- 
crease with time. In particular,  the pre-a lneals  at 550~ 
showed an increase in  so at shorter times, which then 
decreased for the longer alneals. 

Ambient ef]ects.--The effect of the presence of hy-  
drogen in the anneal ing  ambient  was most pronounced 
for the bare oxide conditions investigated. General ly  
the greater concentrat ion of hydrogen, 50% H2,  re- 
sulted in the lowest values of So and the C~-s ta te  
voltage for the bare oxide anneals. However, 10% H2 
was found to be effective in reducing the states to be- 
low the values at tained wi th  100% N2. The op t imum 
tempera ture  for the effectiveness of hydrogen for the 
bare oxide anneals  was found to be in the 400~176 
range. In general, the shorter anneal  t imes gave lower 
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values than the longer times. Under  the opt imum con- 
ditions, the values of So and the ( ~ - s t a t e  voltage ap- 
proached the low values obtained with a luminum 
present  over the oxide-passivated junction.  

For the post- and pre-alneals ,  the presence of hy-  
drogen in the anneal ing  ambient  d~.d not  appreciably 
influence the values of so or the C~-s ta te  voltage, as 
compared with results of similar alneals in 100% N2. 

Because the 7 mi n  N2 control of purging conditions 
indicated a large increase in fast surface states at 550~ 
for bare oxide anneals,  it was desirable to separate 
the effects of the hydrogen anneal  and the post-purge 
in N2 at this temperature.  With the resistance-heated 
furnace, the only feasible exper iment  was to process a 
bare oxide annea l  in  50% H2-50% N2 at 550~ for 5 
rain and then to t u rn  the furnace power off, allowing 
the furnace to cool to room tempera ture  with the hy-  
drogen in the ambient.  The cooling t ime  was appro_xxi- 
mately  3 hr. The values of so and the corrected C(~)- 
state voltage resul t ing from this t rea tment  were: 3.2 
cm/sec and 0.6V, respectively. In contrast, the bare 
oxide hydrogen anneal  at 550~ with the standard 
post-purge in N2 for 5 min  and rapid cool to room tem-  
peratures r e s u l t e d ~ n  an so value of about 20 cm/sec 
and a corrected (~)-s ta te  voltage of 3V. A fur ther  
post -a lneal  of the specially treated devices did not ap-  
preciably change the fast surface-state densities from 
their  low values. It would appear that  at least at the 
higher temperatures,  the N2 post-purge required of 
the resis tance-heated furnace operation was possibly 
responsible for the introduct ion of new fast surface 
states. However, the furnace did cool through the 400 ~ 
450~ temperature  range, found opt imum for reduction 
of the states of the bare oxide, and this may have 
been responsibIe for the ex t remely  low densi ty of the 
fast surface states resul t ing from this t reatment .  

Structure ef]ects.--For any given anneal  condition 
in  this work (time, temperature,  and ambient) ,  the 
presence of a luminum over the oxide-passivated junc-  
t ion resulted in lower values of So and  the ( ~ - s t a t e  
voltage than for the same bare  oxide annea l  condi- 
tions. A comparison be tween the effectiveness of the 
post- and pre-a ineals  indicates that  the pre-a lnea l  was 
more effective at the lower and higher temperatures,  
but  that  the post-alneals  gave the lower values in the 
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400~176 range. The most effective alneals found in 
this exper iment  were for the 5 rain post-alneals  at 
400~ and the 5 and 25 rain pre-alneals  at 550~ all in 
a 10% H2-90% N2 ambient.  

For bipolar devices, the a luminum pat tern  is usual ly 
limited to contact areas wi thin  the diffused regions. 
Therefore no a luminum is present  over the oxide- 
passivated metal lurgical  junction.  For these units, the 
results of post-alneals will  be similar to the bare oxide 
anneals  reported in this paper. If a reduct ion of the 
fast surface states is desired and a post-alneal  is re-  
quired, hydrogen anneals  in the 400~176 range 
would give the best results. 

Discussion 
It has been proposed by Balk (20) that  when  a lumi-  

num is present over the SiO2-Si interface, the anneal -  
ing of fast surface states is due to the action of a hy-  
drogen species produced by the reaction of the a lumi-  
num with water  on the oxide surface. The purpose of 
this s tudy was to a t tempt  to s imulate  this anneal ing  
effect using molecular  hydrogen in place of the a lumi-  
n u m - w a t e r  reaction. To some extent  this was suc- 
cessful in that the fast surface states of the bare  oxide 
were reduced from their  ini t ial  values when hydrogen 
was present  in the anneal ing  ambient  in the tempera-  
ture range 400~176 The reduction, however, was 
not as complete as in  the a luminum-wa te r  reaction. 
This would indicate that  either (i) the post -anneal  
purge for 5 rain in N2 is introducing new fast surface 
states, or (ii) the hydrogen species produced by the 
a luminum-wa te r  reaction is some active form of hy-  
drogen and not ent i rely molecular  hydrogen, H2. 

Actually, both situations probably exist to some ex- 
tent. The first, however, is largely discounted for tem- 
peratures below 500~ This reasoning is based on the 
effects of the 7 rain N2 purge control anneals  of the 
bare oxides, which showed little or no effects com- 
pared to ini t ial  values of the devices at the lower tem- 
peratures. At 550~ the 7 rain N2 anneal  greatly in-  
creased the density of these states. It  was also found 
that  if the devices were cooled from 550~ to room 
temperature  in a hydrogen ambient,  the fast surface- 
state densi ty was low. This again suggests that at 
550~ the N2 anneal  of bare oxides introduces large 
densities of fast surface states. In  addition, the longer 
anneal  t imes in N~ at 550~ resulted in  great ly in -  
creased densities of states. 

It would seem reasonable, therefore, to assume that  
the a luminum-wa te r  reaction does produce some active 
species of hydrogen which is the pr imary  agent in the 
reduction of fast surface states. Hydrogen is known to 
exist na tura l ly  in three states: molecular  hydrogen 
(H2), atomic hydrogen (H.) ,  and ionic hydrogen 
(H + ). In  chemical equil ibrium, any  volume of hydro-  
gen contains a very small  percentage of both atomic 
and ionic hydrogen. This percentage depends on tem- 
perature, increasing with increasing temperature.  This 
correlates with the greater  reduct ion of the fast states 
at higher temperatures  for the bare oxide anneals in 
hydrogen. At even higher temperatures,  the reduction 
due to active hydrogen is probably obscured by the 
effect of the post -anneal  in N2. Therefore, the reduction 
of the fast states which did occur dur ing  the hydrogen 
anneals  of the bare oxides could be at t r ibuted to the 
small  amount  of the active hydrogen species present  
in  the hydrogen gas. 

Another  factor that  points to active hydrogen being 
the actual species responsible for the reduction of the 
states is the absence of any  addit ional  reduct ion of the 
states due to the presence of molecular  hydrogen dur -  
ing the post- and pre-alaeals.  In  these cases, the 
amount  of active hydrogen present  in  the ambient  hy-  
drogen is probably insignificant compared to the 
amount  being produced at the A1-SiO2 interface. It is 
also significant to note that  the rapid increase in fast 
states seen at 550~ for the bare oxide anneals, par-  
t icular ly in 100% N2, is suppressed when a luminum is 

present. This suggests a close relationship between the 
two processes. 

Earl ier  work which employed pal ladium field plates 
to dissociate molecular  hydrogen into atomic hydrogen 
at 800~ showed that, while molecular  hydrogen was 
unab le  to diffuse through a silicon ni tr ide layer  of an 
MNOS structure, the active hydrogen species not only 
diffused through the silicon ni t r ide layer, it also re-  
duced the large density of states at the SiO2-Si in ter-  
face (18). Addi t ional ly  these MNOS devices exhibited 
positive ion polarization following the pa l l ad ium-hy-  
drogen dissociation reaction. These exper imental  data, 
combined with the present  work, strongly support  the 
theory that  the a luminum-wa te r  product which is re- 
sponsible for the reduct ion of fast surface states is 
some active hydrogen species and not molecular  hy-  
drogen. 

For all the anneal  and alneal  conditions examined, 
the relationship between the so values and the 
(~)-s ta te  voltage values tends to be approximately 
constant, i.e., any significant increase or decrease in 
one is seen in the other to some extent. This leads to 
the assumption that  the fast surface-state distribution, 
as ini t ia l ly  produced dur ing the reoxidation and rapid 
quench to room ambient,  has some fixed relationship 
between the states in the peaks near  the band-gap  
edges and the genera t ion-recombinat ion centers near  
the middle of the band gap. The reduct ion of these 
states by the anneals  reported in this work is such 
that the relationship is maintained.  The density of fast 
states in the peaks at the band edges appears to be 
about two orders of magni tude  greater than  in the 
center  of the gap. Because of the similarities between 
the states cont r ibut ing  to the ( ~  *statte voltage dis- 
tort ion and those contr ibut ing to :Ehe C~-s ta te  voltage 
distortion in the C-V curve, it might  be proposed that 
the defects which are responsible for these states have 
an amphoteric na tu re  and can contr ibute  donor and 
acceptor levels in pairs. The donor levels are found 
below the intr insic Fermi  level, Ei, and the acceptor 
levels are found above El. If this is the case, the peak 
distr ibutions would be similar to discrete levels, the 
difference being that their distr ibution with energy 
through the band gap tends to have a tail  both toward 
the center of the gap and toward the band edges. 

Because the ini t ia l  densi ty and distr ibution of the 
fast states are consistently reproducible  for a given 
process t reatment ,  the na ture  of the fast states is most 
l ikely related to the fabrication of the structure. This 
suggests that the states are related to uncompensated 
bonds at the interface, as has been suggested in the 
l i terature (19). Active hydrogen appears to complex 
with these bonds and to el iminate their  active elec- 
tr ical  character. 

Summary 
In an effort to test Balk's  earlier proposal (20) that  

hydrogen is responsible for the reduction of fast sur-  
face states associated with the A1-SiO2-Si s tructure 
dur ing  low-tempera ture  t rea tments  in dry  nitrogen, a 
comparison was made of the effects of this reaction and 
of hydrogen-n i t rogen  anneals  of SiO2-Si structures. In  
general, the hydrogen ambient  was found to be effec- 
t ive in reducing the density of fast states of the 
SiO2-Si structure, with the reduction approaching, but 
not equaling, that  of the A1-SiO2-Si s tructure in  the 
400~176 range. At  higher temperatures  an increase 
in fast surface states was found for the SiO2-Si struc- 
tures which was at t r ibuted to the post-purge in  ni t ro-  
gen following the hydrogen-n i t rogen  anneal. 

Summarizing,  the results indicate that:  
1. Hydrogen anneals  of SiO2-Si s tructures are most 

effective in the 400~176 range for reducing or an-  
n ih i la t ing  fast surface states. 

2. Heat t reatments  in dry ni t rogen of A1-SiO2-Si 
structures are effective at temperatures  as low as 350~ 
for reduction of the fast surface states. 

3. Shorter  anneal  t imes at a given tempera ture  tend 
to give lower densities of fast states. 
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4. Hydrogen  anneals  of SiO2-Si s t ructures  do not r e -  
sult  in as low a dens i ty  of fast  states as ni t rogen an-  
neals  of the  A1-SiO2-Si s t ructures .  

5. The hydrogen  which  is the more  effective in the 
reduct ion of fast  surface states is some active species 
of hydrogen  and is not bel ieved to be p r imar i l y  molec-  
u lar  hydrogen.  This agrees  wi th  ear l ie r  resul ts  of an 
exper iment  involving the pa l l ad ium dissociation of 
hydrogen  in which active or  atomic hydrogen  was 
found to diffuse through silicon n i t r ide  and annihi la te  
fast surface s tates  (18). 
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Properties of Gold Films Formed 
from Organometallic Solution 

A. A. Milgram t 

E. I. Du Pont de Nemours & Company, Electrochemicals Department, 
Experimental Station, Witmington, Delaware 19800 

ABSTRACT 

An experimental study was made of the properties of gold films, nominally 
1000A thick, formed by the thermal decomposition of an organometallic solu- 
tion. The influence of the firing temperature and of the gaseous atmosphere 
on the structural, optical, and electrical properties was determined. A model 
for the film growth during the firing temperature cycle was developed which 
is consistent with the experimental observations. Film properties were affected 
by minor additions of soluble compounds of rhodium and chromium to the 
basic solution. The chromium addition dealkalized the substrate surface. 
This was accompanied by a significant effect upon the na ture  of the gold 
colloids at the substrate-gold interface. Specifically, the fractional volume 
occupied by the gold colloids at the substrate surface is directly related to the 
alkali  content  of the surface. The rhodium addition inhibi ted grain growth of 
the gold particles during the f i lm-forming process and produced films which 
were specularly reflecting and electrically continuous. Gold films not contain-  
ing the rhodium additive were diffuse reflectors of light and were electrically 
discontinuous. The residual electrical resistivity was less than 0.2 x 10 -6 
ohm-cm for gold films containing the Rh addition. This magni tude for the 
residual resist ivity compares with the values obtained for thin gold films 
formed by vacuum deposition. 

Extensive research has been done on gold films pre-  
pared by vacuum deposition and by sput ter ing (1-8). 
With these methods, great care has been taken to min i -  
mize contaminants.  However, the optical and electrical 
properties of sputtered and vacuum-deposi ted gold 
films usual ly differ from those of the bulk material.  It  
has been shown by most of these investigators that the 
discrepancies are related to the film structure. Deposi- 
t ion parameters  such as .deposition rate, substrate tem- 
perature, and gas environment ,  have a profound effect 
on the grain size, orientation, and agglomeration of the 
deposited film. 

The ceramic indus t ry  has been using th in  gold films 
to decorate china and glassware for more than a cen- 
tury. In  their  case, they coat a substrate by the method 
of thermal  decomposition of organometall ic compounds 
applied in solution. Chemical solutions of this na ture  
are described by Langley (9) and by Boetcher (10). 
A gold film is easily formed simply by firing the solu- 
t ion in air. A proprietary art has developed whereby 
additives are put into the solution to achieve specific 
physical (nonelectricM) properties. Although these ad- 
ditives are a relat ively small  part  of the solution, they 
have a profound effect on the electrical properties of 
the fired gold film. For example, it was demonstrated 
from the work to be described that the residual resis- 
t ivi ty of a gold film can be as low as 0.2 x 10-6 ohm- 
cm when the gold film is prepared using rhodium as an 
impurity additive. 

It is the purpose of this paper to discuss the struc- 
tural  and electrical properties of gold films formed 
from an organometall ic compound. The influence of 
the gaseous atmosphere, the firing temperature,  and of 
additives such as Rh and Cr used in the organometall ic 
solution have been determined.  These studies have 
produced a model of film growth star t ing from the 
organometall ic solution coated on a substrate and end-  
ing in a film of metallic gold. 

Experimental 
Gold metal  decorating solutions (9-13) were used in 

this work. The organometall ic solution (referred to as 
"liquid gold solution") consisted of pinene mercaptan 
gold (gold chloride reacted with pinene mercaptan to 

1 No longer at E. I. Du Pont de Nemours & Co. 
Key words: thin films, gold, electrical properties. 

produce monovalent  gold bonded to an organic com- 
plex) mixed with B-terpineol  and organic resins. Solu- 
ble organometallic derivatives of chromium and rho- 
dium were added to the solution. There was approxi-  
mately 15 w/o gold in the solution, with 0.05 w/o  Cr 
and 0.02 w/o Rh. A du Pont  differential thermal  ana-  
lyzer / thermogravimetr ie  analyzer  (DTA-TGA) was 
used to examine the thermal  properties of the ingredi-  
ents of the organometall ic solution. The solution was 
applied to 96% alumina  (American Lava Alsimag No. 
614) and to glass substrates (New York Laboratory 
Supply No. 63000 Microscope slides) by  brushing o n  

and by screen print ing.  The substrates were first 
cleaned in an ultrasonic cleaner  using soap and water. 
After coating, the films were dried in air at 150~ for 
15 min  and then heated to a higher temperature.  The 
max imum firing temperature  was 625~ for the micro- 
scope glass slides and 1000~ for the A12Oa substrate. 

An investigation was made of the na tu re  of the gold 
film at the glass-gold interface using optical and elec- 
t ron microscopy. A piece of cellophane tape was placed 
on top of the gold film and then stripped from the 
glass surface. In  m a n y  cases a portion of the gold film 
would be removed with the tape, and a faint  purple 
color would be observed on the glass slide. The mate-  
rial  causing this color at the interface between the 
glass slide and the solid gold film was examined using 
optical microscopy. A two-stage carbon replication 
technique was used to make replicas of this mater ia l  
on the glass surface for study using electron micros- 
copy. 

An exper iment  was performed which demonstrated 
the effect of the chromium additive. Three glass slides 
were cleaned and an oxygen-gas torch was played over 
the surfaces in such a manne r  that  a figure "X" w a s  
formed on each surface by fire polishing. One of the 
glass slides was rinsed with distilled water, dried, then 
coated with a l iquid gold solution containing chromium 
resinate. This slide was fired in air at 625~ and the 
gold-glass interface was examined optically. The sur-  
face of the second g/ass slide was examined for sodium 
using an electron microprobe analyzer. The third glass 
slide was par t ia l ly  coated with a chromium resinate 
solution. This last slide was dried and heated in air at 
500~ for 30 min. After  the glass cooled, it was cleaned, 
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coated with a thin coat of l iquid gold solution (not con- 
ta in ing chromium resinate) ,  dried, and fired in air at 
625~ The gold-glass interface was examined optically. 

The effect of rhodium additive on the gold film was 
determined both optically and by x - r ay  diffraction. 
Two identical l iquid gold solutions were prepared ex- 
cept that one contained the Rh additive while the other 
did not. The slides, after being coated and dried, were 
heated to progressively higher temperatures.  A repre-  
sentat ive slide was removed from the furnace at 20~ 
intervals. An x - ray  diffraction pat tern  was also taken 
of the part ial ly formed gold film using Cu Ka radia-  
tion. 

Rhodium powder (100.00% Rh, J. Bishop and Com- 
pany)  was examined by x - r ay  diffraction using Cu K~ 
radiation. This powder was then heated to 600~ in air 
and re -examined  by x - r ay  diffraction. This same pow- 
der was then heated to 600~ in a 90% N2-10% H~ re-  
ducing atmosphere for 1 hr. Other samples of rhodium 
powder which had been similar ly heat treated were 
examined in a du Pont  DTA-TGA analyzer  by heat ing 
from 20 ~ to 1000~ These samples were heated in both 
air  and in dry nitrogen. 

The electrical resistance of the fired gold films was 
measured at temperatures  between 20 ~ and 100~ by  
a digital ohmmeter.  The lead resistance was measured 
and subtracted from the total resistance. The electrical 
resistance at temperatures  less than 20~ was mea-  
sured using a four-point  probe method with a Kei thley 
Model 503 mil l iohmmeter.  To effect this type of mea-  
surement,  an indium solder 2 with a mel t ing point of 
138~ was used to make solder connections of 0.003 in. 
copper strip to the gold film. Two copper strips were 
used as current  electrodes. Another  two narrow copper 
strips were soldered at the edge of the gold film be- 
tween the current  electrodes to act as voltage probes. 
Measurements were made at 293 ~ 195 ~ (by immersion 
in powdered dry  ice), and 78~ (by immersion in 
liquid ni t rogen) .  

The effect of reducing gas atmosphere on the struc- 
ture  of the fired Au films was studied. Gold films were 
formed by firing glass pieces coated with liquid gold 
solution containing a rhodium resinate in air at 620~ 
for 10 min. Opaque gold films were produced. The 
glass pieces were put in a tube furnace containing a 
mixture  of 90% ni trogen with 10% hydrogen gas. The 
films were heat-soaked for 15 min  at 400~ and then 
examined optically for s t ructural  changes. This heat-  
soaking procedure was repeated at 425~ and at higher 
temperatures  in 25~ tempera ture  steps. The optical 
t ransmission of a film heated at 600~ in this reducing 
atmosphere was measured wi th  a Cary spectrophotom- 
eter using a dual beam technique. The optical t rans-  
mission was compared to that of an air-fired gold film. 

Results and Discussion 
El~ect of temperature on the liquid gold composition. 

--Pinene mercaptan gold compound.--As shown by the 
TGA in Fig. 1, the pinene mercaptan gold was observed 
to dissociate rapidly, beginning at approximately 185~ 
By 240~ the reaction was essentially complete. The 
behavior  was the same in both air and nitrogen. An 
endothermic reaction beginning at approximately 185~ 
can be seen on a typical sample DTA run  in Fig. lB. 
This agrees with the TGA result. A well-defined exo- 
thermic peak believed to be due  to the formation of 
crystal l ine gold colloids is observed at 230~ 

Rhodium resinate.--Self-heating of the samples was 
observed by TGA in the vicini ty of 300~176 due to 
oxidation of the rhodium. Between the temperatures  of 
325 ~ and 375~ the decomposition and oxidation of the 
rhodium was complete. 

Chromium resinate.--A TGA performed on a sample 
indicated decomposition of the resinate and oxidation 
of the Cr. The Cr begins to oxidize at 300~ and con- 
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Fig. 1. DTA and TGA of pinene mercapton gold using a heat- 
ing rate of lO~ The behavior was the same in both air 
and nitrogen atmosphere. 
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t inues unt i l  the resinate completely decomposes at 
400~ 

Glass-gold interface.--Nature of Gold Structure.- 
Representat ive electron micrographs of the surface are 
shown in Fig. 2A and 2B. Well - formed submicron-size 
gold crystals showing an octahedral configuration were 
found. Clusters of larger gold particles surrounded by 
spaces devoid of gold are seen in both Fig. 2A and 2B. 
This suggests that particles of 100A size migrated over 
the surface to form larger gold particles. 

Effect of chromium additive.--The region of the first 
glass slide (coated with a gold film) that  had been fire 
polished with the X shape had no pronounced color 
at the gold-glass interface. However, in the vicinity 
sur rounding  this fire-polished area, there was a pro- 
nounced reddish color. Electron microprobe measure-  
ments  on slide No. 2 de termined that  the surface area 
immediate ly  adjacent  to the fire-polished region had 
excess sodium. The thi rd  glass slide, which had been 
pretreated with chromium resinate solution before 
firing on the gold film, was examined for coloration at 
the glass-gold interface. For  those areas adjacent  to 
the fire-polished region which had received the pre-  
t reatment ,  there was no pronounced coloration. 

The action of the flame, according to Weyl and Mar- 
boe (14), is to cause the alkali  to migrate  over the sur-  
face of the glass to a cooler region. Evidently,  the 
presence of excess alkali on the surface influences the 
nucleat ion mechanism. The excess alkali  causes the 
gold to form highly dense colloidal deposits on the 
surface dur ing  the firing process. The surface is be- 
lieved to be dealkalized through the formation of 
Cr203, which reacts with the alkali  to form Na2CrO4 
(14). 

Effect of firing temperature.--On gold particle s ize.-  
The x - r a y  diffraction pat terns all exhibited l ine-  
broadening due to particle size effects. In  Fig. 3, the 
gold particle size (computed using the Scherrer  for- 
mula  and the measured width  of the diffraction curve) 
is given as a function of the m a x i m u m  firing tempera-  
ture  to which the film has been exposed. The particle 
size for the gold film made from a solution contain-  
ing the rhodium additive remains  constant at approxi-  
mately 350A for firing temperatures  of greater than 
400~ However, without  rhodium, the gold particle 
size increases with firing temperature.  The absence of 
l ine broadening indicated a particle size greater than 
1000A for a 400~ firing temperature.  For  this la t ter  
case, the gold particle size increases continuously due 
to agglomeration at the higher firing temperature.  The 
optical micrograph in  Fig. 4 of a gold film (with no 
Rh additive) fired at 600~ indicated a particle d iam-  
eter of approximately 6~. 
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Fig. 2A (left) Fig. 2B (right). Electron micrographs of the glass-gold interface. The light colored particles represent gold. The black 
particles are due to actual gold particles removed from the glass surface with the carbon replica during the stripping operation. (The 
black particles were found to be gold by direct electron diffraction of the material on the carbon replica.) 

Optical micrographs were made of gold films formed 
on A12Oa to demonstra te  the effect of high firing tem- 
perature  on the film structure. The gold films con- 
ta ining Rh which were formed at temperatures  below 
800~ were continuous. Figures 5A and 5B show gold 
films fired at 900" and 1000~ respectively. The black 
portions are the gold. At higher temperatures  the gold 
breaks up into chains and isolated particles, and the 
agglomerat ion increases. For  a gold film fired at 1000"C, 

less than 50% of the surface is covered wi th  gold par -  
ticles. 

For firing temperatures  of less than  350~ the gold 
film is a colloidal s t ructure  wi th  completely random 
orientation.  As the firing tempera ture  is increased, the 
degree of (111) or ientat ion increases. 

On rhodium powder.--The x - r a y  diffraction results are 
tabulated in Table I. 
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Fig. 3. The gold particle size in gold films formed from liquid 
gold solution with Rh and without Rh. The gold particle size was 
calculated using the Scherrer formula and the measured width of 
the x-ray diffraction curve. The particle size is plotted vs. the 
maximum firing temperature to which the film has been exposed. 

Fig. 4. Optical micrograph of a gold film formed from a liquid 
gold solution not containing Rh resinate. This film was fired at 
600~ 
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Table I. X-ray determination of phases present after heating 
Rh powder 

S a m p l e  P h a s e s  
No.  Sample c o n d i t i o n  p r e s e n t  

N o r m a l  R h  
S a m p l e  No.  1 h e a t e d  a t  600~ in a i r  Rh~Os 
S a m p l e  No. 2 h e a t e d  a t  600~ in  a r e -  Rh  

d u e i n g  a t m o s p h e r e  

Table II. Electrical properties of gold films containing rhodium 

Temp. eoeff. 
M a x .  f i r i n g  R(220C),~ r e s i s t a n c e ,  a, I' 
temp, ~ ohms p p m / ' C  

300 500 x 10 e --10,800 
310 600 x 10 e - 11,000 
325 2 x 10 ~ -7 ,000 
335 7.0 + 500 
350 3.0 + 900 
375 2.6 + 1,000 
400 2.2 + I , I00  
450 1.0 + 1,300 
50O 0.85 + 2,0O0 
550 0.42 + 2,800 
60O 0.40 + 3,200 
625 0.40 + 3,300 

Fig. 5A. Optical micrograph of a gold film formed from a liquid 
gold solution containing Rh resinate. The gold film was fired in 
air onto 96% AI203 at a maximum firing temperature of 900~ 
The micrograph was taken using transmitted light through the 
AI203 substrate, so that the gold appears as black regions. 

Fig. 5B. As for 5A, except that the maximum firing temperature 
was IO00~ 

From Table I, it is known that Rh powder heated 
at 600~ for 1 hr will  have been transformed to Rh203. 
The TGA results on the oxide sample are shown in 
Fig. 6. The Rh203 rapidly decomposes in nitrogen at 
temperatures greater than 750~ The decomposition is 
complete at 900~ The calculated weight loss (19%) 
agreed with the observed weight loss (19 ~- 1%). No 
decomposition is observable in air at temperatures up 
to 10O0~ 

, R(22~  is  t h e  s h e e t  r e s i s t a n c e  of  t h e  f i lm a t  22"C.  In  t h i s  ease .  
t h e  d i s t a n c e  b e t w e e n  m e a s u r i n g  e l e c t r o d e s  is  t h e  s a m e  as  t h e  w i d t h  
of t h e  f i lm.  

b T h e  t e m p e r a t u r e  eoef l lc ien t  of  r e s i s t a n c e  a t  22~ w a s  c a l c u l a t e d  
f r o m  t h e  m e a s u r e d  r e s i s t a n c e  vs .  t e m p e r a t u r e  r e l a t i o n s h i p  o v e r  
t h e  t e m p e r a t u r e  i n t e r v a l  20~176 

Thus far, results have shown that addition of rho- 
dium resinate to the basic solution produces a gold film 
that  is continuous and fine-grained. The Rh is known 
to oxidize at 300~176 and thus exists as an oxide 
before the gold particles make physical contact. (It 
will be shown in the section below on Electrical prop- 
erties that gold particle contact begins for firing tem- 
peratures in excess of 325~ The gold film readily 
decomposes to an agglomerated structure for firing 
temperatures of greater than 800~ Rh203 was also 
observed to rapidly decompose at temperatures greater 
than 750~ These results suggest that Rh~Os preciPi- 
tates on the grain boundaries of the gold particles dur-  
ing the firing process. The Rh20~ would then prevent 
the ready diffusion of gold from one gold particle to 
the next when the particles make physical contact. The 
results displayed in Fig. 3 show that the gold particle 
size is constant for firing temperatures beyond that  
at which the gold particles make physical contact. This 
result agrees with the concept that  the Rh~O3 inhibits 
grain growth of the gold. 

Electrical properties.--Gold films not containing Rh 
additive were electrically discontinuous. Measurements 
of electrical properties were made on gold films con- 
taining the Rh additive. Results for the resistance and 
temperature coefficient of resistance as a function of 
the firing temperature are given in Table II. The film 
resistance was greater than 109 ohm/square for firing 
temperatures less than 300~ (These gold films had 

I0 

~ 8  

(.9 

~6 

, , / / . . . .  

/ /  

- -  N2 

..... AIR 

4( ,~o ~ o  ~ ~ o6~ T~o s~o 9~o ,ooo 
T (~C) 

Fig. 6. Thermogravimetric analyses of Rh203 powder run in both 
nitrogen and in air. The heating rate was lO~ 
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dimensions of one resistance square.) The film thick- 
ness was measured by a Clevite Brush Surfanalyzer  
Model No. 150 recording profilometer. The thickness 
varied between 700 and 1000A over the surface; thus, 
no at tempt  was made to measure the resistivity of the 
film. 

It is noted from Table II that  the sheet resistance of 
the films at 22~ decreased with increase of firing tem-  
perature.  This type of behavior  would not be char-  
acteristic of gold films produced by vacuum evapora- 
tion. In  this lat ter  case, gold is deposited onto a heated 
substrate in a high vacuum chamber. The ratio of ex- 
per imenta l ly  determined resistivity of vacuum-de-  
posited films to the bulk  resist ivity reaches a m in i mum 
for a substrate tempera ture  dur ing deposition of 360~ 
(5, 7). When this substrate  temperature  is employed, 
the residual resistivity is approximately 0.2 x 10 -6 
ohm-cm (5, 7). For depositions on substrates at t em-  
peratures less than 360~ the resistance ratio is large, 
presumably  due to defects; above 360~ the resistivity 
increases with temperature,  p resumably  due to ag- 
glomeration. Increasing agglomeration was shown to 
be characteristic of gold films formed from liquid gold 
solutions not containing rhodium. 

The gold films were electrically discontinuous when 
fired at temperatures  below 300~ At a slightly higher 
firing temperature,  the films became conducting 
(0 ~" 10 -4 ohm-cm) with a negative tempera ture  co- 
efficient of resistance, as evident  in  Table II. This be-  
havior is typical  of electron tunne l ing  between non-  
contacting colloids of gold (15). At approximately 
340~ the gold colloids form part ia l ly  continuous chains 
throughout  the film. The resistance decreased by a 
factor of 106 and the tempera ture  coefficient of re-  
sistance increased from --10,0O0 ppm/~  to near ly  + 0  
ppm/~ At a higher firing temperature,  the film re-  
sistance cont inuously decreased, presumably due to 
anneal ing of defects. Similarly,  the temperature  coeffi- 
cient of resistance (at 20~ increased from + 0  p p m /  
~ for a 340~ firing temperature  to +3300 ppm/~  
at a 625~ firing temperature.  

The gold films which provided the results in Table II 
were used in the calculation of the residual resist ivity 
associated with the gold films. The residual resistivity 
was calculated as follows using data from sheet re-  
sistance measurements  made at 293 ~ 195 ~ and 78~ 

p(T) = po(T) -f- pi [1] 

Assuming Matthiesson's rule, and assuming that  the 
resistivity of these films is independent  of film thick- 
ness, 

where po(T) = resist ivity behavior  of pure, we l l - an -  
nealed gold at temperature,  T 

p(T) = observed resistivity (sheet resistance) 
behavior of gold film at temperature,  
T, ~ 

---- residual resistivity. 0i 

Using algebra 

po(T) p(T) l 
po(78) p(78) po(78) [2] 

0(78) 

For pure, wel l -annealed  gold (16) 

po(195) 
- -  -- 2.50 [3a] 

po(78) 

00(293) 
- -  3.87 [3b] 

00(78) 

and 0o(293) = 2.4 x 10 -e  ohm-cm. 
There exists another  independent  method of calcu- 

lat ing 0i using the tempera ture  coefficient of resistance. 
Empirically,  this method yields more accurate re-  

Table III. Residual resistivity of gold films containing rhodium 

C a l c u l a t e d  f r o m  Eq.  2 C a l c u l a t e d  
M a x  f i r i ng  T = 293~  T = 195~ f r o m  Eq.  [4] ,  
t e m p ,  ~ • 10-~ o h m - c m  • 10 -~ o h m - c m  • 10-~ o h m - c m  

625 0.4 0.4 0.2 
600 0.4 0.4 0.2 
550 1.0 1.0 0.5 
475 4.2 - -  2.1 
460 4.5 - -  2.1 

suits than does the first method. Equat ion [1] can be 
restated as follows 

po~o = P~ [4] 

where ~ = the exper imenta l ly  determined tempera ture  
coefficient of resistance and so refers to the tempera-  
ture  coefficient for the ideal metal.  Using the appro- 
priate values for po and ao and the empirical  value for 

at T = 293~ the value of p and the residual  re- 
sistivity can be calculated. Results are tabulated in 
Table III. The residual  resist ivi ty for a gold film con- 
ta in ing rhodium formed at 625~ was calculated from 
Eq. [4] to be 0.2 x 10 -6 ohm-cm. 

For gold films containing rhodium, the oxide coating 
at the interface between the gold particles produces 
an addit ional  resistance. It  was shown by Milgram 
and Lu (17) that  an oxide as th in  as 20A can produce a 
resistance of 10 l~ o h m s / s q u a r e  for the gold films used 
in this work. The addit ional  resistance decreases 
rapidly as the oxide thickness decreases. Experi-  
mental ly,  it was shown that the addit ional resistance 
was less than 10 -1 ohms. Thus, the oxide must  be of 
monolayer  thickness to avoid the additional oxide re-  
sistance. It is shown in the Appendix  that  the oxide 
of rhodium would just  coat the surface of a gold par-  
ticle if it were to exist as a monolayer  coating. 

Egect of reducing atmosphere.--Film structure.--The 
first evidence of part ial  t ransformat ion of the con- 
t inuous film to a discontinuous film was found at a 
firing temperature  of 475~ when the film was soaked 
for 15 min  in a 90% N2-10% Ha atmosphere (1 bar) .  
The t ransformed region consisted of 1~ diameter  par-  
ticles in the form of flat platelets o~ i r regular  size. At 
progressively higher firing temperatures  in the reduc- 
ing atmosphere, the film completely converted to a 
discontinuous film consisting of i r regular ly  shaped gold 
platelets of 1-5~ diameter.  At approximate ly  600~ 
there was complete conversion to a discontinuous film 
when the film was exposed for 15 min. In this last 
case, the gold was in  the form of regular ly  shaped, 1~ 
diameter  gold hemispheres. The film has the particle 
distr ibution as shown in Fig. 5B; however, the particles 
are more uniform than those shown in Fig. 5B. 

The effect of heat ing a fired gold film in a reducing 
atmosphere was irreversible. A glass piece coated with 
gold, which had been treated in a reducing atmosphere 
to br ing out an agglomerated structure, was subse- 
quent ly  heated in air again to 600~ The gold film was 
found to main ta in  an agglomerated structure. 

The above results are in accordance with the hy~- 
pothesis that  the Rh203 inhibits  the growth of the gold 
particles. When the Rh203 is reduced to Rh by heating 
in a reducing atmosphere, the gold particles can ag- 
glomerate. The agglomeration proceeds rapidly with 
higher temperature  due to the increased mobil i ty  of 
the gold. Once the gold particles agglomerate into a 
discontinuous structure, a postfiring t rea tment  in air 
will be ineffectual. 

Optical transmission.--Gold films were formed from 
solutions not containing the Rh additive. All  of the 
films were diffuse reflectors of light. However, the 
addition of Rh to the basic solution yielded fired films 
with specular reflectivity. The t ransmission color of 
gold films containing a rhodium addit ive was found to 
be related to the max imum firing temperature.  

The observed colors of t ransmit ted  light as a func-  
t ion of firing temperature  are tabulated in Table IV. 
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Table IV. Weight per cent of gold in the film and the film 
transmission color as a function of firing temperature 

J. Z~ectrochem. Soc.: SOLID STATE SCIENCE February 1971 

M a x i m u m  f i r i n g  W e i g h t  p e r  c e n t  
t e m p e r a t u r e ,  ~ go ld ,  a % T r a n s m i s s i o n  color 

300 43 R u b y - r e d  
325 46 D a r k  b l u e  
350 53 D a r k  b l u e  
375 77 D a r k  b l u e  
388 94 L i g h t  b l u e  
400 96 L i g h t  b l u e - g r e e n  
425 97 L i g h t  b l u e - g r e e n  
450 98 L i g h t  b l u e - g r e e n  
475 99 + L i g h t  green-blue 
625 100 L i g h t  g r e e n  

a T h e  w e i g h t  p e r  c e n t  g o l d  i n  t h e  f i lm  w a s  d e t e r m i n e d  b y  p e r -  
f o r m i n g  a T G A  on  a l i q u i d  g o l d  so lu t ion .  B e t w e e n  500 = a n d  650~ 
there w a s  no  o b s e r v a b l e  c h a n g e  of  w e i g h t .  I t  w a s  a s s u m e d  t h a t  no  
organic r e m a i n e d  in  t h e  f i lm  a t  625~ f i r i n g  t e m p e r a t u r e .  T h e  
weight p e r  c e n t  g o l d  in  t h e  f i lm  w a s  t h e n  c a l c u l a t e d  d i r e c t l y  f r o m  
the T G A  c u r v e .  

The ruby  red  color observed  at  300~ is due to the  
h ighly  dense noncontact ing gold colloids embedded  in 
the  organic matr ix .  At  a h igher  firing t empera tu re ,  
the gold par t ic les  made  contact  and produced  a green 
t ransmiss ion color character is t ic  of bu lk  gold. A t  in-  
t e rmed ia t e  tempera tures ,  the t ransmiss ion color had 
a blue component  due to t he  influence of the  organic 
remain ing  in the  film. 

The opt ical  densi ty  of a gold film containing Rh w a s  
measured;  it  had been fired in air  at  625~ The gold 
film reflected l ight  specular ly .  I t  was then  hea ted  at 
600~ in a reducing  a tmosphere  and the opt ical  
dens i ty  remeasured .  Resul ts  a re  given in Fig. 7. The 
gold film fired in air  had  a min imum in opt ical  dens i ty  
at  495 nm, which  is s imi lar  to the behav ior  of vacuum 
deposi ted gold films (6). However ,  the gold film af ter  
being exposed to the  reducing  a tmosphere  unde rwen t  
a ma jo r  s t ruc tura l  change  which affected the  opt ical  
t ransmission.  The opt ical  t ransmiss ion was flat v s .  

wave leng th  except  be tween  480 and 700 nm where  
the re  was a b road  absorpt ion  band  centered  at  540 rim. 
This t ransmiss ion m i n i m u m  is due to the  opt ical  p r o p -  
er t ies  of submicron size colloidal  gold, as shown by the 
work  on vacuum evapora ted  and spu t te red  gold films 
(6, 10). (The ref lect ivi ty  also peaked  in the  ne ighbor -  
hood of  540 nm, because the  gold film appeared  green 
by  reflection f rom a whi te  l ight  source.)  

Summary and Conclusions 
The observed e lect r ica l  and o p t i c a l  behavior  can be 

expla ined  by  assuming tha t  film growth  proceeds by  
the  fol lowing steps dur ing  the  firing t empera tu re  
cycle: 

1. Dissociation of the  organometa l l ic  compound and 
format ion  of gold colloids. Nuclea t ion  is observed  
th roughout  the  volume of the  l iquid  solut ion as the  
organic burns  out. Nuclea t ion  also takes  place at  the  
glass-gold  interface.  

2. Increase  in size of  the  gold colloids. The pa r -  
t icula te  size and dens i ty  at  t he  g lass-gold  in ter face  wi l l  
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Fig. 7. Optical density of gold films formed from liquid gold 
solutions containing Rh resinate. "Normal" represents the optical 
density for an air-fired film. "Reduced" represents the optical 
density for an air-fired film which has undergone a postfiring in 
a reducing atmosphere. 

be de te rmined  by  the  same nuclea t ion  mechanisms  as 
for vacuum deposi ted thin  films. Gold films formed by  
vacuum deposi t ion are  known to form an agglomera ted  
s t ruc ture  s imi lar  to tha t  shown in Fig. 2A and 2B 
(1, 2). Due to this  un ique  s t ruc ture  at  the  g lass-gold  
interface,  the  opt ical  constants  v a r y  signif icantly as 
a funct ion of the  wave leng th  and wil l  g ive  r ise to se- 
lect ive ref lect ivi ty  (3).  The observed color f rom the 
back-s ide  of a glass subs t ra te  conta ining a gold film 
formed from the l iquid gold solut ion wi l l  be de -  
penden t  on the col loidal  na tu re  of the  gold at  the  
interface.  Various colors can be produced depending 
upon the  f rac t iona l  vo lume occupied by  the col loidal  
l aye r  (3). 

I t  has  been de te rmined  f rom this w o r k  tha t  the  
a lka l i  content  of the  glass surface wi l l  affect the  par t ic le  
size and dens i ty  at  the  in terface  dur ing  the growth  
process. The presence of Cr203 in the  gold solut ion 
wil l  change the a lka l i  content  on the glass surface 
dur ing  firing; thus, the  size and dens i ty  of gold par t ic les  
at the  glass-gold  in ter face  wi l l  be affected. Because 
the  nuclea t ion  mechanisms are  the  same as for vacuum 
deposi ted  films, it  is suggested tha t  the a lka l i  content  
of the  glass surface affects the  nucleat ion of vacuum 
deposi ted gold films. 

3. Inhibi t ion  of diffusion of gold by  the presence of 
rhod ium oxide. Wi thou t  the  rhod ium oxide, the  gold 
par t ic les  cont inual ly  increase  in size wi th  increase  of 
firing tempera ture .  

4. Loss of the  organic ma te r i a l  unt i l  the  gold col- 
loids make  contact  and form pa r t i a l l y  cont inuous ne t -  
works.  I f  rhod ium oxide is present  in the  film, the  
gold par t ic le  size wi l l  not  increase af te r  the  gold pa r -  
t icles make  contact.  The rhod ium oxide is bel ieved to 
be present  at the  gra in  boundar ies  be tween  gold pa r -  
t icles and prevents  gra in  bounda ry  diffusion of the  
gold. Reducing the oxide by  e i ther  hea t ing  to the de-  
composit ion t empe ra tu r e  or by  hea t ing  in a reducing 
a tmosphere  causes the  gold par t ic le  size to increase 
as if the  rhod ium were  not  present .  

5. Loss of the  rest  of the  vola t i le  ma t t e r  f rom the 
gold film in addi t ion  to annea l ing  of the  gold par t ic les  
in the  film. Wi th  respect  to the  specific p rope r ty  of 
res idual  resis t ivi ty,  the  gold film conta ining rhod ium 
compares  to tha t  of w e l l - a nne a l e d  vacuum deposi ted 
or sput te red  gold films p repa red  using u l t rac lean  p ro -  
cedures  (5, 7). The opt ica l  absorpt ion of the  former  
film also compares  to tha t  of the  l a t t e r  (6). 

The gold films not  containing rhod ium were  elec- 
t r i ca l ly  discontinuous.  Gold films containing rhodium 
became e lec t r ica l ly  discontinuous af ter  being exposed 
to reduc ing  conditions.  In this  l a t t e r  case, the  film 
consisted of gold par t ic les  of one micron diameter ,  
un i fo rmly  spaced on the  substrate .  
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A P P E N D I X  

Thickness of Rh203 Layer on a Gold Particle 

If  the  rhod ium were  to be presen t  only  at  the  surface 
of the  gold par t ic le ,  then for a gold par t ic le  d iamete r  
(considered to be spher ical )  of 350A, and a rhod ium 
content  of 0.2% 

VRh MRh PAu 
- -  x [1A] 

V A u  ~//Au PRh 

where  V : volume, M : mass, p : densi ty,  Rh : 
rhodium,  and Au  : gold. 

V R h  19 
"-- 0 . 2 %  X u : 3 X 10 - 3  [2A] 

VAu 12 

4 
VAu : m nR 3 [3A] 

3 

where  R : rad ius  of gold par t ic le .  
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4 
VRh ----- 3 X 10 - 3  • - - ~ R  3 [4A]  

3 

Rh atoms No pRh 
- - -  [5A] 

c m a  ~rRh 

where No = Avogadro's number = 6 X 1023 molecules 
per gram-molecular weight, NRh = molecular weight 
of Rh = 103, and pRh = 12.4. 

Define -1 -- Number of Rh atoms (in gold particle 
volume) 

~r x 12 
7 -- - -  X 10 -3 X 4~xR a [6A] 

i00 

The surface area  per  gold part icle ,  S, is given by  

S --  4~R 2 [7A] 

Rh a toms 
m = 1.3 X 10 TM [ 8 A ]  
S cm 2 Au  surface 

Using Eq. [5A] with  the  appropr ia t e  values  for Au, 
NAu = 197 and pAa = 19.3 

Au  atoms 

cm 2 Au surface 
= 2 • 1015 [9A] 

Thus, there  is app rox ima te ly  one Rh atom for every  
lat t ice ceil of 5 gold atoms at the surface of  the  gold 
part icle .  Af te r  oxidat ion,  the  oxide of rhodium (pre-  
sumably  Rh20~) occupies an area  less than or equal to 
the complete  surface area  of the gold part icle.  This 
assumes uni form dis t r ibut ion  of the  rhodium,  un i -  
fo rmly  spher ica l  gold part ic les ,  and monolayer  cover-  
age of the  gold. 
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Any discussion of this paper will appear in a Dis- 
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Glass Source B Diffusion in Si and SiO  
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ABSTRACT 

The general characteristics of B2Oa-SiO2 film diffusion sources formed by 
the oxidation of Sill4 and B2H6 by O2 were examined, and the diffusion of B 
from these glass sources into Si and through SiO2 films was studied at 1000 ~ 
1100~ B diffusion in (100) Si in the solid solubility region exhibits strong 
concentration variations as junction depths are observed first to increase and 
then suddenly to decrease with increasing concentrations. B diffusion through 
SiO2 films was examined in two distinct regions (i) the "solid" state region and 
(it) the "melt  th rough"  region where  the doped glass l aye r  dissolves the  SiO~ 
ba r r i e r  l aye r  at the  diffusion tempera tures .  Unders tand ing  of these  glass film 
diffusion sources as "glasses" aids in the  in te rp re ta t ion  of these phenomena.  

I t  has been prev ious ly  ascer ta ined that  the use of  
glass film diffusion sources for the  format ion  of Si 
p l ana r  junct ions  has severa l  advantages  (1). Some of 
the advantages  offered by  these glass film diffusion 
sources formed b y  the oxida t ion  of gaseous si lanes 
and hydr ides  are:  (i) diffused Si sur face  concent ra-  
tions can be control led over  a wide range  by  var ia t ion  
of the  dopant  concentra t ion in the  glass; (it) for shal -  
low diffusions the  oxide acts as a source of constant  
dopant  concentra t ion which helps  in the  reproduc i -  
b i l i ty  and p red ic tab i l i ty  of surface concentra t ions  and 
junct ion depths;  (iii) surface concentra t ions  can be 
held  jus t  be low solid solubi l i ty  which  resul ts  in a 
min imum number  of dislocations being in t roduced dur -  
ing diffusion. For  instance, F i she r  et al. have e l iminated  
the  "emi t te r  dip" phenomenon in diffused p l ana r  n . p . n  
t ransis tors  (1). In addit ion,  the dielectr ic  qual i t ies  of 

* Electrochemical Society Active Member, 
Key words: diffusion, borosilicate glass, MOSFETs. 

these glass diffusion sources offer special  advantages  
for the  format ion  of se l f - reg i s te red  MOSFET in te-  
gra ted  circuits  since the  glass layer  not  only acts as a 
"wel l -def ined" diffusion source, but  in addi t ion c a n  
also be ut i l ized to isolate d ie lec t r ica l ly  the  first and 
second level meta l l iza t ion  pa t t e rns  (2). 

The use of doped oxide diffusion sources formed by  
react ive  sput ter ing  of doped Si cathodes in 02 has been 
repor ted  by Shor tes  and Wurst1; and Benjamin i  
et al. have ment ioned  the fo rmat ion  of doped oxide  
diffusion sources by  the anionic oxidat ion  of Si  2. 
Olmstead and Scott  (3) have descr ibed doped oxides 
deposi ted by  the pyro lys i s  of organosilanes.  In  the i r  
method,  solutions of organosi lanes  and t r ime thy l  
bora te  or t r ime thy l  phosphate  were  ut i l ized as the  
glass forming sources. A var ia t ion  of this  method  was 
ut i l ized to form the glass sources over  th in  films of 

S. R. Shortes and E. C. Wurst ,  This Journal,  110, 187C (1963). 
e E. A. Benjamini ,  E. F. Duffek, C. A. Mylroie, and F. Sehulen- 

berg, ibid., l l0 ,  266C (1963). 
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pat terned refractory meta l  diffusion masks for the 
formation of self-aligned refractory metal  gate 
MOSFETs (4). 

Borosilicate Glass from Sill4, B2Hs, and 02 

The use of glass diffusion sources made  from the 
low-tempera ture  oxidation of hydrides has been re-  
ported by Mecs (5), Bar ry  and Olofsen (6), and Fisher 
et al. (1, 7). The diffusion data in these previous works 
are almost exclusively those obtained from Si samples 
with (111) surfaces coated with the doped glass. Our 
interest, however, was p r imar i ly  directed to the in-  
vestigation of the diffusion of the boron dopant  from 
the glass through undoped barr ier  oxides. A mot iva-  
tion for this was that, in  the fabrication of self-reg- 
istered MOSFETs, the diffusion of the dopant  from 
the glass through the gate oxide is more direct since it 
el iminates an etching process. This in t u rn  avoids a 
possible gate to substrate shorting problem which could 
occur if any  undercut t ing  of the gate oxide beneath 
the gate electrode is produced dur ing  gate oxide re-  
moval  in the source and dra in  apertures. The (100) Si 
surface orientat ion was used because it is the preferred 
surface for low threshold p -channe l  MOSFETs. 

With in  this context, a number  of goals are definable: 
(i) to unders tand  these B203-SIO2 glass film diffusion 
sources as glasses; (ii) to obtain high B concentrat ions 
wi thin  the Si after diffusion in  order to minimize con- 
tact resistance; (iii) to diffuse for reasonable t imes at 
temperatures  low enough to obtain good control of 
junct ion  depth; and (iv) to fabricate glasses with etch 
rates sui table  for s tandard photoresist pat terning.  As a 
result, these investigations using diffusion tempera-  
tures :of 1000~176 have (i) been l imited pr imar i ly  
to the a t ta inment  of surface concentrat ions at or near  
the solid solubil i ty l imit  of B in Si, and (ii) examined 
the diffusion of the boron dopant  from the glass films 
through under ly ing  undoped thermal  oxides in two 
distinct regions (a) the region of solid-state diffusion 
in which the glass remains  solid, and (b) the "melt  
through region" where the glass layer rapidly converts 
the undoped oxide into a doped glass. 

Chemistry.--The pr imary  reactions taking place in 
the formation of SiO2-B203 glass from the oxidation of 
Sill4 and  B2H6 are shown in  Fig. 1. Oxygen was used 
as the oxidant  in  this case (reactions A and B) ;  how- 
ever, :other oxidants such as NO also appear to be 
favorable (A' + B').s The reaction kinetics taking 
place.during the deposition of the doped glass are quite 
complicated, and one must  guard against  p remature  
reactions in the gas stream before the gases reach the 
heated substrate. Other  factors to consider are the 
relative instabi l i ty  of B2H8 and Sill4 (C and D) and the 
oxidation of refractory metal  films whenever  one 
wishes to cover a refractory metal  FET  pat te rn  with 
these glass diffusion sources (4). These problems were 
minimized by  di lut ion of the O2 and the SiH4/B2H6 
mixture  with an argon buffer gas before introducing 
these mixtures  into the reactor and  by  using a low 
deposition tempera ture  (300~ In  addition, the wafers 
were heated to the deposition temperature  in argon 
before introducing the reactants  into the argon gas 
streams. 

The reduction of B 2 0 3  by Si (reaction E) at the 
glass-Si interface is usual ly  assumed to be the mecha- 
nism ~hat releases free B from the glass, whereupon it 
diffuses as an atomic impur i ty  into the Si. The at-  
t a inment  of solid solubil i ty implies the existence of a 
si l icon-boron phase which is produced at the interface 
whenever  the diffusion conditions are such that  more 
B is supplied to the interface than  can be dissolved in 
the Si. The observable existence of this phase, which 
may be SiB~ (8), has been utilized by  many  workers  
to insure max imum B surface concentrat ions dur ing Si 

The oxidat ion of Sil~ and  B.~I-I6 could fo rm H~O ra the r  than H~; 
both react ions  are favorable  [see ref.  (1), p. 534]. 

I , A ,  I I I I I 

-360 

-320 
(A} 2BL, H 6 + 302 ___,,. 2 8203 + 6H 2 

-280 

_~ -200 

-160 

-t20 

-80 

-"-'-"'-- (E) 28203+3Si ~ 3Si02+ 4B 
0 

I i I I I l 
200 400 600 800 /000 1200 1400 600 

T(~ 

Fig. 1. Free energy of reaction vs. temperature plot for the pos- 
sible reactions taking place during the pyrolysis of mixtures of 
Sill4, B2H6, and 02 or NO. Reaction E is generally assumed to be 
the reaction at the Si-glass interface which releases B from the 
B203 glass during diffusion. From JANAF thermochemlcal tables 
(Dow Corning). 

diffusion processing. 4 However, this phase, usual ly in-  
dicated by a slight brownish stain on the wafer, is 
not soluble in HF acid, and its presence at the Si 
surface will  probably be reflected in an increase in 
contact resistance when the diffused region is pro- 
vided with a metall ic electrical contact. In  addition, 
Busen e ta l .  (9) have pointed out that  complete re- 
moval  of this phase is required  for optimal diffusion 
results; this requires addit ional  processing steps. No 
additional steps are required when  glasses of proper 
composition are utilized as the dopant  sources dur ing 
diffusion, because the formation of the B-r ich Si phase 
can be prevented.  

Experimental - -Sample Preparation 
1 ohm-cm n- type  (100) Si wafers~ 2.5 cm in diam- 

eter, obtained from pulled crystal  ingots, were pur -  
chased with lapped surfaces. These samples were 
heavily etched in 3HNO~: 1HF and rinsed in distilled 
water. Thermal  oxidations were carried out in dry  
oxygen in an apparatus  previously described (10). 
Oxide thickness on adjacent  batch control wafers was 
measured using both ell ipsometry and MOS capaci- 
tance-voltage curves. In most instances, the thermal  
oxide was removed from half of the wafer 's  surface by 
photoresist and etching techniques before glass deposi- 
tion. This was done in order to compare accurately the 
junct ion  depths and surface concentrat ions for bare 
Si and for Si covered by undoped thermal  oxides whose 
thickness ranged from 100 to 1500A. 

The glass depositions were done in a quartz vertical  
reactor 6 cm in  diameter. A resistance heated platform 
3 cm in diameter  provided the heat required for the 
formation of the glass from Sill4 diluted to 1% in 
A, B2H6 diluted to 1% in A, and pure  O2. Argon was 
used as the buffer gas at a total  flow rate of 3800 cc/ 
min;  the flow rate of the 1% Sill4 was fixed at 140 

4 The existence of this  phase  has  also been indicated by studies 
of the  t e rna ry  sys tem Si-B-O by P. J.  Gielisse,  T. J.  Roeket t ,  and 
W. R. Foster ,  " F u n d a m e n t a l s  of Silicon In teg ra ted  Device  Tech-  
nology,"  Vol. 1, p. 15, R. M. B u r g e r  and R. P. Donovan,  Editors,  
Prent ice-Hal l ,  Inc., Englewood Cliffs, N. J.  
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Table I. Relationship between gas flow rates and composition 

m/o B~O~ 
B.sI-I(~,* c e / m i n  m / o  ]3.~I-I~* f lame spec .  I R  rat io** 

1 0.7 1.6 0.07 
5 3.4 4 0.20 

10 6.7 8 0.35 
25 15 14 0.60 
S0 26 18 0.77 
75 35 80 1.37 
96 41 33 1.55 

* B y  m e t e r e d  gas  f low of  1% SiH~ a nd  1% B~I-~ in  A. M o l a r  p e r  
cen t  B2H~ = [(B~-I~)/(B,~I-Ie + SiH~)] • 100. F l o w  m e t e r s  c a l i b r a t e d  
for  ai r ;  A f l ow  = se t t ing  • 0,86. 

** E. A. T a f t  a n d  P. R. K e n n i c o t t ,  T o  b e  p u b l i s h e d .  

cc/min  and the 02 at 20 cc/min.  5 The 1% B2H6 gas flow 
was varied from 1 to 100 cc /min  which results in a 
B2H6/(B2H6 ~- Sill4) ratio of from 0.7% to 42%. 6 The 
SiI-~ and B2H6 flows were mixed and added s imul-  
taneously to half  of the A buffer gas, the other half  
being added to the 02 flow. These two flow mixtures  
were brought  together at the reactor. During deposi- 
tion, the substrate 's  heater  platform was held at 3O0~ 7 
Diffusions were carried out in a very dry A atmo- 
sphere at temperatures  of 1000 ~ 1050 ~ and ll00~ 

Experimental~Glass Properties 
Glass composi t ion .~The glass compositions were de- 

termined by a flame emission technique before diffu- 
sion. After  etching in 3HNOz: 1HF, wafers were rinsed, 
dried, and weighed on a microbalance, s Oxides were 
deposited using various flow rates of 1% B2Hs, as 
described above. After  deposition, the wafers were 
again weighed and etched in  10% HF to remove the 
glass. The resul tant  solution was diluted and mea-  
sured on a flame emission spectrometer 9 to determine 
the concentrat ion of boron. After  etching, wafers were 
given a final weighing. F i lm weights obtained by 
difference between weights before and after deposi- 
tion agreed with those obtained by weights after dep- 
osition and after glass removal  to wi th in  _+4%. Typical 
film weights were of the order of 1 rag. 

The flame emission spectrometer was calibrated with 
a series of s tandards prepared from a stock pr imary  
standard solution of boric acid by di lut ing wi th  10% 
HF. 

By means of the wafers used for composition studies, 
a working relationship could be established between 
gas flow rates used to prepare the glasses and their  
compositions. This relationship is shown in Table I. 
Also included in Table I are the ratios of the % B-O 
and 9~ Si-O infrared absorbance peaks that  can be 
used for nondestruct ive quant i ta t ive  control. Another  
means of determining glass composition is to correlate 
B surface concentrat ions in the Si after diffusion with 
the data of Bar ry  and Olofsen. This comparison is 
described later. 

Glass whose composition exceeded about 40% B203 
were not in tensively  investigated because of their in-  
creasing tendency to absorb water. 

Glass growth and etch rates.--The growth rates of 
the films were found to increase whenever  addit ional  
amounts  of the hydride reactants  were added to the 
gas stream. This effect is shown in Fig. 2 where the 
growth rate is plotted vs. the mole per cent in the 
reactants and in glass. What  is remarkable  about this 
is that the growth rate increase is more than that 
which can be accounted for by a simple l inear  com- 
binat ion of SlOe and B~O3 deposition rates. Index of 
refraction and pre l iminary  density measurements  in -  
dicate that  the densi ty of these films is not  abnormal ly  

U s i n g  f l o w m e t e r s  c a l i b r a t e d  fo r  air. F l o w  of A = s e t t i ng  • 0.86. 
A n  excep t ion  to t h i s  i s  f o u n d  in  Fig.  2 w h e r e  in  o rde r  to i n v e s -  

t i ga t e  the  g r o w t h  ra te  vs .  gas  r a t io s  a b o v e  40% the  B2H6 flow was  
f ixed a t  140 c e / m i n  a n d  the  SiI-I4 f low inc reased .  

~W. K e r n  and  R. C. He lm,  [This  J o u r n a l ,  117, 562 (1970)] h a v e  
ca r r i ed  ou t  e x t e n s i v e  i n v e s t i g a t i o n s  on  d e p o s i t i o n  t echn iques .  

8 Cahn  E lec t roba lance .  
'~ I n s t r u m e n t a t i o n  L a b o r a t o r y  Inc. Mode l  153. 
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Fig. 2. Doped glass growth rates at 300~ vs. molar per cent 
B2Hs in gaseous reactants and molar per cent B203 in glass. From 
0-50 molar per cent, Sill4 flow kept constant at 140 cc/mln; from 
100-50 molar per cent, B2H6 flow kept constant at 140 ec/min. 
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Fig. 3. Buffered HF etch rates of B203-Si02 glass vs. B2H6/ 
(Sill4 -I- B2H6) flow rate ratio and glass composition. Rates given 
are for films after deposition and after 1050~ heating in A. The 
samples at highest flow ratio were made by reducing the Sill4 flow 
to 80 cc/min, and using a B2H6 flow of 100 cm/min. Rates from 
ref. (11) for films heated to 770~ are included. 

low. This implies that the presence of another  glass 
forming reactant  increases the over-al l  reaction effi- 
ciency and enhances the deposition rate. 

The etch rates 1~ of these glasses in buffered HF are 
shown in Fig. 3. The etch rates of the B203-SiO2 glasses 
before being subjected to high temperatures  vary  be-  
tween 3000 and 300 A/ra in  depending on composition. 
The l ightly doped glasses etch much faster than the 
750 A / m i n  rate  obtained for dry thermal  oxides. This 
is also true for the heavily doped glasses before heat-  
ing. As shown in Fig. 3, there is a distinct m i n i m u m  
in the etch rate curve at a B2Hd(SiH4 % B2H~) flow 
rate ratio of about 0.3 (,~20% B203). 

A quali tat ive explanat ion for this m i n i m u m  etch rate 
might  be as follows. SiO2 is dissolved rapidly by HF 
acid. As B~Os is added to the glass, the etching effec- 
t iveness of the buffered HF is ini t ia l ly  reduced. B203, 
on the other hand, is hygroscopic and very soluble in 
water, whereas SiO2 is not, and with increasing 
amounts  of B20~, the glass begins to get hygroscopic 
and the dissolution rate increases rapidly againJ~ Heat-  

10 10NH4F ( 4 0 % ) : l H F .  I n  a 6:1 so lu t ion  the  e tch  ra tes  are about  
2X fas t e r  t h a n  those  s h o w n  in  Fig.  2 (J. Sp rague ,  P r i v a t e  c o m m u n i -  
ca t ions) .  

11Kern and  H e l m  (11) h a v e  s h o w n  t h a t  d i l u t e  H F  [1HF (49%):  
2H~O] p r o d u c e s  r a p i d  d i s s o l u t i o n  of  B2Os-SiO2 g lass  a n d  t ha t  the  
d i s s o l u t i o n  ra te  inc reases  m a r k e d l y  w i t h  inc reases  in  B-.~O~ conten t .  
T h e i r  o b s e r v a t i o n s  are cons i s t en t  w i t h  t h i s  model .  
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Table II. Representative diffusion data (100) 1 ohm-cm Si 

1% BzI-I6, Ba re  Si  U n d e r  ox ide ,  Xo t h i c k  
Di f fus ion  e e / m i n *  ohm/[-} X j ,  /z CB/cc Xo,  A ohm/[ : ]  X j , / ~  C . / c c  

5.4 h r  I 131 1.3 2,5 x 10 lu 1350 - -  0 
1050~ 5 81.5 1.7 4.0 x 10 TM 1350 - -  0 

5000A g lass  10 36.2 2.3 6.0 x 10 TM 1350 ~ 0 
25 11.3 3,3 1.5 x I0  ~o 1350 ~ 0 
50 11.8 3.3 4.3 x 10 m 1350 v.  h i g h  v. sha l l ow  
75 5.9 2.6 3.8 x I0~ 1350 6.8 2.5 3.5 X 10 ~~ 
96 5.9 2.6 3.8 X IC ~ 1350 6,1 2,6 3.S x l f f  -~ 

1 h r  50 5.5 2.6 4.3 x 10-~ 500 v .  h i g h  0.2 - -  
l l 00~  96 5.1 2.5 4.8 x i 0  m 600 5.0 2.3 5 x l 0  w 

2000A glass 
8 h r  1000~ 96 9.1 2,2 3.0 x 10~ 600 8,6 2.5 2.7 x 10 ~ 
15 hr  1000~ 50 7.5 3,0 2,4 x 102o 600 - -  0 - -  

2000A glass 

* F o r  c o r r e s p o n d i n g  g lass  c o m p o s i t i o n s  see Table  I. o h m / ~  = d i f fused  shee t  r e s i s t ance  of  d e p t h  X$ and  sur face  concen t ra t i on  C, .  

ing these B203-SiO2 glasses to 1050~ causes the etch 
rates to decrease markedly.  Presumably  this is because 
these films originally formed at 300~ are not formed 
at full densi ty and heating to elevated temperatures  
causes them to densify. For instance, for B2H6 flows 
<1 cc/min,  the etch rate drops from about 2000 to 
500 A/min .  This etch rate is lower than  the 750 A/ra in  
rate for thermal  oxides. This is presumably  caused by 
the presence of small  amounts  of 8203 produced by 
reactor or reactor gas B contamination.  The buffered 
HF etch rate data obtained by Kern  and Helm (11) 
on films heated for only 5 min  at 770~ are also included 
in Fig. 3. Comparisons of the data indicate that  higher 
tempera ture  heating results in a more marked de- 
crease in buffered HF etch rates the higher the 8203 
concentration. 

E x p e r i m e n t a l - - D i f f u s i o n  Studies 
A large number  of pre l iminary  runs  were made at 

1050~ with different combinations of glasses, bar -  
r ier  oxide thicknesses, and diffusion times. Raw data 
obtained after each diffusion exper iment  consists of 
sheet conductivi ty in ohms per square from 4-point 
probe measurements  and junct ion depth, xj, obtained 
from angle lapping and staining. A conservative esti- 
mate  of the accuracy of the junct ion depth de termina-  
t ion is +_1000A. Some of these data which general ly 
summarize the findings are presented in Table II. Sur -  
face concentrations, Cs, can be obtained from these 
data by assuming a complementary  error funct ion dis- 
t r ibut ion of electrically active diffused dopant wi thin  
the Si and the use of I rv in ' s  curves (12).12 

Diffusion of B in Si 
The surface concentrat ion at the St-glass interface 

depended on the glass composition. With in  the limits 
of the exper imental  conditions, however, it was found 
that  the surface concentrat ion was essentially inde-  
pendent  of doped glass thickness, diffusion time, or 
whether  or not the B-doped glass is covered wi th  a 
th in  undoped capping oxide. These qual i tat ive findings 
are in  agreement  with those reported by Fisher and 
Amick for diffusions at 1200~ (7). 

A plot of Cs vs. molar  per cent B203 in the glass is 
given in Fig. 4. Note that  Cs increases with 8203 con- 
centrat ion up to about 20%. Above 20%, Cs saturates 
indicating that the solid solubili ty of 8 in  Si at 1050~ 
is about 3.8 x 1020/cc. This number  is in good agree- 
ment  with the predictions of Trumbore  (13) yet higher 
than the 2 x 1020/cc recently given by Vick and 
Whit t le  (14). la 

22 This  is  an o p e r a t i o n a l  p o i n t  of  v iew.  B a r r y  a nd  Olofsen  (6) 
e x a m i n e d  t h i s  p o i n t  a nd  f o u n d  a s a t i s f ac to ry  fit to the  c o m p l e m e n -  
t a r y - e r r o r - f u n c t i o n  d i s t r i b u t i o n ;  h o w e v e r ,  mos t  of t he i r  da t a  we re  
t a k e n  fo r  h i g h  d i f fu s ion  t e m p e r a t u r e s  and  l o w e r  c o n c e n t r a t i o n s  
w h e r e  v a r i a t i o n s  in  d i f fu s ion  c o n s t a n t  w i t h  c o n c e n t r a t i o n  are  
smal le r .  

13In ref.  (14), Vick  and  W h i t t l e  a s sume  t h a t  sol id  s o l u b i l i t y  is  
m a i n t a i n e d  by  t he  B r i ch  phase  desc r ibed  i n  the  text .  These  a u t h o r s  
h a v e  a p p a r e n t l y  been  v e r y  ca re fu l  a b o u t  t a k i n g  in to  c o n s i d e r a t i o n  
the  v a r i a t i o n s  in  t he  d i f fus ion  coeff ic ient  w i t h  c o n c e n t r a t i o n ;  h o w -  
ever ,  the  d i f fus ion  cons t an t s  f o r  l ow  concen t r a t ions ,  w h e r e  D2 is 
i n d e p e n d e n t  of concen t r a t i on ,  are cons ide r ab ly  l a rge r  t h a n  any  of 
those  p r e v i o u s l y  r epor t ed ,  e.g. ,  compare  Fig.  5 and  8 of  ref.  (14) 
an d  (6). 

After diffusion, the doping glasses were removed 
using buffered HF. The brownish stain and hydro-  
philic na ture  of the Si surface characteristic of the B 
rich Si phase (SiB6) was observed for cases when  the 
doping glasses contained >20% B20~. As is indicated 
by Fig. 4 and the exper imental  observations described 
above, B concentrat ions approaching solid solubil i ty in 
the Si can be at ta ined by using glasses containing 
~18% 8203 while at the same time el iminat ing the 
undesirable  features associated with the formation of 
SiB6. 

Glass compositions can also be checked using the 
diffusion data in Fig. 4. Barry  and Olofsen using flame 
photometric analysis showed that  the B concentrat ion 
in their glasses ranged from 2 x 1020 to 4 x 1021/cc for 
Si surface concentrat ions after diffusion of from 
4 x 10 is to 1020/cc (6). This implies that  our  glasses 
contain about 1022 B/cc or about 20 molar  weight per 
cent B203 when solid solubil i ty in the Si is attained. 
Using Fig. 7 of ref. (6) with Fig. 4 enables us to check 
glass compositions for the range of concentrat ions 
covered by Barry and Olofsen; this correlation gives 
good agreement  if it is assumed that  all the B and Si 
in the films is in the form of B203 and SIO2. 

The 1050~ data and the 1000 ~ and l l00~ data given 
in Table III show that  for any par t icular  diffusion time, 
the junct ion depth increases with increases in B sur-  
face concentrat ion unt i l  solid solubil i ty is reached 
whereupon there is a sudden decrease in  junct ion 
depth. The raw data is summarized in Fig. 5 where 

'~ i0 z( 

I050~ 

10 =" I , , I , , , , I  , , 
2 5 I0 50 

MOL% B203 IN GLASS 

Fig. 4. B surface concentration in Si offer diffusions at 10S0~ 
vs. molar per cent B203 in gloss sources. Assumes complementary 
error-function-distribution (see e.g., W. R. Runyon, "Silicon Semi- 
conductor Technology,"  p. i18,  McGraw-Hi l l  Book Co., New York 
(1965). 
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Table III. B/Si diffusion 1000 ~ and 1100~ 1 ohm-cm (100) 
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Flow (1%) 
B,~He (ce/min) 1 5 10 25 50 75 I00 
Molar per cent 

B~O~ in glass  1.6 4 8 14 18 30 33 

I000 ~ Xjt ~.~ 
11.8 hr ps. o h m / ~ ]  

Cs/lO e~ cc 
D~/IO-z~ cm~/sec 

IIO0~ Xj, /z 
2 hr ps, ohm/~ 

C~/10 z0 cc 
De/10-~ crab/see 

1.0 1.3 1.8 2.9 2,7 2.4 2.4 
200 80 30 9.1 7.7 7.7 7.7 

0.22 0.48 1.1 2.3 2.8 3.2 3.2 
0.9 1.4 2.8 5.9 8.0 3.9 3.9 
1.6 1.9 2.2 2.6 4.0 3,5 3.8 

180 52 33 10 3.6 3.7 3,7 
0.14 0,48 0.7 2.3 4.2 4.7 4.7 

14 17 21 26 58 45 45 

(x j / t  1/2) VS. ( p s X j / t l / 2 )  - 1  is plotted, 14 xj being the 
junct ion depth and t being the diffusion time. 

The increasing part  of the plot indica tes  that  the 
diffusion constant of B in Si is increasing wi th  13 con- 
centrations. This increase could be a t t r ibuted to field 
aided diffusion (15) and /o r  by diffusion induced la t -  
tice defects. These variat ions in the diffusion constant 
wi th  B concentrat ion belie a strict  adherence  to the 
complementary  error  function distribution; however ,  in 
order  to compare these data easily wi th  others an 
er ror  function distr ibution has been assumed 

Xj CB 
1 - - e r f - - _ - -  [1] 

2N/Det Cs 

where  CB and Cs are the bulk concentrat ion of n - type  
dopant and B surface concentration, respectively.  This 
reduction of the data shown in Fig. 5 is given in Table 
III and Fig. 6 where  the diffusion constant of B in Si, 
De, is plotted v s .  the surface concentrat ion obtained 
f rom Irvin 's  curves. These data agree wel l  wi th  the 
data of Barry  and Olofsen for surface concentrat ions 
between 1010 and 10e0/cc. However ,  the data of Bar ry  
and Olofsen do not go beyond surface concentrat ions 
of 1020/CC. 

As pointed out previously,  observed junct ion depths 
drop just as the solid solubili ty l imit  is reached. 15 This 
phenomenon is observed in the data presented in 
Tables II and III and Fig. 5. This in turn  can be t rans-  
lated into a noticeable decrease in the diffusion con- 

' t p s x j  is the p a r a m e t e r  no rmal ly  used to get  surface concent ra-  
tions, i.e., from Irvin's curves (12). 

1~ The accuracy of the junction depth determinations at the 1-4/x 
level are ~ ~ 10% using the • 1000A estimated accuracy of the 
angle lapping and staining technique. It is more difficult to estimate 
the over-all accuracy of the whole diffusion system. However, some 
estimate of this is found in the reproducibility of the p h e n o m e n o n  
shown in Fig. 5 which summarizes all the data taken for dif ferent  
runs for various lengths of times. 

I I 

�9 u X & 

ef lOOOOC 

1.0 I0  I00 

(Ps" Xj/tzlz)-I (~-cm/sec'/2)-Ixlo'3 

Fig. 5. Diffusion time normalized junction depth x j / t  I/~ vs. 
normalized sheet conductance (psxj/tl/~) - I  for 1000~176 
diffusions. 

stant as shown in Fig. 6. This decrease has not b e e n  

observed previously  by other  workers.  However ,  the 
data presented here extended to h igher  surface con- 
centrations, and the exper iments  were  done wi th  the 
(100) Si surface orientation, in most  cases on Si sur-  
faces that  had been stressed by the rmal  oxide growth 
previous to the deposition of the doped glass. TM 

It is not clear what  this sudden decrease in the ap- 
parent  diffusivity of B in Si at these very  high con- 
centrat ions indicates. It  would  be instruct ive to study 
the var ia t ion in the B diffusion profile on both sides 
of the peak to see if there  is any noticeable change in 
the diffusion mechanism. For  instance, the a t ta inment  
of solid solubil i ty might  inhibit  the subs t i tu t ional /  
interst i t ial  double-s t ream mechanism suggested by 
Rupprecht  and Schwut tke  (16). Another  re la ted specu- 
lation has to do with  the  character  of these glass di f -  
fusion sources. Dur ing diffusion the deposited glasses 
could place considerable stress on the Si due to dif-  
ferences in the rmal  expansion.  This stress could pro-  
duce dislocations wi thin  the Si. In this regard, it is in-  
terest ing to note that  these glass sources begin to 
soften and show signs of liquification just  as the  solid 
solubili ty l imit  is reached. This point wi l l  be examined 
fur ther  when we examine  13 diffusion through SiO2 
films. 

B Penetration of $ i02 Layers 
Covering undoped oxides wi th  layers of B glass of 

known composition enables one to study careful ly  the 
B diffusion mechanisms th rough  SiO2 films. The  diffu- 
sion data on the r ight  side of Table II for these situa- 
tions indicate that  thin layers  of SiO2 mask the dif-  
fusion of B for the diffusion conditions stated if the 
glass composition does not  exceed 18% ]3203. At  higher  
B20~ concentrat ions the masking abil i ty of the SiO2 is 
suddenly destroyed, and for these conditions it makes 
ve ry  l i t t le  difference whe the r  or not the oxide layer  is 
there,  since the junct ion depths and surface concentra-  
tions are near ly  identical  for diffusions wi th  and wi th -  
out this layer. The reason for this is ve ry  l ikely that  

16 G. 1~. Willis, (Solid State  Electronics,  12, 133), has  reported a 
strong increase in the diffusivity of B for (100) oriented Si w h e n  
diffusing in oxidizing conditions. Furthermore, dislocation genera-  
t ion occurs when Si wafers are thermally oxidized; see e.g.G. Ono- 
dera and P. Walker, Phys ics  of  Failure in Electronics,  5, 444 (1967). 

~ 10-13 

! 

1050~ /% 
,t,. 

I I I {__ [ 

C s (cnT 3) 
Fig. 6. Diffusion constant of B in Si at 1050~ vs. B surface 

concentration assuming complementary error function distributions. 
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at the higher concentrat ions of boron the doped glass 
rapidly dissolves or "melts through" the under ly ing  
oxide at high temperatures  and br ings B through to 
the Si surface with very  little t ime delay. Similar  ob- 
servations were  made by Horiuchi and Yamaguchi 
(17) who used a B20~ vapor diffusion source, and found 
that for low B2Oa vapor pressures the migrat ion of the 
B carrying species through the oxide can be charac- 
terized as a solid-state diffusion process but  at higher 
pressures the under ly ing  bar r ie r  oxide was t rans-  
formed into a glassy compound by "glassy liquifica- 
tion." 

It  should be emphasized that  the phase diagram for 
this system (18) shown in Fig. 7 is a phase equi l ib-  
r ium diagram in which the l iquidus phase boundary  
divides the stable glass region (l iquid) from the crys- 
tal l ine forms of quartz plus glasses. However, in our 
experiments,  the substances are formed in the glassy 
amorphous state at low temperatures  from gases, 
heated to diffusion temperatures  and cooled. The sam- 
ples, therefore, never  experience the extended heat-  
ing (days, weeks, months)  required to attain the 
equi l ibr ium state dictated by the phase diagram be-  
low the l iquidus (18, 19). Above the l iquidus these 
glasses are of course in ful l  equil ibrium. The viscos- 
ity of the glasses should have a curve similar to that  
exhibited by  the phase equi l ibr ium liquidus since 
additions of B2Os lower the mel t ing point as well  as 
lowering the viscosity. Riebling's data at 1300~ show 
a very rapid decrease is viscosity with increasing B2Oa 
content for glasses containing between 0 and 55% 
SlOe (23). Decreases in  viscosity reflect an increase in 
glass dissolution rates. A meaningfu l  parameter  for the 
description of interdiffusion of glasses would therefore 
be the viscosity; however, since the viscosity to our 
knowledge has not been explored for glasses contain-  
ing 0-30% B203 and for lack of bet ter  words, we dis- 
t inguish the two distinct regions of slow and rapid 
diffusion as "solid-state" or "high viscosity" diffusions 
and as "melt  through" diffusions respectively. 

In order to delineate these two distinct regions 
(solid-state diffusion and glassy ]iquification) two 
distinct sets of exper iments  were carried out: (i) 

B203-Si02 
I T - - ~  
STABLE EQUILIBRIA (a) 

. . . .  METASTABLE BOUNDARY (b) 
1600 r- ....... .TG (ESTIMATED EXAMPLE) (cl - 

\ ~ M E L T  THROUGH DIFFUSIONS (d) 
~ PHASE SEPARATION (b,c) 

1200 

_ ".., I I 

800 

 oo, :" .............. " i,''" ............    c-R13.JITtI  

0 ~ ~  
20 40 60 80 

Si02 MOLAR WT. % B2 03 

Fig. 7. B203-Si02 stable equilibria phase diagram from ref. (18), 
(a). Superimposed on this is the subliquidus miscibility gap dis- 
cussed in ref. (19), (h). Included is an estimated example of the 
glass transition temperature curve, (c), using the information from 
ref. (20-22). The "melt through oxide" diffusions examined in this 
work (d), and the predicted region for phase separation as dic- 
tated by (b) and (c) are also shown. 

Table IV. B203/Si02 diffusion at 1050 ~ and 1100~ using 
18% mol. % B203 glass 

D2/10-~s Dt/lO-17, 
T, ~ t, h r  cm2/ sec  Xo~, A r2/10-~ cms,/sec 

1050 15 1.4 "~-- 0.6 770 0.76 1.1 
1100 8 4.0 ~-~ 1 950 0.8 3.4 

solid-state diffusions with glass sources made using a 
50 cc /min  B2H6 flow rate (~18% BeOs) and "melt 
through" diffusions using a glass source formed by 
using a 75 cc /min  B2H6 flow rate (~30% B203). 

Solid or high viscosity state dif]usion through SiO2 
l~lms.--The two boundary  diffusion mode of Sah et al. 
(24) which results in a series expansion of err terms, 
gives for the concentrat ion of dopant  in the Si, C2 

(2n + 1)xo A- rx 
C2(x,t) = m(1 -- a) Co an erfc [2] 

n=0 2~/Dlt 

where Co is the concentrat ion of dopant in the dif- 
fusion source layer; m is the segregation constant  of 
diffusant at the Si-SiO2 interface; r ----- x/D1/D2 in 
which D1 and D2 are the diffusion constants of the 
dopant wi thin  the oxide and Si, respectively, and 

= (m -- r ) / ( m  A- r).  This equation can be approxi-  
mated by the first te rm of the series in the near ly  
masking condition for which Xo, the oxide thickness, 
is greater than rxj and xo/2k/Dlt > 0.7. The relation 
between the oxide thickness and the junc t ion  depth xj 
then becomes 

xo + rxj _ arg erfc [3] 
2k/Dlt m (1 -- ai Co 

where C3 ---- C2 (xj,t). Since for a given diffusion condi- 
t ion the r igh t -hand  side of Eq. [3] is constant, one can 
plot x] for a range of Xo for a constant  diffusion t ime 
and temperature  to obtain r. The extrapolat ion of this 
plot to xj ---- 0 gives the mask failure condition, 
xo(xj = 0) = xof and by Eq. [3], xo -b rxj = Xof. 

The results of these experiments,  Fig. 8, and the 
determinat ion of D z at 1050 ~ and l l00~ using the D2 
values of Fig. 6 and Table III  are presented in  Fig. 9 
and Table IV. Figure 9 compares these points with the 
higher tempera ture  extension of the D1 vs. ( T - D  l ine 
of Horiuchi and Yamaguchi  (17). 

Melt through B permeation of SiO2 films.--As pointed 
out previously there is a sudden appearance of B in 
the Si covered with thermal  oxides if the doped glass 
layer contains about 30% B2Oa. This implies a liquifi- 
cation and dissolution of the oxide layer  by  the doped 
glass. This phenomena was s tudied in  more detail  by  
covering a series of oxide layers with 3000A of 30% 

X o >_ rx) 

�9 tlO0~ 8 HRS. 

4--  

2 -  

200 4oo 600 BOO Iooo 
x o (~) 

Fig. 8. Si junction depth, xj, vs. barrier oxide thickness, xo, for 
"solid" state diffusions with constant diffusion times; 8 hr at 
1100~ and 15 hr at 1050~ Doped glass source is 18% B203. 
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Fig. 9. "Solid" state diffusion coefficient of the B carrying 

species in amorphous thermal Si02 vs. IO00/T, ~ -1.  

B_,O3 glass and diffusing these series at 1000 ~ 1050 ~ 
and ll00~ The junc t ion  depth and surface concen- 
trat ion data are summarized in Fig. 10. It can be con- 
trasted to the data of Fig. 8. Several  aspects of Fig. 10 
are worth noting. For instance, this method greatly 
decreases the times required to obtain any given junc-  
tion depth. In  fact, for thin oxides this method of dif- 
fusion results in very little d iminut ion  of the junc -  
t ion depths and surface concentrat ions obtained for 
these same temperatures  and times compared to those 
cases when the doped glass is placed directly on Si. The 
surface concentrat ion obtained after  heating is ma in -  
tained close to the solubil i ty l imits by the glass source 
for a considerable range of under ly ing  oxide thick-  
nesses. For example, at ll00~ the surface concen- 
t rat ion is 3 x 1020/cc for Xo ----- 1250A even though the 
junct ion  depth has been diminished to 1.8~ as compared 
to 4~ for the very th in  oxide layers. This is because 
the 3000A 30% B2Oz glass dopant source contains 
enough B20~ to convert  the under ly ing  oxide as well  as 
provide enough B to heavily dope the Si. The surface 
concentrat ions decrease rapidly by many  orders of 
magni tude  as the masking condition is approached. 
Masking oxides are indicated by the intercept of the 
curves with the abscissa for the conditions stated. 

The mode in which the masking condition is ap- 
proached is interest ing to consider. The "liquid glass" 
as it  "melts through" the under ly ing  SiO2 is being di- 
luted by additions of SiO2 and becomes more viscous. 

- - - - - F I G . 8  SLOPE S - -  
- - - - F O R  MIN 0 L EST. 

Cs ~ - S T O 3 x I 0 2 0 / C C  - "1 e l l O 0 ~  2HRS. 

4 " ~  ~ ~ ~ _  �9 1050'C 4 HRS. 

\ 
�9 Cs= 4 "fO 2x1020/CC ~ l  ' \  o < X j )  FOR Xo=O 

I 

0 SO0 I 0 0 0  IS00 

Xo I~ 
Fig. 10, Si junction depth, xj, vs. barrier oxide thickness, Xo, 

for "melt through" diffusions. Doped glass is 3000~, of 30% B203. 

When the concentrat ion drops below that required to 
main ta in  a l iquid or low viscosity condition, the front 
comes to a stop, and the diffusion of B impuri t ies  is 
governed by the "solid" state diffusivities of Fig 9. 
Thus the curves in Fig. 10 are seen to approach asymp- 
totically the slopes given by Fig. 8, as shown. This 
self- l imit ing feature can be used to advantage. For 
instance, lateral  diffusion of the dopant in the SiO2 
under  the edges of a self-registered MOSFET gate 
electrode will  be automatical ly inhibi ted by these glass 
characteristics. 

A lower l imit for the l iquid or low viscosity dif- 
fusion constants of B203 in SiO2 can be estimated 
using the dashed lines in  Fig. 10 and Eq. [3]. These 
estimates for temperatures  of 1000~ --  T L ll00OC 
give diffusion constants of  2 x 10 -15 cm2/sec L D1 (L) 

2 x 10 -14 cm2/sec which are m a n y  orders of magni-  
tude higher than the corresponding solid state diffu- 
sion constants of Fig. 9 (L4 x 10 -17 cm2/sec). 

Figure  10 shows that  for temperatures  --1050~ 
rapid "melt  through" diffusion of th in  oxides 
(--~1000k) can be a t ta ined with a 30% B203 doped 
glass diffusion source. In tu rn  the resul tant  glass at the 
glass-Si interface can supply enough B atoms to the 
Si to approach B solid solubility. Yet it is interest ing 
to note that  the resul tant  di lut ion of the 30% glass 
appears to prevent  any noticeable formation of the 
B-r ich Si phase. Visual observations on surfaces of 
samples with high surface concentrat ions showed that  
the side of the wafer  that  was covered by the thermal  
oxide was characteristically hydrophobic while the 
other side was hydrophill ic and showed a brownish 
stain characteristic o2 the B-r ich silicon phase. How- 
ever, both sides of the wafer had near ly  identical sheet 
conductivities characteristic of surface concentrat ions 
close to B solid solubility. 

S u m m a r y  
Glass film diffusion sources were examined from a 

broad perspective. Their  properties as glasses were 
found to conform with observed diffusion phenomena 
in Si and SiO2. An operational  point of view was also 
maintained,  because these films are thought to offer 
methods of fabricat ing self-registered MOSFETs and 
integrated circuits in general. 

The growth and etch rates and diffusion properties 
of B203-SIO2 glass films formed by the low-tempera-  
ture oxidation of Sill4 and B2H6, with O:2 were deter-  
mined. The growth rates, for the conditions stated, 
ranged between 200 and 800 A / m i n  and yielded diffu- 
sion source glass films which made it possible to ob- 
tain B concentrat ions up to and including solid solu- 
bil i ty in the Si surface at diffusion temperatures  be- 
tween 1000 ~ and ll00~ These films have good physical 
characteristics in this "solid solubili ty region." They 
show no evidence of being hygroscopic and measure-  
ment  of the glass composition indicates that solid solu- 
5ili ty is at tained when the glass contains about 20 
molar weight per cent B203. In addition, the B20~-SiO2 
phase diagram indicates that  no phase separation 
should occur for glasses containing less than 40% 
B203. "Melt through SiO2 diffusions" were observed to 
occur at 30% B203, and this agrees at least qual i ta t ive-  
ly with expected decreases in glass viscosity. Un-  
fortunately,  the etch rates of the glasses in this region 
are rather  low when buffered HF is used and this will  
l imit  the film thicknesses to about 3000A for ordinary 
photoresist patterning.  However, etches which etch 
B203-SIO2 glasses at rates which increase with the 
molar  per cent B203 have been developed by others 
(11, 25, 26) and might  be used to advantage. 

The diffusivity of B in Si and thermal  SiO2 films 
was carefully examined. The diffusion of high concen- 
trations of B in  Si at 1000~176 exhibits a diffusivity 
that increases with concentrat ion unt i l  the solid solu- 
bil i ty l imit  is reached, whereupon it drops to a smaller  
level. This sudden decrease was found to correspond 
with the glass melt  through condition, and possible 
mechanisms for this were discussed. 
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The diffusion of the  boron ca r ry ing  species in SlOe 
was examined  in the region of "solid" s ta te  diffusion 
at  1050 ~ and l l00~ and the  diffusion constants,  1.1 
and 3.4 x 10 -17 cm2/sec, respect ively ,  were  found to 
agree wel l  wi th  the  previous  h igher  t empera tu re  da ta  
of Horinchi  and Yamaguchi  (17). 

The mel t  th rough  condi t ion for  the dissolution of the  
under ly ing  undoped SiO2 film was es tabl ished and ex-  
amined  for a range  of t empera tu res  and SiO2 th ick-  
nesses. 

The impor tance  of using the mel t  th rough  condit ion 
for diffusions appears  to be  that :  (i) the  t ime requi red  
to diffuse th rough  thin undoped oxides  is g rea t ly  re -  
duced, which in tu rn  makes  the  diffusion proper t ies  of 
B in Si the control l ing factor  in de te rmin ing  junct ion 
depth;  and (ii) it  is expected tha t  the  s t ra in  on the 
under ly ing  Si and diffusion ba r r i e r  films is g rea t ly  r e -  
duced. Fo r  instance, borosi l icate  glasses containing 
about  30 molar  per  cent B203 have l inear  t he rma l  ex -  
pansion coefficients close to that  of Si  and Mo (27). 

The genera l  app l icab i l i ty  of  these glass film diffusion 
sources for the  fabr ica t ion  of se l f - reg is te red  r e f rac to ry  
meta l  MOSFETs wil l  be examined  in a subsequent  
article.  
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Liquid Encapsulated Czochralski Growth of GaAs 
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ABSTRACT 

Melt growth of gal l ium arsenide single crystals by the Czochralski tech- 
n ique  has required ra ther  complex equipment  because of the high vapor 
pressure of arsenic. A recent ly developed technique known as liquid en-  
capsulated growth overcomes a number  of the problems involved and allows 
gal l ium arsenide to be grown in a commercial  silicon crystal puller. Crystals 
about 1 in. in diameter  weighing 80g have been grown near ly  routinely.  One 
crystal  with a max imum diameter  of 2'/4 in. weighing 370g was grown, but  it 
appears to be highly strained. Undoped crystals grown in  quartz or a lumina  
crucibles have as-grown resistivities greater than  105 ohm-cm. On heat t reat -  
ment  at 800~ for 24 hr, the crystals grown in quartz convert  to n - type  with 
carr ier  concentrat ions in the range 1015 cm -3 to 1016 cm -3 and room tempera-  
ture mobilit ies from 5400 cm2/V-sec to 6300 cm2/V-sec. The crystals grown 
in a lumina  retain high resistivity after heat t reatment .  The heat t rea tment  
behavior  is explained by a model based on the incorporat ion of SiO mole- 
cules in the crystals grown in quartz and the breakup of these molecules 
into silicon atoms and SiO2 molecules on heat - t rea tment .  

The major  problems in the melt  growth of the I I I -V 
compounds GaP, GaAs, InP, and InAs are associated 
with the high vapor pressures of phosphorus and 
arsenic at their  respective mel t ing points. In  order to 
keep the melt  near  stoichiometry, one must  ei ther con- 
trol the vapor pressure of the volati le element  or some- 
how prevent  it from leaving the melt. In  order to con- 
trol the vapor pressure, one must  have an excess of 
e lemental  phosphorus or arsenic at the coldest point 
in the system. For these compounds, this temperature  
is in the range 550~176 Clearly, Czochralski growth 
of these compounds, with its requi rement  for high 
temperature  gas-t ight seals, presents severe technolog- 
ical problems if one must  control the vapor pressure 
of the volatile element.  A var ie ty  of techniques has 
been developed for Czochralski growth with vapor 
pressure control (1). These have been used success- 
fully for GaAs and InAs, where the arsenic vapor 
pressures are 0.9 and 0.3 atm, respectively (1). How- 
ever, the vapor pressures of phosphorus over GaP and 
InP are much higher, making  melt  growth by these 
techniques near ly  impossible. In  order to avoid the 
problems related to vapor pressure control, the liquid 
encapsulat ion technique was developed (2,4). This 
technique involves covering the melt  with a suitable 
liquid and filling the remain ing  volume of the system 
with an inert  gas above the vapor pressure of the 
volatile element. The volatile element is then trapped 
below the liquid (except for diffusion through it).  The 
term "liquid encapsulation" arises from the idea that  
the ideal l iquid would tend to "encapsulate" both the 
melt  and the growing crystal, thus protecting both 
from loss of the volatile e lement  and from reaction 
with the crucible. Since an iner t  gas is used to balance 
the vapor pressure of the volatile element, the walls 
of the crystal  puller  can be at room temperature.  This 
clearly makes the problem of the gas-t ight  seals much 
simpler to overcome. In the case of InAs and GaAs, 
the pressures are low enough to allow the use of the 
same type of crystal pul ler  designed for nonvolat i le  
materials.  Because the mel t ing point of GaAs is not 
too far from the mel t ing point  of silicon [1238 ~ vs. 
1415~ (5)] ,  it was decided to t ry  to grow GaAs in a 
commercial  silicon crystal  puller.  Al though this article 
deals specifically with the problems of l iquid encap- 
sulated growths of GaAs, much of it is relevant  to the 
growth of the other compounds ment ioned above. 

The Encapsulating Liquid 
The ideal encapsulat ing l iquid should have the fol- 

lowing properties: 

* Elect rochemical  Society  Act ive  Member .  
K e y  words :  semiconductor  crysta l  g rowth ,  hea t - t r ea tmen t  of 

GaAs,  boric acid, silicon contamina t ion  of GaAs. 

1. It should be less dense than  the melt. 
2. It should not react with the melt. 
3. It  should wet but not react with both the crucible 

and the growing crystal. 
4. I t  should be immiscible wi th  the melt. 
5. It  should be t ransparent .  
6. It  should mel t  well  below and have a low vapor 

pressure at the mel t ing point of gal l ium arsenide. 
7. It  should be available in a h igh-pur i ty  grade. 

The e n c a p s u h n t  that  has been most widely used in 
the l iquid encapsulated growth of gal l ium arsenide is 
boric oxide (2-4); it is the only encapsulant  used in 
the experiments  described in this article. Boric oxide 
meets condition 1 very well (PB2O~ -- 1.8 g/cm 3 vs. 
P~aAs ---- 5.3 g/cm3). Condition 2 is met  for undoped 
melts in that  there is no reaction severe enough to 
prevent  growth of a single crystal. However, the pres- 
ence of a significant amount  of gal l ium in the boric 
oxide after growth (see Table I) does indicate tha t  a 
reaction of some k i n d  has taken place. Because boric 
oxide is known to be very hygroscopic, and also be-  
cause there is a very low concentrat ion of boron in the 
gal l ium arsenide after growth (see Table II) ,  it is be- 
lieved that  the presence of the gal l ium in the boric 
oxide is related to the presence of water of hydrat ion 
rather  than to a direct reaction with the boric oxide 
itself (see section on Analysis  of Data) .  However, one 

Table I. Quantitative analysis (in w/o) for gallium 
and silicon in boric oxide after growth 

Undoped crystals  g rown  in quar tz  

C8 C9 CI0 

Silicon 0.09 0.07 0.20 
Ga l l ium 0.18 0.12 0.22 

Undoped  crysta l  g rown  in a lumina  

Silicon <0,01 
Ga l l ium 0.13 

TaMe II. Spark source mass spectrographic analysis (ppm atomic) 
of liquid encapsulated GaAs grown in quartz 

Sample  

Impur i t y  C8 C9 C10 

B 0.01 0.01 0.01 
C 3.2 4 2.4 
N 0.4 0.6 0.4 
O 2.5 8.2 0.7 
Si "~--I0 "~--6 "~--6 
Cu <0.01 <0.01 <0.2 
P 0.5 0.2 ~0.2 
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Table Ill. Emission spectrographic analysis (in w/a) for 
all metallic impurities in B203 after growth 

Sample  
(a lumina  

Sample  (quartz  crucible) crucible) 

I m p u r i t y  C8 C9 CIO C19 

Si" O.X low O.OX O.X O.OX low 
Ga  O.X low O.OX high  O.X O.OX h igh  
A1 O.O00X None None O.X low 
Ca'* O.O00X low O.O00X low O.O00X O, O00X 
Mg None None O.O00X 0.000X 

* Emiss ion analysis prior to growth of a typical  sample of  B203 
showed the presence  of these e lements  at the level  0,000X low. No 
other impurit ies  w e r e  found by emiss ion analysis.  

would expect the boric oxide to react with melts doped 
with strong reducing agents, such as silicon (4). Con- 
dition 3 is only par t ly  met  for quartz or a lumina  cru-  
cibles in that  silicon or a luminum is detected in the 
boric oxide in significant amounts  after growth (see 
Table III) .  This presents no obvious problems dur ing 
the actual growth operation, but  clearly the electrical 
properties of the grown crystals are affected (see 
section on Electrical Propert ies of Undoped Crystals) .  
The quartz crucibles are wetted very well  by the liquid 
boric oxide, whereas the a lumina  crucibles are wetted 
only slightly. There appears to be no reaction between 
the boric oxide and the growing crystal, and the crys- 
tal will  be wetted by the boric oxide if the surface 
is cool enough. Condition 4 is met  very well in  that 
the interface between the boric oxide and the gall ium 
arsenide melt  is sharply defined. Condition 5 is met 
well for undoped melts unless the top surface of the 
boric oxide becomes too cool; then some very fine 
particles may appear. This visibili ty problem is el imi-  
nated as soon as the surface temperature  is raised. 
Other visibi l i ty problems are associated with the high 
index of refract ion (about 1.5) of the boric oxide and 
the inherent  difficulty in seeing an interface between 
two radiat ing materials  at the same temperature.  Con- 
dition 6 is met  well, since boric oxide melts at about 
450~ (near ly  800~ below the mel t ing point of gal- 
l ium arsenide) and has a vapor pressure of about 
0.1 mm at the mel t ing point of gall ium arsenide [cal- 
culated from thermochemical  data (6) ]. Actually, boric 
oxide should not be used below 800~ (2) because it  
becomes too viscous, but this presents no problems in 
the growth of gall ium arsenide. There is some evi- 
dence of evaporat ion of boric oxide dur ing growth, 
but  not near ly  enough to cause a problem. Condition 7 
appears to be met satisfactorily, al though it is very 
difficult to determine the source of trace impurities.  
The boric oxide used in all these experiments  was 
Optran Grade Fused Lumps of 99.995-~ % pur i ty  sup- 
plied by the Atomergic Chemetals Corporation. Boric 
oxide of a lower grade has been used successfully by 
others (3). The major  undesirable  component  in boric 
oxide is water  (the level of water  is not included in 
the quoted total  impur i ty  content) .  Large amounts  of 
water  will  lead to severe bubbl ing  when the boric 
oxide is heated and  can cause a loss of up to 50% of 
the boric oxide by bubbl ing  over the side of the cru-  
cible. The effect of a small  amount  of water  seems to 
be similar to the effect of a small  amount  of oxygen 
or Ga20 on Br idgman crystals (7) (see section on 
Analysis of Data).  Approximate ly  50g of boric oxide 
were used for each run.  

In order to remove most of the water  from the boric 
oxide, a high temperature  bakeout  under  vacuum con- 
ditions was used. The p la t inum crucibles used for this 
operation showed no evidence of reaction wi th  the 
boric oxide and were used repeatedly. Because a de- 
t e rmina t ion  of the absolute amount  of water  in the 
boric oxide is difficult, it was decided to use a s tandard 
bakeout procedure to minimize differences caused by 
variat ions in the amount  of water. The bakeout was 
done at 1000~ (see Fig. 1) under  a start ing pressure 
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Fig. 1. System for vacuum drying of B203 

of about 200 Torr of nitrogen, with a l iquid ni t rogen 
cold t rap in the system. The pressure was gradual ly 
lowered while the degree of bubbl ing  was observed 
through the optical flat. When the bakeout proceeded 
overnight,  a dry  ice-isopropyl alcohol t rap was sub-  
sti tuted for the liquid ni t rogen trap in order to main-  
ta in  the equi l ibr ium vapor pressure of water  at about 
0.5~. The entire procedure took approximately 24 hr, 
including 1-2 hr under  a vacuum of about 10~. 

No simple way was found to remove the solid boric 
oxide from the p la t inum crucible after the bakeout 
procedure in order to t ransfer  it to the crystal puller. 
It was decided, therefore, to position the p la t inum cru- 
cible containing the B2Os upside down in  the crystal 
puller  and use the heat from the crystal puller  to melt  
the boric oxide (see Fig. 2). Once the boric oxide melts, 
it pours over the gal l ium arsenide charge. This melt ing 
and pouring takes place with the gall ium arsenide at 
about 700~ and the pressure in the crystal puller  at 
3-5 psig. 

The Crystal Puller 
The crystal puller  used for all  l iquid encapsulated 

growths of gal l ium arsenide has been the NRC Equip-  
ment  Corporation Model 2805 Czochralski furnace 
shown in Fig. 3. The glass rod passing through the 
viewing port on the r ight  is used to manipula te  the 
boric oxide container (see Fig. 2). The heater  assem- 
bly used is that designed for NRC's smaller Model 2804 
furnace. The only modifications necessary for growing 

VIEWING PORT 

GoAs SEED-~_  l / /  

B203 \ ' ~ RQUARTZ 

HOLDER 

Fig. 2. Transfer of B203 in the crystal puller 
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Fig. 3. NRC Model 2805 crystal puller used for liquid encapsu- 
lated growth of GaAs. 

gal l ium arsenide were  the fabr ica t ion  of a holder  for 
the  p la t inum crucible  containing the boric oxide, and 
the use of a specia l ly  designed seed chuck. The furnace 
is hea ted  b y  a graphi te  res is tance hea te r  which  is 
powered  by a sa turab le  core reactor.  The t empera tu re  
sensing e lement  is a L & N Rayotube,  which is a imed 
at  the  bo t tom of the  graphi te  crucible  holder .  The 
t empera tu re  m a y  be contro l led  and p rog rammed  auto-  
mat ica l ly  via  a L & N CAT controller ,  and the crucible  
and seed shaft  m a y  be  ro ta ted  and t r ans la t ed  at va r i -  
able rates.  

The graphi te  crucible  holder  was fabr ica ted  by  the 
Ul t ra  Carbon Corpora t ion  f rom grade  UF-4S  high 
pur i ty  graphi te .  I t  has close-fi t t ing spacers ava i lab le  
so tha t  the  crucible  m a y  be posi t ioned at var ious  
heights  in the  holder .  The quar tz  crucibles  used in 
these exper iments  were  fabr ica ted  by  the Thermal  
Amer ican  Fused  Quar tz  Company from Vitreosi l  fused 
quartz.  The a lumina  crucibles  were  suppl ied by  the 
Coors Porce la in  Company.  They  were  grade  AD-999 
wi th  a nomina l  pu r i ty  of 99.98%. The holder  for the  
p la t inum crucible  conta ining the boric oxide (see 
Fig. 2) consists of a 9 m m  quar tz  rod a t tached to a 
holder  so designed tha t  i t  supports  the  p la t inum cru-  
cible in an inver ted  posi t ion wi thout  i tself  coming into 
contact  wi th  the  boric oxide dur ing  the  pour ing p ro -  
cess. A coupling al lows the  rod to be moved so tha t  
the p la t inum crucible  m a y  be p rope r ly  posi t ioned for 
pour ing the boric  oxide and m a y  be  pu l led  out  of the  
way  dur ing  growth.  The seed chuck consists of a mo lyb -  
denum rod wi th  a 1/s in. hole dr i l led  in i t  at its lower  
end. There  is a s tainless  steel  set screw posi t ioned in 
the  side of the  rod about  �89 in. above the bottom. The 
seed is suppor ted  by  severa l  s t rands  of  mo lybdenum 
wire  which  are  w r a p p e d  a round  the  seed and twis ted  
above it. The twis ted  wi re  is inser ted into a pa r t l y  
spli t  mo lybdenum rod and held in place  by  the set 
screw. This method  of suppor t ing  the seed is bel ieved 
to have  two main  advantages  over  a more  r ig id  t ech-  
nique. Firs t ,  less v ib ra t ion  is t r ans fe r red  f rom the  
seed chuck to the  seed, mak ing  i t  possible to t ake  full  
advantage  of damping  b y  the h igh ly  viscous l aye r  of 
boric oxide. Second, the  seed is p ro tec ted  from b r e a k -  
ing in case the mel t  suddenly  freezes out  to the  
crucible.  

The Crystal Growth Operation 
The crucible  (quar tz  or  a lumina)  is degreased,  

c leaned wi th  aqua regia, r insed wi th  methanol  and a 
10% KCN solution, and posi t ioned in the graphi te  
crucible  holder.  A p p r o x i m a t e l y  100g of po lycrys ta l l ine  
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gal l ium arsenide  are  degreased,  e tched wi th  aqua 
regia,  r insed  wi th  methanol ,  and  p laced  in the  crucible.  
The graphi te  crucible  ho lder  is posi t ioned wi th  its top 
about  �89 in. be low the  top of the  heater .  The seed is 
o r ien ted  in the ~111>  direct ion wi th  the  ( l l l ) A ( G a )  
face toward  the melt .  This a r r angemen t  has been 
shown to give a lower  twinn ing  p robab i l i ty  than  the 
( l l l ) B ( A s )  face (8). The p la t inum crucible  conta in-  
ing the  b a k e d - o u t  boric  oxide is removed  f rom the 
quar tz  vacuum chamber  and posi t ioned in the  quar tz  
holder  jus t  above the  ga l l ium arsenide  source ma te r i a l  
(see Fig. 2). The  c rys ta l  pu l l e r  is then  evacuated  
overnight .  Before the  hea te r  is tu rned  on, the  crys ta l  
pul le r  is flushed wi th  argon or he l ium and pressur ized 
to about  1 psig. Hea t ing  is s ta r ted  m a n u a l l y  at  a 
power  level  of about  3 kW. At  this  power  level, the  
boric oxide  s tar ts  to flow in 30-45 rain. The ga l l ium 
arsen ide  charge  is a t  about  700~ by  this  t ime. Af te r  
the  bor ic  ox ide  has finished flowing, the  quar tz  holder  
is moved  out of the  way,  the  pu l le r  is pressur ized to 
about  5 �89 psig, and  the ga l l ium arsenide  is hea ted  to 
its mel t ing  point. When  the ga l l ium arsen ide  s tar ts  to 
melt ,  one mus t  proceed s lowly  and careful ly,  for once 
all  the  ga l l ium arsen ide  is mel ted  the  t empera tu re  m a y  
rise rapidly ,  causing severe  loss of arsenic as the  
arsenic vapor  pressure  rises above  the iner t  gas pres-  
sure. Some arsenic is a lways  lost dur ing  melt ing,  as 
indica ted  b y  a coat ing on the  v iewing  port .  Af t e r  the 
mel t  is s tabi l ized at  the  growth  tempera ture ,  ve ry  
l i t t le  arsenic is lost. Jus t  pr ior  to seeding, the  graphi te  
crucible  holder  is ra i sed  so tha t  i ts top is level  wi th  
the top of the heater .  This a l lows a t empe ra tu r e  grad i -  
ent  across the  1-1�89 cm th ick  layer  of boric oxide 
sufficient to minimize  loss of arsenic f rom the grown 
crystal .  Some difficulty is encountered  in de te rmin ing  
the  point  of contact  be tween  the seed and the mel t  and 
knowing when g rowth  begins. Wi th  experience,  how-  
ever, these problems  have  g radua l ly  been solved. Dur -  
ing growth,  the seed is ro ta ted  at  23 rpm, the  crucible  
is ro ta ted  at 7 rpm in the  same direction,  and the seed 
is pul led  at 0.007 in . /min.  (Actual ly ,  pul l ing  is s tar ted  
at a lower  value  and increased to this  va lue  af ter  about  
�89 in. of growth.)  The surface of the  mel t  is a lways  
ve ry  clean dur ing  growth.  

Control  of the  shape of the crys ta l  is accomplished 
by  va ry ing  e i ther  the  crucible  t empe ra tu r e  or the  ra te  
of t empe ra tu r e  change. The crucible  is app rox ima te ly  
2 in. in d iamete r  and  2 in. high, and the usual  charge 
of ga l l ium arsenide is 100g. The crys ta ls  grown are  

Fig. 4. Two typical liquid encapsulated GaAs crystals 
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Fig. 5. Photograph of 2�88 in. diameter liquid encapsulated 
GaAs crystal. 

general ly s/4-1 in. in diameter  and weigh about 80g. 
Photographs of two crystals of this size are shown in 
Fig. 4. One at tempt was made to grow a crystal of 
larger diameter  by using a larger crucible (3 in. in 
diameter)  and a larger charge (460g). This crystal  is 
shown in Fig. 5; it has a m a x i m u m  diameter  of 2u in. 
and weighs 370g. It  is single, as indicated by sym- 
metrical  facets except near  the end, where the charge 
was depleted and the crystal touched the crucible. 
From Fig. 5 it may be seen that  the main  problem in 
growing this crystal was tempera ture  control. It  ap- 
pears that  as the crystal  diameter  increased, diameter  
control became much more sensitive to tempera ture  
variations. The main  growth problem was in  "should-  
ering" the crystal. The problem of control l ing the 
diameter  of a crystal of this size can probably be 
solved by accumulat ing experience on tempera ture  
control and crucible configuration. A crack may be 
noticed in Fig. 6. P resumably  it is due to s t ra in resul t-  
ing from too rapid cooling dur ing growth; this prob-  
lem could be overcome by the use of afterheaters. The 
"chipped" appearance of the surface was caused by 
B203 sticking to the crystal. This problem could be 
el iminated by  varying  thermal  conditions to lower the 
viscosity of the B203. The surfaces of the crystals are 
usual ly shiny near the top and slightly etched nea r  the 
bottom. This indicates that  protection against loss of 
arsenic from the surface decreases as the level of the 
boric oxide drops. After  the crystal is pul led out of the 
boric oxide and the furnace is cooled, the quartz cru-  
cibles general ly  shatter while the a lumina  crucibles 
ei ther remain  intact  or show only one or two cracks. 
When a quartz crucible is used, the boric oxide is gray 
and opaque in appearance after growth, when  an 
a lumina  crucible is used, the boric oxide is brownish 
and translucent .  In  either case, the boric oxide is full  
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of bubbles  generated dur ing  cooling. The p la t inum 
crucible which held the boric oxide is also slightly dis- 
colored, presumably  because of the reaction of arsenic 
with the exposed p la t inum (9). The discoloration of 
the p la t inum disappears rapid ly  when  the crucible is 
heated in air. 

Electr ical  Properties of Undoped Crystals 
The properties of seven undoped crsytals are de- 

scribed in this article; four of these were grown in 
quartz and three in  alumina.  The source mater ia l  for 
the four growths in  quartz and for one of the growths 
in a lumina  was obtained from Bell and Howell  Re- 
search Laboratories, and the source mater ia l  for the 
other growths in a lumina  was obtained from the 
Monsanto Company. All  seven crystals had resistivities 
greater than 105 ohm-cm as grown. A good value for 
the resistivities of the samples grown in quartz could 
not be obtained, apparent ly  because of inhomogeneit ies 
in the material.  Resistivity measurements  on the sam- 
ples grown in  a lumina  were quite straightforward, 
with values from 2 x l0 T to 6 x l0 T ohm-cm. Slices 
cut from each of the seven crystals were heat treated 
in vacuum at 800~ for 24 hr. In  order to avoid con- 
taminat ion  of the gall ium arsenide dur ing heat t reat -  
ment,  Spectrosil fused quartz ampoules r insed in a 
10% KCN solution were used. The ampoules were 
evacuated with an ion pump to 10 -6 Torr  prior to seal- 
ing. After  heat t reatment ,  the slices from the crystals 
grown in quartz converted to n-type.  The electron 
concentrat ions of the slices from the four crystals 
grown in quartz are shown in Fig. 7 and their  Hall 
mobilities, in Fig. 8. The slices from the crystals grown 
in a lumina  showed no apparent  change on heat t reat-  
ment.  
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Fig. 7. Electron concentration as a function of temperature of 
undoped GaAs after heat treatment at 800~ for 24 hr, 

Fig. 6. Cross-section of 2�88 in. diameter GaAs crystal 
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Analysis of Data 
The conversion of semi- insula t ing  gal l ium arsenide 

to n- type  on heat t rea tment  has been seen before by 
Woodall in Br idgman crystals grown in quartz with a 
small  amount  of Ga~O~ added to the mel t  (7). (He as- 
sumed that  the GaeO8 converts  completely to Ga20 by 
reacting wi th  the melt.) It  has been shown thermo-  
dynamical ly  (10) that  SiO vapor may  be expected to 
form from the reaction of GaAs with quartz. Therefore, 
the major  consti tuents of the env i ronment  above such 
Br idgman crystals are, in addit ion to arsenic vapor, 
Ga20 and SiO. Since the effect of heat t rea tment  on 
liquid encapsulated crystals of gall ium arsenide grown 
in quartz is similar to that  on these Br idgman crystals, 
some experiments  and analyses were carried out to 
determine whether  these same molecular  species were 
present  in the boric oxide. The boric oxide is assumed 
to be iner t  except for its role in de termining  the activi-  
ties of the various molecular  species. Comparisons be-  
tween liquid encapsulated growth in quartz and the 
Br idgman growth described above will  be quali tat ive 
in nature,  since the heats of solution and the activities 
of the various molecular  species in the boric oxide are 
not known. 

The first analysis carried out was a quant i ta t ive  anal-  
ysis for gal l ium and silicon in  the boric oxide. The 
results are shown in Table I. Note that  there is a sig- 
nificant amount  of gal l ium present  in every case and 
a significant amount  of silicon in every case except 
when an a lumina  crucible is used. Gal l ium and silicon 
are presumably  dissolved in  the boric oxide as oxides, 1 
since one would not expect elemental  gall ium and sili- 
con to be highly soluble. Although the temperature  
profile of the boric oxide dur ing growth is not known, 
clearly the amounts  of silicon observed must  come 
f rom the gradual  dissolution of the quartz crucible by 
the boric oxide. The lack of a large amount  of boron 
in the gal l ium arsenide (Table II) and the fact that  
the amount  of gal l ium in the boric oxide is independent  
of the crucible used (Table I) imply that residual 
water  is responsible for the presence of gall ium in the 
boric oxide. It has been shown by infrared measure-  
ments  that  it is difficult to reduce the water  content  
of boric oxide below 0.05 w/o  (weight per cent) by 
vacuum baking above 1000~ (12). Assuming the pres-  
ence of 0.05 w/o  water  before growth and the com- 
plete conversion to an oxide after growth, the fol- 
lowing possible amounts  of gal l ium in the boric oxide 
are obtained 

2Ga ~ H20 --> Ga20 -~ H2 -- 0.4 w/o Ga in B20~ 

2Ga ~- 3H20 --> Ga203 ~- 3H2 -- 0.13 w/o Ga in BaOa 

The amounts observed (Table I) range from 0.12 to 
0.22 w/o. Quantitative calculations of the amounts of 
each oxide cannot be made without determining the 
exact amount of H20 before growth and the amount of 
any Ga20 lost during growth. However, the values ob- 
served strongly imply that the gallium results from 
oxidation of the melt by water in the boric oxide. 

In order to determine which oxides of silicon and 
gall ium are present  dur ing  growth, some fur ther  ob- 
servations and exper iments  were necessary. First, as 
ment ioned in the section on Crystal  Growth Operation, 
the boric oxide is gray and opaque after growth in 
quartz and brown and t rans lucent  after growth in 
alumina.  The gray, opaque color seems to be caused by 
a very fine metallic powder which forms in the boric 
oxide after growth dur ing  cooling. In  either case, the 
boric oxide is ful l  of bubbles  which were generated 
on cooling. In  order to explain both the gray color and 
the bubbling,  the simple exper iments  shown in Table 
IV were performed. All  the exper iments  were carried 
out in porcelain crucibles. The heat cycle consisted 
of 30 min  at about 900~ in addit ion to the heat ing 
and cooling time. I t  should be noted that the presence 
of bubbles  is correlated with the presence of gallium. 

1 It has been shown (11) tha t  70 w / o  SiO~ is soluble in  B~Oa at 
lO00~ 

Table W. Experiments to explain gray color and bubbling of 
boric oxide 

Sample  B20~ af ter  hea t  cycle 

I. 5g Ga  + 10g B20~ 

2. 5g Ga  + 10g B2Oa + 0.05g SiCks, 

3. 5g Ga + 10g B,.,O~ + 0.5g SiO~ 

4. 0,Sg SiO~ + 10g B~O~ 

Clear,  full  of  bubbles  gene-  
ra ted  on cooling. 
Gray ,  opaque near  Ga, full  of 
bubbles  genera ted  on cooling. 
Slight gray  tint, full  of bub-  
bles genera ted  on cooling. 
Clear, no bubbles.  

Since GauO is the only vapor species associated with 
gallium, the bubbles must  result  from Ga20 coming 
out of solution on cooling. The gray color is correlated 
with SiO2. Fur thermore ,  it is not  proport ional  to the 
amount  of SiO2 and therefore it cannot be due to a 
complex silicate. The only other possibilities are 

Ga20 -{- SiO--> 2Ga q- SiO~ 

2SiO "~ Si + SiO2 

with the gray color resulting from a very fine pre- 
cipitate of gallium or silicon. In either case, the pres- 
ence of SiO is indicated. Therefore, the boric oxide 
contains both Ga20 and SiO, just as in the atmosphere 
over the melt in the Bridgman growth described above. 
A survey emission spectrographic analysis for all 
metallic impurities (Table III) shows (in addition to 
gallium and silicon) only the presence of several parts 
per million of calcium, magnesium, and aluminum ex- 
cept for the growth in alumina, in which case several 
tenths of a weight per cent of aluminum are present. 

Since Ga20 is always present in the boric oxide, it 
is expected that there will be oxygen incorporated in 
the grown gallium arsenide. Oxygen is known to cause 
deep level compensation and, therefore, high resistivity 
in gallium arsenide (7, 13, 14). In order to convert 
such compensated material to n-type with carrier con- 
centrations in the range observed (see Fig. 7), one 
must either remove acceptors (shallow or deep) or add 
shallow donors such that the number of shallow donors 
exceeds the sum of all aceeptors. Woodall (7) inter- 
preted his results on the heat treatment of Bridgman 
crystals on the basis of a reduction in the number of 
acceptors as a result of the precipitation of an un- 
identified acceptor species. Since liquid encapsulated 
crystals grown in alumina do not show any conver- 
sion on heat treatment, the heat treatment behavior 
appears to be correlated with some form of silicon. 
Therefore, a model is proposed whereby ND may be 
increased on heat treatment by means of a change in 
the oxygen coordination of silicon atoms. It should be 
noted that similar donor creation on heat treatment 
has been seen in silicon crystals containing oxygen 
(15). 

The presence of SiO in the boric oxide must lead to 
the incorporation of some SiO in the grown crystal of 
gallium arsenide. Since melt-grown, silicon-doped gal- 
lium arsenide is always n-type, it is assumed that an 
SiO molecule is incorporated with the silicon atom on 
a gallium site and the oxygen atom on either an inter- 
stitial site or an arsenic site. It is known that SiO 
molecules in the vapor phase become less stable with 
respect to SiO2 molecules as the temperature is low- 
ered. Unfortunately, quantitative calculations of the 
concentrations of SiO and SiO2 in gallium arsenide 
cannot be made without knowledge of their heats of 
solution. However, if one assumes that SiO molecules 
are quenched in during the rapid cooling of Czoehral- 
ski crystals and broken up into SiO2 molecules and 
silicon atoms on heat treatment by means of a short- 
range diffusion of oxygen atoms, then shallow donors 
are created. The gallium arsenide will be n-type if 
sufficient shallow donors are created such that the 
number of shallow donors exceeds the sum of all ac- 
ceptors. The donor level observed (see Fig. 7) is about 
0.003 eV or approximately the level expected for a 
shallow donor in gallium arsenide. This model may 
also explain the inhomogeneities in the electrical prop- 
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ert ies  of the  gal l ium arsenide  grown in quar tz  (see 
section on Electr ical  Proper t ies  of Undoped Crys ta ls ) .  
Since there  is a s trong rad ia l  var ia t ion  in the  the rmal  
h is tory  of Czochralski  crystals ,  one m a y  expect  pa r t i a l  
h e a t - t r e a t m e n t  effects in var ious  regions of the crys-  
tal. The crysta ls  g rown in a lumina  remain  semi - in -  
sulat ing on heat  t r ea tmen t  because no shal low donors 
are created and the deep level  compensat ion is not  
overcome. Since the crysta ls  are  not  affected by  heat  
t rea tment ,  no inhomogenei t ies  in e lectr ical  proper t ies  
resul t  because of var ia t ions  in the rmal  history.  Re- 
sist ivit ies can therefore  be measured  more  accurately.  

Conclusions 
The l iquid encapsulat ion process is capable  of p ro-  

ducing undoped ga l l ium arsenide wi th  e lect r ica l  p rop-  
ert ies comparab le  to those of ga l l ium arsenide  p re -  
pared  by  other  b u l k - g r o w t h  methods.  Equipment  p rob-  
lems are  t he reby  g rea t ly  reduced and commerc ia l ly  
avai lab le  silicon crys ta l  pul le rs  can now be used. 
With more  s tudy  of the rmal  conditions,  g rowth  of 
crys ta ls  over  2 in. in d iamete r  is apparen t ly  possible. 
As suggested by  Woodal l  (7) for his Br idgman  crystals ,  
heat  t r ea tment  of undoped l iquid encapsula ted  crysta ls  
grown in quar tz  m a y  be a good way  to obta in  bu lk  
gal l ium arsenide  wi th  electron concentrat ions  in the 
101~ cm -8 to 10 TM cm-~  range,  should such a need arise. 
In  addit ion,  oxygen-doped  semi- insula t ing  gal l ium 
arsenide m a y  be grown rou t ine ly  by  using a lumina  
crucibles. 

I t  is evident  tha t  the  l iquid encapsula t ion process 
does not isolate gal l ium arsenide f rom quar tz  crucibles. 
The la t te r  should not be used if silicon contaminat ion  is 
undesirable .  

The res idual  wa te r  in the boric oxide af te r  o rd inary  
vacuum baking  c lear ly  affects the  e lect r ica l  p roper t ies  
of l iquid encapsula ted  ga l l ium arsenide because it 
leads to the  incorpora t ion  of oxygen. In o rder  to re -  
duce the  amount  of wa te r  in the  boric oxide, a d ry ing  
technique more  effective than  vacuum baking  must  be 
developed.  
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Properties of GaP Single Crystals Grown by 
Liquid Encapsulated Pulling 

S. F. Nygren, C. M. Ringel, and H. W. Verleur 
Bell Telephone Laboratories, Inc., Reading, PennsyZvania 19604 

ABSTRACT 

Because it a l lows the product ion of substant ia l  quant i t ies  of large  area, 
un i fo rmly  shaped subst ra tes  of GaP, the  Liquid  Encapsula ted  Czochralski  
technique is a ma jo r  advance in GaP technology. Successful  growth  of s ingle-  
crys ta l  ingots requires  main tenance  of v is ib i l i ty  of the  growth  interface.  
This is accomplished by  baking  out the  B203 encapsulant  before use, t igh t ly  
packing the po lycrys ta l l ine  GaP charge  into the  bot tom of the crucible  be -  
fore growth,  locat ing the center  of hea t  at  the bo t tom of the  crucible,  and 
keeping the B203 re la t ive ly  hot  dur ing  growth.  The resul t ing ingots have uni -  
formly  high Hal l  mobili t ies,  genera l ly  being at  least  as high as those repor ted  
for GaP grown by  other  techniques.  The centra l  regions of the  ingots have 
dislocation densit ies  ~ 1 x 105 cm -2. Effective dis t r ibut ion coefficients for S, 
Se, Te, and Zn have been found to be 0.23 ~ 0.08, 0.16 • 0.05, 0.012 ___ 0.003, 
and 0.096 _ 0.05, respect ively.  

The l iquid encapsula t ion of a vola t i le  mel t  to a l low 
Czochra l sk i - type  c rys ta l  g rowth  was first in t roduced 
by  Metz et al. (1). This method  was appl ied  to the 
growth  of GaAs and InAs single c rys ta ls  by  Mul l in  

Key words: gallium phosphide, crystal growth, crystal defects, 
distribution coefficients. 

et al. (2);  and Bass and Ol iver  (3) were  the  first to 
grow GaP by this technique.  Ga l l ium phosphide  has a 
dissociation pressure  of approx ima te ly  32 atm of 
phosphorus  at its mel t ing  point, 1470~ Without  the 
presence of a l iquid encapsulant ,  a phosphorus  pres -  
sure in excess of 32 a tm would  have to be ma in ta ined  
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over the  mel t  to p reven t  the  GaP from boiling. This 
would requ i re  that  the  wal ls  of the  crysta l  g rowth  
chamber  be he ld  at app rox ima te ly  700~ Wi th  a l iquid 
encapsu lan t  tha t  has  l i t t le  in terac t ion  wi th  the  GaP,  
an iner t  gas m a y  be used to main ta in  a pressure  over  
the  encapsulant  which  is high enough to prevent  
format ion of phosphorus  bubbles  in the  GaP melt.  The 
chamber  wal l s  then  no longer  need to be he ld  at  a 
h igh tempera ture ,  and  equipment  design is consider-  
ab ly  simplified. 

Since 1969, c rys ta l  pul lers  sui table for h igh-pressure  
Liquid Encapsula ted  Czoehralski  (LEC) c rys ta l  
g rowth  have  become commerc ia l ly  available.  Their  
adven t  al lowed,  for  the  first time, the  convenient  p rep -  
a ra t ion  of s ing le -c rys ta l  ingots of GaP. F rom such 
ingots many  la rge  area, un i fo rmly  shaped subst ra tes  
Could be prepared ,  al l  in a t ime short  compared  to the  
p repara t ion  of equiva lent  subs t ra tes  by solution 
growth  or  vapor  t ranspor t .  As a result,  the product ion 
of GaP  e lec t ro luminescent  devices has become eco- 
nomical ly  at t ract ive.  Ga l l ium phosphide r ed -emi t t i ng  
diodes have been fabr ica ted  on n - t y p e  LEC crys ta l  
subs t ra tes  both by  single l iquid phase epi tax ia l  
g rowth  of a p - t y p e  layer  and by  doub le  ep i tax ia l  
growth  of an n - t y p e  layer  and then  a p - t y p e  layer .  
Quantum efficiencies of i and 4.5%, respect ively,  for  
these two types  of s t ructures  have been obtained 
(4, 5). Whi le  these efficiencies are  below those ob- 

t a i n a b l e  using so lu t ion-grown subst ra tes  (6 and 7%) 
(4), they  establ ish the potent ia l  u t i l i ty  of LEC crys ta ls  
in the  fabr ica t ion  of efficient e lect roluminescent  
diodes. 

In  the  fol lowing section of this paper  are  discussed 
some of the  growth  condit ions which have been found 
helpful  in es tabl ishing a routine, high y ie ld  p rogram 
of growing LEC GaP ingots. The techniques descr ibed 
were  evolved dur ing  the growth  of app rox ima te ly  100 
s ing le -c rys ta l  ingots in a h igh-pressure  pul ler  s imi lar  
to the one descr ibed by  Mull in  et at, (2). 

The lower  efficiencies of GaP elect roluminescent  
diodes thus far  obta ined by using LEC crys ta l  sub-  
s t ra tes  ins tead of so lu t ion-grown subst ra tes  suggests 
the  poss ibi l i ty  of basic differences be tween LEC and 
so lu t ion-grown GaP crystals.  The remain ing  port ions 
of this  paper  discuss var ious  proper t ies  of LEC GaP 
ingots, re la t ing  them to crys ta l  growth  pa ramete r s  
and compar ing  them to the proper t ies  of GaP grown 
by  o ther  techniques. In  the section on Defect S t ruc tu re  
of LEC GaP Ingots, the s t ra in  and the dislocation 
densit ies  which are found in LEC GaP ingots are ex-  
amined. The  section on Control led Incorpora t ion  of 
Impur i t ies  discusses the control led  incorpora t ion  of 
impur i t ies  into LEC crysta ls  and presents  the d is t r ibu-  
t ion coefficients of S, Se, Te, and Zn in G a P  at its 
mel t ing  point. Some elect r ica l  proper t ies  of LEC GaP 
ingots are  the  subject  of the  section on Electr ical  P rop-  
erties. 

Crystal Growth 
A schematic  d iagram of the  LEC crys ta l  growing 

appara tus  is shown in Fig. 1. The GaP charge is to t a l ly  
encapsula ted  by  a l aye r  of B20~, z and the encapsula ted  
charge  is suppor ted  by  a vi t reous silica crucible.  The 
crucible,  in turn, is suppor ted  by  a carbon susceptor  
which is sur rounded  by  a sil ica convection shroud. 
Hea t ing  is by  rf  coupl ing into the carbon susceptor.  
A n  overpressure  of an iner t  gas (N2) is contained by 
a stainless steel  jacket .  

The p r i m a r y  p rob lem encountered dur ing the 
g rowth  of a s ing le -c rys ta l  ingot f rom a l iquid en-  
capsula ted  volat i le  mel t  arises when  some of the  mel t  
ma te r i a l  mixes  wi th  or  in teracts  wi th  the  encapsulant .  
This, in the case of GaP  and B203, resul ts  in clouding 
of the encapsulant ,  causing loss of v is ib i l i ty  of the 
g rowth  interface  and resul t ing in loss of control  over  
the  shape of the ingot. In  addit ion,  mel t  par t ic les  

1 Johnson Matthey,  High Puri ty.  
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Fig. 1. Schemotic diagram of the high pressure crystal pullet 

suspended in the  encapsulant  can affect the crys ta l  
perfec t ion  and even cause po lycrys ta l l ine  growth.  To 
minimize  these problems,  the  gas pressure  above the 
encapsulant  and the  t empera tu re  grad ien t  across the 
mel t  and encapsulan t  mus t  be  p rope r ly  mainta ined.  
Also, the  GaP charge and BaO3 encapsulan t  mus t  be 
p roper ly  prepared.  

Pressure.--The iner t  gas pressure  which is main-  
ta ined  over  the  encapsulan t  must  exceed the dissocia- 
t ion pressure  of GaP at  its mel t ing  point. An upper  
l imi t  to this  pressure  m a y  be obta ined  by  lowerLng the 
ambien t  pressure  inside the  c rys ta l  pu l l e r  dur ing 
c rys ta l  growth  unt i l  the mel t  begins  to bubble.  Such 
bubbl ing  was observed at 32.3 atm. This pressure  is 
not  necessar i ly  the  t rue  phosphorus  pressure  of GaP 
at its mel t ing  point  since the t empera tu re  at  the cruci-  
ble wal ls  m a y  be h igher  than  the  t empera tu re  at  the  
center  of the crucible  whe re  growth  is t ak ing  place. 
In  o rder  to protect  against  acc identa l  overhea t ing  and 
subsequent  vola t i l iza t ion dur ing  the  me l t -down  period, 
c rys ta l  g rowth  is rou t ine ly  ca r r i ed  out  at  a pressure  
of about  48 atm. 

Temperature gradient.--The t empera tu re  drop 
across the  B203 must  be chosen careful ly .  On one hand, 
a sharp  t empe ra tu r e  d rop  is des i rable  to insure  at 
least  ini t ia l  v is ib i l i ty  by  minimizing decomposi t ion of 
the seed when  it enters  the encapsulant .  Since B~O~ is 
an insulator,  a s teep t e m p e r a t u r e  g rad ien t  can easi ly 
be created by  spacing the  rf  coils so that  the  center  of 
hea t  is near  the  bot tom of the  crucible.  Nielson and 
Von Neida (6) have  measured  the t empera tu re  drop  
across a 1 cm th ick  layer  of B~O~ above a GaP mel t  to 
be about  240~ under  growth  conditions. 

On the other  hand, dur ing  the course of crys ta l  
growth,  ga l l ium and phosphorus  f rom the mel t  and 
f rom the growing ingot contaminate  the  B203 and 
cause an eventua l  decrease in t ransparency.  This p rob-  
lem can be reduced if the BeO3 is kep t  w a r m  enough 
so tha t  at least  some contaminants  can diffuse th rough  
the B203 and vapor ize  f rom it. The t empe ra tu r e  gradi -  
ent  f inally chosen is a compromise  be tween these two 
des i red  conditions.  

GaP charge.--The most des i rable  form for the  s t a r t -  
ing ma te r i a l  would  be a solid chunk of po lycrys ta l l ine  
GaP  which is shaped to fit the  lower  por t ion  of the  
crucible.  However ,  this is not  essential.  In  this  s tudy  
the s ta r t ing  ma te r i a l  was polycrys ta l l ine  GaP which  
had  been p repa red  by  dissolving phosphorus  obta ined 
f rom PH3 into gal l ium which is held at  an e levated  
tempera ture .  2 This ma te r i a l  has  very  high puri ty ,  bu t  
i t  is porous and i r r egu l a r l y  shaped. I t  is dr ied and 
crushed before  use. The resul t ing  smal l  chunks and 
powder  can be t igh t ly  packed  into the  crucible,  
leaving a m i n i m u m  of voids and present ing  a fiat in-  

Monsanto, Polycrystal l ine Porous Chunk GaP, 
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terrace to the B~O~. This will  minimize penetra t ion of 
the B203 into voids in  the unmel ted  charge, prevent ing 
the GaP particles f rom being brought  up into the en-  
capsulant  dur ing melt  down. 

When the melt  is to be doped, the particles of dopant 
are embedded in the GaP charge. The heating schedule 
is begun after the system is pressurized; and by the 
t ime the tempera ture  reaches 800 ~ or 900~ the B20:~ 
has melted and has encapsulated the charge. It is hoped 
that this procedure prevents  the loss of significant 
quanti t ies of dopant  from the charge by evaporation. 

Encapsulant.--The presence of water  in the B203 
wil l  cause bubbl ing  when it is heated. These bubbles 
br ing up particles from the GaP charge, clouding the 
B203 and causing loss of visibility. However, all that  
is necessary to remove most of the water  from the 
S203 and thus prevent  in i t ia l  clouding of the encap- 
sulant  is to bake it out for 24 hr  at about 900~ under  
partial  vacuum (<0.1 a tm) .  

To establish the proper temperature  drop across the 
B20~ layer, its thickness should be at least 1 cm when 
the rf coil geometry described above is used with a 
crucible that  is 4.6 cm in diameter. If  the layer is 
thinner,  the B203 will  be too hot to prevent  decom- 
position of the seed and ingot dur ing growth, and the 
decomposition products wil l  cloud the B203 layer. A 
layer thicker than 2 cm inhibi ts  crystal  growth. This 
is probably due to the insulat ing property of B20~ 
which prevents  adequate heat dissipation to sustain 
crystal growth. When the proper B203 thickness is 
used, care must  still be taken dur ing crystal growth. 
As the large diameter  portion of the ingot emerges 
from the B203, addit ional  convection and radiat ion 
from the ingot will  occur. At this t ime either the pull  
rate or the rf power must  be increased in order to 
prevent  a sudden increase in ingot diameter. 

While the precautions discussed in this section will  
prevent  ini t ial  and drastic clouding of the encapsulant,  
a gradual  decrease in t ransparency of the B203 will  
take place dur ing a run.  This appears to be due to 
t ransport  into the B203 of mater ia l  produced by de- 
composition of the melt  and by reaction of the GaP 
with H20, SiO2, and B203. At the end of a run,  the 
B203 has become colored. There is a greenish layer 
near the bottom and walls of the crucible, and a 
yellow layer near  the top surface of the B203. The 
greenish region contains more gall ium and phosphorus 
than  the yellow region. The total amount  of phos- 
phorus in the B203 is considerably less than  the total  
amount  of gallium, indicat ing the loss of phosphorus 
from the B2Oa. Weiner  (7) has suggested a water  vapor 
and SiO2 reaction to account for the clouding of B203 
in LEC growth of GaAs. For the growth of GaP, the 
dissociation process must  also be considered. 

Defect Structure of I.EC GaP Ingots 
Defects in  grown crystals may arise in two ways. 

They may be propagated into the crystal from the seed, 
or they may be generated by forces exerted on the 
crystal as it solidifies and cools. Convent ional  tech- 
niques for minimizing defect densities in Czochralski- 
grown crystals include star t ing ~vith a clean, dislo- 
cat ion-free seed (or, equivalently,  growing a long, 
th in  neck which becomes dislocation free before the 
ma in  part  of the ingot is begun) ,  keeping the melt  
scrupulously clean in order to minimize spurious nu -  
cleation, and using a thermal  geometry which min i -  
mizes the radial  tempera ture  gradient  in the grown 
portion of the ingot. In Liquid Encapsulated Czochral- 
ski growth of GaP the same techniques are used, but  
problems in two areas are more severe than  with con- 
vent ional  Czochralski growth. First, as has been men-  
tioned, the encapsulant  becomes increasingly cloudy as 
growth progresses, so that  the probabi l i ty  of spurious 
nucleat ion by suspended mat ter  becomes increasingly 
greater. This seems unavoidable.  Second, the high 
pressure inside the crystal pul ler  greatly increases the 
removal  of heat from the per iphery of the grown ingot 

by convection, thereby increasing the difficulty of re- 
ducing the radial  tempera ture  gradient  in the growing 
crystal above the encapsulant.  

To study the effects of various growth parameters  
on crystal perfection, approximately 50 <111~  ori- 
ented single crystal LEC GaP ingots were chosen for 
examination.  All  of these ingots were grown from 60g 
charges of GaP, and general ly  all of each melt  was 
used. The median  value for the length of these ingots 
was 6.9 cm, with two-thi rds  of the ingots being be- 
tween 5.4 and 8.7 cm. Visual examinat ion  of these 
crystals revealed them to be free from inclusions or 
polycrystall inity,  with the following exception. Due 
to the accumulat ion of free gal l ium at the bottom of the 
crucible at the end of a run, the few mil l imeters  closest 
to the tail  end of an ingot often contained gross defects. 
These defects did not al ter  the qual i ty of the rest of 
the ingot. Thus, ingots will  henceforth be referred to 
as if they were completely free of gross defects, and it 
will  be understood that  such s tatements  are meant  to 
exclude the extreme tail  ends of the ingots. 

Each ingot was characterized by examining three 
polished slices which were taken from locations 
roughly 1.5, 3.0, and 5.0 cm from the seed end of the 
ingot. The slices were cut normal  to the growth axis 
of the ingot and were about 425 #m thick. 

Gal l ium phosphide crystallizes in the zinc-blende 
structure,  and thus perfect GaP is expected to be 
optically homogeneous. This means that  the principles 
of photoelasticity can be used to analyze the strain pat-  
terns in GaP (8). Figure 2 shows slices from two in-  
gots which are viewed between crossed polarizers 
using parallel  light. The sample on the left is a typical 
example, showing isoclinic fringes in the shape of a 
dark cross. It is found that  the cross remains  fixed 
with respect to the polarizers when the sample is ro- 
tated. Since an isoclinic fr inge shows the locations 
where the directions of principle strain are parallel  to 
the polarizers, it is concluded that  the s t ra in is pre-  
dominant ly  radial. This is confirmed by the fringes on 
a slice cut out of the center of an ingot parallel  to the 
growth axis. 

The slice on the r ight  in Fig. 2 shows another com- 
monly  observed pattern.  In this case the slice is t r i -  
angular  with the apexes of the t r iangle point ing in 
<211> directions. Two arms of the isoclinic fringe 
are swept back slightly. These arms move slightly as 
the slice is rotated, always indicat ing that  the direc- 
tions of principle strain are parallel  to and perpendicu-  
lar  to the surface of the ingot at the periphery of the 
slice. This is the strain pat tern  which is expected in 
a Czochralski ingot where the surface is cooled at a 
different rate from the core. 

Defect densities were measured on the slices de- 
scribed above. They were etched at room temperature  
for 10 min  in a rotat ing beaker in the ferr icyanide etch 
(Sg K3Fe(CN)6 : 12g K O H :  100g H20).  This etchant 

Fig. 2. Birefrlngence in slices from Liquid Encapsulated Czo- 
chralski GaP ingots. 
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reveals dislocation etch pits on the ( l l l ) G a  faces 
of GaP (9). It  will  also reveal the traces of twins  and 
stacking faults. 

In these ingots only dislocation pits were found; all 
ingots were free of twins  and stacking faults. The data 
concerning dislocation density are summarized in Fig. 
3. Each point  represents the median  value of a set of 
measurements,  and the error bars show the range 
which includes two thirds of the samples for each 
measurement .  The value for the dislocation density in 
the central  portion of a slice is determined by measur-  
ing the average value over the area contained within  
one half of a slice radius. The value for the edge of a 
slice is the average value found 0.5 m m  from the edge 
of the slice. 

The dis tr ibut ion of dislocation densities on typical 
slices is shown in Fig. 4. The dislocation density is 
highest at the edge of a slice and then decreases un t i l  
the center  of the slice is reached. Occasionally, there 
is a slight increase at the very  center  of a slice. 

As expected, the dislocation densi ty is highest near  
the outside of an ingot, both because new dislocations 
are nucleated there  and because that is the region 
which receives the greatest amount  of stress. Slip 
traces are occasionally seen near  the per iphery of in -  
gots. It is also no surprise that the dislocation density 
increases with the distance from the seed since the dis- 
locations are expected to propagate downward a n d  
toward the center of the ingot as the ingot grows. 

The influence of crystal growth parameters  on crys- 
tal perfection follows the expected pattern.  Among the 
parameters  having no noticeable effect are the na ture  
of the doping species, the doping level (1 x 1014-1 x 1019 
cm-3) ,  the pul l  rate (0.7-2.5 cm/h r ) ,  the rotat ion rate 
(3-60 rpm),  the encapsulant  thickness (0.7-2 cm),  and 
the growth polari ty [ (111) Ga or (111) P].  On the other 
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Fig. 4. Dislocation density vs. radial distance for three slices 
from an LEC GaP ingot. Slice No. 3 is closest to the seed end of 
the ingot. 

hand, the condition of the seed and the geometry of the 
ingot neck were found to be important.  Figure 5 shows 
the relationship between the neck dimensions ( length /  
diameter)  and  the dislocation density in  the central  
region of each ingot about 1.5 cm from the seed. Many 
ingot necks were not grown continuously;  that  is, some 
neck was grown, contact between the neck and the 
melt  was broken, and then  more neck was grown. 
Even so, it would be expected that  either a long neck 
or a thin neck would allow dislocations to grow out, 
leading to ingots which have low defect densities when 
the neck dimensions are optimal. It  is seen from Fig. 5 
that  this is indeed the case. However, good neck quali ty 
is not absolutely necessary for low dislocation density. 
In  particular,  one ingot is identified in Fig. 5 as having 
a low dislocation density bu t  almost no neck; it did, 
however, have a low dislocation seed. Hence, low dis- 
location ingots may be prepared if the effective seed 
(either the seed itself or the region at the end of the 
neck) has a low dislocation density. 

The use of afterheaters and radiat ion reflectors has 
been explored, but  their  effectiveness is severely 
l imited by the relat ively high dislocation densi ty of a 
typical ingot. Afterheaters  are most effective when 
they are used to reduce the radial  temperature  gradi-  
ent  in a perfect ingot. This reduces the strain in the 
ingot and minimizes the possibility of creating dis- 
locations by slip. For  ingots which have dislocation 
densities in the mid 104 cm -2 region, however, the use 
of afterheaters and reflectors offers no advantage since 
afterheaters will  not remove existing dislocations nor 
will they prevent  dislocations from propagat ing and 
interacting. 

Growing low dislocation density LEC GaP ingots, 
then, is an evolut ionary process. Using the principles 
above, a low dislocation density ingot can be used to 
make  seeds with which ingots with still lower dis- 
location densities can be grown. Using this process, the 
best ingot obtained to date has a dislocation-free core 
which is 3 m m  in diameter  at a point  1.5 cm from the 
seed (total ingot diameter was 8 mm at this point) .  

The LEC GaP ingots described here general ly com- 
pare favorably to GaP which is grown by vapor t rans-  
port onto GaAs seeds. Such crystals are typically 
s trained and have dislocation densities of 2 x 105- 
2 x 106 cm -2. On the other hand, solut ion-grown GaP 
platelets have substant ia l  areas which are strain and 
dislocation free (10). This difference between LEC 
and solut ion-grown GaP may be part  of the explana-  
t'ion for the earlier ment ioned difference in electro- 
luminescent  efficiencies of diodes grown on these two 
types of substrates. 

Control led Incorporat ion of Impuri t ies 
Control of the doping level of a semiconductor by 

the purposeful int roduct ion of impuri t ies  requires that  
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Table I. Residual impurities in GaP 

L E C  
S t a r t i n g  m a t e r i a l  s i ng l e - c ry s t a l  

(atomic ppm)  (a tomic  ppm)  
Mass  O the r  Mass  O the r  

E l e m e n t  spec. m e t h o d s  spec. m e t h o d s  

B 0.7 0.6 
C 0.9 0.2 
N 0.4 1.3~ 0.3 
O 1.0 5.0 
Si  2.0 2.3 
S 1.0 1.3 
As 20 2.6 

a Opt ica l  abso rp t ion .  
b 8He a c t i v a t i o n  ana lys i s .  

0.9 a 
8.4 b 

the undoped semiconductor  have  residual  impur i ty  
concentrat ions which are far below the intended dop- 
ing level. Thus it is an important  result  that  LEC GaP 
ingots are quite  pure by contemporary  standards for 
GaP. A summary  of the chemical  analyses which have  
been per formed is given in Table I, where  each value 
is the average of several  samples. The samples taken 
f rom LEC crystals were  representa t ive  of the middles 
of the ingots. The bulk of the data is f rom mass spec- 
troscopy. In addition, 3He act ivat ion analysis (11) was 
used to provide a supplementary  measurement  of the 
oxygen concentration. Also, optical absorption was 
used to detect  substi tutional ni t rogen and give a lower 
l imit  to total  n i t rogen concentration. In all  cases, ex-  
cept for arsenic, the typical  impur i ty  concentrat ions in 
the LEC ingots are seen to be the same order of mag-  
ni tude as those in the polycrystal l ine starting material .  

Few electr ical ly  or optically act ive impuri t ies  are 
found in undoped ingots. Such crystals are typically 
n-type,  wi th  electron concentrat ions below 1 x 1015 
cm-3, mobili t ies above 175 cm2/V �9 sec, and optical ab- 
sorption coefficients less than 0.2 cm -1 in the range 
from 1.2-1.95 eV. 

Since undoped ingots have carr ier  concentrat ions 
less than 1 x 1015 cm -s,  ingots can be purposely doped 
in a controllable fashion at concentrat ions greater  
than about 1 x 10 TM cm -3. The donors S, Se, Te, and the 
acceptor Zn have been studied in <111> oriented in- 
gots to de termine  the relat ionship be tween the amount  
of dopant added to the mel t  and the carr ier  concen- 
t rat ion in the result ing ingot. This is not quite the 
same a s  de termining the distr ibut ion coefficients of 
these impur i t i e s  in GaP for several  reasons. First, there  
is no c o n v e n i e n t  way  to measure  the concentrat ion of 
the impur i ty  in the mel t  at the growth  interface, and 
there  is a lways the suspicion that  part  of the dopant 
evaporated f rom the  mel t  before the mel t  was en- 
capsulated. Second, since crystal  growth is not done 
under  equi l ibr ium conditions, a t rue  distr ibution co- 
efficient cannot be obtained. Third, the impur i ty  con- 
centrat ion in the ingot is not measured directly. Still, 
the measurement  that  is per formed provides data 
which is quite useful in  a practical  sense, and it wil l  
be shown that  the values obtained are expected to be 
very  close to the values  of the distr ibution coefficients. 

Doping wi th  sulfur  was accomplished by add ing  
Ga2S2 3 to the melt. It  has been shown that  in solution- 
grown GaP, the concentrat ion of sulfur is equal  to the 
concentrat ion of electrons as de termined by surface 
barr ier  capacitance measurements  up to an electron 
concentrat ion of about 4 x 10 TM cm -3, af ter  which the 
electron concentrat ion saturates (13). In the present  
work  it was assumed that  this relat ionship also holds 
for LEC GaP, and sulfur concentrat ions were  deter-  
mined by measur ing electron concentrat ions as given 
by surface barr ier  capacitance. In  this fashion the 
sulfur concentrat ion was measured  at several  locations 
along an ingot and then was extrapola ted back to the 
seed end of the ingot using the normal  freezing equa-  
tion 

3 Alusu i s se ,  6 9's + pure .  

F e b r u a r y  1971 

C(g) : A(1  -- g ) s  

where  g is the weight  fract ion of the ingot that  was 
grown before the point which is being measured, C is 
the impuri ty  concentration, and A and B are constants 
(14). The ratio of the impur i ty  concentrat ion at the 
seed end of the ingot, Ci, to the init ial  impur i ty  con- 
centrat ion in the melt,  Co, is the effective distr ibution 
coefficient, k. Ideally, the constants A and B in the 
normal  freezing equat ion should be A = kC~ B = 
k -- 1, and hence these two constants may  be used to 
check the exper iment  for self-consistency. 

The scatter  in the carr ier  concentrat ion data and the 
doping nonuni formi ty  (which wil l  be discussed in the 
next  section) occasionally preclude the use of the con- 
stants A and B to determine  k and Co. When such a 
determinat ion can be made, however,  the va lue  of k 
thus obtained corresponds wi th in  •  to the value  of 
k determined from k : Ci/Co. Moreover,  the value of 
Co obtained f rom the constants A and B corresponds 
within  --+10% to the amount  of dopant that  was added 
to the melt, suggesting that  ve ry  l i t t le of it volatilized. 
The sulfur-doped ingots that  were  measured had seed- 
end electron concentrat ions in the range 5 x 10 TM to 
5 x 10 TM cm -3, pul l  rates of 0.8-2.5 cm/hr ,  and rota-  
t ion rates of 3-30 rpm. Over  this range the effective 
distr ibution coefficient appears to be constant. The 
mean value of the distr ibution coefficient measured is 
k = 0.23, wi th  a standard deviat ion of 0.08. The value 
is essentially independent  of growth polarity. Since it 
is also independent  of growth and rotation rates, it i s  
l ikely to be near  the equi l ibr ium va lue  of the  dis- 
t r ibution coefficient. 

Selenium doping was invest igated by adding Ga2Se~ 4 
to the melt. The doping exper iments  were  interpreted 
by using the same analysis as for sulfur, assuming that  
the selenium concentra t ion is equal  to the eleotron 
concentrat ion up to an electron concentrat ion of 4 x 
10 is cm -3 (13). Again the normal  freezing equat ion 
provided self-consistent  values for k and Co. Over  the 
range of doping f rom 6 x 10 TM to 1 x 10 TM cm -~, of pull  
rates f rom 1.2 to 2.5 cm/hr ,  and of rotat ion rates f rom 
6 to 60 rpm, the effective distr ibution coefficient ap- 
pears constant at k = 0.16 • 0.05, suggesting that  k is 
near its equi l ibr ium value. It also appears indepen-  
dent of growth polarity. 

The most data have been accumulated for the donor 
tel lurium, for which the doping source was Ga~Te3. 5 
In this case the electron concentrat ion is expected to 
equal  the donor concentrat ion for n<2  x 10 TM cm -3 
(13). The effective distr ibution coefficient appears to 
be qui te  independent  of growth polar i ty  and is found 
to be k : 0.012 -+ 0.003 over  a range of doping from 
8 x 1016 to 2 x 10 TM cm -3, of pull rate  f rom 1.2 to 2.5 
cm/hr ,  and of rotation rate f rom 3 to 16 rpm. In this 
case the normal  freezing equat ion general ly cannot  be 
used to ver i fy  k and Co since B usual ly  cannot  be 
found to an accuracy of bet ter  than -+5%. However,  
there  was one case where  k and Co were  verified, and 
the agreement  for both k and Co was wi th in  30%. 

The acceptor zinc has also been studied by the same 
technique, using pure Zn e as a dopant. Some severe  
difficulties arise, however .  First, zinc is expected to be 
the most volati le of the four doping sources studied. 
Second, there  is considerable difficulty relat ing the 
carr ier  concentrat ion to the zinc concentration. It has 
been shown that  surface barr ie r  capacitance meas-  
urements  on zinc-doped solut ion-grown GaP general ly  
give hole concentrations which are smaller  than the 
zinc concentrations, even at concentrat ions as low as 
5 x 1017 cm-~ (13). On the other  hand, room tempera -  
ture  Hal l  effect measurements  give hole concentra-  
tions which may  be greater  or less than  the zinc con- 
centration, depending on the concentrat ion level  (15). 
In the present  work, hole concentrat ions were  ob- 

G a l l a r d - S c h l e s i n g e r ,  5 9's pure .  
A t o m e r g i c ,  5 9's + pure .  
Cominco ,  5 9's pure .  
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tained by room tempera ture  Hal l  effect measurements  
and were related to zinc concentrat ions by using the 
data presented in ref. (15). The in terpre ta t ion  then 
proceeds as for the donors. Although the scatter in the 
data is worse than  for the donors, the effective zinc 
dis tr ibut ion coefficient is assigned the value k -- 0.096 
• 0.05 for zinc concentrat ions from 1 x 1017 to 2 x 10 TM 

cm -~, growth rates from 1.2 to 2.5 cm/hr ,  and rota-  
t ion rates from 6 to 16 rpcn. The constants A and B 
can be used to provide values of k and Co which are 
self-consistent to • 20%, suggesting that  the volati l i-  
zation of the zinc was not serious. 

E l e c t r i c a l  P r o p e r t i e s  
In  addit ion to the defect s t ructure of LEa  GaP 

ingots, the electrical properties of this mater ial  ul t i -  
mate ly  determine its usefulness. Room tempera ture  
electrical properties of the GaP ingots were measured 
using convent ional  d.c. Hall  effect techniques employ- 
ing the Van der Pauw method. Following common 
practice, n - type  samples were characterized by the 
relationships n - -  (RHe)-1, ~H - -  RH/p, where n is the 
electron concentration, RH is the Hall  coefficient, e is 
the electronic charge, ~H is the Hall  mobility, and p is 
the resistivity. Equiva lent  relationships are used for 
p- type  samples. Figures 6 through 8 show how elec- 
t ron and hole inabili t ies vary  with carr ier  concentra-  
tion. 

Two things are apparent  from Fig. 6 and 7. First, 
electron inabil i t ies are consistently high. Very little 
scatter is seen, and the inabilit ies are general ly  at 
least as high as those reported for good qual i ty GaP 
grown by other techniques (16, 17). Only GaP grown 
by vapor t ransport  onto GaP seeds has higher mobil i -  

200 

~ 150 

~ l O 0  

~J 

_ i i,,} , ' "I ' ' LII ~ ' "I ' I, 

297~ 

00,5 1 llI( I Ill{ I ILll I ill| I tl 
|016 fO 17 |ole /019 |020 
ELECTRON CONCENTRATION (cm -~) 

Fig. 6. Electron Hall mobility vs. electron concentration in Te- 
doped LEC GaP. The solid line has no theoretical significance. 
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ties; e.g., n = 3.0 x 10 TM cm -3, ~H = 187 cm2/V.sec; 
n -- 1.3 x 101~ cm -3, #H : 170 cm~/V.sec. Second, it is 
seen from Fig. 7 that  the mobili t ies of Te-doped sam- 
ples are somewhat lower than those of other n - type  
samples in the range of 5 x 1016-5 x 1017 cm -3. The 
difference is small, reaching a m a x i m u m  of 4% at 
n ---- 1 x 1017 cm -3, but  it is consistent. A similar  
dependence of mobi l i ty  on the specific dopant  used 
has been seen in Ge and Si, the differences being as 
much as 30% at carrier concentrat ions near  1 x 1019 
cm-~ (18, 19). These differences in Ge and Si have been 
a t t r ibuted to differences in ionized impur i ty  scattering 
among different ions (20). 

In  Fig. 8, all  of the points correspond to zinc- 
doped samples except for the two at the lowest hole 
concentrat ions which correspond to carbon-doped 
samples. Again the inabili t ies shown are general ly as 
high as those reported elsewhere, wi th  only  GaP 
grown by vapor t ranspor t  on GaP seeds showing 
slightly higher mobilit ies (21, 22). In  contrast, it is 
found that  ingots doped with Zn and large amounts  
of Ga20~ (1-2g) have mobili t ies as much as 25% 
higher than  those shown in  Fig. 8 at hole concentra-  
tions of 1 x 1017-1 x 10 TM cm -3. This is not well  under -  
stood. 

The doping homogeneity of slices cut f rom <111> 
oriented LEC GaP ingots has been examined by  using 
Schottky bar r ie r  diodes. Gold dots, 0.010 in. in d iam-  
eter on 0.020 in. centers, were  evaporated onto 
polished GaP surfaces. Doping levels at various points 
were then evaluated by  surface barr ier  capacitance 
measurements .  The results indicate that  the doping 
level in a typical  slice is constant  to wi thin  • 20%. 
The deviation from constancy shows a weak depen-  
dence on rotat ion rate (Fig. 9), but  appears indepen-  
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Fig. 9. Deviation in doping level along the diameter of an LEC 
GaP ingot vs. the rotation rate of the ingot. The points are median 
values, and the error bars show the ranges that include 2 /3  of the 
samples. 
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Fig. 10. Electron concentration (ND-NA) vs.  radial distance in 
slices of LEC GaP. (a) Typical slice, (b) slice with preferential in- 
corporation of impurities at core of ingot. 

dent  of slice d iameter  (0.75-2.5 cm),  carrier  concen- 
t ra t ion (6 x 1016-5 x 10 TM cm-3) ,  and fraction of the 
melt  solidified. 

It  is found that  a major i ty  of <111> ingots have a 
broad max imum in doping level at their  centers, an 
example being in Fig. 10a. In  most cases, there is no 
evidence for preferent ia l  incorporat ion of impuri t ies  
at facets; that  is, no region of an ingot is found where 
the doping level is abrupt ly  higher than  in the sur-  
rounding regions. Occasionally, however, the core of 
an ingot does have a sharply  higher doping level than 
the rest of the ingot. An example of such an effect is 
shown in  Fig. 10b. If the carrier  concentrat ion at such 
a peak is on the order of 2 x 10 is cm -~ or higher, the 
region of increased carrier  concentrat ion is obvious 
under  visual  inspection as a dark spot in a polished 
slice. 

Conclusion 
It  is thus seen that  the growth of s ingle-crystal  

gal l ium phosphide by  the Liquid Encapsulated 
Czochralski technique is a major  advance in GaP 
technology. The LEC process allows, for the first time, 
the convenient  and relat ively economical production 
of substant ia l  quanti t ies  of large area, uniformly 
shaped GaP substrates of good crystal  quality. 

The main  feature of the LEC growth process is the 
encapsulat ion of the GaP melt  by a layer  of B203. The 
presence of this layer el iminates the need for a high 
overpressure of phosphorus to keep the melt  from 
volatilizing and allows the use of an inert  gas instead. 
The major  portion of the growth effort is then di- 
rected toward main ta in ing  the t ransparency  of the 
B203 so that  the growth interface remains  visible. It 
was found that the clouding could be made negligible 
by baking out the B~O3 to remove water, by locating 
the center  of heat at the bottom of the crucible, by 
keeping the B203 relat ively hot dur ing growth, and by 
packing the GaP charge t ight ly  into the crucible so 
that the B203 would not mix with it on melting. 

Undoped ingots grown by this process are n-type. 
They are quite pure, having carrier  concentrations 
less than  1 x 1015 cm-3  and Hall  mobilities greater 
than 175 cm2/V-sec. Doping experiments were carried 
out wi th  S, Se, Te, and Zn, and effective dis tr ibut ion 
coefficients were obtained for carrier concentrat ions 
from 5 x 101e to 5 x 101s cm-~. The values are, re-  
spectively, 0.23 ___ 0.08, 0.16 • 0.05, 0.012 • 0.003, and 
0.096 • 0.05. Slices from ingots general ly have carrier 

concentrat ions which are constant  to _ 20%, indepen-  
dent  of rotat ion rate. 

Metallurgically, GaP ingots are superior to vapor-  
grown GaP. However, they are inferior to solution- 
grown GaP, and this may be one of the reasons why 
electroluminescent  diodes fabricated on LEC GaP 
substrates are less efficient than  those fabricated on 
solut ion-grown substrates. The LEC GaP crystals are 
s t rained in the radial  direction and have dislocation 
densities which are typical ly 1 x 105 cm -~ in the 
greater  portion of the ingot. However, one ingot was 
obtained which had a 9 mm ~ core near  the seed end 
which was dislocation free. The GaP ingots have un i -  
formly high mobilities, wi th  the mobilit ies for both 
n - a n d  p- type samples being general ly as high as those 
from the best GaP produced by other methods. I t  is 
found that  Te-doped samples have slightly lower 
mobilit ies than other n- type samples. 
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ABSTRACT 

For  diffusion of boron into silicon from a doped oxide diffusion source, 
the surface concentrat ion of boron in silicon and B203 in the glass at the glass- 
silicon interface are independent  of diffusion time. In the tempera ture  range 
studied, the surface concentrat ions are also independent  of tempera ture  and 
depend only on the dopant concentrat ion in the deposited glass. This depen-  
dence is observed as long as the glass thickness is large enough so that  the 
impur i ty  source approximates a semi-infini te source. The concentrat ion de- 
pendence of the diffusion coefficients of the B20~ in the glass and the boron in 
silicon are determined~ the diffusion coefficient for boron in silicon being 
about 100 times that  of the diffusion in the oxide. Heating under  an oxidizing 
ambient  oxidizes the silicon at the silicon-glass interface with the thickness 
growth rate of the undoped SiO2 layer  being near ly  independent  of the 
original glass thickness. No such interface barr ier  to the boron diffusion proc- 
ess occurs when  argon is used as an ambient.  

Although a n u m b e r  of authors have studied doped 
oxides as diffusion sources for device fabrication (1-7), 
not all of the basic assumptions concerning the diffu- 
sion processes involved in such systems have been 
checked. In this report, boron diffusion into silicon 
from doped oxide has been studied as a function of 
glass composition, glass thickness, diffusion time and 
temperature,  and type of ambient  used. 

In order to determine if there is equi l ibr ium at the 
doped oxide-silicon interface dur ing  diffusion, it is 
necessary to know the concentrat ion of B203 in the 
glass as well  as the boron in the silicon near  the sili- 
con-glass interface. By knowing both concentrations, 
one can then determine the dependence of the segre- 
gation coefficient on the concentrat ion of the B203 in 
the deposited glass. 

The diffusion coefficient of the boron in the silicon 
has been shown to be concentrat ion dependent  (7). 
The concentrat ion dependence of the  diffusion coeffi- 
cient for the dopant in the oxide is not so well  known. 
Even the inaccurate radiochemical profiling techniques 
which have been used for phosphorus-doped oxides 
(8) cannot  be used with borosilicates. However, this 
question and  the others can be studied by the use of 
etch rate characterization of the oxide and electrical 
measurements  of the diffused silicon. Another  problem 
which can be studied by the technique of etch rate 
profiling is the different effects of oxidizing ambients  
on the diffusion processes. 

Experimental Procedure 
The system which was used for deposition of the 

doped oxide was the low-tempera ture  oxidation of 
organosilicon and organoboron compounds (4). Silicon 
wafers were placed on a silicon carbide susceptor 
coated with silicon in a small  round  horizontal  glass 
reactor. RF heat ing was used while an infrascope was 
used to monitor  the 475~ tempera ture  of the wafers 
during the deposition. Oxygen was bubbled through 
tetraethyl  orthosilicate (TEOS) at room tempera ture  
while argon was used as the carrier  gas for t r i -n -p ropy l  
borate (TPB).  Addit ional  oxygen and argon were used 
as di lut ion gases dur ing  the deposition. 

Dur ing  the predeposition heat up cycle of the wafer, 
only argon was used as an ambient  in  order to avoid 
the formation of any silicon dioxide on the substrate. 
All work was done using 1.0 ohm-cm(100) n - type  
wafers. Prior  to use, all  wafers were oxidized under  
steam, then cleaned with concentrated HF, and finally 

Key words: deposition, oxide, tetraethyl orthosilieate, tri-n-propyl 
borate. 

rinsed with de-ionized water. The diffusions were done 
in furnaces with argon ambients.  

Etch rate techniques (9) for de termining character-  
istics such as densifications and impur i ty  concentra-  
tion profiles have been commonly used in the past for 
glasses or doped oxides. For a study of this type, it is 
necessary to have an etchant which has an etch rate 
with a strong dependence on the variable  which is of 
interest  in the study. We used an etchant of 500 ml  
nitric acid, 1 ml hydrofluoric acid, and 7 mg Hg(NO~)~. 
This etchant was found to etch the glass at a rate with 
a strong dependence on impur i ty  concentrat ion in the 
range of 5-15 m/o  (mole per cent) B203 on the glass, 
as is shown in Fig. 1. This range was the principal  
range of interest  for this study. 

The B203 concentrat ions in the deposited glasses 
were determined by measur ing the band intensi ty  of 
the infrared absorption band at 1390 cm -~ for the B-O 
bond relat ive to the band in tens i ty  at 1090 cm -1 for 
the Si-O bond (10). These intensities are best deter-  
mined by integrat ing the optical density, O. D., over the 
band width. The optical density is given by O . D . -  
log~0 (To~/Tv) where Tv is the t ransmit tance  at fre- 
quency v and Toy is the background level at the same 
frequency. The background level is determined by the 
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Fig. 1. Etch rate of densified doped oxide as a function of com- 
position of B~03 in the g/ass. 
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line drawn tangent  to the edges of the absorption band. 
Although the integrated intensity is a more accurate 
quant i ta t ive  representation,  a reasonably good ap- 
proximat ion is obtained by using the optical density 
at the band max imum as was shown for SiO2 (11). We 
have assumed that  Beer ' s  law is accurate for our range 
of concentrat ions so that  the absorbance is proport ional  
to the concentrat ion of bonds. The relat ionship which 
we used to relate the optical densities to the concen- 
trat ion of the components is 

1-Co O.D. Si-O 
= 1.5 [1] 

Co O.D. B-O 

where  Co is the weight  fract ion of 8203 in the glass. 
The proport ional i ty  constant is that  de te rmined  by 
Pliskin for GE GSC-1 glass and several  other boro- 
silicate glasses (12). It has been shown that  the addi- 
t ion of meta l  oxides in borosilicate glass causes a de- 
crease in the specific intensi ty of the B-O band (10). 
However ,  the 4.5 w / o  (weight  per cent) AleO3 in the 
GE GSC-1 glass should cause a reduct ion of less than 
20% in the specific absorption intensi ty of the B-O 
bands (12). Ignoring the effect of the A1203 in the 
cal ibrat ing glass and using Eq. [1] for our two-com-  
ponent glass can result  in the calculat ion of 8203 con- 
centrat ions which could be greater  than the actual 
values by no more than 20%. Regardless of the abso- 
lute error  involved, the re la t ive  error  remains the 
same for all concentrat ion levels and can be ignored 
for comparison purposes. The absorption due to oxygen 
dissolved in the silicon substrate was el iminated by 
using Lopex mater ia l  for the infrared measurements  
instead of the pulled crystals used for diffusion studies. 

The same wafers  were  then used to determine the 
etch rates for each dopant concentration. Both infrared 
and etch rate  measurements  were  made after densifi- 
cation of the wafers  at 800~ for two or more hours. 
Other  heat  t rea tments  for longer t imes at 800~ and 
also at h igher  tempera tures  were  found to produce 
densified glasses with insignificantly different etch 
rates from those of Fig. 1. The etchant  etched densified 
glass slowly enough so that  etching t imes of the order 
of minutes could be used to remove  layers of oxide 
which were  a few hundred angstroms thick. Agitat ion 
of the etchant was used in order to insure uni formi ty  
of the etching. 

The thicknesses of the doped oxides on the silicon 
substrates were  measured in all cases wi th  an el l ipsom- 
eter. This method permit ted  an accuracy to within a 
few angstroms in the thickness measurement  of the 
layer  removed by etching. In addition to the glass 
thickness measurement ,  the index of refract ion of the 
boror~-doped oxides in our range of invest igat ion was 
determined to be n ---- 1.460. The closeness of this value  
to the index of refract ion of SIO2, n ---- 1.463 (13), al- 
lowed thickness measurements  of composite layers  of 
SiO2 and boron-doped oxide to be readi ly  made with 
the ell ipsometric techniques. 

Preliminary Studies 
Measurements  were  first made in order to de termine  

the uni formi ty  of the doping of the deposited boro- 
silicate glass. The etch rate profile on as-deposited 
glass showed a lower etch ra te  near  the silicon-glass 
interface than the etch rate  fur ther  f rom the interface. 
Since this could result  f rom part ial  densification of 
the glass as it was being deposited, and not f rom an 
actual change in dopant concentration, a profile was 
made on deposited borosilicate glass af ter  a 2-hr  den-  
sification at 800~ in an argon atmosphere.  This etch 
rate  profile showed a uniform doping of 14.6 • 0.3 m / o  
throughout  the glass layer. Comparable  uni formi ty  
was measured on glasses wi th  lower  B203 content. 

The concentrat ion profiles as de termined  by etch 
rates were  observed to depend significantly on the type 
of ambient  which was used during the densification 
heat t reatment .  Four  silicon wafers  wi th  approximate-  
ly 5000A of 9.2 m / o  borosil icate glass deposited on 

them were  densified at 800~ for 3 hr  under  ambients  
of argon, nitrogen, oxygen, and steam, respectively.  
F rom the etch rate profiles of these densified oxides, it 
was obvious that  both steam and oxygen formed SiO2 
at the glass-silicon interface wi th  the s team-grown 
oxide having a thickness (,~I000A) about ten t imes 
th icker  than that  grown from the oxygen. A 25A thick 
layer  was present  at the interface in the case where  
ni trogen was used as an ambient.  Al though tempera -  
tures higher  than 800~ are general ly  thought  to be 
necessary in order to produce silicon nitr ide by direct 
reaction (14), this layer, which could not be removed 
with our oxide etchant, was thought  to be a nitride. 
The layer  was not thick enough for characterizat ion 
by a measurement  of its index of refract ion with the 
ell ipsometer.  

Various glass thicknesses were  used to determine 
the growth rates for s t eam-grown silicon dioxide under  
the doped oxide layers. Silicon wafers  wi th  glass thick-  
nesses of 0, 1100, 2100, 3000, and 4200A of approximate* 
ly 15 m / o  8203 in SiO2 were  densified in a steam am- 
bient at 800~ for 3 hr. The wafer  wi th  no glass origi-  
nal ly present grew 1800A of SiO2 under  these condi- 
tions while  the wafers  wi th  doped oxide deposited on 
them grew 760-880A of SIO2. We conclude that  the 
presence of the glass layer  appreciably affects the 
growth of SiO2 at the interface, but  that  the thickness 
of SiO2 which is grown under  a layer  of borosilicate 
glass has almost no dependence on the thickness of the 
glass original ly deposited on the wafer.  

When we  repeated this work  wi th  glass which was 
first densified at 800~ in argon, we got SiO2 layers 
grown with thicknesses as given in Fig. 2. The oxide 
thicknesses were  measured on the various wafers  af ter  
15 min, 30 min, and 1 hr  at 800~ with  a steam ambi-  
ent. These results show that  even densified borosilicate 
glass does not stop the diffusion of oxidizing ambients 
to the silicon substrate. This a t t r ibute  could, of course, 
be used to remove  the diffusion source f rom the silicon 
wafer  wi thout  physical ly removing  the wafer  f rom the 
oven. By switching from an inert  ambient  to steam, 
the diffusion would be blocked by a rapidly  formed 
layer  of the rmal ly  grown SIO2. 

SiO2 can also be used as a barr ier  to stop out-diffu-  
sion of the dopant from the doped oxide into the am-  
bient. A layer of undoped SiO2 1000A thick deposited 
over  the doped oxide layer  wil l  e l iminate  deplet ion of 
the dopant by this out-diffusion. An  etch ra te  profile 
of a wafer  with such a composite deposition of undoped 
SiO2 over  a layer  of borosil icate glass is shown in Fig. 
3. The wafer  had been held at a t empera tu re  of 1050~ 
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Fig. 2. Thickness of thermal Si02 grown from a steam ambient 
under a borosilicate layer as a function of the deposited glass 
thickness. 
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Fig. 3. Etch rate profile of ~ 1 5  (m/o) borosilicate glass with 
an Si02 cover after 17-hr-1050~ diffusion. 

for 17 hr  with an argon ambient.  It  is seen in the figure 
that diffusion of the B2Oa from the doped oxide into 
the SiO2 is negligible since the etch rate drops sharply 
from a max imum value to the etch rate for undoped 
SiO2, 0.2A/sec. At the same time, appreciable diffusion 
of dopant into the silicon had occurred as evidenced 
by the etch rate profile of the doped oxide near  the 
silicon-glass interface. 

Diffusion Process 
In order to be able to answer the remaining  ques- 

tions about the diffusion process, it was necessary to 
obtain profiles of the dopant  concentrat ions in boro- 
silicate glasses of various B203 deposition concentra-  
tions after diffusions at different temperatures  and 
with various diffusion times. 

According to calculations presented by Crank (15) 
and recent ly  extended by Hu (16), the surface conr 
centrat ions of an impur i ty  at the interface between a 
semi-infinite source (here, the doped oxide) and a 
semi-infini te  s ink (the silicon) are t ime invariant .  
Crank considers only the simple case where the region 
X < 0 is of one substance with a constant  diffusion 
coefficient Dz, and, in the region X > 0, the constant  
diffusion coefficient is D2 for the other substance. As 
in our  case, the ini t ia l  conditions are that  the region 
X < 0 is at uniform impur i ty  concentration, Co, and 
in X > 0, the concentrat ion is zero. By taking as his 
boundary  conditions at the interface, a segregation 
coefficient and constant  flux 

C2/C1 -- k, X ---- 0 [2] 

OC1 a C 2  
DI. =D~ , X=0 [8] 

Ox Ox 

and by assuming error function solutions in the two 
regions, he shows that the concentrat ions at the in ter -  
face, X ---- 0, are constant  in t ime with the relationships 

Co Co_ 1 ~V / D2 
kC--q- C2 k + ~ [4] 

The assumptions which were used to derive Eq. [4] 
are not completely consistent with our exper imental  
conditions since it is known that the diffusion coeffici- 
ent  in the silicon, D2, is not independent  of the boron 
concentrat ion (7). The erfc solutions assumed by 
Crank for his problem cannot  be correct in our case. 
However Hu's work shows that even if the diffusivities 
in the two regions are concentrat ion dependent  and if 

the more general  relationship, C2----](C1), replaces 
the segregation coefficient of Eq. [2] at the interface 
where ](Cz) is any  arbi t rary  function, the impur i ty  
concentrations at the interface are still t ime invariant .  
Except for the special case of Eq. [2] and constant  
diffusivities, the simple form of Eq. [4] is not correct, 
and the interface concentrat ions would have to be cal- 
culated by a complex i teration calculation as given by 
Hu. 

Etch rate profiles of the borosilicate glass on wafers 
which were diffused under  various conditions of diffu- 
sion t ime and tempera ture  were made for approximate 
Co values of 15, 9.2, and 6.8 m/ o  of B2Os as the dopant  
in the glass. Although the concentrat ion dependence 
of the etch rate method of profiling was not sensitive 
enough for use with the lowest concentrat ion (see 
Fig. 1), the profiles of the 15 and 9.2 m/o  glasses 
showed, for each dopant  level, that  the B203 concen- 
t rat ion at the interface, Cj (0), was independent  of the 
length of t ime of the diffusion. This is seen for the 
15 m/o  glass in Fig. 4, where the concentrat ion profiles 
are given as a function of the distance from the silicon- 
glass interface. Using complementary  error function 
curves, the extrapolations of the etch rate profiles for 
all  three diffusions give roughly the same intercept  at 
the interface. This shows that  the B208 concentrat ion 
at the interfaces remained constant  at about 8.8 m/o  
dur ing the time of the diffusion and also are the same 
for the 1000 ~ and 1100~ diffusions to wi th in  the limits 
of accuracy of the etch rate profiling technique. The 
time invariance is consistent with the theoretical cal- 
culations while the temperature  invar iance indicates 
that the reaction at the interface 

2B203 -~- 3Si-* 4-13 + 38iO2 [5] 

is not strongly dependent on the temperature. 
A similar result was obtained for the 9.2 m/o glass 

with the extrapolated interface B2Os concentration 
being approximately 5.5%. These results are listed in 
Table I. 

We have shown that the constant concentration of 
B203 in the glass at the silicon-glass interface, CI(0), 
is a function only of the B203 concentration in the de- 
posited glass, Co. This result can only be expected so 
long as the oxide can be regarded as a semi-infinite 
source layer. Since we are working with finite glass 
thicknesses, we made diffusion profiles on glasses of 
several thicknesses in order to determine the minimum 
thickness allowable for maintaining a constant surface 
concentration. In Fig. 5, diffusion profiles for four dif- 
ferent thicknesses of glasses are given. The deposited 
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Fig. 4. Concentration profiles of N15  (m/o) borosilicate glass 
near the sificon-glass interface after various diffusion conditions. 
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Table I 

C8 
Diff. C I ( X  = O) Cs  = C.~(X = 0) k = 

Co (m/o )  t e m p / t i m e  (m/o )  (a /o)  C l  

X/D= 

(~/hrV2) (~Jhr  V2) x/D1 

15.8 1000"/3 h r  8.8 0.35 0.045 
14.9 I100~ h r  8.8 0.46 0.059 
15.2 1100"/2 h r  8.7 0.46 0.060 

9.1 1000"/3 h r  5.5 0.12 0.025 
9.4 1 1 0 0 ~  h r  5.0 0.14 0.032 
9.4 1100~ h r  6.3 0.14 0.025 

B203 concentrat ion was 15 m / o  and a 1-hr, 1050~ 
diffusion was used. Obviously, the combined effects of 
boron diffusion into the wafer  and out-diffusion of the 
dopant into the ambient  caused no appreciable reduc-  
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Fig. 5. Etch rate profiles of ~ 1 5  (m/o) borosillcate glass after 
a 1050~ diffusion for different glass thicknesses. 
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Fig. 6. Surface concentration of boron diffused into silicon as a 
function of B203 content in source glass. 

0.0092 0.11 12.0 
0.0288 0.32 9.0 
0.0312 0.32 9.8 
0.0063 0.060 9.5 
0.0167 0.20 12.0 
0.0154 0.20 13.0 

t ion in the m a x i m u m  B20~ concentrat ion for the three 
thickest  layers in this case. There was a considerable 
reduction in the m a x i m u m  B203 concentrat ion for the 
880A layer, however.  F rom this, it can be concluded 
that  2000A of doped oxide is sufficient to assure that  
the interface B203 concentration, C1 (0), would remain  
constant for a 1050~ diffusion. For all of the 
other  diffusions in this study, doped oxide thicknesses 
of at least 4000A were  used to assure no reduct ion in 
interface concentrat ions of B203. 

The surface concentrat ions of boron in the diffused 
silicon wafers, Cs, were  calculated f rom four-point  
probe sheet resistance and bevel  and stain junct ion 
depth measurements  of many  diffused wafers.  By as- 
suming a complementa ry  er ror  function distribution 
and using I rvin 's  curves (17) these surface concentra-  
tions on the silicon side of the interface were  also 
found to be independent  of diffusion t ime and tem-  
perature.  The values for Cs which were  calculated in 
this way  are plotted in Fig. 6 against the dopant con- 
centrat ions of the B203 in the oxide. The segregation 
coefficients, k, as calculated according to Eq. [2], wi th  
C2(0) = Cs, are given in Table I for the two highest  
B203 concentrat ion sources. 

If a complementary  er ror  function distr ibution is 
assumed for the boron in the silicon 

C2(X) = Cs erfe (X/2 ~/D2t) [6] 

then, by substi tut ing the j u n c t i o n  depth, Xj, for X, 
and solving for ~ D 2  in the above equation, the diffu- 
sion into silicon can be calculated. C2(Xj) is the back- 
ground dopant concentrat ion in the silicon. Our  values 
for ~/D2, calculated in this way, are given in Tables I 
and II. It should be noted that, since the diffusion co- 
efficient of boron in silicon is concentrat ion dependent,  
the actual profiles should be flatter near the interface 
than the  complementary  e r ror  functions. The use  of 
the error  function could result  in an over  est imation 
of the surface concentrat ion at the high doping levels 
in this study. In order  to check this point, profiles of 
the electr ical ly  act ive boron were  made on the silicon 
wafers  which had been boron diffused at l l00~ for 
2 hr. The sectioning was done by anodic oxidation 
while the sheet resistance measurements  were  made 
with a four  point probe, as before. The surface con- 
centrat ions which were  obtained by using this mea-  
surement  technique and Irvin 's  curves (17) were  one 
half  the surface concentrat ion values which had been 
calculated by assuming a complementa ry  er ror  func- 
tion distribution. Obviously, the values for k, as ob- 
tained from the erfc calculations of Cs and given in 
Table I, are also higher  by a factor of two than  the 
values obtained f rom the electr ical ly  active boron 
profiles. 

Another  possible source of er ror  is that  the sheet 
resistance measurement  measures  only the boron that  

Table II. Diffusion coefficient for boron into silicon 

~/D2 (/~/hr 1/2) 
Su r f ace  c o n c e n t r a t i o n  Cs (1019 a t . / c m  s) 

20 6 .8  3.3 2.3 0 .8  

T e m p  (~ 
1000 0.11 0.060 - -  - -  
1050 0.18 0.12 0.091 
1100 0.32 0.20 0.18 0.23 0.22 
1150 - -  - -  0.33 0.31 0 ,33  
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is in  solid solution which is not equivalent  to mea-  
suring the total boron in the silicon if precipitation 
or clustering of boron is present. Error  due to this 
effect would cause the measured concentrat ion of boron 
in the silicon to be lower than the actual concentra-  
tion. These errors would be opposite in effect to the 
previously ment ioned problem of calculating too large 
a concentrat ion by means of the assumed complemen-  
tary error function. Unfortunately,  no sufficiently sen- 
sitive chemical or radiological method for directly de- 
te rmining  the total boron concentrat ion profile is 
available. 

Although we expected the diffusivity of the dopant 
in the oxide also to be concentrat ion dependent,  we 
considered the profiles of the B~O~ concentrat ions after 
diffusion to fit a complementary  error function of the 
form 

Co -- CI(X)  : (Co -- C1(0)) erfc (X/2 ~/Dlt), X ~ 0 
[7] 

If we rewri te  Eq. [7] as 

~/D-~= X / 2 ~ / t - a r g e r f c  ( Co--CI(X)co ~ C1(0) ) [8] 

it  is easy to see that  an average diffusion coefficient, 
D1, can be calculated from the concentrat ion profiles 
which were derived from the etch rate profiles. The 
diffusion coefficients which were calculated in this 
way are given in Table I along with the values of ~ / ~  
for the boron in the silicon for corresponding tempera-  
tures. The large difference between the diffusion co- 
efficients for the two dopant  concentrat ions is incon-  
sistent with the use of a complementary  error function 
profile. This funct ion was used only as a means for 
est imating an average diffusion coefficient in the oxide. 
From the table, it is easily seen that  the ratio, 
x/D2/~/Dz, is approximately 10. One can then roughly 
estimate that  the part ial ly depleted region of the doped 
oxide should extend a distance from the silicon-glass 
interface which is roughly equal to one- ten th  of the 
junct ion depth in the silicon. This is consistent with 
the earlier result  on diffusions from various thick-  
nesses of glass since the 1050~ 15 m/o  diffusion 
gave a junct ion depth in the silicon of 1.65~ and a de- 
pletion layer of thickness between 880 and 2000A.. Ad- 
ditional thickness over the Xj/IO amount  should be 
allowed for the deposited glass layer unless a protec- 
tive SiO2 layer is deposited over the source layer to 
prevent  out-diffusion. 

Conclusions 
The surface concentrat ions of boron in silicon and 

B20~ in the glass at the glass-silicon interface have 
been shown to be independent  of diffusion time. This 
agrees with theoretical calculations for a diffusion 
system where a doped oxide layer is the impur i ty  
source for diffusion into silicon. It was also seen that  
these surface concentrat ions are the same for 1000 ~ and 
l l00~ diffusion temperatures  and depend only on the 
dopant  concentrat ion in the deposited glass so long as 
the glass thickness is larger than the depleted layer 
thickness. From the ratio of the diffusion coefficients 
for boron in silicon to the diffusion coefficient for B203 
in the oxide, D2/DI ~ 10O, it was determined that an 
interface oxide layer with a thickness equal  to one-  
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tenth  of the junct ion depth in the silicon would be 
par t ia l ly  depleted dur ing  a diffusion. It  would be pos- 
sible to also compensate for out-diffusion from the 
oxide either by depositing a thicker oxide layer, say 
Xj/5 in thickness, or by depositing a diffusion barr ier  
layer of SiO2 over the doped oxide. 

The segregation coefficient at the interface is ap- 
parent ly  concentrat ion dependent  bu t  the lack of an 
accurate measurement  technique for boron l imits the 
accuracy of our de terminat ion  of this dependence. The 
diffusion coefficient of the B~O3 in the glass is concen- 
t rat ion dependent  at least in the 5-15 m/o  range of 
doping, while the diffusion coefficient for boron in sili- 
con is concentrat ion dependent  for the highest concen- 
trat ions of this study. 

The s tudy has also shown that  an oxidizing ambient  
will  produce an SiO2 barr ier  for diffusion at the silicon- 
glass interface with the oxide growth rate being near ly  
independent  of the glass thickness. A similar, but  al-  
ways very  thin,  ni t r ide layer  might  form when  a 
ni t rogen atmosphere is used dur ing  the diffusion heat 
t reatment .  No barr ier  was observed when  argon was 
used as the ambient.  
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The Growth of Epitaxial Gallium Phosphide from 
the Vapor Phase by Halogen Transport 

A. Mottram, A. R. Peaker, and P. D. Sudlow 
Perranti Ltd., Chadderton, Oldham, England 

ABSTRACT 

Gall ium phosphide has been grown epitaxial ly by open tube vapor t ransport  
using the H J P C 1 J G a  system. Although GaAs substrates have been used for 
the major i ty  of the work, the more recent use of Czochralski grown GaP has 
enabled a reduction in both strain and stacking fault  density of the epitaxial  
layer to be achieved. Sulfur,  tel lurium, and zinc have been used as dopants in 
the preparat ion of both n-  and p- type layers, and relationships have been 
established between the dopant  level in the vapor stream and the carrier 
concentrat ion in the grown crystal. A Schottky diode technique has been used 
to detect variat ions in doping level throughout  the depth of a slice and, 
after modifications to the growth process, uni form doping levels have been 
established. Measurements  of the dependence of mobil i ty on carrier  concen- 
t rat ion over the range 1014-1019 cm -3 have been made on this substant ia l ly  
homogeneous mater ial  and consistent results obtained. The levels of compen- 
sation in n - type  material  have been shown to be between 1 and 2% over the 
range of carrier  concentrat ion 8 x 10z6-2 x 1O 18 cm -z. The previously re-  
ported dependence of doping level on substrata  orientat ion has been con- 
firmed for (111) surfaces and extended to the (100) and (110) surfaces for 
homoepitaxy. 

The growth of GaP from the vapor phase by halogen 
t ransport  is a convenient  method for the preparat ion 
of s ingle-crystal  slices, the Ga/PC1JH2 system being 
used to deposit GaP epitaxial ly on single-crystal  
substrates of GaAs and GaP. 

Previously published work describing this growth 
technique (1-3) has used various methods to incor- 
porate dopants into the GaP but  investigations into 
the homogeneity of the resul tant  GaP have not been 
made in any great detail, al though some tentat ive 
conclusions have been reached by Taylor et al. (2). It 
is shown in  this paper  that  unless adequate precau- 
t ions are taken, very significant doping gradients  are 
present  in  the grown gal l ium phosphide and it is 
thought that  the use of modified growth techniques to 
avoid these gradients has enabled a considerable re- 
duction in  the scatter of the data relat ing to the GaP 
to be achieved. 

In addition, a thorough examinat ion of both the 
growth parameters  and the doping processes involved 
has enabled a consistency of result  to be established 
with the growth system. The mater ia l  obtained, after 
removal  of the GaAs substrata, has been in the form 
of self-support ing single-crystal  slices and these have 
been used subsequent ly  both as substrates in liquid 
epitaxy experiments  and for p lanar  ar ray  technology 
development.  

Experimental Procedure 
The apparatus, which is s imilar  to that  used by 

other workers for open tube vapor t ransport  systems 
(4, 5), is shown schematically in Fig. 1. Close a t ten-  
t ion was paid to the e l iminat ion of all gas leaks and 
the complete apparatus was tested to be leak free at 
10-2 Torr. As oxygen contaminat ion of the gas stream 
during the growth process caused rapid nucleat ion 
and whisker growth of the GaP both on the substrata 
and in the sur rounding  deposition zone, a fur ther  pre-  
caution taken was to ma in ta in  the complete system at 
a pressure of 2-3 mm of mercury  above atmospheric, 
thus keeping oxygen ingress to an absolute min imum.  
A three zone furnace was used in which the low- 
tempera ture  region was only utilized for certain 
doping procedures, the center  flat zone being used for 
the gall ium source and the tempera ture  gradient  re-  

Key words: gallium phosphide, epitaxial, vapor phase, halogen 
transport, doping gradients. 

gion for deposition purposes on the appropriate sub-  
strates. A l iner  tube was used to collect all dump 
products, thus enabl ing the same reaction tube to be 
used for a n u m b e r  of consecutive runs. Adhesion be-  
tween the heavy deposit of GaP and the silica sub- 
strata holder in the deposition region, besides making 
removal  of the slice from the silica plate difficult, often 
led to cracking of the grown slice before its removal  
from the apparatus. A hard carbon film, produced by 
the thermal  cracking of acetone, deposited on the silica 
plate before insert ion in  the apparatus, overcame 
these problems by prevent ing  adhesion, and a film 
similar ly  deposited on the l iner  tube prevented the 
severe cracking and erosion that  normal ly  takes place 
when  the quartz apparatus cools down after deposi- 
tion. As the presence of carbon in the reaction tube  
did not have any  influence on the electrical properties 
of the grown material,  carbon coating of the l iner  tube  
and substrata holder was used as normal  procedure 
in the vapor epi taxy system. The l iner tube  was re-  
stricted to a ma x i mum inner  diameter  of 19 ram; when 
larger tubes than  this were used, s t reaming of the 
vapor resulted in incomplete reaction at the gall ium 
source and inconsistent deposits of gall ium phosphide 
in the growth zone. 

A supply of 99.99% pure H2, fur ther  purified by dif- 
fusion through a Pd /Ag  tube, is passed through 
99.999~-% PC13 at 23~ and diluted using a by-pass 
supply of the purified hydrogen, thus enabl ing a wide 
range of PC13 part ial  pressures to be obtained in the 
system. The vapor stream is passed over the heated 
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Fig. 1. Schematic d iogrom of tee growth system and temperature 
conditions for the deposition of epitoxiol gollium phosphide. 
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gall ium source and then down the tempera ture  gradi-  
ent in which a GaAs or GaP seed is situated. Epitaxial  
deposition of the GaP takes place on the substrate. For 
the normal  growth system the following conditions 
have been established for a typical process: 35-40 ml  
rain -1 of H2 is passed through the PCI8 and diluted to 
100 ml rain -1 with H2, passed over the gal l ium source 
held at 970~ and then  down a temperature  gradient  
of 12~ cm -1 in which the substrate is situated at a 
temperature  between 850~176 A growth rate of 
50-80 t,m hr -1 has been obtained on ( l l l ) A  orientated 
GaAs seeds with these conditions, which together with 
a growth period of 3-5 hr gave reproducible single- 
crystal GaP layers up to 400 ~m thick. Both 25 and 
50g gall ium sources have been used, the PCI~ figure 
quoted being that for the 50g source, while a corres- 
pondingly lower flow rate has been used for the 25g 
source. It  was found that  the opt imum deposition tem- 
perature  and the growth rate of the GaP layer were 
both dependent  on the flow rate of the PC13, this s in-  
gle i tem being the principal  factor governing the re-  
producibil i ty of the growth. Complete quant i ta t ive 
examinat ion  of a small  number  of runs  and a more 
comprehensive analysis of the relat ive Ga and PC13 
consumption rates over a large n u m b e r  of runs  have 
given exper imental  evidence for the proposed over-al l  
reactions involved. 

Examinat ion  of furnace profiles throughout  the in-  
vestigation has shown that  the growth rate  of the 
epitaxial  layer is par t ly  dependent  on the temperature  
gradient  of the growth zone. Under  identical flow 
conditions a gradient  of 6~ cm - t  gave smooth layers 
at growth rates up to 40 ~m hr -1, 12~ cm -1 increased 
the growth rate to 80 ~m hr - t  while still main ta in ing  
smooth layers, but  any fur ther  increase in the gradient  
resulted in hil locky growth. 

The conditions outl ined above were established for 
growth on the ( I I 1 ) A  face of substrates of undoped 
n- type  GaAs orientated wi th in  • 1 8 9 1 7 6  with dislocation 
densities < 5 x 103 cm -2. This orientat ion was chosen 
for the major i ty  of our exper iments  because it was the 
fastest growing face and our pr ime concern, when 
growing on GaAs substrates, was for the preparat ion 
of self-support ing single-crystal  slices. Prior  to growth, 
the substrates were lapped, polished with diamond 
paste of particle size no greater  than  1 ~m, etched for 
2 min in 3 : 1 : 1 H2SO4/H202/H20 at 60~ to remove 
any work damage, and finally etched in 1 : 9 : 1 0  
H F / H N O J H 2 0  at 50~ for 1 min  immediate ly  prior 
to insert ion in the apparatus. The substrate  was po- 
sitioned ( l l l ) A  face uppermost  on the flat, carbon-  
coated, quartz spade. The furnace was heated with the 
substrate situated in the growth position and the re- 
action started without  any  deliberate back-etching 
procedure. Measurements  taken on six consecutive runs  
have shown automatic back etching to take place, be- 
tween 100-120 #m being removed in each instance. 
During the growth process, the GaP would normal ly  
be deposited on all faces of the substrate.  A SiO2 mask 
deposited on the ( l l l ) B  face of the GaAs substrate,  by 
pyrolytic decomposition of tetraethoxysilane,  pre-  
vented deposition of GaP on this face and simplified 
removal  of the GaAs after growth. This was done by 
first etching away the SiO~ layer  wi th  HF and then 
dissolving the GaAs in hot 50% HNO3. The ( l l l ) B  
face of the grown GaP layer  was then lapped and 
polished to remove any  GaAsxP(z-~) deposit formed at 
the interface. The major i ty  of slices of GaP obtained 
by this technique were self-support ing and single 
crystal. Growths have also been made on the ( l l l ) B ,  
(100), and (110) faces of similar GaAs substrates as 
well  as on all four principal  orientat ions of GaP sub-  
strates grown by a l iquid encapsulated Czochralski 
technique (6). 

Undoped, sulfur, t e l lu r ium-  and zinc-doped mater ia l  
have been grown using the s tandard procedure. Sulfur  
was introduced into the growth system as hydrogen 
sulfide, either directly from a bott led supply of 99.5% 
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H2S or by hydrogenat ion of 99.999% sulfur  vapor in a 
small  tube  furnace held in excess of 800~ Tel lur ium 
doping was obtained by adding Te metal  to the gallium 
and cont inuing the growth technique in the usual  m a n -  
ner. Zinc vapor was introduced into the growth am- 
bient  by passing the H2/PC13 gas stream over a pellet 
of zinc situated in the low-tempera ture  zone of the 
furnace prior to the gal l ium source. 

Hall  and resistivity measurements  have been used 
to determine the carrier concentrat ion and mobil i ty  of 
all the vapor epitaxial  layers after removal  of the 
GaAs substrate. The van  der Pauw technique (7) 
with ei ther  clover leaf or trapezoidal samples has been 
employed and the measurements  taken in  a field of 1 
kGs at a tempera ture  of 20~ A number  of samples 
were also measured over a range of temperatures.  
Alloyed contacts were made in all  cases in an atmos- 
phere of 90% N2/10% H2, using either pure Sn or 
Au/2% Sn alloy for n - type  mater ia l  and Au/2% Zn 
alloy for p - type  material .  All  undoped mater ia l  grown 
on GaAs substrates proved to be high,resis t ivi ty  
n- type  and the Au/2% Sn alloy was successfully used 
for contacting. 

Doping gradients were investigated by evaporat ing 
a square mesh pa t te rn  of circular gold Schottky ba r -  
riers over an angle lapped region of the grown slice 
and measur ing the differential capacitance-voltage 
characteristics of the individual  barriers.  This type of 
construction provided discrete measurements  of im-  
pur i ty  concentrat ion at equal  intervals  below the semi- 
conductor surface, the impur i ty  concentrat ion being 
derived by the use of we l l -known  theoretical relations 
from the C-V data obtained. This technique is des- 
cribed in detail elsewhere (8). 

Results and Discussion 
Over-all reaction.--A study of the amounts  of gal-  

l ium and phosphorous tr ichloride used in over two 
hundred  s tandard runs  showed the Ga/PClz consump- 
t ion ratio to be independent  of the PC13 flow rate for 
the range of flow rates investigated, and a plot of the 
results (Fig. 2) gave an average mole ratio of 2.56. 
The amount  of Ga used dur ing each r un  and the weight 
of PCI.~ consumed over a n u m b e r  of consecutive runs  
were measured for each separate batch of PCls. This 
means that  each point  on the curve is in effect an 
average of not less than seven consecutive growths. 
The results were obtained from runs  in which slow 
PCls flow rates used a 25g Ga source and faster rates 
a 50g source. The mole ratio of 2.56 • 0.1 is in agree- 
ment  with the value of 2.64 predicted from thermody-  
namic data and supports the result  of 2.5 • 0.2 ob- 
tained with the halide t ransport  system by Luther  and 
Roccasecca (3). The weight of the GaP skin formed 
on the unused part  of the 25g gall ium source dur ing 
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cooling was approximately 0.25g in each instance. This 
corresponds to the complete saturat ion of the gall ium 
with phosphorus at 970~ (9) and indicates that  the 
phosphorus-saturated gall ium is very  close to being 
in equi l ibr ium with solid GaP dur ing the growth 
process. 

Observation of the early stages of the growth process 
showed that  dur ing  the ini t ia l  saturat ion of the source, 
gall ium metal  was t ransported to the dump end of the 
reaction tube and the GaAs substrate was back-etched 
to the extent  of 100-120 ~m by the excess halides pres-  
ent. If the PC13 was in excess at this stage, then the 
formation of white, needle crystals of GaCls was ap- 
parent  at the cold end of the tube, whereas the forma- 
t ion of the grayish GaC12 deposit indicated that  the 
correct flow rates were being used. It  has been as- 
sumed in previous publicat ions that  both the di- and 
trichloride are only present  in negligible amounts  at 
970~ and indeed the agreement  between the practical 
Ga/PC13 consumption ratio and the theoretical value, 
in which GaC12 has been neglected, indicates that only 
GaCI and HC1 are present  in the reaction zone at 970~ 
A fur ther  reaction must, therefore, take place in the 
deposition zone in which the incoming fraction of HC1 
which does not react with the gal l ium converts the 
monohalide to the dihalide. The GaC12 invar iably  
shows some dissociation into Ga and GaC13, but  this 
process is not included in the over-al l  scheme of the 
reaction. The above points indicate that  the reaction 

- -  H2 through 
the PCla [I] 

may be described as follows 

4PC13 -5 6H2--> 12HC1 + P4 

P4 ~ 2P2 - -  Dissociation [II] 

2Ga -5 2HC1 -~ 2GaC1 -5 H2 - -  At 970~ [III] 

4GaC1 -5 2HC1--> 3GaC12 ] 

- S H 2 + G a  I - -  At  the depo- [IV] 
2Ga -5 P2 -~ 2GaP sition zone IV] 

If at any stage the gall ium source is reduced to a low 
level, then the excess HC1 present  in the growth zone 
can act as a t ransport ing medium for the GaP previ-  
ously deposited and a si tuation can arise whereby not 
only the GaP but  also the GaAs seed can be complete- 
ly removed by the HC1. 

A quant i ta t ive  examinat ion of a n u m b e r  of experi-  
ments  was made by measur ing the weights of pure Ga 
and PC13 used during the run, weighing the total prod- 
ucts obtained from the reaction, dissolving away the 
dump products, and finally reweighing the pure GaP 
formed. The results showed that the over-al l  equation 
most acceptable for the reaction was 

5Ga + 2PC18 -~ 2GaP + 3GaC12 

This agrees wi th  the above scheme of reaction and 
also supports the result  observed by Kamath  and Bow- 
man  (5). 

Physical properties o] the grown GaP.- -Al though 
layers were grown on the ( l l l ) A ,  ( l l l ) B ,  (100), and 
(110) orientations of both GaAs and GaP, very  smooth 
surfaces were obtained only on the ( l l l ) A  face, and as 
this was also the fastest growing surface it was used 
for the major i ty  of growths where  removal  of the GaAs 
substrates was required. After  removal  of the GaAs 
substrate the GaP layers were shown to be self-sup- 
porting, and x - r ay  diffraction studies confirmed that 
they were single-crystal  growths. 

A comparison of the layers grown on both substrate 
materials  showed those grown on GaAs to have much 
higher stacking fault  and dislocation densities, as well  
as a great deal of residual  s train in the crystal. Stack- 
ing faults and dislocations were revealed as l ine and 
point defects, respectively, by etching the (111)A face 
in boiling K~Fe (CN)6/KOH/H20 2/3/25 for 60 sec (10). 

Layers grown on GaAs always had densities > 2 x 
10~, this being the case even when  the GaAs was dis- 
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location free. On the other hand  the dislocation densi-  
ties of those layers grown on GaP were more dependent  
on the substrate and were never  greater  than 2 x l0 s 
even on substrates wi th  a dislocation densi ty  (D) 
> l0 s. On good qual i ty substrates (D --~ 104) the epi- 
taxial  layer  was un i formly  dislocated in  the low 104 
region. 

It can be seen from Fig. 3a and b, which show rep- 
resentat ive areas of epitaxial  layers grown under  
similar  conditions on GaAs and GaP, respectively, that  
an order of magni tude  increase in dislocation density 
caused by the use of GaAs substrates is represented by 
the predominance of dislocations aligned along slip 
planes; this is compared to a fair ly uni form dis t r ibu-  
t ion of dislocations when GaP substrates were used. 
It  is fair ly obvious that the aligned dislocations are a 
result  of the heteroepitaxy na tu re  of the GaAs/GaP 
system in which the 4% lattice and 15% thermal  mis-  
match between GaAs and GaP (11) causes severe 
strain in the epitaxial  layer dur ing cooling. The uni-  
form distr ibution of dislocations observed when GaP 
substrates were used (~- 2 x 104 cm -2) can be a t t r ib-  
uted to the growth conditions (deposition rate, ther-  
mal  gradient, etc.). Progressive polishing and etching 
of layers throughout  their  total  thickness (up to 500 
~m) showed this level of dislocation to remain  con- 
stant  throughout  the layer. A number  of layers ex- 
hibited severe pi t t ing which occurred dur ing the lat ter  
part  of the growth process, an example is shown in 
Fig. 4a. These appear to occur under  conditions when 
excess HC1 would be expected to be present  in the 
vapor stream and are probably  at the sites of impur i ty  
segregation caused by  the dislocations formed at the 
growth temperature.  The only other major  surface 

Fig. 3. Comparison between GaP layers grown on GaAs and GaP 
substrates, (a, top) shows the case in which a GaAs substrate was 
used and (b, bottom) the improvement obtained by using a GaP 
substrate. 
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Fig. 4. Major surface defects on the GaP formed during ,growth, 
(a, top) pitting, (b, bottom) hillocks. 

defect has been the formation of growth hillocks as 
shown in Fig. 4b. These are similar to those reported 
in GaAs epitaxy and have been a t t r ibuted to dust par-  
ticles or gal l ium droplet formation on the surface of 
the substrate immediately prior to GaP nucleat ion 
(12). 

The difference in thermal  expansion coefficients be-  
tween the GaAs substrate and the GaP causes a pro- 
nounced curvature  in the structure after cooling, and 
during the last stages of removal  of the GaAs, micro- 
cracking at the interface is often observed. This ex- 
tends a small  distance into the GaP and together with 
the obvious inhomogenei ty  at the interface means that  
the ( l l I ) B  face of the grown slice had to be lapped 
and polished before any fur ther  use could be made of 
it. Small  inclusions, darker  in color, found on the 
( l l l ) B  face, were determined by  electron microprobe 
analysis as being regions of GaAs~P<l-x) and mass 
spectrometric analysis of the GaP showed arsenic to 
be present in most layers between 0.01 and 0.1%. These 
results were obtained from layers where the GaAs 
substrates had no SiO2 film on the (111)B face and it 
can be assumed that  in all cases where  the protective 
film has been used the arsenic contaminat ion will  have 
been somewhat reduced. 

Doping grad ien t s .~The  gaseous doping technique 
ini t ia l ly used for sulfur, which involved passing a 
diluted supply of bottled I-I2S into the vapor stream 
prior to the gall ium source, was found to produce 
severe doping gradients throughout  the ent i re  thick- 
ness of the grown layer. Variations in doping level 
were found by  angle lapping the crystal and using 
Schottky bar r ie r  measurements  at fixed points through-  
out its thickness as described previously. The large 
variat ions of impur i ty  with depth in earlier layers as 
seen in Fig. 5 are caused by the absorption of the 
sulfur by the gal l ium dur ing the early stages of 
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growth, followed by random fluctuations in the flow 
rate of the H2S vapor dur ing the remainder  of growth. 
El iminat ion  of the absorption effect was effected by 
either pre-quas i -sa tura t ion  of the source or by the use 
of a baffle so that  the dopant  stream bypassed the 
gallium, this lat ter  system caused nucleat ion prior to 
the deposition zone and was therefore later  dispensed 
with. As minor  fluctuations in flow conditions were 
found difficult to el iminate,  very  fine valve control 
being required over periods of 3-4 hr, the al ternat ive 
means of sulfur  doping by hydrogenat ion of sulfur  
vapor was used. This proved to be a much simpler 
system to control, as the doping level could be regu-  
lated by adjust ing the tempera ture  of the solid sulfur  
source and keeping the hydrogen flow over the dopant  
constant  at 10 ml /min .  A similar system of presatura-  
t ion was again used and a typical  doping profile 
through a grown layer (Fig. 5) indicated that  a stable 
carrier  concentrat ion was established and main ta ined  
from the onset of growth. 

Doping gradients were also present  in t e l lu r ium-  and 
zinc-doped layers, although in nei ther  case were they 
as severe as sulfur. The te l lur ium-doped layers have 
since been grown free from severe 'doping gradients 
by  using a double-boat  gal l ium source. Both boats of 
gall ium are identically doped with pure Te meta l  and 
held in the fiat temperature  zone in the reaction tube. 
One of the sources remains  v i r tua l ly  unchanged 
throughout  the ent i re  growth period and thus provides 
a constant  Te vapor pressure. A similar single-boat  
system yielded layers which were Te depleted toward 
the last grown surface, and Fig. 5 shows a comparison 
in  doping profile of two layers grown by the separate 
systems. 

Profiles of the zinc-doped layers indicated that  al- 
though a constant  doping level was main ta ined  over 
their surface, a rapid rise in carrier  concentrat ion oc- 
curred toward the last grown face (Fig. 5). Although 
the absorption of zinc by the gal l ium source has been 
previously calculated by Luther  and Roccasecca as 
being 3% of the total amount  of dopant  t ransported 
dur ing the r un  (3), the evidence presented here sug- 
gests a much greater  loss to the source and an effect 
similar to that  seen in the sulfur-doped layers occurs 
in which zinc is absorbed into the gal l ium source dur-  
ing the earlier stages of growth. 

Invest igat ions of doping gradients in mater ia l  with 
a mean  carrier concentrat ion of approximately 10 TM 

cm -8 grown on gal l ium phosphide substrates and on 
orientat ions other than (111) have shown that  the 
gradients observed in the mater ia l  other than  at the 
actual GaAs /GaP interface are functions of the growth 
conditions and not of the orientat ion or na ture  of the 
substrate. This is in contrast  to the results of Taylor 
et a~. (2) for se lenium-doped mater ia l  which indicated 
from Hall measurements  and progressive lapping that 
the carrier concentrat ion increased in the growth di- 
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rection on samples grown on GaAs but  not on GaP 
substrates. 

Electrical measurements  made on early samples 
which were shown to have doping gradients or stria- 
tions of varying carrier concentrat ion throughout  their 
depth indicated that the Hall  value as measured by  the 
van der Pauw technique gave a value weighted toward 
the more highly doped strata. For the almost uniform 
profiles now observed in slices grown by the modified 
techniques, the Hall  measured values are in agreement  
with the free carrier concentrat ion calculated from 
the Schottky diode measurements ,  and it is layers of 
this type that  have been used in the investigations 
described in the remainder  of this paper. 

Although the var ia t ion in carrier concentrat ion along 
the length of any individual  crystal was found to be 
minimal,  a check was made on the var iat ion along the 
entire deposition zone. A factor of two change was 
observed over the tempera ture  range 910~176 the 
higher values being obtained at the higher tempera-  
ture. Layers grown at lower temperatures  as well  as 
having low carr ier  concentrat ion were also of poor 
surface nature.  The growth zone, covering a range of 
60~ had a length of 5 cm and was therefore suitable 
for mult iple  crystal growths. 

Added impur i t y  and carrier concentrat ion . - -Al l  car- 
rier concentrat ion values in this section were deter-  
mined from GaP layers grown on ( l l l ) A  orientated 
GaAs substrates. Undoped layers were always n- type  
with resistivities of the order 103 ohm-cm and carrier 
concentrat ions in the 1014 cm -3 range. Reproducible 
values for sulfur, tel lurium, and zinc doping were ob- 
tained over the range of doping levels investigated. 

For each of the dopants used a relationship was es- 
tablished between the impur i ty  present  in the vapor 
stream and its incorporation into the grown crystal in 
an electrically active form. In Fig. 6 a plot of the room 
temperature  carrier concentrat ion against the sulfur  
vapor pressure shows an almost l inear  relationship to 
about 2 x 10 TM cm -3. Above this value the carrier con- 
centrat ion tends to level off with fur ther  increases in 
the sulfur  vapor and the crystal  takes on a metall ic 
appearance as the carrier concentrat ion approaches 
5 x i0 TM cm -3. At this point the solid solubil i ty of sul-  
fur in gall ium phosphide is l imit ing the electrically 
active impur i ty  concentrat ion and an increasing pro- 
portion of the sulfur  is present in the form of precipi- 
tates or neut ra l  complexes at room temperature.  A 
similar  si tuation can be seen to occur in the case of 
tel lurium, al though the relationship is subl inear  at a 
somewhat lower level. It  is thought that  complexes 
such as GaTe.~ are present  in an electrically inactive 
form at the higher concentrations. A similar effect has 
been noted by Taylor in selenium-doped GaP, satura-  
tion occurring at a carrier concentrat ion of 2 x 10 ~8 
(13). 
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Fig. 6. Dependence of the electrically active impurity concen- 
tration in the grown crystal on the impurity level present in the 
vapor stream. 

The case of zinc-doped mater ia l  is somewhat differ- 
ent as the solid solubili ty of Zn in GaP at the growth 
temperature  is known to be considerably higher than 
the impur i ty  levels used (14) and there is no evidence 
for the formation of precipitates on cooling over the 
range of carrier concentrat ions investigated. In  the 
region 1017-1019 cm -3 the carrier concentrat ion-  
part ial  pressure relationship is slightly sublinear,  
above this region the carrier  concentrat ion increases 
considerably faster than the part ial  pressure. This 
could be explained by the observations of Foster et al. 
(15) and Casey et al. (16) who measured hole densi'- 
ties greater than the zinc concentrat ion in solution- 
grown and diffused gal l ium phosphide, respectively. 

For the three separate dopants, over a l imited range, 
a l inear  dependence of impur i ty  concentrat ion on the 
partial  pressure of the dopant  has been established 
when growth takes place on the ( l l l ) A  face. For an 
extrinsic semiconductor, grown under  equi l ibr ium 
conditions, a square root dependence is normal ly  ex-  
pected and has in fact been observed both in solution 
(17) and vapor growth (18). The deviat ion observed 
here has been reported elsewhere (3) and can be at-  
t r ibuted to the incorporation of the impur i ty  being a 
nonequi l ibr ium process in  the halogen t ransport  sys- 
tem. At the comparat ively low temperatures  used for 
deposition the diffusion of the dopants is slow, and fast 
growth rates have been used for the growth of all 
crystals measured. This means that  a nonequi l ibr ium 
situation is established between the absorption of the 
dopant atom on the growth face and their  incorpora- 
tion into the bulk  crystal and creates the l inear  de- 
pendence observed. 

El~ect of subs tra te . - -Unl ike  GaAs epi taxy in which 
the smoothest surfaces have always been obtained 
using substrates misorientated from the low index 
planes by a few degrees (19), misorientat ion of (111) A 
GaAs substrates by 1 ~ 2 ~ , 3 ~ , and 6 ~ produced in-  
creasingly severe pi t t ing in the grown layer and a 
requisite of reproducibly smooth growths on this face 
was for the orientat ion to be wi th in  ___1 ~ after polish- 
ing. The effect of misorientat ion on the  other planes 
was not investigated and therefore a strict comparison 
with GaAs is not possible at this stage. 

Although a high percentage.of  the runs  carried out 
have used ( l l l ) A  orientated GaAs substrates and con- 
sequently the informat ion on doping levels, etc., is par-  
t icularly re levant  to this orientation, a number  of runs 
have been made on the other three pr incipal  or ienta-  
tions ( l l l ) B ,  (110), (100) of both GaAs and GaP. 

Under  similar flow conditions the growth rates could 
be placed in the order (111)A > (110) > ( l l l ) B  > 
(100). This order appeared to be independent  of the 
substrate mater ia l  (GaAs or GaP) and under  the flow 
conditions previously stated the growth rates were 
approximately 80 ~m hr -1, 50 #m hr  -1, 40 ~m hr-* ,  
and 10 vm hr  -1, respectively. Layers grown on the 
( l l l ) A  orientat ion of either GaAs or GaP had mir ror -  
like surfaces and were of un i form thickness, while the 
other orientations were general ly  faceted and of u n -  
even thickness. Figure 7 shows a polished (111)A ori-  
entated GaAs substrate, an epitaxial  GaP layer  with 
the GaAs still intact and an unsuppor ted single-crystal  
wafer of GaP. 

The dependence of carrier concentrat ion on growth 
orientat ion as observed on the ( l l l ) A  and ( l l l ) B  faces 
for both n-  and p- type dopants as previously reported 
by Taylor et al. (2) is supported by the results 
obtained here for both GaAs and GaP substrates 
(Table I).  Undoped layers grown on the ( l l l ) B  face 
of both GaAs and GaP are s trongly n - type  with carrier 
concentrat ion of the order 1017 cm -3, whereas similar 
layers grown on the ( l l l ) A  face prove to be high re-  
sistivity (103 ohm-cm),  n - t y p e  for cases in which GaAs 
substrates were used and high resistivity p- type  for 
GaP substrates. Previously reported values for undoped 
layers grown in the ( l l l ) A  face have been p-type,  and 
the result  observed here can probably be accounted 
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Table II. Donor and acceptor concentrations 

S a m p l e  D o p a n t  ND, cm -a NA, c m  -~ ED, m e V  

319 S (2.05 ---~ 0.1) x 10 TM (5.3 ~--- 0 . I )  x 10 ~a 80---+ 5 
371 S (8.0 ~ 0.3) x 10 TM (1.2 -~ 0.3) x 10 ~ 107----- 10 
383 S (8.8 -r 0.2) x 10 r '  (8.6 ~ 0.2) x 10 ~ 97 -r 10 
2/213 T e  (7.5+--0.2) x 10 l~ (I .I-~ 0.2) x 10 le 8 1 ~ 1 0  

Fig. 7. Example of a GaAs slice; an epitaxial layer of GaP with 
the GaAs substrate still intact; and a polished self-supporting 
slice of epitaxial GaP. 

for by autodoping from an n- type  impur i ty  present in 
the GaAs substrate. 

A number  of layers grown simultaneously on both 
the (111) faces of GaAs substrates showed that  donor 
impurit ies (S, Te) were incorporated more readily into 
the ( I I1 )B  face by a factor of between 10 and 30, 
while the acceptor zinc showed a similar marked pref-  
erence for the (111) A face. 

The use of GaP substrates, which removed the neces- 
sity of producing thick growths, meant  that the ori- 
entations dependence could be investigated on all four 
principal  orientations. A combinat ion of the reduced 
layer thickness and the use of n - type  (high 101~ cm -3) 
substrates meant  that  the Schottky diode technique 
previously described was more suitable for carrier  con- 
centrat ion determinat ions for growths on GaP sub- 
strates, and this method was used for all such values 
reported in Table I. It  can be seen, that although the 
donor atom preference for the ( l l l ) B  face is similar 
to that  previously observed, the doping levels for both 
the (100) and (110) orientat ion are approximately 
midway between the two extremes and differ from the 
values observed by Taylor (13), where the doping 
levels tended to be biased toward the preferred or ien-  
tation ( l l l ) B  in each instance. The undoped values 
are similar to those reported and show both the (110) 
and (i00) to be n - type  at a level of 6 x l0 ss and 
8 x 1015, respectively. 

The orientat ion effect can be explained by the dif- 
ference in  bonding behavior of the orientated surfaces. 
A Group VI donor atom wil l  substi tute for a P atom in 
the lattice, this means  that  on the ( l l l ) A  (Go) face 
the donor atom will  be loosely held by only one bond 
while on the ( l l l ) B  (P) face three Ga atoms are avail-  
able for bonding. The more loosely held donor atoms 
on the ( I l l ) A  face will  have a greater  tendency to be 
lost to the vapor stream and thus establish a lower 
doping level in  the crystal for similar growth condi- 
tions. A similar a rgument  can be put  forward for both 
the (100) and (110) values obtained. In  the former 
case each P atom is bonded downward into the crystal  

to two Ga atoms, and normal ly  would bond upward  to 
another two Ga atoms. The donor atom, replacing the 
P atom and subsequent ly  having two surface bonds, 
would therefore have a bonding force somewhere 
between the values obtained for the (111) faces. For 
the (110) surface, where each P atom makes two bonds 
to Ga atoms on the surface and only one bond to a Ga 
atom in the under ly ing  layer, an ar rangement  similar 
to the (111)A face can be seen. The donor atom is only 
loosely held by one bond in the under ly ing  layer, but  
this is immediate ly  supported by two surface bonds, 
which again would lead to a bonding force somewhere 
between the opposite face (111) values. 

Donor and acceptor concentrat~ons.--The donor and 
acceptor concentrat ions and the donor b inding  energy 
of sulfur and te l lur ium-doped mater ia l  have been 
determined by Hall  measurements.  The analysis (20, 
21) assumes that  only one donor level is present  and 
that  ND > 10 NA, it also equates Hall  and drift  mobility. 
The exper imental  results obtained over the tempera-  
ture range 80~176 were fitted to the relationship 

n(n-}- NA) "- Nc g-~ exp -- 
N D  - -  re - -  N A  kT  

put t ing 
Nc : 2 (2~mo kT/h 2) 3/2 

Where n is the concentrat ion of conduction electrons 
per cubic centimeter,  ND and NA the donor and ac- 
ceptor concentrations, Nc the effective density of states 
in the conduction band at tempera ture  T, g the de- 
generacy factor associated with the donors, ~n* the 
effective mass of the electrons, and ED the donor b ind-  
ing energy. The results obtained on four typical  sam- 
ples are shown in Table II. It  can be seen that  the 
acceptor concentrat ion increases with the donor con- 
centrat ion represent ing between 1 and 2% of total im-  
pur i ty  content. It seems unl ike ly  that  this could be at-  
t r ibuted to impuri t ies  in the hydrogen sulfide used for 
doping as the level is so high and is probably  due to 
autocompensation effects associated with vacancies. 

The values deduced for donor b inding energy are in 
agreement  with the results of Montgomery and Feld-  
man  (22) obtained on crystals produced by the float- 
ing zone technique. They show a l inear  relationship 
b e t w e e n  E D  and N D  1/3 which implies that  the var iat ion 
is due to interact ion between donors. 

Hall mobility.--The highest mobilities, measured at 
20~ were those of undoped samples with background 
carrier concentrations of 1014 cm -3, the values ob- 
tained being in the range 140-150 cm 2 V -1 s ec - ' .  As 

Table I. Variation of carrier concentration with orientation 

Sample 
S u b -  
s t r a t e  

Type a n d  carrier concentration 
Dopant (IlI)A (IlI)B (II0) (i00) 

V P 4 9 2  
V P 3 / 4 8  
VP534 
VP561 
V P 5 6 0  
V P 5 5 9  
V P 5 1 0  
V P 5 7 3  
V P 5 7 6  
V P 5 7 7  
V P 4 9 5  
V P 3 / 3 3  
V P 5 8 0  
VP582  
V P 5 7 8  

GaAs 
GaAs 
GaAs 
GaAs 
GaAs 
GaAs 
GaP 
GaP 
GaP 
GaP 
GaP 
GaP 
GaP 
GaP 
GaP 

Undoped n - -  6 • 10zl n - -  2 X 1017 
Sulfur n - -  2 • 10 ~7 n--2,7 • 10 ~s 
Sulfur n--3.3 x 10 ~7 n - -  4 x 10 ~8 
Z i n c  p - -  S )< I0 TM n - -  i X 1017 
Zinc D--- 5 • 1017 n-- 9 • 101~ 
Zinc P--- 1 x 1019 p - -  1 X 10 TM 

Undoped p-type n-- 3 X 1017 
U n d o p e d  p-type n - -  2 x 101~ 
Tellurium n-- 7 x 10 ~ n--1.5 x 10~s 
T e l l u r i u m  n - - 1 . 5  • 1018 n - -  4 X 101s 
Tellurium n--3,4 • I0 z~ n--2.5 • 10~s 
S u l f u r  n - -  1 X 10 TM n - - 3 . 8  X 1017 
Sulfur n-- 5 X 1016 n--3.0 • I0 ~7 
S u l f u r  n - -  1 • 1017 n - - 3 , 4  x I0 zs 
Sulfur n - -  7 • 1017 n--3.8 x 10 Is 

n - -  6 • 1016 
n - - l . 3  x 1017 
n--3.6 x 1017 

n--7.5 )< 1018 
n---4.0 • 1017 
n - -  8 • I0~ 

n - -  8 • 10 ~5 
n - -  2 x  i0  av 
n--3.2 x l0  ~7 

n--1.5 x 1017 
n--6.1 • 1017 
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Fig. 8. Relationship between mobility and carrier concentration 
for sulfur-doped 9allium phosphide at 20~ 

dopants  are  added the mobi l i ty  falls, the  values  for 
su l fu r -doped  ma te r i a l  being shown in Fig. 8. The mo-  
b i l i ty  of layers  doped using the solid sulfur  source are  
app rox ima te ly  10% higher  than  those p repared  with  
the  gaseous doping source. I t  is un l ike ly  that  this  can 
be accounted for by  the reduct ion in compensat ion due 
to the  improved  pur i ty  of the  system and can almost 
ce r ta in ly  be a t t r ibu ted  to the  somewhat  l a rger  doping 
gradients  in those layers  doped v ia  the  bot t led H2S 
source and the improved  homogenei ty  of the  m a t e -  
r ia l  p repa red  in the  solid sulfur  system as discussed 
previously.  

The theore t ica l  mobi l i ty  re la t ionship  is der ived  f rom 
the work  of Hara  and Akasak i  (23) and considers only  
the  contr ibut ion of po la r  mode and ionized impur i ty  
sca t ter ing  and assumes tha t  the  energy  dependence  of 
these re laxa t ion  t imes  to be equal. The values  cal-  
cula ted  are  much h igher  than  those observed and as 
such discrepancies  (30%) cannot be accounted for on 
the  basis of the  measured  levels of compensation,  it  
can only be assumed tha t  o ther  scat ter ing mechanisms 
p l ay  a significant par t .  

The mobi l i ty  of the  t e l lu r ium-doped  mate r i a l  (Fig. 
9) is comparable  wi th  tha t  of the  su l fur -doped  a l -  

7 
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I I I 
I0,6 10;7 [018 ior~ 

CARRIER CONCENTRATION cm- 3 

I 
I0 ~ 
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| 

Fig. 9. Relationship between mobility and carrier concentration 
for zinc- and tellurlum-doped ga(lium phospklde at 20~ 
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though the mobi l i ty  decreases s l ight ly  more  r ap id ly  at 
the h igher  ca r r i e r  concentrat ions.  The resul ts  shown 
in Fig. 8 and 9 indicate  tha t  the hole mobi l i ty  in zinc- 
doped GaP is cons iderably  lower  than  the e lec t ron 
mobi l i ty  in su l fur -  and t e l l u r i um-doped  ma te r i a l  over  
the  range  1016-10 TM cm -a.  At  ve ry  high doping levels 
however ,  the  hole mobi l i ty  does not  appea r  to fat1 
r ap id ly  as is the case wi th  the  electron mobil i ty.  This 
is p robab ly  a resul t  of the  much  h igher  solid solubi l i ty  
of zinc and the consequent  f reedom from the add i -  
t ional  contr ibut ions  to sca t te r ing  which wil l  occur in 
the  presence of sulfur  and t e l l u r ium microprec ip i -  
tates. 
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Tracer Investigation of Hydroxyls 
in SiO  Films on Silicon 

P. F. Schmidt ~ and J. D. Ashner 
Bell  Telephone Laboratories, Inc., Al lentown,  Pennsylvania 18103 

ABSTRACT 

The introduct ion of hydroxyls  into s team-grown SiO2 films on Si by ap- 
plication of an anodic bias about 20% below the forming voltage in a t r i t iated 
electrolyte has been measured;  the concentrat ion profile of the injected hy-  
droxyls is exponential  with distance. On contact with the electrolyte, there 
is an induct ion period dur ing which the oxide surface is hydrated by reac- 
t ion with the electrolyte; the electric field is able to aid the inject ion of hy-  
droxyls only after hydrat ion has taken place. At .high field strengths the 
growth of anodic oxide films on Si occurs almost exclusively by cation drift; 
at low field strengths hydroxyls,  if present in ample supply, are the mobile 
species and cause hydrat ion of the growing or pre-exis t ing SiO2 film. Large 
concentrations of hydroxyls  in the SiO2 film enable  penetra t ion of protons from 
the electrolyte into a hydrogen-bonded network at low cathodic field strengths, 
whereas relat ively "dry" SiO2 films block the current  also under  cathodic bias. 

I t  has been observed that  lack of wet tabi l i ty  by  dilute HF solution is not 
necessarily an indication of a bare Si surface. Oxide-films 140-150A were re-  
peatedly seen to become hydrophobic. Beginning crystal l ini ty of the SiO2 
film at the Si/SiO2 interface has been observed rather  regularly,  both on 
(111) and (100) oriented surfaces. The detection efficiency when counting 
t r i t ium from a thin solid film (about 88.4% for betas actually emerging from 
the front surface of the samples) in the Beckmann Low Beta II is excellent. 
We estimate that 2 x 1010 atoms H / c m  2 of a thin surface film can be conven-  
iently detected by in situ counting. 

This research was under taken  to gain a bet ter  un -  
derstanding of the behavior of hydroxyl  groups in 
thermal  SiO2 films, and also in order to clarify some 
questions left open by earlier work by one of the au-  
thors (1). 

The tool chosen for this invest igat ion was t r i t ium 
tagging of the hydroxyl  group of te t rahydrofurfuryl  
alcohol (THFA).  It  is not certain that incorporation 
of hydroxyl  groups into growing SiO2 films can pro- 
ceed directly from the hydroxyl  group of the alcohol; 
more likely the hydroxyl  group is oxidized to water  
in a first step, and it is this water  which then enters 
into the anodization reaction with the silicon (2). But  
regardless of the detailed mechanism, the method en-  
ables the incorporation and subsequent  determinat ion 
of the hydroxyl  groups in the SiO2 films. Aqueous 
solutions, as is well  known, are not suitable anodiza- 
t ion media for silicon because of the relat ively high 
solubili ty of SiO2 in water, which leads to the forma- 
t ion of porous films. 

It  is known  that  heavily tr i t iated organic com- 
pounds undergo autoradiolysis, with water  being one 
of the reaction products, and that the rate of this 
radiolysis is accelerated by the presence of oxidizing 
species. Since water is det r imenta l  for anodization of 
Si, it was not expected that the anodizing solution 
chosen for this work, 0.078M KNO2 in THFA of a 
specific activity of 90 • 10% curies/mole,  wou]:d re-  
main  useful for anodization very long; the rate, how- 
ever, at which deterioration would occur was un-  
known. This rate tu rned  out to be too fast for many  
of the finer details which we had hoped to examine. 
But after the tracer solution had deteriorated to the 
extent  that  good qual i ty anodic oxide films could no 
longer be grown in it, it still remained useful for the 
injection of hydroxyls  into thermal ly  grown SiO2 
films by subject ing these to an anodic bias. It was 
this lat ter  type of investigation which yielded the 
more interest ing results. 

* Electrochemical Society Active Member. 
Key words: anodization, growth mechanism, tritium counting, 

electrolytic rectification, mechanical stress. 

We were specifically interested in the following 
questions: (i) role of hydroxyls  in  the anodic oxi- 
dation mechanism; (ii) concentrat ion profile of an-  
odically injected hydroxyls  in thermal  SiO2 films; 
(iii) suitabil i ty of the Beckmann Low Beta II for de- 
te rminat ion  of t r i t ium in th in  solid films; and (iv) 
effect of hydroxyl  concentrat ion in the SiO2 film on 
electrolytic rectification by the film. 

A comment is in order on the third of these points. 
Some of the l i te ra ture  on determinat ion of t r i t ium 
refers to in situ count ing as the least at tract ive choice, 
because of low detection efficiencies and contamina-  
tion of the counting chamber by volatile t r i t ium com- 
pounds (3). These comments apply only to organic 
compounds. Thin  inorganic films, composed of low 
atomic weight atoms, and with a thickness not much 
in excess of about  1000A, should be ideal for in situ 
counting; at this thickness self-absorption of the low 
energy t r i t ium betas is still negligible, and any  t r i t ium 
lost to the ambient  as hydrogen gas or water  vapor 
does not constitute a serious contaminat ion  problem; 
water  absorbed on the walls of the counting chamber 
will  readily exchange with moisture from the air. 

The volatil i ty of hydroxyls in  (anodic) films was 
not known beforehand, but  tu rned  out to be suffi- 
ciently low not to interfere with the measurements .  
As expected, the counting efficiency for t r i t ium in 
th in  SiO2 films turned  out to be very high. 

Experimental 
The THFA was obtained from the Amersham (Eng- 

land) Radiochemical Centre through Nuclear Chi- 
cago Corporation. The activity upon receipt was 117 
• 10% curies/mole, but was reduced to 90 cur ies /  
mole by the addition of a solution of KNO~ in  normal  
THFA to arrive at a final concentrat ion of 0.078 
mole/ l i ter  of KNOf. The water  content  of the tagged 
THFA, prior to the addition of KNOf, was 0.7%, as 
established by infrared measurements.  One week after 
addition of the KNO2 the formation o f  anodic oxide 
films on bare Si surfaces became unsatisfactory, in-  
dicating that the water  content  had risen above 2%, 
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the highest water  concentrat ion tolerable for anodiza- 
tion of bare  silicon; the solution, however, still was 
useful for anodization of thermal ly  oxidized Si wafers. 
At the end of the investigation, about two months 
later, the water  content  seems to have risen above 5%. 

Anodizations were carried out in a special anodiza- 
t ion cell in which the cathode consisted of a mercury  
pool, and the reference electrode of an abraded tan ta -  
lum wire. No hydrogen evolution could be detected 
at a Hg cathode in THFA, even at 100 mA/cm2; 
thus the Hg cathode suppressed evolution of volatile 
t r i t ium gas. Tan ta lum instead of p la t inum was used 
for the reference electrode in order not to catalytic- 
ally accelerate the exchange of t r i t ium in the hydroxyl  
group for hydrogen from the carbons atoms of the 
THFA molecule, thus reducing the effective activity 
dur ing anodization. The anodization cell was cooled 
to 0~ before opening the vessel to fur ther  depress 
the vapor pressure of the THFA, already quite low 
at room temperature.  

After anodization, wafers were careful ly  rinsed and 
swabbed to el iminate  adhering solution, b lown dry, 
and then counted in situ undernea th  the windowless 
detector of the Beckmann Low Beta II counting sys- 
tem. Highly active wafers had to be reduced in ac- 
t ivi ty  for the counting, in order not to jam the de- 
tector, by placing a metal  mask over them, a small  
hole in the mask const i tut ing a measured fraction of 
the total active wafer  area. 

Oxide thicknesses were determined by ellipsometry, 
and by means of a monochromatic light reflection 
technique (4), which enables film thickness measure-  
ments  with good accuracy down to about 25A. For 
determinat ion of the concentrat ion profile, the oxides 
were etched in 100-200A steps in very dilute HF, the 
etching solutions saved, and later  counted by means 
of l iquid scinti l lat ion technique, while the wafers 
after each etching step were counted in situ with the 
Low Beta II. 

In order to convert  the counting rates to hydrogen 
concentrations, a s tandard is needed. Tr i t ium s tand-  
ards are commercial ly  available, however, only for 
l iquid scinti l lat ion or for gas phase counting. The 
Low Beta II counts were therefore evaluated in two 
different ways. 

1. A measured quant i ty  of the tracer solution was 
diluted in a ratio 1:107, and the resul t ing solution 
counted by means of the liquid scinti l lat ion system, 1 
for which the counting efficiency was known. Differ- 
ences in count ing rate between two etching steps ob- 
ta ined on the Low Beta II were then compared to 
the counting rates obtained by l iquid scinti l lation on 
the etching solution s temming from the etching step 
in question. 

2. A polymethylmethacryla te  disk, supplied as a 
s tandard for gas phase 2 counting by New England  
Nuclear Corporation was counted in the Low Beta 
II, and the counting rate evaluated according to an 
approximation method indicated by Libby (5). 

Comparison of the Low Beta II results with those 
from liquid scinti l lation lead to a detection efficiency 
of 88% for the Low Beta II (assuming that  50% of 
the betas were emit ted in a direct ion which enables 
their  detect ion);  evaluat ion of the  polymethylmeth-  
acrylate s tandard by Libby's  approximation formula 
leads to a detection efficiency of the Low Beta II for 
t r i t ium betas of 60%. We believe that the higher of 
the two figures (88%) is more near ly  correct, but  
in any case it is obvious that  the detection efficiency 
for t r i t ium betas is indeed very  high. 

These count ing efficiencies make sense when com- 
par ing various radioactive sources as to the average 
energy of the emitted beta particles, the n u m b e r  of 
ions formed per cent imeter  of path in air  at a tmo-  

1 ANS----Picker Nuclear .  
2 Af te r  complete  combus t ion  of the  plastic.  

Table I. Comparison of radioactive sources 

Average en-  Ion pairs /  Detection 
e r g y  of ~'s cn'L/particle efficiency, % 

T r i t i u m  0.0057 MeV 1520 88.4 
(our de t e rmina -  

tion, windowless)  
Carbonl~ 0.052 MeV 250 35 

(Beckmann ,  ul t ra-  
th in  w i n d o w )  

Phosphorus  a~ 0.675 MeV 46 15.25 
(our de t e rmina -  

tion, windowles s )  

spheric pressure (6), and the detection efficiency of 
the Low Beta II counting system as measured by us 
or stated by Beckmann Ins t ruments  (Tab le  I) .  

The geometrical distances of the detection chamber  
are such that  it appears reasonable that  a large frac- 
t ion of the ion pairs produced by the t r i t ium pr imary  
beta will  be able to reach the collector under  the ap-  
plied bias (1825V in the beta proport ional  region),  
whereas the pr imary  beta from P-32 will be absorbed 
by the chamber  housing after having traversed a dis- 
tance of less than  1 cm, i.e., before having had an 
oppor tuni ty  to generate m a n y  ion pairs. 

When comparing the  advantages or disadvantages 
of using liquid scinti l lat ion or in situ count ing  in the 
Low Beta II for de terminat ion  of tr i t ium, it should 
be borne in mind  that  the efficiency of l iquid scinti l la-  
tion detection is lower, and that  the background of 
l iquid scinti l lat ion is typical ly 15 counts /min,  whereas 
the background of the Low Beta II is as low as 0.5 
counts /min.  

Results and Discussion 
Anodic oxide films.--Mechanism o~ anodic oxide 

growth.--It has been shown by implanta t ion  of radio- 
active iner t  gas ions that both cations and anions move 
dur ing anodization to higher voltages of anodic films 
on A1, Ta and W, whereas only oxygen ion move-  
ment  was observed in ZrO2 and HfO2 (7). Silicon 
seemed to occupy a position by itself, in that  experi-  
ments  using P-32 as the marker  indicated the motion 
of cations only; for instance, it is possible to encapsu- 
late a phosphorous-doped anodic SiO2 film in a layer 
of pure SiO2 by anodization to a higher voltage (8) 
without  loss of phosphorus to the solution or to the 
new-grown oxide layer, even at quite low phosphor- 
ous concentrat ions in the P- tagged film. It  was, how- 
ever, noticed that  the constant  cur ren t  anodization of 
silicon must  be done at a current  density of not less 
than 3 m A / c m  -2, otherwise oxide films of inferior 
quali ty were obtained. The deteriorat ion shows up as 
a slightly larger thickness/vol tage increment,  a slower 
decay of the current  at constant  voltage, and a larger 
final leakage current.  The amount  of water  in  the 
anodizing solution controls the cur ren t  densi ty  at 
which deteriorat ion of the anodic SiO~ film becomes 
noticeable. The cur ren t  densi ty of 3 m A / c m  ~ refers 
to a reasonably "dry" solution of KNO2/THFA. This 
observation indicated that  the mechanism of oxide 
growth on Si may be changing at lower field strengths. 
This expectation was ful ly confirmed by the t r i t ium 
tracer experiment.  

Anodization of silicon in dry  electrolytes requires 
a field s trength of about 2 x 107 V/cm; oxide growth 
rate falls to essential ly zero if the field s t rength is 
lowered by 10% from the above value. Steam grown 
oxide films 1200-1500A thick biased anodically in a 
dry electrolyte at a field s trength of 1.5 x 107 V/cm d~ 
not increase in thickness beyond about 1O-]SA, but  
the electronic leakage current  through the film de- 
creases with t ime to very  small  values (9). In i t ia l ly  
the anodic leakage cur ren t  of such a thermal  SiO2 
film is much higher than  that  of an anodic SiO2 film 
of the same thickness, but  eventua l ly  decreases to 
values m a n y  orders of magni tude  lower than  charac- 
teristic of the anodic SiO2 film. 
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This behavior changes with increasing water  con- 
tent  of the anodizing solution. Substant ia l  addit ional  
film growth occurred in the tracer solution on steam 
grown SiO2 films at an ini t ial  field s trength of 1.5 x 
l0 T V/cm, but  the leakage current,  whi le  decreasing 
with time, never  reached the low levels characteristic 
of keeping the same films under  anodic bias in a dry 
electrolyte. It also seemed that oxide growth did not 
stop at constant  voltage (F ---- 1.5 x l0 T V/cm, ini-  
t ial ly) at least not wi th in  reasonable lengths of time. 

In the section on the concentrat ion profile of in-  
jected hydroxyls  it will  be seen that the hydroxyls 
indeed penetra te  all the way through the s team-grown 
oxide film. In  other words, oxide growth at low field 
s trength occurs by the inward  motion of hydroxyl  
ions, thus leading to the formation of a hydrated, poor 
qual i ty oxide film. Since even the driest electrolytes 
used for the anodization of silicon always contain 
some water  dur ing  the actual anodiza t ion-- i t  even 
appears possible that  oxide growth may not occur in 
the complete absence of wa t e r - - i t  can now be under -  
stood why anodization at current  densities below 3 
mA/cm ~ leads to oxide films of inferior quality. Sili- 
con thus follows the pa t te rn  of a luminum with re- 
spect to the current  density dependence of the cationic 
t ransport  fraction dur ing  anodization, except that  on 
silicon significant anionic t ransport  commences at a 
rather  sharply defined current  density, whereas on 
a luminum the t ransi t ion is ra ther  gradual  (7). It 
should, however, be noted that the current  efficiency 
on Si is quite low, about  2.5% in the K N O J T H F A  
solution, whereas on a luminum the current  efficiency, 
while dependent  on the par t icular  anodizing solution, 
rarely drops below 60%. Thus when comparing total  
cur rent  densities, it must  be remembered  that  the 
ionic current  on Si constitutes only 2-3% of that  on 
A1 at the same total current  density (i.e., ionic -5 
electronic current ) .  

It  is also worth  not ing that  the theory of anodic 
oxidation is usual ly  presented in a form which sug- 
gests that  oxygen ions are the moving anionic species. 
We believe that  hydroxyl  ions may be carrying most 
of the anionic current  dur ing  the anodization of some 
other metals as well, and that  the oxide ions them-  
selves are much less mobile than the hydroxyl  ions. 
This is essentially the picture used by  Hoar and 
Mott (10) to explain the formation of porous A12Oz 
films, but  it applies in all probabil i ty  also to nonporous 
films. 

In subject ing s team-grown SiO~ films to an anodic 
bias in the tracer solution, an induct ion period, rang-  
ing from between 5 to 15 min  could be clearly ob- 
served, dur ing  which t ime the leakage current  of the 
film did not decrease. This incubat ion period is ap- 
parent ly  related to a hydrat ion of the oxide surface 
by reaction with water  in  the electrolyte. Dreiner  
(11) has observed a similar  incubat ion period when 
following the increase of capacitance of anodic SiO2 
films in contact with electrolytes of different water  
content. The rate of capacitance change was independ-  
ent of the pH of the solution, but  depended on the 
water  content  of the solution. It  could be accelerated, 
except for the incubat ion period, by application of a 
low anodic bias (insufficient to cause addit ional  oxide 
growth).  This  result  was interpreted to mean  that  
the p r imary  step involves reaction of the  oxide sur-  
face with water  in the electrolyte to produce OH 
groups: Si-O-Si  -5 H~O ~ 2 Si -- (OH). The OH 
groups can then be acted upon by  the electric field. 
An  interest ing aspect of Dreiner 's  work is the obser-  
vation that  the rate of change in capacitance with and 
without applied bias obeys a square-root-of- t ime law, 
though of different slope. This would tend to indi-  
cate that  the field does not dominate the drift,  but  
rather  enhances the diffusion of the hydroxyl  groups. 

Holstein (12), in a s tudy of thermal  SiO2 films con-  
taminated  with ethanol, t r i t ium tagged in  the hy-  
droxyl group, has shown that  application of an anodic 
bias enhances t r i t ium inject ion into the oxide film. 
In  these experiments  the SiO~ surface was first con- 
taminated by heat ing in ethanol for 15 min  at 75~ 
followed by evaporat ion of A1 contacts and BT-stress 
at 250~ and 1 x 106 V/cm for 10 rain. After  removal  
of the bias, it was found, however, that  the surface 
potential  has not changed, indicat ing that the injected 
tr i t iated species is electrically neutral .  Application of 
a cathodic instead of an anodic bias in the above ex- 
per iment  still permits  inject ion of a t r i t iated hydroxyl,  
but  at a reduced concentrat ion compared to the anodic 
bias case. Hofstein suggested that  the injected species 
is charged negat ively only dur ing  some t ransi t ion 
state at the metal /oxide interface at which point  its 
inject ion into the oxide can be field aided. From 
Dreiner 's  work, and from the incubat ion period ob- 
served in this work, it appears, however, that  the 
species is already inside the oxide at the t ime when 
its diffusion into the oxide can be accelerated by an 
electric field. 

Two mechanisms appear plausible by which a strong 
electric field (about 4 x 106 V/cm at room tempera-  
ture, as in Dreiner 's  experiments,  or 1.0 x 106 V/cm 
at 250~ as in Holstein 's  work)  might  enhance the 
diffusivity of hydroxyls  in SiO2 films without dom- 
inat ing the drift: (i) distortion of the par t ia l ly  ionic 
SiO~ lattice to facilitate the passage of the hydroxyl  
through constrictions along its path, and (ii) hydroxyl  
groups are known to be deep electron traps in SiO~ 
(13). Since the anodic inject ion of hydroxyls  is ac- 
companied by a (relat ively very  large) electronic 
leakage current,  many  of the hydroxyls  wil l  become 
negatively charged by t rapping of electrons. This 
should weaken the strength of the Si-OH bond, so 
that  this bond will  be broken more f requent ly  than it 
would be in the absence of the field. The hydroxyl  
breaking away from a Si atom wil l  probably not re- 
main  charged very  long. It  may become a free radical 
and re-a t tach itself at another lattice defect. 

At the much larger fields used in our work (1.5 x 
107 V/cm at room temperature)  it might  well  be that  
drift  will dominate over diffusion. Since we have 
made no rate studies, this question remains  open. 

Inject ion of tagged hydroxyl  groups into steam- 
grown SiO2 films also produced the answer  to another  
question: Is it the degree of hydra t ion  or the change 
in  structure,  or both, which i s  responsible for the 
faster etch rate of anodic as compared to s team-grown 
SiO2 films? Even though only the very  slightest shift 
in the IR Si-O stretch frequency was noticeable after 
hydrat ion of the s team-grown oxides in the tracer 
solution at 1.5 x 107 V/cm, the dissolution velocity of 
the hydroxyl- r ich  part  of the film corresponded to 
that of anodic oxide films; the rate dropped back to 
that typical of thermal  oxide when  the hydroxyl  con- 
centrat ion in the film dropped to low values. Thus it 
is mostly, or possibly exclusively, the degree of hy-  
drat ion which determines the etch rate. 

It was pointed out before that  the anodic resistance 
of the thermal  oxide film increased as hydroxyls  were 
being injected into it; this increase in  resistance oc- 
curred without  a significant change in s tructure of 
the film, since the IR spectrum showed almost no 
change. It would thus appear that  the different struc- 
ture of the anodic oxide film has relat ively little to 
do with its electrical properties or its rate of etching. 
However, the oxide films hydrated in these experi-  
ments  did not develop the very high electrical re-  
sistance typical of s team-grown oxide films anodized 
in a dry  electrolyte, and it is quite possible that  the 
very highest insulat ion resistance requires not only 
hydrat ion of the oxide, but  also a change in s tructure 
to that of the purely anodic film, this change in struc- 
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ture affecting the number  and energy distr ibution of 
t rapping sites. El iminat ion of crystal l ine nuclei  by 
anodization (14) will, of course, also improve the re- 
sistivity of the film. 

Mechanical stresses in anodic oxide films on Si . - - In  a 
separate s tudy (15) it had been noticed that  the me-  
chanical stress in anodic oxide films is compressive 
at low forming voltages; goes through zero at about 
1200A, and becomes tensive at high forming voltages. 
Details depend on the forming solution. Prolonged 
exposure of a high-vol tage film to moist air leads to 
a decrease in the tensive stress and can eventual ly  
reverse the sign of the stress. It was, therefore, thought 
that  the t ransi t ion from compressive to tensive stress 
with increasing film thickness is indicative of pro- 
gressive dehydrat ion of the growing film. This hy-  
pothesis can be checked by monitor ing the t r i t ium 
content  of an anodic SiO~ at successive anodization 
voltages, and by etchback from a given thickness. 

The exper iment  was performed in a solution of 
0.55g KNO2 in 100 cc THFA with the addition of 0.5 
v /o  (volume per cent) H20, the water  being t r i t ium 
tagged to an activity of 50 mcuries cm -3. This solu- 
tion gave reproducible results, a It is still sufficiently 
dry that growth of anodic SiO2 occurs only or almost 
only by cation migration, and keeping the film under  
constant  voltage in this solution for 10 min  (see 
below) does not falsify the hydroxyl  profile of the 
as-grown film due to addit ional inject ion from the 
solution. The highest forming voltage that  could be 
reached in this solution without deter iorat ion of the 
silicon surface (a hazy appearance in reflected light) 
was only 210V. The max imum forming voltage in 
THFA for good qual i ty  SiO2 films is apparent ly  a 
sensitive funct ion of the water  content  of the THFA 
(22). 

A low resistivity P- type  Si wafer was anodized at 
10 mA/cm 2 in three 70V steps to 70, 140, and 210V. 
At each voltage the current  was permit ted to decay 
for 10 min  at ful l  forming voltage; the wafer was 
rinsed and swabbed to remove adhering radioactive 
liquid, and then counted in the Low Beta II system. 
The activity at the three different film thicknesses 
was li t t le different, indicat ing that  most of the ac- 
t ivi ty in each case must  be confined to the surface 
layer of the oxide. Actually, the activity of the film 
decreased in the ratio 1.00:0.93:0.90 with increasing 
film thickness. In  the next  experiment  another  wafer 
was anodized in one step to only 185V (10 min  current  
decay) in order to avoid any  possible surface deteri-  
oration, its activity measured, and the oxide then re-  
moved in small  steps. The remain ing  activity was 
determined after each etch-back step. The result  is 
shown in Fig. 1, where it can be seen that  the ac- 
tivity, and therefore the hydroxyl  content  of the an-  
odic oxide, does indeed decrease quite rapidly with 
increasing distance into the oxide# 

Only  the general  shape of the profile is important ;  
not too much significance should be a t t r ibuted to the 
individual  points shown. Because of the required low 
activity of the tracer solution, long count ing times 
were required to obtain sufficient n u m b e r  of counts. 
These long times in t u rn  led to a loss of activity to 
the ambient,  evident  from a slight drop in counting 
rate dur ing  the course of an: individual  measurement .  
The error bars shown in Fig. 1 refer only to the 
count ing statistics, they  do not reflect the losses in  
activity to the ambient  dur ing counting. Also, the 
profile may differ f rom that  obtained in a drier elec- 
trolyte. 

Rectification behavior.--The tagged THFA solution, 
as received, did not permit  the formation of cathodi- 

a W herea s  the  h i g h  a c t i v i t y  T H F A  so lu t ion  was  no t  su i t ab l e  f o r  
t h i s  e x p e r i m e n t  because  of i t s  h i g h  a nd  r a p i d l y  v a r y i n g  w a t e r  c o n -  
t e n t .  

4 Dehydration of the oxide probably occurs by reaction of hy- 
droxyls in the oxide with Si ions in transit through the oxide. 
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Fig. 1. Tritium activity profile in anodic oxide film grown to a 
thickness of 950~ in weakly radioactive KNO2/THFA solution at a 
current density of 10 mA/cm 2. Current was permitted to decay to 
1 mA/cm 2 during 10.0 rain at the forming voltage of 185V. 

cally blocking films, and the hydroxyl  content  of an-  
odic SiO2 films formed in this solution was very high 
already in the first anodizations tried (approximately 
1 x 1020 cm-3) .  The nonblocking property of the oxide 
was uniform across the whole surface of the (epi- 
taxial)  silicon disk. It  was thus not possible to ob-  
serve the gradual  reduct ion of cathodic breakdown 
voltage with increasing hydroxyl  content. The result,  
however, is what  would be expected on the basis of 
the model postulated in (1), namely  the easy pene-  
t ra t ion of protons into a hydrogen bonded network 
of hydroxyls. 

Steam-grown oxide films.--Concentration profile of 
hydroxyl ions injected into steam-grown, SiO2 film. 
- - F i g u r e  2 shows a typical  concentrat ion profile in 
a s team-grown SiO2 film as obtained from in situ 
counting and from liquid scinti l lat ion counting. There 
is a small systematic shift between the two sets of 
data, which may stem from the assumption that  50% 
of the betas generated by  radioactive decay are 
emitted under  an angle leading to their  detection. 
This assumption neglects the possibility of back- re -  
flection, probably not a good assumption at the film 
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Fig. 2. Concentration profile at anodically injected hydroxyls in 
steam-grown SiO2. Data from in situ counting (I) and from liquid 
scintillation counting (4), taken on the same sample. Bottom 
curve (O) shows etch rate of film vs. oxide thickness. The etch 
rate of a steam-grown (1050~ SiO2 film in 0.2N HF is approxi- 
mately 20~/min. 
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thickness employed. Also shown is the etch ra te  of 
the film in 0.2N HF. 

It  can be seen that  the two sets of counting data are 
in good agreement  with each other, and that  the pro- 
file is exponential  except for a deviation at about 
800A. A deviation in the etch rate is observed at the 
same film thickness. While the cause for these devia- 
tions is not known, it is believed that they are real and 
related to each other, as they were observed on a n u m -  
ber  of films. Error  bars are shown for the Low Beta II 
data. The accuracy of the oxide thickness de termina-  
tion is about __+ 10A in the oxide thickness range shown. 

The fact that  the diffusion profile shown in Fig. 2 is 
exponential  ra ther  than  Gaussian suggests that  in i -  
t ial  penetra t ion of the hydroxyls  occurred along na r -  
row channels ra ther  than  uni formly  through the bulk. 
Lateral  diffusion from the channel  then results in  an 
over-al l  diffusion profile that  is exponent ial  with dis- 
tance, provided that  the diffusion coefficient in the 
channel  or grain boundary  is much higher than in the 
bulk, as shown by Fisher (16) and by Smoluchovski 
(17). Channels  of diameters "near atomic dimensions" 
have been postulated to exist in thermal ly  grown SiO2 
films by Ing et al. (18) on the basis of permeat ion of 
gases through SiOz films. The channel  area was found 
to occupy about  a fraction of 10 - s  of the total area. At 
first glance this degree of porosity looks too low to 
result  in the uniform hydrat ion of the anodized 
thermal  SiO~ films, as must  be postulated on the basis 
of the very strong increase in electrical resistivity 
(9). In  the gas permeat ion tests, however, a channel  
must  be essentially open along the entire thickness of 
the film in order to enable fast diffusion of gases 
through the film. In  the case of field-aided diffusion 
of hydroxyls  this requi rement  may be relaxed con- 
siderably. This concept is also not in  contradiction to 
the sodium drift results by Hofstein (12) since it is 
found there that only a small  fraction of the total 
sodium is a fast diffusant. The same model of fast 
diffusion along "an in ter-connected ne twork  of small  
disturbed regions" has also been used by Holmberg 
et al. in  a very  recent publicat ion (23). 

We are thus led to speculate on the existence of 
channel  or grain  boundaries  in so-called amorphous 
films. It has been shown by Drobek (19) that steam- 
grown SiO2 films crystallize quite readily even at room 
temperature.  The eventual  crystallization product is 
tridymite,  with the open channels along the C-axis 
preferent ia l ly  oriented perpendicular  to the Si surface. 
Format ion of tr idymite,  however, occurs via formation 
of beta-cristobalite,  the lat ter  having a close-packed, 
face-centered-cubic structure without  any open canals 
in which enhanced diffusion could occur. Thus the 
grain boundary  picture (rather  than diffusion in open 
canals of a beta t r idymite  s tructure)  appears more 
applicable. It was shown by Snow and Gibbs (20) that  
the open canals in na tura l  quartz extend for an aver-  
age length of 1000A before being blocked by crystal  
defects. In  the very poorly crystallized SiO2 films (so 
poorly indeed that they have been regarded as amor-  
phous unt i l  very recently)  it is probably reasonable to 
assume that  the length of grain boundaries  wil l  on the 
average be much less than 100OA before the grain 
boundary  terminates  in a way that  suppresses easy dif- 
fusion. 

The extrapolated surface concentrat ion of hydroxyls  
in the thermal ly  grown SiO2 film did not change from 
run  to run, but  the slope of the profile became pro- 
gressively more shallow as the age of the anodizing 
solution; i.e., its water  content, increased. This change 
in slope is probably an indication that  the diffusivity of 
hydroxyls in SiO2 is concentrat ion dependent,  as in-  
deed one would expect it to be. 

Figure  3 shows the tagged, i.e., newly  introduced, 
hydroxyl  concentrat ion in a s team-grown SiO~ film 
which was left in contact with the anodizing solu- 
t ion at room temperature  for 28 hr  without any bias 
applied. The profile shows the swing-up at the Si/SiO2 
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Fig. 3. Concentration profile of hydroxyls diffused into steam- 
grown SiO2 at room temperature without opplication of a blos. 

interface also noted by Holstein (12) for  oxidized 
wafers heated in tr i t iated water at 100~ The t r i t i um 
is defini tely present as hydroxy l  groups and not as 
absorbed water. Even when the oxide films were 
etched down to thicknesses as small as 50A, the re- 
maining counting rate was quite stable dur ing repeated 
measurements, indicating that the species present did 
not exchange rapid ly  w i t h  moisture from the air. I t  
may also be noted in Fig. 3 that the hydroxy l  content 
of the oxide after 28 hr in contact with the solution but  
without  bias is considerably lower than  after applica- 
t ion of an anodic bias for 3-4 hr (Fig. 2). These two 
runs  were taken a few days apart  toward the end of 
the investigation, when the water  content  of the solu- 
t ion was no longer a rapidly varying  funct ion of time. 
The larger hydroxyl  content  in Fig. 2 shows directly 
the effect of the electric field on hydroxyl  penetration.  
It  should be pointed out that  the applied field in Fig. 
2 was considerably larger than  in the corresponding 
experiments  of Dreiner  (11). 

Wettability of oxide films.--A very interest ing phe- 
nomenon was observed when etching down to very 
small  oxide thicknesses. It  was noted that  the 0.2N HF 
ceased to adhere to the oxide surface at an oxide thick- 
ness of approximately 140A, and water  ceased adher-  
ing when the oxide thickness was approximately 25A. 
There was still activity on the surface which could not 
be removed by  further  etching in 0.2N HF, and elec- 
t ron diffraction showed presence of a very  th in  film. 
Etching in buffered HF then would remove the last 
traces of activity. 

Crystallographic effects on the adsorbtivi ty of HF 
and, consequently,  on the dissolution rate of different 
crystal  faces (and modifications) of quartz have been 
discussed by Ernsberger  (21). The etching and wet-  
tabi l i ty behavior appears reasonable if the oxide in the 
vicini ty of the Si/SiO2 interface is crystalline. Crystal-  
l ini ty  of the nonwet ted very  th in  oxide films was in-  
deed detected ra ther  regular ly  on our samples by 
means of electron diffraction. On <111~  oriented 
wafers the crystal l ini ty occurred in uni form fashion, 
whereas it was patchy on <100> oriented wafers. 

Conclusions 
The induction period observed in the decay of the 

anodic leakage current  when  first applying an anodic 
bias to thermal ly  grown SiO2 films strongly suggests 
that  the pr imary  step for inject ion of hydroxyls  (and 
therefore probably also for protons) is the hydrat ion of 
the oxide surface. In  practice this means that  SiO2 
films should not be exposed for any  length of t ime to 
liquid water  before metall izat ion for MOS purposes. 

The beginning crystal l ini ty observed at the Si/SiO2 
interface raises the question whether  the electrical sur-  
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face properties for the amorphous and for the crystal-  
line SiO2 in contact with the Si interface may be differ- 
ent. If this should be the case, then the interface will  
not be stable if nucleat ion and/or  growth of the crys- 
tal l ine phase may proceed at room temperature.  That 
crystall ization of the s team-grown SiO2 film does in-  
deed happen quite regular ly  at room temperature  
was shown some time ago by Drobek by means of 
electron diffraction (19). 

The cause for the hydrophobici ty of oxide-covered 
Si surfaces at small  oxide film thicknesses has not been 
established, but  since it is at these oxide thicknesses 
that beginning crystall ization of the SiO2 was noted, 
there exists at least a suspicion that  the s tructure of 
the oxide may be a contr ibut ing factor. 

The excellent  detection efficiency of counting t r i t ium 
from a thin solid film by means of the Beckmann Low 
Beta II may well  make this method attractive for de- 
te rminat ion  of hydrogen content  of thin solid films on 
conductive substrates. If one extra count per minute  is 
accepted as a reasonable detection l imit  in view of the 
low background count of the Low Beta II, then at the 
specific activity employed in our  experiments,  ~100 
curies/mole, a hydrogen concentrat ion of 2 x 10 l~ 
a toms/cm 2 in a thin (10 -5 cm) surface film is con- 
venient ly  detectable. Since t r i t ium is a very low energy 
pure beta emitter, a specific activity of 100 curies/mole 
does not constitute much of a heal th  hazard and can be 
handled with ease. 
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Notes Added in Proof 
Limitat ion of breakdown strength of the oxide by 

the percentage of water  in the anodizing solution has 
also been noted by C. R. Fri tsche (21). 

Movement of zirconium ions dur ing anodization of 
Zr has now been shown to occur at very large field 
intensities, see P. A. Brook et al. Abstract  94, Corro- 

sion Division, Electrochem. Soc. Extended Abstracts, 
Fal l  Meeting, Atlant ic  City, N. J., Oct. 4-8, 1970. 

In  a very  recent publ icat ion (23), t tolmberg,  Kuper,  
and Miraldi use the same concept of fast diffusion in an 
"interconnected ne twork  of small  disturbed regions" 
as proposed in this paper. 

Manuscript  submit ted March 30, 1970; revised m a n u -  
script received ca. Sept. 11, 1970. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1971 
JOURNAL. 
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Properties of Polycrystalline Silicon 
Deposited on Silicon Nitride Layers 
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ABSTRACT 

The properties of polycrystal]ine silicon deposited on silicon ni tr ide by the 
thermal  decomposition of silane were investigated. It was found that  the 
deposition temperature  of the silicon and the thickness of the layer had a 
marked effect on the diffusion characteristics. The diffusion profile of boron in 
the silicon layer  was determined and the diffusion constant  of boron into 
silicon at 1050~ was found to be 1.85-2.5 x 10 -13 cmZ/sec. This compares with 
3.3 x 10 -~4 cm~/sec for (111) oriented single-crystal  silicon under  the same 
conditions. The ratio of Hall  mobil i ty of holes in polycrystal l ine silicon to 
the mobil i ty in single-crystal  silicon was found to be 0.57. No significant 
difference was found between the oxidation rate of polycrystal l ine-single and 
(111) oriented single-crystal  silicon. 

Recently there has been increased interest  in the 
properties of silicon deposited on dielectrics because of 
the use of these layers in making  sil icon-gate field 
effect transistors (1, 2). Several  processes are available 
for depositing silicon. These include sputtering, evap- 
oration, and the vapor-phase reaction between hydro-  
gen and silicon tetrachloride, or other silicon halides 
such as SiHC13, SiBr4, or Sih. 

It has been reported by Bhola and Mayer (3) that, 
at the relat ively high concentrat ions required for the 
deposition reaction, halide ions can t ransport  and de- 
posit unwanted  impuri t ies  at the growth face; they 
also report  that  silicon layers of excellent electrical 
properties can be deposited on silicon by the thermal  
decomposition of silane (Sill4). Polycrystal l ine silicon 
has also been deposited by the decomposition of silane 
in a glow discharge at substrate temperature  between 
25 ~ and 650~ (4). 

Usual ly when  silicon is deposited on a dielectric such 
as silicon dioxide or silicon nitr ide a polycrystal l ine 
silicon layer  is formed. DeLuca reported the effect of 
deposition parameters  on the structure of silicon film 
deposited by low-pressure silane pyrolysis (5). Very 
little has been reported on the diffusion and oxidation 
of polycrystal t ine silicon deposited on dielectrics. We 
have investigated layers deposited on silicon nitr ide by 
the thermal  decomposition of silane. Reported here 
are: 

1. The effect of deposition temperature  on the prop- 
erties of the deposited layers. 

2. The characteristics of boron diffusion into the 
silicon layer. 

3. The Hall  mobil i ty  of holes in polycrystal l ine sili- 
con. 

4. The oxidation of polycrystal l ine silicon. 

Deposition Apparatus 
A schematic of the apparatus used is shown on Fig. 

1. A 50 kW rf generator was employed. The source used 
was 10% silane in N2. The carrier gases were N2 and 
H2. The susceptor was silicon carbide coated graphite 
s/s in. x 5 in. x 22 in. The tube had a rectangular  cross 
section, 2 in. x 6 in. The susceptor was tilted to im- 
prove uni formi ty  of deposition. The flow rates of gases 
were N2, 43 l i ters/rain;  H2, 15 l i ters/rain:  and Sill4 
mixture,  270 cc/min The gases were mixed before en-  
ter ing the reaction chamber. 

Samples and Preparation 
Silicon slices of (111) orientation, polished on one 

side, were used as substrates. Approximate ly  500A of 
�9 Electrochemical Society Active Member .  
1 Present  address: Mostek Corp., Worcester,  Massachusetts. 
2Presen t  address: 120 Westgate,  Wellesley, Massachusetts. 
a Present  address: SYstonics, Winchester,  Massachusetts. 
4 Present  address: Transi tron,  Wakefield, Massachusetts. 
Key words: silicon gate, diffusion Profile, resistivity. 
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Fig. 1. Schematic of deposition apparatus 

silicon ni tr ide were deposited on each slice at 900~ 
by the reaction of ammonia  and silane. Polycrystal-  
line silicon was then deposited on top of this ni tr ide 
layer. Different thicknesses of silicon were deposited at 
various temperatures.  All  of the silicon layers ob- 
tained this way were intr insic as determined by no 
deflection when using a thermal  probe. 

Effect of Deposition Temperature 
It was found that  the deposition temperature  played 

a very impor tant  role in the characteristics of the 
polycrystal l ine silicon. The temperature  range in this 
study was from 800 ~ to 1000~ The deposition was 
very slow for temperatures  below 750~ 

Typical deposition rates for the s tandard condition 
used are shown in Table I. The samples of silicon de- 
posited on silicon nitr ide at 800 ~ 900 ~ and 10O0~ were 
examined by replica electron microscopy and reflec- 
tion electron diffraction. 

The 800~ sample shown in Fig. 2a, had a smooth, 
highly reflecting surface. The electron micrograph re-  
vealed a finely grained texture  with an approximate 
grain size of 0.3~. Both the 900~ (Fig. 2b) and the 
1000~ (Fig. 2c) samples had extremely rough surfaces 
with a high density of small, deep pits, the latter being 
the worse of the two. The grain sizes on the 900~ 
and the 1000~ samples were very nonuniform.  At 
growth rates up to approximately 20O0A/min at 800~ 
and in excess of 1~ in thickness, the 8O0~ sample still 
had a smooth, highly reflecting surface of silicon. 

Reflection diffraction pat terns revealed random ori- 
entat ion in the 800~ sample. Both the 900 ~ and the 
1000~ samples displayed some degree of preferred ori- 
entat ion as evidenced by the variat ion in the in ten-  
sity of the (111) and (220) rings. At higher tempera-  
tures the silicon molecules possess higher energy al-  

Table I. Typical deposition rates 

Deposition temp. Deposition rate 

800 410 A / m i n  
g0O 1200 A/rain 

1000 1850 A/ra in  
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Table II. Average sheet resistances 

Polycrystalltne Si Average sheet resist- 
deposition temp,  ~ ance, ohms/square 

800 52 
900 550 

1000 1320 

Fig. 2. Micrographs of polycrystalline silicon layers (I1,900X). 
(a) (top) 800~ sample; (b) (center) 900~ sample; (c) (bottom) 
1000~ sample. 

lowing them to at tempt to rearrange themselves ac- 
cording to preferred growth directions. The lack of 
orientation below 800~ agreed with DeLuca's find- 
ing (5). To compare the effects of deposition tenipera-  
ture on the diffusion characteristics of polycrystal l ine 
sihcon, layers of approximately 0.8;L were deposited at 
800 ~ 900 ~ and 1000~ These slices were then inserted 
into a boron diffusion furnace for a half  hour  at I050~ 
with a BBr3 source held at 20~ The sheet resistance 
of the ini t ial  polycrystal l ine silicon layer was above 
4500 ohms/square  which is the upper  l imit of the 
available equipment.  

The average sheet resistances obtained from a four-  
point probe are listed in Table II. A single crystal 
silicon slice of 6 ohm-cm N type has a sheet resistance 
of 21 ohms/square  after the same treatment .  As can be" 
seen from the table, the sheet resistance goes up 
rapidly with deposition temperature.  

The uni formi ty  of four-point  probe readings was 
much better  in the layer  deposited at 800~ than  at 
higher temperatures.  The var ia t ion on 800~ polycrys-  
tal l ine silicon was less than 20% from slice to slice and 
wi th in  different areas of the slices, while the 900~ 
deposited layer shows a var iat ion of more than  40% 
and the 1000~ sample had a 100% variation. It was 
concluded that polycrystal l ine silicon deposited at 
800~ has the most reproducible boron diffusion. Also 
a lower sheet resistance can be obtained. 

The comparat ively good uni formi ty  of boron dif- 
fusion into the 800~ samples can be explained by the 
fact that  this layer has a very fine and uniform grain 
size and is free of pits in the surface. As ment ioned 
previously, the roughness of the surface and the pre-  
ferred orientat ion of the polycrystal l ine silicon in-  
creases with deposition temperature,  such that  the 
1000~ samples had a much higher density of pits than 
the 900~ samples. The uni formi ty  of boron diffusion 
in the 1000~ sample was much worse than  the 900~ 
samples. 

The 800~ deposited polycrystal l ine silicon layer was 
used to s tudy diffusion in fur ther  detail since diffusion 
uni formi ty  is better  and lower sheet resistance can be 
achieved. 

Diffusion of Boron Polycrystalline Silicon 
Ef]ect of polycrystalline silicon layer thickness on 

sheet resistance a~ter diffusio-n.--Different thicknesses 
of silicon were deposited on the top of silicon nitride. 
The range of thickness was from 2250 to 13,500A. 
These slices were inserted into a boron deposition fur-  
nace for 30 rain at 1050~ and then dr iven in steam for 
40 min  at 950~ The sheet resistances of these slices 
were measured before and after drive. Another  set of 
samples was dr iven for 45 rain in argon at 1000~ after 
the same boron deposition. The data are shown in Fig. 
3. I t  was found that  the thickness of the polycrystal-  
l ine layer did affect the sheet resistance. As the thick-  
ness went  down, the sheet resistance went  up. How- 
ever, when  the layer was thicker than 7000A, the curve 
approached a saturat ion point  and the sheet resistance 
changed very little with increasing layer  thickness. 

This change in resistance is due to the presence of 
silicon nitride. The flux of boron across the silicon sur-  
face is the same for thick or th in  polycrystal l ine layers. 
In  th in  layers terminated by  silicon ni tr ide which acts 
as a diffusion barrier,  the concentrat ion of boron at 
the barr ier  builds up. This slows down the in-diffusion 
of boron due to the reduced gradient  and results in a 
greater percentage of the boron being beyond the 
electrical solid solubility. This, combined with the 



Vol. 118, No. 2 
400 

Si D E P O S I T E D  O N  S I L I C O N  N I T R I D E  L A Y E R S  333 

300 

2 

v 

z00 

2 
m 

100 

I 0 After Deposition 

�9 After Dep & Drive in Oxygen 

~ ~r Dep & Drive in Argon 

Thickness of Polycrystalline Silicon Layer (K~ 

Fig. 3. Sheet resistance as a function of thickness of polycrystal- 
line silh:on layer after boron deposition and drive. 

lower mobi l i ty  of active carriers at high concentra-  
tions, results in higher sheet resistivities. The sheet 
resistance of the layer  went  up after a drive in an oxy- 
gen ambient  pr imar i ly  due to the redis t r ibut ion of 
boron in  the oxide formed dur ing this drive. During 
this oxidation approximately  1200A of silicon was con- 
sumed in forming the oxide. Thus in the th inner  layers 
there is an addit ional  increase in sheet resistivity be-  
yond that  due to the mechanism ment ioned previously. 
The sheet resistance did not change significantly from 
the original  value of boron deposition after 45 min  
drive in argon. This was due to the fact that  no oxide 
was formed in the drive, so that no boron out-diffusion 
occurred. 

It was concluded that  a 7000A layer  of polycrystal-  
l ine silicon is sufficient to produce either a low or a 
high sheet resistance after diffusion as desired. 

Diffusion profile by anodic oxidation method.--A 
polycrystal l ine silicon layer  1.5~ thick was deposited 
on a ni t r ide layer at 800~ Then 15 min  of boron dif-  
fusion was performed on these crystals at 1050~ with 
a BBr3 source held at 20~ Single-crystal  silicon slices 
of 6 ohm-cm n- type  were used as controls. Sheet re-  
sistance was measured after diffusion. They were 104- 
135 ohms/square  for polycrystal l ine silicon and 22.6- 
31.6 ohms/square  for the n- type  control slices. 

After  boron diffusion, th in  layers of the polycrystal-  
line silicon were removed by the anodic oxidation and 
etch method (6). A sheet resistance was measured 
after each subsequent  step. The sheet conductance 
was derived from the above data and plotted against 
the distance from the surface in Fig. 4. I t  was found 
that the slope of the curve dropped sharply after a 
distance of about 0.6~ from the surface. 

The concentrat ion profile of the diffusion was calcu- 
lated from 

1 d~s 

~q dx 

Where as is the sheet conductance, x the distance 
from the surface, das/dx the slope at point x in Fig. 4, 

the mobility, q the electron charge, and Nx the con- 
centrat ion of the active carrier  at point  x. 

The profile calculated by the above equation is 
plotted in Fig. 5. The effective mobili t ies used in the 
calculation were 0.57 times the value for s ingle-crystal  
silicon mobilit ies obtained from published data (7). 
This was done because the Hall  mobi l i ty  of the poly- 
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Fig. 4. Sheet conductance of the Dlycrystalline silicon layer as a 
function of depth after boron diffusion. 
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Fig. 5. Impurity concentration profile of the boron diffused layers 

crystal l ine silicon was found to be 0.57 of the mobil i ty  
for s ingle-crystal  silicon as wil l  be discussed in a later 
section of this report. 

The concentrat ion profile was nei ther  a complemen- 
tary  error funct ion nor  a Gaussian distr ibution.  

The profile of the control single crystal is also plotted 
in Fig. 5 for comparison purposes by assuming an erfc 
distribution. It  is interest ing to note that  for the same 
diffusion condition, the junct ion  depth was larger and 
the surface concentrat ion was smaller for the poly- 
crystal l ine silicon than the single-crystal  silicon. It  can 
be explained that  the diffusion constant  for polycry-  
stall ine silicon is higher as explained in the next  sec- 
tion, hence a deeper junction.  The lower surface con- 
centrat ion is probably  due to more precipitat ion of 
species in the polycrystal l ine silicon so that  these 
species were electrically inactive, and the four-point  
probe only measures the electrically active species. 

The difIusion constant.--The diffusion constant  was 
calculated by the equation (6, 8) 

D ( N = N x )  - - - ~  Nx  x d N  
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where D is the diffusion constant, t is the t ime of diffu- 
sion, x is the distance from surface, and Nx is the boron 
concentrat ion at point  x. The integral  was solved by 
graphical integration.  The diffusion constant  calcu- 
lated from this method for polycrystal l ine silicon is 
1.85-2.5 x 10 -I~ cm2/sec. The diffusion constant  for the 
control s ingle-crystal  silicon was found to be 3.3 x 10 -14 
cm2/sec by assuming an erfc distr ibution and using 
Irvin 's  curves (9). This value is in agreement  with 
published data (10). It  is found that  the diffusion con- 
stant  for boron in a polycrystal l ine silicon layer is 
several times higher than  in  single crystal l ine silicon 
under  identical  diffusion conditions. 

The higher diffusion constant  in polycrystal l ine sili- 
con is in agreement  with the finding of other invest i -  
gators (11). The reason for the higher diffusion con- 
stant  can be explained as due to the presence of grain 
boundaries.  The grain boundary  diffusion is favored 
over bulk  diffusion. 

Hall Mobility of Holes in Polycrystalline Sificon 
The Hall  mobil i ty  of holes was measured by the 

method outlined by Van der Pauw (12). The samples 
were prepared in the same way as in the experiment  
on concentrat ion profile. Namely, 1.5~ of polycrystal-  
line silicon was deposited on a ni t r ide layer at 800~ 
followed by a 15 min  boron diffusion at 1050~ The 
control s ingle-crystal  silicon slices went  through the 
same diffusion. The Hall  mobil i ty of the polycrystal l ine 
silicon was 137 cm2/V-sec and for the s ingle-crystal  
silicon it was 240 cm2/V-sec. It is well known that the 
Hall mobil i ty  is a funct ion of impur i ty  concentration. 
Most of the reported Hall  mobil i ty  was measured on 
homogeneous silicon layers. But the above polycrystal-  
l ine silicon and control slices both had a diffused 
graded profile. Therefore, the mobil i ty  we obtained 
was only an average mobil i ty  of the layers, not a value 
for any part icular  concentration. Hence the absolute 
value of this measurement  has less significance than  
the ratio of the two values, namely  

Hall  mobil i ty  of polycrystal l ine silicon 
= 0.57 

Hall mobil i ty  of single crystal silicon 

The Hall mobil i ty of holes in polycrystal l ine silicon 
was found to be about half  of that  in single-crystal  
silicon. This phenomenon is one of the reasons that  the 
sheet conductance in polycrystal l ine silicon is lower 
than  the s ingle-crystal  silicon under  identical diffusion 
condition. 

Oxidation of the Polycrystalline Silicon 
Slices with polycrystal l ine silicon layers deposited 

on silicon nitr ide layers were oxidized in steam at 
950~ for 1, 2, 3, 4, and 16 hr. Single-crystal  silicon 
slices of (111) orientat ion were used as controls. The 
oxidation thickness vs. t ime is plotted in Fig. 6. It  was 
found that no significant difference existed between the 
oxidation rate of polycrystal l ine silicon layers and 
single-crystal  silicon of (111) orientation. The etch 
rate of the above two kinds of oxides was investigated. 
It was found that  both have approximately the same 
etch rate in a buffered HF solution. 

Conclusion 
The properties of polycrystal l ine silicon deposited 

on a silicon ni tr ide layer are very much process de- 
pendent,  and significantly depart  from single-crystal  
silicon. The grain boundaries  have the effects of en-  
hancing the diffusion of boron atoms, reducing, active 
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Fig. 6. Oxide thickness as a function of oxidation time at 950~ 
in steam. 

carrier concentration, and lowering hole mobility. 
Layers formed at lower temperatures  have a more 
uniformly small  grain size contr ibut ing to more re- 
producible diffusion characteristics as evidenced by 
sheet resistivity measurements .  

It was found from this s tudy that  polycrystal l ine 
silicon layers thicker than 7000A and deposited at 
800~ can be made to approach the conductivi ty of 
diffused single-crystal  silicon especially when non-  
oxidizing drives are used. 

No significant differences between the oxidation 
properties of polycrystal l ine and  single-crystal  silicon 
were found. 
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ABSTRACT 

Single-crystal layers of ~-(hexagonal) silicon carbide (SIC) were suc- 
cessfully deposited on the [0001] and [0001] surfaces of a-SiC substrates 
from silane and propane in a hydrogen atmosphere and in the 1500~176 
temperature  range. Above 1650~ the amount  of SiC deposited was found to 
be significantly decreased because of increased hydrogen etch rates and dif-  
fusion-l imited reactant  t ransfer  to the substrate. The growth characteristics 
are best described by a model in which the surface of the sample is in equi-  
l ibr ium with the reactants  diffusing through a boundary  layer. Undoped 
n- type  deposits (grown on p- type substrates) exhibited a resistivity of 0.40 
ohm-cm and a Hall  mobil i ty  of approximately  200 cm2/V-sec at 77~ 

The use of SiC in electronic devices continues to be 
limited by problems of pur i ty  control and crystal l ine 
perfection; these problems are strongly related to the 
high temperatures  (about 2500~ at which ~-SiC is 
grown by  the s tandard Acheson and Lely techniques. 
Growing ~-SiC from the vapor phase has the distinct 
advantage (regarding pur i ty  control) that  it takes 
place at appreciably lower temperatures  (about 
1600~ Growth of SiC from the vapor phase using 
Sill4 and C3Hs (and other reagents) has been reported 
(1). This and subsequent  studies (2) have considered 
the dependence of growth rate on temperature  and the 
effects of varying the Si/C ratio. In  all instances SiC 
w a s  grown on SiC. It has been found, here and pre-  
viously (1), that  changes in temperature  and in gas 
composition may lead to either a- or t~- (cubic) SiC 
layers. 

An important  aspect of growing SiC from the vapor 
phase is that, at the temperature  of growth, thermal  
etching of SiC takes place concurrently.  Thus, it has 
been reported (1) that  above 1775~ the growth was 
much reduced; by 1900~ the substrate was etched. 
The authors have found (3) that  above 1550~ the 
etching rate of a-SiC in  hydrogen varies with the sus- 
ceptor mater ia l  on which the induct ively  heated SiC 
rests. The highest etching rate was observed when 
molybdenum was used. The present  study attempts to 
elucidate the growth by  vapor deposition on the basis 
of the processes (chemical and physical) taking place 
between the vapor phase reactants and the substrate. 

Exper imental  Procedure 
The vapor growth exper iments  were performed in a 

1.5 in. ID, horizontal, water-cooled, quartz reaction 
tube using a s i lane-propane mix tu re  and hydrogen as 
carrier gas. Details of the exper imental  a r rangement  
and procedure have been described elsewhere (3). The 
substrates, (0001) platelets of ~-SiC, were polished 
with 3~ diamond paste, chemically etched in an alka-  
l ine ferr icyanide solution (4), and thermal ly  etched in 
hydrogen at 1650~ This procedure yielded the ex- 
t remely smooth surfaces desired for chemical vapor 
deposition. In  all exper iments  a t an ta lum susceptor 
measur ing 1/4 x 7/s x 2 in. was employed, All  tempera-  
tures reported here are those of the susceptor, deter-  
mined  with an optical pyrometer  (uncorrected read-  
ings).  

1 P r e s e n t  a d d r e s s :  M o n o l i t h i c  M e m o r i e s ,  Incorpora t ed ,  1165 A r q u e s  
A v e n u e ,  S u n n y v a l e ,  C a l i f o r n i a  94086. 

* Electrochemical Society Active Member. 
Key words: silicon carbide, vapor deposition, 

The "thickness" of the grown layers was determined 
from the weight change of the samples; the substrate 
surface areas were measured from enlarged photo- 
micrographs of the platelets or were computed from 
thickness and weight measurements.  Since epitaxial  
deposition and " thermal  etching" took place concur-  
rent ly  over the whole tempera ture  range investigated, 
the growth rates are reported here not in microns per 
minute  but  in microns per  Standard  Time In terva l  
(~/STI) .  The STI was 22 rain: a 2 min  hea t -up  period 
in argon, a 2 min  hold at deposition temperature  in 
argon, a 2 rain hold in pure hydrogen, a 10 rain dep- 
osition period, and a 6 rain hold in  argon at deposition 
temperature.  

Results and Discussion 
Figure 1 shows the dependence of the growth rate 

on reactant  input  concentrat ion (with a fixed Si/C 
ratio of 0.88) and tempera ture  (a constant  hydrogen 
flow of 6.0 l i ters / rain was employed).  Over the tem- 
perature range investigated, the growth characteris-  
tics of SiC varied markedly  with increasing reactant  
input  concentration.  Up to about 1.5 x 10 -r  moles/ra in  
of Si input, the system exhibited an "effective" nega-  
tive growth rate. Since polycrystal l ine SiC deposits 
were observed occasionally unde r  these conditions, it 
appears that the weight loss due to hydrogen etching 
on the bottom face of the substrate exceeded the 
weight increase due to SiC deposition on the upper  
face. Thus, in this range of reactant  concentrat ion the 
deposition rate is greater than the etching rate of the 
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Fig. 1. Growth rate vs. Si concentration for ~-SiC on a-SiC 
substrate, 
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Fig. 2. Single-crystal SiC overgrowth on [0001] substrate: (A) 
30X, (B) 150X. 

surface available for deposition but  less than the over- 
all etching rate of the sample. Upon increasing the Si 
input  concentrat ion beyond 1.5 x 10 -4 moles (to about 
3.5 x 10 -4 moles /min) ,  the SiC deposit was single 
crystall ine and the samples exhibited a net  weight 
increase. Figure 2 shows typical epitaxial growth 
under  these conditions. The hexagonal  stacking faults 
on the deposit constitute a convenient  identification 
of ~-SiC. At Si input  concentrat ions above 3.5 x 10 -4 
moles/min,  the epitaxial  deposits were invar iab ly  
polycrystalline. The effective growth rate under  such 
conditions is v i r tua l ly  independent  of reactant  input  
concentrat ion and is apparent ly  controlled by mass 
transport.  The observed tempera ture  dependence of 
the growth rate in this region, however, is not in good 
agreement  with that  expected for a process under  
diffusion control. 

This result  is not surprising because the etching rate 
of SiC increases as does the rate of homogeneous nu -  
cleation and heterogeneous nucleat ion of silicon on the 
reactor wall  (5) with increasing temperature;  fur ther -  
more, the efficiency of Sill4 and C3Hs in forming SiC 
decreases with increasing tempera ture  (2). It  should 
be pointed out that  the values of reactant  concentra-  
tions at which either single crystal or polycrystal l ine 
growth takes place (Fig. 1) must  not  be considered 
absolute or specific to the s i lane-propane-hydrogen 
system. These values do depend, for example, on the 
geometry of the system and the interact ion of the re- 
actants with the susceptor material.  

The growth experiments  were pr imar i ly  carried out 
on the Si (0001) surfaces of the SiC substrate platelets. 
However, deposits of the same nature  were also ob- 

Fig. 3. Polycrystalline .8-SIC deposit in a stacking fault on ~- 
SiC substrate (33X). 

tained on the carbon (0001) surfaces except that  the 
growth rate was about half of that  for the silicon sur-  
faces. This difference in growth rates has been ob- 
served in many  other crystallographically polar ma-  
terials (6), but  the details of the growth mechanisms 
involved are still not  clear. 

As in previous studies, hexagonal  as well  as cubic 
SiC was obtained, depending on the exper imental  con- 
ditions. The E-SiC form shown in Fig. 3 was obtained 
above 1640~ and in re la t ively high reactant  concen- 
trat ions (Si > 5 x 10 -4 moles, Si /C ---- 0.88, and H2 -- 
0.27 moles).  The polycrystal l ine cubic modification ap- 
parent ly  nucleated on substrate i rregulari t ies  and 
could be readily identified from its bright  yellow color 
and its cubic morphology (not apparent  in the photo- 
micrographs).  

Resistivity and Hall  coefficient measurements  [em- 
ploying the van der Pauw (7) technique] were carried 
out at room tempera ture  and 77~ on undoped n - type  
SiC layers deposited on p- type  substrates. A few de- 
posits became p- type at 77~ Electron Hall  mobil i ty 
at 77~ was about 200 cm2/V-sec; resistivity was ap- 
proximately  0.40 ohm-cm. No differences in electrical 
properties were observed between deposits grown on 
(0001) and on (0001) substrates. The van  der Pauw 
resistivity ratio, R1/R2, varied only 5% from room 
temperature  to 77~ whereas a var iat ion of about 20% 
was measured for the substrate. It is believed that the 
less the variat ion of R1/R2 with temperature,  the more 
homogeneous the sample (8). 

There have been extensive theoretical t reatments  of 
epitaxial growth in open- tube systems. The results of 
the present study summarized in Table I are quite 
consistent with the model developed by Bradshaw (9) 
which is based on "boundary  layer" considerations. 
Bradshaw's relat ionship is 

G(Y) = 100S L ' ~ a  [1] 

where G is the growth rate in microns per minute,  Y is 
the distance in centimeters from the leading edge of 
the boundary  layer, V is the mains t ream gas velocity 
in centimeters per second, P is the pressure in atmos- 
pheres, M is the average molecular  weight  of the 
boundary  layer, and S is a term related to thermody-  
namic efficiency. The growth rate of ~-SiC plotted in 
Fig. 4 and 5 as a funct ion of 1/~/Y is in reasonable 
agreement  with Bradshaw's model. In the exper iment  
the leading edge of the boundary  layer was taken to 
be the front edge of the susceptor. The slope of the 
curves is indicative of the thermodynamic  efficiency, S. 

Based on "boundary  layer" considerations but  as- 
suming somewhat different boundary  conditions, 
Rundle (10) has arr ived at the following relat ionship 

G ( Y ) - - -  120mDC(o)__ exp - -  [2] 

M p b 4Vb ~ 
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Table I. Growth rate under various experimental conditions 

Si, 
H,-, m o l e s /  G r o w t h  

Exp.  l i t e r s /  ra in  S i / C  Temp ,  S ra te ,  1 / v ' Y  
No, ra in  (10 -4) Ra t io  ~ (Eq. [1]) /~/STI (cm-Z/~) 
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D-2 6.0 3.0 0,88 1530 2.66 1.36 0.466 
2.26 0.572 
3,26 0.697 

10.8 1.68 
D - 3  6.0 3.0 0,88 1560 2.33 - -2 .04 0.468 

2.27 0.848 
5,41 1.51 

D-4 I0.0 5.0 0.88 1590 4.36 -- 1,54 0.468 
2.27 0.667 
9,02 1.12 

D-5 3.0 1.5 0.88 1620 0.14 0,945 0,458 
1.15 0.48 
1.4 0.86 
1.4 1.67 

D-6 3.0 1.5 0,88 1560 1.43 0.945 0.464 
1.147 0.71 
4,07 1.51 

O-1 6.0 3.0 0.6 1590 1.21 0.0 0.462 
0.0 0.518 
1.14 0.596 
3.6 1.59 

0 - 2  6.0 3.0 0.43 1560 2.31 0.0 0.63 
2.5 1.025 
6,9 1.67 

0 - 3  6.0 3.0 0,33 1560 9,87 
0 - 5  6.0 9.0 0.6 1560 0.96 2.4 0.464 

2.28 0.584 
5.5 1.59 

0 - 6  6.0 15.0 1,5 1560 9.91 
0 - 7  6,0 15.0 0.75 1560 3.57 3.19 0.462 

4.56 0.59 
5.7 0.65 
9.3 0.984 

11.0 1.39 
O-8  6.0 15.0 0.45 1560 4.69 

where  M is the  average  molecular  weight  of the  
bounda ry  layer ,  m is the average  molecu la r  weight  of 
the deposit,  D is the  diffusion coefficient of the  reac-  
tan t  species in square  cent imeters  pe r  second at  the  
mean  t empe ra tu r e  of the  bounda ry  layer  (a l l  reac tants  
are  assumed to have the same D),  C(o) is the  input  
concentrat ion of reac tants  in grams pe r  cubic cent i -  
meter ,  and  b is the  ver t ica l  distance f rom the subs t ra te  
surface to the  wal l  of the  tube  (b --  1 cm).  

The difference be tween  the two models  is that  Rundle  
assumes a concentra t ion grad ien t  in the  ver t ica l  d i rec-  
t ion (pe rpend icu la r  to the  flow direct ion) ,  whereas  
Bradshaw neglects  it. Fur the rmore ,  Rundle  assumes 
that  the  react ion at the  subs t ra te -gas  interface goes to 
completion, i.e., the  r eac t an t  concentra t ion  is zero, 
whereas  Bradshaw calculates  a concentra t ion for the  
reac tan t  species at  the  interface.  In  Fig. 6, in G of two 
runs  at  app rox ima te ly  1550~ is p lo t ted  against  Y. The 
diffusion coefficient for  the t r anspor t  process is ob-  
ta ined d i rec t ly  from the slope of the  curves.  The ave r -  
age of the  two curves  in Fig. 6 gives a va lue  for 
D = 2.41 cm2/sec. This value is in good agreement  
wi th  the  value  of 2.27 cm2/sec repor ted  (3) for the 
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Fig, 4. Growth rate of a-SiC vs. 1 / ~ / Y  for experiments O-2 to 

D-6 in Table I. 
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Fig. 5. Growth rate of ~-SiC vs. I / ~ / Y  for experiments 0-1, 
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Fig. 6. Growth rate vs. Y for deposition of ~-5iC on ~,SiC 
substrates. 

diffusion coefficient of silicon in hydrogen  at  160O~ 
This present  resul t  impl ies  a m in imum value  of about  
2.41 cm2/sec for the  diffusion of carbon in hydrogen 
at 1550~ 

Summary 
Epi tax ia l  s ing le -c rys ta l  l ayers  of a-SiC were  suc- 

cessfully deposi ted f rom Sill4 and Calls on [0001] and 
[0001] surfaces of a-SiC. The growth  character is t ics  
were  found to be consis tent  wi th  a model  in which the 
growth  is control led  by the diffusion of the  reac tan t s  
th rough  a "boundary  layer"  ad jacent  to the  subs t ra te  
surface. Above  1600~ growth  was significantly in-  
hibi ted by  the rmal  etching in the  presence of hyd ro -  
gen. The ep i tax ia l  l ayers  exhib i ted  h igher  c rys ta l l ine  
perfec t ion  and be t te r  e lec t r ica l  character is t ics  than  
the  a-SiC obta ined by  the s t andard  di rec t  c rys ta l  
g rowth  methods.  
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Growth Characteristics of Alpha-Silicon Carbide 
I I. Equilibrium Considerations 
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ABSTRACT 

The equi l ibr ium part ial  pressures of various vapor species in the system 
si l icon-carbon-hydrogen were computed for conditions under  which epitaxial  
SiC deposition has been achieved. It was found that  in the temperature  range 
1300~176 the tendency to form solid silicon carbide decreases with in -  
creasing tempera ture  and with increasing silicon to carbon atom ratio. The 
l imit ing conditions under  which single crystall ine deposits of a-SiC could be 
exper imenta l ly  obtained were those wi thin  which SiC was computed to be 
the only thermodynamical ly  stable solid phase. At 1650~ single-phase silicon 
carbide condenses at Si /C ratios ranging from 0.2 to 0.89. The computed re-  
sults were in good agreement  with experiments.  

The exper imental  conditions for single crystal l ine 
deposition of epitaxial  a-SiC were examined in an 
earlier s tudy (1). At  present, the results of theoretical 
computations of equi l ibr ium vapor pressures in  the 
system si l icon-carbon-hydrogen are reported and cor- 
related with exper imental  findings. Under  the condi- 
tions investigated it was found that up to 27 different 
vapor species can coexist with the three possible con- 
densed phase species, i.e., carbon, silicon and silicon car-  
bide. Obviously this type of computation gives no in-  
formation as to how the condensed phases physically 
coexist, which polytypes are formed, and whether  or 
not a-SiC appears in single-crystal  or polycrystall ine 
form. 

Results and Discussion 
The computation of the equi l ibr ium concentrations 

of the thermodynamical ly  stable species (gaseous and 
solid) in the present  system was carried out with a 
program (2) based on minimizing the total Gibbs 
free energy with the constraint  of conservation of mass 
(3). The accuracy of the program was tested by ap- 
plying it to s imilar  systems for which exper imental  
results were available (4). The agreement  was found 
to be excellent. The thermochemical  data in the tem- 
perature range  from 1300 ~ to 2000~ were computed 
for varying  silicon and carbon input  concentrat ions at 
a fixed pressure of 1 atm and  a constant  hydrogen con- 
centrat ion of 0.27 moles. The part ial  pressures of ther-  
modynamical ly  stable species for input  concentrat ions 
of 3.0 x 10 -3 moles silicon and 3.2 x 10 -~ moles carbon 
in  the tempera ture  range from 1573 ~ to 2173~ are 

P r e s e n t  a d d r e s s :  M o n o l i t h i c  M e m o r i e s ,  I n c o r p o r a t e d ,  1165 A r q u e s  
A v e n u e ,  S u n n y v a l e ,  C a l i f o r n i a  94086. 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  s i l i con  c a r b i d e ,  v a p o r  d e p o s i t i o n ,  t h e r m o e h e m i e a l  

e q u i l i b r i u m .  

listed in Table I, together wi th  the concentrat ion of 
stable condensed phases. 

The computed compositions of the condensed phases 
as a function of silicon and carbon input  concentrations 
at 1650~ are presented in Fig. 1. The solid lines de- 
l ineate three regions of vary ing  input  concentrations 
(silicon and carbon) in which the vapor phase coexists 

Table I. Thermodynamically stable compounds in the system 
Si-C-H2 and their equilibrium concentrations in the temperature 

range from 1650 ~ to 1800~ 

H = 0.54 m o l e s  S i / C  = 0 .9375 
S i  = 3.0 • 10 -9 m o l e s  T o t a l  p r e s s u r e  = 1 a r m  
C = 3.2 X 10-  9 m o l e s  

V a p o r  species 
TOK 

P ~  1923 1973 2023 2O73 

CH~. 0.1592.10-3 0.2203.10-5 0.295.10-5 0.3864.10-5 
CH3 0.1336.10-~ 0.1473.10 -4 0.159.10 -~ 0.1096'10 -~ 
CH4 0.3138-10-9 0.2459.10-3 0.1917.10-3 0.1501.10- a 
C2H~ 0.2043.10 -9 0.2386.10 -a 0.2676"10 -3 0.2939"10 -3 
C~I-L 0.2277.10 ~ 0.1984.10-5 0.1685.10 -5 0.142.10-5 
H 0.9387.10-9  0 .1344.10-2  0 .1892-10 -~ 0.2619.10-~ 
S i l l  0 . 4951 .10  -9 0.1242.10--7 0 .3022 .10  -7 0 ,7093-10-  7 
H.. 0.9985 0.9981 0.9976 0.9969 
S i H t  0 .2081-10  -8 0 .2595-10  ~o 0.3252-10-5 0,406 - 10 -o 
Si  0 ,1628 .10  -5 0 .4005.10-5  0 .9572 ,10  -5 0 . 2 2 0 9 ' 1 0  ~ 
Sis 0 .132.10-7  0 .4599 .10  -7 0 .1554 .10  -o 0.5018"10 -e 
Si9 0 .1747 .10  -9 0 .7618"10 -9 0 .3235"10 -s 0.1307 "10-7 
Ca l l ,  0 .7897"10 -s 0 .7734"10 -8 0 .7219"10 -8 0.6606 '10-s  
C 9 I - I 5  0 .2932.10-7  0 .2662.10-7  0 .2312.10-7 0 .1977 .10  -7 

C o n d e n s e d  spec ie s  

C 0 0 0 0 
S iC  0,2999.10-~ 0 .2999-10  ~ 0 . 2 9 9 7 . 1 0 ~  0 . 2 9 9 4 ' 1 0  ~ 
Si  0 0 0 0 
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Fig, 1. Formation of silicon carbide as a function of carbon and 
silicon input concentration. Solid lines were theoretically computed; 
the circles represent individual experiments (see text). (Units for 
experimenta| points are moles per min.) 

in equi l ib r ium wi th  one of the  fol lowing condensed 
phases:  SiC + C, SiC, or SiC 4- Si. The circles in the  
figure represen t  ac tual  deposi t ion exper iments .  The ex-  
pe r imen ta l  procedure  has been out l ined e lsewhere  (1). 
I t  is of in teres t  to note tha t  s ing le -c rys ta l l ine  deposi ts  
of a -SiC were  consis tent ly  obta ined over  the whole  
input  concentra t ion  range  for which  SiC is the only 
t he rmodynamica l ly  s table condensed  phase. Po lyc rys -  
ta l l ine  layers  of va ry ing  morphology  were  i nva r i ab ly  
obtained under  condit ions corresponding to the two-  
phase regions. F igures  2 and 3 are typ ica l  examples  of 
deposits  corresponding to the  regions wi th  excess ca r -  
bon and silicon, respect ively.  These findings are  in 
agreement  wi th  the  observat ions  by  Le ly  (5) accord-  
ing to which monocrys ta l l ine  SiC can exist  only s toi-  
ch iomet r ica l ly  [wi th  a m a x i m u m  devia t ion  of 10 -5 
atomic per  cent (a /o)  f rom s to ichiometry] .  F igure  4 
shows the upper  and lower  l imits  of  pa r t i a l  pressures  
of two cr i t ical  vapor  species wi th in  which s ingle-phase  
silicon carb ide  condensat ion can occur. If  the concen-  
t ra t ion l imits  of e i ther  species are  exceeded,  two-phase  
condensat ion is observed.  This figure reflects fu r the r  
the  t e m p e r a t u r e  dependence  of the  width  of the s ingle-  
phase sil icon ca rb ide  region  shown in Fig. 1 (for 
1650~ 

F igure  5 presents  the  computed  var ia t ion  of the  
equi l ib r ium pa r t i a l  pressure  of acetylene as a funct ion 
of reac tant  concentra t ion  and Si /C atom ratio, I t  is 
seen tha t  Pc2H2 decreases wi th  increasing S i /C  ra t io  
and increases wi th  increasing input  concentrat ion.  
Fur the rmore ,  as shown in Fig, 6, the  vapor  pressure  
of C2H2 is d i rec t ly  re la ted  to the excess input  carbon 
concentrat ion;  carbon excess is defined as input  carbon 

Fig. 2. SiC deposit on (0001) surface of SiC under conditions cor- 
responding to the carbon and silicon carbide region of Fig. 1 
(50X). 

Fig. 3. SiC deposit on (0001) surface of SiC under conditions 
corresponding to the silicon and silicon carbide region of Fig. | 
(45X). 
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Fig. 4, Maximum and minimum partial pressure of C2H2 and Si 
as a function of temperature for single-phase silicon carbide con- 
densation. The two partial pressure regions are confined between 
lines A-A" and B-B'. 
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Fig, 5. Variation of partial pressure of ~2H2 with reactant con- 
centration and silicon to carbon atom ratio. 

concentra t ion (Xc) minus  input  silicon concentra t ion 
( X s i )  �9 

The da ta  presented  in Fig. 5 and 6 exp la in  w h y  
s ingle-phase  (s toichiometr ic)  sil icon carb ide  can be 
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Fig. 6. Variation of partial pressure of C~H2 as a function of 
excess carbon concentration. 

obta ined over  a considerable  range of silicon to carbon 
input  concentra t ion  rat ios;  when  the rmodynamica l ly  
s table  vapo r -phase  species of the  const i tuent  in excess 
(Si or  C) are  present  and  if these species can increase 
in concentra t ion and, thus, " take up" the  excess of tha t  
consti tuent,  then s toichiometr ic  condensat ion of SiC 
wil l  t ake  place. The finding tha t  the  bounda ry  be tween  
the SiC s ingle-phase  region  and the SiC 4- Si region 
has a slope of app rox ima te ly  one and an in tercept  of  
v i r t ua l ly  zero (Fig. 1) is consistent  wi th  the  fact tha t  
there  are  only five s table  silicon vapor  species of which 
four can achieve but  negl igible  concentrat ions.  On the 
other  hand, there  a re  more  than  20 carbon vapor  spe-  
cies of which  at  least  five exhib i t  significant s tab i l i ty  
(see Table I ) ;  thus, significant amounts  of carbon can 
be re ta ined  in the  vapor  phase, whereas  ve ry  l i t t le  
excess silicon can be accommodated  i f  s ingle-phase  
SiC is to be achieved. The presence of carbon species 
such as C2H2 have essent ia l ly  a "buffering" effect on 
the concentra t ion  of the  carbon constituent.  Thus, the  
posi t ion and shape of the  boundar ies  of the  s ingle-  
phase SiC region in Fig. 1 obviously  reflect the  abi l i ty  
of the carbon and sil icon vapor -phase  species to ac-  
commodate  any excess of e i ther  consti tuent.  

The re la t ive  efficiency of  silicon carb ide  format ion  
as computed  for  equi l ibr ium condit ions at va ry ing  
t empera tu res  and S i /C  atom rat ios is summar ized  in 
Fig. 7 and 8. I t  can be seen that  the efficiency decreases 
wi th  increasing t empe ra tu r e  and wi th  increasing Si /C 
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Fig. 7. Equilibrium calculation showing the variation of silicon 
carbide formation as a function of temperature and reactant 
concentration. 
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Fig. 8. Equilibrium calculation showing the variation of silicon 
carbide formation as a function of silicon to carbon atom ratio. 

ratios. Since these resul ts  a re  computed for  equi l ib r ium 
condit ions they  are  not expected  to app ly  quan t i t a t ive ly  
(or in an absolute way)  to the open- tube  growth  sys-  
tem. They are  genera l ly  consistent,  however ,  wi th  the  
resul ts  r epor ted  in an ear l ie r  paper  (1) and wi th  the  
var ia t ion  of the the rmodynamic  parameter ,  S [Table 
I, Ref. (1)] ,  in t roduced by  Bradshaw (4) in his bound-  
a r y - l a y e r  model  of ep i tax ia l  g rowth  in an open- tube  
system. 

S u m m a r y  
The genera l  var ia t ion  of the  growth  character is t ics  

of SiC from the vapor  phase  wi th  t empera ture ,  re -  
ac tant  concentrat ion,  and S i /C  atom rat ios was  com- 
puted th rough  equi l ib r ium calculat ions  on the  hyd ro -  
gen-carbon-s i l icon  system. The computed  resul ts  were  
found to be in reasonable  agreement  wi th  expe r imen ta l  
data. I t  was theore t ica l ly  expla ined  w h y  there  is no 
unique Si /C a tom rat io at  which s ingle-phase  stoi-  
chiometr ic  SiC deposi t ion can be  achieved:  under  
actual  SiC growth  conditions, there  a re  m a n y  more  
carbon-conta in ing  vapor  species wi th  significant vapor  
pressure  than s i l icon-conta ining species al lowing for 
s toichiometr ic  SiC format ion  at S i /C  input  concent ra -  
t ion rat ios va ry ing  f rom 0.21 to 0.89. 
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ABSTRACT 

The object of this study was to screen a group of metal  oxides as possible 
candidates for use as semit ransparent  mask materials.  For this study, all 
masks were prepared by d-c reactive sput ter ing onto glass. The uv-vis ib le  
spectra for the entire group of oxide films were recorded. The spectral charac- 
teristics desired for a photomask are (i) t ransmission of less than 1% in the 
region below 404 nm (for masking) ,  and (ii) t ransmission of greater than 
30% at 589 nm (for the see-through characteristic).  Because of inferior spec- 
tral  absorption properties, the following systems were el iminated from fur ther  
consideration: lead oxide-silicon oxide, lead oxide-germanium oxide, copper 
oxide, copper oxide-vanadium oxide, molybdenum oxide, chromium oxide, 
u ran ium oxide, mercury  oxide, and zinc oxide. Those systems which satisfied 
the spectral requi rements  were: iron oxide, vanad ium oxide, n ickel  oxide, 
iron oxide-nickel  oxide, and iron oxide-vanadium oxide. These materials  were 
then fur ther  evaluated to assure etchabili ty in solvents compatible with photo- 
resist processsing and resistance to abrasion. These lat ter  two properties 
will be discussed in greater detail in a forthcoming article. Considering only 
sputtered films, the l0 m/o  (mole per cent) iron oxide-90 m/o  vanad ium oxide 
is the most promising mater ial  based on these addit ional  requirements.  

Two main  types of masks are used at present  for 
defining images on photoresist materials  in the ma nu -  
facture of semiconductor devices and integrated cir- 
cuits. One is the photographic emulsion-on-glass  mask; 
the other is the chromium film-on-glass (1) mask. The 
silver emulsion mask acts by absorbing most of the 
incident light in desired areas and t ransmi t t ing  it in 
other areas to interact  with the photoresist mater ia l  
thus making the photoresist either more soluble (posi- 
tive resist) or less soluble (negative resist) (2) in 
these exposed areas. The chrome-on-glass  mask per-  
forms the same funct ion by a combinat ion of reflection 
and absorption. 

Both types of masks have liabilities. The emulsion 
mask is easily scratched and is difficult to clean. Its 
dimensions are affected by moisture absorption. The 
chrome-on-glass  mask eliminates these difficulties, but  
unfor tunate ly  other problems arise. Registration of a 
chrome mask with prior pat terns may be difficult when 
the substrate is also mirror-br ight .  The high reflectiv- 
ity of the metal  mask tends to increase the probabi l i ty  
of halat ion effects and may result  in loss of resolution 
in the exposed resists. Also, preparat ion of films free 
of pinholes is difficult. 

The work to be described here was aimed at the 
fabrication of a durable, selectively semit ransparent  
("see through") mask which would be strongly ab-  
sorbent to the light used in the exposure process but  
reasonably t ransparent  to yellow or red light to allow 
observation for a l ignment  purposes. At present, the 
radiat ion used in exposing photoresist is usually a 
mercury  lamp with a strong line at 365 nm and a weak 
line at 404.6 nm. Microscope observation for a l ignment  
purposes usual ly  emptoys the sodium D l ine at 589 
nm. Our problem then was to prepare a hard  film, 
etchable in solvents appropriate to the steps involved 
in processing photoresist, s t rongly absorbing in the 
spectral region of 360-404 nm, and reasonably (at 
least 30%) t ransparent  near  589 nm. 

For our study, oxide films, which are often hard, 
were chosen and the technique of reactive sputter ing 
used because such a wide variety of materials  can 
be deposited in this manne r  and because the equip- 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  s e m i t r a n s p a r e n t  p h o t o m a s k ,  t h i n  f i lms,  s p u t t e r i n g .  

ment  was available. Since use of this technique can 
easily lead to glassy films or films of very small  crys- 
tal size, it was appropriate to consider the composi- 
tions of colored oxide glasses as a s tar t ing point for 
our investigation. From the l i tera ture  of colored 
glasses, certain ions can be chosen as having absorption 
spectra in the region of interest  (cL Table I) (3). In  
addition, other ions which can give yellowish oxide 
compounds are Hg +2 and Mo +6. 

In  this paper we present  results of studies of oxide 
films of the various ions in Table I and of those men-  
tioned above. In the text we discuss oxide films of the 
i ron-vanad ium system and of the i ron-n ickel  system. 
In our studies these films came closest to meeting the 
properties desired in the proposed mask. Results ob- 
ta ined on other systems are presented in the Appendix. 

Experiment and Discussion 
The apparatus used is d iagrammed in Fig. 1. Sput-  

ter ing was upwards to minimize pinholes caused by 
dust. The clamped sample could be heated if desired. 
At a later date a water-cooled holder was used which 
led to valuable  results. Typical and often optimal 
sputter ing conditions were 100 mA at 2500V, and a 
total pressure of 60 mTorr.  It  wil l  be noted that  most 
of the ions in Table I are in their  highest valence state 
and, therefore, usual ly  a highly oxidizing atmosphere 
was used (10-100% O2). Commercial  grade oxygen and 
argon-oxygen were used without  fur ther  purification. 
The sputter ing electrodes were 6 1/2 in. disks. The films 
were deposited onto 2 x 2 in. glass slides (Kodak HRP 
plates with emulsion stripped off). 

Table I. Approximate wavelength of maximum absorption 
for various metal ions in oxide glasses, according to Weyl (3) 

I o n  W a v e l e n g t h ,  n m  

Cr+6 375 
V+5 425 
Cu+~ 400 
Ni+'2 425 
U+~ 420 
Mn+~ 430 
Fe+a 370 
Pb+-~-Pb+ ~ m i x t u r e  400-500 
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Fig. l. Schematic diagram of sputtering apparatus 

Exploratory work with iron electrodes (cold-rolled 
steel), vanad ium foil electrodes (99.9% pure) and 
nickel (99% pure) showed some promising spectra as 
indicated in Fig. 2. Most of the systems studied de- 
viated from Beer's law somewhat when  prepared in 
different thicknesses, possibly because of tempera ture  
changes dur ing a run, so that nonnormalized spectra 
are presented in  the figures. T h e  temperature  of the 
substrate was not  controlled, and the  thermocouple 
attached to the metallic substrate holder indicated a 
temperature  of about 16O~ at the end of the run. The 
spectrum of the nickel oxide film showed too much 
absorption at 589 n m  to be useful. Unfortunately,  the 
iron oxide film, which exhibits a promising spectrum, 
is ext remely  insoluble in even concentrated HC1. The 
vanad ium oxide film also possesses an encouraging 
spectrum and is etchable. Well-defined pat terns could 
be produced as shown in Fig. 3, wherein  windows 1.25 
#m wide separated by 1.25 ~m lines have been etched 
using s tandard photoresist procedures and a 1% HC1 
etch. However, the etch rate was so fast, even in water, 
that this film would not be practical for common use. 

I00 

90 

80 f~% / 

z 60  
o 

i 5~ 

30 

ZO 

._-JC - 
0.0 " - - ~ I 
300 400 500 600 700 

WAVELENGTH (nm) 

Fig. 2. Absorption spectra of various oxide films: A, vanadium 
oxide (800 nm thick); B, iron oxide (1800 nm thick); C, nickel ox- 
ide (4700 .m thick). 

Fig. 3. Semitransparent vanadium oxide mask (left) compared 
with silver-gelatin master mask used in its preparation illustrat- 
ing the fidelity and definition achievable using an inorganic oxide 
semitransparent photomask. 
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Fig. 4. Absorption spectra of various oxide films: A, iron oxide- 
vanadium oxide (3860 nm thick) from 25Fe-75V electrode; B, iron 
oxide-vanadium oxide (3150 nm thick) from 10Fe-90V electrode; 
C, iron oxide-nickel oxide (3700 nm thick) from 65Fe-35Ni elec- 
trode. 

In addition, these films are too soft and thus easily 
scratched. I t  was felt that  mixed films of vanad ium 
oxide and iron oxide would have acceptable spectra 
and probably be intermediate  in  solubil i ty and hard-  
ness between the two end members.  

For exploratory measurements  in the system iron 
oxide-vanadium oxide, vary ing  numbers  of z/4 x V4 x 
0.1 in. parallelepipeds of cold-rolled steel were spot- 
welded to a vanad ium sput ter ing disk. From spectral 
t ransmission and etching results on films of several 
compositions, two, 10Fe-90V and 25Fe-75V, 1 were 
chosen for fur ther  study. Typical spectra are shown 
in Fig. 4 which also includes the spectrum for an oxide 

x A l l  m a t e r i a l s  c o m p o s i t i o n s  a r e  e x p r e s s e d  a s  m o l e  f r a c t i o n s  i n  
p e r  c e n t .  
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Fig. 5. Absorption spectra an an expanded scale near 400 nm 
for the same films as in Fig. 4. 

film prepared from Nilvar  (4), a 65Fe-35Ni alloy. 
Figure 5 shows on an expanded scale the spectra 
(near  400 nm, where  strong absorption is required)  
for these same films. 

These spectra (Fig. 4 and 5) are in general  agree- 
ment  with predictions from Table I. Thus, one notes 
that, as the Fe /V ratio increases, the absorption at 
wavelengths above 400 n m  decreases presumably be-  
cause the vanad ium ion, which is being decreased in  
concentration, has an absorption max imum at about 
425 nm. Such reasoning is highly suspect in general, 
however, because of the complex si tuat ion with respect 
to valence states possible in the system and the possi- 
bilities for charge t ransfer  effects on the absorption 
spectrum. 

The films in the i ron -vanad ium oxide system with 
a high vanad ium oxide concentrat ion show a strong 
tendency to become mott led when prepared on un -  
cooled substrates. This has been shown to be due to 
plasma heating. In  this regard, we note that  the 
Fe203-V20~ phase diagram (5) has a 635~ eutectic at 
about 12% Fe~Oa so that films with the highest per-  
centage of vanadium oxide have a tendency to become 
fluid under  our sputter ing conditions. As the V205 
concentrat ion decreases, the fluidity should decrease 
wi~h consequent  decrease in mottling, as is observed. 

Etching studies on these various film systems show 
that  both the iron oxide and the iron oxide-nickel  oxide 
films are extremely insoluble in both acids and bases 
when prepared either on uncooled substrates, where 
plasma heat ing raised the temperature  of the substrate 
holder to about 160~ or on substrates raised to 250~ 
with supplementary  heaters. Etching studies on films 
prepared from the i ron -vanad ium alloy electrodes and 
deposited on either uneooled or heated substrates show 
a wide var ie ty  of solubilities from preparat ion to 
preparat ion even under  ostensibly identical  conditions. 
The tendencies were for the films with higher iron 
oxide concentrat ion and those deposited at higher  sub-  
strate temperatures  (250~ was the highest studied) 
to be less soluble. 

Concurrent  with this investigation, MacChesney 
et al. (6) have been s tudying the preparat ion of i ron 
oxide films by chemical vapor deposition. They noted 
a s tar t l ing increase in  solubili ty on lowering the sub-  
strate temperature  from 185 ~ to 160~ It was found 
that  the solubility of sputtered films containing iron 
oxide increased markedly  if ~he temperature  of the 

substrate holder was lowered to between 25 ~ to 50~ 
by water  cooling. Both the iron oxide and  i ron-nickel  
oxide lose patches of mater ia l  dur ing  etching and the 
curvature  of these patches suggests that  there is strain 
in the films. These films are, therefore, not considered 
acceptable. The oxide film derived from the 10Fe-90V 
electrode could be heat t reated at 300~ to decrease its 
solubil i ty to values appropriate for use in prepar ing 
masks. Undoubtedly,  this crystal l i te  growth process 
would proceed considerably faster at 350~ but  this 
has not  been studied. The film dissolves nicely without  
the detached patches ment ioned above for the iron 
oxide and i ron-nickel  oxide films. Long term heat ing 
of the film from the 25 Fe-75V electrode at 350~ ap- 
parent ly  did not lead to sufficient crystal  growth to 
decrease the solubil i ty enough to be useful. I t  is possi- 
ble that  higher temperature  heat t rea tment  would be 
efficacious here bu t  deformation of the glass substrate 
becomes increasingly a factor to consider. The etching 
rates of these and other films will be considered in 
greater detail in a forthcoming article. 

In  general, with these systems there is greater t rans-  
mission above 500 nm if the films are prepared in 100% 
02 ra ther  than 90% Ar-10% O2. Somewhat  surpr is -  
ingly, the sput ter ing rates of the Fe-V alloys are 
higher in the pure oxygen than  in argon-oxygen mix-  
tures. This is perhaps due to the formation of a con- 
ducting ferric vanadate glass on the surface of the 
cathode (7). In general, d-c reactive sput ter ing deposi- 
t ion rates, of the order of 5-10 A/min ,  are undesirably 
low for practical use. However, Sosniak (8) has shown 
that  deposition rates of about  100 A / m i n  can be ob- 
tained by rf reactive sputtering. There is also the pos- 
sibili ty of rf sput ter ing from an oxide cathode in  argon. 

Summary  
Films of iron oxide, vanad ium oxide, nickel  oxide, 

i ron oxide-vanadium oxide, and iron oxide-nickel  oxide 
have been prepared by d-c reactive sputtering. All of 
these compositions show strong absorption of light 
near  400 nm and sufficient t ransmission at the sodium 
D line to be considered for use in a durable,  selectively 
semitransparent  mask. Of the various compositions 
studied, the films from the IOFe-90V electrode show 
the most promising etching properties in acids and 
alkalis. 
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APPENDIX 
In  addition to the systems discussed in the  body of 

this paper, some other systems suggested by the list 
in Table I were investigated which proved to be less 
encouraging. These are grouped here for reference 
purposes with some remarks.  

Lead silicate s y s t e m s . - - L e a d  silicate glasses are 
known (9) to absorb strongly in the spectral region 
near  400 nm. The electrodes used in prepar ing lead 
silicate films were made by wrapping lead foil around 
a silicon disk allowing both lead and silicon to be 
exposed. The ratio of lead to silicon was varied by 
varying  the ratio of exposed areas. The composition 
of the gas phase (i.e., the Ar/O2 ratio) was quite im- 
por tant  and may indicate that  both valence states of 
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Fig. 6. Absorption spectra of various oxide films: A, lead silicate 
(2800 nm thick), Pb/Si ~ 3 in. film; B, lead germanate (700 nm 
thick), Pb/Ge --~ 3 in. film; C, molybdenum oxide (2800 nm thick); 
D, copper oxide (900 nm thick); E, vanadium oxide-copper oxide 
(2900 nm thick) from 50V-50Cu electrode. 

lead should be present  in app rox ima te ly  equal  con- 
centra t ions  as suggested by  Wey l  (10). An example  
of one of the  more  encouraging spectra  is shown in 
Fig. 6. Comparison wi th  spect ra  in Fig. 4 for  the  films 
containing iron oxide indicates  tha t  the  lead sil icate 
films do not absorb as s t rongly  at 400 nm as the  i ron 
oxide containing films. Etching of the  lead oxide from 
the film was accomplished wi th  hot  ( just  be low boi l -  
ing) B0% H~O2. The  resul t ing sil ica skele ton was  re -  
moved by  gent ly  rubbing  wi th  a cotton swab. Fa i r l y  
good test pa t te rns  were  de l inea ted  as shown in Fig. 7. 

Copper oxide.--This oxide film was formed by  sput -  
ter ing copper  in 100% O2. No etching studies were  
made (ci. Fig. 6). 

Copper oxide-vanadium oxide.--This mixtu re  was 
p repared  f rom a 61/2 in. disk electrode of copper on 
which Vz x 1/2 in. squares of vanad ium foil were  laid. 
The exposed areas  were  about  50Cu-50V. The  etching 
proper t ies  of this  combinat ion  were  not s tudied because 
the Fe -V  combinat ion  has a super ior  spec t rum for our 
purposes. The  Cu-V combinat ion  sput te red  in O2 about  
4 t imes faster  than  F e - V  (cf. Fig. 6). 

F e b r u a r y  I971 

Fig. 7. A lead silicate photomask used to make an experimental 
transistor. 

Molybdenum oxide.--Molybdenum oxide films were  
p repared  by sput te r ing  in 100% 02. No etching studies 
were  per formed  (cf. Fig. 6). 

Other systems.--We have  a t t empted  to p repa re  CrO3 
and a high oxide of u ran ium wi th  no success. P robab ly  
rf  sput te r ing  techniques should be used here.  Also 
mercu ry  oxide and zinc oxide  films were  p repared  but  
proved uninterest ing.  
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ABSTRACT 

Electrical conductivity measurements  were made on high pur i ty  ThO2 at 
temperatures  between 1000 ~ and 1600~ and oxygen part ial  pressures of 10 -1 
to 10 -22 atm. These measurements  showed the presence of an oxygen pressure 
independent  region of ionic conductivi ty at in termediate  oxygen pressures and 
temperatures  below about 1400~ as well as a t ransi t ion to predominant  elec- 
t ron hole conductivi ty at high oxygen pressures. The Seebeck coefficient was 
measured over a wide range of oxygen part ial  pressures in several different 
gas mixtures  at 1000 ~ and 1200~ The Seebeck coefficient in the region of 
pure ionic conduction is shown to be a function of the entropy of oxygen in 
the gas phase, ra ther  than the oxygen part ial  pressure, as expected for the 
ionic Seebeck coefficient in the case of a constant  ionic defect concentration. 
The behavior of the Seebeck coefficient in the mixed conduction region is also 
discussed. 

It has been shown by Howard and Lidiard (1, 2) 
that valuable  thermodynamic  data for the enthalpies of 
formation of point defects and their  heats of t ransport  
caB be obtained by studies of the Seebeck coefficient 
in pure and doped ionic conductors. A number  of such 
studies in the alkali  and silver halides have appeared 
(3-6). Although some metal  oxides are known to be 
ionic conductors over extensive temperature  and oxy- 
gen part ial  pressure ranges, their  ionic Seebeck co- 
efficients have, unt i l  recently, received little attention. 
Recently, Ruka et al. (7), Fischer (8), and Goto et al. 
(9) have studied the ionic Seebeck coefficient of heavily 
doped metal  oxide electrolytes containing very large 
charge carrier concentrations. 

Previously reported studies (10-13) of nomina l ly  
pure ThO2 have shown that  it is a mixed ionic-elec- 
tronic conductor, the extent  of the region of predomi- 
nant  ionic conduction being a funct ion of temperature,  
oxygen part ial  pressure, and probably  impur i ty  con- 
tent. The present  study reports results of conductivi ty 
and thermal  emf measurements  on high pur i ty  ThO2. 
The form of the Seebeck coefficient of a metal  oxide 
mixed conductor in equi l ibr ium with an oxygen elec- 
trode will  be developed, and the exper imental  thermal  
emf results will be shown to be in  accord with this 
analysis. Several  of the contr ibut ions to the magni -  
tude and tempera ture  dependence of the ionic Seebeck 
coefficient will  be discussed. 

Experimental Techniques 
Electrical Space Products (ESPI) 99.999% pure ThO2 

powder was pressed in a nylon die into bar-shaped, 
3 x 3 x 15 mm specimens. The pressed samples, con- 
tained in ThO2 crucibles and covered with loose pure 
ThO2 powder, were sintered in air at 1800~ for about 
4 hr. The resul tant  samples were typical ly about 96% 
of theoretical density. Mass spectroscopic analysis of 
the sintered specimens, given in Table I, showed less 
than 75 ppm of total  metall ic impuri t ies  and less than 
15 ppm of nonmetal l ic  impurities. 

Thermoelectric power and total electrical conduc- 
t ivi ty measurements  were made s imultaneously on two 
specimens at temperatures  between 1000 ~ and 1600~ 
in oxygen part ial  pressures of 1 to 10-22 arm. These 
oxygen pressures were established by mixtures  of 

T h i s  s t u d y  w a s  c o n d u c t e d  at  Aerospace Research Laboratories,  
Wright -Pat terson Air Force Base, Ohio 45433, 

Current ly  Visiting Scient is t  at  Aerospace Research Laboratories,  
Wright-Pat terson Air  Force Base, Ohio 45433, 

Key  words:  Seebeek coefficient, electrical conductivi ty,  defect  
s t r uc ture .  

Table I. Spark-source mass and optical emission 
spectrographic analyses of thoria 

Concentrat ion Concentrat ion 
Element  in  p p m  E l e m e n t  in  P p m  

B 20.0 C1 1.0 
C <300,0 K 1.0 
N <30.0 Ca 10,0 
F 3.0 Ti 6.0 
Na I0.0 Cr 1.0 
Mg 3.0 Fe 3,0 
A1 5,0 Y 2.0 
Si I0.0 La 1.0 
P 0.2 Ce 1.0 
S 10.0 Nd <3.0 

oxygen-argon,  C02-C0, or I-I20-H2. The construction 
of the sample holder is shown in  Fig. 1. 

The sample for thermoelectric power measurements  
was suspended from two P t /P t -10% Rh thermocouples, 

AIzOz~ - J  
Tubes 

Conductivity-- 
Sample 

j ~ Pt /Pt  tO%Rh 
~ Thermocouples 

I P AI,o, 
(( Environmental ii T M  

- ~ - ~ -  Thermoelectric 
Somple 

AIzO 3 

, - -A i r  In 

Fig. 1. Sample holder for thermal emf and electrical conductiv- 
ity measurements. 
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Fig. 2. Total conductance of Th02 as a function of oxygen par- 
tial pressure. 

decrease in width of this ionic conduction region with 
increasing temperature  is caused by the rapid increase 
in n - type  electronic conduction with increasing tem- 
perature 

At high oxygen par t ia l  pressures, above about 10 -3 
atm, the conductivi ty appears to have a simple pres- 
sure dependence, of the form a oc P(O2)1/5. S imul tane-  
ous thermoelectric power measurements  in this high 
oxygen part ial  pressure region showed that the elec- 
tronic charge carriers involved are electron holes. 

At high temperatures  and low oxygen part ial  pres- 
sures (T --  14O0~ and P(O2) ~ 1O -z~ atm),  an n - type  
electronic conduction region was observed with 

cr P (O2) - t / x  where x appears, from the very  limited 
data available, to be about 6. The rapid increase in 
n- type  electronic conduction with temperature  would 
correspond to an activation energy of at least 3 eV for 
the defect formation process giving rise to the elec- 
trons. 

The results of the measurements  of the Seebeck co- 
efficient of thoria in argon-oxygen,  CO2-CO, and 
H20-H2 mixtures  at 1000 ~ and 120O~ are shown as a 
function of oxygen pressure in Fig. 3 and 4 respective- 
ly. 

whose junct ions were either embedded in small  conical 
holes drilled through the ends of the bar-shaped sam- 
ple or simply wrapped around the specimen ends. A 
cold finger immediate ly  below the sample was used 
to impose various tempera ture  gradients on the speci- 
men. The gradients used did not  exceed 10~ Using a 
F luke  differential vol tmeter  and the p la t inum leads of 
the thermocouples, the thermal  emfs at constant  oxy- 
gen pressure and furnace tempera ture  were measured 
as a funct ion of the temperature  gradient  imposed. 
The Seebeck coefficient, a = ldE/dT I, was calculated 
by a least squares analysis of about fifteen measured 
values of the thermal  emf at various temperature  
gradients. The sign of the Seebeck coefficient was de- 
termined from the polari ty of the cold end of the 
specimen, i.e., from the relat ion = ---- ( ~ Z c - ~ , T h ) / ( T h - T c )  

where the subscripts h and c denote the hot and cold 
ends respectively. Using this definition, the sign of a is 
consistent with the sign of the charge carrier. 3 The 
absolute Seebeck coefficient of ThO2 was obtained by 
correcting the measured coefficient relat ive to plat i-  
num for the p la t inum contr ibut ion (14). 

P la t inum contacts were applied to the ends of the 
electrical conduct ivi ty  sample with Engelhard plat i-  
n u m  paste (No. 6082). At low oxygen pressures (in 
CO2-CO and H20-H2 mixtures)  and high temperatures,  
par t icular ly  above 14O0~ the p la t inum wires sup- 
port ing the relat ively heavy ThO~ specimens failed 
rapidly, apparent ly  because of grain growth and 
boundary  sliding. Two- te rmina l  electrical conductivi ty 
measurements  were made with a Wayne Kerr  Type 
B601 radio frequency bridge. All  of these measure-  
ments  were made at 100 kHz after ini t ial  measurements  
showed no frequency dependence from 0.1 to 100 kHz 
and good agreement  between a-c and d-c values. 

Results 
The results of the measurements  of total  electrical 

conductivi ty as a funct ion of oxygen part ial  pressure 
at several fixed temperatures  between 1000 ~ and 1600~ 
are shown in Fig. 2. Three regions, characteristic of 
three different conduction mechanisms or charge car- 
riers, are observed. 

A region of pressure independent  electrical conduc- 
t ivi ty  is found at in termediate  oxygen part ial  pres-  
sures at temperatures  below about 1200~ The gal- 
vanic cell measurements  of Lasker and Rapp (10) 
showed that the ionic t ransference n u m b e r  in this 
region is essentially unity.  It  is clear in Fig. 2 that the 

3 T h i s  is  a l w a y s  t r u e  f o r  a p u r e  e l e c t r o n i c  c o n d u c t o r .  F o r  a p u r e  
i o n i c  c o n d u c t o r ,  o n l y  t h e  h o m o g e n e o u s  p a r t  o f  t h e  S e e b e e k  coeff i -  
c i e n t  h a s  a s i g n  c h a r a c t e r i s t i c  of  t he  s i g n  of t h e  c h a r g e  c a r r i e r .  T h e  
h o m o g e n o u s  a n d  h e t e r o g e n e o u s  p a r t s  of  the  ionic  S e e h e c k  coef f i c i en t  
wi l l  be d e v e l o p e d  in  a l a t e r  s ec t i on  of t h e  p a p e r .  
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Fig. 3. Absolute Seebeck coefficient of ThO~ as a function of 
oxygen partial pressure in several different gas mixtures at 1000~ 
The inset is a plot of change in Seebeck coefficient with change in 
partial molar entropy of oxygen in the gas phase, relative to an 
arbitrary reference value. The dashed line, ~p, is the calculated 
electron hole Seebeck coefficient. 
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Fig. 4. Absolute Seebeck coefficient of Th02 as e function of 
oxygen partial pressure in several different gas mixtures at 1200~ 
The inset is a plot of change in Seebeck coefficient with change 
in partial molar entropy of oxygen in the gas phase, relative to an 
arbitrary reference value. The dashed line, ~p, is the calculated 
electron hole Seebeck coefficient. 
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Discussion 
The increased conduct ion at  h igh  oxygen par t i a l  

pressures,  shown in Fig. 2, is due to a t rans i t ion  f rom 
the pu re ly  ionic conduct ion observed at  in te rmedia te  
pressures  to a p redominance  of p - t y p e  electronic con- 
duct ion at 1 a tm lo. The apparen t  1/5 dependence  of the 
to ta l  conduct ivi ty  on oxygen pressure  is wi th in  the 
expected t rans i t ion  be tween  the pressure  independence 
of the pu re ly  ionic conduct ion region and a 1/4 de-  
pendence which would be expected for pure ly  elec-  
t ronic conduct ion if the e lect ron holes arise by  e i ther  

O2 .~- VM"" + 4h" [1] 
or 

� 8 9  Oi" + 2h" [2] 

wi th  the  ionic defect  concentra t ions  fixed (e i ther  in-  
t r ins ica l ly  or by  the presence of an impur i t y ) .  The 
notat ion used and the deve lopment  of the pressure  
dependence  th rough  the use of mass action and elec-  
t roneu t ra l i ty  equations are  descr ibed by  KrSger  and 
Vink (15). The symbol  describes the defect, the  sub-  
scr ipt  gives i ts position, the superscr ip t  gives its effec- 
t ive charge state (a p r ime  represen t ing  a negat ive  
charge and a dot  a posi t ive one),  and h" represents  an 
electron hole. This defect  model  involving a t rans i t ion  
f rom ion to e lect ron hole conduct ion wi th in  a region 
of constant  ionic defect  concentra t ion was proposed by 
Lasker  and Rapp (10). A deta i led quant i ta t ive  t r ea t -  
ment  of the conductivity behavior  expected for  this  
defect  model  and a fit of thei r  expe r imen ta l  da ta  to it  
has been given by  Bransky  and Tal lan  (16). 

The 1/5 and 1/6 pressure  dependences  character is t ic  
of Reactions [1] and [2], when  the ionic defect  concen- 
t ra t ions involved are  not constant,  wou ld  be observed 
only at  oxygen pressures  much h igher  than  those ex-  
pe r imen ta l ly  accessible. The na ture  of the  p redominan t  
ionic defect  in the ionic conduction region cannot, 
therefore,  be s tated wi th  any cer ta inty .  However ,  based 
on geometr ica l  considerations,  i t  has  f requen t ly  been 
suggested (10) that  oxygen in ters t i t ia ls  are the p re -  
dominant  ionic defect. For  convenience, this assump-  
tion wil l  be used throughout  the  r ema inde r  of this 
paper ,  since the essential  fea tures  to be discussed do 
not depend on the na tu re  of the ionic charge  car r ie r  
assumed to be present .  

The to ta l  Seebeck coefficient of a mixed  ionic-elect r ic  
conductor  is given by  the expression 

aT "-- ~p ap  -~ ti  ai [3]  

where  a T is the measured  to ta l  Seebeck  coefficient, ap 
and ai are  the  e lect ron hole and  ionic Seebeck coeffi- 
cients, tp is the  e lect ron hole t ransference  number  
g/yen by  ~ ( h o l e ) / r  and ti is the  ionic t rans-  
ference number  given by  a (ionic) /a  ( total)  . Equat ion 
[3] and the specific forms of ap and ai for a given defect  
model  can be der ived  fo r  the  cell  

T T+aT 
Of(gas), Pt II ThO2 II Pt, O2(gas) [4] 

in a number of ways. The procedure that will be fol- 
lowed here is that used by KrSger (17) for a number 
of other materials and defect models. Three individual 
thermal potentials contribute to the over-all thermal 
potential measured; a homogeneous potential differ- 
ence A~bho m due to the temperature gradient across the 
specimen, a heterogeneous potential A~bhet due to the 
difference in contact potentials at the two electrode- 
specimen interfaces (which are at different tempera- 
tures because of the imposed temperature gradient), 
and the homogeneous potential differences a~bM due to 
the temperature gradients in the metal lead wires. 
When platinum is used for the leads, the potentials ar 
are very small (14) and will be neglected in the fol- 
lowing discussion (the measured Seebeck coefficients 
reported here, however, have been corrected for the 
contribution of apt). The over-all Seebeck coefficient 
of the cell is, therefore 
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A~b A~bho m A~bhe t 
V~T ~ - -  - -  ahom "~- ahet [5]  

,~T aT aT 

The specific case which will be treated here is that 
of an oxide with composition M02 having a defect 
structure dominated by a constant concentration of 
ionized defects introduced by impurities. Since as dis- 
cussed earlier we do not know the true identity of the 
ionic charge carriers, we will assume here that they 
are fully ionized oxygen interstitials. The effect of al- 
ternate selections of the defect on the expression to be 
derived will be discussed later. We derive first the 
short-time homogeneous part of the ionic Seebeck co- 
efficient, which is obtained from the potential across 
the oxide at times such that there is still no impurity 
concentration gradient, but the steady-state condition 

2 j (O: ' )  =- j ( h ' )  [6] 

is fulfilled. The oxygen interstitial current, j (Oi"), and 
the hole current ,  j ( h ' ) ,  a re  given by  

f 2q 0~ j ( O : ' )  = D(Oi")  0[Oi"] + [Oi"] 
Ox ~ Ox 

Q (0(') OT 1 
kT ~ [O: ' ]  "'Ox ~ [7] 

and 

j(h') : D(h') f OxOP k---Tq p 8x0r 

Q (h') OT l 
kr  -------7- P -~x ~ [8] 

where  D( i )  and Q(i) are the diffusion coefficient and 
heat  of t r anspor t  of the  i'th species. Since, in the  
present  case, the to ta l  concentra t ion of oxygen  in te r -  
s t i t ials  is assumed to be constant,  fixed by  the impur i -  
ties, the concentra t ion g rad ien t  of free oxygen  in te r -  
s t i t ials  appear ing  in the first t e rm of Eq. [7] is 
obta ined  f rom the t empe ra tu r e  dependence  of the  
degree of associat ion of in ters t i t ia ls  and impur i t ies  
given by  

~Hp "~ 
[ ( F M O i ' )  ] : const [O: ' ]  2 exp ( --~-- / 

- -  [ F M ] T  - -  2 [ O i " ]  [9 ]  

w h e r e  [FM]T  is the to ta l  impur i t y  content  and AHp is 
the en tha lpy  change for the  association react ion 

FM" + Oi"  ~ ( F M O i ' )  [10]  
Accord ing ly  

@ [O/ ']  fl AHp 0T 
- -  - -  - -  [Oi"] [11] Ox 1 --~ fl kT2 0x 

where  fl, the degree  of association, is defined by  

[ (FMO:) ] 
= [12] 

[ F M ]  T 

The hole gradient ,  appear ing  in the first t e rm of Eq. 
[8], is obta ined by  apply ing  the law of mass  action to 
the defect  format ion  react ion 

Vz02 ~ Oi" + 2h" [13] 
so that  

p = const [ 0 7 ] - ' / 2  P (02 )  'A exp  -- 2kT [14] 

and 

~P P {AHox ~ H p } O 0 - -  ~ 
O~ -- 2kT ------~ 1 -t------~ [15] 

where  P(Of)  is the oxygen par t i a l  pressure  and AHo~ 
is the en tha lpy  change for React ion [13]. Combining 
Eq. [6-8], [11] and [15] and solving for Or we ob-  
tain for the  homogeneous  pa r t  of the Seebeck coeffici- 
ent  of the impur i t y  contro l led  mixed  conductor  
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O~ i[ {hHo~ 
ahom -- 0W - -  qT tp 2 

fl AHp }_ ti I 1/2 Q ( O i " )  + 

+ 1/2 1 _{_ ~ 

To obtain the heterogeneous part  of the Seebeck co- 
efficient applicable to this case, we consider the t rans-  
fer reactions for oxygen between the gaseous oxygen 
electrode and the ThO2 

1/zO2(g) + 2e-  (Pt) ~ O = ( e l e c t )  
O = (elect) r Oi" (ThO~) [17] 

Equating the electrochemical potentials of the species 
involved in the over-al l  t ransfer  reaction, the contact 
potential  can be wr i t ten  

2q A~Pt, ThO2 - :  ~ /J,(O2) g ~- 2 ~ ( e - ) P t -  ~(Oi")ThO2 
[18] 

where ~(i)  is the chemical potential  of the i'th species. 
The heterogeneous par t  of the Seebeck coefficient is 
given by 

A~bhe t 1 
o t h e t =  - -  - - "  --" - -  - -  [YzS (Oi ' t)ThO2 

AT q 
- -  1 / 4 S ( O 2 ) g -  S ( e - ) p t ]  [19]  

Since Q ( i ) / T  : S*( i )  -- S( i ) ,  where S* (i) and S( i )  
represent the t ransport  and part ial  molar  entropies 
respectively of the i'th species, Eq. [16] and [19] can 
be combined to obtain the total  Seebeck coefficient. In  
the region of pure ionic conduction, where t~ : 1, the 
Seebeck coefficient for this defect model would be 
given by 

1 [  
ai : - -  ~ I / ~ S *  ( O i " )  - -  1 / 4 S ( O 2 ) g  - -  S ( e - ) p t  

q 
aHp ] 

+ I+----Y J [20] 

If ai had been derived on the basis of a fully ionized 
metal  vacancy model, it would have essentially the 
same form as Eq. [20], bu t  would be given by 

,[ 
oq "-- - -  - ~  ~/4S* ( V M " ' )  - -  1 /4S(O2)g  - -  S ( c - ) p t  

aHp ] 
+ s (OoX) + T [21] 

where the part ial  molar  ent ropy of oxygen on oxygen 
lattice sites is introduced because of the over-al l  t rans-  
fer reaction 

1/202 ( g )  -~- 2C-- (Pt) ~-Oo x + 1/2VM"" [22] 

The form of ap can be obtained easily by expressing 
the heterogeneous par t  of the Seebeck coefficient in 
somewhat different terms. If we consider the t ransfer  
of electrons between the electrode and the ThO2 and 
make use of Eq. [15] for Op/OT, it can be shown that  

1 [ Nv AHox fl ] 
ahet ' ~  - ~  kT  In - -  -~- ~z AHp 

p 2 1-t-fl  
[23] 

where Nv is the densi ty of states for electron holes. In  
the region of pure electronic conduction, where tp = 1, 
the Seebeck coefficient for this defect model would be 
found by combining Eq. [16] and [23], to obtain 

~p---- In + ~  [24] 
q P 

Although thermodynamic  data are available for the 
calculation of S(O2) in the gas phase, the absolute 

Seebeck coefficient in the ionic region cannot be cal- 
culated from Eq. [20] or [21] without calculated or 
experimental values of the transport and partial molar 
entropies of the defects in the metal oxide and AHp. 
However, as indicated by Ruka et al. (7), the Seebeck 
coefficient difference for two different gas mixtures 
can be calculated for a range of oxygen pressures over 
which all terms on the right of Eq. [20] or [21], ex- 
cept S (O2) in the gas phase, are either essentially con- 
stant or negligible. Under these conditions, Eq. [20] 
and [21] simplify to 

1 
(~ i )gas  1 - -  ( ~ i ) g a s 2  ~- ~ [ S ( O 2 ) g a s  1 - -  S ( O 2 ) g a s 2 ]  

[25] 

where F is the Faraday constant. Experimentally, it is 
convenient to choose the Seebeck coefficient at some 
gas mixture within the purely ionic conduction region 
as a reference value so that 

1 
( a i )gas  1 - -  (o~i)ref - -  " ~  [ S ( O 2 ) g a s  1 - -  S ( O 2 ) r e f ]  [26]  

The calculation of molar  entropies of oxygen in  the 
gas phase is reviewed in the Appendix.  

It may be noted from Eq. [26] that the change in 
ionic Seebeck coefficient is a un ique  function of the 
change in entropy of oxygen in the gas phase, not  the 
change in oxygen part ial  pressure. Precisely this be-  
havior was observed for ThO2 in oxygen-argon,  
CO2-CO, and H20-H~ mixtures  at 1000 ~ and 1200~ as 
shown in Fig. 3 and 4. The discontinuities in magni -  
tude and slope between segments of the ai VS. P ( O 2 )  
plots obtained in different gas mixtures  are absent in 
the ~i vs. AS(O:)  plots, which are l inear  with the 
anticipated 1/(4F) slope 

Calculated values of ai in the mixed conduction 
region, where 0 < tp ( 1, are also included in  the 
A~ vs. AS(O2) plots of Fig. 3 and 4, along with their 
probable error limits. These values were satisfactorily 
calculated from Eq. [3] using values of the t ransfer-  
ence numbers  calculated from Fig. 2, the measured 
values of aT, and extrapolated values of ap. The agree- 
ment  of the A ai VS. AS(O2) plot with Eq. [26] over a 
wide range of oxygen part ial  pressures indicates the 
val idi ty of the assumptions made in the derivat ion of 
that equation for this case of nominal ly  pure ThO2. 

Using the measured values for the magni tude  of ai, 
shown in Fig. 3, reported values of S(O2)g (19) and 
S ( e - ) p t  (14), and assuming ~AHp/T very  small  in 
Eq. [20], values for the t ransport  entropy of oxygen 
intersti t ials can be calculated. The value found, 
S*(Oi") = 14.5 _ 0.5 eu, at 1000~ over the whole 
range of oxygen pressures from 10 - la  to 10-2a atm 
may be compared to the value of 10.3 to 10.9 eu found 
for S* (Vo") in stabilized zirconia by Ruka et al. (7). 
Because of the small  magni tude  of ai, evident  in Fig. 
3 and 4, it was not possible to obtain a good measured 
value for its tempera ture  dependence and, therefore, it 
was not possible to obtain the temperature  dependence 
of S* (Oi") from the derivative of Eq. [20]. 

Thus, the Seebeck coefficient of the ThO2 used in this 
study displays the behavior anticipated for a mixed 
ionic-electronic conductor with a fixed concentrat ion 
of ionic defects. However, to extract  thermodynamic  
values for the enthalpies of formation and heats of 
motion of the defects, one would have to have a ThO2 
specimen of sufficient pur i ty  that  the intr insic defect 
behavior  can be observed. 

APPENDIX 
The molar entropy of oxygen in the gas mixture,  

S (O2) ~, is calculated thermodynamical ly .  Assuming 
the reaction 

X + 1/zO2 .~ XO 

where X can be CO or He and XO would then be CO2 
or H20, then summing chemical potentials at equil ib-  
r ium 

~ ( X O )  - -  ~ ( X )  - -  1 / 2 ~ ( O 2 )  = O 
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Over a range of gas mixtures  where 

~(a) -- ~~ (a) -- RT  In P(a)  

where P(a )  is the par t ia l  pressure of gas "a" in  the 
mix ture  

S(O~)s - 
0T 

= 2 S ~  -- S ~  -- R l n  P(X'-----~ 

For a mechanical  mix ture  of oxygen in an inert  gas, 
one has s imply 

S(02)g ----- S~ (0.~) -- R In P(O.,) 
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Techn call Notes, @ 
The Effect of Water on the Dielectric Constant 

of Vapor Deposited Silica Films 
T. O. Sedgwick* and S. Krongelb 

IBM Thomas J. Watson Research Center, Y o r k t o w n  Heights,  New Y o r k  10598 

While making  capacitance vs. voltage measurements  
below room tempera ture  on MOS structures fabr i -  
cated with chemically vapor deposited SiO2 on Ge, we 
found a marked  decrease in the capacitance with de- 
creasing temperature  for some of the SiO2 films. The 
temperature  sensit ivity of the dielectric constant was 
found to be dependent  on the oxide deposition condi- 
tions and subsequent  annea l ing  treatments,  and was 
shown to be related to the water  content  of the film. 
The temperature  dependence of the capacitance proved 
to be a convenient ly  measured, nondestruct ive indi-  
cator of the water  content  in SiO2 films on completed 
devices, and was used to demonstrate the reaction be- 
tween water  in the film and A1 metallization. 

Experimental 
The oxide films were vapor deposited by the pyrol-  

ysis of tetraethylorthosil icate in  oxygen at 432~ (I)  
(designated LT SiO2) or in forming gas at 735~ (2) 
(designated HT SIO2). Films 1500-2000A thick were 
deposited on Ge wafers for electrical measurements  or 
on doubly polished Si wafers for IR measurements.  

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
K e y  w o r d s :  t e m p e r a t u r e  de pe nde nc e ,  annea l ,  MOS dev ices .  

Where densification (DENS) is indicated, the samples 
were subjected to 800~ in  forming gas for 17 min ;  t 
where t empera tu re -humid i ty  stressing (T&H) is cited, 
the films were exposed to 85% relative humidi ty  at 
85~ for 4 days. The MOS structures were completed 
by the evaporation of approximately 30 mils diam, 
5000A thick Au or A1 dots through metal  masks. 
Samples were stored in dessicators with "Drierite" 
between fabrication steps and measurements.  

The capacitance of the devices was measured at 150 
kHz under  a d-c bias sufficient to accumulate s trongly 
the Ge surface (4). Where it was desired to k n o w  the 
actual dielectric constant, the oxide thickness was mea-  
sured by interferometry,  and the dot size was measured 
with a Nikon shadowgraph. The IR optical density of 
the films was measured at 3400 cm -1 for H20 and 3650 
cm -1 for the SiOH absorptions (3). 

Results and Discussion 
Figure 1 shows the tempera ture  dependence of the 

capacitance by plott ing the ratio CToK/C3oooK VS. tern- 
1 P l i s k i n  (3) has  s h o w n  tha t  dens i f i ca t ion  in  s t e a m  is m o r e  e f fec -  

t ive  t h a n  t r e a t m e n t  in  a d r y  a t m o s p h e r e ;  h o w e v e r ,  the  h igh  r e a c -  
t i v i t y  of Ge  w i t h  w a t e r  a t  e l e v a t e d  t e m p e r a t u r e s  p r e c l u d e d  th e  u se  
of a w e t  dcns i f i ca t ion  process .  
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Fig. 1. Capacitance ratio, CToK/C300oK a s  a function of tem- 
perature for several SiO~ films. 
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perature. We note that  the capacitance of HT SiO2 
which was subject to T&H and the capacitance of LT 
SiO2 exhibit  a similar dependence on temperature,  and 
that both of these films are much more sensitive to 
tempera ture  than HT SiO2 which was not subject to 
T&H. This behavior suggests that  water  or some polar 
reaction product of H20 and  SiO2 whose dielectric 
relaxation motion is frozen out at low temperatures  
accounts for the low value of C T o K / C 3 0 0 o K .  It would 
appear that H20 is not present in the free state in  the 
oxide films, since the capacitance did not exhibit  a 
discontinuity at 0~ which could be associated with 
the freezing of an aqueous phase. 

The above picture is supported by the data  in Fig. 2 
which show that the decrease in CT~~176 for var i -  
ous films correlates wi th  an increase in the H20 and 
OH content  of corresponding films as measured by  IR 
absorption. (The ratio of the capacitance at 77~ to 
that at 300~ is a convenient  over-al l  indication of the 
temperature  sensit ivity of the dielectric constant  and 
is the parameter  used in subsequent  discussion). The 
optical densi ty  per micron measured at 3400 cm-~ is 
used as an indicator of the H20 content;  a similar mea-  
surement  at 3650 cm-* represents the OH content. 
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Fig. 2. Capacitance ratio, C77oK/C300OK, a s  a function of optical 
density per micron, O.D.//~, of H20 ( l )  and SiOH ( G )  absorption 
maxima for various SiO2 films. 

Actually, there is some overlap of these bands, espe- 
cially at the higher H20 and OH levels, so there is 
considerable uncer ta in ty  in these measurements.  Nev-  
ertheless, the general  correlation between C~T~176 
and the IR measurements  is visual ly apparent  for all 
but  the DENS SiO2, T&H samples. We can suggest 
no explanat ion for this one exception. 

Figure 3 shows that  the measured dielectric constant  
at room tempera ture  for films, prepared in a var ie ty  
of ways, approaches the value of 3.8-3.9 expected for 
pure SiO~ as C~7oK/C3oooK approaches 1.00. This finding 
is consistent with the hypothesis that water  in  the film 
is responsible for the decrease of C~7~176 from 
unity, since the addition of water  ,to SiO2 can increase 
the dielectric constant (5). 

Several interest ing features become apparent  when  
we observe how the tempera ture  sensit ivity of the di- 
electric constant  is affected by various anneal ing  t rea t -  
ments  as shown in Fig. 4. If we densify either LT SiO2 
or HT SiO2, the capacitance ratio is increased to about 
0.99 for both films. Previous work (3, 6) has shown 
that a densified film contains less water  and  is general ly  
superior to ordinary HT SiO2 which in t u rn  is drier  
and superior to LT SIO2. This grading of films is 
reflected in the ratio of CT~oK/C~oooK. Exposure of either 
the densified or undensified films to T&H (dotted lines) 
causes a marked decrease in C~oK/C~oooK indicat ing the 
pickup of water  as discussed above. 

1 . 0 0  

. 9 5 -  
0 
o 

.90 - 

,S 
. 8 5  - 

- ~ O ~  

I I I I I [ I I 
"803.8 4.0 4.2 4.4 4.6 4.8 5.0 5.2 5.4 5.6 

DIELECTRIC CONSTANT K 

Fig. 3 .  Capacitance ratio, C77oK/C300oK VS. dielectric constant 
for various SiO.2 films; [ ]  DENS, A HT, C) LT SiO2. 
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Fig. 4. Schematic diagram showing the effect of deposition con- 
ditions and annealing processes on capacitance ratio, C77oK/C300oK 
for SiO.~ films (the terms LT Si02, T&H, AI BAKE, etc., are defined 
in text). 
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A par t icular ly  interest ing point is the effect of an -  
nealing the completed devices, i.e., with A1 metal l iza-  
t ion in place, at 230~ in air for from 2 to 60 hr  (re- 
ferred to as A1 BAKE).  This t rea tment  brings the 
C77oK/C300oK ratio to 1.000 __+ 0.003, which is as close to 
un i ty  as we can measure. The reduct ion of the tem- 
perature sensitivity is a t t r ibuted to the removal  of 
water or of the water-SiO2 reaction product and is 
demonstrated even more clearly in the case where the 
oxide has previously been exposed to T&H. The A1 
presumably  reacts with the water or water-SiO2 reac- 
tion product to form A1203 and some form of hydro-  
gen. This picture is supported by the fact that  in a 
similar exper iment  (not shown in Fig. 4) on HT SlOe 
in which gold, a nonreactive metal, was used in place 
of A1, there was no change in C77oK/C300oK. Since pre-  
viously Hu and Young (7) and Burkhardt  (8) have 
found no reaction between A1 and thermal  SiO2 below 
400~ we believe that  the present  results associated 
with A1 BAKE are totally a t t r ibutable  to an A1-H20 
reaction. 

If the A1 is removed by wet chemical etching after 
the A1 bake and a fresh A1 metall izat ion is applied, 
the C77oK/C3oooK ratio reverts to the pre-A1 BAKE 
value of 0.99 (see A1 REMOVE in Fig. 4). It  is, there-  
fore, thought that the last 1% difference is due directly 
or indirectly to H20 retained in just  the surface layers 
of the SIO2. 

It is interest ing to note that Balk (9), Deal et al. 
(10), and Sedgwick and Krongelb  (11) have all postu- 
lated that A1 reacts with residual H20 in SiO2 to pro- 
duce atomic hydrogen. The atomic hydrogen is thought 
to be responsible for the removal  of surface states on 
Si surfaces or for the induced effective negative charge 
on Ge surfaces. The present  work supports this hy-  
pothesis by showing that  under  certain conditions A1 
does interact  with SiO2 films resul t ing in a decrease 
in temperature  sensit ivi ty of the capacitance. This fact 

is most readily accounted for postulat ing that  the A1 
reacts to remove some form of H20 in the SiO2 films. 

The capacitance change with temperature  effect re-  
ported on above would seem to be a relat ively easy 
nondestruct ive technique for the de terminat ion  of H20 
or water produced reaction products in SiO2 films on 
completed devices. 
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Magnesium Germanate and Fluorogermanate 
E. Kostiner* and P. W. Bless 

Baker Laboratory of Chemistry, Cornell University, Ithaca, New York  14850 

Manganese-act ivated magnesium germanate  and 
magnesium fluorogermanate have found wide use as 
red-emit t ing  phosphors. Since their  original discovery 
(1) and fur ther  development (2-5), the activator cen- 
ter has been identified as quadr ivalent  manganese  in 
an approximately octahedral crystal  field (6, 7). Litt le 
or no ment ion  has been made in the l i terature as to the 
effect of the addition of magnesium fluoride (to form 
the fluorogermanate) on the fluorescence properties of 
the manganese activator except for the increase in 
fluorescence efficiency (5). 

The compound "Mg4GeO6" (magnesium germanate)  
has been reported to occur in the magnes ium oxide- 
germanium oxide system as a stable phase up to a 
temperature  of 1495 ~ __ 10~ where it dissociates to 
form Mg2GeO4 (forsterite form) and MgO (8). The 
powder pat tern  of magnesium germanate has previ-  
ously been indexed on the basis of an hexagonal  uni t  
cell (ao ___ 11.778, co = 14.445A) with several unass ign-  
able peaks (9). 

We have been successful in growing small single 
crystals of both the germanate  and the fluorogermanate 
by s tandard flux growth techniques. This note reports 

* Elec t rochemica l  Socie ty  Act ive  Member .  
K e y  words :  c rys ta l  g rowth ,  m a g n e s i u m  ge rmana t e ,  m a g n e s i u m  

f luo roge rmana te .  

the crystal growth and powder x - r a y  crystallographic 
data for these two compounds. 

Experimental 
The phosphors were prepared using conventional  

ceramic techniques. Magnesium oxide (Mall inckrodt 
Analyt ical  Reagent)  and germanium oxide (Electronic 
Grade, Kawecki Chemical Company) in a 4:1 mole 
ratio with one mole per cent  (m/o)  manganese  car-  
bonate (Fisher Certified Reagent) added as an acti-  
vator were mixed and ground under  acetone to form 
the germanate.  The formulat ion of the fluorogermanate 
involves the subst i tut ion of one-eighth of the MgO by 
magnesium fluoride (Crystal  Grade, Sylvania  Elec- 
tric Products Company).  After  removal  of the acetone 
at l l0~ the mixtures  were fired in p la t inum crucibles 
at 1000~ in air  for one hour, reground and fired for 
16 hr  at 1200~ 

A suitable high tempera ture  flux for the growth of 
the fluoride-free germanate  was lead oxide (Fume 
Litharge, Evans Lead Company) .  Lead fluoride (Extra 
Pure Grade, BDH Chemicals Company, Ltd.) was used 
for the fluorogermanate. Typical crystal  growth runs  
were : 67.5g PbF2, 6.75g fluorogermanate; 75g PbO, 
27g germanate;  each in a 50 cc p la t inum crucible. The 
charges were held at 1300~ for 4 hr in a silicon car-  
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bide resistance-heated furnace, cooled at -~4~ to 
900~ and then removed from the furnace. To protect 
the p la t inum crucibles d ry  oxygen was passed through 
the furnace. 

The germanate  crystals were removed from the flux d 
by leaching with hot dilute hydrochloric acid. Since 
the fluorogermanate crystals are soluble in acid they 7.195 7 
had to be separated mechanical ly or by repeated ex- 5.976 10 

traction with water. In all cases, crystals of magnesium 5.110 23 4.815 20 
oxide were found as a secondary product. 4.590 20 

4.127 32 
3.981 10 

Results 3.865 87 
3.739 17 Crystals of both the germanate  and the fluoroger- 3.487 13 

manate  are lathe-shaped with typical  dimensions 1 x 3.39 7 
3.063 23 

2 x 0.2 mm. Occasionally, needle crystals grew out of 2.966 17 

the flux. Macroscopic twinning was quite common 2.936 17 
with a twin  angle of 59-60 ~ The exper imental  densities 2.890 13 
(pycnometric)  are both 3.98 (4) g/cc. 2.792 23 

2.761 3 
The compounds are isostructural.  Single crystal  pre-  2.628 20 

cession and Weissenberg photographs indicate m ~ m  2.563 23 
(orthorhombic) symmetry.  The complete th ree-d imen-  2.505 100 

2.4680 3 sional crystal s tructure of the unsubst i tu ted  germanate  2.4460 50 
has been completed (10). This x - r ay  diffraction study, 2.4142 10 

2.4037 1 along with careful analyt ical  results, establish the t rue 2.3439 13 

stoichiometry to be Mgs.sGel.2508 rather  than Mg4GeO6. 2.2855 13 
2.2596 27 Indeed, careful powder x - r ay  diffraction photographs 2.2291 7 

(focusing Guinier  camera) of a ful ly  sintered ceramic 2.1933 17 
2.1367 17 

mixture  of composition 4MgO.  GeO2 show addit ional  2.0841 37 
lines assignable to MgO. 2.0553 1 

2.0238 3 
The indexed powder pat terns of ground single crys- 1.9632 7 

tals (x- ray  diffractometry and Guinier  photographs, 1.9348 1 
Cu Ka radiat ion) are given in Table I. Indexing was 1.9083 20 
only carried out to a d-spacing of 1.56 since by that  1.8941 1 1.8768 10 
point  an orthorhombic cell of this size gives a con- 1.8634 1 

1.8444 3 t i nuum of possible index assignments. Powder l ine 1.7977 1 

1.7872 1 

1.7618 10 
Table I. 1.7461 1 

1.7296 3 
1.7131 1 
1.6992 13 

Magnesium germanate 1.6879 1 
1.6732 1 

ao = 14.515(4)A 1.6620 1 
bo = 10.214(4) 1.6350 3 
Co = 5.939(6) 1.6226 3 

sin~ ( • lot)  1.6083 23 
1.6009 1 

d I h k l  obs. calc. 1.5623 1 

Magnesium 

a o  ---~ 
b o  = 
c o  

fluorogermanate 

14.335(4)A 
10.203(4} 
5.929(6)  

h k l  obs. 
sin~( • IOQ 

calc. 

200 114.6 115.5 
001 166.1 168.8 
020 227.2 227.9 
120 255.9 256.8 
201 285.3 284.2 
310 316.9 316.8 
220 341.9 343.4 
021 397.1 396.7 
121 424.5 425.6 
320 487.7 487.8 
221 514.1 512.2 
401 632.4 630.7 
002 674.2 675.0 
420 689.9 
411 688.3 687.7 
]31 710.6 710.5 
112 761.1 760.9 
510 778.4 778.8 
421 859.2 858.7 
022 903.2 902.9 
331 941.5 
511 945.7 947.6 
430 974.0 974.8 
312 991.6 991.8 
222 1017.9 1018,4 
240 1026.9 1027.3 
041 1079.9 1080.5 
402 1135.8 1137.0 
322 1161.9 1162.8 
412 1194.0 1194.0 
530 1233.3 1234.7 
232 1299.5 1303.4 
422 1365.9 1364.9 
531 1404.5 1403,5 
332 1448.5 1447.7 
441 1539.3 1542.5 
042 1564.9 1586.8 
522 1629.1 1624.3 
540 1633.6 
432 1653.7 1649.8 
350 1684.3 1684.5 
251 1708.5 1708.9 
023 1744.1 1746.7 
313 1835.8 1835.6 

1862.2 223 1857.5 
351 1852.2 
532 1911.4 1909.7 
640 1945.8 1951.2 
403 1983.3 1980.7 
801 2021.7 2016.6 
451 2054.7 2055.4 
160 2082.3 2080.4 
641 2119.3 2120.0 
233 2147.9 2147.1 
061 2219.2 2220.3 
161 2253.4 2249.1 
333 2293.7 2291.5 
722 2315.0 2317.7 
043 2430.8 2430.5 

5.933 13 O01 168.2 
210 168.6 169.4 

5.139 11 020 224.6 227.5 
4.829 15 120 255.6 255.5 
4.604 15 201 279.8 280.8 
4.371 30 310 310.6 310.3 
4.187 6 220 340.1 

211 338.4 337.7 
3.868 67 021 396.5 395.7 
3.748 11 121 422.4 423.8 
3.525 8 311 477.4 478.5 

3.420 4 410 507.2 507.4 
221 508.3 

3.092 17 401 620.6 618.8 
2.974 36 002 670.7 672.8 
2.897 11 131 707.7 708.2 
2.802 19 112 755.6 757.8 
2.740 13 231 790.1 792.7 
2.856 15 212 840.7 842.3 
2.572 13 022 896.7 900.3 
2.554 2 040 909.3 909.9 
2.523 100 331 932.0 933.5 
2.458 45 312 981.8 983.1 
2.423 4 222 1010.5 1012.9 
2.350 11 041 1074.5 1078.1 
2.317 2 141 1105.5 1105.3 
2.269 21 322 1152.4 1153.7 
2.2435 4 412 1178.8 1180.2 
2.2092 11 530 1215.6 1215.8 
2.1877 1 611 1239.7 1238.8 
2.1119 17 341 1330.2 1331.6 
2.0970 28 422 1349.2 1350.9 
1.9709 2 441 1527.3 1528.7 
1.9216 11 720 1606.6 1607.3 
1.8797 4 350 1679.1 1675.2 
1.8457 1 023 1741.5 1741.3 
1.8283 1 721 1774.7 1775.5 
1.7723 6 532 1888.8 1888.6 
1.7564 1 640 1923.1 1923.7 
1.7357 2 801 1969.4 1970.5 
1.7086 4 442 2032.2 2033.3 
1.6819 1 641 2097.2 2091.9 
1.6439 2 423 2195.4 2191.9 
1.6260 2 161 2244.0 2243.7 
1.6129 13 333 2279.1 

722 2280.5 2280.1 
1.5632 1 043 2427.8 2423.7 

assignments were made with the aid of the single crys- 
ta l  photographs. 

A least squares refinement of the powder data gave 
the orthorhombic lattice parameters  listed in  the table. 
The relationship between the orthorhombic cell and 
the previously reported pseudo-hexagonal  cell can be 
seen as follows: Each of the 100 planes of the ortho- 
rhombic cell describes a ne twork  of C face-centered 
hexagonal  cells, Inspection of these networks indicates 
the presence of the orthorhombic b and c axes whose 
vector sum makes a 60 ~ angle with the orthorhombic 
c axis and represents the pseudo-hexagonal  a axis. This 
c axis in t u rn  becomes one-half  of the pseudo-hex-  
agonal a axis. The a axis of the orthorhombic cell and 
the c axis of the pseudo-hexagonal  cell are identical. 

We are proceeding with the structure ref inement of 
magnesium fluorogermanate. Analyt ical  data indicates 
that  approximately 8 w/o (weight per cent) fluorine is 
substi tuted into the s tructure and that  charge com- 
pensation is at tained by a deficiency of germanium. A 
detailed discussion of the stoichiometry wil l  appear 
with the publicat ion of the complete structure. 

In  summary,  we have prepared single crystals of 
magnesium germanate  and fluorogermanate and re-  
ported their indexed powder patterns. Analyt ical  re-  
sults indicate that  fuor ine  is incorporated into mag-  
nesium fluorogermanate. Since crystal x - r ay  diffrac- 
t ion shows the two compounds to be isostructural  and 
that  the compound magnesium germanate  does not 
have the stoichiometry Mg4GeO6 but  Mgs.sGe1.2506. 
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Work is in progress on the complete three-dimensional  
s t ructure of the f luorogermanate and wil l  be published 
shortly. 
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Reaction of Water Vapor with Anodic Aluminum Oxide 
Studied by Wide-Line NMR Spectroscopy 

Bernard R. Baker and Robert M. Pearson 

Kaiser Aluminum and Chemical Corporation, Center for Technology, Pleasanton, California 94566 

Porous anodic oxide films on a luminum are conven-  
t ional ly sealed by immersion in boil ing water. Current  
theories state that conversion of essentially anhydrous 
oxide occurs, p redominant ly  at the pore mouth, to 
form a less dense hydrated oxide which par t ia l ly  plugs 
the pores. The l i terature on sealing and on anodizing 
in general was reviewed by Diggle, Downie, and 
Goulding (1). 

A different view of sealing, presented by Murphy, 
regards sealing as an ion exchange replacement  of 
surface anions by hydroxyl  ions (2). Murphy con- 
siders the coating produced in sulfuric acid electrolyte 
to consist of an array of a lumina  crystalli tes s imilar  to 
a rock pile in which the pores are regions of lesser 
density packing of crystallites. 

We have begun a s tudy of the sealing process using 
wide-l ine proton NMR spectroscopy and present here 
the results of the first phase of our  work, namely,  the 
interact ion of porous anodic oxides wi th  water  vapor. 

A typical  NMR spectrum of an anodic coating is 
shown in Fig. 1. This spectrum consists of a nar row 
line due to physically adsorbed water, ~ H ~  0.2G, su- 
perimposed on a broad line, 5H ~ 7G, due to hydroxyl  
groups, i.e., chemisorbed water. The nar row line in Fig. 
1 is artificially broadened here by ins t rument  condi- 
tions. 

The broad hydroxyl  band can be suppressed by using 
a nar row modulation.  Under  these conditions a single 
narrow line is obtained which can be used as a quan-  
t i tative measure of the adsorbed water  present. The 
physically adsorbed water, and therefore the nar row 
band of ~he spectrum, can be removed under  vacuum 
at room tempera ture  allowing study of the broad band.  

Experimental 
Eight 6 x 4.05 in. pieces of 0.003 in. thick 1199 foil 

were par t ia l ly  slit into nine 0.45 in. strips leaving the 
ends intact. The eight pieces were bolt racked to a 
2024 alloy frame as one rack load and were anodized 
for 1 hr  at 15V in 15% sulfuric acid at 25~ The work 
was thoroughly r insed in deionized water  and blown 
dry in a s tream of nitrogen. The strips were hung  as 
banks of n ine  from a glass frame in a covered bat tery  
ja r  containing a small  amount  of water. No direct 
contact of the work wi th  liquid water  was permitted. 
The jar  was kept at ambient  laboratory temperature  

Key words: anodizing, sealing, adsorption. 

(21 ~ • 2~ At intervals  a bank  of nine strips was 
wi thdrawn.  One strip was used for a coating weight 
determinat ion;  the remain ing  eight strips were cut 
into 1 in. pieces and placed in a 15 mm sample 
tube fitted with a ground glass joint  and stopcock, al- 
lowing at tachment  to a vacuum line. 

The NMR measurements  were made at 16 MHz using 
a Varian spectrometer Model DA-100-15 equipped with 
a 4210 variable frequency oscillator, We found that  the 
orientat ion of the sample strips relative to the receiver 
coil was critical, care being necessary to achieve a 
m i n i mum reading on the detector level meter  before 
introduct ion of the leakage to obtain an absorption 
mode spectrum. The magnet ic  field was modulated at 
40 Hz with an ampli tude depending on the width of 
the line. The ampli tude varied between 0.125 and 2.0G, 
the wider modulat ion being used to study the broad 
hydroxyl  band.  

The area under  the absorption curve can be obtained 
by double integrat ion of a derivat ive curve  such as 
shown in Fig. 1. 

The concentrat ion of physically adsorbed water  on 
the anodic coating was measured by comparing the 
double integral  of the NMR spectrum obtained using a 
modulat ion of 0.125G with ~the double in tegra l  of a 

Woter Bond 
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14 \ 
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Fig. 1. Typical NMR 

. j /  Hydroxyl Bond 

erivative absorption curve 
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spectrum from a t ransi t ion a lumina  containing a 
known concentrat ion of adsorbed water. 

The anodic coating was then placed on a vacuum 
rack and the physically adsorbed water  pumped off. 
The NMR spectrum was measured using a modulat ion 
of 2G. Double integrat ion and comparison to a gibbsite 
spectrum gave the concentrat ion of hydroxyl  groups 
in the anodic coating. 

Nitrogen adsorption and desorption isotherms were 
measured on an Aminco Adsorptomat using portions of 
each anodized sample reserved for that  purpose. Pore 
radius dis t r ibut ion curves were calculated from these 
data along with surface area calculations by  the BET 
procedure and cumulat ive  area procedure assuming 
cyl indrical  pores. 

Discussion 
The rate of uptake of hydroxyl  and physically ad- 

sorbed water  is shown in Fig. 2 along with the weight 
gain expressed as a percentage of total  oxide weight. 
The weight gain was about 14% after a two-week ex-  
posure to 100% relat ive humidity.  The increase in 
hydroxyl  content  was something less than twice this 
value. This is consistent with the following mech-  
anism for water  adsorption. We assume the ini t ial  
surface to be largely anhydrous.  It  must  consist of 
oxide ions and a considerable concentrat ion of a lu-  
m i n u m  ions having an incomplete coordination sphere 
similar to the picture developed by Peri  for an active 
a lumina surface (3). This is shown in  Fig. 3. Every 
water  molecule chemisorbed to fill an a luminum ion 
coordination site creates 2 hydroxyl  groups on the sur-  
face. A concentrat ion of 19% hydroxyl  observed in Fig. 
2 must  therefore represent  a 9.5% weight gain. The 
additional 4.5% weight gain shown in Fig. 2 is ac- 
counted for by the physically adsorbed water, p resum-  
ably bound to the surface hydroxyls  by hydrogen 
bonding. 

The BET surface area of the sample before exposure 
to water  vapor was 62 m2/g. The mean pore diameter  
was 120A. This is consistent with the known pore 
densities and diameters obtained by electron micros- 
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Fig. 2. Increase of hydroxyl and adsorbed water with time at 
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Fig. 3. Model for water adsorption 

copy (4). After  two weeks exposure to water  vapor 
the specific surface area dropped to 5 m2/g and the 
pore diameter  fell to 40A. Surface areas can also be 
estimated from the line width of the broad hydroxyl  
NMR band (5). This estimate is based on a l inear  re-  
lat ionship observed between l ine width  and  BET sur-  
face areas of a series of t ransi t ion aluminas.  The re-  
lat ionship was rationalized by  the assumption that  a 
surface hydroxyl  proton is more mobile than that  of 
an interior hydroxyl.  Surface hydroxyls  therefore give 
rise to a nar rower  band than  do inter ior  hydroxyls.  
Using this relat ionship we estimated the NMR surface 
area to be 329 m2/g. The apparent  discrepancy is re-  
solved, however, if we consider the oxide s tructure to 
be a "rock-pile" of crystall i tes s imilar  to the picture 
suggested by Murphy (2) and Michelson (6). We sug- 
gest that  n i t rogen adsorption occurs only on pore walls 
but  that the in te rna l  surface in the crystall i te in ter -  
stices is accessible to hydrogen ions and oxide or hy -  
droxyl  ions by surface migrat ion on the crystall i te 
faces. 
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GaAs-GaAsP Heterostructure Injection Lasers 
M. G. Craford, W. O. Groves,* and M. J. Fox* 
Monsanto Company, St. Louis, Missouri 63166 

GaAs-GaA1As heterostructure inject ion lasers with 
performance far superior to previous GaAs lasers have 
been reported (1-5). These devices consist of a layer  of 
p- type GaAs with a thickness, W, sandwiched between 
n- type  GaAs and p- type  GaA1As. In  this paper we re-  
port results obtained using a GaAs-GaAsP heterostruc-  
ture. 

The GaAs-GaAsP structure  which can be grown 
using vapor phase epitaxy allows better  control of the 
impur i ty  profile and degree of compensation than can 
be obtained using the GaA1As structure which must  be 
grown by means of l iquid phase epitaxy. On the nega-  
tive side the lattice mismatch in the GaAsP system is 
much greater  than  in  the GaA1As system, the lattice 
parameters  of GaP, GaAs, and AlAs being 5.4506, 
5.6533, and 5.6606, respectively (2). The result ing la t -  
tice mismatch gives rise to dislocations at the GaAs- 
GaAsP interface (6) which can act as nonradia t ive  
recombinat ion centers for the injected electrons. 

In the laser heterostructure the high band gap 
alloy layer  provides a barr ier  which serves both to 
confine the injected electrons in the nar row p- type 
GaAs region and as a waveguide to confine the modes 
of electromagnetic radiation. If the dominant  effect 
of the barr ier  is to confine injected electrons, and if 
the misfit dislocations at the GaAsP-GaAs interface 
lead to a high surface recombinat ion velocity, then no 
improvement  in laser performance would be expected 
with this system. However, if the minor i ty  carrier  
diffusion length is short compared to the width of the 
confinement region and if the barr ier  is effective with 
regard to confining electromagnetic radiation, then 
improved laser performance should be possible be- 
cause the dislocations would not be expected to pro- 
vide effective photon scattering centers. As will be seen 
below, improved laser performance was not observed, 
and there was no evidence that  electromagnetic mode 
confinement contr ibuted to the performance of these 
devices. The reason that electromagnetic mode confine- 
ment  apparent ly  has a major  effect in GaA1As hetero- 
structures and not in the GaAsP structures studied 
here is not  understood. 

Crystal Growth and Fabrication 
The device structures which are shown schematically 

in Fig. 1 were grown using s tandard vapor epitaxial  
techniques on GaAs substrates. In i t ia l ly  a 100-200~ 
thick n - type  layer of GaAs was grown with a Te im- 
pur i ty  concentrat ion of n ~, 3 x 101S/cm3. This was fol- 
lowed by the growth of a compensated p- type  GaAs 
layer of the desired thickness, W, which formed the 
recombinat ion region of the device. In  this layer  the 
n - type  carrier  concentrat ion remained unchanged, but  
Zn was added to give a net  carr ier  concentrat ion of 
p -- 1 x 1019. F ina l ly  an uncompensated GaAsP alloy 
layer (p ,~ 1 x 1019) was grown. For one series of runs  
the alloy layer  was grown so that an abrupt  alloy com- 
position step from x -- 0.0 to x ,~ 0.1 m/o  (mole per 
cent) GaP occurred at the GaAs-GaAc-~ interface, see 
Fig. l ( a ) .  This composition change corresponds to 
change in band gap energy or barr ier  height of aE ~, 0.1 
eV. Previous work indicated that a barr ier  of this 
height would confine the major i ty  of injected electrons 
(7) as well as provide an effective waveguide for elec- 
tromagnetic mode confinement (4). It  was hoped that  
interracial  dislocations could be reduced to a satis- 
factory extent  by keeping ax  as small  as possible. 

* Electrochemical  Society Act ive  Member .  
Key  words:  GaAsP, injection lasers, electroluminescence,  hetero~ 

junctions, 

In a second series of runs  the alloy composition was 
graded to a final composition of x ~, 0.10 at the rate  of 
~4%/~,  Fig. l ( b ) .  In  all cases the total thickness of 
the alloy layer  was 15 ~_ 5~. 

In the case of the abrupt  heterostructures the thick- 
ness of the recombinat ion region was measured on the 
finished devices to wi thin  • using a scanning elec- 
t ron microscope. There was no clear boundary  in the 
case of the graded structures so W was calculated from 
the growth rate with an estimated accuracy of +1~. 

After  growth the heterostructure received a 10-min 
875~ ZnAs2 diffusion which lowered the diode resist- 
ance and el iminated contacting difficulties. Diode fab- 
rication was s tandard and consisted of lapping the 
s tructure to a thickness of ~100~, metall izing the p- 
and n - type  surfaces, and sawing and cleaving the 
wafer into 100 x 250~ chips. The Fabry -Pero t  surfaces 
were not metallized, and general ly  the structures were 
not heat- t reated after growth. In a few cases the struc- 
tures were heat- treated,  but  no significant improve-  
ment  in performance was observed. 

Experimental Results 
The threshold current  densities vs. W are shown in 

Fig. 2. Each data point in Fig. 2 as well as Fig. 3, 4, 
and 5 represents the average of a batch of --~10 diodes. 
Diodes which exhibited markedly  inferior performance 
were considered unrepresenta t ive  and were not in -  
eluded in the average. Values of W investigated range 
from W = 0, in which case the GaAs0.gP0.1 layer was 
grown immediate ly  on the n- type  epitaxial  layer, to 
W > 10p where the devices were simply grown junc-  
t ion GaAs lasers with no alloy layer. 

It can be seen that  at 300~ the threshold current  
density, Jth increases monotonical ly with decreasing W 
and for W ---- 0 lasing was not  observed. The perform- 
ance of devices with graded alloy layers was gen- 
erally similar to that  obtained with abrupt  structures 
with the exception of the devices with W = 5.6~ which 
were somewhat better. The improved performance 
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Fig. 1. Schematic GoAs-GaAsP heterostructure: (a) abrupt inter- 

face between p-GaAs and p-GaAso:~Po.1; (b) graded interface. 
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Fig. 2. Threshold current density vs. the p-type GaAs thickness. 
The abrupt heterostructure data are represented by closed (open) 
circles at 300~ (77~ and crosses at 195~ The graded hetero- 
structure data is represented by closed (open) triangles at 300~ 
(77~ K).  

of this batch of devices is not understood but, due to 
the comparably large W and the fact that  the alloy 
layer was graded, it appears unl ike ly  that  the hetero- 
junct ion had an appreciable effect. 

At 77 ~ and 195~ the threshold current  density is 
independent  of W for W ~ 1~. For W ---- 0 the per-  
formance is degraded, but  lasing was observed at 77~ 
The threshold current  densities are approximately ten 
times as high at 195 ~ as at 77~ 

The data suggest that  at 77 ~ and 195~ the radiative 
lifetime is reduced and for W > 1~ few electrons 
penetrate  to the GaAs-GaAsP interface. It is surprising 
that at these temperatures  electromagnetic mode con- 
finement, which apparent ly  has a strong effect in 
GaAs-GaA1As devices, has no observable effect in the 
GaAs-GaAsP devices studied here. 

The external  differential quan tum efficiency of the 
abrupt  laser structures is shown in Fig. 3. This effi- 
ciency was measured from one end of an uncoated de- 
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Fig. 3. External quantum efficiency at 300~ for stimulated 
emission vs. the p-type GaAs thickness for the abrupt heterostruc- 
ture. 
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Fig. 4. External quantum efficiency at 300~ for spontaneous 
emission vs. the p-type GaAs thickness for the abrupt heterostruc- 
ture. Also shown is the calculated efficiency for several different 
diffusion lengths. 

vice so the total efficiencies are approximately twice 
the values shown. The spontaneous external  quan tum 
efficiencies for the abrupt  heterostructures are shown 
in Fig. 4. The devices used to obtain the spontaneous 
data were square 375 x 375~ chips. The chips were 
p lanar  and uncoated and were mounted n side up with 
the radiat ion being emitted through a 100~ thick GaAs 
layer. A 10 mA drive current  was used. 

Both the spontaneous and st imulated external  effi- 
ciency increase with increasing W, correlating well 
with the decrease in threshold current  density shown 
in Fig. 2. It is apparent  from the data that  interracial  
dislocations are highly effective nonradia t ive  dislo- 
cation centers and that  a GaAs-GaAsP heterostructure 
cannot be used wi thin  the active region of a high per-  
formance light emit t ing device. The spontaneous effi- 
ciencies obtained with a graded alloy "window" are 
somewhat higher than  that obtained with the abrupt  
structures. This may be due to the fact that  by grad-  
ing the alloy composition the window can be closer to 
the peak recombinat ion region without introducing 
strain and dislocations which degrade the in terna l  effi- 
ciency of the device. Efficiencies of ~0.5% have been ob- 
ta ined by reducing the thickness of the n - type  GaAs 
layer. These spontaneous results are similar  to those 
obtained earlier by  Neuse et al. (8). 

Also shown in Fig. 4 are calculated curves for the 
efficiency as a function of confinement distance for 
minor i ty  carrier diffusion lengths of 1, 2, and 3~. These 
curves were calculated following the work of Burn -  
ham et al. (7) using the low-level  inject ion formula-  
t ion for a p / n  junction.  It can be shown that, as the 
surface recombinat ion velocity at the GaAs-GaAsP 
interface approaches infinity, the ratio of the radia-  
t ive current  density, JR, to the total injected current  
density, Jo, can be wr i t ten  a s  

( ' ) 
JR/Jo "- K 1 cosh W / L  

where L is the injected minor i ty  carrier diffusion 
length and K is a constant of proportionality.  This 
equation assumes that  the radiat ive recombinat ion cur-  
rent  density is proport ional  to the total bu lk  recom- 
binat ion current  density, Jm and the total injected 
current  density Jo ----- JB -t- Jr where Jz is the in ter -  
facial recombinat ion current  density and is assumed to 
be ent i re ly  nonradiat ive.  Since the external  efficiency 
is proportional to JR/Jo the external  quan tum effi- 
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ciency as a function of W can be wr i t ten  a s  

where the constant  of proport ional i ty  was determined 
from the s t ructure  where W > 10~ (W > >  L).  

The data shown in Fig. 4 are scattered, but  they do 
suggest an injected minor i ty  carrier  diffusion length 
of ,~2~ at 300~ 

If we assume L ~ 2~ at 300~ and that the elec- 
t ron mobil i ty  ~ ,-~ 2000 cme/V sec, which is typical for 
GaAs with 3 x 10 TM carr iers /cm 3, we can approximate 
the lifetime for the injected electrons 

eL2 
"~ = ~ 10 -9 see 

kT~ 

At 77~ and 195~ the data indicate that  L < 1~. It  
follows that  T ~-- 3 x 10 -~0 sec below 195~ assuming 
decreases monotonical ly  with temperature.  Both the 
lifetimes and diffusion lengths determined here are in 
reasonable agreement  with those found by Vilms and 
Spicer (9). 

Since at 300~ a significant number  of the injected 
electrons penetrate  ~4~ into the p- type  region of the 
GaAs lasers studied here it is probable that  they pene-  
trate a similar distance in other types of GaAs lasers. 
In the case of GaA1As heterojunct ion devices the opti- 
m u m  recombinat ion region width W has been found 
to be -.~2~ so many  of the electrons would be expected 
to reach the GaAs-GaA1As heterojunction.  This im- 
plies that there is a very low dislocation density at 
the interface in the GaAs-GaA1As system. 

The change in diffusion length from ~1~ at 195~ to 
~2~ at 300~ may also be related to the performance 
of GaAs lasers which do not have a confining GaA1As 
barrier.  Stripe geometry lasers with 2.5~ thick p- type  
regions have been operated cont inuously at tempera-  
tures up to ~200~ (10). The nar row p region was 
used to facilitate heat s inking of the devices. The 
~200~ l imit  may be due predominant ly  to the in-  
creasing diffusion length in  this temperature  range 
which allows many  of the electrons to t raverse the 
p- type  region and be lost at the metal  contact thereby 
increasing the threshold of the device. The Q-switching 
which is observed in these devices between 100 ~ and 
300~ may also be related to electrons reaching the 
defects which undoubtedly  are present  at the GaAs 
metal  interface, 

The delay time at 300~ between the beginning of 
the current  pulse and the onset of st imulated emission 
i s  shown in Fig. 5. The delay t ime has general ly been 
measured immediate ly  above threshold for st imulated 
emission, I ~ Ith, but  some workers have considered 
the delay at 50% above threshold, I ----- 1.5 Ith (11), to be 
a more reliable parameter  because it is not so depen-  
dent on the exact shape of the current  pulse. In  Fig. 
5 the delay t ime vs. W is plotted at both current  levels 
as well as the delay at a constant  current  of 45A. As in 
Fig. 2 and 3 the data points represent  average values 
for a batch of devices. For  the delay t ime measure-  
ments  there was approximately 20% scatter wi th in  a 
batch of diodes. The delay was measured from the t ime 
at which the rectangular  (20 nsec rise t ime) current  
pulse reached its max imum value to the time at which 
the light output  pulse reached 50% of its peak height. 
It can be seen that at both I : Ith and I = 1.5 Ith the 
delay t ime decreases with decreasing W, and at a con- 
stant  current  the delay is near ly  independent  of W. 
For a given W the delay t ime decreased with current  
as has been previously observed. At  77~ no measur-  
able delay t ime was observed in any  of the devices. 

The data indicate that  the 300~ delay time in these 
devices is a function of the current  density. This be- 
havior is consistent with the idea that  a certain density 
of traps, where the density is independent  of W, must  
be filled before s t imulated emission can occur (12). 
The presence of the misfit dislocations which strongly 
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Fig. 5. Delay time at 300~ vs. the p-type GaAs thickness, The 

open and closed circles represent data taken at I ~__ Ith and 1.5 
Ith, respectively. The crosses represent data taken at a constant 
current of 45A. 

a f f e c t s  [th and ~lext affect the delay time only through 
the dependence of Ith o n  W. 

The peak intensi ty  of the emitted radiat ion of 77 ~ 
and 300~ was investigated for s t imulated emission at 
I ~ ~th and for spontaneous emission at I ~ Ith. The 
spectral dis t r ibut ion of the emitted radiat ion is char- 
acteristic of heavily doped GaAs [~p(300~ ~ 1.37 
eV, )~p(77~ ~ 1.46 eV] and is relat ively independent  
of W although there is a slight tendency for the energy 
to decrease with decreasing W. No detectable recom- 
binat ion takes place in the alloy layer. The fact that  no 
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A New Manganese-Activated Phosphor: 
Li2ZnGe308 
David A. Grisafe' 

Chemical and Metallurgical Division, Sylvania Electric Products, Towanda, Pennsylvania 18848 

In certain host lattices, it is well known that divalent  
manganese  in te t rahedral  coordination gives rise to a 
green luminescence. Wel l -known examples include the 
phenacite s tructure such as Zn2SiO4:Mn in which all 
the cations are in te t rahedral  coordination or the spinel 
s t ructure such as ZnA1204:Mn in  which one- th i rd  of 
the cat ions--zinc in this example--possess tetrahedrat  
coordination. 

During the search for new manganese-act ivated 
green phosphors containing zinc as one of the host 
ions, the compound Li2ZnGezOs, discovered by Durif  
(1), was found to be activated by manganese.  The 
present  work contains the results of the investigation 
of this compound. 

The desired amounts  of reagent grade Li2CO3, ZnCO3 
or ZnO, MnCO8 and GeO2 were weighed to the nearest  
0.0001g, mixed dry  or mortared in an acetone s lurry 
and fired in crucibles from 700 ~ to 1000~ usual ly for 
several hours. To insure complete reaction the mate-  
rials were remixed and retired in the same tempera-  
ture  range. After  pulverizing, the samples were heated 
in a mildly  reducing atmosphere from 15 min  to sev- 
eral hours, and the result ing powder was passed 
through a 325 mesh sieve. 

Accurate x - r ay  diffraction data for the host lattice 
was obtained by back-packing powder into a sample 
holder and scanning at one-quar te r  degree 2~ per rain 
using a curved crystal monochromator  and CuK~ 
radiation. Silicon was used as an in terna l  standard. 
After  indexing, the lattice parameter  and s tandard 
deviat ion were obtained f rom a least squares com- 
puter  program. 

Using --325 mesh material,  emission spectra under  
cathode ray excitation were obtained with a Jar re l l  
Ash Spectrometer (Model No. 78-496) while spectra 
under  ul t raviolet  radiat ion were obtained from a 
Perk in  Elmer  Spectrophotofluorimeter (Model No. 
195). 

X- ray  powder data for Li2ZnGe3Os prepared in our 
laboratory are presented in Table I. The compound 
possesses a primit ive cubic cell with a lattice param-  
eter of a0 ---- 8.191 + O.001A. The 001 reflections are 
only present when 1 ---- 4n which indicates the space 
group is P4332 or P4132. In  general, the strongest re-  
flections are those whose Miller indices are all odd or 
all even thus suggesting a relat ion to the spinel struc- 
ture. The data show strong similari ty to those reported 
by Datta (2) for the low temperature  form of LiA15Os. 

Unact ivated Li2ZnGe3Os is a white mater ia l  with a 
melt ing point of 100O~ -+- 10~ Assuming a spinel 
s tructure (Z _-- 4) the mater ia l  possesses an x - ray  

1 Present address: State Geological S u r v e y ,  U n i v e r s i t y  of Kansas ,  
Lawrence ,  Karts. 66044. 

K e y  w o r d s :  g r e e n  p h o t o l u m i n e s c e n c e ,  g r een  c a t h o d o l u m i n e s c e n e e ,  
p s e u d o s p i n e l  phosphor, 

density of 5.13 g/cm 3 compared with a picnometric 
density of 5.0 g /cm 3. These values compare relat ively 
well with those of Durif  (1) who reported ao ---- 8.190 
_ 0.002A, a melt ing point of 995 ~ • 5~ and a density 
of 5.11 g/cm 3. 

When fired in air, Li2ZnGe3Os: Mn samples showed a 
dul l  green luminescence and a tan  body color typical  
of incompletely reduced manganese  (to the divalent  
state).  A var ie ty  of reducing conditions were explored 

Table I. X-Ray powder data for Li2ZnGe3Os 

h k l  Ivls .  dabs. dealt.  

llO 22 5.784 5.792 
111 45 4,720 4,729 
210 34 3.660 3.663 
211 16 3.341 3.344 
220 19 2.893 2.896 
310 4 2.589 2.590 
311 100 2.468 2.470 
222 11 2.361 2.365 
320 4 2.270 2.272 
321 4 2,188 2.189 
400 39 2.047 2.048 
411 330 3 1.930 1.931 
331 2 1.878 1.879 
421 6 1.786 1.787 
422 5 1.672 1.672 
510 431 4 1.606 1.606 
511 333 34 1.579 1.576 
520 432 5 1,521 1.521 
521 3 1.496 1.496 
440 44 1,447 1.448 
530 433 1 1,405 1.405 
531 6 1.3846 1.3845 
610 1 1.3463 1.3466 
611 532 2 1.3289 1.3288 
620 2 1.2952 1.2951 
541 1 1.2640 1.2639 
533 g 1.2492 1.2491 
622 7 1.2348 1.2348 
630 542 3 1.2209 1.2210 
631 < 1  1.2076 1.2077 
444 5 1.1824 1.1823 
710 550 543 1 1.1586 1.1584 
711 551 3 1.1471 1,1470 
720 641 2 1.1252 1,1251 
721 633 552 < I  1.1148 1.1146 
642 2 1.0947 1.0946 
731 553 12 1.0665 1.0664 
650 643 1 1,0488 1.0487 
732 651 < 1  1.0402 1.0402 
800 4 1.0239 1.0239 
811 741 554 < i  1.0082 1.0082 
821 742 < 1  0.9860 0.9861 
653 < 1  0.9789 0.9790 
822 660 < 1  0.9554 0.9653 
831 750 743 < 1  0.9522 0.9522 
751 555 7 0.9459 0.9458 
662 3 0.9397 0.9396 
832 654 1 0.9335 0.9334 
840 5 0.9157 0.9158 
910 833 < 1  0.9043 0.9045 
911 753 1 0.8991 0.8991 
920 760 <1 0.8884 0.8884 
921 761 655 < 1  0.8633 0.8832 
930 851 754 <1 0,8635 0.8634 
931 5 0.8587 0.8586 
852 < I  0,8495 0.8494 
844 10 0.8361 0.8360 
941 853 770 < 1  0.8275 0.8274 
933 771 755 1 0.8234 0.8232 
10,10 942 861 764 1 0.8151 0.8150 
10,20 862 < 1  0.8033 0.8032 
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in an a t t empt  to e l iminate  the  body color of the  phos-  
phor  and improve  its br ightness .  The phosphor  is ex -  
t r eme ly  sensi t ive to reduc ing  condit ions and tu rns  a 
g ray ish  color when exposed to only 1 or 2% hy-  
drogen in nitrogen,  the a tmosphere  of ten used for 
d iva len t  manganese -ac t iva t ed  spinel  phosphors.  The 
same discolorat ion was observed when  the  phosphor  
was fired in NH3, CO and some NH3-N2 and CO-N2 
mixtures .  A n  analysis  of res idue col lected at the  ex -  
haust  end of a tube  furnace  dur ing  one of these "over-  
reduct ions"  showed a high ge rman ium content.  F i r ing  
in a tmospheres  such as CO2, N2, or  N~rH~O did not  
sufficiently reduce the  manganese .  

The br ightes t  phosphors  were  p repa red  by  a s tep-  
wise reduct ion  consist ing of firing in shor t  per iods  of  
n i t rogen containing t races  of hydrogen  a l te rna t ing  
wi th  longer  per iods  of ni t rogen.  Phosphors  p repa red  
in this manne r  possessed br ightnesses  of up to 60% 
of Zn2SiO4:Mn under  cathode r a y  exci ta t ion and an 
x ---- 0.245 and y ---- 0.718. 

Reflectance spectra  in the  u l t rav io le t  region for the 
unact iva ted  and manganese -ac t iva t ed  Li~ZnGe3Os are  
shown in Fig. 1. Al though  the host  la t t ice  absorbs 
under  2537A excitat ion,  its emission is a ve ry  dul l  blue 
at best. The large  increase  in absorpt ion  due to the 
addi t ion of manganese  indicates  the  phosphor  is 
l a rge ly  ac t ivator-sensi t ized.  

Typical  emission spect ra  for Li2ZnGe3Os:Mn and 
Zn2SiO4:Mn under  2537A exci ta t ion are  shown in 
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Fig. i. Diffuse reflectance spectra for (A) Li2ZnGe~Os and (B) 
Li.2ZnGe3Os :Mn. 
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Fig. 2. Emission spectra for (A) Li2ZnGe3Os:Mn 
Zn2SiO4:Mn under 2537A excitation. 

and (B) 

Fig. 2. The ge rmana te  phosphor  is b r igh te r  under  
2537A compared  wi th  ca thode - r ay  excitat ion.  The 
presence of only  a green emission band and the s imi -  
l a r i ty  of the emission curve to such phosphors  as 
~-LiA15Os:Mn repor ted  by  Jaffe (3), Zn2SiO4:Mn, and 
ZnAl_~O4:Mn are  s t rong evidence tha t  Li2ZnGe3Os:Mn 
is ac t iva ted  by  d iva len t  manganese  in t e t r ahed ra l  co- 
ordinat ion.  

In  summary ,  Li2ZnGe308 possesses a p r imi t ive  cubic 
la t t ice  re la ted  to the  spinel  c rys ta l  s t ruc ture  and rep-  
resents  a new host  la t t ice for manganese -ac t iva ted  
green phosphors.  The phosphor  is ex t r eme ly  sensi t ive 
to reducing  conditions, but  when  p rope r ly  prepared ,  
it y ie lds  an emission curve  s imi lar  to g reen- lumines -  
cing spinels and phenacites.  
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Depolarization Current Characteristics of 
Naphthalene Photoelectrets 

P. K. C. Pillai and Malti Goel 
Department of Physics, Indian Institute of Technology, New Delhi-29, India 

Electre t  science is becoming an impor tan t  b ranch  
of pure  and appl ied  physics.  An  e lec t re t  is s imply  a 
dielectr ic  ma te r i a l  wi th  r emanen t  polarizat ion.  Ther -  
moelec t re ts  and photoelect re ts  a re  formed by  s imul t a -  
neous appl ica t ion  of electr ic  field and heat  or  light, 
respect ively.  Proper t ies  of naphtha lene  thermoelec t re t s  
were  first discussed by  Baldus  (1) and then by  Mas-  

Key words:  organic semiconductor,  naphthalene,  photoelectret ,  
da rk  depolarization current .  

carenhas  (2). La te r  Belyaev,  Belikova,  Fr idk in ,  and 
Zheludev (3) repor ted  on the t he rmo-  and photo-  
e lect re t  effects in naph tha lene  and showed tha t  these 
s tates  are  inseparable .  Campos et al. (4) used the the r -  
mal  depolar iza t ion  technique to invest igate  t r apped  
polar izat ion in naph tha lene  thermoelect re ts .  The 
h igher  values  of charge s torage in naph tha lene  (3) led 
to fur ther  invest igat ion.  Depolar iza t ion  cur ren t  char -  
acterist ics and contact  electr if icat ion processes of naph-  
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thalene photoelectrets, formed under  different ex- 
per imental  conditions, have been studied in detail in 
this investigation. 

Naphthalene is a photoconducting dielectric mate-  
rial with a permit t iv i ty  of 2.7 and a band gap of 3.7 eV 
(5). This band gap value gives an optical absorption 
edge in solid naphthalene  at 3400A. 

The naphtha lene  used in this investigation was ob- 
tained from British Drug Houses Ltd. (BDH) Labora-  
tory Chemicals Division, Poole, England,  and had a 
molecular weight of 128.17. 

Experimental Conditions 
About  25 naphthalene  samples were prepared by 

solidifying melted naphthalene (mp 79.5~ in mica 
cavities, 1 cm 2 in area and 1 m m  thick, between two 
a luminum electrodes. Sample surfaces were made un i -  
form by means of a remel t ing and resolidification tech- 
nique; keeping a heated a luminum electrode over the 
surface and applying pressure to remove extra mate-  
rial. This special technique also helped to ma in ta in  a 
uniform thickness for all samples. To avoid the ini-  
tial molding charge, the samples after preparations 
were kept in a desiccator under  dry  conditions for 
about 12 days. The samples were then placed inside a 
photoelectret jig specially designed for the application 
of forming field and polarizing light simultaneously.  

Details of the photoelectret jig are shown in Fig. 1. 
It consists of a brass cylinder, 1, 3 in. in diameter, 
closed on both ends except for an aperture, 2, for light 
i l lumination.  Another  small  cylinder, 3, 1 in. in diam- 
eter, is screwed into the aperture to obtain perfect 
darkness surrounding the sample. The sample, 4, is 
held t ightly by means of a spring, 7, and a movable 
electrode, 11, between two a luminum electrodes, 5 and 
6, and is placed inside the guard r ing of mica, 8. 

To i l luminate  the sample, one of the a luminum 
foil electrodes, 5, was made into a grid with 1 mm 2 
holes spaced 1 mm apart. The other a luminum elec- 
trode, 6, was solid. A brass rod, 9, was attached to the 

Fig. 1. Photoelectret jig 

spring through insulation, 10. A circular brass disk, 
11, connected to this rod was used to apply uni form 
pressure to the sample. An insulated knob, 12, to adjust  
the pressure on the sample, is held by the cover. A 
door, 13, is provided for handl ing  the sample. The 
casing and the shielding of all connecting wires are 
grounded. 

A luminum electrodes make blocking contact with 
naphthalene monocrystal  (6), but  with polycrystal l ine 
material,  the na ture  of contact is effectively ohmic due 
to the presence of surface states. Deviations from 
Ohm's law can occur at higher fields due to space 
charge effects. 

To measure dark depolarization current ,  the sample 
was i l luminated  for 10 mi n  wi th  white light from a 
100W, 220V, tungsten  filament lamp, and a high po- 
larizing field was applied simultaneously,  keeping the 
perforated electrode negative. The field and i l lumina-  
tion were then switched off, and the jig containing the 
sample was covered with a black cloth. Discharge cur-  
rent  was measured by means of a microammeter  
E A 810A, supplied by Electronic Corporation of 
India; that can read current  down to 10-12A. 

In another series of measurements  the photoelec- 
trets formed as above were kept short-circuited in 
complete darkness for half  a minute,  then re - i l lumi-  
nated with the same light in tensi ty  as used dur ing 
polarization process. Photodepolarization current  mea-  
surements  were carried out simultaneously.  

In the third series, photoelectrets were formed by 
the application of field and light for 10 min, then the 
field was continued for another 5 min  after the i l lumi-  
nat ion was switched off, i.e., the sample was dark 
polarized for 5 min. After these polarization processes 
the samples were kept short-circuited in the dark for 
half a minute.  The photodepolarization current  mea-  
surement  was taken while re - i l lumina t ing  the photo- 
electrets. Measurements were carried out at room tem- 
perature, i.e., 32 ~ • 2~ 

Experimental Results 
Dark depolarization current  measurements  were 

carried out on ten different samples. A separate sample 
was used a each value of the field s trength varying in 
steps of 0.9 kV/cm from 0.9 to 9 kV/cm. Results are 
shown in Fig. 2. The decay of dark depolarizing cur~ 
rent  with t ime is similar in  each case. I l luminat ion  was 
kept constant in each of these measurements.  

The results of exper imental  investigation of the 
second series of measurements  are shown in Fig. 3. In i -  
t ial  values of currents  in this case are much less than 
those of the photoelectrets processed without  storing. 
F inal  values of the currents  are slightly higher than 
the values without  storing, indicat ing that  the storing 
process stabilizes the traps. In  Fig. 4 the results of the 
third series of measurement  are plotted. Here the in i -  
tial current  is more than its corresponding value in 
the second series shown in  Fig. 3. This suggest that  
the process of dark polarization for an extra 5 min  
after photopolarization for 10 rain gives bet ter  results. 

It  can be seen from Fig. 2 and 3 that  the ini t ia l  
value of depolarization current  increases with in -  
creasing field strength. But the depolarization current  
curves cross at cer tain points due to d i f f e r en tdecay  
rates, which depend on the var iat ion of temperature  
and humidi ty  conditions dur ing  measurement ,  and also 
on the slight var iat ion of thickness and s t ructure  from 
sample to sample. I t  has been observed that  decay 
curve do not cross if a single sample is used at all 
field strengths under  controlled conditions. Uncharged 
samples are used in this case at each field s trength to 
preclude any effect of re tent ion of previous charge 
on the measured value of current .  

Five different samples were polarized by light and 
field at different field strength. Depolarization cur-  
rents measured after re - i l lumina t ion  are shown in Fig. 
5. Under  similar exper imental  conditions, a single 
naphthalene sample was also polarized at each field 
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Fig. 2. Dark depolarization currents, for naphthalene photoelec- 
trets formed in 10 min time at different field strengths varying 
from 0.9 to 9 kWcm. 
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Fig. 3. Depolarization currents of naphthalene photoelectrets 
formed as i.n Fig. 2, but stored in dark for half a minute longer 
and then illuminated during measurements. 

strength and depolarization current  while re - i l lumina t -  
ing was observed. Results are plotted in Fig. 6. The 
curves in Fig. 6 tend to converge while those in Fig. 5 
are approximately equal ly spaced. This interest ing 
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Fig+ 4. Depolarization currents of naphthalene photoelectrets 
formed as in Fig. 2 and also dark polarized for another 5 min. 
The current measurements have been taken by re-illuminating the 
samples which were stored in dark for half a. minute more. 
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Fig. 5. Depolarization current of five different naphthalene pho- 
toelectrets for field strengths varying from 0.9 to 4.5 kV/cm. 

phenomenon of convergence can be called the heat 
quenching effect (7). 

In  Fig. 7, current  measurements  on different fresh, 
unpolarized samples, i . e . ,  dummy samples, prepared 
under  identical  conditions without  any application of 
field and i l luminat ion  are shown. These str ipping 
charges are introduced at the metal  insulator  contact 
dur ing the molding of samples. It  can be seen that  
currents  on one side of the sample are always higher 
than those on the other side. High discharge currents  
are obtained on the side which solidifies on the a lumi-  
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Fig. 6. Depolarization current of naphthalene photoelectrets 
prepared from the same sample at field strength varying from 
0.9 to 4.5 kV/cm. 
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Fig. 7. Discharge current of different fresh ~amples formed with- 
out the application of field or light. 

n u m  electrode. The other side of the sample was 
treated by  the remel t ing and resolidification process; 
reheat ing each time destroys the charge produced the 
previous time, and u l t imate ly  less current  is observed 
on that  surface. Such currents  in samples left in open 
air, decay quickly in humid surroundings;  however, in 
samples kept short-circuited by metall ic foils in a 
desiccator, the currents  re tain their  values for a longer 
time. 

Depolarization current  of a dummy sample and a po- 
larized sample, prepared at 4.5 kV/cm, are compared 
in Fig. B. For  the dummy sample, depolarization cur-  
rent  increases to a max imum value in 24 hr  and then 
decays to a constant  value in 3 days t ime (curve a). 
After  6 days it again starts decaying and u l t imate ly  
becomes zero. Another  sample was kept  short-circuited 
for 24 hr (curve b) and then polarized. Current  in this 
case increases from 50 x 10 -9 to 130 x 10-gA on the 
side subjected to i l luminat ion and from 110 x 10 -9 to 
150 x 10-gA on the other side; it then falls sharply to 
a much lower value in the next  24 hr. Afterwards it 
decays slowly to zero in  approximately  12 days. After  
measurements,  samples were kept short-circuited in a 
desiccator for fur ther  studies. The high value of de- 
polarization cur ren t  in the d u m m y  sample have been 
found to be associated with high humid  environment .  

o 
,70 z ~  
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Fig. 8. Depolarization currents of a dummy somp|e (a) and a 
polarized photoelectret (b) formed at 4.5 kV/cm in 10 rain. 

Discussion 
Kepler and Le Blanc (8, 9) have suggested that  band 

s t ructure  model can be effectively applied to explain 
photoelectret phenomena in organic semiconductors. 
Incident  light excites electrons and holes in the valence 
band of naphthalene,  and when  the condition of ab-  
sorption is satisfied for any  part icular  wavelength, 
electrons are excited either to the conduction band  or 
to traps. Depolarization current  is a ma x i mum ini-  
t ial ly and then decays asymptotical ly due to the fact 
that  the supply of trapped electrons is ma x i mum in 
the ini t ial  stage and only a small  number  of electrons 
are available after some time. Excited electrons travel 
toward the positive electrode and holes toward the 
negative electrode, and the sample becomes polarized 
as shown in Fig. 9(a) (top) and (b) (bottom).  If the 
number  of electrons per uni t  volume in the t rapping 
levels at the init ial  polarization state is No and the 
number  of electrons per uni t  volume contr ibut ing to 
depolarization cur ren t  at any time t is n, then we can 
wri te  

n = N o  exp (--  t / a )  . . . . . . . . .  [1] 

where = is the l ifetime of electrons in electron traps. 
Similar ly  for holes 

P ---- Po exp ( - -  t / f l )  . . . . . . . . .  [2] 

where ~ is the lifetime of holes in hole traps. Values 
of ~ and /9 are of the order of several seconds for 
naphthalene  crystal. 

Total depolarization current  density J at any time t 
is the current  due to electrons as well  as holes, which 
can be wr i t ten  as 

J ~ n e ~ e E +  Pe~hE 
---- J;vo exp ( - -  t /a )  + JPo exp ( - -  t l i J )  . . .  [3] 
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Fig. 9. Polarization process of a photoelectret 
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where E is the electric field and e the charge of the 
carrier;  ~e and ~h are mobili t ies of electrons and holes, 
respectively, 

JNo = Ne e ~ E, i.e., init ial  electron current  density 
JPo -- Poe #h E, i.e., ini t ial  hole current  density 

The decay of depolarization current,  as shown in Fig. 
2 to 6 can be explained by Eq. [3]. It  is assumed that  
mobilit ies ~,~ and ~h do not change appreciably dur ing 
i l lumination.  The expression for depolarization cur-  
rent  is valid for all values of electric fields except for 
one or two discrepancies. Since we do not know the 
exact contr ibut ions of electrons and hole, we cannot  
make exact calculations. 

Dark depolarization current  is the current  due to 
thermal  release of electrons; its decay is faster in the 
beginning and slow afterwards tending to become con- 
stant (Fig. 2). Dark depolarization current  as a func-  
tion of applied field is shown in Fig. 10, immediately 
after the formation of the electret. This ini t ial  depo- 
larization current  shows an almost l inear  increase 
from 20 x 10-9A to 115 x 10-gA with the applied field 
increasing from 0.9 to 9 kV/cm under  constant  i l lumi-  
nance (curve a). No saturat ion is observed in this 
case. Due to the application of field, electrons and holes 
are l iberated from traps replacing conduction elec- 
trons which are a l ready displaced by the applied field. 
The stronger the field the greater is the n u m b e r  of 
electrons displaced; this explains the rise of depolari-  
zation current  with applied field. The fact that  there is 
no saturat ion suggests that  dur ing  formation of the 
photoelectret there is only part ial  filling of t rapping 
levels by electrons. When short-circuited samples are 
stored in the dark for half  a minu te  before photo- 
depolarization current  measurements,  and then re- i l -  
luminated,  charge carriers are excited from traps due 
to light induced transi t ions as well  as due to thermal ly  
induced transitions. The init ial  depolarization current  
increases from 8 x 10 -9 to 45 x 10-gA for the same 
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Fig. !0. Initial depolarization current of naphthalene photoelec- 
trets prepared in ]0 rain by simultaneous application of field and 
illumination as a function of applied field strength: (a) immediately 
after formation of electret; (h) after dark storage, sample short- 
circuited; (c) external field maintained for 5 min after removal of 
illumination. 
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field values as above (curve b) .  The smaller value of 
ini t ial  discharge current  in this case suggests that the 
phenomenon of recombinat ion between electrons and 
holes is taking place dur ing short-circuiting, thereby 
reducing the number  of electrons in t rapping levels 
and thus the density of conduction electrons. Dis- 
charge current  increases with field from 10 x 10 -~ to 
50 x 10-gA when the external  field is applied for 5 
min  more after the i l luminat ion is switched off (curve 
c). Here an increase in the durat ion of the applied 
field has increased the ini t ial  depolarization current,  
indicating that  more and more charge carriers are 
carried along by the field, depending on the durat ion 
of applied field. 

F ina l  depolarization current  after 15 min, Fig. 11, 
curve a, shows a much shallower slope as compared to 
the slope of ini t ial  cur rent  as shown in Fig. 10. The 
dark depolarization current  increases from 2 x 10 -9 to 
7.8 x 10-gA for the field values from 0.9 to 9 kV/cm, 
except for a peak around 7.2 kV/cm where the current  
is 20.5 x 10-gA. Depolarization current  after storing 
(curve b) increases from 2.6 x 10 -9 to 5.3 x 10-9A and 
that after application of external  field (curve c), from 
2.9 x 10 -9 to 7.5 x 10-gA for the same field range. The 
small  variat ion in final depolarizing current  in these 
cases suggests that release of trapped electrons can take 
place at almost the same rate in all  these cases. The 
data for Fig. 10 and 11 are taken  from Fig. 2, 3, and 4. 

The heat quenching effect, Fig. 6, occurs due to pro- 
longed i l luminat ion of the sample with white light. 
The infrared component  quenches electrons present  in 
shallow traps without  producing any fur ther  excitation. 
If separate samples are used at different field strengths, 
no such quenching effects occur, as shown in Fig. 5. 

A dummy sample molded between two electrodes 
without  any application of field and i l luminat ion  also 
gives a depolarization current  comparable to that  of a 
polarized photoelectret (Fig. 8, curve a and b).  This 
is associated mainly  with the contact electrification of 
the sample. 

S u m m a r y  and Conclus ions 
1. Naphthalene photoelectrets can be prepared in 

10 rain t ime with simultaneous application of an elec- 
tric field and light. 

2. Ini t ia l  dark depolarization current  increases al- 
most l inear ly  with increasing field; the final current  
after 15 min  does not increase in the same proportion, 
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Fig. 11. FinaJ depolarization current of naphthalene photoelec- 
trets, prepared as in Fig. 10, after 15 rain, as a function of applied 
field: (a) immediately after formation of electret; (b) after dark 
storage, sample short-circuited; (c) external field maintained for 
5 rain after removal of illumination. 
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indicating that  decay is faster at higher voltages than 
at lower voltages. 

3. When photoelectrets are stored in dark for 0.5 
min, the depolarization current  shows much more sta- 
bil i ty than it does in photoelectrets not stored. 

4. The application of an external  field after switch- 
ing off the i l luminat ion increases the ini t ial  value of 
depolarization current ;  therefore this technique is ad- 
vantageous for getting larger  currents.  The final cur-  
rent  after 15 min  is, however, not much affected by an 
extra field. 

5. Prolonged i l luminat ion with the tungsten filament 
source produces a heat quenching effect and, there-  
fore, the use of infrared filters is suggested for future 
work. 

6. Contact electrification plays an important  role in 
the behavior of a naphthalene  photoelectret, especially 
under  humid  surroundings.  

Acknowledgments 
The authors are grateful  to Professor M. S. Sodha, 

Head of the Depar tment  of Physics, Indian  Inst i tute 
of Technology, Delhi, for the encouragement  given to 
them dur ing  the course of this investigation. Special 
thanks  are also due to Mr. V. K. Ja in  for the useful 
suggestions and discussions at all stages of this experi-  
menta l  investigation. The authors are thankful  to the 

Council of Scientific and Industr ia l  Research, Govern-  
ment  of India, for the research grant  for carrying out 
this work. 

Manuscript  submitted Oct. 27, 1969; revised m a n u -  
script received ca. Oct. 22, 1970. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1971 
JOURNAL. 

REFERENCES 
1. W. Baldus, Z. Tech. Phys., 6, 481 (1954). 
2. S. Mascarenhas, Ann. Acad. Brazil, 31, 395 (1959). 
3. L. M. Belyaev, G. S. Belikova, V. M. Fridkin,  I. S. 

Zheludev, Soviet Physics, Crystallography, 3, 772 
(1960). 

4. M. Campos, G. Leal Ferreria,  and S. Mascarenhas, 
This Journal, 115, 388 (1968). 

5. H. Pick and G. Wiseman, Z. Phys~k, 138, 436 (1954). ,, 
6. H. Boroffka in "Electrical Conductivi ty of Solids, 

H. Ka l lman  and M. Silver, Editors, p. 395, In te r -  
science Publishers, New York (1961). 

7. "Photoelectret and the Electro-photographic Proc-  
ess," by V. M. Fr idk in  and I. S. Zheludev, Con- 
sultants '  Bureau, New York (1961). 

8. R. G. Kepler  in "Organic Semiconductors," J. J. 
Brophy and J. W. Buttrey, Editors, p. 1, Mac- 
millan,  New York (1962). 

9. O. H. LeBlanc, Jr. ,in "Organic Semiconductors," 
J. J. Brophy and J. W. Buttrey, Editors, p. 21, 
Macmillan, New York (1962). 

Behavior of Te in Vapor-Grown GaP 
R. C. Taylor* 

IBM Research Division, Yorktown Heights, New York 10598 

During  the course of recent  photoluminescence 
studies of te l lur ium donors in vapor-grown GaP (1) it 
w a s  found that dark, t r igonal ly shaped pat terns ap- 
peared in crystals grown in the ( l l l ) A  direction at 
high te l lur ium concentrations. These dark areas were 
clearly visible at low magnification when  the crystals 
were viewed with t ransmit ted  light. Similar  findings 
were also made by Luther  (2). Because of the im- 
portance of te l lur ium doping in GaP l ight-emit t ing 
diodes we at tempted to gain a more quant i ta t ive  pic- 
ture of the na ture  of these dark areas and of the 
general  behavior of Te in vapor-grown GaP, includ-  
ing the solubili ty of the electrically active species. To 
accomplish this a series of crystals was grown using 
radioactive Te as the dopant. The desired information 
was obtained from a correlat ion of the radiotracer 
data with the electrical measurements.  Use was also 
made of t ransmission photomicrographs, autoradio- 
graphs, and electron microprobe analysis. 

Experimental 
The vapor-grown GaP crystals were prepared by a 

previously described Ga-PCI~ t ransport  method (3). 
The gall ium source temperature  was 900~ the sub- 
strate tempera ture  800~ and the PCI~ bubbler  tem- 
perature --30~ The PC13 flux was mainta ined con- 
stant at 1 x 10 -~ moles /hr  for all runs  by passage of 
50 cm3/min of hydrogen through the cooled bubbler.  
Radioactive Te was introduced into the system in the 
form of a Te pellet in  the doping line. The Te vapor 
flux required to give the desired doping level was 
controlled by the pellet temperature  and hydrogen 
flow over the pellet. The Te flux was determined by 
pellet weight loss. Total hydrogen flow in the system 
was 1O0 cm3/min. 

* Electrochemical  Society Act ive  Member.  
K ey  words:  te l lur ium segregation, donor solubility, substrate  ori- 

entation effect. 

For the most par t  the substrates used were GaAs 
wafers oriented 5 ~ off (111)A. This orientat ion was 
chosen because it had been found that  high donor 
concentrat ions could be employed without  significantly 
affecting growth rates and surface morphology of 
GaP growths as opposed to the case with growths on 
( l l l ) B  substrates (4,5).  Also the ( l l l ) A  growths 
tend to reject the residual sulfur impur i ty  that  is 
present in PCI~ (3) so that  the electrical measure-  
ments  should reflect only Te donor concentrations. A 
few (100) and 5 ~ off ( l l l ) B  substrates were used to 
determine whether  the solubil i ty of electrically active 
Te and the appearance of the discolored defect areas 
might be orientat ion dependent  and to determine the 
Te(lll)B/Te(lll)A orientat ion effect [the ratio of Te 
incorporated into ( l l l ) B  growths to Te incorporated 
into ( l l l ) A  growths under  identical conditions]. 

The substrates were chemically polished with an 
H 2 S O 4 / H 2 0 2  etch before use. After  growth the GaAs 
was removed by a 3HNOJHC1 etch. The radioactive 
Te was produced by neut ron  i r radiat ion of six nines 
pur i ty  Te, and its concentrat ion was determined in 
the GaP by gamma scinti l lation counting. Since the 
radiochemistry of Te is quite complex and several 
isotopes emit gamma radiation, the notat ion Te* wil l  
be used throughout  this paper to indicate total Te 
concentrat ion as determined by gamma counting of 
all radioactive Te species. A possible complication in 
determining Te in a sample by radiotracer methods is 
the decay of Te TM resul t ing in the growth of gamma 
activity in the daughter product I TM. The iodine being 
retained in the s tandard would not be incorporated 
into the growing GaP crystal  and as a result  erroneous 
radiotracer data would be obtained. Therefore the 
neut ron- i r rad ia ted  Te was not used unt i l  the I TM had 
decayed below the l imit  of detectabili ty as determined 
by gamma ray spectrometry. In  this way  we were 
certain that  all gamma activity from both sample and 
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Fig. l, The dependence of Te* concentration in ( l l l ) A  and 
( I I I )B GaP crystals on dopant vapor flux. 

s tandard was due exclusively to radioactive Te species. 
As a fur ther  check, the doped GaP samples were 
remeasured after a few weeks and were found to 
have the same Te concentrat ion as compared with the 
standard. Electrical measurements  were made by the 
Van der Pauw method. The GaP crystals were polished 
for the transmission photomicrographs, autoradio- 
graphs, and electron microprobe analysis. The auto-  
radiographs were taken with Kodak R-X- ray  film us- 
ing 16-hr exposures. 

Results and Discussion 
Dependence of Te* concentration on dopant vapor 

f lux .~The  concentrat ion of Te* in the GaP crystals 
as a function of dopant vapor flux is shown in Fig. 1. 
Previously obtained results for Se v5 doping (4) are 
also shown for purposes of comparison. The Te con- 
centrat ion in the crystal shows an approximately 
l inear  dependence on dopant  vapor concentrat ion for 
both ( l l l ) A  and ( l l l ) B  growths. This was also found 
for Se doping and indicaCes that  doping occurs under  

nonequi l ib r ium conditions since under  equi l ibr ium 
conditions at an 800~ growth tempera ture  the doping 
should reflect extrinsic behavior  and the donor con- 
centrat ion should be proport ional  to the square root 
of the vapor phase concentration. A l inear dependence 
has also been found by van  der  Does de Bye and 
Peters in an open tube GaP-HCI t ranspor t  system (6). 
However Dyakonov (5) observed the expected ex- 
trinsic behavior  in a closed-tube system, which lends 
i t s e l f  more to equi l ibr ium conditions than does an 
open system. 

The orientat ion effect doping ratio, Te(n lm/Te( lnA) ,  
increases from about 20 at a dopant flux of 5 x 10 -9 
moles /hr  to about 45 at a flux of 1 x 10 -7 moles/hr .  
The same ratio is exhibited by Se-doped crystals, so 
it is apparent ly  independent  of donor species. We have 
explained this ratio previously for Se doping based 
on the fact that Se going onto a P site as a donor  will 
form two surface bonds on a ( l l l ) B  surface and 
only one on a ( l l l ) A  surface and will  therefore be 
more strongly held on the ( l l l ) B  surface (4). Al-  
though the or ientat ion effect ratio is independent  of 
donor species, the distr ibution coefficient of the donor 
between solid and vapor is not. The dis tr ibut ion co- 
efficient for Te is about one-hal f  of that  for Se. The 
difference decreases somewhat as lower dopant con- 
centrat ions are approached. The dis tr ibut ion coeffi- 
cient for Te is about 2 on ( l l l ) B  face growths and 
about 0.05 to 0.I on ( l l l ) A  face growths. 

Correlation of radiotracer and electrical data.~The 
results of radiotracer and electrical measurements  on 
the Te-doped samples are given in Tables I and II and 
in Fig. 2. Table I shows the Te* concentrat ion and the 
room temperature  and 77~ electrical properties for 
( l l l ) A  growths. Table II gives similar results for 
(100) and ( l l l ) B  growths. It should be noted that  
the Te* concentrat ion at high concentrat ions is an 
average value due to segregation of the dopant. 

In  Table I all samples except A1 are n-type.  The 
two principal  effects i l lustrated by this table are those 
due to compensation and to impur i ty  conduction. 
Compensation is indicated at Te* values below 1017 
cm -3 by the discrepancy between the Te* concen- 
t rat ion and the room temperature  carr ier  concen- 
tration. This discrepancy becomes as large as 6 to 1 
for sample A2 and decreases unt i l  a concentrat ion 
2 x 1017 cm -3 is reached (samples A5 and A6). Com- 
pensation is also reflected in room temperature  and 

Table I. Radiotracer and electrical data for Te-doped GaP (IlI)A 

[Te*], n(RT), /~(RT), ~ ( R T ) ,  n ( 7 7 ~  /~(77~ p(77o) ,  
Sample cm --3 cm -3 cm-"/V-sec ohm-cm cm-a em2/V-sec ohm-era 

A1 1.0 • 10 te > 1 0 4  
A2 3.4 Z 10 ~6 5.2 x 10~ 82 15.0 2.7 x 10 u 62 3.7 X 104 
A3 7.3 • 10 TM 3.0 • 101~ 125 1.70 3.6 • 1013 323 540 
A 4  9.8 • 10 ~6 4.7 • 10 is 143 0.94 9.0 x 10 ~ 731 96,0 
A5  2 ,0  • 10iv 1.5 • I017 130 0.31 2.2 x i 0  ~ 606 47.0 
A6 2.0 • 1017 1.9 • 1017 113 0.29 3.9 X 1014 382 42.0  
A7  5.0 X 1017 3.7 • 1017 107 0.16 1,1 X 10 ~ 382 15.0 
A8  7.7 • I 0  ~ 7.5 • 1017 91 0.091 2.2 • 10 ~ 277 10.0 
A 9  2.7 • 10is 1.2 X l 0  TM 63 0.062 7.3 X 10 ~ 222 3.9 
AI0 6.0 • 101s 2.4 • l0 TM 85 0.031 7.3 x l0 is 89 0.95 
A l l  I .I  X 10 TM 3.7 x 10 is 61 0.028 7.5 • I01~ 22 0.38 
AI2 ~ 3.1 X l0 TM 64 0.031 6.8 X I01~ 94 0.98 

" Doped with nonradioactive Te.  

Table II. Radiotracer and electrical data for Te-doped GaP (100) and (111) B 

[ T e ' ] ,  n ( R T ) ,  ~ ( R T ) ,  p ( R T ) ,  n ( 7 7 ~  p~(77~ ,0(77~ 
S a m p l e  c m  -.a c m  -s em~/V-sec  o h m - c m  cm-~ em2/V-sec  ohn%-cm 

(100) 
O l  3.5 X 10~s 1.8 • I0  is 82 0.043 9.4 • 10 ~ 166 4.6 
0 2  1.4 • 101s 3.4 • l 0  TM 56 0.033 3.8 x 1017 21 0.00 

( I I 1 ) B  
B1 2.3 X I017 2.8 • I017 115 0.19 8.0 X I 0  t4 747 I0 .0  
B2 2.9 x 10~s 1.6 • 10 ~s 60 0.066 9.9 x 10 ~ 175 3.6 
B3  4.6 • l 0  TM 2.4 • 10 TM 65 0.039 4.9 x 10 ~e 77 1.7 
B4  8,8 X l 0  TM 2.6 X l 0  is 25 0.097 9.3 x 1018 21 3.2 
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agrees with the results of Trumbore  (10), but  is about 
three times the solubil i ty determined by Dyakonov (5). 

Tellurium segregation.--Figures 3-5 show t ransmis-  
sion photomicrographs of the Te segregation which 
occurs at high concentrations. Figure 3 shows the most 
heavily doped ( l l l ) A  and (100) growths. In  (a) and 
(b) the view is along the (111) growth direction. The 
Te concentrat ion in the sample of Fig. 3a (A10) is 
6 x 10 TM cm -3, or about half  that  of the sample of Fig. 
3b ( A l l )  which is 1.1 x 10 TM cm -~. Both photomicro- 
graphs show the r emnan t  of an as-grown surface pit  
not completely removed by polishing. The t r igonal ly 
shaped dark  areas appear to have their  origin at  the 
apex of these pits and display the three-fold symmetry  
of the (111) growth direction. The first signs of these 
defect areas appear a,t a Te concentrat ion of about 
2 x 10 TM cm -3. The number  of t r igonal ly shaped areas 
is considerably greater than  the number  of obvious pits 
in the as-grown surface, which suggests that  the pits 
coalesce or fill in  dur ing  growth. The filling in  process 

.v 1016 1017 1018 1019 
[Te ~] (cm "3) 

Fig. 2. The dependence of room temperature carrier concentration 
on Te* concentration in GaP crystals grown on ( I l l )A - ,  ( I l l )B- ,  
and (100)-oriented substrates. 

77~ mobil i ty  values, which peak at a Te concentra-  
t ion of 1 x 10 iv cm -~ and fall off at lower concentra-  
tions. We have previously speculated (7) .that this 
compensation is due to a Ga vacancy deep acceptor 
( t r iply ionized) at a concentrat ion of about 1 x 10 TM 

cm -3 which is introduced into ( l l l ) A  growths to 
alleviate surface strain. Other investigators (6, 8) 
have calculated that  a deep acceptor is present  in 
( l l l ) A  growths at a level  of 0.85 eV above the val -  
ence band, bu t  they have failed to ident ify it. 

The indicat ion of impur i ty  conduction is seen in the 
heavily doped samples (A10 and A l l )  where Te* is 
above the mid 10 TM cm -3 range. ,Carrier freezout drops 
from three orders of magni tude  for donor concentra-  
tions in the low 10 TM cm -8 range to less than one order 
of magni tude at 10 TM cm -~ (sample A l l ) .  Also at 10 TM 

cm -s ,  the mobi l i ty  at  77~ is less than  at room tem- 
perature. Table II shows the same tendency toward 
impur i ty  conduction for (100) and ( l l l ) B  growths as 
does Table I for ( l l l ) A  growths and at the same donor 
concentration. 

Figure  2 shows the exper imenta l  and n /Te  = 1 
curves for room tempera ture  carrier concentrat ion as 
a funct ion of Te* concentrat ion for three different sub-  
strate orientations. The previously ment ioned com- 
pensation in ( l l l ) A  growths is reflected on the diver-  
gence of the two curves at low Te concentrations.  In 
the 101~ cm -3 range the two curves closely parallel  
each other. The fact that  the ( l l l ) B  point  is above the 
n / T e  ---- 1 line is perhaps due to the contr ibut ion of the 
sulfur  impuri ty .  At high concentrat ions the carr ier  
concentrat ion falls increasingly below the Te concen- 
t ra t ion due to increased donor ionization and the ap- 
proach to saturat ion solubili ty of Te as an electrically 
active species. The points for high doping levels show 
the solubili ty l imit  to be independent  of substrate  
orientation. Using the data if Montgomery (9) for Te 
b inding  energy vs. Te concentrat ion and calculating the 
per cent ionization, it has been determined that  for a 
sample with a Te concentrat ion of 1 x 10 TM cm -~ and 
a room tempera ture  carrier  concentrat ion of 3-4 x 10 is 
cm -3 (upper l imit  of curve, Fig. 2) the donor concen- 
trat ion at exhaustion is about 6-7 x 10 TM cm -3, or about 
60% of the Te concentration. This is probably the solu- 
bi l i ty l imit  for electrically active Te. This substant ia l ly  

has been observed by Luther  (2). It  is possible that  
the apex of each tr igon is at a dislocation site either 
present  in the substrate or generated to relieve hetero- 
junct ion  strain, the number  generated increasing with 
increasing Te concentration. The reason for the shape 
of the tr igon is probably  that  the pit walls are of an 
or ientat ion which allows nucleat ion and retent ion of 
Te more readily than does the (111) A growth surface. 
Figure 3c is an autoradiograph of the sample in Fig. 3b. 
The clearly visible tr igon in the center of the figure 
shows that  the three blades of the tr igon are t ru ly  Te 
rich. In  Fig. 3d and 3e the view is along the (100) 
growth direction. The Te concentrat ion in the sample 
of Fig. 3e(02) is 1.4 x 10 TM cm -3, or four t imes that  in 

Fig. 3. (a) Transmission photomicrograph of sample A I0  (t 
7 mils) viewed along (111)A growth direction. (b) Transmission 
photomicrograph of sample A l l  (t ---- 7 mils) viewed along 
(111)A growth direction. (c) Autoradiograph of (111) surface of 
sample A l l .  (d) Transmission photomicrograph of sample 01 viewed 
along (100) growth direction (t ---- 4 mils). (e) Transmission photo- 
micrograph of sample 02 viewed along (100) growth direction 
(t ---- 4 mils). 
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Fig. 4. (a) Transmission photomicrograph oF Se-doped sample 
viewed along (111)B growth direction. (Se ~5) _-- !.3 x 1013 , 
n(RT} ~ 2.1 x I0 TM cm -~.  (b) Transmission photomicrograph of 
Se-doped sample viewed along (111)A growth direction, (Se 75) 
3.2 x 10 TM. 

Fig. 5. Transmission photomicrograph of sample A12 (t ~ 8 
mils) substrate and film viewed perpendicular to (110) cleavage 
plane and (111)A growth direction. 

Fig. 3d(01) which is 3.5 x 10 TM cm -3. The typical 
"maltese cross" fourfold symmetry  of the (i00) plane 
is apparent  in some of the areas. Precipitates are also 
evident. 

Figure 4a is a t ransmission photomicrograph of a 
sample grown on a (111)B substrate, the view being 
along the (111) growth direction. The dopant  here is 
Se 75 at a concentrat ion of 1.3 x 10 TM cm -3, but  high Te 
doped samples look exactly the same. Figure 4b is a 
(111)A growth wi th  an Se concentrat ion of 3.2 x 10 TM 

cm -3. In  contrast  to ( l l l ) A  growths the dark areas in 
( l l l ) B  growths show no distinguishable form. This 
is fur ther  evidence that  the t r igonally shaped areas are 
associated with pits since, while both (111)A and 
(111)B growth planes have the same threefold sym- 
metry, there is never  any pit formation observed in 
(111)B face growths. It may also be that  the reason for 
the more drastic effect of high doping levels on growth 
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rate and surface morphology of ( l l l ) B  growths is the 
nonlocalized na ture  of the defect areas leading to a 
more highly strained surface. 

In  order to get a more quant i ta t ive  idea of the Te 
dis tr ibut ion in heavily doped samples the electron 
microprobe was used on a cross section of one sample. 
Figure 5 is a t ransmission photomicrograph of a sample 
doped wi th  nonradioactive Te (A12), The view is 
through a cross section of the film and the substrate 
( l l l A  GaP) and is perpendicular  to the ( l l l ) A  growth 
direction and the (110) cleavage plane. The grown 
crystal  is 1.5 mm in thickness. The room temperature  
carrier  concentrat ion in this sample is 3.1 x 10 TM cm-3. 
The complete set of electrical data for this sample 
(Table I) is almost identical to that of sample A10; 
thus it may  be assumed tha t  the average Te concentra-  
tion is about 6-7 x 10 TM cm -3, as in A10. Electron 
microprobe analysis of this sample showed a Te con- 
centrat ion of 3 x 10 TM cm -8 in the dark areas. It  was 
below the l imit  of detectabil i ty (1 x 10 TM cm - s )  in the 
light areas, From the electrical and microprobe data, 
the ionization energy data of Montgomery, and the 
previously calculated electrical solubili ty limit, it can 
be calculated that  for a sample with an  average Te 
concentrat ion of 6-7 x 10 TM cm-~ the Te is distributed 
at about 5 x 10 TM cm -~ in the light areas (90% by 
volume) and 3 x 10 TM cm -3 in the dark areas (10% by 
volume).  Both light and dark  areas would be expected 
to have :a room temperature  carrier concentrat ion of 
3 x 101~ cm-3  and an exhaust ion region carr ier  con- 
centrat ion of about 5-6 x I0 Is cm -~. All  of the Te in 
the light areas would be electrically active and only 
1/6 or 1/5 of that  in the dark areas. This is probably a 
fairly typical Te distr ibution for heavily doped sam- 
ples. 

Conclusions 
I t  has been demonstrated that  compensation occurs 

in l ightly Te-doped GaP grown on ( l l l ) A  substrates 
and that  impur i ty  conduction takes place at high Te 
concentrations. The effect of orientat ion on donor in-  
corporation is the same for both Se and Te doping and 
in both cases doping occurs under  nonequi l ibr ium 
conditions. Visible segregation begins at an average Te 
concentrat ion of 2 x 101s cm-S. 

None of the studies made were capable of positively 
ident ifying the Te species in the dark areas in the Te- 
doped GaP crystals. However, in the light of previous 
work on Se- and Te-doped GaAs by other investigators 
(11-13) where precipitates appeared at high donor con- 
centrat ions it is most probable that  the dark  areas ob- 
served in this study are either Ga2Te3-GaP solid solu- 
tions (with less than  1% Ga2Te3), or Ga2Te3 precipi- 
tates. In  the Ga~Te3 structure, one- th i rd  of the Ga sites 
are unoccupied (Ga2VGaTe~). Thus when  precipitat ion 
or solid solution formation begins there is one vacancy 
introduced for each three Te atoms. Since the Ga 
vacancy is a t r iply charged acceptor it compensates the 
three Te donors and the Te becomes electrically in-  
active (14, 15) above a concentrat ion of 6 x 10 TM cm -z. 

According to Saul (16), the number  of dislocations 
generated at the substrate film interface is considerably 
greater in vapor phase epi taxy than in l iquid phase 
epitaxy. It appears from this study that the dislocations 
lead to a growth morphology which promotes donor 
segregation due to the effect of orientat ion on donor 
incorporation. Thus on ( l l l ) A  growths, for instance, 
the pit  walls .take on Te far more readi ly than  the 
( l l l ) A  face, which leads to localized high Te concen- 
trat ions and Ga2Te3 formation. This segregation is en-  
hanced by the low growth tempera ture  which prevents  
bulk diffusion of the Te to lower concentrat ion regions. 
One possible consequence of this is the lower efficiency 
of vapor-grown GaP electroluminescent  diodes as com- 
pared with that  of diodes grown by liquid phase epi- 
taxy. Precipitates such as Ga2Te3 can introduce s t rain 
and can also funct ion as nonradia t ive  recombinat ion 
centers (12). 
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Polarity Dependence of Contact Angles between 
Liquid Gallium and {111} Surfaces of GaAs 

B. E. Liebert and Z. A. Munir 
Department of Materials Science, School of Engineering, San Jose State College, San Jose, California 95114 

Although  resul ts  of numerous  sess i le -drop  measu re -  
ments  have been repor ted  in the  l i tera ture ,  appa ren t ly  
no a t t empt  has been made  to corre la te  these measu re -  
ments  wi th  the  crys ta l l ine  or ienta t ion  of the  subs t ra te  
mater ia ls .  Aside  f rom pure ly  theore t ica l  reasons, such 
informat ion  is of considerable  prac t ica l  in teres t  since 
it re la tes  d i rec t ly  to ohmic-contac t  phenomena  and 
thus offers possible solutions to re la ted  problems in 
numerous  dev ice-or ien ted  technologies.  Because of 
these considerat ions,  a s tudy was in i t ia ted  in order  to 
invest igate  some of the  pa rame te r s  influencing contact  
angles be tween  l iquid meta ls  and or iented surfaces of 
I I I -V  and I I -VI  compounds.  This note repor ts  some 
ini t ia l  observat ions  of the  dependence  of contact  angles 
made be tween  l iquid ga l l ium and GaAs, on the po la r -  
i ty  of the  {111} planes  of this  compound.  

Gal l ium arsenide,  which crysta l l izes  in the  zinc- 
blende s tructure,  has  its (111) or A faces en t i re ly  
popula ted  by  Ga atoms whi le  the  (111) or B planes  
are  occupied exclus ively  by  As atoms. This po la r  na ture  
of the  {111} planes  has been given as the reason for 
the  anisot ropic  behav io r  of these planes  wi th  respect  to 
chemical  etch (1, 2), t he rma l  s tab i l i ty  and oxidat ion  
resistance (3), and the  energet ics  of incorpora t ion  of 
impur i ty  a toms (4). 

Experimental 
Contact  angles be tween  l iquid ga l l ium and GaAs 

were  de te rmined  by  the sess i le-drop technique,  which 
has been descr ibed in the  l i t e ra tu re  (5) and is sche- 
mat ica l ly  represen ted  in Fig. 1, in which  ~ is the  sur -  
face energy  vector  be tween  two ad jacen t  phases (solid, 
liquid, or vapor ) .  

The appara tus  employed  in the  presen t  s tudy,  sche- 
mat ica l ly  shown in Fig. 2, consisted of a hor izonta l ly  
posi t ioned cyl indr ica l  t an t a lum heat ing e lement  s i tu-  
a ted in the  middle  por t ion of an evacuated  be l l  jar .  
Contained in this heat ing e lement  is a g raph i te  "dee" 
which  served as a p la t fo rm for the  subs t ra te  wafers.  
To establ ish condit ions approx imat ing  b l a c k - b o d y  ra -  
diation, the  heat ing e lement  was shie lded a round  its 
ma jo r  axis as wel l  as at both  ends. A smal l  hole in 

Key words:  sessile drop, interracial interactions. 

the  center  of each end-sh ie ld  provided  openings for  
s ighting on the l iquid drop th rough  one side, and for 
back- l igh t ing  the drop th rough  the opposite side. The 
la t te r  provision gave grea te r  contras t  be tween  the 
sessile drop and its background.  Power  was in t roduced 
to the heat ing e lement  by  means  of h e a v y - w a l l  w a t e r -  
cooled copper  tubing  a t tached to the ends of the  ele-  
ment.  Measurements  of c on t a c t  angles be tween  gal l ium 
drops and GaAs subst ra tes  were  accomplished by  

Bell jar~-_ (Ta heating 
/ / ~ R a d i a t i o n  shields 

r \ l / z /  I ~Telescope 
]1o'  '01r I 

Thermocoupl~.~/  L Cu electrodes 

To diffusion pump 
Fig. 1. Schematic of contact angle between liquid Ga and GaAs 

7v5 7rs GaAs 
Fig, 2. Schematic diagram of sessile-drop apparatus. 
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means of a telescope equipped with movable cross 
hairs and an especially designed goniometer capable 
of measur ing angles to the nearest  0.25 degrees. All  
angular  measurements  were made under  a vacuum of 
about 10 -e  Tort,  main ta ined  by a l iquid n i t rogen-  
equipped diffusion pump. 

To establish confidence in  the angles measured by 
the telescope and to ascertain the absence of any sig- 
nificant contr ibut ion arising from optical distortion 
due to the wall  of the bell jar, calibrations were made 
utilizing contact angle standards. The standards were 
stainless steel ball  bearings with grounded facets rep-  
resent ing mathematical ly  calculated angles of contact 
from 33 ~ to 180 ~ . Telescopic determinat ions of these 
angles were made with and without the bell j a r  in 
position. The measured angles corresponded to the 
actual  values to wi thin  • 1 ~ when  the bell jar  was 
removed and to within • 2 ~ when the jar  was in place. 

Crystals of semiconductor grade GaAs were cut 
along (111), (100), and (110) planes by means of a 
high-speed diamond saw. Laue pat terns of the resul t -  
ing 2 mm thick wafers indicated that deviations from 
the desired orientations were wi thin  about _+ 1 ~ The 
surfaces of these wafers were then cleaned, chemically 
etched, and mechanical ly polished. Cleaning, whose 
purpose was to rid the samples of oil contaminants  
introduced dur ing  cutt ing and handling,  was accom- 
plished by successive washes with trichloroethylene, 
acetone, and deionized water. After  drying with ni t ro-  
gen gas, the wafers were chemically etched to remove 
surface layers believed damaged in the cutt ing process. 
The etchant used consisted of a hot mix ture  of 1:1 
concentrated H2SO4 and 30% H202. Mechanical polish- 
ing was achieved by using 1~ diamond grit. F ina l  t rea t ,  
men t  of the surface, which was performed just  before 
their use in the contact angle measurements,  included 
a wash with dilute HC1 followed by water and acetone. 
S ix-n ine  pure gall ium pellets of approximately 2 mm 
diam were treated immediately before use in the 
sessile-drop experiments.  This t reatment ,  designed to 
el iminate any surface oxide layer, consisted of wash- 
ing with dilute HC1 followed by water  and acetone. 
These pellets were then placed on the GaAs wafers 
which had already been placed on the graphite "dee" 
in the vacuum system. Using procedures suggested by 
Mariano and Wolff (2), chemical etch techniques were 
employed in order to identify the Ga and As faces of 
the {111} oriented wafers. 

Temperatures  were measured by means of a cali- 
brated Chromel -Alumel  thermocouple placed in con- 
tact with the substrate in the middle  portion of the 
heating element. Calibration of this thermocouple was 
achieved in situ by observing the mel t ing points of 
gall ium and indium metals. 

Results and Discussion 
Table I gives the exper imental ly  determined con- 

tact angles between drops of l iquid gal l ium and sub- 
strates of GaAs, as a function of temperature  and 
crystall ine orientation. These measurements,  which 
were made under  identical  exper imental  conditions, 
show a strong dependence of the contact angles on 
crystall ine orientat ion and an apparent  lack of de-  
pendence on temperature  in the range investigated. 
The dependence on or ientat ion is especially marked 

{111} SURFACES OF GaAs 

Table I. Contact angles between liquid gaffium 
and oriented surfaces of GaAs 
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T , ~  O, d e g  T , ~ C  0, deg 

a. (111} s u r f a c e s  b. ( l I D  s u r f a c e s  
35 114 46 144 
35 113 65 143 
45 113 77 144 
57 113 479 142 
82 113 

131 112 
203 113 
271 112 
331 112 

in the case of the {111} planes. A difference of about 
30 degrees exists between contact angles measured on 
the A ( l l l )  side and those determined on the B ( l l l )  
side, or about 25% of the former values. Apparent ly,  
therefore, a stronger interfacial  interact ion exists be- 
tween l iquid gal l ium and the Ga or A ( l l l )  surfaces 
than with the As or B ( l l l )  faces. P re l iminary  mea-  
surements  using (110) oriented substrates of GaAs, 
which are composed of both Ga and As atoms, gave 
contact angle values of about  135 ~ at 80~ These val-  
ues lie between those obtained for the surfaces popu- 
lated exclusively by either of the two atomic species. 
Furthermore,  contact angles on (100) oriented sub- 
strates were found to be about 150 ~ at ,~ 80~ 

Seemingly, the observations reported here indicate 
that the charge t ransfer  model of Ga~tos and Lavine (6, 
7) is not significant in contact angle considerations. 
However, results of this s tudy cannot  be exclusively 
interpreted in terms of differences of wet t ing of GaAs 
by gal l ium as related to the atomic na tu re  of the sur-  
face atoms. The role of absorbed impurities, as influ- 
enced by the na ture  of the surface composition, cannot 
be overemphasized. Studies now in progress at our 
laboratories are aimed at de termining the influence of 
such parameters  as surface finish and orientat ion as 
well as the role of iner t  and semi-ine~t gaseous atmo- 
spheres on the wet t ing behavior  between l iquid metals 
and oriented substrates of several I I I -V and I I -VI  
compounds. 
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Nonequilibrium Effects in Quasi-Static MOS 
Measurements 

M.  Kuhn and E. H. N ico l l i an*  
Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 07974 

The low frequency MOS capacitance method first 
described by Berglund (1) has several advantages 
which make it useful for the s tudy of the electrical 
properties of oxide-semiconductor interfaces. The two 
major  advantages are: (i) it provides a method for 
measurement  of the silicon surface potential  over most 
of the bias range, and (ii) it is possible to extract  the 
interface state densi ty over most of the silicon energy 
bandgap. The major  requi rement  which must  be met 
to exploit these advantages is that  the MOS capacitor 
must  remain  in  thermal  equi l ibr ium over the ent i re  
bias range. This can be most easily satisfied by  mea-  
sur ing the displacement current  flowing through the 
MOS capacitor in response ,to a slow, l inear  voltage 
ramp (2-5). When the sweep rate ( typically 5 to 100 
mV/sec) is sufficiently slow so that  both minori ty  
carriers and surface states can follow and the MOS 
capacitor remains  essentially in thermal  equil ibrium, 
the response is directly proport ional  to the low fre- 
quency incrementa l  capacitance. However, under  cer- 
ta in  conditions, the lowest practical sweep rates of 
about 5 to 10 mV/sec are not sufficiently slow to main-  
ta in  thermal  equi l ibr ium over the entire bias range, 
and the result ing response is distorted. These conditions 
can occur at a room temperature  for long lifetime sili- 
con (T > 100 #sec), at low temperatures  and also under  
i l lumination.  The dominant  effects observed are a peak 
in the response near  weak inversion, and also a small 
voltage shift in strong inversion, when sweeping out 
of inversion. When .deviation from thermal  equi l ibr ium 
is large, as for example at reduced temperatures,  large 
distortions occur in the inversion region, as a result  of 
the formation of a part ial  deep depletion condition 
when sweeping out of accumulation. 

The purpose of this paper is to describe these effects 
and to show that  they can be adequately explained in 
terms of well  known minor i ty  carrier generation and 
inject ion effects (6, 7) in the field induced junct ion 
below the MOS field plate. They must  be recognized 
and minimized in order to ful ly exploit the low fre- 
quency MOS capacitance technique. 

Experimental  Procedure 
MOS capacitors were fabricated on 0.1 ohm-cm p- 

type epitaxial  silicon and 5 ohm-cm n- type  silicon by 
growing approximately 600 to 800A of s in2  in steam 
under  bias (8), and evaporat ing CrAu contact dots. 
The displacement current  response, i ---- C(V) dV/dt, 
to a slow l inear  voltage ramp was measured. Under  
thermal  equi l ibr ium conditions, this ramp response is 
proportional to the low frequency differential capaci- 
tance (2). MOS ramp response measurements  were 
performed using Keithley 602 electrometer, and an 
operational  amplifier integrator was used to provide a 
low noise, slow, l inear  voltage ramp as described in Ref. 
(2). Measurements were made over the temperature  
range of 200 ~ to 300~ with sweep rates varying from 
0.01 to 1 V/sec with the sample in  an atmosphere of 
dry  nitrogen. The response for both sweep directions, 
from accumulat ion into inversion and the r e tu rn  sweep 
out of inversion toward accumulat ion was obtained and 
recorded on an x -y  recorder. 

Experimental  Observation 
A typical set of response characteristics are shown 

in Fig. 1, for both thermal  equi l ibr ium and nonequi l ib-  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  s u r f a c e  s t a tes ,  s i l i con  su r f aces ,  i n v e r s i o n  l a y e r s .  
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Fig. I. Equilibrium and nonequilibrium response of an MOS 
capacitor to a triangular voltage sweep. The MOS capacitor was 
farmed with $ ohm-cm n-type Si, 800~, bias steam grown 7 oxide 
and Au-Cr contacts. The sweep rate was --+-_100 mV/sec. 

r ium conditions and both sweep directions. 1 Curve 1 is 
the thermal  equi l ibr ium response when  sweeping from 
inversion toward accumulat ion while curve 1' is the 
thermal  equi l ibr ium response for the opposite sweep 
direction, from accumulat ion toward inversion. The 
ideal thermal  equi l ibr ium response would be sym- 
metrical  in sweep direction; the difference in scales of 
measured curve 1 and 1' is due to a small  difference in 
the magni tude of the sweep rate caused by the ins t ru-  
mentat ion.  For comparison, curves 2 and 2' show the 
typical  nonequi l ib r ium response measured at 270~ 
The nonequi l ib r ium characteristic, when  sweeping 
from inversion toward accumulat ion shows a small  
shift in strong inversion and a peak near  weak inver -  
sion. The nonequi l ib r ium characteristics obtained when 
sweeping from accumulat ion ,to inversion (curve 2') is 
similar. 

Deviation from thermal  equi l ibr ium is due to those 
physical processes characterized by large t ime con- 
stants, i.e., the inversion layer and the surface state 
response. The inversion layer  response t ime constant  
(9, 10) and also the surface state t ime constants (10) 

z E d g e  ef fec ts  c a n  be  r u l e d  ou t  i n  t h e s e  m e a s u r e m e n t s  b e c a u s e  
d i s p l a c e m e n t  c u r r e n t s  s ca l e  l i n e a r l y  w i t h  g a t e  a r e a  a n d  t h e  r e s p o n s e  
c h a r a c t e r i s t i c s  a r e  s i m i l a r  on  b o t h  n a n d  p t y p e  samples .  
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Fig. 2. Temperature dependence of the response of an MO$ 
capacitor to o triangular voltage sweep. The MOS capacitor was 
5 ohm-cm a-type Si, 800.& bias steam grown 7 oxide and Au-Cr 
contacts. 

increase exponent ia l ly  with decreasing temperature;  
therefore effects on the ramp response become domi-  
nant  at low temperatures.  A more detailed family  of 
curves showing the temperature  dependence of the 
ramp response of an MOS capacitor is shown in Fig. 2. 
The family  of curves 1' to 3' show the tempera ture  
dependence of the response sweeping from accumula-  
t ion toward inversion, and the family of curves 1 to 3 
show the tempera ture  dependence for the re turn  sweep 
from inversion toward accumulation;  a pair  of curves 
such as 3 and 3' is the ramp response to a t r iangular  
sweep at a fixed temperature.  

We consider first the sweep direction from accumu- 
lation toward inversion (curves 1' to 39 in Fig. 1 and 
2. Because the inversion layer formation is governed 
by generat ion of minor i ty  carriers, the system can re-  
main  in thermal  equi l ibr ium only if the max imu m dis- 
placement  current  required by the sweep rate is much 
smaller than  the generat ion current ;  that  is Cox dV/dt 
<< q n~/T W, where W is the depletion layer width, 

the minor i ty  carrier lifetime and n~ the intr insic  car-  
r ier  concentration. At  low temperatures,  ni and there-  
fore the generat ion rate becomes small  so that the 
above inequal i ty  can no longer be satisfied at normal  
sweep rates. Consequently, an equi l ibr ium inversion 
layer cannot form, and the depletion layer  expands 
more deeply into the bulk. The increasing space charge 
width results in a reduced displacement current  and 
an increased generat ion current.  Both of these effects 
tend toward restoring thermal  equil ibrium. 2 The peak 

z The  r e sponse  in  t h i s  r e g i m e  is d e t e r m i n e d  by a c o m p l e x  d y n a m i c  
e q u i l i b r i u m  b e t w e e n  t he  i n c r e a s i n g  v o l t a g e  t e n d i n g  to  inc rease  t he  
d e p l e t i o n  l aye r  w i d t h  and  m i n o r i t y  c a r r i e r  g e n e r a t i o n  t e n d i n g  to 
reduce  t he  d e p l e t i o n  l aye r  w i d t h  a nd  res to re  e q u i l i b r i u m .  A t  t e m -  
p e r a t u r e s  as low as 77~ w h e n  the  g e n e r a t i o n  ra te  becomes  n e g l i -  
g ib l e  c o m p a r e d  to  the  d i s p l a c e m e n t  c u r r e n t ,  t h e  response  is d e t e r -  
m i n e d  by  t he  oxide capacitance, a n d  y i e l d s  the  wel l  k n o w n  dep le -  
t i on  cha rac t e r i s t i c s  (12, 13). These  can of  course  be  o b t a i n e d  a t  
room t e m p e r a t u r e  b u t  a c o n s i d e r a b l y  f a s t e r  sweep  ra te  is  r e q u i r e d  
(14). 
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in curve 2' of Fig. 1 is due to surface state generat ion 
as the quas i -Fermi  level passes through midgap at the 
surface. At lower temperatures,  as in curves 2' and 3' 
of Fig. 2, surface state generat ion is so small  that  no 
peak is observed when  sweeping toward accumulation. 

When the sample is deeply depleted such as in curves 
2' and 3' a net  generat ion cu r ren t  flows, and minor i ty  
carriers are stored at the semiconductor insulator  in te r -  
face. When the sweep direction is reversed, the genera-  
t ion current  continues to flow, bui ld ing up minor i ty  
carrier charge at the interface while the depletion 
layer is being reduced by the sweep voltage. At the 
points G in Fig. 2 the silicon surface potential  ap- 
proaches tha t  va lue  required to hold the total  minor i ty  
carrier charge stored at the interface, in thermal  
equil ibrium. At this point, the generat ion current  
abrupt ly  ceases, and a field induced junction,  in ther-  
mal  equil ibrium, is established below the field plate 
of the MOS capacitor. At lower temperatures,  the 
equi l ibr ium point  G occurs at successively lower val-  
ues of bias because the total minor i ty  carr ier  charge 
accumulat ing by generat ion at the  interface becomes 
smaller  at lower temperatures.  Application of l ight in -  
creases the generat ion rate and will  therefore move 
the equi l ibr ium point  G as if t empera ture  were in-  
creased. 

Sweeping through this equi l ibr ium point towards 
accumulat ion a small  forward bias VF develops on the 
field induced junction.  In i t ia l ly  this results in net  
recombination, in the depletion region, of minor i ty  
carriers from the inversion layer  with major i ty  car- 
riers from the bulk  and occurs in region A of Fig. 1. 
This forward bias is necessary to sustain the displace- 
ment  current  and leads to a voltage shift between 
curves 1 and 2 in Fig. 1 and 2, given by/xV _-- VF -}- 
:~Qs/Cox where ~Qs is the excess minor i ty  carrier  sur-  
face charge in the inversion layer and in the surface 
states. At room tempera ture  and for typical sweep 
rates, 5V is usual ly  negligibly small  (2). However, at 
lower temperatures  a larger forward bias is required 
for a given recombinat ion cur ren t  density, ~V can 
become appreciable, of the order of several tenths  of 
a volt, as shown in region A of Fig. 2. In  this region, 
the minor i ty  carrier  surface charge and the surface 
potential  are being reduced while Yr and ~Qs remain  
near ly  constant  as the ramp voltage decreases. 

At point B in Fig. 1 and 2 the surface potential  has 
been reduced sufficiently to make  diffusion current  
dominant .  The inversion layer  charge is rapidly in -  
jected into the bulk, dissipating the excess minor i ty  
carrier charge at the surface. The discharging of excess 
minor i ty  carrier surface charge hQs by inject ion pro- 
duces the observed current  peaks in region BCD of 
Fig. 1 and 2. The peaks at lower tempera ture  are 
larger because AV and hence hQs is larger at lower 
temperature.  At the lower temperatures,  however, the 
reduced diffusion current  density cannot restore equi-  
l ib r ium as rapidly, thus producing the ledge at E (15). 
The forward bias at which diffusion current  becomes 
dominant  is less in a field induced junct ion then in a 
metal lurgical  junct ion  because in a field induced junc-  
tion, inversion layer  charge density is a funct ion of VF. 

This observed peak is clearly a nonequi l ib r ium effect 
and cannot be a t t r ibuted to any par t icular  surface 
state distribution. This peak would be observable in  an 
ideal MOS capacitor without  surface states. The mag-  
ni tude of the peak however depends on the surface 
state densi ty only through the excess minor i ty  car-  
rier charge that  may be stored in surface states. 

The peak in weak inversion and the shift in strong 
inversion can be observed under  i l luminat ion  in both 
n and p- type  MOS structures. An  example of the effect 
of i l luminat ion on a p- type MOS capacitor is given in 
Fig. 3, showing C-V curves at room tempera ture  in the 
dark  and under  room light. The response under  i l lu-  
mina t ion  is essentially independent  of the sweep di-  
rection. 
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tion of an MOS capacitor to a triangular voltege sweep. The MOS 
capacitor was formed with 0.1 ohm-cm p-type, 600~ bias steam 
grown SiO~ and Cr-Au contacts. 

Under  i l lumination,  the minor i ty  carrier  concentra-  
tion near the surface and beyond the field plate is in -  
creased and an excess minor i ty  carrier  dis t r ibut ion is 
established below the field plate. This excess minor i ty  
carrier concentrat ion results in the shift of the C-V 
characteristics in strong inversion and also in the dis- 
placement current  peak in the same fashion as de- 
scribed in the previous section. 

Because the current  peak observed under  i l lumina-  
tion is also produced by relaxat ion of the excess mi-  
nori ty  carrier  surface charge, the magni tude of this 
peak is also expected to increase with an increase in 
surface state density. An exper iment  was devised to 
verify this dependence, and will  be described below. 

The quasi-static C-V characteristics with and wi th-  
out i l luminat ion shown in Fig. 4a, were obtained. Ava-  
lanche inject ion (16) of electrons was then carried out 
on this same sample in order to increase the surface 
state density, and the ramp response was measured 
with and without  i l luminat ion.  An example of the re-  
sults is shown in Fig. 4b. From the shape of the C-V 
curves without  i l luminat ion  it is clearly evident  that  
the surface state density after avalanche inject ion has 
increased, and that  the peak under  i l luminat ion  has 
also increased. Addit ional  measurements  of the mi -  
nor i ty  carrier l ifetime and the surface recombinat ion 
velocity using the Zerbst technique (17) also show that  
after avalanche inject ion the surface recombinat ion 
velocity has increased. 

An analysis of the quasi-static response was per-  
formed to determine the surface state distr ibution 
before and after avalanche injection. This showed that 
avalanche inject ion introduces surface states un i -  
formly over a large part  of the energy gap. The in-  
crease in the peak under  i l luminat ion  is also approx- 
imately proport ional  to the increase in surface state 
density. 

Conc lus ions  

Under  some conditions, nonequi l ib r ium effects can 
be encountered in low frequency capacitance-voltage 
measurements  which can cause distortion of the re-  
sponse, even at the lowest practical sweep rates of 5 
to 10 mV/sec. These conditions can occur even at room 
temperature  for long lifetime silicon (T > 100 ~sec), at 
low temperature,  and under  i l luminat ion.  These non-  
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Fig. 4. Response at room temperature of an MOS capacitor to o 
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ovo|onche injection of minority carriers into the oxide. Sweep rate 
for upper curves was slightly greater than for lower curves. The 
MOS capacitor was 0.1 ohm-cm p-type, Si, 600A bias steam grown 
SiO2, and Cr-Au contacts. 

equi l ibr ium effects result  in a small  voltage shift of 
the inversion response and a peak near  weak inversion 
when sweeping from inversion to accumulat ion and 
a part ial  deep depletion condition when sweeping from 
accumulat ion toward inversion. These effects have 
been explained in terms of field induced junct ion  phe- 
nomena;  they would still be observed in the absence of 
interface states. At most, interface states play a sec- 
ondary role. 

These nonequi l ibr ium effects must  be minimized in 
order to obtain meaningful  results for surface potential  
and surface state density. They can be minimized and 
made negligible by using short l ifetime silicon (~ -~ 1 
#sec), making measurements  in the dark, and using 
sweep rates smaller  than  100 mV/sec. Measurements  
on longer l ifetime silicon can be performed by using 
elevated temperatures,  normal ly  not more than  100~ 
to avoid ionic drift. 

Manuscript  submit ted June  4, 1970; revised m a n u -  
script received ca. October 2% 1970. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the Dec. 1971 
JOURNAL. 

REFERENCES 
1. C. N. Berglund, IEEE Trans. Electron Devices, 

ED-13, 701 (1966). 
2. M. Kuhn,  Solid-State Electron., 13, 863 (1970). 
3. D. R. Kerr, Conf. on Prop. and Uses of MIS Struc-  

tures, Grenoble, France, June  17-21, 1969. 
4. R. Castagne, C. R. Acad, Sci., Paris, B267, 866 

(1968). 
5. R. Castagne and A. Vapaille, ibid., B2~/0, 552 (1970). 
6. C. N. Berglund, Appl. Phys. Lett., 9, 441 (1966). 
7. V. G. K. Reddi, IEEE Trans. Electron Devices, 

ED-13,381 (1966). 
8. A. Goetzberger, This Journal, 113, 138 (1966). 
9. S. R. Hofstein and G. Warfield, Solid-State Elec- 

tron., 8, 321 (1965). 
10. A. Goetzberger and E. H. Nicollian, Bell System 

Tech. J., 46, 513 (1967). 
11. E. H. Nicollian and A. Goetzberger, ibid., 46, 1055 

(1967). 
12. J. L. Moll, IRE Wescon Conv. Record, 3, pt. 3, 

32 (1959). 
13. A. S. Grove, B. E. Deal, E. H. Snow, and C. T. 



VoI. 118, No. 2 N O N E Q U I L I B R I U M  E F F E C T S  373 

Sah, Solid-State Electron, 8, 145 (1964). 
14. M. Kuhn,  IEEE Int. Electron Devices Conf., Oct. 

29-31, 1969. 
15. A. Goetzberger and J. C. Irvin, IEEE Trans. Elec- 

tron Devices, ED-15, 1009 (1968). 
16. E. H. Nicollian and C. N. Berglund, Appl. Phys. 

Lett., 15, 174 (1969). 
17. M. Zerbst, Z. Angew. Phys., 22:2, 30-33 (1966). 

Note on the Preparation of Rhenium Oxychlorides 
Abner Brenner* and Harvey J. Anderson 

National Bureau of Standards, Washington, D.C. 20234 

Per rhenyl  chloride, ReO~CI, is of potent ial  interest  
for the chemical vapor deposition (CVD) of rhenium, 
as we have shown (1) that  it readi ly reduces to the 
metal  when passed with hydrogen over a substrate 
heated above 300~ We found the methods given in 
the l i terature for the preparat ion of perrhenyl  chloride 
unsatisfactory because of low yields and the inconveni-  
ence in the manipulat ions.  We wish to report  briefly 
on a simple procedure that  yielded mater ial  of suffi- 
cient pur i ty  for use in experiments  in chemical vapor 
deposition. 

Brukl  and Ziegler (2) first reported the preparat ion 
of the two oxychlorides, ReOaC1 and ReOC14, which 
they obtained as a mix ture  by heat ing rhen ium hepta-  
oxide with rhenium chlorides (probably a mixture  of 
ReCla and ReC15). The product of the reaction was dif-  
ficult to fractionate into its pure components. Briscoe, 
Robinson, and Rudge (3) heated rhen ium with oxygen 
and chlorine or the mixed rhen ium chlorides with 
oxygen. Geilmann,  Wrigge, and Blitz (4) heated rhe-  
n ium trichloride or rhen ium pentachloride with oxy- 
gen and obtained a vigorous reaction which yielded a 
mix ture  of oxychlorides. No fur ther  work was pub-  
lished on the preparat ion unt i l  about 25 years later, 
when Wolf, Clifford, and Johnston (5) described a 
method consisting of the passage of chlorine over 
rhenium trioxide at t60~176 The yield was 70%. 
The trioxide was prepared by thermal ly  decomposing 
the adduct of rhen ium heptaoxide and dioxane. 

We did not have success with the earlier methods 
and only part ial  success wi th  the method of Clifford 
et al. In four trials with the latter method we obtained 
one yield of 60%, which is in l ine with the stated yield, 
but  in the other three trials the yields ranged from 0 
to 20%. Apparent ly  the method of preparing the t r i -  
oxide affects its activity. The preparat ion of the t r i -  
oxide is a drawback to the method since it adds a 
t ime-consuming step. 

We prepared per rhenyl  chloride by  the direct passage 
of dry hydrogen chloride over rhen ium heptaoxide. 
The reaction occurred even at room temperature  but  
was facilitated by gentle warming,  for example to 75~ 

ReeOr -k 2HC1 ~ 2ReO3C1 -k H20 

The yields of the crude product were about  50%. Along 
with the formation of the per rhenyl  chloride a more 
volatile compound of rhenium was formed, probably 
an adduct of ReO3C1 and HCI.1 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
Key  w o r d s :  chemica l  v a p o r  depos i t ion ,  p e r r h e n y l  ch lo r ide ,  r he -  

n i u m  h e p t a o x i d e ,  r h e n i u m  o x y t e t r a e h l o r i d e .  
i The e v i d e n c e  of  the  f o r m a t i o n  of  an a d d u c t  of ReO~Cl and  HC1 

is as fol lows.  At  the start of the  e x p e r i m e n t ,  a t  r oom t e m p e r a t u r e ,  
the r eac t ion  vesse l  f i l led w i t h  a y e l l o w  v a p o r  w h i c h  w a s  too d e e p  
in color  to be  ch lor ine .  P e r r h e n y l  ch lo r ide  (bp 130"C) is no t  suffi- 
c i en t ly  v o l a t i l e  a t  r o o m  t e m p e r a t u r e  to  produce  vapor of t h i s  i n -  
t e n s i t y  of  color. In  the e x p e r i m e n t s  the product  of the  r eac t i on  was  
f irs t  co l lec ted  in  a r e c e i v e r  cooled w i t h  ice. Th i s  r e c e i v e r  was  
b a c k e d  u p  by  a t r ap  cooled w i t h  so l id  ca rbon  d iox ide ,  a nd  t h i s  trap 
c o m m u n i c a t e d  w i t h  a m e r c u r y  t rap .  A l l  of the  perrheny l  chloride 
s h o u l d  h a v e  c o n d e n s e d  in the  i ce -cooled  rece i ve r .  H o w e v e r ,  (as at. 
e x a m p l e )  a t  the  conc lus ion  of  an e x p e r i m e n t  in  w h i c h  a b o u t  25g of 
perrheny l  ch lo r ide  was  p r epa red ,  a f e w  g r a m s  of a y e l l o w  solid 
(chlorine w o u l d  be a l i q u i d  a t  t h i s  t e m p e r a t u r e )  we re  f o u n d  in  the  
ca rbon  d iox ide - coo l ed  t rap .  As the  y e l l o w  sol id  w a r m e d  u p  to  r o o m  
t emperature  i t  swel led ,  e f fe rvesced ,  a nd  me l t e d ,  g i v i n g  off HCI. 
A f t e r  the  e f fe rvescence  had ceased,  the ye l low l i q u i d  r e m a i n i n g  was  
ident i f ied  as p e r r h e n y l  c h l o r i d e  b y  i t s  b o i l i n g  point .  The  a d d u c t  
m u s t  be s l i g h t l y  v o l a t i l e  e v e n  at the solid carbon dioxide  t e m p e r -  
a ture ,  s ince the  m e r c u r y  i n  t he  t r a p  w a s  discolored by  t he  p r e sence  
of r h e n i u m  c o m p o u n d s .  

The simplest a r rangement  for conducting the reaction 
was to place the rhen ium heptaoxide in a tap-funnel ,  
which was in a horizontal position, and pass HC1 
through. The rhen ium heptaoxide soon became t rans-  
formed into a viscous blue l iquid with a pale yellow 
fluid (perrhenyl  chloride) above it. By chil l ing the 
side of the tap funnel  with ice, the viscous blue layer  
was immobilized and the per rhenyl  chloride was read- 
ily drained from the tap-funnel .  This operation was 
repeated a n u m b e r  of times unt i l  the rate of formation 
of the oxychloride became too low for fur ther  opera- 
t ion of the process to be profitable. The reaction can 
also be carried out in an ord inary  flask and the per-  
rhenyl  chloride distilled over in  a current  of hydrogen 
chloride. 

We believe that the viscous blue liquid remaining  in 
the reaction vessel consisted main ly  of a solution of 
the heptaoxide dissolved in the water  which was 
formed in the reaction along with some blue reduc-  
t ion products. The blue l iquid can be treated with 
nitric acid and heated to about 200~ to regenerate 
the anhydrous  heptaoxide which is used again. T h e  
yield of per rhenyl  chloride (about 50%) together with 
the recovery of rhen ium heptaoxide brings the util iza- 
t ion of the rhen ium up to about 90%. 

We at tempted to improve the yield of per rhenyl  
chloride by using dehydra t ing  agents to r e m o v e  the 
water. In  one procedure, the rhen ium heptaoxide was 
dissolved in sulfuric acid heated to 200~176 and a 
rapid stream of HC1 passed through. The yield was 
not improved over the simpler procedure already de- 
scribed and the lost rhen ium was not readi ly recover- 
able. Other disadvantages were that  the method was 
slow, requir ing several hours to process 30g of the 
oxide, and the product collected was not pure enough 
to use for CVD. I t  contained sulfuric acid and had to 
be redistilled. 

In  another experiment,  phosphoric acid was tried as 
a dehydra t ing  agent, but  apparent ly  it formed too 
stable a complex wi th  the rhenium.  A par t ia l ly  suc- 
cessful method consisted in the suspension of rhenium 
heptaoxide in carbon tetrachloride. The passage of HC1 
through the system caused the oxide to t u rn  quickly 
into a viscous blue liquid which settled out and the 
per rhenyl  chloride formed went  into solution. The 
per rhenyl  chloride could be separated from the carbon 
tetrachloride by distillation. 

Rhenium oxytetrachloride is also serviceable for 
CVD, although it has a higher boiling point  (225~ 
than per rhenyl  chloride (130~ Recently it  has been 
prepared by Edwards and Woolf (6), who heated 
rhenium powder in a sealed tube with sulfuryl  chlo- 
ride, and by Bagnall,  Brown, and Colton (7), who 
treated the heptaoxide with thionyl  chloride. They re-  
acted the materials  at room temperature,  then poured 
off the superna tan t  l iquid from an adduct which had 
formed. They evaporated the supernatant  l iquid at 
50~ in vacuo to obtain the oxytetrachloride. We 
found that  s imply refluxing the heptaoxide with th ionyl  
chloride for an hour or two, followed by disti l l ing off 
all volatile materials  unt i l  the tempera ture  reached the 
boil ing point  of the oxytetrachloride, sufficed to give a 
product usable for CVD without  fur ther  purification. 
The yield was about 95%. 
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Any discussion of this paper will appear in a Dis- 
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ABSTRACT 

The problem was to find an acceptable "power" bat tery  (i.e., a high power 
density bat tery to deliver short t ime acceleration pulses) for an electric com- 
mute r  vehicle concept powered by a dual  bat tery system. A number  of bat -  
teries were tested, both Pb-acid and Ni-Cd. The best bat tery  was a Ni-Cd 
aircraft  s tart ing battery.  It could deliver 14 consecutive 1900W, 10 sec ac- 
celeration power pulses. It was calculated that  about 180 ib of bat tery would 
be required for the part icular  power plant  design envisioned. The high cost 
and scarcity of Cd mil i tated against  the use of a Ni-Cd battery.  The next  
best candidate was a Pb-acid  aircraft  s tar t ing bat tery  designed for high current  
drains for short t ime periods. It, too, delivered 14 consecutive 1900W, 10 sec 
pulses. In addition, it had sufficient energy capacity to provide some low speed 
range in the event of failure of the "base-load" energy battery.  It had a 
power density of 70 W/ lb  at an energy density of 2 Whr/ lb .  About  270 lb of 
this bat tery  would be required for the "power" bat tery  pack. A Delco-Remy 
2HN-11A mil i tary bat tery  was tested to yield design data for the power plant. 
From these data, a bat tery was designed which would fit into an available 
l ightweight container.  Prior  to this, a 2HN-11A modified ba t te ry  was tested to 
confirm the design. Test results confirmed the designed capacities. 

Several  of the design batteries were built. Each consisted of seven cells 
containing 11 plates per cell. One of the batteries was tested. It delivered 15 
consecutive 2500W acceleration power pulses to 10.5V. It weighed 32 lb; hence, 
the entire power pack would weigh 256 lb. Since the l l - p l a t e  cell performed 
so well, it was hoped that  a 9-plate cell might  just  deliver adequate power. 
A 27 lb weight reduct ion would be realized. However, it could not deliver 
adequate power when tested. Nothing could be obtained at 2500W. The voltage 
fell immediately below 10.5. In  fact, only 1.8 min  were obtained at 1900W. 

In  a prior paper (1), a versati le test facility was de- 
scribed for testing batteries under  actual  operating 
conditions. In  a following paper (2), a number  of S.L.I. 
batteries were characterized. They could be called the 
energy batteries for a dual  bat tery system since they 
were designed for energy capacity rather  than power 
density. The system was a new, experimental ,  aI1 G.M., 
electric car test bed, code named XEP, powered by 
two different kinds of batteries. To complete the dual  
bat tery  system, a power bat tery  had to be found. This 
paper presents the capacity data obtained on a number  
of commercially available Pb-acid  and Ni-Cd bat-  
teries. It  is shown how a bat tery was designed from 
the Pb-acid  data for a power bat tery  pack. 

Experimental 
All of the ba t te ry  tests were carried out at ambient  

temperature.  The test facility (1) described in a prior 
report was used for all of the tests. The tests per-  
formed were capacity at varying constant  current  dis- 
charges, constant  power discharges at vary ing  power 
levels, consecutive 10 sec acceleration power pulses to 
cutoff voltage, and charge discharge voltage vs. cur- 
rent  at vary ing  capacity levels. 

* Electrochemical  Society Act ive  Member .  
Key  words :  ba t t e ry  tests,  s torage bat ter ies ,  lead-acid  bat ter ies ,  

vehicular application tests,  constant power  capacity,  accelerat ion 
power  pulses. 

Pb-acid aircraft starting battery results.--The first 
bat tery  tested was an aircraft  s tar t ing bat tery  designed 
for l ightweight and high current  drains. Its nominal  
characteristics are given in Table I. 

Figure 1 shows the results of the constant  current  
capacity tests. These t e s t s  were for ba t te ry  No. 2 and  
showed a nomina l  5 hr  capacity of about  29 A-hr.  
Typical ly lower capacities were obtained at higher 
current  drains. 

Figure 2 shows the constant  power profiles for bat -  
tery No. 1. Here the voltage is plotted against  ampere-  
hours. As was shown in a prior report (2), it is better  
to plot voltage against t ime as in Fig. 3. The advantage 
comes in directly ascertaining by inspection range at 
any  road load (power level) or number  of acceleration 
power pulses. The most significant curve for the power 
bat tery  for the XEP is the 1900W discharge. This is the 
power required from one bat tery  for a 10 sec accelera- 

Table I. Aircraft starting battery characteristics 

Pb-ac id  Ni-Cd 

A - h r  capaci ty  (5 hr) 29 8 
Nomina l  volts 12 24 
Cel ls /ba t tery  6 20 
Pla tes /ce l l  11 - -  
Ba t t e ry  we igh t  (lb) 27 10 

375 
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Fig. 1. Pb-acid aircraft starting battery No. 2, constant current 
discharge (A-hr). 
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Fig. 4. Pb-acid aircraft starting battery No. 2, constant power 
d i s c h a r g e  ( r a i n ) .  
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Fig. 2. Pb-acid aircraft starting battery No. 1, constant power 
discharge (A-hr). 
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Fig. 3. Pb-acid aircraft starting battery No. I, constant power 
d i s c h a r g e  ( r a i n ) .  

t ion to 1.5 V/ce l l  cutoff. I t  shows a capaci ty  of 2.5 min  
to 9V. This is equivalent  to fifteen 10 sec discharges.  

I t  was not iced tha t  one cell  iost vol tage  r ap id ly  and 
made  the total  ba t t e ry  vol tage drop  faster.  I t  was fel t  
that  this might  l imit  the  capac i ty  of the ba t te ry ;  hence, 
another  ba t t e ry  was tested. 

F igure  4 shows the power  profiles for ba t t e ry  No. 2. 
This one d ischarged 3 min at  1900W equivalent  to 
e ighteen 10 sec discharges.  Al l  the  capacit ies  were  jus t  
s l ight ly  be t te r  than  ba t t e ry  No. 1. The difference, how-  
ever, was not  significant. 

I I I I I I I t 

�9 l0 Sec. Disch., 20 Sec. Chg. 15 Amp, 
a . . . . .  ,, . . - ,* 

" 20 Sec. Off 

11 

10 

9 -- ~%'~'~'~ 9V at 120th pulse... . . .~ 

8 - -  

I0 20 30 
f 

4O 5O 

Number of Pulses 

60 70 80 

Fig. 5. Pb-acid aircraft starting battery No. 2, 1900W power 
pulses. 

The number  of consecutive 1900W, 10 sec pulses to 
9V are  shown in Fig. 5. Here, both  bat ter ies ,  No. 1 and 
2, de l ivered  14 pulses. The constant  power  discharge 
predic ted  15 and 18, respect ively.  Note tha t  there  was 
no change in the number  of pulses whe the r  the ba t t e ry  
was charged  at  15A or not  charged  dur ing  the 20 sec 
rest  period.  One minute  and 2 min  charge  per iods  in-  
crease ,the number  of pulses apprec iab ly  to 24 and  120, 
respect ively .  

For  the  vol tage requirements ,  10 of these bat ter ies  
in series are  needed. Each ba t t e ry  weighed 27 lb; hence, 
the  to ta l  power  pack  would  weigh 270 lb. 

Useful  range  da ta  may  be der ived  f rom Fig. 4 by  
replo t t ing  as in Fig. 6. Using the pr inciple  of add i t iv i ty  
(2),  the  range  at  any  power  level  or a va r ie ty  of 
power  levels m a y  be easi ly  calculated.  These curves 
may  be of special  in teres t  to a systems analysis  group. 

Also for the  benefit of systems and power  p lan t  de-  
sign analyses  are  the charge-discharge ,  vol tage  vs. 
cur ren t  plots at va ry ing  charge  capacit ies  shown in 
Fig. 7. These are  useful  in ca lcula t ing  charge-d i scharge  
efficiencies. They also give some indica t ion  as to wha t  
capaci ty  the  ba t t e ry  can be charged rap id ly  before  
the vol tage efficiency de te r iora tes  badly.  Using a 15V 
upper  limit,  the ba t t e ry  can be charged  at 100A to 50% 
capac i ty  and to 75% capac i ty  at  50A. 

The discharge curves a,t al l  capaci ty  levels have the 
same vo l t age -cu r ren t  characteris t ics .  The slope is much 
less than the charge curves,  except  for the 50% capac-  
ity. Up to 50 % capacity,  the  charge  curve wil l  be nea r ly  
a reflection of the  discharge curve. Above 50% capac-  
ity, the  charge curves have a much grea ter  slope than  
the discharge curves. A p p a r e n t l y  there  is an increase 
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Fig. 6. Pb-acid aircraft starting battery No. 2, constant power 
d i s c h a r g e  c a p a c i t y  vs .  d i s c h a r g e  t i m e .  
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Fig. 9. Pb-acid aircraft  starting battery, energy density vs. power 
d e n s i t y .  
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Fig. 7. Pb-acid aircraft starting battery, voltage vs. current 

in polarization dur ing charge after 75% capac i t y  is 
reached. Usually, this is associated with the high hy-  
drogen overvoltage on the Pb plate and the increased 
acid specific gravi ty in the pores of the plate. 

The data in Fig. 8, taken from the power profiles, 
are given as an aid to systems analysis and power 
plant  design. This shows the voltages under  which the 
power plant  will  have to operate at any power level. 

For purposes of analysis, also, the energy density vs. 
power density relat ion is important .  This curve is 
shown in Fig. 9 and was derived from the power p r o -  

files. The bad cell in bat tery No. 1 depressed its energy 
density. It is interest ing to note that this bat tery  had 
a power density of 70 W/ lb  at an energy density of 
3 Whr/ lb .  

Ni-Cd aircraft starting battery.--Table I lists the 
nominal  characteristics of this Ni-Cd bat tery;  Fig. 10 
shows the constant  power discharges. Since this ba t -  
tery was only a power battery, only high power dis- 
charges were made. At 2350W, only about two consecu- 
tive accelerations could be predicted. However, at the 
usual 1900W, about 12 consecutive accelerations would 
be predicted from the 1850W discharge to a 14V cutoff. 

Figure 11 shows that 14 actually were obtained. A 2 
min  rest period between pulses increased the number  
to 18. 

What is noteworthy, though, is that  each bat tery  
weighed only 18 lb. It  was calculated that  10 Ni-Cd 
batteries would be needed for the power package. This 
pack will  weigh 180 lb, compared to the 270 lb of the 
Pb-acid  pack. Also, the energy storage in the Ni-Cd 
bat tery is only 8 A-hr.  But this amount  of active 
material  supplies the same acceleration puIses as 30 
A-hr  in the Pb-acid battery. 

Figure 12 shows the charge-discharge voltage vs. 
current  characteristics of the Ni-Cd battery. It is in-  
terest ing that, between 50 and 95% capacity, the 
charge and discharge curves are very near ly  cont inua-  
tions of one another. The rapid decrease in voltage 
dur ing discharge for both 50 and 10% capacity at 50A 
is probably due to the increased polarization and 
resistance for the large amounts  of Cd(OH)2 and 
Ni(OH)2 in the plates. The increase in resistance of 
the reacted forms of the active material  may explain 
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Fig. 8. Pb-acid aircraft starting battery, voltage vs. power 
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Fig. 10. Ni -Cd aircraft battery, constant power discharge 
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right off charge. For the others, they  rested awhile  
- before being tested. This could explain the reversed 

order of the two tests. 
�9 1~00 w~, io se~. o~, i Mi,. off It is interesting to note from Fig. 9 and 17 that the 

energy dens i ty-power  density curve for the 2HN-I1A 
battery is about the same as the Pb-acid aircraft bat- 
tery. Both showed about 70 W / l b  at 2 Whr/lb.  It was  
this s imilarity that brought to mind the use of 2HN 
plates for the power  battery. 

2HN-Thin plate (2HN-T.P.) Pb-acid battery.~De- 
sign considerations.--Table II shows the design data 
from which  the final design was  made  for the DRX 
47965-7 Pb-acid battery. The e lement  weight  divided 

1 2 3 ,i 5 5 7 8 9 1~) 11 12 13 14 15 16 1? 18 
Pulse Numher 

Fig. 11. Ni-Cd aircraft starting battery, consecutive accelera- 
tion power pulse discharge. 
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Fig. 12. Ni-Cd aircraft starting battery, voltage vs. current 

the s l ightly higher charge voltage seen for the 10% 
capacity level .  In contrast to the Pb-acid battery, the 
Ni-Cd battery may  be charged to 95% capacity before 
the voltage rises precipitously. At 100A charge, the 
voltage is only  32V which  is about m a x i m u m  starting 
voltage for a Ni-Cd battery. This rate can be used 
until the battery is 95% charged before a reduction in 
charge rate is necessary.  Thus, the Ni-Cd takes less 
power to charge. 

Although range is not important for a power  battery, 
range calculations can be made from Fig. 13 where  
capacity vs. discharge t imes are plotted. 

The energy dens i ty -power  density relationship is 
given in Fig. 14. For this battery, the relationship ap- 
pears to be a l inear one. At 2 Whr/lb,  the power 
density is 130 W/lb,  a significant improvement  over  
the lead acid battery. 

2HN-11A Pb-acid military battery.--The 2HN-11A 
battery is made by De l co -Remy for mil i tary use. Al -  
though of higher capacity than required, it could serve 
as a "power" battery. Discharge data were  obtained 
from which  an appropriate battery could be designed. 

Figure 15 shows that this battery had more  than 
sufficient capacity for a power battery. In fact, the 
capacity is nearly as good as some of the energy  bat-  
teries previously  tested (2) .  Based on the 1900W dis-  
charge, which is the power  required for acceleration, 
this battery should deliver about 30 consecutive 10 sec 
acceleration pulses. 

As shown in Fig. 16, 29 pulses were  obtained. For 
this battery, resting between  pulses for 1 or 2 rain in-  
creased the number of pulses slightly. The battery for 
the 1 min  test started at a higher voltage and came 
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Fig. 13. Ni-Cd aircraft starting battery, constant power discharge 
capacity vs. discharge time. 
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Fig. 14. Ni-Cd aircraft starting battery, energy density vs. power 
density. 
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Fig. 15. Pb-acid 2HN-11A battery, constant power discharge 
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Fig. 16. Pb-acid 2HN-11A battery, consecutive acceleration 
power pulse discharge. 
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Fig. 17. Pb-acid 2HN-11A battery, energy density vs. power 
density. 

by the volume of the plates gave the apparent  density. 
The ampere-hour  capacity divided by the e lement  
weight gave the specific capacity. From experience 
with other batteries, an apparent  density of 0.2 lb./ in.  3 
was assumed, from which the element  weights and 
specific capacity were calculated. 

A basic parameter  was the amperes per square inch 
of positive plate surface. At the 1930W discharge, the 
max imum current  was 215A. This is equivalent  to 
about 1 A/ in .  2 for the 2HN-11A battery. Hence, a cur-  
rent  density around 1 A / i n 3  was fixed for the design. 

It was also desired to use an available thin-walled,  
lightweight, hard rubber  container.  However, only 
seven plates of the 2HN-11A size could fit into a cell 
of th~s container.  This design gave a positive plate cur -  
rent  density of 1.5 A/in .  2. This increase in  current  
density plus the large reduction in active mater ia l  
ruled out this design. 

An alternative,  proposed by  Delco-Remy, was to 
press down the 2HN grids to 0.060 and 0.050 in. before 
pasting for the respective positive and negative plate 
thicknesses. Then, using s tandard 0.040 in. separators, 

Table II. Battery design data 

D ~  
2 H N - 1 1 A  2HI~-T.P .  47965-7 

A - h r  c a p a c i t y  45 34 34 
No.  of  p l a t e s / c e l l  11 11 i 1  
P l a t e  s ize  (w)  • (h) ( in,)  4.19 • 5.25 4.19 • 5.25 4,19 • 5.25 
Pos .  p l a t e  a r e a  ( in .  ~) 220.0 220.0 220,0 
Pos .  t h i c k n e s s  (in.) 0.070 0,060 0,060 
Neg .  t h i c k n e s s  ( in.)  0.062 0.050 0.050 
Sep .  t h i c k n e s s  ( in.)  0.059 0,040 0.040 
V o l u m e  of  p l a t e s  (in. a ) 15.88 13.2 13.2 
E l e m e n t  w t  (lb) 3.18 2.64 2.64 
A p p a r e n t  d e n s i t y  ( lb/ in .  ~) 0.2 0.2 0.2 
Spec i f ic  c a p a c i t y  ( A - h r / l b )  14.15 12.88 12.88 
B a t t e r y  d i m e n s i o n s ,  L 10-1/8 10-1/8  8 -1 /4  

W 5-3/16 5-3/16 5 -1 /2  
H 9-1 /8  9-1 /8  9 -3 /4  

B a t t e r y  w e i g h t  (lb) 36.0 33.5 32.0 
W e i g h t  b a t t e r y  p a c k  (lb) 360.0 335.0 256.0* 

* F o r  e i g h t  7-cel l  b a t t e r i e s .  
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11 plates could be fitted into t,he th in-wal led  cell. The 
current  density would be slightly less than  1 A/ in3 ,  
and there would be a min imal  reduct ion in the amount  
of active material.  

The final design is given in the last co lumn of Table 
II. 

Evaluation tests.--Before proceeding to make  any th in-  
plate batteries, it was decided to evaluate  the th in-  
plate design in a s tandard 2HN-11A container.  This 
was considered the fastest and easiest way to confirm 
the design. 

Figure 18 shows the constant  power discharge curves 
for this battery. It  delivered 2 rain at 1900W to 9V. 
This is equivalent  to 12 consecutive 10 see acceleration 
pulses to 9V. 

Figure  19 shows that  actual ly 13 consecutive 10 see, 
1900W pulses were obtained to 9V. 

T~he voltage vs. cur rent  curves in  Fig. 20 have the 
same general  shape as the aircraft  bat tery  except 
possibly for a slightly bet ter  charge acceptance for 
the 2HN-TP. However, this might  be an artifact caused 
by the large container. 
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Fig. 18. Pb-acid 2HN-T.P. battery, constant power discharge 
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Fig. 19. Pb-acid 2HN-T.P. battery, consecutive acceleration power 
pulse discharge. 
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Fig. 20. Pb-acid 2HN-TP. battery, voltage vs. current 
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These evaluat ion tests confirmed the th in-p la te  
design. 

D R X  47965-7 Pb-acid bat te ry . - -The  above designa- 
t ion was used for the bat tery  made by Delco-Remy 
using th in  2HN-11A plates in the l ightweight con- 
tainer. This ba t te ry  contains seven cells instead of the 
usual  six; hence, the nominal  ba t te ry  voltage is 14V 
instead of 12V. This increase in voltage meant  that  
2200W (1900 x 7/6) could be drawn from this ba t te ry  
and be equivalent  to 1900W from a 12V battery.  To 
provide acceleration power on this basis, 8.6 or 9 
batteries would be required  for the power pack. How- 
ever, because of the good discharge characteristics of 
the 2HN plates, it was decided to use eight batteries 
instead of nine. This meant  a current  densi ty sl ightly 
above 1 A/in .  2, which was tolerable. To provide some 
addit ional margin  (e.g., added accessories), the bat -  
tery-proof  test requi rement  was increased to 2500W. 

Figure 21 shows how well the DRX 47965-7 bat tery  
performed. The design was seen to be conservative 
since 2 min were obtained at 2500W to 10.SV (1.5 
V/cell). This is equivalent to 12 consecutive accelera- 
tions. By actual test, 15 were obtained. This means that 
eight batteries are sufficient for the power pack at 
2500W per battery per 10 sec acceleration. 

Figure 22 confirms the good charge acceptance of 
this battery. Large currents can be applied to this 
battery without a large voltage rise, up to 85% capac- 
ity. All the discharge curves have about the same 
slope. The same slope is shown by the Pb-acid aircraft 
and 2 HN batteries. The voltage starts to drop off more 
rapidly at high current drains, especially at the lower 
capacities. 

The data in Fig. 21 are replotted in Fig. 23 so that 
the additivity principle can be applied to any projected 
duty cycle. This family of curves makes it easy to add 
up the discharge time at several different power levels. 
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Fig. 21. Pb-acid DRX 47965-7 battery, constant power discharge 
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Fig. 24. Pb-acid DRX 47965-7 battery, energy density vs. power 
density. 

Figure 24 shows the energy densi ty-power  densi ty 
relationship for this power battery.  It  is definitely not 
an energy battery.  It does show a re la t ively  good 
power densi ty for a lead acid battery,  viz. 75 W/ lb  at 
2.5 Whr/ lb .  

D R X  47965-26 Pb-avid b a t t e r y . ~ I n  an effort to save 
weight and to take advantage of the excellent  dis- 
charge characteristics of the 2HN plates, one ba t te ry  
was made using only n ine  plates per  cell. Its constant  
power discharge curves are shown in Fig. 25. This 
bat tery was ent i re ly  inadequate.  It  does not even 
yield 2 min  at 1900W, when at least 2 min  are neces- 
sary at 2500W. No fur ther  tests were made on this 
battery.  

Conclusions 

A lead-acid power ba t te ry  was designed by Delco- 
Remy and General  Motors Research Laboratories, 
based on data obtained on commercial ly available ba t -  
teries for the XEP electric car. 

Eight batteries made up the pack which weighed 256 
lb. Each bat tery  had seven cells with 11 plates per cell. 
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Fig. 25. Pb-acid DRX 47965-26 battery, constant power discharge 
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It  was capable  of 15 consecutive, 20 kW, 10 sec accel-  
erat ion pulses before  reaching 84V. It  showed a power  
densi ty  of 75 W / l b  at 2.5 Whr / lb .  

Two a l te rna t ives  are  avai lable .  One is a l ead-ac id  
a i rc ra f t  s tar t ing ba t t e ry  which gives the  same charac-  
ter is t ics  as the  Delco-Remy power  pack and weighs  
270 lb for ten bat ter ies .  

The second is a n i cke l - cadmium ba t t e ry  which  has 
the  same character is t ics  also but  weighs only 180 lb for  
ten  bat ter ies .  If  volume and weight  are  at  a premium,  
then this pack  can be used. Otherwise,  the  scarc i ty  and 
cost of cadmium rule  out this  ba t te ry .  

B A T T E R I E S  381 

Since the  XEP was to be an al l  G.M. car, i t  was de-  
cided to use in it  the  specia l ly  designed Pb -a c id  power  
ba t t e ry  pack r a the r  than  use commerc ia l ly  avai lab le  
bat ter ies .  

Manuscr ip t  submi t ted  June  26, 1970; rev ised  m a n u -  
script  received ca. Oct. 5, 1970. 

A n y  discussion of this  pape r  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the  December  1971 
JOURNAL, 
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A B S T R A C T  

A scanning electron microscope s tudy  of oxide repl icas  of a luminum elec- 
t ro lyt ic  capaci tor  foils has provided  informat ion on tunnel ing  produced  by  
a given etch. Tunnel  morphology  depends  on micros t ruc ture  of the  a luminum 
and on etching conditions. With  increasing cur ren t  densi ty  in an e lec t rochemi-  
cal etch, the number  of etching tunnels  per  uni t  a rea  increases and tunnel  
d iamete r  decreases.  A simplified model  predic ts  the number  of tunnels  per  
unit  a rea  and the tunnel  d iameter  needed for m a x i m u m  capaci tance for  a 
given anodic A1203 film thickness.  

Two of the  present  au thors  p rev ious ly  descr ibed a 
scanning e lect ron microscope (SEM) method for re -  
veal ing the complex morphologies  produced dur ing 
the etching of a luminum foils for e lectrolyt ic  capaci-  
tors (1). A number  of  var iables  affect the etch mor -  
phology, and those of pr inc ipa l  concern in the  present  
paper  are: (a) e lectroetching cur ren t  density,  (b) 
micros t ruc ture  of the a luminum foil, (c) the subs t i tu-  
tion of a hot ni t r ic  acid etch for the  last  pa r t  of an 
electroetch,  and (d) some addi t ives  to a 20% NaC1 
electrolyte .  The effect of ex tent  or degree of an etch 
and the effects p roduced  by  va ry ing  the  composit ion 
of the  a luminum are  t rea ted  briefly. Use is made  in-  
dus t r ia l ly  of such etching var iables  to produce var ious  
kinds of e lectrolyt ic  capacitors.  

Regard ing  effects of  cur rent  dens i ty  and micros t ruc-  
ture, Hunte r  (2) poin ted  out tha t  the  morphologica l  
deta i l  became finer wi th  increasing current  densi ty  
and this resul ted  in lower  capaci tance gains at  high 
format ion voltages. Hun te r  s tated that  micros t ruc ture  
was a variable.  Bakish  et al. (3) s imi la r ly  repor ted  
that  the morphologica l  deta i l  became finer wi th  in-  
creasing cur ren t  densi ty  and tha t  this  led to h igher  
capaci tance gains at low format ion  voltages. La t e r  
Bakish  et al. (4) repor ted  sti l l  finer morphologies  and 
h igher  capaci tance gains wi th  the  use of sui table  hard  
a luminum foil  [p resumably  the  micros t ruc ture  of such 

1Present  address: Genera l  Ins t ruments ,  Tazewell,  Virginia 24651. 
* Electrochemical  Society Active Member .  
** Electrochemical  Society Act ive  Member  of a Patron Member  

Company.  
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foil consists of subgra ins  of about  1~ size, i.e. the  
l imit ing subgra in  size repor ted  by  Bal l  (5) for po ly -  
c rys ta l l ine  a luminum deformed at  about  room t empe r -  
ature;  this  is qui te  different  f rom the micros t ruc ture  
of annealed  a luminum foil].  Such resul t s  c lear ly  indi -  
cated tha t  cur ren t  dens i ty  and micros t ruc ture  are  im-  
por tan t  var iables  to be considered according to final 
use of the e tched foil. Nothing specific was ment ioned 
about a tunnel  type  etch morphology.  

On the other  hand, Burge r  et al. (6) had repor ted  
the tunnel ing  charac te r  of sui table  e lectrolyt ic  etching 
methods  and the product ion of tunnels  ranging  f rom 
0.1 to 1~ in diameter .  Ede leanu  (7) discussed the na ture  
of tunnel ing and showed tha t  tunnel ing  occurred in 
<100>  direct ions in the  a luminum.  Al tenpoh l  (8, 9) 
briefly discussed the tunnel  morpho logy  revealed  op-  
t ica l ly  in cross sections of e tched foil. Addi t iona l  deta i l  
about  tunnel  morphology,  however,  was revea led  in 
SEM micrographs  of oxide  repl icas  of etched foil (1). 

Two of the present  au thors  (CGD and RBB) have 
developed a s imple model  of a tunne l  morphology  
which leads to quant i t a t ive  predic t ions  of theore t ica l  
capaci tance gains. The model  is therefore  useful  in the  
discussion of morphologies  of the  k ind  obtained ex -  
per imenta l ly .  

A Tunnel Model 
Consider  the  specific model  wi th  N tunnels  of radius  

p and length  ~. a r ranged  in an hexagona l  a r r a y  no rma l  
to a flat surface of uni t  a rea  (cm2). This morphology  
implies  a specific weight  loss, w; a tunnel  area  or 
dimensionless  area  factor, SA; and a tunnel  capaci -  
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t ance ,  Ct (~F/cm2), after anodic film formation. Thus, 
in grams per  square centimeter  

w --  2.70 N~p2)~ [1] 10 4 

where 2.70 is the density of a luminum (g/cm3). The 
factor N~p 2 in [1] is the fraction of surface area etched 
and the product Nk is the total t unne l  length (cm/cm2). 
(The geometry places an upper  l imit on N for a given 
value of p, namely  N < -k/3-/6p2). And, for the area 10  5 
factor 

fA = 2N~p~ [2] 'E 

Fi lm formation to a thickness X may be expressed u- 
by ~- 

X = ,~V [3] ~ 10 2 
o where V is the formation voltage and ~ is a constant  > 

which depends on electrolyte temperature  and holding 
time at the final voltage. 

With this relationship one can then express a volt 
~F/cm 2 product  in terms of X. Thus, for fiat unetched 
a luminum with dielectric constant  e 10 

V Croat = 8.84 (t /a)  X 10 - s  [4] 

which is independent  of X or formation voltage. I 
The corresponding product for the tunne l  capaci- 

tance, Ct, is 

VCt  = 5.55 N O~ - -  X )  X ( t / a )  [ln R / r ] - I  X 10 -7 
[5] 

where R is the outer radius and r is the inner  radius 
of the cylindrical  oxide of thickness X ,  i.e. R --  r = X .  

(The upper  l imit  of N for a given value of R is ~ / 3 / 6 R  '2 
and a number  N x R  2 gives the fraction of original sur-  
face occupied by holes and cylindrical  oxide). Equat ion 
[5] does depend on X. 

If we neglect the contr ibut ions of flat areas, we ob- 
tain as a first approximation a dimensionless capaci- 
tance gain factor, fc = Ct/Cflat, on combining [4] and 1 0 4  
[5]. Thus, 

fc  = 2 n N  (L --  X )  X [ i n  R / r ]  - 1  [6]2 

Since (t/a) is a constant  in [5], one notes that  [6] 
differs from [5] only by a constant mul t ip ly ing factor; 
therefore, [5] gives the funct ional  form of [6]. How- 10 3 
ever, for a given value of p it is necessary to express 
R / r  in [5] in terms of p and X. The relationship is ~_ 
given in the Appendix. o 

For i l lustrat ive purposes we consider first two mor-  t&. 
phologies given by N, ~, p values of 6 x 10S/cm 2, 35#, =L. 
0.1~ and 6 x 106/cm 2, 35~, 1.0~, respectively. According 
to Eq. [1] the weight losses are the same (1.78 mg /  ~ 102 o 
cm2). The area fractions, N~p 2, are also the same (about 
0.19). According to Eq. [2] the morphologies represent  r 
tunne l  area factors of 132 and 13.2, respectively. The =* 
total tunne l  lengths are 21 and 0.21 km/cm 2, respec- 
tively. Taking the value of e as 8.4 (10) and a as 13.7 

10 A / V  and using [4] and [5], we obtained the curves 
shown in Fig. 1. Some m i n i m u m  vol t -microfarad prod- 
ucts present ly accepted for commercial  foils, which 
are designated "M" in Fig. 1, were added for compari-  
son purposes. At low voltages the 0.2~ diameter  mor-  
phology (curve A) corresponds to excellent capacities 
approximately double those of the best foils current ly  
available, but  the 2.0~ diameter  morphology (curve 
B) corresponds to capacities that  are unacceptably  
low. At high voltages the si tuation is reversed; i.e., 
curve B actually corresponds to acceptable capacities 
in the range above 200V since it lies above the M 
points, but  the 0.2~ diameter  morphology (curve A) 
is useless above 120V. 

The model  not only leads to simple predictions of 
possible capacity gains, as in these i l lustrated ex- 
amples, but  also predicts upper  l imits as shown in 
curves D and E in Fig. 2. Curves D and E are de- 
scribed more fully in the Appendix.  

'- '/c a n d  fA a r e  c o m p a r e d  in  t h e  A p p e n d i x  (see foo tno t e  to T a b l e  
A I ) .  
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Fig. 1. Calculated volt microfarad products vs. formation voltage 
for (a) two etch-model morphologies with 35~. tunnel lengths 
(curves A and B) and (b) flat unetched sheet (curve C), Also, 
some acceptable minimum V.#F values for various foils--circles: 
99.99 (HIg); squares: 99.99 (0); triangles: 99.88 (H19 and 0). 
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Fig. 2. Upper limit V.~F products for two kinds of etch-model 

morphologies with 35~ tunnel lengths (curves D and E) and un- 
etched sheet (curve C of Fig. 1). Curve E: N z 108/cm 2, p vari- 
able. Curve D: both N and p variable. 

Experimental 
C u r r e n t  d e n s i t y  and  m i c r o s t r u c t u r e . - - S p e c i m e n s  of 

commercial grade 99.99% a luminum foils, 84-90~ thick, 
from two lots---one annealed (0 temper)  and the other 
hard (H19 t e m p e r ) - - w e r e  etched at either 77.5 mA/cm 2 
or 775 mA / c m 2 (etching times, measured weight losses, 
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and calculated weight losses are listed in Table I) .  In  
certain instances one surface was masked to restrict 
etching to one surface and provide easy release of the 
oxide replicas for the t ransverse views of SEM samples. 
The electrolyte was a 20% NaC1 solution at 90~ 
Specimens which were etched completely in the NaC1 
bath were washed in deionized water, dried, immersed 
in a 25~ nitr ic acid solution (2 parts HNOa to 1 part  
H20) for 2 rain, and washed again. 

Current density and hot nitric acid.--Specimens of 0 
temper  foil were etched at  either 77.5 m A / c m  2 for 
210 sec or 775 mA/cm 2 for 21 sec, thus for the same 
coulombs per square centimeter.  Specimens were 
washed, dried, and then chemically etched in an 8% 
nitr ic  acid solution at 93~ unt i l  the weight loss was 
about 1.6 mg/cm 2 (see Table I) .  

Additives to 20% NaCl electrolyte.--Other specimens 
of the hard foil were etched in special baths as indi-  
cated in Table II. 

Annealed 99.88% Al foil.--A specimen of 99.88% A1 
foil, 75~ thick, was etched at 77.5 m A / c m  2 for 300 sec 
in the 20% NaC1 electrolyte, washed, and dried. The 
specimen was then chemical ly etched in the hot nitr ic 
acid bath for a weight loss of about 0.96 mg/cm 2. 

Preparation of SEM sampIes.--The thickness of a 
reaction replica film should be kept as small  as pos- 
sible for best replication of the etch morphology, but  
the replica also needs to be relat ively strong after 
separation from the a luminum matrix.  Anodic oxide 
films meet these conditions bet ter  than  boehmite films 
produced by hydrat ion and were therefore used. The 
oxide replicas for the present  paper were produced by 
formation to 50V general ly  in a 0.1% aqueous solution 
of NH4H2PO~ at 90~ Transverse views of the oxide 
replicas were obtained in the m a n n e r  described pre-  
viously (1). In  order to obtain cross-section views 
showing the extent  of tunne l ing  into the foils, only 
part ial  removal  of the a luminum mat r ix  was required. 
This was accomplished by an electropolishing t reat -  
ment  that  brought  the oxide into relief (1). The sur-  
face view of the 50V oxide replica was obtained with-  
out removal  of the a l u m i n u m  matrix.  All  replicas 
were given a gold coating of about 500A in the normal  
direction. 

Preparation for capacitance measurements.--A cell 
containing 10% boric acid solution, adjusted to a pH 
of 4.3 and a resist ivi ty of 560 ohm-era at 90~ was 
used in the formation of the dielectric film. Format ion  
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was accomplished in two steps, i.e., constant  current  
at 7.75 mA / c m 2 (projected area of one surface) and 
constant voltage with decreasing current  unt i l  a den-  
sity of 0.77 mA / c m 2 was reached. Another  cell was 
used to measure a "65~ formation voltage" or the 
voltage, V appearing in the VC vs. V plot of data. 
Capacitance measurements  were made at 120 Hz using 
a General  Radio Capacitance bridge with the test 
specimen as one electrode in  a low-resistance cell (37 
ohm-cm ammonium tar t ra te ) .  

Results and Discussion 
Effects of current density and of hot nitric acid etch.-- 

SEM micrographs of cross-section, transverse, and 
surface views of the oxide replicas of etched annealed 
99.99 foils are shown in Fig. 3-8. Port ions of Fig. 4 
appear in Fig. 8 at higher magnifications. Transverse 
views corresponding to Fig. 3 and 4 appear in Fig. 5 
and 6, respectively, but  at a higher magnification. The 
surface views in Fig. 7 represent  the same specimens 
as the t ransverse views in Fig. 5 (bottom) and Fig. 6 
(bot tom);  clearly t ransverse  views provide more in-  
formation on etch morphology than do surface views. 

Progress of the etches is displayed in Fig. 3-6 as 
follows: the center  micrographs, the incomplete 
etches; the top micrographs, the complete electro- 
etches; and the bottom micrographs, the etches com- 
pleted with the hot ni tr ic  acid t reatment .  These micro- 
graphs show that  more tunnels  and smaller diameter  
tunnels  occur for the high current  density etch, but  
the distinction is not strong due to the wide variat ions 
in tunne l  diameters. Observations made on the oxide 
replicas for the same n u m b e r  of coulombs (center 
micrographs in Fig. 3-6) revealed that  low current  
density produced slightly greater penetrat ions into 
the specimens, while high current  density produced 
more lateral tunnel ing.  Rate of penetra t ion (and tun -  
neling) appeared to decrease with t ime (center and 
top micrographs in Fig. 3-6). The average penetrat ion 
rate for the 21 sec electroetch at 775 m A / c m  2 was about 

Table I. Measured and calculated weight losses for 0 temper 
and H19 temper 99.99 foils: (a) electroetching at two current 

densities in 20% NaCI solution and (b) chemical etching in a hot 
nitric acid solution 

W e i g h t  loss  (mg/cm~) 
A c i d  C o m p l e t e  

Tern-  E l ee t roe t eh  e tch  e tch  
pe r  m A / c m  2 t i m e  (see) Meas.  Cal.  Meas.  ~Meas, 

0 77.5 432 3.47 3.12 none  3.47 
O 77.5 210 1.66 1,52 n o n e  - -  
0 77.5 210 1.71 1.52 1.63 3.34 
0 775 54 4,65 3.89 none  4.65 
0 775 21 1,73 1.52 n o n e  
0 775 21 1.69 1.52 1.60 3 . ~  

H-19 77.5 432 3.43 3.12 none  3.43 
H-19 775 54 4.58 3.89 n o n e  4.58 

Table II. Measured and calculated weight losses for H19 temper 
99.99 foil etched at 775 mA/cm 2 for 54 sec in 20% NaCI 

solutions with various additives 

W e i g h t  loss  (mg/cm~) 
A d d i t i v e  Meas.  Cal.  

None  4.46 3.89 
1% Na~SO~ 4.53 3.89 
0.5% CYOa 4.65 3.89 

HC1 u n t i l  PH d r o p p e d  to 0.6 4.52 3.89 

/'ig. 3. SEM m/crographs of annealed 99.99 foil after a one-sur- 
face etch at 77.5 mA/cm 2 as indicated. Cross sections showing 
50V oxide replicas in relief. X400. Top, 432 sec; center, 210 sec; 
bottom, 210 sec plus 1.6 mg/cm 2 weight loss in hot nitric acid. 
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Fig. 4. SEM micrographs of annealed 99.99 foil after an etch at 
775 mA/cm 2 as indicated. Cross section. X400. Top, 54 sec; center, 
2] sec; bottom, 21 sec plus 1.6 mg/cm 2 weight loss in hot nitric 
acid. 

2 ~/sec; the  ra te  was be low 1.5 ~/sec for  the  ful l  54 
sec etch. Moreover,  ra tes  approaching  5 ~/sec were  
found for t imes below 10 sec. The es t imated  ra tes  are  
in agreement  wi th  those repor ted  by  Edeleanu (6). 
The average pene t ra t ion  ra tes  for etching at 77.5 
m A / c m  2 were  roughly  a factor  of ten  lower than  those 
for 775 m A / c m  2. Both low and high cur ren t  dens i ty  
etches involved tunnel  mul t ip l ica t ion  along with  la te ra l  
tunnel ing and this  resul ted  in oxide repl ica  morpholo-  
gies of the  " jungle  gym" type  descr ibed previous ly  
(I). 

I t  seems l ike ly  tha t  some of the  decrease in pene -  
t ra t ion  ra te  wi th  e lec t roetching t ime is due to a r e l a -  
t ive ly  slow bu t  un i form type  of dissolution at  tunne l  
walls, which  m a y  be charac ter ized  by  definite ra tes  
of increase of tunnel  d iameters .  Evidence of this  ap-  
pears  in Fig. 5 since tunne l  d iameters  for the  com- 
plete  etch (top micrograph)  are  la rger  than  the tun-  
nel  d iamete rs  for  the  incomplete  e tch (center  micro-  
g raph) .  

On the other  hand, tunne l  d iamete r  g rowth  m a y  be 
obta ined separa te ly  f rom tunnel ing;  this  aspect  of 
etching is i l lus t ra ted  by  the bot tom micrographs  in 
Fig. 3-6 for specimens p a r t l y  e lec t roetched then  chemi-  
cal ly  e tched in hot  ni t r ic  acid. La rge r  d iamete r  tun -  
nels were  obta ined wi th  the  ni t r ic  acid etch (Fig. 6 
bo t tom vs. Fig.  6 top)  and this  fea ture  is needed for 
be t te r  h igh-vo l t age  capacitance.  For  example ,  most 
tunnels  a re  now sufficiently above 1~ d iamete r  to make  
good contr ibut ions  up to 700V, whereas  par t s  of m a n y  
tunneIs  in the  complete  e lectroetch are  be low lg d iam-  
e ter  and cont r ibute  nothing above  600V. I t  is also in te r -  
est ing to note tha t  the  weight  loss in ni t r ic  acid was 
less than  the weight  loss in the  final 222 sec of the  
electroetch (Table  I ) .  

Al though an increase in tunnel  d iamete r  m a y  be 
needed for h igh-vo l tage  applicat ions,  an increase in 
d iamete r  af ter  an ini t ia l  high cur ren t  etch (Fig. 7 bot -  
tom vs. Fig. 7 top)  is less l ike ly  to be beneficial  for 
low-vo l t age  applicat ions.  Firs t ,  the  needed tunnel  

Fig. 5. SEM micrographs of 50V oxide replicas of annealed 99.99 
foi| after a one-surface etch at 77.5 mA/cm 2 {same as Fig. 3). 
Transverse views. X|000. Top, 432 sec; center, 210 sec; bottom, 
210 sac plus 1.6 mg/cm 2 weight loss in hot nitric acid. 

length Nk may  not develop in the  e lectroetch step 
(compare  appearances  of Fig. 4 center  wi th  Fig. 4 
top) .  Second, acid e tching m a y  reduce N (and Nk) as 
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Fig. 6. SEM micrographs of 50V oxide replicas of annealed 
99.99 foil after a one-surface etch at 775 mA/cm 2 (same as Fig. 
4). Transverse views. X1000. Top, 54 sec; center, 21 sec; bottom, 
21 sec plus 1.6 mg/cm 2 weight loss in hot nitric acid. 

neighbor ing tunnels  merge  together.  Third,  tunnels  of 
t apered  shape are  usua l ly  produced,  thus severe ly  re-  
ducing the separa t ion  space and  cont r ibut ing  to  a 

Fig. 7. SEM micrographs of the surfaces of annealed 99.99 foil 
after etches as indicated (also after formation to 50V). XI000. 
Top, 210 sec at 77.5 mA/cm 2 plus 1.6 mg/cm 2 weight loss in hot 
nitric acid; bottom, 21 sec at 775 mA/cm ~ plus 1.6 mg/cm 2 weight 
loss in hot nitric acid. 

fu r the r  reduct ion  in N~ wi th  acid etching. In  fact, 
capaci tance da ta  show tha t  the  complete  e lect roetch 
genera l ly  produces  h igher  gains at  low vol tages  than  
the sequence of e lectroetch and acid etch. Theore t ica l -  
ly, of course, w i th  ideal  geomet ry  there  could be sig- 
nificant gains wi th  an increase  in tunne l  d iameter  
(curve E of Fig. 2, descr ibed in the Appendix ,  gives  
upper  l imits  for  N ~ 10S/cm2; and fA increases ac-  
cording to Eq. [2]) .  

El~ect of microstructure and current density.--SEM 
micrographs  of cross-sect ion and  t r ansverse  views of 
ha rd  99.99 foils a re  given in Fig. 9-11 and Fig. 12 
( top) .  Views at different  magnificat ions are  given to 
show coarse and fine detail .  I t  is c lear  tha t  tunnel ing 
occurred in the  heavi ly  cold ro l led  foil. In  Fig. 11 
(center)  there  are  many  reasonab ly  pa ra l l e l  tunnels  
for tunnel  lengths  ,~10~, thus  indicat ing a definite 
c rys ta l lographic  fea ture  to tunnel ing  in this  mater ia l .  
Bakish  et al. (4), on the o ther  hand, using optical  
methods  found no c lear  evidence of c rys ta l lographic  
etching. The presen t  morphology,  however,  appears  to 
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Fig. 8. SEM micrographs. Top, enlarged part of Fig. 4 top. 
X5000. Bottom, enlarged part of Fig. 4 bottom. X1000. 

be consistent with <100> tunne l ing  in a matr ix  with 
a strong (123) [523] texture, the texture  of heavily 
cold-rolled a luminum (11). The presence of tunnels  
that remain  relat ively straight over distances of about 
10~ in a s tructure of subgrains of about 1~ size (5, 8) 
may be explained in terms of the very small  disorien- 
tations of neighboring subgrains and the occurrence 
of mixed kinds of rotations, which tend to cancel out 
and keep the net amount  of deviation small  over a 
region of several subgrains '  size. 

Tunne l  diameters were smaller  for the hard foils 
than for annealed foils and were slightly smaller after 
etching at 775 mA/cm 2 than at 77.5 mA/cm~. Accord- 
ing to Eq. [1] and [2] the smaller  t unne l  diameters 
should produce larger area factors, IA, if other factors 
are the same [in fact, capacitance measurements  con- 
firmed the effect of current  density reported by Bakish 
et al. (4) because hard  foil etched at 77.5 mA / c m 2 
failed to meet the m i n i m u m  acceptance levels, whereas 
the same mater ial  etched at 775 mA/cm 2 had accept- 
able qualities for low-voltage applications]. On the 
other hand, t unne l  diameter  differences may represent  
only part  of the morphology difference. A comparison 
of micrographs in Fig. 11 (top) and Fig. 12 (top) indi-  
cates that  the coarse features are far more uniform 
for the high current  densi ty etch. This difference in 
etch s t ructure  may favor greater  etching efficiency 
and larger total t unne l  lengths (N~.) in a layer of 

Fig. 9. SEM micrographs of hard 99.99 foil etched at 77.5 mA/ 
cm 2 for 432 sec. Cross sections. Top, X400; bottom, enlarged area 
XS000. 

depth ~; this point  wil l  be treated further  in connection 
with effects of additives to the electrolyte. 

E~ects of additives to the NaCl electrolyte.--Etched 
structures.--Although both optical and SEM views of 
the etched surfaces at low magnification revealed large 
variations among the specimens etched in different 
electrolytes, the SEM micrographs of the transverse 
views of oxide replicas were rather  similar in ap- 
pearance (Fig. 12). Moreover, SEM observations at 
high magnifications revealed a fine t unne l  s tructure 
which was also similar for specimens representing all 
four electrolytes. Qualitatively,  there was little differ- 
ence in tunne l  diameters and only a small  indication 
that  all three additives decreased the tunne l  diameters 
a very small  amount.  Rather extensive measurements  
and perhaps other etching conditions would be re- 
quired for a more precise evaluat ion of the effect of 
these additives on tunne l  diameters. 

Capacitance results.--The volt ~F products of one lot 
of 99.99 (H19) foil etched in the 20% NaC1 electrolyte 
with various additives (Table II) are plotted in Fig. 
13 as a function of formation voltage. (All samples 
were etched the same amount,  i.e., to 41.85 coulombs 
with measured weight losses 15-20% above the calcu- 
lated values).  At low voltages there is a higher etch 
gain with each additive; at 25V the etch ratio increases 
from about 44 to 65. For the par t icular  amounts  of 
additive used, the etch gain increases in the following 
order: HC1, CrO3, and Na2SO4. There is a substantial  
increase in etch gain for the sulfate additive, and this 
confirms the claims of Mar t in  (12). Present  results 
also confirm those of N. V. Philips '  Gloei lampen- 
fabrieken (13) on CrOa additive. 

Since the weight losses are approximately the same 
(Table II) ,  the electrolyte additives apparent ly  im-  
prove the efficiency of tunne l  s tructure production. 
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Fig. 10. SEM micrographs of hard 99.99 foil etched at 775 mA/ 
cm ~ for 54 sec. Cross sections. Top, X400; bottom, XSO00. 

The weight losses are near  50% of the total mass in a 
layer  35~ deep. Such a fraction is higher than  that  for 
the points of curve D, which is constant  at 38.6%. The 
higher fraction is wi th in  the 34.2-90.7% range for 
curve E (see Appendix  and Fig. 2) where N = 10S/cm 2 
and the high values apply only to low formation volt-  
ages. A max imum fraction of about 30% would be the 
l imit for a hexagonal  a r ray  of conical tunnels  which 
taper to zero diameter  in a distance L A morphology 
involving t runcated  conical tunnels ,  however, would 
allow somewhat higher fract ional  weight losses before 
reaching the point of diminishing etch gains, but  not 
as high as those for the cyl indrical  tunne l  model. 

All  three morphologies have an area factor, fA, given 
by Eq. [2], i.e., 2 npN~ if p is replaced by the average 
radius p. Values of N~ obtained by  the etches ma y  be 
calculated if p -and  fA are known. Actually,  we may 
substi tute the low-voltage etch gains, i.e., 44-65, for fA 
and take 0.30~ as a rough estimate of 2p (see Fig. 10 
bottom).  These numbers  yield tunne l  lengths of 5 x 105 
to 7 x 105 cm/cm 2. Such lengths divided into segments 
35~ in  length correspond to 1.3 x l0 s to 2.0 x lO s 
t unne l s / cm 2 (i.e., values of N).  

N may  also be expressed as tunne l  length per cubic 
centimeter;  call this N*. Since the above tunne l  lengths 
average about 6 x 105 cm/cm~ and  are confined to 
volumes of 1 cm 2 • y, where y -~ half the specimen 
thickness, N* or its lower l imit  may  be calculated. 
From Fig. 4(top) it is clear that  y ----- 45#. Therefore, 
N* -~ 1.3 x I0 s cm/cm 3. 

A uni form array of cyl indrical  tunnels  with N ~ 10s/ 
cm 2 cannot  contr ibute  to the V �9 ~F product  above 
400V (Fig. 2). However, the actual  behavior  of tunne ls  
of varying size is clearly different from the behavior  of 
one part icular  size (namely, 2p); wi thout  going into a 
detailed analysis, departures  from uni formi ty  should 
lead to decreasing V �9 ~F products with increasing 

Fig. 11. SEM microgrophs of 50V oxide replicas of hard 99.99 
fall after a one-surface etch at 77.5 mA/cm 2 for 432 sea Trans- 
verse views. Top, X100; center, X500; bottom, X2000. 

voltage, which is the case in Fig. 13, and the precipitous 
decline certainly is consistent with too m a n y  tunnels  
(N), and therefore unsatisfactory morphology, for 
high-voltage applications (compare with curves A and 
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Fig. 12. SEM micrographs of 50V oxide replicas of hard 99.99 
foil after a one-surface etch at 775 mA/cm 2 for 54 sec in various 
electrolytes. Transverse views. X100. Top, NaCI; center, NaCI 
Na2SO4; bottom, NaCI ~ CrO3. 
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Fig. 13. Measured volt microforad products vs. formation voltage 
showing effects of electrolyte additions (see Table II). Also shown 
are portions of curves A and B of Fig. I and two minima points 
for 99.99 (H19) foil. 

E with N ~ 10S/cm2). The morphology needed for 
high-voltage applications involves larger diameter 
tunne ls  and greater  separation distances, i.e., features 
which are more easily obtained with annealed foil than 
with hard foil. 

E~ect of composition of the aluminum.--The etch 
gains of annealed 99.88% A1 foil are similar, but  gen-  
erally somewhat lower, than  those of annealed 99.99% 
A1 foil (see Fig. 1 for some listed M points) .  The 
morphology produced by etching is also similar (com- 
pare Fig. 14 with Fig. 5 bot tom).  The SEM stereo- 
micrographs in Fig. 14 show a typical  " jungle-gym" 
structure of the oxide replica of the etch tunnels  wi thin  
a s ingle-crystal  grain  of a luminum.  Such three-d i -  
mensional  s tructures are viewed best stereoscopically. 

Summary and Conclusions 
On the basis that  t unne l  diameter  is a measure of 

"fineness of the etch morphology," present  results con-  
firm the earl ier  observations that  increased current  
density produces a finer etch morphology (2, 3) and 
that  hard foil etches to a finer morphology than  soft 
foil (4). 

More importantly,  however, the observed morphol-  
ogies not only confirm the presence of tunne l  etching 
(6, 7, 1) but  indicate that  t unne l  configurations are the 
principal  features responsible for large etch gains. 
Therefore, in addit ion to tunne l  diameters 2p, the de- 
scription of a given morphology requires information 
on either the tunne l  density, N (number  per square 
centimeter) ,  and average t unne l  length, k, or the tunne l  
density, N* (total tunne l  length per cubic cent imeter) ,  
and the thickness, y, of the layer etched, where y ~ L 
The morphology parameters,  p, N, and k, in fact, are 
those needed for a "simple tunne l  model." The model 
gives properties as functions of N, ~, p and X, where X 
is the thickness of the dielectric film. Only to a l imited 
degree are N and p independent ;  also k ~ half  the foil 
thickness. 

The following conclusions were reached based on a 
"simple tunne l  model" and exper imental  results. 

1. Etched hard foil has a tunne l  morphology, which 
is somewhat similar to that  of etched soft foil; i.e., 
there is a crystallographic feature which we believe 
arises from <100> tunnel ing.  

2. Tunne l  diameters of etched hard foil are smaller  
than those of etched soft foil, other factors being the 
same. 

3. Slightly smaller tunne l  diameters result  from an 
etch at 775 m A / c m  2 than one at 77.5 mA/cm2; the more 
impor tant  morphology parameter  is the product  Nk 
( tunne l  length per  square centimeter)  according to 
the simple t unne l  model. 

4. Both SEM informat ion on tunne l  diameters and 
the simple tunne l  model indicate that  the max imum 
voltages for useful tunne l  coritributions to capacitance 
gains increases with tunne l  diameter. The in terde-  
pendence of tunne l  diameter  and tunne l  density, how- 
ever, places limits on tunne l  diameter, especially if 
large etch gains are to be attained. 

5. When electroetching produces a suitable tunne l  
density, but  t unne l  diameters of insufficient size for 
the formation voltage planned,  chemical etching in  a 
hot 8% nitr ic acid solution may  be used to increase 
the t u n n e l  diameters to the desired value. 

6. Tunne l  electroetching may be described in terms 
of increase in tunne l  length and increase in  tunne l  
diameter  with time. The former has a high rate in i -  
t ial ly and decreases to almost zero toward the end of 
a long etch. The rate of t unne l  diameter  increase, or 
radial  growth, on the other hand, is relat ively low; the 
fraction of the current  taken by radial  growth appears 
to increase with time, perhaps approaching 100% in 
long etches. 

7. Additives to the 20% NaC1 electrolyte, such as 
Na2SO4, or CrO3 or HC1 in suitable amounts, increase 
the etch gains of hard foil for low-voltage capacitors 
(e.g., etch gains of 44-65 after formation to 25V). SEM 
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Fig. 14. SEM stereomicrographs of a 50V oxide replica of 99.88 soft foil. Transverse view. XlO00. 

data and calculations based on the simple tunne l  model 
indicate that  these additives increase the tunne l  den-  
sity, N*, in a layer, y, where  y ~ half  the foil thickness. 

8. According to the tunne l  model, etch gains of 44-65 
and an observed tunne l  diameter near  0.3~ indicate the 
production of tunne l  lengths (Nk) of 5 x 105 to 7 x 105 
cm/cm 2 (or 6 x 105 cm/cm 2 as an average) and tunne l  
densities, N, of 1.3 x l0 s to 2.0 x 108 tunne l s /cm 2. Al-  
ternatively,  since half the specimens thickness (45~) is 
the max imum depth of the etch a calculation of the 
tunne l  density N* for Nk ----- 6 x 105 gives N* ~ 1.3 x 10 s 
c m / c m  3. 

9. The morphologies that  gave etch gains of 44-65 
at 25V (i.e., N~ values of 5 x 10~ to 7 x 10 ~ cm/cm2) 
are unsui table  for use at high voltages according to the 
simple tunne l  model. The tunne l  densities for high 
voltages should be high, but  not too high. N or N* 
equal to l0 s cm -2 is too high even for 400V; the prop- 
erties of hard foil etched at 775 m A / c m  2 and formed to 
high voltages confirm this prediction. 
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APPENDIX 
Assuming 100% coulomb efficiency in the formation 

of the A1203 film on the tunne l  walls, an A1203 density 
of 3.17 g/cm 3 (10), and k > >  X, it follows that  

(R2 _ r~)/(R2 _ p2) = 1.6 [Al l  

Also, since R -- r ---- X, both R and r can be expressed 
as functions of X and p. Dividing R by  r gives 

X -~ ~/2.56p 2 -- 0.6X 2 
R/r  - - - -  [A2] 

--0.6X 2r ~/2.56p 2 - -  0.6X 2 

Combining [A2] and [5] with e ---- 8.4 and a ---- 13.7 
x 10-8 cm/V gives an expression for VCt in terms of X, 
which may be evaluated for given values of N, k, and p. 

N, ~, and p given.---Some calculated values of VCt for 
curves A and B of Fig. 1 are listed in Table AI. Values 
of Ct/Cnat or fc are also listed. 

N and ~. given but  p variable to give the upper limit 
o] VCt.--Consider the case of curve E in Fig. 2 with 
N ---- 108/cm 2, ~. : 35~, and p made just  large enough 

that  R approaches its upper  l imit  of k A / 3 / 6 N  or 
0.537~. For a given value of X in microns, r is equal 
to 0.537 -- X, and the value of p needed is then deter-  
mined by [Al l .  Subst i tut ing 0.537/(0.537 -- X) for R/r  
in [5] determines VCt. The range of X is zero to 0.537~ 
(or zero to about 393V). The corresponding range of 
p is 0.537 down to 0.330~ with N : ~  varying  from 90.7 

Table AI. Illustrative calculations of VCt for curves A, E, and D 
in Fig. 1 and 2; also calculated values of fc* 

A (N = 6 • l 0  s , B (N = 6 • 106 , D ( N & p  
V o l t a g e  p = 0.1~) p = 1~) v a r i a b l e )  

v e t  1C v e t  ]C v e t  ~0 

5 720.4 133 -- 71.55 13.2 20,460 3770  
10 724.3 1 3 3 +  71.60 13.2 + 10,230 1890 
25 728.3 134 71.72 13.2 + 4089 754 
50 706.4 130 71.91 13.3 -- 2042 378 

100 507.5 93.6 72.18 ]3,3 1019 188 
300 0 0 71.91 13 .3- -  337 62.2 
SSO 0 0 68.38 12.6 182 33.6 
700 64.24 11.9-- 142 26,2 
900 55.52 10.2 

I000  49.0  9.0 98 18.1 
I I 0 0  39.4  7.3 
2000 0 0 47 8.7 

* N o t e  t h a t  Sc a p p r o a c h e s  SA, i.e., 132 fo r  c u r v e  A a n d  13.2 f o r  
c u r v e  B a c c o r d i n g  to Eq.  [2] a t  l o w  v o l t a g e s  a n d  is e q u a l  to  o r  
g r e a t e r  t h a n  fA o v e r  r e l a t i v e l y  w i d e  v o l t a g e  r a n g e s .  
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to 34.2%. The fraction of a luminum remaining  in the 
layer  of thickness, ~, after anodic film formation is con- 
stant, i.e., 1 -- N~R 2 = 9.3%. 

Curve D: ~ = 35~, both N and p variable for maxi- 
mum VCt.-----Starting wi th  Eq. [5] one replaces N with 
the upper  l imit value \ /3 /6R 2 and r with R -- X. One 
then finds the value of R that  makes VCt a ma x i mum 
for any value of X (or 9"). The solution is given by 
R / r  = 3.51. Therefore, r = X/2.51, R = X 3.51/2.51, 
and p = 0.9IX. Table AI lists values of VCt for curve 
D in Fig. 2. It is interest ing to note that  for each point  
of curve D the fraction Nxo 2 is 38.6% and the fraction 
N~R ~ is 90.7%. Also, an increase of N from 6 x l0 s to 

1.23 x 109/cm 2 with p = 0.1z and ~ = 35z gives a VCt 
curve similar to curve A, but  above it with one, and 
only one, point  common with curve D. For p -- 1# (like 
curve B), the value of N needed is 1.23 x 107/cm 2. The 
unique  combinat ion needed for 700V to produce the 
upper  limit, which is only a factor 2.2 above curve B, 
is N : 6 x 107/cm 2, p = 0.875~, with ~ : 35~. There is 
no hexagonal  array of tunnels  of constant  radius and 
35z length that will  produce a VCt product  above curve 
D. Corrections due to neglect of flat area contributions,  
or an increase in L or an increase in e above 8.4, or 
a decrease in a in Eq. [5] from 13.7 A / V  could, of 
course, produce V �9 ~F products above the l imit set by 
the present  model. 

The Two-Level Effect in Sheet Resistance 
Measurements Made with a Four-Point 

Probe 

Alvin H. Tong* and Andrew Dupnock 
IBM Components Division, East Fishkill Facility, Hopewell Junction, New York 12533 

ABSTRACT 

Sheet resistance measurements  by the four-point  probe technique have 
been investigated on diffusions into opposite-type backgrounds with junct ion 
depths from 0.25 to 3.0 ~m. Sheet resistances, measured with a probe each of 
whose four points was weighted with 30-60g and whose tips were five mils 
in radius, were independent  of this loading between 34 and 1570 ohms/sq. As 
the voltage is varied, sheet resistances show a two-level  effect, followed by a 
breakdown at 5.5V. The t ransi t ion takes place, independent  of the sheet 
resistance, at a constant  voltage of 100 inV. This t ransi t ion is explained by 
the correction factors for a four-point  probe derived from the mul t i layer  
potential  dis t r ibut ion theory. 

Characterization of a diffused layer in silicon in-  
volves the following parameters :  Co, the surface con- 
centrat ion;  ps, the sheet resistance; xj, the junct ion  
depth; Cb, the background concentrat ion and the type 
of diffusion profile. A knowledge of these parameters  
is essential to the design, development, and manufac-  
ture of integrated circuits. 

A complete profile of the diffused layer which con- 
tains all  the above parameters  can be obtained by the 
spreading resistance technique (1-3) with correction 
factors (4). Another  widely used method is to mea-  
sure ps by the four-point  probe technique, xj  by the 
bevel and strain technique; and, assuming the profile 
to be either Gaussian or a complementary  error func-  
tion profile, Co can be obtained with a knowledge of 
Cb (5, 6). 

Because of the need for fast devices, diffusion layers 
are being made shallower and shallower and the de- 
mand for accurate and reproducible sheet resistance 
measurement  becomes more urgent. What  follows is 
our invest igat ion of the following impor tant  parameters  
in the four-point  probe measurement  of sheet resist- 
ance: probe loading, configuration and tip radius, and 
current  levels. 

It  has been reported (7) that  a different cur ren t  
level should be used for different resistivities to give 
the correct value in bulk  materials.  It was also noticed 
(8) that  the resist ivity measurement  in silicon epitaxial  
layers is a funct ion of the current  level. For th in  dif- 
fused layers, the current  level is even more critical, 
and was therefore closely investigated. 

Four -po in t  probes that  are commonly used in the 
semiconductor indus t ry  have two different configura- 
tions: in - l ine  array and square array. Probe tip radii  

* E l e c t r o c h e m i c a l  Soc i e ty  A c t i v e  Member .  
K e y  w o r d s :  s i l icon,  diffusion, semiconductor, 

of 1.5 and 5.0 mils are most popular. Probe loadings 
are adjusted by the spring tension in the probe head. 
Because of the shallow diffusion layer involved in the 
sheet resistance measurement ,  a bad combinat ion of 
probe loading, tip radius, and the velocity of impact 
of the probe can produce erratic readings caused by 
the penetra t ion of the probe points through the dif-  
fused layer. 

The diffused layer  thicknesses investigated ranged 
from 0.25 to 3.0 ~m. Sheet resistances range from 34 to 
1570 ohms/sq. The substrate wafers are all 1 ohm-cm 
p ~ l l l ~  silicon. The diffusant is As, with Co ranging 
from 10 TM cm -z to 1020 cm -3. The diffusion profiles are 
of the complementary  error function type determined 
by the spreading resistance technique with correction 
factors. 

Experimental and Results 
The in- l ine  ar ray  and square array configurations 

are shown in Fig. 1. A current,  I, is sent through probe 
points 1 and 4, and the voltage difference, V, is mea-  
sured between points 2 and 3. From the sample geome- 
t ry  and the measured resistance, the resist ivity for 
bu lk  mater ia l  and the sheet resistance (ps) for diffused 
layers can be calculated (9). 

Probe loading, configuration, and tip radius.--Table 
I lists sheet resistance values derived from different 
probe configurations and loadings. All  measurements  
were made below 100 mV. 1 For the range of 30 to 60 
g/point,  sheet resistances measured by probe No. 1 are 
independent  of the probe loading. A scatter is seen for 
probe No. 2 on sample No. 2 which has the highest 
sheet resistance of 1570 ohms/sq and a shallow junc t ion  
of 0.5 ~m. Probe No. 3 had a square -a r ray  probe which 
had a constant  loading of 50 g/point  and was not varied 

�9 Th i s  100 m V  l i m i t  i s  d i s cus sed  la te r .  
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tip radius is 5.0 mils) as well as to the careful lowering 
of the probe points onto the wafer surface. (Since it is 
the "pressure," not the "velocity," that  causes the 
probe points to make good contact, the probe points 
were lowered as slowly as possible.) 

The scatter observed in the data from probe No. 2 
could be caused by the combinat ion of sharp probe 
point (tip radius of 1.5 mils) ,  high sheet resistance, and 
shallow junction.  Greater  probe wander  error reported 
for the square ar ray  technique (10) is a possible ex-  
planat ion for the deviation of sheet resistances mea-  
sured by probe No. 3. 

Probe No. 1 was used for the rest of the experiments;  
for convenience it was given a middle-of - the- range  
probe loading of 40 g/point.  

I -V Characteristics 
Room temperature.--Figure 2 shows a family of I-V 

characteristics taken at room temperature  for differ- 
ent  sheet resistance samples. There are three dist inc- 
tive features: (a) all I -V curves are l inear  below 100 
mV; (b) all I -V curves go through a t ransi t ion region 
star t ing from 100 mV and then reach a different level 
where they are l inear  again; (c) finally, the voltage 
difference between the two inner  probe points stays 
constant, independent  of the cur ren t  throug.h the two 
outer probe points. (We refer to this effect as the 
"breakdown.")  

At elevated temperatures.inTo assure that  heating is 
not the cause of the two-level  phenomenon in the I -V 
characteristics ment ioned above, we measured sample 
No. 5 at 125 ~ and 175~ (Fig. 3). The heat ing introduces 

Fig. 1. In-line and square array configurations of the four-point 
probe. 

because of the design of the probe. Sheet resistances 
measured by this probe were lower than those mea-  
sured by probes No. 1 and 2, especially on sample 
No. 2. 

The reproducibil i ty of probe No. I as a function of 
the probe loading is a t t r ibuted to the broad point (the 

a shift in  the I-V curve while main ta in ing  the two- 
level effect. Also shown in  this figure is the I -V curve 
measured at room tempera ture  with a large heat s ink 
undernea th  the silicon wafer. This curve is identical  to 
the one measured without  a heat sink. It  is worth 
point ing out that the heat ing did change the voltage at 
the "breakdown." The "breakdown" voltage is lower 
for higher temperatures  as reported by others ( l  1). 

Theoretical Model of the Two-Level Effect 
A theoretical  model may explain both the two-level  

and the "breakdown" mechanism. 

Table I. Sheet resistance values* from different probe 
configurations and Ioadings 

P r o b e  No.  1 P r o b e  No  2 P r o b e  No, 3 
50-Mi l  i n - l i n e  25-Mi l  i n - l i n e  25-Mi l  s q u a r e  

S a m -  5-Mi l  t i p  r a d i u s  1.5-Mil  t ip  r a d i u s  1.5-Mil  t i p  r a d i u s  
ple Load, ps, Load, ps, Load, ps, 
~ o .  g / p o i n t  o h m s / s q  g/point ohms/sq g / p o i n t  o h m s / s q  

1 60 128.3 
2 1578 
3 146 
4 169.8 
5 260  
6 3 4  

50 
1 128 
2 1575 
3 146 
4 166 
5 263 
6 34  

40 
1 129 
2 1570 
3 146 
4 166 
5 264  
6 3 4  

80 
1 127 
2 1568 
3 146 
4 165 
5 263  
6 8 4  

60 126 
1600 

140 
163 
256  
33 

60 
126 

1189 
140 
161 
256 

34.5  
4O 

35 

124 
1320 

145 
163.7 
259.3 

34 

120 
1530 

143 
164 
2 6 0  

34 

50 
117 
890 
135 
156 
254  
32.8 

* E a c h  of  t h e s e  s h e e t  r e s i s t a n c e  m e a s u r e m e n t s  r e p r e s e n t s  an  a v e r -  
a g e  of  five readings. 

V (volt) 

Fig. 2. I-V characteristics at room temperature for samples hay. 
ing different sheet resistances. 
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Fig. 4. Sheet resistance "breakdown" caused By varying the 
vol tage. The two-level effect is reflected in the relationship be- 
tween CFt (the correction factor at low vol tage) and CF2 (the 
correction factor at high vol tage).  

If we  take the :data of Fig. 2 and plot the sheet re-  
sistance vs. V, the results  are shown in Fig. 4. The four 
sections of  the  curve  are labeled R~, transition, R2, and 
"breakdown."  Similar  to the correct ion factors for 
spreading resistance reported by Schumann and Gard-  
ner  (12), correction factors can also be der ived for a 
four-point  probe on a two- layer  s t ructure  wi th  uni-  
form resist ivi ty in both layers, as shown in Fig. 5. The 
relat ionship be tween V and I can be shown to be 

V----- Ip1 [ S ~o~ [l + 2ol] Sin (~a) Jo (~r) 
2~S X - -  a 

where  a 

K l e - 2 k h ~  
a l =  

1 -- Kle-~h~ 

El = P2 -- Pl 

is the radius of the probe 

[1] 

[2] 

[3] 

February  I971 

Pl 

P2 

I N F I N I T E  I N  E X T E N T  

Fig. 5. Four-point probe correction factors for a two-layer 
structure. 

Jo  (kr) is t h e  Bessel function of zero order  
Pl is the resis t ivi ty  of the top layer  
p2 is the resist ivi ty of the substrate 
S is the probe spacing 
hi is the thickness of the top layer 

This equation can be wr i t ten  as 

Ipl 
V = ,  X CF [ 4 ]  

2~S 

where CF signifies the "correction factors" represent- 
ing the expression in the bracket. When  t.hese correc-  
tion factors are plotted against  S/hi  for various K1 
values, they are as shown in Fig. 6. 

If the two layers have opposite conductivit ies ( the 
resul t  of an isolating junct ion) ,  P2 appears to be much 
greater  than Pl, and therefore  K1 ---- 1. When P2 ---- P~, 
K1 = 0 for the case of a bulk sample wi th  infinite 
thickness. When the two layers  are of the same con- 
duct ivi ty  but p2 > P1, K1 has a posit ive value  be tween 
"zero" and "one." 

Suppose we have  a s t ructure of N + / N  with  Pl -:-- 
0.001 o h m - c m  (N ~ 102~ cm -a)  and p2 = 1 ohm-cm. 
Then K 1 = (P2 -- P1) / (P2 + ,ol) = 0.999, which cor- 
responds to a correction factor of 1150, as indicated in 
Fig. 6. The probe spacing, S, is 1270 ~m ( ~  50 mils) 
and the  thickness, hi, is 1 ~m. If an isolating junct ion 
s tructure N W / P  wi th  the same Pl, P2, S, and h 1 is used, 
then  K1 = I, and the corresponding correct ion factor  
is 1800. The ratio of these two correction factors indi-  
cates the ratio of the two sheet resistances, which is 

i04 CFI=1800 / K1 =*1.0 

0 F ; > = 1 1 5 0 - ~ ~ /  +0.999 
10 "~ / ~ / . ~ -  +0.998 

r 

r,- / / ~  ~ I +0.990 
lo2 .o.98o 

+0960  

z / ~  I ~0,818 o 101 
I ' -  

,,,'-' ~ - -  - ~ -  *0.600 
O: [ ~  " '1 "1"0.400 
"" ~ . . . . .  I _ +0.200 
o~ 1o ~ ~ - -x . . . .  ;Gz-o5 . . . . . . .  

\~_'-~ ~ - -0.400 
\ ~ K ~  Jj -0.600 

,o-' . \ "  : -0.8,6 

K" I = - 1.0,,~'~.,-.. I -0.9000 
10 -2  , ~ . ,  , ,I 

10,1 100 101 102 103 104 -0.980 
S 
hl 

Fig. S. The correction factors plotted vs. S (probe spacing)/ht 
(thickness of the top layer) for various K1 values. 
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CF, as1 
- -  = = 1.56 [5] 
CF= PS2 

So the sheet resistance, psi, of I~T-~-/P structure is 1.56 
t imes higher  than the  sheet resistance, ps2, of N + / N  
structure. 

Our case is N + / P  structure. Al though the diffused 
layer  does not have a uni form resistivity, m, the two-  
level sheet resistance effect can be explained by the 
difference in correction factors for an isolated and a 
" leaky" junction. When the current  level, I (or vol t -  
age difference, V), is low, the re la t ionship  be tween V 
and I is 

Ipl 
V = X CFI [6] 

2=S 

because of the isolating junction. This is region Ri in 
Fig. 4. 

As I increases (or V increases),  the isolating junc-  
tions undernea th  the two current  probes start  " leak-  
ing." This leakage current  causes our N + / P  s t ructure  
to behave similar  to that  of a N + / N  structure.  Al-  
though the substrate resistivity, P2, is still three orders 
of magni tude higher  than Pl, K1 is no longer " r '  but 
"0.999." Therefore  

Zp, 
V = X cr~ [7] 

2=S 

This is region R2 in Fig. 4. 
Since CF1 > CF2, sheet resistance values in R1 are 

higher  than those of Re (Fig. 4). 
At this point, it is impor tant  to unders tand the vol t -  

age distr ibution under  the current  probe. When a cur-  
rent, I, is passed into the semiconductor,  which has a 
two- layer  s t ructure as shown in Fig. 7, the voltage at 
a point (y, z) can be shown to be 

zp, 
V ( y , z )  : ~ X ~Q1 [8] 

2=a 
where  

j ' =  e -xz sin (ka) Jo  0,Y) 
2Ql dk J0  

o ~ 81(e x~ + e -xz)  sin (~.a) Jo (ky) + dk 

and el is the same as in Eq. [2]. 
In Fig. 7, ~Q1 is plotted as a function of Y (or y /a )  

for the case of hl /a  ----- 2. The  running parameter  is Z 
or z/a. The curve  indicated by Z = 0 is the voltage 
distr ibution on the surface of the semiconductor.  The 
curve indicated by Z ---- 2.0 is the voltage distr ibution 
at the interface of this two- l aye r  structure.  For  a dis- 
tance of Y --~ 5 (or y ~-- 5a), the vol tage distr ibution 

S H E E T  R E S I S T A N C E  M E A S U R E M E N T S  

Q 

t: s 
vA ~ 3 ~ 

R R R 

. . . . . . . .  , . . . . . . . .  , . . . . . . . .  i . . . . . . .  
7 ! 

' _20 . V(y,z) 

P2 
5 

Z=O Z=O,5 V (y,z)= -~Q2Q1 

3 / \" 

2 

1 I 

00.1 1010 . . . .  101 10 2 10 3 
Y 

Fig. 7. Relationship between the voltage distribution on the 
semiconductor surface, Z = O, and that at the P/N junction inter- 
face, Z = 2.0. 
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< R s < 

V B 

I 1 

Fig. 8. A simplified equivalent circuit 

on Z = 0 (the surface) and Z = 2.0 (the interface) are 
pract ical ly the same. In other  words, the voltage dif-  
ference measured on the surface of the wafer  is no dif- 
ferent  than the voltage difference at the interface of 
the two layers. 

To check that  the condition y --~ 5a is met,  we  cal-  
culated f rom the spreading resistance (12) measure-  
ment  using this same current  probe and obtained a = 
1.5 ~m. 2 The probe spacing, y, in our case is 1270 ~m 
(50 mils) so the condition of y --~ 5a is cer tainly satis- 
fied. Therefore,  the voltage difference measured on the 
surface can be thought  of as the voltage difference at 
the P / N  junct ion interface. 

When I is increased further,  the N-P  junct ion un-  
derneath  the two current  probes breaks down and 
most of the current  now flows through the substrate. 
A simplified equivalent  circuit  is shown in Fig. 8. The 
back- to-back  diodes simulate the two N-P  junctions 
underneath  the two current  probes. R represents the 
resistance of the thin layer. Rs is for the spreading re-  
sistance of the current  probe. When the diodes break 
down, an increase in I f rom the constant  current  sup- 
ply wil l  increase I1 through the diodes while  main ta in-  
ing a constant hV = (VA - -  V B )  across the diode. A 
constant hV will  in turn keep V between the two inner 
probes a constant. This "breakdown"  situation is what  
we observed in Fig. 4. 

Summary and Recommendations 
The two- leve l  effect is explained qual i ta t ive ly  by the 

correction factors for the four-point  probe. The sample 
calculation shows (CF1)/(CF2) = 1.56. Calculated 
ratios of the two levels of the samples range f rom 1.34 
to 1.61. This difference is due to the actual structure, 
which consists of diffused layers of different th ick-  
nesses. 

The transi t ion region starts at 100 mV, and the 
"breakdown"  is around 5.5V. Both are independent  of 
the sheet resistances, suggesting that  this is an effect 
due to the nature  of the N-P  junction. 

For  reproducible sheet resistance measurements  on 
thin diffusions, we recommend the following: 

1. Use of a broad probe tip, since small t ip radius 
might  pierce through the diffusion and cause errat ic 
readings. 

2. Probe points should be loaded wi th  be tween  30 
and 60g and lowered as slowly as possible. 

3. The current  levels should be so adjusted that  the 
voltage difference be tween the two inner  probes is 
less than 100 mV. 
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r e s i s t a n c e  ( R ) ,  t h e  r e s i s t i v i t y  o f  t h e  s a m p l e  (p) ,  a n d  t h e  r a d i u s  o f  
contact (a) of the probe. For a s a m p l e  w i t h  p = 1 .0  o h m - c m ,  R w a s  
m e a s u r e d  t o  b e  1 . 6 8  kohm,  which  resulted i n  a = 1.5 # m .  
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Technical Notes @ 
The Control of Insoluble Magnesium Compounds 

Formed during Seawater Battery Discharge 

Carl E. Mueller* and Frederic M. Bowers* 
U. S. Naval Ordnance Laboratory, White Oak, Silver Spring, Maryland 20910 

The capaci ty  of seawater  ac t iva ted  bat ter ies  conta in-  
ing magnes ium anodes is often l imi ted  by  clogging. 
Dur ing  discharge the space be tween the electrodes of 
the cells neares t  to the  negat ive  t e rmina l  g radua l ly  fill 
wi th  an insoluble  prec ip i ta te  tha t  replaces  the  seawater  
e lect rolyte  and reduces ba t t e ry  capaci ty.  

The problem of clogging has been encountered  in 
both high and low discharge ra te  bat ter ies .  In ba t te r ies  
designed for high ra te  (15 min) applications,  the  elec-  
t ro ly te  is forced th rough  each cell. In  these appl ica-  
tions, the  flow of e lec t ro ly te  is usua l ly  sufficient to flush 
the  insoluble  prec ip i ta te  from the cells. However ,  
Fa le t t i  and Nelson (1) found tha t  the  use of AZ61 
magnesium anodes which had  not  been p rope r ly  hea t  
t rea ted  resu l ted  in the  format ion  of an adheren t  p re -  
c ipi ta te  dur ing  high ra te  discharge.  This prec ip i ta te  
could not  be flushed f rom the affected cells and caused 
a reduct ion in ba t t e ry  capacity.  

Clogging is usua l ly  more  severe in bat ter ies  designed 
for low ra te  applications.  In  these ba t te r ies  the  elec-  
t ro ly te  is not  forced th rough  the  cells and there  is a 
grea ter  t endency  for the  prec ip i ta te  to bui ld  up and 
reduce capaci ty.  This p rob lem was encountered  dur ing  
the deve lopment  of a low ra te  (6 hr, 150 m A  constant  
cur rent  discharge)  10 cell, 15V, AgC1/Mg seawater  
ba t t e ry  at the Nava l  Ordnance Labora tory ,  Whi te  Oak, 
Maryland.  When  pro to type  ba t te r ies  were  d ischarged 
in seawater ,  a flocculent adheren t  prec ip i ta te  formed 
tha t  g radua l ly  filled the  space be tween  electrodes in 
those cells neares t  to the  negat ive  t e rmina l  of the  
bat tery .  The prec ip i ta te  also formed outside these cells 
and  blocked the bot tom w a t e r - e n t r y  holes. This condi-  
t ion l imi ted  the capaci ty  to less than  ha l f  of tha t  theo-  
re t ica l ly  avai lable .  However ,  when  s imilar  ba t te r ies  
were  d ischarged in aqueous sodium chlor ide  of  equal  
sal ini ty,  a g ranu la r  nonclogging prec ip i ta te  was 
formed. This fine prec ip i ta te  toge ther  wi th  hydrogen  
gas escaped through  the top por t  hole of each negat ive  
cell. As a result ,  the capac i ty  of these ba t te r ies  was two 
to four  t imes grea ter  than  those d ischarged in seawater .  

* Electrochemical  Society Act ive  Member.  
K ey  words:  silver ch lor ide /magnes ium bat tery,  seawater  ba t te ry  

filter, control of Mg(OH)~ formation. 

This paper  descr ibes  the exper iments  tha t  were  con- 
ducted to de te rmine  the cause for  the  format ion  of the 
flocculent clogging prec ip i ta te  in seawater .  The  resul ts  
of these exper iments  are  discussed. Methods for  con- 
t ro l l ing  the format ion  of this  prec ip i ta te  a re  presented.  

Experimental 
The expe r imen ta l  ba t t e ry  model  used in this  s tudy is 

shown in Fig. 1 and 2. I t  consisted of a c lear  Luci te  

C E L L < ~  

PORT HOLES 
' ~  ~.~SILVER FOIL 

-.1 
BOTTOM PORT HOLES (not shown ) 

Fig. 1. Experimental battery model 

PORT HOLE 

l_ SLVE, PO L 

E PORT HOLE 

POLYETHYLENE STUDS (separators) 

Fig. 2. Cell and electrode configuration of experimental battery 
model. 
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EXPERIMENTALI 
BATTERY [ 
MODEL I 

I 

I N S O L U B L E  M A G N E S I U M  C O M P O U N D S  

WHERE: 

B=d-  c IMPRESSED VOLTAGE SOURCE 
V = VOLTMETER 
R = VARIABLE RESISTANCE 
A = MILLIAMMETER 

Fig. 3. Experimental apparatus and circuitry 

B 

block with a cell conta ining an AZ61 magnesium elec- 
trode attached to each end. The clear Lucite permit ted 
in situ observations dur ing the experiments.  The con- 
figuration of the model was similar to the low rate, 10 
ceil, 15V bat tery  that  was being developed. When the 
model was immersed in an aqueous salt solution with 
a d-c voltage of 15.1 __. 0.1V impressed across the elec- 
trodes, the parasitic dra in  condit ion (2) similar to that  
occurring dur ing the discharge of the 10 cell bat tery  
was simulated. A variable  resistor was used to main-  
tain the voltage between the desired limits. A Sensit ive 
Research voltmeter  (10,000 ohms/V) was used to 
monitor  the voltage, and the current  which repre-  
sented the parasitic drain  (2) was measured with a 
Weston mil l iammeter ,  Model No. 622. The circuitry is 
shown schematically in Fig. 3. 

The experiments  were conducted in various electro- 
lytes: (a) in seawater obtained from the Gulf  Stream 
near  Ft. Lauderdale,  Florida, which was representat ive 
of typical seawater, and (b) in other aqueous salt so- 
lutions of equal sal ini ty (3.5%). The aqueous salt 
solutions were made up from ACS reagent grade salts 
and distilled water. These solutions contained varying  
proportions of NaC1, MgC12, Na2SO4, and MgSO4. The 
ions contained in these aqueous salt solutions repre-  
sented the four major  ions found in seawater which 
are Na +, Mg + +, CI- ,  and SO4 = (3-6). The composi- 
tion of each electrolyte is given in Table I. The specific 
resistivity of the prepared salt solutions was similar 

Bulk 
pH 

initial 

Table h Identification of electrolyte solutions 

Elec- Bulk 
trolyte Electrolyte composition pH 

solution 3.5% by weight :  Major ions present  final 

8.30 
A NaCl Na+,Cl- 

11.00 
8.25 

B Na.~SO.t Na+,SO4= 
10.90 

8~25 
C 32/39 NaC1 & 7/39 Na2SO~ Na+,CI-,SO~= 

11.00 
8 .25 

D MgCI.- Mg++,C1- 
9.05 

8.25 
E MgSO~ Mg++,SO~= 

8,50 
8.25 

F 32/39 NaC1 & 7]39 MgSO4 Na+,Mg++,CI-,SO~= 

9.90 
8.25 

G 32/39 NaCl & 7]39 MgCI2 Na+,Mg++, Cl~ 
9.80 

8.30 
Na+ ~10.56 g /kg  
Mg++ ~1.27 g /kg  

H Gulf S t ream seawater  Ca++ ~0.40 g / k g  
(salinity ,..,,35o0) C1- ~lS.9S g / k g  

804 = ~2.65 g /kg  
0.65 
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to that  of the Gulf  Stream seawater which was 20.3 
ohm-cm at 20~ (3-6). Before the start  of each experi-  
ment,  the pH of the electrolyte was measured and 
adjusted, if necessary, to 8.25 +_ 0.05 with 0.1N Na2CO3. 
Upon the completion of each experiment,  the pH was 
again determined. The volume of electrolyte used for 
each exper iment  was 1800 ml; the temperature  was 
main ta ined  at 23 ~ __ 2~ Exper imenta l  runs  were 
usual ly  of 3 hr duration, but  some exploratory experi -  
ments  ran  for as long as 7 hr. The precipitate from each 
exper iment  was qual i ta t ively  analyzed using x - r a y  
diffraction spectra. 

Results 
The data in Table II show that  large flocculent ag- 

glomerates were formed only  when magnes ium salts 
were ini t ia l ly  present  in  the electrolyte (solutions D, 
E, F, G, and H of Table I) .  This flocculent precipitate 
formed inside of the negat ive cell and also in the bu lk  
electrolyte a round the bottom inlet  port  of this cell. 
This condit ion was similar  to that  observed dur ing the 
seawater discharge of the prototype batteries. How- 
ever, in electrolyte solutions ini t ia l ly  free of Mg + + 
ions (solutions A, B, and C of Table I) a granular  pre-  
cipitate was formed. This precipitate did not clog the 
negative cell and was fushed  out into the surrounding 
body of electrolyte. These results indicate tha t  the type 
of precipitate formed depends on whether  Mg + + ions 
are ini t ial ly present  in the electrolyte. 

The precipitates obtained from these experiments  
were analyzed by x - r ay  diffraction spectra. The spec- 
t rum of precipitates collected from solutions A, C, D, E, 
F, and G had only one readily identifiable component, 
Mg(OH)2. In  addition, there were two unidentified 
consti tuents found in these samples. One of these 
materials  was probably  free magnesium, for spalling 
of the anode was observed and metal  was visible in 
the corrosion products. The precipitate from solution 
B was identified as being only magnes ium metal. How- 
ever, the concentrat ion of this mater ia l  may  have been 
high enough to mask out any other consti tuents pres-  
ent, including Mg (OH)2. The precipitate obtained from 
solution H (seawater) had only one identifiable com- 
ponent, CaCO3. There were other materials  present, 
but they were not identified. Although the results ob- 
tained from the x - r ay  diffraction analyses are some- 
what  limited, they seem to indicate that  in most every 
case Mg(OH)2 is formed as the pr incipal  corrosion 
product. 

Table II also shows that  the ma x i mum simulated 
parasitic current  value obtained for each experiment  
varied only slightly with the chemical composition of 
the electrolyte indicat ing that  the conductivi ty of the 
different solutions was essentially the same. The values 
ranged from 47 to 65 mA. The lower values occurred 
when  hydrogen gas bubbles were par t ia l ly  blocking 
the top port holes in each cell, and the higher values 
occurred when the holes were essentially free of gas. 

Table I lists the pH values of each electrolyte at the 
end of a run. Electrolysis in those solutions ini t ial ly 
free of Mg + + ions resulted in pH values of 11.0 _+ 0.1 
and granular  precipitates. Is solutions to which mag-  

Table II. Summary of electrolytic corrosion data 

M a x i m u m  
Elec- Time of s imulated Characterist ics 

trolyte eleetroly- parasi t ic  of insoluble 
solution sis (hr) cu r ren t  (mA) precipi tate 

A 2.70 65 white,  g ranula r  type 
B 3.05 50 white,  g ranula r  type 
C 3.00 52 white,  g ranula r  type 
D 2.50 47 white ,  large flocculent 

agglomerates  
E 2.35 47 whi te ,  large flocculent 

agglomerates  
F 3.00 65 white ,  large flocculent 

agglomerates  
G 3.00 50 white ,  large flocculent 

agglomerates  
H 3.00 65 white ,  large flocculent 

agglomerates  
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nesium salts were added the resul t ing pH values were 
9.4 _+ 0.5 and the precipitates were flocculent. The pH 
values of these electrolytes agree wi th  the results ob- 
tained by J. L. Robinson and P. F. King  (7) and H. A. 
Robinson (8) who studied the electrochemical be-  
l~avior of magnes ium anodes in aqueous environments .  
They found that  the pH of aqueous salt electrolytes 
decreases as the Mg ++ ion concentrat ion increases. 
However, they did not  report  the type of Mg(OH)~ 
formed in these electrolytes. 

Control of Mg(OH)2 Formation 
The first approach that  was investigated was the use 

of a chemical filter that  would remove the Mg + +ions 
from the electrolyte enter ing the bat tery  by precipi-  
tation in a nonflocculent form. Thallous fluoride (T1F), 
a white powdery compound that  exhibits  appreciable 
aqueous solubil i ty (9), was used as the filter material .  
In aqueous solution, Mg ++ ions may  react with T1F 
according to the following reaction 

Mg ++ + 2T1F-> MgF2 + 2T1 + [1] 

and form MgF2, a g ranu la r  precipitate. Exper iments  
were conducted in which a T1F filter was used dur ing 
the low rate discharge of the 10 cell AgC1/Mg bat -  
teries in seawater. The filters used in  these exper iments  
were large enough to encompass the bottom inlet ports 
of the five cells nearest  the negative terminal  of the 
bat tery which was where  the flocculent precipitate 
had previously formed. The filter was fabricated by 
compressing the T1F powder  into the configuration 
shown in Fig. 4, and gluing the formed block into a 
four-sided Lucite case. Hence, the seawater electrolyte 
came in direct contact with the T1F before enter ing 
the five most negative cells. When batteries containing 
the T1F filter were discharged in Gulf  Stream sea- 
water, the capacity was about 15 per cent more than 
the controls which had no filter, and the amount  of 
flocculent Mg(OH)2 formed dur ing discharge was re-  
duced. Figure 5 shows typica l  vol tage- t ime curves of 
AgC1/Mg seawater batteries discharged with and wi th-  
out the T1F filter. 

A second approach was the use of a chemical filter 
that  would remove the Mg + + ions from the electro- 
lyte enter ing the bat tery  by the formation of a solu- 
ble magnesium complex. Disodium ethylenediamine-  
tetraacetate (disodium EDTA),  a whi te  crystal l ine 
compound that  is moderately soluble in water, was 
used as the filter material .  Disodium EDTA occurs 
with two molecules of water  of hydrat ion and is rep-  
resented by the formula Na2H~Y �9 2H20. In  aqueous 

NEGATIVE 
TERMINAL POSITIVE 

~' TERMINAL 
O. 16 ern THICK LUCITE ~ /  

Tlr n-T ,l 
~:l I I  I J I I In  I I I 

 II' Hill i.. / I 
�9 i I J I I I ~ J -- I I _ l j  

LJ. ~_~ -L MULTICELL SEA 

| - ~  I ~  0 .32  cm ~ J ~ L  CHEMICAL  FILTER 

r 1 .9 !  cm ~n PORT HOLES 

THIS SIDE WAS 

If ,11 12 i / \ ~ , E A G E N T  , , . ;. 

L../\HI I:  IFt  l L . . . . . .  J 11 l 

L i.,,,c,,, =LI 
' - 1 .97  cm - ' 

'7 t 
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NOTE:  SCALE 1:2 

Fig. 4. Configuration of chemical filter 

February lgTx 

0 TIF 

@ CONTROL ~ CUT-  OFF 
. .VOLTAGE 

I l t -  I I I 
50 1 O0 150 200 250 300 350 

TIME (mlnutes) 

Fig. 5. The effect of a TIF filter on the capacity of a 10 cell 
AgCI/Mg seawater battery when discharged at a constant current 
of 150 mA. 

solution H2Y = is the complex forming ion and reacts 
with cations according to the following equation 

Me+n + H2Y = ~.~ MeY(n-4) + 2H + [2] 

where n ranges from 2 to 4 (10). One gram-ion of the 
complex forming ion reacts with one gram-ion of the 
metal  without regard to its valence. The resul t ing 
complexes have the same composition bu t  differ from 
one another  in the charge they carry  (10). 

The complexes of the divalent  metal  ions (Me + +) 
occur as complex anions and are represented by the 
formula MeY =. The stabil i ty of the complex is char-  
acterized by its formation constant  (K).  The larger 
the value of K, the greater the stabil i ty of the metal  
complex (11). In  seawater there are two meta l  ions, 
calcium (Ca ++) and magnes ium (Mg++) ,  that  may  
form the MeY = complex. The formation constant  of 
either complex, CoY = or MgY =, is approximately  of 
the same magni tude  so that both complexes can occur 
(11). 

Exper iments  were conducted in which disodium 
EDTA filters were used dur ing the low rate discharge 
of 10 cell AgC1/Mg batteries in seawater. The filters 
used in these experiments  were similar in design to the 
T1F filter shown in Fig. 4. However, since disodium 
EDTA is not compressible, the loose salt was placed 
within  a Lucite case and sealed in  with a Dyne l -Webr i l  
paper of 0.00254 cm thickness. In  aqueuos solution the 
resul t ing complex forming ions, H2Y =, were free to 
migrate through the th in  paper and react with the 
Mg + + ions in the electrolyte prior to enter ing the five 
most negative cells. When batteries containing the 
disodium EDTA filter were discharged in Gulf  Stream 

15 I 

14 I 

13 ...i o 

�9 CONTROL- SAME ~ 

I - - J  l I J I I _ _ _  
50 100 T 50 200 250 300 350 400 

TIME (minutes) 

Fig. 6. The effect of a disodlum EDTA filter on the capacity 
of a 10 cell AgCI/Mg seawater battery when discharged at a con- 
stant current of 150 mA. 
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seawater, the capacity was about 50% more than  
the controls which had no filter and the amount  
of flocculent Mg(OH)2 formed dur ing  discharge was 
negligible. Figure 6 shows typical voltage-t ime curves 
of AgC1/Mg seawater batteries discharged with and 
without  the disodium EDTA filter. 

The results of these experiments  demonstrate  that 
the formation of flocculent Mg (OH) 2 dur ing discharge 
of low rate  AgC1/Mg seawater batteries can be con- 
trolled by using a filter. When disodium EDTA is used 
as the filter medium, the capacity of these batteries is 
significantly increased. 
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Oxide Films on Beta-Silicon Carbide 

R.W. Bartlett* 
Stanford Research Institute, Menlo Park, California 94025 

Motzfeldt (1) has correlated the rate data of four 
investigators for oxidation of hexagonal  a-silicon car-  
bide (2-5) in dry  oxygen and compared the results 
with Norton's data (6) for oxygen permeat ion of silica. 
He also correlated parabolic rate data for the dry oxi- 
dation of silicon (7-12). With one exception the results 
of these investigators are remarkab ly  consistent. The 
absolute values of the parabolic rate constant for oxi- 
dation of silicon and a-silicon carbide agree wi thin  1% 
at 1200~ and the activation energies agree wi th in  ex- 
per imental  error. It  should be noted that  the oxidation 
rate for both silicon and a-silicon carbide are for the 
formation of an amorphous silicon dioxide film. Jorgen-  
sen et al. (4) found that  in the range of 1100 ~ to 
1300~ there was a t ransi t ion in the parabolic oxida- 
t ion rate constant  for ~-silicon carbide after an ini t ial  
oxidation period. This increase in oxidation rate was 
associated with a t ransi t ion from an amorphous silica 
film to cristobalite and suggests that  it is preferable 
to oxidize silicon carbide below llO0~ to avoid for- 
mat ion of a devitrified oxide film. They also found that 
water  vapor promoted devitrification and accelerated 
the oxidation rate (13), as it does for silicon. 

Growth of Insulating Oxide Films 
The present  note is concerned with oxide films on 

solution grown single crystals of cubic E-silicon car- 
bide (14). The crystals used, which were platelets with 
a dominant  {111} face, were cleaned in hydrofluoric 
acid, and rinsed in alcohol just  prior to oxidation. 

Several  /~-silicon carbide crystals were oxidized in 
dry oxygen or steam, both at 1 atm, to provide speci- 
mens for evaluat ion of the oxide films. Oxidation tem- 
peratures near  1000~ were used in conjunct ion with 
variable  oxidation periods to obtain specimens with 
oxide film thicknesses from 500A to over 3000A. A 
polished silicon wafer was oxidized with each r un  and 
its oxide film thickness was determined to confirm the 
oxidation conditions. 

The thicknesses of oxide films on t ransparent  fl-sili- 
con carbide crystals were determined in two ways. The 
step height formed by  etching par t  of the oxide film 

* Electrochemical Society Act ive  Member .  
K e y  words: ~-silicon carbide, oxidat ion,  MOS structures .  

was measured with an interferometr ic  microscope. This 
procedure required evaporat ing a th in  reflecting film 
since silicon carbide is t ransparent .  Interpreta t ion was 
complicated by growth steps in the silicon carbide sub- 
strate surface, and the method was l imited to thick 
oxide films. The oxide film thickness determinat ions 
for silicon carbide (dry oxidation) also agreed with 
the results of interferometric oxide film thickness 
measurements  on the corresponding silicon monitor  
wafers. This was expected because of the identical 
oxidation rates for silicon and a-silicon carbide. In the 
most convenient  technique, the oxide film thickness 
on silicon carbide was determined from a measurement  
of the oxide capacitance using the dielectric constant  
for silica, ko : 3.9. This method was verified by com- 
paring results with similar results obtained by  the in-  
terferometric method on identical  samples. Application 
was l imited to insulat ing oxide films. 

A few thermogravimetr ic  oxidation rate experiments  
were made on ~-silicon carbide platelets in dry  oxygen 
at 0.2 atm and temperatures  from 990 ~ to 1220~ Oxide 
film thickness is proport ional  to weight gain. During 
the first hour of oxidation weight increases were usu-  
ally greater than  predicted from the parabolic rate 
data (quasi steady state diffusion limited) for oxida- 
tion of silicon while the subsequent  weight gain con- 
formed with the parabolic oxidation rate of silicon. 
Evident ly  variable amounts  of oxide are produced in 
the init ial  stages before a protective oxide (diffusion 
l imit ing) film is formed. 

Several  isolated a luminum field plates with d imen-  
sions of 10 mils by 10 mils were evaporated on each 
oxidized crystal, A 90% Au-10% Ta alloy fused on one 
end of each crystal  made an ohmic contact with the 
silicon carbide crystal. The oxide films were tested 
for dielectric breakdown up to 50V using a point probe 
on the alloy contacts and a 4-mi l -d iameter  gold spheri-  
cal probe on the field plates. A Boonton 75C capaci- 
tance/conduct ion bridge with 0.001 ~ohm resolution 
was used. 

The oxide films grown in dry oxygen were either 
sufficiently insulat ing to prevent  measurable  current  
flow or they exhibited negligible resistances. None of 
the oxide films resul t ing from the steam oxidation 
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Table I. Insulating properties of oxide films grown on 
p-silicon carbide crystals in dry oxygen at i atm 

t.O0 

Oxidizing Oxide Field plates 
t e m p e r a t u r e  Oxid iz ing  thickness shorted at  

(~ t ime (rain) (A) 50 V 

g85 2190 7000 None 
985 1030 3400 None 

1000 795 3100 5% 
980 275 1400 15% 

were  insulat ing.  Some of the  s team grown films were  
quite thick, equiva len t  to 24,000A on a silicon monitor .  
Over  90% of the oxide films produced  b y  the d ry  oxi-  
da t ion  exper iments  and summar ized  in Table  I were  
insula t ing if the  thickness  was 1400A or greater .  The 
measured  oxide  film thickness agreed wi th  the  th ick-  
nesses p red ic ted  f rom the  parabol ic  oxida t ion  kinetics.  
The y ie ld  of insula t ing 10 rai l  square  films decreased 
for th inner  oxide films and wi th  a 500A equiva lent  
parabol ic  oxidat ion  t rea tment ,  none of the  oxide  films 
tested were  insulat ing.  

Typical  repl ica  e lec t ron micrographs  of the  {111} 
surface of a c rys ta l  before  and af ter  d r y  oxidat ion  are  
shown in Fig. 1. Growth  steps in the  c rys ta l  a re  r ep l i -  
cated in the oxide surface. Al though  the t ex tu re  of 
the  oxidized surface is ve ry  s imilar  to the unoxidized 
surface, there  a re  more  smal l  pits, typ ica l ly  500A and 
al l  less than  1000A in d iameter ,  on the  oxidized sur -  
face. I t  appears  f rom these and o ther  micrographs  tha t  
lack of adequate  oxide  growth  m a y  cause dielectr ic  
b reakdown of the oxide film at  these depressions and 
at g rowth  steps; however ,  i t  was not  possible to dif fer-  
ent ia te  be tween  inadequate  oxide growth  and s t ronger  
adhesion of the repl ica  film at  g rowth  steps. 

Capacitance-Voltage Measurements 
The me ta l -ox ide - semiconduc to r  s t ructures  (MOS) 

made of oxidized E-silicon carb ide  wi th  evapora ted  10 
mil  p l a t inum field plates  were  tested b y  measur ing  the 
a-c  capaci tance at  100 kHz wi th  a super imposed d-c  
bias vol tage on the field plate, Vr which was var ied  
from +50V to --50V. The p-si l icon carb ide  crys ta ls  
were  n- type .  The reproduc ib i l i ty  in capaci tance change 
with  d -c  bias for  th ree  different  field plates  on the  
same crys ta l  wi th  an oxide  film thickness  of 1400A is 

,_? 
f.D 

0 .95 

0.90 

0.85 

0.80 

-50 - 4 0  - 3 0  - 2 0  - I 0  0 I0 2 0  3 0  4 0  

V G - -  volts TA-6488- 25 

Fig. 2. Capacitance vs. gate voltage for MOS structure with n- 
type/~-silicen carbide, Xo ---- 1400.~. 

shown in Fig. 2. The var ia t ion  in capaci tance expressed 
as the rat io of measured  capaci tance under  bias  over  
the  measured  oxide film capaci tance is p lo t ted  against  
the d-c  bias. 

The amount  of var ia t ion  in capaci tance increases 
wi th  decreas ing ca r r i e r  concentra t ion in the  unde r ly -  
ing semiconductor  and decreas ing thickness  of the  
oxide film. F o r  the  1400A oxide film shown in Fig. 2, 
the  change in capaci tance was grea te r  than  20%. At  
a film thickness of 3000A the  change  in capaci tance was 
only 5 %. 

Fig. !. Surface of p-silicon carbide {111} platelet; the oxide film thickness is 1400.~, 
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The change in  capacitance with applied d-c bias for 
an MOS structure has been discussed in several papers 
on thermal ly  oxidized silicon surfaces. The paper  by 
Grove et aL (15) gives a detailed description of the 
theory of an MOS structure. The var ia t ion in  un i t  area 
capacitance, C, depends on the space charge wi thin  the 
semiconductor, since the total  capacitance of both the 
oxide film and the under ly ing  semiconductor space 
charge capacitance are being measured 

1 
C =  [1] 

1~Co + 1/(Cs -b Css) 

where Co is the oxide capacitance per uni t  area, Cs is 
the semiconductor capacitance per uni t  area, and Css 
denotes the capacitance per  un i t  area of the surface 
states. Assuming that the surface state charge is con- 
stant, the surface state capacitance is zero and the ca- 
pacitance of the MOS structure is 

1 
C = [2] 

1~Co + llCs 
Calculating the space charge in the semiconductor is 
an involved process, For an MOS structure, the var ia-  
t ion in energy bands and charge dis tr ibut ion in the 
semiconductor with distance in a direction normal  to 
the semiconductor-oxide interface will  depend on the 
d-c gate voltages, electric charge in the surface states, 
and the work funct ion difference between the metal  
gate and semiconductor. However, for a given MOS 
specimen, only the gate voltage can be varied. 

Biasing the gate voltage to deplete major i ty  car- 
riers in  the semiconductor from near  the oxide/semi-  
conductor interface, without  a sufficient field to ac- 
cumulate  minor i ty  carriers, wil l  leave a space charge 
region of uncompensated acceptor or donor ions in the 
depletion region. 

The effective width of the depletion region, Xd, can 
be defined from the charge dis tr ibut ion under  a uni t  
area of the semiconductor 

Qs = Qp -~- q ( N D  --  N A ) X d  ( n - t y p e )  [ 3 ]  

where (ND -- NA) is the net  donor concentration, Qs 
is the total charge induced wi th in  the semiconductor, 
and Qp is the charge associated with electron holes. 

Plots of Qs vs. Qp for various (N D -- NA) have been 
calculated for silicon by integrat ing Poisson's equation 
with an appropriate Bol tzmann relat ion for charge 
carrier  concentrat ion (15). Equat ion [3] can then be 
used to determine Xd as a funct ion of Qs and 
(ND -- NA). Similar  curves have not been calculated 
for silicon carbide. Nevertheless, it was of interest  to 
calculate the depletion mode semiconductor capaci- 
tance for undoped n- type  solution grown E-silicon 
carbide crystals, using the max imum values of Xd as 
a function of (ND -- NA) determined for silicon 

Cs = kseo/Xd [4] 

The following equation results when Eq. [4] and a 
similar equation for the  oxide capacitance are substi-  
tuted in Eq. [2] 

C/Co = [1 + (ko/ks) (Xd/Xo)]-1 [5] 

where ko is the oxide dielectric constant, Xo is the 
oxide thickness, and ks is the silicon carbide dielectric 
constant. The dielectric constants are ko ---- 3.9 and 
ks ---- 10.0. The resul t ing values of (ND -- NA) vs. C/Co 
for various oxide film thicknesses, Xo, on/~-silicon car- 
bide are plotted in Fig. 3. 

These curves can be used to est imate net  donor con- 
centrat ions in the crystal. For exampIe, the m i n i m u m  
capacitance values in Fig. 2, C/Co -~ 0.78-0.82, mea-  
sured with a 1400A oxide film, indicate a net donor con- 
centrat ion of 1 x 1017 to 2 x 1017 cm -3. The m i n i m u m  
C/Co data measured for several E-silicon carbide MOS 
structures with oxide film thicknesses from 1400A to 
3400A were analyzed using Fig. 3 to determine the net  
donor concentrations. In  all cases the results indicated 
that  (ND -- NA) was in  the range 1017 to 10 is cm -3. 

OXIDE FILMS 

10 t9 

399 

l o  
i 

1018 

z~ 
I 

z _o 
~ 1017 er 
I.-, 
z 

z 
0 o 
rr" 
0 
2 
~ 1016 

1015 
0.3 0.4. 0.5 0.6 0.7 0.8 

C/C o 

0.9 1.0 

T A - 6 4 8 8 - 2 7  

Fig. 3. Donor concentration vs. capacitance for MOS E-silicon 
carbide structures. 

These results are in  good agreement  with net  donor 
determinat ions  from Hall  measurements  made on 
E-silicon carbide crystals grown in the same apparatus 
under  identical  conditions (14). 

Although charge depletion near  the surface of ~-sili- 
con carbide in MOS structures has been demonstrated,  
th inner  insula t ing films than those grown by thermal  
oxidation, without  leading to dielectric breakdown, 
are required before MOS devices can be developed 
using E-silicon carbide. 
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Electrodeposition of Boron 
A. J. G. Maroto and J. Merlo Flores 

Gerencia de Energia, Comisi6n Nacional de Energia Atdmica, Buenos Aires, Argentina 

A procedure has been developed to produce B 10 
deposits on a luminum disks used in ionization cham- 
bers. The method works equal ly wel l  on Cu, brass, and 
stainless steel substrates. 

The B 10 is deposited from a colloidal suspension in 
anhydrous isopropyl alcohol which contains approxi-  
mately  0.3 m g / m l  of boron (1 ~m particles) and 23 
ppm of MgC12. A rela t ively high electric field of 900 
V/cm is used (in our case the electrode spacing was 2 
ram). The deposit should be well  dried before handling.  

The value of the electric field required was obtained 
by applying the model of E. J. Verwey and J. T. a b e t -  
beck (1). 

Figure 1 shows the percentage of deposited boron on 
an a luminum disk as a funct ion of the deposition time. 

Compared with the method described by Lange et al. 
(2), this method has the following advantages: (a) 
anhydrous conditions are not required, (b) the suspen- 
sion is easier to prepare and is more stable, (c) no 
st i rr ing is needed dur ing  deposition, (d) there is no 
need to cool the suspension. 

In  our case the deposit is cathodic in fluorine; in 
the Lange method it is anodic. 

Procedure 
1. F ine ly  grind the boron in an agate mortar  and 

mix  with a small  amount  of anhydrous  isopropyl al-  
cohol. 

2. Add MgC12, preferably in an anhydrous  methanol  
solution. 

Key words: eleetrodeposition, boron. 

100% 

~ B a t h  Temperature: 2~ ~ 
50~ / / A p p l i e d  Voltage : 200 V 

Znitial amount of B: 50rng 
Deposit's surface 50cm 2 

i '6 '8 ,b ;2 ,'6 ,St(m,2) 
Fig. 1. Percentage of deposited boron on an aluminum disk as a 

function of deposition time. 

3. Transfer  the mix ture  to the electrodeposition cell 
containing the rest of the needed amount  of isopropyl 
alcohol. 

4. Stir  thoroughly before commencing electrodep- 
osition. 

Manuscript  received Sept. 8, 1970. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1971 
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Cornm n ca, ons 0 
Formation of Electrolytic Rutile Film 

Containing Barium 
M. Yamazaki and H. Nozaki 

Institute of Industrial Science, University of Tokyo, Tokyo, Japan 

Thin insulat ing films of controlled thickness may be 
formed on a n u m b e r  of metals including a luminium,  
t i tanium, tantalum, zirconium, etc., by anodization of 
the metal  in a suitable electrolyte (1, 2), and anodic 
oxide films formed in this way have been widely used 
in electrolytic capacitors. It  would be of interest  in 
connection with electrolytic capacitors if the high di-  
electric constant mater ia l  BaTiO3 could be produced 
on t i t an ium by anodization. In  the present  work we 
formed oxide films on t i t an ium by applying either d-c 

Key words:  electrolytic capacitors, dielectrics, thin films. 

or a-c current  to a t i t an ium electrode in an aqueous 
solution of ba r ium hydroxide. I t  was found that  the 
oxide film contained bar ium only when  al ternat ing 
current  was used. 

The electrodes (1 x 20 x 40 ram) were prepared 
from Kobe Seiko Company KS-50 t i t an ium (H2, 
<0.01%; 02, <0.20%; N2, <0.05%; Fe, <0.20%). The 
surface of the electrodes was first t reated in 16 weight 
per cent H2SO4 solution at 25~ using a l ternat ing 
current  (50 Hz) at 50 m A / c m  2 for 2 hr. Then, the oxide 
films were formed on the surface of the electrodes in 
two methods as follows. 

400 
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Fig. 1. Spectra of x-ray microanalysis of the oxide films: (a) 
oxide film formed by anodic current; (b) oxide film formed by 
alternating current. 
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(A) The electrode was anodized wi th  direct cur ren t  
in a saturated solution of ba r ium hydroxide for 1 hr  at 
25~ at 5 mA/cm~. 

(B) The electrode was electrolyzed by  applying 
a l ternat ing current  (50 Hz) with the same solution 
first for 1 hr at 40 mA/cm~ and next  for �89 hr  at 70 
mA/cm2. The procedure of electrolyzing with two 
levels of current  densi ty was useful  in increasing the 
film thickness. 

The films obtained were examined by x - r a y  micro- 
analysis and by  electron diffraction analysis. The sur-  
face of the oxide films was observed with an electron 
microscope. 

X - r a y  microanalysis  (Fig. 1) showed ba r ium to be 
present  only in the a-c film. Electron diffraction in -  
dicated that  the d-c film contained anatase, while the 
a-c film contained rutile. According to the electron 
microscope both films were polycrystall ine.  

Capacitor-l ike Ti -oxide-Au samples were fabricated 
by the vacuum evaporat ion of gold onto the oxide 
films through a mask with slits of 5 x 5 ram2. Then the 
capacitance of the samples was measured at room tem- 
perature with a bridge (Yokokawa Electric Work 
Company Model 4255 A).  Fi lm thicknesses were es- 
t imated from the capacitance of the samples as 0.5 ,-- 
1.0~ for the d-c film and 1.5 ~, 2.5~ for the a-c film. In  
these estimations, a value of 40 was used for the di-  
electric constant  of the d-c film (3) and a value of 100 
was used for the a-c film. It is reasonable to use 100 
for the value of dielectric constant  of the a-c film, 
since a small  amount  of bar ium in ruti le hard ly  affects 
its dielectric constant  (4). 

Manuscript  submit ted Aug. 3, 1970; revised m a n u -  
script received Oct. 26, 1970. 
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Ethylene Diamine-PyrocatechoI-Water Mixture Shows 
Etching Anomaly in Boron-Doped Silicon 

A. Bohg 

IBM Laboratories, Boeblingen, Germany 

Recently Greenwood (1) reported that  the ethylene 
d iamine-pyrocatechol-water  etch described by F inne  
and Klein  (2) etches only n - type  silicon in samples 
containing p -n  junctions.  We found no preferent ia l  
etching of p -n  junctions,  bu t  an abrup t  change in  the 
etch rate with concentrat ion for boron-doped silicon. 

F inne  and Klein had already studied the influence of 
boron doping on the etch rates for <100> silicon and 
found a constant  etch rate of 60 ~m/hr  for the re- 
sistivity range between 10-1 and 102 ohm-cm, corre- 
sponding to boron concentrat ions from 2 �9 1014 cm -3 
t o 5 . 1 0  z~cm 3. 

To study the influence of boron concentrat ion above 
5 �9 1017 cm -3, a 1 ~ bevel  of a <100> sample was etched 

Key words: semiconductor technology, preferential etching, boron 
doping. 

for 10 min. A glass refluxing system was used, with 
N2 bubbl ing  through the boil ing solution ( l l0~  No 
drying tubes were used, as the etch times never  ex- 
tended over 10 min. The etch solution consisted of 17 
ml  ethylene diamine, 8 ml  water, and 3g pyrocatechol. 
The boron concentrat ion in the sample decreased wi th  
depth, the surface concentrat ion being 5 , 10 ~0 cm -a. 
The sample contained a background As doping of about 
1017 cm -~. The p -n  junct ion  was 7.7 ~m under  the sur-  
face. 

The 10 min  etch resulted in a sharp step on the bevel, 
as shown in Fig. 1. From the known concentrat ion pro-  
file and the distance of the step on the bevel  from the 
unat tacked silicon surface, the critical concentrat ion of 
electrically active boron atoms in silicon was estimated 
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Fig. h Cross section of etched sample with correspondng boron 
concentration profile. 

to about 7 �9 10 TM cm -3, corresponding to a resistivity 
of 1.7 �9 10 -8 ohm-cm. 

Silicon with a higher boron concentrat ion remained 
completely unattacked.  On the other hand, we could 

not find any  influence of the junct ion  itself on the 
etch rate. In  the above example, the etching stopped at 
a depth of 4.8 ~m, almost 3 #m above the junction.  

With this result, Greenwood's observations can be 
easily explained. In his sample, the m a x i m u m  boron 
concentrat ion was above the critical value of 7 �9 10 TM 
cm -3. The etching occurred from the n - type  side of the 
sample, etched away the junct ion  region, and stopped 
wi th in  the p- type  layer at the critical concentrat ion 
level. 

Manuscript  received Sept. 28, 1970. 
Any discussion of this paper will appear in  a Discus- 

sion Section to be published in the December 1971 
JOURNAL.  
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Electrochemical Preparation of Stannous Sulfate 
Using Periodically Reversed Direct Current 

Chung-Chiun Liu* and Richard E. Horn 
Chemical and Petroleum Engineering Department, University of Pittsburgh, Pittsburgh, Pennsylvania 15213 

Stannous sulfate can be prepared by direct dissolu- 
tion of metallic t in  in sulfuric acid. However, t in  dis- 
solves only slowly in sulfuric acid, and the use of 
either excess acid or heat is not effective. The use of 
a periodically reversed direct cur ren t  (1) has been 
employed in an electrolytic process to prevent  or great-  
ly retard the cathodic reaction. This method might be 
used to promote the rapid dissolution of a metal  in 
the suitable electrolyte (2). This communicat ion re-  
ports the exper imenta l  studies of the electrochemical 
preparat ion of s tannous sulfate using periodically re-- 
versed direct current .  

Solid-state circuitry was developed in this laboratory 
to operate a reversing relay which permit ted applying 
al ternate polarities to the cell over a frequency range 
from 0.5 to 120 sec/cycle. The circuitry to accomplish 
this is shown in block diagram form in  Fig. 1. 

The exper imental  assembly is conventional.  The ex- 
per imental  cell used was a 600 ml  Pyrex beaker, and 
500 ml  of electrolyte were used each time. Two 
strengths of sulfuric acid were used as electrolyte, 
namely  1N and 3N in concentration. The t in electrodes 
were made of grade A straits t in  (Thisarco Brand)  of 
99.98+% purity.  Tin was first melted and cast into 
bars which had a width of 0.635 cm, a length of 12.7 
cm, and a thickness of 0.635 cm. The cast t in  bars were 
then used as the electrodes and were submerged in the 
electrolyte to a depth of 7.62 cm, and the electrodes 
were placed approximately 7 cm apart  in each run. 

The operation temperature  was set at 333 ~ • I~  and 
remained at that  value throughout  the experiment.  
Constant s t i rr ing of the electrolyte was provided. The 
t in concentrat ion in the electrolyte was analyzed using 
an atomic absorption spectrometer (Perk in-Elmer  
Corporation Model 290). Throughout  this study, the 
current  supplied was main ta ined  at 3A. Thus, the cur-  
rent  densi ty employed was 0.155 A/cm 2. It  should be 
noted that the potential  supplied to the cell was not 
measured. 

The dissolution rate was considered insignificant 
dur ing  the period of placing the electrodes in the elec- 
trolyte when no current  was passed. The t in concen- 
t rat ion in the electrolyte was considered zero initially. 
As t ime proceeded, samples were removed periodically 

* Electrochemical  Society Active Member.  
K ey  words:  tin, a-c electrolysis, mass  transport .  

from the electrolyte and analyzed for t in  by the atomic 
absorption spectrophotometer. 

The first set of exper imental  runs  utilized 1N sul- 
furic acid. However, in 1N sulfuric acid, the reprecipi- 
tat ion of undesirable  SnO2 indicated that  sulfuric acid 
of higher concentrat ion should be used to inhibi t  the 
hydrolysis of s tannous sulfate. 

For the 3N sulfuric acid electrolyte, seven different 
intervals  of t ime for the periodically reversed current  
were employed in this study, varying from 0.5 to 120 
sec/cycle. At each cyclic time, the current  was sup- 
plied for a period up to 60 rain or more. Within  this 
period of time, it was found that  the dissolution of 
tin in the electrolyte became saturated throughout  our 
exper imental  conditions. The exper imental  results are 
presented in Fig. 2 which is self-explanatory.  Under  
the exper imental  conditions investigated, the best yield 
of stannous sulfate occurs at 11 sec/cycle. It  was esti- 
mated that  approximately a 3% saturated solution was 
achieved and was considerably better  than a direct 
dissolution of t in  in sulfuric acid. 

Exper imental  results show the formation of s tannous 
sulfate increases as the in terva l  of t ime of the peri-  
odically reversed current  changes from 0.5 to 11 sec/ 
cycle and decreases as the interval  of t ime changes 
from 11 to 120 sec/cycle. Qualitatively,  it can be ex-  
plained as follows. 

f2 _.j JuNcT'~ _II'-STABL  ARI AB LE.._~J EMITTER I 
FLIP F LOP"--~FOLLOW EI~-I ~./ ~ , R E Q U  ENC.Y~FOLLOWER 

FRE'Q'~NCY J PULSE I I i I i i J |  
ADJUSTING GENERATO.R 

I ,NO. I I 

e 

CELL 

I "1" I--- ~7 REVERSINGRELAY 

I POWER I 
I suPPL  I 

Fig. 1. Block diagram of the current reversal apparatus 
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Fig. 2. Experimental results of preparation of SnS04 using peri- 
odically reversed direct current at 333~ 

At  a va lue  of 0.5 sec/cycle,  the  short  t ime in terva l  
be tween cycles does not  pe rmi t  sufficient s tannous ions 
to migra te  f rom the  t in  e lec t rode  and dissolve in the 
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electrolyte .  On the  o ther  hand,  at  a longer  in te rva l  of 
t ime of 24 or  120 sec/cycle,  s tannous ions pla te  on the 
cathode over  this  t ime  in te rva l  s imi lar  to a d -c  elec-  
t rop la t ing  process. Thus, the  op t imum va lue  of the  
t ime in te rva l  for  the  per iod ica l ly  reversed  cur ren t  
would be the one which is long enough to pe rmi t  suffi- 
cient s tannous ions to migra te  into the  e lec t ro ly te  but  
not long enough to a l low the ions to be p la ted  out. 
However ,  quant i ta t ive  in te rp re ta t ion  has  not  been 
made  here.  
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Three $1000 Electrochemical Society Summer Fellowships 
to be Awarded 

The Electrochemical Society will offer 
three fellowships for qualified graduate 
students for the summer of 1971. Each 
fellowship will have a stipend of $1000 
and its purpose is to assist a student 
to continue his graduate work during 
the summer months in a field of interest 
to The Electrochemical Society. These 
fellowships are to be known as The 
Edward Weston Fellowship, The Colin 
Garfield Fink Fellowship, and the Joseph 
W. Richards Fellowship Award. 

Candidates qualifications: "The award 
shall be made without regard to sex, 
citizenship, or race, or financial need. 
It shall be made to a graduate student 
pursuing work between the degree of 
B.S. and Ph.D. in a college or univer- 
sity in the United States or Canada, and 
who has received a nine-month grant 
preceding the summer period and who 
will continue his studies after the sum- 
mer period. A previous holder of the 
award is eligible for reappointment." 

Qualified graduate students are in- 
vited to apply for these fellowships. Ap- 

plicants should complete an application 
form and supply: 

1. A brief statement of educational 
objectives. 

2. A brief statement of the thesis re- 
search problem, including objectives, 
work already accomplished, and work 
planned for the summer of 1971. 

3. A transcript of undergraduate and 
graduate academic work. 

4. Two letters of recommendation, one 
of which should be from his research 
adviser. 

Application forms are available from 
the Chairman of the Fellowship Awards 
Subcommittee, to whom completed ap- 
plications and letters of recommenda- 
tion should be sent: Professor David M. 
Mohilner, Department of Chemistry, 
Colorado State University, Fort Collins, 
Colo. 80521. 

Deadline for receipt of completed ap- 
plications will be March 2, 1971, and 
award winners will be announced on 
May 1, 1971. 
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Electrochemical Behavior of the Aluminum Electrode 
in Molten Salt Electrolytes 

Betty S. Del Duca 

Lewis Research Center, National Aeronautics and Space Administration, Cleveland, Ohio 44135 

ABSTRACT 

The kinetics for dissolution and deposition of solid a luminum in molten 
A1C13.NaC1 and A1CI~-(LiC1-KC1)eut electrolytes were studied by means of 
galvanostatic and potentiostatic techniques over a temperature  range of 
175~176 The apparent  exchange current  densities varied from 1 to 56 
mA/cm 2. Surface diffusion was found to be the ra te -de te rmin ing  step at low 
overpotentials,  and charge transfer  the ra te -de te rmin ing  step at high over-  
potentials. The most probable anodic ra te -de termining  step was found to be 
A1->  A1 + + e - ;  the most probable cathodic ra te -de te rmin ing  step w a s  
A1 +++ + e -  -> A1 ++ in A1C13-(LiC1-KC1)eut electrolyte and A1 ++ + e -  
-> A1 + in A1C18.NaCI electrolyte. Curren t  efficiencies for dissolution were 
close to 100%. 

For high-energy-densi ty ,  rechargeable anodes, a lum-  
inum appears to be a promising choice for several 
reasons. It has low equivalent  weight, is readily avail-  
able and inexpensive, and exhibits a high potential. 
Its use in aqueous systems is hampered by passivity in 
most electrolytes or by corrosion in nonpassivat ing 
electrolytes. Zaromb (1) has discussed its application 
in aqueous pr imary  and chemically rechargeable cells. 
A l u m i n u m  can be electrodeposited from nonaqueous 
organic solutions (2) and from molten salts (3). 
Molten-sal t  systems appear promising for three main  
reasons: (i) a luminum can be deposited from the 
electrolyte, (ii) the alkali  ha l ide -a luminum chloride 
mixtures  have relat ively low melt ing temperatures,  and 
(iii) these melts have electrical conductivities in the 
range of 0.1-0.2 ohm-1 cm-1 (4), which is one to two 
orders of magni tude  higher than  those of the typical 
organic electrolytes. 

The a luminum-cryol i te  system has been studied ex- 
tensively (3, 5, 6), but  the mel t ing point  of this elec- 
trolyte is greater than 725~ which is unat t rac t ive  for 
bat tery applications. Lai t inen and Liu (7) have mea-  
sured the potential  of a luminum electrodes in the 
l i th ium chloride-potassium chloride (LiC1-KC1) eu- 
tectic relative to the P t / P t  ++ reference electrode. 
Piontel l i  and Sternheim (8) studied the cur ren t -po-  
tential  behavior of a luminum electrodes in A1C13-NaC1 
at 200~ and found the charge transfer  polarization to 
be negligible for both the anodic and  cathodic reac- 
tions. More recently, King, Brown, and Frayer  (9) 
found no measurable  charge t ransfer  or diffusion 
polarization at current  densities as high as 1-2 A /cm 2 
in 40 m/o  (mole per cent) NaC1-60 m/o  A1C13. Giner  
and Holleck (10) studied the electrochemical behavior 
of a luminum anodes in 67% A1C13-13.6% KC1-19.4% 
NaC1 and 59% A1C13-17% KC1-24% NaC1 at 157 ~ and 
105~ "Passivation" was observed and was at t r ibuted 
to the part ial  freezing of the electrolyte at the elec- 
trode surface. 

Key words :  a l u m i n u m  anode, mol ten  chloride electrolytes.  

In the present work, current -potent ia l  curves, current  
efficiencies, and the na ture  of the cathodic deposit were 
examined. The polarization measurements  were carried 
out on solid a luminum electrodes using t ransient  and 
steady-state galvanostatic and potentiostatic tech- 
niques. Tafel plots were constructed and interpreted 
in terms of the ra te -de te rmin ing  steps for the anodic 
dissolution and cathodic deposition reaction. The elec- 
trolytes studied were mixtures  of a luminum chloride 
with alkali  halides mel t ing between 110 ~ and 160~ 

Experimental Procedure 
Instrumentation.--Galvanostatic measurements.-- 

Galvanostatic techniques were used to determine the 
ohmic (IR) drop of the solution and electrodes in the 
conventional  manne r  (Fig. 1) and to obtain t rans ient  
overpotential  t ime data (Fig. 2). A potentiostat  with 
a rise time specification of 1-3 ~sec (_60V ___300 mA) 
was used to apply steady anodic and cathodic currents  
to the electrode. (Rise t imes of less than  10 ~sec were 

(~-- 

> 
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- -  } I R  drop~ll mV 

I I I I I 
-100 0 l(]0 Z0O ~0 400 

Time, t, ~sec 

Fig. 1. Overpotential-time transient. Aluminum anode in 50 
m/o AICI3-50 m/o NaCI; current density, 40 mA/cm 2. 
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Fig. 2. Transient overpotential-time data. Aluminum anode in 
50 m/o AICI3-50 m/o NaCI; current density, 9.1 mA/cm 2. 
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Fig. 3. Block diagram of circuit for galvanostatic measurements 

obtained with this circuit applied to aqueous Cu/Cu + + 
system, indicating that  the performance of the ins t ru-  
mentat ion is acceptable.) The block diagram is shown 
in Fig. 3. The control amplifier inputs  ( §  and 
output should be identified with the potentiostat  ter-  
minals:  "control potential," "reference electrode," and 
"counterelectrode," respectively. A mercury- re lay  
pulse generator  of conventional  design supplied a po- 
tent ial  pulse of selected length and magni tude  to the 
control circuit of the potentiostat. This, in turn,  con- 
trolled the potential  across a precision resistor of 100 
ohms, thereby establishing a constant  current  through 
the cell. The pulse was triggered by the gate output  
of a Tektronix 535A oscilloscope. The potential  t ransi-  
ents were displayed on the oscilloscope with a Type D 
differential amplifier and photographed (see Fig. 1 and 
2 for typical traces). 

Potentiostatic measurements.--Steady-state current -  
potent ial  relations were determined by potentiostat-  
ically controll ing the overpotential  and observing the 
current  on the potentiostat  mi l l iammeter  after a t ime 
of approximately 30 sec. This t ime was chosen for two 
reasons: (i) at all potentials applied, the current  
density had reached a steady value wi th in  this time 
period; and (ii) it was relat ively short so that  very 
li t t le electrolysis took place, thus minimizing electrode 
surface changes. It  should be noted that the current  
density was not affected by concentrat ion gradients 
since vigorous st irr ing ( >  100 rpm) had no effect on 
the magni tude  of the current  density, and that  the 
30-sec, or steady, current  density was only s]ightly 
higher than that observed in oscillographic traces re-  
corded over a 10-sec t ime interval.  All  potentials were 
corrected for the IR drop determined from the gal- 
vanostatic transient.  This correction for uncompen-  
sated resistance never  exceeded 5% of the potential. 

Electrochemical celL--The cell used to obtain the 
electrochemical data is shown in Fig. 4. For ty -mi l  
wires of 99.99% a luminum were washed with reagent-  
grade acetone to remove grease and were then mechan-  
ically connected to tungsten rods to form working, 
counter, and reference electrodes. A l u m i n u m  wire was 
used as a reference for the galvanostatic and potentio- 
static measurements.  This gives an open-circui t  volt-  

Teflon-~ecl i 

~Pyrex container 

Fig. 4. Electrochemical cell 

age of zero, and the applied or resul tant  voltage is 
thus the overpotential  on the working electrode. 

Equi l ibr ium potentials of the a luminum anode in 
the various electrolytes were measured relative to a 
"standard" reference electrode of a luminum wire in 
A1C13. (LiC1-KC1) eut- The reference electrode was made 
by sealing a piece of 8-mm Pyrex  tubing so as to leave 
a micro-opening at the bottom. 

The cell t empera ture  was controlled wi thin  •176 by 
means of a thermostated oil bath. A magnetic  stirrer 
was used to agitate the electrolyte when this was de- 
sired. 

At the conclusion of the electrochemical experiments,  
all the melts were analyzed for metals  by  emission 
spectrographic methods. In all cases, compositions 
were within •  of the values listed in Table I. 

Preparation of melts .--The l i th ium chloride-potas-  
sium chloride eutectic (41 m/o  LiC1-59 m/o  KC1), 
hereinafter  referred to as (LiC1-KC1)eut, and mixtures  
of A1C13 in the eutectic were obtained from Anderson 
Physics Laboratories in  evacuated sealed vials. The 
former was certified as having a residual current  not 
larger than 1.6 ~A at 2V and 410~ The A1C13-NaC1 
mixtures  were prepared at this laboratory from rea-  
gent-grade chemicals which were dried at 110~ 

All  samples containing A1C13 even though specified 
as "high puri ty" were found to be contaminated with 
organic materials which pyrolyzed on heating. The 
techniques used for purification varied depending on 
the concentrat ion of a luminum chloride in  the melt. 

Equimolar mixtures [A1C13-NaC1, A1CI~. (LiC1- 
KC1)eut].--Melts in which AIC13 and alkali  chloride 
were present in equal amounts  had low vapor pres- 
sures (<1 Torr at 500~ The organic impurit ies were 
removed by thermal  decomposition. The mixture  was 
heated in Pyrex tubes under  flowing nitrogen. Vigor- 
ous bubbl ing began at 520~ and continued for one to 
several hours. When bubbl ing  ceased, a clear s t raw- 
colored melt  was obtained with a black carbon resi-  
due. The yellow coloration was at t r ibuted to the pres- 
ence of small amounts  of an oxychloride (private 
communicat ion from Anderson Physics Laboratories, 
Inc.) and was removed by introducing an a luminum 
wire into the melt. A black precipitate formed on the 
wire and the melt  became water-white .  Presumably  
the oxychloride reacts with metallic a luminum to form 
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soluble a luminum chloride and insoluble a luminum 
oxide. The yel low coloration could be recreated by 
bubbling (undried) oxygen into the purified mel t  and 
could be removed  again by the a luminum treatment .  
Other invest igators  have  reported a yel low coloration 
due to iron impuri t ies  which were  removed by sub- 
l imation (11) or by t rea tment  wi th  metal l ic  a luminum 
(12). No iron was detected by spectrographic analysis 
(sensitivity, 0.03 ppm) of the melts  used in the present  
work. 

Af te r  purification, the clear mel t  was t ransferred 
under  iner t  conditions to a dry, heated electrochemical  
cell, which was evacuated  to 1 Torr  and sealed off. 

Mixtures containing more than 50 m/o A1Cla.--It was 
not possible to thermal ly  decompose organic mater ia l  
present in these solutions because of the high par t ia l  
vapor  pressure of a luminum chloride over the melts. 
The organic mater ia l  and oxych]oride were  removed 
by heat ing at 250~ in the presence of metal l ic  a lumi-  
num for several  days. The organics slowly distilled 
into cold traps in an adjacent  sidearm. A second side- 
arm was kept heated and used to t ransfer  the purified 
melt  into the attached electrochemical  cell by t ipping 
the apparatus. The mel t  was al lowed to freeze, and 
the cell was sealed under  reduced pressure. 

Mixtures containing tess than 50 m/o AiCla. - -Three 
methods were  used in an a t tempt  to prepare  melts  of 
less than 50 m / o  A1CI3 in LiC1-KC1 eutectic (13). All  
resul ted in the formation of a mul t iphase  system which 
was unaffected by heat ing to 550~ 

Preliminary experiments.--Experimental conditions 
considered ini t ial ly included (i) the influence of the 
a tmosphere  wi thin  the cell ( inert  gas or vacuum) 
and (ii) the magni tude  of changes in the measured 
polarization curves wi th  time. With respect  to the 
former, vacuum-sea led  cells and cells open to an ex-  
cess pressure of dry ni t rogen gas gave identical results. 
With respect to the latter, marked  effects were  ob- 
served. This is shown in Fig. 5, where  the log of current  
density i against overpotent ia l  ~ is plotted for an 
electrode held at constant t empera ture  and tested at 
various t imes up to 48 hr. The observed changes, no 
doubt, par t ly  reflect roughening of the electrode sur-  
face. Since it is difficult to evaluate  and correct  for 
this kind of change, only freshly prepared cells were  
used for each series of runs reported, and the t ime 
period over  which data were  recorded never  exceeded 
3 hr from the t ime of filling the cell. 

Experimental variables considered.--Table I lists 
the compositions of the electrolytes used and the t em-  
peratures  and current  density ranges over  which mea-  
surements  were  made. All  current  densities are based 
on the apparent  geometr ical  area of the electrode. 

Results and Discussion 
Transient results.--In this work,  rise t imes to the 

steady state were  observed which were  in excess of 
10 sec at low current  densities. This is much longer  

10 - 

8 = Anodic 

5 

4 

g, 
.6 

.4 0 Fresh, unused electroae 

Z~ I [ ]  48 Hours later 

.z I I I I I I I I I I I I I 
iZO 80 40 40 80 120 160 

Overpotent(al, r~, mV 

Fig. 5. Tafel plot for aluminum electrode in 50 m/o AICIa-50 
m/a NaCI; time dependence. Temperature, 316~ 

Table I. Range of experimental variables 

E l e c t r o l y t e  T e m p e r -  C u r r e n t  d e n s i t y ,  
c o m p o s i t i o n ,  m / o  a t u r e ,  ~ m A / c m  ~ 

50 AICla-50  (LiC1-KC])  cut 

67 A1Ch-33  (L iCl -KC1)eu t  

75 A1Ch-25  (LiC1-KC1)~ut 

50 A1CIa-50 NaC1 

202 O to 25 a n o d i c  
213 0 to 10O c a t h o d i c  
187 0 to  30 a n o d i c  

0 to 100 c a t h o d i c  
235 0 to 300 a n o d i c  
265 0 to  300 c a t h o d i c  
175 0 to 200  a n o d i c  
197 0 to  300  c a t h o d i c  
~53 
26O 
304 
313 

than the 150 ~sec r i se- t ime calculated by the equation 
of Mehl and Bockris (14). The rise t ime was observed 
to decrease wi th  increasing current  densities. F igure  2 
i l lustrates the potential  rise for the first 180 msec at a 
current  density of 9.1 m A / c m  2 in A1C13"NaC1 electro-  
lyte. The potent ia l - t ime data are shown in Fig. 1 for 
t imes up to 375 ~sec at a current  density of 40 m A / c m  2. 
A linear relat ion is obtained for t imes which are longer 
than normal ly  expected. A capacitance C calculated 
f rom the slope O~/Ot and current  i in the equat ion 

i 0.040 • 10 -3 
C -- -- ---- 385 ~F/cm 2 [ la]  

On - 7 )  0.104 
t--* 0 

is too large to be a double- layer  capacitance and is 
therefore  apparent ly  an adsorption capacitance. The 
surface diffusion model  described by Bockris and Dam- 
janovic (15) allows the concentrat ion of adsorbed 
species Co to be estimated, using this potent ia l - t ime 
data at low potentials, by means of the equations 

RT i 
- - .  [lb] 

C~ n2F2 ( 0~l ) 

t ~  0 

RT 
Ca = - C [ le]  

n2F 2 

Equations [lb] and [lc] are der ived by assuming (i) 
a small coverage of the surface by adions and (ii) a 
potential  smaller  than RT/~nF. Table II lists the con- 
centrat ion of adions calculated for the a luminum 
anode in 50 m / o  A1Cla-50 m / o  NaC1 at 220~ ~t var i -  
ous current  densities. The average value is (0.17 • 
0.03) x 10 -1~ moles /cm 2, which is the same order of 
magni tude  as that  reported for gal l ium in aqueous 
solution (16). Mehl  and Bockris (17) repor t  Co values 
of 4 x 10 -10 moles /cm 2 for si lver in aqueous solution, 
and Reddy (18) reports  Co = 9 x 10 -1~ m o le / cm 2 for 
s i lver  in mol ten  (LiC1-KC1)eut. 

An adion concentrat ion of 0.18 x 10 - l ~  moles /cm 2 
corresponds to a surface coverage of only 0.001 if the 
radius of the adion is assumed to be the crystal  radius 
of t r iva len t  a luminum [0.5 x 10 - s  cm (19)]. 

Table IL Concentration of adions, surface diffusion 
rate, and exchange current density as calculated from 

surface diffusion rate for aluminum anode in 
AICI3"NaCI at 220~ 

S u r f a c e  C a l c u l a t e d  
C u r r e n t  C o n c e n t r a t i o n  d i f fu s ion  e x c h a n g e  c u r -  

d e n s i t y ,  i ,  of  ad ions ,  Co, r a t e ,  nFvo, r e n t ,  io, e~le, 
m A / c m  ~ m o l e s / c m  ~ m A / c m  2 m A / c m  ~ 

6.5 0.15 • 10 -10 3.7 1.52 
8.5 0.16 3.2 1.48 

12.0 0.15 3.7 1.72 
25.5 0.20 5.5 2.46 
40.0 0 .19 5.7 2.66 

A v e r a g e  0.17 • 0.03 • 10 -1~ 4.3 - -  1.4 1.97 ~ 0.47 
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The diffusion rate of adions on the surface nFvo may 
be obtained provided the t ime dependence of over -  
potential  as it approaches the steady state is measured 
exper imental ly .  The appropriate  equat ion (15) is 

d In (~| -- ~) 
nFvo = -- nFCo [2] 

dt 

Values of ~l~ were  obtained potentiostat ical ly and are 
discussed fur ther  under Steady-s ta te  results. Table II 
summarizes  values of the surface diffusion rates ob- 
tained for a luminum anodes in A1C13.NaC1 at 220~ 
As expected f rom the long rise t imes observed, the 
diffusion rates which average  0.0043 A / c m  2 are slower 
than those reported for si lver e i ther  in aqueous solu- 
tion [0.015 A / c m  2, (16)] or mol ten  salts [3.3 A / c m  2, 
(18)]. They are, however,  larger  than the value re-  
ported for the dissolution of  gal l ium in aqueous solu- 
tion at the same current  density [0.0003 A / c m  2, (16)]. 

In their  monograph, Bockris and Razumney (20) 
indicate that  the surface diffusion rate  and the s teady- 
state overpotent ia l  may  be used to calculate an ex-  
change current  io,calc which general ly  agrees wi th  ex-  
per imenta l  exchange currents  obtained from Tafel  
plots to wi thin  ___30%. Values of io.calc obtained from 
the equation 

n |  - - - -  + - -  [3:] 
nF io,calc n2F 2 Vo 

at various current  densities i are also summarized in 
Table II. The average va lue  is 1.97 m A / c m  2, which 
agrees well  wi th  the exper imenta l  value of 1.88 
m A / c m  2 obtained f rom a Tafel  plot. 

Al l  t ransient  data discussed so far were  taken in the 
0 to 250-~sec t ime period. Similar  analyses of data in 
the 0 to 20-msec range gave smaller  values for/o,r 

It appears then that  the nonsteady-s ta te  data for 
a luminum at low cur ren t  densities (so that  ~ < RT/  
~nF) fit reasonably well  into the surface diffusion 
model  described by Bockris and co-workers.  Alumi-  
num in A1C13.NaC1 melts  appears to be quite similar 
to solid gal l ium in alkaline aqueous solutions as far 
as the surface diffusion parameters  are concerned. 

Bockris and Razumney (20) conclude that  probably 
all metals  undergo deposition and dissolution at planar  
sites on the surface with  subsequent diffusion along 
the surface to other  sites. This is based on calculations 
of the heats of activation for t ransfer  of si lver ions to 
different kinds of sites on the surface: that  is, p lanar  
surface, edge, kink, vacancy in an edge, and vacancy 
in a surface. The ra te  constant for t ransfer  to a planar  
site is 106 t imes greater  than to any other type of site. 
The ra te-control l ing process then becomes the diffusion 
on the surface ei ther  to or from this planar  site. These 
same authors point out  that  there  is a transi t ion from 
surface diffusion control  to another  ra te-control l ing 
mechanism, such as charge t ransfer  at h igher  current  
densities or overpotentials,  and that  a l imit ing current  
due to the surface diffusion occurs at still higher  over -  
potentials. 

Steady-state results.--Figure 6 is typical  of the Tafel 
plots constructed f rom steady-state  measurements .  
This par t icular  plot is for a luminum in a 75 m / o  
A1C13-25 m / o  (LiC1-KC1)eut mix ture  at 235~ A 
region of l inear i ty  is observed for both the anodic and 
cathodic branch extending from 80 mV on the anodic 
side and 170 mV on the cathodic side. 

The deviat ions f rom l inear i ty  are a t t r ibuted par t ly  
to normal  deviat ions f rom Tafel  behavior  caused by 
the increased importance of the back reaction at low 
overpotent ials  and par t ly  by the surface diffusion 
effects a l ready discussed. Since deviat ions f rom 
st ra ight- l ine  behavior  result ing f rom the back reaction 
usual ly occur around 60 mV, the existence of surface 
diffusion effects might  wel l  not be evident  from in- 
spection at a Tafel  plot such as Fig. 6. 

No evidence of a l imit ing current  density is found 
at potentials as high as +--350 mV. In one exper iment ,  
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Fig. 6. Tafel  plot for aluminum in 75 m/o  AIC1~-25 m/o  
(LiCI" KCI)eut. Temperature, 235~ (508 ~ K). 

however ,  the potent ial  was increased to several  volts 
in the anodic direction. An  apparent  l imit ing current  
density of about 1 A / c m  2 was observed, the value of 
which did not oscillate wi th  t ime or va ry  with the 
rate  of stirring. This suggests a l imit ing current  density 
not caused by mass t ransport  in the molten salt (23) 
but perhaps caused by chemical  reaction or surface 
diffusion phenomena (22). This resul t  is not conclusive, 
however,  as the surface undergoes rapid changes at 
these high current  densities. 

The Tafel  slopes in Fig. 6 are ba ~-~ 2.3 RT/O.29F and 
--bc ---- 2.3 RT/O.29F, for the anodic and cathodic re-  
actions, respectively.  The respect ive exchange current  
densities are 26 and 39 m A / c m  2. 

Results for the other tempera tures  and electrolytes 
studied are summarized in Table III. The standard de- 
viations obtained for the exchange current  densities and 
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Fig. 7. Activation energy for charge-transfer process. Aluminum 
electrode in AICI3" NaCI .  
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Table II1. Summary of Tafel data 

E l e c t r o l y t e ,  m / o  
T e m p e r -  
a t u r e ,  *C 

E x c h a n g e  c u r r e n t  
d e n s i t y ,  m A / c m ~  

A n o d i c  C a t h o d i c  A n o d i c ,  ba 

T a f e l  slope 

C a t h o d i c ,  bc 

E - E  ~ref, 
m V  

50 A I C h - 5 0  (L iCI -KCI)  cut 

67 A1Ch-33  (LiC1-KC1) cut 

75 A1C1~-25 (LiC1-KCI)  c ,  t 

50 A1Ch-50  NaC1 

202 1.95 ~ 0.03 - -  

213 2.93 --~ 0.05 - -  

187 1.92 _ 0.02 9.6 - -  0.5 

235 31 • 2 39 "~- 3 

265 56 ___ 2 -- 

175 1.3 • 0.1 0.9 -- 0.4 

197 3.2 ~-- 0.2 1.7 _ 1.0 

253 7.9 -4- 0.4 3.4 - -  0.1 

260 7.7 ~" 0.1 2.6 -~ 0.3 

304 9.3 - ~ 0 . 4  4.3 ~ 0.4 

313 10.5 ~ 0.2 7.4 - -  0.6 

2.303 R T  
- -  < 1  

(0.304 ~--- 0 . 005 )F  
2.303 R T  

- -  < 1  
(0.244 ~ 0.006) F 

2.303 R T  2.303 R T  
275 

(0.48 -~ 0 . 0 2 ) F  (0.40 + 0 .01 )F  
2.303 R T  2.303 R T  

400 
(0.29 "~ 0 .01 )F  (0.29 ~ 0 . 2 ) F  

2.3O3 R T  

(0 .27 ~ 0.03)F 
2.303 R T  2.303 R T  

(0 .26 -4- 0 . 0 2 ) F  (1.0 • 0 .3 )F  
2.303 R T  2,303 R T  

(0 ,20  + 0 .02 )F  (1.2 -+ 0 . 3 ) F  
2,303 R T  2.303 R T  

(0.21 ~- 0 . 03 )F  (1.23 - -  0 . 0 3 ) F  
2.303 R T  2.303 R T  

(0.18 _ 0 . 1 ) F  (1.29 • 0 . 04 )F  
2.303 R T  2.303 R T  

(9.27 ~ 0 .02 )F  (1.39 q- 0 .06 )F  
2.303 R T  2.303 R T  

(0.24 ~ 0 .01 )F  (1.20 ~ 0 .05 )F  

Table IV. Calculated Tafel slopes 

R a t e  d e t e r m i n i n g  
M e c h a n i s m  s t ep  (RDS)  T a f e l  s lope  

A n o d i c ,  C a t h o d i c ,  
ba --bc 

2.3 R T  2.3 R T  
I ,  I I  Alo-~ AI+ + e-  

~F (3 -- ~ ) F  
2.3 R T  2.3 R T  

I AI+ -~ AI+~ + e- 
(8 + 1 )F  (2 -- ~ ) F  

2.3 R T  2.3 R T  
I, I I I  AI+~-~ A1 +~ + e- 

(8 + 2)F {I -- ~)F 
2.3 R T  2.3 R T  

l l I  Ale--> AI+~ + 2e -  

2~F (3 -- 2 ~ ) F  
2.3 R T  2.3 R T  

IV  A1 o ~  Al+3 + 3e -  
3flF 3(1  - -  f l )F  

2.3 R T  2.3 R T  
I I  AI+ -> AI+~ + 2 e -  

{2~ + 1)F  2(1  - -  ~ ) F  

Tafel  slopes were  less than _+10% in most cases. While  
the uncer ta in ty  wi thin  one set of data was usually •  
to _3%,  the reproducibi l i ty  of one fresh cell to another  
var ied as much as ___10%. 

Note that  the anodic exchange  current  densities in 
Table III  range f rom a value of 1.3 m A / c m  2 for the 
50 m / o  A1C13-50 m / o  NaC1 electrolyte  at 175~ to a 
value  of 56 m A / c m  2 for the 75 m / o  A1Cl~-25 m / o  
(LiC1-KCl)eut e lectrolyte  at 265~ For  all  A1CI~- 
(LiC1-KC1) eut mixtures,  the anodic and cathodic Tafel  
slopes are similar  and vary  wi th  composition f rom 
about 2.3 RT/O.25F to 2.3 RT/O.5F. In contrast, for the 
A1CI~.NaC1 electrolyte,  the anodic slope is comparable  

to the others, but the cathodic slope is about a factor 
of 5 smaller. 

The activation energies f rom a plot of log io against 
1/T (Fig. 7) for both the anodic and cathodic processes 
in the A1C13.NaC1 electrolyte are 7.3 ___ 1.0 and 5.3 __ 0.6 
kcal /mole,  respectively.  These lie a li t t le below the 
values of about 10 kca l /mole  usual ly  encountered (18). 

In order to de termine  which processes are rate de- 
te rmining at high overpotent ials  (i.e., Tafel region),  it 
is necessary to calculate Tafel  slopes for various postu- 
lated sets of reactions and compare them with  exper i -  
ment. Fraser  and Barradas  (24) have  described a 
simple method for carrying out these calculations. 

The mechanism chosen for analysis consisted of con- 
secutive steps and did not consider the possibility of 
paral lel  processes. T h e y  are as follows, wr i t ten  for the 
anodic process 

I AI ~ --> AI + -~ le- -> A1 +2 -~ le- -> AI +a q- le- 
[5] 

II A1 ~ --> A1 + -~ l e -  ~ Al+3 -]- 2e -  [6] 

I I t  Ale--> A1 +2 + 2e -  -~ A1 +3 + l e -  [7] 

IV A10 --> A1 +3 + 3 e -  [8] 

For the cathodic process the reactions are reversed. 
The use of simple bare- ion symbolism does not imply 
the absence of ligand coordination with  C1- for ex-  
ample. 

The calculated Tafel  slopes for various r a t e -de te r -  
mining steps are presented in Table IV. By  comparing 
these expressions for the Tafel slopes wi th  the exper i -  
menta l  values in Table III, it is possible to select the 
most probable ra te -de te rmin ing  steps consistent wi th  
the data (Table V).  

Table V. Most probable rate-determining steps for charge-transfer reaction 

A n o d i c  r a t e -  A n o d i c  C a t h o d i c  r a t e -  C a t h o d i c  
d e t e r m i n i n g  t r u e  t r a n s f e r  d e t e r m i n i n g  t r u e  t r a n s f e r  

E l e c t r o l y t e ,  m / e  s t e p  coef f ic ien t ,  fl s tep  coef f ic ien t ,  

50 A1CI~-50 LiC1 �9 K C I  
67 A1Ch-33  LiC1 - KC1 
75 A1C13-25 L i C l  �9 KC1 
50 A1C1~-50 NaC1 

A1 o ~ AI+ + e -  
A1 o --> AI+ + e -  
A l 0 - e  AI+ + e -  
A1 o ~ AI+ + c-  

0.31 
0.59 
0.29 
0.20 

a 
AI+++ + e----~ AI++ 0.60 
AI+++ + e - ~  AI++ 0.71 
AI++ + e - ~  AI+ 0.75 

a N o  a n a l y s i s  p e r f o r m e d .  
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For the anodic reaction in all electrolytes, the most 
probable ra te -de termining  step is the one-electron 
transfer  consti tut ing the first step in mechanisms I 
or II 

A1--> A1 + -t- l e -  

For this step, reasonable values of the t rue t ransfer  
coefficient ~ from 0.20 to 0.59 (Table V) are obtained. 
The var iat ion of ~ with composition should be noted. 
This implies s t ructural  changes, possibly, as the con- 
centrat ion of A1C13 is changed relat ive to the concen- 
t rat ion and na ture  of the cations. Similar  effects have 
been noted by Morrey (25, 26) in spectroscopic studies 
in these media. 

For the cathodic reaction in the A1C13-(LiCI-KC1)cut 
mixtures, the most probable ra te -de te rmin ing  step is 

A1 +++ + l e -  -> A1 ++ 

with true transfer coefficients ~ of 0.60 and 0.71. All 
other possibilities give values for ~ which are very 
close to 1 or larger. The cathodic reaction in the 
AIC13.NaCI electrolyte clearly has a different rate- 
determining step than for the other solutions. Four 
possible ra te -de te rmin ing  steps which give reasonable 
values for ~ are 

A1 ++ + l e - - > A l  + 

A1 + + + 2e- -> A10 

A1 +++ + 2 e - - > A l  + 

AI +++ + 3 e - - > A l  ~ 

/~ : 0.75 

/~ ~- 0.90 

/~ ---- 0.375 

---- 0.583 

The first of these reactions is proposed as the most 
probable ra te -de te rmin ing  step since the activation 
energy for a mul t i -e lec t ron transfer  is very high 
(>  100 kcal /mole)  and therefore improbable (20). It 
should be noted, though, that  above 650~ in fluoride 
melts, a three-electron t ransfer  has been observed 
(27). The most probable ra te -de te rmin ing  steps and 
the corresponding values for g are presented in Table V. 

That the ra te -de te rmin ing  step for the cathodic re-  
action in the A1C13-(LiC1-KC1)eut melts is different 
from that in the A1C1.NaC1 melt  is not surpris ing in 
view of recent Raman results on the structure of the 
A1C14- complex ion in A1C13.KC1 and A1C13.NaC1 
melts (28). A regular  te t rahedral  symmetry  Td is 
found in the Na+-conta in ing  melts, while a distorted 
tetrahedral  (C2v) symmetry  is found in the K+-con  - 
ta ining melts. These s t ructural  differences could in-  
fluence the relative rates of the steps in the reduction 
reaction. 

In  closing this discussion of the most probable rate-  
determining steps, it should be ment ioned that a recent  
paper by Rangara jan  (29) has criticized the analysis 
of Bockris and co-workers used in the present  work. 
Very briefly, Rangara jan  concludes that  in cases where  
surface diffusion is rate l imit ing at low overpotentials, 
the Tafel slope at higher overpotentials is equal  to 
twice the "true" slope (for charge transfer)  and the 
observed exchange current  is larger than the true ex- 
change current .  The present  results are not adequate 
to settle this theoretical dispute. In the present work, 
the Bockris t rea tment  of surface diffusion has been 
employed since there is some evidence in the l i tera-  
ture  which exper imenta l ly  supports it. Rangara jan ' s  
approach would lead to 

A1 + -I- e -  -+ A1 ~ 

as the most probable ra te -de te rmin ing  step for the 
cathodic reaction in A1C13"NaC1 electrolyte. Both 
anodic and cathodic reactions in A1C13 (LiCI'KC1)eut 
and the anodic reaction in A1CI~.NaC1 electrolyte re-  
main  the same as predicted by the Bockris t reatment .  

In  addition, Rangara jan ' s  t rea tment  does not predict 
a l imit ing anodic current  which was observed in at 
least one electrolyte in this study and has been ob- 
served by others for gall ium (16). The Bockris ap- 
proach predicts such a l imit ing current.  

Table VI. Anodic and cathodic efficiencies of AI in LiCI'NaCI 

Anodic  Cathodic 

Current density,  Efficiency, Current density,  Eff ic iency ,  
m A / c m  :~ % m A / c m  ~ % 

0.3 100 • 1 0.1 > 8 3  
0.5 98 -~ 2 0.5 > 6 2  

Current efficiencies.--Current efficiencies determined 
for a luminum anodes and cathodes in the A1C1.NaCI 
melt  by passing a known number  of coulombs and 
measur ing the weight loss of the anode and the weight 
gain of the cathode are summarized in Table VI. The 
cathode efficiency could not be determined accurately 
because of the loss of some mater ia l  dur ing the re-  
peated washings which were necessary to remove a l l  
traces of electrolyte from the electrode. While the ap- 
parent  inefficiency of the cathode is not considered to 
be real, it should be noted that  these are pre l iminary  
results and fur ther  study is indicated. 

Photographs at an en largement  of X14 were taken 
of both an anode and a cathode after electrolysis. The 
smooth surface of the anode with visible grain bound-  
aries may be seen in Fig. 8a. The crystallites of a lumi-  
num deposited on the cathode are seen in Fig. 8b. 
These crystallites greatly increase the surface area. 
While some crystall i tes were mechanical ly  removed 
dur ing  vigorous washing procedures, the deposit ap-  
pears to adhere well  enough to the surface that  it 
would not create a problem in  secondary cell appli- 
cations. Very high current  densities (10 A /cm 2) do 
produce a dendrit ic deposit and would not be suitable 
for use in a cell unless measures were taken to prevent  
such growth. 

Conclusions 
A l u m i n u m  appears to show promise of being a suit- 

able negative electrode for a secondary bat tery  when 
charged and discharged in alkali ch lor ide-a luminum 
chloride molten salts at temperatures  less than 250~ 
The apparent  exchange current  densities for discharge 
(dissolution) vary  from about 2 to over 20 mA / cm 2 as 
the concentrat ion of A1C13 in the KC1-LiC1 eutectic is 
increased from 50 to 75 m/o. The apparent  exchange 
current  densities for charging (deposition) vary  from 
about 10 to 40 m A / c m  2 over the same range of com- 
position. 

On the basis of an analysis of steady-state and 
t ransient  overpotential  data using the theoretical 
f ramework of Bockris et al., the following ra te-deter -  
min ing  steps for the anodic and cathodic reactions in 
the various electrolytes can be proposed: 

1. At low overpotentials, less than  70 mV 'anodic and 
170 mV cathodic, the ra te -de te rmin ing  step is the 
diffusion of adions on the metal  surface. The concen- 
t rat ion of adions was found to be 0.2 x 10 -10 moles/  

Fig. 8. Nature of electrode surface. XI4. a (left) Anode, elec- 
trolyzed at 0.3 mA/cm 2. b (left) Cathode, electrolyzed at 0.1 
mA/cm 2. 



Vol.  118, No. 3 B E H A V I O R  O F  T H E  A L U M I N U M  E L E C T R O D E  411 

cm 2 and the surface diffusion velocity 0.0043 A/cm 2 in 
A1CI~.NaC1 melts. 

2. At higher overpotentials  the ra te -de termining  
s teps  are charge transfer.  In  the anodic reaction, for 
all electrolytes, the most probable ra te -de te rmin ing  
step is AI-* A1 + -}- e - .  For  the cathodic reaction, the 
most probable  ra te -de te rmin ing  step is A1 + + + + e -  
A1 + + in the A1C13-(KC1-LiC1) eutectic mixtures  and 
A1 +~ + e -  -* A1 + in the A1CI~-NaC1 melts. These 
conclusions about the charge- t ransfer  steps cannot be 
considered unambiguous  as they are deduced from a 
consideration of Tafel data and are based on the as- 
sumption that the t rue t ransfer  coefficient should be 
between 0.20 and 0.80 and that  one-electron transfers  
are most probable. 

Current  efficiencies for dissolution were close to 
100% at current  densities up to 0.5 mA/cm 2. The mea-  
surements  were inaccurate for deposition, but  a strong 
adherent  deposit was obtained at low current  density. 
Dendrites were observed at current  densities larger 
than 10 A/cm 2. 
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true transfer coefficient 
overpotential  (anodic ~ ,  cathodic --) ,  mV 
steady-state overpotential  

Subscripts: 
a anodic 
c cathodic 
calc calculated 
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Potential Measurements on a Si,Si02 Electrode Using 

a ThO -Y20  Electrolyte 
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ABSTRACT 

A series of emf vs. temperature  measurements  were made on the cell 

Si,SiO2[ThOf-15 w/o YfO3[Pt]ThOf-15 w/o  YfOaINi,NiO 

in order to establish the ionic range of ThOf-15 w/o  Y2Oa (ThO2-17 m/o  YO1.5) 
at very low oxygen activities. The use of p la t inum between the ThOf-15 w/o 
Y203 disks extended the useful life of the cell. In the tempera ture  range 600 ~ 
1000~ the emf falIs progressively below the expected thermodynamic  value 
with increasing temperature.  These data were found to be reproducible in  
several different cell configurations. The apparent  ionic t ransference number ,  
ti, at the Si,SiO2 electrode is given by 

ti ---- {i -k 6.64 >< 1013p -1/4 exp[--99,800/RT]} - I  

where P is the partial pressure of oxygen, T is the absolute temperature, and R 
is the gas constant. The fall off in emf from the thermodynamic value is not 
predictable from measurements of the ionic range of ThOa-Y203 reported by 
other workers. Some possible factors responsible for the fall off in emf from 
the thermodynamic value are discussed. 

Solid anionic conducting oxide electrolytes have 
been used extensively to measure the thermodynamic  
properties of oxides and metal  alloy systems (1-3). 
The properties of these electrolytes have been studied, 
but the results differ due to the presence of impuri t ies  
in these ceramics, variat ions in exper imental  tech- 
niques, and the possibility of complicating electrode 
electrolyte interactions (4-7). 

At present, h igh- tempera ture  oxygen activity moni-  
toring devices are being applied to industr ia l  processes 
(8-10). In l iquid sodium coolant systems it is neces- 
sary to monitor  and control the chemical activity of 
oxygen in order to avoid excessive corrosion. A device 
has been developed to monitor  continuously the chemi- 
cal activity of oxygen in sodium coolant systems (8, 9). 
This device is based on the cell 

Na (O)]ThOf-15 w/o Y203] oxygen (I) 
reference 

where Na(O) represents sodium containing dissolved 
oxygen. The ThO2-15 w/o Y203 (w/o, weight per cent) 
electrolyte in these cells is in the form of a closed end 
tube (test tube) .  The sensit ivi ty and accuracy of the 
device depends on the value of the ionic t ransference 
number  at the sodium electrode. The oxygen activity 
in these systems is as low as 10 -50 atm at 400~ with 
respect to oxygen gas at 1 atm pressure and limits the 
usefulness of some solid electrolyte compositions. The 
present work was ini t iated to establish if the ionic 
t ransference number  of ThOf-15 w/o  Y203 is un i ty  at 
oxygen activities corresponding to those in l iquid 
sodium. 

The cell chosen for study was 

Ni,NiO [ ThO2-15 w/o  Y203 [ Si,SiO2 (II) 

since the ionic t ransference n u m b e r  at the Ni, NiO 
electrode has been established to be un i ty  (2, 4-6) and 
the oxygen activity of the Si, SiO2 electrode is close 
to and slightly below the values found in practical 
sodium-oxygen systems (11). FUrthermore, the ther-  
modynamic properties of NiO and SiO2 are known and 
ThOf-15 w/o Y203 was found to be iner t  to the metal  
species of the electrodes even at ll00~ 

In pre l iminary  experiments  it was noted that  the 
Ni, NiO electrode lost weight  while the celt was oper- 

* Electrochemical  Society Act ive  Member.  
K e y  words:  Si, SiO~ electrode; ThO~-Y20a electrolyte;  ionic do-  

main  of ThOw-YeOa; anionic  conduc t i ng  oxides .  

ating. This is very likely due to t ransport  of oxygen 
through the cell as a result  of the electronic conduc- 
t ivi ty  of the electrolyte (I2).  We believe that  this 
t ransport  process was affecting the stabili ty and re- 
producibil i ty of the cell as a result  of the inabi l i ty  of 
Si, SiO2 to consume or Ni, NiO to supply oxygen and 
main ta in  their respective equi l ibr ium oxygen activi-  
ties. Several  techniques were tried which could par-  
t ially block or otherwise alter the oxygen flux through 
the cell. The most successful technique util ized cells 
of the type 

Ni,NiOIThO2-15 w/o Y20~lxIThO2-15 w/o  YfO31Si,SiO2 
(III) 

where x is a barr ier  placed between two ThOf-15 w/o 
Y203 disks to reduce the oxygen flux through the cell. 
This cell had an addit ional advantage in that  the 
ThO2-15 w/o Y203 disk on the Si, SiO2 side could be 
changed without  changing the disk at the Ni, NiO 
reference electrode. 

Theory 
The useful range of a solid oxide electrolyte is de- 

termined by the onset of electron or positive hole 
conduction due to changes in stoichiometry. 

At very low oxygen activities electronic conductivi ty 
may appear in a solid oxide electrolyte according to 
the reaction 

Ol -~ 1/2 O2 (g) ~- Vo= + 2e' (a) 

where O1 is an oxygen ion at a normal  oxygen lattice 
site, Vo= is a doubly ionized oxygen vacancy, and e' is 
an excess electron (6). These excess electrons lead to 
enhanced electronic conductivi ty in the electrolyte 
which decreases the ionic t ransference number ,  ti, de- 
fined as the ratio of ionic conduct ivi ty  to the sum of 
the total ionic and electronic conductivities. 

If the electrolyte in an electrochemical cell exhibits 
significant electronic conductivi ty at either one or 
both electrodes, the ionic t ransference number  is less 
than  un i ty  and is dependent  on the chemical potential  
of oxygen at the electrode-electrolyte interface. The 
emf of the cell is lower than  the thermodynamic  value 
and is g~ven by (4, 6) 

E - -  ti (~) d ~  [ 1 ]  
4 F  ~ 

412 
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where  E is the emf, ti(~) is a function which expresses 
the ionic t ransference number  at any value of ~,; ~1 and 
~2 are  the chemical  potentials of diatomic oxygen at 
the respect ive electrodes, and F is the Faraday con- 
stant. If  the ionic t ransference number  is unity, Eq. 
[1] reduces to the famil iar  expression 

Eo ---- - -  [2] 
4F 

where  Eo is the theoret ical  emf. 
Based on a model  described by Lasker  and Rapp (6) 

t i ( ~ )  = (1  "JC K P  - 1 / 4 )  - ~  [3 ]  

where  P is the part ial  pressure of oxygen and is re-  
lated to ~ by the expression 

P = exp [(~ -- #~  [4] 

where  the reference state is oxygen at 1 atm pressure. 
K is given by 

K = Ko exp [Ea/RT] [5] 

where  Ko and Ea are constants. K 4 is the oxygen par-  
t ial  pressure where  the excess electronic and ionic 
conductivit ies are equal. It  is equivalent  to the param-  
eter  Pe given by Schmalzr ied (13). Subst i tut ing Eq. 
[3] into [1], integrating,  and assuming that  ti at ~1 is 
unity, we obtain 

RT 
E -- Eo + In (i -}- KP2 -I/~) [6] 

F 

where P2 is the partial pressure of oxygen at the elec- 
trode (Si, SiO2) where ti is less than unity. Thus, from 
measurements of the emf vs. temperature behavior of 
a cell and the known thermodynamic properties of the 
electrodes we can calculate Ko and Ea and determine 
ti(~). 

Experimental 
Materials . - -The ThO2-15 w / o  Y203 (THO2-17 mole 

per cent Y203) was in the form of 3/4 in. OD by 1/s in. 
disks and was purchased f rom the Zircoa Corporation, 
Solon, Ohio. 

The Ni and NiO were  standard reagent -grade  ma-  
terial  obtained f rom the J. T. Baker  Chemical  Co., 
Phill ipsburg, New Jersey.  The silicon metal  powder  
was obtained f rom Alfa Inorganics, Beverly,  Massa- 
chusetts. The SiO2 was prepared by firing reagent-  
grade silicic acid (SiO2.xH20) in air at 850~ 

Procedure . - - In  order to establish that  the ionic 
t ransference number  at the Ni, NiO electrode is unity 
as reported (6) and to test the apparatus, a series of 
emf  vs. t empera ture  measurements  w e r e  made using 
ThO2-15 w / o  Y203 electrolyte  and Ni, NiO and Cu, 
Cu20 electrodes in the same apparatus. The results of 
these measurements  were  in agreement  wi th  the data 
reported for  these electrodes using ZrO2-CaO electro-  
lytes in the t empera tu re  range 350~176 (1). This 
indicates that  the ionic t ransference numbers  of 
ThO2-15 w / o  Y20~ for both Ni, NiO and Cu, Cu20 
electrodes is unity since ZrO2-CaO is known to have 
a uni ty  t ransference number  at these oxygen part ial  
pressures. This result  is in agreement  with data re-  
ported previously for various ThO2-Y203 compositions 
at oxygen activities up to 1 a tm (2, 4-6). 

All  of the cell configurations studied were  in the 
form of stacks of disks having the general  form 

SS]PtlNi,NiO]ThO2-15 w / o  Y203{x]ThO2-15 
w / o  Y2031Si,SiO2ISS (III) 

where  x was ei ther  empty  (disks in direct contact) ,  
1 mil  p la t inum foil or  A1203, and SS represents  the 
304 stainless steel parts of the cell  assembly. 

The Ni, NiO electrodes were  pressed disks 3/s in. 
OD x % in. thick and contained 25 v / o  nickel. These 
electrode disks were  pressed in a 304 SS die at ~5000 
psig and sintered in vacuum (10 -6 mm Hg) at 850~ 
for 4 hr. Before loading into a cell  the surface of each 

disk was ground on medium fine emery  paper using a 
f igure-eight  motion to assure a flat surface, and the 
loose powder was removed with  a clean, coarse brush. 

The Si, SiO2 electrodes were  prepared f rom two 
compositions: (i) a 50 v / o  mix ture  of Si and SiO,, 
powders and (ii) pure Si powder  plus its normal  sur-  
face oxide film. These electrode disks were  3/s in. OD 
x % in. th ick  and were  pressed in a 304 SS die at 
~1000 psig. Disks prepared f rom both compositions 
were  fragile and had to be careful ly  handled unti l  
vacuum sintered at 950~ for a min imum of 4 hr. The 
ThO2-15 w / o  Y203 disks were  also ground flat on 
medium fine emery  paper  and vacuum fired before 
assembly into a cell. 

The cells studied were  assembled on a 304 SS block 
which contained a 3& in. OD depression on top for the 
Ni, NiO reference electrode and a u in. OD 304 SS 
thermocouple  sheath which was inserted in the bot-  
tom and which served to support  the block. The stack 
of disks was held together  wi th  a 200g 304 SS weight  
which rested on top of the stack and contained a 3/8 in. 
OD depression for the Si, SiO2 electrode. Each cell 
was enclosed in a quartz envelope, fu r the r  enclosed 
by a 304 SS sheet meta l  electr ical  shield which was 
electr ical ly connected to ground and to the Ni, NiO 
electrode. The voltage developed by the  cell was mea-  
sured with  a high impedance e lect rometer  (Cary 
Model-30CV) and a precision reference voltage source 
(General  Resistance Model-DA45D),  and the signal 
was continuously recorded. 

Each cell was operated with  a continuous purge of 
hel ium obtained f rom the boil off f rom a 50-liter l iquid 
hel ium Dewar. No effort was made Lo isolate the elec- 
trodes from their  common hel ium purge. The flow rate 
was controlled by means of a heat  leak into the Dewar  
to give a flow rate  ~100 cm3/min. The emf  was inde- 
pendent  of gas flow at rates f rom approximate ly  50 
to 200 cm3/min. 

These cells were  run for various periods ranging 
from several  days to three weeks. The t ime to reach 
equi l ibr ium var ied  from several  hours at the high 
tempera tures  to one or two days at the lower tempera-  
tures. 

Results 
Emf vs. t empera tu re  data were  obtained for the 

fol lowing cells 

SSISi,SiO2!ThO2-15 w / o  Y20~]Pt]ThO2-15 
w / o  Y203]Ni,NiO[PtISS (IV) 

SS]Si,SiO21ThO2-15 w / o  Y203]A12031ThO2-15 
w / o  Y203INi,NiOIPtlSS (V) 

SSIPtlSi,SiO21ThO2-15 w / o  Y2031ThO2-15 
w / o  Y2031Ni,NiO[Pt[SS (VI) 

SS[Si,SiO21ThO2-15 w / o  Y20~]Pt]ThO~-15 
w / o  Y2031Ni,NiOIPtISS 1 (VII) 

The data obtained from cell (IV) in the t empera tu re  
range 600~176 are shown in Fig. 1. The upper  line 
is the thermodynamic  value, i.e., ti = 1, and to a good 
approximat ion is independent  of t empera tu re  (11). It  
is evident  f rom Fig. 1 tha t  at low tempera tures  the 
emf  approaches the thermodynamic  value and at t em-  
peratures  above 700~ shows large deviations which 
are approximate ly  l inear to 900~ The data from these 
cells did not show hysteresis, were  reproducible  at 
tempera tures  above 750~ and showed li t t le scatter. 
The data for tempera tures  below 750~ were  difficult 
to reproduce and showed greater  scatter, especially as 
the cells aged. 

The emf vs. t empera ture  data from cells (V), (VI),  
and (VII) are shown in Fig. 2. The data f rom cell IV 
are also shown in Fig. 2 for comparison. 1 All  of the 
emf data from the cells studied, i.e., (IV),  (V), (VI),  
and (VII),  show the same behavior  wi th  tempera ture  

1 All the Si, SiO2 electrodes, wi th  the exception of cell (VII), were  
prepared  from mix tu re  ( i i ) ,  i .e. ,  with  pure silicon powder  and its 
normal  impur i ty  oxygen wi thout  addition of SiO2. 
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Fig. 1. The emf vs. temperature data obtained from cell (IV) 
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Fig. 2. The emf vs. temperature data obtained from cells (V), 
(VI), and (VII I ) .  

and are in good agreement. The data from cells (V), 
(VI), and (VII) show more scatter than  the data from 
cell (IV), but  all the data fall un i formly  around the 
average line d rawn through the data from cell (IV). 

Using Eq. [6] and the available data on the thermo-  
dynamic properties of NiO and SiO2 (11), the values 
of K were calculated from the l ine of best fit through 
the emf v s .  tempera ture  data. The values of K ob- 
tained in the tempera ture  range 650~176 are plotted 
as log K v s .  the reciprocal tempera ture  in Fig. 3. 
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Fig. 3. Plot of log K vs. the reciprocal absolute temperature 
from which the values of Ea and Ko were derived. 

Plotted in this form the data are l inear  and show a 
slight tai l ing off above 900~ 

A limited amount  of data from the cell 

SS I Si,SiO 21ThO2-15 w / o  Y2081ThO2-15 
w/o  Y2031Cu,Cu2OIPtlSS (VIII) 

are also shown in Fig. 3. These data are in  good agree- 
ment  with the data obtained from the cells which 
used Ni, NiO reference electrodes. 2 

The expression 

K = 6.64 X 1013 exp [--  99,800/RT] [7] 

where T is the absolute tempera ture  and R is the gas 
constant, was calculated from the data shown in Fig. 3. 
Assuming the observed emf fall off is due to electronic 
conduction effects, the ti value at any tempera ture  and 
at oxygen activities up to Cu, Cu20 can be calculated 
using Eq. [7] and [3]. However, other effects may be 
responsible for the fall off as explained below. If this 
is the case, Eq. [7] and [3] cannot be used to cal- 
culate ti. 

Discuss ion  
Pre l iminary  measurements  using cell (II) demon-  

strated that  spontaneous loss of oxygen was occurring 
from the Ni, NiO reference electrodes, causing this cell 
to give poorly reproducible data. Similar  behavior  
was observed in cells with Cu, Cu20 reference elec- 
Lrodes. This spontaneous loss of oxygen could not be 
accounted for by t ransport  into the gas phase since 
electrochemical measurement  of the oxygen activity 
in the hel ium indicated it was in the range of 10 -6 to 
10-L Thus, the hydrogen content  was also low and was 
estimated from vapor pressure data to be ,-,4 x 10 -7 
mm Hg. The t ransport  of oxygen could only be be- 
tween the Ni, NiO and Si, SiO2 electrodes through the 
electrolyte. It  results from the finite electronic con- 
duct ivi ty present in this electrolyte at the low oxygen 
part ial  pressures corresponding to Si, SlOe (12). 

2 We were  r e luc t an t  to use  Cu, Cu~O as the  r e fe rence  e lect rode 
since th is  m i x t u r e  r ead i ly  fuses to the  WhO~-15 w / o  Y20~ disk a n d  
could  only  he  r e m o v e d  b y  g r i n d i n g  the  sur faee  of the  disk,  bu t  
some da ta  were  ob ta ined  w i th  Cu,  Cu20 (see Fig. 3). 
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The ar rangement  of cell (III) with a metal  or A1.,O~ 
barr ier  between the electrolyte tablets was devised to 
minimize the oxygen flux. It is obvious that in all of 
the cells studied a flux is still present  since the oxygen 
activity in the hel ium purge gas is higher than at 
either of the two electrodes. However, the t ransport  
of oxygen is expected to be from the gas phase (heli-  
um) directly to each of the electrodes and is believed 
to be slight since we obtain theoretical emfs in Cu, 
Cu20 vs. Ni, NiO cells. However, the direct oxidation of 
the Si, SiO2 electrode may not be as slight. In  any case 
the use of the barr ier  resulted in cells which were 
reproducible and  remained so for a longer period of 
t ime than cells without  the barrier.  

In principle, the junct ion  between the two electro- 
lyte tablets will have no effect on the emf of the cell 
provided ti(~) is un i ty  and that  ~ is the same in both 
electrolyte barr ier  interfaces. 3 We believe that  both 
these conditions were satisfied, (a) since the compo- 
sition of the two disks was the same and (b) mea-  
urements  of ti at high oxygen activities, i.e., corre- 
sponding to the oxygen activity in the hel ium indicate 
that ti is close to un i ty  at an oxygen activity of 10 -6, 
i.e., at both p la t inum electrolyte interfaces (13). In 
order to evaluate the possible importance of the t rans-  
port of oxygen or that  the na tu re  of the electrolyte- 
electrolyte junct ion was not seriously affecting the 
results, a series of emf vs. temperature  measurements  
were made on cells with different in terna l  resistances, 
resul t ing from the use of different barr ier  materials,  
which would be expected to t ransport  oxygen at differ- 
ent rates, i.e., cells (IV), (V), (VI), and (VII).  Agree- 
ment  between the data from all the cells suggests 
that t ransport  through the cells and the na ture  of the 
junct ion did not have a significant effect on the mea-  
surements.  

Compar i son  w i t h  o ther  da ta . - -The  model described 
by Lasker and Rapp (6) has been used to calculate the 
value of ti(~) from the exper imental  data. Equat ion 
[7], which is derived from the exper imental  data, has 
the same form as Eq. [5]. The exper imental  emf vs. 
temperature  data is, as predicted from Eq. [6], ap- 
proximately a l inear  function of tempera ture  at high 
temperatures,  i.e., where K P  -1/4 >1. Thus, the empir i -  
cal form of the data is predicted by the model. These 
results are also qual i ta t ively in accord with reported 
measurements  of the ionic range of ThO2-Y203 at low 
oxygen activities which indicate that  the electronic 
conductivi ty increases at a faster rate than the ionic 
conductivi ty with increasing temperature  (14,15). 
However, the magni tude  of the relative increase is 
substant ia l ly  in disagreement with results reported by 
previous investigators (14-16). 

Based on results obtained in this study with Si, SiO2 
electrodes (cell III) cell (I) should give theoretical 
emfs at 550~ and oxygen concentrations in sodium 
as low as 1 ppm. However, we observe ti for cell (I) 
at the Na(O) electrode to be less than uni ty  at 550~ 
at oxygen concentrat ions in sodium in the range of 
1 to 10 ppm oxygen. Tretyakov and Muan (14) and 
Hardaway et al. (15) have measured values of K by 
means of a technique which does not depend on knowl-  
edge of the exact part ial  pressure at the low oxygen 
activity electrode. Their  results predict similar be -  
havior for the Na, Na20 system, i.e., cell (I).  Both 
investigations measured K at oxygen activities where 
ti is effectively zero. Their  results predict that there 
should be no readily observable deviation in the emf 
of cell (III) from the calculated emf unt i l  1000~ 
Furthermore,  F ruehan  (16) claims he does not see 
the emf fall-off in the cell 

Si,SiO21ThO2-Y20~ I Cr,Cr203 

at 1600~ This disagrees with the extrapolated values 
of Tretyakov and Muan (14) and Hardaway et al. 

In ca lcula t ing the e m f  of th is  composite  cell, Eq. [1] m u s t  be 
applied to each electrolyte disk  wi th  its ad jacent  contacts  and the  
emfs  s u m m e d  for each disk.  

(15) whose results predict significant falloff in the 
emf at this temperature.  Thus, it appears the devia- 
tion in emf from the calculated value of a part icular  
cell system can depend on other factors such as the 
na ture  of the physical surface or chemical interactions 
between the electrode and the electrolyte in addition 
to the onset of electronic conduction. However, we 
found that using solid polished or pressed porous 
silicon did not have a significant effect on the emf vs. 
temperature  behavior of cell (III) .  Furthermore,  there 
were no obvious chemical interactions between Si, SiO,, 
and THO2-15 w/o  Y203. The effect of gas phase im-  
purities can also be ruled out because they would 
not give the rapid fall-off of emf with increasing tem- 
perature  observed. We cannot ru le  out the possibility 
of forming SiO2 or some other oxide layer  at the Si, 
SiO2-electrolyte interface whose properties could 
effect the behavior of the cell. Thus, it appears that  
the behavior of a part icular  cell combinat ion is not 
always predictable from measurements  of the inherent  
ionic domain of a solid oxide electrolyte. We suggest 
that fur ther  investigations to define the useful oxygen 
activity range of ThO2-Y203 be made at oxygen ac- 
tivities in the vicini ty of the ionic domain boundary  
predicted by Tretyakov and Muan (14) and Hard-  
away et al. (15) using a variety of meta l -meta l  oxide 
systems. We believe that  the use of the barr ier  tech- 
nique described in this paper will  facilitate these 
studies by extending the useful life of the cells. 
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Ionic Range of ThO -lS w/o at High 
Oxygen Activities 

F. J. Salzano,* C. Auerbach, H. S. Isaacs,* and B. Minushkin 

Brookhaven National Laboratory, Upton, New York 11973 

ABSTRACT 

The ionic transference numbers  (ti) of THO2-15 w/o Y.,O3 was determined 
at oxygen activities corresponding to approximately 1 atm by (a) emf mea-  
surements  uti l izing air-O2 and a i r -Pb /PbO cells and (b) four-point  resistance 
measurements,  both as a function of temperature.  The expression 

[ t i  = 1 Jr- 8 .3  X 1 0 - 2 p  TM e x p  - - R - ~ / . . I  

was deduced from the emf measurements.  The resistance data are in good 
agreement With these results, but the lat ter  technique is not sensitive enough 
to discriminate easily between cases where ti < 1 and where ionic and elec- 
tronic contr ibutions to the resistance are of comparable magnitude.  

Yttria doped thoria is being used extensively as a 
solid oxide electrolyte in oxygen activity monitors for 
liquid sodium coolant systems (1). These applications 
require that the ionic transference number  of the elec- 
trolyte either be unity, i.e., that the electrolyte be a 
purely  ionic conductor, or be readily reproducible. 
Since air or gaseous oxygen electrodes have shown ad- 
vantages as reference electrodes over the solid meta l -  
metal  oxide system used heretofore, it was necessary to 
study the electrolyte at high oxygen activities. The 
behavior of ThO.,-15 w/o  Y203 at low oxygen activities 
has been studied by some of the present authors to 
determine the ionic transference number  (2). In this 
paper we report  per t inent  emf measurements  on the 
following pairs of cells 

Pb(1) ,PbO(s)  ]THO2-15 w/o  Y203[O2(0:21 a tm) ,Au  (I) 

Pb (1),PbO (s) ]ZrO2-CaO]O2 (0.21 a tm) ,Au (I') 

and 

Au,O2(0.21 arm)IThO2-15 w/o Y203/O2(1 a tm) ,Au (II) 

Au,O2 (0.21 atm) ]ZrO2-CaO[O2 (1 atm) ,Au (II') 

The ZrO2-CaO electrolyte is known to be a purely  
ionic conductor at all oxygen activities considered in 
this work, and the oxygen activity determined by the 
Pb -PbO system falls wel l  wi thin  the 99% ionic con- 
ductivi ty range of THO2-15 w/o Y203 (3). In  addi-  
tion, four-point  conductivi ty measurements,  taken over 
a wide temperature  and oxygen part ial  pressure range, 
are reported and discussed in  the light of the emf data. 

Results 
Measurements on cells (I) and (I') were carried out 

using electrolyte tubes filled with a 9:1 Pb-PbO mix-  
ture. The tubes were coated on the outside with a 
porous gold film and rested inside a furnace on a bed of 
p la t inum gauze to which contact was made, air being 
allowed to circulate through the furnace and over the 
gold film. A piece of i r idium wire  served to make con- 
tact with the lead mixture.  The cells were studied over 
the 500~176 temperature  range; below 500~ cell (I) 

* Elec t rochemica l  Socie ty  Act ive  Member .  
K e y  words :  oxide  electrolytes ,  ThO2-Y20~ electrolytes ,  ionic do- 

m a i n  of ThO2Y~O~, anionic  conduc t i ng  oxides.  

was excessively slow in reaching equil ibrium. The re- 
suits shown in Fig. 1 indicate that cell (I') gave values 
in close agreement  with calorimetric data, in accord 
with previous work (4), while the values for cell (I) 
were noticeably lower. If E(z,) and E(z) are the respec- 
tive emf's, it may be shown based on the model de- 
scribed by Lasker and Rapp (5, 2), that 

RT 
E(I) -- E(r) : in  ti [1] 

F 

In this equation ti is the value of the ionic t ransference 
number  of THO2-15 w/o Y203 at the electrolyte-air  in-  
terface ("point value") .  Values of ti calculated from 
Eq. [1] ranged from 0.66 at 500~ to 0.76 at 700~ 
Similar  results were obtained by comparing emf mea-  
surements  on the cell 

Cu (s),Cu20 (s)lThO2-15 w/o  Y203[O2 (0.21 a tm) ,Au  

with appropriate thermochemieal  data. 
Cells (II) and (II ')  were studied in  analogous 

fashion, air and oxygen being allowed to flow over the 
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Fig. I. Emf vs.  temperature data obtained from cells (I) and 
(r).  
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Fig. 2. Emf vs .  temperature data obtained from cells (11) and 
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outside and inside, respectively, of both tubes. Results 
are shown in Fig. 2; it is seen that  aging the gold- 
coated ThO2-Y203 tube at 1000~ has a marked effect 
on E(ID. In  the case of cells (II) and (II ') ,  the average 
ionic t ransference number ,  ~, given by 

_ E(H) 
t -- - -  [2] 

E(li,) 

may be considered to represent  the point  value, ti, at 
each electrode, since the oxygen activity difference be- 
tween the two electrodes is very small. Using Eq. [2], 
t -a t  700~ was found to be 0.7 for a freshly coated 
ThO2-15 w/o  Y203 tube and 0.5 for a tube aged at 
1000~ This constitutes satisfactory agreement  with 
the results obtained from cell (I) .  The following ex- 
planat ion may account for the decrease of ti (increase 
in E(H)) on aging. In  the above experiments  the films 
consisted of porous gold, as in cells (I) and (I ') ,  and 
sintering of such films is l ikely to occur at 1000~ This 
would reduce the three-phase contact area (gas-gold- 
electrolyte) and thereby alter the polarization phe- 
nomena which may occur as a result  of the part ial  
electronic conductivi ty present in ThO2-15 w/o Y203. 
Such a hypothesis is supported by the observation, 
made in prior experiments,  that  the same tube, 
equipped with a 1/16 in. solid gold bu t ton  contact gave 
even lower emf values than were observed with the 
aged porous filmJ 

Four-point  resistance measurements  were made on 
a ThO2-15 w/o Y203 ceramic sample cut from a sodium 
oxygen meter  electrolyte tube (4 cm long by 1.3 cm 
wide by 0.15 cm thick) (1). The sample was placed in 
a quartz apparatus which in tu rn  was enclosed in a 
304 SS sheet metal  electrical shield. Various gases 
could be passed through the vessel to control the oxy- 
gen activity of the sample. Four  leads, numbered  1, 
2, 3, and 4, were attached equally spaced on the long 
axis of the sample. The technique employed was that  of 
brazing on four 1/16 in: diameter  gold but ton  contacts 
at l l00~ and subsequently brazing four p la t inum lead 
wires to the gold contacts. Contacts 1 and 4, attached 
to the ends of the sample, served to carry the current  
into and from the sample. The other two contacts, 2 
and 3, served as potent ial  probes. Measurements  were 
made using Kei thley Electrometers, Model 602. Each 
resistance measurement  was made over as broad a 
range of current  as allowed by the sensit ivity of the 
electrometers. The resistance was always independent  
of the current.  

Data were obtained in the tempera ture  range 800 ~ 
200~ at three typical oxygen activities: dry hydrogen 

�9 A Z r O ~ C a O  t u b e  e q u i p p e d  w i t h  t he  s a m e  solid go ld  b u t t o n  con-  
tac ts  g a v e  t heo re t i c a l  e m f s  in a cell  of  t he  t y p e  ( I I ' )  a t  t e m p e r a t u r e s  
d o w n  to 600~ 

T,~ 
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W' I I -  I I [ - - -  I t - ~  

ThO.-,sWO,o Y O, FRO~ f t  
iO I0 

LENGTH 5 a O 5  cm I 
UNC OXYGEN METER TUBE 

~ = ~ i i l /  ~ 

R= RESISTANCE 
i 0  ~ ~ = CONDUCTIVITY a a o 

X 
i08 ACTIVATION ENERGY = 

27 ,200  k r  

0 

I0 7 

DATA REPORTED / /  

au 7 
BATES 

10 6 

/ 
/ c AIR 

IO s 

10 4 / ~ HELIUM 5ppm 0 2 

o -DRY HYDROGEN 

i O 3 i I I I~.~__,J_/_ L . ~ L ~  
1.0 1.2 14  1.6 L8  2 0  2 .2  

r x 10 3 
T~ 

Fig. 3. Temperature dependence of the resistance of Th02-15 
w/o Y203 taken from a UNC oxygen meter tube (I). 

(<10 ppm H20, ~10-2s  atm O2 at 800~ 5 ppm 02 
in helium, and air. The data obtained are shown in 
Fig. 3 as a plot of log resistance vs. the reciprocal ab-  
solute temperature,  and are seen to fall on a single 
straight line. 

From these data the activation energy for the ob- 
served conductance was found to be --27,200 cal/mole, 
in good agreement  with the values previously reported 
(3, 6). Two-point  resistance measurements  on the cells 

Na,Na2OlThO2-15 w/o  Y2031Na (O) 
Cu,Cu20 !ThO2-15 w/o Y203[Na (O) 

give similar values for the activation energy. 

Discuss ion  
The emf measurements  clearly indicate that  ThO2-15 

w/o Y203 does not behave as a pure ly  ionic conductor 
at the high oxygen activities considered in this work. 
Based on the work of Lasker and Rapp (5) and others 
one can define the parameter  K by the equation 

( p l / 4  ) - 1  

ti = 1 -t- - - ~  [3] 

where p is the oxygen part ial  pressure corresponding 
to ti. Note that K raised to the fourth power repre-  
sents the oxygen part ial  pressure corresponding to 
ti = 0.5. 2 Values of K based on the data from cells (I) 
and (I') are plotted in Fig. 4 and yield the relat ionship 

( 3 4 2 0 )  
K = 12 exp [4] 

RT 

The fact that all the conductivi ty data may be rep- 
resented by the same straight line, independent  of 
pressure and temperature  over a wide range, might  at 
first sight indicate a ti value of un i ty  even at high 
oxygen activities, in contradiction to the potentiometric 
findings and the results of Bauerle (7). The measure-  
ments  of Bauerle were l imited to 1000~ and  he ob- 
served only a 25% change in  conductivi ty at the high-  
est Y203 composition he studied (4.5 w/o  Y203) in the 
pressure range 10 -6 to 1 atm pressure. His results show 
that the percentage change in conduct ivi ty  decreases 
with increasing Y203 content. It is evident  from these 
results that  in ThO2 containing more than  three times 
as much Y203 (15 w/o Y203), changes in conductivi ty 
in this pressure range are expected to be very small  

' - 'Note t he  d i f f e rence  b e t w e e n  th is  Eq. [3] a n d  Eq. [3] in  ref .  (2). 
Th is  is done  so t h a t  t he  un i t s  of  /~ wi l l  be  (pressure) l /4  in b o t h  
cases.  
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Fig. 4. Temperature dependence of K is obtained from emf 
measurements on cells (I) and (19. 

and thus not easily detectable with techniques used in 
this study. The following considerations will  show that  
there is no inconsistency between the emf and con- 
ductivi ty results reported in this paper. Since the 
ionic conductivi ty (~i) and the positive hole con- 
ductivi ty (ae) are given by the expressions 

ai = aio exp \ 

and 
--~Ee 

ae = ffeoP 1/4 exp k ~ ) 

respectively, and since 

t i =  1 + 

it follows from Eq. [3] that  

< AEe--AEi > 
K = Ko exp R-~ [6] 

where the aE's represent the respective activation en- 
ergies and 

ffio 
Ko = 

ffeo 

Comparing Eq. [4] and [6] one finds that  AEe -- AEi = 
--3420 cal. If one makes the reasonable assumption that  
the slope of the plot in Fig. 3, which traverses a very 
low oxygen pressure range, is a measure of AEi, i.e., 
that  AEi ---- --27,200 cal, one concludes that  ~Ei and 
-%Ee differ by less than 15%. It is therefore not sur-  
prising that  the temperature  dependence of the con- 
ductivi ty continues to be constant, reflecting largely 
:~Ei, even at appreciable oxygen pressures where ~e is 
large enough to make ti < 1. A slight drop in R is ob- 
served in air at the low tempera ture  end, as predicted 
qual i ta t ively from the oxygen part ial  pressure de- 
pendence of ~e. However, no at tempt  was made in this 
work to study the pressure dependence in detail. 

The reaction pr imar i ly  responsible for the onset of 
hole conductivi ty at high oxygen activities is 

�89 O2(g) + Vo"~-Oo + 2@ 

where Vo" is a doubly ionized oxygen vacancy, Oo is 
an oxygen ion on an oxygen site, and @) represents the 
concentrat ion of positive holes (5). We can estimate 
the value of the heat of reaction for the above equi-  
l ibr ium from the temperature  dependence of K (2). 
According to the model 

kl/2 
K - l  o : _ _  

and we expect 
Ek 

aEi -- ~Ee ~- -- Ev 
9, 

where k is the equi l ibr ium constant  for the above re- 
action, ~v is the mobil i ty  of vacancies, Ek is the heat 
of reaction for the above equil ibrium, and Ev is the 
activation energy for vacancy migration. Using the 
value +3420 cal /mole for Ek/2 -- Ev and the value 
Ev, --27,200 cal /mole  obtained from the conductivi ty 
measurements,  we calculate Ek to be --47,500 cal/mole. 
Thus, the heat of reaction for the above equi l ibr ium 
is of the order of 50,000 cal/mole. The results ob- 
tained in this work have shown that  ti is less than 
uni ty  at oxygen pressures close to 1 arm. In  more quan-  
t i tative terms, the ionic conductivi ty range correspond- 
ing to tl ----- 0.99, may be defined by a l imit ing oxygen 
part ial  pressure, P099, at which ti = 0.99. Based on Eq. 
[3] and [4] it may be shown that  

( 1 . 3 7 X 1 0 4 )  
P0.99 ---- 2.07 X 10 -4 exp [7] 

RT 

Conductivi ty measurements  on THO2-15 w/o  Y208 do 
not contradict this finding but  simply cannot easily 
discriminate between cases where ~i and ere are of com- 
parable magnitude,  i.e., ti < 1, and AEi ~ bEe. Air or 
oxygen electrodes may nevertheless be used as refer-  
ence electrodes in oxygen activity meters for sodium 
provided appropriate allowance is made for deviations 
of ti from unity.  
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ABSTRACT 

The Gibbs free energy of formation of Ag2S and PbS were measured in  the 
temperature  range 500~176 The measurements  were made with an elec- 
trochemical formation cell employing a sulfur  vapor electrode and a fused 
chloride electrolyte saturated with the sparingly soluble sulfide. For the 
reaction 

2Ag(solid) 4- l/2S2(gas, 1 atm) ''> Ag2S(solid) 

AG ~ ---- --21,000 4- 8.85T cal/g-mole 
For the reaction 

Pb(liquid) 4- 1/2S2(gas, I atm) "> PbS(solid) 

AG ~ ---- --40,000 + 22.5T cal /g-mole 

An accurate knowledge of the Gibbs free energy of 
formation of sulfides, par t icular ly  base metal  sulfides 
at high temperature,  is of considerable importance in 
metal lurgical  process design. Al though it is possible 
to determine free energies of formation at high tem- 
peratures by applying the appropriate heat  capacity 
and enthalpy of t ransformat ion data to enthalpies and 
entropies of formation at 298~ it is desirable to cir-  
cumvent  the cumulat ive errors of such calculations by 
directly measur ing the free energies of formation at 
the temperatures  of interest  whenever  this is feasible. 
Of the procedures available for such measurements,  
electrochemical methods are perhaps the most re- 
l iable and accurate when suitable electrolytes are 
available. 

For the oxides with low free energies of formation, 
an electrochemical technique employing a solid ZrO2- 
CaO solution as electrolyte has been par t icular ly  suc- 
cessful in yielding thermodynamic  data at high tem- 
perature of high accuracy (1). An analogous procedure 
for the study of sulfides has not been possible because 
no similar solid sulfide electrolyte is at present well  
enough understood to yield emf data of unquest ioned 
thermodynamic  significance. The electrochemical pro- 
cedure described in this paper, therefore, involves a 
fused salt electrolyte saturated with sulfide. This type 
of solution is suitable as an electrolyte since sulfide 
saturat ion is reached at a sufficiently low level that  
the salt solution still conducts current  exclusively by 
ionic t ransference (2-4). 

Of equal importance to the present  electrochemical 
procedure has been the development  of a reversible 
sulfur vapor electrode (5). In  a previous publication,  
the reversibi l i ty of this electrode was demonstrated by 
measurements  of the cell 

AgC1 
- -Ag Svapor ,  C4- 

AgeS 

When the mole fraction of Ag2S was less than  0.1, the 
melt  conducted ionically (4) and Nernst  behavior was 
observed with respect to Ag2S concentrat ion and par-  
tial sulfur  pressure in the tempera ture  range 490 ~ 
860~ 

* Electrochemical Socie ty  Ac t ive  Member .  
i ]Present address :  D e p a r t m e n t  of Meta l lu rg ica l  Eng ineer ing ,  Mc-  

Gill Univers i ty ,  Mont rea l ,  Quebec ,  Canada .  
K e y  w o r d s :  electrode potential~,  s i lver  sulfide, lead sulfide. 

Experimental 
The cell used to measure the free energy of forma- 

tion of Ag2S may  be represented schematically as 
follows 

Ag2S (satd.) Svapor, 
--Ag AgCI C+ 

ACI 

where AC1 is molten alkali  chloride (KC1 or a KC1- 
NaC1 mixture) .  The PbS formation cell may be simi- 
lar ly represented. The impor tant  physical features of 
these cells are shown in Fig. 1 and 2. The upper  Pyrex  
portions of these cells containing sulfur were connected 
to a lower quartz portion containing the fused elec- 
trolyte. The entire cell was located in a two compart-  
ment  furnace assembly such that  the temperature  of 
the sulfur  and the electrolyte could be independent ly  
controlled. 
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Fig. 1. Upper part of sulfide formation cell 
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Fig. 2. Details of lower parts of sulfide formation cells 

A gas mixture  of fixed part ial  sulfur  pressure was 
created by bubbl ing  dry, oxygen-free  preheated argon 
through the molten sulfur. The bubbl ing  action tended 
to reduce temperature  gradients in the sulfur and as- 
sure saturat ion of the argon. The sulfur for this pur -  
pose was laboratory reagent grade; purification by re- 
peated subl imation was not performed since the im- 
purities consist chiefly of insoluble mat ter  known not 
to affect the sulfur pressure (6). The sul fur-argon mix-  
ture was led down and over the sulfide electrolyte 
and then passed to a sulfur  condenser from which sul- 
fur-free argon was expelled to the atmosphere. 

In order  to be certain that the tempera ture  of the 
liquid sulfur in the bulb would control the sulfur  
pressure over the electrolyte, it was necessary to heat 
all tubing  conducting the vapor from the bulb to the 
condenser. This was accomplished by wrapping the 
tubing with auxi l iary  chromel heating elements. Elec- 
trode connections were made using tungsten  leads 
sealed in urania  glass, the electrodes being threaded 
or silver soldered to the tungsten. The metal  exposed 
to the sulfur  rapidly formed a thin sulfide layer  which 
rendered the connections immune  to fur ther  vapor 
attack. The saturat ion of the argon wi th  sulfur was 
verified by  approximate dew point  measurements  
taken on the tube  leading from the bulb;  by slowly 
reducing the power to the heating element  on the tube 
while peering through a small inspection window in 
the upper  furnace, sulfur  was observed to condense at 
temperatures  only 4 ~ or 5~ cooler than the su]fur bath 
temperature.  The flow rate of argon is important  in this 
connection. At high flow rates, the argon does not be- 
come saturated with sulfur  vapor. On the other hand, 
at very low flow rates thermal  diffusion in the gas 
mix ture  may occur. This would account for the slight 
decrease in cell potential  when the argon flow was 
stopped entirely. Pre l iminary  experiments,  however, 
showed that  the cell voltage was insensit ive to changes 
in argon flow rate in the range 20-100 ml /min .  Accord- 
ingly for all  subsequent  experiments,  the flow rate was 
adjusted to fall  approximately in the middle  of this 
range and no fur ther  a t tent ion was given to this ex- 
per imenta l  variable. 

The two electrode compartments  were separated by 
an asbestos diaphragm but  contained melts of the 
same composition. The diaphragm was made by col- 
lapsing quartz tubing around a small  prefired strand 
of asbestos fibers. The capillaries formed between the 
interstices of the fibers allowed electrolytic contact 
but  prevented significant diffusion of dissolved sulfur 
to the metal  electrode. This is a most important  fea- 
ture of the cell design if the results are to have ther-  
modynamic significance. 

The metal  electrodes were fine silver rods or graph-  
ite rods dipping through the electrolyte into pools of 
high pur i ty  lead. The metal  electrodes in each case 
were slowly flushed with argon dur ing the course of 
an experiment.  The inert  electrodes for the sulfur side 

of the cell were I/s-in. diameter  spectroscopic grade 
graphite rods. Pr ior  to use, these were heated in  vacu-  
um at 1000~ for about 24 hr  to remove volatile ma t -  
ter. This did not result  in any observable difference in 
the magni tude or s tabil i ty of the cell potential.  To 
test its reactivity, a small  section of graphite rod was 
heated in a flowing su l fur -a rgon  mix ture  for 48 hr  at 
850~ an insignificant weight loss indicated that  
graphite was essential ly inert  to sulfur  at temperatures  
below 850~ 

The Ag2S was prepared by precipitat ion from an 
aqueous AgNO3 solution using ammonium sulfide solu- 
tion. The precipitate was thoroughly washed in dis- 
tilled water  then dried in vacuum at 150~ Lead sulfide 
was prepared by reacting stoichiometric quanti t ies  of 
high pur i ty  lead with doubly distilled sulfur  in  seaIed 
quartz capsules that  were slowly raised to 1000~ (2). 
The reacted mater ial  was then melted and crystallized 
in a double walled evacuated quartz capsule. The rea-  
gent grade chloride salts were all vacuum oven dried 
but  were otherwise untreated.  

Considerable glass blowing was involved in pre-  
par ing cells for an experiment.  The entire cell was 
therefore carefully evacuated and main ta ined  in this 
state at an elevated tempera ture  for several hours to 
remove accumulated water  vapor. It  was only after 
this procedure that  the electrolyte was fused and the 
argon admitted. In  the case of the experiments  with 
Ag2S, the electrolyte temperature  was raised ini t ia l ly 
above the mel t ing of Ag2S and then lowered to assure 
crystal l ini ty  of this component.  

The temperatures  of both the sulfur  and sulfide melts 
were measured with chromel-a lumel  thermocouples 
constructed from calibrated wire. The hot junct ions of 
the couples were in  good thermal  contact with the 
liquids by locating them in small  wells blown directly 
into the glass cell. 

Results 
The emf measurements  are presented in Tables I 

and II. Based on temperature  fluctuations dur ing the 

Table I. EMF measurements of Ag2S formation cell 

Xxacl  XKCI XA~Cl TB, ~ TE, ~ E, m V  log  P s  2 E ~ m V  

0.457 0.457 0.085 225 700 191 -- 1,622 268.9 
0.457 0.457 0,085 221 699 188 -- 1.681 268.7 
0.457 0.467 0,085 223 799 160 - -1 .648  247.6 
0.457 0 .4-57 0.085 252 802 180 -- 1.251 246.6 
0.457 0.457 0,085 275 797 194 - -0 ,980  245.7 
0.457 0,457 0.085 235 797 168 -- 1.476 246.3 
0,457 0.457 0.085 218 798 155 -- 1.723 246.5 
0.457 0.457 0.085 215 740 169 -- 1.770 258.1 
0.457 0.457 0.085 209 779 152 -- 1.883 249 .~  
0.457 0.457 0.085 205 702 167 -- 1.930 260.0 
0,457 0.457 0.085 207 799 145 - -1 .895  245.8 
0.457 0.457 0.085 212 798 149 -- 1,815 245.5 
0.0 0.700 0,300 175 697 151 - -2 .458  269.0  
0.0 0.700 0,300 177 752 139 - -2 .418  261.4  
0.0 0,700 0,300 176 731 143 - -2 .437  264.6 
0.0 0 ,700 0,300 175 715 146 - -2 .456  266.4 
0.0 0.700 0,300 174 680 156 - -2 ,476  272.6 
0.0 0 .700 0 .300 170 722 149 - -2 .437  269.4 
0.0 0.700 0.300 179 759 140 - - 2 . 3 8 0  261.5 
0.0 0 .700 0.300 176 659 164 - -2 .439  277.0 
0.0 0 .700 0.300 173 658 161 - -2 .496  276.5 
0.0 0.700 0.300 203 661 186 -- 1.964 277.2 
0.0 0 .700 0.300 241 660 214 -- 1,404 279.0 
0.0 0.700 0,300 281 660 233 - -0 .938  276.2 
0.0 0 .700 0 ,300 336 660 253 -- 0.501 276.6 
0.0 0.700 0,300 304 665 245 -- 0.731 278.2 
0.0 0.700 0,300 264 660 227 -- 1.121 278.7 
0.0 0.700 0.300 218 661 198 - -1 .729  278.2 
0.0 0.700 0.300 162 659 150 - -2 .712  275.7 
0.0 0,700 0.300 158 663 144 --2.794 274.1 
0.0 0.732 0.268 203 641 190 -- 1.974 270.4 
0.0 0.732 0.268 200 603 200 --2.019 287.2 
0.0 0.732 0,268 201 656 182 --1,998 274.2 
0.0 0,660 0.340 194 748 155 -- 2,121 262.7 
0.0 0.660 0.340 177 751 140 --2.427 262.8 
0.0 0.660 0,340 215 752 172 -- 1.770 262.4 
0.0 0.660 0,340 258 747 205 --1.180 264.7 
0.0 0.680 0,340 311 749 229 --0.638 261.1 
0.0 0.660 0,340 281 748 218 --0.920 262.5 
0.0 0.660 0,340 234 750 189 -- 1,492 264.9 
0.0 0.660 0.340 174 716 149 - -2 ,475  270.4  
0.0 0 ,660 0,340 172 677 158 - -2 .514  275.9  
0,0 0.660 0,340 171 642 165 --2,544 280.5 
0.0 0.660 0.340 169 612 171 - -2 ,575  283.7 
0.0 0.660 0.340 169 618 168 - -2 ,574  281.5 
0.0 0.660 0,340 211 619 200 -- 1.841 281.1 
0.0 0,660 0,340 245 616 223 -- 1,363 283.5 
0.0 0.660 0.340 278 618 236 --0.996 280.2 
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Table II. EMF measurements of PbS formation cell 

F O R M A T I O N  O F  Ag2S A N D  P b S  

X~acl XKCl XPbc] 2 TB, *C T~, ~ E, m V  log Ps 2 E o, m V  

0.458 0.456 0.086 171 798 216 --2.532 350.5 
0.458 0.456 0.086 170 765 229 -- 2.551 360.4 
0.458 0.456 0.086 168 717 252 --2.591 378.8 
0.458 0,456 0.086 166 681 273 -- 2,631 397.5 
0.458 0.456 0.086 165 653 289 --2.652 410.3 
0.458 0.456 0.086 160 586 332 --2.756 449.4 
0.0 0.622 0.378 184 503 393 --2.322 482.4 
0.0 0.622 0.378 211 501 415 -- 1.939 489.4 
0.0 0,622 0.378 186 532 238 --2,271 472.7 
0.0 0.622 0.378 188 553 373 -- 2.230 464.4 
0.0 0.622 0.378 183 500 405 --2.342 494.8 
0.0 0.622 0.378 181 573 363 --2.351 461.7 

temperature-control l ing cycle, and the accuracy of the 
thermocouples, the reported sulfur bath temperatures,  
TB, and the electrolyte temperatures,  TE, are consid- 
ered accurate to 1 ~ and 2~ respectively. The compo- 
sition of the electrolytes reported in the tables refers 
to the composition before sulfide saturation. However, 
sulfide saturat ion in alkali chloride-rich melts is 
known to be very  small  (2, 7), and as a result  the con- 
centrat ions of the chloride components in the electro- 
lyte when actually saturated with sulfide should not 
differ appreciably from the values reported in Tables 
I and II. It  was observed that  several hours were re- 
quired to reach a stable cell potential  (_1  mV for 2 hr) 
when the electrolyte temperature  was altered. This 
was at t r ibuted to the sluggishness in saturat ing the 
chloride melt  with sulfide. It w i l l  be noted that a 
much more extensive s tudy was under taken  of the 
Ag2S formation cell. This was done to check the sulfur 
pressure dependence of the cell emf. In  the light of 
the measurements  on the AgeS formation cell, it was 
considered unnecessary to perform a similar study on 
the lead sulfide formation cell. In  the case of measure-  
ments  on the Ag2S cell, a thermoelectric voltage was 
created by  the dissimilar electrode materials.  The 
leads from the potent iometer  to the tungsten connectors 
were both of silver; as a result, the temperature  of the 
cold junct ion  for the -t-Ag/C-- thermocouple effect 
was near ly  that  of the liquid sulfur. The t rue electro- 
chemical voltage, reported in Table I, was computed 
by adding the thermoelectric voltage to the measured 
voltage, taking the cold junct ion temperature  to be 
TB. The output  of the t A g / C - -  thermocouple was 
measured as a function of tempera ture  in an argon 
atmosphere. The results fitted by the method of least 
squares gave the equation 

V ---- 4.36 -- 8.80 • 10-2T -t- 1.29 X 10-2T in T [1] 

where V is the output  in mV relat ive to 25~ and T is 
the hot junct ion tempera ture  in ~ 

Discussion 
Sulfur vapor equilibr~a.--If sulfur were a simple 

vapor that  could exist only in one molecular form, the 
sulfur  pressure at the electrode would be equal to the 
vapor pressure of sulfur  in equi l ibr ium with the liquid 
in the bulb. It is known however tha t  sulfur in the 
vapor phase is a complex mix ture  of various molecular  
species ranging essentially from $2 to Ss, the concen- 
trat ion of each being temperature  and pressure depen- 
dent. For this reason the relat ive concentrat ion of the 
various molecules will  be different at the electrode 
than in the bulb  and, if diffusionless flow of sulfur 
saturated argon is assumed, then the total  sulfur  pres-  
sure wil l  be increased as the gaseous solution is in -  
creased in temperature.  If the vapor passes through 
the temperature  gradient  from the sulfur  bulb  to the 
electrode while at all t imes preserving local equil ib-  
rium, it is possible to calculate the composition of the 
sulfur  vapor at the electrode when  both bulb  and elec- 
trode temperatures  are known. 

The assumption of local equi l ibr ium is reasonable; 
the number  of sulfur collisions per uni t  t ime is large 
in the pressure range of this investigation, and the 
time constants for dissociation and association proces- 

421 

ses of sulfur molecules are small  (8). Therefore, before 
a sulfur  molecule can move an appreciable distance 
wi thin  the temperature  gradient,  it wil l  enter  the 
equi l ibr ium required by the tempera ture  and total 
sulfur  pressure in the new position. Furthermore,  the 
partial  pressure decrease in argon, as sulfur  dissociates, 
is relat ively small. There is thus very little tendency 
for argon diffusion. The small  relat ive change in the 
argon pressure is a consequence of the fact that  sulfur  
general ly represents only a small  fraction of the total 
volume of the gas phase. 

For calculation purposes let a volume element  VB at 
temperature  TB, the temperature  of l iquid sulfur in the 
bulb, contain argon at pressure (PA)B and sulfur at 
pressure ( P s i - )  B where 

8 

(Ps~-)B = ~_~ (PSv)B [2] 
V=2 

Since the total gas pressure is fixed exper imenta l ly  at 
1 atm by the exit bubbler,  the argon pressure in the 
bulb is 

8 

( P A )  B = 1 - -  ~_ j  ( P S v ) B  [ 3 ]  

v ~ 2  

In passing from the sulfur  bulb to the electrode 
compartment,  the volume element VB gradual ly  ex- 
pands to VE as the sulfur vapor dissociates into lighter 
molecules and the molecules acquire more kinetic 
energy at the higher temperature.  The total sulfur  
pressure within this element  is now 

8 

(Ps~-)E = ~ (Ps~)E [4] 
V : 2  

However the total gas pressure remains  at 1 arm. The 
argon pressure in element VE is thus 

8 

(PA)E -- 1 -- ~ (Ps~)E [5] 
V : 2  

Since diffusionless flow is being assumed, no net mass 
c a n l e a v e  the volume element  and so the ratio of argon 
atoms to sulfur atoms in volume elements VE and V~ 
are the same. Therefore 

I 1 - -  ~ (Psv)E (VE/RTE) 
v = 2  

o r  

~ (VPsv) EI (VE/RTE) 
v:2 

Ii-  
= [6] 

I v~  2 (VPSv)B 1 (VB/RTB) 

8 8 

v ~ 2  v ~ 2  

8 8 

v : 2  v : 2  

[7] 

Comprehensive thermodynamic  data on the equil ib-  
r ium composition of sulfur vapor has been calculated 
from mass spectrometric studies (9, 10) assuming the 
vapor species to be ideal. These investigations showed 
that only the species $2 to $8 were significant con- 
t r ibutors  to the total  sulfur pressure; S, $9, and $10, 
though observed, existed only in exceedingly small  
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quantities. For equil ibria of the type 

$2 ~ 2/v  S~ [8] 

the equi l ibr ium constants have the form 

Psv 2/v 
Kv = [9] 

Ps2 

In  these equations v is an integer varying from 3 to 8. 
The relat ive populations of vapor molecules at various 
temperatures  and total sulfur  pressures, obtained from 
the existing mass spectrometric data, allow log Kv to 
be expressed as a l inear  function of reciprocal tem- 
perature. The work of Detry et al. (10) gives the 
following equations 

logPss = 1.50 logPs2 + 

logPs4 = 2.00 logPs2 -4- 

logPss "- 4.00 logPs2 4- 

logPs5 = 0.625 logPss 

logPs6 = 0.750 logPs8 

logPs~ = 0.875 logPs8 

2.91 X 103 

T 

6.16 X 

T 

21.2 X 

T 

2.79 X 

T 

1.37 X 

T 

1.26 X 

T 

103 

103 

4.11 [10] 

8.00 [11] 

24.1 [12] 

103 
+ 2.88 []3] 

103 
4- 1.66 [14] 

103 
+ 1.57 [15] 

These equations constitute six independent  relat ion-  
ships involving part ial  sulfur pressures. For  vapor in 
equi l ibr ium with l iquid sulfur  at temperature  TB. The 
evaluat ion of the part ial  pressures in Eq. [10] to [15] 
is possible because the total vapor pressure [11] pro- 
vides a seventh independent  equation 

8 4830 
log ~ (Psv) - -  501OgTB+21 .00  [16] 

v=2 TB 

The part ial  pressures of sulfur  species over l iquid 
sulfur at temperature  TB determine a value for the 
right hand side of Eq. [7] and hence a value for 

8 

- ~ (Ps~)E 1 
V = 2  

8 

(vPsv) E 
V = 2  

This relat ionship among part ial  pressures at the 
electrode is independent  of Eq. [10] to [15] that can 
be wri t ten  for temperature  TE. It is therefore possible 
to calculate all the part ial  pressures over the sulfide 
melt  at the sulfur electrode at temperature  TE for a 
given liquid sulfur  tempera ture  TB. 

The actual solutions to the simultaneous equations 
for measured exper imental  conditions of TB and TE 
were accomplished by an i terat ion method using a 
digital computer. The forms of the various equations 
that  lead to solution of these s imultaneous equations 
are shown graphically in  a previous paper (5). The 
calculated logarithms of the $2 part ial  pressure over 
the sulfide electrolyte are listed in Tables I and IL The 
$2 pressures are estimated to be accurate to about 
--+5%. 

Electrochemistry oy sulfur vapor eleetrode.--In the 
Ag2S formation cell, the expected p r imary  cell process 
is 

2Ag + 1/vSv-> Ag2S [17] 

In  this reaction pure silver is solid, Sv is gas (the mean  

value of v being a funct ion of tempera ture  and total  
sulfur  pressure) ,  and Ag2S is in a state of un i t  activity 
with respect to pure solid. When reaction [17] is the 
pr imary  cell process two conditions must  be observed 
experimental ly:  the cell emf must  be independent  of 
the electrolyte composition so long as Ag2S is satu-  
ra t ing it, and the cell voltage must  vary  in the Nernst  
manne r  with respect to part ial  sulfur  pressure. 

The Nernst  expression for the proposed cell reaction 
is 

RT RT 
E = Esv ~ + In Psv -- ~ In aAg2S [18] 

2vF 2F 

where v may assume any  integral  value from 2 to 8. 
The choice of this value affects both the numerical  
value of the part ial  sulfur  pressure and Esv ~ in such 
a way that E is independent  of the choice. This is 
consistent with the assumption of local equi l ibr ium 
made in the previous section. Since S~ is the predomi-  
nant  molecule in sulfur  vapor at temperatures  above 
500~ v will be taken  to be 2 in all subsequent  c an  
culations making $2 gas at 1 atm pressure the standard 
state for sulfur. In  accord with Eq. [18], plots of E 
against log Ps2 must  be l inear  with a slope of 4.575T/ 
2nF where n is the number  of Faradays of charge as- 
sociated with the formation of a mole of Ag2S. These 
plots are shown in Fig. 3 at four temperatures.  The 
slopes were determined by the least squares method 
and values of n were calculated; these are shown on 
each line, the mean value, n, being 2.01. This is in good 
agreement  with the required value Of 2 considering 
the complexity of the sulfur  vapor equilibria.  

It  should be noted that  the same value for n is ob- 
served with electrolytes of different composition. This 
suggests that  the process responsible for the cell vol t-  
age depends only on the activity of Ag2S, this being 
fixed at uni ty  with respect to pure solid, and in no way 
on the concentrations of the other components of the 
electrolyte. 

The cell potentials for both the Ag2S and PbS for- 
mat ion cells given with respect to a s tandard $2 elec- 
trode are listed in Tables I and II. The corrections 
from the exper imental  conditions of measurements  in -  
volved the addition of 

4.575T 
- -  log Ps~ 

4F 

X 
KCI NoCI AgCl 

o 0457 0 457 0 088 
0 7 0 0  - -  0.500  

a 0 660 - -  0.340 

o 

, ~  ~=2.01 

D o 

log PSz 

Fig. 3. Variation of emf with respect to calculated partial S,~ 
pressure for solutions saturated with Ag2S. 
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a 0 7 0 0  - -  0 500 " ~. 
zSO a 0 ,660  - -  0 -540  o 

�9 0-732 - -  0-Z68 61~~ 

240 

610 6[50 700 7[50 ~ o  
T e m p e r o t u r e  ~  

Fig. 4. Variation of standard potential of Ag2S formation cell 
with respect to temperature. All solutions ore saturated with Ag2S. 

to the measured cell voltages. The corrected voltages 
are plotted in Fig. 4. Within a few millivolts,  it is ap- 
parent  that  the measurements  are independent  of the 
composition of the sulfide saturated electrolytes. 

It  should be noted that  all electrolytes contain the 
chloride salt of the corresponding base meta l  sulfide. 
This was found to be essential if cell voltages were  to 
correspond to the free energy of formation of the sul- 
fide and to satisfy the requi rements  of the Nernst  
equation. Apparen t ly  the solubil i ty of base metal  sul- 
fide in alkali  chlor ide is insufficient to yield enough 
base meta l  ions to establish a revers ible  potential  at 
the metal  electrode. In addition, the concentrat ion of 
base meta l  ion may  be l imited by incomplete  dissocia- 
tion of the dissolved base meta l  sulfide in pure alkali 
chloride. 

Thermodynamic  catculations.--The least squares 
equation for the line through the data for the Ag.,S 
formation reaction shown in Fig. 4 is 

E ~ - - - -  455.3 -- 0.1919T [19] 
or equiva len t ly  

aG ~ = -- 21,000 -t- 8.85T [20] 

where  E ~ is the potent ial  in mil l ivol ts  re la t ive  to a 
standard $2 electrode, aG ~ is the standard free energy 
of format ion in ca l /mole  AgeS, and T is t empera ture  in 
~ The standard deviat ion is 3.2 mV or 152 cal /mole.  
The results of Rosenqvist  (12), de te rmined  using 
H2-H2S mixtures,  are shown for comparison in Fig. 4. 
His results are given with an error  l imit  correspond- 
ing to 10 mV. There is bet ter  agreement  between the 
present work  and the extrapola ted results of Kiukkola  
and Wagner  (13). Their  measurements  were  made at 
lower tempera tures  using a solid AgI electrolyte  and 
a l iquid sulfur electrode and are repor ted  to be ac- 
curate to 1 mV in the t empera tu re  range 150~176 
The extrapolat ion involves changing the standard state 
of sulfur to $2 gas at 1 atm pressure. This procedure 
is outl ined in the Appendix.  

The  s tandard electrode potentials for the PbS for-  
mation react ion are shown in Fig. 5. The least squares 
equation represent ing the line through the points is 

E ~ ---- 867.4 -- 0.4884T [21] 

or equiva len t ly  

AG ~ ---- -- 40,000 -F 22.5T [22] 

where  E ~ is the potent ial  in mil l ivol ts  re la t ive  to a 
s tandard $2 electrode, and AG ~ is the standard free 
energy of formation in ca l /mole  PbS. The standard 
deviat ion is 4.5 mV or 207 cal /mole .  

The exper imenta l  procedure  of having a lead sulfide 
saturated mel t  in contact with mol ten  lead results in 
the dissolution of a m a x i m u m  of 4 m / o  (mole per cent) 
sulfur in the lead (14). The lead electrode therefore  
is not at unit  activity. Assuming ideal solution be- 
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Fig. 5. Variation of standard potential of PbS formation cell 
with respect to temperature. All solutions are saturated with PbS. 

havior  of sulfur in lead the act ivi ty  of lead is about 
0.96 at 800~ This effect reduces the cell vol tage by 
about 1.9 mV from the value  it would have at 800~ 
if the lead were  pure. This difference is within the 
uncer ta inty  of the exper imenta l  measurements ;  as a 
result  no corrections for sulfur dissolution in the lead 
were  applied to the measurements .  

Stubbles and Birchenal l  (15) careful ly  studied the 
H2-H2S equi l ibr ium over  lead- lead sulfide mixtures.  
The line shown in Fig. 5 was calculated from their  
measurements;  the suggested error  in their  free energy 
is equivalent  to 10 mV. The results of the present  study 
are just  below their  suggested lower l imit  of accuracy. 
The comparison with  the ext rapola ted  measurements  
of Kiukkola  and Wagner  (13) is better.  However ,  since 
the accuracy of their  measurements  was only 4 mV, 
the extrapolat ion is less certain than in the case for 
Ag2S. 

Recent ly  in this laboratory, the enthalpy contents  
of PbS and Ag2S were  measured using a sapphire cali- 
brated drop calor imeter  (16). These make possible 
comparisons of the present  h igh- tempera tu re  electro-  
chemical  measurements  wi th  data avai lable at 298~ 
using the ~ function. 

When the difference in the molar  heat  capacity of 
the reactants  and products of a chemical  process can 
be expressed in the form 

ACp = Aa -k AbT -b ACT-2 [23] 

the % function is 

AG ~ Ab Ac 
Z -- - - T  Aa -k Aa In T -k T T -k 2 T-2  [24] 

When wri t ten  in this form ~ is a simple l inear  function 
of t empera tu re  given by 

AH~ 
:~ _-- - -  a S ~  [ 2 5 ]  

T 

where  all~ and AS~ are integrat ion constants. 
Figure  6 shows the ~ plot for the Ag2S and PbS for-  

mation reactions. The values for :~ were  calculated 
using the e lectrochemical ly  determined free energies 
of formation, the the rmal  data for the sulfides listed 
in Table III, and the heat  capacities for the elements 
tabulated by Kel ley  (17). It  is apparent  that  z is a 
l inear  function of t empera tu re  for both reactions as 
required by Eq. [25]. 

In the case of the format ion react ion to produce 
7-Ag2S, the integrat ion constants de termined  by a 
]east squares analysis are 

all~ _-- -- 24.03 kca l /mole  [26] 

AS~ = -- 40.68 ca l /~  mole [27] 
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silver and lead sulfide formation reactions 

Performing  the integrations, care was taken to 
account for the two solid state t ransformations of Ag2S 

•176 = -- 23.52 kca l /mole  [28] 

AS~ : - -  13.81 ca l /~  mole  [29] 

•176 = -- 19.40 kca] /mole [30] 

These propert ies  apply to the format ion of ~-Ag2S 
from pure silver and $2 gas at 1 atm pressure. At 
298~ however,  sulfur is a solid; accordingly, rhombic 
crystal  is used as the standard state for purposes of 
expressing enthalpies  and entropies of sulfide forma-  
t ion reactions. The entha lpy  and ent ropy for the for-  
mation of 1 mole of $2 gas at 1 atm pressure f rom 
rhombic crystal  at 298~ is calculated in the Appendix.  
Using these values, the the rmal  propert ies for the 
formation of ~-Ag2S from rhombic sulfur and silver 
are 

AH~ : -- 8.57 kca l /mole  [31] 

~S~ : H- 4.73 ca l /~  mole [32] 

AG~ ~- -- 9.98 kca l /mole  [33] 

These data compare wi th  N.B.S. values (18) of 

~H~ : -- 7.79 kcal /mo]e [34] 

~S~ -- 6.48 ca l /~  mole  [35] 

A G ~  : - -  9.72 kca l /mole  [36] 

In the case of the react ion to form PbS, the integra-  
tion constants determined f rom the z plot are 

AH~ : -- 40.17 kca l /mole  [37] 

AS~ ---- -- 16.43 ca l /mole  ~ [38] 

In tegra t ing  and taking account of the freezing of 
lead at 327~ the the rmal  propert ies associated with  
the format ion of solid PbS from solid lead and $2 gas 
at 1 atm at 298~ are 

A H ~  : - -  39.67 kca l /mole  [39] 

AS~ : -- 20.08 ca l /mole  ~ [40] 

AG~ : -- 33.68 kca l /mole  [41] 

With respect  to formation from rhombic sulfur these 
become 

Table I11. Thermal data for Ag2$ and PbS 

Cp = a + b T  c a l / m o l e  ~  

a b • 10~ T e m p .  r a n g e ,  ~  

aAg~S 
flAg2S 
~/Ag~S 
P b S  

14.80 12.1 298-449 
19.44 0.702 449-859 
19.77 - -  859-1103 
10.78 2.72 298-1281 

(hHt)~9Ag2 S = 940 c a l / m o l e  
(~Ht)~%g2s  = 120 c a l / m o l e  

5H~ -~ -- 24.72 kca l /mole  [42] 

AS~ = -- 1.54 ca l /mole  ~ [43] 

~G~ ---- -- 24.26 kca l /mole  [44] 

These quanti t ies compare  wi th  N.B.S. values (19) of 

,~H~ -- -- 24.0 kca l /mole  [45] 

~S~ = -- 1.3 ca l /~  mole [46] 

•176 -- -- 23.6 kca l /mole  [47] 

Only fair  agreement  exists be tween the h igh- tem-  
pera ture  measurements  reported in this invest igat ion 
and values reported at 298~ It  must  be recognized, 
however  that  a large quant i ty  of thermodynamic  data 
was requi red  in order  to effect this comparison. The 
possible errors in the enthalpy and entropy of forma-  
tion of $2 gas f rom rhombic crystal  alone, could readily 
account for most of the discrepancy in the previous 
comparisons. 

Conclusion 
A sulfur vapor electrode has been used in sulfide- 

saturated mul t icomponent  chloride electrolytes to mea-  
sure the standard Gibbs free energy of formation of 
si lver sulfide and lead sulfide. 

In the tempera ture  range 876~176 for the re-  
action 

2Ag(solld) + 1/zS2(gas, 1 atm) -> Ag2S(solid) 

&G ~ = -- 21,000 + 8.85T 

The standard deviat ion of the exper imenta l  points 
from this line is 152 cal /mole.  

In the t empera tu re  range 773~176 for the re-  
action 

P b ( l i q u i d )  -~  1 /2S2(gas ,  1 a t m )  ~ P b S ( s o l i d )  

~G ~ ~- -- 40,000 + 22.5T 

The standard deviat ion of the exper imenta l  points 
f rom this line is 207 cal /mole.  

A P P E N D I X  
The free energy of formation of $2 gas f rom liquid 

sulfur, AG, may  be represented by 

2 S ( l i ~ u i d )  -'> S 2 ( g a s ,  I a rm)  [A- l ]  

At the same temperature ,  the free energy for the 
process 

S 2 ( g a s ,  Peq)  "-> 2 S ( l i q u i d )  [A-2] 

is zero, Peq being the part ial  pressure of $2 in equi l ib-  
r ium with pure liquid su]fur. The free energy for the 
process represented by Eq. [A- l ]  is thus equal  to that  
for the reaction 

S 2 ( g a s ,  Peq)  "-> S 2 ( g a s ,  1 a tm)  [A-3] 
that  is 

s AG = V d P  [A-4] 
eq 

Assuming the $2 to be ideal 

hG : R T  in (Ps2)eq [A-5] 

The part ial  pressure of $2 gas in equi l ibr ium with 
l iquid sulfur may  be evaluated at tempera tures  from 
119 ~ to 444~ by solving Eq. [10] to [15] wi th  Eq. [16]. 
In this way, the free energy of formation of $2 from 
liquid sulfur can be calculated at any temperature .  
This calculation was employed to conver t  the data of 
Kiukkola  and Wagner  (13) to correspond to sulfide 
format ion from $2 gas. 

At  400~ 
hG 400 = 15,132 ca l /mole  Se [A-6] 

By calculat ing the free energy at other tempera tures  
near  400~K. it was possible to evaluate  the t empera tu re  
dependence of this free energy at 400~ The enthalpy 
and entropy for process [A- l ]  were  then evaluated at 
this tempera ture  as follows 



Vol. 118, No. 3 F R E E  E N E R G Y  O F  F O R M A T I O N  O F  Ag2S A N D  P b S  425 

d (aG1/T) 
• 4~176 -- -- 28,640 cal /mole S 2 [A-7] 

d (1/T) 

d(~G1) 
~S 4~176 -- - -  -- 33.77 ca l /~  mole $2 [A-8] 

dT 

Using the data of Kelley (17), the enthalpy of forma- 
tion of $2 at 298~ from rhombic crystal is 

-XH 29s • 2 (H400S,Uquid - -  H298S,rhombic) -~- ( S H )  4~ 

- -  (H400s2,gas - -  H298s2,gas ) 

~-- 29,900 cal /mole $2 [A-9] 

Similarly,  the entropy of formation is 37.1 ca l /~  mole 
$2 at 298~ 
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Electrical Conductivities of Molten AIBr3-NaBr Mixtures 
C. R. Boston' 

Atomics International Division of North American Rockwell Corporation, Canoga Park, California 91304 

ABSTRACT 

The electrical conductivities of A1Brs-NaBr mixtures  have been measured 
from 25 to 98 m/o  (mole per cent) A1Br3 at temperatures  ranging from 140 ~ 
to 1000~ A min imum in the equivalent  conductance vs. composition dia- 
gram was observed near 33 m/o  AIBr~ and a max imum near 50 m/o  A1Br~. 
With increasing temperature,  conductivities increased l inearly at low tem- 
peratures and gradual ly  went  through a max imum at high temperatures.  The 
max imum was actually reached for only one composition; namely, that cor- 
responding to the compound NaA1Br4 at a temperature  of 800~176 Ar-  
rhenius  coefficients were lower than  those observed for the A1Ch-KC1 mix-  
tures but  showed a s imilar  pat tern of behavior  with composition. 

Conductivi ty measurements  previously reported (1) 
for the A1Clz-KC1 system gave ra ther  interest ing re- 
sults, the most outs tanding being the effect of composi- 
tion. With increasing A1C18 at constant  tempera ture  
the equivalent  conductance first went  through a pro- 
nounced min imum near  33 m/o  (mole per cent) A1C13 
followed by an equal ly  pronounced max imum at 50 
m/o  A1C13. 

The choice of A1Br3-NaBr for this study was based 
pr imar i ly  on the avai labi l i ty of a reasonably detailed 
phase diagram (2) since the conductivi ty behavior for 
the A1C13-KC1 system appeared to be related in a 
quali tat ive way to phase equil ibria occurring in the 
system. The A1Brs-NaBr system had the addit ional 
advantage of normal  consolute behavior  in the two- 
liquid region. This permit ted conductivi ty measure-  
ments  in the 80 to 100 m/o  A1X3 region which was not 
possible for the A1CI~-KC1 system. 

Experimental 
A1Br3 was prepared by two methods. The first 

method was essential ly the same as that  described (3) 
1 Present  address:  Metals and Ceramics Division, Oak Ridge Na- 

tional Laboratory,  Oak Ridge, Tennessee 37830, which  is operated 
by Union Carbide Corporation for the U.S. Atomic Energy  Commis- 
sion. 

Key  words:  conductivi ty,  molten, electrical, a luminum bromide,  
sodium bromide.  

for A1C1.3 except that  h igh-pur i ty  HBr instead of HC1 
was reacted with a luminum metal. The HBr was pre-  
pared by bubbl ing  H2 through Br2 and passing the 
mixture  over a p la t inum catalyst. 

The second method was a purification of commercial 
A1Br3 (anhydrous, technical grade, Matheson, Cole- 
man  and Bell).  This was done by digesting the A1Br3 
at 230~176 with a luminum metal  followed by two 
distillations. The apparatus  consisted of a th ree-cham-  
ber Pyrex tube. The chambers were about 13 cm long 
x 4.1 cm in diameter  and separated from each other 
by sintered glass disks. The first chamber  was also 
separated from the remain ing  chambers by a break-off 
tip. Before loading, the entire apparatus was baked 
out under  a vacuum of 10 -~ mm Hg to remove surface 
moisture. The second and thi rd  chambers  were then 
evacuated and sealed off and the first chamber  was 
loaded with A1Br~ and a luminum metal  (99.9999%, 
Cominco Products, Inc.).  This end of the apparatus 
was then evacuated and sealed off. The entire ap- 
paratus was held in a rocking furnace at 230~176 
for several days. At first the crude AIBr~ had a deep 
red color, but  as digestion proceeded it became color- 
less and a black precipitate formed. The lat ter  was 
presumably  carbon resul t ing from the decomposition 
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of organic impurities.  Disti l lat ion was started by 
breaking the break-off tip and allowing the mater ial  
to distill into the second chamber. The first chamber 
was then sealed off and the final product distilled from 
the second into the third chamber. A1Br3 samples pre-  
pared by these two methods gave identical conductiv-  
i ty results. 

Anhydrous  NaBr was prepared from reagent grade 
mater ia l  by a method similar  to that  used by Boston 
and Smith (4) for the purification of LiCI-KCI eu-  
tectic. The A1Br~-NaBr mixtures  were weighed into 
the conductivi ty cells in a dry box purged with high- 
pur i ty  argon. 

The apparatus and methods for measur ing electrical 
conductivities of volatile molten salts have been des- 
cribed by Gran tham and co-workers (5-7). As in the 
case of AIC13-KC1 mixtures,  the tungsten  electrodes 
were found to be inert  to corrosive attack by A1Br~- 
NaBr mixtures  at temperatures  as high as 1000~ To 
prevent  cell rupture,  external  pressures were applied 
to the conductivi ty cell for the more volatile mixtures, 
80, 92, and 98 m/o  A1Br3. 

Results 
The specific conductivities (K) against temperature  

are shown in Table I and Fig. 1 and against composi- 
tion at 600 ~ and 800~ in Fig. 2. Although measurements  
were made up to 1000~ only the 600 ~ and 800 ~ iso- 
therms are shown since they are representat ive and 
show quite adequately the t rend with temperature.  
Equivalent  conductivities were calculated at 600~ 
using the density data of Boston and Ewing (8) and 
are shown plotted against composition in Fig. 3. Again, 
the effect of tempera ture  was quite similar to that 
shown for specific conductivities in Fig. 2 so a single 
isotherm was considered adequate. The 600~ isotherm 
should be the most reliable since it required the min i -  
mum amount  of extrapolat ion of density and specific 
conductivi ty data. 

The points in Fig. 2 and 3 which are represented by 
open circles or squares were obtained by extrapola-  
tion of the l inear portions of the conductivity vs. tem- 
perature  curves and the solid points by direct mea-  
surement.  At 0 and 25 m/o  A1Br3 the open circles rep- 
resent extrapolations to temperatures  below the 
liquidus. Such low-tempera ture  extrapolations should 
be reliable since the curves are l inear  in this region. 
At higher A1Br3 compositions open points represent  
extrapolations to temperatures  above those where the 
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Fig. 1. Specific conductivity vs .  temperature for the AIBr3-NaBr 
system. 

conductivi ty vs. tempera ture  curves are linear. At 
42 and 50 m/o  A1Br3 both measured and extrapolated 
points are shown. The extrapolated points produce 
more pronounced maxima as shown by the dotted 
curves but  otherwise do not change the general  shapes 
of the curves. 

The unusua l  shapes of the 80 and 92 m/o  A1Br3 
curves were presumably  due to changes in composition 
of the liquid as significant amounts  of A1Br3 moved 
into the gas phase. The conductivi ty of the NaBr en-  
riched liquid phase thus increased more rapidly than 
would be expected for temperature  increase alone. To 
test this possibility the 92 m/o  AIBr3 composition was 
repeated using a larger melt  volume which reduced 
the vapor volume by about one half. This produced 
about a 50 ~ increase in the temperature  at which the 
conductivi ty curve began its sharp increase which 

Table I. Specific conductivities of molten AIBr3-NaBr mixtures a 

25% AIBr3 33% AIBr3 42% AIBr3 50% AIBr3 67% AIBr3 80% AlBrs  92% AIBr~ 98% AIBr3 
K~ K, K, K, K, g~ K~ K~ 

t, ~  ohm-cm-1  t, ~ o h m - c m - t  t, ~ o h m - c m  -x t, ~ e h m - c m - t  t, ~ o h m - c m - t  t, *C ohm-cm-1  t, ~ ohm-cm-~  t, ~ ohm-cm-~ 

674 1.060 665 0.805 617 0.829 172 0.294 206 0.151 212 0.0593 233 0.0107 191 2.74 
687 1.076 573 0.824 629 0.843 184 0.321 226 0.171 228 0.0659 248 0.0118 205 3.14 
702 1.092 694 0.842 639 0.847 208 0.376 237 0.183 251 0.0750 262 0.0127 211 3.36 
717 1.109 622 0,855 666 0.869 218 0.396 250 0.198 273 0.0833 278 0.0140 229 3.82 
730 1.123 650 0.881 692 0.886 229 0.396 264 0.211 293 0.0921 295 0.0152 246 4.26 
744 1.138 659 0.894 715 0.900 254 0,451 284 0,226 322 0,104 311 0,0166 257 4.48 
756 1.151 667 0.696 728 0.906 268 0.480 306 0.246 341 0.113 329 0.0182 269 4.94 
768 1.164 688 0.915 745 0.918 298 0.536 328 0.270 353 0.119 346 0.0199 281 5.16 
783 1.179 706 0.931 767 0.923 324 0.616 353 0.297 372 0.132 362 0.0219 296 5.67 
806 1.201 730 0.951 760 0.929 345 0.652 374 0.320 387 0.142 390 0.0261 306 5.88 
826 1.219 751 0.972 797 0.936 379 0.706 396 0.348 401 0.147 440 0.0441 314 6.09 
842 1.233 776 1.009 822 0.946 414 0.756 417 0.373 415 0.158 475 0.0935 327 6.41 
861 1.248 769 1.020 843 0.955 463 0.613 440 0.401 434 0.175 500 0.134 328 6.25 
873 1.259 803 1.013 864 0.963 487 0.839 453 0.413 454 0.195 527 0.171 337 6,46 
887 1.270 810 1.039 892 0.992 526 0.892 471 0.434 474 0.219 552 0.199 352 6.82 
900 1.280 827 1.052 914 0.983 542 0.907 495 0.462 489 0,237 578 0.226 363 6.99 
911 1.288 828 1.032 942 1.007 565 0.924 516 0.486 512 0.270 605 0.251 376 7.26 
928 1.293 666 1.081 060 1.012 584 0.916 535 0.509 629 0.288 634 0.275 387 7.32 
942 1.303 883 1.094 975 1.015 617 0.956 553 0.528 549 0.314 695 0.315 398 7.43 
956 1.313 896 1.082 996 1.022 628 0.942 581 0.655 561 0.328 708 0.316 411 7.47 
980 1.328 899 1.106 1008 1.035 644 0.972 600 0.572 594 0.359 715 0.329 424 7.51 
993 1.337 922 1.120 708 0.989 624 0.591 614 0,375 755 0.348 435 6,94 

1009 1.340 956 1.147 734 0.987 641 0.601 641 0.400 804 0.363 445 7.09 
991 1.157 770 1.003 653 0.609 675 0.392 838 0.372 

1015 1.166 616 1.005 661 0.616 689 0.400 878 0.377 
864 1,002 683 0.628 701 0.403 901 0.375 
883 1.013 710 0.632 714 0.405 
910 1.003 727 0.395 
937 1.007 733 0.398 
964 1.007 
986  0 .999  

t011 0.984 
A l l  compositions in mole percent. 
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Fig. 2. Specific conductivity vs. composition for the AIBr3-NaBr 
system. 
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Fig. 3. Equivalent conductivity vs. composition for the AIBra- 
NaBr system. 

supports the presumption that the increase is due to 
loss of A1Br3 from the liquid phase. The low-tempera-  
ture, l inear  portions of these curves were extrapolated 
to obtain the values shown in Fig. 2 and 3. 

Arrhenius  coefficients for electrical conductivity 
were calculated from the slopes of log ~ vs .  1 / T  (~ 
plots and are shown plotted against composition in 
Fig. 4. The coefficients usual ly  decreased with in-  
creasing temperature.  The term "Arrhenius  coefficient" 
as used here corresponds to the activation energy for 
conductance. However, the lat ter  t e rm implies tem-  
perature independence which is definitely not the case 
here so Arrhenius  coefficient is used instead. The 
values shown in Fig. 4 were obtained from the low- 
temperature  region of the log K vs .  1 / T  curves where 
l inear i ty  was usual ly  observed. Arrhenius  coefficients 
for the A1Cla-KC1 system are also shown in Fig. 4 for 
comparison. 

Discussion 
The effect of tempera ture  on conduct ivi ty for the 

A1Br~-NaBr system is shown in Fig. 1. As in the case 
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Fig. 4. Arrhenius 
NaBr system. 
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coefficient vs. composition for the AIBr3- 

of pure compounds, the conductivi ty increases l inearly 
at low temperatures  and eventual ly  goes through a 
ma x i mum as the tempera ture  increases. The tempera-  
ture  of max imum conductivity, Tmax, was reached only 
for the 50 m/o  mix ture  corresponding to the com- 
pound NaA1Br4. The observed value of Tmax at this 
composition was about 850~ The maxima observed 
for 80 and 92 m/o  A1Br3 are due to the composi- 
t ional changes ment ioned earlier. Gran tham and Yosim 
(6) have shown that a rough correlation exists be-  
tween the heat of vaporization and Tmax. 

The compositional effects on conductivi ty are shown 
in Fig. 2 and 3. Minima in specific and equivalent  con- 
ductivities occurred near  40 and 33 m/o  A1Brs, re-  
spectively. A pronounced max imum in both specific 
and equivalent  conductivities occurred at 50 m/o  
AIBr3. This behavior  pat tern  is quite similar to that  
observed for A1CI3-KC1 mixtures  (1). The conductive- 
ties are general ly somewhat higher for the bromide 
system. 

As pointed out in the chloride study (1), the 1:1 
compound is so stable that it may be more reasonable 
to consider the NaBr-A1Br~ system as consisting of the 
two systems, NaBr-NaA1Br4 and NaAtBr4-AI~Br6. 
When this is done, instead of a conductivi ty maximum, 
one finds negative deviations from addit ivi ty for 
NaBr-NaA1Br4 and both negative and positive devia- 
t ion for NaA1Br4-A12Br6. The lat ter  effect is discussed 
below and the former effect has been discussed in some 
detail  in the chloride study (1) and will  not be re-  
peated here. 

In  t reat ing compositional effects in b inary  systems 
Delimarskii  and Markov (9) suggest that quali tat ive 
correlations exist between deviations from addit ivi ty 
of conductance and degree of association in the melt  
as may be indicated by the complexity of the phase 
diagram. In  analyzing several systems he has found 
that deviations tend to increase both in number  and 
magni tude  as one progresses from phase diagrams 
showing solid solutions to those showing eutectics and 
finally to those having congruent ly  mel t ing com- 
pounds. Both the A1C13-KC1 and the A1Br3-NaBr 
systems fit into this quali tat ive picture quite well  since 
they both exhibit  extremely stable 1:1 compounds 
(existing even in the vapor phase) and both have 
large conductivi ty deviations. 

The most noticeable difference in compositional be- 
havior between the two systems was observed for 
A1X3-rich mixtures.  A plot of equivalent  conductivi ty 
vs .  composition for the NaA1Br4-A12Br6 systems shows 
a negative deviation from addit ivi ty in the region of 
immiscibi l i ty ( >  60 m/o  A12Br6-NaA1Br4) and a 
positive deviation at lower A12Br6 compositions. This 
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in contras t  wi th  the KA1C14-A12C16 system where  only 
posi t ive devia t ions  were  observed. For  example ,  at  60 
m / o  A12X6 and 600~ a posi t ive devia t ion  of 55% was 
found for the  chlor ide sys tem whi le  for the b romide  
system a negat ive  devia t ion  of 20% was observed.  I t  
was suggested tha t  the  large posi t ive devia t ion  in the  
KA1C14-A12Cls system was due to the drast ic  changes 
in mel t  s t ruc ture  when the  nonconduct ing A12Cls 
molecules  reac ted  wi th  A1C14- ions to form conduct ing 
ionic species such as A12C17-. [Evidence  for the  species 
A12C17- in KC1-A1CI3 (10) and NaC1-A1C13 (11) melts  
has r ecen t ly  been obta ined b y  means  of Raman  
spect roscopy. ]  F r o m  this  point  of view, then, the  r e -  
versal  in behavior  for  the NaA1Br4-A12Br6 system 
m a y  indicate  a less drast ic  change in me l t  s t ruc ture  on 
addi t ion  of NaA1Br4 to A12Br6 and a grea ter  compat i -  
b i l i ty  of AJ2Br6 with  anionic species such as A12BrT- 
than  is the  ease for the  KA1C14-A12C16 systems. This 
might  be expected f rom a considerat ion of re la t ive  
polar izabi l i t ies  of chlor ide  and b romide  wi th  the 
b romoalumina tes  being more  molecular  in na ture  than  
the ehloroaluminates  and thus more compat ib le  wi th  
the  corresponding a luminum halide.  The phase  d ia-  
g ram (2) for the b romide  system shows a n a r r o w e r  
misc ib i l i ty  gap and lower  consolute t empera tu re  than  
does the  chlor ide  sys tem as pe rhaps  fu r the r  indicat ion 
of less pronounced  changes in mel t  s t ruc ture  in the  
bromide  system. 

Composi t ional  effects on Ar rhen ius  coefficients a r e  

shown in Fig. 4 for the  A1C13-KC1 and A1Br3-NaBr 
systems. This informat ion  was not  presented  in the 
previous  s tudy  (1) on A1C13-KC1 since the behavior  
pa t t e rn  did  not  seem pa r t i cu l a r ly  significant in the  
l ight  of inheren t  unce r t a in ty  limits.  However ,  when  
the  points for  A1Br3-NaBr are  p lot ted  as shown in 
Fig. 4 the  s t r ik ing  s imi la r i ty  of the  two systems adds  
considerable  c red ib i l i ty  to the  results .  The Ar rhen ius  
coefficients at  first decrease wi th  increasing AlX3 com- 
position, undergo a sharp  drop near  40 m/o  A1Xa and 
then g radua l ly  increase beyond this point.  The sharp 

drop near  40 m / o  A1X3 is close to the  conduct iv i ty  
max ima  observed for  these systems (Fig. 2 and 3) and 
may  reflect the  pronounced  changes in me l t  s t ruc ture  
occurr ing in this composit ion range.  
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A Correlation of the Solution Properties and the 
Electrochemical Behavior of the Nickel Hydroxide Electrode 

in Binary Aqueous Alkali Hydroxides 
E. J. Rubin* and R. Baboian* 

Metallurgical Materials Division, Technica~ Center, Texas Instruments Inc., Attleboro, Massachusetts 02703 

ABSTRACT 

The electrochemical  behavior  of the  nickel  hyd rox ide  electrode in b ina ry  
aqueous a lkal i  hyd rox ide  solutions was inves t iga ted  in the t empera tu re  range  
--40~176 Maxima  were  observed in the e lect rode capaci ty  vs. t empe ra tu r e  
curve for each electrolyte .  The na tu re  of the  in terac t ion  of the a lka l i  me ta l  ion 
has a m a r k e d  effect on the charge acceptance of the electrode.  At  the h igher  
tempera tures ,  the charge acceptance is greates t  wi th  the  L iOH-H20  electrolyte .  
At  the  lower  tempera tures ,  the charge acceptance is greatest  wi th  the  RbOH-  
H20 and CsOH-H20 electrolytes .  The resul ts  corre la te  wi th  the var ia t ion  in 
solution proper t ies  at these t e m p e r a t u r e s  

The role which the e lec t ro ly te  p lays  in the  n icke l -  
cadmium ba t t e ry  is ex t r eme ly  impor tan t  and complex.  
In addi t ion to provid ing  a cu r r en t - ca r ry ing  medium,  
t h e  e lec t ro ly te  par t ic ipa tes  in the  ha l f -ce l l  react ions 
and is involved in the  t ransfe r  of ma te r i a l  to and 

* Elect rochemical  Society Act ive  Member .  
K e y  words :  electrode, n icke l  hydroxide ,  alkali  hydrox ide  solu- 

tions, electrolytic battery interactions. 

away  from the electrodes.  The na tu re  of the  e lec t ro-  
ly te  and the factors influencing the proper t ies  of the 
e lec t ro ly te  have  m a r k e d  effects on the  behavior  of 
the n i cke l - cadmium ba t te ry .  However ,  the na tu re  of 
these effects is not c lear ly  unders tood because of the  
complex i ty  of the  problem.  

In this  in i t ia l  study, we have inves t iga ted  the  be -  
havior  of the  n i cke l -hyd rox ide  e lect rode in b inary ,  
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aqueous, alkali hydroxide solutions. A correlation of 
this behavior  with the properties of the electrolyte 
solutions is made in the temperature  range --40~176 

Exper imental  
The LiOH, NaOH, and KOH solutions were prepared 

using reagent  grade chemicals and deionized water. 
The pur i ty  of the RbOH used was 99.9%. Cesium hy-  
droxide solutions (>99% puri ty)  of 50 w/o  (weight 
per cent) were diluted to the appropriate concentra-  
tion with deionized water. Precautions were taken to 
prevent  the introduct ion of CO2 during the preparat ion 
and use of these solutions. 

All  solution property measurements  were made using 
alkali  hydroxide resistant  polypropylene containers. 
Sealed systems at atmospheric pressure were used 
wherever  possible. For the conductivity measurements,  
a Beckman Ins t ruments '  Model CEL-K10 conductivity 
cell and an Industr ia l  Ins t ruments '  conductivi ty bridge 
were used. The cell constant  for the conductivi ty cell 
was determined using the method of Jones and Brad- 
shaw (1). Viscosity measurements  were made using 
a Brookfield Model LTV viscometer. The ins t rument  
was calibrated with distilled water  using the pub-  
lished data of Swindells  et al. (2). The desired tem- 
perature  for all measurements  was main ta ined  using 
a Lauda Model TK-30 temperature  bath. 

The behavior of the nickel hydroxide electrode par-  
t icularly oxidation potentials and the efficiency of the 
oxidation (charging) process were studied using the 
apparatus as shown in Fig. 1. The electrochemical cell 
was made from alkali hydroxide resistant Lucite with 
three interconnected compartments.  The center com- 
par tment  contained the test electrode (NiOH/NiOOH 
deposited into the pores of a porous sintered nickel 
plaque),  with known theoretical capacity. An  Hg/HgO 
and a part ial ly discharged nickel hydroxide electrode 
served as the reference electrodes. The outer com- 
par tments  contained conventional  sintered plaque cad- 
mium hydroxide plates as counterelectrodes with ap- 
proximately  ten times the capacity of the test elec- 
trode. 

The experiments  were carried out in the flooded con- 
dition with the appropriate electrolyte. The tempera-  
ture was varied from --40 ~ to +60~ and was con- 
trolled to -+-0.5~ in a Tenney envi ronmenta l  chamber. 
In each case, the total charge input  was 150% of the 
theoretical capacity of the test electrode. After each 
charging cycle, the cells were discharged at constant 
current  to determine the charge acceptance of the 
nickel hydroxide electrode. 

To determine the point  of incipient  gas evolution, 
the cell shown in Fig. 1 was connected to a manometer  
and gas buretts. Gas pressures produced in the cell 
displaced a conducting liquid in the manometer  which 
actuated an electronic sensor, thus indicating the time 
of pressure rise. Immedia te ly  after gas evolution was 
detected, the manometer  was bypassed and the 
evolved gas was collected in the buretts.  

3 TUBES TO BURETTES 

~ J ~ ' ~ ' - - - ~  ~ WING NUT 
N I C K E L ~  j ~ ~ ~ - - - ~ - ~  TO EACH STUD 

TERMINALS j ~  ~ ~ ~ -  ~'1 ~---'~ 

E'ECTR""E COURTER ELECTRODE S 

. . . . . . . .  ~ ~ - ~ , ~  j ~ _  ~ ~ R ~ R E N C ~ E ~ C T R O O ~  
E L E ~ 7 ~  " ~ l [ ~ ~  ~ (PELLON WRAPPED) 

~ - ' ~  ~ - ' ~ J ~ f f - - - S I L I C O N E  RUBBER GASKET I ~ ~  ~ AFFIXED TO TOP OF CELL 

LAR S ~ ~ ~ ~ 2 CIRCI PA SAGES 
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Fig. 1. Electrochemical cell 

The accuracy of the apparatus was determined by 
electrolytically generat ing gas using an unimpregnated 
nickel plaque. Gas evolution was detected wi thin  2 
A - m i n  after start  of the test. The total gas evolved was 
greater than 95% of the volume (after STP correc- 
tions) predicted by Faraday 's  law. Deviations from the 
theoretical values were a t t r ibuted to experimental  
error, gas adsorption on the plaque, and the quant i ty  
of gas necessary to overcome the water  leg of the 
manometer.  In actual operation, these effects were 
minimized by precycling the test electrode in the ap- 
paratus thus pressurizing the system and saturat ing 
the electrolyte with oxygen. 

Results 
Solute-solvent interactions.--Ionic solvation has been 

the subject of numerous  articles. Bockris (3) suggested 
that the term "pr imary solvation" be used to refer to 
the number  of solvent molecules near to an ion which 
have lost their  t ransla t ional  degrees of freedom and 
move as one ent i ty  with the ion. Secondary solvation 
was used to refer to solvent molecules which interact  
with the pr imary  solvated ion. 

The magni tude of the hydrat ion numbers  for various 
ions reported in the l i terature vary  widely because the 
methods used to measure these values include pr imary  
and secondary hydrat ion contributions. For example, 
the values of the hydrat ion number  for N a +  reported 
in the l i terature vary  from 2 to 70 (4). 

The data in Table I show that the crystal radius of 
the alkali  metal  ions increases in the order of their 
atomic number .  

The small  l i th ium ion has a high charge density and 
should interact  more strongly with surrounding water 
molecules than does the rub id ium ion. This is re- 
flected in  the magni tude  of the exper imental  mean 
pr imary  hydrat ion numbers  hmeas, in Table I. The 
values decrease for the alkali metal  ions in going from 
L i +  to R b + .  

Also listed in Table I are the hydrat ion numbers  
(hcalc) derived from activity-coefficient measurements.  
These values are thought to be the lower l imit  of hy-  
dration numbers  because the method used to obtain 
them tends to emphasize the pr imary  hydration.  The 
calculated ionic radii  (rh) result ing from these mea-  
surements  show the effect of solvation on the size of 
the ions in solution. In contrast to the t rend of the 
crystal radii, the solvated ion size decreases in going 
from Lift- to Cs~-. 

The model used most f requent ly  to describe the 
hydrated alkali  metal  ion is shown in Fig. 2a. The 
alkali metal  ion polarizes the water  molecules orient~ 
ing them so that  the oxygen end of the dipole is nearest  
the ion. 

A number  of authors have found, in aqueous solu- 
tions, that the hydroxide ion is s trongly hydrated. 
This conclusion was based on heat capacity measure-  
ments  (5), calculations based on activity coefficient 
data (6), Raman spectra (7), infrared spectra (8), and 
ionic entropy data (9). The formula [OH(H20)8 ] -  has 
been used most f requent ly  to represent  the state of the 
hydroxide ion in solution. The models proposed for 
such a species are shown in Fig. 2b and c. In  Fig. 2b, 
all  three water  molecules are bound to the oxygen of 

Table I. Ionic properties of alkali metals 

I on  Tcrylt,* A hmeas** hcalc* ?'h,* A 

Li+ 0.60 5 ----- 1 4.25 2.50 
Na  § 0.95 5 ~--- 1 2.9 2.17 
K+ 1.33 4 --+--- 2 1.2 1.75 
R b  + 1.48 3 "4- 1 0.5 1.53 
Cs+ 1.69 0 1.47 
OH-  1.4 3.5 2.46 

* C. B. Monk ,  " E l e c t r o l y t i c  D i s soc i a t i on , "  p. 271, A c a d e m i c  Press ,  
New York  (1961). 

** B. E. C o n w a y  a n d  J.  O'M. Bockr i s ,  " M o d e r n  Aspec t s  of  E lec t ro -  
c h e m i s t r y "  (No. 1), p. 71, B u t t e r w o r t h s ,  L o n d o n  (1954). 
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Fig. 2. Ion hydration models 

the hydroxide ion. In  Fig. 2c, one of the water  mole-  
cules is bound to the hydrogen of the hydroxide ion. 
The former model is favored because the h igh-f re-  
quency O-H mode of the Raman spectrum remains  un -  
changed (7) when an alkali hydroxide is dissolved in 
water. In  concentrated alkali  hydroxide solutions, the 
magni tude  of the interactions in the t r ihydrated hy-  
droxide ion depends on the na ture  of the alkali metal  
cation. 

S o l u t e - s o l u t e  i n t e r a c t i o n s . - - T h e  degree of ion associ- 
ation in solution depends on the na ture  of the anion, 
cation, and solvent. Concentration, temperature,  and 
pressure have a marked effect on this parameter.  At 
high concentrat ions the calculated separation of ions 
is small. Therefore, depending on the extent  of in ter -  
action with the solvent, the ion solvation spheres may 
overlap interact ing with one another. 

This model for ion association in  water  is adequate 
for in terpre t ing the magni tude  of the activity coeffi- 
cient for most alkali metal  solutions. The values for 
most electrolytes of the alkali  metal  family decrease 
in the order l i thium to cesium (10). 

This is consistent with the increasing hydrat ion of 
the cation from cesium to l i th ium (Table I).  The re- 
verse is t rue for the alkali  metal  hydroxides. The ac- 
t ivi ty coefficients decrease in  the order cesium to 
l i th ium (10). 

To account for the low activity coefficient found for 
l i th ium hydroxide, Robinson and Harned (10) postu- 
lated the existence of water -br idged ion-pairs.  The 
model in Fig. 3a shows that  in the hydrat ion shell 
sur rounding the l i th ium ion, the water  molecule is 
highly polarized with protons directed away from the 
cation. The proton then interacts with the oxygen of 
the hydroxide ion. In  concentrated solutions, the model 
in  Fig. 3a would best describe ion association in 
l i th ium hydroxide solutions because of the high charge 
density of the l i th ium ion. Ion association in cesium 
hydroxide solutions may be more direct as in Fig. 3b 
because the cesium ion is not bound by a sheath of 
highly polarized water  molecules. 

S o l u t i o n  p r o p e r t i e s . - - A q u e o u s  solutions in which the 
ions are s trongly hydrated  and /or  have strong electri-  
cal forces between the ions in adjacent  layers, have 
high viscosities. The viscosities measured at 25~ for 
LiOH, NaOH, KOH, RbOH, and CsOH solutions are 
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Fig. 4. Viscosity of alkali metal hydroxide solutions at 25~ 

plotted vs. concentrat ion in Fig. 4. In  the concentrated 
region, the viscosities rise rapidly with concentrat ion 
due to increased ion association. The highest vis- 
cosities are measured for LiOH and NaOH solutions in 
which ion hydrat ion and water  bridge ion pair ing is 
appreciable. 

The specific conductivit ies at 25~ for solutions of  
the alkali  metal  hydroxides are plotted vs.  concen- 
t rat ion in Fig. 5. In  the dilute region, the increase in 
conductivi ty with concentrat ion is due to the increase 
in the population of ions per uni t  volume. The decrease 
in conductivi ty at high concentrat ions is due to in -  
creased ion association which is characteristic for these 
1:1 electrolytes. The lowest conductivities are found 
for the LiOH and NaOH systems. This is due to the 
effect of ion hydrat ion and water  bridge ion pair ing 
and is in agreement  with the viscosity measurements.  

The phase diagrams (11) for the b inary  alkali  metal  
hydroxide-water  systems are shown in Fig. 6. Notice 
that the eutectic tempera ture  decreases in the order 
LiOH through CsOH and that the compositions of the 
eutectic and the conductivi ty m a x i m u m  at room tem- 
perature  correspond closely for the KOH-H20 system 
whereas marked differences are observed for the other 
systems. The specific conductivit ies are s trongly tem-  
perature dependent  because they are sensit ive to the 
types of interactions which prevail. Conductivi ty 
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Fig. 5. Specific conductance of alkali metal hydroxide solutions 
Fig. 3. Ion association models at 25~ 
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maxima, therefore, shift with temperature.  For  ex-  
ample, the conduct ivi ty max imum in the KOH-H~O 
system was found to occur below 4M at --15~ about 
6M at 0~ and 6.7M at 25~ 

The electrolytes chosen for the comparative invest i-  
gation were those having the highest specific con- 
ductivity at 25~ In  the case of l i th ium hydroxide, the 
l iquidus is so steep beyond the eutectic composition 
that this concentrat ion could not be used. A 3.0M LiOH 
solution was used for this system. In Fig. 7, the specific 
conductivities of these solutions are plotted vs. tem-  
perature. Below 0~ the CsOH solution has the highest 
conductivity. At --10~ the order is 

LiOH < NaOH < KOH < RbOH < CsOH 

At 25~ the KOH solution has the highest conductivi ty 
and the order is 

LiOH < NaOH < CsOH < RbOH < KOH 

This data can be compared to the viscosity data and 
the freezing points listed in Table II. To some extent, 
the behavior of the electrolytes correlate; however, the 
lowest viscosity electrolyte is shifted to RbOH at 25~ 
and the order is 

NaOH > K0H > CsOH > Rb0H 

Nickel hydroxide electrode behavior.--The oxygen-  
free capacities of the nickel hydroxide electrode de- 
veloped in the various electrolytes are plotted as a 
function of temperature  in Fig. 8 and 9. In  Fig. 8 the 
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Fig. 7. Temperature dependence of specific conductance of 
alkali metal hydroxide solutions. 

Table II. Solution properties 

S p e c i f i c  
conduc tance ,  Viscosi ty ,  

S o l u t i o n  F r e e z i n g  ohm-~-cm-~, c e n t i p o i s e  
(conc,) po in t ,  ~ 25~ 25~ -- 10~ 

L i O H  (3M) -- 11 0.33 2 .0  
N a O H  (5M) - - 2 3  0.42 3.0 
K O H  (6 .9M) - - 6 4  0.63 2.1 3.8 
R b O H  (6M) - - 5 0  0 .59 1.6 3.1 
C s O H  (5.5M) - - 4 3  0.57 1.7 2 .9  

values were obtained at the c/5 charge rate and the c/2 
discharge rate. In  Fig. 9 the values were obtained at 
the c charge and the c/2 discharge rate. The oxygen- 
free capacities are similar for the two charge rates ex- 
cept at low temperatures  where they are higher at low 
charge rates. In Fig. 10 and 11 the delivered capacities 
are plotted as a function of temperature  for the var i -  
ous electrolytes. Figure 10 shows the results of the low 
charge rate and Fig. 11 shows the results of the fast 
charge rate. 

Discussion 
The dependence of oxygen-free  capacity and de- 

livered capacity of the nickel hydroxide electrode on 
electrolyte type is significant. At temperatures  where 
the oxygen-free  capacity is high the delivered capacity 
is correspondingly high so that  the capacity maxima 
occur at the same temperature.  The capacities are high 
with the sodium and l i th ium electrolyte at high tem- 
peratures, are high with the potassium electrolyte at 
in termediate  temperatures,  and are high with the 
rub id ium and cesium electrolytes at low temperatures.  
Specifically, the delivered capacity is highest with the 
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Fig. 8. Nickel hydroxide electrode oxygen-free capacity (112 mA 
charge rate). 
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rub id ium hydroxide electrolyte at --40~ with the 
KOH electrolyte at 0~ with the sodium hydroxide 
electrolyte at 40~ and with the l i th ium hydroxide 
electrolyte at 60~ 

In  general, this same t rend is observed for the spe- 
cific conductance of these electrolytes with tempera-  
ture. Since the solution compositions used in this study 
are the ones with the highest specific conductance (Fig. 
5) at 25~ some degree of correlation is expected. 
However, the correlation is surpris ingly good over a 
wide tempera ture  range. 

The magni tude  of the difference in isothermal elec- 
trode capacities with the various electrolytes cannot be 
totally explained by differences in  electrolyte prop- 
erties and suggests that  s t ructural  changes occur in 
the electrode. Bode (12) has reported that alkali metal  
cations present  in the nickel hydroxide crystal lattice 
have an effect on the stabili ty of the higher nickel oxi- 
dation states. The stabil i ty varies with the alkali metal  
cation and therefore leads to variat ions in electrode 
capacity with electrolyte type. This effect has been 
studied extensively and has been reported previously 
(13, 14). 

For  a given electrolyte over the tempera ture  range 
investigated the s t ructure  of the nickel hydroxide 
electrode does not change significantly enough to ex- 
plain the maxima observed in the electrode capacity 
vs. temperature  curves (Fig. 8-11). However, the re-  
sults can be explained by consideration of electrolyte 
interactions. 

In  Table III, differences in nickel hydroxide elec- 
trode potential  dur ing charging and end-of-charge  
(oxygen evolution) electrode potential  are listed at 
various temperatures.  For  each electrolyte, this differ- 

Table IIh .~E plateau oxygen evolution-nickelous hydroxide 
oxidation (500 mA charge rate) 

T e m p ,  
*C  L i O H  N a O H  K O H  R b O H  C s O H  

-- 10 268 230 145 130 115 
20 195 143 87 65 93 
40 155 101 30 33 50 
60 105 26 I0  - -  

Table IV. bE (mV) incipient 02 evolution-nickelous hydroxide 
oxidation (500 mA charge rate) 

T e m p ,  
*C L i O H  N a O H  K O H  R b O H  C s O H  

-- I 0  38 22 I0  7 41 
20 84 43 27 3 27 
40 93 15 13 0 2 
60 28 0 I 0  - -  - -  

ence in  potential  decreases rapidly with increasing 
temperature.  This indicates that  electrode polarization 
is reduced as the tempera ture  is increased and follows 
the t rend of increasing conductance (Fig. 7) and de- 
creasing viscosity (Table II) with increasing tempera-  
ture. 

The differences in nickel hydroxide electrode po- 
tent ial  and the potential  at which incipient  oxygen 
evolution occur at the nickel hydroxide electrode are 
listed in  Table IV. These data include not  only  effects 
of electrode polarization, but  also tendency  toward 
oxygen evolution. The latter effect is dependent  on 
the na ture  of electrolyte interact ions represented dia- 
grammatical ly  in Fig. 2b and c, and 3a and b. The mag-  
ni tude of these electrolyte interactions decrease with 
increasing temperature.  

In  Table IV, the t rend  (hE vs. temperature)  is the 
same as that observed for electrode capacity vs. tem-  
perature. The maxima in Table IV and in Fig. 8-11 
appear at approximately the same tempera ture  for 
each electrolyte. This indicates that the capacity 
maxima are a result  of superimposed effects of var i -  
ations in electrode polarization and oxygen evolution 
with temperature.  

When ~E values in Table IV are very  low the elec- 
trode should become unstable  or inefficient. For  ru-  
bidium hydroxide and cesium hydroxide electrolytes, 
the • values are zero and two millivolts respectively 
at 40~ Spontaneous decomposition of charged nickel 
hydroxide electrodes in these electrolytes was ob- 
served. 

The effect of charge rate on the nickel hydroxide 
electrode oxygen free capacity is significant since the 
results support the above in terpre ta t ion of observed 
capacity maxima. The lower temperatures  yield de- 
l ivered capacities which are higher at slow charge 
rates. This effect is not observed at the higher tem- 
peratures due to reduced electrode polarization. 
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The Anodic Dissolution Reaction of InSb: 
Etch Patterns, Electron Number, Anodic Disintegration, and 

Film Formation' 
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University of Missouri-Rolla, Rolla, Missouri 65401 

ABSTRACT 

The etching behavior  of the inverse  {111} planes  of undoped,  semiconduct -  
ing, n- type,  InSb single crysta ls  was explored.  Depending upon the etchant,  
including anodic dissolution, var ious  etch pa t te rns  were  obta ined on the in-  
verse  planes.  In genera l  the etch pits  on the  I n { l l l }  p lane were  round, and the  
face was shiny, whereas  the face of the  inverse  plane was da rk  and rough. 
The ra tes  of dissolution in the e lect rolytes  used were  ve ry  low, especia l ly  
in absence of oxidizers.  The components  dissolve as In 3 + and Sb 3+. At  cur ren t  
densi t ies  above  40 or  60 mA cm -2 (on Sb{-1]]} or I n { i l l } ) ,  g rowth  of a black, 
collodial  film of Sb405C12 containing very  fine metal l ic  Sb par t ic les  occurs on 
both planes. The Sb par t ic les  resul t  f rom the pa r t i a l  d is in tegra t ion  of InSb. 
Upon heat ing the film in vacuum, recrys ta l l iza t ion  occurs and the Sb aggre-  
gates to form la rger  part icles .  An  explana t ion  is offered for  the different  be-  
haviors  of the  inverse  {111} planes.  

The chemical  and  anodic dissolut ion react ions oc- 
cur r ing  on var ious  planes  of I I I -V  semiconductors  in 
severa l  e lect rolytes  have  been s tudied by  Gatos et al. 
(1, 2), P leskov  (3), Dewald  (4), Ger ischer  (5, 6), 
Ha rvey  (7), S t raumanis  et al. (8, 9), and others. De-  
wald  a t t empted  to expla in  why  the {111} inverse  faces 
of InSb in an aqueous solution of KOH behave  dif -  
ferent ly.  Anodic oxide films of va ry ing  composit ion 
wi th  the  rat io  of S b : I n  close to one at  the  surface of 
the  crys ta l  planes  were  formed dur ing  electrolysis.  

The aim of the  present  invest igat ion was, therefore,  
to check once more  the  etch pa t t e rns  formed on the 
inverse  {111} faces of InSb, to de te rmine  the valences 
of the ions ( In  and Sb) going into solution in acidic 
electrolytes ,  to look for d is in tegra t ion phenomena  and 
film formation,  and de te rmine  the composit ion of the 
films. 

Electrodes and Their Treatment 
The electrodes were  p repared  as for GaAs by  

mount ing  InSb wafers  ( ~  2 m m  thick and 8 to 12 in 
d iamete r )  into Teflon holders  provided  wi th  a screw 
cap and Cu lead wi res  (9). The wafers  were  cut from 
single InSb  crysta ls  obta ined f rom the Monsanto Com- 
pany  (St. Louis, Missouri) ,  g rown in the [111] d i rec-  
tion by  the Czochralski  or the g rad ien t - f reeze  tech-  
nique. They were  n - t y p e  wi th  no in tent ional ly  added 
dopants,  and the  impur i ty  level  was  less than  1 ppm. 
The {111}, {110}, and {100} direct ions were  es tabl ished 
from Laue  x - r a y  back  reflection pat terns .  Deviat ions 
f rom these faces were  ad jus ted  by  successive gr inding 
to give the  desired or ienta t ion on the Laue pat terns.  

These faces had  a m i r r o r - l i k e  appearance  af ter  
mechanica l  pol ishing (Fig. l a ) .  To remove  mechanical  
surface damage, t hey  were  subsequent ly  t r ea ted  wi th  

1 GCMR Contr ibut ion No. 91. 
* Electrochemical  Society Act ive  Member .  
Key  words :  inverse  {111} planes,  self-dissolution rates,  FeCla 

etchant ,  colloidal Sb, Sb40~C12. 

CP-4 (2, 4) (mix ture  of concentra ted  acids HNO~, HF, 
and CH3COOH) for 2 sec, washed, and dried. Al though 
st i l l  mi r ro r - l ike ,  the  faces showed a s l ight  undula t ion  
in the in ter ference  microscope (Fig. l b ) .  

This e tchant  and severa l  others, inc luding anodic 
dissolution, were  used to check the previous  resul ts  
and to de te rmine  which of the  {111} faces was In {111} 
and which  Sb {111.} The dis t inct ion is based on x - r a y  
work  and its comparison wi th  the  resul ts  obta ined by  
etching (1, 10, 11). 

Results 
Etching.--The two inverse  {111} planes  of InSb, 

fol lowing etching for  5 o r  more  sec in CP-4, showed 
the expected results :  one side of the  wafers  was glossy, 
exhib i t ing  round, flat etch p i t s - - ( I n ( l l l } ) ,  and the 
other  was da rk  and r o u g h - - ( S b ( l l l } ) .  

The HNO3-HF etchant  (1:1 of the  concentra ted  
acids) worked  s imi lar ly :  rounded  etch pits  appeared  
on the glossy side, as on the G a { l l l }  side of  GaAs (8) 
but  on the  inverse  S b { l l l }  side, i r regu la r  t r i angu la r  
etch pits appeared  (Fig. 5). 

The HC1-FeC13 etchant  produced a different  k ind of 
pat tern ,  especia l ly  af ter  p ro longed  t r ea tmen t  (Fig. 2a 
and b and Fig. 3). 

Anodic  e tching ted to round  or  rounded,  t r i angu la r  
pits  on the  I n { i l l }  face. These pits grew in size wi th  
the t ime of etching and f inal ly merged  together  as 
observed by  Gatos and Lavine  (1). The anodic d is -  
solution in 2N HC1 lasted 15 to 45 min (10 m A / c m  2) 
and 60 min in 1N HNOs containing 1N ta r ta r ic  acid. 
F igure  4 shows a surface which  .displays merging,  
round  etch pits. 

The Sb{ill} plane becomes rough af ter  etching dis-  
p lay ing  i r regu la r  t r i angu la r  etch pi ts  (Fig. 5) and 
f r equen t ly  pi ts  wi th in  pits. 
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Fig. 1. Interference rings on InSb 
faces, 165X; a--highly polished; 
b--etched with CP-4 for 2 sec. 

Fig. 2. a - - In { I l l } ,  etchant: 
6N HCI-0.2N FeCI3; 20 min; 
80°C; 970X. b- - In{ I l l } ,  etch- 
ant: 2N HCI-0.SN FeCI3, 24 hr; 
25°C; 90X. 

Anodic or chemical etching, excepting FeC13 addi- 
tions, produced round pits on I n { l l l }  faces. The lat ter  
were then  treated wi th  the HC1-FeC13 etchant. Dense 
t r iangular  etch pits, as pictured on Fig. 2a, developed 
on these faces; even the walls of the deep round pits 
(Fig. 4) consisted of t r iangular  steps. Thus, sub-  
microscopic steps, which might  have been present  on 
the walls of the round pits were developed to micro- 
scopic size by the HC1-FeCI~ etchant. No super im- 
posed pa t te rn  was observed on the Sb{ l l l }  face. 

The main  characteristic in dist inguishing the two 
inverse faces is, therefore, the shiny appearance of 
I n { l l l }  and the dark, rough one of the inverse face. 
Considerat ion of etch pits only for recognit ion may be 

misleading as the etch pat tern  changes with the na ture  
of the etchant, its concentration, and t ime of etching. 

Apparent electron number of InSb.--Since some of 
the anodic dissolution experiments  were continued up  
to 24 hr, it was necessary to know the self-dissolution 
rate of the InSb used in the various electrolytes. 
These rates are summarized in Table I, which clearly 
shows that the self-dissolution rate of InSb in pure 2N 
HC1 is near ly  zero. It  increases considerably in the 
presence of oxidizers. There is some difference in the 
dissolution rates of the inverse {111} planes. 

The electron number  determinat ions  were, therefore, 
carried out in 2N HC1 and in  tartaric-HNO3 acid 
(Table I).  The results can be read from Fig. 6, which 

Fig. 3. Sb{l l l} ,  etchant: 6N HCI-0.2N FeCI3; 20 min; 80°C; Fig. 4. In{111} etched anodically in 1N HNO~-IN H2C4H406; 
970X. 10 mA/crn2; 60 rain; 500X. 
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Table I. Self-dissolution rates of InSb in various electrolytes in 

Estimated accuracy: •  

S e l f - d i s s o l u -  
t ion  rate,  

Face Electrolyte  Time, h r  mg  cm-~ d a y  ~ 

I n{ I l l }  2N HC1 24 0.00 
Sb{ l l l }  2N HCI 24 0.00 
In(Ill}._ ~ IJ' 1NIN HNO~I~C4H~O~ 30 0,07 

S b ( l l l }  the same 30 0,04 J 
J 2N HC1 45 1.06 I n { l l l }  ] 0.005N FeC]3 

Sb(]  J.1} the same 45 1.33 
I n { l l l }  ~ 2N HCl 37 2,25 

[ 0.01N FeCl~ 
Sb{ l l l }  the same 37 2.60 J 

Fig. 5. Sb{i-11}; the same etch as in Fig. 4 or simple HNO:~- 
HF etchant. 

Fig. 6. Apparent electron number of InSb as a function of cur- 
rent density. The faces In(i11}, Sb(111}, (110), and {100} were 
dissolved anodically in 2N HCI. 

Fig. 7. Cross section of the black film formed on I n ( l l l )  of the 
InSb electrode. 2N HCI; 70 mA cm-2; 970X. 

indicates that up to current  densities below 50 mA 
cm -2 the electron number  is 6.00 wi th in  error  limits. 
Since In  goes into solution as In  8+ (12, 13), Sb must  do 
the same. The I n { i l l }  face seems to be more resistive 
than the inverse and the {110} and {100} planes, as 
it tolerates current  densities up to 60 mA cm -~. At 
higher current  densities, the apparent  electron number  
decreases, that  is more In  or Sb goes into solution than  
predicted by Faraday 's  law. This can be a t t r ibuted to 
the formation of ions of lower valency (14), increased 
local corrosion and /or  anodic disintegrat ion (15-18). 
However, no particles were observed separating from 
the InSb anode, only the formation of a film at current  
densities above 40 to 60 mA cm -2. 

Anodic ]~lm formation and disintegration.--The films 
formed on the anode at elevated current  densities were 
near ly  black, bu t  displayed a mother of pearl  luster. 
They had a stratified s t ructure  (Fig. 7) and were 
colloidal in na ture  as they did not produce x - r ay  dif= 
fraction lines. The electron diffraction method was not 
used. 

The same kind of film was produced on both in-  
verse (111} planes. The film could usual ly  be re- 
moved from the crystal  surface by a soft brush. The 
substrate side of the film appeared more even than the 
electrolyte side (Fig. 8a and b) .  

To investigate the composition of the films, frag- 
ments  were heated in vacuum at 350~ for about 2 hr. 
As a result  of this t reatment ,  an x - r ay  diffraction 
pat tern  consisting of m a n y  sharp lines was obtained. 
The position of these lines coincided with those of a 
powder result ing from anodic dissolution of pure Sb 
in 2N HC1 and with those of a precipitate obtained by 
(aqueous) hydrolysis of SbC18. According to Mellor 
(19) and the ASTM cards, the composition of the 
white precipitate is Sb405C12. Since the Sb is t r ivalent  
in this compound, this is a fur ther  confirmation for the 
t r ivalency of Sb ions going anodically into solution 
from InSb. 

The above x - ray  pat terns exhibited some weak, 
addit ional  lines. To ident ify them, the black anodic 

Fig. 8. Black film resulting 
from anodic dissolution of the 
In{111} face of InSb in 2N 
HCI at 70 mA cm-2; 970X. a - -  
Substrate side; b--Electrolyte 
side. 
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film f ragments  were  hea ted  in vacuum above 650~ 
(mel t ing point  of Sb-630~ At  that  t empe ra tu r e  the 
b lack  and the  whi te  ma te r i a l  separated.  The la t te r  
proved to be Sb405C12, whi le  the fo rmer  appeared  as 
mol ten  spheres,  identif ied as meta l l ic  Sb. 

Discussion 
Since no reducing species were  in the black anodic 

deposits, meta l l ic  Sb must  have a l r eady  been present  
as very  fine part icles .  

The explana t ion  of the anodic behavior  of InSb is 
then as follows. Both components  dissolve anodical ly  
as t r iva len t  ions 

In--> In s+ + 3e [1] 

Sb--> Sb ~+ 4- 3e [2] 

Al though the In s+ pass d i rec t ly  into solution, the 
Sb 3+ ions hydrolyze,  pa r t i cu l a r ly  at  increased cur ren t  
densit ies (above 40 to 60 mA cm-2 ) ,  as a sufficient 
amount  of H + cannot  pene t ra te  to the surface of the 
anode 

Sb ~+ + H , , O + H C I ~ S b  ~ O  +3H + [3] 
" C l  

or complete hydrolysis may occur 

2Sb 3+ + 3H20 .~ Sb203 + 6H + [4] 

The oxychloride as well as the oxide or hydroxide 
Sb(OH)3 are relatively insoluble and adhere to the 
anode as layers consisting of crystallites of colloidal 
dimensions. A further reaction may occur on the sur- 
face and after heating 

Sb2Oa + 2SbOC1 ---- Sb40~Cl2 [5] 

Simultaneously, during heating, the colloidal product 
is converted into a crystalline one, detectable by x-ray 
diffraction. 

Since metallic Sb is much more noble than In, the 
Sb atoms of the InSb have a tendency to retain their 
valence electrons whereas In is readily oxidized and 
goes easily into solution. Consequently, especially at 
increased current densities, the In atoms surrounding 
the Sb atoms dissolve and some of the latter embed 
themselves into the oxychloride film (Eq. [5]), which 
is simultaneously formed according to Eq. [3] and [4] 
by a par t  of Sb ~+. The oxychlor ide  film prevents  the  
Sb a toms f rom collecting into par t ic les  la rger  than  
colloidal  (20). As a consequence, the white,  poss ibly  
t r ansparen t  film turns  dark,  and the e lect ron number  
(or the apparen t  va lency)  drops. Thus, pa r t i a l  d is in te-  
gra t ion  of the  Sb on the  surface of t he  InSb occurs, 
and the resul t ing  product  does not produce x - r a y  in-  
te r fe rence  lines. The film format ion  process m a y  pro-  
ceed periodical ly,  s ta r t ing  where  there  is a weakness  
in the  thin film or where  a b r eakdown  of the film 
takes  place. A film of strat if ied s t ruc ture  resul ts  (Fig. 
7). Upon hea t ing  in vacuum, the col loidal  par t ic les  of 
the  oxychlor ide  and the Sb grow sepa ra te ly  to form 
la rge r  ent i t ies  which can now produce  x - r a y  diffrac- 
t ion lines. 

That  the  S b { l l l }  is more  suscept ible  than  I n { l l l }  
to pa r t i a l  Sb dis in tegra t ion  (Fig. 6) depends  evi-  
den t ly  on the character is t ic  s t ruc ture  of these inverse  
planes.  According  to Ga laev  and Gore l ik  (21), the 
bond s t rength  on the Sb{lfl-} plane should be weake r  

than on the I n { l l l }  plane.  Consequently,  the fo rmer  
is easier  to dest roy;  its hardness  is less; and the outer  
Sb a toms are more remote  f rom the In  atomic layer  
than  on the inverse  side (21). This expla ins  w h y  the 
pa r t i a l  Sb dis in tegra t ion  on S b { l l l }  and on {110} and 
{100}) planes  s tar ts  at  lower  anodic cur ren t  densi t ies  
than on In{ l l l } .  

F ina l ly  the  weaker  bond s t rength  on S b { l l l }  sug-  
gests that  this  p lane  should be a t t acked  by  e tchants  a t  
a fas ter  ra te  than the inverse  plane. Table  I shows 
the  correctness  of this conclusion. The difference in the 
ra tes  of corrosion of the two inverse  {111} planes  in 
HNO3-tar tar ic  acid is, however ,  wi th in  the  l imits  of 
error .  

Acknowledgments 
The authors  wish to t h a n k  Dr. J. W. Johnson,  P ro -  

fessor of Chemical  Engineer ing,  for advice and Dr. 
W. J. James,  Professor  of Chemis t ry  and Direc tor  of 
the  Gradua t e  Center  for Mater ia ls  Research,  for as-  
sistance with  this study.  The authors  are  also gra tefu l  
to the New Enterpr i se  Division of the  Monsanto Com- 
pany  in St. Louis, especial ly  to Mr. J. B. McNeely,  for 
donat ion of the InSb crys ta ls  and to the Office of Nava l  
Research for f inancial  support .  

Manuscr ip t  submi t ted  May 25, 1970; revised m a n u -  
scr ipt  received Nov. 6, 1970. This was Paper  104 pre-  
sented at the Los Angeles  Meeting of the  Society, May 
10-15, 1970. 

A n y  discussion of this paper  wil l  appear  in a Dis-  
cussion Section to be publ ished in the December  1971 
JOURNAL. 

REFERENCES 

1. H. C. Gatos and M. C. Lavine,  This Journal, 107, 
427 (1960). 

2. H. C. Gatos and M. C. Lavine,  J. Phys. Chem. Sol., 
14, 169 (1960). 

3. Yu. V. Pleskov,  Dokl. Akad. Nauk USSR, 143, 1399 
(1962). 

4. J. F. Dewald,  This Journal, 104, 244 (1957). 
5. H. Gerischer,  Z. Elektrochem., 69, 578 (1965). 
6. H. Gerischer,  Z. Physik. Chem. N. F., 49, 112 (1966). 
7. W. W. Harvey,  This Journal, 114, 472 (1967). 
8. J . -P.  K r u m m e  and M. E. St raumanis ,  Trans. Met. 

Soc. AIME, 239, 395 (1967). 
9. M. E. S t raumanis ,  J . -P.  K r u m m e  and W. J. James,  

This Journal, 115, 1050 (1968). 
10. E. P. Warekois  and P. H. Metzger,  J. Appl. Phys., 

30, 960 (1959). 
11. J. G. White  and W. C. Roth, ibid., 30, 946 (1959). 
12. M. E. S t raumanis  and R. L. Mart in,  Z. Anorg. 

Allegem. Chem., 334, 321 (1965). 
13. M. E. St raumanis ,  This Journal, 113, 636 (1966). 
14. B. D. Laughl in ,  J. Kleinberg,  and A. W. Davidson, 

J. Am. Chem. Soc., 78, 559 (1956). 
15. M. E. S t r aumani s  and Y. Wang, Corrosion, 22, 132 

(1966). 
16. M. E. S t raumanis  and M. Dutta,  Inorg. Chem., 

5, 992 (1966). 
17. W. J. James,  M. E. St raumanis ,  and J. W. Johnson, 

Corrosion, 23, 15 (1967). 
18. M. E. St raumanis ,  Latvijas PSR Zinatnu Akad. 

Vestis Kim. Set., 1967, 643. 
19. J. W. M. ellor,  "A Comprehens ive  Trea t i se  of In -  

organic and Theoret ica l  Chemist ry ,"  IX, pp. 469- 
484, Longman,  Green  & Co., London (1922). 

20. B. J i rgensons  and M. E. St raumanis ,  "A Shor t  
Textbook of Colloid Chemist ry ,"  pp. 1, 4, 9. 14, 
469, MacMillan,  New York  (1962). 

21. A. A. Galaev  and S. S. Gorelik,  Dokl. Akad. Nauk 
SSSR, 184, 635 (1969). 



Anodic Dissolution of N + Silicon 
Ronald L. Meek 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 07974 

ABSTRACT 

An experimental study has been made of the anodic dissolution of silicon in 
aqueous HF solution with emphasis on heavily doped n-type. Current-voltage 
curves, the effective dissolution valence, and the critical current density have 
been determined for n, n +, and p samples. Since n + silicon has a resistivity less 
than 0.05 ohm-cm, it can be electropolished while higher resistivity material 
exhibits a current saturation effect although breakdown occurs at only a few 
volts. Minority carrier generation within the space charge region does not 
account for the magnitude of the saturation current for n-type and extensive 
attack was evident at the surface of n-type which had received prolonged 
anodic treatment. The critical current density for n + samples was found to be 
a function of the resistivity. 

Numerous  applications (1) of electrochemical  p r o c -  
esses in semiconductor  technology have  been proposed 
and utilized since the paper  of Brat ta in  and Garre t t  
(2) established the field of semiconductor  electro-  
chemistry.  Many of these utilize selective etching or 
staining effects exhibi ted by the semiconductor  elec- 
trode dependent  on resistivity,  type, potential,  and the 
nature  of the solution. In particular,  it is wel l  known 
that n + and p silicon electrodes are readi ly  anodically 
dissolved, electropolished, in HF solution, whereas  
those of n mater ia l  are not. While the behavior  of p- 
type, and to a lesser extent  n-type,  has been thoroughly 
investigated, the behavior  of n + silicon in aqueous 
HF has not been widely  studied and consequently is 
poorly understood. 

Anodic Dissolution of Silicon 
The anodic dissolution and electropolishing of sili- 

con in aqueous hydrofluoric acid solutions was first ac- 
complished by Turner  (3) and has recent ly  been 
studied by Memming and Schwandt  (4). The dissolu- 
tion mechanism for semiconductors in general  and 
silicon in par t icular  has been discussed by numerous 
authors (3-9), the over -a l l  reaction being most simply 
wr i t ten  as 

Si(solid) -}- 6 F -  ~ (4 -- n )h  + --> SiFs=(soln.) ~ n e -  [1] 

where  quadr iva lent  dissolution has been assumed and 
n is a number  between zero and four. (h + represents 
a hole-valence  band charge transfer,  and e -  an elec- 
t ron-conduct ion band charge transfer.)  The physical 
picture behind Eq. [1] is that  the pr imary  reaction 
(perhaps the init ial  breaking of covalent  bonds) re-  
quires holes and that  these reaction products are un- 
stable al lowing electrons to go into the conduction 
band (2). This leads na tura l ly  to current  saturat ion 
on n - type  anodes (2). The importance of valence band 
charge t ransfer  has been well  established by the mul t i -  
tude of exper iments  which have shown the dissolution 
current  to be increased by any process which increases 
the supply of holes (2, 5, 8). 

As might  be expected f rom its form, Eq. [1] reveals  
l i t t le of the dissolution chemistry.  Its vagueness be- 
comes apparent  once it is real ized that  n is not an 
integer and in general  depends on the mater ia l  re-  
sistivity and the current  density (2, 5). Par t  of the 
difficulty is that  effectively d ivalent  dissolution has not 
been considered and, as wil l  be seen shortly, a signifi- 
cant fraction of the semiconductor  atoms always enter  
solution divalently.  Al though it is not certain that  they 
are present, if  the  format ion of divalent  silicon com- 
pounds is allowed, say SiF2, the disproport ionat ion 

2SiF2 ~ 2 F -  ~ Si + SiF6 = [2] 

or, in general, polymerizat ion 
Key words: silicon electrochemistry, anodic dissolution,  n-type 

silicon. 

(1 -}- x)SiF2-> SixF2x+2 -~ Si [3] 

reactions must  be accounted for. 
In principle, analysis of the e lementary  steps 

Si +,~ ~- h + --> Si m+l [4a] 
or 

Si+m'-> Si m+l + e -  [4b] 

where  m = 0 to 3, should be undertaken.  (In wri t ing 
[4a] and [4b] it is understood that  silicon atom is 
bonded to and complexed with  the crystal  lattice and /  
or appropriate  solution species.) Then al lowing for any 
other  reactions such as are i l lustrated by [2] and [3] 
and for any larger  aggregate dissolved species would 
yield an over -a l l  description of the dissolution if the 
appropriate  concentrat ions and rate constants (energy 
barriers  and their  tunnel ing probabili t ies) were  known. 
From the data on n-  and p-si l icon it can be concluded 
that  reaction [4a] is favored over  [4b] for m ---- 0 ( the 
init iat ing step).  Reaction [4b] presumably  becomes 
more  competi t ive as m successively increases to 1, 2, 
and 3. The numerous  possible react ion paths clearly 
allow n in Eq. [1] to have a noninteger  value even if 
no divalent  dissolution occurs. 

Any  hypothet ical  mechanism must  account for the 
fact that  heavi ly  doped n- type  semiconductors can pass 
large currents  and be electropolished qui te  nicely 
(10, 11). Gereth  and Cowher  (12) have  concluded from 
measurements  of the corrosion potential,  I -V curves in 
alkaline solution with  and wi thout  added oxidizing 
agents, and the tempera ture  dependence, that  dissolu- 
tion of heavi ly  doped n - type  germanium does not de- 
pend on holes but  goes ent i re ly  by a conduction band 
mechanism. The details of wha t  occurs are not at all 
clear. 

It must not be supposed that  n + mater ia l  becomes 
"just  l ike a meta l"  since the bonds are still covalent,  
as opposed to the metal l ic  bonding and consequent in-  
dist inguishabil i ty of charge t ransfer  paths for a metal. 
A detai led semiconductor  dissolution mechanism must  
deal with the electrons in these localized covalent  
bonds. Evaluat ion of possible current  flow mechanisms 
in l ight of capaci tance-vol tage measurements  of the 
n + s i l icon-electrolyte  interface wil l  be made in a 
separate paper. 

Experimental Method 
All  cur ren t -vol tage  data  repor ted  herein were  taken 

using thick (6 mm)~ silicon slices about 3 cm in d iam- 
eter  which were  held ver t ica l ly  in the Teflon sample 
holder shown in place in a thermosta ted electrolyte  
bath in Fig. 1. The electrolyte  was 5 w / o  (weight  per 
cent) aqueous HF (2.5N) which is in about the center  
of the practical  range of concentrat ions for electro-  
polishing silicon (1-5N) (13). The area of the  slice 
exposed to the solution was 1.27 cm 2 and, unless stated 

437 
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SILICON Pt ~ _ 
I l i l  l /  SAMPLE MESH 

I Jl 5~=  HF SOLN. BUBBLE~ 

THERMOSTAT (20=C) 

Fig. 1. Experimental arrangement for current-voltage measure- 
ments. 

otherwise, all exper iments  were  performed at 20~ 
and in the dark. The cell configuration and dimensions 
were  chosen to simulate as closely as possible the con- 
ditions used for an electrochemical  process of tech- 
nological interest.  The electrolyte  was purged with  
ni t rogen before data were  taken and during exper i -  
menta t ion  ni t rogen very  slowly bubbled through the 
solution near  one wal l  of the cell which was kept  under  
a ni t rogen cover. The  silicon samples of <111> and 
<100> orientat ion were  of n-  and p- type  doped with 
As and B, respectively,  and were  ini t ial ly chemical ly  
etched and silica-sol polished. 

The silicon sample was held at a set potential  rela~ 
t ive to a p la t inum mesh auxi l iary  electrode having a 
projected area of 25 cm 2. This electrode is placed 2 
cm from the exposed silicon surface and the tip of 
the capi l lary which connects to the reference  electrode 
chamber  is about 1 mm removed (see Fig. 1). The 
cell potential, the silicon electrode potential  vs. the 
saturated calomel reference electrode, and the current  
are recorded on a point to point basis (as opposed to 
sweeping through a potential  range) .  

For  the ease of silicon samples tha t  could be elec-  
tropolished (n + and p), the surface was prepared be- 
fore each measurement  by electropolishing. This was 
found to give reproducible results whereas  simply 
going f rom one cell potent ial  va lue  to another  yielded 
a hysteresis effect at in termediate  current  densities. In 
the case of n-silicon, which cannot be electropolished, 
reproducible  data could be taken by step-wise in-  
creasing of the cell potential.  Selected values of po- 
tent ial  and current  which were  taken in this way 
were  checked by repeat ing  the measurement  at the 
same cell  potential  using a fresh sil ica-sol polished 
surface. 

Only anodic currents  are considered here. At tempts  
to measure  cathodic currents  showed that  two ra ther  
reproducible current  values were  obtained for a given 
cell potential  depending on whe ther  the surface was 
electropolished or had received an extended cathodic 
t rea tment  at re la t ively  large negat ive potent ial  (sev- 
eral volts) .  Fur thermore ,  the two values do not ap- 
proach one another  for current  densities less than a 
few mil l iamperes  per square cent imeter  even after 
many  tens of minutes. [Similar  effects have previously 
been observed for both Ge and Si (5).] Clear ly  some 
sort of hydrogen pre t rea tment  of the electrode is in-  
volved, but since it was not of direct  interest  to the 
present  study this phenomenon was not invest igated 
further .  

E x p e r i m e n t a l  R e s u l t s  
Current voltage relation for n + silicon.--Current 

density as a function of the silicon potent ial  ( re la t ive 
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Fig. 2. Current density vs .  silicon electrode potential for n + 
silicon. (Note change of scale at + 1Y.) 

t o  t h e  s a t u r a t e d  c a l o m e l  r e f e r e n c e  e l e c t r o d e )  h a s  b e e n  
measured on samples having resistivit ies in the range 
0.001-0.01 ohm-cm with  <111> and <100> surface 
orientations. The results are summarized in Fig. 2. The 
open-circui t  potential,  VSCE(J ~-~ 0), is in the range 
--0.3 to --0.4V for these heavi ly  doped samples as well  
as for l ight ly doped n and p specimens to be discussed 
shortly. The value, however,  is not too reproducible 
(--+20 mV) al though in general  most negat ive for n + 
and p samples being usual ly somewhat  less negat ive 
for n silicon. For  current  densities below a few tenths 
of a mi l l iampere  per square cent imeter  a Tafel  re la-  
tion applies, the slope being about 0.1V/decade in 
agreement  wi th  other  measurements  on silicon anodes 
(8). 

For  descriptive purposes at tent ion is focused on one 
of the curves of Fig. 2, --0.0012 ohm-cm, < l l l > - o r i e n -  
tation. Above  a few tenths of a mi l l iampere  per square 
cent imeter  the exper imenta l  curve  departs from the 
Tafel  line and below 17 m A / c m  2 a film forms on the 
silicon surface. (This "cri t ical" current  density will  be 
discussed fur ther  in a subsequent  section.) Above  this 
current  density no film is formed. As the potential  is 
fur ther  increased, the current  goes through a maxi -  
mum of about 120 m A / c m  2 at 3V. Below this potential,  
dissolution with no film formation occurs but the sur- 
face is not electropolished; for greater  potentials, a 
br ight  electropolished surface is produced. 

Figure  3a shows a surface after  extensive anodic 
dissolution at a current  density only slightly greater  
than that  at which film formation is observed. Num-  
erous small  pits are observed and the surface appears 
almost as if sand blasted. At a somewhat  greater  cur-  
rent  density, Fig. 3b, the surface exhibits  the famil iar  
"orange peel" appearance often observed on chemical-  
ly etched surfaces. This figure also displays one of the 
conical pits which are sometimes observed at these 
in termedia te  current  densities. When such a surface is 
etched with  a dislocation reveal ing etch, a pit  is usual-  
ly formed at the site of the electroetched pit and it is 
suggested that  they are due to dislocations. 

As the potential  is fur ther  increased beyond the 
point corresponding to the current  maximum,  electro-  
polishing of the surface takes place and the current  
density first goes through a min imum and then stead- 
ily increases wi th  applied potential.  This m a x i m u m /  
min imum behavior  is presumably  due to change in 
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Fig. 3. n + Silicon surfaces after anodic dissolution at low cur- 
rent densities. (a) (tap) J ~ 1.1 Jc; (b) (bottom) J ~ S0 mA/  
cm 2. 

structure of the si l icon/solution interface; that is, de- 
velopment  of the "polishing film." 

At a given silicon potential, the current  densi ty is 
seen to be a function of the mater ia l  resistivity and 
orientation. <i00> surfaces draw a greater current  
density than <111> surfaces for the same resistivity. 
That this is to be expected can be argued from the 
number  and accessibility of the surface bonds. Such 
orientation effects have been well  documented (8). 
Also, for a given potential  and surface plane, the cur-  
rent  density decreases with increasing resistivity. The 
curves could be made to coincide only by shifting along 
both the current  and potential  axes since the maxi-  
mum and min imum occur at different potentials for 
different silicon resistivities. Clearly, this J -V behavior 
cannot be explained in any detail unt i l  the dissolution 
mechanism can be clarified. Measurements on samples 
where the dopant was Sb or P rather  than As showed 
the J - V  relat ion to be independent  of the dopant atom. 

In Fig. 4 J - V  data are presented for p silicon in the 
resistivity range 0.01-1 ohm-cm and of <111> and 
<100> orientation. The general  behavior of the current  
voltage curve is the same as was observed for n + 
samples, the current  density magni tude being com- 
parable to that for the most heavi ly  doped n material.  
While <i00> surfaces may draw slightly more current  
than <111> surfaces at the same potential,  there is 
no resolvable dependence on the mater ial  resistivity. 
It is tempting to explain this resistivity effect by argu-  
ing that  for p silicon of any resist ivity all the holes 
that  could possibly be consumed are readily available 
at the surface whereas for n + silicon a barr ier  to cur- 
rent  flow exists and that  the magni tude  of this barr ier  
decreases with decreasing resistivity. The orientat ion 
dependence for n + would seem to imply that  bond 
accessibility is also impor tant  in  de termining  this 
barrier.  

Ef fec t ive  dissolut ion valence and crit ical curren t  
d e n s i t y . - - A n  effective dissolution valence, ~e, is defined 

as the number  of electronic charges passing through 
the external  circuit per atom of silicon enter ing solu- 
tion. If both divalent  and quadr ivalent  dissolution are 
allowed, then the ratio of the n u m b e r  of atoms going 
into solution as Si +2, N2, to those as Si +4, N4, is 

N2 4 -- ~e 
- - -  [ 5 ]  

N4 ~e -- 2 

The exper imental  data for heavily doped n- type  sili- 
con are given in Fig. 5 where the effective valence has 
been plotted vs. the silicon-electrode potential. The 
range of potentials covered is from at or very slightly 
below the potential  at which surface f i lm-formation is 
observed to well into the electropolishing region. Even 
for large potentials and current  densities (~200 
m A / c m  2) a significant fraction (N2/N4 ~'~ 0.1) of the 
silicon goes into solution in the effectively divalent  
form. When ~e drops much below 3(N2/N4  ---- 1) for- 
mation of a surface film is observed. Figure 5 may be 
used with the J - V  curves to obtain the electropolishing 
(or etching) rate. 

It  has been observed by a number  of authors, but  
in part icular  by Turner  (3), that  below some charac- 
teristic current  density a thick brown film forms on 
anodically biased silicon electrodes, which film was 
thought  to be amorphous silicon (13). Based on the 
facts that this characteristic, or critical, current  den-  
sity increased with increasing temperature,  with in-  
creasing concentrat ion of HF in solution, and with 
decreasing solution viscosity, Turner  (3) concluded 
that  the phenomenon was due to the HF concentrat ion 
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at the sil icon-solution interface increasing above some 
critical value. 

The present determinat ions of this critical current  
density, Jc, are presented as Fig. 6 for various resis- 
t~vities and  orientat ions of n + and  p silicon. The HF 
concentration, as in all experiments,  was 5 w/o. The 
first ra ther  start l ing observation to be made is that 
this current  density is definitely a function of resis- 
t ivity and apparent ly  also of surface orientat ion for 
n + material .  This is not explicable on the basis of a 
l imit ing surface concentrat ion of some species t rans-  
ported from the bu lk  of the solution. For p silicon, the 
critical current  is independent  of resistivity and the 
apparent  orientat ion dependence is hardly  greater than 
the exper imenta l  uncer ta inty .  

Turner  (3) found for horizontal p- type electrodes 
facing up and conditions otherwise the same as the 
present  experiments  that Jc(H) = 55 m A / c m  2 whereas 
the present  determinat ion is Jc(v) = 20 mA/cm  2 for a 
vertical surface. For  some species t ransported from 
the solution bulk  to the interface 

WH = kH(Cs -- Ci) [6a] 
and 

Wv ---- kv (Cs -- Ci) [6b] 

where W is the mass flux to the surface, k is the mass 
t ransfer  coefficient, and Cs(Ci) is the bulk  solution 
(interface) concentrat ion of the species in question. 
The subscript H(V) specifies a horizontal  (vertical) 
electrode. At steady state, and if this diffusing species 
enters the dissolution reaction it is to be expected that  

J ~ W [7] 

Thus the conclusion is that  

J o c k  
or 

Jv kv 
[8] 

JH kH 

The free cpnvection problem for the vert ical  surface 
has been solved (14) but  not that  for the horizontal  
one. Appeal  can be made however, to the we l l -known 
similari ty between the mass- t ransfer  and heat - t ransfer  
problems (14, 15). For free convection heat t ransfer  
from plates to fluids (15) it is known  that the coeffi- 
cient is less for the vert ical  than the horizontal plate. 
In  addition, the present  exper imental  a r rangement  is 
not ful ly equivalent  to the vertical  surface as the 
sample is considerably set back in the holder, fur ther  
reducing the mass t ransfer  coefficient (increasing the 
boundary  layer thickness) relative to a horizontal sur-  
face. Thus from Eq. [8] it is expected that  the critical 
current  density in the present  exper iments  should be 

less than  that  measured by  Turne r  (3), as was in fact 
found to be the case. 

The present  results then support  the earl ier  con- 
clusions (3), bu t  for n + silicon other factors must  also 
be of importance. This difference appears to be related 
to the interface barr ier  which for p silicon is inde-  
pendent  of resist ivity but  on n + silicon depends on 
the doping level. 

Some fur ther  comments on the na ture  of the thick 
surface film are in order. First,  the film in no sense 
passivates the surface. After  a few minutes,  the film 
thickness appears to reach a constant  value and nei ther  
the current  density nor the silicon electrode potential  
change with t ime even while the film is developing.  
Second, it is often stated that  the films produced react 
vigorously, even explosively, with strong oxidizers 
(HNO3,H202). Silicon samples, upon which such films 
were grown, have been placed in nitr ic acid and hy-  
drogen peroxide solutions for 24 hr and no reaction 
whatsoever has ever been observed. If, however, the 
film is removed and placed in the oxidizing solution, 
it disintegrates immediately.  (Dissolves or reacts do 
not seem to be appropriate descriptions.) Apparent ly  
the lat ter  observation is the result  of some change in-  
duced in the film when it was removed from the silicon 
(by raising the potential  and polishing out the under -  
lying silicon so that  the film floated off). 

The chemical composition of the films which form 
on silicon when anodized at low current  in HF solution 
or when  etched in HF:HNO3 mixtures,  very dilute in 
HNO3, is uncertain.  Mass analyses (13, 19) have in-  
dicated the films are 90 + w/o silicon and Turner  (13) 
postulated that they were amorphous silicon while 
Archer (19) proposed that  they were silicon hydrides 
at least in the case of films formed in HF: HNO~ mix-  
tures. Yoshioka (20) and Beckmann  (21) have studied 
the films formed in HF: NO2 gas mixtures  (20), anodi-  
cally in HF, and in HF:HNO3 (21) by infrared spec- 
troscopy (20, 21) and omegatron mass analysis (20) 
and have found them to be mostly silicon hydrides. It 
is felt that  in the anodic case the film is probably at 
least part ial ly silicon hydrides and  that  it is in fact 
the presence of hydride films which passivates silicon 
surfaces to direct attack by HF which would be ex- 
pected thermodynamical ly .  It  may be ment ioned that  
hydride films are known to be formed on the surfaces 
of some metals dissolving in hydrofluoric acid (22). 

Curren t  vol tage  re lat ion for n s f f i con . - -S i l i con  of 
n - type  resistivity greater than  0.05 ohm-cm shows 
current  saturat ion as the potent ial  is increased. Figure 
7 presents the J - V  data measured for n - type  samples. 
Up to a current  density of about 50/~A/cm 2 the current  
remains  at a constant  value for at least an hour. Here 
again, it must  be noted that  no passivation occurs and 
some slow dissolution is always taking place. However, 
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a measurable  uniform etching of n- type  has never  
been observed, ra ther  pi t t ing occurs. For  somewhat 
greater potentials (but  current  densities less than 1 
m A / c m  2) the current  stabilizes at a constant value for 
about the first minu te  after the potent ial  is applied 
(it is this point that  is plotted in Fig. 7) and then 
slowly increases over a period of about an hour to a 
second value of the current  densi ty (but with larger 
fluctuations, 10-20%, about the mean)  of about 2 to 5 
times the ini t ial  value. Beyond the range plotted in 
Fig. 7 (that is, currents  greater than 1 mA/cm 2) the 
fluctuations in current  are so large and erratic that  
no meaningful  measurement  can be made. This may 
indicate the breakdown of a surface film and the 
existence of a second current  voltage relationship in 
its absence. The saturat ion currents  observed, about 
10 gA/cm 2, are comparable to those measured by 
F lynn  (16) for silicon. The present  data, however, 
show lower saturat ion currents  for the higher resis- 
t ivi ty material,  whereas the opposite is observed for 
Ge (17). This could be due to differences in the con- 
centrat ion of generat ion centers from sample to sam- 
ple. For  silicon, the saturat ion current  is said to be 
dominated by the space charge generat ion current  
(8), Ig where 

I~ ~ Ng X/P- [9] 

Ng is the density of generation centers and p the re- 
sistivity. It is not unreasonable  to suppose that Ng is 
greater for the more highly doped mater ia l  due to 
incorporation of greater amounts  of foreign substances 
which do not affect the resistivity and due to the ex- 
pected increase in crystallographic defects. 

However, from the observed saturat ion current,  an 
effective lifetime may be estimated from (8) 

Jgen- eni  W 
- ,  [10] 

2To 

where e is the electronic charge, ni the intrinsic car- 
rier density, W the space charge width, and To the 
lifetime. For the 1.1 ohm-cm sample, for which the 
current  density is 8 ~A/cm 2, To is, from Eq. [10], 7 
(10) -9 see; whereas the actual lifetime was determined 
to be 3 (10) - s  see by use of the MOS deep depletion 
technique. A low-temperature  plasma oxide was used 
so the lifetime would not be changed by h igh- tempera-  
ture processing. Therefore, the currents  observed can-  
not be explained on the basis of space charge genera-  
tion alone. It  would appear that other factors such as 
surface generat ion and inject ion may also be im- 
portant, and there may be localized areas of high 
current  density at the surface connected with the local- 
ized breakdown examined next. As will  be discussed 
later, the silicon is observed to be nonuni fo rmly  at-  
tacked after extensive anodic dissolution above the 
saturat ion current  region. 

As has been observed also for ge rmanium (17), sat- 
urat ion breakdown occurs at a voltage an order of 
magni tude  less than would be expected from abrupt  
junct ion avalanche considerations. Breakdown is not 
uniform, but  occurs at numerous  isolated spots on the 
surface. This results in a heavily pitted surface, to be 
discussed fur ther  in the following section, and would 
appear to be due to local electrochemical attack. The 
breakdown has not been studied in detail but  it is 
possible that  it occurs at crystal defects or points of 
impur i ty  segregation (8, 18). The apparent  explanat ion 
for the ini t ial  and final steady currents  observed for 
the ini t ial  current  values greater than 50 ~A/cm 2 is 
that the ini t ial  value is characteristic of the smooth 
polished surface and the final value corresponds to the 
pitted surface. It has been observed (8) that for 1 
ohm-cm n silicon in KOH and H2SO4 solutions, break-  
down does not occur unt i l  potentials of 70 or 80V are 
applied, but  it seems l ikely tha t  a significant portion 
of this voltage appears across an anodic oxide film. 

Figure 8 i l lustrates the famil iar  increase in satura-  
t ion current  due to i l luminat ion of the surface. When 
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Fig. 8. Current density, potential relation for n silicon (p = 
1.1 ohm-cm < 1 1 1 ~ )  in the dark and illuminated. 

the same light is shined on n + samples no effect is 
observed over the entire range of current  densities. 

Effect on n silicon oi prolonged anodic t reatment . - -  
Due to the large and erratic currents  which n silicon 
was observed to draw at re la t ively  low potentials and 
the fact that  an electrochemical process of interest  
allows n mater ial  to be exposed to the solution at sig- 
nificant potentials for extensive times, it was deemed 
necessary to ascertain the effect of prolonged anodic 
treatment.  A total charge of 0.2 coulomb was passed 
through the samples at various cell potentials, and the 
surface was microscopically examined. This was fol- 
lowed by a 10-sec etch (white etch-IHF:3HNO~) ex- 
amination,  a 2 min-etch,  and a final observation of 
the surface. The surfaces subsequent ly  to be described 
are all of < 1 1 1 )  orientation. 

Figure 9a shows the surface of a sample for which 
the (init ial)  cur rent  densi ty was 0.2 m A / c m  2 (well  
above the saturat ion current)  after anodization. The 
surface is very densely and harshly pitted and is some- 
what  reminiscent  of a mechanical ly damaged one. 
After  the 10-sec etch a curious phenomena is observed 
as i l lustrated by Fig. 9b which shows the surface to 
be covered by a dense brownish-black  adherent  layer. 
This cannot be wiped or even scraped off and always 
covers a]l of the area which was exposed to the electro- 
lyte. A subsequent  2 -min  etch removes this film and 

Fig. 9. Surfaces of < 1 1 1 ~  
n silicon after prolonged, low 
current density, anodic treat- 
ment (see text for details). 
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produces a densely pitted surface, Fig. 9c. Most of 
these pits are not fur ther  resolvable, but  in some places 
pits as shown in Fig. 9d are found. At or slightly above 
the saturat ion current,  10 to 20 ~A/cm 2, the surface 
after anodic t rea tment  appears as in Fig. 9e. The small  
shallow pits produced are of a surpris ingly regular  
size and spacing. A 10-sec etch produces the hexagonal 
features of Fig. 9f and g and it is at once realized that 
9b consisted of a complete coverage of the surface by 
these features which appear to be shallow pits, the 
bottoms of which are filled with the brownish-black  
matter. Figure  9f is for saturat ion current  and Fig. 9g 
for a current  twice the saturat ion value. When the 
2-min etch is performed, the surface is again observed 
to be covered with pits as shown in Fig. 9h and i. 
Those of Fig. 9h are much more common than the 
more structured pits of 9i. (It must  be emphasized 
that no pi t t ing occurs on portions of the sample not 
exposed to the electrolyte.) When the current  is below 
the saturat ion value, in  part icular  2 gA/cm 2, no re- 
solvable features are observed after 0.2 coulomb are 
passed. However, after a 10-sec etch, of the order of 
10 of the hexagonal features as shown in Fig. 9j are 
observed per square cent imeter  of surface. For ( 1 0 0 ~  
surfaces the same behavior  is observed except that 
the hexagons become squares. It is apparent  then that 
if usable n- type  silicon is to be reclaimed after it has 
been anodically exposed that  careful at tent ion must  
be paid to the process parameters  such as silicon poten- 
tial and exposure time. Clearly, this also introduces 
l imitat ions on the structures which may be produced 
by electroetching processes. 

Summary 
The details of the mechanism of anodic silicon dis- 

solution are at present  ra ther  obscure especially for 
heavily doped n- type  samples. More information will 
be needed before a thoroughly convincing model can 
be constructed because the properties of the interface 
region where the relevant  electrochemical reactions 
take place are largely unknown.  

Current-vol tage  curves, the effective dissolution 
valence, and the critical current  density have been 
measured for silicon of various orientation, type, and 
doping level. The n + silicon of resist ivi ty less than 
0.05 ohm-cm can be electropolished and the J-V  rela-  
tion, which depends on the resist ivity and orientation, 
may be divided into three regions. Below a critical 
current  density, which itself is a funct ion of orienta-  
tion and resistivity, a steady current  passes at constant 
cell potential  but  the we l l -known thick brown film 
forms on the electrode surface. It  has been found, as 
a supplement  to previous observations, that the film 
does not react at all with strong oxidizing agents if it 
is not removed from the silicon. This also applies to 
films formed on p silicon for which the resist ivity has 
no effect on the critical current  density value. 

The second portion of the J-V  curve extends from 
the critical current  density to a m a x i m u m  in the J-V 
curve observed at a silicon electrode potential  of a 
few volts and J ~ 100 m A / c m  2. In  this range dissolu- 
tion occurs without any  film formation but  the surface 
is rough and pitted; this is an etching, as opposed to 
electropolishing, regime. Beyond the maximum,  bright  
electropolishing occurs. Measurements  on p samples 
show the J -V  curve to be independent  of resistivity, 
the general  features being the same as for n+.  

From measurement  of the effective dissolution 
valence it is seen that  even at large potentials a sig- 
nificant portion, 10%, of the mater ia l  enters solution 
effectively divalently.  The thick brown film apparent ly  
forms once the effective valence drops much below 
three, that is when  more than half of the dissolution is 
divalent. It appears that for n + silicon a factor in 
addition to the surface HF concentrat ion is involved 
in the critical current  density determination.  

The n- type  silicon having resist ivity greater than 
0.05 ohm-cm exhibits current  saturat ion but  break-  
down occurs at only a few volts even for 1 ohm-cm 
material.  The breakdown is not uniform but  occurs at 
localized points on the surface and causes extensive 
damage to it at least for ~111~  and ~100~  surfaces. 
Prolonged anodic bias at currents  above saturat ion has 
been shown to result  in extensive attack at the surface. 
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ABSTRACT 

Corrosion behavior  of thin molybdenum films was invest igated in the 
environments  of air, f luorochemical l iquid coolant (CsFI~NO), and deionized 
(DI) water  in the 70~176 tempera tu re  range. A str iking similar i ty both in 
kinetics and mechanism was observed for the corrosion of molybdenum film 
in dry  air and dry coolant (CsFnNO),  as weI1 as moist  air and wet  coolant 
(CsF~lNO/H20).  Molybdenum remains iner t  in dry envi ronments  and corrodes 
in the wet media. In addition, molybdenum forms a nonprotective,  porous cor- 
rosion film and dissolves in DI water  at 85~ The simultaneous presence of 
water  and oxygen in these envi ronments  is the controll ing factor on the cor- 
rosion of molybdenum films. An effective passivation of thin molybdenum 
films can be provided by ei ther a single layer  of silicon dioxide or a composite 
layer  of silicon ni tr ide over silicon dioxide on the meta l  film. 

For the past decade, metal  and insulat ing thin films 
have received increased at tention principal ly for their  
broad application in microelectronic components. Metal  
thin films serve as ohmic contacts and interconnections 
in integrated circuits, and insulat ing films serve as 
diffusion masking and surface passivation. To have 
good performance and reliabili ty,  the meta l  films re-  
quire low-resis tance ohmic contacts, good adhesion to 
oxide and silicon, and resistance to deter iorat ion at 
the tempera ture  and conditions of use. Among the 
l imited mater ia ls  (1) which meet  these criteria, molyb-  
denum has been suggested (2) for integrated circuits 
because of the unique combination of such propert ies  
as good thermal  stability, reasonably high electr ical  
conductivity, and good adhesion to oxide and silicon. 
However,  l imited information on the corrosion of 
molybdenum is avai lable (3, 4). For a ful ler  under -  
standing of molybdenum corrosion behavior  in the 
environments  of air and several  commonly used cool- 
ants including water  and fluorochemical l iquid 
(CsFI~NO), accelerated corrosion tests were  conducted 
in these envi ronments  to study the kinetics and mecha-  
nism of corrosion. A method of passivating the molyb-  
denum films by pyrolytic silicon dioxide and silicon 
nitride films was also developed. 

Experimental 
Materials.--A 6000-7000A layer  of silicon dioxide was 

thermal ly  oxidized on 11/4 in. d iameter  silicon wafers. 
Two 12,800A thick molybdenum films were  deposited 
on the silicon dioxide, the first by RF sputtering and 
the second by chemical  vapor  deposition. Molybdenum 
blanket  films were  produced by the RF sputter ing 
process at a rate of 500 A / m i n  at 500~ The pyrolytic 
molybdenum films were  deposited by the hydrogen 
reduct ion of MoC15, followed by the formation of a 
photoli thographic pattern. For  passivated samples, 
pyrolyt ic  silicon dioxide of various thickness was de- 
posited at 475~ at a rate of 350 A / m i n  using an 
Of:SilL~ ratio of 10:1; silicon ni tr ide films were  pro- 
duced by RF glow discharge at 450~ All  samples 
were  degreased in acetone and air dried before testing. 
Fluorochemical  l iquid coolant (CsFnNO),  air, and DI 
water  were  employed as the basic environments  for 
corrosion study. 

Exposure details.--Liquid coolant was used with  
water  (CsF11NO/H20) and wi thout  (CsFnNO) as a 
second phase. When the tests were  per formed in 
aerated condition, specimens were  enclosed in a me-  
chanical ly sealed 50 ml  Pyrex  tube. Each tube con- 
tained one specimen along with  25 ml of C~FnNO 

* Electrochemical  Society Act ive  Member .  
Key  words :  corrosion k inet ics  and mechan i sms ,  mo lybdenum film 

corrosion behavior ,  m o l y b d e n u m  film passivat ion,  silicon dioxide 
pass iva t ing  layer ,  composite  silicon ni t r ide/s i l icon dioxide pass iva t -  
ing layers.  

which had been saturated wi th  compressed air by 
bubbling for 10 min. An additional 5 ml  of DI water  
was added to the tube whenever  required.  For the 
tests in deaerated C~FllNO, the l iquid was degassed 
by an al ternat ing f reeze /mel t ing  vacuum technique 
(5). Specimens were  vacuum sealed in a heavy-wal led  
Pyrex  tube which contained one specimen and 5 ml of 
C5FnNO, plus 1 ml of DI water.  By deaeration, the 
oxygen concentrat ion in CsFnNO was reduced f rom 
84 to 18 ~.g/ml. All  test tubes were  placed in the con- 
vent ional  laboratory ovens in such a position that  the 
specimens were  completely immersed in CsFnNO. Un-  
less otherwise stated, aerated CsFnNO and C5FnNO/  
H20 were employed. During the experiment ,  specimens 
were  removed al ternate ly  for the measurements  and 
careful ly  handled to e l iminate  any direct  contact wi th  
water.  When the tests were  conducted in DI water,  a 
similar procedure  was employed. Test t empera ture  
was accurately controlled and mainta ined constant 
wi thin  ___1~ For  the tests in dry air, a laboratory 
oven was used; in moist  air, a t empera tu re -humid i ty  
cabinet ~ was employed. The specimens were  handled 
in glass cradles to permit  air circulation. 

Methods of evaluation.--The corrosion of molybde-  
num films was determined by several  measuring tech-  
niques. The method chosen depended ent i re ly  on the 
characterist ics of the corrosion film. The gravimet~ic 
method was used when the corrosion film was thick 
and visible to the naked eye. El l ipsometry  was em-  
ployed when the corrosion films were  thin and invis-  
ible. Both measurements  were  made in the atmos- 
phere at room temperature .  

The gravimetr ic  method has long been favored for 
conducting laboratory corrosion experiments.  Samples 
were  weighed with  a microbalance 2 which gives ac- 
curate  readings to ___5 ~g. The changes in weight  per 
unit  area were  recorded. 

El l ipsometry  is the measurement  of the changes in 
the state of polarization of l ight  when reflected from a 
surface. By determining and comparing the optical 
propert ies of a f i lm-free and a f i lm-covered meta l  sur-  
face, the film thickness can be determined with  ac- 
curacy. The principle and application of the el l ipsom- 
eter  3 have been detailed elsewhere (6-8). Metal lo-  
graphic examinat ion and statistical evaluat ion were  
also employed to study the corrosion and passivation 
of molybdenum films. 

Results 
Corrosion of thin molybdenum films.--CsFuNO was 

used as an effective coolant for h igh-power  electronic 
devices (9). Sput tered  films exposed to C~FnNO at 

1 Blue M. Electric Company,  Blue Island,  Illinois. 
2 Mett ler  I n s t r u m e n t  Corporat ion,  Hights town,  New Jersey .  
3 Gaer tne r  Scientific Corporation,  1201 Wr igh twood  Ave. ,  Chicago, 

Illinois. 
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temperatures  of 70 ~ 85 ~ and 100~ remained shining 
with no measurable  weight change after 2000 hr  im-  
mersion. Electron diffraction showed the presence of 
oxides, but  their  exact composition was not identified. 
Figure 1 shows the increase of oxide film thickness as 
a function of time. It was observed that  all specimens 
oxidized slowly, reaching a film thickness less than  
35A after 2000 hr  immersion. Tests in dry air gave 
similar results. Note that  good agreement  both in 
magni tude  and curve shape was obtained in these two 
environments .  The oxide film grew l inear ly  with the 
logari thm of time. A distinct break was observed on 
these curves corresponding to a two-stage oxidation. 
The film thickness increased with increasing tempera-  
ture  and the critical t ime for the t ransi t ion of the 
oxidation rate decreased with increasing temperature.  
Generally, the logarithmic rate relationship prevails 
at low temperatures  for th in  oxide films (10). 

During the ellipsometer measurements,  it is difficult 
to determine the optical constants of the clean metal  
surface without  any superficial oxide film. In  this in-  
vestigation, we assume that  the clean metal  surface 
gives a m in imum value of the measured azimuth ~p 
and a max imum value of the phase difference • The 
theoretical values of • and ~ were plotted and com- 
pared with those exper imental  data obtained from 
various periods of the surface film growth (11, 12). A 
trial  curve fitting gave a refractive index of 2.3. 

In C~F11NO, the influence of dissolved water  on 
molybdenum corrosion was studied with the presence 
of water  as a second phase. Molybdenum formed a 
nonprotect ive porous corrosion film in aerated 
C~FHNO/H20 from 70 ~ to 100~ Figure 2 shows that 
the sputtered molybdenum films reacted at a cont inu-  
ously increasing rate with time and temperature.  
Further ,  the corrosion film tended to disintegrate and 
flake off after reaching a critical thickness or critical 
time as indicated by the arrows. In  this instance, the 
corrosion film served no protective purpose and did 
not reduce the corrosion rate. Comparing the results 
obtained in CsFllNO with those in C~FllNO/H20, the 
corrosion rates differed by  three orders of magnitude.  
In addition, the character of the film changed from 
protective to nonprotective. There is no doubt that 
water exerts a significant effect on the corrosion of 
molybdenum in CsFHNO/H20. Attempts  have been 
made to analyze the dissolved water  concentrat ion in 
CsFHNO and CsFllNO/H20. The results obtained by 
the Kar l  Fischer Spectrometric method showed that 
the water  concentrat ion in CsFllNO was less than 23 
~g/ml at 70 ~ and 85~ However, the water  concentra-  
t ion in CsFllNO/H20 increased to 133 ~g/ml at 70~ 
and to 261 #g/ml  at 85~ 
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Fig. I. Oxidation of sputtered Mo films in CsFIINO and dry 
air. Weight gain data were calculated from the oxide film 
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Fig. 2. Corrosion of sputtered Mo films in C5FllNO/H20 

The pronounced influence of water  was fur ther  ver i -  
fied by a simple experiment:  specimens were par t ia l ly  
contaminated by water  droplets before exposure to 
CsFllNO. Rapid destruction was observed locally only 
at contaminated points, while the rest of the specimen 
remained unattacked.  However, tests in deaerated 
C~FllNO/H20 showed no measurable weight change 
and no visible discoloration of molybdenum films after 
2000 hr exposure at 100~ Obviously, water  is im-  
portant  for the corrosion of molybdenum only when 
oxygen is present. In  other words, both oxygen and 
water  are the major  corrosive ingredients  in the cor- 
rosion of molybdenum in CsFllNO. Neither aerated 
CsFllNO nor deaerated CsF11NO/H20 corrodes molyb-  
denum to any practical extent. To demonstrate  the 
importance of relat ive humidi ty  on the atmospheric 
corrosion of molybdenum,  samples were also exposed 
to moist air at 85~ RH. I t  was observed that  
molybdenum oxidized l inearly with t ime and gave a 
constant  rate of 2.3 ~g/cm e hr. A similar rate re lat ion-  
ship in moist air was reported by other investigators 
(3, 4). In  moist air at 85~ a critical relative humidi ty  
exists at 60%, below which the corrosion of molyb-  
denum is nil. In CsFllNO/H20, molybdenum produced 
a water-soluble,  porous corrosion film and discolored 
successively yellow, brown, blue, and black with in-  
creasing time exposure. This discoloration is most 
l ikely associated with the changing film thickness, 
oxidation state of the corrosion film, and test tempera-  
ture. A similar corrosion film was obtained in moist 
air at 85~ RH. X- ray  diffraction analysis of the 
corrosion film showed no diffraction pat tern;  the film 
was practically amorphous in  nature.  

The destructive action of aerated water  and the cor- 
rosion of molybdenum has been reported (4). Fur ther  
tests in DI water  at 85~ demonstrated the progressive 
deterioration of molybdenum film. Pyrolyt ic  molyb-  
denum films on oxidized silicon wafers were employed 
with subetched patterns. Figure 3 shows the degree of 
corrosion after various periods of immersion in  DI 
water  at 85~ The samples clearly showed uni form 
corrosion after 24 hr, cracking after 40 hr, and dis- 
integrat ion along the cracks after 53 hr. Since the cor- 
rosion product is water  soluble, molybdenum com- 
pletely dissolved in DI water  at 85~ after 65 hr  im-  
mersion. 

Passivation of thin molybdenum l~lms.--Insulating 
films have become impor tant  for the surface passiva- 
t ion of electronic devices. In  this investigation, insulat -  
ing films such as pyrolytic silicon dioxide and silicon 
nitr ide were employed over pyrolytic molybdenum film 
with various thicknesses. 

For the tests in moist air (85~ RH), molyb-  
denum-pa t t e rned  silicon wafers containing 1000 units  
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Fig. 3. Corrosion of bare pyrolytic Mo films in DI water at 85~ 
(525X): A, initial appearance; B, uniform attack after 24 hr; C, 
cracking after 41 hr; D, disintegration after 53 hr. 

were used to determine the effective thickness for 
passivation. The percentage of corrosion is defined as 
the number  of uni ts  corroded among the total number  
of uni ts  examined. It was observed that all uni ts  
showed corrosion after 1500 hr with a 350A_ silicon di- 
oxide overlay. Corroded units  were less than 10% after 
2180 hr  with 1750A silicon dioxide overlay. No corro- 
sion was noted on any of the units  after 2360 hr ex- 
posure with 3500-7000A silicon dioxide coatings. Sam- 
ples with a composite layer of 770A silicon ni tr ide over 
400A silicon dioxide had corrosion on only 5% of the 
uni ts  after 1150 hr  exposure. 

For the tests in DI water  at 85~ the passivated 
samples with 400A silicon dioxide overlay exhibited 
slight discoloration after 67 hr, localized corrosion at 
sharp corners after 85 hr, uni form corrosion along all 
film edges and narrow molybdenum stripes after 120 
hr, and disintegration after 165 hr. The corrosion of 
molybdenum was delayed up to three times longer. A 
composite layer of 770A. silicon nitr ide over 400A sili- 
con dioxide tended to delay corrosion onset six times 
longer than a single layer of 400A silicon dioxide, and 
20 times longer than the bare molybdenum film. When 
these uni ts  were overlaid with 8000A silicon dioxide, 
corrosion was detected after 500 hr immersion in DI 
water  at 85~ only localized corrosion was noted with 
increasing immersion time. 

Figure 4 i l lustrates the increase of localized corro- 
sion recorded among a total of 268 units  examined. On 
every corroded site, there was evidence of incomplete 
protection caused by the presence of 4-8~ dust particles. 
Comparing the results on bare and passivated molyb-  
denum films in DI water, the lifetime of 12,800A 
molybdenum films was increased about 3X by adding 
400A pyrolytic silicon dioxide, approximately 20X by 
a composite layer of 770A silicon nitr ide and 400A py-  
rolytic silicon dioxide, and about 60X by 8000A pyro-  
lytic silicon dioxide overlay. 

Discussion 
A similar corrosion behavior of molybdenum films 

was observed in CsFllNO and dry air, and in CsFI~NO/ 
H20 and moist air. In  CsFllNO and dry air molybde-  
num reacts with oxygen, forming molybdenum oxides. 
However, the reaction rates are so slow molybdenum 
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Fig. 4. Percentage of units, pyrolytic Me film with 8000A pyro- 
lytic SiO2 overlay, showing localized corrosion as a function of 
immersion time in 85~ DI water. 

is essentially inert.  Our observations support  earlier 
reports (12, 13) that molybdenum retains its brightness 
up to 200~ and forms an oxide film of 1-3 atomic lay-  
ers after 70 days exposure at room temperature.  In 
contrast, molybdenum corrodes in C5FllNO/H20 and 
moist air and dissolves in DI water  (85~ after 65 
hr  immersion. As described previously, the presence 
of water in aerated CsFllNO/H20 plays an important  
role in the corrosion of molybdenum.  Similarly, rela-  
tive humidi ty  controls the atmospheric corrosion of 
metal  films. It is believed that  in CsFllNO/H20 and 
moist air, the corrosion of molybdenum proceeds elec- 
trochemically: 

1. Water and oxygen diffuse to the meta l - l iquid  in-  
terface where reaction occurs forming a nonprotective 
porous corrosion film. 

2. The spongy corrosion film serves as an electro- 
lyte; oxygen and water  migrate  freely toward the bare 
metal  film and corrosion continues. 

The over-al l  reaction includes the dissolution of 
metallic molybdenum to molybdenum ions and the re- 
duction of oxygen to hydroxide ions. 

Oxidation: Mo-> Mo +n -I- ne 

Reduction: 02 -P 2HeO -~ 4e --> 4 OH - 

Charge conservation is main ta ined  so each electron 
released is immediately consumed by oxygen reduction. 
In  DI water  free of oxygen, the cathodic reduct ion is 
a hydrogen evolution reaction which is very  slow in 
neut ra l  solution. Since the rate of oxidation depends 
on the rate of reduction, this can be speeded by dis- 
solved oxygen. This explains why the simultaneous 
presence of oxygen is required to corrode molybdenum 
in CsFllNO, air, and water. This type of corrosion is 
characterized by porous corrosion film forming and 
reacting cont inuously un t i l  the metal  is completely 
consumed. Determinat ion  of the exact composition of 
the corrosion film was extremely difficult. Numerous 
investigators (3, 4, 15) were not wholly successful for 
two reasons: (i) molybdenum oxides exist in different 
valence states ranging from 2 to 6; and (ii) slight 
changes in test condition may change the coordination 
number .  From the l i terature (16), the most stable 
oxides are MoO2 and MOO3; hydroxide exists as 
Mo(OH)3, or as MoO(OH)a. Moreover, water-soluble  
molybdenum blue exists as MOO2.5.3" XH20, whose 
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composi t ion is s t i l l  not  exac t ly  defined. I t  is also re -  
por ted  tha t  mo lybdenum exists  as MoO2 in air  and 
dissolves in solution wi th  a valence of six (17). 

The effectiveness of pass ivat ion of mo lybdenum film 
is d i rec t ly  re la ted  to the pinhole dens i ty  and mois ture  
pe rmeab i l i ty  of the passivat ive film (18). A pyro ly t ic  
silicon dioxide film less than  1000A th ick  has a high 
pinhole density.  For  1000A films and thicker,  the p in-  
hole dens i ty  decreases l inear ly  wi th  increasing film 
thickness;  it  approaches  zero for oxide films wi th  
6000 to 7000A thickness.  There  is no doubt  tha t  the 
corrosion of pass ivated  molybdenum film is g rea t ly  
suppressed by  increasing the silicon dioxide film th ick-  
ness, i.e., decreasing the  p inhole  dens i ty  of the  film. 
As descr ibed e lsewhere  (19), pyro ly t ic  silicon dioxide 
has low pinhole  dens i ty  and good edge conformity,  
a l though its mois ture  absorpt ion is r e l a t ive ly  high. 
However ,  this  d i sadvantage  can be overcome by cover-  
ing with  silicon ni t r ide  film, which is known for its 
g rea te r  density,  low mois ture  permeabi l i ty ,  and ex-  
cel lent  chemical  iner tness  (20). I t  is expected tha t  a 
composite l ayer  of silicon dioxide  and silicon n i t r ide  
exhib i ted  be t te r  per formance  than  a single l ayer  of 
silicon dioxide.  Therefore,  we conclude that  mo lybde -  
num can be pro tec ted  from corrosion by  covering it 
wi th  pass ivat ing  films. 

Summary 
1. In CsFl lNO and dry  air,  mo lybdenum forms a thin 

oxide film that  reaches a thickness  less than 35A after  
2000 hr  exposure  at t empera tu res  of 70 ~ 85 ~ and 100~ 
The oxidat ion follows a logar i thmic  ra te  law. 

2. In moist  a i r  (85~ RH),  mo lybdenum cor-  
rodes at a l inear  rate.  In  CsFl lNO/H20 (70~176 
molybdenum reacts  at  a cont inuously  increasing ra te  
wi th  t ime and tempera ture .  In  both media,  mo lybde -  
num forms a nonprotect ive,  porous corrosion film. The 
react ion is e lect rochemical  in nature .  

3. In DI wa te r  at 85~ molybdenum films (up to 
12,800A) dissolve comple te ly  af ter  65 hr  immersion.  

4. W a t e r  and oxygen are  the  ma jo r  corrosives in 
these environments .  

5. Compar ing  the resul ts  on bare  and pass ivated mo-  
lybdenum films in DI water ,  the l i fe t ime of 12,800A 
molybdenum films was increased about  3X by adding 
400A of pyro ly t ic  silicon dioxide,  app rox ima te ly  20X 
by a composi te  l ayer  of 770A silicon ni t r ide  and 400A 
pyroly t ic  silicon dioxide,  and about  60X with  an 8000A 
pyro ly t ic  silicon dioxide overlay.  
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Electrolytic Reductive Coupling 
XIX. 1 Effect of Counterions in Cathodic Reactions of 1,2-Diactivated Olefins 

John P. Petrovich and Manuel M. Baizer* 
Central Research Department, Monsanto Company, St. Louis, Missouri 63166 

ABSTRACT 

Certain 1,2-diactivated olefins X C H = C H Y  (I) in which X and Y are 
e lec t ron-wi thdrawing groups not themselves reduced under  the conditions 
used were electrolyzed in the presence of counterions (M +) chosen from the 
group Li +, Na +, K +, Rb +, R4N +. Cyclic vol tammetr ic  techniques permit ted 
the measurement  of the change in rate of decomposition of the anion radical 
as M + was varied. Bulk electrolyses yielded reduced coupled products whose 
ident i ty  and dis tr ibut ion varied with changes in M +. 

In a previous paper in this series (2) we reported 
that reductive coupling of olefins I (in which X and Y 
are e lec t ron-wi thdrawing groups not themselves re-  
duced under  the conditions of the electrolysis) in the 
presence of quar te rnary  ammonium cations led to the 
formation of reduced dimers main ly  by path [1] ra ther  
than by path [2]. That  is 

e -  
XCH--CHY >(XCHCHY) ~- 

I II 

(XCH=CHY) 
�9 ( X C H C H Y )  - ) 

2 

e ~  
> XCH2CHYCHXCH2Y 

2H20 
+ 

YCH~CHXCHXCH,,Y [1] 

2e-  
2XCH--CHY.  > 2(XCHCHY) ~ ----> (XCHCHY) = 

2 

I II 

2H20 
> XCH2CHYCHYCH2X [2] 

the in termediate  anion radical II led to products more 
l ikely by an ECE mechanism than  by an EC mecha-  
nism. The supporting evidence presented was based on 
an analysis of the cyclic vo l tammetry  data and on the 
determinat ion of the structures and distr ibution of 
the products obtained in macroelectrolyses. 

Now II is always in the presence of a counterion and 
the ensemble an ion-radica l -counter ion-so lvent  is pres- 
ent in a medium whose polari ty may, wi th in  certain 
limits, be varied. It  was of interest  to determine 
whether  varying  these parameters  judiciously would 
make it possible to direct the reaction of II toward 
either route [1] or route [2], both of which could be 
then regarded as l imit ing cases of anionic and free 
radical behavior, respectively. It  was anticipated that 
the results would also have a bear ing on the question 
of the mechanism (s) whereby anion radicals enter  into 
other reactions, e.g., the formation of "living" dianions 
(3) and the condensation with alkyl  halides (4). As 
will  become apparent  the "directive" influence of the 
counterion may be offset by steric factors in the 
monomer  which may be more decisive in blocking 
path [1] or path [2]. 

Experimental 
Materials.--Dimethylformamide (DMF) was purified 

as described previously (1). Te t ramethylammonium,  

1 For  P a r t  X V I I I  see (1). 
* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
Key  w o r d s :  r e d u c t i v e  coup l ing ,  a n i o n  rad ica l s ,  f ree rad ica l s ,  

cyclic voltammetry,  ion pairs .  

t e t rae thy lammonium te t rapropylammonium,  te t ra-  
buty lammonium,  lithium, sodium, potassium, and ru-  
b id ium perchlorates, were recrystallized from appro- 
priate solvents and dried immediately before use. Tet-  
r ae thy lammonium p- toluenesulfonate  was purified as 
described previously (1). Sodium and l i thium p- to lu-  
enesulfonate were recrystallized from acetic acid and 
dried before use. 

OleJins.--Diethyl fumarate,  cinnamonitr i le ,  and 
~-phenylc innamoni t r i le  were obtained commercially. 

The saturated analogs of these olefins, required as 
VPC references, were prepared by reduction of the 
corresponding olefin with hydrogen over pal ladium 
on carbon with ethanol  as solvent using a Par r  shaker 
at room temperature.  

Cyclic voltammetry.--The cyclic vol tammograms were 
obtained as described previously using anhydrous  DMF 
as the solvent (2). 

Preparative electrolysis.--The apparatus used for the 
preparat ive electrolysis has been described (5). A 
mercury  cathode, area 55 cm 2, was used throughout.  

General electrolysis method.--The anolyte consisted of 
either a saturated aqueous solution of te t rae thylam-  
monium p-toluenesulfonate,  2M aqueuos solution of 
l i th ium p-toluenesulfonate  or 2M aqueous solution of 
sodium p-toluenesulfonate  depending on the electrolyte 
used in the catholyte. The catholyte consisted of 0.2 
mole of the depolarizer, 0.03 mole of the electrolyte 
and 5 ml of water  diluted to 150 ml d imethylform- 
amide. The electrolyses were conducted at a constant 
current  of 2A as described previously. The yields of 
electrolysis products, the relat ive yields of dihydro and 
hydrodimeric  products as well  as the isomer dis t r ibu-  
t ion are given in Table I. 

Electrolysis of cinnamonitrile in the presence of lith- 
ium ion.--The products were isolated and identified as 
described previously (2). The only dimeric product 
isolated was 3,4-diphenyladiponitr i le  (16.9g). VPC 
analysis 2 indicated the presence of ca. 2% 2-benzyl-3-  
phenylglutaroni tr i le .  Disti l lation gave 5.9g of 3-phenyl-  
propionitrile.  

Electrolysis of N,N-dimethylcinnamamide (1) in the 
presence o] lithium ion.--The main  dimeric product 
was purified by crystall ization from benzene-methanol ,  
16.6g, mp 126~ ~ [lit. (7) N,N,N' ,N'- tetramethyl  
3,4-diphenyladipdiamide, 127~176 The yield of 
N,N-dimethyl -3-phenylpropionamide  was estimated by 
VPC. 2 

Electrolysis of ~-phenylcinnamonitrile in the pres- 
ence o~ tetraethylammonium ion.--A solid product 
formed during the electrolysis and was subsequent ly  
removed by filtration, 5.6g. VPC analysis 2 indicated 

2 A  6 f t  10% SE-30 U l t r a p h a s e  on 80-100 m e s h  C h r o m  W - H P  
c o l u m n  p r o g r a m m e d  f r o m  200~ ~ a t  15~  Th i s  c o l u m n  was  
u sed  t h r o u g h o u t .  

447 
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Table I. Electrolytic reductive coupling of activated olefins with various cations 

Compd .  R X Ca t i on  

2 e -  
2 P h C H =  C R X  ) [ ( P H C H C R X )  H i s  

2H.-O 

2e -  
P h C H - C B X  > PhCH~CHRX 

2H20 
PhCHCHRX PhCHCHRX RXCHCH~Ph 

P r o d u c t  d is t .  b I I I 
% Y i e l d  a D i h y d r o  o H y d r o d i m e r  c P h C H C H R X  R X C C I ~ P h  R X C H C H e P h  

V H C N  E t , N  
Li  

VI H CON(CHs)~  Et4N 
L i  

IV  P h  CI~ Et4N 
N a  
L i  

92 20 80 22 67 9 
94 35 65 98 2 - -  
94 18 82 - -  - -  100 
93 55 44  95 - -  5 
96 - -  100 14c-86 ~ - -  - -  
87 21 79 51e-49 d ~ 
92 17 83 89e-Ii ~ -- -- 

% Y i e l d  b a s e d  on  c u r r e n t .  
b B a s e d  on  V P C  a n a l y s i s  w i t h o u t  s tandards .  
o D i h y d r o  + h y d r o d i m e r  is  100%. 

C o m p o u n d  XI .  
C o m p o u n d  X. 

that this was a mixture  of two dimeric isomers. 3 Re- 
crystallization from dimethylformamide gave a pure 
isomer A, mp 346o-347 ~ 

Anal.--Calcd. for C30H24N2: C, 87.10; H, 5.86; N, 6.81. 
Found:  C, 87.30; H, 5.86; N, 7.26. 
Mass spectra of isomer A showed the parent  ion 

peak at m /e  412 with f ragment  peaks in decreas- 
ing order of intensi ty  at m/e  of 180 ( r  
116 (~CHCN), 218 ( r 1 6 2  and 296 
(~CHCcHCr Of the possible dimeric products 
only 2,3,4,5-tetraphenyladiponitrile would be expected 
to have all of these peaks. 

Work-up of the electrolysis mixture  in the usual  
manne r  gave an oily product. VPC analysis 2 of this 
product showed none of the isomer A but a mix ture  of 
a dimer B and the start ing olefin. The oily product was 
chromatographed on activated a lumina  using ben-  
zene as the solvent. The solid dimer (28.1g) obtained 
was recrystal]ized from acetone, mp 222o-223 ~ 

Anal.--Calcd. for C30H24N2: C, 87.10; H, 5.86; N, 6.81. 
Found: C, 87.22; H, 5.74; N, 6.97. 

Isomer B is apparent ly  identical with Wawzonek's  
reported imine. 3 

Electrolysis in the presence of sodium cation.--The 
electrolysis products were worked up as described 
above. Isomer A, 13.6g, was isolated by crystallization. 
Isomer B was obtained by VPC analysis. 2 

Electrolysis in the presence of Hthium cation.--The 
electrolysis products were worked up as described 
above. The products dis t r ibut ion was found to be 17% 
saturated monomer  and 83% dimer mixture  which was 
89% Isomer A'  and 11% Isomer B. Isomer A'  was 
isolated and recrystallized from DMF (mp 255~176 
The VPC retent ion t ime ~ (4.3 rain) and mass spectrum 
of this mater ia l  were identical to those obtained for 
Isomer A in electrolysis described above. The differ- 
ence in mel t ing points is probably  due to different 
diastereoisomers (four asymmetric carbon atoms) 

Anal.--Calcd. for C30H24N2: C, 87.10; H, 5.86, N, 6.81. 
Found: C, 87.07; H, 6.12; N, 7.00. 

Results and Discussion 
We have used (8) the relat ion between the peak 

current  and the scan rate from cyclic vo l tammetry  as 
a means of dist inguishing between an EC and an ECE 
mechanism (essentially an irreversible charge t rans-  
fer due to dimerization of II) (9). The expected de- 
pendence of ip/V 1/2 vs. V 1/2 is shown in Fig. 1, along 
with the observed behavior of diethyl fumarate  (III) 
and ~-phenylc innamoni t r i le  (IV) using both the alkali 
metal  cations and the t e t rae thy lammonium cation. It 

2 A  6 f t  10% S E - 3 0  U l t r a p h a s e  on 80-100 m e s h  C h r o m  W - H P  
c o l u m n  p r o g r a m m e d  f r o m  20{)~ ~ a t  1 5 ~  T h i s  c o l u m n  w a s  
u s e d  t h r o u g h o u t .  

:J S. W a w z o n e k  et  aL (6) r e p o r t e d  o b t a i n i n g  a d i m e r i c  n i t r i l e  a n d  
t h e  cyc l i c  i m i n e  f o r m e d  f r o m  i t  by  a Z i e g l e r - T h o r p e  r e a c t i o n  on 
e l e c t r o l y s i s  u n d e r  s i m i l a r  c o n d i t i o n s ,  

is clear that, in the presence of the sodium cation, 
a -phenylc innamoni t r i le  behaves as expected for an EC 
mechanism. 4 However, in the presence of the te t ra-  
e thy lammonium cation, IV shows an intermediate  be- 
havior between an EC and an ECE mechanism, indicat-  
ing that both paths, Eq. [1] and [2], are taken in this 
case. In the case of diethyl fumarate  the ip/V 1/2 be- 
havior is not as conclusive. A trend, however, is ap- 
parent. On changing from the te t rae thy lammonium ion 
to the l i th ium ion, the curve shifts from the curve 
expected for an ECE process toward the expected 
curve for an EC process, indicat ing that  both paths are 
taken in the decomposition of the anion radical from 
diethyl fumarate  in the presence of the l i th ium ion. 
However, there is essentially no change in the rate of 
decomposition of the anion radical  from diethyl 
fumarate  ( l i th ium counterion) in the presence of 1M 
acrylonitrile,  5 indicating that  the anion radical dimeri-  
zation path, Eq. [2], predominates.  

In  each of these cases olefins III  and IV reduce well  
before the background electrolyte cations discharge. 

From the cyclic polarograms, the rate constants, kobs, 
for the decomposition of the anion radicals electro- 

~ S i m i l a r  e x p e r i m e n t s  u s i n g  t h e  l i t h i u m  ca t i on  w e r e  i n c o n c l u s i v e  
d u e  to  a p r e a d s o r p t i o n  w a v e .  

B y  c o n t r a s t ,  i n  t h e  p r e s e n c e  o f  t h e  t e t r a e t h y l a m m o n i u m  ion ,  a 
s u b s t a n t i a l  r a t e  i n c r e a s e  w a s  o b s e r v e d  w i t h  a d d e d  a c r y l o n i t r i l e  (8) .  

A A 

" ~ . ~  o ~ A E~ E 

J 

v�89 
Fig. 1. Plot of ip /V  1/2 vs. V 1/2 as indicator of EC or ECE mecha- 

nism. ~ Expected curves for EC and ECE mechanisms; 
- - - - - -  observed behavior of ~-phenylcinnamonitrile with the 
sodium ion; . . . .  observed behavior of c~-phenylclnnamonitri[e 
with the tetraethylammonium ion; o o o  observed behavior of 
diethyl fumarate with the lithium ion; A A A observed behavior 
of diethyl fumarate with the tetraethylammonium ion. 
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chemically generated from the diactivated olefins were 
calculated by  the method of Nicholson (10). In each 
case, the decomposition rate is faster in the presence 
of the alkali metal  cations than in the presence of the 
te t rae thy lammonium ion. In  typical nucleophilic re-  
actions, where no charge is formed in the t ransi t ion 
state, i.e., only a reorganizat ion of charge occurs, the 
rate of at tack of the nucleophile on an aceptor (ana-  
logous to Eq. [1]) would be expected to decrease on 
changing the cation from larger t e t rae thy lammonium 
to the smaller  sodium or l i th ium due to ion-pair ing 
considerations (11). The anion radical /sodium or 
l i th ium ion pair  should be less nucleophilic than the 
essentially free anion radical  which is present  when 
the t e t rae thy lammonium ion is the counterion 

e -  kl 
XCH---- CRY ) (XCHCRY) =,  > 

proton source 

k2 
> 

(XCHCRY) = 

k3 
> 

XCH = CRY 

kobs ---- kl + k2 + ks, assuming the concentration of 
the second reactant is a constant. Therefore, the effect 
of changing the cation from tetra-alkylammonium to 
an alkali metal cation should be a decrease in kobs due 
to a decrease in k3. The increase in /Cobs is indicative of 
an increase in  k2. The final result  kobs in any par t icu-  
lar case will  be a blend of these three reactions. 

Furthermore,  these same ion-pair ing considerations 
would tend to favor the dimerization of two anion 
radicals, Eq. [2], because of the neutral izat ion of the 
negative charge by the relat ively small  cations. It 
would be expected that  the dimerization of two free 
anion radicals would be disfavored by charge repul-  
sion. However, in a t ight ion pair, the charge is es- 
sential ly absent and  the typical  radical  reactions can 
occur. 

In  these systems, especially for olefins (III) and 
(IV), both l imit ing cases were observed as well  as the 
intermediate  case. With olefin III, k3 dominates in the 
presence of the t e t rae thy lammonium ion, and with 
olefin IV, k2 is the main  path in the presence of the 
sodium ion. Both paths (k2 and k3) are taken by olefin 
III with l i th ium ion and possibly by olefin IV with te t -  
r ae thy lammonium ion. 

On macroelectrolysis, the isomer distr ibution of di- 
meric products as implied by the rate constants de- 
pends on the cation of the electrolyte, Table I. Cinna-  
monitr i le  (V) gave a mixture  of isomers. The main  
product, 57%, was 2-benzyl -3-phenyl  glutaronitr i le  VII 
in the presence of the t e t rae thy lammonium ion (1) and 
almost exclusively 3,4-diphenyladiponitr i le  VIII in the 
presence of the l i th ium ion. 

r r r 

I I I 
NCCH2CHCHCH2~ NCCH2CHCHCH2CN 

1 
CN 

VII VIII  

In the ion pair, consisting of the anion radical of 
c innamonit r i le  and the l i thium counterion, the l i th ium 
ion is probably  associated with the electron-rich nitr i le  
group, IX. The most l ikely pseudo-radical  through 
which coupling can 

(r =L i  + 

IX 

occur is the benzylic-type radical. Coupling fl,#-- to 
the nitrile is indeed what is observed. 

Similar dual behavior was observed in the macro- 
electrolysis of N,N-dimethylcinnamamide VI. Olefin VI 

Table II. Rate constants for the decomposition of anion 
radicals electrochemically generated from diactivated olefins 

with various electrolytes at 25~ 

Compound Cation a 10 ~ M b Kob8 o 

H~C-zO~CCH = CHCO~C.~H~ (III) Et,N 1.99 0.31 
L i  1.72 6.5 

r  = CCN (IV) Et4N 1.87 10.8 
Na 1.92 12.9 

r  = CHCN (V) Et~N 1.96 2.2 
Li 1.92 13.8 

r  = CHCON (CH~) ~ (VI) Et4N 1.95 0.15 
Li 2.01 too fast  

a 0.1M. 
b In DMF s o l v e n t .  
o ___10% reproducibil i ty.  

gave N,N,N' ,N'- tetramethyl  2,3-dibenzylsuccinamide 
in the presence of the t e t rae thy lammonium ion and 
N,N,N' ,N'- tetramethyl 3,4-diphenyladipamide in the 
presence of the l i th ium ion. 

For olefins V and VI, the ip/V1/2 behavior  was not 
obtainable because the current  peak comes too close 
to the background electrolyte discharge. The rate con- 
stants were estimated but, because of the proximity  of 
the background discharge, are probably not very 
accurate. 

The macroelectrolysis of a -phenylc innamoni t r i le  
(IV) gave 86% of dimer X and 14% of dimer XI in 
the presence of the 

C6H~ 
I 

C 6 H s C H - - C H  
\ C~H~ C6H5 

/ C = N H  I I 
C G H s C H - - C H - - C N  C G H ~ C H - - C H - - C N  

C~jHsCH--C I I ( - - )  
C ~ H ~ C H - - C H - - C N  C ~ H ~ C H - - C - - C N  

l\c  I I 
C6H~ C6H~ C6tI5 

X X I  X I I  

t e t rae thy lammonium ion, while, with sodium as the 
counterion, about equal amounts  of these two isomers 
were obtained. In  the case of the l i th ium ion 89% of 
the dimeric product  was XI. 6 Since the final in te r -  
mediate leading to both X and XI must  be the anion 
XII, these results again i l lustrate (12) the differences 
in effect of the hydrated alkali  metal  cations and the 
unhydra ted  qua te rnary  ammonium cations: in the 
former case XII is immediate ly  hydrated to XI; in the 
lat ter  case XII  escapes hydrat ion long enough to be 
able to engage in  the in t ramolecular  reaction leading 
to X. 

We find this hypothesis useful:  In  the l imit ing cases 
a small counterion may form an int imate ion-pair  
(perhaps a covalent bond when X or Y contains oxy- 
gen) with II whereby the ensemble behaves like a 
free radical; a large counter ion well  separated from 
II by a polar solvent favors anionic behavior of II. In 
most cases, par t icular ly  in electrolytic experiments  in 
which solvents of some polari ty are required and the 
choice of counterions is not  always free, an admixture  
of both behaviors is to be expected. This in terpreta t ion 
of counterion effects is applicable to an explanat ion of 
the_merger of two polarographic waves of benzil into 
one when Li + is the counterion (13); the changes in 
equi l ibr ium constant  between dimer dianion and mono 
anion radical of benzophenone with counterion (14); 
and the course of some polymerizat ion reactions de- 
pending on the meta l  ini t iator  used (15). This hypo-  
thesis must  be tested in addit ional  systems. Contro- 
versies concerning the mechanism of anion radical 
reactions which do not s imultaneously take into con- 
sideration the counter ion and the medium are fruitless. 

I t  is an interest ing observation,  for which we d o  n o t  present ly  
have  explanation,  that  different diastereoisomers of XI were  formed 
in the presence of l i th ium and of sodium cations. 
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Electrolytic Reductive Coupling 
XX. t Mixed Reductive Couplings with Acrylonitrile 

Reductions at the Cathode Voltage Required for 

the More Difficultly Reduced Partner 

Manuel M. Baizer* and John L. Chruma 
Central Research Department, Monsanto Company, St. Louis, Missouri 63166 

ABSTRACT 

Acry lon i t r i l e  has been reduc t ive ly  coupled wi th  acetone, styrene,  1,1-di- 
phenyle thylene ,  benzophenone,  and benzaldehyde.  When  the reduct ion  is 
ca r r ied  out a t  the cathode vol tage requ i red  for the  more  difficultly r a the r  than  
the  more  easi ly reduced pa r tne r  (a) cur ren t  efficiencies for the mixed  products  
are  increased,  (b) couplings which o therwise  fai l  can occur, (c) by -p roduc t  
po lymer  format ion  m a y  be suppressed,  and (d) when e i ther  of two by -p roduc t  
hydrod imers  must  be accepted,  the more  useful  one may  be chosen. 

I t  has been pointed out before (2) tha t  mixed  
reduct ive  coupling be tween  two different  types  of ac-  
t iva ted  olefins A and B (in which A as a rb i t r a r i l y  the 
most easi ly reduced species) provides  a convenient  
route  to the  synthesis  of molecules  4 wi th  two different  
functions. When  the ca thode 

F 
A q- B ) HAAH q- HABH q- HBBH [i] 

H20 
1 2 3 4 5 

voltage can be control led at a va lue  requi red  for the 
reduct ion of A but  not of B, only  products  3 and 4 are  
formed (2) ; the  more  negat ive  the  cathode vol tage can 
be made wi thout  reducing B2 the h igher  the rat io  of 
4 to 3 (3). Even under  the  la t te r  circumstances,  how-  
ever,  if the  reduct ion potent ia ls  of A and B are more  
than  ca. 0.4V apart ,  3 is fo rmed along wi th  very  l i t t l e?  
if any, 4 (4). 

The maximiza t ion  of the yie ld  of 4 at the expense  of 
3 and 5 is a chal lenging synthet ic  goal  since the  l a t t e r  

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
For  P a r t  X l X  see (1). 

K e y  w o r d s :  p o t e n t i o s t a t i c  e lec t ro lyses ,  cross coup l ing ,  h y d r o m e r -  
izat ion.  

2 I t  was  o b s e r v e d  (3) tha t ,  w h e n  the  ca t hode  v o l t a g e  was  n e g a t i v e  
e n o u g h  to  r educe  2 also, the  r a t i o  of  4 to 3 inc reased  e v e n  f u r t h e r ,  
b u t  n o w  some 5 was  also fo rmed .  

3 I n  a d d i t i o n  to t he  w o r k  c i ted  in  (4) it m a y  be m e n t i o n e d  t h a t  
our  a t t e m p t  s e v e r a l  years  ago (5) to coup le  a c r y l o n i t r i l e  w i t h  s ty -  
r ene  a t  1,9V vs.  S C E  r e s u l t e d  i n  on ly  a v e r y  sma l l  y i e l d  of 5- 
p h e n y l v a l e r o n i t r i l e .  

two can be made  ind iv idua l ly  by  e lect rolyt ic  hydro -  
d imer iza t ion  of 1 and 2, respect ively,  whi le  the former  
is usua l ly  very  difficult to p repa re  by  a l te rna te  means.  

This paper  repor ts  the resul ts  obta ined in a t t empt ing  
to increase the yie ld  of 4 by  ca r ry ing  out  the  reduc-  
t ive couplings of Eq. [1] at  cathode vol tages  negat ive  
enough to reduce B. Fur ther ,  in view of Sugino and 
Nonaka ' s  (6) successful reduct ive  coupling of acetone 4 
and acry lon i t r i l e  at --1.9V in the  presence of t e t r a -  
a l ky l a mmon ium salts in neu t r a l  or  a lkal ine  medium, 
the carbonyls  acetone, benzophenone,  and benza ldehyde  
were  also inc luded here  as represen ta t ives  of A or  B.~ 

Poss ibly  re la ted  work,  involving the anodic oxidat ion 
of cyc lohexane  (more  posi t ive vol tage)  in the  presence 
of chloride,  has been publ i shed  (7). 

Previous  papers  in this  series have pointed out the 
difficulties in es tabl ishing the mechanism whereby  4 is 
formed when only A is r educed  (Eq. [1]) .  When  the 
coupling is ca r r ied  out at the (more  negat ive)  vol tage  
for the  reduct ion of B, the  e lucidat ion  of the  routes  
to 4 becomes formidable .  This paper  poses, but  does 
not g rapp le  with, these mechanis t ic  problems.  

Experimental 
Reagents.--The purif icat ion a n d / o r  qual i ty  of t e t r a -  

e thy lammonium p- to luenesul fonate ,  d ie thy l  malea te  
B e n z o p h e n o n c  was  r e p o r t e d  (6) to  be u n s u i t a b l e  as a c o u p l i n g  

pa r tne r .  
The  c a r b o n y l s  are e l e c t r o r e d u c i b l e  b u t  o b v i o u s l y  are n o t  act i -  

v a t e d  olefins. 
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(DEM), DMF, and acrylonitr i le  (AN) have been de- 
scribed before (3). The acetone was Mallinckrodt rea-  
gent grade. Styrene (Eastman, practical grade) was 
distilled in vacuo and stored over a trace of p-ni t roso-  
dimethylanil ine.  Benzophenone (Fisher, reagent grade) 
and 1,1-diphenylethylene (Aldrich, technical grade) 
were used as received. 

Equipment.--Except where otherwise specified, the 
assembly previously described was used (3); the salt 
bridge was positioned directly under  the a lundum cup 
diaphragm which contained the anode. A mercury  
cathode of 55 cm 2 was used throughout.  

Synthesis o] reference compounds.--5-Hydroxy-5- 
methyl -va leroni t r i le  and 7,7-dimethylbutyrolactone 
were made according to the l i terature by the electro- 
reduction of a sulfuric acid solution of acetone in the 
presence of acrylonitr i le  (6). The preparat ion of the 
5-phenyl-valeroni t r i le  has been described (5). 4- 
Phenylvaleroni t r i le  was prepared from 4-phenylvaler ic  
acid (Aldrich) by conventional  means via the acid 
chloride and amide, bp 85 ~ (0.2 ram) [reported (8) 
125 ~ (13 mm)] ,  chromatographical ly pure, ir spectrum 
consistent with structure. 1,1,4,4-Tetraphenylbutane 
was prepared by the electrohydrodimerizat ion of 
1,1-diphenylethylene, mp 120~ ~ [reported (9) 
122~ 6 1,3-Diphenylbutane and meso- and dl-2,3-di- 
phenylbutane  were prepared according to (11). 4,4-Di- 
phenylbutyrolactone was prepared by the method of 
(12). The benzyl  2-cyanoethyl  ether was prepared by 
cyanoethylat ing benzyl alcohol (13). 

Procedures.--Except in the case of experiments  done 
for comparison purposes, the general  electrolysis pro- 
cedure involved dissolving B, the most difficultly re-  
ducible component,  in a solution of wa te r -DMF- te t r a -  
e thy lammonium p-toluenesulfonate,  deaerat ing with 

e W a w z o n e k  and  F a n  h a d  r e p o r t e d  (1Oa) no  r e d u c t i v e  c o u p l i n g  
u n d e r  p o l a r o g r a p h i c  c ond i t i ons ;  F u n t  and  G r a y  (10b) f o u n d  no  hy -  
d r o d i m e r i z a t i o n  u n d e r  cycl ic  v o l t a m m e t r i c  c o n d i t i o n s  u s i n g  t e t r a -  
b u t y l a m m o n i u m  pe rch lo ra t e .  

purified ni t rogen for at least 15 rain, presett ing the 
cathode voltage by potentiostat  at the desired value, 
starting the electrolysis and shortly thereafter  begin-  
n ing the addition of component  A either neat  or dis- 
solved in DMF or B. The pH was kept at ca. 7-8 by 
occasional addit ion of acetic acid dropwise to the 
catholyte. At the end of the electrolysis the catholyte, 
if necessary, was neutral ized with acetic acid and 
poured onto ice. After  separation of the mercury,  the 
mixture  was filtered, if necessary, and the filtrate ex- 
tracted several times with methylene  chloride. The 
extracts were washed with water, dried, filtered, and 
analyzed by the methods described below. Isolation of 
products involved fractional disti l lation or crystall iza- 
tion as appropriate. The electrolysis data are gathered 
in Table I; the products obtained are given in Table II. 

Analytical methods.--Gas chromatography employ- 
ing the F and M Hewlett  Packard Model 5750 ins t ru-  
ment  was used throughout.  The pre l iminary  t rea tment  
of the sample and the choice of chromatographic 
column depended on whether  it was desired to analyze 
for both "low" and "high" boiling products. (A) When 
"low boilers" analysis was required the methylene  
chloride and other relat ively volatile products were 
removed by distil lation at ~ 100 ~ and collected in a 
chilled receiver. The distillate was analyzed on a 6 ft 
10% Carbowax 20M on Chromosorb W (80-100 mesh) 
column 7 (No. 1) isothermally at 70 ~ or on a 1 ft Par  1 
(80-120 mesh) column (No. 2) isothermally at 100 ~ 
(B) When only "high boiler" analysis was required, 
the more volatile materials  were removed on a hot 
water  bath in vacuo and the residue analyzed on 
column No. 1 programmed from 100 ~ to 210 ~ at 15~ 
or on column No. 2 programmed at 200 ~ to 240 ~ at 
6~  or on column No. 3 (10 ft 3% OV-225 on 
Chromosorb G, 80-100 mesh) programmed 150 ~ to 300 ~ 
at 15~ When  pure samples of expected products 

7 Occas iona l ly ,  the  c rude  ca tho ly t e  was  d i r ec t l y  a n a l y z e d  fo r  low 
b o i l i n g  com ponen t s .  

Table I. Conditions for reductive coupling of acrylonitrile with electroreducible partners, 15~176 

C a t h o l y t e  
-- Ca thode ,  

Run  V, S CE  A A, h r  A (1), mo le s  - - E 1 / 2 ,  a SCE B (2), mo le s  --E1/,~, ~ SCE H~O, m l  sal t ,  b g DMF,  m l  

1 o 1.90 0.5-0.8 4.00 AN'g 1.9 ace tone  2.4 62.5 71 0 
0.265 1,45 

2 e 1.90 0.02-0.16 0.96 A N  1.9 ace tone  2.4 62.5 71 0 
0.049 1.45 

3 2.10 0.3-1.3 4.05 A N  1.9 ace tone  2.4 62.5 71 0 
0.113 1.18 

4 2.25 0.4-0.7 3.13 A N  1.9 ace tone  2.4 62.5 71 0 
O.O34 1.18 

5 2.05 0.04-0.20 0.92 A N  1.9 s ty rene  2.4 3 25 115 
0.051 0.29 

6 2.30 0.2-0.4 1.94 A N  1.9 s ty rene  2.4 3 25 115 
0.055 0.29 

7 2.45 0.7-0.9 4.80 A N  1.9 s ty rene  2.4 3 25 115 
0.074 0.29 

8 1.94 0.04-0.10 0.55 A N  1.9 1 ,1 -d ipheny l -  2.2 3 25 116 
0.047 e t h y l e n e  

0.107 
9 2.30 0.4-0.6 3.34 A N  1.9 1 ,1 -d ipheny l -  2.2 3 25 115 

0.115 e t h y l e n e  
0.167 

I 0  1.73 0.03-0,40 2.03 r 1 6 2  1.63, 2.084 A N  1.9 5 25 113 
0.0275 0.47 

11 2.00 0.4-0.7 3.40 r 1 6 2  1.63, 2.08 ~ A N  1.9 7.5 25 113 
0.022 0.47 

12? 2.20 0.3-1.2 8.55 r 1 6 2  1.63, 2.08 ~ A N  1.9 5 25 113 
0.0275 0.47 

13o 1.425 0.1-0.4 3.38 DEM 1.2 A N  1.9 8 50 72 
0.075 0.54 

14 2.01 0.05-0.7 3.80 DEM ~ 1.2 AN 1.9 8 50 60 
0.05 0.64 

15 1.575 0.01-0.30 4.75 e C H O  1.4 A N  1.9 8 50 0 
0.094 1.6 

16 1.95 0.6-0.8 4.75 e C H O  1.4 A N  1.9 I0  50 0 
0.094 1.6 

a A p p r o x i m a t e  r e p o r t e d  v a l u e s  in  n e u t r a l  a q u e o u s  medi t tm.  These  are c i ted  to c l a r i fy  the  r e l a t i o n s h i p  b e t w e e n  the  v o l t a g e  u sed  in  the  
mac roe l ec t ro ly se s  and  the  r e d u c t i o n  p o t e n t i a l s  of A and  B, r e spec t ive ly .  

b T e t r a e t h y l a m m o n i u m  p - t o l u e n e s u l f o n a t e .  
A l l  A N  i n  ca tho ly t e  a t  s tar t .  

d Ae ry lon i t r i l e .  
A N  a d d e d  d r o p w i s e  to  ca tholy te .  

f The  e n t i r e  r 1 6 2  was  d i s s o l v e d  in  t he  t o t a l  A N  a nd  the  so lu t i on  a d d e d  d ropwise  a t  the  ca thode  surface .  
T a k e n  f r o m  Tab le  I, ref.  (3), 
D i e t h y l  ma lea t e .  
R e p o r t e d  (18) p o l a r o g r a p h i c  v a l u e s  in  ca. 95% D M F  ( t r ansposed  to SCE) fo r  r e d u c t i o n  to  the  a n i o n  r a d i c a l  and  d i an ion .  
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Table II. Products obtained ,,nder conditions of Table | 

Products  (raM) 
Run Type 3 Type 4 Type 5 Other 

1 adiponi t r i le  (38.7) 5 -hydroxy-5-methy l -va le ron i t r i l e  none propionitr i le  (51.0) 
(9.3 and lactone (4.3) 

2 adiponi t r i le  (trace) 5 -hydroxy-5-methy l -va le ron i t r i l e  none propionitr i ld-  (0.22) 
(6.1) and lactone (trace) diacetone alcohol (8.6) 

3 adiponi t r i le  (6.1) 5 -hydroxy-5-methy l -va le ron i t r i l e  - -  propioni t r i le  (69.1) 
(28.5) and lactone (4.1) 

4 adiponi t r i le  (0.3) above ni tr i le  (13.4) isopropyl  alcohol (17) diacetone alcohol (5.0) 
above lactone (2.8) pinacol (1.0) propionitr i le  (trace) 

5 adiponi t r i le  (23.1) 5-phenylva leroni t r i le  (trace) none e thylbenzene (trace) 
propioni t r i le  (trace) 

6 adiponi t r i le  (11.6} 5-phenylvaleroni t r i le  (5.15) and 1,4-diphenylbutane (trace) propioni t r i le  (1.28) 
4-phenylvaleroni t r f le  (2.24) e thylbenzene  (trace) 

7 adiponi t r i le  (8.8) 5-phenylvaleroni t r i le  (33.4) and 1,4-diphenylbutane (trace) e thylbenzene (66.0) 
4-phenylvaleroni t r i le  (2.18) 

8 adiponi t r i le  (1.0) none none propioni t r i le  (10.0) 
0 adiponi t r i le  (1.0 5-5-diphenylvaleroni t r i le  (12.8) b 1 , I ,4 ,4- te t raphenylbutane  propionitr i le  (2.0) 

(0,5) 
10 none none adiponi t r i le  (16.0) polyacrylonitr i le ,  a 18g 

AN h y d r o t r i m e r  (3.75) 
a -me thy leneg lu t a ron i t r i l e  (25.0) 

11 - -  4 ,4-diphenylbutyrolactone (2.94) adiponi t r i le  (8.4) polyacryloni t r i le ,  200 
and  4,4-diphenyl 4 -hydroxybu-  AN h y d r o t r i m e r  (trace) 
tyroni t r i le  c (6.3) 

12 - -  4 ,4-diphenylbutyrolactone (2.1) adiponitr i le  (91.5) polyacryloni t r i le ,  0.5g 
and above n i t rne  (6.3) propionitr i le  (trace) 

13 t e t rae thy l  bu tane-  die thyl  2-cyanoethyl  succinate  none die thyl  succinate  (43.1) 
t e t racarboxyla te  (4.71) 
(3.88) 

14 none d ie thyl  2-cyanoethyl  succinate  adiponi t r i le  (12.8) polyacrylonitr i le ,  6.5g 
(12.0) die thyl  succinate (10.0) 

15 hydrobenzoin  (trace) 4-phenyl,  4- (2-cyanoethoxy)  no adiponitr i le  benzyl  alcohol (1.7) 
butyroni t r i le  4 (27.0) b is- (2-cyanoethyl)  e ther  (10.0) 

severa l  unident i f ied minor  products  
16 hydrobenzoin  (trace) above e ther  (38.4) adiponi t r i le  (15.0) po lymer  0.5g 

benzyl  alcohol (4.4) 
b is- (2-cyanoethyl)  e ther  (26.0) 
severa l  unident i f ied mino r  products  

a In f ra red  and e lementa l  analyses  ind ica ted  tha t  no moie ty  d e r i v e d  f r o m  benzophenone  had  been  incorporated,  See ref.  (14). 
b MP 57~ ~ Calcd. for  CI~HI~N: C, 86.76; I-I, 7.28; N, 5.05. Found:  C, 86.80; I-I, 7.11; N. 5.86. 
c M p  850-95.5 ~ (2 • f r o m  alc.), bp 180~ ~ (0.03 ram).  Calcd. Cl~II~NO: C, 81.02: I-I, 8.32; N, 5.90. Found:  C, 81.19; H, 6.33; N, 5.81. 

The in f ra red  spec t rum showed OH (2.9/~), CN (b 45~) C~H5 (13.4/D and no > C O  or R-O-R absorption. 
BP  155 ~ (0.3 ram).  Calcd. for  C~H14N~O: C, 73.0; H, 6.52; N, 13.10. Found:  C, 72.75; H, 6.76; N, 13.17. The in f ra red  spec t rum showed no 

OH, CN (4.55), no > C O ,  e ther  (9.10), C.~I5 (13.3 and 14.5~). 

were available, analysis was carried out using dimethyl  
terephthalate  or octadecane (runs 13 and 14) as the 
in ternal  standard. Otherwise, semiquant i ta t ive analyses 
were obtained using corrected area percentages. 

The infrared spectra were obtained on a Beckman 
Microspec spectrophotometer. The n m r  spectra were 
obtained on Varian A-60 and T-60 instruments.  

Discussion of Results 
In reductive couplings according to Eq. [1], the 

parameters  that  can be controlled are cathode voltage, 
mode of addition of 1 and 2 to the catholyte, and, wi th-  
in certain l imitat ions (3), concentrat ion of proton 
donor (water) .  If the cathode voltage is controlled so 
as to be close to the value required  for the reduction 
of 1 but  not of 2, it is clear from a comparison of the 
results of runs 1 and 2 that slow addition of 1 to the 
catholyte favors the formation of mixed product 4 at 
the expense of 3. We have f requent ly  [e.g., (3)] em- 
ployed this strategy. When the cathode voltage is nega-  
tive enough to reduce 2 ( run  4) 8 the ratio of 4 to 3 + 5 
is maximum. 

In  runs  1-4, involving the acrylonitr i le-acetone sys- 
tem, it is significant that, when the acceptor is acetone 
rather  than an activated olefin, cross-reductive coup- 
l ing occurs [runs 1 and 2 and ref. (6)] even though 
the separation of cathode voltage between AN and 
acetone is ca. 0.5V; if the acceptor had been an acti- 
vated olefin which reduces at ca. the acetone cathode 
voltage, cross-reductive coupling would not have been 
expected to occur (4). This point  is, indeed, verified 
in runs 5 and 8. Comparison with runs  6 and 9, re-  
spectively, however, i l lustrates that electrolysis at the 
more negative voltage does produce type 4 products. 9 

The data thus far discussed i l lustrate that electrol- 
yses at the more negative voltage (a) increase the 

s At  the beg inn ing  of the  e x p e r i m e n t  the  backg round  cur ren t  and  
the cur ren t  in the presence of acetone were  de te rmined  to establish 
tha t  the  la t ter  was,  indeed, be ing  reduced. 

It  is an in te res t ing  fact  tha t  the 2-cyanoethyl  moie ty  was  jo ined 
to the  a - ( ~  4-phenylbutyroni t r i le )  as well  as  the 8-(--* 5-phenyl -  
valeroni t r i le)  carbon a toms of s tyrene ,  that  the  5- isomer  p redom-  
ina ted  considerably,  and tha t  its ra t io  to the  4- isomer  increased  
even  more  at the  more  nega t i ve  vol tage (run 7 vs. run  6). 

ratio of cross-coupled to self-coupled products and (b) 
permit  couplings to occur which fail at the more posi- 
tive voltage. 

The exper iments  ( runs  10-12) with the AN-benzo-  
phenone system illustrate addit ional  features of the 
electrolyses at negative voltages. Benzophenone was 
reported (6) not to couple with AN and we have veri-  
fied this result  [at --1.73V, run  10]. Sugino and 
Nonaka did not report  what  did occur in their  experi-  
ment. We obtained some adiponitri le and, in spite of 
the presence of a quant i ty  of water  ordinar i ly  suffici- 
ent to arrest anionic polymerizat ion/ol igomerizat ion 
(15), a large quant i ty  of polyacrylonitr i le  together 
with AN hydrot r imer  and ~-methyleneglutaronitr i le .  
The polymer was carefully examined for the presence 
of benzophenone-der ived end-groups:  none were 
found. The polymer may be free radical- ini t ia ted and 
may  have arisen by e lectron- t ransfer  to acrylonitr i le 
from benzophenone dianion ex  benzophenone radical 
anion (14). The possibility (16) that polymerizat ion 
was init iated by CH2=CCN, also an in termediate  to 
, -methyleneglu taroni t r i le ,  is not consistent with the 
fact that  increasing the quant i ty  of water  in the 
catholyte ( run 11 vs. run  10) while main ta in ing  a con- 
stant  concentrat ion of the hydrophobic qua te rnary  
ammonium cations did not decrease the yield of poly- 
mer, although it did reduce the quanti t ies of AN 
hydrot r imer  and of ~-methyleneglutaroni t r i le .  

Cross-coupled products between AN and benzophe- 
none were formed at --2.00V ( run  11) and at --2.20V 
( run  12) l~ together with major  amounts  of adipo- 
nitrile. In this case, then, cross-coupling occurred at a 
negative voltage which failed at a more positive volt-  
age and, in addition, by-product  polymer formation 
could be avoided by operat ing at a very negative 
voltage. 

A comparison of runs  13 and 14 shows that  again 
type 4 product is maximized at the more negative 

1~ At this  vol tage v e r y  little po lymer  was  formed,  p resumably  be- 
cause any  f ree  radical  in i t ia tors  w e r e  immedia t e ly  reduced  and  
anionic  polymer iza t ion  was  aborted by the proton donors.  The  pos- 
sibi l i ty cannot  be ru led  out that  benzophenone dianion par t ic ipa ted  
in the  coupling. 
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voltage. In  addition, since hyd rod imer  5 ra the r  than  
hyd rod imer  3 is fo rmed as the  ma jo r  n b imolecular  
by-produc t ,  and since one must  usua l ly  accept  5 or 3 
as a by -p roduc t  in the synthesis  of 4, one can, by  
choice of cathode voltage,  select the  more  useful  b y -  
product .  

Benza ldehyde  coupled reduc t ive ly  wi th  AN both 
at  --1.575V ( run  15) and at  --1.95V ( run  16). The cu r -  
rent  efficiency for the  format ion  of coupled product  
was h igher  at  the more  negat ive  vol tage but  at  the  
expense  of forming adiponi t r i le  as a by-produc t .  I t  is 
in teres t ing tha t  because of difficulty in prevent ing  the 
ca tholyte  f rom becoming too alkal ine,  as evidenced by 
the fo rmat ion  of b i s - (2 - cyanoe thy l )  ether,  both C and 
O cyanoe thy la t ion  of benza ldehyde  occurred 

C6HsCHO 
OCHzCH2CN 

2 e -  I 
+ 2CH~-~CHCN ) C6HsCH-CH2CH2CN [3] 

2H20 

This resul t  finds a cer ta in  analogy in the  repor t  (17) 
that  a smal l  quan t i ty  of the e thyl  e ther  of e thy lpheny l -  
carbinol  was formed dur ing  the electrolysis  of benz-  
a ldehyde  TM in the  presence of e thy l  iodide 

OC2H5 
2e- l 

C6H5CHO + 2C2H5I > CsHsCHC2H5 [4] 

Mechanistic Problems 
When only  reac tan t  B ( together  wi th  suppor t ing  

e lec t ro ly te  and solvent)  is present  in the catholyte,  
e lectrolysis  at  a cathode vol tage sufficient to reduce B 
is s tar ted  and A is added  in gradual ly ,  the fol lowing 
s i tuat ion obtains  ini t ia l ly .  B is reduced to its radical  
anion or der ived  anion. TM The reduced in te rmedia te  
may  anionical ly  a t tack  proton donor  to yie ld  d ihydro  
B, or  B to yie ld  even tua l ly  its hydrod imer  or incom- 
ing A to y ie ld  even tua l ly  the  cross-coupled product  4. 
However ,  B anion radica l  (say f rom benzophenone)  
may  also d ispropor t ionate  and the resul t ing dianion 
(or even the ini t ia l  anion radical )  may  t ransfe r  an 
electron to read i ly  reducible  A, so tha t  coupling m a y  
be of the  radica l  combinat ion type. If  A has acquired 
one e lect ron f rom the  reduced in te rmedia te  formed 
f rom B, radicaI  combinat ion  of two A radicals  would 
lead  to 3; reduct ion of A radical  via the e lectrode or 
by re lay  via the B- reduced  species would lead to A 
anion and then to 3 and 4; if the  e lec t ron- t rans fe r  to 
A had occurred under  c i rcumstances under  which A 

n T h e  c o m p l e t e  e l i m i n a t i o n  of  t e t r a e t h y l  b u t a n e t e t r a c a r b o x y l a t e  
in  r u n  14 i s  a f o r t u i t o u s  resu l t .  

On  t h e  o t h e r  h a n d ,  b e n z o p h e n o n e  a n d  e t h y l  i od ide  y i e l d e d  o n l y  
t h e  C - e t h y l a t e d  p r o d u c t  (18). 

1~ F o l l o w i n g  p r o t o n a t i o n  a n d  a s e c o n d  r e d u c t i o n .  D e p e n d i n g  on  
t h e  s t a b i l i t y  of  t h e  r a d i c a l  a n i o n  (19) a n d  t h e  p r o t o n  p a u c i t y  n e a r  
t h e  e l e c t r o d e  t h e s e  p r o c e s s e s  m a y  be  r e l a t i v e l y  s low.  

radica l  could not  be reduced,  free rad ica l - in i t i a t ed  
po lymer iza t ion  could occur. 

As B is being reduced and its concentra t ion at the 
e lectrode surface diminished,  new B and compet i t ive ly  
A reach  the e lect rode surface. If  A is e lectroreduced,  
then the couplings descr ibed in our previous  papers  
occur. 

To s tudy the mechanis t ic  phenomena  in an ideal  
sys tem would  requi re  precise  control  of pH, proton 
donor concentrat ion,  and ra te  of addi t ion  of A in the 
v ic in i ty  of the  e lect rode surface. Curren t  dens i ty  ad-  
jus tmen t  would  be requ i red  so tha t  the ra te  of reac-  
t ion of reduced B wi th  A, in conjunct ion  wi th  al l  o ther  
processes in which reduced B par t ic ipates ,  was jus t  
sufficient to p reven t  any  di rec t  reduct ion of A. It  
appears  that  there  wi l l  be some de lay  before  this  can 
be achieved.  

Manuscr ip t  submi t ted  Aug. 24, 1970; revised m a n u -  
script  rece ived  Nov. 9, 1970. 

A n y  discussion of this  paper  wil l  appear  in a Dis-  
cussion Section to be publ i shed  in the December  1971 
J O U R N A L .  
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ABSTRACT 

Integral  t ransform methods are used to obtain analytic solutions for the 
current  densi ty (J) and potential  distr ibutions on a disk in an infinite plane 
for the four l imit ing cases of: (i) uni form potent ial  d isk- insula t ing  plane; 
(ii) uniform J disk- insula t ing plane; (iii) uniform J d i sk-uni form potential  
plane and; (iv) uniform potential  d isk-uni form potential  plane. Examples of 
applications of results are drawn from electrochemical engineer ing problems 
related to fuel cell design, corrosion enhancement  due to inclusions, and ro- 
tat ing disk systems. 

Advances in the mathemat ical  t rea tment  of current  
density problems have been made recently through 
the use of machine computat ion methods (1, 2). Ana -  
lytic results r emain  at t ract ive because of their  gen- 
erality, al though the mathemat ical  effort for all but  
the simplest geometries becomes excessive. Methods 
usual ly  associated with idealized two-dimensional  
fields become increasingly complex for th ree -d imen-  
sional problems related to practical electrode geom- 
etries. However, the cylindrical  field geometry may be 
treated in terms of two space coordinates when angu-  
lar symmetry  prevails, i.e. 

~72V~ 02v l O ( r O V  ) 
Oz 2 nu --~r Or \ -~r ~- 0 [1] 

The result ing simplification permits  solutions to be 
obtained by integral  t ransform methods which provide 
insight to practically impor tant  situations. For  full  
uti l ization of analytic solutions to Eq. [1], the result  
should be processed to yield addit ional  useful in-  
formation. It is customary to obtain the local gradient  
of potent ial  in  order to evaluate the variat ion of cur-  
rent  density along electrodes. For the constant po- 
tential  electrode type of boundary  condition, the cur-  
rent  density so obtained represents the l imit ing case 
of p r imary  dis tr ibut ion in the absence of electrode 
overpotential.  This bound on the current  density may 
be useful  in est imating worst  possible cases. For  ex- 
ample, in electroplating, a highly nonuniform, near ly  
pr imary  current  distr ibution wil l  result  in wasting 
possibly expensive metal  in order to obtain a specified 
plate thickness in the central  region of a flat electrode. 

A second type of practical informat ion available 
from the solution to Eq. [1] concerns the  ohmic re-  
sistance associated with an electrode configuration. 
The vi r tual  resistance of electrolyte between two elec- 
trodes may be found by application of Ohm's law using 
the total potential  difference between electrodes and 
the total current,  obtained by integrat ing the current  
density along the surface of the electrode with respect 
to area. When potential  varies at the interface with an 
electrode, the area average potential  may  be used. 
Bounds to the resistance obtained from l imit ing cases 
of constant  potential  and constant  current  density 
electrodes are useful  in applications such as elec- 
trolytic cell design and studies of corrosion enhance-  
ment  due to impur i ty  inclusions. 

Addit ional  useful informat ion may be derived from 
the variat ion of the field in a few principal  directions. 

* Electrochemical  Society Act ive  Member.  
Key  words:  cur ren t  distribution, disk geometry ,  resistance limits, 

corrosion, fuel  cells, impur i ty  enhanced  corrosion, rota t ing disk 
resistance. 

The "range" in which the potent ial  and current  dis- 
t r ibut ions become negligibly small  permits  the appli-  
cation of already obtained results to different electrode 
configurations. For example, it could be estimated how 
far away sidewalls must  be in order for them not to 
affect the current  distr ibution through a "shielding" 
effect. 

Background 
Nobili (3) in 1827 refers to a laboratory curiosity in 

which rings of color are produced on metall ic sheet 
anodes facing a wire  cathode. This curiosity became 
known as a "metallochrome" and clearly derived from 
a combinat ion of nonuni fo rm current  dis t r ibut ion and 
interference effects (Newton's rings) in  th in  oxide 
layers. The interest  of mathematic ians  in the "metal lo-  
chrome" led to many  mathemat ical  developments.  
Thus, Riemann (4) solved the "metallochrome" cur-  
rent  dis t r ibut ion problem in 1855, and Weber  (5), 
using some of Riemann 's  results, derived the solution 
for the p r imary  current  distr ibution on an isolated 
disk in an insulat ing plane as well  as the resistance 
for the disk electrode in 1873, using certain "discon- 
t inuous integrals." The equivalent  electrostatic prob- 
lem was worked out by Green (6) in 1832. Later (1887) 
Schafheit l in (7) generalized the result  for these dis- 
continuous functions in  a thorough fashion so that  
these integrals of products of Bessel functions are 
known as Weber-Schafhei t l in  integrals. [These inte-  
grals are of the form 

So ~ ]~(at)]v(bt) dt 
t x 

and can be evaluated in terms of the hypergeometric 
function with ~, v and ~ as parameters  and a/b as the 
independent  variable (8) ]. 

Fortunately,  hypergeometric functions often reduce 
to we l l -known e lementary  functions. The use of these 
functions, coupled with the Hankel  (Fourier-Bessel)  
t ransformat ion of Laplace's equation, facilitates the 
solution of certain problems of direct application in 
electrochemical engineering [see, for example, Wat -  
son (9) and Sneddon (10) for reviews].  

Although there is no a priori scheme for the selection 
of one calculational method over another, recent re-  
searchers (1, 11, 12) have favored the use of rota-  
t ional elliptic coordinates for disk problems. I t  is, 
however, satisfying in the present  study, to extend and 
reapply mathematical  methods originally inspired by 
electrochemical problems. 

Mathematical 
The Hankel  t ransform (as used in this paper) of a 

funct ion V (r) ,  is defined as follows 
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Hv[V(r) ]  -= gv(p) : r~v(pr)g(r)dr  [2] 

where Jv is the Bessel funct ion of the first k ind and of 
order v, and p is the t ransformed variable.  

Mathematical  details regarding Hankel  t ransforms 
may be found elsewhere (13). It  wil l  suffice here to 
show just  two formulas which wil l  be useful in our 
development.  The first is the inversion theorem 

fo V(r)  = pJv(pr)Vv(p)dp [31 

which allows us to get the potential  from its transform. 
The other property is, as can be shown by methods of 
e lementary calculus (14), that  

Hv r - ~ r  r = - - p 2 V v ( p )  [4] 

Equation [4] is especially impor tant  in the case where 
v = 0, since it reduces Laplace's equation (Eq. [1]) in 
cylindrical  coordinates to an extremely simple form. 

Applying Eq. [4] to Eq. [1] with u = 0, we obtain 

d2V 
- f V  = 0 [5] 

d2z 

Equation [5] is an ordinary  differential equation, with 
the convenient  solution 

V = A1(p)e -~'z + A2(p)e +,'~ [6] 

For the present ly  treated class of problems wi th  re- 
mote counterelectrode, in order that  the t ransform not 
become infinite for large z, we must  have A2 (p) = 0. 
Applying the inversion formula, Eq. [3], we have 
finally the direct result  for the  potent ial  

Y; V(r,z) = pAl (p )Jo (Pr )e -~dp  [7] 

with A1 (p) to be determined from the boundary  con- 
dition at z = 0, i.e., the problem is to find AI(p)  in 
either Eq. [8] or Eq. [9] (or both) 

V(r)  = pAl(P)Jo(pr)dp [8] 

J ( r )  = K p2Al(p)]o(pr)dp [9] 

since Eq. [9] is obtained from Eq. [7] by  use of Eq. 
[10] 

J ( r )  : - - ~  OV 1 [10] 
0z /z=0 

For subsequent  convenience, we define a p-mul t ip l ied  
coefficient as 

A(p)  : pA~(p) [11] 

so that Eq. [8] and Eq. [9] become 

So ~ V(r)  : A(p)]o(pr )dp  [12] 

? J(r) = ~ o pA(p)Jo(pr)dp  [13] 

Depending on the types of boundary  conditions given, 
two types of problems are encountered. 

Mixed boundary conditions.--Case 1, Constant poten- 
tial disk.--For the classic case of the disk at constant  
potential  in an insulat ing plane, we must  solve Eq. 
[12] and [13] as a set fitting the conditions 

V(r )  : Vo ; r < a [14] 

J ( r )  = 0  ; r > a  [15] 

To solve this set of equations for A(p) ,  it is con- 
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venient  to use the dual  integral  equat ion formulat ion 

o ~ Y~i (Y) Iv (xy) dy = g (x) 0 < x < 1 

o ~ f ( y )~v(xy )dy  = 0 x > 1 [16] 

whose solution is known (15) to be 

2 - ' m x - a  [ xl+U'z'~J v+u2-(x) 
f (x )  - r (1  + 1 ~ )  

y~ yv+l(1--  y2)l/2ag(y)dy + ~ 1 U v+' (1 -- U 2) ' / ~ d u  

g(yu) (xy)2+l/2a]v+l+l/2~(xy)dy ] [17] 

Applying this to the disk problem, described by Eq. 
[12], [13], [14], and [15], we have 

2Vo sin ap 
A (p) -- - -  [18] 

p 

Combining Eq. [18] with Eq. [11], [7], [8], and [9] 
gives us an integral  representat ion of the potent ial  
field and current  dis t r ibut ion as 

2Vo [ ' ~  sin (ap)Jo(pr) 
V(r,z) = ~ "vJo p e-Pzdp [19] 

2KVo yo ~ J(r,z = 0) = sin (ap)Jo(pr)dp [20] 

The integral  in Eq. [19] may be evaluated in terms of 
e lementary  functions from tables of Laplace t rans-  
forms f o r r  = 0 [s inceJo(0)  = 1 ] ; f o r z  = 0, Eq. [19] 
and [20] are special cases of the previously ment ioned 
Weber-Schafhei t l in  discontinuous integral,  and may be 
expressed (8) in terms of the hypergeometric func-  
tion, which in t u rn  is often expressible in terms of 
e lementary functions. In  this case, the integral  in Eq. 
[19] is known for all  z (16), and the we l l -known re-  
sults for the p r imary  dis t r ibut ion are 

2Vo 
V(r,z) = sin -1 

[ ( r / a - 1 ) 2  + (z/a)211/2+ [ (r/a + l )~+  (z/a)2] 1/2 
[21] 

V ( r , z : O )  : Vo ; r < a  [22a] 

2 
V(r , z= O )  = - - V o s i n  -1 (a / r )  ; r > a  [22b] 

2 
V(z,r : O) = - - V o t a n  -1 (a/z) [23] 

From Eq. [20], using the area average current  density 

Y :  J (r)2~rdr 
Jave : [24] 

we get 

where 

J (r) 1 1 

Jave 2 k / l -  (r/a) 2 
[25] 

4(Kvo) 
Jave = ~ ~ [26] a 

The pr imary  current  dis t r ibut ion Eq. [25] has long 
been known (6, 5). The ohmic resistance for such a 
system is easily shown by Ohm's law to be 

AV Vo 1 
R . . . . . .  [27] 

I Jave~a 2 4~a 
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From Eq. [21], [22], and [23], i t  is possible  to calculate  
the  range of the  field, i.e., the dis tance over  which the 
field of the  d isk  wi l l  v a r y  significantly. For  example ,  
f rom Eq. [22b] i t  m a y  be seen tha t  the  potent ia l  has 
fa l len  to 10% of its va lue  on the disk at  

a/r  = sin ~/20 = sin 9 ~ = 0.15643 

or r/a ---- 6.393 ( roughly  3 d iameters  away) .  Similar ly ,  
a long the center l ine  (r  = 0) the potent ia l  falls  to 10% 
at a/z ---- tan  ~/20 ---- tan  9 ~ = 0.15838 (again, roughly  
3 d iameters  away) .  This ranging  effect has  been  used 
in discussions concerning reference probe p lacement  
for the  ro ta t ing disk e lect rode (12) and occurs f re -  
quent ly  in re la ted  problems.  For  example ,  Ell ison (17) 
has recen t ly  found tha t  in e lec t ropla t ing e l l ip t ica l  
cy l indr ica l  wires, the presence of the  wire  anodes has 
ve ry  l i t t le  effect on the field at the  subs t ra te  when they  
are  located 10 s emi -mino r - axes  away.  

Dirichlet and Neumann type boundary conditions.-- 
Case 2, Constant current density d isk . - -When ei ther  the 
potent ia l  or its g rad ien t  is given on the  ent i re  bound-  
ary, a different  procedure  m a y  be employed  to solve 
for A ( p )  in Eq. [12] or [13]. This p rob lem is typif ied 
by  the case of the disk wi th  un i form cur ren t  d i s t r ibu-  
t ion embedded  in an insulat ing plane.  For  this s i tua-  
tion, the  boundary  condit ions when s u b s t i t u t e d - i n  
Eq. [13] give 

f; . p A ( p ) J o ( p r ) d p  -~ .  JD/K 

yo p A ( p ) ] o ( p r ) d p  = 0 ; r > a 

; r < a  

[28] 

By compar ing  Eq. [28] wi th  Eq. [2] and [3], it  may  be 
seen tha t  the  unknown A (p) may  be obta ined by  ap-  
pl icat ion of the  Hanke l  t ransform invers ion formula,  
giving 

A ( p )  = ( JDa ) J , (pa)  [29] 

Combining Eq. [29], [7], and [11], gives the in tegra l  
representa t ion  for the  potent ia l  field, which, for z ---- 0, 
may  be solved from the Weber -Schafhe i t l in  in tegra l  
formulas.  As before, the  resul t  is in t e rms  of h y p e r -  
geometr ic  funct ions which, in this  case, f inally reduce 
to complete  el l ipt ic  in tegra ls  of the  first and second 
kind. The potent ia l  near  the  surface of the  disk is as 
follows 

( - ~ ) E  ( a )  ; r < a  [30a] 
V(r~z = O) = 

( _ ~ )  r { .--~. E .~-.-(a) 

as prev ious ly  r epor ted  by  Nanis (18). Numer ica l  values  
for the rad ia l  field var ia t ion  which closely match  Eq. 
[30a] have also been computed  by  Newman  for a 
l imit ing case which insures un i form cur ren t  d i s t r ibu-  
tion, i.e., large var ia t ion  of overpoten t ia l  wi th  cur ren t  
dens i ty  for mass  t r anspor t  l imitat ion.  Along  the cent ra l  
axis of the  disk, the  potent ia l  may  be found by  com- 
bining Eq. [29], [7], and [11] and set t ing r = 0 

V ( z , r : O )  = ( J D a )  
g 

The range  of the  field m a y  be found using Eq. [30] 
and [31]. For  simplici ty,  the  t runca ted  series approx i -  

mat ion  for the  el l ipt ic functions (19) m a y  be used to 
obta in  

(JDa/K) Vmax 2 + " ~  + " ' "  

[32] 

The potent ia l  drops off to 10% of its peak  value  at  
a/r ~ 0.2 or r/a ~-- 5, i.e., at  a distance of only 2.5 
d iameters  from the center  of the  disk. S imi lar ly ,  along 
the axis of the  disk, using b inomia l  expansion,  Eq. [31] 
becomes l(a)  

Vma'--~- --  2 --  -~- + . . .  [33] 

Again,  the potent ia l  has d ropped  to 10% of its peak  
va lue  at r/a ~-- 5, roughly  2.5 d iameters  f rom the center  
of the  disk in the  ver t ica l  direction.  

The resis tance associated wi th  the  constant  cur ren t  
densi ty  disk configuration m a y  be calcula ted by  in t ro-  
ducing the concept of average potent ia l  in the electro-  
ly te  at the  plane z ---- 0. By s t ipula t ing  constant  cur ren t  
dens i ty  as a bounda ry  condition, it  is impl ic i t ly  as-  
sumed tha t  for a given solution conduct iv i ty  and disk 
size, the  slope of the  overpoten t ia l  vs. cur ren t  densi ty  
curve is sufficiently grea t  so as to insure  uni form cur-  
rent  dens i ty  on the  disk, i.e., good " throwing  power."  
It should be noted tha t  the  overpoten t ia l  condit ions 
thus assumed at  the e lec t rode-e lec t ro ly te  in terface  are 
located (in the  ma themat i ca l  sense) at z = 0, whereas  
the  solution to Eq. [1] appl ies  to the  region z > 0 
(str ict ly,  z--> 0+) .  Definit ion of the resis tance associ- 
a ted wi th  the constant  cur ren t  densi ty  case requires  
an analysis  equivalent  to tha t  given by  Jeans  (20). 
Such a t r ea tment  in the  presen t  nota t ion is given in 
the Appendix .  In tegra ls  of complete  el l ipt ic in tegrals  
used in potent ia l  averaging  are known (19, 16). Use of 
Ohm's  law yields 

AV Vave 3~ ~ 8 
R . . . . . .  [34] 

[ Jn~a 2 JD:~a 2 3x2~a 

Thus the  ohmic resis tance for constant  cur ren t  densi ty  
on the disk is about  8% grea ter  than  the resis tance 
associated with  the  constant  potent ia l  ( p r i m a r y  dis-  
t r ibut ion)  disk (Eq. [27]). (Results  for the  var ious  
cases are  summar ized  in Table I.) 

A comparison be tween  rad ia l  potent ia l  at  the  plane 
z ---- 0 for the  p r i m a r y  and uni form cur ren t  d is t r ibut ion  
is shown in Fig. 1, where  Eq. [30a, b] have been nor -  
mal ized by  the  average  poten t ia l  (cf. Eq. [34]). 

Case 3, Constant J disk, constant potential p lane. - -An-  
other  bounda ry  condit ion which  proves useful  in the 
t r ea tmen t  of corrosion prob lems  concerns a disk at  
constant  cur ren t  dens i ty  in a constant  potent ia l  plane,  
i.e. 

V[r ]  

Vave z =0 Constant 
\ \ F  Poto~ 

0.5 / ~  ~v~ 
Constant ~ 
Current ~ 
Densi t y ~ _  

Vave = IR 

0.0 I I I I I I I 
1.0 2,0 3.0 4.0 5 .0  6 .0  7.0 

r / a  - -  

Fig. I .  Radial variation of potential in the Z ---- 0 plane for 
limiting cases of constant potential and constant current density 
on disk. 
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Table I. Field parameters 
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C a s e  1 Case 2 Case 3 C a s e  4 

B o u n d a r y  c o n d i t i o n s  D i s k  

P l a n e  

R a n g e  for  
V V P l a n e  (Z  = O) 

--~mLx = 0.I r/a = 

Vo 
A x i s  (~ = O) 

Z / a  = 
R a n g e  for  

J J 
J D '  ;Vo /a  = 0.1 P lanre / (Z== O) 

E q u a t i o n  No .  f or  C u r r e n t  
v a r i a t i o n  of  P o t e n t i a l  

R e s i s t a n c e ,  ( • sa) RKa 

Cons t .  V Cons t .  J Cons t .  J Cons t .  V 
Vo = JD ~ JD ~ Vo 

aV 0V 
a -Z 0 -- 0 V 0 V 0 

aZ 

6.392 5.025 

6.314 4.950 1.660 2.065 

- -  ~ 1.517 1.923 

[25] ~ [40] [44] 
[21],  [22],  [23] [30],  [31] [39],  [41] [45] 

8 4 
I/4 - -  O 

3 ~  3~ �9 

OV JD 
- -  ; r < a [35a] 

Oz 

V----0 ; r > a  [35b] 

The solution of the Laplace equat ion with boundary  
conditions given in Eq. [35] is readily obtained by 
applying the dual  integral  equat ion approach (Eq. [16], 
[17]),Equation [35a] combined with Eq. [13], and Eq. 
[35b] with Eq. [12] become 

y o ~ P A  (P) ]o (pr) dp = JD/K ; r < a [36a] 

Y o ~ A ( p ) J o ( p r ) d p  = 0 ; r ~ a [36b] 

Solution for A (p) using Eq. [17] leads to the result  

A ( p )  -- 2 JD [ sin(ap) - - a p c ~  1 .  [37] 
~ p2 

which may also be wr i t t en  as 

A (p) = ~ K pl/2 [38] 

By subst i tut ion of Eq. [38] into Eq. [12] and Eq. [13], 
results are obtained in terms of an integral  represen-  
tat ion which may be reduced by use of the Weber-  
Schafheit l in formula to tabulated e lementary functions 
or directly (21). For the plane z -- 0 

2 JDa 2 

V(r , z  :=- 0) ---- [39] 

0 ; r > a  

a 
s i n -  1 __ 

r 

; r < a  

t :'[ 
J (r,z ---- O) : __2 JD 

1 ] 
[40] / ; r > a 

~/ ( r /a )  2 _ 1 _] 

Along the axis (r ---- 0), Eq. [38] together with Eq. [7] 
and [11] result  in  

V ( Z , ? "  : 0 )  "~ V m a x  1 -- - - t a n  - 1  [41] 
a 

Levich and F r u m k i n  (11) used elliptical cylindrical  
coordinates to arrive at Eq. [39] and [40] in terms of 
Legendre  polynomials  [a procedure later used by New- 

man  (1, 12)]. Levich and F r umki n  treated the resist-  
ance as a funct ion of radius. It  is difficult to assign a 
physical meaning  to such a radial  resistance function. 
By the methods used previously (cf. Eq. [34]), we can 
calculate a resistance based on the average potential  
along the disk (from Eq. [39]) as 

A V  r a v e  3 ~  4 
R -- - -  -- : , [42] 

I JD~a ~ JD~a 2 3~2~a 

It is interest ing to note that  Eq. [42] indicates a resist- 
ance which is just  one-half  that  for the constant  cur-  
ren t -dens i ty  disk in the insulat ing plane (Case 2). It  
is also interest ing to note  that  the range for such a 
situation is much smaller than for Cases 1 and 2. In -  
spection of Eq. [40] and [41] show that  the current  
density drops to 10% of the value on the disk, JD, at 
r /a  ~- 1.52 and the potential  along the centerl ine simi- 
larly decays to 10% of its peak value at z /a  ~ 1.66, 
both less than  a diameter  away. This reduced range 
is because of a var iat ion of potential  as the inverse 
square of distance for large r and z compared with an 
inverse distance var iat ion for Cases 1 and 2. 

Case 4, Constant potential disk, constant potential 
plane.--For completeness, the l imit ing case of the con- 
stant  potential  disk in the constant  potential  plane has 
been treated. The boundary  conditions for this case 
may be stated as 

V-----~V~ ; r < a  [43] 
[ 0 ; r > a  

This boundary  condition is of the Dirichlet type and 
may be solved following an inversion procedure (Case 
2). Two difficulties encountered by this procedure re-  
flect the "short circuit" indicated by Eq. [43]. First, 
current  density is described by an integral  of the form 

Y ;  PJ1 (pa) Jo(p~)dp 

which can be shown to nei ther  diverge nor  converge 
(in the limit, the in tegrand approaches an undamped  
sine funct ion) .  Hence the integral  must  be evaluated 
in the l imit  from the Weber-Schafhei t l in  formulas (8) 
as a special case involving the principle of summabi l i ty  
of integrals (22). Second, the result  so obtained (Eq. 
[44] ) exhibits a "strong" infinity at r = a, so that  an 
infinite current  is obtained upon applying Eq. [24]. 
Waber (23) has encountered similar difficulties in 
considering the analogous case of a strip of fixed po- 
tent ial  embedded in a conducting plane at a different 
potential. Despite difficulties in determining the aver-  
age current  density, the results for the local current  
density are 
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J (r,z -~ O) = .  

a 1 - -  (__~)2 

; r < a [44a] 

2Kvoo[ ( a ) _  ,, _ 
K a ?* ?" 

E (a /r )  
; r > a [44b] 

1 -  (a / r )  2 

For r /a  = O, Eq. [17] and [11] yield the simple form 

V (z,r = O) z / a  
.: 1 -- [45] 

Vo ~ / ( z / a ) 2  + 1 

From Eq. [45], it may be seen that  the range for  10% 
potential  remaining is about one d iameter  ( z /a  = 2�9 
and, from Eq. [44b], the dimensionless cur ren t  J ( r ) /  
(~Vo/a) drops to 0.1 at r / a  ---- 1.92 (in the z ---- 0 plane) .  

Results der ived from the field solutions for the 
bounding cases t reated above are summarized in 
Table I. 

Appl icat ions 
Fuel  cell t echno logy . - -For  the application of general  

field solution characterist ics to complex engineer ing 
problems, we consider the internal  resistance of a fuel  
cell of the type t reated by Gorin  and Recht  (24) and 
later  discussed by Fick  and Eisenberg (25). The system 
consists of an electrolyte  mat r ix  contacted on both sides 
by wire  mesh screen electrodes (Fig. 2a)�9 Their  exact  
mathemat ica l  analysis of constant potential  screen 
contact points results in an answer  (Eq. [46]) con- 
sisting of several  slowly converging series 

ReffR [ ] =~ L[-~I sin m~(1 -- r ) m  2 1 -- 4 /~2r (h /d )  

cos m~ t a n h ( m • h / d )  J ~- [ 4 / ~ r 2 ( h / d )  ] I 

oa r 

~ [ s i n  m~(1 -- r) sin n~(1 -- r ) / m n ~ / m  2 + n  2-] 

�9 cos m~ cos n~tanh [-v/m2 + n 2 n (h /d )  ] [46] 

where r --- ~/d,  Reff is the effective ohmic resistance, 
and R is the resistance of the mat r ix  in contact wi th  
continuous sheet electrodes. In  v iew of the present  
development  of "range"  and of  individual  electrode 

b 

? 

I 
I 
I 

MATRIX 

i J- _._~.A, CONTACT 
WIDTH 

I-r 
I-L 

h - _1 r = A  
I ~1 d 

Fig. 2a. Schematic matrix electrolyte-screen electrode fuel cell 

Fig. 2b. Equivalent 
Eq. [47]. 

circuit, individual resistances according to 

resistance, each contact may  be considered (as a first 
approximat ion)  as a disk of radius ~/2. By consider~ 
ing all of the screen mesh points on one side of the 
ma t r ix  as an ar ray  of individual  disks in a paral le l  
resistance circuit, the  approximate  equivalent  circuit  
wil l  be as shown in Fig. (2b), where  each contact point 
is represented by the ohmic resistance for an isolated 
disk, Ri. F r o m  Eq. [27] 

1 1 
Ri --~ - -  ----" [47] 

4~ (~/2) 2Kh 

where  K is the conduct ivi ty  of the ma t r ix  (ohm -1 
cm-1) .  For  the mat r ix  of thickness h, assuming a 
square of edge b, the t rue resistance is 

l h  
R = - - - -  [48] 

K b 2 

For the equivalent  circuit  of Fig. 2, the over -a l l  re -  
sistance, Reff, is de termined by 

1 1 b 2 
- -  - - Z - - = 2 K A - -  [49] 
Reff/2 Ri d 2 

since the number of contact points is b2/d 2 in a square 
array of dimension b, and since each screen contrib- 
utes to Reff�9 Thus the resistance of the screen-matrix 
combination may be simply represented in terms of 
the two naturally resulting dimension ratios in Eq. [50]. 
The upper limit for each mesh point (and thus the 
entire system) may be based on the result for constant 
current density (Eq�9 [34]) so that the bounds are 
given as 

d d Reff d d 
--~ 1.08 - - -  [50] 

A h R h h 

From previous discussion of the  range of a potential  
distribution, Eq. [50] wil l  be most accurate when  the 
contacts are spaced so that  their  fields do not interact,  
requir ing that  

d h 
- -  > 6 and - -  > 6 
a A 

The tabulated values of Fick and Eisenberg are shown 
in Fig. 3 together  wi th  the lines represent ing the lower 
l imit  of Eq. [50] for comparably  selected values of 
d/h.  Note that  agreement  extends wel l  beyond the 
limits imposed by range considerations�9 Clearly, where  
fields interact, the l imit  R e f J R  ---- 1 is u l t imate ly  to be 
expected,  i.e., as mesh spacing decreases and contact 
points increase in size to resemble  a continuous sheet 
electrode. 

Ef]ect of inclusions in corros ion . - -The  effect of minor  
inclusions or sites wi th  re la t ive ly  large exchange cur-  
rent  density for cathodic processes is associated with  
several  practical  problems. For  example,  in chlorine 
product ion cells, particles detach f rom the graphite 
anode and fall on the mercu ry  cathode. The resul t ing 
local cell can result  in product ion of unwanted  hydro-  
gen. Simi lar ly  on a single electrode, an iron impur i ty  
site on a zinc surface can provide a location for 
cathodic action (i.e., hydrogen product ion) ,  wi th  cor-  
responding enhanced corrosion of the zinc. 

We may idealize such corrosion situations by con- 
sidering the impur i ty  to be a disk at constant cur-  
rent  density imbedded in an infinite plane at constant 
potential  (Case 3). This approximat ion may  be made 
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Fig. 3. Comparison of points according to Eq. [46]  (ref. 6) and 
Eq. [50]  (approximate model). 

since the lateral  range of the disk field does not extend 
much beyond r / a  ---- 1.5. The same is t rue for the ver t i -  
cal range (see Eq. [41]), in general  agreement  with 
the computations of Simmons et  al. (2) for the effect of 
electrolyte  depth in a re la ted problem. 

In order  to de termine  the corrosion current  for the 
disk-plane system, it is necessary to locate the point 
of intersection of the two curves describing the over -  
potent ia l -cur rent  relat ion for each of the half  reactions 
involved. In addition, al though not usual ly considered 
in such computations, the ohmic resistance of the sys- 
tem must  be included. This tends to decrease the cor-  
rosion current,  in much the same fashion as the in ter -  
nal resistance of a battery.  Thus, the IR  drop asso- 
ciated with  the cathodic process (disk) wil l  determine 
a lower  corrosion current  than would be expected if 
resistance were  ignored (see Fig. 4) That  is, if the 
anode and cathode reactions are described by general  
cur ren t -poten t ia l  function such as 

Ic = I1 (Ec) [51a] 

IA ---- I2(EA) [51b] 

then we can rewr i te  Eq. [51] in terms of inverse func-  

4 
I0 . i / ~  i 

~ 5  IO00mA\ /  z 
| U  ~ -.673V ~ IIOOxO.Olcm Fe 

E ~ / \ I R=i~25o~m I 
500- ,~o=~ \ " = 

- 695V I x I cm Fe 

w 200 Q:: 
rr 
D t O 0 - i , o = A T ~  / \ \  r -.,~ov/ - '--. .< : .,~..~. 

2 0 -  
65V 

I 0 '  li t 1 I - 
- .8 - .7  - .6  - .5 

POTENTIAL, V (S.H.E,) 

Fig. 4. Effect of impurity dispersion on internal cell resistance 
and corrosion rate. Zinc area, 99 cm2; iron area, ] c m  2. Anode 
reaction: Zn --~ Zn + +  -~- 2 e - ,  Jo ~ 3 x 1 0 - 4 A  cm - 2  (1N 
ZnSO4). Cathode reaction: 2H + Jr- 2 e -  --~ H2, Jo --~ 2 x 10 - 6  

4 
A cm - 2  (1N H2S04). Cathode site resistance R - -  with 

37~2Ka 

K : 0.157 ohm - 1  cm - i .  

tions as 
Ec ---- Ii -i (Ic) [52a] 

EA -- 12 -1 (IA) [52b] 

By including the IR drop, Eq. [52] leads to 

I2 -1 (IA) -- I1-1 (Ic) 
---- - -R  [53] 

I 

which must  be solved for I, the corrosion current.  
Equat ion [53] is a res ta tement  of the requ i rement  that  
the sum of the potential  drops in a closed circuit  must  
equal  zero (Kirchoff 's rule) .  

As an example,  consider a 1 cm 2 spot of iron im- 
pur i ty  on a 100 cm 2 sheet of zinc, which wil l  result  in 
meta l  corroding to zinc ion and hydrogen evolut ion on 
iron as the two ha l f -ce l l  reactions. If we first calculate 
a corrosion current  neglect ing ohmic drop, we wil l  
have  

IJci ---- 2 X 10 -6 e -FE/2RT [54a] 

JA ---- 3 X 10 -4 e F(E+O.763)/RT [54b] 

The value of exchange cur ren t  density for the hydro-  
gen react ion (Eq.. [54a]) is taken  f rom the  rev iew of 
Kita  (26) and the value  for zinc dissolution from the 
work  of Piontel l i  and Poll  (27). Reversible  potentials 
of --0.763V and 0.000V for zinc and hydrogen, re-  
spectively, in a solution of 1N H2SO4 -Jr 1N ZnSO4 are 
used as a basis. Equat ion [54a] is mul t ip l ied  by the 
cathode area (1 cm 2) and Eq. [54b] by the anode area 
(99 cm 2) and are equated to solve for a corrosion cur-  
rent  of 0.968A (uppermost  intersection, 1000 mA, Fig. 
4). 

Using Eq. [53], the calculat ion of corrosion current  
for the case where  the resis t ive potential  drop is in-  
cluded is now considered. For  the resistance associated 
with  a single cathode site we may  use Eq. [42] wi th  an 
exper imenta l ly  determined (28) conduct ivi ty  of 0.157 
ohm -1 cm -1, which yields R ---- 1.525 ohms. Equat ion 
[53] reduces to 

0.002 + 0.1777 log I 
= - -  1.525 [55] 

I 

which must be solved by tr ial  and error  to yield a new 
corrosion current  density of 1.10 m A / c m  2, almost a 
90% decrease f rom the value of 9.7 m A / c m  2 obtained 
neglect ing resistance. Clearly, the resistance associated 
wi th  the cathodic sites must  be included in such cal-  
culations. 

We may now consider the important  question con- 
cerning the physical dispersion of the low hydrogen 
overpotent ia l  sites. That is, would one 1 cm 2 patch of 
Fe produce the same corrosion current  as one hundred  
0.01 cm 2 patches? The answer  may be deduced from 
Eq. [53] by represent ing I2--1(IA), I i - i ( I c )  and R as 
functions of area, and t reat ing each site as an isolated 
spot. Equat ion [53] then becomes 

AA 
0.1777 log I + 0.1206 -- 0.05922 log . 0.1777 log Ac 

Ac 

I 
1.525 

_ [56] 
~/Ac 

where  I is the corrosion current,  and AA and Ac are 
the anodic and cathodic areas, respectively.  Equat ion 
[56] shows that  the corrosion current  depends on the  
size of the corrosion spots (Ar and also on the frac-  
t ion of total area occupied ( A A / A r  If we mainta in  
the 99:1 ratio used previously, then Eq. [56] reduces to 

0.1777 log Jc  + 0.0024 
----- -- 1.525~/Ac [57] 

Jc  

Hence, for a finer dispersion, corrosion current  density 
goes up to 4.21 m A / c m  2. This effect may  be rat ionalized 
if we recall  that  the finely dispersed particles, al though 



460 J. E lec t rochem.  Soc.: E L E C T R O C H E M I C A L  S C I E N C E  M a r c h  1971 

having higher individual  resistances (RaAc-1 /2) ,  are 
in a parallel  circuit which lowers the total resistance. 

P l a c e m e n t  of e lec t rodes . - - In  the recent l i terature  on 
rotat ing disk systems there has been some discussion 
(29, 12) on the proper placement of probes to measure 
the potential  near  rotat ing disk electrodes. Thus, New- 
man (12) suggests remote placement  of the probe so as 
not to distort the field near  the disk combined with 
est imation of the ohmic potential  drop (unavoidably  
included in the measurement ) ,  based on the resistance 
of a disk at constant  potential  in an insulat ing plane. 
In a later paper, Hsueh and Newman (30) do indeed 
locate the reference probe in the plane of the electrode 
(10 radii away) and estimate the ohmic contr ibut ion 
to the potential  from the equivalent  of Eq. [22]. How- 
ever, from present considerations it may be considered 
that the use of the probe is then rendered superfluous. 
All that  need be measured in such a situation is the 
potential  between the disk and a large remote un -  
polarized counterelectrode with the ohmic drop being 
approximated from either  Eq. [22b] or [30b] as limits. 

In this regard, Newman, in a later paper (1), recog- 
nizing that  potential  varies near the surface of the 
disk, defines a dimensionless effective resistance based 
on the group (in our notat ion) 

V(r---- z ---- O)4Ka 

Jave~a 2 

and uses this as a correction factor for Eq. [27]. In  
so doing, he finds that, when summing calculated over-  
voltage and resistive ( IR)  drops, the current -potent ia l  
data of Hsueh and Newman  (30) on a rotat ing disk 
are well fitted. However, use of his effective resistance 
approach requires that  the ohmic resistance associated 
with a disk change by a factor of as much as 27.3% 
(4/~ _-- 1.273; see Eq. [30a]) for the uni form current  
distribution, whereas we have seen that, in reality, the 
change of resistance is only on the order of 8% when 
changing from the uni form potential  to uni form cur-  
rent  distribution. 

APPENDIX 

Resis tance  of Nonisopoten t ia l  Disk  
As indicated by Jeans (20) and also Levich (31), the 

thermal  energy, W, generated due to current  flow in a 
medium of conductivity ~ is given by the volume inte- 
gral (for unit time) 

--) .._> 

W = f f f J  �9 Ed~ [58] 
where 

9 =  --KVV [59] 

-- - - V V  [60] 

Furthermore,  Gauss' theorem for two arbi t rary  scalar 
quanti t ies u and w is (32) 

f f f~Tu " V w d ~ - t -  f f f u v 2 w d ~  : f l u  Ow dA  [61] 
On 

where n indicates component  normal  to the bounding 
surface A. If we associate u and w with V, the poten- 
tial, i.e., let 

Vu  = J = --~VV [62] 

~Tw = E = - - V V  [63] 
then, since 

V2V = 0 [1] 

combination of Eq. [i] with Eq. [58] to [63] yields 

OV 
W = K f f V .  dA  [64] 

On 

In  the cases treated in the present  cylindrical  coordi- 
nate system 

0V 0V 
$ 

I and dA  = 2Jrrdr 
On Oz I z=0 

and since W = I2R (cf. Eq. [58]), Eq. [64] becomes 

s 12R = --K V (r) - o g  (r) 2~rdr [65] 
Oz z=O 

Equation [65] describes the system resistance in terms 
of arbi t rary  potential  and current  distr ibutions on the 
plane z :  0. If, for r > a, we have an insulat ion or 
zero potential  condition, and OV/Oz is constant on the 
disk then 

;: Z I2R = --K X V ( r ) 2 ~ r d r  [66] 
z = O  

or finally 
R = Wave// [67] 

(cf. Eq. [34], [42]) where Vave is based on area. 
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LIST OF SYMBOLS 
A area, cm 2 
a disk radius, cm 
b fuel cell dimension, cm 
d disk spacing, cm 

electric field, V c m -  ~ 
EA potential  of anode, V 
Ec potential  of cathode, V 
E complete elliptic integral  of second kind 
f, g arbi t rary  functions 
F Faraday 's  constant, cal V -1 (g-equivalent)  -2 
H Hankel  t ransform 
h fuel cell dimension, cm 
I current,  A 

J, ] cur rent  density, A cm -2  
JA anodic current  density, A cm -2 
Jave a rea  average current  density, A cm -2 
Jc cathodic current  density, A cm -2 
JD constant  current  density on disk, A cm -2 
] Bessel function of first kind 
K complete elliptic integral  of first kind 
m, n dummy variables 
p t ransformed variable  
r radial  distance from center of disk, cm 
R ohmic resistance, ohm 
Reff effective ohmic resistance, ohm 
R~ resistance of isolated disk, ohm 
u, w arb i t ra ry  scalar quanti t ies  
V potential, V 
rave a rea  average potential, V 
V transformed potent ial  
Vo applied potential,  V 
W thermal  energy per time, wat t  
z vertical distance from plane, cm 

arb i t ra ry  power (also indicates proport ionali ty)  
F gamma funct ion 

contact point  diameter, cm 
conductivity, ohm -1 cm -1 

v order of Bessel funct ion 
d~ infinitesimal volume, cm s 
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TechnicaI Note 

Note on an Organic-Electrolyte Cell with a High Voltage 

Abner Brenner* 
National Bureau of Standards, Washington, D. C. 20234 

In  the course of some experiments  directed toward 
the electrodeposition of lithium, I chanced on a cell 
which delivered the unusua l ly  high back emf of 5.2V. 
I believe that this is the highest voltage which has 
been reported for a single cell. The voltage approaches 
the theoretical voltage of about 5.9V that can be ob- 
tained by the combinat ion of l i th ium and fluorine. It is 
approximately equal to the voltage that  would be ob- 
ta inable  from l i thium and chlorine trifluoride, which 
combinat ion is about the most active that  could be 
considered feasible for operation as a cell near  room 
tempera ture  and atmospheric pressure (CIF~ boils at 
12~C). 

Experimental 
The electrolyte consisted of a 10% solution of l i th ium 

fluoborate in sulfolane or 3-methyl  sulfolane. The 
lat ter  is easier to use, because it is a l iquid at room 
temperature,  whereas the former is a solid. The solu- 
tion of l i th ium fluoborate in sulfolane, however, is 
fluid at room temperature,  al though somewhat viscous. 
Smooth, gray coatings of l i th ium were readily electro- 
deposited from these electrolytes. 

A combinat ion of three materials  was required in the 
cell to obtain the voltage of 5.2. These were: sulfolane 
or its methyl  derivative, a f luorine-containing l i th ium 
compound, either the fluoborate or hexafluorophos- 
phate, and a graphite anode. A series of quali tat ive ex- 
periments  showed that replacing any one of the three 
materials  led to a lower voltage. For example, a solu- 
tion of l i th ium fluoborate in te t rahydrofuran  or di-  
methylsulfoxide when  electrolyzed yielded good de- 
posits of l i thium, but  the back emf ranged between 
4.3 and 4.5V. Use of p la t inum or a few other metals 
as anode in place of the graphite anode in the sulfo- 
lane electrolyte yielded a back emf of only about 3.7V. 

* Electrochemical  Society Act ive  Member .  
Key  words :  l i th ium deposit ion, h igh  ene rgy  dens i ty  cell, organic  

electrolyte,  g raph i t e  electrode. 

The electromotively active mater ia l  was not in solu- 
tion, as replacement  of the polarized graphite rod by 
a fresh rod did not yield the high voltage. Subst i tut ion 
of l i th ium fluoborate by l i th ium bromide, in the sul-  
folane electrolyte, yielded an electrolyte which did not 
give a satisfactory deposit of l i th ium and the back 
emf (with graphite anode) was only 3.8V. Li thium 
hexafluorophosphate was a less satisfactory solute than 
the fluoborate, because it did not yield a satisfactory 
l i th ium deposit on electrolysis, and to obtain the back 
emf of 5.2V it was necessary to start  the electrolysis 
with a l i th ium cathode (along with the graphite 
anode).  

The back emf of 5.2V was obtained after only 
several minutes  of electrolysis and in repeated experi-  
ments  was reproducible  to about 0.1V. On open cir- 
cuit the voltage slowly decreased to about 5.0V in the 
course of a minute  or two and then more slowly. A 
graphite anode, which had been polarized for a longer 
period of time, stored up some of the electromotively 
active material,  as when the polarized cell was shorted 
through a mil l iameter  the ini t ial  current  was more 
than 10 mA / c m 2 and then slowly decayed. As a basis 
of comparison, a fresh, unpolarized graphite electrode 
with a l i th ium electrode in the sulfolane electrolyte 
ini t ia l ly had a voltage (open circuit) of 3.4 and yielded 
only about 1 mA / c m 2. The electromotively active 
compound was not too evanescent, as a graphite elec- 
trode was removed from the cell, r insed in water, dried 
with a cloth and replaced and yielded a back emf of  
4.3V, as compared with the voltage of an untrea ted  
graphite electrode of 3.4. 

A mat ter  of secondary interest, but  still ra ther  un -  
usual  was the electromotive activity of graphite and 
its deterioration in the solutions when used as an elec- 
trode. Graphite  was not attacked by simple immersion. 
As an anode it was rapidly eroded away. With a l i th-  
ium counterelectrode it  behaved as a positive plate 
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(cathode) in the sulfolane electrolyte  and del ivered a 
small  current  for a day or two. The init ial  current  was 
about 1 mA/cme  which dropped down to about 0.2 
m A / c m  2 after  24 hr. The graphi te  was somewhat  
etched. 

The e lect romotive act ivi ty  and disintegration of 
graphite was more pronounced in an e lect rolyte  con- 
sisting of a 10% solution of l i th ium chloride in di- 
methylsulfoxide.  Al though this cell (with l i thium and 
graphite electrodes) did not produce as high a back 
emf as the sulfolane-fluoborate cell previously de- 
scribed, it exhibi ted more react iv i ty  wi th  graphite 
electrodes, and for that  reason is described here in a 
li t t le more detail. Al l  types of graphi te  utilized were  
rapidly dis integrated when  made anodic in the DMSO 
solution. These included ordinary  graphi te  rods, puri-  
fied graphi te  obtained f rom the AEC, and pyrolyt ic  
graphite. The lat ter  dis integrated into lamellae about 
0.01 in. thick. Even more suprising was the rapid dis- 
integrat ion of graphi te  rods when used as the posit ive 
plate of a current  producing cell. A graphi te  rod 1/4 in. 
in diameter,  for example,  when  used as part  of a cur-  
rent  del iver ing cell in DMSO-LiC1 with  a l i th ium 
anode completely  disintegrated into a sludge after  

about 24 hr  operation. The currents  ini t ia l ly  were  
about 1 m A / c m  2 of graphite surface and slowly 
dropped down to about 0.5 m A / c m  2. 

In these experiments,  a divided cell was not used. 
A test tube sufficed. The sulfolane and dimethylsul f -  
oxide were  used as received. 

Conclusion 
I do not suggest that  the  cells described herein have 

any uti l i ty in their  present  form as a high energy den-  
sity battery.  However ,  if the  react ive material ,  that  
gives the sulfolane-f luoborate-graphi te  system the high 
back emf of 5.2V when the graphite is made anode, 
can be isolated or identified, perhaps such substances 
can be synthesized in quant i ty  by other  means  and 
made avai lable for the construction of cells. Also, the 
functioning of graphi te  in the organic electrolyte  as 
a positive plate in the discharge of the cell is an un-  
usual phenomenon and wor thy  of fur ther  investigation. 

Manuscript  submit ted Sept. 14, 1970; revised manu-  
script received ca. Nov. 18, 1970. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December  1971 
J O U R N A L .  

The Low-Temperature Passivation of 
Cadmium in 8M KOH 

Hong Yol Kang* 
P. R. Mallory & Co. Inc., Laboratory for Physical Science, 

Northwest Industrial Park, Burlington, Massachusetts 01803 

It has been reported (1) that  cadmium anodes have 
desirable propert ies for their  use in pr imary  alkaline 
cells at low temperatures .  The discharge of cadmium 
electrodes is normal ly  te rminated  by the onset of 
passivation. Al though the passivation of cadmium in 
alkaline solutions has been studied by a number  of 
authors (2-10), l i t t le data have been reported for the 
low- tempera tu re  range. In the present work  mea-  
surements  of cadmium passivation at low tempera -  
tures were  carried out to provide the data necessary 
for an analysis of the intrinsic rate capabilit ies of 
cadmium at low temperatures .  The behavior  of flat 
cadmium electrodes was studied in order to avoid the 
uncertaint ies associated wi th  the in terpre ta t ion of 
passivation data on porous electrodes. Eight  molar  
KOH solution was used as the electrolyte  to cover  a 
wider  range of temperatures.  The position of the cad- 
mium (bottom) and the range of current  densities 
(low) were  chosen to minimize the effect of convec- 
tion. The results fitted a kinetic expression proposed in 
the l i tera ture  based on a dissolut ion-precipi tat ion 
mechanism. 

KOH solutions were  prepared from a Fisher  poly-  
pac 45% solution and stored under  COs free conditions. 
Cadmium sheet wi th  a pur i ty  of 99.995% supplied by 
Alpha Inorganics, Inc., was degreased, t rea ted with  
di lute acid, and cathodically reduced at 3 m A / c m  2 for 
5 sec prior  to anodization. The passivation cell con- 

* Elec t rochemica l  Society Act ive Member .  
K e y  words :  cadmium,  t e m p e r a t u r e  dependence  of pass ivat ion ,  

v i t r eous  poin t  a n d  passivat ion.  

sisted of a threaded Lucite  block and a plug to form 
an electrolysis compartment .  The Lucite block also 
had an opening for the reference  electrode. The cad- 
mium anode was t ight ly  pressed by the plug in a 
horizontal  position at the bot tom of the cell, the area 
exposed to the electrolyte  being exact ly  1 cm 2. The 
conductor in contact with the working electrode was 
a p la t inum sheet welded on a nickel disk. The counter-  
electrode was a pla t inum wire  and the reference elec- 
trode was a H g O / H g  electrode in the same KOH 
solution. The whole cell was covered by a lid to pre-  
vent  an extensive change of the electrolyte  composi- 
tion by carbonation during the cooling down period. 
The amount  of the KOH electrolyte  was 5 ml  and the 
cell was cooled in an Associate Testing Labs SK2101 
tempera tu re  control  chamber.  The passivation mea-  
surements  were  made at constant currents  supplied by 
a H / P  Harrison 6200B d-c power  supply combined with 
resistance regulators.  The passivation t ime was deter-  
mined f rom the t ime of closing the circuit  to the in-  
stant at which the anode potent ial  increased rapidly. 

The passivation t ime of the flat cadmium electrode 
was measured at several  current  densities in 8M KOH 
at var ious tempera tures  ranging from 25 ~ to --60~ 
Results are shown in Table I. The values in the table 
are the average  of 3-6 measurements ,  the reproduci-  
bi l i ty of the data in terms of the standard deviat ion 
being about 15% throughout  the ranges of current  
and temperature.  

There  have been two different mechanisms proposed 
in the l i tera ture  for the anodic reaction of cadmium 
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Table I. Passivation of cadmium in 8M-KOH 
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C u r r e n t  dens i t y ,  P a s s i v a t i o n  
T e m p ,  ~ i, m A / c m  2 t ime ,  r ,  sec  

25 0.05 32,920 
0.1 9,135 
0.2 2,675 
0.3 1,395 
0.5 615.5 
0.75 357.6 
1.0 251.7 

0 0.05 14,210 
0.1 4,329 
0.2 1,338 
0.3 739.3 
0.5 352.8 
0.75 231.4 
1.0 170.2 

-- 10 0.05 7,511 
0.1 2,383 
0.2 889.2 
0.3 495.3 
0.5 249.0 
0.75 153.8 
1.0 113.0 

-- 20 0.05 3,779 
0.1 1,350 
0.2 588.1 
0.3 354.4 
0.5 163.2 
0.75 110.2 
1.0 72.9 

-- 30 0,05 2,388 
0.1 907.1 
0.2 390.8 
0.3 253.6 
0.5 105.6 
0.75 69.8 
1.0 49.3 

-- 40 0.05 1,550 
0.1 527.4 
0.2 244.9 
0.3 139.0 
0.5 65.3 
0.75 39.9 
1.0 26.1 

- -50  0.05 919.7 
0,1 282.3 
0.2 130.0 
0.3 60.4 
0.5 13.8 
1.0 10.2 

- 6 0  0.05 219.1 
0.1 72.4 
0.2 24.8 
0.3 19.1 
0.5 9.4 
0.75 4.4 
1,0 3.2 

in alkal ine solutions: the dissolution-precipitat ion 
mechanism (2-4, 8-10) and the film growth mechanism 
(5, 7). Recent investigations (8-10) appear to favor 
the former more than the latter. The data obtained in 
the present  work fitted reasonably well  the kinetic 
expression (8, 15) based on a dissolut ion-precipi tat ion 
mechanism involving a competing reaction. This mech-  
anism was characterized by the l inear  dependence of 
i~'/2 on i at low current  densities, where T is the pas- 
sivation t ime at constant  current  density i 

iT ~2 = a -F b i [1] 

Figure 1 shows the i vs. iT'/2 plot at various tempera-  
tures. Although fur ther  investigation is required to 
establish detailed reaction schemes, the data seem to 
indicate that  under  the conditions of this work cad- 
mium is indeed anodically passivated through a mech- 
anism satisfying the above kinetic expression. 

Table II. Passivation of cadmium in 8M-KOH 

Temp, ~ 25~ 0~ _30oc 
"l, irl12 irll~ irl12 irl12 jr1~2 irll.2 

mA/cm ~ (obs) (calc) (obs) (calc) (obs) (calc) 

0.05 9.07 7.78 5.96 5.88 2.44 3.32 
0.1 9.56 8.26 6.58 6.24 3.01 3.51 
0.2 10.34 9.20 7.32 6.94 3.95 3.90 
0.3 11.20 10.15 8.15 7.65 4.78 4.29 
0.5 12.40 12.05 9.39 9.06 5.14 5.06 
0.75 14.18 14.41 II,41 10.83 6.26 6.03 
1.0 15.86 16.78 13.04 12.59 7.02 7.00 

O0 0.5 1.0 
CURRENT DENSITY, rnA/crn ~ 

Fig. 1. i vs. i~ 1/= plot at various temperatures 

If the above mechanism is the case, the passivation 
t ime is controlled by the rate of precipi tat ion and /or  
the rate of mass t ransfer  of the dissolved cadmium 
species (8, 15). Thus, a tempera ture  dependence of the 
Arrhenius  type is expected of the passivation time 
and thus iT'/2. In  considering the tempera ture  depen-  
dence the concept of the vi treous point  To (12-14) 
was introduced since the mechanism involves the 
movement  of ions. The vitreous point  To is the tem- 
perature below which mobil i ty  of ion in the electro- 
lyte ceases (14). Then Eq. [1] can be expressed by 

( E a  ) ( Z b  ) 

i~ ~/2 = A exp T ~-To -~ B i exp T -- To 

[2] 
o r  

Ea ) [2a] 
a =- A exp T ---- To 

b = B exp T ---- To [2b] 

To was determined by Lauren t  and Tarrousseau (14) 
to be 165~ for 8M KOH. Based on the data in Table 
I parameters  a and b were computed at different tem- 
peratures, and the values of A, B, Ea, and Eb were 
computed by the regression method. The results are: 
A ---- 24.35, B ---- 33.70, Ea : 160.0 • 10.9, and Eb ---- 
168.8 • 14.7. Ea and E5 are equal wi thin  the s tandard 
error of statistical computation, and Eq. [2] can be 
expressed as 

( iTl/2 = (24.35 + 33.70 i) exp T - - - - ~ 5 /  [3] 

The observed values of iT 1/2 were compared with the 
calculated ones based on Eq. [3] in Table II. The ex-  
per imental  data agree reasonably well  with the cal- 
culated values. Although the fundamenta l  significance 
of this equation, if any, depends on fur ther  study of 
the system, the expression may be interest ing in sug- 
gesting a certain model of the passivation mechanism. 
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ABSTRACT 

This paper deals with the charge formation, decay characteristics, and 
variation of dielectric constant of thermoelectrets of SRs (polyvinyl chloride) 
and SRI0 (polyvinyl chloride) prepared at different voltages with different 
polarizing times. It has been found that polarizing time has a major influence 
in determining the initial as well as the final surface charge and also the final 
value of the dielectric constant. The results also show that surface charge for- 
mation is due not only to dipolar orientation but also to some other charging 
mechanism, which in turn affects the dielectric constant of the sample. Studies 
of variation of dielectric constant prove the pulsatory nature of the charge de- 
cay and also show qual i ta t ively  the orientat ion effect obtained by x - r a y  dif-  
fraction studies of electrets. 

Electrets  have been known for many  years but have 
recent ly  become a subject  of considerable interest.  
Heaviside (1) used the word electret  to denote a 
permanent ly  electrified mater ia l  having electric 
charges of opposite sign at its extremities.  Eguchi (2) 
has shown from his exper imenta l  investigations that  
electret  effect is a vo lume effect and not mere ly  a 
surface effect. 

Many other  workers  (3-7) in this field have  studied 
the characterist ics of electrets prepared from different 
materials  by measur ing their  surface charge, charging 
and discharging current,  and dipole movement .  In this 
investigation, measurements  have  been made on the 
var ia t ion of the dielectric constant of the polarized 
samples along with the surface charge studies. Useful  
informat ion about the variat ions in the surface charge 
and dielectric constant have  been obtained f rom these 
studies. 

Experimental Details 
The mater ia ls  used for these investigations were  SRs 

(vinyl)  and SR10 (vinyl)  manufac tured  by the Rajas-  
than Vinyl  and Chemical  Industries, Kota, India. These 
are PVC compounds with  different physical propert ies 
and are avai lable in powder  form with  different par -  
ticle sizes. Al though these mater ia ls  are copolymers 
and do not show any definite mel t ing  point, most of the 
ingredients  of these compounds are mol ten at about 
160~ 

Samples  were  molded by using these powders  in a 
mica cavity of 1 m m  thickness and 1 cm 2 size in be- 
tween two a luminum electrodes, keeping the device 
inside an electric oven at 190~ During formation, the 
upper electrode was connected to the posit ive te rmina l  
of a d-c  source and the lower electrode to the nega-  
t ive of the d-c supply in all cases. The heating and 
cooling of the sample were  done under  the influence of 

K ey  words:  dielectric properties, PVC electrets. 

the electric field for the required polarizing time. The 
sample formed in this manne r  was taken out of the 
electrode assembly for surface charge and dielectric 
constant measurements .  Af te r  the measurements ,  the 
electret  was wrapped with  a metal l ic  foil and kept in a 
desiccator for fur ther  measurements .  

Another  series of samples were  prepared in 15 rain 
polarizing t ime by the application of low polarizing 
voltages, keeping the device on a regula ted  heater.  In 
this case, the tempera ture  gradient  between the two 
surfaces was found to have a significant effect on the 
characterist ics of these types of electrets. The var i -  
ation of surface charge and dielectric constant wi th  
t ime of these samples was also measured,  and the re -  
sults obtained f rom these investigations show some 
useful information about the var ia t ion of dielectric 
polarization with t ime in such electrified samples. 

Method of Measurement 
The surface charge of the polarized sample was 

measured by a Lindemann Elec t rometer  and a spe- 
cially made measur ing device using the induction 
method. Af ter  charge measurement  on e i ther  side, the 
electret  was short -c i rcui ted by a metal l ic  foil  and 
kept in a desiccated condition for fur ther  studies. 

For the measurement  of the var ia t ion in the dielec- 
tric constant of the polarized sample, another  ins t ru-  
ment  was developed with  the help of a spherometer.  
A metal l ic  c ircular  electrode was screwed into the 
central  leg of a spherometer  and the other three legs 
were  fixed on a plane ebonite plate. At  the center  of 
the ebonite plate, just  below the upper  electrode, an- 
other  circular  metall ic plate with a guard ring was 
fixed so that  the a r rangement  would act as a var iable  
guard ring condenser. By this a r rangement  the capaci- 
tance of the air space be tween  the two paral le l  elec-  
trodes or the sample could be measured very  ac- 
curately, as the least count of the spherometer  was 
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IO 

O. 

Fig. 1. Variable guard ring condenser used for the measurement 
of dielectric constant. 

0.005 mm. The two electrodes of this device (Fig. 1) 
were  connected to the Picro Farad (PF) meter  wi th  
the help of two short leads for capacitance measure-  
ment.  With the help of this PF mete r  the capacitance 
can be measured direct ly  in picrofarads, using the 
bridge method principle. The capacitance of the con- 
denser was measured by keeping the polarized sample 
between the two electrodes. Af te r  removing the sam- 
ple, the  capacitance of the  air condenser  of the same 
thickness as that  of the electret  was also observed to 
determine  the dielectric constant. If  C is the capaci- 
tance measured  wi th  the polarized sample and Co 
with the air between the plates, then the dielectric 
constant, ~, of the polarized samples can be wr i t ten  as 

C 
E - -  

C o  

Using this relat ion and the above-ment ioned  tech-  
nique, the var ia t ion of the dielectric constant wi th  
t ime of the electrets was measured for more than 30 
days. 

Results and Discussion (8, 9) 
Figures 2-7 show the charge decay characteristics, 

and change in dielectric constant wi th  time, of the 
electrets of SRs prepared to 10, I2, and 14 k V / c m  in 
4 and 6 hr  of polarizing time. It  has been observed 
from these curves that  the cathode side of the samples 
prepared in 4 and 6 hr  of polarizing t ime init ial ly give 
homocharge which decays and reverses to a pe rma-  
nent heterocharge.  F rom an analysis of these curves 
it can be seen that  existence of the initial homocharge 
of samples prepared in 4 hr  t ime decreases wi th  the 
increase of the polarizing voltages (15 days for the 
sample prepared  at 10 kV/cm;  2 days and 1 day for 
the samples prepared at 12 and 14 kV/cm,  respec- 
t ive ly) .  The same also happens with  the anode sur-  
face, and the t ime varies  f rom 13 to 2 days with in- 
crease of voltage as shown in Table I. 

The charge retent ion characterist ics of the anode 
and cathode sides of the series of electrets  prepared at 
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Fig. 2. Variation of dielectric constant and surface charge den- 
sity vs. time for SRs (PVC) electret formed at 10 kV/cm in 4 hr 
polarizing time. 
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sity vs. time for SRs electret formed at 10 kV/cm in 6 hr polariz- 
ing time. 

different polarizing voltages with 6 hr  of polarizing 
t ime have  been shown in Table I and in Fig. 2, 4, and 
6. F rom this it can be seen that  the cathode of these 
samples shows a reversa l  of charge from homo to 
hetero in a few days as indicated, whereas  the anode 
side shows on]y a homocharge without  any reversal.  

The presence of heterocharge can be explained on 
the basis of the two-charge  theory  given by Gross 
(10), which has been accepted by most of the recent  
workers  in this field. Wiseman and Feaster  (11) con- 
sidered the electret  assembly as a th ree - layer  capacitor 
and explained the exper imenta l  results by giving the 
analyt ical  expressions. Cross and Hart  (12) have 
shown that  the current  in the medium is i = G E ,  
where  G is the electr ical  conductance and E is the 
electric field in the medium. The current  through the 
surface layers in therefore  i i  = G1E1. The current  

Table I. Material SR8 

P o l a r i z i n g  
v o l t a g e ,  
k V / c m  

T i m e  of T y p e  of c h a r g e  on 
p o l a r i z a t i o n  t h e  c a t h o d e  s ide  

i n  h o u r s  I n i t i a l  F i n a l  

T y p e  of c h a r g e  
on a n o d e  s ide  

I n i t i a l  F i n a l  

E x i s t e n c e  of  
h o m o c h a r g e  on 

c a t h o d e  s ide  
in  d a y s  

E x i s t e n c e  of 
h e t e r o c h a r g e  
on a n o d e  s ide  

in  days  

10 
12 
14 
10 
12 
14 

H o m o  H e t e r o  H o m o  H e t e r o  
H o m o  H e t e r o  H o m o  H e t e r o  
H o m o  H e t e r o  H o m o  H e t e r o  
H o m o  H e t e r o  H o m o  H o m o  
H o m o  H e t e r o  H o m o  H o m o  
H o m o  H e t e r o  H o m o  H o m o  

15 
2 
1 

12 
7 
7 

13 
5 
2 
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through the main  body of the sample is given by 
i2 z G2E2. In general  

GIE1 =F G2E2 

Here there is an accumulat ion of charge at the in ter-  

face between the surface layer and main  body and can 
be given as 

O'hom Y ~ -  G1E1 -- G2E2 . ~  - - O ' h e t  ? 

This equation shows that  the na ture  of the ini t ial  
charge depends on the relat ive magni tude  of GIE1 and 
G2E2. 

Although the above theory explains the nature  and 
magni tude  of the ini t ial  and final charges appearing 
on the electret surface, it fails to give a proper ex- 
planat ion for the appearance of init ial  homocharge and 
reversal of homo to heterocharge. The presence of ini-  
tial homocharge on the cathode side of the SRs(PVC) 
electret may be due to the existence of excessive 
negative ions in the bu lk  of the material,  and under  
h igh- tempera ture  conditions they may be aligned on 
the cathode side of the electret. In  the study of the 
thermal  degradation of polyvinyl  chloride, it was found 
that the weakest C-C1 bond wil l  be rup tu red  at tem- 
peratures above 165~ (13). This is followed by an ab-  
straction of a hydrogen atom from an adjacent  carbon 
and formation of a double bond in the chain. Therefore, 
above 165~ negative ions are produced in PVC which 
in t u rn  will  be collected near  the cathode side due to 
the attraction of the dipoles. Similarly,  positive ions 
from the decomposed products collect near  the anode 
side due to the action of the dipolar field. 

When a field is applied in the molten state of the 
material,  the dipoles wil l  be oriented in the direction 
of the field and these oriented dipoles in tu rn  will  
attract the ions of opposite polari ty from the bu lk  
of the material,  which wil l  stick to the surface when 
the sample is solidified. This can be seen also by ob- 
serving the decay curve of ini t ial  homocharge on the 
cathode, as well as on the anode, side of the samples 
(Fig. 2-7) (14). As the field increases, decay time of 
ini t ial  homocharge decreases considerably as shown in 
Table I. When the field increases more, more dipoles 
are oriented in the direction of the field; consequently, 
the charge due to dipolar orientat ion will  be much 
more than what  is obtained at lower fields. 

It  has been observed that polarizing t ime is a major  
influence in giving the polari ty of charge. Samples 
prepared in 6 hr  give pe rmanen t  homocharge at the 
anode side. It shows that  the predominance of ionic 
charge increases with t ime of preparation. 

Figure 8 shows the charge decay characteristics and 
change in dielectric constant  of an electret prepared at 
8 kV/cm in 4 hr of polarizing t ime with SR10 (PVC) 
material.  SR10 is again a PVC compound with different 
compositions. It has lower dielectric constant  than SRs 
(PVC). This mater ia l  also shows similar behavior. 

In the next  part  of this paper, characteristics are 
given of three samples prepared from SR10 v inyl  at 15, 
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Fig. 8. Variation of dielectric constant and surface charge den- 
sity vs.  time for SRIo (PVC) electret formed at 8 kV/cm in 4 hr 
polarizing time. 

360, and 720 V/mm, in 15 min  polarizing time, follow- 
ing the method adopted by Ja in  and Pil lai  (15). 

Here again the cathode side shows behavior similar 
to that of the high-voltage samples. It shows that, 
even at 15 V/mm,  ions are collected on the negative 
side to give rise to homocharge, although the lifetime 
is much less than that of the high-voltage samples. It  
can be seen again that  the lifetime of these init ial  
homocharges is longer at higher voltages up to 720 
V/mm. 

The decay curves of the low-voltage electrets (Fig. 
9-11) show that the charge decay is ra ther  smooth in 
this case, which indicates that  the rapid reorientat ion 
of dipoles may not be taking place at these low volt-  
ages. The curves (Fig. 9-11) showing the variat ion of 
the dielectric constant  with t ime also show that the 
changes are not as significant as in  the case of high- 
voltage samples. 

Therefore, it is apparent  that the formation of 
charge in thermoelectrets  is not merely  a contr ibut ion 
from the volume polarization taking place in the bulk 
of the sample, but  is also due to the contr ibut ion from 
external  polarizations. At high voltage it is possible 
to have spray charge from the electrode to the surface 
of the sample. The magni tude  of this may depend on 
the work funct ion of the electrode material,  the in ter -  
space gap, and the gas in the interspace. In  addition 
to these, another  possible contr ibut ion is due to the 
molding and str ipping charges which are also depen- 
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Fig. 9. Variation of dielectric constant and surface charge den- 
sity vs. time for SR10 (PVC) electret formed at 15 V/mm in 15 
min polarizing time. 
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dent on temperature  and on the type of surface con- 
tact. To account for all these, Pillai, Jain,  and Vii 
(16, 17) have given the following expression for the 

effective charge of an electret. 

a E  ~ a D  "~- a i  " ~  a h o m  - ~  0"M 

where aE is the effective surface charge of the electret 
~D is the contr ibut ion of charge due to dipolar 

or ientat ion 
ai is component  due to ionic polarization 
ahom is contr ibut ion due to external  polarization 

like spray charge 
aM is charge due to molding and str ipping 

In every figure from 2 to 11 the var iat ion of dielec- 
tric constant has also been plotted with surface charge 
to see both the effects simultaneously.  Figure 12 shows 
the var iat ion of dielectric constant  with t ime in SR10 
(PVC) electrets prepared at different voltages and also 
in different polarizing times. 

From Fig. 2 to 7 and 12 it can be seen that the di- 
electric constant changes with t ime and reveals some 
peaks in the beginning.  It shows that the dipoles 
aligned in the direction of the field slowly start re- 
or ient ing in other directions. This gives rise to a 
change in dielectric constant  as well  as a change in 
surface charge. It can also be observed from these 
figures, 2-8, that  the variat ion of dielectric constant 
takes place only in the init ial  few days and thereafter  
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it becomes constant  almost s imultaneously with the 
surface charge which also starts showing constancy. 

On the application of the field in the molten condi- 
tion of the material,  only a fraction of the dipoles 
orient in the direction of the field and a larger portion 
orients randomly  in all other possible directions. 
Al ignment  of the dipoles in  the parallel  direction in-  
creases the dielectric constant. The orientat ion of di- 
poles depends on the polarizing voltage, temperature,  
and time of the sample. In  the ini t ial  stage, there are 
some peaks in the curves of the dielectric constant vs. 
t ime curve for all the samples prepared at high volt-  
ages. It clearly shows that the max imum reorientat ion 
of dipoles takes place in the ini t ia l  stage. Surface 
charge measurements  also show drastic charge density 
variat ion in the ini t ial  stage. But the phenomena of 
surface charge and variat ion of dielectric constant  
cannot be correlated directly, as the surface charge 
is not merely  a dipolar phenomena;  it also includes 
other mechanisms of charge formation. Other charg- 
ing mechanisms also affect the dielectric constant 
variation. The dipoles are also bound by the presence 
of ions over the surface due to spraying, molding, 
and stripping. As soon as the surface loses some of 
these ionic charges, oriented dipoles become disturbed 
due to an unbalanced force which causes the var ia-  
tion in the dielectric constant. 

After  a few days time, there is no variat ion in di- 
electric constant  as well  as in surface charge. This 
clearly shows that  there is no reorientat ion of dipoles 
at this stage. The pe rmanen t  value of surface charge 
of the samples shows that  presence of polarization. The 
dielectric constant  of an unpolarized sample of SRs 
prepared under  similar  conditions is 1.181. But  the 
final value of the dielectric constant of the polarized 
samples, Fig. 2-7, is not always higher than this value. 
It may be due to the fact that, on application of the 
field in  the mol ten condition of the material,  some di- 
poles were aligned in the parallel  direction and some 
in the other directions. Moreover the contr ibut ion due 
to external  polarizations varies from sample to sample, 
which also affects the variat ions from the normal  value 
observed in the dielectric constant. 

From Fig. 9 to 11 it  can be seen that the variat ion 
observed in the dielectric constant  vs. t ime curves for 
the electrets prepared at low voltages in 15 min  time 
is not appreciable. Figure  12 shows the dielectric con- 
stant  variat ion of samples of SR10 prepared at different 
voltages in 6 hr time. It can be seen from these curves 
that the variat ion of the dielectric constant in the 
init ial  stage is more for higher voltages. But the final 
value of the dielectric constant  decreases with in-  
crease of polarizing voltages. 

The present  investigations show that  the value ob- 
tained for the apparent  dielectric constant  is very low 
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(1.1-1.2) in comparison to the value quoted in the 
l i terature for this material .  The dielectric constant 
given for PVC is 3-5. The sample used in the present  
investigations is of much lower density than the s tan-  
dard sheets prepared under  high-pressure conditions. 
In the present studies the microcrystall i tes cannot be 
packed closely, as the samples were made just  between 
the two mica sheets without  high pressure. The low 
apparent  dielectric constant  measured here is a t t r ib-  
uted to the low densi ty of these specimens, which was 
measured to be about  0.6 g/cc, whereas the resin has 
a density of about 1.4. 

This invest igat ion thus confirms the pulsatory nature  
of surface charge decay as observed by Koj ima and 
Kato (18). This also shows that  the var iat ion of the 
surface charge of an electret is in t imately  related to 
the var iat ion of the dielectric constant  of the polarized 
sample. In  addition, the studies of variat ion of the di- 
electric constant  of a polarized dielectric provide an-  
other impor tant  technique for invest igat ing the char-  
acteristics of an electret. 

Summary and Conclusions 
The results obtained from these exper imental  in-  

vestigations show that  SRs (PVC) and SR10 (PVC) are 
good materials for electret preparation.  

Polarizing t ime has a major  influence in determin-  
ing the initial, as well  as final, surface charge of an 
electret and also on the final value of the dielectric 
constant. 

It  also shows that surface charge formation in 
electrets is not merely a dipolar phenomenon but  in-  
cludes other charging factors, which in t u rn  affect the 
dielectric constant  of the polarized samples. 
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Phase Equilibria in the System 
and Eu'-Activated Luminescence of Sr (PO )  and 

Related Phases 
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ABSTRACT 

The phase equil ibria relationships in the Sr3 (PO4)2-Cd3 (PO4)2 system were 
established in air using DTA and melt ing point data obtained from composi- 
tions previously equil ibrated by solid-state reactions. In addition to the pre-  
viously reported rapid, reversible a ~ fl-Sr3(PO4)2 polymorphic inversion at 
1305~ (1), a second rapid reversible t ransi t ion fl ~ ~-Sr~ (PO4)2 was found to 
occur at 141O~ prior to mel t ing at 1620~ Cd3(PO4)2 is soluble in: (a) 
~-Sr~(PO4).2 to a max imum of 1 or 2 m/o  (mole per cent) ,  (b) fl-Sr3(PO4)2 
to a m a x i m u m  of 21 m/o  at 1075~ with 12 m/o  sufficient to stabilize the 
E-phase to room temperature,  and (c) 7-Sr3(PO4)2 to a ma x i mum of 31 m/o  
at 1125~ A eutectoid reaction exists at 1075~ where ~-Sr3 (PO4)2 solid solu- 
tion, 7-Sr3(PO4)2 solid solution, and a te rnary  compound Cd2Sr(PO4)2 are in 
equil ibrium. Sr8 (PO4)2 is soluble in Cd3 (PO4)2 to a max imum of about 3 m/o  
at 1050~ The luminescence of Eu2+-activated Sr3(PO4)2 is very dependent  
on composition and the polymorph present at the reaction temperature.  Small  
additions of Cd3 (PO4)2 to all Sr3 (PO4)2 polymorphs rapidly quench the lumi-  
nescence. Although both h igh- tempera ture  forms of Sr3(PO4)2 revert  to the 
a-modification upon cooling to room temperature,  phosphors prepared by solid- 
state reaction in the temperature  stabil i ty range of ~-Sr3(PO4)2 possess su- 
perior brightness levels. 

In  recent years considerable interest  has been di- 
rected toward the discovery and characterization of 
Eu2+-activated phosphors (1-9). One of the most effi- 
cient phosphors in this class is Sr3(PO4)2 (10, 11). 
S t ront ium orthophosphate is known to exhibit  poly- 
morphism on heating and cooling (12); however, the 
effect of this phase change on luminescence has not 
been investigated previously. 

In  the present  invest igat ion the polymorphism of 
Sr3(PO4)2 is re -examined and the effect of poly- 
morphism on luminescence is studied. The scope of the 
investigation is also expanded to include phase equi- 
l ibria studies in the Srs (PO4) 2-Cd3 (PO4) 2 system. This 
is especially re levant  because of the similari ty in 
ionic sizes between Sr 2+ (1.27A), Cd 2+ (1.06A), and 
Eu2+(1.24A) and the previously reported stabilizing 
effect of Cd 2+ for Sr 2+ substi tutions in ~-Sr3(PO4)2 
(13). 

Related Literature 
The luminescence of Eu2+-activated Sr3(PO4)2 has 

been described by Nazarova (10) and Levshin et al. 
(11). More recently, Shaffer (14) reported that 
Sr3(PO4)2:Eu 2+ possesses a characteristic peak emis- 
sion at 408 nm, with a band  width of 42 nm at half 
the peak intensity.  The phosphor is approximately 
equally efficient to ul traviolet  and cathode-ray ex- 
citation. The emission has saturated blue color co- 
ordinates at X • 0.162 and Y : 0.016 and is relat ively 
fast decaying. 

Sarver, Hummel,  and Hoffman (12) demonstrated 
the polymorphic na ture  of Sr3(PO4)2. The low-tern- 
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K e y  words :  phase  equi l ibr ia ,  luminescence ,  phosphors,  poly- 

morph i sm,  d ivalent  europium,  alkal ine ear th  phosphates.  

perature (a) modification undergoes a rapid, reversible 
t ransi t ion to ~-Sr3(PO4)2 at 1305~ The h igh- tem-  
perature (8) polymorph crystallizes with the 
~-Ca3(PO4)2 (Whitlockite) structure. Kreidler  and 
Hummel  (15) more recently established the melt ing 
temperature  of Sr3(PO4)2 at 1620~ Powder x- ray  
diffraction data for Cd3(PO4)2 were presented pre-  
viously by Brown and Hummel  (16). 

Experimental Procedure 

The phase equil ibria relationships in the Cd3 (PO4)2- 
Sr3(PO4) 2 system were established using the 17 com- 
positions listed in Table I. The raw materials  used 
were C.P. grade CdCO3, SrCO3, and NH4H2PO4. The 
batch materials were weighed to • mg on an ana-  
lytical balance and mixed to dryness under  acetone in 
a glass mortar  and pestle. The preparat ions were 
slowly heated to 900~ and reacted at this tempera-  
ture for 2 days with one in termi t ten t  mixing. Weight 
loss experiments  carried out in  p la t inum crucibles in 
air indicated that  no significant loss of CdO, SrO, or 
P20~ occurred dur ing the preparat ion process. 

All  single-phase regions were activated by sub- 
st i tut ing 0.01 mole of europium for the alkaline earth 
cation. The europium was added as Eu203 obtained 
from Michigan Chemical Corporation. The prepara-  
tions were slowly heated to the desired reaction tem- 
perature in air and allowed to react for 12-24 hr. The 
reduction of Eu 3+ to Eu 2+ in situ was carried out by 
a second heat t rea tment  in a mull i te  tube  furnace 
under  an atmosphere of approximately 95% N2-5% H2. 
All  preparations were heat t reated in the reducing 
atmosphere for 11/2 hr and allowed to cool in a protec- 
t ive atmosphere of N2. 

X - r a y  diffraction data were obtained using CuKa 
(}~ = 1.5418A) radiat ion from a Norelco diffractometer 
operated at 40 kV and 15 mA. Precise lattice spacings 
were obtained using silicon powder (ao = 5.4305A) as 
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Table 1. Compositions and experimental data used to construct Sr3(PO4)2-Cd3(P04)2 phase diagram 

S a m p l e  C o m p o s i t i o n  ( m / o )  H e a t  t r e a t m e n t  P h a s e  
No.  Srz(POD.~ Cd:dPOD~ ( ~  a s s e m b l a g e s  R e m a r k s  

1 I00 0 1400/48 c~-SuP 
1300 a -S3P  ~ r D T A  
1410 ~-S3P ~- ce-S~P D T A  
D T A  e x p e r i m e n t  s t o p p e d  a t  1450~ s a m p l e  u n m e l t e d  

2 95 5 1050/48 cx-SzP + ~-S~P 
1281 c~-SaP ~ fl-S3P D T A  
1380 ~-S~P ~ "y-SaP D T A  
1425 So l i dus  D T A  
D T A  e x p e r i m e n t  s t o p p e d  a t  1450~ s a m p l e  p a r t l y  m e l t e d  

3 92 8 1050/48 cr + ~-SaP 
1277 fl-S~P ~- 3~-S~P D T A  
1400 So l i dus  D T A  
D T A  e x p e r i m e n t  s t o p p e d  a t  1450~ s a m p l e  p a r t l y  m e l t e d  

4 90 10 1050/48 B-S~,P P o s s i b l e  t r ace  c~-S~P 
1275 f l-SaP ~ ? -S~P  D T A  
1400 So l i dus  D T A  
D T A  e x p e r i m e n t  s t o p p e d  at  1450~ s a m p l e  p a r t l y  m e l t e d  

5 82 18 1050/48 fl-S~P P o s s i b l e  t r ace  CcSP 
1044 E u t e c t o i d  D T A  
1180 So l idus  D T A  
D T A  e x p e r i m e n t  s t o p p e d  a t  1450~ s a m p l e  p a r t l y  m e l t e d  

6 80 20 1050/48 ~-S3P + C2SP 
1044 E u t e c t o i d  D T A  
1150 So l i dus  D T A  
D T A  e x p e r i m e n t  s t o p p e d  a t  1450~ s a m p l e  p a r t l y  m e l t e d  

7 78 22 1050/48 fl-S3P + C~SP 
1044 E u t e e t o i d  D T A  
1140 So l idus  D T A  
1450 L i q u i d u s  D T A - - s a m p l e  m e l t e d  

0 74 26 1050/48 ~-S3P + C=,SP 
1040 E u t e c t o i d  D T A  
1110 So l i dus  D T A  
1380 L i q u i d u s  D T A - - s a m p l e  m e l t e d  

9 70 30 1050/48 ~-S~P + C~SP 
1068 E u t e e t o i d  D T A  
1120 So l i dus  D T A  
1320 Liquidus DTA--sample melted 

10 60 40 1050/48 fl-S3P + C~SP 
1075 E u t e c t o i d  D T A  
1125 So l i dus  D T A  
1310 L i q u i d u s  D T A - - s a m p l e  m e l t e d  

II  50 50 1050/48 ~-SaP + CcSP 
1080 Eutectoid DTA 
1130 Solidus DTA 
1200 Liquidus DTA--sample melted 

12 40 60 1050/48 fl-S3P + C~SP 
1078 E u t e c t o i d  D T A  
1130 So l idus  D T A  
1140 L i q u i d u s  D T A - - s a m p l e  m e l t e d  

13 33.3 66.7 1050/48 CeSP 
1080 E u t e c t o i d  D T A  
1145 M e l t i n g  p o i n t  D T A - - s a m p l e  m e l t e d  

14 30 70 1000/48 C._,SP + CsP 
1050 E u t e c t o i d  D T A  
1115 L i q u i d u s  D T A - - s a m p l e  m e l t e d  

15 20 80 1000/48 C~SP + C~P 
1055 E u t e c t o i d  D T A - - s a m p l e  m e l t e d  

16 10 90 1000/48 CeSP + C~P 
1050 E u t e c t o i d  D T A  
I100 ? D T A  
1150 ? D T A  
1175 L i q u i d u s  D T A - - s a m p l e  m e l t e d  

17 0 100 1000/48 C,~P 
1190 M e l t i n g  p o i n t  D T A - - s a m p l c  m e l t e d  

A b b r e v i a t i o n s :  
C~,SP = Cd~Sr(POI)~  
C~P = Cd~(PO,)~ 
SaP = Sra(PO1)~ 
DTA = differential thermal analysis. 

an in terna l  s tandard and a diffractometer scanning 
rate of 1/4 ~ o/min. 

Differential thermal  analysis (DTA) data were ob- 
tained using a Model 12BC2 apparatus manufactured  
by Robert L. Stone Company, Austin, Texas. A heating 
rate of approximately 10~ was used. Melting 
point determinat ions were made using a TemPres plat-  
inum strip furnace and a calibrated optical pyrometer.  

Luminescence spectra were measured using an 
Aminco-Bowman Spectrophotofluorimeter. Spectra 
were compared with a s tandard Sr3 (PO4) 2: Eu 2 + phos- 
phor. 

Experimental Results 
Phase equilibria studies.--The phase relationships 

for the Sr3 (PO4) 2-Cd~ (PO4) 2 b inary  system as shown 
in Fig. 1 were established from the exper imental  data 
listed in Table I. 

The Sr~ (PO4)2 rapid reversible ~ ~ /3 polymorphic 
t ransi t ion previously reported (12) at 1305~ was con- 
firmed by DTA experiments.  Upon heating ~-Sr3 (PO4) 2 
to still higher temperatures,  a second sharp repro- 
ducible heat effect at 1410~ was observed (see top 
curve in Fig. 2). Because this heat effect was observed 
on both heating and cooling through this temperature  

range, it was interpreted to indicate a second rapid 
reversible polymorphic t ransi t ion for Sr3(PO4)2. The 
h igh- tempera ture  Sr3(POt)2 polymorph is designated 
-y in Fig. 1. 

The ~ ~ "~-Sr3(PO~)2 transition apparently was not 
observed by previous investigators because they did 
not carry their DTA experiments to temperatures above 
1350~176 An x-ray diffraction characterization of 
7-Sr:~(PO4)2 was not obtained because of the tem- 
perature limitations of the x-ray diffraction furnaces 
available. Attempts to stabilize 3,-Sr3(PO4)2 to room 
temperature by chemical substitutions, as was done 
with fl-Sra (PO~)2, were unsuccessful. 

Upon addition of Cda (PO4)2 to Sr3 (PO4)2, three solid 
solution regions are developed. A very small amount 
of Cd3 (PO4) 2 is soluble in a-Sr3 (PO4) 2, apparently less 
than 2 m/o. Approximately 12 m/o Cd3(PO4)2 dis- 
solved in r is sufficient to stabilize this 
polymorph to room temperature. This result is in good 
agreement with the previously reported results of 
Koelmans and Cox (13). The B-Sr3(PO4)2 solid solu- 
tion is relatively narrow below 1000~ with a maxi- 
mum solubility of 21 m/o Cd3(PO4)2 at I075~ A 
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17c~c) Table II. Powder x-ray diffraction data for Cd2Sr(P04)2 

d I/Io 

L 

6.7 14 
7.7 tr 
7.5 t r  
6 .24 35 
5.80 t r  

5.01 tr 
7.45 39 
4.40 tr  
3.99 35 
3.95 49 

3.87 8 
3.69 t r  
3.17 42 
3.11 17 
3.04 17 

2.91 100 
2.83 41 
2.70 21 
2.61 70 
2.59 43 

O t h e r  r e f l e c t i o n s  

s~(Po4) 2 zo 4o 6o so cd~P%) 2 

Mole % Cd~(P04 ) 2 

Fig. 1. Phase equilibrium diagram for the system Sr:~(PO4)2- 
Cd3(P04)2. 
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Fig. 2. (Top) DTA curves for Sr3(PO~)2 and (Sro.99,Euo.o1)3(P04)2. 
(Bottom) Variation of phosphor peak intensity with temperature 
of final (reducing) heat treatment for $r3(PO4)2:Eu 2+. 

maximum solid solubili ty of 31 m / o  Cd3(PO4)2 in 
~-Sr3 (PO~).2 was observed at 1125~ 

A ternary  compound, Cd2Sr(PO4)2, (2CdO �9 SrO �9 
P205), was isolated and definitive x - r ay  diffraction 
data are listed in Table II. DTA exper iments  indicated 
that this compound does not exist in more than one 
crystall ine modification and that  congruent  mel t ing 
occurs at 1145~ 

DTA data clearly indicate two react ion isotherms 
between the S r3 (PO02  solid solution phases and the 
te rnary  compound Cd2Sr(PO4)2. At 1075~ a eutectoid 
reaction isotherm exists where  ~-Sr3 (PO4)2 solid solu- 
tion, -~-Sr~ (PO4) 2 solid solution, and Cd2Sr (PO4) 2 are 
in equil ibrium. The intensity of the heat  effect is very  
weak for compositions near  Cd2Sr (PO~)2 and becomes 
more and more intense as the Sr3(PO4)2 content  in-  
creases. Maximum intensi ty was observed near the eu- 
tectoid point. The existence of this eutectoid reaction 
substantiates the previous evidence for the existence 
of a third polymorph of Sra (PO4) 2. 

A second series of DTA heat  effects in this com- 
positional range were  observed at 1125~ These heat  
effects become more intense as the eutectic point at 
60 m / o  Cd3(PO4)2 is approached. The equi l ibr ium 
phases on the eutectic isotherm are ~-Sra (PO4)2 solid 
solution, Cd2Sr (PO4) 2, and liquid. 

On the Cd3(PO4)2 side of Cd2Sr(PO4)2 a eutectic 
react ion was observed at 1125~ A m ax im um  of about 
3 m / o  Sr3(PO4)2 is soluble in Cd3(PO4)2 at this tem-  
perature.  Liquid, Cd2Sr(PO4)2, and Cda(PO4)2 solid 
solution are in equi l ibr ium along this eutectic isotherm. 
Several  weak unidentified heat  effects between the 
solidus and liquidus tempera tures  were  observed for 
compositions containing 80 and 90 m / o  Cd3 (PO4) 2. 

Because the Sr3 (PO4)2-Cda (PO4)2 system is not glass 
forming, all l iquidus tempera tures  were  determined 
by DTA and visual  methods and are accurate to _10~ 
The liquidus tempera ture  decreases rapidly from 
1620~ as the Cd3(PO4)2 content increases to the eu- 
tectic at 1125~ and 60 m / o  Cd3(PO4)2. The ]iquidus 
curve then increases to 1145~ at Cd2Sr(PO4)2, then 
decreases to the second eutectic at 1050~ and 72 m / o  
Cd3(PO4)2. The l iquidus curve increases again to 
1180~ the mel t ing point oi Cd3(PO4)2. 

Luminescence studies.--All single-phase regions in 
the Sr3 (PO4) 2-Cdu (PO4) 2 system were  invest igated for 
Eu 2+-actiVated luminescence. Cd2Sr(POa)2:Eu and 
Cd3(PO4)2:Eu were  found to be inert. In addition, 
substitution of Cd 2+ for Sr 2+ in Sr3(PO4)2 was ob- 
served to quench the Eu~-+-activated luminescence. 
Stabilized 2-(Sr ,Cd)3 (PO4)2 was a ve ry  weakly  emit -  
ting blue phosphor. 

As pointed out previously, both the ~ ~ ~ and ~ ~--- 
transitions of Sr3 (PO4)2 are rapidly  reversible. Because 
of this nonquenchable  characteristic,  ~-Sr3(PO4)2 is 
always obtained at room tempera tu re  in phosphor 
preparations. The substitution of 1.0 m / o  Eu 2+ for 
Sr ~2+ in pure Sr3(PO4)2 significantly lowers the in-  
version tempera tures  as shown in the DTA curves at 
the top of Fig. 2 The two sharp peaks for Sr3(PO4)2 
i l lustrate the characterist ic heat  effects of the two poly- 
morphic transit ions at 1305 ~ and 1410~ The corre-  
sponding two heat  effects for the phosphor, (Sr0.,~), 
Eu0.01)3(PO4)2, occur at t empera tures  of 125~176 
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Table Ill. Summary o~ Eu 2+-activated luminescent data of phases in the Sr3(PO4)2-Cda(PO,i)2 system 
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P h o t o l u m i n e s e e n e e  
X p k  

C o m p o s i t i o n  H e a t  t r e a t m e n t *  Phase*  * B r i g h t n e s s  n m  

~Sro.v~,Euu.oD:~(POD~ 1000/24 + 1000/IV2 ~-S3P 20 410 
1000/24 + 1020/1V2 a-S~P 90 410 
1000/24 + 1075/1Vz ~-S~P 47 410 
1000/24 + 1085/1V2 u -SaP  50 410 
1000/24 + 1125/IV2 ~-S3P 50 410 
1000/24 + 1200/IV2 a-SaP i00 410 
1000/24 + 1215/1V2 ~-S~P 100 410 
1000/24 + 1250/IV~ ~-S~P I00 410 
1000/24 + 1280/1Vz ~-S~P 70 410 
1000/24 + 1295/1Ve a-S~P 59 410 
I000/24 + 1305/IVe a -S~P  57 410 
1000/24 + 1350/IV~ ~-S~P 30 410 
1000/24 + 1380/IV~ ~-S~P 56 410 
1000/24 + 1395/1V~ ~-S~P 20 410 

(Sro.~,Cdo4~,Eu0.oDafPO,)~ 1000/24 + 1000/1V~ ~-S~P W e a k  b lue  
(Sro.~.~5,Cd~.~,Euo.~) (PO~)~ 1000/24 + 1000/1V~ C~SP I n e r t  
(Cd~.~,~,Euo.m)~(POD~ 1000/24 + 1000/1V~ C~P I n e r t  

* F i r s t  h e a t  t r e a t m e n t  in  a i r ,  s e c o n d  in 95% N~-5% tt~. 
** P h a s e  p r e s e n t  a t  r o o m  t e m p e r a t u r e .  

lower. In addition, the two peaks are not near ly  as 
sharp, indicating the presence of a two-phase region. 

Phosphors of composition (Sr0.~9,Eu0 01) 3 (FO4) 2 were 
prepared by reaction in air at 1000~ for 2 days. The 
preparations were divided into smaller portions and 
reduced at tempera ture  from 1000 ~ to 1400~ Extreme 
care was taken to assure that each phosphor was ex- 
posed to identical reducing conditions. In  other words, 
only tempera ture  was changed. Table III summarizes 
the results of these experiments.  

Upon cooling, all samples contained ~-Srn(PO4)2 as 
the major  phase. In addition, the photoluminescent  
spectra for all preparations were identical. The only 
significant difference in the samples was in the peak 
emission intensities (brightness).  The variations of the 
brightness values are i l lustrated in the bottom curve 
in Fig. 2. There is a very marked difference in the 
brightness of the phosphors depending on the Sra(PO4).~ 
polymorph present at the reducing temperature.  This 
can be seen by comparing the brightness vs. tempera-  
ture curve with the DTA curve for the phosphor. 

Discussion 
Luminescence.--In view of the data presented, it 

appears that the photoluminescent  brightness of Eu 2+- 
activated Sra(PO4)2 is extremely dependent  on the 
polymorph of Sr3 (PO4)2 present  at the reducing tem- 
perature. Maximum brightness is obtained only when 
~-Sr3(PO4).~ is present at these high temperatures.  
Moreover, in Fig. 2 it can be seen from the DTA curves 
that the stabili ty range of fl-Sr3(PO4)2 solid solution 
decreases with increasing europium content. 

These results indicate that the Eu -~+ activator enters 
different cation lattice sites in the Srs(PO4)2 lattice, 
depending on the polymorph present at high tempera-  
tures. It seems likely that the Eu 2+ is quenched into 
these sites upon cooling. The low temperature  (~) 
form of Sr3 (PO4).~ is known to have two nonequivalent  
Sr 2+ sites in the crystal lattice (17). It would seem 
reasonable to suspect one of these sites to be a more 
efficient luminescence center than the other. When 
~-Sr3 (POa)2 is the polymorph present at the reducing 
temperature,  Eu 2+ enters the less efficient cation site. 
When r (PO4)2 is the polymorph present, the Eu 2+ 
enters a lattice site, which upon cooling corresponds 
to the more efficient site in the ~-Sr3(PO4)2 lattice. 
Cooling quenches Eu 2+ into this lattice position. 
Finally,  when ~-Sr3(PO4)2 is the polymorph present 
at high temperatures,  the Eu 2+ appears to enter  a 
lattice position which upon cooling corresponds to the 
less efficient site in ~-Sr3 (PO4)2. 

Summary 
1. A third polymorph of Sr3 (PO4)2 has been isolated 

which is stable only above 1410~ 

2. The Sra (PO4) 2-Cda (PO4) 2 phase diagram contains 
four solid solution regions. A very small amount  (1 or 2 
m/o)  of Cd:~ (PO4)2 is soluble in a-Sr3 (PO4)2. Approxi-  
mately 12 m/o  Cda(PO4)2 stabilizes r to 
room temperature.  The r solid solution re- 
gion is very small below 1000~ A eutectoid reac- 
tion isotherm at 1075~ indicates substantial  solid solu- 
tion of Cd:~(POa)2 in " ~ - S F 3 ( F O 4 ) 2  , probably as much 
as 30 m/o. Slight solid solubility of Sra(PO4)2 in 
Cd;~ (POD 2 exists. 

3. A te rnary  compound, Cd3Sr(PO4)2, was dis- 
covered which melts congruent ly  at 1145~ 

4. Efficient Eu2+-activated Sra(PO4)2 is obtained 
only when the reducing heat t rea tment  is carried out 
in the temperature  stabili ty range of p-Sr3 (PO4) ~. 

Manuscript  submit ted Aug. i3, 1970; revised manu-  
script received Oct. 21, 1970. This was Paper  34 pre-  
sented at the Los Angeles Meeting of the Society, May 
10-15, 1970. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1971 
J O U R N A L .  
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Luminescence of xZnO-(1-x) MgF. .ySiO2 
�9 zGeO :Mn Solid Solutions 

W.  A. McAI l is ter*  

Westinghouse Electric Corporation, Bloomfield, New Jersey 07003 

ABSTRACT 

Manganese-act ivated zinc germanate,  and solid solutions with zinc silicate, 
have been synthesized and exposed to h igh-energy  ul t raviole t  radiation in 
plaques and lamps. Replacement  of germania  by silica, and/or  zinc oxide by 
magnesium fluoride, gave improved phosphor maintenance,  the best output-  
maintenance combination being for phosphors having equal  germania  and 
silica concentrations. The influence of these substitutions on reaction sequence 
and product purity, surface characterist ics of the phosphor, and the output-  
tempera ture  behavior  were  considered and related qual i ta t ively  to the bond- 
ing propert ies of the cation species present. 

Although zinc orthosilicate: Mn has been invest igated 
in some detail  and found useful  in lamps and cathode- 
ray tubes, the corresponding zinc germanate  has not 
been extensively  considered since the early work  of 
Schulman et al. (1) on the emission and exci tat ion 
spectra of the ortho-zinc compound and its beryl l ium 
derivative.  Absorpt ion and emission characterist ics of 
the zinc silicate and germanate  are similar, wi th  the 
lat ter  having bet ter  luminosi ty and being responsive 
to a wider  range of ul t raviole t  wavelengths  (1, 2). 
Since the maintenance of the silicate in fluorescent 
lamp application has been a problem, a similar pro- 
pensity may  exist  for the germanate  also. To explore 
this possibility, we have made zinc germanates  and 
solid solutions with silica and examined the mainte-  
nance characteristics;  ou tpu t - t empera tu re  relations 
were  also considered. 

Experimental 
Solid-state  reactions among oxides, carbonates, and 

halides were  used, firing 2 hr at 1200~ in air, then 
1 hr in ni t rogen at 1100~ with  grinding between 
firings, to effect phosphor formation. Products were  
identified by powder diffraction pat terns and plaque 
maintenance measured by exposure to the radiat ion 
from a 40W Ster i lamp having a Suprasi l  envelope. 
Both samples and lamp were  housed in an outer jacket  
which was flushed with  ni trogen prior  to exposure in 
static ni t rogen atmosphere. P laque output was mea-  
sured using a Spectra Brightness Spot Meter, which 
also was used, in conjunction with  a hotplate, for the 
tempera ture  dependence measurements  on thick pow- 
der samples. 

Results 
The products from firing the raw mix compositions in 

Table I were  found to have poor plaque maintenance 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  l u m i n e s c e n c e ,  so l id  so lu t ions ,  g e r m a n a t e s ,  m a n g a n e s e ,  

w i l l e m i t e ,  h y b r i d  bonds,  s y m m e t r y .  

Table I. Plaque output, maintenance of 
(2-x)ZnO.xMgF2. (Ge,Si)02:0.03 Mn phosphors 

(Xexc = 254 r im) 

B a s e  c o m p o -  
s i t i on  (moles)  

GeOe SiO~ x = 0 
100 H r  o u t p u t  ( m a i n t e n a n c e )  fo r  

0.i 0.3 0,6 

when zinc oxide, germania, and manganese carbonate 
were  the only constituents. Replacement  of some zinc 
oxide by magnesium fluoride was found to give rela-  
t ively large gains in output and maintenance at 100 hr 
time. However ,  even the best of these was still inferior  
to the commercia l  zinc s i l icate:Mn standard used for 
comparison. Subsequent  substitution of silica for get-  
mania  gave general ly  improved resistance to degrada-  
tion unti l  roughly half  the germania  was replaced. 
Thenceforth,  both the output  and maintenance stabi- 
lized at values higher  than the commercial  zinc sili- 
cate: Mn phosphor. 

Since extraneous phases were  detected in composi- 
tions wi th  no fluoride (ZnO) or 0.5 mole fluoride 
(MgGeOa), only the s i ] icate-germanate solid solutions 
having 0.3 mole MgF2 were considered in greater  de- 
tail. In Table II, the variat ion in output  and mainte-  
nance with manganese concentrat ion is shown to be 
general ly  downward  wi th  increasing manganese con- 
centrat ion for each solid solution series. Use of zinc 
fluoride or magnesium oxide (added as the basic car-  
bonate) as al ternates to magnesium fluoride indicates 
better, and comparable,  maintenance for the magnesi-  
um compounds (Table III) .  

Table II. Plaque output and maintenance of siiicogermonate 
phosphors 

(X~ = 254) 

P l a q u e  b r i g h t -  P e r  c e n t  
C o m p o s i t i o n  Imoles)  ness  ( f t -L)  m a i n t e -  

Z n O  MgF~ GeOz SiO~ MnCOa 0 h r  100 h r  n a n c e  

1.7 0.3 0.8 0.2 0.01 6.5 3.2 48 
0.03 6.6 2.7 41 
0.09 7.6 2.7 34 

0.6 0.4 0.01 5.9 4.2 71 
0.03 6.0 4.1 69 
0.09 7.6 3.5 44 

0.2 0.8 0.01 5.1 3.5 68 
0.03 5.0 4.2 84 
0.09 6.8 4.3 67 

C o m m e r c i a l  Zn~SiO~:Mn 4.75 3.7 78 

Table III. Plaque maintenance of silicogermanate phosphors 

(k,,x~. = 254 nm)  

B a s i c  c o m p o s i t i o n  (moles )*  M a i n t e n a n c e  (%) using 
Z n O  GeOe SiO~ O.3MgF~ 0 .3ZnF2  0 .3MgO 

1.0 0 0.5 (10) 1.5 (25) 2.9 (57) 2.9 (46) 
0.8 0.2 1.O (19) 1.5 (25) 2.7 (41) 3.2 (60) 
0.6 0.4 1.7 (34) 2 .4  (38) 4.1 (69) 4.6 (79) 
0.4 0.6 2.8 (62) 4.2 (78) 4.1 (80) 5.2 (91) 
0.2 0.8 2.8 (70') 4.1 (84) 4.2 (84) 4.1 (84) 
0 1.0 2.3 (73) 2.2 (70) 2.6 (75) 3.6 (83) 

C o m m e r c i a l  Zn2SiO~:Mn 3.7 (78) 

E x t r a n e o u s  phases 
p r e s e n t  Z n O  N o n e  N o n e  MgGeO~ 

1.7 1.O 0 57 39 58 
1.7 0.8 0.2 41 17 62 
1.7 0.6 0.4 69 30 73 
1.7 0.4 0.6 80 41 72 
1.7 0.2 0.8 84 54 76 
1.7 0 1.0 75 52 82 

C o m m e r c i a l  Zn~SiO~:Mn = 78% 

* MnCOa = 0.03. 
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Table IV. Output of 40W fluorescent silicogermanate lamps 

P e r  cent  
C o m p o s i t i o n  O u t p u t  ( lumens)  m a i n -  

ZnO M g F ~  G e O 2  S i O z  MnCO3 0 hr 1O0 hr tenance 

1.7 0.3 1.O 0 0.03 2317 1276 55 
1.7 0.3 1.0 0 0.03 2237 1232 55 
1.7 0.3 0.8 0.2 0 , 0 3  3728 2484 6 6 . 6  
1.7 0.3 0.8 0.2 0.03 3801 2526 67.7 
1.7 0.3 0.0 0.4 0.03 4478 3597 80.3 
1.7 0.3 0.6 0.4 0.03 4493 3613 80.4 
1.7 0.3 0.4 0.6 0.03 4578 3901 85.2 
1.7 0.3 0.4 0.6 0.03 4672 3988 85.4 
1.7 0.3 0.2 0 . 8  0.03 4218 3604 85.4 
1.7 0.3 0.2 0.8 0.03 4263 3594 85.2 

Lamps were made using phosphors containing the 
magnesium fluoride modification, at several Ge/Si  
levels, with the small  additions of lead and arsenic 
customary for zinc s i l icate:Mn type phosphors. The 
readings presented in  Table IV follow closely those of 
the plaque data and again indicate best output  and 
main tenance  for solid solutions on the sil ica-rich side 
of the midpoint.  

The plaque ou tpu t - t empera tu re  relations were ex- 
amined for each Ge/Si  ratio at different fluoride levels 
and vice versa. Representative curves for the former 
var iat ion are in Fig. 1, the Ge/Si  ratio being 0.6/0.4 
here. Though the fluoride confers some benefit up to 
150~ the curves converge to a similar quenching 
temperature  thereafter.  More pronounced is the change 
in output  with temperature  for MgF2 ---- 0.3 mole (Fig. 
2), it being general ly  true that  ini t ia l  output  decreases, 
quenching tempera ture  increases, as silica replaces 
germania.  A similar  s tatement  applies to the influence 
of manganese concentration, shown for the Ge/Si  ratio 
of 0.8/0.2 in Fig. 3, while curves abstracted from the 
previous three show best tempera ture  dependence for 
low germania  and manganese, poorest behavior  for 
the high germania-h igh  activator combinat ion (Fig. 4). 
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Fig. 1. Temperature dependence of (2-x)ZnO'xMgF2(Geo 6Sio 4)O2: 
0.03Mn phosphors (}~exc ---- 254 nm). 
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Fig. 2. Temperature dependence of 1.7ZnO'0.3MgF2(GexSit-x)O2: 
0.03Mn phosphors (kexe = 254 nm). 
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Fig. 3. Temperature dependence of 1.7ZnO-O.3MgF2"(Ge~.sSio.2) 
O2:xMn phosphors (~-exc ---- 254 nm). 
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Fig. 4. Temperature dependence of 1.7ZnO'0.3MgF2(GexSil-x) 
O2:yMn phosphors (~exc ---- 254 nm). 

Discussion 
Subst i tut ion of magnes ium fluoride for zinc oxide 

gives willemite solid solutions with improved resist-  
ance to degradation and, for modest halide concentra-  
tions, without  extraneous phases. Without  halide there 
is unreacted zinc oxide for all  solid solutions, while 
high fluoride gives MgGeO3 as second phase. Since the 
lat ter  is the product of a reaction in competit ion with 
the desired one giving solid solution, the products of 
reactions among various combinations of the raw mix 
consti tuents were examined by powder diffraction 
methods, using the 0.3 molar  halide composition found 
to give only solid solution. 

The data in Table V show that  orthosilicate or 
germanate  form in  reactions involving these oxides 
with zinc oxide and magnes ium fluoride; the silica- 
halide combinat ion alone also gives an orthosilicate, 
Mg2SiO4. However, the companion reaction of fluoride 
and germania  produces the MgGeO3 already noted in 
the complete firing mix. MgF2-GeO2-SiO2 combinations 
were fired also and found to have the metagermanate  
as the sole reaction product unt i l  the Ge/Si  ratio was 
1/4. Though the phase diagram of the MgF2-MgO-GeO2 
(3) shows no f luoride-germania interaction, conver-  
sion of the fluoride to MgO in our firing conditions 
leads to the reaction forming MgGeO3, the stable phase 
at 1200~ Its persistent  occurrence in mixes containing 

Table V. Interactions among silicogermanate raw mix 
constituents 

C o m p o s i t i o n  (moles)  
ZnO MgFz C-eO2 SiO~ Phases identified 

1.7 0.3 1.0 - -  Zn~GeO4, Z n O  
- -  0.3 - -  1.0 lVIg2SiO4 
- -  0.3 1.0 - -  MgF~, MgGeOs  
- -  0.3 0.8 0.2 MgGeO3, MgF2 
- -  0.3 0.5 0.5 MgGeOa,  SiO2 
- -  0.3 0.2 0.8 Mg2SiO4, MgGeO~, 

MgSiO3, SiO.~ 
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silica, as well  as germania,  can be explained by noting 
that the lat ter  melts at 1116~ (4) giving it an ad- 
vantage over silica in the competition for MgO in 
mixes having no zinc oxide or low (1.5 moles) concen- 
trations thereof. With zinc oxide present  the magnesi-  
um metagermanate  was not detected, however, and, 
while this is largely due to the greater tendency for 
zinc or thogermanate formation, there may be contri-  
butions from vapor-phase reactions like those in Table 
VI. Such would consume both MgF2 and GeO2 needed 
for MgGeO3 formation and, concurrently,  effect t rans-  
port of reactants  like silica and germania, not especial- 
ly noted for mobil i ty in conventional  solid-state re- 
actions. It  is l ikely that, as writ ten,  the reactions are 
oversimplified since gaseous oxyhalides of the Group IV 
elements could also be present  and contribute. Indeed, 
such species as SiOF2 +, SiOF +, and Si2OF~ + have 
been detected by mass spectrometry over reaction 
mixes of zinc oxide and silica having NaZnF3 as flux 
(5). 

It is a we l l -known fact that  silica, in excess of that 
amount  required for zinc orthosilicate stoichiometry, 
is used to assure complete reaction of the zinc oxide 
raw mater ial  (6). It is thus not surpris ing that, in our 
solid solutions without  magnesium fluoride, there is 
always unreacted zinc oxide. In replacing some zinc 
by magnesium, one effectively alters the Zn/Si  (Ge) 
ratio, the silica (germania)  being in excess now even 
though the over-al l  metal  ion concentrations are in the 
orthosilicate ratio. 

In addition, the magnesium fluoride (and magnesium 
oxide) confer improved plaque output  and maintenance  
properties when such subst i tut ion is made. Now Harr i -  
son (6) has associated the instabi l i ty  of zinc sili- 
cate :Mn with a surface phase different from that  of 
the bulk  mater ial  and has presented electron and x- ray  
diffraction results suggesting a spinel surface modifi- 
cation. In  our phosphors the presence of magnesium, 
specifically its site preference tendencies, could be an 
impor tant  factor in the surface properties. For  ex- 
ample it is known that  magnesium, though found in 
te t rahedral  sites in some host lattices (7), is most fre- 
quent ly  in sixfold coordination (8). Thus magnesium 
orthosilicate has the olivine structure with silicon in 
fourfold, magnesium in sixfold, coordination. Although 
magnesium silicate is soluble in zinc orthosilicate to 
some extent  without  changing the phenacite s tructure 
of the major  consti tuent (9), the unique  conditions at 
surfaces could favor existence of a phase having the 
olivine structure. The relative strengths of octahedral 
(2.9) and te t rahedral  (2.0) bonds (10) should result  
in lowered mobil i ty  of surface oxygens and protect 
against oxidation of manganese during cooling of the 
fired phosphor; the tan  and white body colors of phos- 
phors without  and with magnes ium fluoride, respec- 
tively, support this. Further ,  there is no visual evidence 
of the gray body color, ascribed by others (6, 11) to 
reduction or photolytic decomposition of zinc, in our 
plaque tests. This, too, suggests relat ive scarcity of 
zinc atoms at the phosphor surface, i.e. a magnes ium-  
rich layer. 

Improved plaque and lamp maintenance  (Tables I, 
IV) also at tended substi tut ion of silica for germania, 
opt imum performance being that for near -equal  con- 
centrat ions of these constituents. The lower luminosi ty 
expected for increased silica must  be balanced by 
some beneficial effect. One clue may be the tempera-  
ture behavior, quenching temperature  increasing with 
silica concentration. Since the rate at which output  
drops with temperature  reflects the influence of lattice 

Table VI. Proposed vapor transport reactions 

2SiO~ + 2MgF2---> SiF4 t + Mg,~SiO~ 
GeOe + S i F ~  G e F ~ "  + SiO2 

2SiOe + GeO~ + 2MgF2---> GeF4 ~ + SiOz + Mg~SiO~ 

3GeOe + 2MgF~--> GeF41' + 2MgGeO~ 
SlOe + GeF~ -->. SiF4 % + GeOe 

3GeO~ + SiO,~ + 2MgF,~-+ SiF4 T + GeO~2 + 2MgGeO~ 

Table VII. Size and electron distribution for ionic species 

Elec t ron  Orb i t a l  
Ion  c o n f i g u r a t i o n  r a d i u s  (A) 

Zn+~ 3d lo 0.292 
Mg+'-' 2p~ 0.246 
Ge  +~ 3d Io 0,260 
Si+~ 2p 6 0.201 
Mn+~ 3d ~ 0.388 

vibrat ions on the luminescence center, this means re la-  
t ively greater isolation of the lat ter  as silica increases 
in the solid solution. Since this coupling ul t imately re-  
sides in chemical bond characteristics, consideration 
of these is merited. 

For this purpose, the orbi tal  radii (12) and electron 
configurations of the cation species involved in this 
system are presented in Table VII. It is apparent  that  
s imultaneous replacement  of Zn +2 by Mg +2 and Ge +4 
by Si +4 involves subst i tut ion of large ions by smaller. 
[In all phosphors, the activator manganese  (Mn +2) is 
the largest cation.] More impor tant  are the electron 
configurations, 3d TM for Zn +2 and Ge +4, 3d 5 for Mn +2, 
and 2p 6 for Mg +2 and Si +4. Although, to a first ap- 
proximation, all the cation sites in willemite are equiv-  
alent (13) and tetrahedral ,  the hybr id  orbitals giving 
this te t rahedral  or ientat ion must  meet both symmetry  
and energy requirements.  Combinations of s with 
either the three p orbitals or three of the d orbitals 
(T~) are allowed by symmet ry  (14) and doubtless a 
mix ture  of sp 3 and sd 3 hybrids  is used in  most situa- 
tions. 

For zinc, germanium, and manganese,  the energies 
of the 3d, 4s, and 4p orbitals are quite similar, favor- 
ing the p-d mixing  in the hybrids forming the pr imary  
(r te t rahedral  bonds. However, the energies of the 
lowest d orbitals (3d) available to magnesium and 
silicon, may still be too high for their  effective partici-  
pation in bonding, i.e. the sp 3 set constitutes the hybrid 
responsible for the te t rahedral  bonds between silicon 
or magnesium and oxygen. 

In  addition to the pr imary  r bonds, ~ bond formation 
is also possible between metal  p,d or p-d  hybrid oi ~- 
bitals and oxygen p orbitals. Symmet ry  considerations 
again limit the possibilities for bond formation (14), 
in this case to combinations of the two d orbitals be-  
longing to the E representat ion with either or both T.~ 
sets used for the ~ orbitals. Thus both ~ and ~ bonds 
require the use of T2 orbitals, but  if the magnesium 
and silica use chiefly sp 3 hybrids for the ~ bonds, they 
have only the d orbitals available for ~ bonding. If, as 
was suggested above, the d orbitals are too high in 
energy for effective utilization, then the degree of 
bonding is negligible. This is not so for the other host 
species, zinc and germanium, or the activator manga-  
nese, where 3d, 4s, and 4p orbital  energies are near ly  
equal. 

A property of ~ bonds is delocalization of the elec- 
trons involved, a factor of some possible importance 
in the phosphors described here. Consider several ad- 
jacent  te trahedra occupied by zinc, germanium, and 
manganese  and sharing a common oxygen ion (see 
Fig. 5). The three cations are disposed in a plane about 
the oxygen at the center (15) permit t ing extensive 
bond formation among the positive ions and the 01 
oxygen. Extension to the lattice as a whole provides 
considerable host-act ivator  coupling and poor shielding 
of activator center from lattice vibrations, i.e. low 
quenching temperature.  Progressive replacement  of 
zinc and germanium by magnesium and silicon serves 
to l imit the n bonding and improves the resistance to 
thermal  quenching. This presumed labi l i ty of electrons 
in predominant ly  zinc germanate  members  of the solid 
solution series is also probably responsible for their 
rapid degradation. Electrons raised to excited states 
can be lost to the lattice in these members  of the solid 
solution series and subsequent ly  trapped at defects. 
The existence of traps is qual i ta t ively demonstrated in 
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Fig. 5. Perspective and plan views of local structure in willemite 
( Q  is 0 -2, ~ is Ge +4 or Si +4, �9 is Zn +2, Mg +2, or Mn+2). 

the pers is tent  phosphorescence observed in both phos-  
phors  and unac t iva ted  host mater ia ls .  Only  the zinc 
or thosi l icate  mate r ia l s  have no v isua l ly  detec table  
afterglow, suppor t ing  the suggestion that  silica in-  
hibi ts  e lect ron migra t ion  and the a t t endan t  damage.  
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CaS:Ce" and CaS:Eu 2§ Phosphors 
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Westinghouse Research Laboratories, Pittsburgh, Pennsylvania 15235 

ABSTRACT 

Data  are presented  on g reen-emi t t ing  CaS: Ce 3+, r ed -emi t t i ng  CaS :Eu  2+, 
and doubly  ac t iva ted  CaS:Eu2+,Ce 3+, including spectra,  efficiency, and decay 
characteris t ics .  Green  CaS: Ce 3+ r ivals  the  best  green ZnS- type  phosphors  in 
efficiency, color, and br ightness  at low beam cur ren t  and is apprec iab ly  be t te r  
at high current .  Red CaS:Eu2+,Ce3+ is be t te r  than  YVO4:Eu ~+ in t e rms  of 
efficiency but, because of the  less favorable  emission spectrum, only  about 
equal  to it  in brightness.  

Calcium sulfide has been known for a long t ime as an 
excel lent  and versa t i le  phosphor  host  mater ia l .  Never -  
theless, calcium sulfide phosphors  seem to have suffered 
some d is repute  in recent  years;  they  are  almost  com- 
p le te ly  neglected now compared  to the vast  amount  of 
research done in o ther  phosphor  systems. One reason 
for this  decl ine of in teres t  m a y  be the  re la t ive ly  poor 
reproducibi l i ty ,  and the uncer ta in  compositions, of so- 
cal led "Lenard  Phosphors"  (1). This pre judice  may  
have been val id  in ear l ie r  days  but  we bel ieve it to be 
inval id  now since it has been demons t ra ted  many  
t imes  that  wel l -def ined CaS and re la ted  phosphors  can 
be ve ry  wel l  and reproduc ib ly  p repared  (2-6).  

Another  and more  serious object ion to a lkal ine  ear th  
sulfide phosphors  is thei r  chemical  ins tabi l i ty  against  
a tmospher ic  carbon dioxide and water ,  which in most 
cases requires  special  precaut ions  dur ing  s torage and 
use. This is doubt less ly  the  case for MgS, BaS, and, to a 

* Electrochemical  Society Act ive  Member.  
Key  words:  luminescence,  phosphor,  calcium sulfide, cerium, 

europium. 

lesser degree, SrS. CaS phosphors  a re  compara t ive ly  
s table when consist ing of w e l l - g row n  part icles,  how-  
ever, and they  can f ree ly  be incorpora ted  into var ious  
devices wi th  only a m in imum of precaut ion.  

Red-emi t t ing  CaS :Eu  2+ phosphors  are  a l r eady  de-  
scr ibed in the  l i t e ra ture  (5, 7-9) a l though the i r  cathodo-  
luminescence does not  seem to have been inves t iga ted  
before. Luminescence due to t r iva len t  cer ium has been 
repor ted  in MgS (10, 11) and in SrS (12, 13). Also, 
work  on doubly  ac t iva ted  CaS:Bi ,Ce and CaS:Sm,Ce 
(main ly  glow curves)  is repor ted  (14) but, pecul iar ly ,  
publ icat ions  on g reen-emi t t ing  CaS: Ce do not seem to 
exist  (15) a l though this phosphor  cer ta in ly  is one of 
the most efficient we  are  aware  of. 

Experimental 
The nominal  composit ion of a good CaS:Ce3+,C1 

phosphor  is CaS(100%) : Ce(0.03%),C1(2%) where  the  
numbers  indicate  the  concentra t ions  on a molar  basis 
added before firing. S ta r t ing  mate r ia l s  used in our in-  
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devices wi th  only a m in imum of precaut ion.  

Red-emi t t ing  CaS :Eu  2+ phosphors  are  a l r eady  de-  
scr ibed in the  l i t e ra ture  (5, 7-9) a l though the i r  cathodo-  
luminescence does not  seem to have been inves t iga ted  
before. Luminescence due to t r iva len t  cer ium has been 
repor ted  in MgS (10, 11) and in SrS (12, 13). Also, 
work  on doubly  ac t iva ted  CaS:Bi ,Ce and CaS:Sm,Ce 
(main ly  glow curves)  is repor ted  (14) but, pecul iar ly ,  
publ icat ions  on g reen-emi t t ing  CaS: Ce do not seem to 
exist  (15) a l though this phosphor  cer ta in ly  is one of 
the most efficient we  are  aware  of. 

Experimental 
The nominal  composit ion of a good CaS:Ce3+,C1 

phosphor  is CaS(100%) : Ce(0.03%),C1(2%) where  the  
numbers  indicate  the  concentra t ions  on a molar  basis 
added before firing. S ta r t ing  mate r ia l s  used in our in-  
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vestigation were pure CaS (16), Ce2S3, NH4C1, and 
sulfur. They were in t imately  mixed (dry) in the de- 
sired ratios and fired in capped quartz tubes, sur-  
rounded by a flow of argon, at 1200~ for 2 hr. 

The addition of a halide (C1 may be replaced by F, 
Br, or I) to the phosphor is essential as it s trongly 
enhances the otherwise very weak or completely ab-  
sent Ce 3 + emission. While it is relat ively certain that  
all added cerium stays in the phosphor dur ing firing, 
it is equal ly certain that  most of the volatile halides 
"boil out" so that  the halide content  after firing is 
much smaller  then the start ing amount.  The addition 
of some free sulfur to the raw mater ia l  is not essential. 
It only serves to provide a sulfurizing atmosphere sur-  
rounding the phosphor dur ing firing and protecting it 
from oxidation to CaSO4. At the high firing tempera-  
ture, the sulfur  vaporizes and drives all air out of the 
quartz tube. It is then carried away by the flowing 
argon gas. 

The preparat ion of red-emi t t ing  CaS:Eu2+,C1 phos- 
phor is completely analogous to that  of green 
CaS:Ce3+,C1 only with Ce2S3 replaced by Eu2S3. 
Presence of a halide is also essential here. Europium 
is unique among the rare earth elements as it appears 
to enter the CaS lattice only as divalent  ion. Thus all 
attempts to prepare CaS:Eu emit t ing in the typical 
orange to red line spectrum of Eu 3 + were without suc- 
cess (17) in agreement  with similar experience re-  
ported by Jaffe and Banks (8) and by  Brauer  (7). 
The measurement  techniques used to determine the 
phosphor properties are described elsewhere (16). 
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Fig. 2. ICI diagram containing the colors of various (Zn,Cd)S:Ag 
phosphors (circles), blue ZnS:Ag (point A), green (Zn,Cd)S:Ag 
(point B), red YVO4:Eu 3§ (point C), green CaS:Ce a+ (point D), 
and red CaS:Eu 2+ (point E). 

P r o p e r t i e s  of  C a S : C e  ~+ 
Trivalent  cerium produces two par t ly  overlapping 

emission bands in all a lkal ine earth sulfides. In CaS 
their peaks are at about 2.10 and 2.37 eV, respectively 
()~ ~ 590 and 523 nm) .  The spectral energy dis t r ibu-  
tion of these bands is plotted in Fig. 1. The energy 
difference between these two peaks is almost precisely 
the same as the difference of 0.28 eV reported for the 
two lowest states (2Fs/2 and 2F7/2) of the single 4f 
electron of Ce s+ (18) so that, with a high degree of 
certainty, the electronic t ransi t ion responsible for the 
luminescence terminates  in these two states. The point 
of origin of the electronic t ransi t ion is open to specula- 
tion. The transi t ion yielding the h igh-energy peak of 
the emission is invar iably  the stronger of the two. The 
two peak positions vary  only very  little with the ceri- 
um concentrat ion or with temperature,  and the in-  
tensi ty ratio of the two bands (~--65/100 in terms of 
quanta)  seems to be completely independent  of all 
preparat ional  parameters  and of the conditions of ex- 
citation. The green color of the emission corresponds 
closely to that of a (Zn, Cd)S :Ag  phosphor containing 
30 m/o  (mole per cent) of CdS (Fig. 2). 

The optical absorption spectrum of CaS: Ce 3+ is also 
plotted in Fig. 1. It corresponds closely to its excita- 
tion spectrum and is characterized by a fairly wel l -  
defined absorption band with a single peak at 2.73 eV 
(L : 454 nm) in the blue, giving the mater ia l  a green-  
ish-yellow body color. The green cerium emission is 
excited well  by blue light and by ul traviolet  in the 
vicinity of the optical absorption edge of CaS ( ~  4.8 
eV) but, for lack of absorption, not by nea r -u l t r a -  
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Fig. 1. Emission and absorption spectrum of CaS:Ce 3+ (0.03%),  
CI. 

violet of a high-pressure mercury  discharge lamp 
( ~  3.4 eV). 

The influence of the cerium concentrat ion on the 
intensi ty  of cathodoluminescence of CaS:Ce~+,C1 is 
shown in Fig. 3. Quasi- infini tely thick powder samples 
of the phosphor were excited in a demountable  system 
by 10 kV electrons of constant low current  density 
( ~  10-6 A/cm2). The light output  was measured from 
the excited side by a selected silicon photo diode of 
flat quan tum response over the visible range and com- 
pared to that of the best available green (Zn,Cd)S:Ag 
phosphor (P-22) used in color TV picture tubes. Such 
comparison is accurate and reproducible to about ___5%. 
Since there are very  little differences either in the 
mean wavelength or in the luminosi ty  factor between 
the two phosphors, the measured quanta  can very ap-  
proximately be considered to express also the differ- 
ences in energy efficiency and in visible brightness. 
Figure 3 shows efficiencies measured in this way to 
have a flat ma x i mum between about 0.02 and 0.03 m/o  
of cerium but  decreasing only very little up to 0.1% of 
cerium. The energy efficiency at the opt imum cerium 
concentrat ion is about equal to that  of the green P-22 
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Fig. 3. Cathodoluminescent efficiency of green CaS:Ce'~+,CI as a 
function of the cerium concentration. 
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Fig. 4. Current saturation of two samples of CaS:CeS+,CI ex- 
cited by 10 kV electron beam pulses of 10 ~sec widths, compared 
to green (Zn,Cd) :Ag. 
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Fig. 5. Decay curves of cathodoluminescence of green CaS:Ce 3 +,CI 
and of green (Zn,Cd)S:Ag. 

phosphor whose efficiency was est imated to be about 
22%. 

The influence of the current  densi ty on the efficiency 
was tested on thin phosphor layers spread on glass 
with little b inder  and aluminized on top. The phos- 
phors were excited by  10 kV electron beam pulses of 
10 ~sec length and the emission was observed through 
the glass. The results in Fig. 4 show the measured effi- 
ciencies (actually the ratios quan tum ou tpu t / cu r ren t  
density) as functions of the current  density during 
the pulse; all curves in Fig. 4 are normalized to 100 
units  at low currents.  The three phosphors correspond- 
ing to the three curves are about equal ly efficient at 
low current  but  they differ considerably at high cur- 
rents. CaS:Ce 8+ phosphors saturate much less at high 
currents  then the s tandard green P-22 phosphor so 
that the former is superior over the latter, at high cur-  
rents, by an appreciable margin.  It can also be seen 
that  the saturat ion in CaS: Ce s+ is less pronounced for 
the higher cerium concentrations. This is indicative 
that  the saturat ion of CaS: Ce ~+ is caused by exhaus-  
tion of available unexci ted Ce 3 + ions in the phosphor 
(19). 

Cer ium-act ivated oxygen-dominated  phosphors are 
well known to be relat ively fast, typical ly with decay 
times between about 10 -8 and 10 -7 sec (example: 
P-16).  We o b s e r v e t h e  decay of green CaS:Ce 3+ phos- 
phors, after excitation by an electron beam pulse at 
room temperature,  to be slower and to consist of (at 
least) three components:  

(a) The first decay, immediate ly  after cessation of 
the pulse, is approximately exponent ia l  with a T of 

10-~ see. 
(b) A slower decay follows with a �9 of a few 10 -4 

seconds. 
(c) A very  slow decay finally extends over several 

seconds. 

Typical observed decay curves are shown in Fig. 5. 
Components (b) and (c) are nonexponential .  Com- 
ponents  (a) and (b) are observable after electron beam 
excitation; the slowest component  (c) requires photo- 
excitation to be observed. Time-resolved spectra have 
shown that  all three components of the decay result  
in the same identical  cerium emission spectra. We be- 
lieve all observed decay components to be due to traps 
thermal ly  releasing carriers to the cerium ions. One 
must  assume several t rapping energies (or a range of 
t rapping energies) to explain all observed decay phases 
at room temperature.  Cooling of the phosphor t o  77~ 
results in a near ly  perfectly exponent ia l  decay with a 
T of about 80 nsec which probably  is the intr insic re-  
combinat ion t ime within  the Ce3+-ion in  CaS. 

Properties of CaS:Eu 2+ 
Divalent  europium is well  known to produce a single, 

re lat ively narrow, but  diffuse emission band in all 
a lkal ine earth sulfides. Its peak is near  1.90 eV (~, ----- 652 
eV) in CaS at room temperature,  almost independent  
of the europium concentrat ion but  somewhat  depen-  
dent  on the temperature.  The emission shifts slightly 
to lower energies with decreasing temperature.  At  
room temperature,  the emission color is somewhat 
deeper red than that  of YVO4:Eu s+ (Fig. 2). Its spec- 
t ral  energy dis t r ibut ion is plotted in Fig. 6. 

The optical absorption spectrum of CaS: Eu2+,C1 con- 
tains as its ma in  feature a broad absorption band uni -  
formly extending from about 2.1 (yellow) to 3.0 eV 
(violet) causing the characteristic p ink body color of 
this phosphor. The red l~.u 2+ emission is well  excited 
by optical i r radiat ion wi th in  this band and by ul t ra-  
violet near  the optical absorption edge of CaS but  
only weakly by the near  ul traviolet  of 3.4 eV (~. -- 365 
rim) of a high-pressure mercury  lamp. Its optical ab-  
sorption spectrum is plotted in Fig. 6. 

The efficiency of cathodoluminescence of red 
CaS:Eu2+,C1 as a funct ion of the europium concentra-  
tion follows about the same concentrat ion dependence 
as shown in Fig. 3 for CaS:Ce3+,C1 with the opt imum 
located at about 0.05% europium. However, this op- 
t imum is lower than that of CaS: CeS+,C1. Even in the 
best materials  it comes only to about 10-12%. This 
lower value (compared to the ~ 22% observed in 
CaS:Ce 3+) cannot  be completely explained by the 
lower mean qua n t um energy of the emission of 
CaS:Eu 2+ and we have to assume the existence of a 
nonradia t ive  recombinat ion mechanism in CaS:Eu 2+ 
which is not, or to a lesser degree, present  in CaS: Ce ~+. 

We have observed a drastic improvement  of the 
efficiency of cathodoluminescence of red CaS:Eu  2+ by 
incorporat ing small  amounts  of cer ium into the phos- 
phor, too small to let the green Ce s+ emission appear 
noticeably besides the red Eu 2+ emission. Some re-  
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Fig. 6. Emission and absorption spectra of CaS:Eu 2+ (0.05%),CI 
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Fig. 7. Energy efficiencies of cathodoluminescence of CoS: 
Eu2+,CI of CaS:Eu2+,Ce3+,CI and of YVO4:Eu 3+ as functions of 
the current density. Excitation by 10 kV electron beam pulses of 
10 ~sec widths. 

sults measured on these phosphors compared to that  
of commercia l  YVO4:Eu s+ are shown in Fig. 7-9. 

The efficiency of singly act ivated CaS:Eu2+,C1 com- 
pares well  to that  of YVO4:Eu 3+ in terms of energy 
(Fig. 7) but  not in te rms  of brightness because of the 
less favorable  emission spectrum�9 Increasing amounts  
of cer ium added to CaS:Eu2+,C1 improve the low- 
current  efficiency f rom about 12% (no cer ium) to 
about 18% (0.01% cer ium) which we bel ieve to be 
about the max imum that  can be obtained f rom this 
phosphor. 

The saturat ion of singly act ivated CaS:Eu  2+ at high 
current  density decreases wi th  increasing europium 
concentrat ion (Fig. 8). We conclude that  the saturation 
probably is caused by exhaust ion of avai lable unex-  
cited Eu 2+ ions in the phosphor (19) similar  to the 
case of green CaS: Ces+,C1. At  a given europium con- 
centration, the saturat ion is decreased yet  fur ther  by 
the addit ion of  small  amounts  of cerium�9 It  may  be 
stressed here  that  all  CaS :Eu  2 +,Ce 3 +,C1 phosphors of 
Fig. 7-9 emit  only in the red Eu 2+ band. There is no 
green Ce s+ emission contr ibution of noticeable in-  
tensity�9 

Figure  9 shows the emission brightness (actually 
the ratio of br ightness /cur ren t )  of two representa t ive  
red-emi t t ing  CaS: Eu2+,Ces+,C1 phosphors compared to 
that  of YVO4:Eu s+. While  the former  are much super-  
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Fig. 9�9 Visible brightness of cathodoluminescence of CaS: 
Eu2+,Ce3+,CI as a function of current density (compared to 
YVO~:Eu 3+ = 100 at low currents). 

ior to the lat ter  in terms of energy (Fig. 8), the higher  
luminosi ty factor of the line emission of YVO4:Eu 3+ 
( ~  0.33) compared to the band emission of CaS:Eu  2+ 
( ~  0.15) offsets this advantage.  Therefore,  the lumin-  
ous efficiencies of the two phosphors are about equal. 
Cathodoluminescent  decay curves of red CaS:Eu2+,C1 
(no cerium) and YVO4:Eu 3+ for comparison are 
shown in Fig. 10. As to be expected, the al lowed 5d->4f 
electron transit ion responsible for the emission of Eu 2 + 
is much faster  then the forbidden 4f--> 4f transi t ion 
within  the Eu 3 + ion. A closer inspection of the decay 
curve  of CaS:Eu  2+ at room tempera ture  reveals  three 
components approximate ly  equal  to those observed in 
CaS:Ce  3+. Al l  three components  are nonexponent ia l  
and are  bel ieved to be due to the rmal  trap emptying.  
The most str iking difference be tween the decay char-  
acteristics of CaS:Ce  3+ and CaS:Eu  2+ is observed 
when those phosphors are cooled below room tempera-  
ture. While CaS: Ce 3+ decays fast and near -exponent ia l  
a l ready at 77~ CaS:Eu  2+ phosphors are nonexponen-  
tial and very  slow, slower than at room temperature ,  
down to about 13~ Details permi t t ing  an unders tand-  
ing of this difference are not yet  known. 

Discussion 
One of the factors de termining the efficiency of 

cathodoluminescence of a phosphor is the width  of the 
forbidden band gap of the host material ;  the  wider  the 
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gap, the lower the efficiency (all other factors kept 
constant) .  It came somewhat as a surprise, therefore, 
to observe the very high efficiency obtainable with 
CaS which, in the case of CaS: Ce 3+, about equals that 
of the best (Zn,Cd)S- type  phosphors despite the much 
wider  band  gap of CaS (--4.8 eV) over that of 
(Zn,Cd)S (--3.0-3.7 eV dependent  on the Zn /Cd  
ratio).  This interest ing observation may be discussed 
separately (20). 

The action by which the addition of small  amounts  
of cer ium to red-emi t t ing  CaS:Eu 2+ cathodolumines-  
cent phosphors increases their efficiency probably in-  
volves optical cascading. The green Ce 3+ emission 
(Fig. 1) coincides with the broad, strong absorption 
band of Eu 2+ (Fig. 6) and any emission emanat ing 
from a Ce 3+ ion will immediate ly  be reabsorbed by a 
neighboring Eu 2+ ion and reappear as red Eu 2+ emis- 
sion. In  this mechanism, the Eu 2+ ions are par t ly  ex- 
cited by relat ively low-energy (<  2.6 eV) light quanta  
and it seems that this low-energy excitation of the 
Eu 2+ ion is more efficient than excitation by the much 
higher energies available in the avalanches of free 
carriers dur ing  direct excitation by an electron beam. 
Whatever  the details are, we can consider the enhance-  
ment  effect as a case of sensitization of cathodolumi- 
nescence; the emission intensi ty  by the europium is 
enhanced by the presence of cerium. 

The puzzle least understood at the moment  is a 
chemical one. It is our experience that  none of the 
rare earth elements yields a luminescence worth 
speaking of if, under  r igorously clean conditions, all 
other impuri t ies  are carefully avoided or if coactiva- 
tion is at tempted by addit ion of an alkali metal  (Li, 
Na, K) .  The rare earth emission does appear, however, 
if either a halide (F, C1, Br, I) or a group-V impur i ty  
(P, As) is added to the mater ial  before firing. This 
observation includes, besides the various l ine emitters 
(Sm 3 +, Tb 3 +, etc.), also the activators Ce 3 + and Eu 2 +. 
We have tried to clear up the si tuat ion with several 
experiments  which may briefly be described here: 

(a) A good green-emit t ing  CaS:Ce 3+ (0.05%),C1 
phosphor was retired in an open boat, in flowing H2S, 
at 1200~ for several hours. The H2S gas can be ex- 
pected to remove some of the volatile chlorine out of 
the phosphor unde r  these firing conditions and, ac- 
cordingly, the mater ia l  was near ly  nonluminescent  
afterwards. Addit ion of new chlorine (added as NH4C1) 
and ret ir ing this near -dead  mater ial  in a capped tube 
at 1200~ for 1 hr completely restored the green Ce 3+ 
luminescence in ful l  intensity.  This cycle can be re- 
peated several times with always the same results. 
Also, red-emi t t ing  CaS:Eu 2+ tested in the same way 
behaves similarly. Hence, the halide does not simply 
act as a flux promoting particle growth. It is more 
actively involved in the  luminescent  process. 

(b) A larger batch of CaS:Ce 3+ (0.05%) was first 
fired without  any second impur i ty  and, afterwards, 
sp l i t  into m a n y  small samples to which predetermined 
amounts  of NH4C1 were added. After  retiring in t ightly 
capped (but  not sealed) tubes at 1200~ for 1 hr, the 
green Ce 3+ emission appeared in  full  intensi ty in all 
samples to which 0.2 m/o  or more C1 was added. The 
amount  of chlorine actually retained in the phosphor 
after firing probably is still lower than that. A molar  
ratio of Ce: C1 ---- 1/1 in the phosphor is suggestive, al- 
though we have no reliable evidence for this yet  (21). 

(c) X- r ay  examinat ion  of CaS: samples fired in 
capped tubes at 1200~ for many  hours with the addi-  
tion of 10 m/o  of either cer ium or europium, and 
either without  or with addition of 10% of CaC12, gave 
results which are summarized in Table I (22). The 
extremely large amounts  of added cerium or europium 
may be the reason why, in these cases, even the samples 
made without chlorine were luminescent.  The concen- 
t rat ion of cerium dissolved in the CaS lattice is esti- 
mated to be between 1 and 10% if C1 was present  but  
much below 1% if no C1 was present. The correspond- 

Table I. Some properties of CaS:Ce(IO%) and CaS:Eu(IO%) 
made without or with addition of 20%CI 

10% Ce 10% Eu 
No C1 20% C1 No Cl 20% C1 

Body color L igh t  Dark  yel low- L igh t  D a r k  brown-  
green  g reen  p ink  red 

Luminescence  Green  Yellowish Red Deep red 
Undissolved Ce.zS~ Much Litt le Much None 

or Eu2S~ 
Increase  of lattice 0.007% 0.051% 0.005% 0.204% 

constant  

ing numbers  for europium are 10% with C1 and much 
below 1% without  C1. 

The conclusions from these three experiments  are 
that  the solubilities of cerium and of europium in CaS 
are very enhanced by the presence of a halide, and that 
the ratios of Ce/C1 and Eu/C1 in good luminescent  
CaS:Ce3+,C1 and CaS:Eu2+,C1 phosphors are not far 
from unity. This strange behavior  is completely in line 
with equal oddities observed in CaS phosphors made 
with m a n y  other activators. I t  cannot  readi ly be un-  
derstood on the basis of charge compensation which 
is so well established for ZnS- type  phosphors, and a 
plausible explanat ion is still missing. 

Manuscript  received Sept. 23, 1970. This was Paper 
49 presented at the Los Angeles Meeting of the Society, 
May 10-15, 1970. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1971 
JOURNAL.  
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chlorine may be present  as separate CaC12 phase 
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from the CaS by the dark body colors. The lattice 
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The Effect of Exciting Wavelength 
on Optimum Activator Concentration 

L. Ozawa,* H. Forest, P. M. Jaffe,* and G. Ban 
Zenith Radio Corporation, Chicago, Illinois 60639 

ABSTRACT 

The concentrat ion dependence curves of several Eu +3-, Tb +3-, and Pr  +3- 
activated phosphors for different excitations have been studied. The opt imum 
activator concentrat ion was found to be a funct ion of the number  of excited 
activator ions as well  as the exciting wavelength.  For exciting radiat ion 
having a high absorption coefficient, the op t imum activator concentrat ion of a 
given phosphor shifted to low concentration. The concentrat ion dependence 
curves of (YI-xEux)203 and (YI-xPrz)202S phosphors under  cathode-ray 
excitation are almost identical to the curves obtained with host photoex- 
citation. 

The emission intensi ty  of m a n y  phosphors as a 
function of activator concentrat ion ini t ia l ly increases 
proport ionately with activator concentrat ion and then 
decreases, going through a m a x i m u m  at some concen- 
tration. The emission in tensi ty  decrease at high acti- 
vator concentrat ion is referred to as concentrat ion 
quenching. Dexter  and Schulman (1) have reported 
that concentrat ion quenching in nonphotoconductive 
inorganic phosphors (many  commerical  phosphors are 
of this type) is due either to an electrostatic mul t i -  
polar interact ion or to a magnetic  dipole interact ion 
(exchange coupling).  In  a phosphor where concentra-  
t ion quenching is main ly  due to exchange coupling 
between nearest  neighbors, the emission in tensi ty  as 
a function of activator concentrat ion depends on the 
concentrat ion of isolated single activator ions which 
is given by C(1 -- C) z (2-4) where C ~ is the activator 
concentrat ion in molar fraction and z is related to the 
number  of nearest  neighbor cation sites. For  quenching 
arising from electrostatic mul t ipolar  interactions, the 
emission in tensi ty  as a function of activator concen- 
t rat ion is proport ional  to C{1 -t- ~' (C)O/3} - I  (5) where  
0 ---- 6, 8, or 10 for dipole-dipole, dipole-quadrupole,  
quadrupole-quadrupole  interaction, respectively, and 8' 
is a constant  for each interact ion for a given host 
crystal. 

However, these expressions apply only when the 
exciting radiat ion is weakly  absorbed by the activator. 
For practical phosphors, where the exciting radiat ion 
is strongly absorbed by the activator or absorbed by 
a "sensitizer," the opt imum activator concentrat ion is 
found to be lower than  the calculated results. A point  
commonly overlooked in concentrat ion quenching 
studies on phosphors is the importance of the absorp- 
tion coefficient for the exciting radiat ion as well as the 
type of excitation. In  this paper the opt imum activator 
concentrat ion is found to depend not only on the lum-  
inescent activator ions bu t  also on the type of excita- 
tion; for example, weakly  absorbed, strongly absorbed, 
sensitized, or cathode-ray.  

Experimental 
The phosphors studied were Eu+3-activated Y203, 

LiYO2, and YVO4, and Eu +3-, Tb+3-, and Pr+~-act i -  

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
Key  w o r d s :  c o n c e n t r a t i o n  q u e n c h i n g ,  c o n c e n t r a t i o n  de pendence ,  

a b s o r p t i o n  coeff icient ,  e xc i t a t i on ,  emiss ion ,  phosphor s .  
1 C  = n a / ( n a  + n~)  w h e r e  na is t he  n u m b e r  of  a c t i v a t o r  ions  and  

n~ is  the  n u m b e r  of hos t  ca t ions .  

vated Y202S. The y t t r ium oxide and the rare  earth 
oxides used to prepare the phosphors were 5N and 3N 
pure, respectively. The rare earth oxides as host and 
activator were dissolved in hot nitric acid and pre-  
cipitated with oxalic acid. The oxide phosphors were 
prepared by firing the oxalates at 1200~ for 2 hr in 
oxygen. The vanadate  phosphors were prepared by 
firing the proper mix ture  of the oxalates and 10% ex- 
cess ammon ium vanadate  at 1000~ for 2 hr  in air. 
After  firing the samples were washed, first with 6N 
HC1 and then with concentrated NH4OH, rinsed several 
times with hot deionized water, and finally dried at 
l l0~ The oxysulfide phosphors were prepared from 
the oxide by a flux technique:  a mix ture  of the proper 
rare earth oxide, sulfur, and sodium carbonate in the 
molar ratio 1:3:1, respectively, which was fired at 
l l00~ for 2 hr in a ni t rogen atmosphere. After firing, 
the samples were washed with hot deionized water  and 
dried. The l i th ium y t t r ium oxide phosphors were pre-  
pared as reported earlier (6). 

The optical measurements  were made on 2 mm thick 
powder samples, which were packed in planchettes. 
The emission spectra for various exciting wavelengths  
were obtained with a monochromatized light source 
consisting of a 200W d-c xenon lamp and a Bausch and 
Lomb grating monochromator  (1300 l ines /mm) .  Since 
the luminescence in tensi ty  for direct excitation in the 
visible is very weak, it is necessary to remove all stray 
uv excitation which can produce a significant emis- 
sion. By proper choice of filters the emission from the 
desired excitation can be determined.  

Results 
In  general, the emission of rare earth activated phos- 

phors can be optically excited in three ways: by (a) 
indirect host excitation, (b) direct excitat ion into as- 
sociated act ivator-host  absorption (charge t ransfer)  
bands, and (c) direct excitation into the nar row 4f n 
absorptions. The terms "direct" and "indirect" refer, 
respectively, to the classes of phosphors in which the 
absorption of the exciting radiat ion involves either an 
activator or a "sensitizer. '~ The dominant  excitation 
for cathodoluminescence falls in the indirect  class. Only 
(a) and (b) correspond to strongly absorbing excita- 
tions and are of practical interest;  the 4f n excitations 
are very weak. 

z The  h o s t ~ m a t r i x  in  m a n y  p h o s p h o r s  can act  as a sens i t izer .  
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Table I. Exciting wavelengths for the phosphors studied 

Excit ing wave leng ths  (nm) 

Host Charge 4f n or  4s 
Phosphor excitat ion t ransfe r  excitation* 

YVO4 :Eu 320 467 
LiYO~:Eu -- 2"~4 467 and 365 
Y~O~:Eu 214 254 467 and 365 
Y.-~S :Eu 254 320 467 
Y~O~S :Tb 254 290 
Y~O~S:Pr 254 2~0 460 

* Only Tb +s has a 4~-5d excitation. 

The exciting wavelengths used for each of the phos- 
phors studied are listed in Table I by type of excita- 
tion. The concentrat ion dependence of selected emis- 
sion lines was determined from the emission spectra 
by measur ing their  intensities as a funct ion of ac- 
t ivator concentration. The concentrat ion dependence 
curves, including the one for cathode-ray (CR) ex- 
citation, are shown in Fig. 1-6. The opt imum activator 
concentrat ion for each photoexcitation and for cathode- 
ray excitation is shown in Table II. The opt imum ac- 
t ivator concentrations,  as shown in  Table II, were 
determined from l inear  concentrat ion dependence 
curves (not shown).  A l inear representat ion was used 
because it was easier to determine the opt imum ac- 
t ivator concentrat ion from this than from the usual  
log-log dependence curves. The log-log representation,  
however, is preferable for large concentrat ion ranges 
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Fig. I. Concentration dependence curves of (Yl-zEux)203 phos- 
phors excited by 214 nm (host), 254 nm (charge transfer), and 
467 nm (4f 6) radiation and by cathode rays. The 611 nm emission 
llne was monitored. 

and is used in the figures. The reproducibi l i ty  of the 
data, which was checked by measur ing three series of 
samples, is wi th in  --+5%. 

For the weakly absorbing 4f e Eu +s direct excitation, 
the opt imum activator concentrat ion for 5D0 emission 
of each phosphor exactly coincided with the concen-  
t rat ion calculated by  the exchange model, as shown in 
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transfer), and 467 nm (4f e) rad ia t ion  and  by cathode rays. T h e  
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monitored. 
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Table II. However, the emission of (Yl-xPrx)20~S and 
all of the 5D1 and 5D2 Eu +3 emissions quenched at 
considerably lower concentrations, indicating that  the 
quenching is probably due to an electrostatic mul t i -  
polar interact ion (1). 

In  all  cases, whether  the quenching is due to ex- 
change coupling or electrostatic mul t ipolar  interac-  
tion, the opt imum activator concentrat ion for a par-  
t icular emission shifts to lower concentrat ion as the 
excitation varies in the following sequence: 4f n ex- 
citation, charge t ransfer  excitation, host excitation, and 
finally cathode-ray excitation. 

Discussion 
In order to discuss the results, it is necessary to con- 

sider the dependence of the emission in tensi ty  from a 
packed powder on the absorption of the exciting radi-  
ation. Two cases are discussed: (a) where the scat- 
ter ing is large compared to the absorption (direct ex- 
citation) and (b) where the scattering is negligible 
(indirect excitation).  For either case the observed 
emission intensity,  lob,  is given by the rate of formation 
of excited activator ions (hi)  mult ipl ied by the prob-  
abil i ty that an excited activator ion will  undergo emis- 
sion (q). This can be expressed by 

I o b =  Abl [ 1 ] 

For a th in  single crystal of a phosphor, • can be ob- 
tained from Lamber t  absorption law as follows 

A I = I o - -  I t  [ 2 ]  

where Io is the incident  radiat ion in tensi ty  and It is the 
t ransmit ted radiat ion intensity.  But  It = Io e -ad, where 
a 3 is the fractional decrease in the intensi ty  per un i t  

a = k C ,  w h e r e  k is  e x p r e s s e d  in  cm -1 a n d  depe nds  o n l y  on  t he  
osc i l l a to r  s t r e n g t h  of the  abso rp t ion ,  a n d  C is the  c o n c e n t r a t i o n  ex-  
p ressed  in  m o l a r  f rac t ion .  

Table II. Optimum activator concentration of Eu +:~ Tb +~ and 
pr+3-activated phosphors under various excitation modes 

E m i s s i o n  
f r o m  E x c i t a t i o n  m o d e s  C a l c u l a t e d  

. 1 
Ca thode  C h a r g e  Copt = 

r a y  Hos t  t r a n s f e r  4f-  1 + z P h o s p h o r  5Dj 3 p j  

YVO~:Eu j = 0 0.04 0.06 -- 0.2 0.2 
LiYO2:Eu 0 -- -- 0.08 0.2 0.2 

1 - -  - -  0,01 0.02 - -  
2 -- 0.01 0.02 -- 

Y~O~:Eu 0 0.~" 0.05 0.06 0.I 0.I 
1 -- -- 0.01 0.03 -- 
2 -- 0.007 0.01 -- 

Y:~O~S :Eu 0 0 . ~ 5  0.04 0.06 0.08 0.08 
1 -- 0.003 0.01 0.02 -- 
2 -- 0.003 0.01 0.02 -- 

Y~O2S:Tb 4 0.03-4 0.05 -- 0.08 0.08 
3 0.007 0.01 

Y~O,~S:Pr j : 0 0.0025 0.003 0.005 0.01 

* F r o m  e x c h a n g e  model .  
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length due to absorption and d is the path length in the 
crystal, so that  

~I : Io(1 -- e -a~) [3] 

Now, Eq. [3] can also apply to a packed powder, bu t  
the path length must  be modified to take into account 
the scattering. When an incident  radiat ion beam en- 
counters a packed powder, it is surface scattered 
through Fresnel  reflections and the remainder  pene-  
trates the powder undergoing absorption as well  as 
fur ther  scattering. The depth of penetra t ion into the 
powder depends on both the scattering and the ab- 
sorption. For extremely high absorption the penet ra-  
t ion will  be small, just  as the case for a single crystal 
and Eq. [3] will  apply except for the Fresnel  surface 
losses. As the absorption decreases, the penetra t ion 
wil l  increase to the scattering l imit  which depends on 
the particle size of the powder. For  5~ particles, which 
includes most phosphors, the scattering l imited pene-  
t rat ion depth (i.e., no absorption) is less than 1 mm. 
As a result  of the scattering, the actual path length 
of the incident beam may be greater than the pene-  
t rat ion depth. Therefore, Eq. [3] can be used for pow- 
ders, in general, provided the path length can be prop- 
erly determined.  

In  the present paper, the concentrat ion quenching 
curves under  various excitations are compared for a 
part icular  phosphor. The thickness of the powder sam- 
ples was 2 mm to insure that  none of the exciting 
radiat ion would be t ransmit ted  through the sample. 

Direct  exc i ta t ion . - - In  the case of direct excitation, it 
is assumed that the penetra t ion is l imited by the 
scattering, so that the path length of the exciting ra-  
diation is fixed. This is cer tainly true for the weak 
4f n absorptions and is probably true for the charge 
transfer  excitations at low activator concentrations. 
This means that  Eq. [1] can be used to describe the 
emission intensi ty  of a packed powder for a fixed pene-  
t ra t ion depth as follows 

I o b :  Io (1 -- e-aa)~l [4] 

Only the quali tat ive features of the absorption factor 
are used in this paper since the path length is difficult 
to estimate. 

For  the quenching, there are two kinds of mecha-  
nisms to consider: exchange coupling and electro- 
static mult ipolar  interactions. For  a phosphor in which 
the concentrat ion quenching mechanism is due only 
to exchange coupling, the probabi l i ty  for emission n 
is proportional to the fraction of isolated single activa- 
tor ions which is given by 

( I  - c )  z [5]  

For electrostatic mul t ipolar  quenching, the probabi l i ty  
for emission is given by 

{1 + 9 '  ( C ) 0 / ~ } - I  [6]  

Then, the following expressions for Iob under  direct 
excitation as a funct ion of activator concentrat ion 
(neglecting energy t ransfer  from single ions to paired 

ions) are obtained: 
For exchange interact ion 

Iob : AIo {1 -- exp ( - - k C d ) }  (1 -- C) z [7] 

For mult ipolar  interact ion 

I o b :  AIo{1 -- exp ( - - k C d )  }(1 -F [~' (C)~ -1 [8] 

The last factor in Eq. [7] and [8] merely  depends 
on the crystal structure. Equations [7] and [8] both 
have a common factor which depends on the exciting 
wavelength.  Therefore, the effects of exciting wave-  
length are qual i ta t ively similar for each expression. 
For this reason, Eq. [7] is main ly  discussed in this 
paper. 

Figure 7 shows the calculated curves of Eq. [7] for 
three a rb i t ra ry  values of kd, namely  1, 10, and 100, for 
Eu + 3 occupying the C~ y t t r ium site in  Y203 where  z 
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Fig. 8. Concentration dependence curves (Iob/C vs. C) for the 
5D1 and ~'D2 emissions from Li(Y1-xEuz)O2 under 365 nm (4P) 
excitation. 

is nine. These curves are re la t ive  since the constant AIo 
has not been evaluated.  It can be seen that, for a fixed 
value of the penetra t ion depth (d),  the opt imum ac- 
t ivator  concentrat ion shifts to lower concentrat ion as k 
increases. The shift is due to the saturat ion of the 
{1 -- exp ( - - k C d ) }  factor in Eq. [7] which is l inear 
with concentrat ion only for small values of kCd, and as 
k increases the deviat ion f rom l inear i ty  occurs at suc- 
cessively lower concentrations. 

As shown in Fig. 1-6 and Table II, regardless of 
the mechanism responsible for the concentrat ion 
quenching, the opt imum act ivator  concentrat ion 
changed with  a change in the excit ing wavelength.  It  
was difficult to de termine  quant i ta t ive ly  the absorp- 
tion by the phosphor powder;  however,  the exper i -  
menta l  results agreed qual i ta t ive ly  wi th  the results 
predicted by Eq. [7] and [8]. 

For a weak absorption, kC < <  1, Eq. [7] becomes 

Iob---- A I o k C d  ( 1 - - C )  z 
o r  

Iob= BC (1 -- C) z [9] 

where  B is a constant for a given exciting intensi ty 
and penetrat ion depth (d). Equat ion [9] has commonly 
been used as the concentrat ion dependence equat ion 
(2-4). Therefore,  if the excitat ion is made wi th  ra -  
diation that  is weakly  absorbed, the data should fit Eq. 
[9]. 

The concentrat ion dependence curve  for the 5D4 Tb +3 
emission f rom (Yl-xTbx)~O2S for 290 nm excitat ion 
(4f-5d) was found to coincide exact ly  wi th  the cal- 
culated curve  using Eq. [9] (Fig. 4). Except  for 
(Y1-xEux)202S, all of the 5D0 Eu +3 data showed some 
discrepancies at concentrat ions greater  than the opti-  
mum value. In the case of (Yl-xEux)202S, the 5D0 
Eu +~ emission curve be tween x ---- 0.02-0.08 showed an 
additional positive deviat ion from the calculated curve. 

From Eq. [9], the opt imum act ivator  concentra-  
tion Copt, is given by (4) 

Co,t ---- 1/(1 + z) [10] 

Since z is four in YVO4 and LiYO2, nine in Y203, and 
twelve  in Y202S, the opt imum act ivator  concentrat ion 
should be, respectively,  at C ---- 0.2, 0.1, and 0.08. As 
indicated in Table II, the observed opt imum act ivator  
concentrat ions for the 5D0 Eu +3 and 5D4 Tb +3 emis-  
sions under  direct exci tat ion exact ly  coincide with  
the calculated values. 

The opt imum act ivator  concentrat ions of the 5D3 
Tb +8 emission, 5D1 and 5D2 Eu +3 emissions, and Pr  +3 
emission, however ,  are at 0.01, 0.02, and 0.01, respec-  
t ively; electrostatic mul t ipolar  interactions are  re-  
sponsible for the quenching of these emissions. 

If  kCd is small, Eq. [8] becomes 

Iob ---- BC{1 + [3' (C)e/8} -1 [11] 

or expressed as emission per  ac t iva tor  ion 

lob/C = B{I + ~' (C)e/a} - I  [12] 

The value of 8 can be est imated f rom Eq. [12]. Figure  8 
shows the concentrat ion dependence curves (lob/C vs. 
C) for 5DI and 5D2 Eu +a emissions from Li (Yt-xEux)02  
under  365 nm excitation. Between 0.04-0.2 molar  t rac-  
tion, the curves are l inearly decreasing with  a slope of 
6/3 and 8/3, respectively. These results indicate that  
dipole-dipole (8 = 6) and dipole-quadrupole  (8 = 8) 
interactions are involved in the quenching. For  the 
5D3 Tb +3 emission f rom (YI-xTbx)202S under  290 nm 
excitation, it is found that  the d ipole-quadrupole  in-  
teract ion is responsible for the quenching, which agrees 
wi th  other  Tb + 3 _ act ivated phosphors (7). 

Indirect  exc i ta t ion . - -Wi th  indirect  excitation, the in-  
cident energy is absorbed by a sensitizer or donor, for 
example  the host lattice, and t ransferred to the ac- 
t ivator  or acceptor. This excitat ion process is more 
complicated than the direct case since it involves 
additional energy t ransfer  steps. Perhaps  it is for 
this reason that  there  is such a sparsity of theories 
and data for indirect  excitations of so-called oxygen-  
dominated phosphors, such as oxides and oxysulfides. 
Even though our knowledge is too l imited to describe 
indirect  exci tat ion by an analyt ical  expression, it is 
possible to present  a qual i ta t ive  picture for the de-  
pendence of the emission intensi ty on act ivator  con- 
centration. 

For  host photoexcitation,  a constant fraction of the 
incident radiat ion is absorbed which is independent  
of the act ivator  concentration. This is unl ike the direct 
exci tat ion case where  the absorption increased with  
act ivator  concentration. Since host absorptions are 
ve ry  intense (~105 c m - D ,  the penetra t ion depth is 
less than the dimensions of a single particle. 

In the absence of an activator,  the absorbed energy 
will  be degraded by various mechanism (radiat ive 
and nonradiat ive)  which can col lect ively be referred 
to as the "sink." As the act ivator  concentrat ion in-  
creases, the act ivator  competes wi th  the "sink" for 
the excitat ion unti l  all of the absorbed energy is ul-  
t imate ly  t ransferred to the act ivator  at some "cri t ical"  
concentration. Beyond this concentrat ion the act ivator 
emission wil l  no longer increase but  wi l l  remain  con- 
stant unti l  concentrat ion quenching begins. Therefore,  
the dependence of the emission intensity on activator 
concentrat ion for host photoexci tat ion can be expected 
to show an initial rise, a flat region, and finally a de- 
crease due to concentrat ion quenching. The concentra-  
tion dependence curves for host photoexcitat ion re-  
ported in this paper  (see Fig. 1-4 and 6) show some 
similari t ies to this qual i ta t ive  description. For  the 5D~ 
and 5D4 Tb +3 emissions (Fig. 4) and the Pr  +3 emission 
(Fig. 6) in Y202S, the hos t - to-ac t iva tor  energy  t rans-  
fer is apparent ly  very  efficient since the "cri t ical"  con- 
centrat ion is less than 10 - s  mole  fraction. 

Under  ca thode-ray excitation, all of the excitations 
are involved;  however ,  the dominant  one is most l ikely 
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host excitation. Then, the concentrat ion dependence 
curves for cathode-ray excitat ion and host photoex- 
citation should be similar. In (Yl-xEux)203 and in 
(Yl-xPrx)202S phosphors, the concentrat ion depen-  
dence curves obtained by cathode-ray excitat ion (CR) 
are almost identical to the concentrat ion dependence 
curves obtained for the host photoexcitation as shown 
in Fig. 1 and 6. However, the concentrat ion depen-  
dence curves for the other Eu+3-activated phosphors 
under  cathode-ray excitat ion deviate from the host 
photoexcitation curve at high europium concentra-  
tions. This deviation may be due to the direct excita- 
t ion of Eu +3 under  cathode-ray excitation, which can 
occur at high europium concentrations. 

Conclusion 
Under  direct excitation, an expression for the emis- 

sion intensi ty  as a funct ion of activator concentra-  
t ion can be derived for the case where the exciting 
radiat ion is weakly absorbed. For this type of excita- 
tion, the opt imum activator concentrat ion of a phos- 
phor, in which the quenching is due to an exchange 
interaction, exactly coincided with the value calculated 
from the isolated single activator ion concentration. 
Where the absorption coefficient is not negligible the 
number  of excited activator ions saturates, causing the 
opt imum activator concentrat ion to shift to lower 
concentrations. 

Under  cathode-ray excitation and host photoexcita- 
tion the concentrat ion dependence curves are similar, 
indicat ing common excitation mechanisms. 
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Concentration of Zinc in Gallium Arsenide Crystals 
Grown by Slowly Cooling Gallium-Rich Solutions' 

S. F. Guo, 2 C. D. Thurmond, 3,* and G. L. Pearson 

Stanford Electronics Laboratories, Stanford University, Stanford, California 94305 

ABSTRACT 

Gal l ium arsenide crystals were grown from Ga-r ich solutions having ini-  
tial compositions near  the 900~ isotherm of the Ga-As-Zn  te rnary  phase 
diagram. They were grown over the tempera ture  range from 900 ~ to 700~ 
The concentrat ion of Zn in GaAs appears to vary  l inearly with the Zn atomic 
fraction in the liquid at lower doping levels and with the square root of 
the atomic fraction of Zn in the liquid at higher doping levels. In  fitting the 
exper imental  data to the theoretical expression for the solid solubility, the 
intrinsic carrier  concentrat ion of GaAs was found to be about 8 x l017 cm -~. 
The corresponding temperature  has been estimated to be 825~176 

The solid solubilities of Zn in GaAs crystals grown 
from solutions along the 1000~ isotherm of the 
Ga-As-Zn te rnary  phase diagram have been obtained 
by Panish and Casey (1). Chang and Pearson (2) have 
made several solid solubil i ty measurements  at 900~ 
from diffusion curve extrapolations. 

The objective of the experiments  reported here is to 
obtain the dependence of the Zn concentrat ion in GaAs 
on the liquid phase concentration. Ideally, such ex- 
periments  should be done at a part icular  temperature.  
However, the expected tempera ture  dependence of 
solubili ty (1, 2) is small. A crystal  grown over a tem- 
perature range from 900 ~ to 700~ should have about 
a factor of 3 variation. This should be true for most  of 
the extrinsic range. The var ia t ion in concentrat ion for 
intrinsic crystals should be smaller. Since the solid 
concentrat ion will  be varied by 4 orders of magni tude  

1 This work  was  supported by USAECOM Night  Vision Labora-  
tory,  Fort  Belvoir,  Virginia, th rough  Contract  No. D A A K  02-68-C- 
0355. 

Present  address: National Chiao Tung  Universi ty ,  Hsinchu, Tai- 
wan,  China. 

3 P e r m a n e n t  address: Bell Telephone Laboratories,  Mur ray  Hill, 
New Jersey.  

* Electrochemical  Society Act ive  Member.  
Key  words: GaAs, Zn, solubility, slow-cooling, intrinsic carriers,  

Ge-r ich proteins. 

in the exper iments  represented here, the small  var ia-  
t ion with temperature  will  not obscure the concentra-  
t ion dependence. 

Self-nucleated crystals were grown in sealed and 
evacuated ampoules by cooling slowly from solutions 
(3) containing Ga, GaAs, and Zn. The Zn concentrat ion 
in the GaAs crystals was determined from Hall  mea-  
surements.  In  addition, radioactive tracer measure-  
ments, electron beam measurements,  Schottky barrier,  
and p - n  junct ion diode capacitance measurements  were 
made on certain samples. 

Experiments 

The materials used in these experiments  were Asarco 
undoped polycrystal l ine GaAs containing a donor im-  
pur i ty  of 3.5 x 10 TM cm 3, Eagle Picher seven 9's Ga, and 
Cominco five 9's Zn. Radioactive 65Zn was used in one 
experiment.  

The start ing composition of solutions was chosen to 
be near  the 900 ~ isotherm of the l iquidus surface of 
the Ga-As-Zn  te rnary  phase diagram presented by 
Panish (4). The atomic fractions of Ga, As, and Zn 
used in each r un  are given in Table I. 
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Table I. Composition of solutions 

Z n  IN  G a A s  C R Y S T A L S  

I0 I~ 

A t o m i c  f r a c t i o n  ~- 

R u n  No.  G a  A s  Z n  
'~10 ~ 

1 0.919 0.081 1.2 • 1 0  - t  ~" 
2 0.94 0 . 0 6  8.7 x I0-~ o 
3 0,935 0.065 8 X 10 -7 
4 0.83 0.07 0.1 b- 
5 0,93 0,06 0.01 
6 0.94 0.06 9.2 x 10 -~ ~ tO ~: 
7 0.94 0.06 2.5 x 10 ~ 
8 0.50 0.13 0.37 8 
9 0.24 0.24 0.52 

10 0.96 0.04 9.3 X 10 ~ 

The materials  were loaded in a clean quartz tube. 
The tube was evacuated to about 10-~ Torr and sealed. 
The volume of the ampoule was about 3 ml. The 
ampoule was put  into a vertical  furnace and heated to 
a tempera ture  above the l iquidus curve of the phase 
diagram for a few hours. The solution was then cooled 
slowly at a rate of 27~ Single platelets were 
recovered. 

The hole concentrat ion obtained from Hall measure-  
ments  at room tempera ture  can be used to determine 
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Fig. 1. Zinc concentration vs. hole concentration in Zn-doped 
GaAs. 
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the Zn concentrat ion in GaAs. The van  der Pauw 
method was used for crystal  plates of a rb i t ra ry  shape 
(5). From the data of Ermanis  and Wolfst irn (6) and 
this work, a relat ion between Zn and hole concentra-  
tions is established up to 5 x 10 is cm -8 as shown in 
Fig. 1. The zinc concentrat ion is larger than the hole 
concentrat ion by  the factor 1.3. Electron beam micro- 
probe analysis shows that the correction factor is uni ty  
at a concentrat ion of 1020 cm -3. We have chosen to 
make the small  1.3 correction to the Hall  measurement  
below 5 x 10 ~s cm -3 and no correction at higher con- 
centrations. 

The junct ion capacitance method was used to mea-  
sure the hole concentrat ion in l ightly doped GaAs; 
n + - p  junct ion  diodes were formed either by alloying 
Sn dots directly on the p- type GaAs wafer in a form- 
ing gas atmosphere or by evaporat ing and alloying 
procedures in a vacuum system. Ohmic contacts to the 
p- type bulk  were made by  alloying Au-Zn  alloy to 
the sample. 

The resistivity p (ohm-cm),  mobil i ty  #p (cm2/V-sec), 
and hole concentrat ion p (cm -8) obtained from Hall 
measurements  are given in Table II. The Zn concen- 
trations obtained from the Hall  measurements  and 
from measurements  used are also included in Table II. 

Results and Discussion 
The measured concentrat ion of Zn in GaAs, grown 

from solutions with init ial  compositions near the 900~ 

i E 
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Fig. 2. Zinc concentration in GQAs as a function of the zinc 
concentration in the liquid at 825~176 Chang and Pearson, 
900~ 

A 102C 

isotherm of the Ga-As-Zn  t e rna ry  phase diagram, is 
shown in Fig. 2. The results of Chang and Pearson (2) 
for 900~ are also shown in the figure. The concen- 
trat ion of Zn in GaAs appears to vary  l inear ly  with 
the atomic fraction of Zn in the liquid at the lower 
doping levels and with the square root of the atomic 
fraction of Zn in the l iquid at the higher doping levels. 
This result  is in good agreement  with the theoretical 
expression discussed below. 

Table II. Hall data and zinc concentrations 

S a m p l e  No.  p ( o h m - e r a  ) 

H a l l  m e a s u r e m e n t  

p ( cm -a) 

Z n  c o n c e n t r a t i o n  /Vz. (cm-a)  

F r o m  
H a l l  d a t a  

F r o m  
o t h e r  m e t h o d s  

1-1 0 .059 155 6.8 x 10 ]~ 
1-2 0.056 166 6.5 x 1 0  ] ~  

1-3 0.054 150 7.8 x 1017 
2-1  0.017 110 3.3 X l 0  TM 

2-2  0.019 114 2.9 X 10 TM 

2-3  0.018 102 3.4 x 10 TM 

3-1 1.61 347 1.12 • 10 TM 

4-1 0.0028 54.5 4.1 • I{P~ 
4-2  0 .0035 63 2.8 ~< 10 TM 

5-1 0 .0049 66 1.9 • 10 TM 

5-2  0.0052 69 1.7 • 10 TM 

5-3  0.0067 77 1.22 • 10 a~ 
6-1 1.37 270 1.7 x 10~e 
7-1 0.097 231 2.8 • 10~ 
7-2  0 .083 207 3.0 X 10 ~7 
8-1 0.0016 38.5 1,01 • 10~ 
9-1 0 .0014 41 1.1 x 10 m 
9-2 0.0015 47 0.87 x 10 ao 

10 - I  0 .168 260  1.4 x 10 ~ 

8.8 x IIP~ 
8.5 X 1017 

10.5 x 1017 
4.3 • 10 as 
3 .8  x 10 ~s 
4.4 x 10 is 

2 .8  X 10 TM 

1.9 X I(P 9 
1.7 X 10 ~9 
1.22 X 10 l~ 

3,6 x 10 lz 

0.87 • 10 ~o 
1.8 X 101~ 

1.55 X 101~(~) 
7.5 • 1019(b) 

2 x 10 le(c) 

4 x 10 aT(~) 
0.97 • 10 m(~ 
1.3 x 10 ~oC~) 

(a) R a d i o a c t i v e  t r a c e r  d a t a .  
(b) M i c r o p r o b e  da ta .  
(c) n§  j u n c t i o n  d a t a .  
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Fig. 3. Intrinsic carrier concentration of GaAs vs .  temperature 

From the thermodynamic  equi l ibr ium relation for 
the incorporation reaction of Zn atoms in the l iquid 
with  Ga vacancies in the solid to form singly ionized 
Zn acceptors and free holes in the solid and from the 
charge neutra l i ty  condition and the e lect ron-hole  mass 
action relation, the Zn concentrat ion in GaAs can be 
expressed as 

NZn : KXIzn/(KX~zn "[- ni 2) '~ [1] 

Here  ni is the intrinsic carr ier  concentration, K is 
proport ional  to the thermodynamic  equi l ibr ium con- 
stant for  the incorporat ion reaction, and XZz, is the 
atomic fraction of Zn in the liquid. Equat ion [1] applies 
to solutions sufficiently di lute to assure that  the act ivi-  
ty coefficients of Zn in the l iquid and solid, the act ivi ty 
of arsenic in the liquid, and the act ivi ty  coefficient -~ 
holes in the solid are not functions of composition. The 
proport ional i ty  constant is 71Zn'YIAs/'Yp'ySzn. 

At low doping levels, X~znK < < ni 2, the Zn concen- 
t ra t ion is proport ional  to the atomic fraction of Zn in 
the l iquid 

Nzn : (K/ni)X~zn [2] 

At  high doping levels, XZznK > >  ni 2, the Zn concen- 
t ra t ion is proport ional  to the square root  of the Zn 
fraction in the l iquid 

Nzn : (KX~zn) '/2 [3] 

The exper imenta l  results, plotted in Fig. 2, appear  to 
follow these relat ions qui te  well. It  can readi ly  be 
shown from Eq. [2] and [3] that  the value of Nzn at 
the point of intersection of the l inear and square root 
lines is ni and, to fit the  data shown, has a value of 
8 x 1017 cm -z. The theoret ical  curve  shown in Fig. 2 
was obtained by plott ing Eq. [1] in terms of reduced 
variables  on a log-log scale and finding the best fitting 
position over  the exper imenta l  points plotted on the 
same scale. Only points below 5 x 10 TM cm -3 were  used. 
The uncer ta in ty  in ni f rom data scatter  is about 30%. 
At concentrat ions higher  than 5 x 10 TM 4 it is expected 
that  the exper imenta l  curve wil l  depart  f rom the 
square root l ine in the direction shown in the figure 
(1). 

The above analysis assumes a constant temperature .  
In fact, the exper imenta l  results have been obtained 
from crystals grown over  a 200~ tempera ture  range. 
However ,  the var ia t ion in concentrat ion of Zn in a 
grown crystal  is expected to be about a factor of 3, as 
obtained f rom the t empera tu re  dependence of the Zn 
distr ibution coefficient (1, 2), about 12 kcal. Since the 
variat ion due to concentrat ion dependence is much 
larger, the concentrat ion dependence of Fig. 1 should 
be a good approximat ion to a single isotherm. 

A tempera ture  corresponding to the average mea-  
sured composition can be estimated. At  a par t icular  
s tar t ing composition at 900~ the Zn concentrat ion in 
GaAs can be calculated as a funct ion of the fraction 
of GaAs crystal l ized be tween 900 ~ and 700~ The 
fraction crystall ized is a known function of tempera-  
ture. The curves  obtained for various assumed values 
of the distr ibution coefficient, its t empera tu re  depen- 
dence, and the initial composit ion of the l iquid were  
found to give an average concentrat ion for the 900 ~ 
700~ tempera tu re  in te rva l  that  fell  in the range of 
825~176 5 These estimates apply to extrinsic solid 
solutions. Intrinsic solid solutions are expected to have 
a t empera ture  coefficient of solubil i ty appreciably 
smaller  than the t empera tu re  coefficient for extrinsic 
solutions. The tempera ture  coefficient of ni subtracts 
f rom that  of the extr insic solutions as can be shown 
to follow from Eq. [1]. Near  cancellat ion occurs. 

The value of ni obtained from Fig. 2 can be compared 
to an est imate of m from band s t ructure  information.  

4 Ea r ly  w o r k  (1) s u g g e s t e d  t h a t  the  ho le  a c t i v i t y  coeff ic ient  b e g a n  
to c h a n g e  in  the  5 x 101s em--S range ,  b u t  more  r ecen t  w o r k  (7) 
i n d i c a t e s  5 • 1019 cm -s or h i g h e r  is  r e q u i r e d .  

5 A. S. J o r d a n  (14) has  r e c e n t l y  e v a l u a t e d  the  a v a i l a b l e  sol id  sol- 
u b i l i t y  i n f o r m a t i o n  fo r  Z n  in  G a A s  a n d  has  c o n s t r u c t e d  a t h e r m o -  
d y n a m i c a l I y  concise  set of  s o l u b i l i t y  i so the rms .  His  800 ~ a nd  900~ 
i so the rms ,  in  the  square  root  r eg ion ,  b r ac ke t  the  i s o t h e r m  we  h a v e  
f o u n d  to  fit our  m e a s u r e m e n t s ,  s h o w n  in  Fig.  2. 

For a mul t iva l ley  semiconductor  it can be wr i t ten  as 

ni = 4.9 X 101ST 3/2 Z (mpmnj/mo2) 3/4 exp (--Egj/2kT) 
[4] 

The densi ty-of-s ta te  effective mass of holes in GaAs is 

m p  : ( m p l  3/2 -~- r ap23 /2 )  2/3 ~__ 1.03 mo [5] 

where  the theoret ical  values (8) mpl -- mo and rap2 
---- 0.1 mo have been used for the heavy and l ight hole 
masses, respectively.  The <000>  conduction band min-  
imum has an effective electron mass (8) toni : 0.084 
too. The energy gap as a function of t empera tu re  is (9) 

Egl : 1.522 -- 5.8 • lO-4T2/(T + 300) [6] 

The second lowest min imum <100> has a densi ty-of-  
state effective electron mass (10) mn2 ~--- 1.2 mo. Hall  
and Racette (11) have  calculated ni by taking Eg2 = 
Egl q- 0.36 eV. Recently, James  and Moll (12) have 
found that  the energy difference between the two 
minima is 0.33 eV at 300~ and 0.35 eV at 80~ These 
data show that  the energy difference is a function of 
tempera ture  in the same manner  as Eq. [6]. Thus the 
second energy gap can be wr i t ten  as 

Eg2 : Egl (T) [1 -k 0.33/Egl(300~ ] [7] 

The results obtained f rom the calculat ion of the two-  
band model  are g iven in Fig. 3. The exper imenta l  value 
of ni falls a factor of 2 higher  than that  given by the 
theoret ical  curve. The result  of McCaldin (13) at 
1000~ is also shown in the figure and it is a factor of 
2 above the theoret ical  curve. 

Conclusions 
The solid solubili ty data obtained in this work  fit 

the theoret ical  expression given in Eq. [1]. The singly 
ionized substi tut ional  acceptor model  of the incorpora-  
tion react ion seems to be correct. A value of ni of 
8 x 1017 cm -3 at a t empera tu re  in the range of 825 ~ 
850~ has been obtained. 
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New Optical Quenching Bands in CdS Crystals 
Mamoru Oshima and Ryoji Takahashi 
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ABSTRACT 

The effects of bombardmen t s  wi th  pen tava len t  ions on the photoconduc-  
t iv i ty  and optical  quenching of photoconduct iv i ty  in CdS single crys ta ls  have 
been invest igated.  A s t r ik ing effect of bombardmen t  wi th  P, As, Sb, and Bi 
ion, each with  an energy of 5 keV, is a considerable  reduct ion in long wave-  
length,  extr insic  response. As a result,  opt ical  quenching star ts  at ve ry  short  
wavelengths .  At  the  h igh -ene rgy  side of the  opt ical  quenching band,  in add i -  
t ion to two w e l l - k n o w n  bands  s i tuated at  0.9 and 1.4~, respect ively,  we ob-  
served a new band with long wavelength  cutoff at about  0.8~ (1.55 eV).  This 
band has its m a x i m u m  at about 0.63~ (1.97 eV),  0.64~ (1.94 eV),  0.66~ (1.88 
eV),  and 0.68~ (1.82 eV) for P, As, Sb, and Bi, respect ively.  These bands,  as 
wel l  as the 0.9~ band, are observable  at t empera tu res  as low as 77~ Measure-  
ments  of the t he rma l ly  s t imula ted  cur ren t  show tha t  r e la t ive ly  large  numbers  
of vacancies of both sulfur  and cadmium are  produced in the bombarded  re -  
gion. I t  is bel ieved that  pen tava len t  ions in CdS crysta ls  are subst i tu ted for 
sulfur  ions forming the new acceptor  levels re la ted  to the  th i rd  band phe-  
nomena. The th i rd  band p robab ly  corresponds to exci ta t ion of t r apped  holes 
f rom these levels d i rec t ly  to the  valence band. 

I t  is wel l  known tha t  the  spect ra l  d is t r ibut ion  of 
inf rared  quenching of photoconduct iv i ty  in CdS 
shows two bands  wi th  m a x i m a  at  0.9~ and 1.5~, re -  
spect ive ly  (1-5).  A number  of inves t igators  have dis-  
cussed the or igin of these two bands, and by many  
repor te rs  it  was r ega rded  as exci ta t ion of holes from 
two different  types  of hole traps,  i.e., "sensit izing 
centers," and successive recombina t ion  of the  re-  
leased holes wi th  free electrons at cer ta in  recom-  
binat ion centers  (1,6, 7). The fact tha t  optical  
quenching is observable  in any k ind  of crystal ,  except  
for ve ry  insensi t ive ones, whe the r  crys ta ls  were  doped 
or  undoped and, moreover ,  i ndependen t ly  of impur i ty  
elements,  na tu ra l ly  leads to the  suggestion that  some 
intr insic  imperfect ions  o f  the  crys ta ls  should be con- 
nected wi th  the  sensit izing centers,  for instance Cd 
vacancies, which can act as acceptors in CdS crystals .  
Bube and Bar ton (8) suggested the  format ion  of Cd 
vacancies for charge compensat ion in the i r  r epor t  on 
h ighly  photosensi t ive  CdS crys ta ls  in which  iodine 
was incorporated.  Exci ta t ion  in those crys ta ls  did  not 
ex tend far  beyond the absorpt ion edge, and strong 
quenching was observed  at h igher  energies than for 
the  common ones wi th  long wave length  response. 
Thomas and Hopfield (9) p roved  the presence of a 
single charac ter i s t ic  aeceptor  imperfect ion in CdS 
crys ta ls  by  inves t iga t ing  recombina t ion  rad ia t ion  
f rom bound  excitat ions.  The  presence of intr insic  ac-  
cep tor - l ike  defects in CdS crysta ls  is also suppor ted  
by  o ther  evidence (10-12). On the other  hand, for 
the  last  ten  years,  var ious  par t ic le  bombardmen t s  
on semiconductors  have  been  employed  by  severa l  
workers  to invest igate  the effects of crys ta l  defects 
on the  electr ical  and photoelectr ic  proper t ies  of the  

Key  words :  pho toconduc t iv i t y ,  CdS crystals, ion b o m b a r d m e n t  (P, 
As, Sb, Bi),  t h e r m a l l y  s t imula t ed  current~ ,  opt ica l  quench ing .  

mater ia ls .  Ku lp  and Ke l ley  (13) showed that  the  
threshold  for  the  product ion of vacancy- in te r s t i t i a l  
pairs  of sulfur  atoms in CdS by e lect ron bombard -  
ment  is 115 • 5 keV and tha t  the center  for the  green 
edge emission in CdS is the in te rs t i t i a l  sulfur  atom. 
They also observed (14) the  photoconduct ive peaks 
at 0.67, 0.9, and 1.4~ in 150 keV elect ron bombarded  
CdS crystals ;  the  first one gave electronic conduction 
and the  la t te r  two gave hole conduct ivi ty.  Bombard -  
men t  by  100 keV electrons pa r t i a l l y  removed  the 
1.4~ quenching band  and also removed  the edge 
emission. Therefore,  t hey  concluded tha t  the  center  
for the 1.4~ quenching band is the  in ters t i t ia l  sulfur. 
Im and Bube (15) r epor ted  that  the ra t io  of quench-  
ing in the  1.4~ band  to tha t  in the  0.9~ region de-  
creased cont inuous ly  wi th  increas ing energy  of i r -  
r ad ia t ing  electrons from 75 to 400 keV. 

Various impuri t ies ,  pa r t i cu l a r ly  the pen tava len t  
ones, which  are  to be t rea ted  here,  have been s tudied 
as dopants  in the  I I -VI  compounds by  a number  of 
workers  (16-24). However ,  the i r  effect on the  elec-  
t r ica l  or optical  proper t ies  were  often not ve ry  p ro-  
nounced. Or ig ina l ly  most of the  exper iments  deal t  
wi th  t he rma l  equ i l ib r ium situations. More recent ly ,  
however,  Anderson  and Mitchel l  (25) and Chernow 
and co-workers  (26), succeeded in forming h ighly  
conduct ive  p - t y p e  CdS by  P and Bi ion bombardment ,  
respect ively,  and ion implanta t ion,  essent ia l ly  a non-  
equi l ibr ium process, was es tabl ished as a new doping 
technique.  

We bombarded  CdS single crysta ls  b y  var ious  kinds 
of ions to inves t iga te  the  effects of defects and, at 
the  same time, we s tudied the effects of those impur -  
i ty  ions on optical  quenching. Bombardmen t  by  al -  
most all  o ther  kinds of ions wi th  an energy  of 5 keV 
had  no influence on the  opt ical  quenching bands.  
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Pentava len t  ions with this same energy, however, 
drast ically changed the properties of the surfaces of 
the crystals (about 1~, in  depth) ; namely,  it (a) made 
the surface region highly resistive, i.e., almost in-  
trinsic, and (b) diminished extensively the long 
wavelength response, almost exactly the effects re-  
ported for CdS:I  by Bube and co-workers (8). The 
cut off of photoconduction occurred at about 0.7m 
and  quenching started at about 0.57~,. Especially in 
Sb ion-bombarded CdS crystals, the optical quench-  
ing band  clearly showed three peaks with maxima at 
0.65, 0.9, and 1.45~, respectively; in crystals bombarded 
with other pentavalent  ions, the thi rd  band  at 0.65~ 
was more or less obscured unde r  the foot of the 
broad band at 0.9~,. In  this paper we deal mostly with 
the third band through measurements  of spectral 
photoresponse, optical quenching of photoconduc- 
tivity, tempera ture  dependence of optical quenching,  
etc., and we come to a significant conclusion with re-  
gard to the center related to the thi rd  band. 

Exper imental  
The CdS crystals used in this exper iment  were 

single crystals which were grown by the vapor phase 
technique at our laboratory. These crystals showed 
a bright  red emission under  uv s t imulat ion at liquid 
ni trogen temperature,  with the center  of the band at 
6200A. This band has previously been associated with 
a silver center (27). Actually, spectrographic analysis 
showed the presence of 0.1 ppm Ag as an impur i ty  
besides Si, Mg, and Ca of the order of 1 ppm. The 
crystal  rod (15 mm in diameter)  was cut at r ight  
angles to the c-axis into 1 mm thick slices, which 
were then polished to an optical finish. Etching by 
dilute hydrochloric acid removed the very  th in  
( ~  100A) amorphous layer at the surface of the crys- 
tal which was caused by polishing. After preheat ing 
at 350~ for 20 min  in argon gas of 1/2 atm pressure, 
the crystals were bombarded by ions at room tem- 
perature in a vacuum of 3 x 10-~ m m  Hg. Various 
ions were produced and accelerated in an ion bom- 
bardment  chamber  by  applying the "exploding wire" 
technique 1 which has been developed at our labora-  
tory (28). Carbon, A1, P, C1, Mn, Fe, Ni, Cu, Zn, As, 
Ag, In, Sb, Au, and Bi ion bombardments ,  each with 
an energy of 5 keV, were performed. The cross sec- 
t ion of the ion beam incident  on the target was l im- 
ited to 0.03 cm 2 by  a baffle with a circular window. 
The bombardment  density was measured (29) at 
least 1012 ions/cm 2 for Cu. Estimated bombardment  
densities for the various ions are summarized in 
Table I. The bombarded crystals were heated at 
400~ for 1 hr  under  200 kg/cm 2 argon gas pressure 
in an autoclave, thus prevent ing  the vaporization of 
the implanted ions from the surfaces. Both direct ly 
after the bombardment  and after heating, the red 
emission became weaker  for the 3.5 keV bombard-  
ment  and ent i re ly  vanished for the 5 keV bombard-  
ment, no mat te r  what  k ind of ions were used. 

1 " 'E xp lod ing  w i r e "  p h e n o m e n o n  is an e x p l o s i v e  e v a p o r a t i o n  o f  a 
m e t a l l i c  w i r e  in  the  a i r  r e s u l t i n g  f r o m  a b ig  e lec t r ic  c u r r e n t  t h r o u g h  
the  wire .  We u t i l i z ed  the  i o n i z a t i o n  of the  m e t a l l i c  w i r e  and  the  
ap p l i ed  h i g h  v o l t a g e  rea l ized  in  the  p h e n o m e n o n  fo r  the  ion  b o m -  
b a r d m e n t  pe r fo rmances .  
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1 ~ 6  AT R. T- _ �9 BULK 
Z W 5  ~ BOMB. BY 
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Fig. 1. Spectral response curves for CdS crystals bombarded by 
various kinds of ions, with an energy of 5 keV, compared with that 
for the nonbomharded crystal. The dark resistivity of the original 
crystal is ! x 10 4 ohm.era; those of the crystals bombarded by AI, 
Cu, and In ions are 3 x 10 3 , 1.5 x 10 5 , and 7 x 10 ~ ohm.cm, 
respectively. (Curves marked "bulk" refer to nonbombarded crys- 
tals.) 

Photoelectric measurements  were carried out in 
a cryostat, which was kept evacuated at a pressure 
of 10 -3 mm Hg dur ing  the experiments.  The pr imary  
excitat ion was effected by an incandescent  lamp with 
a 5200A interference filter. The second beam of in-  
frared light used for the measurement  of optical 
quenching was obtained from a Hitachi EPU-2 type 
monochromator.  Measurements  were made with in-  
dium amalgam surface contacts, which showed ohmic 
characteristics for both nonbombarded and bombarded 
surfaces of the crystals through the whole range of 
voltage used. The dark resist ivi ty of the crystal be- 
fore bombardment  was about 1 x 104 ohm.cm. A 
small  change was detected in the resistivities of the 
specimens bombarded with C, A1, C1, In, Zn, Cu, Ag, 
Mn, Fe, and Ni ions; for example for A1 the resist ivity 
was reduced to one- th i rd  of that  before bombard-  
ment ;  for Cu the resist ivity increased ten times. Also 
no marked change was observed in the spectral 
photoresponse curves, except for a somewhat impur -  
i ty-dependent  unevenness  between 0.55~, and 0.80~. 
Figure 1 shows this for crystals bombarded with var i -  
ous ions as well  as for the nonbombarded  crystal. 
Figure 2 shows the corresponding optical quenching 
spectra at room temperature.  Each quenching band  
starts at about  0.75~, showing the usual  two bands with 
maxima  between 0.9 and 0.95m and between 1.35 and 
1.50~, respectively. 

The effects of P, As, Sb, and Bi ion bombardments  
on the photoresponse and optical quenching are given 
in Fig. 3 and Fig. 4, respectively. There is a relat ively 
larger decrease in response for extrinsic excitation at 
longer wavelengths than near  the absorption edge. For 
crystals bombarded with Sb and Bi, the dark resist ivity 
increased to 107 and 105 ohm-cm., respectively. The 
depth of the high resist ivity layer, measured by direct 
microscopic observation of sections of the specimens, 
was found to be about 1~. In  Fig. 4 it may be noted that  

Table I. Summary of densities of the various ions implanted into CdS crystals 

E l e m e n t s  to  be i m p l a n t e d  C AI Fe  Ni  C u  A g  

Dens i t i e s  of i ons  i m -  
p l an t ed ,  ions/era= ~1013 2 • 10J~ 3 x 10 TM 2 X 10 l~ 1 • 10 i~ 2 • 10 i~ 

P, C1, Mn,  Sb,A1 
As,  In,  Sb,  or 

A u  or  B i  Sb,In 

each of 
5 • 10 u ~1014 ~ 1 0  l~ 
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Fig. 2. Optical quenching spectra for the photoconductivity for 

CdS bulk and the surfaces bombarded by AI, Cu, and In ions, each 
corresponding to Fig. 1. 
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Fig. 3. Spectral response curves for CdS crystals bombarded by 
various pentavalent ions. An ion energy of 5 keV was used in 
each case. The dark resistivities of the crystals bombarded with 
P, As, Sb, and Bi, are 5 x 104 , 8 x 104, 3 x 107 , and 1 x 105 
ohm-cm, respectively. An extremely large reduction of response is 
seen in the extrinsic region at longer wavelengths (compare with 
Fig. 1 ). 

in addition to the we l l -known two quenching peaks, a 
third band appears with maxima at about 0.66 and 
0.68~ for Sb and Bi, respectively. In the case of P and 
As, the total current  in the third band region is larger 
than the bias current  because excitation overcomes 
quenching. To investigate the effects of two kinds of 
ions on quenching we carried out the bombardment  of 
CdS crystals using a special wire, which was prepared 
by simultaneous evaporation of a pair  of metals onto 
a quartz tube  ( i  m m  in diameter) .  Thus, almost equiv-  
alent numbers  of two sorts of ions. e.g., Sb and A1, or 
Sb and In, (1014 ions/cm2), were s imultaneously im-  
planted in CdS crystals. We use the notation "Sb,AI" 
or "Sb,In" to represent  such an ion bombardment .  The 
spectral response of photoconductivi ty and the optical 
quenching spectra at room tempera ture  for samples 
result ing from those bombardments  are shown in Fig. 
5 and Fig. 6, respectively. As one notices, the longer 
wavelength response from 0.6 to 0.8;~ is thoroughly 
removed. More striking, however, are the results of 
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Fig. 4. Spectral distribution of quenching of photoconductivity 
in CdS crystals bombarded with various pentavalent ions for which 
Fig. 3 showed the spectral response curves. The third bands appear 
with maxima at 0.63~ (i.97 eV), 0.64~ (1.94 eV), 0.66~ (1.88 eV), 
and 0.68~ (1.82 eV) for P, As, Sb, and Bi, respectively. Subbands 
can be observed at about 0.75~ (1.65 eV) for P and at about 
0.80~, (1.55 eV) for Sb and Bi. 
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Fig. 5. Effect of simultaneous bombardments with two kinds of 
ions, Sb and AI, or Sb and In, on the spectral response curves. 
The dark resistivities of these crystals are ~ 10 8 and 1 x 10 7 
ohm-cm for Sb,AI and Sb,ln, respectively. A reduction of re- 
sponse similar to those shown in Fig. 3 is seen in the extrinsic re- 
gion. 

measurement  of the quenching effects. Over the entire 
wavelength range from 0.58 to 1.60~,, at least 30% of 
the pr imary  photocurrent  is quenched. The third band 
asserts its existence showing a new clear peak in the 
samples bombarded with Sb and A1, with a max imum 
quenching percentage of 90%. For the nonbombarded 
crystal the quenching percentage is about 10%; in the 
crystals bombarded by ions of P, As, Sb, or Bi the 
quenching effect at the m a x i m u m  of the 0.9;~ band  was 
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Fig. 6. Optical quenching spectra for CdS crystals bombarded by 
Sb,AI and Sb,ln ions, correspondingly to Fig. 5. For Sb,AI, the 
third band forms a clear peak with maxima at 0.66# (1.88 eV) and 
with longer wavelength cutoff at about 0.80# (1,55 eV). At about 
0.85~ (1.46 eV) for "Sb,AI' a subband can be seen. 

a little higher. It  may be pointed out that besides the 
third bands with the maxima  at 0.63~ (1.97 eV), 0.64~ 
(1.94 eV), 0.66~ (1.88 eV), and 0.68~ (1.82 eV) for P, 
As, Sb, and Bi, respectively, several subbands are ob- 
served, e.g., a group of bands at 0.75~ (1.65 eV) for P, 
0.80~ (1.55 eV) for Sb and Bi, and 0.85~ (1.46 eV) for 
Sb,A1 and another  group of bands at 1.1~ (1.12 eV) and 
1.2~ (1.03 eV) for Sb. Generally,  in contrast  with elec- 
t ron bombardment  (14-15), no decrease of the ratio of 
quenching in the 1.4~ band to that in the 0.9~ one by 
ion bombardment  was observed. 

At low temperature,  quenching effects in the region 
of the third band can still be detected, though the 
effects become considerably weaker. Figure 7 shows 
the results of experiments  at 77~ Because of the 
s imilari ty in behavior of this band and the 0.9~ band, 
we believe that  in accordance with the model (4) for 
the latter, 0.65~ radiat ion excites trapped holes from 
the new centers, the third hole traps, directly to the 
valence band. We notice that  not only the 1.4~ band 
but  also the 0.75-0.80~ subbands have vanished at low 
temperature.  
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Fig. 7. Optical quenching spectra at liquid nitrogen temperature 
for CdS crystals bombarded by various kinds of pentavalent ions. 
In each case the third bands do exist in addition to the 0.9/~ one. 
Subbands at 0.75-0.80/~ on the other hand have disappeared to- 
gether with the 1.4/~ band. 
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Fig. 8. Temperature dependence of photecurrent, excited by 
band gap light excitation, for CdS crystals bombarded by Sb and 
Sb,AI ions, as well as for the nonbombarded crystal. Thermal 
quenching sets in at higher temperature for the Sb-ion bombarded 
crystals than for the nonbombarded crystal. 

In  Fig. 8 we show the tempera ture  dependence of 
the photocurrent,  under  band gap light excitation, for 
Sb and Sb,A1 in contrast to that  for the nonbombarded 
crystal. In the surfaces of the ion-bombarded crystals, 
thermal  quenching of photoconductivi ty sets in at a 
higher temperature  than  in the nonbombarded  inside. 
This means that the distr ibution of hole traps has 
moved to higher energies, i.e., nearer  to the conduction 
band. 

Figure 9 shows the observed thermal ly  s t imulated 
current  curves. It may be noted that  the shallow traps, 
the depth of which ranged from 0.18 to 0.30 eV, are 
enhanced relative to the deeper ones near  room tem- 
perature. Woods and Nicholas (30-31) have assigned 
traps at 0.25 and 0.30 eV to sulfur  and cadmium va-  
cancies, respectively. The results shown in Fig. 6 
therefore suggest that  a considerable n u m b e r  of de- 
fects are produced near  the surface by bombardment  
and remain after heating. 

Discussion 
The existence of a third band of optical quenching 

in CdS crystals was suggested for the first t ime by 
Taft and Hebb (1) in 1952; Yoshizawa (32) found this 
band in phosphorus doped CdS. However, this crystal 
did not show a well-defined peak, but  only a shoulder 
with the edge at 2.15 eV (0.57%). Our experimental  
results show that the new bands have their  maxima 
at 1.97 eV (0.63~), 1.94 eV (0.64~), 1.88 eV (0.66~), and 
1.82 eV (0.68~) for P, As, Sb, and Bi, respectively; 
perhaps these energies give the position of new levels 
in the forbidden gap relat ive to the top of the valence 
band. More impor tant  than  the peak is the wavelength 
cutoff of the band. For Sb,A1, the new band  shows a 
cutoff at about 1.55 eV (0.80~). These level positions 
are i l lustrated in Fig. 10. The greater par t  of the dif- 
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Fig. 9. Thermally stimulated current curves for Cd$ crystals 
bombarded by various kinds of ions. Heating rate of O.43~ 
Peaks a, b, c, and d correspond to the depths of traps 0.18, 0.22, 
0.25, and 0.30 eV from the conduction band, respectively. 
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Fig. 10. A possible interpretation for the third band phenomenon 

in optical quenching. The levels for the two common centers are 
drawn as proposed by Hemila and Bube (35); for the higher energy 
center, the energy does not refer to the peak but to the long 
wavelength cut off of the 0.9/~ band. In a similar way, the level of 
the third quenching band for Sb is based on the long wavelength 
cutoff of the third quenching band. For P, As, and Bi, the corre- 
sponding levels wild be slightly different, the difference with the 
Sb level being perhaps in proportion to the differences of the 
energies of the third band peak from Sb. The figure shows the sub- 
bands as the excitation of trapped holes from the third center 
level to the lowest level of the common quenching centers. 

ference in the max imum energies reported for phos- 
phorus doped CdS by Yoshizawa and by us is thought 
to be a t t r ibutable  to the difference in quant i ty  and /or  
properties of imperfections. In  Yoshizawa's crystals 
the defects are essentially nat ive ones; in our experi-  
ments  we purposely set out to create an excess of de- 
fects wi th in  the surface layer  of the crystal concur-  
rent ly  with the addition of impurities. According to a 
simple law of impulse and energy conservation (33), 
the thresholds (13) of 115 and 290 keV for the produc- 
tion of vacancy- inters t i t ia l  pairs of sulfur  and cad- 
mium atoms, respectively, in CdS by electron bom- 
bardment,  correspond to several tens of electron volts 
for almost all the ions with which we bombarded our 
crystals, from carbon to bismuth. The energy of 5 keV 
used by us will be more than enough to form both 
sulfur  and cadmium vacancies, as is proved by the 
thermal ly  st imulated current  curves shown in Fig. 9. 
The disappearance of the red emission after 5 keV ion 
bombardment  is probably more complex than a simple 
annihi la t ion of silver centers. 

If the third band phenomenon is caused only by the 
defects newly  produced by the bombardment  in the 
surface layer  of the crystal, it ought to be independent  
of the na ture  of the bombarding  ions. However, in the 
crystals bombarded by m a n y  kinds of ions, other than 
pentavalent  ones, no quenching effect was detected 
before the wavelength of the second light exceeded 
0.75~. The third band, in consequence, must  be due to 
pentavalent  ions. 

A possible in terpre ta t ion of the doping mechanism 
in the processes of our  ion bombardments  and succes- 
sive anneal ing  is as follows: (i) a large number  of 
vacancies is produced wi th in  the surface layers of the 
crystals in a depth of about 1~, and (ii) implanted ions 
stop at interstices or lattice points which are vacant. 
(iii) After  heat- t reatment ,  pentavalent  ions enter into 
the active sites, i.e., sulfur  vacancies, to form a new 
sensitizing center, while (iv) t r ivalent  ions occupy 
cadmium vacancies. The last process, we believe, 
greatly promotes the third band by charge compensa- 
tion, just  as Apple (34) showed in his paper on P-, As-, 
and Sb-doped ZnS, that  in addit ion to acting as ac- 
tivators, pentavalent  atoms could also act as coacti- 
vators in the presence of Cu, presumably  subst i tut ing 
for Zn as t r ivalent  ions. The new sensitizing centers 
reported in this paper are possibly not identical with 
the ones introduced by Sb-doping in ZnS, the levels 
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of which were investigated by Bube and Lind (21) 
who concluded that  they are situated in the forbidden 
gap, 0.7 and 1.3 eV from the top of the valence band, 
respectively; levels which, as suggested by the con- 
tributors, could be related in part  to vacancies rather  
than the Sb. The reason is that  even if the new hole 
traps at 1.82-1.97 eV correspond to the 1.3 eV level, 
the subbands observed in the optical quenching at 
1.65 eV for P, 1.55 eV for Sb and Bi, and 1.46 eV for 
Sb,A1 are at too large an energy to correspond to the 
0.7 eV level. It  is more reasonable to in terpret  the 
subbands  as the excitation of trapped holes from the 
level of the thi rd  center  to the lower level of the 
usual two hole traps; the energies of the subbands 
zegion, for instance 1.46 eV for Sb,A1, fit fair ly well 
with the energy difference between those two levels 
(see Fig. 10). This assignment finds fur ther  support 
in the fact that, as shown in Fig. 7, the quenching in 
the subbands vanishes at low tempera ture  together 
with the disappearance of the 1.4~ one. Another  group 
of subbands at 1.03-1.12 eV are at t imes also observed 
in undoped CdS; the origins of these are unknown.  
The slight differences, 0.15 eV at the most, between 
the energies of the peaks of the third bands from ion 
to ion are thought to be due to the differences between 
their ionic radii. The fine s tructure which can be seen 
in the 1.4~ band for Sb and Sb,A1, consisting of two 
peaks with maxima at about 1.35 and 1.45~, respective- 
ly, has been interpreted by Hemila and Bube (35) as 
the effect of spin-orbi t  and crystal-field splitt ing of the 
levels concerned in the 1.4-~ quenching, perhaps the 
larger splitt ing of the level nearer  to the valence band. 

Acknowledgments  

The authors are greatly indebted to Takao Tuno for 
completion of the ion bombarding system. 

Manuscript  submitted Sept. 16, 1970; revised manu-  
script received Nov. 14, 1970. 

Any  discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1971 
JOURNAL. 

REFERENCES 
1. E. H. Taft and M. H. Hebb, J. Opt. Soc. Am., 42, 249 

(1952). 
2. R. H. Bube, Phys. Rev., 99, 1105 (1955). 
3. S. H. Liebson, '1his Journal, 102, 529 (1955). 
4. S. Tutihashi, J. Opt. Am., 46, 443 (1956). 
5. J. Auth, E. H. Niekisch, and H. Puff, Z. Phpsik 

Chem. (Leipzig), 212, 175 (1959). 
6. A. Rose, RCA Rev., 12, 362 (1951); Phys. Rev., 97, 

322 (1955). 
7. F. A. KrSger, H. Vink, and J. Volger, Philips Res. 

Repts., 10, 39 (1955). 
8. R. H. Bube and L. A. Barton, RCA Rev., 20, 564 

(1959). 
9. D. G. Thomas and J. J. Hopfield, Phys. Rev., 1~8, 

2135 (1962). 
10. P. H. Kasai  and u Otomo, Phys. Rev. Letters, 7, 17 

(1961); J. Chem. Phys., 37, 1263 (1962). 
11. J. Schneider, W. C. Hoiten, T. L. Estle, and A. 

Rauber, Phys. Letters, 5, 312 (1963). 
12. R. S. Title, G. Mandet, and F. F. Morehead, Phys. 

Rev., 136, A300 (1964). 
13. B. A. Kulp and R. H. Kelley, J. Appl. Phys., 31, 

1057 (1960). 
14. B. A. Kulp  and R. H. Kelley, ibid., 32, 1290 (1961). 
15. H. B. Im and R. H. Bube, ibid., 39, 2908 (1968). 
16. A. H. McKeag and P. W. Ranby, This Journal, 96, 

85 (1949). 
17. J. S. Prener,  ibid., 95, 406 (1951). 
18. D. A. J e n n y  and R. H. Bube, Phys. Rev., 96, 1190 

(1954). 
19. K. Hauffe and H. G. Flint ,  Ann. Physik, 15, 141 

(1955). 
20. K. T. Wilke, Z. Physik. Chem. (Leipzig), 2'05, 73 

(1955). 
21. R. H. Bube and E. L. Lind, Phys. Rev., 110, 1040 

(1958). 
22. H. Gobrecht, H. Nelkowski, and P. Albrecht,  Z. 

Naturforsch., 16a, 857 (1961). 
23. H. Tubota, Japan. J. Appl. Phys., 2, 259 (1963). 



494 J. Electrochem. Sot.: S O L I D  S T A T E  S C I E N C E  March  1971 

24. N. Watanabe  and S. Usui, ibid., 4, 467 (1965). 
25. W. W. Anderson and J. T. Mitchell, Appl. Phys. 

Letters, 12, 334 (1968). 
26. F. Chernow, G. Eldridge, G. Ruse, and L. Wahlin, 

ibid., 12, 339 (1968). 
27. For instance, W. V. Gool, Philips Res. Repts., 13, 

157 (1958). 
28. R. Takahashi, T. Tuno, M. Oshima, and A. Ko- 

bayashi, Japan. J. Appl. Phys., 8, 284 (1969). 
29. R. Takahashi  and M. Oshima, At the press in 

Annua l  Rept. of Eng. Res. Inst., Fac. of Eng., 
Univ. of Tokyo (1970). 

30. J. Woods and K. H. Nicholas, Brit. J. Appl. Phys., 
15, 1361 (1964). 

31. J. Woods, J. Elect. Control, 5, 417 (1958). 
32. M. Yoshizawa, Japan. J. Appl. Phys., 7, 182 (1968). 
33. F. Seitz and J. S. Koehler, Solid State Phys., 2, 305 

(1956). 
34. E. F. Apple, This Journal, 106, 271 (1959). 
35. S. O. Hemila and R. H. Bube, J. Appl. Phys., 38, 

5258 (1967). 

Techn ca]l Notes @ 
Surface Properties of Oxidized Germanium-Doped Silicon 

P. Balk 

IBM Thomas J. Watson Research Center, Yorktown Heights, New York  10598 

Oxidized silicon surfaces have a strong tendency 
toward n - type  behavior. This has general ly  been at-  
t r ibuted to the presence of positive charges in the 
SiO2 layer and at the SiO2-silicon interface (1). It  is 
also known that  GeO2 ra ther  readily becomes oxygen 
deficient, which gives rise to deep electron traps (2). 
Therefore, one might expect that  incorporation of ger- 
m a n i u m  into the SiO2 film, obtained by thermal  oxida- 
t ion of silicon, could result  in negative surface charge, 
and consequently a p- type space charge layer in the 
silicon. Such p- type  surfaces on oxidized silicon have 
so far only been obtained by adding elements such as 
Ga (3) or Au (4, 5), which also appreciably affect the 
electronic characteristics of the substrate. On the other 
hand, the only substrate effect to be expected from 
adding germanium to silicon samples is a gradual  de- 
crease of the bandgap with increasing germanium con- 
centrat ion (6). It  thus appeared convenient  to use 
germanium-doped silicon alloys as substrate materials  
for the present investigation. 

The samples were prepared from <111> oriented, 
5 ohm-cm, n-  and p- type Dow-Corning silicon, with 
a nominal  germanium concentrat ion of approximately 
0.1, 1, and 2.5 w/o (weight per cent) .  These wafers 
were etched and then oxidized in 02 at various tem- 
peratures (from 700 ~ to l l00~ in a resistance heated 
furnace. Upon oxidation, they were rapidly removed 
from the hot zone of the furnace and allowed to cool 
in the oxidation ambient.  The result ing oxide thick- 
nesses were determined either with an ell ipsometer 
(7) or by the VAMFO method (8). The oxidation rates 
for germanium-doped and undoped samples were iden-  
tical, within exper imental  accuracy. Table I shows 
that  the oxide films do indeed contain germanium, and 
at a level which is only slightly lower than that of 
the s tar t ing material.  The films grown on the 0.1 w/o 
germanium samples were not analyzed because of their 
low dopant concentration. 

The characterization of the electrical surface prop- 
erties of oxidized specimens was carried out by 
means of the MOS capacitance-voltage (C-V) tech- 
nique (11). The shape of the C-V curves and the change 
of their position with measurement  frequency indi-  
cated a considerable fast state density over an appreci- 
able part  of the forbidden gap, par t icular ly  for struc- 
tures prepared at lower oxidation temperatures.  How- 
ever, the displacement of the C-V curves, measured at 
room tempera ture  and 1.5 Mc, with respect to the 

Key  w o r d s :  o x i d a t i o n  of  Ge  doped  Si, defec ts  in  SiO.~-GeOz al loys ,  
C-V m e a s u r e m e n t s ,  i n t e r f ace  states.  

Table I. Germanium content of oxide film and substrate of 
oxidized germanium-doped n-type silicon samples 

S u b s t r a t e  

Ge  c o n t e n t  (w/o)*  0.8 0.8 0.8 2.2 

Oxide  

O x i d a t i o n  t emp.  (~ 1100 ~ 800 ~ 800 ~ 800 ~ 
Oxide  t h i c k n e s s  (A) 6110 2180 3950 1970 
Oxide  w t  (]~g) 1135 450 1015 415 
Ge  w t  (~g) t  2.0 1.5 3.0 2.5 
Ge  w t  
- -  • 100 0.4 0.7 0.6 1.2 
S i  w t  

* D e t e r m i n e d  b y  m a n i t o l  t i t r a t i o n  (9); accuracy  0.1 w/o .  
D e t e r m i n e d  u s i n g  p h e n y l f l u o r o n e  m e t h o d  (1O); accu racy  10%. 

curves for surfaces free of charge and interface states, 
always indicated the presence of positive surface 
charge. 

A convenient  indicator of the number  of interface 
states was obtained by measur ing their  density (Nss) 
between the room and l iquid ni t rogen temperature  
Fermi  levels, according to (12) 

Cox  
Nss -- - -  [VFB (room temp) -- VFB (liq. N2 temp.) ] 

q 

where  Cox is the oxide capacitance, and VFB the (ap- 
parent)  flatband voltage at 1.5 Mc. Data for films ap- 
proximately 1000A thick are shown in Fig. 1. All 
results were obtained after a luminum electrodes had 
been evaporated onto the surfaces, and the samples had 
been annealed for 5 min  at 500~ in dry  N2. In  agree- 
ment  with earlier observations (13) this procedure 
was found to reduce the interface state density below 
4 x I0 Io cm -2 for ge rmanium-f ree  samples, oxidized in 
parallel  with the doped substrates. The same result  
was obtained on samples with 0.1 w/o  germanium. 
The anneal ing was applied in the present  case since 
the flatband voltage for some of the p- type substrates 
with higher Ge doping could not  be observed without  
this heat- t reatment .  Subsequent  t rea tment  in H2 (14) 
at 500~ did not significantly affect Nss. 

Three conclusions stand out upon inspection of the 
data in Fig. 1: (i) The density of fast states (Nss), not 
removable  by A1 (N2) or H2 anneal ing at 5O0~ as 
detected by the present  method, is strongly dependent  
on the oxidation temperature.  It  appears to reach a 
max imum around 800~ and becomes quite small  at 



Vol.  118, No. 3 S U R F A C E  P R O P E R T I E S  O F  O X I D I Z E D  S I L I C O N  495 

I000 13 

O. I I I I a i\ 700 800 900 I000 I100 
OXIDATION TEMP. (~ 

Fig. I. Interface state densities in n- and p-type germanium 
doped silicon samples, oxidized at various temperatures. Germanium 
concentrations, determined by manitol titration (9), are indicated. 

l l00~ (ii) Large r  Nss values  a re  observed near  the 
valence band on p - t y p e  samples  than  near  the  con- 
duction band on n - t y p e  samples  for subst ra tes  oxidized 
be tween 800 ~ and 1000~ This difference cannot  be 
a t t r ibu ted  to the  s l ight ly  h igher  ge rman ium concen-  
t ra t ions  in the  p - t y p e  subst ra tes  (see Fig. 1). (iii) The 
Nss values  are  s t rongly  dependent  on the ge rmanium 
concentrat ion in the substrate.  

The in ter face  s tates  observed on ge rman ium doped 
silicon are  different  in na tu re  from those observed on 
undoped specimens, which  are read i ly  removed  by  low 
t empera tu re  H2 anneal ing  (14). However ,  the  centers  
on ge rman ium-doped  sil icon samples  could be  com-  
p le te ly  e l iminated  by  heat ing in N2 at  t empera tu re s  
over 90O~ fol lowed by  a pos t -meta l l i za t ion  anneal ing  
at 500~ 

In v iew of the  different  behav ior  of n -  and p - t y p e  
ge rman ium-doped  substrates,  it  appears  tha t  the  dis-  
t r ibut ion  of in terface  states is not  symmet r i ca l  wi th  
respect  to the middle  of the  forb idden  gap. In  d rawing  
this conclusion, the assumption was made  tha t  this 
d is t r ibut ion is not  dependent  on conduct iv i ty  type  (12). 
The da ta  show tha t  the  centers  are  re la ted  to the  pres -  
ence of the ge rman ium dopant.  There  is no indicat ion 
at the  present  t ime wha t  the  exact  na ture  of these 

centers  is and w h y  the expected  surface  charge effects 
are  absent.  A s imi lar  difficulty to in t roduce  negat ive  
oxide charge was repor ted  by  Sedgwick  (15) for SiO2- 
pass ivated ge rman ium surfaces, which  most l ike ly  con- 
ta in  a thin, res idual  ge rman ium oxide film. In  this  case 
negat ive  surface charge was only  observed upon tt~ 
anneal ing  at 700 ~ or 800~ However ,  for bu lk  Gee2 
the format ion  of deep e lect ron t raps  takes  place in 
this  ambien t  a l r eady  at 400~ (2). The H2 anneal ing 
at  50O~ in the  presen t  s tudy  had  not  the  expected 
effect. Exposure  to H2 at  h igher  t empera tu re s  was not 
a t tempted,  since such t r ea tments  on silicon, according 
to our exper ience  and tha t  of others  (16), lead to 
large  posi t ive surface charge. 
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Solidus Boundary in the InAs-AIAs Pseudobinary System 
L. M .  Foster* and J. E. Scardefield 

IBM Research D~v~sion, York town Heights, New York  10598 

The I n z A l l - z A s  semiconductor  a l loy system is of 
in teres t  for the fabr icat ion of new electronic and elee-  
t ro lumineseent  devices. By vary ing  the composit ion of 
the al loy the  forb idden  energy gap, which is one of 
the fundamenta l  pa rame te r s  tha t  de te rmine  semi-  
conductor  behavior,  can be var ied  f rom tha t  of InAs 
(0.36 eV) to that  of AlAs  (2.16 eV).  Direct  rad ia t ive  
t ransi t ions  (k = 0) of high quan tum efficiency would  
be expected in al loys wi th  AlAs  content  up to about  
68 m / o  (mole per  cent) ,  which is the crossover point  of 

* Electrochemical  Society Active Member.  
Key  words:  phase diagrams.  I I I -V compounds,  electron micro-  

probe. 

the  direct  band edges (1). Knowledge  of the  equi l ib-  
r ium T-x  phase d i a g ra m is impor tan t  when devising 
crys ta l  growth pract ices  for a new al loy system. The 
de te rmina t ion  of the solidus bounda ry  of the  InAs-  
AlAs  system is repor ted  here. 

The exper imen ta l  p rocedure  was tha t  descr ibed by  
the authors  for the  I n P - G a P  sys tem (2). In  brief,  a 
pel le t  pressed f rom a finely ground mix tu re  of the  
two components  is held at  a constant  t empera tu re ,  T 
which is chosen so tha t  the composit ion of the mix tu re  
fal ls  wi th in  the  two-phase  region of the  d iag ram be-  
tween the l iquidus  and solidus boundaries .  This could 
be assured by  making  up the  s tar t ing composit ion to 
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l ie app rox ima te ly  along the s t ra ight  l ine be tween the 
mel t ing  points  of the  two separa te  components.  Af te r  
a l lowing sufficient t ime for  equ i l ib r ium to be at tained,  
the  sample  consists of par t ic les  of a solid solution 
whose composit ion corresponds to the intersect ion of 
the isotherm, T, wi th  the  solidus boundary ,  suspended 
in a l iquid whose composi t ion corresponds  to the  in-  
tersect ion wi th  the  l iquidus  boundary .  Af te r  quench-  
ing the  sample,  an e lec t ron microprobe  analysis  of the  
solid solut ion phase gives the  composit ion of the point  
on the solidus corresponding to the  equi l ibra t ion  t em-  
perature .  By equi l ib ra t ing  a sufficient number  of dif-  
ferent  s ta r t ing  composit ions at  the  appropr i a t e  t em-  
peratures ,  the  ent i re  bounda ry  can be determined.  

The p repa ra t ion  and encapsula t ion of the pel lets  
were  descr ibed  in the  ea r l i e r  paper  (2). Depar tu res  
f rom that  procedure,  which was developed for 
InP -GaP ,  were  the shor tening of the  t ime at t empera -  
ture  to 3 days  to minimize devi t r i f icat ion of the quar tz  
capsule that  occurred at  these h igher  t empera tu res  and 
the tak ing  of precaut ions  to avoid contact  of the re-  
active AlAs  wi th  moisture.  

Six  exper imen ta l  points  were  determined.  The data  
a re  given in the  fol lowing table:  

Temp. (~ AlAs (m/o) 

999 0.306 
1040 0.547 
1110 0.736 
1212 0.850 
1450 0.956 
1513 0.967 

The solidus bounda ry  is shown in Fig. 1. The mel t ing 
point  of InAs (937~ is f rom Lich te r  and Sommele t  
(3). The mel t ing  point  of A lAs  (1770~ was de te r -  
mined in these  labora tor ies  by  Chicotka (4). This 
system is seen to exhib i t  s t rong posit ive deviat ion f rom 
Raoult ' s  law of mixing.  Al though  numer ica l  compar i -  
son wi th  o ther  systems cannot  be made  in the absence 
of l iquidus data, it  appears  tha t  the  deviat ion is grea ter  
than  in the  I n P - G a P  sys tem tha t  was repor ted  prev i -  
ously. This p robab ly  reflects the grea te r  la t t ice  mis-  
match  be tween  the  two separa te  components  of the 
InAs-A1As system. 

1500 

I000 
J 

O*" 

I I I I I I I I I 

I I I I I I I I I 

InAs .2 o4 .6 " o8 AlAs 

XAIAs 

Fig. I. Solidus boundary of the InAs-AIAs system 
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Low-Temperature Cathode Performance of 
Porous Ag/Ag20 Electrodes 
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ABSTRACT 

The performance of porous, s i lver-si lver  oxide electrodes decreases rap-  
idly below 0~ and galvanostatic discharge curves show several  differ- 
ent  regions. Most of the work reported here was done on th in  Ag/Ag20 elec- 
trodes,, prepared by electrodeposition or by powder pressing. An at tempt is 
made to explain the regions in the discharge curves, and the apparent  Tafel 
parameters,  from a plausible kinetic mechanism. The application of theories 
of porous electrode behavior is demonstrated by results f rom thick electrodes 
made by stacking thin electrodes together. The use of the information in 
designing electrodes is discussed, as is fu ture  work. 

It is well known that  the performance of ZnlKOH ] 
silver oxide cells decreases considerably at tempera-  
tures less than 0~ Pre l iminary  results on thin, porous 
electrodes (1), supplied by Harry  Diamond Labora-  
tories, A r m y  Materiel Command, indicated that  the 
major  loss of performance was caused by increased 
polarization at the silver oxide electrode. It  was de- 
cided, therefore, to perform a detailed half-cel l  study 
of the behavior  of silver oxide electrodes in KOH 
eutectic [31 w/o (weight per cent) ] ,  concentrat ing at 
first on AglAg20 electrodes to avoid the complexity 
of mixed Ag~OIAgO compositions dur ing  discharge. 

Although the formation of Ag20 and AgO on silver 
by anodic charging has been studied at room tempera-  
ture  (2, 3) using a var ie ty  of electrochemical tech- 
niques, cathodic discharge at low temperatures  has 
not been widely investigated. The form of the anodic 
charge of solid silver at constant  current  is well 
known:  polarization increases rapidly by double- layer  
charging unt i l  Ag20 is formed on the surface, then 
polarization decreases somewhat to a plateau. After 
some time, polarization increases from this plateau 
to the AgO formation potential,  passes through a peak, 
and again decreases to a higher plateau corresponding 
to continued AgO formation from Ag20 and Ag; 
polarization eventual ly  increases to oxygen evolution. 
There is good evidence (4) that  thick, continuous 
films are not formed on anodic charge and that  silver 
is removed from the surface and redeposited in the 
form of attached crystall i tes of Ag20, followed by 
disappearance of these crystals and the appearance of 
discrete AgO crystaIlites on the surface. Similarly,  on 
discharge, massive rea r rangement  of the molecules 
occurs to give new crystal  forms. The growth size 
of the crystall i tes is a funct ion of rates of charge and 
discharge, being small  at high current  densities; lower 
cur ren t  densities give fewer, but  larger, crystallites. 

1 Present  address: Research Laboratories,  Genera l  Motors Corpo- 
ration, Warren,  Michigan 48090. 

* Electrochemical  Society Act ive  Member.  
K ey  words:  Ag/Ag20 discharge,  l ow- tempera tu re  kinetics, porous 

electrodes, distr ibuted reactions. 

The effect of porosity of practical bat tery electrodes 
can give added complexity to in terpre t ing results. 
The reactions involve transfer  of ions dissolved in the 
electrolyte contained in the pores of the electrode, and 
potential  gradient  is required for this transfer. This 
has the effect of making  polarization greater at the 
exterior of the electrode (5-7). This effect is more 
pronounced for thicker electrodes, and it is possible 
dur ing  charge for potential  in  the interior  to corre- 
spond to the AglAg20 reaction, and potential  at the 
exterior to correspond to Ag20[AgO. These effects are 
enhanced at low temperatures:  for example, the 
specific resistance of eutectic KOH goes from 1.9 at 
60~ to 33 ohm-cm at --60~ 

Experimental Techniques 
A 250 ml  beaker with a Lucite cover was used as 

the electrochemical cell (8). The Lucite cover con- 
ta ined five holes: three for the test, counter, and 
reference electrodes; one for ni t rogen gas used to 
deaerate the electrolyte; and one hole for a glass U- tube  
which was used to remove trapped gas bubbles that  
occasionally formed on the surface of the electrode 
dur ing a run. The electrolyte was a 31 w/o aqueous 
KOH solution, prepared from a 45% w / w  Fischer 
reagent  (Cat. No. SO-P-236) and distilled water  that 
had been obtained from a Barnstead still (Model No. 
SM-5). The tempera ture  of the cell was controlled 
by a Tenney Jr. test chamber  (Model T JR) capable of 
controll ing temperatures  between --100 ~ to 350~ to 
wi th in  • 1 7 6  electrical contacts were made through 
a te rmina l  board on one of the walls of the chamber. 
The tempera ture  wi thin  the chamber was measured 
with chromel -P-a lumel  thermocouple in conjunct ion 
with a Keithley d-c differential voltmeter  (Model 660). 

The test electrodes had a plane surface area of 0.317 
cm 2 and were obtained by using a punch and die, 
where the die opening was 0.25 in. The electrode 
disks were press fitted into a Teflon collar where the 
opening had been machined about 1 mil  less than the 
diameter  of the electrode disk. The Teflon collar con- 
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ta ining the electrode was then screwed onto a Teflon 
shaft as shown in Fig. 1, and the electrode pressed 
t ight ly  against the current  collector using the adjust-  
able 1/4 in. rod shown, which was then removed.  A 
p la t inum screen was used as a current  collector, posi- 
t ioned between the electrode and the solid Teflon 
shaft. An externa l  contact wire was connected to the 
screen and passed up through the center  of the Teflon 
shaft. The electrode holder thus exposed one face of 
the electrode to the electrolyte  and insured uniform 
current  density through this face. A coil of silver 
wire  was used as counterelectrode,  and the surface 
of the wire  was periodically cleaned of reaction 
products by dipping the wire into an HNO~-distil led 
water  solution (1:1) for several  seconds and then 
thoroughly  rinsing the electrode in distilled water.  

A Hg/HgO/31  w / o  KOH reference electrode was used 
and was prepared as described by H~mer and Craig 
(9). A salt bridge filled with  31 w / o  KOH was placed 
between the test and reference electrodes. One end of 
the salt bridge ended in a fine capil lary (Luggin 
capil lary) which was positioned close to the surface 
of the test electrode. 

The cell was assembled in the test chamber  with 
the test electrode raised above the level  of the 
electrolyte,  and the test chamber  set to the appropr i -  
ate temperature .  The test electrode was then lowered 
i n t o  the electrolyte.  Steady-state ,  open-circui t  vol t -  
ages vs. the H g / H g O  reference  electrode were  mea-  
sured before s teady-state  and unsteady-s ta te  galvano-  
static measurements ,  wi th  a Fairchi ld digital  mul t im-  
eter  (Model 7000). Constant  current  measurements  
were  made using the rapid-swi tching circuit described 
by Aust in and Almaula  (10) in conjunction with a 
Nesco (Model JY120A-2) chart  recorder.  The desired 
current  flowing through the cell was determined by 
the known voltage generated f rom a Harr ison (Model 
6206B) d-c  power  supply and the value of the precision 
resistor in the control circuit  of the galvanostat ic  
circuit. A Pot ter  and Brumfield Hg-wet ted  contact  
re lay (Type JMY-115-22) was used to el iminate 
switching transients. 

A Tektronix  Type RM564 storage oscilloscope (Type 
3A3 differential  amplifier and Type 2B67 t ime base) 
and Polaroid camera (Model C-12) were  used to record 
vo l tage- t ime  traces up to a few seconds. On init iat ion 
of a current,  a ver t ical  b lanked-out  port ion of the 
trace showed the immediate  establ ishment  of an ohmic 

potential  change, referred to hereaf ter  as IR  polariza-  
tion. This polarization includes the resistance of the 
ionic current  path in electrolyte  be tween the face of 
the electrode and the Luggin  tip, and electronic re -  
sistance in the current  path through the test elec- 
trode, current  collector, and wire to the point of at-  
tachment  of the lead from the oscilloscope. During 
galvanostatic discharge, currents  were  in ter rupted  and 
the decay of polarization vs. t ime measured with  the 
oscilloscope. The b lanked-out  parts of the trace on 
break and make of the current  were  again used to in-  
dicate IR  polarization at that  stage of the discharge. 

Test Electrodes 
One of the electrodes (HDL) shown in Table I was 

prepared by Whi t taker  Corporat ion according to the 
procedures developed by the Har ry  Diamond Labora-  
tories. The procedures as supplied by Har ry  Diamond 
Laboratories  are as follows. 

An  Ag20-deionized wate r  s lurry  was ext ruded onto 
an expanded meta l  screen (Exmet  5AG5-5/0),  sin- 
tered, and anodically charged (using both faces of the 
electrode) in a 9-10% NaHCO3 solution for 60 min at 
a current  density of 0.125 A/ in .  2 The electrode mate-  
rial was then: 

1. Discharged in NaHCO3 solution at 0.125 A/ in .  2 for 
60 min 

2. Rinsed in deionized wa te r  for 30 min 
3. Al lowed to drain for 30 min 
4. Dried at 165~ in a recirculat ing type oven for 30 

min  
5. Charged in 5% KOH at 2.5 A/ in .  2 for 20 sec 
6. Rinsed in deionized water  for 30 min 
7. Allowed to drain for 30 min 
8. Placed in a 160~ dry vacuum chamber  for 4 hr  
9. Stored in dry ni trogen gas 

It wil l  be noted that  this procedure  may  leave some 
silver carbonate and AgO on the electrode, al though 
at room tempera tu re  the electrode rapidly comes to 
the revers ible  potent ial  of the A g /A g20  reaction on 
immersion in electrolyte. The electrode is about 70% 
porous and contains silver (apart  f rom the screen) and 
Ag20 in approximate ly  equal  weights. 

In order to test whe ther  certain of the results  were 
due to the electrolytic formation of the HDL electrode, 
and to provide more flexibility in the var ia t ion of im- 
portant  electrode properties, a number  of the elec- 
trodes were  prepared in the laboratory  as follows: 
Ag20 powder  (Fischer reagent  grade) was wel l  mixed 
with an equal weight  of Ag powder  (Fischer reagent  
grade) in a mechanical  shaker. Some of this mater ia l  
was used to fabricate  electrodes, while  another part  
was mixed with  minus 400 mesh NaNO3 to give a mix-  
ture containing 35 w / o  of the salt. Electrodes were  
manufactured  using the work  of Morrel l  and Smith  
(11) as a start ing point. 

S i lver  expanded meta l  screen was etched in con- 
centrated nitric acid for 30 sec and well  rinsed in dis- 
t i l led water.  This roughened the surface and promoted 
adhesion be tween powder  and screen. A 0.25 in. d iam- 
eter  die of hardened steel was fitted with a bottom 
punch also of hardened steel, and a layer of the powder  
spread evenly  on the face of the punch. A 0.25 in. 

Table 1. Characteristics of 50:50 w/o Ag-Ag20 electrodes 
(TD is silver from thermal decomposition of silver oxalate) 

Code 
No. 

O b s e r v e d  
d i s c h a r g e  

% S i l v e r  T h i c k -  capaci ty ,  
P o r o s i t y  type  ness,  m m  c o u l o m b s / c m e  

H D L  70 E lec t ro -  0.25 15.4 
f o r m e d  

16-TD 16 T. D. 0.312 70.5 
65-TD 65 T . D .  0.405 45 
63-TD 63 T . D .  0.262 19.5 
63-F 63 F i s che r  0.51 57 
20-F 20 F i s che r  0.34 57 
81-F 81 F i s c h e r  0.70 27 
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1 0 0  

diameter  portion of screen was cut from the roughened 
screen with a paper  punch and placed on the surface 
of the powder. This was covered with another  layer 
of powder, a top punch placed in the die, and the con- 
tents in the die were cold-compressed at 55,700 psi for 
2 rain. The electrode prepared in this way without  
N'aNO3 filler was about 20 % porous and was mechani-  
cally strong. When the filler was present, the electrode 
was placed in 200 ml of distilled water  and left for 3 
days, with water  replacement  every day; the filler 
dissolved and slowly diffused out without  mechanical  
rup ture  of the electrode structure. The electrode was 
then washed, and dried in a dessicator. This pro- 
cedure gave an electrode of about 63-66% porosity. 
Similarly, an electrode of 80% porosity was prepared 
using 60% NaNO3 and a pressure of 65,000 psi. 

In  an at tempt to make electrodes containing high in-  
te rna l  silver area, electrodes were made from Ag pow- 
der prepared by thermal  decomposition of silver oxa- 
late, following the procedure of Schroeder et at. (12). 
However, BET measurements  on this powder showed it 
had areas of only 0.45 m2/g instead of the 5 m2/g ex- 
pected. 

Results 
It was found that  the test electrodes reached a stable, 

open-circuit  potential  after a few minutes  of immersion 
in the electrolyte at room temperature,  but  took longer 
times at lower temperatures;  for example, stabilization 
times were up to 1 hr  at --70~ The open-circui t  po- 
tential  was always wi thin  ___10 mV of the expected 
theoretical value. Figure  2 shows the var ia t ion of the 
effective resistance (times three) obtained from the 
initial  b lanked-out  portion of the oscilloscope trace 
as a function of temperature,  for an undis turbed posi- 
tion of the Luggin capillary. Also shown is the specific 
resistance of 'the electrolyte (solid l ine) .  The two sets 
of results are in reasonable agreement  at the various 
temperatures,  indicat ing that  the resistance is due 
pr imar i ly  to the mean electrolyte path between the 
electrode and the tip of the Luggin capillary. This mean  
path length can be calculated from r ---- p l /A ,  r being 
measured resistance, p specific resistance, l path length, 
and A the plane area of the electrode; thus, I is ap- 
proximately 1/9 cm, which appears to be reasonable 
from the dimensions and position of the Luggin capil- 
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Fig. 2. Specific resistance of 31 w/o KOH (solid line) and 
effective resistance (times three) between test electrode and the 
Luggin capillary. 
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lary. The data at --52~ show typical spread of re-  
sults of reposit ioning the Luggin. There were some- 
times differences between the effective resistances de- 
termined ini t ia l ly and at some later stage in discharge, 
but these differences were usual ly small, except as 
noted later. 

Figure  3 shows typical results of polarization vs.  
time for HDL electrodes, discharged at 30 m A / c m  2 
(27.9 A/ft2), as a funct ion of temperature .  The results 
were corrected for I R  polarization determined at 150 
sec; the broken curve also shows the uncorrected 
values at --72~ where the I R  correction was maxi -  
mum for this set of results. At room temperature,  there 
is a small amount  of polarization (about 20 mV),  which 
is almost constant  un t i l  the electrode is almost com- 
pletely discharged. At 0~ there is again a small 
amount  of polarization at first, but  it increases sig- 
nificantly after the electrode is about two- th i rds  dis- 
charged. The reason for the sudden increase in po- 
larization preceding the final discharge of the elec- 
trode is not known. As tempera ture  decreases, the po- 
larization increases, and the shape of the curve  becomes 
more complex. Figure  4 shows the polarization after 
150 sec of discharge (about 30% discharged), which 
corresponds to the almost fiat discharge regions; a 
marked increase in polarization below O~ is apparent.  
Since the correction for the I R  effect was also made 
at this time, the data are corrected reasonably well  for 
IR.  

The capacity of the HDL electrodes is somewhat 
variable, which is to be expected for such small  elec- 
trodes (1/3 cm 2) stamped out from larger sheet sam- 
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ples, since the A g / A g 2 0  cannot be perfectly distributed 
over the Exmet  support. The mean value was 4.89 
coulombs (for area of 0.316 cm2), with extremes of 
about ___5%. The capacity results were random in vari-  
ability and showed no trend with  temperature or with 
current density. 

Figure 5 shows typical  galvanostatic discharge 
curves (HDL electrodes) at 73~ and Fig. 6 shows 
curves at --52~ Values were corrected for IR  assum- 
ing that the value measured at 1.42 coulombs of dis- 
charge applied over the whole  curve. This point of dis- 
charge corresponds to a region between 1/4 to 1/3 
of total coulombs, and corresponds to the min imu m 
polarization in the plateau region fol lowing the initial  
peak polarization. Figure 7 shows Tafel plots o f  polar- 
ization v s .  log current density at this point. The values 
for lower current densities were obtained by discharg- 
ing the electrode at 10 m A / c m  2 unti l  it reached the 
plateau, then changing the current density to low 
values and measuring steady polarization at the Iow 
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SECONDS 
Fig. 8. Oscilloscopic traces showing the initial discharge char- 

acteristics of the curves shown on Fig. 6. 

currents. A range of current from 0.1 m A / c m  ~ to 5 
m A / c m  2 was accomplished wi th in  the next  coulomb of 
discharge. It was  noticed that the init ial  parts of the 
curves of Fig. 6 were variable from sample to sample. 
For example, the 30 and 58 mA/cm~ curves sometimes 
looked like the 80 m A / c m  2 curve shown, with a high 
initial  polarization peak. 

Recorder plots such as in Fig. 6 do not show fine 
detail at short t imes and Fig. 8 shows oscilloscope 
traces for the first few seconds of discharge. Again, the 
initial peak was more pronounced in some samples 
than in others. The 58 m A / c m  2 l ine in Fig. 6 con- 
tains all of the general features; t h e r e  is evidence 
for an initial  polarization peak occurring within  5 sec. 
fol lowed by a s lowly-deve loping  second peak, fol lowed 
by rapid increase of polarization as the electrode ap*- 
proaches complete discharge. At  higher current den- 
sities, the two peaks fuse, whi le  at lower current den- 
sities the first peak does not develop. 

Since the presence of peaks and plateaus varied be-  
tween samples the HDL electrodes and since the elec- 
trodes were prepared by electrolytic charging, it was 
decided to charge electrodes with anodic current and 
then perform discharge tests. Figure 9 illustrates typi-  
cal results of cathodic discharge immediate ly  after 
anodic charging; the broken line indicates the "normal" 
values, as found in Fig. 8, for example.  The regions in 
the curve can be described by: a is the I R  jump; b is 
a rapid rise of polarization due to double- layer  charg- 
ing; c is a plateau of discharge fol lowed by a shallow 
peak at d; e is a plateau of discharge fol lowed by 
rapidly increasing polarization as the electrode ap- 
proaches complete discharge in region f. By prior 
anodic charging, at potentials more anodic than the 
Ag20]AgO equil ibrium potential, the plateau at c is 
lengthened proportionately to the coulombs of charge, 
to c' as shown. In addition, a pronounced peak is de- 
veloped after b'. The polarization level  at e and f is 
v irtual ly  unchanged. If such a charged electrode is 
left standing at open circuit in the electrolyte, the 
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Fig. 9. Illustration of results obtained after electro-formed 

electrodes were anodically charged prior to discharge. 
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length of plateau c' decreases with t ime and comes back 
to normal  values after s tanding overnight  at --54~ 
Alternat ively,  if a normal  electrode is discharged to 
region e just  after peak d, allowed to re turn  to open 
circuit potential,  then  discharged again at the same 
current  density, the coulombs in region c is shortened. 
Then if the electrode is left for some t ime at open cir- 
cuit, the length of region c increases again to usual  
values. 

Table I shows the characteristics of a group of elec- 
trodes prepared from silver and Ag20 powder, as de- 
scribed previously. The BET area of the consti tuents 
were 0.57 m2/g for Fischer silver, 0.45 m2/g for T. D. 
silver, and 0.60 m~/g for Fischer Ag20. These corre- 
spond to equivalent  spherical diameters of 1.01~, 1.3#, 
and 1.0~, obtained using the expression D ---- 6/Bd 
where D is the equivalent  spherical diameter  (mi-  
crons);  B is the BET area (m2/g);  d is the density of 
the powder (g/cc).  On galvanostatic discharge at 30 
m A / c m  ~, --52~ it was observed that  some electrodes 
gave high ini t ial  IR jumps.  After  some discharge, IR 
values measured at various points in the discharge 
were almost constant  and usual ly  comparable to pre-  
vious results, see Table II. (Although electrode 63-TD 
gave an effective resistance of 11 ohms which is high 
compared to the usual  values of 4 to 8 ohms, its dis- 
charge curve after correction for this value was simi- 
lar  to that  of 65-TD.) It  must  be remembered  that  
these values include the resistance of the electrolyte 
between test electrode and Luggin capil lary (see 
Fig. 2). It can be concluded that  high init ial  IR values 
decreased to normal  values after no more than 2% of 
discharge. It is also concluded that these normal  values 
of IR polarization did not increase even when elec- 
trodes were 95% discharged. 

Figure 10 shows polarization vs. degree of discharge, 
corrected for IR. The marked effect of porosity is ap- 
parent;  for example, comparing 63-F with 20-F, the 
20-F electrode contains more AgeO and Ag and is 
thinner,  yet operates at 75 to 200 mV more polarization. 
There was no correlat ion between high init ial  IR 
values and later performance. Figure 11 shows typical  
init ial  t ime results for the electrodes. A significant 
polarization peak was observed, similar to that  found 
with the electro-formed HDL electrodes, but  more 
pronounced. For some of the electrodes, 81-F for ex- 
ample, par t  of this peak was due to a high ini t ial  IR 
value which decayed dur ing discharge. Even after 
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istics of electrodes 65-TD and 81-F. 

allowing for this, a pronounced peak is still present, 
and it is also present  in cases, 65-TD for example, 
where the ini t ial  and steady IR values were near ly  the 
same. The shape of the ini t ia l  polarization curve, when  
it is not obscured by a high ini t ial  IR, contains the a, 
b, c, d, e, regions discussed previously. The reason for 
the high IR values obtained with some of the pressed 
powder electrodes as compared to the electroformed 
electrodes is not known, but  it is possible that  because 
of the manne r  in which the Ag and Ag20 particles are 
pressed together, good electrical contact throughout  
some of the electrodes is not achieved. 

The effect of the porous na ture  of the test electrodes 
was investigated by making  thicker electrodes from 
5 of the 10 mil  HDL electrodes stacked together. The 
stack was mounted in the electrode holder in the usual  
way with only one face exposed. Some pre l iminary  
tests, and some theoretical calculations (see Discus- 
sion) suggested that  30 m A / c m  2 at --52~ should give 
a small  but  significant amount  of reaction at the back 
section and a lot of reaction in the first section. It  
was also found that  there  was some evidence for 
poor electronic contact between the sections, therefore 
a fine dusting of silver powder  was applied between 
the sections before compressing in the holder. The 
stack was discharged to about 45% of total  capacity, 

Table II. IR polarization at 30 mA/cm 2 for 0.316 cm 2 electrodes, 
--520F 

IR polar- 
Electrodes % Discharge ization, mV 

81-F 0 240 
45 40 

20-F  0 90 
2 62 

20 6Q 
20-F 75 75 

96 75 
63-F 0 65 

2 50 
63-TD 0 145 

12 110 
80 110 

65-TD 0 80 
7 70 

40 67 
70 68 

16-TD 0 180 
6 8O 

32 80 
60 80 
80 S0 
96 80 
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Fig. 12. Distribution of reaction at --52~ through a 50 mil 
thick electrode. 

disassembled and discharge completed on each of the 
sections. Knowing  the average coulombic capacity of 
the sections, the amount  of the coulombs discharged 
in each section dur ing the first discharge was readi ly 
calculated. The results are shown in Fig. 12. Distr ibu-  
tion of reaction through the 50 rail thick stack is clearly 
evident. 

Figure 13 shows the polarization of this thick elec- 
trode dur ing discharge. If reaction were uni formly 
distr ibuted through the electrode, a current  density of 
30 mA/cm 2 would be 6 mA/cm 2 per section. On the 
other hand, if reaction were concentrated in the outer 
section, polarization would be similar to that  for just  
one section at 30 m A / c m  2. As expected from Fig. 12, 
polarization lay between these two extremes. Of in ter -  
est is the more rapid increase in polarization with 
amount  of discharge for the thick electrode. 

Figure 14 shows polarization for the remainder  of 
discharge for each section. It can be seen that partial  
discharge develops the pronounced peak of polariza- 
t ion seen previously at higher current  densities. This 
peak decays on fur ther  discharge so that  each curve 
fuses into a common curve nearer  completion of dis- 
charge. 

Discussion 
Considering first the HDL electrodes produced by 

electro-forming of sintered silver powder, and con- 
sidering the in terna l  surface of the electrode before 
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the stacked electrode experiment. 

charge to be like an extended solid surface of silver, 
there are two possible forms in which Ag20 can be 
produced. First, the entire surface of the silver can be 
covered with a t ight layer  of Ag20 which grows by 
solid state film growth. BET measurements  on these 
electrodes give an area of 0.4 m2/g of silver, which is 
approximately 300 cm 2 of in te rna l  area per cm 2 of 
electrode. Thus at 30 mA / c m 2, the true current  density 
would be about 0.1 mA / c m 2. A continuous film of Ag20 
of 0.1~ thick would give a resistance of 103 ohm cm 2 
and an IR polarization of i00 mV, taking the specific 
resistance of Ag20 to be 10 s ohm cm. This is an order 
of magni tude higher than the exper imental  electronic 
IR values for these electrodes and it must  be concluded 
that if a continuous film of Ag20 covers the silver it 
must  be less than 100A in  thickness. It seems more 
logical to conclude, from the experiments  described by 
Thirsk (13), that  the major  part  of the Ag20 formed 
is in discrete crystalli tes (which can grow to about 1~ 
in size on solid silver) attached to the silver surface 
thus leaving relat ively bare silver present to take and 
supply electrons. It can be argued that whatever  is the 
mechanism of anodic formation or discharge of AgeD, 
it cannot involve charge transfer  through thick crystal-  
lites or solid layers of Ag20, since no large electronic 
resistance is present. 

The plateau of discharge at c in Fig. 9 indicates 
that there is some mater ial  which discharges more 
readily (at lower polarization) than the major  amount  
of Ag20 present. In the electro-formed electrodes this 
might be ascribed to silver carbonate or silver per-  
oxide, but  the typical S shape of b, c, d, is also clearly 
apparent  in the other electrodes made from reagent  
grade Ag20. One explanat ion is that  thin, continuous 
layers of Ag20 cover the silver in the electrode and 
that  these layers are more active than the bulk  crystal-  
lites of Ag20. Assuming that  a monolayer  has roughly 
0.2 mcoulombs/cm 2 of capacity, 300 cm ~ of in terna l  sur-  
face would give 0.06 coulombs/cm ~ of electrode. Esti- 
mates of the amount  of charge in region c under  normal  
conditions gives about 0.1 coulombs/cm~, thus the lay-  
ers might  be only a few molecules thick. After anodic 
charge at low temperature,  region c is increased, pos- 
sibly representing thickening of the layer. However, on 
soaking in electrolyte at open circuit, the charge in  re-  
gion c re turns  to about 0.1 coulombs/cm 2, indicating 
that there is an equi l ibr ium amount  of surface film in 
the Ag/Ag20 /KOH system of a few angstroms thick. 
The solubili ty of Ag20 is too small  for the plateau to be 
due to discharge of dissolved oxide in the pores of the 
electrode. Possibly, this S shape, with a plateau of c, 
has not been observed in room temperature  measure-  
ments  because operation at low temperatures  accentu- 
ates the polarization peak at d, thus clearly separat-  
ing it from the plateau region. It  is interest ing that  
similar results at low temperature  have been obtained 
with the cathodic discharge of a solid silver sheet 
anodized to Ag20 formation (14), al though the current  
density to obtain similar voltage-t ime curves is re-  
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duced from 30 mA/cm 2 for HDL electrodes to 0.3 m A /  
cm 2 for the anodized sheet. 

Whatever  the cause of this ini t ial  region of dis- 
charge, it caused var iabi l i ty  in the first t ime interval  
of discharge of HDL electrodes which made it diffi- 
cult to observe quant i ta t ive  results on the magni tude  
of peak d as a function of current  density and tem- 
perature. A general  pat tern  is evident, however; the 
peak at d is more pronounced at higher current  den-  
sities and at lower temperatures.  If the electrode is 
part ial ly discharged, allowed to rest at open circuit, 
and then fur ther  discharged, the peak is clearly evi- 
dei, t (see Fig. 14). Alternat ively,  the peak is clearly 
present  in the pressed powder electrodes (Fig. 11). It 
is not due to the porous na tu re  of the electrodes be-  
cause it is observed on discharge of anodized silver 
sheet (14). On the other hand, fair ly rapid b reak-and-  
make of the current  to perform IR measurements  show 
no peak on make (see Fig. 8). It  can be concluded 
that the peak reappears only after some stand time. 

Three obvious explanations for peak d come to mind. 
First, by analogy with anodic charging, the peak could 
be a nucleat ion polarization. This would fit in with 
the dependence on current  density and temperature.  It 
is not clear, however, what  is being nucleated. It could 
be dissolved silver deposition on pre-exis t ing silver by 

A g 2 0 ( S )  --}- H 2 0 - >  [ A g 2 0  " H 2 0 ]  "-~ 2Ag + -~ 2OH-  [1] 

Ag(s)  ~ Ag + W e -  ~ 2Ag(s) [2] 

Equation [2] would be the nucleated step. Polarization 
produces growth of nucleat ion centers which are still 
present after rapid b reak -and -make  of the circuit. On 
stand, the growth centers become poisoned by impur i ty  
adsorption or decay by molecular r ea r rangment  to a 
non-nuc lea t ing  structure. 

Second, if the reaction in Eq. [1] were slow at low 
temperature,  then the concentrat ion of Ag + would de- 
crease with current,  giving concentrat ion polarization 
in reaction [2]. The rate of dissolution of Ag20 could 
be voltage dependent,  increasing with cathodic po- 
larization. The polarization overshoot would then be 
ascribed to the removal  of surface impurit ies which 
stow down dissolution, or ini t ia l  removal  of stable 
surface layers leaving more reactive, freshly formed 
surface underneath.  Third, if Reaction [2] had charge 
transfer  polarization, the production of silver dur ing 
discharge would have an autocatalytic effect. However, 
the large polarization overshoots would indicate at 
least a tenfold increase in silver area as the polariza- 
tion decreases to the plateau at e, whereas there is 50 % 
of unreacted silver present  ini t ial ly in the electrodes. 
In addition, silver area produced dur ing  discharge does 
not presumably  disappear on stand, whereas the peak 
is reinstated after stand at open circuit. This last fact 
could be explained by postulat ing that on stand at open 
circuit the silver becomes covered with a continuous 
film of Ag20. However, it has already been argued that 
plateau c before peak d corresponds to the discharge of 
a surface film. It  is p lanned to test the autocatalytic 
hypothesis by making double- layer  capacity measure-  
ments  dur ing periods c, and in the regions d to e to f, 
since the double- layer  capacity will  be pr imari ly  due 
to metallic silver. 

Fur ther  information can be deduced from Fig. 4 if 
it is assumed that electrodes at different temperatures  
can be compared in the plateau region, with only tem- 
perature as the prime variable. Figure 7 indicates that 
a Tafel - type relat ion exists and assuming 

i = IA exp (oF~/RT) [3] 

IA = k exp (-AH=~/RT) [4] 

the apparent  activation enthalpy can be obtained from 

AH* 2.3RT 
-- - -  + - - l o g  (i/k) 

oF oF 

Applying this relat ion to the irreversible line in Fig. 4, 
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with i constant, gives ~H4 = noF at absolute zero tem- 
perature;  assuming o = 0.5, ~H4 = 14.5 kcal/g-mole.  
The apparent  exchange current  density at --52~ from 
Fig. 7 is 0.3 m A / c m  2. From these data, the values of 
exchange current  density at various temperatures  are 
shown in Table III, with values of b : 2.3RT/oF. It 
must  be clearly understood that the data presented 
here are not sufficient to prove the existence of a 
charge t ransfer-control led reaction with the deter-  
mined kinetic parameter.  However, since Eq. [3] ap- 
pears to describe the results fairly well, it can be used 
as a basis for the discussion of distr ibuted reaction in 
the next  section. 

Equation [1] shows that water  is the reactant  to be 
t ransported from the bulk  of the electrolyte through 
the pores of the porous electrodes to the interior. Even 
at 31 w/o of KOH, water  is still present in high molar  
concentrat ion in the electrolyte, and application of the 
Aust in  r criteria (6) shows that  distr ibuted reaction 
will  be due pr incipal ly  to ohmic effects. This greatly 
simplifies analysis of the system because an analyt ical  
solution exists for this case when ,i is large enough for 
the reaction to be considered irreversible. The basic 
equation (6) for a plane, porous electrode in which 
the pores are small  compared to the thickness of the 
electrode is 

d2~l/dx 2 = ioSp{ (R/RD) exp (o~/b) 
- -  (P/PD) exp [-- (1 -- a)~/b]}  [5] 

This equation relates the polarization n at a position 
x (measured from the back face of the electrode) to 
the distance x, where ~ is a funct ion of x,~ (x) ; S is the 
electroactive area per uni t  volume of electrode, 
cm2/cm3; p is the effective specific resistance of elec- 
trolyte in pores, ohm cm; io is the true exchange cur-  
rent  density A /cm 2 at a reactant  concentrat ion of Rb 
and R is the concentrat ion at x, g-moles/cm3; Pb, P are 
the corresponding product concentrations. Since water  
is present in high concentration, R/Rb ~ 1, and for 
the second term of Eq. [5] negligible 

d2~/dx 2 = ioSp exp (o~/b ) [6] 

The solution to this equat ion has been given else- 
where (15) and only the results of significance to the 
present work will  be given. At low values of n (but  
still large enough for irreversible reaction),  the total 
current  density is approximated by  

i = IA exp ( n / b )  [7] 
where 

IA = ioSL 

Thus a normal  Tafel region may  be seen with an ap- 
parent  exchange current  density, IA, which represents 
complete util ization of the inter ior  of the electrode. On 
the other hand, when reaction is concentrated toward 
the electrolyte face 

i : I0 exp (a~/2b) [8] 
where  

Io = "v/2ioSb/po 

Thus a Tafel slope of double the normal  value is pre-  
dicted, and L does not occur in the apparent  current  
density as expected if the deep interior  of the elec- 

Table III. Exchange currents and Tafel slopes as a function of 
temperature based upon - -52~ data 

T e m p e r a t u r e  E x c h a n g e  cur -  Tafe l  s lope 
~ ~ ~ r e n t  io, m A / c m 2  b, v o l t / d e c a d e  

21 70 294 540 0.117 
16 60 289 340 0.115 
4 40 277 118 0.11O 

-- 7 20 266 40 0.106 
-- 18 0 256 12.7 O.101 
--29 --20 244 3.3 0.097 
-- 40 --40 233 0.74 0.092 
--51 -- 60 222 0.16 0.087 
-- 62 --80 201 0.03 0.083 
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t rode is not contr ibuting to the cur ren t -producing  re-  
action. The simple relations of Eq. [7] and [8] are 
quite useful even though they are only approximations.  
For  example,  the current  at which these two Tafel  
lines cross can be called the cross-over  current,  ic, and 

ic = 2b/aLp [9] 

This is an impor tant  relat ion because it does not con- 
tain the kinetic parameters  of io and S and it can be 
fair ly accurately est imated knowing the porosity of the 
electrode. If the actual current  densi ty is much less 
than ic, reaction is uniform through the electrode; 
if it is much greater  than it, distr ibuted reaction 
occurs, and Eq. [8] applies. 

Figure  15 shows plots of the complete solution to 
Eq. [6] compared with  the approximate  solutions rep-  
resented by the two Tafe l  lines. Polarizat ion is plot ted 
in dimensionless form ~/2.3b, where  2.3b is the (log 
base 10) Tafel  coefficient, that  is 0.12V at room tem-  
perature,  a ---- 1/2. The zero of the polarization scale is 
arbi t rar i ly  taken at i/ic ---- 1; in practice this point 
would correspond to a definite polarizat ion which 
would be higher  for a lower exchange current,  and the 
zero of the scale is shifted accordingly (15). The maxi -  
mum deviat ion in polarization of the complete solu- 
tion f rom two Tafel  lines is about 2.3b/4, that  is, 30 
mV at room temperature .  

It  is not claimed that  the current -polar iza t ion re-  
lation is given exact ly  by two straight  Tafel  lines or 
by the curve in Fig. 15, since the equations are de- 
r ived for an idealized system. However ,  it seems l ikely 
that  the equations wil l  apply wel l  enough to aid in 
deciding what  thickness of electrode should be used 
for a given duty, even if they cannot predict  the exact 
shape of the current -polar iza t ion relation. 

Table IV shows values of I ( O ) / I ( L ) ,  I ( V e ) / I ( L )  vs. 
i/ic, where  I ( O ) / I ( L )  is the ratio of the specific cur-  
rents at x ---- 0 and x = L, I ( 1 / 2 ) / I (L )  the ratio of 
specific currents  at x -~ L / 2  and x ---- L. These repre -  
sent the re la t ive  rates of reaction at these positions, 
obtained from the solution of Eq. [6] wi th  the appro-  
pr iate  boundary conditions (15). As expected, as i/ic 
increases, react ion is less and less uni form throughout  
the  electrode. 

Considering the conditions for the data in Fig. 12, 
the specific conduct ivi ty  of electrolyte  is 20 ohm-cm, 
and L is 50 mi l  ---- 0.127 cm. The labyr in th  factor (q/~) 

Table IV. Calculated values of I(O)/I(L), I(V2)/I(L) vs. i/ ic 

can be taken as about 2 giving p ---- 40 ohm-cm.  From 
the Tafel  slope of 85 mV, b/a  = 0.085/2.3 ---- 0.037V. 
Thus ic ---- 14.6 m A / c m  2, and Table IV predicts that  a 
current  density of 30 m A / c m  2 would  give I ( O ) :  I(1/2) : 
I ( L ) : :  0.22:0.3: 1. Figure  12 gives the re la t ive  rates of 
react ion as roughly 0.25:0.4:1. This is a remarkab le  
agreement  bearing in mind that  the react ive  surface is 
undergoing change during the discharge, and that  the 
t ransfer  factor may also be changing during discharge. 
A more exact way  of comparing theoret ical  wi th  ex-  
per imenta l  results is as follows. The solution to the 
equat ion enables the fraction of the reaction occurring 
between 0 and x to be calculated, or the fraction be- 
tween xl  and x2, for any value of i/ic. 

In a later  and more complete  paper, extensive tabu-  
lated solutions wil l  be given which will  enable the ap- 
propriate  data to be readi ly  picked out. The specific 
solution to be used here  is that  the fraction of reac-  
tion, i ( x ) / i ,  occurring be tween 0 and x is related to 
the total  current  density (i), the cross-over  current  
(ic), and fract ional  position in the electrode ( x / L ) ,  by 

i / i t  = X tan X [10] 

i ( x ) / i  = tan ~ - X  tan X [11] 

X is an in termedia te  in the calculation, defined by Eq. 
[10]. Values of i ( x ) / i  can be compared direct ly with 
the exper imenta l ly  determined fraction of reaction oc- 
curr ing in the various slices making  up the electrode. 
Table V gives results for electrodes made of two sec- 
tions. 

It can be seen that  agreement  between predicted 
and exper imenta l  is good. The percentage of react ion 
occurring in each section of the 50 rail stack of Fig. 
12 were predicted to be 11.6, 13, 16, 22, 38; the exper i -  
mental  values were  11, 13, 17, 25, 34. 

The above results indicate that  it is possible to 
predict  the effect of distr ibuted reaction for one elec-  
trode thickness. At --52~ the est imated value  of ie 
for the 10 mil  thick HDL electrode is 73 m A / c m  2. For 
30 m A / c m  2, i/io is 0.41 which corresponds to I ( O ) / I ( L )  
of about 0.7; the predicted increase of polarization 
above a uniform reaction condition is about 11 mV. 
Thus at 30 m A / c m  2, a dis tr ibuted react ion effect is 
present but it is not ve ry  great. At  higher  t empera -  
tures or at lower current  densities, the dis tr ibuted re-  
action effect is negligible for the HDL electrodes. 
Similar  reasoning can be applied to the e lec t ro- f0rm-  
ing of the 10 rail electrodes, which was carr ied out at 
200 m A / c m  2 on each side of the electrode; this cor-  
responds to an electrode used with  current  on one face 
with thickness 5 mils. At room temperature ,  the effec- 
t ive specific resistance of e lectrolyte  can be est imated 
at about 10 ohm-era, giving an est imate of it of about 
500 m A / c m  2. Again the value of i/ic of 0.4 corresponds 
to a greater  rate of production of Ag20 at the elec- 
t rolyte  face than in the inter ior  and the ratio of Ag20 
to Ag in the outer  face wil l  be somewhat  higher  than 
the average of 50: 50, while  it wi l l  be somewhat  less 
in the interior.  

The above calculations also go some way  in ex-  
plaining the effect of porosity shown in Fig. 10. The 
more  porous electrodes wil l  avoid distr ibuted reaction 

Table V. Predicted vs.  experimental values of percentage of 
reaction in each electrode section 

i/ic I(O)/I(L) I(I/2)/I(L) 

O.OlO 0.990 0.995 
0.169 0.852 0.888 
0.273 0.772 0.817 
0.410 ~ 6 8 2  0.746 
0.588 0 .594 0.671 
1.005 0.427 0.517 
1.83 0.249 0.333 
3.09 0.132 0.193 
4.62 0.072 0.113 

10.10 0.020 0.035 

Temp, 
~ 

--35 
--35 
--35 
--35 
-- 52 

P e r c e n t a g e  of  r e a c t i o n  
in  e l e c t r o d e  s e c t i o n  

B a c k  s ec t i on  F r o n t  s ec t i on  
E l e c t r o d e  

i,  t h i c k -  P r e -  E x p e r i -  P r e -  E x p e r i -  
m A / c m  ~ ness ,  c m  i/ic d i c t e d  m e n t a l  d i c t e d  m e n t a l  

150 0.050 2.25 29 24 71 76 
100 0.050 1.50 35 36 65 64 

30 0.050 0.45 42 40 58 60 
10 0.050 0.15 49 49 51 51 
50 0.050 1.35 35 43 65 57 
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at these conditions, whereas the 20% porous electrodes 
will be undoubtedly  in the completely distr ibuted re-  
action condition and will  have higher polarization at a 
given state of discharge because only part of the elec- 
trode interior  is being utilized. When the reaction is 
concentrated at the outer face, a layer of ful ly dis- 
charged mater ial  wil l  bui ld  up over the electrolyte face 
and this layer  will  grow thicker into the electrode as 
discharge proceeds. Figure  13 indicates that  at the 
point where discharge of the 50 mil  stack was stopped, 
polarization was increasing quite rapidly. Figure 12 
shows that this corresponded to complete discharge of 
the o u t e r  face of the electrode. It  is possible that  this 
ful ly discharged layer is relat ively impermeable,  giving 
an addit ional IR polarization for ionic transport.  Be- 
cause of the double- layer  capacity of this porous layer, 
this type of IR polarization will  not disappear in-  
s tantaneously when current  is interrupted.  (This 
postulate will  be tested in future  work by fully dis- 
charging a 10 mil  electrode, making it the outer face 
of a 50 rail stack, and discharging the stack.) 

Again, the concept of dis tr ibuted reaction goes part  
of the way to explaining region f in the discharge. 
The evidence is that polarization increases more rapidly 
with the state of discharge when  the reaction is con- 
centrated toward the outer face. At lower currents  and 
higher temperatures,  a more extended plateau of re- 
gion e is seen, followed by sudden development  of 
region f at high percentage discharge. As current  is 
increased or temperature  decreased, region f starts at 
a lower per cent of discharge and is more spread out. 

There are probably several reasons for the increase 
of polarization in region f. Certainly, much increased 
polarization is expected when the state of discharge 
has progressed to the point where  the active area of 
Ag20 present  in the electrode is too small  to support 
current.  However, the Tafel relat ion indicated in re-  
gion e suggests that  a simple, charge- t ransfer  reaction 
is rate-controll ing.  It has already been argued that  this 
cannot involve a reaction occurring on an Ag20 crystal, 
since the Ag20 is nonconductive,  would not have a 
simple double- layer  on its surface, and would not give 
simple Tafel- type rate relations. Thus it appears that 
the reaction of Eq. [2] is the l ikely candidate. 

Ag(s)  + Ag + + e -  -~ 2Ag(s) [2] 

(This will be examined fur ther  by varying the area of 
silver by orders of magni tude  keeping other param-  
eters constant, and determine the effect on polariza- 
tion.) The influence of Ag20 would occur only via its 
production of dissolved Ag +. If the rate of dissolution 
of Ag20 from the crystallites (electro-formed elec- 
trodes) or powder (pressed electrodes) of Ag20 is 
large, the concentrat ion of Ag + in  electrolyte in  the 
pores of the electrode would be mainta ined constant  
unt i l  almost all of the Ag20 had been reacted. 

If the above postulate is correct, increased activation 
polar iza t ion can be obtained (at low temperatures  
where the polarization corresponds to irreversible re- 
action) by decrease in the concentrat ion of Ag +. This 
could arise from a slow rate of dissolution, or from a 
slow rate of mass t ransfer  to the conductive silver 
matrix.  Examining  this last hypothesis, it is difficult to 
give a mean diffusion path from the surface of an Ag20 
particle to the surface of an adjacent  Ag particle (16). 
In  electro-formed material ,  the c rys ta l s  of Ag20 are 
presumably  in  contact with Ag, and the mean distance 
must  be of the order of 1 micron or less. In  the pow- 
der electrodes, if the e lementary  particles of Ag20 and 
Ag are well  mixed, the distance will  again be of the 
order of 1 micron. However, if an agglomerate of Ag20 
particles touches an agglomerate of Ag particles, the 
mean diffusion path might  correspond to the agglom- 
erate size ra ther  than  the particle size. 

Using the solubil i ty-diffusivity results  of Miller (17), 
the room tempera ture  values are about (3) (10 -4 ) 
moles Ag20/ l i ter  and (3)(10 -6) cm2/sec. Taking a 
value of 100 cm 2 as a conservative estimate of the in-  

ternal  area of 1 cm 2 plane of the electrode, the steady- 
state l imit ing current  due to mass t ransfer  of Ag20 
across a diffusion path of 1 micron is 

iL ~ (102) (2) (96500) (3) (10 - r )  (3) (10-6) /  
(10 -4) A/cm 2 

180 mA / c m 2 plane 

As tempera ture  decreases, the diffusion coefficient will 
decrease comparably to the increase in  electrolyte re- 
sistivity and the solubil i ty may  also decrease. Thus 
the order -of -magni tude  calculation shows that  region f 
at the higher current  densities and lower temperatures  
might  involve mass t ransfer  l imitations of dissolved 
silver between an Ag20 surface and an adjacent  silver 
surface wi thin  the electrode. This mass t ransfer  effect 
would not be altered by st irr ing the electrolyte except 
inasmuch as s t i rr ing could move electrolyte wi thin  the 
micropores of the electrode. Presumably  this mass 
t ransfer  effect becomes more impor tant  as the elec- 
trode discharges because, the smaller  particles of 
Ag20 are consumed first leading to an increased mean  
diffusion path. 

Conclusions 
At low temperatures  the galvanostatic discharge 

curve in general  contains five regions of polarization 
with time; a, b, c, d, e, f. Region a represents an im-  
mediate IR polarization, due pr imar i ly  to the electro- 
lyte path between the test and Luggin tip. Region b is 
double- layer  charging, and is followed by a short 
plateau c which corresponds to discharge of some ac- 
tive material.  Region c progresses into a polarization 
peak at d, and is probably  a nucleat ion overpotential.  
After  the peak, a pla teau at region e is obtained which 
appears to correspond to an activated, charge transfer  
reaction, possibly Ag(s)  W Ag + (aq) ~ e -  --> 2Ag(s).  
In  this region the active area of silver is not changing 
very much. 

Finally,  the polarization again increases as the elec- 
trode tends to more complete discharge, region f, 
which again is not due to an increased electronic IR 
effect. If the electrode current  density and tempera-  
ture are such as to cause distr ibuted reaction, the 
electrode reacts more toward the face, giving increased 
polarization and a more rapid onset of region f. The 
increased polarization in region f may be due to layers 
of discharged mater ia l  formed at the electrode face 
and to mass t ransfer  of dissolved Ag20 from Ag20 
surface to Ag surface. 

Although the work in this paper is obviously not a 
comprehensive picture of how this electrode behaves 
at low temperature,  the plateau, region for steady dis- 
charge can be fair ly quant i ta t ive ly  considered. First, 
the current  densi ty-polar izat ion relat ion is the Tafel 
relat ion 

--~ b log i -- b log IA [12] 

where IA is given by  
IA = io SL  

and the temperature  coefficient of io is exp (--  14.5/RT). 
In order to get lower polarization (loss of ideal poten-  
tial) at a fixed temperature,  the apparent  exchange 
current  IA must  be increased. This can be done by in-  
creasing the thickness L (but  see below), or by in-  
creasing the specific reactive area S by using very fine 
Ag and Ag20 powder. The thickness L should be less 
than a value Lc defined by 

im ~ ic 
< 2b/aLcp [13] 

where a ---- 1/2 for the results reported in this paper, 
and ira is the m a x i m u m  current  density of operation. 
Thicker electrodes will  give lower polarization when 
i < <  im, bu t  the value of ie is reduced. When im --~ ic, 
the reaction is concentrated toward the outer face, and 
polarization increases rapidly with increased i. 

It is essential to design electrode thickness and 
porosity to avoid enter ing into region f at the outer 
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face when  the  electrode is only s l ight ly  d ischarged in  
the  interior ,  for then the polar izat ion increases r ap id ly  
wi th  t ime dur ing discharge.  The effect of poros i ty  is 
contained wi th in  the factor  p, which  is the  effective 
specific resistance of e lec t ro ly te  wi th in  the  electrode.  
This factor  appears  to increase r ap id ly  as poros i ty  is 
decreased,  thus causing a smal ler  ic. To avoid this  
effect, porosi t ies  of 60 to 80% should be used. These 
high porosi t ies  reduce the value  of S and the  coulombic 
capaci ty  of the e lectrodes so, again, a balance must  be 
made be tween  the var ious  factors dependent  on the 
condit ions of operat ion and the du ty  required.  
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Electrochemical Detection of Ha, CO, and 
Hydrocarbons in Inert or Oxygen Atmospheres 

A. B. I.aConti and H. J. R. Maget* 
General Electric Company, Direct Energy Conversion Business Section, Lynn, Massachusetts 01905 

ABSTRACT 

A unique e lect rochemical  sensor is descr ibed for quan t i t a t ive ly  detect ing 
hydrogen  in gas mix tu res  containing e lec t rochemical ly  iner t  species. L imi t ing  
diffusion cur ren t  measurements  in the  range of -{-0.25 to 0.65V vs. a p la t inum 
electrode in the same acid solution are propor t iona l  to the hydrogen  content  
in the  bu lk  phase. When  active species, such as oxygen, a re  present  in b ina ry  
or t e rna ry  gas mixtures ,  the hydrogen  content  of the gas phase is de te rmined  
by  main ta in ing  a work ing  electrode potent ia l  of -51.06V (oxygen or a i r  rest  
potent ia l  on Pt  b lack  in acid) at which hydrogen  is immed ia t e ly  ionized even 
in the  presence of oxygen on the e lect rode surface. The feasibi l i ty  of detect ing 
carbon monoxide  and hydrocarbons  in oxygen-conta in ing  a tmospheres  using 
the electr ical  bias ing technique is demonst ra ted .  The l imi ta t ions  and pract ica l  
appl icat ions  of the sensing devices a re  discussed. 

The e lect rochemical  oxidat ion  of hydrogen  takes  
place at high ra tes  and low anodic overvol tages  in most 
aqueous electrolytes ,  even at  room tempera ture .  The 
process is accelera ted by  noble meta l  e lec t rocata lys ts  
such as p la t inum or pa l l ad ium which d i sp lay  ra the r  
large kinetic  constants  (high exchange  cur ren t  densi -  
t ies) .  These anodic overvol tages  a re  l imited by  po-  
tent ia ls  at which surface oxidat ion  of the me ta l  m a y  
take place, fol lowed eventua l ly  by  oxidat ion  of the  
wate r  in the e lectrolyte .  Over  a large potent ia l  region 
the e lect rode surface can be considered as clean, i.e. 
the surface concentra t ion of hydrogen  is essent ia l ly  
zero (Nernst ' s  equat ion can be used to predic t  ex-  

* Electrochemical  Society  Act ive  Member .  
Key  words :  gas  sensor, fuel  cell, electrocatalyst ,  ion exchange ,  

m e m b r a n e ,  l imi t ing  current .  

t r eme ly  low equi l ib r ium pa r t i a l  pressures  of hyd ro -  
gen) ,  and s imul taneous ly  the  surface concentra t ion of 
meta l  oxide  is nea r ly  zero. If  the  work ing  e lect rode 
is ma in ta ined  at  potent ia ls  corresponding to the  region 
of zero-surface  coverage, al l  hydrogen  a r r iv ing  on the 
electrode wil l  be ins tan taneous ly  ionized. The ra te  of 
hydrogen  ionizat ion measured  as a Fa rada ic  cur ren t  is 
then equal  to the ra te  of hydrogen  diffusion to the  
electrode. Under  these condit ions the  ra te  of diffusion 
is p ropor t iona l  to AC (hydrogen  concentra t ion differ-  
ence be tween  the bu lk  gas phase  and the  e lect rode 
surface, ~C ~ Cb --  CE). However ,  since CE is essen-  
t ia l ly  equal  to zero, the measured  cur ren t  is p ropor -  
t ional  to the  hydrogen  concentra t ion in the  bulk  gas 
phase. 



Vol. 118, No. 3 ELECTROCHEMICAL DETECTION 

| ~ E ~  

0 HZ D;STRIBUTION SCREEN 

([~) H 2 CHAMBER, CURRENT COLLECTOR 
AND TEMP. CONTROL JACKET 

02 BLEED (~ END PLATE 

Fig. |. Electrochemical hydrogen sensor 

In the presence of oxygen, the si tuation is more com- 
plex since the electrode will  tend to stabilize around 
the oxygen electrode rest potential. The detection of 
hydrogen in oxygen-conta in ing atmospheres is ac- 
complished by  electrically biasing the p la t inum black 
sensing electrode at -51.06V 1 vs. a Pt/H2 electrode in 
the same solution. The principles under ly ing  the choice 
of the biasing potential  and the un ique  features of the 
detector are as follows. 

The rest potential  of a hydrogen/oxygen acid fuel 
cell is 1.06V. When a potent iometer  or similar device 
for applying a constant d-c voltage is used to counter  
the 1.06V, no current  wil l  flow in an external  circuit. If 
hydrogen or other oxidizable gas is present  in the oxy- 
gen stream and the applied potential  is main ta ined  at 
1.06V, the following reactions will  occur assuming hy-  
drogen as the oxidizable gas. 

E l e c t r o d e  A t m o s p h e r e  E l e c t r o d e  r e a c t i o n s  

S e n s i n g  S o m e  I-I~ i n  O~ s t r e a m  H~ = 2It+ + 2e  
C o u n t e r - r e f e r e n c e  P u r e  I-Is 2 H  + + 2e  = H2 

The current  flowing in the external  circuit is directly 
proport ional  to the quant i ty  of hydrogen present in the 
oxygen stream. The novel ty  of the concept is that  the 
electrical bias potential  is exactly equal to the rest 
potential  of the Pt/O2 electrode; thus, making the de- 
vice insensit ive to oxygen and the uti l ization of a stable 
counter-reference electrode. Pure  H2 is passed over the 
hydrogen evolution counter-reference electrode to in -  
sure a quasi-constant  potential  of 0.0V. A diagram of 
the sensor is given in Fig. 1. 

Experimental 
All work on the development  of a hydrogen sensor 

was conducted using a sulfonic acid cation exchange 
membrane  (A_M~-C 311) as the electrolyte. Teflon 
treated, p la t inum black electrodes (5 mg/cm e of Pt)  
having gold screen current  collectors were attached to 
the membrane.  The geometric area of the electrodes 
was 4.0 cm% A diagram of the device which is essen- 
t ial ly an electrically biased cation exchange membrane  
fuel cell is given in Fig. 1. For  complete cells, the hy-  
drogen electrode served as a combinat ion counter - ref -  
erence electrode. For potentiostatic half-cel l  measure-  
ments, a reference Pt/H2 electrode which contacted 
the membrane  through a H2SO4 solution (pH = 0) 
was used as a third electrode. Dur ing  the half-cell  
measurements,  air was in contact with the counter-  
electrode. All  cells were  run  at 25~ unless specified 
otherwise. 

1 Al l  v o l t a g e s  a r e  r e f e r r e d  to  a l='t/H2 e l e c t r o d e  in  s a m e  s o l u t i o n  
u n l e s s  o t h e r w i s e  speci f ied .  S i g n s  f o r  h a l f - c e l l  r e a c t i o n s  a r e  t h o s e  
d i s c u s s e d  by  L i c h t  a n d  de  B e t h u n e  (1).  
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Exper imenta l  invest igat ions were conducted on half 
and complete cells under  controlled conditions, to 
determine the magni tude  of the sensing electrode re-  
sponse when exposed to b inary  H2-N2 gas mixtures  
( l imit ing diffusion current  measurements)  and gas 
mixtures  containing an oxidant, i.e. H2-O2 or H2-N2-O2 
(Faradaic hydrogen ionization current  at oxygen elec- 
trode potentials) .  

Simultaneously,  response times were measured to 
determine the t ime necessary before stabilization of the 
measured variable could be achieved. Half-cell  mea-  
surements  were necessary because of the technique 
used and also to avoid possible interference of the 
counterelectrode on the output  signal. An oxygen elec- 
trode (as a possible counterelectrode in a hydrogen 
sensor) f requent ly  displays potent ial  fluctuations de- 
pending on variables such as electrolyte concentration, 
oxygen part ial  pressure, etc. These problems were 
alleviated by using potentiostatic techniques or quasi-  
reversible counterelectrode such as pure  H2 electrodes. 

Relation between voltage and limiting currents.--  
The electrochemical oxidation of H2 (pure or in pres-  
ence of iner t  gases as ni t rogen) takes place at high 
rates and low anodic overvoltages up to conditions 
where  a ra te-control l ing process limits oxidation rates 
or up to a potential  where oxygen deposition occurs on 
the electrode surface. Figure 2 displays this behavior  
on a 4.0 cm 2 p la t inum black anode operating with a 
b inary  He/N2 mixture.  In this instance, a 3 v /o  (volume 
per cent) H2 in N2 was used in order to l imit  the maxi -  
m u m  observable current .  At anodic potentials between 
+0.25 and 0.65V, the l imi t ing diffusion current  is 
potential  insensitive. Beyond +0.70V, oxygen deposi- 
tion reduces the cur ren t  progressively unt i l  the oxygen 
rest potential  is observed. For purpose of comparison, 
a polarization curve for cathodic oxygen reduction is 
also presented in Fig. 2. From these results, it can be 
concluded that  an anode operat ing in the range of 
-50.25 to 0.65V should display l imit ing diffusion cur-  
rents (at low hydrogen part ial  pressures) essentially 
insensit ive to the potential.  Based on these observa- 
tions, exper imental  investigations were started to de- 
termine the electrode current  as a funct ion of hydro-  
gen part ial  pressure and the response t ime required to 
observe current  stability. 

EfIect of partial pressure on limiting dil~usion cur- 
rents.--Half-cell  measurements  were conducted at a 
fixed potential  of +0.45V as a function of hydrogen 
part ial  pressure in b inary  H2/N2 mixtures.  The results 
plotted in Fig. 3 show l inear i ty  between current  and 
part ial  pressure 

i ---- KC(H2) [1] 

where i ---- m a x i m u m  observed current  in mA, C(He) 

i. 05 

0.'75 

~ 0.45 

0 . 1 5  I ~ I "  

I00 200 0 
Current (mA) 

Fig. 2. Voltage-current relationship, 0 for increasing anodic 
potentials (H2-N2 oxidation), - - -  for cathodic oxygen reduction. 
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Fig. 3. Effect of hydrogen partial pressure in H2-N2 mixtures on 
limiting currents. 

0 , 4  

0 .3  

~ 0 . 2 ~  

0.0 I | I I 

I 2 3 4 5 6 
Time (sec) 

Fig. 4. Voltage (or current)~time response of the hydrogen sens- 
ing electrode. 

= v/o  H2 in the gas phases, and the proport ional i ty 
constant  K : 40 with a max imum variance of •  

Current  t i m e  r e sponse . - -Measuremen t s  on ha l f  cells 
and complete cells show that  current  read-out  becomes 
stable wi th in  4.5 to 6 see. Figure 4 i l lustrates a rep-  
resentat ive current  t ime behavior  of a b inary  H2/N2 
mixture.  Response t ime at any fractional  current  (or 
equivalent  potential)  read-out  can be estimated from 
the relationship 

(i -- I ) / i  =- e t/r [2] 

where  I = cur ren t  observed at t ime t, sec 
T : t ime constant  -- 1 sec 

The time constant  wil l  be somewhat sensitive to cell 
design, size, geometry, etc. 

H y d r o g e n / o x y g e n  (air) gas m i x t u r e s . - - T h e  rest po- 
tent ial  of a Pt/O2 half cell in acid solution at 25~ is 
approximately -bl.06V, and currents  observed in ab-  
sence of hydrogen at this potential  are only of the 
order of microamperes. Under  these potential  condi-  
tions, any  current  observed after exposure of the elec- 
trode to a hydrogen-conta in ing gas mix ture  is related 
to the rate of hydrogen oxidation. This condition is 
favorable for hydrogen sensing since: (i) chemical sur-  
face oxidation of hydrogen is essentially avoided, (ii) 
the surface concentrat ion of hydrogen is always ma in -  
tained at an extremely low value, and (iii) hydrogen is 
electrochemically oxidized as soon as it appears on the 
surface. Comparative results for hydrogen/oxygen  and 
hydrogen/a i r  mixtures  are presented in Fig. 5. Cur-  
rents at various concentrations of hydrogen in oxygen 
and air were observed for flow rates of 1 ml/sec at a 
fixed potent ia l  of + 1.06V. Flow rates of 3 ml/sec  were 
also studied to show that  the observed currents  are 
not influenced by appreciable variat ions of hydrogen 
part ial  pressure along the electrode surface. Results be-  
tween 1 and 3 ml/sec are identical. Again the currents  

3 

0 2  

> 

0 ., , l .i 

25 50 75 100 

C u r r e n t  (mA) 

Fig. 5. Effect of hydrogen partial pressure in H2-02 (air) mix- 
tures on currents in: 0 half cells and �9 complete cells. 

are proport ional  to the hydrogen par t ia l  pressure and 
can be expressed by  Eq. [1]. If (i) is in mA, the con- 
stant  K : 25 with a ma x i mum variance of •  

Resu l t s  on comple te  ce l l s . - -To  show applicabili ty of 
the approach to an ion exchange membrane  fuel cell, 
the current  read-out  was determined for a complete 
cell. Now it was essential to keep the counterelectrode 
at a quasi-constant  potent ial  (since this approach does 
not include the presence of a reference electrode), and 
thus be able to apply a cell and working electrode 
potential  of -t-1.06V. 

This can be accomplished by flowing hydrogen over 
the counterelectrode and keeping the electrode po- 
tent ia l  at near ly  0.0V. Applying 1.06V to the cell by 
means of an external  constant  voltage device insures 
a working electrode potential  of approximately -~ 1.06V 
since the hydrogen evolution counterelectrode is 
near ly  reversible. Under  these conditions, the fuel cell 
should behave essentially in a manne r  comparable to 
a half cell. All  the results obtained on half  cell and 
complete cells for H2/O2 and H J a i r  mixtures  are 
presented in Fig. 5. Linear i ty  between current  and 
part ial  pressure was observed in all cases. 

Detec t ion  of Carbon Monox ide  in O x y g e n / A i r . - - T h e  
electrical biasing technique was extended to the de- 
tection of CO in oxygen-conta in ing  atmospheres. An 
optimization was made of the sensing electrode struc- 
ture, electrolyte, and electrolyte concentrat ion to ob- 
tain reproducible stable currents  of less than  1.0 mA. A 
reversible metall ic counter-reference system was sub-  
sti tuted for the Pt/H2 electrode. Studies entailed an in -  
vestigation of the tempera ture  characteristics of the 
sensor when detecting carbon monoxide in  oxygen. 

In  the development  of the hydrogen sensor, a sul-  
fonic acid ion exchange membrane  (IEM) served as 
the electrolyte. The problem with  the (IEM) system 
is that  it is difficult to find a reversible counter- refer -  
ence electrode other than  Pt/H2, and water  manage-  
ment  is difficult. A sulfuric acid electrolyte was in -  
vestigated due to its good conductivity,  and also many  
reversible meta l / sul fa te  couples exist. A 63% by 
weight sulfuric acid solution was chosen because of 
its very low vapor pressure at 25~ 2.4 Torr, making 
it insensitive to flow of gases, which affects the concen- 
t rat ion and tempera ture  changes due to water  evapo- 
ration. 

A constant  voltage source kept the carbon monoxide 
sensing electrode at a fixed potential  vs. a stable 
metallic electrode which served both as a counter  and 
reference electrode. An  Alford-Niedrach (2) p la t inum 
on boron carbide electrode containing 3.4 mg / c m 2 plat i -  
n u m  and a t an ta lum current  collector served as the 
sensing electrode at a fixed potential  vs. a stable 
kept at 0.18 cm 2 to insure a fast response t ime and min -  
imal  polarization of the  counter-reference electrode, 
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i.e. observed currents  were less than 1.0 mA. Of the 
metallic couples investigated as counter- reference  elec- 
trodes, the PbO2/PbSO4, H2SO4 was most compatible 
with the system under  invest igat ion exhibi t ing min i -  
mal  polarization when  undergoing a reduct ion process 
in the sensor. The polarization characteristic of the 
lead peroxide electrode is demonstrated in Fig. 6 where 
a current-vol tage  curve is given for the celI 

Pt/H2, H2SO4 (63%), PbSO4/PbO2 

The oxidation of CO on p la t inum black has been a 
subject of recent  review (3, 4). Carbon monoxide ad- 
sorbs strongly on plat inum, and appreciable reaction in 
acid only occurs at voltages greater  than +0.70V as can 
be seen in the current  voltage curve given in Fig. 7 for 
oxidation of CO on p la t inum black. At + l .06V the 
electrochemical oxidation of CO to COx on p la t inum 
black occurs immediately,  thus it can be expected at 
this voltage faradaic currents  proport ional  to bu lk  con- 
centrat ion of CO will be observed. 

The prototype sensor for detection of CO consisted of 
a Pt  on B4C electrode (3.4 mg P t / c m  2) with a sensing 
area of 0.18 cm 2, H2SO4 (63%) and PbO2 counter-  
reference electrode containing 100 mg/cm 2 PbO2 with 
geometric area of 4 cm 2. Tan ta lum current  collectors 
were employed for both electrodes. When the Pt  
electrode was exposed to oxygen, the observed 
.~E(Vr -- Vl) was 0.71 for the cell 

Pt/O2, H2SO4 (63 % ), PbSO4/PbO.2 

When this voltage was exactly matched with a constant  
voltage source, no current  flowed. When CO was 
present in O2/air and the applied potential  was ma in -  
tained at 0.71V, a current  proport ional  to the CO in 
the bu lk  phase was observed. The results  plotted in 
Fig. 8 show l inear i ty  between current  and part ial  

G 2 600 eometric Area of Electrode: 49 era 

50O 

400 

300 

200 

100 

o I I i 

0.30 0,40 0.50 0.60 0.70 0.80 0.90 
Applied EMF (V) vs. Pt/H 2 

Fig. 7. Current-voltage curve for oxidation of CO on Pt black in 
H2504 (3). 
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Fig. 8. Effect of CO partial pressure in CO-02/air mixtures on 
currents. 

pressure 
i = KC(CO) 

where C(CO) ---- v/o CO in OJa i r ,  the proport ion- 
al i ty constant K ---- 0.19 with a ma x i mum variance of 
___6%. The stabil i ty and reproducibi l i ty  of the sensor 
was examined by introducing three times daily a fixed 
concentrat ion of CO in O2. For a CO in O2 sample, a 
0.42 -4- 02 mA reading was obtained for over a three-  
week period. 

An investigation was conducted on the temperature  
characteristics of the sensor when  detecting carbon 
monoxide in oxygen. An Arrhenius  plot of log i vs. 1 /T 
was found to be l inear  (Fig. 9). The observed current  
for oxidation of CO in 02 approximately doubles for 
each 10~ increase in temperature.  The described sen- 
sor appears to be a stable, low-cost sensitive ins t ru -  
ment  for detecting carbon monoxide in air  or oxygen 
from 20 ~ to 80~ 

Detection of hydrocarbons . - -The CO sensor operat-  
ing at room temperature  is insensit ive to hydrocar-  
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Fig. 9. Effect of temperature when oxidizing a fixed concentration 
of CO in 02. 
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Fig. 10. Hydrocarbon gas detection with phosphoric matrix at 
150~ 

boris. At elevated temperatures,  however, the sensor 
will respond to hydrocarbons. The detection of hydro-  
carbons in 02 was demonstrated wi th  a fuel cell de- 
vice consisting of a zirconium phosphate matr ix  satu- 
rated with H3PO4, at Pt  black sensing electrode and 
a Pt/H2 counter-reference electrode. A l inear  rela-  
tionship was found between current  and part ial  pres-  
sure of propane or octane in oxygen when the device 
was operated at 150~ as can be seen in  Fig. 10. Of 
part icular  interest  is the characteristic curve obtained 
for propane and octane. The novel ty  of the device is 
the insensit iveness to air or 02 because of the biasing 
potential  of +I.O6V vs. Pt/H2 applied to the sensor 
electrode. 

Characteristics of the sensing devices.--The electro- 
chemical sensors described have a lower l imit  of de- 
tection of approximately 500 ppm based on a volume 
basis. The prototype sensor described for detection of 

CO which uses a PbO2 counter-reference electrode is a 
practical device for detecting easily oxidizable species 
such as H2 and CO in O2 and air streams. Some prac-  
tical applications include use of the device as a gas 
leak detector to avoid the formation of an explosive 
mix ture  such as H2 in air and buildups of toxic levels 
of CO in air. Novel features of the device are low cost, 
portabili ty,  and simplicity. At the current  stage of 
development, the detector cannot be used directly for 
trace analysis which is best done by  spectroscopic tech- 
niques (5). A reasonable goal is to reduce the detec- 
t ion l imit  to 100 ppm by more accurate control of elec- 
tronic circuitry and electrode manufac tur ing  process. 
With an applied biasing potential  of + 1.06V, the sens- 
ing electrode is not readily poisoned by species which 
normal ly  adsorb s trongly on p la t inum at low anodic 
potentials such as CO at low tempera ture  (~80~ and 
hydrocarbon intermediates at high tempera ture  
(~10O~ At an anodic potent ial  of +l .06V, these 
species are readily oxidized to CO2. This was evidenced 
by a 3-week life test at 25~ for a CO in O2 gas mix-  
ture  and a 2-day r u n  at 15O~ for a propane in 02 
mixture.  

Manuscript  received August  24, 1970. 

Any  discussion of this paper will appear in a Discus- 
sion section to be published in the December 1971 
J O U R N A L .  
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Desalting by Means of Porous Carbon Electrodes 
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ABSTRACT 

A porous electrode model is developed and analyzed for ionic adsorption on 
porous carbon. In  the absence of concentrat ion variations, the system behaves 
like a distr ibuted network of resistances and capacitances. Exper imenta l  re-  
sults support the basic model and show a preferential  adsorption of divalent  
ions. Consideration is given to the optimization of operating parameters.  

A process for desalting water  can be based on per i -  
odic sorption and desorption of ions on the extensive 
surfaces of porous carbon materials.  Blair and Murphy 
(1) have described early work. Electrodialysis, ion ex- 
change, and the present  method of ion sorption remove 
the electrolyte from the solution and should be eco- 
nomical ly suited to waters  of moderate salinity. Proc-  
esses like evaporation and reverse osmosis, which 
remove the solvent should be preferable for dealing 
with high salinities. In  addit ion to the practical aspects 
of desalting, the present work is re levant  to the anal-  
ysis of the behavior of porous electrodes. Exper imenta l  
verification obtained here would be a reflection on the 
basic val idi ty  of models commonly used for porous 
electrodes. The present  system should also provide a 
convenient  means to s tudy parametr ic  pumping  (2, 3). 
Porous carbon electrodes can also be used for storage 
of electrical energy and for ion exchange processes. 

1 P e r m a n e n t  a d d r e s s :  D e p a r t m e n t  o f  C h e m i c a l  E n g i n e e r i n g ,  U n i -  
v e r s i t y  o f  C a l i f o r n i a ,  B e r k e l e y ,  C a l i f o r n i a  9 4 7 0 0 .  

K e y  w o r d s :  p o r o u s  e l e c t r o d e ,  d e s a l i n a t i o n .  

Concepts of Charge $orption 
At any interface between an electrolytic solution and 

another  medium, there is general ly present  an electric 
double charge layer, the interface as a whole being 
electrically neutral .  On the solution side of the in ter -  
face, the double layer consists of an excess of cations 
or anions from the electrolytic solution itself. It is the 
adsorption of the electrolyte here which is responsible 
for the desalting accomplished by this process. Porous 
carbon materials contain large interracial  areas, on the 
order of several hundreds  of square meters  per  gram, 
and consequently it is possible to store a significant 
amount  of salt in these electrical double layers. For 
our purposes, it is not par t icular ly  impor tant  to dis- 
t inguish between ions of the solution which are t ightly 
bound to the surface and those which exist in the dif- 
fuse layer adjacent to the surface. 

It is presumed here that  no charge passes directly 
from the carbon into the solution, and consequently a 
flow of current  into the carbon is compensated by an 
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equal and opposite magni tude of charge on the solution 
side of the interface. In this case, the interface is simi- 
lar to a simple electrical capacitor. Because of the 
small  distances involved here, the double layer ca- 
pacity can be quite high, on the order of 30 #f/cm 2. 
[The measurements  of Evans (4) on porous carbons 
are of interest  is the present  application.] Grahame (5) 
has developed these concepts of the double layer  in 
detail and gives sketches of the distr ibutions of charge 
and potential  near  an interface as well  as exper imental  
results for double layer  capacities and surface con- 
centrat ions at mercury-solu t ion  interfaces. 

The surface concentrat ions of the ions depend on the 
potential  of the electrode, measured with respect to a 
suitable reference electrode. As the electrode is made 
more negative, it attracts cations and repels anions, and 
conversely. The absolute magni tude  of ion adsorption 
is difficult to ascertain at solid electrodes. However, it 
is the variat ions in the amounts  of adsorbed ions 
which are impor tant  in a process for desalt ing water. 
These can be represented by the quant i ty  

dq+ d q -  
f -- - -  [1] 

dq dq 

plotted in Fig. 1 as calculated from the data of Gra-  
hame (5) for the interface between mercury  and a 
0.3M NaC1 solution. The potential  is relative to a calo- 
mel  electrode in the same solution. 

The dashed curve in Fig. 1 is an idealization of the 
actual  behavior  and corresponds to a sharp change 
from sorption and desorption of cations at potentials 
more negat ive than Vz to sorption and desorption of 
anions at potentials more positive than Vz. In  contrast, 
an increase in the net  charge in the double layer can 
actual ly be accomplished by a combinat ion of adsorp- 
tion of cations and desorption of anions. The potential  
Vz indicates the potential  at which the electrode 
changes from anion responsiveness to cation respon- 
siveness. Strict ly speaking, it does not represent  the 
point of zero charge, which can be measured only 
with difficulty on solid electrodes. 

We see from Fig. 1 that f can be less than --1 for 
positive potentials. This is due to specific adsorption of 
anions with a consequent adsorption of cations in 
the diffuse layer. The result  is that  more ions can be 
adsorbed than would be predicted from simple concepts 
of the double layer. 

Porous Electrode Model 
For the present  system, the macroscopic model of 

porous electrodes (6) should be modified to account for 
the capacitive adsorption of ions. This is the only 

t f i I I i J ] I I I I I i i 1 I I 
1 . . . . . . . .  

II 

-1 . VLz"- ~ L . . . . . . . . .  

- 2  I I I I I I l I I 1 ] I I I ] I I I 

- 1 . 6  - 1 . 2  - 0 . 8  - 0 . 4  0 0 . 4  

P O T E N T I A L ,  volts 

Fig. 1. C h a n g e  of total ion sorptlon with potential, for the inter- 
face between mercury and a 0.3M NaCl solution. 
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change which needs to be introduced. Two potentials 
are used, the potential  r of the porous matr ix  and the 
potential  r of the solution in the pores. Similarly,  two 
current  densities il and i2 are defined; these current  
densities are referred to the projected area of the elec- 
trode rather  than to the areas of the individual  phases. 
The concentrations ci of species in the solution are re-  
ferred to the volume of the solution phase; thus the 
concentrat ion per uni t  volume of the electrode is pci 
where p is the porosity of the electrode. The fluid 
velocity v will  be referred to the over-al l  area. 

The electrode consists of carbon particles with void 
spaces in between, but  each particle is itself quite 
porous, with micropores which are much smaller  than 
the particles. This accounts for the large surface area 
of porous carbons. The fluid flows between the par-  
ticles but  not through them, while the electric current  
in the fluid phase may or may  not flow through the 
particles. At any  rate, the surfaces of the micropores 
are electrically accessible to the solution phase. Mate- 
rial  desorbed inside the particle will have to diffuse to 
the surface of the particle before it can enter the flow- 
ing stream. One could define a microporosity p~ (cor- 
responding to the void volume wi th in  the particles 
relative to the volume of particles) and a macro- 
porosity PM (the void volume between the particles 
divided by the total volume) as well  as the over-al l  
porosity p. These are related by 

l - - p =  ( 1 - -  pM) ( 1 - -  p~) [2] 

At the interface between the matr ix  and the solu- 
tion, the rate of change of the double layer charge 
(per un i t  volume of electrode) is 

O (r - ~2) 
V " il = -- V " i2 = -- aC [3] 

Ot 

where C is the capacity per uni t  area and a is the in-  
terfacial area per un i t  volume. V �9 i, is the divergence 
of the current  density in the matr ix  and represents flow 
of current  from the solution to the matrix.  This equa-  
tion represents the major  assumption of the model, 
that ionic adsorption can be approximated as a ca- 
pacitive process, t ha t  the kinetics of adsorption do not 
limit the rates, and that  faradaic reactions are negli-  
gible. 

Let N+ and N -  be the fluxes of cations and anions  
in the solution phase based on the over-al l  area of 
matr ix  and solution. We confine our at tent ion to a solu- 
tion with two types of ions; the rigorous t rea tment  of 
complex waters is complicated, but  their  behavior can 
be adequately discussed on the basis of simple ex-  
tensions of the present  t rea tment  of a b inary  electro- 
lyte. A mater ia l  balance for the ionic species reads 

Oci dqi V �9 il 
P = -- V " Ni [4] 

Ot dq ZiF 

In  the pore phase, the fluxes of ionic species can be 
expressed as 

N i  = - -  Z i u i F p c i ~ r  - -  DjpVc i  W civ [5] 

Mobilities ui and diffusion coefficients Di are approxi-  
mately equal to their  values in a free solution except 
for tortuosity factors; that  is, there is no need for an 
addit ional porosity factor. In  the matrix,  the current  
density obeys Ohm's law 

il = -- aVcx [6] 

where a is the effective conductivi ty of the matr ix  
phase. The current  density in the solution phase is due 
to the charge carried by ionic species 

i~ = F Z z i N i  [ 7 ]  
i 

Finally,  we adopt the electroneutral i ty  equat ion for 
the solution phase 

~szici = 0 [8] 
i 
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Combinat ion of Eq. [4], [5], and [8] yields an equa-  
tion for the solution concentrat ion 

Oc 
P 0~ + v �9 ~7c -- D~7 �9 (pVc) 

dq + d q -  ) V ' h  ( t _ ~ _ t +  [9] 
z+v+F \ dq 

if the mobilit ies and diffusion coefficients are taken 
to be constants and the fluid is incompressible. Here 

z + u + D -  - -  z - u - D +  
D = [10] 

Z + U +  - -  2;--U-- 

is the effective diffusion coefficient of the electrolyte 

Z+U+ 
t+ : l - - t -  : [11] 

Z + I S +  - -  Z - I S -  

i s  the cation transference number ,  and the solution 
concentrat ion is 

c : c+/v+ : c - / r -  [12] 

where v+ and v-  are the numbers  of moles of cations 
and anions per  mole of electrolyte. 

Subst i tut ion of Eq. [5] into Eq. [7] yields an equa-  
t ion relat ing current  and potent ial  drop in the pore 
phase 

i 2  : - - K V r  - -  z+v+F(D+ -- D - ) p V c  [13] 
where 

= z+v+pcF2(z+u+ -- z - u - )  [14] 

is the effective conductivi ty of the solution phase. 

Assumptions in the Model 
The fundamenta l  Eq. [3] through [8] describe the 

porous electrode. For a solution of a b inary  electrolyte, 
Eq. [4], [5], [7], and [8] can be replaced by Eq. [9] 
and [13]. Thus, Eq. [3], [6], [9], and [13] represent  
five equations for the determinat ion of the quanti t ies c, 
il, i2, r and r 

These equations are typical of those used to ana-  
lyze the behavior  of porous electrodes, and the assump- 
tions inherent  in them are discussed in the l i terature  
(6, 7). Exper imental  verification with the present sys- 
tem would help to substantiate these models. 

Here the t ransfer  of charge from the solution to the 
matr ix  is assumed to occur by means of the capacity 
of the electric double layer. The effect of concentrat ion 
changes on the potential  relationships has been ne-  
glected in  wr i t ing  Eq. [3]. A similar assumption is in -  
volved if dq~/dq in Eq. [4] is supposed to depend only 
on the potentml difference r -- r aria not on the con- 
centration. Thus, the charge and potential  are assumed 
to be the main  factors de termining ionic adsorption, and 
the dependence of electrolyte adsorption on concen- 
t rat ion is effectively ignored. One consequence of this 
assumption is that  the velocity of a concentrat ion wave 
through the bed is equal to the velocity of nonadsorbed 
solvent, whereas in a bed with concentra t ion-depen-  
dent adsorption, this wave velocity is different (usually 
less) than  the  fluid velocity. 

The double layer itself is assumed to be in local 
equi l ibr ium at the appropriate concentrat ion and po- 
tential  difference r -- r One might  imagine that  high- 
ly mobile ions (for example, hydrogen ions) would be 
preferent ia l ly  adsorbed on the basis of t ransport  con- 
siderations. Actually, equi l ibrat ion times for the double 
layer  (8) are quite short compared to the t ime scales 
involved here. The preferent ial  adsorption of divalent  
ions from complex waters, mentioned later, is fur ther  
evidence for equi l ibrat ion of the double layer since 
divalent  ions have lower mobilities, in general, than 
monovalent  ions. 

Faradaic or charge t ransfer  reactions, also ignored 
here, could manifest  themselves in three ways. First, 
they detract from the cur ren t  used to charge the double 
layer. These can safely be ignored except at large ap- 
plied potentials. Second, they can oxidize or reduce the 

surface, forming surface compounds or oxidizing the 
carbon mat r ix  itself, and lead to a gradual  change in 
the character of the electrodes. Finally,  they can lead 
to a gradual  change in the net  charge on a pair  of car- 
bon electrodes used for desalting. This will  degrade the 
performance if operating conditions had previously 
been optimized for the ini t ial  state of the electrodes. 

The porous electrode model assumes that  the concen- 
t ra t ion and potential  r in the solution phase are es- 
sential ly uniform across a pore cross section (6, 7), 
which effectively means in the solution inside a porous 
particle as well  as in  the space between particles. 
Actually, as ment ioned earlier, the electrolyte must  
diffuse from within  a porous particle to the surface be- 
fore it can reach the flowing stream. The time required 
for a particle of radius R to become 90% depleted by 
diffusion with an effective diffusion coefficient D is (9) 
0.43 R2/D or 3.2 min  for R ---- 0.06 cm and D = 0.8 x 
10 -5 cm2/sec. Furthermore,  with a solution flowing be- 
tween the particles, the distance in the direction of 
flow required for the solution concentrat ion to reach 
90% of the concentrat ion at the surface of the 
particles is roughly (10) 0.037 d2V/pMD, where d is the 
equivalent  diameter  of the passages between the par-  
ticles. For d = 0.02 cm, v = 1 cm/min ,  and p~ = 0.25, 
this gives a distance of 0.124 cm. 

Under  most conditions, it should be possible to ne-  
glect the diffusion terms DV �9 (pVc) in Eq. [9]. This 
is in harmony with the concepts that there is little 
ups t ream propagation of effects and only the inlet  
concentrat ion to a bed need be specified, not the outlet 
concentration. Note that if the transference numbers  
are equal, the last te rm in Eq. [9] is s imply related to 
f defined by Eq. [1] and plotted in Fig. 1 for a mercury  
surface. Even without  this assumption, the quanti t ies  
dq+/dq are, in principle, measurable  for a solid elec- 
trode. In  the absence of cosorption of anions and cat-  
ions, dq+/dq ---- 1 and d q - / d q  = 0 for a cation re- 
sponsive electrode, and d q - / d q  = 1 and dq+/dq = 0 
for an anion responsive electrode. 

Analysis in the Absence of Concentration Variations 

A simple system for desalt ing water  by the process 
described here might  consist of porous carbon elec- 
trodes through which the solution flows axially, al ter-  
nate electrodes being connected together electrically 
[see also ref. (11)]. To achieve desalting, one set of 
electrodes should be displaced toward more positive 
potentials so that  they will  adsorb anions, and the other 
set, being displaced toward negat ive potentials, will  
adsorb cations. To regenerate  the electrodes, the po- 
tent ial  relationships would be reversed, so desorbed 
anions and cations would be put  back into the solution 
and carried out with the waste water. For  ma x imum 
efficiency, it is essential that  one set of electrodes 
should operate in a potential  range where cations are 
sorbed and desorbed and the other set of electrodes 
should be operated in a potent ial  range  where anions 
are sorbed and desorbed. 

If concentrat ion variat ions are negligible, then  Eq. 
[9] can be ignored for the present, and Eq. [13] re-  
duces to 

i2 = --KVr [15] 

A pair of electrodes can then be represented by the 
equivalent  circuit in Fig. 2. The double layer capacity 
is represented here as connecting the electrode mat r ix  
and the solution in the pores. RA represents the distr ib- 
uted resistance to the flow of electrons in the porous 
carbon matr ix  of one electrode, and Rc represents the 
distr ibuted resistance to the flow of ions in the pore 
solution wi th in  the same electrode. These are con- 
nected to each other by the distr ibuted double layer 
capacity. The other electrode is s imilar ly represented 
by the electrode matr ix  resistance RB and the pore 
solution resistance RD. The two electrodes are con- 
nected to each other through the power source con- 
nected between the two electrode matrices and through 
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RC RE RD 

Fig, 2. Equivalent circuit of two porous electrodes and a separator 

collector. Thus, when  ex/~r~ is large, Eq. [19] simplifies 
to 

( ~2 - -  V o l s  _ R~ 1 + [22] 

If the applied potential is changed at t = 0 from Vo to 
Vo ~- AV and then maintained at the new value, the 
resulting current density is 

the solution by means of, for example, a porous cloth 
separator represented by  the resistance RE. 

When the applied potential  is changed, a current  
flows from the power source into the electrode 
matrices. This current  consists of the flow of electrons 
wi thin  the electronically conducting portion of the 
circuit. The current  flows from the matrices through 
the double layer capacity into the solution in the pores, 
resul t ing in a change in the double layer composition 
and the solution composition. The current  is then car- 
ried from one electrode to the other by the ions of the 
electrolytic solution in the separator. 

For constant  values of ~, ~, and aC, Eq. [3], [6], and 
[15] can be rewr i t ten  as 

o r  

00 
Y = - -  VO and - -  -- a V ' Y  [16] 

Ot 

Oo O2Y 
= aV20 and = aVV " Y [17] 

Ot at 
where 

Y = i , / ~ - - i 2 / K ,  0 = r 1 6 2  a =  K ~ / a C ( K + ~ )  [18] 

Equations [17] are then analogous to the equations for 
heat conduction or diffusion in solids, and ~ might  be 
termed the "electrical diffusivity," having the value 
5 x 10 -6 cm2/sec for ~ = 4.3 x 10 -4 o h m - l - c m  -1, 

= 0.068 o h m - ' - c m - ' ,  and aC = 83.5 f/cm~. 
Consider two electrodes having identical  values of 

~, ~, and aC, each of half thickness L, with a separator 
of effective thickness Ls and conductivi ty ~. At present  
there is no compelling reason to consider electrodes 
having different values of these parameters.  We treat  
the case where the current  is zero and the applied 
potential  is V = Vo :[or times t < 0. The values of Y 
and 0 within the electrodes do not change discon- 
t inuously  at the instant  when the potential  is changed. 

The analysis is convenient ly  carried out by means 
of Laplace transforms. The most interest ing result  is 
the relat ionship between the Laplace t ransform ~2(s) 
of the applied potential  and the Laplace t ransform 

(s) of the result ing current  density 

-- [ _ 1/~/~ITI ( e2V~ _t_ 1 7V~ = R1 I+ e2x/~- 1 

+ ~2 + ~2 
where 

[ 19 ]  

2L Ls - -  RI (K + e)~r 
R I = '  + , ~ / T , = - - _ _  , 

L 2 
�9 2 = '  [20] 

a 

The system has associated with it two characteristic 
times, xl and ~2. For L = 0.32 cm, Ls = 0.015 cm, and 
the values of a, K, and ~ given below Eq. [18], we obtain 

R1 = 4 4 . 2 o h m - c m  2, ~1 = 18.4sec, ~ 2 = 5 . 6 8 h r ,  
~r ~2) = 6.31 X 10 -3 [21] 

The two characteristic times have quite different 
values. We il lustrate their  significance by  considering 
two special cases. 

For short times, the capacity of the electrodes is 
utilized only near  the separator and near  the current  

i : (hVIR1)  e t/r1 erfc (~/tlT1) [23] 

For large values of t, this expression gives 

AV 
i x / F _ > _ _ ~ x l  = _ ~ q- a x~aC(K q- ~ ) ~  [24] 

AV 

R1 ~ 2~/n K2 _~ r 

Equation [23] is plotted in Fig. 3. 
On the other hand, if the applied potential is main- 

tained 10ng enough, the capacity of the electrodes will 
eventually be used up. To illustrate this, we assume 
that ~ is very large, and we neglect the resistance of 
the separator. Then Eq. [19] reduces to 

~2 -- Vo/S R1 e2Vsr~ + 1 
- -  - -  [ 2 5 ]  

~k/ST--'I e 2x/sr'-~ -- 1 

The response to a step change in potential  is shown in 
Fig. 4. 

When T1 < <  ~2, the two curves represented by Fig. 3 
and 4 can be superposed to give a complete picture of 
the current  response to a step change in potential.  
Equat ion [24] then applies over a considerable port ion 
of the charging period. In  this case, the current  is in -  
dependent  of the values of L and Ls. At zero time, the 
current  density cannot be infinite; it is l imited by the 
resistance of the electrodes and the separator. 

i : ~V/R1  at t = 0 [26] 

Thus, for values of t on the order of ,i, the values of 
L and Ls are important ,  and the current  densi ty is less 
than the value predicted by Eq. [24]. For values of t 
on the order of ~2, the value of the electrode half thick-  
ness L again becomes impor tant  because the electrode 
capacity depends upon this parameter .  As the elec- 
trode capacity becomes saturated, the current  density 
again drops below the value predicted by Eq. [24]. 

The preceding analysis applies to a single step 
change in potential, whereas a desalt ing system would 
be operated with periodic changes a l ternat ing be- 
tween ~V and --• Because the current  due to a po- 
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Fig. 3. Current response to a step change in potential, before the 
penetration layers begin to interact. 
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Fig. 4. Current response to a step change in potential, showing 
the approach to saturation of the capacity of the electrodes. 
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Fig. 5. Current response after extended cycling. The duration of 
each half cycle is T. 

tent ia l  step decreases roughly as 1~Nit, the effect of 
previous changes will  persist into a given cycle. Figure 
5 indicates the magni tude  of this effect. The solid curve 
was calculated by assuming that  Eq. [24] is applicable 
to each potential  change. Thus, for a single potential  
change, the ordinate value would be unity.  The dashed 
curve represents the expected behavior  when  one ac- 
counts for the fact tha t  the cur ren t  cannot  become 
infinite at t = 0. Here, the current  resul t ing from the 
most recent potential  change was determined accord- 
ing to Fig. 3 with ~I/T -- 0.0204. 

Let us now calculate concentrat ion changes, assum- 
ing that  the current  density is given by the preced- 
ing considerations. In  Eq. [9] we drop the diffusion 
term and average the last term over two electrodes, 
with dq+/dq : 0 for one electrode and d q - / d q  = 0 
for the other electrode. This gives 

0c i 
P ~ - 4 - v ' V c =  [27] 

2Lz+v+F 

where i is the current  density, positive for regenera-  
tion and negative for desalting. If i~/ t  can be regarded 
as constant  over a half  cycle, the effluent sal inity for 
steady cycling is given by 

Cout Cin 

+ x/t--$ To- t ~ )  for : < t,e,, [28] / 
C o u t -  Cin ( / a v g  "~T-/z+v+Fp) (~V~- " ~ ' -  ~ r e s ) |  

Y o r  t > t r e s  J 

where Iavg is the average stack current  per uni t  of ac- 
tive volume of the stack 

I a v g  = - -  nidt [29] 
2nLT 

and the residence t ime is given by 

tres = 2 n L p / v  [30] 

Here n is the n u m b e r  of faces between electrodes; for 
example, n = 5 for a stack with six electrodes. The 
porosity p enters into the expression for the residence 
t ime on the assumption that  the particles have t ime to 
equil ibrate with the flowing stream. These calculations 
are carried out for t r e s <  T, the only practical case. 
The assumption, that i~/t  is constant  corresponds to 
Eq. [24]. Fur thermore,  it is good approximat ion for a 
half cycle as shown in Fig. 5. The effluent concentra-  
t ion predicted by Eq. [28] is plotted in Fig. 6 for 
tres/T = 0.2. 

Finally,  one might like to have a more complete idea 
of the potential  distr ibution wi th in  the electrode. We 
take the case where a is large, Ls is negligible, there is 
a step change in the applied potential  of AV, and t is 
small  enough that  the capacity of the electrodes is not 
used up. Then, in one electrode 

e = ~1 -- r -- 0o _ I~AV erfc (y /2~/a t )  [31] 

where y is the distance from the face of the electrode 
into its interior. Under  these conditions, one half of the 
applied potential  step is applicable to each electrode, 
and the capacity of the electrodes becomes charged 
progressively start ing at its face and proceeding into 
the electrode in  such a way that  the charge dis t r ibu-  
tion is given by the similari ty var iable  y/2N/at  accord- 
ing to Eq. [31]. The thickness of the region of charged 
capacity is thus proportional to ~/at. This behavior 
should be representat ive of the potent ial  distr ibution 
in the electrodes under  conditions where Eq. [24] is 
applicable. 

Efticiency of the Process 
All of the current  passed is not  used effectively for 

desalting. This leads one to define the current  efficiency 

z + r + F v  f tb2 hcdt , [32] 
~l ~ " 2~tLIavgT L,~ tb 1 
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Fig. 6. Calculated effluent concentration from a desalting stack, 
for t r e J T  = 0.2. 
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where Ac is the difference between the effluent con- 
centrat ion and the feed concentrat ion and tbl and tb', 
are successive values of t at which the effluent con- 
centrat ion is equal to the feed concentration, it being 
presumed that  the feed concentrat ion is the point of 
demarcat ion between product  water  and waste water. 
The effective current  density is then the product  of the 
average current  density and the current  efficiency and 
is a quant i ty  which should be maximized since it rep-  
resents the rate of desalting per un i t  area of the elec- 
trodes. 

A number  of factors can contr ibute  to the ineffi- 
ciency of the process. For example, if the cycle time 
is too short compared with the residence t ime in the 
stack, water  which is par t ia l ly  desalted will  then be 
reconcentrated because it has not had a chance to 
leave the stack. An  efficiency factor for this effect, 
indicated in Fig. 7, can be obtained by integrat ing Eq. 
[28] according to Eq. [32]. 

If ik/~ is constant  for a half  cycle, use of the flow 
efficiency in Fig. 7 shows that  the effective current  
density is maximized when the half-cycle t ime is 1.5 
times the residence time. Consideration of the l imita-  
tion of the current  at short times (see Fig. 3 or 5) in -  
dicates that  the opt imum is shifted to roughly T = 
1.8tr~s. The diffusion wi th in  the particles will  also 
favor a larger opt imum value for T. 

Another  source of inefficiency is the cosorption of 
ions on the same electrode. Two possible charge-po- 
tent ial  curves for a set of electrodes are indicated in 
Fig. 8. The electrode with the larger value of the zero 
point potential, which might  be the result  of a suitable 
chemical t reatment ,  will  be denoted as the cation re- 
sponder, and the other electrode as the anion re- 
sponder. Positive values of q are assumed to corre- 
spond to adsorption of cations, and negative values 
to anions. Figure 8 indicates a set of potentials which 
might apply to the desalting and regenerat ive parts of 
a cycle. When the two electrodes are shorted together, 
the potential  is Vsc, relat ive to a suitable reference 
electrode. For desalting, the two electrodes are dis- 
placed from the potential  Vsc in opposite directions, the 
cation responder increasing its charge and the anion 
responder decreasing its charge. On regeneration, the 
cation responder is displaced positively, and the anion 
responder is displaced negat ively on the potential  scale. 
If, on regeneration, the potentials are displaced too 

1 . 0  l i i r i i l t 

~- 0.8 

~ 0.6 

~ 0.4 

~ 0.2 

0 I I I I ~ 1 1 1 1 " 
0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2 3.6 4.0 

RESIOENCE TIME/BALF-CYCLE TIME, tres/T 

Fig. 7. Dependence of calculated flow efficiency on flow rate 
for equal durations of desalting and regeneration. 

Fig. 8. Idealized charge-potential relatiansgips for a set of eler 
trades with different zero paints. 
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far, the zero points are exceeded, and, for example, 
the anion responder will  begin to adsorb cations in -  
stead of desorbing anions. This represents a loss in effi- 
ciency for the desalt ing process, expressed by the co- 
sorption efficiency ~lco. 

Let the fraction of cation responsiveness of the elec- 
trodes denote the charge of cations sorbed or desorbed 
dur ing a half  cycle divided by the total charge t rans-  
ferred dur ing a half  cycle. For  the l inear  charge-po-  
tent ial  relationships in Fig. 8, this can be represented 
as 

Fc = (Vcd -- Vzc) / (Vcd  -- Vcr) 
[33] 

F a  = ( V a r  - -  V z a ) / )  ( V a r  - -  Vad)  

but  restrict  Fa and Fc to lie between 0 and 1. Then the 
cosorption efficiency is 

~co = [Fc -- Fa] [34] 

These formulas could be refined by a more detailed 
consideration of the potential  dis t r ibut ion wi thin  the 
electrodes, for example, that  given by Eq. [31]. 

The potentials which can be set are the applied de- 
salting potential  

Vd = Vad - -  Vcd [35]  

the applied regenerat ion potential  

V r  = Var  - -  Vcr  [36] 

and the short-circuit  potential  Vsc, which can be ad- 
justed by charging both electrodes together by means 
of an auxi l iary electrode. For electrodes symmetric  in 
~, ~, aC, and L, the potential  variat ions in cyclic opera- 
tion will  be equal and opposite for the two electrodes 
and Fa and Fc can be re-expressed is terms of the op- 
erat ing variables 

2(Vzc -- Vsc) ~- Vd 2(Vza - -  Vsc)  - -  V r  
Fc = and Fa = 

Vd - -  V r  Vd - -  V r  
[37] 

but  where Fa and Fc are still restricted to lie between 
0 and 1. 

If, for such electrodes, the value of ( V d -  Vr)~Ico, 
analogous to the effective current  density, is maxi -  
mized while unnecessary power consumption is 
avoided, then the short-circuit  potent ial  Vsc should 
opt imally lie halfway between the zero points of the 
anion and cation responders, and the m i n i m u m  value 
of the regenerat ion potential  should be such that the 
zero points of the electrodes are not  exceeded 

Vr = - (Vzc - Vz,) [38] 

Under  these conditions, the cosorption efficiency wil l  
be unity. Acceptable desalt ing potentials are not 
l imited in the same way as regenerat ion potentials. 
The desalting potential  may, in practice, be l imited by 
current  losses through faradaic reactions or by  a 
change in the character of the electrodes due to these 
same reactions. Some faradaic reactions may be toler-  
able, merely leading to a drift  of Vsc (faradaic rectifi- 
cation) which can be compensated for by a small  
charging cur ren t  by means of an auxi l iary electrode. 

It may also be possible to change Vzc and Vza by 
chemical t reatment .  Then Eq. [38] suggests that  these 
zero points should be as different as possible in order 
to maximize the magni tude  of the opt imum regenera-  
t ion potential. 

This model, relat ing desalting to the charging of the 
double layers of the electrode surfaces, leads to a 
method of analyzing the behavior  of porous carbon 
electrodes and suggests how to achieve efficient opera- 
t ion by uti l izing the correct range of potential.  In  par-  
ticular, the displacements of potential  from the short- 
circuit potential  need not be symmetric on the desalt-  
ing and regenerat ion parts of the cycle. For example, 
two basically identical sets of electrodes can be used. 
By using unequal  times for desalt ing and regeneration, 
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and par t icular ly  by using unequal  potentials, it has 
been possible to operate such electrodes with an over-  
all efficiency bet ter  than 50 %. 

Other sources of inefficiency include 

1. faradaic reactions which produce no desalting but  
consume current ;  

2. short ing of the electrodes through the separator; 
3. axial dispersion, which tends to mix the product 

water  and the waste water;  
4. diffusion of electrolyte from within  the porous 

carbon particles to their  surface where it enters the 
flowing stream. 

Exper imenta l  Results 
For a description of the exper imental  program, see 

ref. (11). (This report  also contains some cost anal-  
ysis.) Only results which have a direct bearing on the 
analysis thus far presented will be cited here. Figure 9 
shows the effluent sal inity from a stack and can be 
compared with Fig. 6. The sharp concentrat ion var ia-  
tions in Fig. 6 corresponding to the residence t ime are, 
in the exper imental  results, smoothed out by axial 
dispersion and the fact that  the current  is not infinite 
at the point  of switching the potential. Fur thermore,  
the exper imental  curve is not symmetr ic  with respect 
to the desalt ing and regenerat ion half cycles. This can 
be at t r ibuted to conductivi ty changes associated with 
concentrat ion variations. On regeneration, higher con- 
centrat ions are produced, result ing in ini t ial ly higher 
current  densities and a sharper regenerat ion curve. 
This suggests that the regenerat ion half cycle can 
profitably be made shorter than  the desalting half 
cycle. Despite the higher concentrations on regenera-  
tion, the amount  of charge passed in the two half 
cycles is general ly the same. 

Figure 10 shows the product of current  and the 
square root of t ime plotted against the square root of 
the ratio of the t ime to the half-cycle time. This curve 
compares favorably with Fig. 5. In  order to improve 
the agreement,  currents  for the desalting and regenera-  
t ion half cycles are averaged to produce Fig. 10. This 
eliminates the effect of the asymmetry  of the two half 

3000 
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Fig. 9. Effluent salinity curve. The feed was about 0.03N NaCI 
flowing at a rate of about 5.6 g/min. Periods of 15 min each were 
allowed for desalting and regeneration at potentials of 1.0 and 
- -  1.0V, respectively. 
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Fig. 10. Behavior of the stack current. Currents for desalting 
and regeneration were averaged to improve agreement with Fig. 5. 
The electrodes and conditions were the same as for Fig. 9 except 
as noted. The composition of the complex feed water is given in 
Table I. Average potentials were •  average flow rate was 
4.8 g/rain. 

Table I. Composition of complex feed water (pH - -  5) 

p p m  p p m  

S o d i u m  295 C a l c i u m  150 
P o t a s s i u m  31 M a g n e s i u m  44 
Chlor ide  750 Su l f a t e  178 

cycles due to concentrat ion variations, as alluded to in 
the preceding paragraph. 

Experiments  with complex water  of the composition 
shown in Table I show preferent ia l  adsorption of di- 
valent  ions, with a separation factor of about 2.3 rela-  
tive to un iva len t  ions. This is in ha rmony  with the 
theory of the diffuse layer  and has impor tant  implica- 
tions for the softening of complex waters. 

Discussion and Conclusions 
Porous carbon materials  can be used to desalt water 

by periodic adsorption of ions. How many  ions can be 
adsorbed depends on the electrical capacity of the 
double layer, the interfacial  area available, and the 
applied potential. How fast they can be adsorbed de- 
pends on the rate of t ransport  of charge to these sur-  
faces and hence on the ohmic potential  drop in the 
solution and the carbon matrix,  since the kinetics of 
ion sorption are general ly not rate determining.  Equa-  
t ion [24] is useful for est imating these rates. For di- 
lute solutions where K < <  ~, this equation shows that 
the capabil i ty of the process should be approximately 
proport ional  to the square root of the salinity. It is im- 
portant  that the electrodes be operated in potential  
ranges where one electrode sorbs and desorhs cations 
while the other electrode sorbs and desorbs anions. 
The process shows a preference for adsorption of di- 
valent  ions over un iva len t  ions, which is in accord with 
the double layer  model. 

Figure 10 shows that  I ~ t - h a s  a value of about 250 
m A - m i n  1/2 for an electrode area of 25.3 cm 2 and a 
potential  change of about 1.7V. With K : 7 . 3  x 10 -4 
mho /cm and ~ : 0.068 mho/cm, and with the assump- 
tion that this value of I ~ t - i s  70% of that  corresponding 
to a step change in applied potential  (compare Fig. 5), 
Eq. [24] yields aC ~- 69 f /cm 3. For a double layer ca- 
pacity of C ---- 30 ~f/cm 2, the effective interracial  area 
per uni t  volume would be a : 230 m2/cm 3. This cal- 
culat ion shows that  much of the in terna l  surface area 
of the porous carbon must  be available for adsorption. 

For processes which do not depend crit ically on the 
passage of a faradaic current,  the appropriate property 
of the interface is the electrical capacity of the double 
layer. A "reversible electrode" has a clearly defined 
equi l ibr ium potential, and a steady current  is passed 
when the potential  is shifted from this value. In con- 
trast, an "ideally polarizable electrode" can be at equi-  
l ibr ium over a range of potentials;  after a shift of po- 
tential, within this range, the steady current  wil l  drop 
to zero. The double layer capacity is a macroscopic 
property which describes the charge-potential  rela-  
t ionship for such an ideally polarizable electrode and 
does not depend in its definition upon the detailed 
mechanism of charge sorption at the interface. The 
capacitive model is appropriate for analyzing the pres- 
ent  process, where faradaic reactions constitute only 
a small  part  of the current  and the depletion of elec- 
trolyte shows a potential  dependent  saturat ion of the 
sorbent. This double layer  model can be contrasted 
with the electrochemically controlled ion exchange 
model of Evans and others (12-15). 

If faradaic reactions were negligible, porous carbon 
electrodes could store significant amounts  of energy. At 
a potential  of 1V with a capacity of 69 f /cm 8, this 
would amount  to about 1 Whr/ lb ,  which, however, is 
not large enough to be interesting. 

The potential  dependent  adsorption of ions on car-  
bon surfaces should allow these materials  to behave as 
ordinary ion exchangers. A negat ively charged carbon 
in NaC1 solution has adsorbed sodium ions. These can 
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be exchanged, without  the flow of current,  with cal- 
cium ions from a CaC12 solution. Conversely, a posi- 
t ively charged carbon should be an anion exchanger. 
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LIST OF SYMBOLS 
a specific interracial  area, cm -1 
c concentrat ion of electrolyte, mole /cm 3 
ci concentrat ion of l species i, per un i t  volume of 

the solution phase, mole /cm 3 
C double layer capacity, fa rad /cm 2 
d equivalent  diameter  of macropores, cm 
D effective diffusion coefficient of the electrolyte, 

cm2/sec 
Di diffusion coefficient of species i, cm2/sec 
f ion adsorption characteristic 
F Faraday 's  constant, 96,500 coul/equiv.  
Fa,Fc fraction of cation responsiveness of electrodes 
i over-al l  cur rent  density, A / c m  2 
il superficial current  density in matrix, A /cm 2 
is superficial cur ren t  densi ty in the pore solution, 

A /cm 2 
I total current,  A 
Iavg average stack current  per un i t  volume, A /cm 3 
7 Laplace t ransform of the current  density, coul /  

cm 2 
L half thickness of electrode, cm 
Ls effective thickness of separator, cm 
n number  of faces between electrodes 
Ni superficial flux of species i, mole/cm2-sec 
p porosity of the electrode 
PM macro porosity 
p,, micro porosity 
q surface density of charge in the double layer, 

coul /cm 2 
R particle radius, cm 
R1 resistance (see Eq. [20]), ohm-cm 2 
s Laplace t ransform variable, sec -1 
t time, sec 
ti t ransference number  of species i 
tres = 2nLp/v, residence time, sec 
T half cycle time, sec 
ui mobil i ty of species i, cm2-mole/joule-sec 
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v superficial velocity of pore solution, cm/sec 
V applied potential,  volt  
~2 Laplace t ransform of applied potential,  volt-sec 
Y = il/~ -- i2/K V/cm 
zi charge number  of species i 

electrical diffusivity, cm2/sec 
n efficiency 
8 :  ~ ' I - - r  V 
K effective conductivi ty of solution phase, mho/cm 
v+,v- numbers  of moles of cations and anions per 

mole of electrolyte 
effective conductivity of matr ix  phase, mho/cm 

zl,z~ characteristic times (see Eq. [20]), sec 
�9 1 potential  of porous matrix,  V 
�9 2 potential  of solution in pores, V 
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ABSTRACT 

Porous cadmium electrodes were discharged galvanostatically at current  
densities between 2 mA/cm" and 200 m A / c m  2 in 30% KOH at 25~ and the 
discharge profiles were determined by chemical analyses of thin sections sliced 
from the electrode. The discharge profiles were given by q/qo = A cosh 
B(1 -- X) /cosh  B, where A is the state of discharge at the front of the elec- 
trode and B is an electrochemical Thiele parameter.  The retent ion of the dis- 
charge product in the electrode affected the discharge noticeably. The discharge 
efficiency was l imited by both faradaic processes and mass transfer.  

The discharge of ba t te ry  electrodes is accompanied 
by s t ructural  changes in the electrodes; solid phases 
are both consumed and generated. The changing 
morphology poses a formidable mathematical  problem 
which has not yet  been solved for any practically 
useful systems. 

Investigations of porous electrodes range from anal -  
yses of idealized invar ian t  electrodes (1-3), which are 
useful as a first approximation, to theoretical and ex- 
per imenta l  studies of model systems comprising both 
simple pores, serially coupled electrodes, and actual 
electrodes (4-7). The work of Alkire, Grens, and 
Tobias involving a changing geometry is the most ad- 
vanced, and it is hoped that it wil l  be extended to sys- 
tems of practical interest. The studies of Euler, Brodd, 
and Aust in  are significant in their focus on practical 
electrode structures, and they have given useful  in-  
sights into the operation of cathodes used in practical 
cells. 

We have found that  data obtained on model con- 
figurations cannot be extrapolated to practical sys- 
tems with any degree of confidence, and that, in fact, 
detailed experiments  on actual bat tery  electrodes are 
necessary. As part  of our studies we have developed 
and used exper imental  techniques which introduce a 
min imal  per turbat ion on the normal  funct ioning of a 
bat tery electrode, and we describe our methods here. 
The work reported in this paper pertains to what  must  
still be considered a model system since an excessive 
amount  of electrolyte and a low specific surface area 
powder were used. However, the techniques are direct- 
ly applicable to actual cells without  these limitations, 
and data on such systems wil l  be reported later. 

stated pur i ty  of 99.994% cadmium. Microscopic ob- 
servations indicated that  the powder consisted of 
near ly  spherical particles. The particle size distr ibution 
was determined by measur ing and counting particle 
images on photomicrographs, and they were found to 
have a mean diameter  of about 7~ and to be repre-  
sented by a near ly  Gaussian distribution. Calculations 
from the smoothed dis tr ibut ion curve indicated that 
the surface area of the powder was 502 cm2/g on the 
assumption that all the particles were spherical. 

The porous cadmium anodes were made by sintering 
loose powder compacts in 3N HC1 (8). This resulted in 
reasonably strong sintered pellets. The anodes were 
rinsed in distilled water  and stored under  distilled 
water  before use to avoid air oxidation. They were 0.20 
in. thick and had a diameter  of 0.444 in. The porosity 
of the anodes was calculated from their  size and weight 
to give the values shown in Table I. 

The test cell has been described elsewhere (9). It 
was main ta ined  at 25~ and the experiments  were 
performed in the presence of a stoichiometric excess of 
deaerated 30% (wt) KOH. The anode potentials were 
recorded with respect to a Hg/HgO reference elec- 
trode in  the same electrolyte, and they were mea-  
sured with a Keithley Model 610B electrometer and a 
Moseley Model 680 strip chart  recorder. All  the dis- 

Table I. The accuracy of the analytical methods 

Tota l  Cd Tota l  Cd+~ 
Poros -  by  we igh t ,  by  a n a l y -  by d is -  by  a n a l y -  

A n o d e  i ty ,  % g sis,  g charge ,  m A h  sis, m A h  

Experimental Techniques 
Conventional  electrochemical techniques were em- 

ployed, and we describe only their  adaptation to our 
part icular  problem. Analyt ical  grade reagents were 
used throughout  the work. 

The cadmium powder was obtained from the Amer i -  
can Smelt ing and Refining Company, and it had a 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
K e y  w o r d s :  conduc t anc e  chok ing ,  c u r r e n t  d i s t r i b u t i o n ,  e f fec t ive -  

ness  fac tor ,  e l ec t rode  efficiency,  Th ie l e  pa rame te r .  

R P T  2a 62.7 1.636 1.610 40 40 
RPT  2d 65.4 1.520 1.383 90 97 
R P T  2b 63.6 1.598 1.418 140 144 
R P T  2c 53.4 2.045 1.954 240 255 
R P T  2e 55.3 1.965 1.941 340 344 
RS 7B 57.3 1.874 1.820 546 552 
RS 6B 64.3 1.556 1.460 310 314 
RS 8B 62.2 1.661 1.607 268 272 
RPT  l a  64.1 1.576 1.412 25 28 
R P T  l b  71.7 1.241 1.215 50 48 
R P T  l c  67.6 1.422 1.396 75 76 
R P T  l d  68.7 1.373 1.228 1O0 102 
RS 14 73.2 1.176 1.068 l S l  155 
RS 12 71.1 1.268 1.100 106 106 
RS 10 61.3 1.700 1.616 106 93 
RS 11 61.5 1.734 1.671 30.2 30'.5 

519 



520 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  

charges were performed under  constant  current  con- 
ditions using a Harrison Model 6200B power supply. 

The anode holder fitted into a fixture with a mi-  
crometer advancing screw which allowed the slicing 
of about 0.015 in. thick sections from the anodes with 
a razor saw blade. The transfer  of the anodes from the 
cells to the microtome, the slicing operation, and the 
transfer of the slices to the analysis vessels were per-  
formed inside an argon filled glove bag to avoid air 
oxidation of the cadmium. 

The analysis of Cd +2 and unreacted Cd was carried 
out as follows: Each anode slice was t ransferred to a 
s tandard 20 ml Cu +2 solution in a 1.0N HAc-NaAc 
buffer. The displacement reaction 

Cd + Cu +2-> Cd +~ + Cu 

was allowed to proceed to completion (20 hr) ,  and 
argon was bubbled through the solution to prevent  air 
oxidation of the copper. The copper powder and the 
superna tant  solution were separated by decantation 
and distilled water  washings of the powder were com- 
bined with the supernatant  solution. The lat ter  was 
diluted to 250 ml and a 5 ml aliquot was diluted to 
100 ml with a 1.0N HAc-NaAc buffer and used for the 
polarographic determinat ion of Cd +2 and Cu +2. The 
total, amount  of Cd +2 found by analysis corresponded 
to the total amount  of Cd and Cd +2 in the anode slice, 
and the consumption of Cu +2 corresponded to the 
amount  Of unreacted Cd in the slice. Thus, the state of 
discharge of the various sections of the anodes could 
be calculated. 

The accuracy of the method was checked by the ma-  
terial and charge balances i l lustrated in Table I. The 
chemical analyses underes t imated the total cadmium 
content  by about 5%, which may be attr ibuted,  in part, 
to cutt ing losses even though attempts were made to 
collect all the cuttings with the slices. The depths of 
discharge calculated from the chemical analyses were 
about 5% greater than the values determined from the 
galvanostatic discharge curves. Al though these inac- 
curacies will  lead to some uncertaint ies  in the in ter-  
pretat ion of the data, it is believed that  the data pro- 
vide a reasonably fai thful  description of the t rue be-  
havior of the electrodes. 

Exper imenta l  Results 
The end of the constant  cur ren t  discharges of the 

porous cadmium electrodes was well  defined, Fig. 1. 
The electrode potentials remained near ly  constant  or 
increased slowly unt i l  a point was reached where the 
potentials increased quite sharply. This point was used 
to define the end of the discharge process; the result-  
ing discharge efficiencies are shown in Fig. 2. It  may 
be seen that the electrodes discharged efficiently at 
low integral  current  densities where values of about 
70% were obtained. At higher integral  current  densi- 
ties the discharge efficiencies decreased markedly  and 
reached a value of about 4% at 200 mA/cm2. The term 
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Fig. 4. Discharge profiles at the end of discharge 

"integral  cur rent  density" designates the total cur rent  
to the electrode per un i t  f ront  surface area. 

The analyses of the anode slices gave rise to dis- 
charge profile his togramsJ Three representat ive his- 
tograms are shown in Fig. 3 and the smooth curves 
fitted to the histograms to facilitate the comparison of 
the discharge profiles. The correlations we used are 
discussed in the next  section. I t  may be seen from 
Fig. 3 that  the chosen correlation represented the data 
well. 

The discharge profiles in the electrodes at the end 
of discharge are shown in Fig. 4. At  low integral  cur-  
rent  densities the porous electrodes reacted uni formly  
throughout  their thickness. At 2 m A / c m  2 the depth of 
discharge at the rear  of the electrode, 60%, was almost 
as great as at the front of the electrode, 70%. As the 
integral  current  density increased the discharge pro- 
files became increasingly distorted, and the rear  of the 
electrodes gradual ly  ceased to part icipate in the dis- 
charge. However, the front  surface of the electrodes 

1 C o m p l e t e  da ta  t ab l e s  are  a v a i l a b l e  f r o m  the  a u t h o r  on reques t .  
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discharged almost as deeply as at the lower integral  
current  densities. For  example, at 200 m A / c m  u the 
front surface discharged to about  50%, but  the rear 
three fourths of the electrode did not discharge at all. 

Two series of experiments  were done to explore the 
time course of development  of the discharge profiles 
at 2 and 50 mA/cm2. Results are shown in Fig. 5 and 6. 
Although the experimental  data gave rise to some 
crossovers in the profiles, the general  reaction pat terns 
are well defined. The ini t ial  discharge was confined to 
the front of the electrodes, and, subsequently,  the dis- 
charge penetrated into the interior  of the electrodes. 
The differences be tween the low and the high current  
density profiles are those expected from the profiles at 
the end of discharge; the inter ior  and rear  sections of 
the electrodes discharged much less at the higher than 
at the lower integral  current  density. The data show 
that  the front  surface tended to discharge quite exten-  
sively at the onset of the discharge, and the rear  sec- 
tions did not contr ibute  much unt i l  the discharge was 
about half completed. 

Discussion 
The discharge of the cadmium anodes terminated 

when the electrode potentials increased abrupt ly  at 
the end of the discharges. Several  factors need to be 
considered in the analysis of this phenomenon.  The 
most difficult factor to quant i fy  is the changing geom- 
etry of the anodes dur ing  discharge, and we have not 
been able to develop any reasonable models which can 
be solved mathematical ly.  The equations presented by 
Alkire et al. (6) per ta in  to a dissolving anode and can- 
not be used for our case where a precipitate is formed. 
We chose to pursue an heuristic approach in the search 
for an equation to describe the behavior of the porous 
anodes. 

The behavior of finite networks is general ly de- 
scribed in terms of hyperbolic functions, and, it turns  
out, it is possible to make a part icular  choice of hyper-  
bolic functions and arrive at an adequate description 
of the discharge profiles in the porous cadmium anodes. 
As a guide, we note that  the front surface of the elec- 
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Table II. Parameters for histogram correlations 

I n t e g r a l  S t a n d a r d  
c u r r e n t  d e n s i t y ,  d e v i a t i o n ,  = 

Anode rnA/cm ~ A B q / q . , %  

R P T  2a  2 0.546 10.3 4 .69  
R P T  2d 2 0.392 2.76 6.07 
R P T  2b 2 0.757 4.03 5.06 
R P T  2c 2 0.672 2.53 4.89 
R P T  2e 2 0 .780 2 .04 8.31 
RS 7B 2 0.702 0.613 5.31 
RS 6B 10 0.600 1.16 4.83 
RS 8B 20 0.583 1.56 3.51 
R P T  l a  50 0.301 7.70 3.03 
RPT ib 50 0.405 4.86 9.56 
HPT l c  50 0.356 3.07 3.59 
R P T  l d  50 0.443 2.53 6.72 
RS 14 50 0.511 1.89 7.95 
RS 12 75 0.557 3.00 9.48 
RS 10 100 0.576 5,05 7.75 
RS 11 200 0.525 17.1 2.65 

* O b t a i n e d  by  l e a s t  s q u a r e  f i t t i ng  of q / q o  as a f u n c t i o n  of  X to 
Eq.  [11. 

trodes general ly reacted to a high and almost constant 
degree, and the rear  of the electrodes participated to 
varying degrees depending on the current  density and 
the fractional extent of discharge. 

The hyperbolic functions should be chosen to reflect 
these characteristics. The following expression appears 
to satisfy these requirements  

q/qo = A (cosh B (1 -- X ) ) / c o s h  B [1] 

q == discharge density, m A h / c m  3 
qo _-- stoichiometric charge density of fresh 

anode, mAh/cm 3 
A, B ---- parameters  
X _-- fractional depth in anode from front sur-  

face. 

We used Eq. [1] to describe the discharge profile 
histograms with the results shown in Table II. Repre- 
sentative comparisons of some exper imental  data and 
Eq. [1] were given in Fig. 3. The data fit the hyper-  
bolic expression with an average s tandard deviation 
of about 6% over the entire range of integral  current  
densities and discharge times. Thus, whether  or not 
the expression has any fundamenta l  significance, it 
represents the data reasonably well, and  it may be use- 
ful  in suggesting the mathemat ical  forms that  should 
be sought in model considerations. 

An examinat ion of Eq. [1] indicates that  A may be 
defined most simply as the depth of discharge at the 
front  of the electrode. The effect of the integral  cur-  
rent  density on A at the end of discharge is shown in 
Fig. 7. The depth of discharge at the front of the elec- 
trode reached a value of about 54%, and it remained 
constant  over the greater par t  of the integral  current  
density range. It  increased at integral  cur rent  densities 
below 20 m A / c m  2, and as the integral  cur rent  density 
approached zero the depth of discharge of the front 
surface approached 70% at the end of discharge. Some 
of the scatter in the data may be at t r ibuted to var ia-  
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Fig. 7. Effect of the integral current density on parameter A in 
Eq. [1] at the end of discharge. 
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tions in the porosity of the anodes. Assuming the ap- 
plicabil i ty of the mean  ini t ia l  porosity of 64% to all 
the low integral  current  densi ty anodes, we find that  
the depths of discharge of 54% and 70% correspond to 
residual porosities of 38% and 30%, respectively, at the 
end of discharge. Such changes in the porosities imply 
a considerable blocking of the pores in the anodes, 
especially at the lower integral  cur rent  densities. 

The evolution of the state of discharge of the front 
surface dur ing  discharge is given in  Fig. 8 for the inte-  
gral cur rent  densities of 2 and 50 m A / c m  2. The best 
l inear  fits of the data are given by 

2 mA/cm 2 data: A = 0.527 -}- 0.00103t [2] 

50 mA/cm~ data: A ---- 0.281 + 0.0765t [3] 

t ---- t ime since start of discharge in hours. 
At the lower integral  current  density the front of the 

electrode reached a high state of discharge at the very 
beginning  of the discharge process, 53%, and it in-  
creased gradual ly  to a value of 81% at the end of dis- 
charge. The discrepancy of the lat ter  value from the 
earlier value of 70% obtained from A( i )  in Fig. 7 is 
a t t r ibutable  to their  different origins which are those 
of a current  correlation and a t ime correlation, re- 
spectively. The high value mere ly  confirms that  the 
front of the electrode becomes quite dense. At the 
higher integral  current  density the front of the elec- 
trode appeared to at tain a lower ini t ia l  depth of dis- 
charge, 28%, and it increased to only 51% at the end 
of the discharge. Although the lat ter  value corresponds 
to some densification of the front of the electrode, it 
represents a much less blocked pore s tructure than 
obtains in the low integral  cur rent  densi ty anodes at 
the end of discharge. 

There may be some question regarding the val idi ty  
of the l inear  A-t  equations, especially for the 2 
mA/cm 2 data. If a nonl inear  representat ion be em- 
ployed, as indicated in Fig. 8, the ini t ial  depth of dis- 
charge at the front of the 2 m A / c m  2 electrode would 
be about 30% and the final value about 75%. The ini t ia l  
value would be, therefore, the same for the electrodes 
regardless of the integral  cur ren t  density. This appears 
to be more reasonable, but  more data are needed to 
settle the question. Deviations from l inear i ty  are small  
for the 50 m A / c m  2 data. 

A tentat ive in terpre ta t ion of B can be obtained by a 
consideration of some analogies. Integrat ion of Eq. [1] 
over the entire thickness of the electrode gives 

q/qo = (q/qo)x=o ( tanh B)/B [4] 

This equation has been used by Selim (10) to corre- 
late the performance of a var ie ty  of batteries and elec- 
trodes. It  was derived from a distr ibuted ne twork  
model, and in some simple cases the quant i ty  B could 
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be reduced to 

B 2 ---- (Ionic impedance ) / (Fa rada i c  impedance) [5] 

A similar quant i ty  has been used by de Levie (11). 
Equat ion [4] is well  known in chemical kinetics for 
the description of first order reactions in catalyst pel-  
lets (12) where the factor ( tanh B)/B is referred to 
as an "effectiveness factor." I t  is equal ly to be con- 
sidered an effectiveness factor for porous electrodes 
since it measures the extent  to which the average dis- 
charge of the electrode approaches the discharge of 
the front surface of the electrode. In  chemical kinetics 
B 2 is the Thiele parameter  (13), and it is a measure of 
the ratio of the rate of the chemical surface reaction 
and the rate of diffusion into the porous structure. We 
arr ive at a consistent description, therefore, if we iden- 
tify B 2 as the Thiele parameter  for electrochemical 
systems. 

The Thiele parameter  contains the effects of the 
geometry of the electrode, the degradation of the elec- 
trode, the operating parameters,  as well  as the effects 
of the electrochemical characteristics of the system. 
We restrict our discussion to the effects of the integral  
current  density on B and the changes in B dur ing  the 
discharge. 

The exper imental  data showed that  B decreased 
noticeably dur ing the evolution of the discharge proc- 
ess. Several  correlations were tried to express B as a 
function of t, the t ime of discharge, and the exponent ial  
expressions 

B2 (2 m A / c m  2) = (245/t) ~ [6] 

Bs0 (50 m A / c m  2) ---- (6.45/t) ~176 [7] 

appeared to be the most satisfactory. They are shown 
in Fig. 9. The changes in B dur ing  discharge agree 
with our in terpreta t ion of the Thiele parameter,  al-  
though the simple equali ty of B 2 and  the ratio of the 
ionic and faradaic impedances is considered an over- 
simplification. The decrease of B with t ime at both 
the high and the low integral  cur rent  densities reflects 
the gradual  displacement of the reaction to the inter ior  
of the electrode. We know that  the porosity decreases 
dur ing discharge and the diffusive conductance should, 
therefore, decrease as well, making  B 2 larger. How- 
ever, the faradaic conductance decreases even more 
since the front regions of the electrodes approach pas- 
sivation. We shall see later that  the t rue current  den-  
sity at the front surface vanished near  the end of the 
low integral  cur rent  density discharges, bu t  not so at 
the higher integral  current  densities. We would ex- 
pect, therefore, a much greater decrease in B 2 during 
discharge for the former, and values of B2 ( in i t i a l ) /B  2 
(final) were found to be 282 and 16.7, respectively, for 
the two sets of data, in agreement  with expectations. 
We conclude that  the definition of B 2 as a Thiele 
parameter  leads to a consistent interpretat ion of the 
data. 
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The exper imental  data were used to obtain the B (t) 
curve at the end of discharge for the entire integral  
current  densi ty range, and it is shown in Fig. 9. The 
near  equal i ty  of the slopes of the log B vs. t curves at 
2 and 50 m A / c m  2 suggests that  it may  be possible to 
interpolate and extrapolate from Fig. 9 to obtain the 
B ( t )  values for other integral  cur rent  densities and, 
thus, to obtain the detailed discharge profiles for 
electrodes operating over a wide range of integral  
current  densities. The B( t )  curve at the end of dis- 
charge serves to delimit  the interpolations. 

The effect of the integral  current  density on B at 
the end of discharge may be expressed by 

B ---- 0.445 exp (0.244 i 1/2) [8] 

B increased with the integral  cur rent  density, reflect- 
ing the progressive confinement of the reaction zone to 
the front of the electrode. In  terms of the Thiele 
parameter  interpretat ion,  the ionic impedance became 
more significant relat ive to the faradaic impedance at 
the higher integral  current  densities. 

From an operational point of view it is of interest  to 
predict when  the end of discharge will  occur for any 
given integral  current  density. This follows directly 
from Eq. [4] using the A values from Fig. 7 
(A ~- (q/qo)~=0) and the B values from Eq. [8]. The 
mean deviation of the efficiencies (in per cent) calcu- 
lated from these expressions is 2.5% relative to the 
observed efficiencies (in per cent) .  

It is instruct ive to consider the t rue current  distri-  
but ion in the electrodes dur ing the discharge. The 
smoothed discharge profile data were differentiated 
with respect to t ime to give the cur ren t  distr ibutions 
shown in Fig. 10 and 11. The specific surface area of 
502 cme/g, and the average porosities were used to 
calculate the current  densities. The in te rna l  surface 
areas change dur ing  the discharge, and the true cur-  
rent  densities would differ somewhat from the values 
shown as t increases. Although it is possible to use the 
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q ( x , t )  values to estimate the area changes and to ob- 
tain a bet ter  estimate of the t rue current  densities this 
refinement is not considered to be necessary since the 
given curves in their  present  form represent  the es- 
sential features of the process. 

The 2 m A / c m  2 data i l lustrate the advancement  of 
the reaction zone into the electrode. Dur ing  the early 
part  Gf the discharge the current  is concentrated near  
the front of the electrode. As the discharge continues 
the current  wave advances into the interior  of the 
electrode and moves gradual ly  to the rear  of the elec- 
trode. As it does so, the front of the electrode ceases 
to participate in  the discharge altogether. At the high- 
er integral  current  density of 50 m A / c m  2 there is also 
a high ini t ial  concentrat ion of the current  near  the 
front of the electrode, and as the discharge proceeds 
the current  wave moves into the electrode. However, 
the rearward advancement  of the current  wave is 
strongly damped, and the front surface remains  active 
during the ent i re  discharge. 

Another  effect associated with the discharge process 
is the accumulat ion of the reaction product inside the 
porous structure. Since the amount  of Cd +2 recovered 
by analysis agreed reasonably well  with the measured 
electrical charge it may be concluded that  the Cd (OH)2 
remained inside the electrode where it would obstruct 
mass t ransfer  and the flow of current.  The discharge 
profiles were used to calculate the choking pat terns 
shown in Fig. 12 and 13. I t  was assumed that  the ex-  
pansion of the anodes dur ing discharge could be ig- 
nored. 

The choking pat terns are given in terms of a choking 
factor, F, that  can be defined as a first approximation 
with reference to the Bruggeman-Baron  equation (14) 
for the electrolytic conductivi ty of a porous body 

[9] K,  ---- Ks (1 -- f)~/2 (Bruggeman-Baron)  

Kp ---- conductivi ty of porous body 
K.~ ---- conductivi ty of solution in the pores 
S : volume fraction of solids in  the body 

.~ io / ' F ---- (1 -- f)~/2t=o/(1 -- f)8/st=t (Choking factor) 
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The choking factor is s imply the ratio of the resistance 
of the porous body at any time, t, and the init ial  re-  
sistance of the porous body. 

The curves in Fig. 12 show that the electrodes oper- 
at ing at 2 mA/cm 2 experienced an appreciable choking 
effect throughout  their  ent i re  thickness near  the end 
of discharge. The electrolytic resistance near  the front 
of the electrode had increased about sixfold; near  the 
rear  it had quadrupled at the end of discharge. The 
electrodes operating at 50 mA/cm 2, Fig. 13, experi-  
enced a smaller  choking effect. The electrolytic re- 
sistance had increased 55% near the front surface 
when the electrode ceased discharging, and at the rear 
it had increased 12%. 

The choking factor and the current  distr ibution pro- 
vided an indication of the processes involved in the 
polarization of the anode. Since the faradaic current  
density vanished at the front of the electrode at the 
low integral  current  density, the front of the electrode 
may have reached passivation, and the ionic t ransfer  
path to the active region of the anode must  have in-  
creased correspondingly. The concomitant  increase in 
the choking factor would inevi tably lead to an exces- 
sive mass t ransfer  impedance and the anode would 
polarize. At the greater integral  current  density there 
was no front surface passivation, but  the faradaic cur-  
rent  density decreased markedly  there, indicat ing an 
appreciable increase in the local faradaic impedance, 
sufficient to displace the current  to the interior  of the 
electrode, leading again to an increase in the mean 
ionic t ransfer  path and an increase in the mass t ransfer  
polarization. 

Calculations of the resistive polarization due to con- 
ductance choking dur ing the discharge, using the fara- 
daic current  densities and their time change to obtain 
the pore current  distr ibution and using the Brugge- 
man-Baron  equation for the effective conductivity, pre- 
dicted a gradual  increase in the overvoltage with t ime 
but  not the observed, abrupt  increase in polarization 
at the end of discharge. The failure of the calculations 
to predict the terminal  polarization curve may be at- 
tributed, in part, to an inadequate analysis of the 
choking effect. The choking is probably locally in-  
homogeneous, and complete choking may occur before 
the residual porosity vanishes. Since no satisfactory 
theory is available on the topography of conductance 
choking in electrodes undergoing s t ructural  t ransfor-  
mations, a rigorous discussion of this phenomenon is 
not yet possible. 

Another  consideration is the coarseness of the cuts 
used to slice the electrodes. The implied averaging 
may have obscured a much more extensive choking 
of the front  surface of the electrodes than was indi-  
cated by the values obtained from the exper imental  
data. If such were the case, the te rmina l  polarization 
would be explained. 

An al ternate hypothesis is that  local passivation may 
have occurred in the electrodes to a greater extent  
than indicated by the current  distr ibution curves. This 
possibility needs to be examined in more detail, both 
by obtaining more extensive current  distr ibution 
curves and by doing passivation studies on flat elec- 
trodes using the observed local cur ren t - t ime  profiles. 

It was assumed in the polarization calculations that 
the bulk  conductivi ty of the electrolyte remained con- 
stant in the anode. However, O H -  ions are consumed 
dur ing  discharge, and at the lower integral  current  
densities the total  amount  of O H -  consumed exceeds 
that  ini t ia l ly present inside the anode and that  pro- 
vided by electrical t ransport  from the external  solu- 
tion. Some O H -  are also lost by electrolyte expulsion 
due to the densification of the anode. At the higher 
integral  current  densities less O H -  is consumed than 
is present initially. Local O H -  depletion would occur, 
therefore, in the anodes with a concomitant  decrease 
in the electrolyte conductivi ty and an increase in the 

anode polarization. It is conjectured that the O H -  de- 
pletion may have contr ibuted significantly to the 
terminal  polarization of the anodes. 

Conclusions 
The exper imental  work shows that  it is possible to 

determine the discharge profiles of porous electrodes 
by slicing the electrodes into thin sections parallel  with 
their front surfaces and by analyzing the individual  
sections chemically to obtain histograms of the dis- 
charge profiles. Our study was l imited to the effect of 
the integral  current  density on the discharge profiles 
of porous cadmium electrodes. 

The discharge profiles could be described by a hyper-  
bolic cosine funct ion and the mean  electrode efficiency 
by a hyperbolic tangent  function. The lat ter  is equiva-  
lent to the effectiveness factor used in chemical 
kinetics, and it is a function of an electrochemical 
Thiele parameter  that depends on the relative magni-  
tudes of the t ransport  and reaction impedances in the 
electrode. The effectiveness factor measures the extent  
to which the discharge zone penetrates into the elec- 
trode. The given correlations provide a means for cal- 
culat ing the efficiency and the discharge profiles at 
any part icular  integral  cur rent  density. 

The product formed during the discharge of cadmium 
electrodes remains inside the electrode and causes the 
eventual  choking of the porous structure. A choking 
factor was introduced to provide a quant i ta t ive  de- 
scription of the geometric choking effect. It  was most 
pronounced at the low integral  current  densities near 
the end of discharge where a high degree of discharge 
had occurred. It was less pronounced at the higher 
integral  current  densities. 

The discharge of the cadmium anodes was affected 
by both the faradaic and the t ransport  l imitat ions of 
the electrode. The increase in the faradaic impedance 
near  the front of the electrode forced the current  into 
the interior of the anode, and this extension of the 
t ransfer  path combined with the increase in the 
t ransport  impedance due to the choking effect led to 
the polarization of the anode. Although the exact 
cause of the te rmina l  increase in the polarization could 
not be ascertained, it is believed to be due to an ex- 
cessive choking effect near  the front of the electrode 
and the depletion of O H -  ions inside the anode. 
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Crystallization of PbS04 on Anodes of Lead-Antimony Alloy 
Jeanne Burbank* 

Electrochemistry Branch, Naval Research Laboratory, Washington, D. C. 20390 

ABSTRACT 

The morphologies of crystals of PbSO4 depositing on 5% ant imonia l  lead 
alloy in 1.25 sp gr H2SO4 were examined by electron microscopy. The crystals 
formed on open circuit stand and dur ing discharge of PbO2 coatings, developed 
by electrochemical cycling, were examined. Well  developed prisms, dendrites, 
and hopper crystals were observed. The discharge of the ant imonial  coatings 
appeared to be l imited by the crystal growth rate. 

Individual  particle morphology is directly related to 
the stabil i ty of polycrystal l ine masses (1,2).  Espe- 
cially in the case of porous conglomerates, this factor 
is of supreme technological importance when the body 
is required to serve usefully in practical applications. 
Recent studies of the positive active mater ial  of the 
lead-acid cell have emphasized the relat ion of the crys- 
tal morphology to plate function and durabi l i ty  (3, 4). 

An t imony  is normal ly  present in the cell as an alloy- 
ing agent to stiffen the grids used to support the active 
materials. It is fur ther  recognized that  it contr ibutes 
significantly to successful cycle operation of the posi- 
tive plate (5-7) where it  appears to act as a nucleat ing 
catalyst for the PbO2, promotes intercrystal  bonding, 
and modifies the crystal  size and habit. As a cont inu-  
ation of the investigation of the mechanism of the 
action of ant imony in the positive plate, it was of in-  
terest to examine the habit  of PbSO4 crystallizing on 
anodes of l ead-an t imony alloy. 

The modification of the crystal habit  of PbSO4 by 
addition agents in the negative plate of the lead-acid 
cell has been recognized by Wil l ihnganz (8), and the 
morphology of PbSO4 crystallizing on pure lead anodes 
in H2804 has been examined by electron microscopy 
(9-12), however crystallization on lead-an t imony al- 
loys has not been investigated. 

Lead sulfate, occurring nat ively  as the minera l  
anglesite, crystallizes in the orthorhombic system with 
uni t  cell parameters  of ao ---- 8.5, bo ----- 5.4, and Co ---- 
6.99A containing four molecules. The space group is 
Pnma, and the structure,  made up of distinct Pb and 
SO4 ions, has recently been refined by Sahl (13). It is 
isostructural  with BaSO4 and SrSO4. 

Shannon  and others (14-23) have described the 
numerous crystal habits of PbSO4 is many  minera l  and 
synthetic specimens. The f requent ly  observed dia- 
mond-shaped platelet is the basal p inacoid/ / (001) ,  
prismatic with {210}. It  may be modified by other 
prisms and domes. Older descriptions characterize 
{210} as {110} because of the axial ratios chosen for 
the optical measurements  prior to the establishment of 
the crystal s t ructure by x , r ay  diffraction which, in 
effect, doubled the ao axis. The earl ier  optical desig- 
nations of the {h01}, {hk0} and {hkl} forms must  be 
corrected accordingly. 

Lead sulfate also f requent ly  grows in columnar  
prisms parallel  to ao, bo, and Co te rminated  with pyra-  
midal  and dome faces. The pinacoids (100) and (010) 
are often small or absent. The habit  of synthetic ma-  
terial may be modified by impuri t ies  in and composi- 
tion of the solutions from which it is precipitated (17, 
20), and it has been reported that  crystal size is in-  
creased by  the presence of hydron ium ion (23). Changes 
in habit  and crystal size are general ly a t t r ibuted to 
preferential  adsorption processes that  alter the rela-  
tive growth rates of the crystallographic directions. 

Because of its sparing solubil i ty PbSO4 has been used 
extensively for s tudying crystal nucleat ion and growth 
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rates (17, 19, 23, 24). Owing to the complexities of the 
processes that take place dur ing a crystal deposition 
reaction, the fundamenta l  theories present ly available 
are somewhat restricted in application. Recent reviews 
of the field are found in VanHook, Botsaris et al., 
and others (25-28). The necessary steps involved in 
crystallization are often conceived to be: the clustering 
of a few ions or particles into a un i t  called a crystal 
embryo, s t ructural  a r rangement  of the particles into a 
lattice network accompanied by addition of mater ial  
to form a critical nucleus, growth of this nucleus into 
a crystallite, which may then grow into a typical crys- 
tal. Any  one of these steps may be rate determining,  
however, in most instances the nucleat ion processes ap- 
pear to be retarded, requir ing an activation energy 
manifested by the phenomena of supercooling, super- 
saturat ion and, in electrocrystallization, polarization. 
The activation energy required for heterogeneous nu-  
cleation is usual ly less than in homogeneous cases, and 
most instances fall into the former category. Growth 
of the crystallites may also be very slow, and the rate 
may vary  with the crystallographic direction. In  gen- 
eral, but  not always, a crystal will  grow most rapidly 
in directions perpendicular  to the lattice planes hav-  
ing the highest ret icular  density (29). Because the 
different crystallographic directions grow at different 
rates, the fastest growing planes become smaller in 
area, and, given time, disappear from the crystal  sur-  
face. The rates of growth of the remaining enclosing 
faces are slower. For these reasons, the growth rate 
varies with time. The final shape of the crystal is 
determined by the various rates of growth in the differ- 
ent crystallographic directions as well  as by the in-  
fluence of factors such as adsorption of foreign mate-  
rial, mechanical  restrictions, temperature,  time allotted 
for growth, and degree of perfection of the crystal 
structure. 

In  order for a crystal to grow, the solution must  be 
supersaturated, and the surface of the growing crystal 
must  offer sites for the accretion of new structural  
units  (ions or molecules).  Present  theories postulate 
deposition at emergent  screw dislocations, kinks, and 
similar flaws in the crystal structure. 

Complex as the crystallization process is, electro- 
chemical crystallization adds fur ther  parameters  that  
must  be taken into consideration (30-36). 

The reaction at the positive plate of the lead-acid 
cell is par t icular ly  complicated because it involves dis- 
solution and crystall ization of two solid phases, PbO2 
and PbSO4 as well  as the two electron exchange reac- 
tion. The plate reaction takes place by way of solu- 
t ion in the H2SO4 electrolyte (37, 38), and the solu- 
bilities of PbSO4 and PbO2 are limited. Despite these 
complexities, the electrode performs very  well  at rela-  
t ively high current  densities. Willihnganz, following 
the work of Kapitza (39-41), concluded that  the charge 
exchange reaction is not the l imit ing step in the dis- 
charge react ion at cur rent  densities as high as 3.5 
A /cm 2. 

In  discharge of a ~-PbO2 electrode in H2SO4 at con- 
stant  current,  the potential  passes through a m i n imum 
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(42). This is reflected in the cell voltage and is known 
as the coup de fouet of spannungssack. It  is during 
this period that  supersaturat ion of Pb  2+ in the elec- 
trolyte is buil t  up, and the critical nuclei  of PbSO4 are 
formed (43, 44). Growth of the PbSO4 crystals then 
follows at a lower polarization. This behavior is fairly 
typical of nucleat ion and growth kinetics in many  
electrocrystallization reactions (33, 34). 

Ant imony  is coprecipitated with PbSO4 to such a 
degree that  it interferes with the gravimetric ana-  
lytical procedure (45), and separation from lead is 
required for accurate results. The chemistry of ant i -  
mony has been summarized by Maeck (46) and Sidg- 
wick (47). Dawson et  al. (48, 49) recent ly suggested 
that  in H2SO4 solutions, an t imony  is present as the 
anions Sb (SOO2-,  SbOSO4-, and Sb309 a- .  Strong ad- 
sorption on the PbSO4 surface may occur, and result  in 
al teration of habit, growth rates, and lattice subst i tu-  
tion in the growing crystals. 

Results 
The PbSO4 coating formed dur ing open circuit  stand 

for 30 min was made up of rhomboidal  crystals of 
PbSO4, Fig. 1. At some intercrystal l ine boundaries,  
clusters of radiat ing acicular crystals appeared. The 
larger crystals were several microns in diameter  and 
appeared to be implanted in a bed of smaller crystals 
ranging in size down to approximately 0.1~. These 
coatings are very  similar to those observed by Fei t-  
knecht and Pavlov (9-12) on pure lead surfaces. 

At 0.5 and 2 rain discharge, no PbSO4 crystals or 
nuclei could be identified in the electron micrographs, 
and the coating had the same appearance as the fully 
charged electrode (54). This is not unexpected because 
the critical nuclei or PbSO4 are very small, about l l A  
diameter  (24). 

Once the critical nuclei  are formed, however,  they 
grow very  rapidly. These ini t ial  crystals are paral lel  
growths of the basal pinacoid, Fig. 2. The larger crys- 

Experiments 
Aged castings of nomina l  5% lead-an t imony alloy 

were used for this study. The specimens measured ap- 
proximately 6 x 3 x 0.4 cm and fit the sample holder 
of the x - r ay  diffractometer so that  x - r ay  pat terns 
could be registered without  destruction of the sample. 
Immediate ly  prior to use, the specimens were washed 
in saturated ammonium acetate solution and thor-  
oughly r insed in distil led water.  While  wet  with the 
final rinse, they were assembled in beaker cells con- 
ta ining two sheet lead cathodes, a Hg, Hg2SO4 refer-  
ence electrode, and 1.2549 sp gr H2SO4. The cells were 
allowed to stand on open circuit for 30 rain before the 
anodic current  of 1 m A / c m  2 of apparent  surface was 
applied. The cell voltages and anode potentials were 
continuously recorded and f requent ly  checked m a n u -  
ally with a potentiometer.  Exper iments  were run  in 
triplicate. The cycled samples were discharged at 1 
mA/cm 2 to a potential  of 0.75-0.8V vs.  the reference 
electrode, recharged at the same current  density, and 
anodization continued between discharges. 

The electrodes were cycled to develop electro- 
chemical capacity of approximately 2 m A - h r / c m  2. 
During discharge the in terval  known as the coup de 
fouet had a durat ion of approximately 5 rain under  
these conditions and the m i n i m u m  was reached at 
3.25 rain. Discharging electrodes were examined at 
0.5, 2, 3.25, 4, and 5 min  and at 1 hr (half discharge 
capacity) and at the knee of the curve. X- ray  diffrac- 
tion pat terns were registered using CuK~ radiat ion and 
the diffractometric method (50) with a scanning speed 
of 2~ Specimens for electron microscopy were 
removed following the 30-min presoak in H~SO4, and 
at the above indicated intervals  dur ing  the discharge of 
the anodic coatings. They were blotted dry, and repli-  
cated for electron microscopy. 

Two-stage polys tyrene-carbon replicas were used 
(51-54). Dissolution of the particles embedded in the 
pr imary  plastic replica proved to be tedious because of 
the tendency of an t imony to hydrolize to the very 
stable hydrous oxides (45-47) which then  could not 
readi ly be removed from the replica. Cleaning these 
replicas remains  an art. By using oxalic acid to reduce 
the PbO2, and tartrates to complex the ant imony,  the 
replica may be cleared. It  was necessary to use oc- 
casional dips in H2SO4 to precipitate PbSO4, which 
could then be removed in saturated ammonium acetate 
solution. By a l ternate ly  t reat ing wi th  these reagents, 
r insing with distilled water  between the various baths, 
the formation of the curdy an t imony oxide could be 
minimized. When all the PbO2 had been reduced, HC1 
containing tartaric acid was used as a final t reatment .  
It is, of course, the very  stable insoluble hydrolytic 
product that gives rise to the chemical replica of lead 
ant imony alloys (55) and interferes with the ana-  
lytical chemistry of an t imony (45). 

Fig. I. Lead sulfate coating formed on lead antimony alloy on 
open circuit for 30 rain in 1.2549 sp gr H2S04. Larger prismatic 
crystals are implanted in a layer of smaller crystals. In the lower 
right hand corner, the bed of small crystals is seen through the 
"overhang" of the replica of the larger crystal, and the line of 
contact between the two types of crystal is visible. Magnification 
marker on all electronmicrographs ~ 1#. 

Fig. 2. PbS04 crystals formed on the discharging electrode at 5 
rain, immediately following the coup de fouet. The large crystal 
has a hopper type of face development. In the string of smaller 
crystals several interp[ate bridges are visible, and one of the basal 
plnacoids is modified by the (201~ domes. These crystals stand out 
in relief from the layer of Pb02 and only the most prominent fea- 
tures of this layer are replicated here. 
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tal  has a hopper  type  of face development ,  and the 
over lapping  plates  in the  s t r ing can be seen to be con- 
nected by  bridges. When  v iewed f rom the side, Fig. 3, 
i t  is seen tha t  the  {210} p r i sm faces are  not  developed,  
the  p la te le ts  are usua l ly  less than  0.5~ thick, and the  
in te rp la te  a t t achments  are  smal l  br idges  tha t  may  have  
resul ted f rom growth  in the [201] and [011] directions.  
I t  is concluded tha t  g rowth  in the  [001] direct ion is in-  
hibi ted and m a y  be the  resul t  of adsorpt ion of an 
an t imony species on the (001) face. A l though  domes 
appear  on some of these basa l  plates,  the  pinacoids  
(100) and (010) are  absent,  indica t ing  that  growth  
in these direct ions was most  rapid.  Al though an effort 
was made  to observe these  crys ta ls  at  an ear l ie r  s tage 
when they  could be expected to d i sp lay  these faces, 
they  had  grown themselves  out  of exis tence by  ~he 
t ime the electrodes were  examined,  i .e . ,  at 3.25 and 4 
min. 

When  discharged to 0.8V v s .  the  reference  electrode,  
corresponding to the  cut off vol tage  of the  posi t ive 
pla te  of the l ead -ac id  cell, the PbSO4 crysta ls  exhib i ted  
a different  morphology,  Fig. 4. These appear  to be 
typical  pr isms pa ra l l e l  to the  c rys ta l lographic  axes, 

descr ibed for many  mine ra l  specimens, and resemble  
the  crysta ls  fo rming  on self d ischarge of pure  lead 
anodes (10). These lie implan ted  in the  PbO2 layer  
and could not  have grown from the or iginal  s t r ings  of 
basal  p lane crys ta ls  fo rmed on the electrodes,  Fig. 2. 
I t  is possible tha t  those p la te le ts  ly ing  in the  electrode 
surface on the i r  sides in the  manne r  shown in Fig. 3, 
grow into the pr isms appear ing  at the end of discharge,  
F ig  4. On the other  hand, some res idual  basa l  p inacoids  
were  observed,  Fig. 5. The appearance  of these crys ta ls  
suggests tha t  dur ing  discharge,  this  c rys ta l  form became 
energet ica l ly  unstable,  and began  to dissolve, hence few 
remain  at the end of discharge.  This is fu r ther  sug-  
gested by  the appearance  of t he  e lect rode when  half  
discharged,  when the surface appeared  to be more  com- 
p le te ly  covered wi th  PbSO4 than  at the  t e rmina t ion  
of discharge.  I t  appears  possible tha t  some of the  
anomalies  associated wi th  aging of chemica l ly  p re -  
pa red  PbSO4 may  resul t  f rom s imi lar  t rans format ions  
(17, 23, 56). 

I t  is seen in the micrographs  tha t  the  PbSO4 crys ta ls  
are  severa l  o rders  of magn i tude  l a rge r  than  the  PbO2 
crysta ls  and PbSO4 does not  comple te ly  cover the  elec-  

Fig. 3 (a, left) and (b, right) Discharging electrode as in Fig. 2. Basal pinacoid plates viewed from the side shaw the interplate 
bridging and the poor development of the {210} prism faces indicating inhibited growth in the Co direction. Most of these platelets are 
less than 0.5,c,. thick. 

Fig. 4 (a, left) and (b, right). PbSO4 crystals an the surface of electrode discharged to 0.8V vs.  the Hg, Hg2SO4 reference. At the end 
af discharge the PbSO4 crystals are implanted in the PbO2 coatings. Much of the PbO2 surface appears to remain available for discharge. 
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Fig. 5. Basal pinacoids remaining on the surface at the end of 
discharge. The etched appearance of the edges of these crystals, 
and the labyrinthine interior suggests that these crystals have 
been dissolving during the discharge, rather than growing. The 
Pb02 is heavily pitted in the immediate vicinity of these PbS04 
crystals. This would be expected if the reaction takes place by way 
of solution. 

t rode surface at the  end of discharge.  The observat ions  
of this s tudy suppor t  the  conclusions of o ther  inves t i -  
gators  (37, 38, 57) that  the react ion takes  place by  way  
of the solution. I t  has been suggested tha t  the  end of 
discharge of PbO2 on pure  lead anodes is a resul t  of a 
covering over  of the surface by  PbSO4 (37). In the  case 
of PbO2 discharging on l e ad -an t imony  alloy, the  elec-  
t ron  micrographs,  Fig. 4, suggest  tha t  nucleat ion and 
growth  of the PbSO4 crys ta ls  t ake  place at "act ive 
centers" and tha t  t e rmina t ion  of discharge might  be 
said to resul t  f rom an "exhaus t ion  or  covering over  
of the active centers." 

Another  possible cause  of the  te rmina t ion  of dis-  
charge on the al loy m a y  be the l imi ted  growth  ra te  of 
the  PbSO4 crys ta ls  themselves.  As indica ted  earl ier ,  it  
is the slow growing faces that  u l t ima te ly  enclose a 
crystal .  If  the  growth  ra te  is s ignif icantly re tarded,  i t  is 
possible tha t  accret ion of addi t ional  ma te r i a l  cannot  
keep pace wi th  the  e lec t rochemical  reaction,  supersa tu-  
ra t ion of Pb  ions would  increase and the nucleat ion 
overvol tage associated wi th  less act ive centers  m a y  
requi re  excessive polarizat ion.  The discharge would  
then  be t e rmina ted  in o rde r  to avoid secondary  elec-  
t rochemical  react ions and homogeneous nucleat ion of 
PbSO4 in the solution. The possibi l i ty  tha t  the  crys ta l  
g rowth  ra te  m a y  l imi t  the discharge is fu r the r  sup-  
por ted  by  the fact that  addi t ional  discharge capaci ty  
is usua l ly  avai lable  f rom the e lec t rode  at  reduced cur-  
ren t  densities. A c rys t a l -g rowth  control  mechanism has 
been es tabl ished for  the  deposi t ion of PbSO4 on pure  
lead in 2N H2SO4 (34, 58). S imi la r  potent iosta t ic  studies 
of the d ischarge  of the  PbO2 electrode on ant imonia l  
lead would be of in teres t  to fu r the r  c lar i fy  the  mecha-  
nism. 

Manuscr ip t  submi t ted  Sept.  I0, 1970; revised m a n u -  
script  received Nov. 9, 1970. This was Paper  50 pre -  
sented at  the  At lant ic  City Meeting of the Society, 
Oct. 4-9, 1970. 

Any  discussion of this  paper  wil l  appear  in a Dis-  
cussion Section to be publ ished in the  December  1971 
JOURNAL. 
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ABSTRACT 

The critical pi t t ing potential, defined as the least positive potential  at which 
pits can be grown, may be that potential  at which the metal  salt of the 
aggressive ion in solution is in equi l ibr ium with the metal  oxide. Such an 
equi l ibr ium may be achieved when the activity of the anion in the pit has been 
increased by the potential  difference between the inside and outside of the 
pit. The theory successfully predicts the critical pi t t ing potentials for a lumi-  
num, magnesium, iron, and nickel, but  fails for zirconium, t i tanium, and 
tantalum. 

Passive metals are susceptible to localized attack by 
pit t ing when polarized above some potential  in a solu- 
tion containing aggressive ions, usual ly  halides. The 
potential  Ec above which pit t ing starts has been re- 
ferred to as the "critical pit t ing potential." For a par-  
t icular alloy the critical pi t t ing potent ial  is known  to 
be a funct ion of tempera ture  and of the na ture  and 
concentrat ion of the aggressive ion. The exper imental  
determinat ion of Ec is difficult because of a var ie ty  of 
kinetic effects, and the values are not reliable to less 
than a few tenths of a volt. In  this paper a new theory, 
based on thermodynamic  considerations, is presented 
for the calculation of Ec. The objective is only to make 
a rough estimate of Ec; the current  unders tanding  of 
the na ture  of concentrated aqueous solutions precludes 
more precise predictions. It is the in tent  of the theory 
to predict the minimum Ec, which would presumably  
be observed at an infinitely slow increase of potential.  
The m i n i m u m  Ee may be equal to the so-called "pro- 
tection potential"  at which a growing pit would be- 
come repassivated on lowering the potential. 

Vetter (1) has proposed that  pi t t ing occurs when  
the normal ly  protective oxide is in equi l ibr ium with 
the salt of the metal  and the aggressive anion. In  order 
for such equi l ibr ium to occur it is usual ly necessary 
for the free energies of the oxide or of the salt layer 
or of both layers to deviate widely from the values 
for the bulk  compounds. As an example, the reaction 

A1C13 + 3/2 H20 -> 1/2 A120~ -[- 3HCl(aq) [1] 

results in a free energy decrease of 45.4 kcal. In order 
for the A1C13 and A1203 to be at equi l ibr ium the free 
energy for that  react ion would have to be zero, and 
that could be true if the solid phases were nonstoi-  
chiometric or contained a luminum with an unusual  
valence. Since the s tandard free energies of A1C13 and 
1/2 A1203 are --150.2 and --188.4 kcal/mole, respec- 
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tively, it is clear that  very large changes of some kind 
are required. In  view of the strong preference of 
a luminum for a valence of -}-3 it is debatable whether  
such large free energy changes are reasonable. 

Other investigators (2, 3) have proposed that the 
critical pi t t ing potential  is that  potent ia l  at which 
adsorption of the aggressive anion becomes favored 
over adsorption of oxygen. At present  such theories 
do not permit  a prediction of the critical pit t ing po- 
tential. 

The present theory of the critical pit t ing potential  is 
based on changes in the free energies of substances in 
the aqueous solution. Consider a pure passive metal  
corroding at potential  E1 in a solution containing an 
aggressive anion. Imagine that  the passive film becomes 
ruptured  locally so that  the metal  starts to dissolve 
rapidly, forming metal  ions according to 

M--> M +z 4- ze [2] 

where z is the valence of the metal. If E is below Ec, 
repassivation occurs, while above Ec repassivation fails 
and the ruptured area continues to corrode according 
to [2]; consider the latter condition. If reaction [2] 
were ent i rely reversible and if no other reaction oc- 
curred in the pit, the local potential  would fall to EM, 
the value of the meta l -meta l  ion potential  appropriate 
to the concentrat ion of metal  ions in the pit. Actual ly 
some overvoltage is required to drive reaction [2]. If 
the activation overvoltage, ~, is taken as the difference 
between the local specimen potential  and EM, then 

~] -5 A4, ---~ E1  - -  EM [ 3 ]  

where =x~ is the potential  difference between the Helm- 
holtz plane in the pit and the bulk  solution. 

Under  the influence of ~r anions move into the pit 
unt i l  a concentrat ion gradient  is established so that  
their net  flux is zero. Under  these conditions the elec- 
trochemical potentials of the anions inside and outside 
the pit are equal, so that  
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/Zp -~- ZF~bp = ~b -{- zFcb [4] 

where  the subscripts p and b refer  to the pit and bulk 
solutions, respectively.  F rom [4] it can be seen that  
the chemical  potential  of anions inside the pit is grea t -  
er than that  in the bulk solution by zFA~. 

Now consider the repassivation of the ruptured area. 
Passivation may occur when the meta l  potent ial  rises 
to that required to form an oxide on the surface ac- 
cording to 

M -t- z /2  H20 ~ MOz/2 -]- zH + + ze [5] 

A possible competing reaction is the formation of a 
solid salt on the surface according to 

M -t- z X -  ~ M X  -t- ze [6] 

It is proposed that  if reaction [6] becomes the rmo-  
dynamical ly  favored over  reaction [5] the ruptured 
area wil l  not be repassivated but wi l l  continue to cor- 
rode at a high rate. When the metal  is covered with  a 
highly soluble salt the corrosion rate can be very  high 
even if the solution near the surface is near ly  satur-  
ated with respect to the salt. For instance, if the under -  
saturat ion is 10% and the solubil i ty 10M the diffusion- 
l imited corrosion rate based on a s tat ionary layer  10 -2 
cm thick would be 10 -1 A / c m  2. For  simplicity it is 
assumed that  the normal  oxide and salt are the com- 
pounds of interest. The nonprotect ive  layer could as 
well  be some kind of oxy-salt .  

The formation of salt will  be favored because of the 
increased chemical  potential  of the anion. The forma-  
tion of oxide wil l  be impeded because of the decreased 
chemical  potential  of water  in the concentrated solu- 
tion and possibly because of the increased chemical 
potent ial  of protons caused by hydrolysis  of the cations 
of the metal. The decreased chemical potential  of 
water  results from the fact that, at very  high salt 
concentrations, much of the water  in the solution is 
closely associated with  the ions as water  of solvation. 
Hydrolysis  of meta l  ions in concentrated salt solutions 
can readily produce proton activit ies which are much 
higher  than expected by extrapolat ion from dilute 
solutions. 

While it is not possible to calculate the chemical  
potentials of all the species in reactions [5] and [6], it 
is possible to measure  them and hence to test the 
underlying principle. While such data are not readily 
available, some estimates can be made to demonstrate  
the plausibil i ty of the theory. 

As an example,  consider a luminum in chloride solu- 
tions. The standard potential  for forming A1CI:~ accord- 
ing to react ion [6] is --0.84V (all potentials are on 
the standard hydrogen electrode scale).  For  the oxide 
the normal  potential  is --1.hV, and the A1/A1 +3 stan- 
dard potential  is --1.66V. The pH of a saturated solu- 
tion of A1C13.6 H20 was measured to be --0.3. The 
vapor  pressure of wa te r  over  such a solution is not 
known, but might  be lower than that  over  pure water  
by a factor of 10. The equi l ibr ium potent ial  for form- 
ing A1203 according to reaction [5] in such a solution 
would be --1.45V. Because of the change of chemical  
potential  of anions obtained from [4], the correspond- 
ing potential  for A1C13 is --0.84 - -  ~ , ~  and hence, for a 
bulk solution with unit  chloride ion activity, salt and 
oxide are equal ly  stable when ~b _-- 0.61V. The act ivi ty 
of a luminum ions cannot be calculated. However,  the 
chloride ion concentrat ion must  be v e r y  high if A1C13 
is to be formed, and the A1 +3 concentrat ion must  also 
be high to keep the solution neutral.  The act ivi ty of 
A1 +3 in the pit will  probably be of the same order of 
magni tude as that  of C1-. With that  assumption 
EM ---- --1.66 + ~r ---- --1.46V. Equat ion [3] then 
gives E1 ---- --0.85 -[- ,I. The overvol tage  cannot be cal- 
culated, but for the large current  densities associated 
wi th  pit t ing it is probably a few tenths of a volt. Thus 
the theory predicts a pit t ing potent ial  somewhere  in 
the vicinity of --0.6V; a luminum is actual ly observed 
to pit at about --0.hV. The predicted pit t ing potential  

is close enough to the observed values to be intr iguing 
and to suggest that  there  is some val id i ty  to the theory. 

A similar  analysis for magnes ium shows that  pi t t ing 
should occur at about --1.hV, again in reasonable 
agreement  with observations. For iron and nickel  the 
chlorides should form at --0.2 and --0.05V, respect ive-  
ly, which are lower than the corresponding potentials 
for the oxides in acid solutions. Iron and nickel do pit 
in chloride solutions at potentials just above those at 
which the chlorides become stable. 

The theory fails badly for some metals, however .  
Zirconium is predicted to pit  at E1 ---- 0.9 + o, while 
pit t ing is observed at about -}-0.4V. About  10V must  
be applied to cause t i tanium to pit, and tan ta lum can 
be anodized in chloride solutions to at least 100V with-  
out pitting. It is not known why these metals  of higher 
valence do not pit at lower  potentials. The answer may 
lie in the details of the  molecular  processes which 
yield the halides and oxides. 

Discussion 

According to this theory  the pit t ing potential  must 
always be sufficiently posit ive to the me ta l -me ta l  ion 
potential  to make equal  the free energies of formation 
of the oxide and the salt. Thus a min imum pit t ing po- 
tential  is a clear predict ion of the theory. The actual 
pit t ing potential  may  exceed the min imum because of 
a var ie ty  of kinetic factors but, if this theory is valid, 
may not be less than the predicted minimum. 

Exper imenta l  de terminat ion  of the critical pitt ing 
potential  appears to be very  difficult, for values re-  
ported by different authors for the same system often 
differ greatly.  Evident ly  the cri t ical  potent ial  is a 
function of time, film history, and metal  surface prep-  
aration. The theory predicts a change of the critical 
pit t ing potential  by about 0.059V per decade of con- 
centrat ion at 25~ A recent  paper  by Leckie (4) re-  
ports a var ia t ion of 0.070V per decade for stainless 
steel in chloride solutions in reasonable agreement  
with the theory. Kolotyrkin  (5) has quoted results by 
Gilman which show such a dependence of cri t ical  pit-  
ting potential  of zirconium on chloride concentration, 
but as pointed out above the theory  does not seem to 
work wel l  for zirconium. Studies on alloys (6, 7) and 
on nickel show that  the critical pit t ing potential  
changes by 0.2-0.4V per decade of anion concentration, 
in conflict wi th  the predict ion above. However ,  the 
exper iments  reported often used a supporting electro-  
lyte, which provides a complicat ion not easy to re-  
solve, and the behavior  of an alloy may  be different 
from that  of a pure metal.  Studies using pure metals  
in solutions containing only one anion are required to 
test the theory, and care must  be taken to minimize 
contributions from convection and resistive potential  
drops in the bulk solution (outside the Nernst  layer) .  

Some of the examples  above led to the conclusion 
that  potential  differences as large as several  tenths of 
a volt  might  be present  in the solution. For  reason- 
ably concentrated solutions such potent ial  differences 
are probably possible only wi th  some kind of re-  
stricted geometry.  For  example,  the growing section 
of the pit may  be covered with a perforated layer of 
the passive film which originally covered the metal. 
Such films have been reported by many  investigators.  

Predict ion of the ions which wil l  act in an aggressive 
manner  is not s t raightforward.  The theory  proposed 
above predicts the format ion of a concentrated solution 
of any anion and, presumably,  the precipitat ion of the 
salt of that  anion. Whether  the ion wil l  be aggressive 
or not depends on the next  step: Will  the salt layer  
s imply dissolve at a high rate and prevent  passivi ty or 
will  it be conver ted  in some way to a passive layer? 
The answer to that  question requires  a more com- 
plete unders tanding of the mechanism of the act ive-  
passive transition. It is wor th  noting, however,  that  
the most aggressive ions do not contain oxygen. Pos- 
sibly films containing oxyanions can more easily be 
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converted to passive layers than can films containing 
halides, cyanides, sulfides, and other aggressive anions. 

Manuscript  submit ted March 26, 1970; revised ma nu-  
script received Nov. 16, 1970. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1971 
JOURNAL. 
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ABSTRACT 

Anodic film was formed on a gold electrode by the potentiostatic technique 
and then reduced cathodically. The amounts  of charge needed for anodization, 
Qa, were evaluated by graphical integrat ion of t rans ient  currents,  and the 
amounts  of charge, Qc, needed to reduce the film were obtained from the 
chronopotentiogram. In weak acidic solutions, log Qa was proport ional  to Ea, 
and the auric hydroxide could grow continuously at noble potentials without 
the accompanying evolution of oxygen. In  strong acidic solutions, however, 
log Qa was not proport ional  to Ea but  log (Qa - Q'a 16oo mV) was proport ional  
to Ea at noble potentials. In these strong acidic solutions, oxygen evolved on 
the auric oxide, and this oxide layer grew only to a fixed thickness. On gal- 
vanostatic reduction of the oxide film, an arrest was observed in the chrono- 
potentiogram. It was concluded that the potential  de termining reaction at this 
arrest potential  varied according to the pH ranges as shown in the following 
reactions 

AU203 ~- 6H + ~- 6e --> 2Au -l- 3H20 

(in strong acidic solutions) 

Au(OH)~ ~- 3H + ~- 3e-~ Au n u 3H20 

(in weak acidic solutions). 

The electrochemical formation and reduct ion of 
oxide films on noble metals, especially plat inum, have 
been actively investigated (1-5). The surface oxide 
formed on p la t inum has been reported to have the 
abil i ty to t ransfer  electric charge from the metal  to a 
reactant  in the solution without  an appreciable in-  
crease in film thickness; that  is, the oxide film on 
p la t inum is an electronic conductor. 

However, in the case of a gold electrode, the anodic 
film can grow thicker than a monolayer;  a charge 
transfer  reaction always accompanies this increase in 
film thickness. This means that  the oxide film on gold 
is ion conducting ra ther  than electron conducting. 

Noble metals have been considered to be inert. How- 
ever, two different types of oxide may exist on these 
noble metals and may affect electrochemical reactions 
in different ways. Also, there may be some differences 
in polarization behavior  among the noble metals. In 
this sense, the gold electrode was studied in this work. 

Some investigators (6-10) have studied an oxide 
film on gold by means of the galvanostatic technique 
of oxidation and/or  reduction. Recently, some work 
has been performed using the potentiostatic technique 
combined wi th  galvanostatic measurements  (11, 12). 
This process is potentiostatic oxidation and galvano- 
static reduction; however, the results of these latter 
studies do not always agree with each other. The in-  
vestigators who used the potentiostatic technique paid 
at tent ion not to the amount  of charge passed during 
oxidation, Qa, at constant potential, but  to the amount  
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potential.  

of charge, Qc, needed for cathodic reduction after 
charging the circuit to the galvanostatic technique. 
There is no exper imental  evidence that  Qc can be con- 
sidered to equal Qa; ra ther  data reported in this paper 
and supported by Vetter and Berndt  (6) show that 
they do not coincide. 

In the present  work, the amount  of charge needed 
for potentiostatic oxidation was evaluated by a 
graphical integrat ion of cur rent - t imes  curves. Also, 
the kinetics of the oxidation and reduct ion of a gold 
electrode were studied by the combinat ion of potentio- 
static and galvanostatic techniques. The oxygen evolu- 
tion reaction on gold and the m a n n e r  in which it is 
affected by the oxide formed dur ing anodization are 
also discussed. 

Experimental 
Sample.--The electrode used in this s tudy was a 

99.99% gold foil 0.1 mm thick and 0.9 cm 2 in apparent  
area. The specimen was abraded with emery paper. 
Electropolishing was tried at first to obtain min imum 
roughness but  had to be abandoned because of prefer-  
ential  at tack at the edges. The foil was connected 
through a piece of gold wire to a tungsten  wire, which 
was sealed in a glass tube. Only the foil and the lower 
part  of the gold wire were immersed into the electro- 
lytic solution dur ing experiments.  

Electrolytic solution.--The solution was prepared to 
0.1 m/1 in HC104 by perchloric acid of analyt ical  grade 
and water  redistilled from a basic permanganate  solu- 
tion. The pH of the solution was adjusted from 0.5 to 
7.6 with sodium hydroxide solution. The solution was 
deaerated with purified ni t rogen which was passed 
through a column of active copper heated at 200~ 
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The final solution was pre-e lec t ro lyzed for 48 hr. This 
was carried out at a current  density of 80 #A/cm 2 so 
that  the impuri t ies  would be el iminated but no H202 
would be formed. 

CelL--Elect rochemical  measurements  were  made 
with a three-e lec t rode  system composed of a gold test 
electrode, a p la t inum counterelectrode,  and a hydrogen 
reference electrode which was connected to the work-  
ing electrode through a Lugg[n capillary. The counter-  
electrode was a cylindrical  p la t inum foil sealed into 
a cyl inder  of 3 cm diameter.  The reference electrode 
was put in a separate compar tment  which was con- 
nected to the test cell through a stopcock. The electro-  
lytic solution in which the reference electrode was 
immersed was the same as the test solution. Potentials  
were  measured with r~spect to the revers ible  hydrogen 
electrode (RHE) unless otherwise noted. 

M e t h o d . - - T h e  specimen was polished with  emery  
paper and was cathodically reduced to el iminate the 
oxide film or adsorbed oxygen formed on it in air. The 
cathodic current  density was 22.4 #A/cm 2. Cathodic 
reduction was stopped when the potential  reached 0 
mV (RHE) in order that  the effect of hydrogen evolu-  
tion during cathodic reduct ion might  be minimized. In 
order  to obtain reproducible results, the cleaned speci- 
men was pre-anodized at a constant potential  of 600 
mV (RHE) for 1 min. The amount  of charge needed 
for the pre t rea tment  was small  enough to be neglected. 

The specimen was then anodical ly oxidized by means 
of a potentiostat  (Nichiya NP 250 Type) for a mea-  
sured length of time. The change of current  wi th  t ime 
after application of the constant potential  was followed 
by recording the ohmic drop across a standard 100 ohm 
resistor inserted in the polarization circuit. The amount  
of charge passed during anodization was evaluated by 
graphical  integrat ion of t ransient  currents.  This was 
per formed w i t h  a planimeter .  The oxidized gold elec- 
trode was reduced electrochemical ly  at a constant cur-  
rent  density. The change of potential  wi th  t ime was 
monitored by means of a recorder  equipped with  a 
preamplif ier  having an input  impedance of 10 ,~ ohms. 

The exper iments  were  carr ied out at 16 ~ • 2~ in 
an a tmosphere  of purified ni t rogen gas. Solution agita- 
tion was accomplished by bubbling ni trogen gas 
through a capi l lary tube placed beneath  the test elec- 
trode. 

Results and Discussion 
A~mdic  o : c i d a t i o n . - - O x i d a t i o n  a t  less n o b l e  pote~z- 

t i a l s . - - T h e  amount  of charge passed, Qa, at various 
constant potentials was calculated by graphical  inte-  
gration. Q=~ was increased by shift ing the potential  to 
more posi t ive values, as shown in Fig. 1 and 2. 

From these figures, it can be seen that  Qa also in-  
creased by increasing the anodizing t ime and that  Q~ 
is genera l ly  larger  in higher  pH solutions, f rom a 
comparison of Fig. t and 2. The fol lowing process may  
be envisioned to in terpret  these figures: a pH depen-  
dent chemical  species adsorbs on the electrode surface 

2 000  

, oo / / /  

7 / / t  
0 0 0  

0 ~:X) ' 1400 . . . . .  1600 1800 
POTENTIal_ ( rnv RHE) 

Fig. 2. Amount of charge po;sed during onodization at various 
potentials. 

at less noble potentials;  a stoichiometric compound of 
this species forms at about 1450 mV. At  potentials 
more positive than about 1600 mV, ei ther  this com- 
pound continues growing or some other e lect rochemi-  
cal reaction like oxygen evolut ion occurs. In the fol- 
lowing sections, these assumptions are discussed in 
relat ion to addit ional  exper imenta l  results. 

In Fig. 3, values of Q~ obtained at various set po- 
tentials are plotted against the logar i thm of time. Q~, 
can be seen to increase in proport ion to log ta at po- 
tentials less than or equal  to 1300 inV. At potentials 
greater  than or equal  to 1400 mV, the l inear relat ion 
between Q~ and log ta is divided into two parts. It  may  
be considered that  a single reaction occurs at constant 
potentials less than or equal  to 1300 mV. 

As shown in Fig. 4, Qa at lower pH values is in- 
dependent  of pH but does become pH dependent  at 
higher  values. This means that  the single reaction 
which occurs at less noble potentials is pH dependent.  
The following equat ion holds for the more  negat ive  
potential  range 

Qa = log ta n -~- m [1] 

In weak acidic solutions, n and m are constants at 
fixed values of potential  and pH. In the ini t ial  period 

tOOO 
pH 0.80 " ~/'/,BOOmv " 

I 

f j 1700 m y  

5 O0 ~ '  J ~ , , " ~  ~,,,,,,~ 1400mv 

..e...~_4.....--- 1300mv 

1200mv 

o io ~ Io ~ io 3 
TIME (sec) 

Fig. 3. Amount of charge as a function of time at various poten- 
tials. 
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Fig. I .  Amount of charge passed during onodizatlon at various 
potentials. 
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of t ime (within a few seconds in this exper iment) ,  n 
of Eq. [1] depends only on potential  as shown in Fig. 
4. At lower pH, Q~ was essentially independent  of solu- 
t ion pH. It  is reasonable to assume that oxygen is ad- 
sorbed in the potential  range in which the l inear  re-  
lationship between Qa and log t~ holds. As shown in 
Fig. 1, Qa increases with potential  and has an arrest 
at about 1450 mV; these effects may be due to the 
adsorption of oxygen and auric oxide formation. The 
following process may be considered upon anodization 
at lower pH: Au ~ AuO--> Au203. Oxygen evolution 
follows this process and is discussed in the next  section. 

As shown in Fig. 4, Q~ is pH dependent  in  weak 
acidic solutions. Figure 2 shows an arrest of Qa at 
about 1450 inV. These results can be interpreted by 
considering OH radical adsorption followed by  com- 
plex hydroxide formation and a stoichiometric layer 
of Au(OH)3, as i l lustrated in the following process: 
Au ~ AuOH ~ Au(OH)=--> Au(OH)3.  After  Au(OH)3 
is formed on the surface of gold, Qa increases again 
continuously with potential, as shown in Fig. 2. How- 
ever, oxygen could not be vis ibly observed even at 
high anodic potentials (about 1900 mV) ;  therefore, at 
least within the limits of these experiments,  Au (OH)3 
could grow without the accompanying evolution of 
oxygen. 

Oxidation at noble potentials .--As shown in Fig. 5, log 
Q, increases in proport ion to the set potential, Ea, in 
high pH solutions. Based on the l inear i ty  between log 
Qa and E~, it may be assumed that  only a single re -  
action occurs under  the exper imental  conditions used 
in this section. In  the former section, the formation 
of Au(OH)3 was assumed to occur in high pH solu- 
tion. This same assumption can be used to interpret  
the results shown in Fig. 5; that  is, Au (OH)3 may  grow 
in the range from 1500 to 1900 mV. By comparing Fig. 
2 and Fig. 5, it can be determined that  Au(OH)3 
which formed at about 1450 mV continues to grow at 
more noble potentials without  the accompanying evo- 
lution of oxygen. 

A similar plot of log Q~ vs. Ea was tried for strong 
acidic solutions; however, there was no l ineari ty be- 
tween log Q~ and E~ in this case. This lack of l ineari ty 
means that  the oxide film on gold in  low pH solutions 
does not continue to grow at more noble potentials. 
However, the logari thm of the amount  of charge, 
( Q a -  Q'at~oo my), which is the charge that  passed at 
1600 mV, Q'a~600 ~v, subtracted from the total charge 
passed, Q~, was proportional to the set anodizing po- 
tential, E~, as shown in Fig. 6 and 7. Q'al60O mV can be 
regarded as the amount  of charge used in the formation 
of a fixed amount  of Au2Oz film on gold. Thus, 
(Q~ - Q'a~oo my) must  be considered to be the amount  
of charge which was used for the other charge t ransfer  
reaction. This reaction is oxygen evolution as described 
earlier. The effect of solution agitation is shown in 
Fig. 6. The slope, (Qa - Q'al600 mv)/Ea, did not change, 
but  the magni tude  of ( Q a -  Q'a~600 mV) increased at 
each potential. If the AueO~ film was cont inuing to 
grow, then the effect of agitat ion would be negligible, 
because the growth of this film is the reaction between 
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Fig. 7. Logarithmic dependence of charge on potential 

two solid phases. However, experimental ly,  the effect 
of agitation is not negligible; therefore, the charge 
t ransfer  reaction is not the growth of the oxide, Au203, 
but oxygen evolution at potentials more positive than 
1600 mV. It may be concluded that  Au203 is a bet ter  
electronic conductor than Au(OH)~, and conversely, 
Au(OH)3 is a bet ter  ionic conductor than Au2Oa. 
Oxygen evolves on Au203 without  being affected by its 
presence; however, the oxygen evolution reaction on 
Au(OH)3 is concealed by  the growth of the oxide, 
Au (OH)2. At pH values in termediate  between extreme 
values used in this study, the growth of oxides occurs 
s imultaneously with the occurrence of oxygen evolu- 
tion. 

Cathodic reduction.--At  ~ow pH solutions.--The go]d 
specimen was anodized for an a rb i t ra ry  length of t ime 
at constant  potential  and then was quickly cathodized 
by a constant current  in order to reduce the oxide 
film on it. The chronopotentiograms obtained are 
shown in Fig. 8. These reduction curves have the same 
arrest potential  and, indeed, are very similar in shape. 
A typical chronopotentiogram has an arrest potential  
at 1200 mV. This arrest potent ial  was not affected 
either by the anodizing potential  or by agitation of the 
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solution; therefore, the compositions of the oxide 
formed at various potentials in these low pH solutions 
are all the same. The arrest  potent ial  may  be due to 
the reduction of Au203; this is discussed in a later 
section. 

At  high pH solutions.--In weak acidic solutions, the 
arrest potential  shifts in a more cathodic direction as 
the anodizing potential  is decreased, as shown in Fig. 9. 
This shift of potential  may be interpreted as being 
caused by a change in activity of the Au(OH)3 film; 
that  is, the activity of Au(OH)~ layer may  decrease 
with the shift of the set anodizing potential  toward 
the more cathodic direction. In  a strong acidic solution, 
however, the arrest  potential  does not depend on the 
anodizing potential, possibly because the activity of 
oxide, Au20~, is scarcely changed by the set anodizing 
potential.  

Dependence oS the arrest potential 2 on current den- 
s i ty . - -As  shown in Fig. 10, the potential  arrest shifts 
in a more cathodic direction as the reduction current  
density is increased. This dependence can be in ter -  
preted as the current  dependent  shift of overpotential.  
In  Fig. 11, the arrest potential  is plotted in the SCE 
scale vs. the logari thm of current  density. The resul t-  
ing plot shows that  the potent ia l -current  density re- 
lationship obeys the Tafel relat ion 

E c - - - - a +  b l o g i  [2] 

The value of b was found to be approximately 60 mV. 
The arrest potential, Ec, depended on the pH; however, 
the Tafel relat ion held in all of the exper imenta l  
conditions. 

Dependence of the arrest potential on pH. - -F rom Fig. 
12, it can be seen that Ec shows two different pH de- 
pendencies, one for weak acidic solutions and one for 
strong acid solutions. However, in  both pH ranges, Ec 
was proport ional  to pH; this slope was approximately 
60 mV/pH. This result corresponds very closely to the 
value of 59.2 mV/pH obtained by Vetter and Berndt  
(6). The reaction occurring at the arrest potential  can 
be inferred from the dependence of Ec on pH in the 
following manner .  Considering only the contr ibut ion 

2 This  po ten t ia l  was  m e a s u r e d  a t  h igh  sens i t iv i ty  b y  c h a n g i n g  the  
r a n g e  of the  r eco rde r  (+0.5 mV) in the  r eg ion  of the  inflection. 
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of H +, the potential  may be expressed by the follow- 
ing equation 

Ec = E'c + R T / n F  log (H+) "' [3] 

where n '  is the number  of moles of hydrogen ions 
which participate in the potential  de termining  reac- 
tion. Differentiating Eq. [3] by pH 

OEc/OpH = --2.30 n 'RT/nF  [4] 

Since OEc/OpH was exper imental ly  found to be --60 
mV/pH, n' equals n. Therefore, ttie number  of electrons 
which participated in the reaction must  be equal to 
the number  of moles of hydrogen ion. 

A metallic ion in solution can be assumed not to 
participate in this potential  de termining reaction, be- 
cause the potential  was not affected by the agitation 
of solution as was shown in Fig. 8. Accordingly, the 
potential  determining reaction must  be a solid-solid 
reaction involving hydrogen ions. I t  is reasonable to 
assume the following reactions for the potential  arrest 
in strong and weak acidic solutions 

Au203 + 6H + + 6e --> 2Au + 3H20 [5] 

(in strong acidic solutions) 

Au(OH)3 -t- 3H + + 3e--> Au ~- 3H20 [6] 

(in weak acidic solutions) 

The equi l ibr ium potential  was calculated to be 1.511V 
for Eq. [5] and 1.457V for [6] (13). 

Qc and ratio o] Qc/Qa.--The amounts  of charge, Qc, 
needed for cathodic reduct ion were calculated from the 
chronopotentiograms and were found to depend on 
the set potentials as shown in Fig. 13. Similar  results 
have been reported by other investigators (11, 12). In 
strong acidic solutions, there are two discontinuous 
points, but  in weak acidic solutions there is only one 
continuous point. There seems to be certain relations 
between these exper imental  results and the anodizing 
process; that is, the three l inear  parts in the Qc-poten- 
tial diagram in strong acidic solutions may correspond 
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Fig. 13. Relation between the amount of charge needed for 
cathodic reduction and anodizing potentials. 

to the formation of a monolayer,  the growth of Au.2Om 
and the evolution of oxygen, respectively. The two 
l inear parts in the case of weak acidic solutions can be 
considered to correspond to the formation of non-  
stoichiometric Au(OH)z  and the growth of Au(OH)~, 
respectively. 

The ratio of Qc to Qa has been reported to have 
values from un i ty  to 0.5 (6) or to be un i ty  (10). How- 
ever, in this study, the relat ion between Qc/Q~ and 
potential  in several solutions with different pH values 
is shown in Fig. 14. In  strong acidic solutions, Qc/Qa 
increased with increasing potential  unt i l  about 1600 
mV but  then decreased on shifting the potential  to 
values more positive than  1600 inV. In  weak acidic 
solutions, Qc/Qa always increased with increasing 
potentials. It is clear that  the decrease of Qc/Qa in the 
case of strong acidic solutions is due to the oxygen 
evolution reaction. In the anodizing process, some ex- 
cess change may have been used for the formation of 
molecular oxygen in addition to that used for the 
oxide film on gold. In  the reduction process, it may be 
difficult for an oxygen molecule which has desorbed 
from the electrode surface to be reduced, because the 
oxygen can diffuse away from the electrode surface. 
This view was also supported by the effect of agitation 
of solution. At potentials more positive than 1600 mV, 
Qc/Qa on solution agitat ion was always smaller than 
for the case in which the solution was not agitated. 
The desorption of molecular  oxygen from the electrode 
surface became easier as a result of solution agitation; 
therefore, Q~ increased. In the case of weak acidic 
solutions, QJQa increased cont inuously with potential  
as the result  of the growth of Au(OH)3 which may 
occur at all ranges of potential  used in this experiment.  
When the set anodizing potential  was shifted to more 
positive potentials, the amount  of charge which par-  
ticipated in the oxidation process seems to approach 
that which participated in the reduction process. 

Galvanostatic oxidation and reduc t ion . f in  the above 
section, the oxide film on gold produced by the poten-  
tiostatic technique was discussed; in this section, oxide 
film produced galvanostat ical ly is discussed. The oxi- 
dized gold was reduced at a constant  current  density, 
and the change of potential  with t ime was measured 
as shown in Fig. 15. The cathodic chronopotentiograms 
were compared with the results obtained for the speci- 
men  anodized at constant  potential.  It  is found from 
Fig. 15 that  the arrest potential  dur ing  reduct ion was 
the same regardless of whether  the gold electrode was 
anodized potentiostatically or galvanostatically.  The 
oxide film formed by the two different tec.hniques can 
be considered to be identical  at the same pH. Accord- 
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ingly, it is reasonable for the present  results to be 
compared with the galvanostatic oxidation results ob- 
tained by others (6-10). 
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Kinetics of Anodic Processes on iron in Alkaline Solutions 
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ABSTRACT 

Anodic t ransients  of iron in 1N KOH solution have been investigated. 
After  the electrode was main ta ined  at a potent ial  ER unt i l  steady state was 
achieved, ei ther an anodic potential  step or a potential  sweep were imposed. 
For a potential  step, the current  t ransient  ia followed the relations 

iaal/t, for ER < - - l . i V  vs. SCE 
and 

iaal/k/~-ex p - ( FER ) for ER > --1.0V 
7RT ' 

where t is the time after the imposition of the potent ial  step. For a potential  
sweep of sweep rate, k, a peak current  i ,  was observed where 

i p~x /~exp (  FER ) f o r E R > - - l . 0 V  
6.5RT ' 

For ER < --1.1V the current  t ransients  for both potential  step and potent ial  
sweep polarization were interpreted in terms of the logarithmic growth of an 
oxide. For ER > --1.0V, a duplex structure of the oxide layer, Fe/Fe304/  
mixed oxide/solution, was assumed, where the mixed oxide consisted of Fe( I I )  
and Fe ( I I I )  oxy compounds. The current  t ransient  behavior  was a t t r ibuted to 
composition changes in the mixed oxide layer due to diffusion of F e ( I I ) .  The 
exper imental  results can be satisfactorily interpreted by assuming the exist-  
ence of the complex ions, Fe(OH)64-  and Fe(OH)63- ,  in the oxide film. 

It is known that  iron is easily passivated in alkaline 
solutions. However, Weil (1) did not observe a Flade 
potential  during the decay after anodic polarization of 
iron in 1N NaOH. Kabanov, Burstein, and F rumki n  (2) 
reported that i ron in NaOH oxidized to Fe(OH)2 and 
Fe(OH)3. Initially,  Fe oxidized readily to Fe(OH).~ 
unt i l  the formation of a passive oxide layer. Burstein 
i3) found that  small  amounts  of oxygen activated 
ra ther  than passivated iron. Hur len  (4) observed that 
galvanostatic anodic t ransients  of iron in alkaline solu- 
tions exhibited potential  arrests at about the reversible 
FeO/Fe2Oa or Fe(OH)2 /Fe  (OH)~ and Fe3Oa/Fe203 po- 
tentials. He concluded that  active iron dissolution in 
both acidic and alkaline solutions followed the same 
mechanism since the same anodic Tafel slopes and the 
reaction orders were obtained. Foley, Kruger,  and 
Bechtoldt (5) examined anodic surface films on iron 
by electron diffraction and concluded that  the passive 
film was ~/-Fe203; the non-passive film did not contain 
"~'-Fe203; in 0.1N NaOH solution, the film consisted of 
Fe304 or a mixture  of 3,-Fe203 and Fe~O4 at --1.0V 
(vs. SCE), -~-Fe203 at -k0.5V and Fe304 in the t rans-  
passive region at 1.0V. 

Shepherd and Schuldiner  (6) examined the steady 
state potentiostatic polarization of iron in NaOH and 
LiOH solutions. Their experiments  were conducted in 
a highly pure gas tight system. Under  these conditions, 
i ron did not corrode significantly and behaved like an 
inert  noble metal. This behavior was not observed for 
solutions containing small  amounts  of chloride ions. 
An examinat ion of the l i terature indicated that, in 
general, iron in alkal ine solutions exhibited ra ther  
unstable  steady state behavior. In  addition, repro-  
ducible surface conditions were very difficult to at- 
tain. Although t rans ient  studies could provide addi- 
t ional  information,  few such studies have been re-  
ported. In  this study, the  anodic t rans ient  behavior of 
pure iron in alkal ine solution was studied by means 
of the potential  step and potential  sweep methods. 
While the steady state exper iments  usual ly  yielded 
irreproducible results, the t ransient  results were re-  
producible. 

* Elec t rochemica l  Socie ty  Act ive  Member .  
K e y  words :  corros ion,  oxide,  ox ida t ion .  

Experimental 
1N KOH solution deaerated with purified ni trogen 

was used as an electrolyte. The electrodes which were 
made of Ferrovac E iron with a pur i ty  of 99.91% was 
sealed in Teflon tubing. The electrode surface was 
polished with 2/0 emery paper and washed with water, 
degreased, and rinsed several t imes with benzene. The 
potential  steps were provided by an electronic step 
function generator and a potentiostat. A function gen- 
erator was used for the potential  sweep experiments.  
Potentials were measured with respect to the saturated 
calomel electrode. 

Results 
Potentiostatic experiments.--The electrode was oxi- 

dized briefly at the potential  where oxygen evolution 
was first observed and then set at a more negative po- 
tential, ER, unt i l  a steady state current  was attained. 
Then, an anodic or positive potential  step, Ea, having a 
value more positive than ER, was imposed. A few ex- 
amples of current  t ransients  are given in Fig. 1 and 2. 
As can be seen in the log-log plots of Fig. 1 and 2, log 
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current  decreased l inear ly  with log t ime except for a 
few cases which wil l  be discussed later. The current  i 
is related to t ime t as follows 

= k tP [1] 

where k and p are functions of Ea and Ea. The var ia-  
tion of p with respect to ER and Ea is shown in Fig. 3. 

It  is found that  p is indepedent  of the anodic poten-  
tial and changes from --1 to about --0.5 at approxi-  
mately -- 1050 inV. 

p ---- --1 for ER < --1100 mV [2] 
p ---- --0.5 for ER > --1000 mV 

In the region, E r  < --1100 mV, the current  t rans ient  
was not affected by the anodic potential  as long as Ea 
was positive enough. However, when  Ea is not posi- 
tive enough relat ive to Em for example, Ea = --750 
mV as in Fig. 1, the current  ini t ia l ly  stays at a fairly 
constant value and then follows the same relat ion as 
other curves. 

In  the region Ea > --1000 mV, the current  was de- 
pendent  on the anodic potential, Ea. In  Fig. 4, the cur-  
rent  at t ~ 1 see was plotted vs. Ea for two different 
values of ER. These plots show that  the current  tends 
toward l imit ing values. The current  at t -- 1 sec and 
Ea ---- 500 mV was plotted vs. ER in Fig. 5. A l inear 
relat ion was obtained between the log of the above 
current  and ER with the slope of --425 mV/decade .  

( OEa ~ = --425 mV/decade;  ER > --1000 mV 
\ 0 log i / t = i, Ea 

[3] 
Thus, the current  t ransients  can be expressed by 

i = k l / t  for ER < --1100 mV [4] 
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i = k2/k/texp -- ER for ER > --I000 mV [5] 
RT 

where kl and k2 are constants and m ~ 1/7. 

Potential sweep experiments.--After the electrode 
was main ta ined  at ER unt i l  the steady state was 
reached, a potential  sweep in the positive potential  
direction was imposed. A few examples of the poten-  
t ia l -cur rent  behavior are shown in Fig. 6 and 7. As 
seen in these figures, the potent ia l -current  character-  
istics for the holding potentials above --1000 mV and 
below --1100 mar are different. The peak potential  Ep 
is defined as the potent ial  at the ma x i mum or peak 
current  ip, in the poten t ia l -cur ren t  curves shown in 
Fig. 6 and 7. The peak potentials are plotted against 
ER in Fig. 8. While Ep was constant  for ER < --1100 
mV, it increased l inear ly  with ER for ER > --1000 inV. 

OEp/OER ~ 1 for ER > --I000 mV [6] 

It should be noted that  Ep is a m i n i m u m  at approxi-  
mately ER ~ --1050 mV. 
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A Tafel  plot  of the ascending par t  of the  E a -  ia 
curve in Fig. 6 is shown in Fig. 9. The Tafel  slope was 
app rox ima te ly  120 mV/decade  

0Ea 
- - ~  120 mV/decade  for ER < --1100 mV [7] 
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The peak  current ,  ip, was p lo t ted  as a function of 
Ea in Fig. 10. For  the potent ia l  region, ER < --1100 
mV, ip is independent  of ER and only  a funct ion of the 
sweep rate,  k, as shown in Fig. 11. Therefore  

i, ---- k3~ ~ ~or ER < --II00 mV [8] 

where k3 and a are constants. On the other hand, for 
ER > --1100 mV, ip varied with both EI~ and k. A linear 
relationship was obtained for the log {p vs. ER plot as 
shown in Fig. 16, 

0 log ip --390 mV/decade for ER > --1000 mV [9] 
0ER 

A log-log plot of peak current at ER ---- --800 mV and 
is shown in Fig. II. A linear relationship with a slope 
of */z was obtained. Thus 

ip_--k4A/~exp ( - - - - M F E R ) f o r  E R > - - 1 0 0 0 m V [ 1 0 ]  
RT 

where  M ~ 1/6.5 and k4 is a constant.  In both potent io-  
stat ic and potent ia l  sweep exper iments ,  s t i r r ing  the  
solut ion did not  affect the  t rans ien t  current .  F u r t h e r -  
more, no measurab le  dissolut ion of i ron was ob-  
served. The s teady  state cur ren t  at ER was less than  
10 ~A/cm 2 in the  potent ia l  region f rom --1.2V to 
+0:55V. 

Discussion 
Thermodynamic consideration.--The exper imen ta l  

resul ts  indicate tha t  anodic character is t ics  of i ron are  
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different for ER < --1100 mV than for ER > --1000 
mV. It was observed that  the t ransient  behavior for 
ER < --ii00 mV was not  affected by ER, bu t  varied zo 
with ER for ER > --1000 inV. The former case suggests 
that  the iron surface is either unoxidized or covered ~ ,o 
with an irreducible iron oxide. The equi l ibr ium elec- 
trode potential  of the Fe/Fe~O4, Fe/Fe203, Fe /Fe  (OH) 3 
reactions at pH = 13.8 are (7) 

Fe/Fe~O4: E e = --1142 mV vs. SCE (anhydrous)  [11] 
u 

Fe/Fe203: E ~ -- --1110 mV (anhydrous)  [12] 

Fe/Fe~O~: E e -- --I000 mV 

(hydrated Fe20~-equivalent to Fe(OH)3 [12a] 

For Em > - - 1 0 0 0  mV, the surface is covered with a o 
mixture  of Fe304 and Fe203 or Fe(OH)3, and its com- 
position is a function of ER. 

Oxide growth mechanism on iron reduced at ER < 
--1100 mV . - - In  neut ra l  solutions, the rate of growth 
of a thin oxide on iron has been shown to follow the 
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logarithmic law. This rate equation can also be applied 
to the growth of a thin oxide on iron in alkal ine solu- 
tions. 

Potentiostatic polarization.--According to Sato and 
Cohen (8), the current  can be expressed by Eq. [13] 
when the metal  surface is anodically oxidized by a 
logarithmic rate equation. 

i ---- k5 exp (~ Ea -- Q/B)  [13] 

where Ea is the anodic potential,  Q is the charge asso- 
ciated with formation of the oxide on the electrode, 
and ks, ~, and B are constants. 
Since 

i = d Q/dt  [14] 
Eq. [13] becomes 

d Q/dt  exp (Q/B) = k5 exp (;~ Ea) [15] 

Under  potentiostatic conditions, the solution of Eq. [15] 
is 

Q - - - - B l n [  k s t e x p ( ~ E a )  + e x p ( Q o / B )  ] [16] 
B 

where Qo is the value of Q at t = 0. Therefore 

ks exp (p Ea) 
i = [17] 

k5 exp (~ Ea) t /B  + exp (Qo/B) 
For 

k5 exp (~ Ea) t /B  > >  exp (Qo/B) [18] 

i = B / t  [19] 

Equation [19] is in accord with Eq. [4]. Empirically, 
B ---- 15 mc/cm 2 which is two orders of magni tude 
greater than  that  obtained in neut ra l  solution (8). The 
same relation as Eq. [19] or [4] was reported by 
Nagayama and Cohen (9) for iron in neut ra l  solutions. 
For comparat ively long time duration, the deviations of 
the plots in Fig. 1 from Eq. [19] may be due to a 
change in mechanism of oxidation. 

When the applied positive potential  step Ea, as in 
the plots of Ea ---- --750 mV, was not large enough, 
deviations from Eq. [4] or [19] were also observed in 
Fig. 1. However, these deviations were due to Eq. [18] 
being invalid. Equat ion [17] can be t ransformed to 
Eq. [20] 

1 
i -- [20] 

t /B  + (1/i)t=o 

As shown in Fig. 12 the plots obtained exper imental ly  
are approximated reasonably well  by Eq. [20]. Thus, 
the t rans ient  behavior for relat ively small  values of 
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P ig .  12.  Comparison of experimentol plots of current transients 
with theory for potential step polarization. 
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Ea can also be interpreted in terms of logarithmic film 
growth. 

Potential sweep polarization.--The solution of Eq. [15] 
can be obtained with the condition 

Ea----kt ~ E R  [211 

where }. is the sweep rate. The solution for Eq. [15] is 
then 

[ ks exp (P ~ t) exp (fl ER) -t- c ] [22 ] 
Q -- B in (Bfl}0 

where c -~ Bfl}, exp ( Qo/B) -- k5 exp (fl ER) 
Therefore 

Bp}~ 
i : [23] 

1 -~ c/[k~ exp (~ Ea) ] 

It is of interest  to determine the two l imiting forms 
of Eq. [23]. First, for Ea sufficiently large such that  

exp t~ Ea > >  L ~  exp \ B / -- 

Eq. [23] simplifies to 
i ---- B ~  [24] 

On the other hand, for Ea sufficiently small  such that  

[ B~)~ Qo oxo(_ ) 
Eq. [23] becomes 

k5 exp (fl Ea) 
i -- [25] 

exp - -  -- ksexpC~ER 
B 

Since exp (fl E,) = exp ~(ER + ~t) > exp ~ Em exp 
~ ER < <  Bfl?,/k5 exp Qo/B. Therefore, Eq. [25] simpli-  
fies to 

( i = k ~ e x p  p E ~ - - - - ~  

Equation [26] shows that i is independent  of ~ and is 
the same form as (i)t=0 for potentiostatic polarization 
(see Eq. [17]). Equation [26] gives 

0 Ea 2.303 
[27] 

0 log i fl 

The parameter  fl can be determined by comparing 
Eq. [7] and [27]. Thus 

fl ~ 19.2 volt-~ [28] 

This value of ~ is in accord with the one obtained by 
Sato and Cohen (8). 

Transient behavior ~for ER > --1000 mV. Potentio- 
static polarization.--The variat ion of current  with t ime 
for an anodic potential  step in the region ER > --1000 
mV is proport ional  to 1 /~ / t -which  suggests that  the 
reaction process is diffusion controlled. Since there 
was no effect by st irr ing the electrolyte, the diffusion 
controll ing process was considered to occur within 
the oxide layer. Since the iron oxides Fe.~O:~, Fe(OH)-~ 
are known to react with Fe to form Fe304 at room 
tempera ture  (10), the oxide adjacent  to Fe should 
always be Fe304. The oxide layer is assumed to have 
a duplex s t ructure  as previously proposed for i ron in 
neut ra l  and acidic solutions (9, 11). The following as- 
sumptions are made: (i) The outer layer is composed 
of Fe( I I )  and Fe( I I I )  and is an ionic conductor. (ii) 
Since the magneti te  is an electronic conductor, electron 
transfer  for the F e ( I I ) / F e ( I I I )  reaction occurs at the 
I / I I  interface. (iii) The charge t ransfer  step is fast. 
Thus, the composition of layer II at the I / I I  interface 
is determined by the applied potential. (iv) The change 
in composition of layer II with Ea, occurs by diffusion 
of Fe( I I )  and Fe ( I I I ) .  Since the steady state current  

at ER is very low, the concentrat ion gradient  in layer 
II at ER is small. Thus, prior to the potent ia l  step, Ea, 
layer II has a uniform composition which is a funct ion 
of only ER. When the anodic potential  step is imposed 
on the electrode, the concentrat ion of the oxidant, Cox, 
and of the reduced species, CRed, is increased and de- 
Creased, respectively. Since for high anodic potentials, 
E~,, CRed -> 0 at the I / I I  interface, a l imit ing current  is 
obtained and should follow the following relat ion (12) 

i ~- k7 (CRed)ss/~/t- [29] 

where k7 is a constant and (CRed)ss is the steady state 
value of CR at ER. 

By comparing with Eq. [5] 

k2 ( mF ) 
(CR~a)ss------exp - - - - E R  [30] 

k7 RT 

Potential sweep polarization.--The potent ia l -current  
curves in Fig. 7 are similar to those obtained for rever-  
sible electrode reactions where the potential  is a func-  
tion of Cox and CRed (12). For  the anodic reaction 

RT 
E = E ~ -- ~ l n  (CRed)o [31] 

nF 

where (Cm, d)o is the value of CRed at the I / I I  interface. 
If E~ is related to (CRed)o by Eq. [31] and indepen-  

dent of Cox, the peak cur ren t  and peak potential, as 
shown by Delahay (12), can be expressed as 

ip --~ ks (CRed) ss ~ [32] 

Ep ----- Ep o -- RT/nF In (CRed) ss [33] 

where ks and Epo are constants. Comparison of Eq. [32] 
with Eq. [10] gives 

(CRed)ss = k's exp -- RT ER [341 

Combining Eq. [33] and [34] 

0 Ep M 
- -  - -  [35]  

0 ER n 

is obtained. Since CRed is uniform throughout  layer II 
under  steady state conditions at ER 

RT 
ER ---- E~ -- - -  In (CRed)ss [36] 

nF 

Equations [34] and [36] give M----n. Thus, OED/OER 
---- 1 is obtained. Equations [30] and [36] show that  

n ---- m ---- M [37] 

Reacting species in the outer layer.--A comparison of 
Eq. [37] with Eq. [5] or [10] gives 

1 1 
n = o r -  [38] 

6.5 7 

It may be assumed that  the outer layer consists of 
Fe + +, Fe + + +, OH- ,  O=. Since iron has a tendency to 
form complex ions with six l igands like Fe(CN)~ 4- 
and Fe (CN)~ .~-, it seems reasonable that  the complex 
ions, Fe(OH)63-  and Fe(OH)64-  are present  in the 
outer layer. It is postulated that  the potent ial  differ- 
ence across the I / I I  interface is determined by the 
redox couple 

Fe(OH)63-  -~ e ~ F e ( O H ) 6 4 -  ,-~-- Fe ++ + 6OH [39] 

Thus 
RT [Fe (OH) 6 ~- ] 

E ---- Eol ~ - - I n  [40] 
F [Fe + + ] [OH-]  a 

Since the dissociation constant  of Fe(CN)64-  is much 
larger than Fe(CN)6 s- ,  Fe(OH)64-  should be less 
stable than Fe(OH)63- .  Therefore, the concentrat ions 
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of Fe + + and O H -  are related by 

[OH- ]  : 6[Fe + +] [41] 

If the main  iron component  of the outer layer is 
Fe (III) ,  the concentrat ion of Fe (OH)63- is much high- 
er than the concentrations of Fe ++, OH- ,  and 
Fe (OH)64- and is not appreciably affected by concen- 
t rat ion changes in Fe + + or Fe(OH)64- .  

o r  

7RT 
E -- Eo2 - -  i n  [ F e  + + ]  [42]  

F 

7RT 
E ---- Eo3 - -  In [ O H - ]  [43]  

F 

Thus, if it can be assumed that either Fe + + or O H -  is 
the reduced species discharged at the I / I I  interface, 
n ~ 1/7. 
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Radiotracer Studies of Metal-Metal 
Ion Exchange Inhibition Using 
Organic Corrosion Inhibitors 

David S. Newman,* Janet McCarthy, and Michael Heckaman 
Department of Chemistry, Bowting Green State University, Bowling Green, Ohio 43403 

ABSTRACT 

The exchange between cadmium and its ions and between silver and its 
ions has been studied with radiotracers in solutions containing organic cor- 
rosion inhibitors. The inhibitors were bu tane  1,4 diol, c is-2-butene 1,4 diol, 
and 2 butyne  1,4 diol. The organic inhibitors reduced the rate of exchange by 
adsorbing onto the metal  surface and this d iminut ion  in rate of exchange was 
correlated with the structure of the metal  solution interfacial  region. In  the 
cadmium system the diols adsorbed parallel  to the surface while in the silver 
system they seem to be adsorbed perpendicular  to the surface. Free energies 
of adsorption and inhibi t ion efficiencies were calculated. 

When a solid metal, M, is placed in a solution 
containing M n+ ions and  a comparat ively iner t  anion 
such as C104- or C1- an exchange between M and M" § 
ions occurs. This exchange can be followed by making 
the M n+ ions in solution radioactive and measur ing 
the increase in radioactivi ty of M as a function of 
time. The rate of exchange, R, is obtained by dividing 
the total activity of M by the t ime of immersion and 
is therefore a measure of the mean flux at the metal  
surface. Re-exchange is undoubtab ly  occurring but  is 
not observed by this technique. R does however, repre-  
sent the min imum rate of exchange and can be thought 
of as a fundamenta l  property of the metal-solut ion 
system. As a consequence, this rate may be affected by 
several factors inc luding changes in  the s tructure of 
the metal-solut ion interracial  region, changes in crys- 
tal orientation, na ture  of the negative ion, var iat ion in 
temperature,  and changes in pressure. When all var i -  
ables, except the structure of the metal-solut ion in ter -  
facial region, are held constant  then variat ions in the 
exchange rate can be used to help elucidate this struc- 
ture. Certain organic molecules can reduce the ex- 
change rate by either adsorbing onto the metal  surface, 

= Electrochemical  Society Active Member.  
Key  words:  inhibition, adsorption, diffusion, me ta l -meta l  ion 

exchange.  

forming complexes with the metal  ions in solution, or 
both. By selecting a series of organic compounds in 
such a way that  a part icular  s t ructural  feature varies 
from molecule to molecule wi th in  the series while all 
other molecular parameters  are held relat ively con- 
stant and not ing the decrease in R as a function of this 
feature, these molecules become sensitive probes of 
the metal-solut ion interfacial  region. Proper  use of 
molecular models allow fur ther  inferences to be drawn 
concerning the metal-solut ion interface. 

The decrease in R can be measured using radio- 
tracers, by comparing the radioactivity of a metal  
specimen that  had been immersed in an inhibi ted solu- 
t ion for a period of t ime with a specimen that was in 
a similar solution with no inhibitor for the same period 
of time. 

The metal-metal ion systems chosen for this investi- 
gation were Cd-Cd ++ and Ag-Ag +. Each of these 
systems has been studied in the absence of inhibitors 
(I-3) and many of the important steps in the exchange 
mechanism are known (4). Furthermore, in the solid 
state, silver and cadmium differ from each other pro- 
foundly considering their close proximity to one an- 
other in the periodic table. For example, cadmium 
exhibits a positive Hall effect while silver, like most 
metals, has a negat ive Hal l  effect (5). This difference, 
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while  not easily explained in detail, cer tainly implies 
a significant difference in the structure,  and shape of 
the Fermi  surface which in turn  suggests that  each 
metal  might  interact  qual i ta t ive ly  differently with its 
environment .  

The organic molecules selected for this study were  
butane 1,4 diol, c is-2-butene 1,4 diol, and 2 butyne 1,4 
diol. These compounds were  shown to inhibit  the cor-  
rosion of iron in acid solution (6) and it was therefore  
thought  that  they  would also decrease the rate of ex-  
change in the systems under  invest igat ion by adsorb- 
ing onto active sites on the surface of the metal.  

In all of the studies, the ratio of meta l  ion to inhibi-  
tor was one hundred  to one. This ratio insured that  a 
sizable decrease in the exchange rate  had to be due to 
adsorption of the inhibi tor  onto the meta l  surface 
ra ther  than complexing between meta l  ion and inhibi-  
tor in solution. The kinds of inference that  can be 
drawn from these studies are i l lustrated by the fol- 
lowing examples.  If the organic molecules adsorb onto 
the meta l  paral le l  to the surface then the inhibit ion 
efficiency, given by the equat ion 

I ---- 100 (Ru - -  Ri)/Ru [1]  

where  Ru and Ri are the rates of exchange in the unin-  
hibited and inhibited solution, respectively,  should vary  
in the order  - - b u t y n e - -  ~ - - b u t e n e - -  ~ - - b u t a n e - -  
uninhibited.  This order of efficiency presumes meta l  
inhibitor interact ion is both through the two oxygen 
atoms and, in the ease of - - b u t e n e - -  and - - b u t y n e - - ,  
through the x electrons. If the inhibitors are oriented 
perpendicular  to the meta l  surface " and adsorption is 
through the oxygen atom then the efficiency should 
follow the order  butane ~ butyne ~ butane ) uninhib-  
ited. 

Experimental Details 
General experimental techniques.--The glass cell 

used for each of the exper iments  is described else- 
where  (4). In each series of me ta l -me ta l  ion exchange 
experiments,  one solution contained no inhibitor, and 
each of three others was 0.001M in inhibitor. Reagent  
grade inhibitors were  used and care was taken to see 
that  no measurable  decomposition occurred during an 
experiment .  

The radiat ion was measured with  a Beckman liquid 
scintil lation counter  (Model LS 133) using the standard 
P P O - P O P O P - t o l u e n e  scintillation cocktail. Because of 
the way in which the standards were  prepared,  and 
the  fact that  the ins t rument  is sensi t ive to light, the 
rays were  counted in essential ly the same way as were  
the ~ rays. 

The disks were  immersed in methanol  immedia te ly  
upon removal  f rom the react ion vessel and then 
washed in a s t ream of water .  Two minutes  of washing 
sufficed to remove all adsorbed mater ia l  f rom cadmium 
while  5 min were  requi red  to insure that  all mater ia l  
was removed  from silver. Presumably,  the AgNO3 ad- 
sorbs more strongly onto the si lver surface than the 
CdC12 adsorbs onto the cadmium surface. 

The edge of each disk was coated with  Paraffin wax. 
The disk was then suspended in the solution by means 
of a p la t inum wire  which was wrapped around the 
edge and held in place by the wax. This procedure 
left  two surfaces of each disk free to exchange. 

The disks were  careful ly  weighed pr ior  to and after  
immersion to determine if dissolution or deposition 
occurred to any great  extent.  In no exper iment  for 
which data was recorded was the change in weight  
greater  than 0.1 mg. 

The average molecular  area covered by each of the 
organic inhibitors was obtained wi th  S tuar t -Br ieg leb  
models by a method similar  to that  of Aramaki  and 
Hackerman (7). 

Cadmium-cadmium ion exchange.--Single-crystal 
disks of cadmium were  immersed  in solutions of 0.1M 
reagent  grade CdC12. The radiotracer  was Cd T M ,  a 
emitter ,  wi th  a half  life of 43 days. The solutions were  

deaerated and st irred with  dry nitrogen, and main-  
ta ined at a t empera tu re  of 25~ in a constant t empera -  
ture bath. The electropolishing technique for the prep-  
arat ion of the disks and the method for prepar ing the 
standard for convert ing counts per minute  to gram 
atoms exchanged so as to account for sample quench-  
ing are described elsewhere (1). The crystal  of cad- 
mium was oriented so that  the surface of each disk was 
paral le l  to the 0001 plane of the crystal. Each disk had 
a diameter  of approximate ly  18.5 mm and a thickness 
that  varied between 3-4 mm. The disks were  suspended 
in solution for periods of not less than 12 hr  and not 
more  than 72 hr. The ambient  pH of the solutions was 
approximate ly  5.6. 

Silver-silver ion exchange.--Single-crystal disks of 
si lver were  immersed  in solutions of 0.1M AgNO3. 
Ag T M ,  a ~ emit ter  wi th  a half  life of 270 days served 
as the tracer. The solutions were  mainta ined at 25~ 
and st irred with  ni trogen gas. The silver disks were  
approximate ly  the same size as the cadmium disks. 

The s i lver  disks were  mechanical ly  cut f rom a large 
single crystal, etched back with  di lute HNO3 unti l  no 
traces of a polycrystal l ine or amorphous mater ia ls  
formed by the cut t ing process remained. Laue diffrac- 
tion pat terns  of every  third disk were  taken and in 
each case a single crystal  was shown to be present. 
The crystal  of Ag was oriented so that  the surface 
of each disk was paral lel  to the 111 plane. The surfaces 
were  prepared by using 25% HNO3 as an etching bath 
and chromic acid-HC1 as a polishing solution in a man-  
ner similar  to that  used by Tingley (3). The disks were  
then annealed for 12 hr  at 850~ to insure that  strains 
and other  distortions were  minimized. The ambient  pH 
of the solutions was be tween 5.3 and 5.5. Because of the 
comparat ively  low rate  of penetrat ion of radioactive 
si lver into solid silver the disks were  left  in solution 
for periods exceeding 100 hr in order  to acquire enough 
act ivi ty  to be accurately  counted. 

The standards for convert ing cycles per minute  to 
gram atoms exchanged were  prepared by depositing 
an accurately weighed amount  of radioact ive silver 
solution of known concentrat ion on the surface of a 
polycrystal l ine si lver coupon and al lowing the coupon 
to dry. The act ivi ty  of the coupon was measured and 
the counts per minute  per gram atom si lver computed. 
The s ingle-crysta l  disks were  immersed  in similar  
solutions to those deposited on the coupons. Differ- 
ences in rate  of penetra t ion into s ingle-crysta l  s i lver  
and into polycrystal l ine si lver were  not impor tant  be- 
cause measurable  sample quenching by the silver does 
not occur. 

Results and Discussion 
The results of the cadmium-cadmium ion exchange 

studies together  wi th  the s t ructure  of each inhibitor  
are shown in Table I. The total  activity,  at, acquired 
by the disk is given by the equation 

at : 2Co (Dt/~) ~/~ [2] 

where  Co is the concentrat ion of meta l  ions at the 
surface, t is the time, and D is the self-diffusion co- 
efficient of the metal.  

Equat ion [2] is a solution to the "mass t ransfer"  
analogue of the l inear  "heat  flow" equat ion for a semi- 
infinite solid (8) 

Table I. Rate of exchange and inhibition efficiency values for 
Cd-Cd + + exchange 

R, g - a t o m s /  
C o m p o u n d  c m  2 sec • 1011 I (%) 

H H H H 
b u t a n e  1,4 d io l  H O - - C - - C - - C - - C - - O H  1.91 21.1 

H H H H 
H H 

c i s -2 -bu tene  1,4 d io l  H O - - C - - C = C - - C - - O H  1.15 51.8 
H H 
H H 

2 b u t y n e  1,4 d io l  H O - - C - - - C - - C - - C - - O H  1.07 55.4 
H H 

u n i n h i b i t e d  2.42 - -  
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D82C 8C 
- -  - - -  [ 3 ]  

Ox 2 8t 

where C is the concentration, D is the diffusion coeffi- 
cient, x is the distance from the surface, and t is the 
time. 

The equation is solved subject to the boundary  con- 
ditions at x = 0, C(O,t) ----- Co = constant  and x = oc, 
C(oc, t )  = 0. This model applies because the initial  
radioactivi ty of the disk is zero and the distance of 
penetra t ion into the disk is very small  relative to its 
thickness. The values for R were obtained by dividing 
at in uni ts  of gram atoms exchanged/cm 2, by the total 
immersion time and averaging the results of a min i -  
mum of six different exper iments  with each solution. 

The data in Table I indicate that  the three organic 
compounds are efficient exchange inhibitors and ad- 
sorption of the organic molecule onto the metal  surface 
is the pr imary  inhibi t ion mechanism. If complexing 
did contr ibute significantly to the inhibi t ion and if 
each cadmium ion were tying up as m a n y  as one in-  
hibitor molecule, a value for I of only 1% would re- 
sult. The relat ive values of I imply that  the two un-  
saturated molecules are adsorbed onto the metal  sur-  
face pr imar i ly  via their ~ electrons but  that adsorption 
through the oxygens is a significant contr ibut ing fac- 
tor because the butane  1,4 diol has an I value of 21.1% 
but no ~ electrons. 

The three inhibitors are therefore assumed to be 
lying flat on the metal  with the oxygens and, in the 
unsatura ted  compounds, the n electrons directed 
toward the metal  surface. 

The observed I values for the unsatura ted  alcohols 
are fair ly close, indicating factors other than the n u m -  
ber of ~ electrons play a role. The cis configuration of 
the bu tene  diol possibly presents a favorable geometry 
for b identa te- l ike  adsorption which is presumably 
stronger than the monodenta te- l ike  adsorption postu- 
lated for the bu tyne  diol. At the same time, the four ,x 
electrons of the bu tyne  diol probably  repel each other 
slightly at the metal  surface because of crowding so 
that they would bond slightly less than  twice as 
s trongly with the metal  surface as would two ~ elec- 
trons. 

The percentage of the disk covered by inhibi tor  may 
be computed from the equation 

Si : 100 [1 -- (CoilCou) 2/~] [4] 

where Coi and Cou are the surface concentrat ions of 
metal  ion in an inhibi ted and uninhibi ted  solution, 
respectively. Coi and Cou are calculated from Eq. [2] 
using a value of 3.6 x 10 ,-15 cm2/sec for DCd (3). 

In  the inhibi ted solution the competit ion for active 
sites upon which to adsorb is between Cd + + and in-  
hibitor and presumably  one wins out at the expense 
of the other. Therefore, the chemical equation that 
best describes the adsorption process is 

Cd ++ (ads) -k In  (sol) : In (ads) -k Cd ++ (sol) 
[5] 

The s tandard free energy of adsorption is given by 
the equation 

[XIn (ads) ] [Xcd+ + (SO1) ] 
AG ~ : -- R T  In [6] 

[Xcd+ + (ads) ] [XIn (sol) ] 

where the X's are the mole fractions of the various 
species in  a two dimensional  cross section area and 
are, in turn,  given by  the equation 

Xln = r i / ( r i  + rcd+ +) [7] 

Where the ri 's are the surface concentrat ions in gram 
atoms/cm 2. 

In  order to calculate ri  a roughness factor of 1.1 was 
assumed for the polished cadmium surface. The mea-  
sured geometric area of the metal  disk was mult ipl ied 
by this roughness factor to give the "correct" area. A 
monolayer  of adsorbed substrate was assumed to cover 
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the fraction of this corrected metal  surface area given 
by Eq. [4]. The total area covered by each inhibi tor  
was then divided by the average area of the inhibitor  
molecule as computed by the Stuar t -Briegl ieb models. 
rCd+ + was calculated directly from (Co) 2/3. 

Errors in  est imating the roughness factor will tend 
to cancel because near ly  the same "roughness" is seen 
by both cadmium ions and inhibitors. A fur ther  jus t i -  
fication for assuming a roughness factor near  un i ty  lies 
in the fact that  Cou is very close to the best value for 
the average bu lk  density of cadmium. This value for 
Cou also serves as an in te rna l  check on the experi-  
menta l  method since it is the expected value if a single 
layer of Cd + + is adsorbed onto the metal  surface or if 
the surface concentrat ion of metal  atoms has equili-  
brated. Values for Si, (Co) 2/~, AG ~ area of molecule, 
and XIn (ads) are listed in Table II. 

The results of the Ag-Ag + experiments  are shown 
in Table III. The data were obtained in the same way 
as in the Cd-Cd + + system. 

The measured rate of exchange, Ru, in the uninhib i ted  
system compares very  favorably with the value ob- 
tained by King, Simmons, and Berl in (9) in their  ex- 
change studies. When their  results are cast in the same 
units  as ours a value of 4.2 x 10 -14 gram atoms/cm 2 
sec obtains. Considering the difference in  concentra-  
tions, difference in crystal  or ientat ion and the fact that 
they used a G.M. counter  ra ther  than  a scinti l lation 
counter  the values are in excellent agreement.  

The relative values of I once more indicate that the 
alcohols are efficient exchange inhibi tors  and that  ad- 
sorption is the pr imary  inhibi t ion mechanism. How- 
ever, the data also implies that  there is probably a 
quali tat ive as well as a quant i ta t ive  difference in the 
mode of adsorption onto the two metal  surfaces. In 
the Ag-Ag + system, the alcohols seem to be adsorbing 
"end on" or perpendicular  to the plane of the metal. 
This interpretat ion most reasonably accounts for the 
fact that  in this instance, the inhibi t ion efficiencies of 
the three molecules are near ly  the same. A possible 
reason for cis-2-butene 1,4 diol being slightly bet ter  at 
prevent ing  exchange than the other two diols is be- 
cause it has a cis configuration which can place two 
OH groups near  the metal  surface. 

The general ly greater efficiency of the three inhibi -  
tors in the silver system is difficult to account for in  
detail. The most obvious reason is that  the metal  inhib-  
itor bond is stronger in silver than  in cadmium. How- 
ever, many  other interest ing explanations are possible. 
Evidence strongly suggests that  NO3- is adsorbing onto 
the metal  surface, blocking active sites, and thus pre-  
vent ing exchange (10, 11). Therefore a par t icular ly  
intr iguing idea is that a synergistic effect between 
NOs-  and inhibi tor  is occurring s imilar  to that de- 
scribed by Aramaki  and Hackerman (12) in the case 
of medium sized polymethylenimine  r ings in the pres- 

Table II. Surface coverage, free energy of adsorption, and overage 
area of inhibitor in the Cd-Cd + + system 

A v e r a g e  
Co~/~ AGo, a r e a  of 

• 10-1t k c a l /  m o l e c u l e ,  
S~, % a t o m s / c m  ~ m o l e  A~ Xzn (ads)  

- - b u t a n e - -  16.0 10.0 - 1.08 55.7 0.06 
- - b u t e n e - -  34.0  7.95 -- 1.96 44.4  0.212 
- - b u t y n e - -  36.8 7.50 - 1.58 69.6 0.127 
u n i n h i b i t e d  11.9 - -  

Table III. Rate of exchange and inhibition efficiency values 
far Ag-Ag + exchange 

R, g - a t o m s / c m ~  sec 
C o m p o u n d  • 1O 1~ I, % 

b u t a n e  1,4 d io l  4.6 68 
c i s - 2 - b u t e n e  1,4 d io l  2.7 74 
2 b u t y n e  1,4 d io l  3.7 70 
u n i n h i b i t e d  21.0 
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ence of I - .  That  this synergistic effect is l ikely to be 
present can be inferred f rom the fact that  NOa-  like 
I -  is an exceedingly efficient "s t ructure  breaker"  in 
aqueous solution (13) and can be expected to "break 
up" the water  sheath about the inhibitor, thus making 
it more efficient. 

Another  strong possibility is that  the difference be-  
tween the mode of penetra t ion of Ag atoms into solid 
Ag and the mode of penetra t ion of Cd atoms into Cd 
causes an apparent  increase in inhibitor  efficiency. At  
25~ Ag atoms penetrate  s ingle-crysta l  s i lver  via a 
grain boundary mechanism. The grain boundary mech-  
anism implies the existence of dislocation pipes, the 
diameter  of which can be shown to be nearly equal  to 
that  of a Ag atom (14). If the inhibitors should block 
dislocation pipes then the only means of penetrat ion 
into the disk would be volume diffusion. Since the 
diffusion coefficient for volume diffusion is some twelve  
orders of magni tude  smaller  than the "dislocation pipe" 
diffusion coefficient (14) the inhibitors wil l  appear to 
be much more efficient even  if they do not bond sig- 
nificantly more  strongly. 

In this discussion it has been assumed that  there is 
a continuous dynamic competi t ion for adsorption sites 
between meta l  ion and inhibitor  so the efficiency, in a 
given system, can be thought  of as being a function of 
the s t rength of the meta l - inh ib i to r  interact ion despite 
the method of penetration.  As this s t rength increases 
the efficiency will  increase because the entrances to 
the dislocation pipes wil l  be covered a greater  per-  
centage of the time. The fact that  the efficiencies ob- 
served in the si lver system are similar, therefore,  im-  
plies that  the inh ib i tor -meta l  interactions are similar 
and the most reasonable explanat ion for this s imilar i ty 
is that  the inhibitors are adsorbing perpendicular  to 
the surface. However,  it should be noted that  if an 
inhibitor  blocks a dislocation pipe and there is v i r tu -  
ally no other  means for the metal  to penetrate  it is 
impossible to tell, wi thout  some addit ional  assump- 
tions, whe ther  the "blocking" molecule has adsorbed 
perpendicular  or paral lel  to the surface. In ei ther case, 
the efficiencies will  be similar. Therefore,  without  an 
independent  measurement  the or ienta t ion of the mole-  
cules is still open to question. 

The uninhibi ted solution as wel l  as each of the in- 
hibited solutions are 0.1M in NO3- so the presence of 
the NO3- is not felt in these exper iments  unless it 
manifests itself in the form of a synergistic effect. The 
"net"  reaction seen by the exchange exper iments  is 
described by the equation 

Ag + (ads) + In (sol) -- Ag + (sol) q- In  (ads) [8] 

and the free energy of adsorption is computed from 
the equat ion 

[XIn (ads) ] [XAg+ (SO1) J 
•  ~ : - R T  ln  [9] 

[XA~+ (ads) ] [XIn (sol) ] 

where  the X's are defined as in Eq. [7]. 
The percentage of the disk's surface covered by the 

inhibitor, Si, the "measured"  surface concentration, 
f ree energy of adsorption, average area of adsorbed 
molecule, and mole fraction of inhibi tor  at the surface 
are  given in Table IV. In addition, a quant i ty  Co', the 
theoret ical  surface concentration, is given. A value of 
2.1 x 10 -21 cm2/sec was used for D in Eq. [2] (3, 9). 

The average number  of Ag atoms in the 111 crystal  
plane is 1.4 x 1015. This number  was mul t ip l ied  by 1.1, 
the est imated roughness factor, to obtain a theoret ical  
value  for the surface concentration, C % .  This value 
for C'oL, was used as the basis for calculat ion of the 
mole fractions appearing in Table IV. 

It  is easily seen that  the values of CoL, are too high 
unless a roughness factor approaching ten is assumed. 
It is more likely, based on King's  data (9), Tingley 's  
data (3), and our own experience that  no single diffu- 
sion coefficient can accurately  describe the penetra t ion 
of radioact ive Ag atoms into s ingle-crystal  Ag at room 
temperature .  At least two diffusion coefficients are 

Table IV. Surface coverage, free energy of adsorption and average 
area of inhibitor molecule in the Ag-Ag + system 

Co'-'/~ A v e r a g e  Cj-'/~ 
• 10 -15 AG ~ a r e a  of • 10-1~ 
a t o m s /  k c a l /  i n h i b i t o r s ,  a t o m s /  

M o l e c u l e  S~, % cm~ m o l e  A~ Xi,~ (ads)  cm-" 

- - b u t a n e - - -  64 5.4 - 5.7 30.4 0.70 0.56 
- - b u t e n e - -  75 3.8 - 11.2 27,4 0.90 0.38 
- - b u t y n e - -  68 4.6 - - 6 . 9  28.6 0.76 0.45 
u n i n h i b i t e d  14.9 1.5 

necessary, one for diffusion through the surface layers, 
and one for diffusion into the bulk of the crystal. In 
other  words, the rate of diffusion of Ag atoms into the 
crystal  of solid si lver is a function of penetrat ion dis- 
tance. Therefore,  while  Eq. [2] is satisfactory for the 
calculation of Cou and Coi to be used to calculate Sj, it 
is not satisfactory for the calculation of the mole 
fractions. 

The assumption that  Co in Eq. [2] is equal  to the 
bulk meta l  concentrat ion was made because it gener-  
ates the known diffusion coefficient for Cd and a rea-  
sonable one for Ag. Moreover, using the correct  dif- 
fusion coefficient for Cd and an acceptable one for sil- 
ver  gives a value  of Co equal  to the bulk meta l  concen- 
trat ion in Cd and a value greater  than the bulk metal  
concentrat ion in Ag. The high value in si lver is easy to 
unders tand if the diffusion pipe mechanism is working. 
Using the solution concentrat ion in ei ther system gives 
absurd results. 

Discussion of Errors 
The data obtained f rom exper iments  wi th  the 

Cd-Cd + + system are est imated to range in absolute 
accuracy from ___10% for the inhibition efficiencies to 
--+20% for the quanti t ies that  involve average area cov- 
ered by the organic molecule. This estimate, for the 
error  in I, includes the counting error  of approximate ly  
3%. Although our knowledge of the surface roughness 
contains a min imum of -+10% error,  the var ia t ion in 
surface area from one cadmium disk to the next  wil l  
differ by much less than -+10%. The est imate for the 
error  in XI,~ and -~G~ assumes a -+10% error  in 
the average surface area covered by the  organic in-  
hibitor as well  as miscellaneous smaller  errors such as 
not having an exact value for Dcd in the 0001 plane. 
The errors involved in the s i lver-s i lver  ion exchange 
exper iments  are sl ightly larger  than in the cadmium-  
cadmium ion exper iments  p r imar i ly  because of the 
uncer ta in ty  in DAg. 

Conclusion 
Radiotracer  studies of exchange inhibit ion using 

organic inhibitors have  been shown to yield informa-  
tion about the mode of adsorption, free energy of ad- 
sorption, and s t ructure  of the meta l  solution in ter -  
facial region. The errors involved in the exper imenta l  
technique are smaller  than those encountered by other  
authors a t tempt ing to study the adsorption of organic 
molecules on meta l  surfaces. Bockris and Swinkles  
es t imate  an absolute er ror  of near ly  -+65% for  thei r  
measurements  of the adsorption of n-decylamine  on 
solid metal  electrodes (15). These authors tagged their  
organic molecules wi th  C TM which leads to a much 
larger  counting error  than occurs in our experiments.  
It is interest ing to note however ,  that  our values for 
-~G~ are wel l  wi thin  the same order of magni tude 
as their  values for the same quanti ty.  

The hypothesis that  a bidentate  l inkage between the 
butene diol and the meta l  surface exerts  a significant 
effect on the efficiency of the butene needs fur ther  
testing. The simplest way  would  be to study the in-  
hibit ion efficiency of the trans compound. Presumably  
its efficiency should be less than that  of the cis com- 
pound. 

Finally, radiot racer  studies of me ta l -me ta l  ion ex-  
change inhibit ion offer a potent ia l ly  powerful  tool for 
obtaining informat ion about the interracial  region of 
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many  heterogeneous systems where exchange occurs at 
a significant rate. 

LIST OF SYMBOLS 
I inhibi t ion efficiency, % 
Ru rate of exchange in uninhib i ted  solution 
Ri rate of exchange in inhibi ted solution 
at total activity acquired by  the disk 
Co surface concentration, a toms/cm 3 
Dcd+ self diffuson coefficient of cadmium 
DAg+ self diffusion coefficient of silver 
Si percentage of surface covered by  inhibi tor  
aG ~ s tandard free energy of adsorption 
Xin mole fraction of species i in  a two dimensional  

cross sectional area 
ri surface concentrat ion of adsorbed species in 

moles/cm 2 
t t ime in seconds 
T temperature  
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Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1971 
JOURNAL. 
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Electrochemical Characteristics of Iron in H S04 
Containing Benzotriazole 

Robert J. Chin** and Ken Nobe* 
School of Engineering and Applied Science, University of California, Los Angeles, California 90024 

ABSTRACT 

The effect of benzotriazole on the corrosion of iron in H2804 has been 
studied. The exper imental  data are consistent with the slow proton dis- 
charge step for the hydrogen evolution reaction on iron. No change in mecha* 
nism was observed by the addit ion of benzotriazole, bu t  a significant decrease 
in  the rate of hydrogen evolution was observed. The inhibi tor  concentrat ion 
had a significant influence on the behavior  of the open-circui t  capacitance. 
Surface coverages determined from capacitance and corrosion rate data were 
consistent and found to fit a Langmui r  adsorption isotherm. 

Benzotriazole is an effective corrosion inhibi tor  of 
copper and copper alloys (1). It  has also been shown 
to be a corrosion inhibi tor  of steel (2). Up to the pres-  
ent  t ime there has not  been a systematic s tudy of the 
effect of benzotriazole on the electrode processes of 
active iron. This investigation examines the effect of 
benzotriazole on the hydrogen evolution reaction on 
iron in acidic solutions. 

Experimental 
Cylindrical  electrodes (0.5 in. in diameter  and 0.375 

in. in length) were machined from Ferrovac E iron 
rod, The cross-sectional surface was exposed to the 
electrolyte. This surface was polished with increasingly 
fine grades of a luminum oxide paper, followed by de- 
greasing with boil ing benzene in a soxhlet column for 
several hours. After  degreasing the electrode was an-  
nealed at 700~ for 1 hr  in a vacuum. The electrode 
was then encased in shr inkable  Teflon to prevent  leak-  
age of electrolyte and mounted  in a Teflon holder. The 
details of the Teflon electrode holder are given else- 
where (3). 

A three-electrode cell of Teflon and Pyrex  glass was 
used in the experiment.  A saturated calomel electrode 
and a platinized p la t inum electrode were used as the 

* Elect rochemical  Society Act ive  Member .  
** Electrochemical Society Student  Associate.  
K e y  words: corrosion inhibi t ion,  h y d r o g e n  evolution.  

reference and auxi l iary  electrodes, respectively. The 
auxi l iary  electrode was separated from the test cell 
by f l i t ted glass. A Luggin  probe was used for the 
reference electrode. 

Solutions of different pH (0.3, 1.0, and 1.9) were ob-  
ta ined by adding KOH to 1N H2SO4 prepared from 
doubly distilled water  and reagent  grade acid. The 
benzotriazole was supplied by  the Maumee Chemical 
Company. Solutions were deaerated with prepurified 
ni t rogen for several hours before introducing the test 
electrode. 

The test electrode was activated in 5N H2SO4 for 10 
rain and then r insed in  distilled water  before immer-  
sion in the electrolyte. The d-c pulse technique was 
employed for capacitance measurements.  Galvano-  
static polarization was util ized to s tudy the hydrogen 
evolution reaction. Capacitance and polarization mea-  
surements  were made periodically at various elec- 
trode immersion times. Each electrode was immersed 
approximately 72 hr. Capacitance measurements  were 
also made dur ing  cathodic polarization of uninhib i ted  
iron. For cathodic polarization, one minu te  current  
pulses were utilized. Steady-sta te  polarization was 
achieved in less than  one minute .  

Results 
The cathodic polarization of i ron was dependent  on 

inhibi tor  concentration,  solution pH, and  immersion 
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time. In  all cases constant  polarization curves were 
reached wi th in  40 hr after immersion.  Cathodic po- 
larization of i ron in 1N H~SO~ at various concentra-  
tions of benzotriazole is shown in  Fig. 1. Increasing the 
concentrat ion of benzotriazole shifted the polarization 
curves toward more negative potentials. Similar  be- 
havior was observed for pH 1.0 and 1.9 solutions. This 
means that  the rate of the hydrogen evolut ion reac- 
tion is decreased by the organic compound. An increase 
in the pH shifted the polarization curves of un inhib i ted  
iron toward more negat ive  potentials as shown in Fig. 
2. This behavior was observed for both uninhib i ted  
and inhibi ted iron. A cathodic Tafel slope of 100 _.+ 5 
mV was obtained regardless of the pH or inhibi tor  
concentration. 

The corrosion current  was determined by  the in ter-  
section of the corrosion potential  and the extrapolat ion 
of the cathodic Tafel line. The corrosion current  as a 
function of immersion t ime of i ron in 1N }-I2SC)4 is 
shown in Fig. 3 for different inhibi tor  concentrations. 
Uninhibi ted iron reached steady state within 10 hr  of 
immersion. In  general, s teady-state corrosion currents  
were obtained wi th in  30 hr of immersion.  

It  is seen that  the addition of 4.16 mM benzotriazole 
reduced the corrosion current  of i ron in 1N H2SO4 from 
1.0 to 0.02 m A / c m  ~. An addit ional  increase of the in -  
hibitor did not lower the corrosion current  further.  
The effect of benzotriazole on the corrosion cur ren t  up 
to this concentrat ion is shown in  Fig. 4. 

The open-circui t  capacitance increased with immer-  
sion t ime for un inhib i ted  iron in H~SO~ as observed by 
others (3, 4). As the inhibi tor  concentrat ion increased, 
this capacitance increase with immersion t ime de- 
creased. The t ime to reach a steady-state capacitance 
decreased with increase in inhibi tor  concentration. 
The open-circui t  capacitance of iron in 1N H2SO~ at 
various inhibi tor  concentrat ions is shown vs. im- 
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Fig. 1. Effect of benzotriazole on the cathodic polarization of 
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mersion time in  Fig 5. The capacitance of uninhibi ted  
iron in 1N H2SO4 did not achieve a s teady-state  value 
dur ing  the dura t ion of the experiment.  After  96 hr of 
immersion, the capacitance of un inhib i ted  iron in 1N 
H2SO4 was 210 ~f/cm 2 and sti l l  increasing. Table I 
presents the values of the ini t ial  open-circui t  capaci- 
tance (at 30-rain immersion) and the steady-state  
values for pH 0.3, 1.0, and  1.9 at various inhibi tor  con- 
centrations. 

The steady-state  capacitance values (Css) were re-  
lated to the steady-state corrosion current  as shown 
in Fig. 6, i.e., 

0 log Icorr 
= constant  [1] 

0 log  C~9 
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Fig. 5. Open-circuit capacitance of iron in I N  H~SO4 vs. immer- 
sion time at different benzotriazole concentration. 
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Fig. "~. Corrosion current vs. immersion time for iron in | N  
H~SO4 containing benzotriozole. 
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Table I. Open-circuit capacitance vs. concentration of benzotriazole 

H..~ O t I n h i b i t o r  Capac i t ance ,  # f /cm~ 
p H  conc, r am  I n i t i a l  S t e a d y  state 

0.3 0.00 40 230* 
0.21 31 83 
0.42 30 46 
0.83 28 37 
2.08 26 25 
4.16 20 18 

1.0 O.O0 38 '75 
0.21 33 40 
0.42 30 30 
2.08 25 20 
4.16 23 18 

1,9 0.00 40 51 
0.21 33 40 
0.42 30 29 

�9 Estimated.  

The reaction order with respect to the hydrogen ions 
can be determined from a plot of log Ic vs. pH at con- 
s tant  potential  in the Tafel region as shown in Fig. 7 
for inhibi ted and uninhib i ted  iron in 1N H2804. The 
results show that  

O log Ic 
_ 1 [ 2 a ]  

0 pH 

regardless of the concentrat ion of inhibi tor  in the solu- 
tion. Also for un inhib i ted  iron 

i ,64 
S 

I , I , I , I ,  I 
"~ 15 20 40 6o 80 Ioo 
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Fig. 6. Log-109 plot of steady-stote open-circuit copacitonce vs.  

corrosion current of iron in | N  H2SO4. 
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Fig. 7. Log ic vs. pH for uninhibited and inhibited iron. r = 

600 mV. 
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These results are in accord with those reported by 
Bockris et al. (4) and Kel ly  (5). 

The absence of pseudocapacitance of uninhib i ted  iron 
throughout  the range of cathodic polarization was in  
accord with the results of Devana than  (6). 

Discussion 
The mechanism of the hydrogen evolution reaction 

in acidic solutions is assumed to be as follows 

H + + e- --> H ads [3] 

H ads + H + % e -  --> H~ [4] 
o r  

H + + e -  -> H ads [3] 

H ads ~ H ads --> H2 [5] 

The exper imenta l  data obtained in this s tudy for 
un inhib i ted  iron are consistent with the results of 
Bockris (4), Kel ly  (5), and Devanathan  (6) indi-  
cating that the discharge step is the ra te -de te rmin ing  
step. In  the presence of benzotriazole, the rate of the 
h.e.r, is decreased. However, the cathodic Tafel slope 
and the reaction order with respect to the hydrogen 
ions is the same for i ron in the absence and presence 
of the organic inhibitor.  This result  indicates that  the 
inhibi t ion of the h.e.r, by benzotriazole is by  the simple 
adsorption mode and that  the mechanism of the h.e.r. 
on uninhibi ted  and inhibi ted iron in H2SO4 is the same. 

If the above is valid, the apparent  corrosion rate of 
inhibi ted iron is proport ional  to the surface area not  
covered by benzotriazole and it follows that  

/~ Icorr 
o~ - [6] 

IOcorr - -  Imcor r  

where I~ is the corrosion rate of uninhib i ted  iron, 
/corr is the corrosion rate of inhibi ted iron and [mcorr 
is the l imit ing corrosion rate of inhibi ted iron, and 0I 
is the fraction of the surface covered by adsorbed in-  
hibitor. Furthermore,  for the simple adsorption mode 
of inhibition, the surface coverage of inhibi tor  may 
also be determined from the differential capacitance of 
inhibited and uninhibi ted  iron, since the apparent  
double layer  capacitance is also proport ional  to the 
surface area not  covered by the organic. Thus 

C o - - C  
01 - -  [ 7 ]  

Co -- Cm 

where Co, C, and Cm are the s teady-state  capacitance 
of uninhib i ted  iron, inhibi ted iron of surface coverage 
01 and inhibi ted iron of surface coverage 01 = I, re- 
spectively. Equat ion [7] has been previously used by 
Hackerman (7) for adsorption of organics on solid 
electrodes. The exper imental  data indicate that maxi -  
m u m  surface coverage is at tained at a benzotriazole 
concentrat ion of 4.16 mM. 

Values of 01 determined by Eq. [6] and [7] are given 
in  Table If. As shown in Table II, good agreement  is 
obtained between 0z determined by Eq. [6] and [7]. 
Sufficient exper imenta l  data was not obtained for iron 
in pH 1.9 to determine Oz. 

A correlation between 01 and Cz, the concentrat ion of 
inhibi tor  in the electrolyte can be achieved with the 
Langmuir  adsorption isotherm 

KCz 
e~  _ [81 

1 + KCz 
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Table II. Surface coverage of benzotriazole on iron in H2SO4 

H2SO, Inhibi tor  Surface cover-  Surface c o v e r -  
p H  cone, mM age Eq. [0] age Eq. [7] 

0.3 0.21 0.66 0-69 
0.92 0.90 0.87 
0.83 0.94 0.91 
2.08 0.98 0.97 
4.16 1.00 1.00 

1.0 0.21 0.88 0.69 
0.42 0.94 0.84 
2,08 0.97 0.97 
4.16 1.00 1.00 

Rearranging Eq. [8] 

Cz 1 
= - -  § Cz [9] 

#r K 

Severa l  o ther  isotherms cor re la ted  the adsorpt ion  da ta  
r easonab ly  wel l  for  the h igher  surface coverages, but  
correla t ions  were  not  obta ined  for the  lower  0 values  
in Table II. Only  the  L a n g m u i r  i sotherm cor re la ted  
al l  the  0 --  C1 data.  F igure  8 is a plot  of Eq. [9] and  
shows tha t  the  Langmui r  adsorpt ion isotherm cor re -  
lates the expe r imen ta l  da ta  for pH 0.3 and 1.0 well.  
The constant,  /~ = 104M -1, and indicates  tha t  benzo- 
t r iazole  is s t rongly  adsorbed on the i ron surface. 
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Electrodeposition of Manganese Using Amide Solutions 
M. A. Qazi 1 and J. Leja 

Department of Mineral Engineering, The University of British Columbia, Vancouver, British Columbia, Canada 

ABSTRACT 

L a b o r a t o r y  s tudy  on electrodeposi t ion of manganese  was car r ied  out in a 
d i aphragm cell  using an amide  solut ion of MnC12 as ca tho ly te  and an aqueous 
solut ion of NH4C1 as anolyte.  Metal l ic  manganese  of app rox ima te ly  98% 
pur i ty  was deposi ted at a cur ren t  efficiency of 76%. The effects of severa l  
var iables  were  invest igated,  and the op t imum condit ions were  found to be: 
10-15 g / l i t e r  Mn in fo rmamide  at  pH 7.5 wi th  90-100 g / l i t e r  NH4C1 anoly te  
solution at  pH 2.5, cathode cur ren t  dens i ty  ,,,50 m A / c m  2 and t e m p e r a t u r e  
about  35~ 

Elect rolyt ic  product ion of manganese  f rom aqueous 
solutions of manganese  su lphate  or chloride,  conta ining 
large  quant i t ies  of ammonium salts as buffer, in a d ia-  
phragm cell, has been inves t iga ted  for severa l  decades 
(1-3).  The U. S. Bureau  of Mines (4) developed a 
process for  the  e lec t rowinning  of manganese  f rom 
aqueous solutions. 

Very  l i t t le  work  appears  to have  been done on the 
e lec t rowinning of manganese  f rom nonaqueous  media.  
Dirkse  and Brisco (5) r epor ted  on w o r k  which in-  
c luded deposi t ion of manganese  f rom ethers,  acetones, 
and alcohols. The present  paper  deals  wi th  deposi t ion 
of Mn from amide solutions; this  topic has been in -  
vest igated b y  Qazi (6) as a final step in recover ing  
Mn meta l  f rom low-g rade  i ron -manganese  ore ( f rom 
New Brunswick,  Canada) .  

Schneider  (7) e lec t ro lyzed amides  and detected the  
presence of cyanur ic  acid in the  e lectrolyte .  This was 

1 Senior Research Officer, Meta l lurgy Division, P.C.S.I.R., Lahore ,  
Pakistan.  

Key  words:  metal l ic  Mn deposition, nonaqueous  eleetrodeposition, 
fo rmamide  catholyte. 

confirmed la ter  by  Couch (8) who, in addi t ion  to 
cyanur ic  acid, identif ied secondary  and t e r t i a ry  amines 
in the amide solution af ter  electrolysis.  

Experimental 
The l abora to ry  cell  for  the  e lect rodeposi t ion of m a n -  

ganese is i l lus t ra ted  in Fig. 1; it  is an H- type ,  two-  
compar tmen t  cell  wi th  a s in tered glass separa t ing  disk. 
The volumes of ca tholy te  and anoly te  used were  ~30 
ml each. Direct  cur ren t  was obtained using a Sorensen 
Model 560 BB rectifier. 

The anode was a rod  of a spec t rograde  graphi te  and 
the cathode was an 18/8 s tainless  s teel  s t r ip  of 3 cm 2 
area. The cur ren t  was de te rmined  using a copper  
cou lombmeter  in series wi th  the  cell. Oxygen  dis-  
solved in the  e lec t ro ly te  was removed  by  bubbl ing  
ni t rogen th rough  the cell. 

Manganese ( M n + + / M n  -- --1.18V) r ead i ly  evolves 
hydrogen  f rom aqueous solutions unless  buffered wi th  
large quant i t ies  of ammonium salts (,--100-150 g / l i t e r ) .  
The d isadvantages  of using aqueous e lec t ro ly tes  in 
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Table II. Chemical analyses of the electroplated manganese 
from organic solvents 

C a t h o l y t e  w i t h  
41 g / l i t e r  MnCl= % M n  %C* % 0 *  

F o r m a m i d e  (H.CO.NH,~)  98.6 1.07 0.94 
N - N  D i m e t h y l f o r m a m i d e  81.4 5.7 4.4 
N - N  D i m e t h y l a c e t a r n i d e  76.9 8.2 6.5 

* A n a l y s e s  b y  S c h w a r z k o p f  M i c r o a n a l y t i c a l  L a b o r a t o r i e s .  N e w  
Y o r k .  N. Y. 

The da ta  showing the effects of the  var ia t ion  of ano-  
ly te  pH on the  cur ren t  efficiency at  different  NH4C1 
concentrat ions  in anoly te  solutions are  p lo t ted  in Fig. 
3. The op t imum condit ions for m a x i m u m  cur ren t  effi- 
c iency appear  to be ~90 g / l i t e r  NI-I4C1 and pH .-.2. 

Fig. 1. An H-type two-compartment (separated by a flitted disk) 
laboratory cell for electrodeposition of manganese. 

manganese  deposit ions are: low cur ren t  efficiency 
( ~ 6 5 % ) ,  low Mn concentra t ion in catholyte,  red is -  
solution of some of the deposi ted manganese  due to the 
lower ing of pH (as the  e lectrolysis  proceeds) .  

The organic solvents which  were  used in the ex-  
p lo ra to ry  electrolysis  tests  for manganese  deposi t ion 
are  l is ted in Table I. 

MnC12 was found to be more  soluble than  MnSO4 in 
most of the  organic solvents,  bu t  even so the solutions 
of MnC12 in d ime thy l  sulfoxide, pyridine,  and n i t ro-  
benzene were  found poor ly  conduct ing and y i e lded  
b rown  or black,  appa ren t ly  nonmetal l ic ,  deposi ts  (a l -  
though presence of metal l ic  manganese  was detected 
qua l i t a t ive ly) .  Only  the  e lectrolysis  of MnC12 in amides  
produced  a dark,  meta l l ic  deposit  of manganese.  

When  the anoly te  and ca tholyte  products  were  a l -  
lowed to mix,  a b rown  colorat ion was  produced  around 
the anode wi th  the  resul t  tha t  the  cathode product  
began to dissolve. The decomposi t ion of amide  at  the  
anode mean t  the loss of va luable  electrolyte .  This p rob -  
lem was solved by  using a d i aph ragm separa t ing  the  
cell  into compar tmen t s  and  replac ing amide  in the  
anode compar tmen t  wi th  an aqueous ammonium chlo-  
ride; in this  w a y  the pH control  of the cell and the 
qual i ty  of the deposi ted manganese  were  improved.  

Results 
The chemical  analyses  of the  e lec t ropla ted  m a n -  

ganese  f rom the ca tholytes  containing 18 g / l i t e r  Mn as 
MnCle in formamide,  d imethy l fo rmamide ,  and di-  
me thy l  ace tamide  at a pH around  7.2, and using ano-  
lyte  containing 90 g / l i t e r  NI-I4C1 and 20 g / l i t e r  HC1, 
at  a cur ren t  dens i ty  of 40 m A / c m  2 are  given in Table  
II. The manganese  deposi ted f rom a fo rmamide  ba th  
was smoother  and br ighter ,  more  metal l ic  in appea r -  
ance, than  that  f rom other  organic  electrolytes .  

The conduct iv i ty  of fo rmamide  (1.12 x 10 -5 mho 
cm -1) increases on dissolving manganous  chloride, as 
plot ted in Fig. 2. The ab rup t  change in the  slope at 
~3% MnC12 indicates  the  format ion  of some complex 
of the  type  MnC12 �9 n(HCONH2).  The solubi l i ty  of an-  
hydrous  MnC12 in fo rmamide  was found to be  82.6 
g / l i t e r  (~7 .3%) .  

Table I. Physical properties of organic solvents 

V i s -  
D e n s i t y ,  eos i ty ,  Spec .  c o n & ,  Die lec .  

S o l v e n t  g / m l  C.P .  m h o  cm-1 const .  

F o r m a m i d e  1.129 0.339 1.12 x 10 -~ 109.50 
IN'-N D i m e t h y l - f o r m a m i d e  0.944 0.080 1.60 x 10-7 36.71 
D i m e t h y l  s u l f o x i d e  1.096 0.196 3.00 X 10-s 46.60 
N - N  D i m e t h y l  a c e t a m i d e  9.937 0.092 1.40 X 10-~ 37.80 
P y r i d i n e  0.978 0.088 1.00 X 19 -9 12.30 
N i t r o b e n z e n e  1.198 0.182 1.09 • 10 -~o 34.91 
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Manganese deposi ted at  anoly te  pH grea te r  than  2.5 
was black, f laky and tended to fa l l  off the  cathode. 

Catholyte composition and pH.--It was found tha t  
even 40 g / l i t e r  MnC12 dissolved in fo rmamide  was 
g radua l ly  reac t ing  wi th  02 dissolved in the  l iquid giv-  
ing a b rown Mn(OH)2  col loidal  suspension in a few 
hours. When  the fo rmamide  was made  s l ight ly  acidic 
by  HC1 addi t ion wi th  1 g / l i t e r  NH4C1 the  format ion  of 
Mn(OH)2  was p reven ted  for 3-4 days. A n  addi t ion 
of a reducing  agent,  0.4 g / l i t e r  of sodium e thyl  xan -  
thate,  p reven ted  the  fo rmat ion  of Mn(OH)2  indefi-  
nitely,  i.e. af ter  30 days  the  solut ion was st i l l  colorless. 

The  resul ts  obta ined on va ry ing  pH wi th  var ious  
MnC12 concentra t ions  in the  ca tholy te  containing 0.4 
g / l i t e r  sodium e thyl  xan tha t e  are  p lo t ted  in Fig. 4. The 
anolyte  contained 80 g / l i t e r  NH4C1 and its pH was 
adjus ted  at 2.5. Af t e r  90 min  of electrolysis,  pH of ano-  
ly te  dropped  to 0.8. I t  is seen tha t  the  cr i t ical  pH of 
ca tholy te  for a m a x i m u m  in cur ren t  efficiency de-  
creases wi th  the  increase in the  manganese  concent ra-  
t ion of the  catholyte .  Also, the  cur ren t  efficiency in-  
creases wi th  the decrease  in the  manganese  concen-  
t ra t ion.  When  the pH of ca tholy te  was adjus ted  to pH 
7.2, it  changed af te r  90 min  of e lectrolysis  to pH 7.8. 

F igure  5 shows the appearance  of manganese  of ap-  
p rox ima te ly  99% puri ty ,  (ana lyzed  po la rograph ica l ly )  
chipped off on f lexing the cathode. The  m a x i m u m  over -  
all  cathode cur ren t  efficiency achieved was 76%. When  
a h igher  ca tholy te  concentra t ion was  used, e.g. 20 
g / l i t e r  Mn, a nodul ized deposi t  was obta ined  as in 
Fig. 6, and the  cur ren t  efficiency decreased.  Analys i s  of 
Mn deposit  obta ined in severa l  batches  of tes t ing in-  
dicated a nea r ly  constant  C content  ( ~ 1 % )  and O2 
content  va ry ing  f rom 1-2.5%. 

Manganese could be  deposi ted  f rom the fo rmamide  
baths  using a wide range  of cur ren t  densi t ies  wi th  
only  a sl ight  var ia t ion  in the  cur ren t  efficiency. At  
h igher  cur ren t  densit ies,  however ,  the  ca thode cur -  
rent  efficiency increased unt i l  the  fo rmat ion  of nodules  
or t rees  occurred (as shown in Fig. 6), then i t  s tead i ly  
decreased (see Fig. 7). 

Temperature.--Using a cur ren t  dens i ty  of 50 m A /  
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Fig. 5. Approx. 98% Mn flakes chipped off from stainless steel 
cathode, obtained at 14.2 g/liter Mn in catholyte. 

Fig. 6. Mn nodules and trees formed on the cathode when man- 
ganese concentration in catholyte was increased to 20 g/liter. 

cm 2 and ca tholy te  containing 16 g / l i t e r  Mn at pH 7.3, 90 
with  anolyte  conta in ing 90 g / l i t e r  NH4C1 at pH 2.4, 
an op t imum cell  t empera tu re  of 35~ was established,  
as given b y  the resul ts  in Table  III.  

S t i r r ing  of the  e lec t ro ly te  improved  the ra te  of m a n -  8o 
ganese deposit ion,  p r e sumab ly  due to a more  un i fo rm 

1. 70 ~ 60 

C ~ 

u~ ~- Anolyte: NH4CI 90 g/ l  

.~ 60 ~ pH 2.5 
~ 50 Catholyte: Mn 15 g/ l  

I/ II I pH7.4 
Temperature: 35~ / /  \ / 30 min. 
B 120 min. 

5o 4o I I I I 

(ma/cm 2) I Temp. 31 ~ A I Current Density 
I NH4CI 80 gl ]  l 

40 F C.D. 40 ma/cm 2 I Fig. 7. Effect of current density on current efficiency 
/ A - 23.5 g/ l  Mn / 
| B - 18.4 g/ l  Mn / 
l c - 1 4 . 2  g/l Mn l dis t r ibut ion  of the e lec t ro ly te  at  the  e lect rode surface. 
/ / The na tu re  of the  deposi t  was not  affected. 

3016 I 17 I I ] Electrode reactions.--Formamide and o ther  a lky l  
6.5 7.5 8 8.5 

amides  coordinate  th rough  oxygen  wi th  me ta l  ion, as 
DH Lewis  acid,, decreasing the force constant  for C = O .  

Fig. 4. Effect of pH on the current efficiency for different The complex  can be b roken  on electrolysis  l ibera t ing  
manganese concentrations in the catholyte, the meta l  and regenera t ing  the l igand.  Cryoscopic 
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Table Ill. Effect of temperature on the current efficiency 

Cathode 
c u r r e n t  

Cell tern- Mn plated, Cell, Cell efficiency, 
pera ture ,  ~ m g  pH vol tage % 

28.6 81.6 7.30 6.30 74.6 
35.5 83.5 7.35 6.20 77.4 
40.3 82.3 7.50 6.05 76.2 
45.0 78.6 7.75 5.95 71.6 
51.4 71.6 7.90 6.80 66.9 

de te rmina t ion  indica ted  that  on the  average  2-4 
moles of (HCONH2) are  involved  in the complex 
with  MnC12. The solution, therefore,  may  contain 
Mn (HCONH2) 2C12 and Mn (HCONH2) 4C12. 

On the  dissociation and electrolysis,  the react ion at 
the anode should involve l ibera t ion  of chlor ine  

2C1- ~ C12 -~ 2 e  

Anode gas evolved dur ing  90 min  of e lectrolysis  of 
30 ml of ca tholy te  (containing 40 g / l i t e r  MnC12 ~ 17.5 
g / l i t e r  Mn in formamide,  wi th  0.4 g / l i t e r  sodium ethyl  
xan tha te  and 1 g / l i t e r  NH4C1, pH 7.2) amounted  to 
21 • 1 ml. I t  was analyzed wi th  a Pye  gas chromato-  
graph and showed ,~1% CI2, ,~7% 02, balance  N2. The 
react ion of Cle wi th  NH4C1 (100 g / l i t e r  NH4C1 in wa te r  
at pH 2.5) would  be expec ted  to involve 

2NH4C1 d- 3C12 ~ N2 d- 8HC1 

The volume of N2 genera ted  at 120 m A  for 90 rain 
should be ~25 ml. The l o w e r i n g o f  anoly te  pH from 2.5 
to 0.8 did confirm the acidification of anolyte.  However ,  
the presence of 02 must  have resul ted  from the reac-  
t ion 

H20 -> 2H + d- 1/~O2 d- 2e 

Cathode gas has been collected dur ing  severa l  tests; 
its volume exceeded s l ight ly  the volume of the  anode 
gas. Its composition, ~as de te rmined  wi th  a Pye  chro-  
matograph,  showed ~4% 02, balance  H2. In addit ion,  
qua l i ta t ive  tests and in f ra red  spectroscopy of the 
ca tholyte  af ter  e lectrolysis  showed presence of p r i m -  
ary, secondary,  and t e r t i a ry  amines. Also, ca tholy te  pH 
became s l ight ly  more  a lka l ine  (pH 7.2 ~ 7.8) at  the  
end of the  tests ins tead of becoming acidic, as ex-  
pected theoret ical ly .  The detai ls  of the  over -a l l  re -  
actions remain  to be ascertained.  

Conclusions 
Electrolysis  of 1-1.5% Mn as MnCI~ in fo rmamide  

resul ted in the  deposi t ion of ~98% Mn, if the  decom- 
posit ion of the  solvent  and the undes i rable  side reac-  
tions were  e l iminated.  These condit ions were  achieved 
by using a d i aph ragm cell  and  an aqueous solution of 
ammonium chloride (90-100 g / l i t e r  NH4C1 at a pH 
around 2.5) as anolyte,  wi th  a cur ren t  densi ty  of 50 
mA/cm2, and ca tholy te  pH of about  7.5; a m a x i m u m  
cur ren t  efficiency of 76% was obtained.  

Compared  wi th  the e lect rolyt ic  process using aqueous 
MnC12, the fo rmamide  solut ion of MnC12 resul ts  in a 
h igher  conduct iv i ty  and h igher  cur ren t  efficiency, en-  
ables h igher  pH of the ca tholy te  to be used (up to 
about  8.0) wi thout  p rec ip i ta t ing  Mn(OH)2.  
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Electrodeposition of Gold by Pulsed Current 
H. Y. Cheh *1 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 07974 

ABSTRACT 

A diffusion model  was deveIoped to calculate  the ra te  of deposi t ion of 
meta ls  by  a per iod ica l ly  pulsed current .  The resul ts  indicate  that  a l though the 
magni tude  of the ins tantaneous  appl ied  cur ren t  for deposi t ion can be con- 
s ide rab ly  higher  than that  of direct  cur ren t  p la t ing under  sui table  conditions,  
the l imit ing ove r -a l l  p la t ing ra te  was in genera l  lower.  Expe r imen ta l  con- 
f i rmation was es tabl ished using the phosphate,  ci trate,  and cyanide  gold solu-  
tions. The diffusion coefficient of the complexed  gold cyanide  ion ( A u ( C N ) ~ - )  
was measured.  The values  were  1.63 x 10 -5 cm2/sec, 1.67 x 10 -5 cm2/sec, and 
1.68 x 10-5 cm2/sec at 60~ for the phosphate,  ci trate,  and cyanide  solutions, 
respect ively.  The pH value, specific conductance,  and kinemat ic  viscosi ty of 
these solutions were  also measured  and tabula ted.  The ra te  of chemical  dis-  
solution of gold in the cyanide  solution was also invest igated.  

Electrodeposi t ion of meta ls  by  a periodic var ia t ion  
of the  appl ied  cur ren t  has been pract i sed  by a growing 
number  of e lectroplaters .  J e rn s t ed t  (1) obta ined fine- 
gra ined deposits  f rom a copper cyanide solution at 

* Electrochemical  Society Act ive  Member .  
l P resen t  address :  D e p a r t m e n t  of Chemical  Eng inee r ing  and Ap-  

plied Chemis t ry ,  Columbia  Unive r s i ty ,  N e w  York,  New York 10027. 
Key  words :  eleetrodeposit ion, gold. 

high current  densi t ies  by  per iod ica l ly  revers ing  the 
po la r i ty  of the  appl ied  cur ren t  ( p - r  p la t ing) .  S imi la r  
observat ions  were  also repor ted  by  apply ing  pulsed 
currents  (p-c p la t ing)  in acid copper  solutions by  
Popkov  (2) and by  Ozerov et aI. (3). HickI ing and 
Rothbaum (4) observed  a decrease in deposi t  rough-  
ness in copper  cyanide  solutions by  app ly ing  p - r  p la t -  
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ing under  suitable conditions. Most recently, Avi la  
and Brown (5) presented a discussion on applying 
pulsed current  to gold plat ing in the semiconductor 
industry.  

Two advantages were  most f requen t ly  cited by in-  
vest igators  in this field. First,  in contrast  to applying 
a direct current  (d-c plat ing) ,  it is claimed that  a 
higher  instantaneous cathodic cur ren t  density for dep-  
osition can be applied to the plat ing system because of 
the higher  concentrat ion of meta l  ion in the diffusion 
layer. Second, more f ine-grained deposits can be ob- 
tained. Al though higher  cathodic current  density for 
deposition has been confirmed in the plat ing l i tera-  
ture, confusion exists concerning the over -a l l  plat ing 
ra te  which involves  an integrat ion of the current  over  
the total cyclic period. F rom theoret ical  considerations, 
Ozerov et al. (3) claimed that  the rate of deposition 
could be increased indefinitely in p-c plating by de- 
creasing the durat ion of the pulsed current.  A closer 
examinat ion of their  der ivat ion  revealed  that  their  
diffusion model  was completely  unrealist ic for a prac-  
tical plat ing system, and, in fact, they presented no 
exper imenta l  confirmation of an increased over -a l l  
plat ing rate. Hickling and Rothbaum (4) presented 
results of a careful  exper imenta l  s tudy on the rate  of 
deposition of si lver by both p- r  and p-c  plating. An 
increase of instantaneous cathodic current  density for 
deposition but a decrease in the over -a l l  plat ing rate 
was observed in both cases. A simple model  of mass 
t ransport  of the meta l  ion was suggested which  showed 
satisfactory agreements  with the periodic reversa l  of 
current  exper iments  but failed completely  to describe 
the pulsed current  experiments .  

In this paper, we present  a realistic mass t ransport  
model  to calculate both the l imit ing instantaneous 
cathodic current  densi ty for deposition and the l imit-  
ing over -a l l  rate  of deposition by pulsed current.  Re-  
sults are then compared with  the rate  of deposition of 
three gold plat ing solutions. 

Theoretical Analysis 
We assume that  a planar  cathode is si tuated in a 

wel l -s t i r red  plat ing solution. The cathode-anode dis- 
tance is large as compared to the thickness of the diffu- 
sion layer  so that  the anode can be considered to be 
far away for the present  model. The number  of cou- 
lombs passed during a plat ing exper iment  is assumed 
to be so small  that  the deplet ion of the meta l  ion in 
ihe solution can be neglected. In other  words, the 
concentrat ion of the react ing species at the outer  edge 
of the diffusion layer  remains unchanged. The deposi- 
tion process is assumed to be controlled by the  mass 
t ransport  of meta l  ion and current  density is the con- 
trolled variable.  Both the nonfaradaic component  of the 
applied current  and the electr ical  migrat ion of the 
meta l  ion are considered to be negligible due to the 
re la t ive ly  high conduct ivi ty  of most plat ing solutions. 
Let  the outer  edge of the diffusion layer  be located at 
x ---- O and the cathode at x = 5. Under  these condi- 
tions, the concentrat ion of meta l  ion is governed by 
Fick's  second law of diffusion 

t 2 t 3 t 4 t 5 l s 

0C 02C 
- -  = D - - -  [1]  
Ot Ox 2 

with the fol lowing boundary conditions 

1. C : C o  f o r t = 0 a n d a l l x  [2] 

2. c = c o  f o r t > 0 a n d x = 0  [3] 

3. D -- f o r t > 0 a n d x = 8  [4] 
nF  

where  c is the concentrat ion of the meta l  ion, Co is its 
concentrat ion in the bulk of the solution, D is the 
diffusion coefficient of the metal  ion, 5 is the thickness 
of the diffusion layer, n is the number  of electrons 
t ransferred during the deposition process, F is Fara -  
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Fig. |. Schematic diagram of a pulsed current 

day's constant, t is the time, and i is the applied cur-  
rent  density which is negat ive for cathodic deposition. 

If  we let the cyclic period for the pulsed current  be 
0, the t ime when the current  is on in a period be ~1, and 
the t ime when the current  is off in the same period be 
0._,, the  form of the pulsed current  density can be shown 
schematical ly in Fig. 1. Consequently,  the pulsed cur-  
rent  density in Eq. [4] can be expressed as 

1. i = i p f o r 0 < t ~ t l ,  t 2 < t - - ~ t ~ , e t c .  [5] 

2. i = 0 for tl < t ~ t2, t3 < t ~ t4, etc. [6] 

and the cyclic period e is given by 

0 = 01 + 02 = t2 = (t4 -- t2) = (te -- t4), etc. [7] 

where ip is the pulsed current  density and tn is defined 
in Fig. 1. 

Equat ion [1] subject  to the boundary conditions, 
Eq. [2] to Eq. [6] was original ly solved by Rosebrugh 
and Miller (6). The results for the surface concentra-  
tion of the meta l  ion are 

1. during periods when  the current  is on 

(ci -- co)nFD 8 = exp [--  (2j -- 1)2a~] 
- - 1 - - m  ~ 

ip5  n 2 (2j - -  1)  3 
j = l  

(exp [(2j  -- 1)2a0] -- exp [(2j  -- 1)2ael]) 

(exp [(2j -- 1)2a0] -- 1) 

8 = exp [--  ( 2 j - -  1)2at] 

~2 /-r (2j -- 1) 2 
j = l  

(exp [ (2j -- 1)2a01] -- 1) 

(exp [(2j -- 1)2a0] -- 1) 

2. during periods when the current  is off 

( c i - -  co)nFD 8 = exp [-- ( 2 j - -  1)2a~] 
- 2 

ip5 ~2 (2j -- 1)3 
j = l  

(exp [(2j -- 1)2aZ] -- exp [(2j  -- 1)2a02]) 

L6] 

where  

(exp [(2j -- 1)2ae] -- 1) 

8 ~ exp [--  (2j -- 1)2at] 

~2 ~ (2j  - -  1) 2 
j = l  

(exp [ ( 2 j -  1)2a01] -- 1) 
[9] 

(exp [(2j  -- 1)2a0] -- 1) 

~2D 
a : [10] 

4~2 

T : t - -  Ne [11] 

ci is the surface concentrat ion of the meta l  ion, and N 
is the number  of cycles of current  a l ready passed. 
Equat ion [8] and Eq. [9] indicate that  the surface 
concentrat ion of the meta l  ion during p-c plat ing con- 
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Fig. 2. Surface concentration of metal ion during p-c plating 

sists of two periodic terms (first two terms in Eq. [8] 
and first term in Eq. [9]) and a t rans ient  te rm (third 
te rm in Eq. [8] and second term in Eq. [9]).  

It  is of interest  to note that  Eq. [8] can also be ex- 
tended to calculate the surface concentrat ion of the 
metal  ion for d-c plat ing by let t ing a# = aoi. There-  
fore, for d-c plat ing 

(c i - -  co)nFD 8 ~ exp [--  (2j -- 1)2at] 
- - 1 - - - -  x id.c5 ~t2 (2j -- 1) 2 j = l  

[12] 
where id-c is the applied direct current  density. 

Numerical  calculations for the surface concentrat ion 
of metal  ion for both p-c and d-c plat ing were per-  
formed using ip = /d-c, a ---- 24 sec -1, ael : 1.8 and 
ao.2 ---- 0.3. These conditions are often used in practice. 
The results are shown in Fig. 2. Since ip is negative 
for cathodic deposition, a comparison of these results 
indicates that  the surface concentrat ion of the metal  
ion in p-c plating is always higher than  that  in d-c 
plat ing after the first pulse. Consequently, in order to 
make the lowest surface concentrat ion in p-c plat ing 
which occurs at the end of each pulse after the t rans i -  
ent term has completely vanished equal to that  from 
d-c plat ing at steady state, the instantaneous current  
density employed in p-c plat ing must  be higher than 
that in d-c plating. If the instantaneous pulsed current  
density which causes the lowest surface concentrat ion 
to reach zero is defined as the l imit ing current  density 
for p-c plating, the ratio of the l imit ing current  density 
to that  of d-c plat ing can be calculated by  dividing 
the steady-state term in Eq. [12] by the periodic terms 
in Eq. [8] and lett ing ci : 0 and ~ = 01 

(ip)~ 

(id-c) ~ 
1 

8 ~ 1 (exp [ ( 2 j - -  1)2a02] -- 1) 

1 ~ .= ( 2 j - -  1) 3 (exp [ ( 2 j - -  1)2ao] - - 1 )  

[13] 

where (ip)~ and (id-r are l imit ing current  densities 
for p-c and d-c plating, respectively. The asymptotic 
form for ao < <  1 is, therefore 2 

[ (ip)~ ] 0 
~ . l  = 0"1- [14] 

a8~ ~1 
Numerical  results from Eq. [13] and Eq. [14] for 

various values of ao and 0#0 are plotted in Fig. 3. The 
results indicate that  high l imit ing current  densities 
can be obtained by decreasing the value of ei ther a0 
(shorter pulse periods) or 01/0 (shorter durat ion of 
pulsed currents) .  

2 In  d e r i v i n g  Eel. [14],  t h e  m a t h e m a t i c a l  i d e n t i t y  X 1 
~r2 J=l (2j  -- 1)~ 
- - ,  Was  used .  
8 

45 

20 

,o ,o o!5 ,'~ ,I~ ;o ~'5 

Fig. 3. Limiting current density for p-c plating 
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30 

In  order to calculate the over-al l  rate of plating, 
however, the pulsed current  must  be integrated over 
the ent i re  cycle. Mult iplying both sides of Eq. [13] by 
01/0, the following result  is obtained, 

Max over-al l  rate of p-c plat ing (ip) tot 

Max rate of d-e plat ing (/a-c) to 

0z/0 

8 = 1 (exp [ ( 2 j - -  1)~aos] -- 1) 

~s -= ( 2 j - -  1) 2 ( e x p [ ( 2 j - -  1)200] -- 1) 

[15] 

Consequently, the asymptotic form for large values of 
a0 is 

[(ip)101] = __01 [16] 

( i d - r  10 0 
a O > > l  

Numerical  results of Eq. [15] are given in Fig. 4. It 
is clearly indicated here that  even though the pulsed 
current  can be made considerably higher than that  of 
direct current,  the l imit ing over-al l  rate of p-c plat ing 
simply cannot exceed that  of d-c plating. 

In  order to determine the applicabil i ty of this model, 
exper imental  investigation was carried out using three 
different gold plat ing solutions. 

Exper imental  Results and Discussion 
Gold plat ing solutions were chosen to compare with 

the theoretical calculations for two reasons. First, gold 
deposition is of extreme importance in the modern  
semiconductor indus t ry  and little basic informat ion is 
available for the gold plat ing processes. Second, the 
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Fig. 4. Limiting over-all rate of deposition during p-c plating 
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Table I. Properties of gold plating solutions at 60~ 

Specif ic  K J n e m a t i c  D i f f u s i v i t y  Schmidt  
c o n d u c t a n c e ,  v i s cos i ty ,  of A u  (CN) ~-, n u m b e r ,  

pH K, ohm-1 cm-1 ~,, cm2/sec D, cm~/scc ~,/D 

Phosphate gold solution 7.5 
C i t r a t e  gold solution 5.0 
Cyanide gold solution 10.8 

0.159 0.00604 1.63 x 10 ~ 370 
0.0548 0.00518 1.67 x 10 .5 310 
0.105 0.00469 1.68 x I0  ~ 279 

electrochemical behavior of various gold plating solu- 
tions is ra ther  different one from the other. For in-  
stance, the classical alkal ine cyanide gold solution is 
a relat ively reversible system with an exchange cur-  
rent  densi ty for the deposition process in the range of 
1 m A / c m  2. Both the neut ra l  phosphate gold and acid 
citrate gold solutions are highly irreversible systems. 
A detailed discussion on the electrochemical aspects of 
gold deposition will  be published in the near  future  
(7). 

The composition of the three  gold plat ing solutions 
used in the experiments  were 

i. Phosphate gold solution 

KAu (CN)2 1.3 g/1 
K2HPO4 120 g/1 
KH2PO4 30 g/1 

2. Citrate gold solution 

KAu (CN) 2 1.3 g/1 
(NH4) 2HC6H50~ 50 g/1 

3. Cyanide gold solution 

KAu (CN) 2 1.5 g/1 
KCN 35 g/1 

Although these relat ively dilute gold solutions are 
not full s t rength gold plat ing solutions, they can typi-  
cally be used as gold strike solutions. 3 The reason for 
choosing to study these dilute solutions is because of 
their bet ter  defined t ranpor t  properties. The pH, spe- 
cific conductance, and kinematic  viscosity of these 
solutions were measured at 60~ by a Beckman Ex-  
panded Scale pH meter, a Type RC Conductivi ty 
Bridge by Indust r ia l  Instruments ,  Inc., operating at a 
bridge current  of f requency 1000 Hz and a Cannon-  
Fenske Viscosimeter of cell constant  of 2.194 x 10 -~ 
cm2/sec 2, respectively. Results are tabula ted  in Table I. 

In  order to test the proposed model, the diffusion 
coefficient of A u ( C N ) 2 - ,  the diffusion layer thickness 
at the cathode, the l imit ing current  densi ty of d-c 
plat ing and finally, the l imit ing current  density of p-c 
plat ing must  all  be measured. Fortunately ,  all of this 
information can be obtained using a rota t ing disk 
electrode. 

Limiting current density of d-c plating.--A high 
speed rotator 4 described by Napp and Bruckenste in  
(8) was used to drive the electrode. A p la t inum disk 
of 0.635 cm diameter  (0.317 cm 2 area) imbedded in a 
Teflon sleeve was used as the rotat ing electrode. A 
p la t inum coil was used as the counterelectrode. P la t -  
ing was performed in all three solutions at constant  
total  current  of --5 mA (or a current  densi ty of --15.8 
m A / c m  2) at 60~ and 1520 rpm for 10 min. Gold str ip- 
ping was carried out in  a 0.1M KCN solution at room 
temperature,  1520 rpm, and a total current  of 2 mA. 
Current  efficiency and consequently the l imit ing cur-  
rent  density were then calculated by  a comparison of 
the number  of coulombs passed in  plat ing to that  in 
stripping. The values obtained were --4.95, --5.39, and 
--6.00 m A / c m  2 for the phosphate, citrate, and cyanide 
solutions, respectively. 

A s t r ike  so lu t i on  in  the plating industry refers to a d i l u t e  meta l  
so lu t ion  u sed  in  p r e p l a t i n g .  B y  applying high c u r r e n t  dens i t i e s  for 
a sho r t  d u r a t i o n  in  a s t r i ke  solution, the a d h e s i o n  and  pos s ib ly  
o the r  p h y s i c a l  p r o p e r t i e s  of  subsequent depos i t s  on the  subs t r a t e  
su r f ace  a re  g e n e r a l l y  i m p r o v e d .  

S u p p l i e d  by  the  P i n e  I n s t r u m e n t  C o m p a n y ,  G r o v e  Ci ty ,  P e n n -  
sy lvan ia .  

Diffusion coefficient of A u ( C N ) 2 -  and thickness of 
the digusion layer.--The problem concerning mass 
t ransport  to a rotat ing disk was originally solved by 
Levich (9) for asymptotical ly large Schmidt number .  
Gregory and Riddiford (10) empirical ly improved the 
Levich derivat ion to include the effect of finite Schmidt 
number  and presented the following equations 

- -  0.554 nFD 2/3 ~-1/6 ~1/2 Co 
(id-c) l = [17] 

(0.8934 -t- 0.316 (D/~) ~ 
and 

5 \0.8934 -I- - T -  - - T -  - - ~ -  

[18] 

where ~ is the kinematic  viscosity of the solution and 
is the rotat ional  speed. 
The l imit ing current  densities for the three gold 

plating solutions were measured at a number  of rota-  
t ional speeds using the same technique ment ioned in 
the last section. Results were plotted in Fig. 5. The 
diffusion coefficients were then calculated by  Eq. [17] 
and the results summarized in Table I. Due to experi-  
menta l  uncertainties,  the third significant figure of D 
for the citrate gold solution is probably  not meaning-  
ful. Knowing  D and v, the thickness of the diffusion 
layer  can easily be calculated by Eq. [18]. 

Rate of deposition by pu~sed current.--Similar ex- 
per imenta l  procedures for l imit ing current  density 
measurements  by d-c plat ing were used to study the 
rate of deposition by p-c plating. The magni tude  of the 
pulsed current  was 6 mA (i.e., 18.9 m A / c m  2) and the 
total durat ion for a pulsed exper iment  was 10 rain for 
all solutions. All experiments  were carried out at 60~ 
and 1520 rpm. Five a0 values (0.5, 1.0, 1.5, 2.0, 2.5) and 
four 01/e values (0.2, 0.4, 0.6, 0.8) were used. Values 
of 5 and a for the phosphate, citrate, and cyanide 
solutions at 1520 rpm were calculated from Eq. [18] 
and Eq. [10] to be 0.00144 cm, 19.5 sec -1, 0.00142 cm, 
20.6 sec -1, 0.00140 cm and 21.2 sec -1, respectively. The 
pulsed current  was supplied by feeding the square- 
wave voltage pulse from a Tacussel GSTP2 function 
generator  to a fast-rise Wenking Model 61 RS poten- 
tiostat and  convert ing the final output  to the galvano-  
stat ic-control  mode. The pulse was recorded on a Tek-  
t ronix Model 564B oscilloscope. The rise t ime for the 
pulse was found to be less than  10 ~sec for all cases. 
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Fig. 5. Limiting current densities in phosphate, citrate, 
cyanide gold solutions. 
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The rate of deposition and consequent ly  the l imit ing 
current for p-c plating were  then calculated from the 
same stripping experiments  described earlier. The ex -  
perimental  data points for the phosphate and the cit-  
rate solutions are given in Fig. 6 to Fig. 9. Good agree-  
ment  is observed between the proposed model  and ex -  
perimental  results for both the phosphate and citrate 
solutions. 

4 . 0  
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Fig. 6. Limiting current density for p-c plating in a phosphate 
gold solution. 
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Fig. 7. Limiting over-all rate of deposition for p-c plating in a 
p h o s p h a t e  g o l d  s o l u t i o n .  
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Fig. 8. Limiting current density for p-c plating in a citrate gold 
solution. 
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Fig. 9. Limiting over-all rate of deposition for p-c plating in a 
citrate gold solution. 

Initial results  from the alkaline cyanide bath indi- 
cated that the measured l imit ing current density and 
rate of deposition were  considerably lower  than those 
predicted from the theory. These are shown in Fig. 10 
and Fig. 11. Turner (11) suggested the possibil ity of 
chemical  dissolution of gold in a solution containing 
a large amount  of cyanide ion and oxygen.  This chemi-  

c a l  dissolution process was  studied using the same 
rotating disk electrode arrangement.  Gold was  plated 
onto the rotating platinum cathode at --15.8 m A / c m  2 

'5I 
4.0 

- - T H E O R Y  
-'<>"EXPERIMENT 

50 

-L=~ 2 

2 O  

aO 

Fig. 10. Limiting current density for p-c plating in a cyanide 
gold solution; uncorrected for chemical dissolution of gold. 
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Fig. 11. Limiting over-all rate of deposition for p-c plating in a 
cyanide gold solution; uncorrected for chemical dissolution of gold. 
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and 1520 rpm for 10 rain. At the end of the plat ing 
period, the electrode was disconnected electrically, but  
rotation was continued for 10 rain to provide chemical 
dissolution. A stripping exper iment  was then per-  
formed to determine the amount  of gold left on the 
electrode. The rate of chemical dissolution was cal- 
culated from the difference in amount  of gold plated 
and gold stripped. The exper iment  was repeated chang- 
ing only the rotat ional  speed dur ing chemical dissolu- 
tion. Results are shown in Fig. 12. With this dissolu- 
t ion information,  the results for p-c plat ing in the 
cyanide solution were corrected and shown in Fig. 13 
and 14. In  view of the relat ively complex na tu re  of 
the experiments,  the agreement  can also be considered 
to be satisfactory for the alkal ine cyanide solution. 

Chemical dissolution of gold in the cyanide solution 
is in itself an interest ing problem. In an alkaline med- 
ium, the dissolution proceeds according to the reac- 
tion 

2Au -t- 4CN-  -p ~ O 2  + H 2 0 ~  2Au(CN)2 -  W 2 O H -  
[19] 

Little is known about the rate of this process. In the 
present study, the rate of this process was needed only 
as a correction factor. Consequently, no measurements 
of the oxygen concentration in the solution were made, 
and the present study was probably not accurate 
enough to calculate the reaction order and the rate 
constant of the dissolution process. Levich (12) dis- 
cussed the application of the rotating disk electrode 
to study kinetics of surface reactions. Comparing 
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Fig. 12. Chemical dissolution of gold in a cyanide gold solution 
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Fig. 13. Limiting current density for p-c plating in a cyanide 
gold solution; corrected for chemical dissolution of gold. 
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cyanide gold solution; corrected for chemical dissolution of gold. 
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Levich's theory and the exper imental  results, it can 
be concluded qual i ta t ively that  the chemical dissolu- 
t ion of gold is controlled by mass t ransport  of oxygen 
at low rotat ional  speeds, but  is controlled by surface 
kinetics at high rotat ional  speeds. 

The only data on the diffusion coefficient of 
A u ( C N ) 2 -  were measured by Kakovskii  et al. (13) in 
KCN solutions by the method of diffusion through a 
porous diaphragm. At infinite dilution the value was 
reported to be 1.60 x 10 -5 cm2/sec at 25 ~ C. A direct 
comparison of this informat ion to the present data is 
not possible because of the different tempera ture  where 
these data are presented. However, the difference is 
probably not significant. 

Conclusions 
A simple diffusion model was suggested to calculate 

the rate of deposition by p-c plating. In  contrast to 
several claims made in the l i terature,  the results indi-  
cate that  although the l imit ing value of the ins tanta-  
neous pulsed current  for deposition can be consider- 
ably higher than that  of d-c plating, the l imit ing over- 
all plat ing rate is lower than that  of d-c plating. 

Exper imental  investigations were carried out in 
three gold plat ing solutions. Results agree satisfactor- 
ily with the theoretical model. 

The diffusion coefficient of A u ( C N ) 2 - ,  specific con- 
ductance, kinematic viscosity, and pH values for all 
three solutions were measured. 

In  conclusion, the advantage of applying pulsed cur-  
rent  dur ing electrodeposition is not to increase the 
l imit ing over-al l  plat ing rate but  to raise the l imit ing 
current  density; thereby possibly improving the phys-  
ical properties through s t ructural  modifications of the 
electrodeposits. 
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LIST OF SYMBOLS 
a diffusion parameter,  a ----- ~2D/452 (sec -1) 
concentrat ion of the metal  ion, moles/cm 3 
concentrat ion of the metal  ion at the electrode- 
solution interface and at the bulk, respectively, 
moles/cm 3 
diffusion coefficient of the metal  ion, cm2/sec 
Faraday 's  constant, coulomb/equiv  
current  density, A /cm ~ 
current  density for deposition for d-c plat ing 
and for p-c plating, respectively, A / c m  2 
(ip)~, l imit ing current  densi ty for d-c plating 
arid for p-c plating, respectively, A /cm ~ 
number  of cycles passed dur ing p-c plat ing 
number  of electrons t ransferred in an electro- 
chemical reaction 

t, time, sec 
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tl, t2, etc., t ime periods during p-c plat ing defined in 
Fig. 1, sec 

x, distance coordinate, cm 
6, thickness of the diffusion layer, cm 
e, period of a pulsed current,  sec 
~i, 02, portion of the period when the current  is on 

and portion of the period when the current  is 
Off, s e e  

K, specific conductance of a solution, ohm-1 c m - l  
~, kinematic  viscosity of a solution, cm2/sec 
�9 , a t ime parameter,  T = t -- Ne, sec 
o,, rotational speed, rad/sec 
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The Thermodynamics and Electrode Kinetic Behavior of 
Nickel in Acid Solution in the 

Temperature Range 25 ~ to 300~ 

R. L. Cowan *.1 and R. W. Staehle* 

Department  of Metallurgical Engineering, The Ohio State University, Columbus, Ohio 43210 

ABSTRACT 

The electrode kinetic behavior  of nickel was studied by potentiokinetic, 
potentiostatic, and potential  decay techniques in sulfate solutions of pH 1.3, 
3.4, and 6.3 adjusted to constant  0.1N ionic s trength by K2SO4 additions. The 
active-passive t ransi t ion characteristic of the room tempera ture  behavior  of 
nickel was found to be absent at temperatures  above 100~ However, at tem- 
peratures above 250~ indications of oxide formation were found although 
there was little contr ibut ion to passivity therefrom. In  addition, the tempera-  
ture stabili ty of passive films and these oxides seems to be pH dependent.  
Theoretical potent ia l -pH diagrams were also constructed for the n ickel -water  
sys t ems  for the temperature  range used in these experiments.  

The vast major i ty  of electrode kinet ic  data reported 
in the l i terature for aqueous solutions have been de- 
termined at 25 ~ __+ 15~ and very few data are reported 
for temperatures  above 100~ In  view of this state 
of affairs, this study was init iated to investigate sys- 
tematical ly the effect of tempera ture  on the electrode 
kinetic behavior  of nickel in acid solutions through the 
temperature  range 25 ~ to 300~ 

Nickel was chosen as the test mater ial  for three 
reasons: (i) Nickel serves as the base element for 
m a n y  alloy systems used indust r ia l ly  for corrosion 
resistance at high temperatures.  (ii) The electrode 
kinetic behavior of nickel at 25~ is well  documented 
(1-11) and could serve as a useful basis for in terpre t -  
ing higher temperature  results. (iii) Nickel shows an 
active to passive t ransi t ion which is typical of many  
corrosion resistant  industr ia l  alloys. 

The exper imenta l  work on electrode kinetics in-  
volved potent iodynamic determinat ions of anodic and 
cathodic behavior, cur rent  decay at constant  potential, 
and potential  decay. To supplement  the unders tanding  
of the kinetic results, the effect of temperature  on the 
equi l ibr ium thermodynamic behavior  of n ickel -water  
reactions was calculated, and potent ia l -pH diagrams 
were constructed over the temperature  range 25 ~ 
300~ These thermodynamic  calculations are discussed 

* Electrochemical Society Active Member.  
** Electrochemical  Society Student  Associate. 
1Presen t  address: Vallecitos Nuclear  Center,  Genera l  Electric 

Company,  Pleasanton,  California. 
Key  words:  autoclave,  corrosion, Pourbaix.  

first to provide a basis for in terpre t ing  the subsequent  
kinetic behavior. 

PotentialkpH Diagrams 

In electrochemical thermodynamics  the s tandard 
hydrogen electrode (SHE) is defined as the zero po- 
tent ial  [i.e., ~~ = 0 ~ f ( T ) ]  at all  temperatures.  
The s tandard electrode potential, E ~ of any other half-  
cell reaction is then given by the whole cell voltage of 
the cell shown in Eq. [1]. 

H2 (1 a t m ) / H + l l  (aq., a -- 1) 

[Half-cell  in question, a (all  species) = 1] [1] 

The s tandard electrode potential  of such a cell is a 
thermodynamic  quant i ty  that  can be measured accu- 
rately by exper iment  (12-15). Unfortunately,  the de- 
terminat ion of E ~ values for one reaction over a range 
of tempera ture  is a long and arduous process, i.e., see 
Greeley (16). If it is desired to construct potent ia l -pH 
diagrams over a significant temperature  range, i.e., 25 ~ 
300~ the exper imenta l  data for E~ are not available 
at present  for any system, and the needed data must  
be determined theoretically. 

By using the relat ion AF ~ = - - n F E  ~ the s tandard 
electrode potential  of any  half-cell  reaction at any  
tempera ture  T can be referred to its s tandard value 
at 25~ by the use of Eq. [2], derived from thermo-  
dynamics by 
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T O e  

Table I. Comparison of experimentally determined data of 
Greeley (16) for the Ag/AgCI H+/H2 cell to those values 

calculated by the method of Lewis (22) and 
Criss and Cobble (23-25) 

E o 

E ~ ( S H E )  C a l c u l a t e d  b y  E ~ ( S H E )  
E x p e r i m e n t a l  L e w i s  ( a s s u m i n g  C a l c u l a t e d  b y  

v a l u e s  o f  C p  ( i o n }  = 0 C r i s s  a n d  C o b b l e  
G r e e l e y  f o r  E q .  [ 2 ] )  m e t h o d  

2 5  + 0 . 2 2 2 2  ~ 
5 0  + 0 . 2 0 4 7  + 0 . 2 2 1  
6 0  + 6 . 1 9 6 7  ~ + 0 . 1 9 6  

1 0 0  + 0 . 1 6 0 0  + 0 . 2 1 9  + 0 . 1 5 9  
150  + 0 . 1 0 3 2  + 0 . 2 1 6  + 0 . 1 0 1  
2 0 0  + 0 . 0 3 4 8  + 0 , 2 1 1  + 0 . 0 2 8  
250 - 0.054 + 0.204 - 0.053 
300 -- 0.138 + 0.195 - 0.145 
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AF~ = AF~ -~- ACpdT 
1 

; 2  d T  --  AT.~S~ [2] 
ACp 

- -T2  1 ' T  

Unfortunately,  the Cp data required for Eq. [2] are 
not available for most ionic species (17-21) and at-  
tempts by Lewis (22) at solving it by assuming that  
the Cp value of ionic species are zero do not correspond 
with exper imental  data, as is shown in Table I, and the 
need for ionic Cp data is clear. Recently Criss and 
Cobble (23-25) have devised a theoretical method for 
solving Eq. [2]. Their  method rests on what  they 
call the "Correspondence Theory of Ionic Entropy," 
and their  procedure (which is the one used herein)  is 
described as follows. The absolute entropy of the hy-  
drogen ion at 25~ S~ (25~ is estimated to be 
--5.0 eu. Criss and Cobble normalize all of the l i tera-  
ture  values of the ionic ent ropy at 25~ to the absolute 
scale as follows by the relat ionship 

S~ (i,abs) : S~ (i, conventional)  -- 5.0 Z [3] 

where S~ (i,abs) = absolute entropy of i at 25~ 
Z = ionic charge (with sign) of i, and where the con- 
vent ional  scale is based on S ~ (H +) = 0 at any tem-  
perature. Criss and Cobble show that  Eq. [3] is valid 
for any temperature,  T2. 

S~ (i,abs) : S~ (i, c o n v e n t i o n a l )  

- -  S~ (H +, abs) Z [4] 

The problem then remains  to relate S~ (i, abs) to 
S~ (~,abs). Criss and Cobble show that  this can be 
done by the following relationship which they call the 
Correspondence Principle of Ionic Entropy. 

S~ (i,abs) : a(T2) -I- b(T2) S~ (abs) [5] 

The basis for Eq. [5] rests on Criss and Cobble's anal-  
ysis of the available exper imental  data in the l i tera-  
ture. For  each tempera ture  T2 they found that  only 
one assigned value of S~ (H +, abs) could be used in 
Eq. [4] to give a l inear  relationship between 
S~ (i,abs) and S~ (i,abs) for every ion type. An 
example of their  analysis is shown in Fig. 1 for T2 
equaling 1O0~ The Correspondence Principle does 
have some theoretical justification, and the reader is 
referred to Criss and Cobble's papers '  (23-25) for its 
discussion and  justification. 

To calculate values of AF~ from Eq. [2] using the 
Correspondence Principle it is convenient ,  following 
Criss and Cobble, to use the following definitions 

CP / T2 

T1 

Up 

= average value of the heat capacity 

dT d in  T TI TI 1 

[6] 
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Fig. 1. Diagram illustrating the linear relationship between the 

absolute entropies of (a) simple cations and simple anions and 
(b) oxyanions and acid-oxyanions at 25 ~ and 100~ from Criss 
and Cobble (23). 

Thus from Eq. [2] 

_~F~ = ~F~ -- ATAS~ 

+ ACp T1 

For nonionic species S ~ and C~ values are easily found 
in handbooks such as Wicks and Block (26). For ionic 

- -  I T2 species, Cp is calculated from the entropy data of 
T1 

Criss and Cobble by the following relat ion 

c--p / T2 _ S ~ (TD -- S ~ (T1) 
T1 -- In (TJT1)  [6] 

To employ Eq. [7] for the calculation of po ten t ia l :p i t  
diagrams at elevated temperatures,  one must  write the 
whole cell reaction in Eq. [2] with the half-cel l  reac- 
t ion in question wr i t ten  in the reduct ion direction. For 
example, if one were to consider the half-cell  reac- 
tion Ni -* Ni + + + 2e-  the whole cell reaction corre- 
sponding to Eq. [2] for use in Eq. [7] would be 

Ni ++ + H 2 = N i + 2 H  + [9] 

The aF~ value calculated from Eq. [7] would then be 
converted to E~ by using the usual  relationship 

1 
EaT -- _ _  AF~ 

nF 

If T2 is greater  than 200~ the r igh t -hand  side of 
Eq. [8] will be in some error  if 25~ is taken as the 
base tempera ture  because of the averaging method 
used in Eq. [6]. To c i rcumvent  this problem the AF ~ 
value for 200~ should be calculated and then 200~ 
should be used as the base t empera ture  T1, when  using 
Eq. [7] and [8]. A similar procedure should then be 
employed for each 50~ increment.  

The question now is the val idi ty  of the method. A 
comparison of the E ~ values for the Ag/AgC1 half-cel l  
reaction as calculated by the method of Criss and 
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Cobble and the experimental ly  determined values  re- 
ported by Greeley (16) are shown in Table I. The 
agreement is excel lent  and suggests that it is rea- 
sonable to use for calculating E ~ values of electro- 
chemical  reactions in aqueous solutions at elevated 
temperatures. 

The use of Cp data to calculate AF ~ for reactions in 
aqueous solutions over a range of temperatures is not 
strictly val id since the changing vapor pressure of 
the solvent in a closed system causes a pressure change. 
This is especially true as the temperature nears the 
critical point. Pressure can influence the chemical  
equil ibrium in the fol lowing three ways. 

1. The activity of water wi l l  change, and this in-  
troduces an additional free energy change of the type 

AF =S: Vdp 

p = vapor pressure of H20 at temperature T. 
2. Changes of the  partial molal  volumes  wi l l  intro- 

duce a free energy change of the  type 

aF = , f :  ZVdp 

3. The pressure change wi l l  also affect the activity 
coefficients of dissolved species by 

8 In ~ Vl V o  

8P 2RT 

Criss and Cobble have shown that these effects are 
important, but can be ignored up to 300~ since the 
magnitude of the errors introduced are within  the 
l imited accuracy of the data used to formulate the 
Correspondence Principle. 

After calculating E~ values for all of the reactions 
being considered for a metal -water  system, the poten- 
t ial-pH diagram can be constructed as described by 
Pourbaix (27). Townsend (28) was  first to adopt the 
method of Criss and Cobble and has recently deter- 
mined the potential-pH diagram for iron at tempera- 
tures to 200~ using the method of Criss and Cobble. 

The potential-pH diagrams for the nickel -water  
system are shown for the temperatures 25 ~ 60 ~ 100 ~ 
150 ~ 200 ~ 250% and 300~ in Fig. 2-5. These diagrams 
are based on the half -ce l l  reactions and corresponding 
potential-pH equations shown in Table II. The thermo- 
dynamic data used to calculate the  diagrams arc 
shown in Table III. Because values  of S~ and Cp 
are not reported in the literature for Ni~O4, Ni203, and 
NiO% values were assigned to oxides of e lements  near- 
est nickel  in the periodic table with similar crystal 
structures and free energies of formation as is noted in 
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Table III. The calculated values  of E~ of the different 
reactions are listed in Table IV, and it is these values  
that were used in the equations in Table II to con- 
struct the potential-pH diagrams at the different tem-  
peratures. The lower dotted l ine in these diagrams in-  
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Table II. List of reactions for Ni-H20 system and corresponding pH dependence of E 

(a) H.J = 2 H  + + 2 e -  

(b) 2 I - ~ o  = 02  + 4 H  + + 4e -  

1. N i  = Ni+* + 2c -  

2. N i  + H~O -- N i O  + 2H+ + 2e -  

3. N i  ++ + H~O = N i O  + 2 H  + 

4. N i  + 2H_-O = H N i O ~ -  + 3 H  + + 2 e -  

5. N i O  + H s O  = H N i O 2 -  + H + 

6. 3 N i O  + H~O ~- Ni30~ + 2H+ + 2 e -  

7. 2NtaO~ + H 2 0  = 3Ni2Os + 2H+ + 2 e -  

8. Ni208  + H~O = 2NiO~ + 2H+ + 2 e -  

9. 3 N i  ++ + 4H~O = 1~i~Or + 8H+ + 2e -  

l0 .  2 N i  ++ + 3H,zO = Ni~O~ + 6 H  + + 2e -  

l l .  N i  ++ + 2H~O ~ NiO~ + 4H+ + 2e -  

12. 3 H N i O ~ -  + H + = Ni~O~ + 2H~O + 2 e -  

2 . 3 R T  2 . S R T  
ET = O -- - - p H  -- - - l o g p  (HD 

F 2 F  

2 . 3 R T  2 . 3 R T  
E r  = E~  -- ~ p H  + ~ l o g P  (O~) 

F 4 F  

2 . 3 R T  
Er = E~ + log [Ni++] 

2 F  

2 . 3 R T  
ET = E ~  -- - - p H  

F 

AFo~, 
l o g  [N i  ++] : + ~ -- 2 p H  

2 , 3 R T  

3 2 . 3 R T  2 . S R T  
E~ = E~ - -  p H  + 

2 F 2F  

A F ~  
l o g  [ H N i O ~ - ]  - -  + p H  

2 . 3 R T  

2 . 3 R T  
ET = E ~  - - p H  

F 

2 . 3 R T  
E r  = E ~  -- - p H  

F 

2 . 3 R T  
ET = E ~  -- p H  

F 

4(2.3)  R T  3 ( 2 . 3 ) R T  
E~ = E ~  - -  p H  

F 2 F  

3 (2.3) RT 2.3RT 

E r  = E ~  - -  p H  -- 
F F 

2 ( 2 . 3 ) R T  2 . 3 R T  
E r  : E~  - - p H  -- 

F 2 F  

2 . 3 R T  3 ( 2 . 3 ) R T  
E r  = E ~  + p H  

2 F  2 F  

l o g  [IINiO.~-] 

- -  l o g  [Ni++] 

l o g  [N'i ++ ] 

log [Ni ++] 

- -  l o g  [HNiOs-] 

Table III. Thermodynamic data used for calculation of potential-pH diagram. From Wicks and Block 
(26), Paurbaix (27), and Circular 500 (44) 

~ , .,~~176 S~ 
S p e c i e s  c a l / m o l e  C ~ ( T ) .  c a l / ~  (H  -- 0 s ca l e )  S ~  * 

H s  0 
O~ 0 
H 2 0  -- 56,690, 
O H -  0 
H + 0 
N i  0 
Ni++ -- 11,530 
N i O  -- 51 ,300 

I-INiO2- -- 83,465 
Ni~O{ -- 170,150 
N ~  -- 112,270 
NiO~ --51,420 

6.52 + 0.78 x 10-ST + 0.12 • i 0  ~ x T-S 
7,16 + 1,00 X 1 0 - S T - -  0 .40 x i 0  ~ X T-~ 

18.04 

4.06 + 7.04 • 10 -3 

3 9 8 ~  to  5 2 5 ~  -- 4 .99  + 37.58 • 10 - sT  + 3.89 • 10~T -~ 
5 2 5 ~  to  565 13.88 
565 t o  1 , 8 0 9 ~  -- 12,63 + 30.4 • 10~3T + 4 .09  • 10~T -2 

**30.84  + 17.08 • 10-~T -- 5.72 • 10~T ~ 
$23.49 + 18.60 • 10-~T -- 3.55 • 10ST -= 
~16.60 + 2.44 • 10-aT -- 3.88 • I{~T -2 

31.22 31.22 
49.01 49.01 
16.75 16.75 

- - 2 . 5 1 9  - -2 .481  
O - 5 . 0  
7.12 7.12 

38.1 -- 48.1 

9.08 9.08 

*10.O 15.0 
* *35.66 35.66 

~21.5 21.5 
$12.68 12.68 

* F r o m  S ~  = 43.5 -- 46.5 (Z  -- 0 .28n)  w h e r e :  Z = No .  of  u n i t  c h a r g e s / i o n  a n d  n = No.  of  o x y g e n  i o n s  ( e x c l u s i v e  of  h y d r o x y l  g r o u p ) .  
T a k e n  f r o m  C o n n i c k  & P o w e l l  (46) .  

** S ~ 1 7 6  a n d  Cp d a t a  f o r  NizO4 h a v e  n o t  b e e n  d e t e r m i n e d  e x p e r i m e n t a l l y  so t h e y  w e r e  a s s i g n e d  t h e  v a l u e s  of  CO304 w h i c h  h a s  t h e  s a m e  
c r y s t a l  s t r u c t u r e  a n d  i s  i t s  n e a r e s t  n e i g h b o r  i n  g r o u p  V I I I  o f  t h e  p e r i o d i c  t a b l e :  ~ (Ni3OD ~ ~ ( C O 3 O D .  

t S ~ 1 7 6  a n d  C~ v a l u e s  f o r  Ni~O3 h a v e  n o t  b e e n  d e t e r m i n e d  a n d  t h e y  w e r e  a s s i g n e d  t h e  v a l u e s  of  Fe20~. 
$ S ~  a n d  C~ v a l u e s  of  N iO2  a r e  n o t  k n o w n  so t h e  v a l u e s  of  M n O ~  w e r e  a s s i g n e d .  

Table IV. Calculated values of E~ for the different reactions 

R e a c t i o n  
No ,  E~176 E O ~ ~  E~ TM E~4~~ E~176 E~176 E~176 

(a) 0 9 O 0 0 0 0 
(b)  + 1.228 + 1.200 + 1.167 + 1.127 + 1.092 + 1.056 + 1.0175 
1 -- 0.250 -- 0.239 -- 0.229 -- 0.216 -- 0.212 -- 0.202 -- 0.189 

2 + 0 .116 + 0 .104  + 0.091 + 0.075 + 0,.062 + 0 .048 + 0 .034 
3* p H =  + 9 . 2 0  p H =  - t8 .21  p H =  + 7 . 3 3  p H =  + 6 . 4 7  p H =  + 5 . 9 3  p H =  + 5 . 4 2  p H =  + 4 . 9 7  
4 + 0.648 + 0.8517 + 0,.663 + 0.690 + 0.779 + 0 .828 + 0.889 
5* p H  ~ + 1 1 . 9 8  p H  = + 1 0 . 5 5  P H =  + 9 . 4 3  p H  = + 8 . 6 5  p H  = + 9 . 2 5  p H  = + 8 . 9 4  p H  = + 8 . 9 5  
6 + 0.876 + 0.860 + 0.842 + 0.822 + 0.811 + 0.794 + 0 .779 
7 + 1.305 + 1.298 + 1.291 + 1.280 + 1.266 + 1.254 + 1.241 
8 + 1.434 + 1.420 + 1.405 + 1.388 + 1.378 + 1.363 + 1.350 
9 + 1.977 + 1.893 + 1.804 + 1.697 + 1.637 + 1.548 + 1.465 

10 + 1.753 + 1.695 + 1.633 + 1.558 + 1.513 + 1.450 + 1.391 
I i  + 1.593 + 1.557 + 1.519 + 1.474 + 1.446 + 1.407 + 1.370 
12 -- 0.718 -- 0.781 -- 0.872 -- 1.023 -- 1.329 -- 1,539 -- 1.778 

* p H  v a l u e s  f o r  i o n  c o n c e n t r a t i o n s  = 10 -e m o l e s / l i t e r  a n d  c o e x i s t e n c e  of  c o n d e n s e d  p h a s e .  
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dicates the H+/H2 equi l ibr ium for PH2 ~ 1 atm and 
the upper  dotted l ine indicates the 2H20 ~ 02 + 4H + 
+ 4e -  equi l ibr ium for Po2 ---- 1 atm. The solid lines 
indicate the coexistence between the nickel species. 
The activities of condensed phases were chosen as 
unity.  Lines shown for coexistence between solid and 
ionic species are given for ionic activities of both un i ty  
and 10-6M. 

The most significant feature of these diagrams is the 
increasing stabil i ty of the nickel oxides in the acid 
range with increasing temperature.  The range of pH 
over which the oxides are stable reaches a m in imum at 
about 100~ and then  increases wi th  increasing tem- 
perature. At the high pH end of the diagram, the range 
of stabili ty of the nickel oxy-anion,  HNiO2-, increases 
greatly with increasing temperature.  The absolute 
value of the slope, dE/dpH, of all l ines increases wi th  
increasing tempera ture  by the te rm 2.3RT/nF from the 
Nernst equation. On each diagram, the neut ra l  pH of 
pure water  for the given tempera ture  is indicated. 

From a corrosion point  of view, the range of sta- 
bil i ty of NiO as a potent ial ly protective oxide film has 
shifted from a pH range of 9-12 to a pH range of 5-9. 
Thus, with increasing temperature,  a basic pH that  
could have been quite protective at low temperatures  
might  give rise to larger corrosion rate at high tem- 
peratures, especially if excess oxygen were present  to 
raise the potent ial  substant ia l ly  above the hydrogen 
equi l ibr ium potential. The diagrams also show that  if 
the p redominant  reduction reaction is hydrogen ion 
discharge, the corrosion potent ial  at 300~ will  be such 
that corrosion of nickel will  be impossible between the 
pH values of 5 and 10. The dr iving force for corrosion 
in this case will also be very small  for the pH ranges 
2-5 and 10-13, and lower rates should be expected. This 
observation probably explains the excellent  corrosion 
performance of nickel base alloys (e.g., Inconel  600) 
in pressurized water  nuclear  reactors that  are over-  
pressured with hydrogen gas and operated in the pH 
range 7-10. At 300~ in high pH solutions (>10) the 
HNiO2- ion is the only species stable over the range of 
potential  of water  stability. This fact might  in part  ex- 
plain the susceptibil i ty to stress corrosion cracking of 
high nickel alloys in caustic solutions. Protective films 
formed at lower temperatures,  when  rup tured  by 
stress, offer sites for rapid dissolution. 

The detailed application and significance of poten-  
t ia l -pH diagrams such as the one calculated here 
should be applied wi th  some caution. The l imitat ions 
therein are well  known. For example, it is well  known 
(1-11) that  the region of thermodynamic  stabili ty of 
Ni + + at 25~ on a potent ia l -pH diagram actual ly ex- 
hibits a wide range of effective passivity. The kinetic 
data reported in this study for the room tempera ture  
range are in ag reemen t  with these findings. However, 
the fundamenta l  basis for passivity which produces 
this "anomalous" passivity is far from clear at present. 

Experimental 
The exper imental  system for obtaining kinetic data 

consisted of a h igh- tempera ture  electrochemical cell 
and the support ing ins t rumenta t ion  necessary for elec- 
trode kinetic measurements.  A schematic diagram of 
the exper imental  system is shown in Fig. 6. Electro- 
chemical kinetic measurements  in aqueous solutions at 
elevated temperatures  are difficult for two reasons. 
First, the high pressure (over 1000 psi at 300~ re- 
quires special seals and a high s trength vessel. This 
is usual ly  solved by some type of autoclave ar range-  
ment  (29-34). The second problem is finding a suitable 
reference electrode a r rangement  that  will give a half-  
cell potential  that is thermodynamica l ly  meaningfu l  
(32-38). 

Cell design.--A standard one l i ter  double ended 
autoclave supplied by Autoclave Engineers  (Erie, 
Pennsylvania)  served as the electrochemical cell. The 
cell was constructed of Hastelloy B and employed a 
h igh-pur i ty  a lumina  l iner  to insure  tha t  corrosion from 

WENKING TS~ MOOR 
~TENTIOSTAT ~TENTIOME~R 

Fig. 6. Schematic diagram of experimental system used for high- 
temperature electrochemical measurements. 

the hot solutions would nei ther  ha rm the s t ruc tura l  
integri ty  of cell nor contaminate  the test solution. 
Conax fittings were installed in the top head of the 
autoclave to seal the electrodes and thermocouple. Fit~ 
tings were also provided on the body for the pressure 
gauge, rupture  disk assembly, and gas inlet  and out-  
let. The cell was heated by a 3 kW ant i - induct ion  
wound resistance heater. A temperature  controller 
regulated the outside temperature  of the autoclave us- 
ing a thermocouple held firmly against the autoclave 
wall  by a spring. The tempera ture  wi th in  the auto- 
clave was controlled constant  to wi th in  ~ I~  How- 
ever, temperatures  were only reproducible to +_5~ 
The solution tempera ture  was measured with a tan ta -  
lum sheathed i ron-cons tantan  thermocouple. At tem- 
peratures below 100~ the heat t ransfer  characteristics 
of the cell were such that the tempera ture  of the solu- 
t ion could not be controlled effectively, and all data 
below 100~ were obtained using a glass cell. 

Electrode design.--The hydrogen electrode was a l 
in. piece of plat inized plat inum, replat inized for each 
run, suspended from a silica float as described by 
Greeley (36). The electrode could then "see" both the 
solution phase and the gas phase. The working elec- 
trode design was similar to that  described by  Wilde 
(32-33). The nickel specimen is the only metall ic part  
of the electrode assembly that  "sees" the solution. The 
nickel  sample was a ~/4 x 1/z in. cylinder.  The sample 
was screwed snugly to a rod and then  was pulled 
t ightly against a Teflon washer and a lumina  support 
tube. The Luggin probe solution bridge assembly was 
similar in design to those described by others (31-34). 
The probe was made of clear quartz capil lary tubing. 
An external  reference electrode of saturated calomel 
was used. Thus, it was possible to compare the be-  
havior of an in te rna l  and external  reference. TO es- 
tablish ionic conduction to the reference electrode dur -  
ing the low temperature  experiments,  a 200 psi over-  
pressure of ni t rogen was admit ted to the cell to force 
solution through the cellulose plug. A thread was used 
in the Luggin probe to act as a wick to main ta in  elec- 
trolytic conductor through bubbles  tha t  sometimes 
formed in the lower tempera ture  (but  high-pressure)  
part  of the bridge. A piece of 45 mesh p la t inum gauze 
1 in. in width and 2a~ in. diameter  served as the 
auxi l l iary electrode. 

Electronic apparatus.--A Wenking potentiostat  
(Model 66TS10) was used for all potentiostatic work. 

For potentiokinetic scans, a Wenking motor potent iom- 
eter was employed to drive the potentiostat. Polariza-  
tion curves were recorded directly on a Mosley 7601A 
recorder. Although shielded twisted cable was used in  
all electrical leads as well  as the other usual  pre-  
cautions, a-c pickup on all electrodes was a major  
difficulty and caused instabi l i ty  in the potentiostat. A 
combinat ion of an isolation t ransformer  and 10 #F 
capacitive shunt  between the reference and auxi l iary  
electrode t e rmina l  solved the  problem. A Kei thley 
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610B electrometer and L&N potent iometer  were used 
for potential  measurements .  The thermocouple output  
voltage from inside the cell was monitored throughout  
each test by  a recorder. 

Test materials.--Nickel 270 (99.97% Ni) supplied by 
the In terna t ional  Nickel Company was used in all 
experiments.  The nickel stock mater ia l  was solution 
annealed at 1090~ for 1 hr to assure homogeneity. 
Tests solutions were prepared from distilled water,  
analytical  grade sulfuric acid and analyt ical  grade 
potassium sulfate. The composition of these solutions 
was as follows: 

pH 1.3 0.050N H2804 -~- 0.05N K4SO4 
pH 3.4 0.001N H2SO4 + 0.099N K4SO4 
pH 6.3 0.100 K4SO4 

The hydrogen used to saturate the solution and the 
atmosphere over the solution was u l t ra  high pur i ty  
and contained less than  1 ppm O2. The ni t rogen used 
to provide overpressure contained less than 1 ppm 02. 

Experimental procedure.--The nickel specimens 
were degreased in acetone, r insed copiously in distilled 
water, and polished successively with 280, 400, and 600 
grit paper. The specimen was then screwed to the 
working electrode. The Luggin probe was adjusted 
unt i l  the tip was 1 mm away from the sample. A piece 
of filter paper  was ground and wet with the test solu- 
tion and then used as packing for the solution bridge 
assembly. The head and all fittings were t ightened 
into place, and the system was pressure tested with 
nitrogen. Hydrogen was then bubbled through the test 
solution for twelve hours by means of a Hastelloy-B 
capillary inserted in the thermocouple fitting. The 
thermocouple was replaced and  the p lenum was flushed 
with hydrogen to remove the last tracers of oxygen. 
If the run  was to be at a tempera ture  below 175~ a 
200 psi of n i t rogen was introduced to provide sufficient 
pressure across the cellulose plug to assure proper 
operation of the solution bridge. A glass solution 
bridge connected the solution bridge assembly to the 
calomel reference electrode which was mainta ined at 
25~ and room pressure. 

Results and Discussion 
Measurement of potentiaL--To insure that  the re-  

sults determined in the h igh- tempera ture  electro- 
chemical cell were the same as those obtained by the 
convent ional  glass cell, the anodic polarization curve 
of Ni 270 was determined in each system at 25~ in 1N 
H2SO4. The two curves were practically identical, es- 
pecially in the passive region, except that  the curve 
determined in the autoclave was displaced in the noble 
direction by about 70 mV on the potent ial  axis. This 
behavior was expected since the potential  of the sample 
in the autoclave was measured through the high- 
pressure salt bridge by a s tandard calomel electrode 
at ambient  pressure. This increment  in  potential  is 
produced by the s treaming potential  and junct ion po- 
tent ial  resul t ing from the 200 psi in te rna l  pressure 
acting across the cellulose plug. 

Since it is desirable to avoid gross inaccuracies in 
the measurement  of potentials over the range of ex-  
per imenta l  conditions, a s tandard procedure was de- 
veloped for adjust ing exper imenta l ly  measured poten-  
tials. This procedure involves using a calculated 
correction obtained as follows. Since the hydrogen 
activity of the solution was known by the pH of the 
solution (pH ---- -- log all) and the part ial  pressure of 
hydrogen in the cell was set at 1 arm, the redox poten-  
tial of the hydrogen electrode could be calculated by 
the Nernst  equation. 

2.3RT (pH2) 1/2 
E(H+/H2,  calc.) = 0 - - l o g - -  [10] 

n F  a H +  

Thus, the measured corrosion potential  of the nickel 
electrode could be changed to the s tandard hydrogen 

scale by  

Ecorr : E (corr, meas.) 

where: 
Ecorr 

E (corr, meas.) = 

- -  E(H+/H2, meas.) 
+ E(H+/H2,  ealc.) [11] 

true corrosion potential  on the 
SHE scale 
corrosion potential  of the nickel 
sample in the autoclave as mea-  
sured through the solution bridge 

E(H+/H2,  meas.) _-- hydrogen redox potential  of the 
floating hydrogen electrode as 
measured through the solution 
bridge 

E(H+/H2,  calc.) = calculated hydrogen redox po- 
tent ia l  from Eq. [1]. 

When the corrosion potential  determined for nickel in 
the autoclave was adjusted by this calculation it agreed 
within  5 mV [Ecorr (autoclave) -- --0.045V, (SHE) of 
the value as determined in the glass cell ( E c o r r  ( g l a s s  

c e l l )  = --0.040V, SHE)]  in which there was nei ther  a 
s t reaming potential  nor  significant junct ion potential  
in the salt bridge. 

This same technique was used to determine the cor- 
rosion potential  on the s tandard hydrogen scale in the 
tests at elevated temperatures.  Equat ion [10] was cal- 
culated for the temperature  and pH of the test. Then 
E (H +/H2, calc), Ecorr (measured) and E (H +/H~_, mea-  
sured) were subst i tuted into Eq. [11] to determine 
the actual value of Ecorr on the SHE scale at the test 
temperature.  Using this technique, the corrosion po- 
tential, and thus the potentials of the polarization 
curves were on the same thermodynamica l ly  mean-  
ingful scale, SHE at T, as the calculated potent ia l -pH 
diagrams. This technique for correcting measured po- 
tentials  assumes that  aH+ and pH2 do not change with 
temperature,  i.e., in this calculation we assume that  
aH + calculated at 25~ pH and pI-I 2 = 1 do not change 
with temperature.  Greeley (36) has shown that  indeed 
there are some small changes in aH + and pH2 with 
temperature  for a closed hydrogen saturated acid 
solution. However, since these two quanti t ies  are in 
the log term of Eq. [1O], small  changes shou]d not 
affect E(H+/H2,  calc.) appreciably. 

Values of Ecorr (measured),  E(H+/H2,  measured) ,  
E(H+/H2 calculated) and Ecorr for the different test 
pH's and temperatures  are given in  Table  V. These 

Table V. Calculation of the corrosion potential on the SHE 
scale at the test temperature from Eq. [11] 

E ( H+/H~, E { H + / H z ,  Ecorr E~orr 
T e m p ,  m e a s )  S H E  c a l c )  S H E  ( m e a s )  S H E  S H E  

~  a t  2 5 ~  a t  t e m p  a t  2 5 ~  a t  t e m p  

P H  1 . 3  

2 5  - -  0 . 0 8 2  - -  0 . 0 7 6 6  - -  0 . 0 4 0  - -  0 . 0 4 0  
50 -- 0.082 -- 0.0829 -- 0.070 -- 0.071 

75 -- 0.079 -- 0.0894 -- 0.100 -- 0. I00 

9 7  - -  0 . 0 4 9  - -  0 . 0 9 5 1  - -  0 . 0 8 7  - -  0 . 1 3 3  
128 -- 0.109 -- 0.1030 -- 0.158 -- 0.152 

150  - -  0 . 0 6 3  - -  O. 1 0 9  - -  O. 1 0 0  - -  O. 1 4 6  
1 9 7  - - 0 . 1 1 8  - - 0 . 1 2 1  - - 0 . 1 8 3  - - 0 . 1 8 8  
2 5 0  - -  0 . 0 8 8  - -  0 . 1 3 4  - -  6 . 1 7 3  - -  0 . 2 1 9  
2 9 8  - -  0 . 0 9 8  - -  0 . 1 4 7  - -  0 . 1 7 8  - -  0 . 2 2 7  

p H  3 . 4  

2 5  - -  0 . 2 2 2  - -  0 . 2 0 0  - -  0 . 2 1 9  - 0 . 1 9 7  
5 0  - -  0 . 2 2 9  - -  0 . 2 1 7  - -  0 . 2 2 3  - -  0 . 2 1 1  
7 5  - -  0 , 2 2 3  - -  0 . 2 3 4  - -  0 . 2 2 4  - -  0 . 2 3 5  

1 0 6  - -  0 . 3 2 1  - -  0 . 2 5 5  - -  0 . 3 2 1  - -  0 , 2 5 5  
1 2 4  - -  0 . 2 4 7  - -  0 . 2 6 7  - -  0 . 2 4 4  - -  0 . 2 6 4  
1 5 0  - -  0 . 2 0 0  - -  0 . 2 8 4  - -  0 . 1 9 6  - -  0 . 2 8 8  
180 -- 0.257 -- 0.304 -- 0.255 -- 0.302 

208 -- 0.204 -- 0.323 -- 0.231 -- 0.350 

255 -- 0.223 -- 0.355 -- 0.224 -- 0.350 

3 0 0  - -  O. 128  - -  0 . 3 8 5  - -  O. 123  - -  0 . 3 8 2  

p H  6 . 3  

2 5  - -  0 . 3 6 3  - -  0 . 3 7 1  - -  0 . 3 4 6  - -  0 . 3 5 4  
50 -- 0.402 -- 0.402 -- 0.411 -- 0.411 

7 5  - -  0 . 4 2 7  - -  0 , 4 3 3  - -  0 . 4 2 3  - -  0 . 4 3 0  
1 0 2  - -  0 . 2 7 0  - -  0 . 3 6 7  - -  0 . 2 7 1  - -  0 . 4 6 8  
129 -- 0.385 -- 0.501 -- 0 . 3 9 1  -- 0.495 

155 -- 0.228 -- 0.532 -- 0.227 -- 0.531 

203 --0.118 --0.593 --0.116 --0.591 

257 -- 0.106 -- 0.660 -- 0.104 -- 0.658 

288 -- 0.034 -- 0.698 -- 0.032 -- 0.697 

301 -- 0.207 -- 0.715 -- 0.205 -- 0.713 
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are the ini t ia l  values measured after 1 hr at the test 
temperature.  One noticeable feature  in Table V is that 
there is very  little difference between E(H+/H2,  mea-  
sured) and Er (measured) at every pH and tem-  
perature.  This is surpris ing since nickel has a re lat ive-  
ly active s tandard potential  of E ~ ---- --0.250; E~o~,- 
should lie somewhere between E (H +/He) and 
E(Ni  + + /Ni t .  However, the Ni /Ni  + + half-cel l  reaction 
is quite irreversible,  having a relat ively low io value 
and thus behaves approximately  as a hydrogen redox 
electrode in acid solutions (27). With increasing pH, 
the difference between E(H+/H2)  and E(Ni /Ni  ++) 
also decreases owing to the pH dependence of the 
former. In addition, as the tempera ture  increases, the 
E ~ values of nickel changes in the positive direction 
with respect to the SHE, and thus one would expect 
the corrosion potential  to remain  near  the hydrogen 
redox potential. Both of these effects are shown in the 
potent ia l -pH diagrams. 

Polarization behavior .~The  polarization behavior  of 
nickel 270 was determined in dilute H2SO~-K2SO4 
solutions of pH 1.3, 3.4, and 6.3 over the tempera ture  
range 25~176 The polarization curves were deter-  
mined by the potentiokinetic technique at a scan rate 
of 2000 mV/hr .  Anodic curves were determined in both 
the active to noble and noble to. active directions while 
the cathodic curves were determined only in the noble 
to active direction. Figures 7 to 11 show the data ob- 
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Fig. 7. Anodic polarization behavior of nickel 270 in the active 
to noble scan mode at 25 ~ 50 ~ , 75 ~ 97 ~ , and 128~ at a scan 
rate of 2000 mV/hr in pH 1.3 solution. 
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Fig. 8. Anodic polarization behavior of nickel 270 irl the active 
to noble scan mode at 150 ~ 197 ~ 271 ~ and 298~  at a scan rate 
of 2000 mV/hr in pH !.3 solution. 
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Fig. 9. Anodic polarization behavior of nickel 270 in the noble to 
active scan mode at 25 ~ 50 ~ 75 ~ 99 ~ and 125~ at a scan rate 
of 2000 mV/hr in pH 1.3 solution. 
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Fi 9. 10. Cathodic polarization behavior of nickel 270 in the 
noble to active scan mode at 25 ~ 50 ~ 75 ~ , 97% and 128~ at a 
scan rate of 2000 mV/hr in pH 1.3 solution. 
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Fig. I1. Cathodic polarization behavior of nickel 270 in the 
noble to active scan mode at 150 a, 197 ~ , 251 ~ , and 298~ at a 
scan rate of 2000 mV/hr in ,oH 1.3 solution. 

tained at pH 1.3. Both act ive-noble  and noble-act ive 
anodic scans are shown at pH 1.3 since substantial  
differences between the two were observed. Figures 
12 to 15 show the act ive-noble anodic scans determined 
at pH 3.4 and 6.3. The noble to active anodic curves 
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Fig. 12. Anodic polarization behavior of nickel 270 in the active 
to n o b l e  s c a n  m o d e  a t  2 5  ~ , 5 0 %  7 5  ~ , 1 0 6  ~ , a n d  1 2 4 ~  a t  a s c a n  

rate of 2000 mV/hr in pH 3.4 solution. 
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Fig. 15. Anodic polarization behavior of nickel 270 in the activc 
to noble scan mode at 155 ~ , 203 ~ , 257 ~ , 288 ~ , and 301~ at a 
scan rate of 2000 mV/hr  in pH 6.3 solution. 
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Fig. 13. Anadic polarization behavior el nickel 2"/0 in the active 
to noble scan mode at 150 ~ 180 ~ 208 ~ 255 ~ and 300~ at a scan 
rate of 2000 mV/hr  in pH 3.4 solution. 
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Fig. 14. Anodic polarization behavior of nickel 270 in the active 
noble scan mode at 25 ~ , 50 ~ , 75 ~ , 102 ~ , and 129~ at a scan 
rate of 2000 mV/hr  in pH 6.3 solution. 

were quite similar and are therefore omitted. The re- 
duction kinetics are included for the pH 1.3 case, Fig. 
10 and 11, but  for brevi ty  are omitted for the other 
two solutions. 

The most significant feature of the anodic polariza- 
tion curves is the abrupt  loss of an active to passive 
t ransi t ion at temperatures  in the range of 100~176 
The exact temperature  at which passivity is no longer 
apparent  is a function of both the scan direction and 
the solution pH. For a given pH the noble to active 
scan shows remnan t s  of passivity at slightly higher 
temperatures  than the active to noble scan, as shown 
in Fig. 7 and  9. The temperature  at which passivity 
breaks down increases with increasing pH, although 
the effect is not a strong one. There is a noticeable 
hysteresis effect between the ac t ive- to-noble  and the 
noble- to-act ive scans in the passive region at the lower 
temperatures.  The passive current  density is about an 
order of magni tude  smaller  for the noble- to-act ive  scan 
at the same pH and temperature.  Osterwald and Uhlig 
(8) found this same effect for nickel in IN H2SO4 at 
40~ At  the temperatures  where  passivity is no longer 
present, the potentiostatic curves obtained in both 
scanning directions are v i r tua l ly  the same. 

As the tempera ture  is increased above that  at which 
passivity is no longer present, the anodic curves have 
the shape expected for a diffusion-controlled process. 
However, as temperatures  approach 300~ the current  
density in  this region begins to decrease. This lat ter  
behavior  can be explained by the potent ia l -pH plots 
in Fig. 2 to 5. With increasing tempera ture  at a given 
pH, the range of stabili ty of the bulk  oxides increases 
with increasing temperature.  Thus, the slight but  sig- 
nificant reduct ion of l imit ing current  densi ty above a 
certain critical t empera ture  can be at t r ibuted to the 
formation of bulk  oxide on the surface. The tempera-  
ture at which the current  reaches a ma x i mum de- 
creases in going from pH 3.4 to pH 6.3 as would be 
expected from the potent ia l -pH diagrams. For  the ex- 
per iments  at pH 1.3 the bulk  oxides are not  stable 
over the tempera ture  range except for the 300~ case 
at high potentials where  we see the expected drop in 
current  as an oxide is formed. Note that the potential-  
pH diagrams tell only whether  an oxide phase is stable 
and provide no informat ion as to the reduction of 
anodic current  density. The exact conditions for the 
onset of passivity will  depend on the local Ni+ + con- 
centrat ion close to the surface. Since the concentrat ions 
are general ly high at high potentials, precipitat ion of 
an insoluble product would be expected somewhat 
earlier than  predicted from bulk  concentration. Quali-  
tatively, the diagrams do agree well  with the experi-  
menta l  results. 

The temperatures  above which passivity was no 
longer observed is shown below as a funct ion of pH 
and scan direction 
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pH Active to noble, ~ Noble to active, ~ 
1.3 100 125 
3.4 125 150 
6.3 130 155 

Since the results from potentiokinetic experiments  are 
not exact relative to potentiostatic measurements ,  the 
above values should be taken as approximate.  It is 
clear however that  a critical t empera ture  for loss of 
passivity does exist and is in  the range of 75~176 
Myers et aL (11) have reported an inflection point  in 
the Arrhenius  plot of log m i n i m u m  passive current  
density. This inflection point is a funct ion of pH and is 
characterized by the equat ion 1/T x 10 ~ : --0.11 pH 
4- 3.04. The inflection point  calculated for the pH 
values of the exper iments  reported herein  would be 
T(pH 1.3) ---- 72~ T(pH 3.4) -- 102~ and T(pH 6.3) 
---- 153~ which is the range  of tempera ture  at which 
passivity is no longer observed. 

An Arrhenius  plot of the current  density at a con- 
s tant  potent ial  of +0.800V SHE for the active to noble 
anodic scans is shown in  Fig. 16. This potential  is well 
into the passive region for all  three solutions at 25~ 
Above the critical temperature,  the current  density 
required to main ta in  the potential  of +0.800V SHE 
increases two orders of magnitude.  Obviously, there 
are separate processes operat ing over the exper imental  
temperature  range at the lower temperatures  where 
passivity is present  the kinetics seem to be activation 
controlled (although the data have too much scatter 
for the determinat ion of a significant value for the 
activation energy) .  At the higher temperatures,  the 
anodic current  is insensi t ive to temperature  over a 
broad range and m a y  be indicative of a diffusion- 
controlled process. At the highest temperatures  the 
current  decreases with increasing temperature.  A pos- 
sible explanat ion for this lat ter  behavior  will  be pre-  
sented in conjunct ion with the potent ial  decay mea-  
surements.  

The corrosion current,  {corr, was determined by ex- 
trapolation of the cathodic Tafel region to the corrosion 
potential.  These corrosion currents  are plotted vs. 
1/T in Fig. 17 and an activation energy of nG* ---- 4-3.30 
x 10 +3 cal /mole  is obtained. The process to which the 
~G* refers may be deduced by recall ing that  the cor- 
rosion potential  was very close to the hydrogen equi-  
l ibr ium potential  as shown in Table V. Thus the cor- 
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Fig. 16. Arrhenlus plat of the passive current densities in the 
active to nobleanodic scans at E = 0.800V SHE at T for the 
three different solutions. 
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Fig. 17. Arrhenius plot of the corrosion current densities for the 
three different solutions as determined from the cathodic polariza- 
tion curves, 

rosion current  density is approximately equal to the 
exchange current  density for the reaction H2----2e- 
4- 2H+ on the nickel surface. The exchange current  
density is as follows 

io = zFfCsVL exp ( - -  hG*/RT)  [12] 

Assuming that  ], Cs, and VL are not  a funct ion of 
temperature  

log io ~G* 
l i t  = - -  l~ ' [13] 

Thus, a plot of log icorr vs. 1/T for the case of  nickel 
should give a straight line of slope ---- --hG*/R where 
~G* will  be the activation energy for the hydrogen 
redox reaction on nickel. The best straight lines 
through the points of each pH give the same slope, 
each l ine displaced from the other sl ightly with the 
pH 1.3 line being uppermost  and the pH 6.4 l ine being 
lowest. This behavior  agrees with Eq. [12] in that  
Cs, the hydrogen ion concentrat ion in the double layer, 
will  be less at the higher pH values and thus the 
curve should be displaced down for higher pH values. 
The activation energy calculated by the slope of the 
lines is AG* : 4-3.30 x 10 +s cal/mole. This compares 
fairly well  with the value nG* ----- 5.7 x 10 +8 cal /mole 
for the hydrogen reaction on nickel  in 0.12N NaOH as 
determined by Bockris and Potter  (39). 

The reproducibil i ty of polarization results was ex- 
cellent. The anodic act ive- to-noble  curves de te rmined  
at 25~ agree wi thin  the scatter of the data of previous 
investigations (1-11). The curves determined at 25~ 
were the object of a ra ther  intense s tudy of the re-  
producibil i ty of the polarization behavior. If the same 
sample was used for repeated curves at the same pH, 
the curves were identical. If different samples were 
used, the passive region was still identical, but  the 
active region showed some variation. This type of 
behavior has been found by others in  nickel (7) as 
well  as in iron (40) and stainless steel (41). Since the 
object of this research was to characterize the effect 
of temperature  on the polarization response of nickel  
at different temperatures,  only selected checks of re- 
producibil i ty were made. One of these checks in-  
volved determining the anodic polarization behavior 
of one sample in the same solution from 25 ~ to 300~ 
The anodic polarization curve was determined at one 
temperature;  the tempera ture  was then increased and 
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Table VI .  Summary of constant potential and potential decay 
experiments 

• , ( p o t e n -  
E c o r r .  E p o l a r i z a t i o . ,  i ( t  = i ( t  = t i o k i n e t i c  

T e m p ,  V ,  S H E  V ,  S H E  3 0  s e c ) ,  3 0  m i n ) ,  m i n i m u m ,  
~  a t  T a t  T m A / c m ~  m A / c m =  r n A / c m  ~ 

p H  1.3  

2 2  -- 0 . 0 4 0  + 0 , 7 6 0  + 0 . 0 4 7  + 0 . 0 0 7  + 0 , 0 0 8  
5 4  --  0 . 0 7 2  + 0 . 6 9 8  + 0 . 0 8 2  + 0 , 0 2 8  + 0 . 0 2 3  
75 --  0 . 1 0 0  + 0 . 6 7 8  + 0 . 8 2 0  + 0 . 1 6 0  + 0 . 0 3 5  

1 00  --  0 . 1 3 5  + 0 . 6 3 0  + 6 2 . 0  + 6 4 . 0  + 4 . 0  
2 0 0  - - 0 . 1 9 0  4 0 . 5 3 0  4 6 3 . 0  + 6 3 . 0  + 1 0 0 . 0  
3 0 1  - -  0 . 2 3 0  + 0 . 4 3 0  + 4 0 .5  + 4 5 . 0  + 100 .0  

p H  3 .4  

22  - 0 . 1 9 5  + 0 . 5 0 6  + 0 . 0 3 1  + 0 . 0 0 3 1  + 0 . 0 3 5  
55  - -  0 . 2 1 5  + 0 . 4 9 3  + 0 . 0 3 7  + 0 . 0 0 5 8  + 0 . 0 0 7  
79 - -  0 . 2 4 0  + 0 . 5 1 0  + 0 . 0 7 3  + 0 . 0 2 6  + 0 . 0 2 5  
97  - 0 . 2 5 0  + 0 . 5 2 0  + 0 . 5 3 0  + 0 . 1 3 0  + 0 . 0 4 5  

1 20  --  0 . 2 6 1  + 0 . 5 2 4  + 6 5 . 0  + 6 5 . 0  + 1 6 0 . 0  
2 9 6  --  0 . 3 9 0  + 0 . 1 2 0  + 1 2 . 0  + 2 .2  + 10 .0  

p H  6 .3  
2 2  - -  0 . 3 5 0  + 0 . 5 0 6  + 0.016 + 0 . 0 0 4  + 0.006 
5 4  - -  0 . 4 1 5  + 0 . 4 8 9  + 0 . 0 4 9  + 0 . 0 0 9 7  + 0 . 0 9 6  
81  --  0 . 4 3 5  + 0 . 4 1 5  + 0 . 0 7 0  + 0 . 0 0 9 5  + 0 . 0 0 7  

1 08  --  0 . 4 6 5  + 0 . 3 8 5  + 0 . 0 9 3  + 0 . 0 1 4  + 0 , 0 5  
1 30  --  0 . 4 9 5  + 0 . 5 2 5  + 1 0 5 . 0  + 1 0 5 . 0  + 1 9 0 . 0  
3 01  - - 0 . 7 1 0  + 0 . 1 1 0  + 1 0 . 3  + 2 . 0 6  + 8 . 0  

another  curve was determined,  etc. This procedure 
was followed for a test at each pH. The curves ob- 
tained in this manne r  agreed well  with the data re-  
ported herein. In  every case, the tempera ture  at which 
passivity became absent was in exact agreement.  

Decay of potential and decay of current at constant 
potentiat.--The presence of a passive film can usual ly  
be detected by appropriate decay experiments.  When 
the potential  is held constant  and the current  measured, 
a constant  high current  indicates that  no film exists. 
A steady decay in current  indicates that  a film exists 
and is improving its protective quality. When the po- 
tent ial  is first brought  to a high value and allowed to 
decay, an immediate  re tu rn  to the corrosion potential  
indicates the absence of a protective film. When there 
is an intermediate  arres t (s)  before re tu rn ing  to the 
corrosion potential  the presence of a protective film is 
indicated. In  the constant  potent ial  exper iments  and 
for temperatures  and pH combinations at which pas- 
sivity was expected, the overpotent ial  selected was 
such that the potent ial  was well  into the passive re- 
gion. For temperatures  and pH values at which passiv- 
i ty was not expected, the potential  was selected to be 
in the diffusion controlled region. A summary  of the 
exper imental  results from the measurements  of cur-  
rent  decay at constant  potent ial  is shown in Table VI. 

For those cases in which passivity was expected, 
the current  fell exponent ia l ly  to values corresponding 
closely to the m i n i m u m  passive current  densi ty found 
by  the potentiokinetic scans. The steady-state  (t = 30 

min)  passive current  densities are summarized in  
Table VI and are compared with the values obtained 
potentiokinetically.  The agreement  is excellent. For 
those intermediate  tempera tures  in which passivity 
was absent in the potentiokinetic curves, the agree- 
ment  was good wi th in  an order of magnitude.  In  this 
lat ter  case, the current  did not change with t ime as 
can be seen by  comparing i ( t  = 30 sec) and i ( t  = 30 
min)  in  Table VI. At 300~ where  the potentiokinetic 
data and the potent ia l -pH diagrams indicate that  an 
oxide(s)  of nickel is present  for the pH 3.4 and 6.3 
solutions, the current  did decay somewhat with time, 
indicating that  some diffusion barrier,  probably an 
oxide, was inhibi t ing nickel  dissolution. For the pH 1.3 
case at 300~ this behavior  was not observed, as was 
expected from the 300~ potent ia l -pH diagram. 

In the case of the potent ial  decay exper iments  the 
specimen was held for 30 min  at constant  potential, 
the potentiostat  was tu rned  off and the open-circui t  
potential  of the sample was recorded as a funct ion of 
time. The potentials were those used for the current  
decay studies. For  the tempera tures  and pH vaJues 
at which the potentiokinetic polarization curves indi-  
cated passivity, there was an abrupt  arrest in the decay 
curve. The arrest should occur near  but  sl ightly below 
the equi l ibr ium redox potential  of nickel and the oxide 
composing the passive film, Ni/NiOn, or at some redox 
potential  of two oxides, NiOn/NiOm. 

A listing of the exper imenta l ly  observed arrest po- 
tentials is given in  Table VII. At the lower tempera-  
tures at which passivity was present  in the potentio-  
kinetic curves, a potential  arrest  was observed. At the 
intermediate  temperatures  no arrests were found, but  
at 300~ arrests were observed for the pH 3.4 and 6.3 
cases. Two exceptions in the above general  behavior 
were the 75~ cases at pH 1.3 and 3.4. Although the 
decay curves for these cases were markedly  different 
from the higher tempera ture  cases, no clear arrest  po- 
tent ia l  could be determined.  At those temperatures  for 
which nei ther  passivity nor  an oxide was present, the 
time for decay to the corrosion potential  was practic- 
ally instantaneous.  In  Table VII, an a t tempt  is made 
to compare the observed arrest  potentials  with all the 
possible Ni/NiOn and NiOn/NiOm redox potentials '  of 
the bulk  oxides. These redox potentials were calculated 
in the same m a n n e r  as the coexistence lines of the 
potent ia l -pH diagrams described earlier. For  those 
temperatures  at which passivity was observed, the 
arrest potentials were close to the Ni/Ni304 equi l ib-  
r ium in the pH 1.3 and 3.4 cases. This behavior  would 
be in good agreement  with the Bockris, Reddy, and 
Rao (1) result  that the passive film is composed of 
NiOz.5-1.s. For the pH 6.3 case, at the temperatures  
where passivity was observed, the arrest  potentials 
were very  close to the Ni/NiO equil ibrium. This la t ter  

Table VI I .  Comparison of experimentally observed potential arrest values with calculated 
N i / N i O ~  and N. iOx/NiOy redox potentials 

T e m p ,  ~  E a r  r e s t N i / N i O  N i f N i 3 O t  N i f / q i 2 O s  N i / N i O s  N i O f N i 3 0 4  N i 3 0 ~ / N i s O 3  N i 2 O z / M O ~  

p H  1.3 
22  + 0 . 2 4 0  + 0 . 0 5 0  + 0 . 2 3 0  + 0 . 3 4 0  + 0 . 5 9 5  + 0 . 8 1 0  + 1 . 2 3 0  + 1 .360  
5 4  + 0 . 2 1 3  + 0 . 0 2 0  + 0 . 2 0 5  + 0 . 3 2 0  + 0 . 5 7 0  + 0 , 7 6 0  + 1 , 2 0 5  + 1 .340  
75  n o n e  + 0 , 0 1 0  + 0 . 1 0 5  + 0 , 3 1 9  + 0 , 5 6 0  + 0 , 7 5 5  + 1 , 2 0 0  + 1 . 3 2 5  

1 0 0  n o n e  + O.000  + 0 . 1 8 0  + 0 . 2 9 6  + 0 . 5 5 5  + 0 . 7 5 0  + 1 . 2 0 0  + 1 . 3 1 0  
200 none -- 0,060 + O, 130 + 0,240 + 0.520 + 0,690 + 1.140 + 1.260 
301 none --0.110 + 0.075 + 0.190 + 0.440 + 0.620 + 1.080 + 1.200 

p K  3 .4  
33 + 0.078 -- 0.075 + 0.I00 + 0.210 + 0.465 + 0.680 + 1.105 + 1.230 
55 + 0.046 -- O. 120 + 0.0~5 + O. 180 + 0.430 + 0.620 + 1.075 + 1.200 
79 none -- O. 135 + 0.040 + O. 160 + 0.415 + 0.610 + 1.065 + 1.080 
97 --0.075 --0.150 + 0.030 + 0.140 + 0.400 + 0.600 + 1.060 + 1.160 

1 2 0  n o n e  --  0 . 1 7 5  + 0 . 0 2 0  + 0 . 1 1 5  + 0 . 3 8 0  + 0 . 5 7 0  + 1 . 0 2 0  + 1 .130  
298 -- 0.205 -- 0.340 -- 0.140 -- 0.055 + 0.200 + 0.390 + 0.850 + 0.970 

1oH 6 .3  
22 -- 0.204 -- 0.254 -- 0.080 + 0.030 + 0.290 + 0,510 + 0.930 + 1.060 
54 -- 0.261 -- 0.310 -- 0.120 -- 0.005 + 0.240 + 0.430 + 0.880 + 1.000 
81 -- 0.335 -- 0.345 -- 0.160 -- 0.050 + 0.210 + 0.405 + 0.850 + 0.965 

I09 - -  0 . 3 5 0  -- 0.380 -- 0.200 -- 0.090 + 0.180 + 0.380 + 0.820 + 0.030 
1 3 0  n o n e  - -  0 . 4 2 0  - -  0 , 2 4 0  - -  0 . 1 3 0  + 0 . 1 4 0  + 0 . 3 3 0  + 0 , 7 8 0  + 0 . 8 9 0  
301 -- 0.500 -- 0.700 -- 0.505 -- 0.390 -- 0.140 + 0.050 + 0.510 + 0.630 
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result was expected since the potential-pH diagram, 
Fig. 2, shows that NiO should be stable at the over- 
potentials in question. This result does not necessarily 
imply that  NiO causes passivity at this pH, for the bulk 
NiO present probably obscures the redox arrest poten- 
tial of the passive agent. 

The arrest  potentials at 300"C for the pH 3.4 and 6.3 
agree best with the Ni/Ni304 equilibrium potentials. 
This behavior is not easily explained, since in both 
cases the applied overpotential should have produced 
NiO according to the potential-pH diagram of Fig. 5. 
In any event, the presence of an arrest  potential did 
imply that an oxide was on the surface, in agreement 
with the potentiokinetic curves. 

In summary, both the constant potential and poten- 
tial decay experiments agreed well with the behavior 
expected from consideration of the potentiokinetic 
curves. The possibility of the presence of a stable oxide 
at the higher temperatures in the pH 3.4 and 6.4 solu- 
tions was also strengthened. 

The question not answered by the present work is 
why the active-to-passive transition in nickel seems 
to disappear abruptly above a critical temperature that 
is only slightly pH dependent. One possible explana- 
tion is that  the dissolution kinetics of the passive film 
are such that at the critical temperature the dissolu- 
tion rate of the film is equal to the rate of film growth. 
Another possibility is that the precursor film described 
by Bockris, Reddy, and Rao (1) is not stable above 
the critical temperature.  Since they conclude that this 
film is necessary, but not sufficient, for the formation 
of passivity, its absence would preclude any chance 
for the formation of the passive state. Whatever the 
cause, the observed phenomenon is not predicted by 
any current theory of nickel passivity. 

Conclusions 
Significant conclusions and observations from this 

study are: 

1. The active-to-passive transition in nickel is absent 
at temperatures above the 90~176 range for 
the solutions studied. 

2. Potential-pH diagrams for Ni-H20 were calcu- 
lated over a range of potentials and indicate that  
the range of stabil i ty (with respect to pH) of the 
oxide phases of nickel in the acid region increases 
with increasing temperature.  

3. At  temperatures above the presence of an active 
to passive transition, the anodic polarization 
curves have the appearance of a film free diffu- 
sion-controlled process. At 300 ~ in the pH 3.4 and 
6.3 solutions, bulk oxide forms during anodic 
polarization as predicted by the potential-pH 
diagrams. 

4. A hydrogen electrode within the autoclave can 
be used effectively to determine potentials on the 
standard hydrogen scale at test temperature. 

5. Potential  decay experiments suggest the presence 
of Ni304 (pH 1.3 and 3.4) and NiO (pH 6.3) dur-  
ing decay from the passive region at temperatures 
where "anomalous" passivity is present. At tem- 
peratures and pH where bulk oxide formation is 
present, potential decay experiments indicate the 
presence of Ni304. 

6. The corrosion potential of nickel is always near 
the hydrogen redox potential at all temperatures 
and pH, indicating that nickel is acting as a hy- 
drogen electrode. An Arrhenius plot of icorr gives 
an activation energy of 3.3 x 10~ cal/mole which 
is close to the activation energy for the hydrogen 
redox reaction on nickel. 
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The Anodic Oxidation of Hydrogen in Aqueous Acids by 
Conducting Compounds of the Transition Elements 

R. D. Armstrong 
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and A. F. Douglas and D. E. Keene 
The Gas Council, London Research Station, Fulham, London, England 

ABSTRACT 

A number  of compounds of the t ransi t ion elements with B, C, H, N, P, S, 
and Si have been screened for corrosion resistance and catalytic activity for 
anodic hydrogen oxidation in M H2SO4. Only WC and alloys of WC with TaC 
were found to be active. A plot of apparent  activation energy against over-  
potent ial  was l inear  in  the range 200-500 mV The activity of WC is dis- 
cussed in the context of (a) surface defects acting as active centers and (b) 
the formation of hydrogen tungsten bronzes. 

Several  articles have been published recently on the 
use of tungsten carbide as an a l ternat ive  electrocatalyst 
to noble metals for the anodic oxidation of hydrogen in 
aqueous acid fuel cells (1-3). Tungsten carbide is, how- 
ever, only one of a large range of similar interst i t ial  
compounds which can be prepared from reaction of 
the t ransi t ion metals with boron, carbon, phosphorus, 
and silicon. A number  of these compounds exhibit  
metallic conduction and have excellent corrosion re-  
sistance, even in the presence of strong acids. There 
seemed to be no known reason why the electrocatalytic 
activity for anodic hydrogen oxidation should be con- 
fined to tungs ten  carbide, and therefore a study was 
made of a range of similar compounds. This study was 
made in two parts: (a) a screening program to ex- 
amine the compounds for bulk corrosion and catalytic 
activity for anodic hydrogen oxidation in M H2SO4, 
and (b) analysis of selected compounds to at tempt to 
relate catalytic activity with measured physical-chem- 
ical parameters.  

Experimental 
Test samples were obtained from various suppliers 

as outl ined in Table I. Hydrophobic gas diffusion test 
electrodes were prepared from these samples as fol- 
lows: 60 mesh nickel wire gauze was cut into 1 cm 
squares, degreased in hot tr ichlorethylene, and a gold 
wire spot welded to one edge. The nickel gauze was 
then electroplated with gold (Johnson, Matthey and 
Company Ltd., G.88 plat ing solution) at 5 mA for 4 hr  
to produce electrodes which did not corrode in M H2SO4 
over the potential  range used. The catalyst sample was 
mixed with a polytetrafluoroethylene (PTFE) emul-  
sion (Fluon G.P.I., I.C.I. Ltd.) ,  to give a final PTFE:  
catalyst ratio of 1:3 ( w / w ) ;  the s lurry  so formed was 
appl ied onto the electrodes which were then subse- 
quent ly  dried at 100~ before s inter ing in air at 300~ 
(_5~ for 30 min. 

Electrodes were tested in a typical half-cell  ar-  
rangement .  Each electrode was floated on the surface 
of the electrolyte and a Luggin capil lary placed directly 
beneath it. A dynamic hydrogen electrode (4) in the 

K e y  words:  hydrogen  electrode, electrocatalysis,  transit ion ele- 
ments.  

same solution was used as reference electrode. The 
counterelectrode was a large piece of p la t inum gauze 
separated from the test electrode by a glass frit. Gas 
sparge tubes were fitted to each cell compartment.  

All glassware was thoroughly degreased and cleaned 
with (i) alcoholic potash and (ii) a 1:1 mixture  of con- 
centrated nitr ic and sulfuric acids, and was finally 
washed in tr iply distilled water  immediately before 
use. The electrolyte was prepared from AnalaR sul- 
furic acid and t r iply distilled water. All  measurements  
were made at ambient  tempera ture  (22~176 unless 
otherwise stated. 

Steady-state  measurements  were made with the solu- 
tion and atmosphere in the cell saturated with either 
ni t rogen or hydrogen. Current  readings were taken at 
50 mV steps, al lowing at least 10 min  at each step for 
equi l ibr ium to occur. 

A selected number  of samples were analyzed for the 
following information:  phase composition, crystal l ini-  
ty of the various phases, impur i ty  elements, and par t i -  
cle size distr ibution and average particle size. 

Phase composition and crystal l ini ty were deter-  
mined by x - r ay  diffraction. Impur i ty  elements were 
identified by x - ray  fluorescence, and the average 
particle size and particle size dis tr ibut ion were esti- 
mated by optical and electron microscopy. 

Results 
Table I lists the compounds screened and shows the 

corrosion current  and hydrogen oxidation current  at 
200 mV. Where measured, the average particle size is 
shown; in other cases the average particle size was 
larger than 3~. Table IIa is a summary  of the analyt i -  
cal results, set out to facilitate the correlation of the 
measured parameters  with the hydrogen oxidation 
current .  A number  of t e rnary  compounds and tungsten 
carbide samples, on which a ful l  analysis was not 
made but  which show catalytic activity or are other-  
wise especially interesting, are listed in Table IIb. 

Figure 1 shows I -V plots at a number  of tempera-  
tures for the most catalytical ly active sample tested. 
This was tungs ten  carbide (WC) which had an aver-  
age particle size of 0.45~ (see Table IIb, sample 10). 
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Table I. Performance of PTFE bonded hydrophobic electrodes for the oxidation of hydrogen in M H2S04 
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P e r f o r m a n c e  (I, m A c m  -2) 
a t  200  m V  

C a t a l y s t  Sou rce*  D e s c r i p t i o n  Na H~ C o m m e n t s  

C a t a l y s t  m a t e r i a l s  f r o m  c o m p o u n d s  of t h e  f i r s t  r o w  t r a n s i t i o n  m e t a l s  
TiB~ B - -  - -  D i s s o l v e s  i n  h o t  M H~SO~ 
T i C  C S u b m i c r o n  0.00 - -0 .02  See  T a b l e  I I  
Tills_ H - -  0.1 -- 0.05 
TiO~,9 F R e d u c e d  t i t a n i a  - 0 .018 - -  0.02 
TiS i2  C 0.00 0.00 
T i C / W C  G 0.00 0.00 
VC C + 0.3 + 0.4 R e a c t s  w i t h  e l e c t r o l y t e  
VSi.- C + 0.02 + 0.002 
CrB.- C - -  - -  D i s s o l v e s  i n  h o t  M I-I~.SO~ 
Cr~C~ G 2.5~ 0.00 0.00 
M n P  E -- -- D i s s o l v e s  i n  h o t  M H~SO~ 
FeSi~ E - -0 .1  - -0 .1  
l~ iP  A - -  0 . 0 2  - -  0.05 

C a t a l y s t  m a t e r i a l s  f r o m  c o m p o u n d s  o f  t h e  s econd  r o w  t r a n s i t i o n  m e t a l s  

Z r B c  E - -0 .18  - -0 .18  
Z r C  G V a c u u m  g r a d e  -- 0 .005 -- 0.005 

3 .0~ 
Z r H :  H - - 0 . 1 7  --0.15 
ZrSi_- C - -  0 . 0 0 1  - -  0.001 
N b B ~  C - - 0 . 0 6  - - 0 . 0 7  
N b C  G 1.0,~ -- 0.40 -- 0.10 
NbSi~ C 0.00 0.00 
MoS~ G G r a d e  A.1 + 0.01 - -0 .016  
MoSi~ E 1.5/~ -- 0 .004  -- 0.006 
M o S i ,  A 1.0~ 0.00 + 0.01 

C a t a l y s t  m a t e r i a l s  f r o m  c o m p o u n d s  of t h e  t h i r d  r o w  t r a n s i t i o n  e l e m e n t s  

L a I ~  B So l id  s a m p l e  
TaB2  C - -0 .1  - 0 . 1  
T a C  G 2.0~ - -0 .018  -- 0.065 "~ 
T a C  E S u b m i c r o n  -- 0 .004 -- 0.19 
TaC D S u b m i c r o n  -- 0.001 -- 0.007 
TaC/NbC D 0.00 0.00 
T a N  A -- 0.012 -- 0.03 
TaSi~ C 0.00 0 .00 
W B  E - -0 .2  - - 0 . 2  
WC - -0 .02  - -3 .4  
W,C G 4.2/L -- 0.007 -- 0.012 
WS2 E - -0 .17  - -0 .06  
WSi2 E 2 .0~ -- 0.03 -- 0.06 

D i s s o l v e s  i n  h o t  M I~SO~ 

C o r r o d e s  a t  a n o d i c  p o t e n t i a l s  

S o m e  c o r r o s i o n  
C o r r o d e s  a t  a n o d i c  p o t e n t i a l s  

D i s s o l v e s  in  h o t  M I~O~ 
S o m e  c o r r o s i o n  
No co r ro s ion ;  s o m e  a c t i v i t y ,  
see T a b l e  II .  

S o m e  c o r r o s i o n  
See  T a b l e  I I  
See  T a b l e  I I  
S o m e  c o r r o s i o n  

* K e y  to  s u p p l i e r s :  
A A l f a  I n o r g a n i c s ,  Inc .  U S A  
B B o r a x  C o n s o l i d a t e d  U K  
C C a v e n d i s h  L a b o r a t o r y ,  C a m b r i d g e  U'K 
D CIBA 
E K o c h  L i g h t  L a b o r a t o r i e s  L t d .  U K  
F M o r g a n i t e  U K  
G M u r e x  L t d .  U K  
H N e w  M e t a l s  a n d  C h e m i c a l s  L td .  U K  

Apparent  activation energies, calculated from Fig. 1 
and similar plots, showed a characteristic l inear  var ia-  
t ion with potential  from 19.8 kJ mole -1 at 500 mV to 
27 kJ mole -1 at 200 mV. 

Discussion 
In this comparison of the performance of hydropho-  

bic gas electrodes prepared from various compounds, 
for the anodic oxidation of hydrogen, a number  of 
reservations must  be made. The performance of these 
electrodes is known to be dependent  on their  micro- 
s tructure and method of preparat ion (5); Tan t rum 
and Tseung (6) have shown that  for oxygen reduc- 
tion on PTFE bonded carbon electrodes, the perform- 
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Figure ]. Current voltage curves at a series of temperatures for 
WC, particle size 0.45# (sample 10, Table lib). 

ance of an electrode is related to the size of the par-  
ticle aggregates rather  than their  surface area (mea- 
sured by BET method).  Clearly, when using submicron 
and ultrafine materials  one may expect that  there is 
an opt imum particle size for ma x i mum activity. But, 
as a result  of differences in the surface energies of 
the catalyst materials,  this opt imum particle size may 
vary  from compound to compound. 

The ratio of PTFE to catalyst for opt imum activity 
may also be dependent  on the particle size of the 
catalyst and its composition and cannot be ignored 
when comparing results. Tests in these laboratories 
with WC of particle size 0.45~ showed that 25% w / w  
PTFE gave the best results for this material,  and this 
value was used in the fabrication of all the electrodes. 

From the ini t ial  screening program two points 
immediately became apparent :  

1. The borides of all the elements tested dissolve or 
corrode badly at anodic potentials in M H2SO4 and 
are therefore unsui table  for use in acid fuel cells. 

2. Useful levels of catalytic activity are unl ikely  
unless the average particle size of the catalyst is 
less than  1~. 

Results from Tables IIa and IIb show that  the par-  
ticle size is the most significant parameter  for corre- 
lat ion with catalytic activity. Best results were ob-  
tained with WC with an average particle size of 0.45#. 
This is very close to the figure of 0.3~ which Bohm (2) 
claims for opt imum activity. The lower level of activi- 
ty  observed with the WC sample of smaller  particle 
size is thought to be associated with the higher surface 
energy of these fine powders. Because of this surface 
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energy  the par t ic les  show a s t rong tendency  to cluster  
when in suspension, resu l t ing  in la rge  aggregates.  

The  h igh ly  ca ta ly t ic  WC elect rodes  produced  else-  
where  (2) were  p repa red  b y  carbur iz ing  tungsten pa r -  
t icles in e i ther  CH4 or CO gas s t reams wi th  the  lowest  
t empera tu res  and shortest  react ion t imes possible. 
Since the  resul ts  both  here  and e lsewhere  do not  ap-  
pear  m a r k e d l y  dependen t  on the s toichiometry,  the  
increased ac t iv i ty  m a y  be due to an increase  in the  
concentra t ion of  surface defects  which  are  more  p rob -  
able wi th  l o w - t e m p e r a t u r e  sho r t -du ra t ion  p r e p a r a -  
tions. Surface  defects  have been proposed as c rea t ing  
active centers  and a re  therefore  an  impor t an t  p a r a m -  
e ter  effecting ca ta ly t ic  ac t iv i ty  (7). 

In  an a t t empt  to s t ra in  the host  WC latt ice,  thus  in-  
t roducing surface defects, we tes ted  a number  of  
specia l ly  p repa red  t e r n a r y  compounds based on WC. 
Of the t e r n a r y  compounds tested the  solid solution of 
TaC in WC (2% TaC/WC)  might  be expected to in-  
t roduce surface defects, resul t ing f rom the difference 
in la t t ice  pa rame te r s  be tween  TaC and WC. Catalyt ic  
ac t iv i ty  of this solid solution was at  least  as good as 
that  of the  WC samples  of s imi lar  par t ic le  size (1.1~,). 
Unfor tuna te ly ,  it  was not  possible to reduce the pa r t i -  
cle size of this  compound fu r the r  by  grinding.  

Binder  et al. (3) have  proposed that  the  ca ta ly t ic  
ac t iv i ty  of WC is due to the  format ion  of hydrogen  
tungs ten  bronzes on the surface  of the  WC, as a resu l t  
of oxidat ion  of surface tungsten a toms in a hydrogen  
environment .  Recently,  we have  shown (9) tha t  the  
analogous sodium tungsten bronzes a re  comple te ly  in-  

act ive for  anodic hydrogen  oxidat ion.  Also the  plot  of 
apparen t  ac t ivat ion energy  against  overpoten t ia l  for  
WC (calculated f rom Fig. 1) showed a l inear  va r i a -  
t ion be tween  200 and 500 mV, whi le  the  va lue  at  200 
mV (27 kJ  m o l e - D  was  consis tent  wi th  those found 
e lsewhere  (2, 3). This l inear  var ia t ion  is not  indica-  
t ive  of the  fo rmat ion  of a different  surface on the 
electrode.  I t  seems there fore  un l ike ly  tha t  the  reason 
for ca ta ly t ic  ac t iv i ty  of WC is due to the  format ion  of 
surface bronzes. 

Manuscr ip t  received Oct. 19, 1970. 
A n y  discussion of this paper  wi l l  appear  in a Discus- 

sion Section to be publ ished in the  December  1971 
JOURNAL. 
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Ion Selective Electrochemical Sensors Fe Cu 

Charles T. Baker* and Isaac Trachtenberg* 
Texas Instruments Incorporated, Dallas, Texas 75222 

ABSTRACT 

Ion select ive e lect rochemical  sensors which respond to Fe  +~ and Cu +2 
have  been developed.  The sensor ma te r i a l  consists of a chalcogenide glass 
(60% Se, 28% Ge, and 12% Sb)  doped with  Fe  ~ Co ~ or Ni ~ Response has been 
observed at  concentra t ions  as low as 10 -6  moles / l i t e r  (0.056 p p m  Fe)  in both 
membrane  and e lect rode configurations. Nernst i~n behavior  is observed in the  
10 -5 to 10 -1 moles / l i t e r  concentra t ion  range.  In te r fe rence  tests  demons t ra te  
good se lec t iv i ty  for Fe  +3 in the  presence of most  cations, pa r t i cu l a r ly  Fe  +~. 
Potent ia l  response behavior  suppor ts  a redox potent ia l  mechanism ra the r  
than  the ion exchange mechanism.  

With in  the past  five years,  research and deve lopment  
in ana ly t ica l  po ten t iomet ry  has  increased.  The im-  
petus for this  effort is due ma in ly  to the  s impl ic i ty  of 
analysis  offered by  ion select ive e lec t rochemical  sen-  
sors. The appl ica t ion  of such sensors can resul t  in the  
control  r equ i red  to insure  w a t e r  qual i ty ,  a t ta in  opt i -  
mum yields  in chemical  processes, ma in ta in  the cr i t i -  
cal  K + balance of pa t ien ts  undergoing  surgery,  and,  in 
general ,  obta in  r ap id  analysis  at low cost. 

A genera l  survey  of the field of ion-se lec t ive  elec-  
t rodes was given by  Rechnitz  (1), who categorized 
the sensors into th ree  ma jo r  classes: glass electrodes,  
so l id-s ta te  electrodes,  and l iqu id- l iqu id  membrane  
electrodes.  In  a r ev iew ar t ic le  by  Toren and Buck (2), 
e lectrodes in each class were  p resen ted  and per t inen t  
references  regard ing  e lect rode character izat ion,  appl i -  
cations, and theory  of opera t ion  were  given. L a k s h m i n -  
a r ayana iah  (3) discussed the  t r anspor t  phenomena  
in membranes ,  and the excel len t  fo rmat  of this  w o r k  
offers the phys ica l  and biological  scientists  a w e l l - o r -  

* Electrochemical Society Active Member.  
Key  words:  ion selective sensors, ferr ic  sensors, cupric sensor, 

chaleogenide glasses, potent iometry.  

ganized presenta t ion  of background  mate r i a l  r egard ing  
theore t ica l  t r ea tmen t s  and expe r imen ta l  resul ts  of 
membrane  phenomena.  The history,  theory,  appl ica-  
tions, l imitat ions,  compositions,  and construct ion of  
ion selective glass e lectrodes have  been presented  in a 
book ed i ted  by  Eisenman (4).  The f ixed anionic site 
ion exchange model  has also been used by  Buck (5) 
to s tudy the t rans ien t  e lec t r ica l  behavior  of  glass 
membranes .  So l id -s ta te  membranes  v iewed in l ight  of 
the fixed site ion exchange  mode l  have been t rea ted  
by  Buck (6), E isenman (7) compared  the s imilar i t ies  
and differences be tween  l iquid  and solid ion exchanges.  
In a book edi ted  by  Durs t  (8) the  views and special t ies  
of a number  of scientists  in the  ion selective e lect rode 
field have been presented.  

This invest igat ion discusses the  prepara t ion ,  charac-  
terization,  and tests of a doped chalcogenide glass as 
the active ma te r i a l  in ion-se lec t ive  e lect rochemical  
sensors for Fe  +3 and Cu +2. 

Experimental 
The composit ion in g ram-a tomic  weight  pe r  cents of 

the  chalcogenide glass host  ma te r i a l  used in this  ex-  
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perimental  work (hereafter referred to as 1173 glass) 
was 60% selenium, 28% germanium, and 12% ant i -  
mony. Undoped 1173 has a resistivity of 2 x 1014 ohm- 
cm and is not usable as a sensor. Doping 1173 glass 
with e lemental  iron, cobalt, or nickel lowers the re-  
sistivity and yields a mater ial  suitable for use in a 
sensor. 

A standard compounding procedure was used in the 
preparat ion of the sensor materials.  High-pur i ty  ele- 
ments  (five nine 's  or bet ter  Se, Ge, and Sb; and three 
nine 's  Fe, Co, or Ni) were weighed and sealed in an 
evacuated quartz ampoule. The ampoule was placed 
in a rocking furnace and heated slowly to 900~176 
The melt  was allowed to mix and /or  react for 16 to 24 
hr, then a i r -quenched to solid and annealed for 2 to 3 
hr at 275~ to remove strain. 

The success of the doping process was determined 
by visual  examinat ion and by the d-c resistivity of 
the material.  Informat ion about the vitreous na ture  
of the sample, its ruggedness, and rejection of dopant 
was obtained by visual examinat ion and optical micros- 
copy. Addit ional  information regarding the glassy 
na ture  of the mater ia l  or the dispersion of crystallites 
in the glass was obtained from the infrared t ransmis-  
sion of the sample. More detailed work on the infrared 
transmission characteristics of 1173 glass and Fe 0- 
doped 1173 has been reported by Johnson, Haisty, and 
Brown (9). 

One of the more impor tant  physical properties of 
the mater ial  for sensor use is resistivity. Resistivity 
measurements  indicate the effectiveness of the doping 
process and can be used to determine the homogeneity 
of the mater ial  as well  as the reproducibi l i ty  of prep-  
aration. Resistivity measurements  were employed as 
a screening procedure to el iminate certain samples 
from fur ther  consideration as sensor elements. 

Material  samples (glass disks 1.1-1.2 cm in diameter, 
0.04-0.06 cm thick) were prepared for resistance mea-  
surement  by polishing each surface to a mat  finish. The 
disk was rinsed thoroughly in deionized water  and 
left to dry in air. Gold was evaporated onto each side 
of the disk, and the edges were ground to remove any 
traces of gold, which could short the sample. 

Each prepared disk was placed in  a shielded can, 
pressure contacts were made to the gold on each side 
of the disk, and the shielded can was evacuated. A 
voltage was applied to the sample by a Harrison Lab-  
oratories 6264A d-c Power Supply, and the current  
was monitored by a Keithley 610B Electrometer used 
as an ammeter.  The resistance of the sample was cal- 
culated from current-vol tage  data. The cur ren t - t ime  
behavior was recorded on a Texas Ins t ruments  Model 
341 function/ri ter |  which was connected to the out-  
put of the Keithley 610B Electrometer. 

Two configurations (Fig. 1) have been used in test-  
ing the response of the sensors to specific ions. In  the 
first, the glass is used as a membrane  or solid electro- 
lyte like the glass in a conventional  pH electrode. The 
sensor element  is sealed in the end of a Plexiglas tube 
with one surface of the disk exposed to the test solu- 
t ion and the other to the in te rna l  reference solution. 
The in terna l  reference solution is composed of a con- 
centrat ion of the ion being measured (usually 10 -3 M) 
in 0.1M KNO3. A saturated calomel reference electrode 
(SCE) or a Ag/AgC1 reference electrode makes con- 
tact with the in ternal  reference solution and completes 
the assembly for the membrane  configuration. The 
second configuration is an electrode in which gold is 
evaporated on one side of the glass disk, and a P t -wi re  
lead makes contact with the gold by Silver  Micropaint. 
The lead side of the glass electrode is isolated from 
test solutions by sealing the glass disk in a Plexiglas 
tube. 

The responses of each sensor were investigated by 
measur ing the potential  vs. a SCE or a Ag/AgC1 refer-  
ence electrode with a Kei thley 610B or C electrometer. 
The un i ty -ga in  output  of the Keithley electrometer 
was fed into a Hewle t t -Packard  3440A digital vol tmeter  

REFERENCE  ECT~176 

A+"[~ A + 

SOLUTION I 

REFERENCE_ ELEC;ROOE/ MEMBRANE ~ 
A+ A+ 

SOLUTION 2 
MEMBRANE CONFIGURATION 

REFERENCE INOICATING 
FELECTRODE //'~E LECTRODE 

A + A + 

ELECTRODE CONFIGURATION 

Fig. 1. Sensor configuration 

equipped with a Hewlet t -Packard  3443A high ga in /  
auto range uni t  for digital display of potentials. Dur-  
ing continuous run  experiments,  the un i ty -ga in  output  
of the electrometer was fed into a Sargent  Model SR 
recorder. 

All  test solutions were prepared from reagent grade 
chemicals using deionized water. Varying concentra-  
tions of a given ion were prepared by volumetric di lu-  
tion of the stock solution. 

Results and Discussion 
In the preparat ion of doped 1173 glass, there was no 

observable difference in the properties of samples 
prepared by compounding from prereacted 1173 glass 
and those of the same doped glass prepared from the 
elements. All materials  discussed in this investigation 
were made by doping prereacted 1173 glass. 

For the Fe-doped 1173 glasses, samples of 0.8, 1.6, 
2.0, and 2.4 at. w/o  Fe 0 were studied. The materials  
were uni formly vitreous, at the 0.8 and 1.6% Fe ~ level, 
with the Fe 0 remain ing  in solution when the glass was 
quenched. At 2.0% Fe 0 some total ly glassy samples 
were prepared, but  inhibi t ing the formation of a second 
phase was quite difficult. The presence of a second 
phase dispersed in a glassy matr ix  was always ob- 
served at doping levels above 2.0% Fe ~ The n u m b e r  
and size of the second phase clusters were dependent  
on dopant concentration. If crystalli tes were present  
in the cluster phase, they were not detectable with 
x - r ay  diffraction or the scanning electron microscope, 
but  analyses with the electron microprobe showed that  
the cluster phase and the glassy phase have the same 
elemental  composition. 

Electron spin resonance (ESR) spectra of undoped 
1173, 0.05% Fe~ and 0.8% Fe0-1173 confirmed 
that  Fe +3 was present in  the Fe-doped 1173 glasses. 
Quali tat ive analyses for the oxidation states of Fe in 
1173 were made on a 1.6% Fe~ glass sample. The 
sample was dissolved in 10% KOH, acidified with 
H2SO4, and filtered. The filtrate was tested for the 
presence of Fe +3 and Fe +2. Spot tests with K4Fe (CN) 6 
and KSCN indicated that  Fe +3 was present, and the 
presence of Fe + 2 was confirmed by a positive spot test 
with ferroin. From the results of cyclic vol tammetry  
and controlled potential  electrolysis experiments  with 
a 2.4% Fe~ glass electrode, it was concluded that 
probably all the oxidation states of Fe (Fe 0, Fe +2, and 
Fe +s) were present in the Fe-doped samples which 
had clusters. These electrochemical techniques were 
applicable to the 2.4% Fe0-1173 glass electrode because 
of the low resistivity of the cluster phase. These quali-  
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tat ive results indicated that  Fe + 2 and Fe + 3 were pres- 
ent in doped 1173 glass samples when  the doping level 
was less than 2% Fe0; and Fe ~ Fe +2, and Fe +~ were 
present  when  the doping level was greater than 2%. 
The relat ive concentrat ion of each oxidation state of 
Fe in  the Fe~ 1173 glasses could not be stated 
conclusively. 

Samples of 1173 glass doped with 1.5% NP and 1.5% 
Co o were studied. Physically, the materials consisted 
of a glassy matr ix  in which crystals were uni formly  
dispersed. The resistivities of these materials  were of 
the order of 150 ohm-cm. 

The effect of dopant  concentrat ion on the resistivity 
of Fe0-doped 1173 glass is shown in Fig. 2. As the con- 
centrat ion of Fe in the glass is increased, the resist ivi ty 
decreases significantly. The large drop in resistivity 
between 2.0 and 2.4% Fe0-1173 is related to the cluster 
phases, which increase in size as the doping level of 
Fe ~ increases above the 2.0% Fe 0 value. When the 
diameter  of individual  clusters approaches the thick- 
ness of the sensor disk, or when  the density of clusters 
increases so that  clusters touch each other, the glass 
matr ix  is essentially shorted by  the more conductive 
cluster phase. The Fe0-1173 glasses exhibited ohmic 
behavior  at all doping levels. At a given applied volt-  
age, the current  flow through the glasses was indepen-  
dent  of time, indicat ing that  the major  conduction 
mechanism is electronic ra ther  than ionic. 

The case for an electronic conduction mechanism 
was fur ther  substant ia ted by an electrolysis exper iment  
with a 2.0% Fe0-1173 glass sensor in the membrane  
configuration. With 0.1M KNO3 on each side of the 
membrane  and large-area laboratory saturated calo- 
mel electrodes making contact with the KNO3 solu- 
tions by means of 4% agar-sa tura ted KNO3 salt 
bridges, current  was passed through the membrane.  
Gas bubbles formed at one membrane-e lec t ro ly te  in-  
terface, and at the other membrane-e lec t ro ly te  in ter -  
face a brown product diffused away from the mem-  
brane  into the bu lk  of the solution. Reversing the cur-  
rent  caused the same reactions to occur at the oppo- 
site interfaces. The direction of the current  in each 
case suggests that  H2 was the gas evolved, and the 
brown product was formed by the dissolution of the 
membrane.  This electron t ransfer  at the membrane -  
electrolyte interfaces is consistent with an electronic 
conduction mechanism. 

Both the membrane  and the electrode configuration 
were evaluated for potential  responses to various ions. 
In  the m e m b r a n e  configuration, the potential  would 
ideally be related to 
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Fig. 2. Effect of Fe ~ concentration on the specific resistivity of 
doped 1173 glass. 

2.3RT [M1] 
E - -  E a  ~ -  ~ log ~ [ la]  

n F  [M2] 
o r  

2.3RT [Mt] 
E -- Ea + ~ log ~ [ lb]  

ZF [M~] 

where Ea in [ la]  is related to the asymmetry  of the 
redox processes occurring on each side of the mem-  
brane. In  [ lb] ,  Ea is the asymmetry  potential  for the 
ion exchange processes occurring at the two interfaces. 
For the ion exchange case, [ lb]  assumes that the diffu- 
sion potential  contr ibut ions on each side of the mem-  
brane  cancel out and the potential  changes observed 
are related to changes in  the phase boundary  potential.  
The n in [la] is the number  of electrons t ransferred 
in the redox process, and Z in [ lb]  is the charge of the 
ion involved in the exchange process. [M1] and [M~] 
are the activities of ion M in solution on each side of 
the membrane.  

For the electrode configuration, the potential  equa-  
tions take the form of 

2.3RT [M +'~] 
l o g  - [ 2 a ]  E -- ER + n F  [1~] 

and 
2.3RT [M + z] sol. 

E : E1 Jr l o g  [2b] 
ZF [M + z] glass 

for redo>: and ion exchange processes, respectively. In  
the redox equation, [2a], ER is a constant  containing 
the standard potential  for reduction of ion M +n to M, 
the potential  for any redox process occurring in the 
glass itself, and the metal-glass junct ion  potential  on 
the backside of the glass sensor element.  For the ion 
exchange equation, [2b], E1 is an analogous type con- 
stant  which includes a diffusion potential,  redox poten-  
tial in  the glass associated with the conduction mode 
changing from ionic to electronic, and the metal-glass  
junct ion potent ial  ment ioned above. [M+Z]sol. and 
[M +z] glass represent  the activities of ion M +z in the 
solution and the glass, respectively. 

Samples of 1173 glass doped with 0.8, 1.6, 2.0, and 
2.4% Fe ~ were tested in the membrane  and electrode 
configurations for potential  response to changing Fe +3 
concentration. All Fe~ sensors were responsive to 
Fe +3, and the potential  behavior  was l inear  and re -  
producible in the concentrat ion range from 10-5-10 -4 
to 10-1M. The Fe +3 test solutions were prepared by 
di lut ing the 0.1M Fe (NO3)3 stock with 0.1M KNOa and 
adjust ing the pH to ~1.7 (pH of the 0.1M Fe +3 stock 
solution).  In  this way wide variat ions in ionic s trength 
were avoided so that  the relat ionship between the po- 
tent ial  and the concentrat ion of Fe +s could be used. 
Figure 3 shows the potential  response of an electrode 
and a membrane  of 2.0% Fe~ to Fe +3 concentra-  
tion. For both configurations, a l inear  response is ob- 
served from 10-SM to 10-1M Fe +3, and the slope in 
each case is approximately 60 mV. In  view of Eq. [ la]  
and [2a], the slope of 60 mV per order of magni tude  
change implies that  a redox potential  involving the 
Fe+3/Fe +2 couple is potential  determining.  If this is 
the case, then the Fe +2 mus t  either be in  the glass or 
generated at its surface. Ion exchange involving Fe +3 
at the solution-glass interface is ruled out, since a 
slope of 20 mV is predicted from Eq. [ lb]  and [2b]. 

In Fig. 4, the potential  response of an 0.8% Fe 0- 
1173 glass in the electrode configuration to Fe +3 and 
Fe +~ is shown. The slope of the E-log[Fe +3] is 53 mV 
from <10 -4 to 10-1M Fe +a and is consistent with the 
Nernst  expression for a redox process. The response to 
Fe +2, however, was suspicious because the potential  
shift is in the wrong direction when  considered with 
respect to Eq. [2b]. Spot tests with K4Fe(CN)6 and 
KSCN confirmed the presence of Fe +s in our Fe +2 
test solutions. Therefore, the response in the Fe +2 solu- 
t ion was actually a response to the contaminant ,  Fe + 8. 
Our E-log [Fe +3] curve indicated Fe +3 was present  at 
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in KNO3 and pH = 1.67. 
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The potential  response of the Fe0-doped 1173 glasses 
to changing Fe +3 concentrat ion is fair ly rapid. A 
l imited invest igat ion of the potent ia l - t ime character-  
istics suggested that  es tabl ishment  of equi l ibr ium 
(stable potential)  is mass t ranspor t  controlled. 

Several  interference tests were made with the Fe ~ 
1173 glass sensors. As ment ioned earlier, the sensors do 
not respond to Fe +2. In  addition, the sensor potent ial  
was independent  of concentrat ions of Na +, K +, NP~ +, 
Ca +2, Ba +2, Mg +2, 1Y/n +2, Zn +2, Cr +3, and NO3-. Fig-  
ure 5 shows results of some of the interference tests 
in which the con taminan t  concentrat ion varied and the 
test solution remained 0.1M in KNO3, 0.001M in Fe +~, 
and at pH 1.6. As noted, Ag + represents  a ma jo r  in te r -  
ference. A decrease in  potential  is observed as the con- 
centrat ion of C1- and SO4 = is increased. In  the absence 
of Fe +s, however, the potential  response is indepen-  
dent  of these anion concentrations. Complexing of the 
Fe + ~ by  the anions is responsible for the potent ia l  shift 
noted in Fig. 5. These Fe~ glass sensors are sensi- 
tive to f lee Fe +3 concentrat ion,  and this coordination 
shifts the electrode potential  negatively, as would be 
predicted by the Nernst  expression. In  the presence 
of excess C1- (Fig. 6), a 2.0% Fe0-1173 glass electrode 
still exhibits  close to Nerns t ian  behavior to Fe +3 in 
the 10 -4 to 10-ZM range. The apparent  electrode sen- 
sit ivity has decreased by an order of magnitude.  In  
actuality, the free Fe +3 concentrat ion is approximately 
an order of magni tude  less than the total Fe +3 con- 
centration. 
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Fig. 5. Effect of contaminant concentration on the potential 
of a 2.0% FEO-1173 gloss electrode. All solutions are O.1M in KN03, 
O.O01M in Fe +3, and pH -~ !.6. 

0.6 I I ] I I ] 
a level that  was less than  1% of the given Fe +2 con- 
centration. 

Addit ional  support  for the sensor response being in-  
dependent  of the Fe +2 concentrat ion in  the bulk  of 0.5 
solution was gained from exper iments  in which the 
ratio of [Fe+2] / [Fe  +3] was var ied from 0.1 to 100. The ~'  
potential  did not vary  l inear ly  with the log [Fe+3]/  ~ 0 . 4  
[Fe+2], but  was l inear ly  related to log[Fe+3]. When 
the ratio of [Fe+3] / [Fe  +2] was held constant, bu t  the c~ 
total  iron concentrat ion var ied by  dilution, the pa ten-  > 
tial decreased as the concentrat ion of Fe +s decreased, w 0.3 
These results indicated that  the Fe~ 1173 sensor 
was insensitive to Fe +2 in  the bu lk  of solution. 

Although Nernst ian behavior  has been observed for 
all the Fe~ glasses tested, the opt imum doping 0. 
level for potential  stability, response t ime character-  
istics, and Nernst  response is approximately 2.0% Fe 0- sToT-2 
1173. At the lower doping levels, the high resistivity 
of the sensors is undesireable.  With the heavi ly  doped 
samples, more deviations from Nernst ian behavior  are 
recorded. 
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0 - -  
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t.oG +'] 
Fig. 6. Response of 2.0% Fe~ glass electrode to Fe +3 

concentration in an excess C I -  medium. All solutions ore 1.0M 
in KCI and pH = 1.7. 
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One fur ther  comment  with regard to Fig. 5 is neces- 
sary. When Fe +s is present  in the test  solution, no po- 
tent ial  response to Cu +2 is observed, even when the 
Cu +2 concentrat ion is 100 times greater. Figure 7 is a 
plot of the potential  behavior of 1.6% Fe0-1173 and 
2.0% Fe0-1173 glass electrodes to Cu +2 in n i t ra te  and 
chloride media in the absence of Fe+L The E-log 
[Cu +2] curves for Cu +2 in 0.1M KNO~ (27 mV) have 
the slopes that  would be expected for a 2e -  redox 
process or an ion exchange reaction involving a cation 
with a + 2  charge. In  the chloride medium, slopes of 
53 and 62 mV for the 1.6% Fe~ and 2.0% Fe-l173, 
respectively, are indicative of a l e -  redox process, 
especially since Cu +z is known to be relat ively stable 
in an excess CI -  medium (10). These results suggest 
that the Cu +~ response in the n i t ra te  medium was due 
to a 2e -  redox process. This redox type behavior  for 
Cu +2 fur ther  supports the l e -  redox potential  mecha-  
nism for Fe + 3. 

The redox potential  mechanism for the response to 
Cu +2 raises some interest ing questions. Since Cu is not 
present in the Fe~ glasses, how is the other half  
of the redox couple generated? In  addition, must  Fe be 
incorporated in 1173 to obtain a response to Fe+3? 

With these questions in mind, sensors of 1.5% Co o- 
1173 and 1.5% Ni0-1173 in the electrode configuration 
were prepared and evaluated. No response to Co +2 or 
Ni +2 was measured. The sensors exhibited a potential  
response to Fe +3 (Fig. 8) over the  entire concentra-  
t ion range tested, wi th  Nerns t ian  behavior  displayed 
from 10-~ to 10-ZM Fe § The presence of Fe in the 
1173 glass appears not to be a prerequisi te  for potential  
responses to Fe+L Figures 9a and 9b show the re-  
sponse of the 1.5% Co0-1173 and 1.5% Ni0-1173 elec- 
trodes to Cu +2 in n i t ra te  and chloride media. In  the 
NO3- medium the response to Cu +2 is l inear  in the 
10 -5 to 10-ZM range wi th  a slope of ~30 inV. The 
slope increased to 54 mV in a CI -  medium. These re-  
sults, like those for the Fe0-doped 1173 electrodes, in-  
dicate that the potential  de termining  process shifts 
from a 2e-  mechanism to a l e -  mechanism in going 
from a NO3- medium to a C I -  medium. 

The responses to Fe +~ and Cu +~ indicate the redox 
processes involved are 

Fe +3 Jr e- ~ Fe +~ [3] 

Cu +2 + 2e-  ~ Cu o [4] 

Cu +~ + e -  + 3C1- ~ CuCls -~z [5] 
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and the lower oxidation state of each redox couple 
is generated at the electrode surface. Fur thermore,  the 
activity of the lower oxidation state of the par t icular  
redox couple must  remain  constant  at the sensor sur-  
face for the l inear  E-log [Ox] curve to be displayed. 

With the redox mechanism established, it appeared 
that there should be other ions associated with a re-  
versible redox couple that  could be measured with 
the Fe ~ Ni a, or Co~ 1173 glass sensors. These 
sensors were found to be insensit ive to Cd +2, Co +2, 
Ni +2, and Pb  +2, bu t  responsive to Cu +~ (excess C1-) ,  
Cu+2, Fe+3, Ag+, Hg+ 2, Mn +3, and Ce +4. The potent ia l  
response is related not  only to reversible redox couples, 
but  also to the position of the redox couple in the emf 
series. In  the emf series, the single electrode potential  
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for the reducing agent in the doped 1173 glass is be- 
tween --0.12 and +0.18V. 

Generat ion of the lower oxidation state for an ion 
which can be measured with the doped 1173 sensors, 
therefore, involves a redox reaction between the higher 
oxidation state of the reversible redox couple and the 
reducing component of the glass. Possibly due to 
limited reduction sites of the glass, the activity of the 
lower oxidation state is held constant  while the higher 
oxidation state of the redox couple varies from 10 -5 
to 10-1M in the bu lk  of solution. 

Summary 
Ion selective electrochemical sensors were prepared 

containing Fe0-, COO-, and Ni0-doped chalcogenide 
glasses (28% Ge, 60% Se, 12% Sb) as the active ma-  
terial. The potential  responses of these sensors sup- 
port a redox potential  mechanism rather  than the ion 
exchange mechanism. The sensors respond only to the 
higher oxidation state of reversible redox couples, and 
the response is dependent  on the s tandard electrode po- 
tentials of the redox couples. The sensing element  of 
doped 1173 glass does not appear to be inert, bu t  acts 
as a reducing agent which generates the lower oxida- 
t ion state of the redox couple and mainta ins  it at a 
constant activity. 

While the redox response characteristics greatly l imit 
the applicabil i ty of the sensors to cer ta in  ions, they 
also el iminate many  of the interferences. Interferences 
may be expected only from the higher oxidation state 
of redox couples other than the specific ion of interest  
or from ions (usually anions) which complex the spe- 
cific ion to be determined. 
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Concentration Reversion in Potentiostatic Electrode Kinetics 

C. A. Johnson, 1 S. Barnartt,* and F. D. Glasser 2 

Edgar C. Bain Laboratory yor Fundamental Research, 
United States Steel Corporation, Monroeville, Pennsylvania 15146 

ABSTRACT 

Coupled diffusion of two substances taking par t  in a potentiostatic elec- 
trode reaction can lead to a m a x i mum concentrat ion change at finite t ime for 
one of the substances. It  is shown that  this phenomenon can occur at spherical 
and cylindrical  electrodes, with first-order and with higher-order  reactions, 
but  not  at p tanar  electrodes. 

In heterogeneous chemical kinetics it is known (1-4) 
that  the coupled migrat ion of two substances to or 
from an interface can result  in  one substance (A) ex- 
hibi t ing a max imum change in concentration. Thus the 
concentrat ion CA can change from its ini t ia l  value CA ~ 
to a max imum or m in imum value, and then revert  back 
(in the direction of CA o) to at tain an intermediate  
steady-state value as t ~ ~ .  We shall refer  to such 
concentra t ion- t ime behavior  as "concentrat ion rever-  
sion." 3 

This phenomenon has been observed in the sulfuriza- 
tion of iron by a calcium aluminosil icate slag contain-  

* Elect rochemical  Society Act ive  Member .  
1P re sen t  address :  Divis ion  of Mater ia ls  Science, Argonne  Na-  

t ional Labora tory ,  Argonne ,  Illinois, 60439. 
~Pre sen t  address :  D e p a r t m e n t  of Chemis t ry ,  Ohio State Uni-  

vers i ty ,  Columbus,  Ohio, 43210. 
Key  words :  concent ra t ion  polarization,  coupled diffusion, con- 

cen t ra t ion - t ime  curves .  
s This  t e r m  was  sugges ted  by L. S. Darken.  The t e r m  implies  only 

tha t  concentra t ion changes  r eve r se  direction.  I t  should not be in- 
f e r r ed  that  the direct ion of diffusion changes;  diffusion a lways  
proceeds in the direct ion of  decreas ing  chemical  potential.  

ing sulfur  (1). In  that system, which involved the 
coupled diffusion of sulfur and silicon, the sulfur  con- 
centrat ion at the slag side of the interface passed 
through a minimum.  Good evidence has been given for 
carbon concentrat ion reversion dur ing diffusion across 
welds of an Fe-Si -C alloy to Fe-C or to Fe-M.n-C 
alloys (2, 3). Another  example is the su l fur-concentra-  
tion max imum produced near  the surface of a ferrous 
silicate melt  dur ing  s imultaneous sulfurizat ion and 
oxidation of the melt  by a CO-CO~-SO2 atmosphere 
(4). In  the lat ter  s tudy it was possible to correlate a 
portion of the concentra t ion- t ime curve quant i ta t ive ly  
with the equi l ibr ium oxidation state of the melt. 

The present paper deals wi th  concentrat ion rever-  
sion in electrochemical kinetics, specifically in elec- 
trode reactions carried out at constant  potential.  The 
concentrat ion changes which can occur in a potentio- 
static reaction are limited, and a knowledge of the 
max imum possible concentrat ion changes is very  use- 
ful. Such knowledge helps the exper imenter  to design 
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experiments  which permit  only moderate concentra-  
tion changes: (a) to avoid side reactions which con- 
t r ibute  to the observed current  or passivate the elec- 
trode, and (b) to permit  accurate analysis of current -  
t ime curves (5-7). We can often calculate max imum 
concentrat ion changes as those for the condition t ~ oc, 
provided concentrat ion reversion does not occur. The 
aim of this study, therefore, was to determine under  
what potentiostatic conditions and with what  electrode 
geometries concentrat ion reversion is possible. 

We demonstrate below that  concentrat ion reversion 
can indeed occur in the case of first-order reactions at 
spherical electrodes. In this case the reaction conditions 
that give rise to concentrat ion reversion can be speci- 
fied, and the entire concentra t ion- t ime curve can be 
described by an exact closed-form equation. The possi- 
bil i ty that concentrat ion reversion can occur with 
higher-order  reactions at spherical electrodes, or with 
electrode reactions of any order at p lanar  and cyl in-  
drical electrodes, is also examined. 

The generalized higher-order  electrode reaction to 
be treated is fomulated as 

bB z+ -5 xX -5 n e -  : yy[(bz-n)/yJ+ -5 wW [1] 

The charge- t ransfer  mechanisms are restricted to those 
in which the electrical work involved all occurs during 
the ra te -de termining  step. The solution is assumed to 
contain an excess of support ing electrolyte and high 
concentrat ions of substances X and W, so that only one 
reactant  and one reaction product exhibit  significant 
changes in concentration. For these conditions the rate 
of reaction [1] in the anodic direction (right to left),  
as a function of the concentrat ions at the electrode 
surface, may be expressed as current  density at time t 
by (8) 

cv ] exp ( 1 - - ~ ) n ~ n  ~ ( t ) = i o  ~ ~ ., 

--io - - ]  exp --~--~ [2] 
CB ~ y 

Here io is the exchange current density, fl the transfer 
coefficient, and v the stoichiometric number of the 
charge-transfer mechanism. Also ~] is the overpotential 
and e - F/RT, where F is the Faraday, R the gas con- 
stant and T absolute temperature. The concentrations 
of Y and B in the solution at the electrode surface are 
the bulk values cy ~ CB ~ at time t = 0, and are written 
cv, CB (without added notation) for time t. The reac- 
tion order (defined at constant potential) is y/u with 
respect to Y and b/u with respect to B. 

It is assumed that the electrode is initially at the re- 
versible potential, so that the potential step applied to 
begin the reaction is equal to ~]. At first sight we might 
expect the concentration ratio of the anodic reactant, 
cy/cy ~ in Eq. [2], to decrease continuously with time 
and the product ratio (CB/CB ~ to increase continuously 
with time, each of these effects causing the current to 
decrease continuously with time. Although the current 
is a measure of the over-all reaction and decreases 
monotonically, the coupling of cv and CB at the elec- 
trode surface through Eq. [2] means that  one of cy, CB 
is required to change monotonically,  but  not neces- 
sarily both. Coupled migrat ion of this type makes con- 
centrat ion reversion possible but  does not assure its 
occurrence, as is demonstrated later. 

Mass t ransfer  of Y or B to the electrode surface is 
restricted to diffusion only. The fundamenta l  problem 
is then a boundary -va lue  diffusion problem. The flux 
at the electrode boundary  is given by Fick's first law 
as 

i ( t )  ---- ( n / y ) F D y ( b c y / O x )  - - - - - (n /b )FDB(OCB/OX)  [3] 

where i ( t )  is the current  in Eq. [2]. This boundary-  
value problem varies in detail for planar,  spherical, 
and cylindrical  electrodes, but  the mathematical  de- 
tails need not be discussed here. 

Pin.at Electrodes 
The general  diffusion problem for p lanar  electrodes 

has been examined in a previous paper (5). By appli- 
cation of a powerful  theorem of Mann and Wolf (9), 
rigorous proof was given that  the concentrat ion of 
anodic reactant  Y at the electrode surface (cy) must  
decrease monotonical ly for all t > 0, and that  cn must 
increase monotonically. This proof encompasses higher-  
order as well as first-order electrode reactions. There-  
fore, concentrat ion revers ion wil l  not  occur at p lanar  
electrodes. 

Spherical Electrodes 
Firs t -order  r e a c t i o n s . ~ I n  the case of spherical elec- 

trodes, it is expedient  to consider first-order reactions 
separately, because there exists an exact analytical  
solution of the general  boundary-va lue  problem only 
for reactions of first-order. The concentrat ion- t ime 
curves for first-order reactions are given by (10) 

it=o 
cy ( r  = a,t) : cy ~ - 

VDBB 1 \----;-( . 

nFA/DY (~ -- ;~) 

i )+(i x/D",)CbVt] 
a~ 

) L4] 
it=o 

cn (r = a,t) -- CB ~ -5 
nF~/DB (~ -- ~) 

~ /Dy  (1  i ) + ( i  ) cbvt]  
~ a~ 

- - ( 1  ~/Dy C [~k/~-] 1 ,) [sj 
Here Dy and DB are the diffusivities of Y and B, re- 
spectively: it=o is the charge-transfer  controlled cur-  
rent  density, which is given by Eq. [2] with cy : cy o 
and cB ---- CB~ also a ---- electrode radius, and 

C[x] = exp(x  2) erfc(x)  [6] 

1 
=- - ~ { k  -5 (~ /Dy  -5 ~ / D B ) / a  -5 ~v/~} [7] 

1 
-- -~  {k -5 (x /D~ -5 A/D---B)/a -- A/P} [8] 

r ---- k2 -5 (N/DY -- N/DB)2/a  2 

-5 (2/a) (~y~/Dy -- kBk/DB) (A/Dy -- A/DB) [9] 

~. -- ky'k/D Y -5 ~B~k/DB [10] 

io exp [ (1 -- fl) n e ~l] io exp ( --;~ n e 0) 
) , y  ---~ , XB 

nF  cy ~ Dy n F  CB ~ DB 
[ii] 

The corresponding cur ren t - t ime  relat ion is 

i ( t )  1 1 
- 5 ~  

it=o 1 -5 a~y -5 akB ~ -- l~ 

f(VbT - aO (VD-~- a0 
C [ ~ / t ]  

a2~ 

_ (VDY - a;0a2~(A/DB -- a~) C[/~V~ ] } [12] 

In  examining  Eq. [4] for possible concentrat ion re-  
version, we note first that  normal  behavior requires the 
derivative Ocy/Ot at r ---- a to be negative and to de- 
crease in absolute magni tude  with time. A sufficient 
condition for reversion is that  this derivat ive be posi- 
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Table I. Potentiostatie reactions exhibiting concentration reversion. Spherical electrodes 

1 1 

T e s t  Dy DB c I  ~ CB ~ "0, akB akY 
No, cmZ see-1 x 10 ~ m o l  c m  -a x 10 ~ m Y  a, m m  * ** - - u z , =  -- us ,=  tm, see 

At tm 
- - u ~  UB i/it_-0 

1 5 
2 5 
3 0.5 
4 0,5 

5 5 
6 5 
7 0.5 
8 0.5 

G r o u p  I :  F i r s t - o r d e r  r e a c t i o n s  ( y = n = b = u ) ,  io = O.1 m A  cm -~, ~ -- 0.5, 25~ 

0.5 1 1 50 4.505 0.283 0.3026 3.026 5680. 0.364 1.92 0.256 
0.5 1 1 10 3.064 0.191 0.0355 0 .355  1550. 0.0501 0.244 0.332 
5 1 1 1O 2.232 0.178 0.259 0.0259 784. 0.164 0.0380 0 .350 
5 1 1 50 1.079 0.169 0.724 0.0724 173. 0.527 0.1100 0.367 

G r o u p  I I :  R e a c t i o n s  s econd  o r d e r  in  Y (y=n=2, b=v=l),  io = 0.1 m A  c m  -~, ~ = 0.5, 25~ 
0.5 2 1 1O 2.976 0.478 0 .0620 0.620 5110. 0.0714 0.419 0.390 
0.5 4 0.2 35 1.732 0.435 0.0825 8.25 1570. 0 . ~  5.64 0,405 
5 2 1 60 0.04165 1.121 0.265 0.0265 8.24 0,208 0.0273 0,624 
5 40 0.1 60 2.561 0.365 0.392 7.85 3970. 0.268 ~ 0.446 

* C o m p a r e  ~/Dy/DB - -  1 = 2,16. 

tive and approach zero (steady-state condition) as 
t -~ ~ .  The general  form of the derivative, as obtained 
from Eq. [4] for r ~ a, is 

_ _ [( OCy it=o 1 

0t nF~/Dyy (~ - -  ,~) a~ 

[ 1 3 ]  

For large values of t this may be simplified by use of 
the asymptotic expansion 

C[x] = (1 /k/~)x  -1 -- (1/2~/~)x -3 + 0(x -5) [14] 

to yield 

Ocy it=o 

Ot 2 nF  (xDy) 1/2t3/2 (~#) 

[ (akY~c/DY + N/DY) + akBN/DB + ~r ] 
L 1 - _ _ ] [ 1 5 ]  

(a~.yk/Dy + ~/Dy) + a~,B~/Dy 

Noting that (~ )  must  always be positive, we see from 
the term in square brackets that  the derivative at long 
times is always negative when Dy : DB or when 
Dy < DB. If Dy > DB, however, the derivat ive becomes 
positive for the condit ion 

%/Dy/DB -- 1 > 1/a~B [16] 

Thus the concentra t ion- t ime curve for reactant  Y ex- 
hibits reversion when  s imultaneously  Dy > DB and 
a}~B is sufficiently large. The lat ter  condition requires 
a moderately rapid electrode reaction and is favored 
by low bulk  concentrat ion of product B; also, the elec- 
trode radius must  not be too small. 4 

Similar  differentiation of Eq. [5] reveals that  only 
normal  CB -- t curves can occur when  Dy ---- DB or when  
Dy > DB. This result  tells us formally that  the CB -- t 
and cy -- t curves can never  both exhibit  concentrat ion 
reversion in a single experiment.  A sufficient require-  
ment  for obtaining reversion of a CB -- t curve is found, 
as above, to be 

A/DB/Dy-- 1 > I/a~v [17] 

Examples of first-order reactions which satisfy con- 
dition [16] are tests 1 and 2 of Table I. In each case 
the concentrat ion of reactant  Y at the electrode p a s s e s  

We a r e  i n d e b t e d  to a r e f e r e e  fo r  b r i n g i n g  to o u r  a t t e n t i o n  the  
w o r k  of R. W. L y c z k o w s k i ,  D.  G i d a s p o w ,  a n d  C. W. S o l b r i g ,  Chem. 
Eng. Progress Symp. Series No. 77, 63, 1 (1967) .  T h e s e  a u t h o r s  
s h o w e d  t h a t  c o n c e n t r a t i o n  r e v e r s i o n  can  o c c u r  w i t h  c h e m i c a l  r e -  
a c t i ons  t a k i n g  p l a c e  on a c a t a l y t i c  s u r f a c e .  T h e  s u r f a c e  c o n s t r a i n t s  
on t h e i r  r e a c t i n g  s y s t e m  a r e  e s s e n t i a l l y  s i m i l a r  to those  in  the  
p r e s e n t  p a p e r .  T h e  c r i t e r i a  w h i c h  w e  f ind,  f o r  t h e  o c c u r r e n c e  of  
c o n c e n t r a t i o n  r e v e r s i o n  in  p o t e n t i o s t a t i c  r e a c t i o n s ,  a r e  s i m i l a r  to 
those  w h i c h  t h e y  f o u n d  f o r  c a t a l y t i c  c h e m i c a l  r e a c t i o n s .  

** C o m p a r e  x/DB/D~ -- 1 = 2,16. 

through a m i n i m u m  at a finite time, tin. Relative con- 
centrat ion changes 

U y  ~-- (Cy  - -  Cy~ ~ UB ~-~ (CB - -  CB~ ~ [ 1 8 ]  

are tabulated for comparison purposes. The time t,, 
corresponding to the max imum concentrat ion change 
was determined to better  than _--+1% accuracy from 
listings of uy and UB as functions of time, obtained by 
computer from Eq. [4], [5]. Table I lists the min imum 
in uv (shown under l ined) ,  as well  as the values of UB 
and i/it=o corresponding to it. Also tabulated are the 
ul t imate values uv.~ and UB.~ corresponding to t--> ~ .  
Examples of first-order reactions satisfying condition 
[17] are tests 3 and 4 of Table I; here the max imum 
value of UB was determined and is shown underl ined.  

By way of i l lustration, curves of uy, UB, and i ( t ) /  
it-o as functions of time, calculated from Eq. [4], [5], 
[12], are plotted for test 1 of Table I in Fig. 1. The 
existence of a m i n i mum in the u y -  t curve has no 
effect on the monotonic decrease of current  or on the 
monotonic increase of us. This curve exhibits the char-  
acteristically slow rate of recovery of concentrat ion 
after the ma x i mum concentrat ion change is passed. In  
this case the ma x i mum concentrat ion change, exceeds 
the ul t imate change (t-> ~ )  by 21%. Many other re- 
action conditions gave relat ively larger percentage 
changes, e,g., 41% for test 2 and 52% for test 6 of 
Table I. 

Higher-order reactions.--No exact analytical  solu- 
t ion of the general  diffusion problem for higher-order  
reactions at spherical electrodes has appeared as yet. 
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Fig. 1. Fractional changes in surface concentrations and current, 
first-order reaction at spherical electrode, test I of Table [. 



Vol .  118, No.  4 C O N C E N T R A T I O N  R E V E R S I O N  I N  K I N E T I C S  

Table II. Potentiostatir reactions exhibiting concentratio, reversion. Cylindrical electrodes 

579 

Tes t  DY D~ 
No. c m  ~ see -1 X 10~ 

1 1 

CY ~ Cl~ ~ io, "akB aky 
tool  cm -~ x 10 ~ m A  c m  -z fl ~, m V  a, m m  * ** tin, see 

A t  tm 

-- ~y UB i/i ~ =o 

1 4 0.4 
2 4 0.4 
3 0,4 4 
4 0,4 4 

5 5 0.5 
6 5 0.5 
7 0,5 5 
8 0.5 5 

G r o u p  I :  F i r s t - o r d e r  r eac t i ons  ( y = n = b =  v} 
5 1 1 0.5 i 0  0.1350 0.346 35.6 0.01327 0.324 0.278 
5 1 1 0.5 40 0.2045 0.411 114. 6.0914 2.31 0.268 
0.5 1 0.1 0.5 I0 0.2 790. 0.794 0.210 0.01729 0.313 
1 1 1 0.5 10 0.0827 16. 0.384 0.206 0.0415 0.273 

G r o u p  I I :  Reac t i ons  second  o rder  in  Y ( F : n = 2 ,  b = v = l )  
10 1 1 0.5 30 1.O 0.310 1200. 0.1791 4.27 0.182 
10 1 3 0.25 20 0.1 0.475 29.6 ~ 2.08 0.252 
I0  1 0.4 0.5 20 1.0 2070. 0.277 ~ 0.316 0.239 

5 0.5 3 0.75 30 O.1 18.3 0.224 0.414 ~ 0.229 

* C o m p a r e  ~ / D y / D B ' - -  1 = 2.16. 

A first approximat ion has been obtained by solving 
the general  problem after l inearizing Eq. [2] with re-  
spect to concentrat ions (11). The resul t ing c y -  t, 
cL~ -- t and i -- t relat ions are the same as Eq. [4], [5], 
[12], provided ky and },B are redefined to include the 
reaction orders 

(y /v ) '% exp[  (1 -- ~) (n/v) ~11] 

( n / , ) F  Cy" D y  

(b/~) 2io exp [-- fl (n/v) ~l] 
)~B -- [19] 

(n/v) F c~ ~ DB 

This resul t  indicated to us that  Eq. [16] and [171, 
which are conditions for concentrat ion reversion with  
f irst-order reactions, might  lead us to h igher -order  
reactions which show this phenomenon,  if revers ion is 
indeed possible in h igher -order  systems. Accordingly 
we selected several  par t icular  reactions which were  
second order  in anodic reactant  Y and first order in B; 
some of these obeyed Eq. [16] and the others Eq. [17]. 
For each case, the t rue cy -- t, cB -- t, and i -- t curves 
were  de termined  numer ica l ly  on a computer  fol lowing 
the Schmidt  method (12). The solution was carried 
out sufficiently far  in t ime to include the max im um  
concentrat ion change. In each of the par t icular  cases 
examined concentrat ion reversion was found; a small 
sampling of these results  is included in Table I. Tests 
5 and 6 represent  react ion conditions obeying cri terion 
[16], and each exhibits  a min imum in Cy. Tests 7 and 8 
obey cr i ter ion [17] and exhibi t  m a x i m u m  cir. The 
values of uy,~ and UB,,. tabulated for these h igher -order  
cases were  calculated f rom equat ions previously de-  
veloped (11). 

CyJindrica! FJectrodes 
In a potentiostatic exper iment ,  the electrode reaction 

rate decreases monotonical ly  wi th  t ime whe ther  the 
electrode is planar,  spherical, or cylindrical.  At planar  
electrodes the two coupled concentrat ion changes, uy 
and UB, stand in constant ratio at all t imes (5). At  
spherical electrodes the ratio of these concentrat ion 
changes is ini t ial ly (t--> 0) the same as at p lanar  elec- 
trodes, because the diffusion layer  thickness is small 
with respect to electrode radius, but  as the reaction 
proceeds this ratio changes (10, 11). Cyl indrical  elec- 
trodes also behave ini t ial ly l ike planar  electrodes but, 
as with spherical  electrodes, the ratio Uy/UB varies 
with time. Such t ime var ia t ion is a necessary condi- 
tion for concentrat ion reversion to occur. Al though 
this is not a sufficient condition, it mot ivated  us to look 
for concentrat ion reversion at cyl indrical  electrodes. 
In addition, the success of Eq. [16], [17] as cri ter ia  for 
reveal ing concentrat ion reversion in h igher -order  re-  
actions at spherical electrodes encouraged us to apply 
these cri ter ia  to cylindrical  electrodes, for both first- 
order and h igher -order  reactions. The admit tedly  ten-  
uous rat ionale behind such application to cylinders is 
the fact (6, 13) that, for an appreciable t ime start ing 
at t = 0, a constant-potent ia l  reaction exhibits  almost 

** C o m p a r e  A / D ~ / D ~  - -  1 = 2.16. 

the same kinetics at a cyl inder  of radius a as it does 
at a sphere of radius (8/3)a.  

Severa l  par t icular  cases of f i rs t-order reactions at 
cylindrical  electrodes were  selected initially, on the 
basis of Eq. [16], [17], and the t rue curves  of cy -- t, 
cB -- t, and i -- t were  obtained by solving the bound- 
ary value problem numer ica l ly  on a computer.  Again 
the Schmidt  procedure (12) was followed, the bound- 
ary conditions on the concentrat ion gradients being 
handled by a method also ascribed to Schmidt  [ref. 
(14), designated Method I l l .  Concentrat ion reversion 
was found to occur, as is shown by the group I tests 
in Table II (max imum re la t ive  concentrat ion changes 
are under l ined) .  Equat ion [16] was successful as a 
cr i ter ion for reveal ing  cy reversion;  tests 1 and 2 are 
typical  examples. Equat ion [17] led to CB reversion, 
e.g., tests 3 and 4. 

Next  the two cri ter ia  were  applied to par t icular  re-  
actions second-order  in reactant  Y and f irs t-order in B 
as examples of h igher -order  reactions. In each case 
t rue  concent ra t ion- t ime and cur ren t - t ime  curves were  
generated numer ica l ly  as above. Again Eq. [16] led 
us to cy reversion, e.g., tests 5 and 6 of Table II; and 
Eq. [17] led to CB reversion, e.g., tests 7 and 8. 

Conclusions 
In electrode reactions at constant potential,  the 

coupled concentrat ion changes of two substances in- 
volved in the react ion can lead to concentrat ion re-  
version, i.e., the absolute value of the concentrat ion 
change of one substance passes through a m ax imum 
at some finite reaction time. This phenomenon occurs 
at spherical  and cyl indrical  electrodes, both with first- 
order and h igher -order  reactions, but  it cannot occur 
at planar  electrodes. In the case of f i rs t-order reac-  
tions at spherical electrodes, the known closed-form 
solutions for the concent ra t ion- t ime behavior  permit  
one to predict  exper imenta l  conditions that  give rise 
to the reversion phenomenon. 
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Interferometric Study of the Concentration Change at 
High Cathodic Current Densities 

Aladar Tvarusko* and Laurence S. Watkins ~ 

Engineering Research Center, Western Electric Company, Princeton, New Jersey 08540 

ABSTRACT 

The refractive index change, An, i.e., the concentrat ion of the solution at 
a vert ical  cathode was studied by a Lloyd mirror  laser interferometer  dur ing 
the electrodeposition of copper from CuSO4 solutions with and without  t en-  
fold excess of H2SO4. The ini t ial  galvanostatic t ransients  were studied below 
the l imit ing current  density and above to the start of H~ bubble  formation. It  
was found that the concentrat ion decreased l inear ly  with it I/2 for both solu- 
tions. The effect of an assumed l inear refractive index gradient  on the mea-  
sured value of ~n is discussed in addit ion to the influence of the H2SO4 sup- 
porting electrolyte. 

The change of the refractive index, i.e., concentrat ion 
of the solution in the diffusion layer dur ing electro- 
chemical processes, has been extensively studied by 
interferometry,  main ly  at low current  densities (1). At 
high current  densities, the refractive index change of 
the solution cannot  usual ly  be obtained from the vari-  
ous interferograms because the beam of light is de- 
flected due to the presence of large refractive index 
gradient  in the diffusion layer (2, 3). Similar  observa- 
tions were made also in interferometric heat t ransfer  
studies (4). The complex light deflection errors were 
treated by several workers (2, 4-6), 

We have described separately (2) a Lloyd mirror  
laser in terferometer  for the determinat ion of the re- 
fractive index gradient. The optical path length change 
of the reflected ray was measured as a function of time, 
incidence angle, and electrode displacement (2). The 
refractive index gradient  is calculated from the mea-  
sured optical path length change (2) by an i terative 
solution of the derived equation (7) on a digital com- 
puter. The change of refractive index is obtained by 
mul t ip ly ing the refractive index gradient  with the 
diffusion layer thickness (2, 3). 

The electrodeposition of copper from 0.24M CuSO4 
solutions without and with tenfold excess of H2SO4 was 
studied by a Lloyd mir ror  laser interferometer  at high 
constant current  densities (~90 mA/cm2).  We shall 
describe the interference fringe behavior  especially 
above the l imit ing current  density, the optical path 
length change as a function of time at various current  
densities, and the refractive index change as a function 
of it 1/2. 

Experimental 
The exper imenta l  setup was described separately in 

detail (2). F igure  1 shows schematically the electrol- 
ysis cell and the Lloyd mir ror  laser interferometer.  A 
diverging laser beam is par t ia l ly  reflected off the elec- 
trode producing an interference pat tern  between the 
reflected and unreflected part  of the beam, In the ex- 
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periment,  fixed photo devices are used to monitor  the 
movement  of the interference fringes and their  out- 
puts are recorded on oscillographs. The interference 
fringes move past the detectors after the current  addi- 
tion because the optical path length of the reflected 
beam changes in the developing diffusion layer (2, 7). 
The distance between neighboring maxima or min ima 
of the sinusoidal signal (Fig. 2) correspond to the 
movement  of one fringe and the optical path length 
change of the deflected beam equals the wavelength 
of the laser light (632.8 rim). 

Results and Discussion 
The sinusoidat oscillograph traces are basically the 

same in the beginning of the galvanostatic experiments  
regardless of the current  density but  not the number  
of cycles, i.e., fringes and the frequency of the wave-  
form, i.e., number  of fringes per second (compare Fig. 
3). Below the l imit ing current  density the sinusoidal 
waveform becomes smooth when the steady state is 
reached, whereas it abrupt ly  ends after a certain time 
above the l imit ing current  density. Figure 2 shows the 
lat ter  for a 0.24M CuSO4-2.36M H2SO4 solution and 
the signal undergoes a large rapid change which is 
followed by a slow recovery. The traces eventual ly  
become randomly  rough due to the evolving hydrogen 
gas bubbles. 

The aforementioned large change of the signal oc- 
curs first at large ~ angles (# is the complementary 
angle of incidence) and proceeds toward shallower 
angles with t ime ( in less than  1 sec, depending to a 

~ k  ~ , CELL 

OLVERG~NG 
{NTERFERENCE CATHOOE LASER BEAM 
FRINGES 

Fig. 1. Schematic of the electrolysis cell and Lloyd mirror laser 
interferometer (not drawn to scale). 
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Fig. 2. Oscillograph record of the photodevice array output at 
various complementary angles of incidence (~) before .and after 
the addition of 86.2 mA/cm 2 which is well above the limiting cur- 
rent density. The so|ution is 0.24M CuSO4-2.36M H2SO4. 

certain degree on the current  densi ty) .  This large 
change of the trace coincides with the movement  of a 
br ighter  spot of the interfer ing laser beam across the 
photodevice array from larger to smaller 0 values. The 
random signal excursions, on the other hand, begin at 
the lowest e value after the aforementioned large rapid 
change of the signal has already occurred at higher 
values. 

The t ime dependence of the t ransi t ion of the large 
change could be explained by the deflection of the ray 
on various segments of the diffusion layer normal  to 
the cathode, if the diffusion layer  is assumed to be 
uniform along the cathode. It  is clear from init ial  ap- 
pearance of the large signal change at large ~ angles 
that the phenomenon responsible for it occurs first in 
a segment of the diffusion layer adjacent  to the cathode. 
This phenomenon extends with progressing electrolysis 
t ime toward the diffusion l aye r /bu lk  solution interface. 
High-speed color motion pictures of the laser beam in 
the diffusion layer  and on the cathode ~howed no vis- 
ible change unt i l  the H2 bubble formation. The H._, 
bubbles were very clearly visible in the path of the 
ray and the ray was randomly  bounced off the bubbles. 

The aforementioned large change and its t ime de- 
pendent  propagation through the diffusion layer are 
caused by the processes occuring in the immediate  
vicini ty of the cathode. Let us see what  happens at 
the cathode and in the diffusion layer dur ing galvano- 
static t ransient  above the l imit ing current  density. 
Cu + + are discharged in  the beginning at the cathode 
unt i l  its concentrat ion at the cathode/solution in ter -  
face decreases to zero when  the H + present  in the 

solution will start to be neutral ized at the cathode 
s imultaneously with the Cu + +. The electrodeposited 
copper wil l  be very rough and the H2 wil l  dissolve in 
the solution adjacent to the cathode. According to the 
unsteady-s ta te  model of electrolytic bubble  growth 
(8), first developed by Hsu (9) for a boiling liquid at 
a heated wall, there is a wai t ing t ime before a gas 
bubble forms. During this wai t ing t ime the cont inu-  
ously generated hydrogen gas diffuses away from the 
cathode due to the concentrat ion gradient  and the 
gas concentrat ion increases in the solution adjacent  to 
the cathode unt i l  it reaches a critical value at a specific 
distance from the cathode. Then, a gas bubble will 
start to grow from the supersaturated solution at a 
nucleat ion site. 

Glas and Westwater  (8) found that the wait ing times 
for hydrogen bubble  formation from pure H2SO4 solu- 
tions were usual ly  much less than 1 sec but  were up 
to 30 sec on nickel at 40 m A / c m  2. The elapsed t ime 
in Fig. 2 for the large change between the largest 
and smallest 0 angles is 0.42 sec and elapsed times of 
0.4 to 0.7 sec were found for Cu cathodes dur ing the 
electrodeposition of copper from both CuSO4 solu- 
tions. The delayed appearance of gas bubbles,  i.e., r an -  
domly rough signal trace after the large change of the 
signal and its time dependent  propagation toward the 
bulk  solution could be assigned to the H2 dissolution 
and supersaturat ion phase dur ing the wait ing time. 
Unfortunately,  there are no exper imental  data avail-  
able on the refractive index of electrolytes supersatu-  
rated with gases under  comparable conditions and the 
aforementioned possible correlation cannot be ascer- 
tained on the basis of Lloyd mir ror  interferometric ex- 
periments.  It  is interest ing to note that  the diffusion 
layer thickness (determined from Mach-Zehnder  in-  
terferograms) increased rapidly dur ing the correspond- 
ing t ime before the visible H2 bubble evolution in the 
presence of tenfold excess of H2SO~ (3). Another  pos- 
sible explanat ion for the t ime dependent  large change 
would be the formation of submicroscopic hydrogen 
gas bubbles which are slowly growing from the solu- 
tion rapidly becoming supersaturated.  

The large change of the signal in 0.24M CuSO4, i.e., 
in the absence of tenfold excess of t-I:,SO4, is present 
also but  at approximately twice the previous current  
densities (due to the influence of migrat ion) .  In the 
absence of H2SO4 the random signal excursions start 
practically immediate ly  after the disappearance of the 
sinusoidal signal at all angles in contrast  to the ab- 
sence of these random traces at large e angles with the 
tenfold excess of H2804. If they are present, they can- 
not be detected because of the aforedescribed large 
change of the signal. 

It is hoped that a future  interferometric study of 
the init ial  galvanostatic t ransients  of gas evolution in 
aqueous acid and alkaline solutions will answer wheth-  
er or not these large signal changes are present in 
absence of s imul taneously  occurring metal  deposition 
and are caused by the supersaturat ion of the solution 
or by others. 

Figure 3 shows the optical path length change of the 
deflected beam in terms of fringes at a recommended 
(2) higher e angle (0---- 0.0807 radian)  as a function 
of time for various current  densities. It can be clearly 
seen that (a) the optical path length change develops 
faster at higher current  densities; and (b) the number  
of fringes increases with current  density, but  starts 
to decrease approximately above the l imit ing current  
density. The same is t rue for the change of the optical 
path length at low ~ angle (~ ---- 0.0193 radian,  not re- 
produced here) but  the number  of fringes is not sen- 
sitive to current  density (>5  mA/cm2).  The reason for 

this current  independence of the optical path length 
change at low 8 angles is as follows: At shallow angles 
the beam penetrat ion is quite small  and so a change 
in the refractive index does not alter much the optical 
path of the beam through the diffusion layer; the beam 
will be very  close to the edge of the diffusion layer. 
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Fig. 3. The optical path length change of the deflected beam 
at higher complementary angle of incidence as a function of time 
at various current densities in 0.24M CuS04. 
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A change in the diffusion layer  thickness, however, 
will alter the optical path length significantly since 
the diffusion layer edge has moved�9 

The refractive index gradient  is calculated from the 
measured optical path length change (2) by an i tera-  
tive solution of the derived equations (7) on a digital 
computer. The change of the refractive index at the 
cathode/solut ion interface, • dur ing the current  flow 
is obtained by mul t ip ly ing the refractive index gradient  
with the diffusion layer thickness (2, 3). The refrac- 
tive index change in our case is practically l inear ly  
dependent  on the concentrat ion change of the solution, 
-~c (refractive index change of 1.10-~ equals 3.68 x 10 -6 
mole CuSO,/cm~). Thus, a l inear  relationship should 
be obtained between An (Ac) and i t  ~/2 in CuSO~ solu- 
tions with and without  tenfold excess of H2SO4 (10). 

Figure 4 shows An as a function of i t  ~/2 at various 
current  densities in 0.24M CuSO,. It  can be seen in 
the left half  that the l inear  regression fits the data 
well (the coefficient of correlation, R, is high) but the 
regression line (fitted by the least squares method) 
does not go through zero. The highest An value is 
40 x 10 -~ which is significantly below the expected 
value of 69 x 10 -4 if the concentrat ion of CuSO4 at the 
cathode surface is zero at and above the l imit ing cur-  
rent  density. 
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Fig. 4. The refroctlve index change as o function of i t V 2  a t  

various current densities in 0.24M CuSOa.. ~n is calculated with the 
actual diffusion layer thickness, 8, and the idealized Nernst diffu- 
sion layer thickness (0.57 x 5), respectively. 
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The derived correlations (7) assume, as a first ap- 
proximation, that  the refractive index gradient  is l inear 
over the entire diffusion layer  (idealized Nernst  case). 
Interferometric measurements  have shown that  the 
gradient  is l inear  over a substant ia l  par t  of the diffu- 
sion layer (11) and the change of refractive index is 
exponent ial  near  the edge of the diffusion layer. The 
diffusion layer thickness, 5 used for the calculation of 
• in Fig. 4, was obtained from Mach-Zehnder  in ter -  
ferograms (1, 3) and is a measure  of the diffusion layer 
thickness to its outside edge. If this 5 is used to calcu- 
late the refractive index gradient, a much lower value 
of ~n results because the average l inear value of the 
gradient over the ent i re  diffusion layer  is smaller (7). 
To obtain a more accurate value of An, a value of 
0.575, derived by Ibl (11), should be used instead of 
the full 5 values since the average gradient  for this 
shorter distance more closely approximates the actual 
gradient  at the cathode (7). We have recalculated An 
wi th  0.575 and the result  is shown in the r ight  half 
of Fig. 4. The l inear correlat ion is slightly lower and 
the highest An is wi thin  approximately 15% of the 
expected value. Thus, a bet ter  agreement  is obtained 
with the expected value through this simple correction. 

As mentioned, 5 was obtained from Mach-Zehnder  
interferograms (1, 3). This requires another  experi-  
menta l  setup and a time consuming interpreta t ion of 
the interferograms. An empirical  diffusion layer thick- 
ness, 50 was described separately (2, 7) and is obtained 
from the computer  pr in tout  of the refractive index 
gradient  calculation (7). hn calculated with 50 was 
found to increase l inear ly  with i t  ~/~ (similarly to Fig. 
4) and the value of ~n is about half  of the expected 
one. Since 50 corresponds to a point near the edge of 
the actual diffusion layer, we can use again 0.5780 and 
-~n was found to increase markedly  but  it is still slight- 
ly lower than the expected value. The advantage of 
using 50 is that  it yields an approximate value of • 
wi thout  an addit ional exper imenta l  setup. 

During the electrodeposition of copper from CuSO.~ 
solution, the sulfate ions remain  in the diffusion layer  
and must  react with water  to preserve the electro- 
neut ra l i ty  and HSO.t- and /or  H2SO4 forms. The pres- 
ence of H2SO4 in the vicini ty of the cathode would 
likely falsify the calculated An value and lower -~n 
values would be obtained. In  view of this, we have 
measured the optical path length change in 0.24M 
CuSO4 with a tenfold excess of H2SO4. Figure 5 shows 
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Fig. 5. The refractive index change as a function of i t  1/2 at 
various current densities in 0.24M CuSO~-2.36M H~S04 solution. 
An is calculated as in Fig. 4. 
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that the calculated an  values are approximately the 
same as in the absence of H2SO4 (Fig. 3) and the co- 
efficients of correlation are smaller in the presence of 
the tenfold excess of H2SO4 then in its absence. The 
.~n values calculated with the empirical diffusion layer 
thickness values are similar to those obtained in the 
absence of H2SO4. 

The slope of ~n-i t  1/2 regression line is markedly  
larger, i.e., ~n develops faster in the presence of ten-  
fold excess of H2SO4 than in pure CuSO4 (Fig. 4, 5). 
The ratio of the slope in pure 0.24M CuSO4 solution, 
Sa~, to that  in the presence of tenfold excess of H2SO4, 
sa, equals to 0.70. In view of the practically l inear  re-  
lationship between An and • the $m/Sd ratio can be 
calculated for the CuSO4 solutions from 

2(1 -- nc) 
~c -- it 1/2 [1] 

zF (nD) 1/2 

where nr is the cation transference number ,  and the 
others have their  usual significance (10). Using D s a l t  : 

5.6 x 10 -6 cm2/sec (12), n~ = 0.34 (12) for the CuSO~ 
b inary  electrolyte and Dcu++ ---- 7.2 x 10 -6 cm2/sec 
(13), nc ~ 0 (14) for the CuSO4 with large excess 
H2SO4, we obtain 0.748 for the Sm/Sd ratio which com- 
pares favorably with the aforementioned exper iment-  
ally obtained Sm/Sd ratio of 0.70. These results clearly 
demonstrate that the change of the slope is due to the 
effects of migration. 

Earl ier  (1) we have determined ac by Mach-Zehnder  
interferometer  as a function of i t  1/2 in the presence of 
small  amount  of support ing electrolyte at low current  
densities and practically the same CuSO4 concentra-  
t ion (0.25M). For these experiments  sm/s,~* = 0.77 
(sd* is the slope of ac-i t  1/2 regression line in the pres- 
ence of 0.11M H2SO4) which is higher than the ex- 
per imenta l ly  determined ratio for the presence of large 
excess of H2SO4. Unfortunately,  independent ly  deter-  
mined values of D and nc are not available for this 
solution and the slopes cannot be calculated. 

Newman (15) studied the effect of H.,SO4 addition 
on the l imit ing current  for copper deposition from 
CuSO4 solutions. If we assume that Newman's  results 
are applicable also below the l imit ing current  densi-  
ties then we can compare them with our results. The 
S,JSd*/Sm/Sd ratio is preferred because thus any  pos- 
sible influence of the different interferometric tech- 
niques is el iminated and it equals 0.77/0.70 ---- 1.10. 
Newman's  concentrat ion ratio, r, for the 0.25M CuSO4- 
0.11M H_~SO4 solution is 0.3055 (r 1/2 = 0.553) and we 

obtain 1.27 from his Fig. 3 and Table II for the IL/ID, 
i.e., the ratio of l imit ing currents  in the presence and 
absence of migration, respectively. Since Newman's  
results are valid for a disk electrode, we have to con- 
vert  1.27 for a plane electrode (our case) by dividing 
it by 1.1198 (Newman's  Eq. [36]) and the result  is 1.13. 
This value compares very favorably with our  in ter-  
ferometrically determined ratio of 1.10. Unfor tunate ly ,  
we have no addit ional data at the present for fur ther  
verification at other H2SO4 concentrations. 

It should be noted that the an  values obtained from 
Mach-Zehnder  and Lloyd mir ror  interferometer  mea-  
surements  at low current  densities (,-,10 mA/cm 2) 
agreed well. 

Manuscript  submit ted Sept. 14, 1970; revised m a n u -  
script received ca. Nov. 15, 1970. This was Paper  289 
presented at the Los Angeles Meeting of the  Society, 
May 10-15, 1970. 

Any  discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1971 
J O U R N A L .  
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Techn!ca  :No e 
An Automated Procedure for Obtaining 

Steady-State: Current-Potential Relationship 
G. Belanger* 

Hydro-Quebec  Ins t i tu te  of  Research, Varennes,  Province of Quebec, Canada 

In the exper imental  investigations on the mechanism 
of act ivat ion-control led electrode reaction, the rele-  
vant  data are par t ly  gathered by measurement  of 
steady-state current -potent ia l  relationships (1-3). The 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  a u t o m a t i o n ,  m e a s u r e m e n t  of  c u r r e n t - p o t e n t i a l  c u r v e s .  

current -potent ia l  curves thus obtained provide quan-  
t i tative values of Tafel slopes, exchange current  den-  
sities, reaction orders, apparent  heats of activation, 
and, under  favorable conditions, stoichiometric n u m -  
bers. In  addition to these parameters,  a great deal of 
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other useful information may also be obtained in some 
cases from these curves, e.g., inhibi t ion inflections and 
associated negative Tafel slopes, mechanism change as 
a function of potential  as deduced from abrupt  changes 
in the Tafel slopes caused by paral lel  or consecutive 
reactions, and, some other general  features of the 
over-al l  current -potent ia l  plots. In  short, a variety of 
useful details, which are indispensable to the elucida- 
t ion of the reaction mechanism, are obtained from 
these curves. 

The usual  procedure of obtaining these curves, is the 
po in t -by-po in t  measurement  (either potentiostatic or 
galvanostatic) which is quite tedious and t ime-con-  
suming. A recent al ternat ive has been proposed to 
measure a slow potent iodynamic curve, which in most 
cases, yields current -potent ia l  relationships very simi- 
lar  to those obtained by the steady-state procedure. 
The potent iodynamic method, even at slowest speed, is 
still open to the objection that  the true steady state is 
never  achieved since the potential  is being continuously 
varied. 

Here, an at tempt has been made to describe a pro- 
cedure which may be used to obtain t rue  steady-state 
relationship in a ful ly automated manner .  In  most 
cases, the present method would yield results very 
similar to those obtained by a slow potent iodynamic 
sweep. However, in several cases in which a knowledge 
of the true steady-state  current -potent ia l  relations is 
necessary for a precise mathemat ical  analysis of the 
kinetic data (2), the present  procedure may be used 
to acquire the data in an automated manner .  

Experimental 
Measurements were made in a conventional  three-  

compar tment  Pyrex  cell (Fig. 1A). The hydrogen 
reference electrode in the same solution was used, and 
the test electrode was studied under  hel ium atmo- 
sphere. The gases used were purified by the usual 
techniques (4). 

The electronic equipment  used is commercial ly avail-  
able; only a slight modification to one of the compo- 
nent, as described below, was required to put the sys- 
tem into operation. 

Figure 1 gives the block diagram of the experimental  
arrangement .  The potentiostat  (B), Tacussel Model 
PRT 20-10, controll ing the electrochemical reaction 
was regulated by a motor  driven potentiometer  (C): 
the potentiometer  of the potentiostat  was by-passed. 
The potential  between the working and reference elec- 
trode was controlled by this mechanical  device (Tacus- 
sel's Servovit  pilot scanner  Model 9B): the advantage 

on-off on ~.f 

D 

, C O U N T E R  W O R K I N G  J 

Fig. 1. Block diagram of the experimental set up: A, three-com- 
partments cell; B, potentiostot; C, motor-drlven potentlometer; D, 
mlcroswltches and cam assembly; E, logarithmic current amplifier; 
F, X-Y recorder. 

of this part icular  ins t rument  is that  it can be controlled 
remotely by an appropriate switching program. To 
achieve this programming,  a series of microswitches 
activated by cams (D), Industr ia l  timer, series MC was 
used in our experiment.  The potential  span is regulated 
by the time the scanner  is on and by the speed at 
which resistance of the potentiometer  is made to vary. 
The current  is measured by a logarithmic amplifier (E) 
whose voltage output  is proport ional  to the logarithm 
of the input  current  (Tacussel's logalex, Model 100B). 
The lower l imit of current  measurement  is 0.1 ~A. The 
log i is fed to the X axis of X-Y recorder (F).  The 
potent ial  between the working and reference electrode 
is recorded on the Y axis. The pen of the recorder is 
activated by a switch closure provided by the cam 
system (D). 

In Fig. 2 we present  the schematic potent ia l - t ime 
sequence to which the working electrode was sub- 
jected. In this figure, T1 represents the t ime the scanner 
is on: this t ime gives us the voltage span, hV. For a 
given time T2, the potential  is kept constant:  ~2 is 
chosen long enough for the electrochemical steady- 
state to be established. Just  before a new increment  of 
potential  is applied to the working electrode, one cam 
closes the switch, thus activating the pen of the X-Y 
recorder. This is i l lustrated as x3 in Fig. 2. 

As mentioned above, slight modifications to the re- 
lay circuits of the Servovit  scanner  were made so that 
potentiostatic cycles could be performed (i.e. start ing 
at 2V anodic going to zero and back at 2V or any other 
program).  The modified circuit of the Servovit  scanner 
is given in Fig. 3. The nomencla ture  and a r rangement  
in Fig. 3 refer to the blue pr in t  of the instruct ion 
manual.  Two double-pole double- throw relays (A and 
R) of this original ins t rument  were replaced by two 
quadrupole double- throw relays. The relay (RT) 
originally used as a marker,  is now used in conjunct ion 
with the new circuit. The remote control wir ing dia- 
gram is also given in Fig. ~. 

Other types of scanner could be used for the same 
purpose. The Wenking scanning potentiometer,  Model 
S M P 69 would be equally suited for this experimental  
procedure. 

Results 
Figure 4 shows an example o.f the use of this pro- 

cedure for the case of anodic oxidation of 5M methanol  
in 1N H2SO4 on bright p la t inum electrodes. This curve 
was plotted over a 24-hr period. The potential  span is 
10 mV, and the fixed potential  was retained for 3.75 
min at every point  in order for the steady state to be 
achieved. 

Detailed interpreta t ion of this curve wil l  be pre-  
sented elsewhere, but  some features can be compared 
with previous results (5, 6). The maxima on the as.- 
cending curve at 0.95 and at 0.TV on the descending 
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Fig. 2. Potential-time sequence applied to the working electrode 
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Fig. 4. Steady-state potentiostotic plat of 5M methanol in 
InH2SO4. (A) (tap) Raw data from the recorder; (B) (bottom) final 
forms: - - -  descending and ~ ascending directions of poten- 
tial. 

curve agree roughly with those obtained potentio- 
dynamical ly  by  Gi lman and Brei ter  (6). However, our 
rates are lower than those reported by them (6), since 
a steady state was not achieved in their  work. 

It may be mentioned that  the same procedure was 
also used (7) for the investigation of hydrogen evolu- 
t ion reaction and found to be quite satisfactory. 
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After  2 min  at a given potential,  the current  var i -  
ations with t ime were very small  at most potentials so 
that the 3.75-min in terval  was sufficient for the steady- 
state conditions to be achieved. However, in the low 
current  region (10-~A) it appears that some irregular  
oscillation of the currents  occurred, due main ly  to the 
oxidation, it is believed, of some residual  impurities. 
These oscillations produced straight dashes (Fig. 4A) 
instead of points in the log cur ren t -poten t ia l  re la-  
tionship. By the add i t i on  of cams to the microswitch 
system (Fig. 1) several points Could be recorded dur -  
ing the constant potential  t ime in terval  (T2 in Fig. 2). 
This could give us an idea on the log cur ren t - t ime  
variat ions at a given potential.  

The direct recording of the cur ren t - t ime  variations 
could not be achieved directly with the ins t ruments  
used in the experiment.  The difficulty of matching the 
impedances between the different ins t ruments  pro- 
duced meaningless results specially at low current  
values (10 -7 to 10-6A). This l imitat ion does not ap- 
pear to be intrinsic, however. 

Conclus ion 
The advantage of this automated procedure is evi- 

dent  when a great number  of such curves have to be 
obtained. Studies of certain variables in a given ex- 
per imental  condition can be made on a continuous 
basis, e.g., variat ion of concentrat ion to determine re-  
action orders, addition of certain poisons or accelera- 
tors in a given solution, etc. 

Fur ther  extension in the automation of this simple 
system can be easily forseen: instead of recording the 
data on a X-Y recorder, they could be fed directly into 
a computer (with the appropriate interfaces).  The 
format of the results could then be either digital o r /and  
graphical. In  this case the logarithmic amplifier could 
be replaced by  a resistance, and the voltage drop across 
it would thus be the measure of the current .  

Among fur ther  developments of this automated pro- 
cedure, our at tent ion wil l  be focused on the means  of 
defining and reaching the "true steady-state" condi- 
tions. This goal could be achieved by measur ing the 
change of the current  with t ime at a given potential  
and recording the value of the current  only when  this 
variat ion becomes less than  a preset value (i.e., less 
than  1%). This procedure implies comparison of data 
sampled at a given time interval  and, to achieve this 
goal efficiently, the use of an automatic data acquisi- 
tion and t rea tment  system will be essenital. 

By minor  modifications of our scanner, other forms 
of potential  t ime program can also be achieved. 
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ABSTRACT 

Stoichiometr ic  magnes ium a lumina te  spinel  (MgA12OD single crys ta ls  
grown by  the flux, Czochralski,  and Verneui l  methods  have been charac ter ized  
for thei r  dielectr ic  and opt ical  propert ies .  Dielectr ic  proper t ies  were  de te r -  
mined f rom capaci tance  measurements  in the  f requency  range 102-105 Hz. The 
dielectr ic  constant  and loss tangent  of MgA120~ spinel  crysta ls  grown by the 
var ious  methods  are  comparable .  At  1 kc the MgAl.~O4 spinel  has a dielectr ic  
constant  of 8.4 and a loss tangent  of 10-L Optical  t ransmiss ion and reflection 
measurements  were  made  in the  wave length  range  uv to IR (0.2-40 ~m). 
Opt ical  character is t ics  of the MgAI.,O~ crys ta ls  a re  h ighly  dependent  on the 
method of growth.  Chromium-doped  MgAl.,O4 spinel  single crys ta ls  have also 
been grown by a flux technique.  Opt ical  emission and absorpt ion  cha rac te r -  
istics of Cr +3 in f lux-grown MgA1.204 spinel  have been studied. The resul ts  
are  compared  wi th  those of Cr +3 in na tu ra l  spinel  and synthet ic  spinel  c rys -  
tals  p repa red  by  the Czochralski  and Verneui l  methods.  

The use of single c rys ta l  magnes ium a lumina te  spinel 
as an insulat ing subs t ra te  ma te r i a l  for ep i tax ia l  semi-  
conductor  devices has recen t ly  been repor ted  (1-4).  I t  
is also repor ted  to be of potent ia l  use in passive u l t r a -  
sonic de lay  line appl icat ion (5, 6). This has  s t imula ted  
considerable  in teres t  in obta in ing high quali ty,  single 
c rys ta l l ine  spinel  which is difficult to grow because of 
its high mel t ing  point, wide solid solubi l i ty  range, and 
its t endency  toward  heterogeneous composit ion 
through a complicated precip i ta t ion  phenomena  (7, 8). 
In the past  few years  significant progress  was made  
on the growth  of s toichiometr ic  spinel  of large  sizes 
(>1/2 in. d iameter )  by the  Czochralski  (9-12), Ver-  
neui l  (1), and flux (13, 14) methods.  Many impor tan t  
physical  p roper t ies  of single c rys ta l  spinel  r emain  to 
be character ized.  In  this  pape r  research  resul ts  a re  
presented  on the dielectr ic  and opt ical  p roper t ies  of 
single c rys ta l  s toichiometr ic  spinels (MgA12OO grown 
by  the var ious  methods.  Chromium doped MgAI-,O.~ 
crysta ls  were  also grown by  a flux technique.  Emission 
and absorpt ion character is t ics  were  studied, and these 
resul ts  are  compared  with  those obta ined  f rom crys -  
tals  grown by o ther  methods.  

Experimental 
Crystal growth.--Crystal growth  of s toichiometr ic  

spinel  by  a flux technique,  both  undoped and chromium 
doped, was car r ied  out  using a PbF2 f lux-solvent  and 
B2Os as a l iquid encapsulant .  Vaporizat ion of the flux 
at constant  t empera tu re  was used for the  genera t ion  
of supersa tura t ion  to promote  the crys ta l  growth.  A 
schemat ic  d rawing  of the  growth  appara tus  is p re -  
sented in Fig. 1. The furnace  was constructed f rom 
insula t ing  b r i ck  and SiC g lobar  heat ing elements.  Feed 
nut r ien ts  were  p repa red  f rom mix tu res  of MgO (re-  

* Electrochemical Society Active Member. 
Key words: crystal  growth,  stoichiometric spinel, spinel optical 

properties, spinel dielectric properties. 

agent  grade f rom Fischer  Scientific Company  and 
Opt ran  grade  f rom B.D.H. Labs.)  and A1203 ( type  A 
a lumina  from Linde Company and Opt ran  grade  from 
B.D.H. Labs.) .  Doping was achieved by  using feed 
p repa red  by  calcining at  1050~ coprec ip i ta ted  mix -  
tures  of ammonium a lum and chrome a lum (both 
Baker  ana ly t ica l  reagent  grade)  so tha t  0.5% by weight  
of Cr203 is added  to the  MgAI204 spinel.  The nut r ien ts  
were  mixed  wi th  the  PbF2 flux (ex t ra  pure  and  Opt ran  
grades  from B.D.H. Labs.) .  A degree of filling of 70- 
90% by volume was a t ta ined  by premel t ing  the ini t ia l  
charge in a p la t inum crucible  at about  900~ fol lowed 
by  refil l ing with  more  of the  mixture .  A thin  layer  
(1-2% by weight  of flux) of B203 ( reagent  grade from 

. .  

Fig. 1. Apparatus for flux growth of MgAI204 spinel single 
crystals. 
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Fischer Scientific Company) was generally added on 
top of the mass as a liquid encapsulant  to control the 
vaporization of the flux. The crucible was sealed with 
a p la t inum cover having a circularly shaped opening 
and heated at the growth temperature  (~1250~ for 
the desired period of time. The furnace temperature  
was regulated by a West temperature  controller. To 
prevent  the reaction between the flux vapor and the 
globar heating elements, argon gas was used during 
the growth to carry the flux into the cool zone of the 
furnace. After  the desired period of growth, the 
spinel crystals were recovered, after cooling, by leach- 
ing the flux in the crucible with hot nitric acid. The 
growth process is controlled by three factors: (i) the 
growth temperature,  which governs the vapor pres- 
sure of the PbF2 flux-solvent and the solubili ty of the 
nutr ient ,  (if) the size of the crucible opening and the 
thickness of the B203 liquid encapsulant  layer, which 
limit the vaporization rate of the flux, and (iii) the 
init ial  composition of the melt. Typical growth condi- 
tions are (a) composition of melt:  2350g PbF2 flux, 
81g MgO and 204g A120~ feed nutr ient ,  40g B20:~ liquid 
encapsulant;  (b) growth temperature:  1250~ (c) 
growth time: 500 hr; and (d) crucible dimension: 
volume of 1000 cc and opening of 1/4 in. 

In addition to the flux grown crystals, stoichiometric 
spinel single crystals were grown from melt  using the 
Verneui l  and Czochralski techniques. Details on the 
growth processes and techniques were reported (1, 9- 
12, 15). The Verneui l  crystals were grown by flame 
fusion using a three-tube,  post-mix Verneui l  bu rne r  
(16) with critical dimensions to avoid sharp tu rbu len t  
mixing zones. This burner  produces a wide flame pat-  
te rn  which minimizes turbulence  and allows larger 
diameter  crystals to be grown. Feed materials  were 
prepared by calcining coprecipitated mixtures  of am- 
monium alum and magnes ium sulfate (both Baker 
analyt ical  reagent grade).  Crystals were grown at a 
rate of 1/4 in. /hr .  The Czochralski growth of MgAleO4 
spinel crystals were carried out ~ by pull ing from melts 
contained in rf induct ively  heated i r idium crucibles. 
The spinel melts were prepared from mixtures  of the 
oxides. Crystals were grown on (110) or (111) seeds 
at pull  and rotat ion rates wi thin  the ranges 0.1-0.3 in . /  
hr  and 0 to 20 rpm respectively. 

Characterization.--The spinel single crystals were 
analyzed by wet chemical, emission spectroscopic, and 
x - ray  diffraction methods for the gross composition, 
impur i ty  contents, dislocation densities, and lattice 
parameters.  Chemical analyses 2 were performed by 
alkali fusion of the spinel crystals followed by volu-  
metric techniques. A mixture  of sodium borate and 
sodium carbonate (ratio of 3 to 1 by weight) was used 
for the decomposition of the spinel. After  decomposi- 
tion the melt  was treated with HC1, after which an 
excess of EDTA (ethylene-diaminetet raacet ic  acid) is 
added and heated to boiling to complex the A1. The A1 
content  was determined by back t i t rat ing with a s tan-  
dard lead solution at pH 5.5-6.0 using Xylenol Orange 
as indicator. By adding 2,2' ,2"-nitrilotriethanol as a 
masking agent for A1, Mg was directly t i trated with 
EDTA at pH 10.0 using Eriochrome Black T as indi-  
cator. The dislocation density of the crystals was de- 
termined by the Lang x - ray  topographic technique 
(17). The accurate lattice parameters  were determined 
using x - ray  diffraction (Cu/Ni  radiation) Debye- 
Scherrer powder patterns. 

The bulk  crystals were oriented, cut, and polished 
in the form of wafers (surface area of % to 1 cm 2) of 
about 20 mil  thick for measurements.  Orientat ion for 
cutt ing was determined by the x - r ay  Laue back re- 
flection method, and wafers were prepared by cutt ing 
the oriented crystals using a s tandard type diamond 
wheel. An accuracy of bet ter  than  __+1/4~ was main-  

i T h e  C z o c h r a l s k i  MgA120~ s ing le  c r y s t a l s  e m p l o y e d  in t h i s  s t u d y  
w e r e  p r e p a r e d  i n - h o u s e  b y  A.  D. M o r r i s o n  of R C A  L a b o r a t o r i e s .  

z T h e  a n a l y s e s  w e r e  m a d e  b y  B. L. G o y d i s h  a n d  K.  L. C h e n g  of  
R C A  L a b o r a t o r i e s .  D e t a i l s  w i l l  be  r e p o r t e d  s e p a r a t e l y .  

tained through the operation. Most wafers used in this 
study were (111) oriented, although (100) and (110) 
oriented wafers were also measured. No dependence of 
dielectric and optical properties on orientat ion has 
been observed. The spinel wafers were mechanically 
l~pped and polished to produce a flat, smooth surface. 
Lapping was carried out with about 30-~m boron car- 
bide abrasives to obtain a flat coplanar surface. The 
lapped suface was fur ther  polished using successively 
finer grades of alumina,  general ly ending with the 
0.3-~m grade. 

The dielectric properties of stoichiometric spinel 
crystals grown by the three methods were determined 
using polished single-crystal  wafers with evaporated 
gold electrodes (0.4 ~m thick).  The dielectric constant  
and dissipation factor were derived from capacitance 
measurements  after edge corrections (18). The mea-  
surements  were made using a General  Radio Model 
1615 capacitance bridge in the frequency range 10 ~- 
105 Hz. Optical properties of spinel crystals grown 
by the three methods were measured in the range uv 
to IR. Transmission measurements  were made in the 
wavelength range 0.2-7 ~m using a Cary Model 14 
spectrometer and a Perkin  Elmer Model 457 spectrom- 
eter. Reflection measurements  were made in the range 
7-40 ~m using the Perkin  Elmer Model 457 spectrom- 
eter and a Wilks Model 9 reflection attachment.  

Emission and absorption characteristics of Cr +:~ in 
flux grown MgA1204 crystals were determined in the 
visible range. The fluorescence spectra were measured 
using a Spex Model 1700-1 spectrometer under  ul t ra-  
violet s t imulat ion using a Bausch and Lomb Model 
33-86-40-01 monochromator  and a 500W Hg arc lamp 
as the light source. 

Results and Discussions 
Crysta~ growth and crystallinity.--Flux grown 

MgA1204 single crystals up to 1 in. on an edge were 
obtained under  the conditions cited above. The as- 
grown crystals are octahedral in shape with well-  
developed (111) facets (Fig 2). The crystals are t rans-  
parent  and free from macroscopic flux inclusions. They 
resemble closely their na tu ra l  counterparts  in habit  
and appearance. It was found that  there is a l imited 
crystallization temperature  range for the MgAleO4- 
PbF2 system. Below about ll00~ MgO reacts with the 
flux, and MgF~ needles and a-A1203 platelets precipi- 
tate from the solution. Above 1293~ the boiling point 
of PbF2, the evaporation rate of PbF2 is excessive, and 
the quali ty of the crystals is poor. Because of the re- 
stricted temperature  range for crystallization, the tech- 
nique of slow cooling, which is most commonly used in 
flux growth, is not feasible for the growth of spinel 
crystals from PbF2 solvent. Beside the evaporation 
technique, growth of MgAl~O4 single crystals was re- 
ported (19) by a flux hydrolysis method. 

Several  Verneui l  MgAt204 crystals (up to % in. 
diameter)  were successfully grown under  closely con- 
trolled growth conditions with no cracking 3 occurring 
dur ing and/or  after growth. The size of the crystals is 
appreciably larger than  those (~V4 in. diameter)  of 
flame fusion MgAl~O4 crystals reported previously 
(15). The crystals were grown in the <100> directions 
and have well-developed facets. They are clear, t rans-  
parent, and free of macroscopic bubbles. Czochralski 
spinel crystals (about 1/z in. diameter)  of good optical 
and crystallographic qualities were grown using an 
i r idium crucible (1.8 in. diameter  x 2.3 in. height) .  
Details on the growth of MgA1204 spinel by the Ver-  
neuil  and Czochralski methods were reported (1, 9-12, 
15). The gross composition impur i ty  content, disloca- 
tion density, and lattice parameter  of spinel crystals 
grown by the three  methods were determined. Typical  
results are presented in Table I. 

:~ T h e  ease  of g r o w i n g  s p i n e l  c r y s t a l s  (1) b y  t h e  V e r n e u i l  m e t h o d  
i n c r e a s e s  w i t h  i n c r e a s i n g  A1 c o n t e n t  in  t h e  m a t e r i a l .  C o m m e r c i a l  
sp ine l  h a s  an  a p p r o x i m a t e  c o m p o s i t i o n  of  MgO:3.3A12Oa a n d  c a n  be  
m o s t  e a s i l y  p r e p a r e d  b y  t h e  V e r n e u i l  m e t h o d .  V a r i o u s  i n v e s t i g a t o r s  
h a v e  r e p o r t e d  (15, 20-22) t h e  d i f f i cu l ty  ( c r a c k i n g )  i n v o l v e d  in  
g~owing Verneuil stoichiometric spinel. 
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Table |. Composition, impurity content, dislocation density, and 
lattice parameter of single crystal MgAI204 spinel 

Flux  Czochral-  Verneut l  
spinel ski spinel spinel 

G r o s s  composition 
Mg, w / o  17.0 16.8 16.'~ 
A], w / o  37.9 37.8 37.9 

Metallic impuri ty ,  
ppm wt  

Cu 6-60 6-6 3-3 
Ag  3-30 
Fe 100-1000 ~ O  ~-60 
Ga 15-150 6-60 1-10 
Si 3-300 3-30 1-10 
Pb 300-3000 - -  

Dislocation density, 
l ine/era s 0-200 10a-104 >1(~ 

Latt ice parameter ,  
A 8.080-8.085 8.085-8.087 8.082-8.085 

! 
, ([h) 

5~oj zone 

Ti) 

(IH)" 

7 0  ~ 

109 ~ 18' < A'~'~"-'II IO I  > 109  ~ 57 '  

\ 
Fig. 2 a and b. Growth shape and habit of flux MgAI2U4 single 

crystals. Fig. 2a (top). As-grown MgAIgO4 octahedron. Fig. 2b 
(bottom). Growth habit. 

It is seen from Table I that the exper imenta l ly  de- 
termined Mg and A1 contents are, wi th in  the range of 
exper imental  error, in agreement  with the theoretical 
Values for stoichiometric MgAt204 sp ine l  The mel t  
grown (Verneuil  and Czochralski) crystals may have 
slight Mg deficiencies due to the incongruent  vaporiza-  
tion (20) of MgA1204 with preferential  loss of Mg con- 
s t i tuent  at high temperatures.  The flux grown spinel 
crystals seem to have a slightly lower lattice param-  
eter than the melt  grown crystals. The difference may 
be ascribed to the difference of the two kinds of crys- 
tals in ion distribution, impur i ty  content, and gross 
composition. 

The flux grown spinel crystals exhibit  much less 
dislocations than the melt  grown spinels because of the 
low growth rates and temperatures  (~1200~ The 
low temperatures  are thermodynamical ly  favorable ior 
the growth of stoichiometric spinel from the phase 
behavior  of the MgO-Al.~O3 system (23). An interest ing 
aspect of the flux spinel crystals is that  they resemble 

the na tu ra l  stoichiometric spinel in growth habit  and 
shape. It is l ikely that  the na tura l  spinel was also 
grown by a flux solution process at temperatures  much 
lower than the mel t ing point (2105~ of spinel. 

Dielectric properties.--The dielectric properties of 
MgA1204 spinel crystals grown by the three methods 
were determined in the frequency range 102-10 s Hz. 
Typical  results on the dielectric constant  and dissipa- 
tion factor ( tan 5) are presented in Fig. 3 and 4. It is 
seen that  in the frequency range measured the di-  
electric constant of MgA1204 spinel crystals grown by 
the three methods is comparable. The values are v i r -  
tual ly  the same. The dielectric constant  falls slightly 
with frequency, and exhibits a change of about 0.1% 
per f requency decade over the measured frequency 
range. The dissipation factor also depends on fre- 
quency. The ini t ia l  drop at lower frequencies is due 
to dissipation in the parallel  leakage resistance, and 
the rise at higher frequencies is caused by loss in the 
series electrode resistance. The in terna l  loss in the 
spinel dielectric is low and has values on the order 

0 FLUX  SP INEL  
CZOCHRALSKI  

I 0  I 0  I 0  IO-  
FREQUENCY (HZ )  

Fig. 3. Dielectric constant of flux, Czochralski, and Verneuil 
grown single crystal spinel. 

| 0  *2  , , , , , , , , ]  , , , , , r , ,  I T , , , , , , , .  

O FLUX  SP INEL  

Zl CZOCHRALSKI  SP INEL  

�9 VERNEUIL  SP INEL  

I 0  I 0  IO  4 IO5 

FREQUENCY(Hz )  

Fig. 4. Dissipation factor of flux, Czochralski, and Verneuil 
grown single crystal spinel. 
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Fig. 5. Transmittance of flux, Czochralski, and Verneuil grown 
single crystal Mghl204 spinel. 

of 10 -~ in the measured frequency range. The min imal  
permit t iv i ty  dependence on frequency and the low di- 
electric loss properties in a wide frequency range are 
characteristic general ly of refractory insulat ing oxides. 

Optical properties.--Transmission characteristics of 
stoichiometric spineL--Transmission spectra of stoi- 
chiometric spinel single crystals (cut to an average 
thickness of 0.020 in.) grown by the flux, Czochralski, 
and Verneuil  methods are shown in Fig. 5. It is seen 
that  the spinel crystals are general ly t ransparent  from 
about 0.3 to 7.0 ~m. In  this region, the small  apparent  
absorption of the variously grown crystals is largely 
due to Fresne] reflection losses (24) consistent with a 
refractive index of 1.70-1.72 for spinel (21). In the uv 
region, between 0.200 and 0.300 ~m, the transmission of 
Czochralski and Verneuil  grown crystals begins to de- 
crease slightly, while the t ransmission of the flux 
grown crystals decreases sharply around 0.280 ~m (as 
shown in Fig. 5). The strong uv absorption in the flux 
grown crystal may be due to impurities, most prob- 
ably Fe, incorporated into the spinel lattice dur ing the 
crystal growth. In  the infrared region near  3 ~m, an 
absorption band is present  for the Verneuil  MgA1-20~ 
spinel. This band has not been observed for the flux 
and Czochralski grown spinel crsytals. It  is therefore 
not an intrinsic proper ty  of spinel. This absorption 
band occurs at 3360 cm -~ suggesting the presence of 
hydroxyl  groups or water  in the spinel lattice (21, 25). 
Since an oxyhydrogen flame is used in the Verneuil  
method, hydroxyl  ions or water molecules are present  
in the flame, and these ions or molecules can be in-  
corporated into the spinel lattice dur ing the crystal 
growth (1, 21). Verneui l  grown ruti le has been re- 
ported to contain hydroxyl  groups (26). 

The O-H absorption characteristics at 3360 cm - I  of 
stoichiometric (MgA1204) and a luminum-r ich  (MgO: 
1.5A120~) spinels are compared in Fig. 6. It is seen 
that  the band in the stoichiometric Verneui l  spinel but  
not in the a luminum-r ich  spinel is somewhat broad- 
ened on the long wavelength  side of the band. The 
band broadening suggests that some hydrogen bonding 
is occurring (27-28) among the hydroxyl  groups in the 
Verneuil  grown MgA1204 spinel. A significant struc- 
tural  difference (23) between the stoichiometric and 
the a luminum-r ich  spinels is that in the a luminum-  
rich phases the a luminum excess in the lattice is ac- 
companied by cation vacancies. Because of the presence 
of vacancies, the hydrogen ions in the a luminum-r ich  
spinels may be accommodated differently from those 
in the stoichiometric spinel. Extensive studies (29) 
reveal that the absorption characteristics of Verneui l  
grown spinel crystals are highly dependent  on the 
a luminum content in the lattice. Details will be re- 
ported (29) separately. 

Spinel  grown by either of the three growth methods 
absorbs infrared radiat ion at approximately 6.6-7.0 
~m, just  before the transmission cutoff shown in Fig. 5. 
This absorption band is probably due to thepresence  of 
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Fig. 6. Comparison of absorption band at 3360 cm - 1  in Verneuil 
grown stoichiometric and aluminum-rich single crystal spinel. 

carbonate groups in the spinel lattice originated from 
carbon dioxide or carbonate impurities.  

Reflection characteristics of stoichiometric spineL--Be- 
yond 10 ~m spinel lattice vibrat ions strongly absorb 
radiation. Transmission measurements  were reported 
(30, 31) using Verneuil  MgA1204 powder samples in 
wavelength to 30 ~m. In  the present  work, reflection 
and transmission measurements  were made in wave-  
length to 40 ~m using, respectively, single crystal 
wafers and powder disks (KBr binder) .  Reflection 
spectro of flux, Czochralski, and Verneui l  grown stoi- 
chiometric spinel and of Verneui l  grown a luminum-  
rich spinel (MgO: 1.5A1203) are shown in Fig. 7. The 
wavelengths of single crystal reflection bands and pow- 
der transmission bands are summarized in Table II. 

It is seen that the Czochralski, Verneui], and flux 
grown stoichiometric crystals have very similar reflec- 
tion spectra. The observed lattice bands correlate with 
vibrat ions (30, 31, 34-37) occurring at the te t rahedral  
and octahedral sites for the spinel  lattice with sym- 
met ry  properties of the.OTh space group (33). The ab-  
solute reflectivity of the flux grown spinel is somewhat  

IO 

WAVELENGTH (MICRONS) 
12 14 16 18 20 25 30 ~ 4 0  

I 000  8 0 0  600  4 0 0  
WAVENUMBER (crn - I  } 

Fig. 7. Reflection spectra of flux, Czochralski, and Verneuil 
grown single crystal stoichiometric spinel and of Verneull grown 
single crysta[ aluminum-rich spinel. 
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Table II. Comparison of the wavelengths of reflection and 
transmission bands for stoichiometric and aluminum-rich spinels 

Table III. Absorption characteristics of MgAI204:Cr crystals 
grown by various methods 

S p i n e l  Ref lec t ion  Tr  ansmission~' Transrniss ion~ 
compos i t i on  b a n d s , / ~ m  bands ,  / ~ r n  bands , /Lm 

G r o w t h  T r a n s i t i o n  ene rgy ,  crn-1 T r a n s i t i o n  ene rgy ,  cm -1 
m e t h o d  {Ground  state--~T~ state)  ( G r o u n d  s t a t e - -  4Te state)  

S to i ch io rne t r i c  12.2 (sh) e 13.3-13.4(sh} 12.5(sh) 
(MgAI204) 13.5-13.6 14.5 14.5 

1 8 . 5 - 1 8 . 6  1 8 . 7  1 8 . 6  
33-34 33-34 __d 

Aluminum-rich 12.1-12.2 
(MgO :1.5AI,_,O~) 13.6-13.7 

18.0 

N a t u r a l  a 25,640 24,200 18,520 
N a t u r a l  a 

( annea led ,  25,640 24,200 18,350 
1000~ V2 hr)  

F l u x  b 25,575 23,529 18,300 
Czochra]sk i  c 25.640 - -  18,350 

Verneu i ld  25,634 23,413 18,343 

" P r e s e n t  w o r k ,  p o w d e r  d i s k  m e t h o d  u s i n g  K B r  b i n d e r .  
b Ref .  (30) a n d  (31).  

(sh) S h o u l d e r .  
d R e p o r t e d  d a t a  did  no t  e x t e n d  b e y o n d  39/cm.  

~Ref .  (40). 
b P r e s e n t w o r k .  

Ref. (11). 
d Ref.  (41). 

lower than that of the Czochralski or Verneui l  grown 
spinel. This may be due to the impuri t ies  in the flux 
grown spinel, e.g., the lattice band for PbO occurs be- 
tween 18 and 40 ~m. Reflection losses have also been 
associated with surface damages (32,33). Since a 
unique  surface preparat ion of spinel wafers was made, 
this effect is not l ikely to be an impor tant  one. The re-  
flection spectrum changes somewhat with changes in 
the composition of spinel. As shown in Fig. 7 and 
Table II, three sharp reflection bands appear in the 
spectrum of a luminum-r i ch  spinel. The differences be- 
tween the reflection spectra can be used to readily dis- 
t inguish stoichiometric spinel from a luminum-r i ch  
spinel. 

Absorption and emission characteristics o] Cr-doped 
stoichiometric spineL--Absorption spectra of chro- 
mium-doped flux grown spinel crystals were obtained 
in the visible region. A plot of optical density vs. wave-  
length is shown in Fig. 8. The spectra are very similar 
to those of ruby  (38) and hence arise from the t rans i -  
t ion of Cr +a in octahedral symmet ry  (39). There are 
two broad absorption bands observed with peaks at 
5480 and 3910A, corresponding to t ransi t ion from the 
ground state to the 4T2 and 4T1 excited states, re-  
spectively. The absorption peaks of the spectra, as 
shown in Table III, are in general  agreement  (with 
slight differences in peak positions) with those re- 
ported for Cr +3 in na tu ra l  (40) stoichiometric spinel 
and in stoichiometric spinel grown by Verneui l  (41) 
and Czochralski (11) methods. A sample was annealed 
at 1000~ for 1/2 hr. After  annealing,  no change in posi- 
t ion and intensi ty  of the 4T2 band, as r e p o r t e d  for 
na tura l  spinel (40), was observed. 

Emission spectra of the chromium-doped spinel 
crystals were also measured in the visible region. A 
spectrum is shown in Fig. 9. The emission has vibra-  
t ional fine s tructure with peaks at 6750, 6875, 6980, 7075, 

STOICHIOMETRIC MgAI204: Cr 

Table IV. Emission characteristics of MgAI204:Cr crystals 
grown by various methods 

Hal f  w i d t h  
G r o w t h  (p r inc ipa l  corn- 
m e t h o d  M a x i m a  in  s p e c t r u m ,  A ponen t )  A 

Natura l , '  6755 6855 6979 7072 7177 < 1 0  
Flux~' 6750 6875 6980 7075 7165 ~ 5 0  

Czochra l sk i  c 6758 6876 6983 7079 7178 --50 
V e r n e u i l  ~ 6763 6885 6995 7095 7185 --50 

' (Ref .  (42) and  (~3). 
b p r e s e n t w o r k .  

Ref. (11). 
d Ref. (41). 

and 7165A. The principal  component  at 6875A is the 
sharpest. The width of this component  is considerably 
wider than that of na tura l  spinel (42, 43), bu t  is simi- 
lar to those reported on Verneui l  (41) and Czochra]- 
ski (11) grown stoichiometric spinel crystals. The 
sharp l ine components of Cr +3 in Czochralski spinel 
was not observed. The emission characteristics of 
MgA1204:Cr crystals grown by various methods are 
compared in Table IV. 

Conclus ions 
The growth of single crystal stoichiometric magne-  

sium aluminate  spinel has been successfully achieved 
in recent years by the flux, Czochralski, and Verneui l  
methods. Some physical properties of this mater ia l  are 
not critically sensitive to the method of growth. These 
include the lattice parameter,  dielectric properties, 
lattice vibrat ion characteristics, emission and absorp- 
tion properties of Cr +~ in MgA12Oa, and thermal  prop- 
erties (44). On the other hand, the crystal l ine per-  
fection and the optical t ransmission properties are 
highly dependent  on the growth methods. A pro- 
nounced difference is seen between the synthetic and 
na tu ra l  MgA1204 spinel crystals. The Cr+3:MgA120~ 
emission band widths of the synthetic spinels are con- 
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Fig. 8. Absorption characteristics of Cr +a in flux grown single 
crystal MgAI204 host. 
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F ig .  9,  Emission characteristics of Cr +3 in flux grown single 
crystal MgAI204 host. 
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s iderab ly  wider  than  tha t  of the  na tu ra l  mater ia l .  This 
fact rules  out the potent ia l  of using the synthet ic  spinel 
as a laser  host m a t e r i a l  
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Some Charge Phenomena in D-C Reactively 
Sputtered Alumina Films on Silicon 

Mao-Chieh Chen* 
Research Laboratories, General Motors Corporation, Warren, Michigan 48090 

ABSTRACT 

The charge behavior  of d-c  reac t ive ly  sput te red  A1203 films has been 
s tudied with  MOS techniques.  Both posit ive and negat ive  oxide surface charges 
were  observed in the  A1203-Si s t ruc ture  in separa te  cases. This m a y  be due 
to posit ive and negat ive  oxygen ions which were  crea ted  dur ing  the  sput te r ing  
process and were  then adsorbed by  the  silicon surface and by  the deposi ted 
A1203 layer.  Bias t empera tu re  stress revea led  that  both ion migra t ion  and car -  
r i e r  in j ec t ion- t r app ing  polar izat ion par t ic ipa te  in the  charging phenomenon.  
The inject ion process appears  to dominate  the  migra t ion  process at high ap-  
plied electr ic fields. The t r app ing  t ime constant  is ve ry  large  at low t e m p e r a -  
tures,  but  becomes smal ler  at h igher  tempera tures .  Change in the shape of the 
capac i tance-vo l tage  curves  dur ing  a series of bias t empe ra tu r e  stress tests was 
observed, no tab ly  wheneve r  the  car r ie r  in j ec t ion- t r app ing  becomes the domi-  
nant  ins tab i l i ty  mechanism.  

The s tudy of a luminum oxide (A1203) and its va r i -  
ous propert ies ,  as wel l  as its appl icat ions  such as sur-  
face passivat ion of semiconductor  devices, has been 
g radua l ly  d rawing  grea te r  at tent ion.  These A120:~. films 

* Electrochemical  Society Act ive  Member .  
Key  words :  charges  in a lumina  ]VIOS. 

are considered amorphous.  There  have been a va r i e ty  
of methods  repor ted  for  the p repa ra t ion  of a luminum 
oxide films: by  anodizat ion (1-3),  by  evapora ted  dep-  
osition (4-10), by  d-c  react ive sput te r ing  (11), and by  
rf sput te r ing  (12). 



592 J. Electrochem. Soc.: S O L I D  S T A T E  S C I E N C E  April  1971 

The meta l -oxide-semiconductor  (MOS) technique of 
studying the passivating propert ies of oxide films has 
proved to be a convenient  ancFeffective method. There  
have been reports  concerned with  the MOS study of 
aluminum oxide (i0, 13), as well as the alumina/sili- 
con dioxide (MAOS) system (13). A carrier injection 
phenomenon has been observed (I0, 13). Both positive 
and negative fiat-band voltages were observed in one 
case (I0), while in the other case only positive flat- 
band voltages were detected (13). Prolonged anneal- 
ing treatment reduced the positive flat-band voltage, 
and it eventua l ly  became negat ive  af ter  15 hr  of t rea t -  
ment  at 200~ in air (13). 

In this paper, along with  the exper imenta l  pro-  
cedure, we repor t  the observed oxide surface charges 
and the results of various bias and tempera ture  
stresses on A1203 films. This is fol lowed with a brief  
discussion on the introduction of oxygen ions from 
the sputter ing plasma into the oxide. 

Experimental  Technique 

Epitaxial  n - type  silicon wafers  of 10 and 40 ohm-cm, 
both (111) orientated, were  used as substrates in the 
fabrication of the test samples. Pr ior  to oxide deposi- 
tion, the silicon wafers  were  cleaned in t r ichloro-  
e thylene and acetone, and rinsed in ul t rasonical ly agi- 
tated, flowing, deionized water  for at least 10 min. The 
a luminum oxide (A1203) films were  then deposited by 
d-c react ive sputtering in a pure oxygen atmosphere.  

The deposition of a luminum oxide was performed 
under  two different sputter ing conditions using two 
separate d-c  react ive sputtering systems. Sput ter ing 
conditions "A" were: cathode potential  1200V, cathode 
current  density 2.4 m A / c m  2, and (pure) oxygen gas 
pressure 300 mTorr  (300g). An  a luminum disk target  
2.8 in. in d iameter  was used as a cathode, and a cathode 
current  of 120 mA was recorded during the sputter ing 
process. The substrate was a 10 ohm-cm silicon wafer.  
This substrate was set on a substrate holder which was 
electr ical ly floating and placed undernea th  the cathode 
for downward  sputtering. The spacing between the 
cathode and the substrate was approximate ly  2 cm, 
and the spacing between the cathode and the anode 
was approximate ly  10 cm. Another  d-c sputtering 
system was used for the deposition of A1203 under  
conditions "B," which were:  cathode potent ial  700V, 
cathode current  density 1.6 m A / c m  2, and oxygen gas 
pressure 150 r e t o r t .  An a luminum disk target  5.5 in. 
in d iameter  was used and a cathode current  of 250 mA 
was mainta ined during the sputter ing process. Silicon 
wafers  of 40 ohm-cm were  used as substrates. In this 
apparatus, upward sputter ing was used, and the sub- 
strate was clamped to the plate and was electr ical ly 
grounded to the system. The spacing between the 
cathode and the substrate was 2 cm. The oxide films 
deposited under  condition "A" for 30 rain were  1250A 
and those deposited under  condition "B" for the same 
period of t ime were  about 400A. For  convenience here-  
after, the oxide deposited under  condition "A" wil l  be 
re fer red  to as "sample A," and that  deposited under  
condition "B" a s " sample  B." 

For  anneal ing treatments,  the A1203 deposited wafers  
were  quartered,  and each was subjected to a different 
anneal ing schedule, except  that  one of the quar te r  
wafers  was reserved for use as a "control"  sample. The 
annealing was carr ied out in a hel ium atmosphere. The 
wafers  were  set in a furnace through which hel ium 
gas was flowing. The hel ium gas passed through a 
liquid ni t rogen " t rap"  before it was admit ted to the 
furnace. The t rap e l iminated oxygen and water  vapor  
contamination. 

A luminum gate electrodes were  applied to the con- 
trol  and to the annealed oxide films, using evaporated 
deposition and photomasking. Gate areas were  3.44 x 
10 -3 cm 2 (26 mils d iameter  a luminum dot).  Individual  
devices were  diced out, die bonded, and lead bonded 
to TO-5 headers. 

M O S  Device Characterist ics 
MOS capacitance and e~ect~ve surface charges.- 

Samples A and B demonstrated different behavior  in 
their  MOS capaci tance-vol tage characteristics. The 
MOS capacitance was measured at 1 MHz and all the 
measurements  were  made at room tempera ture  unless 
otherwise specified. Figure  1 shows the exper imenta l ly  
observed typical  C-V characterist ics of sample A for 
the control and the 500~ annealed specimen, along 
with the corresponding theoret ical  curve. In this ex-  
periment,  four sets of samples were  prepared:  control 
samples and three annealed samples each subjected to 
annealing t reatments  in a He atmosphere  for 1 hr at 
300 ~ 500 ~ and 750~ respectively.  The resul tant  C-V 
characterist ics show no obvious change for the 300~ 
annealed sample from that  of the control sample, al- 
though the various C-V curves from the randomly 
selected 300~ annealed samples disperse a li t t le bit 
more. The C-V curves also show no obvious change 
between those of the 500 ~ and 750~ annealed samples, 
al though the var ia t ion of the C-V curves of the ran-  
domly selected samples is a l i t t le  bit larger  for the 
750~ annealed samples. The flat-band voltage of 
the control  sample is --4.1V and that  of the 500~ He 
gas annealed sample is --1.5V. The negat ive flat-band 
voltages indicate that  posit ive surface charges were  in 
the oxide. 

F igure  2 shows the typical  C-V curves of sample 
B as well  as the corresponding theoret ical  charac-  
teristic. In this experiment ,  a 40 ohm-cm n- type  silicon 
wafer  was coated with A1203. Since annealing at 300~ 
showed no obvious effect and 500 ~ and 750~ annealed 
samples make  no obvious difference, the annealing 
t rea tments  here were  chosen at 500~ for 1, 2, and 3 hr, 
respectively. Severa l  devices f rom each of the t reat -  
ments were  randomly picked and their  C-V charac-  
teristics measured. It is seen that  all four curves show 
a positive flat-band voltage indicating that  negative, 
effective oxide surface charges are present. The flat- 
band voltages for each case are: 0.42V for control 
sample, 0.68V for the 1 hr annealed sample, 0.60V for 
the 2 hr annealed sample, and 0.55V for the 3 hr an- 
nealed sample. 

The effective oxide surface charge density for the 
various oxide specimens was evaluated from the fiat- 
band voltage. The results are tabulated in Table I. It  
is clear that  the posit ive oxide surface charge of sam- 
ple A is great ly  reduced upon annealing. In the other 
case, however,  the negat ive  oxide surface charge of 
sample B increased upon anneal ing and then decreased 
somewhat  during a prolonged annealing period. It has 
been observed (13) that  a prolonged annealing t rea t -  
ment  (at 200~ in air) reduces the posit ive flat-band 
voltage and eventual ly  changes it to negative.  In our 
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Fig. 1. Theoretical and experimental MO$ C-V characteristics 
of sample A measured at 300~ and 1 MHz. The substrate wafer 
is 10 ohm-cm n-type silicon. The oxide thickness is 1250,~. The 
sample was annealed at SO0~ in He atmosphere for 1 hr. 
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Fig. 2.. Theoretical and experimental MOS C-V characteristics 
of sample B measured at 300~ and 1 MHz. The substrate wafer 
is 40 ohm-era n-type silicon. The oxide thickness is 400~. Anneal- 
ing was performed at 500~ in He atmosphere. 
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Fig. 3. Density of states of the interface states and the effective 
surface charge density vs. energy of sputtered oxide (sample A) 
on n-type silicon suhstrate. Reference for energy, E, is chosen at 
the intrinsic Fermi level in the bulk silicon. 

case, the increase in the positive f lat-band voltage upon 
anneal ing during the first hour  might  be due to a 
faster and greater el iminat ion of the positive oxide 
surface charges, causing an effective increase in the 
effective negative oxide surface charges. The sub- 
sequent prolonged anneal ing  fur ther  reduced negative 
oxide surface charges and shifted the C-V curve in the 
negative voltage direction. However, the exact mecha-  
nism is not yet  understood. 

Interface state density.--Comparison of the three 
C-V characteristics in  Fig. 1 reveals that  the C-V curve 
of the annealed sample, wi th in  the resolution of our 
measurement ,  is essentially parallel  to the theoretical 
curve over the entire range of the var iat ion in the 
capacitance. On the other hand, the C-V curve of the 
control sample is not jus t  a paral lel  shift of the theo- 
retical  curve along the voltage axis. The curve exhibits 
a broader shape. This reveals, therefore, that  the an-  
neal ing effect has not only reduced the positive oxide 
surface charge but  also the fast interface states as well. 
The parallel  shift in the C-V curve of the annealed 
sample indicates that  the charge in the oxide film is 
independent  of the surface potential  in the range of 
measurement  at room temperature .  

Figure 3 depicts the results of the investigation of 
Fig. 1 for sample A. This figure shows AV (the differ- 
ence in voltage between the measured and the ideal 
C-V curve) ,  effective oxide surface charge density, and 
the numer ica l ly  calculated density of interface states 
vs. energy. The reference for energy, E, is chosen at 
the intrinsic Fermi level in the bu lk  silicon. The oxide 
surface charges are positive. The curve nea r  the 
valence band edge is not shown because of l imitat ions 
of MOS techniques on n - type  silicon substrates (14). 
The interface state densi ty shows a continuous distri-  
but ion and seems to be increasing from near  the mid-  
dle of the silicon energy gap toward the conduction 

Table I. Effective surface charge density for various oxide 
specimens. Samples A are 1250,~, and samples B are 400A in 

thickness. Annealing is done in He atmosphere at 500~ 

Ef fec t i ve  
su r face  c h a r g e  

U n i t  d e n s i t y  (No./cnlZ) S a m p l e  R e m a r k s  

1126-25-2 6.94 • 10ii Con t ro l  S a m p l e s  A 
1126-33-2 2.47 x 10il 1 h r  a n n e a l  P o s i t i v e  cha rge s  
1158-50~1 1.31 x 1011 C o n t r o l  
I158-55-I  2.68 X I0  II 1 h r  a n n e a l  S a m p l e s  B 
1158-59-2 2.26 • 1011 2 h r  a n n e a l  N e g a t i v e  cha rges  
1158-61-2 1.97 x 10~I 3 h r  a n n e a l  

band, but  drops near  the conduction band  edge. No 
clear high density peak was observed. 

Examinat ion  of the C-V curves in Fig. 2 shows that  
the four curves, a, b, c, and d, are almost paral le l  to 
one another. These exper imenta l  curves also show a 
slight broadened shape as compared to the theoretical 
curve, indicat ing the existence of a small  amount  of 
interface state charge. However,  for the densities less 
than 1011 cm -2 eV -1, the resolution of the present 
technique limits the meaningfu l  derivat ion from these 
curves. 

The technique of cooling samples to 77~ and mea-  
suring the resul tant  shift in f lat-band voltage has been 
shown to be an excellent method of detecting and mea-  
suring the approximate total number  of fast interface 
states between the 300 ~ and 77~ Fermi  levels (15-17). 
The results of this measurement  show that  the number  
of interface states is around 2 x 1011 cm -2 for all  
samples whether  annealed or not. The 300~ bulk  
Fermi  level ( E F )  for 40 ohm-cm silicon is 0.225 eV 
below the conduction band  edge. At 77~ EF is very  
close to the band edge. Investigations on the density 
of SiO2-Si interface states have shown that  fast in ter -  
face states acting like acceptors and donors in near ly  
equal numbers  exist near  the conduction band  and 
valence band, respectively (15, 18, 19). These are states 
per turbed from the nearby  intr insic silicon bands as 
was suggested by Gray and Brown (19) . We would, 
therefore, also expect a high density of states near  both 
band edges in the case of the AluOs-Si interface, and 
the above measured number  of interface states would 
approximately represent  the total number  of interface 
states in the upper  half  of silicon's forbidden band. Un-  
fortunately,  at these low values of interface states, the 
dis tr ibut ion of the interface state density near the 
conduction band  edge could not  be measured by MOS 
techniques on samples B. 

Bias and temperature stresses.--The devices were 
stressed at a given bias and tempera ture  (BT) for 12 
rain. They were then cooled to room tempera ture  with 
the bias still applied for about 1 hr. Subsequently,  the 
C-V curves were taken, and the f la t -band voltages 
were measured. 

Devices # o m  sample A.- -F igure  4 shows the f la t -band 
voltage vs. the gate voltage under  repeti t ive bias cy- 
cling for both the control  and the annealed samples. 
The anneal ing condition was 500~ in a He atmosphere 
for 1 hr. Both samples show essentially the same pat-  
te rn  of f lat-band voltage variation,  except the pat-  
tern of the annealed sample shifts to a less negative 
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A under repetitive bias cycling. 
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voltage position indicat ing a smaller effective, positive 
oxide surface charge. The devices were first sub- 
jected to negative bias, increasing in 5V steps up to 
--35V (or --30V for the annealed  sample),  then re- 
turned to zero volts in 5V steps. The procedure was re- 
peated for positive bias. Under  negative bias at about 
--10V, the f lat-band voltage showed a little shift to- 
ward the positive direction and then shifted back to a 
more negat ive value when  a negative bias of more than 
--10V was applied. When the stress direction was re- 
versed, the f lat-band voltage first shifted to a more 
negative value at low positive biases up to about + 5V 
and then shifted back in a positive direction when  a 
positive bias larger than  +5V was applied. This phe- 
nomenon is more clearly depicted by a sample (uni t  
1126-22-1) which was subjected to positive bias from 
an ini t ia l ly unstressed condition. The f la t -band voltage 
vs. tempera ture  with gate voltage as a parameter  dur-  
ing the BT stress is i l lustrated in Fig. 5. 

The shift in the flatband voltage, for low-voltage 
stresses, is believed to be caused by a migrat ion of 
charged ions in the A1203 films under  the applied 
electric field (20). This is shown in Fig. 4 wherein the 
f lat-band voltage shifts toward more negative values 
for small positive bias stresses (<5V) ,  and toward 
more positive values for small negat ive bias stresses 
(< - -10V) .  The much larger negative shift with posi- 
tive bias as compared to the small  positive shift with 
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Fig. 5. Flat-band voltage vs. temperature with gate voltage as 
parameter for samples A. 
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negative bias is most probably because most of the 
positive ions released at elevated tempera ture  (250~ 
do not come from the region close to the A1203-Si 
interface. In Fig. 5, the f lat-band voltage under  +5V 
BT stress became more negative at higher temperatures  
and clearly indicates the ion migration. At higher 
temperatures,  more positive ions can be released in 
the oxide and drift  to the A1203-Si interface under  the 
positive field. 

At higher bias stress, however, the instabi l i ty  is 
characterized by positive shifts in f lat-band voltage 
dur ing applied positive bias greater than  5V and nega-  
tive shifts in f la t -band voltage dur ing applied negative 
bias greater than 10V as shown in Fig. 4 and 5. This 
is the phenomenon that  carrier  in ject ion-extract ion 
would explain. The carrier in ject ion-extract ion phe- 
nomenon has been observed in SiaN4 films (21, 22), 
thermal ly  grown SiO2 films (23, 24), d-c reactively 
sputtered SiOe films (25), and reactively evaporated 
A1203 films (10, 13). Under  applied high electric field, 
electron injection or extraction would occur across the 
bar r ie r  at the oxide-silicon interface. This mechanism 
was found to be thermal ly  activated (23). This shifts 
the flat-band voltage in the direction opposite to what  
would be expected from ion migrat ion and constitutes 
the slow t rapping instabili ty.  In  Fig. 5, with --25V 
bias, the f lat-band voltage remains  almost unchanged 
or shifts in a positive direction very slightly up to 
the tempera ture  of 200~ dur ing the BT stress. This 
slight positive shifting probably results from the com- 
peting effects of ion migrat ion and carrier inject ion-  
extraction polarization. For temperatures  above 200~ 
however, the f lat-band voltage starts to shift sub- 
s tant ial ly  in a negative direction. This would be ex-  
pected since the slow trapping time constant is very 
large at low temperature  and becomes smaller at 
higher temperatures  (23). The involvement  of the 
t rapping time constant  was tested in that, with --25V 
bias at a given temperature,  prolonged BT stress did 
shift the C-V curve toward a more negative position. 
With +15V bias, however, it shifted more and more 
in a positive direction as the period of BT stress in-  
creased. In  addition, a t rapping (or injection) type 
hysteresis (10, 17, 26) was also observed in the C-V 
curve. 

The shifting of the f lat-band voltage under  BT stress 
indicates that  the effect of ion migrat ion under  nega-  
tive applied bias is small, where under  positive applied 
bias the effect is quite large. The shifting with --25V 
and 350~ BT stress is therefore presumed to be es- 
sential ly due to the slow t rapping instabil i ty.  At  
room temperature,  the device subjected to this stress 
condition remains  stable; e.g., the f la t -band voltage 
measured two weeks after BT stress did not show any 
obvious change. On the other hand, ion migrat ion is 
believed to be dominant  under  + 5V  BT stress. After  
a device was subjected to this positive bias BT stress 
and cooled back to room temperature,  it was observed 
that  the device was very unstable.  For a device from 
the control sample, under  + 5 V  and 250~ BT stress 
for 12 rain, the f la t -band voltage was measured to be 
--24V. The device was open-circui ted at room tem- 
perature  for 22 hr. The f lat-band voltage shifted to 
--10V. This is due to some sort of recovery ion migra-  
tion. After  being released at an elevated temperature,  
the ions were dr iven toward oxide-silicon interface 
under  positive field. Some ions were trapped when 
the device was cooled to room temperature,  and others 
remained relat ively free. After  removal  of the positive 
bias, the positive ions repelled each other and moved 
away from oxide-silicon interface. Some of those ions 
staying near  the interface may combine with injected 
electrons and become neutralized. 

Devices from sample B.-- I l lus t ra ted  in Fig. 6 and ? are 
the measured results for devices from sample B. Figure 
6 shows the f lat-band voltage vs. the gate voltage unde r  
repetit ive bias cycling for both the control and the 
annealed (2 hr in He atmosphere at 500~ samples. 



VoL. 118, No.  4 D-C R E A C T I V E L Y  S P U T T E R E D  AI20~ F I L M S  595 

4 . i - - o i - -  control (unit 11~8-88-2} 

- -  - - 6 - - - -  annealed(unit II~8-58--I ) 

2 

0 

o 

> 

- 4  

-- 6 I I I I i I I I I 2 

- 4  - 3  - 2  -1 O I 9' 3 4 
Bias Vol tage,  volts 

Fig. 6. Flat-band voltage vs. gate voltage at 250~ for sample 
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The f la t -band voltages of the original  devices are posi- 
tive, indicat ing a net  negative oxide surface charge. 
The devices were stressed in the same way as in the 
previous experiment.  Both the control and annealed 
samples exhibit  essentially the same characteristics; 
however, the annealed sample shows a smaller shift 
in its f lat-band voltage under  the BT stress. The posi- 
tive shift for negative bias and the negat ive shift for 
positive bias clearly indicates that  the shifting of the 
f lat-band voltage is due to ion migration. Figure 7 
shows the f iat-band voltage vs. temperature  with the 
gate voltage as parameter  for both the control and 
annealed samples. Under  positive bias stress, the fiat- 
band voltage decreased and became negative at tem- 
peratures beyond 200~ The change of sign indicates 
that, in addition to ion migrat ion which originates from 
the ini t ial  ion distribution, a lot of addit ional positive 
ions were released in the oxide at the higher tempera-  
tures and they migrated to the A1203-Si interface. The 
original  ion distribution, i.e. before BT stress, is be-  
lieved to consist of both the positive and negative ions. 
However, their number  and dis tr ibut ion are such that  
the oxide charge is effectively negative. The negative 
ions are probably due to negative oxygen ions trapped 
in the oxide dur ing sputter ing which was performed in 
a pure oxygen glow discharge. The existence of nega-  
t ive oxygen ions has also been reported in reactively 
sputtered SiO2 (25). 

Under  negative bias ( - -3V in the present  case), the 
shifting of the f lat-band voltage shows the increasing 
effect of ion migrat ion as the temperature  increased. 
However, when  the tempera ture  is increased beyond 
250~ for the control sample and 300~ for the an-  
nealed sample, the f lat-band voltage reverses shifting 
direction and shifts toward the negative direction. This 

indicates that  the effect of slow trapping instabil i ty 
has dominated the effect of ion migration.  This is also 
similar to the previous observation and would in-  
volve the temperature  dependence of the t rapping time 
constant. 

Discussion 
Oxygen  ions in the sputtered oxide.- -The different 

charge polarities of ionic species in the reactively 
sputtered A12Oa as observed from the sign of the mea-  
sured f iat-band voltages can be a t t r ibuted to the for- 
mat ion of positive and negative oxygen ions in the 
sputtered A1203. It  is considered that  the location of 
the substrate in the glow discharge chamber  dur ing 
the sputter ing process is the most sensitive factor in 
determining the oxide charge contamination,  with the 
effects of the sput ter ing parameters  such as cathode 
voltage, gas pressure, etc., having secondary impor-  
tance (27). I t  would be better  if in the exper iment  the 
only difference between conditions A and B were the 
substrate location. However, the configuration of our 
sputter ing systems l imited this effort. The substrate 
for sample A was sit t ing in  the cathode dark  space 
which is a region of high positive ion density. These 
positive oxygen ions can be adsorbed on the substrate 
upon collision with the surface or be accelerated to the 
cathode and subsequent ly  reflected and adsorbed by 
the substrate (25, 28, 29). Of course, we should also 
admit  to the very l ikely possibility that  some positive 
oxide charges, most probably from alkali  ions, wil l  
also be present. 

On the other hand, we observed negative oxide 
charges in  sample B, from the positive f lat-band volt-  
age of measured C-V curves. In this case, the sub- 
strafe was sit t ing right  on the anode which is 2 cm 
away from the cathode. Under  this sputter ing condi- 
tion, the substrate was quite l ikely sit t ing in plasma 
where  a large populat ion of slow electrons exists (30). 
The low-energy,  slow electrons in  the plasma would 
likely favor the electron a t tachment  process when they 
collide with oxygen molecules. The process in which 
O -  ions are formed through 02 ~ - e ~  O - - P  O has 
been studied by Lozier (31), Hags t rum (32), Craggs 
et al. (33), and Chanin et al. (34). The negative oxy- 
gen ions may diffuse through the plasma and be ad-  
sorbed on the substrate. 

Interlace state instab~ity .--Under certain b ias  tem-  
perature stresses, a third instabi l i ty  characterized by 
a change in shape of the C-V curve was observed. The 
characteristic of this instabi l i ty  is broadening or 
"smear-out"  of the C-V curve. Under  positive BT 
stress, the C-V curves became more broad as the posi- 
tive bias increased. The phenomenon is quite promi-  
nent  and was observed in the devices made from 
sample A. For the devices made from sample B, the 
broadening of the C-V curves is not obvious, probably 
because the change is below the sensitivity of our mea-  
surement.  Under  negative BT stress, similar phenom- 
ena were also observed, although to a smaller  degree. 
Refer to Fig. 4. Under  the repeti t ive bias cycling at 
250~ the observed change of C-V curve was as foI- 
lows. At first, the curve had little change at low nega- 
tive bias BT stress. As the negative bias was increased 
to the point where the f lat-band voltage starts to shift 
toward the negative voltage direction, i.e., .when the 
slow t rapping instabi l i ty  becomes dominant  as was 
discussed in the previous section, the C - u  curve began 
to show a clear change in its shape. The curves be- 
came broadened. This shape then remained in the sub- 
sequent  repetit ive cycling stress un t i l  the stress con- 
dition was brought  back to the point where  the fiat- 
band voltages started to shift toward the positive di- 
rection again, i.e., around --10V in our case. The 
broadened C-V curves then became sharp again. 

The only obvious change in  the shape of the C-V 
curves observed in the devices made from sample B 
occurred on the two following occasions. These are, 
referr ing to Fig. 7, at --3V and 300 ~ and 350~ BT 
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stress for the  control  and annea led  sample,  respec-  
t ively.  As the stressing process proceeded f rom low 
t empera tu re  step by  step, the  shape of the C-V curve 
r ema ined  roughly  unchanged  unt i l  the  above  indi-  
cated t empera tu re s  were  reached or  exceeded.  Above 
these tempera tures ,  the  curves  showed an obvious 
broadening.  

The observed broadening  of the  C-V curves  de-  
scr ibed above was shown to coincide wi th  the  obser -  
vat ion of the  slow t rapp ing  instabi l i ty .  However ,  for 
a c lear  unders tand ing  of the  repor ted  phenomena,  
fu r the r  effort should be pursued.  

Conclusion 
In d-c  reac t ive ly  sput te red  a luminum oxide, oxide 

surface charges of both polar i t ies  were  observed in the 
A1203-Si s t ructure.  The effective oxide  surface charge 
densit ies are  in the order  of 1011 cm -2. Fo r  the sample  
conta ining posi t ive oxide surface charges,  an annea l -  
ing t r ea tmen t  in a He a tmosphere  at 500~ for 1 hr  
reduced the charge  densi ty,  both in the oxide and in 
the in terface  states. However ,  this  effect was not ob-  
served in the  sample  containing nega t ive  oxide charges. 
The dens i ty  of the  in terface  s tates  in the  semiconductor  
forb idden gap was eva lua ted  in one case, but  was 
l imi ted  by  the MOS technique  in the  other. 

Different  polar i t ies  of the  observed oxide surface 
charges can be a t t r ibu ted  to the  posi t ive and negat ive  
oxygen ions which are  c rea ted  dur ing  the sput te r ing  
process and are  then  adsorbed in the silicon surface 
and in the  deposi ted A1203 layer .  Contaminat ion  of 
posit ive or  negat ive  ions in the  oxide seems to be 
g rea t ly  de te rmined  by  the locat ion of the subs t ra te  in 
the glow discharge dur ing  the oxide  deposi t ion process. 
Bias t empera tu re  stress revea led  tha t  both ion mig ra -  
t ion and ca r r i e r  in j ec t ion - t r app ing  polar izat ion effects 
a re  present .  The l a t t e r  process dominates  the former  
process at h igher  appl ied  electr ic fields. The t rapp ing  
t ime  constant  is quite large at  low tempera tures ,  but  
becomes smal le r  at high tempera tures .  Dur ing  the 
series of BT stress, b roadening  of the  C-V curves  was 
observed,  no tab ly  wheneve r  the ca r r i e r  in jec t ion-  
t r app ing  becomes the dominan t  ins tab i l i ty  mechanism. 
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Low-Energy Electron Irradiation of Thin 
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ABSTRACT 

Low-energy  photoelectrons are excited through thin paraffin hydrocarbon 
films at 77~ The photocurrent  is measured as a function of film thickness 
which is increased in steps of 20-80A. The at tenuat ion length or range for elec- 
trons of approximate ly  1 eV init ial  energy is 65A for 3-methylpentane,  59A 
for hexane, and 55A for nonane. The mean free paths de termined  f rom 
Baraff Theory  are of the order of 12A. 

Interes t  in stopping power  and range theory has been 
revived in recent  years  wi th  the advent  and promise 
of ion implantat ion in electron device technology (1). 
While the fundamenta l  question addressed here  is the 
stopping power, that  is, the part icle range, the part icle 
under  considerat ion is the electron, not  an atom, ion, 
or molecule. This par t icular  subject has been of in- 
terest  to radiat ion chemists for at least the past decadc. 
The basic questions evolve around the l i fet ime and 
range of electrons once they have been freed from 
their  parent  atoms or electron states. Ionizing radia-  
tion may impar t  energies f rom several  electron volts 
to several  mega electron volts and, therefore,  the study 
can be divided into three  parts involving high-,  in ter-  
mediate- ,  and low-energy  exchange. In this study, 
electrons of low init ial  energy, e.g. 1 eV above the 
substrate free energy, are photoexci ted into amorphous 
thin films of organic materials,  alkanes, which have 
been condensed onto the substrate (cathode) surface. 
While the energies of these electrons are not subexci-  
tat ional in an absolute sense, the cross sections for 
subexci tat ional  exchange are considered to be domi-  
nant. Therefore,  the problem reduces to consideration 
of the hot electron. 

The excited electrons have an init ial  energy equiva-  
lent  to that  of the absorbed photon, if  the assumption 
is made that  only Fermi  electrons are excited. To be 
emit ted into the film, the electrons must  overcome the 
effective work  function of the cathode, which, for the 
source employed, results in electrons of 2 eV max i -  
mum, if the f i lm-emit ter  interface is assumed to have 
a negl igible  effect on the cathode w o r k  function, no 
barr ier  potent ial  exists, and film charging can be ne- 
glected. The energy diagram is given in Fig. 1. The 
magni tude  of this ex t ra  energy  is such that  the elec-  
tron is subexcitational.  The equivalent  total  energy is 
considerably greater  if one assumes that  the amorphous 
film has an equivalent  Fermi  energy, work  function, 
and band structure,  but  still subexcitational.  The v ibra-  
tions which can be exci ted are intramolecular ,  rota-  
tional, and in termolecular  excitations. Each of these 
has a finite probabi l i ty  of occurring, but  the  cross 
section for in termolecular  excitat ion is expected to 
dominate (2). In general, the one dimensional  photo- 
electron flux is measured  to a t tenuate  exponent ia l ly  
with increasing film thickness. This compares wel l  
wi th  Crowell ' s  hot e lectron theory  (3) which is typi -  
cal of that  found in most solids (4). 

Experimental 
As outlined above, the object ive of this study was to 

determine  whe ther  or not  a th in  hydrocarbon film 

1 The Radiation Laboratory is operated by the University of 
Notre Dame, under contract with the Atomic Energy Commission. 
This is AEC Document No. COO-38-749. 

* Electrochemical Society Active Member. 
Key words: range theory, low-energy electron irradiation, at- 

tenuation length, mean scattering length, stopping power. 
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Fig. I. Emission energy diagram 

Fig. 2. Test cell for photoemission measurements 

would significantly resist penetrat ion by low-energy  
electrons. In the init ial  phase, the study has been re-  
stricted to paraffin hydrocarbons,  such as 3 -methylpen-  
tane, nonane, and hexane,  to avoid significant charging 
of the film itself. To assist in this determination,  the 
data chamber  of Fig. 2 was designed. The controlled 
inputs requi red  for the chamber  design are vacuum, 
radiant  energy, vaporized sample inlet, t empera ture  
control, and electrical  sensing. 
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A mercury  vapor diffusion pump was used to estab- 
lish the vacuum. Two liquid ni t rogen traps were in-  
serted between the diffusion pump and the data cham- 
ber. The vacuum of the manifold to which the data 
chamber  was connected was monitored with either 
a McLeod gauge or a CVC discharge gauge. The vacu- 
um was main ta ined  at approximate ly  2 x 10 -5 Torr. 

The sample was admit ted to the data chamber in 
vapor phase, in calibrated uni ts  at established pres-  
sure and volume, through the valve shown at the lower 
left of Fig. 2. The volume of the controlled sample was 
11 cc and the pressure was in the range of 10-100~. 
Upon opening the valve, the vapor passed into the 
lower chamber, along the guide tube, through the 
tungs ten  mesh, and into contact with the silver-plated, 
liquid ni t rogen cooled cathode onto which it condensed. 
By admit t ing controlled samples of the hydrocarbon, 
the thickness of the condensed film could be increased 
in steps and the t ransmission of electrons through the 
film could be measured as a funct ion of the film thick-  
ness. The separation between the end of the guide tube 
and the cathode was about 1 mm. This separation was 
kept reasonably small  to insure that  the hydrocarbon 
condensed on the cathode bottom surface. A Consoli- 
dated Engineer ing Mieromanometer  was employed to 
monitor  the pressure of the vapor in a storage chamber  
from which the calibrated sample was drawn. 

The source of photons for the generat ion of photo- 
electrons was a mercury  vapor lamp positioned below 
the window at the bottom of the data chamber. The 
window was Suprasil-2 quartz which admit ted both 
2537 and 1849A quanta  into the chamber.  The radiant  
energy passed through the tungs ten  mesh anode, 
through the condensed film, and into the cathode. The 
tungsten mesh had a transmission coefficient of 0.85. 

The photoemitted electrons which penetrated through 
the condensed film were collected by  the positively 
biased anode. The bias voltage was approximately  
100V and the electrode separation about 1 era. The 
photocurrent  of the collected electrons was recorded 
with the aid of a Cary vibra t ing reed electrometer and 
Varian Graphic Recorder. Bare cathode currents  were 
of the order of 10 -9 to 10 -10 A. The noise level was 
normal ly  three or four orders of magni tude  below the 
bare cathode response. 

Samples of 3-methylpentane,  hexane, and nonane  
were dried by passing the liquids through an 8 ft 
column of silica gel. The mater ia l  was then stored in 
a glass container  unt i l  used. After  these samples were 
inserted into the system, they were outgassed by a 
repetit ive f reeze-pump- thaw procedure. Prior  to cool- 
ing the cathode for condensation of the film, the data 
chamber  and preceding stages were flushed out with 
vapors from the outgassed sample. 

R e s u l t s  
Typical photoresponse data are presented in Fig. 3 

which shows the dependence of the photocurrent  on the 
number  of film layers for 3-methylpentane  films. In  
the figure, t) represents the layer  thickness which was 
varied in successive experiments  by controll ing the 
pressure of the vapor in the calibrated inlet  chamber. 
The film thickness was increased in increments  of 20- 
80A and the photocurrent  recorded following each in-  
cremental  increase. The response saturated at a level 
approximately two orders of magni tude  below the bare 
cathode response. A reasonably good fit to the data 
curves is obtained by assuming simple exponent ia l  at- 
tenuat ion as a funct ion of film thickness. This a t tenua-  
t ion continues unt i l  a residual  signal level is reached 
which is independent  of film thickness. The relative 
magni tude  of this residual  response is represented on 
the figure by the "A" value. The ini t ial  layer a t tenua-  
t ion was always significantly greater than that for sub- 
sequent film layers. A brief  discussion of the probable 
reason for this is given below. 

As ment ioned above, the funct ional  form of the 
photoresponse can be represented by the equation: 

'- I I I I I I I I I I - 
Relative Transmission Photocurrent 

~ r O u g h  3-methylpentane thin film 

f.  

8=e5 o . , .z3 

1 I I I, I I I I I I I 
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Number of film layers (8) 
Fig. 3. Raw photoemission data for 3MP films 
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Fig. 4. Replotted 3MP photoemission data to obtain attenuation 

length. 

I ---- A -t- Io exp( - -n5 /L) ,  where A is the final value of 
the response as n becomes reasonably large, (Io 4- A) 
is the ini t ial  value of the photoresponse, a ---- IlL is the 
ext inct ion coefficient, L is the mean  a t tenuat ion  length, 

is the layer thickness, and n is the number  of ]ayers. 
By plott ing l o g [ ( / -  A)/Io] against  n, as in Fig. 4, 
the magni tude  of a and L can be determined.  The figure 
presents data for different layer thickness, i.e., inlet  
pressure, for 3-methylpentane.  The determined value- 
for L was, on the average, 64A. The data, which are 
presented for contrast, represent  the extremes in data 
obtained. Calculated values of mean a t tenuat ion length 
for hexane and nonane  are also presented in Table I 
and are discussed below. 

The data presented in Fig. 3 and 4 represent  re- 
sponse to 1849A radiation, since 2537A radiat ion from 
the mercury  lamp resulted in negligible collectable 
emission from the cathode. The principal  reason for 
this stems from the fact that the work funct ion of 
silver is approximately 4.7 eV and 2537A photons have 
approximately 4.8 eV. While the 2537A emission could 
be detected from the bare  cathode, a film of 20A or 
less reduced the photocurrent  below the noise level. 

Table I. Comparison of attenuation lengths and mean free 
scattering lengths for three materials 

A t t e n u a t i o n  Mean  free 
M a t e r i a l  l e n g t h  l e n g t h  

H e x a n e  59 12.5 
3 - M e t h y l p e n t a n e  65 14 
N o n a n e  55 12 
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The 1847A radiation, which is significantly weaker for 
the lamp employed, resulted in very strong emission 
despite the fact that  the photon intensi ty  was an order 
of magni tude  lower. To insure that this emission was 
due to 1849~- photons, a Corning 7910 filter was in-  
serted between the source and the sample chamber at 
each film thickness. When this was done, the photo- 
current  dropped below the detection level. These 
emitted electrons have an average energy of approxi-  
mately  1 eV above the work funct ion of the cathode 
and an anticipated spectrum of approximately uniform 
density from 0 to 2 eV. The actual  electron energy 
dis tr ibut ion was not determined.  The fact that  a very 
th in  film el iminated the photoemission due to the 
2537A. l ine and that  the a t tenuat ion  for the init ial  
layer  was, in all  cases, greater than  that  which would 
have been anticipated from the data for subsequent  
layers indicated that the thin hydrocarbon film affect- 
ed the work function of the metal  surface, a not too 
surprising result. The effective increase was not mea-  
sured, bu t  the 2537A data suggest that  it was at least 
0.1 eV. The fact that  this ini t ia l  a t tenuat ion took place 
for ini t ial  layers of 20A or less supports the assumption 
of uniform thickness. 

The potential  applied between the electrodes is as- 
sumed to have negligible effect on the emission. The 
electric field, 100 V/m, is too small  to significantly alter 
the image force potent ial  out to a film thickness of 
1000A, which is beyond the max imum thickness of the 
films on which these data were taken. The boundary  
conditions for the film, i.e., at the metal-f i lm and film- 
vacuum interfaces, are essentially unchanged for each 
incremental  thickness increase. Therefore, the mea-  
sured change in photoresponse is a measure of in te rna l  
losses alone. 

Discussion 
The e lementary  technique employed in the evalua-  

t ion of the data in the previous section leads one to 
postulate a ra ther  simple range model for the elec- 
trons. To minimize obvious complications, the model 
to be discussed assumes near -charge  neut ra l i ty  
throughout  the film. The e lementary model simply im-  
plies that  an electron which is scattered re turns  im- 
mediately to the cathode or else induces another elec- 
tron to do so. Since the film is constantly in the flux 
of the complete radiat ion spectrum of the lamp, there 
are photons of lesser energy which are sufficiently 
energetic to excite electrons from traps which can 
migrate through the film and thereby readily r e tu rn  
to the cathode, main ta in ing  a nea r -neu t ra l  film. 

There are two emission phenomena which must  be 
considered. The first of these is emission from the 
cathode and subsequent  t ransmission through the film. 
Second, some electrons will  be assumed to be excited 
from the film itself, either from low-lying traps or by 
two-photon processes. 

The form of the first emission phenomenon simply 
assumes that  No electrons are emit ted per second per 
uni t  area from the cathode and collide with molecules, 
losing energy in increments  along the path. Those elec- 
trons which lose sufficient energy to fall below the 
work funct ion of the film are captured and re tu rned  to 
the cathode. Those which re ta in  a portion of their  
init ial  energy over and above the work funct ion are 
t ransmit ted  and collected by  the cathode. Then  the 
decrease in N is proport ional  to the stopping probabil i -  
ty, i.e., d N / d x  -: - - p N ,  where N represents the number  
of electrons t ransmit ted  to the position x per uni t  area 
per second and p is the stopping probabili ty.  From this 
equation, N ---- No e x p ( - - p x ) ,  where  p : a : 1 / L  and 
x ----- n5 when comparison is made with the previous 
section. The photocurrent  due to cathode-emit ted elec- 
trons becomes Ic ----- eN = eNo e x p ( - - n S / L ) .  

Electrons which are excited from the film itself are 
t ransmit ted  from the point  of excitation with the same 
probabil i ty  as electrons emitted from the cathode 
through a film of that  thickness. This emission is de- 
pendent  on the absorption coefficient of the film for 

whichever process, single or double absorption, domi- 
nates. Even if this absorption coefficient is 106m -1, 
the film would have to be at least 1000A in thickness 
for the absorption not to be considered as uniform 
throughout.  The films considered here seldom exceed 
500A and, therefore, uniform excitation is a reasonable 
approximation. The exact emission for electrons ex-  
cited from the film is formulated as 

eP ~ 
I~ -- - -  ~exp( - -ax)  e x p ( - - x / L )  dx  

2 

where Paexp( - -~x)  represents the number  of elec- 
trons, per un i t  area per second, excited at x, and 
exp ( - - x / L )  represents the probabi l i ty  that  these elec- 
trons will  be t ransmit ted.  The factor 1/2 is included 
since the excited electrons will  have velocities both 
toward and away from the cathode in equal numbers.  
Integrat ion of this equation yields 

e 
If : ~ [ P a L / ( I  + aL)]  [l -- e x p ( - -  [/-}- eL]nO~L)]  

2 

Since L ~ 100A, and a ~- 10 -4 A. -1, then 

e 
b = - -  PaL (l -- exp [--  nS /L]  ) 

2 

which is the uniform excitation response. The total 
photocurrent  is obtained by combining these two re-  
sults. That is, 

I : Ir~ + (/co -- If~) exp (--  n S / L )  

where If~ : e/2 PaL represents  the excitat ion from 
the film alone, that is, a very thick film, and/co  : eNo 
represents the bare cathode emission. A comment 
should be added here on the completeness of this rela-  
tion because of the obvious strong reflection at the 
metal  film interface. The reflected photons wil l  indeed 
increase the excitat ion from the film. However, only 
the magni tude  of If wil l  be changed. The funct ional  
form will be essentially unchanged as long as wave-  
lengths with sufficiently small  absorption coefficients 
are used. Ico must  be the bare cathode current  adjusted 
to account for the metal-f i lm interface potential. 

The data fit this model which lends itself to a satis- 
factory explanat ion thereof. However, fur ther  exami-  
nat ion and interpreta t ion are necessary to gain some 
knowledge of the physical phenomena surrounding the 
determinat ion of L. There  are several i tems which one 
must  consider such as the effects of t rapping and 
therefore charging of the film, the scattering mecha- 
nism, which for subexci tat ional  electrons is elastic or 
inelastic, and the adequacy of this model. The inelastic 
scattering results in the generat ion and annihi la t ion of 
intermolecular  vibrat ions or phonons. 

The last i tem will be discussed first. Let the primed 
currents,  I'x, represent  the three-d imensional  model 
currents.  If one were to consider a three-dimensional  
isotropic emission model for electrons emitted by both 
the cathode and the film, then  the following photo- 
currents  would be observed. These currents  are deter-  
mined by counting all electrons which would penetrate  
the film to the region to the r ight  of the film in Fig. 1. 

I'c : / c o  gf (l + x / L )  exp( - -  x / L )  

I'f ---- I~  g~ [ ( l  -- e x p ( - -  x / L )  ) -- ( x / L )  e x p ( - -  x / L )  ] 

The geometrical factor, gf, is actual ly an effective 
area factor which implies that  the emit t ing area is 
proport ional  to L 2 ra ther  than  a un i t  area. The total  
current  has the form 

I' ~- gfI + gf (Ico -- If~) ( x / L )  exp (--  x / L )  

where the unpr imed currents  represent  those for the 
one-dimensional  model. 

The addit ional  current  t e rm would not  be sufficiently 
significant for films of the thicknesses observed. The 
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dependence of the exponent ia l  coefficient varies much 
more slowly than  the exponent ial  term itself, especial- 
ly when the data are plotted on a semilog scale. A com- 
parison of the two shows that  the max imum error in 
est imating the slope would be about 15%. 

The question does arise as to whether  this scattering 
model is appropriate since the electron would be ex- 
pected to experience many  elastic scattering events 
and therefore proceed by diffusion or random walk. 
The elastic scattering model which describes the elec- 
tron's  path must  include the constraints of capture at 
the cathode surface and emission at the film surface. 
In one dimension, such a model leads to a reciprocal 
f i lm-thickness dependence which does not fit the data. 

If the film were charged, then that  charge would 
inhibit  the t ransmission of electrons. This possibility 
was investigated by observing the response for various 
radiat ion intensities. The emission from the cathode 
is proport ional  to the incident  radiation, and t rans-  
mission through the film was observed to be propor- 
t ional to the incident radiat ion also. Incident  intensi ty  
was varied by insert ing neut ra l  density filters between 
the lamp and the quartz window. 

The spectral output  of the lamp is quite broad. Since 
the electron traps in 3-methylpentane  are known to be 
both deep and shallow, that is, capable of being emptied 
by infrared and uv radiation, it is expected that  the 
lifetime of electrons in  these traps is very short. At -  
tempts were made to determine whether  or not post 
emission occurred after the source was interrupted.  
However, the signal level was too small  to be certain 
that  such emission was actual ly present. 

The scattering mechanism proposed above limits 
scattering to intermolecular  vibrat ions since the elec- 
t ron energies are subexcitational.  At least it is certain 
that in t ramolecular  excitation would be accomplished 
in the first 20A of t ravel  or in the first layer of the 
film (2). The data support this analysis through the 
init ial  decrease in photocurrent  which exceeds that for 
fur ther  increases in film thickness. Rotational excita- 
tions are ruled out for these nonpolar  materials.  The 
remaining,  at least dominant ,  s ca t t e r ing  mechanism 
is the intermolecular  v ibrat ion or phonon. Raman 
spectra for the materials  in question, i n  the liquid 
phase, indicate a vibrat ional  range of 30,80 cm -1 or 
0.004-0.01 eV. In the analysis and results of the calcu- 
lations presented in Table I, the lat ter  is used. 

The analytical  model proposed in the previous sec- 
tion assumes that a good fit to the data is obtained by 
exponential  a t tenuat ion of the photoemitted carriers, 
or that the probabi l i ty  for a sufficient number  of 
energy loss collisions to occur in a given distance is 
constant. This assumption is in good agreement  with 
the range theory for hot electrons in metals (5) and 
electrons excited into materials  where the dominant  
scattering is by optical phonons (6). In the lat ter  ref- 
erence, Baraff's a t tenuat ion length (range) is related 
to the ini t ia l  average electron energy, 3 kTe/2, the en-  
ergy of the scattering phonon, Er, and the mean scat- 
ter ing length, l, by the relation 

1 : L(3Er/kTe)  I/2 

This relation leads to the values of I shown in Table I 
for the hydrocarbons ment ioned above. On the aver-  
age, an electron travels about three molecular  diam- 
eters between scatters, if one assumes an energy loss 
of 0.01 eV for each occurrence. An  electron wilt t ravel  
a distance of 1500A in losing 1 eV. This agrees reason- 

ably well  with random walk theories (7) for total 
distance of travel. An addit ional  advantage of the 
Baraff model is its independence of electron source 
energy distribution. 

In the former reference, Sze et al. (5) t reat  metal  
films and electrons of energy above the Fermi  energy 
but  below the work function. The funct ional  depen-  
dence of the response in this reference agrees with 
those of this effort, but  the. range is found to be energy 
dependent  for electrons of energy near  the top of the 
barr ier  over which they are collected. While the energy 
dependence of this theory is in  general  agreement  with 
the Baraff theory, it lacks the incrementa l  energy loss 
as an integral  part  of the range determination.  
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NOMENCLATURE 
L, Angstrom uni ts  
A, Const-final photocurrent,  amperes 
eV, Electron volts 
~, Exponent ial  symbol 
Er, Phonon energy 
g~, Geometry factor 
/co,  Bare cathode photocurrent  
Ic, Photocurrent  from cathode 
I'r Three-dimensional  cathode photocurrent  
I, Total photocurrent,  amperes 
I', Three-dimensional  total photocurrent  
Io, Exponent ial  component of photocurrent,  

amperes 
If, Photocurrent  from film 
Ir~, Fi lm photocurrent  for infinitely thick film 
I'r, Three-dimensional  film photocurrent  
k, Bol tzmann's  constant  
t. Mean free scattering length 
L, Mean a t tenuat ion  length or range, Angstroms 

or meters  
mm, Millimeters 
N, Electron flux, per uni t  area per second 
No, Init ial  electron flux, per uni t  area per second 
n, Fi lm thickness layer index 
p, Stopping probabili ty,  classical scattering prob- 

abil i ty 
P, Probabi l i ty  factor 
To, Electron temperature  
x, Distance parameter,  indexing subscript 
~, At tenuat ion or extinction coefficient, m -1 or 

A-1  
Fi lm layer thickness, Angstroms 
Three-methylpentane  
Infinite distance 



Application of Triangular Voltage Sweep Method to Mobile 
Charge Studies in MOS Structures 
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ABSTRACT 

The present paper examines the theoretical aspects of the t r iangular  voltage 
sweep (TVS) technique and describes the development  of a unified quasi-  
equi l ibr ium approach wherein various polarization processes in an MOS 
capacitor s tructure subjected to the changing applied field are evaluated in 
terms of their contr ibut ions to the external ly  observed current .  It  is shown 
that a self-consistent exper imental  and analyt ical  approach must  be used when 
the TVS technique is applied to mobile charge studies in MOS structures. 

The t r iangular  voltage sweep (TVS) technique has 
been widely used by electrochemists to investigate 
anodic reactions in fuel cells (1). It is basically a 
vol tammetr ic  method where  the voltage applied to a 
system i V ( t ) ]  is made to follow a t r iangular  wave-  
form. Application of this technique to mobile charge 
studies in metal-oxide-si l icon structures was first pro-  
posed by Yamin (2). More recently, Kerr  (3) has re- 
ported that  the method can be used to detect mobile 
Na + concentrat ions as low as 10 9 ion-em -2 in SiO2 
films. So far, however, the capabilities and l imitat ions 
of the TVS technique for analyzing various polarization 
processes in MOS structures at elevated temperatures  
have not been ful ly explored. 

In the present paper a unified quas i -equi l ibr ium 
analysis is developed where in  various electrical and 
electrochemical effects in an MOS capacitor are evalu-  
ated in terms of their contr ibut ions to the total current  
flow in the external  circuit. It is shown that, under  
certain conditions, a faradaic polarization process may 
take place whose contr ibut ion will  be superimposed on 
the polarization current  normal ly  a t t r ibuted to the 
displacement of mobile charge in the insulator. A self- 
consistent analyt ical  and exper imenta l  approach must  
therefore be used when the TVS technique is applied 
to mobile charge studies in insula t ing films. Extensive 
current-vol tage measurements  have been conducted in 
an electrochemically symmetrical Si-Si02-Si structure, 
and the results demonstrate that such an approach is 
indeed necessary. Experimental data in this simple 
structure  indicate, for example, tha t  the quas i -equi l ib-  
r ium analysis of mobile charge polarization in  thermal -  
ly grown SiO2 films is applicable only in a l imited 
range of t empera ture  and voltage sweep rate. Indis-  
cr iminate use of the TVS technique may  thus lead to 
erroneous in terpre ta t ion  of exper imental  data. 

Quasi-Equilibrium Analysis of Polarization Currents 
For a thin film sandwiched between two large elec- 

trodes, the current  flow may  be regarded as unidirec-  
t ional  and it is general ly  dependent  in a complex way 
on V(t)  at elevated temperatures.  The external ly  ob- 
served current  density, 3ex, will  be composed of var i -  
ous bulk  and interracial  components and their  in ter -  
active terms. In  practice, where  the interact ions are 
negligible, the remaining  components can be treated 
additively. Since the MOS structure constitutes a solid 
electrolyte cell at elevated temperatures  (4), jex mea-  
sured dur ing the voltage sweep may contain: (a) a 
steady-state electronic component,  Je, due to the bulk 
conduction of the insulator;  (b) a faradaic component,  
jr, associated wi th  the ions of reacting species; (c) a 
capacitive component, Jc, resul t ing from the charging 
and discharging of the MOS capacitor structure;  (d) a 
polarization current,  jp, associated with s low-moving 

Key words:  insulator,  solid electrolyte,  MOS structure,  ionic 
transport ,  t r iangular  voltage sweep technique.  

Table I. Various bulk and interracial components of the externally 
observed current density: Jex : le -]- Jc -~- /p + J~. + i f  

Corn- Pa rame te r s  affect- 
ponent  Nature  Origin ing its magni tude  

j~ Steady-state,  Electronic Applied field, con- 
particle cur ren t  duction mechan i sm 

j~ Steady-s ta te  or Electrochemical ,  Overpotent ia l  and  
non-s teady-s ta te  ionic  rate  of electrolysis 
particle cu r ren t  

j,. Displacement  MOS capacitor Sweep rate,  oxide 
cur ren t  charging;  inter-  capacitance,  inter-  

face state polar- face state concentra~ 
ization tion 

j~, Displacement  Mobile charge  Sweep rate,  mobile 
cur ren t  polarization charge concentrat ion 

j~ Displacement  Faradaic  polar- Sweep rate,  charac-  
cur ren t  ization teristics of t ransfer  

layer  at  the interface 

ionic defects in the insulator;  and (e) a faradaic polar- 
ization current,  Jb which may arise from the electro- 
chemical reactions at the interfaces even when the 
faradaic current  is negligibly small  (jr ~ 0). For con- 
venience, these components  are summarized in Table I. 
A typical  current -vol tage  or I (V)  characteristic ob- 
tained by the TVS method is also shown in Fig. 1, 
which demonstrates how various components of j~x 
are superimposed. 

For a given applied voltage, the magni tude  of j~ 
depends on the specific conduction mechanism brought  
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Fig. 1. A typical I(V) characteristic obtained by the TVS tech- 
nique. Note that in the absence of faradair polarization, Jex is 
composed of Je, the steady-state electronic component; Jc, the 
MOS capacitor charging component; and jp, the mobile charge 
polarization component. Since Je is independent of sweep rate, Rs, 
it constitutes the bisecting line for the Ic loop. 
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about by the applied field. The faradaic component,  jr, 
on the other hand, is determined by the ra te- l imi t ing 
step in the over-al l  reaction of the solid electrolytic 
cell. When the cell reaction becomes eventua l ly  diffu- 
sion controlled at sufficiently high temperatures,  in ter-  
active effect of jf on various polarization processes can-  
not be ignored. At these temperatures,  ions of reacting 
species wil l  be injected at one electrode and /or  re-  
moved at the other in  appreciable quantities.  As a re- 
sult, the polarization processes in the SiO2 layer may 
become very complicated. For mobile charge studies, 
which are aimed at obtaining quant i ta t ive  informat ion 
about the extrinsic and intrinsic ionic defects in the 
the insulat ing film (i.e., impur i ty  ions and /or  thermal -  
ly generated vacancies and interst i t ials  of consti tuent 
ions), the TVS measurements  should be made in the 
temperature  range where the electrodes are completely 
blocking (jr = 0). 

In the following analysis, the jr j , ,  and j~ compo- 
nents  will  be es t imated  separately by postulating a 
state of quas i -equi l ibr ium for each of their  associated 
polarization processes. Provided that  jf is negligibly 
small and je~ is not predominant ly  composed of j~ dur-  
ing the entire potential  sweep, this quas i -equi l ibr ium 
condition can be realized exper imenta l ly  by varying  
two common external  parameters  (i.e., potent ial  sweep 
rate and temperature)  ei ther jo int ly  or independent ly  
in the appropriate tempera ture  range. It  will  be seen 
that the onset of electrode reactions in the MOS sys- 
tems, usual ly  undetectable by ordinary  exper imental  
techniques, sometimes manifests itself in the occur- 
rence of a component,  j~, on the TVS plot. This com- 
ponent  j~, with its dist inctive features, can often be 
used to define a suitable temperature  range for mobile 
charge polarization studies. 

Interface state polarization.~Component Jc is asso- 
ciated with the charging or discharging of the MOS 
capacitor which takes place concurrent ly  with the 
formation of space charge in  the semiconductor and 
also the capture or emission of charge carriers by the 
surface states or oxide traps 1 near  the SiO2-Si in ter -  
face. When an external  voltage is applied across the 
MOS structure, the surface charge of the metal  elec- 
trode (aD is balanced by the charges in the surface 
states (Qss) and in the space charge region (Qse): 
ex = Q~ - Q~. Fur thermore,  the applied voltage is 
taken up by the surface potential  of the semiconductor, 
r (i.e., the potent ial  rise or drop from the semiconduc- 
tor bulk to its surface) plus the potential  difference 
(Vox) across the insula t ing layer and the work func-  
tion difference (~r,s) between the metal  and silicon 
electrodes (5) 

V = Cs -t- Vox q- q~ms = r -t- (Qss - Qsc)/Cox -I- ~ms 
[1] 

where Cox is the oxide capacitance. Consequently, the 
capacitive current  contr ibut ion is 

jc = dal/dt = ( OQSCov OQSSov ) dV..~ -{- OQscot OQssot 

[2] 
or, by vir tue of the relationship in Eq. [1] 

j~ -- Co~ Rs (1 -- O~/OV) -b (OQsc/Ot - OQs~/Ot) 
[2a] 

where dV/dt has been replaced by the constant  sweep 
rate, Rs. When the system is stable and in a state of 
quas i -equi l ibr ium such that  the space charge and sur-  
face state populat ion can readily follow the changing 
applied field, OQsc/Ot and OQ~s/Ot vanish, and jc reduces 
to 

j~ = Co~ Rs (1 -- O~/OV) [3] 

In  the absence of other polarization processes, there-  
fore, Je~ can be equated to jc, and the j~x -- V curve 
obtained by the TVS technique can be identified with 

Oxide  t r a p s  are r e g a r d e d  as e f fec t ive  sur face  s ta tes  (5). 

the low-frequency capacitance vs. voltage character-  
istic of the MOS structure,  as has been shown by pre-  
vious investigators (6). 

When the system is in a state of quasi-equi l ibr ium, 
the following relationship holds (7) 

O~s/OV -- 1 -- Cox " d~s d~s [4] 

At voltages corresponding to the accumulat ion and 
inversion regions for the semiconductor, the space 
charge term predominates  and Or ~ 0; in the de- 
pletion region, the value of O~s/OV depends on the re-  
lative magni tude of both the space charge and surface 
state terms. If a high surface state density is present  
such that  O~s/OV will  vanish when  the Si surface is 
depleted, component  Jc will describe a rectangular  loop 
on a TVS plot as if the MOS structure  consisted of an 
insulat ing film between two metal  electrodes. In  case 
the surface state density is not very high, O~s/OV will 
be less than  uni ty  in the depletion region. Then a sur-  
face state contr ibut ion wil l  be superimposed on the 
~deal low-frequency C(V) characteristics (i.e., in ter -  
face-state free).  It is impor tant  to note that, at ele- 
vated temperatures,  this contr ibut ion is usual ly  negli-  
gible in comparison with others discussed in this paper. 

On the other hand, if the potential  sweep is so fast 
that the system is no longer in a state of quas i -equi l ib-  
rium, the non-s teady-s ta te  term in Eq. [2] often pro- 
duces one or more current  peaks of substant ia l  magni -  
tude on the I (V)  plot at voltage values determined 
by the t ime constant  and the energetic spectrum of the 
surface states (8). Appearance of such peaks obviously 
complicates the interpreta t ion of the TVS plots. 

In MOS specimens usual ly  encountered in practice, 
a large interface state concentrat ion often manifests 
itself in a small asymmetry  in the Jc -- V curve with 
respect to the voltage axis. These states cannot  be 
quant i ta t ive ly  evaluated without  concurrent  high- 
f requency C(V) measurements  (6). 

Mobile charge polarization.--Redistribution of mobile 
charge centers in an insulator  induces a change of 
surface charge (r on the metal  electrode while con- 
t r ibut ing a component, jp, to the external ly  measured 
current  flow. Since ~i depends implici t ly  on V and t 
during the potential  sweep 

O~I dV 0~I 
jp = d~I/dt = ~ - -  [5] 

OV dt Ot 
For an arb i t ra ry  space charge distribution, p = p 
(V, x, t),  in an insulat ing film of thickness l, the in-  
s tantaneous surface charge ai(V,t) induced on the 
electrode (at x = 0) can be concisely expressed by 
(9) 

ai (V, t )  = Q (Y,t)  [1 - X ( V , t ) / l ]  [6] 

f2 where Q(V,t)  = p (V , t , x )dx  is the area of the 

space charge profile (or the total  space charge) be-  
- 

tween the two electrodes; and X ( g , t )  = pxdx/ 

fo;pdx is the coordinate of centroid for the space 

charge profile with respect to the axis at x = 0. 
The polarization current  is therefore 

{ 0Q x Q (0x  
- J 

d----i- + 1 - - T  Ot --T' Ot [71 

When the system is in a state of quas i -equi l ibr ium 
(i.e., when the charge redis t r ibut ion can readily follow 
the changing voltage),  both OQ/Ot and OX/Ot will  van -  
ish if the electrodes are blocking with respect to the 
moving ionic species. The polarization component,  jp, 
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thus reduces to 

jp = Rs [dQ/dV  (1 -- X / l )  -- (Q/ l )  d X / d V ]  [8] 

where d V / d t  has been replaced by  Rs. When the total 
charge is independent  of the applied voltage (i.e., 
there is no field generat ion of mobile charge),  d Q / d V  
= 0  and Eq. [8] simplifies to a more manageable  form 

jp = -- Rs (Q/ l )  d X / d V  [9] 

Analysis of the polarization current  can now be 
treated as an electrostatic p roblem which essentially 
involves solving for static charge profiles in an in-  
sulat ing layer subjected to an applied field and de- 
te rmining  the centroid of charge mass and its voltage 
derivative as a funct ion of the applied potential. In 
addition, such solutions can be readily found by nu-  
merical calculations since Eq. [9] usual ly cannot be 
evaluated in a closed form (see Appendix I) .  

Component  jp obviously has a max imum at a voltage, 
Vm, for which d 2 X / d V 2 =  O. In an electrochemically 
symmetrical  cell such as Si-SiO~-Si, the polarization 
current  peak will  appear at zero applied voltage. In an 
asymmetr ical  cell, jp will  still peak when the mobile 
charge becomes uni formly  or, more correctly, sym- 
metr ical ly distr ibuted in the insulator. However, it 
should be noted that this dis t r ibut ion does not neces- 
sarily prevail  when  V is equal in magni tude  and op- 
posite in sign to the open-cell  potential  E o (or equiva-  
lently, the work funct ion difference, ~ms) of the MOS 
structure. 2 In  Pt-SiO.2-Si structures, for example, V,, 
has been found to vary  with the oxide thickness while 
other parameters  were held constant  (10). 

Faradaic po lar i za t i on . - -When  the electrode reactions 
occur but  the faradaic component  remains  negligibly 
small  (jr---~ 0) dur ing  the whole potent ial  sweep, the 
MOS structure can be treated as an electrolytic cell 
at v i r tual  equil ibrium. That  is to say that, provided 
that the applied potential  sweep rate is sufficiently 
slow, the concentrat ion change in the t ransfer  layers 
immediately adjacent  to the electrode-insulator  in ter-  
faces may be considered to be realized in an infinite 
number  of perfectly reversible steps for which jf = 0. 
Under  appropriate conditions, a polarization compo- 
nent, Jr, associated with this concentrat ion change may 
appear in the external  circuit if, dur ing the sweep, 
ionization-discharge is the ra te -de te rmin ing  step of 
the electrode reactions. 

Depending on the relative magni tudes  of various 
parameters  in the system under  invest igat ion (see 
Appendix II) ,  Jt may exhibit  any one of the following 
characteristics. 

(a) When one of the interface reactions predomi- 
nates, Jl has a m a x i m u m  at 

Vm "- -- E ~ -- ~ In Ei [17] 
e zF 

where E o is the equilibrium cell potential, e the cor- 
rection factor, Ki the equilibrium constant for the 
prevailing electrode reaction, and other symbols have 
their usual significance. In this case, jL cannot be sepa- 
rated from jp since e and Ki are usually unknown. 

(b) When the extent of both interracial reactions is 
comparable, j~ appears double peaked with well-de- 
fined maxima at 

V1 = ~ E ~ In KI 
e IhzF 

and [18] 

V 2 : - -  E o - -  . InKH 

where 5's are overpotent ial  distr ibution factors. 
-~ I f  the  i n i t i a l  d i s t r i b u t i o n  of  u n c o m p e n s a t e d  m o b i l e  cha rge  cen-  

te rs  has  the  shape  of a d e l t a  f u n c t i o n  a t  one  o f  the  in t e r faces ,  as 
p o s t u l a t e d  by  S n o w  et  aL (11), t h e n  q u a s i - e q u i l i b r i u m  c o n d i t i o n  
c a n n o t  be a c h i e v e d  t h r o u g h o u t  the  course  of the  p o t e n t i a l  s w e e p .  
As the  m o b i l e  cha rge  l eaves  the  b o u n d a r y  l aye r  a t  l ow  a p p l i e d  
vo l t ages ,  the  d i f fus ion  a n d  d r i f t  t e r m s  in  t he  t r a n s p o r t  e q u a t i o n  
w i l l  be of the  same  s ign,  and  the  q u a s i - e q u i l i b r i u m  c o n d i t i o n  does 
no t  ho ld  u n t i l  a c o n c e n t r a t i o n  g r a d i e n t  is  b u i l t  up  in  the  b u l k  of 
thc  i n su l a to r .  

(c) For more intermediate  cases, j~ exhibits a pr i -  
mary  and a secondary peak, which are often difficult 
to resolve on a TVS plot. Nevertheless, double-peaked 
faradaic polarization current  has been observed in both 
Cr-SiO2-Si (12) and Pt-SiO2-Si (10) structures. 

The magni tude  of the current  peaks for j~, normalized 
with respect to sweep rate Rs, is proport ional  to the 
equi l ibr ium constant  and the n u m b e r  of activated sites 
in the corresponding t ransfer  layers (Appendix II) .  
If a single peaked j~ is mis taken for jp in the mobile 
charge studies, the error involved can therefore be 
several orders of magnitude.  On the other hand, the 
appearance of a double-peaked component on a TVS 
plot can be taken as indicative of the onset of electrode 
reactions, and consequently sets an approximate tem- 
perature l imit  for ideally blocking electrodes. 

For  example, the j~ component  observed in Pt-SiO.2- 
Si systems at 390~ indicates that  the silicon electrode 
is no longer ion-discharge blocking above this tem- 
perature (j~ ~= 0) (see Fig. 2). 

M o b i l e  C h a r g e  Studies by T V S  T e c h n i q u e  
It is evident  from the preceding discussion that  

meaningful  data for mobile charge analysis can be ob- 
tained only when one has exper imental ly  established 
that: (a) the system is in a state of quas i -equi l ibr ium 
dur ing  the TVS measurement ,  and (b) the observed 
polarization component  is solely a t t r ibutable  to the 
mobile charge excursion (i.e., j~ = 0). Intu~ltively, 
ei ther an increase in ambient  tempera ture  or a de- 
crease in voltage sweep rate should eventual ly  br ing 
about the desired equil ibrium. However, a continued 
decrease in sweep rate wil l  lower the external  cur-  
rent  below the level of detectability, whereas an ex- 
cessive temperature  increase introduces complicating 
effects (e.g., the electrodes become nonblocking and 
jz 4= 0). A plausible exper imenta l  approach is there-  
fore to determine the tempera ture  l imit by moni tor ing 
the occurrence of j~ on the TVS plot. After  establish- 
ment  of this tempera ture  regime, the following three 
quanti t ies  associated with the mobile charge polariza- 
t ion current  can then be used as self-consistent criteria 
to test the onset of quasi-equi l ibr ium, as well  as the 
val idi ty of the various assumptions in the quasi -equi-  
l ibr ium analysis. 

1. Normal i zed  area: For  voltages exceeding some 
value, • where mobile charge profile can be ap- 

Pt- sio2 (2ooo~)- si 
4 AT 3 8 9 ~  

i 

>. 
I-- 

I-- 
Z 

2:J -- 

121 
W 

_J 

Z 

- 4 - -  

I I I I I 
-3 - 2  - I  0 +1 +2 +3 

APPLIED VOLTAGE (volts) 

Fig. 2. Experimental evidence showing the occurrence of a double- 
peaked faradaic polarization current, j~, in a Pt-Si02-Si cell. The 
TVS plot was taken at a sweep rate of 41.7 mV-sec -1.  
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proximated by a delta funct ion at each electrode (i.e., 
X2 -- X1 ~ l) the area under  jp on the TVS plot can be 
normalized with respect to Rs to yield 

jpdV = -- (Q/l)  _ d X ~  Q = c o n s t  [19] 
Rs -~-IVol xl 

Upon the onset of quasi-equi l ibr ium, therefore, the 
normalized area should be independent  of the sweep 
rate and the n u m b e r  of sweeps and should remain 
vi r tual ly  constant  for voltage sweeps exceeding _+]Vo I. 

2. Normalized peak current: Transposing Eq. [9] 
gives 

(jp)max/Rs = -- (Q/l)  (dX/dV)jp=(jp)ma x [20] 

Consequently,  the normalized current  peak should also 
be rate-  and f ield- independent  in the quasi -equi l ib-  
r ium regime. 

3. Voltage corresponding to current peak: The equi- 
l ibr ium position of the cur ren t  peak, Vm, is defined by 
the condition d2X/dV 2 : O. Upon the onset of quasi- 
equil ibrium, Vm should become rate independent  and 
assume the value determined by static charge profile 
calculations. 

In  order to properly apply the quas i -equi l ibr ium 
analysis of mobile charge polarization, it is therefore 
mandatory  to determine the above-ment ioned quant i -  
ties at a given temperature  over a wide range of Rs 
values. If the rate dependence of these quanti t ies in-  
dicates that quas i -equi l ibr ium has been achieved, the 
subsequent detailed analysis follows directly. The pro- 
cedure consists of de termining the charge profile (p) 
as a function of V, extract ing therefrom the centroid 
of charge mass X (V) and its voltage derivative d X / d V ,  
and construct ing a theoretical I (V) plot for jp accord- 
ing to Eq. [9]. Since the charge profile can be deter-  
mined under  a variety of assumed conditions (13), a 
part icular  set of conditions which yields the best 
agreement  between the calculated and observed po- 
larization current  will not only define the concentrat ion 
of mobile charge centers but  also supply insight into 
some of their physical properties. Furthermore,  by re- 
peating this type of exper iment  over a suitable tem-  
pera ture  range, an activation energy for thermal  gen- 
eration of mobile ions can be quant i ta t ively  deter-  
mined. 

Experimental  results and discussion.--Virtually 
symmetr ical  Si-SiO2-Si guard- r inged  capacitor struc- 
tures were fabricated. Polycrystal l ine silicon counter-  
electrodes (with matched resistivit ies)a were deposited 
from an E-gun  heated source, through 0.041 cm" 
mask holes onto SiO2 films of various thicknesses, 
which were previously grown in dry  O~ on (100)-ori-  
ented, p-type, 1000 ohm-cm substrates. The specimens 
were annealed for 30 min  at l l00~ in  dry N2 in order 
to crystallize the amorphous Si counterelectrodes while 
improving the electrochemical symmetry  of the in-  
sulat ing layer  at the interfaces. The final symmetry  
was verified both by C ( V )  measurement  and by a 
steady-state I (V)  measurement  after the electrical 
breakdown of oxide layer  has occurred. 

Since silicon electrodes have been found to be no 
longer ion-discharge blocking at 390~ mobile charge 
polarization in these structures was investigated in the 
tempera ture  range from 145 ~ to 365~ The TVS mea-  
surements  were taken with sweep rates ranging from 
1 mV/sec to 1 V/sec in a vacuum of 10 -8 Torr. The 
field dependence of mobile charge concentrat ion was 
checked by repeating the potential  sweep to increas- 
ingly higher voltages at each tempera ture  (see, for 
example, Fig. 3). The rate dependencies of the nor-  
malized area, the normalized peak current  and the 
peak voltage, extracted from I(V) plots for various 

~ P o l y e r y s t a l l i n e  s i l icon,  o b t a i n e d  by  E - g u n  depos i t ion ,  u s u a l l y  
has  a h i g h  r e s i s t i v i t y  (104-106 o h m - c m ) .  In  our  e x p e r i m e n t ,  re-  
s i s t i v i t y  m a t c h i n g  was  a c h i e v e d  by  u s i n g  h i g h - r e s i s t i v i t y  subs t r a t e s  
an d  a h i g h l y  B - d o p e d  e v a p o r a t i o n  source.  
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Fig. 3. Experimental evidence of the field independence of mo- 
bile charge concentration in a Si (poly)-SiO~ (2000A)-Si(IO0) c a -  
pacitor structure. This I(V) plot was obtained at 247~ at a 
sweep rate of 41.7 mV-sec -1 .  

sweep rates and temperatures,  are shown in Fig. 4, 5, 
and 6, respectively. Below 145~ the onset of quasi- 
equi l ibr ium cannot be discerned exper imenta l ly  by 
fur ther  lowering of the sweep rate since the currents  
cannot be accurately differentiated from the back- 
ground noise (compare 145 ~ curves in Fig. 4, 5, and 
6). Somewhat above approximately 307~ the total 
charge and peak current  were found to increase with 
increasing voltage and decreasing sweep rate, sug- 
gesting thermal  and field generat ion of new mobile 
charge species (dQ/dV  ~ 0 in Eq. [9]) (see, for ex-  
ample, 307 ~ and 365 ~ curves in Fig. 5 and 6). Clearly, 
our quas i -equi l ibr ium model of mobile charge polariza- 
t ion is self-consistent only in a l imited temperature  
range below 300~ where the normalized area and 
current  cease to be rate dependent  when the current  
peak assumes the theoretically predicted position of 
Vm = 0 (compare 192 ~ and 247 ~ curves in Fig. 4, 5, and 
6). In  this range the total mobile charge appears to be 
independent  of temperature.  

A computer program has been developed to deter-  
mine  mobile charge profiles under  various boundary  
conditions which are considered appropriate for a 
symmetrical  Si-SO.~-Si s t ructure (see Appendix I).  4 
Based on the assumption of blocking electrodes and 

t The  p r o g r a m  was  w r i t t e n  b y  I-I. p. Crowder .  
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the polarization component measured at various temperatures. 
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one-carr ier  polarization, this program permits  the 
polarization cur ren t  to be calculated for any given 
tempera ture  and oxide thickness, using the ini t ial  mo-  
bile charge concentrat ion (No = Q/l)  as a disposable 
parameter.  A detailed comparison was made between 
the calculated and observed polarization cur ren t  based 
on the data obtained at 247~ for a 2000A oxide speci- 
men. At this temperature,  the normalized area gives an 
ini t ia l  concentrat ion of No = 4.4 x 1015 q-cm -3. This 
value of No was used as a start ing point  for the static 
charge computation.  After  a few trials, the best agree- 
ment  between the calculated and the observed po- 
larization was obtained for No = 5 x 1015 q-cm -3. The 
final results of this computat ion are shown graphically 
in Fig. 7, where X and its derivative d X / d V  are plotted 
as a funct ion of V. The theoretical polarization current  
was constructed in accordance with Eq. [9] and shown 
as a dotted line superimposed on the observed po- 
larization component  in Fig. 8. Since, in  the ab-  
sence of faradaic polarization, the normalized area 
should tal ly with the normalized cur ren t  peak (com- 
pare Eq. [19] and [20]), the agreement  between the 
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Fig. 7. Voltage dependence of X, the center of mass, and its 
derivative dX-/dV, extracted from the space charge profiles which 
have been calculated with the following parameters: T ---- 247~ 
I = 2000~. N = 5 x 1015 q/cm 3. It should be noted that the 
vs. V curve exhibits a kink near 0.1-0.2V, which has been deliber- 
ately smoothed out. 
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Fig. 8. Caicu|ated and observed Jex for the same capacitor struc- 
ture as in Fig. 2. The TVS plot was obtained at 247~ at Rs = 
12.5 mV.sec -1 .  Jex can be resolved into: (a) polarization compo- 
nent, 1; (b) capacitive component, 2, and (c) steady-state com- 
ponent, 3. Note the dotted line, which represents the polarization 
current calculated on the basis of a quasi-static model. The differ- 
ence between the dotted line and the actual curve in the lower half 
of the plot is attributed to interface effects (see text). Note also 
the difference between the two polarization components in Fig. 
2 and 8. This is due to the fact that q,asi-static eq,ilibHum was 
not quite achieved at the sweep rate of 41.7 mV-sec -1 .  

ca lcu la ted and observed cur rents  is p r o b a b l y  the 
most convincing evidence attesting the val idi ty  of the 
quasi-static model of mobile charge polarization. 5 

The asymmetry  of the observed polarization cur-  
rent  with respect to the voltage axis suggests the 

Yamin ,  for  e x a m p l e ,  has  f o u n d  t h a t  a t  500~ the  c h a r g i n g  p e a k  
w a s  m u c h  h i g h e r  t h a n  t h a t  c a l c u l a t e d  f r o m  the  e x p e c t e d  i m p u r i t y  
c o n c e n t r a t i o n  of  10 TM i ons - cm  -~. He  a t t r i b u t e d  the  d i s c r e p a n c y  t o  
the  e l e c t r o c h e m i c a l  effect,  w h i c h  is q u a n t i t a t i v e l y  a n a l y z e d  in  t h i s  
paper .  
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presence of interface states at one of the interfaces 
[see the lower port ion of the I (V)  plot, Fig. 8]. In the 
light of the discussion on interface state polarization, it 
seems l ikely that  these states reside near  the in ter -  
face between the oxide and the counterelectrode since, 
on the re tu rn  sweep, the semiconductor surface of the 
counterelectrode goes from the accumulat ion to in-  
version regime. 

When the total mobile charge was determined under  
quas i -equi l ibr ium conditions for oxide specimens of 
various thicknesses, it exhibited no thickness depen-  
dence (Fig. 9). Since these specimens have been pre-  
pared under  v i r tua l ly  identical  conditions, the ab- 
sence of thickness dependence strongly suggests that 
the mobile ionic species were introduced into the oxide 
layers not dur ing  the film growth, but  either by sur-  
face contaminat ion or by some process wherein  the 
ionic species in the surface layer  were rendered mo- 
bile (14). In  view of the fact that  stable Si-SiO2-Si 
devices have been fabricated, it may be concluded that 
the observed mobile charge is due to external  con- 
tamination.  

Summary 
Various bu lk  and interface effects in an insulator  

sandwiched between two electrodes have been shown 
to contribute to the anomalous charging current  ob- 
served dur ing a potent ial  sweep at elevated tempera-  
tures. A unified quas i -equi l ibr ium analysis indicates 
that  a careful separation of these effects is necessary 
when the voltage sweep technique is used in either 
mobile charge or electrochemical studies in a solid 
electrolytic cell. 

Observation of the double-peaked charging compo- 
nent,  j~, in the Pt-SiO-z-Si s t ructure has established 
the temperature  ranges (T ~ 390 ~ where the silicon 
electrode is blocking. The TVS measurements  made in 
Si-SiO2-Si structures in this tempera ture  regime in-  
dicate that  our quas i -equi l ibr ium model  for mobile 
charge analysis is applicable only up to 250~ Above 
this temperature  both field and thermal  generat ion of 
new mobile charge species seem to have occurred, 
which is not accounted for in our model. However, in 
the range where the model is valid, excellent agree- 
ment  has been obtained between the calculated and 
observed polarization currents.  In  this regime, the 
mobile charge concentrat ion in the thermal ly  grown 
oxide appears to be independent  of tempera ture  and 
applied field. This implies that  the mobile charge in 
question is most l ikely associated extrinsic defects such 
as impur i ty  ions in the  SiO,z film, which requires little 
or no activation energy for thermal  generation. Such 
contention is fur ther  supported by the thickness data, 
which suggest that  the mobile ionic species do not 
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Fig. 9. Total mobile ion concentration in thermal Si02 films of 
various thicknesses, which have been prepared under virtually 
identical conditions. The dotted line indicates the thickness de- 
pendence which would have been observed if the mobile charge 
was not due to surface contamination or surface layer effect (see 
text). 

originate from thermal  oxidation, but  from surface 
contamination.  
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APPENDIX I 
For an electrochemically symmetrical  cell, which has 

neither emf nor work function difference, we shall as- 
sume that :  

(a) The insulator  thickness, l, is sufficiently small  as 
compared to the electrode diameter  so that  the problem 
may be formulated one-dimensional ly .  

(b) At a given temperature,  the concentrat ion of 
dissociable charge pairs in the insulator  is a fixed value. 

(c) Application of external  field can dissociate the 
charge pairs but  creates no new pairs. 

(d) Only  one of the dissociated charge species is 
mobile under  the influence of the applied field. F u r -  
thermore, it will  not be compensated (recombined) 
because of the lack of oppositely charged centers in 
the new location it has moved into. 

(e) The electrodes are ideally blocking: i.e., no 
charge t ransfer  or ionic charge inject ion takes place at 
the meta l - insula tor  interfaces. 

The electric field, E, in the specimen is related to the 
net space charge by Poisson's equat ion 

OE 4~q 
(pp -- No) [A-1] 

0x r 

where q is the electronic charge, e the permit t ivi ty,  p~, 
the mobile charge density, x the spatial coordinate of 
the insulator,  and No the number  of init ial  dissociable 
charge pairs per uni t  volume. 



Vol. 118, No. 4 TRIANGULAR VOLTAGE SWEEP METHOD 

Since the electrodes are blocking, there  is no mobile  
charge now across m e  bounaary  

D \ -~- -x  / -- ~Epp = 0 for x = 0, l [A-2] 

where  D and ~ are  the diffusivity and dr i f t  mobil i ty  
of the mobile  charge. 

}'or a given appned voltage, Va, a static equi l ibr ium 
is estabnsned wnen  

0pp 02pp 0 (Epp) 
- -  -- D ~ -  -- 0 for all  x 's  [A-3] 

Ot Ox 2 Ox 

Integrat ing Eq. [A-3] between 0 and x gives 

D (  d~p ) - - D  ( d P P ) z = o  
dx  z=z \ dx  

: ~(Ep~)z=z -- ~(Ep~)~=o [A-4] 

Application of the boundary conditions yields the im- 
portant relat ionship 

D \ - ~  -- g(Epp) -- 0 for all  x 's  [A-5] 

Standard  substi tution of y -- In ~ (13) gives 

dy 
D ~ = gE [A-6] 

dx  
and 

D d'~y dE 
---- ~ -  [A-7] 

dx 2 dx  

By vir tue  of Eq. [A-1] 

d2y 4nq 
D ~ - - - -  

dx 2 
o r  

�9 p (pp  - -  No)  

d2y 1 
2 = ( P -  1) 

dx 2 LD 2 
[A-8] 

where  
PP 

P =  
No 

and 

( / LD 2 ---- 8~q p No 
{[OX D 

have been substituted. 
Set t ing d y / d x  = v, [A-18] may be reduced to 

LD2 d (v  2) ---- (e~ - 1)dy [A-9] 

when the f requent ly  used relat ion 

"dx ~ -- dy 
is applied. 

Consequent ly  

I: s LD 2 d (v  2) = (ey - 1)dy 
o o 

o r  
LD2V2 = LD2Vo ~ + e'J -- e,Jo -- (y -- y.)  [A-9a] 

o r  
dy 

LD ~ = [LD2Vo 'z + e'J -- e~o --  (y -- Yo) ] lz2 [A-9b] 

Integrat ion of [A-9b] results in 

o [LD2Vo2 -}- e y -- e~o -- (y -- yo) ] - l /2dy  = 

giving y or ]n pp in terms of x. 
In addition, since 

f: fo t I. PP d x  - -  p p d X  ~ -  ---- l 
P dx = No No 

[A-8] can be integrated to give 

dy dy 1 
--ft ( P  - - 1 ) d x  - -  O 

dx~= 1 dx~=o 2LD 2 ,/o 

or 
~t  - -  ~o 

From the relat ionship in [A-6] 

j~yt  5 o  ~ .~ f V t  
,jodY = -~ Edx  = "-~,, Vo dY 

o r  

607 

[A-n] 

# [A-12] Yt -- Yo -- ~ Va 

where  Va ---- Vt -- Vo is the applied voltage. 
[A-19a] now gives 

and [A-9b] may  be in tegrated between Yo and Yt to 
give 

~ [ LD2v~ --~ e ~ - -  e~o 
o 

- -  ( y - -  y o ) ] - l / 2 d y  -- l /Lv  [A-10a] 

Equations [A-10], [A-10a], and [A-13] constitute the 
solution to our problem of space charge distribution. 

Equat ion [A-10] cannot be integrated in a closed 
form. A compute r  program has been developed by 
H. P. Crowder  to in tegra te  [A-10] numer ica l ly  by a 
t r i a l - and-e r ro r  scheme. Yo, I/LD, and g/D are deter-  
mined from the init ial  charge concentration,  t empera -  
ture, applied voltage, and insulator  thickness; vo is 
chosen as a var iable  pa ramete r  subject  to 

[LD 2 Vo 2 -}- e y -- eyo -- (y - -  Yo)]min ~ 

where  ~ is a prefixed small  va lue  such that  the inte-  
grand in [A-17] will  not become infinite or imaginary.  
Integrat ion of [A-10a] is carr ied out wi th  vo al tered 
recurs ively  unt i l  

Yo + - -Va  
D 

f y  [LD 2 Vo 2 -{- eY -- eyo 
o 

l 
- -  (Y - -  Yo) ] - l / 2  d y  = - < 

L,D 

where  ~ is another  prede te rmined  tolerance. 
When Vo and Yo are thus established, the space charge 

profile for a given vol tage is obtained by in tegra t ing 
[A-10] wi th  their  established values. 

A P P E N D I X  II 
Consider the SiO2 film in an MOS capacitor as a 

solid e lec t ro lyte  containing the meta l  ions of electrodes 
I and II. At equi l ibr ium (if----0), the over -a l l  cell 
react ion may  be wr i t ten  as 

M z+ (I) + 7M(II )  = M(I )  -{- "~M z'+ (II) [A-14] 

where  7 = z/z '  is the stoichiometric factor, and I and 
II refer  to the electrodes. The open-cel l  potential,  E ~ 
can be de termined  from the condition that  the chemi-  
cal potent ia l  changes associated wi th  the reactants  
t ransvers ing the t ransfer  layers is balanced by the 
electr ical  potential  changes 

AGI AGII 
E ~ ---~ E ~  - -  7 E ~  - -  z F  -{- 7 ~ [A-15] 

where  • are free energy changes, and E~ and 
Eo2_3 are equi l ibr ium electrode potentials at I and II, 
respect ively (see Fig. 10a). When an ex te rna l  vol tage 
(]Vr>E ~ is applied to the cell, potent ial  drops (Vi) 
different f rom those of equi l ibr ium values may  appear 
in three  regions of the electrolyt ic  cell, ~.e. 

V : V I + VIII -- VII 
[A-16] 

or 
V ~- hV + ~mV -- hiV 

where  .~'s denote the potent ia l  distr ibution factors. A 
detailed examinat ion of the potent ial  distr ibution in 
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J l :J l  

o 

(a) 

7, ~7 I 

IVt ( I )  0 (In) ~(KI 

(b) 
Fig. 10. Schematic representation of electrical activation in a 

solid electrolytic cell: (a) at equilibrium (if = 0)~there  is no 
electrical activation, and the cell potential is E ~ = E~ - -  
7E~ = - -  (AG ~ - -  7-~,G~ (b) potential distribution in 
the case of electrical activation~at electrode I ~1 = b]V - -  
E~ at electrode II ~IH = ~HV - -  7E~ Note that the ac- 
tivation energy is represented by AG~:/zF, which, according to the 
absolute rate theory, is associated with the free energy change 
between the reactants and the activated complex. 

the electrolytic cell (Fig. 10b) shows that  

V = [,~nz + E~ + (1 -- ,~) ~z] + Vm 
-b In'rill -- ~/E~ -Jr (1 -- a ' )nu]  [A-17] 

where ~ and a' denote the t ransfer  coefficients, and, 
nl and ~n the effective overpotentials  for the two elec- 
trodes. Comparison of Eq. [A-16] and [A-17] yields 
the following relationship 

~lI " -  GI~ : ~I v - -  E ~  

~1It : Gull : 7E~ -- ~uV 
and 

~1 : ( 1 - -  ~m) V - - E  ~  o [A-18]  

where ~ denotes the effective overpotential  for the 
electrolytic cell, 5r and Gu are overpotential  d is t r ibu-  
t ion factors, and e may be regarded as the correction 
factor for the potential  drop in the oxide bulk. 

If the faradaic current,  Jr, remains  negligibly small  
dur ing the voltage sweep, the concentrat ions of metal  
ions in the electrolyte adjacent  to the t ransfer  layers 
do not change and the total numbers  of ions and atoms 
in the t ransfer  layers which part icipate in the reaction 
(i.e., total n u m b e r  of "activated sites" no and no') may 
be considered to be constant  in spite of the passage of 
Jr. Consequently,  the concentrat ions of the atoms 
[CM(I), CM(H)] and. ions [CMz+ and CMz,+ ] in the t rans-  
fer layers can be related by 

C M z +  : n - -  C M ( 1 ) ;  C M z ' +  - -  n ,  - -  C M ( I I )  [A-19] 

where n : no/-No and n '  : n'o/No are the ratios of no 
and n'o to Avogadro's number ,  N~,, respectively. 

When ionization and discharge are the ra te- l imi t ing  
step of the electrode reactions, a pseudocapacitive com- 
ponent, j~, appears in the external  circuit dur ing the 
voltage sweep even though jf may be negligibly small. 
This component,  jl, can be evaluated by invoking a 
state of quas i -equi l ibr ium for the ra te -de te rmin ing  
step. The quas i -equi l ibr ium in  this case is taken to 
mean that, while CMz+ and CMz,+ are realized in an 
infinite number  of reversible steps in which jf = 0. 
Application of the theory of overpotential  (17) and 

the absolute rate theory (18) yields 

CM~+ k 
- - - - e x p  ( ~ )  

n ~ CMZ+ k 
( zF~II  z F ~z )  

= KI exp \ ~  exp [A-20] 

where k's and k"s are forward and reverse rate con- 
stants, and K's are the equi l ibr ium constants for the 
ra te-de termining step of the electrode reactions. The 
change in CMz+ (CMz,+) is accompanied by a corre- 
sponding change in the surface charge, al (an) ,  on 
electrode I ( I I ) .  In a mathematical  approach analogous 
to that given by Sr inivasan and Gileadi (19), one finds 
that  the resul tant  polarization current  is 

kIKI 

[A-21] 

where ki = zqno and k I !  = zqn'o convert  the concen- 
t rat ion changes into the changes in surface charge on 
the advancing or receding electrode-electrolyte in ter -  
faces. The exponential  na ture  of the two terms in Eq. 
[A-21] suggests that  the faradaic polarization compo- 
nent, j~ may exhibit  two peaks at voltage values for 
which KI = exp (--zFGI~I/RT) and KII = exp 
( -  zF6Hrl/7RT), respectively, 

The magni tude  of these two peaks can be evaluated 
by subst i tut ing the preceding expressions into Eq. 
[A-21]. Thus 

z2F 
(jr) max ----- ~ no qK~ �9 Rs 

RT 
and 

z,2F 
( j l ) ' m a x  ~ 7RT " n'o qKtl �9 Rs 

NOTATIONS 
Jex, Measured current  density, A-cm -2 
3s, Steady-state  component,  A-cm -2 
Jr, Capacitive component,  A-am -2 
Jo, Mobile charge polarization component, A-cm -2 
~t, Faradaic polarization component,  A-cm -2 
?e, Steady-state  electronic current ,  A-era -2 
3f, Steady-state  faradaic current,  A-cm -2 
~,  Surface charge on meta l  electrode I, q -cm -2 or 

coulomb-cm-2  
Cs, Surface potential  of silicon substrate, V 
Vox, Potent ial  difference across the oxide layer, V 
Cox, Oxide capacitance per uni t  area, F -cm -2 
Rs, Voltage sweep rate, V-see -1 
p, Space charge distribution, q -cm -~ or coulombs- 

cm-3  
Q, Total space charge in the insula t ing layer, 

q-cm -2 or coulombs-cm -2 
L, Thickness of the insulat ing film, A 
X__ Center  of mass with respect to the axis at 

x = 0 ,  A 
Eo, Open-cell  potential,  V 
k, k = znoq, the conversion factor, coulombs-cm -2 
no, Total n u m b e r  of atoms and ions in the t ransfer  

layer, which participate in the ionization-dis-  
charge step 

z, Valency of metal  ions  
7, Stoichiometric factor 

and 

CMz, + k' ._ _ _  exp ( z 'F~u ( z ' F ~ u  

n' --CM~'+ k' 
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K, Equi l ibr ium constant  for the ionizat ion-dis-  
charge step 

n, Over-al l  effective overpotential,  V 
hi, Effective overpotential  at electrode i, V 
F, Faraday 's  constant, F ---- 96,500 coulombs 

(g-equiv.) -1 
R, Gas constant, R ---- 8.31 j o u l e - d e g - l - m o l e  -1 
T, Absolute temperature,  ~ 
zF/.~RT =- F /nRT  = l l ,600/nT volt -1, where n is the 

number  of Faradays involved in the reaction 
~i, Potent ial  distr ibution factors: h + hli -- hi = 1 
~, Correction factor for potential  drop in the oxide 

layer 
(jp) max, Peak polarization current  density, A-cm -2 
Jm, Normalized peak current  density, F -cm -2 
Ap, Area under  the polarization current,  wa t t . cm-  2 
Q, Q =- Ap/Rs, normalized area or total mobile 

charge, coulombs-cm -2 
M~, Activated complex 

v, v, Rate of reaction in the forward and reverse 
directions, cm-2.sec  -1 

h, Planck's  constant  

k, k, Forward and reverse rate constants, cm-sec -~ 
k, Bol tzmann's  constant  
f#, Par t i t ion function for the activated complex M~ 
~M,~Mz+, Part i t ion functions for the atoms and ions 

part icipating in the ionization-discharge step 
CM(T), CMz+(T), Concentrat ion of atoms and ions in the 

t ransfer  layer, which participate in the ioniza- 
t ion-discharge step, g -a tom-cm -3 

_~G#, Activation energy, kcal- (g-atom) -1 
AG o, Gibb's  free energy change, kcal.  (g-atom) -~ 
Jo, Exchange current,  A-cm -2 

n = no~No, with no = total  number  of ions and atoms 
in the t ransfer  layer, which participate in the 
discharge-ionization reaction; No ---- Avogadro's 
number  

Synthesis of Gallium Phosphide 
C. M. Ringel 

Bell Telephone Laboratories, Incorporated, Reading, Pennsylvania 19604 

ABSTRACT 

An open-flow synthesis system for the production of polycrystal l ine GaP, 
using PH3 flowing over Ga in a tempera ture  gradient,  has been investigated 
with regard to pur i ty  of the product and yield of GaP in terms of the ele- 
ments  Ga and P. This mater ia l  is suitable as starting mater ia l  for single- 
crystal growth by the l iquid-encapsulated Czochralski technique. Optimization 
of the synthesis time, flow rate, and tempera ture  gradient  resulted in  a P 
reaction efficiency of 50-55% and a GaP yield of 35-38g per 50g of Ga. A 
mechanism involving the formation of a reaction bar r ie r  over the Ga was used 
to explain the increase in P reaction efficiency and GaP yield with decreasing 
PH~ flow rate. Both an increased reaction efficiency and GaP yield were 
observed with increasing temperature  gradients, indicat ing a diffusion-con- 
trolled reaction. It was found that 1.5 x 1019 Si atoms cm -3 were incorporated 
in the GaP when pyrolytic boron ni t r ide boats and silica l iners were used. 
When He was substi tuted for H2 as the carrier gas, the Si contaminat ion 
dropped to about 5 x l0 ~s cm -3. Silicon contaminat ion of about  1 x 1019 atoms 
cm -3 was observed using an all silica system. When water  vapor was in t ro-  
duced in small amounts  to He in the pyrolytic boron nitride-SiO2 system, 
the GaP yield was reduced by about 10% but  the mater ial  produced was found 
to have an optically active Si content  of about 10 TM cm -3. These results indicate 
the dominance of the vapor t ransport  mechanism for Si contaminat ion of GaP. 
Material  grown in an al l -pyrolyt ic  boron ni tr ide system, where the boats were 
physically separated from hot silica, had a Si contaminat ion of less than  
5 x 10 TM cm -3. 

Considerable interest  in polycrystal l ine gall ium 
phosphide has been st imulated by  the introduct ion of 
l iquid-encapsulated Czochralski (LEC) crystal growth 
as a means to mass  produce large-area gall ium phos- 
phide single crystals (1). If GaP electroluminescent  
devices are to be competitive relat ive to incandescent 
lamps, manufac tur ing  expenses including the cost of 
polycrystal l ine start ing mater ial  need to be minimized. 

One method for preparing polycrystal l ine GaP was 
ini t ial ly suggested by Grimmeiss et al. (2) and Frosch 
and Rao (3). In  this method, polycrystal l ine GaP is 
prepared in an open- tube system in which Ga-conta in-  
ing boats, positioned in a liner, are placed in a tem- 
perature  gradient. Gal l ium phosphide is formed by the 
reaction of phosphorus, obtained from the decomposi- 
tion of PH3, with Ga. The GaP dissolves in the excess 
Ga and, because of the tempera ture  gradient, precipi- 
tates at the cooler ends of the boats. This h igh-pur i ty  
GaP, precipitated in the form of porous polycrystal l ine 
ingots, has been used to produce LEC substrates (4). 
The present  s tudy is concerned with optimizing yields 
while main ta in ing  or improving the pur i ty  of the 

Key words: gallium phosphide, synthesis, growth. 

GaP produced by this open- tube  synthesis technique. 
In  the Exper imenta l  section of this paper, the ex- 

per imental  work is discussed. The effects of PH~ flow 
rate and temperature  gradient  on the GaP yield, P and 
Ga reaction efficiencies, and length of run  using pyro- 
lytic boron ni tr ide (PBN) system are the subjects of 
the following section. 

The remaining  part  of the paper  is concerned with 
the pur i ty  of the GaP and the effects of l iner and 
boat materials  and gaseous ambients.  The possible 
mechanisms which can contaminate  the GaP with Si 
and the results obtained us ing PBN and vitreous silica 
(SiO2) liners and boats are discussed first. The interest  
in SiO2 l iners and boats stems from the considerable 
cost reduction that would result  if these could be used 
rather  than the quite expensive PBN liners and boats. 
Finally,  the results obtained when He, with and wi th-  
out water, is subst i tuted for H2 as the PH3 carrier gas 
in a SiO2 l iner -PBN boat system are presented. 

Experimental 
Raw materials.--The Ga used is commercially avail-  

able 99.9999% pure delivered in sealed ampoules. 1 The 

i Supplier; Alusuisse. 
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Fig. 1. Diagram of synthesis system with components and typical 
temperature gradient. 

PH3 used has been e i ther  a 3 or 5% PH~ mix ture  in H2 
and has a total  impur i ty  content  of less than 10 ppm. 2 
For some experiments,  He was substi tuted for H2 as 
the carr ier  gas. 

Furnace. - -Figure  1 shows a diagram of the furnace, 
boats, and flow system, as wel l  as a typical  t empera-  
ture gradient.  The synthesis is carr ied out in a 11/2 in. 
ID, three-zone  resistance heated furnace with each 
zone controlled independently.  The m a x i m u m  temper -  
ature is controlled by a P t - P t  10% Rh thermocouple  in 
the center  zone. This furnace is capable of producing 
t empera tu re  gradients f rom 0 ~ to a m a x i m u m  of 40 ~ 
50~ across the Ga-conta ining boats. Max imum 
tempera tures  of 1150~176 were  at tainable with 
this furnace. 

Boat and liner mater ia ls . - -S i02  was always used as 
a combustion tube. One system used an SiO2 liner and 
SiO2 boats, the second system used an SiO2 liner and 
PBN boats, and the third system used a PBN liner  and 
PBN boats. The PBN liner  used in this system was 
extended into the cooler ends of the furnace (600 ~ 
800~ to minimize the format ion of SiO in the vi-  
cinity of the react ion vessels. 

Syn thes i s . - -A f t e r  cleaning the PBN and SiO2 com- 
ponents in aqua regia, rinsing in D. I. water  and al- 
cohol, and drying, the SiO2 combustion tube is placed 
i n t o  the furnace. The boats are loaded with  25g of Ga 
each and positioned in the liner. The l iner is placed 
in  the furnace in a position such that  each boat extends 
f rom 1 to 3V2 in.  on  ei ther  side of the center  of the 
furnace. Helium, followed by hydrogen, is introduced 
to purge  and clean the system. The PH3 react ion m i x -  
ture is then introduced. At the complet ion of the run, 
the PH3 flow is stopped and He purge gas is introduced. 
The l iner and boats are then removed from the sys- 
tem, whi le  under  He flow, and the Ga-GaP products 
are taken out of the boats and etched in hot HNO3. 
Af ter  removal  of the  excess Ga by this acid t reatment ,  
the GaP is washed in D.I. water  unti l  no trace of acid 
is left. The GaP is dried and then baked out at 1-10 gm 
of vacuum at 300~176 to remove  water.  

Optimizat ion of GaP Yield and P and Ga Reaction 
Efficiencies 

Flow rates and length of  run using an a l l -PBN sys-  
t em . - -The  reaction efficiency of Pa to form GaP and 
the yield of GaP were  examined as a function of flow 
rate. The reaction efficiencies are averaged over  the 
total  length of the run. The range of PH3 flow rates 
examined was between 3 and 9 cc/min.  The data are 
shown in Fig. 2. A near ly  l inear increase in P reaction 
efficiency as a function of decreasing PH3 flow rate is 
observed for two different t empera tu re  gradients. At 

S u p p l i e r :  P r e c i s i o n  G a s  P r o d u c t s ,  Incorpora ted .  
E x p r e s s e d  as  w e i g h t  of P in G a P  per  tota l  w e i g h t  of  P used .  

6O 
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Fig. 2. Effect of PH3 flow rate on average P reaction efficiency 
and GaP yield using temperature gradients of 15 ~ and 25~ 

the same time, the GaP yield 4 is shown to reach a 
m ax im um  of 29-32g at about 3.75 cc of P H J m i n  with 
a 25~ tempera ture  gradient.  Since a constant t ime 
in terval  is used with  different flow rates, an increased 
P reaction efficiency does not necessari ly mean  an in- 
creased GaP yield. When ei ther  a 3 or 5% PH3 mix-  
ture in H2 was used to produce an equivalent  PH~ flow 
rate, the P react ion efficiency to form GaP and the 
GaP yield was found to be quite similar  and re la t ive ly  
independent  of the total H2 flow rate used. The follow-. 
ing explanat ion may  be offered for the increased P 
reaction efficiency wi th  decreasing flow rate. 

When mater ia l  was examined dur ing the early stages 
of growth, it was found that  upon cooling a crust of 
GaP had formed over  the Ga. The crust format ion is 
due to the lower density of GaP compared to Ga. Addi-  
t ional P can efficiently react  wi th  the Ga only when 
solution and diffusion of the react ion barr ier  from the 
hot end toward the cooler end of the boat are no longer 
rate  controlling. Hence, increasing the PH3 flow rate 
over  that  necessary to form the reaction barr ier  and 
mainta in ing a posi t ive P pressure above the GaP wil l  
result  in decreased over -a l l  P react ion efficiency dur-  
ing a run. 

An opt imum t ime of about 72 hr  was used for the 
synthesis. We found that  this t ime resulted in a proper  
balance be tween total  GaP yield, which does not in- 
crease significantly after  this running time, and effici- 
ent conversion of P and Ga for a given flow rate  and 
tempera tu re  gradient.  

Temperature  gradients using an a l l -PBN sys t em . - - In  
order to examine  the re la t ive  importance of the solu- 
tion and diffusion steps, yields were  determined as a 
function of t empera ture  gradient  using the opt imum 
flow rate for this system, 3.75 _ 0.3 cc of P H J m i n ,  and 
a 72 hr  synthesis time. The concentrat ion gradient  is 
the dr iving force for the diffusion of the more soluble 
GaP at high t empera tu re  and its precipitat ion at lower  
temperatures .  Increased diffusion of the dissolved GaP 
and its subsequent precipi tat ion at the low- tempera -  
ture end of the boat wil l  consequently increase the 
reaction rate  of P wi th  Ga at the h igher  t empera tu re  
to form more GaP. Symmet r i ca l  t empera tu re  gradi-  
ents were  examined over a 21/2-3 in. length, the ap- 
p rox imate  length of the boats, on ei ther  side of a 2 in. 
center  zone held at 1160 ~ --+_ 10~ Gradients  of 15 ~ 
40~ were  investigated. Figures  3, 4, and 5 show 
the effect of t empera tu re  gradients  on P and Ga re-  
action efficiency 5 and GaP yield. 

For  a flow rate of 3.75 _ 0.3 cc of P H J m i n ,  the GaP 
yield increased f rom 15 to 17.5g at a gradient  of 15~ 
in. to 35-38g with  a 40~ gradient. The correspond-  
ing increase in P and Ga reaction efficiencies were  
f rom 20-25 to 50-55%. Since only the tempera ture  
gradient  was changed, not the m ax im um  tempera tu re  

W e i g h t  of  G a P  f o r m e d  p e r  w e i g h t  of  Ga  u sed .  
W e i g h t  of  G a  in  G a P / 5 0 g  of  Ga .  
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becomes impractical  because the P dissociation pres-  
sure could exceed atmospheric pressure and any yields 
would be drast ical ly reduced. 

Purity of GaP 
EfIect of liner and boat materials on purity.--All-  

PBN system.--The impur i ty  content of the GaP using 
H2 as a carrier gas in an a l l -PBN system was examined 
by: near  band gap low-tempera ture  optical absorp- 
tion (5), a special analytical  technique for Si (6), 
spark source mass spectroscopy (7), and inert  gas 
fusion (8). Optically (5), the only subst i tu t ional  im-  
pur i ty  of the group N, S, Se, and Te found was ni t ro-  
gen in concentrat ions of 3-6 x 10 TM cm -8. By HC1 
transport  of a fixed quant i ty  of GaP and weighing the 
SiOs residue, the total Si content  was found to be less 
than 5 x 10 TM cm -3 which is the detectabil i ty l imit of 
this method (see Table I) (6). Mass spectroscopy (7), 
which is most sensitive for elements other than oxy- 
gen, nitrogen, and carbon, indicates that  As and S 
probably derived from the PH8 6 are the only substan-  
tial impuri t ies  (see Table II) .  Iner t  gas fusion shows 
a concentrat ion of total  n i t rogen and oxygen of about 
101s a toms/cm-~.  

Single crystals pulled from this mater ia l  were usu-  
ally n- type  with carrier  concentrat ions - -  1015 cm -~, 
and electron mobilit ies in excess of 170 cm2/V-sec, as 
determined by Hall  measurements.  

Silicon contamination.--If the PBN l iner  and boats 
are replaced by SiO2 components,  increased contami-  
nat ion by silicon is to be expected. In  view of the 
potential  cost reduction that  is possible if SiO2 mater i -  
al is used, the effects of such components on the 
pur i ty  of the GaP were examined. 

Thermodynamics.--Some of the interactions to 
form Si, Si-SiO2(SiO=) in the GaP synthesis system 
are shown below (9). 

The direct interaction of SiO2 with Ga is given by: 

SiO2 + 2Ga ~---SiO + Ga20 [la] 

The equilibrium constant, K, for this reaction is de- 
fined as 

Asio AGa2O 
K[lal = 

Asio s AGa 
where A = activity. 

The activities of SiO2 and Ga are Unity. The reaction 
of SiC) and Ga is 

SiO + 2Ga ~--- Ga20 + Si [ lb]  

The Si or the SiO (SiO= solid) formed by reactions 
[la] and [ lb]  or the sum of reactions [ la]  and [ lb]  
could then be incorporated into the Ga and GaP. 

As a n d  S a r e  n o t  m a j o r  c o n t a m i n a t o r s  of  P B N ,  SiO2, or  Ga.  

Table I. Si contamination in GAP(6) 

S y s t e m  C a r r i e r  gas  Si  c o n c e n t r a t i o n  

A l l - P B N  s y s t e m  95% H2 < 5  x 1016. 
SiO2 l i n e r  P B N  b o a t s  95~v H~ 1.S X 10 rJ 
A l l  SiO~ s y s t e m  95% H2 1.1 • 10 r~ 
SiO2 liner PBN boats 95% He 5 • 10 Is 

* Detectability limit. 

Table II. Impurity content of GaP produced in the alI-PBN system 
as determined by mass spectrograph (7) 

I m p u r i t y  p p m  

at the hot end of each boat (1150~ the increased 
yield and conversions would suggest a diffusion-con- 
trolled reaction. 

As seen from Fig. 3, 4, and 5, the increases in yields 
and reaction efficiencies tend to level off at the higher 
gradients. The deposition requires the diffusion of GaP 
from the hot end of the boat to the cooler end. By in-  
creasing the temperature  gradient, and thereby the 
concentrat ion gradient  at the hot end of the boat, the 
diffusion rate should be proport ionately increased. The 
data shown in Fig. 3-5 would then suggest the increased 
importance of the vapor- l iquid  interface reaction 
and /or  the solution steps in the control of the reaction 
kinetics. 

Due to furnace limitations, temperatures  higher than 
1200~ were not investigated. At these higher tempera-  
tures, higher PH3 concentrat ions would be needed be- 
cause of the higher dissociation pressure of GaP. If 
too high a temperature  is used, an open-flow system 

C 0.2 
O 0.4 
S 0.7 
As 2.0 
iW <0.1 
Si <0.1 
B <0.1 
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Table Ill. Free energies (AF) and equilibrium constants (K) 

Apr i l  197I 

h F  of  f o r m a t i o n  ( k c a l / m o l e )  
Si02(s)* SiO(v)* HzO(v)* GazO(v)** 

AF of  r e a c t i o n  ( k c a l / m o l e }  
E q u a t i o n  

[ l a ]  [ l b ]  [ l a ]  + [ l b ]  [2a]  [ l b ]  [2a] + [ l b ]  [3a]  T e m p ,  "K  

--173 - -46.4  --45,1 --40.7 
- -158 .5  --52.2 - -41 --43.3 

85.9 5.7 91.6 81.5 5.7 87.2 
63 8.9 71.9 65.3 8.9 74.2 
59.2 62.5 

K ( E q u i l i b r i u m  constant) 

Equation 
[ l a ]  [2a]  [3a]  T e m p ,  *K 

3 • 10 -as 2 x 10-xr 1,6 • 10 -7 1073 
1 • 10 -~o 4 • 10 -~a 7 1373 
'/.5 • i 0  -~o 2 • 1O -lo 67 1423"** 

14.4 10q3 
--2.3 1373 
--5.1 1423"** 

* J a n a f  T h e r m o c h e m i c a l  Tab le s .  
** C. D. T h u r m o n d  a n d  C. J .  F r o s c h ,  Thi, s Journal, 111, 1B4-191(1964).  

*** L i n e a r  e x t r a p o l a t i o n  o f  above data. 

Another  set of reactions involving a vapor- t ranspor t  
mechanism is also possible. In  this set of reactions, 
direct contact of SiO2 with Ga is not needed and we 
have instead 

SiO2 q- H2 ~ SiO + H20 [2a] 

The equi l ibr ium constant  for this reaction is 

K t 2 a ]  = A s i o  AH20/AH2 [ 2 a l ]  

since Asio2 ---- 1. 
The reaction of SiO from Eq. [2a] with Ga would then 
be the same as Eq. [ lb]  and Si or SiO could subse- 
quent ly  be incorporated in the Ga and GaP. 

The water  vapor formed by reaction [2a] can also 
interact  with Ga and GaP as follows 

H20 q- 2Ga ~ Ga20 q- H~ [3a] 

H20 -q- 2GaP ~ -  Ga20 q- P2 -}- H2 [3b] 

Free energy (• compilations for Eq. [ la] ,  [ lb] ,  
[ la]  q- [ lb] ,  [2a], [2a] q- [ lb] ,  and [3a] are presented 
in Table III  at different temperatures.  The approxi-  
mate equi l ibr ium constants at 1073 ~ 1373 ~ and 1423~ 
for reactions [la],  [2a], and [3a] are also shown in 
Table III. Equi l ibr ium constants for both the direct 
reaction of SiO2 with Ga (Eq. [ la ] )  or the reduct ion 
of  SiO2 by H2 (Eq. [2a]) are about 10 -9 to 10-10 at 
1150~176 for both reactions. SiO mole fractions of 
approximately 10 -5 can then be expected and some Si 
or SiOx contaminat ion of the GaP in measurable quan-  
tities seems reasonable. Due to the open-flow system 
arid volati l i ty of the reaction products, the kinetics of 
these reactions should be relat ively high. 

All-SiO2 system.--In this system, both reactions 
[1] and [2] are applicable. The direct interact ion of 
SiO.~ with Ga, the reaction of H2 with SIO2, and the 
possible solution of SiO in Ga or reduction of SiO by 
Ga can occur. Therefore, one would expect that syn-  
thesis in this system would result  in the highest level 
of silicon contamination.  As seen from Table I, the 
level of Si contaminat ion is quite similar to the PBN 
boats-SiO2 l iner  system. Thurmond  and Kowalchik 
(10) found that  Si in concentrat ions of 1020 cm -3 can 
be incorporated into GaP at 1050~ 

Since the solubil i ty of Si in GaP has not  been ex- 
ceeded, it seems that reaction [2], the hydrogen re- 
duction of SIO2, may be of equal or greater  importance 
than  the direct reaction of SiO2 wi th  Ga in  the in-  
corporation of Si or SiOx in GaP using this synthesis 
system. 

SiOz liner--PBN boats.--In this system, the only 
mechanism for incorporation of Si into GaP is via re- 
action [2a]. The level of Si contaminat ion was found 
to be 1.5 x 10 TM atoms cm -~. Since Luther  and Verleur 
give an accuracy of ___30% for their  analyt ical  results 
(6), the Si contaminat ion is about the same for this 

system as was obtained for the all-SiO2 system. There-  
fore, no reduct ion in the level of Si contaminat ion  can 
be expected using boats other than SiO2 when using 
an SiO2 liner. 

Effect of carrier gas on purity of GaP using a SiO,z- 
PBN system.--A distinct cost advantage can be real-  
ized using SiO2 liners. Since high levels of Si con- 
taminat ion  were observed using I-I 2 as a carrier gas 
in the SiO2 l iner -PBN boat system, an examinat ion of 
the effect of the gaseous env i ronment  of that  system to 
reduce the equi l ibr ium SiO concentrat ion was made. 
The equi l ibr ium constant for reaction [2a], the vapor 
t ransport  mechanism for Si contamination,  is given by 
Eq. [2al]. If the H20 pressure is increased using a con- 
stant  H2 pressure, the concentrat ion of SiO will de- 
crease. One can thus reduce the Si contaminat ion  by 
increasing the H~.O pressure (9), i.e., by adding water  
vapor to the carrier gas. But  from Eq. [3b], it follows 
that  the addition of H20 wil l  increase the loss of GaP 
by the wate r -vapor  t ransport  reaction. Another  
method for reducing the Si contaminat ion  is to change 
the carrier  gas from He to He. By subst i tut ing He for 
H2 according to Eq. [2a], the concentrat ion of SiO 
should be reduced. However, some H2 will be present 
because the reacting gas is PH3. If the hydrogen pres-  
sure is 0.98 atm for the 95% H2 gas mixture,  by sub- 
sti tution of He for H2 the H~ gas pressure wil l  be re- 
duced to about 0.07 atm. 

If X is the ini t ial  mole fraction of H2 (0.98 or 0.07) 
and Y is the mole fraction of SiO or H20 formed by 
reaction [2a], then X -- Y is the final mole fraction of 
H2. Let the total pressure be P. If it is then assumed 
that the thermodynamic  equi l ibr ium constant, K, is 
equal  to the one based on part ial  pressure, Eq. [2al] 
becomes 

y 2  p 2  y 2  

Kl2a] -- - -  since P = 1 [4] 
(X -- Y ) P  X -- Y 

Since Kt2al is quite small  (see Table III) ,  Y is much 
less than X and therefore X -- Y --~ X = 0.98 or 0.07 
depending on whether  H2 or He is used as the carrier 
gas. Equat ion [4] can then be simplified to 

y 2  

K [ 2 a l  ~ -  and Y = (KX)  I/~ [5] 
X 

If we then substi tute the two values of the ini t ial  mole 
fractions of H2, we obtain 

Y, ( 0.98 ~ 1/~ 
'Y2 -- \ " ~ - /  = 3.75 [6] 

This value is quite similar  to the threefold increase 
observed exper imenta l ly  (see Table I) when  95% He 
is replaced by 95% hydrogen using the PBN boats-SiO2 
l iner system. This result  also substantiates the 
mechanism of reaction [2] and indicates that the k ine-  
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tics of this reaction are reasonably rapid. The use of He 
as a carrier gas, ra ther  than H2, thus reduces the SiO 
concentrat ion to about 1/3 and the Si content in GaP 
by a similar  value. However, since the reactant  gas 
contains PH3, the H2 mole fraction can be reduced only 
by about two orders of magni tude  when using He. 
Therefore, the reduction of the SiO concentrat ion by a 
factor of 10 is the max imum obtainable, which still 
leaves the Si content  of the GaP at too high a value. 

With water  vapor, much greater reductions in SiO 
concentrat ion can be realized although some oxygen 
doping of GaP may occur. 7 The use of He and water  
vapor ~hould be more efficient in keeping the SiO con- 
centrat ion low than the H2 and water vapor system, 
since less water vapor would be needed in the He 
system. 

The addition of water  vapor to the He carrier  gas 
changes Eq. [4] to 

YZ 
K[2al ---- 2 X 10 -1~ ---- �9 [7] 

X - - Y  

where X _-- 0.07 is the mole fraction of H._,, Y is the 
SiO mole fraction, and Z is the H20 mole fraction, 
equal to Y plus the water  vapor added to the carrier 
gas. An H20 mole fraction of 2 x 10 -3 was added to 
the carrier gas. Hence, the resul tant  SiO mole fraction 
will be Y ~ 7 x 10 -9 under  these conditions. 

When the same calculation is made using hydrogen 
as the carrier gas, Y becomes 1 x 10 -7. Thus, using the 
same amount  of water  in the He system will reduce 
the SiO mole fraction by a factor of about 15. 

GaP was prepared in an SiO2 l iner using PBN boats 
with a 95% He-5% PH3 gas mixture  containing about 
a 2 x 10 -~ mole fraction of H20 vapor. The mater ial  
produced looked quite similar to that produced in an 
a l l -PBN system. The mater ia l  was examined by opti- 
cal fluorescence (11) and was found to have an op- 
tically active Si concentrat ion of about 10 TM cm -~. The 
GaP yield obtained in these experiments  was about 
10% lower than comparable runs  made without  water. 

Summary 
Polycrystal l ine GaP was prepared in an open-flow 

system using the reaction of PH3 with Ga to form GaP 
in pyrolytic boron ni t r ide boats and liners in a tem- 
perature gradient. The spectrographic analysis of the 
mater ial  is shown in Table II. Optimization of syn-  
thesis time, PH3 flow rate, and tempera ture  gradient  
increased the P reaction efficiency from 10 to 50-55%, 
the Ga reaction efficiency from 20 to 50-55%, and the 
GaP yield from 15g/50g of Ga to 35-38g/50g of Ga. 
The increased P reaction efficiency and GaP yield 
with decreasing PH3 flow rate was explained by the 
formation of a reaction barr ier  layer over the Ga. The 
increased yield and reaction efficiency with increased 
temperature  gradient  were suggested to be due to the 
solution of the reaction barr ier  layer and an increased 
dr iving force for the ra te-control l ing diffusion of GaP 
in Ga. 

Pyrolytic boron ni tr ide and water - f ree  vitreous 
silica were used alone and in combinat ion as l iners 
and reaction vessels for the synthesis. It was found 
that the hydrogen reduct ion of SiO2 produced as much, 

~ W a t e r  v a p o r  m a y  r e a c t  w i t h  t h e  P B N  boa t s  i n c r e a s i n g  t h e  
a m o u n t  of  n i t r o g e n  i n  t h e  G a P .  A n a l y s i s  o f  c r y s t a l s  p u l l e d  f r o m  
m a t e r i a l s  g r o w n  u s i n g  w a t e r  v a p o r  in  t h e  SiO.2-PBN s y s t e m  i n d i -  
c a t ed  an  op t i ca l  n i t r o g e n  c o n t e n t  s i m i l a r  to t h a t  o b t a i n e d  u s i n g  an  
a l l - P B N  s y s t e m  w i t h o u t  w a t e r .  

if not more, silicon contaminat ion of the GaP as did 
the direct interact ion of SiO2 with Ga. 

Since this hydrogen reduction reaction is so preva-  
lent, experiments  were performed to lower the Si con- 
taminat ion by examining  this reaction. There are two 
ways to lower the S iO concentrat ion:  (a) increase the 
H.,O content  of the gas and /o r  (b) decrease the He 
content of the gas. The first method would decrease 
the GaP yield because of the water -vapor  t ranspor t  re-  
action with GaP. Therefore, the second method was ip- 
vestigated first by subst i tut ing He instead of H2 as the 
carrier gas in the PBN boat-SiO2 l iner system. The use 
of He resulted in a threefold reduction of the Si con- 
taminat ion and produced mater ia l  with a Si concen- 
t ra t ion of 5 x 10 is cm -a. This reduct ion in Si is quite 
close to that theoretically calculated. 

Since the H2 content  of the reactant  gas cannot be 
lowered more than one to two orders of magnitude,  the 
addition of water  vapor to the carrier  gas was ex-  
amined in the SiO2-PBN system. It was found that  the 
optically active Si concentrat ion in the GaP was re- 
duced to about 10 TM cm -a when  a 2 x 10-3 mole frac- 
tion of H20 was introduced to the He-PH~ gas mixture.  
Under  the above conditions, the GaP yield was re- 
duced by about  10% when water  was added to the 
reactant  gas. Thus, GaP of low Si content  can be pre-  
pared in the presence of SiO2. 
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ABSTRACT 

Determinat ions of the hydroxyl  content  of anodically and thermal ly  grown 
silicon dioxide films by in terna l  reflection spectroscopy in the infrared show 
that hydroxyl  and silicon hydride are already incorporated into these films 
during their formation. The concentration, as well as the distribution, of these 
compounds wi thin  freshly formed anodic and thermal  films is given. 

In  the investigation of silicon dioxide films which act 
as diffusion masks and protective coatings on semi- 
conductor devices, the importance of the chemical 
pur i ty  of these films with respect to such applications 
has been shown [for review see (1)].  The chemical 
and electrical properties of thermal ly  produced films, 
which have found wide applications in semiconductor 
device technology, have been investigated as well  as 
those of anodical ly  grown silicon dioxide films. The 
formation of relat ively dense silicon dioxide films by 
anodization had been described by Schmidt and Michel 
(2). The electrical properties and the etching behavior, 
as well as other properties, were investigated by 
Schmidt  and Rand (3) and  by Pl iskin  and Lehman  
(4). These authors concluded that  the insulat ing prop- 
erties of such films depended highly on their  hydrogen 
content. Dreiner  (5) observed changes in the capaci- 
tance of the system sil icon/anodic oxide/electrolyte,  
which depended on the t ime of exposure of the system 
to aqueous or water -conta in ing  electrolytes. From this 
he concluded that  water  or some hydrogen compound 
diffused into the anodic film at room temperature.  
Nannoni  (6) reported changes of the electrical prop- 
erties and also of the capacitance of the system sili- 
con/anodic oxide/metal  upon exposure to room air, 
which he also ascribed to the migrat ion of hydrogen or 
hydrogen compounds into the oxide. 

Studies of the influence of heat t reatments  in differ- 
ent  ambients  on the electrical properties of the sili- 
con/sil icon dioxide interface led several authors to 
the conclusion that hydrogen or hydrogen compounds 
might  diffuse into the oxide (mostly thermal  oxides) 
at elevated temperatures  there forming hydrides or 
hydroxides [see (1, 7, 8) ]. Radiotracer measurements  
of the distr ibution of hydrogen within  silicon dioxide 
films thermal ly  grown in t r i t ium-tagged steam re- 
vealed high concentrat ions of hydrogen wi th in  these 
layers (9). By the same technique it was also shown 
that  protons from ethanol adsorbed at the surface of 
thermal  silicon dioxide films could be forced to migrate 
into the film at elevated temperatures  by applying a 
bias between the silicon substrate and a metal elec- 
trode on top of the oxide ( i0) .  These methods could 
only reveal the presence of hydrogen within  the oxide 
films, while no direct de terminat ion of the compound 
into which it was incorporated could be performed. 
Schmidt and Rand (3) and Pl iskin and Lehman (4) 
reported an OH absorption band in the infrared ab- 
sorption spectrum of anodically grown silicon dioxide, 
and Vil lemant  and Kover (11) detected by the same 
method the presence of OH groups in films grown in 
wet oxygen and in those produced by hydrolysis of 
SIC14. These infrared spectroscopic investigations, how- 
ever, were not  sensitive enough to allow quant i ta t ive 

1 Present address: Harrick Scientif ic  Corporation, Ossining. New 
York, 10562. 

Key words: infrared spectroscopy, internal reflection spectros- 
copy, thermal si l icon d iox ide  films, anodic  sil icon dioxide  films, 
quantitative determination of hydroxyl content. 

determinat ions of the concentrat ion of these com- 
pounds. 

For the above reason we performed quant i ta t ive 
measurements  of the content  of hydrogen compounds of 
anodic and thermal  silicon dioxide films produced in 
different ways and after various postoxidation treat-  
ments. We used ell ipsometry for the determinat ion of 
film thickness and measured the infrared absorption 
by in terna l  reflection spectroscopy (IRS) which offers 
a much higher sensit ivity for measurements  of the 
absorption by th in  films than  a simple transmission 
technique. 

Experimental 
The anodic films were grown on wafers of p- type 

silicon (15 ohm-cm) with optically polished faces 
(unoriented) in a 0.25N solution of KNO2 in  te t rahy-  
drofurfuryl  alcohol (THFA).  In  order to remove the 
polished layer and to achieve a well-defined crystal-  
l ine state of the faces, all polished wafers were first 
covered with an oxide film several microns in thick- 
ness by thermal  oxidation. This film was then re-  
moved by etching prior to the formation of the first 
anodic film to be measured. The growth of the anodic 
films was performed at constant  current  (10 mA cm -2 
in most cases). The constant  current  generator used 
allowed a certain voltage to be preset, at which it 
automatically switched over to constant  voltage opera- 
tion (crossover). This voltage was set according to the 
film thickness wanted. After  crossover the current  was 
in most cases allowed to decrease to one tenth  of its 
original value, which took approximately 10 rain for 
a film thickness of 300A and 25 min  for 1000A. During 
this period of constant  voltage operation the film 
continued to grow, however, with a growth rate de- 
creasing with time. After  this time the wafer was re- 
moved from the electrolytic cell, r insed in methanol ,  
and dried in a s tream of warm air. The thermal  films 
were formed in an oxygen atmosphere or in oxygen 
saturated (at 85~ with water  vapor, at temperatures  
between 1050 ~ and 1200~ 

The thicknesses of these films and the indexes of 
refraction were determined ell ipsometrically with a 
Rudolph 43603-200 E thin film ellipsometer. The cal- 
culation of the film thickness and refractive index 
from the ellipsometer data was performed on a com- 
puter  by using Fresnel 's  equations and the exact ex- 
pression for the ampli tude reflection coefficients of a 
thin film. 

The infrared absorption by  these th in  films had to 
be measured by using the technique of in te rna l  re-  
flection spectroscopy (IRS) as developed by Harrick 
(12), because of the small film thickness and the low 
number  of absorbing bonds. We used a differential 
setup as shown in Fig. 1. A beam of monochromatic 
infrared radiat ion is split into two by a beam splitter 
(BS) (silicon plate) .  The t ransmit ted  p(~rtion is fo- 
cused on the entrance face of the oxdized wafer  which 
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~ D e t . 2  

I 

BS 

] ~ _  to amplifier 
I ..... I - ' n d  recOcder 

Def.1 pj~-,~/J 
Fig. 1. Setup for the differential measurement of the infrared 

absorption spectrum of a thin film on a substrate (internal reflec- 
tion element, IRE) by internal reflection spectroscopy (IRS). (Man: 
monochromator; BS: beam splitter; Det: ellipsoidal mirror-detector 
unit; Diff: unit for the attenuation of the electrical signals and for 
the formation of the differential signal.) 

is shaped in a trapezoid form so that  it acts as an 
in ternal  reflection element  (IRE) [see (12)]. At the 
totally reflecting sil icon/sil icon dioxide interface, ab-  
sorption of radiat ion occurs at those wavelengths at 
which absorption bands of the molecules incorporated 
into the oxide film exist. Since the beam suffers a 
great n u m b e r  of total reflections before leaving the 
wafer, the a t tenuat ion of the light in tensi ty  by ab- 
sorption processes wi thin  the th in  oxide film is am-  
plified. This can be seen by comparing the two ordi- 
nate scales of Fig. 2. In  the investigation of anodic 
films we used 60 reflections, and with thermal  films 
180 reflections were employed. Thus, absorption signals 
much larger in s trength than those which could be 
obtained by one normal  t ransmission through the 
films on both sides were obtained. After leaving the 
wafer the light of intensity,  /, is focused on a thermo-  
couple (Det. 1). That  par t  of the incident  beam (Io) 
which is reflected at the beam split ter (BS) (reference 
beam) is focused on a second thermocouple (Det. 2). 
By this differential technique the relat ively high level 

Io/2oo 

: / / / ~ a :  3aOcm~ 
,t o=, Oom" 

5 ,~-/ / /  a:  lOOcm "1 

/ ,  / 
i S-~ ~ / a: Scm -~ 

s4~' 
10 30 100 300 IC00 300(3 

film thickness - ~ngst~ 

Fig. 2. Calculated dependence of the differential absorption 
signal for I (left vertical scale) and 200 (right vertical scale) 
reflections on film thickness for different magnitudes of the thin 
film's absorption coefficient. The other optical parameters needed 
for the calculation are those of the system silicon/silicon dioxide 
film (~. ~ 3 /Lm). The dashed lines give the slope of the same 
curves for the ease of normal transmission through the films. 

of the signal corresponding to the light in tensi ty  in -  
cident on the detectors can be suppressed. Thus, it is 
possible to choose the highest possible electronic am- 
plification for the differential absorption signal. If ab- 
sorption peaks due to the oxide film appear in the 
spectrum, this differential signal is thus proport ional  
to the change in t ransmi t tance  (Io -- I) of the film- 
covered IRE. Since the magni tude  of the intensi ty  of 
the light in the wafer beam at the wavelength of ab-  
sorption, Io, is also determined by measur ing the single 
beam spectrum at much lower electronic amplification, 
the expression (Io - -  I ) / I o  can be calculated. 

Quantitative Evaluation 
For a quant i ta t ive  determinat ion of the absorption 

constant  from the transmission spectrum, the path 
length of the radiat ion wi th in  the absorbing medium 
has to be known. Since the spatial dis t r ibut ion of the 
energy flow within  the rarer  medium dur ing total  re-  
flection follows a complicated pa t te rn  (13), no path 
length of the radiat ion wi thin  the absorbing medium 
can be defined in this case. On the other hand  the 
validity of the concept of effective thickness (14) is 
l imited to small  values of the absorption coefficient. 
We therefore used for the evaluat ion of the absorp- 
t ion signals Fresnel 's  equations and the exact expres- 
sions for the reflectivity of a th in  film on top of a sub-  
strate [see, e.g. ,  (15)]. By these relations the energy 
distr ibution wi thin  the rarer  medium as well  as the 
boundary  conditions, e tc . ,  are being properly taken into 
account. Since these relations cannot be solved for the 
absorption coefficient, this quant i ty  was determined by 
a t r i a l -and-e r ro r  procedure on a computer. 

To calculate from a measured absorption peak the 
n u m b e r  of absorbing bonds, the effective charge of 
the oscillating group has to be known. From this mag-  
ni tude the strength of absorption per concentrat ion 
uni t  of the oscillating group (absorption cross section, 
molar  absorbance or molar  extinct ion) may  then be 
calculated. These values have been determined experi-  
menta l ly  for the case of hydroxyl  in fused quartz (16- 
18), but  these data show only a poor agreement. In  
this publicat ion we use the relat ion between the inte-  
grated absorption and the number  of absorbing groups 
as given by Kats (16). 

This relation, however, refers to the case of free 
oscillating OH groups. It  is known  that  in the case of 
hydrogen bonding the in tegra ted  absorption at the 
fundamenta l  f requency may be increased by a factor 
of up to 10 (19). One can see that  the OH vibrat ion 
wi thin  anodic oxide films at 3375 cm -1 (2.98~) has a 
hal f -width  of 435 cm -1, whereas that  wi th in  thermal  
oxide at 3600 cm -1 (2.78~) has a ha l f -width  of 130 
cm -1 (see Fig. 3). As we have proved by measur ing 
the deuterat ion shift, both vibrat ions are due to the 

so ~s ~o ~2s 

.g 

v(S~H...O) v(SiH) 
thermal anodic 

40 3.s 30 2s az530z~szs wavelength[prn] ~1 i L i I ,i i ,~ 
~s 30ca 3s004000 30ao 3s004000 wavenumber[cm -I] 

~1 H=t3~cr~ < 

v(OH...O) v(OH) 
anodic thermal 

Fig. 3. Differential absorption signals normalized to unit inci- 
dent intensity for four absorption peaks obtained with thermal and 
anodic silicon dioxide films, v(OH), Fundamental O-H stretching 
vibration in thermal films; ~ ( O H . . . O ) ,  fundamental O-H stretch- 
ing vibration in anodic films (hydrogen bridging); ~(SiH), funda- 
mental SI-H stretching vibration in anodic silicon dioxide films 
and v ( S i H . . . O )  of hydrogen-bonded silicon hydride as found in 
thermal films. 
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fundamenta l  OH stretching vibrations.  Therefore  the 
difference be tween the two wave  numbers  measured 
with differently produced films as wel l  as the increase 
in ha l f -wid th  demonstrates  that  the anodic film con- 
tains hydrogen bonding OH groups, whereas  the OH 
vibrat ion in the rmal  oxides occurs re la t ive ly  free. 

It has been found that  in the presence of hydrogen 
bonding the integrated absorption by the fundamenta l  
v ibrat ion increases wi th  the  f requency  shift, due to the 
same effect (20). Since quant i ta t ive  results concerning 
these relat ions in the case of hydroxyl  groups within  
an oxide latt ice do not exist, we can only assume that  
this increase in the integrated absorption is a func- 
tion of the f requency shift. In the system pheno l /d i -  
ethyl  ether, a f requency shift of 270 cm -1 and an in- 
crease in the in tegrated absorption by a factor of 6.9 
has been observed (21). Since we found a shift of 
225 cm -1 due to hydrogen bridging, we assume an in- 
crease in the in tegrated absorption by a factor of 5. 
This relat ion looks reasonable also in v iew of the fact 
that  the ha l f -wid th  of the s tretching vibrat ion band 
of hydrogen-br idged  OH is 3.35 t imes greater  than that 
of the "free"  OH (see Fig. 3). Therefore  we corrected 
the expressions given by Kats (16) for this influence of 
hydrogen bonding on the strength of absorption. The 
equation for est imation of the concentrat ion of OH 
groups per cubic cent imeter  in the presence of hydro-  
gen bonding reads 

NOH...o ---- 0.4 �9 1016 H amax  [1] 

where  H, the ha l f -wid th  and r the absorption co- 
efficient at the fundamenta l  frequency,  are given in 
cm -1. In the absence of hydrogen bonding, this equa-  
tion becomes 

NOH ---- 2 �9 10 TM H amax  [2] 

There are, however,  no l i te ra ture  data avai lable 
concerning the absorption cross sections of the silicon- 
hydrogen valence vibrat ion v(SiH) .  We therefore  cal- 
culated the part ial  charge resident  on the hydrogen 
atom of S i l l  incorporated into a SiO2 lattice using data 
given in the l i tera ture  (22), and with  this value  the 
calculation of the specific absorption (23) could be 
performed. In this calculation the index of refract ion 
of the thin film was taken as 1.4. This leads to the 
relat ion for unbonded Si l l  

NSiH ~- 7.5 " 1017 H amax [3] 

where  H and ~max have the same meaning as is Eq. [2], 
now refer r ing  only to the  Si l l  absorption band. 

Comparing the Si l l  absorption bands shown in Fig. 
3 one has also to conclude that  S i l l  may be subjected 
to hydrogen bonding, since wi th  thermal  oxide we 
observe a band shifted to greater  wavelengths  and 
increased in ha l f -wid th  with  respect to that  obtained 
with  anodic oxide. Referr ing  to the arguments  used 
in the calculation of the OH vibrations,  we take the 
increase in ha l f -wid th  as a measure for the increase 
in the specific absorption. Thus, we may  use for the 
est imation of the S i l l  concentrat ion 

NSIH...O ~ 1017 H amax [4] 

Since the magni tudes  inserted into the relations [1-4] 
contain several  uncertainties,  these determinat ions  can 
with  respect to the absolute value of the S i l l  concen- 
t rat ion be regarded only as an est imation of the order 
of magnitude.  For the re la t ive  values, however,  a 
greater  accuracy can be claimed (___50%). 

When determining the absorption coefficient by 
using Fresnel 's  equations for a boundary between 
different media, it is implied that  these media  and the 
thin film which are involved in this process of total  
reflection are homogeneous, especially that  the ab- 
sorption coefficient is constant throughout  the film. 
Since the concentrat ion of the absorbing groups will  
be calculated f rom the absorption coefficient thus 
determined,  a constant distr ibution of the oscillators 
wi thin  the thin film is also assumed. As is seen f rom 
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the results, this is not always the case. This is the 
reason the concentrat ion thus determined is called the 
average concentration. 

The question remains, what  information can be ob- 
tained regarding the distr ibut ion of these oscillators 
wi th in  the film from measurements  of the IR absorp- 
tion. If we assume that  the concentration, c, of the 
groups to be studied varies  wi th  the distance, x, f rom 
the si l icon/si l icon dioxide interface, c = c (x ) ,  and 
tha t - - a s  in a transmission e x p e r i m e n t - - t h e  whole radi-  
ation passes through the whole film, then we could 
define the average concentrat ion measured by one 
such exper iment  

1~0~ car(t) - - - - -  C(X) dx [SJ 
t 

where  x indicates the distance from the Si/SiO2 in- 
terface and t the film thickness. If we reduce the film 
thickness stepwise by successive etching of the film 
and if we  measure the IR absorption after each etch- 
ing process, we may determine  Car(t) as a function of 
the remaining film thickness, t. To calculate from this 
plot the dependence of the (local) concentration, c (x),  
on the distance from the Si/SiO2 interface for the 
original  film, we der ive  f rom [5] 

d dcav (t) 
c(x)  = - -  (t Car(t)) ---- Cav(t) "]- t - -  [6] 

dt dt 

or, in a difference expression, if c( t l )  and c(t2) are the 
concentrat ions found with  thicknesses t, and t._,, for 
x ---- (tl -{- t2)/2 

tl Cav(tl) -- t2 Cav(t2) 
c (x) = [7] 

tl - -  t2 

(local concentration) 

However, these relations apply only when the radia- 
tion penetrates practically through the entire film. 
Since in the case of total reflection--which is applied 
in IRS--the intensity of the light within the rarer 
medium shows an exponential attenuation with dis- 
tance from the silicon/silicon dioxide interface even 
in the absence of absorption, the applicability of Eq. 
[6] and [7] has to be checked. 

This has been done in Fig. 2. This figure shows a 
plot of the change in the intensity transmitted by the 
IRE normalized to unit incident intensity, ( Io  - -  l ) / I o  

(as defined in Experimental), calculated on a com- 
puter by using the exact equations, as a function of 
film thickness for different values of the absorption 
constant, a, for 200 total  reflections, (Io -- I/Io)2OO, and 
(left  scale) for one reflection, (Io -- I/Io)1. The dashed 
line gives the slope of the same expression vs. film 
thickness for one normal  transmission of the film; 
that  means for the case where  the whole film con- 
tr ibutes fully to the absorption signal. The absolute 
va lues - - to  which the left  scale r e f e r s - - a r e  sl ightly 
smaller  in this case because of the smaller  path length. 
As long as there  is no appreciable difference between 
the corresponding dashed and full  d rawn curves, we 
may  assume that  also in the case of total  reflection 
pract ical ly the entire film contr ibutes ful ly to the 
absorption signal so that relat ions [5-7] remain ap- 
plicable. The arrows indicate the film thicknesses at 
which the contr ibution to the absorption of the region 
more distant f rom the Si/SiO2 interface is 25% smaller  
than the contr ibution of that  part  adjacent  to that 
interface. We wish to emphasize that  this is taken 
into account exact ly  in the calculation of a for the 
case of a constant a throughout  the film. If in the case 
of thicker  films the outer  region has a greater  absorp- 
tion constant than the inner, the average concentra-  
tion of absorbing groups thus determined wil l  be 
smaller, and in case of smaller  absorption constant in 
the more distant part  it wil l  be larger  than the con- 
centrat ion determined f rom a transmission measure-  
ment.  
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Finally, the total  number  of absorbing groups is 
defined as the number  of absorbing groups within the 
whole film per square cent imeter  area. 

Since all the measurements  had to be performed in 
room air, some difficulty arose due to the adsorption 
of water  and hydrocarbons at the surface of the IRE 
during the measurements  which led to absorption 
bands at 3355 cm -1 (2.98~) for the OH- and at 2857 
cm -1 (3.50~) for the CH-st re tching vibrat ion (24). 
Since the bands of adsorbed and of OH-groups  built  
into the  film OCcur at the same wavelength,  a correc-  
tion was required, especially with very  thin anodic 
films (t < 50A). 

Since we found with, e.g., very  thin thermal  films 
into which no hydroxyl  groups had been built  in that  
the ratio of the amount  of hydrocarbons to that  of 
water  adsorbed at the surface was pract ical ly con- 
stant, we took the s t rength of the CH-absorpt ion band 
as a measure of the degree of adsorption. The con- 
t r ibut ion of the adsorbed species to the optical ab- 
sorption could thus be subtracted from the measured 
signal. 

Results 
Figure  3 shows the absorption bands which were  

recorded with anodic and the rmal  silicon dioxide 
films. As already pointed out in the preceding para-  
graph, the anodic films contain hydrogen bonding 
hydroxyl ,  whereas  these groups are re la t ive ly  "free" 
in thermal  oxide. This assignment could be proved by 
deuterat ion of these groups which led to absorption 
peaks at approximate ly  1.4 t imes the original  wave-  
length. The assignment of the peaks near  4.25 and 4.5 
~m to the Si l l  s t retching vibrat ions could not be 
checked direct ly by this method since the deuterat ion 
of these compounds would  shift the absorption peaks 
to 6.0 or 6.3 ~m, respectively.  In this wave length  region 
certain combinat ion vibrat ions of the oxide lattice 
occur so that  the transmission of the internal  reflection 
element  is ve ry  low. We could perform only an in- 
direct deuterat ion check, since these peaks decreased 
in strength upon heat  t rea tment  in deuter ium gas, and 
they increased again upon subsequent heat  t rea tment  
in hydrogen. Fur thermore ,  it has been shown (23) 
that  the Si tI  s tretching vibrat ions in an oxidic lattice 
are positioned near  ~ ---- 4.4~. 

The dependence of the initial average OH concen- 
t rat ion of anodic films on several  parameters  of the 
film formation is shown in Table I. The given average 
concentrations are the mean values obtained with 

Table [. [n i t la l  ave,age concentrations, car, of OB-groups 
determined immediately after formation 

T h i c k -  
Type  K i n d  of f o r m a t i o n  + t r e a t -  ness,  car, 

of f i lm m e n t  g i v e n  a f t e r  f o r m a t i o n  A c m  -~ 

a A n o d i c  P u l l e d  out  a t  crossover~ 130 8.10 ~0 
b A n o d i c  Normal~ 330 2.10 :v 
c Anodte ,  in  Normal= 330 10 co 

d r y  T H F A  a 
d A n o d i c  24 h r  k e p t  a t  c rossover t  327 3-1019 
e A n o d i z e d  1050~ in  w e t  O~ 1,000 10 m 

t h e r m a l  G 
I T h e r m a l  1050~ in  we t  O26 1,000 101, 
g T h e r m a l  1050~ + 3 h r  530~ m H.~O 1,000 2.10 rJ 

v a p o r  
h T h e r m a l  105{)~ + 7 h r  350~ in  I-I~ 1,000 101,~ 
i T h e r m a l  l l 0 0 ~  i n  " d r y "  O.- 10,000 < 5 . 1 0  L.~ 
k T h e r m a l  l l 0 0 ~  + 3 h r  350~ in  H.., 10,000 < 5 . 1 0  TM 

l T h e r m a l  I I 0 0 ~  + I0  m i n  500~ i n  H~ i0,000 < 5 . 1 0  I~ 
m T h e r m a l  I I 0 0 ~  + 3 h r  350~ i n  H.~O I0,000 2.10 ~3 

The w a f e r  had  been  r e m o v e d  f r o m  the  e l ec t ro ly t i c  cell  in  w h i c h  
the  f i lm h a d  been  f o r m e d  i m m e d i a t e l y  a f t e r  the  p re se t  v o l t a g e  had  
been r eached  (crossover) .  

A f t e r  r e a c h i n g  the  c rossover  vo l t age ,  the  c u r r e n t  had  been  al- 
l owed  to d rop  to one  t e n t h  i ts  o r i g i n a l  v a l u e  before  r e m o v i n g  the  
w a f e r  f r o m  the  e lec t ro ly te .  

The  w a t e r  c o n t e n t  of the  so lu t i on  (o r ig ina l ly  300 ppm)  h a d  been 
r educed  to 60 p p m  by  m o l e c u l a r  s ieves.  

4 A f t e r  h a v i n g  r e a c h e d  t h e  c rossover  vo l t age ,  t h i s  v o l t a g e  was  
ap p l i ed  to  the  sample  fo r  24 hr.  

A t h e r m a l l y  p r o d u c e d  fi lm, the  da ta  of w h i c h  are g i v e n  i n  l i n e  
2 of t h i s  t ab le ,  h a d  been  k e p t  in  the  T H F A  so lu t i on  fo r  24 h r  a t  a 
v o l t age  j u s t  be low t h a t  a t  w h i c h  f u r t h e r  f i lm g r o w t h  w o u l d  happen .  

e O x y g e n  s a t u r a t e d  w i t h  w a t e r  v a p o r  a t  85~ 

several  films. We wish to point out that  the error  in 
these determinat ions  is about •  

We see f rom lines a, b, and d of Table I that  the OH 
content  of the anodic oxide films is reduced by keep-  
ing the film at the crossover vol tage for some time. 
For  an est imation of the re la t ive  concentrat ion of 
these groups in the oxide lattice, one should bear in 
mind that, e.g., fused silica contains 2.3 x 102e SiO., 
groups /cm :~. By forming the anodic films in a solution 
the water  content of which had been reduced from 
300 ppm to 60 ppm with  the aid of molecular  sieves, 
a lower OH concentrat ion may  be achieved. Thus the 
water  present in this electrolyte has to be regarded at 
least as one of the sources for the OH groups in- 
corporated into the film. Line e of Table I indicates 
that during anodization [see (3)] the number  of 
hydroxyl  groups does not increase, as can be seen from 
line f of this table where  are given the data of the 
the rmal ly  produced film prior  to anodization. 

Thermal  films produced in wet  oxygen at 1050~ 
contain 1019 OH groups /cm :~. No OH groups could be 
found with  films produced in "dry"  oxygen (which 
contained 60 ppm H20).  For  this reason the smallest 
amount  detectable wi th  our apparatus is inserted in 
lines i, k, l as the upper  l imit  of a possible OH content. 
By a heat  t rea tment  at 530~ in wet  ni trogen (this 
gas was saturated with  H20 at 85~ the concentra-  
t ion can be increased wi th  both oxides to approxi-  
mate ly  2 x 1019. This seems to be the saturat ion con- 
centrat ion for heat  t rea tment  at this temperature,  
since a prolonged annealing did not result  in a fur ther  
increase of the concentration. 

Table II gives the concentrat ions of the silicon 
hydr ide  groups found in different oxides. The most 
surprising result  is that, a f ter  formation of the oxide 
film in a "dry"  oxygen atmosphere,  such a high con- 
centrat ion of silicon hydr ide  groups has been found. 
Determinat ions  of the water  content of this oxygen 
gas, however,  demonstra ted that  the humidi ty  
amounted to 60 ppm. We see f rom Table II  that  the 
silicon hydr ide  concentrat ion may  be increased by 
subsequent heat  t rea tment  in hydrogen, whereas  this 
process has pract ical ly no influence on the concentra-  
tion of the hydroxyl  groups. Silicon hydr ide  groups 
in anodic films can be made to disappear by heat  
t rea tment  at 300~ Such a t rea tment  only results in 
a small  reduct ion (by 30%, approximate ly)  of the 
hydroxyl  content. Anneal ing  the anodic films at 500~ 
in dry N., leads to a shift of the OH absorption band 
to ~ ~ 2.78 ,~m. This indicates that  the hydrogen bonds 
are being broken at this temperature .  

Figure  4 shows the dependence of the  average con- 
centrat ion of OH wi th in  anodically grown films on the 
remaining film thickness during step etching. One of 
these films had been kept at the crossover voltage in 
the forming solution for about 10 min, unti l  the cur-  
rent  had decreased to one tenth  its original  value. The 
other film was kept at this vol tage for 24 hr. The local 
concentrat ions have been calculated by using Eq. [7]. 
The fact that  the local concentrat ion is smaller  than 
the average concentrat ion at greater  distances from 
the interface indicates that  there  must be a very  high 

Table II, Initial average concentrations, Car, of Sill-groups 
determined immediately after formation 

T h i c k -  
Type  K i n d  of f o r m a t i o n  + t r e a t -  ness,  ear, 

of f i lm m e n t  g i v e n  a f t e r  f o r m a t i o n  A c m  -a 

(a) Anod ic ,  in  N o r m a l  2 300 2.10 ~1 
d ry  THFA~ N o r m a l  + 30 ra in  300~ i n  Ns 300 ~3.1019 

(b) T h e r m a l  1050~ in  w e t  Oe 10,000 5.1019 
T h e r m a l  1050~ + 3 0 r a i n  35{)~ in  He 10,000 5.1019 
T h e r m a l  l l 0 0 ~  in  d ry  02 10,000 7.10 TM 

Thermal II00~ + 30 rain 450~ in H20 I0,000 g'10 I" 
T h e r m a l  I I 0 0 ~  + 30 ra in  350~ in  H,_, I0,000 I0  ~~ 
T h e r m a l  110~~ + 10 ra in  500~ in  H~ 10,000 2.10 =~ 

Fo r  e x p l a n a t i o n s  see Tab le  I. 
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I0'~0 50 II~0 150 200 250 
film t h i ckness -  ongstl~ 

distance from the SilSiO~ interface- ~  

Fig. 4. Variation of the average concentration, Car (vs. film 
thickness), and local concentration, cloc (vs. distance), of hydroxyl 
determined from the absorption peak at 2.98 ~m within aaodic oxide 
films produced in a 0.25N solution of KNO~ in tetrahydrofurfuryl 
alcohol. The solution was dehydrated by molecular sieves. Film 
formation at 10 mA cm -~.  

concentrat ion of absorbing groups near  this interface. 
One observes that an appreciable reduction of the 
local concentrat ion happens almost throughout  the 
film upon keeping it for 24 hr  at crossover voltage, 
whereas a steep increase of this density can be seen 
near the Si/SiO~ interface. 

As has been stated in Table I, there are practically 
no OH groups present in thermal  oxide films formed 
in "dry" oxygen, but  they contain a great number  of 
silicon hydride groups. Their distr ibution wi thin  the 
film is shown in Fig. 5. Since this film was 10,000A 
thick, the outer regions are only weakly coupled to 
the evanescent  wave. For this reason there is an in-  
creasing uncer ta in ty  in the concentrat ion thus deter-  
mined above 1000A as has been described in the para-  
graph "Quanti tat ive Evaluation." 

Figure 6 shows the distr ibution of hydroxyl  groups 
in an oxide film thermal ly  produced in an oxygen 

!'i ) 

i t 7- o 

~ 5t ~ 3 ~ 0 ~ 0 ~ b 0 7 ~ 0 ~ 9 ~ 0 ~  
- - -m~d  

film t h ~ n e s s -  ~ s t c  
disto~nce from the SilSiOz interface - ongs t~  

Fig. 5. Average concentration of Sill vs. film thickness and 
local concentration vs. distance from the Si/SiO2 interface for an 
oxide film thermally produced in on oxygen atmosphere. 

I0 I~ 
o 

g 

w 

lOCal 

2~ d~ ~ ~ , ~ , 2 ~ , ~ 1 ~ 2 ~  
---Im-- d 

film t hic~ress- ongst~ 

d i s t a n c e  from the SilSiOz interface-angst1: 

Fig. 6. The same as in Fig. 5 for OH in a thermal oxide film 
produced in wet oxygen atmosphere. After formation the film had 
been given a heat treatment at 350~ for 30 min in H2 atmo- 
sphere. 
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Fig. 7. Hydride content of the film whose hydroxide concen- 
trations are shown in Fig. 6. 

atmosphere which has been saturated with water 
vapor at 85~ The distr ibution of the silicon hydride 
groups wi thin  the same film is shown in Fig. 7. 

Conclusions 
As has been found earlier, there exist s tructural  

differences between thermal  and anodic silicon dioxide 
films (3). Nevertheless it is surprising that  in anodic 
films hydroxyl  groups show hydrogen bonding and 
silicon hydride does not, whereas with thermal  films 
one observes hydrogen bonding SiH and nonbonded 
hydroxyl.  This at least indicates that  hydroxyl,  as well  
as hydride groups occupy well-defined sites in both 
oxides. 

From the results reported here, nothing can be said 
concerning the kind of compound into which the OH 
groups detected are incorporated; i.e., whether  they 
belong to SiOH or H20. The characteristic combina-  
t ion vibrat ions by which this question could be an-  
swered could not be detected by us. 

The mean  values of our results are summarized in 
Tables I and II and indicate that one of the sources 
for hydroxyl  groups found with anodic films might  
be water present in the electrolyte, since we obtained 
a smaller average concentrat ion of OH with  an elec- 
trolyte dehydrated by molecular  sieve. The fact that 
the OH concentrat ion (see Fig. 4) wi th in  anodically 
grown films is markedly  reduced throughout  the film 
by  keeping it for 24 hr at the crossover voltage (Fig. 
4) indicates a consumption of hydroxyl  at this anodic 
polarization. The increase of the concentrat ions 
toward the silicon-silicon dioxide interface points out 
that there must  be a migrat ion of the OH groups to 
the Si/SiO2 interface under  the action of the applied 
field which finally results in the fur ther  oxidation of 
silicon at the interface. In  this reaction the oxidation 
process must  be the ra te -de te rmin ing  step thus lead- 
ing to a higher concentrat ion near  the interface with 
respect to the interior  of the film. In  addition, how- 
ever, one has to state that the supply with OH from 
the electrolyte is also reduced at the crossover voltage, 
since otherwise the over-al l  decrease of the hydroxyl  
concentrat ion could not  be explained. 

The results obtained with thermal ly  produced films 
are in good agreement  with the data published after 
radiotracer measurements  of the hydrogen content  of 
such films (9, 10). A comparison of our findings with 
the concentrat ions published in these papers allows 
the conclusion to be drawn that  at least an appreciable 
fraction of the hydrogen atoms present  in such films 
is incorporated as hydroxyl  or as silicon hydride. 

A consumption of hydroxyl  groups dur ing the ther-  
mal  oxidation process, too, is indicated by Fig. 5, 6, 
and 7. The decrease of the OH and the increase of the 
Si l l  groups near the interface may be explained by a 
reaction of silicon atoms with hydroxyl  leading to 
silicon oxide and to some extent  also to silicon hydride 
bonds. The same refers to the "dry" oxide since we 
have already ment ioned that  the oxygen used for 
oxidation contained some water. 
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Fur the r  experiments  which may yield some insight 
into the diffusion mechanism of hydrogen or hydrogen 
compounds in anodic films, as well  as such which may 
give addit ional informat ion regarding the influence 
of hydrogen and its compounds on the electrical prop- 
erties of the Si/SiO2 interface [see, e.g., (1) and (7)] 
are being undertaken.  
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Video Display of X-Ray Images 
I. X-Ray Topographs 

Eugene S. Meieran 
Research and Development Laboratory, Fairchild Camera and Instrument Corporation, Palo Alto, CaLifornia 94304 

ABSTRACT 

This paper discusses in detail  the direct viewing of x - r ay  topographs via 
a secondary electron conduction (SEC) vidicon system. The various geometries 
used to record large area topographs, the theoretical and exper imenta l ly  ob- 
tainable resolutions, and the applications of the different geometries for ob- 
ta in ing informat ion about the defects wi thin  crystals are il lustrated. Finally,  
some quali tat ive comparisons of a practical na tu re  are made with other video 
systems used for recording x - r ay  topographs. 

Approximately  thir teen years have passed since Lang 
first described the transmission x - r ay  topographic 
technique for s tudying near ly  perfect crystals, the 
technique that  now bears his name (1, 2). Subsequent-  
ly, several hundred  papers concerned with both theo- 
retical and exper imenta l  aspects of Lang topography 
have been reported. However, al though there have 
been numerous  modifications to the technique for 
part icular  applications (3-5), Lang topography in  most 
common use today remains  essentially the same as 
when first introduced. 

In  Lang topography, a crystal oriented for diffrac- 
tion from a set of crystal planes is t ranslated or 
scanned through a nar row characteristic incident  x - ray  
beam; an x - r ay  sensitive film fixed to the (moving) 
crystal and normal  to the diffracted beam records the 
diffracted beam intensi ty  as a funct ion of t ranslat ion 
position, and is the Lang topograph of the crystal. In  
the topograph, defects appear as dark  images on a gray 
background, since the defective areas of the otherwise 
perfect crystal diffract more integrated x - ray  in ten-  
sity than do the sur rounding  perfect areas, dur ing the 
scan of the crystal through the incident  beam. The 

Key words:  x - ray  topography,  Laue patterns,  television systems, 
semiconductor crystals, crystal  defects. 

film used to record the topograph is general ly  a high-  
resolution nuclear  t racking plate with a thick emul-  
sion (for example, Ilford nuclear  plates, emulsion L-4, 
50 gm thick).  However, in spite of this thick emulsion, 
the recording of a topograph requires a long exposure 
as well  as film processing time; in general, several 
hours pass before a topograph of even a small  crystal 
can be viewed. Faster  films can be used with a signifi- 
cant reduction in exposure t ime; this results in lower 
resolution topographs that  still require  some exposure 
t ime as well as film processing time. Furthermore,  the 
films must  be enlarged photographically for viewing, 
since the Lang topograph is recorded at uni t  magnifi-  
cation. 

X - r a y  topography has provided much valuable  in -  
formation about the defects wi th in  semiconductor 
crystals. This informat ion is useful for showing the 
possible effect of defects on devices made from the 
crystals. However, due to the t ime delay before an 
x - ray  topograph can be viewed, Lang's  method has 
found its way into production or qual i ty  control use 
only on a l imited basis, since for these purposes large 
numbers  of topographs need to be taken and viewed 
within  a short period of time. Often a pe rmanen t  
record of the topograph is not required; all that is 
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necessary is a go, no-go analysis of the topograph. 
Consequently, there have been several at tempts by 
semiconductor manufac turers  to develop rapid meth-  
ods for imaging topographs via video display tech- 
niques. While the reports of these efforts are rather  
superficial, they have shown that there are several 
ways of convert ing an x - r ay  signal into an ins tant ly  
viewable television image, with reasonable resolution. 
Although this resolution must  be improved by at least 
an order of magni tude  before it can compete (in reso- 
lut ion) with film recording, the results to date are 
nonetheless encouraging. A topograph that  may re-  
quire  several hours to record and process on film may 
now be viewed instantly,  with reasonable magnifica- 
tion. So far as contrast  is concerned, the video display 
does not compare to film recording, since the dynamic 
range of the video system is l imited compared to the 
best x - ray  films. However, the contrast  does compare 
favorably to some of the faster, lower resolution films. 

Four  different systems for displaying x- ray  topo- 
graphs on a television monitor  have been described 
within the past year. These are the PbO plumbicon, 
used in conjunct ion with an extremely high intensi ty  
x - ray  source (6), the silicon diode array (7, 8), the 
cascaded image intensifier (9), and the combinat ion 
image intensifier-SEC vidicon camera (10). The lat ter  
three systems use convent ional  x - r ay  sources. Other 
x - ray  vidicon systems used for convert ing x- rays  to 
a television picture, used pr imar i ly  for radiography or 
medical fluoroscopy, are not suitable for x - ray  topog- 
raphy due to a lack of sensit ivity to the low in ten-  
sity diffracted x - ray  beams, or to low resolution. 

This paper discusses in more detail the SEC (sec- 
ondary electron conduction) vidicon system reported 
earlier (10). Special a t tent ion is paid to details of the 
optical system and geometrical a r rangements  used, 
and to factors affecting image quality.  Finally,  ex- 
amples of the application of the television system to 
the study of defects in silicon crystals are shown. In 
the following paper (Par t  II) ,  use of the television 
system for the orient ing of silicon wafers or crystals 
via transmission or back reflection Laue pat terns is 
illustrated. 

Imaging System 
The imaging system described here consists of four 

major  components:  a s tandard x - r ay  tube supplying 
characteristic x-rays,  a diffracting crystal mounted  on 
an x - r ay  camera, an x - r ay  sensitive phosphor screen 
that  converts  the diffracted x- rays  into a visible light 
image, and an L3-TV (low light level television) 
system that  t ransforms the optical image into a tele- 
vision picture displayed on a monitor.  Each portion of 
this over-al l  system wil l  have some effect on the 
qual i ty of the final image, and will  be discussed 
separately. 

X-ray source.--Geometry.--There are three general  
geometrical a r rangements  for taking large area x - ray  
topographs, and each a r rangement  has different ad- 
vantages, disadvantages, and geometrical resolutions. 

First, a topograph may be taken in t ransmission or 
reflection geometry by using a small  point  focus x - r ay  
source and a set of coll imating slits, and scanning the 
crystal through the nar row beam in a direction paral lel  
to the surface of the crystal. The coll imating slits l imit  
the diffracted beam to a single component of the 
Kal-K~2 doublet. In transmission geometry (the nor-  
mal  Lang technique) ,  a second set of slits must  be 
placed between crystal and film, which is scanned 
synchronously with the crystal, in order to prevent  
the t ransmit ted  direct beam from exposing the film. 
The scanning method has high resolution, since the 
x - ray  focal spot is small, and the imaging phosphor or 
film can be placed reasonably close to the sample (11). 
The only inconveniences of this geometry a r e  the 
necessity of scanning the crystal and film continuously 
dur ing exposure, and the long exposure times. Vir- 
tual ly  every crystal or ientat ion can be imaged by this 

Fig. la. Schematic illustration showing geometry of x-ray topo- 
graphic arrangement: scanning method using a point source of 
x-rays, transmission geometry. 

arrangement ,  which is schematically shown in t rans-  
mission geometry in  Fig. la. This method may be 
slightly modified by holding the film stat ionary and 
scanning only the crystal at an angle r with respect 
to the normal  scan direction, i.e., at an angle to the 
surface of the crystal. By choosing the appropriate 
angle r a width W on the crystal will  expose a width 
W on the stat ionary film, giving an angular ly  undis-  
torted large area picture (12). While  the vertical 
resolution is not constant  over the scan, since the crys- 
ta l - to-f i lm distance varies dur ing the exposure, the 
fact that the film or other x - r ay  sensitive screen is 
s tat ionary makes the technique valuable for high res- 
olution direct viewing topography. 

A point source of x- rays  and set of coll imating slits 
to l imit the diffracted beam to the Kal component  are 
also used in the second arrangement .  However, the 
sample geometry is selected such that  the nar row 
beam of incoming x- rays  impinges on the sample at 
a very shallow angle to the surface, and the diffracting 
planes and x - r ay  radiat ion wavelength are chosen to 
give diffraction angles 20 of about 90 ~ . Due to the 
shallow incidence angle, even the nar row beam i l lumi-  
nates a large area of the sample, which consequently 
need not be scanned through the incident  beam (13). 
Since the diffracted beam is almost at r ight  angles to 
the incident  beam, the beam-stop slits are not  neces- 
sary, and as an added advantage, the image of the 
surface is almost undis tor ted angularly,  as shown in 
Fig. lb. This geometry has high resolution and provides 
large area undistorted topographs of s tat ionary crys- 
tals, and with relat ively short exposure times. The 
major  inconvenience of this method is that  only par-  
t icular  x - r ay  wavelengths and crystal  planes are us- 
able; most common wafer orientat ions do not satisfy 
the geometrical conditions. 

The third a r rangement  is to use a horizontal line 
source of x-rays,  along with the geometry of Fig. la. 
Since an area of a wafer  as wide as the line focus of 

Fig. lb. Schematic illustration showing geometry of x-ray topo- 
graphic arrangement: stationary method using a point source of 
x-rays and a specially oriented crystal, reflection geometry. 
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Table |. Resolutions of various x-ray geometries 

R e s o l u t i o n ,  
F o c a l  spot ,  /Lm 
r a m  • t a r a  V e t -  Horn- 

L,  c m  h l D,  c m  t i ca l  z o n t a l  2~ 

Fig. Ic. Schematic illustration showing geometry of x-ray topo- 
graphic arrangement: stationary method using a line source of x- 
rays, transmission geometry. 

x-rays  is long can diffract at any instant, the sample 
does not have to be cont inuously scanned (14, 15); 
however, in order to examine a larger crystal, a simple 
mechanism for sample t ranslat ion must  be provided. 
This geometry can be used for t ransmission or reflec- 
tion topographs of most common wafer orientations. 
The resolution of this method is poor compared to the 
previous methods, since, in general, the Kal as well as 
the Ka2 image appears and the x - r ay  detector must  
be placed far from the crystal in order to spatially 
separate direct and diffracted beams. The geometry of 
method 3 is shown in Fig. lc. 

These three geometrical a r rangements  are not com- 
pletely distinct from one another;  for example, 
methods 1 and 2 merge if the Bragg angle 0 approaches 
45 ~ and the area of the crystal i rradiated a t  any in-  
stant becomes large enough to display all the informa-  
tion desired. Similarly,  methods 3 and 2 overlap if 
the Bragg angle is such as to give separate Kal and Ka=, 
images, irrespective of focal spot size. 

For all work reported here, General  Electric CA-7 
Cu or Mo target  x - r ay  tubes with a i mm spot or 1 
m m x  10 mm line, were employed. The tubes were 
operated at 45 kV, 15 mA, with suitable K~ filters. The 
filters helped prevent  stray ghost images which would 
strike the x - r ay  sensitive screen and contr ibute  to 
background noise. 

Resolution.--The geometrical resolution of x - ray  topo- 
graphs, arising from the finite size of the x - ray  focal 
spot and divergence of the incident  beam, can be 
separated into vertical  and horizontal components (11). 
For a first approximation,  the horizontal resolution is 
considered to be dependent  only on the separation of 
the K~I-K~2 doublet  and on the distance of the x - ray  
film from the crystal. If the Ka2 component  is sup- 
pressed, a geometrical horizontal resolution of about 
2 ~m results. However, if the Ka2 component contr ib-  
utes to the image, double images of separation 
DAoj.2 are observed, where D is the distance of the 
imaging screen or film from the crystal, and A01-2 is 
the angular  separation of the Kat and K~2 components. 
This gives an apparent  resolution on the order of 40 
~m, for most applications. (The true spatial resolution 
in a topograph containing double images due to the 
K~I and Ka2 components is still a few microns; how- 
ever, for the purposes described here, the apparent  
resolution given by DA01-2 will be used, since the 
double images appear as if a single smeared image.) 
The vertical resolution depends on the height ff of the 
x-ray focal spot, the distance L of the crystal from the 
focal spot, and on D, and is given by R = D~/L. For 
all geometries described above, h is generally small 
and L is large, and the vertical resolutions are on the 
order of a few microns. 

For the first and second geometries above, the hori- 
zontal resolution is also on the order of a few microns, 

M e t h o d  1 
(220) Si ,  Mo  K ~ ,  I00  1 • I 1 I0  3 21" 

transmission 50 0.1 • 0.1 1 2 3 

(440) Si, Cu Ka, 100 1 • I 0.5 5 5 105 ~ 
reflection 50 0.1 • 0.1 0.S 1 3 

M e t h o d  2 
(440) G a A s ,  C u  I00  1 • 1 0.S 5 5 95" 

Kcr reflection 50 0.1 x 0.I 0.5 1 3 

M e t h o d  3 
(220) Si ,  Mo  Kce, 50 0 . I  • 0 . I  5 I 0  40 21" 

t r a n s m i s s i o n  

(440) Si,  Cu  K,v. 50 0.1 • 10 1 2 40 105" 
r e f l e c t i on  

since the K~2 image is suppressed, the x - r a y  focal 
spot is small  and is distant from the crystal, and the 
imaging screen or film can be placed close to the 
crystal. The third a r rangement  has low horizontal 
resolution due to the large D (on the order of 5 cm) 
and the wide beam divergence leading to the appear-  
ance of both K~I and K~2 images; this point will be 
discussed later. 

Values of D, h, L, and approximate geometrical 
vertical and horizontal resolutions for the three geom- 
etries discussed are given in Table I, for some useful 
x - ray  radiations and crystal reflections. 

Crystal and camera.--The diffracting crystal and 
x - ray  camera used have little effect on the resolution 
of the final image. The only  requi rement  for the 
camera is that  it have the movements  necessary to 
allow the entire crystal to be aligned and imaged. For 
method 1, the camera must  be a normal  Lang camera, 
complete with precision scan system, precision incom- 
ing and direct beam-stop slits, and accurate specimen 
goniometer. For the second method, the beam-stop 
slits can be eliminated, and an accurate scan system is 
usual ly  not necessary. For the third method, the pre-  
cision incoming beam slits can be replaced by  a simple 
slit, and only a rud imenta ry  specimen holder is re- 
quired. A sample scanner  ma y  be included in the la t -  
ter two methods to allow large crystals to be imaged 
in their entirety;  for example, most x - r ay  focal spots 
are only about 1 cm long and hence allow only a 1 cm 
topograph of perhaps a 7 cm wide crystal to be taken 
by a r rangement  3. The sample scanner  need not be 
very accurate; any simple slide mechanism wil l  suffice, 
since a large port ion of the crystal is visible at any 
one time. 

Vir tual ly  all crystal reflections are suitable for 
methods 1 and 3, in both transmission and reflection 
geometries. Most commonly, {220} transmission topo- 
graphs of (111) Si wafers are taken, using either Ag 
or Mo K~ radiation. In  reflection geometry, the {333}, 
{400}, {311}, and {440} reflections from (111) and (100) 
wafers are taken using Cu K~, Fe Ka, or Cr K ,  radi-  
ation. For reflection geometry, the thickness of the 
crystal is immaterial ,  since only the first few microns 
near the surface contr ibute  to the image. In  t ransmis-  
sion geometry, the crystal thickness to and x - ray  radi-  
ation must  be chosen to give ~oto ~ 1, where ~ is the 
l inear  absorption coefficient of the crystal. 

For method 2, only special reflecting planes can be 
used for (111) or (100) crystals, since both 2e and the 
crystal position are restricted. Otherwise, the crystals 
must  be cut to order, a somewhat inconvenient  pro- 
cedure that cannot be applied to production quanti t ies  
of wafers. 

X-ray sensitive phosphor.--In the system described 
here, the x - r ay  phosphor is the single most impor tant  
component  affecting final image quality.  This phosphor 
must  satisfy two conflicting requirements :  it must  
t ransform x-rays  into light with high efficiency, and 
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Table II. X-ray properties of experimental phosphors 

P h o s p h o r  

B a c k i n g  P h o s p h o r  
t h i c k n e s s ,  t h i c k n e s s ,  

~ m  ~ m  
I/Io E f f e c t i v e  a b s o r p t i o n ,  ~ R e s o l u t i o n ,  L i g h t  

Mo  C u  F e  Mo  Cu  Fe  ]~m ef f ic iency*  

H i g h  r e s o l u t i o n  250 230 
R a d e l i n  F G C  375 330 
P T G - 2 - 9 0 5 7  125 125 
F G P - 8 X - 0 0 7  125 75 
F G - 3 M 0 5 - 0 0 5  150 400 
PT B-4 - 155 -17  75 65 
Z n S  (Ag)  250 200 

0.3 0.1 < 0 . 0 0 3  50 1O0 > 2 6 0  20 1 
0.2 <0 .002  <0 .002  50 > 1 9 0  > 1 9 0  50 9 
0.6 0.3 0.02 40 100 310 20 7 
0.65 0.2 0.01 60 210 600 50 10 
0.1 <0 .001  <O.001 60 > 170 > 170 20 7 
0.7 0.6 O.1 55 60 350 15 5 
0.5 0.2 0.02 35 80 200 20 8 

* 1 = b a d ,  10 = good. 

it must  have good resolution. For  the former, thick 
phosphors are desired in order to absorb sufficient 
x-rays;  for the latter, th in  phosphors with small grain 
sizes are required. In  all cases, the phosphor must  be 
uniform in coating thickness. 

In the present  study, several types of phosphors 
have been examined. The one found most satisfactory 
was selected solely on the basis of exper imenta l ly  ob- 
served resolution; the light output  was boosted ar t i -  
ficially if necessary by the SEC vidicon, by using long 
integrat ion times. The resolution of all phosphors was 
determined by examining video displays of x-radio-  
graphs of fine wire meshes used as electron micro- 
scope grids; the best result  obtained is from the U.S. 
Radium Corporation Radelin PTB-4-155-17, a blue-  
light emit t ing phosphor which actually showed a reso- 
lut ion of about 15 ~m. This part icular  phosphor screen 
is about 65 ~m thick, wi th  a 10 ~m grain size; it was 
coated on a 75 ~m plastic backing. As will be seen, 
the phosphor resolution limits the final image resolu- 
tion. All  phosphors used were coated on the back with 
a flash of A1 in order to reflect light back through the 
phosphor to the front side, light that would otherwise 
be lost. The phosphor side of the screen was placed 
facing the television camera, so that the x- rays  en-  
tered on the screen through the aluminized back side. 

A comparison of some of the exper imental ly  avail-  
able physical characteristics of several phosphors 
along with their  measured resolutions and relative 
light emit t ing efficiencies are given in  Table II. 

Some comments are in order here concerning the 
properties of the fluorescent screens used in the pres- 
ent  work. The properties listed in Table II were all 
exper imenta l ly  determined;  other properties that  can 
be of interest, p r imar i ly  phosphor grain size, were 
general ly unavailable.  The screens used were all com- 
mercial ly available, and while some at tempt was made 
to obtain high resolution combined with good light 
output, no effort was devoted to improving screen 
qual i ty  experimental ly.  Consequently, the results dis- 
cussed here are typical of the screens used, but  prob- 
ably could have been improved somewhat had special 
a t tent ion been paid to optimizing screens. None the 
less, the resolutions shown in Table II, which in many  
cases are surpris ingly small fractions of the screen 
thicknesses, were observed experimental ly.  These 
resolutions were obtained using the x - ray  tubes and 
operating conditions ment ioned earlier. Unfor tuna te -  
ly, the incident  x - r ay  energies, which are known to 
affect screen resolution (16) were not determined. 

L3-TV system.--The television camera used here is 
a commercial ly available image intensifier-SEC vidi- 
con combinat ion L~-TV. 1 The final image is displayed 
on a Sony 9-in. low persistence screen monitor  for 
normal  viewing, or a Conrac 15-in. long persistence 
screen monitor  for recording via Polaroid film. The 
video system is unmodified from normal  television 
operation except for the choice of optical lenses. The 
camera is equipped wi th  automatic gain control in 
order to prevent  bu rn ing  of the SEC target  or video 
screen. 

1 Q u a n t e x  C o r p o r a t i o n ,  a s u b s i d i a r y  of  C o m m e r c i a l  E l ec t ron ic s ,  
Inc . ,  M o u n t a i n  V i e w ,  'Cal i forn ia .  

The video system takes the light image formed in 
the phosphor and t ransmits  it via a system of optical 
lenses and fiber optic bundles  onto the photocathode 
of an image intensifier. The electrons formed by the 
photocathode are accelerated by an electric field and 
are reconverted into a br ightened light image as the 
output  of the image intensifier; this intensified light 
image is t ransferred by a fiber optic faceplate to the 
input  photocathode of an SEC vidicon tube. The elec- 
trons formed by this photocathode are accelerated, 
and impinge on an SEC target, which emits large 
numbers  of secondary electrons for each incident  high 
energy electron. Since the target  is of high resistivity, 
it retains its resul t ing charge as a funct ion of position, 
un t i l  it is neutral ized by a scanning electron beam. 
The variat ion of stored charge as a funct ion of posi- 
t ion is sensed by the scanning beam and is electroni- 
cally processed and t ransferred to a video monitor.  The 
gain of the over-al l  camera is on the order of 105. A 
schematic diagram i l lustrat ing the operation of the 
SEC camera is shown in Fig. 2. Details of the operation 
of SEC tubes may be found elsewhere (17, 18). 

The optical resolution of the televison camera por- 
tion of the over-al l  system is determined by  the n u m -  
ber of television lines per inch of displayed field. The 
input  to the photocathode of the image intensifier is 
0.6-in. high and is read o u t o f  the SEC vidicon using 
525 lines. For a one- to-one  image t ransferred from 
the phosphor to the input  photocathode, a television 
line resolution of 0.6 in./525 ~ 30 #m results. If a dif- 
ferent  set of lenses is used to t ransfer  a 0.3-in., twice 
magnified image to the input  photocathode, the tele- 
vision l ine resolution becomes ~ 15 ~m, and if a four-  
times magnified 0.15-in. image is transferred,  the tele- 
vision line resolution is about 7 #m. 2 Consequently, a 
phosphor whose resolution is 15 #m can be read out 
on the television moni tbr  by the proper choice of 
magnification lenses to give better  than 15 #m tele- 
vision l ine resolution. 

The light level of the phosphor is, of course, im- 
portant, but  for the purposes discussed here, with a 
high signal- to-noise ratio even for low intensi ty 
x-rays,  does not appreciably affect resolution. The 
L3-TV system is not noise- l imited by the electronics, 
but  by the x - r ay  statistics. For the low power x - ray  
tubes used in these experiments,  x - r ay  quanta  fluctua- 
tions are occasionally observed on the screen, but 

-" T h e s e  c a l c u l a t e d  r e s o l u t i o n s  m u s t  be  d i v i d e d  b y  t h e  K e l l  f a c t o r  
(19) of  a b o u t  0.7, in  o r d e r  to g i v e  m e a s u r a b l e  r e so Iu t i on .  H e n c e  t h e  
c a l c u l a t e d  r e s o l u t i o n s  a b o v e  b e c o m e  a b o u t  43, 21, a n d  1O ~m,  r e -  
s p e c t i v e l y .  

SE~ Vidicon 
image I Video 

Objective Intensifier SEC J [~Signal 
Phosphor Lens ~ Target ~, / Gun 

Screen ~ : ~ ~ ,  ~ , ~  ~ ~ j ~ E l e c t r o n  

Optics Cathode Optics Cathode Focusing Coils 

OPTICS AND ELECTRON OPTICS 

Fig. 2. Schematic diagram showing operation of SEC camera 
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reasonable  qua l i ty  images  can then be ob ta ined  by in-  
tegra t ing  the image, via  a t ime exposure  on the  Pola -  
roid film, or by  a l lowing the SEC t a rge t  to store in-  
format ion  for longer  t imes  before  readout .  In  general ,  

for the  photographs  shown, to ta l  in tegra t ion  t imes of 
up to 1 rain were  requi red  for Pola ro id  Type  55, A S A  
50 speed film. The televis ion image can be in tegra ted  
and s tored on a disk recorder  and then  p layed  back 

Fig. 3 a-d. Transmission to.graphs showing a microcrack in o Si wafer [(220) reflections from cs (111) wafer] 

Fig. 3a. Method 3, video display. Magnification iOX Fig. ,~h. Method i,  video display. Magnification 25X 

Fig. 3c. Method I,  video display. Magnification $OX Fig. 3d. Method I,  dental film. Magnification 25X 
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Fig. 4. (220) video display transmission topograph, showing slip 
bands in a Si wafer, method 3. Magnification 12X. 

continuously, e l iminat ing the periodic flashes that 
would otherwise occur. 

In  order to gather sufficient light from the phosphor, 
high aperture lenses are used to t ransfer  the phosphor 
image to the photocathode of the L~-TV. For the one- 
to-one image, two back- to-back 50 mm f/0.95 lenses 
were used. For the two- to-one  magnified image, either 
a 50 mm f/0.95-100 m m  f/2 combinat ion or a 25 mm 
f/1.4-50 mm f/0.95 combinat ion was used. For the 
four- to-one magnification, a 25 m m  f/1.4-100 mm f/2 
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combinat ion was used. Better  lenses are available; a 
25 mm f/0.75 would provide considerably more light 
than the 25 mm f/1.4 lens actual ly used. In  order  to 
take topographs of large crystals, the various lenses 
can be reversed, giving two- to-one  or four- to-one  re- 
duced images, covering larger fields of view with 
lower televison line resolution. More recently, fiber 
optic coupling of the phosphor screen to the input  
photocathode has been used, with a large gain in  light 
collection. However, results quoted in the following 
sections were main ly  obtained using the lenses ra ther  
than fiber optics, due to the restricted fields of view 
and magnifications available with present ly  available 
fiber optic bundles. 

Results 
Resolution, magnification, and field of view.--As 

discussed earlier, resolution and field of view are re-  
lated, as is final image magnification. In  order to ob- 
serve a large 3-in. diameter  wafer at one time, the 
3-in. image height must  be reduced to the 0.6-in. size 
of the first photocathode window; this is read off with 
525 lines and displayed on any size monitor, with a 
television l ine resolution of ~60 ~m. Hence, for this 
application, both the Kal  and Ka2 components  can be 
used to form the image, without  affecting the resolu- 
tion, and method 3 provides the best results. However, 
the image width viewable at any  one t ime is restricted 
to about 1 cm, the length of the l ine focus of the 
x - ray  tube, and the crystal  is slowly scanned t h rough  
the incident  beam in order to observe the entire 
wafer. 

With a resolution of ~60 ~m, only  gross defects 
such as microcracks or large dislocation arrays can be 
seen. Examples of both of these are given in Fig. 3a 
and 4, topographs taken  by method 3. This type of 
topograph can only be used in production areas such 
as crystal growing, in order  to sort out grossly im- 
perfect wafers; the resolution is not satisfactory to be 
used for exper imental  Lang topography or to examine 
fine details. However, the resolution is sufficient to 
observe contrast  asymmetr ies  due to s t ra in fields on 
opposite sides of oxide stripes on Si wafers (20, 21). 
Figure  5 shows a (220) video display topograph of a 
Si wafer containing several oxide stripes, with oxide 
thicknesses ranging from 0.1 to 1 ~m. The contrast 
asymmetries  of an oxide stripe as thin as 0.3 ~m can 

Fig. 5 a and b. Transmission x-ray topographs of a Si wafer strained by thin stripes of thermal oxide. Magnification 15X 

Fig. 5a. Video display x-ray topograph, method 3, nonscanning Fig. 5b. Dental film x-ray topograph, method 1, scanning 
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Fig. 6 a-c. Device pattern shown by video display reflection 
x-ray topograph [(440) reflections from a (111) wafer]. Fig. 6a. 
Method 3 (nonscannlng) reflection geometry. Magnification 15X. 

Fig. 6b. Method I, nonscanning, reflection geometry. Magnifica- 
tion 15X. 

be seen, even  though the resolut ion  is about  40 ~m 
due to the  combinat ion  of Ks1 and Ks2 images. 

If the  field of view can be restr ic ted,  i.e., ent i re  
wafers  need not  be viewed,  be t t e r  reso lu t ion  is ob-  
ta inable .  This is c lear ly  shown in Fig. 3; the  micro-  
c rack  seen in Fig. 3a is shown at  different  magnif ica-  
tions and fields of view in Fig. 3b and 3c. Also in-  
cluded for  comparison is a den ta l  x - r a y  film topograph  
of the  same area, t a k e n  by  method  1, Fig. 3d. 

When resolut ion be t t e r  than  tha t  ob ta inable  wi th  
the  Ks l -Ks2  double t  is required ,  the  K~2 component  
must  be suppressed.  Hence, me thod  3 becomes unus-  
able, unless K~ rad ia t ion  ra the r  than  Ka rad ia t ion  is 
used (22) ; this  is somet imes  imprac t ica l  because s t rong 
K s  images  m a y  over lap  the w e a k e r  K~ image.  On 
the o ther  hand,  if me thod  1 is used, as i t  was  to t ake  
Fig. 3b and 3c, the  image  recorded  at  any  ins tant  is 
na r row due to the na r row  incoming beam. The te le -  
vis ion camera  i tself  can be scanned along wi th  the  
c rys ta l  and in tegra ted  over  the  ent i re  image  (9), or 
the  c rys ta l  only  can be  scanned at  an  angle  to the  
diffract ion vec tor  (12), in o rder  to obta in  large  area  
topographs.  Also, n a r r o w  images  themselves  can be 
used, if t hey  include the  des i rable  informat ion,  Fig. 
3d. A possible appl ica t ion  of this  t y p e  is in the  imaging 
of sect ion topographs  (23); here,  la rge  fields of v iew 
are  not required,  but  h igher  resolut ion  is desirable .  

As the  magnif icat ion increases  f rom Fig. 3a to Fig. 
3c, the  same amount  of l ight  is being spread  over  
la rger  areas, and hence the  x - r a y  in tens i ty  ava i lab le  
becomes a cr i t ica l  factor.  F igu re  3a requ i red  about  1/10 
the exposure  on the Pola ro id  film tha t  Fig. 3c required .  

Ano the r  example  of resolut ion vs. field of v iew is 
shown in Fig. 6. In  Fig. 6a, a large  area  of a Si  wafe r  
wi th  a device pa t t e rn  is shown in reflection geometry .  
Fo r  the  (111) Si  wafer ,  Cu K s  radia t ion,  the  {440} 
peak  is at  20 = 107 ~ so the diffracted x - r a y  beam is 
not qui te  pe rpend icu la r  to the  wafe r  surface. This 
angle is too grea t  to ob ta in  a large  image v ia  method  

Fig. 6c. Method ! (nonscanning) reflection geometry. Magnifica- 
tion 30X. 

2, so method  3 was used. However ,  the  Ks2 component  
is then included and the  image shown in Fig. 6a 
therefore  has low resolution.  I f  the  Ks2 component  is 
suppressed by  using a poin t  source of x - rays ,  coll i -  
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Fig. 7a-c. (i11) Si wafer with diffused diode array [(440) reflec- 
tion topographs]. Fig. 7a. Video display, nonscanning. Magnifica- 
tion 15X. 

mated by a divergence slit (method 2), the image 
appears sharper, Fig. 6b, but  is much smaller in area. 
This image can then be magnified more on the tele- 
vision screen by  selecting a different lens system, 
giving an enlarged view of a small  par t  of the wafer, 
Fig. 6c. 

A similar  series of reflection topographs of a Si 
wafer is shown in Fig. 7; the contrast asymmetries 
arising from strain fields surrounding the boron dif- 
fused diodes are clearly visible (20). 

The best examples of x - ray  topographs are taken 
using method 2; these are the most convenient  topo- 
graphs to take since a s tat ionary crystal is used and 
the television camera can be placed very  close to the 
diffracting crystal. In  addition, the diffracted beam 
can be l imited to the Kal component.  However, as 
pointed out  previously, only selected crystal reflections 
are usable. For example, {311} reflections from (100) 
Si or GaP are usable with Cr K~ radiation, but  there 
are no other very good reflections. With GaAs (400} 
Cu Kal reflections from (111) or (100) crystals are 
obtainable, the intensit ies are high, the angles are 
ideal to give large area undistorted topographs without  
scanning, and the distance from the crystal  to the 
television camera face can be less than 1 cm. For all 
the reasons given above, video display experimental  
x - r ay  topographs are most applicable to method 2; all 
conditions are favorable. Useful images of Si and GaP 
can be made with method 2 using reflections other 
than {311} (i.e., nonscanning  method 1) if the re- 
striction of a nar row image and some angular  dis- 
tort ion can be accepted. 

Comparison with Other Video Systems 
In  comparison with other television systems for 

displaying x - ray  topographs, the SEC vidicon has cer- 
tain practical advantages, but  also some disadvantages. 
For all practical purposes, the SEC vidicon is similar 
in operation and performance to Lang's cascaded 
image intensifier L3-TV (9), so all comparisons made 
with the PbO plumbicon (6) and diode display (7, 8) 

Fig. 7b. Dental film, scanning. Magnification 15X 

Fig. 7c. Video display, nonscanning. Magnification 30X 

apply equally well  to his method. Some quali tat ive 
comparisons between the optical performances of 
SEC vs. a cascaded intensifier have been made by 
Emberson (24) and by Whitmell  and Southon (25). 

Field of view.--L3-TV offers the only method 
whereby crystals larger in diameter  than the x - r ay  
window of the television camera can be imaged in  
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their entirety.  Since optical lenses are used to t ransfer  
the image formed on the phosphor to the L3-TV win-  
dow, v i r tual ly  any size crystal  can be displayed. Both 
the plumbicon and diode array camera read the in-  
formation directly off the x - r ay  target, so the final 
image is restricted in size to that of the target window. 
The L~-TV can easily record a topograph of a 3-in. 
diameter  crystal, while the other two methods are re- 
stricted to less than 1-in. diameter  crystals. 

Resolution, contrast, and magnification control.--The 
resolution of the L~-TV is at present  l imited by the 
x - ray  sensitive phosphor. Since the optical image can 
be magnified (or demagnified) by  the lenses to any 
desired size before it is focused on the input  photo- 
cathode, the television l ine resolution can always be 
made better  than the phosphor resolution, present ly 
about 15 #m. 

In  the diode array, the  ul t imate  resolution depends 
on the diode spacing, also about 15 ~m. As new arrays 
are made, this resolution will  be improved, to probably 
better  than 10 ~m. At high magnification, the image 
qual i ty of the diode array is visibly bet ter  than that  
of the L3-TV, main ly  due to bet ter  contrast. Compari-  
son of resolution or contrast  with the PbO plumbicon 
is difficult, since ent i re ly  d i f fe rent  crystals, x - ray  
sources, geometries, etc., were used (6). 

In  the L~-TV, magnification is controlled by the 
choice of optical lenses. This system works well, so 
long as high aper ture  lenses are used. If in terchange-  
able lenses are used for magnification control, pro- 
vision must  be made for focusing the lenses mechani-  
cally. 

Magnification is easier to control in the diode ar ray  
and plumbicon, since the magnification is determined 
electronically by varying the area of the target  scanned 
by an electron beam. Since the image is displayed on a 
uniform-size  screen monitor,  the magnification i s  
simply the ratio of the monitor  screen size to the area 
of the target  scanned. This also relates to resolution; 
the television l ine resolution in  these two systems is 
determined by the number  of scans per centimeter  
that  are made by the electron beam on the target. 
Both the diode array and plumbicon can be zoomed 
electronically; zoom lenses can also be employed in 
the L~-TV system. 

In  the L3-TV, a 0.6-in. field is read off with 525 
lines, as ment ioned previously. This number  of lines 
can be increased by perhaps a factor of 2 before other 
factors start ing l imit ing resolution; for example, the 
fiber optics or SEC target  (17). Hence, a one- to-one  
image can be read in the L3-TV with a max imum of 
0.6/1050 ~ 15 ~m resolution. Therefore, direct imag- 
ing of x - r ay  topographs on the fiber optic input  
to the photocathode is impractical  from a field of view 
viewpoint;  the image cannot  be magnified before it 
reaches the photocathode, and the resolution would 
be l imited to about 15 ~m, with a max imum field of 
view of 0.6-in. However, image intensifier-SEC vidicon 
systems with large input  photocathodes can be used 
for imaging low resolution Laue pat terns or fluoro- 
scope displays directly on the input  photocathode 
(26, 27). Also, use of fiber optic coupling from a phos- 
phor to the input  photocathode leads to significant 
advantages in light collection compared to lens cou- 
pling. 

Sensitivity to x-rays.--In all television systems, the 
x-rays  fall on some target, which t ransforms the 
x-rays  into a signal which is electronically sensed and 
displayed as a television picture. The efficiency of the 
target  depends on how much of the x - r ay  beam is ab-  
sorbed by the target, and on how well the absorbed 
x- rays  are converted into the proper signal. 

In  the L3-TV, x- rays  are converted into visible 
light. As shown in Table II, the various x - r ay  wave-  
lengths are absorbed differently by the assorted 
screens, and have different light output  efficiencies. 
However, al l  screens emit  sufficient l ight to be in-  
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tensified and displayed, for the objective lens magnifi-  
cations attempted. 

For the diode array camera, soft x - rays  are re-  
quired, since the th in  Si crystal into which the diodes 
are diffused is almost t ransparen t  to hard x-rays.  The 
softer x - rays  are absorbed reasonably well, the hard 
x- rays  hardly  at all. 

This dependence on x - r a y  wavelength  is reflected 
in the potent ial  use of the various kinds of cameras. 
Soft x- rays  are general ly  used for reflection topog- 
raphy, while hard x- rays  are used for t ransmission 
topography. Hence, the diode a r ray  camera is best 
suited to reflection geometry, where  it can provide 
instantaneous,  good quali ty topographs of small  areas 
of semiconductor crystal surfaces. The L3-TV is better  
suited to larger area t ransmission as well  as reflection 
topographs, but  can be used for higher resolution, 
smaller area topography as well. 

Consequently, it appears that  the L3-TV and diode 
array systems are complementary  with some area of 
overlap, ra ther  than  directly competitive. L3-TV has 
certain advantages in some situations, while the diode 
ar ray  has advantages in  other situations. 

While it is difficult to directly compare the PbO 
plumbicon to the diode array or L3-TV, for reasons 
previously stated, it would appear that  both systems 
would be useful for reflection or t ransmission geom- 
etry, since the PbO would absorb both hard and soft 
x-ray.  However, the PbO system is l imited due to its 
sensitivity; only extremely high intensi ty  x - r ay  sources 
have been used (6). 

Conclusions 
On the basis of the foregoing, it is clear that  in-  

s tantaneous video display of x - ray  topographs is 
possible, but  that  considerable room for improvement  
remains  before the method becomes t ru ly  competitive 
with film techniques. It  appears that  perhaps two 
different types of television systems wil l  be required 
in order to achieve the two ends of the topography 
spectrum: the high-resolut ion small  field of view, and 
the low-resolut ion large field of view. The high 
resolution end seems to be covered at present  by the 
diode array camera; however, this system is not  
sensitive to high energy Mo or Ag Ka x-rays.  Conse- 
quently,  the L3-TV system with its slightly lower 
resolution appears to be more versatile. On the large 
field of view end, the L3-TV has li t t le competit ion from 
the diode array or PbO plumbicon systems discussed 
above, since any image size can be accommodated by 
proper choice of optical lenses. Most effort should be 
directed toward improving the phosphor for L3-TV, 
since this e lement  has the largest effect on image 
quality. Lang (28) discusses this subject  in some de- 
tail, and suggests that  single crystal  phosphors may 
provide bet ter  resolution than  polycrystal l ine phos- 
phors. 

There are several obvious immediate  applications 
for L3-TV. First, and most impor tant  from the point 
of view of exper imental  x - r ay  topography, the system 
can be used as an  x - r ay  detector, replacing the scin- 
t i l lation or geiger counter, for al igning crystals in the 
Lang camera for subsequent  film recording. Since the 
topograph can be viewed ins tant ly  unwanted  ghost 
reflections and image inhomogeneit ies can easily be 
eliminated. Second, the system can be used in pro- 
duction for qual i ty  control to separate grossly im-  
perfect wafers from reasonably good ones; high resolu- 
t ion is not necessary for this application. Similarly,  the 
system can be used for low resolution topographical 
application, for example, observation of Moir~ fringes 
(28) or double crystal  "zebra" pat terns  (29). Third, 
the system can be used for Laue orientat ions of Si 
crystals; this subject  is discussed in the paper  that fol- 
lows (Part  II) .  With suitable improvement  in the  sys- 
tems, however, video display of x - r ay  topographs may 
replace film techniques for many  applications. 
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Video Display of X-Ray Images 
!1. Laue Patterns 

Eugene S. Meieran 
Research and Development Laboratory, Fairchild Camera and Instrument Corporation, Palo Alto, California 94304 

ABSTRACT 

The SEC vidicon system descr ibed in Pa r t  I has been adap ted  to d isp lay  
Laue  or ienta t ion pat terns .  In  this  paper ,  the  geometr ies  of both  t ransmiss ion 
and symmet r i ca l  back  reflection video d i sp lay  Laue  pa t t e rns  are  i l lus t ra ted.  

Al though Laue  pa t te rns  have  been used for many  
years  for  or ient ing  single crys ta ls  v ia  film techniques,  
only  recent ly  has i t  been possible  to view them di-  
r ec t ly  wi th  image  intensif iers  or  video system disp lays  
(1-4).  These recent  resul ts  have been due main ly  to 
the deve lopment  and improvemen t  of low l ight  level  
image intensification systems, genera l ly  for  n ight  vi -  
sion applications.  

The first Laue  pa t t e rns  so d isp layed  were  imaged 
d i rec t ly  f rom the fluorescent screen onto the intensifier 
photocathode and were  then br igh tened  sufficiently to 
be observed direct ly.  Consequently,  the pa t te rns  were  
genera ted  in t ransmiss ion geometry,  since the  x - r a y  
tube i tself  would  be in the  w a y  of the intensifier  for 
back reflection geometry.  Symmet r i c  back  reflection 
Laue  pa t t e rns  can be d i sp layed  only  if  high gain in-  
tensifiers a re  used, and if  the  Laue  pa t t e rn  can be 
t rans fe r red  opt ical ly  to the  intensifier  photocathode 
to provide  room for the  x - r a y  tube.  

In  P a r t  I of this  paper ,  an SEC (secondary  e lect ron 
conduction)  video system capable  of imaging  low-  
in tens i ty  x - r a y  topographs  was described.  This same 
system is d i rec t ly  appl icable  to the  d i sp lay  of both 
t ransmiss ion  and back  reflection Laue  pat terns ,  since 

Key words :  x - r a y  t o p o g r a p h y ,  L a u e  pa t te rns ,  te levis ion systems.  
s emiconduc to r  crys ta ls ,  c rys t a l  defects.  

a large enough field of v iew to cover  an ent i re  pa t t e rn  
is opt ica l ly  t r ans fe r red  to an e x t r e m e l y  high sensi-  
t iv i ty  te levis ion camera.  To observe  Laue  pa t t e rn s ,  the  
television camera  is unmodif ied compared  to no rma l  
television v iewing or to topographic  imaging,  except  
for minor  changes to the  opt ica l  lens system. The 
camera  is bas ica l ly  an L3-TV (low l ight  level  t e lev i -  
sion) camera  which displays  the  image of a phosphor  
screen that  has conver ted  the  x - r a y  signal  into a 
vis ible  l ight  pa t t e rn  (5). A schemat ic  d rawing  of the 
system is given in Fig. 2 of  Pa r t  I. 

There  are  a number  of reasons w h y  d i rec t  d i sp lay  
of Laue pa t te rns  is des i rable  (I ,  2) : 

1. Detect ion of rap id  phase changes or t rans ien t  phe-  
nomena.  

2. Identif icat ion of l o w - s y m m e t r y  crys ta l  Laue  pa t -  
terns,  where  large  numbers  of pa t t e rns  must  be 
taken  to obta in  correct  orientat ions.  

3. Remote d isp lay  of x - r a y  pat terns .  
4. Low-cos t  d i sp lay  and s torage via  video tapes of 

ve ry  large  numbers  of pat terns ,  where  the  cost 
of Polaro id  film even tua l ly  becomes grea te r  than  
the capi ta l  expend i tu re  for the  te levis ion camera.  

5. Disp lay  of e x t r e m e l y  l a rge  numbers  of pat terns ,  
where  the  t ime  requ i red  to t ake  a film exposure  
becomes prohibi t ive .  



Vol. 118, No..4 VIDEO DISPLAY 

As stated, Laue pat terns  are recorded on film in 
t ransmission geometry, or more commonly for semi- 
conductor crystal growing industries, in back reflec- 
tion geometry (6). For t ransmission geometry, the 
television camera needs no modification from topo- 
graphic imaging, except for the proper choice of optical 
lenses to give the desired field of view. For back re-  
flection geometry, the front  end of the camera must  be 
adapted to provide access for the x - r ay  tube. An 
asymmetr ical  back reflection Laue pat tern  can be 
taken without  this adaptat ion (5); however, the re-  
sult ing pat tern  is considerably distorted angularly,  as 
seen in Fig. 1, and is difficult to interpret .  The re-  
mainder  of this paper is devoted to a qual i ta t ive de- 
scription of t ransmission or symmetr ical  back reflec- 
tion Laue display, since these geometries are used 
most often and are most convenient  to interpret .  De- 
tails of the theory and measurement  of Laue pat terns  
are not included, since they are adequately covered by 
textbooks such as ref. (6). 

Geometry  
Back reflection patterns.--A mirror  is used in con- 

junct ion with the normal  television camera optics in 
order to display an undis tor ted symmetr ical  back re -  
qection Laue pattern.  The geometry of this a r range-  
ment  is shown schematically in Fig. 2a. The Laue pat-  
tern is first imaged on a phosphor screen which has 
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Objective 
X- Ray Phosphor Lens 

urce _ _  J j t 

c2" 2  e'om / u  
Lead Beam Photocathode 

Stop 

Fig. 2b. Symmetric tronsmlssion geQmetry 

been placed at r ight  angles to the television camera 
axis and normal  to the p r imary  x - ray  beam. A mir ror  
with a small  hole cut in it to allow passage of the 
pr imary  beam is placed at 45 ~ to the camera axis; this 
mir ror  reflects the Laue pa t te rn  through a demagnify-  
ing lens onto the television camera input  photocathode. 
The collimator from a normal  film Laue camera is used 
to define the x - ray  beam; this collimator is about 8-cm 
long, in order to pass through the SEC camera front 
end, and has a pinhole diameter  of 0.8 ram. The colli- 
mator  passes through the mir ror  and also through the 
phosphor screen in order to cut down background 
fluorescence due to scattering from the air in the im-  
mediate vicini ty of the screen. 

A normal  Laue pa t t e rn  is recorded at a distance of 
3 or 5 cm from the diffracting crystal  (6), and for gen- 
eral  purposes, the same dimensions can be used for the 
video system display. The diffracted x - r ay  beams 
cover a total angular  spread of about 50 ~ giving rise 
to a 6- or 10-cm wide Laue pattern,  respectively. This 
width must  be reduced to the 0.6-in. width (1.5 cm) 
of the input  photocathode of the SEC camera; for the 
purposes described here, a single 50 m m  f/0.95 lens 
was used. The approximate dimensions of the optical 
system are given in Fig. 2a. 

A back reflection Laue pa t te rn  of a (111) Si crystal, 
recorded from a Sony 9-in. monitor,  is shown in Fig. 
3a. This pat tern  was integrated by the SEC camera for 
10 sec before display; the image was stored on a disk 
recorder and then played back. F igure  3b shows a nor-  
mat  film Laue pa t te rn  for comparison, t aken  with the 
Polaroid XR-7 holder; it required 10 rain of exposure. 
Both pat terns were taken using a CA-7 W target 
x - r ay  tube, operat ing at 25 kV and 30 mA. Back re-  
flection Laue pat terns  are useful  for all  crystal  ori- 
entations, bu t  are especially useful for crystals that  are 
too thick to orient by t ransmission techniques. 

Fig. i. Asymmetric back reflection Laue patterit 

T 
L~ 

E 

l 

Crystal 

~ ~Diffracted 
/ m \ / /  X-Rays 
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Fig. 2 a and b. Schematic diagrams showing geometry of direct 
display of taue patterns. Fig. 2a. Symmetric back reflection geom- 
etry. 

Fig. 3 a and b. Back reflection Laue patterns. Fig. 3a. Video dis- 
play, 10-sec exposure. 
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Fig. 3b. Film display, lO-min exposure 

Transmission Laue patterns.--Transmission Laue 
pat terns are taken using the geometry schematically 
shown in Fig. 2b. Since the direct x - r ay  beam t rans-  
mit ted through the crystal  is so intense compared to 
the diffracted beams that  it could bu rn  the SEC target 
or television screen if the gain is set to al low viewing 
of the diffracted beams, it must  be stopped from str ik-  
ing the x - r ay  phosphor. This is accomplished by using 
either a small  lead beam stop, or by cutt ing a hole in 
the phosphor and t rapping the beam behind it. 

The transmission Laue pat terns  are useful for ori- 
enting single wafers, for example, to check out a 
wafer-sawing operation for accuracy. The dimensions 
of the system are similar  to that  of the back reflection 
technique; approximately  6-10 cm field of view is 
necessary, with a crystal  placed 3-5 cm from the 
phosphor. A video display of a t ransmission Laue 
pat tern  of a Si wafer is shown in Fig. 4a, compared to 
the Polaroid pattern,  Fig. 4b. The times of exposure for 
transmission geometry are about half  that required for 
back reflection patterns.  

X-Ray Sensitive Phosphor 
The requi rements  for the x - r ay  sensitive phosphor 

used to image Laue pat terns are substant ia l ly  different 
from those needed for topography, described in the 
previous paper. Resolution is not as critical, since the 
original incident  beam and Laue spot sizes are on the 
order of mil l imeters  in diameter. Considerable light 
output  by the phosphor is desirable and is obtained by 
using thicker screens. The most efficient screen of those 
tested that combines reasonable resolution with effi- 
cient light output  is FG-3M05-O05,1 with the properties 
listed in Table II of Par t  I, although other screens are 
comparable. Much effort has been devoted to d e t e r -  
min ing  opt imum phosphors for film and direct re-  
cording of Laue pat terns (7-9); the results shown in 
this paper could probably have been improved if other 
phosphors had been used. 

Measurement of Patterns 
A 9-in. Sony monitor  has an intr insic magnifica- 

tion factor compared to the 0.6 in. diameter  of the 
input  photocathode window of 9/0.6 ~ 15. Since the 
initial  image formed on the phosphor is demagnified 
by about a factor of 5 by the optics, the final image 
on this monitor  is about three t imes as large as a 
Polaroid film pat tern  recorded under  the same condi-  
tions. Thus each Laue spot is about  3 ram in diameter.  

Supplied by the United States Radium Corporation, Morristown, 
New Jersey.  

Fig. 4 a and b. Transmission Laue patterns. Fig. 4a. Video dis- 
play, 2-sec exposure. 

Fig. 4b. Film display, 4-min exposure 

Measurement  of the pat tern  to wi thin  0.5 ~ becomes 
measurement  of the position of a Laue spot located 
at the edge of the pa t te rn  to wi th in  about 1 mm, one- 
third of the spot diameter. Often the Laue pat tern  is 
viewed in direct time, and corrections to the crystal 
orientat ion can be made visually. For less intense pat-  
terns, the image can be integrated for a short period 
of t ime and stored on a disk or tape; this pa t te rn  can 
then be displayed at wil l  and measured. 

Conclusions 
L3-TV is suited to the display of Laue pat terns  be- 

cause of the use of optical t ransfer  of the pa t te rn  to 
the input  photocathode, the large field of view that  
can be obtained, the high l ight-sensi t ivi ty  of the 
camera, and the capabil i ty of in tegrat ing the image for 
long periods of t ime before readout, if necessary. Since 
a significant capital expendi ture  for equipment  is 
necessary, the system pays for itself in terms of the 
cost of Polaroid film and t ime savings only if large 
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numbers  of pa t te rns  need to be taken.  Al though the 
qual i ty  of d i rec t ly  d i sp layed  Laue  pa t te rns  does not  
yet compare  to film recording,  the speed of video dis-  
p l ay  makes  the  method  va luable  for many  applications.  

Manuscr ip t  submi t ted  June  9, 1970; rev ised  manu-  
scr ipt  received Nov. 9, 1970. This was Pape r  91 pre -  
sented at  the Los Angeles  Meeting of the Society, 
May  10-15, 1970. 

A n y  discussion of this paper  wil l  appear  in a Dis-  
cussion Section to be publ i shed  in the December  1971 
JOURNAL.  
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Solid-Liquid Phase Equilibria for the Ternary Systems 

Li(F,CI,I) and Na(F, CI,I) 1 
Carl E. Johnson and Ellen J. Hathaway 

Argonne N~tional Laboratory, Argonne, Illinois 60439 

ABSTRACT 

The so l id- l iquid  phase  equi l ibr ia  for the  t e r n a r y  systems L i (F ,  CI,I) 
and Na(F,CI , I )  have been de te rmined  using t he rma l  analysis  techniques.  
The b ina ry  mix tures  which make  up the t e r n a r y  sys tem are al l  eutectic in 
nature .  The  d iag ram of the  crys ta l l iza t ion  surface for  each t e rna ry  consists 
of th ree  areas, one for  each of the pure  components  in the  system. A t  the  
intersect ion of these th ree  fields lies the  min imum in the  system; for the  
Li (F ,  CI,I) system, a t e rna ry  eutectic of 11.7 m/o  (mole per  cent)  LiF-29.1 
m/o  LIC1-59.2 m / o  LiI  mel t ing  at  340.9~ and, for the  Na(F,CI , I )  system, 
a t e rna ry  eutectic of 15.2 m/o  NaF-31.6 m / o  NaC1-53.2 m / o  NaI  mel t ing  at  
529.4~ 

In searching for e lect rolytes  sui table  for use in 
energy conversion devices, c r i te r ia  such as high con- 
duct ivi ty,  s tab i l i ty  wi th  respect  to the  anode metal ,  
and low mel t ing point  have  been applied.  When  using 
a lka l i  meta ls  as the anode, fused a lka l i  ha l ides  gen- 
e ra l ly  meet  these requirements .  Expe r imen ta l  efforts 
have focused on the  de te rmina t ion  of the so l id- l iquid  
equi l ibr ia  for t e rna ry  a lka l i  ha l ide  systems sui table  
for use in cells employing  e i ther  a l i th ium or  sodium 
anode. The systems studied, Li(F,CI,  I) and Na (F,CI,I) ,  
a re  s imple eutectics wi th  no apparen t  solid solution 
formation.  

Experimental 
Thermal  analysis  has been used to define the t em-  

pera tu re -compos i t ion  so l id- l iquid  equi l ib r ium char -  
acterist ics  in the b ina ry  and t e r n a r y  mixtures .  The 
the rmal  analysis  appara tus  used in this work  has been 
descr ibed in deta i l  e lsewhere  (1). Reagent  grade  
l i th ium chlor ide  and l i th ium iodide were  purif ied by  
modification of the  p rocedure  descr ibed by  La i t inen  
et al. (2) in which the anhydrous  hydrogen  hal ide  was 
used to remove the last  t races  of wa te r  f rom the  
mol ten  salt. The hal ide  mel t ing  points  were:  l i th ium 
chloride, 606.8~ and l i th ium iodide, 469.2~ Single-  
c rys ta l  l i th ium fluoride, having  a mel t ing  point  of 
848~ was used wi thout  fu r the r  purification. Reagent  
grade  sodium fluoride, sodium chloride,  and sodium 
iodide were  heated to 130~ to d r ive  off any mois ture  
before use. The mel t ing  points  of the pure  reagents  
were:  sodium fluoride, 990.0 ~ sodium chloride,  
801.0~ and sodium iodide 659.3~ 

a W o r k  p e r f o r m e d  u n d e r  the  auspices  of the  U.S. Atomic  E n e r g y  
Commission.  

K e y  words:  fused salts, eutectics ,  l i th ium halides,  sod ium hal ides ,  
fused halide systems.  

Tempera tu res  were  sensed wi th  a P t /P t -10% Rh 
thermocouple ,  which  was  ca l ib ra ted  agains t  NBS pure  
Zn (mp 419.5~ and NBS pure  A1 (mp 660.0~ The 
accuracy of the absolute  va lue  of t he  t empe ra tu r e  was 
es t imated  to be _+0.3~ 

The amounts  of the pure  crys ta l l ine  salts  requ i red  
for  a given composit ion were  weighed into a SS-347 
sample  capsule;  al l  operat ions  were  car r ied  out in a 
high pur i ty  he l ium a tmosphere  box. Af te r  being placed 
in the t he rma l  analysis  apparatus ,  the sample  was 
hea ted  to a t empera tu re  high enough to insure  com-  
plete melt ing,  and was he ld  in the  l iquid state for 
about  1 hr. P r e l i m i n a r y  cooling and hea t ing  cycles 
were  then  executed  unt i l  r eproduc ib le  first b reaks  in 
the cooling curves  were  obtained.  Only  then  were  
complete  cooling and hea t ing  curves recorded.  Cool- 
ing ra tes  were  set in the range  of 0.5-1 cent igrade  deg /  
min, the reby  main ta in ing  close control  of the hea t  
flow into and out of the  sample.  The sample  composi-  
t ion was ca lcula ted  from the  weights  of the  pure  ma-  
terials;  however,  per iodic  checks were  made  by  chemi-  
cal analysis  on selected samples.  The above exper i -  
menta l  mel t ing points  are  in excel len t  agreement  
wi th  the most re l iab le  expe r imen ta l  da ta  which  is 
found in J A N A F  tables  (3). 

Except  for  the direct  measuremen t  of the  mel t ing  
point  of pure  sodium fluoride at 990.0~ the upper  
expe r imen ta l l y  measured  t e m p e r a t u r e  in the  sodium 
systems was res t r ic ted  to 850~ This res t r ic t ion  was 
imposed p r i m a r i l y  to conserve time, because it took 
about  as long to hea t  the appa ra tus  f rom 850 ~ to 1000~ 
as it did to hea t  it  f rom room t empera tu r e  to 850~ In 
al l  the  systems studied, both  b ina ry  and te rnary ,  
solid solutions were  not observed for the  mix tures  in 
e i ther  the rmal  analysis  or  in x - r a y  diffract ion analysis  
of selected solid samples.  
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Table I. Crystallization temperatures for the LiF-Lil system 

Composit ion T e m p e r a t u r e ,  ~C 
m o l e  f r a c t i o n  L i I  L i q u i d u s  Sol idus  

0.000 848.0 
0.100 822.2 41~.3 
0.200 798.7 410.2 
0.275 779.9 411.5 
0.350 755.3 411.7 
0.450 709.8 411.3 
0.550 652.0 411.2 
0.650 583.9 410.8 
0.700 547.5 411.0 
0.800 448.1 411.1 
0.835 410,9 - -  

0.849 416.2 411.5 
0.900 438.6 410.4 
0.950 455.2 409.4 
1.000 469.2 

Discussion 
Tempera tu re -compos i t ion  da ta  for  the  L i F - L i I  bi -  

n a r y  sys tem were  obta ined  over  the composit ion range  
of 10-95 m/o  LiI.  These da ta  are  given in Table  I and 
in Fig. 1 where  the o ther  b ina ry  systems of in teres t  
here  (LiC1-LiI and LiF-LiC1) are  given for  com- 
pleteness. A eutectic composit ion of 83.5 m / o  LiI  in 
L i F  mel t ing at  410.9~ was  observed.  

The LiC1-LiI b i n a r y  system was inves t iga ted  by  
Johnson and H a t h a w a y  (4) and has a eutect ic  com- 
posi t ion of 34.6 m / o  LiC1 in L i I  mel t ing  at  368.2~ The 
LiF-LiC1 b ina ry  sys tem was inves t iga ted  by  Haendler ,  
Sennett ,  and Whee le r  (5) who repor ted  a eutectic 
composit ion containing 30.5 m/o  L iF  in LiC1 mel t ing  
at 501~ These da ta  have  been confirmed by  studies 
carr ied  out in this  labora tory .  

Tempera tu re -compos i t ion  da ta  for the NaF-NaC1, 
NaC1-NaI, and N a I - N a F  b ina ry  systems are  given in 
Table  II  and Fig. 2. In  the  NaF-NaC1 b ina ry  system, a 
eutectic composit ion of 33.0 m / o  NaF  was observed 
mel t ing  at 680.4~ Many inves t iga tors  have s tudied 
this system, obta in ing resul ts  which  var ied  over  an 8 
cent igrade  deg range for  the eutectic t empera tu re  and 
a 1.6 m / o  range  in composition. Pla to  (6) repor ted  a 
eutectic t empera tu re  of 679.8~ at  34.6 m / o  NaF;  Ras-  

I I I I I I I I I 
LiF LiF 

-\ o/ 

P 700 -- ~ - 

\o �9 ,c, Lic, 

6oo  o/ \ . , 4  

F \ \ /  \o,//'I  ~ 

| I I I I I I I I I / 
0 I0 20  30  4 0  50  6 0  70 80  90  I00  

MOLE PERCENT 

Fig. I .  Binnry systems I.iF-LiCI, I.iF-I.il, and LiCI-Li l  

sonskaya and Bergman  (7) ob ta ined  674~ as the  
eutectic t e m p e r a t u r e  at 33 m / o  NaF; at  a eutectic 
composit ion of 33.2 m/o  NaF,  K uva k in  and Kusak in  
(8) found the t empera tu re  to be 682~ 

For  the NaC1-NaI b ina ry  system, we found a eutec-  
tic composi t ion of 38.5 m/o  NaC1 mel t ing  at  572.9~ 
Amador i  (9) repor ted  the eutectic t empe ra tu r e  as 
578~ at  37 m/o  NaC1, and I lyasov and Bostandzhiyan 
(10) publ i shed  da ta  giving the eutect ic  t empera tu re  

as 585~ and the composit ion as 37.5 m / o  NaC1. 

Table II. Crystallization temperatures for the systems NoF-NaCI, NaCI-Nol, and NaI-NaF 

NaF-NaCl 

M o l e  f r a c -  T e m p e r a t u r e ,  "C 
tion NaC1 L i q u i d u s  So l idus  

N a C I - N a I  

Mole  f r a c -  T e m p e r a t u r e ,  ~  Mole  f r a c -  
t i on  N a I  L i q u i d u s  So l i dus  t ion  N a F  

N a I - N a F  
T e m p e r a t u r e .  ~ 

L i q u i d u s  So l i dus  

0.000 990.0 
0.350 858.5 679.1 
0.450 804.0 681.5 
0.600 720.0 680.5 
0.650 683.2 680.6 
0.658 693.4 680.7 
0.667 680.4 
0.670 680,5 681.4 
0.682 685.7 681.1 
0.750 712.3 680.2 
0.850 751.6 680.1 
1.000 801.0 

0.000 801,0 
0.150 755.1 572.4 
0.300 706.6 573.2 
0.400 671.1 573.2 
0.500 634.0 574.4 
0.525 615.1 572.5 
0.550 802.2 573.1 
0.575 592.1 573.0 
0.575 589.0 572.9 
0,600 576.2 574.0 
0,614 572.9 - -  
0.631 576.6 573.0 
0.650 581.1 572.9 
0.699 594.7 573.1 
0.750 605.1 572.5 
0.800 519.0 572.6 
0.900 638.3 572.3 
1.000 659.3 - -  

0.000 659.3 
0.050 643.4 596.6 
0.150 609.5 597.3 
0.185 597.1 - -  
0.250 661.1 597.0 
0.350 742.8 597.3 
0.450 808.6 597.4 
0.550 855.8 597.4 
1.000 990.0 - -  

Table III. Crystallization temperatures for the system I.iF-LiCI-Lil 

Series  I mole  ratio S e r i e s  I I  m o l e  r a t i o  S e r i e s  I I I  m o l e  r a t i o  S e r i e s  IV  m o l e  r a t i o  S e r i e s  V m o l e  ratio 
L i C h L i I  9:1  L i C h L i I  7:3  L i C l : L i I  1:1 L i C I : L i I  3 :7  L i C h L i I  1:9 

L i F  m o l e  
f r a c t i o n  T e m p ,  ~ 

L i F  m o l e  L i F  mole  L i P  m o l e  
f r a c t i o n  T e m p ,  ~  f r a c t i o n  T e m p ,  ~ f r a c t i o n  T e m p ,  ~ 

L i F  m o l e  
f r a c t i o n  T e m p ,  ~ 

0.000 577.3 
0.100 543.2 
0.200 508.3 
0.250 489.1 
0.300 501.1 
0.350 544.3 
0.400 579.6 
0.500 638.9 
0.600 691.8 
0.700 737.3 
0.800 775.3 
0.900 811.8 
1.000 848.0 

0.000 513.3 0.000 439.8 0.000 388.2 0.000 442.3 
0.100 482.5 0.050 428.1 0.050 370.9 0.100 411.0 
0.150 468.7 0.100 417.8 0.100 380.2 0.200 444.1 
0.200 453.8 0.150 398.8 0.150 383.2 0.300 542.1 
0.250 471.6 0.225 459.6 0.200 439.0 0.482 667.9 
0.300 513.8 0.300 531.2 0.300 533.1 0.500 678.4 
0.400 589.3 0.400 598.0 0.400 606.4 0'.600 737.6 
0.500 650.8 0.500 666-3 0.500 668.7 0.700 766.3 
0.600 700.3 0.600 719.8 0.600 720.5 0.800 796.4 
0.700 745.0 0.700 753.5 0.700 761.2 0.900 821.9 
0.800 782.5 0'.800 786.5 0.800 791.4 1.000 848.0 
0.900 814.2 0.900 816.5 0.900 818.2 
1.000 848.0 1.000 848.0 1.000 848.0 
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Fig. 2. Binary systems NaF-NaCI, NaCI-Nal, NaI-NaF 
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Fig. 3. LiF-LiCI-Lil ternary system 

For  the  N a I - N a F  b i n a r y  system, we found a eutectic 
composit ion of 18.0 m / o  N a F  mel t ing  at  597.1~ Ruff 
and Pla to  (11) r epor t ed  a eutectic t empe ra tu r e  of 
620~ at  a composi t ion of 20 m / o  NaF.  Dombrovskaya  
(12) r epor ted  the eutect ie  at 603~ and 18 m / o  NaF.  

In charac ter iz ing  the  l iquidus  surface for  the  two 
ternary systems, Li (F ,CI , I )  and Na(F ,CI , I ) ,  t e m p e r a -  

N a F  

990.OGC 

. . o , 

mlo N~CI 

Fig. 4. NoCI-NaF-Nal ternary system 

ture-composition data were obtained for various quasi- 
binary  systems wi th in  each t e r n a r y  system. For  the  
Li (F ,  CI, I) system, da ta  were  obta ined for var ious  
LiCl:  LiI  mole  rat ios rad ia t ing  f rom the L i F  corner  of 
the  t e r n a r y  field. The expe r imen ta l  composit ions in-  
ves t iga ted  and the equi l ib r ium t empera tu re s  at  which 
inflections and hal ts  were  observed are  given as Series  
I to V of Table  III .  A contour  d i ag ram of the  l iquidus  
isotherms for the  t e rna ry  system, given in Fig. 3, was 
constructed using the  quas i -b ina ry  systems descr ibed 
in Ser ies  I-V. Simi lar ly ,  for  the  Na(F,CI , I )  system, 
l iquidus-sol idus  t empera tu re  da ta  were  obtained for 
var ious  NaCh NaI  mole  ra t ios  r ad ia t ing  f rom the NaF  
corner  of the t e rna ry  field and are  given as Ser ies  
V I - X  in Table  IV. An  addi t ional  quas i -b ina ry  cross 
section, the  8.5:1.5 mole  ra t io  of NaI -NaF ,  rad ia t ing  
f rom the  NaC1 corner  was s tudied in o rder  to descr ibe  
more  comple te ly  the  a rea  of the  min imum t empera tu re  
in this  system. These da ta  appear  as Ser ies  XI  in 
Table  IV. A contour  d iag ram of the  l iquidus  isotherms 
for the  t e r n a r y  system, given in Fig. 4, was con- 
s t ructed from the  quas i -b ina ry  systems descr ibed in 
Series  VI-XI .  The solid l ine isotherms are  based on ex-  
pe r imen ta l  data,  whi le  the  dot ted  l ine i so therms resul t  
f rom ext rapola t ions  of the  exper imen ta l  data.  

Inspect ion of the  l iquidus  surface for bo th  systems 
indicates  tha t  each is a s imple eutectic wi th  th ree  fields 
of crystal l izat ion,  one for each of the pure  components  
in the  system. The Li (F ,CI , I )  system has a t e rna ry  
eutectic wi th  a composi t ion of 11.7 m / o  LiF-29.1 m / o  
LIC1-59.2 m / o  LiI  mel t ing  at  340.9~ and, for the  
Na(F,CI , I )  systems, a t e r n a r y  eutectic composed of 
15.2 m / o  NaF-31.6 m / o  NAC1-53.2 m / o  NaI  mel t ing  at  
529.4~ was found. 
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Table IV. Crystallization temperatures for the system NaF-NaCl-Nal 

Ser ies  VI  mo le  rat io  
NaCI:~NaI 1:4 

Series VII mole  rat io  
NaCI:NaI 2:3 

N a F  mole  N a F  mo le  
f r a c t i o n  T e m p ,  ~ f r a c t i o n  T e m p ,  ~ 

Ser ies  VI I I  mo le  rat io  
N a C I : N a I  3:2 

Ser ies  I X  mo le  rat io  
N a C l : N a I  7:3 

Ser ies  X mo le  rat io  
N a C I : N a I  4::1 

N a F  mole  N a F  mo le  NaF  mo le  
f r a c t i o n  T e m p ,  ~ f r a c t i o n  T e m p ,  ~ f r a c t i o n  Tern!o, "C 

Ser ies  X I  mole  rat io  
N a I : N a F  8.5:1.5 

NaC1 mole 
fraction Temp, ~ 

0.000 607.3 0.000 579.5 
0.050 603,0 0.050 569.3 
0.100 585.9 0.102 556.2 
0.150 571.1 0.150 539.5 
0.200 597.8 0.200 567.5 
0,250 655.5 0.250 634,2 
0.300 707.9 0,300 688.0 
0.350 735.4 0.350 725.7 
0,400 767.5 0.400 761.5 
0.450 803.4 0,450 793.5 
0.500 835.5 0.500 821.5 
0,550 848.4  0.550 843.8 
1.000 990.0 1,000 990.0 

0.000 668.7 0.000 706,0 
0.050 652,6 0.050 693.3 
0.100 637.1 0,100 688.4 
0,150 623.8 0.149 661.6 
0,200 608.4 0.200 645.2 
0,250 633.0 0,249 626.7 
0.301 669,6 0.300 663.7 
0.349 710.3 0.350 711.0 
0,400 751.7 0.400 738.5 
0.450 778.5 0,450 771.7 
0.500 805,8 0.500 803.6 
0.550 835.5 0.550 828.3 
0.600 855.2 0.600 g52.3 
1.000 990,0 1.000 990.0 

0.000 739.2 
0.050 721.5 
0.100 706.8 
0.150 690.2 
0.199 673.4 
0.250 656.7 
0.300 665.4 
0.350 697.0 
0.400 724.5 
0.450 763.2 
0.500 803.2 
0.550 820.0 
0.600 844.3 
1.000 990.0 

0.000 609.5 
0.151 586.7 
0.250 567.6 
0.350 562.8 
0.450 604.0 
0.550 646.9 
0.650 683.2 
0.750 720.1 
1.000 801.0 
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G a s - P h a s e  E t c h i n g  of  S i l icon W i t h  C h l o r i n e  

J. P. Dismukes *,I and R. Ulmer 

RCA Laboratories, Princeton, New Jersey 08540 

Clean, smooth silicon subst ra tes  a re  of p r ime  im-  
por tance in achieving high qua l i ty  ep i tax ia l  g rowth  
of silicon on silicon. Fo r  this  purpose,  in situ, gas-  
phase etching of silicon subst ra tes  at high t e m p e r a -  
tures  wi th  hydrogen  hal ides  has been ex tens ive ly  in-  
ves t iga ted  (1-7). In  contrast ,  ve ry  l i t t le  work  has 
been repor ted  on etching of sil icon wi th  halogens, and 
the meager  informat ion  avai lab le  (1, 8) suggested that  
these reagents  give only  rough or  p re fe ren t i a l ly  etched 
surfaces. In  this  work,  e tching of silicon surfaces wi th  
di lute  concentrat ions  of chlor ine in he l ium has been 
inves t iga ted  over  the  t empera tu re  range  900~176 
and the surfaces have been s tudied by  scanning e lec-  
t ron microscopy.  The resul ts  showed tha t  chlor ine is 
a more efficient etch than  HC1 and gives smooth sur -  
faces above 1000~ 

Experimental 
Silicon wafers  suppor ted  on a S iC-coated  graphi te  

susceptor were  etched wi th  chlor ine in 10 1/min He 
car r ie r  gas using the quar tz  chamber  of 4 cm 2 cross 
section shown schemat ica l ly  in Fig. 1. The susceptor  
w a s  heated  by  a 5 kW, 450 kHz, Lepe l  RF generator ,  
and t empera tu re  was moni tored  by  an opt ical  p y r o m -  
e ter  ca l ibra ted  at  the  mel t ing  point  of germanium,  
937~ In most cases the  silicon wafers  were  <111>  
orientat ion,  8 mils  thick, low res is t iv i ty  p- type ,  and 
Lus t rox  polished.  

To conver t  t races  of oxygen  in the  U l t r apu r i t y  he-  
l ium to water ,  the he l ium together  wi th  0.1 vol  % 
pa l lad ium-di f fused  hydrogen  was passed through a 
Deoxo purif ier  containing p la t inum catalyst .  The wa te r  
and other  t race impur i t ies  in the  he l ium s t ream were  
removed in a series of two t raps  containing Linde 5A 
and Linde  13X molecular  sieves cooled to l iquid n i t ro -  
gen tempera ture .  P r io r  to etching, the  th in  oxide  layer  
on the silicon was removed by  hea t ing  in pa l l ad ium-  
diffused hydrogen  for  30 min  at  l l00~ Af t e r  swi tch-  
ing to helium, etching was  conducted for about  30 
min at  t empera tu re s  in the  r ange  900~176 and 
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face structure.  

WATER 
OUT 

o o o o o oo Itl 

GAS 
GAS ~ SILICON WAFER m INLET 

I ] REACTION 
I CHAMBER 

RF COIL 
WATER 

IN 

Fig. 1. Water-cooled quartz reaction chamber used for gaseous 
in situ etching of silicon. 

etch ra tes  were  de te rmined  f rom weight  loss using a 
balance sensit ive to 0.01 rag. 

The etched surfaces were  first examined  v isua l ly  and 
by opt ical  microscopy for gross features.  To resolve 
fea tures  of surface morphology  less than  a few mi-  
crons, the surfaces were  s tudied using a scanning elec-  
t ron microscope opera ted  in the  emissive mode (9). 

Results 
Table I gives represen ta t ive  da ta  for etching of s i l i -  

con wi th  chlor ine  in he l ium over  the t empera tu re  
range 900~176 and as a function of concentrat ion.  
These data  show tha t  the etch ra te  var ies  approx i -  
ma te ly  as the first power  of chlorine concentra t ion 
over the  range of condit ions studied. The efficiency of 
the most p robable  etching react ion 

Table I. Etching of silicon with CI2 in helium 

Concert- Etch 
Temp,  trat ion of rate,  

~ C1~,% /~/min Surface appearance  

1100 0.2 1.0 Smooth 
1100 0.6 2.5 Rough, large steps 
1040 0.2 0.87 Smooth 
1000 0.2 0.73 Smooth 
975 0.2 0.69 Smooth, small  steps 
900 0.1 0.25 Rough, large steps, pits 
900 0.2 0.53 Rough, large steps, pits 
900 0.4 1.3 Rough, large steps, pits 
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Si + C h ~  SiCl~ [1] 

is 2% at 900~ and 4% at ll00~ A plot of the etch 
rate for 0.2% Cls as a funct ion of reciprocal tempera-  
ture yields an apparent  activation energy of + 10 kcal /  
mole. 

For 0.2% C12 concentration, smooth, reflecting sur-  
faces were obtained in the tempera ture  range 1000 ~ 
ll00~ For higher concentrat ions of C12 and at tem- 
peratures below 1000~ rough surfaces were obtained. 
As indicated in Table I, the roughness is due to steps 
and pits, examples of which are shown in  Fig. 2 and 
Fig. 3, respectively, for a sample etched at 900~ with 
0.2% C12. The pits (Fig. 2) are about 5g on an edge, 
while the steps (Fig. 3) are about 0.3-0.5g in height 
and 3g in width. In  most exper iments  no other surface 
features were observed. However, in several experi-  
ments  in which leaks occurred, the silicon surface was 
severely roughened and was covered with small  par-  
ticles of carbon, apparent ly  due to the attack of the 
SiC susceptor by  Cle gas in the presence of oxygen 
(10). 

Fig. 2. Scanning electron micrographs at 45 ~ incidence showing 
etch pits on a silicon surface etched with 0.2% CI2 at 900~ 

Fig. 3. Scanning electron micrograph at 45 ~ incidence showing 
step pattern on a silicon surface etched with 0.2% CI2 at 900~ 
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Discussion 
The over-al l  kinetics in a gas phase reactor such 

as that shown in Fig. 1 can be quite complex, since the 
gas stream is not heated un i formly  and since the 
residence t ime in the reactor depends on the gas flow 
velocity. Nevertheless, from exper imenta l  data it is 
often possible to dist inguish one of the following three 
processes (11) as the ra te - l imi t ing  step: (i) t ransport  
of the reactants  to the reaction zone; (ii) diffusion of 
reactants and products to and from the reaction sur-  
face; and (iii) chemical reaction, which includes the 
separate steps of adsorption of reactants  on the sur-  
face, reaction on the surface, and desorption of prod- 
ucts from the surface. For  large flow velocities such as 
employed here, case I can be neglected, so that  the 
problem reduces to dist inguishing between diffusion 
(case II) and chemical reaction (case III)  as the ra te-  
l imit ing processes. 

The rate of gaseous diffusion (12) increases with 
temperature  as T", where n is between 1.5 and 2, 
whereas the rate of etching increases with tempera ture  
approximately  as T 4 in  the tempera ture  range  900 ~ 
ll00~ Therefore diffusion appears not to be rate 
limiting. 

The calculated free energy change (13, 14) for the 
reaction in Eq. [1] at 900~ is --49 kcal/mole,  in con- 
trast  to the observed activation energy of W10 kcal /  
mole determined from the da ta  in Table I. This result  
indicates that  Eq. [1] does not represent  the rate-  
l imit ing step in the attack of silicon by chlorine gas, 
al though it may well  represent  the over-al l  chemical 
reaction. But one of the elemental  detailed steps (case 
III) of the total reaction could be rate l imiting. 

Conclusions 
Chlorine is a more rapid and efficient etch for sili- 

con than hydrogen chloride (7) between 900 ~ and 
ll00~ and gives smooth surfaces above 1000~ for 
concentrat ions ~--1% CI~. Preferent ia l  etching, char-  
acterized by pits and steps, occurs at temperatures  
below 1000~ The ra te - l imi t ing  process in  the attack 
of silicon by chlorine appears not to be diffusion, but  
instead chemical reaction. 
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Mechanism of Cu20 Tarnish Formation on 

Cu/30Zn: A  oCu ~ Tracer Study 

Stuart S. Birley and Desmond Tromans 
Metallurgy Department, University of British Cotumbia, Vancouver 8, British Columbia, Canada 

The mechanism of black tarnish  film formation on 
the surface of alpha-phase copper-based zinc alloys 
immersed in either aqueous ammoniacal  solutions of 
copper sulfate (pH ,~ 7) or concentrated ammoniacal  
solutions containing dissolved copper is uncertain.  It  is 
general ly agreed that  the tarnish is composed pr i -  
mari ly  of Cu20 (1-6). However, it is debatable 
whether  or not the formation of Cu20 proceeds by 
preferential  dissolution of zinc accompanied by solid- 
state diffusion processes to produce Cu20 (7), or 
whether  both copper and zinc atoms are s imul tane-  
ously dissolved with subsequent  deposition of Cu20 
from solution (8). Recent kinetic studies on Cu20 
tarnish formation suggest that  the mechanism involves 
dissolution of copper and zinc atoms followed by dep- 
osition of Cu20 (5). The present  work reports a more 
direct s tudy involving the use of a radioactive copper 
t r ace r ,  29Cu 64. 

Experimental Procedures 
The essence of the present  technique involved the 

formation of Cu20 on alpha Cu-Zn in the presence of 
an ammoniacal  solution of copper sulfate containing 
29Cu 64. Consequently, if CU20 formation entails dis- 
solution of copper atoms from the alloy, and their  sub- 
sequent deposition as Cu20, once these atoms enter  
solution they become chemically indist inguishable 
from the radioactive 29Cu 64 already in  solution. Hence, 
Cu20 formed by deposition should contain a mix ture  of 
both the normal  copper isotopes (29Cu ~ and 29Cu 65) 
and the tracer 29Cu 64, and should be measurably  radio- 
active. 

The tarn ishing solution consisted of 0.04M CuSO4 
and 1.57M (NH4)2SO4 with a pH of 7. This was of simi- 
lar composition to that  used in previous studies (4, 6). 
Two solutions were prepared, one containing the 
radioactive isotope 29Cu 64, and the second a control 
solution containing normal  uni r radia ted  copper. The 
radioactive solution was prepared by i r radiat ing 1.27g 
of coiled copper strip (99.99% puri ty)  for 1 min  in a 
flux of 4.4 x 10 TM thermal  neutrons  �9 cm-~ �9 sec -1 in the 
WR-1 Pneumat ic  Capsule Facil i ty of Atomic Energy of 
Canada Ltd. The irradiated copper was subsequently 
dissolved in  63 cc of boiling 12.8M H2SO4 solution, the 
solution cooled, and neutral ized with 104 cc of 15M 
NH4OH. The volume of the resul t ing solution was 
raised to 500 cc by addition of distilled water  and the 
pH adjusted to 7.0 by addition of 2M NI-I4OH. All  in-  
dividual  solutions were oxygenated prior to final mix-  
ing to prevent  the aging and precipitat ion phenomena 
sometimes encountered in ammoniacal  copper sulfate 
solutions (4, 9). The control solution was prepared in 
an identical manne r  except that  the copper was un -  
irradiated. 

The alpha-brass  employed for the studies consisted 
of Cu-29.38 w/o  (weight per cent) Zn, and was of 

Key words: ammoniacal, dissolution, deposition, irradiation, 
s tress  corros ion .  

identical composition to that used previously (6). The 
actual specimens were in the form of squares of an-  
nealed strip 0.75 mm in thickness and 12 mm square. 
Prior  to tarnishing the squares were  degreased in  t r i -  
chlorethylene, cleaned in 45 v /o  (volume per cent) 
HNO3, washed in distilled water, and allowed to dry. 

Tarnishing was conducted at room temperature  in 
both the radioactive and control solution by placing 
5 squares in a 150 cc aliquot of the active solution and 
5 squares in a 150 cc aliquot of the control solution. 
Immersion time was 15 hr dur ing  which the solutions 
were st irred continuously. This procedure yielded tar-  
nish films of 8~ thickness (as revealed by subsequent  
optical microscopy on sectioned specimens).  After  im-  
mersion, the tarnished squares were removed singly 
from the radioactive solution, agitated vigorously for 
5 rain in fresh distilled water  to remove residues of 
solution, and allowed to dry. In  the case of the non-  
radioactive control solution, 2 tarnished brass squares 
were removed, washed, and dried as before, and 3 
brass squares were removed and fur ther  immersed for 
5 sec in a 150 cc aliquot of fresh radioactive solution 
and again washed and dried in a similar manner .  The 
fur ther - immers ion  t rea tment  allowed radioactive 
solution to penetrate  any pores (1, 5) present  in the 
Cu20 tarnish and facilitated assessment of the residual 
radiation arising from en t rapment  of residues of radio- 
active solution wi th in  such pores. The 5 sec fur ther -  
immersion t rea tment  was of insufficient dura t ion to 
produce appreciable growth of tarnish in the pres- 
ence of the radioactive solution, as confirmed by sub- 
sequent comparison of the tarnish thickness with the 2 
control specimens which did not undergo a fur ther-  
immersion t reatment .  

All  tarnished squares exposed to the radioactive 
solution were sealed in polythene bags and the in-  
tensi ty of the v-radia t ion spectrum of 29Cu 64 deter-  
mined for each specimen. The radiat ion was measured 
with a NaI scinti l lation detector, recorded autograph- 
ically, and tabulated. The area beneath the low energy 
intensi ty  peak of the -~-spectrum (i.e., the integrated 
activity),  corresponding to the 511 keV positron ann i -  
hilation, was taken as a relat ive measure of the 
amount  of 29Cu 64 present  in the Cu20 tarnish film. The 
511 keV was chosen as this is the highest intensi ty  
peak in the spectrum and is more sensit ive to mea-  
surement.  The count corresponding to the area of the 
peak was corrected to a reference t ime as contingency 
for the different degree of radioactive decay in the 
tarnish films dur ing the counting period. 

Observations and Discussion 
An example of the low-energy  -y-spectrum peak for 

a specimen tarnished for 15 hr  in the radioactive solu- 
tion and an example of the same peak for a specimen 
immersed 15 hr in the nonradioact ive control solution 
followed by 5 sec fur ther  immersion in radioactive 
solution are shown in Fig. 1. The 7-radiat ion intensi ty  
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Fig. 1. An example (A) of the low energy 3'-spectrum peak for a 
specimen tarnished for 15 hr in the radioactive solution, and on 
example (B) of the same penk for a specimen immersed 15 hr in 
the unirrodioted control solution fallowed by 5 sec further immer- 
sion in radioactive solution. 

(counts pe r  uni t  t ime)  is p lo t ted  on a log scale and 
it is read i ly  seen tha t  the  area  ( in tegra ted  ac t iv i ty)  
beneath  the  - / -peak of the  cont ro l  specimen is con- 
s iderab ly  smal le r  than  the area  benea th  the  peak  of 
the  specimen exposed to the  rad ioac t ive  solut ion for 
15 hr. This suggests  tha t  the  ac t iv i ty  of the  la t te r  
arises p r inc ipa l ly  f rom the presence of ~sCu e4 chemi-  
cal ly  combined in the ac tua l  Cu20 ta rn ish  and not  
f rom res idues  of 29Cu 64 solut ion en t r apped  in pores  
wi th in  the tarnish.  The correc ted  areas  benea th  the  
v - p e a k  for  a l l  specimens are  shown in Table  I. I t  is 
seen tha t  the  in tegra ted  ac t iv i ty  (counts pe r  minute,  
c.p.m.) of the  v -peak  for  specimens ta rn ished  15 hr  
in the  rad ioac t ive  29Cu 64 solut ion is ~40 t imes  la rger  
than  the in tegra ted  ac t iv i ty  of the v - p e a k  of the  con- 
t ro l  specimens.  Thus, the  resul ts  suggest  tha t  the  
mechanism of Cu20 ta rn ish  fo rmat ion  on a lpha -b ra s s  
in the  presence of aqueous -ammoniaca l  copper  sulfa te  
solutions involves  the  deposi t ion of Cu20 from solu- 
tion. This has f a r - r each ing  impl icat ions  in the  field 
of ammoniaca l  s t ress-corros ion cracking  of a lpha -b ra s s  
where  Cu20 tarnish  films are  bel ieved to p l ay  a role 
(1, 2, 5-7, 10), because the  k inet ics  of s t ress-corrosion 

Table I. Act iv i ty  af  tarnished specimens 

I n t e g r a t e d  a c t i v i t y  o f  
T a r n i s h e d  s p e c i m e n s  3 ' - p e a k  (c .p .m.)  

15 h r  i m m e r s i o n  in r a d i o -  
a c t i v e  sgCu s~ s o l u t i o n  

Spec .  1 2.4 • 10 e 
Spec .  2 3.2 • I 0  ~ 
Spec .  3 2.5 • 10 e 
Spec .  4 1.7 • 10 e 
Spec .  5 2,5 • 10~ 

A v e r a g e ,  2.5 • 10 0 
Con t r o l  s p e c i m e n s  

Spec. 1 3 • I0~ 
Spec. 2 7 • 10 4 
Spee. 3 8 x I0 ~ 

Average, 6 • 10 4 

c.p.m. = counts per minute. 
Control specimen immersed ~or 15 hr in unlrradlaled tarnishing 

solution, followed by further immersion for 5 sec in radioactive 
~Cu e4 solution. 

cracking  m a y  now be  considered in t e rms  of the  
kinetics of the  Cu20 deposi t ion process: 
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Silicate Oxyapatites: New High-Energy 
Storage Laser Hosts for Nd 

R. H. Hopkins, G. W. Roland, K. B. Steinbruegge, and W. D. Partlow 
Westinghouse Research Laboratories, Pittsburgh, Pennsylvania 15235 

Mater ia ls  wi th  the  apat i te  s t ructure ,  space group 
P63/m, are  wide ly  used as f luorescent- ion hosts 
(1 ,2) .  One of these  mater ia ls ,  f luorapat i te  ( F A P ) ,  

K e y  w o r d s :  op t ics ,  f l uo re scence ,  osc i l l a tor ,  r a r e  e a r t h ,  i n f r a r e d .  

Cas(PO4)3F, has  the  highest  long-pulse  efficiency and 
lowest  threshold  of any  known Nd+3-doped  c rys ta l -  
l ine laser  ma te r i a l  (3), p roper t ies  which  are  a t t r ibu ted  
to the  broad  absorpt ion spec t rum and unique  si te  
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symmet ry  of Nd +~ in  the structure. The high gain of 
the FAP: Nd + s laser, al though beneficial in long-pulse 
and CW applications, severely limits its use in Q- 
switched operation, and for this reason we sought 
other apati te varieties in  which the local ionic en-  
v i ronment  of the fluorescing ion (e.g., Nd +~) could be 
altered to enhance the energy storage capabilities 
while still re ta ining the high-efficiency characteristic 
of FAP. 

We developed a series of new hosts, the silicate 
oxyapatites (4, 5). A general  chemical formula for 
these compounds can be wr i t ten  MeLn4(SiO4)30, 
where Me is a divalent  alkal ine earth ion, Mg + 2, Ca + 2, 
Sr +2, etc., and Ln is a t r iva lent  rare earth ion, Y+~, 
La +3, Gd +8, etc. Since a large fraction of the ions in 
silicate oxyapatites are tr ivalent,  doping of these hosts 
with t r ivalent  fluorescing ions should be appreciably 
easier than  in the case of FAP where  charge compen- 
sation must  accompany rare earth substi tut ion for 
calcium (6). We synthesized polycrystal l ine samples 
of various silicate oxyapatites doped with Nd +3 and 
other  activators and grew single crystals of the more 
promising hosts by Czochralski pulling. 

This paper describes the crystal growth, character-  
izes the qual i ty  of the ear ly  crystals, and presents 
typical physical, optical, and laser properties for the 
crystals. For  the sake of brevity, we have chosen to 
discuss only the compounds SrLa4 (SIO4) sO and 
CaLa4(SiO4)~O as representat ive members  of the 
mater ia l  class. 

Reactant mater ial  was prepared from 99.99% pur i ty  
rare earth oxides (American Potash and Chemical 
Co.) and s tandard Luminescent  Grade alkal ine earth 
carbonates (Mallinckrodt) weighed according to the 
stoichiometric formulas. The doping ion, e.g. Nd +8, 
was substi tuted in  oxide form for the rare earth host 
constituent, La +3. Charges were melted by induct ion 
heating in an i r idium crucible protected from oxida- 
t ion by a flowing argon atmosphere. Silicate oxyapa-  
tites melt  congruent ly  and are therefore amenable  to 
growth by the Czochralski method; the pul l ing appa- 
ratus we used is essentially that described by Mazel- 
sky et al. (6, 7). It was sui tably modified with zirconia 
refractories to support the high temperatures  required 
for growth of SrLa4(SiO4)30 and CaLa4(SiO4)80 
(melt ing points about 2180~ by  uncorrected pyrom- 
eter reading) .  Crystals were pulled at rates between 
1 and 5 m m / h r  with crystal  rotat ion in the range of 
70-90 rpm. Crystals as large as 12.5 cm long x 0.64 cm 
diameter  have been grown with Nd +3 doping levels 
as high as 3% of the total (Ca +2 -t- La +z) sites in the 
structure. 

Typical crystals grown in the a or c direction have 
poorly developed facets, and the crystal surfaces are 
somewhat wrinkled.  This may be due to selective 
volati l i ty of one of the components (8), and apparent-  
ly does not  seriously impair  crystal  quality.  By com- 
par ing decay times for Nd +3 measured in polycrystal-  
line samples of known composition with those mea-  
sured for single crystals, as well  as by chemical anal-  
ysis, we place the value of effective distr ibution co- 
efficient of Nd +~ in CaLa4(SiO4)~O, X'Nd, in the range 
0.8-1.0. 

Single crystals of CaLa4(SiO4)30 were studied by 
means of a Buerger precession x - r ay  camera using 
both MoKa and CuKa radiation. The only systematic 
absences are reflections of the type 000/__ with l odd. 
The Laue class is 6/m and diffraction aspect P6~/* so 
that  either P6s or P63/m are possible space groups. 
P6s/m is chosen on the basis of etch pits (see below) 
which clearly show the presence of a mir ror  plane 
normal  to c in the structure.  The relat ive intensit ies 
of spots from single-crystal  x - r ay  pat terns confirm 
that  this silicate oxyapati te is essentially isostructural  
with FAP, although it is unclear  whether  La +3 sub- 
stitutes r andomly  or preferent ia l ly  on either the CaI 
and CaII sites in the fluorapatite structure. Debye- 
Scherrer x - r ay  powder photographs from polycrystal-  
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l ine samples were indexed on the basis of a hexagonal  
cell with dimensions slightly larger than those of FAP. 
The lattice dimensions for SrLa4(SiO4)30 and 
CaLa4(SiOD30 are a : 9.645 ___ 0.003A, c ~- 7.215 • 
0.004A, and a ---- 9.631 • 0.004A, c = 7.133 • O.004A, 
respectively. 

We qual i ta t ively evaluated the perfection of 
CaLa4(SiO4)30 crystals by s tudying etch pit arrays 
on chemically polished surfaces and by Twyman-  
Green in terferometry  wi th  a He-Ne laser. Immers ing 
crystals of CaLa4(SiO4)sO in a fused eutectic mixture  
of NaF and K F  at 350~ produced smooth polished 
surfaces on both a and c faces, though the qual i ty  of 
polish was better  on a faces. Etching crystals with 
aqua regia for 1-3 rain revealed well-defined etch pits 
displaying the symmetry  characteristic of the etched 
face. The etch pit densi ty on the a face of crystals 
pulled in the c direction was about 6 x 104/cm 2. Etch 
pits in FAP correspond to dislocation sites (9, 10) and, 
although we did not verify this for silicate oxyapatites, 
we assume the etch pit densi ty is representat ive  of 
the dislocation content. A T w y m a n - G r e e n  interfero-  
gram (Fig. 1) taken through 4.6 cm of a CaLa4(SiO4)30 
crystal containing 3% Nd +~ (pulled at 5 m m / h r )  
shows approximately seven fringes across a 0.64 cm 
diameter. We consider that  the crystal qual i ty is quite 
good considering that  the rapid growth rate promoted 
the formation of second-phase inclusions along the rod 
center. The circular na ture  of the fringes is not in-  
dicative of a "core" or facet defect, from which the 
crystals are apparent ly  free, bu t  is related to variat ions 
of dopant dis t r ibut ion about the central ly  located in-  
clusions. When viewing crystals in the optical micro- 
scope, we occasionally observed 3-5 ~m sized particles 
having color and shape similar  to i r idium oxide flakes 
(11) which are often present  in h igh-mel t ing  Czoch- 
ra lski -grown crystals. 

We measured the spectroscopic properties of Nd +3 
in polycrystal l ine and single-crystal  silicate oxyapa- 
tite samples. Typically, the p r imary  t ransi t ion at 1.06 
~m is 5O-6OA broad, Fig. 2, and only slightly polarized 
with a = to ~ ratio of about 1.3. The net  radiative 
branching  of 4F3/2 into this t ransi t ion is similar to that  
for F A P : N d  +8 which has a 6A line width and =/~ : 
2.6 (3). The lifetime of the 4F3/2 state of Nd +~ in the 
silicate oxyapatites is 200-250 ~sec at low dopant con- 
centrations. Thus the peak gain per excited Nd +~ ion 
in CaLa4(SiO4)30:Nd +~ and SrLa4(SiO4)30"Nd +3 
should be down by near ly  an order of magnitude,  and 
energy storage capabilities increased by the same fac- 
tor, relative to FAP. Energy storage for Nd+~-doped 

Fig. I. Twyman-Green interference pattern observed with He-Ne 
laser traversing a 4.6 cm length of 3%Nd-doped CaLa4(SiO4)30. 
Crystal is 0.64 cm in diameter. 
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Table I. Comparison of long-pulse laser test data (298~ for various Nd laser hosts 

Fluorescence Dis t r ibu ted  M a x i m u m  Threshold  
Fluorescence l ine w i d t h  R o d  size loss c0effi- slope effi- 99-99% Refl* 

Laser  ma te r i a l  p e a k  (A) (A) (cm) cient  (cm-D ciency,  % (joules) 

CaLa~(SiO4)sO:3% Nd  10,613 ~53  0.64 • 4.6 0.010 1.9 5.5 
SrLa~(SiO4)aO:2% Nd  ~10,580 ~53  0.43 x 7.5 0.016 2.1 3.2 
F A P : 2 %  Nd 10,629 6.6 0.64 x 3.8 0.045 1.53 2 
Y A G : l . 5 %  Nd 10,637 7.1 0.64 • 3.8 0.017 1.05 3.3 

* Both ex te rna l  m i r ro r s  had  99% reflect ivi ty,  peaked  at  1.06 /zm. 

Table II. Physical and optical properties of Nd laser hosts 

Prope r ty  CaLa~(SiODsO:Nd SrLa4 (SiODsO:Nd F A P : N d  Y A G : N d  

Hardness  
Knoop  (100g load) 857 ~ 540 1300 
Moh 7 7 5.5 8 

Me l t i ng  Point  (~ ~2180 2180 1644 1970 
Ref rac t ive  index  

(6328A) no 1.8567 1.7915 1,634 1.83 
ne  1.8227 1.7637 1.631 - -  

sil icate oxyapa t i t e  wi l l  also exceed tha t  of YAG: Nd +a 
but  by  a smal le r  amount  than  i t  exceeds F A P : N d  +3. 

Concentra t ion quenching of Nd + 3 fluorescence is r e l a -  
t ive ly  w e a k  in the  si l icate oxyapa t i t e  specimens we 
have examined.  For  example ,  when  2% Nd +3 is added 
to a crystal ,  the  4Fs/~ l i fe t ime in CaLa4(SiO4)30:Nd +~ 
is reduced by  only  15% from the low concentra t ion 
value.  This fact, combined wi th  the  large  va lue  of 
K'Nd+3 in s i l icate oxyapat i te ,  indicates  tha t  i t  is p rac -  
t ical  to obta in  high laser  slope efficiency in these 
mater ia l s  b y  using high N d  +3 concentrat ions.  

Our  first laser  tests of CaLmi(SiO4)30 and 
SrLa4(SiO4)30 have verif ied for  the  most pa r t  the  
behavior  pred ic ted  f rom our  spectroscopic data.  The 
test setup and methods  used here  were  the same as 
descr ibed in ref. (3), a l though it was not necessary 
to use an aqueous sodium n i t r i t e  solut ion to p reven t  
the coloring of the  si l icate oxyapa t i t e  rods  dur ing  
testing. The resul ts  of long pulse tests  on the  first 
c rys ta ls  g rown and tes ted are  summar ized  in Table  I. 
No a t t empt  was made  to opt imize the  growth  condi-  
t ions or laser  test  se tup to obta in  these data. Whi le  i t  
is difficult to d r aw  direct  comparisons due to the  
var ia t ion  in laser  rod d iameter ,  doping level,  and 
qual i ty  among the hosts, the  h igh  efficiency, r e l a t ive ly  
low threshold,  and low loss coefficient for these ea r ly  
si l icate oxyapa t i t e  c rys ta ls  are  evident .  P r e l i m i n a r y  
tests indicate  that  the  slope efficiency of these lasers  

s0~ 
70: 

50 

SrLa3. gNdo. lISi04) 3 0 
Polycrystalline 
Pumped at 5800~ 
Resolution: 3ZA 

12,000 
Wavetengt h, 

Fig, 2. Emission spectrum of Nd +~ in SrLa4(SiO4)30 
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is essent ia l ly  the  same in the  long-pulse  and Q- 
swi tched modes of operat ion.  

Table  II  summarizes  some of the  o ther  proper t ies  of 
the  si l icate oxyapat i tes ,  pe r t inen t  to laser  performance,  
which we have  measured  to date. The indexes  of re -  
f ract ion were  de te rmined  by  the normal  incidence 
method on s ing le -c rys ta l  wedges  of the  var ious  ma te -  
rials. We find that  the hardness  of si l icate oxyapa t i t es  
lies be tween  those of F A P  and YAG, though closer to 
YAG. Sil icate oxyapa t i t e s  should, therefore,  be much 
more res is tant  to d is tor t ion  and f rac ture  at  high pump 
power  levels  than  is FAP.  
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Sapphi re  has been inves t iga ted  more  ex tens ive ly  
than  magnes ium a lumina te  spinel  as an insulat ing 
subs t ra te  ma te r i a l  for the he te roep i tax ia l  g rowth  of 
silicon (1). This has been due more  to the  commercia l  
ava i l ab i l i ty  of high qua l i ty  flame fusion sapphi re  (2) 
than  to the  inherent  p roper t ies  of the  two mater ia ls .  
The la t t ice  ma tch  be tween  the cubic spinel  and cubic 
sil icon is closer than  the  ma tch  be tween  rhombohedra l  
sapphire  and cubic silicon (3-5),  and the silicon epi-  
t ax ia l ly  deposi ted on flame fusion spinel  has proved to 
be less contamina ted  by  subst ra te  const i tuents  than  
silicon deposi ted on sapphi re  (6). 

The he te roep i tax ia l  g rowth  of silicon on spinel  was 
in i t ia l ly  demons t ra ted  (5) on commerc ia l ly  avai lab le  
flame fusion spinel  wi th  a composit ion of MgO.3.0- 
3.SA12Os. Mate r ia l  of this  composit ion,  however,  is 
uns table  at t empera tu res  commonly  employed  dur ing  
in tegra ted  circui t  processing (7), and therefore  the  
deve lopment  of ep i tax ia l  silicon on the  commercia l  
flame fusion spinel  was not  pursued.  The t he rma l  
s tabi l i ty  of the  flame fusion spinel  has proved to be 
inverse ly  propor t iona l  to the  a lumina  content  wi th in  
the  composit ion range MgO.A1203 to MgO-3.5A1203 
(7).  Unfor tunate ly ,  the  ease of g rowth  has p roved  to 
be  d i rec t ly  p ropor t iona l  to the a lumina  content  (7). 
A workab le  compromise  be tween ease of g rowth  and 
the rma l  s tab i l i ty  has been es tabl ished wi th in  the  com- 
posi t ion range  MgO.1.5A1203 to MgO.2.5A1203 (7,8) ,  
and re la t ive ly  high hole mobi l i t ies  have been real ized 
in silicon deposi ted on this ma te r i a l  (9-11). F l a m e  
fusion spinel  wi th in  this  composit ion range  is not  at 
present  commerc ia l ly  avai lable .  

The s toichiometr ic  (MgO.A1203) flux grown spinel  
(12, 13) has  also been inves t iga ted  as a subs t ra te  
ma te r i a l  (14). A d i sadvan tage  to the  use of the  flux 
spinel  is tha t  it  commonly  contains const i tuents  of the  
flux f rom which i t  was grown. Al though  methods  have 
been developed for  the  r emova l  of the  impur i t ies  (14), 
the  flux spinel  has not  been  emphas ized  for silicon 
subs t ra te  use because of the  inconvenience of using 
these procedures.  In teres t  has r ecen t ly  been renewed  
in the flux spinel  because the  mic rowave  a t tenuat ion  
in this ma te r i a l  is lower  than  in other  mate r i a l s  mea -  
sured to da te  (15, 16). F o r  a n u m b e r  of device appl i -  
cations, it  would  be advantageous  to have  epi tax ia l  
silicon on a mic rowave  de lay  line mater ia l .  

A number  of invest igators  have repor ted  on the  
Czochralski  g rowth  of s toichiometr ic  spinel  (17-19), 
and this  ma te r i a l  has  r ecen t ly  been made  commerc ia l -  
ly  avai lable  (2). There  is l i t t le  informat ion  to be 
found in the  l i tera ture ,  however ,  on the e lect r ica l  
p roper t ies  of sil icon on Czochralski  spinel. 

In  this  communica t ion  the magni tude  of the  hole 
mobil i t ies  before  and af ter  the rmal  oxidat ion  and the 
na ture  of the  film growth  pr ior  to complete  coverage 
of the  subs t ra te  are  compared  in silicon on  flame 
fusion, flux, and Czochralski  spinel.  The character is t ics  
of silicon on spinel  are  also compared  wi th  those of 
silicon on flame fusion sapphire .  

Hole Mobilities in Silicon on Spinel 
The hole mobil i ty ,  which  is h igh ly  dependent  on 

both the  c rys ta l lographic  s t ruc ture  and the  impur i ty  

�9 E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  Member .  
Key  w o r d s :  s i l i con  t h i n  f i lms,  s e m i c o n d u c t o r  t h i n  f i lms,  i n s u l a t -  

i n g  subs t ra tes ,  s i l i con  o n  i n s u l a t i n g  subs t ra tes ,  c h e m i c a l  v a p o r  
depos i t ion .  

content  of the  silicon films, has  been used both as a 
means  to compare  the  qua l i ty  of the  films ep i tax ia l ly  
deposi ted on the var ious  subs t ra tes  and  to ant ic ipate  
the appl icab i l i ty  of the  films in device s tructures.  The 
hole mobi l i ty  is also a s t rong function of the rmal  
t r ea tmen t  and film thickness.  Therefore  the  mobi l i ty  
was measured  in the  as -depos i ted  film and also af ter  
exposure  to d r y  oxygen for 1 h r  at l l00~ This t r e a t -  
ment  is app rox ima te ly  equiva lent  to the to ta l  oxidat ion 
employed  dur ing  the processing of an MOS transis tor .  

[While it  is convenient  and r ap id  to use the  Hal l  
mobi l i ty  to moni to r  the film quali ty,  this  resul ts  in a 
pessimist ic  eva lua t ion  of the  silicon films for use in 
MOS t rans is tor  s tructures.  The field effect mobi l i ty  of 
a comple ted  MOS device is measured  only in ~500A 
of the silicon most  remote  f rom the s i l icon-subs t ra te  
interface.  In  1.5~ th ick  silicon on sapphi re  wi th  hole 
mobil i t ies  ~30% of bulk,  MOS field effect mobi l i t ies  
have  been measured  which a re  --70% of the  values  
measured  in devices fabr ica ted  in bu lk  silicon (20)].  

The thickness  of a l l  the  sil icon on spinel  films dis-  
cussed in this communica t ion  is 1.5 _ 0.1~. Diborane 
di lu ted  wi th  hydrogen  was used as the  dopant  source. 
As-depos i ted  hole concentra t ions  of the  films a re  be -  
tween 1 and 5 x 1018 cm -3. Wi th in  this  range, for  
compara t ive  purposes,  the  differences in the  hole con- 
centra t ions  m a y  be normal ized  by  reference to a curve 
(21) of expe r imen ta l ly  de te rmined  bu lk  silicon hole 
mobi l i ty  vs. hole concentra t ion (i.e., per  cent  of bu lk  
mobi l i ty  values  are  compared) .  The sil icon was de-  
posi ted by  the pyrolys is  of si lane in a hydrogen  am-  
bient,  the  subs t ra te  was hea ted  by  contact  wi th  an 
induct ive ly  hea ted  pyro ly t ic  carbon coated carbon 
susceptor,  and the  growth  ampoule  was wa te r  cooled. 
The film thickness  was measured  both  dur ing  growth  
(22) and af ter  deposi t ion by  in te r fe romet ry .  Detai ls  
of the  appara tus  and procedures  have been prev ious ly  
repor ted  (9). 

The hole mobil i t ies  real ized on flame fusion, flux, 
and Czochralski  spinel  a re  compared  in Table  I. The 
hole mobi l i ty  of 330 cm2/V-sec ( h a  ~-- 1 .8  X 10  I6 c m  - 3 )  

is typ ica l  of m a n y  1.5~ th ick  samples  p r e p a r e d  on 
(111) flame fusion spinel  (9). This film was deposi ted 
at a t empera tu re  of l l00~ and a g rowth  ra te  of 0.8 
~/min. The subs t ra te  was hydrogen  pref i red  for 20 
min at 1150~ to remove  the work  damage  in t roduced 
by  mechanical  polishing. Single c rys ta l  low angle 
e lec t ron diffraction pa t t e rns  are  obta ined  on hydrogen  
etched flame fusion spinel  surfaces. In  this  ca r r ie r  

Table I. Hole mobilities in silicon epitaxially deposited on 
flame fusion, flux, and Czochralski spinel 

Hole  Hole  Pe r  cen t  
T h e r m a l  c o n c e n t r a -  m o b i l i t y ,  o f  b u l k  

S u b s t r a t e  t r e a t m e n t  t ion ,  cm-3 eme/V-sec  m o b i l i t y  

F l a m e  f u s i o n  A s - d e p o s i t e d  1.8 • 10 le 330 100 
MgO �9 2.2AbO~ O x i d i z e d  1.1 • 10 le 320 92 
F l u x  A s - d e p o s i t e d  1.3 • lore 200 58 
MgO �9 AbO3 Ox id i zed  2.8 x 10 le 200 60 
Czoch ra l sk i  A s - d e p o s i t e d  4.2 X 1018 250 80 
MgO �9 A1203 O x i d i z e d  4.2 • 1016 220 70 

D e p o s i t  t h i c k n e s s :  1.5 __~ 0.1/~ 
O x i d a t i o n :  Dry  oxygen ,  1 h r ;  f lame fu s ion - -1200~  f lux  a n d  

Czoch ra l sk i - -1100  ~ C. 
S u b s t r a t e  and  f i lm o r i e n t a t i o n :  (111). 
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concentrat ion range the hole mobili t ies are degraded 
by less than 5%, and the magni tude  of the degradation 
is relat ively insensit ive to the growth rate (9). The 
af ter-oxidat ion hole mobi l i ty  of 320 cm2/V-sec (n~ 
---- 1.1 x 10 TM cm -3) is ~92% of the bulk  reference 
value. 

Using hydrogen etching and deposition conditions 
identical to those used with flame fusion spinel, a hole 
mobil i ty  of 200 cm2/V-sec (n~ = 1.3 x 1016 cm -3) was 
obtained in a 1.5~ thick silicon film on (111) flux 
spinel. F lux impuri t ies  were gettered by deposition of 
silicon, removal, and redeposition of the silicon. The 
hole mobilit ies increased with each deposition to the 
value reported, which is a typical  va lue  after the thi rd  
deposition. The substrate  impur i ty  content  may  also 
be reduced by vacuum firing of the substrate wafers 
(14). The mobilit ies in silicon on flux spinel, wi thin  
this carrier concentrat ion range, are also not signifi- 
cantly degraded dur ing  thermal  oxidation. The after-  
oxidation mobi l i ty  of 200 crag/V-see (ha = 2.8 x 10 TM 

cm -3) represents 60% of the bu lk  reference value. A 
mobil i ty  of 300 cm2/V-sec in a 2~, thick film has been 
previously reported (14). The rela t ively low hole 
mobil i ty  in the 1.5~ thick silicon on flux spinel is 
a t t r ibuted to contaminat ion of the silicon films by 
flux impuri t ies  (lead compounds) from the substrate. 

If the hydrogen prefiring and deposition conditions 
used with flux and flame fusion spinel are employed for 
epitaxial  growth on Czochralski spinel, high resist ivity 
films are obtained. The resistivities are relat ively in-  
sensitive to the amount  of added dopant  (diborane) ,  
and doping levels must  be used which are more than 
an  order of magni tude  greater  than  are required  to 
obtain the same hole concentrat ion in silicon on flame 
fusion spinel. The hole mobili t ies of these films are 
less than  100 cmz/V-sec (n~ ~ 5 x 1016 cm-3) ,  and 
therefore it appears that  the added dopant  is com- 
pensated by, and the mobil i ty degraded by, impuri t ies  
introduced as the result  of interact ion with the sub- 
strate. Similar  properties were obtained using sub-  
strate wafers cut from in-house and commercially 
available (2) Czochralski spinel crystals. 

Silicon gettering procedures employed with the flux 
spinel were not effective in  improving the properties 
of silicon on Czochralski grown material .  After  testing 
a variety of conditions for the growth of silicon on 
Czochralski spinel in  a hydrogen ambient ,  it was found 
that the highest mobilit ies were obtained on substrates 
which had been exposed to a m i n i m u m  of thermal  
treatment.  The highest as-deposited hole mobil i ty  
achieved to date in 1.5~ thick films was 250 cm2/V-sec 
(ha = 4.2 x 1016 cm-3) .  This value decreased to 220 
cm2/V-sec (ha unchanged)  dur ing  thermal  oxidation. 
The af ter-oxidat ion value represents ~70% of the ref-  
erence bu lk  value. I t  has been found that  under  con- 
ditions where thermal  pregrowth t rea tment  in hydro-  
gen of the substrate  must  be minimized, the electrical 
properties of the epitaxial  silicon are highly sensitive 
to small  variat ions in the surface polishing and clean- 
ing procedures. 

Higher hole mobili t ies have been observed in (111) 
silicon on (111) spinel than in (100) silicon on (100) 
spinel (9). But  the mohili t ies of th in  (100) silicon on 
the (1~02) sapphire have been higher  than  in (111) 
silicon on (0001) sapphire (23). After-oxidat ion hole 
mobilit ies of 150 cm~/V-sec (•a = 1 x 10 is cm -3) have 
been typical ly observed in 1.7# thick (100) silicon on 
sapphire (24, 25). 

growth rate of 0.8 ~/min.  Scanning electron micro- 
graphs of the surfaces are shown in Fig. 1. 

The geometry of the incomplete films and the per 
cent of the surface coverage are similar  on the flame 
fusion (Fig. la)  and Czochralski spinel (Fig. lb ) .  The 
most obvious difference between the deposits on these 
two materials  is that  substrate reaction products are 
seen on the exposed areas of the Czochralski spinel. It 
also appears, from the na ture  of the silicon surface, 

Fig. |a-d. Scanning electron micrographs of sillcon after deposi- 
tion for 5 sec at 0.8 /~/min. Magnification IO,O00X, beam sample 
angle 45 ~ Fig. la. On flame fusion spinel. 

Fig. lb. On Czochralski spinel 

Nature of Silicon Growth Prior to Complete Coverage of 
Substrate Surface 

Silicon was s imul taneously  deposited on (111) 
flame fusion and Czochralski spinel and on (1102) 
flame fusion sapphire in a single growth run, and on 
(111) flux spinel in a separate run. The samples were 
all hydrogen prefired, and the silicon was deposited 
for 5 sec under  conditions which give an over-al l  Fig. lc. On flame fusion sapphire 
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Fig. Id. On flux sample 

that  the reaction products have been incorporated 
into the growing film. The difference between the de- 
posits on the flame fusion and Czochralski spinel may 
be seen in more detail  at double the magnification 
and at a sample-beam angle more near ly  normal  to 
the surface (Fig. 2a and b).  The geometry and per 
cent of surface coverage of silicon on flame fusion 
sapphire (Fig. lc) are considerably different. The 
nature  of the incomplete growth on the flux spinel 
(Fig. ld)  is more similar to that  on sapphire than to 
the growth on the other two spinel samples. The ap- 
pearance of the growth on flux spinel and sapphire is 
similar to that observed on flame fusion spinel during 
an earlier stage of growth prior to coalescence of the 
individual  silicon islands. The lack of coalescence on 
the flux spinel can be at t r ibuted to a slight difference 
in growth duration, bu t  the silicon on flame fusion 
sapphire was deposited in the same run  as on the 
flame fusion and Czochralski spinel. Thus it appears 
that, under  the same growth conditions, the surface 
coverage is more rapid on spinel than  on sapphire. 

Scanning electron micrographs are shown of the 
flame fusion (Fig. 3a), and Czochralski spinel (Fig. 
3b), and the flame fusion sapphire (Fig. 3c) after re-  
moval  of the silicon with an aqueous HNO~-HF etch. 

Fig. 2b. On Czochralski spinel 

Fig. 3 a, b, c. Scanning electron micrographs of the substrate 
surfaces after the chemical dissolution of the silicon deposit. Mag- 
nification IO,O00X, beam sample angle 45 ~ Fig. 3a. Flame fusion 
spinel. 

Fig. 2a and b. Scanning electron micrographs of silicon after 
deposition for S sec at 0.8~/min. Magnification 20,O00X, beam 
sample angle 70 ~ Fig. 2a. On flame fusion spinel. Fig. 3b. Czochralski spinel 
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Fig. 3c. Flame fusion sapphire 

The flame fusion substrate has been eroded at work 
damaged areas. This surface is characteristic of a 
hydrogen etched spinel which was not sufficiently 
polished to remove work damage introduced dur ing 
the lapping step. Electron microscopic examinat ion of 
hydrogen fired substrates has been adopted as a means 
to evaluate the mechanical  finishing procedures. 

The surface of the CT.ochralski spinel from which 
the silicon has been removed is uni formly  and rela-  
t ively deeply eroded. The surface of this spinel had 
been polished using the same procedures employed for 
polishing the flame fusion spinel, but  the erosion ap- 
pears to have extended deeper than the work damage. 
The surface of the sapphire is free of work damage 
erosion. Some residues remain on the surface which 
were not removed by the HNOs-HF etch. These resi- 
dues have been identified as highly nonreact ive a lumi-  
num silicates. 

Discussion 
The defect density decreases, but  the impur i ty  con- 

tent  increases, in spinel crystals grown by the three 
methods in the following order: flame fusion - -  Czoch- 
ralski  - -  flux. This is due to the relat ive steepness of 
the thermal  gradient  and the chemical ambient  in 
which the crystals are grown. It is interest ing to note 
that no difference has been observed in the electrical 
properties of silicon deposited on flame fusion and 
Czochralski sapphire (26). The na ture  of silicon on 
sapphire appears to be dominated more by the lattice 
mismatch than  by the defect density of the substrate. 

It has been demonstrated in this communicat ion that  
the properties of silicon on spinel are a strong function 
of the method by which the substrate crystals are 
grown, even for crystals of nominal ly  the same com- 
position. The lattices of the silicon and spinel are more 
closely matched than those of silicon and sapphire, 
bu t  as with silicon on sapphire, the differences ob- 
served in the electrical properties of silicon deposited 
on spinel prepared by the three methods cannot be 
related to differences in the defect densities of the 
substrates. The highest hole mobilities have been 
realized on the relat ively imperfect flame fusion spinel. 
The relat ively low mobil i ty  of silicon on the flux 
spinel can be at t r ibuted to the incomplete removal of 
consti tuents of the flux from the substrate, but  the 
impur i ty  content  of the flame fusion and Czochralski 
spinels is similar. 

The most obvious difference between the Czochralski 
and flame fusion spinel is that  the flame fusion crystals 
used in this study contain a lumina  considerably in 
excess of the stoichiometric composition. I t  is difficult, 
however, to associate the observed mobi l i ty-subst ra te  
effect with the presence of excess alumina.  Both on 
the basis of lattice match and autodoping effects it is 

anticipated that  the electrical properties of epitaxial 
silicon would be degraded with increasing a lumina  
content. The lattice constant  decreases, and the mis-  
match between the spinel and silicon lattice increases, 
with increasing a lumina  content. Since it has been 
demonstrated that silicon deposited on flame fusion 
spinel is less autodoped than silicon on sapphire (6), 
decreasing the a lumina  content  should, if anything,  
lead to a decrease in  the autodoping. Fur ther  evidence 
for the lack of involvement  of the excess a lumina  
p e r  se  is the observation that  different deposition con- 
ditions are required for epitaxial  growth on the two 
stoichiometric materials  (flux and Czochralski), while 
the same conditions may be used to deposit on the 
low-a lumina- r ich  flame fusion and the stoichiometric 
flux spinels. It is evident  from examinat ion  of scan- 
ning electron micrographs of par t ia l ly  covered sub- 
strate surfaces that  a difference in surface chemical 
reactivity is the source of the differences in electrical 
properties observed in silicon on flame fusion and 
Czochralski spinel. The surface react ivi ty  is strongly 
influenced by the thermal  t rea tment  immediately prior 
to epitaxial growth. The highest mobilit ies have been 
obtained in silicon on Czochralski spinel which has 
been exposed to a m i n i mum of annealing,  while opti- 
mum properties are obtained in silicon on flame fusion 
spinel and flame fusion or Czochralski sapphire which 
has been annealed in hydrogen at or above the growth 
temperature.  The surface condi t ioning-ambient -growth  
characteristic relationship of silicon on the Czochralski 
spinel is not well understood and requires fur ther  
study. 

The origin of the difference in the surface reactivi ty 
of the two substrate materials  is not  obvious. Two 
possible sources are proposed. While excess a lumina  
does not degrade the use of spinel as a substrate, it 
is possible that excess magnesia influences the surface 
reactivity (27). The alumina:  magnesia ratio is difficult 
to determine accurately by wet chemical procedures, 
and the lattice constant is insensitive to small devia- 
tions from stoichiometry on the magnesium rich side 
(28). The difference in surface reactivities may also 
be the result  of the differences in the chemical ambient  
dur ing  crystal growth. The flame fusion crystals are 
grown in a highly oxidizing ambient  in the presence 
of water (the reaction product  in a hydrogen-oxygen 
flame), while the Czochralski crystals are grown in a 
dry neutral ,  or slightly oxidizing, ambient.  These con- 
ditions affect the hydroxyl  content  and the arrange-  
ment  of the magnesium and a luminum on the crystal 
lattice sites (7). Both of these factors may have a 
significant influence on the surface reactivity. The 
relat ively high surface react ivi ty of the nominal ly  
stoichiometric Czochralski spinel has been observed 
specifically under  conditions commonly employed for 
the epitaxial  growth of silicon on Czochralski sapphire 
and flame fusion spinel. Crystal growth, surface con- 
ditioning, and epitaxial growth conditions are current -  
ly being sought to suppress the surface reactivity and 
optimize the electrical properties of silicon on Czoch- 
ralski spinel. 
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Any  discussion of this paper  wil l  appear  in a Dis-  
cussion Section to be publ ished in the December  1971 
JOURNAL. 
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The Use of Metal-Organics in the Preparation 
of Semiconductor Materials 

II. II-VI Compounds 

H. M. Monasevit and W. I. Simpson* 
Autonetics Division of North American Rockwell  Corporation, Anaheim, California 92803 

Based on a cont inuing p rog ram to examine  the use 
of meta l -o rgan ics  in the p repara t ion  of films of semi-  
conductor  mater ia ls ,  this paper  descr ibes  the format ion  
of I I -VI  compounds on insula t ing subst ra tes  using this 
approach.  The effort on I I -VI  compounds was first 
unde r t aken  and  successful ly demons t ra ted  severa l  
years  ago in our labora tor ies  and has recen t ly  been 
expanded  to include severa l  addi t ional  I I -VI  com- 
pound materials .  The advantages  of the me ta l -o rgan ic  
approach to semiconductor  format ion  over  other  CVD 
processes have  been demons t ra ted  in pr ior  studies in-  
volving the format ion  and proper t ies  of severa l  epi-  
t ax ia l  ga l l ium-group  V compounds (1-4) and a lumi-  
num-g roup  V compounds (5). For  example,  the process 
requires  only  one hot  t empe ra tu r e  for the format ion  
and growth  of the semiconductor  d i rec t ly  on the heated 
substrate,  it  simplifies the  growth  procedure  for  I I -VI ' s  
considerably,  it  is ha l ide- f ree ,  and  it makes  compound 
semiconductor  film growth  compat ib le  wi th  the equip-  
ment  used for the  growth  of e lementa l  semiconductors.  

The studies wi th  I I -VI  compounds to da te  have been 
l imi ted  to feas ibi l i ty  studies of the  g rowth  process 
and requ i re  fu r the r  invest igat ion for the  opt imizat ion 
of the process; but  wi th  the  increasing in teres t  being 
shown in the area  of photoconductors,  phosphors,  and 
e lec t roluminescent  devices, i t  seems appropr ia te  at 
this t ime to repor t  the successful  use of the me ta l -  
organic technique for the  p repara t ion  of the selenides, 
sulfides, and te l lur ides  of zinc and cadmium. 

The I I -VI  films descr ibed here were  produced by  
react ing d ie thylz inc  (DEZ) or d ime thy lcadmium 
(DMCd) wi th  hydrogen  selenide, hydrogen  sulfide, or 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  words:  he teroep i taxy ,  chemica l  vapor deposit ion,  s ingle  crys-  

tal insulat ing substrate.  

d ime thy l t e l l u r ium (DMT),  using essent ia l ly  the same 
appara tus  prev ious ly  descr ibed (2, 6) for the  fo rma-  
tion of GaAs and other  I I I - V  compounds (Fig. 1). I t  
consists p r inc ipa l ly  of a ver t ica l  60-mm OD quar tz  
reactor  containing a side arm and a center  tube ex-  
tending to about  1-2 in. f rom a ro ta tab le  S iC-covered  
carbon pedes ta l  which  can be hea ted  induct ively;  
s ta inless-s teel  bubblers  containing the l iquid me ta l -  
organic compounds;  appropr ia te  f lowmeters  for moni -  
tor ing  the car r ie r  gas and the H2Se and H2S flows; a 
burn-off  area  for  hydrogen;  and a manifo ld  made  f rom 
1/4-in. s tainless steel tubing.  Provis ions  are  made  for 
evacuat ion of the  appara tus  and reac tor  and for by -  
passing the reactor  and keeping the reac tan ts  separa te  
unt i l  they  are to be mixed  wi th in  the  reactor .  The 
hydr ides  and DMT in a ca r r i e r  gas are  usua l ly  in t ro-  

H 2 BURN OFF 

FLOW METERS 

~-IbAIR 

ID/EWAR ~H2SsR.oF~Rc~Et~ 
k /SUBSTRAIE 

~_~-SiC 
PEDESTAL 

VERTICAL 
REACTOR 

(~c'-t~VACUUM 

Fig. 1. Schematic of CVD apparatus used in growth studies 
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duced into the  reac tor  th rough  the side a rm pr io r  to 
admi t t ing  the  group I I - m e t a l - o r g a n i c  in i ts ca r r i e r  
gas via  the center  tube.  The produc t  of the i r  mix ing  
is then decomposed at  the  hea ted  pedes ta l  to produce  
the I I -VI  compound. Tota l  gas flow ra tes  in the range  
of 2-3 l / r a in  were  used in these exper iments .  

By handl ing  the meta l -o rgan ics  in steel  t anks  and 
using adequate  vent i la t ion,  the  r eac t iv i ty  and toxic i ty  
problems which  are  repor ted  for  the  meta l -o rgan ics  
and hydr ides  are  minimized.  Only  dur ing  the studies 
of te l lu r ide  fo rmat ion  were  ex t ra  precaut ions  in ven-  
t i la t ion considered necessary  to remove  the obnoxious 
odors. 

Mechanica l ly  pol ished wafers  of Verneui l  A12Oz and 
Czochralski  MgA1204 and the na tu ra l ly  occurr ing 
facets  of f lux-grown BeO were  used  as subs t ra tes  af ter  
a thorough degreas ing in t r i ch loroe thy lene  and c lean-  
ing in wa te r  and methanol .  Al though  this c leaning 
process is not considered opt imum, it was sufficient for 
provid ing  the films indica ted  and to establ ish the  
feas ibi l i ty  of the  process. 

Growth  t empera tu re s  at the S iC-covered  pedes ta l  
were  es t imated  by  compar ing  the readings  of an in-  
f r a red  t he rmomete r  wi th  those of an opt ical  p y r o m -  
eter  at pedes ta l  t empera tu re s  grea te r  than  750~ 
(uncorr ) ,  es tabl ishing an average  emiss ivi ty  value  for 
the system, and then  ex t rapo la t ing  the  in f ra red  the r -  
momete r  signal readings  to st i l l  lower  tempera tures .  
The readings  are made  jus t  p r io r  to the ac tual  deposi-  
tion. Deposi t ion t empera tu re s  in these studies were  
va r ied  to accommodate  the  s tab i l i ty  of the  pa r t i cu la r  
I I -VI  compound in Ha or  to be consistent  wi th  o rdered  
growth  and epi taxy.  The t empera tu re s  r epor t ed  should 
not be considered op t imum wi thout  fu r the r  exper i -  
mentat ion.  

IN SEMICONDUCTORS 

Table I. ZnSe epitaxial relationships 
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Substrate sur face  p lane  Para l l e l  p lane  in ZnSe  film 

(0001) AI~O3 (I I I )  ZnSe  
(I123) A I . ~  ( I I I )  ZnSe  
(I014) Al2Os ( 111 ) ZnSe  
(011"2) AI~O.~ (III) ZnSe 
(101-1)BeO (111) ZnSe 
(I01"0) BeO (I0~)) ZnSe 
(0001}BeO (lll)ZnSe 
(111) MgAI.~O~ (111) ZnSe 

The s t ruc tura l  na ture  of the  deposits, which  were  
severa l  microns thick, was examined  first by  v iewing 
them in an opt ical  microscope and then  by x - r a y  
diffraction a n d / o r  e lect ron diffract ion analysis.  Be-  
cause of the p r e l im ina ry  na ture  of these exper iments ,  
no measurements  of the e lect r ica l  p roper t ies  of the  
films were  made.  

Single c rys ta l  films of ZnSe were  grown on single 
c rys ta l  ~-A1203, MgA1204, and BeO at 725~176 by  
decomposing on the hea ted  subs t ra te  the  product  
fo rmed  by  mix ing  DEZ wi th  H2Se. Typica l  ZnSe sur -  
face s t ructures  a re  shown in Fig. 2. Growth  on a num-  
ber  of or ienta t ions  of these subs t ra te  mate r i a l s  sup-  
pl ied the he te roep i tax ia l  re la t ionships  given in Table  
I. These resul ts  are consistent  wi th  the  growth  or ien-  
ta t ions  of GaAs on these subs t ra te  p lanes  (6) and, 
therefore,  suggest  a s imi lar  g rowth  mechanism.  Good-  
man  (7) also obta ined  ( l l I ) Z n S e  growth  on (011-2) 
A1203 but  by  using an evapora t ion  technique.  

The na ture  of the  surface of ZnS growth  on A1203, 
MgA1204, and BeO is recorded  in Fig. 3. Some crazing 
can be observed in the  films grown on (0001)A12Oa 

Fig. 2. ZnSe growth 0.: 
(a) (left) (0001)AI203; (b) 
(center) (1 ! 1)MgAI204; (c) 
(right) (1011)BeO. 

Fig. 3. ZnS growth on 
(a) (left) (0001)AI203; (b) 
(center) (111)MgAt204; (c) 
(right) (10]l)BeO. 
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and (111) spinel. The films were grown at about 750~ 
from DEZ and H2S. 

Single crystal films of ZnTe were produced on A120:~ 
by reacting DEZ with DMT at about 500~ The na ture  
of the surface and a Laue pat tern  of the composite is 
shown in Fig. 4. The growth shown is ( l l l ) Z n T e  on 
(0001)AhO3. 

Replacing the DEZ with DMCd led to the formation 
of the corresponding Cd-group VI semiconducting 
compounds. The overgrowth of the yellow film of CdS 
obtained on (0001)A120~ by reacting DMCd with H2S 
at 475~ is shown in Fig. 5. The order seen in the 
hexagonal  s t ructure found on regions of the substrate 
suggests that  heteroepitaxial  growth was achieved in 
those areas. 

The growth of CdSe on (0001)A1203 also displayed 
a high degree of hexagonal  order (Fig. 6). This dark, 
almost black, film was grown from DMCd and H2Se 
at a pedestal temperature  of about 600~ 

Specular single crystal  films of CdTe were produced 
at about 500~ from DMCd and DMT on several orien- 

Apri l  1971 

Fig, 5. Growth features of CdS on (O00l) AI203 

Fig. 4. (111)ZnTe growth on (0001) AI203; (a) (top) surface 
structure; (b) (bottom) Laue of composite. 

Fig. 6. Growth features of CdSe on (0001)AI203 

tations of A1203, MgA1204, and BeO. Evidence for the 
growth of ( l l l ) C d T e  on (l126)AI2Os is shown in Fig. 
7, in which a hexagonal  and symmetr ical  array of spots 
due to the CdTe are dist inguishable from those due 
to the A1203 substrate, which does not possess this 
predominant  Laue spot configuration. 

Growth studies of the group II tel lurides had not 
been under taken  unt i l  quite recent ly main ly  because 
H._,Te, which might  have been the preferred source of 
tel lurium, was essentially unavai lable  commercially, 
probably because of instabi l i ty  and handl ing difficul- 
ties. Therefore, an al ternate  to H2Te for producing 
group II Te compounds, i.e., a tow molecular  weight  
alkyl telluride, specifically DMT, was obtained and 
used in these studies. Fur ther  studies will  be required 
to determine whether  the alkyl selenium and sulfur 
compounds are to be preferred over H2Se and H2S, 
respectively, in prepar ing the I I -VI  compounds. 

In summary,  the use of metal-organics  for the for- 
mat ion of a n u m b e r  of I I -VI  semiconductor corn- 
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mul t i l aye r  s t ructures  on insula tors  or semiconductors,  
suggest  tha t  the method should be exploi ted  vigorous-  
]y. 
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Fig. 7. Laue pattern for (111 )CdTe growth on (1126)AI203 

pounds on insula t ing subst ra tes  has been demon-  
strated.  The advantages  and ease of this  approach  for 
the format ion  of these compounds,  e i ther  s ingly or in 

A n y  discussion of this  paper  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the  December  1971 
JOURNAL. 
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The Use of Metal-Organics in the Preparation 
of Semiconductor Materials 

III. Studies of Epitaxial III-V Aluminum Compound Formation Using Trimethylaluminum 

H. M. Manasevit 
Autonetics Division of North American Rockwel~ Corporation, Anaheim, California 92803 

In 1968 it was first demons t ra ted  tha t  meta l -o rgan ics  
and hydr ides  can be used successfully in chemical  
vapor  deposi t ion (CVD) processes for  the product ion 
of s ing le -c rys ta l  l ayers  of I I I -V  semiconductor  com- 
pounds (1, 2). GaAs was formed on GaAs, Ge, and a 
va r ie ty  of s ing le -c rys ta l  insulators  such as sapphire  
(A1203), spinel, and BeO by  reac t ing  t r i e thy lga l l ium 
(TEG) or  t r ime thy lga l l ium (TMG) and ars ine (ASH3) 
in H2 at an rf  hea ted  pedestal .  The addi t ion of var ious  
amounts  of phosphine (PHi)  to TMG-AsH3 mix tu res  
led to the  format ion  of s ing le -c rys ta l  films of mixed  
GaAs l -xPx  alloys. GaP was produced by decomposing 
TMG-PH3 mixtures .  G a A s l - z S b x  was produced f rom 
TMG, ASH3, and SbH3 mixtures .  

This new approach to ep i tax ia l  film format ion  e l imi-  
nated many  of the  d rawbacks  of the  usual  two-  or 
t h r ee - t empe ra tu r e - zone  methods  and is also compat -  
ible  wi th  CVD processes used for  the format ion  of 
e lementa l  semiconductors.  

Ra i -Choudhury  (3) has since also used this process 
to produce  films of GaAs on GaAs, and Thomas (4) 
produced s ing le -c rys ta l  GaP on Si by  the the rmal  
decomposi t ion of a gas-phase  mix tu re  of TEG and 
t r ie thylphosphine .  

K e y  w o r d s :  he t e roep i t axy ,  chemica l  v a p o r  deposi t ion,  insu la t ing  
subs t ra tes ,  ga l l ium a l u m i n u m  arsenide ,  a l u m i n u m  arsenide .  

This note repor ts  the  successful use of t r ime thy] -  
a luminum (TMA) in the product ion of s ing le -c rys ta l  
films of AlAs and mixed  I I I -V  a luminum compounds,  
mate r ia l s  of in teres t  for optoelectronic  devices. The 
studies represent  a series of feas ibi l i ty  exper iments  
and are, therefore,  far  f rom complete;  but  the  resul ts  
again demons t ra te  the s impl ic i ty  and f lexibi l i ty  of this 
process for th in-f i lm epi tax ia l  growth.  A schematic  of 
the  appara tus  is shown in Fig.  1. 

OW METERS 

H 2 BURN OFF 

l 
SUBSTRA~ 

R VACUUN 

VERTICAL 
REACTOR 

Fig. |. Schematic of deposition apparatus 
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Fig. 2. The instability of (111) 
AlAs on (0001) AI203 in moist 
air, as followed by reflection 
electron diffraction patterns: 
(left) after 1 min; (center) after 
3 rain; (right) after 6 rain. 

The exper imental  deposition techniques are essen- 
t ially those previously described (2). The TMA was 
kept at ambient  room temperature,  the bubbler  being 
immersed in a dewar containing distilled water. For 
these experiments,  total carrier gas flows of about 
1500 ccpm were used. 

Aluminum Arsenide 
By pyrolyzing TMA and AsH~ in a H2 atmosphere at 

about 700~ single-crystal  films of AlAs have been 
formed on GaAs and on single-crystal  insulat ing sub-  
strates. But  the surface of the AlAs, yellow in th in-  
film form, was found to be unstable  in the laboratory 
atmosphere. The instabi l i ty  of this film (~1 ~m thick) 
was followed by reflection electron diffraction tech- 
niques. The results are recorded in Fig. 2. The pat tern  
shown in Fig. 2 (left) was obtained within  1 min  after 
the composite was removed from the CVD reaction 
chamber. Single-crystal  spots and fairly strong Ki-  
kuchi lines are evident  for this (111) deposit on (0001) 
A1203. This surface appeared stable under  the vacuum 
of the electron microscope. However, after 3 min  of 
its exposure to the laboratory air, the Kikuchi  lines 
had faded [Fig. 2 (center)] ,  the diffraction pat tern  
spots became weaker, and indications of some twin-  
ning were observed. Only very  faint  spots were dis- 
cernible after 6 min  [Fig. 2 ( r ight)] ,  and the single- 
crystal diffraction pat terns  completely disappeared 
within about 10 rain of exposure to the laboratory at-  
mosphere. A back-reflection Laue x - r ay  pat tern  for 
an AlAs film on (0001) A1203 obtained dur ing a half-  
hour exposure is shown in Fig. 3. Two hexagonally 
arranged sets of broad and diffuse Spots are found, 
symmetr ical  to the center of the Laue pattern.  They 
seem to suggest a high degree Of s t rain in the AlAs 
film, which was decomposing at the surface dur ing 
the x - ray  exposure. 

Other means were used for examining the epitaxial  
nature  of the film. This was accomplished by growing 
mul t i layer  heteroepitaxial  films on A12Oa and GaAs, 
i.e., first growing a film of AlAs on the substrate and 
then switching from TMA to TMG and encapsulat ing 
the AlAs film with GaAs. The surface of a ~10.5 ~m 
thick film of GaAs/A1As on (0001) A120~ is shown in 
Fig. 4 ( top);  its back-reflection Laue pattern, Fig. 4 
(bottom).  The surface displays considerable order; 
and, from the paral lel  and t r iangular  structure, one 
might infer essentially a ( l l l ) - o r i e n t e d  overgrowth. 
The Laue pat tern  displays strong spots typical of a 
s ingle-crystal  composite with heavy twinning  present. 

AlAs was then grown sandwiched between GaAs 
grown on A1203 and a final GaAs surface layer. Since 
the surface of a GaAs/A1As/GaAs/(0001)A1203 com- 
posite grown under  essentially the same deposition 
parameters  appeared almost identical to Fig. 4(a) ,  it 
is probable that the AlAs surface is the ( l l l ) " A "  face 
with bonding through As atoms to A1208 and to Ga 
in GaAs, as was suggested by the (111) GaAs/(0001)-  
A120~ studies (2). 

The qual i ty of mul t i layer  growth on bulk  GaAs was 
found to be very surface- and orientat ion-sensit ive,  

the GaAs/A1As appearing to grow better  on (100) and 
(110) than  on the ( l l l ) " A "  face of GaAs. The posi- 
tions of sandwiched 0.8 and 1.5 ~m layers of AlAs were 
revealed by angle- lapping the ( l l 0 ) - o r i e n t e d  I I I -V 
composites with a glycerin-A1208 s lurry  (Fig. 5). 

Aluminum Phosphide 
An at tempt was made to produce AlP by the pyrol-  

ysis of TMA in H2 at 700~ in an atmosphere con- 
ta ining excess P formed by decomposing phosphine 
(PH3). The resul t ing film (~1  ~m thick) was not 
stable in the laboratory atmosphere, even dur ing the 
minu te  it took to t ransfer  the wafer to the electron 
microscope chamber. Reid e t  al. also observed reaction 
at the AlP surface on exposure to moist air (5) for 
films formed at 900~ Some of the unexpected optical 
effects observed by Richman for AlP films (6) may be 
related to this instabili ty.  No at tempt has yet been 
made to encapsulate the AlP with GaAs or GaAs/A1As 
multi layers.  This will  await  future  experimentat ion.  

One exper iment  was performed with the in tent ion 
of forming a GaAs/A1Asl-xPx/A1As/(0001) A1203 
composite. Based on the t ime of deposition, it is esti- 
mated that the approximate thicknesses of the layers 
are 15 ~m GaAs, 3 ~m A1Asl-zPx, and 0.5 ~m AlAs. 
The surface characteristics of this composite film, 

Fig. 3. Back-reflection Laue x-ray pattern for AlAs on (0001) 
AI203. 
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Fig. 4. (Top) Surface structure of 10 ~m GaAs film grown on 
0.3 ~m layer of AlAs on (0001) AI203; (bottom) back-reflection 
Laue pattern for composite. 

shown in Fig. 6, suggest  'a high degree  of o rder  exists  
th roughout  the  mu l t i l aye r  s t ructure .  

GaxAIl-xAs 
Alloys  of GazAl l -~As  were  r e l a t ive ly  easi ly  p r e -  

pared  by  mix ing  different  quant i t ies  of TMA and TMG 
and reac t ing  these wi th  AsH3 at the  heated pedestal .  
Al loys  in the  composi t ion range  Gao.lAlo.gAs to 
Gao.sAlo.~s,  as ana lyzed  wi th  the  e lect ron micro-  
probe, have been p repa red  on A1203 and GaAs  sub-  
s t ra tes  at  700~ 

The effect of a rb i t r a r i l y  changing the f lowmeter  
set t ings of the  H2 ca r r i e r  gas bubb led  through the 
l iquid TMG and TMA on film composi t ion is repor ted  
in Table I. 

Fig. 5. The position of GaAs/AIAs/GaAs interfaces as revealed 
by angle lapping: (top) 0.8 #m AlAs, 7.7 #m GaAs; (bottom) 1.5 
~m AlAs, 4.4 ~m GaAs. 

Figure  7 is the back-ref lec t ion  Laue  pa t t e rn  obta ined 
for a 4.4 ~m th ick  l aye r  of Ga0.sA10.2As on (0001)A12Oz. 
Many of the spots shown can be identif ied as charac-  
ter is t ic  of the al loy film and not  of the substrate.  

S u m m a r y  
The use of me ta l -o rgan ics  for  semiconductor  com- 

pound format ion  has  again  been  demonst ra ted ,  this  
t ime in the format ion  of I I I -V  A1 compounds and the i r  
alloys. T r i m e t h y l a l u m i n u m  was the  source of the A1. 
The  feasibi l i ty  of producing  al loys of the  I I I -V  com- 
pounds  was shown by  reac t ing  AsH3 wi th  var ious  
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Fig. 6. Surface structure of a GaAs/AIAsl-zPx/AIAs/ 
(0001)AI203 composite. 

mixtures  of TMA and TMG, forming Ga~All-zAs, with 
x varying from 0.1 to 0:8. Both A1203 and GaAs sub- 
strafes were used as hosts for the epitaxial  growth of 
these alloys and AlAs. The process is compatible with 
the growth of e lemental  semiconductors and can be 
applied to the formation of various combinations of 
I I I -V compounds. 

Table I. Effect of flowmeter changes on film composition of 
GaxAIz-xAs films grown on AI203 

F i l m  
F l o w m e t e r  s e t t i n g s  Color  of  

( a r b i t r a r y  u n i t s )  t r a n s m i t t e d  
AsHa* T M G *  * T M A  C o m p o s i t i o n  w h i t e  light 

180 1.5 40 Gao.iAlo.gAs O r a n g e  
180 3 22 Gao,-.A1o.sAs R e d - o r a n g e  
150 6 10 Gao.6Alo.4As R e d  

90 10 10 Gao.TA10.~As R e d d i s h  b l a c k  
90 10 3 Gao.sAlo.aAs B l a c k  

* 10% AsH~ in  He. 
** T M G  s t o r e d  a t  0~ 

Fig. 7. Back-reflection Laue pattern for 4.4 ~m layer of 
Gao.sAIo.2As on (0001) AI203. 
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Effect of Nitrogen Purity on the Nitriding of Metals 
Using Purity Controlled Nitrogen 

J. Aubry and R. Streiff *'1 

Laboratoire de Metallurgie et Chimie du Solide associ~ au CNRS, Facultd des Sciences, Nancy, France 

Many studies in the oxidation of metals have shown 
that  the impur i ty  concentration, as low as a few ppm, 
can have considerable influence on the oxidation be- 
havior (1). However, the effect of small  amounts  of 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
1 P r e s e n t  a d d r e s s :  L a b o r a t o i r e  de  C h i m i e  des  M a t ~ r i a u x ,  U.E.R.  

de  C h i m i e ,  U n i v e r s i t ~  d ' A i x - M a r s e i l l e ,  P l a c e  V i c t o r  H u g o ,  Mar se i l l e ,  
F r a n c e .  

K e y  w o r d s :  n i t r o g e n  p u r i t y  i n f luence ,  n i t r i d i n g  k i n e t i c s .  

impuri t ies  in the gas phase has been usual ly  neglected. 
Usually, former investigators only considered very 
high ratios of foreign species in the oxidizing atmo- 
sphere, e.g., steam in oxygen with a part ial  pressure 
close to the water  vapor pressure at room temperature.  
The concentrat ions have to be regarded as gas mix-  
tures rather  than  impurities. If the effect at these 
percentages can be important ,  the effect of smaller  
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amounts  of impuri t ies  in the gas phase (in the ppm 
region) cannot be neglected, especially for very  re- 
active metals. Thus, a former s tudy of calcium ni t r id-  
ing (2) has shown that  the usual  method of removing 
oxygen or water  from ni trogen is ineffective and that  
the kinetics of the reaction can be considerably al- 
tered by residual  traces of those impurities.  This led 
us to perfect a means of preparing pure ni t rogen by 
decomposition of sodium azide. This pure ni t rogen 
was used for n i t r id ing studies, and the results were 
compared with those of n i t r id ing studies which used 
ni t rogen purified in the usual  manner ,  i.e., passage of 
commercial  grade N2 through dryers and cold traps. 
Thus we were able to s tudy the effect of impuri t ies  
on the n i t r id ing kinetics of calcium and magnesium. 

Preparation of Ni t rogen 
The ni t rogen is obtained by decomposition of sodium 

azide under  vacuum as follow 

2NsNa -~ 2Na -}- 3/2N2 

This reaction as ni t rogen supply is well  known (3), 
but no indications are available up to now on the 
pur i ty  of the ni trogen from that  source. 

The generator  is very  simple (Fig. 1). The azide is 
contained in a glass tube  connected to a storage 
volume through a trap filled with glass wool. The 
lat ter  traps the sodium vapors generated by the de- 
composition reaction. A manometer  located near  the 
storage flasks gives the pressure of nitrogen. Finally,  
the assembly is connected to a vacuum system and to 
the n i t r id ing reaction chamber. The whole device must  
be constructed of glass or metal. 

The sodium azide is carefully dried in a dry  box 
and then is outgassed by heating under  high vacuum 
inside the decomposition chamber  at a temperature  
slightly less than the decomposition temperature.  The 
decomposition is ini t iated by  local heating with a 
Bunsen burner .  It  starts at about 275~ Any  later  
purification is unnecessary since the last traces of 
oxygen or water  are removed by  the sodium which 
behaves as a getter. 

The oxygen part ial  pressures were measured with a 
cal ibrated calcia stabilized zirconia galvanic cell. They 
were equal to 10 -6 to 10 -5.6 atm, corresponding to an 
oxygen concentrat ion in the range 1-3 ppm. After  
three decomposition runs, the concentrat ion of residual 
oxidizing impuri t ies  decreased to an average value of 
0.1-0.2 ppm. No traces of CO2, CO, or NH3 have been 
revealed by mass spectrometry analysis. 

In comparison, the ni t rogen purified in the conven-  
t ional manne r  (passed first over copper at 480~ then 
over magnes ium perchlorate and phosphoric acid, and 
finally through a t rap cooled by a mix ture  of dry  ice 
and acetone) contained 100-200 ppm of oxygen. These 
lat ter  values are higher than those determined by 
other studies which used the same procedure (4, 5). 
This lack of reproducibil i ty can be ascribed to the 
joint  tubes of plastic or rubbe r  present  in assemblies 
used for purification of N2 in the conventional  man-  
ner  (4). 

Fig. I. Apparatus: 1, decomposition tube; 2, trap filled with glass 
wool; 3, storage flasks; 4, manometer. 
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Effect of Nitrogen Purity on the Nitriding of Metals 
The most successful application of this ni t rogen 

preparat ion has been the study of the effect of n i t ro-  
gen pur i ty  on the ni t r id ing kinetics of calcium and 
magnesium. 

These studies have been carried out by thermogravi-  
metric measurements .  The reactions were followed by 
recording the weight gains with an automatic MacBain 
microbalance of cylindrical  specimens with approxi-  
mate dimensions 0.5 cm diameter by 2.5 cm. The sur-  
faces of specimens were prepared by mechanical  
polishing. In  the case of calcium, this polishing was 
followed by a h igh- tempera ture  vacuum t rea tment  
with sublimation of a fixed amount  of metal. This 
sublimation t rea tment  involves a controlled break of 
the pre-exist ing oxide film on the surface metal. The 
sublimation of the metal  is permit ted by high vapor 
pressure of calcium at high temperatures  (2). 

The effect of the impuri t ies  in the ni t rogen was de- 
termined by comparison of data from the ni t r iding 
with convent ional ly  purified ni t rogen and from ni-  
t r iding with pure ni t rogen prepared as detailed above. 
Three kinetic parameters  are affected by the presence 
of impuri t ies  in the gas phase: the reaction threshold, 
the rate, and the type of reaction kinetics. 

The ni t r id ing of calcium begins at about 200~ in 
pure ni trogen whereas it commences at room tempera-  
ture in undried commercial  nitrogen. After  a few days, 
such a specimen is covered by a dark scale of ni t r ide 
exhibit ing white spots of hydroxide. The s a m e  be-  
havior can be observed by exposing the sample to the 
atmosphere of the laboratory. It  would appear that  
traces of water  vapor behave as an ini t iator  of the 
reaction probably by t ransformat ion of the compact 
preoxidation film to a porous hydroxide. In  pure ni -  
trogen, calcium remains  bright  indefinitely at room 
temperature.  Identical  observations have been made 
by Fromont  (6) for the n i t r id ing  of l i thium. 

In dry ni t rogen the residual oxygen produces an 
impor tant  reduction in the ni t r id ing rate and even a 
change in the type of kinetics. The results of n i t r id ing 
by dried commercial  ni t rogen and pure ni t rogen are 
shown for calcium at 600 ~ and 675~ and magnes ium 
at 510~ (Fig. 2, 3, and 4, respectively).  The ni t r id ing 
of calcium at 600~ corresponds to the formation of 
the tetragonal  form of the nitride. At this tempera-  
ture the kinetics of n i t r id ing by pure ni t rogen followed 
a parabolic law. Traces of residual  oxygen in commer-  
cial n i t rogen lower the reaction rate considerably 
(Fig. 2). Nitr iding at 675~ corresponds to the for- 
mation of the cubic form of the nitride. In  this case, 
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Fig. 4. Nitriding of magnesium at 510~ curve A, by pure 
nitrogen; curve B, by flowing commercial nitrogen; curve C, by 
static commercial nitrogen in a closed system. 

the react ion ra te  is lower  in the presence of impur i -  
ties, and the  kinet ics  are  also modified. The kinet ics  
pass f rom a l inear  reg ime in pure  n i t rogen to a p a r a -  
bolic regime in commercia l  n i t rogen (Fig. 3). I t  is 
significant tha t  the  fo rmat ion  of the  two c rys ta l lo -  
graphic  forms of calcium n i t r ide  correspond to two 
types  of kinet ics  (2). In  both fo rmer  exper iments  wi th  
commercia l  nitrogen,  the  specimens exhib i t  an inner  
da rk  compact  scale covered by  an ex te rna l  whi te  
porous scale. The compact  scale has been found to be 
ident ical  to the oxyn i t r ide  scale formed dur ing reac-  
t ion of calc ium wi th  air  (7). The whi te  scale is pure  
CaO. On the other  hand, in pure  n i t rogen the product  
of the  react ion is only  n i t r ide  wi thout  any  t races  of 
oxide. I t  therefore  appears  tha t  the  calcium reacts  
p re fe ren t i a l ly  wi th  the  res idua l  oxygen in the  n i t ro-  
gen to form a compact  scale, resul t ing in an impor tan t  
decrease in the  react ion rate.  

This fea ture  is ident ica l  in the case of n i t r id ing  of 
magnesium. In  Fig. 4, two k inds  of exper imen t  for  

n i t r id ing  of magnes ium by  commerc ia l  n i t rogen  are  
shown. The first one (curve  B) was done b y  react ion 
in flowing nitrogen,  the second one (curve C) in a 
closed system. Both involve a significant decrease of 
the react ion ra te  compared  wi th  the n i t r id ing  by  pure  
ni t rogen (curve  A) .  Af t e r  reaction, the specimens ex-  
posed to commercia l  n i t rogen a re  covered by  a double  
scale of an inner  compact  layer ,  ma in ly  of b lack  non-  
s toichiometr ic  oxide, and an outer  porous layer  of 
whi te  MgO (8). Thus, as in n i t r id ing  of calcium, the 
res idual  oxygen in the  n i t rogen reacts  p re fe ren t i a l ly  
wi th  the  meta l  forming a pro tec t ive  l aye r  which  de-  
creases the react ion rate.  This is pa r t i cu l a r ly  evident  
in a c losed-sys tem expe r imen t  whe re  the  react ion 
stops when al l  the in i t ia l  impur i t ies  have been ab-  
sorbed b y  the me ta l  (curve  C) .  F ina l ly ,  the  kinet ics  
of n i t r id ing  of magnes ium b y  pure .n i t rogen  (curve  A)  
show that  subl imat ion  of meta l  occurs s imul tane-  
ously wi th  the surface reaction.  These kinet ics  are 
very  different  f rom those observed in previous  in-  
vest igat ions (9). These la t te r  resul ts  a re  a lways  more  
or less s imi lar  to the  kinet ics  observed here  for  reac-  
t ion of magnes ium wi th  commerc ia l  ni t rogen.  

S u m m a r y  
The p repa ra t ion  of pure  n i t rogen  by  decomposi t ion 

of sodium azide a l lowed a s tudy of the  effect of im-  
pur i t ies  in the gas phase on the n i t r id ing  of calcium 
and magnesium.  It  has been  found tha t  the  res idual  
oxygen in n i t rogen reacts  p re fe ren t i a l ly  wi th  both 
metals ,  and  that  in pure  n i t rogen the  kinet ics  of 
n i t r id ing  of these meta l s  a re  ve ry  different  f rom those 
fo rmer ly  ascr ibed to these reactions.  A wide  range of 
appl icat ions  for this supply  of h i g h - p u r i t y  n i t rogen 
has also been found in n i t r ides  syntheses  (10-12) or 
would  be possible in any react ions  involving ni t rogen 
atmosphere,  such as the  s tudy  of n i t rogen diffusion in 
n i t r ides  by  sol id-gas  exchange method.  

Safety Recommendations 
Drying  and decomposi t ion of sodium azide are  the 

two most  dangerous  steps in this n i t rogen p repara t ion  
technique. A too - rap id  decomposi t ion m a y  involve the 
explosion of the  decomposi t ion tube and pro jec t ion  of 
hot sodium. In o rde r  to p reven t  n i t rogen  ove r -p re s -  
sure, this  tube  is closed at one end by  an e jec table  
glass joint.  Also, the hea t ing  of the decomposi t ion tube  
has to be slow and localized and d i rec t ly  control led  
by the operator .  

Manuscr ip t  submi t ted  Apr i l  20, 1970; revised m a n u -  
scr ipt  received Dec. 17, 1970. 

A n y  discussion of this paper  wil l  appear  in a Dis-  
cussion Section to  be publ ished in the December  1971 
JOURNAL. 
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Chemical Polish and 
Sodium and 

Etch for Lithium, 
Potassium 

R. N. Castellano and P. H. Schmidt 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 07974 

A survey of various alcohols has been made to 
determine the surface conditions that  occur on im-  
mersion of l i thium, sodium, and potassium. Alcohols 
are often used in  the laboratory to polish and etch 
these alkali  metals. Bowers et el. (1) report  that  a 
bath of 98% xylene and 2% isopropyl alcohol is a 
simple method of etching sodium. Grimes (2) notes 
that potassium is etched in a bath of 99% xylene and 
1% isopropyl alcohol. Both solutions require critical 
surface conditions and t iming prior  to and dur ing 
etching before grain boundary  del ineat ion is observed. 
A bath of 2-6% secondary bu ty l  alcohol in xylene has 
been reported to be an effective etch for potassium 
metal  (3-4). 

Other polishes and etches of alkali  metals employ 
the use of chemicals other than alcohols. Methyl  ethyl 
ketone is a satisfactory polish for potassium (5), and 
(1) has reported using diethyl  ether as an etch for 
l i th ium after first polishing the metal  in methanol.  

The surfaces of l i th ium and potassium are polished 
to a high luster  with certain nondi lu ted  alcohols used 
in the survey. Excel lent  grain boundary  del ineat ion 
on the surfaces of l i th ium and sodium is observed 
after only 30 sec. 

The results of this survey indicate that  these al- 
cohols are superior to other chemicals in producing 
a strain free etch and /o r  polish of the alkali metals 
investigated. The surfaces of these metals exhibit  a 
br i l l iant  metall ic luster and are smooth and free of 
pits (minute  indentat ions  of the surface).  These al-  
cohols are now commonly  used in the preparat ion of 
bu lk  samples of l i thium, sodium, and potassium for 
the investigation of certain phenomena such as con- 

K e y  w o r d s :  a l k a l i  m e t a l s ,  alcohols,  

duction electron spin resonance (CESR) and cyclotron 
resonance. 

Method 
Lithium, sodium, and potassium were cut under  

minera l  oil with a razor blade and were then  placed 
in heptane to dissolve the oil and  prevent  oxidation of 
the meta l  by moist air. After immersion in  the alcohol, 
the metal  was taken directly to a beaker  of te t rahy-  
drofuran in order to stop the reaction and to dissolve 
the alkali metal  alcoholate (alkoxide) which formed. 
The following reaction occurred 

ROH + M -* RO-+M -P I/2H2 [i] 
alcohol metal alcoholate 

The reaction of the alkali metals with alcohols de- 
creased with increasing molecular weight of the al- 
cohol due to the decreasing solubility of the alcoholate 
in the alcohol. 

The metal was placed in a petri dish containing 
tetrahydrofuran and observed visually and then opti- 
cally with a microscope. 

The surface conditions of lithium, sodium, and po- 
tassium observed after immersion in the alcohols used 
in this invest igat ion are explained in Table I. 

Results 
The best polish (the removal  of mater ia l  due to the 

nonpreferent ia l  cutt ing of the various {hkl} planes) 
for l i th ium is obtained using methanol.  2-Propanol  is as 
effective as ethanol to produce a br i l l ian t ly  polished 
surface on potassium. The reaction is less rapid with 
2-propanol, however, and there is less r isk of an  ex-  
plosive reaction. 

Table I. Surface conditions observed after immersion in alcohols 

Alcoho l  u s e d  L i t h i u m *  S o d i u m  P o t a s s i u m  

M e t h a n o l  S u r f a c e  h a d  a h i g h  l u s t e r  a n d  w a s  G r a i n  b o u n d a r y  d e l i n e a t i o n  w a s  ob -  V i o l e n t  r e a c t i o n  
CI-I~OH s m o o t h  a f t e r  30 sec  s e r v e d .  S o m e  {hkl} p l a n e s  b r i l l i a n t ,  
M W  32.04 s o m e  dul l ,  b u t  al l  a r e  p i t t e d  
E t h a n o l  G r a i n  b o u n d a r y  d e l i n e a t i o n  w a s  o b -  G r a i n  b o u n d a r y  d e l i n e a t i o n  w a s  ob- 
CHzCH~OH s e r v e d  a f t e r  30 sec.  S o m e  {hkl} p l a n e s  s e r v e d .  S o m e  {hkl} p l a n e s  b r i l l i a n t ,  
M W  46.05 b r i l l i a n t  a n d  s m o o t h  s o m e  dul l ,  b u t  al l  a r e  p i t t e d  
2 - P r o p a n o l  G r a i n  b o u n d a r y  d e l i n e a t i o n  w a s  o b -  G r a i n  b o u n d a r y  d e l i n e a t i o n  w a s  ob -  
CK~CHOHCH3 s e r v e d  a f t e r  30 see.  M o s t  {hkl} p l a n e s  s e r v e d .  S o m e  {hkl} p l a n e s  b r i l l i a n t ,  
M W  60.10 dul l  s o m e  dul l  
3 - P e n t a n o l  S u r f a c e  b e c a m e  b l a c k  a f t e r  30 sec  e v e n  G r a i n  b o u n d a r y  d e l i n e a t i o n  w a s  ob -  
CH~CH~CHOHCH~CH~ a f t e r  p r e l i m i n a r y  m e t h a n o l  po l i sh  s e r v e d  a f t e r  30 sec.  A l l  {hkl} p l a n e s  
M W  68.15 b r i l l i an t ,  b u t  r a z o r  m a r k s  st i l l  o b s e r v e d  
1 - H e p t a n o l  S u r f a c e  b e c a m e  dul l  a f t e r  30 sec  e v e n  G r a i n  b o u n d a r y  d e l i n e a t i o n  w a s  ob -  
CHs(CH~)~CH,OH a f t e r  p r e l i m i n a r y  m e t h a n o l  p o l i s h  s e r v e d  a f t e r  30 sec.  M o s t  {hkl} p l a n e s  
M W  116.20 b r i l l i an t ,  b u t  al l  a r e  p i t t e d  
1 - O c t a n o l  S u r f a c e  b e c a m e  du l l  a f t e r  30 see  e v e n  G r a i n  b o u n d a r y  d e l i n e a t i o n  w a s  o b -  
CH3(CH~)oCH2OH a f t e r  p r e l i m i n a r y  m e t h a n o l  po l i sh  s e r v e d  a f t e r  30 sec.  A l l  {hkl} p l a n e s  
M W  130.23 w e r e  du l l  a n d  p i t t e d  
2 - O c t a n o l  S u r f a c e  b e c a m e  dul l  a f t e r  30 sec  e v e n  G r a i n  b o u n d a r y  d e l i n e a t i o n  w a s  ob -  
C H 3 C H O H ( C H D s C H ~  a f t e r  p r e l i m i n a r y  m e t h a n o l  po l i sh  s e r v e d  a f t e r  30 sec.  Al l  {hkl} P l a n e s  
M W  130.23 w e r e  du l l  a n d  p i t t e d  
2 , 4 - D i m e t h y l p h e n o l  S u r f a c e  b e c a m e  d a r k  a f t e r  15 sec  e v e n  S u r f a c e  b e c a m e  du l l  a n d  p i t t e d  a f t e r  
(CI-Is)~C~H~OH a f t e r  p r e l i m i n a r y  m e t h a n o l  p o l i s h  30 see  
M W  122.17 
N o n y l  S u r f a c e  b e c a m e  d a r k  a f t e r  15 sec  e v e n  G r a i n  b o u n d a r y  d e l i n e a t i o n  w a s  ob -  
CI~h(CH2)~CH2OH a f t e r  p r e l i m i n a r y  m e t h a n o l  po l i sh  s e r v e d  a f t e r  30 sec.  M o s t  (hk l}  p l a n e s  
M W  144.26 b r i l l i a n t  a n d  s m o o t h  
a - P r o p y l b e n z y l  S u r f a c e  b e c a m e  d a r k  a f t e r  15 s e c  e v e n  G r a i n  b o u n d a r y  d e l i n e a t i o n  w a s  ob -  
C~dFIsCHOH(CH~)~CH8 a f t e r  p r e l i m i n a r y  m e t h a n o l  p o l i s h  s e r v e d  a f t e r  30 see~ S o m e  (hkl}  p l a n e s  
M W  150.22 b r i l l i a n t  
p - i s o - p r o p y l b e n z y l  S u r f a c e  b e c a m e  d a r k  a f t e r  15 sec  e v e n  G r a i n  b o u n d a r y  d e l i n e a t i o n  w a s  ob -  
(CHa)2CHCoH4CH~OH a f t e r  p r e l i m i n a r y  m e t h a n o l  p o l i s h  s e r v e d  a f t e r  30 see.  S o m e  {hkl} p l a n e s  
M W  150.22 b r i l l i a n t  
a , a - D i m e t h y l p h e n e t h y l  S u r f a c e  r e m a i n e d  b r i l l i a n t  f o r  s e v e r a l  S u r f a c e  b e c a m e  d a r k  a f t e r  30 sec  
(CI-I3)2COHCH~.C6H~ r a i n  a f t e r  p r e l i m i n a r y  m e t h a n o l  p o l i s h  
M W  150.22 

S u r f a c e  b r i l l i a n t  a n d  s m o o t h  
a f t e r  3 sec  

S u r f a c e  b r i l l i a n t  a n d  s m o o t h  
a f t e r  10 sec  

S u r f a c e  b e c a m e  dul l  a f t e r  30 
see  

S u r f a c e  b e c a m e  dul l  a f t e r  30 
sec  

S u r f a c e  b e c a m e  d u l l  a n d  
p i t t e d  a f t e r  30 see  

S u r f a c e  b e c a m e  dul l  a n d  
p i t t e d  a f t e r  30 sec  

S u r f a c e  b e c a m e  dul l  a n d  
p i t t e d  a f t e r  30 sec  

S u r f a c e  b e c a m e  dul l  a n d  
p i t t e d  a f t e r  30 sec  

S u r f a c e  b e c a m e  dul l  a n d  
p i t t e d  a f t e r  30 sec  

S u r f a c e  b e c a m e  dul l  a n d  
p i t t e d  a f t e r  30 sec  

S u r f a c e  t u r n e d  p u r p l e  a f t e r  
30 see  

* I m m e r s i o n  of  l i t h i u m  m e t a l  in  m e t h a n o l  w a s  r e q u i r e d  to  r e m o v e  t h e  o x i d e  l a y e r  p r i o r  to  i m m e r s i o n  i n  t h e  h i g h e r  m o l e c u l a r  w e i g h t  
a lcohols ,  
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Bowers et al. (1) reports that  the reaction rate for 
the chemical etch (the removal  of mater ia l  due to 
the preferent ia l  cut t ing of the various {hkl} planes) 
for sodium requires several  minutes.  Superior  results 
are obtained using nony l  alcohol, and excellent grain 
boundary  delineation is observed after 30 sec. Ethanol  
is a very effective etch for l i thium. 

Conclusion 
A survey of various alcohols has been made to 

determine the surface conditions that  occur on immer-  
sion of l i thium, sodium, and potassium. Only a few 
seconds are required to polish the surfaces of l i th ium 
and potassium to a high luster  using methanol  and 
2-propanol  respectively. Excellent  grain boundary  de- 
l ineation on the surfaces of l i th ium and sodium is 
observed after immersion of the metals in ethanol 
and nonyl  alcohol respectively for 30 sec. The results 
of this survey indicate that  these alcohols are superior 

to other chemicals in producing a br i l l iant  polish 
and /o r  etch of the alkali metals investigated. 

Manuscript  submit ted Sept. 25, 1970; revised manu-  
script received Dec. 9, 1970. 

Any  discussion of this paper will  appear in  a Dis- 
cussion Section to be published in the December 1971 
JOURNAL. 
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The Role of Homogeneous Reactions in Chemical 
Vapor Deposition 

Karl J. Sladek 
Department of Chemical Engineering and Electronics Research Center, 

The University of Texas, Austin, Texas 78712 

Chemical vapor deposition (CVD) finds increasing 
use in the fabrication of thin films for solid-state de-  
vices, as well as films for optical and protective coat- 
ings. For  all of these applications, control of stoi- 
chiometry and s t ructure  is essential. A knowledge of 
the detailed mechanism of CVD would be very helpful  
in devising means to control these critical properties. 

Most previous investigators of CVD processes have 
assumed that deposition reactions are heterogeneous; 
that  is, they occur as catalytic reactions in an adsorbed 
layer  on the surface of the growing film. In terpre ta-  
tions of CVD have accordingly been based on hetero- 
geneous models. For  example, Joyce and Bradley (1) 
discuss their  measurements  on epitaxial  Si growth 
from Sill4 in terms of a catalytic mechanism. 

There is, however, a large body of evidence which 
suggests that  homogeneous reactions play an impor tant  
role in CVD. The purpose of the present  work was to 
evaluate the possible importance of homogeneous re-  
actions in CVD. Some quali tat ive evidence for homo- 
geneous reactions is described next. 

Evidence for Homogeneous Reactions 
It is helpful  to consider first the effect of tempera-  

ture  on homogeneous and heterogeneous reactions. 
One useful  rule, which appears to be rather  general ly 
true, is that  a catalyst serves to lower the activation 
energy, E, of a reaction. This suggests that  hetero-  
geneous reactions are favored at lower temperatures,  
while homogeneous reactions are favored at higher 
temperatures.  For  the m a n y  CVD reactions that  take 
place in the neighborhood of 1000~ one might ex- 
pect a priori that  homogeneous reactions would be 
favored. 

The nonspecificity of substrates for CVD reactions 
should also be mentioned. By analogy with most cata-  
lytic reactions, one would expect that very  few ma-  
terials would serve as effective catalysts for a par t icu-  
lar reaction under  a given set of conditions. However, 
it is found in a var ie ty  of CVD experiments  that  solid 
product is deposited not only on the substrate but  also 

K ey  words:  chemical  vapor  deposition, homogeneous  react ion 
model,  Sie2~14, thin films. 

on all hot surfaces which are exposed to the reactant  
stream. This observation is significant only for the 
very early stages of growth, since, after a coherent 
film has appeared, the reactants  are exposed only to 
the surface of the deposited material.  However, if no 
homogeneous formation of product  occurred, then 
growth could not be init iated on noncatalyt ic  sub-  
strates. 

Regarding exper imenta l  evidence, m a n y  invest i -  
gators have observed formation of a solid precipitate 
in the gas phase above a heated substrate. For  ex- 
ample, Joyce and Bradley (1) observed that  precipita-  
tion of Si particles was favored by  high Sill4 pressures. 
Schaffer (2) reports that the use of lower operating 
pressures prevented formation of A1203 particles dur -  
ing CVD of that  mater ial  from A1C13-H20 mixtures.  
Grieco, Worthing, and Schwartz (3) observed the pre-  
cipitation of NH4C1 on the cold wall  of a reactor dur -  
ing a s tudy of the growth of Si3N4 from SiC14-NH3 
mixtures  on a hot Si substrate. Evidently,  the NH4C1 
was formed as an intermediate  or byproduct  in a 
homogeneous reaction. A similar effect was noted by 
Joyce and Bradley (1), who observed very  th in  films 
of product on the cold walls of their  reactor. 

All  of these observations can be explained by as- 
suming that  the reaction occurs in the gas phase and 
that the product then diffuses to the substrate and 
forms a film, or instead condenses in the gas phase 
to form powder. 

Homogeneous Reaction Model 
The features of a homogeneous CVD reaction can 

best be considered by t reat ing the l imit ing case 
wherein  the substrate is completely noncatalyt ic  and 
serves only as a site for condensation of the solid 
product, S. For  this case, single molecules of S, de- 
noted as $1, will be formed by  the gas phase reaction. 
If a hot substrate  is exposed to a cold reactant  stream, 
as is usual ly  done, then the reaction zone in which $1 is 
formed wil l  be localized in a thin region very near  
the hot substrate;  most of the $I will  then diffuse to 
the substrate and undergo condensation to form a film. 
There is, however, a competing process which can 
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cause powder formation in the gas phase. If the gas 
phase concentrat ion of $1, which will be called C1, 
becomes too large, then the rate of St-St  collisions 
wil l  become appreciable. This will  lead to the forma- 
tion of polymers, $2, $3, . . .  Sn, in the gas phase, or, in 
other words, to powder formation. 

For the case of a single gaseous reactant, A, these 
two processes are summarized as follows 

Diffusion to substrate 
Homogeneous ~ Film 
reaction g)// 

A (g) ) Sl ( 
[1] 

' ~  Self-collisions 
$2,S'~ . . . .  Powder  

To quant i fy  this model, a paral le l  flow geometry is 
chosen as shown in Fig. 1. Gas at velocity, v, and en-  
trance temperature,  T=, flows along the substrate, 
which is mainta ined at temperature,  To. Heat t ransfer  
occurs, producing a tempera ture  field, T(x , y ) .  Product  
molecules, St, are produced in the gas phase at a local 
rate depending on T(x , y ) .  Once formed, Sz can dif- 
fuse in the - -x  direction toward the substrate, or can 
accumulate along the y direction, or, if CI becomes 
large enough, SI dimerizes to $2 (concentrat ion C2), 
and addition of fur ther  molecules eventual ly  pro- 
duces powder particles in the gas phase. A mater ia l  
balance on $1 follows. 

Production = Diffusional Transport  -t- Accumulat ion 
+ Condensation to Powder 

02Cz 0C1 
k ' e  - E / R T ( x , ~ )  : - - D - - ~  V .  

OX 2 Oy 
-I- kllC12 -~- k12C1C2+ . . .  [2] 

The production term consists of a reactant  concentra-  
tion dependent  function, k', and an Arrhenius  function 
with activation energy, E. The diffusional t ransport  
term represents the rate of change of the flux of $1 
with x. The powder condensation terms represent col- 
lisions of St with S1, with $2, and so on. As this equa-  
tion is ra ther  complicated in its original form, some 
simplifications are in order. 

The funct ion k' depends on reactant  concentrat ion 
CA. To simplify the equation, only situations in which 
CA is constant for all x and y are considered here. This 
applies to cases in which the fractional conversion of 
A is small and the mass t ransfer  coefficient of A is 
large. To evaluate the accumulat ion term, v OCt/Oy, an 
approximate boundary  layer analysis was carried out, 
and this term was found to be negligible. Neglect of 
this t e rm amounts  to a s teady-state  approximation.  The 
concentrat ion of St is always very  small; the St that  
is formed at a point either diffuses away or undergoes 
condensation to powder. 

The powder condensation terms involve polymers Sn 
with n = 1, 2 . . . . .  Material  balances can be wri t ten  for 

Substrote 

X 

Feed Gos, Too 

Fig. i. Coordinate system 
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diffusion and growth of every Sm but  this leads to a 
very complicated set of equations. A considerable 
simplification is achieved by including only the te rm 
for formation of dimers, $2. Qualitatively,  when  dimers 
have been formed, they wil l  diffuse more slowly than  
$1, since they are larger, but  they wil l  grow more 
rapidly than $1, again because they are larger. For  
this reason, it is suggested that  if the dimerization rate 
becomes significant, not only dimers but  also solid par-  
ticles will  be found. 

With these simplifications, Eq. [2] becomes 

d2C~ 
k ' e  - E / R T ( z )  - -  - - D  '-~- kl lCl  2 [3] 

dx  2 

The boundary  condit ion at the substrate is C1 = 0 at  
x = 0. This condition assumes that  the growing film 
is sufficiently refractory that  it exerts a negligible 
vapor pressure; that  is, every molecule of $I that  ar-  
rives at the film sticks to it. A similar assumption 
allows the calculation of ktl from a hard sphere kinetic 
theory model; it is assumed that S1-St bonds are suffi- 
ciently strong that  $2 has no tendency to dissociate. 
The "critical nucleus" is then just  one molecule and 
every St-St  collision results in dimerization. The rate 
of removal  of $1 is then twice the $1-$1 collision 
rate 

( 4 ~ k T ' )  1/2 
k t 1 : 2  x ~ /  ~2 [4j 

where a is the collision diameter of $1 
The parameter  of most interest  is the film growth 

rate, which is equal  to the flux of S1 at the wall, Jo 

J o : D  \ ~  x=0 

As is shown presently, Jo depends on the tempera ture  
gradient  at the substrate, To' 

dT [6] 
Tot = ~ x=O 

This quant i ty  depends on the fluid mechanical  and 
thermal  properties of the flow and can be calculated 
by we l l -known methods; an example is given later. 

Equat ion [3] now applies to each point, y, along the 
substrate. Normal  to each point  there is a gas phase 
tempera ture  distribution, T ( x ) .  However, as pointed 
out earlier, the reaction rate is localized very near the 
substrate because the Arrhenius  term varies so steeply 
with temperature.  This allows l inearization of T ( x )  
and 1/T (x) near  x = 0, with li t t le loss of accuracy. 

. . . .  1 + x [7] 
RT (x) RTo 

The relat ive importance of film condensation and 
powder formation can be shown by incorporat ing Eq. 
[7] and convert ing Eq. [3] to dimensionless form using 
the following definitions 

( 

Y --= C1 [9] 
ko 

ko - k ' e  -E/Rr~ [10] 

The result ing equat ion is 
d2Y 

e - x  : -- ~ -t- M Y2 [11] 
dX2 

kokll 
M - [12] 
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Jo 

(log scale) 

I / T  o 

F~g. 2.|nterpretofion of growth rate curves 

All the physical parameters  now appear in  the single 
dimensionless group, M. The size of M determines the 
importance of powder formation. 

A typical growth ra te - tempera ture  curve is sketched 
in Fig. 2, along with the in terpre ta t ion  of the present  
model. At low temperatures,  M is small  and powder 
formation is negligible. For this condition, solution of 
Eq. [11] wi thout  the last te rm gives 

kO 
Jo = [13] 

As To increases, M increases rapidly un t i l  the rate of 
dimerization becomes comparable with the rate of film 
formation. Dimers are followed by larger clusters, and 
at higher M most of the reaction product is in the 
form of particles ra ther  than  film. The t ransi t ion from 
film to particle formation occurs ra ther  suddenly at a 
critical value, M* (with associated values, Jo* and  
To*), which is taken to be the point at which the curve 
begins to deviate from a constant  slope. The exact 
value of M* has not  been determined,  bu t  approximate 
solutions to Eq. [11] indicate that  M* is of order unity.  

Subst i tut ing Eq. [13] into Eq. [12] gives the l imit ing 
film growth rate Jo* above which particle formation 
becomes impor tant  

Jo* = M* [14] 
k l l  (To*) e 

Since the purpose of a CVD process is to grow a film, 
the value of Jo* represents  an approximate upper  l imit  
on the useful growth rate. From the form of Eq. [14] 
one can predict, for example, that  Jo* can be increased 
by increasing the diffusivity of $1 through the gas mix-  
ture; D would be increased, for example, by lowering 
the total pressure. 

In  order to test Eq. [14], several sets of Si3N4 growth 
rate data were interpreted as shown in  Fig. 2. An ex-  
ample calculat ion is described in the Appendix.  Cal- 
culated results are given in Table I. 

Comparison of Jo* with the last quant i ty  in Table I 
shows agreement  with Eq. [14] to about an order of 
magnitude,  if M* is t aken  to be unity.  However, the 
values of Jo* cover less than  an order of magni tude  
and, consequently, this is not a very  strong test of the 
equation. Considering the uncertaint ies  required in 
all the estimates, the agreement  is at least encouraging. 

Discussion 
I t  has been suggested that  homogeneous reactions 

often play an impor tant  role in CVD processes. A 
quant i ta t ive  model was developed for the l imit ing case 
in which reaction occurs only  in  the gas phase. After  
some simplifications and approximations,  it was shown 
that the relative importance of film vs.  powder for- 
mat ion is controlled by a dimensionless group con- 
taining all the physical parameters of the system. 
Literature values of maximum film growth rates of 
Si3N4 showed order of magnitude agreement with 
the predicted behavior. 

CVD processes can be expected to cover a broad 
range, including completely homogeneous, completely 
heterogeneous catalytic, and intermediate or mixed 
mechanisms. It is likely that many of the CVD proc- 
esses which have previously been assumed to arise 
from heterogeneous catalytic reactions are, in fact, 
the result of homogeneous reactions. The present work 
provides one means of evaluating this possibility. 

APPENDIX 
As a sample calculation, use of the data of Chu, Lee, 

and Gruber (5) is described. Curve A in Fig. 2 of 
that reference gives a value of Jo* of 250 A/rain at 
103/To * of 0.85. Converting the units using the ob- 
served product density of 2.8 g/cm 3 gives 830 x 10 -12 
moles/cm2-sec. To estimate k11, Eq. [4] was used, with 
a collision diameter for Si3N4 of 5.06A, which was es- 
timated from the density (3.44 g/cm 3) of the crystal- 
line solid. The same type of estimate of # is incorpo- 
rated into the Gilliland Equation (7), which was used 
to find D, the diffusivity of Si3N4 in NH3. Since D and 
k11 are both relatively insensitive to temperature, a 
fixed value of 1000~ was used in these calculations. 

The temperature gradient at the surface, To', was es- 
timated using known results for heat transfer in lami- 
nar boundary layers (8). Using the reported reactor 
size and gas flow rate (5) and estimates of properties 
of NH~ at 1000~ (7), the Reynolds Number was esti- 
mated to be 10.2, and the NusseR Number, averaged 
between y = 0 and y = 1 cm, was found to be 2.0. Us- 
ing To = 1180~ and T| = 298~ gave a To' of 1770~ 
cm. 

The other sets of data (4, 6) were treated in the same 
way. In  these studies, H2 was the carrier and con- 
sequent ly  D was larger. For the data of Yoshioka and 
Takayanagi  (6) flow was transverse instead of parallel  
to the substrate. For this case, To' was estimated from 
equations for heat  t ransfer  to a sphere (8). 

It should be clear from all the estimates required 
that the test of the model shown in Table I is only 
a rough approximation. 
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Table !. Si3N4 deposition parameters 

Refe rence  R e a c t a n t s / c a r r i e r  
Jo* ( m o l e /  IO00/T,* E ( k c a l /  To" kzl /D 2 

cm~-sec) ( ~ mole)  ( ~  ( s ec /mo le -cm)  

E ~ 

k~l(To*)6 
(molc/cm~-sec)  

(4) Fig.  3, U p p e r  
c u r v e  

(5) F ig .  2, C u r v e  
A 

(6) F ig .  2, L o w e r  
N~I-I, c u r v e  

SiH~ + NI-Is/I-I~ 

SiH~ + NI-h/NI% 

SiH~ + N.A-I4/H~ 

6000 • 10-~ 0.85 52 730 

830 • 10 - ~  0.85 17 1770 

1300 x 10 -12 1.05 54 440 

1.86 • 10 ~ 

17.9 • 10 ~ 

1.86 • 10 TM 

1410 X 10 - ~  

73 X 10 -~2 

1420 X 10 -1-~ 
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Brief Communication @ 
Preliminary Results on the Oxidation of 

GaAs and GaP during Chemical Etching 
B. Schwar tz *  

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 07974 

Most of the studies on chemical  e tching of semi-  
conductors  have concent ra ted  on sys tems used for 
silicon and ge rman ium (1), whi le  r e l a t ive ly  l i t t le  
effort has been expended  in s tudying  e tchants  used on 
compound semiconductors  (2). As pa r t  of a p rogram 
to s tudy  chemical  etching of GaAs and GaP, it  was 
decided to examine  first the oxida t ion  step of the 
etching process. This communicat ion  describes resul ts  
obta ined on exposing clean GaAs and GaP surfaces to 
a number  of different  oxidizing reagents .  Al l  samples  
were  p repa red  using a b romine -me thano l  (3) solution 
(2 ml  to 4 1, respect ive ly  for  GaAs  and 11/2 ml  to 4 1 

when  GaP was being polished) on a ro ta t ing  assembly  
containing a Pe l lon -W face cloth. Both (100)- and 
(111) -or iented,  i r r egu l a r l y  shaped samples  of heav i ly  
doped (--,10 TM) n - t y p e  and h igh- res i s t iv i ty  s emi - in -  
sulat ing mate r i a l  were  used for this  study.  A f t e r  being 
pol ished and cleaned, the  samples  were  p laced  in a 
test  tube  containing 25 to 50 ml  of the  des i red  concen-  
t r a ted  reagent ;  the  tes t  tube  was l igh t ly  corked and 
then a l lowed to s tand for the  des i red  time. For  the  
h igh - t empera tu r e  exposures,  the  samples  were  im-  
mersed  in a hea ted  P y r e x  beaker  containing the r ea -  
gent. Jus t  before  measuremen t  (in some instances the 
day  before)  the  samples  were  carefu l ly  removed  from 
the test  tube, blot  dr ied  wi th  the  edge of a piece of 
fi l ter paper ,  and then  al lowed to a i r  d ry  fu r the r  at 
room t empera tu re  in a l amina r  flow hood. In only one 
case, the  H2SO4-treated samples, was hea t  used for 
d ry ing  the  samples;  the  m a x i m u m  t empera tu r e  reached 
was about  250~ 

Af te r  drying,  the samples  were  examined  by  powder  
pa t t e rn  x - r a y  diffraction and by  e lect ron diffraction 
to de te rmine  the s t ruc ture  and composit ion of the sur-  
face films. Those samples  which were  st i l l  h igh ly  re-  
flecting were  then eva lua ted  by  e l l ipsometry.  1 The re -  
f rac t ive  index of a deposi ted film was de te rmined  and 
one sample  of oxidized GaAs was analyzed fu r the r  
wi th  an e lect ron beam microprobe.  

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
K e y  w o r d s :  o x i d a t i o n ,  g a l l i u m  a r sen ide ,  g a l l i u m  p h o s p h i d e ,  ga l -  

l i u m  ox ide  m o n o h y d r a t e .  
1 The  f i lm th i cknes s e s  r e p o r t e d  are  to  be c o n s i d e r e d  as r e l a t i ve ,  

s ince the  abso lu t e  r e fe rences  h a v e  no t  been  specifically defined fo r  
these  m a t e r i a l s  as yet .  

The results of these experiments are shown in Tables 
I and II for GaAs and GaP, respectively. The follow- 
ing is a brief summary of some of the more important 
aspects of these results. 

1. Ga203 �9 H20 is a major intermediate in the etch- 
ing of GaAs and GaP in aqueous systems. 

2. H20 is an important oxidant for GaAs, and H.,O., 
is an important oxidant for GaP. 

3. H20 also serves as the solvent for As203 or P205 
in the formation of Ga203 �9 H20 as the principal com- 
ponent of the as-grown native oxide film (4). 

4. The solubility of As203 in H20 depends strongly 
on the pH of the system. 

5. Residual oxide layers of 25 to 50A are always 
present on GaAs and GaP after being etched in bro- 
mine-methanol. 

6. Oxide layers of less than a few hundred ang- 
stroms grown on both GaAs and GaP appear to be 
amorphous when examined by x-ray or electron dif- 
fraction. 

Table I. Effect of oxidants on GaAs 

O r i e n -  T i m e  Su r f ace  
t a t i o n  D o p a n t  O x i d a n t  (days) p r o d u c t  

(I00) Te ~10 TM -- -- 25A ~ 
(I00) Te ~10 Is CH~OH 8 35A a 
(I00) Te ~I0 Is H20 6 850A a 

(Room T) (R.I. ~ 1.7) ~ 
(100) Si ~ 1 0  is H20 6 GasOs �9 H.~Ob 

( W a r m  60~ ( G a : O :  :1:2) c 
(I00) Te ~I0 TM H202 6 II5A a 
(I00) Te ~I0 TM H~SO4 ~ 6 Ga2(SO4)3 b 

(111) S.I: HNO3 5 As203 b powder ~ 
(100) TO ~ 1 0  TM HC1 5 55A ~ 
( 111 ) S.I. N a O H  5 NasCO~ b 
(I00) Te ~I0 Is NaOCI 6 dull strained 

surface 

R . I . - - R e f r a c t i v e  I n d e x .  
S . I . - - S e m i - i n s u l a t i n g .  

F r o m  e l l i p s o m e t r i e  analys is .  
b F r o m  x - r a y  analysis. 
c F r o m  e lec t ron  m i c r o p r o b e  analysis.  
d S a m p l e  dried at 2~0~ 
e The GaAs wa s  comple te ly  converted to  a w h i t e  powder .  
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Table II. Effect of oxidants on GaP 

O r i e n -  T i m e  S u r f a c e  
r a t i o n  D o p a n t  O x i d a n t  (days )  p r o d u c t  

(.111) Te ~I0 ts -- -- 35A - 

(111) T e  ~ 1 0  is CH3OH 7 45A a 

(111) T e  ~ 1 0  is H.-O 7 60A" 
( R o o m  T)  

( l i d  T e  ~ 1 0  is HeO 1 /3  100A ~ 
(lOOOC) 

(111) T e  ~ 1 0  is H20~ 7 250A a 
(111) T e  ~ 1 0 1 8  H 2 S O ~  c 28 Ga203 - H,.~O b,d 

( I I I )  T e  ~ l O  as HNO3 7 90A a 

(111) T e  ~ 1 0  ~s HCI  7 m a t t e  f in i sh  

(111) T e  ~ 1 0  as HsPO4 7 d u l l  s t a i n e d  
s u r f a c e  

(111) T e  ~1018 NaOC1 5 N a C l  b 

a F r o m  e l l i p s o m e t r i c  ana ly s i s .  
[, F r o m  x - r a y  a n a l y s i s .  

S a m p l e  d r i e d  a t  250~ 
d O n l y  f o u n d  on  one  p a r t  of  s a m p l e .  

7. Thicker  oxides can be grown at  room t empera tu re  
on heav i ly  doped GaAs than  on GaP equ iva len t ly  
doped. 

April 1971 

The potent ia l  device appl ica t ions  of these "nat ive 
oxide" films are  p resen t ly  being inves t iga ted  (5). 
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ABSTRACT 

The discharge-recharge cycle process of the lead dioxide electrode was 
followed by means of optical microscopy. The lead dioxide microstructure  
obtained from the original formation, using cured electrode materials  con- 
sisting of a mix ture  of PbO and basic lead sulfates, was different from that  
obtained by recharge from an electrode reduced to normal  lead sulfate. The 
lead dioxide electrodes, obtained from various sources and with various micro- 
structures in the original as-formed condition, all converted to practically the 
same microstructure after receiving only a few cycles. Al though the micro- 
s tructure underwen t  fur ther  change with increasing cycling, the plates from 
different manufac turers  continued to resemble one another  after any  given 
number  of cycles. 

The purpose of this invest igat ion was to explore 
the possible relat ionship between the microstructure 
produced by electrolytic forming and that  developed 
dur ing cycling of the PbO2 electrode, in part icular  as 
to whether  such a relationship increased bat tery  
longevity. Microscopic examination,  made in this lab- 
oratory, of large numbers  of samples had revealed 
that there was considerable variat ion in microstructure  
among cured or formed plates obtained from different 
manufacturers .  In  addition, the microstructure of the 
formed PbO.~ electrode was also found to be deter-  
mined by the prior s t ructure of the cured plate of the 
same manufacture .  

Factors which were found to influence the s t ructure  
of the cured plate were: the type of oxide used in the 
preparat ion of the paste, the method by which the acid 
was added to the paste, how the paste was dried 
(cured),  the tempera ture  and humidi ty  used in  cur-  
ing, and the amount  of free lead remaining  after cur-  
ing. Bat tery manufac turers  have found by experience 
that  variat ions in these factors have a strong effect 
both on the service life and the available capacity. 

It  seemed logical to assume that  the type of micro- 
s tructure produced in the formed PbO~ electrode was 
the actual end product  of these various control l ing 
factors and was therefore impor tant  in de termining 
performance. Although random examinat ion had been 
made of cycled P b O j P b S O 4  electrodes, no informa-  
tion was available as to whether  the microstructure  
underwent  systematic change dur ing cycling. The fol- 
lowing exper iment  was set up to obtain this informa-  
tion and to test the correctness of the above assump- 
tions concerning the relat ionship between formed and 
cycled plate structures. 

* E lec t rochemica l  Socie ty  Act ive  Member .  
K e y  words :  s to rage  bat ter ies ;  PbO~ e lec t rode;  l ead -ac id  b a t t e r y ;  

m i c r o s t r u c t u r e ,  Pb~.~ e lec t rode;  mic roscopy  of PbO2 electrodes.  

Source and Preparation of the Examined Material 
For this examinat ion to be significant, it was neces- 

sary that commercial  plates of different ini t ia l  micro- 
structures be examined at intervals  dur ing  cycle test- 
ing. Since NRL is not a manufac ture r  of batteries, it 
would obviously not  be significant to test and cycle 
batteries of our own inexpert  construction, nor would 
the microstructure produced necessarily be representa-  
tive of any  commercial  battery.  

With the cooperation of several manufacturers ,  four 
different series of cycled plates were obtained. Two 
of these series were ,obtained from manufac turers  in 
the U.S.A., the other two were obtained outside of this 
country. Two of the series, while consisting of pro-  
pr ie tary plates, were cycled in  the laboratory of the 
company of manufacture .  The other two series were 
taken from the assembly l ine and cycled rout inely for 
life testing. 

The only unfor tuna te  result  of obtaining plates in 
this fashion is that, because of the propr ie tary na ture  
of the product, one is not at l iberty to divulge details 
of preparation,  formulation,  and curing. Also, in 
rout ine plant  cycling, significant factors are not al-  
ways recorded. 

After  cycling the cells were disassembled in the 
charged state and the plates were washed and dried 
according to our specifications and shipped. When the 
plates were received at NRL, samples were cut from 
them which were then impregnated with a polyester 
resin. After  this had hardened, the samples were sec- 
t ioned and the sections polished for microscopic ex- 
amination.  

Observations 
The most impor tant  observations are stated below. 
1. Although the as-formed electrodes obtained from 

different manufac turers  differed in  microstructure,  

659 
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with similar  cycling t rea tment  all of the electrodes 
were found to develop the same type of microstructure.  
This s imilari ty in s tructure was observed in the first 
comparison at 50 cycles, although it probably repre-  
sented a gradual  development  from earlier cycles. 

2. The microstructure  continued to change with 
addit ional  cycling but  remained comparable for each 
series of cycled plates at an equal number  of cycles. 

3. Between the 1st and 50th cycle, there was a large 
change in the electrode s t ructure  tha t  t ransformed 
the active mater ia l  to a more or less continuous and 
interconnected network, which was surrounded by 
void spaces that  were large and of near ly  equal size. 

4. The large, featureless, and i r regular ly  shaped par-  
ticles of the electrode structure originally present  were 
gradual ly  replaced by much smaller, more uni formly  
shaped particles which had the actual appearance of 
crystals and which were formed along the surfaces of 
the ne twork  as the larger particles were replaced. 

5. Electrode failure was accompanied by a breakup 
of the ne twork  structure and a dispersion of the small  
crystals composing it. 

Structure of the formed, dry charged electrodes.w 
The plates of series A were made from a non- leady  
oxide, containing a mixture  of basic sulfates and which 
was presumably a furnace product. Series B plates 
were made from a ball  mil l  oxide containing approxi-  
mately 25% of free lead. In  addition, this oxide had 
been blended with 25% of Pb304. The plates of series 
C were made from a Barton pot oxide which contained 
15% of free lead and had also been blended with 5% of 
Pb~O4. Series D was also a Barton pot oxide contain-  
ing 15% of free lead but  had not been blended with 
another oxide. 

There was considerable difference in the way the 
paste was prepared by the four manufacturers ,  i n  the 
relat ive amounts  of water  and sulfuric acid used, and 
in the method by which these ingredients  were added. 
There was very little difference in the curing of B, C, 
and D. These three  series were stack cured for 72 hr 
at 90-100% humidi ty  and at uncontrol led room tem- 
perature.  The method of cure used wi th  series A was 
not given. Because of the lack of free lead, it was 
probably an oven-cured  product. This material,  as 
cured, also contained large quanti t ies  of wel l -formed 
tetrabasic crystals, so was probably  cured at high 
tempera ture  and humidity.  The grids of the plates 
were in all  cases of an Pb -Sb  alloy. 

Despite these considerable differences in manufac-  
ture, series B, C, and D had a greater  s imilari ty in 
structure after formation than  was expected. How- 
ever ,  the structures were only superficially the same. 
Very noticeable in B was the different structttre sur-  
rounding the sites where filaments of free lead had 
been present  in the uncured plate. In series C and 
D this was much less noticeable because the free lead 
particles had been much smaller and spherical, as well 
as being present  in  a smaller  amount.  Two types of 
particles were evident  in  B and C, one which was 
formed from the PbsO4 and the other represent ing 
the usual  type of PbO2. A difference in reflectivity, as 
well  as in shape, indicated that  the two types of par -  
ticles were not the same material .  A port ion of the 
Pb304 thus appeared to have gone through the forma- 
t ion unchanged.  Other differences were noted when 
polarized light was used in the examination.  Series A 
was, of course, considerably different from the others 
and even af ter  formation conta inedcons iderab le  quan-  
tities of basic oxides. The types of structures found in 
the four series of plates after electrolytic formation 
are shown in Fig. 1-4. 

With the exception of series A, the formed but  un -  
cycled electrodes were found to have a surface layer 
with a microstructure  that  was quite different from 
that  found in the inter ior  of the electrode. This is 
i l lustrated by  Fig. 5 and, at higher magnification, by 
Fig. 6. The blurred na ture  of some portions of Fig. 6 is 
produced by a combinat ion of the very l imited depth 
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of focus at this magnification and by the small  curva-  
ture  of the specimen surface at the intersection of 
the hard PbO2 and the soft support ing plastic. Here 
the PbO2 forms the elevated portion, while the more 
depressed areas consist of the plastic impregnant .  

The exact cause of this surface layer of different 
microstructure has not been definitely determined but  

Fig. 1. Microstructure of plate A, as formed. Black areas repre- 
sent voids between the particles. Magnification 600X. 

Fig. 2. Microstructuro of plate B, as formed. Compare with Fig. 1. 
Magnification 600X. 

Fig. 3. Microstructure of plate C, as formed. Magnification 600X. 
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Fig. 4. Microstructure of plate D, as formed. Note similarity to 
Fig. 3. Magnification 600X. 

Fig. 5. Microstructure of plate D, near edge, showing the quite 
different microstructure found at the edge (surface) of the sec- 
tion. Magnification 1|5X. 
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face layers  would  be conver ted  f rom basic to no rma l  
lead sulfa te  and this and the sur rounding  acid en-  
v i ronment  may  be responsible  for the  changed mic ro -  
s t ructure.  

Changes following a singZe discharge and recharge.-- 
A series D sample  was ava i lab le  tha t  had  been  given 
a single d ischarge  and recharge  af ter  the  or ig ina l  
forming.  The micros t ruc ture  of this  r echarged  elec-  
t rode  (Fig. 7) had  changed cons iderab ly  f rom tha t  of 
the  formed, but  uncycled,  e lect rode (Fig. 4). In  this  
recharged  p la te  the  micros t ruc ture  had  a finer and 
more  un i form texture ,  wi th  smal le r  par t ic les  of PbO2 
and wi th  the  par t ic les  in closer contact  wi th  one an-  
o ther  than  was the  case in the  formed,  uncycled  plate.  
The over -a l l  effect of a single d i scharge - recharge  
cycle was to produce  a p la te  wi th  a much more  un i -  
form s t ruc ture  and one in which  most  of the  charac-  
ter is t ics  of the  a s - fo rmed  pla te  had  been removed.  I t  
was evident  tha t  r e fo rmat ion  of PbO2 f rom PbSO4 
produced a different  s t ruc ture  than  when  formed from 
the basic sulfate pas te  of the  or ig inal  manufac ture .  

Changes during the /~rst 50 cycles of charge-dis- 
charge.--Series B, C, and  D were  compared  in the  
charged s tate  a f te r  app rox ima te ly  50 cycles of ope ra -  
tion. Areas  were  present  in each series which con- 
ta ined  large  res idual  PbSO4 crystals .  However ,  most  
areas  of the pla te  contained only PbO2. The most  
notable  fea ture  of each e lec t rode  was the  increase in 
the  size of voids wi th in  the  plate.  F r o m  s t ructures  
such as shown in Fig. 1-4, where  the voids  were  r e l a -  
t ive ly  smal l  and the PbO~ par t ic les  un i fo rmly  dis-  
t r ibuted,  there  had  been a change to a s t ruc ture  l ike 
that  shown in Fig. 8. A f t e r  50 cycles the  void spaces 
were  found to be much l a rge r  and somewhat  e longat -  
ed. The PbO2 had separa ted  into c lumps  or  agg lomer -  
ates that  seemed to be in terconnected at one or more  
points  ye t  mos t ly  su r rounded  by  void. 

At  50 cycles there  was also a g rad ien t  in the  elec-  
t rode structure.  The e longated void spaces and chain-  
l ike  agglomera tes  of PbO2 were  most  ev ident  near  the  
surface of the pla te  and  less ev ident  near  the  center,  
so that  at the  center  there  was st i l l  a un i form s t ruc ture  
l ike tha t  shown in Fig. 7. The th ree  series examined  
near  50 cycles al l  showed this  opening up  of the  s t ruc-  
ture  and agglomera t ion  of the  PbO2 part ic les .  P la tes  
of al l  three  series showed the  same increase  in void 
size and agglomera t ion  of par t ic les  into clumps, as 
wel l  as an unchanged  cen t ra l  port ion.  When  examined  
in areas  where  change had  occurred,  however ,  al l  
th ree  showed r e m a r k e d l y  s imi lar  s t ructure.  Compare,  
for  example ,  Fig. 8 (ser ies  D) and 9 (series C) .  

In  addi t ion to the  opening up of the  s t ruc ture  in the  
manne r  jus t  described,  the re  was also a change in the 

Fig. 6. Edge of plate D at higher magnification showing its odd 
and relatively fine structure. Magnification 600X. 

it  is suspected tha t  the  cause l ies  in the  chemical  
change tha t  occurs dur ing  the per iod  of t ime tha t  the  
cured electrodes are  immersed  in acid e lec t ro ly te  be -  
fore the e lect r ica l  c ircui t  can be completed  for the  
purpose of e lec t ro ly t ic  formation.  In this  case the  sur -  

Fig. 7. Structure of plate D after a single discharge-recharge 
cycle. Compare with Fig. 4. Magnification 600X. 
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Fig. 8. Structure of plate D after 53 discharge-recharge cycles. 
Magnification 600X. 

Fig. 9. Structure of plate C after 50 discharge-recharge cycles. 
Magnification 600X. 

appearance  of the  PbO2 par t ic les  in the  reac ted  po r -  
t ions of the s tructure.  Ins tead  of the  small ,  ce l l - l ike  
s t ructure  of PbO2 formed af ter  one d i scharge-charge  
cycle as in Fig. 10 (series D) or the  r a the r  nondescr ip t  
par t ic les  found in the  formed p la te  of series C (Fig. 
11), for example,  al l  of the  plates  now showed a s t ruc-  

Fig. 11. As-formed structure of plate C at a megnlficatian of 
1520X. 

ture similar to Fig. 12, in which the agglomerated 
particles of PbO2 seemed to be very much smaller 
and more densely packed. 

Changes occurring between 50 and 100 cycles.--With 
cont inued cycl ing the  voids became la rge r  and the  
amount  of ma te r i a l  in the  agglomera tes  smaller .  The 
average d iamete r  of the  agglomera tes  decreased and 
there  were  less points  of apparen t  contact.  The average  
dens i ty  of packing  of the  smal l  par t ic les  of PbO2 in 
the  agglomera tes  appeared  to be about  the  same as in 
plates  wi th  50 cycles (Fig. 12). 

This was t rue  of series B, C, and  D which  al l  looked 
much as did Fig. 13, but  series A was s l ight ly  differ-  
ent. A sample  of this  p la te  was  not  ava i lab le  wi th  
50 cycles but  at  100 cycles i t  was found to resemble  
Fig. 14 in most areas. I t  wi l l  be noted that,  whi le  the  
t endency  to form large voids is about  the  same as in 
other  plates, the  agglomera tes  of the  PbO2 par t ic les  
have a grea te r  d iameter ,  p r inc ipa l ly  because the  pa r -  
t icles a re  less dense ly  packed.  The par t ic les  mak ing  
up  the  agglomerates ,  however ,  w e r e  on ly  s l ight ly  
l a rge r  than  those found in the  o ther  series. The size 
and genera l  shape of the  PbO2 par t ic les  in al l  of the  
series remained  the same in appearance  as had  been 
the case at 50 cycles (Fig. 12). A few areas  of the  
series A p la te  had not  ye t  opened up into the  voids 
l ike those shown in Fig. 14, bu t  these areas  neve r the -  
less had  the same s t ruc ture  as tha t  shown in the  
agglomera tes  of Fig. 14. 

Fig. 10. Structure of plate D after a single discharge-recharge Fig. 12. Appearance of positive active material of plate D after 
cycle and at a magnification of 1520X. 53 cycles and at a magnification of 1520X. 
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Fig. 13. Microstructure of plate D after i15 cycles and at a 
magnification of 600X. 

Fig. 14. Appearance of plate A after 100 cycles and at a mag- 
nification of 600)(. 

Anothe r  dis t inguishing character is t ic  of this  series 
A pla te  was a f a i r ly  un i fo rm dis t r ibut ion  of smal l  
sulfa te  crystals ,  absent  in the  other  series. I t  is t rue  
tha t  occasional large  sulfate crysta ls  were  found in 
the  other  plates  but  t hey  were  much less numerous,  
larger,  and ve ry  r a n d o m l y  dis t r ibuted.  Since al l  p la tes  
examined  had been removed  at  the  end of a charge  
cycle, these residual sulfate crystals must have repre- 
sented material no longer in electrical contact, or else 
material that had reacted too slowly to have been 
converted in the time available. 
It has also been mentioned that the as-formed plate 

had a different structure at its surface than in the in- 
terior (Fig. 6). This type of structure was still found 
at 50 cycles but had completely disappeared at 100 
cycles. It was not clear whether this material near the 
surface had been converted to the same structure as 
the remainder of the plate or whether it had simply 
been removed by the gradual shedding of the active 
material 

The gradient in structure noted at 50 cycles, where 
the interior had no large voids, had also disappeared 
at 100 cycles and the structure throughout the plates 
was similar to Fig. 12 in plates B, C, and D. 

Changes beyond 100 cyc[es.--Beyond 100 cycles, in 
the p la tes  of a l l  the series, an increas ing number  of 
par t ic les  appea red  in the  fo rmer  void space su r round-  
ing each agglomerate .  These par t ic les  appeared  to be 
una t tached  but  i t  is be l ieved tha t  t hey  were  r ea l ly  in 
the e lect r ica l  c ircui t  and a t tached to the main  aggre -  

gate for the following reasons: (a) they had survived 
the washing to remove acid, which was necessary 
before the plastic impregnation could be made; (b) 
they were not swept away or compacted by the en- 
trance of the fairly viscous imbedding resin; and (c) 
they disappeared from the voids on the discharge 
cycle and reappeared with the following recharge. 
With an increasing number of cycles, the number of 
such PbO2 particles in the voids correspondingly in- 
creased. The  former  voids were  g radua l ly  filled wi th  
a low-dens i ty  d is t r ibut ion  of such part ic les .  Mean-  
whi le  the  agg lomera te  par t ic les  fo rmed  less densely  
packed s t ructures  wi th  each cycle. These s imul taneous  
processes even tua l ly  filled the  whole  area  wi th  uni -  
form but  sca t tered  par t ic les  (Fig. 15). 

Although it would seem from Fig. 15 that no con- 
tact existed between particles, examination by polar- 
ized light revealed loosely piled crystals, roughly 
spherical. Only a portion of these were intersected by 
the plane of cutting, so that the crystals appeared 
smaller and further apart than was the actual case. 
The fact that these crystals had survived washing, 
drying, and impregnation indicated a more coherent 
structure than appears to be the case in Fig. 15. 
After prolonged cycling the amount of lead sulfate 

remaining in the charged electrode also increased. 
This sulfate  was found in fa i r ly  large areas  as an 
almost  cont inuous impregnan t  and it had  encapsu la ted  
much of the PbO2 remain ing  in these  areas. I t  seemed 
un l ike ly  tha t  such encapsula ted  PbO2 was cont inuing 
to take  pa r t  in fu r the r  reaction.  

Discussion 
There are several points brought out by this inves- 

tigation that require further discussion. 

Change in as-formed microstructure following a 
single discharge-recharge cycle.--It is not  surpr is ing  
to find tha t  the mechanisms of format ion  and recharge  
are  essent ia l ly  different  in the  posi t ive plate.  Dur ing 
fo rmat ion  the p la te  s t ruc ture  is in i t ia l ly  much  more  
dense than  when  beginning recharge.  In addition, the 
p la te  composit ion at  the  beginning of format ion  is 
nonuni form and contains m a n y  areas  of mixed  sulfates, 
res idual  PbO and Pb. Af te r  the  first discharge,  micro-  
scopic examina t ion  shows tha t  only  PbSO4 and res idual  
PbO2 remain  and the  p la te  is found to have  become 
much more  porous than  at the s ta r t  of the  forming 
process. PbO2 is also present  to nucleate  the  recharge  
process, which is not  t rue  at the beginning of fo rma-  
t ion (unless red  lead, Pb304, has been used in the  
or iginal  mix ing) .  

I t  is also qui te  usual  to employ  an e lec t ro ly te  of 
cons iderably  lower  specific g rav i ty  dur ing  the fo rma-  
t ion than  is used in ac tua l  service. Metzler  and 

Fig. 15. Type of structure developed in positive plate after sev- 
eral hundred cycles. Magnification 600X. 
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Schwarz (1) have shown that the PbSO4 crystals 
formed on soft lead in sulfuric acid of 1.12 sp gr were 
three times larger than  those formed in 1.28 sp gr acid. 
While we are unaware  of a similar s tudy having been 
made for the PbSO4 in active material ,  it is probable 
that  a similar relat ionship exists. The different solu- 
bi l i ty  of PbSO4 in varied concentrat ions of H~SO4 may 
also be a factor. 

It  has also been shown by Simon and Jones (2) and 
Pierson (3) that  m a n y  features of the unformed posi- 
tive plate were reproduced in the formed plate, despite 
a change in chemical composition. In  particular,  it was 
observed that  certain acicular or needlelike crystals 
which were found in the cured but  unformed plate 
were preferent ia l ly  converted to PbO2. The normal  
PbSO~ formed on discharge has a considerably differ- 
ent  form, which also may be a factor in the difference 
i n  the recharged and as-formed plates. 

It  is assumed that, had samples of the other three 
manufacturers '  plates with one discharge-recharge 
cycle been available for study, they would have also 
shown the same difference between as-formed and 
recharged microstructure.  

Change in p~ate structure within the first 50 cycles . -  
The plates underwen t  fur ther  change in microstruc-  
ture somewhere between the 1st and 50th cycle. Not 
only did the microstructure change from that devel-  
oped after one cycle but  the active mater ia l  developed 
large in te rna l  voids, separated by near ly  continuous 
walls of PbO2, which formed a cell- l ike structure. 
Since no samples were available for study between 
the 1st and the 50th cycle, it is not known how many  
cycles were actually required to obtain the observed 
structure and whether  the change occurred abrupt ly  
or gradually.  From the fact that  a gradual  cont inuat ion 
of the process was observed beyond 50 cycles, it is 
assumed that  the process was gradual  in the ini t ial  
stage as well. It was not possible, with the samples on 
hand, to determine the source of the change in struc- 
ture. The rear rangement  of the microstructure seemed 
to be brought  about by a combinat ion of the repeated 
change in chemical composition dur ing  cycling and 
the strictly physical effect of gas generation wi thin  
the s tructure dur ing the charge cycle. Although the 
structure found suggested the formation of cells, it is 
more l ikely that  channels  were being formed through 
which gas was able to escape to the surface of the 
plate. The escape of this gas would be accompanied 
by the removal of a certain portion of the more loosely 
held PbO2 particles from the channel  walls. 

Some may object to the idea that  gas could act as a 
pore former in the positive plate, preferr ing to believe 
that  the pores are due only to the rear rangement  and 
repeated change that  occurs dur ing cycling. At the 
beginning  of the invest igat ion we also supported this 
idea. It  is obvious that  growth of large sulfate crystals 
would be at the expense of the surrounding PbO2 
structure, and observation has also shown that  upon 
recharge the PbO2 structure appears more compact. 
The growth of large PbSO4 crystals and their  dissolu- 
t ion followed by the regenerat ion of PbO2 must  there-  
fore be a contr ibut ing factor in opening up the struc-  
ture. However,  if this were the only or major  cause, 
then one would expect the amount  of PbSO4 found in 
these pores to increase markedly  as the pores become 
larger. This was not the case, for nei ther  the size nor  
n u m b e r  of the PbSO4 crystals wi thin  the pores changed 
with increasing cycling time. 

Gas is generated and released, not only at the sur-  
face of the plate, but  also on the inside of the elec- 
trode. When direct observation was made of the elec- 
trode surface while  in a microcell, it was observed 
that  gas bubbles  repeatedly issued from the same pores 
in the electrode surface, even after several  cycles. 
Such bubbles  of gas increased to a diameter  many  
times that  of the original pore before leaving the 
surface so that they seemed to originate at the surface. 
However, microscopic observation revealed that, im-  

mediately after departure of the large bubbles, new 
ones were already forming wi th in  the original  pores. 

Hauel (4) reported an increase in negative plate 
permeabil i ty  dur ing repeated cycling, presumably  be- 
cause of an increase in number  or size of pores or 
voids. This work was based on repeated measurement  
of the flow rate of electrolyte under  constant  pressure 
through the plate s tructure and extended over a con- 
siderable period of cycling. Unfortunately,  no similar 
s tudy appears to have been done on the positive plate. 

Di t tman and Sams (5) have shown that  the apparent  
density of the active mater ia l  decreased dur ing ser- 
vice and have published a curve which indicates that  
the apparent  densi ty of the positive plate continued 
to decrease over a period of 16 weeks of SAE cycling. 
The work of Di t tman and Sams, however, describes a 
phenomenon other than porosity. Di t tman and Sams 
measured the apparent  plate density in the following 
manner .  The dried plate was weighed and then the 
amount  of water  displaced by the weighed plate was 
measured. Approximate ly  2/3 of the active material  
was then removed from the plate and, after again 
drying, the plate was reweighed. The volume of water  
displaced by this residual  plate was again measured. 
From the results the apparent  density was calculated. 

It is obvious that  the results would not be affected 
by a change in pore size or volume, provided that  all 
the pores were open to the surface. The ease with 
which the samples used in our investigation were im-  
pregnated by a fair ly viscous polyester, and the ab-  
sence of unfilled pores, indicates that  all  pores were 
open. Only the development  of pores into which water  
could not penetrate  or an actual change in chemical 
composition would account for the decreased density 
noted by Di t tman and Sams. Since their  measurements  
were always made with the batteries in the same ap- 
parent  state of charge, the only chemical change would 
seem to be in that portion of the PbSO4 crystals that 
were unconver ted by  the charge process and no longer 
able to take part  in the cell reaction. The statements 
that storage of the charged plate in sulfuric acid, over- 
charging, and cycling all decreased the apparent  den-  
sity, and that  deep cycling caused more decrease in 
density than  shallow cycling, all indicate that  what  
Di t tman and Sams actual ly measured was the increase 
in residual PbSO4 left at the end of charge. Micro- 
scopic studies made in this laboratory confirm that  
residual PbSO4, in the form of unreact ive crystals, in-  
creases under  the same conditions for which Di t tman 
and Sams reported a specific gravi ty decrease. 

Consideration of volume change as a cause of active 
material disintegration.--Because the specific volume 
of PbSO4 is greater than that of PbO2, it has f requent -  
ly been suggested that  the formation of PbSO4 dur ing 
discharge produces stresses not  only wi th in  the active 
mater ial  but  also against the grid bars. This explana-  
tion sounds attractive and reasonable unt i l  an actual 
microscopic examinat ion is made of the changes that 
occur dur ing charge and discharge. It has been shown 
that  even the ini t ia l  formation of the plate produces 
a PbO2 microstructure that  is ful l  of voids and in 
which the PbO2 uses only a port ion of the available 
space. 

In  a previous paper (6) it was shown that  the 
growth of PbSO4 crystals dur ing discharge occurs 
wi th in  some of the voids of the plate and that  this 
growth of the PbSO4 crystals takes place with a s imul-  
taneous disappearance of the PbO2. During the entire 
process of discharge, the PbSO4 crystals seemed to be 
surrounded by a considerable amount  of void space 
and were not in close contact with surrounding PbO2. 
Because the PbSO4 grew as compact, regular  crystals 
and because the original  PbO2 active mater ia l  was 
very porous and therefore less dense than expected, 
it was decided that  the increase of specific volume 
caused by the growing PbSO4 crystals was more than 
compensated for by the original high porosity of the 
mass of PbO2 active material.  Therefore, no pressure 
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could have been exerted on the mass by the growing 
PbSO4 crystals. 

Possible ]actors contributing to the loss of capaci ty . -  
As the number  of cycles increased, the positive active 
mater ial  developed a ne twork  of large voids and the 
PbO2 structure itself became made up  of very small  
crystals. There was some evidence that  the formation 
of the large voids by  gas evolu t ion  had also caused 
compacting of the surrounding PbO2 particles into a 
denser agglomerate than might  otherwise have been 
the case. It seems l ikely that  gas evolution, with ac- 
companying movement  of electrolyte in the  channels, 
would be sufficient to dislodge many  of the more 
loosely at tached PbO2 particles along the channel  
walls and carry them to the surface. 

This view is supported by the fact that  the diameters 
of the agglomerates of PbO2 particles decreased with 
increasing number  of cycles. If this deduction is cor- 
rect it presents a somewhat  different picture than 
commonly accepted. The usual  view is that  softening 
takes place at the plate surface and that particles are 
loosened and carried away by  the "washing" action 
of the gas bubbles rising along its face. 

In the later  stages of the cycling, it is evident  that 
the plate has become so porous that  channels  are no 
longer necessary for the escape of the gas and that  
therefore the gas can escape without  so much erosion 
of the plate's in terna l  structure. At the same time 
contacts between particles have become much more 
limited and in terna l  resistance must  be higher. 

A second consideration is the agglomeration of the 
PbO~ particles and the formation of very small  par-  
ticles that  takes place after a few cycles. While these 
agglomerates appear to be porous, the pores are very 
much smaller  than those that  were present  in  the as- 
formed plate or one with only a single discharge- 
recharge cycle. The pores formed after considerable 
cycling are very small. It would seem that penetrat ion 
of the reaction into such small, relat ively deep, pores 
would be l imited to very short distances at the usual  
rates of discharge. 

The increasing number  of large-size PbSO4 crystals 
that encapsulated m a n y  areas of remaining PbO2 par-  
ticles were at least a partial  factor in capacity loss. 
It was not evident  why these unreact ive crystals 
should form and grow to large size, bu t  it was sus- 
pected that  in such areas there was no electrical con- 
tact with the rest  of the electrode. 

Development of a cycled structure independent of 
the original as-]ormed structure.--The most definite 
informat ion obtained from this investigation was that  
plate structures from all sources investigated were 
quite similar after cycling and seemingly independent  
of the structures that  had been developed during either 

curing or cycling. While this does not seem to agree 
with the known fact that  different paste formulat ions 
produce plates wi th  different performance character-  
istics and service lives, it is nevertheless significant. 
It indicates that  the s tructure developed in the plate 
is evident ly  a funct ion of the mode of operation and 
of such factors as gas formation, current  density, and 
rate and habit  of crystal  growth. More subtle changes 
such as variat ions of the Pb /O  ratios in the PbO~ 
lattice, a- and ~-PbO2 ratios, in t roduct ion of crystal 
growth modifying additives f rom the separators or 
the expander  of the negative, or destruction of nuclea-  
tion sites, are very  l ikely factors that  not only de- 
termine the life of the plate but  that  would also be 
strongly influenced by paste formulation.  Such factors 
as the above cannot readily be proven by microscopy, 
although their presence may be indicated by changes 
in color, hardness, or reflectivity. In  such cases other 
methods of investigation are necessary. 

Other evidence ]or increasing similarity in active 
material, in plates of difIerent manu]acture, with in- 
creasing cycle t ime.- -A differential thermal  analysis 
of the active mater ial  of the plates used in this in-  
vestigation has confirmed some of the conclusions ar-  
rived at here. This differential analysis  is the subject of 
a following paper. 
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Electrical Conductivity Measurements 
in Anhydrous Hydrogen Fluoride 1 

Robert P. Clark 
Sandia Laboratories, Albuquerque, New Mexico 87115 
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ABSTRACT 

The specific conductivit ies of LiF, NaF, KF.2H20, SrF2, and KNOs in 
distilled anhydrous  hydrogen fluoride were measured over the tempera ture  
range --75 ~ to 0~ Standardizat ion of the Teflon conductivi ty cells was 
made with a 0.100N solution of NaI in CH3OH. Conductivities are presented 
for five concentrat ions of each solute ranging from saturat ion at --75~ to 
1/10 of this concentration. An empirical  equation has been developed which 
relates the specific conductivi ty to concentrat ion and temperature.  A table 
of constants is given which applies the equat ion to a par t icular  solute. 

Unti l  recently, anhydrous  hydrogen fluoride (HF) 
as a bat tery electrolyte has essentially been over-  
looked. In  m a n y  ways, this seems reasonable because 
of its toxic and chemically corrosive properties. On 
closer examination,  one finds that  anhydrous  HF passi- 
vates many  metals in much the same way that  oxygen 
passivates a luminum.  Metals such as copper, nickel, 
and magnesium are passivated readily, as would be 
expected from the solubilities of their  respective 
fluoride salts (1-3). Suitable materials  are available 
for containers, and the problem of toxicity can be 
minimized by using sealed bat tery  cases. 

Previous use of anhydrous  hydrogen fluoride as an 
electrolyte solvent has been limited. Koerber  and 
DeVries (4) determined emf values and free energies 
of formation using cells of the type M, MFe(s ) /  
HF (NaF)/Hg2F2 (s) /Hg.  Krefft (5) measured the po- 
tent ial  of the cell Pt, H2/HF(KF) /F2 ,  P t  and evalu-  
ated the free energy of formation of HF. Clifford and 
co-workers (6, 7) conducted potentiometric studies of 
several systems in liquid HF. More recently, Jasinski  
(8) has reported on studies of Cu/CuF2 reference 
electrodes in anhydrous HF. 

To the authors '  knowledge, only one other group has 
unde r t aken  any  research aiming toward the develop- 
ment  of a practical p r imary  cell with anhydrous hy-  
drogen fluoride as a main  component  of the electrolyte 
(9, 10). 

Narrow ranges of specific conductivities have been 
measured by various workers. Simons (1) reports 
data at low concentrat ions for KF and KNO3 and 
Fredenhagen (3) also studied the same solutes. 
Quar te rman  et al. (11) have published the specific 
conductivi ty of many  organic solutes in anhydrous  HF 
over an extensive concentrat ion range but  over a re-  
stricted temperature  range, 0~176 It appears that  
no comprehensive conductivi ty l i terature exists over a 
wide range of tempera ture  and concentrat ion for in-  
organic fluorides dissolved in anhydrous  hydrogen 
fluoride. 

In an over-al l  plan of ba t te ry  development,  the 
avai labi l i ty  of an electrolyte with sufficient conduc- 
t ivi ty to minimize undesired IR losses must  be ascer- 
tained. This s tudy was designed to provide some of 
the necessary informat ion for such an evaluation. 

Experimental 
The chemicals used were: KF.2H20, Fisher certi-  

fied reagent;  NaI, Fisher  certified reagent;  NaF, Fisher 

�9 This  w o r k  was  suppor ted  by the U.S. Atomic  Energy  Commis -  
sion. 

* Elect rochemical  Society Act ive  Member .  
Key  words :  electr ical  conduct iv i ty ,  hyd rogen  fluoride, specific 

conduct ivi ty .  

reagent;  KNO3, Fisher certified reagent;  KC1, Fisher 
certified reagent;  SrF2, Mall inckrodt analyt ical  rea- 
gent; CH3OH, Fisher 99.5% min;  "anhydrous" HF, 
Allied Chemical 99.7% min. Water  used in the prepara-  
tion of KC1 solution was distilled. All  operations were 
conducted in a glove box wi th in  a "dry room" at less 
than 1% relative humidi ty  (300 ppm H20 at 25~ 
Water concentrat ions inside the glove box were not 
monitored. Any  increase in conductivi ty result ing 
from moisture absorption is insignificant, as discussed 
in a later section. 

The HF was purified by a single dist i l lat ion with 
all-Teflon apparatus to rid it of traces of water  and 
iron, the latter impur i ty  originat ing from the shipping 
container. HF, which boils at 19.6~ (12), was vapor-  
ized at room tempera ture  (~24~ passed through 
Teflon cooling coils, and collected in a Teflon receiver 
at --25~ The as-received tank  of HF had a specific 
conductivity of 1.7 x 10 -2 ohm -1 cm -1 at 0~ After  a 
single distillation, the specific conductivi ty had de- 
creased to 5.0 x 10 -4 ohm -1 cm -1 at 0~ A second 
disti l lation resulted in no fur ther  decrease in specific 
conductivity. Fur ther  purification by electrolysis, 
using the method of Evans et al. (13), resulted in an 
increase in conductivi ty due to the dissolution of nickel 
fluoride which was formed at the nickel anode. Singly 
distilled HF was used in all fur ther  experiments.  

The lat ter  conductivi ty value is identical to that  
obtained by Fredenhagen (14) at --15~ Efforts to 
duplicate the results of Schmidt  and Schmidt (15) 
(7.5 x 10 -6 ohm -1 cm -1 at --15~ or Runner ,  Balog. 
and Kilpatr ick (16) (5.7 x 10 -6 ohm -1 cm -1 at 0~ 
were not considered practical or necessary since the 
conductivities of the solutions being investigated were 
approximately 2-3 orders of magni tude  higher than 
that  of the HF solvent. Runner  et aL. (16) have dem- 
onstrated the impractical i ty of main ta in ing  a specific 
conductivi ty less than 10 -4 ohm -1 cm -1. 

Measurements were made at 1 kHz using a General  
Radio Type 1650-A impedance bridge. The conductivi ty 
cell constructed of Teflon is shown in Fig. 1. P la t inum 
wire electrical connections to the electrodes were made 
through small pinholes in the end plugs. The p la t inum 
wire leads were spot welded to circular p la t inum 
electrodes. 

The Pt  electrodes were plat inized using a 5% solu- 
t ion of chloroplatinic acid containing 0.02% lead ace- 
tate. A current  density of 84 m A / c m  2 was employed 
for 3 rain with current  reversals each 30 sec. The 
electrodes were platinized in situ and r insed clean of 
the plating solution with five washings of distilled HF. 
The test solutions were introduced through two 1.27 
cm diameter  holes. A calibrated chromel-a lumel  
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ELECTRICAL CONDUCTIVITY MEASUREMENTS 

thermocouple encased in a Teflon sleeve was used to 
monitor  the temperature  of the solution but  was 
always removed immediate ly  prior to making a con- 
duct ivi ty  measurement .  

The Teflon cells were standardized with a 0.100N 
NaI solution in methanol .  The conduct ivi ty of this 
solution was itself determined using a Pyrex "U" tube 
conduct ivi ty  cell which was previously standardized 
with a 0.100N KC1 solution at 25~ Since Pyrex has 
a low coefficient of thermal  expansion, 3.6 x 10-e 
deg-Z (17), the Pyrex  cell constant (13.07 cm-~)  
determined at 25~ was assumed to apply over the 
temperature  range of --75 ~ to 25~ 

A Revco ULT-903 cold box was used to main ta in  
tempera ture  for these experiments.  Temperatures  were 
controlled to -+0.2~ Conduct ivi ty data for electrolyte 
systems over the temperature  range of --75 ~ to 0~ are 
nonexistent ;  consequently, the conductivi ty of a solu- 
tion of 0.100N NaI in CH~OH was de te rmined  over this 
range. The conduct ivi ty measured for this solution 
between --75 ~ and 0~ is given in  Table I. 

Since Teflon has a relat ively high coefficient of l inear 
thermal  expansion, 10.0 x 10 -5 deg -1 (18), the con- 
duct ivi ty  cell was standardized throughout  the range 
--75 ~ to 0~ The cell constant  (/r varied l inear ly  ac- 
cording to the equation 

k -- 0.00437 t 4- 12.69 

where t is tempera ture  in  degrees centigrade and k is 
the cell constant  in  c m - L  

Solution preparat ion.~The m i n i m u m  solubil i ty for 
each of the five salts studied occurs at the lowest tem- 
pera ture  studied, i.e. --75~ These data are shown in 
Table II. Salt  concentrations were chosen such that  
solubil i ty at --75~ was not  exceeded. 

The solubil i ty of the salts at --75~ was determined 
as follows. One hundred  grams of HF were placed in 
a Teflon beaker  and solute was added from a previ-  
ously weighed quantity until no more would dissolve 

Table I. Specific conductivity (K) vs. temperature for 
0.100N Hal in CH3OH 

(Pyrex  cell  constant = 13.07 c m  -z) 
Temperature  Specific conductivity  

(~ (ohm-* cm-1) 

10 0.00512 
0 0.00436 

- -  10 0.00374 
- -20  0.0032O 
- -  30 0.00258 
- -  40 0.00222 
- -50  0.00179 
- - 6 0  0 . 0 0 1 3 6  
- -  70 0.00O94 
- -  8 0  0.00O54 

Table II. Solubility af salts in anhydrous HF at - -75~ 

Solubility 
Salt moles/10o0g HF 

L i F  3.70 
N a F  5.83 
K F  �9 2 H , O  2.00 
SrF= 1.09 
KI~O8 1 .87  
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with stirring. The solution was filtered through a 
Teflon filter, and the excess salt in the filter was dried 
and weighed. The quan t i t y  of salt dissolved was de- 
te rmined  by difference. 

Because the densi ty of HF varies by approximately 
20% over this tempera ture  range  (19), it is appropri-  
ate to express the solute concentrat ions in molal i ty 
units. 

The precision of these conductivi ty measurements  is 
--+1.5%. The i r reproducibi l i ty  resulted from tempera-  
ture variat ions (--+0.2%), solubil i ty measurement  re-  
producibil i ty (+__0.1%), cell constant  error (_+0.2%), 
and bridge precision (-+1.0%). 

Results and Discussion 
Figures 2 through 6 show specific conductivi ty as a 

function of concentrat ion and tempera ture  for LiF, 
NaF, KF.2H20, SrF2, and KNO3, respectively. Curves 
represent  conduct ivi ty  values calculated from the em- 
pirical equations which are discussed later  in this 
article. Exper imenta l  data points are also shown in 
the figures. 

It will  be observed in Fig. 3 that  specific conduc- 
t ivi ty  values for NaF decrease at higher concentra-  
tions. Values for 5.83M (molal) NaF are: less than 
those for 4.31M NaF at all temperatures  measured, less 
than those for 2.92M NaF at --20~ and below, and less 
than those for 1.46M NaF at --50~ and below. Al-  
though viscosity has not  been determined for these 
solutions, this effect is probably the result  of increased 
viscosity at the higher concentrat ion in accordance 
with the Walden Rule. 
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I I I I I I I 
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Fig. 2. Specific conductivity of LiF/HF solutions vs. temperature. 
Molality range, 0.37-3.70M. 
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Fig. 3. Specific conductivity of N~F/HF solutions vs. temperature. 
Molality range, 0.58-5.83M. 
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Fig. 4. Specific conductivity of KF'2H~O/HF solutions vs. tem- 
perat-re. Molality range, 0.20-2.00M. 
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Fig. 5. Specific conductivity of SrFJHF solutions vs. tempera- 
ture. Molality range, 0.1 ! -I.09M. 
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Fig. 6. Specific conductivity of KNO3/HF solutions vs. tem~ra-  
ture. Molality range, 0.19-1.87M. 

The use of KF.2H20 (Fig. 4) produced conductivi-  
ties twice as high as those reported by Simons (1) and 
Fredenhagen  (3) for anhydrous  KF. These values are 
included to show the effect of water  of hydration.  

Figure 7 shows the conductivi ty vs .  tempera ture  for 
singly distilled HF used in  the preparat ion of the elec- 
trolyte solutions. These data were reproducible after 

i 

@ 

% 
M 

Fig. 
ture. 

5.0 , l 

4. 

3. 

2.  

1. 
-90  -60  -30  

Temperature in Degrees Centigrade 

7. Specific conductivity of singly distilled HF vs. tempera- 

several weeks' storage in the glove box indicat ing that  
no significant amounts  of water  were absorbed by 
the HF. Since the salt solutions exhibited conductivi-  
ties several orders of magni tude  greater than  the 
values measured for HF itself, it is even less l ikely 
that  water  impuri t ies  have affected the conductivi ty 
data for the solutions. 

Conduct ivi ty vs .  t empera ture  curves for the solu- 
tions are straight lines and can be represented by the 
general  l inear  equat ion 

= a t  + b [1] 

where ~ is specific conduct ivi ty  in ohm -1 cm -1, a is 
the slope of the curve, t is tempera ture  in degrees 
centigrade, and b represents  the y- in tercept  at 0~ 
Both the slope, a, and the intercept, b, are dependent  
on the concentrat ion of the solution. Plot t ing a and b 
vs .  concentrat ion results in parabolic curves opening 
downward.  The general  equat ion represent ing these 
curves is 

(m -- c ) 2 :  -- d (y -- e) [2], 

where m is the solution concentrat ion in molali ty;  y is 
ei ther a or b from the previous l inear  equation; and 
c, d, and e are constants. Solving the general  parabolic 
equation successively for a and b and subst i tut ing 
these results into the general  l inear  equat ion give 
an equation relat ing specific conduct ivi ty  to the solu- 
t ion tempera ture  and concentrat ion of the form 

K: (Am 2 + Bm + C)t+Dm~+Em+F [3] 

where A, B, C, D, E, and F are constants. The con- 
stants were determined for each of the five salts using 
a least-squares analysis. 

The results are shown in Table Ill. 

Manuscript  submit ted Aug. 13, 1970; revised m a n u -  
script received Dec. 7, 1970. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1971 
J O U R N A L .  

Table III. Coefficients for K-t-m equation x 103 
= ( Am2-1- Bm+ C)t +Din  2 +  Em+ F 

Sa l t s  ) L i F  N a F  K F  �9 2H~O SrF,~ KNOs 
Coeff ic ients  

A --0.226 --0.113 --0.493 0.545 --0.91 

B 1.51 1.21 3.46 1.07 4.05 

C 0.153 0.443 0.365 0.440 0.59 

D --16.0 --18.8 --96.1 21.0 --109.0 

E 138. 160. 454. 142. 443. 

F 28.5 37.3 9.94 35.3 53.5 
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Epoxide-Containing Polymers as Highly 

Sensitive Electron-Beam Resists 

Takako Hirai, Yoshio Hatano, and Saburo Nonogaki 

Ce~ztral Research Laboratory, Hitachi Limited, Kokubunji, Tokyo, Japan 

ABSTRACT 

High sensi t ivi t ies  to e lect ron beams have been found in epox ide-con ta in -  
ing po lymers  such as epoxidized polybutadiene ,  epoxidized polyisoprene,  and 
p o l y ( g l y c i d y l  me thac ry i a t e ) .  The sensi t ivi t ies  of these po lymers  to e lect ron 
beams are  50-300 t imes  h igher  than  those of the  commercia l  photores is t  KTFR.  
Epoxidized polybutadiene ,  wi th  the h ighest  sensit ivi ty,  becomes insoluble  
upon an electron beam exposure  of 2 x 10 - s  cou lombs /cm 2 at  an accelera t ing 
vol tage of 15 kV; the  G value  for crossl inking was ca lcula ted  to be about  
200. These po lymers  can be used as resists  for the  etching of chromium and 
a luminum,  as wel l  as of  oxide  layers  formed on silicon wafers .  

In  recent  years,  severa l  invest igat ions  have been 
made  on the appl ica t ion  of e lec t ron beams to the 
fabr icat ion of semiconductor  devices. Using e lec t ron-  
beam scanning equipment ,  Hatzakis  (1) made  t rans i s -  
tors  wi th  a 1~ wide emi t t e r  which is difficult to make  
by  o rd ina ry  photoetching techniques.  Where  the elec-  
t r on -beam process is appl ied  to the  fabr ica t ion  of 
semiconductor  devices, e l ec t ron -beam resists  a re  usu-  
a l ly  used. E lec t ron -beam resists  are  genera l ly  organic 
po lymers  which  become insoluble  (negat ive  work ing  
resists)  or soluble (posi t ive work ing  resists)  in pa r -  
t icular  solvents. Po lymers  examined  up  to now as 
e l ec t ron-beam resists  include po lymethac ry la t e s  (2, 3), 
commerc ia l  photoresis ts  (4 ,5) ,  s i l icone resins (6),  
etc. As far  as the  authors  know, the  h ighest  sensi t iv i ty  
repor ted  to date  is tha t  of silicone resins, an exposure  
of charge  dens i ty  of about  3 x 10 -6 cou lombs /cm 2 
being sufficient to insolubil ize the resins. This sensi-  
t ivity,  however,  s t i l l  seems to be insufficient for  rap id  
scanning by  e lec t ron beams. Use of e l ec t ron-beam 
resis ts  wi th  h igher  sens i t iv i ty  wi l l  shor ten the  ex-  
posure  t ime. 

In the present  invest igat ion,  e l ec t ron-beam resists  
wi th  high sens i t iv i ty  have been sought in connection 
wi th  the  deve lopment  of an e lec t ron-beam dra f t ing  
machine  (7) for IC pho tomask  making.  A p re l im ina ry  
s tudy was made  wi th  the  purpose  of finding groups to 
make  po lymers  sensi t ive to e lec t ron beams. The resul ts  

K e y  words :  e lec t ron  beam resists ,  epox ide - con t a in ing  polymers .  

( o )  / \ 
indica ted  tha t  epoxy  groups C C and the 
azide group (--N3) are  h igh ly  sensi t ive to e lec t ron 
beams  (8). 

On the basis of this  resul t ,  we synthes ized  epoxide-  
containing resists. The epoxy  group was p re fe r r ed  to 
the  azide because of its insens i t iv i ty  to l ight.  

Experimental 
Material.--Epoxidized polybutadiene.--Polybutadiene 

(JSR BRO1, obta ined  f rom Japan  Synthe t ic  Rubber  
Co., cis content  97%, int r ins ic  viscosi ty [0] 2.8 in 
toluene)  was epoxidized as follows. Po lybu tad iene  
(6g) was  dissolved in 160 ml  of  to luene and epox i -  
dized for 30 rain at 45~ wi th  160g peracet ic  acid solu-  
t ion (0.9M) which  was p repa red  f rom 30% hydrogen  
peroxide  and acetic anhydr ide  by  the method  of 
F ind l e y  (9). Af te r  150 ml  of cyc lohexanone  were  
added, the  react ion mix tu re  was washed  repea ted ly  
wi th  w a t e r  and aqueous sodium bicarbonate .  The 
epoxidized po lymer  was p rec ip i t a t ed  f rom the solu- 
t ion by  adding  methanol ;  i t  was then  dissolved in 
cyclohexanone.  The epoxide content  of the  polymer ,  
as de te rmined  by  the  hydrochlor ic  acid procedure ,  
was 6.0 mmoles /g .  The int r ins ic  viscosi ty  [0] was 3.0 
in toluene at  25~ 

Epoxidized polyisoprene.--Polyisoprene (Carif lex IR 
309, Shel l  Chemical  Corp.) was mast ica ted  at  30~ for 
60 min. Then 3g of the mas t ica ted  poly isoprene  ([0] 
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1.86 at 25~ in toluene) were dissolved in 60 ml of 
toluene and epoxidized with 40g of peracetic acid 
solution at 35~176 for 20 rain. The epoxidized poly- 
mer was washed acid free and stored as a cyclohexa- 
none solution. Epoxide content of the polymer was 
6.2 mmoles/g. 

Poly(glycidyl methacrylate).~The monomer,  f reed 
f rom inhibi tor  by  dis t i l la t ion under  r educed  pressure  
in ni trogen,  was  po lymer ized  in a sealed tube  at 65~ 
for  20-35 min  wi th  0.2% of a ,a ' -azobis isobutyroni t r i le  
as a catalyst .  The po lymer  was purif ied by  repea ted  
precip i ta t ion  f rom methy l  e thyl  ketone b y  addi t ion of 
methanol  and  s tored as a me thy l  e thyl  ketone solution. 
The epoxide  content  was 7.2 mmoles /g .  

In~rared spectra.~IR absorpt ion spect ra  of po lymers  
were  obta ined using a Hitachi  In f r a red  Spec t ropho-  
tometer  EPI-2.  Po lymers  coated on silicon wafers  were  
exposed to an e lect ron beam at an accelera t ing vol tage  
of 35 kV. Thei r  IR spect ra  were  t aken  before  and af te r  
exposure  to the  e lect ron beam. 

Insolubility characteristics.--Thin l ayers  (0.3-1.0~) 
of the  po lymers  were  la id  on silicon wafers  b y  spin-  
coating f rom 3 to 5% solutions and exposed to an elec-  
t ron  beam at an accelera t ing  vol tage  of 15 kV. Af te r  
the exposure,  the  po lymer  layers  were  developed wi th  
cyclohexanone and the  thicknesses of the layers  re -  
main ing  on the exposed areas  were  de te rmined  wi th  
an in ter ferometer .  

Resistance to etching solution.----Substrates (e.g., 
oxidized silicon wafer )  were  coated wi th  the polymer ,  
exposed to  e lect ron beams  through a mechanica l  mask  
(fine copper  mesh) ,  developed wi th  cyclohexanone,  
baked,  and  etched. The subs t ra tes  were  then inspected 
wi th  an opt ical  microscope to check whe the r  the e tch-  
ing had proceeded correc t ly  or not. 

Application to IC-mask making.~Chromium-evap- 
orated glass plates  were  coated wi th  the  po lymers  and 
exposed in an e l ec t ron-beam draf t ing  machine  (7) 
specia l ly  designed for the purpose  of draf t ing  the  pa t -  
terns  of IC photomasks.  The exposed plates  were  de-  
veloped wi th  cyclohaxanone,  heated at  180~ for 10 
min  and then etched wi th  NaOH-K3Fe(CN)6  e tchant  
(Kodak  Etch Bath EB-5)  for 2-3 rain. 

Results 
Elec t ron-beam exposure  character is t ics  of the epoxi -  

dized po lymers  are compared  wi th  those of unepox i -  
dized po lymers  in Fig. 1. As is r ead i ly  seen, the  epoxi -  
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dizat ion increases sensi t ivi t ies  of the  po lymers  by  
factors of 10-30. The sens i t iv i ty  of a po lymer  depends  
on both  its type  and its molecular  weight .  I t  is known 
tha t  the  crossl inking sensi t iv i ty  is p ropor t iona l  to 
molecu la r  weight  (10,3) .  However ,  no significant 
change in the degree of po lymer iza t ion  by  the epoxi -  
dizat ion was observed;  for  example ,  [~] 's of epoxi-  
dized and unepoxidized po lybutad iene  are  3.0 and 2.8, 
respect ively.  Therefore,  the high sensi t iv i ty  in the  
epoxidized po lymers  is a t t r ibu ted  to the exis tence of 
the epoxy  groups in the  polymers .  The sensit izing 
effect of the epoxy  group was also observed in poly  
(g lyc idyl  me thacry la te )  PGMA. As shown in Fig. 2, 
PGMA is much more  sensi t ive than  Luci te  45, whose 
epoxy- f ree  s t ructure  resembles  tha t  of P G M A .  

F igure  3 shows the in f ra red  spect ra  of epoxidized 
po lybutad iene  before and af te r  an exposure  of 3 x 10 -5 
cou lombs /cm 2. In  the  case of exposure,  the  absorpt ion 
peaks  at 810 and 900 cm - I ,  corresponding to the epoxy  

O / \  
group CH CH, almost  d isappeared,  a new peak  
at  1075 cm -1 assignable  to the  e ther  l inkage C - - O - - C  
appeared,  and no other  significant changes were  ob-  
served. This indicates  that ,  th rough  an e l ec t ron-beam 
i r rad ia t ion  process, the  epoxy  r ing  opens only  to give 
crosslinks. 

In  Fig. 4 is p lo t ted  the  change in epoxy  and e ther  
contents  of epoxidized po lybu tad iene  in IR spect ra  as 
a funct ion of i r rad ia t ion  dose. As the  figure shows, the 
ra tes  of r ing  opening of the epoxy  groups and of for-  
mat ion  of the  e ther  bonds almost  coincide. 

The resis tance of the  epoxide-con ta in ing  po lymers  
to chemical  etch was  examined.  I t  was found tha t  thin 
layers  of the po lymers  insolubi l ized on subs t ra tes  are, 
af ter  being improved  in adhesion and  chemical  r e -  
sistance by  bak ing  at 180~ for  10 rain, capable  of p ro -  
tect ing the subs t ra tes  f rom etch solutions. Thus, oxide  
layers  on silicon wafers  and evapora ted  chromium 
layers  can be etched l i thograph ica l ly  using these 
po lymers  as e l ec t ron-beam resists. 



Vol. 118, No. 4 

0,~ 

0.~ 

o 
- 0.4 

0 2  

f13 

EPOXIDE-CONTAINING POLYMERS 

0 

035 ~_ 

03@ '~ o 
c0 

0.05 

a :  

0 
<~ 

I II 2 5 

CHARGE DENSITY , c o u l o m b s / c m 2 x  10 5 

Fig. 4. Change in absorbance for ether linkage (O)  and epoxy 
group ( O )  in epoxidized polybutadiene as a function of exposure. 

Fig. 5. Chromium mask for IC 

Chromium pat terns are made with an electron-beam 
draf t ing machine and with the e lec t ron-beam resists 
prepared in the present  study. An example of the pat-  
terns of these masks is shown in Fig. 5. This pa t te rn  
(14.8 x 15.0 mm) was drafted directly by computer-  
controlled, e lectron-beam scanning. The electron-beam 
diameter  used in this draft ing machine  is not  small  
enough to determine the resolution capabil i ty of these 
resists. To examine the l ine definition of the resists, 
fur ther  experiments  using a scanning electron micro- 
scope are now being carried out. 

Discussion 

As described above, we found that  epoxide-contain-  
ing polymers are highly sensitive to an electron beam. 
For example, epoxidized polybutadiene starts insolu-  
bilizing at a charge densi ty of 2 x 10 -9 coulombs/cm 2, 
whereas a charge density of 7 x 10 -7 coulombs/cm 2 is 
necessary for the commercial  photoresist KTFR (8). 

The structures of epoxidized potybutadiene or poly-  
isoprene and PGMA are shown below. 
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where R is H or CH3. 

The radiat ion sensit ivi ty of a system is expressed in  
terms of the G value, which is defined as the number  
of chemical changes of a given k ind  produced per 100 
eV absorbed. The G values for crosslinking of the 
epoxidized polymers can be calculated in two ways. 

In the first, G is derived from the insolubil ization 
data. According to Charlesby (10), three-dimensional  
network formation first starts occurring at the cross- 
l inking  density of one crosslinked uni t  per  weight 
average molecule. This point, usual ly  called gel point, 
corresponds to the threshold of charge density for 
insolubilization with exposure characteristics shown 
in Fig. 1. The number  of crosslinks produced in the 
polymer per uni t  area at the gel point  is equal  to 
0.5 dpN/M, where d, p, N, and M are the thickness, the 
density of the polymer, Avogadro's  number ,  and the 
weight average molecular  weight  of the polymer, re-  
spectively. The energy absorbed in this case, at the 
accelerating voltage of V volts, is expressed as Qg 
V a d, where Qg and a are the charge densi ty at the 
gel point in coulombs/cm 2, and the energy absorption 
coefficient, respectively. 

G is then  expressed as follows 

pNq 
G = - - •  

Q~ ~VM 

where q is the electronic charge. 
M's of polybutadiene and polyisoprene are calculated 

using Eq. [3] and [4], respectively (11). 

[~] _~ 11.0 • 10 -4  M ~ [3] 

[~] ~ 4.9 • 10 - 4 M  0.~ [4] 

The M's of the epoxidized polymers are corrected 
for the weight increase caused by the epoxidization. 
As the value of ~ is difficult to obtain by direct mea-  
surement,  it is roughly est imated from the data ob- 
tained by Ehrenberg  and King (12) to be 0.28 per ~ at 
V = 15,000 for all  the polymers considered here. 

The G values calculated by use of Qg and M thus 
obtained are shown in the second column of Table I. 

In another  way, G is calculated from the IR-spec- 
t rum data. By plott ing the IR absorbance against the 
radiat ion dose, as shown in Fig. 4, we obtain the 
charge density required to decrease the epoxide con- 
tent  by a definite percentage, say 1%. It has been 
ascertained, as described previously, that  the r ing 
opening of the epoxy group leads to the formation of 
ether l inkages almost exclusively. So we can assume 
that  one crosslink is formed by one opened epoxy ring. 
And G then becomes 

pNq 
G-- 

Qo.olaVE 

where E and Q0.01 are the epoxide equivalent  (i.e., the 
weight of the polymer containing 1 mole of epoxide) 

Table I. G values for the crosslinking of the epoxidized polymers 

G v a l u e s  
F r o m  i n s o l u -  F r o m  I R  

M a t e r i a l s  b i l i t y  d a t a  d a t a  

E p o x i d i z e d  p o l y b u t a d i e n e  190 200  
E p o x i d i z e d  p o l y i s o p r e n e  160 70 
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and the charge densi ty necessary to decrease the 
epoxide content  by 1%, respectively. E is calculated 
from the epoxide content  determined analytically,  a is 
again estimated to be 0.070 per ~ at 9" = 35,000. The G 
values obtained from Q0.01 and E are shown in the third 
column of Table I. 

It is seen from Table I that  the G values of the 
epoxidized polymers are ext raordinar i ly  large com- 
pared with those of ordinary  polymers. For example, 
G values for KPR and KTFR are reported by Broyde 
(5) to be 0.65 and 1.20, respectively. If a chain reac- 
tion is assumed to take place by an electron-beam 
exposure to produce three-dimensional  structures, high 
G values of crosslinking can be explained. However, 
it is uncer ta in  that such a chain reaction occurs 
smoothly in relat ively rigid polymer layers. It may also 
be worthwhile  considering that  the highly exothermic 
character of crosslinking reactions contr ibutes to the 
large G values. Bond-energy  data show that  heat 
of about 35 kcal /mole evolves in the crosslinking pro- 
cess with one epoxide-r ing opening. Although we do 
not have data for fur ther  discussions, it may  be pos- 
sible to regard this exothermic character as one of the 
reasons for the high sensitivities of the epoxidized 
polymers to electron beams. 

Conclusion 
Selected polymers having large molecular  weights 

and containing epoxy groups in high concentrat ion 
are more sensitive to electron beams than any known 
negative resist. These polymers are: epoxidized poly- 
butadiene, epoxidized polyisoprene, and poly (glycidyl 
methacrylate) .  They become insoluble by  an exposure 
of 15 keV electron beams with charge density between 
10 - s  to 10 -7 coulombs/cm 2. G values for crosslinking 
of the epoxidized polymers are calculated to be about 
200. These high sensitivities and high G values are 
a t t r ibuted to the presence of epoxide structures in the 
polymers. By use of these polymers as e lect ron-beam 
resists, we can etch selected areas of chromium-coated 

plates and oxidized silicon wafers. Owing to their  high 
sensitivities, these polymers shorten the exposure t ime 
when used in e lect ron-beam techniques. 
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A Continuous Manufacturing Process for Solid Tantalum 
Capacitors Based on the Powder-on-Foil Concept 

Gerhart P. Klein* 
P. R. Mallory & Company Incorporated, Laboratory for Physical Science, 

Northwest Industrial Park, Burlington, Massachusetts 01803 

ABSTRACT 

A manufac tu r ing  process for solid t an ta lum capacitors in the lower CV 
range based on the use of a continuous tape approach el iminates the handl ing 
of indiv idual  parts through the most critical stages of the process and thereby 
el iminates mechanical  damage, operator error, and reduces the labor re-  
quirements  drastically. The process extends from the ini t ial  phase of anode 
fabrication by sinter ing to lead a t tachment  and encapsulation. High process 
yields and very uniform device parameters  can be achieved through the 
mechanizat ion of all process operations. The process lends itself to complete 
automation and operation by means of a process control computer. 

Problems in solid t an ta lum capacitor (STC) m a n u -  
facturing that result  from contaminat ion and physical 
damage due to the use of organic binders, 'mechanical  
pressing, and individual  parts handl ing are el iminated 
in the new powder-on-foi l  (POF) process (1). In  it, 
t an ta lum foil in the form of a continuous tape serves 
both as the substrate which supports the powder 

* Electrochemical  Society Act ive  Member.  
Key  words:  solid tan ta lum capacitors,  continuous tape manufac -  

tur ing  process, binderless anodes, powder  dispensing and measur -  
ing apparatus ,  continuous tape sinter ing furnace,  continuous anod- 
izing apparatus.  

compact and as an interconnect ing means between a 
mul t i tude of sintered anodes. The foil substrate con- 
tains depressions which serve as receptacles for Ta 
powder which is deposited dropwise in the form of a 
s lur ry  of powder in water. After  drying, the powder 
is fused to itself and the foil in a single s inter ing 
operation in inert  atmosphere. 

Tan ta lum tape with integral  sintered anodes can be 
processed into solid t an ta lum capacitors with high 
processing yields, consistently low leakage currents,  
and superior rel iabi l i ty  (2). The POF process is par-  
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t icular ly well suited to smaller types of STC's with 
radial  leads in the range to about 200 ~f.V. 

STC's in the convent ional  process are manufac tured  
by batch processing techniques. Anodes are pressed 
individually,  presintered in  bulk, provided with leads 
individually,  sintered in  bulk,  and are then fixtured 
and arranged in processing heads. The heads are taken 
through the process either manua l ly  or at various 
degrees of mechanization.  

Various schemes for single-file continuous process- 
ing have been proposed (2, 3) for parts  of the STC 
process. Obviously, the ini t ial  phase of the process is 
the most difficult to t ranslate  into a cont inuous process. 
Pressing of anodes wi th  binder  and sintering in vacu- 
um are serious obstacles to any such attempt. S in ter -  
ing must  be done in vacuum because the binder  can-  
not be removed rel iably in inert  gas sintering. A l inear 
vacuum sintering process is expensive both from the 
point of view of ini t ial  equipment  cost and its opera- 
t ion because of low loading density. 

Other problems such as how to press and attach in-  
dividual  anodes to a common carrier  before s inter ing 
and, after sintering, process them into good capacitors 
and separate them from the carrier  at the end of the 
process without  damaging them are equally far from a 
solution. 

The advantages of a cont inuous process are as ob- 
vious as are the difficulties of achieving this goal by 
way of the convent ional  STC process. 

A l inear  continuous process is defined as one in 
which the parts  to be manufac tured  move through 
subsequent  stages of the process in single (or mul -  
tiple) file. Materials cont inuously enter  the process 
line, pass through all stages without  holdup, and f in-  
ished devices come off the l ine continuously.  This 
mode of operation provides for identical processing 
conditions for all parts. Manual  labor is el iminated as 
are handl ing of individual  parts  and the chance of 
physical damage. The process variables can be con- 
trolled t ight ly and human  error is largely eliminated. 
This can be the basis for full  automation and computer 
control. 

The POF process, in addit ion to providing an al ter-  
nat ive to the pressing of anodes with binders  which 
by itself leads to a significant improvement  in product 
quality, provides at the same time an ideal basis for 
a continuous manufac tur ing  process for STC's. The 
purpose of this paper is to report  some of the work 
that  was done toward this lat ter  goal. A flow diagram 
of a continuous POF process (5) is shown in Fig. 1. 

Description of Manufactur ing Process 
Tape preparation.--Any continuous process requires 

that individual  parts  be interconnected in some way 
such that  they are aligned in single or mul t iple  file. 
In the POF process, this is accomplished by means of 
t an ta lum foil which serves both as a substrate  for a 
porous pellet and as an interconnect ing carrier tape. 

L 
TAPE SUPPLY ~ ~]~ , w 

~ , ~  R O~OE~ 
DISPENSING M 

STAt~PiNG ETCHING ANODIZING 

MnO2 - APPLICATION REANODIZING GRAPHITE SILVER SOLDER 

LEAD ATTACHMENT SEPARATION ENCAPSULATION 

Fig. 1. Flow diagram of continuous manufacturing process for 
POF solid tantalum capacitors. 
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Fig. 2. POF tantalum tape. A, stamped; B, slntered after mask- 
ing; C, finished capacitors with leads before separation and en- 
capsulation. 

The tape can have any n u m b e r  of configurations, one 
of which is shown in Fig. 2A. In  the s tamping opera- 
tion (Fig. 1), a configuration with rectangular  pro- 
jections to one side and a continuous carrier strip with 
circular indexing holes are produced. The rectangular  
appendages are connected to the carrier by means of 
an integral  nar row neck which serves as the contact 
to the substrate meta l  after  the completion of the 
device. The appendage is made with a slight depres- 
sion to provide a receptacle for the t an t a lum powder 
to be deposited in a subsequent  operation. The use of 
tape with individual  substrates projecting to one side 
greatly facilitates the design of process equipment  and 
facilitates the cut t ing of the finished device from the 
tape at the end of the process. The indexing holes are 
provided to allow tape t ranspor t  through the process 
by means of a sprocket dr ive 

A cleaning operation is used to remove any surface 
contaminat ion from the t an ta lum substrate and to re-  
move impurit ies introduced dur ing the stamping oper- 
ation. After  washing with d eionized water  followed 
by drying, the tape is fed to the next  operation. 

Powder dispensing.--In the powder dispensing oper- 
ation, a measured amount  of wet Ta powder is de- 
posited in the appendages project ing from the tape. 
This dispensing technique is based on the discovery 
that  Ta powder in a l iquid carrier can be dispensed 
dropwise in  measured amounts.  The amount  of powder 
dispensed per drop is de termined by  the geometry of 
the tip and the surface tension which holds a drop at 
the tip from which the s lurry  is being released. The 
principle under ly ing  this dispensing technique has 
been described previously (2). 

A dispensing apparatus on the basis of this principle 
which is suitable for controlled continuous operation 
(6) is shown schematically in  Fig. 3. It  consists of a 
reservoir (a) which is filled with firmly packed wet 
powder and water  and is closed at the top with an 
airt ight cover plate (b).  The reservoir extends into a 
dispenser tube (c) which terminates  in  a tip (d) of 
special design. A closely metered stream of water  
enters the dispenser tube at (e).  The flow is deter-  
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Fig. 3. Powder dispensing apparatus 

mined by a water  compressor in  con]unction with a 
stainless steel capillary. Vibrat ion is applied at the 
tip of the dispenser tube in order to provide for the 
smooth flow of powder in this par t  of the apparatus. 

The size of the powder droplets is determined by 
the geometry of the tip. The ratio of diameter  to 
length determines the ratio of water  to powder. The 
droplets must  contain a sufficient amount  of water to 
spread out on the substrate. The amount  of powder 
that  can be dispensed dropwise is of the order of a 
fraction of a gram. Several  drops have to be dispensed 
on the same substrate  area if larger amounts  of Ta 
powder are required. 

The dropping frequency is determined by the rate 
of flow of water  into the dispenser tube. Controls have 
been provided to insure continuous operation wi thin  
narrow tolerances of dropping frequency and drop 
weight. The falling drop, sensed by a photocell, actu- 
ates the tape drive to advance the tape to the next  
position. 

Both the short- and long- term stabil i ty of the dis- 
pensing apparatus have been found to be satisfactory. 
Drop weights fall well  within the +--10% bracket  of 
the average drop weight. This is wi th in  the specifica- 
tions for STC's which normal ly  require the capaci- 
tance to be wi th in  _+20% of the nomina l  capacitance. 

Sintering.--Tantalum anodes for use in solid tan-  
ta lum capacitors are commonly sintered in vacuum at 
temperatures  between 1900 ~ and 2200~ However, 
vacuum sintering on a continuous basis with the mate-  
rial  to be sintered moving in and out of the furnace 
cont inuously presents problems which can be over- 
come only at high cost. 

We found sinter ing in inert  atmosphere to be equal-  
ly effective and selected this method because it could 
be adapted more readi ly  to the s inter ing of t an ta lum 
tape. 

The sintering equipment  is shown in schematic form 
in Fig. 4. It consists of a furnace in two sections: A 
short horizontal presinter  furnace is used to fuse the 
powder to itself and to the substrate, thereby remov-  
ing the restraint  from the tape orientat ion that  re- 
quired the tape to remain  in horizontal  position in 
order to avoid dis turbing the loose and dry powder. 
After  presintering, the tape can be wound through a 
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Fig. 4. Furnace for sintering POF tantalum tape 

vertical s inter  furnace of special design. The tape 
passes through the main  furnace in two ful l  loops for 
better  util ization of the heat zone. 

The furnace system is cont inuously being flushed 
with inert  gas. The tape enters the furnace through 
a long tube in order to minimize the back-diffusion of 
the ambient  atmosphere. A mercury-f i l led gas seal is 
used at the exit to block the flow of gas and force it 
out through the entrance tube. 

The movement  of the tape through the sinter fur-  
nace is paced by the dispensing apparatus. 

Masking.--In the operations following sintering,  it is 
important  to l imit the bui ld-up of materials  to areas 
where no ill effects will  be found to occur in later 
process operations. In  particular,  the deposition of 
manganese  dioxide and other cathode materials must  
be limited to those areas that  have been covered with 
anodic oxide and that wil l  not be subject to physical 
s train dur ing lead at tachment  and encapsulation. For 
this reason, a nar row band of silicone adhesive is 
applied across the neck of each appendage (Fig. 2B), 
effectively suppressing creepage of solution over this 
part  and l imiting the bu i ld-up  of cathode materials  to 
the appendage proper. The neck area remains suffici- 
ent ly clean for the positive lead to be welded to the 
riser at a later stage in the process. 

The major  operations after sintering and masking 
are: anodic oxidation, application of manganese di- 
oxide, application of addit ional cathode materials, lead 
attaching, and encapsulation. 

The discussion of the process steps is l imited to those 
aspects that cannot be considered tr ivial  adaptations 
from batch processes to an endless t an ta lum tape with 
anodes projecting at right angles from a continuous 
carrier tape. 

Anodic oxidation.--In this operation, an insulat ing 
oxide film which is to serve as the dielectric of the 
finished capacitor is generated on the substrate metal  
by anodic oxidation. The tape is immersed in a suit-  
able electrolyte, e.g. dilute phosphoric acid, and a po- 
tential  is applied between the tape (positive) and a 
counterelectrode (negative).  Anodic oxidation is car- 
ried out preferably at elevated temperature  and with 
controlled current  density. The voltage to be reached 
dur ing  anodization depends on the operating voltage 
of the finished capacitor and does not normal ly  exceed 
300V in the case of tantalum. 

Anodizations are convent ional ly  done in  tank  sys- 
tems. Ta anodes are formed in batches, a mode which 
poses few problems with regard to controll ing the 
critical parameters.  The rate of voltage increase, in 
particular,  can be programmed readily. Continuous 
tape anodization is widely practiced with a luminum 
foil and suggests itself for use with t an ta lum strip as 
well. However, problems arise with t an ta lum which 
require special solutions. In  continuous tank  forma- 
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tions, the current  to the whole strip undergoing anodi-  
zation has to be supplied at the entrance to the tank. 
The current  required depends, among other factors, on 
the desired rate of formation, the loading of the tape 
(amount  of powder per inch),  and the tape speed 
(production rate) .  In  the case of POF tan ta lum tape, 
the cross section of the carrier strip is far too small  
to supply the required current  without  overheat ing 
and intolerably high voltage drop along the tape under  
formation. The cross section of the tape cannot be  in -  
creased at will  because of the cost of tantalum. In  
addition, the anodization of porous anodes requires 
controlled current  density which cannot be achieved 
readily in a tank  formation system. 

The shortcomings of the conventional  t ank  anodiza- 
t ion techniques have been overcome in the cascade 
formation which is i l lustrated in Fig. 5. The tape is 
suspended with its plane vert ical  be tween pairs of 
idlers and sprockets which guide the tape and serve 
as contacts for grounding the tape at the same time. 
Between contact wheels, the tape passes through elec- 
trolyte cascades which emerge from two rows of 
metallic nozzles alongside the tape path. The cascades 
have been subdivided into sections with electrolyte 
discontinuity between adjacent  sections. Electrolyte is 
fed to each nozzle from a reservoir by  means of in-  
sulat ing spaghetti  tubing. The nozzles of each section 
have been interconnected electrically and serve as 
counterelectrode wi thin  a given section. Sections be- 
tween the entrance and exit points of the tape are 
connected to power sources so that  each one is more 
negative in potent ial  than  the preceding one by a fixed 
amount.  The positive te rmina l  of the power supply as 
well  as the contact wheels are grounded. The tape is 
thus exposed dur ing  its t ravel  through the formation 
system to a series of electrolyte cascades which are 
consecutively polarized at stepwise decreasing poten- 
tials by means of the counterelectrode nozzles. The 
magni tude of the potential  step between adjacent  sec- 
tions as well as their  length are determined such that  
optimal formation of a given type of anode is obtained. 
In the l imit of small  potential  steps, formation will  ap- 
proach constant  current  formation. Large steps cor- 
respond to constant  voltage formation. 

The electrolyte is heated and thermostat ical ly con- 
trolled in  a tank  and circulated through the formation 
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Fig. 5. Cascade anodization system 
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system by means of pumps. Electrical isolation be-  
tween electrolyte flowing to different nozzle sections 
is a requi rement  that  is best met  by  long electrolyte 
paths. Grounded auxi l iary electrodes have been placed 
in the electrolyte reservoirs to suppress cross currents  
which might  otherwise flow between sections by  way 
of the tank  and the connecting tubing  and cause cor- 
rosion in anodically polarized sections. 

The continuous carrier strip is not being anodized to 
permit  electrical contact to be made to the tape during 
anodization. Contact rollers are spaced such as to keep 
the current  flow per contact wi th in  acceptable limits. 
The electrolyte is prevented from creeping up the neck 
by the silicone adhesive barr ier  applied earlier. 

The rate of formation can be controlled by  proper 
selection of the magni tude  of the voltage steps, of the 
electrolyte conductivity, the cascade configuration, and 
the speed of the moving tape. 

The anodization process can be programmed exter-  
nal ly  by selecting the number  of sections at the same 
voltage and the magni tude  of the voltage step accord- 
ing to the requirements  of the rat ing being processed. 
The programmabi l i ty  facilitates the change-over  be-  
tween different rat ings and minimizes the loss of tape 
between changes. 

High formation rates become possible because of 
improved heat t ransfer  between the electrolyte and 
the anodes in a flow system. 

The same kind of equipment  can be used for for- 
mat ion to voltage, stabilization at voltage, and refor-  
mat ion after the deposition of manganese dioxide. 

Deposition of manganese dioxide.--After the gen- 
eration of an insulat ing oxide film on the t an ta lum 
substrate which serves as the dielectric of the finished 
capacitor, a counterelectrode of manganese  dioxide is 
deposited on the inner  and outer surfaces of the porous 
t an ta lum slug. Conventionally,  this is done by im- 
pregnat ing the porous slug with a concentrated solu- 
tion of manganese ni t ra te  in  water  and convert ing the 
manganese  ni t ra te  by heat ing it in air at temperatures  
between 200~176 The operat ion is repeated sev- 
eral times in order to provide a dense, highly con- 
ducting layer of manganese  dioxide. 

The whole operation consists of a sequence of dip- 
ping and heating steps which pose no part icular  prob-  
lems when applied to a continuous tape, and includes 
one or more reanodizations between MnO2 applica- 
tions. Obviously, the depth of immersion of the tan ta -  
lum slugs must  be controlled carefully in order to l imit  
the bu i ld -up  of manganese  dioxide to those parts  that  
have been coated with anodic oxide. The earlier 
masking step is an essential precondit ion for control of 
the bu i ld-up  in the neck area. 

A device which was found to permit  dipping with 
the tape in the horizontal  position is i l lustrated in Fig. 
6. A metallic or plastic rod was provided with a hori-  
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Fig. 6. Manganese dioxide application 
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zontal slot and a passage to permit  feeding manganese  
ni t ra te  solution to this slot. The solution is held in 
the slot by  surface tension. A reservoir  is thus pro-  
vided from which the t an ta lum slugs can pick up the 
solution. The solution is pumped into the slot from a 
reservoir  to which excess solution is returned.  

Following dipping, the tape passes through hot gas 
which converts the manganese  ni t ra te  to oxide. The 
gas is heated by means of a cartridge heater with pro- 
port ional  control. 

The preceding operations are repeated unt i l  an 
optimal coating with manganese  oxide has been ob- 
tained. Reanodizations are carried out in an anodiza- 
tion system as described in the previous section. 

Additional cathode contact layers.--Following m a n -  
ganese dioxide application, addit ional  coatings of 
colloidal graphite and si lver paint  are applied in order 
to provide ohmic contact to the manganese  dioxide 
semiconductor and to provide solderability. Both ma-  
terials are applied by dipping, followed by drying and 
heat curing. The dipping is most convenient ly  done 
using the same applicators as used for manganese  ni -  
trate. Their  use is par t icular ly  advantageous in the 
case of fas t -drying materials,  such as silver paint,  be- 
cause of the min imal  surface area exposed to the atmo- 
sphere and the continuous rep lenishment  of the small  
volume of solution which exists in the slot of the ap- 
plicator. It has been found desirable to coat the silver 
layer with a layer  of solder prior to lead attachment.  
Dipping of the whole strip in a pool of solder such as 
is generated in wave solder equipment  is suitable for 
this operation. 

Lead at tachment- -The application of solder prior to 
lead attaching makes it feasible to attach the anode by 
welding and the cathode lead by reflow soldering. The 
anode lead is attached to the neck port ion of the ap- 
pendage using capacitor discharge or resistance weld-  
ing. The negative lead is attached to the cathode con- 
tact by heating a section of the negat ive lead extending 
across the capacitor par t  and fusing it with the solder 
coating (Fig. 2C). 

Separation Srom continuous tape and encapsulation. 
- -Fo l lowing  lead at tachment,  the capacitor is severed 
from the tape by  cut t ing the neck between the positive 
lead and the cont inuous tape. The capacitors are then 

t ransferred to fixtures for encapsulat ion which may be 
by means  of t ransfer  molding, dip coating, or hermetic  
sealing in metal  cans, or other means depending on 
the use of the device. 

Conclusions 
In  the POF process, a combinat ion of novel tech- 

niques makes it possible to overcome the l imitat ions 
inherent  in the convent ional  process. The usual  press- 
ing of powder with b inder  has been replaced by the 
deposition of a powder s lurry  in water  on a substrate 
of the same mater ia l  which is sintered cont inuously 
in inert  atmosphere. The special configuration of the 
substrate el iminates the requi rement  of at taching in -  
dividual  anodes to processing fixtures after sintering. 
The anodes thus made are of high pur i ty  and uni -  
formity. 

T ru ly  continuous processing of t an ta lum capacitors 
with continuous flow of mater ia l  through the line 
without any direct handl ing of individual  capacitors 
has been achieved. The POF process can be mecha-  
nized and lends itself to automation and computer 
control. 

Contaminat ion and physical damage which could 
affect the final product qual i ty through the presence 
of imperfections in the anodic oxide film have been 
minimized. Every device encounters  processing con- 
ditions as near ly  the same as possible. Operator in -  
fluence on product qual i ty and uncontrol led holdups 
during processing have been eliminated. As a result, 
un i formi ty  of device parameters,  near  optimal elec- 
trical characteristics, and high yields can be expected. 

Manuscript  submit ted Sept. 28, 1970; revised m a n u -  
script received ca. Dec. 1, 1970. 

A ny  discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1971 
JOURNAL. 
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Potentiostatic Anodic Pickling of Stainless Steels 
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ABSTRACT 

Surface Cr-deplet ion beneath the oxide scale in heat - t rea ted stainless 
steels plays a de termining  role in both functions of acid pickling which are: 
(i) scale detachment  or descaling proper and (ii) restoration at the metal  
surface of the base Cr content, i.e. of the highest passivity properties. As the 
anodic behavior  of the impoverished alloy is quite different from that  of the 
base alloy, definite advantages may be obtained by potentiostat ically polariz- 
ing the steel dur ing pickling in a potential  range where the anodic dissolution 
of the Cr-depleted alloy is kinet ical ly  favored over that  of the base alloy. Ex-  
per imenta l  evidence is given for AISI  Type 304 steel in both HNO3-HF and 
simple H2SO4 baths, showing the at tract iveness of potentiostatic pickling in 
al lowing the replacement  of the usual nitr ic-hydrofluoric acid pickles with 
less toxic and cheaper sulfuric baths. 

Rolling of stainless steels requires the quick and 
complete removal  of oxide scales formed in hot rol l -  
ing, for which temperatures  below 900~ are una d -  
visable as well  as dur ing solubilizing hea t - t rea tments  

* Electrochemical  Society Act ive  Member.  
Key  words:  acid pickling, Cr-depletion, descaling, fluoronitric 

pickle, passivity evaluation,  potentiostatic t reatments ,  sulfuric 
pickle, stainless steels. 

carried out at 1050~176 Oxide scales of high-al loy 
steels are much more impervious and adherent  than  
those of nonalloyed or low-al loy steels. Scales formed 
on Cr and Cr-Ni  steels have a complex s t ructure  owing 
to the oxidation mechanism of these oxidat ion-resis tant  
alloys. In  fact, because of the higher oxidizabil i ty of 
chromium, the ma in  step consists in the formation of 
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a highly protective Cr-r ich oxide layer  which inhibi ts  
outward diffusion of iron. However, on growing, the 
oxide layer undergoes mechanical  ruptures  allowing 
the rapid oxidation of the under ly ing  alloy which is 
less oxidation resistant  because of the Cr impoverish-  
ment. The succession of low-ra te  (parabolic) oxida- 
tion stages under  a continuous Cr-r ich oxide layer  and 
high-rate  ( l inear)  oxidation stages under  a ruptured  
oxide layer results in the formation of stratified scales 
with al ternate  layers of Cr-r ich and Fe-r ich oxides 
(1, 2). The final si tuation of an oxidized surface (Fig. 
1) will  show the prevalence of a Cr-depleted alloy 
under  an adherent  and compact layer of Cr-r ich oxides 
together with the presence, to a much lower extent, of 
surface areas of less Cr-impoverished alloy under  a 
much more porous and strongly adherent  layer  of Fe-  
rich oxides. The resul t ing subsurface alloy is Cr de- 
pleted up to a depth of a few microns (3). Such a de- 
pletion is of the utmost importance in the acid pickling 
of rolled sheets and strips. A previous electrochemical 
investigation (3) showed indeed that  the main  descal- 
ing mechanism does not consist in disintegrat ing the 
scale by direct dissolution, but  ra ther  in detaching and 
exfoliating the scale via dissolution of the Cr-depleted 
surface alloy support ing the most adherent  scale. Such 
an alloy has an electrochemical behavior  much differ- 
ent from that  of the base alloy. This led to the idea, 
pre l iminar i ly  experimented and patented (4, 5), of in-  
creasing the rate and efficiency of stainless steel acid 
pickling through the electrochemical control of the 
anodic dissolution of the  subscale layer in such a way 
as to accelerate the rate of attack on the Cr-depleted 
alloy over that  of the undepleted material .  So far as 
final cold-rolled products are concerned, the restora- 
tion at the steel surface of the base Cr content  (giving 
the max imum "passivability," i.e. resistance, to the 
general  and localized corrosion) depends on the com- 
plete removal  of the depleted alloy. Indeed, the re- 
duction in chromium, which is less noble thermody-  
namical ly  than  iron and nickel but  highiy contr ibut ing 
to the "kinetic nobil i ty" (i.e., passivity),  produces, ac- 
cordingly, a substant ia l  enlargement  o f  the activity 
range in the anodic polarization curve of the alloy to- 
gether with a definite shift of the anodic peak po- 
tent ial  in the noble direction and a marked increase of 
passive current  densities. Besides, dechromization 
makes the active-passive t ransi t ion less sharp, enlarg-  
ing the region of incomplete passivity. All these effects 
are shown schematically in Fig. 2. 

Cr-rich oxide layers 

I rs 
Fig. 1. Schematic picture of an oxide-scaled, high-Cr steel 
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Fig. 2. Influence of Cr content on onodic polarization curve of 
Cr steels. 

From such considerations it can be easily shown that  
the anodic polarization curve of an oxidized stainless 
steel, i.e. of a broadly dechromized steel surface, wil l  
give both the p r imary  peak of the base alloy and a dis- 
solution peak of the Cr-depleted alloy at more posi- 
t ive potentials (Fig, 3). A marked broadening of the 
active dissolution range wil l  result, as well  as an in-  
crease in passive current  density. The mechanism of 
ordinary  acid pickling of stainless steels may  n o w  be 
explained. If the pickle contained nitr ic acid only, ow- 
ing to the oxidizing power of this acid, the working 
potential  of the steel would shift quickly to the 
passivity range where the dissolution rate would be 
negligible on nondechromized areas and min imal  on 
Cr-depleted areas. When hydrofluoric acid is present  
with the nitr ic acid, the strong activating power of F -  
ions confers on the medium a definite depassivating 
character which affects the polarization behavior  in 
the same way as lowering the Cr content  in the alloy 
to insufficient levels. As indicated in Fig. 4, active 
dissolution rates increase remarkably,  and the work-  
ing potential  of the steel keeps close to the zero cur-  
rent  value. 

The principle of potentiostatic anodic pickling lies 
in main ta in ing  the steel potential  polarized by  ,a po- 
tentiostat  wi th in  the range (shown in Fig. 4) where  
the anodic dissolution rate of the Cr-depleted alloy is 
at its maximum.  

Experimental and Results 
S p e c i m e n s . - - A l l  tests were carried out on strip 

specimens, 8 x 3 cm, of AISI Type 304 steel from com- 
mercial  sheet, 1 m m  thick, with a s tandard finish No. 
2B. A necessary prerequisi te  was the production of a 

Anodic peak of 
~'~ ~ e t e d  alloy 

o 

of base 

CURRENT DENSITY 
Fig. 3. Typical potentlodynamic onodic polarization curve for on 

oxidized Cr steel in acid solution. 
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Fig. 4. Influence of HF on anodic polarization curve in HNO:r 
working position for potentiostatic pickling. 

uniform oxide scale sufficiently reproducible from one 
specimen to another. Satisfactory results were ob- 
tained by accurately controll ing in each exper iment  
both the surface preparat ion and the final oxidation 
treatment .  The following succession of operations to be 
carried out on one specimen at a t ime was adopted: (i) 
prolonged pickling in (HNO3 (d 1.4) vol. 20% -t- HF 
(d 1.15) vol. 2%) at 60~ for 20 min, a iming at level-  
ing the metal  surface microgeometrical ly and chemi- 
cally; (ii) accurate r insing in r unn ing  water  and dip- 
ping in a passivating HNO3 (d 1.4) vol. 46% solution 
at room temperature  for 30 min;  (iii) drying in a cur-  
rent  of air at 80~ (iv) oxidizing at 1050~ for 20 min  
in air flowing at 60 l i t e r s / h r  in a vert ical  tubu la r  fur-  
nace (6 cm diameter) ;  (v) final rapid cooling in air 
at room temperature.  

For the oxidizing t rea tment  each specimen was 
placed in a definite position wi th in  the furnace by 
means of a special support ing device, to prevent  the 
specimen from any contact or impact with the furnace 
wall  (especially dur ing the final air quenching)  whicb 
could possibly lead to scale scratching or detaching. 
Specimens so treated presented uniform, adherent  
oxide layers and gave reproducible results with re- 
gard to the electrochemical behavior. Scales, however, 
were much thicker and more uni form than those pro- 
duced in practice, where  heat t rea tment  is much 
shorter. 

Evaluation of p ick l ing.~I t  was necessary to set up 
suitable technique for assessing the efficiency of any 
pickling t rea tment  tested from the s tandpoint  of de- 
scaling proper and passivabili ty restoration. 

Descaling was evaluated by measur ing with a special 
photodiode device the average reflectivity of the 
pickled surface, assuming a convent ional  l inear  scale 
ranging from 0 to 100. The figure 100 was assigned to 
a b lank  consisting of a deeply pickled surface (20 rain 
in ni tr ic-hydrofluoric acid mix ture  at 60~ whereas 
the figure "zero" was given to a surface oxide scaled by 
t reat ing in the furnace as described above. Such 
vaiues were determined as the average of measures on 
20 specimens for each extreme condition. 

The second criterion of evaluation, aimed at assess- 
ing the stainless qual i ty of pickled surface, was strictly 
electrochemical and was based on the determination,  
in a deaerated 20% H2SO4 solution at 30~ of the ten-  
siodynamic anodic polarization curve of the pickled 
specimens. The area of the passivation peak, being in-  
versely proportional to the passivability, gave a mea-  
sure of residual Cr depletion at the surface, i.e., of the 
extent  at which pickling succeeded in restoring the 
proper base composition at the surface. 

In  order to minimize the effect of minor  variat ions 
in scale properties from one specimen to another, the 
comparison between the efficiency of each experi-  
menta l  potentiostatic pickling (p.p.) and that  of a 
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free pickling (f.p.) was made on each specimen. 
Namely, while a half  specimen was pickled freely, the 
other half was pickled under  potentiostatic control, 
at the same bath temperature  and for an equal time, 
and a direct reflectometric and electrochemical com- 
parison was made of the two halves. 

Potentiostatic pickling in HNO3-HF.--On the basis of 
pre l iminary  tests, a mix ture  [HNO3 (d 1.4) vol. 10% 
+ HF d 1.15 vol. 1%] was adopted as the pickling 
solution to be operated at 30~ Such a low tempera-  
ture gave descaling kinetics slowly enough to allow an 
easy comparat ive evaluation;  i.e., a definite differen- 
t iat ion could be made between the t ime dependence 
of p.p. and f.p. 

Figure 5 shows the t rend of successive polarization 
curves obtained by scanning the same oxidized area in  
the pickle chosen. Potentials  are referred to a Hg/  
Hg2SO4 electrode in K2SO4 saturated solution (SMSE). 
The progressive decrease in current  densities and the 
clear tendency of the active dissolution peak to split on 
repeating the scanning can be seen. 

Descaling.--The results obtained are presented as 
reflectivity-pickling t ime curves at different polariza- 
tion potentials (Fig. 6) and as plots of the per cent ad- 
vantage of p.p over f.p. vs. pickling t ime at various 
constant  potentials (Fig. 7) and vs. potential  at various 
constant  pickling times (Fig. 8). Each exper imental  
point was obtained as the average for four different 
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Fig. 5. Anodic polarization curves from successive scans on oxi- 
dized AISI Type 304 steel in HNO4-HF (10:1) at 30~ 
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specimens. F igure  6 shows that,  by  polar iz ing at --300 
to --500 mV (SMSE) ,  the  descal ing ra te  was  fas ter  
wi th  p.p. than  with  f.p. A t  --600 mV, only  for r e l a -  
t ive ly  long pickl ing t imes  was the descal ing efficiency 
of f.p. surpassed,  whi le  at the other  potent ia ls  tes ted a 
m a r k e d  infer ior i ty  of p.p resul ted.  

The super ior i ty  of p.p. was  pa r t i cu l a r ly  m a r k e d  in 
the  potent ia l  range corresponding to the active dis-  
solut ion peak  of the  Cr -dep le ted  al loy (Fig. 5). The 
equivalence be tween f.p. and p.p. at  --600 mV m a y  be 
expla ined  by  considering tha t  f ree  corrosion po ten-  
t ials  of oxidized specimens r anged  be tween  --590 and 
--625 mV. At  --150 and at 0 mV only an incomplete  
descal ing was obta ined since the  steel  worked  in  the  
pass iv i ty  region (Fig. 5). Also, at  potent ia ls  (--700 
mV) more  negat ive  than  the free corrosion potent ial ,  
descal ing was infer ior  to tha t  w i th  f.p. 

The beneficial  effects of p.p. are  seen in Fig. 7 in 
terms of gain in ref iect ivi ty as a funct ion of p ickl ing  
time. The highest  advantages  (over  50%) were  ob-  
ta ined  for short  p ickl ing  t imes  at  potent ia ls  ranging  
f rom --500 to --300 mV. Fo r  longer  times, obviously,  
the difference reduced since f.p. is also comple te ly  effi- 
cacious. F igure  8 represents  the  gain in descal ing ra te  
as a function of work ing  poten t ia l  at  different  constant  
times, showing again tha t  the  op t imum work ing  range  
was --300 to --500 inV. 

The prac t ica l  profit  of the  potent ios ta t ic  control  can 
be s imply  expressed as the  shor tening of the  t ime re -  
qui red  to reach the  m a x i m u m  refiect ivi ty obta inable  
wi th  f.p. Since in this  w a y  descal ing could be con- 

s idered accomplished in 3 min  whi le  an equal  reflec- 
t iv i ty  was reached in about  1.5 rain wi th  p.p. (at  --300 
to --400 mV) ,  the  prac t ica l  t ime  profit  in t e rms  of de-  
scaling ra te  was  about  100%. 

Cr r e s t o r a t i o n . - - T h e  resul ts  obta ined  are  presented  
as: (i) pass ivat ion  cha rge -p ick l ing  t ime curves  at 
different  constant  potent ia ls  and  (ii) plots  of the  per  
cent  advan tage  of p.p over  f.p. F igu re  9 shows the 
curves  in (i) d r awn  f rom polar iza t ion  curves  ob-  
ta ined  by  anodic scans in 20% H2SO4 at  30~ as men-  
t ioned above. Fo r  short  p ickl ing t imes  a definite differ-  
ent ia t ion appears ,  depending  on the potent ial .  F. p. 
a lways  gave pass ivat ion charges  h igher  than  those for 
p.p. at  p roper  potentials .  This demons t ra tes  the su- 
pe r io r i ty  of p.p. in Cr res tora t ion  at  the  steel  surface. 

The advantages  obta ined wi th  p.p. over  f.p. are  re -  
por ted  in Fig. 10 in terms of lower ing  the electr ic 
charge for passivat ing.  Fo r  shor t  p ickl ing  t imes (0.5 
min) ,  the  gain was about  65% at  --300 mV, whi le  
somewhat  lower  figures resul ted  at  --400 and --500 
mV. For  longer  t imes  the gain  reduced  g radua l ly  as 
f.p. also worked  and in 3-5 rain almost  comple te ly  
res tored  the base  Cr content  at  the surface.. 

F igure  11 presents  the  plot  of the  per  cent advan tage  
vs. polar ized poten t ia l  at  th ree  different  constant  
p ickl ing  t imes.  I t  appears  tha t  there  is a b road  po ten-  
t ia l  range  (about  400 mV large)  in which p.p. is bene-  
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ficial. The opt imum conditions appear to coincide with 
those for the descaling proper. A practical profit figure 
can also be d rawn for the Cr restorat ion rate. In  ac- 
cordance with the above criterion, assuming 3 rain to 
be the t ime required with f.p. to reach the max imum 
passivability, this same result  could be obtained in 
about 1 min  by p.p. at --300 to --400 mV. This leads to 
an over-aU time profit of about 200%. 

Potent�9149 pickling in H2SO4.--An at t ract ive pos- 
sibili ty offered by the introduct ion of potent�9149 
techniques in stainless steel pickling lies in subst i tut -  
ing simple sulfuric acid solutions for ordinary ni t r ic-  
hydrofluoric acid baths. This would allow substant ial  
lowering of direct costs such as those of chemicals used 
in the bath, as well  as indirect  ones such as those con- 
nected with the abatement  of ni t rous vapors from the 
bath and the neutral izat ion of exhausted pickles prior 
to discharging. Further ,  owing to the stabil i ty of sul-  
furic acid, lower evaporat ion losses would result, and 
many  problems could be avoided connected with 
handl ing such a toxic chemical as hydrofluoric acid. 
The essential function of the potent�9149 control in 
sulfuric pickling would be in subst i tut ing the depassi- 
r a t ing  action of hydrofluoric acid al lowing the steel to 
work constant ly  in a range of active dissolution. In this 
connection, in order to outl ine the r ight  potential  
range, an anodic potent �9149 scan was carried out 
in 20% H~SO4 on an oxidized specimen (Fig. 12). The 
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curve obtained clearly displays the two dissolution 
peaks of the base alloy and the Cr-depleted alloy. 

Prior  to exper iment ing  in sulfuric acid baths, ex- 
ploratory potent�9149 pickling tests at --600 mV 
(SMSE) were carried out, aimed a t  de termining the 
most suitable temperature  and acid concentration. 
Figure 13 shows a plot of descaling efficiency (mea- 
sured through reflectivity) vs. H2SO4 concentration, at 
three constant temperatures.  It appears that  the high- 
est efficiencies were obtained with 20% H2SO4 at 60 ~ 
and 70~ and, because of the essential equivalence of 
the two temperatures,  the lower one was adopted for 
all p.p. tests. 

Owing to the insufficiency of descaling by f.p. in 
H~SO4, the f.p. in HNO3 (d 1.4) vol. 20% + HF (d 1.15) 
vol. 2% mixture  at the same temperature  of 60~ was 
chosen as the reference. As for p.p. experiments  in 
nitr ic-hydrofluoric bath, each exper imental  p.p in 
H2SO4 was carried out on one-half  of an oxidized 
specimen, while on the other half  f.p. in the above 
HNO3-HF reference pickle was carried out, t ime and 
tempera ture  being equal. 

Descaling.--The exper imental  results were plotted as 
a function of pickling t ime at various constant  poten-  
tials, each point being the average for four specimens 
(Fig. 14). It  appears that  the efficiency of ordinary 
HNO.~-HF f.p. can be approached under  certain con- 
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Fig. 14. lef lect ivi ty vs .  pickling time for surfaces potentiostati- 
cally pickled in 20% H2S04 at 60~ 
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ditions by  tha t  of p.p. in H 2 S O 4 .  In fact, p.p. at --400 
mV (SMSE) in shor t  t imes  (0.5-1 � 9  or a t  --500 to 
600 mV in longer  t imes  (3 and 5 � 9  respect ive ly)  
gave descaling degrees a lmost  equiva lent  to those wi th  
HNOs-HF f.p. 

Cr restoration.--The efficiency of p.p. in H2SO4 in 
removing the Cr -dep le ted  al loy f rom the steel  surface 
was eva lua ted  by  the coulomet ry  of the  res idual  pas -  
s ivat ion peak  (in 20% H2SO4) in comparison wi th  tha t  
obta ined wi th  f.p. in the  reference HNO3-HF mixture ,  
t ime and t empe ra tu r e  being equal.  The resul t s  ob-  
ta ined are  p lot ted  in Fig. 15 showing tha t  in this  r e -  
spect p.p. in the  s imple sulfuric solut ion tes ted was 
infer ior  to the  o rd ina ry  p ickl ing  in n i t r ic -hydrof luor ic  
acid bath.  Comparab le  resul ts  be tween  the two, how-  
ever,  were  obtained wi th  p.p. a t  --600 mV pro longed  
for 5 � 9  at least. This indicates  that ,  under  pa r t i cu -  
la r  opera t ing  condit ions and of course at lower  speed, 
p.p. in H2SO4 could give about  the  same final surface 
qua l i ty  of o rd ina ry  p ickl ing  baths.  

Conclusions 
With  necessary  reserva t ions  about  the  pa r t i cu la r  

condit ions of l abo ra to ry  t r ea tmen t  and the s p e c i a l  
techniques for eva lua t ing  descal ing and Cr res torat ion,  
the exper imen ta l  resul ts  p resented  in this  paper  have 
defini tely shown the po ten t ia l i ty  of the  potent ios ta t ic  
control  of n i t r ic -hydrof luor ic  p ickl ing in te rms of both 
descal ing accelerat ion and surface qual i ty  improve -  
ment,  as wel l  as of possible rep lacement  of ni t r ic  
and hydrofluoric acids wi th  cheaper  and less toxic 
sulfuric  acid. In  this  l a t t e r  respect,  however ,  HsSO4 
p.p. appeared  to compete wi th  o rd ina ry  HNOs-HF 
pickl ing in descal ing efficiency whi le  being somewhat  
infer ior  as to the  stainless qual i ty  of the  p ickled  sur -  
face. However ,  this  point  seems to be easi ly  sur -  
mountable  by  means  of sui table  addi t ions  to the  bath,  
or  by  rais ing the opera t ion  tempera ture ,  or, perhaps,  
by  a final "flash" d ipping in HNO3-HF pickle.  

Other  aspects of prac t ica l  in teres t  such as those re -  
gard ing  the o ther  stainless grades,  the  meta l  losses, 
and the life of baths,  r equ i re  fu r the r  sys temat ic  in-  
vest igat ions in order  to d raw out  useful  informat ion  
o n  the ove r -a l l  economy of the potent ios ta t ic  t r ea t -  
ment.  
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Techn ca]l Note 

Gold Plating on Copper Substrates from Gel Electrolytes 
H. Y. Cheh z'* 

Bell Telephone Laboratories, Incorporated, Murray H~l~, New Jersey 07974 

Thin deposi ts  of gold a r e  of ten appl ied  on subs t ra te  
surfaces of electronic par t s  to protect  the  par t s  from 
corrosion and to p rov ide  a conduct ing pa th  be tween 
devices. Addi t ional ly ,  the  concept of gold p la t ing  on 
selected areas  is interest ing,  of ten manda to ry  and eco- 
nomical ly  most  a t t r ac t ive  because of the  high intr insic  
values  of the  ye l low metal .  

In this  paper ,  p r e l im ina ry  invest igat ions  on one 
means  of selective pla t ing,  namely,  gold p la t ing  f rom 
gel electrolytes ,  are  described.  In  principle,  a gel e lec-  
t ro ly te  can be shaped to any des i rab le  geomet ry  for 

1 Presen t  address :  D e p a r t m e n t  of Chemica l  Eng inee r ing  and Ap-  
plied Chemis t ry ,  Columbia  Univers i ty ,  N e w  York,  New Y o r k  10027. 

* Electrochemical  Society Act ive  Member .  
Key  words :  plat ing,  gel electrolyte,  gold. 

select ive plat ing.  However ,  m a n y  prac t ica l  quest ions 
must  be answered  in order  to demons t ra te  the  feasi-  
b i l i ty  of pla t ing th rough  a gel e lectrolyte .  F o r  instance, 
no convection exists  in a gel e lectrolyte .  The t r ans -  
por t  of ions must  be accomplished by  diffusion and 
e lect r ica l  migra t ion  alone. L i t t l e  is known about  the  
diffusion of ions in a gel. Consequently,  a s tudy on the 
ra te  of deposi t ion in a gel is crucial .  When  the  cur ren t  
efficiency for gold deposi t ion is low, hydrogen  bubbles  
genera ted  at the subs t ra te  surface tend to adhere  to 
the  surface and shield off, to a large  extent ,  fu r the r  
deposition. The contact, or  wet tabi l i ty ,  be tween  the  
gel e lec t ro ly te  and the subs t ra te  surface is another  im-  
por tan t  pa r ame te r  to consider.  Nonuniform contact  be -  
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tween the two phases yields a nonuni form deposition 
which also affects the porosity of the electrodeposit. 
Exper iments  designed to study both the current  effi- 
ciency of the plat ing process and the porosity of the 
gold deposits are reported here. 

Experimental 
An acid citrate gold bath (1) which contained 21.3 

g/ l i ter  potassium gold cyanide and 50 g/ l i ter  am- 
monium citrate (dibasic) and a neut ra l  phosphate gold 
bath (2) which contained 20 g/ l i ter  potassium gold 
cyanide, 30.5 g/ l i ter  potassium phosphate (dibasic), 
and 10 g/ l i ter  potassium phosphate (monobasic) were 
chosen for these experiments.  A number  of gelling 
agents were considered, but  only two proved satis- 
factory for this application. These were the high vis- 
cosity sodium carboxymethyl  cellulose and hydroxy-  
ethyl cellulose. 

A circular OFHC copper disk and gold disks with 
diameters of 0.78 cm were used as cathode and anode, 
respectively. The cell container was a glass tube (ID 
0.8 cm) 4 cm long. 

In  order to find the opt imum composition of gel 
electrolytes, several solutions containing various 
amounts  of gelling agents were prepared. It was sub- 
sequently found that  electrolytes containing 5 to 10 
w/o (weight per cent) gelling agents were most suit-  
able for performing the deposition experiments.  When 
the concentrat ion of the gelling agent was less than 5 
w/o, the resul t ing solution did not solidify. At con- 
centrat ions above 10 w/o, gelling occurred spontane-  
ously, and uni form mixing became a difficult task. It 
was also found that hydroxyethyl  cellulose dissolved 
much more readily in the gold solution than the so- 
dium carboxymethyl  cellulose. 

Prior to plating, the copper cathode was cleaned and 
degreased using acetone and trichloroethylene, re-  
spectively. It was then br ight-dipped for approxi-  
mately 10 sec in a solution containing 250 ml  H2SO4, 
125 ml HNO3, 4 ml HC1 and 250 ml  water, then rinsed 
with distilled water  and dried. The gel electrolyte was 
injected into the plat ing cell by a plastic syringe. To 
ensure uniform current  distrbution, the cathode and 
anode were placed at two ends  of the cell facing each 
other. Pla t ing was then carried out under  constant 
current  density condition. The rate  of deposition was 
then calculated by comparing the weight increase of 
the cathode after the deposition process. Depending on 
the applied current  density, the durat ion of plating was 
varied between 10 min  to 3 hr for opt imum weighing. 
The porosity of the electrodeposit was measured by 
an electrographic porosity tester. 2 Deposits 0.5~ thick 
were used in the test. A voltage of 5V and a pressure 
of 800 lb/ in .  2 were applied for pore printing.  The re- 
sults were then compared with a s tandard deposit 
which was also 0.5~ thick and was plated from the 
aqueous acid citrate gold bath at 60~ and a current  
density of 4 m A / c m  2. 

Results and Discussion 
The results from measurements  of current  efficiency 

are summarized in Table I-IV. The product  of the ap- 
plied current  density and current  efficiency for gold 
deposition (i.E) represents the current  density for 
gold plating. This quant i ty  is directly proport ional  to 
the rate of deposition. The current  density for gold 
deposition observed in  these experiments  varies be- 
tween 0.15 m A / c m  2 to 0.50 m A / c m  2, and this corre- 
sponds to a deposition rate of 0.6 # /h r  to 2 ~/hr. This 
relat ively fast rate of deposition in a convection-free 
medium can be explained by a consideration of elec- 
trical migrat ion and diffusion of ions in a gel. It is 
known that the electrical conductivi ty of a gel electro- 
lyte does not change appreciably from its aqueous so- 
lut ion with no gelling agents in it (3). In  other words, 
the mobil i ty of an ion is not hampered dur ing a gel 
formation. The theory that  a gel contains a network of 
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Table I. Current efficiency for gelled acid citrate gold bath 
(High viscosity sodium carboxymethyl cellulose) 

A p p l i e d  cur-  
Ge l  concen-  r e n t  dens i ty ,  Efficiency,  iE, 
t r a t ion ,  w / o  i, m A / c m  ~ E, % m A / c m ~  

5.0 0.28 77 0.22 
0.56 62 0.35 
1.11 37 0.41 
1.85 23 0.43 

7.5 0.46 58 0.27 
0.93 30 0.28 
1.85 20 0.37 

Table II. Current efficiency for gelled neutral phosphate gold bath 
(High viscosity sodium carboxymethyl cellulose) 

A p p l i e d  cur-  
Ge l  concen-  r e n t  dens i ty ,  Eff iciency,  iE, 
t r a t ion ,  w / o  i, m A / c m  '~ E, % m A / c m ~  

5.0 0.46 59 0.27 
0.93 38 0.35 
1.85 27 0.50 

7.5 0.46 54 0.25 
0.93 34 0.32 
1.85 22 0,.41 

Table III. Current efficiency for gelled acid citrate gold bath 
(Hydroxyethyl cellulose) 

A p p l i e d  cur-  
Ge l  eoncen-  r en t  dens i ty ,  Eff• iE, 
t r a t ion ,  w / o  i, m A / c m ~  E, % m A / c m  = 

7.5 0.28 58 0.16 
0.46 64 0.29 

10 0.28 52 0.15 
0.46 61 0.28 

Table IV. Current efficiency for gelled neutral phosphate gold bath 
(Hydroxyethyl cellulose) 

A p p l i e d  cu r -  
Ge l  concert- r en t  dens i t y ,  Efficiency, iE, 
t r a t i on ,  w / o  i, mA/cm=' E, % m A / c m  ~ 

7.5 0.28 71 0.20 
0.46 65 0.30 

10 0.28 61 0.17 
0'.46 58 0.27 

capillary spaces filled with unchanged solvent and the 
"micro-viscosity" of the system remains  unchanged is 
often suggested in the l i terature (3). The mean free 
path of a cation in a gel electrolyte is in the order of 
1A. This is often much smaller than the size of the 
structure introduced into the system during a gel for- 
mation. Consequently, the diffusion coefficient of a 
cation in a gel is of the same order of magni tude  as 
that in an aqueous solution. The transport  of ions due 
to electrical migrat ion can be ignored because of the 
relat ively high electrical conductivi ty of the system. 
Assuming diffusion as the only means of t ransport ing 
ions and using a semi-infinite model, the concentrat ion 
of the reacting species has the following form (4) 

C = C o - - - -  i e r fc  - -  [1] 
n F - - D  2~/ 

where c is the concentrat ion of the cation in the sys- 
tem, Co is the ini t ia l  concentrat ion of the cation, n is 
the number  of electrons t ransferred for the deposition 
reaction, F is Faraday 's  constant, t is the time, D is the 
diffusion coefficient of the cation and x is the distance 
from the electrode surface. The concentrat ion of the 
cation at the electrode-solution is therefore 

Cx=o = co -- ~D [2] 

The transi t ion time T is defined as the t ime when Cx=o 
becomes zero. From Eq. [2] 
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4i2E 2 

Co for the plat ing system is 7 x 10 -5 moles/cm 3. iE, as 
shown in Tables I-IV, varies between 0.15 m A / c m  2 to 
0.50 mA/cm~. Assuming a diffusion coefficient of 
5 x 10 -8 cm2/sec, ~ is 8 x 10 ~ sec for an iE of 0.15 
mA/cm 2 and 720 sec for an iE of 0.50 m A / c m  2. Com- 
paring T with the dura t ion of the deposition experi-  
ment,  it is confirmed that  the concentrat ion of the cat-  
ion at the electrode-solut ion interface was never  de- 
pleted completely for all  the experiments.  This ex- 
plains both the fast rate of deposition and the in-  
crease of deposition rate at higher applied current  
density. 

The electrographic porosity test provides a qual i ta-  
tive ra ther  than  a quant i ta t ive  measurement .  The pre-  
l iminary  results indicate that  pore formation is due 
largely to hydrogen bubbles  which are generated dur -  
ing the deposition and t rapped at the interface. The 
porosity of the bu lk  of the deposit is similar to that  
plated from an aqueous solution. 

Conclusions 
Pre l iminary  investigations on gold plat ing from gel 

electrolytes are presented. The rate of deposition is 

found to be sufficiently rapid to render  the deposition 
process worth considering. The feasibility of such a 
process will  depend largely on fu ture  efforts in either 
e l iminat ing or separating hydrogen gas bubbles  from 
the electrode-solution interface thereby reducing 
porosity of the deposit. 
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ABSTRACT 

The duplex structure of anodic films formed in  concentrated KOH solu- 
tions with convection near ly  absen t - - a  hydrodynamic  condition present  near  
a hat tery plate in proximity  to a separa tor- -has  been confirmed on h igh-pur i ty  
polycrystal l ine zinc and to a more l imited extent  on some polycrystal l ine zinc 
alloys as w e l l  Previously,  the use of a very  slow potent ial  scan with s imul-  
taneous microscopic observation of s ingle-crystal  zinc electrodes showed that  
a precipitated coating of ZnO particles (type I film) overlies a more coherent 
film also of ZnO (type II) .  The exper imenta l  conditions required for follow- 
ing stages in the formation of the precipitated film, the one most difficult to 
observe, are defined more explicit ly in this paper. Evidence is presented that  
the type II film serves as a catalyst for hydrogen evolution at potentials 
anodic to the zinc/zinc oxide equi l ibr ium value. Hydrogen bubbles, whose 
formation is so catalyzed, can mechanical ly dislodge overlying passivating film 
to cause reactivation of the electrode. The presence of complex t in or lead 
anions at concentrat ions about 10-3M (molar) in KOH solutions gives rise 
to very smooth, almost imperceptible, films of metallic t in  or lead over the 
zinc electrode surface. Such films are made visible, though, dur ing zinc dis- 
solution as they rumple  and eventual ly  gather into a wad after being under -  
cut. These foreign metal  films inhibi t  the dissolution of zinc to an extent  
that  depends on the par t icular  complex anion, its concentration, and ex- 
posure t ime to the zinc surface. Lead films can be made sufficiently inhibi t ive 
that  zinc dissolution is reduced 'to such a rate that  very l i t t le precipitat ion 
of ZnO occurs. 

Studies of the anodic films that  form on pure zinc 
electrodes in concentrated alkal ine electrolyte under  
different hydrodynamic  condi t ions-- thei r  composition, 
the mechanism of their  formation, their  effects on the 
current  densi ty-electrode potent ial  curve, and some 
aspects of their  relationship 'to the problem of pas- 
sivation and to the problem of dendri te  formation 
dur ing  subsequent  cathodic deposi t ion--have been re-  
ported previously (1-3). In  particular,  when  convec- 
t ion is near ly  absent, a hydrodynamic  si tuation present  
rmar a bat tery  plate in  proximity  to a separator, 'the 
anodic film is shown to be duplex. A precipitated film 
of zinc oxide covers a more coherent skinl ike film, 
also of zinc oxide. Recently, the notion of anodic 
film formation by precipitat ion from a layer of elec- 
trolyte supersaturated with electrode dissolution prod- 
uct has been questioned (4). I t  is perhaps a l i t t le sur -  
prising tha t  the  formation of the outer film, the one 
that  forms by  precipi 'tation according to this author, is 
the  more difficult one to document. Its observation 
does, however, requi re  considerable at tent ion to some 
exper imental  problems. 

In  this paper, the special exper imental  conditions 
required for viewing successive stages in  the formation 
of this film are defined more explicitly. They are i l lus-  
t ra ted in par t  by present ing evidence for the formation 

* Electrochemical  Society Act ive  Member.  
Key words:  anodic films, hydrogen  evolution,  zinc oxide films, 

zinc passivation. 

of the  duplex film structure on polycrystal l ine zinc. 
Such photomicrographic documentat ion both confirms 
and complements that  presented previously for single- 
crystal zinc electrodes. Finally,  this concept of the 
duplex film is shown to be useful  in re la t ing the phe-  
nomenon of electrode react ivat ion to hydrogen evolu- 
tion and in  explaining some effects associated with 
the presence of small  concentrat ions of lead and t in 
anions in  the KOH electrolyte. 

A rather  lengthy discussion of past anodic studies 
on the alkal ine zinc electrode has been presented pre-  
viously (1). Consequently, only a very brief recount-  
ing of past work on this topic and on others relevant  
to this s tudy is given below. 

Anodic Film Formation 
Ir~ 1965, the Russian chemists, Vozdvizhenski and 

Kochman, reported two peaks in  the cu r ren t  potent ial  
curve for zinc between the rest potential  and that  po- 
tent ia l  at which the electrode remains  passive, using 
solutions 2M and 5M in  KOH. They speculated that  
the different peaks might  be associated with the for- 
mat ion  of various oxides with different degrees of hy-  
dration, structure,  and solubil i ty (5). The results of 
Vozdvizhenski and Kochman differed markedly  from 
those reported by other workers  (6, 7). These differ- 
ences were resolved by Powers and Breiter, who found 
that  the course of passivation, as reflected in  the cur-  
ren t -po ten t ia l  curve, as well  as the s tructure of the 
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passivating films depend strongly on the hydrody-  
namic conditions in the electrolyte near  the zinc elec- 
trode. Two peaks can be observed in the anodic cur-  
rent  if convection is near ly  absent  and if the potential  
scan rate from the rest value is very small, typically 
0.05 mV/sec (1). 

The first peak, near  --1.27V vs. a mercury-mercur ic  
oxide reference electrode, is associated with the for- 
mat ion of a white, part iculate film by  precipitat ion 
from a saturated layer  of electrolyte adjacent  to the 
electrode surface. The saturated layer  is produced by 
dissolution of the electrode. This precipitated, so- 
called type I film was later  identified as ZnO by x - r a y  
diffraction (2). Short ly  after format ion of the precip- 
itated coating, another  film, more coherent and skin-  
like than type I, becomes evident. It  forms directly 
on the electrode surface beneath the precipitated film. 
This so-called type II film has also been identified as 
ZnO, using electron diffraction (2). It can be strongly 
light absorbing and is believed to contain an excess 
of zinc. In  the presence of convection, ony the type II  
film was observed to form on the electrode surface 
(1). These findings about the na ture  of the anodic 
films forming under  different hydrodynamic conditions 
are summarized in Fig. 1. 

Hydrogen Evolution 
Zinc is probably  the most ac.~ive metal  whose oxi- 

dized species can be reduced back to the metall ic state 
in good yield in an aqueous solution. Because the 
equi l ibr ium potent ial  of a zinc electrode is over 0.4V 
more active than that  of a hydrogen electrode in the 
same K O H  solution, the oxidation of zinc by the  elec- 
trolyte is a spontaneous process. The complementary  
electron-accepting step to zinc oxidation, the reduc-  
t ion of water  with the evolution of hydrogen, is usu-  
ally sufficiently hindered that  hydrogen evolution 
takes place at a ra ther  slow rate. However,  this lat ter  
reaction can be catalyzed. 

Catalysts for hydrogen discharge on zinc can be 
divided into two general  classes. The first is much 
better  known  and is comprised of a rmmber of 
metals  noble to zinc. Those of the second class are 
generated electrochemically and have been recog- 
nized only  recently.  They are based on anodic zinc 
oxide films. 

Most metals will catalyze hydrogen evolution to 
some extent  when in  both electrolytic and electronic 
contact with a zinc specimen. Iron, nickel, and pla~- 
inure  are par t icular ly  effective, while on the other 
hand, mercury,  thall ium, lead, and t in are not cata- 
lytic. In  fact, mercury  and tha l l ium impede this re- 
action; i.e., they increase the overvoltage for hydro-  
gen evolution on zinc (8, 9). Impur i ty  catalysts can 
appear on the surface of a zinc specimen either by  
incorporation with the metallic zinc as impuri t ies  or 
alloy addit ion agents or by  way  of the  electrolyte. 
The oxidized species of a metal  noble to zinc can be 
reduced spontaneously to the metall ic state on the 
zinc surface. I ron impuri t ies  in KOH solutions were 

I. WITH CONVECTION NEARLY ABSENT 

~~///WHITE~ FLOCCULENT, TYPE I FILM, FORMED BY 
PRECIPITATION FROM A SUPERSATURATED 
LAYER OF ELECTROLYTE~ ZnO 

~ - -  COHERENT, STRONGLY LIGHT-ABSORBING, 
Y / / / / / / / / / / / / ' / / ' / / ~  DIRECTLY-FORMED TYPE 11" ZnO WITH 

EXCESS OF Zn FILM, 

Zn ELECTRODE 

2. IN PRESENCE OF CONVECTION 

xxxxxxxxxxxxxxxxxx TYPE 1T FILM 

7 / / / / / / / / / / / / / / ~  z.  E L E c T R o o E 

Fig. 1. Films formed on zinc electrode in 7M KOH 

found, very  early in  this study, to be par t icular ly  
troublesome in  this way. 

Although zinc oxide catalysis of hydrogenat ion re-  
actions has long been known  in organic chemical tech- 
nology, an awareness of the catalytic activity of anodic 
zinc oxide films for hydrogen evolution is an achieve- 
ment  of only the last decade. To br ing  out bet ter  the 
na tu re  of the phenomenon under  consideration, some 
electrode potentials  need to be cited. That  for zinc in 
equi l ibr ium with 0.25M zincate is --1.36V when mea-  
sured against a mercury /mercur ic  oxide reference 
electrode in the same alkal ine solution. That for the 
equi l ibr ium between zinc and a solution saturated 
with respect to ei ther zinc hydroxide or zinc oxide is 
--1.34V, while that  for the reversible hydrogen elec- 
trode is --0.93V. Al though hydrogen evolution is 
theoretically possible then at any  potent ial  below 
--0.93V, it is usual ly  negligible in filtered 7M KOH at 
--1.36V. When the potential  is shifted toward more 
positive values, the driving force for hydrogen evo- 
lut ion is reduced. Yet in the range from about --1.25 
to --1.0V, the gas evolut ion rate is usual ly  much 
greater  than at --1.36V. The only  apparent  way to 
unders tand  such a phenomenon is to assume the ex-  
istence of a catalyst on the zinc electrode that  was 
not present  at --1.36V. 

Sanghi and Fle ischmann in  1959 were the first to 
present some evidence for the existence of this k ind 
of catalysis (6). On applying an increasingly positive 
poten.~ial to a zinc electrode in a very  dilute (0.01- 
0.1M) KOH solution, the current  was anodic from the 
rest value unt i l  passivation ensued. However, it be- 
came cathodic over a region of more positive poten-  
tials between that  for passivation and that correspond- 
ing to the hydrogen equil ibrium. The current  became 
anodic again at still more positive potentials. The 
cathodic current  was a t t r ibuted to the discharge of 
hydrogen catalyzed by  the presence of an anodic 
film formed at lower potentials. Similar  exper imental  
results were observed by Kaesche working with di-  
lute solutions of NaOH and NaHCO~. Furthermore,  
Kaesche confirmed the existence of an electroreduc- 
ible film on zinc, presumed to be zinc oxide, at poten- 
tials just  slightly more positive than that  for the 
equi l ibr ium of zinc and zinc oxide (10). J. Oxley ob- 
served that, on subject ing zinc dendrites to a couple 
of hundred  mill ivolts  of anodic overpotential  in 6M 
K O H , - t h e  dendrites turned black and a gas was 
evolved on them. He also observed s imi lar  phenomena 
on smooth zinc surfaces (11). 

Tin and Lead Additions in KOH Solutions 
Tin and lead salts dissolve in  alkaline solutions to 

form the complex anions, HS1~(~2- and HPbO2-,  ac- 
cording to Garret t  and his students (12). About  twenty  
years ago, N. T. Kudryatsev  reported that only mil l i -  
molar  concentrat ions of these anions in alkal ine zinc- 
ate baths were required to suppress zinc dendri te  
formation, a finding confirmed recent ly by Diggle 
and Damjanovic  (13, 14). Mansfeld and Gi lman re- 
port  these additives give rise to microscopically 
smooth lead and t in  films on the zinc electrode. They 
have observed small  coral- l ike zinc crystalli tes at 
200 mV of cathodic overvoltage in  place of the den-  
drites which would otherwise have been deposited 
(15). 

Exper imenta l  Procedure  
The main  technique used in  this work was the ob- 

servation of changes on the zinc electrode wi th  a 
microscope dur ing  the passage of electric current .  
The exper imental  cell and auxi l iary  equipment  used 
for s imultaneous in -s i tu  microscopic observations and 
the measurement  of cur ren t  densi ty-potent ia l  curves 
under  carefully controlled condit ions have been de- 
scribed previously (16). 

Nevertheless, the hydrodynamic conditions in  the 
viewing cell deserve comment  here. In this cell, the 
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specimen electrode caps the lower end of a hollow, 
7.9 m m  ID, Teflon polymer cyl inder  filled with elec- 
trolyte. The electrode is viewed through a th in  win-  
dow at the top of this cylinder.  The specimen electrode 
lies in a horizontal  plane facing upward  with the 
boundary  of the area exposed to electrolyte defined 
by the wall  of the Teflon polymer cylinder.  When the 
electrolyte is not  forcibly stirred, mass t ranspor t  oc- 
curs almost ent i re ly  by  diffusion alone. There is l i t t le 
na tu ra l  convection dur ing anodic dissolution because 
the denser layer  of solution produced by  dissolution 
remains  beneath the bu lk  electrolyte. Precipi tat ion 
takes place from this denser layer  when  sa tu ra ted - -  
With li t t le change, however, in the concentrat ion of 
dissolved zincate in the bu lk  of the electrolyte. Thus, 
the hydrodynamic  s i tuat ion near  a ba t te ry  plate in 
proximity  to a separator is s imulated in  the viewing 
cell (1, 17). 

Much of the work in the present  s tudy was con- 
cerned with somewhat thicker anodic films than  those 
studied previously (1,2).  For this reason, a Wild 
stereomicroscope was adapted for use with the viewing 
cell to complement  the metal lurgical  microscope used 
exclusively in the past. The new ins t rument  allows ob- 
servation with a depth of focus and a sense of depth 
perception impossible with a metal lurgical  microscope. 
In addition, the abil i ty to change magnification and 
size of field rapidly is most helpful  in  observing gas 
evolution. However, it has not been possible in a prac- 
tical sense to photograph stereoscopically. Most of the 
photomicrographs shown in this paper  were taken 
using a Leitz Ortholux microscope equipped with dark 
field objectives, largely because of the higher mag-  
nifications possible. 

The major  problems of adaption oI the stereoscopic 
microscope were gett ing sufficient i l luminat ion  for ob- 
serving the strongly l ight-absorbing films that  form on 
the alkal ine zinc electrode and making  provision for 
suitable photomicrography. A modified high-pressure 
mercury  arc lamp, a CSI lamp, was most often used to 
provide the necessary h igh- in tens i ty  i l luminat ion.  The 
horizontal  beam from this source was projected onto 
the specimen in the viewing cell by  means of a plane 
mir ror  and a condensing lens. In  situations where less 
intensi ty  was required, a quar tz- iodine i l luminator  
was used. A Leitz camera provided with a Polaroid 
camera back for taking 8.9 x 11.4 cm photomicrographs 
was suspended from a f ramework  independent  of the 
microscope. This type of suspension reduced vibrat ion 
caused by shutter  motion and el iminated the need for 
f requent  refocusing caused by the weight of a large 
camera bear ing down on the body tube of the micro- 
scope. 

The compositions of the various electrode materials  
used in this study, as furnished by the suppliers, are 
given in  Table I. Measurements  and observations have 
been carried out on two different series of polycrystal-  
line materials,  one made up of different grades of 
near ly  pure zinc and the  other of various zinc alloys. 
Specimens were prepared by punching  7/s in. diam 
disks from sheet stock. The surfaces of all specimens 
were cleaned prior to electropolishing in  a 20% sul- 
furic acid bath. This electropolishing procedure has 
been described in detail  elsewhere (18). While  the 

near ly  pure zinc specimens acquire a beaut i ful  mir ror  
finish by  this procedure, the surfaces of the zinc alloys 
are marred  by  the presence of fine pits. This pi t t ing is 
due to the evolution of oxygen on the alloy specimens. 
The last step in the polishing procedure involves sub-  
ject ing a specimen to an overvoltage of near ly  8V in 
order to remove a gray anodic film responsible for 
smoothing. At this overvoltage, oxygen evolution oc- 
curs on the alloys but  not on the near ly  pure zinc 
specimens. 

Because of their  ex t raord inary  mirror l ike  qual i ty 
which facilitates the observat ion of film formation, 
some studies were also carried out on the basa l  p lane 
of s ingle-crystal  material .  Such surfaces were pre-  
pared by cleavage of specimens about 3 mm thick 
from a larger single crystal  immersed in  l iquid n i t ro-  
gen. 

Measurements  were carried out wi th  7M potassium 
hydroxide solution prepared from reagent-grade  
chemicals and distilled water.  Zinc oxide at a con- 
centrat ion of 0.25 mole / l i te r  was dissolved in this 
solution to fix the ini t ial  zinc electrode potential  and 
to inhibi t  chemical corrosion of the zinc specimens 
when first exposed to electrolyte. The electrolyte was 
filtered through Gelman Acropor microporous polymer 
membranes  of 0.45~ pore size to remove the larger 
particles of iron compounds present. Exper iments  were 
carried out at 23~176 

Solutions containing electrolyte additions of complex 
tin or lead anions were usually prepared by thorough 
mixing of a weighed quantity of a lead or tin salt with 
100 ml of stock alkaline solution. This operation was 
carried out in  a separate vessel equipped wi th  a mag-  
netic st irrer before introduct ion of the solution into 
the viewing cell. The salts used were the oxides, chlo- 
rides, and acetates. The concentrat ion of the addition 
agent varied from 0.0005 to 0.01M. 

The zinc electrode potentials were measured against 
mercury-mercur ic  oxide reference half cells in 7M 
KOH. The potential  was controlled by means of a 
Jaissle potentiostat. The voltage required for the very 
low speed scanning of the zinc potent ial  was taken 
from a simple potent ial  divider ne twork  comprised es- 
sent ial ly of a Zener diode and a mul t i t u rn  potent iom- 
eter dr iven by  a clock motor. Curren t -po ten t ia l  curves 
were registered on a Moseley Model 2D-2A X-Y re-  
corder. 

Experimental Results and Discussion 
The results of this study are discussed under  three 

headings: problems in observing a precipitated anodic 
film on zinc electrodes; hydrogen evolution and elec- 
trode reactivation;  and the effects of t in  and lead ions 
in  the electrolyte on dissolution, film formation, and 
hydrogen evolution on zinc. 

Problems in observing a precipitated film on zinc 
electrodes.--One of the more impor tant  findings of 
previous work is that the convective conditions in the 
electrolyte near  the zinc electrode have a decisive in -  
fluence on the cur ren t -poten t ia l  curve and on the 
na ture  of the passivating film. Par t icu lar ly  re levant  
is the notion that  passivation can be brought  about by 
very  localized precipitat ion of zinc oxide from a layer  
of electrolyte saturated with zincate without  the bulk  

Table h Materials used in study 

Main impurities or alloying additions in per cent 

Source Des igna t ion  Cd Cu In Fe  Pb  Mg Si  Ag 

Cominco 69 Grade  0.00001 0.00OOl 0.00002 0.00001 0.00001 
Cominco 59 Grade  0.00002 0.00002 0.00002 0.0001 0.00001 0.00005 
Cominco 49 Grade  0.0005 0.0030 0.0010 0.0020 0.0030 0.0003 0.0005 
N.J.  Zinc  N2261 0.007 0.0003 0.008 0.06 
N.J.  Zinc  N2262 0.11 0.0003 0.013 0.041 
N.J.  Zinc  N2263 0.33 0.0004 0.009 0.28 
N.J.  Zinc N2264 0.006 0.65 0.005 0.076 

0 .0~3  

Monocrystals ,  Inc,  The  single crys ta l  w a s  g rown  f r o m  zinc be t te r  t han  99.999% pure.  
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of e lec t ro ly te  in the  cel l  being sa tura ted.  Documenta -  
t ion of the  prec ip i ta t ion  phenomenon has improved  
wi th  t ime and addi t ional  exper ience  now permi t s  a 
be t t e r  definit ion of the  best  condit ions for i ts observa-  
tion. 

Two pr inc ipa l  observat ions  suppor t  the i n t e rp re t a -  
t ion tha t  the  format ion  of a p rec ip i ta ted  film gives rise 
to the first peak  in the  cur ren t  observed nea r  --1.27V 
(vs. the  m e r c u r y - m e r c u r i c  oxide  e lect rode)  when  the  
potent ia l  is scanned ve ry  s lowly  f rom the  rest  va lue  in 
a more  posi t ive direction,  wi th  convection in the  elec-  
t ro ly te  nea r ly  absent.  The first observa t ion  is t ha t  the  
format ion  of a whi te  coat ing composed of v e r y  smal l  
par t ic les  coincides wi th  this  peak.  On the o ther  hand,  
if  the  e lec t ro ly te  is s t rong ly  st i rred,  this  peak  is e l imi-  
na ted  and such a whi te  film is not  observed.  The  l a t t e r  
fact is consistent  w i th  the  in te rp re ta t ion  of the  first. 
Wi th  apprec iable  forced or  na tu r a l  convection, the  
format ion  ad jacent  to the  e lec t rode  surface of a l ayer  
of e lec t ro ly te  sa tu ra t ed  wi th  the  dissolution produc t  is 
prevented .  The  whole  b u l k  of the  e lec t ro ly te  in the  
test  cell  would  need to be sa tu ra ted  before prec ip i -  
ta t ion could occur. The second ma jo r  observat ion  is 
tha t  of slow mot ion of some of the  smal l  whi t e  p a r -  
t icles or  l igh t - sca t t e r ing  centers.  When  observed,  a 
large  number  of  closely spaced par t ic les  can be  seen 
t rave l ing  in the  same direction.  This observat ion in-  
dicates the  par t ic les  are  in the  e lec t ro ly te  and are  p ro-  
pel led  by  smal l  convect ion currents .  I t  e l iminates  the 
poss ib i l i ty  tha t  these smal l  l igh t - sca t t e r ing  centers  
or iginate  by  direct  e lect rochemical  react ion at  var ious  
numerous  si tes over  the  e lec t rode  surface. 

However ,  both of these  cr i t ical  expe r imen ta l  facts 
i equi re  considerable  a t tent ion  to de ta i l  for the i r  r ea l ly  
sa t is factory  observation.  Successful  v iewing of the  in-  
d iv idua l  part icles ,  which  when  presen t  in sufficient 
dens i ty  form a whi te  coat ing on the e lec t rode  surface, 
requi res  a special opt ical  background.  Since such 
par t ic les  need to be v iewed under  dark- f ie ld  condi-  
tions, a smooth mi r ro r l i ke  surface is requ i red  to p ro -  
vide  this  da rk  background.  I t  is impor t an t  tha t  the 
darkness  of the  background  arises f rom the  smoothness 
of the  surface and not  because  of s t rong l ight  ab -  
sorbance by  the surface. For  instance, when prec ip i ta te  
par t ic les  move across the  e lec t rode  surface, t hey  are  
a lmost  lost f rom view when  t hey  cross over  por t ions  
of the surface covered wi th  so-cal led  type  I I  anodic 
film, a s t rongly  l igh t -absorb ing  e lec t rochemical ly  
formed film. Most of the ear l ie r  work  on this pro jec t  
was car r ied  out wi th  cleaved s ing le -c rys ta l  speci-  
mens because they  most nea r ly  met  this  background  
requi rement .  Even wi th  single crystals ,  though, there  
exists  considerable  var ia t ion  in the  ease wi th  which 
ind iv idua l  p rec ip i ta te  par t ic les  can be documented  by  
photomicrography.  I f  the anodic dissolution of the  
specimen, r equ i red  of course to produce  a supersa tu -  
r a t ed  l aye r  of e lectrolyte ,  gives r ise  to dissolution 
facets on too fine a scale, l ight  sca t te r ing  f rom such 
facets makes  detect ion of ind iv idua l  par t ic les  difficult. 
The r e l a t ive ly  infer ior  documenta t ion  of prec ip i ta t ion  
provided  in Ref. (1) compared  to tha t  in (2) can be 
a t t r ibu ted  in pa r t  to this  factor.  

I t  has been  found tha t  chlor ide  ion addi t ions  at  low 
mi l l imolar  concentra t ions  in KOH solutions cause the  
bunching of dissolut ion steps on the  basa l  p lane  of zinc 
single crystals .  This ion appears  to act as a poison 
which  reduces  the  ra te  of ver t ica l  e tching of dissolut ion 
pits. Very  shallow, f la t -bo t tomed pi ts  are  produced 
with  steep ver t ica l  walls.  No o ther  effect of chlor ide  
ion was detected.  The pho tomicrograph  shown in Fig. 
2 was taken  near  --1.29V dur ing  an anodic scan ve ry  
shor t ly  a f te r  the  mot ion of prec ip i ta te  par t ic les  was 
first observed in the  v iewing field. An  electrolyte ,  
0.002M in ch lor ide  ion, was used in this  exper iment .  
Some par t ic les  perhaps  can be seen on the  lef t  side of 
this  photograph  agains t  the  d a r k  field p rov ided  b y  the 
smooth bo t tom of the  dissolution pits. This pho tomi-  
c rograph shows the  impor tance  of a good d a r k  field 
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Fig. 2. Dissolution step structure on zinc single crystal associated 
with low concentrations of chloride ion. Dark field. 75X. 

background  for sa t is factory  v iewing of t he  ve ry  ear ly  
stages of precipi ta t ion.  Since 7M potass ium hydrox ide  
p repared  from r eagen t -g r ade  KOH m a y  be s l ight ly  in 
excess of 0.001M in chlor ide  ion impur i ty ,  poss ibly  the  
f la t -bot tomed dissolution pi ts  shown in Ref. (2) owed 
the i r  existence to the  advent i t ious  presence  of these 
impur i t y  ions (19). 

Documenta t ion  of the ea r ly  stages of prec ip i ta t ion  
of ZnO on po lycrys ta l l ine  zinc electrodes has been 
s l ight ly  infer ior  to t h e  best  obta ined on single crystals .  
Some difficulties ar ise  f rom the fact  that ,  a l though 
e lect ropol ishing of zinc in a sulfur ic  acid ba th  produces  
a surface t ha t  is m i r ro r l i ke  to the  eye, under  the  mi -  
croscope at  about  100X, l ight  sca t ter ing  f rom smal l  im-  
perfect ions on such pol ished surfaces in ter feres  to an 
ex ten t  wi th  that  f rom the prec ip i ta te  part ic les .  The 
point  is i l lus t ra ted  below. 

The ease of observat ion of the mot ion  of  p rec ip i t a te  
par t ic les  var ied  f rom specimen to specimen. Wi th  some, 
motion could be seen in a l l  fields of the  specimen. At  
the  other  extreme,  on one or  two of dozens of speci-  
mens of nea r ly  pu re  zinc, no mot ion at  al l  was de -  
tected. I t  became evident  tha t  the  ease of observat ion  
of par t i c le  mot ion was in t ima te ly  re la ted  to the  height  
of the  first cu r ren t  peak.  At  t he  poten t ia l  scan ra te  
used in most exper iments ,  0.05 mV/sec,  about  one half  
of the measured  heights  of the first anodic peak  fel l  in 
the  range  42-47 m A / c m  ~. However ,  the  r ema inde r  were  
la rger  and reached 70 m A / c m  2 in a few cases. The ease 
of observa t ion  of the  mot ion  of p rec ip i t a te  par t ic les  
was greates t  in those cases where  the  peak  height  was 
large.  Clearly,  the  smal l - sca le  na tu r a l  convection, made  
evident  by  par t ic le  motion, s t i rs  the  e lec t ro ly te  suffi- 
c ient ly  to cause a l a rge r  current ,  Near  t he  po ten t ia l  
for the  first cur ren t  peak,  --1.27V, the  cur ren t  is 
l imi ted  by  the t r anspor t  of zincate ions away  from the 
e lect rode surface. The sl ight  convection arises because 
the specimen surface  is not pe r fec t ly  flat. I t  is nea r ly  
impossible  to cleave a single c rys ta l  of zinc wi thout  
in t roducing a cleavage step. The  dens i ty  g rad ien t  
across such a step, typ ica l ly  100m high, is ev ident ly  
sufficient to produce a smal l  convection cur ren t  as p a r -  
t icle mot ion is usua l ly  easiest  to observe ad jacent  to 
such a surface d iscont inu i ty .  Fur the rmore ,  a 2-3 m m  
th ick  s ing le -c rys ta l  specimen is usua l ly  s l ight ly  bent  
dur ing  cleavage.  In  a few instances, the complex  mot ion 
of p rec ip i ta te  par t ic les  was c lea r ly  associated wi th  the  
smal l  e levat ions and depressions in t he  surface as- 
sociated wi th  such bending.  Wi th  po lycrys ta l l ine  speci-  
mens, the  p re fe ren t i a l  dissolution of gra in  boundar ies  
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i s  the  largest  factor  giving rise to an uneven  elec- 
t rode  surface. 

In  summary,  the  idea l  condit ions for observing the 
par t ic les  tha t  in mass  const i tute  so-cal led  type  I film 
are a mi r ro r l i ke  e lect rode surface, a dissolution pa t -  
te rn  tha t  leaves large  areas  of e lec t rode  surface u n -  
e tched or otherwise  v e r y  smooth, and a smal l  amount  
of convect ion so tha t  motion of prec ip i ta te  par t ic les  at 
velocit ies of the  o rder  of microns  pe r  second occurs 
over  much of the  e lec t rode  surface. Such veloci t ies  are  
smal le r  b y  a factor  of 100-1000 than  those usua l ly  as-  
sociated wi th  na tu ra l  convection along ver t ica l  elec-  
t rodes  (20). 

To i l lus t ra te  a number  of points  discussed above and 
to in t roduce some new findings as well, the  resul ts  of 
an exper imen t  wi th  a po lycrys ta l l ine  zinc specimen, 
99.9999% pure,  are  p resen ted  in Fig. 3 and  4. These 
include a cu r ren t -po ten t i a l  curve  along wi th  pho to -  
micrographs  taken  at different  potentials .  In  this  run, 
the  poten t ia l  was  scanned in the  posi t ive direct ion 
s ta r t ing  at  the  rest  va lue  at  the  ve ry  slow rate  of 0.05 
mV/sec.  The photomicrographs  shown in Fig. 4 were  
taken  wi th  a me ta l lu rg ica l  microscope on the  same 
specimen field wi th  Pola ro id  Type  52 film (ASA speed 
ra t ing  of 400) at 1 sec exposure  t ime.  F igures  4 ( a ) -  
4 (j)  were  taken  wi th  the  same incident  l ight  intensi ty.  

The in i t ia l  s tate of the  surface at  the  res t  potent ia l  
af ter  app rox ima te ly  10 min  exposure  to e lec t ro ly te  is 
indicated in F ig  4 (a) .  Even though the e lect ropol ished 
specimen is ve ry  smooth and appears  mi r ro r l ike  to the  
eye, f ine-scale etching is evident .  This mars  the  d a r k -  
field background  and in ter feres  wi th  the  observat ion  
of the  prec ip i ta t ion  process to a l imi ted  degree.  F igures  
4 ( b ) - 4 ( e ) ,  which  correspond to potent ia ls  along the 
s teeply  ascending por t ion of  the  cu r ren t -po ten t i a l  
curve, show tha t  anodic dissolution occurs p r e f e r en -  
t i a l ly  at  the  gra in  boundaries.  These are  g radua l ly  
widened and deepened wi th  time. The  a t tack  exposes 
macros teps  and ledges, many  of which  reflect so much 
l ight  into the  camera  tha t  ind iv idua l  steps a re  not 
easi ly d iscernible  a l though they  can often be  seen b y  
eye. Some, however,  are  so a l igned tha t  t hey  appear  
b lack on the photomicrographs .  

The first evidence of p rec ip i ta t ion  was noted shor t ly  
before the  pho tomicrograph  shown in Fig. 4(f )  was 
taken.  F igures  4 ( f ) - 4 ( i ) ,  t aken  near  the  first peak  on 
the cu r ren t -po ten t i a l  curve, show the manner  in which 
the  fine prec ip i ta te  par t ic les  even tua l ly  coat  the  en-  
t i re  e lect rode surface. The increase  in par t ic le  densi ty  
on successive photomicrographs  should be  noted. The 
coat ing is most r ead i ly  seen over  the  in te r io r  of the  
gra ins  as i l lus t ra ted  over  the  large gra in  ad jacent  to 
the r ight  border  of the  photographs.  Actual ly ,  the  
gra in  boundar ies  a re  also coated wi th  this p rec ip i t a ted  
type  I film, a l though the  coat ing the re  is more  diffi- 
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Fig. 3. Current density-potential curve for polycrystalline zinc 
taken during an anedic sweep at O.OS mV/sec under nearly con- 
vectionless conditions. 

cult  to discern because l ight  is so s t rongly  absorbed at  
the gra in  boundaries .  

In  fact, the  ma jo r  fea ture  of in teres t  about  the  gra in  
boundar ies  is the i r  g r adua l  da rken ing  as shown in suc-  
cessive photomicrographs ,  Fig. 4 (g ) -4  ( j ) .  Darken ing  
can be noted ve ry  soon af ter  the  onset of precipi ta t ion.  
In  exper iments  s imi lar  to the one under  discussion, 
the  potent ia l  scan was s topped at  app rox ima te ly  
--1.23V and the  e lec t ro ly te  was st irred.  S t i r r ing  re -  
moves the  over ly ing  type  I film on the gra in  bound-  
aries and reveals  the  presence of another  anodic film 
tha t  is responsible  for the  g ra in  bounda ry  darkening.  
This s t rongly  l igh t -absorb ing  anodic film we have  
previous ly  cal led type  II. I t  is usua l ly  possible  to lift  
up smal l  por t ions  of this  skinl ike  film off the  surface 
at  i r r egu la r  in terva ls  along the gra in  boundar ies  by  
s t i r r ing the  electrolyte .  The smal l  pieces then  become 
pa r t i cu la r ly  obvious as they  flap about  in the  e lec t ro-  
lyte.  The sizes of pieces of t ype  II  film tha t  have  been 
l i f ted  from polycrys ta l l ine  specimens are  ve ry  much 
smal ler  than  those f rom s ing le -c rys ta l  surfaces as 
documented  p rev iou ly  (1, 2). Because of the  r e l a t ive ly  
good separa t ion  at 144X be tween  areas  of the  speci-  
men surface undergoing  dissolution, i.e. the  gra in  
boundaries ,  and those lef t  unat tacked,  ~.e. the  g ra in  
interiors,  one can read i ly  see tha t  the  format ion  of 
dark ,  t ype  I I  fi lm occurs on ly  on por t ions  of the  speci-  
men undergoing  act ive dissolution. Whi le  this  point  
has also been observed  on s ing le -c rys ta l  specimens,  
documenta t ion  is usua l ly  much more  difficult because 
of the  smal ler  size of active and iner t  areas. 

Some type  II  film is l i ke ly  present  on zinc at al l  
potent ia ls  above the  zinc/zinc oxide  equi l ib r ium value.  
In  exper iments  in which  the  e lec t ro ly te  was  st irred,  
film formation,  as evidenced by  mul t ihued  t int ing of 
the  specimen surface, was  noted at  potent ia l s  only 20 
mV above this equ i l ib r ium value.  These observat ions  
do pose the quest ion whe the r  the  p rec ip i t a ted  film is 
the  direct  or the  ind i rec t  cause of the first passivation,  
the  decl ine in cur ren t  fol lowing the peak  near  --1.27V. 
S ta ted  otherwise,  does pass ivat ion  occur by  the  b lock-  
age of active sites by  p rec ip i t a t ed  par t ic les  or is the  
under ly ing  da rk  type  I I  fi lm responsible? Conceivably,  
the  prec ip i ta ted  coating could so shel ter  the  unde r -  
ly ing  film, that  the format ion  r a t e  of the  la t te r  exceeds 
its ra te  of dissolution. Thus, i t  could th icken or o ther -  
wise change its charac ter i s t ics  to reduce the  avai lab le  
current .  The informat ion  avai lab le  does not  pe rmi t  a 
c lear  choice be tween  these a l t e rna t ive  mechanisms.  

The  incident  l ight  in tens i ty  needed  to be increased 
considerably  to obtain the  photographs  shown in Fig. 
4 (k)  and 4(1). Two points  a re  no tewor thy  and  are  
discussed in grea te r  deta i l  subsequent ly .  One is tha t  
the  outermost  fi lm coarsens wi th  t ime  and develops  
considerable  porosi ty.  Many  more  cracks and holes  are 
evident  in Fig. 4(1) than  in Fig. 4 ( k ) .  The other  is 
evidence of hydrogen  evolution.  Two spher ica l  gas 
bubbles  appear  in the  field in Fig. 4(1). The behavior  
of o ther  grades  of nea r ly  pu re  po lycrys ta l l ine  zinc 
l is ted in the  tab le  is indis t inguishable  f rom tha t  for 
99.9999% zinc as discussed above. 

Throughout  this  paper ,  the  gas evolved on a zinc 
e lect rode in the  poten t ia l  range  f rom approx ima te ly  
- - 1 . 3 6  to --1.00V vs. the  Hg /HgO e]ectrode is assumed 
to be hydrogen.  F r o m  the rmodynamic  considerations,  
the  evolut ion  of hydrogen  is possible  in the  r ange  of 
potent ia l  under  considerat ion.  On the  other  hand,  the  
potent ia l  is much  too low for the  gas to be oxygen.  The 
mate r i a l s  de l ibe ra te ly  added  to the  system comprise  
meta l l ic  zinc (or zinc al loys in some exper iments ) ,  
dis t i l led water ,  r e a g e n t - g r a d e  ZnO, r e a ge n t -g r ade  
KOH, and smal l  quant i t ies  of argon used to deoxy-  
genate  the  a lka l ine  solution. Since gas evolut ion has  
been observed to cont inue at  an appa ren t ly  unaba ted  
ra te  for a per iod  of hours,  i t  seems un l ike ly  tha t  the  
gas is der ived  f rom an impur i ty .  A t t empt s  to obtain a 
posi t ive identif icat ion for  hydrogen  gas were  not suc- 
cessful. This analysis  involves work ing  wi th  approx i -  
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mately  10 -7 moles of gas in the presence of an aqueous 
solution. 

Hydrogen evolution and electrode reactivation.- 
After the surface of a zinc electrode has darkened as 
i l lustrated in Fig. (4j), the amount  of addit ional  in-  
formation on film formation that  can be obtained with 
a metal lurgical  microscope is usual ly  limited. The 
photograph shown in Fig. 4(1) is somewhat unusua l  
in that  the film surface lies sufficiently in a horizontal  
plane to allow much of the field to appear in focus. 
However, with a stereomicroscope, more information 
can often be obtained both on subsequent  changes in 
the precipitated film with time, as well as on hydrogen 
evolution at higher anodic potentials. Since hydrogen 
evolution takes place at random isolated sites over 
the electrode surface, it is expeditious to view it at 

low magnification in order to survey the entire speci- 
men. Higher magnifications are preferred, though, for 
observing film formation. 

Oxide film on pure zinc electrodes often appears 
blue to the eye. The stereomicroscope has been of 
great ut i l i ty  in examining  this film property. If after 
the second passivation the electrolyte is circulated to 
dissolve the anodic film slowly, the precipitated film 
can be seen to have consolidated into pieces of deep- 
blue material .  These pieces are sometimes surrounded 
by more reflecting type I precipitate and other t imes 
not. These consolidated masses of film substance give 
rise to the over-a l l  bluish appearance of the outer film 
on the electrode surface. The conversion of the precipi-  
tated film into blue oxide begins near  the electrode 
surface and proceeds away from that  surface. Its for- 
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Fig. 4. Changes on a polycrystalline zinc electrode during on anodic sweep. Dark field. 9OX. Letters an photomicrographs correspond 
to potentials indicated in Fig. 3: (a) initial surface; (b) - -1.343V; (c) - -1.330V; (d) - -1.309V; (e) - -1.292V; (f) - -1.285V; (g) - -1.283V; 
(h) - -  1.280V; (i) - -  1.273V; (j) - -  1.262V; (k) - -  1.178V, light intensity increased; (I) - -  1.114V, light intensity increased. 

marion  has  of ten been  noted in associat ion wi th  ap-  
prec iable  hydrogen  evolution.  

As discussed in a previous  section, i t  is an in te res t -  
ing fact  tha t  a f te r  the  zinc e lect rode is pass iva ted  near  
--1.24V w~th a coat ing of p rec ip i t a t ed  f i l l  i t  can be 
reac t iva ted  at  s t i l l  h igher  potent ia ls ;  i.e., the  anodic 
cur ren t  increases again.  Surely ,  some change must  
t ake  place  in the  coat ing to pe rmi t  this  to occur. One 
poss ibi l i ty  is tha t  recrys ta l l i za t ion  of the  p rec ip i t a te  
t akes  place  to produce  a more  porous coating. How-  
ever,  on examin ing  pho tomicrographs  such as Fig. 
4 (k )  and 4(1), i t  seems tha t  this  process t akes  place 
too la te  or  at  too high a potent ia l  to account for re -  
act ivat ion.  The dis lodging of  film b y  the  evolut ion of 
hydrogen  bubbles  seems the  more  l ike ly  cause. H y d r o -  
gen bubbles  a r e  usua l ly  first noted  at  a po ten t ia l  
s l ight ly  above tha t  for  the  cu r r en t  minimum.  Wi th  
but  a few exceptions,  this  observat ion  was noted in 
over  a dozen runs in which  an effort was made  to note 
carefu l ly  the first appearance  of gas evolution.  The 
except ions  ma in ly  involved  runs  in which  the  evolu-  
t ion ra te  was ve ry  low. Specimens included electrodes 
both  of nea r ly  pure  zinc, as wel l  as of zinc alloys.  The 
ra te  of hydrogen  evolut ion increases wi th  potent ia l  at 
least  up to the  second cur ren t  max imum.  Near  th is  
potential ,  the  accumulat ion  of hydrogen  bubbles  under  
the  window of the  v iewing  cell  of ten makes  fu r the r  
microscopic observat ion  difficult. The smal l  bubbles  
so re f rac t  l ight  tha t  a good focus is nea r ly  impossible.  
In  one run  in which  the  bubbles  dr i f ted  away  from 
the  window, i t  was possible  to observe  tha t  the  ra te  
of hydrogen  evolut ion decreased again  a t  s t i l l  h igher  
potent ia ls  when the e lec t rode  was pass iva ted  for the  
second time. Such a phenomenon  is e x p e c t e d h t h e  ra te  
of hydrogen  discharge mus t  go to zero as the  equi l ib -  
r ium poten t ia l  for  hydrogen  at  --0.93V is approached.  

The under ly ing  type  II  film is be l ieved to be the  
ca ta ly t ic  site of hydrogen  evolution.  Bubbles  mus t  then 
move th rough  the outer  film before  emerg ing  f rom a 
hole in the  surface. This mot ion  is indica ted  in Fig. 5 
where  a number  of only  "par t i a l "  gas bubbles  can be 
seen, owing to the i r  incomple te  emergence  f rom holes. 
Many  of the  pores  and channels  ev ident  in Fig. 4(1) 
were  crea ted  b y  the mot ion  of hydrogen  bubbles.  The 
d isp lacement  of film by  bubbles  has  been noted f re -  
quent ly.  

Two m a x i m a  were  usua l ly  observed on the cu r ren t -  
potent ia l  curve  for  the  var ious  zinc al loys studied. Fo r  
example ,  the  i -U  curve for  a specimen of N2263 al loy 
is shown in Fig. 6. F r o m  the  s imi la r i ty  of th is  curve 
to tha t  in Fig. 3, one would  infer  tha t  dup lex  anodic 
films form on zinc al loys much as observed on near ly  
pure  po lycrys ta l l ine  and s ing le -c rys ta l  zinc electrodes.  
However ,  only  indirect  evidence, mos t ly  re la ted  to the 

effects of hydrogen  evolut ion,  could be obta ined to 
suppor t  this  in te rpre ta t ion .  

Dur ing  the in i t ia l  r ap id  r ise  in cu r ren t  dens i ty  wi th  
potential ,  select ive etching of g ra in  boundar ies  was 
not  observed  on the  alloys,  bu t  r a the r  a more  genera l  
a t t a ck  took place at  both  gra in  boundar ies  and gra in  
interiors.  The etching of pits,  wi thout  exposure  of 
b r igh t ly  reflecting c rys ta l lographic  facets, could be  

Fig. 5. Emergence of gas bubbles from overlying film. 44X 
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taken during an anodic sweep at 0.05 mV/sec under nearly con- 
vectionless conditions. 
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seen with the stereomicroscope but  was very difficult 
to photograph satisfactorily. At  about 80 mV above 
the rest potential, the ini t ia l  formation of a film on 
the electrode was sensed. However, this film was not 
reflecting (white) as is the type I film formed on 
near ly  pure zinc and, when  present  at some depth, 
channels  and holes were  not  evident  as i l lustrated in 
Fig. 4(1) for pure zinc. The outer film appeared near ly  
un i formly  dark with little s t ructure evident. I t  g radu-  
ally filled the etched pits and eventua l ly  covered the 
electrode surface very  evenly. As for specimens of 
near ly  pure zinc, gas evolution usual ly  was first evi-  
dent  near  the m i n i m u m  in the current  potent ial  curve. 
The above features were common to all the alloys 
studied. Nonetheless, there were differences in the be-  
havior of individual  alloys. 

Films on N2262 alloy, for example, tended to blister. 
In  one run  as the second passivation was approached, 
observations in the stereomicroscope revealed that  the 
film over the ent i re  electrode surface was assuming a 
domed shape. When a large crack formed in the blister, 
the current  increased and passed through a thi rd  maxi -  
mum. The i -U curve taken  dur ing  this r u n  and a 
photomicrograph of the crack in the blister are shown 
in Fig. 7 and 8. This is good evidence that, as with 
pure zinc, hydrogen is not  generated wi th in  nor  at the  
top surface of the outer film, but  ra ther  undernea th  it. 

The rate of hydrogen evolution on the specimens of 
N2262 was roughly comparable to tha t  observed from 
specimens of near ly  pure polycrystaUine zinc. That, 
however, for N2263, an alloy containing about 0.3% 
each of cadmium and lead, appeared to be significantly 
less. In  a run  with this material ,  the outer film de- 
veloped a small  blister which did not  crack, however. 
Following the voltage scan, the blister was punc tured  
and a small  piece of the outer film was overturned,  
exposing the underside to view. In  contrast  to the top- 
side, the surface of the unders ide  contained a large 
n u m b e r  of cavities as shown in Fig. 9. Such cavities 
were real ly  fine channels, the mouths of which ap-  
pear as dark  spots on the photomicrograph. They 
were apparent ly  the escape paths of small  bubbles.  A 
bubble  of hydrogen still cl inging to the underside of 
the film appears in the upper  left port ion of the photo- 
micrograph. Here is addit ional  evidence that  the gen- 
eration of hydrogen occurs at sites undernea th  the 
outer film. 

The hydrogen evolution rate was significantly greater 
for the N2264 alloy, a mater ial  conta ining 0.6% cop- 
per, than for any other composition studied. Bubbles  
appeared just  prior to the current  min imum.  The rate 
of evolution was sufficiently high near  the second cur-  
rent  peak that  a scan of potent ial  to the second passi- 
vat ion could never  be completed. Hydrogen bubbles 
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Fig. 7. Current density-potential curve for N2262 alloy taken 
during an anodic sweep at 0.05 mV/sec under nearly convection- 
less conditions. 

Fig. 8. Crack in blistered anodic film, 44X 

Fig. 9. Cavities in underside of anodic film on N2263 alloy. 44X 

entered the sidewall  capil lary leading to the reference 
electrode compartment  in  the viewing cell and opened 
the circuit between the reference and working elec- 
trodes (16). Of course, the potentiostat  could not  func-  
t ion under  this condition. Removal  of the gas led very  
quickly to another  blockage. Every  run  with this alloy 
had to be aborted near  the second cur ren t  peak. An 
indication of the gas evolution from this alloy is pro- 
vided by Fig. 10, which shows the bubbles trapped 
below the window of the viewing cell. This photo- 
graph was obtained when  the electrode potent ial  cor- 
responded to the second current  maximum.  The dark 
background arises from the exceedingly strong light 
absorption of anodic films on N2264 alloy specimens. 
Unl ike  the other alloys, this film was readi ly removed 
from the electrode surface. A br ight  metall ic surface 
was found beneath it. These observations support the 
notion that  copper in the zinc alloy enters the lattice 
of the type II  film and thereby enhances catalysis of 
hydrogen evolution. I t  l ikely affects other electronic 
properties of this film as well. Kaesche has presented 
evidence that  the  presence of copper i n  anodic films 
on passivated zinc makes this electrode an efficient 
cathode for oxygen reduction in  hot water  (10). 

When  the polarizat ion source was removed after 
an anodic scan on either a pure zinc specimen or on 
one of the alloys studied, the electrode potential  
dropped to tha t  for the Zn /ZnO couple. The gas evolu- 
t ion rate decreased marked ly  from that  observed near  
the second current  peak although some hydrogen evo- 
lut ion continued to be noted. Much of this was l ikely 
due to gas previously t rapped in the anodic coating. 
If this film was scratched wi th  a pointed glass rod, 
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Fig. i l .  Current density-potential curves for zinc single crystals 
taken during anodic sweeps at 0.05 mV/sec under nearly convec- 
tioaless conditions with various concentrations of HPbO2- in elec- 
trolyte. 

Fig. 10. Hydrogen bubbles trapped below window of viewing cell. 
15X. 

the release of a very large number  of small  bubbles  
could be noted under  the microscope. 

The viewing cell was not  designed for measuring 
rates of hydrogen evolution. Nonetheless, a very 
crude estimate of the rates under  consideration in this 
report  can be obtained from the amount  of gas ac- 
cumulated  under  the window of the  cell. They cor- 
respond to current  densities in the range 1-10 ~A/cm 2, 
a quant i ty  insignificant in comparison to the rates of 
anodic oxidation in 7M KOH. Thus, it seems that  hy-  
drogen generated at a rate corresponding to micro- 
amperes per square cent imeter  can affect anodic cur-  
rents  about 10,000 t imes greater  through its mechani-  
cal action on anodic films. 

The effects of tin and Zead anions in the electrolyte 
on anodic dissolution, l~Im formation, and hydrogen 
evoZution.--The ut i l i ty  of the not ion that  anodic films 
on zinc can form both by precipitat ion from a super-  
saturated layer of electrolyte adjacent  to the  electrode 
surface, as well  as by a direct electrochemical mecha-  
nism on the zinc surface, is exemplified fur ther  by ob- 
servations on the effects of lead and t in additions to 
the KOH electrolyte. The cur ren t  potent ia l  curves 
shown in Fig. 11, along with photomicrographs corre- 
sponding to one of these curves shown in Fig. 12, indi -  
cate the sensitive effects of small  concentrat ions of 
such addit ion agents. The three cur ren t -poten t ia l  
curves were obtained in KOH solutions to which var i -  
ous amounts  of PbO were added to give the concen- 
t rat ions of HPbO2-  indicated in  Fig. 11. The presence 
of lead ions in the electrolyte has pract ical ly el imi-  
nated the anodic peak near  --1.27V associated with 
the formation of a precipitated coating. 

Figure  12(A) shows a representa t ive  photomicro- 
graph of a port ion of a single crystal specimen taken 
before any appreciable amount  of dissolution occurred. 
The metal lurgical  microscope equipped with a dark-  
field objective was also used to obtain the series of 
photographs presented in  Fig. 12. The surface, which 
contains the basal plane, is mar red  by only a few 
traces of slip planes and  by a cleavage step r u n n i n g  
from the lower left corner to the middle of the right 
edge of the photograph. I t  is not  evident  that  the 

surface is covered by  a th in  film of lead although the 
presence of such a film was indicated by  x - r a y  diffrac- 
t ion carried out on another  s ingle-crystal  specimen 
which had been immersed in a solution similar to that  
used in this run. In  Fig. 12 (B), there is a very  slight 
indication of dissolution along the clevage step and of 
l if t ing of the lead film there. In  Fig. 12(C), these 
events are much more evident. Jus t  prior to taking 
this photograph, precipitate particles were noted mov-  
ing away from the cleavage step, above which the 
electrolyte is saturated, toward the top of the photo- 
micrograph. These are easy to see against  the near ly  
perfect dark-field background. In  Fig. 12(D), fur ther  
spreading of precipitate part icles can be observed. 
However, the much lower densi ty of the particles in 
this coating compared to that  shown in the series of 
photomicrographs in Fig. 4 should be noted. The lead 
film evident ly  has so restricted the amount  of dis- 
solution that  a t ru ly  passivating precipitated coating 
does not form. Some wr ink l ing  and buckl ing of the 
lead layer  can be seen in the lower right port ion of 
this photomicrograph. 

Thus far in  this series of photomicrographs, evi-  
dence of so-called type I (precipitated film) and of 
the lead film has been presented. In  Fig. I2 (E) ,  the 
exposure t ime was increased threefold to secure evi-  
dence for the presence of type II  also. The narrow 
areas along the cleavage step and the small, near ly  
circular, areas adjacent are very black because they 
are light absorbing. Some dissolution has occurred in 
these places and they are now coated with a l ight-  
absorbing film. The area in the center  of this photo- 
micrograph jus t  above the cleavage step does not ap- 
pear to have such an intense black hue. I t  is l ight 
reflecting because it is still coated with a smooth lead 
film. In  Fig. 12(F),  it can be seen that  the circular 
areas have expanded. In  addition, the previously 
wr inkled  metal  film in the lower r ight  corner has 
gathered into a wad. In  Fig. 12(G), still fur ther  
spreading of the areas covered with type II film can 
be noted. The area in the center  port ion of the field 
has become in tensely  br ight  because the previously 
smooth lead film has wrinkled.  Presumably,  in this 
experiment,  the passivation of the electrode surface 
is associated with the presence of type II film. The 
abil i ty of this film to passivate a zinc electrode without  
the presence of a precipitated coating was shown pre-  
viously in exper iments  where the electrolyte was 
stirred. Higher potentials are required, though, than 
those associated with a precipitated film (1). 

Larger  concentrat ions of lead ions in solution or 
longer exposure t imes of the specimen to electrolyte 
before the start  of an anodic scan produced presum- 
ably less porous and cer tainly more inhibi t ive lead 
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Fig. 12. Changes on a zinc single-crystal electrode during an anodic sweep with lead 
ions present in electrolyte. Dark field. 50X. Letters on photomicrographs correspond to 
potentials indicated on curve in Fig. !1: (A) --1.340V; (B) --1.287V; (C) --1.265V; 
(D) - - i .207V;  (E) --1.172V, increased exposure time; (F) --1.123V; (G) --1,076V. 

films as shown on Fig. II. When a specimen was ex- 
posed to a 0.002M lead solution for 40 hr, fine lead 
dendrites in addition to a smooth lead coating were 
noted on the zinc surface. The presence of lead den- 
drites suggests a lead reduction process sufficiently 
rapid that transport of lead ions is rate limiting. Con- 
sequently, concentrations of lead ions in excess of 
0.002M were not investigated. Polycrystalline zinc 
specimens were usually not as effectively inhibited by 
a given concentration of lead ions as were single 
crystals. 

The disintegration of tin films appeared rather simi- 
lar to that for lead. They first wrinkled and then 
gathered into a wad. Tin films, however, were never 
found to be as inhibitive as those of lead. Even films, 
formed in 0.01M HSnO2- after 24 hr exposure to 
electrolyte, did not suppress the first anodic peak as 
illustrated in Fig. 11 for lead films, nor correspond- 
ingly did they suppress formation of a precipitated 
coating. Tin films often disintegrated at much lower 
anodic potent ia ls  t han  those of lead. F o r  example ,  the  
rumpl ing  of a l ayer  of t in  on a zinc single c rys ta l  at 
--1.32V is shown in Fig. 13. This t in l aye r  was formed 
by  exposing a single c rys ta l  to a solution, 0.0015M in 
HSnOe- ,  for  24 hr. Actua l ly ,  the  rumpl ing  of t in  films 
has  been  observed at  potent ia l s  be low --1.34V, i.e. in 
a range  of  po ten t ia l  whe re  type  I I  fi lm cannot  form. 

Fig. 13. Rumpling of tin layer on zinc single crystal. Dark field. 
75X. 
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Fig. 14. Current density-potential curves for zinc single crystals 
taken during anodir sweeps at 0.05 mY/see under nearly convection- 
less conditions with and without tin ions in the electrotyte. 

The point  is of some impor tance  because  type  I I  ZnO, 
whi le  ve ry  l ight  absorbent  at  h igher  potentials ,  is 
much less so at  potent ia ls  close to the  z inc/zinc oxide 
equi l ib r ium value.  Under  these conditions,  it  m a y  
have a metal l ic  sheen. Consequently,  care must  be 
exerc ised  to dis t inguish type  II  ZnO films f rom those 
of tin. 

Thus, lead  and t in addi t ions  to a lka l ine  e lec t ro ly te  
funct ion ma in ly  b y  giving rise to smooth iner t  films 
over  the  zinc e lect rode surface. Such films inhib i t  dis-  
solut ion unt i l  they  are  undercut .  A p a r t  f rom some ef-  
fects associated wi th  hydrogen  suppression,  anodic 
film format ion  on act ive por t ions  of the  zinc surface 
seems otherwise  unaffected by  the  presence  of these 
foreign meta l  anions in the  e lectrolyte .  In most  of the  
exper iments  wi th  t in anions in the  e lectrolyte ,  the  
amount  of hydrogen  evolut ion near  the second cur -  
ren t  peak  appea red  to be somewhat  less t han  in con- 
t rol  exper iments .  In  a few, hydrogen  evolut ion seemed 
to be nea r ly  comple te ly  suppressed  and the second 
anodic peak  p r a c t i c a l l y  d isappeared.  The  resul t  of one 
such exper imen t  is shown in Fig. 14. Cur r en t -po t en t i a l  
curves  are  presented  there  for a s ing le -c rys ta l  speci-  
men  exposed to 0.002M t in  solut ion for 24 hr  pr ior  to 
the scan, as wel l  as for a comparab le  specimen not  
exposed to tin. The resul ts  are, of course, consistent  
wi th  the  in te rp re ta t ion  of e lect rode reac t iva t ion  given 
above. If  hydrogen  evolut ion is suppressed,  mechanica l  
dislodging of p rec ip i t a ted  film should not  take  place. 
Nor should e lec t rode  reac t iva t ion  occur. The  converse 
s ta tement  is not t rue  though. In  severa l  runs, a no rma l  
second peak  was observed bu t  only  a l imi ted  amount  
of hydrogen  evolut ion was noted. This anomaly  seems 
a t t r ibu tab le  to the  t r app ing  of gas inside the  film as 
discussed above. The mechanism of this  hydrogen  sup-  
press ion is not  unders tood.  

The findings of this  p a p e r  wi th  r ega rd  to the  fo rma-  
tion of an anodic film by  prec ip i ta t ion  are  not  in dis-  
agreement  wi th  those of Hull ,  Ellison, and Toni  if the  
conclusions of these  authors  a re  unders tood to app ly  
only  to exper imen t s  wi th  considerable  forced or na tu -  
ra l  convect ion (4). Hul l  et al. used zinc ro ta t ing disk 
electrodes or ve r t i ca l  0.76 m m  wire  electrodes.  The 

work  of Ibl  has demons t ra ted  the  effectiveness of 
na tu ra l  convect ion as a means  of s t i r r ing  e lect rolyte  
along ver t ica l  wire  e lectrodes as wel l  as ver t i ca l  p lane  
electrodes (21). Pe rhaps  i t  should be stressed again 
that  the  notion of duplex  film format ion  as used in 
this  paper  is appl icab le  only to a hydrodynamic  s i tua-  
t ion in which  the re  is v e r y  l i t t l e  convection. Al though  
this condit ion requi res  somewhat  special  a r r ange -  
ments  to achieve in l abo ra to ry  test  cells, nonetheless  
it  is of impor tance  to ba t t e ry  technology where  a p la te  
is located in close p rox imi ty  to a separa to r  (21, 17). 
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cussion Section to be publ ished in the December  1971 
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ABSTRACT 

Iron-phosphorus deposits on copper substrates were obtained using Bren-  
ne t ' s  method. The films (0.03-3 ~m) were prepared in a bath containing ferrous 
ammonium sulfate, sodium citrate, and sodium hypophosphite by  immersion 
of the copper substrate in contact with an a luminum strip. The deposition 
takes place at bath temperatures  in the range of 25~176 and a pH higher 
than 9.5. For bath temperatures  between 25 ~ and ~60~ only phosphorus-free 
Fe deposits are obtained. The plat ing mechanism is an electrochemical process 
due to the Cu-A1 galvanic couple. Fe -P  films are obtained at bath tempera-  
tures in the range of ~60 ~ to 95~ For these films, the plat ing mechanism is 
a combinat ion of galvanic and chemical deposition d u e  to reduct ion of the Fe 
cation by the hypophosphite anion accompanied by phosphorus codeposition. 
For the Fe -P  deposit obtained at 80~ and pH = 10.5, the phosphorus content  
is 3%. The deposition conditions and some magnetic properties of the Fe -P  
films are investigated. 

The chemical (electroless) method for the prepara-  
t ion of Ni -P  and Co-P films, based on reduction of the 
Ni and Co cations by means  of hypophosphite anions, 
was discovered by Brenner  and Riddel (1) more than 
20 years ago. Numerous papers have been published 
concerning the properties of these films. However, a 
method of depositing F e - P  films in this way  has not 
yet  been reported. Electrolytically obtained Fe-P  films, 
exhibit ing low coercivities (<1 Oe), are presented in 
(2). Ternary  Ni -Fe -P  films, both electrodeposited (3) 
and prepared by  electroless technique (4), are also 
known. 

The present paper describes a method for obtaining 
Fe-P  deposits by chemical reduct ion with hypophos- 
phite. As shown below, the Fe -P  films can be ob- 
tained if the chemical reaction occurs s imultaneously 
with an electrochemical deposition of Fe. The effects 
of certain plat ing parameters  on the film thickness and 
some magnetic properties of these films are examined. 

Experimental 
Preparation of deposffs.--The Fe-P films were 

obtained using an aqueous solution of the follow- 
ing composition: (a) ferrous ammonium sulfate, 
Fe (NH4) 2 (SO4) 2 " 6H20, 30 g/ l i ter ;  (b) sodium citrate, 
C6H~OTNa3 �9 5H.zO, 45 g/ l i ter ;  (c) sodium hypophos- 
phite, NaH2PO2 �9 H20, 30 g/li ter.  

The above solution was optimized after making  at-  
tempts with various solution component concentrat ions 
such as (a) between 10 and 40 g/li ter,  (b) between 25 
and 45 g/li ter,  (c) between 25 and 40 g/li ter.  

Since the deposition takes place only at a pH higher 
than 9.5, ammonia  was added to increase the pH of 
the solution. 

The films were plated on copper sheets (50 m m x  5 
mm),  after mechanical  cleaning with Carborundum 
powder and degreasing with sodium hydroxide. To 
obtain the deposition, it  is necessary for the copper 
sheet to be in contact with an a luminum,  zinc, or mag-  
nesium strip. In  the present  work, only a luminum was 
used. The a luminum strip, cut from a sheet 0.5 mm 
thick, is clamped to the copper sheet as shown in Fig. 1. 
This couple is then immersed in the deposition bath 
(100 cmS), whose tempera ture  was varied from 25 ~ 

t o  95~ 

Under  these conditions the deposition may  start even 
at room temperature,  bu t  in  this case the pla t ing rate 
is very slow. The deposition rate increases with in-  
creasing bath temperature.  Concurrently,  the a lumi-  
n u m  strip corrodes and A1 ions pass into the solution. 
The same a luminum band can be used for several suc- 
cessive depositions. 

Key words: iron-phosphorus films, magnetic coatings, electroless plating. 

Thickness measurement.--The thickness was deter-  
mined by  the mass-densi ty  relat ionship assuming a 
bulk  density of 7.8 g /cm a for the deposits obtained, 

Analytical.--The film composition was determined 
by quali tat ive spectrographic analysis. For this pur-  
pose, the Fe -P  film, deposited on pure electrolytic cop- 
per sheet, was first dissolved together with the sub-  
strate in aqua-regia. After evaporation, the residue 
was spectrochemically analyzed by means of the d-c 
carbon arc. 

The phosphorus content  was determined spectro- 
photometrically, using the molybdenum blue method 
(5). 

Magnetic measurements.--In order to determine the 
magnetic parameters,  a 50 cycle hysteresis loop tracer 
(6) having a m a x i m u m  driving field of 300 Oe was 
used. The measured parameters  were the coercivity, 
He, the remanence,  Mr, and the magnetization, Mm, 
corresponding to the m a x i m u m  driving field. At 300 
Oe, full saturat ion was not attained. 

Results 
Film composition.--The spectroehemical analysis of 

the samples shows that the deposited fiIms contain 
only iron as the major  metall ic component.  The pres-  
ence of a luminum was not observed, al though this 
metal  could be detected as low as 0.2% concentrat ion 
in the film. 

The photocolorimetric analysis showed the presence 
of phosphorus only for the films plated at bath tem- 
peratures in the range of ,--60 ~ to 95~ Therefore, the 
films deposited below approximately 60~ are Fe films 
free of phosphorus, whereas those obtained above this 
temperature  are F e - P  films. The phosphorus content  
of these films depends on bath tempera ture  and pH. 
Thus, the films deposited at 80~ and pH = 10.5 con- 
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I 
I 
I 
~ COPPER 

Fig. 1. Schematic drawing of the copper-aluminum couple 
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ta in  3% P, whereas those obtained at the same tem- 
pera ture  bu t  at a pH ---- 11.4 contain only  1% P. 

Properties of the Fe-P l~Ims.~The films obtained 
in the thickness range of 0.03-3 ~m are un i form and 
adherent  to the copper substrate. They are gray, but  
their  aspect changes with increasing film thickness. 
Thus, the films below ~0.4 ~m are smooth, bright, and 
do not oxidize in open air (dur ing a period of many  
months, they did not  lose their  metallic lus ter ) ;  the 
films in  the thickness range of ~0.4 to ,~1 ~m are less 
bright, whereas those over ~,1 ;~m are dull  and become 
oxidized in a few weeks. 

The thickness of the  deposited films depends on the 
plat ing time, bath pH, bath temperature,  and the geo- 
metrical  area of the copper and a luminum sheets. The 
effects of these parameters  on the film thickness are 
analyzed below. 

Effect of plating t ime . - -The  film thickness increases 
l inear ly  with increasing plat ing time, at constant  
values of the other plat ing parameters.  Figure 2 shows 
the dependence of the F e - P  film thickness on plat ing 
time, for the deposition obtained at 80~ pH - :  10.5, 
SA1 ---- 2 em 2. In  this case, the average plat ing rate is 
2 ~m/hr.  

El~ect of bath pH.~As ment ioned above, the dep- 
osition takes place in alkaline solutions only, when 
pH > 9.5. At this pH value, the plat ing rate is small  
but it increases with increasing bath alkalinity.  Figure 
3 shows the dependence of the film thickness on the 
bath pH at 80~ and constant  deposition t ime (30 min) .  
A plat ing rate of 0.6-5 #m/hr  is obtained as the pH 
varies f rom 10 to 11.4. 

Effect of bath temperature.--The deposition takes 
place at bath temperatures  in the range  of 25~176 
Increasing bath tempera ture  leads to increased deposi- 
tion rate. In  Fig. 4, the film thickness is plotted against 
bath temperature,  the other plat ing parameters  hav-  
ing the constant  values ment ioned in this figure. Two 
distinct tempera ture  intervals  are to be noticed with 
respect to plat ing rate change. The first one, including 
temperatures from 25 ~ to ,~60~ is marked by a rela-  
t ively small  change of the deposition rate  (0.02 ~m/h r /  
deg). In  this interval ,  Fe films free of phosphorus are 
deposited. The second interval,  comprising tempera-  
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tures from ~60 ~ to 95~ is characterized by a greater 
plat ing rate change (0.07 # m / h r / d e g ) .  In  this tem- 
perature  range, the Fe -P  films are obtained. 

Aluminum strip.--In order to obtain the deposition, 
it is necessary to br ing  the copper sheet in  contact 
with metals more electronegative than Fe, i.e. Zn, A1, 
or Mg. As mentioned,  only a luminum has been used 
in this work. During the plat ing process, A1 passes into 
solution as shown by weighing the a luminum strip 
before and after deposition. 

It  is impor tant  to note that, if the a luminum con- 
tact is removed dur ing the plat ing process, the deposi- 
tion stops and the previously deposited film dissolves. 
In this respect, the Fe -P  films differ from the Ni-P 
and Co-P films obtained on copper substrates. Indeed, 
for s tar t ing the deposition of these films, it is also 
necessary to br ing  the copper sheet in contact with 
more electronegative metals, as At or others, bu t  after 
ini t iat ion the deposition continues even if the contact 
is removed. In  the case of Fe -P  deposition, the contact 
between the two metals must  be maintained.  

The plat ing rate of the deposited F e - P  films de- 
pends on the area ratio of the a luminum and copper 
surfaces. Figure 5 shows the film thickness as a func-  
tion of SAl/Scu for the deposition obtained at 80~ 
pH : 10.5 and �9 -~ 30 min.  I t  can be seen that  the 
plat ing rate  increases with increasing area ratio, t end-  
ing to a constant  value of about 3 ~m/hr  for area ratio 
higher than  ,~1. 

Magnetic properties.--The F e - P  films deposited are 
ferromagnetic.  The coercivity, He, depends on the film 
thickness, having high values for th in  films (under  
,--0.5 ~m) as shown in Fig. 6. For  the indicated pla t -  
ing parameters,  Hc increases from 25 to 145 Oe as the 
film thickness decreases from 1.2 to 0.03 #m. 

In  contrast with coercivity, the remanence,  Mr, and 
the max imum value of the magnetization, ]vim, increase 
with increasing film thickness, tending to constant  
values for films over --,0.5 ~,m. Thus, Mr approaches an 
almost constant value of 1100 Gs, whereas ]Vim reaches 
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1400 Gs. As ment ioned  before,  full  sa tura t ion  is not 
a t ta ined  at  H --  300 Oe. 

Discussion 
The method of F e - P  p la t ing  descr ibed above raises 

the quest ion of the  mechanism of film deposit ion,  
which  was  inves t iga ted  b y  pe r fo rming  two expe r i -  
ments .  The first was a F e - P  deposi t ion achieved in the  
usual  manner ,  by  d ipping  the copper  subs t ra te  in con-  
tact  wi th  the  a luminum st r ip  into a p la t ing  ba th  con- 
ta in ing fer rous  ammonium sulfate, sodium citrate,  and 
sodium hypophosphi te .  The second was a Fe  deposi t ion 
achieved under  s imi lar  conditions,  bu t  using a ba th  
wi th  no hypophosphi te .  In  Fig. 7 the  masses of the  two 
deposi ts  obta ined  in th is  w a y  are  p lo t ted  against  ba th  
tempera ture ,  at  constant  p la t ing  t ime (30 ra in) .  As 
shown in this  figure, for t empera tu re s  below ,~60~ 
both deposi t ions have  p rac t i ca l ly  the  same mass. They 
are  i ron films free of phosphorus.  F o r  ba th  t e m p e r a -  
tures  above ~,60~ when  F e - P  and F e  films are  ob-  
tained, the  masses of the two deposi ts  differ: the  p la t -  
ing ra te  of the  F e - P  film is h igher  than  tha t  of the  Fe  
film, and it increases wi th  increasing ba th  t empera tu re .  
Concurrent ly ,  in both exper imen t s  t he  amount  of a lu-  
minum dissolved can be considered identical ,  as shown 
in Fig. 8. 

The resul ts  of these two exper iments  m a y  be in-  
t e rp re ted  as follows. 

The mechanism of the  Fe  deposit ion,  obta ined both 
from the ba th  containing hypophosphi te  and f rom the  
ba th  wi th  no hypophosphi te ,  is an e lec t rochemical  
process. Indeed,  the two metals,  Cu and A1, connected 
inside the  deposi t ion ba th  form a galvanic  couple 
which gives r ise  to in te rna l  electrolysis.  As a result ,  
the  A1 cations leav ing  the  a luminum anode pass into 
solut ion and the  Fe  cations are  reduced  at the  copper  
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cathode forming the  Fe film. This process occurs at  
any  t e m p e r a t u r e  be tween  25 ~ and  95~ the  y ie ld  in-  
creasing l inea r ly  wi th  t empe ra tu r e  (Fig. 7). 

The F e - P  deposits,  obta ined f rom the ba th  conta in-  
ing hypophosphi te  at  t e mpe ra tu r e s  in the  range of 
~60 ~ to 95~ only, resul t  as a super imposi t ion  of the  
above-desc r ibed  e lec t rochemical  process wi th  a pu re ly  
chemical  process, due to reduct ion  of the  Fe  cations 
by  PO2H2- anions, accompanied by  phosphorus  co- 
deposit ion.  Actual ly ,  the  p la t ing  ra te  of the F e - P  films 
is h igher  than  tha t  of the  corresponding F e  films (Fig. 
7) a l though the amount  of A1 ions presen t  in t he  two 
solutions is the  same (Fig.  8). Therefore,  the  addi t ional  
deposit,  leading to fo rmat ion  of the  F e - P  films in the  
p la t ing ba th  containing hypophosphi te ,  mus t  be ob-  
ta ined b y  another  process which gives r ise  to a new 
i ron deposi t ion and codeposit ion of phosphorus,  i.e. a 
chemical  process. 

The amount  of F e - P  deposi t  chemica l ly  ob ta ined  de-  
pends  on ba th  t empera tu re ,  as is seen f rom Fig. 7. I t  
increases l i nea r ly  wi th  increas ing  t e m p e r a t u r e  and 
reaches ~50% of the  to ta l  deposi t  at  90~ the rest  
being ga lvan ica l ly  p la ted  iron. 

The necessi ty  of the  e lec t rochemical  reduct ion of 
Fe  ions as a prerequis i te  for the  chemical  reduct ion 
shows tha t  the  e lec t rochemical ly  p la ted  Fe  is requ i red  
for the  autocata ly t ic  reduc t ion  of F e  ions by  hypo-  
phosphi te  at  t empera tu re s  g rea te r  than  60~ and a 
pH > 9.5. Consequently,  the  cont inuous e lec t rochemi-  
cal reduct ion  of i ron is necessary  only  to provide  ca ta-  
lyt ic  iron. Thus, removing  the  a luminum foil  resul ts  
in immedia te  dissolution a n d / o r  oxida t ion  of the  i ron 
which e l iminates  the  necessary ca ta lys t  for  the  auto-  
cata lyt ic  reduct ion of i ron ions by  hypophosphi te .  

Conclusion 
I t  has been shown that ,  to ob ta in  F e - P  films by  

chemical  reduct ion wi th  hypophosphi te ,  a concomitant  
e lect rochemical  Fe  deposi t ion is necessary.  I t  can be 
concluded tha t  chemical  i ron-phosphorus  p la t ing  is an 
autocata ly t ic  process, p rovided  tha t  a f resh or active 
i ron surface is present .  
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Primary Products of Electrochemical Oxidation of 
Uric Acid in Aqueous and Methanolic Solution 

Glenn Dryhurst 
Department of Chemistry, University ol Oklahoma, Norman, Oklahoma 73069 

ABSTRACT 

Uric acid is oxidized in aqueous and 50% methanol ic  acetate  buffer pH 3.7 
in a two-e lec t ron  process. In  aqueous solution the  p r i m a r y  product  is ur ic  
acid-4,5-diol ,  which  is uns table  and f ragments  p redominan t ly  to al lantoin,  but  
a ve ry  smal l  f ract ion is fu r ther  oxidized to pa raban ic  acid. In the  presence 
of apprec iable  quant i t ies  (i.e., 50% v / v )  of methanol  the  grea te r  nucleophi -  
l ic i ty of methanol  results  in format ion  of 4 ,5-dimethoxyur ic  acid, which is 
appa ren t ly  qui te  s table and cannot  be fur ther  oxidized to paraban ic  acid, and 
it appears  to be r easonab ly  s table to the  r a the r  drast ic  condit ions Qf hydro lys i s  
used to de te rmine  al lantoin.  The resul ts  presented  fu r the r  confirm the si te and 
na ture  of the p r i m a r y  product  of the e lec t rochemical  oxidat ion  of uric  acid. 

Uric acid (2,6,8- tr ioxypurine)  is r ead i ly  oxidized at  
the pyro ly t ic  g raphi te  electrode.  S t ruck  and E1ving 
(1) carr ied  out cou lomet ry  and product  identif icat ion 
and found tha t  in 1M HOAc solution a l i t t le  more  than  
two electrons were  t r ans fe r red  in the  e lect rochemical  
process and tha t  a mix tu re  of al loxan,  a l lantoin  (or an 
a l lantoin  p recursor ) ,  urea,  carbon dioxide,  and p a r a -  
banic acid was produced.  The p r i m a r y  produc t  of the 
'oxidation was proposed to be a d icarbonium ion 
formed b y  removal  of two electrons f rom the  4,5- 
double  bond of ur ic  acid. Hydrolys i s  of the  d icarbo-  
n ium ion gave rise to al lantoin,  alloxan, CO2, and urea,  
while  pa r t i a l  fu r ther  oxidat ion  gave paraban ic  acid and 
urea. Subsequent  s tudies (2) using fast  sweep cyclic 
vo l t ammet ry  revea led  tha t  the  p r i m a r y  product  was 
not a d icarbonium ion but  a more  s table  species, p rob-  
ab ly  uric  acid-4,5-diol,  which could be detected as a re -  
duct ion peak  af ter  having first oxidized uric acid, and 
provided  the  vo l tammet r ic  sweep r a t e  was sufficiently 
rapid.  Other  pur ines  gave a s imi lar  t ype  of behavior  
which was also a t t r ibu ted  to format ion  of a p r i m a r y  
4,5-diol product  formed af te r  having  prev ious ly  oxi-  
dized any unoxidized 2 or 8 posi t ion in the  pur ine  nu-  
cleus (3, 4). I t  has also been shown that  enzymat ic  
(5, 6), pho todynamic  (7, 8), and rad io ly t ic  (9, 10) oxi-  

�9 dat ion of uric acid could proceed th rough  a s imi lar  
p r i m a r y  produc t  to give s imi lar  u l t imate  products  to 
those observed electrochemical ly .  

Recent ly  Matsuura  and Saito (11) found that  photo-  
dynamic  oxidat ion of 1,3,7,9-tetramethyluric acid in 
methanol  gave 4 ,5-d imethoxy- l ,3 ,7 ,9- te t ramethylur ic  
acid which was  sufficiently s table  to be isolated. This, 
of course, provides  ve ry  nice conf i rmatory  evidence 
for the  na ture  of the  p r i m a r y  product  formed in 
aqueous solution. A 4 ,5-dimethoxy (I) p r i m a r y  pur ine  
oxidat ion product  would  be expected to be ve ry  much 
more  s table than  the corresponding 4,5-diol ( I I ) ,  
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since the  4,5-diol is capable  of r ead i ly  decomposing to 

K e y  words :  u r i c  acid-4,5-diol ,  4 ,5 -d i rne thoxyur ic  acid,  b ioe lec t ro-  
chemis t ry ,  pyrolytic graphite, 2,6,8-trioxypurine. 

smal ler  s table molecular  f ragments ,  whereas  the 4,5- 
d ime thoxy-  compound is not. 

Accordingly,  t he  e lect rochemical  ox ida t ion  of uric 
acid in methanol ic  solutions has been re inves t iga ted  
wi th  a view to unders tand ing  fu r the r  the  na tu re  of the  
p r i m a r y  produc t  in the  e lec t rochemical  process. 

Experimental 
Chemicals.--Uric acid was obta ined  f rom Nut r i t iona l  

Biochemicals.  The pH 3.7 acetate  buffer was p repa red  
by di lut ing acetate  buffer pH 3.7 having  an ionic 
s t rength  of 1M wi th  an equal  volume of wa te r  or  wi th  
an equal  volume of methanol .  The pH 4.7 buffer used 
for cyclic vo l t ammet r i c  studies was p r e p a r e d  by  di-  
lut ing a 1M ionic s t rength  solut ion wi th  an equal  
volume of appropr ia t e  mix tures  of w a t e r  and methanol .  
Al l  uric acid solutions were  sa tu ra ted  in the  pa r t i cu la r  
background  med ium employed.  Deaera t ion  was ac-  
complished wi th  w a t e r - s a t u r a t e d  Linde  Argon  wi thout  
fu r the r  purification. 

Apparatus.--Cyclic v o l t a m m e t r y  was accomplished 
with  the  appara tus  descr ibed b y  Dryhur s t  et al. (12), 
wi th  the  t r i angu la r  vo l tage  sweeps suppl ied  b y  an 
Exact  Electronics  Model  502 funct ion generator .  Cur -  
r en t -vo l t age  curves  were  recorded  on a Tek t ron ix  
Model 502A dual  beam oscilloscope equipped with  a 
C-27 polaroid  camera.  A w a t e r - j a c k e t e d  th ree -com-  
pa r tmen t  e lec t rochemica l  cell  was used ma in ta ined  at  
25 ~ _+ 0.1~ containing a sa tu ra ted  calomel  reference 
e lect rode (SCE) to which  al l  potent ia l s  a re  refer red;  
a p la t inum gauze countere lec t rode  in sa tu ra t ed  KC1 
was employed.  

For  control led  potent ia l  e lectrolysis  a Wenk ing  
Model 66TA1 potent ios ta t  was employed;  cur ren t  in te-  
gra t ion was pe r fo rmed  b y  the usual  vo l t age - to - f r e -  
quency conver te r - f r equency  counter  method.  The cell 
used for control led  potent ia l  e lectrolysis  and p r e p a r a -  
t ion of the  pyro ly t i c  g raphi te  e lect rodes  have  been 
descr ibed e lsewhere  (13, 14). 

Results and Discussion 
In an a t t empt  to define at least  qua l i t a t ive ly  the  

effect of methanol  on the e lect rochemical  oxidat ion  
of uric a c i d  fas t - sweep  cyclic vo l t ammet ry  was first 
per formed.  Al though the most  deta i led  e lect rochemical  
s tudy has been car r ied  out  in 1M HOAc background  
(1), it  was found that  in the presence of apprec iab le  
amounts  of methanol  tha t  the  res is tance  of the  solution 
was too high to pe rmi t  fas t - sweep  cyclic studies. The 
most  definit ive da ta  was obta ined in acetate  buffer pH 
4.7 and is p resented  in Fig. 1, a l though pa ra l l e l  be -  
havior  was  observed  in acetate  buffer pH 3.7 (Fig. 2). 
At  a c lean e lect rode no cathodic peaks  are  observed on 
the  ini t ia l  nega t ive-going  sweep. An  anodic peak  (peak  
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Fig. 1. Cyclic voltammograms of saturated solutions of uric acid 
at the stationary PGE in aqueous acetate buffer pH 4.7: A, with no 
methanol present; B, 5% v/v methanol; C, 10% methanol; D, 20% 
methanol; E, 40% methanol; F, 50% methanol. Current sensitivity 
500 #A/div; calibration mark on current axis indicates zero current 
for each voltammogram. Scan rate, 1 Hz. Electrode area, 12.5 mm 2. 
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I~) at ca. 0.6V is observed on the first posit ive-going 
sweep due to the two-electron,  two-proton oxidation 
of uric acid (I, Fig. 1) to the corresponding 4,5-diol 
(II, Fig. 1). Provided the sweep rate is sufficiently 
rapid, part  of the 4,5-diol can be reduced back to uric 
acid (peak Ic), the remainder  being f ragmented to 
al lantoin or fur ther  oxidized to parabanic  acid. The 
lat ter  compound gives rise to the second cathodic peak 
(peak IIc) at ca. --0.8V, which is due to the two-elec-  
tron, two-proton reduct ion of parabanic  (III, Fig. 1) 
acid to 5-hydroxyhydanto in  (15) (IV, Fig. 1). Upon 
addition of only 5% v / v  of methanol  the height  of 
peak Ic (B, Fig. 1, 2) is c learly significantly reduced 
and at the 20% methanol  level and above peak Ic is 
completely eliminated.  Up to the 10% methanol  con- 
centrat ion level the parabanic  acid peak (peak IIc) is 
v i r tua l ly  unaffected, but  at above 20% methanol  con- 
centrat ions peak IIc also disappears. However, peak I~ 
remains  essentially unaffected; the slight decrease in 
the current  value for peak Ia is no doubt related to 
the decreased solubil i ty of uric acid in the mixed sol- 
vent. Thus, increasing concentrat ions of methanol  de- 
creases the amount  of 4,5-dioi produced and the 
amount  of parabanic  acid produced, al though the 
methanol  concentrat ions required to make these two 
species undetectable  by cyclic vo l tammetry  is greater 
in the case of the lat ter  compound. 

In  order to investigate fur ther  the mechanism of the 
processes, coulometry of uric acid was carried out in 
acetate buffer pH 3.7 in the absence of methanol  and 
in 50% v / v  methanol  solution. The pH of 3.7 chosen 
for this study was selected because alloxan, one of the 
products found in 1M HOAc electrolyses ( t ) ,  is un -  
stable above pH 4. After  complete electrolysis, analyses 
were performed only for allantoin, parabanic  acid, and 
alloxan. Data are presented in Table I where it is 
clear that  in aqueous solution close to 90% of the 
uric acid oxidized results in al lantoin formation with 
only a very  small  amount  of parabanic  acid being pro- 
duced. In  the 50% methanolic  solution only about 20% 
of the uric acid oxidized results in a l lantoin formation, 
and no parabanic  acid is produced. In  nei ther  the com- 
pletely aqueous nor  the 50% methanol  solution was 
al loxan detected, al though at pH 3.7 al loxan in  either 
medium gives rise to only a very small  kinet ical ly con- 
trolled polarographic wave; accordingly, small  amounts  
of al loxan could go undetected by the polarographic 
method at pH 3.7. Nevertheless, since exper iment  
showed that alloxan, parabanic  acid. and al lantoin 
were reasonably stable in the 50% methanolic solution, 
then the bulk  of the oxidized uric acid must  be present  
in a form which cannot be produced in aqueous solu- 
tion. The only reasonable major  product  formed is, 
therefore, 4,5-dimethoxy-uric  acid. 

Mechanism 
Uric acid is clearly oxidized in aqueous and 50% 

methanolic acetate buffer pH 3.7 in a two-electron 
process. In  aqueous solution the oxidation proceeds 
via a p r imary  uric acid-4,5-diol product  which pre-  
dominant ly  simply fragments  to allantoin, al though a 

Table h Analysis of uric acid solutions after coulometric 
electrooxidation at PGE in aqueous or 50% methanolic acetate 

buffer pH 3.7 

Mfllimoles Milllmoles product formed 
Solvent uric acid Allan- Parabanic 
system oxidized n toin �9 aeidb Alloxan~ 

Aqueous 0.311 1.95 ~ 0.261 0.006 ND 

50% Methanol 0.313 1.90 0.064 NDs ND 

Fig. 2. Cyclic voltammograms of saturated solutions of uric acid 
at stationary PGE in aqueous acetate buffer pH 3.7. Methanol 
concentrations A through F same as for Fig. 1. Current sensitivity 
A, B, C, 200 /~A/div; D, E, F, 100 #A/div. Scan rate, 1 Hz. Elec- 
trode area, 12.5 mm 2. 

Determined by the modified (13) Young and Conway (16) pro- 
cedure. 

b Determined polarographicaUy by Struck and Elving (17) pro- 
cedure. 

c Method of Struck and Elving (18). 
Mean of replicate determinations. 
Not detected. 



Vol.  118, No. 5 P R O D U C T S  O F  O X I D A T I O N  O F  U R I C  A C I D  701 

smal l  por t ion  is fu r the r  oxidized to parabanic  acid. 1 
On addi t ion  of methanol  to the  solution cyclic vol t -  
a m m e t r y  indicates  tha t  the  amount  of 4,5-diol is 
d ras t i ca l ly  decreased so tha t  at  the  50% methanol  level  
no 4,5-diol can be detected.  Under  cyclic vo l tammet r ic  
condit ions paraban ic  acid format ion  is also repressed  
by  addi t ion  of methanol ,  but  not  at  such low methanol  
concentrat ions  as are  requ i red  to repress  the  4,5-diol 
detection. At  the 50% methano l  concentra t ion  level  
pa raban ic  acid is not  formed.  

The mechanism of the  process can thus be ra t ion-  
alized by  assuming that ,  under  t he  vo l t ammet r i c  con- 
ditions, the  grea ter  nucleophi l ic i ty  of methanol  [or 
methoxide  ion] (19) resul ts  in p re fe ren t i a l  format ion  
of 4 ,5-d imethoxy-ur ic  acid, r a the r  than  the  uric ac id-  
4,5-diol. Since the  cathodic paraban ic  acid peak  can be 
observed cyclic vo l t ammet r i ca l l y  even when  the  4,5- 
diol cathodic peak  is comple te ly  e l iminated,  then p re -  
sumably  most  of the 4,5-diol that  is produced is fu r ther  
oxidized to parabanic  acid. At  the  50% methanol  con- 
cent ra t ion  level  no pa raban ic  acid is observed,  indi -  
cat ing that  l i t t le  or  no 4,5-diol is produced in the  
p r i m a r y  oxidat ion  process. That  some al lantoin  can be 
produced (under  condit ions of exhaust ive  control led  
potent ia l  e lectrolysis)  p r o b a b l y  resu l t  f rom par t ia l  
hydro lys i s  of 4 ,5-d imethoxy-ur ic  acid under  the  ra the r  
drast ic  condit ions of the  a l lantoin  de te rmina t ion  to 
a l lantoin  or  g lyoxyl ic  acid, which is the  species ac-  
tua l ly  spec t rophotomet r ica l ly  de te rmined  (16). 

I t  is of some in teres t  to note tha t  under  cyclic vo l t -  
ammetr ic  condit ions at  the  s ta t ionary  PGE tha t  the  
cathodic paraban ic  acid peak  (peak  IIr is much la rger  
(Fig. 2A) re la t ive  to the pr inc ipa l  uric acid oxidat ion  
peak  (peak  Ia) than  would  be  expected on the  basis 
of the  ana ly t ica l  concentra t ion of paraban ic  acid 
de te rmined  at  the  end of an exhaus t ive  contro l led  po-  
ten t ia l  electrolysis.  S t ruck  and Elving (1) found tha t  at  
pH 2.3, 30% of ur ic  acid was oxidized to give p a r a -  
banic acid, i.e., the  lower  the  pH the  grea ter  the  
amount  of pa raban ic  acid produced.  Under  cyclic vol t -  
ammetr ic  condit ions the  peak  Ia process (A, Fig. 1, 2) 
c lear ly  involves  l ibera t ion  of protons,  which mus t  at  
least  momen ta r i l y  decrease  the  surface pH and p re -  

1 W o r k  n o w  i n  p rog re s s  is  b e i n g  ca r r i ed  ou t  w i t h  a v i e w  to  e luc i -  
d a t i o n  of the  processes  l e a d i n g  to t he  u r i c  ac id-4 ,5-d io l  or  4,5-di-  
m e t h o x y  d e r i v a t i v e .  

sumably  aid the  fo rmat ion  of paraban ic  acid. Under  
condit ions of control led  poten t ia l  e lectrolysis  the  v ig-  
orously  s t i r red  solut ion would  not  be as suscept ible  to 
large  changes in surface pH and, accordingly,  less 
parabanic  acid is produced.  
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ABSTRACT 

The theoretical justification for the use of IR compensation in potentiostatic 
techniques when  a faradaic reaction is present  is considered in detail. I t  is 
shown that  the stabili ty of the system indeed depends on potentiostat  and  all 
electrode parameters,  i.e., both the double layer and faradaic t ime constants 
contribute.  Under  certain conditions, the faradaic contr ibut ion is not signifi- 
cant; however, it is difficult to determine even in an a posteriori manner  the 
remaining uncompensated resistance Ru. It is concluded that  IR compensation 
can only be employed unambiguous ly  in the t ime and classical a-c frequency 
domains if the critical damping f requency is accurately known and the fre-  
quencies employed are sufficiently lower than this frequency. IR compensation 
can however be advantageously employed in combinat ion with the t ransient  
impedance technique over the entire accessible f requency range (even those 
above  Train) and which allows the system to be unmasked  exper imenta l ly  
from the effects of nonfaradaic resistance. This permits the necessary kinetic 
and double- layer  information to be extracted from the final results with a 
precision increased at least two orders of magni tude  above the uncompensated 
system when high-speed circuitry is employed. 

In  a previous s tudy (1), the general  problem of the 
incorporation of IR compensation via positive feedback 
in a potentiostatic circuit was considered for an elec- 
trochemical system exhibi t ing double- layer  behavior  
only. The system was analyzed in terms of f requency 
domain stabil i ty criteria and a characteristic param-  
eter, the m i n i m u m  time constant, ~,nin was derived. 
This quant i ty  is the m i n i m u m  stable over-al l  time 
constant exhibited by the potentiostat-cel l  combinat ion 
in the presence of positive feedback. It  represents the 
m a x i m u m  IR compensation beyond which damped and 
finally undamped oscillations may occur; Tmin is, in 
general, the sum of t ime constants involving both the 
electrochemical cell and the potentiostat, render ing 
the unambiguous  evaluat ion of both the remain ing  
uncompensated nonfaradaic resistance, Ru, and the 
double- layer  capacitance, Cd, difficult in the t ime or 
classical (a-c) f requency domain. In  addition, since 
"~min is always a finite quanti ty,  overcompensation in 
the absolute sense (i~e., achieving the proper response 
to charge Cd in the absence of any series resistance) is 
physically impossible, even with the fastest state of 
the art potentiostats. 

IR compensation is most often employed in the 
presence of a faradaic reaction. Essentially, the desire is 
to charge Ca as rapidly  as possible and unmask  the 
faradaic process for fur ther  analysis at the shortest 
possible times. For  an extensive bibl iography on IR 
compensation the reader  is referred to ref. (1). The 
effect of faradaic parameters  has not explicitly been 
considered previously. However, it has been stated 
that  the stabil i ty of the system would most probably 
be increased when a faradaic reaction is present  (2). 
This could be interpreted to mean that  the degree of 
positive feedback might  be increased above that  al low- 
able in  the absence of faradaic reaction. Another  ap- 
proach (3, 4) has been to obtain the fastest stable 
system response with positive feedback at an electrode 
potential  at which no appreciable faradaic current  
flows, e.g. at the bottom of the polarographic wave. 
Once this has been accomplished it is then considered 
that  the same degree of positive feedback accomplishes 
the same amount  of compensation when  a faradaic 

* Electrochemical Society  Active Member. 
Key words: positive feedback, potentiostat amplifier, impedance, 

frequency domain. 

reaction is also present. In  an effort to clarify this 
si tuation and to make a previous s tudy (1) more gen- 
erally applicable an at tempt wil l  be made  here to 
elucidate the effect of the faradaic process on the 
stabili ty conditions of the total  system (i.e., on Tmt~). 
In addition, criteria will  be presented to provide guide- 
lines for the use of IR compensation in the most  gen-  
eral  cases. 

Theoretical 
In  order to establish a working  model  for the gen- 

eral application of IR compensation in potentiostatic 
techniques the same basic model as previously em- 
ployed for a system exhibi t ing double layer behavior 
only wil l  be utilized (1). This involves considering 
the electrochemical system as l inear  which allows the 
concept of impedance to be util ized permit t ing the 
system to be represented in shorthand notat ion by an 
aperiodic equivalent  circuit (5). This circuit is then 
appropriately coupled to a potentiostat  thereby con- 
s t i tut ing the total control circuit. Among the various 
types of potentiostats (3, 6) which have commonly 
been employed, the opt imum choice when  using posi- 
tive feedback for high speed applications has been 
shown (1) to be the single amplifier variety. The in-  
corporation of IR compensation in  this type of poten- 
tiostat is achieved by voltage feedback of par t  of the 
output  signal to its non inver t ing  (q-) input.  

Util izing the above considerations, a general  model 
may now be constructed as shown in Fig. 1. Here, the 
electrochemical cell is shown as a series resistance, Re, 
representing the electrolyte and /or  working electrode 
nonfaradaic resistance. The working interface is shown 
as an arbi t rary  impedance, Z~, which is valid for any  
electrochemical system unde r  l inear  conditions. The 
amplifier, A1, is the potentiostat, and A2 is the positive 
feedback amplifier which is essentially a voltage fol- 
lower with gain. Ro represents both the counterelec- 
trode impedance and output  impedance of A1. IR com- 
pensation is accomplished outside the negative feed- 
back loop of A1 by sampling a portion of the voltage 
across R1 (Fig. 1) thereby keeping "~min as small  as 
possible. This point has been discussed previously (1) 
and is based on the fact that  the closed loop t ime 
constant of the potentiostat is smaller  if the current  
sampling resistor is outside the negative feedback loop. 
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Fig. 1. Single amplifier potentiostat circuit with compensation 
outside the negative feedback loop: for generalized linearized 
electrochemical system. 

All  vol tage signals  in this  model  a re  represen ted  in 
t e rms  of the i r  Laplace  t rans forms  (7) since this  p ro -  
cedure al lows s imple  a lgebra ic  express ions  to be ob-  
ta ined  which  are  sufficient to descr ibe  the  f requency  
response of the sys tem (1). The quan t i ty  necessary to 
examine  this  p rope r ty  is its t r ans fe r  funct ion which  
is defined as the ra t io  of the  output  vol tage O (s) (Fig. 
1) to the  input  vol tage  V(s)  (Fig. 1). This is given by  
(1 ,7) .  

O (s) G1 (s) 
= [1] 

V(s )  1 + [H(s )  - -  J ( s ) ]  GI ( s )  

where  Gl(s) is the  gain f requency  function of the  
potent iostat ,  H(s) is the  negat ive  feedback,  and J (s) 
is the  posi t ive feedback vol tage  functions.  This expres -  
sion takes  into account the  in terac t ion  of both  the  
ma in  and posi t ive feedback  amplifiers.  Since H(s) is 
defined as the f ract ion of the  ou tput  vol tage  which  is 
fed back  to the  inver t ing  ( - - )  input  of the  po ten t io -  
stat, it  is given b y  

Re n u Ri -~- ZE(S) 
H(s) = [2] 

Ro + Ri + Re + ZE (s) 

The vol tage at  the  output  of A2, which  is the IR com- 
pensat ion  s ignal  J(s) (Fig. 1) is 

RiG2 (s) 
J ( s )  - [3] 

Ro --~ Ri --~ Re "~ ZE (S) 

where  G2(s) is  the gain  funct ion of the  IR feedback  
amplifier.  

The  essent ia l  r equ i rements  for op t imum IR compen-  
sat ion are  to keep the  sys tem order  in  t e rms  of the  
Laplace  var iab le  s and the  associated t ime constants  
as low as possible (1). Fo r  this, it  is sufficient to ex-  
amine  the denomina tor  of e i ther  the  t ransfe r  funct ion 
(Eq. [1]) or the output  current ,  i ( s ) ,  or  the  control  
vol tage  E(s) since these quant i t ies  may  be obta ined  
f rom the t ransfe r  function. The f requency  funct ions 
which mus t  be made  expl ic i t  and which  are  the  key  
factors in de te rmin ing  the  system order  a re  G~(s), 
G2(s),  and ZE(S). Obviously  ve ry  l i t t le  can be done 
wi th  Z~(s) since this is an inheren t  p r o p e r t y  of the  
e lect rode under  study.  However ,  the  va lue  of the  t ime 
constants  in Z~ (s) which  p reva i l  in any  given exper i -  
ment  are  de te rmined  by  the surface area  of the  elec-  
trode. Thus the  d o u b l e - l a y e r  capacitance,  Ca, is 
smaller ,  as is wel l  known, the  smal ler  the  e lect rode 
area. The same is t rue  for pa rame te r s  of the  fa rada ic  
impedance  such as the  charge  t ransfe r  resistance,  Rt, 
adsorpt ion capacitance,  Ca, etc. I t  is, therefore ,  des i r -  
able to keep the  e lect rode t ime constants  as low as 
possible to enable  op t imum IR compensat ion  condit ions 
to be obtained.  

The gain functions G l ( s )  and G2(s) can be de te r -  
mined  to a cer ta in  extent  by  appropr ia t e  choice of am-  

plifiers. The ideal  gain funct ion would  be G(s) = K 
indica t ing  constant  gain  at  a l l  accessible frequencies.  
Unfor tunate ly ,  in the  case of the  potent ios ta t  amplifier,  
this funct ion cannot  be  obta ined  since, e.g., the  po ten-  
t ios ta t  is not  an  infinite cu r ren t  source at  infinite 
frequency.  The var ious  gain funct ions which poten t io-  
s tat  amplif iers  m a y  exhib i t  have  been discussed else-  
where  (1 ,4) .  The  most des i rab le  is tha t  of lowest  
o rder  since th is  a l lows the  to ta l  sys tem orde r  to be 
kept  to a minimum.  A first o rder  gain funct ion is given 
by  

K 
G l ( s )  = ~ [4] 

s ~ -  1 

where  K is the open loop d -c  gain and x the  open loop 
t ime constant,  the  va lue  of which depends  on amplif ier  
design. The fastest  ava i lab le  potent ios ta ts  have  been 
shown to exhibi t  this  g a i n  funct ion (1). In addi t ion 
ex te rna l  phase compensat ion which affects the  va lue  
of �9 wi thou t  modif icat ion of the  form of the gain 
funct ion is h igh ly  des i rab le  since th is  a l lows the to ta l  
sys tem to be s tabi l ized wi thout  changing the over -a l l  
system order.  If  the posi t ive feedback  amplif ier  is 
u t i l ized at r e l a t ive ly  low gain and is at  least  one order  
of magni tude  fas ter  than  the  potent ios ta t  amplif ier  
under  these conditions,  i t  is then  possible for it  to 
exhibi t  the s imple gain funct ion G~ (s) ---- K2. A n  am-  
plifier having this character is t ic  when  ut i l ized for high 
speed IR compensat ion  has prev ious ly  been descr ibed 
(1). 

In  v iew of the above considerations,  the  t rans fe r  
funct ion now becomes, using [2], [3], and  [4], and 
main ta in ing  a r b i t r a r y  ZE (s) 

O(s) K 

V(s)  K q- 1 

[ R o + R e - { - R i + Z E ( S )  ] [5] 

RTTpS -~- ZE(S) [1 + Tp] ~- (RT --b RuK) / (K  + 1) 

where  
RT ~--- Ro -}- Re -~- Ri [6] 

Ru = Re -[- Ri -- RiK2 [7] 

Tp = */ (K + 1) [8] 

It  is convenient  at  this  po in t  to develop express ions  for 
both i (s) and E (s) .  Thus 

i(s) = O(s)/[Ro § Re + R~+ Z ~ ( s ) ]  [9] 

f rom which,  us ing [5] 

K 
i(s) = V(s)  - -  

K - b l  

RTTpS -~ ZE(S) [1 ~- Xp] + (Rt -F RuK) / (K  + 1) [101 

The vol tage appear ing  at  the  potent ios ta t  control  
points, E (s),  is 

E(s) ~- O(s) -- ~(S)Ro [11] 

which gives, using [5] 

K 
E (s) : V(s)  

K ~ - I  

[ R e + R i - b Z E ( s )  ] 
RT~pS W ZE(S)[1 -t- Zp] -b (RT + RuK)/ (K + 1)" [12] 

re la t ing  the  input  vol tage  to tha t  ac tua l ly  appear ing  
across the  work ing  and re ference  electrodes.  As has 
been  shown prev ious ly  (1, 5), the  use of the  t rans ien t  
impedance  technique al lows Eq. [12] to be  d iv ided  by  
Eq. [10] in the most genera l  case the reby  m a r k e d l y  re-  
ducing the cont r ibut ion  f rom all  pa rame te r s  except  
those ac tua l ly  appear ing  across the  potent iosta t  control  
points. 
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Examina t ion  of Eq. [5], [10], and [12] shows tha t  
O(s) ,  i ( s ) ,  and E(s)  are  subject  to the  same s tabi l i ty  
conditions, as is to be expected.  These condit ions are  
de te rmined  by  the roots  of the denomina tor  of the  
respect ive  expressions.  These roots contain, in an ap-  
p ropr ia te  manner ,  al l  of the  t ime  constants  present  in 
the system including those in ZE (S). I t  is therefore  ob-  
vious that,  in the  genera l  case for which  the  presen t  
model  is valid,  the  combinat ion  of t ime constants  p r e -  
va lent  at the  cr i t ical  damping  point  of the  sys tem in-  
cludes both potent ios ta t  and al l  e lect rode parameters ,  
i.e., both doub le - l aye r  and faradaic  processes cont r ib-  
ute. 

In  order  to i l lus t ra te  this  in a somewhat  more  spe-  
cific manner ,  an e lec t rochemical  sys tem exhib i t ing  both 
doub le - l aye r  behavior  (Cd) and charge t rans fe r  (Rt) 
as the faradaic  process wi l l  be considered.  In  this  case 

tha t  the  la rger  Rt is, i.e., the  s lower  the  charge  t r ans -  
fer process, the  more  ident ica l  [18] and [19] become 
since as Rt --> o0, 1 > >  1 /R t [RT / (K  ~- 1) -}- Ru]. This 
shows that  the  s lower  the  faradaic  process, the  less 
Train wi l l  be affected by  it, which is en t i re ly  reasonable  
since this  essent ia l ly  means  tha t  al l  fa radaic  t ime con- 
stants a re  large compared  to both the  effective double-  
l aye r  charging t ime  constant ,  RuCd, and the  poten t io-  
stat  t ime constant,  ~p. 

The above resul t  m a y  be general ized by  al lowing 
ZE (s) to be given b y  

ZF(S) 
Z~ (s) : [20] 

1 -~- ZF(s)  CdS 

which considers the  fa rada ic  impedance,  ZF(S), to be 
a r b i t r a r y  and in para l l e l  wi th  Cd, a val id  model  for 
many  electrode systems. Using [20], i ( s )  is then  

K V(s )  [ 
i (s)  - K-t-  1 Rw[CdS 

Cds -}- 1/ZF(S) 1 
] ~- 1/Zv(s)]rps + [Ru -}- R T / ( K  "t" 1)] [CdS ~- 1/ZF(S)] -~ ~pS -F 1 

[21] 

Rt  
ZE(S) -- [13] 

1 -{- RtCds 

This express ion is the  complex  impedance  of an 
aper iodic  RC para l l e l  electr ic  circuit  which  represents  
a r e la t ive ly  classical  e lect rochemical  system [8]. Using 
this  in, e.g., Eq. [10] for  i ( s ) ,  the  fol lowing is ob-  
ta ined  

Equat ion [21] reduces  to tha t  for pure  doub le - l aye r  
behav ior  (Eq. [17]) when  Cds > >  1/ZF(s) ,  which  oc- 
curs  if f requencies  (or t imes)  m a y  be achieved such 
that  the overwhe lming  m a j o r i t y  of cur ren t  which  flows 
serves only  to charge the  double  layer .  I t  is thus only 
when  the above condit ion is met  tha t  IR compensa-  
t ion may  be employed  va l id ly  in an e lec t rochemical  
sys tem exhib i t ing  a fa radaic  process. Note that ,  in 

i ( s )  : V ( s )  - -  
K 

K + I  

CdS ~- 1/Rt ] 

�9 ~TpS 2 -t- [Tu § Tr -~ 1) -t- ,p(1  -F RT/Rt)]s  ~- 1 + 1 / R t ( R T / ( K  + 1) + Ru) 
[14] 

where  
rc = (Re -}- Ri -{- Ro)Cd [15] 

ru ---- (Re -~ Ri -- RiK2)Cd [16] 

and RT, Ru, and T, are  defined by  Eq. [6], [7], and  [8], 
respect ively.  Examina t ion  of [14] shows tha t  i t  r ep re -  
sents a second order  sys tem which  closely resembles  
the  resul t  for  i (s)  previous ly  obtained (1) for a sys-  
tem exhib i t ing  doub le - l aye r  behavior  only. The  re -  
sult  is reproduced  here  for convenience. 

K 
i (s)  = V ( s )  - -  

K ~ - I  

%'cps 2 + [Tu + "cJ(K + 1) + "~p]s + 1 [17] 

Comparison of [14] and [17] shows that  they  differ 
only  in t e rms  containing Rt. This difference, however ,  
is essential  since the cr i t ica l ly  damped  behavior  a l low-  
able for  both  systems is not  identical .  Thus, the  min i -  
mum t ime  constant ,  "~min, corresponding to [14] is 

Trnin : ~/TcTp[1 -~- 1 / R t ( R T / ( K  -{- 1) -t- Ru)] [18] 

which is to be compared  to ~min for [17] 

];rain = ~l:cTp [19] 

Equat ion [18] c lear ly  shows that,  at cr i t ical  damping,  
i.e., jus t  at  the  onset of damped  oscillations, fa rada ic  
pa rame te r s  p l ay  a role whereas  these pa rame te r s  are, 
of course, nonexis ten t  in [19]. 

The above  resul ts  indicate  tha t  the  to ta l  e lectrode 
behavior  must  be taken  into account when  evalua t ing  
resul ts  obta ined f rom potent iostat ic  techniques in-  
corpora t ing  IR compensat ion.  In  par t icular ,  [18] and 
[19] c lear ly  show that ,  even for the  s implest  of elec-  
t rode systems, i t  is not  a l lowable  to ad jus t  for  op t i -  
m u m  compensat ion in the  absence of a faradaic  re -  
action and assume tha t  resul ts  wi l l  be  unaffected in 
its presence.  The condit ions under  which min imum 
er ror  is made  when pe r fo rming  the  above can, how-  
ever, be es tabl ished by  considerat ion of [18]. I t  is c lear  

principle,  a f requency  range  may  a lways  be achieved 
such tha t  Cds > >  1/ZF(s);  however ,  this  range  m a y  be 
en t i re ly  too high to be wi th in  the  uppe r  l imi t  of s ta-  
b i l i ty  set by  "~min. 

I t  is appropr i a t e  at  this point  to examine  the cr i ter ia  
which might  a l low the unambiguous  use of a po ten t io -  
s tat  wi th  IR compensat ion in the  t ime or classical 
(a-c)  f requency  domain.  To do this, consider  ZE(S) 
to be given by  Eq. [13], i.e., charge  t ransfe r  in pa ra l l e l  
wi th  Cd. The desired cur ren t  response in the  absence 
of any  potent ios ta t  pa rame te r s  is 

CdS -{- 1/Rt 
= v(s) ( jTiW -TJR  ] [221 

where  Ru and Tu are  defined by  Eq. [7] and [16], r e -  
spectively.  This equat ion al lows for the  fact tha t  the  
potent ios ta t  cannot  be an infinite cur ren t  source (1) 
by the existence of some uncompensa ted  nonfaradaic  
resistance (Ru). Compar ison of [22] wi th  [14] shows 
that  m a n y  condit ions mus t  be met  before  the  two 
relat ionships  become iden t i ca l  However ,  the  essent ia l  
factors under Iy ing  these condit ions are  the  speed of 
the  potent ios ta t  and of the  fa rada ic  reaction.  Thus, [14] 
shows second order  behavior  whi le  [22] is first order.  
I t  is the re fore  necessary tha t  the  t e rm ~c~ps 2 in [14] 
be  negligible.  This  can be done b y  p roper  cell  design 
and wi th  a fas t  potent iostat .  Cel l  design affects ~r by  
reducing Ro (Eq. [15]) and the speed of the  po ten t io -  
stat  affects rp (Eq. [8]) and Ro. I t  can therefore  be 
seen that  the  smal le r  the closed loop t ime  constant,  ~p, 
of the  potent iostat ,  the  more  the  sys tem wi l l  behave  
as a first order  system as pred ic ted  by  [22]. Inspec-  
t ion of the  remain ing  por t ions  of [14] shows tha t  it  is 
essent ia l ly  the  re la t ive  values  of potent ios ta t  p a r a m -  
eters  which al low undes i rab le  t e rms  to be neglected.  
Thus, if the  open loop d -c  gain is high (>1000),  the 
fol lowing condit ions can be establ ished:  K ----- K ~- 1, 
Tu >> Tc/(K ~- 1) and, therefore,  Ru > >  R T / ( K  4- 1). 
The te rm Tp(1 -t- RT/Rt)  is negl ig ib le  if ~p is smal l  
compared  to ~u and ~c, i.e., ve ry  fast  potent iostat ,  and 
if Tu/~p > >  RT/Rt. The  l a t t e r  condit ion is va l id  only 
if the  charge t ransfe r  process (or  the  faradaic  react ion 
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in general) is re la t ively slow and the potentiostat  re la-  
t ively fast. Note that  when  all of these conditions are 
met, it would not mat ter  whether  a faradaic reaction 
were present  since the potentiostat  itself no longer 
influences the results  obtainable.  I t  is to be remem-  
bered, however, that  as critical damping is approached, 
indeed if present  at all, then the above conditions can- 
not be met  since a first order electrochemical system 
as considered here (Eq. [22]) does not predict critical 
damping behavior.  This can be understood by con- 
sidering the fact that  as more and more positive feed- 
back is employed, both Tu and Ru become smaller, 
eventual ly  render ing it more and more difficult to 
el iminate potentiostat  parameters,  e.g., Tu may  ap- 
proach the same order of magni tude  as ~p. In  general, 
therefore, it is never  possible to use the  critical damp-  
ing point  as detection for opt imum IR compensation 
in the presence or absence of a faradaic reaction if the 
results are to be interpreted in the t ime or classical 
a-c f requency domains at frequencies close to the crit i-  
cal damping frequency. The exception to the above 
occurs in those cases for which faradaic parameters  
do not contr ibute  to ~min or for Sufficiently low fre- 
quencies and it  is not desired to evaluate  Cd in the 
presence of the electrode reaction. If this is so, it is 
then indeed advantageous to employ IR compensation 
so as to unmask  the faradaic process for s tudy at 
shorter t imes than  possible otherwise since the  upper  
f requency l imit  is higher when  IR compensation is 
employed. 

Exper imenta l  and Results 
In order to i l lustrate  the effect of the faradaic process 

on IR compensation, the basic circuit  shown in ~'ig. 1 
was employed. The electrode impedance ZE is tha t  
found applicable for an electrode process involving 
adsorption (5) and is shown in Fig. 2. Here, the ad- 
sorption coupled charge t ransfer  is given as a charge 
t ransfer  resistance, Rt, in series wi th  an adsorption 
capacitance, Ca. These are placed in paral lel  with the 
double- layer  capacitance C~. The details of the poten-  
t iostat circuit (Fig. 1) have been  given in  detail  else- 
where (1). 

Ini t ial  experiments  were performed on an electrical 
equivalent  circuit with Re ~--- 500 ohms, Ri = 100 ohms, 
Rt : 50 ohms, Ro : 0, C d : 0.15 /~F and Ca -~ 1 ~F. 
The response at ~min was compared with the faradaic 
components (Re and Ca) both present  and removed 
from the circuit. Representat ive current  response 
curves to a potential  step are shown in the photograph 
in  Fig. 3. Here, the horizontal  axis is 10 gsec per  major  
division and the vert ical  axis is 20 gA per major  divi-  
sion. The curves were obtained in the following 
sequence: Train was achieved with the faradaic pa ram-  
eters ini t ia l ly absent from the circuit (lower curve, 
Fig. 3). Note that this is normal ly  the  manne r  in which 
Train would be adjusted in an actual  system, i.e., in a 
region of the i -v  curve exhibi t ing double- layer  be-  
havior only (3). With Tmi~ adjusted, the faradaic com- 
ponents  were then placed in the circuit giving the 
upper curve in Fig. 3. It can be seen that some ringing 
is present indicating that the degree of positive feed- 
back is too high. This damped oscillation is particularly 

C d 

R t C a 

Fig. 2. Aperiodic equivalent circuit for on electrode exhibiting 
double layer behavior and adsorption coupled charge transfer. 

Fig. 3. Oscilloscope traces of current-time response curves to a 
voltage step input. Lower trace, ~min with ZF removed; upper trace, 
�9 min with Zp rep|aced; center trace ~min adjusted for most stable 
response (see text for details). 

visible because a step funct ion input  per turba t ion  
[V(s)]  was employed. It  would  be much less evident  
if a s tandard t r iangular  or, in  particular,  a sinusoidal 
waveform were employed. In  the la t ter  case, a dis- 
tort ion analyzer would be needed to detect excitation 
of the r inging  frequency, otherwise this effect would 
remain  unnot iced with the use of, e.g., s tandard  phase 
sensitive detectors. The center  curve in Fig. 3 is that 
for Tmi~ with no visible r inging in the presence of the 
faradaic components. It was achieved by reducing the 
amount  of positive feedback by approximately 10% 
as predicted by the analysis in the previous section. 
The above results show that  ~m~n is indeed affected by 
faradaic parameters,  par t icular ly  when  there  is sig- 
nificant reaction current  at the r inging frequency, i .e,  
the faradaic t ime constants are excited at Train. 

In  order to fur ther  i l lustrate  the influence of the 
faradaic t ime constants upon IR compensation, con- 
sider the following. If ~rnin is composed only of double 
layer  and potentiostat  parameters,  then, in principle, 
at t imes longer (or frequencies lower) than "train, the 
system should behave as though the potential  were 
constant  across the faradaic impedance and the re-  
main ing  uncompensated resistance (Ru). Thus for the 
circuit considered above, at all  frequencies below those 
corresponding to ~min, the impedance should appear 
as if it were given by  

1 
Z (s) ~ Ru -k Rt -b �9 [23] 

Cas 

instead of its complete form which is 

RtCa$ --~ 1 
Z(S)  -- Re + Ri + [24] 

RtC~Cds 2 + (Cd + Ca)s 

The use of Eq. [23] to generate a usable {(t) funct ion 
requires tha t  Ca receive no significant charge dur ing 
the t ime required to achieve Zmfn. In  addit ion the t ime 
required to achieve constant  potent ial  conditions across 
the circuit represented by Eq. [23] must  be taken into 
account. For this a t rue step funct ion [V(s) ---- Vo/s] 
cannot  be assumed as the input  per turbat ion.  I t  is, in 
fact, difficult to determine the exact funct ion for this 
quanti ty,  however, for evaluat ion of the results in the 
t ime domain, an explicit funct ion must  be employed. 
To a first approximation exponent ia l  behavior can be 
assumed. In  this case i (t) should be given by, for all 
t imes after the peak cur ren t  (see Fig. 3) 
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Vo [ 1 / ( R u 2 r R t ) C a ]  

- - -  1 +  - - 1 - ~ - R ~ + R t ) C a  i ( t )  Ru + Rt a 

exp -- [25] 
(Ru -'1"- Rt) C a  

where a is the reciprocal of the t ime constant for the 
rise of V(t)  to "do at the current  peak. Inspection of 
[25] shows that  a l inear  In i ( t )  vs. t plot should be ob- 
ta ined having an intercept  at the t ime of the current  
peak which is complex enough to render  the desired 
quanti t ies Ru, Rt, and Ca difficult to obtain in the most 
general  case. In  any event, l inear i ty  in In i ( t )  vs. t 
should be sufficient indication that  faradadic contr ibu-  
tion to "~min is negligible provided that  the l inear i ty  
extends to times relat ively close to those corresponding 
to Tmin. 

In  view of the above, Eq. [25] was tested for the cir- 
cuit given earl ier  using the i (t) curves shown in Fig. 
3. The remain ing  uncompensated resistance Ru was 
evaluated in the absence of Z~ (lower curve, Fig. 3). 
This could be done with Eq. [19] as described previ-  
ously (1) giving Ru ---- 14 ohms (where ini t ial ly 
Re + R~ = 600 ohms). The faradaic parameters  were 
then inserted and In i ( t )  vs. t examined. Note that  at 
all t imes from the current  peak to that  at which the 
current  changes slope, this plot is not  valid for the 
circuit corresponding to Eq. [23] since double- layer  
charging is also taking place dur ing this t ime interval.  
In  addition, r inging occurs in the region of slope 
change indicat ing that  all t imes before this point 
relate to Train. It is, however, valid to consider that con- 
s tant  potential  has been achieved at the current  peak 
as far as the faradaic process is concerned. With these 
points in mind, it is impor tant  to note the shortest t ime 
at which nonl inear i ty  in the In i (t) vs. t plots occurs. 
This can be seen in Fig. 4 (curve for Ca ---- 1 ~F) where 
deviation from l inear i ty  is visible at approximately 
15 ~sec which is very close to that  t ime at which i ( t )  
changes slope (see Fig. 3). The parameters  calculated 
using Eq. [25] were Ru + Rt ---- 66 ohms and Ca = 0.95 
~F, which is in fair ly  good agreement  with their  
known values (Ru + Rt should be 64 ohms). It is to 
be noted, however, that  the most accurate results 
could only be achieved using the center curve in Fig. 3, 
i.e., the most stable system response. This required, as 
indicated earlier, reduction of the amount  of positive 
feedback from that  for which stable response could 
be achieved in the absence of ZF. Natural ly,  in this 
case the amount  of positive feedback could be rendered 
identical; however, in an electrochemical system, this 
approach is not possible. 

Q C a = I/~.F, l'rnin 
20 . . '~ o Ca~ O. tS~F, Vmin 

IO 
< 

5 

3 

? 

t (~sec} 

Fig. 4. In i ( t )  vs. t plots at "~min for system with electrode im- 
pedance as shown in Fig. 2. 

A fur ther  test of this analysis was made on the same 
circuit as previously employed with Ca ---- 0.15 ~F, 
effectively changing ZF by one order of magni tude  as 
compared to the previous case. The procedure for de- 
te rminat ion  of Ru was as above, however, as the semi- 
logarithmic plots in Fig. 4 show, l inear i ty  was not ob- 
tained at Train or at 80% Train. This indicates the large 
influence of ZF on both the over-al l  system stabil i ty 
and its response at a degree of positive feedback con-  
siderably below the r inging frequency. 

The above appears to i l lustrate the conditions for 
which the faradaic contr ibut ion to Train are negligible; 
however, the s i tuat ion is more complex than could 
be expected from these results. Thus, as the first case 
(Ca = 1 ~F) shows, Ru was not negligible compared to 
Rt requir ing its evaluat ion for meaningfu l  values of Rt 
and Ca. The problem is then to evaluate Ru in every 
case (which would also allow knowledge of Cd). This 
cannot be done from a knowledge of "~min alone. Thus 
an at tempt to evaluate Ru and Cd from time domain 
In i (t) vs. t plots even in the case of pure double- layer  
behavior was unsuccessful (1). This is to be expected 
since a simple RC series circuit does not exhibi t  r ing-  
ing except under  conditions of positive feedback when 
potentiostat  parameters  become involved, as indicated 
earlier. The si tuat ion is even more serious when  
classical (a-c) impedance techniques are employed 
since Tr, in is difficult, to detect without  distortion anal-  
ysis. In  principle, however,  when  correct de tec t ion  
techniques are employed Ru and Cd could be separately 
evaluated provided potentiostat  contribution,  e.g., ~ ,  
can also be determined.  

In addition to the above it is quite certain, as can 
be seen from Fig. 3, that  Tmin varies somewhat, even in 
the best of cases, from that  obtainable in the absence 
of ZF. Further ,  since Cd general ly varies with poten-  
tial, Tmin cannot be expected to remain  constant  
throughout  the potential  region of interest  even when 
ZF contributes negligibly. Thus as Eq. [19] shows, ~min 
varies with Tc which contains Cd. An example of this 
phenomenon has been reported recent ly for the 
Cd (NO3) ~ system (9). 

As can be seen from the preceding results, the use of 
IR compensation is subject to a great deal of ambigui ty  
whether  or not the faradaic process contr ibutes to Tmin, 
even in the relat ively simple case examined here. As 
the system becomes more complex, it would be neces- 
sary to derive expressions for i ( t )  (for t ime domain 
analysis) allowing ZE (s) to take every possible form. 
This, of course, can be done. However, the result ing 
equations rapidly become unmanageable  in a practical 
sense and would not in any  case provide a good work-  
ing method for the use of positive feedback. Further ,  
in order to even develop working equations in the 
t ime domain, it is necessary to accurately know the 
analyt ical  form of the input  per turba t ion  which may 
in general  be difficult to estimate. 

The above difficulties can be el iminated to a large 
extent  by  the use of the Transient  Impedance Tech- 
nique which allows Z(s )  to be examined. This quan-  
t i ty is obtainable in terms of the present  study by  the 
division of Eq. [12] for E(s)  by Eq. [10] for i ( s ) .  The 
result ing expression is 

E (s) 
Z ( s )  - - .  -- Re + Ri + ZE(s)  [26] 

i ( s )  

in which it can be seen that  only those quanti t ies  ap-  
pearing across the potentiostat  control points appear 
in the final results, positive feedback having no in-  
fluence. This approach has been described in  detail 
elsewhere (1, 5). 

Conclusion 
The above study indicates that  the use of IR com- 

pensation in the presence of a faradaic reaction must  
be carried out with extreme caution. In  general, fara-  
daic t ime constants do contr ibute  to the over-al l  sys- 
tem stabili ty al though under  certain conditions their 



Vol. 118, No. 5 N O N F A R A D A I C  R E S I S T A N C E  C O M P E N S A T I O N  707 

contr ibut ion is not significant. It  is, however, difficult 
to determine, even in an a posteriori manner ,  the 
amount  of remaining  uncompensated resistance, R,. 
Thus experiments  with a known system show the ex- 
pected range  of faradaic influence ( involving consid- 
erable error even in this case if Ru had not been 
known) ;  however, an u n k n o w n  system cer tainly can- 
not be anticipated in such a manner .  The problem now 
reduces to whether  or not IR compensation should 
ever be employed. The answer  depends on the manner  
in which  the experiments  are performed and, in par-  
ticular, the way in which the results are interpreted.  
Thus, in t ime domain experiments,  IR compensation 
should only be employed if it is known that  the fara-  
daic process is relat ively slow and Ru can be u n a m -  
biguously evaluated by  using, e.g., 80% Train. Note, 
however, that  the slower the electrode reaction, the 
less necessary IR compensation becomes. In the classi- 
cal (a-c) f requency domain, it has already been shown 
(1) that  the use of the input  per turbat ion  Iv (s ) ]  for 
phase reference necessitates the use of frequencies at 
least two orders of magni tude  lower than that  corre- 
sponding to ~min for m in imum error. This problem be- 
comes more complex in the presence of ZF. The use of 
positive feedback is rendered less ambiguous, par t icu-  
larly at high frequencies, if the results are in terpreted 
using the Trans ient  Impedance Technique (5). This is 
so since potentiostat  parameters  can convenient ly  be 
el iminated from the final impedance expression while 

the system is unmasked exper imenta l ly  from the 
effects of Re. Note that  when  this approach is em-  
ployed, Re is not reduced in any  way in the final re-  
sult; however, the exper imenta l ly  accessible informa-  
t ion content  of the response funct ion is greatly in-  
creased al lowing much higher precision in the final 
results. 

Manuscript  submit ted Sept. 3, 1970; revised m a n u -  
script received Jan. 18, 1971. This was Paper  310 pre-  
sented at the Los Angeles Meeting of the Society, 
May 10-15, 1970. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1971 
JOURNAL. 
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ABSTRACT 

To i l lustrate the effects of glass t ransi t ion on ion t ranspor t  in polystyrene-  
sulfonate cat ion-exchange membranes,  membrane  d-c conductivities have been 
measured over a wide tempera ture  range. Membranes  were loosely crosslinked 
with 1% divinylbenzene and contained up to 10% by weight of s tyrene-su l -  
fonic acid. Membrane conductivi ty obeys the Arrhenius  equation with apparent  
activation energy values ranging from 11 to 16 kcal /mole  in the glassy mem-  
brane and 15 to 22 kcal /mole in the rubberyl ike  membrane.  Computed dif- 
fusion coefficients of hydrogen ions increase with sulfonic acid content  and are 
appreciably higher in the rubbery  than in the glassy membrane  states. 

Membranes are widely used in electrodialytic de- 
salting processes and electroseparation processes as 
ion-selective membranes  and in fuel cells as solid 
electrolytes. St ructural  changes wi thin  membranes  
would l ikely cause marked changes in their mechanical  
and electrochemical properties. A very  impor tant  
s t ructural  t ransformat ion of amorphous materials,  such 
as sulfonated polystyrene membranes ,  is glass t rans i -  
tion. The tempera ture  at which amorphous polymers 
when  cooled solidify to a glass is called the glass 
t ransi t ion temperature,  Tg. 

Above Tg, the polymeric membrane  is soft and liq- 
uidlike because the chains are mobile; below Tg, it is 
hard and bri t t le  on account of freezing in of chain 
segmental  motion. Knowledge of membrane  Tg and its 
influence on molecular  rate t ranspor t  might  serve as 
a guide in  improving membrane  function and proc- 
esses. In  this paper, we present  results of our Tg mea-  
surements  and i l lustrate the effects of this s t ructural  
t ransi t ion on electrical t ransport  wi thin  sulfonated 
polystyrene membranes  of vary ing  degrees of sulfo- 
nation. 

* Electrochemical  Society  Act ive  Member.  
Key words:  phase transit ion in membranes, cation-permeable 

membrane, hydrogen-ion transport. 

For purposes of il lustration, we prepared ca t ion-ex-  
change membranes  containing up to 10% by  weight 
of styrenesulfonic acid by sulfonating polystyrene films 
which were loosely crosslinked with 1% by weight of 
divinylbenzene.  In  these solid membranes,  ion t rans-  
port, under  a d-c field, occurs pr imar i ly  by migrat ion 
of hydrogen ions resul t ing from dissociation of sulfonic 
acid groups (1). In  correlat ing membrane  Tg and ion 
conduction, the passage of mobile hydrogen ions under  
the influence of external  electric field is considered 
as hopping from one sulfonate anion exchange site to 
the next. Ionic conduction is t reated as a molecular  dif- 
fusion process and is in terpre ted from a kinetic and 
thermodynamic  view. 

Experimental 
Sulfonated polystyrene membranes  containing up to 

10% by weight of styrenesulfonic acid were prepared 
by casting a 20% solution of polystyrene (viscosity- 
average molecular  weight  of 500,000) in  benzene on 
glass plates followed by sulfonation by the method of 
Chen et al. (2). Test membranes,  2 em in diameter  
and 0.03 cm in average thickness, were dried under  
vacuum at 80~ prior to testing. 
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Membrane conductivities were measured over the 
temperature  range 70~176 using a Kei thley elec- 
t rometer  Model 610-Q, a Trigon Electronics d-c power 
supply Model HR40-750, and a guarded brass elec- 
trode assembly. The electrode assembly was placed in 
an electric oven main ta in ing  temperatures  wi th in  
_+0.3~ Membrane  d-c conduct ivi ty ~ was calculated 
from the equation a ---- ( t I ) /VA  where t, I, V, and A 
are sample thickness, current,  voltage, and electrode 
area, respectively. Tests were run  at constant voltage 
of 10V d.c. Membranes  were heated at a rate of I~ 
per  2 rain. Once a steady tempera ture  was reached, 
current  was recorded. 

Results and Discussion 
Membrane  conductivi ty increases exponent ia l ly  with 

tempera ture  and is expressed by 

" -  ~o exp (--Ea/RT) [1] 

where Ea is the apparent  activation energy of con- 
duction and ~o a pre-exponent ia l  constant. Figure 1 
shows the results of several membrane  conductivi ty 
runs with sulfonic acid content as a parameter .  Over 
the tempera ture  and concentrat ion range used, mem-  
brane  conductivi ty obeys Eq. [1]; however, a break in 
the log a vs. 1/T plot occurs to signify glass transit ion.  
Because the rate of increase of conductivi ty with tem- 
perature is faster above Tg than below Tg, Ea is greater 
in the liquid than  in the glassy membrane  states. 

Table I lists values of apparent  activation energies 
for the membrane  ionic conduction process. These 
values vary  from 11 to 16 kcal /mole in the glassy 
region and from 15 to 22 kcal /mole  in  the l iquid re- 
gion. Comparison with ionic conduction in liquid 
glasses yields good agreement  (3). For AMF C-60 
(polystyrenesulfonic acid entrapped in a polyethylene 
matr ix)  membranes,  Ea is reported as 22 kcal /mole be-  
tween 28 ~ and 54 ~ (1). In  this tempera ture  range, 
polyethylene is well  above its Tg and explains why 
the reported Ea values agree well  with our results. 

Membrane Tg and conduction.--The influence of sul-  
fonic acid concentrat ion on membrane  conduction is 
i l lustrated in Fig. 1. Membrane  conduction increases 
with sulfonic acid content, apparent ly  due to increas- 
ing concentrat ion of hydrogen ions. On the other hand, 
membrane  Tg rises with sulfonic acid content  on ac- 
count of progressively higher dipolar at tract ive forces 
within the membrane.  Tg values are in good agreement  
with our correlation (2) obtained dilatometrically 
which is given by  
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Fig. 1. Dependence of conductivity of sulfonated polystyrene 
membranes on temperature. 

Table I. Apparent  activation energies for conduction process below 
and above membrane Tg 

w/o of sty- 
Membrane renesulfonic E~, E i, 

T~, ~ acid kcal/mole kcal/mole 

100 0.0 16.4 21.0 
106 2.1 14.2 17.9 
109 3.5 16.3 21.8 
118 8.1 15.8 21.6 
119 7.9 11.2 17.5 
123 9.8 11.3 15.7 

Tg -~- TgB Jr- 200 WA (WA < 0.15) [2] 

where  TgB is the glass t ransi t ion tempera ture  of loosely 
crosslinked polystyrene mat r ix  and WA iS weight  frac- 
tion of styrenesulfonic acid. 

Ion conduction process.--The exponent ial  tempera-  
ture dependence of ~ can be developed by t reat ing the 
ionic diffusion process as a special case of the more 
general  reaction rate theory for activated processes 
(4). Conduction under  a unidirect ional  field involves 
the migrat ion of hydrogen ions along the sulfonated 
polystyrene chains by hopping from one sulfonic acid 
site to the next. Midway between these two positions is 
the activated state, and hence the individual  reaction 
to form the activated complex is: hydrogen ions 
(stable) ~ hydrogen ions (activated).  Reaction rate 
theory provides us with the relat ion for diffusion co- 
efficient of hydrogen as defined by Fick's law 

RT 
D ----~,~ exp (AS+/R) exp ( - -~H#/RT)  [3] 

Nh 

where ~,, AHd=, AS#, and N are effective j ump  distance 
of hydrogen ions in the direction of diffusion, enthalpy 
of activation, entropy of activation, and Avogadro's 
number ,  respectively. Combining Eq. [3] wi th  the 
Nernst -Eins te in  relat ion (5) yields the expression for 
conductivi ty 

ce2~, 2 
-- - -  exp (~Sd/R) exp ( - - ~ H d / R T )  [4J 

h 

with c, e, and h as concentrat ion of mobile hydrogen 
ions, electronic charge, and Planck 's  constant, respec- 
tively. The concentrat ion of hydrogen ions depends 
on the degree of dissociation which, in turn,  varies 
with moisture content  and temperature.  Dissociation is 
difficult for the membranes  at hand  because they con- 
tain only trace amounts  of water. From Eq. [4] and 
the expression of Fuoss (6) for ion-pai r  equi l ibr ium 
constant, we get 

~ C r  e2~2 (aH#+U/2) 
-- exp (aS/R) exp -- 

h RT 
[5] 

where Co is the total su]fonic acid concentration, Ko is 
a constant, and U is the molar energy required in ion- 
pair separation in a dielectric. It should be noted that 
Eq. [5] predicts the conductivity-temperature rela- 
tionship as given by Eq. [1] wi th  

N/coKo e 2-~.2 
,To ---- h exp (~S+/R) [6] 

and 
Ea=H+ U/2 [7] 

Using Eq. [6] we have estimated the transport en- 
tropy of activation of hydrogen ions (listed in Table 
If) in terms of the jump distance. To compute AS+, 
estimated values of ~ should be used. For pure poly- 
styrenesulfonic acid, Qrubhofer (7) measured a value 
of 8.2 x I0 -8 cm as the distance between adjoining 
sulfonic acid group. Since the chains are randomly 

distributed, • in this case would be approximately 8.x 
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Table II. Estimated values of activation entropy for the membrane 
conduction process 

w / o  of  s t y -  
r e n e s u l f o n i c  ~s  e x p  (AS$/R)  

Tg, ~ a c i d  B e l o w  Tg A b o v e  Tg 

106 2.1 1.76 x I0 -~o 1.81 x I0 -s 
109 3.5 2.47 x I0-~ 3.9 x i0  -6 
I19 7.9 7.5 • 10 - ~  2.51 • I0 -s 
118 8.1 2.18 X 10 -9 3.32 x 10-~ 
123 9.8 9.1 • 10 - ~  1.08 • 10-~ 

Table III. Calculated values of diffusion coefficients of hydrogen 
ions below and above Tg 

w / o  of  s t y -  
M e m b r a n e  r e n e s u l f o n i c  

T~, ~ ac id  

D~b, cm ~/ s ec  
Di f fus ion  coeff ic ient  • 

d e g r e e  of d i s soc ia t ion  
T =  T e  - -  30~  T ~  Tg + 30~ 

106 2.1 7.4 X lO-le 3.1 X I0 -I~ 
109 3.5 6.8 • I0 -16 3.1 X I0 -I~ 
119 7.9 2.5 X 10-1s 4.2 X 10-'* 
118 8.1 1.2 x 1 0 - ~  5.6 X 10 -~4 
123 9.8 1.4 x I0-~4 1.6 x I0 -~ 

x 10 - s  cos 45 ~ On the assumption that  the distance 
between sulfonic acid sites is roughly l inear ly  pro-  
port ional  to sulfonic acid content, the effective jump 
distance in  par t ia l ly  sulfonated membranes  can be ap- 
proximated. Thus for a membrane  containing 9.8% of 
styrenesulfonic acid, "f is 7 x 10 -7 cm and hS4 = is 6.7 
cal /mole - -~  below Tg and 20.8 cal /mole - - ~  above 
T g .  

The highly positive values of entropy of activation 
of hydrogen ions wi th in  the solid charged membrane  
in its essentially dry state suggests that  the activated 
state is much less ordered than the stable state. Fu r -  
thermore, as pointed out by Boyd and Soldano (8), 
ionic diffusion may be accompanied by  breakage of 
van der Waals bonds when ~S~ is highly positive. 
Segmental  motion above Tg would then explain the 
increase in  hS+ as the membrane  goes through its 
glass transit ion.  For the wet membrane,  on the other 

hand, 5S tends to decrease. This is due in par t  to the 
negative contr ibut ion from the electro-restriction of 
water accompanying the separation of charge in form- 
ing the activated complex (8). 

Table III  lists values of diffusion coefficients of hy-  
drogen ions in terms of degree of dissociation of sul- 
fonic acid groups estimated from the Nernst -Eins te in  
equation. These values show a rising t rend  in dif- 
fusion coefficients with greater sulfonic acid concen- 
tration. Glass t ransi t ion results in an appreciably 
higher D value in the liquid state than  in the glassy 
membrane.  An estimate of D can be obtained by ap-  
proximat ing r using Fuoss's developed relat ion (6). 
For instance, for a membrane  with 9.8% sulfonic acid 
content, setting the dielectric constant  equal  to 6, ~ is 
1.7 x 10 -6 and D is 8 x 10 -7 cm2-sec -1. 
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Electrode Studies in Nonaqueous Electrolytes 
III. The Sodium Electrode in NaClO4-Propylene Carbonate Solutions 

Stuart G. Meibuhr* 
Electrochemistry Department, Research Laboratories, General Motors Corporation, Warren, Michigan 480g0 

ABSTRACT 

The exchange current  density (/o) of smooth Na electrodes immersed in 
propylene carbonate solutions containing NaC104 or NaPF6 was determined 
by galvanostatic methods. In  1M NaC104 the AHo* value = 14.6 kcal/mole.  
The io value was strongly dependent  on the Na + ion concentration, approxi-  
mately  2 orders of magni tude  decrease in io with 1 order of magni tude  decrease 
in Na +. The results showed that  the kinetics of the Na/Na + reaction in pro- 
pylene carbonate are, at best, about equivalent  to those for the L i /L i  + elec- 
trode. 

The n u m b e r  of studies of negative electrode mate-  
rials in organic solutions recent ly has increased owing 
to the interest  in nonaqueous electrolyte batteries. 
Lithium, magnesium, calcium (1-3), a l uminum (2), 
and beryl l ium (4), all  have been proposed and tested 
as negative electrode materials.  Li th ium amalgams in  
dimethylsulfoxide (DMSO) (5, 6) and calcium amal-  
gams in propylene carbonate (PC) (7) were examined 
to determine both the activity of the metal  in the 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  a n o d i c  po lar iza t ion ,  k ine t i c s ,  t e m p e r a t u r e  e f fec t .  

amalgam and the s tandard electrode potential  mea-  
sured against a suitable reference electrode. 

Electrode kinetic studies also have received a t ten-  
tion. Kinet ic  studies of the L i ( H g ) / L i  + reaction in 
DMSO (8) yielded the s tandard rate constant  in LiC1- 
DMSO solution at 25 ~ of (2.9 _+ 0.2) x 10 -~ cm/sec, 
a t ransfer  coefficient value, a, of 0.75 _+ 0.02, and an 
enthalpy of activation of 7.9 kcal/mole.  Examinat ion  
(9-11) of the solid Li /Li  + electrode in LiC104-PC solu- 
tions resul ted in values for the exchange current  den-  
sity (io) at 23 ~ of about 0.7 m A / c m  2 (10, 11); a had a 
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Table I. The io values for different experimental conditions 

N a C 1 0 4  c o n c e n -  T e m p e r a t u r e  io 
t r a t i o n  (M) ( ' C )  ( m A / c m ~ )  

1.O 19 0.21 
37 0.90 
52 2.6 
66 6.77 

0.5 19 0.012 
O.1 19 0.0005 

tempera ture  independent  value of two-thirds.  These 
values occurred only at passivated electrodes (at low 
current  densities).  I t  has also been shown (12, 13) that  
these values are typical  of Li electrodes which have 
been immersed into the solution for periods up to 
about 30 rain regardless of the solute; /o values deter-  
mined wi th in  1 sec after a freshly cut Li surface was 
exposed to the solution showed higher io values (12). 
At active electrodes, (higher current  densities),  {o was 
found to be equal  to 1.78 • 0.33 m A / c m  2 (11). 

This note gives the results of a kinetic study of the 
previously ignored Na/Na + electrode in NaC104-PC 
solutions under  exper imenta l  conditions that  yielded 
reproducible polarization data. 

Exper imental  
The PC solvent was purified by  disti l lation as de- 

scribed before (14). The NaC104 solute was of the 
highest pur i ty  available (G. F. Smith Chemical Co.); 
it was dried at 120 ~ in a vacuum for 4 days, cooled, 
and prompt ly  t ransferred to a dry box. The NaPF6 
(Alfa Inorganics, Inc.) was used without  fur ther  
purification. The exper imenta l  procedure for the solu- 
tion preparation,  and the procedure and equipment  
used in making the galvanostatic polarization mea-  
surements  have already been reported (10). The so- 
dium electrodes were prepared in a dry box, m a n u -  
factured by Vacuum Atmospheres Corporation, in a 
manne r  similar to a technique used for making a Pb 
electrode (15). A freshly polished Fe wire was used 
as the lead. Three such electrodes (0.06 cm2), served 
as test, counter, and reference electrodes. 

The exchange current  density was calculated for 
every current  value with a computer  program from 
the equat ion 

io : {RT/~l(iR~free)F [1] 

Reproducible io values were obtained on new Na 
electrodes only after they were anodized for I0 rain 
at 2 ~A/em 2. Electrodes so treated gave reproducible 
data for about 4 days before another  anodization be-  
came necessary. The potential  between the working 
and reference electrodes at open circuit remained 
<0.5 mV. 

Results and Discussion 
Figure  1 displays the l inear  anod ic /R- f ree  polariza- 

t ion data for a Na electrode in 1M NaC104-propylene 
carbonate solution for temperatures  from 19 ~ to 66~ 
Duplicate runs  yielded slopes that  agreed with one an-  
other wi thin  15%, which is somewhat poorer repro- 
ducibil i ty than noted for the Li /Li  + reaction (10). 
The io variat ions with tempera ture  and Na + ion con- 
centrat ion are recorded in the table. Note that  the /o 
value decreased very  sharply with a decrease in Na + 
ion concentration,  approximately 2 orders of magn i -  
tude decrease in io with 1 order of magni tude  decrease 
in Na + ion. This decrease is greater  than  was ob- 
served for the Li /Li  + reaction in C104- solution (10). 

The solute NaPF6 was considerably less soluble than  
the NaC104 and only very  low io values were obtained 
at Na electrodes in NaPF6-PC solutions. At saturation, 
(about 0.3M), the io value was 0.002 mA/cm 2 at 21 ~ 
The low ~o values were not  due to a high concentrat ion 
of water  because the Kar l  Fischer analysis showed 
that these solutions contained less than  30 ppm. Thus, 
the rapid decrease of io with Na + ion concentrat ion 
appears to be a real  funct ion of the concentrat ion and 
not an artifact of some impur i ty  such as water. 
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Fig. I. Current density-iR free polarization data for a IM NaCIO4 
solution. Curve A, 19~ B, 37~ C, 52~ D, 66~ 
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Fig. 2. Plot of the io values against I/T for IM NaCl04 

The enthalpy of activation at zero polarization 
(• was calculated from the results of the tem- 

perature  var iat ion using the equation 

a In/o AHo* 
. . . .  [2] 
O(1/T) R 

A plot of the log io against 1/T is exhibited in  Fig. 2. 
The value for AHo* was 14.6 kcal/mole.  This value, 
being somewhat higher than  expected for meta l  dis- 
solution (~10 kcal /mole) ,  suggests that  there may 
occur (a) reduction of the organic solvent or some other 
organic component  such as e thylene carbonate;  (b) ad- 
sorption of the solvent at the Na electrode interface; 
(c) some other process. However, no evidence of chem- 
ical degradation of the solvent was apparent  at any  
tempera ture  dur ing the course of these experiments.  
No color change in the solvent, no blackening of the 
electrode, no gas evolution, all  indicate that  no chemi-  
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cal degradation occurred. Consequently,  the unusua l ly  
high ~Ho* value may be either real or due to ad- 
sorption. 

To obtain reproducible polarization data on Na, it 
was necessary to anodize the test electrode. Electrodes, 
when immersed into the CIO4- solution, gave nonre-  
producible and very  low /o values. A brief anodization 
(10 rain at 2 ~A/cm 2) activated the Na, perhaps by re- 
moving an oxide or hydroxide, and allowed r e p r o -  
ducible data to be made. Subsequent  brief  cathodic 
pulses (for periods up to 10 rain) did not destroy the 
active Na surface. 

These results showed that the kinetics of the Na/Na + 
reaction in PC, at best, are about equivalent  to those 
for l i th ium but are much more dependent  on the 
Na + concentrat ion than is the case for the Li reaction. 

Manuscript  submit ted Aug. 21, 1970; revised ma nu-  
script received ca. Jan. 21, 1971. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1971 
JOURNAL. 
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Techn call Notes @ 
Differential Capacitance Study of Stress-Annealed 

Pyrolytic Graphite Electrodes 
Jean-Paul Randin I and Ernest Yeager* 

Chemistry Department, Case Western Reserve University, Cleveland, Ohio 44106 

In recent years, high-pressure s tress-annealed py-  
rolytic graphite has become available. This mater ia l  
has a near  perfect or ientat ion along the c-axis, and its 
s tructure is much more defined than  that  of the pyro-  
lytic graphite used by prior workers (1). The basal 
p lane of this mater ia l  provides a ra re  opportuni ty  to 
s tudy the electrochemical properties of a surface in 
which all the surface valencies are satisfied in the 
plane of the surface. 

The present  s tudy has been directed to the study of 
the differential capacity of this surface in aqueous 
solutions using an a-c impedance bridge. 

Experimental Section 
The stress-annealed pyrolytic graphite used in this 

study 2 showed a rocking curve whose mosaic spread 
is approximately 0.3 ~ to 0.4 ~ width a t  ha l f -max imum 
intensi ty  of the (002) x - ray  diffraction line. The mea-  
sured 2d in te rp lanar  spacing is 6.713 +_ 0.002A com- 
pared with 6.7078 ___ 0.0002A for the single crystal. The 
graphite electrodes were machined under  compression 
into circular disks with a diameter  of 5 ram. These 
graphite disks, backed with nickel  to increase their  
mechanical  strength, were then press-fitted into a 
Teflon holder. A fresh electrode surface was exposed 
for each exper iment  by placing a piece of plastic ad- 

* Electrochemical  Society Act ive  Member .  
Key  words:  graphi te  electrodes, differential capacitance,  space 

charge, a-c impedance.  
1 Present  address: Hydro-Quebec  Inst i tute  of Research, Varennes,  

Quebec, Canada. 
~Suppl ied by the Union Carbide Technical  Center  Research, 

Parma,  Ohio 44130. 

hesive tape, cut to the exact size, in contact wi th  the 
graphite surface and then peeling off a layer  of 
graphite with the tape. Care was taken not  to contami-  
nate the Teflon surrounding the graphite disk with the 
adhesive on the plastic tape. The graphite surface so 
exposed had the appearance of a black mirror,  and no 
plane other than the basal plane has b e e n  observed 
by microscopic examinat ion under  800 • magnification. 

The electrochemical cell was made ent i rely of Teflon. 
The main  compar tment  contained the working elec- 
trode and a 99.99% gold disk-shaped counterelectrode 
(9 cm diam, 0.01 cm thick),  located paral lel  to the 
working electrode at a distance of about 4 cm with one 
side against the bottom of the Teflon cell. This elec- 
trode was used for only the a-c impedance measure-  
ments. Gold was chosen for the counterelectrode since 
it should not dissolve in  he l ium-sa tura ted  sodium 
fluoride solutions. Two separate compartments  were 
connected to the central  compar tment  for the auxi l iary  
and reference electrodes. The auxi l iary electrode was 
used for the d-c polarization of the working electrode. 
Both the auxi l iary  and reference electrodes were 
99.99% pal ladium foil (2.9 cm diam, 0.01 cm thick) 
over the rear of which was passed purified hydrogen. 
The reference electrode compar tment  was connected 
to the main  compar tment  via a Luggin capillary, and 
the auxi l iary  compartment  was connected to the main  
compartment  by a short tube (1 cm diam, 5 cm long),  
filled with the same solution as the main  compartment.  
The auxi l iary  and reference Pd electrodes were 
charged with hydrogen (purified with an Englehard 
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Industr ies  Pd-Ag alloy diffuser) in  order to form a 
stable H-Pd  alloy, the ~-phase (2). 

The experiments  were performed in a ni t rogen at-  
mosphere glove box to reduce contaminat ion by atmo- 
spheric components and to minimize possible incorpo- 
ration of dust and dirt in the cell. Nitrogen was 
continuously purged through the box. 

The solutions of sodium fluoride (Baker Analyzed 
Reagent) were prepared by dissolution in n i t rogen-  
saturated triple distilled water  (second disti l lat ion 
from alkal ine permanganate) .  Trace contaminants  
were removed by t rea tment  of the electrolyte with 
purified active charcoal and in situ pre-electrolysis 
performed with a 50 cm 2 gold cathode in the ma in  
compartment  polarized to --0.9V vs. the H/~-Pd  refer-  
ence for at least 24 hr with hel ium bubbling.  The 
hel ium was purified with copper tu rn ings  main ta ined  
at about 450~ and molecular  sieves (Linde Type 3A 
and 13X). This gas was bubbled through the solution 
before and dur ing  the measurements .  

The measurements  of the equivalent  series capaci- 
tances and resistances were carried out at 25~ with 
an a-c bridge and polarization circuit. This bridge has 
been checked with s tandard resistance and capacitance 
components and found to contr ibute  a negligible 
error  over the range of frequencies covered in  this 
paper (100 Hz to 20 kHz).  The a-c voltage applied to 
the cell did not exceed a few millivolts. 

All capacitances are given in terms of apparent  elec- 
trode area. The t rue area has not been taken into ac- 
count, but  the ratio of the true to apparent  area should 
be essentially un i ty  for the basal plane of s t ress-an-  
nealed pyrolytic graphite. 

Results and Discussion 
In a recent paper, Bauer, Spritzer, and E1ving (1) 

studied the differential capacity of a pyrolytic graphite 
disk electrode whose s t ructural  characteristics were 
not defined in the paper. These authors observed a 
frequency dependence of both the series capacitance 
and resistance. Bauer et al. suggested that this fre- 
quency dispersion might  be at least in part  the re- 
sult of the electrode geometry, since the distr ibution of 
current  at a disk electrode is not uni form across the 
surface. 

P re l iminary  measurements  in the present s tudy also 
showed a frequency dispersion. Consequently, an at-  
tempt was made to minimize the nonuni form current  
distr ibution on the disk solid electrode surface by 
using a Teflon hood of the type shown in Fig. 1. A 
circular lip, which made a l ine seal with the graphite 
electrode, was incorporated in the Teflon hood. The in-  
ternal  diameter  of the hood (4 mm) was smaller than 
that of the graphite disk (5 ram).  The depth of the 
hood was chosen to be the same as its diameter, i.e., 
4 ram. Pre l iminary  tests showed that  this dimension 
had no significant effect on the frequency dispersion. 

Beside providing a more uniform current  d is t r ibu-  
t ion on the electrode, the hood restricted the effective 
area of the electrode to the center of the disk and 
hence minimized problems associated with orientations 
other than  the basal plane, present  along the periphery 
of the disk where it fitted into the Teflon holder. Mea- 
surements  on the edge orientat ion (plane perpendicu-  
lar to the basal plane) indicate capacities of at least 

Fig. I. Cross section of the graphite electrode holder and hood 
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one order of magni tude  higher than  on the basal plane 
and hence even a small  fraction of the surface other 
than the basal or ientat ion can lead to a serious error. 

The frequency dispersion for the basal plane of 
s t ress-annealed pyrolytic  graphite in  0.gM NaF is 
shown in Fig. 2. Without  the hood, the magni tude  of 
the dispersion is comparable with that  reported by 
Bauer et al. (1), although not as large. With the Teflon 
hood the frequency dispersion is negligible (see Fig. 
2), provided the hood is slipped onto a freshly peeled 
dry electrode. On the other hand a small  f requency 
dispersion is evident  (see Fig. 2) if the hood is slipped 
onto a wet electrode, prepared by peeling off a layer 
from the basal p lane  under  the surface of electrolyte 
in a separate container  and then t ransferred wet 
wi thin  the N2-filled glove box into the cell. This fre-  
quency dispersion is a t t r ibuted to the electrolyte film 
between the graphite surface and the Teflon hood. 
When the two surfaces are dry, the small  gap between 
the hood and the portion of the graphite covered by 
it does not normal ly  fill with electrolyte because of 
the hydrophobic properties of the two surfaces. 

Usually the capacity measured on the electrode 
peeled off dry was lower than that  of the same elec- 
trode peeled off under  the electrolyte. The reproduci-  
bil i ty of the capacity at a given f requency also was less 
with electrodes peeled in either air or the ni t rogen 
within  the glove box rather  than  under  the surface of 
the electrolyte. Under  extreme conditions, the variat ion 
in capacity was as much as 100% with the electrodes 
peeled dry  as compared with a var iat ion of only 5% 
for electrodes peeled wet. Consequently all fur ther  
measurements  reported in this paper have been carried 
out with electrodes peeled off under  electrolyte and 
the hood subsequent ly  slipped on. 

The lack of any appreciable frequency dispersion 
in 0.9M NaF on the basal p lane of s t ress-annealed 
pyrolytic graphite with the Teflon hood is to be ex- 
pected for a solid electrode provided the surface 
roughness is small. The mirror l ike  appearance of the 
surface with direct visual  examinat ion  as well  as 
microscope examinat ion  (800• both imply  that  sur-  
face roughness is very small. In  the case of a semi- 
conductor electrode (see the following discussion), the 
lack of f requency dispersion at audio frequencies also 
implies either that  the surface electronic states con- 
t r ibute  very little to the observed capacity on the 
basal plane or that the surface electronic states have 
very short or very long relaxat ion times. 

The capacity measured at a fixed potent ia l  on the 
basal plane also decreased slowly with time. This de- 
crease was usual ly  smaller  than  3% in 15 min  with 
electrodes peeled wet while the series resistance re-  
mained v i r tua l ly  constant. This rate of decrease did 
not vary  significantly with the applied potent ial  in the 
range +0.5 to --0.5V re NHE, with the frequency in 
the range 100 Hz to 20 kHz, or with stirring. The rate 
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Fig. 2. Frequency dependence of capacity for the basal plane of 
stress-annealed pyrolytic graphite in 0.9M NaF at 25~ at o po- 
tential of +0.2V vs.  NHE: []  without hood, layer peeled off under 
electrolyte; Q with hood, layer peeled off dry; �9 with hood, layer 
peeled off under electrolyte. 
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Fig. 3, Capacity-potential curves for the basal plane of stress- 
an,ealed pyrolytic 9raphlte i ,  NoF (pH ~ 6) at 25~ and 1000 
Hz. With hood, layer peeled off under electrolyte: @, 0.9M NaF; 
O,  0.1M NaF. Insert figure: Bauer, Spritzer, and Elving (1) data 
in 0.5M KCI; resurfaced by polishing; frequency" 1000 Hz. 

of decrease was smaller with electrodes peeled off 
under  electrolyte than  peeled dry. 

Since the t ime dependence of the capacity on the 
basal plane of wet peeled electrodes was so small, the 
capacity-potential  curves measured point  by point  
were essentially the same regardless of whether  the 
values were measured with increasingly anodic or 
cathodic potentials. The values indicated in Fig. 3 were 
recorded point  by point with potential  increasing in 
the anodic direction. The shape of the capaci ty-poten-  
tial curve is near ly  symmetr ical  with respect to the 
minimum, is independent  of the concentrat ion of the 
electrolyte at concentrat ions in the range 0.01 to 1.0M, 
and does not exhibit  the hump usual ly  observed on 
metallic electrodes. The shape of the capaci ty-poten-  
t ial  curve does not depend significantly on the way 
the electrode surface has been renewed (peeled wet 
or dry) .  

The series equivalent  resistance was also measured 
but  is not reported. With in  the accuracy of the mea-  
surements,  the data showed no significant variat ion 
with potential  (i.e., a var ia t ion of approximately 1 to 
3 ohms out of 100 ohms over the potential  range § 
to --0.5V vs. NHE). 

The value of the apparent  capacity at the m i n i m u m  
of the capacity-potential  curve is low, i.e., ~ 3  ~ f / c m  2, 
compared with values usual ly higher than 15 ~f/cm~ 
for metallic electrodes. In  contrast, the apparent  ca- 
pacity at the min imum of the capacity-potential  curve 
is about 16 ~f/cm 2 for the polished basal plane of 
ordinary  pyrolytic graphite (• ~ 40~ Fur the r -  
more, the min imum capacity is 50 to 70 ~f/cm 2 for the 
polished edge orientat ion of s t ress-annealed pyro-  
lytic graphite (Aelj2 ~__ 0.4~ 

Table I compares the capacity data for ordinary  and 
stress-annealed pyrolytic graphite obtained by Bauer 
et al. (1) and in the present study. Bauer et al. (1) 
reported values ranging from ~12 #f/cm 2 for the sur-  
face prepared by cleaving to ~60 ~f/cm 2 for the pol- 
ished basal plane of ordinary pyrolytic graphite mea-  
sured at 1000 Hz. The insert  in Fig. 3 gives the ca- 
paci ty-potent ial  curve based on the data reported by 
these authors. The min imum value of the capacity as 
well  as the potential  dependence reported by these 
authors deviate substant ia l ly  from that  found on the 

Table I. Comparison of capacity data for ordinary and stress- 
annealed pyrolytic graphite 

B a u e r  P r e s e n t  
et al, (1) w o r k  

O r d i n a r y  p y r o l y t i c  g r a p h i t e  
Basa l  p lane ,  c l e aved  12 ]~f/em e - -  
Basa l  Diane, po l i shed  60 16 ~f/cm'-' 

S t r e s s - a n n e a l e d  p y r o l y t i c  g r a p h i t e  
Basa l  p lane ,  pee l ed  off - -  3 
Edge orientation, Pol i shed  - -  50-70 

basal plane of s t ress-annealed pyrolytic graphite in 
the present study. The m i n i m u m  value of the capacity 
reported by  Bauer et al. for the polished basal plane 
of ordinary pyrolytic graphite, i.e., ~60 ~f/cm 2, should 
be compared with ~16 ~f/cm 2 found in the present  
study for the same orientat ion of polished ordinary 
pyrolytic graphite. The different origin and prepara-  
tion of the sample are probably  responsible for the 
discrepancy. 

The capacity measured on the basal  plane of the 
graphite specimens with very small rocking angles 
(e.g., ~1~2 ~ 0.4 ~ should approach the value for this 
plane on single crystal  graphite. The m i n i m u m  ca- 
pacity of ~3  ~f/cm ~ observed on the basal plane of 
such s tress-annealed pyrolytic graphite is far too low 
to be explained on the basis of the usual  ionic double 
layer s tructure wi th in  the electrolyte. 

The differential capacitance of a semiconductor or 
semimetallic electrode-electrolyte interface is com- 
posed of three series components:  the capacitance of 
the space charge layer wi th in  the semiconductor, that 
of the compact double layer, and that  of the diffuse 
ionic layer of the electrolyte. For electrolytes of high 
concentrations, e.g., 1M, the capacitance of the diffuse 
ionic layer  is usual ly  large, i.e., >100 ~f/cm e, compared 
with the other two components. In  this case, its con- 
t r ibut ion to the total capacitance is therefore negli-  
gible. The capacitance associated with the compact 
layer is expected to have a value of 10 to 20 ~f/cm -~ 
in the absence of surface states on the basis of the 
values encountered with metal  electrodes. The capacity 
of the compact double layer on the basal plane of 
graphite may differ appreciably from this value due 
to the nonpolar  na ture  of the graphite surface, but  it 
seems quite unl ike ly  that this difference would amount  
to almost an order of magnitude.  Consequently,  the 
low observed capacity is best a t t r ibuted to the space 
charge component wi thin  the graphite. 

Unfortunately,  the electrical properties (resistivity, 
carrier concentrations, and mobilities) are not  known 
specifically for the materials used in the present  study. 
For similar s t ress-annealed pyrolytic graphite, Spain 
et al. (3) have reported a resistivity in the b~sal plane 
of ~40 ~ohm/cm and a charge carrier mobil i ty  of 1.2 
10 ~ cm2/V-sec at room temperature.  In contrast, along 
the c-axis the resist ivity of the same mater ia l  is 0.15 
ohm-cm according to the same authors. For heat-  
treated pyrolytic graphite without  stress-annealing,  
the charge carrier mobil i ty along the c-axis has been 
reported (4) to be ~3  cm2/V-sec at room tempera-  
ture. Also at room temperature,  the following total 
carrier concentrations have been reported: for na t -  
ural ly  occurring graphite single crystals, 9.9 to 10.1 �9 
10 TM carriers/cm~ (5); for heat- t reated pyrolytic 
graphite, 1.2 �9 1019 (4), 1.1 �9 1019 (6), and 1.4 �9 1019 
carr iers /cm 3 (7). The ratio of the mobil i ty  of the 
electrons to that  of the holes (b : ~e/~h) was found to 
be 1.1 at room temperature  (3, 5, 6) for both heat-  
treated and s tress-annealed pyrolytic graphite. 

The theory of semiconductor electrodes indicates 
that the capacitance of the space charge layer in a 
pure intrinsic semiconductor should exhibit  a m i n i m u m  
value given by the expression (8) 

2eeoe2e 11/2 Co= [ ~ j  [1] 
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with the dependence of the capacity on potential  
given as: 

Csc=Cocosh( ~e ) [2] 
2kT 

where e = dielectric constant  
eo = permi t t iv i ty  
e = absolute value of electronic charge 
c = electronic charge carrier  density 
k = Boltzmann's  constant  
T = absolute tempera ture  
r = potential  at the surface 

The only values apparent ly  avai lable for the dielectric 
constant  are those from optical measurements  ra ther  
than at audio frequencies. According to Ergun et al. 
(9) the value of e at 5461A in the basal p lane is 2.61 
and along the c-axis is 3.28. 

Using the value of 6.10 zs carr iers /cm a (mean value 
from Ref. 4, 6, and 7) for the electronic carrier con- 
centrat ion and 3 for the dielectric constant  (9), Co is 
4.5 ~f/cm 2 as compared with ~3  ~f/cm 2 for the ex- 
per imenta l  value. 

The comparison of the calculated Co value with the 
exper imental  value is reasonable, considering the un-  
cer ta inty as to c and e. The potential  dependence of the 
space charge capacity represented by Eq. [2], however, 
is much greater  than  that  observed exper imenta l ly  in 
Fig. 3. Possible factors responsible for this discrepancy 
are (I) Imperfections on the exposed basal plane that 
give rise to sites other than those with completely 
satisfied valencies and result  in degenerate surface 
electronic States. In  the case of ge rman ium electrodes, 
Gerischer (I0) has given a theoretical  t rea tment  
which shows that  the space charge capacity depends 
relat ively little on polarization in the potential  region 
of surface degeneracy. (II) The applicabil i ty of the 
present ly available semiconductor theory to a system 
such as graphite with a total carrier concentrat ion as 
high as 10 TM carr iers /cm s and hence with Debye lengths 
comparable to the lattice dimensions is open to serious 
question. 

In order to explore fur ther  the importance of the 
semiconductor properties of graphite in controll ing the 
observed differential capacitance, measurements  are 
being under taken  with boronated s t ress-annealed py-  
rolytic graphite  which exhibits p- type  semiconducting 

characteristics. Studies involving the effect of anions 
which normal ly  specifically adsorb on ordinary  elec- 
trodes, for example, iodide, are also in progress and 
will  be reported later. 

The data included in this paper  show that  the differ- 
ential  capacitance of the basal plane of s t ress-annealed 
pyrolytic graphi te-electrolyte  interface is quite ab-  
normal  and that  the space charge characteristics of 
graphite must  be taken into account in examining  the 
electrochemical properties of this material.  
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The Hydrostatic Pressure Dependence of the 
Ionic Conductivity of 3-Aluminas 

R. H. Radzilowski and J. T. Kummer 
Scientific Research Staff, Ford Motor Company, Dearborn, Michigan 48121 

Single crystals of Na f i-alumina with the idealized 
formula Na~O-11A1203 exhibit  a specific conductivi ty 
of ~ 3  • 10 -8 (ohm-cm) -1 at 25~ (1) due to the 
rapid two-dimensional  diffusion of Na + ions in a 
direction perpendicular  to its hexagonal  c-axis. The 
two-dimens ional  mot ion  of the Na + ions takes 
place in  a slot formed by two close-packed oxygen 
layers which are perpendicular  to the c-axis and are 
held 4.76A apart  by A1-O-A1 bridges. Based on the 
measured diffusion coefficient for various ions in  ion- 
subst i tuted f i-alumina (1) it appears that  for ions 
larger than  Na + the monovalent  cation diffusion co- 
efficient is smaller  than  for Na + and the act ivat ion 
energy for diffusion is larger. This can be explained 

Key words :  po ta s s ium E-a lumina ,  l i th ium f l -a lumina ,  h i g h - p r e s -  
sure  a p p a r a t u s .  

qual i ta t ively by repulsion be tween the electron clouds 
of the ion and the oxygen ions above and below the 
mobile monovalent  cation as that  cation moves in the 
lattice. The larger the cation, the lower the diffusion 
coefficient. Thus, the K + ion diffuses slower t han  the 
Na + ion, and the Rb + ion diffuses slower than  the 
K + ion. For the Li + ion, however, the diffusion co- 
efficient also is smaller  than for Na + ion. In  this case 
the evidence (1) is that  the Li + ion does not sit near  
the midplane  position equidistant  from the close- 
packed oxygen planes above and below the cat iomas 
Na + and the larger ions do, but  because of its smaller  
size is located close to one or the other oxygen planes 
in a potential  well  formed by its three nearest  oxy- 
gen neighbors. This position leads to an increase in  
the c-axis  dimension,  as can be seen in  Table I, 
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Table I. Lattice constants of/~-alumina and ion-substituted 
/9-alumina (1) 

][on r a d i i  A Ion  a (A) e (A) 

0.60 Li+a 5.593 22,570 
0.95 N a  + 5 .594 22.530 
1.33 K + 5.596 22.729 
1.40 O =  

'~ T h e  l a t t i c e  c o n s t a n t s  of  L i - s u b s t i t u t e d  f l - a l u m i n a  w e r e  d e t e r -  
m i n e d  u n d e r  a n h y d r o u s  c o n d i t i o n s  a n d  d i f f e r  f r o m  Ref,  (1) .  

since the m a x i m u m  force pul l ing the two oxygen 
planes together is obtained when the monovalent  
cation is midway  between the two oxygen planes. 

The motion of the Li + ion through the slot made by 
the two oxygen planes would experience, in addition 
to the electrostatic barr iers  seen by the Na + ion, an 
addit ional energy barr ier  required to move the Li + 
ion from the potential  well  formed by its three near-  
est neighbors. This picture is in agreement  with the 
lower diffusion coefficient and higher activation en-  
ergy for the Li + ion than  for the Na + ion found (1) 
exper imenta l ly  for diffusion in the E-alumina struc-  
ture. This picture would also lead to the conclusion 
that hydrostatic pressure applied to E-alumina should 
decrease the diffusion coefficient or ionic conductivi ty 
of the ions larger than Na+, which experience elec- 
t ron cloud repuls ion when  moving through the lattice, 
and increase the diffusion coefficient or ionic conduc- 
t ivi ty of the Li + ion because a closer a r rangement  
of the two oxygen layers would enable the Li + ion 
to sit less t ight ly in its potential  well  and move 
towards the midplane  position. 

This paper  reports some experiments  made in an 
effort to support  this pic ture  by measur ing the effect 
of hydrostatic pressure on the ionic conduct ivi ty  of 
single crystals of Na E-alumina and K and Li ion-sub-  
sti tuted E-alumina. 

Experimental Section 
The single crystals of /~-alumina used in this work 

were obtained from fusion cast bricks, Monofrax H, 
Harbison Carborundum Co., Falconer, New York. The 
K- and Li-subst i tu ted ~-aluminas were made by  the 
ion exchange {)f Na E-alumina in  a mel t  of KNO~ and 
Ag-subst i tu ted  E-alumina in a eutectic melt  of LiC1- 
LiNO3, respectively, as described by  Yao and K u m -  
mer (1). An analysis of the crystals by atomic absorp- 
t ion and x - r a y  fluorescence spectroscopy showed that  
the exchanges were 99% complete. The Li-/~-alumina 
was found to be extremely hygroscopic, and thus the 

crystals were handled under  argon gas dried wi th  
molecular  sieves. 

The crystals of E-alumina were prepared for re-  
sistivity measurements  by at taching Pt wire leads to 
the crystals (2 m m  wide X 3 m m  long • 0.2 mm 
thick) with a thin film of plat inum. The p la t inum 
electrodes were formed by coating the opposite edges 
of a crystal  with Engelhard p la t inum resinate  solu- 
t ion and baking  the crystal  in air  at 400~ for one 
hour. This procedure was repeated after applying a 
small droplet of Engelhard l iquid gold over the pla t -  
i num electrodes to insure  good electrical contact. 
Excess p la t inum was removed from the crystals by 
scratching or sanding the surface of the crystals. 

Hydrostatic pressures up to 4100 atm were pro- 
duced by a hydraul ic  press acting on the piston of the 
assembly shown in Fig. 1. Kerosene dried with Linde 
molecular  sieves acted as the pressure t ransmi t t ing  
fluid. The pressure produced in the 10 cm 3 cavity of 
the cell was monitored with a mangan in  coil calibrated 
against  the freezing pressure  of mercury  at 0~ In  a 
test run  a Fe-Cu thermocouple was mounted  in  
place of the mangan in  coil and the changes in tem- 
perature  in the kerosene-fil led cavity were followed 
at intervals  of 500 atm up to 4000 atm of pressure. A 
close-fitting a luminum block surrounded the steel cell 
in order to help dissipate the heat generated dur ing  
the compression of the kerosene. The tempera ture  
rose 3~176 at each pressure in terva l  but  dropped to 
the block tempera ture  wi th in  12 rain. In  actual  runs,  
the mangan in  coil was activated for only a few sec- 
onds after the system reached equi l ibr ium in order 
to prevent  a rise in  temperature ,  calculated to be 
small  even if the coil were left on because of heat  
generated by  the cur ren t -car ry ing  coil. The temper-  
a ture  of the steel block was measured dur ing runs  
with a chromel-a lumel  thermocouple placed in a 
kerosene-fil led well  in  the top of the block. 

The resist ivity and capacitance of the crystals were 
measured on a Wayne Ker r  radio f requency bridge, 
Type B.601 with a Tektronix  Type 190B constant  am- 
pli tude signal generator  operated in the frequency 
range of 0.55-1 MHz. A tuned nul l  detector, General  
Radio Type 1232-A, coupled with the IF circuit of a 
communicat ions receiver, Allied Model A-2515, al- 
lowed precise balancing of the bridge. The specific 
resist ivity of a crystal of Na E-alumina containing 
5 w/o  (weight per cent) Na was 44 ohm-cm at 23 ~ 
with the A u - P t  electrodes. This resistivity measured 
at 1 MHz was 7% lower than that  found at 0.55 MHz. 
The specific resistivities of Li-  and K-subs t i tu ted  
/9-alumina at 1 MHz and 23 ~ were 1200 and 5200 ohm- 
cm, respectively. The capacitance of the crystals with 
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pla t inum wire leads varied between 9 and 23 pF at 
at 1 MHz. 

Results and Discussion 
The pressure dependence of the ionic conductivi ty 

of Na B-alumina and of the two ion-subst i tuted B- 
a luminas  is shown in  Fig. 2. The results are qual i ta-  
t ive ly  in agreement  with what  was expected. The ac- 
t ivated state theory of reaction rates as applied to 
ionic diffusion (2) uses the concept of an activation 
volume of motion associated with the jump of a cation 
from site to site. This activation volume is the volume 
change due to the di la ta t ion or contract ion of the 
crystal lattice in  the vicini ty of the mobile cation 
when the diffusing ion sits in  the saddle-point  con- 
figuration. 

In order for a monovalent  cation to move through 
the B-alumina structure, it mus t  move through the 
crystallographic site which is in the center of an equi-  
lateral t r iangle formed by neares t -neighbor  normal  
cat ion sites. This point in the motion of the cation 
from cell to cell produces the smallest oxygen to ca- 
t ion distance�9 There are two oxygen ions above and 
below the cation as it moves through this site, 4.76A 
apart  for Na B-alumina and 4.86A apart  for K- sub -  
sti tuted B-alumina. The Na + ion with an ion size of 
0.95~k moves through this site without  serious steric 

hinderance,  whereas the K + ion (1.33A) requires 
lattice expansion. The curves in Fig. 2 indicate a posi- 
tive activation volume for K-subs t i tu ted  g-a lumina  
and a 0 activation volume for Na B-alumina. Li-subst i -  
tuted B-alumina has a negative activation volume. In  
its motion from cell to cell it moves some distance 
out of its potential  well toward the midplane, causing 
a local contraction of the 1,attlce. 

A quant i ta t ive  explanat ion of the results in  Fig. 2 
cannot be made since we know only one compressibil-  
ity (Na B-alumina's  c-axis compressibil i ty is ~ 2 • 
10 -v atm -1) and we lack an adequate theory�9 In  addi-  
tion, although the P t  electrodes seem quite adequate  it 
would be desirable to cross-check the results with 
some electrodeless conductivi ty (or diffusion) mea-  
surement  if this could be devised�9 

Manuscript  received Dec. 14, 1970. 

Any  discussion of this paper  wil l  appear in a Dis- 
cussion Section to be published in the December 1971 
JOURNAL. 
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ABSTRACT 

The anodic oxidation of silicon and tan ta lum in organic solvents containing 
small  quanti t ies of dissolved salts (KNO2 and KNO3) and water  has been 
studied. The source of oxygen in the oxide layer  has been determined using 
O18-1abeled materials.  The isotopic exchange of oxygen between the various 
components of the e lect rolyte  under  thermal  and electrolyt ical ly  induced con- 
ditions was measured  using mass spectrometr ic  analysis and found to be 
ex t remely  slow. Nuclear  methods of analysis of isotopic oxygen were  used to 
determine  the source of oxygen in the oxide layer  on both metals. It was found 
that  over  80% of the oxygen of the oxide comes from water,  the rest  f rom 
the salt. The small  extent  of incorporat ion of n i t rogen-conta in ing  anions in 
the oxide layers was also measured by a nuclear  method. 

A detailed study of the anodic oxidation of silicon 
has been under taken  in order  to elucidate the phe-  
nomena occurring both in the electrolyte  and in the 
growing oxide film. These phenomena have already 
received considerable at tent ion in the l i t e ra ture  and 
were  first studied in 1957 in N-methy lace tamide  1 solu- 
tions of KNO3 and other salts by Schmidt  and Michel 
(1). Since then, Duffek et al. have  studied this proc- 

ess both in NMA (2) and in glycol (3) for various salt 
and wate r  concentrations. In addition to the classical 
methods of invest igat ion used by these authors we  have 
resor ted to a special technique developed to study 
anodic oxidation, i.e., microanalysis  by means of nu-  
clear reactions (4-7). The la t ter  enables the precise 
determinat ion of the oxygen content  of oxide films and 
the invest igation of the mechanisms of format ion using 
O Is as a tracer.  

Our s tudy was aimed pr imar i ly  at de te rmining  the 
source of the oxygen contained in the films. This can 
be the solvent, the salt, or t races of water  in the solu- 
tion, or a combinat ion of these. Ei ther  NMA or glycol 
were  used as solvents, containing small  quanti t ies of 
KNO3 and water.  For  some exper iments  in glycol, 
KNO2 was used. Ei ther  the wate r  or the KNO3 used 
were labeled with  O ~s. 

K ey  words:  anodic oxidation, silicon, tanta lum,  oxygen s o u r c e ,  
O is tracing, isotol~ic exchange, organic solution, water, salt. 

1 In what follows, the abbreviation NMA will be used for N- 
methylacetamide. 

In addition to the anodic oxidation of silicon, the 
same process on t an ta lum was also studied in order to 
invest igate  the similari t ies and differences in behavior  
of the two metals. The reasons for using tan ta lum are 
its ready oxidation in the above electrolytes, the high 
current  efficiency of the oxidation process, and low 
field of formation as compared to silicon. 

Once the source of the oxygen in anodic oxidation 
has been determined,  the mechanisms of ionic t rans-  
port in the films can be elucidated. This wil l  be the 
subject  of a fur ther  paper, al though pre l iminary  re-  
sults on f ield-induced self-diffusion in anodic silicon 
oxide has been published recent ly  (6). The aim of the 
present work  was also to help in determining the op- 
t imal  conditions of oxide film formation so as to make  
anodic oxide film production compet i t ive  wi th  thermal  
growth methods. 

Experimental 
Preparation of samptes to be oxidized.--Samples of 

p- type  silicon were  used, wi th  a resist ivi ty of about 
0.1 ohm.cm.  The surface of the silicon wafers  polished 
by a mechano-chemica l  process, was cleaned before 
oxidation using classical methods:  degreasing with  t r i -  
chloroethylene,  rinsing, r emova l  of the oxide layers 
wi th  hydrofluoric acid, and finally rinsing wi th  hot  
wa te r  (of res is t ivi ty  greater  than 15 megohm-cm)  and 
air drying. The tan ta lum samples were  cut from 0.2 
mm thick rol led sheets wi th  a highly polished surface, 
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supplied by Fansteel  Corporation, wi th  a stated pur i ty  
99.9%. The t an ta lum samples were cleaned with t r i -  
chloroethylene, washed wi th  methanol,  and air dried. 

Preparation of labeled compounds.--OlS-enriched 
water from the Isotope Separat ion P lan t  of the Weiz- 
m a n n  Inst i tute  was used. This water, obtained by 
fractional distillation, is also highly enriched in deu-  
terium. In  order to e l iminate  both chemical and nu -  
clear isotope effects this water  was "normalized" so 
as to contain less than  0.1% deuter ium by the method 
of Zhavoronkov [see ref. (8), p. 38]. In  all cases, the 
water  was purified by disti l lat ion first from pe rman-  
ganate and then under  reduced pressure in silica ves- 
sels. For  the anodic oxidation exper iments  the water  
used had the approximate isotopic concentrat ion 88% 
O 18, 0.5% O 1~, 11.5% O TM. Various high O 18 concentra-  
tions were used for exchange experiments.  

O~S-labeled potassium ni t ra te  was prepared by  acid 
catalyzed exchange with water, by the method of A n-  
bar  et al. (9), and contained 77% O TM. The salt used 
was shown to be free of any  OlS-labeled water  by 
dissolving it in the m i n i m u m  quant i ty  of water  de- 
pleted in O TM [i.e., containing 0.007 a/o (atom per cent) 
oxygen - is ,  th i r ty  t imes less than na tu ra l  abundance] .  
On disti l l ing the water  and analyzing it for O TM, it was 
found to be unchanged in isotopic content. 

In  certain experiments  made in order to examine the 
effect and quant i ty  of residual  water  in "dry" solvents, 
"washed NMA" and "washed glycol" were prepared. 
In  each case ca. 2 ml highly enriched H20 TM was added 
to ca. 50g organic solvent of the best qual i ty available 
and the solvent dried by repeated fractional distil la- 
tion, the final product having a water  content of less 
than 0.05%. 

Preparation of organic solut ions.--Most  of the solu- 
tions used contained 0.4% water  and 0.4% salt by 
weight. This salt content insures that  the solution has 
a resistivity (which appeared to be independent  of the 
water  content)  convenient  for easy oxidation. In  addi- 
tion, p re l iminary  studies showed that  the optimal 
water  content  for the formation of h igh-qual i ty  sili- 
con oxide films for semiconductor devices is in the 
vicinity of 0.4%. 

When isotopically enriched materials  were used, the 
weight of labeled components was increased in propor- 
t ion to their  molecular weight, so as to insure that  the 
same number  of molecules were present  in  both labeled 
and unlabeled  solutions. 

In all NMA solutions KNO3 was used. However, 
difficulties were encountered in oxidizing t an ta lum in 
glycol using KNO~, when  the water  content  was less 
than 2%. In particular,  it was impossible to reach high 
anodic voltages, since breakdown occurred at about 
20V. These difficulties could be overcome by using 
KNO2, as was done in a number  of experiments  with 
glycol solutions. 

The solvents used (NMA from Eas tman Kodak and 
glycol from Merck) w e r e  purified by double fractional 
distil lation at reduced pressure through a column 
of molecular  sieves. NMA was distilled at 60 ~ _ 0.5~ 
and glycol at 55 ~ • 0.5~ The final product, containing 
less than 0.02% by weight of water  (see later) ,  was 
distilled directly into the electrolytic cell. The KNO~ 
was dried on a vacuum line at 100~ for 24 hr; the 
less stable KNO2 in vacuo at room tempera ture  for 
several days. 

It should be noted that  very small  traces of im-  
purit ies such as fluorides may have a deleterious effect 
on the anodic oxidation of silicon. These trace con- 
taminants  are not removed by the purification proc- 
esses described above, so that  certain batches of sol- 
vents had to be rejected, especially in the case of 
glycol. 

Electrolyte solutions containing known quanti t ies  of 
O18-1abeled water  had to be prepared with great care, 
since any water  accidentally introduced will  immedi-  
ately dilute the isotopic content  of the enriched water. 
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Fig. I. Vacuum line used far transfer of O TM labeled water. A is 
electrolysis cell; B, H20 is reservoir, C, bulb for determining the 
quantity of water. 

This could happen easily, since the solvents used were 
found to be very hygroscopic. It  was, therefore, es- 
sential to t ransfer  all distillable liquids on the vacuum 
line shown in Fig. 1. The dried, weighed salt (KNO3 
or KNO2) is placed at the bottom of an electrolytic 
cell (A),  which is then filled first with ca. 30 ml  of 
"dry" solvent by distillation. The solvent is then care- 
fully degassed and a given quant i ty  of labeled water  
(determined by the volume of the bulb  C and the satu- 
rat ion pressure of water  at the tempera ture  of the 
reservoir B main ta ined  at 26~ is t ransferred from 
the reservoir (B) to (A) by cooling the la t ter  in l iquid 
nitrogen. To prevent  condensation of water  vapor on 
other surfaces, the entire apparatus is kept at about 
28~ This enables the t ransfer  of 60 mg of ordinary 
water  (or its labeled equivalent)  in each operation; 
the desired water  content  being obtained by repeat ing 
the above operation as m a n y  times as necessary. The 
problem of residual water  in the solvent wil l  be dis- 
cussed later. The cell is then filled with dry argon, the 
cathode and samples to be oxidized are placed in posi- 
t ion in a dry box, and the cell is ready for use. 

For  solutions of na tura l  isotopic oxygen composi- 
tion or for those containing an OlS-labeled salt, water  
was simply added using a microsyringe. In all cases, 
the total  quant i ty  of water  in the electrolyte was de- 
termined just  before oxidation as described below. 

Method of oxidat ion. - -The samples to be oxidized 
were placed as anodes opposite a p la t inum cathode. 
The solution was stirred magnet ical ly  and its tem- 
perature  controlled by a thermostat.  The Pyrex  oxi- 
dation cell is sealed with a cover fitted with a spheri-  
cal ground glass jo int  which supports the leads to the 
electrodes. Seven electrodes were placed in each cell 
so that successive oxidation of six samples could be 
performed without  opening it (Fig. 2). Condensation of 
liquids on the walls of the cells was prevented by 
heat ing those parts  not in contact with the bath. 

Owing to the problems associated with main ta in ing  
electrical contact with silicon and t an ta lum foils, some 
details of the electrical connections will  be given. In 
electrolytes where t an ta lum is easily oxidized (NMA 
+ KNO3; glycol + KNO2) a special t an ta lum clamp, 
previously oxidized to 300V is used [see ref. (10)] 
with the sample total ly immersed in the liquid. When 
glycol and KNO3 is used to oxidize silicon, the clamp is 
kept above the surface of the liquid. 

Oxidation was performed at a constant  current  of 
1 mA / c m 2 up to a predetermined voltage (of up  to 
several hundred  volts),  followed by a stage at constant  
voltage. The final current  was allowed to decrease 
down to about 10 ~A/cm ~ for all samples. The durat ion 
of this stage varied from 2 to 4 hr  for silicon and 10 
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Fig. 2. Single compartment cell for successive oxidation of six 
samples without opening. 

to 15 min  for tanta lum.  The tempera ture  of the solu- 
tions was main ta ined  at about 20~ for glycol and, 
to avoid solidification, at around 35~ for NMA. After 
oxidation the samples were r insed at 20~ in acetone, 
alcohol, and finally high resistivity water. 

Under  these conditions the thickness of SiO.~ films 
was measured by optical and nuclear  methods and 
found to be about 6 A/V, and that  of Ta205 films about 
16 A/V. No gas evolution was observed at the anode 
dur ing  oxidation of either silicon or t an ta lum (see 
Discussion). 

It was found that  after a number  of oxidations of 
silicon in glycol or NMA (consuming more than  1000 
coulombs), fur ther  silicon samples cannot be oxidized 
satisfactorily. The solution apparent ly  becomes poi- 
soned by unknown  decomposition products. For this 
reason the solutions, both isotopically labeled and un -  
labeled, were renewed frequently.  

Exchange experiments.--Thermal isotopic exchange 
of oxygen between O18-1abeled water  and glycol (or 
NMA) with or wi thout  added KNO3 was examined. 
Various mixtures  of the components of the system 
were heated in a sealed Pyrex tube in an oil or water  
bath for given times. In  some cases the ni t ra te  was 
labeled with O TM. The components were then separated 
and analyzed for their  isotopic content, as described 
below. 

The experiments  on exchange dur ing electrolysis 
were conducted at room tempera ture  in a classical 
th ree-compar tment  cell with p la t inum electrodes. The 
cell consists of two electrode compartments  (20 ml) 
and a middle  compar tment  (15 ml) ,  separated by 
sintered glass of porosity No. 1 (100 to 150~ pores).  
Each compar tment  was stirred by means of Teflon- 
coated bar magnets  and the tempera ture  measured 
by a separate thermometer .  After  a given number  of 
coulombs (usually 1000) had been passed through the 
cell, the components of the electrolyte were separated 
and analyzed for their  isotopic content  as described 
below. 

Chem{ca~ analysis 05 the solutions.--Water was de- 
te rmined by the Kar l  Fischer method. Great care was 
taken dur ing  the t ransfer  of the liquids for analysis: 
all manipula t ions  were  done in  a dry box, using oven-  
dried syringes and inject ing the sample directly into 
the t i t rat ion chamber through a rubber  stopper. The 
analysis was done by  back-t i t rat ion.  Using these pre-  
cautions, the l imit ing sensit ivi ty was about 0.02% (by 
weight) of water  in NMA or glycol; reproducibi l i ty  
was of the same order of magnitude.  

The formation of ni t r i te  in the n i t ra te  solutions was 
determined by means of the Greiss reagent. The chem- 
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ical identification and analysis  of other decomposition 
products was not attempted. 

Isotopic analysis oS the constituents oS the solutions. 
--Separation of labeled compounds.--Water was re-  
moved from mixed solvents (from both exchange and 
electrolysis experiments)  by disti l lat ion at atmospheric 
pressure using a 30 cm Vigreux fract ionating column. 
The water  was then  redisti l led in a micro still. Only  
when  the NMA contained more than  2 ml  water  per 
30g solvent could sufficient water  of high pur i ty  for 
isotopic analysis be obtained. It  was more  difficult to 
isolate water  from glycol, due to the formation of an 
azeotrope. 

The organic solvent was then  fract ionally distilled 
(NMA at 80~ ram; glycol at 65~ mm) .  In  order 
to e l iminate  the effect of traces of highly enriched 
O is water  in the isotopic analysis, a small  quant i ty  
of unlabeled  water  was del iberately  added to the 
distilled solvent and then removed by  another  dist i l la-  
t ion as described above. This procedure was repeated 
twice and the NMA or glycol dried with molecular  
sieves. Owing to the slow rate of isotopic exchange 
between NMA or glycol and water  at room tempera-  
ture, this procedure does not affect the isotopic content  
of the organic solvent at the low O TM concentrat ions 
found. Traces of residual  water  (<1%)  do not affect 
the analysis of these isotopic concentrations. 

The KNO~ remains  as a solid residue from the first 
fractional distillation. For the thermal  exchange ex-  
periments,  the heating of KNO3 dur ing disti l lat ion has 
only a negligible effect as compared to the previous 
much more drastic heat t reatment .  For  the exchange 
dur ing  electrolysis the results on thermal  exchange 
show that the  effects of our dist i l lat ion procedure was 
also negligible. To el iminate  traces of n2018 in the salt 
the lat ter  was washed and recrystallized twice with 
water. It was known that  there is negligible isotopic 
exchange of oxygen under  these conditions. It  should 
be noted that  recent experiments  (7) using highly 
labeled KNOB in 30-times O18-depleted water  showed 
that  the isotopic exchange between KNO3 and water  
under  similar conditions is not detectable. The traces 
of KNO2 formed in the electrolytic experiments  using 
KNO3 are mostly removed on crystallization and do 
not affect the analyt ical  result. At tempts  to separate 
the ni t rate  from the organic solvent by thin layer 
chromatography were not successful. 

For mass spectrometric analysis at least 5 mg of 
any compound is required for a single isotopic analysis. 
Quanti t ies smaller  than this give irreproducible results, 
due in part  to exchange with traces of moisture, im-  
purities, etc., in the glassware. 

Mass spectromic analysis.--Water was analyzed by 
mass spectrometry using convent ional  methods. At low 
enr ichments  the "bromine" method was used by means 
of which water  is converted to molecular  oxygen by 
alkaline hypobromite  (11). At high enr ichments  the 
water is equi l ibrated with carbon dioxide (12); at very 
high enr ichments  OlS-labeled CO2 is used to avoid too 
great an isotopic dilution. The oxygen or carbon di- 
oxide was analyzed by mass spectrometry. At tempts  
to equil ibrate CO2 directly with water  mixed with 
either NMA or glycol were not  successful. 

Potassium ni t ra te  was analyzed by  two methods: a 
general  method for pyrolysis of inorganic materials  to 
carbon dioxide by  means of a mix ture  of mercuric 
chloride and mercuric cyanide (13) and a specific 
method for ni t ra te  in which the oxygen is converted 
to ni trous oxide by pyrolysis with ammonium chloride 
(14). Both methods gave the same result. 

Glycol and NMA were analyzed for their  isotopic 
content  by conversion to carbon dioxide by the pyro-  
lytic method described above. However, in order to 
obtain reproducible results great care must  be taken 
to pur i fy  the carbon dioxide before mass spectrometric 
analysis. The gas was first passed through a column 
of benzoquinol ine crystals in  order to absorb HC1 and 
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other acidic substances and then distilled from --80~ 
(dry ice acetone) to a l iquid ni t rogen trap. CO._, pur i -  

fied in this m a n n e r  gave reproducible results. 
At tempts  to analyze the oxygen isotopic content  of 

NMA and glycol nondestruct ively  by means of infra-  
red (O TM) or NMR (O iv) were not successful owing to 
the low sensit ivi ty of these methods. 

Isotopic analysis of the anodic oxide films.--O TM was 
measured by the O TM (d,p) O iv* reaction and O TM by 
the O TM (p,~)N 15 reaction. The technical details of 
these nuclear  methods, devised for the s tudy of anodic 
oxidation processes, are described in ref. (4) and (5). 
Other applications to anodic oxidation were described 
in ref. (6) and (7). 

Results 

Chemical Changes in the Electrolytes 
The effects on the electrolyte of the electrochemical 

processes tak ing  place dur ing anodic t rea tment  depend 
on the na ture  of the currents  injected into the elec- 
trodes. At the cathode, by choosing a p la t inum elec- 
trode, we insured that  this current  is pure ly  electronic. 
At the anode both electronic and ionic currents  may 
pass through the oxide layer  being formed. In what  
follows we shall discuss the various effects of the 
anodic current  in terms of "electronic" and "ionic," 
it being understood that  this refers to its na ture  in the 
oxide layer. 

Since the current  efficiency of the anodic oxidation 
of silicon is of the order of only 2%, it would appear 
that most of the current  is used up in decomposing the 
solution, as is i l lustrated by the poisoning effects men-  
tioned above. Some of the products Of anodic processes 
have been studied by Duffek et al. (2, 3), who showed 
that  the amount  of silicon lost to the electrolyte is a 
small  fraction of that  contained in the oxide film 
formed. They also found that water  was formed dur ing 
the electrolysis. We have investigated some of these 
phenomena including the formation of water,  both by 
effective drying of the solvents before use and also by 
using O TM as a tracer. 

Measurements  in a single-compartment cell.--In 
order to simulate the electronic current,  correspond- 
ing to the small  cur rent  efficiency of silicon oxidation, 
a given quant i ty  of electricity was passed between 
p la t inum electrodes in the above solutions. The cell 
used is shown in Fig. 2. The formation of water  was 
studied as a funct ion of the components of the solu- 
t ion and of the cur ren t  passed. A new solution was 
used for each measurement ,  so that  each exper iment  
is influenced in the same way by traces of water  ac- 
cidental ly introduced. The total amount  of water  thus 
introduced into a 20 ml solution from outside sources 
(i.e., before electrolysis) is estimated to be about 5 mg. 

Figure 3 shows the results for NMA and glycol solu- 
tions containing 0.4% KNO3. The presence of traces 
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Fig. 3. Formation of water during electrolysis in a single com- 
partment cell, as measured by Karl Fischer method: [ ]  glycol, �9 
NMA. 
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Table I. Water formation in a single compartment cell 

HcO f o r m e d  G l y c o l  N M A  

m g / 1 0 0 0  c o u l o m b  40 20 
m o l e / F a r a d a y  0.2 0.1 

of water from outside sources is shown by extrapolat-  
ing the straight lines to the origin. The proport ionali ty 
constant  between the net increase in the amount  of 
water  and the charge passed can be deduced from 
these results for various solutions (Table I) .  The re- 
sults for glycol and KNO2 system are very similar to 
those for KNO3. Thus, these two salts appear to be 
equivalent  from this point  of view. 

These experiments  were repeated in glycol solutions 
with a silicon anode, with results identical to those 
obtained above with plat inum. This confirms that  the 
effects in the oxidation process of silicon were indeed 
due to an electronic current .  

Measurements  in a three-compartment  cell.--In 
order to investigate t h e  formation of water  in more 
detail, measurements  were carried out in a three-  
compar tment  cell, using either NMA or glycol solu- 
tions containing 0.4% KNO3 and p la t inum electrodes. 
Only hydrogen was evolved at the cathode as verified 
by mass spectrometry, the yield obtained by cou- 
lometric measurements  being exactly 1 g - a tom/Fa ra -  
day. Although under  normal  circumstances no gas evo- 
lution was observed at the anode, precise coulometric 
experiments  at high current  densities performed with 
a special cell indicate that  small  amounts  of gas may 
be evolved. 

In  NMA, after the passage of 1000 coulombs, an in-  
crease in the pH at the cathode was observed, which 
has been at t r ibuted to the formation of KOH [see 
ref. (2)].  Simultaneously,  the pH at the anode fell to 
about 5. Fur ther  results are given in Table II. 

The reduction of ni t ra te  to ni t r i te  is negligible as 
the total amount  of ni t r i te  formed corresponds to the 
consumption of only  0.3 coulombs, 3 X 10 -4 of the 
quant i ty  passed. The presence of ni t r i te  in the anode 
and middle compartments  can be a t t r ibuted to a mi-  
gration process from the cathode. Similar  results were 
obtained in glycol. Duffek et al. (2, 3) also found 
traces of ni t r i te  after anodic oxidation but  did not esti- 
mate the extent  of this process. 

The amount  of the water  formed varies from com- 
par tment  to compartment .  The increase in the water  
content  of the middle compar tment  could be due to 
t ransport  phenomena by electrolytic migrat ion or 
spontaneous diffusion from the anode compartment.  
Exper iments  have shown that  the quant i ty  of water  is 
independent  of the porosity of the sifitered glass par -  
titions for porosities of between 1 and 4 (i.e., 120-10#) 
indicat ing that  migrat ion is probably  preponderant .  
The total amount  of water  formed in all  three com- 
par tments  is significantly greater  than that  found in a 
s ingle-compartment  cell under  similar conditions for 
both NMA and glycol solutions. As will  be discussed 
later, this suggests that water  is probably  formed at 
the anode and destroyed a t  the cathode. This sugges- 
t ion is supported using 0 TM tracers and nuclear  analysis 
of the oxide films (see below). Direct methods such 

Table II. Decomposition products in a three-compartment cell 

A n o d e  M i d d l e  Cathode  T o t a l  

(a) NMA 
KNCb formed: 

mg/1000 coulomb 2.5 • 10 -2 2.5 • 10 -~ 8.~ • 10 -s 1.3 • 10 -I 
mole/Faraday 3 • 10-s 3 • 10 -~ 10-4 1.6 x 10-~ 

H20 formed: 
mg/1000 coulomb 50 to 60 15 to 20 Negligible 65 to 80 
mole/Faraday ~0.3 --0.1 ~0.4 

(b) Glycol 
HsO formed: 

mg/1000 coulomb 70 to 100 10 to 40 0 to 20 120 to 140 
mole/Faraday 0.4 to 0.5 0.1 to 0.2 0 to 0.1 ~0.7 
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as these el iminate the uncertaint ies  due to t ransport  
phenomena.  

Isotopic Changes in the Electrolytes 
Since all the components of the solutions contain 

oxygen, tracer experiments  by O TM labeling of one of 
the consti tuents can only be simply interpreted if the 
changes in the isotopic compositions throughout  the 
exper iment  are relat ively slow. Therefore the isotopic 
oxygen exchange between the components of the solu- 
t ion was studied in detail first by  mass spectrometry 
and these results wil l  be presented now. They wil l  be 
followed by those on the labeling of the films obtained 
by oxidation. 

Temperature induced exchange.--Solutions of NMA 
and glycol containing either water  or n i t ra te  labeled 
with O ls were heated to 100~ or more for times of 
up to 720 hr. The isotopic composition of each con- 
s t i tuent  was analyzed in a mass spectrometer before 
and after heating. The absolute errors on the results 
are taken as +--0.02% for concentrat ions at or near  
the na tu ra l  abundance  of O ls and +-0.5% for higher 
concentrations. The results obtained are given in Table 
III, where the calculated exchange ratios of the var i -  
ous consti tuents are shown. These ratios were calcu- 
lated for the exchange between two consti tuents as 
follows. Since the kinetics of the isotopic exchange 
obey a first order kinetic law (15), the exchange ratio, 
p, after a heating t ime t, may be wr i t ten  as 

C ( o )  - C ( t )  
p ~ -~ 1 -- e -tzr 

C ( o )  - C(oo) 

where C(o) is the ini t ial  concentrat ion of isotope in  
the const i tuent  examined, C(oo) the concentrat ion of 
isotope at equi l ibr ium for a total  exchange, and T the 
mean  life, characteristic of the exchange. In  the three 
component  systems (NMA + H20 -5 KNO3) the calcu- 
lations were made separately for the pairs NMA -5 
H20, KNOa -5 H20, neglecting the effect of the third 
component, since the extent  of the exchange is small. 
The results indicate that  in all cases studied, the ex- 
change ratios are less than 2%. Those calculated for 
each consti tuent  in  glycol are in good agreement  with 
one another, bu t  in  the case of NMA the water  could 
not be analyzed. The mean  life �9 deduced from p is 
shown in Table IV. 

From these results the following conclusions may be 
drawn:  

Exchange in NMA.--The results indicate that there is 
a very slow isotopic exchange of oxygen between NMA 
and water  at 100~ Both with and  without  added 
KNO3 the exchange ratio is of the order of 0.5%, cor- 
responding to a mean life of 1.5 x 105 hr; a mechanism 

for isotopic exchange of oxygen between amides and 
water  in dilute solution is known [see ref. (16)] and 
may operate here. The exchange at 100~ between 
KNO3 and water  dissolved in NMA occurs at a slightly 
higher rate. This exchange is known to occur but  is 
acid catalyzed; under  the drastic conditions of the ex- 
periment,  the presence of traces of acid (from hydrol-  
ysis of NMA for instance) cannot  be excluded. Under  
the considerably milder conditions used for anodic 
oxidation, (i.e., a few hours at room temperature)  
thermal  exchange of oxygen between the various com- 
ponents in the NMA system can be ruled out. 

Exchange in glycoL--The isotopic exchange of oxy- 
gen between water  and glycol is somewhat faster than  
with NMA as shown by the isotopic analysis of each 
component after 148 hr at 100~ Various dehydration, 
hydration, and substi tut ion mechanisms for this ex- 
change can be posulated, but  at the present  t ime there 
is insufficient evidence for deciding which mechanism 
operates. There is v i r tua l ly  no exchange between gly- 
col and nitrate, as might be expected. Here again the 
thermal  isotopic exchange of oxygen is so slow as not 
to be taken  into account under  the considerably milder 
conditions of anodic oxidation. 

Electrochemically induced exchange.--The isotopic 
labeling of a component in an electrolyte mixture  
under  the influence of an electric current  passing 
through the cell, could be the result  of various pro- 
cesses: 

1. the formation by electrolytic decomposition of 
products which can exchange oxygen rapidly with the 
other components of the solution; 

2. the formation of nonlabeled species, chemically 
identical to the labeled ones; causing isotopic dilution; 

3. exchange induced by the electrolysis itself. 
The experiments carried out were on NMA solutions 

where  isotopic analysis of all the components was pos- 
sible, and on glycol solutions where only the glycol 
could be analyzed. The results obtained in the three-  
compar tment  cell may also be affected by transport  
phenomena;  their  effect on the accuracy of the results 
for water  is smaller here than  in the experiments  on 
thermal  exchange in the electrolyte, since larger quan-  
tities of labeled water  are used. 

The NMA-KNOs-H20 system.--The results of the mass 
spectrometric analysis are summarized in Table V. 
They show that:  

1. there is no change in the isotopic content  of the 
water from the middle and cathode compartments,  
within exper imental  error; 

2. the isotopic content  of oxygen in the water in 
the anode compar tment  decreases markedly;  

3. the isotopic content of oxygen in the NMA hardly  
changes; 

TaMe Ill. Temperature induced exchange 

Original l abe l ing ,  
Oxygen O as Equilibrium F i n a l  E x c h a n g e  

Exchange content, Co = - % labeling, labeling, ratio, 
B a t h  c o n d i t i o n s  mo le  O le + 018 C~, % Ct,  % p, % 

N M A  5g 720 hr ,  1O0~ 7 • 10-2 0.2 12.4 0.28 0.65 
H20  0.5g 2.5 • 10-2 47 - -  - -  
N M A  5g 720 hr ,  100~ 7 • 1 0 s  0.2 12.4" 0.28 0.65* 
H~O O.5g 2.6 • l o s  47 1.9~ , 
KNO~ 0.05g 1.5 • 10-~ 0.2 45**  1.06 
Glyco l  4g 148 h r ,  100~ 1.3 • 10-z 0.2 13.1 0.45 1.9 
H20 ts 0.Sg 2.5 • 10- ~ 81.2 13.1 80.1 1.6 
G l y c o l  4g 148 hr ,  197~ 1.3 x 10-1 ~).2 2.3 0.2 N e g l i g i b l e  
KNO3 0.15g 4.3 x 10 -s 59.5 2.3 59.4 N e g l i g i b l e  

* C a l c u l a t e d  for  the  coup le  N M A - H 2 0 .  ** Calculated for t h e  coup le  H~0-KN0a .  

Table IV. Exchange mean life 

C o u p l e  N M A / H s O  Glyco l /H~O Glyco1/KNO3 H~O/KNO8 

E x c h a n g e  condit ions  
T i m e  (hr)  720 148 148 720 
T e m p e r a t u r e  ( 'C )  100 100 197 100 

Mean life (hr) 1.5 • I0 ~ 1.6 • 10 6 Too large 8 • I0~ 
to measure  
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4. the isotopic content  of oxygen in the ni t ra te  is un -  
changed (this analysis was made on KNO3 from a solu- 
t ion where 500 coulombs have been passed to oxidize 
siliCon samples).  These results are compatible with 
those obtained is the preceding section. 

In  the anode compar tment  the change in the iso- 
topic content  of oxygen in  the water  does not correlate 
quant i ta t ive ly  to the change in the opposite direction 
of isotopic content  of the NMA and nitrate.  This is not, 
therefore, the result  of exchange phenomena, but  of 
isotopic dilution, in agreement  with the production of 
water  indicated earlier. The decrease in O TM content  
of the water  in the anode compartment  from 68 to 60% 
can be accounted for by the creation of 5 • 10 -3 moles 
of water per 100 coulombs, i.e., about 0.5 mole /Fa ra -  
day. This last figure is in agreement  with that  obtained 
by the classical methods previously described. The in-  
terpretat ion of this result  wil l  be discussed later. 

The glycol-KNO3-H20 systems.--Similar experiments  
in glycol have lead to the results given in Table V. The 
isotopic analysis of oxygen in glycol shows that  there 
is again a slight change, varying from one compart-  
ment  to the other. 

I t  appears that  apart  from the di lut ion effect due 
to the formation of water  at the anode there is little 
isotopic exchange between the consti tuents of both 
NMA and glycol solutions even after 1000 coulombs 
have been passed through the solution. Since less than  
200 coulombs are required for the formation of an 
anodic oxide film on silicon, electrochemically induced 
isotopic exchanges can be neglected. 

The formation of water  and consequent changes in 
isotopic oxygen content  can be examined by analyzing 
the oxide layers formed. Once it has been established 
that the isotopic exchanges between the components 
of the solutions are very  slow, and can be neglected, 
one can determine the source of oxygen and the pro- 
duction of water  with greater  accuracy and care by the 
nuclear methods outl ined above. 

Isotopic Analysis of the Oxide Films 
The oxygen necessary for the formation of t an ta lum 

and silicon oxides can be provided by any of the com- 
ponents of the solution. It  is unl ikely  that the source 
of oxygen is dissolved molecular  oxygen (see Discus- 
sion). The relative contr ibut ion of oxygen from each 
of the consti tuents of the solution to the oxide layer  
was evaluated by using labeled t ' I 2 0  18 and KNO3 TM, 

which have been shown not to undergo isotopic ex- 
change under  a wide variety of conditions. 

Both t an ta lum and silicon were oxidized. Because of 
the high yield in the anodic oxidation of t an ta lum and 
consequent min imal  decomposition of the solution, 
t an ta lum oxides were considered to be characteristic 
of the isotopic composition of the solution at various 
stages. In  order to verify that  current  density does not 
affect the process investigated, some experiments  were 
made at 5 m A / c m  2 on silicon, in addition to all those 
made at 1 m A / c m  2. No difference was observed be-  
tween them. 

Table V. Electrochemically induced exchange 

C h a r g e  
p a s s e d  % O ~  f i n a l  

% Ots  t h r o u g h ,  
B a t h  i n i t i a l  c o u l o m b s  A n o d e  M i d d l e  C a t h o d e  

N M A  3 0 g  0 .2  0 . 3 2  0 . 3 3  0 . 4 4  
1 0 0 0  

H~O TM 2 g  8 ' /  8 2 . 5  8 5 . 9  8 6 . 3  

N M A  3 0 g  0.2 0 . 2 1 0  0 . 2 1 5  0 . 2 7 0  
H , O  TM 2 g  68  1O00 60 68  8 7 . 5  
K N O ~  100  m g  0.2 - -  - -  - -  
N M A  3 0 g  0.2 
H2016  10O m g  0 .2  5 0 0  - -  - -  
K N O a  TM 1O0 m g  "/7 75 .5*  75.5* 75.~* 

G l y c o l  2 5 g  0 .2  0.9.04 0.2(Nt 0.230 
1000  

H e O  ts 2 g  72 - -  - -  - -  

G l y c o l  2 5 g  0 .2  0 . 2 1 5  0 . 2 0 7  0 . 5 0 0  
H 2 0  TM 2 g  72  100O - -  ~ - -  
K N O s  1O0 m g  0 .2  - -  - -  - -  

* S i n g l e  c o m p a r t m e n t  c e l l ,  s i l i c o n  a n o d e .  

In  what  follows the isotopic 0 TM content, i.e., the O18/ 
(016 + 0 TM) ratio, of the oxides will  be called C. In  
the calculations the O 17 content, always less than  0.5%, 
was neglected. The quant i ty  of interest  is often the 
isotopic oxygen content  normalized to 100% enrich-  
ment  of the labeled species. This quant i ty  wil l  be 
wr i t ten  C*. 

Ol8-1abeled water.--It should be emphasized that 
dur ing  anodic oxidation it is the total amount  of water  
produced which contr ibutes  to the isotopic dilution, 
since st irr ing mixes water  from various origins com- 
pletely before destruction at the cathode. In  order to 
minimize the errors caused by dilution, the oxide layer 
formed in a fresh solution at the beginning of a series 
of oxidations ( immediately after  the Kar l  Fischer 
analysis) was analyzed for its O 18 content. From this 
result  the proportion of oxygen originat ing from the 
water  can be calculated. Then, by  following the iso- 
topic content  of subsequent  oxide layers on a series of 
anodes, in the same solution, the dilution effect was 
measured and the rate of creation of water  determined. 

Exper iments  were carried out in the following solu- 
tions 

Glycol + 0.4% H20 TM + 0.4% KNO216 

NMA + 0.4% H20 TM + 0.4% KNO3 TM 

The water  added to the "dry solvent" had a con- 
centrat ion of 88% 0 TM , but  the introduct ion of traces 
of water  during handl ing  operations (as determined 
by the Kar l  Fischer method) reduced the actual  iso- 
topic concentrat ion of the water  in the solution at the 
start  of the oxidations to 76 4- 2% 016. In  both NMA 
and glycol and for both silicon and t an ta lum oxida- 
tions, the isotopic content  C of the first oxides pro-  
duced in repeated exper iments  on fresh solutions was 
67 • 1%. The SiO2 films were formed at 150V (con- 
suming 40 coulombs) and the Ta20~ films at 50V (with 
a consumption of less than 0.5 coulomb). A tan ta -  
lum foil was oxidized before and after each silicon 
oxidation. Dilution of the 0 TM content  due to the 40 
coulombs used for the first silicon oxidation was less 
than 2%. When OlS-washed solvents (see above) were 
used, identical results were obtained, confirming the 
efficiency of our drying and analyt ical  techniques. 
Calculation of the normalized isotopic content  C* 
shows that  88 ___ 3% of the oxygen in the oxides (both 
silicon and t an ta lum in NMA or glycol) comes from 
the water  in these conditions. 

The isotopic oxygen content  of a series of films 
formed in successive oxidations in the  same bath was 
examined. The solutions used were similar to those de- 
cribed in preceding experiments.  Ta and Si samples 
were al ternately oxidized in NMA solutions, the cell 
being opened only after three pairs of oxidations. For 
glycol solutions the procedure was somewhat different. 
Si and Ta were oxidized in separate solutions. Be- 
tween each oxidation of Ta, the effect of the oxidation 
of Si was simulated by let t ing a cur ren t  flow between 
Pt electrodes so as to consume 180 coulombs. This 
checked the equivalence of the electrolytic effect due 
to the passage of electronic current  with silicon or 
p la t inum anodes. 

Results are shown in Fig. 4 and 5. It was found con- 
venient  to plot in these figures the quant i ty  A (WolS/C) 
(where Wo TM is the total  amount  of O1S-labeled water  
molecules present  ini t ia l ly in the fresh solution) as a 
funct ion of the n u m b e r  of coulombs passed through the 
cell. The theoretical basis for the choice of this plot is 
discussed below. It  should be noted however that  were 
the water  the only source of oxygen and were there no 
destruction of water, one would have 

W'O18 
C - -  

Wo TM + W TM 

where W TM is the amount  of unlabeled water  in  the 
solution at any instant.  Then 



VoI. 118, No. 5 A N O D I C  O X I D A T I O N  O F  Si  A N D  T a  723 

I I I I I 

5C 
E 
(.) 

~oo 2;o 36o 46o s;o 
Coulombs 

Fig. 4. Change in the isotopic content C of the oxide layer dur- 
ing oxidation in an NMA bath containing O is labeled water. [ ]  
Silicon, �9 tantalum. The calculated curves cnrrespdnd respectively 
to cases I and III. 
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Fig. 5. Change in the isotopic content C of the oxide layer dur- 
ing oxidation in a glycol bath containing O TM labeled water. [ ]  
Silicon, �9 tantalum. The cMcMated curves correspond respectively 
to cases [ and III. 

Wols ) 
~ = aW TM [1] 

and the water production could be simply deduced 
from Fig. 4 and 5 by measur ing the slope. A more 
sophisticated interpretat ion of the results would re-  
quire  experiments  using O18-1abeled KNO3. 

It is seen from Fig. 4 and 5 that  the results for both 
silicon and tan ta lum oxide films fall approximately on 
a single line, suggesting that  the source of oxygen is 
the same for the oxidation of both anodes. 

01S-labeled KNO3.---Solutions of KNO3 TM (enriched 
to 77% O TM) in either NMA or glycol and water  (all 
of na tu ra l  isotopic composition) were used to fur ther  
investigate the sources of oxygen for the oxidation of 
silicon and tanta lum.  

Al ternate  oxidations of Si and Ta were carried out 
in the same NMA solution by the procedure previ-  
ously described. The highest normalized O1S-content 
C* of the films obtained (both Si and Ta) in a freshly 
prepared 0.4% KNO3 TM q- 0.4% H20 -~ NIV~ solution 
was 10.6 _ 1%. This value is discussed below. After  a 
series of Ta-Si  pairs of oxidations in the same solution 
where  the change in isotopic content  was very  slow, 
successive injections of unlabeled  water  were added 
to the solution between each Ta-Si  pair  in order to 
elucidate the effect of salt to water  ratio. Each in-  
jection added an increment  of 0.2% of water  to the 
system. The results are shown is Fig. 6 where the in-  
verse of the normalized isotopic content  C* of the 
oxides is shown as a function of the quant i ty  of water  

60 

5O 
�9 40 
L) 

"- 30 

20 

I - -  I - - ~  L I - -  

j ~  
J 

o 

J 

10 ~ i ] I t 
0 0.2 0.4 0.6 0.8 1 1.2 

7. WATER ADDED 
Fig. 6. Dependence of the normalized content C* of the anodic 

oxides on the amount of water added to NMA solutions contain- 
ing 018 labeled KNO3. [ ]  Silicon, �9 tantalum. 

added (the effect of electrochemically produced water  
being neglected).  It  is seen again that  the isotopic 
content of the silicon and t an ta lum oxides is very 
similar. The straight l ine obtained indicates that  the 
relat ionship between O TM content  and water  added is 
homographic. 

Similar  results were obtained for SiO2 films pro- 
duced in glycol indicating that  the na tu re  of the sol- 
vent  does not play a critical role in the funct ion of 
the salt as a source of oxygen. On the other hand, 
Ta205 films produced in glycol contained slightly more 
0 TM than SiO2 films. This discrepancy may be due to 
the difficulties in oxidizing t an ta lum in glycol con- 
ta ining KNOs which produces films of bad qual i ty and 
ill-defined composition, even when formed at voltages 
near  20V. 

Incorporation of nitrate in the anodic oxide f i lms.-  
One obvious reason for the presence of O TM in anodic 
oxides from labeled KNO3 could be the direct incorpo- 
rat ion of NO~- or NO~- anions into the film [as dis- 
cussed in a similar case in  ref. (7)].  It  was therefore 
impor tant  to determine the ni t rogen content  of oxide 
films formed in NMA and glycol solutions containing 
0.4% KNO3 and 0.4% water. Nitrogen was measured 
using nuclear  reaction microanalysis,  by means of the 
N 14 (d,~)C TM reaction as described in ref. (17). This 
sensitive analyt ical  technique allowed us to assign an 
upper l imit  to the ni t rogen content  of the films. This 
l imit  was set by the presence of traces of ni t rogen on 
the samples before anodic oxidation. The SiO2 films 
formed in both glycol and NMA solutions were found 
to contain less than  0.2% nitrogen, per oxygen atom. 
The tan ta lum oxide films formed in NMA contained 
less than 0.8% ni trogen per oxygen atom. However, 
those formed in glycol containing KNO~ contained a 
significant amount  of n i t rogen up to 2.5%, but  as 
stated above, these films are of poor qual i ty  and results 
are probably not  re]iable. 

It thus appears that  direct incorporation of ni trogen 
containing anions accounts for less than 0.6% of the 
oxygen in SiO2 and less than 2.4% in Ta205. In order 
to account for the 11% oxygen originating from ni- 
trate found, a more complex mechanism of oxygen 
transfer from salt to oxide must be considered. 

Q u a n t i t a t i v e  I n t e r p r e t a t i o n  of Results 

Empir ica l  relationships for the sources of oxygen . -  
Let  ~, #, and ~ be the relat ive contr ibut ions to the 
source of oxygen of the salt, the water, and of the 
solvent, respectively. We have 

For equal weights of salt and water it was found ex- 
perimentally that in all cases 
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----- 10.6 _ 1% and ~ = 88 ~- 3% 
hence 

+ ~ - - - - 9 8 . 6 + 3 %  

This shows that  7 is negligible, i.e., that  wi thin  the 
exper imenta l  error  the oxygen of the solvent does not 
constitute a direct source of oxygen. 

The laws governing the contributions a and ~ as a 
function of salt and water  concentrat ions in the solu- 
tions may  be deduced f rom Fig. 6, using certain simple 
assumptions. Let  Vo be the quant i ty  of solvent used in 
the labeled KNO3 exper iment ,  S and W the amounts  of 
salt and wate r  (expressed in moles) at various stages. 
The isotopic O 18 content  of the oxide films is 

C = a , ~  

where  ,| is the isotopic content  of the oxygen of the 
salt (77% in this case).  We have shown that  n is con- 
stant throughout  the experiment .  Whereas  S is con- 
stant, S = So, W varies as wa te r  is added to the solu- 
tion. Hence 

= f ( w ,  so) 

where  So is a fixed parameter .  F rom Fig. 6 one can 
deduce, since here  C* = a that  

1 
- - K W + l  

f(W, So) 

K and 1 being constants. 
This formula  may  be wr i t t en  in the form 

1 W 
- -  k ~ + I [ 3 ]  

f(w, So) So 

where  k and I are now dimensionless constants. 
The value  of k may  be obtained f rom Fig. 6: k ---- 

1.8 _ 0.2. Using this va lue  and the va lue  10.6 • 1% 
for C* for equal  weights  of salt and water ,  one may  
obtain the value of l, which is not far  f rom unity. How-  
ever,  this value is not wel l  defined since it is deduced 
by extrapolat ion over  a wide interval .  If  we assume 
l = 1, one may  wri te  

So 
a = f ( W ,  So) --  [4a] 

k W  + So 
and s incea  + f l =  1 

W 
= [4b] 

k - l  So-~ - W 

Thus, assuming l = 1, the amount  of salt So is equiv-  
alent to an amount  We : k -1 So of water.  A sl ightly 
different value of I would give a more complex homo- 
graphic relat ion for ~ and 3, wi thout  changing the nu-  
merical  values appreciably.  

The above calculation was based on the hypothesis 
that  S ---- So, and in principle k (like l) depends on S. 
If the simple equivalence law found above applies in a 
l imited range of values of S and W (for given Vo), it is 
most probable that  k is independent  of S. This im- 
plies, in fact, the assumption that  the  source of oxygen 
depends only on the ratio W / S  of the water  to salt 
concentrations, and not on the absolute concentrat ions 
with respect to the solvent. Whereas  no detai led ex-  
per imenta l  proof of the general  val idi ty  of Eq. [4a] 
and [4b] can be given, some measurements  made wi th  
0.2% of salt by weight  of solvent have  confirmed the 
val idi ty  of these laws within  the range of exper imenta l  
conditions studied. Fur the r  discussion of this result  is 
given below. 

Equations [4a] and [4b] may be tested for the values 
of ~ and 1~ measured for equal  weights  of salt and 
water  wi th  k = 1.8 • 0.2 and, assuming that  l = 1. 
One finds that  

= 9 ~ 1 %  and ~ 9 1 •  

which compare well  wi th  the values a = 10.6 • 1% 
and ~ ---- 88 • 3%, found exper imenta l ly  by indepen-  
dent experiments .  

T h e  p r o d u c t i o n  and  d e s t r u c t i o n  o f  w a t e r . - - T h e  ex-  
per imental  results on the production and destruction 
of electrolytic water  (measured using OlS-labeled 
water ) ,  shown in Fig. 4 and 5, cannot be in terpre ted  
by means of the s imple formula  [1], since the fol lowing 
facts must  be taken into account. 

(i) A quant i ty  of qe of wa te r  is produced by e 
coulombs (the number  of coulombs passed through 
the cell),  with isotopic composition identical  to that  of 
the solvent, i.e., natural  abundance. 

^ 
(ii) A quant i ty  q~ of wa te r  is destroyed by e cou- 

lombs; the isotopic composition of the water  destroyed 
is the  same as that  of all the  wate r  in the solution, 
assuming isotopic homogenei ty  due to good stirring. 

(iii) The 0 TM contained in the destroyed water  mole-  
cules remains in the solution since the oxygen evolved 
as a gas at the cathode and the anode is negligible. 

( iv )  The source of oxygen is the water  and the  salt 
according to Eq. [4a] and [4b]. The water  equivalent  
We z k - i S  o does not part icipate in the production or 
destruct ion phenomena and is of na tura l  isotopic com- 
position throughout  ( the salt is not labeled in this 
exper iment ) .  

It appears at this stage that  in order  to in terpre t  
the exper imenta l  results an addit ional  assumption on 
the role of the O TM atoms which are removed from 
water  is needed. Water  is here considered to be all 
species detected by the Kar l  Fischer method in the 
solution. Three  simple cases may  be considered: 

Case I. The new compounds which contain O is do 
not oxidize the anode and do not undergo isotopic ex-  
change with  water.  Hence, the corresponding O is atoms 
do not play a role in fur ther  anodic processes. 

Case II. The new compounds behave like water  for 
anodic oxidation but are not detected by Kar l  Fischer 
titrations. In this case the amount  of O Is atoms to be 
considered remains  constant. 

Case III. The new compounds do not act as a direct 
source of oxygen but are in isotopic equi l ibr ium with  
the water  in the solution. 

The real  situation may be a mix ture  of these various 
possibilities. In order  to in terpre t  our results we have 
calculated the  theoret ical  curves corresponding to 
those three models, the calculat ion being given in the 
Appendix.  The curves corresponding to case I and 
case III  were  drawn for NMA in Fig. 4, and for gly-  
col in Fig. 5. 

It thus appears that  case I is not supported by the 
exper imenta l  results, whereas  case III  is in excel lent  
agreement  wi th  the exper imenta l  points for both Ta 
and Si. Case II gives rise to two possibilities: 

Case IIa. That the quant i ty  W in formula  [4a] and 
[4b] represents  the total  amount  of oxygen-supplying 

compounds. In this case it  appears as i f  there  is no 
water  destruction at all and that  the phenomenon 
obeys Eq. [1]. 

Case IIb. The quant i ty  W in Eq. [4a] and [4b] is 
the wate r  detected by the  Kar l  Fischer method. Then 
as shown in the Appendix,  the calculated curve is 
identical  wi th  that  of case III. These assumptions are 
discussed below. 

It  should be noted that  case III  leads, in the range 
of values studied, to a near ly  l inear  relation, and the 
only difference be tween case III  and case IIa is in the 
calculated value of the rate  of wa te r  production. 

The following rates of wa te r  product ion (q) are thus 
obtained: 

Case III: 9.05 g / F  in NMA; 17.9 g / F  in glycol. 

Case IIa: 9.85 g / F  in NMA; 19.3 g / F  in glycol. 

Discussion 
The results may be best discussed is re lat ion to two 

well-defined classes of phenomena:  changes induced in 
the electrolyte  by electronic current  and the anodic 
oxidation processes induced by ionic current.  

A c t i o n  o f  t he  e l ec t ron ic  c u r r e n t  on  t he  e l e c t r o l y t e . -  
First, a choice should be made between case IIa and 
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case III  which give slightly different values for the 
rate of water  production. Case IIb, which gives the 
same results as case III, seems less l ikely as, if the de- 
composition products behave like water  for oxygen 
supply they should also behave like water  with respect 
to the salt. We have no exper imenta l  evidence to de- 
cide between cases IIa and III. However, it seems less 
l ikely that  a compound behaves exactly like water  for 
oxygen supply in anodic oxidation and not in t i t ra t ion 
by the Kar l  Fischer method. On the other hand, ex- 
per iments  have shown that  in the organic solutions 
used, KOH is detected as water  by the Kar l  Fischer 
method wi th in  exper imental  error, in agreement  with 
ref. (18) (1.251). As a result  the concentrat ion of 
KOH is included in the amount  of water  formed when 
describing our phenomena.  Under  these conditions 
(with a 10% error if case IIa is the correct one),  our 

results may be summed up with the s tatement  that  ap- 
proximately  0.5 mole of water  per Faraday  is created 
in NMA by the electronic current  and 1 mole /Faraday  
in glycol. 

Any  mechanism for this process must  therefore ac- 
count  for the following facts: 

(a) about 0.5 mole /Faraday  of water  is created at 
the anode in  NMA, and 1 mole /Faraday  in glycol; in 
both cases about 80% of the water  produced is de- 
stroyed at the cathode. 

(b) H + is produced at the anode and O H -  at the 
cathode. 

(c) Hydrogen is evolved at the cathode. Negligible 
gas evolution is observed at the anode dur ing  anodic 
oxidation of Si and Ta. 

(d) Slight decomposition of the ni t ra te  into ni t r i te  
was measured. 

(e) Isotopic exchange of oxygen between nitrate,  
water, and solvents is negligible. However, a very 
small  isotopic exchange between water  and the sol- 
vents was observed, main ly  at the cathode. 

The reactions occurring can be discussed in terms 
of those related to the cathode and those to the anode. 

Reactions at the cathode.--The pr imary  reaction at the 
cathode is probably  

~ -e -  
H20 ~ 1/zH2 W O H -  [5] 

Some of the hydroxide ions formed attack the organic 
solvent causing it to hydrolyze. While no direct evi-  
dence for hydrolysis products could be obtained, the 
rapid poisoning of the system quoted above may  in-  
dicate the l iberat ion of such species. 

There is some evidence for nucleophilic attack of 
hydroxide on NMA from the slight exchange of 018 
observed, by the mechanism involving reversible addi-  
tion of O H -  to the carbonyl  bond as suggested by 
Bender  and Ginger (19). In  glycol solutions there is 
no evidence as to the na tu re  of the exchange reactions. 

In  the presence of an electric current  there is the 
possibility of the formation of aldehydic species: 
acetaldehyde in  the case of NMA and either acetalde- 
hyde, formaldehyde, or a related compound in glycol. 
The formation of such species would account for the 
existence of a compound with one oxygen which 
rapidly undergoes isotopic exchange with the water  in 
the solvent [ref. (8), p. 55; and ref. (20)]. Carbonyl  
compounds are not easily analyzed by Kar l  Fischer 
t i t rat ions and in fact formaldehyde is unaffected by 
the analyt ical  reagent  [ref. (18), p. 147]. Although no 
positive evidence for an aldehydic species has been 
obtained, the presence of these entit ies would account 
for most of the exper imental  observations. 

The reduct ion of n i t ra te  to n i t r i te  at the cathode 
takes place according to the reaction 

-]-e- 
1/zNOs- + V2H20 > �89 + O H -  [6] 

The quant i ta t ive  measurements  of ni t r i te  showed how- 
ever that this reaction accounts for such a small  pro-  
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portion of the current  (3 X 10 -4) that  its effect as a 
pathway for the loss of water  is negligible. 

Reactions at the anode.--The main reaction at the 
anode which must  be considered is the production of 
water. It can be assumed that  the oxygen of this 
water  comes from the organic solvents in each case, 
since the only other source, nitrate,  can be el iminated 
from the O18-1abeling experiments.  Various condensa- 
tion reactions of organic compounds (both amides and 
alcohols) can be suggested to account for water  pro- 
duction (21). However, in the absence of isolatable 
products, no mechanism for the  production of water  
can be suggested at the present  time. It  should be noted 
that  the yield of water  in glycol where there are 
two oxygen atoms ,is exactly double that  in NMA 
where there is only one. This may be related to the 
mechanism, but  the possibilities of a coincidence can-  
not be excluded. The most impor tant  reaction at the 
anode is of course the anodic oxidation of silicon and 
tantalum. 

Anodic oxidation processes.--The phenoinena in-  
vestigated may be described as follows: 

(a) Although their  oxidation current  efficiencies are 
very different, in all  these experiments  silicon and 
t an ta lum behaved in an identical  manner .  I t  therefore 
seems very l ikely that  the reactions induced by the 
electronic current  do not  affect the mechanism for the 
supply of oxygen for anodic oxidation. Since in silicon 
oxidation water  is produced, the s imilar i ty  to tan ta lum 
indicates that  this water  mus t  be immediate ly  mixed 
with the bulk  of the solution, so as to insure isotopic 
equil ibrium. 

(b) The source of oxygen in anodic oxidation does 
not depend on the na ture  (NMA or glycol) of the 
solution. 

(c) The organic molecules do not act as a direct 
source of oxygen in anodie oxidation. The contr ibut ion 
of the two identified oxygen sources, water  and nitrate,  
depend on their  relat ive concentrat ions according to 
Eq. [3] and [4a] and, at least at low absolute concen- 
trations, not on the na ture  of the solvent. The over-al l  
equations for the reaction with water, which is the 
main  source of oxygen, may be wr i t ten  as 

Si ~ 2H20 --> SiO2 ~ 4H + ~ 4e -  [7] 

2Ta -~ 5H20--> Ta205 ~ 10 H + 4- 10 e -  [8] 

(d) The ni t ra te  is also a supplier of oxygen as a di-  
rect source, since no incorporation of ni t rogen or 
isotopic exchange with water  was observed. 

External  molecular  oxygen can play no role in the 
reaction since all solutions were carefully degassed 
before use. As was ment ioned above, in  cells of spe- 
cial geometry, some molecular  oxygen may  be evolved 
at the anode dur ing oxidation. This however is not 
l ikely to be a source of oxygen by means of electro- 
chemical reactions at the anode. 

A tentat ive mechanism for the direct part icipation 
of n i t ra te  in anodic oxidation is the following. The pro-  
tons formed by the reaction [7] and [8] (and in the 
case of silicon, also those formed by the electronic cur-  
rent)  could react with ni t ra te  ions near  the surface of 
the anode. The reaction will loosen the oxygen to n i -  
trogert bonds possibly through a n i t ron ium type of 
reaction (22), thereby providing another source of 
oxygen for oxide formation, the reaction being of the 
following type 

-bH + -t-H + 
NO3- ~ HNOs,-------~(H2NO~) + --> NO2 + -~- (H~O) 

[9] 

the water  species immediate ly  react ing with the anode 
to form an oxide. The high local concentrat ion of pro- 
tons near  the anode is such that  a fixed fraction of the 
ni t ra te  ions undergoes this process, independent ly  of 
absolute water concentrat ion and current  density. This 
dependence on local protonat ion makes these reactions 
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very sensit ive to possible acidity of the salt and to the 
environment .  The two competing sources of oxygen 
contr ibute in proport ion to the relat ive concentrat ion 
of water  and salt (assuming that the concentrat ions 
are the same near  the anode as in the bulk  of the 
solution).  The weighting factor k of Eq. [4a] is deter-  
mined by the fraction of the ni t ra te  ions which under -  
goes reaction [9]. Whatever  the mechanism is, the 
fact that k is the same for silicon and tan ta lum is not 
surprising considering their  similar electrochemical 
properties, the oxidation reduction potentials, for reac- 
tions [7] and [8] being 0.86 and 0.81V, respectively, on 
the hydrogen scale. 

APPENDIX 

One may calculate the O Is content  C (0) of the oxide 
films as a funct ion of the charge e passed through the 
cell using Eq. [4a] and [4b] and the assumptions cor- 
responding to cases I, II, and IIL The calculations en-  
able one to extract from Fig. 3, 4, and 5 the value of 
the rate of production and destruction of water, know- 
ing the init ial  total water  content  ( in moles) We of the 
solution, and the ini t ial  number  of moles, W J  s of the 
O18-1abeled water  molecules. The total water  content  
is for any 

A 
W(e)  = We + (q -- q)o [A- l ]  

A 
This relation was used to extract the values of (q -- q) 
from Fig. 3, listed in Table I, which were used in the 
calculations below. 

In all cases one may wri te  for any 0, neglecting the 
0 ~z content 

W(e) = W16(0) + W18(0) [A-2a] 

Moreover, the new decomposition products formed 
contain a number  of moles U of oxygen where 

A 
U -- qO [A-2b] 

We may wri te  
U(0) = U16(#) + Uls(o) [A-2c] 

and we have 

U 18 + W TM = W j  8 = constant [A-2d] 

since the total number  of 018 atoms is conserved. 

Case / . - -Here  the only source of oxygen -18 is the 
water, and 

W is (8) 
C(o) = B(W)  - -  [A-3] 

W ( o )  

where B(W) is the fraction of oxygen in the oxide 
originating from the water, for fixed salt content  Se 
and variable  water  content  W. We may write from 
[4b] 

W 
~(W) = [A-4] 

W e +  W 
and. 

W TM (o) 
C(o) : [A-5] 

We -t- W(O) 

The destruction of water  may  be described by the 
equation 

dWl8 (e) A WI8 (#) 
- -  q - -  [ A - 6 ]  

do W(e)  

according to assumption (ii) (Section on Product ion 
and destruction of water) .  

^ 
(a) If q - - q ,  W(o)  = We -- constant and from 

[A-6] 
A 

W18(0) = Wo TM exp - T o o  [A-7] 
^ 

(b) If q < q, from [A-6] and [A- l ]  

dW~S(~ W18(o) = -- q 
^ 

d0 ] W e +  ( q - - q ) 0  

Simple integrat ion yields 

A q 

A 
W18 ( e ) =  Wol8 [ W___~) ] q -  q [A-8a] 

A 
The closer q is to q, the closer W18(0) is approximated 
by an exponential .  

C(o) may be convenient ly  expressed from [A-5] 
and [A-Sa] by wri t ing 

A q 

A W o I 8 [ W ( O ) ]  q - q  
C(e----T = T o  EWe + W(0) ]  [A-8b]  

This expression was used to calculate the curves 
labeled I in Fig. 4 and 5. 

A 
The values of q and q to be used in [A-Sb] are 

readily determined by not ing that  from [A-8b] 

d [ W j 8  

] Awe 
= q + q ~ [A-9] 

do o=o We 

Hence the second te rm of Eq. [A-9] is determined by 
measur ing the init ial  slope in  Fig. 4 and 5. Knowing 

A A 
q -- q, q and q are calculated. 

Case / / . - -Case IIa is described by Eq. [1] as men-  
tioned above. 

Case IIb is described by assuming that the new com- 
pounds formed behave for anodic oxidation like a 
quant i ty  of water  U, whereas B is still given by [A-4]. 
Hence, 

W 18 + U TM 
C(0) = 

W + U  

Using [A-2d] we may  write 

Wol8 [ W e ]  
C - ~  -- 1 + -W-- ( w  + u )  [A-10a] 

and from [A-1] and [A-2b] 

Wo18 

It can readi ly be shown that  the slope of this curve for 
0 = 0 is also given by Eq. [A-9]. Hence both case I 

^ 
and IIb lead to the same values of q and q. On the 
other hand the expression [A-10b] is near ly  l inear 
in the range of values of e considered here, as shown 
in Fig. 4 and 5. 

Case I I I . - -The isotopic equi l ibr ium between the oxy- 
gen in the new compounds and the water  in the solu- 
tion, is expressed by  

W18 U18 Wo18 - -  W18 
W U U [A-11] 

the last term being deduced using [A-2d]. Solving for 
W TM one gets 

Wo TM W 
W TM -- - -  [A-12] 

U + W  

and as [A-3] and [A-5] ful ly apply here also, accord- 
ing to assumption (ii) (Section on Product ion and de- 
struction of water)  

W We 18 
C(0) = [A-13] 

W e + W  U W W  
hence 

W~ [ We ] 
- 1 + (We  + qo) 

c(e) 
which is identical with [A-10b]. Thus case III  and IIb 
lead to the same result  as stated above. 
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A Study of the Oxygen Growth Laws of Anodic Oxide Films 
on Aluminum and Tantalum 

Using Nuclear Microanalysis of 0 TM and O 
J. Siejka, J. P. Nadai, and G. Amsel 

Groupe de Physique des Solides de l'Ecole Normale Sup~rieure, Tour 23-9, Quai Saint-Bernard, Paris 5~me, France 

ABSTRACT 

The oxygen  growth  laws of anodic oxide  films on a luminum and t a n t a l u m  
were  s tudied using the nuclear  microanalys is  of the  018 and O TM isotopes. The 
influence of cur ren t  dens i ty  and surface p repa ra t ion  on the  growth  laws has 
been demonst ra ted .  The corre la t ion  of the  resul ts  of nuclear  microana lys i s  of 
O TM and of coulometr ic  measurement s  a l lowed the de te rmina t ion  of the  dis-  
solution cur ren t  dens i ty  dur ing  anodic oxidat ion  of a luminum.  This dissolu-  
t ion cur ren t  was shown to be pure ly  electrochemical .  The va lues  of the  in t e r -  
cepts wi th  the  poten t ia l  axis  of the  l inear  g rowth  laws show tha t  the  overpo-  
tent ia ls  at  the  in terfaces  are  smal le r  than  0.1V for cur ren t  densi t ies  f rom some 
~A/cm 2 to 10 m A / c m  2. Measurements  of isotopic exchange  of oxygen  using 
O 18 as a t racer  a l lowed direct  es t imat ion of the oxygen  exchange  cur ren t  
wi thout  appl ied  field. The resul ts  show tha t  oxygen t rans fe r  at  the oxide-  
solut ion interface,  enhanced by  f ie ld- induced oxygen  vacancies,  is respons i -  
ble  for the  growth  of the  anodic film. 

The g rowth  laws of anodic ba r r i e r  l ayers  on a lumi -  
num and t an ta lum have  been  carefu l ly  inves t iga ted  
by  numerous  authors  (1-8) using var ious  methods.  The 
publ i shed  resul ts  c lear ly  indicate  tha t  the  growth  
laws of the  anodic layers  a re  s t rongly  dependent  on 
the  expe r imen ta l  condit ions of sample  surface p r e p a -  
ra t ion  and of film formation,  i l lus t ra t ing  the  compl i -  
cated charac te r  of the  mechanisms involved.  I t  appears  
that  the  d i rec t  measuremen t  of the oxygen content  of 
the  anodic films as a funct ion of var ious  pa r ame te r s  
could cont r ibute  to the  e lucidat ion  of some of the  
aspects of these g rowth  mechanisms.  In  addi t ion the 
use of t rac ing techniques appl ied  to the  isotopes of 
oxygen m a y  yie ld  fur ther  information,  which  cannot  
be  provided  d i rec t iy  b y  classical  methods,  on the  

Key words :  oxygen,  a luminura,  t an ta lum,  anodic oxidation, 
g rowth  rate,  O ~s tracing,  nuc lear  microanalysis ,  exchange current,  
interface,  surface treatment .  

elect rochemical  processes tak ing  place dur ing  anodic 
t rea tments .  

In  this  work  we appl ied  the  microanalys is  of the  iso- 
topes of oxygen  by  means  of nuc lear  react ions  to a de -  
ta i led  s tudy of the  anodic oxidat ion  of a luminum and 
t an ta lum in aqueous solutions. The isotope O 18 (na-  
tu ra l  abundance  99.758%), de t e rmined  by  the  nuclear  
reac t ion  O16(d,p)O 17., was moni tored  to measure  the  
oxygen content  of films formed in solut ions of na tu ra l  
isotopic composition. In  the  absence of long- l ived  
radioac t ive  isotopes of oxygen,  OlS-enr iched  com- 
pounds m a y  be used for t rac ing  exper iments ,  the  
O1S(p,a)N 15 react ion a l lowing the de te rmina t ion  of 
the  O TM isotope (na tu ra l  abundance  0.204%) conta ined 
in the  films. Severa l  recent  publ ica t ions  (9-12) deal  
wi th  the  appl ica t ion  of this  method  to anodic ox ida -  
t ion processes. The techniques  themselves  are  de-  
scr ibed in deta i l  in ref. (13-15) and wil l  not  be p re -  
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sented here. These microanalyt ical  techniques allow 
the determination,  with a precision of the order of 1% 
even for oxide films some 10A thick, of the number  of 
016 or O TM atoms/cm 2 they contain, with respect to an 
absolute oxygen standard. As an absolute oxygen 
s tandard we used here an anodic oxide film formed on 
tan ta lum in well-defined conditions, as described in 
ref. (9); it was shown in this reference that precise 
coulometric measurements  allow in this case the ab-  
solute determinat ion of the number  of oxygen a toms/  
cm'-' in the s tandard with a precision of about 3 %. 

The oxygen growth laws were measured in both na-  
tural  and OlS-labeled solutions for various sample 
surface preparat ion procedures. The results clarify the 
influence of the ini t ial  layer on the metal  on the 
growth of the anodic films. Fur thermore  we have tried 
to estimate the value of the sum of the overpotentials 
at the metal-oxide and oxide-solut ion interfaces, by 
measuring the intercept of the oxygen growth law 
with the potential  axis for various oxidation currents.  
For tanta lum,  Young (1) and Vermilyea (2) found 
very small  overpotentials,  which seems to imply a 
high ionic exchange current  at the oxide-solution 
interface. We have therefore at tempted to measure this 
exchange current  directly by studying the isotopic ex- 
change of O TM in order to correlate its value with 
those of the overpotentials, found by the nuclear  
method, for the two metals. In addition we have tried 
by the nuclear  method to demonstrate  the existence 
on the samples of layers of high ionic conductivity for 
various methods of surface preparat ion and, when 
such layers exist, to relate their  presence to the 
changes observed in the corresponding oxygen growth 
laws. We have not attacked here the problem of the 
mechanism of ionic t ransport  in the oxide itself. This 
was dealt with in ref. (10) and wil l  be fur ther  studied, 
by O TM tracing, in a future  publication. 

Sample Preparation 
The a luminum used was in the form of br ight  rolled 

and annealed sheets 0.6 mm thick, of pur i ty  99.9%. 
Taking into consideration on the one hand that  elec- 
trochemical polishing of a luminum is known to leave 
on the surface of the metal  a th in  film which may 
differ in its properties from anodic barr ier  layers (6, 
16, 17), and on the other hand that unpolished sam- 
ples, al though free of contaminat ion by chemicals, 
might  present  a less well-defined state of the surface, 
both polished and unpolished a luminum samples were 
systematically studied in this work. Unpolished sam- 
ples were cleaned with acetone in a vapor degreasing 
set-up according to the classical procedure described 
by Holland (18). Electropolishing of the samples was 
carried out so as to avoid the deleterious effects on the 
anodic oxidation of a luminum of contaminat ion by 
chlorine (17) or by chromates (6). On the other hand, 
as Godard reports that  SO4 anions are less "aggres- 
sive" to a luminum than chlorine (19) we used sulfuric 
acid as the main  polishing agent. The procedure used 
consisted in: (a) etching in a sodium hydroxide solu- 
tion (10% by weight, 10 rain) ; (b) dipping into a solu- 
tion containing 15% tr isodium phosphate and 20% 
disodium carbonate (10 min ) ;  (c) anodic polishing in 
a solution containing 20% sulfuric acid (1 min, 5 m A /  
cm2); (d) dipping for 10 rain into the above solution; 
and (e) r insing in t r ip ly  distilled water. This pro- 
cedure is used in indus t ry  and yields a highly br i l -  
l iant  surface; the corresponding results on anodic oxi- 
dation showed a high degree of reproducibili ty.  

The t an ta lum used, 99.95% pure, was in  the form of 
unannea led  rolled sheets 0.2 mm thick. As in ref. (9) 
the samples were degreased with acetone and chemi- 
cally polished for 15 sec in a mix ture  of 5 volumes of 
95% H2SO4 2 volumes of 53% HNO3, and 2 volumes of 
45% HF. As suggested by Young (1) the samples were 
then dipped for 5 rain in boil ing tr idist i l led water.  The 
assumption of Young, according to which this leaching 
removes fluorine traces from the surface of polished 

tantalum, was recent ly confirmed in  our laboratory 
using nuclear  microanalysis of F 19 (20). Although for 
t an ta lum the polishing process seems to have less in-  
fluence on the subsequent  anodic behavior than for 
a luminum,  here again polished and unpolished samples 
were compared in some cases. 

All the samples were punched into 2 cm 2 rectangles 
by a special tool (9) insur ing the reproducibil i ty of the 
area. The electrical contact with the samples was made 
by a 0.5 mm wire as described in ref. (9) or by a spe- 
cial t an ta lum clip used by Croset (21). 

The unlabeled solutions were prepared with tr iply 
distilled water  of resistivity 0.5 x l0 s ohm-cm, and 
h igh-pur i ty  salts provided by Merck. Oxidations were 
carried out at 22 ~ • I~ in aqueous solutions of 5% 
by weight ammonium citrate of pH 6. These solu- 
tions were prepared by dissolving d iammonium ci- 
trate and by adjust ing the pH with ammonia.  This 
yields a mixture  of di- and t r i ammonium citrate solu- 
tion with good buffer characteristics. 

In the tracer exper iments  water  of nonna tu ra l  iso- 
topic composition of oxygen was used1: either enriched 
to 80% in 0 TM (and about 0.7% in 017 ) or depleted 30 
times in O TM (0.007%). The isotopic composition of 
hydrogene was normalized near to the na tura l  abun-  
dance (deuter ium content  <0.1%).  The first O 1s- 
labeled anodic oxide films on a luminum were pro- 
duced by Amsel and Samuel  (10). They encountered 
difficulties in oxidizing a luminum in small  volumes 
of OlS-enriched water  and succeeded to do so only by 
a massive adjunct ion of ammonia,  up to pH 9 (22). It 
was found in this work that  these difficulties were due 
to impurit ies introduced in the labeled water  during 
the enr ichment  procedure: careful  purification allowed 
the anodic oxidation of a luminum to be carried out in 
conditions identical to the nonlabeled case. The 
handl ing of the labeled water  was carried out using 
a vacuum line; this allows repeated loss-free t ransfers  
of the expensive enriched water, easy purification, and 
prevents  any isotopic exchange with the consti tuents of 
the atmosphere (23). The first stage of the purification 
consists of e l iminat ing dissolved gases. The sealed 
ampula  containing a given quant i ty  of labeled water  is 
broken inside a cell connected to the disti l lation line. 
This cell is placed in a mixture  of solid carbon dioxide 
and acetone; once the water  has frozen, the greatest 
part of the dissolved gases (02, CO2, H2, N2) are re-  
moved by pumping.  In  the second stage, to el iminate 
traces of halogens, in particular,  the water  was distilled 
over sodium contained in a glass capil lary (following 
the procedure developed by Dostrowsky (24) at the 
Weizmann Inst i tute)  from ambient  tempera ture  to 
that of mel t ing ice. The t ransfer  must  be carried out 
in several stages, between which the hydrogen formed 
is pumped off at COs-acetone temperature.  The water  
is then distilled from the resul t ing sodium hydroxide 
solution at ambient  tempera ture  into the oxidation cell 
containing the necessary quant i ty  of salt, at the tem- 
perature  of mel t ing ice. 

Salts of na tura l  isotopic composition were used both 
in the OlS-enriched and depleted solutions: prel imi-  
nary  experiments  using ammonium citrate enriched to 
70% in O is showed that  at least 98% of the oxygen 
contained in the films formed on a luminum and tan ta -  
lum in our exper imental  conditions come from the 
water  in the solution used (25). In addition it was 
shown by Samuel  (26) at the Weizmann Inst i tute  that  
the isotopic exchange between ammonium-c i t ra te  and 
water  is negligible at room temperature.  OlS-labeled 
solutions at pH 6 were prepared in the following way. 
Ammonium citrate was dissolved in an ammonia  solu- 
tion of pH 8 in the oxidation cell. This solution was 
evaporated and the remain ing  salt dried for 6 hr in 
high vacuum at room temperature.  The labeled water  
was then distilled on the salt. This procedure yields a 
solution of pH 6-6.5. The final ad jus tment  of the pH, 

1 S u p p l i e d  by  the  W e i z m a n n  I n s t i t u t e ,  R e h o v o t ,  Israel .  
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if necessary, may be achieved by adding a minute  
amount  of dry  citric acid. 

In  all the experiments  with nonna tu ra l  water  a spe- 
cial 5 cm 3 cell [described in ref. (22)] was used due 
to the high cost of enriched or depleted water. A spe- 
cial sample holder was used, described in (27), with a 
p la t inum wire cathode encircling the sample. The oxi- 
dations were carried out unde r  atmospheric pressure, 
the contact with the ambients  being kept to a min i -  
mum. In  these conditions the drop in enr ichment  of the 
80% O TM water  was negligible dur ing  the dura t ion of 500 
the experiments.  

The anode potential  was measured with respect to a 
reference electrode using a high impedance vol tmeter  
(Keithley 610B, 10 ~4 ohms). To avoid contaminat ion of 
the solutions by chlorine ions from a calomel reference 400 
electrode, a mercury  sulfate electrode was used. To 
further  minimize any  contaminat ion the reference 
electrode was separated from the solution by a double 
junct ion of sintered glass. 

For electrolytes enriched in O is, reference electrodes E 300 u 
were not used, to avoid any possibility of isotopic ex- 
change. The anode potential  was measured wi th  re-  ,o 
spect to a p la t inum cathode whose current -potent ia l  "-O 
characteristics had previously been measured with re-  
spect to a reference electrode. ~ 20C 

Most of the oxidations were carried out at constant  u~ 
current  densities, in the range of 1-10 m A / c m  ~, using ~O 
a Harrison 6209B power supply. Once the potent ial  Vo~ x 
between the anode and the reference electrodes reaches 
a preset value, an electronic a r rangement  cuts the 100 
circuit. A digital current  integrator  (Brookhaven In-  
s t ruments  Corporation, Model 1000) connected to a 
counting scale, gives the number  of coulombs con- 
sumed dur ing the oxidation. This integrator, designed 
for accelerator beam current  measurements,  insures a 0 
precision and absolute calibration better  than 1O -8. 

In  order to operate at low current  densities, below 
10 ~A/cm 2, after a constant  current  stage (5 mA/cm'Z), 
the potential  Vox was main ta ined  constant  for fixed 
times (10 min  for tantalum, 20 min  and 50 min  for pol- 
ished and unpolished a luminum,  respectively) allowing 
the current  to decay to small final values. This pro-  
cedure kept the durat ion of these experiments  rea-  
sonably short while minimizing the per turb ing  effects 
arising at low current  densities of oxidation for a lu-  
minum,  which result  in the formation of porous oxide 
or hydroxide layers as reported in  ref. (4, 28, 29) (see 
below). 

Results and  I n t e r p r e t a t i o n  

Nuclear microanalysis gives the numbers  No16 or 400 
No~s of oxygen atoms per square centimeter  fixed on 
the surface of the sample; O~ will  be neglected and 
hence the total number  of oxygen atoms per square 
centimeter  No is given in any oxide film by No -- No16 e4 
+ Nols. It  should be noted that  when  results from ~ 300 u 
nuclear  microanalysis  are compared with coulometric 
results obtained on the same sample, the effects of ,o 
roughness cancel out, as has been pointed out in ref. "O 
(9). For a homogeneous oxide it is possible to in t ro-  ~ 200 
duce an equivalent  geometric thickness L deduced u~ 
from No, by assigning known values to the stoichiom- ~ o  
etry and the density of the chemical compound formed "-" 
as well as to the roughness factor of the under lay ing  x 
surface. Under  such assumptions we may wri te  

100 
L = ~No [1] 

where ~ is a constant. This relat ion allows the com- 
parison of our results on growth laws with those ob- 
tained by other authors, who measured the thickness 0 
of the films formed by  various methods such as ca- 
pacitance, optical, gravimetric,  etc., measurements .  
Let us remark  that  the determinat ion of the intercepts 
of the growth laws with the potential  axis does not 
depend on a given normalizat ion of the thickness, and 
hence nei ther  on the roughness factor nor on the ab-  
solute oxygen standard. 

Oxygen growth laws.---General characteristics.-- 
Figures 1, 2, and 3 show the curves No --  $(Vox) ob- 
tained at various final cur ren t  densities between some 
~A and 10 m A / c m  ~, on polished t an ta lum and unpol -  
ished and polished a luminum,  respectively. The values 
of the potentials are expressed in the hydrogen scale, 
in volts. The oxidations were carried out in unlabeled 
solutions; No is therefore given by No16. It  should be 
noted that the quanti t ies of oxygen in the init ial  layer  
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Fig. i. Nol~ : f(Vox) for polished tantalum for various final 
current densities: curve a, of the order of 1 /~A/cm 2 (constant po- 
tential); curve b, I mA/cm2; curve c, 10 mA/cm ~. The insert shows 
the detail near the origin. 
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10 ;LA/cm ~ (constant potential); curve b, 1 mh/cm2; curve c, 10 
mA/cm 2. The insert shows the detail near the origin. 
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Fig. 3. No16 ~ f(Vox) for polished aluminum: curves a, b, c see 

Fig. 2. The insert compares in detail the growth laws at constant 
potential for unpolished (curve 2a) and polished aluminum (curve 
3a). 

change when the sample is immersed in the solution, 
before any potential  is applied. This variat ion is shown 
in these figures (direction of the arrow).  

The anode potential  Vox satisfies, according to Young 
(1), the relat ion 

V o x  - -  V e q  : ~ lm 2ff ms  " ~  ~]ox [2a] 

throughout  the oxidation, where  ~m is the overpoten-  
tial at the metal-oxide interface, ~s that  at the oxide- 
solution interface, and ~ox that  in the oxide. V e q  is the 
anode equi l ibr ium potential ;  this potential  is equal  to 
the thermodynamic potential  Vth for the formation of 
the oxide (1-3) for which the over-al l  reaction can 
be wr i t ten  

M + H20 ~--MO + 2H + + 2e -  [3a] 

where M represents the metal.  
If all the oxygen on the sample surface is contained 

in a highly insulat ing oxide film which behaves as an 
anodic barr ier  layer, we may write 

~ox -- ~EoxNo [2b] 

where Eox is the electric field of formation of the oxide. 
If the film contains a region of high ionic conductivity,  
with oxygen content No c, we have 

max = ~Eox(No -- No c) [2c] 

Hence, in the most general  case we have 

V o x  - -  V e q  = [~]m "~- ~ls - -  ~EoxNo c] + ~.EoxNo [3b] 

The intercept Vox(0) of the curve No ---- ](Vox) with 
the Vox axis for No ---- 0 is given for constant  No c by 

V o x ( 0 )  - -  V e q  = ~ m  ~ -  ~]s - -  XEoxNo c [3c] 

It is clear from Eq. [3c] that  in the case when  an 
ini t ial  layer of high ionic conductivi ty is present  on 
the sample surface, the curve No ---- ](Vox) is shifted 
toward the negative potentials. Moreover, if No c ---- 0 
the curves No ---- f(Vox) for various current  densities 
(hence various Eox) intersect at one and same point, 
the intercept  Vox(0) yielding the sum of the  overpo- 
tentials. 

In  order to determine with precision the values of 
the parameters  of Eq. [3b] it is advantageous to op- 
erate in conditions such that the curves No ---- ](Vox) 
are linear. In  part icular  Eox and the overpotentials 
should be constant;  this was insured by taking into 
account the following considerations. The final current  
density J may be decomposed in the oxide according to 

J --  Ji + Je [4] 

where Ji is the ionic and Je the electronic current  
density, respectively. It  is known that  one to one rela-  
tions exist between Eox and Ji and between the over-  
potentials and Ji; fur thermore  these relations are of 
the logarithmic type. Hence Eox and the overpotentials 
are constant  if Ji is, and are near ly  constant  even if 
Ji varies slightly, owing to their  logarithmic depen- 
dence on the latter. In  the case of oxidations at con- 
stant  current  (1 ~ J ~ 10 m A / c m  2) Je was always less 
than 5% of J (see below); this insures a good constancy 
of Ji by simply controll ing J itself. In the case of oxida- 
t ion at constant potential, at the low final current  den- 
sities reached, Je may be a large fraction of J. In  this 
case we have no precise estimation of Ji and it appears 
that the control of the durat ion of the anodic t reat -  
ment  leads to a bet ter  constancy of Ji than the control 
of J, as i l lustrated by addit ional results below. Figures 
1 to 3 clearly i l lustrate that operation according to 
these principles leads to the l inear  relations expected. 

The exper imental  values of the slopes of the straight 
lines in Fig. 1, 2, and 3 and of the intercepts Vox(0) 
were determined by a method of least squares; they 
are listed in Table I. I n  our exper imental  conditions the 
thermodynamic potential  Vth for the formation of 
t an ta lum oxide is equal to --1.15V (30) and for the 
formation of hydrated a luminum oxide or anhydrous 
a luminum oxide to --1.9 and --1.84V, respectively 
(31); over the whole range of currents  investigated 
for polished t an ta lum and unpolished a luminum the 
values Vox(0) are very close to these theoretical values 
of Vth. The mean  value of the difference wi th  Vth is 
--30 mV for Ta205, and --13 or --73 mV for A1203, 

Table I. Characteristic constants of the growth laws 

M e t a l  

1 
dNo/dVox = V o x ( 0 )  d e d u c e d  f r o m  

S u r f a c e  J ,  k E o x  A A 
p r e p a r a t i o n  m A / c m  2 • 10 ~ a t . / c m ~  V N o  = f ( V o x ) *  N o  i s  = g ( V o x )  

T a n t a l u m  

A l u m i n u m  

P o l i s h e d  1 0  8 . 2 0  • 0 . 0 2  - -  1 . 2 0  • 0 . 0 8  - -  
1 8 . 7 9  ----- 0 . 02  - - 1 . 1 5  ----- 0 . 0 6  - -  

~ 1 0  -~ 10' .84 +-- 0 . 0 8  - -  1 . 19  - -  0 . 0 5  + 0 . 6 3  "+ 0 .1  

U n p o l i s h e d  ~ 1 0  -~ 1 0 . 5 2  -+- 0 . 0 8  - - 2 , 1 3  - -  0 .1  + 0 .63  ----- 0 .1  

P o l i s h e d  10  6 . 2 0  ----- 0 . 0 3  --  10 .71  • 0 .2  - -  
1 6 . 4 6  ~--- 0 . 0 2  --  10 ,67  ~ 0 . 1 2  - -  

< 1 0  -~  7 . 9 6  ----- 0 .1  - - 8 . 3  • 0 .2  + 0 . 7 5  - -  0 .1  

U n p o l i s h e d  1 0  6 . 3 6  --+ 0 . 0 3  - - 1 . 8 6  --4--- 0 . 1 7  - -  
1 7.03 ----- 0.03 --2,02 ----- 0.12 -- 

< 1 0 - 2  9 . 2 6  - -  0 . 1 1  - - 1 . 8 6  ----- 0 . 0 7  + 0 . 7 5  + 0 .1  

T h e r m a l l y * *  < 1 0  -2 9 . 2 6  ~-  0 . 1 1  --  1 , 8 0  -~- 0 .1  + 4 . 6 0  + 0 .1  
o x i d i z e d  

A l l  e r r o r s  a r i s e  f r o m  t h e  s t a t i s t i c a l  s p r e a d  of the  nuclear  count ings  a n d  w e r e  c a l c u l a t e d  b y  t h e  m e t h o d  o f  l e a s t  s q u a r e s .  
* C o m p a r e  w i t h  t h e  v a l u e s  of the t h e r m o d y n a m i c  potent ials  Vth: - - 1 . 1 5 V  f o r  T a ~ O s  a n d  - - 1 . 8 4 V  f o r  A l t O s .  

** A t  5 2 0 ~  3 hr in dry  air. 
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with a statistical s tandard deviation of 80 and 170 mV, 
respectively. It  can be deduced that  the sum of the 
overpotentials ~]m 4- ~]~ is statistically zero with the 
s tandard deviat ion indicated. By contrast  the  straight 
lines corresponding to polished a luminum are con- 
siderably t ransla ted toward negative potentials with 
respect to those for unpolished a luminum,  as is shown 
in detail on Fig. 3. Moreover the ini t ia l  layer con ta ins  
about three times more oxygen on polished a luminum 
than on unpolished a luminum.  In  view of Eq. [3c] this 
result  s t rongly suggests that  the anodic oxides on the 
polished a luminum samples contain a layer  of high 
ionic conductivity;  it seems l ikely that  this layer  
originates in the ini t ial  oxide layer  left on the samples 
after the polishing procedure. 

It  appears also that  when  the growth law curve is 
shifted toward negat ive potentials  the corresponding 
slope decreases. In  the case of a luminum the ratio of 
the slopes for polished and unpolished samples varies 
between 0.98 to 0.86 as the cur ren t  density varies be-  
tween 10 mA/cm 2 and some ~A/cm 2. 

Control exper iments  carried out at constant  poten-  
tial, in  electrolytes containing 0.5% by weight of salt 
(i.e., 10 times less than above),  produced the same re-  
sults as those of Fig. 1-5 and Table I, wi thin  experi-  
mental  error. This shows that  the influence of salt 
concentrat ion on the growth laws is very  small, if 
any. 
Influence of the initial oxide layer.--In order to get 
fur ther  insight in the phenomena induced by the pres-  
ence on the sample surface of the ini t ial  oxide layer  
arising either from the polishing or from the spontane-  
ous oxidation of the metal  the shape of the growth 
laws near the origin was studied in  more  detail both 
in na tu ra l  and in OlS-labeled solutions. As the shift of 
the curve No =- [(Vox) toward negative potentials  was 
observed on polished a luminum samples for which the 
init ial  layer  contains a relat ively high quant i ty  of 
oxygen, the growth laws were fur ther  studied on sam- 
ples covered by an init ial  layer of similar oxygen con- 
tent but  of different origin. Unpolished a luminum was 
hence thermal ly  oxidized in air at 520~ for 3 hr  and 
then fur ther  oxidized anodically at constant  potential  
in na tu ra l  solutions. Figure 4 and Table I show the 
corresponding results. The growth of the anodic film 
starts  at a potent ial  V1 much higher for thermal ly  oxi- 
dized samples; nevertheless in spite of the presence 
of an about three times thicker ini t ia l  layer, the growth 
law No = f(Vox) shows no t ransla t ion toward nega-  
tive potentials. 

Exper iments  in O18-1abeled solutions may give addi-  
t ional information on the role of the ini t ial  layers. Let 
Nols : g(Vox) be the growth law obtained in  such 
solutions. In  order to compare directly Nols ---- g(Vox) 
to No : f(Vox), (obtained from unlabeled films) it is 
convenient  to normalize the results to 100% enr ich-  

^ 
ment  of the electrolyte used. We shall call Nols = 
A 
g (Vox) these normalized values. If the ini t ial  layer  be-  
haves like a barr ier  layer, and if, in addition, the oxy-  
gen atoms it contains remain  in the film obtained after 
oxidation, undergoing no isotopic exchange (which, 
as we shall see, is the case), Eq. [3b] applies to Nots 
with the following al terat ion 

/X 
Vox - -  Veq - -  llm "~- ~]s "Jr XEoxNols + ;,EoxNo i [3d] 

for Vo, > V1, where  No i is the oxygen content  of the 
init ial  layer. It  should be noted that  the growth start-  
ing potential  V1 is equal to ~]m 4- ~]~ + [EoxNo i and 
hence slightly depends on Ji; the experiments  shown 
here were all made at constant  potential, i.e., at low 
final cur ren t  densities. Equat ion [3d] shows that  the 

A A 
straight l ine No18 = g(Vox) differs from No ----- f(Vo~) 
only by a t ranslat ion toward positive potentials. Any  
deviation from such a behavior indicates a more com- 
plicated role of the ini t ia l  layer  in  the oxide growth 
than  assumed. 
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Fig. 4. Growth laws for aluminum at constant potential: (a) 
unpoEshed and (b) polished samples. Curves 1, 2, 3 represent No 

f(Vox), respectively, for unpolished; unpolished and thermally 
A 

oxidized; polished samples. Curves 1', 2', 3 ~ represent Nots = 
A 
g(Vox) for samples of the safe type anodized in 0 TM enriched 
solutions. 

A A 
Figure 4a shows No is -=-- g(Vox) for unpolished a lu-  

minum, both thermal ly  oxidized and not. It  is clear 
that  these curves strictly obey Eq. [3d], V1 increasing 
with the oxygen content  of the ini t ial  layer. Figure 
4b shows the corresponding results for polished a lumi-  
num. We see here that, in  spite of the presence of a 
thick ini t ia l  layer, the s tar t ing potent ia l  V1, as ob-  

A A 
served on Nols : g(Vox), remains small, near  the 
value observed for unpol i shed  a luminum.  

The results of Fig. 4 and Table I suggest the follow- 
ing interpretat ion.  The shift toward negative potentials 
of Not6 ----- f(Vox) is not  dependent  on the oxygen con- 
tent  of the ini t ial  layer bu t  on its nature.  The ini t ial  
layers of thermal  origin behave like a barr ier  layer  
having no influence on the growth law and present ing 
no isotopic exchange of oxygen dur ing fur ther  anodic 
oxidation, like anodic a luminum oxides, as shown in  
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f(Vox): curve 1, unpolished and curve 2, polished samples. Nols = 
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g(Vox): curve !', unpolished and curve 2', polished samples. 

ref. (10). The initial layer  on polished a luminum con- 
sists of two regions: (a) a region of high ionic con- 
duct ivi ty  responsible for the shift of Nolo ~ f(Vox) 
by an amount  IVox18(0) -- Veql and (b) a region of the 
barr ier  type responsible for the shift of Nols : g (Vow) 
by an amount  Voxxs(0) -- Veq. This region has an oxy-  
gen content  similar  to that  of the initial layer  on the 
unpolished aluminum. The re la t ive  oxygen content  of 
these regions is the ratio of these potent ial  shifts, i.e., 
2.6 in this case. Moreover  the layer  of high ionic con- 
duct ivi ty  does not undergo isotopic exchange of oxy-  
gen during anodic t reatment .  These results indicate 
that  the o x y g e n  coming from the solution mere ly  
passes through the layer  of high ionic conductivity,  if 
we assume that  the lat ter  remains  at the oxide-solut ion 
interface; in this case this layer  would have a porous 
character  (see Discussion).  

F igure  5 shows the  growth  laws obtained on polished 
and unpolished tan ta lum in labeled and unlabeled 
solutions, and Table I shows the corresponding param-  
eters. A translat ion of the curve Nm6 ---- $(Vox) toward 
negat ive potentials for unpolished tan ta lum seems to 
indicate the presence of a layer  of high ionic conduc- 
t iv i ty  in this case. It should be noted that  the curves 

A A 
Nols z g(Vo~) have the same intercept  wi th  the  po- 
tent ial  axis for both types of tan ta lum used. 

Electric field of format ion . - -The  values of Eox were  
deduced f rom the oxygen  growth laws by assigning 
wel l  chosen values to ~, in Eq. [3b]. I t  should be noted 
that  in order to obtain a l inear  relat ion No ---- f(Vox), 

when No c is not vanishing, it is not necessary to re-  
qui re  No c to be a constant. In fact, if No c i tself  varies 
l inear ly  wi th  Vox, at least in a given range of poten-  
tials, the curve No ---- f(Vox) remains linear. Such a 
behavior  may  change the value of the apparent  field 
of formation Eo• as deduced from the slope of the 
curve No ---- f(Vox). A decrease of No c wi th  Vox may 
correspond to the gradual  dissolution of an initial 
layer  of high ionic conduct ivi ty  or to pore-fi l l ing proc- 
esses (32) ; an increase of No c wi th  Vox may  be caused 
by a par t ia l  format ion of a hydroxide  or of a porous 
layer dur ing the anodic process (4). In the last case 
No c may vanish at small  Vow, so that  no shift of the 
intercept  Vo~ is observed. In wha t  follows we shall cal-  
culate the apparent  field Eo• the effects of the various 
behaviors  of No c wil l  be considered in the Discussion. 

For  a luminum the roughness factor was taken equal  
to unity; this assumption wil l  be discussed later.  Like 
Young (1) and Diggle et al. (33) we assume that  the 
barr ier  layers of a luminum oxide have the formula 
A1203 and are amorphous. The density of such layers 
was measured by several  authors in various condi- 
tions; the reported values range f rom 2.73 g / c m  3 (34) 
to 3.3 g / cm 3 (35). Van Geel and Schelen (36) mea-  
sured 3.1 g / c m  3 for aqueous solutions; this value is 
near  that  of Bernard  and Cook (5), 3.17 g / c m  z, mea-  
sured in organic solutions. This is in agreement  wi th  
ref. (37) in which it is assumed that  bar r ie r  layers  
formed in organic and aqueous solutions are similar 
from this point of view. Our calculations w e r e  based 
on the value 3.17 g / c m  s. 

For  polished tan ta lum we shall  take a roughness 
factor equal  to unity in agreement  wi th  Young (1), 
who measured a density of 8.01 g / cm 3 for aqueous 
solutions; this figure was la ter  confirmed by Schr i jner  
and Middelhoek (38) to wi th in  0.5% precision. We ad- 
mit ted here a densi ty of 8 g / c m  s. 

The calculated values of Eox are listed in Table II. 
In order to compare our results to those of the l i tera-  
ture, we also list in this table our values, recalculated 
with  the densities used by the other  authors quoted. 
For aluminum, Eox is always larger  on polished sam- 
ples than on unpolished samples, the difference in- 
creasing with  decreasing current  density. Moreover  our 
recalculated values on unpolished samples agree to 
wi th in  2% with  those of Harkness and Young (7), who 
did not use e lectrochemical  polishing; our results on 
polished samples agree to wi th in  5% wi th  those of 
Bernard  and Cook (5), who resorted to e lectrochemical  
polishing. These agreements  might  be fortuitous; 
nevertheless  they are wor thy  to be noticed as Hark -  
ness and Young ascribed the difference be tween  their  
values and those of Bernard  and Cook to the influence 
of the different solutions used, whereas  here the 
surface preparat ion seems to play a fundamenta l  role. 
For  tan ta lum there  is excel lent  agreement  wi th  the 
values of Young (1) and good agreement  for recal-  
culated values wi th  those of Vermilyea  (39). The 
agreement  wi th  Young is na tura l  for the values at high 
cur ren t  density, as we too used coulometric  measure-  
ments  on tan ta lum to define our standard. At low cur- 
rent  densities, where  the faradaic efficiency might  be 
less than 100%, the agreement  is a good confirmation 

Table II. Electric field of formation Eox x 10 6 V/cm 

B e r n a r d  a nd  H a r k n e s s  and  
J ,  Cook  (5) Y o u n g  (7) Th i s  w o r k  [p = 3.17] 

m A / c m  2 [p = 3.17] [p = 3.0] P o l i s h e d  s am p le s  U n p o l i s h e d  s amp le s  

A l u m i n u m  10 9.62 8.44 9.1 (8.6) 8.8 (8.3) 
1 9.10 7.77 8.7 (8.2) 8.0 (7.6) 

-~10-~ - -  - -  7.1 (6.7) 6.1 (5.8) 

T a n t a l u m  

J,  V e r m i l y e a  (39) Y o u n g  (1) Th i s  w o r k  [p = 8.0] 
m A / c m ~  [D = 8.74] [p = 8.0] P o l i s h e d  samples  

10 7.1 6.6 6.6 (7.2) 
1 6.5 6.2 6.2 (6.8} 

~I0 -3 -- 5.1" 5.0 (5.5) 

Values  r e c a l c u l a t e d  for  t he  dens i t i e s  3.0 g /cmS a nd  8.74 g / c m  ~ fo r  a l u m i n u m  and  t a n t a l u m  re spec t i ve ly ,  are l i s t ed  in  b racke ts .  
* F o r  1 /zA/cm 2. 
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of the value of Young, as our value, determined by  boo 
nuclear microanalysis,  is not influenced by  the pres-  
ence of an electronic current,  s o o  

Components of the current.--The ionic cur ren t  den-  
sity in Eq. [4] may  be in t u r n  decomposed at the c~ E 
oxide-solution interface according to 400 

U 

Ji : Jox  + Jdis  [5] 300 
where Jox is the par t  of the current  which contributes r-" O 
to the film growth and Jdis the dissolution current  
Jdis includes the current density of direct dissolution of ~ 200 
the cations as well  as that equivalent  to the dissolu- 
tion of oxide already formed. The one to one empirical  ~ o  
relation between Ji and Eox may be written conven- ~ Ioo 
iently 

Ji -" A exp B Eox [6] 0 
0 

where, for a given system A and B are tempera ture-  
dependent  parameters.  According to various authors 
(1, 40) B may  slowly vary  with Eox, this leading for 
example to a quadrat ic  term in  the exponential .  In  
what  follows, at constant  tempera ture  and in the range 
of current  densities covered, we shall  consider B as 
constant and estimate its value from Eq. [6]. 

The components of Jox and Jdis may be separated if 
Ji is known. This implies an est imation of Je in Eq. [4], 
which might  be carried out as shown below. J ~  is in 
fact given directly by the nuclear  measurements .  By 
definition the number  No(t) of oxygen atoms per 
square cent imeter  in the layer at t ime t is 

s No(t)  -- No(0) = k Jox(0) do [Ta] 

s : k R(a) J(0) do [Tb] 

where R(t) is the oxidation current  efficiency at any 
instant  

Jox  
1t : ~ [8] 

J 

and where the constant  k is equal to 0.312 x 10 TM atoms 
of oxygen per coulomb, if we assume that  the oxygen 
is fixed in the  film in the state O - - .  

For  oxidations carried out at constant  current,  the 
precise measurement  of the number  Q of coulombs 
per square centimeter  

2 Q : J(0) do [9] 

consumed dur ing oxidation allows the determinat ion 
of the oxidation current  efficiency from the following 
relation, deduced from [Tb] 

1 dNo 
R : ~ ~ [10] 

k dQ 

This quant i ty  is easily measured and wil l  be used to 
determine Jox by using Eq. [8]. 

Measurements at constant current.--The oxidation of 
t an ta lum and a luminum at constant current  (1 to 10 
m A / c m  ~) in presence of a redox system yields an 
upper  l imit  of the electronic component  Je: 1% of the 
Current for polished Ta in  agreement  with ref. (9), 2% 
for polished AI, 5% for unpolished A1 and Ta. By dif-  

I I I ! I I | 

I I I I I i i 

100 200 3oo 4oo s00 600 ~oo 

x l O  15 0 - -  / c m  2 

BOO 

Fig. 6. Number of O is atoms/cm ~ fixed on aluminum samples by 
anodic oxidation vs. electric charge consumed, expressed as a num- 
ber of O-- anions/era '~. L~ polished AI, 10 mA/em 2 and �9 1 mA/  
cm2; �9 unpolished AI, 10 mAitre 2, X 6.6 mA/cm 2, and [ ]  I 
mA/cm~. 

ference we obtain the m i n i m u m  value of the ionic cur-  
rent  density Jl. For  each type of samples used it is thus 
possible to estimate the value of the constants A and 
B in the empiric relat ion [6]. The approximate values 
of A and B obtained, using the values of Eox deter-  
mined at 1 and 10 mA / c m 2 from Table II are listed in  
Table III. The agreements between our results and the 
l i terature are similar  to those found in Table II. 

On Fig. 6 the number  of 016 a t o m s  p e r  square centi-  
meter  fixed on the surface of a luminum samples by 
anodic oxidation at constant  current  (minus the initial  
layer) is plotted as a function of the number  of cou- 
lombs per square cent imeter  used dur ing formation 
of the film (this quant i ty  being expressed in numbers  
O - - / c m 2 ) .  The slope of the curves gives, by definition, 
the values of R. Here R : 1 for t an ta lum and is not 
considered. 

For polished a luminum the current  efficiency is in -  
dependent  of the current .  For unpolished a luminum 
the decrease of the efficiency as the layer  thickness 
increases and the current  density decreases, is due to 
an increase in the dissolution current,  as the electronic 
current  is less than  5% of the total. Moreover R is 
much smaller  for unpolished than  for polished a lumi-  
num. The various components of the current  as de- 
duced from the values of Je and R are listed in Table 
IV. The large values of Jdis found for a luminum,  es- 
pecially for unpolished samples, raise the question 
whether  the dissolution currents  are of chemical or 
electrochemical nature.  

The equivalent  chemical dissolution current  density 
for a luminum oxide was measured by nuclear  methods, 
without applied electric field (this being in fact pro- 
port ional  to --dNo/dt); an estimated value  of only 
about 0.3 ~A/cm 2 for both polished and unpolished 
a luminum was found. I t  would therefore appear that  
the dissolution current  dur ing oxidation is pure ly  elec- 
trochemical. This is in agreement  with ref. (37). The 
dissolution current  densi ty on t an ta lum was not mea-  
surable, an estimated upper  l imit  being 3 x 10 -3 

Table Ill. Values of the constants A and B 

A (A/cram ~) B (10 -e ern/V) 
Literature  This  w o r k  Literature This  w o r k  

A l u m i n u m  10-~  to 10 ~ (5, 6) 10~ .~*  4.4 to  5.5 (5, 6) 5.B* 
10 -~4'~ (7) 1 0 - ~ * "  3.2 (7) 2 , 9 ' *  

Tantalum 10 -~  to 10 -17 (I,  38) I ~  -17. 5 to 5.5 (I, 38) 5.28" 

* Pol ished samples.  
*" Unpolished samples. 
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Table IV. Components of the currents for aluminum at constant current densities 

S u r f a c e  J ,  E x p r e s s e d  in % of J Expressed in % of Jt 
p r e p a r a t i o n  Vox, V mA/cm'-' Je J l  Jox Jdi s 

P o l i s h e d  
Unpolished 

0-50 1 ~ J ~: 10 L 2  98 92 ~ 5 8 
0-30 1 "~5 95 68 - -  4 32 

6.6 ---~5 95 68 ~ 4 32 
I0 ~:5 95 68 - -  4 32 

30 -50  1 L 5  95 42 ~ 3 58 
6.6 ~ 5  95 65 -~- 5 35 

10 ~ 5  95 65 • 5 35 

The values of Je and of Jox were calculated directly from measurements; the value of Jj and ldJ~ were deduced by difference. 

Measurements at constant potential.--These measure-  
ments  were carried out at Vox -- 50V. At the low final 
current  densities reached in this case the electronic 
current  density Je may be re la t ively high and the value 
of Ji cannot  be inferred from that  of J. However, Jox 
may  be estimated directly f rom the relat ion (see Eq. 
[7a] ) 

1 dNo (t) 
Jox -- [ii] 

k dt 

We may in addition estimate Ji at any instant t, by 
using Eq. [6], in which Eox is deduced from Eq. [3b] 
by inserting No(t) and where A and B are assumed to 
have the same values as at higher currents (Table Ill). 
This procedure implies that the nature of the films 
formed at low final currents is the same as at high 
constant current, i.e., that k and N0 c remain constant 
throughout the treatment. The values thus found 
should satisfy the inequality 

Jox -~ J i  "~ J [12] 

V io l a t ion  of th i s  e q u a t i o n  w o u l d  sugges t  t h a t  a f i lm of 
d i f f e r en t  n a t u r e  f r o m  the  b a r r i e r  l a y e r  is f o rmed .  

Resu l t s  fo r  o x i d a t i o n s  fo r  va r i ous  d u r a t i o n s  are  
l i s ted  in Tab le  V w h e r e  t h e  va lues  fo r  J~ shou ld  be 
c o n s i d e r e d  as o r d e r s  of  m a g n i t u d e  w h e r e a s  t h e  e r r o r s  
on  Jox a re  less  t h a n  50%. I t  a p p e a r s  t h a t  cond i t i on  [12] 
is a l w a y s  satisfied,  w i t h i n  e x p e r i m e n t a l  e r ror ,  f o r  t h e  
anodic  o x i d a t i o n  of  t a n t a l u m .  F u r t h e r m o r e  a f t e r  10- 
ra in  o x i d a t i o n  t h e  g r o w t h  of t h e  ox ide  is a l r e a d y  s low 
and  i ts  r a t e  t e n d s  t o w a r d  zero  fo r  long  per iods ,  w h e r e -  
as t h e  e l ec t ron ic  c u r r e n t  m a y  r e p r e s e n t  m o r e  t h a n  
90% of  t he  total .  F o r  t h e  o x i d a t i o n  of  u n p o l i s h e d  
a l u m i n u m  it  is on ly  a f t e r  50 m i n  t h a t  a c u r r e n t  d e n s i t y  
J of less  t h a n  10 ~ A / c m  2 is r eached ,  t h e  fi lm c o n t i n u i n g  
to g r o w  s lowly .  W i t h  p o l i s h e d  a l u m i n u m ,  on  t h e  o t h e r  
hand ,  t h e  c u r r e n t  d e n s i t y  J d e c r e a s e s  v e r y  r a p i d l y  
and  b e t w e e n  17 and  90 m i n  Jox is neg l ig ib le .  F o r  b o t h  
t y p e s  of a l u m i n u m  s a m p l e s  t h e  i n e q u a l i t y  [12] is s a t -  
isfied un t i l  90 min .  In  t h i s  case  t he  e l ec t ron ic  c u r r e n t  
d e n s i t y  m a y  be  e s t i m a t e d  to r e p r e s e n t  a b o u t  90 and  
60% of t he  t o t a l  fo r  po l i shed  a n d  u n p o l i s h e d  samples ,  
r e spec t ive ly .  F u r t h e r m o r e  a f t e r  13 h r  a t  c o n s t a n t  po -  

tent ial  with both types of a luminum,  Jox is larger by 
orders of magni tude  than  the calculated Ji and an ap- 
preciable growth of the oxide layer  shows up. This 
may be ascribed to the formation of a layer of high 
ionic conductivity,  i.e., an increase of No c, which, if 
not taken into consideration, leads by the use of Eq. 
[3b] to too small  values of Eox. This in terpre ta t ion is 
supported by the fact that  after 60 hr under  potential  
the films are of porous character, as proved by the 
stain test with an organic dye. Hunter  and Towner  
(28) and Hoar and Yahalom (29) made similar obser- 
vations. 

Isotopic exchange of OlS.--The ionic t ransfer  reac- 
tions at the oxide-solut ion interface leading to oxide 
formation may be wr i t ten  as (9, 41) 

Mox + + -{- (H20)  s ~ (MO) ox -t- 2Hs + [13] 

(H 2 0 ) s  ~--- ( O H - ) s  Jr Hs + ~ - - -Oox- -  ~ 2Hs + [14] 

w h e r e  t h e  i n d e x  "ox"  s t a n d s  fo r  ions  in  t he  ox ide ,  "s" 
in t h e  solu t ion .  R e a c t i o n  [13] d e s c r i b e s  c a t i o n  t r a n s f e r ,  
t he  ox ide  b e i n g  f o r m e d  b y  p r ec i p i t a t i o n ;  r e a c t i o n  [14] 
de sc r ibe s  o x y g e n  t r a n s f e r .  I f  a t  t h e  i n t e r f a c e  t h e r e  is 
on ly  one  t y p e  of  r e a c t i o n  r e s p o n s i b l e  fo r  ionic  t r a n s -  
por t ,  t h e  c lass ica l  t h e o r y  of  t h e  o v e r p o t e n t i a l  can  be 
ap p l i ed  (27, 41) r e l a t i n g  the  ionic  c u r r e n t  d e n s i t y  Ji  
d u r i n g  o x i d a t i o n  to t h e  e l e c t r o c h e m i c a l  e x c h a n g e  c u r -  
r e n t  Jex fo r  t h e  r e ac t i o n  as fo l lows  

Ji = Jex L exp k ~  ) ~ls - exp -- RT ns 

[15] 

where a, Z, F, R, and T have their  usual  meaning.  
O ls tracing allows a direct de terminat ion of Jex by 

observing the rate of isotopic exchange of oxygen be- 
tween the oxide and the solution, no external  field 
being applied. This rate depends both on Jex and on 
the self-diffusion of oxygen in the oxide. The theory 
of these processes was developed in detail in papers 
published by our group (27, 41, 43). The slope of the 

^ 
curve Nol8( t )  at the origin gives the values of Jex in-  
dependent ly  from the oxygen self-diffusion rate. 

Table V. Oxide growth during the constant potential phase 

Time of 
Metal oxidation" 

Polished tantalum 0 
I0 rain 
50 rain 
13 h r  
62 h r  

U n p o l i s h e d  aluminum 0 
10 min 
50 rain 
90 rain 
13 hr 
62 hr  

P o l i s h e d  aluminum 0 
17 min 
50 rain 
90 rain 
14 hr 
60 hr 30 rain 

No (t), J, 
10 TM at./cm 2 ~A/cme 

406 __+ 2 5000 
530 ~ 2 ~1 
536 - -  3 ~1 
560 "+- 3 ~ 1  
600 • 4 ~ 1  

340 ~- 2 5000 
435 ~--- 2 30 
495 -4- 3 10 
500  -~- 3 5 
641 ~- 3 5 

2380+ 10 10 
385 ~--- 2 5000 
501.4 + 3 5 
501.7 + 3 2.5 
501.7 -~- 3 1.8 
615.5 _ 4 3,2 

2318 -~- 10 5.1 

J i j  
/~A/cm 2 

(calculated) 

5000 
~ 0 . 8  
~ 0 . 8  
~ 0 . 1  
~ 0 . 0 2  

~ 5 0 0 0  
~ 2 0  

~ 2  
~ 2  
~ 0 . 0 4  

~ 3  • 10 -a 
~ 5 0 0 0  

~ 0 . 1  
~ 0 . 1  
~ 0 . 1  

~ 1 0  ~ 
~10-1o  

Jox, 
#~/cm2 

0.45 
0.1 
0.05 

2 
0.2 
0.4 
1.6 

0.5 
1.6 

* A f t e r  Vox = 50V is reached, at 5 rnA/cm 2 current density. 
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Fig. 7.  Isotopic exchange  in 0 1 8  enr iched solutions as a funct ion 

of time for oxides formed at 20V, 10 mA/cm 2 in 018 depleted 
solutions: a, tantalum; b, aluminum: A, unpolished; 0,  polished 
samples. 

The question arises whether  under  a high field, the 
growth of the anodic layer  does in fact occur by t rans-  
fer of oxygen at the oxide-solution interface. Com- 
parison of the electrochemical exchange current  Jex of 
oxygen obtained by tracing with O Is, with the ex- 
change currents  calculated from Eq. [15] for various 
values of the ionic current  allows the question to be 
elucidated. The experiments  on isotopic exchange 
with no applied field were carried out on oxides ini-  
t ially formed at constant  current  (10 mA/cm 2) up to 
20V in O1Ldepleted water, The samples were then 
immersed in a solution enriched in O 18 for increasing 
lengths of t ime t. The results are shown in Fig. 7. 

In the case of tantalum, after a l inear  start, the ex- 
change slows down and the saturat ion is reached after 
about 6 hr. The saturat ion value, 7 x 1014 at./cm2 sug- 
gests that  the exchange is confined to the first (or first 
few) molecular  layer. This was confirmed by  slightly 
dissolving the oxide. After  about 15A of oxide have 
been removed the O TM has completely disappeared. The 
slow dissolution of the oxide was obtained in a solu- 
tion of 300g NH4F/li ter  of concentrated HF as in  ref. 
(9), according to a procedure used by Pringle  (42). At 
27.5~ a un i form dissolution rate of 62 ~ 3 A / m i n  was 
observed (9, 43) in our exper imental  conditions. It  
must  be verified that  the observed phenomenon was 
not due to simple spontaneous growth of an oxide 
film in the enriched solution. The sample which had 
undergone isotopic exchange to saturat ion was hence 
immersed again in the depleted solution. The ob- 
served disappearance of O TM after several hours, which 
cannot  be due to dissolution (as seen above), proved 
the reversibi l i ty  of the phenomenon,  characteristic of 
isotopic exchange. The observed saturat ion indicates 
a very low diffusion coefficient of oxygen in the oxide 
Ta2Os, in  agreement  with (43). The slope at the origin 
of the curve in Fig. 7a yields a value of the exchange 
current  densi ty of 0.3 ~A/cm2, with 15% precision. 

Analogous results were obtained for a luminum for 
times below 10 min  (Fig. 7b). For  times of the order 
of an hour  the O TM uptake  goes on increasing slowly. 

Thus after 63 hr  we found on polished and nonpol i shed  
samples, respectively, 15 x 1015 and 16 x 1015 at . /cm 2. 
On the other hand  a loss of the ini t ial  oxygen content  
of 62 and 69%, respectively, was observed, in agree- 
ment  with the value of the dissolution cur ren t  found 
above. The absence of a saturat ion effect on a luminum 
may be due to the corrosive attack of the solution; a 
high self-diffusion rate of oxygen in the barr ier  layer 
is unl ikely  taking into account the results of ref. (10). 
The slopes at the origin of the curves in Fig. 7b yield 
a value of the exchange current  density of 3 ~A/cm 2 
with 30 % precision. 

From Eq. [15], using the exper imenta l  values of the 
overpotentials and of Ji, an order of magni tude  of the 
electrochemical exchange current  density of O H -  
anions was deduced. As the sum of the overpotentials 
is statistically zero, we took for "lqm -'~ "/Is the corres- 
ponding s tandard deviations; this leads to lower limits 
for Jex. These values and the results from the exchange 
exper iments  are listed in  Table VI. The complete dis- 
agreement  between the corresponding values of Jex 
will be interprete  d in the Discussion. 

Discussion 
Initial layers on aluminum samples.--The existence 

of an oxide layer of high ionic conductivi ty on the 
surface of polished a luminum samples clearly appears 
from the above results. Its presence and na ture  may 
account for some of the differences in the behavior of 
polished and unpolished a luminum dur ing  anodic oxi- 
dation, in part icular  the observed decrease of the slope 
dNo/dVox, on polished samples. A first explanat ion 
could be that  this layer  is an unsoluble oxygen con- 
ta ining residue from the polishing bath. Pre l iminary  
experiments  similar to that of ref. (10), using the 
A127 (p,7)Si 28 resonant  reaction, indicate however that  
this layer has a high a luminum content. It seems there-  
fore that the layer is a porous a luminum oxide film 
or perhaps a hydroxide; the use of O TM tracing and the 
localization of the O TM after various anodic t reatments  
of the metal  will  give fur ther  insight in the na ture  of 
this film and in the mechanism of its influence on the 
anodic oxide formation. This conclusion may be re- 
lated to the results of Hollo (16) who found by elec- 
t ron microscopy that  electropolishing in a phosphoric 
acid-butyl  alcohol bath yields a porous oxide film and 
to those of Welsh (44) who found similar results using 
various electropolishing baths. 

Dependence o~ the oxygen growth law slopes on 
sample preparation.--The higher values of the slopes 
dNo/dVox for unpolished than for polished a luminum 
could be explained by a corresponding difference in the 
roughness factor of the metal  under  the oxide. Under  
this assumption the difference would depend on the 
final oxidation current  density J, and would be maxi -  
mum for J equal  to some ~A/cm 2. Now, this value was 
reached after a stage at high current  (5 mA / cm 9) at 
the end of which the slopes are not significantly differ- 
ent (Table I) ;  hence nei ther  are the roughness fac- 
tors. It  is difficult to imagine  a mechanism which 
would lead to an increase in roughness factor during 
a phase at constant  potential  and low current.  Hence 
we shall  admit  that  the roughness factor of the metal  
backing was near  unity.  

Two possible explanat ions will  now be considered: 
(1) The anodic films formed on both polished and 

unpolished a luminum are pure A12Oa oxides. The 

Table VI. Oxygen exchange currents 

M e a l  
~m + ?~s, J, J h  

m V  /zA/cm~ / zA/cm ~ 

M i n i m a l  v a l u e s  
of Jex c a l c u l a t e d  

f r o m  Eq.  [15] ,  
/LA/cm 2 

Jex d e d u c e d  d i -  
r e c t l y  f r o m  t h e  

i so top i c  e x c h a n g e  
Of O TM, v,A/cm~ 

P o l i s h e d  t a n t a l u m  0 +_- 80 10~ ~10~  2 x 10s 0.3 • 0.05 

Both polished and u n -  0 ~ 170 164 9.5 • 103 3 • 10 ~ S ~ 1 
polished a l u m i n u m  
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smaller slope on polished a luminum would be due to 
the superposition of this oxidation mechanism and of 
the slow t ransformat ion of a par t  of the layer of high 
,onic conductivi ty ini t ia l ly present  at the surface into 
a barr ier  layer. The growth law corresponding to un -  
polished a luminum would then be characteristic of 
barr ier  layer formation alone, (i.e., yield the real Eox). 
Similar  assumptions may hold for tanta lum.  In the 
case of a luminum the t ransformat ion of the high ionic 
conductivity layer  may  be due to two types of mecha-  
nisms: those which do not lead to an increase of its 
oxygen content  [for example, the t ransformat ion of 
AI(OH)3 into A12Oa by proton repulsion] and those 
which do (i.e., pore filling process). 

(ii) The growth law characteristic of barr ier  layer 
formation alone would correspond, according to this 
assumption, to polished a luminum.  The higher slope 
for unpolished a luminum (i.e., a lower apparent  Eox) 
would be due here to the simultaneous formation of 
a barr ier  layer and of a layer of high ionic conduc- 
t ivi ty (hydroxide or porous film). The ratio of the 
slopes would correspond then to the proportion of 
oxygen present  in the barr ier  layer  with respect to the 
total amount  of oxygen in the film formed on un-  
polished a luminum. Polishing would appear as pre-  
vent ing  such phenomena,  the layer of high ionic con- 
duct ivi ty remaining  unchanged dur ing  treatment .  This 
assumption cannot be applied to tantalum. 

The real phenomenon could be a combinat ion of 
these two mechanisms. In par t icular  the second me-  
chanism could play an increasing role with decreasing 
current  densities as indicated by the porous oxidation 
phenomena which appear at low current  densities. In 
any case the ratio of the slopes being close to unity,  
the proportion of the current  Jox which may contr ibute 
to the t ransformations of type (i) or (ii) is small. 

Ion transfer at the oxide-solution interface.--The 
large value of the electrochemical dissolution current  
Jdls for a luminum in our solution indicates a consid- 
erable mobil i ty of the cations at the oxide-solution 
interface. This is confirmed by the observations of 
Davies et al. (37) who directly determined the pres- 
ence of the a luminum cations in the ammonium citrate 
solution. The relat ive values of Jdis with respect to J 
found by these authors on electrochemically polished 
a luminum differ from our results; in part icular  they 
found that this ratio depends on J, whereas no such 
dependence appears in Fig. 6. This discrepancy may 
be due to the different polishing procedure used and 
to the much higher potential  Vox applied (120V as 
compared to 50V in our case). It  should be noted that  
these phenomena depend strongly on the solution 
used; in part icular  Jdis is negligible in organic solu- 
tions of the type used by Vermilyea (45). 

The discrepancy by several orders of magni tude  be- 
tween the values of Jex directly measured by isotopic 
exchange of oxygen without  any applied field for both 
a luminum and t an ta lum and the values deduced from 
Eq. [15], as listed in Table VI, may be interpreted in 
the following way. We may  define a cationic t ransfer  
current  Jc at the oxide-solut ion interface by the rela-  
tion 

Jc : Jdis -I- 8Jox 

where  8 represents the proportion of the oxidation cur-  
rent  Jox due to cation transfer. The oxygen transfer  
current  is hence (1 -- 0)Jox. In  what  follows we shall 
t ry to estimate the values of 8. 
(i) The large difference b e t w e e n  the measured and 
calculated values of Jex may be explained in two ways: 

1. The two experiments  are not comparable and the 
electrochemical exchange current  of oxygen may be 
much greater during anodic growth than  without  an 
applied field. According to the l i terature (46) we can 
assume that  the electric field wil l  have the effect of 
creating oxygen vacancies which will  appear at the 
oxide-solution interface. The presence of these oxygen 
vacancies will  then increase the t ransfer  current  of 

oxygen at the interface which leads to a strong in-  
crease in the apparent  electrochemical exchange cur-  
rent  density of oxygen. This would explain the low 
values of the observed overpotentials and lead to 
8 ~ 0 .  

2. The low value observed for the overpotential  in 
anodic growth may be explained by the transfer  of 
cations predominat ing at the oxide-solution interface, 
( ~  1). The chemical reaction in the double layer 
would be followed by precipitation thus contr ibut ing 
to film growth. Using relat ion [15] we may calculate 
in this hypothesis the apparent  exchange current  
density Jex for the t ransfer  of Ta 5+ or A18+ cations. 
Taking Ji : Jc ~-~ 10 mA / c m 2 and ~ ---- 0.1V we get the 
min imal  values of Jex equal, respectively, to 0.45 and 
24 ~A/cm 2. 

In the case of t an ta lum the high value of the cationic 
exchange current  density calculated for 0 = 1 seems 
incompatible with the high chemical s tabil i ty of the 
oxide, as well  as with the observed absence of any 
dissolution current  (Table V). 

On the other hand the assumption 0 = 1 implies that  
the layer  of high ionic "conductivity present  on polished 
a luminum samples should be rapidly buried in the 
oxide formed. If this layer is porous most of the cur-  
rent  Jox should contr ibute to its t ransformat ion into a 
barr ier  layer by pore filling; as seen above, this is not 
the case. If this layer is not porous, it should remain  
in contact with the metal;  such a process seems un-  
likely. A definite conclusion may  be reached only by 
localizing the final position of the ini t ial  layer by O TM 

tracing, an exper iment  which is in progress. All  these 
considerations would appear to support the in terpre ta-  
t ion which implies that  the growth of the oxide is 
achieved essentially by oxygen t ransfer  at the oxide- 
solution interface, both for t an ta lum and a luminum. 
(ii) The fact that  the oxidation is chiefly due to oxy- 
gen t ransfer  does not imply that  Jc is small  but  only 
that Jc = Jdis. For  a luminum the cationic t ransfer  cur-  
rent  density may hence be very  large, up to 60% of 
the ionic current  (Table IV) and there is no contra-  
diction between our conclusions. The small  probabil i ty 
of the oxide forming reaction by cation transfer  might  
be explained by the decrease of the free energy of the 
cations in the oxide with respect to tha t  in the metal, 
as suggested by Novakovski and Likhachev (47) in the 
case of iron passivity phenomena.  

It should be emphasized that the fact that  the growth 
of the oxide is main ly  due to oxygen t ransfer  at the 
oxide-solution interface does not imply that  oxygen 
t ransport  takes place in the bulk  of the oxide. In  fact 
cations migrat ing through the oxide, on ar r iv ing near  
the interface, would also create oxygen vacancies, 
leading to the oxidation reaction. The discussion of 
ion t ransport  phenomena in the bulk  of the oxide is 
beyond the scope of this work. 
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On the Deviations from Parabolic Oxidation 
of Co-25 w/o Cr at High Temperature 

A. Z. Hed 
Battelle Memorial Institute, Columbus, Ohio 43201 

ABSTRACT 

Large deviations from parabolic behavior have been observed during the 
oxidation of Co-25 w/o (weight per cent) Cr alloys. The ra te-control l ing proc- 
ess of the oxidation at high oxygen pressures is solid-state diffusion of cobalt 
through CoO channels in the inner  layer; thus a model decribing the deviation 
from parabolic behavior in terms of t ime dependency of the mean cross section 
of these CoO channels  is suggested. 

In  a previous publicat ion (1), the oxidation behavior 
of Co-25 w/o (weight per cent) Cr in the tempera ture  
range 900~176 and oxygen pressure range 0.1-760 
Torr, was described. Two mechanisms of oxidation 
were identified for this alloy. Their  occurrence depends 
main ly  on the ambient  oxygen par t ia l  pressure and 
temperature.  At high oxygen pressures, the oxidation 
involved the formation of a duplex scale, the inner  
layer  being pr imar i ly  the spinel CoCr204, the outer 
layer  CoO. At low oxygen pressures, C r 2 0 3  w a s  the 
dominant  oxidation product on the flat surfaces, while 
at the edges of the specimen duplex structures con- 
sisting of an inner  spinel layer and an outer CoO layer 
were found. In both cases, the ini t ial  oxidation rates 
deviated markedly  from parabolic. The purpose of 
this t rea tment  is to describe the deviation from para-  
bolic rates in  the high oxygen pressure range by a 

1 P r e s e n t  a d d r e s s :  Israel  Product  Research Company Ltd., 34/36, 
I tzhak Sadeh St., Tel -Aviv ,  Israel. 

Key  worcis: oxidation, corrosion, cobalt alloys. 

simple mathemat ical  model, and interpret  this model 
on the basis of physical processes. The experimental  
data used in the present  analysis were reported in 
ref. (1). 

Analysis of the Results 
In order to determine the na ture  of the deviations 

from parabolic behavior in the high oxygen pressure 
range the oxidation was assumed to obey a simple 
parabolic rate equation after very  long oxidation 
times, as has been shown in ref. (1), Fig. 5 and 7. The 
l inear  part  of a graph of (~W/AT) 2 vs. t ime was ex- 
trapolated to low values of t ime and the exper imental  
values (~W/AT) 2 were subtracted from the extrapo- 
lated ones (see Fig. 1) where hW and AT are the 
weight gain and area of the specimen, respectively. 
The differences between the exper imental  values and 
the straight l ine (~W/AT) 2 : kpt -- B may be de- 
scribed as an exponential  funct ion of time. The experi-  
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Fig. 1. Graphic representation of the calculation of the deviation 
from parabolic behavior for the oxidation of Co-25 w/o Cr at high 
oxygen pressures. 

menta l  oxidation rate may  therefore be expressed 

~W ~2 

(-~--T/ = k p t -  + B Be-~kt [1] 

where k ,  is the "large times" parabolic rate constant, 
t, time, B a constant, a and k factors which will  be dis- 
cussed later. To test the exponent ial  na ture  of the 
deviation from parabolic behavior  the logarithms of 
the deviations were plotted vs. t ime for samples oxi- 
dized at 1100 ~ and 1300~ in  100 and 760 Tor t  oxygen 
(Fig. 2). In  all  cases, including m a n y  not shown in 
this graph, a good fit to a straight l ine was obtained. 
Below a model is developed to in terpret  these devia-  
tions. 

It has been shown (1) that  the ra te -de te rmin ing  
process for the oxidation of Co-25 w/o  Cr at high oxy- 
gen pressures is cobalt cation diffusion through a ne t -  

0.0 
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Co-25Cr at 1100-1300 C 
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-I.O 

O 
L I 
I 2 
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Fig. 2. Normalized deviation from parabolic behavior for Co-25 
w/o Cr oxidized at temperatures between 1100 ~ and 1300~ and 
high oxygen pressures. 
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work of CoO channels  in the inner  spinel layer. If the 
cross sectional area of this ne twork  paral lel  to the 
alloy surface is Aeff then  the equation 

dx kp' (Aeff/AT) 

dt x 
[2] 

describes the growth rate of the oxide scale, where  kp" 
is the parabolic rate constant  associated with the oxi-  
dation of pure cobalt and is related to the measured kp 
as discussed below. The (Ae:f/Aw) factor is introduced 
to account for the fact that t ransport  is confined to the 
area Aeff alone, the diffusion coefficient of cobalt in 
CoCr204 being three orders of magni tude  smaller  than  
in CoO (2, 3). Aeff is equal  to the total area AT minus  
the area As occupied by the spinel and the area 
Acr2o3. The exper imental  results suggest that  Aefr is a 
function of time; however, it  is sufficient to determine 
the var iat ion of As with time. 

In  general, the rate of reaction for the product ion of 
spinel f rom Cr203 and CoO depends on the area of 
contact between the two oxides and the  thickness of 
the spinel already created between the two oxides. In 
the case of a growing scale a gradient  of cobalt cation 
vacancies is established from the alloy/scale interface 
to the outer scale/gas interface, thus creating a un i -  
directional movement  of cobalt cations. Thus only the 
rate at which the cross section of spinel perpendicular  
to the cobalt migrat ion path changes is impor tant  and 
this rate is pr imar i ly  proport ional  to the cross section 
of the area occupied by Cr20~. Thus as an approxima-  
t ion 

dAs 
= kAcr2o3 = k (Ao -- aAs) [3] 

dt 

where As = spinel cross section 
Acr203 = Cr203 cross section 

Ao = an ini t ial  cross section of Cr~O3 (mainly  
due to preferent ia l  oxidation of Cr during 
the holding time when  the specimen is in 
an atmosphere ranging from 10-~ to about 
30 Torr  oxygen) 

= a factor that  relates the effective cross- 
sectional area of the spinel formed to the 
cross-sectional area of Cr203 consumed 

k = a surface rate constant  for the formation 
of spinel. 

By integrat ing Eq. [3] with the ini t ia l  conditions 
t = 0, As = 0, the t ime dependence of As and Acr2os 
is found to be 

Ao(1 -- e - ~ t  ) 
As = 

Acr2o3 = Ao -- Ao(1 -- e -akt) "- Aoe -akt [4] 

As pointed out above, the effective area for cobalt 
diffusion is given by Aef~ = AT -- As --  Acraos. Subst i -  
tu t ing for As and Acr2o3 the expressions given in Eq. 
[4], gives for Aeff 

Ao a - -  1 
Aeff = AT - - A o e  -~kt [5] 

c~  o ~  

which in  Eq. [2] produces 

dx 
[( )/ ] kp' AT Aoe -~kt AT 

a 
m 

dt x 
[6] 

and on integrat ion yields 

[( X2--  ~P' A T -  
2 AT --~- 

a -- 1 const ] + Ao l ~ ) e-akt + C7] 
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Where the integrat ion constant  may be calculated 
from the ini t ia l  conditions: t -- 0, x --- 0, yielding 

a- -1  
const = - -  Ao. 

a2k 
The weight gain, AW, and the thickness of the scale, 

x, are related by 

where p is the mean  density of the scale mult ipl ied 
by the average weight fraction of oxygen in the scale, 
and was assumed to be constant  wi th  time. This is 
probably true since the ratio of the inne r -  to outer-  
layer thicknesses was constant with t ime [see Table  I 
in ref. (1) ]. 

Subst i tu t ing for x gives 

[( X2p 2 ~ ~ ' AT - -  t 
AT 

a2k 

Equation [9] has exactly the form of Eq. [1], where  

k~=2kp 'p2 1 - -  AT~ and B = 2  AT' ~ " 

We see that  the square of the weight gain can be rep- 
resented by the sum of a straight line, kpt -- B, and 
an exponent ial  function, Be -a~t. Figures 1 and 2 show 
that this was the observed behavior. 

Discussion 
The analysis above describes an oxidation mecha-  

nism controlled basically by the solid-state diffusion 
of cobalt in CoO. An at tempt was made here to ac- 
count  for the presence of phases in the scale which are 
impervious to cobalt migration, for all practical pur -  
poses, and whose morphology is t ime dependent.  It 
must  be emphasized that  the t rea tment  is a very sim- 
plified representat ion of the oxidation processes. 

The basic advantage of this model is that  it accounts 
for the decrease of the "long t ime" parabolic rate con- 
stants relat ive to those of pure cobalt, and the init ial  
deviations from parabolic behavior. The measured 
parabolic ra te  constant  at long times, kp, is related to 
the theoretical rate constant, 2pSkp ' (2p ~ appears as a 
result  of integrat ion and t ransformat ion from "thick- 
ness" to "weight gain" expression of the rate equa- 
t ion),  for the oxidation of pure cobalt by the factor 

( 1 A~ 

after  full  reaction of Cr2Oa to spinel, the above weigh-  
ing factor is the normalized portion of the scale able to 

t ranpor t  cobalt cations, after long times, as suggested 
in ref. (1). 

This model is self-consistent but  it has shortcomings 
related to the simplification of the parameters  Ao, a, 
and k. These have b e e n  simplified for mathematical  
expediency although there  is a great deal more known 
of their physical significance. Ao is defined as the ini t ia l  
cross section of Cr208; however, in the equation de- 
scribing the growth rate, the cross section, Ao, should 
be an average over the whole of the inner  layer  ra ther  
than  at a part icular  location in  the layer. The surface 
reaction constant, k, should represent  not only the 
effect of formation of spinel at a CoO/Cr203 interface, 
but  also the diffusion through a CoCr204 interface 
layer, and more important ,  the rate of s inter ing of the 
product. Metallographic examinat ion of the CrzO3 
scale at the al loy/scale interface revealed [ref. (1)] 
that  this product  is ext remely  porous, but  the inner  
spinel  formed is ful ly dense, indicat ing that  some sin-  
ter ing occurred. The description of these mechanisms 
in a mathematical  formulat ion is difficult and neces- 
sitates the simplified treatment .  

It  is theoretical ly possible for the constant  B to be 
positive or negative. When ~ > 1 (B > 0), the cross 
section of the resul tant  spinel is smaller than  that  of 
the parent  Cr203 oxide, and the instantaneous para-  
bolic rate constant  wil l  be an  increasing funct ion of 
time, unt i l  the CoO cross section stabilized as is found 
for Co-25 w/o  Cr oxidized at high oxygen pressure. 
The fact that ~ > 1 is explained by the presence of 
porous Cr203 and dense spinel. When a < 1 (B < 0) 
the cross section of the resul tant  spinel is larger than  
that of the parent  oxide and the instantaneous para-  
bolic rate constant  will be a decreasing funct ion of 
t ime leading sometimes to the  closing of the CoO chan-  
nels and change in the oxidation mechanism to the 
preferential  oxidation of chromium. The oxidation of 
Co-25 w/o Cr at low oxygen pressure could represent 
such a case, since we observed a decrease of the oxida- 
tion rate with t ime; however, fur ther  complication due 
to CrO3 evaporation makes a full  analysis difficult in 
terms of the present model. 

Manuscript  submit ted Ju ly  30, 1979; revised m a n u -  
script received ca. Nov. 16, 1970. 
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Kinetics and Morphological Development of 
the Sulfide Scale on a Nickel-20 w/o 

Chromium Alloy in Hydrogen Sulfide-Hydrogen 
Atmospheres at 700~ 
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Department of Metallurgy and Materials Science, McMaster University, Hamilton, Ontario, Canada 

ABSTRACT 

The sulfidation kinetics of a Ni-20 w/o (weight per cent) Cr alloy exposed 
to hydrogen sulfide-hydrogen atmospheres at 700~ have been determined as 
a funct ion of the sulfur  pressure. The morphology and phase composition of 
the duplex sulfide scale formed as a corrosion product have been investigated. 
The kinetics appear to be controlled by diffusion of the reactants through the 
scale. No significant dependence of the parabolic rate constant  on the sulfur  
pressure has been determined within  the wide range 8 x 10 -8 to 2 x 10 -2 atm. 
A correlation is presented for the growth kinetics and the s t ructural  features 
of the nickel and chromium sulfide consti tuents of the scales with the t e rnary  
n icke l -chromium-su l fur  phase diagram. 

A recent review paper  by Stratford (1) points out 
the increasing interest  dur ing the past few years on 
the role of sulfur  in the h igh- tempera ture  corrosion 
of metals and alloys. Due to the difficulty of pur i fying 
na tura l  fuels from sulfur  and sulfur  compounds and 
the inherent  aggressiveness of such reagents at high 
temperature,  considerable problems may arise in plant  
operations and, in general, when metal  parts  have to 
work in such environments .  Although several explana-  
tions have been proposed, the fundamenta l  mechanism 
under ly ing  sulfidation phenomena is not completely 
understood. Comparat ively few data have been col- 
lected in  this field with respect to the amount  of work 
done in the field of oxidation with air, pure oxygen, 
or oxygen-supplying atmospheres. 

Although the sulfidation of pure metals may possibly 
be described in terms of comparat ively simple models, 
the situation becomes most complicated when dealing 
with alloys. In  an at tempt to gain a bet ter  insight into 
sulfidation properties, we selected for the present  
s tudy a nickeI-base type alloy. The strengh and the 
h igh- tempera ture  corrosion resistance of these alloys 
make them suitable for special applications, like tu r -  
bines, jet  engines, heat-exchangers,  etc. A control of 
sulfur corrosion is therefore of paramount  importance 
for these alloys. 

A comprehensive investigation on the sulfidation 
behavior  of n icke l -chromium alloys has been carried 
out by Mrowec and co-workers (2) by using pure sul-  
fur  at the constant  pressure of 1 atm. The whole range 
of alloy compositions was studied. We thought that  it 
would be of interest  to establish the dependence be- 
tween rate of sulfidation of n ickel -chromium alloys 
and sulfur  pressure, the lat ter  being controlled by 
means of hydrogen sulfide-hydrogen atmospheres. 
Some work with these atmospheres has already been 
done by  Hancock (3), Davin et al. (4), and Seybolt 
(5), but  to our knowledge no systematic study has 
been made to establish the above correlation. At the 
same time, we intended to determine the equations 
governing the kinetics in the chosen conditions and the 
structure and composition of the phases formed as cor- 
rosion products, for the purpose of assessing a detailed 
mechanism of scale formation.  

1 P resen t  address: Phys ica l  Chemis t ry  Labora tory ,  Genera l  Elec- 
tr ic Research  and  Deve lopmen t  Center,  Schenectady,  N e w  York  
12301. 

* Elect rochemical  Society Act ive  Member .  
K e y  words :  sulfidation, n i c k e l - c h r o m i u m  alloys, sulfide composi-  

tions, sulfide morphologies .  
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Experimental 
The formation of a l iquid phase in the Ni -Cr-S  sys- 

tem is possible at temperatures  above 600~ as shown 
by thermodynamic  studies (6). After  a few prel imi-  
na ry  runs, we found it  convenient  to carry out ex- 
per iments  at 700~ since the reaction was of the gas- 
solid type throughout  the range of employed sulfur  
pressures. These could be determined from the equi-  
l ibr ium H2S ---- H2 -~- ~/2S2. If the equi l ibr ium constant 
is known at the fixed temperature,  a definite value of 
sulfur  potential  can be obtained, by adjust ing the ratio 
PH2/PHes. Values of the equi l ibr ium constant  are re-  
ported by Lewis and Randal l  (7). The assumptions are 
made that  the only sulfur  species present  in the gas 
phase is the diatomic molecule $2 (7) and that  there is 
no influence of hydrogen on the sulfldation reaction. 
This last point however deserves fur ther  consideration, 
as pointed out recent ly by Zelouf and Simkovich (8). 

The b inary  phase diagram for the Ni-Cr system (9) 
shows that  an 80 Ni-20 w/o  Cr alloy consists of a solid 
solution over a large range of temperatures,  whereas 
lower contents of nickel may  correspond to a two- 
phase structure. This, together with the technical 
properties ment ioned in the introduction,  led us to 
choose the above alloy for study. The impur i ty  con- 
tents of the alloy are recorded in Table I. 

Cold-rolled sheets of the Ni-20 w/o Cr alloy were 
sheared into plates approximately  1.50 x 0.5 x 0.1 cm 
and weighing ~0.7g. These dimensions fulfill the re-  
quirements  suggested by Romanski  (10) for a "specific 
area" of the specimen. However we did not apply, as 
proposed by the same author, corrections for the area 
consumed dur ing the reaction, since the over-al l  con- 
sumption in all our experiments  was well  below 10% 
of the ini t ial  specimen area. A suspension hole was 
dril led in each plate, and the specimens were then 
batch annealed in vacuo for 3 days at 1000~ They 
were then ground and metal lographical ly polished 
down to 1~ diamond abrasive and finally stored in ace- 

Table I. Impurity contents of two alloys used in the experiments 
Per cent by weight; balance ---- nickel 

No. C S Cr ~e Si Mn A1 

1 0.003 <0.001 19.1 0.011 <0.05 <0.005 <0.01 

2 0.003 <0.001 19.3 0.017 <0.05 <0.005 <0.01 
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Fig. ~. Schematic of kinetic assembly: lwwlnch and forks for 
positioning the specimen, 2wspring chamber, 3----marker, 4--- 
target, 5--cathetometer, 6--mullite tube, 7~furnace, 8--thermo- 
couple, 9~mixing bulb for gases filled with glass wool, I 0 ~  
rotameter, 11~gas inlet to bypass the mixing bulb when using 
pure H2S, 12~vacuum pump, 13--manometer, 14--bypass for ad- 
justing the gas composition, 15--ballast and absorption f(ask with 
caustic soda. 

tone. The surface area of each specimen was computed 
by  measur ing  its dimensions with a micrometer.  

The apparatus used for the sulfidation experiments  
is shown schematically in  Fig. 1. A gravimetric  method 
was employed, in which the elongation of a McBain 
balance could be followed by means of a cathetometer. 
The assembly was similar  to the  one described pre-  
viously by Morris and Smeltzer (11). The main  modifi- 
cation consisted in the use of iner t  gas (hel ium or 
argon) for purging the upper  port ion of the reaction 
column, thus avoiding condensation of sulfur in the 
spring chamber.  The equation f : a /A  F, where f and 
F are, respectively, the volume flow rate of the iner t  
gas and of the reaction mixture,  and a and A the cross 
section areas of the small  inert  gas outlet and of the 
reaction tube, demonstrated that  a low flow of iner t  
gas did not dilute the hydrogen-hydrogen  sulfide atmo- 
sphere. F was of the order of 0.5 l i ter /rain.  A cor- 
responding l inear  flow rate in the reaction tube of 0.6- 
0.7 cm/sec prevented  the rmal  segregation of the gases. 

Rotameters suppl ied by Brooks In s t rumen t  Division 
were used for meter ing the components of the reaction 
atmospheres. They consisted of interchangeable ta -  
pered glass tubes and floats of different specific gravi ty  
and were calibrated by the soap film method. Ul t ra -  
h igh-pur i ty  grade hydrogen, hydrogen sulfide, and 
hel ium were supplied by Matheson Company. The as- 
sembly, which could be evacuated to about 10 -4 Torr  
while  the furnace was brought  up  to temperature ,  was 
filled with hel ium prior to start ing an experiment .  The 
composition of an atmosphere was adjusted and the 
specimen was then lowered into the reaction zone a 
few minutes  after the reaction gases had entered from 
the bottom of the mull i te  tube. This prevented the 
formation of a l iquid sulfide phase, which was l ikely 
to happen if the equi l ibr ium pressure of sul fur  in the 
hot zone was not  reached. Weight gains were followed 
for average periods of 5 hr. At  the end of the run,  
the specimen was winched into the  upper  port ion of 
the column, where the tempera ture  drop was sufficient 
for quenching it. The assembly was then flushed with 
a s t ream of nitrogen. 

A modification of the assembly consisted in substi-  
tut ing for the spring chamber  a similar column 
equipped with four winches and four quartz rods. To 
these, specimens were attached and sulfidation experi-  

ments  could be carried out for intervals  up to 15 hr. I n  
these experiments,  continuous weight gains could not  
be recorded but  the scale growth could be easily 
studied, since the four specimens could be lifted and 
quenched at different convenient  times. 

Samples of the scale formed on the specimens were 
removed for subsequent  analyses. Specimens were cold 
mounted  in epoxy resin and cross sections were pol- 
ished and examined metallographically,  both in ordi-  
na ry  and polarized light. Some interest ing features of 
the scales were also examined with a scanning electron 
microscope. Measurements  of scale thickness were 
made with an optical microscope equipped with a mi-  
crometer drum, 

Identification of the consti tuents in the corrosion 
product was carried out by x - r a y  analyses, main ly  
with the Debye-Scherrer  powder method. Nickel-fil-  
tered copper radiat ion was employed. Informat ion  
about phase compositions and the diffusion profiles of 
the components in the alloy and across the scale were 
obtained with a CAMECA M8-64 electron microprobe. 
Point  counts were analyzed with respect to a set of 
s tandards and corredted for atomic n u m b e r  and mass 
absorption by means of a computer  program. 

Results 
Kinetics and sca~e morpho~ogy.--Kinetic measure-  

ments  have been done at sulfur  potentials varying ap- 
proximately  from 10 -~ to 10 -2 atm. With the ex- 
ception of an ini t ia l  induct ion period lasting for 30-40 
rain, the sulfidation kinetics followed a parabolic de- 
pendence in the whole range of sulfur pressure studied. 
In  Fig. 2, parabolic plots of kinetic data, (Am~A) ~ vs. 
t, are shown corresponding to several values of sulfur  
pressure for periods up to 5 hr. In  Table II, values of 
the parabolic constants, Kp, are reported, as a funct ion 
of sulfur  potential. For some exper imental  conditions, 
the limits of reproducibil i ty were not better  than 
•  

At all sulfur  pressures, the corrosion product ap- 
peared as a duplex scale consisting of a yellow outer 
layer and a gray inner  layer. Both layers appeared to 
be compact and adherent  to each other and to the alloy 
substrate with the exception of widely dispersed re-  
gions, where small  voids were found to occur at 
boundaries and within the sulfide layers. These features 
are exemplified in Fig. 3 and 4 for two specimens sul-  
fidized at different sulfur  pressures. In  Fig. 5, the ob- 
servation at comparat ively high magnification in po- 
larized light demonstrates  that  both layers are essen- 
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Fig. 2--Parabellc plot of weight gain vs. time for the sulflda- 
tion of a Ni-20 w/o Cr alloy at 700~ and different sulfur poten- 
tials. Values of sulfur .potential in atmospheres. 
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Table II. Parabolic rate constants as a function of the gas 
composition and the sulfur potential 

Dif f e r en t  v a l u e s  of  K~ i n  t he  same  e x p e r i m e n t a l  cond i t i ons  cor-  
r e s p o n d  to the l imit  of  reproducibi l i ty of  the e x p e r i m e n t s .  

v / o  H ~  in 
the m i x t u r e  Kp 

I-I~-H~S ps  2 (arm) (rag �9 cm -4 min-~) 

5 8 x 10 -s 2.3 
3.0 

20 2 • lO-e 3.1 
30 5 • 10~ 3.5 
40 1 x 10 ~ 3.3 
50 3 • 10 ~ 4.0 

4.4 
60 6 X 10 -s 3.5 
70 I • 10 ~ 2.6 

2.8 
3.9 
4.4 

8.5 g, x 10-' 1.8 
100 2 x 10 "-~ 1.6 

1.9 

t ial ly compact, al though a considerable difference in 
hardness and crystal  s t ructure  can be responsible for 
a higher amount  of polishing artifacts in the inner  
layer than  in  the outer one. These differences are ex- 
hibited more s t r ikingly in  Fig. 6 and 7, corresponding 
to pictures taken by scanning electron microscopy, of 
the outer and inner  surface of the scale, respectively, 
and of a fractured scale cross section. A large grain 
size of the outer layer  is matched by  a much finer 

May 1971 

Fig. 3--Micrographs in ordinary and polarized light of the 
scale formed on a specimen sulfidized for 7 hr in a 5% H2S gas 
mixture. Mag. 160X. 

Fig. 4~Micrographs in ordinary and polarized light of the s~ale 
formed on a specimen sulfidized for 5 hr in a 50% H2S gas mixture. 
A sublayer can be seen in the outer layer. Mag. 160X. 

structure of the inner  layer. In  all  cases, no evidence 
was found for in terna l  sulfidation, as also reported by 
Mrowec and Zastawnik  (12). The two layers in  most 
cases appear  to consist of one phase each, although 
minor  features could be detected, as in Fig. 4 where 
a sublayer  may be dist inguished in  the inner  par t  of 
the outer layer of a scale formed in  a 5% hydrogen 
sulfide atmosphere, and in  Fig. 5 where groups of very 
small  and preferent ia l ly  oriented precipitates occur in 
the outer layer of a scale formed in a 50% hydrogen 

A presentat ion of the scale growth at one sulfur  po- 
tent ia l  is given in Fig. 8. Thicknesses were measured 
for both layers at 20 different points along the scale. 
The average values obtained by  statistical t rea tment  
have been plotted vs. the reaction t ime up to 15 hr. 
Morphological irregulari t ies were more pronounced 
in the outer than  in the inner  layer  as shown by the 
ampli tude of the errors bars, which are proport ional  to 
the probable error. It  appears, however, that  both 
layers follow the same growth kinetics. The ratio of 
thickness of the outer  to the inne r  layer  is constant  
with the t ime and roughly equal to 2/1. 

Phase identification.--Mixed x- ray  pat terns for the 
sulfides in both the inner  and outer layers were ob- 
tained by gr inding samples of the scales and analyz-  
ing them with the Debye-Scherrer  powder method. In  
all cases, it was possible to ident i fy  clearly, by  com- 
parison with ASTM cards, sulfides of nickel  corre- 
sponding to the compositions NiS and  Ni~S2, this stoi- 
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Fig. 5~Micrograph in polarized light of the scale formed on a 
specimen sulfidized for 15 hr in a 5% H2S atmosphere. A fine 
needle-shaped precipitate is present in the outer layer. Mag. 800X. 

chiometry varying with the conditions of sulfur  pres- 
sure for the reaction, as shown in Table III. Only a 
few faint  lines were detected that  could possibly be 
assigned to a sulfide of chromium. Attempts  to gather 
better  information by  using a chart-recording x - r ay  
diffractometer were not successful, since a too-small  
amount  of corrosion product  was available for analysis. 
Flakes of the scale, on the other hand, could be ex- 
amined by reflection electron diffraction. The pat terns  
obtained from the inner  surfaces of these flakes could 
be indexed according to the ASTM card for CrS. 

Informat ion about the composition of the duplex 
scale could also be obtained with the microprobe. 
Very little nickel [2-3 a/o (atomic per cent) ]  was 
found in the inner  layer  and no chromium in the outer 
layer, while the sulfur content  varied with the phase 
composition of the scale. This si tuation is exemplified 
by the micrographs in Fig. 9, where the dis tr ibut ion of 
the system components is shown by the images of the 
corresponding x - r ay  radiations. Figures 10, 11, and 12 
correspond to plots of point counts taken scanning with 
the electron beam across the alloy and the scale. The 
specimens were also scanned paral lel  to the edges, but  
no different results were found. The three figures are 
related to the lowest, medium, and highest sulfur  
pressure used during the experiments.  It can be seen 
that, while the outer layer corresponds ent i re ly  to a 
nickel sulfide the composition of which is in agreement  
with the data of Table III, the inner  layer composition 

Table III. Results of x-ray powder method analysis 
T h e  f i rs t  s p e c i m e n  (1% H.zS) s h o w e d  l i q u i d  f o r m a t i o n .  A l l  t h e  

o t h e r  s p e c i m e n s  u n d e r w e n t  a g a s - s o l i d  r e a c t i o n .  C o m p o u n d s  in  
p a r e n t h e s i s  a r e  p r e s e n t  i n  t r a c e s .  

v / o  H ~  in  C o m p o s i t i o n  of  
t h e  H.~-H~S t h e  o u t e r  l a y e r  
a t m o s p h e r e  ps  2 (a rm)  of  t h e  s ca l e  

1 3 • 10-~ NisS2 
5 8 x 10 -s NizS~ 

20 2 • 10 .8 NisS~ 
40 1 x 10 ~ Ni~S2(NiS) 
50 3 x I0-~ NiS(Ni~Se) 
60 6 x 10 -5 NiS  
70 1 • 10-4 N i S  
85 9 • 10 - t  N i S  

100 2 • 10 -~ N i S  

Fig. 6. SEM image of the outer face (upper micrograph) and the 
inner face (lower micrograph) of the sulfide scale. Tilt = 20 ~ 
Mag. of upper micrograph = ~ 180X; mag. of lower micrograph 
= ~ 1800X. 

Fig. 7. SEM image of the fractured section of the sulfide scale, 
Tilt = 32 ~ Mag. -~ 500X. 

seems to be less homogeneous and an average extrapo-  
lated atomic per cent ratio for chromium and sulfur  
would correspond to a formula close to CrS. The corn- 
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Fig. 8. Plot of the layer's growth vs. time. 

Fig. 9. X-ray images of the distribution profile after sulfidation. 
Mag. ~ 450X. (a) ---- NiK~, (b) ---- CrK~, (c) ~ SK~; a. 
alloy, i.I. ---- inner layer, o.I. ---- outer layer. 
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Fig. 10. Distribution profile after sulfidation in a 5% H~S at- 
mosphere for 5 hr. Error bars in Fig. 10, 11, and 12 show the un- 
certainty of the analyses. 

positions of the scale layers can be related to the 
Ni -Cr-S  ternary phase diagram, as discussed later. 

Discuss ion  
The parabolic plots shown in Fig. 2 for the over-alI 

reaction kinetics demonstrate that sulfidation of the 
al loy proceeds by  diffusion-controlled processes over 
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Fig. 11. Distribution profile after suifidation in a 50% H~S at- 
mosphere for 5 hr. 
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Fig. 12. Distribution profile after sulfidation in pure H2S for 5 
hr. 

the whole  range of sulfur potentials investigated, after 
a prel iminary brief induction period. This result  is in 
agreement with Mrowec's et al. (2) kinetic data for 
the sulfidation of n icke l -chromium alloys wi th  sulfur 
vapor. The presence, in our case, of  hydrogen in the 
sulfidizing atmosphere has apparently not affected the 
basic kinetic law governing the sulfidation process. In 
fact, any influence of hydrogen on the defect struc- 
ture of the scale would only  affect the value of the 
parabolic rate constant. Figure 13 is a semi- logarithmic 
plot of Kp vs .  sulfur pressure. One can see that the 
over-al l  variation of Kp with the sulfur potential  in 
the range from approximately  10 . 7  to 10 . 2  atm is of 
the same order of magnitude as the experimental  
error. In other words, from a practical point of v iew 
there is no sensible  dependence of the rate of sulfida- 
tion on the sulfur potential. Furthermore, Mrowec 
e t  al. (2) report a value  of Kp equal to about 1 mg 2 
cm -4 min -1 for an al loy of composit ion close to ours 
(21.8 w / o  Cr) at a sulfur pressure of 1 atm. Taking 
this into account, we  may infer that a variation of 7 
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Fig. 13. Semilogaritkmic plot of Kp vs. sulfur potential 
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orders of magni tude  in sulfur potent ia l  does not have 
an appreciable effect upon Kp. However, the curve 
drawn through the exper imental  points shown in Fig. 
13 exhibits a m a x i m u m  in Kp at an in termediate  sulfur 
pressure corresponding to a ratio of H2S to H2 in the 
atmosphere equal to L We ascribe this t rend to the 
change in  composition of the outer layer reported in 
Table III. At very low sulfur  pressure (10 -8 to 10 -9 
a tm),  a l iquid phase is l ikely to be encountered. At 
higher sulfur  pressures (10 -7 arm),  solid nickel sulfide 
forms with a composition corresponding to Ni3S2. 
Around 10 -~ atm sulfur, it becomes possible to form 
a phase corresponding to NiS. In  intermediate  ranges 
of sulfur  pressure 1-3 x 10 -3 atm, the two solid nickel 
sulfide phases can coexist in  a scale. 

The morphology of the scale i l lustrated in Fig. 3 
corresponds to the dis tr ibut ion profile of Fig. 10. The 
compact outer layer  can be related to an atom ratio 
in the profile per ta in ing to the composition NizS2. The 
optically dist inguishable sublayer  in the outer layer 
of Fig. 4 appears to consist of NiS as demonstrated by 
the profile shown in Fig. 11. Figure 12 shows the dis- 
t r ibut ion profile for a specimen which has reacted with 
pure hydrogen sulfide. The composition of the outer 
layer corresponds to NiS (no pictures of the specimen 
were exhibited in this case since the morphology cor- 
responded essentially to the one shown in Fig. 3). 

These findings are qual i tat ively consistent with 
thermodynamic data for the formation of nickel and 
chromium sulfides. Standard free energies of formation 
at 727~ have been reported by Rosenqvist (13), 
~G~ : ~17,775 and AG~ ~ --42,450 cal/mole. 
The s tandard states are the pure metal  and $2 vapor 
at 1 arm. For  the formation of chromium sulfide, Hager 
and Elliott  (14) propose that AG~crs ~ --48,400 + 13.4 
T cal/mole, which is assumed to be valid in the range 
of temperatures  1375~176 However, extrapolat ing 
back to 700~ we can roughly estimate the value 
AG~ __-- --35,360 cal/mole, with the standard states 
chosen as above. No similar data have been found in 
the l i terature  for higher  chromium sulfides. Corre- 
spondingly, the following approximate equi l ibr ium 
sulfur pressures can be derived 

PS2(NhS2 ) ~ 5 X 10 - t 0  arm, PS2(crS)  ~-~ 1 X 10 -16  a r m  

According to these values for sulfur  pressures, 
chromium exhibits a much higher affinity for sulfur 
than  nickel. Nickel, however, reacts more rapidly and 
forms concurrent ly  a separate, thicker external  layer 
of sulfide. Util izing the values for the free energies of 
formation for NiS and Ni4S2, one can derive a value 
of AG~ ---- --10,875 cal /mole for the reaction Ni3S2 
+ 1/2 $2 ---- 3 NiS at 727~ This would equal an equi-  
l ibr ium pressure P'S2(NiS) : 2 X 10 -~ atm which is 

wi thin  the intermediate  sulfur pressure range of the 
diagram in Fig. 13. Thus  it is possible that  NiaS2 and 
NiS may exist in a scale over appropriate  sulfur  po- 
tent ia l  ranges (see also Table III) .  

Although kinetic runs  for the over-al l  sulfidation re-  
action were not followed for longer than 5 hr, results 
o f  scale growth experiments  have demonstrated that 
the sulfidation mechanism remains  basically unchanged 
for intervals  up to 15 hr. Moreover, the same kinetic 
relationship controls the growth of both the inner  and 
the outer layers. The average layer thicknesses from 
Fig. 8 are represented by parabolic plots in Fig. 14. It  
is evident  that  the rate of growth for both sulfide 
layers and the over-al l  reaction kinetics can be ex- 
pressed by parabolic relationships. These findings are 
consistent with the scale morphologies shown in Fig. 
3, 4, and 5, and wi th  a prerequisi te  for a diffusion- 
controlled reaction, namely  the formation of essentially 
compact reaction product layers wi th in  a scale. On 
this account, it would be possible to envisage a process 
for the t ransport  of mat ter  through the scale only in 
terms of lattice or grain boundary  diffusion. 

40 

30 
x 

z 
~ eo 
t- 

I 0  

o 

5 I0 15 

TIME / hrs 

Fig. 14. Parabolic growth of the scale layers 

The mechanism proposed by  Mrowec et al. (2) for 
the growth of sulfide scales on n ickel -chromium alloys 
is somewhat more complicated, since it advocates dis- 
sociation at the inner -ou te r  layer  interface, al ternate 
bui lding and healing of microfissures in the outer 
layer, and worsening of the contact between the scale 
and the alloy due to the growth of a chromium sulfide 
phase by inward  sulfur t ranspor t  with consequent on- 
set of porosity. The main  discrepancies between our 
findings and theirs consist in the relat ively homogene- 
ous and compact na ture  of the inner  chromium sulfide 
layer in our case, as opposed to a pronounced porosity 
and the reported presence of a second phase (nickel 
sulfide stringers) in the inner  layer in their  case, for 
alloys of comparable composition. 

The distr ibution profiles of Fig. 10-12 show a sharp 
variat ion in the concentrat ion of nickel and chromium 
at the alloy-scale interface. Very little nickel (2-3 a/o) 
was found in the inner  layer  and no chromium in the 
outer layer, while the sulfur  content varied with the 
phase composition of the scale. The outer  layer was 
composed of NizS2 and NiS, the lat ter  sulfide becom- 
ing predominant  at sulfur pressures greater than 
3 x 10 -5 arm. A debatable point  remains  with respect 
to the stoichiometry of the chromium sulfide layer. 
Apparently,  there is discordance in the l i terature on 
the relative stabili ty of different chromium sulfide 
phases, as stressed recently by Viswanathan and 
Spengler (15). The compositions reported by Hancock 
(3), Mrowec et al. (2), and Seybolt (5) can vary, for 
instance, in the range CrS to Cr2S3. We ment ioned 
earlier that in our case microprobe profiles seem to 
account for an average composition close to CrS. The 
phase diagram of Fig. 15 proposed by Bohe  etal .  (6) 
shows, moreover, that the chromium sulfide region 
may contain several chromium sulfide phases ranging 
from CrS to Cr2S3. Accordingly, the question remains 
open as to the exact number  of phases present  in the 
inner  chromium sulfide layer. 

We report in Table IV some numerical  results of the 
microprobe analyses shown in Fig. 10-12. They refer 
to regions close to the interfaces present in the scale. 
At all sulfur pressures, the alloy is in contact with a 
chromium sulfide of composition close to CrS, in which 
about 3 a/o nickel is dissolved. The inner  layer is, in 
turn,  in contact with an outer layer corresponding 
closely to a composition for NiS at sulfur potentials 
greater than  10 -5 atm. At lower sulfur  potentials, the 
two nickel sulfides NiS and Ni3S2 may coexist in the 
outer layer. From the dis tr ibut ion profile of Fig. 11, 
corresponding to a sulfur pressure of about 10 -~ arm, 
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Table IV. Electron microprobe analyses of sulfide scales 

T h e  table  s h o w s  a set of ave rage  composi t ions (a/o) for  the phases  presen t  in the  corrosion product.  The values  have  been de t e rmined  
f rom the corrected point  counts for  the d i f ferent  e lements  at the recorded distances f rom interfaces.  The inner  and outer  regions  corre-  
spond to dis tances  of 5~ f rom the phase interfaces ,  r epresen ted  by the ver t ica l  b roken  l ines  in Fig. 10-12. The as ter i sks  indicate  data  that  
di f fer  apprec iably  f r o m  the rest  of  the  composi t ions repor ted  for  the outer  region of  the  nickel  sulfide layer. 

v /o  H~S in 
the  H~-H~S C h r o m i u m  sulfide layer  Nickel  sulfide l aye r  
a tmosphere  Inner  reg ion  Outer  region Inner  region Outer  region 

5 Cro.~Nio.o~So.,D Cro.~4Nie o~Su.~o Nio.~gCro.o~So.~l Nio.ssSo.~s 
50 Cro.~lNio.o~So. J9 Cro ,~Ni,~.o2So.~ Nio.4sCro.o~So.5o Nio.~4So.~ 

100 Cro. 47Nio.o2So.~i Cro ~Nio.olSo. 5s Nio.47Cro.o.oSo. 5o *Nio. 4sSo. 5.- 
Av e r ag e  composi-  Cro.D~Nio.~S Cro.~-Nio o~S Nio.o6Cro.o~S Ni2.~S2 

tions of phases  *Nio.gsS 

it  appears  that  the inner  region of the outer  l ayer  has 
a composi t ion equal  to NiS, whereas  the  region ad ja -  
cent to the gas phase is closer to the  formula  Ni3S2, for 
which the ra t io  of sulfur  to n ickel  is lower.  The photo-  
micrograph  in Fig. 4 has i l lus t ra ted  tha t  the NiS may  
appear  as a dist inct  sub layer  in the  outer  wel l -def ined 
layer.  This s i tuat ion can be just if ied by  the presence 
of a s tabi l izing content  of chromium of about  2% in 
this sublayer .  

The presence of the  above chromium and nickel  
sulfide phases in the superficial  scale is consistent  wi th  
phase de te rmina t ions  for the  t e r n a r y  N i - C r - S  phase 
d iag ram at 700~ (6). If  the  composit ions shown in 
Table IV are super imposed on the phase diagram,  
ten ta t ive  composit ion pa ths  can be drawn,  as shown 
in Fig. 15. In our case, t ie lines have  to be fol lowed 
in the two-phase  CrS-NiS  region, because no prec ip i -  
ta tes  are  observed in the  inner  layer .  Consequently,  
pa th  A ( I -2 -3 -4 -5  in Fig. 15) would correspond to the  
format ion of Ni3S2 (Fig. 3) or an in te rmedia te  sub-  
l ayer  of NiS benea th  Ni3S2 (Fig. 4) at  low and in te r -  
media te  sulfur  potentials ,  respect ively.  At  high sulfur  
potentials,  on the  o ther  hand, pa th  B (1-2-3-4-6 in 
Fig. 15) would  correspond to the  presence of only  NiS 
in the  outer  layer .  

According to these arguments ,  the resul ts  of Mrowec 
and co -worke r s  (2) could be descr ibed  by  a pa th  s imi-  
la r  to B, bear ing  in mind  tha t  a tie l ine has to be 
crossed in the  region above points  3 and 4, to account 
for the presence of a second phase in the  chromium 
sulfide layer .  However ,  thei r  exper iments  were  car r ied  
out at a much higher  sulfur  pressure  of 1 atm. Hence, 
according to the  t e rna ry  phase diagram,  h igher  sul-  
fides both of chromium and :nickel (Cr2S3 and NiS2) 
could be present  in the  corrosion products,  as indeed 
repor ted  by  these authors.  

S 

Ni5 z 

Crz$3 

NiS CrS 

Ni 3 

Liquid 

Ni  ~Cr 

Fig. 15. Ternary phase diagram at 700~ for the Ni-Cr-S system. 
The dotted line represents tentative composition paths for the 
sulfidatlon process. 

Conclusions 
At  700~ the sulfidation of a Ni-20 w/o  Cr al loy in 

hydrogen  su l f ide-hydrogen a tmospheres  is governed by 
parabol ic  kinet ic  re la t ionships  when  the  react ion is 
en t i re ly  of the gas-sol id  type.  The process for growth  
of the  duplex  scale is therefore  diffusion control led 
and, from measurements  of the  scale growth,  one can 
assume tha t  the  mechanism does not  va ry  for fa i r ly  
long react ion times. A qua l i t a t ive  corre la t ion can be 
made  be tween  parabol ic  ra te  constant  and s t ructure  
of the  scale, a l though more  accurate  informat ion has 
st i l l  to be collected about  the  composi t ion of the n ickel  
and chromium sulfide phases formed dur ing  the reac-  
tion. 

Most qua l i ta t ive  fea tures  of the sulfidation process 
have been found consistent  wi th  the findings of o ther  
workers ,  except  for the  s t ruc ture  of the inner  chromi-  
um sulfide layer  of the  scale. This po lycrys ta l l ine  layer  
on the  nickel-20 w / o  chromium al loy appears  to be 
compact  and m a y  contain severa l  chromium sulfide 
phases. An  a t t empt  has been made  to corre la te  the  
microprobe  analysis  wi th  the  t e r n a r y  phase diagram, 
in the form of ten ta t ive  composit ion paths  for the 
reaction. 
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Preparation and Properties of Pyrolytic 
Zirconium Dioxide Films 
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Beff TeLephone Laboratories, Inc., Al lentown,  Pennsylvania 18103 

ABSTRACT 

Zirconium dioxide (ZrO2) films in the thickness range of 500-8000A havc 
been prepared by chemical vapor deposition in the temperature  range  of 800 ~ 
1000~ The films were identified as f ine-grained (~325A),  near ly  stoichio- 
metric, monoclinic ZrO2, using electron microprobe analysis, infrared ab-  
sorption, and transmission electron microscopy. The films exhibited remark-  
able resistance to most aqueous acids and bases, although slight etching oc- 
curred in hot (220~ phosphoric acid. The deposits had an index of refrac- 
t ion of 2.1 -+ 0.1 at 546 nm and an optical energy gap of 5.12 eV. ZrO2 de- 
posited on silicon offered little resistance to Na diffusion at 600~ while films 
deposited on thermal  SiO2 were a good barr ier  due to p i le-up of the Na near  
the ZrO2/SiO2 interface. The current  density, J, depended on the field, E, as 
J -~ AE  n, where n was 6 for the metal  biased negatively and 2.75 or 5, de- 
pending on the magni tude  of the field, for the opposite polarity. The di- 
electric constant  in the frequency range of 5 x 10 S to 1 x l0 s Hz was relat ively 
independent  of frequency near  300~ and equal to approximately 18, however 
some dispersion was noted near  573~ The a-c conductivi ty could be repre-  
sented by =ac ~ Cy~ where  5 is the measur ing frequency and ~ a temperature  
dependent  parameter,  decreasing from ~1 at 300~ to ~0.5 at 573~ The di- 
electric s trength of the films varied between 1 to 2 x 106 V/cm,  independent ly  
of thickness and polarity. High frequency (1 MHz) C-V measurements  in-  
dicated the presence of negative surface charge, which varied between 
--6 x 10 n to --1 x 1012 cm -2. The structures exhibited instabi l i ty  under  nega-  
tive bias, indicative of negative charge being injected into the insulator.  C-V 
measurements  on the double dielectric system (ZrO2/SiO2) showed that  the 
presence of ZrO2 caused a flatband voltage displacement ~ +0.8V. In  addition, 
the flatband voltage shifted as a funct ion of t ime under  negative bias and was 
found to obey the relationship aVFB -'- K log t. 

Recent developments  in microelectronics, such as 
integrated circuit passivation and IGFET technology, 
have engendered extensive research in the preparat ion 
and characterization of insulat ing thin films (1). Much 
of the effort has been directed to SiO2, SlaY4, and 
Al203. Recently, al ternat ives to these materials  have 
been sought. TiO2 (2) and Nb205 (3) have been in-  
vestigated. It  has been found that  chemical vapor 
deposition (CVD) in the temperature  range of 600 ~ 
1000~ produces films with the most desirable prop- 
erties for the above applications. 

A refractory oxide that  has not been investigated 
in detail  is zirconium dioxide (ZrO2). T h i s  mater ial  
is characterized by low electrical conductivi ty and 
extreme chemical inertness. Much of the information 
available on ZrO2 has been obtained on relat ively im- 
pure bulk, sintered material.  

This paper reports on the preparat ion of ZrO2 films 
by CVD, and a survey of the optical, chemical, elec- 
trical, and interfacial  properties of the result ing films. 

Film Preparation 
The preparat ion of oxide films by CVD has been 

discussed by Powell  et al. (4). The reaction chosen to 
produce the ZrO2 films is wr i t ten  in over-al l  form as 

800~176 
ZrC14 + 2CO2 + 2H2 --> ZrO2 (s) 

+ 2CO + 4HC1 [I] 

which is conjectured to proceed in two steps 

CO2 + H2-* H20 + CO [a] 

ZrCl4 + 2H~O-+ ZrO~ (s) q- 4HCI [b] 

where H20 is formed near the heated substrate. 

* Electrochemical Society A c t i v e  M e m b e r .  
K e y  w o r d s :  z i r c o n i u m  dioxide, chemical vapor d e p o s i t i o n ,  d i -  

e l ec t r i c  properties, optical properties, i n su l a to r .  

The deposition apparatus is shown schematically 
in Fig. 1. The substrate rests on a molybdenum sus- 
ceptor, which is heated inductively.  The gases are 
carefully metered through Brooks rotometers and are 
t ransported through stainless steel lines to the 50 mm 
quartz reaction chamber. The ZrC14 is t ransferred to 
the chamber  by passing hydrogen through a heated 
saturator. A schematic of the stainless steel saturator  
is shown in the enlarged section of Fig. 1. The carrier 
gas is forced to take a tortuous path over six layers of 
ZrC14. All  lines downsti~eam from the saturator  are 
heated approximately  20~ above the saturator  tem- 
perature in order to prevent  recondensation of the 
ZrC14 prior to its arr iving at the heated substrate. 

Successful depositions were made with substrate 
temperatures  between 800 ~ and 1000~ on various 
substrates. Most often, the depositions were done at 
900~ on 3-7 ohm-cm, (100), n - type  silicon using the 
following concentrat ions of reactants:  ZrC14, 0.01%; 

Fig. i. Schematic representation of deposition equipment 
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CO2, 2.48%; the remainder  hydrogen. Total hydrogen 
flow was ~, 3 1/min. Depositions were also made on 
0.001 ohm-cm silicon, thermal  SiO2, and fused silica 
disks. 

Identification and Structure of Films 
The films were identified with respect to composi- 

tion and s t ructure  using electron microprobe analysis, 
infrared absorption, and t ransmission electron micro- 
scopy. 

The composition of the films was determined using 
a Materials Analysis Corporation Electron Microprobe 
at an accelerating potential  of 5 kV and an x - ray  
emergence angle of 38.5 ~ . The details of this technique 
have been described by Colby (5). Several  specimens 
were studied at various times in  the history of the 
experiment.  A typical  analysis indicated that  the films 
consisted of 34.23 _ 0.50, 64.95 • 0.52, and 0.81 • 0.02 
a/o (atomic per cent) zirconium, oxygen, and silicon, 
respectively. Silicon always appeared as an impuri ty.  
The films appeared to be slightly Zr rich, however this 
could be due to exper imental  error, since the Zr 
s tandard had a th in  oxide film on its surface which 
would tend to cause one to overestimate the Zr con- 
centrat ion in the film. 

The specimens for infrared absorption were pre-  
pared by depositing ZrO2 to a thickness of 0.45 ~m 
on 50 ohm-cm silicon slices approximately 0.63 mm 
thick. Spectra were taken on a Beckman IR-12 double 
beam spectrophotometer. A silicon slice similar to the 
substrate  was placed in the reference beam. A typical  
spectrum is shown in Fig. 2. No peaks were observed 
at wavenumbers  above 650 cm -1, however six promi-  
nent  peaks were observed. McDevitt and Baun (6) 
obtained infrared spectra from ZrO2 pressed powders 
in Nujol  and CsBr. The peaks shown in  Fig. 2 are in 
good agreement  with their  results. 

Samples were prepared for t ransmission electron 
microscopy by etching an 800A ZrO2 film deposited on 
silicon in 50:50 HF:H202 solution. The films cracked 
and floated free of the substrate, where they were 
picked up with a copper grid. The specimens were 
examined in a Philips 300 electron microscope at an 
accelerating potential  of 100 kV. Figure  3 shows a 
t ransmission micrograph at 83,000 magnification. A 
well-defined equiaxed grain s t ructure  is observed with 
an average grain size of approximately 325A. Figure  4 
shows a diffraction pa t te rn  of the same area. The 
pat tern  indexes  quite well to monoclinic ZrO2 (bad- 
deleyite) (7). Table I summarizes the indexing of 
the pa t te rn  shown in  Fig. 4. Several  weak lines were 
not resolved in the diffraction pattern.  

The use of the electron microprobe, infrared ab- 
sorption, and transmission electron microscopy has 
conclusively shown the films are a fine-grained, near ly  
stoichiometric, monoclinic ZrO2. 

Film Properties 
GeneraL--The deposits were clear, hard, crystal l ine 

films of ZrO2 which formed a tenacious coating to the 
substrate. Fi lms as thick as 8000A did not  show evi- 

Fig. 3. Transmission electron micrograph of Zr02. Magnification 
83,000X. 

Fig. 4. Electron diffraction pattern of Zr02 

dence of cracking either in  the as-deposited state or 
after a l iquid ni t rogen quench and heat ing to room 
temperature.  

IOC 

8c 

== sc 

4o 
~J 

2O 

650 

Table L Indexing of Zr02 electron diffraction pattern 

d ( h k l )  I / Io  d ( h k l )  
Ring P l a n e  theo -  t heo -  ea lcu-  Observed 

z r 02 n u m b e r  (hkl)  r e t i ea l  r e t i c a l  lated intensity* 
THICKNESS = 0.45/.r 

I (100) 5.05 5 5.15 W 

~ 2 2 5  2 (011) 3.69 15 3.69 W 3 (111) 3.16 100 3.15 VS 
4 (111) 2.84 65 2.82 S 

szs 5 (002), (020) 2.62, 2.60 20, 12 2.60 W 
zsz 6 (021) 2.33 5 2.31 W 

7 (211) 2.21 5 2.20 VW 
8 (211") 1.990 7 1.99 W 

490 9 (022) 1.846 15 1.83 W 
10 (112) 1.802 12 1.80 W 

, SOlO I S/O I I I 4~ I kO0 ' 3/o I ~ L zso ' 2100 11 (221) 1.761 5 1.77 W 
soo 12 (300), (202) 1.693 10 1.68 W 

WAVE NUMSER CM -I 

Fig. 2. Infrared tronsmission spectrum for ZrO2 * W, weak;  S, strong; VW, ve ry  weak;  VS, ve ry  strong, 
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The films did not etch appreciably in  common aque- 
ous acids and bases such as hot I-I2SO4, boiling HC1, 
hot HNOz, boil ing aqua-regia,  49% HF, saturated 
NaOH, and KOH. The HF tended to crack the films 
into a "r iver  pat tern"  and subsequent ly  lift them from 
the substrates. The films did etch slightly in boiling 
phosphoric acid. The removal  rates were 3 A/min ,  
6 A/min ,  and 50 A / m i n  at 180 ~ 190 ~ and 220~ re- 
spectively. The insensi t ivi ty of the ZrO2 films to acids 
and bases may render  it a useful  coating material  in 
a corrosive environment .  

Optical Properties 
Index of refraction.--The index of refraction, n, was 

measured on ZrO~ films deposited on polished silicon 
using a Gaer tner  ellipsometer at a wavelength of 546 
nm. Using the analysis developed by Archer  (8), both 
the index of refraction and the thickness were ob- 
tained. The results of approximately 75 measurements  
on different deposits yielded an index of refraction of 
2.1 _ 0.1. This result  is in excellent agreement  with 
s ingle-crystal  results which show indices of refraction 
of 2.13, 2.19, and 2.20 for the ao, bo, and Co axes, re- 
spectively (9). Wilkens (10), s tudying infrared in ter-  
ference of anodic and thermal  ZrO2, obtained a value 
for the index of refract ion of 2.00 • 0.05 in the wave-  
length region of 1000-7000 nm. 

Optical energy gap.--Specimens were prepared for 
energy gap measurements  by depositing 0.52 ~m of 
ZrO2 on optically flat fused silica substrates. Absorb-  
ance vs. wavelength measurements  were made on a 
Pe rk in -E lmer  202 UV-VIS double beam spectro- 
photometer in  the wavelength region of 200-750 rim. 
No absorption peaks were observed except for a re la-  
t ively sharp edge at approximately 240 nm. It was 
assumed that this edge was due to the fundamenta l  
energy gap absorption. 

The average transmission, T, of optical energy 
through a medium of thickness, x, and absorption co- 
efficient, a, can be wri t ten  as 

TAr = (1 -- R)2 / [exp(ax)  -- R 2 e x p ( -  ~x)] [1] 

where R is the reflectivity. The R 2 e x p ( - -  ~x) term 
arises from considerations involving mult iple  reflec- 
tions. The absolute reflectivity was measured relative 
to a highly polished silicon surface and found to be 
less than  0.03. Considering the small  value of R and 
the  relat ively large values of ~ in the absorption edge, 
Eq. [1] reduces to 

TAV = exp ( - -  ax) [2] 

The spectrophotometer used in this investigation 
records in absorbance, A, which is related to t rans-  
mission by 

T = 1/10 A [3] 

The largest value of A that  can be measured is 1.5 
which corresponds to T = 0.0318. Using Eq. [2] and 
[3], and knowing the thickness, the absorption coeffi- 
cient as a function of photon energy (by) can be ob- 
ta ined from the A vs. Z curve. The values of absorp- 
t ion coefficient measured in the region of the edge were 
on the order of 104 cm -1. These values are indicative 
of direct optical transitions. It  has been shown by 
F a n  (11) that, for the direct allowed transit ion,  the 
absorption coefficient is related to the photon energy 
by  

a(direct) - - "  A (hv -- E~) I/2 [4] 

where A is a constant, and Eg is the direct energy 
gap. Figure  5 is a plot of a ~ vs. hv for a ZrO2 film. The 
l inear i ty  predicted by  Eq. [4] is observed and extrapo- 
lat ion to a = 0 yields an energy gap of 5.12 eV. 

It  has been shown by Vijh (12) that  a correlation 
exists between the energy gap and the heat of forma- 
tion per equivalent  for m a n y  b ina ry  semiconductors 
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Fig. 5. (Absorption coefficient) 2 as a function of photon energy 
for Zr02. 

and insulators. This is expressed a s  

Eg • 20% = 2 4 H : / e q u i v .  [5] 

where ~ H : / e q u i v .  is the heat of formation per equiva-  
lent. Vijh (13) gives a value of AHf ~ (ZrO2) equal to 
--64.5 kcal/equiv.  Subst i tut ing this value into Eq. [5] 
yields an energy gap of 5.5 eV. The exper imental  
value of 5.12 eV is wi thin  the 20% limits. Doyle and 
Clark (14) measured the absorption of ul traviolet  
radiation in ZrO2 and noted a rise in  absorption at 
approximately 5.5 eV. This agrees well with the value 
of optical energy gap obtained in this investigation. 

Na tracer digusion.--Radioactive sodium (Na ~2) as 
NaC1 along with normal  NaC1 was vacuum evaporated 
on ZrO2 films deposited on silicon and on thermal  
SlOe. The total  Na was 220 t imes the radioactive Na 22. 
Diffusions were carried out in a forming gas atmos- 
phere at 600~ for t imes of 22 and 200 hr. 

After  diffusion, the excess NaC1 was r insed off the 
surface and the Na 22 activity measured as a function of 
film thickness. The thickness after each etching step 
was measured on an ul t raviole t -vis ible  spectrophotom- 
eter from reflectivity min ima  (15). Hot phosphoric 
acid (220~ was used to remove ZrO2 at a rate of 
50 A/min .  The Na penetra t ion was determined using 
the technique developed by Buck et al. (16). 

Figure 6a and b are plots of Na22/cm3 vs. depth in 
angstroms for ZrO2 on silicon, for diffusion times of 
22 and  200 hr, respectively. I t  is apparent  from these 
plots that  ZrO2 does not offer an appreciable barr ier  

10'-I=1 Zr  O= on Si 
/ 

600=C 22 Hr 

0 5 0 0  I 000  1500 2 0 0 0  

~" iO = 

iO 17 

i0  j 
O 

Zr O= on Si 
600=C 2 0 0  Hr 

56o ~obo ~5'oo 26oo 

DEPTH in 

2~o0 

Fig. 6. Na diffusion profile for ZrO2 on silicon: a (top), 22 hr; 
b (bottom), 200 hr. 



750 J. E l e c t r o c h e m .  Sot.:  S O L I D  STATE SCIENCE M a y  1971 

0 I0 IT- 
< 

;~ I0 m" 

I0  'a us ZrO~ on SiO= 

Z r02  ~ S i O = - -  

I0'= ~IO'T 
5 0 0  I 0 0 0  1500 2 0 0 0  25'00 

E 
Z r O =  on SiO 2 

i0  m- 

IOJ4" Zr  O= - -  : i~ .n Si 0 = - -  

| 
i013- o 56o iobo  rsbo zobo 25bo 

DEPTH in 

Fig. 7. Na diffusion profile for ZrO2 deposited on thermal SIP2: a 
(top), 22 hr; b (bottom), 200 hr. 

to Na penetrat ion at 600~ For example, in the case of 
the 22-hr diffusion, removal  of the ini t ial  70A of 
ZrO2 leaves 91% of the Na, while similar diffusions 
in  SigN4 show only 3-10% of the Na remaining  after 
removal  of 50A. 

Figure  7a and b are plots of Na~2/cm 3 vs.  depth for 
ZrC~ deposited on approximately  1000A of thermal  
SIO2, diffused for 22 and 200 hr, respectively. The Na 
atoms show a strong tendency to pile up before the 
ZrO2/SiO2 interface. This is evidenced by the fact that 
300A from the interface, 35% of the Na remains, while 
at the interface, only 0.1% of the Na remains  for the 
200-hr diffusion. 

This phenomenon of Na pi le-up at a dielectric- 
dielectric interface has been observed by Tung and 
Caffrey (17) for the A1.203/SiO2 system. They describe 
several possible mechanisms for immobil izat ion of the 
Na; however, none have been verified. A possible 
cause they did not consider may be the presence of 
a large stress gradient  in the deposited dielectric, 
which either immobilizes the Na or serves as an effec- 
tive barr ier  to fur ther  Na penetration.  It has been 
shown by Tauber  and Drum (18) that  a large stress 
gradient  ( ~  2 x 1015 dynes/cm2/cm) exists in pyro-  
lytic A1203 deposited on thermal  SiO2 in the region 
of the observed Na pile-up. It is expected that a simi- 
lar behavior exists in the ZrO2/SiO2 structure. Addi-  
t ional  experiments  are being performed to obtain bet-  
ter  unders tanding  of this phenomenon and to deter-  
mine  whether  it is general  to dielectric-dielectric 
interfaces. 

Electrical Properties 
The electrical measurements  were performed on 

a luminum-z i rcon ium dioxide-sil icon capacitors fabri-  
cated by pyrolyt ical ly depositing ZrOe at 900~ on 
silicon and then filament evaporat ing a luminum in a 
vacuum of 4 x 10 -~ Torr. The a luminum was evap- 
orated through a mask in an: array of dots having 
areas of either 2.01 x 10 -3 cm2or  1.25 x 10 -2 cm 2, de- 
pending on the par t icular  experiment.  A sheet of 
a luminum was evaporated o n  the back of the sam- 
pies. The electrical properties of interest  were: 
(i) d-c conductivity,  (i i)  dielectric constant, ( i i i )  a-c 
conductivity,  ( iv )  dielectric strength, (v) fixed sur-  
face charge, (v i )  interface states, and (v i i )  ZrO~-SiO2 
double dielectric layers. 

D - C  c o n d u c t i v i t y . - - Z r 0 2  films approximately 2000A 
thick were deposited on ~ 0.001 ohm-cm silicon. The 
current-vol tage  characteristics of the AI-ZrO~-Si 
(MIS) structures were measured in a specially con- 
structed test set. The specimen was held in place by 
means of a vacuum chuck and a copper probe was used 
to contact the a luminum dot. The specimen and probe 
were enclosed in a grounded copper box, which was 

flushed with dry  nitrogen. Voltage was applied to 
the specimen by a Kei thley Model 246 constant  voltage 
power supply, and measured on a 610B electrometer. 
The current  was measured by a second 610B elec- 
trometer,  the output  of which was connected to a 
t ime-base x -y  recorder. 

Several  of the specimens investigated showed ohmic 
behavior at low voltages and had conductivit ies rang-  
ing from 10 -12 to 10 -14 ( o h m - c m ) - l .  A par t icular ly  
resistive film having a low field conductivi ty of ap-  
proximately 10 -15 (ohm-cm) - I  was investigated in 
detail. It was observed that the application of voltage 
produced a t ime dependent  current  which decayed to 
a steady-state value. The steady-state cur ren t  was 
measured as a funct ion of voltage for both the polar- 
ities (dot negative and dot positive). 

The current  decay was analyzed for the application 
of a voltage of --2.5V and found to obey the relat ion-  
ship (Fig. 8) 

I ( t )  = At  -0.45 [6] 

for 20 sec < t < 200 sec. It  is obvious that [6] is not 
valid for very short, or very long times. This form of 
current  decay has been observed previously by other 
investigators s tudying dielectric films (19) and they 
have related this behavior to a low frequency loss 
mechanism. This aspect is discussed in a later  section. 

Figure 9 is a plot of the cur ren t  density, J, as a 
funct ion of applied field, E. No ohmic behavior  was 
observed at the lowest detectable currents  ( ~  10-~3A). 
For the dot negative, the J - E  dependence is repre-  
sented by 

J = A E  6 [7] 

over five orders of magni tude  of current.  These data 
have been tested for a J ~ exp (E-) dependence con- 
sidering integral,  fractional, positive, and negative 
values of n, however, no expression was found to fit 
as well  as [7]. The data for the dot positive show 
considerably more scatter, however, two distinct re- 
gions are discernible. At the lower fields a J -=- B E  2~7~ 
relat ionship was obeyed while at the higher fields a 
J = CE 5 relationship yielded the best fit. 

Other investigators have observed high power de- 
pendence for various insulat ing films. Rand and 
Roberts (20) found J ~ E 13-15 for BN, while Argall  
and Jeacock (21) found linear, quadratic, and sixth 
power dependencies for anodized ZrO2. Recently 
Argall  (22) found linear, 3/2, and sixth power laws 
for anodized TiO2. 
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The present  state of the theory of electronic con- 
duction in insulators is not developed to the point 
where a mechanism can be assigned to a power de- 
pendence. A mechanism that may be responsible is 
some aspect of space charge l imited conduction 
(SCLC). The theory of SCLC has been discussed by 
Lamper t  (23) and Rose (24). For  the special cases of 
trap-free,  or shallow trapped material,  the current  
density is given by J ~ E2/l where l is the specimen 
thickness. Rose (24) has investigated the case of an 
exponent ial  dis t r ibut ion of traps, and showed the 
cur ren t  densi ty is given J ~ E~+I/~ t where the pa ram-  
eter t = Tt /T,  and Tt is a tempera ture  characterizing 
the trap distribution. In  the present  investigation, a 
value of t : 5 is obtained which corresponds to a 
characteristic tempera ture  of Tt = 1500~ 

The case of the reverse polari ty was less amenable  
to analysis because of the two stages. It  was observed, 
however, that  if electrons were the conducting species, 
then the silicon was less inject ing than  the a luminum 
contacts. 

Dielectric constant and a-c conduct ivi ty . - -Zr02 
films, approximately  2000A thick, were deposited on 

0.001 ohm-era silicon and contacted with 2.01 x 10 -~ 
cm~ area a luminum dots. The specimens were scribed, 
and port ions were mounted  on TO-18 headers. The 
specimens were placed in  a resistance heated furnace. 
The capacitance and loss tangent  were measured in 
the f requency range of 5 x 10 = to 1 x 105 Hz and the 
tempera ture  range  of 300~176 The measurements  
were performed on a General  Radio Type 1610-t~ 
capacitance measur ing assembly, using the three ter -  
mina l  mode at 0.7V peak-to-peak.  

Dielectric constant.---The dielectric constant  was de- 
termined from the film thickness and capacitance, 
where the thickness was de termined from either el- 
l ipsometry (8) or reflectivity min ima  in the UV-V][S 
port ion of the spectrum (15). Figure  10 is a plot of 
dielectric constant, ~, as a funct ion of f requency at 
various temperatures.  Near room temperature,  e was 
v i r tua l ly  independent  of frequency, however, at ele- 
vated temperatures  some dispersion was noted. Harrop, 
Wood, and Pearson (25), in a review of the a-c prop- 
erties of dielectric films at room temperature,  have 
shown that, in  general, ~ is not f requency dependent  
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Fig. |0. Dielectric constant, ~, as a function of frequency with 
temperature os o porometer. 

in the range of 102-10 ~ Hz. Harrop and Wank lyn  (26) 
measured the room tempera ture  dielectric constant  of 
s ingle-crystal  monoclinic ZrOe of unspecified orienta-  
tion. They found a value of 22 • 3 at 1592 Hz and 
observed a slight decrease with increasing frequency. 
We have made capacitance measurements  on a Boon- 
ton capacitance bridge at 1 MHz and found a dielectric 
constant  of 17 • 0.5. 

A - C  conduct iv i ty . - -The a-c conduct ivi ty  was caIcu- 
lated from the loss tangent  ( tan 5), where tan  5 was 
given by  

tan  b -~ 1/2~fCpRp [8] 

where f was the measur ing f requency in  Hz, C~ the 
parallel  capacitance in farads, and Rp the parallel  re-  
sistance in ohms. The conductivity, =(ohm-cm) -1, 
was related to the resistance and specimen dimensions 
by 

(r : URpA [9] 

where l was the film thickness in centimeters and A 
the contact area in square centimeters. Combining 
[8] and [9] 

= 2~fCp(I /A) tan  5 [10] 

Figures 11 and 12 are plots of the a-c conductivi ty as 
a funct ion of frequency over the tempera ture  range 
investigated. The data over the whole tempera ture  
range  can be represented by 

: C]/3 [11] 

where  # is a temperature  dependent  parameter,  ap- 
proaching uni ty  near  room tempera ture  and decreas- 
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Fig. | | .  A*C conductiYity as a function of frequency, near room 
temperature. 
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ing with increasing tempera ture  to ,~ 0.5 at 573~ 
Similar  conductivi ty behavior  has been observed by 
Morley et aL (19) on vacuum deposited "silicon oxide" 
in the frequency range of 2 x 102 to 104 Hz and the 
temperature  range of 273~176 Argall  and Jon-  
scher (27) also found a similar behavior on evaporated 
"silicon dioxide" and anodized a luminum oxide films 
in the frequency range of 102 to 105 Hz and the tem- 
perature  range of 77~176 Above 105 Hz, they ob- 
served a ~ ~ :f2 relat ionship which they at t r ibuted to 
an electronic hopping process. 

The conductivity results in the range of 10~-105 Hz 
are not amenable  to simple analysis. A possibte ex- 
planat ion that  may be considered is that  the behavior  
results from the remanence  of a low-frequency Debye-  
type loss mechanism. Morley et al. (19), when con-  
sidering the Cole-Cole form of the Debye equation for 
frequencies greater than  the relaxat ion frequency, 
have shown that  the conduct ivi ty can be approximated 
by 

~ eo(es -- e| (2~)~ f~/Tol-~ [12] 

where Co, es, and e| are the permit t iv i ty  of free space, 
the static, and the high frequency limits of the real 
part  of the dielectric constant, respectively. ~o is the 
mean, or most probable relaxat ion time, and repre-  
sents the width of the dis t r ibut ion of re laxat ion times. 
For a broad distr ibution of relaxat ion times, as would 
be expected at low temperatures,  t~ ~ 1, while as the 
temperature  increases and the dis t r ibut ion narrows, 

-~ 0. Argal l  and Jonscher  (27), using similar  argu-  
ments concerning the remanence of a low frequency 
loss mechanism, have shown that  a similar  ~ vs. 
relationship should result. 

Dur ing  the course of this work, no low-frequency 
loss peak was observed, however, such behavior may 
be inferred from the current  decay discussed previ-  
ously. Morley and co-workers (19) in their  work on 
silicon dioxide observed a s imilar  current  decay, ex- 
cept they obtained data at very short times where 
expression [6] is no longer applicable. Using the 
t ransform from d-c decay to dielectric loss factor, 
developed by Hamon (28), they showed that  a loss 
peak should occur at 5 x 10-~ Hz. We can speculate 
that  a similar behavior  is applicable for the ZrO2 
films. The low-frequency dispersion is usual ly as- 
sociated with interracial  polarization. Fur ther  mea-  
surements  at lower and higher frequencies are neces- 
sary to firmly establish the conduction mechanisms 
in these films. 

Dawson and Creamer (29) measured the tempera-  
ture dependence of the a-c conductivi ty at 1592 Hz on 
anodic ZrO2 films in  the tempera ture  range of 80 ~ 
290~ They at tempted to fit their  data to an Arrhenius  
plot (log ~ = l / T ) ,  however, eXcept for a nar row tem- 
perature range (250 ~ ~ T ~ 290~ the agreement  
was poor. They extracted an activation energy of 
z~E ~ 0.56 eV from the h igh- tempera ture  results. 
Argall  (22), and Argal l  and Jonscher (27) have 
questioned the use of an Arrhenius  plot for a-c con- 
ductivity. They showed that  for "silicon oxide," a lumi-  
num oxide, and t i t an ium oxide films the data can be 
better  represented by log ~ = T, ra ther  than  log ~ 
1/T. 

Figures 13 and 14 are plots of log ~ vs. 1/T and 
log �9 vs. T, respectively, for the ZrO2 films for var i -  
ous frequencies. It  is obvious from Fig. 13 that  the 
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data do not follow the log ~ ~ 1/T behavior  below 2 x 
10 ~ Hz, whi le  at higher frequencies, the Arrhenius  
behavior  is approximated fair ly well. Referr ing to 
Fig. 14 it is seen that  the results can be expressed by 
l og  �9 ~ T above some temperature ;  the tempera ture  
at which this behavior  is applicable increases with 
increasing frequency. At present,  there is no in ter -  
pretat ion available which readi ly explains the ob- 
served behavior. 

The in terpre ta t ion  of the a-c conduct ivi ty results 
for ZrO2 films prepared by CVD leaves several unex-  
plained observations. It  appears that, in  general, the 
results are similar  to those,  obtained from several  
other dielectric films prepared by various techniques. 

Dielectric strength.~Zr02 films in the thickness 
range of 500 to 3600A were deposited on 3-7 ohm-cm 
silicon and contacted with a luminum dots, 2.01 x 10 -~ 
cm ~ in  area. The breakdown voltage was measured 
on the capacitor s t ructure  in a capacitance-voltage 
(C-V) test set. A Boonton capacitance meter  was con- 
nected to the y-channel  of an x -y  recorder, while the 
ramp voltage was connected to the x-channel .  Volt- 
age was increased on the metal  dot at a rate of 1.5 
V/sec, unt i l  an appreciable current  ( ~  1 ~A) caused 
a voltage drop wi th in  the test set. The thickness of 
deposit under  each dot tested was calculated from the 
accumulat ion capacitance. 

The results of approximately 30 measurements  on 
various slices yielded a dielectric s trength varying  
between 1 and  2 x 106 V/cm, independent ly  of thick- 
ness and polarity. This value is less than that which 
has been found for pyrolytic A1203, Si3N4, and SiO2 
(5-7 x 106 V/cm) .  

Metal-Insulator-Semiconductor (MIS) Properties 
High frequency (106 Hz) room temperature  C-V 

measurements  were made on pyrolytic ZrO2 deposited 
on 3-7 ohm-cm (100) silicon and contacted with 2.01 
x 10 -~ cm 2 a luminum dots. The resul t ing capacitor 
exhibi ted extreme instabil i ty wi th  a negative bias on 
the field plate. To minimize the effect of the instabi l -  
ity, the C-V traces were made be tween 0 and 4.8V. 
Figure 15 shows a C-V plot for a typical  ZrO2 deposit. 
In  this case the film thickness was 2030A and the flat- 
band voltage (VFB) 1.08V. 

The relat ionship between VFB and fixed surface 
charge density NFC, is given by  

N~cq L 
V F B  : ~ M S  [13] 

RE o 

where ~MS is the work funct ion difference between 
the metal  and the semiconductor, q is the charge on 
the electron, the other quanti t ies have been defined 
previously. Figure 16 shows the V F B  dependence on 
thickness, where the data were obtained on a single 
slice exhibi t ing a thickness gradient.  The s t ra ight- l ine  
dependence predicted by [13] is observed. Values of 
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~MS and NFC, obtained from the least squares fit of 
the data, are --0.41V and --7.4 x 10tl/cm 2, respec- 
tively. The value of ~MS is in reasonable agreement 
with the theoretical  value (--0.32V) for the silicon 
subs t ra te -a luminum contacts used. Other ZrO2 de- 
posits resulted in values of NFC ranging from --6 x 1011 
to --1 x 1012/cm2. 

As ment ioned previously, the ins tabi l i ty  under  
negative bias was extremely pronounced. For a field 
of --4 x 105 V/cm, the V F B  shifted approximately 
+ 4V in 3 rain. The direction of the shift indicates the 
presence of more negative charge near  the interface 
and probably  results from the t rapping of injected 
charge in the insulator.  

The distr ibution of interface states in the band  gap 
was measured using the quasi-static technique de- 
veloped by Kuhn  (30). Figure 17 is a plot showing the 
dis tr ibut ion of interface states (Nss in cm -~ eV-1) .  
Near the band  edges the values are on the order of 
10 TM cm -2 eV -1, while near  mid-gap they approach 
1011 cm -2 eV -1. This is comparable to results ob- 
ta ined for Nb205 deposited by CVD on silicon (3). 
We cannot be certain that  these interface states are 
the result  of the interface be tween the silicon and the 
pyrolytic ZrO2. They may  be due to the si l icon-native 
SiO2 interface. 

Double Dielectric (MIOS) Properties 
C-V measurements,  s imilar  to those described pre-  

viously, were made on sandwiches of a luminum-pyro -  
lytic ZrOa (--  2000A)- thermal  SiO2 (~- 1000A) and 
silicon (MIOS). 

Values obtained for ~lTFs o n  this s t ructure  were ap- 
proximately  0.18V. It has been well documented (31) 
that  thermal  SiO2 grown in this laboratory and an-  
nealed in hydrogen at 900~ has a fixed charge of: 
NFC ~ 4 x 101~ 2. Considering SiO2 and ZrO2 as a 
single insulator, and accounting for the differences 
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in e, this fixed surface charge should correspond to a 
value of VFB of ~, --0.6V. Thus, we observe a dis- 
placement in VFB of 0.8V due to the presence of the 
second insulator.  A similar displacement has been ob- 
served for A120~ deposited on SiO2 (31). Possible 
causes of this displacement have been discussed by 
Nigh (31) : 

1. A sheet of negative charge near  the insulator-  
insulator  interface. 

2. A contact potential  or barr ier  energy at the in-  
sula tor- insulator  interface. 

3. Changes in the meta l - insula tor  barr ier  height 
when ZrOu is subst i tuted for SIO.2. 

It is at t ract ive to invoke mechanism 1 to explain 
the observed behavior, since a sheet charge of - - l x  
1012/cm 2 near  the Zr~2-SiO~ interface, for a 2000A 
ZrO2 film, would account for the displacement. It has 
been shown by Adda and Nigh (32), from etching 
experiments  on the A1203-SiOz system, that mechan-  
ism 1 cannot  completely account for the behavior. It  
is noteworthy that  the flatband displacement phe- 
nomenon is not peculiar  to A1203, but  occurs for other 
insulators as well. 

The double dielectric system exhibited an instabi l i ty  
of the VFB with application of negative bias to the 
field plate. For an ini t ial  field of 1.7 x 105 V/cm across 
the ZrO2, the VFS increased --- 2.0V in 103 min. The 
VFS shift depended on cumula t ive  t ime at bias as 

~VFB --~ K log t [14] 

Charging the MIOS capacitor to saturat ion at the 
same field, and discharging with the front and back 
contact shorted resulted in a discharge rate of ap- 
proximately  10% of the: charging rate. 

Conclusions 
1. A f ine-grained ( ~  325A), near  stoiehiometric, 

monoclinic ZrO2 can be produced by CVD in the tem- 
perature range of 800~176 uti l izing the reaction 

ZrCl~ + 2CO~ + 2tt2 ~ ZrO2 + 2CO + 4HC1 

The films were resis tant  to at tack by  most aqueous 
acids and bases. 

2. The index of refraction of the films was 2.1 • 0.1 
at 545 nm and the optical energy gap was equal to 
5.12 eV. 

3. The d-c conductivi ty was investigated and the 
J-E dependence was represented by  J ~ E ,~. It is 
hypothesized that  the behavior  results from a form 
of SCLC with the insulator  containing an exponent ial  
dis t r ibut ion of traps. 

4. The a-c conductivi ty depended on frequency in 
the range of 5 x 102 to 1 x 10~ Hz, as ~ ~ f~ where  

~ 1 at 300~ and ~ ~ 0.5 at 573~ This behavior 
may result  from the remanence  of a low-frequency 
loss mechanism. 

5. C-V measurements  indicated that  the films con- 
tained a density of interracial  negative charge which 
varied between --6 x 10 ~1 and --1 x 10 TM cm -2. Double 
layer (ZrO2/SiO2) measurements  indicated the pres-  
ence of the ZrO2 shifted the VFB approximately 
+ 0.8V. 

6. The 1 MHz dielectric constant  was found to be 
17 • 0.5 and the dielectric s t rength varied between 
1 and 2 x 1O 8 V/cm. 
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ABSTRACT 

The te rnary  subsolidus phase equil ibria has been determined for that  
portion of the system containing less than 50 m/o  (mole per cent) P205. 
Limits of solid solution along the orthophosphate join were determined for 
Ca3 (PO4) 2, Mg3 (PO4) 2, and Ca3Mg3 (PO4) 4. The 3: 3:2 compound had a rapid, 
reversible inversion at 1104~ and melted incongruent ly  at 1175 ~ __ 5~ 
CaMgP~Ov melted incongruent ly  at 1120 ~ _ 5~ The Eu 2+- and Tba+-acti  - 
vated emission of CasMg~ (PO4)4 and associated solid solutions were examined 
under  2537 and 3650A excitation, and the Mn2+-act ivated emission of 
CaMgP~Ov was examined under  cathode-ray excitation. 

The b inary  compounds in the systems CaO-P205 and 
MgO-P~O~ have been reported by various authors to 
exhibit  impur i ty-ac t iva ted  luminescence. This investi-  
gation was therefore under taken  to study the subsoli- 
dus equil ibria  in the system CaO-MgO-P20~ and to 
explore for possible phosphor hosts among the te rnary  
compounds and solid solutions. 

A large volume of l i terature  has been published on 
the CaO-P205 (1-7) and MgO-P~O5 (8-12) systems. 
Seven compounds, which can be prepared by solid- 
state reaction, have been reported for the CaO-P20~ 
system and three have been reported for the MgO- 
P205 system. A convenient  summary  of these com- 
pounds, their various polymorphs, and symmetry  data 
are listed in Table I. 

Doman et al. (13) found that the CaO-MgO system 
was a simple eutectic type with small  regions of solid 
solution (s.s.) at both ends, the CaO s.s. being ap- 
proximately  twice as extensive as the MgO s.s. 

The orthophosphate join was investigated by Ando 
(14) and by Slawski (15). They both reported an in-  

termediate  compound Ca~NIg3(PO~)~, which melted 
incongruent ly  at 1175~ Ando reported a phase dia- 
gram which indicated solid-solution regions about 
Ca3Mg~ (PO4)~ and at both ends of the join. The solidus 
line between Cas (PO~)2 s.s. and Ca~Mg~ (PO4)~ s.s. was 
at 1175~ and that  between Ca3Mgz(PO~)4 s.s. and 
Mg~(PO4)2 was at 1120~ With  increasing amounts  of 
magnesium, the ~ --> ~-Cas(PO4)~ t ransi t ion tempera-  
ture was raised, and the /~ form was stabilized. These 

* Electrochemical  Society Act ive  Member.  
K ey  words" CaaMg~(PO4)4, CaMgP~O~, Eu-"+ emission, subsolidus 

equilibria, Tb ~+ emission. 

solid-solution regions were also reported by Slawski, 
but, in addition, he reported two polymorphic t rans i -  
tions of Ca3Mg3(PO4)4, 7 ~ ~ ~ ~, with t ransi t ion 
temperatures  of 1006 ~ and 1104~ respectively. 

The pyrophosphate join was investigated by Bo- 
brownicki  and Slawski (16) and by  Slawski (17). 
Bobrownicki  and Slawski reported an intermediate  
compound, CaMgP2Oz, which melted incongruent ly  at 
1127~ The solidus l ine be tween Ca2P2Oz and 
CaMgP207 was determined to be 1116~ and that be-  
tween CaMgP207 and Mg2P207 to be 1127~ No data 
were reported for the region 90 to 100 w/o  (weight per  
cent) Mg2P.~OT, al though a Ca2P207 solid solution was 
claimed to extend to approximately 2 w / o  Mg2P2OT. 
The x - r ay  diffraction data which were given for 
Ca2P207 corresponded to that  of the ~ form, which 
indicated that  as the magnesium content  increased, the 

or h igh- tempera ture  form was stabilized. This was 
just  the reverse of the situation for the orthophosphate 
where a low-tempera ture  form was stabilized. Slawski 
(17) later reported the in termediate  compound to be 
Ca4Mg2P6021 which melted incongruent ly  at 1140~ 
He also reported solid-solution regions at both ends of 
the join, the Ca2P207 s.s. (7% at 1140 ~ being about 
three times as extensive as the Mg2P207 s.s. (2% at 
1126 ~ The join Ca3Mg3 (PO4)4-Mg2P207 contained a 
eutectic at 1056 ~ and 24 w/o  Mg2P2OT. The composition 
and temperature  of two te rnary  eutectics were given. 

The fluorescence of Eu 2+ in Ca~Mg3 (PO4)4 has been 
described by Wanmaker  and ter Vrugt  (18). They re-  
ported an emission peak which varied between 440 
and 460 nm and a t t r ibuted this to the presence of more 

Table I. Compounds in the binary systems 

CaO-P~05 
Compound Composition Polymorphs Symmetry Re~. 

Te t raea lc ium phosphate  Ca4P.-O9 P21 I,  2 
Calcium or thophosphate  Cas(PO~)2 --4(} 35 1180 143(} R3c(8), P21/a(a) 1, 3, 4, 5 

Calcium pyrophosphate  Ca.,.P~O~ 750 1150 P ~  (8), Ortho (~) 1, 5, 6 

Heptacalcium phosphate CaTPloO~ 1 
Calcium metaphospha te  Ca(POD~ 963 P2~/a(8) 1, 4 

Dicalcium hexaphosphate  Ca~_P,O~ 1 
Calcium te t raphosphate  CaP40~ P2t /n  1, 7 

MgO-P20~ 
Magnesium orthophosphate Mg~(PO~)2 ~.-~1000 8, 9 

8 ' ~ (?) 
Magnesium pyrophosphate Mg.~P,~O~ ~68 B21/c(c~), C2/m(~) 8, 10, 11, 12 

c~ >8 
Magnesium metaphosphate Mg (PO~) 2 8 

755 
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Table II. Compositions, heat treatments and phases in the ternary 
system 

The Ca~(POD~-Mg~(POD~ Join 

H e a t  
Composition ( m / o )  t r e a t m e n t  

C a O  Ca~(PO~)~ ( ~  Phase s*  

72.0 96.0 1200/12 ~-C:~P (s.s) 
70.0 93.4 1275/12 ~- C:,,P (s.s) 
64.0 85.3 1100/12 fl-C~P 
60,0 80.0 1150/12 ~-C~ + CaMsPe 
52.5 70.0 1150/12 #g-C~P + C~MaP2 

127'5/12 M e l t e d  
45,0 60.0 1150/12 C:~M~P2 + #g-C~P 

1275/12 M e l t e d  
41.5 55.3 I I 0 0 / 1 2  C,jIVI~P~ + fl-C~P 

1200/12 M e l t e d  
40.0 63.3 1100/12 C~M~P~ (s.s.) 

1200/12 M e l t e d  
37.5 50.0 1100/12 CaM~P~ 

1150/12 C~M~P~ 
33.0 44.0 1100/12 C~NIzP~ (s.s.) 

1200/12 M e l t e d  
30.0 40.0 1020/12 C~IVI~P~(s.s) + MaP 

1150/12 M e l t e d  
25.0 33.4 1020/12 CuM~Pe + M~P 

1100/12 M e l t e d  
15.0 20.0 1020/12 MaP + C~M~P~ 

1100/12 M e l t e d  
ii,0 14.7 Ii00/12 MaP + CaMaP~ 

7.5 10.0 1100/12 MaP + CaMaP~ 
3.0 4.0 1200/12 M~P (s.s.) 

T h e  Ca2P~O~-MgsP207 j o i n  

H e a t  
Composition ( m / o )  t r e a t m e n t  

C a O  Ca2P207 ( ~ C / h r  ) P h a s e s  * 

60,0 90.0 1050/12 ~-C,~P + C M P  
50.0 75.0 1050/12 /~-C~P + C M P  
40.0 fi0,0 I050/12  CMP + ~-C-~.P 
35.0 52.5 1050/12 CMP + ~-C~P 
33.3 50.0 1050/12 C M P  + f l -M~P(Tr)  
32.6 48.0 1050112 C M P  + fl-M.~P(Tr) 
30.0 45.0 1050/12 C M P  + ~-M.~P(Tr) 
20.0 30.0 1050/12 C M P  + ]~-M.~P(Tr) 
I0.0 15.0 1050/12 fl-M2P + CMP 

5.0 7.5 1050/12 ,8-M2P + C M P  

T h e  Ca(PO~)s-Mg(P03)2 join 

H e a t  I n i t i a l  
C o m p o s i t i o n  ( m / o )  t r e a t m e n t  m e l t i n g  

C a O  Ca(PO3)~ ( ~  P h a s e s *  { •176  

45.0 90.0 600/12 ~ - C P  + X 905 
40 80.0 600/12 x + ~ - C P  870 
35,0 70.0 600/12 X + ~ - C P  900 

400/24 R X G t  X" 
6O0/24 R X G  X 
850/24 R X G  X '  

30.0 60.0 600/12 X + ]~-CP + M P ( T r )  915 
25.0 50.0 600/12 X + M P  910 
20.0 40,.0 800/12 X + M P  930 
15.0 30.0 600/12 M P  + X 950 
I0.0 20.0 600/12 M P  + X 985 

5.0 10.0 600112 M P  + X 1010 

Ternary compositions 

Experimental 
Phase equilibria studies.--Reagent grade CaCO3, 

MgCO3, and (NH4)2HPO4 were used in preparing the 
compositions listed in Table II. The star t ing materials  
were thoroughly mixed with acetone and then heated 
to 300 ~ 500 ~ 700 ~ and 900~ in p la t inum crucibles. 
Compositions containing 50 m/o  (mole per cent) P20~ 
or more were heated to 100 ~ 200 ~ , 300 ~ , and 500~ 
The samples were remixed with acetone after each 
heat t reatment .  Pellets of 1/2 in. diameter  were pressed 
to approximately 1/4 in. thickness and heat treated at 
various temperatures  and times. Several  compositions 
containing 40 m/o  or more of P205 were melted and 
then recrystallized at various temperatures  and times. 

Routine phase identification was determined by a 
Norelco x- ray  diffractometer using nickel-fi l tered 
CuK~ radiat ion and a scanning rate of 1 ~ 20/min. For 
the solid-solution studies a scanning rate of 1/4 ~ 
20/min and silicon external  s tandard were used. 

A Model 6000 Griffin-Telin hot-stage microscope 
with an argon atmosphere was used to determine the 
melt ing points of the two t e rna ry  compounds and as 
a check for rapid, reversible polymorphic inversions. 

Luminescence.--Starting materials  for phosphor 
preparat ion included luminescent  or reagent  grade 
CaHPO4, CaCO3, basic magnes ium carbonate, 
(NHD 2HPO4, Eu20s, Tb40~, and MnCO3, and especially 
prepared MgNH4PO4. 

The compositions which contained europium were 
mixed in acetone and air fired in  fused silica crucibles, 
followed by a reducing heat t rea tment  in forming gas. 

Spectral  dis t r ibut ion curves were obtained on a 
direct reading spectroradiometer corrected for photo- 
cell response. The procedures for excitation and emis- 
sion measurements  have been previously described 
(19). 

Results and Discussion 
Phase equilibrium relationships.--The data presented 

in Table II were used to construct the subsolidus phase 
diagram given in Fig. 1. The orthophosphate and 
pyrophosphate joins were investigated in more detail 
than  the remainder  of the system because of the 
presence of the two te rnary  compounds. 

Orthophosphate jo in . - -The  results of the present  in-  
vestigation agree qual i ta t ively with the previous re- 
sults of Ando (14) and Slawski (i5) about the exist- 
ence of solid solutions in the neighborhood of the com- 
pound 3CaO'3MgO-2P205 (3:3:2) .  However, quant i -  
ta t ively there  is considerable disagreement.  Ando's  
diagram showed only calcium-rich solid solutions, and 
Slawski claimed solid solutions in the range 50-54.13 

H e a t  
Composition ( m / o )  t r e a t m e n t  
C a O  MgO (~ Phases* 

43.0 42.8 1100/48 ~-C~P + M 
40,0 40.0 1050/24 C3P + C~r + M 
27,5 54.5 1100/24 C~M~Pa + M 
52,7 18.0 1000/34 ]~-C3P + C M P  
35,0 35.0 1050/24 C.AVIaP~ + a M P  
18.0 52.7 1000/34 CsM3P2 + ~-M2P 
30,0 30.0 850/12 M P  + f l -CsP + C M P  
28,5 28.5 900/12 M P  + fl-C~P + C2~IP 
14,0 43.0 900/12 M P  + C M P  
45,0 10.0 760/24 X + f l -CP  + fl-C2P 

400/24 HXG% Glass 
650/48 R X G  
600/24 R X G  X + ~]-CP + ~-C=P 

34.0 I0 .0  600/48 X + ~ - C P  
400/24 RXG X + ~8-CP 
600/12 R X G  X + ~-CP(Tr) 
700/12 R X G  X + ]~-CP 

* C = C a O ;  M = M g O ;  P = P205; T r  = t r ace .  
t R X G  = r e c r y s t a l l i z e d  glass. 
X,  X 1 = u n i d e n t i f i e d  p h a s e s .  

than  one activator site. Quan tum efficiency of their  
mater ia l  was 52%, and good brightness  was ma in -  
tained up to 200~ They did not indicate that  they 
were aware of the Ca3Mg3 (PO4)4 solid solutions. 

/• 
A - C o M g P 2 0 7  

7 \ 

C a O  M~O 

Fig. 1. Compatibility triangles and solid solubility in a portion 
of the system CaO-MgO-P205. 
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m / o  C a 3 ( P O 4 ) 2 .  It  has now been shown that  the solid 
solutions extend approximately twice as far in the 
direction of Mg3(PO4)2 as in the direction of 
Ca3(PO4)~. Very accurate 20 measurements  obtained 
by slow scanning on solid solutions along the join 
using silicon standardizat ion indicated the following 
regions of solution: 

1. 0.0 to ~-3.0 m/o  CaO at 1020~ 

[~0-4.0 m/o  Ca.3(PO4)2] 

2. ~30.0 to ~40.0 m/o  CaO at 1020~ 

[40-53.3 m/o  Ca3 (PO4)2] 

3. ~70.0 to 75.0 m/o  CaO at l l00~ 

[,~93.4-100 m/o  Ca3(PO4)2]. 

It  should be emphasized that  scanning at 1/4 ~ 2~/min 
did not  reveal  differences between the d spacings of 
these orthophosphate solid solutions and the parent  
compound. This is not inf requent ly  the case in oxide 
systems. The limits of solid solubili ty were estimated 
rather  closely by the appearance of a second phase in 
x - r ay  diffraction pat terns and by the optical micro- 
scope, the lat ter  being a more sensitive indicator in 
this par t icular  system. 

One polymorphic t ransi t ion reported by Slawski (15) 
for the 3:3:2 compound was confirmed at 1104 ~ by 
DTA, and it was found by quenching methods to melt  
incongruent ly  at 1175 ~ __. 5 ~ 

Pyrophosphate join.--The data reported by Bobrown-  
icki and Slawski (16) for the pyrophosphate join were 
confirmed. However, the presence of an intermediate  
compound with the composition Ca4Mg2P6021 reported 
by Slawski (17) seems highly unlikely. The data given 
in Table II show that the intermediate compound was 
present in all the compositions. However, a change in 
the composition of the second phase from ~-Ca2P.,O7 to 
~-Mg~,P.,O7 occurred between the compositions con- 
taining 35.0 and 33.3 m/o CaO. The latter composition 
is CaMgP.~OT, and all compositions near it contained 
large amounts of the intermediate compound, whereas 
the composition corresponding to Ca4Mg2PsO21 (44.5 
m/o CaO, or 66.7 m/o Ca2P207) was in a region where 
the compositions contained lesser amounts of the in- 
termediate compound. The melting behavior of these 
compositions also indicated that the intermediate com- 
pound was CaMgP2Ov and not Ca4Mg~P6021. Just above 
the solidus, microscopic examination showed that the 
compositions ranging from 60.0 to 33.3 m/o CaO con- 
tained liquid and needle-shaped crystals. The pro- 
portion of crystals increased with increasing amounts 
of magnesium, and the composition CaMgPeO7 yielded 
only crystals. Thus it was concluded that the inter- 
mediate compound had the composition CaMgPeOT. No 
region of solid solution surrounding CaMgP2Ov was 
indicated by the x-ray diffraction data, and the in- 
congruent melting was confirmed at 1120 ~ • 5~ The 
solidus temperatures between ~-Ca2P2Ov and CaMgP2Ov 
and between CaMgP207 and /~-Mg2P207 were deter- 
mined to be 1115 ~ and 1120~ respectively, in agree- 
ment with those reported by Bobrownicki and Slaw- 
ski. No attempt was made to check the extent of solid 
solution in Ca2P20~ or MgsP2OT. Compositions con- 
taining 50 m/o CaO or less formed glasses easily, 
whereas the composition containing 60 m/o CaO could 
not be quenched to a glass on the microscope stage. 
X-ray diffraction data on the ortho- and pyrocom- 
pounds are given in Table Ill. 

Metaphosphate join.~Only cursory experiments were 
made in this region, and two unknown phases (X and 
X') were found. One (X) was present in every com- 
position, but it was especially prominent in the com- 
positions containing 35.0 and 30.0 m/o CaO. The other 
unknown phase (X') occurred only in the composition 
containing 35.0 m/o CaO which was recrystallized 
from a glass at 400~ or 850~ hr. If this glass 

Table III. X-ray diffraction data for ternary compounds 

CaaMg~(POD4 (1275~ h r )  CaMgP.2D7 (1050~ br) 
d I / I i  d I / I z  

8.42 20 4.39 10 
6.11 20 4.14 S 
5.01 30 3.23 15 
3.87 60 3.14 5 
3.75 90 3.05 75 
3.25 20 3.01 85 
3.11 5 2.91 10 
3.05 25 2.84 100 
2.82 100 2.73 8 
2.75 20 2.60 5 
2.71 20 2.43 5 
2.51 60 2.32 8 
2.17 10 2.16 8 
2.14 15 2.10 10 
2.02 10 2.04 8 
1,877 25 
1.807 10 
1.629 I0 
1.605 10 

composition was recrystallized at 600~ hr, it 
yielded the unknow n  phase (X) identical  with that  
seen in compositions which were prepared by solid- 
state reaction. Two compositions, one on either side of 
the metaphosphate "join," were prepared by solid- 
state reaction and by recrystal l ization from a glass in 
an at tempt to locate the u n k n o w n  phases, but  no suc- 
cess was achieved. All  the compositions along the 
metaphosphate "join" were slightly hygroscopic except 
those containing less than  15 m/o  CaO. Although the 
temperatures  of ini t ial  mel t ing listed in Table II are 
somewhat erratic, they do indicate a gradual  increase 
in mel t ing tempera ture  with increasing amounts  of 
magnesium. All  these data indicated that  the meta-  
phosphate "join" was not a t rue join or a b inary  sec- 
tion similar to the ortho- and pyrophosphate joins and 
that  at least one other t e r n a r y  compound may exist in 
the system in the region near  35 m/ o  CaO, 18 m/o  
MgO, and 47 m/o  P205. A major  effort would have to 
be made to clarify the phase relations in this portion 
of the system, but  this was not  considered to be within 
the scope of the present  work. 

Luminescence.--The two compounds in the syste m 
were prepared with known activators such as lV[n 2+ , 
Eu 2+, Sn 2+, V 6+, TD 3+, Dy 3+, Eu 3+, and several com- 
binat ions for double activation. Of these, Eu 2+ and 
Tb 3+ in the orthophosphate and Mn 2+ in the pyro-  
phosphate were found to be the most efficient. Com- 
pound formation and the absence of second phases 
were always verified by x - r ay  diffraction. 

Ca3Mg3 (PO4) 4: Eu 2 + . - T h e  emission spectrum peaks 
in the blue region and changes slightly in position and 
half -width  as the composition varies between the 
solid-solution limits. Figure  2 shows the spectral dis- 
t r ibut ion of two phosphors with compositions at either 
end of the solid-solution region. Compositions were 
prepared by firing at 1100 ~ for 6 hr, followed by a 
t rea tment  at 1050~ ~ in a reducing atmosphere of 
about 2.5% H2 in N2. 

Figure  3 shows the shift of the emission peak with a 
var iat ion of the Ca e+ content in the solid solution (Eu 2+ 
at 0.06 mole or lower),  compared with the emission of 
the end member  compounds. The shift is l inear  between 
Ca3.00Eu0.06Mg2.94 (PO4)4 and Ca~.34Euo.06Mgs.60 (PO4)4. 
Beyond these limits, the spectra showed no shift other 
than that  which could be a t t r ibuted to the presence of 
the b inary  end member,  indicat ing that  the  solid- 
solution limits determined by  this method are in good 
agreement  with those obtained by  the phase equil ib-  
r ium studies. If the Eu 2+ is increased at the expense 
of Ca 2+, the peak emission is shifted to longer wave 
lengths and the ha l f -width  is increased. In  both types 
of formulations, the absolute peak intensi ty  decreased 
as the ha l f -width  increased, as shown in Table IV. 

The increase in ha l f -width  is the result  of an asym- 
metric spectral distribution, skewed toward longer 
wavelengths,  which probably indicates that  several 
different site symmetr ies  are available to the Eu 2+ 
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Fig. 2. Emission spectra for C a 2 . 3 4 E u o . o 6 M g 3 . 6 o ( P O 4 ) t  

Ca3.18Euo.o6Mg2.76(P04)4 under 2537.& excitation. 
and 

480 

470 

c 
i 4 6 0  

F- 
~450 
uJ 
.J 

440 

~ 4 3 0  

uJ 420 r 

410 

.(2 FORM 

/ 
/ 

/ 

~FORM 

. \  / 
/ 

I I I I i 
5.0 4.0 3.0 2.0 1.0 

X 
Fig. 3. Peak wavelength at Ca6-xEuo.06Mgx(P04)4 series com- 

pared to end member orthophosphates (2537 excitation), 

activator. As the sites are occupied by Eu 2+, broad-  
ened spectra and concentrat ion quenching occur. The 
m i n i m u m  Eu2+-Eu 2+ interact ion occurs at the high 
Mg end, where considerable subst i tut ion of Mg 2+ 
(radius 0.67A) has occurred in Ca 2+ sites (radius 
0.99A). The incorporation of Eu 2+ (radius 1.12A) for 
Ca 2+ could occur in sites largely surrounded by the 
smaller  Mg cations, permit t ing some compensation for 
the large size differences in the structure,  and min i -  
mizing the Eu2+-Eu 2+ interaction.  

Good agreement  was found with the emission spectra 
for ~-Ca~(PO4)2:Eu 2+ and #-(Ca,Mg)3(PO4)2:Eu 2+ 
previously reported by Wanmaker  and ter Vrugt (18). 
The fluorescence of Mg3(PO4)2:Eu 2+, with a weak 
emission at 425 nm, has been reported by Lagos (20), 
who found that  the orthophosphate was the only mag-  
nesium phosphate compound which would accept Eu 2 +. 

Table IV. Spectral data for orthophosphate compositions 

P e a k  I/2 w i d t h  
C o m p o s i t i o n  I n t e n s i t y  (nm)  (nm)  

Ca2.~Euo. 4oMg3. eo (POD ~ 55 450  84 
Ca2.~oEuo. ~Mg3.eo (POD �9 70 443 65 
Ca2.30Euo. 10Mga.eo (P04)~ 98 440 61 
Ca~.~Euo.o~Mga.eo (POD 4 100 439 60 
Ca=.ssEuo.o~Mgs.eo (PO~) ~ 93 433 56 
Ca=.~Euo.~/Igs.oo ( POD ~ 60 452 85 
Cas.~Eus.oeMg=.~e (POD 4 45 452 85 
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Fig. 4. Excitation curve for Ca~z.a4Euo.08Mg3.60(P04)4 against 
sodium salicylate standard, detected wavelength is 440 rim. 

About 4% Ca3(PO4)2 is soluble in Mg3(PO4)2, and 
apparent ly  Eu3(PO4)2 can also be incorporated in 
minor  amounts.  

An approximation of the qua n t um efficiency at 62% 
was made by comparing the spectra shapes of the 
phosphor and sodium salicylate, using a QE of 64% 
for the latter. The phosphor is responsive to both 2537 
and 3650 excitations, as shown in  Fig. 4. The optimized 
phosphor was tested in 40W lamps, as shown in Table 
V. 

Ca3Mg3 (PO4) 4:Tb 3 + . - C a l c u l a t e d  as a substitute for 
Ca 2+, Tb 3+ was found to requi re  the formation 
of cation vacancies with the general  formula 
Ca6.x~yTb2u[:]yMgx (PO4) 4. When charge compensation 
with an alkali  was tried, (Na, Li, K, Rb),  the br ight-  
ness decreased substantially.  The opt imum brightness 
was again obtained at the magnesium end of the solid- 
solution range, x = 3.60 and y = 0.05 in the above 
formula. Emission intensities varied with Tb 3+ con- 
centration, and the emission from the 5D3 level (blue) 
i squenched  relat ive to 5D4 levels (green) as the con- 
centrat ion is increased. This effect was found when 
changing the Tb 3+ content  on the magnes ium end of 
the solid solution by  increasing the value of y and 
also by increasing the value of x from 2.40 to 3.60 at 
a constant  Tb concentration, which would increase 
the Tb 3 +-Tb 3+ interaction.  

The absolute brightness of this phosphor is quite 
low, with a peak intensi ty  of 50% of sodium salicylate, 
under  2537A excitation. The excitat ion curve (Fig. 5) 
shows very poor response to the 2537A radiation, but  
it is about ten times as efficient under  215 nm excita- 
tion when absorption can occur directly into the 5d 
band of Tb 3+. The phosphor is considerably more effi- 
cient under  cathode-ray excitation, but  the mater ial  is 
unstable  and decreases in in tensi ty  with time. At-  
tempts to obtain a brightness evaluat ion or even to 
record the spectra were unsuccessful due to the rapid 
change in the phosphor. 

CaMgP207:Mn2+.--When activated with Mn 2+, this 
phosphor responds to cathode-ray excitation, emit t ing 
in the orange-red region, with a moderately long after-  
glow. Par t ia l  subst i tut ion of up to 15% Zn for Mg in-  
creased the brightness. Decay measurements  were 
made in comparison with the known phosphor 

Table V. Life test on (Ca~.34Euo.06Mg3.60) (P04)4 

H o u r s  b u r n e d  L u m e n s  Co lo r  

0 1066 x = 0.145, y = 0.092 
100 1026 
500 1020 

3000 897 x = 0.147, y = 0.094 
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against sodium salicylate standard, detected wavelength is 549 
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CaSiO3:Pb:Mn,  P-25. Cao.99MgMn0.01P207 has a 1/e 
value  of 40 msec, compared  wi th  16 msec for P-25. 
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Relaxation Phenomenon at Turnover 
in Point Contact Silicon Devices 
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ABSTRACT 

Studies  were  made  of the  point  contact  b r eakdown  or the  tu rnover  using 
samples  of NN + type.  Single  vol tage r amp  wi th  high ampl i tudes  was appl ied  
in the  reverse  direction.  In i t ia l ly ,  the  vol tage  increased wi th  t ime  at  a con- 
s tant  ra te  corresponding to the  r is ing slope of the  vol tage  r amp  unt i l  the  
vol tage  reached the  onset of the  fiat pa r t  of the  vol tage  r amp  where  the  t u r n -  
over  occurred.  Relaxat ion  process was observed associated wi th  the  turnover .  
The r e l axa t ion  process of the  vol tage  consisted of two stages. The first s tage 
was charac ter ized  by  an exponent ia l  decay having  a t ime constant  in the  
range  10 -8 ~ 10 -3 sec depending on the t empera tu re  and the ampl i tude  of the  
vol tage  ramp.  The second stage was a s low process t oward  a s teady state. 
The in i t ia l  ra te  of the  r e l axa t ion  and the  t e m p e r a t u r e  dependence  of the  t ime  
constant  suggested tha t  the re laxa t ion  process, i.e. the turnover ,  is due to the  
in te rna l  field emission of e lectrons from shal low slow states into the  conduc-  
tion band of Si. A qua l i ta t ive  model  of the  emission process is discussed in 
te rms of the  ra te  of change in the  dens i ty  of occupied slow states which  in-  
volves  the  in terac t ion  of e lectrons be tween  slow states and the conduct ion 
band.  A comparison of the  model  wi th  expe r imen ta l  da t a  showed tha t  the  
slow states  mus t  be located at the  energy  leve l  ~0.15 eV f rom the conduct ion 
band edge. 

When a high vol tage  pulse wi th  a shor t  pulse  wid th  
is appl ied  in the  reverse  di rect ion of a point  g e r m a -  
n ium contact  diode, a tu rnover  mode different  f rom 
the one observed  by  apply ing  d-c  or a -c  vol tage  f rom 
a 50 Hz source is observed.  Hun te r  (1) repor ted  tha t  
the  tu rnover  vol tage  obta ined  by  using the  h igh -vo l t -  
age pulse becomes h igher  than  tha t  of d-c  voltage.  
Bil l ig  (2), Lempick i  and  Wood (3),  and  Kikueh i  and 

* Electrochemical  Society Act ive  Member.  
K e y  words:  b reakdown,  point contact,  semiconductor.  

Tarv i  (4) also discovered tha t  the  tu rnover  cha rac te r -  
istic was affected by  the  ampl i tude  and the w a v e  form 
of the appl ied  voltage.  According  to these reports ,  the 
tu rnove r  cur rent  begins to move fo rward  wi th  a de lay  
of "a cer ta in  t ime" af te r  the  occurrence of the  t u rn -  
over, and this t ime de lay  var ies  wi th  the ampl i tude  and 
the wave  form of the  appl ied  voltage. 

A se l f -hea t ing  hypothes is  has  been  proposed  to ac-  
count for this  phenomenon.  The idea was that,  when  
the t empe ra tu r e  of  the  point  contact  is increased to 
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a certain level, a heat ing effect occurs followed by an 
emission of the current  carriers. The physical signifi- 
cance of this model is, however, still unclear.  The pres-  
ent author and others (5) have pointed out that the 
phenomenon can be understood as a relaxat ion effect 
caused by the t ransfer  of the current  carriers between 
surface states at the point contact and the bulk  of the 
semiconductor. This paper  describes the experiments  
and the quali tat ive analysis  of the relaxat ion phenome-  
non observed for point contact silicon devices. 

Exper imental  Samples and Procedures 
An N-type silicon slice with a thickness of 5 ~ 6 

mm and a specific resist ivi ty of 0.5 ~ 10 ohm-cm and 
an NN + silicon wafer were prepared. The NN + silicon 
wafer was composed of the N + layer, a phosphorus- 
diffused layer with a high concentrat ion and about 
100# in thickness, and the mirror-pol ished N layer  with 
a specific resistivity of 13 ~-- 14 ohm-cm and a thick-  
ness of 20 ~ 90#. The wafer was separated into pellets 
of 2 x 2 mm. The pellet was soldered on the silver base 
using the gold-silicon eutectic alloy. Before the mea-  
surements,  pellets were dipped into hydrofluoric acid 
for 1 rain cleaned with deionized water, and spin 
dried. 

The tungsten  probe with a diameter  of 1.0 mm was 
electrochemically etched to a diameter  of 15-20 #~ at 
the point. The point of the tungsten  probe was attached 
on the N layer surface with the loading pressure of 
3 x 106 N 107 g/cm 2. 

The a r rangement  of the measur ing circuit has been 
described previously (6). The applied voltage consists 
of a r ising par t  and a following flat part. The slope of 
the rising part  was varied from 2 x 104 to 7 x 106 V/sec, 
and the amplitude, Va, of the flat part  from 0 to 500V. 
The voltage was applied one t ime in the reverse direc- 
tion through a cur ren t - l imi t ing  resistance, RL. 

Exper imental  Results 
Figure 1 shows typical relaxat ion characteristics of 

the voltage observed on the N- type  silicon slice. The 
voltage rises steeply with the r is ing slope of the ap- 
plied voltage and then decreases at the rate of an ex- 
ponential  function characterized by a relaxat ion t ime 
constant, ~. This process is the first stage of Fig. 1. The 

voltage decreases gradual ly  after the first stage un t i l  
it almost stops to decrease and approaches a constant  
value, Vs, which is the second stage. The relaxat ion 
characteristic of the current  was exactly equivalent  to 
that of voltage, and the current  increases with the t ime 
constant, ~, up to a constant  value. 

The onset of the tu rnover  corresponds to the point  
where the voltage begins to decrease at the rate of an 
exponential  funct ion from the ini t ia l ly  raised voltage; 
that is, the voltage re laxat ion starts. Thus, the ini t ia l ly 
raised voltage becomes the tu rnover  voltage, VT. As 
shown in Fig. 1, the tu rnover  voltage and the re laxa-  
tion t ime constant  vary  with the ampli tude of the ap- 
plied voltage. When the applied voltage becomes low 
enough to make VT almost equal to Vs, no tu rnover  
occurs. 

Figure 2 shows the relat ionship between the init ial  
rate of the relaxat ion of the voltage dv/dtlt=o and the 
reciprocal Fso -1 of the ini t ia l  electric field s trength 
at the point-contact  surface, with WN as a parameter.  
The sample used is an NN+- type  silicon device. The 
ini t ial  rate of the relaxat ion was obtained from the 
slope of the re laxat ion curves at the onset of the t u r n ,  
over. The ini t ial  surface field strength, Fso, was cal- 
culated from the tu rnover  voltage assuming that  the 
depletion layer  formed by applying the reverse voltage 
was equal to the one made by the Schot tky- type 
junction. 

The logari thm of the ini t ia l  rate of the relaxation, 
as shown in Fig. 2, had an almost l inear  relationship 
with Fso -1, and the l inear  curves of the dv/dttt=o vs. 
Fso -1 tend to shift toward the larger port ion of Fso -1 
with decreasing thickness in the N layer. This means  
that  the turnover  is ini t iated at the lower voltage as 
the thickness is decreased. 

It was also found that the relaxat ion t ime constant  
changes largely with the ambient  temperature.  Figure 
3 shows the effect of ambient  tempera ture  on the t ime 
constant, ~, in terms of T vs. 103/T, in which case the 
ampli tude of the applied voltage was a fixed constant 
dur ing measurements.  In this case, the t ime constant, ~, 
was obtained by assuming that  the first stage of the 
voltage relaxat ion curve was approximately repre-  
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sented by the following formula 

~7 = VT exp ( - - t / z )  [1] 

As seen in the figure, the logarithmic value of �9 was 
approximately represented by  a straight l ine having a 
slope against  1 /T ,  namely  

= do exp ( •  [2] 

where  k is the Bol tzmann constant  and AE is the acti- 
vation energy. AE was slightly different from the sur-  
face t rea tments  of the samples and was estimated on 
the order of 0.13-0.16 eV. 

Discussion and Conclusion 
As shown in the previous section, the tu rnover  ap- 

pearing in the reverse direction of the point  contact 
silicon diode was characterized by the relaxat ion phe- 
nomenon of voltage and current,  and the relaxat ion 
characteristic was varied by such factors as the field 
strength, ambient  temperature,  and surface treatments.  
This phenomenon could not be ful ly understood by a 
simple heat ing model. Another  model of the "charge 
t ransfer  mechanism between the slow surface states in 
the silicon dioxide and the silicon bulk" was provided 
in  view of a close similari ty of the re laxat ion phe-  
nomenon to the longi tudinal  field effect for the surface 
of silicon (7). 

Consider the case where  an electric field is applied 
in a form whose polari ty is such tha t  the tungsten  is 
made negat ive and silicon is made positive. The energy 
diagram under  the application of the voltage for the 
tungsten-s i l icon dioxide film-silicon system is shown 
in Fig. 4. The conduction electrons of the N-type sili- 
con near  the point  contact wil l  be affected by the ap-  
plied electric field to repel from the N-layer  surface 
and form a depletion layer. In  this case, however, elec- 
t rons t rapped at the slow surface states would not be 
moved but  frozen, and this resulted in  a nonequi l ib-  

| | 
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Fig. 4. The energy diagram of tungsten-silicon dioxide film-sili- 
con during the relaxation. 

r ium state of electrons inside the tungsten-s i l icon 
dioxide film-silicon system. Then the relaxat ion phe-  
nomenon could be understood as a process of t ransfer  
of electrons from a nonequi l ib r ium state to an equi l ib-  
r ium state. 

With regard to the above, Rupprecht  gave the t ime 
constant, ~, as a funct ion of temperature,  and Many 
and Goldstein (9) provided a method of solving this 
phenomenon by using field s trength and presented a 
tunne l  effect model. Taking into consideration the re-  
sults shown in Fig. 2 and 3, however, one introduces 
the equation involving both tempera ture  effect and 
field effect. 

Thus, the relaxat ion process of the voltage can be 
expressed in terms of the rate of change in  the den-  
sity of occupied slow states, nt, as follows 

dn t  

d t  

where 

- -  - -  - -  C n n l { e x p ( - - a / F s )  }nt  + C p p ~ ( N t -  ~t) -~- J t / q  

[ 3 ]  

4 x / 2 m e *  
- (E~ - E t )  ~/2 [4 ]  

3qh  

where q is the electronic charge, h is Planck 's  con- 
s t an t /  2~, and me* is the effective mass of electrons, 
being taken as the smallest mass in the conduction 
band (0.19 too, too: free electron mass) 

Nt : No/{1 + exp (Et -- E F ) / k T }  [5] 

Nt is the ini t ial  density of occupied surface states 
which are able to emit an electron. No is the density 
of the slow surface states, and EF is the Fermi- leve l  of 
metal-si l icon dioxide film-silicon system. 

In this case, the slow surface states are assumed to 
consist of single charged center having the energy Et. 
The tempera ture  involves both the ambient  tempera-  
ture  and the temperature  rise induced by self-heating. 

nl  = Nc exp {-- (Ec -- Et) /kt} 

Pl : Nv exp {-- (Et - -  E v ) / k T }  [6] 

nl  and p~ are the density of electrons and holes, re-  
spectively, which would be present  in the oxide for the 
case where the Fermi  level is at the level of Et. Ec 
and Ev are the energy level of the edge of the conduc- 
tion band and the valence band, respectively. Nc and 
Nv are the effective densi ty of states for the conduc- 
tion band  and the valence band, respectively. Cn and 
C, are the capture coefficients, the probabil i t ies per 
uni t  t ime of electrons and holes, respectively, which 
are captured by  the unoccupied slow surface states. 

The first t e rm in the Eq. [3] represents  the net  rate 
of emission of electrons from the slow surface states 
to the conduction band  of silicon. In this case, the t un -  
nel  probabi l i ty  of the electrons crossing the forbidden 
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band of the silicon dioxide film is considered as 
unity, because the  thickness of the silicon dioxide is in 
the range of 8 ,-~ 12A (10). The second and th i rd  te rms  
also represent  the charging rate at which electrons are 
provided f rom the valence band and the tungsten, r e -  
spectively, to fill the slow surface states being unoc- 
cupied. F rom its s imilar i ty  to the second term, the 
third te rm may  be subst i tuted as follows 

J d q  = At (Nt  -- nt) [7] 

When the exponent ia l  t e rm in Eq. [3] is considered 
as uni ty  and the second and third terms are  neglected, 
Eq. [3] becomes 

dnt 
= -- C=nznt [8] 

dt 

Equat ion [8] represents  the  t he rma l  emission of 
electrons f rom the fast surface states into the conduc-  
tion band at low tempera tures  and coincides wi th  Eq. 
[3] given by Rupprecht  (8). On the other  hand, under  

high fields at low temperatures ,  Eq. [3] changes into 

dntdt t=0 cc exp ( - -= /Fs )  [9] 

This equat ion corresponds to Eq. [2] presented  by 
Many et al. (9). 

The electrons emit ted  f rom the slow surface states 
wil l  form currents, one par t  of which wil l  constitute 
a conduction current  in the conduction band of silicon 
bulk and the other  par t  of which wil l  become a charg-  
ing current  for the slow states being unoccupied. Ac-  
cordingly, the current  density may  he expressed as 

i ( t )  = q (Nt  - -  nt)3/2/Ze~ "~- q(Nt  -- nt)CpP1 -1" J t  [10] 

where  the first t e rm is the conduction current,  in which 
~ is the electron mobil i ty  and i~ is the mean value of 
the field s t rength in silicon bulk. The second and third 
terms are the charging current  f rom the valence band 
and the tungsten, respectively.  The components  of 
these currents  are shown schematical ly in Fig. 4. 

The surface field strength, Fs, observed af ter  the 
tu rnover  may be expressed as a function of time. 

Fs 2 = Fso 2 - - I ( t )  �9 K �9 RL [11] 

where  I ( t )  is the  current  given by =b 2 �9 i ( t ) ,  where  b 
is the radius of the contact surface. K is the constant 
value for convert ing the vol tage into the surface field 
strength, and given as K ---- 4 x 10s/pN �9 0.532 where  
PN is the resist ivi ty in the N layer, and RL is the  ex-  
ternal  resistance. 

Figure  5(a) and (b) show the numer ica l ly  calcu-  
lated curves of Fs f rom Eq. [3], [10], and [11] under  
the initial condition t ---- 0, nt ---- Nt. F igure  5(a) and 
(b) are for the cases of T ---- 300~ and T ---- 400~ re-  
spectively. In these calculations, the fol lowing values 
were  used; No = 1015 cm -2, Ec -- Et = 0.15 eV, ~e = 
4.0 x 109 �9 T -2.6 cm2/V-sec, Cn ---- Cp ---- 5 x 10 -8 , 

5 x 10 -9 cm 3 �9 sec -z, F = 200 V/cm, At ~- 10 -5 , 102 , 
105 sec -I. A voltage relaxation curve for the silicon 
block with PN of 10.4 ohm-cm are shown in the figures 
as experimental data. 

In Fig. 5(a), a comparison was made between the 
calculations and the experimental curve by providing 
Cn ---- 5 X 10 -9 cm 3 �9 s ec -L  In this case the two curves  
coincided for short  periods of t ime regardless of  the 
value of At, but  as the t ime was postponed, these two 
curves could be matched by giving At = 102 N 105 
sec -1. In Fig. 5(b) the same condition, Cn ---- 5 x 10 -9 
cm :~ �9 sec-1, was also provided. In this case both curves  
were  exact ly  superimposed by giving At ---- 10 -5 sec -1 
during t imes shorter  than 2 x 10 -5 sec, but  no agree-  
ment  of the two curves was obtained for a longer dura-  
tion of t ime than this. 

The values of physical  quanti t ies such as No, Ec -- Et, 
Cn, F and At used for the calculations ment ioned above 
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were  determined as shown from the fol lowing discus- 
sion. 

The slow surface state used in the present  model  
were  of the donor type, thus capable of emit t ing elec- 
trons. As the re laxat ion phenomenon observed quite  
dis t inct ively for the samples which were  cleaned in 
deionized water  af ter  hydrofluoric acid etching, the 
vapor  molecules adsorbed on the silicon surface are 
considered to have  an impor tant  role in forming the 
donor- type  slow surface states. According to Sochan-  
ski and Gatos (I1),  when  the vapor  molecules are 
chemical ly  adsorbed on the semiconductor  surface, the 
electrons are t ransfer red  f rom molecules  to the semi- 
conductor, and the electrons thus t ransferred constitute 
slow surface states of the donor type. It  could be de- 
duced that, as the number  of adsorption sites on the 
semiconductor  surface is of the order  of 1014 ,~ 1015 
cm -2, the density of the slow surface state No is in 
the range of 1014 -~ 10 TM cm-% 

As ment ioned previously,  Fig. 2 and 3 describe the �9 
exper imenta l  results of the behavior  of the re laxat ion 
characteristic.  F igure  2 deals wi th  this mat te r  by 
using only the electric field as a responsible factor and 
neglect ing the effect of temperature ,  and Fig. 3 just 
the opposite. Therefore,  Fig. 2 m a y  be understood by 
the model  using Eq. [9]; Fig. 3, the model  using Eq. 
[8]. As a result, Ec --  Et ---- 0.19 eV was obtained f rom 
the former  case and, f rom the lat ter  case in which 
• ---- 0.13 ,~ 0.16 eV was previously obtained as shown 
in Fig. 3, these values of hE may  be in terpre ted  as 
Ec -- Et. As seen f rom the above, surface states re-  
sponsible for the re laxat ion  phenomenon have the 
re la t ive ly  shallow energy level  of the order of 0.15 eV. 

This est imation of 0.15 eV as the value  for Ec -- Et 
may  not deviate grea t ly  f rom other  repor ted  results 
because in the study using an MOS- type  device (12), 
the m a x i m u m  value  of the density of the interface 
states in the Si-SiO2 system was found in a range as 
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high as 0.1 ~-, 0.15 eV from the bottom of the con- 
duction band. 

According to Sclar et al. (13), the capture coeffi- 
cient for hydrogen- l ike  impuri t ies  in silicon and 
germanium was confined in the range of 10 -9 ~ 10 - s  
cm 3.  sec -1. This value, applicable to slow surface 
states, was used for the present  calculations, and F and 
At were sui tably selected so that  the calculation curves 
might  not diverge from the experiment  curve. 

As seen from Fig. 5, the perfect matching of the cal- 
culation curves on the exper iment  curve was difficult 
to achieve because the physical quantities, such as No, 
Ec -- Et, and T used in Eq. [3], [10], and [11], were 
all dependent  on a wide range of a rb i t ra ry  selections. 
Should such a complete fit be made between the two 
curves, it would not be possible to decide whether  
the values given to physical quanti t ies  were real ly 
pert inent.  

' Thus it may be concluded from the above discussion 
that  the relaxat ion phenomenon is due to the in te rna l  
field emission of current  carriers from the slow sur-  
face states in  the oxide which must  be located at a 
shallow energy level (~0.15 eV) from the conduction 
band edge. 
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N Layer Thickness Dependence of Second Breakdown 
in Point Contact NN Si Devices 

Takashi Agatsuma* and Kiyoshi Miyake 
Semiconductor and Integrated Circuits Division, Hitachi, Ltd., Kodaira-shi, Tokyo, Japan 

ABSTRACT 

The second breakdown phenomenon in point contact Si devices was studied 
using NN+- type  Si pellets having different heat sinks, where the thickness 
of the N layer was varied from 20 to 90~, and the resistivity in the N layer  
was 13 ~ 15 ohm-cm, while the resistivity and  the thickness in the N + layer 
were kept constant. Single voltage ramp was applied in the reverse direction 
of the devices through the current  l imit ing resistance, RL. The second break-  
down characteristics, PM VS. td, were found to vary depending on the thickness 
in the N layer  and also the thermal  coupling at the contact between the pellets 
and heat sinks. The thermal  model presented showed that  the second break-  
down characteristics can be explained assuming that  the second breakdown 
occurs when the tempera ture  at the interface of N and N + layers reaches an 
ini t iat ing temperature.  The ini t ia t ing tempera ture  was found to vary  with 
the thickness of the N layer and was lowered as the thickness was reduced. 

In a previous paper (1) it was shown that  the t u r n -  
over pheno[nenon observed in the reverse direction of 
the point contact silicon device may be caused by an 
inject ion o f :cur ren t  carriers due to the electric field 
emission. I n  this case, however, it is predictable that, 
since a large amount  of power is dissipated at the point  
contact area, the device, when  held at tu rnover  for 
longer periods, is subject  to such a second breakdown 
as is seen in the P -N junct ion diodes, transistors, and 
other N + NN ~- devices (2). 

Anupyl 'd  (3), who found a second breakdown phe- 
nomenon in point contact ge rmanium diodes, has com- 
mented briefly:on the frequency dependence of the ap-  
plied voltage ~'nd the changes caused by the surface 
t rea tments  of the  device. Agatsuma (4) used point  
contact silicon NN + devices and at tempted to clarify 
the phenomenon.  The present  paper  is intended to de- 
scribe how the delay t ime associated with the second 
breakdown varies depending on the thickness of the 

* Electrochemical  Society Act ive  Member.  
Key  words:  breakdown,  point  contact,  semiconductor.  

N layer and the thermal  coupling between the pellet 
and the heat sink, thereby explaining this breakdown 
as a heat conduction phenomenon for the longi tudinal  
direction of the device. 

Experimental Samples and Procedures 
NN+- type  silicon wafers were prepared composed of 

the N + layer, a diffused layer  of phosphorus with a 
surface concentrat ion of over 102~ 3 and the thick- 
ness of 100~, and the mirror-pol ished N layer with t h e  
specific resistivity of 13-15 ohm-cm and the thickness 
ranging from 20 to 90~. The wafers were broken into 
small  pieces (pellets) of a rectangular  form to pre-  
pare the samples. The N + layer of pellets was attached 
on the heat s ink (silver base) by one of the following 
three soldering methods. Figure  1 shows simple i l lus-  
trat ions of the samples used. 

(a) Vacuum-evaporate  a th in  layer of Mo-Ni-Ag 
alloy on the surface of the N + layer, then being welded 
to a silver base of 3 m m  thickness through 2-5~ thick 
solder form. 
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Fig. 2. Typical characteristics of voltage and current transients 

a : Tungsten probe 

b : Silicon pellet 
c : Ceramic ring 
d : Cu plate 

(b) Sample under thermally 
insulation 

Fig. 1. Schematic drawing of the samples for the experiments 

(b) Insert  a gold pellet between the N + layer  and 
the silver base, and heat them all to form an S i -Au 
eutectic alloy, thus soldering the pellet on the silver 
base with the thickness of eutectic layer  in the range 
of 30-50~. 

(c) Place the pellet in a vacuum of 10 -4 mm Hg, 
using a cryostat to provide the condition that the N + 
side is under thermal insulation. Before the measure- 
ments, the sample was immersed in hydrofluoric acid 
for I rain, rinsed in deionized water, and spin dried. 

The tungsten  probe with a diameter  of 1.0 m m  was 
electrochemically etched to a diameter  of 15-20 ~ at 
the point. The tungsten  probe was positioned to the N 
side with a pressure of 3 x 106-107 g/cm 2. The ar-  
rangements  of the measur ing circuit are the same as in 
a previous paper (1). The applied voltage consisted of 
a rising part  with a rising slope and a following flat 
part. The rising slope was continuously varied from 
2 x 104 V/see to 5 x 107 V/sec and the ampli tude Va of 
the flat part  was also changed from 0 to 500V. The 
single voltage was applied in the reverse direction 
through the current  l imit ing resistance, RL. 

Experimental Results 
Figure 2 shows the typical characteristics of voltage 

and current  t ransients  with Va as a parameter  when a 
high voltage pulse is applied in the reverse direction of 
the device. Ini t ia l ly  both voltage and current  in -  
creased with t ime as shown in the figure. Then, the 
voltage curve arr ived at its max imum value, ~7 w where 
it stopped increasing fur ther  and the current  curve 
reached a point, Ip, where  it changed the course of its 
progress. VT and Ip are the tu rnover  voltage and cur-  
rent, respectively (1). 

After  the voltage curves continued to decrease with 
a certain t ime constant, and the cur ren t  curve kept  
on increasing, both of the curves came across a point 
where "the voltage reduced abrupt ly  and the current  
increased suddenly." This is the occurrence of a second 
breakdown to which P-N junct ion  diodes and t ransis-  
tors are subjected. The voltage, current ,  and delay 
time, all of which play their  roles in characterizing the 
secondary breakdown, are defined as VM, IM, and td, 
respectively. 

Figures 3(a) and (b) show the variat ions of the 
second breakdown characteristics with the thickness in 
the N layer. In  the experiments,  the rising slope was 
held at a constant value of 5.5 x 107 V/sec. The volt-  
age-t ime and cur ren t - t ime  characteristics were first 
observed and, then, the power, PM, which is IM mul t i -  
plied by VM and the delay time, td, were measured. 
The values of PM and td were determined for each 
value of the applied voltage, Va. In  this manner ,  PM VS. 
td curve for the sample with a given thickness in the N 
layer was obtained. This procedure was followed for 
all samples having the N layer ranging from 20 to 90~. 
Thus, PM vs. td curves were obtained with the thick- 
ness of the N layer as a parameter .  

Figure  3(a)  i l lustrates PM vs. td characteristics us- 
ing the soldering method ment ioned previously, i.e. the 
method of soldering the surface of the N + layer to the 
silver base with Mo-Ni-Ag alloy. In  the thicker sam- 
ples, as seen from the figure, td decreases gradual ly  
with increasing PM, while, in the th inner  samples, td 
shows an appreciable decrease with no fur ther  increase 
in PM. 

Figure 3(b) represents the var iat ion of PM vs. td 
characteristics with the soldering methods (a),  (b), 
and (c). As the delay time, td, became longer (in the 
order of ~msec) ,  PM vs. td characteristics were greatly 
changed depending on the soldering methods. For ex- 
ample, for the samples of 90~ thickness, the value of 
PM for the constant  value of td decreased in  the se- 
quence: Mo-Ni-Ag silver base, Au-Si  silver base, and 
the thermal ly  insulated sample. In  the case of Mo- 
Ni-Ag silver base, td increased rapidly  with no fur ther  
increase in PM. When PM approached 40W, td became 
so long that  the second breakdown was actual ly un -  
observed, while, in the case of the insulated sample, td 
did not display a saturat ion such as in the above case, 
but  only a gradual  reduction wi th  the decrease of PM- 
This behavior, however, became less pronounced for 
th inner  samples. 

It is to be noted that, for a range of shorter delay 
times, any choice of the soldering methods did not 
affect PM VS. td characteristics. 

The behavior ment ioned above is also understood 
from the vol tage-t ime characteristic and the cur ren t -  
voltage characteristic (relaxat ion curves) ,  as shown 
in Fig. 4(a)  and (b).  As seen in Fig. 4(a) ,  for the 
sample with the Au-Si  eutectic silver base the voltage 
showed no appreciable decrease dur ing  the sweep t ime 
exceeding ~1  msec, and the second breakdown was 
observed at a point along the curve of this t ime char-  
acteristic. On the other hand, the insulated sample 
showed a gradual  reduct ion of the voltage even after 
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the sweep time became greater than  ,~1 msec, and the 
second breakdown occurred at some point  along this 
curve. The numbers  on the curves shown in  Fig. 4(b)  
indicate the time dur ing which the operating points 
move along relaxat ion curves. As seen from the figure, 
in the case of the s i lver-base sample the operat ing 
point stayed at a h igh-power  level for a long durat ion 
of time, but  in the case of the insulated sample the 
point  quickly passed over such a high-power  region 
and reached a lower-power  level where  it remained 
for a long period of time. 
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Fig. 4. The comparisons of voltage-time (a), and voltage-current 
characteristics (b) between samples with Au-Si eutectic silver base 
and under thermal insulation. 

Discussions and Conclusion 
As seen in the previous section the second break-  

down occurred when the device was subjected to stay- 
ing at the tu rnover  for the dura t ion of delay time, td. 
Then, the thermal  model was proposed as shown dia- 
grammatical ly  in Fig. 5(a) .  This model consisted of a 
disk heat source having a radius b, the N- type  silicon 
and the heat s ink both extending in the direction of 
Z axis, and a tungs ten  probe. The disk heat source is 
positioned on Z -- 0 plane, the surface of the contact 
between a tungs ten  point  and the N- type  silicon. Let 
us assume that  the power is spread un i formly  over the 
disk, and no heat is generated inside the N- type  silicon. 
The heat generated may be conducted in two directions 
of •  axes, one advancing through the N- type  and 
N+- type  silicon layers toward the heat s ink and the 
other moving along the tungs ten  probe. 

We consider, for simplicity, that  as shown in Fig. 
5(b) the whole device comprises the silicon and the 
heat sink, each extending to infinity, and that  the heat 
disk is located at a distance d from the heat  sink. The 
effect of the tungs ten  probe is made as a correction for 
this simple model. 

At ten t ion  was paid to the tempera ture  at a point  
of r -- 0, Z = WN, namely  the boundary  between the 
N and N + layers immediate ly  unde r  the tungs ten  point. 
Let the ini t ial  conditions be that  t -- 0, T = 0 and that  
the power P(t) is dissipated from the moment  of t = 0 
to t = td. Then, the tempera tures  developed at the 
t ime of td at the point  of r = 0, Z = WN are given by  
the following equat ion (5) 

1 
T(O,WN; td) -- 

2plClk/~rkl 

[ s  P(t)e-Wx'- ' /4klt(1 e_b~/4kzt)dt_t_( 
tl/2 

S~ d P ( t )  

tl/9 

I + K  

~e-(W~++aw4k~ t (1 - -  e-b2/4klt)d~ I [1] 
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K = -K,  

E1.2 
kl.2 = [2] 

P1.2 " C~,s 
where K~.2, kl.2, Pl,2, and C1.2 represent the thermal  
conductivity, the diffusivity of heat, the density, and 
the specific heat, respectively, and suffix 1 refers to the 
silicon and suffix 2 to the heat sink. W~ and WN+ are 
the thicknesses of the N layer  and N + layer, respec- 

tively, d is the distance between the disk heat  source 
and the heat sink, namely  the thickness of the pellet. 
In  Eq. [1] and [2], K = 1 corresponds to the case 
where the entire region of the device was constituted 
by the silicon and K = 0 to the case where  the N + 
side is under  thermal  insulation.  

Figure 6 shows the results numer ica l ly  calculated 
from Eq. [1] for P ( t )  = Po (--= constant)  as a function 
of P o l T  (0, WN; td)  �9 2~/~r �9 kl  1/~ K1, with WN as a 
parameter.  In  this case, b is 8~, and K -- 0, 1, 6 are 
taken for each value of WN, where  K ~ 6 corresponds 
to the Mo-Ni-Ag silver base. As shown in Fig. 6, td vs. 
P o / T  curves vary  depending on WN, and these curves 
are slightly affected by  the values of the heat sink as 
long as td is kept below 10 -4 sec, bu t  once td exceeds 
10 -~ sec, td VS. P o / T  curves are influenced by the factor 
of the heat sink, spli t t ing to the different curves de- 
pending on the values of K. 

The values of k1(----0.51 cm2/sec) and K1(--0.84 
W / c m  �9 deg) are constant  de termined for the silicon. 
Therefore, if it is assumed that  the second breakdown 
occurs when the tempera ture  T(0, WN; td) reaches 
some constant  t empera ture  Ti (0, WN; td) ,  then the 
value of T(0, WN; td) " 2k/~ " kl  1/~ K ,  can be regarded 
as a constant. In  this connection, Po may be identified 
as the power, PM, required for the ini t ia t ion of the 
second breakdown. Thus, Fig. 6 can be considered to 
represent  the relationship between the power, PM, and 
the delay time, td, in the event  of the second break-  
down. It  is therefore considered that  the calculation 
curves shown in Fig. 6 qual i ta t ively explain the WN 
dependency and the variat ions wi th  the heat s ink of 
the second breakdown characteristics. 

The above discussion has been made on the basis of 
the assumption that  the thermal  model consisted of 
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the silicon extending infinitely in the + Z direction and 
the heat sink stretching endlessly in the - -Z  direction 
and that the disk heat source was embodied at the 
Z = 0 plane in the silicon. However, in the actual de- 
vices as shown in Fig. 5(a) ,  the disk heat source was 
located on the surface where the tungsten probe came 
into contact with the N-type silicon layer. Therefore, 
for the quant i ta t ive  estimation of the temperature  of 
the second breakdown, it is necessary to take into con- 
sideration the effect of the tungsten  probe. 

The correction can be made by providing the co- 
efficient (6), which is given by 

K1kol/2 -- Kok11/2 
: [ 3 ]  

Klkol/2 .-f- Kok11/2 

where Ko is the thermal  conduct ivi ty  of the tungsten  
and ko its thermal  diffusivity. Using K1 = 0.2 cal /cm �9 
S �9 deg, kl ---- 0.51 cm2/S, Ko ---- 0.346 cal /cm �9 S �9 deg, 
and ko = 0.56 cm2/S, the calculated value  of ~. be-  
comes --1/4. This shows that the calculation values of 
the tempera ture  for the thermal  model as shown in 
Fig. 5(a) may be obtained by subtract ing a 25% por- 
tion from the calculation values of the thermal  model 
shown in Fig. 5(b) .  

It is to be noted that  Fig. 6 represents calculation 
curves for the case in which the power Po is considered 
to be unchanged with time. But, in the present  ex- 
periments,  it was observed that  the power dissipated 
changes considerably with time. When the sample of 
WN below 80~ with a heat s ink was used, the power 
dissipated continued to increase with a durat ion of 
time, and the second breakdown was init iated when 
the power reached its peak value. On the other hand, 
for the thermal ly  insulated sample, as already shown 
in Fig. 4 (b),  the power dissipated was boosted during 
the early stage of its advancement  and then reduced 
slowly, and the second breakdown appeared when the 
power was decreased to its m i n i m u m  value. For the 
sample having a heat sink and WN of 90~, however, the 
power dissipated was almost constant at all t imes and 
the change with t ime was only a slight one. 

Then, for a sample of 90~, in WN thickness the esti- 
mations of Ti (0, 90~; td), the ini t ia t ing tempera ture  
for the second breakdown can be made from the above 
considerations by using calculation curves shown in 
Fig. 6. If we put WN = 90~, and ta = 5.7 x 10 -4 sec in 
Fig. 3(b) ,  PM is read as 54W corresponding to Po : 
2.68 x 107 W cm -~, and the value of 396~ was ob- 
tained as Ti (0, 90~; td) by subst i tut ing the values of 
Po, K1 and kl into the equation; Po/{Ti (0, 90~; t d )  " 

2~/~r " kl  1/~ �9 K1} = 1.6 x 104 sec 1/2. Considering the 
spread of the thickness in the N layer  from 90 to 95~, 
the temperature  calculated becomes 370~176 When 
the correction factor of ~ is introduced, and considering 

that  the measurements  were carried out at room tem-  
perature, the ini t ia t ing tempera ture  is found to be 
in the range of 297~176 being near  the intr insic 
temperature  of silicon used. 

For the case of the samples below 90#, the power 
dissipated was observed to increase with t ime as 
mentioned previously. Then, the ini t ia t ing temperature  
for this case was estimated by put t ing the average 
values of the power over t ime ta equal  to Po. The t em-  
peratures obtained for the samples having WN of 80, 
70, 60, 50, and 20~ were 280 ~ 252 ~ 225 ~ 202 ~ and 192~ 
respectively. In  these estimations the calculations were 
made for the range of td below 10 -4 sec in order to 
remove the effect of the heat sink on the second break-  
down characteristics as shown in Fig. 3 (b).  

From the above discussion it may be concluded that  
the WN dependence of the second breakdown and its 
variations with the heat sinks can be explained on the 
basis of the assumption that  the second breakdown 
occurs when T (0, WN; td), i.e. the tempera ture  at the 
interface of the N layer  and the N + layer reaches an 
ini t iat ing temperature.  It was found that  the ini t iat ing 
temperature  varied depending on the thickness of the 
N layer, and was lowered as the value of WN is re-  
duced. When WN iS in the range of 90 ~, 80~ this t em-  
perature was near ly  the same as the intrinsic tempera-  
ture of N-type silicon used. 

The results that the ini t ia t ing tempera ture  decreases 
with WN would not be explained on the basis of the 
thermal  model. When WN is lowered, the depletion 
layer associated with the reverse voltage passes 
through the N layer  and reaches the N + layer. In such 
a case, the field effect must  be added on the thermal  
effect, although this has yet to be studied more 
thoroughly. 
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Selective Etching of Gallium Arsenide 
Crystals in HSO -H Oz-H O System 

Shinya lida and Kazuhiro Ito 

Central Research Laboratory, Hitachi, Ltd., Kokubun~i, Tokyo, Japan 

ABSTRACT 

Selective etching of GaAs in the H.,SOI-H,_,O2-H.,O system was studied as a 
pre t rea tment  to selective deposition. Fla t -bot tomed holes were obtained in 
low H2SO4 solutions, whereas nonplanar  holes were obtained in high H2SO4 
solutions. Differences between both cases are considered from the etching be- 
haviors under  nonselective conditions. Using low H.~SO4 solutions, selective 
etching was conducted on substrates with different crystallographic or ienta-  
tions. Asymmetr ical  holes were observed in all cases except for holes on the 
{001} substrate with rectangular  windows held parallel  to the <001> direction. 
The possibility of the revealed planes being the wall  in the hole is discussed. 

Electronic devices have been developed such as the 
Gunn  oscillator (1) =and the mil l imeter  wave diode (2) 
using an epi taxial ly grown crystal. According to their 
development, the requi rement  of integrated circuit 
technology in GaAs is increasing. The importance of 
selective deposition as an integrated circuit technology 
has been realized. This technique involves selective 
etching on a substrate. Selective etching was effected 
by a chemical solution consisting of the H2SO4-H202- 
H20 system, most commonly used as a surface polish- 
ing etchant. The various etching behaviors are ob- 
served with various composition ranges in the above- 
ment ioned system. 

In  this paper are described a correlation of the etch- 
ing behaviors and the composition of the solution un-  
der nonselective etching conditions, favorable etching 
conditions to obtain flat-bottomed selective holes, and 
the orientat ion effects on hole structure. 

Experiments| 
The substrate surfaces used here were the {001}, 

{111}, {110}, {112}, and {113} planes. These were sliced 
within 1 ~ from the above-ment ioned principal  orien- 
tat ion and polished to a mir ror - l ike  finish. 

Etching rates were measured from a step height 
between an etched face and a wax-coated original  
face, using an interference microscope. Chemical etch- 
ing was accomplished in 10 ~ 60 sec and the temper-  
a ture  was main ta ined  at  0 ,~ 100 ~ _ l~ 

In selective etching, an SiO2 mask 1000 N 2000A 
thick was deposited on the substrate by a pyrolysis of 
te t raethoxy silane, and circular or rectangular  win-  
dows were cut into the mask. 

Structures of the holes were observed on the {110} 
cleavage plane perpendicular  to the substrate surface 
under  an optical microscope and  under  a goniomicro- 
scope. 

Etching solutions used here consisted of 98 w/o  
(weight per cent) sulfuric acid, 30 w/o  hydrogen 
peroxide, and deionized water. In  the following sec- 
tion, the volume ratios of these agents are used (35 
H2SO4:65  H20~ means 35% by volume of 98 w/o  
HeSO4 plus 65% by volume of 30 w/o H20~). 

Etching Behaviors under Nonselective Conditions 
Temperature and composition effects of the solutions 

on the etching.--Etching rates were studied on the 
{001} surface by varying each composition in the 
H2SO4-H~O2-HeO system. The etching rates at 0~ 
are shown in Fig. 1 as a t e rnary  diagram. In  this case, 
a peak was obtained at the point of 35 H2SO4:65 H20~ 
and no etching was observed on the l ine of H2SO4-H20 
and H2Oe-H20 members.  The etching rates were de- 
creased by  increasing H20 at a constant  ratio of H2SO4 
and H202. 

K e y  words :  ga l l ium arsen ide ,  e tch ing ,  semiconductor .  

The diagram is roughly  divided into four regions 
by the etched surface state. In  the A region (high 
concentrat ion of H2SO4 and H202), the etched surface 
became cloudy above 20 ~ ,-- 30~ In  the C (high H202) 
and D (high H2SO4) regions, mir ror - l ike  surfaces 
were obtained wi th in  the exper imental  ranges (0 ,-, 
70~ In  the B (high H20) region, a cloudy surface 
was f requent ly  observed, the cloudy phenomenon due 
to small  pits which may have been influenced by 
crystall ine defects of the substrate. 

The etching studies at various composition in  the 
system were studied at temperatures  ranging be tween 
0 o ~ 100~ Composition ratios of the etching solu- 
tions used were as follows: 

a. 1 H~SO4 : 4 HuO2 : 0 H~O 

b. 1H2SO4: 1HzO2: 1H20 

c. 5 H~SO4 : 1 H202 : 1 H20 

d. 5 H~SO4 : 1 H202 : 20 H20 

e. 40H2SO4: 1H20~:  1H20 

In all cases the etching rates exponent ia l ly  increased 
with elevating etching temperatures  as shown in Fig. 
2. From the slopes of the figure, the act ivat ion energies 
were de termined to be 6 ~ 11 kcal/mole.  In  the high 
H2SO4 soltttions, lower energies (6 N 8 • 0.1 kcal /  

1.0 

g.o 

5.5 

~. 5.0 

t z / \ 
. 3.-" 

I 
HzO H2SO4 

Fig. 1. Constant etching rate contours in the system of H2SO4- 
H202-H20 obtained at O~ The triangle was divided into four 
zones (A, B, C, and D) by the etched surface state. 
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Fig. 2. Plot of the log etching rate vs. i / T  in various composi- 
tion ratios of the solutions. 

mole) were  obtained, whereas  larger  energies (8 --~ 11 
_+ 0.1 kca l /mole)  were  obtained in the  low HeSO4 
solutions. These facts may  suggest that  the control l ing 
factors affecting both solutions are  different. 

Further ,  s t i rr ing effects were  examined by adding 
ultrasonic v ibra t ion  whi le  etching. Shift  of the etching 
rates occurred only in the high H2SO4 solutions. Rep-  
resenta.tive data are  shown in Fig. 3. It  was confirmed 
that  etching rates were  invar iable  wi th  car r ie r  con- 
centrat ions and impuri t ies  in the subs~rates. 

Orientation effects on the etching rates . - -Etching 
exper iments  were  also conducted on the substrate  
with some different orientat ions under  the same con- 
ditions. The etching solutions used here were  a high 
H.~SO4 solution (8 H2SO4 : H202) and a low H2SO4 
solution (1 H2SO4 : 8 H202 : 1 H20),  .and the etching 
tempera tures  were  main ta ined  wi th in  0 ,-- 40 ~ _ 1 ~ C. 
Representa t ive  data a re  shown in Fig. 4. Etching rates  
are s imilar  on the different substrates except  for the  
{ l l l } A  plane  in the fo rmer  solutions; however ,  the 
etching rates depend on the substrate orientat ions in 
the latter. 

Fur ther ,  in depending on t empera tu re  of the etch-  
ing rates on several  substrates wi th  other  or ienta-  
tions, the slopes in the  former  are smaller  than those 
in the latter, these behaviors  similar  to those on {001}. 
Under  all conditions the etching rates on the { l l l } A  
surface were  the :slowest of all, and the etched sur-  

A~ I0 ~ e n t  stirring added 

-g 
~, ,, normql~ 

e r  

}H2 S04 :IH20z : I H 2 0 " ~ ~  
w 

I , , ~ J I J 

3.0 3.5 
Tempereture ( I/TxlO 3 ) 

Fig. 3. Stirring effects of the etching rate in the high H2S04 
solutions. 
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Fig. 4. Orientation dependence on the etching rates in the high 
H_~S04 (A) and in the low H2S04 (B) solutions. 

faces were  not shiny. For  this reason, the {111}A sur-  
face was not employed as the substrate  of selective 
etching in this work.  

Selective Etching 
Flat-bot tomed ho~e on the {001} subs t ra te . - -An  ex-  

posed GaAs surface bounded by an SiO~ mask was 
etched by the solution in the H2SO4-H202-H20 sys- 
tem. Flatness of the hole bottoms was examined  wi th  
an in terference microscope. Hole bottoms obtained by 
high H.2SO4 solutions such as 8 H2SO4 : 1 H202 : 1 H20 
became uneven due to deep etching near  the f rame of 
the window; whi le  f lat-bot tomed holes were  obtained 
by low H~SO4 solutions such as 1 H 2 8 0 4  : 8 H202 : 1 
H20 or 1 H2804 : 1 H202 : 8 H20 solution. Repre-  
sentat ive cross sections are shown in Fig. 5. It was 
found from addit ional  exper iments  that  etching solu- 
tions wi th  an H2SO~ content  below one- th i rd  in over -  
all vo!ume were  useful in obtaining f la t -bot tomed 
holes. These results agreed wi th  those on the other  
substrate orientations. 

A s y m m e t r y  s tructures of the ho les . - -When  a side of 
a rec tangular  window was set paral le l  to the <110>  
direction and chemical ly etched on the (001} surface, 
dissimilar hole s tructures were  observed at a r igh t -  
angled intersection of two {110} cross sections perpen-  
dicular  to the substrate surface as shown in Fig. 6. 
Thus, on one cross section, a t rapezoidal  s t ruc ture  
wi th  its short  side at the bo t tom was fo rmed  (Fig. 
6, A) ;  whereas  a t rapezoidal  s t ructure  wi th  its long 
side at the bot tom was formed on another  cross sec- 
tion (Fig. 6, B).  This difference cou]d be explained by 
the remainder  of the { l l l } A  planes (Ga side), the 
slowest in the etching rate, al though it was depart ing 
from being a precise { l l l } A  plane. 

When the side of the rec tangular  window was set 
paral le l  to the <100> or <010> direction, symmetr ica l  
walls were  obtained (Fig. 7). These four walls were  
determined to be {100} planes since they  were  near ly  
perpendicular  to the (001) surface, and no { l l l } A  
plane existed in these zones. These holes are  avai lable 
for the  selected deposition ,described e lsewhere  (3). 

Fig. 5. Representative cross section of the flat bottomed hole 
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Observed angles be tween  the wal l s  in the  holes and 
the subs t ra te  surfaces on the  ver t ica l  cross sections of 
the  {110} cleavage plane and the p lane  which makes  
a r ight  ang le  wi th  the  {110} p lane  are  l is ted in Table 
I. In  al l  cases, the  wal ls  in the  holes show a s y m -  
met r ica l  l~ t t e rn s  on the r ight  and lef t  sides on the 
{110} cleavage planes,  a l though symmet r i ca l  hole 
s t ructures  were  observed  on another  cross section 
which was ver t ica l  to the  {110} cleavage p lane  and 
perpendicu la r  to the  subs t ra te  surface. On this cross 
section, one could not  observe  the  wal l s  under  a gonio-  
microscope in the  {l12}A and {l13}A subs t ra tes  since 
the  hole s t ructures  d i sp layed  a t rapezoida l  pa t t e rn  
wi th  the  long side at  the  bottom. 

Fig. 6. Schematic hole figures on the {110} cross section on the 
{001} substrate with < 1 1 0 >  rectangular window direction. 

Discussion 
Shaw repor ted  tha t  the  e tchants  most  commonly 

j [,To] 

i S 
i = 

L Qo o 

used for  chemical  pol ishing of GaAs such as 5 H~SO4 : 
1 H202 : 1 H20 and 1000 CH~OH: 1 Br2 produced  
holes which  had a nonp lana r  bot tom (4).  This  was 
a t t r ibu ted  to surface  diffusion of the  e tchant  molecules  
absorbed on the  pro tec t ive  mask  (diffusion r a t e - l i m -  
i ted process) .  In  our  work, s imi lar  resul ts  were  ob-  
ta ined  by  using high H2SO4 solutions. Fac t s  disclosing 
no or ienta t ion  effects on the  e tching ra te  and  smal le r  
ac t iva t ion  energies  (5) of the  etching ra te  in t h e  high 
H2SO4 solutions s t rongly  suppor t  Shaw's  conclusions. 

Whi le  in the  low H2SO4 solutions which  produced 
f la t -bot tomed holes, the  e tching ra tes  a re  c lear ly  
va r ied  wi th  differerLt subs t ra te  or ientat ions,  and  the  
act ivat ion energies  a re  la rger  than  those in the  former  
solutions. These expe r imen ta l  resul ts  m a y  st~ggest 
that  the  etching process in the  l a t t e r  is chemical  

Fig. 7. Schematic cross section of the hole on the {001} substrate 
with < 0 0 1 >  rectangular window direction. 

Hole structures on the substrates wi th  other crys- 
ta~tographic orientations.--Selective etching was  ca r -  
r ied out on the  { l l l }B ,  {110}, {l12}A, {l12}B, 
{l13}A, and {l13}B planes in addi t ion  to the  {001} 
prev ious ly  described.  A n  edge of the  rec tangu la r  
windows was  set pa ra l l e l  to the  <110>  direction.  

react ion ra te - l imi ted ,  but  not  the  diffusion r a t e - l i m -  
i ted process, because a decrease  of t he  H2SO4 content  
effects a d rop  in viscosity.  When  s imi lar  e tching was 
done under  the  condit ion of addi t ional  ul t rasonic  v i -  
brat ion,  it  was recognized tha t  the  etching r a t e  and 
the act ivat ion energies  were  increased in the  high 
H2SO4 solutions, whereas  no changes of e tching be-  
havior  appeared  in the  low H2SO4 solut ions wi th in  
our  exper imen ta l  ranges  shown in Fig. 3. Those facts 
revea l  tha t  a diffusion r a t e - l im i t e d  process changes to 

Table !. List of the observed and the expected angles between the revealed walls in 
the holes and the substrata surfaces 

Window 
Substrate 

direction 
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(oo I ) [I iol 
0ooi 
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[i I ~] 
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[I i ~.] 

( i  io)  [imo] 
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(i  I z )  lifo) 
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( i [ ">) [~/o]  
[ l i T ]  
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[33~) 

( i i 3 )  0 T ~  
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Fig. 8. Plot of possible wall planes in the hole 
in standard stereo projection. Revealed planes 
are only on the lines (great circle) connected 
with the four { I l i } A  planes. 

a reaction rate- l imited process in chemical etching 
through violent stirring. 

Hole structures in the rectangular selected area 
parallel  to the ~110~ direction show asymmetrical 
patterns on the substrates of the {001}, {111}, {110}, 
{i12}, and {113} planes except in the case of the 
rectangular window with a ~100~ direction on the 
{001} substrate. This phenomenon is due to the fact 
that the wall planes are revealed by the rule, and these 
planes are not present in symmetrical position. 

The first plane to appear is the { l l l } A  plane as the 
wall, because of its having the slowest etching rate 
of all. If the { l l l }A plane is not contained in the zone 
around an axis, which agrees with the side of the rec- 
tangular window, the plane appears---strongly affected 
by { l l l }A  planes existing near it. In other words, the 
revealing plane is the intersection between the great 
circle through the nearest two { l l l}A planes, and 
the great circle through the substrate orientation and 
the parallel  planes to a side of the window in standard 
stereo projection. From the above-mentioned in- 
terpretation the {223}A, {335}A, {l12}A, {113}A, 
{llS}A, {l17}A, and {001} planes are considered as 
possible low-index planes, these planes all being Ga 
side planes with the exception of {001}. Thus these 
planes are always on the six arcs connected with 
four { l l l }A  planes as shown in Fig. 8. 

Comparing the measured angles with the predicted 
angles considered from the above-mentioned pre-  
sumption, both cases agree well. The gaps of the angles 
between both cases are probably due to an uncertainty 
of orientation in preparing the rectangular window 
and substrate and/or  experimental  errors. 

Conclusion 
Selective etching was conducted on GaAs crystal  

surfaces with several crystallographic orientations in 

the H2SO4-H202-H20 system. Nonplanar-bottomed 
holes were obtained in high H2SO4 solutions, whereas 
flat-bottomed holes were obtained in low H~SO4 solu- 
tions. Experimental  facts show that the etching process 
in the former is the diffusion rate- l imited process, and 
the lat ter  is the chemical reaction ra te- l imited process. 

Hole structures in the selective etching on the sub- 
strates display an asymmetrical pattern. Symmetrical  
holes were observed only on the {O01} with ~O01~ 
directional rectangular windows. These facts are well 
explained by the remains of the { l l l }A planes which 
constitute the slowest among the etching rates and 
their effects. 

Acknowledgment 

We thank Dr. H. Kusumoto for his continued en- 
couragement in the course of this work. We also ex- 
press our appreciation to Messrs. M. Nomura and M. 
Hirao for their valuable discussions. 

Manuscript received Ju ly  30, 1970. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1971 
JOURNAL. 

REFERENCES 

1. D. P. Brady, S. Knight et al., Proc. IEEE, 54, 1497 
(1966). 

2. J. J. Tietjen, G. Kupsky et al., Solid State Electron., 
9, 1049 (1966). 

3. S. Iida and K. Ito, To be published. 
4. D.W. Shaw, This Journal, 113, 958 (1966). 
5. B. A. Irving, "The Electrochemistry of Semicon- 

ductors," pp. 256-288, Academic Press, London 
and New York (1962). 



Epitaxial Growth of AI203 on AI203 
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Donald R. Messier and Philip Wong 
Army Materials and Mechanics Research Center, Materials Research Laboratory, Watertown, Massachusetts 02172 

ABSTRACT 

The growth of A]203 on s ingle-crysta l  and polycrystal l ine AI~O3 substrates 
via the net chemical  react ion 2AIC13(g) ~ 3H20(g)  ~ A1203(s) + 6HCl(g)  
was invest igated in the tempera ture  range f rom 1400 ~ to 1600~ Deposits that  
were  obtained var ied f rom polycrystal l ine at lower tempera tures  to single 
crystal  at h igher  temperatures .  Use of a 60 ~ or iented substrate  resul ted in a 
higher  quality,  faster  growing deposit compared to deposits on 0 ~ and 90 ~ ori-  
ented substrates. 

The chemical vapor  deposition (CVD) technique has 
several  advantages that  make it a t t rac t ive  as a method 
of growing single crystals of ceramic materials.  Some 
of these advantages are: (a) growth occurs under  
isothermal  conditions, the crystals obtained are thus 
re la t ively  unstrained and require  no annealing; (b) 
single crystals can be grown at tempera tures  several  
hundred  degrees below the mel t ing point, an advantage 
over  mel t  growth techniques;  and (c) because purifi-  
cation results f rom the vaporizat ion process, the crys-  
tals obtained are of higher  pur i ty  than those grown by 
other low- tempera tu re  methods such as hydro thermal  
or flux growth. A disadvantage of the CVD method is 
the slowness of growth rates; this is at least par t ia l ly  
offset, however,  by the fact that  large crystals grown 
more rapidly by mel t  techniques are often highly 
strained and requi re  long anneals. 

The invest igation reported here is a successor to a 
previous one (1) concerned with  the formation of 
polycrystal l ine alumina by CVD. The only previous in-  
vestigation of the growth of large single crystals of 
a lumina by CVD that  has been published in the open 
l i terature is tha t  of Schaffer (2). He employed the re-  
action 2 A1C13 (g) -{- 3 H2 (g) ~ 3 CO2 (g) ---- 
A1._,O3 (s) -~ 3 CO (g) ~ 6 HC1 (g), at tempera tures  
of 1550" and above to grow single crystals weighing 
up to 80g. Under  his conditions, the react ion rate  was 
negligible at the lowest t empera tu re  investigated, 
1550~ A report  by Schaffer (3) contains addit ional  
data on the growth of large crystals by CVD. Parker  
and Harding (4) repor ted  the use of an apparatus and 
technique similar  to Schaffer 's to grow bicrystals of 
alumina at tempera tures  about 1700~ 

Earl ier  work  at our labora tory  (1) indicated that  
significant growth rates could be obtained via the net 
reaction 2 A1C13 (g) -b H20 (g) ---- A1203 (s) -{- 6 
HC1 (g),  at t empera tures  considerably lower  than  had 
been previously reported. One purpose of this study 
was therefore  to establish a low- tempera tu re  l imit  for 
the growth of single crystals at significant rates; there  
are numerous advantages in power  and mater ia ls  re-  
qui rements  if it is possible to work  at tempera tures  
below 1600~ Another  purpose of this invest igat ion 
was to establish more clear ly  the effect of the crysta l -  
lographic orientat ion of the substrate on the rate  of 
growth and character  of the resul t ing deposit. 

Experimental Procedures 
The substrates that  were  used in the CVD studies 

included both polycrystal l ine a lumina and s ingle-crys-  
tal sections cut to the desired orientat ions f rom Ver-  
neuil  ruby  and sapphire and f rom Czochralski sap- 
phire. A typical  substrate was 1.6 cm long x 1.6 cm 
wide x 0.2 cm thick. The orientat ions that  were  used 
were  0 ~ ("c") corresponding to the (0001) plane, 90 ~ 

Key words: vapor deposition--chemical; vapor phases--growth; 
crystal growth. 

("a")  corresponding to the (1120) planes, and 60 ~ cor- 
responding approximate ly  to ei ther  the (101-2) or the 
(2113) planes 1 (see Fig. 5 for reference) .  The surfaces 
of some of the substrates were  prepared by polishing 
with 1-5 ~m diamond gri t  wi th  a lead lap. Other  sub- 
strates were  s imply used as-cut  wi th  a 220 gri t  dia-  
mond cutoff wheel.  No obvious differences were  ob- 
served between deposit layers obtained on substrates 
prepared in ei ther  manner.  

The apparatus that  was used is described in detail  
e lsewhere  (1). The furnace has a molybdenum wind-  
ing and the muffle tube and all components  used in 
the hot zone are a luminum oxide. The a luminum chlo- 
ride gas is generated by the chlorinat ion of a luminum 
metal. The water  vapor  is formed by the react ion of 
hydrogen and oxygen gases. Figure  1 shows the de- 
tails of the rec tangular  box that  serves as the reaction 
chamber.  Combinat ion of the hydrogen and oxygen to 
form water  vapor  occurs af ter  exit  of the gases from 
the nozzle. 

Before  a run, the substrates that  are to be used are 
cemented with alumina cement  to the removable  floor 
of the reaction chamber.  The system is then assembled, 
evacuated, and heated to the desired temperature .  The 
reaction is begun by start ing the flow of the reactant  
gases. The total  system pressure was he ld  at 0.5 Torr  
for all of the runs. Gas flow rates were  mainta ined 
constant at 0.77 lpm for hydrogen, 0.57 lpm for oxygen, 
and 0.08 lpm for chlorine. The tempera tures  that  were  
used were  1400 ~ 1500 ~ and 1600~ and run t imes were  
6 hr. At the conclusion of a run, the system was cooled 
under  vacuum. The specimens were  removed by sim- 
ply breaking them away from the floor of the re-  
action chamber.  

Results 
Kinetics of deposition.--Table I summarizes  the re-  

sults of deposition rate  measurements  on s ingle-crysta l  
substrates of various orientat ions at 1400 ~ 1500 ~ and 
1600~ Rates were  determined by measur ing the 
thickness of deposit obtained in a 6 hr  run. It should 
be noted that  the rates given are for growth on only 
one side of a substrate;  they  could easily be doubled 
by use of an a r rangement  that  al lowed simultaneous 
deposition on both sides. The m a x i m u m  l inear  growth 
rate  listed in Table I (60 ~ substrate at 1500~ is 
equivalent  to a mass ra te  of 50.4 m g / c m  2 �9 hr. This ra te  
compares favorably  to the m a x i m u m  value  of 90.4 m g /  
cm 2 �9 hr  quoted by Schaffer (2) for growth at 1750~ 
in an a r rangement  that  allowed simultaneous deposi- 
t ion on all surfaces of the substrate. 

Considering the complexi ty  of the react ion mecha-  
nism and exper imenta l  difficulties, the  apparent  lack 
of t empera tu re  dependence of the react ion is not sur-  

1 All of the indexes quoted in this paper refer to the structural 
unit cell (co= 12.991A) rather than the morphological one (c ---- 
co/2) sometimes used in the crystallographic literature. 
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prising. That  the rates are lower at 1600~ is believed 
to be par t ia l ly  a result  of leakage of the reaction 
chamber  caused by sagging of its top panel  at this 
temperature.  From a practical standpoint,  the results  
indicate that, under  our exper imenta l  conditions, close 
tempera ture  control is unnecessary to obtain uniform 
deposits. 

Characterization o~ deposits.--Microstructurr 
polycrystal l ine deposits formed at 1400~ showed in-  
teresting microstructural  features that  aid in their 
characterization. Most of the deposits formed on single- 
crystal substrates at 1500~ and above, however, were 
single crystal, and general ly  showed no microstruc-  
ture  at all. The la t ter  were clear t ransparent ,  and in-  
dist inguishable microscopically from the under ly ing  
substrate. 

Figure 2 shows a cross section of a typical deposit 
formed on a polycrystal l ine substrate at 1400~ 2 The 
usual  co lumnar  grained structure wi th  pronounced 
grain boundaries is clearly evident. Also notable is the 
considerable porosity near  the interface. 

Figure  3 shows deposits that  formed on single- 
crystal  substrates at 1400~ Although fur ther  evidence 
shows that  these deposits are still polycrystall ine,  the 
interface between deposit and substrate is cleaner, and 
the microstructure  bet ter  than the deposit on a poly- 
crystal l ine substrate. The presence of columnar  grains, 
however, indicates that  the substrate did not  com- 
pletely control the growth of the deposit; such grains 
must  have resulted from nuclei  formed on the single- 
crystal surface. 

Figure 4 shows a cross section, under  crossed Nicols 
in t ransmit ted  polarized light, of the deposit formed on 
a 60 ~ oriented s ingle-crystal  substrate at 1400~ All  
areas that  show the same extinct ion behavior  have 
the same crystallographic orientation. It  is evident  
from the figure that  certain of the columnar  grains 
mushroom out and eventual ly  jo in  to form a deposit 
that  appears single crystal. These observations are 
corroborated by the fact that  grain  boundaries  were 

All of the photomicrographs were taken on unetched specimens 
that were prepa~ed by relief polishing. 

not visibIe in  the top par t  of this specimen under  re- 
flected light. As far as microstructure  is concerned, 
it thus appears that  a deposit that  is more near ly  single 
crystal is obtained at 1400~ on a 60 ~ oriented substrate 
than on those of the other orientations tested. 

X-ray di~raction.--Figure 5 is a stereographic projec- 
tion of the poles of the only five sets of plane corre- 
sponding to peaks on x-ray diffractometer traces ol the 
surfaces of polycrystalline deposits. Various combina- 
tions of these peaks were found on material formed on 
single-crystal substrates (0 ~ and 90 ~ orientations) at 
1400~ and on polycrystalline substrates at 1400 ~ and 
1600~ Reflections from prismatic planes and the bas~ 
plane were notably absent. Although none of the pre- 
ferred orientations was observed on all of the speci- 
mens, all of the orientations occurred with about the 
same frequency. Furthermore, there was no apparent 
correlation between the orientation of the single- 
crystal substrates and the preferred orientation of the 
deposit. 

The microstructural observations and x-ray diffrac- 
tion data indicate that the polycrystalline deposits 
comprise columnar  grains growing in certain pre-  
ferred directions. That  the directions shown in Fig. 5 
are the fast growth directions for a lumina  follows from 
a discussion by Buckley (5) of the analogous case 
of solidification from the melt. Buckley shows that this 
type of mierostructure results  when  the grain grooving 

Table I. Growth rate vs. crystallographic orientation 

(All r~tes are in unRs of mm/hr) 

Orientation 1400~ 1500~C 1600"C 

60" 0.128 0.127 0.102 
I3) 

a 0.085 0.105 0.059 
(3) (3) (2) 

e 0.087 0.098 0.053 
30" 0.072 

( F i g u r e s  i n  p a r e n t h e s e s  a r e  n u m b e r  o f  s p e c i m e n s  e v a l u a t e d . )  

Fig. 2. Photomicrograph (65X) of a cross section of a deposit 
formed on a polycrystalline alumina substrate at 1400~ The col- 
umnar groined structure and preferred growth directions are typical 
of such deposits, 
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0001 43 ~ 610 +a, 

Fig. 5. Stereographic projection of poles of planes that are paral- 
lel to the surface of polycrystalline alumina deposits. 

Fig. 3. Photomicrographs (80X) of deposits formed on single- 
crystal substrates at 1400~ (a) cross section of a deposit on an 
"a" sapphire substrate and (b) top view of a deposit on a "c" 
ruby substrate. 

Fig. 4. Photomicrograph (175X, polarized light) of a thin section 
of a deposit (A) farmed at 1400~ on a 60 ~ oriented sapphire sub- 
strate (B). The deposit became virtually single crystal as it grew 
away from the substrata. 

from nuclei  oriented in the fast growth directions 
el iminate the slower growing ones. His explanat ion 
also accounts for the peculiar co lumnar-gra ined  struc- 
tures shown in Fig. 2-4. 

The Laue back-reflection x - r ay  technique was used 
to evaluate the qual i ty of the deposits formed on 
single-crystal  substrates. In  cases where single-crystal  
deposits were obtained, their  orientations were the 
same as those of the under ly ing  substrates. The ab-  
sence of significantly misoriented subgrains on single- 
crystal  deposits was confirmed by repeat Laue pat terns  
on several areas of specimens and by optical micros- 
copy using polarized light. 

All  of the deposits formed at 1400~ except that  on 
the 0 ~  showed a high degree of preferred ori-  
entation. The deposit on the lat ter  substrate gave a 
polycrystal l ine Laue pattern.  F igure  6 shows Laue pat-  
terns of deposits obtained on single-crystal  substrates 
of several orientations at 1500~ The substrates that 
were used were all cut from the same boule and run  
at the same time; the results should therefore reflect 
the influence of substrate orientat ion alone. The de- 
posit on the 60 ~ oriented substrate is single crystal  and 
that on the 0 ~ substrate is polycrystalline. The splitt ing 
of the spots in the pat tern obtained on the 90 ~ deposit 
indicates that some subgrain s tructure exists in this 
material.  Deposits obtained on single-crystal  substrates 
of all orientations tested were single crystal  at 1600~ 

Dislocation density measurement.--Dislocation densi-  
ties were determined on basal plane sections of the 
CVD deposits by an etch pit technique. The technique 
was that  described by Sahagian (6) as a refinement of 
the early ones given by Alford and Stephens (7) and 
Scheuplein and Gibbs (8). It  involved chemical pol- 
ishing in orthophosphoric acid at 425~ for 2 rain, fol- 
lowed by etching for about 5 min  in  the same reagent  
at 320~ 

Figure  7 shows an etched basal p lane  section of a 
deposit formed on a 60 ~  at 1600~ This figure 
i l lustrates clearly the single-crystal  na ture  of the de- 
posit and the almost perfect match between deposit 
and substrate;  only a par t ia l ly  complete l ine of etch 
pits delineates the interface between them. The dis- 
t r ibut ion of dislocations in the deposit is un i form 
parallel  to the interface and the dislocation density de- 
creases as the distance from the substrate  increases. 

Another  indication of the good qual i ty of the crystal 
is that subgrain boundaries are absent. The dislocation 
densities given, 1.7 x 105 and 2.5 x 105/cm 2 for deposit 
and substrate, respectively, are averages of counts 
from several photographs including hundreds  of etch 
pits for the areas shown in Fig. 7. The dislocation 
density measured on a deposit formed on a 0 ~ sub- 
strate at 1600~ ranged from 5.5 x 104/cm 2 to 6.0 x 105/ 
cm 2. These dislocation density values compare favor-  
ably to those of from 104 to 106/cm ~ quoted by Sa- 
hagian (6) for basal p lane sections of single crystals 
grown by a n u m b e r  of techniques. 

Discussion of  Results 
The results concerning the dependence of the qual i ty 

of the crystal on the orientat ion of the seed are con- 
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Fig. 6. Back-reflection Laue patterns of material deposited at 1500~ showing the higher perfection obtained by use of a 60 ~ 
oriented substrate. 

sistent with results of investigations of the growth of 
a lumina  single crystals by other techniques (9, 10). For 
example, Beliustin (9) found that  f lame-fusion single 
crystals grown from 60 ~ seeds had less mosaic struc- 
ture than crystals grown from seeds of other or ienta-  
tions. Our x - ray  results indicate that  the same is t rue 
for crystals grown by CVD. Beliust in states that  
growth is more uniform when one of the habit  faces of 
the crystal  is perpendicular  to the geometric axis of the 
boule, and when there are other possible faces close to 
that face in orientation; the 60 ~ orientat ion satisfied 
these conditions better  than any other orientations we 
tested. The reason given by Beliustin for the lesser 
amount  of subst ructure  in  crystals-grown in this or ien-  
tation is that the proximity  of other faces produces 
growth steps that  are less pronounced than they are, 
for example, on a 0 ~ orientation. The lat ter  or ientat ion 
is considerably far ther  from possible habit  faces than 
is the former. That  a bet ter  crystal  formed on the 90 ~ 
seed than  on the 0 ~ seed is also consistent with this 
argument,  for the former is closer to other potential  
faces than the latter. 

Stephens and Alford (10) obtained results s imilar  
to ours concerning dislocations in a lumina  single crys- 
tals. Their  specimens were crystals grown in  various 
orientat ions by flux and flame-fusion techniques. They 
found, as did we, that  growth orientat ion did not affect 
dislocation density. In  addition, they observed that  0 ~ 
crystals contained more substructure than 60 ~ ones, 
and that 90 ~ crystals contained the least substructure 

Fig. 7. Photomicrograph (48X) of an etched basal plane section 
at a single-crysta| deposit grown on a 60 ~ oriented sapphire sub- 
strate at 1600~ The deposit shows a lower density of dislocation 
etch pits than does the substrate. 

of all. Our results concur with the former observation, 
hut  not with the latter.  

The indexes of the fast growing planes are the 
same as those of faces occurring on na tura l  crystals of 
a lumina  (11). The two planes near  60 ~ (Fig. 5) corre- 
spond to common faces and the other three planes 
to less common ones. Although basal and prismatic 
faces predominate on both na tura l  and synthetic 
a lumina  single crystals (3, 11), our results indicate that 
nei ther  face is a fast growing one. This is ent i rely 
consistent with Buckley's  (5) explanat ion that  t he  
faces seen on a single crystal  after long growth times 
are the slower growing,  low index ones. In  normal  
growth, the faster growing, high index faces soon grow 
themselves out of existence. It  should be recalled, 
however, that the results shown in Fig. 5 pertain to 
the growth of columnar  grained, polycrystal l ine de- 
posits. For tha t  type of growth, the fast growth direc- 
tions p reva i l  

Consideration of phenomena  involved in the CVD 
process leads to some qual i tat ive conclusions about the 
kinetics of crystal  growth. Among the phenomena in-  
volved are nucleat ion and growth of new mater ial  on 
the substrate, gas phase transport,  and chemical re-  
actions at the surface of the growing crystal. 

That s ingle-crystal  deposits were obtained on single- 
crystal substrates of all orientations tested at 1600~ 
indicates that  nucleat ion is un impor tan t  at this t em-  
perature. The deposits merely  grow on the substrates. 
At 1500~ however, only the 60 ~ deposit was single 
crystal. The misoriented, columnar  grained deposits 
formed on other s ingle-crystal  substrates at and below 
this tempera ture  must  have resulted from nuclei  
formed at their  surfaces. It  thus appears that  deposi- 
t ion kinetics at 1500~ and below are complicated by 
nucleat ion phenomena,  and that  an evaluat ion of 
growth rate as a funct ion of substrate orientat ion is 
meaningfu l  only for the 1600~ data. 

The data on the rate of growth of the deposits at 
1600~ (Table I) correlate nicely with the x - r ay  data 
on fast growing directions. Fastest growth occurs on 
the 60 ~ substrate which, as seen in  Fig. 5, is close to 
several such directions. Growth is second fastest on the 
30 ~ seed, one that is also oriented close to several favor-  
able directions. The 0 ~ and 90 ~ substrates, still fur ther  
from fast growth directions, yield equal ly slow growth 
rates. 
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The results also yield some information concerning 
possible ra te-control l ing steps in the CVD process. 
That the growth rate depends on the orientat ion of 
the substrate indicates that it is not solely controlled 
by the rate of supply of reactants,  i.e. gas phase t rans-  
port. When one considers also that  gas phase nuclea-  
tion is not observed, one concludes that  a surface 
reaction of some sort is at least par t ia l ly  rate control-  
ling. Although this surface process probably  is some 
sort of surface catalyzed decomposition and oxidation 
of the a luminum chloride, formulat ion of a detailed 
reaction mechanism requires more data than are avail-  
able at present. 

In summary,  it may be concluded that:  

1. Single crystals of a luminum oxide can be grown 
by CVD at significant rates at a t empera ture  of 1500~ 
550~ below the melt ing point. 

2. There are five approximately equal fast growth 
directions for a luminum oxide, all of which lie be-  
tween the basal (0001) plane and (21i0) and (1010) 
prismatic planes. 

3. Growth rate and crystal  qual i ty  are both en-  
hanced by use of a 600 substrate ra ther  than  a 0 ~ or 
90 ~ one. 

Manuscript  submit ted April  7, 1970; revised ma nu-  
script received ca. Oct. 30, 1970. This was Paper  200 

presented at the Los Angeles Meeting of the Society, 
May 10-15, 1970. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1971 
JOURNAL. 
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Chemical Vapor Deposition of Iron Oxide Films 
for Use as Semitransparent Masks 

J. B. MacChesney, P. B. O'Connor, and M. V. Sullivan 
Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 07974 

ABSTRACT 

Iron oxide films have been prepared by  thermal  decomposition of iron 
pentacarbonyl  vapor in an oxidizing atmosphere. Optical spectra show these 
to be opaque in the ul traviolet  but  part ial ly t ransparent  to visible light. The 
na ture  of these deposits was studied by electron and x - ray  diffraction, elec- 
t ron microscopy, and the MSssbauer effect. It was found that deposition at 
low temperatures  resulted in a par t ia l ly  crystall ine film, while films formed 
at higher temperatures  were composed of ~Fe203 crystallites. The chemistry 
of the deposition process was considered in light of mass spectrometer anal-  
yses of species present  during deposition. 

Photolithographic processes for the manufacture  of 
integrated circuits require  a mask to define images on 
photoresist materials  used to form circuit patterns. 
Conventional  silver emulsion or chromium film masks 
have disadvantages. The former are easily scratched and 
the latter opaque to visible light, thus inhibi t ing regis- 
t rat ion of successive patterns.  It is desirable to have a 
durable mask which is at least par t ia l ly  t ransparent  to 
the visible, but  opaque to ultraviolet,  l ight used for 
photoresist exposure. To this end, Sinclair, Sullivan, 
and Fastnacht  (1) considered a number  of t ransi t ion 
metal  oxides suitable for mask fabrication, but  settled 
on mixtures  of vanadium and iron oxide as best able to 
satisfy the requirements  of this mask. These they de- 
fined as: t ransmission of less than 1% below 4000A, 
transmission of greater than 30% at 5890A, and etch- 
abil i ty in reagent  s compatible with photolithographic 
processing so as to provide resolution of lines separated 
by no more than 2~. 

Initially,  our intent ions were to duplicate their work 
using films prepared by chemical vapor deposition 
techniques. However, it soon became apparent  that 

Key words:  Fe.oO~ (iron oxide} thin films, photoli thographic 
masks,  iron pentacarbonyl ,  vapor  deposition. 

pure iron oxide films prepared by this technique dif- 
fered from the sputtered films prepared by Sinclair  
et al. The principal  difference was that  chemically de- 
posited films could be etched, whereas sputtered films 
could not. Therefore, the present  s tudy was pr imari ly  
directed toward the preparat ion and characterization 
of iron oxide films prepared by chemical vapor dep- 
osition. 

Deposition 
Iron pentacarbonyl,  Fe(CO)5, was selected as the 

source of iron in these experiments.  This compound is 
desirable because its properties combine high vapor 
pressure which facilitates t ransport  in the vapor phase 
and low decomposition temperature.  For these rea-  
sons, use of Fe(CO)5 for deposition of i ron films or 
preparat ion of highly pure iron powder is well  known. 
However, it appears to have been little used for prep- 
aration of iron oxide films, al though its use is men-  
tioned by Powell  (2) and films prepared by its de- 
composition in microwave plasma are reported by 
Secrist and MacKenzie (3). 

In the present  studies, films were prepared using 
the apparatus shown in Fig. 1, which consists of a dep- 
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Fig. 1. Photograph of deposition apparatus as described in the 
text. 

osition chamber  rest ing on a hot plate. I ron pentacar-  
bonyl  vapor, generated by bubbl ing  argon through 
the l iquid contained in a s ide-arm test tube, is t rans-  
ported to a "T" junct ion where it is mixed with oxygen 
or other gases prior to enter ing the deposition chamber. 
Fi lm deposition occurs by thermal  decomposition of 
the carbonyl  vapor on the surface of the heated sub-  
strate. Exhaust  gases exit around the base of the dep- 
osition chamber. The apparatus was contained in a 
glove-box which was cont inuously exhausted to re-  
move potential ly toxic or explosive products. 

Electronic flow meters (Hastings Raydist Model 
LL100) were used to monitor  the flows of the different 
gases. Temperatures  were measured by Chromel -Alu-  
reel thermocouples embedded in the plate support ing 
the substrate and these were recorded using a mul t i -  
point recorder. The substrate for photomask usage was 
a 2 x 2 x 1/16 in. soda l ime glass plate which had been 
degreased, detergent  washed, boiled in H202 (30%), 
blown dry, and baked. Thicknesses of iron oxide films 
were measured using a Tallysurf.  z 

Characterization of these deposits was accomplished 
by optical and Mhssbauer spectra, scanning electron 
microscopy, electron microscopy, electron microprobe 
analysis, x-ray,  and electron diffraction. The suitabil-  
ity of deposited films for mask purposes was deter-  
mined by etching studies on pat terned and unpa t -  
terned surfaces. 

A systematic survey of deposition conditions was 
carried out using various flow rates, reactive gases, and 
deposition temperatures.  These results are summarized 
by Fig. 2. The diagrams of this figure compare deposi- 
tion rates for different flow rates of carrier gas at 
substrate temperatures  of 120 ~ 140 ~ 160 ~ 180 ~ and 
200~ in atmospheres of argon, carbon dioxide, oxy- 
gen, and oxygen-water .  It is observed [Fig. 2 (a)]  that 
in an argon atmosphere little apparent  change in dep- 
osition rate is occasioned by either increase in tem-  
perature or increased carrier flow. In order to check 
whether  this behavior would occur with other non-  
oxidizing gases, CO., was introduced into the deposition 
chamber  in addition to the argon carrier. The result ing 
deposition rates are shown by Fig. 2 (b). Although only 
one flow rate was used, the s imilar i ty  with the pure  
argon atmosphere is evident. 

A dramatic change in  deposition rates resulted when 
oxygen was used as the reactive gas [Fig. 2 (c)].  Here 
it was observed that  deposition rates, at all but  the 
lowest temperature,  were as much as an order of mag- 
ni tude greater than in previous experiments.  Further ,  
these rates were approximately proport ional  to the 
carrier gas flow, i.e. iron pentacarbonyl  concentration, 
and were not believed to be temperature  dependent  
above 140~ The final diagram of the series, Fig. 2 (d), 
compares rates observed for oxygen-water  mixtures  

1 A p r o d u c t  of  T a y l o r - H o b s o n  C o m p a n y ,  L i m i t e d .  
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Fig. 2. Deposition rote (A/ra in)  vs. temperutare (~ (o) 
deposition in argon at carrier flows of 20, 40, and 60 co/rain; 
(b) deposition in CO2 with carrier flow Ar of 75 co/rain and CO2 
flow 60 cc/min; (c) deposition on O2, carrier flow (Ar) 20, 40, and 
60 cc/min, and 02 flow 60 cc/min; (d) deposition in O2-H20, 
carrier flow (Ar) 20, 40, and 60 cc/min, 02 bubbled through water 
at 25~ 

which were prepared by bubbl ing  the gas through a 
column of water  at 25~ Although the vapor pressure 
of water  is only 23.7 ram, this addit ion drastically re-  
tarded deposition, below even that  of argon at the 
lower temperatures.  The deposition rate appeared to 
be more temperature  dependent  in this case than in 
those where argon or CO2 was used as a carrier. 

These results can, for the most part, be ra ther  easily 
summarized. When, as in the case of argon or CO2 
atmospheres, the quant i ty  of oxygen is l imited to that  
present as an impur i ty  in the inert  gas, to back diffu- 
sion into the deposition chamber, or desorption from 
the walls of the apparatus, deposition rates are low. 
When the supply of oxygen is plentiful,  the deposition 
rates are high, and proport ional  to the quant i ty  of iron 
being transported into the chamber. The role of water  
vapor, however, is less obvious. Even when large 
quanti t ies of oxygen are supplied with it, deposition 
rates are low. These rates, unl ike  those described pre-  
viously, are tempera ture  dependent  and suggest a 
thermal ly  activated process. Thus, clearly either the 
reaction or the kinetics involving the decomposition 
of i ron pentacarbonyl  is different in a water -conta in ing  
atmosphere. This point is discussed more extensively 
in a later section. 

Etching Studies 
Preparat ion of semit ransparent  photomasks requires 

that  films with the appropriate optical spectra be 
etched in solvents compatible with photoresist pro-  
cessing materials.  Fur thermore,  in order to achieve 
the desired resolution of the etched films, it is neces- 
sary that solution be accomplished uni formly  without  
significant undercut t ing.  Sinclair  et  al. (1) had found 
sputtered iron oxide films to be extremely resistant  to 
normal  etchants, and when etched they provided un -  
satisfactory resolution. Some of our films behaved 
similarly, but  others could be successfully etched in 
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di lu ted  HC1 at  t empera tu res  be tween  25 ~ and 50~ 
This difference could be associated wi th  the  deposi t ion 
tempera tures .  F i lms  deposi ted below approx ima te ly  
160~ could be sa t i s fac tor i ly  etched, whi le  those de -  
posi ted at  h igher  t empera tu res  could not. 

Optical Spectra 
This observat ion posed the  question: Wha t  is the 

essential  difference be tween  these two types  of films? 
Ini t ia l ly ,  it  was thought  tha t  opt ical  spect ra  would 
provide  va luab le  clues. Thus, extens ive  absorpt ion 
spect ra  in the  region be tween  3000 and 7000A of films 
deposi ted under  a va r i e ty  of condit ions were  obta ined 
using a Cary  recording  spec t rophotometer  (Model No. 
14). However ,  for the purpose  intended,  this approach 
proved disappoint ing since no significant differences 
were  observed.  The point  is i l lus t ra ted  by  optical  
spectra  (Fig. 3) of films deposi ted in oxygen using a 
car r ie r  flow of 60 cc/min.  This plot  of optical  dens i ty  
vs. wave leng th  is essent ia l ly  s imi lar  for the  spectra  of 
films p repa red  at  different  tempera tures ,  except  tha t  
a somewhat  sharper  cutoff is exhib i ted  by  films formed 
at  h igher  tempera tures .  

Al though not  pa r t i cu l a r ly  revea l ing  for  the purpose  
of character iz ing the i ron oxide films, these spectra  do 
show that  i ron oxide  films meet  the cr i ter ia  for semi-  
t r ansparen t  photomasks.  They  are  h ighly  absorbing 
in the spect ra l  range used for photores is t  processing 
and are reasonably  t r anspa ren t  in the  visible.  A typ i -  
cal film for pho tomask  usage would  be about  1800A 
th ick  and would  have an opt ical  dens i ty  of 2 at  4000A 
and of 0.3 at  6000A. 

Scanning Electron Microscopy 
A more  powerfu l  tool  for the  charac ter iza t ion  of 

these films proved to be the scanning e lect ron micro-  
scope. Micrographs  were  obta ined at  10,000-20,000X 
using a Cambr idge  Stereoscan II  appara tus  opera t ing  
in the  secondary  mode. The films were  sufficiently 
conducting, p ~ 109 ohms/sq,  so tha t  no surface coating 
was needed. The resul t ing micrographs  c lear ly  revea l  
a dis t inct ion be tween  the surface morphologies  of the  
two types  of films. F igure  4 (a )  shows a typ ica l  surface 
of a h i g h - t e m p e r a t u r e  film. Here,  deposi t ion occurred 
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Fig. 3. Optical density (micron -1) vs. wavelength (-~) for films 
formed at temperatures of 120 ~ 140 ~ 160 ~ 180 ~ and 200~ in 
an atmosphere of carrier (At) 60 cc/min, O2 60 cc/min. 

Fig. 4. Scanning electron micrographs of the surfaces of films 
deposited in an oxygen atmosphere carrier Ar and 02 40 cc/min 
and 60 cc/min, respectively: (a) high-temperature morphology de- 
posited at 210~ (b) low-temperature morphology deposited at 
160~ 

at 210~ in oxygen  where  the  car r ie r  and oxygen flows 
were,  respect ively,  40 and 60 cc/min.  I t  is seen tha t  
the film consists of we l l -deve loped  acicular  crys ta l l i tes  
wi th  dimensions of app rox ima te ly  0.1 x 0.1 x 1.0~. 
A quite different  appearance  is observed for films 
formed under  s imi lar  flow condit ions but  deposi ted at  
160~ A n  example  is shown in Fig. 4 (b ) .  Component  
par t ic les  of this  film are  large,  app rox ima te ly  4~ in 
d iameter ,  and have  a rounded  appearance  wi th  an ab-  
sence of we l l -deve loped  crys ta l  faces. The morphology  
of this film is reminiscent  of the ren i form (4) habi t  
f requent ly  d isp layed by  one va r i e ty  of na tu r a l l y  oc- 
cur r ing  hemat i te .  The deve lopmen t  of this  habi t  is 
associated wi th  a l o w - t e m p e r a t u r e  (sedimenta t ion)  
process. When  contras ted  wi th  the  we l l - fo rmed  crys-  
ta l l i tes  observed in the  films formed at  h igher  t emper -  
atures,  i t  was reasonable  to suspect tha t  the  difference 
be tween  the two types  of films involved  the degree of 
c rys ta l l in i ty  a t ta ined  b y  each. 

X-Ray Diffraction and MSssbauer Spectroscopy 
There  was l i t t le  difficulty in es tabl ishing tha t  films 

formed at the  h igher  t empera tu re s  were  crys ta l l ine  
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Table I 

155~ f i lm, 200~ f i lm, 
a/o a/o 

Fe 36.60 "P 0,43 38.03 ___ 0.50 
O* 62,73 "~ 0.39 61.88 ___ 0.50 
Si  0.28 ~ 0.01 0.08 +_ 0.09 
C 0.89 ~_ 0.27 

* O x y g e n  by  dif ference.  

and that  their  s t ructure  was that of aFe203. X- ray  dif-  
fractometer patterns, obtained using CrKa radiation, 
gave reflections characteristic of this phase. In  addi-  
tion, MSssbauer spectra of characteristic films were 
obtained by methods described previously (5). One 
such spectrum was obtained from a 6~ film which had 
been deposited at 206~ and subsequent ly  removed 
from the  substrate. This consisted of six l ines char-  
acteristic of magnet ical ly  ordered materials.  Its isomer 
shift, obtained from the centroids of the peaks, was 
+0.21 mm/sec  relat ive to 57CoPd and its effective 
magnetic hyperfine field was 512 kOe. Both values are 
typical  of the aFe203 phase. 

Analysis of the low-tempera ture  deposits proved 
more difficult. Here, x - ray  diffraction, and electron 
diffraction as well, proved worthless. No reflections 
could be obtained from these films even when films 
several microns thick were scanned. At  the same time, 
it was found extremely difficult to remove these de- 
posits from glass for MSssbauer spectroscopy. However, 
it had been observed that  films deposited on steel 
panels at similar temperatures  had morphology iden- 
tical to those deposited on glass and could thus be 
assumed comparable. One such film, deposited at 160~ 
was removed using diluted HC1 and a portion of it 
was retr ieved from the acid for analysis. The Mfss- 
bauer  spectra of this film revealed the presence of 
both magnet ical ly  ordered and paramagnet ic - t r iva lent  
iron. The hyperfine split spectra revealed an effective 
field of 512 kOe similar to that  observed previously. 
The isomer shift of the paramagnet ic  i ron was ~0.19 
mm/sec.  Although somewhat less than that observed 
previously, this value is still typical of t r ivalent  iron. 
Thus, it was concluded that the low-tempera ture  
phase was composed of t r iva len t  iron, a portion of 
which was present  in a crystal l ine environment ,  while 
the remainder  was either amorphous or incorporated 
in a phase not magnet ical ly  ordered at room tempera-  
ture. It appears l ikely that  the film was composed of 
crystallites having a wide range of sizes, the smaller  
of which were superparamagnet ic  and thus exhibited 
a range of blocking temperatures  (6). 

Analysis 
Electron probe microanalysis  was obtained from 

films deposited on silicon wafers. One film was de- 

posited at 155~ using a flow of 85 cc /min  argon and 
80 cc /min  O~ and yielded a film 4750A thick. A second 
film was deposited at 200~ to a thickness of 2250A 
using an argon flow of 70 cc /min  and oxygen of 50 
cc/min. The mean  chemical composition and two sigma 
limits based on 12 analyses of these films are shown 
in Table I. 

These analyses indicate that the compositions of 
both films approximate that  of Fe2Oa but  are iron 
deficient with possible minor  concentrat ions of carbon 
and silicon. This suggests the possible presence of 
goethite (Fe20:3-H20), the hydroxide Fe(OH)~ or, as 
evidenced by the presence of carbon, a carbonate or 
carbonyl. 

Chemistry of Iron Oxide Film Formation 
The decomposition of iron pentacarbonyl  in the pure 

state or in an inert  gas atmosphere appears to be rea-  
sonably well  understood. Decomposition takes place 
according to the over-al l  reaction: Fe(CO)5----Fe -~- 
5CO. Carlton and Oxley (7) have studied equi l ibr ium 
decomposition via this reaction and find that  it is 
thermodynamical ly  favorable, in the pure state, at 
temperatures  above 60~ However, the rate is l imited 
by kinetics below approximately  200~ and by diffu- 
sion above this temperature.  The ra te- l imi t ing  step at 
lower temperatures  is the decomposition of adsorbed 
carbonyl  on the deposition surface. The activation 
energy for this reaction is 20 kcal/mole,  bu t  iron 
pentacarbonyl  is only weakly adsorbed on the reaction 
s u r f a c e  (AHads ~ 5 kcal /mole) .  Carbon monoxide, on 
the other hand, is quite s trongly absorbed (AH~ds = 22 
kcal /mole) .  Thus, the presence of carbon monoxide in 
the reaction atmosphere, either as an addition or re- 
sult ing from the deposition, s trongly depresses the 
decomposition, while argon and hel ium which are not 
s t rongly adsorbed have little effect on the reaction 
rate. 

In  order to bet ter  unders tand  the decomposition of 
iron pentacarbonyl  in oxidizing atmospheres, we ar-  
ranged to pass its vapor together with the argon car- 
rier and the oxidizing gas into a CEC2-621 mass spec- 
trometer. In one instance, the oxidizing gas was pure 
oxygen and, in another, oxygen saturated with water 
at 25~ Argon (carrying the pentacarbonyl)  was 
mixed with either of these atmospheres in the ratio of 
40:60 (per cent by volume) and passed into a Pyrex 
manifold connected to the mass spectrometer. This 
was so arranged that  the gas mix ture  could be fed 
directly into the ins t rument  or first passed through a 
furnace packed with glass wool. Samples were ana-  
lyzed for argon, oxygen, carbon monoxide, carbon di- 
oxide, nitrogen, and iron pentacarbonyl .  The results 
of these analyses are given in  Table  II. The three 
columns on the left give the results of direct passage 
into the spectrometer, while the remainder  show the 

: C o n s o l i d a t e d  E l e c t r o d y n a m i c s  Corpora t ion .  

Table II. Mass spectrometer analysis of iron pentacarbonyl decomposition products, volume per cent 

Directly into spectrometer 
F l o w  c o n d i t i o n s  a 

25~ T h r o u g h  p a c k e d  f u r n a c e  
Cons t i t -  C a r r i e r  25~ 250C 25~ 146~ 176"C 210~ 

u e n t s  on ly  02 O2-H20 d 03 O2-H20 ~ O.j O2-H20 ~" C~., O2-H20 ~ 02 O2-H20 ~ 

N~ b 0.37 0~41 0.44 0.44 0.44 0.44 0.58 0.58 0.52 0.73 0.88 
02 0.078 61.0 61.0 61.0 61.0 62.0 62.0 58.0 57.0 57.0 59.0 
Ar2 c 97.0 34.8 35.8 33.7 35.8 32.3 34.4 34.8 35.8 35.2 33.5 
CO,_, N.D. N.D. 0.31 2.2 0.24 2.3 0.55 1.48 1.21 2.6 1.1 
CO N.D. N.D. 0.15 2.3 N.D. 2.3 N.D. 4.7 4.4 3.8 5.1 
Fe(CO)~ 2.'/~ 3.3 2.1 0.27 2.0 0.10 1.7 0.031 0.24 0.008 0,007 

= Al l  d e t e r m i n a t i o n s  b a s e d  on ca r r i e r  f low-40 c c /min ,  O.~ or Or-H20-60 co/ ra in .  
b F r o m  l e a k a g e  of  air i n t o  a p p a r a t u s .  
r A r g o n  f o w s  n o r m a l i z e d  to  40 c c / m i n .  

O~ b u b b l e d  t h r o u g h  H20 at  25~ 
e The  c o n c e n t r a t i o n  of Fe(CO)5 was  t a k e n  as p r o p o r t i o n a l  to  i t s  v a p o r  p r e s su re  a t  25~ The  mass  spec t ra  r e s u l t i n g  f r o m  th i s  m e a s u r e m e n t  

were  used  as a s t a n d a r d  fo r  s u b s e q u e n t  d e t e r m i n a t i o n .  T h e  a b s o l u t e  q u a n t i t y  of Fe(CO)~ m a y  be in  e r ro r  e v e n  t h o u g h  t he  r e l a t i v e  q u a n t i -  
t ies f o u n d  are  c o n s i s t e n t .  

N.D. = N o t  d e t e c t e d .  
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Fig. 5. Curves showing % Fe(CO)5 vs. temperature (~ obtained 
from mass spectrometer analyses. Mixtures of Fe(CO)5 vapor, 
argon, and 02 or 02-H20 were passed through gloss wool packing 
before entering mass spectrometer. 

effects of passage through the glass wool. I t  is evident  
that even at low temperatures  the glass wool, p resum-  
ably because of its large surface area, causes decom- 
position of iron carbonyl.  This is severe with pure 
oxygen but  insignificant when  oxygen and water  are 
both present. These results are compared by curves of 
% Fe(CO)5 vs. T (~ in Fig. 5. 

These data, combined with those derived from the 
deposition rate exper iments  represented in Fig. 2, 
clearly show that  water  inhibi ts  the decomposition of 
iron carbonyl. We suggest the following rat ionale 
to explain this phenomenon:  The decomposition of iron 
pentacarbonyl  to iron oxide proceeds by a surface- 
catalyzed reaction. However, both oxygen and water  
are strongly adsorbed on the reaction surface. The heat 
of adsorption of oxygen on oxides is approximately 20 
kcal /mole (8) and that  of water  on aFe203 is reported 
to be between 14.2 and 18.7 kcal /mole (9) at 150~ 
Thus it is reasonable to th ink  that, under  the condi- 
tions of film formation, both oxygen and water  com- 
pete for surface sites. In  this regard, it might  be men-  
tioned that  the data of Fig. 2(d) which represents 
deposition rates for oxygen-water  mixtures,  when  
plotted as In R (A/min)  vs. 1 / T ( ~  yield a 
straight line whose slope is equivalent  to an activation 
energy of 12.7 kcal/mole.  This value is in reasonable 
agreement  with that  of the heat of adsorption of water  
on iron oxide. 

The carbon monoxide concentrat ions determined in 
these analyses raise another point  deserving consider- 
ation. In a process of this kind, where CO is present  
in an atmosphere rich in oxygen, there is the possibility 
of approaching the explosive range of these gas mix-  
tures. Fortunately,  the l i terature abounds with data on 
the explosive limits for mixtures  of CO with 02 and 
air in the presence of iner t  gases. From these data, we 
have constructed Fig. 6 which shows by means of a 
t e rna ry  diagram the explosive range of mixtures  of 
CO with air or oxygen and an inert  gas. The solid l ine 
of this diagram is d rawn on the basis of data by van 
Heiningen (10) and shows the explosive range of 
CO-air-Ar.  The range for CO-O2-Ar is also known 
(11) and is represented on this diagram by the dashed 
curve. 

In  the lower center of this diagram, a series of dots 
are used to represent  the compositions of gas mixtures  
tabulated in Table II. It is seen that  these lie safely 
outside of the explosive limits. Nevertheless, the con- 
centrat ion of CO in deposition atmospheres could be-  
come of concern should the iron pentacarbonyl  con- 
centration, either by in tent  or accident, be raised sig- 
nificantly. In order to avoid the explosive region, the 
concentrat ion of the argon carrier  could be raised to 
greater than 60%. Alternat ively,  CO2 could be substi-  
tuted for argon. This causes the explosive range to 

CO 
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Fig. 6. Curves showing explosive ranges of various ternary gas 
mixtures: solid curve, CO-oir-Ar; dashed curve, CO-02-Ar; dash- 
dot curve, CO-air-C02. Points in lower center of diagram represent 
analytically determined compositions of postdeposition atmospheres. 

shr ink appreciably (12) as shown by the dash-dot 
curve of Fig. 6. Thus, with appropriate flow of air as 
the oxidizing gas and CO2 as the carrier, the explosive 
range can be avoided completely. 

Conclusions 
This s tudy shows that  iron oxide films having optical 

characteristics suitable for semit ransparent  photo- 
masks can be convenient ly  and easily prepared by 
decomposition of iron pentacarbonyl  in an oxygen at- 
mosphere. The substrate tempera ture  at which the 
deposition is carried out is impor tant  in determining 
the resistance of the film to etching agents. Satisfac- 
tory films could be prepared at temperatures  below 
approximately 160~ These were composed of part ia l-  
ly crystal l ine aFe2Oj. 
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The Solid Solubility Isotherms of Zn in GaP and GaAs 
A. S. Jordan 

Bell Telephone Laboratories, Incorporated, Murray Hill, New  Jersey 07974 

ABSTRACT 

The solid solubil i ty isotherms for Zn in GaP and GaAs have been calculated 
as a funct ion of Zn concentrat ion along the G a - P - Zn  and Ga-As-Zn  l iquidus 
isotherms over a wide temperature  range. These calculations were based on 
a critical evaluat ion of the available solubili ty data, assuming regular  t e rnary  
solution behavior  in both te rnary  melts. The solubili ty isotherms are not 
only in agreement  with the published data, but  are also in accord with recent 
exper imental  results on the incorporation of Zn in GaP grown by l iquid-phase 
epitaxy and l iquid encapsulat ion pulling. In  addition, the Zn surface concen- 
trat ions in  GaP and GaAs arising from te rna ry  source diffusion have been 
estimated as a funct ion of temperature.  Finally,  the enthalpies for the in-  
corporation of Zn in GaP and GaAs according to Zn(1) q- Voa = Znea are  
given as approximately -- 2.16 and -- 2.29 eV, respectively. 

Zinc is one of the most f requent ly  used p- type  do- 
pants in GaP and QaAs. In  particular,  Zn plays a 
pivotal role in the formation of Zn-O complexes in red 
emit t ing electroluminescent  GaP diodes (1). Several  
recent investigations have been devoted to the study 
of Zn solubil i ty in GaP and GaAs. Most of these studies 
have not only provided a l imited amount  of solubili ty 
data at certain temperatures,  but  have also contr ibuted 
to the present  unders tanding  of the incorporation 
mechanism of Zn in GaP and GaAs. 

The major  objective of this paper is to calculate the 
complete solid solubili ty isotherms for Zn in GaP and 
GaAs as a function of Zn concentrat ion along the 
Ga -P -Zn  and Ga-As-Zn  liquidus isotherms over a wide 
temperature  range. The tempera ture  dependent  equi-  
l ibr ium constants for the incorporation of Zn in these 
crystals required to perform the calculations are ob- 
tained by a critical analysis of the published solubili ty 
data in combinat ion with Zn, P, and As activities taken 
from recent  work (2). It is fur ther  shown that  the ap- 
proximate enthalpies of Zn incorporation are in good 
agreement with an independent  theoretical estimate. 
In  addition, the Zn surface concentrat ions as a function 
of tempera ture  in GaP and GaAs resul t ing from ter -  
na ry  source diffusion are evaluated. Finally,  it is 
demonstrated that the Zn solubili ty isotherms in GaP 
at both low and high temperatures  are in accord with 
recent experiments  on the incorporation of Zn in GaP 
grown by l iquid-phase epi taxy and liquid encapsula-  
tion pulling. 

Analysis of the Solubility Data 
Trumbore et al. (3) have determined the solid 

solubil i ty of Zn in GaP crystals, grown at about 1040~ 
from Ga-r ich solutions by a thermal  gradient  tech- 
nique. These authors (3) were able to relate the Zn 
solubili ty in the solid to the Zn concentrat ion in the 
melt  by means of a simple model, assuming the in-  
corporation of singly and completely ionized Zn ac- 
ceptors on vacant  Ga sites. More recently, Panish  and 
Casey (4, 5) and Casey e~ al. (6) have considered in 
some detail the ionization of Zn in GaAs and GaP and 
pointed out that the accepted theories for impur i ty  
incorporation, based on Fermi-Dirac  statistics, required 

K e y  w o r d s :  I n - V  c o m p o u n d s ,  d o p i n g ,  e l e c t r o l u m i n e s e e n t  m a t e r i -  
als,  s e m i c o n d u c t o r  p h a s e  e q u i l i b r i a .  

the presence of a significant amount  of neu t ra l  Zn at 
higher concentrations. However, when the effects of 
high impur i ty  concentrat ions on the density of states 
were taken into account, they have found that  the 
merger  of the localized impur i ty  level with the valence 
band resulted in the total ionization of Zn. 

Therefore, the incorporation of Zn in GaP or GaAs 
can be given by the following defect equil ibria 

O : V G a  -~- V p  [la] 

P(1) + Vp : Pp [Ib] 

Z n ( ] )  + V G a  = Z n G a  [ l c ]  

ZnGa = Znoa-  + e + [ld] 

P(1) q- Zn(1) ---- ZnGa- q- Pp -t- e + [2] 

where the le f t -hand side of Eq. [la] represents the 
normal  occupation in the lattice and Eq. [2] by sum- 
ming over Eq. [la] through [ ld]  describes the over-al l  
incorporation process. Consequently, the equi l ibr ium 
constant, K, for Eq. [2] takes the form 

K = [ZnGa-]Vh[e+]/aznaP [3] 

where the brackets signify the concentrat ion of the 
enclosed species, "Fh is the activity coefficient of holes, 
as introduced by Panish and Casey (6), and the func-  
tions azn and ap are the Zn and  P activities in the liq- 
uid phase in equi l ibr ium with Zn-doped GaP. The 
s tandard states for the activities are the respective 
pure liquids. In  wri t ing Eq. [3] it has been assumed 
that  the activity coefficients for [ZnGa--] and [pp]l  as 
well  as [Pp] itself are constants (Henrian and Raoult ian 
regions, respectively).  By the use of the electroneu- 
t ral i ty  condition, [ZnGa--] -~- [ e - ]  ---- [e+], and the 
mass action relat ion for electrons and holes, Vh[e--] [e + ] 
---- ni2, u where ni is the intr insic concentration, one can 
el iminate [e + ] from Eq. [3] and obtain the following 
relationship 

CS2zn'Yh 1 q- ~ q- t = Kaznae [4] 
2 \ CSzn / Vh 

1 T h e  R a o u l t i a n  b e h a v i o r  of  t h e  a c t i v i t y  coef f ic ien t  f o r  [Pp]  is  n o t  
s e r i o u s l y  a f f ec t ed  b y  ~/h =2 ~ 1 as  t h e  G i b b s - D u h e m  e q u a t i o n  is  a p -  
p r o x i m a t e l y  o b e y e d  w h e n  [ e + ] / [ P p ]  is  a b o u t  10 -4 o r  sma l l e r .  

N o t e  t h a t  ~/e = 1 b e c a u s e  f o r  Z n - d o p e d  G a P  as  w e l l  as  f o r  Z n -  
d o p e d  G a A s  [e - ]  < <  [e+]. 
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It should be noted that  in Eq. [4] the complete ioniza- 
tion of Zn has been introduced; thus [ZnGa-] was re- 
placed by CSzn, the total concentrat ion of subst i tu-  
t ional Zn, expressed, as usual, in uni ts  of atoms/cc. :~ 
Replacing the symbol P by As, Eq. [1] through [4] 
also hoId for Zn-doped GaAs. Of course, the K's have 
different values for GaAs and GaP. 

In determining K by Eq. [4], one must  know the ac- 
tivities in the l iquid phase, i.e., azn = ~znxlzn and 
ap -~ '~ lpx lp  (or aAs ~-~ "yIAsXlAs), where "~li and x~i are 
the activity coefficient and atom fraction of the desig- 
nated component  in the te rnary  melt, respectively. The 
evaluat ion of azn, ap, and aAs is based on work reported 
in ref. (2), where the l iquidus data for Zn-doped GaAs 
and GaP in equi l ibr ium with Ga-As-Zn  and Ga-P-Zn  
te rnary  melts are fitted by means of a l iquidus equa- 
tion in four parameters,  assuming regular  solution be- 
havior. It  is demonstrated therein that  the calculated 
te rnary  l iquidus isotherms and component part ial  pres- 
sures are in  good agreement  with the available l iq- 
uidus and pressure data. Therefore, if at a part icular  
tempera ture  CSzn as a funct ion of xizn has been deter-  
mined, then at any xizn the calculated l iquidus iso- 
therm yields the corresponding X~As or x~p and the ac- 
t ivi ty equations for regular  t e rnary  solutions provide 
the appropriate activities (8). 

In addition, the evaluat ion of K from Eq. [4] also 
requires a knowledge of ni and 7h. Tabulated tempera-  
ture dependent  values of ni for GaAs and GaP are 
available from the unpubl ished works of Ermanis  and 
Casey (9) and Casey and Focht (10), respectively. 
Moreover, the calculated variat ions of 7h on [e +] for 
GaAs-Zn at 700 ~ 800 ~ 900 ~ and 1000~ and for GaP-Zn  
at 1000 ~ and ll00~ based on the analysis of diffusion 
data, have been presented by Casey et  al. (6) and 
Panish and Casey (4), respectively. According to these 
authors, 7h departs from uni ty  for Zn-doped GaP above 
[e +] = 3 x 1019 and for Zn-doped GaAs above [e +] : 
6 x 1019. Indeed, a p re l iminary  analysis of the extensive 
1000~ Zn solubili ty data for GaAs of Panish and 
Casey (5) and Casey et al. (6) below this l imit (where 
7h ---- 1 holds) by logarithmic least-squares, a method 
to be presented next, shows that  the calculated K in 
combinat ion with Eq. [4] is unable  to describe the 
solubil i ty isotherm in the 10 so range unless the 7h of 
Casey et  al. (6) is introduced. However, a similar 
analysis of the Zn solubil i ty measurements  of T r um-  
bore et  al. (3) and Panish and Casey (4) at 1040~ 
indicates that the exper imenta l  results, including the 
1029 range are well represented by taking ~h ~ 1 
throughout. Hence, only the calculations involving Zn-  
doped GaAs will  take into account the proposed de- 
par ture  of 7h from uni ty  at high carrier  concentra-  
tions. 

Since most of the exper imental  solubili ty data show 
a considerable scatter, it was decided to evaluate K 
from Eq. [4] by the method of logarithmic least 
squares whenever  isothermal CSzn was obtained hY an 
investigator at more than one value of Xlzn. Briefly, by 
denoting at each CSzn the logarithms of the lef t -hand 
side and aznap in Eq. [4] by ~li and ~i, respectively, one 
can t ransform this equation into 

~li = I n  K -I- ~i 

Then, applying the method of least squares, one ob- 
tains In K in the form 

In K = ni - -  gi rt [5] 
"= i = l  

;o 
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Fig. |. Equilibrium constant vs. recipror temperoture for the 
incorporotion reactions. 

Zn(I) -I- P(I) ---- ZrlGa- -~- Pp -~- e + 
ond 

Zn(I) -I- As(I) ---- ZnGa-- -]- ASAs -I- e ~ 

Scardefield (11) at 1144~ for CSz~ in GaP as a func-  
tion of xlzn are suitable for a direct application of Eq. 
[4] and [5]. Likewise, the solubili ty data of Casey 
e t  al. (6) and Panish and Casey (5) at 900 ~ and 
1000~ for Zn-doped GaAs can be analyzed readily 
by means of the same equations. Log K vs.  reciprocal 
tempera ture  plots calculated from the above sources 
are shown in Fig. 1. 

Several  addit ional K values, derived from the dif- 
fusion studies of Shih et  al. (12), Chang and Pearson 
(13), and Casey and Panish (14), are also i l lustrated 
in Fig. 1. Shih et  al. (12) have determined the surface 
concentrat ions of Zn in GaAs crystals at 900 ~ and 
1050~ diffused from a radioactive Zn 65 source in 
sealed tubes also containing an excess of As. These au-  
thors (12) have estimated the part ial  pressures of As, 
P~s4, corresponding to the liquid concentrat ions along 
the te rnary  l iquidus isotherm resul t ing from the pres-  
ence of various known amounts  of Zn 65 and As in the 
ampoules. The calculation of PAs4 was accomplished 
by the use of an equation due to Furukawa  and Thur-  
mond (15) in combinat ion with the published liq- 
uidus isotherms (16) and the earl ier  pressure mea-  
surements  of Shih et aL (17). 

However, to evaluate K the required variables are 
Xlzo and the activities instead of PAs4. Therefore, these 
variables were derived from the raw data of Shih et  al. 
(12) by a procedure completely consistent with the 
previously ment ioned l iquidus isotherm and part ial  
pressure calculations (2), and also taking into account 
the presence of As2 in addition to As4 in the gas phase. 
When GaAs is heated in contact with As and an im- 
pur i ty  in sealed tubes, t e rnary  l iquid and gas phases 
are formed. Since only a negligible amount  of Ga is 
t ransferred into the gas phase, the total number  of 
moles of As in the l iquid (1) and gas (v) phases can 
be wri t ten  (15) in the form 

where n is the n u m b e r  of solubili ty determinat ions at 
a given temperature  by one of the investigators. 

The reported measurements  of Trumbore  et  al. (3) 
and Panish and Casey (4) at 1040~ and Foster and 

C o n s e q u e n t l y ,  t h e  u n i t  of  K is ( a t o m s / c c )  ~. I t  can  be  s h o w n  
t h a t  K is r e l a t e d  to  t h e  d i m e n s i o n l e s s  t h e r m o d y n a m i c  e q u i l i b r i u m  
c o n s t a n t ,  Ka,  by  t h e  c o n s t a n t  f a c t o r  K "~ (5 • 10~s/k)Ka w h e r e  k is 
t h e  a c t i v i t y  coe f f i c i en t  of  [ZnGa-]  in  t h e  H e n r i a n  l im i t .  

haAs 2 V nlGa ~--_ 7~IAs --~ nVAs [6] 

where haas is the number  of moles of added As. Al-  
lowing for the presence of As2 and As4 in the gas 
phase and assuming the val idi ty of the ideal gas law 
for the gaseous species, one has nVAs--~ 4nVAs-t-2nVAs2 
and Eq. [6] can be t ransformed into 
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RT WaAs RT wazn 
+ - -  

V MZn 
(XlGa - -  xlAD 

- h + I '  
Xlzn 

I S O T H E R M S  O F  Z n  I N  G a P  A N D  G a A s  

(XlGa --  XlAs) 

V MAs Xlzn 

--  4 ( PAs2 " ) 
- \ PA~4 + 

(XlGa --  XIAs) 
+ pz,  [7] 

Xlzn 

where V is the sample volume and wai and Mi are the 
added weight and molecular  weight  of the designated 
species, respectively. For  every value of CSzn, the wai's 
and V have been given by Shih et aI. (12); hence, fl 
and f2 are known. Moreover, at each Xlzn along the 
Ga-As-Zn  te rnary  l iquidus isotherm XlAs and XIGa and 
the corresponding pi's are available from previous 
work (2) is graphical and also tabulated form. Thus, 
for every fixed value of fl and )'2 a unique Xlzn satisfy- 
ing Eq. [7] as well as azn and aAs were obtained. Fi-  
nally, the K's at 900 ~ and 1050~ were evaluated from 
Eq. [4] and [5]. 

In earlier work, Chang and Pearson (13) deter-  
mined the solubil i ty of Zn in GaP and GaAs at 800 ~ 
and 900~ respectively, as a funct ion of Zn concen- 
trat ion in radioactive Zn65-Ga liquid alloys, used as 
diffusion sources. In addition, at several temperatures  
both compounds were diffused from a pure Zn 6~ source 
and the surface concentrat ions measured. In all cases 
the appropriate t e rna ry  xlzn was located by intersect-  
ing the calculated l iquidus isotherm, plotted on an 
equilateral  triangle, by the straight line connecting the 
reported Zn composition of the source, situated on the 
Ga-Zn axis, with the composition represent ing GaP or 
GaAs. The evaluat ion of the K's from the CSzn data and 
the derived Xlzn and activities followed the previously 
performed procedure. 

It should be noted that below about 1040~ for GaP 
and 900~ for GaAs the l iquidus composition corre- 
sponding to the pure Zn source is in equi l ibr ium not 
only with solid GaP or GaAs (doped with Zn) but  
also with solid Zn3P2 or Zn3As2 (16, 18, 19). Therefore, 
in view of the uncer ta in ty  involved in locating the 
xlzn and the activities at which both solid phases are 
in equi l ibr ium with the melt, and the possibility of 
precipitation of Zn3P2 or Zn3As2 in the GaP or GaAs, 
the solubil i ty data obtained under  the above condi- 
tions were not utilized. 

Recently, Casey and Panish (14) diffused Zn into 
GaAs at 650 ~ and 700~ from an invar ian t  t e rnary  
source. The composition of this source was such that  
at these temperatures  three solid phases GaAs, Zn3As2, 
and ZnAs were in equil ibrium. At both temperatures  
the magni tude of the solid solubility, obtained from 
the diffusion profile, indicates extrinsic conductivi ty in 
the crystal (n~ < <  C~zn) ; hence Eq. [4] reduces to 

CS2zn',/h 
- -  - K [8] 

aznaAs 

The calculation of the aznaAs product is based on 
thermodynamic  data for the decomposition of ZnAs2 
and Zn3As2, extensively discussed in a recent com- 
municat ion  (20). Lyons (21) has shown that between 
612 ~ and 740~ ZnAs2 (s) dissociates according to 

ZnAs2(s) = 1/3 ZnaAs2(s) + 1/3 As4(g) [9] 

with the accompanying free energy change, ~Gol 

AGOl(kcal) = 18.8 -- 18.5T )< 10 -3 [10] 

In  addition, Jordan (20) has derived the free energy 
change, AG~ between 328 ~ and 478~ for the reaction 

Zn3As2(s) ----3Zn(g) + 1/2 As4(g) [11] 

Extrapolat ing ~Go2 to the mid- tempera ture  range of 
Lyons (~680~ one has 

hG~ ---- 136 -- 95.9T >< 10 -3 [12] 

Adding ~G~ to ~G~ one obtains the free energy 
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change, 2~GOAs, for the reaction 

1/4 Zn3As2(s) + 1/4 ZnAs2(s) = Zn(g)  + 1/4 As4(g) 
[13] 

in the form 
~GOAs(kcal) = 50.1 -- 36.4T • 10 -3 [14] 

Since the activities of the pure solid phases in ter-  
nary  source diffusion are unity, the equi l ibr ium con- 
stant for Eq. [13], KAs, which can be calculated from 
Eq. [14] is given by 

KAs ---- e - ~ G ~  = pznpI/4As4 [15] 

Dividing Eq. [15] by the product  p~176 where 
p~ and P~ 4 denote the vapor pressure of pure liquid 
Zn and As, respectively, one obtains the activity prod- 
uct 

pzn ( PAs4 ~ 1/4 KAs 
aznaAs ---- - -  = [16] 

p~ \ P~ 4 / pOznpOl/4As 4 

The pressures p~ and p~ were evaluated from 
equations presented by Kubaschewski  et al. (22) and 
Nesmeyanov (23), respectively. It should be noted 
that although no liquid phase exists at the conditions 
of these te rnary  source diffusion experiments,  the use 
of pure liquid pressures in Eq. [16] is necessitated by 
the previous choice of referr ing the activities, em- 
ployed in the calculation of K by Eq. [4], to the pure 
liquid s tandard states. Thus, the activities in Eq. [16] 
are those of a hypothetical  supercooled liquid solution. 

Subst i tut ing values of aznaAs at 650 ~ and 700~ ob- 
tained from Eq. [16], into Eq. [8] and taking 7h for 
Zn-doped GaAs from the 800~ curve of Casey et al. 
(6) (instead of the somewhat less reliable 700~ re-  
sults),  K's at both temperatures  from the known CSzn'S 
of Casey and Panish (14) were derived. 

Observing the positions of the discrete K values in 
Fig. 1 for Zn-doped GaP and GaAs, calculated by the 
preceding critical assessment of the available ex- 
per imental  data, one concludes that it is reasonable to 
fit them by the customary s t ra ight- l ine  relationship 
between In K and 1/T. Therefore, using the method of 
least-squares the following equations were obtained 
for the K's 

--RT In K • 10 -4~ ---- --8980 + 21.7T (cal) [17] 

for Zn-doped GaP and 

--RT In K X i0 -45 = --8530 + 18,4T (cal) [18] 

for Zn-doped GaAs. These lines of best fit are also 
shown in Fig. I. The enthalpy changes for the GaP and 
GaAs incorporation reactions according to Eq. [2] 
are given by the constant terms in Eq. [17] and [18] 
(divided by 23,060 (cal)/eV) as --0.39 and --0.37 eV, 
respectively. These enthalpies are approximately equal 
which is perhaps not surprising in view of the common 
dopant and the similarity of the two compounds. 

Calculation of the Solubility Isotherms 
Solving Eq. [4] for CSz~, one finds that  the solid 

solubili ty of Zn in GaP and GaAs in terms of K and 
the activities is given by 

 o2pa2zo ) 
CSz /" n2i [19] 

5'h ~ ~ + apazn 

Therefore, subst i tut ing K from Eq. [17] or [18] into 
Eq. [19], one can evaluate CSzn in both compounds at 
any temperature  if the activities in the external  phase 
are known. 

In previous work (2) the l iquidus isotherms and the 
part ial  pressures for Ga-As-Zn  and G a - P - Z n  te rnary  
melts in equi l ibr ium with Zn-doped GaAs and GaP 
were obtained between xlzn ---- 10 -6 on the Ga-r ich 
sides and Xlzn ----- 10 -6 on the As and P-r ich  sides. As 
mentioned before, calculation of the pressures re-  
quired a knowledge of the activities. Hence, at any 
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t empera tu re  for each value of ~ lzn  in the Ga -P -Z n  or 
Ga-As-Zn te rnary  solution, C~zn for Zn-doped GaP or 
GaAs in equi l ibr ium wi th  its respect ive mel t  can be 
determined.  

In Fig. 2 and 3 calculated curves for CSzn in GaAs as 
a function of x]zn are presented be tween 600 ~ and 
1200~ in 100~ intervals  and also at 1050~ together  
wi th  the previously  analyzed solid solubili ty data. 
The error  limits given in Fig. 2 wi th  the 1000~ data of 
Panish and Casey (5) and Casey e t  al.  (6) were  taken 
from the authors. 

For large values of CSz, at 1000~ two curves are 
shown in Fig. 1. One of them, the dashed line, cal- 
culated in this range by setting "v~ ---- 1 does not, as 
ment ioned earlier, describe the exper imenta l  results. 
On the other  hand, the solid line obtained by substi- 
tut ing the 1000~ "Yh data into Eq. [19] is in good ac- 
cord with the measured values. Thus, the solubili ty 
isotherms for Zn-doped GaAs were  evaluated at and 
below 800 ~ , at 900 ~ , and at and above 1000~ by the 
use of the 800 ~ , 900 ~ , and 1000~ 7~ vs .  carr ier  con- 
centrat ion curves of Casey et al.  (6), respectively.  

The lower  and upper segments of the solubil i ty iso- 
therms describe CSzn for a crystal  in equi l ibr ium with  
a Ga-r ich and an As-r ich  liquid, respectively.  To 

avoid crowdinE of the curves, only the lower  segments 
are shown below 900~ These isotherms are t e rmi -  
nated at the approximate  l iquid composit ion where  the 
secondary solid phase Zn3As2 appears (2, 16, 19). 

The calculated solubili ty isotherms for Zn-doped 
GaP are i l lustrated in Fig. 4 and 5 be tween 600 ~ and 
1400~ in 100~ intervals  and also at 1040 ~ , 1144 ~ , 
1460 ~ and 1~55~ The exper imenta l ly  determined 
solubil i ty data, util ized in the preceding analysis, are 
also shown. 

It has been previously  indicated that  for Zn-doped 
GaP the 1040~ isotherm even for large values of CSzn 
can be described by taking 7h ---- 1. Comparing the solid 
curve  calculated by equat ing 'Yh to uni ty  in Eq. [19] 
and the dashed curve obtained by a combinat ion of the 
same equat ion with the 75 of Panish and Casey (4), 
one notices that at high Zn concentrat ions a somewhat  
bet ter  agreement  wi th  the exper imenta l  data is 
achieved if 7h ---- 1. Therefore,  all the isotherms for 
Zn-doped GaP were  evaluated from Eq. [19] by as- 
suming that  7~ does not depart  f rom uni ty  in the entire 
composition range. 

At and above 1040~ both the lower and upper  seg- 
ments of the isotherms are shown. In the interest  of 
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clari ty below 1040~ only the lower segments are pre-  
sented. These isotherms were te rminated  at the" ap- 
proximate l iquidus composition where the secondary 
solid phase Zn3P2 appears (2, 18). 

At most temperatures,  in Fig. 2 through 5, ni for 
GaAs (9) and GaP (10) are also given at the edge of 
the diagrams. Above 800~ Fig. 2 through 5 clearly 
show the intrinsic region ([e +] ~ nt) with a uni t  
slope as well as the extrinsic region ([e + ] ---- C~zn) 
with a slope of 0.5. The calculated solidus isotherms 
for Zn-doped GaAs and GaP are general ly in good 
agreement  with the available solid solubil i ty data. 

Whenever  the t e rnary  liquid is in equi l ibr ium only 
with the pr imary  solid phase, Zn-doped GaAs or GaP, 
at a fixed temperature  a whole range of solid solubili-  
ties is allowed as a function of Xlzn. However, if for 
example Zn-doped GaAs is in equi l ibr ium with two 
addit ional solid phases, namely,  Zn3As2 and ZnAs2, as 
is at the surface in the case of t e rnary  source diffusion, 
then at a constant temperature  CSzn is an invariant .  
By a combinat ion of Eq. [8], [16], and [18], this 
uniquely  defined surface concentrat ion of Zn in GaAs 
was evaluated as a function of temperature  and is pre-  
sented in Fig. 6. The solid l ine calculated on the basis 
of the "Yh data of Casey et  al. (6) agrees well with the 
measured surface concentrat ions of Casey and Panish 
(14). At lower temperatures  and solubilities it merges 
with the dashed line obtained by setting ")'h = 1. 

Furthermore,  it is possible to estimate the CSz~ of 
GaP diffused from a te rnary  source. The composition 
of this source is located in a region where the three 
solid phases ZnP2, Zn~P2, and GaP are in equil ibrium. 
The calculation of CSzn was accomplished by a com- 
binat ion of Eq. [8], equat ing ~h with unity,  and Eq. 
[18], evaluat ing the product aznap from an equation 
similar to Eq. [16]. This product is given by 

PZn ( Pv4 ~ 1/4 Kp 
aznap =- ~ - -  [20] 

p~ \ pOp4 / pOznpOl/4p4 

where Kp is the equi l ibr ium constant  for the reaction 

V4 Zn3P2(s) + Va ZnP2(s) --- Zn(g)  + V4P4(g) [21] 

and the meaning of the other symbols is self-evident.  

785 

The free energy change, AG~ for Eq. [21], obtained 
by adding the free energy change for the Zn3P2 ana-  
logue of Eq. [11], reported by Schoonmaker et  al. (24) 
to the ZnP2 analogue of Eq. [9], estimated by Jordan 
(20), is of the form 

AGOp(kcal) ---- 53.4 - -  40.3T X 10 -8 [22] 

The vapor pressure of pure liquid P was evaluated by 
the th i rd- law method from data given in  the JANAF 
tables (25). 

The estimated CSzn for GaP in contact with a ter-  
nary  source is shown in Fig. 6. It is apparent  from 
Fig. 6 that the carrier concentrat ions resul t ing from 
te rnary  source diffusion would be too high for red 
electroluminescent diode applications. 

Discussion of Results 
In the previous section the solubili ty isotherms for 

Zn in GaAs and GaP were presented between 600~ 
and temperatures  near  the respective mel t ing points. 
As the measured solubilities util ized in  the evaluat ion 
of the equi l ibr ium constants for Zn-doped GaP were 
obtained in a somewhat restricted tempera ture  in ter-  
val, it seems desirable to show with the aid of inde-  
pendent  information that  the extrapolat ion over a wide 
temperature  range is justified. 

Recently, Verleur (26) has grown Zn-doped GaP 
crystals by liquid encapsulat ion pull ing from a melt  
containing Zn(PO3)2, a glassy low melt ing point  
dopant (27) first used in l iquid-phase epitaxy. The 
room temperature  hole concentrat ions from Hall  mea-  
surements  on the seed and tail  ends of these crysta]s 
were determined as a function of various Zn(PO~)2 
additions to the GaP melt. I t  is possible to estimate the 
C%,, values corresponding to these hole concentra-  
tions by means of the exper imental  curves of Casey 
et  al. (28), relat ing Hall  data to absolute temperature  
for several GaP crystals doped with a known amount  
of Zn GS. In Fig. 7 the results obtained by Verleur  (26) 
and the estimated C~zn of the seed vs.  x l z ,  are shown 
for three GaP ingots. Values of xlzn for each melt  were 
calculated by assuming the incorporation without  loss 
of the total amount  of Zn present  in the Zn(POz)2. 
Figure 7 also il lustrates the theoretical solubility iso- 
therm for GaP at 1465~ in the immediate  vicinity of 

1020 

o 

, , , 2 ,  
e j  

t019  
7.5 

9 CASEY AND PANISH |4 

I I I I I 
8.5 9.5 10.5 11.5 t2.5 13.5 

1 / T  (eK) X t 0  4 

Fig. 6. Zn surface concentration vs. reclproca! temperature for 
GaAs and GaP crystals diffused from invariant ternary sources, 
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Fig. 7. Zn concentration vs. xlz~, in GaP crystals grown by 
liquid encapsulation pulling from melts containing Zn(PO:~)2 .  
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Fig. 8. Zn concentration vs. reciprocal growth temperature for 
a GaP layer grown by liquid-phase epitaxy from a solution con- 
taining xlza : 3 X 10 -4. Only the Zn ~'5 tracer data of Ref. (29) 
are shown. 

the mel t ing point. 4 It is seen that the calculated and 
exper imental ly  derived C~zn are in good accord. 

Addit ional  evidence to confirm the essential correct- 
ness of the low tempera ture  isotherms is provided by 
the recent data of Saul and Hackett  (29) on Zn in-  
corporation in GaP, grown by  l iquid-phase epitaxy 
from an ini t ial  growth tempera ture  of 1025~ and 
from a solution containing Xlzn = 3 x 10 -4. It has been 
shown by these authors that the Zn solubility in GaP, 
obtained by surface capacitance measurements  and 
Zn ~5 tracer  analysis, decreases from the growth inter-  
face (1025~ to the surface (~--770~ Furthermore,  
Saul  and Hackett  (29) have demonstrated by means 
of a detailed analysis that  their  exper imental  Zn dis- 
t r ibut ion data (CSzn vs. distance from interface) com- 
pare favorably with the theoretical Zn profile calcu- 
lated on the basis of the isotherms in  Fig. 4. An al ter-  
nat ive representat ion of the measurements  of Saul and 
Hackett  and of the calculated CSzn can be accomplished 
in terms of a more commonly used thermodynamic 
variable  by introducing equivalent  growth tempera-  
tures instead of distances from the interface. Thus, it 
is shown in Fig. 8 that  the theoretical  CSzn at Xlzn = 
3 x 10 -4, presented as a funct ion of reciprocal tem- 
perature, provides a very good description of the tracer 
data of Saul and Hackett  (29). The equivalent  tem- 
peratures required in plott ing the experimental  results 
were obtained from Saul  (30). 

It should be noted that  the ratio CSzn/Xlzn divided 
by 4.94 x 1022 and 4.43 x 1022 atoms/cc for GaP and 
GaAs, respectively, yields the commonly defined dis- 
t r ibut ion coefficient. In  general, the dis tr ibut ion co- 
efficient varies extensively along a solubili ty isotherm. 
Hence, any measurement  of the var ia t ion of the dis- 
t r ibut ion coefficient with tempera ture  is meaningful  
only at a constant  Xlzn. In  particular,  dividing CSzn in 
Fig. 8 by the constant value 4.94 x 1022 x 3 x 10 -4 gives 
the temperature  dependence of the distr ibution coeffi- 
cient at Xlzn = 3 x 10 -4, i l lus t ra t ing its decrease with 
decreasing temperature.  

It  can be readily seen by differentiating Eq. [8] 
that  in the extrinsic region the sign of d log CSza/d 
l /T,  indicating whether  CSzn is increasing or decreasing 
with increasing T, depends on the size and sign of the 
temperature  coefficients of the activities and K. If for 
different dilute solutes in GaP or GaAs the enthalpies 
corresponding to Eq. [2] are assumed to be roughly 
equal, then for a fixed dopant concentrat ion in the 
melt  the sign and magni tude  of the derivative d log 
7dopan t /d  1/T in the Ga-dopant  b inary  liquid deter-  
mines the sign of the temperature  derivat ive of the 
distr ibution coefficient. 

At the exact  mel t ing  p o i n t  Csza  approaches  zero. 

Having demonstrated that the temperature  depen- 
dent  equi l ibr ium constants given in Eq. [17] and [18] 
describe the available informat ion on the solubili ty of 
Zn in GaP and GaAs, one can estimate some other 
thermodynamic  quanti t ies re levant  to the chemistry 
of Zn incorporation. Although the K's yield the enthal -  
py change for the over-al l  incorporat ion reaction ac- 
cording to Eq. [2], the energetics for the dissolution of 
Zn in GaP and GaAs following the defect mechanism 
represented by Eq. [lc] are not known. However, it is 
possible to estimate the enthalpy change for Eq. [lc],  
Hlc, by subtract ing the enthalpy changes for Eq. [ la] ,  
[ lb] ,  and [ ld] ,  denoted by Hla, Hlb, and H l d ,  respec- 
tively, from that  of Eq. [2], H2. Thus, one has 

H l c =  H 2  - -  H l a  - -  H l b  - -  H l d  [23J  

Values of Hid for GaP and GaAs were taken from 
Casey et al. (28) and Hill (31), respectively. In  the 
absence of data for Hia and Hlb, most of these enthal~ 
pies were estimated by comparison with similar quan-  
tities for Ge and Si. In  order to estimate Hla, the ratio 
of Hla to the heat of atomization of GaAs and GaP 
into the monatomic gaseous components, Hs, was set 
at 0.56 and 0.52, respectively. The choice of these ratios 
is based on the recognition that  HI~/H~ are relat ively 
constant for the covalent semiconductors Ge, Si, and 
CdTe (7). Hence, the ratios for GaAs and GaP were 
equated with those of Ge and the average of Ge and 
Si, respectively. Then, using the Hs data of Ar thur  
(32) and Thurmond  (33) for GaAs and GaP, respec- 
tively, the Hla'S were obtained. 

Hlb for GaAs was calculated by combining the heat, 
Hv(As) ,  associated with anneal ing experiments  of 
Potts and Pearson (34) according to 1/4 As4(g) + VAs 
= AsA~ with the heat of vaporization of As( l )  (23). 
H, ,  for GaP was evaluated by adding the heat of 
vaporization of P(1) (25) to Hv(P) ,  estimated by the 
expression Hv(P)  = Hv(As ) /Hv (Ge)  [Hv(Si)  ~- 
Hv(Ge) ] /2 .  Hv(Si)  and Hv(Ge)  were obtained from 
the known enthalpies of subl imation (35) and neut ra l  
vacancy formation (7) for these elemental  semicon- 
ductors. The results of the above calculations are 
summarized in Table I. 

The estimated enthalpies of Zn incorporation in GaP 
and GaAs represented by Eq. [lc] are --2.16 and 
--2.29 eV, respectively. The negative sign of these 
energies indicates that as the impur i ty  is condensed 
on a Ga vacancy, as expected, heat  is l iberated. 

An independent  estimate of Hlc can also be derived 
by an adaptat ion of a method due to Weiser (36), pre-  
viously applied to impurit ies in Ge and Si. Briefly, 
the atomistic in terpreta t ion of Eq. [lc] is based on the 
removal  of Zn from a liquid reservoir via evaporation 
and its condensation on a gal l ium vacancy. Hence, HI~ 
is given by 

H i e  = AHvap  - -  E b  -']- Es  [24] 

where AHvap is the known heat of vaporization of Zn (1) 
(35) and Eb and Es are the bond and s t rain energy 
contributions to the energy released by the dopant 
atoms upon condensation into the vacancies. 

It  is possible to estimate the ED'S by  Allen 's  method 
(37) from the heats of vaporization of P (s ) ,  As(s) ,  
and Zn(s ) .  The explicit expressions of Es for Si and 

Table I. Estimated enthalpies for Z .  incorporation in GaP and GaAS 

GaP  GaAs 

F rom Eq. [23] 
H l a  (eV) 3.84 3.77 
H1b (eV) --2.13 -- 1.66 
Hid (eV) 0.06 0.03 
H2 (eV) --0.39 --0.37 
Hzc ( e V )  --2.16 --2.29 

F r o m  Eq. [24] 
AHvap (eV) 1.20 1.20 
Eb (eV) 3.91 3.72 
Es (eV) 0.38 0.13 
H i e  (eV) --2.33 --2.39 
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Ge, given by  Weiser  (36), are of the  form Es : ki(Ar) 2 
where  ki is a constant  specific to the  host  (Ge or  Si) 
and ~,r is the  difference in t e t r ahed ra l  rad ius  be tween  
host and impur i ty .  Using kGe and kGe + ksi/2 for GaAs 
and GaP, respect ively,  and tak ing  ~r  for  As and Zn and 
also P and Zn from Paul ing  (38), one can find ap-  
p rox imate  values  of Es for both Zn-doped  compounds.  
Some detai ls  of these calculat ions are  shown in Table 
I. The resul t ing Hlc'S for GaP and GaAs a re  --2.33 and 
--2.39 eV, respect ively,  in surpr i s ing ly  good agreement  
wi th  the  previous  es t imates  of --2.16 and --2.29, re -  
spectively,  which were  pa r t i a l l y  based on the  equi l ib-  
r ium constants.  
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ABSTRACT 

Thermograv imet r ic  measurements  of the compositional phase diagram of 
MnOl+x were  made as a function of t empera ture  f rom 1000 ~ to 1500~ and as 
a function of oxygen part ial  pressure over most of the  stable phase field. The 
values of x in MnOl=~x are presented as a function of t empera ture  and oxygen 
oressure both numerical ly  and graphically.  The pressure dependence of the 
vacancy concentrat ion at constant t empera ture  was found to obey a relat ion 
of the form x = const P (02)1/4 for x < 0.02. The enthalpy of solution of oxy-  
gen in this composition range is about --0.3 eV. At larger  depar tures  f rom 
stoichiometry,  a sharp transit ion to a different defect s t ructure  is observed in 
the log x vs. log P(O2) plots, and the enthalpy of oxygen  dissolution for 
x > 0.02 is AH ~ --0.70 eV. Comparison of the exper imenta l  data wi th  oxygen  
activit ies in the oxide calculated for several  different defect  models suggests 
that, for x < 0.02, any pairwise interact ion be tween  vacancies is less than 
0.025 eV and the vacancies can be considered to be noninteract ing.  The be- 
havior  observed for x > 0.02 is bel ieved to be due to a t ransi t ion to a more 
complex defect at high defect concentrat ions and not to a change in degree 
of ionization of the meta l  vacancy. The influence of carbon dissolution, f rom 
the CO2-CO mixtures  used, on these measurements  is discussed. 

The iron group monoxides,  MnO, FeO, CoO and NiO, 
exist as stable solid solutions over  various ranges of 
meta l  deficiency. Smal l  deviat ions f rom stoichiometry, 
at oxygen par t ia l  pressures P(O2) ~ 1 atm, are  found 
in NiOl+x, where  x ~ 0.001 (1-3), and in CoOl+x, 
where  x ~ 0.013 (4-6). In FeOl+x, on the other  hand, 
the depar ture  from stoichiometry is wi thin  the range 
0.045 ~ x ~ 0.19 (7-10), and the stable phase field 
does not include the stoichiometric composition. In 
NiO1 +x and CoO1 +x the excess oxygen has been found 
to be incorporated pr imar i ly  by the formation of 
ei ther  singly or doubly ionized, isolated meta l  vacan-  
cies (1-3, 11,12). In FeOl+x, on the other  hand, a more 
complex defect s t ructure  involving both meta l  in ter-  
stitials and meta l  vacancies has been proposed on the 
basis of neutron diffraction studies (13) and the rmo-  
dynamic considerations (14). This complex defect 
s t ructure  in FeOl+x is plausible, in view of the large 
departures  f rom stoichiometry that  give rise to ve ry  
large concentrations of point defects. 

Unl ike  the foregoing iron group monoxides,  MnO1 +z 
can exist over  a wide range of compositions extending 
continuously from values of x very  near  zero to an 
oxygen excess as high as about x ~ 0.15 (5, 15-19). 
This oxide is, therefore,  an interes t ing mater ia l  in 
which one might  look for a t ransi t ion f rom simple de-  
fect s t ructure  models, based on infinitely dilute con- 
centrat ions of point defects, to the more  complex de- 
fect s t ructure  models that  can be anticipated at h igher  
defect concentrations. 

Pope and Simkovich (20) have recent ly  reported 
that  a considerable amount  of carbon can be dissolved 
in MnOl+x from CO2-CO mixtures  in contact wi th  the 
oxide at e levated temperatures .  Since CO2-CO mix-  
tures were  used in the present  study to establish the 
desired part ial  pressures of oxygen, the amount  of 
carbon dissolution present  is also considered. 

Experimental Phase 
In the present  work, the oxygen excess in NinOl+x 

was de termined  the rmograv imet r i ca l ly  in the t em-  
perature  range 1000~176 at oxygen part ial  pres- 

1 Visiting scientist at  Aerospace Research Laboratories,  Bldg. 450 
(ARZ), Wright -Pat terson Air  Force Base, Ohio 45433. 

Key  words:  MnO, nonstoichiometry  of MnO, the rmograv ime t r i c  
de terminat ion  of oxygen,  phase d iagram of MnOl~x, defect s t ruc-  
ture  model. 

sures 10 -14 ~ P(O2) ~ 1 atm, using a Cahn RG 
electrobalance. The oxygen par t ia l  pressures used were  
produced by introducing constant flows of CO2-CO or 
O2-Ar mixtures  into the furnace. The oxygen partial~ 
pressure, P(O2),  established by the react ion 

C02 ~--. CO + 1/202 [1] 

was general ly  calculated f rom the relat ion 

P(O2) 1/~ ---- Kco2 [P(CO2)/P(CO)] [2] 

where  Kco2 is the dissociation constant for Reaction 
[1] and is g iven by Wicks and Block (21), and 
P ( C O 2 ) / P ( C O )  is given by the ratio of the  CO2 and 
CO flows introduced into the furnace at atmospheric 
pressure and room temperature .  In the case of very 
large CO2/CO ratios, a correction must  be made for 
the influence of the dissociation of the CO2 on the 
CO2/CO ratio actual ly  present  in the hot zone of the 
furnace. In this case, the oxygen par t ia l  pressure is 
calculated f rom the relat ions 

P (CO2) 1 -- 
P ( 0 2  )1/2 ~-- • c 0 2  - -  [2a] 

P(CO) P(C02) 
1+--,, 

and 
P (.CO) 

- - p  P(C02) 

2 P(CO) 
P (02) = [2b] 

P (CO2) 1 + 
1 + P (CO)  

where  ~ is the fraction of CO2 dissociated and P is the 
total  pressure in the furnace. 

A polycrystal l ine sintered MnO sample, prepared 
from spectroscopically pure Johnson Mat they 2 Mn20~ 
powder, was used for the major i ty  of the  measure-  
ments. Measurements  were  also made on a single- 
crystal  disk, 1 em in d iameter  and 2 mm thick. The 
agreement  between the data obtained on the polyerys-  
tall ine and s ingle-crystal  specimens was within  ex-  
per imenta l  error. The mass spectrographic analyses of 
the single crystal  and a representa t ive  polycrystal l ine 
specimen are shown in Table I. 

z Johnson Mat they Chemicals Ltd.,  74 Hat ton Garden,  London 
E.C.1, England. 
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Table I. Mass spectrographic analyses of MnO (ppmw) 

Li Na Mg A1 Si Ca Ti 

Sing le  c rys t a l  2 20 20 50 200 200 15 
Polycrystal < I0  20 50 I0 

Cr Fe Co Ni  Cu MO La  

S ing le  c rys t a l  100 500 200 100 2 3 1000 
P o l y c r y s t a l  10 10 30 50 

t roduced into the MnO specimens by the  CO2-CO at-  
mospheres or its dependence on the CO2/CO ratio. This 
amount  could not, however ,  exceed about 50 ppmw. 
Al though any carbon introduced might  influence the 
electrical  propert ies  near  s toichiometry or in the 
n- type  region, as suggested by Pope and Simkovich 
(20), it should not influence the gravimetr ic  measure-  
ments in the composition range reported here, where  

The sample was suspended from the balance into an 
alumina tube furnace by means of a sapphire fiber. 
All  weight  change measurements  were  made at a total  
pressure of 200 Torr  in order to minimize the rmal  fluc- 
tuations of the balance beam. The gas was admit ted 
into the bottom of the furnace at a flow rate  which cor- 
responded to a l inear veloci ty  of 10 cm/sec  in the ver -  
tical tube. Af te r  the sample was equil ibrated in the 
flowing atmosphere,  the flow was terminated and the 
weight,  w, was recorded in the static atmosphere.  The 
depar ture  from stoichiometry,  x, was calculated f rom 
the re la t ive  weight  change, w -- Wo (the wo va lue  being 
the indicated balance weight  of the "stoichiometric" 
specimen, measured at 800~ in a gas mix tu re  of the 
ratio C O J C O  ---- 1), by the relat ion 

�9 tVlMnO W - -  Wo 
x : - -  [3] 

�9 M o  W s  

where  w~ is the t rue weight  of the "stoichiometric" 
sample, and M M n O  and Mo are the molecular  weight  
of MnO and the atomic weight  of oxygen, respectively.  

The balance sensitivity, at the tempera tures  and gas 
flow rates used, was about 4 #g and the reproducibi l i ty  
of the weight  change measurements  was within  •  
~g. Evaporat ion was observed at high temperatures ,  
T > 1200~ especially at low oxygen pressures. The 
measured weight  changes were  corrected for the 
effect of evaporat ion by assuming the evaporat ion rate  
to be constant at constant t empera tu re  and CO2/CO 
ratio. The evaporat ion rates at 1500~ under  the con- 
ditions of these experiments ,  were  about 3 ~g/min. 
The influences of buoyancy and thermomolecula r  flow 
effects were  evaluated  by measurements  on an inert  
sapphire disk having the same geometry  as the MnO 
samples used. Under  the exper imenta l  conditions of 
this study, the requi red  corrections for these effects 
were  found to be less than 15 ~g. 

The extent  of carbon dissolution in MnO as a result  
of high t empera tu re  exposure to CO2-CO mixtures  was 
evaluated on a number  of polycrystal l ine disks. The 
disks, weighing approximate ly  7g each, were  pressed 
f rom Mn304 start ing powder  and were  sintered in air 
at 1200~ for 8 hr. They were  then heated in CO2-CO 
mixtures  (where  they were  rapidly conver ted  to MnO) 
for 8 hr, and then were  quenched in the same C O j C O  
atmosphere.  Low CO2/CO ratios were  used, lower  in 
fact than those employed in the gravimetr ic  studies, in 
order to have  a high carbon activity. The carbon con- 
tents were  then determined by combustion to CO2 and 
gas chromatographic  analysis. Two sintered Mn304 
disks, unexposed to C O J C O  mixtures,  were  analyzed 
as controls on the start ing powder.  The results for 
all these measurements  are shown in Table II. The car-  
bon contents of the sintered Mn304 specimens preclude 
any conclusions about the actual amount  of carbon in-  

Table II. Carbon analyses of MnO and Mn3C)4 

Speci -  Hea t  t r e a t m e n t  C a r b o n  
m e n  T e m p  (~ CO2/CO ra t io  (ppmw)  

MnO 1 I000 4.5 x 10 -3 25 
MnO 2 1000 4.2 • I0 ~ 31 
MnO 3 I000 0.16 19 
MnO 4 1200 4.5 X 10 -3 25 
MnO 5 1200 4.2 • 10 -2 59 
MnO 6 1200 0.16 55 
Mn~O4-1 Starting powder - -  47 
Mn~Or Starting powder - -  102 

Table III. Measured departure from stoichiometry, x in Mn01 + x  

x . 10 ~ log[P(CO2)/P(CO) ] - - log  P(O:~) 

IO00~ 
0.037 1.000 11,65 
0,038 1.171 11.51 
0.0'50 1.379 11.09 
0.059 1.630 10,59 
0.076 1.790 10,27 
0.100 2,000 9.85 

1100~ 
0.0535 0.464 11.27 
0.0665 0.659 10.88 
0.0660 0.667 10,86 
0.0785 0.778 10.64 
0.0982 1,040 10,12 
0.105 1.081 10.04 
0.111 1.134 9.93 
0.139 1.294 0.61 
0.179 1.547 9,11 
0.225 1.804 8,59 
0.254 1.977 8.25 
0,283 2,047 6,11 
0.348 2,230 7,74 

1200*C 
0. I01 0,477 9,80 
0.102 0.532 9,69 
0.131 0.699 9.35 
0.169 0.898 6.95 
0.216 1.104 8.54 
0.274 1.279 8.19 
0.346 1.492 7.77 
0.348 1.496 7.76 
0,351 1,543 7.67 
0.416 1,699 7.35 
0.433 1.708 7.33 
0.570 2.000 6.75 
0,564 2.013 6,72 
0.549 2.015 6,72 

1300~ 
0.175 0.447 8.61 
0.185 0,462 8,58 
0.217 0.602 8.30 
0.266 0.763 7.97 
0,322 0.914 7.67 
0,373 1.083 7.33 
0.458 1,25 7.00 
0.608 1.507 6.49 
0.727 1.681 6.14 
0.818 1.785 5.93 
0.865 1.892 5.72 
1.080 2.041" 5.510 
2.290 2.4.25** 4.65 
5.150 2.861"* 3.78 

1400*C 
0.317 0.505 7.39 
0.467 0.845 6.71 
0.545 0.959 6.48 
0.672 1.173 6.05 
0.777 1.316 5.77 
0.947 1.486 5.43 
1.26 1.663 5.07 
1.66 1.909 4.58 
1.91 1.967 4.47 
1.00 1.996" 4.50 
2.59 2.200* 4.10 
2.87 2.210"* 3.98 
3.45 2.342** 3.72 
6.25 2.755"* 2.89 
7.30 2.844 2.71 

1500~ 
0,763 0.804 5.64 
0.930 1,005 5.44 
1.16 1,201 5.(~5 
1.38 1.382 4.69 
1.68 1.543 4.36 
1.88 1.681" 4.14 
2.99 1.835"* 3.78 
2.65 1.996" 3.55 
5.01 2.264** 2.92 
5.88 2.315"* 2.82 
6.30 2.419"* 2.61 
6.59 2.448** 2.55 
7.81 2.575** 2.30 

10.17 2.771"* 1.01 
11.60 2.869** 1.71 

* CO~/CO ra t io  c a l c u l a t e d  f r o m  Eq. [2] u s i n g  P(O,.,) c a l cu l a t ed  
f r o m  Eq.  [2(a) ]  a n d  [2(b)] .  

** O~-Ar m i x t u r e .  E q u i v a l e n t  COs/CO ra t io  is  ca l cu la t ed  f r o m  
Eq. [2]. 
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- 1.0 

Fig. !. Departure from stoichi- 
ometry, x in MnOl+z, as a func- 
tion of the CO2/CO ratio. Ex- 
treme error bars are shown for log 
P(C02) 

and for log x: Q ,  C02- 
P(CO) 

CO mixtures (CO2/C0 ratios cal- 
culated from Eq. [2] using P(O~) 
calculated from Eq. [2a] and 
[2b]; (k, 02-At mixtures (equiva- 
lent C02/C0 ratios calculated 
from Eq. [2]). 
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x 
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the departures from stoichiometry are general ly  very 
much larger than several hundred  ppm. 

Results 
The measured departure  from stoichiometry, x in 

MnOI+x, is given in Fig. 1 as a funct ion of the CO2/CO 
ratio. The measured values are given in Table III. The 
total probable error in x is estimated, from the var i -  
ances of the quanti t ies  appearing in  Eq. [3], to be 
--+0.0002. In  the tempera ture  range measured, the va-  
cancy concentrat ion at tempera ture  was found by least 
square analysis  to obey the relat ion 

[ P ( C 0 2 )  ] 1/2"1• 
[4] x : const P(CO)  r=con~t 

at small  departures from stoichiometry, x ~ 0.02. At 
high temperatures  and large departures  from stoichi- 
ometry, a sharp t ransi t ion to a stronger pressure 
dependence is observed. This t ransi t ion occurs at the 
end of the range of exper imenta l ly  accessible CO2-CO 
mixtures.  Its independence of the method by which the 
oxygen part ial  pressure was established, however, is 
demonstrated by  the overlap of the data measured in 
CO2-CO and O2-Ar mixtures.  The breaks observed in 
the log x v s .  log P (CO2) /P (CO)  plots of Fig. l at 
x _~ 0.02 were observed in several polycrystal l ine sam- 
ples as well  as in the single crystal. The temperature  
dependences of the electrical conductance and de- 
par ture  from stoichiometry in constant  CO2/CO and 
O2/Ar mixture  ratios are given in  Fig. 2. The slopes 
of these plots for COJCO = 22.8 and 99, mixtures  for 
which x < 0.02, are 1.30 __ 0.15 eV. The slope of the 
log x v s .  103/T(~ plot at P(O2) ---- 10 -3.73 atm (ob- 
ta ined in an O2-Ar ra ther  than a CO2-CO mix ture ) ,  
for which 0.03 ~ x ~ 0.05 over the measured tem- 
perature range, corresponds to a value of --0.70 eV. 

Discussion 
The departure  from stoichiometry in MnO1 +~ on the 

oxygen excess side may  be at t r ibuted either to metal  

,'.5 ~:.o s .~.o 3.s  
Log [P(CO=)/P(CO)] 

vacanc ies  o r  t o  o x y g e n  i n t e r s t i t i a l s .  D i f f u s i o n  (18, 19),  
oxidation (22), and combined electrical conductivity 
and thermogravimetr ic  studies (5, 16) support  a m a n -  
ganese vacancy model. It  is clear from Fig. 1 and Eq. 
[2] that  at low defect concentrations, i . e .  for x ~ 0.02, 

1 4 0 0  1300 1200 1100 I000 T(oC) 

co=/co = 99 - - ~  

LOGX 

-2s 8 ~  

i 
c o = / c o  = 2z. ~ -~Hc= 1.3s ~_ .OSeV 

CO=/CO =99 J A HX=I.25 +- 0.1eV 

-5.O ~ H  x 131i 05eV 

-4.(? 

LOG G 

_~ 
-.6 

-I,0 
-I.2 
-I.4 

-5.% .~ ) 
IO00/T (~ 

Fig. 2. The temperature dependence of the departure from 
stoichiometry, x, and the electrical conductance, G, in constant 
CO2/CO and O2/Ar ratios. 



V o l .  118,  N o .  5 S T U D Y  O F  N O N S T O I C H I O M E T R I C  M n O  

x = C(T) [P(CO2) /P(CO)  ] 1/2 = C ' ( T ) P ( 0 2 )  1/4 [5] 

This is consistent with the pressure dependence ex- 
pected of singly ionized meta l  vacancies produced by 
the reaction • x 

�89  ~- 0 %  + V'M + h + [6] " ~'~ 

where, in the usual  Kroger and Vink (23) notation, - -  u 
the superscripts denote charge state, the subscripts de- o" 
note position in the lattice, and h + represents an elec- 
t ron hole. The P (O~)1/4 dependence of the hole concen- 
trat ion is obtained by applying the mass action law to 
Reaction [6], approximating defect activities by defect 
concentrations, and assuming the charge neut ra l i ty  
condition 

I V ' M ]  = p [7] 

For large departures from stoichiometry, the approxi-  
mat ion of defect activities by concentrat ions is not sat- 
isfactory and the actual  activities should be calculated. 

The oxygen activity in MnO1+= may be calculated 
by essentially the same procedure as that  used by 
Libowitz (14) for FeOl+x. Assuming that  the pre-  
dominant  defects present  are singly ionized metal  
vacancies and electron holes, obeying the charge neu-  
t ral i ty  condition of Eq. [7], and assuming a simple 
Bragg-Wil l iams interact ion between metal  vacancies 
(i.e., a pairwise interact ion be tween nearest  neigh-  
bors), then the free energy of the MnO1+x crystal  can 
be wr i t ten  in the form 

z N2v 
G -- N~Mno -{- N v g v  + N v l u  + ~ E 

2 N 

N! 
- - / c T  In [8] 

(Nv!) 2 (N -- 2Nv)! 

where N is the total n u m b e r  of Mn sites in the lattice, 
N v  is the n u m b e r  of Mn vacancies, ~MnO is the free 
energy of an MnO formula  uni t  in  the ideal lattice, g v  
is the free energy of neut ra l  metal  vacancy formation, 
Ih is the ionization energy of the Mn vacancy (for the 
removal of one positive hole), z is the coordination 
of the Mn site, and ~ is the energy of interact ion of the 
Mn vacancies. The oxygen activity in the oxide, ao, can 
be calculated from Eq. [8] and the relations 

OG 
~o - -  = k T  In  ao [9] 

ONo 
and 

N : No -~/~rv Jr NMn [10] 

where #o is the chemical potential  of oxygen in the 
MnOl+~ crystal and No and NMn are the number  of 
oxygen and manganese  atoms in the crystal, respec- 
tively. In  our experiments,  where  a given specimen is 
oxidized or reduced, NMn is constant  and therefore 
ONv/ONo = 8 N / O N v  ---- 1. The oxygen activity is ob- 
tained from Eq. [8-10]. Using Stir l ing 's  approxima- 
t ion and not ing that  the value of x in MnOl+= is given s.4 
by 

No s.e 
X = -- 1 [11] 

NMn 6.2 

the oxygen activity in MnOl+x can be wr i t ten  as e~ 

[ o 

k T l n  ao ~ = ~ M n O + g V W I u  ~ zo 
o~ ~4 

�9 
+ -~ �9 1 + x ~ [12] 7.~ 

For small  departures  from stoichiometry, Eq. [12] can e= 
be approximated by 

x 2 = KV'M ao [13] 
where 

KV'M -- exp [-- (#MnO Jr gv Jr lh Jc Zex)/kT] [14] 

Since ao cc p (O2)1/2, Eq. [13] yields the same resul t  as 
Eq. [5] w h e n ,  = 0. Equat ion [13] is a good approxi-  
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I r is  O.025eV 

o. 
Lo 

o i ~ ~,~ ~ 6 § 8 ~ ~ot ~, ~z 
X .10 s 

Fig. 3. Evaluation of the interaction energy lei, from a plot of In 

[p(o2)V= ( 1--x '  '~ 
x 2 / ] vs. x at 1300~ 

mation up to relat ively large values of x, since the 
difference between the exact form of the oxygen ac- 
t ivi ty in the crystal, given by Eq. [12], and the ap- 
proximate form in Eq. [13] is less than  1% for 
x < 0.1. From Eq. [12] and a plot of in [ao(1 -- x~ /x2 ) ]  
as a function of x, shown in Fig. 3 for data obtained at 
1300 ~ and values of x --~ 0.01, an upper  l imit  for the in-  
teraction energy can be set at about lel ~ 0.025 eV. 
This region, x - -  0.01, can therefore be assumed to be 
a region of noninteract ing defects. 

The oxygen activity in MnO1+~ was calculated from 
Eq. [12] at several fixed temperatures,  us ing a value 
for the combined energies obtained by fitting to one 
exper imental  da tum point. The resul tant  curves, la-  
beled "simple," and the measured data are shown for 
two temperatures,  1300 ~ and 1500~ in  Fig. 4 and 5, 
respectively. The oxygen activity was also calculated 
using an expression based on a defect complex model, 
involving association of two metal  vacancies and a 
metal  interstitial,  derived by  Libowitz (14) to fit 
thermodynamic  data for FeOl+x. The resul tant  curves, 
labeled "complex," are also shown in Fig. 4 and 5. The 
isolated defect and defect complex models give essen- 
t ial ly the same results for x < 0.02. In  this range of 
small departures from stoichiometry, the isolated, non-  
interacting, singly ionized metal  vacancy model is be-  
l ieved to be more reasonable for MnOl+x than  the 
defect complex model, however, since no change in be-  
havior with increasing tempera ture  is observed even 
to 1500~ If defect complexes were  present, one would 
expect to see the effects of dissociation at high t em-  
peratures. 

The enthalpy of dissolution of oxygen in the oxide, 
"Hv.M, in the region x < 0.02, can be found using Eq. 
[2, 13, 14] from the relat ion 

CO. LEX  2 /  
L SIMPLE 

1"-- 1500aC 

/ 
8 6  

9( o6, o62 o63 o ~  o65 .o~ o67 o68 o ~  olo-o~, od~ 
X 

Fig. 4. Comparison of calculated oxygen activity for simple and 
complex defect structures with experimental data at 1300~ 
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Fig. 5. Comparison of calculated oxygen activity for simple and 
complex defect structures with experimental data at 1500~ 

d In Kv,M J 

AHv'M -- d ( k T )  --I Jp(o2)=cons  t 

d ln Kco2 2 d l n x  I [15] 
d ( k T )  - I  d ( k T )  - i  j P(CO2)/P(CO) . . . .  st 

The first term on the right, [d In K c o 2 ] / [ d ( k T ) - l ] ,  
varies very little in the temperature  range measured 
and is given by Wicks and Block (21) as --2.91 eV. 
The second term, [d In x ] / [ d ( k T ) - l ] ,  is found from 
Fig. 2 to be --1.3 __+ 0.1 eV, and is found to be inde-  
pendent  of the P (CO2) /P (CO)  ratio in this range. 
Therefore, • ~-- --0.3 eV. The entha lpy  of dissolu- 
tion of oxygen in MnOt+z decreases sharply at larger 
departures from stoichiometry. At a given part ial  pres-  
sure established by an O2-Ar mixture,  hHv'M is given 
directly by d In x / d ( k T ) - t .  It  may  be noted in Fig. 2 
that  at P(O2) ---- 10 -3-7s arm, AHv,M = --0.70 eV. 

The P(O2) 1/3.3 dependence of x, found for x > 0.02 
in Fig. 1, could be interpreted in terms of the singly 
ionized, noninteract ing metal  vacancies present  at low 
defect concentrat ions associating, at higher defect con- 
centrations, to form divacancy complexes. The forma- 
tion of such complexes would be described by the re -  
action 

02 r 20Xo + ( V M V M ) "  -J[- 2h + [16] 

where (~7M~TM)" denotes the complex. If the charge 
neut ra l i ty  condition is given by 2[ (VMVM)"] = p, then 
the oxygen pressure dependences of the defect concen- 
trations and of x are given by  

2 [ (VMVM)'] = p :- 2X = Kc P (02) 1/3 [17] 

where Kc oc e x p ( - - A G J k T )  and AGe is the free energy 
change for Reaction [16]. To a first approximation 

h G c  ~'~ 2(PMnO -~- g v  -}- Ih)  - -  gint [18] 

where  gint is the free energy of interact ion of the com- 
plex (VMVM)" and, therefore, the enthalpy of in te r -  
action of the complex, hint, would be given by hint ---~ 
(hHc)x>0.02 -- 2 (hHv,M)x<O.02 = --0.1 eV. 

Our recent  data, and that  of earlier investigators 
(12), for CoO1+~ show similar behavior.  The oxygen 
pressure dependence of the electrical conductivi ty of 
CoOl+x increases from P(O~)1/4 at low pressures, cor- 
responding to x < 0.008, to P(O2) T M  at P(O2) = 1 
atm. Since the t ransi t ion in oxygen pressure depen-  
dence in CoOt+x occurs at about P(O2) = 10 -1 atm, 

it would be exper imenta l ly  very  difficult to see as 
much of the higher defect concentrat ion range as is 
visible in MnOl+x. If complexes are indeed responsi-  
ble for the behavior  at high defect concentrat ions in 
MnOI +~ and CoO1 +x, they are more l ikely to be of the 
two-vacancy type than  the two-vacancy-ca t ion  in ter-  
stitial type suggested for FeOl+= (13, 14). Format ion 
of the lat ter  type by the reaction 

1/~O2 -~ FeXFe ~ O=o ~ (VM Fei VM)' + h + [193 

would lead to a pressure dependence of the hole con- 
centrat ion of the form p oc p (O2)1/4. A higher degree 
of ionization of the complex or a correction based on 
the use of activities at high defect concentrat ions (14) 
would only decrease the oxygen pressure dependence. 
To observe a stronger pressure dependence, as in 
NinOl+x and CoOl+x, one would need higher order 
complexes if cation interst i t ials  are involved. 

It  should be noted that  a t ransi t ion to a stronger 
pressure dependence, as seen in Fig. 1 for x ~ 0.02, 
can also be caused by a change in the ionization state 
of the metal  vacancy. In  this case, it could be due to 
the increasing concentrat ion of neu t ra l  meta l  vacan-  
cies. In  the extreme case, when  the neu t ra l  metal  
vacancy is the predominant  defect present, the oxygen 
activity is given by  

X 
- -  - -  K o  a o  [20 ]  

where Ko = exp[--(~MnO-{-gv)/kT]  and, for small  
deviations from stoichiometry, a P(O2)1/2 dependence 
would be expected. A t ransi t ion from the pressure de- 
pendence characteristic of s ingly ionized meta l  vacan-  
cies to that  characteristic of neu t ra l  meta l  vacancies 
would, however, extends smoothly over a number  of 
orders of magni tude  of oxygen pressure. For  example, 
if we define the limits of the t ransi t ion region as the 
P(O2) 1/3.85 and P ( O 2 )  1/2"15 dependences, then the 
t ransi t ion region would extend over about seven orders 
of magni tude  of oxygen pressure. The change in pres-  
sure dependence of x at about x _~ 0.02 in Fig. 1, there-  
fore, has more of the character of a phase transition. 
Similar  breaks in behavior, interpreted as phase t rans-  
formations, have been observed in FeOl+x (8). The 
origin of the t ransi t ion in MnOI+~ cannot  be asserted 
without fur ther  x - r ay  and neut ron  diffraction study. 

Manuscript  submit ted Apri l  20, 1970; revised m a n u -  
script received ca. Jan. 4, 1971. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in  the December 1971 
JOURNAL. 
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Reduced Dislocation Densities in Liquid Phase Epitaxy 
Layers by Intermittent Growth 

R. H. Saul 

Bel! Telephone Laboratories, Incorporated, Murray Hill, New Jersey 07974 

ABSTRACT 

GaP liquid phase epitaxy (LPE) layers grown using an interrupted cooling 
rate to induce intermittent growth, exhibit an abrupt reduction in dislocation 
density p which coincides with the interface between growth increments. C,,n- 
stant cooling rates interrupted by part ial  melt-back (heating) of the LPE 
layer or by isothermal annealing are both effective in reducing p, typically 
by factors of 3-6. Successive reductions in p could be achieved by employing 
several interruptions in cooling rate. These results are discussed in terms of 
proposed mechanisms for dislocation elimination in crystals. 

A variety of liquid regrowth techniques, including 
liquid phase epitaxy (LPE) (1), t raveling solvent 
method (TSM) (2), and partial  back-melt ing (PBM) 
(3), are frequently employed for the fabrication of 
mult i layer semiconductor structures. Crystals grown 
by these methods generally contain fewer dislocations 
than the substrates upon which they are grown. This 
improvement in crystalline perfection has been ob- 
served by etch pit or x - ray  topography techniques 
in GaP (4, 5), GaAs (6), and GaSb (7,8). The re- 
ported reduction in dislocation density p is typically 
by factors in the range of 3-10, and in all cases the 
reduction is abrupt, occurring at the initial growth 
interface. Because of the likelihood of slight dissolu- 
tion of the substrate for LPE and TSM growth, the 
mechanism of dislocation elimination in these cases 
is probably the same as for PBM growth where the 
substrate is deliberately part ial ly melted. In this 
paper it is shown that, in addition to the above-men- 
tioned decrease in p, the dislocation density can be 
further (abruptly) reduced within a LPE layer  by 
interrupting the cooling rate to induce intermittent  or 
incremental growth. Proposed mechanisms of dis- 
location elimination are discussed in terms of these 
results and the feasibility of several step reductions 
in p is demonstrated. 

Experimental Phase 
The GaP LPE layers employed in this work were 

grown (9) from Ga-GaP solutions containing 0.01 a/o 
Te which provided an initial z doping level essentially 
equal to that  of the Te-doped Czochralski substrates 
( N D  - -  l~A "~  3 X 1017 cm-3) .  The layers were 25-150~ 
thick and were grown on a chemically polished 
P{l l l}  surface. The various cooling cycles which 
were employed are schematically i l lustrated in Fig. 1. 
Cooling cycle I provides a constant cooling rate from 

K e y  words :  GaP,  l iquid phase  epitaxY (LPE),  i n t e rmi t t en t  g rowth ,  
in te r rup ted  cool ing,  reduct ion  in dis locat ions  by in t e r rup ted  cooling 
of LPE layers.  

1 The "Te concentra t ion  in these layers  increases  along the  g rowth  
direct ion as discussed e l s e w h e r e  (10). This  Te g rad ien t  is not  ex-  
pected to influence the effects  observed  in this  study. 

A to D; cooling cycle II additionally employs a part ial  
mel t -back of the LPE layers 2 from B to C; and cool- 
ing cycle III  employs a 2-hr isothermal arrest  from 
B' to C. The interruptions in cooling rate used in 
cycles II and III profoundly affect p as discussed below. 

Each LPE layer was etched (11) on a {110} cleavage 
plane, normal to the growth plane, to reveal the sub- 
s trate-LPE layer interface and metallurgical  junction 
associated with the programmed changes in growth 
for cooling cycles II and III. Utilizing a model (10) 
for LPE growth which has been shown to describe 
adequately LPE layers similar to those used in the 
present work, it is readily shown that for a layer  of 

-" This  is not  to be  confused  w i t h  the  P B M  method  (3) in w h i c h  
the substrate is back-mel ted ,  

I IO0 
COOLING CYCLES A 

�9 . . . . . .  T 

I 000  11" 
-rrr 

~ 900 

~BO0 

7oo 

D D 
6 O 0  

TIME (ARBITRARY UNITS) 

Fig. l. Schematic representation of cooling cycles used for 
growth of LPE layers. Except for the initial heating rate (~20~ 
mini, heating and cooling rates were l ~ 
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thickness t, the separation of the ini t ial  growth in ter -  
face (corresponding to point  A in Fig. I) and that  
corresponding to point C in Fig. 1 is ~t where a 
0.4. Thus a is that  fraction of the layer thickness cor- 
responding to growth along the path ABC or AB'C. 
The actual value of a was determined from the 
cleavage-face delineation. No junct ion was evident  in 
LPE layers grown using cooling cycle I. The crystals 
were subsequent ly  polished at an angle of 3 ~ to the 
growth surface, and the dislocation density dis t r ibu-  
t ion was determined by etching (4). The reduction 
in p at the subst ra te-LPE layer interface could not 
be convenient ly  determined in this manner  because 
of the large disparity in  etching rates of the substrate 
and LPE layers; however, cleavage-face x - ray  topog- 
raphy (12) general ly indicates about a 5- to 10-fold 
reduction in p over a distance less than  3~ for layers 
grown using cooling cycle I. Similar  reductions are 
expected for all  the cooling cycles used in this work. 

Results and Discussion 
Table I summarizes the results for layers grown 

using the various cooling cycles. For layers grown 
without in ter rupted  cooling (cycle I) the dislocation 
density is uniform throughout  the thickness of the 
layer, in agreement  with previous observations (4-8). 
However, for layers grown with part ial  mel t -back  of 
the LPE layer  (cycle II) ,  p is ini t ia l ly constant, i.e., 
independent  of distance from the initial  growth inter-  
face, but  is precipitously reduced wi th in  the layer at 
a position coincident with the metal lurgical  junct ion 
delineated at a thickness at. 

Figure 2 il lustrates the delineated metal lurgical  
junct ion  and corresponding step reduct ion in p for a 
layer (NT 021070) in which p is reduced by a factor 
of ~6. The rough agreement  between the m~asured 
values of a (see Table I) and the value computed from 
the programmed cooling cycle (a ~ 0.4) demonstrates 
conclusively that  the reduct ion in p occurs at the com- 
mencement  of growth (C in Fig. 1) following the par-  

Table I. Effect of cooling cycle on dislocation density in LPE layers 

p ( i n i t i a l )  p (f inal)  Coo l i ng  
S a m p l e  a (10 5 cm-2) ( I0  ~ era-2) cyc le  

N T  102169-3 - -  0.8 0.8 I 
N T  102369-1 - -  5.6 5.6 I 
N T  021070 0.38 6.0 0.8 I I  
N T  022570 0.36 2.8 0.8 I I  
N T  031370-Q 0.33 2.5 0.65 I I  
N T  033170 0.30 4.6 1.0 I I  
N T  042270 0.44 6.4 2.3 I I I  

tial melt-back.  The last ent ry  in Table I indicates that  
in terrupted cooling without  deliberate mel t -back 
(cycle III)  is also effective in reducing p. Thus it ap- 

pears that the reduction in p is not a t t r ibutable  to mel t -  
back per se, but  rather  the result of a stat ionary l iquid- 
solid interface; however, the occurrence of slight mel t -  
back resul t ing from thermal  fluctuations dur ing  the 
2-hr isothermal anneal ing cannot be precluded. 

The above results imply that  the reduction in p 
wi thin  the LPE layers is a phenomenon associated 
with the l iquid-solid interface and obviously not the 
result  of the lat ter  part  of the epitaxial  layer having 
been grown under  conditions of reduced thermal  and /  
or mechanical  stress as previously suggested for PBM 
growth (7). Although it is apparent  that regrowth 
under  severe stress conditions wil l  introduce new dis- 
locations, it is not obvious that growth under  condi-  
tions of reduced stress provides a driving force for 
the removal of dislocations. On the contrary,  the 
driving force is provided by the "excess" free energy 
associated with these defects; dislocations are not 
equi l ibr ium defects, i.e., the "equil ibr ium" number  
of dislocations in  a crystal  at any tempera ture  is 
zero. The removal  of dislocations is a problem of geo- 
metric termination,  either wi thin  the crystal by 
mutua l  annihi la t ion (formation of half-loops or net -  
works) or at a surface by reor ientat ion of dislocations 
into directions near ly  normal  to the growth direction 
(formation of part ial- loops) (8). 

Fig. 2. Revelation of various junctions on a cleavage face (a) and dislocation etch pits on a surface lying 3 ~ from the growth face (b) 
for a LPE layer grown using cooling cycle II. The arrows in the figure locate the positions corresponding to the changes in cooling rate 
shown in Fig. 1. (No junction is delineated at B.) 
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Table II. Variation of dislocation density in an incrementally 
grown layer 

A v e r a g e  d is lo-  
I n c r e m e n t a l  T e m p e r a t u r e  c a t i o n  d e n s i t y  

l a y e r  r a n g e ,  ~  (105 c m  -'~) 

1 1060-1030 6.8 
2 1030-  995 4.2 
3 995- 955 3.1 
4 955- 915 1.1 
5 g15- 600 1.3 

Fig. 3. Schematic illustration of an edge dislocation penetrating 
a liquid-solid interface (a). The shaded area represents the extra 
half-plane and the dashed line denotes the dislocation line. The 
absorption of n vacancies at the dislocation core results in a jog 
lying within the interface (b). (See text.) 

The formation of both half-loop and part ial- loop 
configurations requires high dislocation mobi l i ty  and, 
for an AB compound semiconductor, climb of edge 
components involving both A and B vacancies (or A 
and B interst i t ials) .  It  is postulated that  the very high 
disorder at a l iquid-solid interface provides an effi- 
cient source of the necessary point defects, and a 
quasi -s ta t ionary interface (which in  Fig. 1 occurs in 
the vicini ty of point B or along the path B'-C for 
cooling cycles II and III, respectively) provides suf- 
ficient t ime for reorientat ion of dislocations. The im- 
provement  in crystal l ine perfection general ly ob- 
served at the ini t ial  growth interface for LPE, TSM, 
and PBM crystals is believed to occur by a similar 
mechanism.  

The formation of loop or ne twork  configurations is 
enhanced by the tendency for dislocations to lie nor-  
mal  to the growth direction as discussed below. Since 
the dominant  dislocations observed in I I I -V semi- 
conductors are the so-called 60 ~ dislocations that  
have substant ial  edge character and because we are 
mainly  concerned about dislocations propagating 
along the growth direction, we consider, for simplic- 
ity, edge dislocations which are parallel  to the growth 
direction. (The Burgers vector is thus contained in 
the growth plane which in practice coincides with 
an {hkl} glide plane.) At a s tat ionary l iquid-solid 
interface, the high concentrat ion of vacancies results 
in dislocation climb normal  to the Burgers vector so 
that  if n vacancies are absorbed at the dislocation 
core, the resul t ing jog length is ~nao, 3 where  ao is 
the lattice parameter  as schematically represented in 
Fig. 3. As the interface slowly advances, the total 
jogged length (and hence length of dislocation lying 
normal  to the growth direction) is ~ n~ao, where 

i 
nl is the number  of vacancies absorbed in each of 
the i "molecular" layers which have grown. One can 
envision ra ther  long jogged lengths, e.g., if this 
process occurs over a growth thickness of 1000A and 
n~ ~ 100, then for the result ing sawtooth configura- 
t ion the length of :dislocation lying paral lel  to the 
growth plane is 10~. Interact ion among impinging 
dislocations results in  ne twork  or loop formation 
which is confined to the region where the l iquid-solid 
interface is quasi-s tat ionary;  the reduction in p occurs 
(abrupt ly)  at this position. 

Two questions immediate ly  arise: (i) Why are not 
all the (removable)  dislocations e l iminated  at the 

a A 60" d i s loca t ion  can  be  r e p r e s e n t e d  b y  a ( d o u b l e - l a y e r e d )  { I l l } -  
o r i e n t e d  e x t r a  h a l f - p l a n e  w h i c h  is a d j a c e n t  to  t h e  {111} s l ip  p l a n e  
c o n t a i n i n g  t h e  d i s l o c a t i o n  l ine  a n d  B u r g e r s  v e c t o r  (13). W i t h i n  t h i s  
f r a m e w o r k ,  c l i m b  o c c u r s  a l o n g  t h e  < 1 1 0 >  d i r e c t i o n  l y i n g  60 ~ to  
b o t h  t h e  d i s loca t ion  l ine  a n d  B u r g e r s  vec to r .  H e n c e ,  t he  c o r r e s p o n d -  

V f  
i n g  j o g  l e n g t h  is ~ n a o .  

2 

init ial  growth interface (point A in Fig. 1)? and (ii) 
Can fur ther  stepwise reductions in p be achieved? 
The el iminat ion of dislocations is dictated by the ran-  
dom statistics of thermal ly  induced climb and glide, 
and not all dislocations can be expected to terminate  
at the init ial  commencement  of growth. Subsequent  
establ ishment  of a s tat ionary l iquid-solid interface 
via in te r rupted  cooling enables addit ional  dislocations 
to terminate.  

Successive step reductions in p were at tempted using 
a cooling cycle with four interruptions,  with a 10-min 
thermal  arrest between each growth increment.  4 The 
tempera ture  range for each in terval  (see Table II) 
was chosen to give incrementa l  layers of approxi-  
mately the same thickness. Four  near ly  equispaced 
junct ions were observed on the etched cleavage-face 
of a crystal grown in this manner .  However, the in-  
cremental  layers were so nar row that  the corre- 
sponding step reductions in p were not apparent  on 
the etched angle- lapped surface; ra ther  p appeared to 
cont inual ly  decrease. The va lue  of p corresponding to 
the half- thickness of each incrementa l  layer  is given 
in Table II. The dislocation densi ty appears to be 
reduced in all  but  the last of the growth increments  
where the thermal  arrest occurred at the lowest tem- 
perature. The over-al l  reduct ion in p for this layer  is 
comparable to the largest reduction observed in a 
single-step layer  (NT 021070); however, it is believed 
that longer periods be tween growth increments  may 
result  in greater reductions in  dislocation density. 

The ul t imate  reductions in  p that  can be achieved 
by in termi t ten t  growth is not known, bu t  it is l ikely 
to depend on the extent  of dislocation entanglement  
and other factors l imit ing dislocation mobil i ty  rather  
than simply the number  of these defects. The charac- 
ter and morphology of dislocations that  can termi-  
nate  at a s tat ionary l iquid-solid interface remains  to 
be clarified. 
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Study on the Lithium Oxide-Nickel Oxide System 
II. Thermodynamics of the Concentrated Solid Solutions 

S. Pizzini, *'l G. Monari/and R. Morlotti* 
Reactor Material Laboratory, Thermochemistry Group, 

Commission de la Commonautd Europeenne, CCR Euratom, Petten, Nederland 

ABSTRACT 

Thermodynamic  activity measurements  of dissolved l i th ium oxide in NiO- 
Li20 solid solutions have been carried out wi thin  the homogeneity range to 
the solubil i ty l imit (about 33 a/o l i th ium).  The measurements  have been car-  
ried out by means of suitable galvanic cells, of the type 

P t /NiO-Li20  (x2) / / in te rmedia te  e lec t ro lyte / /NiO-Li20 (Xl ) /P t  

where  a-Li2SO4 and B-spodumene have each been used as the intermediate  
electrolyte. 

In  a previous paper (1) and in a short note (1 bis),  
we dealt  with the thermodynamics  of the di lute  solid 
solutions of l i th ium oxide in nickel oxide [from about 
9.1 to 7 a/o (atom per  cent) l i thium].  In  this range of 
concentrat ions the solution is known to be of the sub-  
st i tutional type, where l i th ium enters cationic posi- 
tions and electroneutral i ty  is main ta ined  via an equiva-  
lent number  of electron holes 

0.5 Li20 (NiO) + 0.25 02 ~ LiNi' + h" + Oo x [1] 

K1 ---- [ L i s i ' ]  [ h ' ] / [ L i 2 0 ]  1/2 P021 /4  
and 

[LiNi'] = [h'] 

h'  + Nisi x -~ NiNi" [1 bis] 

where it is assumed that  electron holes are localized 
at nickel sites and Li20 is considered as dissolved in 
NiO. At low partial  pressures of oxygen, l i th ium enters  
the lattice with a different mechanism which involves, 
according to Deren and co-workers (2-5), either nickel 
vacancies 

Li20 + 2 V N i "  "~- 2 h" ~ 2 Lisi '  + 0.5 02 [2] 

at concentrat ions not higher than  0.01 a/o li thium, or 
interst i t ial  positions 

Li20 --> Lii" + LiNi' + Oo x [3] 

at concentrat ions intermediate  between 0.01 and 0.1 a/o 
l i thium. 

A new representat ion of the feature of this system 
was also given in ref. (1) by means of the phase 
diagram of Fig. 1, which shows the homogeneity region 
of the solid solutions along the l ine joining the NiO 
corner to the compound LiNiO2. It is this l ine which 
expresses the stoichiometric 1:1 ratio between the sub-  
st i tut ional  l i th ium and the electron holes localized at 
Ni 3+ sites. 

In  the same paper it was exper imenta l ly  shown that  
the emf of concentrat ion cells, like the following one 

P t /L i20  (x2) NiO/~-Li2SO4/Li20 (xl) NiO/Pt  [4] 

* E lec t rochemica l  Socie ty  Act ive  Member .  
t Present  address:  Is t i tu to  Ele t t roehimiea ,  Universi tA di  Milano,  

Via Venezian 21, Milano,  I taly.  
P re sen t  address: Istituto di Ricerche  Donegan i ,  Novara ,  I taly.  

K e y  words:  activities,  ga lvan ic  cells, e lec t r ica l  conduc t iv i ty ,  po in t  
defects,  n i cke l  oxide.  

(operated with both electrodes under  a pressure of 
1 atm of oxygen) follows the Nernst  law 

RT x~ 
AE = In [5] 

F x2 

(where x2 and xl are the atomic ratios of l i th ium in 
solution) up to about 2 a/o li thium, whereas at higher 
concentrat ions the departure  from pure Nerns t ian  be-  
havior is no longer negligible. 

A very  general  equation for the emf of cell [4] 
might  be obtained when  considering cell [4] as a dou- 
ble cell, with the in termediate  electrolyte acting as a 
gas-t ight  diaphragm, so that  the oxygen pressures 
above both solid solutions are those corresponding to 
the stoichiometry. With the electrolyte working as a 
pure l i th ium conductor, the emf of a single cell 

Pt  (02),  Li20 (a)/~-Li2SO4/Li 
could be wr i t ten  

RT aLi2O 
E = E ~ + In [6] 

2F a2LiPO2 ~ 

being the single-cell  reaction (z : 2) 

0.5 O2 + 2 Li ~ Li20 (soln) [7] 

By taking into account the equi l ibr ium constant  of 
reaction [1], one obtains, for the emf of cell [4] 

0,5 LifO 

NiO NiO s 

Fig. i. Phase diagram (schematic) of the system Li20-Ni2Os- 
NiO. The homogeneity range lies between 0 and 33 a/o lithlum. 
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RT [LiNi'] 1 [NiNi'] 1 RT P~ 1 
AE ---- In In [8] 

F [LiNi']2 [NiNi']2 2F p~ 

where p~ and P~ are the par t ia l  pressures of oxygen 
in equi l ibr ium with the stoichiometric solutions. 

In the total  range of concentrat ions investigated, one 
could expect  two ex t reme situations to occur: (a) the 
solution is a system in which both kinds of defects (i.e., 
l i thium in substi tut ional  positions and electron holes 
at nickel sites) are randomly distributed,  so that  in 
the absence of interact ions Eq. [8] becomes 

RT xl 2 RT P~ 
AE -- - -  In - -  In - -  [8 bis] 

F x22 2F P~ 

and (b) the solution is a system where  only l i thium is 
randomly  distributed, whereas  electron holes are local-  
ized at one of the 12 neighbor nickel ions (which form 
the cationic co-ordinat ion shell of a l i thium ion in the 
fcc lattice of the solid solution) and form stable ion 
pairs. 

By taking into account the association react ion 

LiNi' + NiNi" ~ [LiNi' �9 NiNi']x [9] 

which formal ly  accounts for the pair ing of defects, o n e  
obtains 

RT xl RT p~ 
AE = In - -  - -  In - -  [8 ter] 

F x2 2F p~ 

It is wor th  remark ing  that  in both cases, and inde-  
pendent ly  of the degree of association, the pressure 
dependence of the emf  is of the type  

AE -- f -- - - l n  (Po21/2)l/(P021/2)2 [10] 
F F 

The preference for one or the other  situation de- 
pends on the configurational energy terms of the par -  
t icular  type of lattice. It has been demonstra ted by 
means of mechanical  and electrical  re laxat ion mea-  
surements  (6) that, at least at low temperatures ,  
di lute solutions consist ent i re ly  of isolated dipoles 
([LiNf ' NiNi']x pairs) whereas  it is very  l ikely that  
more concentrated solutions contain increasing con- 
centrat ions of a different configuration, consisting of 
two neighboring l i thium ions, both compensated by an 
electron hole at a nickel  position. 

Exper imenta l  results reported in the previous paper  
seem to confirm the van Houten and Bosman (6) v iew 
about the presence of isolated dipoles in the dilute 
solution and of more complex configurations in which 
electron holes are delocalized (or sheared wi th  more 
than one nickel ion) as the l i thium concentrat ion in- 
creases. 

The present  paper is an a t tempt  to extend the use 
of pure ly  configurationaI factors when  discussing the 
deviations of both entropy and free energy terms from 
ideality, in the range of more concentrated solutions. 

E x p e r i m e n t a l  
Electrolytes for emf measurements.--~-Li2S04, which 

was successfully used in the range of di lute solutions 
(1), was shown to fail at a l i thium level  in the elec-  
trodes higher  than 15 a/o. 

Al though l i thium substi tuted E-alumina (7-9) should 
be a suitable electrolyte,  we focused our efforts on 
SiO2-base electrolytes which appear  ve ry  promising 3 
and which have  been successfully used (12-13) for 
thermodynamic  ac t iv i ty  determinations.  

Silica glasses 4 have been used, af ter  a suitable dop-  
ing, as in termediate  electrolytes. The doping process 
Consists of making a sandwich of  three pellets (the 
in termediate  being the silica glass and the other  ones, 
l i th ium-doped  NiO or Li2SO4) and heat ing it at 700 ~ 

F o r  t h e i r  i on  e x c h a n g e  p r o p e r t i e s  a n d  p u r e l y  ion ic  c o n d u c t i v i t y  
(1O, 11). 

4 P u r s i l  453 Q u a r z  & Si l ice  w i t h  a to ta l  a l k a l i  c o n t e n t  o f  a b o u t  
20-40 p p m .  
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Fig. 2. Electrical conductivity of Pursil silica ( A ) ,  lithium-doped 

Pursil silica about 100 ppm ( I l L  and ~-spodumene ( 0 ) -  

800~ for some days. After  a subsequent  anneal ing of 
the SiO2 disk at 600~ the electrolyte  is ready for 
operation. Analysis reveals  an increase of the l i thium 
content  of about two orders of magni tude  whereas  the 
sodium content  remains constant. 5 

When comparing the results obtained with cells fitted 
with --Li2SO4 and l i th ium-doped  SiO2 (see next  para-  
graph) one recognizes that  such an electrolyte  could 
be satisfactorily used only for v e r y  dilute solutions to 
about 2-3 a /o  l i thium. A small  at tack of the electrolyte,  
at the side in contact wi th  the more concentrated solu- 
tion, is a lways present,  and we suppose that  only be-  
cause of the very  low reaction rate  can we obtain suffi- 
cient ly good results when  the electrodes consist of 
dilute solutions. 

~-spodumene (a member  of a family  of s i l ico-alumi-  
hates wi th  a composit ion Li20"A1203"4 SIO2, which 
expresses a one to one ratio be tween  the a luminum 
and l i thium) has par t icular ly  a t t ract ive  s t ructural  
propert ies (14-17) that  should enhance ionic conduc-  
tion. It  presents  channels of about  3A diameter  that  
run paral le l  to the a and b axes, s imilar  to those pres-  
ent  in zeolites. Along these channels l i th ium ions should 
move re la t ive ly  f ree ly  when  subjected to a convenient  
electric field. Moreover,  ~-spodumene is endowed with  
cation exchange properties, probably l imited to Li + 
and H + (17), as wi th  zeolites. ~-spodumene was pre-  
pared by mixing  SiO2, Li2CO3, and A1203 in the ap- 
propriate  proportions, firing the mix tu re  and pressing 
it to pellets of 12 mm in diameter  and finally by sinter-  
ing at about 1400~ Some a-c 6 electrical  conduct ivi ty  
measurements  have  been made (18) on undoped and 
doped silica samples as well  as on ~-spodumene to 
have a pre l iminary  rough idea of the carr ier  concen- 
t rat ion and mobil i ty  in such a SiO2-base compound. 

The resul ts  are given in Fig. 2 as log K vs. 1/T plots 
which i l lustrate that  the act ivation energy remains ap- 
proximate ly  constant 7 in spite of the large var ia t ion of 

5 A t y p i c a l  a n a l y s i s ,  b e f o r e  a n d  a f t e r  t h e  t r e a t m e n t  i s  L i  1.4 p p m ,  
L i  96 p p m .  

e C a r r i e d  ou t  w i t h  a G e n e r a l  R a d i o  i m p e d a n c e  b r i d g e ,  M o d e l  
1608 A. 

7 23.12 k c a l / m o l e  ( p u r e  s i l i ca ) ,  23.32 k c a l / m o l e  (100 p p m  L i - d o p e d  
s i l i ca ) ,  26.9 k c a l / m o l e  ( ~ - s p o d u m e n e ) .  
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mene we prepared presents problems of gas t ightness 
due to its relat ively high porosity. One optically 
polished disk of Pursi l  silica was welded at the bottom 
of a silica tube (doped according to the directions 
given above) and used in the cell of Fig. 3. The cell 
is operated with two electrodes having about the same 
composition (,~ 1 a/o l i th ium) ;  one compartment  is 
filled with pure oxygen, the other one (after  a pre-  
l iminary  outgassing at room tempera ture  under  a vac- 
uum of 10 -2 Torr) is successively filled wi th  different 
mixtures  of oxygen-ni t rogen (mass spectrometrically 
controlled for the oxygen content)  and brought  to the 
desired temperature  under  a continuous gas flow. The 
temperature  was controlled to __ 0.1~ with a propor-  
t ional tempera ture  controller and the emf and tempera-  
ture measured and recorded by  a digital vol tmeter  and 
digital recorder (Hewlett  & Packard, Dymec System).  

Results 
Comparison oy the di~erent electrolytes.--The results 

obtained when fitting cell [4] with l i th ium-doped silica, 
~-spodumene, and a-Li2SO4 at 800~ are reported in 
Fig. 4. Similar  results were obtained at lower tempera-  
tures. It  appears that  results obtained wi th  different 
electrolytes fit the same curve, wi thin  exper imental  
error, over the concentrat ion range 0.5-7 a/o. At higher 
concentrat ions only ~-spodumene works successfully. 
Examples of E vs. T curves obtained with ~-spodumene 
are given in Fig. 5. 

Cells with separate compartments.--The results of 
experiments  carried out at 766~ with cells fitted with 
two electrodes containing about 1 a/o l i th ium are 

Fig. 3. Cell with separate compartments: 1, silica glass tubes; 
2, electrodes; 3, platinum electrodes; 4, lithium-doped Pursil silica 
glass which serves as an intermediate electrolyte; 5, Pt-Pt, Rh 
thermocouple; 6, Pt wires to the electrodes. 

the l i th ium concentration, whereas the absolute value 
of the conductivi ty depends on the total alkali  content  
(and changes of about four orders of magni tude  for 
a concentrat ion change of the same order  of magni -  
tude).  We therefore argue the same hopping mecha-  
nism as in  doped silica, but  with a very  high level of 
free carriers. 

Results of exper iments  carried out in  cells of the 
type [1] with l i th ium-doped silica and p-spodumene 
serving as in termediate  electrolytes, are i l lustrated in 
the next  paragraph. 

Emy measurements.mEmf measurements  on solid 
galvanic chains of type [4] have been carried out in 
cells of conventional  design as i l lustrated in previous 
papers (1, 19, 20) as well  as on a cell with separate 
compartments,  which is shown in Fig. 3. This cell was 
designed to perform measurements  of emf as a func-  
t ion of the part ial  pressure of oxygen. With such a cell 
we should be able to determine the deviations from 
stoichiometry as a funct ion of the oxygen pressure as 
well  as the dissociation pressure of the solid solution 
as a funct ion of the l i th ium concentration. 

The requirements  this cell should fulfill are the fol- 
lowing: 

1. A very  l imited volume of one of the two electrode 
compartments,  to avoid sensible variat ions in the sam- 
ple concentrat ion due to large amounts  of oxygen 
evolved when the external  pressure is made lower 
than  the decomposition one. 

2. An intermediate  electrolyte which allows a gas- 
t ight separation between the electrode compartments.  

The first requisi te:  is satisfied by the design of the 
cell where the ID and OD of the silica tubes are chosen 
to leave the min imum dead volume. 

The second requisite could be satisfied only when 
using l i th ium-doped silica glass, because the ~-spodu- 
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Fig. 6. EMF vs. partial pressure of oxygen plot for cell I l l  fitted 
with lithium-doped silica glass and separate compartments. 

The equations reported in Table I have been used for 
plott ing the emf isotherms of Fig. 7, 8, and 9. Here, 
the molar  fraction ratio x / ( 1  --  x )  [where (1 -- x) is 
the molar  fraction of the NiO solvent or of the iNiNi x 
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X 
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Fig. 7. Plot of the emf cell [4] fitted with fl-spodumene vs. the 
ratio x/(1 --x) of the molar fractions. 

shown in  Fig. 6. The exper imental  points (which are 
an average of about 60 points pr in ted  down in more 
than 48 hr at each pressure investigated) present  a 
mean  square deviation of 4.05 mV and fit a curve hav-  
ing a slope of 104 mV. 

M e a s u r e m e n t s  on isobaric ce l l s . - -Resu l t s  of experi-  
ments  carried out on isobaric cells of type [4], when 
using ~-spodumene as in termediate  electrolyte, are re-  
ported in  Table I (see also Fig. 4 and 5). This table 
gives the parameters  which express the l inear  tempera-  
ture  dependence of the emf at different concentrat ions 
of l i thium. The average n u m b e r  of (E, T) points used 
for comput ing the "a" and "b" values is 100. The con- 
centrat ion ratios quoted here have been normalized to 
a reference compar tment  concentrat ion of 0.365 a/o 
l i thium and correspond to concentrat ion values iodo- 
metr ical ly determined after completion of each high 
temperature  experiment.  

Table I. Experimental values of emf of cell [1] for 
different LiNi02 concentrations 

L/(a/o) z 
Li(a/o)~, E (mV) = a + b T 

1.013 
0.365 E = 49.37 + 0.087T 

3.575 
0.385 E = 46.29 + 0.287T 

4.369 
0.36"-----5' E = 144.64 + 0�9 

4.804 
0�9 E = 2.51 + 0�9 

6.55  
0 .366 E = 60.96 + 0,335T 

9.52 
0.365 E = 120,13 + 0.390T 

18.41 
0.366 E = 136.65 + 0.634T 

18.41 
0�9 E = 11.63 + 0�9 

22.06 
0.365 E = 39�9 + 0.653T 

28.48 
0.365 E = --1.79 + 0.772T 

31.73 
0.365 E = - - 9 � 9  + 0 . 7 6 2 T  
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Fig. 8. Plot of the emf of cell [4] fitted with fl-spodumene vs. the 
ratio x/(1 - -x)  of the molar fractions�9 
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Fig. 9. Plot of the emf of cell [4] fitted with fl-spodumene vs. 
the ratio x/(1 - -x)  of the molar fractions. 
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ions] accounts for the fact that  in the range of concen- 
trated solutions, the concentrat ion of NiNi x is no longer 
constant (see Eq. [1 bis] ) .  The straight lines appearing 
in the same figures have been plotted according to the 
equations 

and 

RT xl 
A E  - -  - I n  

F 1 - -  x l  

RT xl 2 / 
hE -- in  �9 

F x., 2 
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At the lowest part ial  pressures (<10 -2 atm) the de- 
viation from l inear i ty  and the approximate inde-  
pendence of the emf with respect to the external  pres-  
sure, indicate that the actual oxygen pressure in the 
electrode compar tment  remains  constant, due to the 
buffering action of a decomposition reaction, that  

x.~ [11] might be wr i t ten  as 
1 -- x2 

[LiNi' �9 NiNi'] ~ 2 0 o  x ~ 0.25 02 Jr 0.SLi~O ~ NiO [14] 
1 - -  x t  

[12] and the system turns  to be invariant .  
1 -- x,, A dissociation pressure between 10 -2 and 10 -3 atm, 

which might be inferred from Fig. 6 at 766~ is in 
agreement  with a figure of about 8 Torr at 80O~ re- 
ported by Hauffe (23) as the lowest pressure at which 
the electrical conductivi ty still remains  independent  of 
the pressure, for a sample of NiO doped with 1 m/o  
(mole per cent) l i thium. 

Other electrical conduct ivi ty  measurements  (21, 22) 
show that  the electrical conduct ivi ty  is independent  of 
the part ial  pressure of oxygen. [Hauffe (23) in ter -  
preted this independence by considering that  it is the 
chemical potential  of the dissolved l i thium oxide which 
varies with the oxygen pressure, whereas the concen- 
t rat ion of the substi tuted l i th ium as well  as of the 
electron holes does not.] 

In order to check whether  purely configurational fac- 
tors account for the composition dependence of both 
emf and isothermal tempera ture  coefficient of isobaric 
cells, we shall first consider how the entropy term 
should depend on the composition. When neglecting 
other terms but  the configurational ones, the calcula- 
tion of the configurational entropy of mixing could be 
carried out first for the two l imit ing situations recog- 
nized above, and corresponding to the cases: (I) of a 
mixture  in which Li + and Ni 3+ are associated to give 
stable pairs and, (II) of a mix tu re  in  which Li § and 
Ni 3 + are randomly  distributed. 

In  the first case, by using tr ivial  statistical calcula- 
tions, it could be demonstrated that  the ent ropy of 
mixing results as 

AS = --R(nLi+ In XLi+ W nNi2§ In XNi2+) [15] 

and the part ial  molar  entropy of the solute is found 
by differentiation to be 

S L i  - -  S ~  : - - R  I n  XLi  [16] 

In  the second case, the ent ropy of mix ing  could be 
obtained by assuming that both Li + and Ni a+ are in- 
dependent ly  arranged on N sites of the cation lattice, 
so that one finds 

AS : --2R(nLi In XLi -F n N i 2 +  In XNi2+) [15 bis] 
and 

S'Li  - -  S ~  : S N i 3 +  - -  S ~  - "  --2R ln  XLi [17] 

In  Fig. 10 the straight l ine corresponds to the part ial  
entropy differences (in ~V/~ units)  calculated from 
the equation 

--~F = R[ ln  x2 -- In (1 - -x2)  -- l n x l  -I- In (1 -- x l ) ]  
[18] 

for the concentrat ion cell [4] and one remarks that  the 
exper imental  isothermal emf coefficients closely fit 9 the 
theoretical plot only  in the dilute solution region. 
For more concentrated solutions, where deviations 
from the ideal behavior are apparent,  it is always 
possible to find empirical equations which give the en-  
tropy of mixing, by replacement  of the molar  ratios 
with other suitable concentrat ion parameters.  

Then the equation for the entropy of mixing  takes 
the form 

AS----- --R(nAlngAWnBlngB) [15 ter] 

where gA-F gB : 1. 
In  the case of polymer solutions (24) it has been 

shown that  gA and gB are well  described by  the volume 

9 T h u s  i n d i c a t i n g  t h a t  t h e  d i lu t e  so lu t i on  is e n t i r e l y  c o n s t i t u t e d  
of  u n d i s s o c i a t e d  pa i r s .  

where the former accounts for the theoretical emf of a 
solution in  which pair ing is 100% (solid l ine) ,  and the 
latter for that  of a solution in which pairs are 100% 
dissociated (dashed-dotted l ine).  

Discussion 
In  the first paper of this series we discussed the 

thermodynamics  of the dilute Li20-NiO solutions as 
that of b inary  system where the components are LiNiO2 
and NiO. In the same paper we stressed the 'influence 
of ion pair ing on the thermodynamics  of the solution. 
However, we emphasized that  the use of pair concen- 
trat ions (or other kind of associated species) as a mea-  
sure of the LiNiO2 activity does not mean that  we 
identify a part icular  array of ions in the lattice with 
a chemical species, such as LiNiO2. Nevertheless, if we 
do identify the activity of ion pairs with that  of 
LiNiO2, the fact that  the Nernst  equation holds to a 
deviation of less than 1 mV for 0.0015 --  XLiNiO2 ~ 0.01, 
leads to the conclusion that, over this concentrat ion 
range, the activity coefficient of LiNiO2 is unity,  s 

Deviations from such an ideal behavior which have 
been observed at x > 0.01 were explained by con- 
sidering that  the statistical probabi l i ty  of finding con- 
figurations containing more than one l i thium ion in-  
creases with the increasing of l i th ium content, thus 
affecting the entropy of the system. These entropy 
changes were shown to account for the over-al l  change 
of the free energy of the solution, as the enthalpy 
changes are, wi th in  the limits of exper imental  ac- 
curacy, inappreciable. 

In  order to avoid any possible mistake between spe- 
cies, coming from the different defect reactions postu-  
lated in the first part  of this paper according to Eq. 
[1], [1 bis], and [9], and chemical components of the 
solution, we discuss here our  present  exper imenta l  
results only in terms of a defect model involving ionic 
species, defects, and associated defects. 

Measurements on cells with separate compartments  
show that  the dependence of emf on the oxygen pres-  
sure is of the type (see Exper imenta l  section and Fig. 
6) 

RT (Po2) 1 
AE -- const -- ~ In - -  [10 bis] 

2F (Po2)2 

where the first term is essentially independent  of the 
part ial  pressure of oxygen and the slope of the ex- 
per imenta l  curve equals RT/2F within  a few millivolts. 

It is apparent  that  the exper imental  emf has the 
r ight  oxygen pressure dependence required by the 
chosen defect model (Eq. [10]) and that the concen- 
t ra t ion of defects is not affected by the oxygen part ial  
pressure, up to 10 -2 atm, the first t e rm being a con- 
stant. 

This behavior  indicates that  the 1:1 ratio between 
subst i tut ional  l i th ium and Ni ~+ does not appreciably 
change when changing the part ial  pressure of oxygen 
wi th in  the indicated range of pressures and, fur ther -  
more, that  nickel vacancies, arising from reaction 

0.5 02 ~ Oo q- VNi [13] 

do not play any significant role in the thermodynamics  
of the solution. 

S A s  t h e  s t a n d a r d  s t a t e  f o r  N i O ,  the  h y p o t h e t i c a l l y  p u r e  a n d  
s t o i c h i o m e t r i c  N i O  u n d e r  a n  o x y g e n  p r e s s u r e  of  1 a i m  i s  chosen .  
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ratios r and r whereas, in our present  case, it could 
be shown that  gA coincides with the relat ive statistical 
probabi l i ty  of finding those configurations containing 
more than two solute atoms wi th in  the nearest  neigh-  
bors of a solvent atom. 

Such a configurational function g(ni,r)  accounts for 
the deviations from ideality only due to the increasing 
n u m b e r  of the contacts between like atoms as the 
concentrat ion of the solute increases. 

Numerical  calculation of the gA and gB terms of 
Eq. [15 ter] could be accomplished by considering that  
in the rocksalt s t ructure the coordination number  z 
of cations is 12 and that  each individual  t e rm g (hi,r) 
in the sum 

z 

g : ~ g(ni, r) [19] 
T 

(where ni is the number  of atoms of species i in the 
mix ture  and r is the fraction of z sites occupied by 
cations of type i) could be calculated by the expression 
[see also ref. (1)] 

hi!  ( N - -  h i ) !  
g (hi, r) : 

N~ 
z! (N - -  z) ! 

[20] 
r !  ( h i - -  r ) !  ( z - -  r ) !  ( N - -  h i - -  ~-~-  r ) !  

It  is apparent  that gA in  Eq. [15 ter] corresponds 
to the sum 

12 

gA -- Z,r g (hi,r) 
2 

Equation [18] could therefore be rewri t ten  as 

--elF __- R[ ln  g2 -- in  (1 -- g2) -- l n g l  ~ In (1 -- g l ) ]  
[18 bis] 

Equat ion [18 bis] is plotted in  Fig. 10 as the dashed- 
dotted l ine and one can see that  this configurational 
function closely fits the exper imenta l  points. 

When we use, as has been done in  the first paper, 

the values of the statistical probabili t ies ~-.~g(ni,r) 
r = 2  

as a measure of the activity of the solute and the 
12 

values of 1 -- ~ - ~ g ( n i , r )  as a measure of the activity 
r = 2  

of the solvent, the calculated emf according to Eq. [11] 

801 

results as 
12 

~ g  (ni, r) 
R T  r=2 

hE = In [11 bis] 

x2 1 - -  _ _  g (n i ,  r )  
r ~ 2  

when subst i tut ing the molar  ratios with the ratio of 
the statistical probabilities. 

Results obtained are plotted in Fig. 7, 8, and 9 as 
dashed-dotted lines and show that  this function ac- 
counts for the exper imental  results only in the range 
of intermediate  concentrat ions as has been  already 
shown (1). 

We suggest, as a conclusion that  the solid solutions 
of l i th ium oxide in nickel oxide are well  described, 
in the range of dilute and intermediate  concentrat ion 
solutions, by a model which has the following im-  
portant  features: 

1. Dilute solutions 1~ (0.1 --~ x ~ 2 a/o l i thium) con- 
sist ent irely of undissociated [LiNi' NiNi ~ pairs. The 
electron holes are ful ly localized. This view agrees 
with the exper imenta l ly  observed high values of the 
activation energy for the electrical conductivity in  the 
same range of concentrat ions and  are not  conflicting 
with Deren's results reported in ref. (2, 3, 5), which 
show very low values of the act ivi ty coefficient of 
Li20 in the same range of concentrations.  1~ 

2. In  solutions lying in the intermediate  concentra-  
tion range (2 --~ x ~ 10 a/o l i thium) interact ion be-  
tween like atoms leads to an apparent  dissociation of 
ion pairs, corresponding presumably  to a part ial  de- 
localization of electron holes. The entropy of the solu- 
tion is always lower than  the ideal one and is ac- 
counted for when calculating the (statistical) contacts 
between like ions. Also the activity of the components 
of the solutions could be approximately calculated by 
taking into account only statistical factors. 

At the highest concentrations, however, the  solution 
is no longer describable with the simple model i l lus- 
trated in this present  work. 
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10 In our  previous paper  we used the operat ive  definition of " ideal  
solution" for those dilute solutions in which  l i thium and n ickelnI  
are  fully associated in pairs. Note tha t  we  have  used a defiriition 
which could give rise to confusion when compared with the current 
use of "ideality," viz., in electrolytic solutions, where "ideality" 
corresponds to the absence of any specific interaction between ions. 

l~in rot. (2) we  have  h o wev e r  stressed that ,  due to the use of 
electrodes consisting of a rnJxture of nickel  meta l  and the solid 
solution, the concentrat ions given by Deren  resul t  in m u c h  lower  
concentrat ions of [Li~i '  NiNl']  pairs. 
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Diffusion of  lCr in NiO Single Crystals 
M. S. Seltzer 

Metal Science Group, Battelle Memorial Institute, Columbus Laboratories, Columbus, Ohio 43201 

ABST11ACT 

The diffusion of 5~Cr into NiO single crystals has been investigated as a 
function of temperature in the region II00~176 and under oxygen partial 
Dressures from one to 10 -4 atm. At high chromium concentrations the diffusion 
is concentration dependent, probably as a result of self-doping by the trivalent 
chromium cations. At 1 atm of oxygen the concentration independent diffusion 
coefficients can be represented by Dcr Ni~ ---- 9.36 x I0 -s exp (--47.0 kcal/RT). 
At 1150 ~ and 1250~ chromium diffusivities decrease with decreasing oxygen 
par t i a l  pressure.  

While  self-diffusion of Ni in NiO has been s tudied 
by  a number  of inves t iga tors  (1-8) the re  have been 
only two studies of impur i t y  t racer  migra t ion  in th~s 
compound (8, 9).  Expe r imen ta l ly  observed act ivat ion 
energies for n ickel  self-diffusion in NiO va ry  f rom 
44 to 63 kca l /mole .  The  h igher  va lues  a re  t aken  to 
represent  diffusion in r e l a t ive ly  pure  crysta ls  where  
na t ive  defects  p redomina te  over  those in t roduced by  
cat ion impur i t ies  having valence different  from the 
host  cation, nickel.  In  these  cases the  expe r imen ta l ly  
measured  act ivat ion energies  include the  energy  of 
format ion  for the defects b y  which nickel  migrates ,  as 
wel l  as the energy  to move the diffusing species f rom 
one equi l ibr ium posit ion to an adjacent  site. The lower  
act ivat ion energies  then represent  only  the  migra t ion  
energy where  the concentra t ion of defects is fixed by  
the impur i ty  concentra t ion over  the  t empera tu re  
range invest igated.  

In  the  t empe ra tu r e  range  1100~176 both Volpe 
and Reddy  (7) and Crow (8) have found tha t  n ickel  
diffusivities decrease wi th  decreas ing oxygen pressure  
in the  region 1 a tm > Po2 > 10 -7 atm, wi th  the pres-  
sure dependence  vary ing  wi th  t empera tu re  and Poe. 
The resul ts  were  in te rpre ted  in te rms of nickel  diffu- 
sion v ia  both s ingly  and doubly  charged  nickel  vacan-  
cies. 

.Studies of cat ion impur i t y  t r ace r  diffusion in NiO 
have been l imi ted  to measurements  of ~0Co (8) and 
~.'~Fe (8, 9) migrat ion.  Crow (8) found tha t  ac t ivat ion 
energies  for 6~ in po lycrys ta l l ine  NiO containing 
0.002 a tom fract ion chromium were  about  41 kca l /mole ,  
independent  of Po2 in the range  1-5 x 10 -5 a tm over  
the  t empera tu re  range  1100~176 Diffusivit ies de-  
creased s l ight ly  wi th  decreasing oxygen  pa r t i a l  p res -  
sure. For  diffusion of 60Co in "pure"  NiO single c rys-  
tals, act ivat ion energies  of 53.1 and 52.8. kca l /mole  

Key words: point defects, nonstoichiometry, defect pairs, vacan- 
cies. 

were  measured  in 1 a tm and  5 x 10 -~ atm, respec-  
t ively.  The lower  act ivat ion energies  found in the 
doped crys ta ls  a re  taken  to represent  values  for  mi-  
grat ion under  condit ions where  the vacancy concen- 
t ra t ion is control led by  the t r iva l en t  chromium addi -  
tion. 

Measurements  of i ron diffusion in NiO single crys ta ls  
(8, 9) suggest  that  this species acts as a self-dopant ,  
y ie ld ing act ivat ion energies indicat ive  of impur i ty  
contro l led  diffusion. Thus Crow found tha t  diffusion 
ra tes  for 5~Fe in NiO were  nea r ly  independent  of 
Po2, pa r t i cu l a r ly  at  l l00~ whi le  act ivat ion energies  
decreased f rom 46 to 41 kca l /mole  as the  oxygen 
pressure  decreased f rom 1-5 x 10 -5 atm. Var ia t ions  in 
the p re -exponen t i a l  compensated  for  the  act ivat ion 
energy changes to give the Po2 diffusion independence  
at l l00~ Richards  and Wagstaff  measured  an act iva-  
tion energy  of 44.5 kca l /mole  for  55Fe in n ickel  oxide. 
This value,  de te rmined  in air  in the  t empe ra tu r e  range  
1006~176 is in excel lent  agreement  wi th  the  values  
repor ted  by  Crow. 

The objec t ive  of this inves t igat ion was to de te rmine  
diffusion coefficients for ~lCr in NiO as a function of 
chromium concentrat ion,  oxide  composition, and t em-  
perature ,  in o rder  to provide  addi t ional  informat ion 
necessary for an unders tand ing  of impur i t y  migra t ion  
in oxides. Such informat ion  is essent ial  for p roper  
in te rpre ta t ion  of exper imen ta l  resul ts  of the oxida-  
t ion of alloys, s in ter ing of oxides, and creep of scales 
formed dur ing a l loy oxidat ion.  

Experimental Procedures 
The NiO single crys ta ls  used in this s tudy were  ob-  

ta ined f rom Argonne  Nat ional  Labora tory .  They  were  
grown by  the Verneui l  process in an a rc - image  fu r -  
nace. A typica l  analysis  in ppm is Co, 200; Ag, 80; 
A1, 10; Cr, 30; Fe, 60; Mn, 30; K and Na, 6; Si, 10; and 
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Ta, 20. Several p re l iminary  experiments  were per-  
formed on single crystals grown by Marubeni-I ida.  
These crystals had a typical analysis in ppm of Mg, 
110; Ca, 85; Co, 20; Fe, 30; A1, 10; Ti, 10; others, 15. 
Diffusion specimens, 4 x 4 x 2 mm were prepared by 
cleaving {100} parallelepipeds from the large boules 
and polishing paral lel  surfaces using 600 grit  metal lo-  
graphic paper. 

In order to obtain specimens with a desired compo- 
sition prediffusion equil ibrat ions were conducted in 
a p la t inum-rhod ium wire wound resistance furnace. 
Equil ibrat ions of up to two weeks durat ion were per-  
formed at the desired temperature  with the oxygen 
part ial  pressure fixed by using premixed argon-oxygen 
gas mixtures  in the range 1-10 -4 a tm Po2. 

The 5~Cr labeled chromium was produced by  neu-  
tron i rradiat ion of high pur i ty  iodide chromium metal  
in the Battelle Research Reactor. In  order to prepare 
the chromium for irradiation, approximately lg  of 
metal  was sealed in a quartz vial  under  a hel ium at-  
mosphere. The quartz vial was then sealed in an alu-  
m inum capsule which also contained a hel ium atmos- 
phere. The chromium was irradiated for 48 hr in 
a thermal  flux of 1 x 10 is n/cm2/sec, which produced 
a specific activity of ,-- 100 mci /g  of chromium. A 
gamma ray spectra was taken to check the 0.32 meV 
peak of 51Cr. 

The irradiated chromium was deposited on one side 
of the NiO specimens by vapor deposition using a 
vacuum evaporator operated at 1 x 10 -6 mm Hg. The 
chromium was vaporized by resistance heating in a 
tungsten  boat. The depositions were performed in  
three or four evaporation steps of about 30 sec each, 
which provided an adherent  layer. The weight of 
chromium deposited on the specimens was 40-60 #g/  
cm 2 which resulted in layers about 700-900A thick. The 
quant i ty  of chromium on the diffusion specimens was 
determined by comparison of the 51Cr activity to that  
of a sample of irradiated chromium of known weight. 

Two chromium-pla ted  specimens were then sand- 
wiched into a spring-loaded Vycor specimen holder 
and placed in the diffusion furnace under  conditions of 
temperature  and oxygen part ial  pressure similar to 
those used in the prediffusion anneal.  On completion of 
the diffusion anneal,  side faces of the diffusion speci- 
mens were cleaved off to remove activity from rapid 
diffusion down the sides of the specimens. Diffusion 
profiles were obtained by a sectioning method (13) 
and by counting the residual surface activity after 
each sectioning step (14). Sectioning was performed 
by gr inding the specimen on 600 grit  metal lographic 
paper which was impregnated with kerosene. For the 
gr inding operation the specimen was glued to a s ta in-  
less steel insert  which fit into a micrometer -dr iven  
stainless steel gr inding block. Approximate  values for 
the thickness removed could be estimated from the 
micrometer  settings. After  the gr inding operation the 
mounted specimen was placed in an  electronic height 
gauge to determine more exactly the thickness re-  
moved. In  this manne r  cuts of 3-4~ could be taken 
+_ 0.1~. The mounted  specimen could then be placed in 
a counter  to measure the residual activity, while the 
kerosene impregnated metallographic paper on which 
grinding had been performed was placed in a glass 
vial for counting the activity in the sections removed. 

An end-window, gas flow proport ional  counter  was 
used to radioassay the diffusion specimen after re-  
moval  of each layer. The detector was operated at 
1750V using P-10 counting gas. A modula r  scaler was 
used to accumulate the pulses from the detector. The 
efficiency of this system for counting 51Cr is about 2%. 
A sufficient number  of counts were taken to reduce 
counting errors to less than 1% for each section re-  
moved. 

E x p e r i m e n t a l  R e s u l t s  a n d  D i s c u s s i o n  

For the exper imental  conditions of this investiga- 
tion an infinitely th in  layer of 5~Cr can be said to 

have been deposited on a semi-infini te solid. For such 
conditions the gradient  of t racer  concentrat ion C at 
distance x beneath the original  interface is given by 

8 l n C / ~  x 2 = - -  1~4Dr [1] 

where D is the diffusion coefficient in square centi-  
meters  per second and t is the time in seconds. Diffu- 
sion coefficients can be obtained by plot t ing the loga- 
r i thm of the activity against the square of the dis- 
tance from the ini t ial  interface, and setting the slope 
of the straight line so obtained equal to --1/4Dr. Data 
obtained from diffusion anneals  conducted at 1100 ~ 
and 1250~ under  1 atm of oxygen are plotted in Fig. 1 
as counts per minute,  cpm vs.  x 2, microns squared. 
Similar  results  were obtained using data f rom either 
the sectioning method or the residual activity tech- 
nique (which were used in Fig. 1). It is seen that  the 
ini t ial  portions of these penetra t ion profiles do not 
yield straight lines. These portions of the profiles may 
represent  concentrat ion dependent  diffusion, result ing 
from self-doping due to diffusing chromium ions. As 
the concentrat ion of nickel vacancies due to the t r iv-  
alent chromium addition drops below the concentra-  
tion due to impuri t ies  already in the NiO, the diffusiv- 
ities for chromium become independent  of chromium 
isotope concentration, as represented by the lat ter  por-  
tions of the penetrat ion profiles in Fig. 1. 

Diffusivities obtained from the straight l ine por-  
tions of Fig. 1 are plotted as log D vs.  reciprocal of ab-  
solute temperature,  l / T ,  in Fig. 2. A straight line can 
be fit to these data using the method of least squares 
to get the Arrhenius  type equat ion 

( 47.0--+3.Okcal ) e r a  ~ 
D----9.36X 10 - S e x p  -- - [2] 

R T  sec 

The activation energy of 47.0 kcal /mole  is similar 
to the values obtained for diffusion of 55Fe in NiO 
single crystals by Crow (8) and by Richards and Wag- 
staff (9). Under  1 atm of oxygen Crow reported an ac- 
t ivat ion energy of 46.0 kcal /mole  for i ron diffusion in 
the tempera ture  range of 110~176 As pointed out 
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Fig. 1. Chromium diffusion in N i O  under po~ ---- 1 arm at  tem- 
peratures of 1100 ~ and 1250~ Activi ty in cpm vs.  penetration as 
microns squared. 
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Fig. 2. Temperature dependence for diffusion of chromium in 
N iO  at I atm oxygen. Log D vs. i /T .  

by Crow, and discussed fur ther  below, these activation 
energies, which are somewhat lower than the values 
found for cobalt and nickel diffusion in NiO, can prob- 
ably be a t t r ibuted to the t r ivalency of the chromium 
and iron cations in the divalent  cation host lattice. 

The dependence of 51Cr diffusivities on oxygen par-  
tial pressure at 1150 ~ and 1250~ is shown in Fig. 3 
as log D vs. log Po2. The data do not appear to be l inear  
with log Po2. It is l ikely that  they should be fit by 
curves whose slopes increase with increasing oxygen 
part ial  pressure. The diffusivities obtained from Maru-  
beni - I ida  crystals are a factor of two greater than the 
values determined from Argonne mater ia l  (compare 
diffusion coefficients from Fig. 2 and 3 at 1150~ and 1 
atm oxygen pressure for the two kinds of mater ia l ) .  
This may  result  from the fact that the net  concentra-  
tion of t r iva lent  impuri t ies  is greater in the Marubeni -  
Iida crystals than in the Argonne material .  Since t r i -  
valent  additions are expected to increase the nickel va-  
cancy concentrat ion while monovalent  impuri t ies  
decrease the nat ive vacancy concentration, the over-al l  
effect is higher diffusivities in the NiO obtained from 
Marubeni-I ida.  

Although the data obtained in this investigation are 
insufficient to develop a detailed model for the oper- 
ative diffusion mechanism some suggestions can be 
made based on the informat ion available. 

The first possibility is that  chromium diffusion oc- 
curs by a vacancy mechanism, s imilar  to self-diffusion 
of nickel in NiO. The activation energy for chromium 
diffusion of 47 kcal /mole is, however, 'considerably 
lower than that for intr insic self-diffusion of nickel in 
NiO, even where the chromium diffusivities are cal- 
culated from the concentrat ion independent  portions 
of the penetra t ion profiles. It  is of course likely that  
the NiO specimens used in this s tudy have a high 
enough background concentrat ion of electrically active 
impurit ies so that  an activation energy representat ive 
of extrinsic diffusion has been obtained. In  this case 
the penetra t ion profiles indicate concentrat ion inde-  
pendent  diffusion once the chromium concentrat ion 
falls below the over-al l  impur i ty  level in the diffusion 
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Fig. 3. Diffusion coefficients vs. oxygen pressure for chromium 
in N iO  at 1150 ~ and 1250~ 

specimens. The similar  act ivation energies for 5~Fe 
and 51Cr in NiO could then be at t r ibuted to extrinsic 
diffusion where the energies for migrat ion of iron 
and chromium in  NiO are fortui tously similar. Crow 
(8) has shown that  the oxygen par t ia l  pressure de- 
pendence may be expected to decrease with decreasing 
Po2, as is shown in Fig. 3, as the vacancy concentra-  
tion becomes impur i ty  controlled at low oxygen par-  
tial pressures. In this case the activation energy for 
diffusion might  be expected to increase with increas-  
ing Po2 as the nickel vacancy concentrat ion becomes 
independent  of impur i ty  level. For 55Fe in NiO Crow 
indeed found the activation energies to increase from 
41 to 46 kcal /mole as the oxygen part ial  pressure in-  
creased from 5 x 10 -5 to 1 atm. However, the value 
of 46 kcal /mole is still well  below the value of 54.7 
kcal /mole found by Crow for Ni in NiO at 1 atm. 

An al ternat ive diffusion mechanism, involves mi--  
gration via an impur i ty -vacancy  complex, in this case 
presumably  a chromium ion-nickel  vacancy pair. The 
theoretical basis for such a mechanism of impur i ty  
diffusion in ionic crystals has been developed by 
IAdiard (10), and the mechanism has been invoked to 
in terpret  exper imental  results for systems such as 
~09Cd diffusion in AgBr (11). 

Under  the conditions of this invest igat ion the 
chromium concentrat ion over the straight portion 
of the penetra t ion profile is assumed to be small  in 
comparison with the nickel vacancy concentration, 
but  Dcr is proport ional  to p where p is the degree of 
association of the impuri ty .  The degree of association 
is given (12) by  the mass action equation 

p / ( 1  --  p)  = (12 v / N  +) e x p ( a G / k T )  ---- v K [3] 

where v is the concentrat ion of unassociated nickel 
vacancies, N + is the concentrat ion of nickel ion sites, 
aG is the association energy, K is an equi l ibr ium con- 
stant, k is Bol tzmann's  constant, and T is the absolute 
temperature.  Rearranging Eq. [3] gives 

D c r = C p = C  ~1 v K  [4] 

where C is a constant. In  this case D is seen to be 
near ly  independent  of oxygen pressure and of chrom- 
ium concentrat ion if K is large. 
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Liquid Phase Epitaxial Growth of InAs,_ Sb  
G. B. Stringfellow and P. E. Greene t 

Solid State Laboratory, Hewlett-Packard Company, Palo Alto, California 94304 

ABSTRACT 

S ing le -c rys t a l  ep i t ax ia l  l ayers  of InAs1-~Sbx have been grown using a 
s teady-s ta te ,  l iquid phase  ep i tax ia l  g rowth  technique.  In the  range  of 
0 ~ x ~ 0.35 they  were  grown on InAs subs t ra tes  f rom l iquid composit ions on 
the  pseudob inary  phase d iag ram and also f rom l iquids in the  In - r i ch  corner  
of the  t e r n a r y  phase d iag ram at t empera tu re s  be tween 580 ~ and 720~ In the  
range  of 0.89 < x < 1 they  were  grown on InSb  subs t ra tes  f rom In - r i ch  
l iquids wi th  growth  t empera tu re s  ranging  f rom 480 ~ to 520~ The grown crys -  
ta ls  are  homogeneous  in the  region more  than  4~ f rom the  substrate .  The 
opt ical  absorpt ion edges are  sharp,  s imi lar  to the  InAs absorpt ion edge. The 
300~ energy  band  gap as a funct ion of composi t ion m a y  be descr ibed by  the  
fol lowing express ion 

E = 0.35 --  0.771x -{- 0.596x ~ eV 

The e lec t r ica l  p roper t ies  of the InAs~-~Sbx al loys wi th  x < 0.35 are  s imi lar  
to those of pu re  InAs,  i.e., when  n = 2 x 10 TM cm -3 typ ica l  mobi l i t ies  a~e 
30,000 cm~/V-sec at  300~ and 50,000 cm2/V-sec at 77~ For  al loys wi th  
x ---- 0.89 typ ica l  mobi l i t ies  are  67,000 cm2/V-sec at  300~ and 50,000 cm2/V - 
sec at  77~ Incorpora t ion  of Sn dur ing  g rowth  of InAs0.gaSb0.0s f rom the 
pseudobinary  l iquid at 720~ was found to give n - t y p e  doping. Under  these  
condit ions the d is t r ibut ion  coefficient was de te rmined  to be  0.01. 

InAs l -~Sbx  al loys are  in teres t ing  semiconductor  
ma te r i a l s  for two ma in  reasons:  (A) The energy  band  
gap covers the  range  f rom 3-12~ (1) which  is a 
range of prac t ica l  in teres t  for in f ra red  emi t t ing  diodes 
and detectors.  (B) They offer the  prospect  of having  
higher  mobi l i ty  than  any presen t ly  known semicon-  
ductors  (2). 

The  p roper t i e s  of InAs l -xSb~  al loys were  first in-  
ves t iga ted  by  Wool ley  and co-workers .  They  es tab-  
l ished the I n A s - I n S b  misc ib i l i ty  (3),  the  pseudobinary  
phase d iag ram (3), and  they  inves t iga ted  the  va r i a -  
t ion of fundamen ta l  p roper t ies  such as band  gap (1, 4) 
and effective mass (5-7) wi th  composition. Si rota  and 
co -worke r s  (8-10) and K u d m a n  and Eks t rom (11) 
also inves t iga ted  the proper t ies  of InAs l -xSbx  alloys. 
A l l  of the above measurements  were  pe r fo rmed  on 
po lycrys ta l l ine  samples  of InAsl -xSbx.  Basov et al. 
(12) r epor ted  the  g rowth  of single c rys ta l l ine  

Electrochemical  Society Active Member  of a Sustaining Member  
Company.  

K ey  words:  electrical propert ies  of InAs- InSb  alloys, optical prop- 
ert ies of InAs-InSb alloys, phase d iagram In-As-Sb system, Sn dop- 
ing of InAs0.92Sbo.os. 

InAs0.9sSb0.o2 by  the Czochralski  technique and the 
fabr ica t ion  of laser  diodes in this  mater ia l .  Nei ther  
the growth  of I nA s l -xSbx  single c rys ta ls  w i th  x 
0.02 or the ep i tax ia l  g rowth  of single crys ta ls  of the  
al loys have been repor ted  in the  l i tera ture ,  a l though 
Tie t jen  et al. (13) have  grown po lycrys ta l l ine  layers  
of InAs l -xSbx  wi th  x ~ 0.95 by  vapor  phase chemical  
deposit ion.  The e lec t r ica l  and opt ical  propert ies ,  
which are  ve ry  dependent  on s t ruc tura l  imperfect ions,  
pa r t i cu la r ly  gra in  boundaries ,  have  not  been  inves t i -  
gated using single crystals .  

The purpose  of this  paper  is to descr ibe  the  ep i t ax ia l  
g rowth  of InAs l -~Sbx  (x ~ 0.35 and x ~ 0.89) single 
crys ta ls  and to br ief ly r epor t  some of the i r  chemical ,  
s t ructural ,  optical,  and e lect r ica l  propert ies .  

Crystal Growth 
The I n - A s - S b  phase d i ag ram which is necessary for  

the growth  of InAs~-xSbx al loys has been ca lcula ted  
(14) and has been verif ied expe r imen ta l l y  dur ing  the 
course of the  present  work.  The ca lcula ted  l iquidus  
isotherms and exper imenta l  da t a  obta ined  b y  solu- 
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Fig. 1. Calculated liquidus isotherms for the system In-As-Sb 
compared with data of Shih and Peretti (21) ( G )  and data ob- 
tained from solubility measurements of InAs in In-Sb melts 
( o ,  A ,  D) .  

In 

InAs InSb 
(1215~ (805~K) 

?ST~ 

Fig. 2. Calculated iso(solid concentration) curves for the ln- 
As-Sb system. Each curve representing the liquid compositions in 
equilibrium with a single solid compositon is labeled XInSb. 

bi l i ty  measurements  of InAs in I n - S b  l iquids are  
presented  in Fig. 1. By compar ing  this wi th  Fig. 2, 
which i l lus t ra tes  ca lcula ted  iso (solid concentrat ion)  
l ines one can see tha t  a solid al loy of a given com- 
posit ion can be grown from any l iquid on the iso (sol id-  
concentra t ion)  l ine but  the highest  g rowth  t empera tu re  
is obta ined on the I n A s - I n S b  pseudobinary .  The pseu-  
dobinary,  p resented  in Fig. 3, i l lus t ra tes  many  of the 
problems  encountered  in the growth  of s ing le -c rys ta l  
layers  of I n A s l - z S b x  al loys:  

1. The solid composit ion is s t rongly  t empe ra tu r e  de-  
pendent  in the  range  x > 0.1. Thus any  the rmal  ex-  
cursion occurr ing dur ing  the growth  of the  crys ta l  
produces  a large  composi t ion grad ien t  in the  grown 
crystal .  

2. The growth  t empera tu re s  are  ve ry  low especia l ly  
wi th  x > 0.2. In  fact, if InSh subs t ra tes  are  used, the  
t empera tu re  mus t  be be low 530~ 

3. The As dis t r ibut ion  coefficient is ve ry  large  
causing severe kinet ic  p rob lems  such as const i tut ional  
supercooling dur ing  the growth  of InAs l -~Sbx  crystals .  

4. The la t t ice  p a r a m e t e r  of InSb is 7% la rger  than  
that  of InAs, which causes difficulty in ep i tax ia l  g rowth  
of al loys of in te rmedia te  composi t ion on e i ther  InAs  
or InSb especia l ly  in l iquid phase ep i tax ia l  g rowth  
where  composi t ional  t aper ing  is difficult. 

These crys ta l  g rowth  problems  necessi tate a some- 
wha t  unique c rys t a l -g rowth  technique.  Dur ing s t eady-  

900 

80O 

T~C) 

700 

600  

500 

SHIH ANWD I I I I I I PERETTI 

'~ WOOLLEY AND SMITH ~ . . _ . . . o - - " - ' - - "  

- -  * PRESENT WORK 

I I J I I I I I l 
.I .2 .3 ,4 ,5 .6 .7 .8 .9 1.0 

XInA s InAs tnSb  

Fig. 3. Calculated pseudobinary phase diagram for the InAs- 
InSb system. Liquidus data points were obtained by solubility 
measurements of InAs in In-Sb solutions ( e )  and from the re- 
sults of Shih and Peretti (20) ( O ) .  The solidus points were ob- 
tained by growing crystals at near equilibrium conditions. The 
results of Woolley and Smith (2) are presented as triangles (Z~). 

state l iquid phase ep i tax ia l  (SSLPE)  g rowth  the sub-  
s t ra te  t empera tu re  is held  constant.  A t empera tu re  
grad ien t  ma in ta ined  in the l iquid phase be tween  the 
subs t ra te  and the source ma te r i a l  acts as a dr iv ing  
force for the crys ta l  growth,  controls  the growth  and 
nucleat ion rates, and acts to s tabi l ize  the  interface,  
thus minimizing the const i tut ional  supercool ing in 
the  melt .  The subs t ra te  m a y  be ei ther  InAs or InSb.  
The source should, in principle,  have the same com- 
posit ion as the growing ep i tax ia l  layer .  Because of 
the large As dis t r ibut ion  coefficient, however,  the  
solid phase is a lways  much r icher  in As than  the 
l iquid f rom which  i t  is growing;  thus in a sys tem 
where  the  mel t  is much la rger  than  the crys ta l  grown, 
a source of As is al l  tha t  is r equ i red  to avoid  appre -  
ciable deple t ion  of the mel t  except  for  the  growth  
of nea r ly  pure  InSb.  InAs, a convenient  source of As, 
was used throughout  the  crys ta l  g rowth  exper iments .  
The appa ra tus  for the  s t eady-s t a t e  l iquid phase epi-  
t ax ia l  g rowth  of InAsl -~Sb~ is i l lus t ra ted  schemat -  
ical ly  in Fig. 4. 

Exper imenta l  
Crysta l  g rowth  was carr ied  out in a high pur i ty  

graphi te  crucible  purged  wi th  Ha purif ied by  diffusion 
th rough  a pa l l ad ium-s i l ve r  a l loy membrane .  The 
source and subs t ra te  were  p repared  by  s tandard  l ap-  
ping and polishing procedures  fol lowed by  a chemical  
etch in 1% Br in methanol  jus t  p r io r  to in t roduct ion 
into the  c rys ta l  g rowth  appara tus .  The me l t  was p r e -  
pared  by  weighing appropr ia te  amounts  of 6-9's In  
and Sb into the graphi te  crucible  along wi th  po lyc rys -  
ta l l ine  InAs. The crucible  was then  heated to the  

Fig. 4. Schematic diagram of the apparatus used to grow crys- 
tals of InAs-lnSb alloys by the steady-state liquid phase epitaxy 
technique. 



Vol. 118, No. 5 E P I T A X I A L  G R O W T H  O F  I n A s , - = S b ~  807 

growth tempera ture  for several hours to dissolve the 
InAs and saturate the melt. The substrate and source 
were then introduced into the melt  by rotat ing the 
crucible. The growth was terminated  by rotat ing the 
crucible again to remove the source and substrate from 
the melt. 

The l iquidus data were obtained as above using only 
a pure InAs substrate with no source wafer and no 
temperature  gradient.  The solubil i ty was determined 
by weighing the substrate before and after the ex-  
periment ,  wherein  the substrate was immersed in  the 
l iquid for several hours in  order to completely satu-  
rate the melt. The solid compositions were determined 
by  growing crystals using very low AT and, hence, 
low growth rates to insure that  the crystal  growth oc- 
curred at near -equ i l ib r ium conditions. The solid com- 
position was found to be uniform wi th in  +_1 a/o 
(atomic per cent),  facil i tat ing the determinat ion of 
the phase diagram data. The alloy compositions were 
obtained from the lattice parameters  determined from 
Debye-Scherrer  x - ray  powder diffraction patterns, 
using the ao vs. x data of Woolley et at. (3). The re- 
sults are accurate to • in x which is equivalent  to 
the half  width of the x - r ay  diffraction lines. 

,Crystals of a given composition may  in principle 
be grown from any of an infinite number  of temper-  
a ture- l iquid  composition pairs. In  practice, the choice 
of the growth conditions is governed by three pr in-  
ciples: 

1. The growth temperature  must  be lower than the 
mel t ing temperature  of the substrate. 

2. The As vapor pressure must  be low enough to 
avoid appreciable loss of As from t h e  melt  dur ing 
growth. 

3. The growth temperature  should be the highest 
possible which will  satisfy 1 and 2 above. The highest 
growth tempera ture  for a given solid is from a liquid 
on the pseudobinary phase diagram. 

A brief  summary  is presented in Table I of the 
growth conditions used for the successful growth of 
InAsl ~Sb~ epitaxial  crystals of several compositions. 
For growth of solids with x = 0.04 from liquids on 
the pseudobinary phase diagram the tempera ture-com-  
position coordinates are such that  As was lost rapidly 
from the melt. Crystals with x ---- 0.04 were success- 
fully grown at 720~ from an In - r i ch  liquid. For  x ---- 
0.08, 0.15, 0.20, and 0.31 the op t imum growth condi-  
tions were found to be on the pseudobinary phase 
diagram. Crystals with 0.89 < x < 1 were grown on 
InSb substrates at temperatures  slightly below 530~ 
the mel t ing point  of InSb. The l iquid compositions 
were in the In- r ich  portion of the phase diagram. 

Crystals were grown using temperature  differences 
of 2~ ~ between source and substrate. Large tem-  
perature differences of 7~ ~ were usual ly  necessary 
for growth with the flat l iquid-solid interface necessary 
to avoid t rapping of the melt. 

Results 
The exper imental  In -As -Sb  l iquidus data is plotted 

along wi th  calculated results in Fig. 1. The experi-  
menta l ly  determined solid compositions in equi l ibr ium 
with a given liquid are presented in  Table II for com- 
parison with exper imental  results. The rms devia-  
t ion of the exper imental  from the calculated results is 
0.01, which is equal  to the exper imental  uncer ta in ty  
in x. 

Photographs of typical  epitaxial  layers grown using 
the conditions set forth in Table I are presented in 
Fig. 5. These photographs i l lustrate the excellent sur-  
face morphology obtained for x < 0.16, which degrades 
as x is increased. Attempts  to grow crystals with x 
0.25 on inAs substrates produced only polycrystal l ine 
material.  The range of compositions was extended to 
x ---- 0.35 by growing the final epitaxial  layer on a 
previously grown epitaxial  layer having an in te rme-  
diate value of x. 

Table I. Conditions for the growth of InAst-xSb= 

G r o w t h  
ra te .  

X T(=C) L i q u i d  camp.  AT(~ /~/rnin S u b s t r a t e  

X I ,  = 0.690 1 
0.04 720 Xsb = 0.220 ~- 6.8 15 I n A s  

XAs = 0.090 J ( l l l ) B  
{X,n=O.500 } 

0.08 719.5 XSb = 0.416 8 1 I n A s  
XA8 = 0.0~4 (III)B 

{Xzn=0.500 } InAs 
0.15 670 Xsb = 0.450 7.2 0.67 

XA~ = 0.050 (III)B 
: Xz. = 0.500 ~ InAso .~SI~ .~  

0.20 610 ~ Xsb = 0.475 ~- 7.6 0.3 
XAs = 0.025 J (III)B 
Xx. = 0.500 "1 InAso.s~Sbo.1~ 

0.31 579 ~ Xsb = 0.484 ~ 14.1 0.17 
X,~s = 0.016 3 (Ill)B) 

F X1n = 0.630 ~ InSb 
0.89 520 ~ Xsb = 0.366 ~- 1,5 0.7 

L Xa~ = 0.004 3 (III)B 

Table II. Summary of solid compositions grown from various 
liquids. Experimental results are compared with 

values calculated in ref. (14) 

(XeInAs) 
T(~ XI. Xs. XA~ (XelnAs) Calc.  ~X 

520 0.630 0.368 0.004 0. II 0.I0 0.01 
582 0.500 0.484 0.016 0.680 0.700 0.020 
583 0.798 0.171 0.031 0.935 0.936 O.001 
577 0.645 0.335 0.020 0.755 0.78 0.025 
574 0.645 0,335 0.020 0.788 0.78 0.008 
582 0.635 0,349 0.016 0.755 0.775 0.020 
607 0.500 0.466 0.032 0.795 0.797 0.002 
613 0.500 0.464 0.034 0,805 0,797 0.00'8 
606 0.502 0.467 0.031 0.785 0.797 0.012 
676 0.500 0.451 0.049 0.885 0.893 0.008 
679 0.651 0.291 0.058 0.925 0.930 0.005 
681 0.773 0.156 0.071 0.963 0.957 0.006 
681 0.770 0.154 0.076 0.960 0.964 0.004 
677 0.703 0.228 0,068 0.935 0.950 0.016 
677 0.775 0.155 0.070 0.967 0.968 0.001 
729 0.500 0.410 0,090 0.93 0.935 0.005 

Electron microprobe scans were made of the epi- 
taxial  layers along cleaved edges in a direction perpen-  
dicular to the growth plane. A typical result  is pre-  
sented in  Fig. 6. The composition of the epitaxial  layer  
changes from InAs to 8% InSb in the first 4~ of 
growth after which the composition is near ly  con- 
stant. The position d ---- 0 in Fig. 6 is the InAs substrate 
surface before growth. There was no evidence of 
substrate dissolution prior  to the growth. 

Another  test of the homogeneity of the epitaxial  
layers is the width of the large angle Debye-Scherrer  
powder x - r ay  diffraction lines. Figure 7 shows the 731 
and 642 lines for an InAso.92Sb0.os alloy and pure  InAs. 
The alloy lines are no broader than  those of pure  InAs 
indicat ing that  the alloy layers are homogeneous to 
wi th in  ~_ 0.01 in x. 

The fact that  the alloy layers were single crystal l ine 
and epitaxial  was verified by Laue x - r a y  diffraction 
patterns. 

Optical absorption was measured on InASl-xSbx 
samples of various compositions. The transmission 
measurements  were made using the s tandard  sample 
in-sample  out technique. Absorpt ion coefficients were 
calculated using the re la t ion  

I (1 -- R) 2 

1o e ad  - -  R 2 e - ~ d  

which takes into account mul t iple  in te rna l  reflections. 
Reflectivity data are not available for the alloys, so 
a value of R = 0.3, which is appropriate for pure 
InAs, was used for all alloys. The exper imental  results 
are plotted in Fig. 8. The absorption edge can be de-  
scribed using the empirical expression 

---- A exp (h V/kTo) 

which has been found to describe the absorption in 
pure I I I -V compounds (15). The value of To, which 
indicates the steepness of the edge, was found to be 
80~ for pure InAs and  the alloys with x < 0.20 and 
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Fig. 5. Photographs of as-grown surfaces of typical epitaxial layers of InAs~-xSbx grown by SSLPE technique: (a) x = 0.08, (b) x _-- 
0.15, (c)x ~- 0.31, (d) x = 0.89. 

x : 0.89. When x > 0.25 the edge is sl ightly less sharp, 
with To = l l0~ It  is not clear whether  this is an 
intrinsic proper ty  of the alloys or is due to the pos= 
sible slight sample inhomogeneities,  wi thin  the -4-0.01 
detectabi l i ty  limits, or wi th in  the size l imits of the 1~ 
microprobe spot. 

The  band gap was determined f rom the absorption 
data as the  point at which a = 300 cm -1, which 
gives the correct  band gap for InAs and InSb. In order 
for absorption data to give a correct  value  for the 
energy band gap of the alloys there  must  be no ex t ra -  
neous absorptions broadening the band edge and no 
Burstein shift. The  Burs te in  shift for  the samples 
measured can be est imated f rom the  carr ier  concentra-  
tion data presented below, knowing the conduction 
band density of states. The samples measured  were  
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Fig. 6. Microprobe trace showing XInSb along cleaved edge of 
epitaxlal layer in a direction perpendicular to the growth plane. 
The d----0 position is the InAs/olloy interface. 

degenera te  at room tempera ture ;  but  the Fe rmi  level  
was never  more than 0.025 eV above the bot tom of 
the conduction band; which is less than the value of 
4 kT ,  i.e., 0.1 eV necessary to produce a Burstein 
shift at room tempera tu re  (16). Thus, the  absorption 
data give a rel iable  de terminat ion  of the band gap. 

The band gap vs. composit ion is plot ted in Fig. 9. 
These results on s ingle-crys ta l  epi taxia l  layers  wi th  
controlled carr ier  concentrat ion are seen to agree wel l  
with ear l ier  data of Woolley (1) obtained on poly-  

50 

90 

100 

158 154 150 146 142 1 3 8  
' , , - ~  2 8 

Fig. 7. X-ray powder diffraction peaks for 731 and 642 planes 
from InAso.,92Sbo:os alloy and InAs substrate. 
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Fig. 8. Optical absorption coefficients vs. hu for InAsl-zSbz 
samples with x ---- 0, 0.05, 0.07, 0.15, 0.20, 0.31, and 0.89. 
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Fig. 9. Energy band gap, determined as hu where ~ ~ 300 
cm -1,  vs. composition of alloy compared with results of Woolley 
and Warner (i)  obtained for polycrystalline samples. 

crystal l ine samples with higher carr ier  concentrations. 
Conduct ivi ty and Hall  effect measurements  were 

made on single-crystal  samples of InAsl-~Sb~ of 
various compositions. Hall  samples of the s tandard 
rectangular  parallelopiped geometry were made from 
InAsl-~Sb~ layers with the InAs substrates removed. 
Ohmic contacts were made by soldering ind ium 
spheres to the bar. The measurements  were  made 
using s tandard d-c potentiometric  techniques at t em-  
peratures  of 300 ~ and 77~ The results are presented 
in Table III. The carrier  concentrat ions in undoped 
mater ia l  can be controlled in the range  n : 2 x 10 TM 
cm-~ for all compositions. The room temperature  mo-  
bilities of the alloys with x < 0.35 are approximately 
the same as for the pure InAs. The l iquid ni t rogen 
mobilit ies range from 20,000 to 50,000 cm2/V-sec for 
undoped samples. The nobi l i t i e s  measured for x ---- 
0.89 are 67,000 cm2/V-sec at 300~ and 50,000 at 77~ 

The nob i l i t i e s  obtained are disappoint ingly low for 
samples with x ---- 0.20-0.35 and x = 0.89. Mobilities 

Table III. Electrical properties of InAs]-xSbx 

Run No. X nsoo X 10 ze p, aoo X 10 ~ n77 • 10 le /e77 X 104 

372 0.89 2.38? 6.72 0.17 4.9 
369 0.89 3.04? 8.78 0.27 - -  
327 0.31 4.7? 2.7 0.5 
283 0.31 4.7? 2.7 0.369 2"~ 
264 0.20 2,20 2.03 0.971 4.07 
136 0.08 1.24 2.9 1.08 5.04 
134 0.06 1.23 2.86 1.06 4.82 
152 0 . 0 8  11.2" 2.00 10.3 2.91 
154 0.08 53.0* 1.53 - -  - -  
139 0.08 300.0* 0.87 300.0 1.0 

* Sn  doped .  
t I n t r i n s i c  a t  300"K. 
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Fig. 10. Sn concentration in InAso.92Sbo.os solid vs. Sn concen- 
tration in the In, As, Sb liquid. Sn concentrations in the solid were 
obtained by Hall effect (x) and emission spectrographic analysis 
( I l L  The crystals were grown at 720~ from the pseudobinary 
liquid. Under these conditions the distribution coefficient is 0.01. 

for x -- 0.35, n -- 2 x 10 TM, were calculated assuming 
a combinat ion of polar optical and ionized impur i ty  
scattering to be 85,000 cm2/V-sec at 300~ and 65,000 
at 77~ The low mobilities measured are probably due 
to imperfections in the grown crystals similar  to those 
which cause nobi l i t i e s  of InAs grown on GaAs sub- 
strates to be much lower than InAs grown on InAs 
substrates (17). 

N- type  doping of InAs0.92Sb0.0s was investigated 
by int roducing Sn dur ing  crystal growth from the 
pseudobinary l iquid at 720~ The Sn concentrat ion 
in the solid was measured by measur ing the carr ier  
concentrat ion and by emission spectrographic analysis. 
The results shown in Fig. 10 indicate the incorporated 
Sn is electrically ac*ive and non-se l f -compensat ing  in 
the range of 1 x 10 TM to 3 x 10 TM cm -s. The distr ibution 
coefficient was found to be independent  of composition 
and equal to 0.01 under  these growth conditions. 

One other impor tant  method of evaluat ing the ma-  
terial is to fabricate diodes and study their  properties. 
Wong et al. (18) have successfully fabricated high 
efficiency diodes from the InAsl-xSbx described in 
this paper, and reported on their  properties. 

Discussion 

A comparison of Table 1 with Fig. 5 i l lustrates that 
the growth of InA~l-xSb~ becomes increasingly diffi- 
cult  as x increases. The surface morphology was found 
to degrade, even though ~T was increased in order 
to increase the growth rate and stabilize the flat in-  
terface. This seems to be due to the increasing lattice 
parameter  mismatch as x increases. As noted above, 
it was not possible to grow single-crystal  epitaxial  
layers of InAsl-xSb~ with x > 0.25 on pure InAs sub-  
strates. A stepwise taper implemented  by growing the 
final epitaxial  layer on a previously grown epitaxial  
layer having an intermediate  value of x resulted in 
successful growth of s ingle-crystal  epitaxial  layers 
with x as large as 0.35. This indicates that  the lattice 
parameter  mismatch is the factor l imit ing the range 
of composition over which single-crystal  epitaxial  lay-  
ers may  be grown. 

The free energy of a growing nucleus is increased 
by constraining it to stretch to fit the lattice of the 
suhstrate upon which it is growing. For this reason 
the lowest energy growth is in the form of columns, 
or, to minimize surface free energy, faceted platelets. 
Applying a large temperature  gradient  in the liquid 
tends to reverse this tendency and make the growth 
flat, but  when  the lattice parameter  mismatch is too 
large, the crystals cont inue to grow as platelets. The 
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resul t  is po lycrys ta l l ine  layers.  The  s t ra in  energy  
term, in addi t ion to the  chemical  free energy, also 
pe r tu rbs  the  composi t ion of the solid in equ i l ib r ium 
wi th  a g iven l iquid toward  the composi t ion of the  
substrate.  This  effect m a y  expla in  the  t ape r  of com-  
posit ion f rom the subs t ra te  composi t ion to the  final 
chemical  equ i l ib r ium composit ion over  4~ as seen in 
Fig. 6. Fo r  the  growth  of Ga l -xAlxAs  on GaAs sub-  
strates,  whe re  there  is no lat t ice p a r a m e t e r  mismatch,  
Woodal l  (19) repor ted  an ab rup t  change in solid com- 
posi t ion at  the in ter face  which could not  be resolved 
using the 1~ mic roprobe  beam size. 

I t  should be noted tha t  the band  gaps of the al loys 
successful ly g rown by  SSLPE growth  on InAs sub-  
s t ra tes  span the region f rom 0.35 eV (pure  InAs)  to 
0.14 eV which is be low the band gap of InSb. This is 
a region of considerable  prac t ica l  impor tance  for  in-  
f r a red  emi t t ing  diodes and detectors.  These resul ts  
plus the  successful g rowth  of InAsl -xSbx,  x ~ 0.89, in-  
dicate tha t  the  best  way  to cover a la rge  range  of 
band gaps is to grow al loys wi th  0 ~ x ~ 0.3 on InAs 
subs t ra tes  for  the range  3 to 7.3~ and al loys wi th  1 
x ~ 0.6 on InSb subst ra tes  for the  range  from 7.3 to 
12~. 

Conclusions 
Sing le -c rys ta l  ep i tax ia l  layers  of InAs l -xSb~  wi th  

0 ~ x ~ 0.35 and 0.89 ~ x < 1 have been grown on 
InAs and InSb substrates,  respect ively,  by  s teady-  
s ta te  l iquid phase  ep i tax ia l  growth.  The crysta ls  were  
found to have the  fol lowing proper t ies :  

1. The solid composit ion remains  constant  af ter  the  
first 4~ of c rys ta l  growth.  

2. The undoped al loys have opt ical  absorpt ion edges 
as sharp  as the  undoped InAs edge. 

3. The composit ion dependence  of the energy  band 
gap agrees  wi th  da ta  of Wool ley  for po lycrys ta l l ine  
InAsl -xSbx.  

4. The res idual  doping level  of the  undoped  al loys is 
typ ica l ly  less than  2 x 10 TM cm -s .  

5. The e lect ron mobi l i t ies  for  undoped al loys range  
from 30,000 (0 ~ x < 0.35) to 67,000 (cm2/V-sec)  
(x  : 0.89) at  300~ and f rom 30,000 to 50,000 cm~/ 
V-sec at  77~ for al l  a l loy composi t ions  invest igated.  

6. InAs0.92Sb0.0s was Sn doped to give an e lect ron 
concentra t ion in the  range  2 x 10 TM to 3 x 10 TM cm -3. 
The Sn d is t r ibu t ion  coefficient at  720~ was de te rmined  
to be 0.01. 
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The Effect of a Barrier Oxide on Evaporation 
of Water from a Hydrous Aluminum Oxide Film 

R. S. Alwitt* 
Research and Development Laboratories, Sprague Electric Company, North Adams, Massachusetts 01247 

Bernard  and Randal l  (1) have  shown tha t  a smal ler  
weight  loss resul ts  when  a hydrous  a luminum oxide 
film is hea ted  whi le  st i l l  in contact  wi th  base me ta l  
than  when an isolated film is heated.  This was found 

* Electrochemical  Society  Act ive  Member .  
Key words:  anodic oxide  films, a luminum,  hydrous  a lumina  film, 

wa te r  content.  

to be due to reac t ion  of some of the wa te r  in the  film 
wi th  subs t ra te  a luminum to produce more  oxide. There  
are  no publ i shed  resul ts  to indicate  w h e t h e r  a ba r r i e r  
oxide  layer  be tween  the  hydrous  film and the meta l  
would  block the diffusion of wa te r  to the  substrate .  
This is of impor tance  in analyz ing  the rmograv imet r i c  
and different ia l  t he rmograv ime t r i c  data  obta ined wi th  
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Table I. Results of experimentation~pecirnen area equal to 
17.6 cm 2 

(All w e i g h t s  in micrograms) 

F i n a l  
(A) barrier (B) 

A n o d i c  W t  g a i n  W t  A1._,O:~ t h i c k n e s s  W t  loss 
Vr ox ide  w t  in  w a t e r  h y d r a t e d  (V) a t  600~ B / A  

90 664 223 A l l  0 90 0.403 
90 660 251 A l l  0 116 0.462 

150 1100 186 628 64 149 0.800 
150 1073 224 757 44 158 0.705 
250 1933 173 585 174 164 0.948 
250 1786 199 673 156 186 0.924 

anodized a luminum.  Such data have been used to de- 
termine the amounts  of different component  oxides 
[e.g., amorphous AI(OH)3, boehmite] in the anodic 
film with the assumption that no l iberated water  
reacted with metal  substrate (2, 3). 

Experimental Procedure 
A l u m i n u m  foil samples of 99.99% pur i ty  were lightly 

etched by immersion in 1N NaOH for 2 min  at room 
temperature.  The specimens were then anodized at 
room temperature  in an electrolyte of 30% ammonium 
pentaborate  in ethylene glycol at a cur ren t  density of 
1.4 m A / c m  2. Anhydrous,  amorphous, barr ier  films are 
formed in this electrolyte at 100% current  efficiency 
(4). Films were formed with thicknesses equivalent  to 
90, 150 and 250V. The specimens were then immersed 
in boiling water  for 3 rain to convert  an outer port ion 
of the films to hydrous oxide (5). The samples were 
then heated in air at 600~ for 2 hr. The quanti t ies 
measured were the charge passed dur ing anodization, 
the weight  before and after  the water  reaction, and 
the weight after heating. 

The weight of anodic oxide was calculated from the 
charge assuming 100% current  efficiency. The amount  
of oxide that reacted with water  was calculated assum- 
ing the hydrous oxide contained 22.8% water. This 
composition was determined from data of Bernard and 
Randal l  (6). The final barr ier  thickness was calcu- 
lated from the weight fraction of the ini t ia l  oxide that  
did not react with water. 

Results and Discussion 
The results are listed in Table I. The weight loss at 

600~ is the sum of water  evaporated and hydrogen 

evolved from any  reaction of water  with meta l  sub-  
strate. Some water  may be t rapped in the barr ier  oxide 
while diffusing toward the substrate and may  not be 
released at 600~ (7) so it is not possible to unequivo-  
cally determine from these data the amount  of water  
that reacted. But the entries in the last column clearly 
show that  even a 160V film is not a sufficient barr ier  
to permit  quant i ta t ive  recovery of water. 

It might be noted that  the capacitance of a 150V 
specimen was measured before and after reaction with 
water, and the voltage supported by the film after the 
water  reaction was measured. Both of these measure-  
ments  indicated a 60V barr ie r  film. This agreement  
with the weight data indicates that  hydra t ion pro- 
ceeded uni formly  over the surface. 

It is clear that  before thermogravimetr ic  data ob- 
tained on oxide films in situ can be interpreted,  it is 
necessary to determine whether  water  can react with 
the substrate under  the test conditions. Alternately,  
one can work with isolated films obtained by dis- 
solving the metal  in 10% bromine-methanol .  It  has 
been demonstrated that this technique permits  the 
quant i ta t ive  recovery of pseudoboehmite (1) and 
amorphous anodic oxide (7). Erdey et al. (2) reported 
that  this t rea tment  par t ia l ly  decomposed hydrargill i te,  
but  they did not give the conditions or extent  of attack. 
It would be worthwhile to s tudy the effect of this re-  
agent on other forms of a luminum oxide to determine 
under  what  conditions it may be used. 

Manuscript  submit ted Oct. 19, 1970; revised manu-  
script received Feb. 1, 1971. 

Any  discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1971 
J O U R N A L .  
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ABSTRACT 

The high energy density of a fuel cell ba t te ry  and the peak current  capa- 
bi l i ty of a secondary ba t te ry  are combined in the power p lant  of an electric 
car. The four-seat  vehicle weighs 2000 lb and is powered by a 7 kW (20 kW 
peak) d-c motor. The 6 kW hydrogen-a i r  fuel cell bat tery is connected in 
parallel  with a 4 kWhr lead bat tery (84V); 660 ft 3 of hydrogen are stored 
in six l ightweight cylinders (180 lb total weight) equivalent  to 33 kWhr of 
actual ly available electric energy. The design of the fuel cell ba t te ry  was 
aimed at very long life expectancy on in te rmi t ten t  duty, fast automatic s tar t -  
ing and shutdown, reliable safety features, and use of available commercial  
accessories. The operation of the car is not more difficult than  driving a con-  
vent ional  auto; the range is over 200 miles. The refilling of the hydrogen 
cylinders takes only a few minutes  from a 2000 psig supply. The acceleration 
is similar to that of a small  car with a combustion engine. Top speed is 55 mph. 

Advantages and shortcomings of electric cars for 
u rban  t ransportat ion have been discussed extensively, 
main ly  from the s tandpoint  of pollut ion control (1). 
Mil i tary vehicles powered by fuel cell systems have 
been investigated for reasons of fuel efficiency (2). 
Pilot production of small  electric cars with lead bat-  
teries has started in Japan,  and the development  of 
heat eng ine-ba t te ry  hybrids  has been seriously con- 
sidered in the United States and Germany.  For use in 
the vehicle which has no chance to recharge for hours 
and cannot  have a motor generator  on board (e.g., 
taxies or "city cars" dr iven up to 200 mi les /day) ,  the 
fuel cel l /secondary bat tery  hybr id  seems to offer a 
possible solution. 

To take one more step into the future  (fuel cells are 
not ready for production today),  the fuel should not 
be derived from coal or oil for reasons of conserving 
fossil fuelsJ Hydrogen seems to be a suitable energy 
source (compressed, liquid, or derived in situ from 
ammonia  or other inexpensive chemicals),  since it is 
the only reactant  which can be easily used in high 
power fuel cells. The lowest present  cost estimate for 
the noble metal  catalyst requi rement  is $50/kW, but  
improved technology could el iminate or reduce this 
considerably. Air  must  be the oxidizing agent; no noble 
metal  catalysts are needed for carbon-ai r  cathodes. 

The author has selected an a lkal ine  fuel cell sys- 
tem for exper imentat ion because, technically, it is the 
most advanced. Oxygen would be necessary to achieve 
peak performance from the fuel cell power p lant  (3). 
However, with a hybr id  system, the overload capa- 
bi l i ty is provided by the secondary bat tery  and air is 
sufficient. The hydrogen-a i r / l ead  bat tery  system was 
chosen as the most practical solution (4, 5). 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  words:  e lectr ic  automobi le ,  f u e l  cel l  o p e r a t e d  veh i c l e ,  high  

e n e r g y  dens i ty  bat tery  sys tem,  l o w  po l lu t i on  p o w e r  sou rce ,  p a r a l l e l  
c o n n e c t e d  b a t t e r y  s y s t e m s ,  s a v i n g  of  foss i l  fue l s .  

1 A t  p r e s e n t ,  most  of the  commerc ia l  h y d r o g e n  is der ived  f r o m  
fos s i l  fue l s ,  b u t  t h i s  m a y  c h a n g e  w i t h  the  advent  of n u c l e a r  p o w e r  
plan t s .  

The project of bui lding a small  electric car for u rban  
t ransporta t ion was actually started in 1966 by re- 
modeling an Aust in  A-40 for electric propulsion by 
uti l izing 14 lead acid batteries (84V) as the power 
source. The resul t ing vehicle (2000 lb) performed very 
much as predicted by many  surveys made then and at 
later dates (6). 

In 1968-1969, the car was par t ia l ly  converted to 
"fuel cell power." A 90V hydrogen-a i r  bat tery  replaced 
the seven lead-acid batteries in the rear  compartment,  
while the seven front batteries remained as before. 

No special efforts have been made to optimize com- 
ponents. Commercial ly available accessories (pumps, 
blowers, etc.) were used throughout  the system. The 
fuel cells were hand buil t  with electrodes of the type 
described in several publications (7, 8) by the author 
and his co-workers. 

Improvements  in electrode technology dur ing the 
years 1967-1969 were not included because the  earlier 
electrodes could not be mixed with the later  ones for 
the sake of uni formi ty  of the complete power plant,  
but  it should be noted that  the later  electrodes would 
have allowed a design center of 100 A/f t  2 current  den-  
sity rather  than 50 A/ f t  ~ (9). 

This improvement  was achieved by reversing the 
electrodes so that  the porous nickel layer (nonwet-  
proofed) faced the electrolyte, while the carbon faced 
the gas side, unobstructed and not subject to ni t rogen 
blockage. The porous nickel served as an air blow- 
through barrier.  However, due to the reduction in fuel 
celt activities at Union Carbide Corporation (mainly  
because no commercial  application in the near  future  
could be visualized), such electrodes found only 
limited use in  hydrazine-a i r  batteries bui l t  for the 
U. S. Army  (10). 

The exper imental  car, as it now exists, will  have 
the role of a test vehicle in discovering any  inherent  
main tenance  problems, ba t te ry  life expectancy, and 
establishing feasibil i ty of fur ther  design improvements  

812 
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Fig. 1. Electric car powered by a hydrogen-air/lead battery 
hybrid power system. 

as wel l  as du rab i l i t y  of ma te r i a l s  and accessories. The 
vehicle  is p rovided  wi th  safety fea tures  which  should 
p reven t  any  t roub le  due to accidenta l  imprope r  han -  
dling. The t ranspor ta t ion  rules governing compressed 
f lammable gases have been carefu l ly  observed (11). 

A photograph  of the vehic le  is shown in Fig. 1. The 
fuel cell  system is moun ted  in the  r ea r  compar tmen t  
together  wi th  a l l  of the  necessary  accessories for au to-  
mat ic  s t a r t -up  and shutdown, including n i t rogen 
purging.  The lead ba t t e ry  is s i tuated in the front  next  
to the  motor.  Fo r  s implici ty,  the  or iginal  fou r -gea r  
shift  t ransmiss ion w i th  c lutch has  been re t a ined  ( i t  
proved ve ry  beneficial  for up -h i l l  d r iv ing) .  "Gas 
peda l " - t ype  speed control  is achieved b y  f ie ld-winding 
switching.  

The Hybrid Battery Concept Applied to on Automobile 
The use of a fuel  cell  for vehicle  propuls ion poses 

problems  re la t ive  to safe handl ing,  shor t  s t a r t -up  t ime, 
avoidance of over loading  and cell  reversal ,  au tomat ic  
controls  in case of opera t ing  fa i lures  (e lec t ro ly te  loss, 
overheat ing,  etc.), and shutdown procedures.  

Severa l  of these p rob lems  d i sappear  if a fuel  cell  
ba t t e ry  is opera ted  in pa ra l l e l  wi th  a secondary  ba t -  
tery.  The s t a r t -up  t ime can be s t re tched  to severa l  
minutes  whi le  the  equ ipment  (or  vehicle)  is opera ted  
dur ing  tha t  t ime f rom the secondary  ba t te ry .  Over -  
loading is effectively p reven ted  because the  secondary  
ba t t e ry  takes  over  at  the  min imum vol tage  de te rmined  
by  the  fuel  ce l l  character is t ics .  F igu re  2 shows the 

| 
limiting 
Resistor o.s~ 

Foot Switch- 
Speed Control: 
O- ALL RELAYS OPEN 
I -RI ,  2 CLOSED 
z 'RI  z,3 CLOSED 

3- R1,2,:5,4 CLOSED 

PbO 2 BATTERIES 

LOAD F.C. Pb 

FUEL CELLS 

II 

12 
IS 
14 

~0 F.C. 
+ 30 ~" 60 ~ ' ~  

Fig. 2. Principle circuit diagram of automotive power plant 

pr inc ipa l  wi r ing  d iag ram of the  hyb r id  automot ive  
power  plant .  Seven 12V lead-ac id  ba t te r ies  a re  con- 
nected in series (42 cells) ,  and  this bank  is connected 
in pa ra l l e l  wi th  a h y d r o g e n - a i r  fuel  cell  ba t t e ry  con-  
sist ing of 15 e ight -ce l l  modules  in series (120 cells) .  
At  low load levels,  the  fuel  cell  ba t t e ry  reaches  a h igh-  
er vol tage than  the l ead-ac id  ba t t e ry  and is therefore  
able to charge the  secondary  ba t te ry .  However ,  when 
the fuel cell  ba t t e ry  is not  in operat ion,  it  contains no 
hydrogen  and  has a far  lower  vol tage  than  the lead-  
acid ba t te ry .  The l a t t e r  would  now elect rolyze  wa te r  
at the  fuel  cell  e lectrodes and the reby  cause was tefu l  
and ha rmfu l  operat ion.  To p reven t  this, a diode is in-  
ser ted into the  connect ing leads  to pe rmi t  cur ren t  to 
flow only  in one direction.  This is one of the  innova-  
tions pe rmi t t ing  shutdown of the  fuel  cell  ba t t e ry  and 
empty ing  of gases (and e lec t ro ly te)  dur ing  nonopera -  
t ing periods. This fea ture  prolongs the  l i fe t ime of the 
fuel  cells. 

Dur ing s ta r t -up ,  however ,  hydrogen  reaches  the cells 
at different  t imes and causes the ac t iva ted  cells to re -  
verse the  st i l l  inact ive  cells. This  resul ts  in pe rmanen t  
damage  to the "dr iven"  or reversed  cells. The reversed  
cells can be " r ighted"  only by  ind iv idua l ly  app ly ing  a 
pulse cur ren t  (in the  charging d i rec t ion) ,  a ve ry  t ime-  
consuming procedure.  The difficulty can be avoided 
s imply  by  apply ing  the l ead-ac id  ba t t e ry  vol tage  to the 
fuel  cell  ba t t e ry  (whi le  the  anode compar tments  are  
filled wi th  n i t rogen)  by  means  of a resis tor  to br idge  
the diode dur ing  that  per iod causing a smal l  charge 
cu r ren t  to flow, which  "polarizes" the  cells in the 
"r ight"  direction.  

The ni t rogen gas supp ly  added  to the  fuel  cell  sys tem 
to b lanke t  the  anodes when  requ i red  can also be used 
for safe ty  protect ion in cases of an emergency.  

The Hydrogen-Air Fuel Cell System 
Figure  3 shows the block d i a g r a m o f  the  hydrogen-  

air  fuel  cell  power  p lan t  as used in the  automobi le  
( the ni t rogen supply  is not  shown) .  

The hyd rogen -a i r  ba t t e ry  contains 120 single H2-air  
cells of the  "duplex"  or "bicel l"  construction.  Eight  
such cells are  a r ranged  into a module.  F igure  4 gives 
detai ls  of the  construct ion of this  basic 6V unit.  The 
gas supply  en t ry  slits a re  on top of the  ba t te r ies  and  
the  exi t  slits a re  on the bot tom. Cross flow is desired.  
Plast ic  separa tors  (ne twork  of fibers) represen t  the 
ma in  flow resis tance in the  cell. The e lec t ro ly te  enters  
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Fig. 3. Block diagram of H2-air fuel cell power supply (vehicle 
concept), 
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Fig. 4. Electrical connection 
and construction of "duplex" 
cell batteries. 
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through eight th in  tubes on the bottom (not shown 
in Fig. 4) and leaves through two overflow tube ar-  
rangements  on top. The tubing  presents a relat ively 
high electrical resistance, thus reducing parasitic cur-  
rent  flow between cells and modules. From gas-use 
measurements  on open circuit, it is estimated that  this 
method of electrolyte connection reduces waste current  
to a level of 1-2% of the rated output. Five of such 
modules are connected to a "bat tery  block," represent-  
ing a power package of 2 kW at high level (100 A/ f t  2) 
performance. 

Three blocks are connected to one another  by man i -  
fold networks for electrolyte, hydrogen, and air. The 
a r rangement  of the electrolyte flow pat te rn  is critical 
in that  it determines the magni tude  of the parasitic 
current  flow via the KOH conductance. The position 
of gas inlet  and outlet ports influences the uni form 
distr ibution of the gas flow. The entire bat tery  is 
mounted on a hinge so that  it can be turned up to 
permit  easy access to the bottom manifolds and elec- 
trical connections. 

Figure 5 is a photograph of the modules of the hy-  
drogen-ai r  ba t te ry  (in the t u rned -up  position).  

Figure 6 shows the ba t te ry  in normal  position (view 
from the rear  of the car).  

Hydrogen is stored as compressed gas in six cyl in-  
ders on top of the car. The cylinders are made by the 
Pressed Steel Tank  Company (Model No. 8RC 1500T). 
These l ightweight tanks  are made for aircraft  use, 
scuba diving, and similar  purposes. 

OUTLET 

The gas regulator  and the manifold parts  are s tand-  
ard and are fitted with the required heat and over- 
pressure safety plugs on the cyl inder  valves. At the 
main  regulator (outside the car), the pressure is reduced 
to 30 or 50 psig and the gas is piped through the main  
solenoid valve to the low-pressure regulator  which 
delivers hydrogen at a pressure range of 2-12 in. water  
column (w.c.) at a high flow rate. Stainless steel traps 
placed after the ba t te ry  collect any water  before the 
hydrogen re turns  to the circulator pump; this pump is 
able to produce a 1 in. w.c. differential pressure across 
the stacks at 10-20 times the theoretical gas circulation 
rate at the 3 kW level (60 ftZ/hr). This amount  of cir- 
culation is sufficient to remove all the water  produced 
at 50 A/ f t  2 when the ba t te ry  is operating at 65~ tem-  
perature and the cooling system at 25~ 

A hydrogen-bleed value (adjustable between 0 and 
5 ft'~/hr) serves as a constant  inert  removal  device. It 
is usual ly set at from 1 to 1�89 ftS/hr hydrogen. A rapid 
bleed valve is activated dur ing the s tar t -up and shut-  
down sequences to exchange the ba t te ry  atmosphere 
rapidly (N2 for air, H2 for N2, and N2 for H2). The 
max imum gas flow-through rate is ~15 ft3/min at a 
10 in. w.c., which allows the exchange atmosphere to 
sweep the manifolds in a very  short t ime should an 
emergency arise. 

Fig. 5. Bottom view of complete 6 kW battery showing electrolyte 
distribution manifolds and electrical connections. 

Fig. 6. Complete battery in normal position (view from rear of 
the car): A---electrolyte outlet manifold leading into filter, B- -  
air outlet manifold, C---air exhaust (from water trap), D---hydro- 
gen outlet manifold. 
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The hydrogen passes through a heat  exchanger 
(water  cooled) before it  re turns  to the circulator 
pump (see Fig. 2). There, water  vapor condenses out 
and passes through an automatic dra in  valve into the 
water  collector t ank  (10 liter capacity) located under  
the car. 

Nitrogen is stored in a cyl inder  mounted  under  the 
battery. The tank  is of the same type as the hydrogen 
cylinders, but  smaller (40 ft~), and can be filled from 
the right rear  side of the car. Nitrogen flow control is 
achieved by means  of a solenoid valve which is ener-  
gized from the dashboard sequence switch. 

Air Supply System 
Air is moved through the ba t te ry  by a vacuum 

cleaner- type blower. The air intake is in  the car but  
the blower is unde rnea th  (outside) the car to reduce 
noise. The pressure side of the blower is connected to 
the CO2 scrubber  (mounted  on top of the bat tery)  
with a 3 in. flexible hose. From the COe scrubber, the 
air is directed into three a i r - in take  manifolds, one for 
each bat tery  block. The mois ture- laden air is ex- 
hausted to the outside. The blower  speed is changed 
by depressing the footswitch in accordance with 
needed power requirements .  With a 1 in. w.c. back- 
pressure across the stacks, the blower can deliver 
30-50 ft3/min of air (max imum on full  voltage).  This 
is ten times the stoichiometric requi rement  on high 
level load (6OA). However, to conserve the COe-scrub- 
ber capacity, it is normal ly  run  from lower voltage 
taps (24 and 32V) while still satisfying the average 
load of 30A and at the same t ime removing water  
vapor to such an extent  that the He-water removal  
circuit has only  to carry  50% of its designed capacity. 
This versat i l i ty  assures that  a satisfactory KOH nor-  
mal i ty  wil l  be main ta ined  under  all conditions (high 
outside tempera ture  and high humidi ty  are the most 
unfavorable  condit ions).  

The feature of tak ing  the air from the inside of the 
car and exhaust ing it to the outside of the car is an 
important  safety feature because it reduces the danger 
of small  hydrogen leaks. 

The CO2 scrubber  is filled with 20 lb of soda lime; it 
should last at least 500 miles of average dr iving ac- 
cording to laboratory tests. Addit ions of Bara lyme 
and layers of indicating Lithadsorb in  the compart-  
ments  close to the bat tery  end serve as a booster and 
warning  indicator. In te rmi t ten t  dr iving modes seem to 
permit  far better  bed util ization than earlier cont inu-  
ous tests have indicated. I t  is interest ing to note that 
fuel cells pick up COs from the air wi th  "inefficiency" 
after about  80% of the CO2 has been removed. This 
becomes even more pronounced when the electrolyte 
dilutes under  9N. 

The air scrubber  is mounted  horizontally, and five 
vertical buffer plates prevent  bypassing of unscrubbed 
air when the soda l ime has settled. The best particle 
size seems to be the 3-5 mesh range to combine low 
back pressure with satisfactory scrubbing. 

Electrical Control Circuits 
The complete s ta r t -up  and shutdown procedure is 

sequenced by  a six-posit ion switch on the dashboard: 

Position O, System OFF 
Position 1-3, STARTING 

1. Open N2 valve; bleed system rapidly.  
2. Star t  electrolyte and air  b lower  when  pressure is 

sensed on the out-flow side of the fuel cells; the 
H2 valve is opened; the bleed valve is also opened. 

3. Connect resistor across diode; bleed reduced to 
small  fraction of use rate. 

Position 4, Normal OPERATING position of switch 
All accessories are energized (but  controlled by 
thermal  switches, etc.) 

Position 5, SHUTDOWN 
De-energize everything;  open N2 valve; bleed system 
rapidly. 

Position 6 (Same as Position 0), Fuel cell battery OFF 

Since a ny  small  amount  of He remain ing  in the cells 
would create a reduced pressure in the anode com- 
par tments  as long as the electrodes are wet  and the 
intercell  electrolyte connections are still conducting 
(via the wet  manifolding) ,  a separate negative pres-  
sure-sensi t ive diaphragm (--1 in. w.c.) will  send 
ni t rogen into the ba t te ry  un t i l  all of the He has been 
used up. 

Control lights indicate conditions of the ba t te ry  and 
funct ioning of accessories. 

It  is not  possible to operate all circuits from the 
12V accessory bat tery  because the drain  would be too 
high. The best solution for main ta in ing  a separate 
ground is to charge the accessory ba t te ry  from the 
fuel cell system by means of a d-c---d-c inver ter  with 
an 84-90V input  and a 12-15V output. 

The Lead-Acid Battery 
The seven 12V batteries are all located unde r  the 

hood, two in front of the motor and five above it. The 
batteries used were commercial ly available batteries 
manufactured  by Globe Union Corporation: 

Dimensions: 10u in. x 63~ in. x 8u in. (height) 
Weight: 47 lb each (329 lb total) 
No. plates: 78 plates total  (13 in each cell) in each 

bat tery  
Capacity: 84 A-h r  (20 hr rate) 

Figure 7 shows a photograph of the front  end of the 
car. 

Test Results 
Performance of the Hz-air battery in the laboratory.-- 

All  of the 6V modules were tested in  the laboratory 
for at least 1 week (about 200 hr)  to make sure tha t  
there were no defective cells present. If  no leakage 
or poor intercel l  contacts were observed after the 5 
day heat cycling (from room tempera ture  to 70~ 
each day),  the mechanical  qualities were also con- 
sidered satisfactory. 

Actually, this type of ba t te ry  has had a long testing 
history, dat ing back to 1966. At that  time, Union 
Carbide Corporation tested He-air batteries consisting 
of eight Duplex cells in series, bui l t  exactly like the 
automobile batteries but  smaller  in size (4 in. x 6 in) 
(12). 

The electrodes used in the batteries consisted of a 
wetproofed porous nickel layer as the backing (gas 
side), with a sprayed-on (plastic bonded) carbon layer 
on the electrolyte side (7). 

The next  two figures present  polarization and life 
data for the condition that  the bat teries were being 
kept filled with electrolyte all of their  life. No shut-  

Fig. 7. Front-end view of the car 
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Fig. 9. Life history of Battery No. 820 
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Fig. 8. Effect of aging--Battery No. 820 

down procedure (as is now practiced) was used be-  
cause we did not  yet know of  its advantages. 

Figure 8 shows the performance of the 6V bat tery 
(No. 820). The effect of aging on the polarization curve 
should be noted. 

Figure 9 gives the life history of Bat tery  No. 820. As 
we now know, the capabil i ty of the bat tery  to continue 
to operate after the first cell failure (after 56 days of 
operation) when the bat tery  was shut down, washed 
with water, and restarted was very  significant. 

A very  extensive study of water  t ransporta t ion as a 
function of gas flow, temperature,  and KOH concen- 
trat ion was also made at that  t ime (12). These data 
and others concerning mass t ransport  and heat t ransfer  
in fuel cells (13) were very  helpful  in designing the 
automobile power plant.  

Data accumulated dur ing 1967-1969, when batteries 
had to be shut down on purpose (storage tests),  
showed that  in te rmi t ten t  use of the bat teries increased 
their lifetime. Note: 2000 hr continuous service is a 
l i t t le over 2 months;  2000 hr  in te rmi t ten t  service may  
correspond to 60,000 miles dr iv ing over a three year  
period. 

Performance of the automobile.--The hydrogen-a i r  
batteries produced over the t ime period 1968-1969 were 
washed and dried after their  ini t ial  1 week tests and 
were stored without  any special precaution. In  May 
1970 the system was finished and act ivated for the first 
time as a 120 cell power plant. 

Determinat ion of polarization curves from points 
actually recorded dur ing tests has been at tempted in 
Fig. 10. 

Fig. 10. Test polarization curves 

Table I was compiled from ins t rument  readings 
while the vehicle was moving. Road performance (ac- 
celeration and speed) and total  capacity (driving 
range) can be readi ly estimated from checking i t s  
columns. 

Fuel consumption.--As closely as can be estimated 
today, the hydrogen consumption rate is closely fol- 
lowing that  predicted (viz., 1000 psi drop of t a n k  pres-  
sure for 100 miles) for dr iving at mixed speeds (sub- 
u rban  mode).  This also includes short test runs  with-  
out moving the car. Since this pressure drop is about 
half  of full  pressure and the total  available hydrogen 
volume is 660 ft 3, the figure for hydrogen consumption 
is therefore 330 ft3/100 miles. 

The hydrogen consumption per mile is expected to 
be lowest at a steady (40 mph) speed for a long u n -  
in ter rupted  distance. Under  such conditions, about 75A 

Table I. Load sharing of the hydrogen-air/lead system under different operating conditions 

PbOs battery I-Is-air 
Power data State of battery 

k W  V A c h a r g e  A A O p e r a t i n g  conditions 

11.0 85 125 C h a r g e d  80 45 
9.5 80 115 3/4 60 55 
8.0 75 105 V2 40  65 
6.5 70 95 ~4 25 70 

20.0 75 260  C h a r g e d  200  60 
14.0 65 210 3/4 140 70 
12.0 60 195 ~2 120 75 

8.0 90 90 Cha rged  60 30 
7.0 85 80 3/4 40 40  
6.0 80 75 ~ 25 5 0  
5.0 73 70 ~4 10 60 
0.5 110 5 C h a r g e d  0 5 
2.0  100 20 3/4 0 20 
2.8 95 30 l/a 0 30 
4.2 85 50  1/4 0 50 

55 m p h  t 52 m p h  Fu l l - speed  d r i v ing  w i t h  m o t o r  field 
48 m p h  reduced .  B a t t e r y  t emp ,  >60~  
42 m p h  

M a x i m u m  p o w e r  d u r i n g  acce lera t ion .  Fue l  cel ls  
w a r m i n g  u p  (~45~ 

45 m p h  t 42 m p h  Dr iv ing  w i t h  ful l  m o t o r  field. Ba t -  
38 m p h  t e ry  t emp,  ~60~ 
35 m p h  

Fue l  cell c h a r g i n g  in to  PbO3 ba t t e ry .  Motor  not  
r u n n i n g .  B a t t e r y  t emp,  >60~ 

Note:  60A f r o m  fue l  cell = 100 A / f t  s c u r r e n t  dens i ty .  
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current (at 80V) are required, to which the fuel cell 
contributes approximately 1/2 to 2/3 until  the lead 
batteries drop below 25% remaining capacity in their 
state of charge. Such a situation will be encountered 
if more than 2 hr of continuous driving are planned. 
If there is then no recharge pause available, the fuel 
cells will  have to supply nearly all of the power (6 
kW). 

The parasitic (electrolytic) current within the fuel 
cell bat tery can be determined from open-circuit gas 
consumption measurements. These are in the order of 
2 ft~/hr, which is approximately 1�89 of the 10O A/ft2 
consumption of 120 ftS/hr. The hydrogen-bleed rate 
(at present set at 2 ftS/hr) adds another 11/2% waste 
for a total of nearly 3% of the high-level output of 
6 kW. The voltage of 0.95 V/cell  (7.6 V/module, or 
l14V for the entire bat tery)  confirms the low parasitic 
current flow of about 2 A/ f t  2 on open circuit. Alto-  
gether, the accessories have a power consumption of 
about 250-300W, or nearly 4-5% of the 100 A/ft~ out- 
put of the fuel cell battery. 

Conversion c~ciency.--The fuel cell bat tery oper- 
ates at about 0.8 V/cell. This means that the electro- 
chemical efficiency (0.8/1.23) is 60% based on 
H2-~ H20 (liquid), and the thermal efficiency (83% 
of this) is about 50%. 

Operating costs.--The figure of 330 ft s H2/100 miles 
is only a tentatively proposed estimate for city driv-  
ing. On this basis, the cost per mile of driving is �89162 
mile if we assume that the cost of hydrogen in large 
quantities is 30r (220 fts). Liquid hydrogen storage 
may be considered. 

Hydrogen delivered in steel cylinders, of course, is 
more expensive (up to ten times) than hydrogen at 
the plant or at large filling stations. The automobile 
could also be operated on liquid ammonia plus a cata- 
lytic converter. The reduction in weight would also be 
favorable by comparison. A 15 rain time limit for get- 
ting the converter on "full stream" seems technically 
feasible. Only one cylinder instead of six would be 
needed. 

Secondary battery Zife.--Frequent deep discharge 
cycles are at present not recommended for lead-acid 
batteries, but considerable improvements are expected. 
Of course, Ni-Cd batteries would be more suitable, 
but the price is high. 

Conclusions 
The purpose of this project was to demonstrate (a) 

that an electric automobile could be powered by a 
fuel cel l / lead-acid bat tery hybrid system and retain 
the advantages of both bat tery types, and (b) that 
such a system can be easily started and shut down and 
is no more complicated than any other assembly of 
batteries with such common accessories as pumps, 
motors, and simple electrical circuits. 

These facts were demonstrated and the electric auto- 
mobile showed in driving tests that it behaved es- 
sentially like the gasoline-engine-powered automobile, 
except that its top speed was somewhat limited. 

Summarizing the pertinent energy and power den- 
sity figures, the following data are listed: 

Power and energy-per-weight-figures: 

Fuel cell system--6 kW (at 10O A/ f t  ~) output; 
weight, 370 lb (N6O lb /kW) ;  33 kWhr (actual) 
capacity; 90 Whr/ lb;  efficiency of conversion, 
~50% 

Lead-acid batteries--16 kW peak output; weight, 330 
lb (~--20 lb /kW);  3.4 kWhr (actual) capacity (at 
50A) ; 11 Whr/lb.  

Manuscript received Oct. 19, 1970; revised manu- 
script received ca. Jan. 20, 1971. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1971 
JOURNAL. 
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ABSTRACT 

A new and simple method is presented for expressing the result  of throw-  
ing power measurements  of electroplating solutions in terms of a logarithmic 
throwing index," defined as the ratio of the logari thm of l inear  ratios (L) to 
that of the metal  distr ibution ratio (M). Graphical ly it is the reciprocal of the 
slope of a straight l ine obtained when M is plotted against L on log-log co- 
ordinates. The l imitat ion of a l inear  throwing index method f o u n d  in the 
l i terature and the advantages of the method proposed here are discussed 
with published results from use of the Har ing-Blum cells. 

In electroplating, throwing power is a measure of the 
extent  to which a plat ing bath deposits a coating of 
uniform thickness on different parts of a cathode sur-  
face. For practical purposes, a simple and direct mea-  
surement,  al lowing rapid comparison of various plat-  
ing solutions and operat ing conditions, is the use of 
a Har ing-Blum ce l l  (1). This device is a rectangular  
electrolytic cell having two metal  cathodes of equal 
size placed vert ical ly at either end. Between the 
cathodes is a flat, perforated anode having different 
distances from each cathode. The ratio of the anode 
distance from the far cathode to that  from the near  
cathode is called the l inear  (or p r imary  current  dis- 
t r ibut ion)  ratio, L; the ratio of the rate of metal  
deposition on the near  cathode to that on the far 
cathode is called the meta l  dis t r ibut ion ratio, M. The 
throwing power of a plat ing bath at a given operating 
condition is normal ly  calculated from one of the fol- 
lowing formulas:  

Har ing-Blum equation (1) 

L - - M  
Throwing power -- - -  X 100 [1] 

L 
Hea t ley-Pan  equat ion (2, 3) 

Throwing efficiency -- - -  

Field equation (4) 

Throwing power (BSI) -- 

L - - M  
X 100 [2] 

L - -  1 

L - - M  
x 100 [3] 

L + M - - 2  

Objection against using these equations has been 
raised by Je l inek  and David (5) for the following 
reasons: first, the use of different equat ions would re-  
sult in different numer ica l  values for a p la t ing bath 
at constant  operat ing conditions; and second, the 
throwing powers computed by these equations vary 
appreciably with l inear  ratios. It is, therefore, desir- 
able to have a single number  that  characterizes the 
throwing power of a bath over a range of l inear  ratios. 

Je l inek and David have suggested a throwing index 
(5) obtained by plotting the metal  dis t r ibut ion ratio 
vs. l inear  ratio on ari thmetic coordinates. A straight 
l ine passing a common point  (L = 1, M = 1) is drawn 
through the data points, and the reciprocal of the 
gradient  of the l ine is taken as the throwing index. In  
this way a single value is obtained for a range of l inear  
ratios which can be used to show variat ions of throw- 
ing power with changes in current  density, tempera-  
ture, and bath compositions. Since the method im- 
plies that there is a l inear  relationship between the 
metal  distr ibution ratio and the l inear  ratio, a throw-  

* Electrochemical  Society Act ive  Member .  
K e y  words ;  t h rowing  power ,  t h rowing  index,  logar i thmic  th row-  

ing index. 

ing index obtained this way wil l  be called the l inear  
throwing index in this paper. As will  be shown, the 
l inear throwing index, however, has inheren t  short- 
comings. 

This paper presents a new and simple method in  
terms of the logarithmic throwing index, which has all  
the advantages of the l inear  throwing index, and gives 
bet ter  descriptions of the characteristics of th rowing  
power over a wide range of l inear  ratios. 

Limitation of Linear Throwing Index 
Since the l inear  throwing index is defined as the 

reciprocal of the slope of a straight line passing 
through the common point  (L ---- 1, M = 1), and the 
experimental  data in the L - M  plot, there should 
exist the following relationship between the metal  
dis t r ibut ion and the l inear  ratios 

1 
M_-- 1 + - -  (L--  1) [4] 

a 

where a is the l inear  throwing index of a bath at 
constant  plat ing conditions. Subst i tu t ing this equa-  
t ion into the Hea t ley-Pan  equation for the "throwing 
efficiency," one has 

1 
L - - I - - - - ( L - - I )  

a 
Throwing efficiency = X 100 

L - - 1  

( L - -  1) ( 1  - 1  ) 

= X 100 
L - - 1  

= 1 - - - -  X 1 0 0 = c o n s t  
@ 

Similarly, by  put t ing  Eq. [4] in  place of M in the Field 
equation, one can show that  

1 -- 1/a 
Throwing power (BSI) = - -  X 100 = const 

1 -p 1/a 

Thus, the use of the l inear  throwing index results in a 
constant  throwing efficiency and a constant  " throwing 
power (BSI)"  independent  of l inear  ratios. This con- 
tradicts the experimental  evidence, since the throwing 
power measurements  expressed by the Hea t l ey-Pan  
and the Field equations vary  with l inear  ratios (3, 6). 
Apparently,  the l inear  correlation given in  Eq. [4] is 
not sufficient to describe the var iat ion in  the metal  
distr ibution ratios with changing l inear  ratios. A better  
relationship is therefore needed. 

Logarithmic Throwing Index 
In  this laboratory we have made a regressional anal-  

ysis for the throwing power data taken from the works 
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Table I. List of simple relationships that would give M ---- 1, 
when L - -  1 

1 
B i n o m i a l  M = 1 + - -  ( L  - -  1 ) $  

E x p o n e n t i a l  M = e x p  - ~  ( L  -- I) 

1 
Linear M = I + - -  (L -- 1) 

~t 
1 

Parabolic M = 1 =-- (L -- I) + ~(L -- I) s 

Power M = LI/~ 

MEASUREMENT OF THROWING POWERS 

2.~L ' ' ' ' I ' 

I ,o *eta C~ Sulfate 

\ 

\ 
\ 
\ 

819 
' ' ' ' I ' ~ t .  ~ o~: ~ :~  

Acid Nt Surf, re ~ 2 
�9 z 9 - 1 o  

~o 
x e o  

N o t e :  c~ a n d  ~ a r e  t h e  r e g r e s s i o n  c o e f f i c i e n t s .  

of Pan  (3),  J e l inek  and David  (5), G a r d a m  (6),  and 
Wesley  and Roehl  (7). A number  of funct ions that,  
would  give M ---- 1 when  L equals  un i ty  were  tested 
with  the  he lp  of a d igi ta l  computer .  Table  I is a p~r-  
t ia l  l is t  of the  functions.  

I t  is found tha t  among the funct ions tested, the  fol-  
lowing re la t ionship  gives the best  fit to the  expe r imen-  
ta l  da ta  and sti l l  re ta ins  the  character is t ics  of a single 
va lued  p a r a m e t e r  for  the  measurement  of th rowing  
powers:  

M -- L ~/~ [5] 

The coefficient, A, in the  exponent  is a constant  for a 
p la t ing ba th  at cons tan t  opera t ing  condit ions and wil l  
be cal led the  logar i thmic  th rowing  index.  

Accordingly,  a plot  of log M vs. log L should resul t  in 
a s t ra ight  l ine passing th rough  the origin (0, 0). The 
logar i thmic  th rowing  index can be eva lua ted  d i rec t ly  
by  tak ing  the rec iprocal  of its slope. A solut ion wi th  
ideal  th rowing  power  would  p roduce  a hor izonta l  l ine 
at log M ---- 0 and would  therefore  have a va lue  of 
logar i thmic  th rowing  index equal  to infinity. On the 
other  hand, a solut ion wi th  e x t r e m e l y  poor th rowing  
character is t ics  would  give a ver t ica l  l ine at  log L ~ 0, 
and its logar i thmic  th rowing  index equals  zero. 

To show the va l id i ty  of this  method,  some of the  ex-  
per imenta l  da ta  a re  p lot ted  in a log- log fashion as 
shown in Fig. 1. I t  is seen tha t  Eq. [5] holds t rue  for a 
wide va r i e ty  of p la t ing  baths. Table  II  lists values  of 
the logar i thmic  th rowing  index  ca lcula ted  f rom the 

= u.c 

t 
0 ~..0 3 - 0  4 ,0  

Fig. 2. Effect of current density on the logarithmic throwing 
index. 

publ ished  resul ts  (3, 5-7) b y  means  of regress ional  
analysis  of the  l inear  t rans format ion  of Eq. [5]. In  Fig. 
2, the  logar i thmic  th rowing  index of two ba ths  in 
Table II  is p lo t ted  against  p la t ing  cur ren t  densities.  
The dash (acid Cu sulfate)  and  the solid (acid Ni sul-  
fate)  curves are  the regress ional  l ines showing the 
tendency  for the  logar i thmic  th rowing  index  to de -  
crease wi th  increas ing cur ren t  densi ty.  

Fo r  comparison,  values  of l inear  th rowing  index 
computed  f rom the same da ta  by  means  of regress ional  
analysis  of Eq. [4] are  also given in Table II. Some of 
the l inear  and the logar i thmic  indexes  l is ted are  then 
used to calculate  th rowing  powers  in t e rms  of Eq. [1]-  
[3] as functions of l inear  ratios.  The resul ts  a re  com- 
pared  with  the values  computed  f rom the or ig ina l  da ta  
of meta l  d is t r ibut ion  measurements .  Such comparisons 
are  shown in Fig. 3-5 for  Cd-cyanide,  ac id-Cu-sul fa te ,  
ac id-Ni-sul fa te ,  and ac id -Zn-su l fa te  baths.  The dot ted  
lines in the  figures a re  the  values  of th rowing  powers  
ca lcula ted  by  replac ing  M in its appropr i a t e  equat ions 
wi th  the  l inear  th rowing  index and its l inear  re la t ion-  
ship, Eq. [4]. The solid l ines a re  computed  by  subst i -  
tu t ing  into the  equations,  the  logar i thmic  th rowing  
index and Eq. [5]. The or ig inal  da ta  a re  indica ted  by 
the symbols  &, ~ ,  x, and A, I t  is seen tha t  the  ca lcula-  
t ion agrees wi th  the  previous  discussion in which  the 
use of l inear  th rowing  index would lead to a constant  
th rowing  efficiency (Fig. 4) and  a constant  th rowing  

20 

1o 

8 

6 

1 . o  

lO 

6 

1.0 

1 Ac,d Cu Sulfgte, 0.4 a/sq.dm (Ref.6) 
Ae,d Cu Sulfate, 0,2 a/sq.dm (Ref.6) 

3. Ae~d Cu SulFate, 0.I a/sc.dm (Ref.6~ 

i // 
1 3 

! 

I. Pb-Sn Fluoborate, 4 3 a/sc.dm (Sef.5) 
- 2. Fb-Sn F]uoborate, 3.2 a/s6.dm 

( R e f .  ~) / 1  
3. Sn-Zu Cy~r~de, 3.2 a/~c.dm, //2 

- (lC1 ~ "  

- ~. 

1.o 2 4 6 8 , o  ~5 

3.0 a/sq,d~ (Ref,3) / / /  

- 1 .0  a / ~ / "  

( I B )  

3. NI C~1or~e, 

Z / /  

1 .o 2 g 6 R ~o 15 

LINEAR RATIO 

Fig. i .  Log-log plots of metal distribution 
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Table II. Values of the linear and the logarithmic index calculated from the published results 

May 1971 

Bath 

Exper imen ta l  conditions 
Distance of Throwing  index 

near  cathode Range of Curren t  (calculated by 
f rom anode l inear Temp  densi ty regressional  analysis) 

Invest igators  (era) ratio ( ~ C) (AJdra~) L inea r  Logar i thmic  

Cd cyanide Jel inek,  David (5) 
Pan (3) 

Acid Cu sulfate G a r d a m  (6) 

Ni sulfate chloride Pan (3) 
Wesley, Roehl (7) 

Acid Ni sulfate Wesley, Roehl (7) 
G a r d a m  (6) 

Ni chloride Wesley, RoehI (7) 

Acid Zn sulfate Jel inek,  David (5) 
Pan (3) 

Pb-Sn fluoborate Jelinek, David  (5) 

Sn-Zn cyanide Jel inek,  David (5) 

27 1.615 6.120 2.774 
5-20 2-I0 20 1.625 1.364 1.150 

2 1.5-5 18 0.1 2.733 1,867 2 1.5-5 18 0.2 1.998 1.536 
I0 1.5-5 18 0.4 1.050 1.023 
5-20 2-10 32 3.0 0.961 0.924 

2.9-10 5-20 54.4 4.0 1.019 1.001 
2.9-10 5-20 54.4 4.0 0.993 0.995 

2 1.5-5 20 0.5 1.210 1.114 
2 1.5-5 20 0.7 1.147 1.089 
2 1.5-5 20 I . I  1.097 1.052 
2 1.5-5 20 1.5 1.098 1.053 

10 1.5-5 20 0.45 1.061 1.033 
10 1.5-5 20 0.6 1.074 1.039 
10 1.5-5 20 1.0 1.050 1.023 
20 1.5-2 20 0.3 1.029 1.027 
20 1.5-2 20 0.65 1.033 1.025 
20 1.5-2 26 0.95 0.947 0.959 

2.9- I 0  5-20 54.0 1.0 1.347 1.099 
2.9-10 5-20 54.4 2.0 1.243 1.070 
2.9-I0 5-20 54.4 4.0 1.161 1.046 

27 1.615 0.857 0.934 
5-20 2-10 25 1.625 0.837 0.927 

27 3.23 1.394 1.154 
27 4.30 1.270 1.105 
24 3.23 9.719 4.787 
66 3.23 3.957 2.033 

power (BSI), (Fig. 5) for the Heat ley-Pan and the 
Field equations. On the other hand, the solid lines ob- 
tained with the use of the logarithmic throwing index 
follow the experimental values quite precisely. Even 

5 0  
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Fig. 3. Value of throwing power in terms of the Haring-Blum 
equation. The o, [~, x, and A are experimental data taken from 
the indicated references. The solid lines are the throwing power 
calculated from the logarithmic throwing index, and the dashed 
lines, from the linear throwing index. 
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Fig. 4. Values of throwing efficiency in terms of the Heat ley-  

Pan equation. The symbols are experimental data taken from the 
indicated references.  The  solid lines are  the throwing efficiency 

calculated from the logarithmic throwing index, and the dashed 
lines, from the linear throwing index. 
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the experimental  data better  than the l inear throwing 
index (Fig. 3). 

Conclusions 
Based on the previous discussion, it can be con- 

cluded that  the logarithmic throwing index is a better 
tool for expressing the results of throwing power mea-  
surements of the Haring-Blum cells. For  practical 
electroplating studies, it can be conveniently computed 
(by taking common logarithms on both sides of Eq. [5] 
from 

log L 
Logarithmic throwing index (A) --- 

log M 

If several experimental points are made, an average 
value can be assigned to a plating bath to reduce the 
experimental error. In this way only a single number 
is obtained, which represents the characteristics of a 
plating solution at constant operating conditions and 
can be used to indicate the variation of throwing 
powers with changes in bath temperature, composition, 
current density, etc. 

The method is proposed principally as an empirical 
tool to minimize the experimental effort required for 
electroplating studies. It is felt that further theoretical 
study is necessary to clarify why the throwing power 
of plating baths follows the logarithmic fashion as 
suggested by Eq. [5]. 

Manuscript submitted April 27, 1970; revised manu- 
script received Jan. 6, 1971. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1971 
J O U R N A L .  
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A High-Yield Photolithographic Technique 
for Surface Wave Devices' 

Henry I. Smith,  Frank J. Bachner,  and N.  Efremow 

Lincoln Laboratory, Massachusetts Institute of Technology, Lex/ngton, Massachusetts 02I 73 

ABSTRACT 

In the fabrication of surface wave devices, standard photoresist-chemical 
etching techniques often provide a very low yield even at moderate resolu- 
tions, frequently cause a degradation of the substrate finish, and in many 
cases are incompatible with substrates of interest. A phototithogralshic tech- 
nique is described in which metalizing is done after a photoresist image, is 
1~roduced on the substrate, thereby circumventing most of the problems in- 
herent in chemical etching. It is shown by means of electron micrographs of 
photoresist profiles that intimate mask-substrate contact is essential. Devices 
with line widths of 1 ~m can be produced with high yield. 

This paper describes a technique of photolithography 
which is especially suited to the fabrication of surface 
elastic wave devices. In contrast to the usual technique 
of producing a photoresist image on a thin metallic film 

z Th i s  w o r k  was  sponso red  b y  t he  D e p a r t m e n t  of the  U n i t e d  S ta t e s  
A r m y .  

Key  w o r d s :  pho to res i s t ,  su r face  w a v e s ,  u l t r a son ic s ,  p h o t o l i t h o g r a -  
phy .  p iezoe lec t r ic ,  s c a n n i n g  e l ec t ron  microscope ,  t r ansduce r s .  

and etching the unprotected metal  either chemically or 
by ion bombardment, the present technique produces 
the desired pattern by evaporation of the metal  onto a 
photoresist image prepared directly on the substrate 
surface. The unwanted metal  is separated when the 
photoresist is subsequently removed by organic sol- 
vents. This technique, which is depicted schematically 
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Fig. i. Schematic representation of the steps involved in the 
photolithographic process. 

in Fig. t ,  has some dis t inct  advantages  wheneve r  sub-  
s t ra tes  p resen t  special  mate r ia l s  processing problems,  
or when high resolut ion is required.  In concept it  is 
not  new;  however,  publ i shed  accounts e i ther  provide  
insufficient detai ls  (1, 2), or  a re  not  r e l evan t  to surface 
wave  devices (3, 4), or both. In  this  paper ,  we describe 
the  technique in de ta i l  and i l lustrate ,  b y  means  of 
e lect ron micrographs  of photores is t  profiles, cer ta in  
cr i t ical  aspects. 

Photo l i thographic  mate r i a l s  and techniques or ig i -  
na l ly  developed for use in chemical  micromi l l ing  and 
p r in ted-c i rcu i t  board  fabr ica t ion  have  been grea t ly  
refined and improved  for  use in microelectronics.  How-  
ever, the  techniques used in microelectronics  are  p red i -  
cated on the  ava i lab i l i ty  of low-cost  iner t  subs t ra tes  
and select ive etches. Thin film microelect ronic  circuits  
are  genera l ly  formed on subst ra tes  such as ceramics 
or  glass, and the  res is t ive  and conduct ive  films are  
etched using chemicals  tha t  wil l  a t t ack  one film but  
not the  o ther  and wil l  not  a t tack  the substrate.  S imi -  
lar ly,  sil icon device technology requi res  etches tha t  
wil l  a t t ack  the  in terconnect  meta l iza t ion  but  not  the  
oxide or the  silicon, and etches tha t  wil l  a t t ack  the 
oxide but  not  the silicon, and vice versa. For  micro-  
electronic circuits  involv ing  complex pa t te rns  at l ine 
widths  be low about  15 ~m, the  ava i l ab i l i ty  of large  
numbers  of essent ia l ly  ident ica l  subs t ra tes  at low cost 
is an impor t an t  fac tor  in obta in ing a good y ie ld  of 
devices th rough  s t anda rd  photores i s t -chemica l  e tching 
techniques.  Good yie ld  genera l ly  requi res  tha t  al l  the  
crucial  process pa rame te r s  (resist  thickness,  exposure  
time, bak ing  tempera ture ,  e tchant  concentrat ion,  e tch-  
ing t imes and agitation,  etc.) be optimized, and this in 
tu rn  implies  tha t  many  subst ra tes  are  processed and 
many  fa i lures  a re  discarded.  

In  surface elastic wave  studies (5-7),  typ ica l  sub-  
s t ra tes  are mate r i a l s  such as l i th ium niobate,  b i smuth  
ge rmanium oxide, l i th ium iodate, zinc oxide, cadmium 
sulfide, quartz,  ga l l ium arsenide,  indium ant imonide,  
YAG, and YIG. They  are  chosen for the i r  des i rable  
piezoelectr ic  or  acoustic loss proper t ies ,  or as in te res t -  
ing piezoelectr ic  semiconductors.  They  are  special ly  
grown, cut, and or iented (sometimes to 1/10 deg) and 
pol ished to a high tolerance.  By the  t ime  a subs t ra te  is 
r eady  to be made  into a device by  photol i thographic  
techniques,  its p repa ra t ion  represents  a considerable  

inves tment  of time, effort, and  expense. In  contras t  to 
the inexpensive  and mass -p roduced  subst ra tes  of the  
microelectronics  field, surface wave  subst ra tes  cannot  
genera l ly  be d iscarded because of a fa i lure  in the 
photol i thographic  process; they  mus t  be c leaned and 
reprocessed.  I t  has been observed in this  l abora to ry  
that  the  opt ica l ly  pol ished surfaces of m a n y  of the  
above-ment ioned  subst ra tes  are  especia l ly  suscept ible  
to degrada t ion  f rom such repea ted  processing. 
Scratches  and pits  present  or  nascent  on the surface 
become augmented  or revealed  by  the  sequence of 
metal iz ing fol lowed by  chemical  etching, thus  r equ i r -  
ing tha t  the  subs t ra te  be pol ished anew. Because 
opt ica l ly  pol ished sur faces  do not genera l ly  have as 
smooth a finish as do chemical ly  pol ished or glazed 
surfaces, one finds tha t  surface wave  device fabr ica t ion  
is t roub led  wi th  special  p roblems  of unpred ic tab le  and 
nonuni form etching. Even if al l  process pa rame te r s  are 
optimized, the  yie ld  of surface wave  devices b y  chem-  
ical etching is qui te  low and goes down r ap id ly  wi th  
an increase  in pa t t e rn  complex i ty  and resolution.  As 
a rule  of "thumb, for meta l  thicknesses  in the  1000- 
2000A range,  chemical  e tching yields are unaccep tab ly  
low for pa t t e rns  involving a la rge  number  of l ines and 
spaces of 5 ~m or less in width.  Spu t te r  e tching (8, 9) 
is capable  of good yie ld  at h igher  resolut ion  but  is 
f raught  wi th  o ther  problems.  I t  is difficult to control  or 
monitor,  it  r isks sput te r  e tching of the substrate,  and 
it sometimes makes  the  photores is t  difficult to remove.  

Many subst ra tes  wi th  des i rable  acoustic or  piezo- 
electr ic  proper t ies  are incompat ib le  wi th  the usual  
meta l  e tchants  and  photoresis t  s t r ipping agents, and 
this incompat ib i l i ty  is intensified when  such mate r ia l s  
are  in the  form of po lycrys ta l l ine  thin films. Thus, ex-  
tensive chemical  compat ib i l i ty  tests  must  sometimes 
be pe r fo rmed  for each des i red  me ta l - subs t r a t e  com- 
bination.  The technique descr ibed here  does not  expose 
the  subs t ra te  to the host i le  env i ronment  of chemical  
etching and is thus be t te r  sui ted for chemical ly  reac-  
t ive or easi ly  degraded  surfaces. 

In  surface wave  work,  one is f r equen t ly  confronted  
wi th  the  problem of producing  a device on a "one of a 
kind" substrate,  a ve ry  demanding  r equ i remen t  for 
chemical  etching even if chemical  compat ib i l i ty  is no 
problem.  The process descr ibed here  provides  a sur-  
p r i s ing ly  high device y ie ld  in this "one of a k ind"  
si tuation,  even for  pa t te rns  involving l ine widths  of 
1 ~m. 

Processing Techniques and Discussion 
Figure  1 i l lus t ra tes  the  steps of the  technique.  

Obviously,  the key  e lement  is to produce  a dis t inct  
b r eak  in the meta l  film at the  point  where  i t  leaves 
the subs t ra te  and begins to form a br idge over  the  
photoresis t  re l ief  pat tern .  To insure  this, we have found 
that  it  is essent ial  to produce a sharp  ver t ica l  profile 
in the photoresis t  and to ca r ry  out the meta l  deposi t ion 
so that  atoms impinge at near  normal  incidence. In  this 
way, the  meta l  on the  sides of the  photores is t  re l ief  
pa t te rns  is cons iderably  th inne r  than the me ta l  film 
on the subs t ra te  and the top of the  photoresist ,  and the 
requi red  remova l  of unwan ted  meta l  is r ead i ly  effected 
by  swell ing the photoresis t  in an organic solvent.  

The charac te r  of a photores is t  profile depends  cr i t i -  
ca l ly  on the exposure  conditions,  p r imar i l y  on the 
avoidance of diffraction effects and to a lesser ex ten t  
on the  exposure  time. In a l l  cases, we have used contact  
p r in t ing  ra the r  than  pro jec t ion  exposure  (3) because 
of the  cr i t ical  focusing problems  inheren t  in the  l a t t e r  
and the convenience, reproducib i l i ty ,  and economy 
inherent  in the former.  Our  masks  are  chromium 
images on Corning 0211 glass, app rox ima te ly  0.2 m m  
thick, which are  made by  contact  p r in t ing  f rom 6.4 m m  
thick mas te r  plates. The mas te r  plates  a re  exposed on 
a Model 17952 Pho to repea te r  (9). In  contact  pr int ing,  
the  mask  is pressed onto a subs t ra te ' s  photoresis t  coat-  
ing using mechanica l  probes as is depic ted  in Fig. 2. 

'-' D. W. M a n n  C o m p a n y ,  B u r l i n g t o n ,  Massachuse t t s ,  
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Fig. 2. Fixture for mask alignment and obtaining intimate con- 
tac~. 

The th in  glass is quite flexible and readi ly deforms to 
the contours of the substrate or around the occasional 
dust particle. This work is done under  yellow safelights 
and, when the separation between the mask and the 
photoresist film is reduced below about 2 #m, strong in-  
terference fringes are observed. It  is a fairly simple 
mat ter  to adjust  the forces applied and the positions of 
the probes to achieve in t imate  or "optical" contact in 
the areas of the patterns. In practice, "optical contact" 
can be achieved quite easily over large areas without 
risk of damaging the substrate, the mask, or the photo- 
resist film. The bond between mask and substrate 
which f requent ly  results can be broken either by im-  
mersion in water  or by peeling back the flexible mask. 

Figure 3 shows that  sharp vert ical  profiles, and in 
some cases undercut  profiles, are obtained with the 
positive photoresists AZ1350 ~ and AZ1350H s whenever  
in t imate  contact is provided. On the other hand, a 
marked rounding occurs even for relat ively small mask-  
to-substrate  separation. Such rounding usual ly makes 
it impossible to remove the metal  bridge unless perhaps 
the substrate is subjected to high-power ultrasonic 
agitation for tong periods of time, a t rea tment  which 
usual ly damages surface wave substrates and degrades 
metal  structures. Rounding of the profile of a photo- 
resist pa t te rn  is of little or no concern in the case 
where it would be used as a chemical etching resist, 
and it is for this reason that the usual  practice of 
photoli thography in microelectronics does not demand 
such int imate contact except in the case of 1~, resolution 
structures (9, 10). It  is noteworthy that in t imate  con- 
tact is necessary regardless of the resolution of the 
desired pattern, and this plus the care necessary to 
obtain int imate  contact s imultaneously with pat tern  
a l ignment  can be viewed as disadvantages of the tech- 
nique. However, our experience is that  these disad- 
vantages are not significant, par t icular ly  when  only 
a small  number  of prototype laboratory devices is 
desired. 

The process did not  work with negative photoresists, 
and this failure is a t t r ibuted to a rounding of the photo- 
resist profile. In fact, the very  exposure conditions that  
in the case of a positive photoresist lead to the ideal 
undercut  profile lead in the case of the negative photo- 
resist to rounding. Moreover, since the mask must  be 
in int imate  contact with the photoresist film, s tanding 
waves are set up in the film even for nonmonochromatic  
exposure sources. At the nodal planes, there is insuffi- 
cient exposure to cross-l ink the photoresist, and the 
subsequent  development  causes sections of the film to 
float away and redeposit elsewhere on the substrata. 
This phenomenon has been discussed by Al tman  and 
Schmitt  for the case of projection exposure (11). 

3 Shipley Company,  Incorporated,  Newton,  Massachusetts,  

Metal deposition is carried out in an electron beam 
evaporator at a source- to-substrate  distance of about 
44 cm in order to insure  that  evaporated atoms arr ive 
at the substrate at nea r -no rma l  incidence. We have 
had some success with s tandard thermal  evaporat ion 
from extended sources at about 20 cm source- to-sub-  
strate distance, but  general ly the device yield is con- 
siderably smaller  than  with the electron beam unit ,  
especially for the higher resolution devices. To verify 
the assertion that  the deposited metal  mus t  arr ive at 
the substrate at near  normal  incidence, experiments  
were conducted in which an rf  sput ter ing uni t  substi-  
tuted for the electron beam evaporator. It  was found 
that, even in  the case of a very th in  metal  film (300- 
500A of chromium),  it was impossible to separate 
away thoroughly the unwan ted  metal  by solvent tech- 
niques. 

At the present  time, in this laboratory the photo- 
lithographic process described in this paper is used 
for all  surface wave device fabrication irrespective of 
pat tern  resolution or substrata material.  For  the pro- 
duction of interdigi tal  electrode t ransducers  in the 
range of line widths from 10 to 1 ~,m for LiNbO3 delay 
lines, the following procedure is used. The substrates 
are thoroughly cleaned, the final rinse being in 12-18 
megohm resist ivity water, and dried in a jet  of filtered 
dry nitrogen. Next, they are spin-coated wi th  AZ1350 
positive photoresist to a thickness of about 5000A, or 
AZ1350H to a thickness of about  20,000A, the choice 
depending on pa t te rn  resolution and the metal  thick- 
ness desired. AZ1350H works quite well, at least down 
to 2 ~m l ine widths. From Fig. 3, it can be readily 
inferred that the deposited metal  thickness should not 
exceed about 1/3 to 1/2 of the photoresist height. Al-  
though we have not explored exper imenta l ly  the limits 
on the metal  thickness, it seems reasonable that  
AZ1350H would permit  thicker metal  films than 
AZ1350. 

After  baking in an air oven at 80~ for 10 min,  the 
desired pat tern  is produced in the photoresist by con- 
tact pr in t ing  using a collimated high-pressure mercury  
lamp and the 0.2 m m  thick chromium-on-glass  mask. 
The photoresist is developed in an aerated spray of AZ 
Developer for 30 sec using a n i t rogen-powered artist 's 
air brush and the recommended di lut ion of 1 to 1 with 
water. Substrates are then rinsed in h igh-pur i ty  water  
and blown dry with filtered dry  nitrogen. At this 
point, the photoresist pa t te rn  can be inspected under  a 
microscope for possible resist defects or residues in 
the open areas. If desired, the photoresist can be re-  
moved using acetone and the substrate reprocessed 
without fear of degradation of the surface finish. This 
is seldom necessary. 

The photoresist is not baked after pa t te rn  develop- 
ment  because it is not required by the process and 
runs  the risk of rounding the photoresist profile 
through plastic flow. For  the same reason, the sub-  
strates are not heated in the electron beam evaporator 
prior to the metal  film deposition. The softening point 
of AZ1350 is about 130~ so some preheat ing or glow 
discharge cleaning to enhance metal  adhesion is per-  
missible. We have chosen to forego these in favor of 
double- layer  metal  films, the first chosen for its supe- 
rior adhesion. The electron beam apparatus conven-  
iently permits the sequential  evaporation. For most 
surface wave devices, we deposit 300A of t i t an ium or 
chromium and 1000 to 2000A of a luminum,  the thick- 
nesses being precisely monitored on a quartz crystal  
oscillator. We have substi tuted gold for the aluminum, 
on occasion used a luminum without  the interface film, 
and in fabricat ing the flexible masks by this process 
used films of chromium or t i t an ium 500-1000A thick. 
The process works equal ly well  for these cases. Prob-  
ably any metal  or combinat ion which satisfies adhesion 
requirements  can be used, but  it has been speculated 
that  the bri t t leness of the metal  film and  stress at its 
junct ion with the photoresist relief s t ructure may be 
important  factors. 
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Fig. 3. Scanning electron micrographs of patterns developed in 
AZ1350 and AZ 1350H photoresists demonstrating the dependence 
of the profile on pattern resolution and the gap between the mask 
and the surface of the photoresist during contact printing. In all 
micrographs, a photoreslst line stands in relief on a glass sub- 
strate. Further details are given in Appendix I. (a) AZ1350 high- 
resolution pattern, intimate contact; (b) AZ1350, high-resolution 
pattern, 9000.~. gap, note rounding, (c) AZ1350, 5 #m wide line, 
intimate contact, note undercut; (d) AZ1350, 5 Fm wide line, 
20,000.~ gap, note marked rounding; (e) AZ1350H, 2.8 ~m wide 
line, intimate contact, note sharp vertical profile despite the fact 
that the film is many wavelengths thick. 

After  metal  deposition, it remains  only to swell the 
photoresist and remove the unwanted  metal  from the 
substrate. An aerated acetone spray was found to be 
most effective especially for 1~ resolution periodic 
structures. However, this is extremely hazardous be-  
cause of the risk of explosion or fire and must  be car-  
ried out with appropriate safety precautions. 

When the procedure described above is followed, 
m_etal pat terns are obtained which exhibit  very near ly  
tl~e same degree of edge acuity as the photoresist pat-  
tern. Figure  4 shows an interdigi tal  electrode t rans-  
ducer with 11/4 #m line widths. 

For  substrates which have na tu ra l ly  rough or pitted 
surfaces, such as the sintered piezoelectric ceramics 

and some th in  films, the technique described is esPe- 
cially valuable.  There seems to be very  li t t le degrada- 
tion of the edge acuity of metal  pat terns because of 
surface roughness. In  contrast, when  chemical etching 
is used on such substrates, ragged edges and discon- 
t inuities are f requent ly  encountered. 

The photolithographic technique described is simi- 
lar in principle to the electron beam fabrication tech- 
nique developed by Hatzakis and Broers (12, 13). They 
showed that  an undercut  profile was obtained with an 
electron degradable polymer film as a na tu ra l  conse- 
quence of electron scattering, and that  there was no 
cont inui ty  between evaporated metal  on the substrate 



VoI. 118, No. 5 SURFACE WAVE DEVICES 825 

Fig. 4. Interdigital electrode transducer with 2V2 ~,m separa- 
tion between centerlines of adjacent fingers. 

and metal  on top of the polymer film. Our work indi-  
cares that photoresists present  a more difficult problem. 
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APPENDIX I 
A series of experiments  were conducted on the in-  

fluence of exposure time, mask-subs t ra te  separation, 
and pat tern  resolution on photoresist profiles, and the 
effect this had on the success or failure of the photo- 
lithographic process described in this paper. Alumino-  
silicate glass plates 0.15 cm thick which had been 
scribed on the back side were chosen as test substrates. 
Photoresist pat terns were developed on the front sides 
of the glass plates opposite the scribe lines. The ap- 
plication of a relat ively small flexural force caused the 
glass and the photoresist to fracture cleanly along the 
scribe line. Two types of interdigi tal  electrode t rans-  
ducer pat terns were used as masks for the experiments.  
Both pat terns had a total of 14 fingers. The distance 
between centerl ines of adjacent fingers was 10 ~m for 
one pat tern  and 21/2 gm for the other. 

After coating the substrates with photoresist and 
baking them, the interdigi tal  electrode pat terns were 

exposed and developed on the substrate. The placement  
of the pat terns was such that, when the plates were 
fractured in two, each half contained half of the in -  
terdigital electrode pattern.  One half of the original 
glass plate was coated with approximately 200A of 
gold so that it could be inspected in a scanning elec- 
tron microscope. The other half was coated with 300A 
of chromium and 1000A of a luminum in the electron 
beam evaporator and then processed to remove the un-  
wanted metal. 

The exposure t ime and the separation between mask 
and substrate were varied over wide ranges, the latter 
being determined from the interference fringes. Refer- 
ring back to Fig. 3, metal  pat terns  with extremely 
sharp edge acuity, free of breaks or shorts between ad- 
jacent lines, were obtained with the other halves of the 
substrates in Fig. 3(a) ,  (c), and (e). With the sub- 
strates corresponding to 3 (b) and 3 (d), it was impos- 
sible to separate away the unwanted  metal. The 
rounded profile resulted in a continuous metal  bridge 
over the photoresist. Obviously, the int imacy of mask-  
substrate contact is the essential element.  

The range of acceptable exposure t imes is quite 
broad. We found that the threshold of complete ex- 
posure could be exceeded in many  cases by a factor of 
2 without any deleterious effects. 

Manuscript  received Nov. 2, 1970. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1971 
JOURNAL. 
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On the Czochralski Growth of GaF 
E. A. Miller, L. R. Weisberg,* and W. K./iebmann -~ 

RCA Laboratories, Princeton, New Jersey 08540 

ABSTRACT 

A high-pressure,  magnetic Czochralski apparatus was buil t  for the growth 
of GaP. Various operating problems were successfully overcome, such as seed- 
holder vibrations, poor visibility, explosions, control of solid-liquid interface 
shape, efficient coupling of rf  power into the melt, and correcton of large tem-  
perature gradients. Exper iments  were carried out demonstrat ing the large 
effects of gaseous pressure on the tempera ture  gradients. At 35-atm pressure, 
the autoclave behaved as if it were filled with a l iquid and not a gas, both 
with respect to visibi l i ty and heat flow. Coarse-grained polycrystal l ine ingots 
were grown, with grains l imited in size to 1 cm a because of spurious nucleat ion 
of new grains. 

The util ization of the liquid encapsulat ion technique 
has considerably simplified the Czochralski growth of 
GaP (1). Prior to this, its high mel t ing point  (1470~ 

1 T h i s  work  was supported by the Depa r tmen t  of Defense, Adz 
vanced  Research Projects Agency,  Materials Sciences Office, under  
Contract  :No. SD-182. 

~Present  address: IBM Laboratories,  Boeblingen, Germany .  
* Etectrochemieal  Society Act ive  Member.  
Key  words:  gal l ium Phosphide, crystal  growth,  h igh-pressure  

growth,  Czochralski growth. 

and dissociation pressure (35 atm) (2) had made the 
growth of large single crystals a very difficult task. 
Several  years ago (3), we had carried out experiments  
using the magnetic Czochralski technique (4) for GaP 
in an autoclave, which resulted in the preparat ion of 
coarse-grained polycrystal l ine ingots, with grains as 
large as I cm ~. This work should be of interest  to 
workers in this field for three reasons. 



826 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  T E C H N O L O G Y  M a y  I971 

First, the l iquid encapsulat ion is not necessarily a 
universal  technique, since compounds might  exist 
where  suitable liquid escapsulants cannot be found. 
For such materials, the magnetic Czochralski technique 
would be preferred. Second, the l iquid encapsulation 
technique suffers in that  the volatile species, here 
phosphorus, cont inual ly  escapes from the melt, which 
can cause a cont inual  change in stoichiometry. The 
magnetic Czochralski technique does not have this 
difficulty. Third, results found here can give fur ther  
insight to crystal growth under  high pressure, includ-  
ing the liquid encapsulat ion technique. 

For people who are accustomed to crystal  growth 
under  atmospheric pressure, two main  problems are 
encountered at 35 atm pressure: poor visibil i ty due to 
convection effects, and unusua l  temperature  gradients. 
Both of these problems can be "visualized" by assum- 
ing that  the autoclave is filled wi th  a l iquid and not  a 
gas. Data are given below concerning these and other 
problems and methods are presented to avoid them. 

Experimental Apparatus 
The apparatus was a s tandard magnetic Czochralski 

growth system operating wi th in  a autoclave, a s s h o w n  
in  Fig. 1. The autoclave design was based on similar 
uni ts  used by Fischer (5), and was actual ly a predeces- 
sor of the autoclave shown by  Fischer in his Fig. 10. 
The autoclave is divided into three sections. The cru-  
cible containing the GaP melt  and the rf heat ing coil 
are located in  the bottom section. The rf leads are in -  
troduced into the autoclave through a coaxial high-  
pressure seal which is electrically insulated from the 
autoclave so that, dur ing  operation, the autoclave can 
be grounded. The inert  gas is supplied to the apparatus 
through a high~pressure valve. The magnet  assembly 
for the control of the seed holder motion is located in 
the upper  part  of the autoclave. The center section 
contains the viewing port, which is aimed into the 
center of the crucible, and lines up with the viewing 
port on the quartz ampoule. The drive mechanism for 
the vertical and rotat ional  motions of the magnets  is 
mounted directly on top of the autoclave, and the 

Fig. I. Cross-sectional view of the high-pressure, magnetic 
Czochralskl apparatus. $.S. denotes stainless steek 

pul l ing rod passes through a mul t ip le  o-r ing seal. There 
is also a pressure safety release valve on the top of the 
autoclave. The walls and the lid of the autoclave are 
watercooled. All  the controls for the furnaces and for 
the seed holder motion are located in  a central  panel  
which is not shown in the figure. 

Figure 1 also shows the quartz growth ampoule in 
the center of the autoclave, which is supported and 
held in position by a stainless steel piece. This support 
also divides the whole container  into separate sections 
to reduce convection currents.  The phosphorus reser-  
voir is located at the bottom of the growth ampoule, 
and is surrounded by a furnace. Thermocouples are 
located at various points for tempera ture  control. The 
upper  section of the growth ampoule is kept at a tem- 
perature exceeding the condensation temperature  of 
the phosphorus. 

Four  pe rmanen t  magnets  are suspended from a rod 
passing through the top of the autoclave, and these 
magnets  couple to Pe rmendur  pieces wi thin  the seed 
holder. The weight of the seed holder is approximately 
200g. The driving mechanism for the magnets  is located 
outside the autoclave, providing a constant rotat ion of 
16 rpm while the pul l ing rate is var iable  between 0 
and 10 mm rain -1 in a continuous fashion. The auto- 
clave can withstand at least 60 atm in terna l  pressure, 
and is also vacuum tight. 

The rf generator  was a 10 kW, 450 kHz unit ,  manu -  
factured by the Lepel Company. 

To vacuum seal the growth ampoule, a special am- 
poule construction was used with a side arm to contain 
the small  lumps of red phosphorus. This allowed the 
entire ampoule to be vacuum baked at 600~ includ-  
ing the gallium, without  heating the phosphorus. Sub-  
sequent to bake-out,  and without breaking the vacuum, 
the phosphorus was moved from the side arm into the 
ampoule. The ampoule was then sealed under  vacuum. 
Directly prior to growth, the GaP was synthesized in 
the crucible, so that  no separate synthesis step was 
required. The amount  of phosphorus was calculated 
so that, dur ing operation, all of the phosphorus was 
in the vapor form of P4 molecules, which simplified 
determinat ion and control of the phosphorus vapor. 

At tempts  were made to roughly balance the phos- 
phorus pressure wi thin  the ampoule and the argon 
pressure surrounding the ampoule. However, pressure 
was usual ly  main ta ined  a few atmospheres above the 
phosphorus pressure wi th in  the ampoule, since it was 
found in separate tests that  well-designed quartz am- 
poules could wi ths tand implosion up to at least 40 
atm of excess external  pressure. 

Results 
Seed holder vibration.--The design of the quartz 

seed holder (6) is shown in Fig. 2. The Pe rmendur  
slugs are sealed wi th in  and protected by the seed 
holder. The seed holder and attached quartz rods ro- 
tate wi th in  two BN disks, which in tu rn  can slide up 
and down within the ampoule. Original  problems of 
excessive vibrat ion and erratic motion of the seed were 
v i r tual ly  el iminated by  construct ing all the moving 
parts of the seed holder with high precision, including 
the use of precision-diameter  quartz rods in the bear-  
ings, and a precision-bore quartz tube for the upper 
member  of the ampoule. The bearings were machined 
from BN, with allowance in the design for differential 
thermal  expansion. 

Coupling of rf into melt .--To provide good coupling 
between the rf coil and the melt, it was found that  an 
rf coil wound in a continuous double-concentr ic  shape 
provided the best results. The coil is shown sur round-  
ing the ampoule in Fig. 2. The coil is easily wound into 
the shape without  any  s h o r t i n g  by  placing quartz 
Fiberglas sleeving over the copper tubing. 

Melt temperature controL--In this system, it was 
difficult to place a thermocouple into close proximity  
with the crucible. Also, deposition of GaP on the walls 
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Fig. 3. Cross-sectional view of an ampoule subject to explosion. 
The arrows indicate weak points of construction which should be 
avoided. 

Fig. 2. Cross-sectlonal view of the growth ampoule for GaP, in- 
cluding the seed holder, crucible, rf coil, and upper and lower 
heaters. The numbers on the left indicate thermocouples. 

prevented the use of optical t empera ture  sensors. In -  
stead, adequate tempera ture  control of the melt  was 
achieved by controll ing the rf power output. A pickup 
coil was placed next  to one of the rf  input  leads to the 
autoclave. The resul t ing signal was rectified and fed 
into a s tandard thermocouple control unit,  which in 
t u rn  regulated the saturable  core reactor control in the 
rf generator. 

Visibility problems.--Visibility can be impaired for 
two reasons. First, GaP can deposit on the quartz wails 
surrounding the crucible. Second, the fluctuations and 
convection currents  in the argon gas give a shimmering 
and uns teady view of the crucible, such as the ap-  
pearance of an object at the bottom of a swimming 
pool. 

The first problem was successfully overcome by 
placing a side arm on the growth ampoule, as shown in 
Fig. 2. This is surrounded by  a heater, and the tem-  
perature  of the heater  is held at about 1000~ This 
visibi l i ty port remains  clear for hours under  growth 
conditions. 

The problem of turbulence  was minimized by el imi-  
na t ing  much of the optical path through the gas with 
the use of a fused quartz rod acting as a light-pipe. 
Both ends of the quartz rod must  be polished. Quartz 
rods were easily selected that  were free of significant 
distortion. The quartz  rod extended between the view- 
ing port and the side arm of the ampoule, thus pro- 
viding a clear view of the solid-l iquid interface. 

Explosion problems.--There were found to be two 
main  causes of explosions (or implosions).  The first 
was the formation of a "lid" of solid GaP on the top of 
the melt. Once this formed, as the melt  was heated 
further,  the crucible would crack and spill its contents 
onto the quartz ampoule, thus causing the explosion. 
This problem was easily avoided by keeping the phos- 
phorus cool while first heat ing the gal l ium in the cru-  
cible to about  1500~ and then slowly increasing the 
phosphorus pressure to the desired value (35 arm).  
Then, any  GaP that  forms remains  molten. 

The second and more severe problem concerned the 
construction of the quartz ampoule. Needless to say, 
the ampoule must be fully annealed after construction. 
However, it is also important to eliminate all sharp 
bends in the ampoule. Examples of a poorly designed 
ampoule with the weak points identified is shown in 
Fig. 3, in  contrast to the successful design shown in 
Fig. 2. Using the ampoule shown in Fig. 2, explosions 
were reduced to roughly one in 15 runs, from the 
original incidence of one in two explosions. 

It is noteworthy that, even in the most severe ex- 
plosions, there was no damage outside of the autoclave, 
nor  was there any damage to the large glass viewing 
port. 

Solid-liquid interSace shape.--Although direct cou- 
ping of the rf  energy into the melt  was efficient, the 
resul t ing solid-l iquid interface was invar iably  concave 
into the melt, which can be det r imenta l  to crystal 
growth. In  a series of experiments,  the phosphorus 
pressure was var ied between 30 and 50 atm, but  no im-  
provement  was noted in ei ther  the shape of the in ter-  
face or the crystal l ini ty of the grown ingots. 

Next, we tr ied several  exper iments  with susceptors 
sur rounding  a crucible. In  the first, a cylindrical  sus- 
ceptor was employed sur rounding  and touching the BN 
inner  crucible. Molybdenum was unsatisfactory since 
it reacted wi th  phosphorus at roughly 1300~ Tungsten  
failed margina l ly  since it reacted with phosphorus 
above 1500~ when gall ium was present  (in phos- 
phorus vapor alone no reaction was seen). When the 
melt  was placed in a graphite crucible, a black deposit, 
believed to be carbon, formed on the walls and blocked 
visibility, even in the side arm. Hc, wever, it was found 
that both graphite and vitreous carbon were suitable 
as susceptors when a BN inner  crucible was used to 
contain the melt. 

The use of the carbon susceptors was found to change 
the shape of the solid-l iquid interface to convex into 
the melt. Hence, this a r rangement  provided another  
control over the growth parameters.  

Crucible materials.--Several crucible materials  were 
tested, including quartz, SiC, graphite, vi treous carbon, 
and hot-pressed BN. Of those tested, the last was 
superior, especially because of its machinabil i ty.  How- 
ever, hot-pressed BN is not  pure,  since a binder  is 
added, and contains B2Oa. Extensive vacuum bake-out  
(over 16 hr) was used for the BN unt i l  no fur ther  de- 
posits on the walls of the bake-out  chamber  were ob- 
served. Nevertheless, residual  impuri t ies  in the BN 
might  have been det r imenta l  to the crystal growth, and 
pyrolytic BN is probably  superior. 
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Insulation at high pressures.raThe results on heat 
flow were the most unexpected feature of these crystal 
growth studies, especially for a person familiar  with 
the Czochralski growth of Ge, Si, or GaAs. 

We first considered the effect of insulat ion at elevated 
pressures. We performed an exper iment  in which a 
hollow tubu la r  heater was placed vert ical ly at the 
center of the autoclave, with one thermocouple inside 
the heater, and with thermocouples placed at various 
distances away. The outer diameter  of the heater  was 
about 1/~ in. The heater was held at ll50~ and the 
tempera ture  was measured as the argon pressure was 
increased. The measurements  were carried out first 
in the absence of insulation, and again after the auto- 
clave was filled with Fiberf rax  insulation, normal ly  
considered to be an effective insulator. 

Typical results are shown in Fig. 4 for one thermo-  
couple located 1% in. from the surface of the heater. 
It  can be seen that  the insulat ing effect of the F iber -  
frax decreases rapidly with increasing pressure. It acts 
as if the autoclave is filled with a liquid, and not a gas, 
with the F iber f rax  floating around, doing almost 
nothing. Thus, at high pressures, one must  use much 
denser insulators, such as brick insulators. 

Unusual temperature gradients.--Another surprising 
feature of heat flow concerned temperature  gradients 
wi thin  the growth ampoule. For  example, we grew 
GaAs single crystals in this same apparatus as a test. 
When the GaAs melt  was heated to above 1250~ the 
reservoir below the crucible overheated, i.e. increased 
to over 600~ In contrast, when  we grew GaP at 35 
atm, even when the melt  was heated to 1500~ the 
reservoir below the crucible remained  well below 
600~ 

Tests were carried out to demonstrate the effects of 
gas pressure on the vertical thermal gradients. A 
"dummy" quartz ampoule was used, containing no Ga 
or P, but with small holes to allow argon gas to enter. 
A graphite cylinder was used in place of the crucible, 
and the seed holder was placed in its usual position. 
Seven thermocouples were placed along the ampoule, 
five in the positions indicated in Fig. 2, and one next 
to thermocouples 1 and 5, but in the interior of the 
ampoule. The graphite was heated to 1350~ but no 
power was supplied to either the upper  or lower 
beaters. 

Litt le difference was seen between the interior  and 
corresponding exterior thermocouples at any  pressure. 
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Fig. 4. Variation of temperature with pressure of a t~ermocoupie 
pieced 1�89 in. away from the surface of a heater maintained at 
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Fig. 5. Variation of temperatures along the ampoule with increas- 
ing argon pressure. Refer to Fig. 2 for the thermocouple positions. 
Crucible held at 1350~ but no power supplied to upper and 
lower heaters. 

However, the temperatures  along the ampoule varied 
greatly with increasing pressure, as shown in Fig. 5. 
Thermocouples 1, 2, and 3, which at low pressures 
were heated mostly by radiation, dropped several 
hundred  degrees centigrade. Thermocouples 4 and 5, in 
contrast, were heated probably by the convection cur-  
rents  in the gas. It  is par t icular ly  surpris ing that  
thermocouples 2 and 3 ended up near ly  1O00~ cooler 
than the crucible, even though they were both quite 
close to the crucible. 

Before this effect was understood, sections of the am- 
poule (such as close to thermocouple 3) were below 
600~ and served as a s ink for the phosphorus. In 
turn, this explained why, in early runs, ingots were 
f requent ly  gal l ium rich. Proper  use of solid-type in-  
sulators served to correct this problem in later  runs. 

GaP growth and properties.--After including the 
above improvements  in the apparatus, coarse-grained 
GaP could be grown, with grains as large as 1 cm 3. 
GaP crystals grown in the apparatus in 1964 are shown 
in Fig. 6. The smoothness of "these crystals shows the 
good temperature  and mechanical  control achieved. 
The mater ial  was always n - type  as grown, with an 
electron concentrat ion usual ly  in the 10 TM cm -z  range, 
and an electron mobil i ty  of about 150 cm2/V-sec. The 
mater ial  grown was quite pure, although special e l-  

Fig. 6. GaP crystals grown in the hlgh-pressure, magnetic 
Czachralski apparatus. Typical diameters of crystals at the bottom 
are �89 in. Large single crystalline grains can be seen. 
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forts to main ta in  pur i ty  were not made. A typical 
emission spectrographic analysis was (ppm) : Cu ( <  1), 
St(0.1), Mg(1) ,  B(30).  The boron was probably  from 
the BN crucible. 

Large ingots of GaP could also be cast in the cru-  
cible. This cast mater ia l  was close to stoichiometry, 
with little free gall ium visible, and was very  clear, 
with t ransparency possible through pieces exceeding 
3 cm in  thickness. 

Cross-sectional examinat ion of the pulled GaP crys- 
tals revealed that nucleat ion of addit ional  grains con- 
t inual ly  occurred dur ing growth. This occurred both 
at the interior  and at the surface of the crystal. It was 
this factor that  prevented the growth of larger single 
crystals. 

The cause of this spurious nucleat ion was never  as- 
certained. Single crystal l ine seeds were used, and the 
crystals were necked down after the ini t iat ion of 
growth. The obvious crystal  growth parameters  such 
as pul l ing speed, rotation rate, solid-l iquid interface 
shape, and phosphorus pressure were all varied and 
optimized, but  the nucleat ion persisted. Perhaps im- 
purities from the hot-pressed BN crucible contami-  
nated the melt, or maybe surface nucleation occurred 
due to severe fluctuations in convective heat losses at 
the solid-liquid interface. (Note that  when  l iquid en-  
capulation is used, the melt-sol id interface is protected 
from convection heat losses.) However, the expert-  

G R O W T H  O F  G a P  829 

ments  were te rminated  because it was very  t ime con- 
suming to obtain data. A single run, s tar t ing from the 
loading of an ampoule and  ending with the cleaning of 
the autoclave, consumed close to a week's time. 
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Performance Domain Analysis of . 

Primary Batteries 
R. Selim and P. Bro* 

P. R. Mallory & Company Incorporated, Laboratory for Physical Science, 
Northwest Industrial Park, Burlington, Massachusetts 01803 

The performance of p r imary  batteries is general ly 
given in terms of discharge curves or discharge tables 
for a discrete set of operating conditions. This is satis- 
factory for many  applications, but  it leaves unanswered  
the question of the performance of batteries under  
operating conditions other than those specified. 

The Peuker t  equation (1, 2) has been used to de- 
scribe the discharge of secondary batteries, and it ap-  
pears to be reasonably good for this purpose. We have 
found that the Peuker t  equation can also be used for 
pr imary  batteries, but  only at moderate  and high rates. 
It  is not satisfactory for p r imary  batteries at low 
rates. 

Analyses of the discharge of cells and batteries under  
a variety of conditions have led to a new capacity- 
current  correlation for p r imary  batteries that is satis- 
factory for high, low, and intermediate  discharge rates. 
In  addition, the new correlation leads to the definition 
of a performance domain for a battery.  The perform- 
ance domain is a useful tool for the description of 
bat tery performance and for the analysis of the effects 
of design changes on ba t te ry  performance. 

Empirical Correlation 
The search for a useful capaci ty-rate  correlation was 

guided by the results of analyses of resistive network 

" Electrochemical  Society Act ive  Member .  
Key  words :  batteries, capacity, discharge ,  efficiency, pe r fo rmance ,  

qual i ty  control. 

models of porous electrodes. Generally,  they lead to ex-  
pressions containing hyperbolic functions. I t  is charac- 
teristic of p r imary  batteries that  they deliver a l imi t -  
ing capacity at low rates, not necessarily the stoichi- 
ometric capacity, and the choice of a suitable hyper-  
bolic function for the capaci ty-rate  correlation should 
reflect this characteristic. Tr ia l  and error work with 
exper imental  data and various mathemat ical  expres-  
sions led to the following best description of the bat -  
tery performance 

tanh (i/R) 1/A 
q = qo [1] 

(i/R) ~/A 

where i = bat tery current ,  mA 
q ---- realized bat tery capacity, mAhr  
qo, A, R =- empirical parameters  

This correlation exhibits the proper capacRy-rate re-  
lationship, and it approaches the Peuker t  equation at 
high rates. 

The definition of the useful capacity of a ba t te ry  is 
somewhat arbi trary,  but  we have found the correla- 
tion to be satisfactory for a variety of criteria defining 
the useful capacity provided consistency is maintained.  
The parameters  are calculated most convenient ly  from 
the exper imenta l  data by the method of least squares 
applied to nonl inear  expressions (3) using discharge 
data obtained over the entire range of discharge rates, 
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Table I. Comparison of observed and smoothed data* for 
930-S Zn/HgO cells, 25~ 

Constant Capacity, m A h r  Er ro r  
current (mA) Observed Equat ion  [1] % of qo 

25 1092 1005 4.0 
25 998 
50 965 995 4.3 
50 940 

150 630 648 0.4 
150 695 
400 120 124 6.4 
4O0 0 
500 100 82 03  
500 50 

* 0.80V cut-off voltage. 

including low, intermediate,  and high discharge rates 
(360 BASIC program avai lable on request) .  

The empirical  correlat ion has been tested for a wide 
var ie ty  of batteries:  lead acid batteries, Leclanche 
cells of many  sizes, alkal ine manganese  batteries, 
n ickel -cadmium batteries, s i lver -cadmium cells, si lver- 
zinc cells, and alkal ine mercury  cells, using perform- 
ance data available from the manufacturers ,  e.g. (4), 
and a satisfactory fit was obtained in all  cases. An 
i l lustrat ion of a typical  fit is shown in Table I where 
the observed and calculated data are compared for the 
discharge of 930-S Zn/HgO cells. It  may be seen that  
the correlation fits reasonably wel l  over the ent i re  
range  of discharge rates. 

The Performance Domain 
The parameters  qo, A, and R can be represented 

graphically by a point in a three-dimensional  co- 
ordinate  system, and a un ique  prismatic region sur -  
rounding this point can be defined by the s tandard 
errors in qo, A, and R as shown in Fig. 1. This volume 
is the performance domain of the battery,  and it char-  
acterizes the range of ba t te ry  performance to be ex- 
pected due to the intr insic  variat ions between the 
cells. 

Each of the three parameters  that  define the per-  
formance point has a simple physical interpretat ion.  
The quant i ty  qo is the max imum capacity obtainable 
from the battery.  It is referred to as the s tandard ca- 
pacity of the battery, and the deliverable capacity at 
any par t icular  rate of discharge can be obtained from 
it using Eq. [1]. 

The quant i ty  R has the dimension of current ,  and it 
is referred to as the s tandard rate of the battery. It is 
the rate of discharge beyond which the performance 

2 

A 

qo 

1200 

soo / 

0 
40O 

/6o 
- - - - P - ~ R  

Fig. 1. Performance domain diagram of 930 S ZnlHgO ceils at 
25~ 

begins to become significantly rate l imit ing as distinct 
from capacity limiting. The delivered capacity is 76% 
of the s tandard capacity at the s tandard rate. At higher 
discharge rates, the delivered capacity begins to de- 
crease appreciably. 

The quant i ty  A is the accommodation coefficient of 
the battery.  It measures how readily the bat tery  can 
accommodate high discharge rates without appreciable 
losses in efficiency. A small  A indicates a rapid loss of 
efficiency above the s tandard rate, and a large A indi-  
cates that  the bat tery  can be operated efficiently above 
the s tandard rate. The quant i ty  A is, therefore, a sig- 
nificant characteristic of the rate capabil i ty of a bat -  
tery. 

Discussion 
The specification of the s tandard capacity, the s tan-  

dard rate, and the accommodation coefficient of a 
bat tery  represents  a ra t ional  and an informative means 
of ra t ing bat tery  performance that  is preferable to the 
common practice of assigning a somewhat a rb i t ra ry  
rate and capacity to a battery.  A table of the per-  
formance points of various batteries in conjunct ion 
with a nomograph of Eq. [1], Fig. 2, can replace 
bulky performance manuals .  

The performance point provides an analyt ical  tool 
for the evaluat ion of the effect of design changes on 
bat tery  performance. When a design change is in t ro-  
duced a new performance point  is established. If it 

Fig. 2. Nomograph of rate- 
capacity relationship, Eq. [1]. 
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falls inside the performance domain the effected change 
is probably  of no significance. And conversely, if a 
significant change is obtained, the direction of change 
to the new performance point  establishes the na ture  
of the significant effect, whether  it be a change in the 
s tandard capacity, the s tandard rate capability, or the 
accommodation capabil i ty or in  a mix ture  of them. 

The performance points of batteries also provide a 
means for comparing different bat tery systems in 
either the same or different structures, and the per-  
formance parameters  make it possible to establish their  
relative meri ts  in quant i ta t ive  terms for a wide range 
of operating conditions. 

The performance domain centered at qo, R, and A is 
defined in extent by the s tandard errors in qo, R, and 
A. For a specific batch of batteries of a par t icular  kind 
and size the volume of this domain is a measure of the 
"quali ty" of the batch or what  may  be called the 
manufac tur ing  consistency of the batch. The smaller 
the domain volume of a par t icular  type of battery, the 
smaller the var iabi l i ty  wi th in  the batch and the higher 
the quality. The qualities of different kinds of bat-  
teries may be compared in terms of the dimensionless 
domain volumes defined by  Aq/qo, AR/R, and AA/A. 

The performance correlation, Eq. [1], is presented in 
a nomographic form in Fig. 2, and it applies to any bat-  
tery. In  order to use it for a par t icular  ba t te ry  it is 
necessary to obta in  the performance parameters  of the 
bat tery first. Then, the discharge efficiency can be read 
from the nomograph for a wide range of discharge 
rates. 

The nomograph is independent  of the mode of dis- 
charge selected by the user provided consistency is 
main ta ined  in specifying the discharge rate and the 
s tandard rate. Thus, constant  current  or constant  load 
or pulse load discharges may  be used to any desired 
cutoff voltage, and the efficiency may be determined 
from Fig. 2, provided that  qo, R, and A were deter-  
mined  for the same type of discharge regime. The 
quant i ty  (i/R) is dimensionless and independent  of 
how the current  or discharge rate is specified. The 
le f t -hand part  of the homograph simply performs the 
division (i/R), and the nomograph is equal ly valid if 
both the s tandard rates and the discharge rates shown 
in Fig. 2 are divided or mult ipl ied by  the same n u m -  
ber or if the rates are expressed in  terms other than 
milliamperes. 

Manuscript  submit ted Nov. 4, 1970; revised m a n u -  
script received ca. Jan. 19, 1971. 

Any  discussion of this paper will appear in a Discus- 
sion Section to be published in  the December 1971 
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Electrochemical Machining: A Note on the 
Throwing Power of Electrolytes 

D. T. Chin* and A. J. Wallace, Jr. 
E~ectrochemistry Department, Research Laboratories, GeneraZ Motors Corporation, Warren, Michigan 48090 

Owing to the increasing use of hardened metals in 
,'ecent years, electrochemical machining (ECM) has 
had a great impact on the metal  removal  process. One 
of the major  problems encountered in ECM is how to 
obtain satisfactory dimensional  control of a desired 
cutt ing geometry. To achieve this, one needs informa-  
tion regarding the performance of an electrolyte at 
various operat ing conditions. Such information is de- 
sirable in designing the shape of tools that  would pro- 
duce a desired shape on the machined work piece. 

In  a recent article, Brook and Iqbal  (1) have sug- 
gested using the concept of throwing power to evalu-  
ate the extent  of dimensional  control that  an electro- 
lyte could give under  constant operating conditions. 
They describe a modified Har ing-Blum cell for mea-  
suring the throwing power of ECM electrolytes and 
present data obtained at a relat ively low current  den-  
sity of 15 A/in .  2. The cell, in effect, is not suitable for 
the measurement  at high current  densities (300- 
1200 A/in .  2) normal ly  used in electrochemical machin-  
ing. It consists of two paral lel  anodes located at dif- 
ferent  distances from the cathode with no ad jus tment  
of the gap spaces while cutt ing is in progress. Using a 
normal  ECM current  density of 500 A/in .  2, for instance, 
experience with concentrated NaC10~ indicates that for 
the near  anode a gap space ini t ia l ly  set at 0.01 in. will  
be widened to about 0.05 in. at the end of a 2-rain peri-  
od of machining.  The cut t ing rate on the far anode is 
usual ly not as fast as that  of the near  anode; conse- 
quently,  this causes a decrease of l inear  ratios dur ing  

* Elect rochemical  Society Active Member.  
Key  words :  e lec t rochemical  mach in ing ,  t h rowing  power,  throw-  

ing index. 

the exper imental  runs.  If the  init ial  gap for the far 
anode is 0.05 in., the l inear  ratio, as estimated from 
Brook and Iqbal 's  data, would vary  from an ini t ial  
value of 5 to approximately  1.2 at the end of the ma-  
chining. Such a great var ia t ion in  l inear  ratios presents 
a serious l imitat ion for the accurate measurement  of 
throwng power at high current  densities. 

We have developed a simple and reliable method for 
measuring throwing power at normal  ECM operating 
current  densities. The method consists of measur ing 
the anode-cathode gap space as a funct ion of t ime and 
expressing the result  in terms of a logarithmic th row-  
ing index. An  intense and comprehensive investigation 
of this new concept is being carried out at the General  
Motors Research Laboratories. This paper describes the 
results of some of these studies. A summary  on the 
rat ionale of this dynamic approach is given below, and 
the exper imental  data obtained from an ECM flow cell 
is then presented for the sodium chlorate electrolyte. 

Theoretical Background 
Consider an anode and a s ta t ionary paral lel  cathode 

having an ini t ial  gap space 8o in. The rate of cutting, v 
(in./sec or in . /min) ,  at any point  on the anode surface 
is equal to the rate of increase in gap space, dS/dt 

d8 
= r [1] 

dt 

where 5 is the local gap space at t ime t after s tar t ing 
machining.  The ini t ial  condit ion for the differential 
equation is: at t ----- 0, 5 ---- 80, and r ---- to, where  ro is 
the init ial  cut t ing rate at the point  where the gap is 
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measured. Introducing new variables  

8 
L (l inear ratio) --  .... 

8o 
and 

ro 
M (metal  d i s t r i b u t i o n  rat io)  ---- 

r 
Eq. [1] becomes 

dL ro 1 
- -  - -  - -  [ 2 ]  

d t  ao M 

To solve the equation, one needs to replace M with  a 
known function of L. A regressional  analysis (2) of 
published throwing power  data obtained f rom the 
Har ing-Blum cell for various plat ing baths has shown 
that  the meta l  distr ibution ratio, M, can be corre-  
lated to the l inear ratio, L, by 

M = L 1/A [3] 

where  A is the logari thmic throwing index and is con- 
stant for a given e lect rolyte  at constant operat ing con- 
ditions. In electroplating, the meta l  distr ibution ratio 
is defined as the ratio of the meta l  deposition rates on 
two equipotent ial  plane cathodes located at different 
distances f rom the  anode. In ECM, however ,  the defi- 
nit ion has been changed to the  ratio of the rate  of dis- 
solution on the near plane anode to that  on the far 
plane anode. Since the meta l  dissolution is the reverse  
process of electroplating, we may  assume that  Eq. [3] 
is also valid for the case of electrochemical  machining. 
Subst i tut ing Eq. [3] into Eq. [2] and making use of 
the initial condition (at t = 0, L ---- 1), we have 

L I/A d L  = d t  [4] 
50 

Equation [4] can be integrated to give the fol lowing 
expression describing the t ime-var ia t ion  of local gap 
space between the anode and the cathode 

8o 
t -  (L ~/A+s -- 1) [5] 

Accordingly, if a set of L vs.  t data is plotted in the 
form of t against L1/A+I, one should obtain a straight 
line having a slope equal  to 5 o / r o ( 1 / A  + 1) and an in- 
tercept  equal  to - - 5 o / r o ( 1 / A  + 1). To find the proper  
exponent  of L, a t r i a l - and-e r ro r  method is required:  
(i) assume a value  of l / A ,  (i t)  plot the data  points in 
the form of t vs .  L 1/A+I, and (i i i)  repeat  steps i and ii 
unti l  the data points fal l  on a straight l ine having a 
slope equal  in magni tude  to its intercept.  F rom the 
slope of the straight line and the exponent  of L, the 
initial cut t ing rate, ro, and the logari thmic throwing 
index, A, (and thus the throwing power)  can be cal- 
culated for an e lect rolyte  at given operat ing conditions. 

An al ternat ive  way  to find ro and A is via the graphi-  
cal differentiat ion of the L vs.  t curve. This can be seen 
if we rear range  Eq. [2] (after replacing M by L l/A) or 
differentiate Eq. [5] wi th  respect  to L 

(~ : L 1/a [6] 
dL 

This equation suggests that  a s traight  line is obtained 
if log ( d t / d L )  is plot ted against log L. The slope ol 
the straight line is l / A ,  and its intercept  equals log 
(5o/ro).  It should be noted, however,  that  the graphical  
differentiat ion of the L vs.  t curve is general ly  not ve ry  
accurate. The accuracy may  be ve ry  seriously im- 
paired by small errors in the exper imenta l  data. Unless 
there  is a large number  of data points available, this 
method is not recommended for the direct evaluat ion 
of the logari thmic throwing index. 

E x p e r i m e n t a l  P r o c e d u r e  
The exper imenta l  setup is similar to the flow cell 

system described in an ear l ier  e lectrolyte  study (3) 

M a y  1971 

Fig. 1. Schematic illustration of the ECM test apparatus 

with slight modifications. It consisted of a centr i fugal  
pump, a solution reservoir,  and a Lucite cell  cavity. 
The cell and the solution reservoir  were  incorporated 
as one unit as shown in Fig. 1. The cathode was a cir- 
cular copper tube, 0.251 in. OD and 0.176 in. ID, fixed 
on the bottom of the cell. The anodes were  flat 1008 
steel panels, 1 • 3 • 0.025 in., which were  held in 
place above the cathode. The init ial  spacing between 
the anode surface and the cathode tip was 0.01 in. 

In this study, the throwing power measurement  was 
performed for sodium chlorate electrolytes. For  each 
run the cell vol tage was kept  at 17.5V, and the elec- 
t rolyte  was fed through the cathode tube into the cell 
with a flow rate of 2.5 l i ters /min.  The durat ion of ma-  
chining var ied f rom 10 to 60 sec. At the end of each 
test, the result ing gap space was measured as the depth 
of meta l  removed plus the initial gap space. 

R e s u l t  a n d  D i s c u s s i o n  
Figure 2 is a set of measurements  of gap space ex-  

pressed in the form of L vs.  t for 320 g / l i t e r  NaC10.~ 
electrolyte  at a cathodic current  density of 610 A/ in .  2. 
The electrolyte  t empera ture  was mainta ined at 18~ 
It was found (using the method of t r ial  and error)  
that  a straight line having a slope of 8.0 sec was ob- 
tained if the data are replot ted as t vs.  L 1.9 as shown 
in Fig. 3. Thus the logari thmic throwing index, A, of 
the chlorate  solution becomes 

1 
A -- - - -  1.11 

1 . 9 - -  1 

For a given l inear ratio, the metal  distribution ratio, M, 
can now be computed f rom Eq. [3] wi th  the known 
value of the logari thmic throwing index. Figure  4 is 

~3.0 

z 
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2 
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I I I 1 I 

ELECTROLYTE: NaClO 3 
INITIAL GAP: 0.01 in, 
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Fig. 2. Cutting gap as function of time 



Vol. 118, No. 5 ECM: THROWING POWER OF ELECTROLYTES 833 

60 

5O 

4O 

30 

2o 

10 

0 

-I0 

-20 

I I I I I I I I 

: I 
-- o SLOPE : 8.0 SEC i ' 

I I I . I I I I I 
I 2 3 4 5 6 l 8 

(LINEAR RATIO) I'g 
Fig. 3. t vs. L 1,9 

a log-log plot of M vs. L for the sodium chlorate elec- 
t rolyte  at the above operating conditions (solid l ine) .  
For  comparison, Brook and Iqbal 's  chlorate data ob- 
tained at 15 A/ in .  2 is also plotted in the figure as cir- 
cular dots. I t  is seen that  the present  measurement  
gives a straight l ine passing through the common 
point  represented by the l inear  ratio equal to 1 and the 
metal  distr ibution ratio equal to 1. Brook and Iqbal 's  
data, on the other hand, also gives a reasonably 
straight line as shown by the dashed line; it, however, 
would extend to the point  (L -- 1, M = 0.2) instead 
of (L = 1, M = 1). This obviously contradicts the  fact 
that  two equipotential  anodes located at the same dis- 
tance from the cathode should have equal rates of 
metal  dissolution; the deviation is probably due to the 
variat ion of l inear  ratios dur ing their  measurement  
with the modified Har ing -Blum cell. 

Furthermore,  the present  method also enables one 
to find precisely the ini t ial  cut t ing rate, to, correspond- 
ing to the ini t ia l  gap space. For the case presented 
here, it can be calculated from the logarithmic throw- 
ing index and the slope of the straight l ine given in 
Fig. 3 
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Fig. 4. Log-log plat of metal distribution ratio vs. linear ratio. 
The dark line is the result of present measurement from a 320 g/ 
liter NaCIO3 electrolyte at n current density of 610 A/in. 2 The 
circular dots connected by the dashed line are Brook and IqbaVs 
chlorate data at 1 5  A/in. 2. 

In summary,  the measurement  of time variat ion of 
gap space provides simple and efficient means for ob- 
ta ining the throwing power data  of electrolytes under  
ECM operating conditions. The informat ion thus ob- 
tained can be used directly for the tool design and in 
ECM practices for de termining  the opt imum tool feed 
rate to main ta in  a constant  gap space. 

Manuscript  submit ted Apri l  27, 1970; revised manu-  
script received Jan. 6, 1971. 

Any discussion of this paper wil l  appear in  a Discus- 
sion Section to be published in the December 1971 
JOURNAL. 
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Pulse Electroplating of High-Resistance Materials, 
Poorly Contacted Devices, and Extremely Small Areas 

C. A. Burrus 

Be~Z Telephone Laboratories, Incorporated, Crawford Hill Laboratory, Holmdel, New Jersey 07733 

Electroplating is an accepted method of applying 
m a n y  metallic coatings to low-conduct ivi ty surfaces. 
Plat ing by means of current  pulses rather  than the 
commonly used direct current  has been proposed for 
certain applications and a n u m b e r  of advantages have 
been reported for the pulse-deposited coatings ( in-  
creased density, increased purity, reduced hydrogen 
embri t t lement ,  etc.) (1). However, the method seems 
to have been little used, probably due to the added 
complications of providing pulsed power supplies. 

Key words:  pulse e lec t ropla t ing,  semiconductor  contacts. 

We have employed a simple form of high-voltage 
pulse plat ing for more than  10 years in the small-scale 
fabrication of experimenCal semiconductor devices, 
largely to overcome the problems associated with 
plat ing high-resistance or nonuniform-res is tance  sur-  
faces of small  areas. Our  usage has involved the plat ing 
of extremely small  areas (tips of 0.003 cm wires) ,  
relat ively poor-conduct ivi ty  surfaces (moderately 
doped semiconductors),  materials  with poor electrical 
contacts (n- type  GaAs held with tweezers),  etc.-- 
materials  which, par t ly  because of difficulties in  plat ing 
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Fig. 1. Simplest form of pulse-plating circuit 

by  direct  current ,  no rma l ly  are  coated by  vacuum 
evaporat ion.  This pu l se -p la t ing  technique has proved  
to be so rap id  and convenient  in smal l -sca le  appl ica-  
tions, compared  to vacuum evaporat ion,  tha t  we wish 
to descr ibe  i t  briefly. 

The p la t ing  circuit  in i ts s implest  form is shown in 
Fig. 1. A capaci tor  is charged f rom a ba t t e ry  th rough  a 
n o r m a l l y  closed SPDT microswitch.  When the mic ro-  
switch bu t ton  is pressed, the  ba t t e ry  is disconnected 
and the capaci tor  is d ischarged th rough  the p la t ing  
bath,  p rovid ing  a "pulse"  of p la t ing  current .  As a 
prac t ica l  mat te r ,  it  is convenient  to provide  a va r i ab le -  
vol tage  power  supply  and a number  of capaci tors  
which  can be switched, in and out  of  the  c i rcui t  in 
paral le l .  The to ta l  charge per  pulse de l ivered  to the  
p la t ing  ba th  then  can be control led  b y  adjus t ing  the 
charging vol tage  and the  va lue  of the  capacitance.  The 
total  me ta l  t r ans fe r red  in the  p la t ing  can be adjusted,  
addi t ional ly ,  b y  va ry ing  the number  of pulses applied.  

Use of such a capaci tor  discharge,  or of a more  
sophis t icated pulse generator ,  al lows the s tar t ing vo l t -  
age appl ied  to the p la t ing  solution to be many  t imes 
tha t  no rma l ly  used ( tens of volts  r a the r  than  1-3V) 
but  at  the  same t ime convenien t ly  res t r ic ts  the ra te  of 
charge t ransfe r  so tha t  "burning"  of the  pla te  does not  
occur. The re la t ive ly  high vol tage aids in overcoming 
problems  of s ta r t ing  a p la te  due to poor contacts  to the  
object  to be plated,  high resis tance of the  object  itself, 
th in  insula t ing  films on the surface, the presence of 
h igher -  and lower- res i s tance  areas  in paral le l ,  and i r -  
r egu la r  shape of the  surface;  it  of ten permi t s  use of a 
p la t ing solut ion at room t empera tu re  which  no rma l ly  
would  p la te  sar only at  e levated t empera -  
tures;  it  convenien t ly  permi ts  p la t ing  of a surface 
which  can be contacted only th rough  a rec t i fy ing 
junct ion;  and it easi ly  pe rmi t s  the  p la t ing  of ex t r eme ly  
smal l  areas  wi thou t  burning.  

Wide var ia t ions  in condit ions have been found to 
be permissible ,  and at least  two dozen different  meta ls  
and meta l  mix tures  have been p la ted  at  one t ime or 
another.  A few examples  which i l lus t ra te  the use of the  
technique are  l is ted below. Represen ta t ive  examples  
of devices fabr ica ted  wi th  its aid can be found in the 
references.  

1. Very small areas.--Plating of a dopant  me ta l  onto 
a pointed wire  for format ion  of a pu l se -a l loyed  p -n  
junct ion.  For  a 0.01 cm length  of 0.003-0.005 cm wire :  
5 ~f charged at  5-7V, 3-5 pulses  (2,3). 

2. Poor  con~luctivity surface, and room-temperature 
use of solution normally used hot.--Plating of t in at  
room t empera tu r e  onto n - t y p e  GaAs for a l loying as 
an ohmic contact, 1 cm 2 area:  80 #f, 35V, 50-100 pulses 
(4-6).  

3. Surface with poor electrical contact.--Starting a 
gold p la te  on n - t y p e  GaAs held  wi th  tweezers,  1 cm 2 
area:  80 ~f, 45V, 20-30 pulses  (4-6).  

4. Many small areas in parallel.--Plating gold into 
a r r a y  of 2-3 ~m d iamete r  windows on n - t y p e  GaAs to 
form S c h o t t k y - b a r r i e r  diodes, a r r a y  1 cm on edge: 
20-40 ~f, 45V, groups  of 5-7 pulses unt i l  desi red 
bui ldup obta ined  (6). 

5. Surfaces in series with rectifying junction.--Plat- 
ing gold into a r r a y  of p - t y p e  surfaces diffused in 
m i c r o m e t e r - d i a m e t e r  windows on n - t y p e  semicon-  
ductor,  a r r a y  1 cm on edge: 40 ~f, 45V, groups of a few 
pulses unt i l  des i red  thickness  obta ined (4,7). 

6. High- and low-conductivity materials in parallel 
- - S t a r t i n g  p la t ing  on p-  and n-s ide  of semiconductor  
chip bonded to meta l  stud, wi th  meta l  and semicon-  
ductor  immersed:  20-40 ~f, 20-50V, 10-20 pulses (5). 

7. Bridging of thin insulating layer.--As in No. 6, but  
semiconductor  chip e lec t r ica l ly  separa ted  f rom stud by  
thin SiO2 layer :  80-120 tzf, 50V, 30-40 pulses (5). 

Some of these appl icat ions  make  use of the  pulse-  
p la t ing method  to create  an equipotent ia l  l ayer  on sur -  
faces whose conduct iv i ty  is poor or  nonuni form ( i tems 
2, 3, and 6) and the p la t ing  can be comple ted  by  con- 
vent iona l  methods.  Other  appl icat ions  (as i l lus t ra ted  
in i tems 1, 4, and  5) m a y  requ i re  tha t  the  ent i re  job 
be done by  the pulse technique.  In al l  applications,  use 
of an electronic pulse genera tor  speeds the  operat ion.  

Manuscr ip t  submi t ted  Dec. 4, 1970; revised m a n u -  
script  received ca. Jan.  25, 1971. 

A n y  discussion of this  paper  wi l l  appear  in a Discus- 
sion Section to be publ ished in the December  1971 
JOURNAL. 
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Method for Producing Graded Composition 
Epitaxial Layers by Vapor Deposition 

L. G. Bailey and G. G. Rogers 
Texas Instruments Incorporated, Materials Science Research Laboratory, Dallas, Texas 75222 

In recent  yea r s  vapor  phase  ep i t ax ia l  g rowth  tech-  
niques have been used ex tens ive ly  for  the  p repara t ion  
of I I I -V  compounds for so l id-s ta te  device applications.  
Sol id-so lu t ion  al loys of m a n y  of these compounds have 

Key words: Gax-Inl-~As alloys, semiconductors, III-V compounds. 

also been produced  to obta in  mate r i a l s  wi th  in te r -  
media te  proper t ies .  The format ion  of g raded  composi-  
t ion al loy films, however ,  has received re l a t ive ly  l i t t le  
study, a l though such films have been considered for 
special  device appl icat ions  and for reducing the  effects 
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of lattice mismatch be tween substrates and hetero- 
epitaxial  layers (1, 2). 

To produce graded composition epitaxial  layers with 
chemical t ransport  systems, the composition of the 
reacting vapor can be changed as a function of t ime by 
al ter ing the relat ive input  rates of fixed composition 
gases into the deposition chamber. Although this meth-  
od offers the flexibility for producing any desired com- 
position profile wi th in  the layer  by suitable flow rate 
programming,  it is difficult to execute simply if re- 
producible results are to be obtained. The control of 
very low flow rates ( ~  20 cm3/min) is usual ly  re- 
quired dur ing  part  of the growth for at least one of 
the input  gases, and manua l  or even motor drive opera- 
tion of needle valves to change flows is difficult at 
these levels because of inconsistencies in delivered 
flow as a function of angular  rotat ion of the valve 
control shaft. In  addition, techniques for accurate flow 
rate measurement  are difficult at these levels. These 
problems mul t ip ly  when  the control of two or more 
flows must  be coordinated to obtain a smoothly vary-  
ing deposit composition. 

The method reported here employs the filling and 
emptying characteristics of reservoirs to produce gas 
mixtures  of changing composition at constant flow rate. 
The method is simple, depends on an easily reproduc- 
ible physical process, and utilizes fixed gas flows at 
levels which are simple to measure  and control. Al-  
though Tiet jen and Amick have ment ioned the use of 
a ballast vessel to smooth fluctuations in gas flows and 
compositions (3), their graded GaAsxPl-x deposits 
were prepared by  changing the flow rates of the input  
gases (2). 

Experimental Procedure 
A reactor of the design reported by Conrad et al. 

(4) was used to prepare epitaxial  layers of GaxInl-xAs 
alloys on GaAs substrates. Three separate source 
holders were used, containing elemental  arsenic, ele- 
mental  gallium, and an alloy of ind ium and gallium. 
Arsenic was t ransported by subl imat ion into a carrier 
stream of purified hydrogen, while the group III  ele- 
ments were t ransported as chlorides by  h igh- tempera-  
ture reaction with HC1 carried in hydrogen. Deposit 
compositions between GaAs and an alloy determined 
by the composition of the  ind ium-ga l l ium alloy were 
prepared by adjus tment  of the concentrat ions of HC1 
in hydrogen at constant  flow rate enter ing the source 
holders. A gas-handl ing system shown in Fig. 1 was 
used to supply t ime-vary ing  concentrat ions of HC1 to 
each of these sources. This system consisted essentially 
of an AsC18 saturat ion bubbler - reduc t ion  tube com- 
binat ion to generate HC1-H2 gas mixtures  and a gas 
reservoir. This system could deliver either an increas- 
ing concentrat ion (reservoir ini t ia l ly  filled with hydro-  
gen and a HC1-H2 mixture  introduced dur ing  opera-  
tion) or a decreasing concentrat ion (reservoir ini t ial ly 
filled with a HC1-H2 mixture  and flushed dur ing opera- 
tion with pure hydrogen) .  

A 3-li ter  reservoir was used for the ind ium-ga l l ium 
alloy source and a 0.6-liter reservoir  was used for the 
gall ium source. Flow rates of hydrogen through both 
systems were 50 cm3/min, and a hydrogen flow of 33 
cm3/min was passed through the arsenic source held 
at 427~ Addit ional  flows of 39 cmS/min and 18 cm3/ 

Fig. I. System for producing time-varying concentration of HCI 
in hydrogen. 

min were added to the reservoir  outputs for the indi-  
um-ga l l ium source and the gal l ium source, respective- 
ly. The growth temperature  was 740~ and the group 
III sources were held at 844~ Growth rates were 
typically in the range of 15 to 25 ~m/hr.  

A series of tests was performed to determine direct- 
ly the reservoir del ivery characteristics under  the 
same conditions of flow rate and HC1 concentrat ion as 
were used in the growth experiments.  Gas composition 
was measured with a thermal  conductivi ty cel l -Wheat-  
stone bridge combination, and its output  was displayed 
on a strip chart recorder. 

Results and Discussion 
The reservoir delivery tests showed that  both reser-  

voirs closely followed exponent ial  filling and empty-  
ing behavior. Figure 2 presents typical semi-log plots 
of gas composition vs.  t ime for emptying of both reser- 
voirs. Similar  results were obtained for reservoir fill- 
ing. These results indicate that  under  the specified 
operating conditions the reservoir del ivery character-  
istics can be fairly accurately described with simple 
theory. Specifically for reservoir emptying, beginning 
with an init ial  concentration, Co, of HC1 in hydrogen, 
the output  of the reservoir with t ime is: 

Ct -= Co exp ( - - F t / V )  [1] 

where Ct is the concentrat ion at t ime t, F is the flow 
rate through the reservoir, and V is the reservoir 
volume. This relat ion follows from the assumptions of 
(a) complete reservoir mixing and (b) the rate of 
HC1 loss from the reservoir  as proport ional  to its in-  
s tantaneous concentrat ion and the gas flow rate 
through the reservoir. 

It should be noted that the slopes of the curves in 
Fig. 2 will be equal to - - F / V  if the reservoir del ivery 
is described by Eq. [1]. Using the value of flow rate 
employed during the tests, the calculation of reservoir 
volumes yielded 3.17 and 0.60 liters which are in 
excellent agreement  with those determined by  direct 
measurement  of water  capacity, namely  3.03 liters and 
0.59 liter respectively. 

Figure 3 shows the var iat ion of deposit composition 
with distance through a graded GaxInl -zAs epitaxial  
deposit formed on a (100) oriented GaAs substrate. 
Deposition t ime was 210 min, producing a layer 89 ~m 
thick with a final composition at the surface of 46 m/o  
InAs. The data presented were obtained by electron 
microprobe analysis across a five-degree beveled sec- 
tion of the sample. 
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Fig. 2. Output concentration of HCl in hydrogen as o function of 
time for reservoir emptying. 
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Fig. 3. Variation of Gaxlnz-zAs composition with depth in 
epitaxial deposit. 

The composit ion of vapor -depos i t ed  Gaz In l -xAs  al -  
loys is ve ry  sensi t ive to the  re la t ive  propor t ions  of 
indium and ga l l ium chlor ides  in the react ing gas 
stream. Ga l l ium segregates  into the  growing layer ,  
and the ra t io  of ga l l ium to indium in the  deposi t  is 
app rox ima te ly  five t imes  the  ra t io  of the  hal ides  in the 
vapor  for al loys in the  range  of 0 to 50 m/o  GaAs. 
This phenomenon increases the  difficulty of obta in ing 
reproducible ,  un i fo rmly  graded  layers  in this  a l loy 
system, especial ly  near  pure  InAs. However ,  as can 
be seen in Fig. 3, the use of an ind ium-ga l l i um al loy 
source to fix the final deposi t  composi t ion and gas 
reservoirs  to produce  s lowly  changing gas inputs  to 

the group II I  sources has given good control  on deposit  
composition, and the  grading  is ve ry  uniform. 

Al though  the use of gas reservoirs  for producing 
t ime -va ry ing  concentra t ions  of HC1 in hydrogen  for  
grading the composi t ion of G a z I n l - x A s  al loys has been 
discussed specifically here, we expect  the  technique to 
be a genera l  one and appl icab le  to many  combinat ions  
of gases and al loy systems. For  example ,  g raded  layers  
of G a A s x P l - z  could be p repa red  by  using reservoi r  
filling to increase the  concentra t ion of PC13 and de-  
crease the  concentra t ion of AsC13 en te r ing  separa te  
ga l l ium sources. 
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ABSTRACT 

The kinetics of the Zn2+/Zn(Hg)  electrode reaction were investigated in 
b inary  mixtures  of water  and n-propanol .  The apparent  cathodic t ransfer  co- 
efficient increases from 0.25 in water  to 0.39 in 0.04 mole fraction n-propanol ,  
then gradual ly  decreases to a value of about 0.3 as fur ther  alcohol is added. 
The apparent  exchange current  decreases sharply from 18 mA / c m ~ in water 
to about 1 mA/cm 2 in 0.04 mole fraction n-propanol,  then gradual ly  increases 
as the concentrat ion of n -propanol  increases. Above 0.9 mole fraction alcohol, 
the apparent  exchange cur ren t  rapidly increases as the water  concentrat ion 
falls below the concentrat ion of the excess LiC104 electrolyte. These variat ions 
are interpreted in terms of specific adsorption of n -propanol  on the electrode 
surface and preferent ial  solvation of the Zn  + + ions in solution by water  
molecules and by a change to a reaction mechanism involving ZnC104 + as 
water  molecules become unavai lable  for the preferent ial  solvation. 

Many investigations of the Zn2+/Zn(Hg)  electrode 
reaction in aqueous solutions have been made (1-6). 
Although the existence of Zn + as an intermediate  in 
the reaction mechanism has been proposed (6-9), it is 
general ly  accepted that the charge- t ransfer  reaction 
kinetics can be best described with a single two-elec-  
t ron step (10-12). 

Zn 2+ .aq -t- 2e -  ~ Zn [1] 

Since solvation and desolvation processes represent  the 
main  energy barriers in such electrode reactions, it is 
of interest  to investigate the effect of the solvent on 
this reaction. The p r imary  purpose of this s tudy is to 
investigate the behavior  of the apparent  anodic and 
cathodic t ransfer  coefficients and the apparent  ex- 
change current  for the Zn2+/Zn(Hg)  electrode reac- 
t ion in b inary  mixtures  of water  and n-propanol .  

Experimental 
Solutions and chemicals.--Bi-distilled water  and 

chromatography grade n-propanol  were used in pre-  
par ing the b inary  solvent. The electrolyte concentra-  
tions were always 0.0083M Zn(CIO4)2-6H20, 1.0M 
LiC104, and 0.02M HC104. The water  content  of these 
solutions was determined by Kar l  Fischer ti trations. 
Bubbl ing  purified ni t rogen through the solutions re-  
moved dissolved oxygen. The zinc concentrat ion in the 
amalgam was main ta ined  at about 0.7M (0.01 mole 
fraction zinc).  

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
** Electrochemical Society A c t i v e  M e m b e r  through Deutsche 

Bunsen-Gesellschaft.  
I P r e s e n t  address: Fritz-Haber-Institut dcr M a x - P l a n c k - G e s e l l -  

schaf t ,  West Berlin, G e r m a n y .  
Key words: adsorption, electrode, exchange current, kinetics, 

n-propanol,  solvation, transfer coefficients, wate r ,  zinc. 

Galvanostatic measurements.--Details of galvano- 
static or constant  current  pulse measurements  can be 
found elsewhere (13-14). The glass cell used was simi- 
lar to one described previously (1) except that  mea-  
surements  were made with the amalgam drop hanging 
directly from the capil lary and the current  was con- 
ducted through the capil lary to the drop. A magnetic  
hammer  controlled by an adjustable  t iming device 
tapped the capil lary at intervals  of about 2 sec, dis- 
lodging the amalgam drop. The measurement  on the 
fresh amalgam drop was made 1.5 sec later  by del iver-  
ing a short pulse of constant  current  to the amalgam 
drop and following the change in  potential  with t ime 
by means of an oscilloscope (14). An amalgamated 
zinc rod was used as the reference electrode. 

A major  exper imenta l  difficulty present  in the gal- 
vanostatic method is the e l iminat ion of the resistance 
polarization, ~n, from the ini t ial  value of the overvolt-  
age, ~ (O), in order to obtain the charge- t ransfer  over- 
voltage, ~. The resistance polarization can be deter-  
mined from the extremely rapid potential  j ump  at the 
start  of the constant  current  pulse. The electrolyte re- 
sistance, Rn = ~ln/i, was found to be related to the 
specific conductance, k, of the solution by  the expres- 
sion 

Rn -- 35 ohms ~ 2.4 cm/k  [2] 

Equation [2] is for experiments  where the amalgam 
drop weighs 2.6 mg at the ins tant  of measurement ,  or, 
assuming spherical shape, has a surface area of 0.016 
cm 2. This size of the amalgam drop was main ta ined  
constant  for all measurements.  The 35 ohms was found 
to be the in te rna l  resistance of the closed circuit, most 
of this being the resistance through the amalgam 
thread in the capillary. As the mole fraction of n -p ro -  
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panol increases, it becomes increasingly more difficult 
to determine Ra directly, hence all calculations are 
based on values of Ra obtained from Eq. [2] using 
exper imental  values of k. The second term in Eq. [2] 
agrees favorably with the theoretical value calculated 
from the expression Ra = r �9 A - ~ k - ~ a ( r  + a) -~ = 2.1 
c m / k  where r is the radius of the amalgam drop, A is 
i t s  surface area, and a is the distance between the sur-  
face of the drop and the reference electrode (15). For 
our case, r = 0.036 cm and a = 0.5 cm. Shielding by 
the capil lary tip reducing the effective area by 12% 
accounts for the slightly larger exper imental  value of 
2.4 cm. 

Coulostatic measuremen t s . - -The  coulostatic method 
used is, in principal, similar to that  reported by De- 
lahay (16-17) and details will  be given elsewhere (18). 
A 1:0 ~sec pulse of constant  current  charges the elec- 
trode, and the overvol tage-t ime curve resul t ing from 
the discharge of the double layer by the electrode re-  
action is recorded. By keeping the ini t ial  overvoltage 
small  (1~] < 5 mV), l inear  log]~] vs. t ime plots are 
observed from which the apparent  exchange current  
and differential double layer capacity can be deter-  
mined. For all galvanostatic and  coulostatic measure-  
ments, the temperature  was main ta ined  at 25 ~ _ 0.2~ 

Results 
Tafel  plots of the galvanostatic measurements  allow 

the anodic t ransfer  coefficient, a, and the cathodic 
t ransfer  coefficient, ~, to be determined independently.  
The exchange current  was determined by both ex- 
t rapolat ion of the Tafel l ines to ~ = 0 and determi-  
nat ion of the charge- t ransfer  resistance at low over- 
voltages. No corrections were made for the potential  of 
the diffuse double layer; hence apparent  t ransfer  co- 
efficients and apparent  exchange currents  are obtained. 
The variat ion in the apparent  t ransfer  coefficients as a 
function of the mole fraction of n-propanol  is shown in 
Fig. 1, and Fig. 2 shows the apparent  exchange current  
density as a funct ion of mole fraction of n-propanol .  

Due to the decreasing conductivi ty with increasing 
mole fraction n-propanol  (Fig. 3), the effect of the 
resistance polarization, ~n, and therefore the experi-  
mental  error, becomes greater as the alcohol concen- 
trat ion increases. The larger anodic t ransfer  coefficient, 
a, is more sensitive to error introduced by ~n than is 
~. For mole fractions of n -propanol  greater than 0.3, 

~ 0.7 ___ 0.1 and/~ ~ 0.3 • 0.05. For high concentra-  
tions of n-propanol ,  ~]n > >  ~, and results become 
suspect. 

The coulostatic method does not require e l iminat ion 
of ~a since there is no current  flow dur ing measure-  
ment  other than the faradaic cur ren t  result ing from 
the discharge of the double layer. The apparent  ex- 
change current  densities obtained from coulostatic 
measurement  are in  excellent  agreement  with those 
determined from galvanostatic measurements  (Fig. 2). 

~0.8 
Z uJ 
~ 0 7  

o 0 6  
O~ 
~0s 
~q 
z 

0.4 

r ~ i ~ r 

O O 

os 
o.. 

i I I o o:~ o14 ' oI~ 
t"t20 MOLE FRACTION N - P R O P A N O L  

D D 

0,18 ~ 1.0 
C3HTOH 

Fig. 1. Variation of the apparent transfer coefficients with mole 
fraction n-propanol. Dashed line represents 1 - -  fl; G ,  apparent 
cathodic transfer coefficients; O, apparent anodic transfer coeffi- 
cients. 
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Fig. 2. Variation of the apparent exchange current with mole 
fraction n-propanol. T ---- 25.0~ G ,  galvanostatic measurements; 
t ,  coulostatic measurements. 
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Fig. 3. Variation of the specific conductivity, k, and the product 
of viscosity x conductivity, ~v" k, with mole fraction n-propanol 
at 25.0~ e ,  conductivity measurements; G ,  experimental ~v " k 
product. 

The variat ion of the differential capacity of the double 
layer with mole fraction n-propanol ,  as determined 
from the coulostatic measurements,  is shown in Fig. 4. 

The apparent  t ransfer  coefficients can also be ob- 
tained from coulostatic measurements  using the rela-  
tionships 

( 01n /~  )a ( 01hi~  )a 
a = and /~ = [3] 

O In azn2 + zn O In azn zn2 + 

However, undissociated ZnC104 + or Zn(C104)~ in al- 
cohol solutions may affect the determinat ion of a. For 
accurate coulostatic measurements,  it was experi-  

~,c 

H2o 

. % .  

0.'2 ~ 014 ' 016 ' 018 f 1.0 
MOLE FRACTION N-PROPANOL C3HTOH 

Fig. 4. Variation of the double layer differential capacity with 
mole fraction n-propanol at 25.0~ The potential is the equilibrium 
potential of the zinc electrode. 



V o l .  1 1 8 ,  N o .  6 Z n 2 + / Z n ( H g )  E L E C T R O D E  R E A C T I O N  839 

menta l ly  de termined  that  the concentrat ion of Zn in 
the amalgam must  be between about 0.05M and 2M. 
Coulostatic determinat ions  of  the apparent  t ransfer  
coefficients in 0.98 mole fraction n-propanol  yielded 
approximate  values of a : 0.6 • 0.1 and ~ = 0.3 _+ 0.1, 
in agreement  with results f rom Tafel  plots of the gal-  
vanostatic measurements .  

The equi l ibr ium potent ial  of the amalgamated  zinc 
rod reference electrode was measured in the various 
solutions against the normal  calomel electrode (NCE) 
using a 1M KC1 salt bridge. The  equi l ibr ium potential  
was found to vary  l inear ly  wi th  the mole fraction 
n-propanol ,  f rom --1.11V in aqueous solution to 
--0.84V in 0.98 mole fraction alcohol. F rom the Hen-  
derson equation, the l iquid junct ion potential  is esti-  
mated to be less than 5 mV for all solvent composi-  
tions. 

Using the rapidly dropping mercury  electrode 
method, the potential  of zero charge, Epzc, was deter-  
mined to be --0.55 vs. NCE in 1.0M KC1 aqueous solu- 
tion, while  for 1.0M LiC104 in n-propanol,  Epzc ---- 
--0.31V v s .  NCE and for 1.0M LiC104 in methanol,  
Epzc = --0.36V v s .  NCE. Al though the addition of 0.01 
mole fract ion Zn to the mercury  may  shift Epzc about 
0.2V more negat ive (19-20), it still appears that  all 
measurements  were  made at potentials negat ive to 
Epzc. In fact for pure  Zn in aqueous solution, Epzc is 
about --0.9V v s .  NCE (20), or about 0.2V posit ive to 
the Zn + + / Z n ( H g )  rest potential.  

A few measurements  were  made in methanol -H20 
and ethanol-HsO solutions. The apparent  t ransfer  co- 
efficients were  found to be a ~ 0.7 and ~ ~ 0.3 in these 
solutions. In the methanol  solutions, the apparent  ex-  
change current  density decreases much more gradu-  
ally wi th  mole  fract ion alcohol than found for n -pro-  
panol, reaching a min imum of io = 3 m A / c m  2 at about 
0.5 mole fraction methanol.  

Discussion 
The Zn2+/Zn(Hg)  electrode react ion can be de- 

scribed by a single two-e lec t ron  step over  the entire 
concentrat ion range of n-propanol .  The apparent  ex-  
change currents  calculated f rom the charge- t ransfer  
resistance at low overvol tages  and f rom coulostatic 
measurements  assuming a two-e lec t ron  step agree with 
the values obtained by extrapola t ing the Tafel  plots to 
zero overvoltage.  No assumption regarding the number  
of electrons involved  is required in determining the 
exchange current  from the Tafel  extrapolations.  Fu r -  
thermore,  the expected value of uni ty  is obtained for 
the sum of the anodic and cathodic t ransfer  coefficients 
de termined f rom the Tafel  relat ionship when  a two-  
electron step is assumed, al though this sum is about 
two if a ra te -de te rmin ing  step involving a single elec-  
tron is assumed. Similar  results supporting a two-  
electron t ransfer  step were  found by Jaenicke  and 
Schweitzer  in other organic solvents (12). 

The effect of the addition of n-propanol  on the ap- 
parent  t ransfer  coefficients and apparent  exchange cur-  
rent  density (Fig. 1 and 2) may  result  f rom specific 
adsorption of the alcohol on the electrode surface, f rom 
changes in the potential,  r of the diffuse double layer, 
or from changes in the charge- t ransfer  reaction mecha-  
nism. Apparen t ly  all three  effects are present  in this 
complex system. 

Considering the effect of the potential,  r of the 
diffuse double layer,  the relat ionship be tween  the total 
current,  i, and the change- t ransfer  overvoltage,  ~1, is 

(,B-z) - -  ,2 RT RT [4] 
i = i$ o �9 e RT e - -  e 

where  it o is the true exchange current,  n is the number  
of electrons involved in the electrode reaction, z is the 
ionic valence of the oxidized species, at and ~t are the 
true anodic and cathodic t ransfer  coefficients, respec- 
tively, and F, R, and T are as usual (21). 

For  small 42 potentials  occurr ing in a large excess 
of indifferent electrolyte,  r --  r = 0) ~ ( C D / C d )  �9 
where  CD is the capacity of the total  double layer  (Fig. 
4) and Cd is the capacity of the diffuse double layer  
(22), and Eq. [4] becomes 

I anF --~nF 1 
RT RT [5] 

i = i o "  e - - e  

where  a and ~ are the apparent  t ransfer  coefficients 
and io is the apparent  exchange  current  at ~ = O. The 
relat ionship be tween the exper imenta l  apparent  t rans-  
fer  coefficient, ~, and the t rue  value, Bit, is 

: [Jt + - - - -  ~t  C D / C a  : I - -  a [6] 
n 

In aqueous or near  aqueous solutions where  
Zn(H20)x  + + is the oxidized species, n = z : 2, hence 

: [3~ + a t  �9 C D / C d  [7] 

The correction factor, at"  C D / C d ,  is usual ly  less than 
the exper imenta l  er ror  (5%) in aqueous solutions con- 
taining a large excess of indifferent  e lectrolyte  (22). 

According to Eq. [7], the init ial  increase in the ap- 
parent  cathodic t ransfer  coefficient, ~, upon adding 
n-propanol  (Fig. 1) represents  ei ther  an increase in 
the t rue t ransfer  coefficient, t~t, or an increase in the 
correction factor at �9 C D / C d .  Figure  4 shows a sharp de- 
crease in C D  on adding n-propanol,  probably due to 
specific adsorption of n-propanol  on the electrode 
which lowers the dielectric constant of the Helmhol tz  
double layer (23) and hence the  Helmhol tz  capacity, 
CH. In the presence of the 1.0M excess LiC104 electro-  
lyte, the effect of the alcohol on the diffuse double 
layer capacity, Ca, wil l  be small  compared wi th  the 
effect on Cw An unreasonable 5- to 10-fold decrease 
in Ca to a value of about 50 ~,f/cm 2 is required to ex-  
plain the initial increase in ~ in terms of the correc-  
t ion factor ~t �9 Co~Cal .  Therefore,  it is concluded that  
the initial changes in the apparent  t ransfer  coefficients 
upon adding n-propanol  (Fig. 1), reflect the changes 
in the t rue t ransfer  coefficients. This is contrary  to 
previous reports  that  the  t ransfer  coefficients of the 
Zn~+/Zn(Hg)  electrode react ion are unaffected by the 
presence of alcohol (2, 12). However ,  it is interest ing to 
note that  values for ~t obtained by Jaenicke  and 
Schwei tzer  (12) in wa te r - t e t r ahydro fu ran  mixtures  
change with addition of the organic solvent very  simi- 
lar ly to the change in ~ observed using n-propanol.  The 
correction factor used by Jaenicke  and Schwei tzer  (12) 
for the effect of the diffuse double layer  can be shown 
to be equivalent  to the correct ion factor in Eq. [7]. 

The increase in the t rue cathodic t ransfer  coefficient, 
~t, upon addition of n-propanol  indicates that  the 
transi t ion state has moved closer to the electrode sur-  
face. In mixed  water -a lcohol  solvents, the meta l  ion 
is preferent ia l ly  solvated by water  (24-26) while  the 
alcohol tends to be specifically adsorbed on the amal -  
gam electrode surface (2, 12, 23). In the cathodic re-  
action, the water  molecules in the solvent shell of the 
Zn + + ion are exchanged for alcohol molecules as the 
Zn + + ion passes into the adsorbed alcoholic layer, 
whereupon desolvation follows as the Zn + + ion pro-  
ceeds to the electrode surface (12). It is reasonable 
that  the transi t ion state occurs closer to the electrode 
surface in the presence of specifically adsorbed alcohol 
than in the case of pure  aqueous solutions where  only 
simple desolvation of Zn + + is involved.  Figure  1 indi-  
cates that this effect relaxes as the increasing alcohol 
concentrat ion reduces the contrast  be tween  the solvent 
composition at the electrode surface and in the bulk 
solution. Fundamenta l  changes in the react ion mecha-  
nism may also occur as the solvent composit ion changes 
which may affect Bit. 

The potent ial  dependence of the electrochemical  
t ransfer  coefficients (27) must  also be considered in 
any in terpre ta t ion of the behavior  of ~. In the cathodic 
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potential  region where ~ was determined,  the t ransfer  
coefficients for Zn2+/Zn (Hg) electrode reaction do not 
show any significant dependence on the potential  (5, 
28). In  the anodic potential  region where a was deter-  
mined, it is reported that  a tends to decrease with in -  
creasing potent ial  (5, 28). Figure 1 does show that  
many  exper imenta l  a values do tend to be smaller  than  
expected, but  this result  is not ent i re ly  outside the 
exper imental  error. 

The product  of viscosity and conductivity,  ~lu" k, 
shown in Fig. 3 indicates the extent  of ion association 
in these solutions since ~v " k is roughly proport ional  
to the ionic concentrat ions (12). Figure 3 indicates that  
about 60-70% of the salts present  are undissociated in 
solutions with high n-propanol  concentrations. 

Plot t ing the equi l ibr ium potent ial  Co, vs.  log[LiC104] 
in 0.98 mole fraction propanol  gives a slope of about 
--30 mV (Fig. 5), suggesting from the Nernst  equation 
that  the net  electrode reaction in this solution is 
ZnC104 + + 2e -  ~ Zn -{- C104-, assuming that  the 
activity of C104- is proport ional  to [LiC104]. 

The electrochemical reaction order, P, for the C104- 
ion in the cathodic reaction can be determined from the 
relat ionship (29) 

0 In io atnF 0 eo F 0 ~b2 e 
- -  -- P + - -  - -  + (n& - z) 
0 l n a k  R T  0 l n a k  R T  O ln  ak 

[8] 

where ak represents the activity of the C104- ion and 
~b2 e represents the value for r at , = ,o. The term in-  
volving ~2 ~ is usual ly  neglected when  ak represents  
some species other than  the excess electrolyte. Figure 
5 shows the variat ion of io vs.  log[LiC104] in 0.94 mole 
fraction alcohol as determined from coulostatic mea-  
surements.  Using the approximate relationship (30) 
0 ~ / 0  In ak ~ R T / F  ( taking the positive sign since the 
Epzc measurements  indicate ~ < 0) and the relat ion-  
ship z = n -- P converts Eq. 8 to 

0 In io atnF 0 "o 
- - _ 2 P - - n - t - n / ~ t + - - - - _ 2 P - - 2  [9]  
0 i n a k  R T  0 l n a k  

where various terms were evaluated using n = 2 and 
fit = 0.3 and est imating 0 eo/a In ak from Fig. 5. As- 
suming ak = [LiC104] to evaluate  0 In io/O In ak from 
Fig. 5 yields, using Eq. [9], P ~ 0.75 for [LiC104] 
< 0.8M and P ~ 1 for [LiC104] > 0.SM. 2 This suggests 
that  at high LiC104 concentrat ions in the alcohol-rich 
solutions, the ra te -de te rmin ing  step is p r imar i ly  

ZnC104 + + 2e -  ~ Zn + C10r [10] 

while for low LiC104 concentrat ions there is l ikely to 
be a parallel  reaction involving the solvated Zn + + ion. 
It is interest ing to note that  the slope of the log io vs. 
log[LiC104] plot (Fig. 5) changes where [LiC104] = 
[H20] = 0.8M. At higher LiC10~ concentrations, due 
to the shortage of water  molecules, some of the Li + 

Using  the  re lat ionship a~ = c~-~ w h e r e  c~ a nd  7 are the concen-  
tration a n d  a c t i v i t y  coefficient,  r e spec t i ve ly ,  of  spec ies  k, Eq.  9 m a y  
be wri t ten  

O In io ~ t n F  0 eo 0 in  7 
- - - - - -  2P -- nc~ + - -  - -  + ~2P -- na~) 

e9 In  c~ R T  ~ In c~ c~ In c~ 

c~nF 0 eo c~ In  io 
nott/2. L e t t i n g  y - -  and 

R T  0 In c~ ~ In c~ 

and solv ing the  a b o v e  e q u a t i o n  fo r  t he  r eac t ion  order ,  

n a t ( 3 / 2  + x) + y 
P =  

2(1 + x) 

F r o m  the  m e a n  a c t i v i t y  coeff ic ient  of  LiC104 in  a que ous  so lu t ions ,  
g e n e r a l l y  ]x I < 0.1. In  a l coho l  so lu t ions ,  i n d i c a t i o n s  are t h a t  ~, 
decreases  more  m a r k e d l y  w i t h  sa l t  c o n c e n t r a t i o n  t h a n  in  a q u e o u s  
s o l u t i o n s  w h i c h  w o u l d  g i v e  l a r g e r  v a l u e s  fo r  Ixl. N e v e r t h e l e s s ,  t he  
v a l u e  of  P is f a i r l y  i n s e n s i t i v e  to  the  ac tua l  v a l u e  of  x fo r  x v a l u e s  
g r ea t e r  t h a n  --0.5. F o r  e x a m p l e ,  u s i n g  y = 0 f r o m  Fig.  5, P v a r i e s  
f rom on ly  1.4 to  0.9 in  1M LiC104 for  x v a l u e s  r a n g i n g  f r o m  --0.5 to  
+ 0.5. A t  the  h i g h e r  sa l t  concen t r a t i ons ,  Ix I l i ke ly  decreases  and  ap-  
p roaches  zero as ~, a p p r o a c h e s  a m i n i m u m  va lue .  A m o r e  e x a c t  
ana ly s i s  a w a i t s  the  ac tua l  m e a s u r e m e n t  of the  m e a n  a c t i v i t y  co- 
eff ic ient  of LiC104 in these  so lu t ions .  
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Fig. 5. Variation of the equilibrium potential, Co, and apparent 
exchange current density, io, for the Zn2+/Zn(Hg)  electrode reac- 
tion with Iog[LiCIO4] at 25.0~ The eo values were determined 
in 0.98 mole fraction n-propanol while the io values are for 0.94 
mole fraction n-propanol. O ,  eo measurements. $ ,  io measure- 
ments. 

or Zn  + + ions must  remain  completely dehydrated in 
the solution. 

The apparent  exchange current,  io, is related to the 
true exchange current,  it o, by the expression 

F 

io = it ~ " e RT [11] 

where ~b2 < 0 since measurements  are made at poten-  
tials negative to Epzc. For discharge of either Zn + + �9 
solv or ZnC104 + �9 solv, ne t  < z, hence io > it ~ The 
sharp decrease in io upon adding n-propanol  (Fig. 2) 
may be at t r ibuted either to a decrease in it ~ or to ~b2 
becoming less negative. Probably  both effects are 
present. 

Aramata  and Delahay (2) showed that addition of 
n - a m y l  alcohol produces a sharp decrease in  io for 
Zn2+/Zn(Hg)  electrode reaction which they account 
for by r becoming less negative with addition of the 
alcohol and by the decrease in  the effective surface 
area result ing from coverage of the electrode by the 
n - a m y l  alcohol. Their  results are for 0.05M Mg (C104)2 
electrolyte. In 1M LiCIO4 electrolytes, the r effect on 
the apparent  exchange current  wil l  be much less. 

A decrease in it ~ upon addition of the alcohol can be 
at t r ibuted to the discrepancy between the solvent com- 
position at the electrode and in  the solvation shell of 
the Zn + + ion. In pure  aqueous solutions, the major  
energy barr ier  to the discharge of the Zn ++ ion is 
probably dehydrat ion of the Z n + + . a q  ion. With 
alcohol specifically adsorbed on the electrode, the de-  
hydrated Zn + + must  also compete with the alcohol for 
adsorption onto the electrode surface which increases 
the energy barrier.  Similar  a rguments  for an increased 
energy barr ier  upon adding an  organic solvent are 
proposed by Jaenicke and Schweitzer (12). Their  re- 
ported exchange currents  are also apparent  exchange 
currents  since their  corrective term for the diffuse 
double layer, n �9 CD/Cd, becomes zero at ~ = 0. 

The steep increase in io above 90% alcohol (Fig. 2) 
probably results from complete replacement  of water  
in the solvation shell of the Zn + + by propanol  mole-  
cules. Calculations show that  at 0.9 mole fraction al-  
cohol there is only one water  molecule available for 
each Li + and Zn + + ion in the solution. Both ions tend 
to be preferent ia l ly  solvated by the water  (24), hence 
competit ion for the water  molecules becomes intense. 
As the alcohol concentrat ion increases beyond 90 mole 
per cent (m/o)  n-propanol ,  the Zn + + or ZnCIO4 + ions 
may tend to become solvated solely by the alcohol. The 
energy barr ier  for desolvation of the alcoholic Zn + + 
ion is l ikely much less than for the aqueous Zn + + ion, 
hence it ~ and io increase rapidly in  this region. As the 
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remain ing  wa te r  molecules  in the Zn + + ion are  re -  
placed by  n -p ropano l  molecules, the  react ion mecha-  
nism p robab ly  shifts to tha t  of Eq. [10] involving 
ZnC104 + �9 solv. 

The g radua l  increase  in io be tween  0.1 and 0.8 mole  
fract ion n -p ropano l  (Fig. 2) is p robab ly  due  to r 
g radua l ly  becoming more  negat ive  f rom decreasing 
dissociation of the salts  (Fig. 3). As long as wa te r  
molecules  are  avai lable ,  the Zn + + ion wi l l  appa ren t ly  
remain  p re fe ren t i a l ly  solvated by  the wa te r  molecules 
(24-26). Pa r t i a l  exchange of wa te r  molecules  for 
n -p ropano l  molecules  in the  solvat ion shell  of the  
Zn + + ion at the  h igher  alcohol concentra t ions  would 
l ike ly  cont r ibute  to this  increase in io. 

Summary 
Galvanosta t ic  and coulostat ic measurement s  of the 

apparen t  exchange cur ren t  and  appa ren t  t r ans fe r  co- 
efficients for  the  Zn2+ /Zn(Hg)  e lec t rode  react ion in 
b ina ry  mix tures  of wa te r  and n -p ropano l  a re  repor ted.  

The observed changes in these quant i t ies  can be 
in te rp re ted  in t e rms  of changes in the  potent ia l  across 
the  diffuse double layer ,  specific adsorpt ion  of the 
alcohol on the  e lect rode surface and p re fe ren t ia l  sol- 
vat ion of Zn + + ions by  water ,  and b y  a change  to a 
react ion mechanism involving ZnC104 + as the  concen- 
t ra t ion  of n -p ropano l  increases. 
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An Electrochemical Oxygen and Sulfur Vapor 
Gauge with Pyrex as Solid Electrolyte' 

D. Yuan* and F. A. Kr6ger* 
Department of Materials Science, University of Southern California, Los Angeles, California 90007 

ABSTRACT 

Elect rochemical  cells W,Na]Pyrex]Pt,O~; Pt,O~lPyrex[Pt,O2; and W, NaE 
Pyrex[C,S2 are  found to give emf's  fol lowing the Nernst  formula.  The 
emf is a t t r ibu ted  to the  format ion  of Na20 or  Na2S in the glass near  the  glass-  
gas interface.  Af t e r  s t rong polar izat ion in e i ther  direction,  the  cell  emf re-  
turns  to the  value  for the  unpe r tu rbed  system. Energies  and entropies  of 
solut ion of Na20 in P y r e x  are  shown to be close to the  cor responding  values  
for the format ion  of Na2SiO3. P y r e x  cells can be used as O2 or $2 pressure  
gauges. 

Glass has  been used as solid e lec t ro ly te  in the  cell  
H21glassiO2 for measur ing  the emf 's  due  to the  fo rma-  
tion of wate r  f rom oxygen and hydrogen  (1-3).  Pyrex,  
a borosi l icate glass (4), has been used as a sodium ion 
specific membrane  in contact  wi th  mol ten  sodium salts 
(5) or l iquid sodium al loys (6) to measure  sodium 
activities.  The Na  + conductor  Na-pA1203 has been used 

�9 E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
1 T h i s  w o r k  w a s  s u p p o r t e d  b y  t h e  U n i t e d  S t a t e s  A i r  F o r c e  Office 

of  Sc i en t i f i c  R e s e a r c h ,  D i r e c t o r a t e  of  C h e m i c a l  Sc i ences ,  u n d e r  
G r a n t  No. A F - A F O S R  68-1405. 

K e y  w o r d s :  o x y g e n  p r e s s u r e  g a u g e ,  s u l f u r  p r e s s u r e  g a u g e ,  P y r e x ,  
gas  cell. 

as a solid e lec t ro ly te  in a cell  based  on the  react ion 
Na(1) -t- S(1) --> NaeS (7). I t  is of in teres t  to see 
whe ther  P y r e x  can also be used to measure  the  oxygen 
and sulfur  pressure  in gases. To this end, emf mea -  
surements  were carr ied  out on cells of the  types  

W, Na(1) IPyrexlPt ,  O2(g) [1] 

W, Na (1) IPyrex[C, $2 (g) [2] 
and 

Pt, O~ (I) IPyrex[Pt ,  02 ( I I )  [3] 

The react ions under ly ing  a possible emf are  
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2Na(1) + �89 -~ Na20 (glass); G ~ (Nasa, glass) 
[4] 

2Na(1) + ~S2(g) --> Na2S (glass); G ~ (Na2S, glass) [5] 

and 
02 (P02)* "* O2 (Po2) n [6] 

Nasa  (glass) and Na2S (glass) indicate the state of 
the compounds as they are present in the glass at the 
glass-gas interface. If the activity of Nasa  in the glass 
is aNa20, then the free enthalpy of Na20 in the glass is 

G ~ (Nasa, glass) ---- G ~ (Na20) + R T  In aNa20 [7] 

Go(Na20) being the s tandard free enthalpy of 
Nasa ( s ) .  A similar  expression holds for G ~ (Na2S, 
glass). A value of aNa20 =/= 1 must  be expected to result  
par t ly  from the heat and vibrat ional  entropy of solu- 
tion of Nasa  in the glass (Gexc. ox. = Hexc. ox. -- 
TSexc. ox.) and par t ly  from configurational entropy due 
to the dis t r ibut ion of the Na20 or its components in 
the glass (aNa20, config.) 

R T  In aNa20 : R T  In aNa20, config. "~- Gexc . . . .  [8] 

For simple solution behavior, aNa2O ---- XnNa20, n de- 
pending on the atomic structure of the solution. We 
expect n = 1 for incorporation of Na20 in a manner in 
which only one defect is formed, the two Na's being 
close together 

Na Na 
o 

si / si/ 

n : 2, if two defects are formed in  concentrations 
larger than the nat ive disorder 

Na 

\ si" o o:..... 
Si + 1Nai + 

and n = 3 if three defects are formed 

Si / O -  S i ' /  + 2 Nai + 

Alternat ively,  we may have configurations involving 
boron 

~ N a  (n -- 1), or ~ B -  -{- Nai + (n = 2) /B / "k 
The expected emfs are for cell [I] 

1 
- - E ,  = ~ [G  ~ (Nasa) + Gexe. ox. 

+ R T  In  aNa2o, ~o~ig. Po2 -1/2 aNa -2 ]  [9] 

aNa being the activity of Na in the melt  at the left 
hand  side, and Po2 the oxygen pressure in the gas at 
the r igh t -hand  side. 

Similarly,  for cells [2] 

1 
--E2 : ~ [G ~ (NasS) + Gexc. sulf. 

+ R T  In aNa2S, config. PS2 -1/2' aNa -2]  [I0] 

Cells [3] should follow the Nernst expression 

RT (Po2) I I  
- -E3  = '  I n  - -  [11 ]  

4F (Pos) * 

Since G ~ ---- H ~ -- TS ~ and Gexc. = I-Iexc. -- TSexe., Eq. 
[9] and [10] can be rewr i t ten  as 

--Eox. --- - -~  [H o (Na20) + Itexc. ox.] -- T [ S ~ (Na20) 

+ Sexc. ox. + R In aSNa PO21/2 ] /  [12] 
aNaSO, conflg. l 

and 

-E~ulf. = ~ [I-Ia (Na2S) + He~c. ~um] -- T [ S ~ (Na~S) 

-{- Sexr sulf. -~- R In .  a2Na PS21/2 ] /  [13] 
aNa2S, config. J 

If we neglect the tempera ture  dependence of H and 
S, [12] and [13] indicate that  the emf's of cells [1] and 
[2] are of the form E = Eo -- BT .  A plot of the emf as 
a function of temperature  is a straight line, with Eo, 
the intercept  at T = 0~ equal  to --(H~ 

1 ( S  o Hexc. ox.)/2F and the slope B, equal to 2F 

a2NaP021/2 ) 
+ Sexc. oz. + R In with similar expres- 

aNa20, config. 
sions for the sulfur  case. 

Experimental 
Sealed sodium-filled glass cells were made as in-  

dicated in Fig. 1. The sodium was Mallinckrodt pro 
analysis sodium, used without  fur ther  purification. As 
electrodes and leads, pure tungsten  wires were used at 
the Na side, Pt  wire and Pt  paste at the oxygen sides 
(cells [1] and [3]), and graphite ya rn  and graphite 
powder at the sulfur  side (cell [2]).  

The sodium cell was placed inside another Pyrex 
tube which serves as a protection against the outside 
atmosphere, and the combinat ion was mounted  inside 
a furnace. Temperature  fluctuations were kept wi thin  
_+2~ by operating the furnace on a constant  voltage 
transformer.  A Chromel-Alumel  thermocouple was 
used in measur ing the temperatures.  The cell e m f s  
were measured by  a Cary 31CV vibrat ing reed elec- 
t rometer  which serves as a high impedance voltmeter.  
When different electrode materials  were used, the emf 
values were corrected for the small  thermoelectric 
power of the couples these materials  constitute. In  the 
polarization experiments,  outside voltages were sup- 
plied by constant  voltage dry batteries and currents  
were measured with a Simpso~ meter. A digesting 
period is necessary for each measurement  at the de- 
sired temperature  in order to reach a steady state. 
Several  gases were used to establish different oxygen 
activities, such as N2 ~- 10 -5 atm 02 and Ar + 10 -7 arm 
O2. For lower oxygen activities, CO/CO2 and H J H 2 0  
buffer systems were used. For the H J H 2 0  system, t ank  
hydrogen gas is passed through water  at known tem- 
perature so that  the hydrogen gas is saturated with 
water  vapor at that temperature.  For the CO/COs sys- 

Pump 

Three way stopper 

Y"-Pt paste ~ ~F 

(o) (b) 
Fig. 1. The Ha electrode (a) and the procedure to make it (b). 

I--Introduce Na protected by toluene into A. 2--Evacuate A, B, 
C through D. 3--Close D. ~--Cool B to --180~ and distill the 
toluene from A to B. 5--Melt Na in argon and preheat the capil- 
lary rod. 6~ /e t  in argon at D and press the Na from A to C. 7- -  
Evacuate through D. g--Melt off at E. 
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- 2 , 6 ~  0 , lotto. 

~ N 2 + I 0-$02 T : 500~ 
- 2 4 " ~ , / ~  Ar +10"702 

- i , 2  ~ N2+H  e 

- 0 . 8  - - l og  po  z ( a tm)  

-o.6 s, ,o 1,5 2,o 2p 3,o 3,5 4,o 

Fig. 2. Emf a.s /(POe) far a cell W, Na(I) ( Pyrex 1 Pt, 02 at 
500~ The line gives the pressure dependence according ta Eq. 
[9]. 

tem, t ank  ni t rogen (containing 10 - 5 0 ~ )  is passed over 
graphite which t ransforms the oxygen into a mix ture  
of CO and CO2 (8). The graphite was in a Pyrex  tube 
inside another  furnace. Different ratios of CO/COs 
can be established by  keeping the graphite at differ- 
ent temperatures.  The "Ne + He" mixture  point was 
achieved by passing Ne (containing 10 -5 02) and He 
in a 1:1 ratio through a liquid air t rap to remove 
water, and then through a furnace at 700~ to t rans-  
form the oxygen into water  vapor. The oxygen pres-  
sure can be calculated from the He/HeO ratio, the 
lat ter  being known if it is assumed that  all  the O2 in 
N.2 is tu rned  into HeO. In  all cases bu t  the latter, the 
oxygen pressure was determined wi th  the aid of a cell 
with calcia-stabilized zirconia as solid electrolyte. For 
"N2 + He," the O2 pressure falls outside the range 
where the electrolyte has an ionic t ransference number  
equal to one, and therefore we have to rely on the cal- 
culated pressure. In  the sulfur  cells, sulfur  pressures 
were established by various methods. In  a first set of 
experiments,  solid or l iquid sulfur was present  in the 
outer compar tment  of the cell and the temperatures  of 
the sulfur  and the cell were the same. In a second set 
of experiments,  the sulfur  and the cell were at differ- 
ent temperatures.  Use of two separately controlled 
sections of the furnace makes it possible to vary  the 
tempera ture  of the sulfur  source and the cell inde-  
pendent ly;  i.e., we can study the properties of the cell 
at constant  T under  vary ing  sulfur  pressures. In order 
to t ransfer  the sulfur  vapor from one compar tment  to 
the other, pure  argon was used as a carr ier  gas. Final ly,  
in a third series of experiments,  HeS and mixtures  of 
I-I2 + H2S were used to establish low sulfur  activities. 

Results and Discussion 
Oxygen ceZls.--Figure 2 shows the emf of the oxygen 

cells at 500~ as a funct ion of the oxygen activity. All  
the points except the "N2 + I-I2" point  are close to the 
l ine showing the 0.2 pressure dependence required by 
Eq. [9]. This indicates that  the in terpre ta t ion of the 
cell emf as being based on the formation of Na20 is 
correct: formation of Na202 would give a dependence 
ccpo 2. In  order to find the reason for the deviat ion of 
the "N2 W He" point, let us consider the theoretical  
low-pressure l imit  for the operation of the cell. This 
l imit is different for buffered and for nonbuffered 
gases. For  the former, this l imit  is set by the oxygen 
pressure at which liquid sodium with aNa = 1 is 
formed. In  this case the cell [1] becomes identical with 
a cell Na(1) IPyrexlNa (1) with E = 0. Extrapolat ion of 
the Nernst  l ine in Fig. 2 to E = 0 gives (POe)limit. buffer 
= 10 -80 a tm- -we l l  below the 10-40 value of the 
"Ne + He" point. In  nonbuffered gases, we expect the 
cell to be l imited by the dissociative evaporat ion of 
NaeO 

NaeO ( g l a s s ) ~  2Na(g) 4- %O2(g);  G~ ox. [14] 

PNa e Poe  1/2 = exp (--G~ ox./RT) [15] 

with G~ ox. = - -G ~ (Na20, glass) + 2G ~ (Na ). 
1---> g 

G ~ (Na20, glass) is given by the emf El = 2.52V of 
cell [1] with pure Na(1) on one side and 1 atm 02 on 
the other at 500~ G ~ (NaeO, glass) = --2FE1 = 
--116.2 kcal mole. Go(Nal~  ~ ) = 25.7 kcal /mole (9) 

and, thus, G~ o~. = 167.6 kcal /mole  and exp 
(--Gaeva,. ox./RT) = 2.7 • 10 -4s atm 5/e. At  the sub-  
l imat ion point, PNa --  4p02; then [15] leads to 
(PO2)hmit. unbuffered = 3"~ X 10 -20 atm. This is much 
larger than the value ~ 10 -as atm the Nernst  line in-  
dicates for the "N2 + H2" point  and shows that  the 
He/H20 buffer is still active. This is to be expected, 
Since only reaction of H2 and O2 is involved, this 
H.~O-poor buffer should perform as well  as the mix-  
tures with more water.  The deviation of the Ne + I-I2 
point can therefore not be explained by a deviat ing 
oxygen activity in the gas phase, but  must  be due to 
a different chemical reaction having become potential  
de te rmining--poss ib ly  ni t r ide formation. Fur ther  work 
is necessary to solve this problem. In  any  case, the 
cell is shown to he rel iable down to a pressure of 10 -~e 
atm Oe. 

In order to check the stabil i ty and reproducibil i ty of 
the cell, it was polarized for several hours with a 
voltage of 12V with  a Na electrode either positive or 
negative. Figure 3 shows the re laxat ion of the cell 
emf measured after removal  of the polarizing field. For 

3.o . -  3oooc [~ (b)] 

. . . .  I . . . .  I , , i i I i i i i I , , , , [ . . . .  I . . . .  I , i i i I i i , , i . . . .  I 

18 I0 20 :30 4 0  50  60  70  8 0  9 0  100 
- -  ~ ~recovery ( ra in)  

Fig. 3. Variation of the emf 
with time far an oxygen cell 
after polarization. 
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4.0 

3.5 

Fig. 4. Emf as f(T) for a cell 
W, Na(I) [ Pyrex J Pt, 02, l ( a ) - -  ~> 3.0 
po2 = lO-e  atm; unpolarized. L 
I (b)--As (a), but polarized 
(Na + pulled inward). I (c) - -As 
(o), but polarized (Ha + pulled 2.5 
outward). 2--po2 = i arm. 

2.0 

1.5 

I (c) / - . ~ ~ , .  

both directions of polarization, the cell  re turns  to its 
original  emf  in 1.5-2 hr. 

Figure  4 shows the emf of the oxygen cells as a 
function of temperature .  The lines l ( a )  and 2 repre-  
sent the equi l ibr ium emf's  for N2 + 10 -5 atm 02 and 
pure O2, respectively.  Lines l ( b )  and l ( c )  are ob- 
tained after  polarization with  a field of 12V at the cor-  
responding tempera tu re  for several  hours unti l  the 
readings did not change wi th  fu r the r  polarization. For 
1 (b), the Na-side of the cell  was negat ive;  i.e., sodium 
ions were  removed from the outer  surface. For  l ( c ) ,  
the  same voltage was applied in the opposite direction; 
i.e., sodium ions were  d rawn to the outer  surface. In 
both cases the final values, taken approximate ly  30 
sec after  remova l  of the polarizing field, are  inde- 
pendent  of the t ime of polarization and the voltage 
used for polarization. This independence suggests for 
1 (b) that  electrolysis has taken place with  formation 
of a new phase (Na20 or Na2SiO3) at the  outer  surface. 
Yet, as shown in Fig. 3, the original  emf  is restored 
in a compara t ive ly  short  time, which suggests that  t rue 
polarization, wi thout  second-phase formation, has oc- 
curred or, at least, that  the format ion of a second phase 
does not affect the emf. This is also indicated by the 
fact that  1 (b) and 1 (c) extrapolate  to the same T ---- 0 
value  in the equi l ibr ium lines. For  all  four cases 
[though with considerable scatter  for 1 (b) and 1 (c) ], 
the emf  is a l inear  function of T: E = Eo - -  B T .  The 
equi l ibr ium lines 1 and 2 fit the relat ion 

R T  
In a2Na Po21/2 [16] 

2F 
E = 3 . 8 0  - -  1.75 X 10-3T - 

In terpre ta t ion  of Eo = 3.80V on the basis of Eq. [12], 
neglecting the tempera ture  dependence of H and S, 
leads to H~ Jr- Hexc. ox. = --173 kca l /mole ;  wi th  
H~ 298 = --100.6 kca l /mole  (10), this gives Hexc. ox. 
= --72.4 kcal/mole,~ somewhat  more negat ive  than 
the  enthalpy effect of the react ion 

, �9 I . . . .  I . . . .  J . . . .  I . . . .  I , , , , I , , , , I , , , , I * , 

- 200 - I00 0 I00 200 500  400  500 
- - ' * " -  Temp ~ 

Therefore,  R In aNa2o, config, must  be v e r y  small. F igure  
5 shows the emf  measurements  of cell  [3], wi th  oxy-  
gen at different pressures at the two sides. The read-  
ings of the emf's  have  an uncer ta in ty  of ___5 mV, the 
flow of gas through the cell making the tempera ture  
somewhat  unsteady. The readings, however ,  are close 
to the calculated values of Eq. [11]. 

It may  be concluded that  Pyrex  glass cells may  be 
used as an oxygen act ivi ty  sensor. Since the large value 
of go for the sodium cell introduces a considerable 
source of error, it is preferable  to use a cell of type 
[3], provided tempera tu re  effects can be eliminated.  
The sodium-oxygen  cell can also be used to determine  
the Na20 act ivi ty  in sodium glasses. 

S u l ] u r  c e l l s . - - F i g u r e  6 shows the emf of sulfur cells 
of type [2] as a function of the t empera tu re  of the cell 
for  various sulfur pressures. The curve  for saturated 
sulfur vapor  corresponds to the case that  the sulfur 
source and the cell are at the same temperature .  For 
the other  curves, the sulfur source was at t empera-  
tures different f rom that  of the cell. When sulfur 
vapors, produced by evaporat ion of S(1) at a total  
pressure determined by the source temperature,  reach 
the cell compar tment  wi th  its h igher  temperature ,  the 
total  pressure remains  the same but the part ial  pres- 
sure of the molecular  species $2, $3 �9 �9 �9 $7, Ss is 
changed. The pressure of a par t icular  species, e.g. S~, 
is related to those of all other  species by known equi -  
l ibr ium constants of reactions such as 3S2 -* 2Ss, 2S2 --> 
$4, etc. (12), and, for a given total  pressure, the pres-  
sures of the various species can be calculated. Figure  7 
shows the par t ia l  pressure of $2 at different t empera -  
tures wi th  the sulfur  source at 200 ~ , 250 ~ , 300 ~ , and 
350~ 

By combining Fig. 6 and 7, we  can construct  the emf 
of cells of type [2] as a function of Ps2 at different 
tempera tures  (Fig. 8). The emf  can be represented by 

N a 2 0  + SiO2-4  Na2SiO3; H~ -" - -56.5  k c a l / m o l e  (11),  

aS : --40 ca l /deg  mole  (11) [17] 

The slope B for cell [2] is 1.75 x 10 -3 V/~  The 
quant i ty  2FB = 80.7 ca l /deg  mole  can be ident i f i ed  
with  - - [ S o ( N a 2 0 )  + Sexc. ox. -- R In aNa2o, config.]. For  
Na20 made f rom Na(1), AS~ ~_ --37 ca l /deg  
mole  (10) ; t h e n  Sexc. ox. - -  R In aNa20, config. ~ 43.7 ca l /  
deg mole. Sexc. ox. should be close to AS of react ion [17]. 

Since we n e g l e c t  the t emperature  d e p e n d e n c e  of H and S in the  
interpretat ion  of  Eo and B, there  is no  point  in d i s t inguish ing  be-  
tween  Ho~s and  Ho0 and AS2~ and /~SOo. 

0 .2 (3  

O . I E  

O. IE 

0.14 

o 0.12 

~ "  0 . 1 0  

~ 0.08 

006 

0.04 

0D2 

0 

~ 
/ ~ ~ c a l c u l a t e d  w i t h  f o r r n u l o  ( I I ) 

/ I 

I I , , 
- 2 0 0  - I 0 0  0 I 0 0  2 0 0  3 0 0  4 0 0  5 0 0  6 0 0  

T e m p  ~  

Fig. 5. Emf of the Pt, 021 Pyrex I Pt, 0~. cell 
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(.o 

Ld 
Saturated sulfur pressure curve 

Sulfur saurce at 550~ 

o Sulfur source at 500~ 

. Sulfur source at 250~  

x Sulfur source at 200~  

Fig. 6. Emf as function of 
temperature for the sodium-sul- 
fur cell with saturated and non- 
saturated sulfur vapor. 

200 250 5 0 0  550  
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+ 2Y 

The sulfur  pressure dependence indicates that  sulfur  
is incorporated at the glass surface as single ions S =, 
as is to be expected if Na~S is formed. 

The intercept at T : 0 is Eo : 3.32V, or -- (H~ + 
Hexr sum) : 153 kcal /mole for this reaction. As H~ 

--93 kcal /mole (10), Hexc. s~m ----- --60 kcal/mole,  
somewhat smaller  than  in  the oxide case. It  should be 
not too different from the unknown  enthalpy of the 
reaction Na2S + SiO2 --> Na2S �9 SiO2. Further ,  we find 
Sexe. sam ~ --17 cal /deg mole + R/2F In aNa2S, config.- 

I 0  

I 

-r 
E 
E v 

(3_ 

200 ~ 

' v 2 0 0  500 400  
Temp. ~ 

Fig. 7. Partial pressures of 52 as a function of the temperature 
of overheating for sulfur vapor generated by heating sulfur at 
various temperatures (indicated at the curves). 

4 0 0  

The four lines in Fig. 8 fit the relat ion of Eq. [13]. 
With low sulfur  pressures established with the aid of 
H2S and mixtures  H2S + H2, cells of type [2] give the 
emf as shown in Fig. 9. The react ion H2S ~=2 H2 + �89 
leads to 

PH2 " PS21/2 
Kp(T) : [19] 

PH2 s 

with (13) 
4.57 X l0 s 

log Kp(T) = -- - -  + 2.35 [20] 
T 

Using Eq. [19] and [20] we can calculate values of 
Ps2 as f (T) ,  both for pure  H2S and for mixtures  H2 Jr 
H2S. Then using Eq. [13] we can calculate the ex-  
pected values of E of our cells and compare these to 
the observed emf's. There is good agreement  for 
T > 330~ but  discrepancies are found for pure H~S 
at T < 330~ As shown in Fig. 9, these discrepancies 
are removed by  assuming that  the t ank  H2S used con- 
tained an excess of sulfur  equivalent  to (pS2)ex t r a  --" 
10 -4 atm. This extra sulfur  may have originated from 
persulfide ions present  in  the mater ia l  used to generate 
the H2S. 

2"90 I 

2 8 0 I ~  Ps2 = IOmm 

12.6c- 
2.5C -- Ps2= O.Olmm ~ " ~ ~  

a.4c I I I I I I 
200 250 300 3so 400 430 

Toc 

Fig. 8. ps~ isobars of the sodium-sulfur cell with experimental 
points deduced from the data of Fig. 6. 
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Fig. 9. Emf measurements of 
the sodium electrode in H2S and 
an ecluimolar H2+H2S mixture 
compared with values calculated 
for PS2 produced by pure H2S 
and by H2S + 10 -4  $2. 
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It  may be concluded that  Pyrex  glass cells ma y  be 
used to measure the sulfur  activity in the gases. In  
order to reduce errors connected with a large value 
of Eo, it is advisable to use cells Pt, O2(g) JPyrexJ 
C, S2(g) ra ther  than  cells [2]. 

Manuscript  submit ted May 25, 1970; revised m a n u -  
script received Jan. 18, 1971. 

Any  discussion of this paper wil l  appear in a Dis- 
cussion Section to be published in the December 1971 
JOURNAL. 
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Ionic Conductance in Solids 
I. Compounds Formed between Silver Iodide 

and the Cyanides of Metals of Group IA 

G. W. Mellors and D. V. Louzos* 
Union Carbide Corporation, Consumer Products Division, Research Laboratory, Cleveland, Ohio 44101 

ABSTRACT 

Compositions whose conductance is essentially ionic have been prepared 
in the KCN-AgI  and RbCN-AgI  systems. The ma x i mum conductance is at-  
tained at ~ ratio of silver iodide to alkali  cyanide of four to one. For example, 
KCN-4AgI has a conductance of 1.4 x 10 -1 ohm -1 cm -1 at 25~ The conduct-  
ance has been measured as a funct ion of tempera ture  for KCN-4AgI and of 
composition for the general  system. X- ray  pat terns and thermal  analyses in -  
dicate that  these new compounds are un ique  materials  and not mixtures  of 
their constituents. 

Interest  in solids that  display high ionic conductance 
at or near  room tempera ture  arises from the fact that  
these materials  when  employed as bat tery  electrolytes 
would avoid some of the difficulties associated with the 
conventional  aqueous systems. Such shortcomings in -  
clude l imited shelf life, cell leakage, restricted tem-  
perature  range of operation, and the difficulty of mak-  
ing miniatur ized systems. 

* Electrochemical Society Active Member.  
Key words: solid electrolyte,  si lver iodide, conductance,  KAgA4CN, 

potassium cyanide. 

It is not in tended here to embark  on an extensive 
review of the field; should the reader  so desire, he may 
refer to a number  of excellent  articles (1). Very few 
solid materials  are known possessing a specific con- 
ductance, purely  ionic in nature,  as high as 10 -1 ,-~ 
10 -2 ohm -1 �9 cm -1. Conductance of at least this mag-  
ni tude is probably  required so that  cells of low in te rna l  
resistance, able to deliver appreciable power, may be 
constructed. 

The solid-state conductance of AgI (2), Ag2HgI4 (3), 
Ag3SI (4, 5), and of the MI-4AgI series where  M may 
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be K +, Rb +, or NH+4 (6, 7) have been reported. More 
recent work (8) has shown the conductance of RbAg4I~ 
to be 0.279 ohm -1 cm -1, ra ther  than  the lower value 
of 0.21 ohm -1 cm -1 original ly reported. 

It was thought of interest  to examine the compounds 
of silver iodide with the alkali  cyanides and this 
paper describes the preparat ion and properties of 
alkali  cyanide-si lver  iodide materials.  The compounds 
KAg414CN and RbAg414CN possess high ionic con- 
ductances very  similar  to those of KAg4I~ and RbAg4I~. 

Experimental 
M~terials.--Silver iodide was obtained from Mal- 

l inckrodt  Chemical Works. Potassium and sodium 
iodides and cyanides (ACS certified) were obtained 
from Fisher Scientific Company. Rubidium, l i th ium and 
cesium iodides, bar ium and silver cyanides were ob- 
tained from City Chemical Corporation. Silver metal  
and potassium argentocyanide were obtained from I. 
Miller, Incorporated, Cleveland. Argon, helium, and 
ni t rogen were obtained from the Linde Division of 
Union Carbide Corporation. 

All  materials  were stored in a dry box and wherever  
practicable were in addit ion fused and ground prior 
to use. 

Apparatus.--Samples were made by meRing together 
the components  under  argon or ni t rogen in Pyrex test 
tubes (6 in. x 1 in.) with side arms. Pellets of samples 
were prepared between appropriate electrodes in a 
Carver Laboratory Press, Model B, and the resistance 
was measured with a 1000 cycle conductance bridge 
( Industr ia l  Inst ruments ,  Model 216B2). 

The dry box was a control led-atmosphere laboratory 
Model 2C380-28R bui l t  by Kewaunee  Manufac tur ing  
Company. 

Differential thermal  analyses were made using a 
Du Pont  series 900 Differential Scanning Calorimeter.  

Results 
Preparation.--KAg414CN was prepared by mel t ing 

together potassium cyanide [6.49 w/o  (weight per 
cent) ] and silver iodide (93.51 w/o)  in  an atmosphere 
of dry argon. 

The procedure was as follows. The dried powders 
were well  mixed and placed in a Pyrex tube which 
was flushed with dry  argon for about 2 hr. After  an 
overnight  (~16 hr) hold at 180~ the tempera ture  
was raised to 495~ mainta ined  for 1 hr, and finally 
the tube  was quenched to room tempera ture  in a blast 
of cold air while the contents were protected by an 
argon atmosphere. (An al ternat ive  and satisfactory 
method of quenching was simply to pour the molten 
salt into l iquid ni trogen.)  

The mater ia l  as prepared was a gray-green  mass. 
The tube and contents were then sealed off and t rans-  
ferred to a dry box where the mater ia l  was powdered 
in an agate mor tar  and pestle. 

KAg414CN may also be prepared by heat ing together 
either KI  (1 mole) ,  AgCN (1 mole) and AgI (3 moles) 
or KAg(CN)2 (1 mole),  KI  (1 mole) and AgI (7 
moles). In both these cases, a mater ia l  identical  in all  
respects to that  produced by the original  preparat ion 
was obtained. 

RbAg414CN was prepared either by the reaction of 
RbCN (1 mole) with AgI (4 moles) or by heat ing a 
mix ture  of RbI (1 mole),  AgCN (1 mole) and AgI 
(3 moles) to 400~ and quenched to room temperature.  
The procedure was much the same as that described 
previously: the reaction tube was flushed with dry 
ni t rogen for 1 hr, heated to 130~ and held overnight,  
finally heated to 400~ and quenched by plunging the 
tube and its contents into l iquid nitrogen. The re-  
sul tant  solid was ground to a cream-yel low powder 
in a dry box. 

The corresponding sodium compound was made by 
heating together sodium cyanide (4.96 w/o)  and silver 
iodide (95.04 w/o) .  The homogenized melt  was 
quenched from about 400 ~ ,~ 420~ to room tempera-  

Table I. Conductance of cyanide-iodMe materials 

Sp c o n d u c t a n c e  
M a t e r i a l  ( o h m - 1  c m - 1  a t  2 5  ~  

K C N  �9 4 A g I  0 . 1 4  
R b C N  �9 4 A g I  0 . 1 8  
N a C N  �9 4 A g I  3 .3  x 10 -6 
L i C N  - 4 A g I  1 .38  • 10 -~ 
N I - L C N  �9 4 A g I  3 . 2 0  • 1 0  -6 
C s C N  - 4 A g I  9 . 0 9  x 10  -4 
K C N  �9 R b C N  - 8 A g I  0 . 1 5  
B a ( C N ) ~ - 2 A E I  8 .6  x 10-6 
B a ( C N ) 2  - 4 A g I  1 .4  x 10  -~ 
Ba(CN).-. 8Agl 1.3 • 10 -~ 
2AgI-KAg(CN)2 2.9 x I0 ~ 
3AgI-KAg(CN)~ 6.7 X I0 ~ 
4AgI-KAg(CN)s 1.2 x 10 -I 
9AgI-KAg(CN).z 3.8 • 10 -2 
19AgI-KAg(CN)2 4.5 • i0 -8 

ture  under  an argon atmosphere and the mater ial  
powdered in a dry box. It was dark gray-green in 
color. 

Because of the unavai labi l i ty  and general  difficulty 
of preparat ion of l i th ium cyanide, the a l ternat ive  
preparat ion star t ing with l i th ium iodide 1 (1 mole),  
silver cyanide (1 mole) and silver iodide (3 moles) 
was employed. A procedure identical to that  used in 
the preparat ion of RbAg414CN above was followed and 
the resu l tan t  compound was dark brown in color. 

It should be possible to prepare NH4Ag414CN by a 
similar procedure but, to date, three preparat ions by 
fusing together NH4I (1 mole),  AgCN (1 mole) and 
AgI (3 moles) have led to gray-green  solids with 
conductances considerably poorer than the rub id ium 
and potassium compounds. Two preparat ions in sealed 
tubes have yielded mater ia ls  of s imilar  poor conduct-  
ance. 

One sample of CsCN-4AgI was made by  fusion of 
CsI (1 mole),  AgCN (1 mole) and AgI (3 moles) 
under  argon. 

One sample of the mixed potass ium-rubid ium com- 
pound RbKAgsIs(CN)2 has been prepared. It is a gray 
solid of high conductance (see Table I) .  The start ing 
materials  were RbI (1 mole),  KAg(CN)2 (1 mole) 
and AgI (7 moles) and the usual  heating and quench-  
ing procedures were followed. 

Samples of Ba(CN)2-2AgI,  Ba(CN)2-4AgI and 
Ba(CN)e-8AgI  were prepared by  fusing together the 
components at 500~ under  argon and quenching, still 
under  an inert  atmosphere, to room temperature.  These 
were yellow solids of indifferent conductance (~10 -~ 
ohm-1  cm-1) .  

Several  compositions in the AgI -KAg(CN)2  series 
were prepared by the above procedure with the upper  
tempera ture  being in the 420~176 range. These ma-  
terials, upon gr inding in a dry  box, were green-yel low 
powders. For conductance data on these materials,  see 
Table I. 

Conductance measurements.--Pellets were formed in 
the laboratory press at 2000 and 3000 kg /cm 2 and mea-  
sured at the same pressure. It  was noted that  the re-  
sistance of the sample under  examinat ion  decreased up 
to about 1000 kg/cm 2 and then remained almost con- 
stant up to the highest pressure employed (~10,000 
kg/cm2). Either  p la t inum or silver foil electrodes were 
employed. The pellet was usual ly  about 1 cm in length 
and 1 cm 2 in cross-sectional area; thus, the reading 
obtained was approximately equal to the specific re-  
sistance (or the reciprocal of the specific conductance).  
It was assumed that contact resistances were negligible. 

Table I shows the values of the specific conductance 
determined for fifteen iodide-cyanide materials.  From 
this it can be seen that  the potassium and rub id ium 
compounds possess conductances that  approximate 
those of the MAg415 (where M is Rb, K, or NH~) com- 
pounds previously cited (6, 7). However, the sodium 
and l i th ium versions, as in the pure iodide systems, are 
relat ively poor conductors differing but  l i t t le from sil- 
ver iodide itself in this respect. Remarks on the prepa-  

1 U s e d  as  r e c e i v e d .  
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Fig. 1, Conductance of KAg414CN 

rat ions of ammonium derivat ive appear in an earlier 
section (v.i.) and it would appear (as yet of only one 
sample) that  CsCN-4AgI is a borderl ine case vis-a-vis  
conductance. 

In  Fig. 1, the variat ion of conductance with tempera-  
ture for KAg414CN is presented. From this graph of the 
logari thm of the specific conductance vs. the reciprocal 
of the absolute temperature,  one may  compute an ap-  
parent  energy of activation of 1.94 kcal �9 mote -1. Some 
remarks on these data are in order. 

The conductance was measured at room temperature  
and the specimen and press were then cooled to --440C 
in a large refrigerat ion chamber  with a number  of 
arrests, to permit  a t ta inment  of equil ibrium, at in ter-  
mediate temperatures.  Conductance measurements  
were obtained on the cooling cycle. During heating to 
117~ which was accomplished with a small  furnace 
enclosing the sample, fu r ther  measurements  were ob- 
tained but, on the second and subsequent  heating and 
cooling cycles, the data fell along the upper  straight 
line of Fig. 1. It  is l ikely that  the first heating cycle 
causes anneal ing or, in general, changes to which the 
conductance is sensitive. Be it noted that  inflections 
around room temperature  were absent in this "an-  
nealed" material .  

The conductance at 25~ of various compositions in 
the KCN-AgI  system is shown in  Fig. 2. 

Nature ol conductance in cyanide-iodide compounds. 
- - I t  is impor tant  that  the conductance of a mater ia l  
to be used as a solid electrolyte be essentially ionic in 
na ture  and this may be proved by demonstrat ion of 
the val idi ty  of Faraday 's  laws. 

Both KAg4I~CN and RbAg4L~CN were electrolyzed 
under  pressure between weighed silver electrodes at 
room temperature.  In  the case of the potassium salt in 
a run  of 1 hr durat ion at 10 m A / c m  2 current  density, 
anode and cathode current  efficiencies of 100% were 
obtained. In  a second exper iment  conducted over a 
16V2 hr  period at 2 m A / c m  2 current  density, efficien- 
cies of 95% on the anode and 90% on the cathode were 
obtained. These relat ively small  deviations from the 
theoretical are probably  caused by the difficulty in col- 
lecting all the cathodically deposited silver ra ther  than 
by actual deviation from Faraday 's  laws, and for this 
reason it has been found preferable to weigh anode 
loss rather  t han  cathode gain. The measurement  of 
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Fig. 2. Conductance as a function of composition for the KCN- 
Agl system at 25~ 

coulombs was less accurate than would have been the 
case had a coulometer been employed. 

Measurements  to determine whether  a small  fraction 
of the conductance is electronic in na ture  have not 
yet  been made. It  is recognized that  a very  small  con- 
t r ibut ion  (te ~ 10 -4) could adversely affect the be-  
havior of the material .  The deviations observed from 
theoretical can probably be accounted for main ly  by 
exper imental  difficulty and only secondarily by an 
electronic contribution.  Within  the accuracy of the 
Faradaic experiments,  the conductance is essentially 
ionic. 

Although direct measurements  of electronic con- 
ductance were not  made, it  may  be inferred from the 
following exper iment  that the contr ibut ion of elec- 
trons to the total conductance is small. The emf of the 
cell Ag/KAg414CN/I2 was 0.683V at 25~ compared 
with the theoretical value of 0.687V for Ag/AgI/I2  cal- 
culated from thermal  data (9). 

In  a later experiment,  electrolysis of RbAg414CN be-  
tween weighed silver electrodes at 0.52 mA/cm~ cur-  
rent  density for 94�89 hr resulted in anode and cathode 
efficiencies of 99.7%. 

X-ray patterns of iodide-cyanide materials.--Chemi- 
cal analysis of the mater ia l  prepared by fusion of 1 
mole KCN and 4 moles AgI shows 42.65% Ag, 49.42% I, 
2.33% CN and 4.1% K, compared with the theoretical 
values of 42.97% Ag, 47.03% I, 2.58% CN and 3.9% K. 
The AgI :KCN ratio of this mater ia l  is computed at 
3.97, and the I /CN ratio at 4.34. 

The x - r ay  pat tern  of this mater ia l  shows very  great 
s imilari ty to that  observed by Bradley and Greene 
(6d) for RbAg4Is and a comparison of "d" values and 
intensit ies for several of these cyanide-iodide mate-  
rials and ~-AgI is made in Table II. 

Although certain lines are found in both the RbAg415 
and AgI patterns, the occurrence of strong lines at "d" 
values of 3.74, 3.37, and 2.19 suggest that  the KCN �9 
4AgI complex is not  s imply a disordered or contami-  
nated AgI but  ra ther  a separate unique  mater ia l  with 
s tructure similar to the general  MAg415 type of s truc-  
ture. However, the presence of a small  impur i ty  of AgI 
cannot be ruled out. 

Annea l ing  of the KCN �9 4AgI complex at 190~ ap- 
pears to reduce the crystal l ini ty  of the mater ia l  as evi- 
denced by the broadening and reduction in height of 
the x - r ay  peaks. This contrasts with RbAg415 in which 
anneal ing leads to more perfect crystal l ini ty (and also 
to a higher electrical conductance).  Since Raleigh (8) 
found no effect of anneal ing RbAg4I~, the mater ia l  we 
prepared was undoubted ly  not identical  with his in 
crystall inity.  
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Table II. "d" Spacings and intensities for cyanlde-iodide materials 
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RbAg415 KAgtI4CN ~-AgI**  RbAg4I~CN*** R b K A g s I s  (CN) s 
" d "  I " d "  I " d "  I " d "  I " d "  I 

7.85 W* 7.9 S A b s e n t  7.89 M 8.0 M 
3.94 W 3.99 M 3.98 M 3.99 MS 4.4 V W  
- -  ~ 3.77 M 3.75 S - -  -- 4.0 W 

3.72 MS 3.74 S A b s e n t  3.73 S 3.76 M 
3.52 VW 3.53 M 3.51 M 3.50 VW 3.56 W 
3,36 S 3.37 S Absent 3.38 S 3.40 S 
3.21 W 3.23 W Absent 3.23 W 3.32 W 
2.98 MW* 2.98 VW A b s e n t  3,15 W 3.25 W 
2.79 VW* 2.79 VW 2.73 W ~ - -  3.01 V W  
2.71 VW* 2.71 VW A b s e n t  - -  - -  2.81 V W  
2.63 W 2.63 MW A b s e n t  2.64 W 2.65 W 
2.56 VW* 2.56 VW A b s e n t  - -  - -  2.53 VW 
2.49 W* 2.50 W A b s e n t  - -  - -  2.43 VW 
2.38 W 2.38 W A b s e n t  2.39 - -  2.40 W 
2.28 M W  2.30 M 2.296 S 2.29 MS 2.30 W 
2,23 M W  2.23 M W  A b s e n t  2.25 W 2.25 W 
2.19 S 2.19 S A b s e n t  2.20 M 2.20 M 
2.15 V W  2.12 M W  2,119 M W  - -  -- 2.16 V W  
2.07 M 2.07 M A b s e n t  2.08 W 2.08 

2.04 M W  2.04 M W  A b s e n t  2.05 W 2.05 M W  
1.97 W 1.96 M 1.96 M 1.96 M W  1.99 W 
1.94 W 1.94 VW A b s e n t  -- -- 1.96 W 

* These  "d" spacings and intensit ies  calculated by  B r a d l e y  & G r e e n  (6d) a n d  not observed e x p e r i m e n t a l l y .  
** P a t t e r n s  u n a v a i l a b l e  fo r  h i g h - t e m p e r a t u r e  ~-AgI .  Da ta  fo r  ~ - A g I  f r o m  NBS  Quarterly, 8, 539 (1958). 

*** " d "  Va lues  a v e r a g e d  f r o m  fou r  pa t t e rn s .  

The "d" spacings of RbAg414CN are shown in the 
fourth column of Table II. In  general, these bear 
great s imilari ty to those of KAg414CN and RbAg415 
and again it is to be noted that  the medium-s t reng th  
3.99 peak, present  in both KAg414CN and RbAg414CN, 
is absent in RbAg4Is, the lat ter  having only a weak 
peak at 3.94. 

Also included in Table II are the "d" spacings of 
RbKAgsIs(CN)2. On the other hand, in Table III  the 
x - ray  pat tern of NH4CN-4AgI shows only lines ascrib- 
able to ~-AgI, while the pa t te rn  of CsCN-4AgI shows 
AgI together with some lines ascribable to the 
"MAg415" general  structure. Refinements in the prepa-  
rat ion of the ammonium complex may yield a mater ia l  
with the characteristic structure, but  it is evident  that 
at this stage the CsCN-4AgI mater ia l  shows more 
promise. 

Dif]erential thermal anaIysis.--Experiments were 
run,  on both heating and cooling cycles, wi th  
KAg414CN, RbAg414CN, and, for comparison, with 
KAg415 and RbAg4Is. Table IV shows the temperatures  
of solid-state decomposition and of the eutectic in each 
system. The differences in the incongruent  mel t ing 
points clearly demonstrate  that  the cyano iodides and 
iodides are indeed different materials.  

Table III. "d" Spacings and intensities for 
NHdCN-dAgl and CsCN-dAgl 

NI-~CN-4AgI  C s C N - 4 A g I  
" d "  I " d "  I 

8.5 W 8.5 M W  
3.98 MS 6.8 W 
3.77 S 6.30 W 
3.60 W 4.20 W 
3.52 W 3.95 M W  
2.74 W 3.72 M 
2.30 S 3.52 S 
2.12 M 3.35 W 
1.99 W 3.15 W 
1.96 MS 3.08 M W  
1.92 W 2.86 M W  

2.34 M 
2.29 M S  
2.20 W 
2,15 W 
2.04 MW 

Table IV. Thermal data for iodide and iodide-cyanide materials 

So l id - s t a t e  Eu tee t i e  
C o m p o u n d  d e c o m p o s i t i o n  (~ t e m p e r a t u r e  (~ 

KAg414CN 230 200 
KAg415 253 238 
RbAg4IaCN 216 161 
RbAg41~ 285 200 

Discussion 
At the outset of this work, it  was thought that  the 

pseudohalogenic properties of cyanide might  make the 
addit ion of compounds containing this ion to silver 
iodide a worthwhile  pursuit.  However, if ionic size be 
the only critical factor, the C N -  ion, which has an 
effective freely rotat ing radius of 1.92A, intermediate  
between that  of C l -  (1.81A) and B r -  (2.00A) and 
smaller than  I -  (2.16A) (10), might  not be too in ter -  
esting since mixtures  of KBr(0.2)-AgI(0.8)  have con- 
ductances of 1 x 10 -4 ohm -1 cm -1. 

That size alone is not the overr iding factor may be 
concluded from the highly conducting properties of 
KAg414CN and RbAg4LCN. In  the absence of complete 
s t ructural  data for these compounds analogous to that  
gathered for RbAg415 by Bradley and Greene (6d) and 
by Geller (11), it can only be inferred from the close 
s imilar i ty  of the x - ray  pat terns  that  the cyanide-iodide 
and the pure iodide compounds have ra ther  similar 
spatial distr ibution of component  atoms. 

If the aforementioned assumption is made that  the 
C N -  ion is freely rotat ing thereby acquiring spherical 
symmetry,  and that  the effective radius is 1.92A, the 
distance in the alkali  cyanides may be computed as 
follows: 

LiCN 2.52A 
NaCN 2.87A 
KCN 3.27A 
RbCN 3.40A 
CsCN 3.61A 
NH4CN 3.40A 

It is known that  LiCN �9 4AgI and NaCN �9 4AgI do not 
conduct, while the corresponding compounds of K and 
Rb are good conductors. Exper iments  involving Cs and 
N I ~  cyanides have shown tenta t ively  that  NH4CN �9 
4AgI is a ra ther  poor conductor and that  CsCN �9 4AgI, 
though more conducting than  the NH4CN �9 4AgI ma-  
terial, is still considerably poorer t han  the K or Rb 
compounds. 

Obviously, the assumption of spherical symmetry  for 
the cyanide ion is not correct; but, as a first approxi-  
mation, it is clear that  a mole of cyanide can subst i tute 
for a mole of iodide in the MAg415 s tructure  and hence 
will not impede the high mobil i ty  of the silver ions. 
More importantly,  the resul tant  field induced by the 
different charge density of the C N -  ion is changed 
very little from that  of an iodide ion coupled with 
K +, Rb +, or NH4 + ions. 

That  these materials  are un ique  compounds and not 
previously prepared materials  contaminated with im-  
purit ies is shown by the reproducible na ture  of the in -  
congruent  mel t ing points and eutectic temperatures  
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and by the difference of these values from those for 
the previously known iodide compounds. While diffi- 
culties of preparat ion have been met  resul t ing in the 
presence of small  amounts  of unreacted silver iodide, 
there is no indication from thermal  data that impurit ies 
in KAg414CN and RbAg414CN consist of KAg415 or 
RbAg4Ib. 

In  a series of experiments,  the compositions 
Ba(CN)2 �9 4AgI, Ba(CN)2 �9 8AgI, and Ba(CN)2 �9 2AgI 
were prepared and their  conductances measured. The 
Ba 2 + ion was chosen because, al though its ionic radius  
(1.35A) is very  s imilar  to that  of potassium (1.33A), 
the charge densi ty is considerably different. The con- 
ductances of all three compositions were about 10 -5 
ohm-1 era-1. 

These materials  are poor conductors and approxi-  
mate the values obtained for the mixtures  of AgI with 
LiCN or NaCN. Probably  the higher charge density of 
the Ba 2+ ion "t ightens" up the s t ructure  reducing the 
mobil i ty of the Ag + ion and, al though structural  data 
are lacking, it may well  be that  such materials  do not 
possess the characteristic "MAg4Ib" s t ructure  but  crys- 
tallize in another  f~orm. 

While as yet the only cations found useful  have been 
K + and Rb +, there is apparent ly  considerable la t i tude 
in the cyanide- to- iodide ratio in the  vicini ty of that  
composition which gives max imum conductance. Con- 
sideration of the ionic conductor KAg(CN)2 �9 4AgI 
leads to the impor tant  observation that, al though the 
alkali meta l :ca t ion  ratio has now become 1:6, the 
x - r ay  pat tern  shows "d" spacings and  intensi t ies  ex-  
t remely  similar  to those of the molecular ly  more 
simple KCN �9 4AgI compound. This would suggest that  
the general  skeleton of these compounds based on I -  
ions has a very loose structure,  amenable  to extensive 
substitution, and this addit ional  "degree of freedom" is 
under  investigation in more detail, since the conduct-  
ance might  conceivably be maximized by  an altered 
CN/I ratio. Fur ther  it should be realized that  a mate-  
rial which retains conductive properties despite 
changes in the ratio of its const i tuents  may  be va lu -  
able in a ba t te ry  system where such changes may oc- 
cur  dur ing service. 

The stabi l i ty  of these highly conductive mater ia ls  
with respect to water  vapor has been investigated both 
by x - r ay  diffraction and  by differential thermal  anal -  
ysis and will  be discussed in a later  paper. 

Conclusion 
It may be concluded that  the b ina ry  mixtures  KCN �9 

4AgI and RbCN �9 4AgI together with the t e rnary  
KCN �9 RbCN �9 8AgI are essentially ionic conductors. 
The ma x i mum value of conductance is at tained when 
the components are present  in the ratio of 1 mole alkali  
cyanide to 4 moles silver iodide. The specific conduct-  
ance of either b inary  compound, while smaller  in mag-  
nitude, nonetheless approaches that for members  of the 
family 1M Ag415 (where M is Rb, K, or NH4) that  were 
reported earlier (6, 7). 
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Ionic Conductance in Solids 
II. The Phase Diagram of the KCN-Agl System 

and Some Observations on the Stability 
of Cyanide-Iodide Compounds 

G. W. Mellors, D. V. Louzos,* and J. A. van Lier 
Union Carbide Corporation, Consumer Products Division, Research Laboratory, Cleveland, Ohio 44101 

ABSTRACT 

Some 25 compositions vary ing  from pure AgI to pure KCN were examined. 
The phase diagram has an incongruent  compound at the composition 4AgI- 
KCN with an incongruent  mel t ing point  of 230~ A eutectic occurs at the 
composition 45KCN-55AgI at a tempera ture  of 200~ The stabil i ty of 
KAg414CN has been examined by differential thermal  analysis, conductance, 
and emf measurements .  The effect of water  vapor on both the potassium and 
rub id ium compounds has been determined by  DTA or x - r a y  methods. 

The work of Bradley and Greene (1, 2), Owens and has shown that  the conducting compounds of general  
Argue (3), and Topol and Owens (4) on the phase formula MAg415 (where M : Rb, K, or NH4) are in-  
relationships in  the alkali  iodide-si lver  iodide systems congruent ly  mel t ing  compounds, stable wi th  respect 

* Electrochemical SoeietyActive Member. to tempera ture  between about 250~ and room tern- 
Key words: solid electrolyte, si lver iodide, phase diagrams, 

KAg414C'N, potassium cyanide, perature. This present  paper  describes the de te rmina-  
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t ion of the  phase  re la t ionships  in the  K C N - A g I  system, 
which has  been r epor t ed  b y  the  presen t  authors  (5) 
to contain composi t ions of high ionic conductance.  

Experimental 
Materials.--Silver iodide (99.5% pure)  was obta ined 

f rom Mal l inckrodt  Chemical  Works.  Potass ium cyanide  
(98.8% pure)  was obta ined  f rom Fisher  Scientific 
Company (ACS cert if ied).  This ma te r i a l  was fused 
under  argon and crushed and s tored in a d ry  box pr ior  
to use. Argon  (99.996% pure )  and he l ium were  ob-  
ta ined  f rom the Linde Division, Union Carbide  Corpor -  
ation. 

Apparatus.--The composit ions for  t he rma l  analysis  
were  conta ined  in Morgani te  rec rys ta l l i zed  a lumina  
crucibles, size XN 100. The samples  were  s t i r red  by  
purified argon, bubbled  into the  mel t  via an a lumina  
tube. The t empe ra tu r e  was  measured  by  a Chromel -  
Alumel  thermocouple ,  encased in an a lumina  t he rmo-  
well, p rov ided  wi th  an ex te rna l  (0~ cold junction.  

The crucible  and contents  were  p laced  inside a 
larger,  deeper  a lumina  crucible  and were  confined 
under  an argon a tmosphere  wi th  a P y r e x  or Inconel  
outer  vessel. F igure  1 shows the  genera l  l ayout  o f  the  
system. 

Procedure.--Each sample  was  about  30g in weight  
and the complete,  sealed appara tus  was flushed wi th  
argon for several  hours  pr ior  to a run.  The cell  was 
then hea ted  to a t empe ra tu r e  about  100~ above the 
l iquidus of the  composi t ion under  examina t ion  and 
held at  tha t  t empera tu re  wi th  s t i r r ing  for severa l  
hours to homogenize the melt .  The furnace  power  was 
swi tched off and a cooling curve obta ined on a recorder  
chart ,  a f ter  which the  t e m p e r a t u r e  was  again  raised 
and the cooling curve repeated ,  when, if  al l  was well,  
agreement  wi th  the  previous  inflections to about  _ I ~  
was usua l ly  obtained.  A Du Pont  series 900 Different ial  
Thermal  Ana lyze r  toge ther  wi th  a Different ia l  Scan-  
ning Calor imete r  a t t achment  were  used in pa ra l l e l  
de te rmina t ions  of the  t he rma l  inflections. 

Results 
The l i t e ra tu re  va lues  for the  mel t ing  points  of the  

pure  salts  were  reproduced  to _-+I~ viz. 558~ for 
s i lver  iodide and 634.5~ for  potass ium cyanide  (6). 

The  phase d iag ram d rawn  convent ional ly  as a b in -  
a ry  is shown in Fig. 2 and in genera l  aspect  it  appears  
ve ry  s imilar  to those of the  b inar ies  of AgI  wi th  e i ther  
RbI, KI,  or  NH4I. An  incongruen t ly  mel t ing  compound 
appears  at  the  mola r  composi t ion 20KCN-80AgI, the  
t rans i t ion  t e m p e r a t u r e  being 230~ and a eutect ic  oe-  
curs at 200~ at  the  mola r  ra t io  45KCN:55AgI. The 
hor izonta l  l ine  at 146~ at the  s i lver  iod ide- r ich  end of 
the  d i ag ram represen ts  the  a ~ / 9  t rans i t ion  in this  m a -  
terial .  On the cyan ide- r i ch  side of the d iagram,  a m a x i -  
mum mel t ing  point  appears  to be reached at  the  com- 
posit ion 66KCN-33AgI, fol lowed by  a sharp  rise of the 
l iquidus  curve f rom a second eutectic a round  72 
75KCN to the  mel t ing  point  of pure  KCN (634.5~ 

Problems  were  encountered  in examining  composi-  
t ions be tween  65 and 100 m / o  (mole per  cent)  KCN, in 
tha t  i t  proved difficult and in some cases impossible  to 
obtain meaningfu l  inflections. I t  at first a p p e a r e d  tha t  
there  was some b reak  in the  cont inui ty  of the l iquidus 
be tween  65 and 70 m/o  KCN which suggested the 
presence of pe rhaps  a second incongruent ly  mel t ing  
compound,  possibly  2KCN �9 AgI  or K2AgI (CN) ~. 

Both the R b I - A g I  and K I - A g I  systems contain  com- 
pounds 2RbI �9 AgI(Rb2AgI3)  and 2KI �9 AgI(K2AgI3) ,  
the  former  being an incongruent ly  mel t ing  compound 
and the la t te r  fo rmed by  so l id-s ta te  t rans i t ion  below 
about  125~ These are  nonconductors  and it became 
per t inen t  to ask whe the r  a compound 2KCN �9 AgI  
[i.e., K2AgI(CN)2]  might  not  exis t  in the  cyan ide-  
iodide system. Accordingly,  the  composit ion 2KCN-AgI  
was made  up by  s tandard  techniques,  quenched,  and 
powdered  in a d r y  box. The x - r a y  pa t t e rn  indica ted  
perfect  match ing  of "d" spacings and in tensi t ies  for  a 
mix tu re  of K A g ( C N ) 2  and KI. I t  must  be concluded 
that  the fol lowing react ion had  occurred 

2KCN ~- AgI--> K A g ( C N ) 2  + KI  

the  final resul t  being an equimolecular  mix tu re  of 
potass ium iodide and potass ium argentocyanide.  A 
2KCN-AgI  specimen made  up and s lowly cooled over  a 
16 hr  per iod showed an ident ica l  x - r a y  pat tern .  

In  general ,  as the  concentra t ion of cyanide  ion is 
increased,  the  g rea te r  wi l l  be the  t endency  to form 
K A g ( C N ) 2  and KI .  A t  composi t ions where  t he  KCN:  
AgI  mole  ra t io  exceeds 2:1, the  th ree  mate r i a l s  KI, 
KCN, and K A g ( C N ) 2  wil l  coexist  and thus  the system 
could be rep resen ted  in the  most  genera l  case as a 
reciprocal  sys tem of K I - K C N - A g I - A g C N .  However ,  
in view of the  except ional  s tab i l i ty  of K A g  (CN)2 wi th  
respect  to the o ther  components  of this system, i t  can 
also be considered as a pseudob inary  of AgI  and the 
(1: 1) mole  mix tu r e  of K I  and K A g ( C N ) 2  if one wishes.  

In  fact, the  react ion product  of 0.1 mole  KI,  0.1 mole  
KAg(CN)e ,  and 0.7 mole  AgI  is equiva lent  in ap-  

Fig. !. Apparatus used in cooling curve studies: A--alumina 
thermowell, B--alumina bubbler, C--gas outlet, D--lO1/z rubber 
stoppers, E--alumina shielding tube, F--alumina crucible, G--  
Inconei crucible, H--Alundum crucible, J--Pyrex or Vycor envelope. 
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pearance,  x - r a y  pat tern ,  and 6onductance to the  re -  
act ion produc t  of 0.2KCN and 0.8AgL 

There  are, i t  mus t  be conceded, p rob lems  in ob ta in -  
ing reproduc ib le  da ta  in this  system, pa r t i cu l a r ly  in 
the  KCN-r i ch  compositions.  In  Fig. 2 ( labe led  X) are  
shown a number  of points, corresponding to inflections 
consis tent ly  obta ined  in DTA and cooling curves.  In  
the  first instance, these were  thought  to represen t  a 
l iquidus  line, but  at  p resen t  i t  is be l i eved  tha t  t hey  are  
associated wi th  the  t he rma l  decomposi t ion or  the  p rod -  
ucts of such decomposi t ion of the  in i t ia l ly  formed com- 
pounds on pro longed hea t ing  above the mel t ing  point.  
As the  propor t ion  of KCN increases,  so also does tha t  
of KAg(CN)2 .  This l a t t e r  is uns table  (mel t ing  poin t  
370~ wi th  respect  to pro longed h i g h - t e m p e r a t u r e  
t r e a tmen t  and, as a result ,  s i lver  me ta l  appears  in the  
mel t  wi th  the  p robab le  re lease  of cyanogen and 
res idual  KCN. 

I t  is in tended to consider,  in a l a t e r  publicat ion,  the  
deta i led  react ions in the  K C N - A g I  sys tem and in other  
closely re la ted  systems. The presen t  d i ag ram mus t  
therefore  be considered as subs tan t ia l ly  correct  wi th  
respect  to ma jo r  solidus and l iquidus  lines, though in 
the  cyan ide- r i ch  region, the  na tu r e  of the  t rue  equi -  
l ib r ium phases  has not  ye t  been established.  

Discussion 
Stability of cyanide-iodide compounds.--The dia-  

g ram as presented  in Fig. 2 is f a i r ly  s t r a igh t fo rward  
and the areas  of s tab i l i ty  of the  var ious  mate r ia l s  ap-  
pear  sha rp ly  del ineated.  An impor t an t  point  remain ing  
unreso lved  by  the phase d i ag ram w o r k  is tha t  of the  
lower  t empe ra tu r e  of s tab i l i ty  of the  compound KCN �9 
4AgI. However ,  this  ins tab i l i ty  reac t ion  which, in the  
iodides, takes  the  form 

2MAg415 ~ M2AgIz -5 7AgI 

is e x t r e m e l y  slow and therefore  difficult to de te rmine  
by  the rmal  methods.  Brad ley  and Greene  (1) in the i r  
invest igat ion of the  K I - A g I  sys tem repor ted  tha t  d i f -  
fe rent ia l  t he rma l  analysis  showed only  a broad  and in-  
dist inct  peak, bu t  tha t  conductance measurement s  wi th  
a s lower ra te  of t empe ra tu r e  increase  showed the 
existence of a dist inct  t empe ra tu r e  (38 ~ • 2~ for the 
onset of the  above  reaction.  Ano the r  approach  taken  
by  these  authors  was to measure  the  emf 's  of the  cells: 

Cell  I, Ag/AgI / I2 ,  the  react ion for which  was as-  
sumed to be 

1 
A g ( c )  -5 "~" I2 (C) "~ # -AgI  (c) [1] 

and Cell  II, Ag/K2AgIs,  KAg4Is/I2, the  reac t ion  for 
which was assumed to be 

1 1 2 
Ag (c) -5 -~-I2 (c) -5 -~-K2AgI3 (c) -* M KAg415 (c) 

7 
[2] 

On subt rac t ing  react ion [1] f rom react ion [2] one ob-  
ta ins  

1 2 
#-AgI  (c) -5 -~-K2AgI8 (c) ~ - -KAg415 (c) [3] 

7 

the free energy  change for  which  is 

-- (Ecell II -- ECell I)/F 

When  these emf's  were  p lo t ted  as a funct ion of t em-  
perature ,  the  s t ra ight  l ines in tersec ted  at  about  40~ 
wi th  the  quan t i ty  (Ece]t u --  Ecen I) posi t ive above 
this t empera tu re  and negat ive  be low it. This demon-  
s t ra ted  tha t  if react ions  [1] and [2] are  the  correct  
react ions for Cells I and II, then reac t ion  [3] goes spon-  
taneous ly  to the  r ight  above  40~ and to the  left  below 
this t empera tu re .  

Cells analogous to those set up  b y  Brad ley  and 
Greene  (1) involv ing  the  KAg414CN compound wou ld  
be 

Cell  I, A g / A g I / I 2  

and 

Cell  IV, A g / [ K A g ( C N )  ~ -5 K I  (1 :1 ) ] ,  KAg414CN/I~ 

the react ion for which  was  assumed to be  

1 1 
-~ -KAg(CN)2  (c) -5 -~-KI  (c) -5 A g  (c) 

1 2 
+ --{ I2 (c) ~ -~-KAg,I4CN (c) [4] 

On sub t rac t ing  reac t ion  [1] f rom react ion [4], one ob-  
ta ins  

1 1 
/~AgI (c) - t - -~ -KAg(CN)2  (c) - 5 - ~ - K I  (c) 

2 
-~ mKAg414CN (c) [5] 

7 

the  f ree  energy  change for which  is 

- -  (Ecen IV - -  E c e n  I ) / F  

The emf 's  of these cells were  measured  and are  shown 
in Fig. 3. I t  can be seen tha t  (Eceu *v --  Eceu *) is nega-  
t ive over  the  ful l  t e m p e r a t u r e  range.  I f  react ion [4] is 
the  correct  assumpt ion  for the  reac t ion  of Cell  IV, then 
it would  appear  tha t  reac t ion  [5] goes spontaneously  to 
the  left  at al l  t empera tures .  However ,  whi le  a me ta -  
s table  m a t e r i a l  m a y  exis t  a lmost  indef ini te ly  at  room 
tempera ture ,  i t  should conver t  to the  s table  form when  
hea ted  to a r ea sonab ly  high t empera tu re .  I t  has been 
found tha t  p ro longed  hea t ing  of KAg414CN at 150~ 
does not produce  any  addi t iona l  free AEI. I t  therefore  
seems more  reasonable  to conclude tha t  reac t ion  [4] 
is not the  po t en t i a l -de t e rmin ing  reac t ion  of Cell  IV 
in the  solid state.  

Whereas  in the  expe r imen t s  of Brad ley  and Greene  
(1) only  one solid mater ia l ,  K2AgIs, was employed,  in 
the present  w o r k  a m ix tu r e  of KI  and K A g ( C N ) 2  
const i tu ted the  solid phase  and the  presence of two 
solids, even though mixed  in t imate ly ,  m a y  render  re -  
act ion by  diffusion more  difficult. 

In  the  case of the  pure  iodide compounds MAg4Is, 
the  ins tab i l i ty  reac t ion  involved the  compounds  iden-  
tified in the  phase  diagram,  viz. 2MAE415 ~ M2AgI3 -5 
7AgI and, therefore,  one might  be t e mp te d  to conclude 
f rom Fig. 3 tha t  the  dissociat ion react ions  in the  cy-  
anide compounds  would  be  

2KAg414CN--> 7AgI + K I  + K A g ( C N ) 2  
o r  

KAg414CN-~ 3AgI -5 K I  -5 AgCN 

but  the  emf exper imen t s  ne i the r  confirm nor  deny  this  
hypothesis .  
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Fig. 3. EMF of silver cells 
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The measurement  of the conductance of KAg414CN as 
a funct ion of temperature  has been presented in the first 
paper of this series and shows an absence of inflection 
at or around room temperature.  This indicates that, if 
a s t ructural  change or decomposition does occur in the 
vicini ty of room temperature,  it can only be extremely 
small  in extent  and hence not readi ly detectable by 
conductance measurements .  

The DTA experiments  extended from room tem-  
perature  up to about 300~ Figures 4 and 5 show a 
typical  trace obtained for KAg414CN and RbAg414CN 
and indicate an absence of thermal  arrests up to 147~ 
The presence of an endothermic inflection at 147~ 
which is characteristic of silver iodide (Fig. 6) raises 
the question as to whether  the source of such silver 
iodide is by decomposition of KAg414CN or RbAg414CN. 
Such decomposition might  be an inherent  property of 
these iodide-cyanide materials  but  a l ternat ive  ex- 
planat ions are those of (a) incomplete reaction be- 
tween the components, or (b) inadver ten t  contamina-  
tion by moisture producing AgI dur ing  the course of 
the DTA or dur ing t ransfer  to the apparatus. 

Since DTA is general ly considered to be a sensitive 
indicator of s t ructural  change, it was thought  worth-  
while to examine KAg415 and RbAg415 where studies 
have indicated instabi l i ty  of the complex below 38 ~ and 
27~ respectively. A thermogram free of inflections up 
to about 240~ (approximately the position of the eu- 
tectic in the KI-AgI  system) was obtained from the 
former system, and in  the lat ter  system no significant 
inflections were obtained unt i l  about 2O0~ 

The apparent  conflict be tween the DTA and the 
aforementioned thermodynamic  work (4) should not 
be taken to indicate that  water  vapor was admit ted 
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Fig. 4. DTA of KAg414CN 
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Fig. 7. DTA of KAg414CN exposed to water vapor 

inadver ten t ly  during the lat ter  measurements.  Rather 
it should show that  the instabi l i ty  at 27~ in RbAg415 
in the absence of moisture can be observed only by 
thermodynamic  measurements  and that  it is too slow a 
process to observe in a kinetic exper iment  even by a 
method as sensitive as DTA. It should be noted that  
the infinitesimally slow rate of the  decomposition re-  
action in the absence of moisture is very  desirable 
from the viewpoint  of bat tery  "shelf life." 

Some quali tat ive observations on the reactions of 
KAg414CN and RbAg414CN with moisture might  be 
made here. If ei ther of these materials  is exposed to 
moisture (the normal  35% humidi ty  of the laboratory 
being more than adequate) for a period of time, ther -  
mograms are obtained that  now show endothermic in -  
flections between 0~ and about 150~ These inflec- 
tions vary with the amount  of water  and the t ime of 
exposure and Fig. 7 shows a typical  result  on 
KAg414CN. Addit ional  evidence for the undesirable 
effects of water  vapor is obtained from the fact tha t  a 
specimen previously showing the characteristic x - r ay  
pa t te rn  of KAg414CN, after exposure to this medium, 
predominant ly  shows lines assignable to AgI. 

Qualitatively, RbAg414CN would appear to possess 
greater stabil i ty with respect to moist air than 
KAg414CN. The DTA measurements  show that, even 
after exposure to laboratory air for 12 days, addit ional 
endothermic peaks do not  develop in  the region of 
interest  (approx 0~176 in contrast  to KAg414CN. 
Whereas KAg414CN on exposure to laboratory air for 
24 hr gains weight and displays significant changes in 
its x - r ay  pattern,  RbAg414CN retains its characteristic 
diffraction pa t te rn  even after  6 weeks' exposure under  
similar  conditions. 
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The Corrosion Behavior of Cu and Naval Brass in 
0.SM NaCI Solutions at Ambient Temperature 

A. H. Taylor 
Tyco Laboratories, Inc., Bear Hill, Wal tham,  Massachusetts  02154 

ABSTRACT 

The rotat ing r ing-disk  technique was used to obtain insight into the cor-  
rosion mechanisms of pure Cu and naval  brass in deaerated 0.5M NaCI at am-  
bient temperature .  The potential  regions for the reactions: Cu 2e -> Cu +, 
Cu 2+ -> Cu, Cu + -> Cu 2+, and Zn 2+ -> Zn have been explored to permit  anal-  
ysis of the products of dissolution processes occurring during galvanostatic 
corrosion of these materials.  Pure  Cu corrodes only via Cu + over  the range 
~2.5 x 10 -6 to ~900 x l0 - s  A / c m  2 corrosion current  (0.19 cm 2 area) .  No 
evidence is found for Cu 2 + species or for film forming reactions. Naval  brass 
[60.54 w / o  (weight  per cent) Cu, 38.70 w / o  Zn, and 0.76 w / o  Sn] corrodes 
solely via Cu + and Zn 2+ up to ~450 x 10 - s  A / c m  2 corrosion current.  No Cu ~+ 
species are found. Exper iments  indicate that  selective dissolution of Zn does 
not occur. No evidence can be found for a Cu redeposit ion mechanism. Data 
suggest the occurrence of a homogeneous solution react ion in which soluble 
Cu + species produced on corrosion of the alloy undergo hydrolysis  before 
reaching the zone of the r ing electrode. No evidence is found for format ion 
of CuOH or Cu20 direct ly  on the corroding surface. 

Work described here is based on par t  of a program 
sponsored by the Office of Saline Water,  Uni ted States 
Depar tment  of the Interior,  aimed at more clearly de- 
fining the corrosion mechanisms of Cu-based alloys in 
saline environments .  The present  paper  deals wi th  pre-  
l iminary  work  on Cu corrosion and naval  brass cor-  
rosion under  closely controlled conditions, subse- 
quent ly  outlined. 

Lu et al. (1) has invest igated the dissolution rate of 
Cu in H2SO4 at 25~ using a rotat ing Cu cylinder.  He 
reports a ra te -cont ro l l ing  step via oxidation of cuprous 
ion at the solu t ion/copper  interface. Thermodynamic  
aspects of Cu corrosion along with  kinetic and electro-  
chemical  studies are reported by Ives et al. (2) in 
water  containing various salts ( including NaC1). Si-  
multaneous dissolution of Cu and film growth, pre-  
dominant ly  as Cu20, are indicated in the presence of 
O2 and CO2. C1- ions al ter  the dissolution kinetics and 
film growth processes causing more  localized attack. 
Cu20 dissolves more rapidly in C1- media. Similarly,  
May (3), in a s tudy of the mechanism of pit t ing cor- 
rosion of Cu, noted the format ion of CuC1 and Cu20 
in the ear ly  stages of the process in saline solutions. 
Rotat ing r ing-disk  studies (4-7) by Miller  (7) on a Cu 
electrode in NaOH solution showed that  low current  
density dissolution proceeded via Cu + with concur-  
rent  Cu20 formation. Above  400 ~A/cm 2, Cu 2+ species 
were found. 

Much at tent ion has been paid to the mechanisms of 
brass dissolution in a range of envi ronments  and in par-  
t icular  on the occurrence of preferent ia l  and simul-  
taneous dissolution. Studies have been aimed at dis- 
t inguishing between dezincification by a selective 
dissolution mechanism as compared to an ionization- 
redeposition mechanism. The inhibi t ive  effects of small  
As additions on the dezincification of a number  of brass 
alloys, has also been of par t icular  interest  (8-14). A 
wide range of techniques have been brought  to bear on 
this problem, ranging f rom x - r ay  (8, 11, 15-17) elec- 
t ron diffraction (18, 19) and metal lographic  observa-  
tions (20) of corroded surfaces to more  recent  rota t -  
ing r ing-disk  studies (21-23) of the corrosion mecha-  
nisms. 

St i l lwel l  and Turnipseed (15) used x - r a y  diffraction 
in a study of n-brass dissolution in dilute HC1 and con- 
cluded that  the dissolution was selective. Polushkin 
and Shuldener  (16) observed twinning in the Cu crys- 

Key words: dezincification, galvanostatic corrosion, rotating ring 
disk. 

tals in dezincified a-brass and concluded that  the Cu 
was residual. Lucey  (11), however,  observed twinning 
in Cu crystals redeposited f rom CuC1 solution. He in- 
ferred from his data that  s imultaneous dissolution of 
Cu and Zn occurs fol lowed by Cu redeposit ion (on ~- 
and fi-brass alloys).  Bengough and May (8) found that  
the crystal l ine form of Cu produced by dezincification 
bore no resemblance to that  in the original  alloy. A Cu 
redeposit ion process was thus inferred. 

P runa  et al. (17) and Hashimoto and Ogiva (18) 
both found evidence for a brass dissolut ion/Cu redep-  
osition mechanism. Fu r the r  support  for this came from 
the work  of Joseph and Arce (20) on 63/37 brass and 
Sugawara  and Ebiko (19) on a- and ~ + fi-brass alloys 
in C1- media. The lat ter  workers  also found Cu20 or 
CuC1 in the ear ly  stages of corrosion. Higher  Zn con- 
tent  alloys were  more  subject to dezincification. 

The work  of Picker ing et al. on a wide range  of 
alloys is of interest. Rotat ing r ing-disk  techniques (21) 
revealed the absence of an ionizat ion-redeposi t ion 
mechanism of preferent ia l  dissolution in a 30 a /o  
(atom per  cent) Zn alloy in sulfate medium. Fel ler ' s  

rotat ing disk studies (22) indicated that  preferent ia l  
dissolution of Zn occurred more readi ly  in the higher  
Zn content  alloys (~80 a /o  Zn) than in the Cu-r ich 
alloys. More recently, P icker ing and Byrne (24) mea-  
sured par t ia l  currents  during Cu and /o r  Zn dissolu- 
tion from ~-, ~-, and a-brass alloys in sulfate medium. 
Various modes of dissolution were  found depending on 
the potential.  The ~-alloy (86 a /o  Zn) yielded only 
Zn + + on dissolution. The -t-alloy (65 a /o  Zn) dissolved 
first as Zn + + solely, fol lowed by a potential  region 
where  dissolution proceeded in the ratio 10:1 Zn/Cu.  
The a-brass (30 a /o  Zn) gave first of all Zn + + fol-  
lowed by an in termedia te  potent ial  region where  Zn 
and Cu dissolved to differing extents  and finally in 
a 1:1 ratio. They also measured part ial  currents  as a 
function of t ime during dissolution at constant poten-  
tial and found a decrease in rate with time. The rate 
of decrease of the part ial  current  from Zn dissolution 
was greater  than that  f rom Cu dissolution. X - r a y  ex-  
aminat ion of ~- and ~-brass alloys by Picker ing (25) 
indicated a vo lume diffusion mechanism for prefer -  
ential  dissolution of these alloys. 

Miller 's  rotat ing r ing-disk  studies (23) on 70/30 
brass in Mattson (26) type solutions ( ~ p H  7) are of 
interest. No evidence was found for Cu20 film forma-  
tion. in contrast  to results (7) for Cu in NaOH. At  low 
current  densities (<5  mA/cm2)  corrosion proceeded 
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via Cu + and Zn + + solely. Above this Cu + + species 
were produced (and no Cu +).  

Consideration of these data reveals that  there is 
scope for fur ther  work in the field. As pointed out by 
StillweU and Turnipseed (15) and F i n k  (9) both de- 
zinciflcation mechanisms can occur depending on the 
circumstances. It is clear also, that  the composition of 
the alloy has a very impor tant  bear ing on the mode of 
corrosion. 

Our studies were aimed at examin ing  the mechanism 
of brass dissolution and film formation in 0.5M NaC1 
media, the lat ter  since we were also interested in 
anodically protecting the alloys in h igh- tempera ture  
saline solutions. P re l imina ry  work is reported on pure 
Cu and naval  brass corrosion in these solutions. Fol-  
lowing the work of others (7, 21-23) this investigation 
has been carried out using a rota t ing r ing-disk  setup, 
the advantages of which have been admirably  outl ined 
by Miller (7, 23). Essential details of equipment  and 
exper imental  procedures are given in the following 
sections. 

Exper imental  
The rotat ing r ing-disk  assembly used in these studies 

was purchased from R. Disantis (Willowick, Ohio). 
Speed control was achieved using an electric motor 
(B2410) and Minar ik  Control un i t  (SL-32), Reserve 
Electric Company, Cleveland. This assembly was capa- 
ble of rotat ion from 300 to 6000 rpm and was calibrated 
using a stroboscope. Disk mater ia ls  of pure Cu 
(99.99%) and naval  brass (60.54% Cu, 38.70% Zn, 
0.76% Sn) were concentric with, but  separated from, 
Au r ing electrodes via Teflon insulat ing gaps. The 
materials were ~1/16 in. thick and were replaced as 
required. In  a number  of exper iments  the r ings were 
amalgamated with Hg for reasons stated later. 

Before and following each corrosion experiment,  the 
electrodes were mounted  on a lathe and polished with 
600 grit. silicon carbide paper followed by 5~ a lumina  
with a polishing cloth. The electrodes were thoroughly 
rinsed with distilled water  before use. 

A concise diagram of the electrochemical cell em- 
ployed is shown in Fig. 1. In  the cell free rotat ion (up 
to 2000 rpm) of the electrode assembly was achieved 
while prevent ing  any  O2 from contacting the solutions 
- - the  la t ter  since O2 is reduced at some of the poten-  
tials of interest  and is par t icular ly  deleterious on an 
amalgamated r ing (Hg/Au)  in the region of Zn ++ 
reduction. We employed a rotat ion speed Of 500 rpm in 
most of our experiments.  Solutions were flushed before 
use (~30 rain) to remove O2 using tagged N2 (~4  ppm 
O2 in the gas phase) in conjunct ion with a mil l ipore 
filter (Millipore Fi l ter  Corporation, Bedford, Massa- 
chusetts) to remove extraneous dust, etc. During ex- 
periments a constant  flow of N2 was passed over the 
solutions. In  this way no problems were found from O2 
during our measurements.  

Solutions were made from an u l t rapure  grade NaC1 
(0.5M, Br inkmann  Ins t rument ,  Inc., Westbury, New 

York).  When required, the Au r ing was l ightly amal -  
gamated using t r iply distilled Hg. This H g / A u  areal- 
gain electrode was held at ~ 0V  v s .  SCE at all times. In  
practice, solutions were replaced with new ones, suit-  
ably deaerated, prior to each new experiment.  

Two sets of data are reported here. In  the first case, 
we required informat ion on the diffusion l imited po- 
tent ial  regions wi th in  which the various possible dis- 
solved species, i .e. ,  Zn ++, Cu, + and Cu ++ could 
undergo fur ther  reaction, ei ther oxidative or reductive. 
To this end we used 0.5M NaC1 solutions 10 -6 to 10-SM 
in Zn + + or Cu ++ ions and scanned the r ing and /o r  
disk (0.03 V / m i n  and 0.60 V/min)  at various rotation 
speeds. Cur ren t /po ten t ia l  data were recorded on an 
X-Y recorder (Houston Omnigraphic Corporation, 
Bellaire, Texas).  For these experiments  an Au r ing /  
Au disk or H g / A u  amalgam r ing-disk  electrode was 
employed. To examine the region where Cu + is oxi- 
dized to Cu + +, a different technique was used which is 
described in subsequent  sections. 

Corrosion experiments  in which an Au or Hg /Au  
amalgam electrode was employed with a Cu or naval  
brass corrodible disk, were obtained in a different 
manner .  As pointed out by Miller (7) corrosion and 
film formation on a rotat ing disk can readily be ana-  
lyzed by using a constant  disk anodization current  to 
control the coulombs passed rather  than  sweeping the 
potential. In  addition, such galvanostatic experiments  
do not require the more sophisticated electrochemical 
control equipment  used by  Bruckenste in  (27) and 
Miller e t  al.  (7, 23, 28). A convent ional  Wenking po- 
tentiostat, Model 61 TRS (Br inkmann  Ins t ruments  
Inc.) was used here to control the potential  of r ing or 
disk during cyclic scanning experiments.  For corro- 
sion measurements,  the r ing potent ial  was held at the 
potential  of interest  and the disk corroded with a series 
of constant currents  from 0.5 to ~85 ~A (disk area 
~0.19 cm2). Ring currents  as a funct ion of each disk 
corrosion current  were then  measured  on a Griebach 
mi l l iammeter  (Griebach Model 500, V2% accuracy; 
Griebach Instruments ,  New Rochelle, New York).  Cur-  
rents  at t imes ~2  sec are not  accurate due to this 
method of measurement .  

Collection efficiencies (29) (N) for each electrode 
were calculated from measurements  of the various r ing  
and disk radii  using a microscope. Theoretical values 
were 0.3822 for Au/Au,  0.3762 for Cu/Au, and 0.3973 
for nava l  brass/Au.  Exper imenta l  and theoretical 
values for the Cu / A u  electrode agreed to wi thin  1%. 

Results and Discussion 
Cu o x i d a t i o n  a n d  r e d u c t i o n  o n  Au i n  0 . SM NaC1.-- 

The reactions of Cu species have been well  character-  
ized in the past using rotat ing r ing-d isk  systems (7, 23, 
27). Typical voltage scans on the Au r ing of a A u / A u  
r ing-disk  electrode in 0.5M NaC1 solution containing 
10-~M Cu + + are i l lustrated in Fig. 2. The figure shows 
two plateau regions extending from 0 to --0.26V vs .  
SCE and from --0.35V to beyond --0.60V vs .  SCE. 

Fig. 1. Electrochemical cell for rotating ring-disk corrosion stud- 
ies in "O2-free" 0.5M NaCI at ambient temperature. 

Fig. 2. Typical cyclic scans at ambient temperature on o rotat- 
ing Au ring electrode in 0.5M NaCI solution containing 10-'~M 
Cu 2+ (scan speed ---- 0.6 V/min). 
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Using reported values for the Cu + + diffusion coeffi- 
cient (27) and a value  for the kinematic  viscosity (30) 
of KC1, a calculat ion of the l imit ing diffusion current  
(29) to the rotat ing r ing electrode confirms that  the 
first plateau corresponds to reduct ion of Cu + + to Cu + 
and that  the second plateau corresponds to reduction 
of Cu + + (and Cu + ) to Cu. These pla teau regions were  
shown not to be significantly a l tered when  the con- 
centrat ion of Cu + + in solution was reduced to 10-6M 
and the scan rate  lowered  to 0.03 V/ra in .  

Since CuC1 is re la t ive ly  insoluble in 0.SM NaC1, a 
sl ightly different approach was used to establish the 
region where  Cu + can be oxidized to Cu + + on an Au 
electrode under  these conditions. Here, as before, the 
salt solution was made 10-3M in Cu + + ions. The lat ter  
were  reduced to Cu + on an Au disk held at close to 
--0.20V by a constant current  of --68.5 #A (the l imit -  
ing current  in 10-3M Cu + + solution when  the disk was 
potentiostated at --0.20V). Disk-produced Cu + species 
were  then swept into the zone of the Au ring for 
fur ther  oxidation back to Cu + +. This oxidation current  
should then reach a plateau level  at NId where  N is 
the collection efficiency of the electrode and Id is the 
disk current  arising f rom reduct ion of Cu + + to Cu + 
(in this case --68.5 ~A). At  potentials  less posit ive 
than those required for Cu + oxidation, smaller  r ing 
currents  should be observed. 

Ring oxidation currents  were  corrected for back- 
ground which was insignificant in most cases. Currents  
were  t ime independent  in all cases. Results plotted as 
ring current  vs. r ing potent ial  are shown in Fig. 3. A 
plateau region was found from ~ q-0.35 to >0.60V vs. 
SCE corresponding to oxidat ion of disk-produced Cu + 
species. Moreover,  this oxidat ion current  var ied from 
26 to 27 #A (0.35 to 0.60V) which compared very  
favorably  with  a value of 26.0 #A calculated f rom the 
applied disk current  of 68.0 ~A (corrected for back- 
ground) and the A u / A u  r ing-disk theoret ical  collection 
efficiency of 0.3822. We conclude that  Cu + species are 
oxidized to Cu + + at ~0.35V vs. SCE in these solu- 
tions on an Au electrode. 

In summary,  we find that  Cu + § is reduced to Cu § 
between 0.00 and --0.26V vs. SCE and to Cu at 

--0.35V vs. SCE as detected on an Au ring electrode. 
Also on a Au ring, Cu + is oxidized to Cu ++ at 
+0.35V vs. SCE. These results agree ve ry  well  with 
those found by Napp et al. (27) on a Pt  electrode in 
0.5M KCI containing 10-3M Cu + +. Similar  data are re-  
ported by Miller  also (7, 23). 

Zn + + reduct ion on an H g / A u  a m a l g a m  in 0.5M NaC1. 
- -S ince  the revers ible  potential  for Zn + + reduct ion is 
well  below that  at which H2 is evolved on an Au elec- 
trode, we amalgamated  our Au ring with  Hg. Cyclic 
scan exper iments  were  then carried out be tween the 
limits 0.0 and --1.6V vs. SCE. Scan speed was varied, 
as was the concentrat ion of Zn + + in the electrolyte  
(ZnC12, Baker  Analyzed Grade) .  

In 10-3M Zn + + solution, a p la teau was observed at 
--1.0V vs. SCE which depended on rotat ion speed, 
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Fig. 3. Oxidation of disk-generated Cu + to Cu 2 + on a rotating 
Au ring electrode (500 rpm) as a function of ring potential in de- 
aerated 0.5M NaCI containing 10-3M Cu 2 +. 
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Fig. 4. Reduction of 10-5M Zn 2+ on a rotating Hg/Au amal- 
gam ring electrode in 0.SM NaCI at ambient temperature (scan 
speed ~ 0.03 V/rain). 

increasing with increase in ~,. Pla teau currents  plotted 
against ~1/2 according to the l imit ing diffusion equa-  
tion (29) showed a straight line behavior  extrapola t ing 
through the origin. Exper imenta l  and calculated cur-  
rents assuming Dzn++ equals Dcu++ (the diffusion 
coefficients for the two species) and assuming a two-  
electron t ransfer  process (Zn 2+ -> Zn),  agreed ve ry  
well. 

Only a slight shift (~0.10V) in the potent ia l  region 
of the plateau cur ren t  wi th  scan speed and Zn + + con- 
centration, was observed. Figure  4 shows a typical  
scan (0.03V/min) in 10-SM Zn + +. The current  is small  
to near --1.0V where  a sharp increase is obtained. This 
levels out to a p la teau at --1.1V and stays constant  to 
--1.36V when  H2 evolut ion causes a sharp increase in 
current.  The plateau cur ren t  on this figure, corrected 
for the re la t ive ly  large background value, also agreed 
with  the calculated value. 

We conclude f rom these data that  Zn + + can be de- 
tected on an H g / A u  amalgam electrode at --1.1V ~--E 
--~ --1.36V vs. SCE which is not dissimilar f rom Miller 's  
results (23) is neut ra l  ammoniacal  media. 

Having confirmed these various potent ia l  regions in 
our solutions, we were  now in a position to invest igate  
the corrosion mechanisms of Cu and naval  brass disks 
using Au and H g / A u  ring electrodes as detectors. 

Corrosion of  Cu in 0.5M deaerated  NaC1.--Measure-  
ments were  carr ied out at 500 rpm in unbuffered 0.5M 
NaC1 (pH ~ 6.5) deaerated as described. The Cu r ing 
was normal ly  held at -F0.60V, --0.20V, and --0.60V to 
detect Cu +, Cu + +, and both of these, respectively.  The 
Cu disk (and r ing) were  polished before use as de-  
scribed. Disk corrosion current  was var ied f rom -}-0.5 to 
+ 180 gA. The disk area was 0.19 cm 2 and the theoret ical  
collection efficiency (N) of this assembly was 0.3762. 

Genera l ly  in this and in all other  s imilar  exper i -  
ments, the assembly was immersed in the NaC1 solu- 
tion and deaerat ion commenced.  Af te r  ~30 min  when 
the disk potent ia l  was normal ly  constant, N2 was 
passed over  the solution, and the r ing  potent iostat ted at 
the potential  of interest.  Af te r  ~30 min  a constant 
background current  was observed at all potentials. The 
disk was then corroded and the r ing current  fo l lowed 
with  t ime on a mil l iammeter .  Disk potent ia l  measured 
in a separate exper iment  var ied f rom --0.28 to --0.17V 
as the applied corrosion current  was var ied  f rom 2.25 
to 180 ~A. When constant values for r ing current  were  
obtained, genera l ly  wi thin  10 sec, the disk current  was 
switched off and ring current  fol lowed with  time. Nor-  
mal ly  this fell  rapid ly  to its background value  within  
10 sec. The solution pH on commencement  of these ex-  
per iments  (and those on naval  brass) was ~ p H  6.5 
and general ly  fell  to ~ p H  4.7 on complet ion of the ex-  
periments.  A typical  sequence of the above events  at 
--0.60V is shown in Fig. 5. 

This indicates a sharp increase in Ir at all values of 
Id. A 2-sec offset f rom zero t ime is apparent  due to the 
cumula t ive  effects of double- layer  charging, t ransi t  
t ime of dissolution species f rom disk to ring, and sire- 
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ple mechanical  measurement  error due to overshoot in 
the mi l l iammeter  when  first switched on. Currents,  
after stabil izing out to steady values in  about 2 sec, 
were constant  thereafter.  When Id was switched off, 
background r ing values were re la t ively  constant  wi th in  
5 sec. In  practice, the final background r ing value was 
sometimes slightly larger than  its ini t ial  value, espe- 
cially at high Id. This was a negligible effect here. 
Background r ing currents  were constant  in the region 
of 2.1 ~A. This is a large correction factor at small  I d ,  
however, it was constant  and as just  noted, was cor- 
rected for using the value read 10 sec after each mea-  
surement.  No noticeable variat ions in  results were ob- 
served, even when the background current  varied by 
a factor of as much as 5. 

Figure  6 summarizes the results of Fig. 5 together 
with similar  data with the r ing at ~0.60V vs. SCE both 
corrected for background and plotted against  Id. A 
l inear  relat ionship is apparent  over the entire disk cor- 
rosion range. The theoretical plot assuming dissolution 
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Fig. 6. Background corrected Au ring currents as a function of 
Cu disk corrosion currents in deaerated 0.5M NaCI at ambient 
temperature. 
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as Cu + solely and a value for N of 0.3762 agrees with 
the exper imental  plot exactly. 

A fur ther  point  may  be made. Since the results at 
-b0.60 and --0.60V (SCE) are mirror  images of each 
other then obviously no Cu 2+ is formed on corrosion. 
This was substant ia ted fur ther  by corroding the disk 
and measuring Ir with the r ing at --0.20V vs. SCE. No 
increase in  r ing current  was observed up to 180 ~A Id. 

We conclude from the foregoing that  in our solu- 
tions, Cu corrodes solely via Cu + up to .-900 ~A/cm 2 
disk corrosion current .  No film formation or homo- 
geneous solution reactions are observed. 

Miller's results (7) on 70/30 brass in neut ra l  NHs- 
NH~ salt solutions were shown to correspond to the pH 
region where Cu2+-NH3 couples begin to etch Cu (and 
Zn) with Cu+-NI-I3 complexes as product (31, 32). Low 
currents  produced Cu + and high currents  (>5  m A /  
cm 2) produced Cu 2+, the polarization being a funct ion 
of free NI4_~ concentrat ion and therefore of pH. Cu20 
formation was not observed although its possible for- 
mat ion  was noted unde r  less vigorous mass t ranspor t  
conditions. In  contrast to this, Cu20 was found dur ing 
Cu corrosion in more basic, NH3 free, 1N NaOH solu- 
tions (23). No film free dissolution occurred in 1N 
NaOH even at the lowest cur ren t  density employed 
(~10 ~A/cm2). Above 400 ~A/cm 2, Cu 2+ species were 
produced after the Cu20 passivation step. 

The lat ter  observations are in accordance with the 
published Pourbaix  (33) diagrams for Cu in aqueous 
solutions. Hence it is apparent  from the diagrams that  
at sufficiently noble potentials (high anodic polariza- 
t ion currents)  dissolution of Cu takes place as Cu ~+ 
and not Cu +. At less noble potentials (lower anodizing 
currents)  Cu20 formation is also indicated especially 
in more basic solutions. In  the present  experiments,  as 
outl ined above, no Cu 2+ was found and film free dis- 
solution of the metal  occurred as Cu +. Separate mea-  
surements  showed that  at each corrosion current,  a 
single potential  plateau for the metal  was established 
immediate ly  which had a value of < --0.17V vs. SCE 
even at the highest cur rent  employed (~900 l,A/cm2). 
It seems unl ike ly  that  under  these conditions of po- 
tential, pH, and sal ini ty  any Cu20 or Cu 2+ would be 
expected (33). As noted by Bertocci (34), in solutions 
containing halide ions, the ac t iv i ty  of Cu + ions is de- 
pressed by the complexing react ion 

Cu + ~- 2Ha l -  ~ CuHal~- 

This would then serve to facilitate dissolution of the 
metal  via Cu + as is indeed observed. 

The results i l lustrate  the usefulness of the r ing-disk 
electrode in  corrosion studies. The extension of these 
techniques to a more complex dissolution process in-  
volving naval  brass is described below. 

Corrosion of  naval  brass in 0.5M deaerated  iNaC1.-- 
More substant ia l  data on a nava l  brass disk were ob- 
tained in  an exactly s imilar  m a n n e r  to that  for pure 
Cu. In  this case, in terpre ta t ion  of the results was com- 
plicated by the  dissolution of Zn + + also from the alloy 
necessitating the use of the H g / A u  amalgamated ring. 
Measurements in  unbuffered 0.5M NaC1 solutions are 
described. A theoretical value for N of 0.3973 was used 
in this case. 

In  all  of these experiments  the alloy potential  i n -  
creased l inear ly  with the logari thm of applied current.  
Only a single t ime independent  plateau was observed 
at each current .  The disk potential,  measured in a 
separate experiment,  varied from --0.336 to --0.22V as 
the disk corrosion current  was var ied from 1.4~ to 
89 ~A. 

Typical Ir vs. t ime curves before and after disk cor- 
rosion for a r ing potential  of --0.60V vs. SCE followed 
the general  t rends observed wi th  pure Cu. Figure 7 
summarizes the results of these data and also others 
at %0.60V, all corrected for background,  and plotted as 
Id VS. It. AS with pure Cu, results at the two potentials 
are mir ror  images and fall on the same line indicating 
that  no Cu ++ is formed under  these circumstances, 
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This was fur ther  verified by results at --0.20V v s .  SCE 
where  no reduct ion of Cu 2 to Cu + was observed at the 
ring during disk corrosion. 

The composit ion of the alloy is 60.54 w / o  Cu, 38.70 
w / o  Zn, and 0.76 w / o  Sn. Neglect ing the small Sn con- 
tent  this corresponds to 61.15 a /o  Cu and 38.85 a /o  Zn. 
Assuming alloy dissolution in this atom per cent (a /o)  
ratio, i.e., simultaneous dissolution of both compo- 
nents, we would  expect  that  the fraction of the ap- 
plied disk corrosion current  (Id) resul t ing in the pro-  
duction of Cu + species would equal  

a / o  Cu 
Id [1] 

(1 • a /o  Cu) + (2 • a /o  Zn) 

The calculat ion assumes no selective Zn + + dissolution, 
Cu + redeposit ion or film forming reactions (and of 
course, no dissolution as Cu + + as we have already 
shown).  In addition, for a r ing collection efficiency of 
N - :  0.3973, the observed ring cur ren t  f rom fur ther  
ring oxidation to Cu 2+ of corroded Cu + species, if 
dissolution proceeds in the stated a /o  ratio should be 

a /o  Cu 
• 0.3973 Id [2] 

(1 • a /o  Cu) + (2 • a / o Z n )  
or 

0.1749 Id [3] 

Based on the above, a theoret ical  line is shown also 
in Fig. 7 which is c lear ly  different f rom the observed 
value. Hence at 80 , A  /d, [r observed is 12.6 #A com- 
pared to Ir calculated of 14.0 #A, i.e., 1.4 #A lower. 
Though this is not a large value of current,  it is never -  
theless almost 10% lower than the calculated value  and 
was exper imenta l ly  reproducible.  It is interest ing to 
note that  the  part ial  current  for Cu + corrosion from 
the brass plotted as a function of disk potential, agreed 
quite  well  wi th  the Cu + polarizat ion curve for the 
pure metal. That  is Cu corrosion f rom the alloy occurs 
at the same rate  as in the pure metal. Similar  results 
are repor ted  by P icke t ing  and Byrne  (24) for 7- and 
a-brasses. 

To examine the causes for the discrepancy between 
calculated and exper imenta l  Cu + corrosion currents,  
e.g. ,  selective dissolution of the Zn in the alloy, we 
amalgamated  the ring as described and carr ied out 
exact ly  similar  experiments,  this t ime with  the ring 
potentiostated at --1.3V vs .  SCE. Here  all dissolved 
species are plated out at the  ring. Ir should therefore  
equal  

0.3973 Id [4] 

This holds t rue  in the event  that  any preferent ia l  dis- 
solution of Zn occurs by redeposit ion of Cu +. 
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Fig. 8. Background corrected Hg/Au amalgam ring currents at 
- -1.3 V as a function of naval brass disk corrosion currents in de- 
aerated 0.SM NaCI at ambient temperature. 

A typical Ir vs .  t ime plot fol lowed the t rends out-  
lined earl ier  (Fig. 5) during and af ter  disk corrosion 
for a r ing potent ial  of --1.3V vs .  SCE. The current  
levels were  higher  here as expected. Figure  8 shows 
the results of this exper iment  and a repeat  of the same 
i l lustrat ing the Ir v s .  Ia relationships. Also shown is a 
theoret ical  line according to Eq. [4]. Clearly, again, 
the data do not coincide but  devia te  by 1.6 #A at an Id 
value  of 80 gA. The calculated increase in r ing current  
(due to Zn + + --> Zn) at a disk corrosion current  of 80 
~A when  the ring potent ial  is moved from --+0.60 to 
--1.3V, is 17.7 #A. The measured increase is 17.4 #A. 
This suggests that  the discrepancy in the data is due 
to the Cu in the alloy undergoing some fur ther  re-  
action ei ther at the disk or in transit  to the ring and 
also el iminates the supposition that  Zn + + is select ively 
corroded from the alloy or that  Cu + redeposit ion oc- 
curs. This is in accord wi th  Picker ing (24) and Fel ler ' s  
(22) results which show that  preferent ia l  dissolution 
of Zn from Cu-Zn alloys occurs more  predominant ly  
wi th  Zn-r ich than  with  Cu-r ich  alloys. 

Most likely, a homogeneous solution reaction in- 
volving a fract ion of the corroded Cu + species can ac- 
count for the discrepancy between calculated and ob- 
served ring currents.  Soluble CuC1 can readi ly  hydro-  
lyze (to Cu �9 OH) before reaching the ring electrode 
and will  not then be picked up there. Again, the hy-  
drolysis product may wel l  redeposit  nonelectrochemi-  
cally on the alloy surface in a manner  similar  to that  
outlined by May (35) dur ing pi t t ing corrosion and film 
formation on Cu and its alloys in C I -  media. The sec- 
ond possibility is of course that  some film formation, 
possibly Cu20, occurs direct ly on the corroding sur-  
face. In fur ther  exper iments  where  the electrode was 
rotated more rapidly (2000 rpm) and the measure-  
ments  repeated at  --1.3V vs .  SCE, the theoret ical  and 
exper imenta l  lines now coincided. This then substan- 
tiates the homogeneous reaction theory. In the event  
that  a film is found on the surface, it can only be de-  
posited there  by a nonelectrochemical  deposition of 
insoluble hydrolysis  products formed from soluble cor- 
roded Cu + species. 

It is more difficult to explain the occurrence of this 
phenomenon in the brass alloy as compared to pure  
Cu under  exact ly  s imilar  conditions. The explanat ion 
may be in the fact that  the alloy surface offers more 
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favorab le  redeposi t ion  sites as compared  to a pure  Cu 3. 
surface. The suggestion is ve ry  tenuous  however ,  and 4. 
the  effect requi res  deta i led  exper imen ta t ion  in these 
and more  basic NaC1 solutions. P r e l i m i n a r y  resul ts  in 5. 
the  la t te r  media  do revea l  significant film forming 6. 
reactions.  These da ta  and resul ts  on o ther  a l loy systems 
at  increased t empera tu re s  wi l l  be repor ted  subse-  7. 
quently.  8. 

Summary and Conclusions 
9. 

1. The ro ta t ing  r ing -d i sk  system has been used to in-  10. 
vest igate  pure  Cu and nava l  brass  corrosion in saline 
solutions. The var ious  di f fus ion- l imited potent ia l  r e -  11. 
gions for ox ida t ion  and /o r  reduct ion  of Cu +, Cu 2§ and 12. 
Zn "+ in these env i ronments  on A u  a n d / o r  H g / A u  13. 
ama lgam electrodes are  repor ted .  

2. The technique has been shown to be amenable  to 14. 
corrosion invest igat ions.  Dissolved d isk  species are 15. 
r ead i ly  identif iable at  the  ro ta t ing  r ings potent ios ta t ted  16. 
at p rede te rmined  potent ials .  Homogeneous and film 
forming react ions  can also be d is t inguished readi ly.  17. 

3. Over  the  range ~2.5 x 10 -6  A / c m  2 to ~900 x 10 -6  
A / c m  2 pure  Cu corrodes solely v ia  Cu + in 0.5M NaC1 18. 
solutions at  ambien t  t empera ture .  No Cu 2 + species are  
found nor  is any  evidence presented  for  film format ion  19. 
or  homogeneous react ions  of any  kind.  

4. Over  the r ange  N1.4 x 10 -6 A / c m  2 to ~450 x 10 -6 20. 
A / c m  2, nava l  brass  corrodes  r ead i ly  v ia  Cu + and Zn 2+ 21. 
in these solutions. No Cu 2+ species are  found. No pre f -  
e ren t ia l  dissolut ion by  select ive dissolution of Zn or a 22. 
Cu + redeposi t ion  mechanism is indicated.  Some evi-  23. 

24. dence for a homogeneous  react ion is found. A n y  films 
formed a re  caused by  a nonelec t rochemical  redepos i -  25. 
t ion process involving homogeneous ly  produced species 26. 
r a the r  than  d i rec t  fi lm format ion  on the surface. 27. 
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ABSTRACT 

The anodic oxidation of vanadium in acetic acid-sodium te t raborate  solu- 
tions containing small  amounts  of water  has been studied over  a potent ia l  
range of 100V using the open-circui t  t ransient  analysis technique. An  anodic 
layer  which showed bright  uniform interference colors was found to grow 
on the meta l  surface. Results of these exper iments  indicate that  the depen-  
dence of the oxidation current  density, i, on the formation potential,  V, is ex-  
pressible in the form i ---- io exp (V/Vo), where  io and Vo are parameters  de- 
termined f rom the data analysis. The paramete r  io is found to depend on the 
applied current  density, while the parameter  Vo varies  direct ly with the for-  
mation potential  during galvanostat ic  oxidation. A result  in this form im- 
plies that  the electric field in the oxide is a function of the applied current  
density. These results show similari t ies to results  previously obtained by others 
for the anodic oxidation of bismuth, tantalum, and iron. 

Even though the anodic oxidation of several  metals  
has been extensively  studied (1), vanadium has re-  
ceived li t t le attention. One reason for this has been the 
difficulty in forming an anodic film on vanadium. A 
study by Johansen,  Adams, and Van Rysselberghe (2) 
of a number  of metals, including vanadium, in an 
aqueous boric ac id-ammonia  solution at 25~ indicated 
that  no anodic film would form on vanadium under  
these conditions. Young (1) suggests, but does not 
verify, that  an anodic film might  be formed on vana-  
d ium if a par t ly  nonaqueous e lect rolyte  were  used. In 
1965, Keil  and Salomon (3) successfully formed an 
anodic oxide film on vanadium in acetic acid-sodium 
bora te -wate r  solutions. By using this almost com- 
pletely nonaqueous electrolyte  they overcome the 
problem, exper ienced in the  past by others, of the 
solubil i ty of the anodic oxide product  in aqueous solu- 
tions. In a la ter  work  (4), they studied some of the  
chemical  and electr ical  propert ies of the vanadium 
anodic oxide film. From these studies they concluded, 
among other  things, that  the oxidation state of the 
vanadium was not a function of the potential  to which 
the vanadium was oxidized, the anodic film was V204, 
and, for constant current  growth, a l inear  dependence 
of the growth rate on the current  density necessitated 
that  the electric field in the oxide layer  be constant. 

The intentions of the present  study were  to deter -  
mine the electr ical  propert ies of vanadium oxide films 
by use of open-circui t  t ransient  analysis and to iden- 
tify other  physical propert ies  of the oxide film. The 
open-circui t  t ransient  analysis technique has been 
used in the study of the anodic oxidation of several  
metals  (5-10). Its use in the study of the vanadium 
oxide film, and a comparison of these results wi th  re-  
sults found in the studies of other  metals,  wil l  help  to 
determine  the general  propert ies of the anodic oxida-  
tion of metals. 

Experimental 
The samples used in this s tudy were  h igh-pur i ty  

(99.98%) vanadium, ~4 in. d iameter  rods of varying 
lengths, purchased f rom Materials  Research Corpora-  
tion. Each sample was dri l led along its axis, mechan-  
ically polished, and mounted  be tween Teflon washers  
in an electrode assembly similar  to the one detailed 
by Fel ler  and Osterwald (11). This assembly was then 
immersed in a solution of 25% sulfuric acid, 70% 
orthopl~osphoric acid, and 5% nitric acid for about 30 
sec. Af te r  rinsing wi th  distil led water  and drying, 
each sample was anodical ly oxidized to a potential  of 
50V, then the oxidation product  was dissolved by im- 
mers ing  the electrode assembly in distil led water.  This 

* Electrochemical  Society Act ive  M e m b e r .  
1 Present  address: Department  of  P h y s i c s ,  U n i v e r s i t y  of Waterloo, 

Waterloo, Ontario, Canada. 
K e y  w o r d s :  v a n a d i u m  oxide,  anodic ox ide .  

anodic oxidation and remova l  of the oxide was re-  
peated several  t imes prior  to using a sample for actual 
measurements  in order to insure reproducibili ty.  

The electr ical  c ircui try used was identical  to that 
described by De Smet  and Hopper  (5). Current  den-  
sities were  calculated by dividing the applied current  
by the exposed macroscopic surface area of the vana-  
dium sample. A Sanborn 7700 strip char t  recorder  
was used to record potentials and open-ci rcui t  t ransi-  
ents. 

The electrolyte solution used in this study was simi- 
lar to that  described by Keil  and Salomon (4) wi th  a 
reduct ion of the wate r  content. Nineteen grams of 
Na2B~Ov �9 10 H20 were  added per l i ter  of glacial acetic 
acid, this solution was heated to 60~ and just  suffici- 
ent water  was added to dissolve all the salt (31 _ 1.5 
ml  of wa te r  per  l i ter  of acetic acid).  Other  nonaqueous 
solvents, including formamide  and e thylene glycol 
(with various added salts),  were  tr ied but  these would 
not sustain the formation of a vanadium oxide film. 
The solutions were  bubbled with  argon pr ior  to and 
throughout  the experiments .  

A jacketed f ive-necked flask was used for the cell. 
The electrode assembly, a coiled pla t inum wire  cath-  
ode, a p la t inum wire  reference electrode, a the rmom-  
eter, and a gas dispersion tube were  fitted through 
the standard taper  joints of the cell. 

P re l iminary  exper iments  indicated that  the vana-  
dium anodic oxide film exhibits  a photoeffect (or 
photoeffects) at visible wavelengths;  therefore,  all 
exper iments  were  conducted in a darkened room, and 
the cell was draped with  a black cloth to preclude 
light f rom reaching the cell. 

The effect of t empera tu re  on the layer  was also 
studied. The acetic acid-sodium te t rabora te  solution 
freezes at 12~ which marks  the lower tempera ture  
limit. Other  exper iments  were  conducted at t empera-  
tures of 24 ~ 35 ~ and 40~ For  exper iments  conducted 
near or above room temperature ,  tempera tures  were  
control led by a Haake Model F constant tempera ture  
circulator, which circulated water  through the jacket  
of the cell. For  exper iments  conducted at 12~ the 
electrolyte  was cooled by immersing the cell in an 
insulated container filled with  shaved ice. Af ter  the 
immersion, the tempera ture  fell f rom 24 ~ to approxi-  
mate ly  10~ then rose to 12~ Once the tempera ture  
stabilized at 12~ in a period of about 30 min the 
solution froze solidly. 

Al though the vanadium oxide film would  not form 
on a clean surface using the low cur ren t  densities 
which we were  interested in investigating,  a low cur-  
rent  density wil l  sustain growth once some oxide is 
present on the surface. For  this reason, the fol lowing 
procedure was used to study the growth of the oxide at 
low current  densities: vanad ium oxide was formed on 
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the clean surface at a high current  density (about 500 
#A/cm2), then the current  was switched to the re-  
quired lower current  density (10, 30, or 100 ~A/cm 2) 
after an ini t ial  oxide film was formed. This procedure 
allowed open-circui t  voltage decay experiments  to be 
performed from desired cur ren t  densities and forma- 
t ion potentials. 

Results 
If one considers an oxide film on a metal  surface 

to be equivalent  to a capacitor with a dielectric medium 
(which in some m a n n e r  carries a small  current)  lo- 
cated between the capacitor plates, then the differential 
equation describing such a circuit is given by 

C d V / d t  -1- i = ie [ 1 ] 

where i is the current  density through the film, ie is 
the ex terna l ly  applied current  density, V" is the poten-  
tial across the layer, and C is the capacitance per uni t  
area of the layer. 

The init ial  portions of the exper imenta l  open-circui t  
t ransients  obtained for vanad ium fit an expression of 
the form 

V ---- k -- Vo log (t -t- 0) [2] 

2 0  r-  

IO 

(volts) 
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Fig. ]. Dependence of Vo on formation potential for vanadium at 
room temperature. The formation current density was 10 #A/cm 2 
for the data represented by the circles, 30 #A/cm 2 for the dote 
represented by the triangles, and 100 #A/cm 2 for the data repre- 
sented by the squares. 

very well. Here Vo, k, and  0 are parameters  which de- 
pend on the part icular  t rans ient  and its ini t ial  condi- 
tions. It  follows, by differentiating Eq. [2] and sub- 
st i tut ing into Eq. [1], with ie -~ 0, that  the expression 
for the current  density through the film may be wri t -  
ten as 

i _-- io exp ( V / V o )  [3] 

where ~,o and Vo are exper imental  parameters  with the 
same dimensions as i and V, respectively. This deriva-  
tion includes certain assumptions which have been 
discussed previously (5, 8). As the potential  decays 
when the circuit is opened, a point in potential  or time 
is reached where these assumptions no longer apply; 
hence, Eq. [2] will  not describe the potential  decay 
beyond this point. Basically, Eq. [3] is a high-field 
ionic conduction relat ion and would thus not be ex- 
pected to describe the entire open-circui t  potential  
decay, especially when the potential  drop across the 
oxide approached zero. 

Each open-circui t  t ransient  was recorded and ana-  
lyzed graphically by plott ing V vs.  log(t  -t- e), which 
was found to be a straight l ine for a properly chosen 
value of 8. Transients  fit the expression of Eq. [2] over 
at least 11/2 decades of time, corresponding to approxi-  
mately a 90 % decay in the potential  at current  densi-  
ties of 100 ~A/cm 2 and a 65% decay in the potential  at 
current  densities of 10 and 30 #A/cm 2. This type of 
analysis of open-circuit  t ransients  was described by 
Grahame (12), and has been used in studies of the 
anodic oxidation of several metals (5-10). 

A series of open-circui t  potential  decays was recorded 
at intervals  dur ing  galvanostatic oxidation. These 
t ransients  were then analyzed to determine values for 
Vo and 0. To avoid confusion in terminology, we desig- 
nate  the current  densi ty immedia te ly  prior to the 
opening of the circuit as the formation current  density. 
Also, the term formation potential  designates the over-  
potential  at which the open-circui t  t rans ient  was ini t i -  
ated. 

Figure 1 shows the values of the parameter  Vo ob- 
tained from several typical sets of t ransients  as a 
function of the formation potential  at room tempera-  
ture  for three values of the formation current  density: 
10, 30, and 100 ~A/cm 2. For each formation, current  
density Vo increases with formation potential  and 
each plot is linear, at least to a formation potential  of 
50V (within exper imental  error) .  All  lines pass 
through the zero of formation potential. For the largest 
value of the formation current  density, 100 ~A/cm 2, 
the plot of Vo vs. formation potential  shows a notice- 
able change in slope at about 60V. The differences in 
the slopes for these three values of cur ren t  density 
are readily apparent.  

A plot of the reciprocal capacitance vs.  formation 
potential  for current  densities of 30 and 100 #A/cm 2 is 
shown in Fig. 2. The reciprocal capacitance is calcu- 
lated from the relat ion 1 / C  = "tTo/(ie" 0), obtained 
from the boundary  conditions of Eq. [1]. This result  
shows that  the reciprocal capacitance varies with for- 
mat ion potential, and there are two distinct changes 
in slope occurring at approximately 40 and 60V. Since 
the parameter  0 found for the open-circui t  t ransients  
on vanadium can be obtained only wi th in  10%, this 
error will show up directly in  the reciprocal capaci- 
tance. As a result, the reciprocal capacitance-potential  
plots have only quali tat ive significance. 

The plots of formation potential  vs. t ime were much 
the same as those reported by Keil  and Salomon (4) 
at room temperature,  with the same three distinct 
regions of t ime rate of change of formation potential. 
This exper iment  conducted at various temperatures  
indicates a dependence of d V / d t  on tempera ture  above 
an overpotential  of 10V. Figure 3 shows the results for 
a formation current  density of 500 #A/cm 2 at tempera-  
tures of 12 ~ 24 ~ and 35~ The slopes of the lines for 
these tempera tures  are 0.084, 0.075, and 0.0625 V/sec, 
respectively. Figure 4 shows d V / d t  (above a potential  
of 10V) vs.  formation current  density for the same 
temperatures  and supports the dependence of d V / d t  
on temperature.  

The effects of visible light on the formation potential  
of the vanad ium anode while undergoing galvanostatic 
oxidation is shown in Fig. 5. During galvanostatic 
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Fig. 2. Dependence of the reciprocal capacitance on formation 
potential. The formation current density was 30 izA/cm 2 for the 
data represented by the circles and 100 p.A/cm 2 for the data rep- 
resented by the squares. 
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Fig. 3. Potential vs. time at a constant current density of 500 
/~A/cm 2 at the indicated temperatures. The vanadium sample was 
clean at the beginning of each experiment. 
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Fig. 4. The rate of change of potential (above a potential of 
10V) as a function of the formation current density. The tempera- 
ture was 12~ for the data represented by the squares, 24~ for 
the data represented by the circles, and 35~ for the data repre- 
sented by the triangles. 
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Fig. 5. Potential vs. time with on applied current density of 
3 /~A/cm 2. At point A the electrode was illuminated with visible 
light, and at point B the light was removed. 

oxidation with an applied current  densi ty of 3 #A/cm 2, 
a h igh- in tens i ty  light was shone on the electrode. The 
light produced a sharp decrease in the potential, which 
re turned  to its original  value upon removal  of the 
light. Several  experiments  of this k ind showed an in-  
crease of the photoeffect (that is, the voltage drop) 
with an increase in the formation potential  under  
galvanostatic conditions and a decrease in the photo 
effect with increasing formation current  densities. At a 
fixed current  density, the per cent voltage drop when 
the electrode was i l luminated  was approximately 
constant. No at tempt was made to va ry  the in tensi ty  
of the i l lumination.  

In order to facilitate the discussion which follows, 
a potential  t rans ient  in which the applied current  
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Fig. 6. Potential vs. charge for a transient in which the current 
density was switched from 500 to 100 ~A/cm~ and then back to 
500 ~A/cm 2. 

density was switched from 500 to 100 #A/cm 2 and 
then  back to 500 ~A/cm 2 was recorded and is shown 
in Fig. 6. The speed of the strip chart  recorder was 
slowed by a factor of five when  the current  density 
was lowered, and then switched back to its original 
speed when the cur ren t  density was re tu rned  to its 
original  value, thus giving a plot of potent ial  vs. 
charge. This figure shows a potential  overshoot when 
the current  densi ty is abrup t ly  changed. This type of 
overshoot is typical  of m a n y  materials  undergoing 
anodic oxidation (1, 5, 6, 8). 

Discussion 
Several  authors ( i )  in te rpre t  the  theoretical  rela-  

t ion for an exponent ia l  dependence of the current  
densi ty through the anodic oxide film on the forma-  
t ion potential  as an activation energy-control led pro- 
cess. For  the high-field case, this relationship is given 
a s  

i = 2 any  e x p  - -  ( W  - -  ~ e a E / k T )  [4] 

where  a is the half  bar r ie r  width, n the densi ty  of 
charge carriers, v the ion oscillation frequency, W the 
activation energy for the process, ~ the valence of the 
charge carrier, and E the electric field at the activa- 
tion barrier.  The average electric field in the layer is 
the formation potential  divided by the thickness of the 
layer (5-10). Taking the electric field at any barr ier  
(i.e., the local electric field at the barr ier)  equal  to 
the average electric field in the layer, then Eq. [3] 
and [4] yield 

Vo : ( k T / X e a )  D [5] 

where D is the thickness of the layer. Therefore, if 
one uses this model, Vo is directly proport ional  to the 
thickness of the oxide layer, D, assuming k and a are 
constants, independent  of current .  

The data displayed in Fig. 1 support this type of 
model by showing that  the values of Vo vary  directly 
with the formation potent ial  for any  value of the con- 
stant  current  density. For  different values of forma-  
tion current  densities, the slopes of the  data differ, 
indicating that  the field in  the layer depends on the 
formation current  density. Another  estimate of the 
thickness of the oxide layer can be seen in the data 
presented in Fig. 2, which shows the reciprocal capaci ~. 
tance proport ional  to the formation potential,  at least 
for potentials below 40V. Assuming that  the oxide 
layer  acts like a paral lel  plate capacitor, this indicates 
that  the capacitance of the layer  is proport ional  to the 
layer thickness, as might  be expected. 

In Fig. 3, the data show that  the potent ial  growth 
pa t te rn  falls in  three distinct regions, labeled I, II, 
and III, as reported by Keil  and Salomon (4). The first 
region is an almost ins tantaneous  potential  rise from 
the zero current  value to a potent ial  value that  is 
dependent  on several factors, including the type of 
electrolyte used and the formation current  density. 
This region can most l ikely be a t t r ibuted to the ohmic 
voltage across the electrolyte. A second region follows 
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and is dist inguished by a slow t ime rate of change of 
the potential.  Also, the length of region II  is found to 
depend on the formation current  density and the tem- 
perature  of the electrolyte. The work of Keil  and 
Salomon (4) shows that  most of the charge passed in 
region II goes into the production of V +4 ions in solu- 
tion. This type of behavior  is completely analogous to 
the active state region on the passive metals  such as 
iron, etc. [see Ref. (1)],  and its length is known to 
depend on the applied current  density, the solution 
concentrat ion and temperature,  etc. This region ap- 
pears to exist un t i l  the potent ial  reaches a certain 
value, called the t ransi t ion potent ial  by Keil  and Salo- 
mon, which is also dependent  on the aforesaid factors. 
Once the potential  reaches this value, the t ime rate of 
change of potential  becomes much greater  and remains  
at this value for the rest of the oxide layer growth. 

Exper iments  were conducted with the photoeffects 
to a t tempt  positive identification of the different types 
of photoeffects present in the vanad ium system. Figure 
5 indicates that  photoconductivi ty is present  dur ing 
visible light i r radiat ion of the oxide film. Using an 
accepted definition of photoconductivi ty as a change 
in the conductivi ty of the oxide layer due to the ab-  
sorption of radiation, and using the results of Gudden 
and Pohl 's  exper iments  in photoconductivi ty as re-  
ported by Bube (13) which show photoconductivi ty to 
be a volume effect, our data clearly indicate its pres-  
ence in this study. The data shown in Fig. 5 and simi- 
lar data taken  at vary ing  formation potentials show 
the photoeffect to be dependent  on the thickness of the 
oxide film, thus a volume effect. Similar  data were 
reported for the photoeffect on bismuth anodic oxide 
films by De Smet and Hopper (5). This change in 
conductivi ty of the oxide layer is probably  an elec- 
tronic current  added to the normal  ionic current  in the 
oxide layer. We believe that  other photoeffects, per-  
haps including surface effects, may also be present  in 
this system, but  at tempts to verify this have not been 
successful. 

Figure  4 shows the dependence of d V / d t  on the for- 
mat ion cur ren t  densi ty at three different temperatures.  
These results show that  d V / d t  varies approximately  
l inearly with formation current  density. This figure 
does not, however,  imply  that  the electric field wi th in  
the layer is independent  of the formation current  
density. Figure 7 shows the same data as Fig. 4, this 
t ime presented in a somewhat  different manner .  Here 
we have assumed that  the current  efficiency of layer 
growth is 100%, that is all of the charge passed into 
layer formation (a conclusion of Keil  and Salomon) 
and calculated dV/dQ ---- (1/i) �9 ( d V / d t ) .  This quan-  
t i ty should be proport ional  to the electric field wi thin  
the layer. In Fig. 7, this quan t i ty  is plotted as a function 
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Fig. 7. Dependence of dV/dQ on the formation current density. 
The data represented by the squares were token at a temperature 
of 12~ the open circles at 24~ and the triangles at 35~ The 
data represented by the filled circles were taken from Ref. (4). 

of the formation current  density and it is clear that  
dV/dQ is not a constant, independent  of current  den-  
sity. [In Fig. 7, the lines have been d rawn in merely 
to show the t rend of the data and do not necessarily 
imply an exactly l inear  relat ion between dV/dQ and 
log (i) .] 

Figure 6, which shows potential  vs. charge as the 
formation current  density is switched from one value 
to another, demonstrates  the same point. First, if the 
electric field were independent  of formation current  
density, then the slopes of the l inear  portions of the 
curves at different currents  would be identical. In fact, 
the slope of the l inear  portion of the curve at the lower 
current  density is slightly smaller  than  that  at the 
higher current  density. Second, when the current  
densi ty is lowered, the potential  falls (even if the 
potential  overshoot is ignored and the l inear  port ion 
of curve is extrapolated to the point where the current  
was switched) and, since there is no decrease in the 
layer thickness, the electric field in the layer must  
decrease. A similar a rgument  holds for an increase 
in the electric field when  the current  density is in-  
creased. 

Unt i l  this point, we have not ment ioned the param-  
eter io other than to say that  it has the same d imen-  
sions as L Values of io for vanadium can be calculated 
from Fig. 1 and Eq. [3]. It  is difficult to give exact 
values for io for vanadium,  since the errors in individ-  
ual values of io may be 25% or more. Nevertheless, it 
has been found that  io does tend to increase with in-  
creasing formation current  density. This type of de- 
pendence of io on formation current  density has been 
found for several other materials,  and it has been sug- 
gested that  it may be possible to account for the poten- 
tial overshoot such as that  shown in Fig. 6 by con- 
sidering the m a n n e r  in which io changes when the 
formation current  densi ty is changed (5, 7,8). Similar  
arguments  may be advanced for vanadium. We feel 
that the physical cause of the potential  overshoot, 
when the current  densi ty is abrup t ly  changed, is also 
the cause of the changes in io. 

The results of the present  s tudy show m a n y  features 
which are s t r ik ingly  s imilar  to the results of studies 
of anodic films on several other metals (5-10). Experi-  
ments  on the anodic oxidation of b ismuth (5), iron 
(6, 7), and t an ta lum (8) show that  the decays of over-  
potential  dur ing  open-circui t  t ransients  all fit the form 
of Eq. [2], implying a re la t ion between current  and 
potential  in the form of Eq. [3]. All  these systems also 
show the same type of dependence of Vo on the for- 
mat ion potential  fixed formation current  density. The 
slopes of Vo vs. potential  all depend on the formation 
current  density. All these mater ia ls  (and m a n y  others 
which form anodic oxide films by a high-field ionic 
conduction process) show potential  t ransients  similar  
to Fig. 6 when the current  density is abrupt ly  changed. 
These general  features must  be properties of the anodic 
oxidation process itself and are independent  of the 
part icular  system under  investigation. 

Manuscript  submit ted Oct. 26. 1970; revised m a n u -  
script received ca. Jan. 28, 1971. 

Any  discussion o'f this paper will appear in a Dis- 
cussion Section to be published in the December 1971 
JOURNAL. 
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Anodization of Vanadium 
R. G. Keil *'1 and K. Ludwig 

Department of Chemistry, University of Dayton, Dayton, Ohio 45409 

ABSTRACT 

A study was made of the relationship between ion current  migra t ing 
through anodic oxide films on vanadium and the electrostatic field across the 
dielectric over a potential  range of some 100V util izing the open-circuit  t ran-  
sient method. The results show that the relationship between the formation 
current  density, i, and the formation potential, V, is of the form i : io exp 
(V/Vo), where io and Vo are parameters  result ing from analysis. Vo was found 
to be a l inear  function of the formation voltage. The quanti ty,  e, was found to 
be essentially equal to zero, a result which departs from results previously 
reported for other metals, for example tantalum, iron, and bismuth. 

We have previously reported (1, 2) that  an anodic 
vanad ium tetroxide film, which exhibits interference 
colors, can be grown on vanad ium metal  when it is 
subjected to anodic polarization. An anodization solu- 
tion composed of glacial acetic acid, borax, and water 
was used. The water concentrat ion was not critical 
when  below 5M (molar) .  These results showed that  
the film was vanad ium IV oxide formed at 100% cur-  
rent  efficiency at the anode. Other results suggested 
the film was probably porous. 

In this present  work, we desire to study the elec- 
trical properties of this vanad ium oxide film by use of 
open-circuit  t rans ient  analysis, a method pioneered by 
Grahame (3) and used in the study of the anodic oxi- 
dation of several metals (4-6). Previous experimental  
results indicated that the anodic vanadium oxide film 
was porous. We were curious dur ing this study, there-  
fore, to determine if ~ might  have an abnormal  value. 
Ord (5) has found its value to be unity.  This point and 
the relationship between the ion current  density and 
the electrostatic field dur ing film growth were the 
main obj ectives of this study. 

Experimental 
High-pur i ty  (>99.94%), single-pass, zone-refined 

vanad ium rods (% in. diameter)  purchased from Ma- 
terials Research Corporation was used for this work. 
The electrode was mounted  and prepared for anodiza- 
tion by methods previously described (2). Just  prior 
to anodization, the electrode was etched in a 1:1 water -  
nitric acid (70% assay) solution. The electrode was 
then washed, first with distilled water, then with ab-  
solute ethanol, dried, and immersed in the anodization 
bath. 

The cell used was basically the one previously used 
but  modified to accept a saturated calomel reference 
electrode in contact with the anodizing solution via a 
Luggin capillary of potassium nitrate.  At extremely 
low water  and /or  sodium tetraborate  concentrations, 
films formed showed the existence of nonhomogeneous 
electrostatic fields as was evidenced by nonuni form 
interference colors across the electrode surface. In  this 
work, we found an acetic acid solution 2.0M in water  
and 0.02M in sodium tetraborate  was best. This solu- 
t ion had a conductivi ty of 79 mic ro - (ohm-cm)  -1 
These studies were all carried out at 25~ An inert  
ambient  of argon was main ta ined  in the reaction flask 
and the anodizing solution was degassed prior to use. 
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An anodic film did not form on the vanad ium metal  
surface at low current  densities. Therefore, the follow- 
ing procedure was adopted to study the film growth at 
low current  densities. Vanadium oxide was formed on 
the clean metal  ini t ial ly at about 1500 #A/cm 2 unt i l  
the overpotential  exceeded 20V. Then the current  was 
decreased in successive steps unt i l  the desired current  
density (32, 71, or 352 ~A/cm 2) was reached. This 
allowed the open-circuit  t ransients  to be obtained from 
desired current  densities and formation voltages. 

A schematic of the electrical circuitry used is shown 
in Fig. 1. High- input - impedance  differential opera- 
t ional amplifiers (Phi lbr ick SP102) were used for the 
galvanostat and follower. These amplifiers operate over 
a range of • Potentials  and open-circui t  t ransi-  
ents were recorded on an oscillographic recorder 
(Sanborn 7701B). All potentials were recorded rela-  
tive to the saturated calomel reference electrode. 
Overpotentials  were calculated from observed voltages 
by subtract ing the value of the open-circuit  potential. 
Apparent  current  densities were obtained by dividing 
the applied current  by the macroscopic surface area of 
the anode. 
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Fig. 1. Circuit schematic: A---operational amplifiers; V--Mallory 
TR-289, 12.6V battery; R1--20 Mohms; R2--2 Mohms; R3~O0 
kohms; R~--200 kohms; R5--40 kohms; R6--20 kohms; R7--6 
kohms; Rsm4 kohms; R9--12.1 kohms; Rlo--5 kohms; Rll--500 
kohms; R12m5 ohms; R13~.6 ohms; Rz~--lO ohms; R~--20 ohms; 
R16--50 ohms. 
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Results 
The oxide film can be considered to be the dielectric 

medium of a capacitor whose plates are composed of 
the substrate metal  and the anodizing solution. While 
forming, say under  galvanostatic conditions, the film 
carries current  in some manner .  The external  current  
throughout  the circuit  must  equal the sum of the cur-  
rent  passing through the film, plus capacitance charg- 
ing. The differential equat ion which relates the cur-  
rent  densi ty through the film, i, the overpotential,  V, 
and the external  circuit current,  ie, is given by 

i Jr C d V / d t  --  ie [ 1 ] 

Informat ion concerning the relat ion between quant i -  
ties in Eq. [1] can be obtained by ut i l izing the "open- 
circuit t ransient"  method. Transients  of this type 
(voltage vs. t ime) have been used to s tudy the kinetics 
of a n u m b e r  of anodic oxide film systems (4-6). Dur ing  
an open-circui t  t ransient ,  ie ---~ 0 and the differential 
equation describing the system becomes 

i Jc C d V / d t  : 0 [2] 

If one can measure the change in  the potent ial  with 
time, the current  through the anodic oxide may be 
determined,  assuming a value for C is available. 

For  vanadium, the exper imenta l  voltage t ransients  
fit an expression of the form 

V = k -- Yo]n(t + ~) [3] 

The quantities 0, Vo, and k are parameters which are 
determined by the particular transient and its initial 
conditions. The transient can be analyzed graphically 
by plotting the overpotential during open-circuit decay 
vs. In(t ~- 0) on graph paper. For each transient, e is 
varied (by making a judicious choice) until a straight 
line is obtained for V vs. In(t -I- 0). This operation was 
performed with the aid of a digital computer. The 
computer was fed voltage vs. time data. It then per- 
formed the following functions: (a) it chose from a 
very large selection the value of # which produced a 
m i n i m u m  s tandard  deviat ion of all  data points when 
the data was subjected to a l inear  least square anal-  
ysis, and (b) it pr inted out the values of k, 0, Vo, and 
the s tandard  deviation. Differentiating Eq. [3] with 
respect to time, one obtains 

d V  - -  Vo 

d t  (t  -F o) 

Solving Eq. [3] for the quant i ty  (t q-~) and substi-  
tut ing into Eq. [4] yields 

d V  
- :  -- Vo exp ( -- k / Y o )  exp (V/Yo) [5j 

dt 

Subst i tu t ing Eq. [5] into Eq. [2] yields the final result, 
an equation of the form 

i : io e x p ( V / V o )  [6] 

where io -~ CVo e x p ( - - k / V o ) .  The point is that an 
equation of this form is the mathemat ica l  consequence 
of the differential equat ion describing the system and 
the exper imenta l  vol tage- t ime profile. Here, io and Vo 
are exper imenta l ly  determined parameters  whose di- 
mensions are the same as i and V, respectively. If 
time zero equals the commencement  of the transient.  
the t ransients  fit Eq. [3] for times corresponding to 
80% of the potent ial  decay at a current  density of 352 
/~A/cm 2 and 60% of the potential  decay at 32 and 71 
~A/cm 2. Figure 2 shows the relat ionship between the 
parameter  Vo and the formation potential.  For a given 
formation cur ren t  density, Vo is a l inear  funct ion of the 
formation potential  and all lines pass through the 
origin. The slope of each l ine is obviously a function 
of the formation current  densi ty and decreases with 
increasing cur ren t  density. S tudying anodization proc- 
esses in a nonaqueous med ium like glacial acetic acid 
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Fig. 2. Dependence of Vo on formation potential for vanadium in 
anodizing solution. The formation current density was 32 /~A/cm 2 
for the data represented by squares, 7! ~A/cm 2 far the data 
represented by circles, and 352 /~A/cm 2 for the data represented 
by triangles. 
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Fig. 3. Formation potential vs. Vo for vanadium anodized at 71 
/~A/cm 2 in 0.02M Na2B4OT, 2.0M H20, HC2H302 (squares), and 
0.02M Na2B40-;, 0.75M H20, HC2H302 (circles) at 25~ 

affords one the rare  opportuni ty  of s tudying the effect 
of water  concentrat ion on the process. Figure 3 shows 
clearly that the quant i ty  Vo is, for a formation current  
density of 71 ~A/cm 2, definitely a funct ion of the 
anodizing solution at a given formation potential.  

F rom data analysis, we learned that  the value of 
required to fit the t ransient  data to Eq. [3] is quite 
small, with values ranging from essentially zero to as 
high as 0.1. A typical  value is 0.02. Generally,  ~ in-  
creases with the formation potent ial  of the film. Figure 
4 shows the relationship be tween the reciprocal ca- 
pacitance and the formation potential. The reciprocal 
capacitance is related to 0 by the equat ion I l C  -~ Vo/ie~. 

Discussion 
An exponent ial  dependence of the current  density 

through the oxide film on the overpotential  can be in-  
terpreted in terms of an act ivat ion-energy-control led 
process (7). The theoretical relat ion for such a process, 
in  the high-field case, is given in its simplest form by 

i -~ 2 a n v e x p ( - - U / k T )  e x p ( q a E / k T )  [7] 

where  a is the ha l f - jump distance of the activation 
barrier,  n the density of charge carriers, v the fre- 
quency of the oscillating ions, U the activation energy 
for the process, q the effective charge on the  mobile 
ions, and E the electric field at the activation barrier.  
The other symbols have their usual  meanings.  Assum- 
ing the field at the activation barr ier  is equal to the 
average electric field, a comparison of Eq. [6] and [7] 
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Fig. 4. Dependence of the reciprocal capacitance on formation 
potential. The formation current density was 32 #A/cm 2 for the 
data represented by the circles and 71 /~A/cm 2 for the data repre- 
sented by the squares. 

may be made which yields the relationship 

Vo = ( k T / q a ) D  [8] 

Thus, Vo is proport ional  to the thickness of oxide 
layer, D. 

The exper imenta l  data presented here verified a 
model of this type. Figure 2 shows that  the values of 
Vo are l inear ly  proport ional  to the formation potential  
for a given formation current  density over a wide 
range of values and that  the lines intersect the origin. 
This result  indicates that  a high-field conduction pro- 
cess limits the current  through the layer. Data taken 
for different formation current  densities fall  on lines 
of differing slopes, indicat ing that  the field in the 
layer  and io both depend on the formation current  
density. The field in the dielectric may increase with 
increasing formation current  densi ty because of an 
increase in the ion j u m p  distance at higher formation 
current  densities. 

As ment ioned earlier, the values of 0 required to 
linearize Eq. [3] are unusua l ly  small  compared to 
results obtained with other metals by other invest i -  
gators. We interpret  this to mean  that  films formed in 
glacial acetic acid solutions containing 0.02M Na2B407 
and 2.0M H20 are porous compared to those formed 
on, say, tanta lum.  These results are not at all incon- 
sistent with our previous findings. 

In an earlier work (2), we reported results which 
supported the existence of a porous anodic layer. First, 
infrared measurements  showed that  acetic acid, in-  

corporated into the film dur ing film growth, is re-  
moved from the film on s tanding after a very  short 
time. Second, the final leakage current  density, 0.15 
pA/cm 2, was some 1000 times larger than that  found 
for other valve metals (8). The comparat ive speed with 
which the acetic acid evaporated suggested that  it 
might have been located along channels  in the film. 
The onset of a porous "channel" s tructure dur ing early 
stages of film growth would account for these experi-  
menta l  results. One is able to combine the values of 0, 
i~, and Vo to calculate the reciprocal capacitance 
through the relation, 1/C :- Vo/ieO. Figure 4 shows the 
relationship between formation potential  and 1/C is 
only roughly linear. Perhaps this is due to random 
defect s tructures l ike channels  wi thin  the forming 
oxide film. 

Finally,  we look at Fig. 3 which shows that  Vo is, 
for a given formation potential,  very much a function 
of the anodizing media. It is interest ing to note that 
the solution containing the greater amount  of water  
(2.0M vs. 0.75), yields larger values of Vo for a given 
formation potential, a fact which suggests that  the 
film formed in the solution containing the greater 
amount  of water  is thicker [recall Vo = ( kT /qa )D] .  
Perhaps this is quite correct since we reported (2) 
previously that film breakdown potential  appears to 
decrease with increasing water  concentrat ion in the 
anodizing solution. 

The results of this invest igat ion are similar to those 
obtained by others s tudying other oxide film systems 
(4-6). All systems to date have shown the same type 
of dependence of Vo on formation potential.  The u n -  
usual results found in this study are the small values 
of 0 necessary to linearize the t ransient  relationship. 
This is believed to be due simply to the na ture  of the 
anodic oxide on vanadium.  

Manuscr ipt  submit ted Dec. 18, 1970; revised m a n u -  
script received ca. Feb. 26, 1971. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1971 
JOURNAL. 
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Identification of Gold Islands on Copper-Plated Wire 
Surfaces by Cyclic Voltammetry 

M. W. Breiter* and F. E. Luborsky 
General Electric Research and Development Center, Schenectady, New York 12301 

ABSTRACT 

Periodic potentiostatic current -potent ia l  curves have been used to demon-  
strate the existence of gold islands on a copper substrate. The samples of 
smooth and rough copper substrates were prepared in a continuous wire  plat-  
ing system with an average thickness of the gold deposit of from 0 to 1400A. 
Time-dependent  changes in the potentiostatic curves were qual i ta t ively ex- 
plained in terms of the respective electrode reactions. 

During studies concerned with the preparat ion of 
Permal loy films on wire (1), it was discovered that  
the application of a very  low cur ren t  in  the gold-plat-  
ing bath dur ing  the wire preparat ion resulted in sub-  
stantial  improvements  in the performance of the wire 
as a nondestruct ive read-out  (NDRO) element. This 
wire preparat ion and the magnetic  results are de- 
scribed separately (2). 

In this paper, we describe periodic potentiostatic 
measurements  on the wires, without  the magnetic film, 
which were used to obta in  quali tat ive information 
about the "coverage" of the copper by the gold deposit. 
This technique differs from the determinat ion of 
porosity of gold deposits based on measurements  of 
the corrosion potential  (3) and is sufficiently sensitive 
to detect the small amounts  of gold present on the 
copper. The corrosion potential  measurements  were 
insensit ive to the small amounts  of gold encountered 
in this work. It is shown that  the substrates which 
produce magnetic films with superior properties do 
contain some gold and that this gold is in the form of 
islands covering only a fraction of the copper sub- 
strate surface. 

Experimental 
The wires were prepared in the continuous wire-  

plat ing l ine (1, 2) by sequent ia l ly  depositing a 
"smoothing" copper layer, a "rough" copper layer, 
and then a gold layer. The remainder  of the plat ing 
system was not used so as to prevent  contaminat ion 
of the surface; i.e., the NiFe cell was open, the anneal  
furnace "off," and the mercury  removed from the 
test j ig  contact cups. Samples of various combinations 
of copper and gold were prepared as shown in Table 
I. Opt imum magnetic  properties, in subsequent  proc- 
essing, were obtained with substrates of the type 
represented by  samples G and H. The current -vol tage  
characteristic for the gold deposition cell is given in 

* Electrochemical Society Active Member. 
Key words: electrodeposited thin films, magnetic memory, sur- 

face structure. 
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Fig. ]. Current-voltage characteristic for gold deposition in 
continuous plating fine. Thicknesses obtained by chemical anaJysis. 
Upper and right coordinates are an expanded scale of the initial 
portion of the curve. 

Fig .  1. T h e  a v e r a g e  go ld  t h i c k n e s s e s  w e r e  d e t e r m i n e d  
b y  w e t  c h e m i c a l  a n a l y s i s  f o r  s a m p l e s  d o w n  t o  11A. 
E a c h  s a m p l e  w a s  a s s e m b l e d  as  a n  e l e c t r o d e  a n d  i m -  
m e r s e d  in  t h e  1M K O H  e l e c t r o l y t e  in  a c o n v e n t i o n a l  
ce l l  of  P y r e x  g lass .  T h e  e l e c t r o l y t e  w a s  f l u s h e d  f r e e  of  
o x y g e n  b e f o r e  u s e  a n d  k e p t  a g i t a t e d  w i t h  t h e  n i t r o g e n  
d u r i n g  t h e  m e a s u r e m e n t s .  

A W e n k i n g  6 1 T R S  p o t e n t i o s t a t  a n d  T y p e  255 F u n c -  
t i o n  G e n e r a t o r  f r o m  E x a c t  E l e c t r o n i c s  w e r e  u s e d  to 
a p p l y  p e r i o d i c  p o t e n t i a l  s w e e p s  a t  d i f f e r e n t  r a t e s  to  
t h e  t e s t  e l e c t r o d e .  T h e  c u r r e n t  w a s  m e a s u r e d  as  a 
v o l t a g e  d r o p  a c r o s s  s t a n d a r d  r e s i s t o r s  a n d  t h e  c u r r e n t -  
p o t e n t i a l  c u r v e  d i s p l a y e d  o n  a T e t r o n i x  302 Osc i l l o -  
scope .  P o t e n t i a l s  w e r e  m e a s u r e d  vs.  a h y d r o g e n  e l ec -  

Table I. Characteristics of samples 

Sample* 
preparation 

Sample Rough 
No, Cu, mA Au, mA 

Characterization 
of the wire 

Apparent 
surface, r ~ 

Average 
thickness 
of Au, A 

B n.c.** n.e. 
C n.e. 0.05 
D n.e. 0.20 
E n.e. 10 
F 20 n.c. 
G 20 0.05 
H 20 0.20 
I 20 10 
J ~ 

Solid Cu wire 
Smooth Cu 
Smooth Cu + partial Au layer 
Smooth Cu + partial Au layer 
Smooth Au 
Rough Cu 
Rough Cu + Partial Au layer 
Rough Cu + Partial Au layer 
Rough Au 
Sohd Au wire 

0.18 
0.10 
0.10 
0,10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.38 

0 
0 

Ni l  
~11 
1400 

0 
~ I I  
~11 
1400 

* Smooth Cu deposit at 60 rnA for all samples, 
** n.e.--No contact. 
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trode in 1M KOH. Measurements  were all at room 
temperature.  

Results 
As in  previous work (4, 5) concerning the sur-  

face composition of heterogeneous p la t inum-gold  
alloy wires, we have at tempted to obtain informa-  
t ion on the composition of the surface from character-  
istic waves in vol tammetr ic  cur ren t -poten t ia l  curves. 
P re l iminary  work showed that  the application of 
periodic potential  sweeps between 0.2 and 1.2V at 
small  rates (<1 V/sec) led to the fairly rapid destruc-  
t ion of the surface of some of our samples because of 
copper dissolution from copper patches between the 
gold islands. Judging only from the absence of any 
short- t ime destruction of samples made with an aver-  
age thickness of the gold deposit of about  1200A, it 
can be said that much th inner  gold deposits do not 
cover the copper substrate uniformly.  For the studies 
of the surface composition, a sweep rate of 100 V/sec 
was chosen. At this rate, the effect of copper dissolu- 
t ion is much smaller. A few results obtained at small 
sweep rates are ment ioned later since they support 
the conclusions from measurements  at 100 V/sec. 

Voltammetric current -potent ia l  curves measured at 
100 V/sec at a solid copper wire and on a smooth 
copper substrate are replotted in Fig. 2. The curves 
represent  early cycles before a destructive effect was 
noticeable, but  not the ini t ia l  cycle. The shape of the 
I -U curves is near ly  the same and the areas enclosed 
by  the two curves are directly proport ional  to their 
apparent  surface area given in Table I. The copper 
substrate on which the gold film was deposited in 
other exper iments  (see Table  I) is uni form and thick 
enough to display the properties of bu lk  copper. The 
area under  the anodic wave is equal to that under  
the cathodic wave within  the exper imental  error 
(___10%). Only the anodic formation (6, 7) and cathodic 
reduction (6, 7) of copper oxides 

2Cu + 2OH- : Cu20 + H20 + 2e- [i] 

Cu20 + 2OH-  ---- 2CuO + H20 + 2e -  [2] 

take place at the high sweep rate. A separation of the 
two reactions is not possible on the basis of the present  
results. 

Voltammetric  I -U curves taken in 1M KOH on a 
smooth gold wire at 100 V/sec are represented by 
curves in Fig. 3. The curves are practically symmetr i -  

5.8 

2.9 

SAMPLE A 

1.2 

SAMPLE B 
5.8 

-23 

Fig. 2. Voltommetric current-potential curves at 100 V/sec on 
solid copper wire (sample A) and a smooth copper substrate 
(sample B). 
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Fig. 3. Voltammetric I-U curves on solid go[d wire, J, in |M 
KOH -I- XM CuSO4 �9 5H20 at 100 V/sec. Curve a: X ~ 0. Curve 
b: X ~ 10 -~ .  

cal to the potential  axis at U --~ 1.1V, indicat ing the 
presence of a near ly  reversible process. The formation 
and reduction of the oxygen layer  occurs only to a 
small  extent  and is recognizable at the r ight  side of 
the curves. The na ture  of the near ly  reversible proc- 
ess became clear when  CuSO4'  5H~O was added in 
increasing amounts  to the electrolyte. The height of 
the peaks at about 0.85V increases with the copper 
ion concentrat ion (compare curves a to b).  The addi- 
t ion of Cu + + in  tests on the solid copper wire showed 
no change in the curves and no peak near  0.85V. It is 
suggested that the cathodic formation of absorbed cop- 
per atoms, Cuad, or of (Cu20)ad is observed dur ing 
the cathodic sweep and its s tr ipping away dur ing  the 
anodic sweep 

C u O 2 - -  + 2H20 + 2e -  ---- CUad -~- 4OH-  [3] 

or, more likely, 

2CUO2--  + 3H20 + 2e-  ---- (Cu20)ad + 6 ( O H ) -  [4] 

An absorbed layer of a copper-containing species is 
formed at potentials less positive than that for deposi- 
t ion of thick copper layers with bulk  properties. This 
layer may  have properties like a copper-gold alloy, 
but  it still has to be formed on the gold substrate. The 
si tuation is similar to that  encountered on p la t inum 
(8). Reactions [3] and [4] are so fast on gold that 
small  traces of copper ions in the reagent -grade  KOH 
can be detected. The presence of an impur i ty  having 
the electrochemical properties of the Cu + + / C u  + 
couple was established (9) in a similar  way  for 0.SM 
HC1. The occurrence of reaction [3] which requires 
the presence of gold atoms is used subsequent ly  in a 
qual i tat ive way as evidence for the existence of gold 
patches on the surface of copper substrates. The gold 
patches were obtained by deposition of gold. 

Three I -U curves, taken at 100 V/sec in 1M KOH 
with increasing average thickness of the gold deposit 
on top of the copper films, are replot ted in Fig. 4. The 
conditions for the gold deposition are given in Table I. 
The curve for sample I in Fig. 4 with the thick gold 
deposit has a shape similar to curve a for the solid 
gold wire in Fig. 3. The gold deposit is uniform and 
covers the copper substrate essentially completely (ex- 
cept for random porosity).  The enclosed areas dur ing 
the anodic and cathodic sweep are about equal  and 
proport ional  to the apparent  surface area. The middle 
and the left I -U curve in Fig. 4 displayed one broad 
anodic wave and two cathodic waves. The cathodic 
wave between about 0.6 and 0.2V can be ascribed to 
the reduction of copper oxides, as a comparison with 
the curves on copper in Fig. 2 demonstrates.  The nar -  
rower cathodic wave at about 0.8V appears at about 
the same potential  as the cathodic wave of curve b in 
Fig. 3 and has a similar  shape. It is a t t r ibuted  to reac- 
tions [3] and [4]. The height of this wave is a qual i ta-  
t ive measure  for the total area of the gold patches on 
top of the copper substrate. As expected, the height is 
larger for sample H with the thicker gold deposit. The 
presence of the cathodic wave between 0.6 and 0.2V 
in samples G and H represents  evidence that  a part  
of the under ly ing  copper substrate is not covered by 
the gold film. This part  participates in reactions [1] 
and [2] and, to a smaller  extent, in copper dissolution. 

t SAMPLE 6 SAI, IPLE H SAMPLE I 

- -  S.4f ~ 18.2 ~ I0 
0 ' ' 

Fig. 4. Voltammetric I-U curves at 100 V/sec on 1M KOH on 
copper films with increasing average thickness of the gold deposit. 
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The occurrence of copper dissolution is evidenced by 
an increase with t ime of the height of the cathodic 
wave for gold at 0.8V. 

It  was not possible to obtain a quant i ta t ive  measure 
for the coverage of the copper substrate with gold 
because th in  gold films, like that  on sample G, dis- 
appear from the surface during the cycling. The I -U 
curve of sample G was traced about 20 sec after con- 
necting it to the potentiostatic circuit. During extended 
cycling, the cathodic peak at 0.8V becomes smaller 
and finally disappears. Then the I -U curve looks like 
curve b of the copper substrate in Fig. 2. The removal  
of the thicker gold film sample H was much slower 
than that of sample G. It is not known at present  if 
the gold film is removed by anodic dissolution or by 
mechanical  breakage because of anodic dissolution of 
the under ly ing  copper substrate. 

A quali tat ive confirmation of the preceding results 
is derivable from I -U curves measured at small  sweep 
rates. The curves at 1 mV/sec have the form recently 
reported (10) for solid copper in 1M NaOH. The large 
anodie wave appearing at about 0.85V dur ing  the 
anodic sweep masks any  other effect. However, the 
height of this wave increases with decreasing average 
thickness of the gold deposit, indicat ing that more 
copper areas become exposed to the electrolyte and 
participate in the anodic copper dissolution. 

Conclusions 
It  has been demonstrated that periodic cur ren t -  

potential  curves can be used to obtain quali tat ive 

informat ion on the relat ive surface areas of copper 
and gold on composite samples. Differences between 
gold on smooth or on rough copper substrates could 
not be observed because of the quali tat ive na ture  of 
the measurements.  
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A New Technique for Investigating the Electrochemical 
Behavior of Electroless Plating Baths and the 

Mechanism of Electroless Nickel Plating 
N. Feldstein* and T. S. Lancsek 

RCA Corporation, David Sarnoff Research Center, Princeton, New Jersey 08540 

ABSTRACT 

The electrochemical potent ial  of electroless nickel and electroless cobalt 
plat ing baths can be altered by the addit ion of a var ie ty  of chemical com- 
pounds to the baths. At the same time, the metal - to-phosphorus  ratio in the 
deposit is altered. This behavior has been studied for a series of baths using 
typical accelerators including thiourea, glycine, and formate; each of these 
represents  a different type of accelerator characteristic. A Tafel- l ike be-  
havior  was observed to apply for the deposition of nickel (or cobalt) and also 
for the deposition of phosphorus. Therefore, given a sui table reference point, 
the plat ing rate and metal - to-phosphorus  ratio can be predicted from the 
measured potential. A model based on a modified hydride mechanism is pro-  
posed for the electroless deposition of nickel-phosphorus.  With the help of 
this model, the hydrogen evolved dur ing deposition can be quant i ta t ive ly  ac- 
counted for. 

Since the discovery of the electroless plat ing process 
by Brenner  and Riddell  (1), m a n y  commercial  proces- 
ses have been developed employing this plat ing tech- 
nique. In  particular,  the deposition of nickel layers by 
electroless techniques is widely used in  the electronics 
industry.  Although the actual  s t ructure (2-4) of nickel-  
phosphorus deposits formed with these baths is still 
unresolved, the phosphorus content  in the deposit is of 
importance. Typical chemical and physical properties 
(5, 6) which are dependent  on the phosphorus con- 
tent  are: resistivity, hardness, in terna l  stress, corro- 
sion resistance, magnet ic  moment,  and electrical con- 
tacts to semiconductor material .  It is thus impor tant  
to control the phosphorus content  through control of 

* Elec t rochemical  Society Act ive  Member .  
K e y  words :  electroless plat ing,  e lec t rochemical  behav ior  and 

mechanism,  role of accelerators.  

those parameters  which affect its deposition rate. 
In  examining  prior l i terature  on the phosphorus 

content  of nickel  deposits, there is a general  agreement  
on the following trends. 

1. The per cent phosphorus increases with increas- 
ing tempera ture  of operation. 

2. The per cent phosphorus increases with increas- 
ing hypophosphite concentration.  

3. The per cent phosphorus increases with decreas- 
ing pH of the bath. 

Although considerable effort has been devoted to the 
s tudy of the role played by major  components of the 
bath (buffers, complexing agents, reducing agents, 
etc.), little at tent ion has been focused on the possible 
effect(s) of stabilizers (7) and accelerators (8-10) on 
the phosphorus content  of the deposit. 
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In  a recent invest igat ion (11), it was demonstrated 
that  inhibi tors  (stabilizers) al ter  the electrochemical 
parameters  at the electrode solution interface and at 
the same t ime change the nickel-phosphorus ratio 
in the deposit. In  the present investigation, it was de- 
cided to examine the effect(s) associated with some 
typical accelerators, since the use of such additives is 
highly desirable in practical plating. The accelerators 
chosen in this investigation were typical, each repre-  
senting a specific class of accelerator. 

Exper imenta l  Procedures 

Chemicals.-- .A_] l  chemica ls  used in  p r e p a r i n g  the  
plating solutions were reagent  grade. The water  used 
w a s  deionized and then distilled. 

Rate.--For comparison of the relat ive effect(s) of 
the various accelerators, s tandard 2 in. x 2 in. a lumina 
substrates (American Lava Corporation 614 plain)  
having a 40 #in. surface roughness were used. Volume 
of solutions was held at 200 cc unless otherwise stated. 
Electroless plat ing on these substrates was carried out 
using a convent ional  t in -pa l lad ium sensitization and 
activation sequence; the weight gain dur ing plat ing 
was recorded. In most cases, in i t ia t ion of plat ing was 
apparent  wi thin  30 sec; however, for solutions having 
the highest thiourea concentration, the ini t iat ion was 
sluggish. No agitat ion was provided dur ing  the plating. 

The plat ing t ime in all cases was chosen as 10.0 rain 
except in the case of bath C in which the deposition 
t ime was taken as 20.0 rain. All  plat ing temperatures  
were main ta ined  within  •176 pH values were main-  
tained within  • pH units  at the corresponding 
operating temperature  with the help of a Corning pH- 
controller, Model 10c. No agitation was provided dur -  
ing the plat ing cycle. In  the current  work, electroless 
Ni -P  and Co-P plat ing baths shown in the Appendix 
were employed. 

Subsequent  to the plating, the deposits were ana-  
lyzed for their  nickel and phosphorus (or cobalt and 
phosphorus) content  employing both x - r ay  fluorescence 
spectroscopy and convent ional  wet chemical analysis. 
For  the wet chemical analysis, a gravimetr ic  technique 
based on dimethylglyoxime was used for nickel (or 
cobalt) ,  while the phosphorus was determined colori- 
metr ical ly  with molybdenum blue. In the x - ray  tech- 
nique, the net  x - r ay  in tensi ty  (counts per second) 
w a s  monitored for PK~ and NiK~ lines, respectively. 
Hydrogen evolved in the course of plat ing was collect- 
ed by a simple displacement apparatus. 

Potential measurements.--Potential measurements  
were carried out using a recording potentiometer  
(John Fluke  Manufactur ing Company, Model 825A). 
All  s teady-state  potentials (mixed potentials) and 
equi l ibr ium potentials were obtained using freshly 
deposited nickel or cobalt electrodes against SCE at 
the operating temperatures.  Potent ial  measurements  
were made as the concentrat ion of the additives was 
varied. All  reported values are wi th in  +1 inV. 
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Results and Discussion 
In examining the kinetic results shown in Fig. 1-4, 

the effect(s) of the accelerators may be divided into 
three distinct classes. 

AI class (accelerator-inhibitor).--The over-all be-  
havior of this class is demonstrated in Fig. 1 and 4. 
Initially, there is an increase in plat ing rate leading 
to a maximum. Fur ther  increases in additive concen- 
trat ion lead to inhibi t ion of the plat ing rate, due to 
an adsorption-poisoning type mechanism. Typical ma-  
terials in this class are thiourea and thiocyanate. 

API class (accelerator with partial inhibition).---For 
this class, the over-al l  behavior is shown in Fig. 2. 
Following the ini t ial  acceleration in deposition rate, 
there is an inhibi ted range. However, the degree of 
inhibi t ion is not complete; a plateau is reached at the 
higher accelerator concentrations. The plateau level 
achieved can either be below or above the init ial  level 
in the absence of additive. 

Fig. 3. Effect of formate on a 
nickel-plating bath (bath C). 
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Table II. Effect of glycine on the nickel-phosphorus content 

Net  x - r a y  in tens i ty  
c o u n t s / s e c  

Molar Weight  rec la imed  b 
coneen-  P K a  b y  a n a l y s i s  (rag) 
t r a t i o n  
g lyc ine  P K ~  NiK<x NiK<x N i  p %po 

O 1263 1177 1.O7 15.61 0.66 4.05 
O.01 1613 2768 0.562 34.02 2.55 6.95 
0.02 1497 3325 0,450 - -  - -  - -  
0.03 1022 3737 0.273 -- ~ 
0.04 802 4697 0.171 55.27 2.29 3.98 
0.07 442 3631 0.122 
O.lO 411 3293 o.12s 42~5 0.~4 1.% 
0.30 447 2852 0.157 33.65 0.52 1.52 

b W e i g h t  r e c l a i m e d  b y  s t a n d a r d  w e t  c h e m i c a l  analysis .  
c Va lues  c a l c u l a t e d  u s i n g  w e i g h t s  in p r e v i o u s  t w o  co lumns .  

AO class (accelerator-only) . - -For  this class, the 
over-al l  behavior is i l lustrated in Fig. 3. Contrary  to 
the behavior in the above two classes, the plat ing rate 
approaches a max imum value asymptotical ly as the 
additive concentrat ion is increased. It should be noted 
that  the additives in this class general ly do not form 
complexes with the metallic cation in bu lk  solution. 
Besides formate, similar behavior was noted with 
fluoride ion. 

As reported by DeMinjer  and Brenner  (7), the in-  
corporation in the bath of thiourea in low concentra-  
tions gives an accelerating effect on the plating rate. 
Figure  1 (bath A) shows the manne r  in which the 
plating rate and steady-state potential  vary  as the 
thiourea concentrat ion is modified. Variations in both 
the plating rate  and steady-state potential  are similar; 
i.e., corresponding increases or decreases in each take 
place as thiourea is added to the bath. It should be 
noted, however, that, al though thiourea is known to 
accelerate plat ing from some acidic electroless nickel 
baths, there are cases (12) (acid-type bath) in which 
this anticipated acceleration does not take place. Ex- 
aminat ion of the deposits with respect to their  ele- 
mental  composition (Table I) shows distinct accelera- 
tion in the formation rate of both the nickel and 
phosphorus. At the same time, the per cent phosphorus 
in the deposit decreases dur ing the acceleration part 
of the curve. Due to the high operat ing temperature,  
no collection of hydrogen was attempted. 

In Fig. 2 (bath B), the effect of glycine on the plat-  
ing rate and the steady-state potentials is demon-  
strated. The plat ing rate characteristics are in excel- 
lent agreement with the work by Holbrook and Twist 
(8). Fur thermore,  they have reported that the molar 
ratio of hydrogen to nickel (nickel plus phosphorus) 
is constant  over the entire glycine range, and this de- 
te rminat ion  has not been repeated in the current  work. 
It is fur ther  demonstrated in Fig. 2 that the steady- 
state potential  gradual ly  increases toward more cath- 
odic values upon the addit ion of glycine and leveling 
occurs at the higher glycine concentrations. As the 
glycine content  varies, the equi l ibr ium potential  for 
the nickel redox system is altered in a regular  fashion. 
Specifically, --384 mV vs. SCE and --445 mV vs. SCE 
were measured for this system in the absence of hypo- 
phosphite for 0 and 0.3M glycine, respectively. Al-  
though the potential  curves for the glycine system do 

Table I, Effect of thiourea on the nlckel-phosphorus content 

Mola r  W e i g h t  r e c l a i m e d  b 
c o n c e n t r a t i o n  b y  ana lys i s  (mg) 

t h i o u r e a  • 104 Ni  P %pc 

None  68.97 4.29 5.84 
5.3 132.24 4.61 3.40 

16.5 135.90 4,47 3.19 
33 125.82 3.62 2.81 
39.5 18.04 0.25 1.32 

b W e i g h t  r e c l a i m e d  b y  s t a n d a r d  we t  chemica l  analys is .  
c Values  ca l cu l a t ed  u s i n g  w e i g h t s  in  p r e v i o u s  co lumns .  

not follow the same characteristics as shown in Fig. 1, 
3, and 4, this behavior  is not surprising since glycine 
can complex the nickel with a pK value of about 5 
(13). However, in view of the variations of steady- 
state potential  with added glycine, it is not surprising 
to find (Table II) that  both the nickel and phosphorus 
formation rates are altered. In addition, deposits hav-  
ing a different phosphorus-nickel  ratio are obtained. 

As seen from Fig. 3 (bath C), upon the addition of 
formate to the electroless nickel bath, acceleration in 
plating rate takes place. The plat ing rate, the rate of 
hydrogen evolution, and the s teady-state  potential  all 
increase gradual ly  leading to a plateau. As demon-  
strated in Table III, both the nickel and phosphorus 
deposition rates increase with formate addition. There 
is also a net decrease in the phosphorus concentrat ion 
in the deposit as the formate concentrat ion increases. 
Furthermore,  from the data of Fig. 3 and Table III, 
the molar concentrat ion of hydrogen to nickel was 
found to be 1.4 over the ent i re  formate concentrat ion 
range examined. 

Examinat ion  of the equi l ibr ium potential  for the 
nickel system in the absence of hypophosphite resulted 
in a constant value of --383 •  mV. vs. SCE at 75~ 
and pH of 4 over the entire formate concentrat ion 
range. This result, along with absorption measure-  
ments  in the uv-vis ible  range, suggests that  there is 
no complex formation be tween the formate and the 
nickel ions in solution. 

While in Fig. 1-3 electroless nickel plat ing baths 
were examined, Fig. 4 (bath D) shows the influence 
of thiourea on a typical electroless cobalt bath. In 
examining the results of Fig. 4, it is apparent  that  
ini t ia l ly there is an increase in the plat ing rate, the 
rate of hydrogen evolution, and the steady-state  po- 
tential  with added thiourea. Fur ther  addition of the 
thiourea leads to a decrease in these dependent  var i -  
ables and the eventual  cessation of the plat ing process. 
This general  course of behavior  closely resembles the 
results shown in Fig. 1. In  Table IV it is clearly shown 
that both the cobalt and phosphorus and their  respec- 
tive plat ing rates are enhanced, however in a manne r  
in which the per cent phosphorus is decreased in the 

Table Ill. Effect of sodium formate on the nickel-phosphorus content 

Net  x - r a y  i n t e n s i t y  
Mola r  c o u n t s / s e c  

conecn-  W e i g h t  rec la imed b 
t r a t i o n  of PKc~ by  a n a l y s i s  (rag) 

s o d i u m  
f o r m a t e  P K a  N i K a  N i K ~  Ni* P* %po 

None  1425 1365 1,04 14.3 2.01 12.3 
0.013 - -  - -  - -  22.1 3.00 11.9 
0.025 1640 2048 0.800 24.6 3.06 11.1 
0.050 1690 2485 0.680 29.8 - -  - -  
O.10 1671 2885 0.579 33.8 4,00 10.6 
0.50 1570 3240 0,485 45.8 5.31 10.4 

b W e i g h t  r e c l a i m e d  by  s t a n d a r d  we t  c h e m i c a l  ana lys i s .  
c Values  ca l cu l a t ed  u s i n g  w e i g h t s  in  p r e v i o u s  two  co lumns .  
* S a m p l e s  used  in  th i s  t ab l e  are  no t  the  same as e m p l o y e d  in  

Fig.  3. 
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Table IV. Effect of thlourea on the cobalt-phosphorus content 

m g  of m g  of 
Mola r  conc of coba l t  a p h o s p h o r u s  a Per  c e n t  b 
t h i o u r e a  x 10 ~ r e c l a i m e d  r e c l a i m e d  p h o s p h o r u s  

None 15.86 0,Sl 4.86 
0.50 28.69 1.41 ,I-.70 
2 , 5 0  36 .83  1 .50  3 .92  

" W e i g h t  r e c l a i m e d  by  s t a n d a r d  we t  c h e m i c a l  analys is .  
b Va lues  ca Icu la ted  u s i n g  w e i g h t s  in  p r e v i o u s  two  co lumns .  

acceleration part  of the curve. Examinat ion  of the 
equi l ibr ium potent ial  for the cobalt system in the ab-  
sence of hypophosphite resulted in a constant  value of 
--726 ___ 2 mY vs .  SCE for thiourea concentrat ions of 
0-4.5 x 10-6M. This behavior  is exactly analogous to 
that exhibited by the nickel system shown in Table I. 
Analysis of the gaseous product  evolved as related to 
the cobalt deposited shows that  in  all  cases the molar  
concentrat ion of the gaseous product to cobalt is in the 
range of 4:1 to 3:1 without  any specific t rend with 
thiourea addition. Furthermore,  it was found mass 
spectrometrically that a substant ia l  portion of the gas 
phase is ammonia.  

Replott ing the results of Fig. 1, 3, and 4 (and their  
corresponding tables) shows the m a n n e r  by  which the 
net plat ing rates for nickel and cobalt vary  with the 
steady-state potentials (Fig. 5). Since the deposits 
formed in this work are general ly  quite thick, it is 
reasonable to assume that  composition is uniform 
throughout the bu lk  of the cross section. Although in 
Fig. 5 the plat ing rate  for the metals  is plotted v s .  
potential, by suitable t ransformat ion (using Faraday 's  
law) these plat ing rates can be converted to "deposi- 
tion currents." As seen in all three cases, the logarithm 
of the plat ing rate (or deposition current )  is a l inear  
function of the potential. This behavior  is character-  
istic of Tafel plots (14). From relat ing the slopes of 
Fig. 5 to the theoretical Tafel slope, the t ransfer  co- 
efficients (a) were evaluated (assuming n ---- 2). The 
theoretical Tafel slope is 

n ~ R T  d l n i  

F dE 

where n ----number of electrons in charge transfer  
step 

---- t ransfer  coefficient 
R ---- gas constant  
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T ---- absolute tempera ture  
F : Faraday  constant  

Specifically, the following t ransfer  coefficients were 
found: 0.5 for the n ickel - formate  and cobal t- thiourea 
baths, and 0.4 for the nickel- th iourea  case. 

Since the Tafel type equation appears to fit the ob- 
served data, a charge t ransfer  step can be assumed to be 
the slow step in the reduction of the metall ic cations. 
Furthermore,  from earl ier  work, this slow charge 
t ransfer  step is probably  due to a slow electron ex- 
change or a slow chemical change dur ing the course 
of the anodic oxidation of hypophosphite. 

Figure  6 was prepared from data on the phosphorus 
deposition rate. As seen in all three cases, a l inear  re-  
lationship exists which again resembles a Tafel plot. 
From the slopes of Fig. 6 and the theoretical Tafel 
slope (n assumed to be un i ty ) ,  the corresponding 
charge t ransfer  coefficients were found 

0.71 for cobal t - thiourea bath  
1.1 for n ickel- th iourea  bath 
1.1 for n ickel- formate  bath 

It is thus concluded that the electrochemical reduc- 
tion of hypophosphite to phosphorus is also charge 
transfer  controlled and that  the kinetics of deposition 
may be described by  the Tafel equation. However, 
since by definition ~ may have values only in the 
range 0-1, the value of n must  be greater  than 1 in the 
electrochemical process leading to the formation of 
phosphorus. 

It is thus postulated that  reduct ion of hypophosphite 
itself is not involved in the formation of phosphorus. 
Rather, another in termediate  having phosphorus in a 
form_~l valence state greater than  one is probably  in-  
volved. This species is probably  formed from hypo- 
phosphite dur ing  oxidation step (s). This intermediate  
species is postulated to be a metaphosphorus acid 
(HPO~), which, although short-l ived, could lead to the 
formation of either elemental  phosphorus by reduct ion 
or orthophosphorus acid (H3PO3) by hydration.  

Wieland and Winkler  (15) postulated, on the basis 
of organic analogies, that  a metaphosphorus acid is 
formed dur ing the catalytic dehydrogenat ion of hypo- 
phosphorus acid. Based on Wieland and Winkler ' s  pos- 
tulate, Goldenstein e t  aL (2) proposed metaphosphorus 
acid as an in termediate  in the oxidation of hypophos- 
phite. It is interest ing to note that  in their  work (2) 
the metaphosphorus acid is formed as par t  of an atomic 
hydrogen t ransfer  mechanism rather  than  the hydr ide-  
type mechanism accounted in this investigation. 
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REACTION TYPE 

1. H 2 P O z + O H - + X  , [ X - - - H ] - + P O 2 + H 2 0  ELECTROCHEMICAL 

2. PO 2 + O H -  ~ H P O  3 C H E M I C A L  

3. 2 [ X -  - - H I  - + M ++ - M + 2 ( X -  - - H )  E L E C T R O C H E M I C A L  

4.  2 ( X -  - - H)  ~ H 2 + 2 X  C H E M I C A L  

5. IX -  - - H ]  - + H 2 0  - - ~  H 2 + O H -  + X E L E C T R O C H E M I C A L  

6. 3 [ X - - - H J - + 2 H 2 0 + P O  2 , P + 3 ( X - - - H ) +  4 O H -  E L E C T R O C H E M I C A L  

7. H 2 P O  2 + O H -  ~ H P O  3 + H 2 C H E M I C A L  

Fig. 7. A modified hydride transfer mechanism. For alkaline 
condition, X represents a catalytic site, and M represents nickel or 
cobalt. 

In view of the results of the current  investigation, 
and the arguments  presented by Lukes (16), it is 
believed that  a modified hydr ide- type  mechanism (16) 
best accounts for general  characteristics of Ni-P and 
Co-P type baths. Figure 7 shows the basic steps which 
occur in this modified hydride t ransfer  mechanism. Re- 
action 1 is the ra te-control l ing step result ing in the 
charge t ransfer  control behavior observed for reactions 
3 and 6. No at tempt is made in this investigation to 
distinguish between the two isomeric forms of hypo- 
phosphite (17). At the same time, the hydrogen 
evolved dur ing the course of plat ing is the sum total 
of reactions 4, 5, and 7 (Fig. 7). Reaction 7, how- 
ever, should occur only at high temperatures  and in 
alkal ine media (16). From the exper imenta l  data for 
the hydrogen evolved from baths B, C, and from re-  
cently reported data on an alkal ine room-tempera ture  
bath (11), excellent agreement  was found between the 
hydrogen measured and that expected, based on the 
composition of the deposit. Specifically, it was found 
that the following correlation holds fairly rigorously 

d d d 
d-'T [H2] ---- -~ -  [Nil + 1.5 ~ [P] 

This correlation is consistent with the over-al l  mecha-  
nism proposed in Fig. 7 and suggests that reaction 5 
plays a minor  role for the baths under  examination.  
Furthermore,  due to the competitive na ture  of reac- 
tions 2 and 6 with respect to PO2-,  it can be antici-  
pated that  reaction 2 wil l  become more impor tant  in 
alkal ine media. This is consistent with the observation 
of several investigators that the phosphorus content  in 
the deposit is lower as the pH is increased. 

Based on the results of this investigation and the 
consistency of the values for the t ransfer  coefficient 
(~) for nickel  (or cobalt) and  phosphorus, the follow- 
ing practical results are envisioned, all leading to 
greater  simplicity and better  control of the composi- 
tion of the deposit. 

1. Based on (a) the value found for a ( t ransfer  co- 
efficient), (b) at least one deposition rate measure-  
ment,  (c) the corresponding steady-state potential, and 
(d) the composition of the deposit, a complete dep- 
osition rate for nickel (or cobalt) and phosphorus as 
a function of potential  may  be calculated. The poten-  
tial can be changed for a given bath by, e.g., adding an 
accelerator so that a complete plat ing rate vs. ac- 
celerator concentrat ion curve can be constructed (for 
class I and III  only) .  From these data, precise bath 
compositions may be selected to yield the desired alloy 
composition and plat ing rate. 

2. Although in the current  investigation an analysis 
for a b inary  system (Ni-P or Co-P) was made, it is 
believed that  a s imilar  analysis can be made for ter-  
nary  systems. 

3. The use of thiourea in electroless plat ing is highly 
desirable since it accelerates, as well  as stabilizes, 

such baths. There is, however, a basic l imitat ion in 
the use of this mater ia l  because its concentrat ion de- 
creases with time, due to hydrolysis and sulfur  co- 
deposition. It  is thus highly desirable to have a simple 
analyt ical  technique for low thiourea concentrations.  
Based on the potent ial  variat ions (Fig. 1 and 4) with 
thiourea concentration,  a simple potentiometric tech- 
nique (19) has been conceived for the determinat ion of 
thiourea in electroless plat ing baths. 

Conclus ions  
In the acceleration of electroless nickel and cobalt 

deposition from hypophosphite-based media, three dis- 
t inct classes of accelerators are observed 

AI (accelerator- inhibi tor)  
API  (accelerator with par t ia l  inhibi t ion)  
AO (accelerator-only)  

In all cases, there are distinct potent ial  changes for 
the bath and compositional variat ions in the deposit as 
the accelerator concentrat ion is increased. Detailed 
analysis of classes I and III  accelerators shows that  the 
nickel (or cobalt) and phosphorus deposition kinetics 
satisfy a Tafel- l ike equation. This correlation with the 
Tafel equations implies that  the electroless deposition 
reactions may be treated by simple electrochemical 
principles. From our earlier work (11), it is known 
that  the anodic oxidation of hypophosphite is the ra te-  
controll ing step. 

The hydrogen evolved is due to several chemical re-  
actions taking place simultaneously.  In  acid media 
(or low- tempera ture  alkaline media) ,  we observe that  
~he moles of hydrogen gas evolved are the sum total 
of the moles of nickel  deposited plus 1.5 • the moles of 
phosphorus deposited. This leads to the hypothesis 
that the phosphorus originates from a short- l ived in-  
termediate such as metaphosphorus acid, ra ther  than 
from the parent  hypophosphite molecule. These ob- 
servations are consistent with the modified hydride 
mechanism proposed to account for the findings of this 
investigation. 
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APPENDIX 

Bath A (7) 
NaH2PO2 �9 H20, 9.45 • 10-~M 
NiC12 �9 6H20, 1.26 • 10-1M 
C2H303Na, 2.54 • 10-ZM 
pH, 4.2 
Temperature,  91.5~ 
CH4N2S, Variable 

Bath B (8) 
NaH2PO2.H20, 3.63 X 10-2M 
NiCI2 �9 6H20, 5.00 • 10-2M 
pH, 5.8 
Temperature,  87~ 
C2H~O2N, Variable 

Bath C (12) 
Ni + +, 0.32M 
NaH2PO2 �9 H20, 0.236M 
pH, 4.0 
Temperature,  75~ 
HCOONa, Variable 

Bath D (10) 
CoC1 �9 6H20, 0.126M 
NH4C1, 0.935M 
NaH2PO2 �9 H20, 0.189M 
Na citrate �9 2HoO, 0.340M 
pH (with NH4OH), 8 
Temperature,  85~ 
CH4N2S, Variable 

Manuscript  submit ted Jan. 28, 1971; revised m a n u -  
script received Feb. 22, 1971. This paper was prepared 
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for oral presentat ion at the Inst i tute  of Metal Finish-  
ing, England, May 1971. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1971 
JOURNAL. 
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Voltammetric and Coulometric Studies of the 
Mechanism of Electrohydrodimerization of 

Diethyl Fumarate in Dimethylformamide Solutions 
W. V. Childs, *'1 J. T. Maloy} C. P. Keszthelyi, and Allen J. Bard* 

Department of Chemistry, The University of Texas at Austin, Austin, Texas 78712 

ABSTRACT 

The reduction of diethyl  fumarate  (DEF) in t e t r a - n - b u t y l a m m o n i u m  iodide 
(TBAI) -d imethy l formamide  (DMF) solutions at a p la t inum electrode has 
been studied by cyclic voltammetry,  double potential  step chronoamperometry,  
and controlled potential  coulometry. The chronoamperometric response for 
several possible mechanisms of electrohydrodimerization has been obtained 
by digital s imulation techniques, and a method for dist inguishing among the 
mechanisms suggested. Results of double potential  step chronoamperometr ic  
experiments  strongly support a mechanism where the electrochemically gen- 
erated anion radicals undergo a second-order dimerization reaction. Controlled 
potential  electrolysis results give evidence for a bulk  polymerizat ion reaction 
in the absence of proton donor; protonation in the presence of hydroquinones;  
and good efficiency to the hydrodimer  product in the presence of l i thium 
perchlorate tr ihydrate.  

The study of electrohydrodimerizations (or electro- 
lytic reductive couplings) of activated olefins and re- 
lated substances, by an over-al l  reaction shown in Eq. 
[1] has been the subject of numerous  investigations, 
most recently especially 

RI H RI 
J R2C -- CH2 X 

2 C ---- C -f- 2e -}- 2H + --> [ [1] 
~ R2C -- CH2 X 

R., X R1 
O 
II 

X ---- e lec t ron-withdrawing group, e.g. - -CN, - - C - - O E t  

by Baizer and co-workers [see (1-3) and references 
contained therein].  The reduction on acrylonitr i le  
(RI ---- R2 ---- H, X ---- CN) has been the subject of most 
of the investigations because of the commercial im-  
portance of the hydrodimerized product, adiponitrile. 
Relatively few studies have been concerned with a 

* Electrochemical  Society Act ive  Member.  
' Present  address: Phillips Pe t ro leum Company,  Bartlcsville,  Okla- 

homa, 74004. 
=Present  address:  Depar tmen t  of Chemistry,  West Virginia Uni-  

versity,  Morgantown,  West Virginia. 
Key  words: electrolytic hydrodimerizat ion,  potential  step ehrono- 

amperomet ry ,  cyclic vo l t ammet ry ,  coulometry,  computer  simulation. 

kinetic analysis of the mechanism of the process, how- 
ever. The first papers, general ly on the basis of product 
distribution, viewed the process as occurring with an 
init ial  two-electron reduct ion to the dianion, which 
then attacked the parent  molecule to produce coupled 
products. Beck (4), based on an analysis of cur ren t -po-  
tential  curves for the reduction of acrylonitrile,  pro- 
posed a ra te -de te rmin ing  step involving one electron 
and one water  molecule to form a neutra l  radical, 
which is immediately reduced fur ther  to the proton-  
ated carbanion. Recently Petrovich, Baizer, and Oft 
(2, 3) carried out polarographic, cyclic voltammetric,  
and macroscale electrolysis studies of a number  of di- 
activated olefins in N,N-dimethyl formamide (DMF) 
solutions and concluded that  dimeric products were 
formed by either at tack of an electrochemically gen- 
erated anion radical on the parent  unreduced otefin, 
followed by fur ther  electroreduction and protonation, 
or by protonation of the anion radical, followed by 
fur ther  reduction to an anion and subsequent  attack on 
the olefin. An al ternate  pa thway to the dimer, that of 
coupling of the anion radicals, was deemed less likely. 

The research described here was under taken  to in-  
vestigate the mechanism of the hydrodimerizat ion re-  
action using a var ie ty  of electroanalytical  techniques, 
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including double potent ial  step chronoamperometry,  
cyclic vol tammetry,  and controlled potent ial  coulom- 
etry. Other investigations of the mechanism by rotat-  
ing r ing disk electrode vo l tammet ry  and electron spin 
resonance spectroscopy will be reported elsewhere. 
The compound selected for s tudy was diethyl  fumarate  
(DEF),  since 

O 

C2H5OC H 

\c= / 
z % 

H C -- OC~H5 
II 
O 

DEF 

previous studies (2, 3) have shown that the following 
reactions of the initially formed radical anion are 
sufficiently slow to allow rather easy application of 
electroanalytical techniques. 

Experimental 
Materials.--Dimethylformamide (DMF) was purified 

as previously described (5). T e t r a - n - b u t y l a m m o n i u m  
iodide (TBAI) was the polarographic grade supplied 
by Southwestern  Analyt ical  Chemicals, Austin, Texas. 
Diethyl  fumarate  (DEF) (K and K Laboratories, Inc., 
Plainview, New York) was used without  fur ther  pur i -  
fication, since pre l iminary  exper iments  with distilled 
samples showed identical  behavior to that  of unpur i -  
fled samples. 

Apparatus.--The cell used in coulometric experi-  
ments  is shown in Fig. 1. It is comprised of four com- 
par tments  (auxiliary,  intermediate-buffer ,  working, 
and reference,) four electrodes (auxiliary, micro, 
macro, and reference),  and a f reeze-pump- thaw 
(F -P-T)  chamber. The F - P - T  chamber  is used for 
degassing the s~)lution by freezing at l iquid ni t rogen 
temperature,  pumping  to about  10 -5 Torr, and then 
thawing to room tempera ture  (with the pump off). 
This procedure is repeated three to five times (5). 

A silver wire isolated in a compar tment  closed with 
a fine sintered glass disk was used as a reference elec- 
trode. It  was found to be stable (with less than  a 10 
mV drift) in our TBAI-DMF systems for at least 48 hr. 
The reference electrode was positioned in the current  
path between the auxi l iary  and macroelectrode so that  
the macroelectrode would not overshoot the controlled 
voltage because of iR drops in coulometry experiments.  

The microelectrode used for chronoamperometry  and 
vol tammetry  was an 0.16 cm diameter  p la t inum disk 
in glass. It  was pret reated by soaking briefly in ni t r ic  
acid, rinsing, and drying. The macroelectrode was two 
thicknesses of fine p la t inum gauze, 2 cm high by 10 cm 
long, formed into a "C." It  was attached with a pin 

Fig. 1. Coulometry cell 
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socket for easy cleaning and assembly. The auxiliary 
electrode was 20 cm of coiled 18 gauge platinum wire. 
Stirring was accomplished with a Teflon-coated stir- 
ring bar (5/16 in. diameter by 1/2 in. long). Some 
chronoamperometric meaurements were performed in 
a cell similar to the one shown in Fig. I, but with only 
two large compartments (F-P-T and working), with 
the auxiliary electrode housed in a fritted chamber 
similar to that used with the reference electrode de- 
scribed above, but having a medium, rather than fine, 
sintered glass disk on the bottom. 

Electrochemical experiments were carried out with 
a PAR Model 170 Electrochemistry System (Princeton 
Applied Research Corporation, Princeton, New Jersey). 
Positive feedback was generally used for resistance 
compensation in voltammetric experiments. In some 
high current situations during macroelectrolysis at 
high concentrations compensation was not complete 
because of limitations in the instrument. This does not 
affect the results, however, since it resulted in actual 
potentials less negative than those set. The various 
functions of the instrument were checked and cali- 
brated periodically. 

Some chronoamperometric data were also taken us- 
ing a Wenking Model 61-RH potentiostat in conjunc- 
tion with a Wavetek Model 114 function generator and 
associated switching and triggering circuitry. 

Most of the chronoamperometric and chronocoulo- 
metric data were recorded using a PDP-12A computer 
(Digital Equipment Corporation, Maynard, Massa- 
chusetts) for data acquisition. Signals for current and 
coulombs from the PAR-170 system were interfaced to 
the analog-to-digital converters of the PDP-12A 
through appropriate operational amplifier followers, 
sense line triggers, etc. Data points were taken every 
50 ~sec. Techniques employed were general ly  similar  
to previous applications of digital data acquisition 
techniques in chronocoulometric experiments  [see (6, 
7) and references contained therein] .  

Typical experimental procedure.--A solution of DEF 
in DMF was prepared in a 50 mI volumetric  flask. When 
l i thium perchlorate was to be added to the electrolysis 
solution, a weighed amount  of LiC104 �9 3H20 was 
added to the F - P - T  chamber  and 4.00g of TBAI was 
placed in the bottom of the working electrode com- 
par tment  along with the s t i r r ing bar. The TBAI could 
not be mixed with the LiC104 at this stage, as l i th ium 
iodide will air oxidize to give iodine. 

The cell was set up with the F - P - T  chamber  vertical  
and the DEF-DMF solution was poured in. The cell 
was then assembled by  inser t ing the electrodes, closed 
and evacuated, and the F - P - T  cycles were carried out. 
It was then manipula ted  to mix the TBAI and liquid 
(50 ml of DMF solution and 4.00g TBAI result  in a 
volume of 53.0 ml) .  

The cell was then righted, the levels in the different 
compartments  adjusted roughly  by sloshing, and then 
the cell was set on a flat, s table surface and allowed 
to equil ibrate thermal ly  and hydrostat ically;  this took 
about 2 hr. In  this cell 42% of the solution was in the 
working  electrode compartment ,  as determined by re-  
moving the contents of each chamber  and weighing 
them. The reference compar tment  was filled by means 
of a small  hole just  above, and a larger hole about 2 
cm above, the electrolyte level. All  electrochemical ex- 
per iments  were performed with the solution under  
reduced pressure. Dur ing  coulometry the cell was 
main ta ined  at 20 ~ -25 ~ and was stirred continuously.  To 
prevent  condensat ion in  the remote port ions of the cell, 
the liquid had to be kept cooler than the dry  por-  
tions of the cell as t ranspor t  through the vapor  space 
was rapid at the reduced pressure. 

Results 
Cyclic voltammetry.--Cyclic vol tammetr ic  experi-  

ments  were under taken  to determine the potentials 
for the potent ia l -s tep experiments,  to provide quali-  
tative and semiquant i ta t ive  information for use in 
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Fig. 2. Cyclic voltammograms for DEF in 0.44M TBAI-DMF solu- 
tion, Potential programs and sweep rates as shown. 

determining the effects of different additives (water, 
LiC104), and for following macroscale electrolyses. 
Typical cyclic vol tammograms of DEF in anhydrous 
DMF containing 0.44M TBAI are shown in Fig. 2. The 
first peak occurs at a cathodic peak potential, E,,~, of 
--0.80V vs. the Ag reference electrode (Ag-RE).  In all 
of the solutions studied the range of the peak potential  
was --0.78 to --0.81V with  sweep rates of 100-200 mV /  
sec (and with positive feedback used for resistance 
compensation).  Half-peak potentials were typically 
60 mV positive of E p c ;  E p c  - -  E p a  values were typically 
65-67 inV. Baizer and co-workers (3) gave --1.54V vs. 
an aqueous saturated calomel electrode (SCE) for the 
polarographic El:2 of the first wave in DMF --0.1M 
te t rae thy lammonium perchlorate (TEAP) solut ions--  
both anhydrous  and containing 1M water. Smaller  
waves following the first occur at about --1.45 and 
--1.64V vs. Ag-RE. Baizer and co-workers (3) found 
that  a current  decrease was noted dur ing polaro- 
graphic reduction of DEF at potentials about 0.6V past 
the El/2 of the first wave in anhydrous DMF. They 
ascribed this behavior  to formation of the dianion at 
these potentials which reacted with incoming parent  
molecules in a polymerizat ion reaction. In  DMF solu- 
tions containing 1M H20 a second wave, somewhat 
smaller than the first wave, at --2.27V vs. SCE, was 
observed. Typical data for the variat ion of the cathodic 
peak current,  /pc, of the first reduction with scan rate, 
v, and concentration, C, are given in  Table I. Baizer 

Table I. Typical cyclic voltammetric data for first reduction wave 
of diethyl fumarate a 

Concentration, Scan rate, v Peak current, 
C (raM) (V/sec )  ipc (~A) i~r 

1.71 0.10 43 8,0 
0.20 60 7.8 
0.50 91 7.6 
1.00 128 7.5 
2.00 171 7.1 
5.00 262 6.8 

2.03 0.02 23 8.0 
0.05 36 S.O 
0.10 51 7.9 
0.20 71 7,8 
0.50 105 7.3 

3.31 0.05 62 8.4 
0.10 85 8.0 
0.20 118 8.0 
0.50 178 7.6 
1.00 247 7,5 
2.00 336 7,2 
5.00 500 6,8 

a T h e  so lu t i on  w a s  0.1M T B A I  in  D M F .  T h e  p l a t i n u m  w o r k i n g  
e l e c t r o d e  a r e a  w a s  0.11 c m  e. T h e  v a l u e  of ipc/vll'-'C fo r  t he  r e d u c t i o n  
of  a z o b e n z e n e  in  t h e s e  so lu t ions  at  t h i s  e l e c t r o d e  w a s  8.2, a n d  w a s  
i n d e p e n d e n t  o f  s c a n  r a t e .  E x p e r i m e n t a l  r e s u l t s  of  V. P u g l i s i .  

and co-workers (3) ment ion  a similar decrease of 
ipc/V 1/2 C with increasing v for DEF and related com- 
pounds. 

Double potential step experiments . --To measure the 
rate at which the radical anion produced dur ing the 
first reduction wave reacts and from these data eluci- 
date the mechanism for the reaction, double potential  
step chronoamperometric experiments  were under -  
taken. These methods, which have been used pre- 
viously for reactions involving following first-order 
reactions (EC-mechanism) (8, 9), involve measuring 
the current  as a funct ion of t ime when the potential  of 
the working electrode is changed. 

Experimental ly ,  the potential  is first stepped to El, 
where the reaction R -}- e ~ R -  occurs at a mass 
t ransfer  controlled rate. At a t ime TF, the potent ial  is 
stepped to E2 where only the reaction R : --> R + e oc- 
curs. In  chronoamperometric experiments,  the current  
is measured just  before TF (IF) and just  before 2TF 
(IB). The ratio IB/IF has a value of 0.2928 in the ab- 
sence of kinetic per turbat ions regardless of the length 
of TF (8). If R- -  reacts to form nonoxdizable species, 
then the ratio IB/IF is perturbed, and will be a function 
of TF. The order and rate of the per turbing reaction 
can be found from the var iat ion of this ratio with Tv 
and concentration. 

Chronocoulometric experiments  are similar, except 
that QF and QB are measured at TF and 2TF, re- 
spectively, with the unper tu rbed  ratio QB/QF equal to 
0.4142 (9). 

Because the potential  is stepped to values where the 
electrode reactions (either reduction of R or oxidation 
of R - )  occur at diffusion controlled rates, the mea-  
surement  is unaffected by the rate of the electron t rans-  
fer step. Moreover, when an adequate potentiostat and 
positive feedback compensation of uncompensated re-  
sistance are employed, the measurements  are relatively 
unper turbed  by double layer  charging effects. These 
are decided advantages of these techniques over cyclic 
voltammetric investigations of the mechanism. More- 
over, digital s imulat ion of the different cases involv-  
ing kinetic complications are somewhat easier for 
potential  steps than for potential  sweeps. 

Five different reaction schemes were considered as 
possible in the hydrodimerizat ion reaction scheme: 

I. First order EC: 

ATE1: R + e ~ R -  
ATE2: R - - ~ R + e  

II. First  order ECE 

ATE1: R +  e-~ R : -  
ATE2: R - - ~  R-t-  e 

III. Second order EC 

At E,: R + 2e-> R 2- 
At E2: R 2- --> R + 2e 

IV. Second order ECE 
ATE1: R +  e - > R -  

k l  

RU --> X 

R - - > R - ' ; R - ' +  e ~ X  

ks 
R 2- -t- R-> R22- 

k2 
m 

R U W R - - ~ R 2 " , R 2  + e - - ~ R 2  2- 
A t E ~ : R  - - ~ R + e  

(For IVA:  R .  - * R W e a n d R 2  - -~produc tsWe)  

V. Second order dimerization 
k2 

At El: R + e --> R 2R -+ R22- 

ATE2: R - ~ R W e  

Schemes III, IV, and V represent  possible al ternate 
paths to the hydrodimer.  It  is assumed that  R22- is 
protonated rapidly, so that  oxidation of R2 ~- at the 
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electrode at E2 need not be considered. Similarly,  the 
results would be the same in say V, if R -  first 
protonated in a fast reaction and then the protonated 
species coupled to R2H2. Scheme II represents the case 
of, for example, protonat ion of R 7 followed by fur -  
ther reduction to lead to the two-electron product RH2. 
Scheme I has been treated previously (8, 9) and was 
included here to compare with the other cases and 
also to serve as a check on our digital  s imulat ion 
procedure. 

The digital s imulat ion procedures for obtaining 
theoretical / - t ime  (t) and Q-t  curves general ly  fol- 
lowed methods described in detail before (10, 11). For 
simplicity, the diffusion coefficients of all species were 
taken as equal. The results are changed only slightly 
for reasonable differences in diffusion coefficients (e.g., 
DR- = 2DR22-, etc.). The normalized currents  or 
coulombs are de termined as funct ions of the  d imen-  
sionless parameter  kjTC j-1 (when kjTFC j - I  = 1.0), 
where j is the order of the reaction consuming R .  
(j = 1 for cases I and II and j = 2 for cases III, IV, 
and V) and C is the bu lk  concentrat ion of R (Fig. 3). 
Variations in kiTFCJ-1 result  in variat ions in the ratio 
I J IF  and QB/QF for each mechanism. As a result  of 
several  s imulat ions with other values assigned to the 
p a r a m e t e r  k j T F C  j - l ,  the ratios shown in Table II were 
obtained. From these tabulated data the working 
curves for the different mechanisms are drawn. To 
simplify evaluat ion of exper imental  results and to 
establish criteria that  might  dist inguish between the 
proposed mechanisms, the working curves are plotted 
using the dimensionless ratio IB/IF, normalized by 
dividing by 0.2928, which we will call R~, the nor-  
malized current  ratio. This ratio wil l  vary  from 1.0 in 
the absence of kinetic complications to zero for large 
values of kjTFC i-1. Similarly,  the QB/QF ratio is nor-  
malized to yield an RQ which varies between zero in 
the absence of kinetic per turbat ions to 1.0 in the l imit 
of fast kinetics. (Where comparisons with previous 
theoretical t rea tments  based on solution of the par- 
tial differential diffusion equations under  appropriate 
boundary  conditions are possible, excellent agreement  
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Fig. 3. Variation of current and coulombs with kjtC j - i  for differ- 
ent mechanisms in text for double potential step chronoomperom- 
etry and chronocoulometry. VI represents system with no kinetic 
complications. 

Table II. Values of normalized current (RI) and coulomb (RQ) 
ratios far different values of kTFC for possible hydrodimerization 

reaction mechanisms c 

Rz Rz Ra Ra 
kiTF (simulation) (lit) = (simulation) (lit) b 

M e c h a n i s m  I 
0.001 0.998 
0.050 0,917 0.918 
0.100 0,842 0.844 
0,200 0.709 0,711 
0.300 0.598 0.601 
0,400 0.505 0.508 
0.500 0.427 6.429 
0.700 0.305 0.308 
0.900 0.219 0.222 
1.00 0.186 0.188 
1.30 0.114 0.116 
1.70 0.060 0.062 

M e c h a n i s m  II 
0.001 0.997 
0,050 0,872 0.889 
0. I00 0,765 0,770 
0.150 0,673 0,678 
0.200 0.595 0.603 
0.250 0.528 0,536 
0.300 0.470 0.478 
0.400 0,375 0.382 
0.500 0.302 0.309 
0,700 0.200 0,205 
1.00 0.112 0.115 
1.40 0.054 0.056 

k~TFC Rz Re 

M e c h a n i s m  I I I  
0.001 0.999 0.001 
0.100 0.917 0.036 
0.250 0.812 0.085 
0.400 0.723 0,128 
0.700 9.582 0.202 
0.900 0.508 0.244 
1.00 0.475 0.263 
1.30 0.392 0.315 
1.80 0.289 0.385 
2.40 0.203 0,452 
3.50 0.110 0.543 
5.00 0.049 0.626 

M e c h a n i s m  IV 
0,001 0,998 O.OOl 
0,100 0,893 0.045 
0.200 0.802 0.086 
0.300 0.723 0.123 
0.500 0,594 0.189 
0.700 0.495 0.246 
1.00 0.383 0.3]7 
1.30 0.302 0.377 
1.80 0.208 0,456 
2.90 0,099 0.577 
4.00 0.051 0.655 

M e c h a n i s m  IVA 
1.25 0,249 0,526 
5.00 0.181 0,679 

10.00 0.141 0,761 
20.00 0.106 0,824 
30.00 0.090 0,852 
50.00 0.073 0,879 

100.00 0.056 0,907 
M e c h a n i s m  V 

0.0005 0.989 0,001 
0.075 0,912 0,069 
0.200 0.798 0,162 
0.350 0.697 0,249 
0.500 0.619 0,316 
0.800 0.509 0.41.4 
1.00 0.456 0,463 
1.20 0,414 0,502 
2.00 0.306 0.608 
5.00 0,162 0.759 

12.5 0.079 0,058 
25.0 0.044 0.906 

O.O01 
0.043 
0.083 
0.157 
0.223 
0.283 
0.337 
0.430 
0.506 
0.539 
0.621 
0,701 

0.002 
0.060 
0,114 
0.164 
0.211 
0,254 
0,294 
0.365 
0.427 
0.528 
0.638 
0.736 

0,029 
0,082 
0.154 
0,219 
0.278 
0.332 
0.423 
0.499 
0.532 
0.612 
0,693 

= F r o m  ref.  (8). 
b F r o m  ref.  (9); note ,  h o w e v e r ,  t ha t  a c o m p u t a t i o n a l  e r ro r  appea r s  

to h a v e  been  m a d e  c o m p u t i n g  the  f inal  r e su l t s  f r o m  the  cor rec t  de-  
r i v e d  equa t ion .  The  r e su l t s  in t h i s  c o l u m n  h a v e  been  r e c o m p u t e d  
{J. Phe lps ,  U n i v e r s i t y  of Texas  a t  Aus t i n ,  1968). 

c Ra te  cons t an t s  can be  c a l c u l a t e d  f r o m  the  m e a s u r e d  t l / z -va lue  
by  the  f o l l o w i n g  e q u a t i o n s :  

M e c h a n i s m  Rate  c o n s t a n t  

I k l  = 0.406/ti/2 
I1 kl  = O,.273/t/z~ 

I I I  k.e = 0.022/tz/~C 
IV ke = 0.690/h/2C 
V k2 = 0.830/t~/2C 

w h e r e  t~/2 i s  t h e  v a l u e  o f  TF at  w h i c h  R t  = 0,5. 

is obtained.) The horizontal  axis is given in units  of 
tl 2, the real  t ime at which RI = 0.5 (Fig. 4). This 
value of tl/2 can be used to calculate the rate constant 
of the reaction, once the mechanism is established, by 
the expressions given in Table II. The different mecha-  
nisms can be distinguished by comparing the shape of 
experimental  RI or RQ vs. tl/2 curves with the theo- 
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Fig. 4. Variation of normalized current and coulomb parameters as 
functions of t l /2 for the different mechanisms in the text. 

Table III. Results of double potential step chronoamperometric 
investigation of diethyl fumarate hydrodimerization a 

W a t e r  - - E p / , j  (V v s .  k.~ b i t z / ~  e 
c o n c e n t r a t i o n  A g  r e f e r e n c e )  (1 /mole - sec )  (~A-sec  L/'-'} 

A n h y d r o u s  0.76 37 23 
A n h y d r o u s  d - -  30.5 
A n h y d r o u s d ,  e 15.5 

50 m M  0~-5 46 24 
150 m M  0.76 57 23 
500 m M  0.74 145 23 

T h e  so lu t i on  c o n t a i n e d  O.2M t e t r a - n - b u t y l a m m o n i u m  i o d i d e  
I T B A I )  in  d i m e t h y l f o r m a m i d e  ( D M F )  a n d  10.6 m M  d i e t h y l  f u m a r a t e  
{DEF~. T h e  p o t e n t i a l  p r o g r a m  w a s  - -0 .2V,  - - 1 . 0V  (E~), - - 0 . 2 V  (E~) 
v s .  s i l v e r  w i r e  r e f e r e n c e  e l e c t r o d e .  T h e  t e m p e r a t u r e  w a s  25 ~ ---~ I~  

b F o r  d i m e r i z a t i o n  of R ~ �9 
r F o r  f o r w a r d  s tep .  

9.75 m M  D E F ,  O.10M T B A I .  
6 T e m p e r a t u r e  w a s  0~ 

Table IV. Controlled potential coulometry results for the reduction 
of diethyl fumarate 

retical ones of Fig. 4. The following conclusions can be 
made about the possibility of dist inguishing among 
mechanisms I through V: (i) the RI and RQ vs. TF 
behavior  for V is sufficiently different from the others 
to be distinguished; (ii) since I and II  are independent  
of concentration, they may be dist inguished from III 
and IV; (iii) it would be difficult to dist inguish be- 
tween III  and IV only on the basis of potential  step 
data; however, other information,  such as the number  
of electrons involved in the electrode reaction deter-  
mined at small  t imes and low concentrations, or the 
establ ishment  of the existence of intermediate  radical  
ions by ESR can be used. 

Double potential  step chronoamperometr ic  experi-  
ments  were performed with several concentrat ions of 
DEF in DMF-TBAI solutions containing different 
amounts  of water;  typical results are given in Fig. 5 
and Table III. The points shown in Fig. 5 fall along 
a theoretical curve characteristic of mechanism V, 
values of the rate constant  for dimerization of the 
radical anions, k2, are given in Table  III. Note that  
the data do not fit the R1 vs. t behavior characteristic 
of the other mechanisms, par t icular ly  for times greater  
than several  half-lives. For example, for mechanism 
IV, at a TF ~-~ 5 t l / 2 ,  RI is less than 0.07, whereas ex- 
perimentally,  R1 values of about 0.19 are found. Within  
the f ramework of mechanisms considered, the type in-  
volving formation of radical ions and then coupling of 
these gives the best agreement  with theory. Addit ion 
of water  increases the rate of this coupling reaction, 
but  does not appear to alter the over-al l  mecha-  
nism. 

<RI> 

�9 ANHYDROUS 
�9 50  m M  HzO 

�9 �9 15Or riM H20 

.5 

8 

D o  I I a I J I u I I I ~ J I I 
5 1O 

F i g .  5 .  E x p e r i m e n t a l  d o u b l e  p o t e n t i a l  s t e p  c h r o n o a m p e r o m e t r i c  

results for the reduction of a 10 mM solution of DEF in O.IOM 
TBAI in DMF solutions with different amounts of water added. The 
points are experimental and the line shows the simulation results 
of mechonlsm V. 

A. S o l u t i o n  c o n t a i n i n g  0 .43M T B A I  in  D M F  

D i e t h y l  f u m a r a t e  
c o n c e n t r a t i o n  (mM)  napp 

4.67 9.76 
6.00 0.76 

10.0 0.61 
17.7 0.64 
24.0  O.64 

B. S o l u t i o n  c o n t a i n i n g  a b o u t  10 m M  D E F  a n d  0 .44M T B A I  in  D M F  
w i t h  d i f f e r e n t  a m o u n t s  of  LiC10~ �9 3HcO 

[LiCIO~ �9 3 H 2 O J / [ D E F ]  nai,p 
0.0 0.61 
0.50 O.8O 
0.50 a 0.82 
0.89 0.91 
1.93 0 .98 
2.12 0.94 
3 .24 0.96 
3.9 0.99 

C. S o l u t i o n  c o n t a i n i n g  0 .44M T B A I  i n  D M F  w i t h  o t h e r  a d d i t i v e s  

[ N a I ] / [ D E F ]  = 2.0 b 0.62 
[ N a I  + 3 H ~ O ] / [ D E F ]  = 2.0 b 0.63 

[ H y d r o q u i n o n e ] / [ D E F ]  = 2 .0  ~ 1.32 

a A d d e d  w a t e r  to g i v e [ I - I s O l / [ D E F ]  = 6.5. 
b [ D E F ]  = 1 m M .  
c [ D E F ]  = 16.8 mM.  

Coulometric experiments.---Table IVA shows the re- 
sults of controlled potent ial  coulometric reduct ion of 
DEF in anhydrous  DMF, for various DEF concentra-  
tions. In all cases the apparent  n u m b e r  of faradays 
per mole of DEF, ~app, is appreciably less than the 
value of 1.00 expected for electrohydrodimerization.  
The electrolysis t imes for exhaust ive electroreduction 
were short (less than  100O sec) and dur ing electrolysis 
the working compar tment  solution tu rned  yellow, 
while the middle compar tment  solution did not change 
color. Cyclic vol tammograms taken dur ing the ex- 
haustive electrolysis showed that  the first DEF reduc- 
t ion peak (Fig. 2) and the peak at --1.45V diminished 
with t ime and had disappeared by  the end of the elec- 
trolysis. The peak at --1.64V persisted and at con- 
clusion it showed a peak current  of 7 ~A compared to 
an ini t ia l  peak current  of 30 ~A for the first reduction 
wave of DEF. 

Effect of addition of lithium perchlorate and other 
substances.--As an aid in the elucidation of the mecha-  
nism of the reaction, a few pre l iminary  exper iments  
involving the addit ion of alkali  meta l  ion salts or hy-  
droquinone were carried out. 

Table IV lists coulometric napp-values obtained for 
reduction of solutions containing different amounts  of 
l i th ium perchlorate t r ihydra te  in addit ion to TBAI in 
DMF, for DEF of about  1 mM. These data are shown 
graphical ly in Fig. 6. As the ratio of LiC104 �9 3H20 to 
DEF approaches about 2.0, the napp-value increases to 
the value of 1.0 expected for the hydrodimerizat ion re-  
action as the sole reaction. For ratios of about  2.0 and 
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Fig. 6. Coulometric napp-values for the reduction of DEF in solu- 
tions containing various ratios of lithium perchlorate trihydrate to 
DEF. The solutions contained 10 mM DEF. The point marked A 
contained additional water to give [H20] / [DEF]  ~ 6.5. 
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Fig. 8. Cyclic voltommogroms for DEF solutions containing hy- 
droquinone. 

greater the total electrolysis times were typically 
4000 sec as compared to shorter electrolysis times in 
anhydrous-DMF, or for low LiC104 �9 3H20/DEF ratios. 
The solution after reduction was water  white for 
higher amouP~ts of LiC104 - 3H~O, as compared to the 
yellow solutions characteristic of solutions containing 
no or low amounts  of this salt. In  one exper iment  at a 
LiC104 �9 3H20/DEF ratio of 0.50, water  was added to 
give a water  to DEF ratio of 6.5. This corresponds to 
the amount  of water  present  in solutions with LiC10~ �9 
3H20/DEF ratios greater  than 2.0. If  the role of the 
l i th ium ion was only to catalyze a reaction with water, 
the coulometric napp should approach 1.0. Experi-  
mental ly,  the napp-value found was not significantly 
different from those found in solutions containing no 
addit ional  water.  

The cyclic vol tammetr ic  behavior  of DEF is also 
altered by the presence of LiC104 �9 3H.oO (Fig. 7). For  
LiC104 �9 3H20/DEF ratios of 1.9 or higher, no back 
current  is observed for the oxidation of the reduct ion 
product of the first wave, for scan reversal at poten-  
tials of --1.0 to --1.7V vs. Ag-RE. F i lming  of the elec- 
trode occurs when  the reduct ion scan is carried out to 
potentials beyond about --1.5V; evidence for this film- 
ing is the greatly decreased reduct ion currents  on sec- 
ond and subsequent  cathodic scans following reversal  
at these potentials. Normal  (nonfilming) behavior 
for subsequent  cathodic scans is observed for scans 
reversed at potentials up to --1.0V. At lower LiCIO4 �9 
3H20/DEF ratios, some reversal  cur rent  is observed 
after the first wave. 

Controlled potential  coulometry results for the addi-  
t ion of sodium iodide, and sodium iodide and water  
(Table IVC) show that  l i th ium ion has a specific effect. 
The napp-values with both NaI and H20 are very  close 

0 ~ - 1 . 7 0 0  
|00 MWSEr 

[LiCtO4'3HaO] 
= 1.93 

[FUMARATE] 

~Tc,ou,,.: 0.98 

20/~A 

J e 

Fig. 7. Cyclic voltammograms for DEF solutions containing lith- 
ium perchlorate trihydrate. 

to those in anhydrous DMF. Cyclic vol tammograms 
with NaI, however,  are very  similar  to those with 
LiC104 �9 3H20 (Fig. 7); they show the distortion fol- 
lowing the fumarate  reduction, the absence of back 
current  on reversal  following the first reduction wave, 
and the apparent  filming of the electrode when  cycled 
beyond -- 1.5V. 

When hydroquinone is added as a proton donor in 
a coulometric experiment,  an napp-value larger than 
one is obtained. Cyclic vo l tammetry  in the presence of 
hydroquinone (Fig. 8) as compared to that  in its ab-  
sence (Fig. 2) shows that  the peak at --1.64V is absent, 
the peak at --1.45V persists and may show some re- 
versibility, and a small  peak at --1.30V is clearly de- 
tectable. The peak anodic current  following reversal  
at --1.0V is smaller  for solutions containing hydro-  
quinone at the same DEF concentrations, while the 
cathodic peak current  for the first reduction wave is 
about 12% larger. 

Discussion 
In  agreement  with Baizer and co-workers (3), we 

find the first step of the reduct ion to be a one-elec-  
t ron t ransfer  to form the anion radical of DEF ( R - ) .  
Evidence for this includes the cyclic vol tammetr ic  
ip/v 112 C-value, which is very  near  that  for the reduc- 
tion of azobenzene in DMF, a known  one-electron re- 
duction (12). Moreover, electron spin resonance spectra 
of R -  have been observed (13, 14). The double poten-  
tial step experiments  suggest that  dimerizat ion of these 
radical ions is the major  path to the hydrodimer  for 
DEF. Rejection of this dimerization step in the pre-  
vious s tudy (3) was based pr imar i ly  on the rather  
large decrease of ip/v 1~2 values with increasing v, 
which the authors felt favored an ECE-type reaction. 
However, the par t icular  type of ECE-react ion which 
might  occur (a second order ECE, mechanism IV) is 
different from the more usual  first order ECE reaction 
(mechanism II) in that  n~pp ---- 1 at the l imit  of both 
very large and very small  values of k2 for mechanism 
IV, (whereas n~pp varies between 1 and 2 as kt in -  
creases, for mechanism II) .  Several  theoretical papers 
on l inear  potential  sweep and cyclic voltammeh~" have 
recent ly appeared (15-18) which pertain to these 
mechanisms. In  part icular  they show that  the dimeri-  
zation mechanism (scheme V) shows a decrease of 
~p/v lz2 of up to 18% with increasing v (15, 17), while 
the second-order ECE mechanism (scheme IV) shows 
a small  increase in this funct ion with increasing scan 
rate. An excellent  comparison of these two mecha-  
nisms can be seen in Fig. 6 of the paper of Saveant  
et al. (17). Hence, the cyclic vol tammetr ic  data in this 
paper and in ref. (3) are in bet ter  agreement  with the 
dimerizat ion mechanism, al though more detailed cyclic 
vol tammetr ic  exper iments  are required to test the ex- 
tent  of agreement  quant i ta t ively.  The free energy of 
activation of the coupling process was determined from 
the measured rate constants at 25 ~ and 0~ to be about 
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--4.5 kcal /mole of R22- formed. This ra ther  low value 
may also be indicative of a radical anion coupling re- 
action. Dimerizations of anion radicals are known in 
the case of v inyl  and vinyl idene monomers (19) and 
also for ketyl  anion radicals in the formation of p ina-  
cols (20). Wiemann  (21) also postulated the coupling 
of radical  anions in  the hydrodimerizat ion of esters. 
The relat ive contr ibut ion of mechanisms IV and V to 
the over-al l  hydrodimerizat ion path must  depend on 
the structure of the activated olefin. 

We have also investigated mechanism IV including 
the possibility of R2 �9 being electroactive and oxidized 
at E2. Computer  simulations of this mechanism (IVA) 
yield an Rl curve which lies significantly above V 
(Fig. 4). The possibility of R2 �9 having diffusion coeffi- 
cients significantly different from the other species was 
also simulated. For example, curve IV is even higher 
above V when DR2- is smaller than DR, so that mecha- 
nism IVA does not agree with our exper imental  data. 

In agreement  with Baizer and co-workers (3), we 
find that water  increases the rate of disappearance of 
the anion radicals. This occurs without  apparent ly 
causing a change in mechanism. Although this could be 
ascribed to fast protonat ion of R �9 to RH- followed by 
dimerization, this seems unlikely,  since RH- should 
also be reduced at the electrode (or by R - )  in an 
ECE reaction (mechanism II) and no evidence for the 
involvement  of this reaction is observed, even in 
coulometric experiments.  Since the amounts  of water  
which affect the reaction are too small to change the 
bulk dielectric constant  appreciably, the rate increase 
may be due to specific solvation of the anion radicals 
by water. Hydroquinone,  a better  proton donor than 
water, does show a contr ibut ion of the first-order ECE 
mechanism both in vol tammetr ic  and coulometric ex- 
periments.  

Polymerization, probably  by reaction of R with Re 2-, 
can account for the low napp-values in coulometry. This 
reaction may not be important  in the potential  step 
experiments,  since the solution in the vicini ty of the 
electrode is relat ively depleted in R. Li th ium ion de- 
creases the extent  of this polymerization, perhaps by 
increasing the rate of protonation of R22-. 
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ABSTRACT 

Equations were derived for calculating the local and average limiting current 
densities for an electrode located on the wall of a rectangular channel. The 
validity of the equation for the average limiting current density was checked 
experimentally by the deposition of Hg 2+. The equation expressing the local 
limiting current density as a function of the length and width of the electrode 
was verified by the deposition of Ag from an electrolyte labeled with l l~  

For a short electrode located on the wall  of a cyl in-  
drical tube, the mass t ransfer  rate can be evaluated 
using the L~veque equation (1) 

Nu ---- 1.62 (Re Sc D/L) 1/3 [1] 

where the Nusselt, Reynolds, and Schmidt number  are 
given by 

Nu ---- [i/(nF)]D/[Dl(c% -- csl)] [2] 

Re -- uD/v [3] 

Sc = ~lD1 [4] 

Equation [1] is an asymptotic solution of the Graetz 
problem (2). Sieder and Tate (3) evaluated an em- 
pirical equat ion of the form 

Nu = 1.86 (Re Sc D/L) (~/#s) TM [5] 

where the factor (~/~s) TM represents a correction for 
the deformation of the velocity profile due to variable 
liquid viscosity. 

Limit ing current  distr ibution on the infinite, parallel  
plane electrodes is well  known (8). For that  system, 
current  distr ibution controlled s imultaneously  by ionic 
transport,  ohmic drop, and electrode polarization was 
calculated recent ly by Parr ish and Newman (9). 

Mass t ransport  to short electrodes located on the op- 
posite sides of the rec tangular  channel  has not yet been 
analyzed quant i ta t ive ly  and, therefore, is dealt with in 
the present  paper. 

Model System 
An electrode of a length L and of a width 2d is em-  

bedded in  the wall  of a rec tangular  channel  with di-  
mensions 2b, 2c. The origin P(O,O,O) of the coordi- 
nates x, y, z is located in the center of the leading edge 
of the electrode. A counterelectrode is located sym- 
metr ical ly on the opposite side of the channel  (Fig. 1). 
The electrolyte flow is l aminar  and fully developed; 
constant  physical properties of the electrolyte are as- 
sumed. The concentrat ion of the electroactive ion 
"1" on the whole surface of the electrode is equal to 
csl. In  the inlet  solution, the concentrat ion of the ion 
"1" is equal to c5. Only  solutions containing an excess 
of supporting electrolyte or single salt solutions are 
considered. 

Velocity and Concentration Profiles in the Channel 
The velocity profile for steady-state laminar  flow in 

a rec tangular  channel  was calculated by Love (4) ; the 

* E l e c t r o c h e m i c a I  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  l a m i n a r  f low,  r a d i o a c t i v e  t r a c e r s ,  h y d r o d y n a m i c  

t h e o r y ,  m e t a l  depos i t ion .  

result ing equation for the velocity u in the x direction 
reads (5) 

f 

---- t l . 5  -- 1.5(y/b)2 -- 6(2/n)3 U / U  

k 
r 

~ ( - -1)  n (2n 4- 1) -3 [cosh(pz/c)] (coshp)  -1 
n = 0  

Cos(py/c)} • (1 -- 6(b/c) (2/3) 5 

~ ( 2 n  + 1) -5 t anh  p [6] 
n = 0  

where 
p ---- (2n 4- 1) (~c/2b) [7] 

and u is average l inear velocity in the channel.  Equa-  
tion [6] was derived for the coordinate system with the 
origin Q(O,O,O), see Fig. 1; the equation is valid for 
systems where the mass flow due to diffusion and mi-  
gration is relat ively small  in comparison to the con-  
vective flow of electrolyte in the channel.  Owing to 
the high Schmidt number  in the electrolyte solutions 
(Sc --~ 1000), the diffusion layer  is very  thin. Hence, 
for the flow near  the wall, the velocity profile can be 
considered l inear  inside the diffusion layer. The veloc- 
ity is then given by the equation 

Fig. i. Model system. Location of electrodes on walls of rectan- 
gular channel. 2b, 2c: channel dimensions; 2d: width of electrode; 
L: length of electrode; P(O,O,O), Q(O,O,O): origins of coordinate 
systems; x,y,z: coordinates. 
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( ). 
dy/b y /b  [8] 

where  

dy/b = 3f [9] 

Subst i tut ing u / u f r o m  [6] into [9] yields the  equa-  
tion for ] which is a function of z/c  and b/c 

~f = 1 -- 2(2/~)2 (2n "1" 1) -2 cosh(pz/c)(coshp) -1 
n = O  

• 1 -- 6 (b /c )  (2/~) 5 (2n + 1 ) -5  t a n h p  [10] 

It is apparent  f rom Eq. [10] that  j~ ~ 1 for the  flow 
between infinite paral le l  plates (b/c ~ 0). The values 
of I are given in Table I. 

The veloci ty profile can be substi tuted into the equa-  
tions of  convect ive diffusion 

-> 

v �9 ~7e1 -- D1~7 2 C1 [11] 

with boundary  conditions 

(i) Cl-=--csl f o r y - - - - 0 , 0 < x ~ L ,  a n d 0 ~ z ~ d  

(ii) Cl----c~ f o r x - : 0 a n d y > 0  

(iii) el ---- c~ for 0 <: x ~ L and y -~ ~c 

Equat ion [11] can be rewr i t t en  in the  form 

t r  = D I ( 0 2 C 1 / 0 X  2 + 0 2 C l / 0 y  2 + ~}2C1/8Z2 ) [12] 

It can be shown by an analysis of the re la t ive  order  
of second der ivat ives  at the r igh t -hand  side (6) that  
02Cl/0y 2 > >  oecl/OX 2. It can be also shown that  dif-  
fusion in the  z direct ion can be neglected in compar i -  
son to that  in the  y direct ion for electrodes of wid th  d 
smaller  than the width  c of the channel  (see Appendix  
for a detai led analysis) .  

Af ter  the substi tution for u f rom [8] and [9], the 
equat ion of convect ive diffusion [12] is 

u3] (y/b)  (OCl/OX) : D1 (02Cl/Oy ~) [13] 

Equat ion [13] can be solved by a method used in simi- 
lar  asymptotic  cases. In t roducing dimensionless va r i -  
ables n and C defined by 

- - - - -  y[u f /  (3xbD1) ]1/3 [14] 
and 

C ~--- ( e l  - -  C S l ) / ( C ~  - -  CSl)  [15] 

into Eq. [13], we  obtain the  differential  equat ion 

--3q2( dC/d~l) : d'~C/d~l 2 [16] 

with boundary conditions 

(i) C--O for ~l : 0 

(ii) C =  1 f o r ~  oo 

The solution of Eq. [16] is 

C = [1~exp (--~ls) d~ ] / I f :  exp (--~3) dTi ] [17] 

where  

[Z ] (dC/dq)n=o = exp (--~13)d~l = 1 / r ( 4 / 3 )  

---- 1/0.893 [18] 

For  calculat ing the local current  densities at the  elec-  
trode, we obtain 

is/ (nF) " -  D1 (OCl/Oy) s 
= DI(C~ -- CSl) 0.893 -1 [uf/(3xbD1)] 1/3 [19] 

Equat ion [19] gives the values  of local cur ren t  densi-  
ties as a function of the x and z coordinates. The 
values of ~' needed in the calculat ion of i s are given in 
Table  I for several  values of z /c  and b/c. 

The integrat ion of Eq. [19] over  the whole  surface 
of the electrode yields 

Nu = 1.85 ~ (Re Sc D/L)1/3 [20] 
where  

D ---- 4bc / (b  + c) [21] 
and 

~dlc  
= (1 + b/c)-1/3 (c /d)  J o  ]1/3 d(z / c )  [22] 

The values of r can be found in Table II. Equat ion [20] 
represents  an analogy to the Ldveque equat ion for  
rec tangular  channels. 

E x p e r i m e n t a l  

Equation [20] was tested by measur ing the  l imit ing 
current  density for the deposition of Hg 2 + on an elec-  
trode (d ---- 1 cm, L ---- 8 cm) situated on the wal l  of a 
rectangular  channel  (b ~- c = 2.15 cm).  The exper i -  
ments  w e r e  per formed at 25~ and a Hg 2+ concentra-  
tion of 1.87 x 10 -7 m o l e / c m  3, using 1N KOH for sup- 
port ing electrolyte.  The  Reynolds number  var ied from 
82 to 383. The diffusion coefficient of Hg 2+ was deter -  
mined by the Cottrel  method  (D1 ---- 7.6 x 10 -6 cm2/ 
sec) and the value  of the kinematic  viscosity of the 
e lect rolyte  (v ---- 9.66 x 10 -3 cm2/sec) was taken f rom 
ear l ier  published data (7) ; hence, the Schmidt  number  
was 1271. 

The results of the exper iments  are collected in 
Table III. The exper imenta l  values of the Nusselt  
number  fall  into the range ( - -2%,  .1.6%) as compared 
with  the theoret ical  values. 

The  dependence of i s on x and z was verif ied by the 
deposition of Ag from an electrolyte  labeled wi th  
ll~ The dimensions of the channel  were  b = 0.5 
cm and c ---- 1 cm; the electrode covered the ent ire  
width  of the channel  wal l  (d ---- 1 cm and L -:-- 10 cm).  
The t empera tu re  was kept at 25~ 

Si lver  was act ivated in the the rmal  neut ron  flux of 
a nuclear  reactor.  The act ivated 11~ was used for 
the prepara t ion of both the si lver cyanide electro-  
plat ing bath  and the solution used in actual mea -  

Table I. Values of t as a function of b/c and z/c Table II. Values of ~ as a function of b/c and d/c 

z/c b /c  

2 1 0.5 0.3333 0.25 0.2 0.1 0.05 

d/e b/c 

2 1 0.5 0.3333 0.25 0.2 0.1 0.05 

0.000 2.1552 1.6011 1.3557 1.2475 
0.100 2.1407 1.5911 1.3506 1.2454 
0.200 2.0968 1.5610 1.3346 1.2386 
0.300 2.0225 1.5097 1.3066 1.2258 
0.400 1.9155 1.4351 1.2636 1.2038 
0.500 1.7725 1.3342 1.2007 1.1677 
0.600 1.5882 1.2024 1.1111 1.1092 
0.700 1.3539 1.0322 0.9842 1.0143 
0.800 1.0543 0.8106 0.8020 0.8587 
0.900 0.6563 0.5099 0.5282 0.6927 
0.925 0.5326 0.4150 0.4369 0.4962 
0.950 0.3938 0.3073 0.3282 0.3796 
0.975 0.2303 0.1803 0.1962 0.2316 
1.000 0.0000 O,OOOO 0.0000 O.OOOO 

1.1834 1.1435 1.0673 1.0325 
1.1827 1.1433 1.0673 1.0325 
1.1802 1.1424 1.0673 1.0325 
1.1749 1.1404 1.0672 1.0325 
1.1647 1.1359 1.0672 1.0325 
1.1453 1.1259 1.0669 1.0325 
1.1089 1.1041 1.0656 1.0325 
1.0405 1.0562 1.0595 1.0325 
0.9106 0.9505 1.0299 1.0310 
0.6555 0.7107 6.8865 0.9963 
0.5558 0.6097 0.7980 0.9531 
0.4313 0.4793 0.6629 0.8677 
0.2679 0.3025 0.4471 6.6414 
O.O00O 0.0000 0.0000 0.0000 

0.00O 0.8956 0.9285 0.9668 0.9780 0.9819 0.9840 0.9899 0.9944 
0.100 0.8949 0.9279 0.9664 0.9779 0.9818 0.9640 9.9899 0.9944 
0,200 0.8929 0.9259 0.9652 0.9773 0.9816 0.9839 0,9899 0.9944 
0.300 0.8894 0.9226 0.9630 0.9763 0.9812 0.9838 0.9899 6.9944 
0.400 0.8844 0.9178 0.9598 0.9746 0.9805 0.9835 0.9899 0.9944 
0.500 0.8777 0.9113 0.9552 0.9721 0.9792 0.9829 0.9899 0.9944 
0.600 0.8689 0.9027 0.9489 0.9683 0.9771 0.9816 0.9899 0.9944 
6.700 0.6575 0.8915 0.9403 0.9625 0.9735 0.9796 0.9897 0,9944 
0.800 0.8426 0.8767 0.9281 0.9536 0.9672 0.9752 0.9890 0.9944 
0,900 0.8223 0.8563 0.9099 0,9387 0.9553 0.9657 0,9859 0.9940 
0.925 0.8158 0.8497 0.9039 0.9334 0.9507 0.9617 0,9840 0.9935 
0.950 0.8085 0.8422 0.8968 0,9270 0.9450 0.9567 0,9811 6.9925 
0.975 0.7998 0.8333 0.8882 0.9190 0.9376 0.9498 0.9765 0.9900 
1.000 0.7883 0.8214 0.8760 0.9071 0.9261 0.9388 0.9671 0.9829 
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Table III. Experimental verification of Eq. [20]  

Average  l imit ing current densit ies  for the deposition of  
H g  s+ (ct = 1.87.10 -7 m o l e / c r n  8) in  the presence  of  

1N K O H ;  a rectangular channel  (b = c = 2.15 crn; 
d ffi l c m ;  L---- 8 cm) ;  Se  = 1271 

i .  10 e N u  
( A / c m  2} Re (Re Se D/L) zla 

4.36 82.3 1.784 
4.82 135.5 1.670 
5.63 217.8 1,665 
6.13 282.6 1.663 
6.82 327.2 1.761 
7,30 383.3 1,791 

A v e r a g e  v a l u e  1.722 
Theoretical  v a l u e  1.85 x 0.914 1.69 

surements  (~O.O01m AgC104, l m  NaC104, 0.001m 
HC104). The silver cyanide bath served for the prepa-  
ra t ion of standards, i.e., silver plates (1 mm thick) 
covered with a gradual ly  changing deposit of active 
silver. For each standard, the weights of active Ag per 
cm 2 were known. A th in  silver layer  (0.2 mm) de- 
posited on a plate 1 mm thick was also prepared using 
the silver cyanide bath. This silver plate served as an 
anode in the cell .  

During the measurement ,  the cell voltage was kept 
at a constant  value (ca. 300 mV) corresponding to the 
l imit ing current  density. After  finishing the electrol- 
ysis, the electrode was dried and its surface was cov- 
ered with a 1 ~m thick layer of polymethylmethacry-  
late (by mean  of a chloroform solution).  The electrode 
surface was then pressed against the AF-3 autoradi-  
ography film (ORWO Company, Wolfen, G.D.R.). The 
optical density of the developed film emulsion defined 
as log [ ( inc ident  light in tens i ty-background in ten-  
s i ty ) / ( t r ansmissed  light in tens i ty -background in ten-  
s i ty)]  was evaluated photometrical ly by means of a 
microdensitometer.  The relationship between optical 
density and weights of ll~ per cm 2 was obtained 
making use of the aforementioned standards; this re- 
lationship was linear. 

By this method, l imit ing local current  densities of 
silver deposition were obtained for z /c  ---- 0 and 
0 ~ x / L  ~ 1 (Fig. 2) and for 0 ~ z /c  ~ 1 and x / L  = 
0.35 (Fig. 3), 0.65, and 0.95. 

For z / c  = const, i.e., for f ---- const, the  relationship 
between i s and x / L  is of the form 

i s = const ( x / L ) - l / ~  [19a] 

For z / c  ---- 0, this equation was fitted wi thin  the in-  
terval  of ___6% (see Fig. 2). 

For x / L  = const, the relat ionship 

is/isz=o = (f / fz=o) 1/3 [19b] 

O8 

cl~ 2 

02 

o 
o 0.5 ~.o 

Fig. 2. Limiting local current densities (represented by mg Ag/ 
cm 2) as a function of the length of electrode for z ----- 0, b = 0.5 
cm, c = I cm, L = 10cm,  d/c  = 1, Re = 200. (Deposition of 
Ag +,  cOs = 10 - 5  mole A g + / c m  3, supporting electrolyte 1N 
KNO3). 17, Theoretical (Eq. [ 1 9 - a ] ) , - - . ,  experimental. 

j 1.0 

O.5 

T I T 

O I ~ I 

-1.0 -0.5 0 0.5 LO 

.zlc z/c_ 
Fig. 3. Relative local current densities as a functon of width of 

electrode for x/L = 0.35, b = 0.5 cm, c = | cm, L = 10 cm, 
d/c = 1, Re = 200. (Deposition of Ag +,  c~ = 10 - 5  mole A g + /  
cm 3, supporting electrolyte I N  KNO3.) i-~, Theoretical (Eq. [19- 
b] ); , experimental. 

was fitted wi thin  the interval  of __.10% for x / L  equal 
to 0.35, 0.65, and 0.95, respectively (see Fig. 3). The 
exper imental  lines on Fig. 2 and Fig. 3 were obtained 
using a microdensitometer.  

Conclusions 
By the asymptotic solution of the convective diffusion 

equation, the explicit expressions for calculating the 
average and local l imit ing current  densities on the 
electrode embedded in the wal l  of a rectangular  chan-  
nel  were derived. The expressions were checked ex-  
perimentally.  The agreement  between exper imental  
and theoretical average l imit ing current  densities 
(Eq. [20]) was good for the system with an electrode 
not covering the entire channel  width d ~ c. Similar-  
ly, the exper imental  verification of Eq. [19] for the 
local l imit ing current  densities yielded good results 
for the region of z /c ,  where diffusion in the z direction 
can be neglected (see Appendix) .  For z/c---> 1, the 
difference between the predicted and exper imental  
values increased. Therefore, Eq. [20] would give ap- 
proximate values of Nusselt number  for the systems 
with d = c. 

APPENDIX 

Concerning the val idi ty of Eq. [13], the question is 
for what  condition it is possible to disregard the term 
02cL/Oz 2 in comparison to 02Cl/0y 2. 

Concentrat ion gradients in the z direction can be 
caused by the change of f values along the z axis. It 
folIows from Table  I that  for the given b/c  ratio, the 
region of z /c  exists, where  ] decreases very  slowly; 
therefore, in this region, mass t ransport  in the z di- 
rection can be neglected in comparison to mass t rans-  
port in the y direction. In order to investigate this 
point further,  we shall calculate mass flows in y and z 
direction (averaged along the length of electrode) for 
the given z /c ,  using the solution of Eq. [13] 

So L jy = ( l / L )  j y  dX 

= -- (3/2)Dz (c~ -- ch) 0.893 -1 [u f / (3bLDi )  ]l/a 
[A- l ]  

s  ) Jz - -  ( L ~ N )  - 1  3z dy dx = - -  ( 3 / 1 6 )  

{ (1.5046/0.8932) D1 (c~ -- ch) [0if0 (z/c) ] / ( I c )  
[A-2] 

In  these equations, 1.5046 is the gamma function of 
5/3, Jz is the local mass flow in the z direction, and 5N 
is the thickness of diffusion layer  averaged along the 
length of electrode 

Jz = -- D1 (Ocz/Oz) = -- (1/3) 
D1 (C~ - -  CSl) ~l (dC/d~])[O~/0 ( z / c ) ] / ( ~ c )  [A-3] 

5N = (2/3) 0.893 [3bLDz/(u])]  1/3 [A-4] 

The ratio jz/jy for the given z /c  is then 

j z / fy  = 0.3037 [bLD/  (caRe Sc) ]i/8 [O]/O (z /c )  ]/j4/3 
[A-5] 
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Table A-I. Values of Of/O(z/c)/f 4/3 as a function of b/c and z/c 
All values negative 

z/c bit 

2 1 0.5 0.3333 0.25 0.2 0.1 0,05 

O.O00 0.0000 O.OOO0 O.O000 O.O000 
0.100 0.1053 0.1071 0.0686 0.0317 
0.200 0.2193 0.2237 0.1485 0.0711 
0.300 0:3528 0.3613 0.2451 0.1281 
0.400 0.5225 0.5380 0.3816 0.2185 
0.500 0.7578 0.7853 0.5864 0.3705 
0.600 1.1196 1.1687 0.9212 0.6421 
0.700 1.7593 1.8506 1.5389 1,1760 
0.800 3.1739 3.3651 2.9415 2,4357 
0.900 8.2468 8.8113 8.0468 7.1073 
0.925 12.142 12.997 11.986 10.729 
0.950 20.843 22.353 20.807 18.852 
0.975 52.057 55.965 52.553 46.143 

0.0000 O.OOOO 0.0000 O.O000 
0.0121 0.0041 O.OOOO 0.0000 
0.0292 0.0109 0.0000 0.0000 
0.0586 0.0248 0.0002 0.0000 
0.1130 0.0551 0.0010 0.0000 
0.2177 0.1225 0.0048 0.0000 
0.4273 0.2780 0.0233 0.0001 
0.8772 0.6438 0.1130 0.0020 
2.0046 1.6443 0.5850 0.0471 
6.3167 5.6520 3.3659 1.1425 
9.6824 8.8116 5.8412 2.6648 

17.245 15.928 11.569 6.8063 
44.568 41,68~ 32.605 23.394 

Table A-II. Values of jz/j~ as a function of z/c 

Calculated for  Re = 200, Sc = 1000, b = 0.5 cm, 
c = d = 1 cm, a c c o r d i n g  to Eq. I/k-5] 

z/e J=/b z/c Jz/Jy 

0.000 0.0000 0.700 0.0150 
O.IO0 0.0007 0.800 0.0287 
0.200 0.0014 0.850 0.0441 
0.300 0.0024 0.900 0.0786 
0.400 0.0037 0.925 0.1171 
0.500 0.0057 0.950 0.2034 
0.600 0.0090 0.975 0,5136 

Values of [OflO(z/c)]/f 4/3 as a funct ion of blc and 
z/c are summar ized  in Table A-I .  

Equat ions  [ A - l ]  to [A-5] were  der ived  from the 
solution of the  equat ion of convect ive diffusion [13J, 
where  the t e rm  02Cl/0Z 2 was neglected.  Therefore,  the 
values  of Jz/Jy ca lcula ted  f rom Eq. [A-5]  a re  only ap-  
p rox imate ;  the  purpose  of this  equat ion is to find the  
m a x i m u m  va lue  of z/c for which the ra t io  jz/jy is suffi- 
c ient ly  low. 

As an example ,  the  values  of jz/jy according to Eq. 
[A-5] were  calcula ted for the geometr ica l  and flow 
pa rame te r s  corresponding to the  deposi t ion of Ag from 
the labe led  electrolyte .  I t  can be seen f rom Table  A - I I  
tha t  in th is  case, the  va lue  of j~ can be neglected in 
comparison to jy in the  region 0 < z/c < 0.85. There-  
fore, in this  region, Eq. [20] for the  Nusselt  number  is 
val id  wi th  sufficient accuracy.  For  the  e lectrodes cover-  
ing the ent i re  channel  width,  Eq. [20] wi l l  give ap-  
p rox ima te  results .  

Manuscr ip t  submi t ted  June  22, 1970; revised m a n u -  
script  received Jan.  7, 1971. This was Pape r  259 p re -  
sented at t he  Los Angeles  Meet ing of the Society, 
May 10-15, 1970. 

A n y  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the  December  1971 
J O U R N A L .  

LIST OF SYMBOLS 
2b dimension of channel  (d is tance  between 

e lect rodes) ,  cm 
2c dimension of channel  (para l l e l  to width  of 

e lect rode) ,  cm 
ChC~ concentra t ion of e lect roact ive  ion in boundary  

layer ,  in inlet  e lectrolyte ,  and  at e lect rode 
surface, mo le / cm 3 

C dimensionless  concentrat ion,  see Eq. [15] 
2d width  of electrode,  cm 
D d iameter  of cy l indr ica l  tube  or  hydraul ic  

equivalent  d iamete r  of r ec tangu la r  channel,  
see Eq. [21], cm 

D1 diffusion coefficient of e lect roact ive  ion or of 
b ina ry  e lectrolyte ,  cm2/sec 

f see Eq. [10] 
F Fa raday ' s  constant,  96,496 cou lomb/equ iv  
is,i local and average  cur ren t  dens i ty  at elec-  

t rode surface, A / c m  2 
jy,jy,j~,jz local  and average mass flow in y and z d i rec-  

tion, respect ively,  see Eq. [ A - l ]  to [A-3,],  
mo le / c m 2 sec 

L length of electrode, cm 
Nu Nusselt  number ,  see Eq. [2] 
n number  of e lectrons produced  per  one reac-  

tant  ion or molecule  
P(O,O,O) ,  Q(O,O,O) origins of the coordinates,  see 

Fig. 1 
Re Reynolds  number ,  see Eq. [3] 
Sc Schmidt  number ,  see Eq. [4] 
u,u local and average  e lec t ro ly te  veloci ty  in x 

direction, cm/sec  

v e lect rolyte  velocity,  cm/sec  
x,y~z length in coordinate  direction, cm 
r (4/3) ---- 0.8930, r (5/3) = 1.5046, gamma function 
5N see Eq. [A-4]  

dimensionless  coordinate,  see Eq. [14] 
~b see Eq. [22] 

dynamic  viscosity, poise  
v k inemat ic  viscosity, cm2/sec 

REFERENCES 
1. I. L~veque, Ann. Mines, 13, 201, 305, 381 (1928). 
2. L. Graetz,  Ann. Physik, 25, 337 (1885). 
3. E. N. S ieder  and G. E. Tate, Ind. Eng. Chem., 28, 

1429 (1936). 
4. A. E. H. Love, "Treat ise on Mathemat ica l  Theory  of 

Elast ici ty ,"  p. 129, Cambr idge  Univers i ty  Press  
(1927). 

5. L. Rosenhead, "Lamina r  Boundary  Layers ,"  p. 136 
Oxford Clarendon Press  (1936). 

6. E. Pohlhausen,  Z. angew. Math. Mechan., 1, 115 
(1921). 

7. Sp ravochn ik  khimika,  Publ i sh ing  House Khimiya ,  
Moscow, pp. 531, 719 (1946). 

8. J. Newman,  Ind. Eng. Chem., 60, (4), 12 (1968). 
9. W. R. Pa r r i sh  and J. Newman,  This Journal, 117, 

43 (1970). 



Intersolvent Potentials and the Reversible 
Nitrate and Sulfate Electrodes 
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ABSTRACT 

The standard potentials for the cells Ag/AgC1 in (Li ,K)C1//AgNO3 in 
(Li,K) NOs/Ag at 40O~ and Ag/AgC1 in (Li,K)C1//Ag2SO~ in (Li,Na,K)2SO4/ 
Ag at 550~ are 0.667 and 0.718V, respectively,  on the mole fraction scale. 
The cells Ag/AgNO3 in ( N a , K ) N O 3 / / ( N a , K ) N O J N O 2 ,  02, Pt, or Au and 
Ag/Ag2SO4 in (Li,Na,K)2SO4//(Li,Na,K)2SO4/SO3, 02, Pt  show reversible  
behavior  and good Nernst ian response on var ia t ion of the part ial  pressures of 
the gases by means of a versat i le  gas-flow system. The standard free energy 
of format ion of AgNOz was found to agree wi th  published data for the range 
250~176 For  the react ion 2Ag ~ SO3 -{- �89 ---- Ag2SO4, -~G ~ was found to 
be --26.6 __. 0.1 kcal mole -1. 

One stage in the development  of a unified emf  series 
for several  molten salt solvents is the measurement  of 
the emf's  of cells of the type M / M X  in A X / / M Y  in 
BY/M. This has a l ready been reported with  M ~-- Ag 
for the cases where  (a) X ~- NO2, Y ---- NO3, and 
A ~- B : Na (1) and where  (b) X : CO3, Y : SO4, 
A ---- Li, Na, and B ---- Li, Na, K (2). In this paper  we 
present  fur ther  data for such cells with (c) X ---- C1, 
Y ~-- NO3, A---- B---- Li, K and (d) X---- C1, Y---- SO4, 
A ---- Li, K, and B -- Li, Na, K again using Ag as the 
metal  of the electrodes. 

In chloride melts, the chlorine electrode is of pr ime 
thermodynamic  significance and its potential  and sta- 
bil i ty have  been established for LiC1-KC1 (3). The 
NO2, O2/NO3- electrode has received at tention for 
molten silver ni t ra te  (4, 5) but not for alkali  ni t rate  
melts. We include therefore  some studies of the NO._,, 
02 / (Na ,K)  NO3 electrode and the hi therto undeveloped 
SO3, O2/(Li,Na,K)2SO4 electrode. Of the other  re levant  
gaseous electrodes, the CO2, O2/(Li,Na)2CO3 electrode 
has been shown to function revers ibly  (2) and, in the 
course of this study, the NO2/NaNO2 electrode has 
been shown not to operate reversibly.  

Experimental 
The preparat ion of the solvents has been described 

elsewhere (1,6,7) except  that  h igh-pur i ty  sodium py-  
rosulfate for use in clearing the sulfate mel t  was pre-  
pared according to a method described by Hotz (8) 
involving the controlled decomposition of copper sul- 
fate and the absorption of the sulfur t r ioxide evolved 
by sodium sulfate. Analyt ical  procedures for anions 
were  as described by Ayres  (9) whereas  silver was 
determined by atomic absorption spectrophotometry  
(10) using a Techtron AA100 instrument.  The appara-  
tus for si lver concentrat ion cell measurements  was 
similar  to that  described previously except  that  a 
double fr i t ted compar tment  was used to separate the 
ni t ra te  mel t  f rom the chloride. 

For  the gas electrodes the design and mode of opera-  
tion were  qui te  crit ical  so wil l  be described in some 
detail. 

Gas electrode design.--The final design consisted of 
a piece of 8 mm glass tubing with  a rol l  of pla t inum 
or gold gauze sealed in one end. 

The top ~/4 in. of a piece of 3/4 in. x 3 in., 50 mesh 
plat inum wire  gauze (Johnson, Mat they and Mallory, 
Ltd.) was folded over  to double the thickness. Pla t i -  
num wire, 26 gauge, was then coiled in a zig-zag fash- 
ion across the upper  half  of the gauze and the whole 

* Elect rochemical  Society Act ive  M e m b e r  th rough  the Fa ra da y  
Society. 
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rolled lengthwise. The upper  port ion of the gauze con- 
taining the p la t inum lead wire  was sealed into the glass 
leaving approximate ly  1/4 in. of gauze exposed below. 
The heavier  p la t inum wire  served to create small  
channels for the passage of gas. 

The ver t ical  ad jus tment  of the electrode was made 
by a micrometer  electrode holder  (1.5 mm traverse  per  
per dial revolut ion) .  It was placed in a compar tment  
inserted through the central  part  of the 3-necked flask 
used for the cell. It was essential to start  the flow of 
gas ( ini t ial ly ni trogen) before insert ing the  electrode 
in the melt  to a point just  above that  needed to produce 
bubbling. The top of the gas electrode and the del ivery  
tube from the gas control  system were  wrapped with 
heating tape to obtain bet ter  t empera tu re  equil ibration.  
The gases could be readi ly  flushed out through the 
tap at the top to a dry  ice trap and water  aspirator. 

Gas control system.--Tank nitrogen was purified by 
passage over  copper mesh at 325~ and through molec-  
ular sieve (Type 5A). Oxygen was dried by passage 
through molecular  sieve. Liquid ni t rogen te t roxide 
(Matheson of Canada Ltd., 99.5%) was used as sup- 
plied as was l iquid sulfur t r ioxide (E. H. Sargent  and 
Company) .  

The flows of nitrogen, oxygen, and ni t rogen dioxide 
were controlled using stainless steel microflow valves  
(Matheson of Canada Ltd., Model 151) and measured 
using pressure differential  f lowmeters wi th  n -bu ty l  
phthalate  in the manometers .  F lowmeters  were  con- 
nected in series with an open-ended n -bu ty l  phthalate  
manometer  to measure the excess pressure above at-  
mospheric. The ni t rogen and oxygen flowmeters were  
cal ibrated with  a bubble meter  and the ni t rogen di- 
oxide flowmeter, which was thermosta ted  at 65~ was 
cal ibrated by collecting the gas in half  saturated KOH 
solution and back- t i t ra t ing  the excess base wi th  hydro-  
chloric acid. At  the tempera ture  of the emf measure-  
ments, the N204 is completely  dissociated into NO2 so 
that  the calculat ion of par t ia l  pressures is a formali ty.  

Since none of the normal  manometr ic  fluids is inert  
to sulfur trioxide, a mix tu re  of n i t rogen and oxygen of 
known composition was passed at a known rate f rom 
the flowmeters through liquid SO3 in a boiling flask 
mainta ined at about 10~ hot ter  than the subsequent 
U- tube  condensing column. The tempera ture  of the 
lat ter  was var ied to give the desired effluent rate  of 
SO3, any excess SO3 condensing in a small  bulb at the 
bot tom of the U-tube.  All  the tubing (1 mm ID) 
through which SO3 passed was kept above 50~ by the 
use of heat ing tape or infrared lamps. The par t ia l  
pressure of SO3 was obtained f rom the expression 

--2269.4 
log (760 Pso3) ---- 10.022 

T 
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where  T~ is the t empera tu re  of the condensing col- 
umn (11). The SO3 content  of the effluent gases was 
checked by condensing it and weighing:  for four tr ials 
the calculated and exper imenta l  weights  differed by 
2.0%, --1.5%, --2.2%, and 0.7%. 

In the cells involving gas electrodes a correct ion was 
requi red  for the s i lver -p la t inum thermopotent ial .  
Therefore  in a separate exper iment  the thermoelec-  
tric power of a s i lver -p la t inum thermocouple  was mea-  
sured using a cal ibrated ch romel -a lumel  thermocouple  
and a sodium-potass ium ni t ra te  mel t  in a thermostat .  
The emf fitted the expression 

E(mV, A g + )  : 0.0004 + 5.11 X 10-31 + 2.09 

• 10-5t 2 -- 9.74 • 10-913 (t  in ~ 

with values  such as 0.14 mV at 25~ 2.71 mV at 270 ~ 
and 7.51 mV at 550~ the reference junct ion being 0~ 
In the gas electrode studies the reference  t empera tu re  
was 25 ~ • 3~ Thus +2.57 mV was added to the mea-  
sured potent ial  of the cell  

A g / A g ( I )  in (Na,K)NOJNO._,, O2, Pt  
at 270~ 

Results 
Chloride//nitrate potentiaL--The A g ( I ) / A g  elec- 

t rode was studied by concentra t ion cell  measurements  
in (Li ,K)CI and (Li,K)NO3 (L i :K  ---- ratio of 0.59:0.41 
in each case) at 400~ and ideal Nernst  behavior  was 
observed for the concentrat ion range 0.001 to 0.1 
molal  (M). The corrosion problem, encountered in ac- 
t iv i ty  coefficient measurements  (12) did not  arise here  
since the start ing silver ion concentrat ions were  about 
10 t imes grea ter  and the contact t ime be tween  silver 
and dilute si lver ni t ra te  solutions much less. 

The emf of the cell  

A g / A g  (I) in (Li,K) C1/ /Ag (I) 

(0.03M) in (Li ,K)NO3/Ag 

was de termined  at severa l  t empera tures  as a funct ion 
of si lver chloride concentration. F igure  1 shows the 
results at 400 ~ • 2~ and these are summarized in 
column (c) of Table I. In the calculation of Eo~ the 
act ivi ty  coefficients used were  "YN=0 ---- 2.04 (13) for 
si lver chloride and ~N=0 = 1.91 (12) for si lver nitrate.  
The densities were  taken f rom Janz  (14) or measured 
separately (15). 

The t empera tu re  dependence of the cell  emf  over  
the range 365~176 (the upper  l imit  was dictated by 
ni trate  decomposition) had the value 

dE o 
- -  _ (4.7 +__ 1.2) X 10-4 vol t  deg -1 

dT 

Table I. Potentials of the cell Ag/AgnX in AX/ /AgnY in BY/ /Ag 

In  (a) X = NO~, Y = NOB, A = B ~ Na;  i n  (b) X = CO.~, 
Y = SO~,A : (L i ,Na)2 ,  B = (L i ,Na ,K)2 ;  i n  (c) X = e l ,  

Y = N O ~ , A  = B = ( L i , K I ;  i n  (d) X = C1, Y = SO4, 
A = {Li ,K) ,  B : ( L i , N a , K ) 2  a n d  n : 1 or  2. 

S y s t e m  (a) (b) (c) (d) 

N u m b e r  of r u n s  4 5 5 
T e m p e r a t u r e ,  ~ 309 540 400 550 
Exp t l .  N e r n s t  s lope ,  V 0.1183 0 .1338 0.1642 
T h e o r .  N e r n s t  s lope ,  V 0.1155 0 .1336 0 .1633 
Std .  dev . ,  V 0.0033 0 .0015 0 .0018 
E ~  ( m e a s u r e d ) ,  V 0.2455 0.087 0.718 
Calc .  L J P ,  Ea, V 0 .0160 - -0 .003  
E ~  ( c h e m i c a l ) ,  V 0.230 0.253 0.690 ~ '718 
E*.~I ( c h e m i c a l ) ,  V 0.226 0.250 0.682 0.690 
E=N ( c h e m i c a l ) ,  V 0.219 0.237* 0.668 0,757 
E r r o r  in  E* ' s  •  ___0.002 ~-~0.002 
R e f e r e n c e  1 2 T h i s  w o r k  

M,  M,  a n d  N r e f e r  to  m o l a l ,  m o l a r ,  a n d  m o l e  f r a c t i o n  scales .  
* T h e  p r e v i o u s  v a l u e  r e f e r r e d  to A g ( I )  n o t  Ag_oSO4 a n d  Ag2COa. 

Chloride//sulfate potentiaL--The Ag ( I ) / A g  elec- 
t rode was studied by concentrat ion cell measurements  
in the individual  solvents (0.59 LiC1, 0.41 KC1, and 
0.78 Li2SO4, 0.085 Na2SO4, 0.135 K2SO4) at 550~ and 
ideal Nernst  behavior  was observed for the concentra-  
t ion range 0.001-0.1M. The use of the t e rnary  ra ther  
than a b inary  sulfate obviated the expense of silica ap- 
paratus and permi t ted  direct correlat ion with  the car-  
bonate studies at 550~ 

The emf  of the cell 

A g / A g  (I) in (Li,K) C1/ /Ag (I) 
(0.015M) in (Li,Na,K)2SO4/Ag 

at 550 ~ __ 2~ is shown as a function of s i lver  chlo-  
ride concentrat ion in Fig. 2 and the results are sum- 
marized in Table I. In the calculat ion of E~ 7N=0 = 
1.76 was used for si lver chloride (16) but  7s=o for 
silver sulfate was assumed to be uni ty  for lack of data 
{TN~o = 0.85 for Ag2SO4 in (0.8 Li2SO4, 0.2 K2SO4) 
(17)}. Again, densities were  taken  from ref. (14) or 

measured separate ly  (15). 

Nitrogen dioxide/nitrite electrode.--The cell A g /  
Ag( I )  in NaNO2//NaNO2/NO2, Pt  was studied at 270 ~ 
_ 2~ It was found that  the cell emf was affected by 
the flow rate of gas and the t ime that  the  pla t inum 
electrode had been in the  melt .  No resemblance to 
Nernst ian behavior  was observed. 

Nitrogen dioxide, oxygen~nitrate electrode.--The cell  
A g / A g ( I )  in ( N a , K ) N O J / ( N a , K ) N O 3 / N O 2 ,  O2, Pt  
was studied over  the range 250~176 The substi tu-  
t ion of gold for p la t inum did not change the results. It  
was found that  gas flow rates above 10 -4 mole  minute  -1 

750- / 

400~ 

70O 
EMF 
mV 
65O 

6OO 

I I t .... i I 
0.5 0.8 1.1 1.4 1.7 2.0 

-LOG [Ag CI-I 
Fig. 1. Nernst plot at 400~ for the cell Ag/Ag(I)  

(Li,K)CI//Ag(I) (0.03M) in (Li,K) NO~/Ag. 

800 

760 
EMF 
mV 
72C 

680 

640 

550~ / 

points 

1.0 1.2 1.4 1.6 1.8 2.0 
- LOGEAg CI-] 

Fig. 2. Nernst plot at 550~ for the cell 
(Li,K)CI//Ag(I) (0.015M)in (Li,Na,K)2 SO4/Ag. 

Ag/Ag(I)  



Vol. 118, No. 6 I N T E R S O L V E N T  P O T E N T I A L S  887 

Table II. Potentials of the Pt, NO2, O2/NO3- 

Tota l  g as  f l o w  S l o p e  of  
N u m b e r  ra te ,  m o l e s  N e r n s t  
of  cel ls  m i n u t e  ol • 104 p lo t ,  V E ~ V 

1 3.0 --0.0903 0.667 • 10 
1 2.0 -- 0.0995 0.586 ~--- 5 
2 1.6 --0.1089 0.588 --  3 
3 1.0 --0.1102 0.552 --  2 

affected the slope of the Nernst  plot and the der ived 
standard potential, as i l lus t ra ted in Table II. In subse- 
quent  runs the flow rate  was kept  below 10-4 moles 
m i n u t e -  1. 

The cell  potent ial  was measured  as a function of the 
Ag( I )  concentrat ion and the part ial  pressures of ni- 
t rogen dioxide and oxygen  at several  temperatures .  
The Nernst  equation, corrected to a common Ag( I )  
molal i ty  of 0.030 takes the form 

R T  7M 0.030 
E -.~ E~ - -  In 

F PNo2 Po21/2 

The act iv i ty  coefficients of si lver n i t ra te  were  taken 
from ref. (12). The data for 270~ are presented in 
Table III  and Fig. 3 and those for five tempera tures  are 
summarized in Table IV. dEON/dT had the value  of 
--0.00203 vol t  deg -1. 

Sulfur trioxide, oxygen~sulfate electrode.--The cell 
A g / A g ( I )  in (Li, Na, K)2SO4/ / (Li ,  Na, K)2SO4/SO3, 
O2, Pt  had its emf  at 550 ~ ___ 2~ measured as a func-  
tion of sulfur t r ioxide and oxygen part ial  pressures. 
F low rates up to 3 x 10 -4 moles minute  -1 gave the 
same potentials. The gaseous electrode required 15-30 
rain to stabilize af ter  each change in gas composi-  
tion and for a fixed composition remained constant to 
--+3 mV for 5 hr. Af te r  shorting for 5 sec, the electrode 
potent ial  was reestablished within  2 min. The results  
are depicted in Fig. 4 and summarized in Table V. 

The ch lo r ide / /n i t r a t e  cell reaction is the t ransfer  of 
si lver ions from a ni t ra te  to a chloride environment .  
F rom the s tandard chemical  potential, E~ of 0.668 -+ 
0.002V at 400 ~ -+ 2~ we calculate -%G o ---- --15.4 -+ 0.05 
kcal mole -1. Likewise, the ch lor ide / / su l fa te  cell reac-  
tion is the t ransfer  of si lver  ions f rom a chloride to a 
sulfate envi ronment  wi th  -~G%73 of --17.5 -+ 0.05 kcal 
m o l e - L  

In Ref. (1) it was suggested that  the  reaction for 
the n i t r i t e / / n i t r a t e  cell was NaNO2 4- AgNO2 ---- AgNO2 
4- NaNO~ with  EOM corresponding to --5.30 -+ 0.07 
kcal mole -1 a 309~ However ,  we should consider the 
standard states as the pure silver salts. In this case the 

500~ 270~ 

o',~o 
~ ~ 

4 9 ( ? -  o o ~ 

FMF 
mV o o 

480 

o o 

47C o 

0.,5 0.6 0,7 
- LOG [PNO 2 P01~I 

Fig. 3. EMF of cell Ag/Ag(I)  (0.03M) in (Na,K)NO3//  
(Na, K)NO3/NO2, 02, Pt at 270~ vs. log PNO2 P02 ~'2. 

740 ~ 550~ 
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720- o o 
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Fig. 4. EMF of cell Ag/Ag(I)  ( IM) in (Li,Na,K)2S04// 
(Li,Na,K)oSOjSOa, 02, Pt at 550~ vs. log Ps03 Po2 '/2. 

meaningful  quant i ty  is E ~  ( --5.05 _ 0.07 kcal  m o l e - D  
but there  are no alkali  meta l  salts left  in the reaction 
since they are accounted for by the act ivi ty  coefficients 

Table III. Cell potentials at 270 ~ _ 2~ for the cell 
A g / A g ( I ) ( o . ~ )  in  (Na ,K)NO~/ / (Na ,K)NO~ 'NO2,  O~/Pt  

(Tota l  gas  f low r a t e  = 100 • l 0  -e m o l e s  m i n u t e  -1) 

PN 2, a rm PNO 2 a t m  Po d, a t m  - - log  [PNo2Po~I/"-] - - l o g  [Ag(I )  ], M AE*, m V  E, m V  

0.330 0.489 0.119 0.770 -- 1.4084 12.3 468.8 
0.020 0.733 0.179 0.507 496.0 
6.129 0.630 0.179 0.573 488.9 
0.278 0.481 0.179 0.690 474.4 
0.190 0.480 0.268 0.603 488.7 
0.103 0.480 0.355 0.542 494.2 
0.000 0.484 0.454 0.485 497.3 
0.236 0.482 0.120 0.775 468.3 
0.117 0.688 0.146 0.580 -- 1.5732 -- 5.4 488.9 
0.036 0.754 0.161 0.519 497.4 
0.184 0.632 0.135 0.634 482.0 
0.101 0.740 0.110 0.610 489.1 
0.077 0.685 0.189 0.526 497.2 
0.104 0.608 0.239 0.527 498.1 
0.138 0.487 0.326 0.556 490.0 
0.118 0.709 0.124 0.603 483.9 
0.256 0.363 0.324 0.683 -- 1.5330 -- 1.1 474.7 
0.099 0.519 0.325 0.527 496.9 
0.007 0.616 0.320 0.456 502.9 
0.094 0.610 0.239 0.524 492.2 
0.000 0.631 0.312 0.451 501.5 
0.117 0.623 0.203 0.549 495.0 
0.193 0.628 0.122 0.657 484.5 

* P o t e n t i a l  a d d e d  to cel l  v a l u e  to c o n v e r t  to 0.O30M AgNO~ re fe rence .  
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Table IV. Standard potential for the cell Ag/Ag(I) in 
(Na, K)NOJ/(Na, K)NOs/N02, 02, Pt as a function of 

temperature 

N u m b e r  T e m p ,  E ~  E~ E~ E~ 
Of r u n s  "+-2~ "~'~:=o __+0.003V _ 0 . 0 0 3 V  •  V 

2 250 0.95 0.443 0.473 0.334 0.3326 
3 270 0.97 0.403 0.434 0.291 0.2911 
2 300 l .Ol  0.344 0.376 0.228 0.2296 
2 350 1.08 0.252 0.285 0.129 0.1280 
3 400 1.12 0.159 0.194 O.02S 0.0285 

Table V. Standard potentials for the cell Ag/Ag(I) in 
(Li, Na, K)2SO4//(Li, Na, K)2S04/S03, 02 Pt 

T e m p e r a t u r e  550 ~ ~ 2~  
E ' s  ( m e a s u r e d ) ,  V 0.767 _ 0.002 
EAg-Pt, V 0.0074 
E ~  ( c h e m i c a l ) ,  V 0.774 ----- 0.002 
E~ ( c h e m i c a l ) ,  V 0.827 • 0.002 
E~ ( c h e m i c a l ) ,  V 0.575 ~ 0.002 

Partial pressure ranges: 

SO~: 0.390 to 0.842 a t m  
0~.: 0.036 to  0.577 a r m  

(12). The E~ values  are  then re la ted  to the free ener -  
gies of s i lver  ions in the  respect ive salts. 

In Table IV we see ve ry  good agreement  be tween 
E~ for the  s i lver  n i t r a t e  fo rmat ion  cell  and the E ~ 
value ca lcula ted  for the  reac t ion  

Ag q- NO2 -l- ~ 02 = AgNO3 

from published thermodynamic data (18-21). The dis- 
sociation of NO2 into NO and 02, although thermody- 
namically favored, is confirmed to be too slow (22, 23) 
to be of consequence in the experiments which in- 
volved short contact times between NO2 and the melt. 
It should be pointed out that the results of Ketelaar 
and Dammers-de K1erk (4) for pure silver nitrate 
were also in agreement with the thermodynamic data; 
however the experimental arrangement used in this 
study was more versatile, permitting the complete test- 
ing of the Nernst equation through independent vari- 
ation of the partial pressure of each gas. 
Using the solid at 600~ Hauffe and Hoeffgen (24) 

reported E ~ = 0.555V for the formation potential of 
silver sulfate 

2Ag q- S03 + �89 02 = Ag~SO4 

which compares well with the value of 0.575V at 550~ 
(Table V) which in turn leads to a value for AGos23 of 
--26.6 +_ 0.I kcal mole -I. We note also that EoM at 
0.774V lies in the region predicted by voltammetric 
studies of (Li,K)2SO4 (25) and (Li,Na,K)2SO4 (26). 
The failure of the NO2/NO2- electrode is in keeping 
with the findings of Topol et al. (27) and McCormick 
and Swofford (28) that the two components, as well 
as undergoing reversible electroreduction and electro- 
oxidation, respectively, also react with each other thus 

NO2 + NO2- = NO8- + NO 
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ABSTRACT 

The reduction of Ni ( I I ) ,  Co(II ) ,  Cd(I I ) ,  and P b ( I I )  was studied at glassy 
carbon electrodes in molten l i thium chloride-potassium chloride eutectic at 
450~ using the technique of l inear  sweep vol tammetry.  Peak-shaped volt-  
ammograms were obtained at scan rates of 10 mV to 1 V/sec. Linear  depen-  
dence of peak currents  on metal  ion concentrat ion and the square root of volt-  
age scan rate was obtained for all the cations studied. The diffusion coeffi- 
cients of Ni ( I I ) ,  Co(II) ,  Cd(I I ) ,  and P b ( I I )  were calculated from the ex- 
per imenta l  data and found to be 1.26, 1.02, 0.98, and 1.29 x 10 -~ cm~/sec, re-  
spectively. 

The polarographic method has been extensively ap- 
plied to a study of the solute species dissolved in 
molten salts. These studies have been carried out both 
at dropping meta l  electrodes (mercury,  bismuth, lead) 
and solid (plat inum, tungsten,  graphite)  microelec- 
trodes. The subject has been thoroughly covered in a 
number  of reviews (1-4). At elevated temperatures,  
the polarographic method suffers from the use of large 
polarization times so that  it is ex t remely  difficult to 
completely el iminate the convective t ranspor t  of the 
electroactive species to the electrode surface. Further ,  
the metal  ions which result  in the deposition of a solid 
metal  at the solid microelectrodes show an "increasing 
l imit ing cur ren t  phenomenon"  (1, 2, 5, 6) due to an in-  
crease in the electrode area. These difficulties can be 
el iminated by using the techniques of chronopoten- 
t iometry or l inear  sweep vol tammetry  (oscillographic 
polarography) where polarization times of only a few 
seconds or less are employed. The chronopotentiometric 
method has been widely used (1, 2) in molten salts in 
the past whereas the technique of l inear  sweep volt-  
ammetry  has attracted at tent ion only recently. 

Mamantov et al. employed this technique to study 
the vo l tammet ry  of several  cations in  mol ten fluorides 
(7-12) at p la t inum wire, pyrolytic graphite, or glassy 
carbon electrodes and in molten NaNO~-KNO3 eutectic 
(13) at p la t inum wire electrodes. Franc in i  et al. used 
the dropping mercury  electrode to study the vol tam- 
metric behavior  of several cations (14, 15), halide ions 
(16) and oxygen and its ions (17) in low melt ing ni -  
trates. The reduction of Ag( I )  at p la t inum wire elec- 
trodes was studied by Hills, Oxley, and Turner  (18) in 
mol ten LiC1-KC1 eutectic and by Kawamura  (19) in 
mixtures  of molten NaNOa-KNO3. Behl  and Gaur (20) 
studied the reduct ion of Ag(I )  and P b ( I I )  at p la t inum 
wire electrodes in mol ten NaNO3-Ba(NO3)2 eutectic. 
Naryshkin and co-workers studied the reduction of 
several cations at p la t inum microelectrodes and de- 
termined their  diffusion coefficients in  molten NaC1- 
KCI (21) and LiC1-KC1 (22) eutectic. They also used 
this method to s tudy (23) the temperature  dependence 
of diffusion coefficients in the lat ter  solvent. 

It  was the purpose of this study to examine the ap- 
plicabil i ty of the theory (24, 25) of l inear  sweep volt-  
ammet ry  to the reduction of Ni ( I I ) ,  Co(II ) ,  Cd(I I ) ,  
and P b ( I I )  at glassy carbon electrodes in mol ten 

* Electrochemical  Society Act ive  Member.  
K ey  words:  l inear sweep vo l t ammet ry ,  l i thium chlor ide-potassium 

chloride eutectic,  nickel (II),  cobalt (II),  c admium (II),  lead (II) ,  
glassy carbon electrode, diffusion coefficients. 

l i thium chloride-potassium chloride eutectic at 450~ 
Since cadmium and lead metals are both liquid at the 
working tempera ture  and are known (26-30) to be 
~r in their  halide salts, it was also of interest  to 
see if the reduction of Cd(I I )  and Pb ( I I )  was similar 
to the reduction of Ni ( I I )  and Co (II) which results in 
the deposition of solid metals at the electrode surface. 

Experimental Procedure 
Reagent grade chemicals (Fischer Scientific Com- 

pany) were used. The l i thium chloride-potassium 
chloride (59:41 mole per cent [m/o] )  eutectic solvent 
was purified by usual t rea tment  with hydrogen chloride 
gas. Briel~y stated it was heated at 130~ in a flowing 
atmosphere of hydrogen chloride gas for about  24 hr. 
The temperature  was then slowly raised to 100 degrees 
above the mel t ing point (352~ and the bubbl ing  of 
hydrogen chloride continued for another  4-6 hr. This 
was followed by bubbl ing  the mol ten eutectic with 
chlorine gas for 2-3 hr. The t rea tment  with chlorine 
helped to remove the black organic mat ter  usual ly  
found in the melt  after t r ea tment  with hydrogen chlo- 
ride gas. The temperature  was then lowered and the 
anhydrous eutectic so obtained was stored in an  iner t  
atmosphere of argon gas unt i l  used. Anhydrous  cad- 
mium chloride, nickel chloride, and cobalt chloride 
were obtained from the corresponding hydrates by 
heating in a flowing atmosphere of hydrogen chloride 
gas. Lead chloride was dried by heat ing under  vacuum 
at 130~ 

The cell assembly is shown in Fig. 1. The cell con- 
sisted of a 64 mm outer diam Pyrex  tubing  (16 in. long) 
closed at the bottom and having a ground glass flange 
at the top. The eutectic solvent  was contained in an 
inner  Pyrex cup (57 mm outer diam and 4 in. long) 
and compartmented by use of Pyrex tubes (10 mm 
diam) with fr i t ted-glass bottoms. The top of the cell 
was sealed, using an Apiezon wax, to another  Pyrex 
flange joint  assembly consisting of four s tandard 
tapered joints (19/38 ~;). These were used to insert  the 
different electrodes, thermocouples, and a gas bubbl ing 
tube. The use of Teflon Swagelok fittings to introduce 
the electrodes into the cell helped to isolate the melt  
from the atmosphere. The cell also had a side arm tube 
with a bal l  joint  which could either be connected to a 
vacuum system or to the gas outlet. 

The cell assembly was heated at 450~ under  vac- 
uum for 3-4 hr before use and allowed to cool slowly 
to the room temperature.  The top of the cell was then 
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diameter  of the exposed cross section was measured 
with an optical micrometer  and the area of the elec- 
trode, unless otherwise stated, was 0.0174 cm 2. 

A wire wound cylindrical  furnace was used to heat 
the cell and the tempera ture  of the cell was main-  
tained at 450 ~ • 2~ using a SCR proport ionat ing tem- 
perature controller  (API Ins t ruments  Company) .  The 
tempera ture  was measured with a Chromel-Alumel  
thermocouple. 

The vol tammetr ic  scans were performed with a Ta-  
cussel Model PIT-2A potentiostat  coupled with a 
GSTP-2 function generator.  The current  flowing 
through the cell was measured across a precision re-  
sistor in the counterelectrode circuit. The i-V curves 
were recorded on a Tektronix  (Type 564) storage os- 
cilloscope and photographed using a Polaroid  (Type 
107) film. Sweep rates were calibrated with a Tek-  
t ronix  (Type 184) t ime marke r  and were known with 
a precision of _.+2%. 

Fig. I. Cell assembly 

removed and a 100-125g solid sample of the purified 
eutectic t ransferred to the inner  Pyrex  container.  The 
cell was then quickly reassembi~t  andTevacuated. The 
tempera ture  was slowly raised to 450~ over a period 
of 10-12 hr. The eutectic melted and seeped into the 
Pyrex  fri t ted disk compartments.  The vacuum was then 
released by argon gas and a flowing atmosphere of 
argon main ta ined  throughout  the dura t ion  of the ex-  
periment.  

The metal  ion concentrat ion in the eutectic was ob- 
ta ined by adding, wi th  a small  p la t inum scoop, weighed 
amounts  of anhydrous  salt into the main  body of the 
eutectic (Fig. 1). P t ( I I )  concentrat ion in the reference 
fri t ted disk compartment  was generated in situ by 
the anodic dissolution of p la t inum foil at small  cur rent  
densities using a graphite rod in another  fri t ted disk 
compar tment  as the counterelectrode. The exact metal  
ion concentrat ion was determined at the end of each 
exper iment  by weighing the eutectic in each compart-  
ment  and expressed in moles/l i ter .  The densi ty value 
(31) of 1.648 g / m l  at 450~ was used for this purpose. 

A three-electrode system was used for all  measure-  
ments. The P t / P t ( I I )  system was used as the refer-  
ence electrode and a graphite rod as the counterelec- 
trode. The indicator electrodes were made from 1.5 
mm diam glassy carbon rods. A small length (3 in.) of 
the glassy carbon rod was t ightly fitted into a Y8 in. 
diam graphite rod in which a 1.5 m m  hole had been 
previously drilled. The joint  between the glassy carbon 
and graphite was then cemented using a Union Carbide 
C-9 carbon cement and the seal matured  by baking in 
an iner t  atmosphere of argon gas. The electrical con- 
tact was made by tying a p la t inum wire around the 
graphite rod. The glassy carbon rod was sealed into a 
Pyrex tubing  under  vacuum and the end ground flush 
with the seal so as to expose the cross section of the 
rod. The electrode was polished to a mir ror  finish. The 

Results and Discussion 
The theoretical t rea tment  of l inear  sweep vol tam-  

met ry  for the electrode processes involving the re-  
versible deposition of a soluble or insoluble product 
is available (24). The equations for the reversible 
deposition of a soluble product in the electrode or the 
solution were first independent ly  derived by Randles 
(32) and Sevcik (33) and later  rederived by  Matsuda 
and Ayabe  (34). Berzins and Delahay (35) treated the 
case where the reversible charge- t ransfer  resulted in 
the deposition of an  insoluble product. From their 
t reatment,  it  can be shown that  the peak cur ren t  for 
the reversible deposition of an insoluble metal  at 450~ 
is given by the equation 

ip -= 236 •3/2 A C V 1/2 D 1/s [1] 

where ip is the peak current  (amperes) ,  n is the n u m -  
ber  of electrons in the charge t ransfer  step, A is the 
area of the electrode (cm2), C is the concentrat ion 
(moles/ l i ter) ,  D is the diffusion coefficient (cm2/sec), 
and V is the voltage scan rate (V/sec).  

Assuming that  the activity of the deposited metal  
is equal  to unity,  the peak potential,  E~, is related to 
the metal  chloride concentrat ion (C) by the equat ion 
(24, 35) 

RT 0.854 RT 
Ep = E ~ -I- ~ in  ] C nF [2] 

where E ~ is the s tandard electrode potential, ] is the 
activity coefficient of the metal  chloride in  solution 
and R T  and F have their  usual  thermodynamic  sig- 
nificance. 

A similar relat ion can also be derived for the half -  
peak potential,  Epl/2 , and is given by the equat ion (9) 

R T  0.0815 R T  
Epl/2 ~--- E ~ ~- - - ~  In ] C n F  [3] 

It is seen from Eq. [2] and [3] that  both the peak and 
hal f -peak potentials would shift to more positive 
values as the metal  chloride concentrat ion is increased. 
Thus, at 450~ the plots of Ep or Epit2 vs. log C w o u l d  
result  in straight lines with a slope equal to 2.303 R T /  
nF  or 0.0717V at 450~ for a two electron process. 

Combining Eq. [2] and [3], the difference (AE) be-  
tween the peak and hal f -peak potential  is given by 

--0.7725 R T  
hE -= Ep -- Epl/2 -- [4] 

n F  

Thus the difference (hE) is independent  of the con- 
centrat ion as well  as the scan rate. 

Typical vol tammograms for the reduct ion of 31.02, 
27.32, 51.55, and 35.49 mil l imolar  solutions of NiC12, 
COC12, CdC12, and PbCle, respectively, at a scan rate 
of 0.095 V/sec are shown in Fig. 2. In  each case, peak 
shaped vol tammograms were obtained and on reversing 
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Fig. 2. Typical voltammograms for the reduction of 31.02, 27.32, 
51.55, and 35.49 mM solutions of NiCI2, CoCb, CdCI2, and PbCI2 
at glassy carbon electrodes at a scan rate of 0.095 V/sec. 

the direction of polarization, sharp anodic str ipping 
peaks were observed. The potential  of the working 
electrode was held at --0.2V vs.  P t / P t ( I I )  reference 
for a few minutes  and the solution stirred before 
taking the next  vol tammogram. Several  vol tammo- 
grams were recorded at each scan ra te  between 10 mV 
to 1.0 V/sec and at several metal  chloride concen- 
trations. 

The reduction of Ni( I I )  and Co(II)  results in the 
deposition of an insoluble substance (solid metal)  at 
the electrode surface at the working temperature  of 
450~ Thus, the peak and ha l f -peak  potentials for 
the reduct ion of both Ni ( I I )  and Co(I I )  would be 
given by Eq. [2-4]. The reduction of Cd(I I )  and 
Pb (II) ,  on the other hand, results in the deposition of 
l iquid metals at 450~ These metals  are known to 
dissolve in  their  chlorides according to the equations 

Cd 4- CdC12 ~ Cd2 + + -I" 2 C1- (36-38) [5] 

Pb 4- PbC12 ~ Pb2 + + 4- 2 C1- (39, 40) [6] 

Thus if the deposition of cadmium and lead metals at 
the electrode surface is followed by their dissolution 
in dilute solutions of cadmium chloride and lead 
chloride, respectively, the activity of deposited metal  
will  nei ther  be equal  to un i ty  nor remain  constant. 
The peak and hal f -peak potentials will, therefore, not 
be given by Eq. [2-4] but  would instead obey the 
equations (24, 25, 34) for the deposition of a soluble 
product. 

The peak and hal f -peak potentials of the recorded 
vol tammograms for the reduct ion of N i ( I I ) ,  Co(I I ) ,  
Cd (II) and Pb (II) were measured at all concentrat ions 
and scan rates and the data for one concentrat ion in 
each case are summarized in Table I. The difference, 
~E, be tween the peak and hal f -peak potentials was 
found to be of the order of 20-30 mV as compared to 
the theoretical  value of 24 mV predicted by Eq. [4] 
for the reversible deposition of insoluble substance at 
the electrode surface involving a two electron change 
at 450~ Further ,  the peak and hal f -peak potentials, 
in  each case, shifted to more  positive values with in-  
crease in metal  chloride concentrat ion and  the plots 
of Epl/2 vs .  log C resulted in straight lines with theo- 
retical slopes predicted by Eq. [3]. Typical Epl/2 vs .  
log C plots for the reduct ion of Ni ( I I ) ,  Co(I I ) ,  Cd( I I ) ,  
and Pb (II) at a scan rate  of 0.205 V/sec are shown in 
Fig. 3. The solid lines have the theoretical  slope equal  
to 2.303 R T / 2 F  or 0.0717 at 450~ and the circles rep-  
resent  the exper imenta l  points. Similar  plots were ob- 
tained at other scan rates. 

The s tandard electrode potentials, E ~ for the metal  
ion-meta l  couples can also be calculated by use of 

Table I. Peak and half-peak potential data for the reduction of 
metal ions in LiCI-KCI eutectic at 450~ 

Concen-  Ep Ep--Ep~/2 Metal tration, Scan rate, ~r~/~ 
i on  raM/liter V/sec Volts 

N i ( I I )  2 2 . 0 6  0 . 0 9 5  - - 0 . 8 4 0  - - 0 . 8 2 0  - - 0 . 0 2 0  
0 . 1 4 0  - -  0 . 8 4 0  - -  0 . S 2 O  - -  0 . 0 2 0  
0 . 2 0 6  - -  0 , 8 4 5  - -  0 , 8 2 5  - -  0 . 0 2 0  
0 . 3 6 0  - -  0 . 8 5 2  - -  0 . 8 3 0  - -  0 . 0 2 2  
0 . 5 4 0  - - 0 . 8 7 0  - - 0 . 8 4 5  - - 0 . 0 2 5  
0 . 9 4 3  - -  0 . 8 5 5  - -  0 . 8 2 5  - -  0 . 0 2 0  

C o  ( I I )  2 7 . 3 2  0 . 0 9 5  - -  1 . 0 0 0  - -  0 . 9 7 0  - -  0 . 0 3 0  
0.140 - -0 .985 - - 0 . 9 6 0  - -0 .025 
0.205 - -0 .995 - -0 .970 - -0 .025 
0.360 - -0 .995 - -0 .967 --0.0*27 
0 . 5 4 0  - -  1 .00O - -  0 . 9 7 0  - -  0 . 0 3 0  
0 . 9 4 3  - - 1 . 0 1 0  - - 0 . 9 8 5  - - 0 . 0 2 5  

C d ( l I )  5 1 . 5 5  0 . 0 9 5  - - 1 . 2 5 5  - - 1 . 2 3 0  - - 0 . 0 2 5  
O. 140 - -  1.250 - -  1.225 - -  0.625 
0 . 2 0 5  - - 1 . 2 5 5  - - 1 . 2 2 5  - - 0 . 0 2 0  
0 . 3 6 0  - -  1 . 2 5 5  - -  1 . 2 3 0  - -  0 . 0 2 5  
0 . 5 4 0  - -  1 . 2 6 0  - -  1 . 2 3 5  - -  0 . 0 2 5  
0 , 9 4 3  - -  1 , 2 5 5  - -  1 . 2 3 0  - -  0 . 0 2 5  

P b ( I I )  1 8 . 1 2  0 . 0 9 5  - - 1 . 1 2 0  - - 1 . 1 0 5  - - 0 . 0 2 5  
0 . 1 4 0  - - 1 . 1 2 0  - 1 . 1 0 7  - - 0 . 0 2 3  
0 , 2 0 5  - -  1 . 1 2 5  - -  1 , 1 0 0  - -  0 , 0 2 5  
0.360 - - 1 . 1 2 5  - -  I . I 0 0  - - 0 . 0 2 5  
0 . 5 4 0  - -  1 , 1 2 5  - -  1 . 1 0 2  - -  0 . 0 2 3  
0 . 9 4 3  - -  1 . 1 2 0  - -  1. I 0 0  - -  0 . 0 2 0  

Eq. [2] or [3] and compared with the reversible 
s tandard electrode potentials determined by Lai t inen 
and Liu (41) in l i th ium chloride-potassium chloride 
eutectic at 450~ In  practice the Epl/2 vs. log C plots 
shown in Fig. 3 were extrapolated to 1.0M (molar) 
concentrat ion (s tandard state on molar i ty  scale) of 
the metal  chloride and the Epl/2 values so obtained 
were substi tuted in Eq. [3] to obtain the E ~ values for 
the metal  ion-meta l  couples vs.  the used p la t inum 
reference ( ~  5-20 mM).  It  was assumed that  the ac- 
t ivi ty coefficient of the metal  chloride remains  con- 
stant over the concentrat ion range studied and the 
act ivi ty coefficient te rm in  Eq. [3] is included as a 
constant in the E ~ value. The E ~ values were then con- 
verted to 1.0M pla t inum reference using the Nernst  
equation and compared with the l i terature values (41). 
The data are summarized in Table II. The standard 
electrode potentials obtained in the present  study are 
within 14-59 mV of the equi l ibr ium values deter-  
mined by Lai t inen  and Liu (41). In  view of the ob- 
vious errors involved in de termining the E ~ values from 
the recorded vol tammograms on a Polaroid film, the 
above agreement  is considered quite satisfactory. 

Since the peak and ha l f -peak  potentials for the re- 
duction of Ni ( I I )  and Co(II)  as well as Cd(II )  and 
Pb (II) closely obey Eq. [2-4], it can be concluded that  
the r e duc t i on  of these ions results in the deposition of 
the metal  in such a way that  the surface of the glassy 
carbon electrode is completely covered with a layer 

NI(]I) (]]) 

Pb ( I I )  

o 
J 

- K O  

_ _ L  _0195 _ I I _1125 0 5 '  0 7 5  o 85 - t o 5  - I  15 

EPI/zVS P~ / P t  (H)  REFERENCE, VOLTS 

Fig. 3. Epl/2 vs. log C plots for the reduction of Ni(l l),  Co(ll), 
Cd(ll), and Pb(ll) at a scan rate of 0.205 V/sec. 
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Table II. Comparison of literature values of standard electrode 
potentials in LiCI-KCI eutectic at 450~ with this work 

P t ( I I )  E "  VS. 1 . 0 M  P t  
C o n e .  i n  r e f .  r e f e r e n c e .  V 

E l e c t r o d e  e l e c t r o d e ,  E ~ v s .  l ~  r e f -  T h i s  L i t e r a t u r e  
c o u p l e  m i l l i m o l a r  e r e n c e ,  V w o r k  a v a l u e s  ~ 

N i  ( I I )  - N i  ( O )  8. 9 3  - -  0 . 7 0 2  - -  0 . 8 4 9  - -  0. 795  
C o  ( I I )  - C o  ( O )  7 . 8 0  - -  0 . 8 5 2  --  1 . 0 0 5  --  0 . 9 9 1  
C d ( I I ) - C d  ( O )  5 . 8 5  - -  0 . 9 7 2  - -  1 . 1 3 3  - -  1 .101  
P b ( I I )  o p b  ( O )  17 ,6 2  - -  1 . 1 3 1  - -  1 . 2 5 7  - -  1 . 3 1 6  

= V o l t a g e  s c a n  r a t e  0 . 2 0 5  V / s e e .  
H .  A .  L a l t l n e n  a u d  C .  H .  L i u ,  R e f .  ( 4 1 ) .  

of the meta l  and  its ac t iv i ty  remains  constant  and  
equal  to uni ty.  At  the  scan ra tes  used, the  dissolution 
of the l iquid meta l s  ( cadmium and lead) into the  di-  
lute solutions of the i r  respect ive  chlor ides  is p robab ly  
ve ry  smal l  and  slow so tha t  the  e lect rode is a lways  
comple te ly  covered wi th  a th in  film of the  metal .  Thus, 
on revers ing the di rect ion of polar izat ion af ter  the  
peak, a sharp  anodic peak  is a lways  observed  due to 
the  dissolut ion of the  meta l  film on the  e lect rode 
surface. The reverse  vo l t ammograms  were  not s tudied 
in deta i l  as a s tudy  of the  oxidat ion  of the  thin elec-  
t rodeposi ted  metal l ic  l ayers  of nickel,  cobalt,  cadmium, 
and lead in mol ten  and solid l i th ium ch lor ide -po tas -  
sium chloride eutectic is ava i lab le  in l i t e ra ture  (42). 

I t  was also shown by  Mamantov  e t  aL (9) tha t  for 
the  revers ib le  deposi t ion of an insoluble  me ta l  at  the 
e lectrode surface  (assuming tha t  the  ac t iv i ty  of the 
deposi ted meta ls  r emains  constant) ,  the  plots of the 
microe lec t rode  potential ,  E, vs.  log ( i p -  i) approach 
l inear i ty  in the  range  (0.5-0.9) ip wi th  a slope equal  
to R T / 2 . 2  n F  or 0.014 for a two-e lec t ron  process at 
450~ Such plots  for  the vo l t ammograms  presented 
in Fig. 2 are  shown in Fig. 4. Aga in  the  solid l ines 
have  the theore t ica l  slope and the circles represent  the 
exper imen ta l  points. As expected,  these plots approach 
l inea r i ty  only  in the  approx ima te  range of  (0.5-0.9) ip. 
S imi la r  plots  were  obtained for the  other  vo l t ammo-  
grams  at  al l  concentra t ions  and scan rates.  

The reduct ion  of N i ( I I ) ,  Co ( I I ) ,  Cd ( I I ) ,  and Pb  (II)  
at  glassy carbon electrodes in mol ten  l i th ium chlor ide-  
potass ium chloride eutectic, therefore,  occurs revers i -  
b ly  and leads to the  deposi t ion of a meta l  (solid or 
l iquid)  v i r t ua l ly  at  uni t  ac t iv i ty  at  the  e lectrode sur-  
face and is s imi lar  to the  deposi t ion of an insoluble  
substance (24, 35). The peak  currents  would, the re -  
fore, be given by  Eq. [1]. The peak  cur ren ts  for the 
reduct ion of ions s tudied were  obta ined by  e x t r a p -  
olat ing the res idual  pa r t  of the vo l t ammograms  to the 
peak  potent ia l  and measur ing  the he ight  be tween  this 
base l ine and the  peak  of the vo l tammograms.  The 

l o o 
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Fig. 4. E vs. log (ip - -  i) plots for the voltammograms presented 
in Fig. 2. 
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Fig. 5. ip vs. V'/z plots for the reduction of 21.70 (@), 31.02 (O), 
35.49 (A) ,  and 51.55 ( A )  mM solutions of cobalt chloride, nickel 
chloride, lead chloride, and cadmium chloride, respectively. 

peak  currents  increased wi th  increas ing meta l  chlor ide  
concentra t ion and square  root  of vol tage  scan ra te  and 
obeyed Eq. [1]. Thus, plots of peak  cur ren t  (ip) vs.  
the square root of vol tage scan rate_ (V 1/2) resul ted  in 
s t ra ight  lines passing th rough  the origin. The l inear  
re la t ion  was observed  up to an app rox ima te  scan ra te  
of 0.6-1.0 V/see and at  h igher  scan rates, the peak  cur-  
rents  tended to be lower  than  those p red ic ted  by  Eq. 
[1] and showed negat ive  devia t ion  f rom the s t ra ight  
l ine plot. The typica l  ip vs.  V 1/2 plots  for the  reduc-  
tion of 31.02, 21.7, 51.55, and 35.49 mi l l imola r  solutions 
of NiC12, CoC12, CdCI2, and PbC12, respect ively ,  are  
shown in Fig. 5. S imi la r  plots  were  ob ta ined  at  o ther  
concentrat ions.  

At  each concentrat ion,  the  i p / V  1/~ values  were  ob- 
ta ined from the slopes of the l inear  ip vs.  V 1/2 plots 
and subst i tu ted in Eq. [1] to calcula te  the  peak  cur -  
rent  constants  (Kp = ip/V 1/2 A C )  as well  as the  diffu- 
sion coefficients (D) of the  ions studied. These da ta  
a re  summar ized  in Table  III. For  most  of the  present  
work, glassy carbon electrodes wi th  area  equal  to 
0.0174 cm 2 were  used. In  case of the  reduct ion of 
Co ( I I ) ,  an electrode of a rea  equal  to 0.0533 cm 2 was 
also employed  and Kp values  ob ta ined  wi th  this elec-  
t rode  agreed ve ry  wel l  wi th  Kp values  obta ined  wi th  
the former  electrode. The constancy of the  Kp values  
presented  in Table  I I I  c lear ly  demons t ra tes  the l inear  
dependence  of peak  currents  on the meta l  chlor ide con- 
cen t ra t ion  and the e lect rode area  as pred ic ted  by  Eq. 
[1]. The average  peak  cur ren t  constants  (Kp) for the 
reduct ion of N i ( I I ) ,  Co( I I ) ,  C d ( I I ) ,  and P b ( I I )  were  
respect ive ly  found to be 2.37, 2.12, 2.09, and  2.39 (103 A 
sec 1/2 V -1/2 cm per  mole) .  

The diffusion coefficients obta ined in the  present  
s tudy are  compared  in Table  V wi th  those obtained 
by  o ther  worke r s  in  l i th ium chlor ide-potass ium 
chloride eutectic at  450~ b y  chronopoten t iomet ry  at 
p la t inum microelec t rodes  (43-45), po la rog raphy  at 
d ropping  b i smuth  electrode (46) and l inear  sweep 
vo l t ammet ry  at p la t inum microelec t rodes  (22). In  
general ,  the  diffusion coefficients de te rmined  in the 
present  s tudies a re  somewhat  lower  than the p rev i -  
ously repor ted  l i t e ra tu re  values  for N i ( I I )  (22), 
Co( I I )  (44), C d ( I I )  (22,43-46),  and P b ( I I )  (22,44, 
46). However ,  there  is a good agreement  be tween  our 
value  for  the  diffusion coefficient of Co( I I )  and the 
value  repor ted  by  Naryshk in  et al. (22) and be tween 
our  va lue  for the  diffusion coefficient of P b ( I I )  and 
the va lue  found b y  Tha lmayer ,  Bruckenste in ,  and 
Gruen  (45). 
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Table IlL Peak current constants and diffusion coefficients of 
metal ions in LiCI-KCI eutectic at 450~ (a) 

L I N E A R  S W E E P  V O L T A M M E T R Y  

P e a k  c u r r e n t  
c o n s t a n t  

C o n c e n t r a -  10 ~ • ip/Vl/ ' - '  Kp = tp /V a/~ A C  D i f f u s i o n  co-  
Metal tion • l0 s (A V-~/2 (lO s A see ~/s cm/ efficient x I0~ 

i o n  ( m o l e s / l i t e r )  seel/~) V~/2 m o l e )  (cm2/sec)  

N i  ( I I )  8 .48 0.355 2.41 1.30 
11.30 0.475 2.42 1.31 
12.06 0.495 2.36 1,25 
14.13 0.562 2.37 1.26 
22.06 0.915 2.36 1,27 
31.02 1.265 2,34 1.23 
37.47 1.510 2.32 1.21 

A v e r a g e  = 2.37 A v e r a g e  = 1.26 
Av.  dev .  = 0.03 Av .  dev .  = 0.03 

Co( I I )  6.7 0.266 2.28 1.17 
8.3 0.289 2.00 0 .90 

14.8 0.554 2.15 1.04 
21.7  0.762 2.02 0.92 
27.3 1.040 2.19 1.06 
29 .0  3.250 b 2.10 1.99 

A v e r a g e  = 2.12 A v e r a g e  = 1.02 
Av .  dev .  = 0.08 Av .  d e v .  = 0.08 

Cd( I I )  18.97 0.69 2.09 0.98 
36.90 1.35 2 .10 0.99 
51,55 1.82 2.03 0.92 
65.51 2.36 2.07 0.96 
75.65 2.75 2.09 0.98 
76.10 2.77 2 .09 0.96 
85.43 3.10 2.09 0.98 
89.00 3.27 2.11 1.0O 
97.50 3.57 2.10 0.99 

A v e r a g e  = 2.09 A v e r a g e  = 0.98 
Av.  dev .  = 0.01 Av .  d e v .  = 0.01 

P b ( I I )  18.12 0.787 2.50 1.40 
24.19 0.965 2 .29 1.16 
35.49 1.492 2,42 1,31 
47.11 1.970 2.40 1.30 
61.16 2.510 2.36 1.25 

A v e r a g e  = 2.39 A v e r a g e  = 1.29 
A v .  dev .  = 0.06 Av.  dev .  = 0.06 

A r e a  of t h e  e l e c t r o d e  0.0174 cm-". 
b A r e a  of t h e  e l e c t r o d e  0.0533 em~. 

Table IV. Diffusion coefficients of metal ions in molten LiCI-KCI 
eutecfic at 450~ 

D x los  (cm~/sec)  

T h a i -  
M e t a l  L a i t i n e n  m a y e r  H e u s  & N a r y s h k i n  T h i s  

ion  e t  a l .  a e t  a l .  b E g a n  c e t  a[a w o r k  

N i ( I I )  - -  - -  - -  1.8 1.26 
Co( I I )  2.42 - -  - -  0.9 1.02 
C d ( n )  208,  1.68 1.7 1.8 1.6 0.98 
P b ( I I )  2.18 1.3 1.7 1.75 1.29 

a C h r o n o p o t e n t i o m e t r y  a t  p l a t i n u m  e l e c t r o d e s ,  Ref .  43 a n d  44. 
b C h r o n o p o t e n t i o m e t r y  a t  p l a t i n u m  e l e c t r o d e s ,  Ref ,  45. 
c P o l a r o g r a p h y  a t  d r o p p i n g  b i s m u t h  e l e c t r o d e ,  Ref .  46. 

L i n e a r  s w e e p  v o l t a m m e t r y  a t  p l a t i n u m  e l e c t r o d e s ,  Ref.  22. 

Summary and Conclusion 
The reduct ion of N i ( I I ) ,  Co(1I) ,  C d ( I I ) ,  and P b ( l I )  

at glassy carbon electrodes was shown to occur revers i -  
b ly  in mol ten  l i th ium chlor ide-potass ium chlor ide  
eutect ic  by  the technique of l inear  sweep vo l t ammet ry .  
The reduct ion of Cd (II)  and Pb ( I I ) ,  which resul ts  in 
the deposi t ion of l iquid meta ls  at the  work ing  t empera -  
ture of 450~ was found to be s imi lar  to the reduct ion 
of Ni ( I I )  and Co( I I )  which resul ts  in the deposi t ion 
of solid meta ls  at the  e lect rode surface. The peak  cur-  
rents  showed l inear  dependence  on concentrat ion as 
wel l  as the square root  of vol tage  scan ra tes  in the  
range  of 0.01 to 1.0 V/sec.  The expe r imen ta l  resul ts  
showed close agreement  wi th  the theore t ica l  equa-  
tions for the  deposi t ion of an insoluble product  at the 
e lect rode surface. The diffusion coefficients for  the  ions 
N i ( I I ) ,  Co( I I ) ,  C d ( I I ) ,  and P b ( I I )  were  ca lcula ted  
and found to be 1.26, 1.02, 0.98, and 1.29 x 10 .5  cm2/sec, 
respect ively.  
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Technica  Notes @ 
The Self-Discharge Mechanism of the 

Li/Lil/Agl Solid Electrolyte Cell 
Charles C. Liang* 

P. R. Mallory & Company, Inc., Laboratory ~or Physicat Science, BurRngton, Massachusetts 01803 

Investigations have been conducted in this laboratory 
on various high-voltage,  solid-electrolyte bat tery 
systems with l i th ium anodes and l i th ium iodide elec- 
trolytes. A var ie ty  of iodine-based cathode materials  
such as iodine (1), metal  polyiodides (e.g. CsI3, RbI3), 
and ammonium and organic ammonium polyiodides 
(e.g. NH413, N(CH3)4Is) were used in the solid elec- 
trolyte cells. The ini t ial  performance of these cells was 
satisfactory. The cells exhibited the expected open- 
circuit voltages and could deliver short circuit cur-  
rents of 300 /~A/cm 2 at room temperatures.  However, 
after a storage period of a few days, the in te rna l  im-  
pedance of these cells showed sharp increases indi-  
cating the diffusion of iodine through the electrolyte 
to react with l i th ium producing more resistive l i th ium 
iodide. Furthermore,  the corrosive na ture  of the iodine- 
based cathodes made the selection of a satisfactory 
current  collector and cell housing mater ia l  extremely 
difficult. 

In  view of these difficulties, a metal  iodide, AgI, was 
selected as the cathode mater ia l  for the solid-electro- 
lyte system. In  addition, th in  f i lm-mul t i layer  cell 
s t ructures were designed to obtain useful  discharge 
currents  (2). The fabrication processes and the dis- 
charge characteristics of the th in  film L i /L i I /AgI  cells 
were reported in  a previous publicat ion (3). Fur the r  
studies on the system revealed that  the max imum dis- 
charge efficiency of the L i /L i I /AgI  th in  film cells was 
only 50% even under  a drain  rate as low as 5 ~A/cm 2. 
Furthermore,  the L i /L i I /AgI  system was unstable.  The 
th in  film cells failed to operate after a storage period 
of two to four weeks at room temperatures.  

The present  invest igat ion was under taken  in  an at-  
tempt  to determine the self-discharge mechanisms of 
the L i /L i I /AgI  cells. 

Experimental 
Foote Mineral  LiI  �9 3H20 was dehydrated according 

to the processes reported previously (3). Mall inckrodt 
AgI was dried at 160~ overnight  before use. Powder 
mixtures  of anhydrous  l i th ium iodide and silver iodide 
were ground in a Fisher mechanical  gr inding apparatus 
for about 1 hr. Immedia te ly  after  the grinding, x - r ay  
diffraction pat terns of the mixtures  were obtained at 
room temperatures  using convent ional  techniques 
with CuK~ radiation. 

Pellets of l i th ium iodide on silver iodide were pre-  
pared by  pressing prepressed l i th ium iodide and silver 

�9 Electrochemical  Society Act ive  Member .  
K ey  words:  solid electrolytes,  solid state batteries,  interdiffusion, 

l i th ium/ l i th ium iodide, l i th ium iodide/s i lver  iodide.  

iodide pellets together under  a pressure of 50,000 psi 
in a 7/16 in. diam steel die. These pellets were stored 
in individual  b rown glass bottles at ambient  tempera-  
tures (26 ~ • 2~ in a Vacuum Atmospheres Model 
HE-453-2 dry box. After  the pellets had been stored 
for a predetermined period of time, they were placed 
in the holder of a small  lathe and the silver iodide side 
was sectioned. The l i th ium content  of each section was 
determined flame photometrically.  

Results and Discussion 
The x - ray  diffraction pat terns  were obtained of the 

l i th ium iodide-silver iodide mixtures  with l i th ium 
iodide contents of 20 mole per cent (m/o) ,  50 m/o, and 
80 m/o,  respectively (Table I) .  The diffraction pa t te rn  
of the mixture  containing 20 m/ o  of l i th ium iodide 
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Fig. I .  Interdiffusion of Li + and Ag § in Lil on Agl pellet 
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Table I. X-ray diffraction data on (a} 80 m/a Agl ~ 20 m/o Lil 
(b) 80 m/o Lil ~ 20 m/o Agl* 

(a) T h i s  e x p e r i m e n t  A g I  
A S T M  c a r d  9-374 

d (A) RI d (A) I/Io hkl 

3.92 W 3.98 60 1O0 
3.68 W 3.75 100 002 
3.46 V W  3.51 40 1Ol 
2.73 V V W  2.731 17 102 
2.27 S 2.296 85 110 
2.1O V V W  2.119 30 103 

1.989 7 200 
1.94 M 1.959 50 112 

1.9228 5 201 
1.7574 7 202 
1.5570 5 203 

1.48 V V V V W  1.5031 5 210 
1.4744 3 211 
1.4535 1 114 
1.4052 5 I05  

1.38 V V V V W  1.3957 3 212 
1.32 W V W  1.3258 9 300 

1.2888 5 213 
1.2515 3 006 
1.2500 5 302 
1.1987 3 205 
1.1943 I 106 

1.14 V V V V W  1.1480 3 220 

fb) T h i s  e x p e r i m e n t  L i I  A g I  
A S T M  c a r d  1-0592 A S T M  c a r d  9-374 

d (A) R I  d (A) I / Io  h k l  d (A) I / I o  hkl  

3.90 V V W  3.98 60 100 
3.68 V V V W  3.75 1O0 002 
3.44 W S  3.47 1OO 111 3.51 40 101 
2.98 V S  3.00 75 200 
2.67 V V V V W  2.731 17 102 
2.26 V W  2.296 85 110 
2.12 V S  2.12 40 220 
2.08 V W  2.119 30 102 

1.989 7 200 
1.96 V'W 1.959 50 112 
1.92 V V V V W  1.9228 5 201 
1.81 VS  1.81 40 311 
1.73 S 1.73 10 222 1.7574 7 202 
1.53 V V V V V W  1.5570 5 203 
1.50 ~ 1.50 6 400 1.6031 5 210 
1.45 V V V W W  1.4744 3 211 

1.4535 1 114 
1.38 S 1.38 15 331 1.4052 5 105 

1.3957 3 212 
1.34 S 1.34 15 420 1.3258 9 300 
1.27 V V V V V W  1.2888 S 213 
1.23 S 1.23 8 422 1.2515 3 006 

1.2500 5 302 
1.16 S 1.16 8 333, 511 1.1987 3 205 

1.1943 1 106 
1.148 3 220 
1.1029 1 310 
1.0916 1 311 
1.0831 1 304 

1.06 V V W  1.06 1 440 1.0626 3 215 
1.0589 1 206, 312 

1.02 M 1.02 6 531 
1.0093 1 313 

1.00 W 1.00 2 600, 442 
0.95 V W  0.95 2 620 
0.92 V V W  0.92 1 633 

* T h e  d i f f r a c t i o n  p a t t e r n  o$ t h e  m i x t u r e  c o n t a i n i n g  50 m / o  of  
l i t h i u m  i o d i d e  a n d  50 m / o  of  s i l v e r  i o d i d e  i s  s i m i l a r  to t h a t  o f  (b) .  

showed only the si lver iodide lines indicat ing a com- 
plete dissolution of the 20 m/o  of l i th ium iodide in  
si lver iodide. Both l i th ium iodide and  si lver iodide 
were evident  in the diffraction pat terns  of the mixtures  
containing more l i th ium iodide. However, no third 
component  was detected from these x - r a y  diffraction 
patterns.  These results showed clearly that  solid solu- 
tions were formed unde r  the present  exper imenta l  
conditions. 

The l i th ium iodide on silver iodide pellets were 
stored at 26 ~ _ 2~ for three months  before analysis. 
Figure 1 shows the l i th ium iodide contents in the 
si lver iodide layers at various distances from the in -  
terface after three months.  A curve was not  d rawn  
in Fig, 1 because the reproducibi l i ty  of the results was 
poor. There were t imes that  a var ia t ion of ___20% was 
observed with two similar  samples. The poor repro-  
ducibi l i ty may be due to a var ie ty  of causes such as 
the uncer ta in ty  of the de terminat ion  of the distance 
from the interface and the perpendicular i ty  of the 
layer  depth to the surface of the sample. Nevertheless, 
the results did show that  the interdiffusion of the 
l i th ium and the silver ions did occur and occurred with 
ra ther  high rates even at room temperatures.  

I t  is known that  interdiffusion of l i th ium and silver 
ions occurs when  l i thium iodide and silver iodide are 
in close contact at high temperatures.  The coefficients 
of interdiffusion at temperatures  between 200~ and 
370~ are in  the order of 10 -5 cm2/sec (4). Results 
from this invest igat ion showed that  the interdiffusion 
of the cations took place in silver iodide/ l i th ium iodide 
even at a tempera ture  as low as 26 ~ _ 2~ 

The interdiffusion of the l i th ium and the silver ions 
in the electrolyte and the cathode would result  in a 
direct short circuit  between the anode and the cathode 
in the L i /L i I /AgI  cell, and we a t t r ibuted  the cell 
failure upon storage to the interdiffusion process. 

Manuscript  submit ted Nov. 30, 1970; revised m a n u -  
script received March 3, 1971. This was Paper  20 
presented at the Atlant ic  City Meeting of the Society, 
Oct. 4-8, 1970. 

Any discussion of this loaper will  appear in  a Dis- 
cussion Section to be published in the December 1971 
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Electromigration of Fe and Cr in Liquid Bi I 

S. G. Epstein ~ and J. R. Weeks 

Brookhaven National Laboratory, Upton, New Ycrrlr I1973 

The electromigrat ion behavior  of Fe and Cr in 
liquid Bi was investigated as part  of an exper imenta l  
study of the electronic phenomena  that  occur dur ing 
the corrosion of low alloy steels in l iquid Bi. The pur -  
pose of this note is to present  the results obtained and 
to suggest their  possible significance in  explaining 
observed corrosion phenomena.  

1 T h i s  w o r k  w a s  p e r f o r m e d  u n d e r  t h e  a u s p i c e s  of  t h e  U n i t e d  
S t a t e s  A t o m i c  E n e r g y  C o m m i s s i o n .  

~ P r e s e n t  a d d r e s s :  T h e  A l u m i n u m  A s s o c i a t i o n ,  750 T h i r d  A v e . ,  
N e w  Y o r k ,  N e w  Y o r k  10017. 

K e y  w o r d s :  e l ee t romobf l i ty~  a p p a r e n t  d i f fu s ion ,  d i f f u s i o n  coeff i-  
c i e n t s  of  c h r o m i u m  a n d  l i q u i d  b i s m u t h .  

Electromigrat ion exper iments  were performed using 
the capi l lary-reservoir  technique, which has been pre-  
viously described in detail  (1). Since the solubilities 
of Fe (2) and Cr (3) in l iquid Bi are quite low (15 
and 44 ppm, respectively, at 500~ the sensit ivi ty of 
this technique was put  to a test. In  essence, several 
fused quartz capillaries, normal ly  1 mm ID and 5 cm 
long with W electrodes sealed in one end, were filled 
in a reservoir  containing l iquid Bi alloyed with small  
amounts  of either Fe or Cr. A d-c cur ren t  was passed 
through two of the capillaries; the others sampled the 
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Table I. Analyses of Bi-Fe alloys after electromigration at 500~ 

F i n a l  Fe  
E x p e r i m e n t  D u r a t i o n  C.D.* cone  i n  

n u m b e r  (hr)  ( A / c m  e) c a p i l l a r y  ( p p m )  

Fe-I 48 + 250 8.5 
Fe-4 24 + 250 8.8 
Fe-2 24 --600 217 
Fe-5 28 - 250 143 
Fe-3  46 n o n e  9,4 
F e - 7  24 n o n e  25 

* P o s i t i v e  current  indicates  e lectron flow f r o m  r e s e r v o i r  to e lec-  
t r o d e  at top of c a p i l l a r y  (anode)  ; n e g a t i v e  current  indicates  e l e c t r o n  
f low f r o m  e l e c t r o d e  at top of c a p i l l a r y  ( ca thode )  to r e s e r v o i r .  

alloy. Previously irradiated Fe and Cr were used in 
preparing the alloys, and their migrat ion behavior 
was determined by radiochemical analysis. This tech- 
nique is sufficiently sensitive to allow detection of the 
few ppm of radioactive tracer element  present and 
precise enough to determine the actual  concentrat ion 
to wi thin  --+10% at these levels. 

In the first exper iments  with Bi-Fe  alloys, single 
capillaries with sealed-in tungsten  electrodes were 
submerged in the liquid alloy, and a second electrode 
was inserted into the reservoir  to complete the circuit. 
The results of these exper iments - -a l l  performed at 
about 500~ given in Table I. In  the capillaries 
which contained the anode, an average of only about 
9 ppm Fe was found after a current  of 250 A/cm 2 was 
passed for one to two days. However, in the capillaries 
that  contained the cathode, well over 100 ppm Fe was 
found in the contained alloy after the current  was 
passed. Fur thermore,  a greater current  passed through 
the cathode capil lary resul ted in a higher concentra-  
t ion of Fe in the contained alloy. The neu t ra l  capil- 
laries were intended to be samples of the melt, which 
should have contained a saturated solution of Fe (15 
ppm).  These results indicate a tendency for Fe to 
migrate  toward the cathode, against the electron flow. 
Since more Fe was original ly added to the charge than 
the 15 ppm soluble at 500~ some part iculate Fe is 
expected to have been present, and autoradiography 
revealed the presence of several large particles of Fe 
in the cathode and in one of the neut ra l  capillaries. 
These could have formed in  the capillaries because 
electromigration supersaturated the Bi in the capilla- 
ries with Fe so that precipitat ion occurred in situ, or 
they may have formed in the bath and have been 
carried into the capillaries by the current .  

More quant i ta t ive  data were obtained for Cr migra-  
tion in Bi due to its somewhat greater solubility. Ex- 
periments  were performed at temperatures  from 310 ~ 
to 605~ The results are given in Table II. In each 
exper iment  current  flowed through two of the capil- 
laries, one containing the anode and the other the 
cathode. Average values of the electric mobil i ty  (U) 
and the coefficient of electron drag (P) were calculated 
from the Cr concentrat ion changes in both cur ren t -  

carrying capillaries in  each experiment.  The scatter in 
data at 310~ and 405~ may be a t t r ibuted to the low 
solubilities of Cr in Bi at these temperatures  (~2  ppm 
at 310 ~ and I0 ppm at 405~ The abnormal ly  high Cr 
concentrat ion found in  both capillaries at 310~ m a y  
be analogous to the high Fe concentrat ions in the 
cathode-containing capillaries in Table I. At the higher 
temperatures  the values of U [defined in Ref. (1)] for 
Cr in Bi are similar  to those reported (4) for Ni in 
l iquid Bi. 

In  previous papers (5, 6), one of the authors h a s  
concluded that  electromigration in l iquid metals re- 
sults from an interact ion between the electron stream 
and the metal  ions. This interact ion is described by 
the parameter,  P [defined in Ref. (6)],  equal to the 
number  of solute atoms passing through the capillary 
orifice per electron passing through the contained 
alloy. 

The positive values of P indicate that  Cr ions in  Bi 
scatter electrons more strongly than the Bi ions and 
therefore receive a greater fraction of the momentum 
of the electrons. Hence, Cr is preferent ia l ly  transported 
to the anode, displacing Bi to the cathode. Belashchenko 
(7) has summarized various arguments  why transi t ion 
metals in alloys should scatter electrons strongly, and, 
in addit ion to chromium, Ni, Co, Zr, Pd, and U have 
been observed (4, 7) to migrate  to the anode in liquid 
Bi. Iron ions apparent ly  scatter the electrons less 
s trongly than l iquid Bi and migrate  to the cathode. 

In a second series of experiments,  the diffusion and 
electrodiffusion of radioactive Cr were measured from 
a reservoir of the Bi-Cr alloy into capillaries previ-  
ously filled with pure Bi, in the apparatus shown in 
Fig. 1. At the desired temperature  the alloy was 
stirred and sampled. The capil lary cluster was then 
lowered into the pure Bi under  vacuum; the capillaries 
were filled by pressurizing the system with purified 
He, removed from that  reservoir, and immediately 
rotated and lowered into the alloy without  allowing 
the contained Bi to solidify. Direct current  was passed 
through two of the capillaries for a predetermined 
time. The capillary cluster was then removed from the 
reservoir and quenched by a stream of l iquid n i t rogen-  
cooled helium. The capillaries were sectioned and the 
contained alloy weighed and dissolved into measured 
amounts  of acid solutions and the  solutions counted 
for Cr 51. Diffusion coefficients were calculated by the 
average concentrat ion technique described by Crank 
(8). The results of a typical exper iment  are given in 
Table III. The apparent  diffusion of Cr in Bi is seen to 
have been enhanced approximately  3 to 4 t imes by 
the passage of 1000 A/cm 2 at 515~ 3 

Any  relat ion between these results and the selective 
leaching of chromium or selective attack of Cr-r ich 
alloys dur ing corrosion of steels in l iquid bismuth is 
speculative at best at the present  time. P re l imina ry  

3 V a l u e s  of  U a n d  P c a n n o t  be  c o n v e n i e n t l y  c a l c u l a t e d  f r o m  t h e  
e x p e r i m e n t  in  T a b l e  I I I  s ince  t h e  b o u n d a r y  c o n d i t i o n s  w e r e  n o t  
t hose  n e e d e d  fo r  t h e s e  ca l cu la t ions .  

Table II. Analyses of Bi-Cr alloys after electromigration 

Cr  cone  in  F i n a l  C r  cone  in  
T e m p  D u r a t i o n  C.D. r e s e r v o i r  c ap i l l a r i e s  ( p p m )  A v g  U • 104, A v g  P • 104, 
(~  (hr)  ( A / e r a  ~) (ppm)  A n o d e  C a t h o d e  c rab /V-see  a t o m / e l e c t r o n  

310 4 1,000 11.6 27.4 11.0 (19.7) (11.7) 
405 4 1,000 11.6 13.5 10.5 3.2 1.gs 
515 4 1,000 34.6 43.4 23.6 7.1 4.4~ 
605 4 1,000 51.2 65.9 30.4 6.1 4.3~ 

Table III. Diffusion coefficients and "apparent diffusion coefficients" for Cr in liquid Bi 

Temp Duration Cr cone of Capillary D or  "Dapv . " ,  
(~ (hr) reservoir (ppm) electrode C.D. (A/cm 2) 10-~ cm~/sec 

~515 48 37.4 0 0 3.1 
Anode 1,000 12.3 
Cathode 1,000 1.3 
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mersed in  l iquid bismuth.  If these potentials  are sub-  
stantiated, the eddy currents  that  possibly result  from 
them would tend to increase the rate of dissolution of 
chromium and decrease the rate  of dissolution of iron. 
Data of sufficient accuracy to demonstrate  the val idi ty 
of this suggestion, however, are  no t  avai lable at the 
present  time. 
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Fig. 1. Schematic representation of apparatus used in measuring 
diffusion and electrodiffusion of Cr in liquid Bi. 

data suggest that  potentials  of the order of a few 
microvolts may  exist between Cr-r ich  steels as the 
cathode and Cr-poor s t e e l s  as the anode when i m -  

Any discussion of this paper wil l  appear in  a Dis- 
cussion Section to be published in  the December 1971 
JOURNAL. 
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A Bipolar Current Interrupter for 
Electrochemical Measurements 

P. M.  Schwartz 

RCA Laboratories, Princeton, New Jersey 08540 

There have been some recent papers (1, 2) on the 
current  in te r rup t  technique as an approach to mea-  
sur ing and correcting for ohmic potent ial  drops in 
electrochemical cells. The method introduced by  
McIntyre and Peck (2) is a good one, but  it lacks the 
flexibility of being s imultaneously  usable with both 
anodic and cathodic currents.  This s i tuat ion is incon-  
venient  in a-c exper iments  such as controlled double 
potential  step experiments.  A circuit  has been int ro-  
duced by Bruckenste in  and Miller (3) which may be 
used for bipolar  current  in te r rup t  measurements .  Their  
circuit, however, establishes the zero current  condition 
by applying the proper voltage to the cell in a feed- 
back loop. This zero cur ren t  condit ion is thus suscep- 
t ible to errors arising from drifts in the amplifiers. In  
what  follows, a current  in te r rup te r  is described which 
works with both polarities of current  and which es- 
tablishes the zero cur ren t  by switching a large re-  
sistance in  series wi th  the cell. The circuit described 
below also appears to have a slightly higher switching 
speed than the circuit of Bruckens te in  and Miller. 

Key words: ohmic potential measurement, double potential step, 
voltammetry, polarography. 

In  Fig. 1 a circuit is shown which works with both 
polarities of current.  This circuit uses a field-effect 
t ransistor  as the switching element  to in te r rup t  the 
current.  In  this application, the field-effect t ransistor  
operates as a voltage-control led resistor switching 
from a typical  resistance of >10M at cutoff to about 
200 ohms at zero bias. A l imitat ion inherent  in the use 
of a field-effect t ransistor  as the isolating e lement  is 
that the current  supplied by  the circuit is l imited to 
the saturat ion current  of the transistor  which is typi-  
cally 10-30 mA for the type used. Should it be necessary 
to drive more current ,  several transistors may be used 
in parallel. There is also an advantage in using a field- 
effect t ransistor  instead of a diode as the isolating ele- 
ment.  McIntyre and Peck have noted that  the high 
resistance of the diode at low current  causes their 
circuit to oscillate when  placed in a potentiostatic 
control circuit. This problem does not exist with the 
field-effect t ransistor  since it main ta ins  its low resist- 
ance down to zero current .  Therefore, this in te r rupter  
circuit should be very  useful  in polarography. 

The operation of the circuit is quite simple. When a 
negative pulse is applied to the gate input,  Q~ applies 
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Fig. !. Circuit diagram of the current interrupter 

J u n e  1971 

Fig. 2. Twenty-microsecond interruptions of positive and nega- 
tive currents with interrupter applying a constant voltage to a 
cell: vertical scale 1 mA/div, horizontal scale 2 msec/div. 

a large posi t ive bias to the  gate of Q4. This act ion puts  
a large  res is tance in series wi th  the  e lect rochemical  
cell  and preven ts  any  cu r ren t  flow to the  cell. The  ga te  
pulse also reduces the  bias on the gate  of Q1 which 
shorts  the  inputs  of the  opera t iona l  amplifier.  This is 
especia l ly  necessary  when  the in t e r rup te r  is pa r t  of a 
feedback  loop in a potent ios ta t  c i rcui t  for  control l ing 
electrode vol tages  in po la rog raphy  and  vo l tammetry ,  
since in this case the  amplif ier  would  sa tura te  and 
d is turb  the  bias on Q4 if Q1 were  not  present .  This 
in t e r rup t  process is qui te  rapid,  being l imi ted  by  the  
switching t ime  of the  t ransis tor .  In  a prac t ica l  con- 
f igurat ion tha t  inc luded ample  cable  capacitance,  the  
in te r rup t  t ime  was  ~ 1  ~sec. 

When  the gate  pulse tu rns  off, Q~ turns  off, and the 
bias resis tors  of Q4 and Q1 charge  the  ga te-source  
vol tages of those t rans is tors  to the  quiescent  values.  
Thus, Q4 re tu rns  to the  low-res i s tance  state and Q1 to 
the  h igh- res i s tance  state.  This r e tu rns  control  of the  
output  vol tage  to the  opera t iona l  amplifier.  The re -  
covery  of the  circuit  is more  compl ica ted  than  the in-  
t e r rup t  action. Firs t ,  there  is the  t ime  necessary  to 
discharge the  ga te-source  capaci tance of the  field-effect 
t ransistors .  F o r  the  l ow- f r equency  t rans is tors  used in 
this  circuit,  tha t  t ime is <20 ~sec. Second, there  is the  

response t ime of the opera t iona l  amplifier.  Wi th  a t y p i -  
cal slew ra te  of 2.5 V/~sec, the  amplif ier  recovery  
t ime for a typ ica l  e lec t rochemical  appl ica t ion  would  
be only a few microseconds.  The recovery  t ime of the  
circui t  was found to be ~20 ~sec. This t ime could be  
improved  by  using h ighe r - f r equency  t rans is tors  wi th  
a smal ler  ga te-source  capaci tance or  b y  decreas ing the 
bias  resistors.  

The pe r fo rmance  of the  i n t e r rup te r  when it  is act ing 
l ike a vol tage amplif ier  is shown in Fig. 2 and 3. 
F igure  2 shows an oscilloscope t race  of the  cur ren t  
through an e lec t rochemical  cell  due to a constant  ap-  
p l ied  vol tage tha t  is r eversed  every  13 msec. The in-  
te r rupt ions  are  genera ted  by  a var iab le  de lay  pulse 
genera tor  (e.g., H e w l e t t - P a c k a r d  214A) tha t  is t r ig -  
gered by  the vol tage  switching t ransients .  F igure  3 
shows, on an expanded  t ime scale, the  shape of an 
in te r rup ted  cur ren t  pulse  and the e lect rode vol tage  as 
measu red  by  a re ference  e lec t rode  in  the  cell. Both  
the  vol tage  and cur ren t  have  a r ecove ry  t ime constant  
of ~20 #sec whi le  the  fa l l  of the  cur ren t  to zero takes  
~1  ~sec. In  this  mode of operat ion,  i n t e r rup t  pulses 
spaced as close as 200 #sec have  app l i ed  wi thout  a l t e r -  
ing the ove r -a l l  cu r ren t  waveform.  

Fig. 3. Details of an interrupt pulse: upper trace--electrode 
voltage, 0.2 V/div; lower trace--cell current 0.4 mA/div; horizontal 
scale 20 ~sec/div. 

Fig. 4. Interrupt pulses in a controlled potential mode: upper 
trace--electrode voltage 0.5 V/div; lower trace---cell current 1 
mA/div; horizontal scale 50 ~sec/div. 

The per formance  of the  i n t e r rup te r  in control led  
potent ia l  appl ica t ions  has  also been examined.  For  
this purpose  the re fe rence  e lec t rode  potential ,  buffered 
by  a vol tage fol lower,  and the s ignal  vol tage  were  
summed at the  inver t ing  input  of A1 and the 100K 
resis tor  in the  feedback  loop was rep laced  by  a 0.001 
~f capacitor .  The resul ts  of a cur ren t  in te r rup t ion  are  
shown in Fig. 4. We note tha t  the  recovery  and set t l ing 
t ime  of the  cur ren t  has been ex tended  to ,~200 ~sec. 
Wi th  the informat ion  prov ided  in Fig. 4, the  "uncom- 
pensated resis tance" (2) in the  contro l led  potent ia l  
expe r imen t  is r ead i ly  evaluated .  
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Comm n car @ 
A New Method of Preparation of RbAg,l  

Solid Electrolyte 
Bruno Scrosafi* 

Istituto di Chimica Fisica, Universit~ di Roma, Rome, Italy 

RbAg4Is, silver rub id ium iodide (SRI) solid electro- 
lyte, has been so far prepared by mel t ing a stoichio- 
metric mixture  of AgI and RbI and then quenching 
it (1, 2). 

Recently we have discovered that  SRI is soluble in 
acetone and in a n u m b e r  of other organic polar sol- 
vents and that it can be recrystallized from solutions 
(3). Furthermore,  in a paper published in 1913 by 
Marsh and Rhyme, it is reported that a " rubidium sil- 
ver iodide RbI,AgI" is obtained when RbI and AgI 
are dissolved in  acetone and the solution evaporated 
in dry  air  (4). 

This evidence encouraged us to suppose that SRI 
could simply be obtained by crystall ization from a 
solution prepared by dissolving in acetone a mix ture  
of silver and rub id ium iodides. To test this, a known 
amount  of AgI was added to acetone, followed by 
subsequent  addition of RbI to the same solution. AgI, 
which as such is practically insoluble in acetone (see 
Table I),  readily dissolved in the presence of RbI. The 
complete dissolution was obtained for an AgI /RbI  
molecular  proportion of about 2 to 1. 

The complete dissolution of the AgI-RbI  mix ture  in 
acetone, however, was followed by a spontaneous pre-  
cipitation of a white compound (this lat ter  mater ia l  
was then  identified, by x - ray  powder analysis, as RbI) .  
The acetone solution was then filtered and slowly 
evaporated. The resul t ing crystallized salt was dried 
at 100~ in  an oven and analyzed by  x-ray.  The re-  
sults are reported in Table II, which also includes the 
pat terns of SRI, calculated and found by Bradley and 
Greene (7). All  the lines of SRI are present  in the ace- 
tone-crystal l ized compound indicat ing that  the com- 
pound is indeed RbAg4Is. 

The remaining  lines found, all  very weak in  in-  
tensity, could probably be a t t r ibuted to some impur i -  
ties present in the s tar t ing materials.  In  fact RbI and 
AgI, commercial  products, have been used without  any 
fur ther  purification. This hypothesis may  be con- 
firmed by the value of the ionic specific conductivi ty of 
RbAg415 crystallized by acetone solution which was 
found to be 0.1 ( o h m - c m ) - 1  at 25~ This conductivity 
value is somewhat inferior to that  of pure RbAg4Is, 
which is about 0.24 (ohm-cm) -1 at 25~ (8). 

It  is reasonable to suppose that s tar t ing with high 
pur i ty  compounds, a more conductive RbAg4I~ could 
also be obtained by the crystall ization method de- 
scribed here. On the other hand it has to be considered 
that when SRI is used as electrolyte in a solid-state 
battery, its resistance represents only a small  fraction 

* E l ec t rochemica l  Soc ie ty  A c t i v e  Member .  
Key  w o r d s :  RbAg~Is so l id  e lec t ro ly te ,  p r e p a r a t i o n  of, 

Table I. Solubility of various salts in acetone 

S o l u b i l i t y  T e m p e r a t u r e  
Sa l t  (w/o)  (~ R e f e r e n c e  

A g I  3.2 • 10-1o 25 (5) 
RbI 0.72 25 (6) 

0.65 30 
RgAg~I~ 3.20 30 

Table II. X-ray powder patterns (CuK~ radiation) of RbAg41~ 

B r a d l e y  a n d  G r e e n e  (7) 
C a l c u l a t e d  O b s e r v e d  This  w o r k  

d I d I d I 

8.11 W 
7.5 7.85 W 7.65 iVlW 
0.8 
0.8 
1.2 

6.4 

7.88 
6.44 
4.99 
4.55 

3.94 

3.72 51.1 3.72 
3.53 14.8 3.52 
3.36 96.4 3.36 
3.22 32.8 3.22 
3.09 1.1 
2.98 13.2 
2.79 0.1 
2.71 1.5 
2.63 24.4 2.63 
2.56 0.4 
2.49 7.1 
2.43 4.1 
2.38 21.8 2.38 
2.28 24.2 2.28 
2.23 23.2 2.23 
2.19 100.0 2.19 
2.15 13.8 2.15 
2.07 49.5 2.07 
2.04 31.5 2.04 
1.97 13.3 1.97 
1.94 15.3 1.94 
1.91 4.1 
1.98 2.0 

3.77 VW 
MS 3.69 MS 
VW 3.51 VW 
S 3.34 S 
W 3.20 W 

W 2,62 M W  

W 2.36 MW 
MW 2.27 M W  
M W  2.23 M 
S 2.20 S 
VW 
M 2.07 M 
M W  2.04 W 
W 1.97 VW 
W 1.9% VW 

1.87 V W  

1.81 W 
1.74 W 
1.66 VVv" 
1.42 VVr 
1.39 V~V 
1.38 V W  
1.28 VW 
1.13 VW 

of the over-al l  cell resistance, the  major  contr ibut ions 
being the electrode-electrolyte polarizations. There-  
fore, RbAg415 prepared by crystall ization from an ace- 
tone solution of commercial  AgI and RbI, may also be 
used as electrolyte in solid-state batteries. A difference 
of 0.14 ( o h m - c m ) - 1  in specific conductivi ty wil l  affect 
the total resistance only by fractions of ohms. 
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On the basis  of the  repor ted  evidence,  the  A g I - R b I  
mix tu re  solut ion reac t ion  could be t en ta t ive ly  r ep -  
resen ted  as 

acetone 
4AgI + 2RbI > 4AgI �9 2RbI---> RbAg415 + RbI$ 

[1] 

To have  a c leare r  p ic ture  of the  solut ion mechanism,  
however ,  a more  deta i led  s tudy  of the  species in solu-  
t ion is necessary.  This s tudy  is in progress  in our l ab -  
oratory.  

The descr ibed new method  of SRI  p repa ra t ion  ap -  
pears  to be of a cer ta in  technological  impor tance  for 
the  fol lowing reasons:  

a) I t  is we l l  known  tha t  the  SRI decomposit ion,  
which takes  place according to the  reac t ion  

2RbAg415 ~ Rb~AgI8 ~ 7AgI [2] 

is favored by  the  presence of moisture.  Wi th  the  c rys -  
ta l l iza t ion method  of p repa ra t ion  in which  d r y  acetone 
and pure  s ta r t ing  mate r ia l s  a re  used, i t  is theore t ica l ly  
possible to p reven t  the  decomposi t ion and, u l t imate ly ,  
obta in  a ve ry  pu re  mater ia l .  

b) The  poss ib i l i ty  of ob ta in ing  SRI  b y  c rys ta l l i za -  
t ion f rom acetone solut ion al lows the  growing of single 
crys ta ls  and  the deposi t ion of thin layers  of electrolyte .  
At  the  present ,  SRI single crys ta ls  have  only been 
grown from nonstoichiometr ic  melts,  using the  Czo- 
chralski  technique (9). This method,  however ,  is not  
of ve ry  easy appl ica t ion  and presents  technica l  p rob -  
lems. Single  c rys ta l  g rowth  f rom solut ion is cer ta in ly  
a much easier  and fas ter  procedure.  In  fact we have  
grown smal l  oc tahedra l  SRI crys ta ls  by  s imple evap-  
ora t ion of the  solutions (3). The  feas ib i l i ty  of ob ta in -  

ing thin  layers  of film of e lec t ro ly te  is also of  con- 
s iderable  impor tance  since i t  a l lows the deve lopment  
of low resistance,  min ia tu r i zed  so l id - s ta te  bat ter ies .  

c) Final ly ,  the solut ion procedure  descr ibed in the  
case of the  SRI  prepara t ion ,  is genera l  and  i t  can be 
applied,  va ry ing  the s ta r t ing  materials  and the sol-  
vent,  for t he  p repa ra t ion  of a series of a new com- 
pound  and new electrolytes .  In  fact  at  the  moment  a 
number  of new solid e lec t ro ly tes  crys ta l l ized  f rom 
solutions are  under  s tudy  in this  labora tory .  
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D I S C U S S I O N  

S E C T I O N  
This  Discussion Section includes discussion of pal)ers a p p e a r i n g  in 

the Jo u r n a l  of The  Electrochemical  Society, Vol. 117, No. 10 and 12, 
October  and  December  1970. 

The Approach to Limiting Current in a Stagnant 
Diffusion Cell 

L. Hsueh and J. Newman (pp. 1242-1245, Vol. 117, No. 10) 

L. Nanisl:  F o r  precise appl ica t ion  of the  s tagnant  
diffusion cell, the  authors  should t ake  into account  the  
contr ibut ion  to the ove r - a l l  ohmic drop associated wi th  
the  sudden change in cross section of e lec t ro ly te  at  the  
open end of the  capi l lary .  This so-cal led  "constr ict ion" 
resis tance is in series wi th  the  cap i l l a ry  resis tance 
given in the authors '  Eq. [6]. I t  is of in teres t  to note 
tha t  the  constr ic t ion resis tance is of impor tance  to a 
number  of re la ted  technologies which  involve the 
t he rma l  and e lect r ica l  res is tance at  me ta l  interfaces 
such as e lect r ica l  contacts, spot welding,  and also end 
effects in the  ea r ly  definit ion of the  ohm based on the  
resistance of a specified mercu ry  column. The constr ic-  
t ion resistance is discussed in severa l  texts.  24 Calcula-  
t ion of the  res is tance of an ideal ized c i rcular  cross sec- 
t ion is accomplished by  solution of the  Laplace  equa-  
tion for the field nea r  a c i rcular  conduct ing opening in 
an otherwise  insula t ing p lane  bounding  the semi-  

1School of Chemica l  Engineer ing ,  Un ive r s i t y  of Pennsy lvan ia ,  
Phi ladelphia ,  P e n n s y l v a n i a  19104. 

2 j .  H. Jeans ,  " T h e  Mathemat i ca l  Theory  of Electr ic i ty  and Mag-  
ne t i sm,"  p. 356, Cambr idge  Un ive r s i t y  Press,  Cambr idge ,  England  
(1968).  

F. P. Bowden  and  D. Tabor,  " T h e  Fr ic t ion  and  Lubr ica t ion  of 
Solids",  p. 25, Clarendon Press ,  Oxford  U n i v e r s i t y  (1954). 

4 H. S. Cars law and J. C. J aege r ,  "Conduct ion  of Hea t  in Solids,"  
p. 216, Clarendon Press ,  Oxfo rd  Un ive r s i t y  (1959). 

III ~ I III 

infinite conduct ing medium.  F r o m  the gradient  of po-  
tential ,  the  flux or cur ren t  dens i ty  no rma l  to the disk 
opening is obtained,  pe rmi t t ing  appl ica t ion  of Ohm's  
law to yie ld  the  resistance.  The field solution for  disk  
geomet ry  was worked  out as ea r ly  as 1832 by  Green  5 
and in 1873 by  Weber .  6 More recently,  the resistance 
for disk  geomet ry  has also been verified by  Newman.  ~ 
By adding the end effect or constr ict ion res is tance to 
the  resis tance of the  e lec t ro ly te  wi th in  the  capi l lary ,  
the authors '  Eq. [6] m a y  be  revised  as 

,] 
~ o h m  : "  ' -~- ~ -  [ 1 ]  

K| a 

where I is current (A) and a is capi l lary radius 
(era). (Remaining notation same as used by Hsueh and 
Newman.) According to Eq. [1] above, the end effect 
may be considered negligible i f  the capi l lary length 
to rad ius  ra t io  is sufficiently large,  i.e. Ll~a ) •  1/4. 
For  van ish ing ly  shor t  capi l lar ies ,  Eq. [1] gives the  
potent ia l  drop for the  disk alone (cf. Eq. [9] of foot-  
note 7). The authors  r epor t  var ious  cap i l l a ry  lengths, 
i.e. 7, 10, and 15 cm; and, f rom an e lect rode (and 
cap i l l a ry)  a rea  given as 0.178 cm 2, a rad ius  of 0.25 cm 
m a y  be cons idererd  as typical .  Using these figures in 
Eq. [ l ] ,  the  ohmic potent ia l  wi l l  be consis tent ly  unde r -  
es t imated  if the  end effect is ignored,  giving a 2.7% 
er ror  for the  7 cm long cap i l l a ry  and 1.3% er ror  for 

6 G. Green ,  Trans.  Cambr /dge  Ph~.l. Soc., 5, 1 (lS32). 
c H. Weber ,  Crelie J. Mathematics ,  75, 75 (1873) ; also to be found  

in " A  Trea t i se  on Bessel  Func t ions  and The i r  Appl ica t ions  to Phys -  
ics,"  A. Gray,  G. V. Mat thews ,  and  T. M. MacRobert ,  2nd. Ed.. P. 
142, MacMillan and  Co. Ltd.,  London {1952). 

7 j .  j .  N e w m a n ,  This Journal,  113, 501 (1966). 
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the 15 cm capillary. Clearly, the end effect becomes 
increasingly more impor tant  only for capil lary lengths 
smaller than  those reported by the authors. However, 
the constriction resistance "should be taken into ac- 
count where the capillary length (or L / a )  is reduced 
in order to decrease t ime required for experiments  
(cf. authors '  Eq. [17]). 

It should be ment ioned that  the te rm %/4 in Eq. [1] is 
based on a boundary  condition of constant  potent ial  on 
the disk sur face!  An upper  l imit  to the end effect term 
may be considered on the basis of uniform current  
density over the disk surface at the capil lary open- 
ing. s,9 Is this case, the term 1/4 in Eq. [1] is replaced by 
8/3~ 2. Since the actual  capillary (open) end condition 
is not known, the l imit ing cases of constant  potential  
and constant  current  densi ty provide a lower and 
upper bound. The end correction term for the resist- 
ance of electrolyte in the capil lary given in Eq. [1] 
may thus be considered as somewhat uncer ta in  but  at 
least bounded between 0.25 and 0.27. Finally,  it should 
be noted that  the end-effect resistance calculations 
relate to a capillary of infinitely large extent  in the 
radial direction. However, from the range of the po- 
tential  field, s the correction terms may  be considered 
as valid for a capi l lary outside radius which is five 
to six times the inside radius or greater. 

On the Relation between Standard Potentials and 
Activity of Interstitial Silver Ions in AgCI and AgBr 

A. Hoffman (pp. 1,525-1527, Vol. 117, No. 12) 
F. A. Krogerl0: In  this paper, Hoffman at tempted to 

prove that  the difference in the s tandard potentials of 
Ag/AgC1 and Ag/AgBr  can be ascribed to the differ- 
ence in activity of interst i t ial  silver ions, Agi, in the 
respective silver halides. This would imply that  the 
individual  s tandard potentials depend strongly on the 
activity of interst i t ial  silver and, if true, would make 
the s tandard potentials sensitive to the presence of 
small  concentrat ions of al iovalent impurit ies and would 
seriously decrease their usefulness. As we shall see, 
this is not the case. 

The potential  difference under  discussion is essen- 
t ial ly due to the exchange reaction 

AgBr -5 C1- (aq) --> AgC1 + B r -  (aq) [1] 

C1-(aq)  and B r - ( a q )  represent ing C1- and B r -  in 
aqueous solution under  s tandard conditions. As shown 
in Table I of this Discussion, this reaction gives a value 
of -~E ---- ~Go/F ~ 149.2 mV; the small  difference from 
.~E -= 222.2 -- 71.3 ---- 150.9 mV TM cited in the discussed 
paper is due to the use of sl ightly different values for 
the s tandard free energies. 

Reaction [1] depends on the chemical potentials of 
the si lver halides, and these in  tu rn  are equal to the 
sum of the chemical potentials of the basic s tructure 
elements AgAg and BrBr and Clcl. Wri t ing X for C1 or 

Table I. Standard free energies of reaction for various processes 
related to the Ag/AgX electrode potentials ~ 

AG ~ 
R e a c t i o n  ( k c a l / m o l e )  

1 A g B r ( s )  --> A g ( s )  + ~/2Br2(D 22.91 
2 V2Br2(I} --> B r - ( a q )  + e - ( P t )  --24.595 
3 A g ( s )  + */2C12(g) ~ A g C l ( s )  --26.22 
4 C l - ( a q )  e - ( P t )  --> V2CI2(g) 31.345 

( + )  
5 AgBr(s) + Cl-(aq}-->  A g C l  + Br-(aq) 3.44 

~L.  N a n i s  a n d  W. K e s s e l m a n ,  This Journal,  118, 454 (1971).  
o t N a n i s ,  E l e c t r o c h e m ,  Soe. E x t e n d e d  A b s t r a c t s  I -5 ,  Da l l as ,  

T e x a s .  M a y  7-12, 1967, I n d u s t r i a l  E l e c t r o l y t i c  Div . ,  Abs .  No.  150, 
p. 27. 

lo Schoo l  of  E n g i n e e r i n g ,  D e p a r t m e n t  of  M a t e r i a l s  Sc i ence ,  U n i -  
v e r s i t y  of  S o u t h e r n  C a l i f o r n i a ,  Los  A n g e l e s ,  C a l i f o r n i a  90007. 

1l L a n d o l t - B o r n s t e i n ,  " P h y s i k a l i s e h  C h e m i s h e  T a b e l l e n , "  2 n d  E r -  
g a n z u n g s b a n d ,  S p r i n g e r ,  B e r l i n  (1931). 

A.  J .  de  B e t h u n e ,  T a b l e  of  S t a n d a r d  A q u e o u s  E l e c t r o d e  P o t e n -  
t i a l s  a n d  T e m p e r a t u r e  Coef f i c i en t s  a t  25~ in  " T h e  E n c y c l o p e d i a  of  
E l e c t r o c h e m i s t r y , "  C. A.  H a m p e l ,  Ed i to r ,  R e i n h o l d  P u b l i s h i n g  Co., 
N e w  Y o r k  (1964). 

S r  
~(AgX) ----/~(AgAg) -b/z(Xx) [2] 

The latter in tu rn  depend on the concentrat ions (ex- 
pressed as site fractions) through 

~j = # f  + R T  in  [j] [3] 

j representing AgAg or Xx. 
As long as the silver halides are reasonably pure, 

[AgAg] ~ [Xx] ~ 1, and the chemical potentials of the 
s tructure elements AgAg and Xx are close to their  s tan-  
dard values. 

Interstitials,  vacancies, and foreign impurit ies play a 
role only insofar as they affect [AgAg] and [Xx]; their  
effect is negligible as long as their  site fraction is small  
compared to 1, say <10 -3 or 10 -4. Electrodes based on 
pure and weakly doped halides will  give s tandard po- 
tentials differing no more than corresponds to the im-  
pur i ty  concentration. Doping with divalent  cations, on 
the other hand, has a marked effect on the concentra-  
tion of Agi  and V'Ag. For AgBr and AgC1, the concen- 
trat ions of these defects if determined by Frenke l  dis- 
order are, respectively, ~10 - s l 3  and 2 x 10-9.14 
Aliovalent  impurit ies present  in concentrations larger 
than these values will affect the concentrat ions of the 
nat ive defects; e.g., the presence of 10 -4 divalent  cat- 
ions such as Ca or Cd will increase [V'Ag] to this value 
and decrease [Agi'] to 10 -12 in AgBr and 2 x 10 -13 in 
AgC1. It is very  doubtful  that  materials  used to pre-  
pare s tandard electrodes have ever been pure  to the 
order 10 -s. Therefore, Hoffman's assumption of defect 
concentrat ions determined by Frenkel  disorder is un -  
realistic. A more fundamenta l  objection against the 
analysis as presented by this author  lies in the identifi- 
cation 

RT In [Agi']AgBr/[Agi']AgCl ---- Ap(Agi') [4] 

(Hoffman's Eq. [16]). 
Since #(Agi ' )  = ;~~ + R T  In [Agi'], [4] is cor- 

rect only if ~~ = g~ There is no 
reason why  this should be so. The correspondence be- 
tween the observed value of hE and AE : Ag(Agi ' ) /F  
as calculated in Hoffman's Eq. [18] must  be fortuitous. 
In fact, there is no corespondence if we use more re- 
cent values for the G ~ of Frenke l  disorder in AgC1 and 
AgBr TM (G%gcl- G%gBr)/2 ---- (1032 -- 885)/2 = 74 
mV'. 

A. Hoffman: The effect of impuri t ies  on the concen- 
t ra t ion of inters t i t ia l  silver ions, (Ag+i) ,  is an im-  
portant  consideration. A plot of log ionic conductivi ty 
versus the reciprocal of temperature,  reveals a break 
in the curve at lower temperatures  for silver ha-  
lides 1~,~6. The tempera ture  at which the break in the 
slope of the curve occurs has been used as a check on 
the pur i ty  of the specimens. The break reflects the con- 
dition where  the concentrat ion of impur i ty  ions be- 
comes significant compared to the n u m b e r  of thermal ly  
generated defects. 

Lehfeldt  15 has shown that  the break for various 
specimens of AgBr occurs at temperatures  below room 
temperature.  Consequent ly  at room temperature,  the 
uncontrol led concentrat ion of impurit ies has not ap-  
paren t ly  effected the concentrat ion of Ag+i. For  single 
crystal silver chloride [having a lower value of (Ag+i) 
than AgBr],  the break in the slope occurs well  above 
room temperature.  TM With highly purified single crys- 
tals, the break approaches but  does not  reach room 
temperature.  TM Thus, uncontrol led impuri t ies  do effect 
the value of (Ag+i) in single crystal AgC1 at room 
temperature.  The amount  of uncontrol led impuri t ies  
present that  can effect (Ag+i) will, of course, depend 

1~ F. A. K r o g e r ,  J. Phys.  Chem. Solids, 26, 901 (1965}. 
14 y .  j .  v a n  d e r  M e u l e n  a n d  F. A. K r o g e r ,  This Journal, 117, 69 

(1970). 
~; W. L e n d f e l d t ,  N a c h r .  Ges .  Wiss .  G o o t i n g e n ,  M a t h .  P h y s i k .  K1. 

F a s h g r .  11, (N.S. ) ,  171 (1953}. 
le H.  C. A b b i n k  a n d  D. S. M a r t i n ,  J r . ,  J. Phys.  Chem. Solid~, ~7, 

205 (1965).  
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on the method of preparation.  (Electrolysis, which is 
often used to prepare s tandard electrodes, might  gen- 
erate silver halides with lower concentrat ions of, for 
example, Cd + + than the procedures used in growing 
single crystals.) 

Clearly, the extent  of the effect of impuri t ies  on 
the value of (Ag+i) is hard  to evaluate unless the type 
and the concentrat ion of these impuri t ies  are known. 
This represents an uncer ta in ty  in our argument.  

I agree that  there is no a priori reason why 
#~  should be equal to #~ I have just  
a t tempted to show that  the suggestion of Awad, 17 using 
the model developed by Honig TM ( that  the silver halide 
lattice can be looked upon as a solvent containing the 
solute cations-Ag+i,  and solute anions-s i lver  ion va-  
cancies) is consistent with the available data, if the 
assumption is made that  the solvent effect can be ne-  
glected (i.e. that  ~o<~g + i)AgBr :~~162 i)AgC1) �9 

It is possible that the correspondence between 
E2 ~ -- E1 ~ and RT/nF In X(Ag+i) l /X(Ag+i)2  is for- 
tuitous but  the results for AgI suggest otherwise. I 
have submit ted a manuscr ip t  to the Journal, which 
shows that  the above equation seems to hold, wi th in  
the error l imits of the exper imental  data, for AgI also. 
Since AgI has a higher value of (Ag+i) than AgBr, the 
break in the slope of the conductivi ty versus tempera-  
ture  should occur at even a lower temperature  than 
that for AgBr; and hence, the effect of impuri t ies  
should be more insignificant. This paper will  also point  
out that the presence of Cd ++ ions has a significant 
effect on the characteristic potential  of silver halides, 
as determined chronopotentiometrically.  

Andre J. de Bethune19: F. A. Kroger 's  crit ique of 
Hoffman's paper can, itself, be subjected to a n u m -  
ber of objections of a formal nature.  Electrochemistry, 
and physical chemistry to which it is in t imate ly  re- 
lated, are, if anything,  algebraic sciences, i.e. sciences 
based on the correct usage and manipula t ion  of alge- 
braic quantities.  Ben jamin  F rank l in  26 in 1752 adopted 
the algebraic signs ( + )  and ( - - )  to represent  the two 
physically distinct electricities discovered in 1733 by 
Charles Dufay: the vitreous electricity produced by 
friction in glass, porcelain, hair  of animals, and wool; 

17 S. A. Awad,  J. Electroanal. Chem. Inter]acial Electrochem.,  21, 
483 (1969). 

1~ E. P. Honig  and  J.  J. T. Hengst ,  J. Colloid Interface Sei., 31, 
545 (1969). 

19 D ep a r t men t  of Chemis t ry ,  Boston College, Chestnut  Hill, Mas- 
sachuset ts  02167. 

~o B. Frankl in ,  Le t te r  to Ebenezer  Kinners ley ,  March  16, 1752. 

and the resinous electricity in  amber, silk, thread, 
paper, sealing wax, and sulfur, respectively. 21 

Other areas of electrochemistry and physical chem- 
istry have their  own algebraic sign conventions. 22 Al-  
ternat ive "European" and "American" (so-called) con- 
ventions have been provided for the handl ing of "half- 
cell emf's." Nevertheless, the 1953 I.U.P.A.C. Stockholm 
convention, reaffirming a usage which goes back to 
Ostwald (1887) and Gibbs (1899), defines the electrode 
potential in an algebraically invar ian t  way, e.g. Zn 
NEG, Cu POS to s tandard hydrogen, corresponding to 
the observed d-c polarities of these metals as deter-  
mined from Frankl in ' s  choice of POS and NEG. 

Notwithstanding these various algebraic conventions, 
some of them over 200 years old, Kroger brushes alge- 
braic considerations aside and makes several state- 
ments  which are in error, unless re interpreted 
by the reader. Kroger 's  reaction Eq. [1], the displace- 
ment  of Br by C1 in AgBr, has a positive Gibbs free 
energy change, ~G ~ ---- ~-3.44 kcal ---- ~-14.39 kJ  -- 
~-0.1492 vol t - faradays (Kroger's Table I) .  The cell 
corresponding to reaction [1] would be, according to 
the 1953 I.U.P.A.C. Stockholm conventions 23 

(+)  A g / A g C 1 / C 1 - / / B r - / A g B r / A g  (--)  [A] 

where the cell voltage E(cell)  is to be calculated as 
V(right)  -- V(lef t ) ,  and the V's are defined as in 
Gibbs. 24 For cell [A], therefore 

E (cell A) : - - •  ---- --149.2 mV [1] 

a value very close to the difference of the electrode 
potentials25: V(right)  -- V(left) ---- (W71.3) --(-t-222.2) 
---- --150.9 mV, as pointed out by Kroger. This wri ter  
omits several minus  signs from his discussion which is, 
as a result, algebraically erroneous as presented by 
him. 

The present formal crit ique does not affect the sub- 
stance of the points in controversy between Professor 
Kroger and Dr. Hoffman. 

Carelessness in the handl ing of the algebraic signs of 
electrochemistry causes our science incalculable harm. 

C. Dufay,  Phil. Trans. Roy. Soc., 38, 258 (1733-1734). 
S T .  S. L ight  and  A. J. deBethune,  J. Chem. Education, 34, 433 

(1957). 
23 j .  A. Chr i s t iansen  and  M. Pourba ix ,  J. Am.  Chem. Soc., 8Z, 5517 

(1960). 
~ J .  Willard Gibbs, "Equ i l ib r ium of Heterogeneous  Substances,  

Collected Works , "  Vol. 1, p. 333, Yale Un ive r s i t y  Press,  New Haven  
(1949). 

A. J. de Be thune  and N. A. Swendeman-Loud ,  S tandard  Aque-  
ous Electrode Potent ia ls  and T e m p e r a t u r e  Coefficients, in "The  En- 
cyclopedia of E lec t rochemis t ry , "  C. A. Hampel ,  Editor,  Reinhold 
Pub l i sh ing  Co., New York  (1964). 
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ABSTRACT 

Anneal ing  pure iron in hydrogen, followed by etching in a hydrogen at-  
mosphere is shown to develop etch features at defects in the metal  itself, 
ra ther  than those of an oxide film. These features are contrasted with those 
reported for the same etchant  on unreduced samples. The influence of an 
a i r - formed film in  controll ing etch morphology is discussed. 

The etch pit t ing of crystal l ine materials  is now a 
well  established method for p inpoint ing dislocations 
and following their movements  under  stress. Although 
much of the early work was confined to nonmetals,  
well authenticated examples do exist in the l i terature  
where researchers have produced etch pits at dislo- 
cation sites in  metal  single crystals; for example, the 
classical work of Livingston on copper (1) and Hib-  
bard and Dunn  on silicon iron (2). Later work in-  
cluded the etching of b ismuth (3), tungsten (4), 
nickel (5), molybdenum (6), zinc (7), cadmium (8), 
and niobium (9). A recent review of etching methods 
and etchants used has been made by Robinson (10). 

Subsequent  research on polycrystal l ine metals, not-  
ably iron and iron alloys, indicated that  an aging 
t rea tment  was necessary in order to "decorate" the line 
defects with small  quanti t ies  of an impur i ty  or trace 
element. Suits and Low (11), for example, have shown 
that  aging is necessary for etch pi t t ing of dislocations 
in an Fe-3% Si alloy and that  carbon is the principal  
segregating impurity.  Pickering (12), again working 
with polycrystal l ine Fe-3% Si, found that  a one- to-one 
correspondence between etch pits and dislocations is 
only possible when the dislocation density is below a 
critical value which cannot be displaced upwards by 
increasing the carbon content. He observed pitted areas 
in etched thin foils directly under  the electron micro- 
scope, and saw that  fresh dislocations introduced by 
plastic deformation were never  pitted whereas aged 
dislocations were attacked to a degree depending on 
the carbon level. Pickering concluded that for a one- 
to-one correspondence to exist the amount  of carbon 
in  solution must  be (a) equal  to, or above, the level 
which is necessary to produce sufficiently large carbon 
atmospheres at every dislocation present  in the alloy 
dur ing aging; and (b) below that level which, by the 
formation of random clusters or precipitates dur ing 
aging, is sufficient to cause two-dimensional  nucleation 
of etch pits not associated with dislocations. 

More recent ly etchants have been developed which 
produce etch pits without  an aging t reatment .  Liss 
(13) developed etch pits in  iron in  what  appear to be 

t Present  address: Central Electricity Research Laboratories, Ma- 
terials Division, Lea therhead ,  Surrey,  England. 

Key  words:  Surfaces, reac t iv i ty  of solids, dissolution, defects in 
solids. 

glide bands. Pelessini and Alessandrini  (14), also 
working on iron, demonstrated the increasing density 
of pits with work hardening,  without  intermediate  
aging treatment,  on grains of all orientations. 

It is often difficult to in terpre t  the results of etch 
pit t ing of polycrystal l ine metals because of the much 
increased density of dislocations, compared with single 
crystals. The processes of slip and twinning  are more 
complex and dislocations exist in bands or tangled 
networks ra ther  than  as discrete defects. The pits 
themselves are shallow and i r regular  in  outl ine and, 
if the dislocation density is high enough, they overlap 
giving an effect more like over-a l l  surface dissolution 
than surface pitting. 

Thus far, investigators working on polycrystal l ine 
metals have set out to show that  their  par t icular  
etchant  will produce pits having a one- to-one corre- 
spondence with dislocations intersect ing the surface 
etched. Sometimes this is not convincingly  done, ma in -  
ly because of the confusion created by the factors 
outl ined above. No one appears to have considered 
the possibility that  a surface film might  influence the 
nucleat ion and subsequent  growth of an etch pit. Yet 
one important  difference between the surface of a 
nonmetal l ic  crystal and a metall ic one is the usual  
occurrence of an ai r - formed oxide film on the latter. 

The present  work was devised to determine how the 
presence or absence of an a i r - formed oxide film affects 
the nucleat ion and growth of etch pits in pure iron, 
using the etching system developed by  Taoka et al. 
(15). Normal ly  the pits produced are bounded by faces 
parallel  to {100} and {110} planes. Each pit reflects the 
symmet ry  of the grain in which it lies, and by mea-  
suring the angles between the pit facets and the sur-  
face of the grain in a goniomicroscope the orientat ion 
of the grain can be determined.  

A detailed s tudy of the pits and the mechanisms 
controll ing pit morphology has been discussed else- 
where (16). While the same etchants have been used 
here, the conditions were designed to reduce any air-  
formed film which might  otherwise exist on the iron 
surface prior to etching. A significant modification in 
etch pit morphology was observed. 

Experimental 
Samples of "Ferrovac E" iron were subcrit ically 

annealed in hydrogen to reduce any  surface film and 
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H 2 in 

~ s o m p l e  flame 

~ nlchrome 

n t ~  wire 
etcha water 

hot zone cold zone 

Fig. 1. Apparatus for preparing and etching oxide-free iron sur- 
faces. 

then  were  etched under  hydrogen  a tmosphere  in a 
solut ion containing 1 pa r t  HC1, 5 par t s  H202, and 100 
par ts  H20. The appara tus  is shown in Fig. 1. Smal l  
specimens, �89 in. d iamete r  and �89 in. th ick  were  given 
a s tandard  mechanica l  and chemical  pol ishing t r ea t -  
men t  and, a t tached  to the  end of n ichrome wire ,  were  
pushed into the  furnace hot  zone th rough  the hydrogen  
flame. Severa l  inves t igators  (17-19) have  s tudied the  
reduct ion of oxide films on the surface of pure  iron, 
checking for  the  presence or absence of a film b y  x - r a y  
and e lect ron diffraction methods.  They consider  tha t  
severa l  minutes  at  750~ in hydrogen  is sufficient to 
reduce  any film present .  In  the present  exper imen t s  a 
s tandard  reduct ion  t r ea tmen t  of 30 min  at  875~ was 
adopted.  Af te r  reduction,  the  specimen was d rawn  back 
into the cold zone where  its t empe ra tu r e  even tua l ly  
d ropped  to no more  than  10 degrees  above ambient .  

To etch the  sample  in its r educed  condition,  two 
smal l  po ly thene  vessels fixed to a copper  base p la te  
were  fed th rough  the flame into the  cold zone. One 
vessel conta ined the  e tchant  and  the  other,  dis t i l led 
wa te r  for  washing.  The sample  was  immersed  in the  
etchant,  then  washed  and r e t u r n e d  to the  reduct ion 
zone to remove  the r edd i sh -b rown  oxide l aye r  p ro -  
duced dur ing  etching. This no rma l ly  took 1 hr  a t  875~ 

The pits  produced by  this technique  were  different  
both  in d is t r ibut ion  and morpho logy  to those obtained 
dur ing  "normal"  etching (16). F igures  2 and 3a show 
typica l  areas  of a sample  which before reduct ion had  
been l ight ly  deformed in a direct ion pa ra l l e l  to its p re -  
pa red  surface. Two types  of pits  a re  present :  (a) shal -  
low depressions of i r r egu la r  shape wi th  i l l -def ined 
edges (Fig. 2b),  and (b) conical  pits  having a we l l -  
defined rounded  form (Fig. 3a).  

In  addi t ion (Fig. 2) the  shal low pits  form continuous 
or semicont inuous grooves along slip lines. As would 
be expected in a body  centered  cubic po lycrys ta l l ine  
meta l  the  slip lines are  "wavy"  in na tu re  and m a y  pass 
through severa l  grains,  ending a b r u p t l y  at  the  bound-  
a ry  of a gra in  un favorab ly  or iented  for slip, to begin 
again on the o ther  side of tha t  grain.  

The effect of etching t ime is appa ren t  in Fig. 3 
which shows the same area  af ter  e tching for  (a) 2 
see and (b) 4 sec. Obviously,  the  sample  had  to be 
removed  f rom the appara tus  for photomicroscopy,  then  
reduced before  etching a fu r the r  2 sec to obta in  Fig. 
3b. The pi ts  in the  two photographs  demons t ra te  a one-  
to-one  correspondence.  

I t  is apparen t  then tha t  the pits  nucleate  and grow 
at wel l -def ined s ingular i t ies  in the  surface s t ructure .  
Pi t  counts on samples  having  var ious  mechanica l  and 
the rmal  his tories  (Table  I) indicate  that  pi t  densi t ies  
are  s imi lar  to those which  would  be  ant ic ipated if 
pits were  formed at dislocation sites. 

Of course, al l  dislocations would necessar i ly  be in the 
"aged" condition, and the  samples  to some degree, in 
the annealed  state, because of the  reduct ion t r ea tmen t  

Table I. Pit counts 

Condit ion of oxide f ree  sur face  Ave rage  pit  dens i ty  

Annea led  
Mechanical ly  polished sur face  
Defo rmed  by Rockwel l  "b r a l e "  

indenter  

0.25 • 106/cm "- 
0.60 X 10~/cm -~ 

0.90 • 106/cm c 

Fig. 2. Lightly deformed iron surface etched for 2 sec in oxide 
free condition (a) 200 X, (b) 500 X. 

requi red  before  etching. In  one expe r imen t  a sample  
was deformed  after reduct ion,  but  p r io r  to etching, 
whi le  st i l l  in the  furnace  cold zone. This was achieved 
by  a l lowing a pointed la the tool, c lamped to a qua r t e r -  
inch d iamete r  s teel  rod, to fa l l  f rom a he ight  of 3~ in. 
onto the  surface of the  sample.  The impressions  made 
on the surface were  of s imi lar  size to those produced 
by  a microhardness  indentor .  No increased dens i ty  of 
pi ts  was observed  near  the  indentat ions.  This suggests 
that  the dislocations mus t  be aged before e tching wil l  
revea l  the i r  presence.  

On al l  samples, e tching for t imes  grea te r  than  5 sec 
developed c rys ta l lographic  facets on the deep conical 
pits, ident ical  to those on pi ts  p roduced  b y  etching in 
air  (16). In  the  case of the  shal low pi ts  the  r ap id  
ove r -a l l  surface dissolution seemed to over take  pi t  
g rowth  and they  g radua l ly  faded out. 

Af t e r  long etching times, the  appearance  of the  pits 
on oxide  free surfaces was s imi lar  to tha t  of pi ts  p ro -  
duced by  etching in air,  fo l lowed by  the reduct ion 
t r ea tmen t  (16). The two condit ions could be dis-  
t inguished by  the observat ions  that  on an oxide  free 
surface: (a) number  of pits was independent  of t ime, 
(b) gra in  boundar ies  were  cont inuously  a t tacked,  and 
(c) there  was a wide  var ia t ion  in pi t  sizes and ex ten t  
of facet development .  

The pits  in Fig. 3b can be seen to be a l r e ady  deve l -  
oping a definite c rys ta l lography .  

Discussion 
Under  normal  me ta l  e tching procedures  pits  p rob -  

ab ly  form at defects  in the  oxide  film, which may  or 
m a y  not be re la ted  to the  under ly ing  metal .  The fact  
tha t  pi t  densi t ies  are  p ropor t iona l  to e tching t ime  rules  
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Fig. 3. (a) Annealed iron surface etched for 2 sec in oxide-free 
condition, 500X. (b) Same field, etched for a further 2 sec in 
oxide-free condition, 500X. 

out a possible one- to-one  correspondence with dis- 
locations. Stresses in the film may generate flaws at 
which conditions for electrochemical at tack are more  
favorable than  elsewhere. Pits occasionally nucleate at 
grain boundaries.  If the oxide film is related in ori- 
entat ion to the iron substrate (18) a film discontinui ty 
may  be created where the base becomes discontinuous, 
e.g. at grain boundaries.  

The pits obtained by etching an oxide-free surface 
presumably  are nucleated at defect sites in the metal. 
Such pit densities are independent  of etching time and 
are similar  to dislocation densities expected for an-  
nealed iron. Densities do increase with plastic de- 
formation but  this effect tended to be masked in this 
work because of the h igh- tempera ture  reduction t reat -  
ment  required prior to etching. Deformation after re-  
duction, but  prior to etching, did not produce increased 
pit densities, indicat ing that  an aging t rea tment  is 
however  necessary to decorate the dislocations. 

Slip lines etched out in continuous shallow grooves, 
s imilar  to those observed by Brandon and Nut t ing (20) 
and by Low and Guard  (21). The "wavy" nature  of the 
slip lines results from the abi l i ty  of the screw com- 
ponents of dislocations to move off the glide plane 
easily and from the large number  of slip systems. Cer- 
tain arrays, presumably  composed of edge dislocations, 
remain  confined to straight lines despite the complex 
stress pat terns which exist in  polycrystal l ine mate-  
rials. 

If a dislocation ne twork  lying paral lel  to and just  
below a surface has an impur i ty  atmosphere, and the 
rate of dissolution is high in the impure  region, an 
etch groove can form along the network.  The grooves 
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observed by Low and Guard (21) were decorated wi th  
carbon. Alternat ively,  the local elastic s train associ- 
ated with a dislocation lying paral lel  to and just  below 
a surface could cause the observed differential etching 
effect. 

It was observed here that  etching an oxide-free sur-  
face produces two different types of pit. The relat ively 
deep conical pits of Fig. 3a were never  found in slip 
bands and consti tuted the major i ty  of pits in a wel l -  
annealed, undeformed sample. They are most l ikely 
formed at aged dislocations of edge character  which 
intersect the grain surface at a high angle. As Fig. 
3b suggests, these defects ex tend well  below the sur-  
face. 

The other type of pit, however, is shallow, i r regular  
in shape and il l-defined (Fig. 2b). Some of the slip 
bands in Fig. 2b are not  continuous and are seen to be 
strings of individual  pits of this type. The shallow pits 
are of the same na ture  then as the "grooved" slip lines. 
Cross slip of the screw component  of a dislocation 
loop lying on or just  below the surface would result  in 
the i r regular  shapes observed (21). 

Perhaps the most convincing evidence that  the shal- 
low pits and slip line grooves are caused by individual  
dislocations, dislocation loops or tangled networks 
parallel  to and just  below the surface, is the fact that  
after etching for 4 sec they have all bu t  disappeared. 
At longer times they vanish completely, leaving only 
the deep pits which have started to develop crystal-  
lographic facets. 

Conclus ions 
1. Reduction of the a i r - formed oxide film from the 

surface of iron was observed to cause a complete 
change in etching behavior. Instead of pits nucleat ing 
at flaws in the film, they nucleate  at singularit ies in the 
base metal  structure.  

2. Two types of etch features are formed on a re-  
duced surface. One is deep with conical sides and ap- 
pears to be formed at the sites of intersection of aged 
dislocations with the surface. The other is shallow, 
i r regular  in shape and outlines slip lines. This type is 
probably  caused by either the segregated impur i ty  
atmospheres of, or the strain fields associated with, dis- 
location networks lying paral lel  with, and just  below, 
the surface. 

A c k n o w l e d g m e n t  
This research was supported by The National  Re- 

search Council of Canada. 

Manuscript  received Aug. 21, 1970. 
Any  discussion of this paper will  appear in a Dis- 

cussion Section to be published in the December 1971 
JOURNAL. 

REFERENCES 
1. J. D. Livingston, in "Direct Observation of Imper-  

fections in Crystals," p. 115, John  Wiley & Sons, 
Inc., New York (1962). 

2. W. B. Hibbard and C. G. Dunn, Acta Met., 4 306 
(1956). 

3. L. C. Lovell and G. N. Wernick, J. Appl. Phys., 30 
234 (1959). 

4. I. Berlec, ibid., 33, 197 (1962). 
5. R. W. Guard, Trans. Met. Soc. AIME, 218, 573 

(1960) 
6. G. C. Das and P. L. Prat t ,  Mater. Res. BULL, ~, 

487 (1967). 
7. M. Mikuriya, Jap. J. Appl. Phys., 6, 141 (1967). 
8. P. Kratochvi l  and J. Homola, Acta Met., 14, 1757 

(1966). 
9. A. Zedler, J. Appl. Phys., 38, 2046 (1967). 

10. W. R. Robinson, in "Techniques in Metal Research," 
Vol. 2, R. F. Bunshah, Editor, Interscience Pub-  
lishers, Inc. (1968). 

11. J. C. Suits and J. R. Low, Acta Met., 5, 285 (1957). 
12. H. Pickerin~, ibid., 13, 437 (1965). 
13. R. B. Liss, ibid., 7, 231 (1959). 
14. D. L. Pelossini and G. Alessandrini,  Energia Nucl., 

41, No. 2, 99 (1967). 
15. T. Taoka, E. Furubayashi ,  and S. Takeuchi, Jap. 

J. Appl. Phys., 4, 120 (1965). 
16. G. M. Spink and M. B. Ives, J. Appl. Phys., 42, 511 

(1971). 



906 J. Electrochem. Soe.: S O L I D  S T A T E  S C I E N C E  June  1971 

17. V. Laukonis  and R. C. Coleman, ibid., 32, 242 
(1961). 

18. Sewel, Stockridge, and Cohen, This Journai 1@8, 
933 (1961). 

19. I. M. Dawson and V. Vand, Nature, 167, 476 (1957). 
20. D. G. Brandon and J. Nutt ing,  Acta Met., 7, 101 

(1959). 
21. J. R. Low and R. W. Guard, ibid., 7, 171 (1959). 

The Oxidation of Iron-Aluminum Alloys from 450 ~ to 900~ 

Will iam E. Boggs* 

U. S. Steel Corporation, Applied Research Laboratory, Monroevi~te, Pennsylvania 15146 

ABSTRACT 

The oxidation behavior  of a series of i r on -a luminum alloys (to 8% Al) con- 
taining up to 0.1% carbon has been investigated over the temperature  range 
450 ~ to 900~ The oxidation rate increases and then decreases with increasing 
a luminum content  and also with increasing tempera ture  as the result  of 
changes in the oxide composition. The composition of the oxide is also in-  
fluenced by the carbon content of the alloy, water vapor in the atmosphere, and 
the partial  pressure of oxygen. Perforat ion of the protective A1203 films that 
form at the higher temperatures  results in the formation of scattered nodes of 
i ron oxide. The amount  of nodular  oxide increases with temperature,  carbon 
content, and water  vapor and decreases with increasing a luminum concen- 
tration. 

It is well known that  a luminum additions greatly 
increase the oxidation resistance of steel (1). For 
example, a 6% a luminum- i ron  alloy has about the 
same oxidation resistance as a 16% chromium-i ron  
alloy at 890~ (2). Product ion difficulties, that is, poor 
hot and cold workabi l i ty  and f~bricating difficulties 
when the a luminum content  exceeds about 8% have 
l imited the technological application of these alloys. In 
spite of these difficulties, the superior oxidation resist-  
ance of the mater ia l  has prompted several investiga- 
tions of the mechanisms of oxidation of i r on -a luminum 
alloys. 

The variety of exper imental  conditions, par t icular ly 
of temperature,  a luminum concentration, and oxygen 
pressure, under  which these studies were conducted 
has led to a profusion of somewhat conflicting data. 
The per t inent  investigations are those of Miyake (3), 
Hickman and Gulbransen  (4), Scheil and Kiwit  (5), 
Korni lov (6), Nakayama (7), Schmahl, Baumann,  and 
Schenck (8), and Saegusa and Lee (9). 

In  addition, nodular  oxide formation, often a l imi t -  
ing factor in the usefulness of oxidat ion-resis tant  al-  
loys, has been studied in  i ron -a luminum (9) as well 
as in other ferrous alloy systems (10-15). According to 
Wood (16), the Cr~O3 layers that  form on i ron-chro-  
m i u m  alloys and stainless steels in  oxygen from 800~ 
up become detached from the alloys in  random areas 
and tend to arch outwards because of the stresses that  
develop dur ing oxide growth. Cracking of this oxide 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
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t ion.  

then exposes areas of chromium-depleted surface to 
oxygen, and i ron-r ich nodules begin to form. When the 
cavity under  the lifted Cr203 film becomes filled with 
growing oxide, the roof could crack off and allow un -  
impeded growth of the nodular  oxide. 

In  the present investigation, the effects of tempera-  
ture, oxygen pressure, water  vapor, and alloy composi- 
tion on the oxidation of i r on -a luminum alloys have 
been studied. Special a t tent ion has been given to fac- 
tors influencing growth of iron oxide nodules on these 
alloys at the higher temperatures.  

Materials and Experimental Work 
The compositions of the i ron -a luminum alloys used 

in this study are given in Table I. These alloys were 
vacuum-induct ion  melted using high pur i ty  raw mate-  
rials. The alloy ingots were hot- and cold-rolled to 0.15 
to 0.30 m m  thick sheet. This mater ia l  was then vac- 
uum-annea led  at 950~ for 4 hr and cooled to room 
temperature  at 2~ per rain. Electropolished speci- 
mens were inserted in the vacuum microbalance (17), 
and reduced in  hydrogen at 400~ for 1 hr. After  
evacuation to about 2 x 10 -7 Torr, the oxidation ex- 
per iments  were begun. 

The hydrogen t r ea tment  at 400~ reduces the iron 
oxides but  not  the a luminum oxides that  unavoidably  
form dur ing  the brief  manipula t ion  of the specimen in 
air after electropolishing. However, the a luminum 
oxides apparent ly  do not form a complete cohesive 
film at the start of oxygen exposure or the phenomena 
discussed herein could not occur. 

Table I. Composition of alloys of iron and aluminum 
(Per cent by Weight) 

A l l o y  A1 C M n  P S Si  Cu  N i  Cr 

1 0.003 0.004 <0 .01  0.002 0.005 <0 .005  <0.005 0.006 0.005 
2 0.008 0.11 <0 .01  0.001 0.002 0.006 <0 .005  0.021 0.004 
3 0.031 0.006 <0.01  <0.002 0.006 0.007 <0.005 0.007 0.005 
4 0.095 0.004 <0.01  0.001 0.001 0.009 0.005 0.018 0.002 
5 0.50 0.006 <0.01 <0.002 0.006 0.010 <0.005 0.007 0.002 
6 0.72 0.004 <0.01  0.001 0.004 0.008 <0,.005 0.005 0.004 
7 1.14 0.004 <0.01 0.001 0.005 0.013 <0.005 0.006 0.005 
8 1.49 0.005 <0.01  0.001 0.005 0.011 <0.005 0.007 0.006 
9 2.35 0.004 <0 .01  0.001 0.005 0.032 <0.005 0,.019 0.006 

10 4.94 0.005 <0.01  0.002 0.002 0.010 0.007 0.006 0,.004 
11 5.43 0.016 0.10 0.001 0.004 0.033 0.012 0.020 0.006 
12 5.51 0.009 0.10 0.001 0.004 0.032 0.012 0.020 0.006 
13 5.51 0.040 0.I0 0.001 0.005 0.033 0.012 0.021 0.006 
14 5.54 0.014 0.10 0.005 0.018 0.050 0.05 0.10 0.05 
15 5.99 0.I00 0.I0 0.003 0.005 <0.005 <0.005 0.035 0.009 
16 8.03 0.007 <0.01  0.007 0.005 0.010 0.010 0.007 0.006 



Vol. 118, No. 6 O X I D A T I O N  O F  I R O N - A L U M I N U M  A L L O Y S  

The oxidation exper iments  were conducted in pure 
oxygen at pressures of 10 and  700 Tort,  flowing water  
vapor  at 22 Torr, or in  flowing oxygen at  678 Torr  
saturated with water  vapor at 22 Torr. The reactions 
were studied in  the microbalances at 450 ~ to 900~ 
Addit ional  exper iments  were conducted in laboratory 
air in  muffle furnaces at 900 ~ and 1093~ 

Alpha cyanoacrylate,  an adhesive which is resistant  
to methanol,  was used to support  th in  oxide films dur-  
ing str ipping in 5 to 7% bromine  in  absolute methanol.  
Thicker films did not require a support ing layer. 

Results and Discussion 
The eflect of aluminum concentration.--The oxida- 

tion rate of i ron at 500~ in oxygen at a pressure of 700 
Torr increased with increasing a luminum concentra-  
t ion to a m a x i m u m  at about 0.092% aluminum.  This 
may  be an example of the Wagner-Hauffe  effect 
wherein A1 +++ replaces some Fe ++ causing an in-  
crease in  the cation vacancy concentrat ion and thereby 
the rate of diffusion of iron ions through the Fe~304 
lattice (18). 

The oxidation rate  at 0.50 to 0.72% a luminum 
dropped to about the same as the oxidation rate  of 
"pure" iron (0.003% A1). Fur the r  increases in  a lumi-  
n u m  concentrat ion continued to decrease the oxidation 
rate under  the exper imental  conditions used. An  iso- 
metric projection of the weight-gain  data obtained 
from the oxidation of the i r on -a luminum alloys at 
500~ in oxygen at a pressure of 700 Torr  is shown in 
Fig. 1. 

Two-phase scales consisting of FeaO4 on the inside 
and ~Fe203 on the outside were formed on the low- 
a l u m i n u m  alloys at 500~ (Fig. 2A) whereas three-  
phase scales were formed on the higher  a luminum 
alloys (Fig. 2B). The three oxide phases were hemati te  
(aFe203) on the outside, magnet i te  (FesO~) in the 
middle, and hercyni te  (FeA1204) next  to the metal. 
The hercyni te  layer appears to develop at the expense 
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Fig. 1. Effect of aluminum concentration on the oxidation of 
Fe-AI alloys at 500~ in oxygen at 700 Torr. 

Fig. 2. Oxide formed on Fe-AI alloys in 3900 rain at 500~ in 
oxygen at 700 Tort. (A) Fe-0.5% AI, (B) Fe-4.94% Ah 
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Fig. 3. Effect of temperature on the oxidation of an Fe-4.94% 
AI alloy in oxygen at 700 Tort. 

of the magneti te  layer. Whereas about 75% of the scale 
formed on the l ow-a luminum alloy shown in Fig. 2A 
was Fe304, less than  25% of the scale formed on the 
h i gh - a l umi num alloy (Fig. 2B) was Fe304. This in-  
dicates a reduction in the outward  flow of i ron ions. 
Thus, the spinel (18), FeA1204, constitutes a barr ier  to 
the diffusion of i ron and thereby contr ibutes  to the ob- 
served oxidation resistance. 

The e/~ect of temperature.raThe data obtained from 
the oxidation of the iron-4.94% a luminum alloy in 
oxygen at 700 Torr  and a tempera ture  range of 450 ~ to 
900~ are shown in Fig. 3. The t ime axis for tempera-  
tures up to 600~ is projected to the left and the t ime 
axis for tempera tures  above 600~ is projected to the 
right. The first data points plotted on the figure are at 
10 min. The oxidation rate increased with temperature  
to a ma x i mum at about 570~ and then  decreased to a 
m i n i m u m  at about  850~ The tempera ture  at which 
the ma x i mum oxidation rate was observed, 570~ coin- 
cides with the tempera ture  at which FeO becomes 
stable (19). 

The x - r a y  diffraction pat terns  from these scales in -  
dicate that  the three oxide phases discussed above 
(hematite, magneti te ,  and hercynite)  are formed up to 
570~ in oxygen at 700 Torr. As the reaction t empera -  
ture was increased above 570~ the cubic a luminum 
oxide 7A1203, began to appear. Concurrently,  the 
hercynite,  FeA1204, began to disappear. Sections of the 
oxide obtained at 600~ showed only two layers of 
oxide, ~Fe208 and  mixed FeA120~-~A120~. Only  a 
single layer can be dist inguished in the sections of 
oxide formed at higher temperatures  (Fig. 4). 

It  appears that  the observed effect of temperature  on 
the oxidation of the i r on - a l umi num alloys at 700 Torr  
is due to the preferent ia l  oxidation of a l u m i n u m  at the 
higher temperature.  Up to about 570~ FeA1204 forms 
in a layer at the oxide-metal  interface. The increase 
in oxidation rate  wi th  increasing tempera ture  up to 
570~ is probably  associated with a t empera tu re -de-  
pendent  increase in  iron ion diffusion rate  through 
the hercyni te  layer. Above 570~ the reactions produc-  
ing a luminum oxide begin to predominate.  Ini t ia l ly  the 
iron oxides and hercyni te  may  form on the surface as 
well, when  there is insufficient a luminum in the 
surface layer to form a complete a lumina  film. Sub-  
sequent ly a luminum atoms diffuse to the oxide-metal  
interface and form addit ional  a lumina  by the displace- 
men t  reactions with FeA1204 and the iron oxides. Thus, 
as the tempera ture  is increased, and the mobi l i ty  of 
a luminum atoms in the metal  increases, more and more 
of the protective a luminum oxide is formed, less and 
less iron oxide and hercynite  remain,  and the over-al l  
oxidation rate drops. 

Two a luminum oxides have been identified in the 
films formed at temperatures  above 600~ These are 
the cubic oxide, ~A1203, and the hexagonal  oxide, 
~A120~. The 7A1203 was always observed as large crys- 
tals in apparent  epitaxial  association with the substrate, 
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Fig. 4. Effect of temperature on oxide composition in oxygen at 
700 Torr. Fe-4.94% AI (taper sections). 

whereas the aA1203 was always observed as very small 
crystals in completely random orientation. It appears 
that  the ~A1203 results from the recrystall ization of 
the ~fA1203. 

The e:~ect of oxygen pressure.--Figure 5 is an iso- 
metric projection showing the effect of oxygen pres-  
sure on the oxidation of the iron-4.94% a luminum 
alloy at 500~ From 10 to 50 Torr there was only 
a slight increase in rate. Between 50 and 160 Tor t  there 
was a marked increase in rate. Increasing the oxygen 
pressure from 160 to 700 Torr  produced little fur ther  
increase in oxidation rate. 

Several differences have been observed between the 
Gxides formed in the two oxygen-pressure  ranges. The 
outer layers of the films formed at 10 Torr up to about 
570~ could be stripped mechanical ly whereas no part  
of the oxide formed at 700 Torr  could be similarly re- 
moved. The oxide formed at 10 Torr appeared to con- 
sist of large s ingle-crystal  plates, whereas the oxide 
formed at 700 Torr consisted of very small  randomly 
oriented crystals (Fig. 6). The port ion of the film 
that  could be stripped mechanical ly from the surface 
of specimens oxidized in oxygen at 10 Torr  consisted 
main ly  of aFe203. The whole film stripped chemically 
from specimens oxidized in oxygen at 700 Tort  con- 
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Fig. 5. Effect of oxygen pressure on the oxidation of an Fe-4.94% 
aluminum alloy at 500~ 

Fig. 6. Effect of oxygen pressure on crystal morphology of oxide 
formed on an Fe-4.94% A| a|ioy in 3900 min at 500~ 

tained FeAI204, Fe304, and aFe203 but  no A1203. These 
observations suggest that  film separation occurred dur -  
ing oxidation of the i r on - a l umi num alloys at 10 Torr, 
but  that  the oxide remained in contact with the sub- 
strate at 700 Torr. This pressure-dependent  phenome-  
non  has been observed with the oxidation of pure iron, 
and various explanations have been proposed (20, 21). 

It appears that the oxides of i ron comprise the first 
major  components of the films that  form on the i ron-  
a luminum alloys at temperatures  up to 570~ If the 
oxide is in in t imate  contact with the substrate, a lumi-  
num diffuses to the oxide-metal  interface and reacts 
with the Fe304 to form a layer  of FeA1204. When the 
ini t ia l  oxide layer has separated from the substrate, 
the iron oxide in this layer  is converted to c~Fe203. 
Oxygen, at reduced pressure, ma y  enter  the cavity 
under  the separated layer and sustain oxidation of the 
substrate at a much reduced rate. The reduced oxida- 
t ion rate allows a luminum time to diffuse from the 
substrate so that the concentrat ion of a luminum in the 
new oxide is much higher than in scales that  have 
formed without  film separation. This a rgument  is 
supported by the data given in Table II for the aver-  
age iron and a l u m i n u m  concentrat ions in some typical  
films. The a luminum- to - i ron  ratio of oxide formed at 
10 Torr where separation occurs is always higher by 
at least a factor of 3 than the a luminum- to - i ron  ratio 
of oxide formed at 700 Torr  where  oxide separation 
apparent ly  is not so extensive. 

Table II. Concentration of aluminum and iron in oxide* formed 
on iron-4.94% aluminum alloy under various conditions. 

A.  550~ 10 T o r r  
T i m e ,  m i n  /~g A1 /~g F e  A 1 / F e  

I0 11.4 22.8 0.50 
20 15.8 22.8 0.70 
I00 19.0 29.1 0.65 
300 18.6 53.8 0.35 

1000 15.8 22.8 0.69 

B. 550~ 700 Torr 
T i m e ,  r a i n  /~g A1 # g  F e  A 1 / F e  

10 15.6 93.0 0.17 
20 27.4 239.0 0.12 

100 60.2 496.8 0.12 
300 78.2** 0.04** 

1000 382.5** 0.05"* 

C. 500~ 10 a n d  700 T o r r  to  " c o n s t a n t "  w e i g h t  
PO2 T i m e ,  r a i n  # g / c m  -~ 02 /tg A1 /~g F e  

10 To r r  3900 35.6 15.8 34.8 
700 T o r r  59 29.5 25.6 202.6 

A1/Fe  

0.46 
0.13 

* To ta l  ox ide ,  r e m o v e d  f r o m  s u b s t r a t e  b y  c h e m i c a l  s t r i p p i n g .  
* ' E s t i m a t e d  f r o m  s e m i q u a n t i t a t i v e  s p e c t r o g r a p h i c  a n a l y s i s  of  

c h e m i c a l l y  s t r i p p e d  ox ide .  
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Fig. 7. Nodular oxide formed on commercial Fe-5.54% AI 
steel in air at |093~ 

Nodular ox /de .bLoca l i zed  oxidation of iron through 
the protect ive  a luminum oxide film that  forms at the 
higher  tempera tures  leads to the g rowth  of corn- l ike  
nodes of iron oxide such as are  shown in Fig. 7. These 
nodules were  formed on an iron-5.54% a luminum steel 
in air at 1093~ for 192 hr. Nodular  oxide also can oc- 
cur on i ron-a luminum alloys under  milder  conditions. 
Microscopic iron oxide nodules were  grown on the 
Fe-8% A1 alloy at 600~ in dry oxygen at 10 Torr. 

The effect  of nodular oxide growth  on the over-al l  
oxidation k ine t ics . - -The  influence of nodular  growth 
on the over -a l l  kinetics of oxidation of an iron-4.94% 
aluminum alloy in dry  oxygen at 700 Torr  is i l lustrated 
in Fig. 8. The oxidat ion ra te  decreases continuously at 
600 ~ and 700~ with  the format ion of FeA1204 in com- 
peti t ion with A12Os. However ,  at 800 ~ and 900~ the 
rate  decreases for about 200 min during the growth of 
the protect ive  a lumina film and then increases to a 
m ax imum during the growth of iron oxide nodules 
before decreasing again. Examinat ion  of the surface of 
the al loy af ter  the rate has begun to fall  off shows that  
the nodules actual ly occupy only a small  proport ion 
of the total  surface (Fig. 9). This observation, together  
with the decrease in oxidation rate, suggest that  some 
mechanism operates to slow the growth or l imit  the 
size of the nodules and that  new nodules do not con- 
t inue to form. In general, the u l t imate  size seems to 
depend main ly  on the oxidat ion temperature .  

The morphology of nodular ox ide . - -A  section 
through a typical  corn- l ike  oxide node is shown in 
Fig. 10. The hard outer  shell  is almost  pure hemati te ,  
aFe203. The porous inter ior  contains FesO4, FeO, and 
~A1203. (A crack through to the surface has admit ted 
oxygen to form a hemat i te  shell  around the central  
cavity. Sometimes hercynite,  FeA1204, is also detected 
in this region.) The  meta l  in front  of the al loy-  
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Fig. 8. Incremental plots of oxidation Fe-4.94% AI alloy at 
600 ~ to 900~ in oxygen at 700 Torr. 

Fig. 9. Nodules formed on Fe-4.94% AI alloy in 1300 min of 
800~ in oxygen at 700 Torr. 

Fig. 10. Section through nodule formed on Fe-4.94% AI al- 
loy in 3900 min at 800~ in oxygen at 700 Tarr. 

nodule interface polishes in re l ief  indicating that  this 
region is harder  than the bulk of the alloy. Optical  
and microprobe images of an example  of this region of 
rel ief  polish are shown in horizontal  section in Fig. 11. 
The oxygen image indicates a high concentrat ion of 
oxygen in the rel ief-pol ished area of meta l  surround-  
ing the oxide of the nodule. A luminum is also shown 

Fig. 11. Electron microprobe x-ray images of a nodule in taper 
section. 
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Fig. 12. Section through a nodule formed on commercial Fe- 
5.54% At steel in air for 192 hr at I093~ 

to be in higher concentrat ions in this area. A high mag-  
nification optical micrograph of a perpendicular  section 
(Fig. 12), shows that  the relief-polished area ahead 
of a nodule contains a second phase, a dispersion of 
small particles. The electron mi~op robe  evidence of 
Fig. 11 indicates that  this dispersed phase is a luminum 
oxide. 

The nodules are apparent ly  a localized manifestat ion 
of iron oxidation. The formation of the protective 
a lumina  film on the surface of this alloy depletes the 
alloy of a luminum in the region adjacent  to the oxide 
so that this region becomes iron rich in comparison 
with the bu lk  of the ahoy. When a break occurs in 
the a lumina  film, oxygen comes in  contact with this 
i ron-r ich layer  and nucleates an iron oxide nodule. 
Oxygen can diffuse through the iron oxide of the nod- 
ule into the substrate, where it then reacts with a lumi-  
num to form the dispersed a lumina  phase. This in-  
ternal  oxidation process precludes the diffusion of a lu-  
m inum to the nodule-al loy interface that  would be 
necessary to heal the crack in  the original protective 
film. 

Some oxide nodules are easily popped out of the sub- 
strate by using a sharp needle. The result ing pits con- 
ta in  a layer of white mater ia l  found by x - ray  diffrac- 
t ion to be ~A1203. Since iron diffuses outward through 
the iron oxide phases that  form the inter ior  of a nod-  
ule, it seems reasonable to believe that  the dispersed 
phase, =A1203 formed by in terna l  oxidation, may ac- 
cumulate  and be compacted in  sufficient quant i ty  at the 
nodular  oxide-metal  interface dur ing  growth of the 
nodule to eventua l ly  isolate it from the metal  sub-  
strate. 

The e~ect of water vapor.--When oxidation experi-  
ments  were conducted in the presence of water  vapor, 
oxidation rates were substant ia l ly  increased (Fig. 13), 
and there appeared to be little or no induct ion period 
before the beginning of nodule growth. There is rela-  
t ively little difference in the oxidation kinetics in pure 
water  vapor and in  oxygen containing water  vapor at 
22 Torr  in  spite of the great difference in oxygen pres-  
sures. 

Well-developed nodules could be detected with the 
scanning electron microscope after as little as 10 min  
at 800~ in the presence of water  vapor. Incrementa l  
plots of the data f rom wet and  dry  oxidation ex-  
per iments  are shown in Fig. 14. In  contrast  to the be-  
havior in dry oxygen, the oxidation rate increased con- 
t inuously in the presence of water  vapor, at least for 
the durat ion of the experiments.  Estimates of the 
amount  of surface containing nodules (per cent dark) 
after oxidation at 800~ for periods of 5 to 1O00 min  in 
oxygen dry or saturated with water  vapor were made 
by using an Autoscan Reflectance Microscope. These 
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Fig. 13. Effect of water vapor on the oxidation of an Fe-4.94% 
AI alloy at 800~ 
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Fig. 14. Incremental plots of oxidation of an Fe-4.94% AI 
alloy at 800~ in water vapor and in wet and dry oxygen. 
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Fig. 15. Fractions of a,n Fe-4.94% AI alloy covered by nodular 
oxide at 800~ in wet and dry oxygen. 

data are plotted in  Fig. 15. If the data points for 200 
and 300 min  in wet oxygen are disregarded, the areal 
coverage by the nodules approximates to a l inear  
relationship for at least the first 790 min. After  790 min  
at 800~ in wet oxygen, the proport ion of surface in-  
volved was 20.6%. In  contrast, after 1000 rain in dry 
oxygen, the proport ion of surface represented by 
nodules was only 1.14%. 
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Fig. 16. Nodules formed on an Fe-4.94% AI alloy in 790 min 
at 800~ wet oxygen. 

Both the composition and the morphology of the 
cxide nodules are affected by  water  vapor. The major  
component of the nodular  oxide formed in dry oxygen 
(Fig. 9) was cubic oxide (Fe304, ~Fe20~, and/or  
FeA1204). The minor  component  was ~Fe203. In  oxygen 
saturated wi th  water  vapor (Fig. 16), the major  com- 
ponent  of the nodular  oxide was aFe203 and the minor  
component  was cubic oxide. This change in composi- 
tion probably resulted from penetra t ion by oxygen 
deeper into the oxide nodules. Fuj i i  and Meussner 
(22) have suggested that  hydrogen from the dissocia- 
t ion of water  vapor can act as a carrier  to move oxy-  
gen across voids in oxide scale. A similar mechanism 
may account for the increase in the amount  of hemati te  
formed in  wet oxygen, bu t  it  is difficult to explain the 
extremely high oxidation rate. 

Examples of the nodular  oxide formed in pure water 
vapor are shown in Fig. 17. The major  component of 
these nodules was FeA1204, hercynite,  and the minor  
component  was cubic oxide. A nodule  formed in 300 
min at 800~ in water -sa tura ted  oxygen is shown in 
Fig. 18. This nodule is surrounded by  a dis turbed area 
that appears to result  from plastic deformation of the 
substrate  and the A1203 film to accommodate the in-  
creased subsurface volume of the oxide nodule. 

At present, we have no clear explanat ion for the in-  
creased nucleat ion and growth of nodules in the pres-  
ence of water vapor. The diffraction pat terns of the 

Fig. 17. Nodules formed on an Fe-4.94% AI alloy in 960 rain 
at 800~ in pure water vapor. 

Fig. 18. Nodule formed on an Fe-4.94% AI alloy in 300 min 
at 800~ in wet oxygen. 

oxides formed in wet oxygen at 800~ were more diffi- 
cult to identify than  the diffraction pat terns  from the 
a luminum oxides formed in dry  oxygen. A hydrated 
form of a luminum oxide which is more easily cracked 
or separated from the substrate may be involved. 

The egect of carbon.--The behavior  of iron-5.5% 
a l u m i n u m  alloys containing up to 0.10% carbon at 
500~ in oxygen at 10 Torr  was similar  to that  of the 
iron-5% a luminum alloys. The oxide films apparent ly  
lost contact with the substrate resul t ing in  a v i r tual  
halt of oxidation. The oxidation rate of the Fe-5.99A1- 
0.10C alloy was intermediate  be tween the (low) rate  
of the Fe-4.94A1 alloy and the (high) rate of the 
Fe-0.11C alloy. At the 0.1% carbon level, there are 
apparent ly  enough vacancy sinks in the substrate to 
prevent  the accumulat ion of vacancies at the oxide- 
metal  interface, and the oxide remains  in more int i -  
mate  contact with the substrate. Carbon concentrat ion 
had little effect on the oxidation rate  at 700 Tor t  as the 
higher oxygen pressure prevented film separation (20, 
21). The same three oxide phases, Fe20~, Fe304, and 
FeA1204, that were formed on the Fe-4.94AI at 500~ 
were also formed on the i ron -a luminum-ca rbon  alloys 
under  these conditions. 

Above about 700~ the evolution of gas from the re-  
actions between carbon and the iron oxides may  inter-  
fere with the formation of a protective oxide film on 
iron-base alloys containing appreciable amounts  of 
carbon (23). The effect of carbon concentrat ion on the 
oxidation of the i r on -ca rbon -a luminum alloys at 800~ 
is shown in  isometric projection in Fig. 19. A sharp in-  
crease in oxidation rate with increasing carbon content  
is clearly evident. Microscopic examinat ion of oxi- 
dized specimens revealed that  a thin passive a lumina  
film covered most of the surface of the alloys but  that 
the frequency with which iron oxide nodules disrupted 
this film increased with increasing carbon concentra-  
t ion (Fig. 20). Most of the weight  gain shown in  Fig. 
19 reflects the growth of nodular  oxide, not film. 

There appear to be two ways in which carbon can 
interfere with the protective a lumina  and allow nodu-  
lar iron oxide to nucleate. The direct oxidation of 
carbon at random sites in competi t ion with iron and 
a luminum might  leave holes in the film at which 
nodules might  nucleate. Alternat ively,  carbon from the 
substrate can react with iron oxides in the init ial  film 
to produce high pressure CO pockets which burst  
through the film and allow oxygen to reach the sub-  
strate, nucleat ing the nodular  oxide. 

S u m m a r y  
As the a l u m i n u m  concentrat ion in  i ron-base alloys 

was increased from 0.003 to 0.09%, the oxidation rate 
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Fig. 19. Effect of carbon concentration on the oxidation of Fe- 
5.5% AI-C alloys at 800~ in oxygen at 700 Torr. 

Fig. 20. Dark field optical micrographs showing effect of carbon 
concentration on the amount of nodular oxide formed on Fe-AI-C 
alloys in 1300 rain at 800~ in oxygen at 700 Tort. 

also increased. Above about 0.09% aluminum,  the 
oxidation rate decreased with increasing a luminum 
concentration. 

Up to 0.09% a luminum and at temperatures  up to 
570~ the scale consisted of two phases, aFe203 on the 
outside and Fe304 next  to the metal. Above 0.09% 
a luminum a third phase, FeA1204, was found between 
the Fe304 and metal. This phase, hercynite, imparts  
oxidation resistance to the alloy. 

Above 570 ~ 7A1203 began to appear in the scale and 
the oxidation rate decreased with increasing tempera-  
ture. At 800 ~ to 850~ the f i lm was almost pure alu-  
mina  and the oxidation rate was at its lowest. 

As the oxygen pressure was increased at 500~ there 
was a slight increase in oxidation rate up to 50 Torr, 
a sharp increase between 50 and 160 Torr, and only a 
slight addit ional  increase in rate between 160 and 700 
Torr. Apparently,  the init ial  oxide film tends to sepa- 
rate from the substrate dur ing oxidation at pressures 
up to about 50 Torr. This creates cavities in which 
a luminum is preferent ial ly  oxidized to form a barr ier  
layer under  the outer iron oxide. Above 160 Torr, 
film separation did not appear to be a factor in the 
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growth of the oxide, and consequently, oxidation rates 
were higher. 

Localized oxidation of iron through the protective 
a luminum oxide film that forms on i ron -a luminum 
alloys at the higher temperatures  leads to the growth 
of corn-l ike nodes of iron oxide. The amount  of nodu-  
lar oxide increases with increasing temperature  and 
increases in the presence of water  vapor, but  decreases 
with increasing a luminum concentration. 

In  dry oxygen, an init ial  period of 7A1203 film for- 
mation precedes the increase in oxidation rate that ac- 
companies the growth of nodular  iron oxide. It  is be- 
lieved that the formation of an a lumina  film on the sur-  
face of an i ron -a luminum alloy tends to decrease the 
concentrat ion of a luminum in the zone near  the oxide- 
metal  interface. Any  cracks or faults that  may develop 
in the protective oxide film alloy oxygen to react with 
unprotected iron to form nodules. In terna l  oxidation 
ahead of the node-meta l  interface precipitates a lu-  
m i num oxide dispersed in the iron matr ix  thereby 
prevent ing the healing of the protective oxide skin. 

Water  vapor increases the growth rate and alters the 
morphology and composition of the nodular  oxide. 
Dry-formed nodules consist of an outer shell of Fe203 
and a porous interior  of Fe~O4, FeO and some aA12Os. 
Nodules formed in wet oxygen contain a greater pro- 
portion of aFe203. The major  component of the nodular  
oxide formed in pure water  vapor is hercynite, 
FeA1204. 

A three-phase scale consisting of aFe203, Fe304, and 
FeA1204 develops on Fe-AI-C alloys at 500~ The 
innermost  layer, FeA1204, causes a reduct ion in  the 
oxidation rate compared with that  of pure iron. Car-  
bon at concentrat ions less than about 0.10% per-  
mitted film separation in oxygen at 10 Torr thereby 
causing abnormal ly  low oxidation rates. F i lm separa- 
tion did not occur at carbon level of 0.10%, and more 
near ly  normal  oxidation rates were observed. Carbon 
had no apparent  effect on the oxidation at 500~ in 
oxygen at 700 Torr. 

The oxidation rate of the Fe-A1-C alloys increased 
with increasing carbon concentrat ion at 800~ The 
thin protective film of a lumina  that formed on the 
b inary  Fe-A1 alloy at 800~ also formed on the te rnary  
Fe-A1-C alloy. Most of the observed weight gain was 
due to the growth of nodular iron oxide through this 
film. The frequency with which the nodules penetrated 
the passive alumina layer increased with increasing 
carbon concentration. Carbon apparently interferes 
with the integrity of this film so that oxygen can react 
with the iron in the substrate to form nodular oxide. 

Manuscript submitted Oct. 12, 1970: revised manu- 
script received ca. Jan. 21, 1971. This was Paper 125 
presented at the Atlantic City Meeting of the Society 
Oct. 4-8, 1970. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1971 
JOURNAL. 

REFERENCES 
I. O. Kubasehewski and B. E. Hopkins, "The Oxida- 

tion of Metals and Alloys," Second Edition, 
p. 234, Academic Press, Inc., New York (1962). 

2. Ibid., p. 233. 
3. S. Miyake, Sci. Papers, Inst. Phys. Chem. Res., 

(Tokyo),  29, 167 (1936) and 31, 161 (1937). 
4. J. W. Hickman and E. A. Gulbransen,  Trans. 

AIME, 171, 344 (1947). 
5. E. Scheil and K. Kiwit, Arch. Eisenhuettenw.,  9, 

405 (1936). 
6. I. I. Kornilov, Isv. Sect. Anal. Phys. Chim., Alsad. 

Nauk S.S.S.R., 16, 122 (1948). 
7. T. Nakayama, Report of Castings Research Lab- 

oratory, Waseda Universi ty  9, 71 (1958). 
8. N. G. Schmahl, H. Baumann,  and H. Schenck, 

Arch. Eisenhuettenw.,  30, 345 (1959). 
9. F. Saegusa and L. Lee, Corrosion, 22, 168 (1966). 

10. K. Heindlhofer and B. M. Larsen, Trans. Am.  Soc. 
Steels Treat., 21, 865 (1933). 

11. G. C. Wood, Corrosion Sci., 2, 255 (1962). 
12. G. C. Wood, M. G. Hobby, and B. Vaszko, J.I.S.I., 

202, 685 (1964). 



Vol. 118, No. 6 O X I D A T I O N  O F  I R O N - A L U M I N U M  A L L O Y S  913 

13. J. W. Pe r row and W. W. Smeltzer ,  This Journal,18. J. Str inger ,  Met. Rev., U, 113 (1966). 
109, 1023 (1962). 19. Ref. (1), p. 109. 

14. J. O. EdstrSm, J.I.S.L, 185, 450 (1957). 
15. H. M. McCullough, M. G. Fontana,  and F. H. Beck, 

Trans. Am. Soc. Metals, 43, 404 (1951). 
16. G. C. Wood and D. P. Whit t le ,  Corrosion Sci., 7, 

763 (1967). 
17. W. E. Boggs, Vacuum Microbalance Techniques, 

6, 45, P lenum Press, New York  (1967). 

20. W. E. Boggs and R. H. Kachik,  This Journal, 116, 
24 (1969). 

21. D. Caplan, M. J. Graham,  and M. Cohen, Corrosion 
Sci., 10, 1 (1970). 

22. C. T. Fu j i i  and R. A. Meussner,  This Journal, 111, 
1215 (1964). 

23. Ref. (1), pp. 231 and 232. 

Characterization of Silicon Dioxide Films by 
the Electron Probe 

B. Swaroop* 

Kelsey-Hayes Research and Development Center, Ann Arbor, Michigan 48105 

ABSTRACT 

The morphologica l  and composi t ional  charac ter iza t ions  of t he rma l ly  grown 
silicon dioxide films on a silicon subs t ra te  have  been conducted  exclus ive ly  by 
the use of the electron probe. The l inear  increase of oxygen  x - r a y  intensi ty  
wi th  the thickness of the films (<2000A) demonst ra tes  the  feas ibi l i ty  of a 
quick method of finding the unknown thickness.  The range  of pene t ra t ion  of 
e lectrons in the oxide films shows 3/2 power  low dependence  wi th  the  acceler-  
a t ing potent ia l  of the beam, The quant i ta t ive  analysis  of oxygen content  in 
thin as well  as th ick films has been obta ined by  using the  appropr ia t e  ab-  
sorpt ion and atomic number  corrections. 

Silicon dioxide films have  d rawn  grea t  a t tent ion as 
dielectr ic  in the  semiconductor  technology.  The effec- 
t iveness of these films over  the devices is ve ry  much 
dependent  upon the i r  pur i ty ,  porosity,  s toichiometry,  
and conductivi ty.  Therefore,  quick analysis  of these 
films with  respect  to the i r  mass thickness,  con tamina-  
tion, s toichiometry,  and valence state of thei r  con- 
s t i tuents  is ve ry  desirable.  The present  invest igat ion 
deal t  wi th  the composi t ional  as wel l  as the morpho-  
logical  charac ter iza t ion  of silicon dioxide films with  
the use of an electron probe.  

Theory 
In the electron probe  inst rument ,  high energy elec-  

t rons (5 to 50 keV) are  brought  into focus to the re-  
quired d iameter  size of the  beam spot (>1~) on the 
surface of the ma te r i a l  to be analyzed.  The cha rac te r -  
istic x - r a y s  emi t ted  from the sample  are  monochroma-  
t ized by  curved c rys ta l  and detected by  the p ropor -  
t ional  counter.  The measured  x - r a y  in tens i ty  for a 
character is t ic  peak  is used to de te rmine  the amount  
of the  e lement  present  in a given sample.  The detai ls  
of the techniques involved in such measurements  are 
e labora te ly  given e lsewhere  (1, 2). 

An elect ron beam is exci ted  at  potent ia l  ene rgy  V 
(keV) impinging no rma l ly  on a th ick  specimen, as 
shown in Fig. la, and produces  the character is t ic  x - r a y  

* Electrochemical Society Active Member. 
Key words: thickness, stoiehiometry, x-ray, thin films. 

~ ELECTRON BEAM (V) 

(o) (b)  

Fig, 1. X-roy production in (a) bulk specimen and (b) in thin 
films. 

unti l  the  e lect ron energy  reduces  to less than ex-  
ci tat ion potent ia l  (Ec) of the  given element.  However ,  
f rom the to ta l  n u m b e r  of e lectrons impinged  on the 
surface, a smal l  f ract ion are  backsca t te red  as shown 
by mode 1 (Fig. 1) and the rest  of them, as shown by 
mode 2, are responsible  for  producing  the x - r ay .  Dur -  
ing the t raverse  of e lectrons in the  specimen, the total  
number  of ionizations (N) produced before the elec-  
t ron energy reduces  to less than  Ec is given by  (3-6) 

C(A)No ~ v  
N(AI - -  T R(A} Ec (~bA/S(A)) " dE [1] 

where  CA is the concentra t ion of e lement  "A" in the  
given compound or  alloy, No is the Avogadro  number ,  
A is the atomic weight,  RCA) is the remain ing  f ract ion 
of ionizations when the loss due to backsca t te r ing  is 
removed  (4, 6), SeA) is the specific decelera t ion  power  
for electrons (6), and CA is the x - r a y  ionizat ion cross- 
section of atoms "A". The subscr ipt  (A) defines that  
each te rm corresponds to an al loy or compound.  

A s imi lar  expression can be obtained for  a number  
of ionizations obta ined f rom pure  bu lk  e lement  "A". 
Thus, in the absence of x - r a y  absorpt ion and fluores- 
cence effects, the rat io K<A~ is given by 

KA ~-~ /(A)//A ~-- C(A)R(A) 

fE:(~bA/S(AI) .dE / CARA fE~(,A/SA) " dE [2] 

where I(A) and IA are the observed intensities of ele- 
ment "A" in a given compound and in pure standard 
respectively. However, if pure solid standard is not 
available, e.g. oxygen in the case of silicon dioxide, 
then Ir would be compared with a similar compound 
of known concentration (Cs). In the latter case, the 
above expression will become simply 

I(A)/IS(A) = C(A)/Cs [3] 

The above Eq. [3] is only true if compound standard 
is exactly of the same composition as that of unknown. 
Otherwise Eq. [2] still must be used but replacing 
CA with Cs. 
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When the electrons are impinging on a thin film (7), 
as shown in Fig. lb, the energy of the electrons at the 
interface of the substrate  reduces to a value of E, 
(Es > Ec). In such a situation, fur ther  contr ibut ions to 
ionization are produced by  two extra modes (modes 3 
and 4 as shown in Fig. lb ) .  Mode 3 is due to back- 
scattered electrons from the substrate. The number  of 
backscattered electrons depends upon the backscattered 
yield (~]) of the substrate. The ionization will  be pro-  
duced by this mode as long as the energy of the 
electron is above Ec potential  of the given element.  
The fourth mode is contr ibuted due to the penet ra t ion  
of electrons in the substrate, provided the e lement  "A" 
is present in the substrate. Following the t rea tment  
of Colby (7) the observed x - r ay  in tens i ty  for e lement  
"A" is given by 

I(A) cc etA) Re*) (r Jr IIR(A) 
$ 

] (r .dE + C'a (1 ~l) Rsr s(r 
C 

[4] 

where, Rs and Ss are usual  terms for the substrate as 
explained earlier. The lower l imit  E's in one of the 
integrals is the exit ing electron energy after producing 
the ionization by mode 3. When the substrate  does not 
contain the analyzed element,  the observed in tens i ty  
is contr ibuted only from the first two integrals of Eq. 
[4]. Such is the case for the analysis of oxygen in sili- 
con dioxide films on the silicon substrate. 

In order to calculate C(A) from the K ratio, the ob- 
served intensit ies are to be corrected for x - r ay  ab-  
sorption, atomic number ,  and fluorescence effects in 
the sample as well as in the standard. The expressions 
[1], [2], and [4] given above include the atomic n u m -  
ber effect, i.e. the use of terms R and S with each 
ionization. 

In  the present investigation for the determinat ion 
of oxygen and silicon content, the amorphous silica 
and silicon dioxide films were used. The exper iment  
results were corrected by using modified Phi lber t ' s  
absorption correction (8, 9) and Poole-Thomas elec- 
tronic interact ion correction (5) for thick films. For 
thin films, atomic number  correction was calculated 
according to the t rea tment  given by Colby (7). The 
modified Phi lber t ' s  absorption correction is given by 

f (x)  ---- (1 q- h ) / ( 1  Jr X/r [1 d- h(1 Jr x/~c)] [5] 

where, x ---- (#/#) cosec e; (#/p) is the mass absorption 
coefficient, 0 is the x - ray  emergence angle, h = 1.2A/Z 2, 

is the mean  atomic weight, Z is the mean atomic 
number ,  and r162 is the modified Lenard  coefficient as 
given by Heinrich (10) 

r ---- (4.5 X 105)/(9 "1"67 -- Ec 1"67) [6] 

The mass absorption coefficient (B/p) for OK~ and SiK~ 
emission lines are taken from the values given by 
Henke et al. (11). For thin specimen, the absorption is 
taken into account by replacing Ec in Eq. [6] wi th  Es. 

Experimental Procedure 

The amorphous silicon dioxide films were grown on 
silicon substrate as described elsewhere (12). The 
silicon substrate was approximately 0.012 in. thick and 
the thickness of the films range between 200 and 
15,000$-. The thickness of the films were measured 
main ly  by the Tolansky method (13) which gave 
an accuracy of _10A in the measurements .  

The electron probe was operated between 5 and 30 
keV at 0.8 x 10-TA specimen current  for amorphous 
silica and with a beam diameter  of 15#. The intensi ty  
measurement  for OK~ and Si emission bands were 
obtained using lead stearate crystal  in vacuum. A th in  
window flow proport ional  counter  with flowing gas 
mixture  of 75% methane  and 25% argon at atmospheric 
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Fig. 2. Silicon (K#) emission bands from pure silicon, amorphous 
silica and silicon dioxide films. 

pressure was used. The measured intensit ies were as 
the peak in tens i ty  minus  the off peak background 
count. The spectrometer was peaked for the character-  
istic line of u n k n o w n  films as well  as s tandards in 
order to avoid the effects of wavelength  shift. All  
counts were accumulated for a given period of time. 
The observed intensit ies were corrected for dead time 
of the counting circuit. 

Results and Discussion 
The SiK~ emission bands were first observed from 

bulk  amorphous silica, a-quar tz  and 1700A thick sili- 
con dioxide film on the silicon substrate. Figure 2 sum- 
marizes the data obtained at various exciting potentials 
of the electron beam. The silicon peak position in pure 
silicon and amorphous bulk  silica are observed at 
6.758 and 6.776A respectively. Similarly,  the peak from 
a-quartz  indicated the position very close to that  of 
bulk silica. These emission wavelengths were observed 
to be almost independent  of accelerating potential  be- 
tween 5 and 30 keV. At excitat ion potent ial  of 5 keV, 
the peak position in the oxide film is almost coinciding 
with that from bulk  silica; this indicates that  electrons 
do not  reach the substrate with sufficient energy to 
ionize the photons from the substrate. At 8 keV beam 
potential, there were observed two peaks of near ly  
equal intensit ies suggesting that  electrons arr ive with 
sufficient energy to excite the silicon photons from the 
substrate. However, at 10 and 15 keV, the silicon peak 
positions are close to that of pure silicon. Thus, the 
main  contr ibut ion to the x - ray  in tens i ty  is from pho- 
tons being excited from the silicon substrate. These 
observations are very  s imilar  to that  reported by 
Knausenburger  et at. (14). F rom this data it was in-  
ferred that in order to use SiKB emission band  for 
analyzing the valence state of th in  oxide films, or to 
use SiK~ peak for stoichiometric analysis of these 
films, one ought to work at low accelerating potentials 
(i.e. between 5 and 8 keV) so that  x- rays  are not  ex- 
cited from the substrate. On the other hand, OK~ 
emission band  should be used in order to avoid (1 -- ~) 
substrate correction as given in expression [4]. An-  
other impor tant  inference that  can be drawn from 
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these peak positions (Fig. 2) is that  oxide films under  
investigation are essentially free from elemental  sili- 
con and that  silicon is in a divalent  state. 

On the basis of the above analysis, the x - r ay  in-  
tensi ty for the OK~ peak from various thicknesses of 
the oxide films at beam potentials of 10, 15, 20, 25, and 
30 keV were investigated. As shown in Fig. 3, the plots 
at various potentials are almost l inear  in the film 
thickness ranging from 0 to 2000A. The intensi ty  count 
rate increases l inear ly  with the thickness. Such a 
l inear  relationship real ly  offers a quick method of 
finding an unknown  thickness of a given film (<2000A) 
provided a cal ibrat ion curve has been obtained at any 
given accelerating potential.  

The x - r ay  in tensi ty  (If)  observed from the films 
can also be wr i t ten  in  terms of absorption a t tenuat ion 
as opposed to the atomic number  effect alone as given 
by Eq. [1] and [4]. Such an expression is given by  

IF oc @A(pX')e -• d(px') 

+ n CA (ox - px ')e-•  �9 d (px ' )  [7] 

where px is the mass thickness of the film, and x is the 
x - ray  absorption parameter.  The other terms of this 
equat ion have been explained earlier. For  the second 
integral  in Eq. [7] it has been assumed that  back 
scattered electrons are near  normal  to the substrate. 
For th in  films, the x - r ay  excitation function CA(pX') 
may be approximated as (15) 

CA ~- 1 + ~px, for 8px < 1 [8] 

where the parameter  8 is the measure of electron 
diffusion wi th in  the film material .  This parameter  in -  
creases rapidly with decreasing accelerating voltage 
and much more slowly with increasing atomic number .  
The value of 5 can be calculated from the init ial  slope 
of x - r ay  excitation curves (16) as shown in Fig. 5, or 
from theoretical calculations using various electron 
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scattering theories, or from curve fitting of accurate 
thin film data. After  subst i tut ing Eq. [8] into Eq. [7], 
integrat ing and expanding for 5px and xpx each being 
less than 1, the following expression is obtained 

[ IFcc ( l + ~ ) p X  l + p x  
2 2 

- - ( P X ) ' (  ~x2 6~)-I-...] [9] 

cc ~ ( i  + n) (px)" (-- I )"  
1 [ ~X n-~ ~X"--2 X ~-1 ], 

(n -- 1) ! n! n! 

Relation [9] indicates that  x - r ay  in tensi ty  is directly 
proportional to the mass thickness of the film as long 
as 5 is approximately  equal to x- However, if 5<  or 
>x, then the deviation from the l inear i ty  will  be ob- 
served. 

Figure  4 compares the computer  analysis of expres- 
sion [9] with that  of obtained data. I t  is found that 
as long as 5 ~ x ,the l inear  relationship be tween mea-  
sured intensi ty  and mass thickness of the films is 
observed. Beyond the film thickness of (50-55) 10 -~ 
g /cm 2 the deviat ion from the l inear i ty  is evident. An 
excellent fit between the computer  analysis and experi-  
menta l ly  obtained data is shown in Fig. 4. For this 
analysis, the value of 8 and ~ (15) were used as 
1.8 x 104 cm~/g and 0.16 respectively. Fur ther ,  Eq. [9] 
predicts the negative and positive deviation for 5 < x 
and 8 > x respectively. It  appears that  the negative 
deviat ion is observed for silicon oxide films at all  the 
accelerating potentials (Fig. 3 and 4). 

The ratio of measured oxygen intensit ies from the 
films (IF) to that  of bu lk  silica (/B) at various thick- 
nesses of the films are shown in Fig. 5. These plots are 
for various accelerating potentials. Similar  to that  
observed in Fig. 3, the normalized intensi ty  rose l in -  
early in the beginning.  At higher thicknesses the ab- 
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Fig. 5. Ratio of measured oxygen intensity from the films to that 
of bulk silica. 

sorption effect, as indicated by Eq. [7], comes into play 
and thus an exponent ia l  rise is observed. At the thick- 
ness, where  the measured in tensi ty  from the films is 
near ly  the same as that of the bulk, the electrons are 
exciting the photons only from the film. In  such a case, 
the energy of electrons before reaching the substrate 
reduces to less than Ec, the excitation potential  of the 
oxygen. Therefore, this thickness level, where IF ~ IB, 
is then the effective penetra t ion of electrons at the 
given accelerating potential. Figure 6 shows such 
thickness levels of oxide films at various accelerating 
potentials. A straight l ine relationship of the type 

Rx = CEP [10] 

is observed, where the exponent  p is found to be 1.5 
and C is a characteristic constant. Cosslett and Thomas 
(17) have also shown that the mean  as well as the 
extrapolated range follow the 3/2 power law. Similar  
dependence has also been observed by Colby (7) for 
various dielectric films. 

The determinat ion of the range in Eq. [10] is very 
important  in order to calculate the energy of electrons 
at a given depth (x) in the films or at the interface 
of the substrate and film or at zero thickness when  
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Fig. 6. Penetration dependence of electrons in silicon dioxide 
films at various accelerating potentials. 
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electrons are exit ing with energy greater than Ec, i.e. 
via mode 3 in Fig. lb. The simple modification of Eq. 
[10] in terms of energy of electrons and film thickness 
can be wri t ten  as (17) 

x - -  ~ V 1"5 [11] 
pz 

where, x is film thickness in A, p the density in g /cm 3, Z 
the mean atomic number ,  A is the mean  atomic weight, 
V the accelerating potential  of the electrons in keV, 
and C' the ins t rument  constant  which is 195 for silicon 
dioxide films. 

Figures 7 and 8 show the measured as well  as cor- 
rected OK~ intensities respectively for 3300 and 1500A 
thick films at various accelerating potentials. The ob- 
served intensities in both the cases indicate decrease 
with increase in accelerating potential. This effect is 
main ly  due to absorption a t tenuat ion of the x - r ay  and 
decrease in efficiency of producing photons with in-  
crease in accelerating potentials because of relat ively 
constant volume of excitation in thin films. When these 
raw intensities were corrected for absorption and 
atomic n u m b e r  effects, the corrected intensities are 
much higher and they increase with accelerating po- 
tential. Further,  it is worth noting that above 1500A 
thick films (Fig. 7 and 8) the observed as well  as 
corrected intensities show a l inear  relationship with 
accelerating potential. However, in thin films 
( ~  1500A), such a l inear  relationship tends to show a 
curvature,  probably owing to electrons straggling or 
noticeable fluorescence effect at high working po- 
tentials. 

Figure 9 shows the corrected OK~ intensit ies for 
bulk  amorphous silica and for oxide films of 12,000 and 
2000A thicknesses. It should be noted that the in ten-  
sities for bulk  and 12,000A thick film are almost equal 
(within 1 to 2%) in the range of 10 to 20 keV. As 

observed in Fig. 5, at these potentials the 12,000A thick 
film is wi thin  the penetrat ion range of electrons. Thus, 
for quant i ta t ive  analysis of oxygen in these films, the 
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~-substrate correction (Eq. [4] and [7]) is not re -  
quired. However, for 2000A thick film, the actual  K 
ratio has to be calculated after having considered the 
excitation of x - r ay  by mode 3 (Fig. Ib) .  Further ,  at 
any given accelerating potential, the observed in ten-  
sity for 2000A thick film is less than that of 12,000A 
thick film. This is so only because in thin films the 
total electron energy has not been used for excitation 
of oxygen photons. 

Table I gives the typical  quant i ta t ive  analysis of 
oxygen content  in various silicon dioxide films. In  
arr iving at the observed mass concentrat ion given in 
column 4, Eq. [1] to [10] have been used. The ob- 
served mass concentrat ion of oxygen has been found 
to lie within 1-2% of the theoretical mass concentra-  
tion. Similarly,  the silicon content  of these films can 
also be evaluated (18). However, for thin films anal-  
yzed at high accelerating potential, the addit ional  
(1 -- ~1) term as given in Eq. [4] has to be considered. 
For the quant i ta t ive  calculations the IBM 1130 com- 
puter was used. 

Figure 10 shows the OK~ x - ray  scan of oxide area 
which contains an in tent ional ly  created step of 500A. 
The bright area represents  the oxide thickness of 
700A and the less bright  area is approximately 200A. 
Such a var ia t ion in intensit ies could be visualized to 
a m in imum difference in thickness of 200A. However, 
to obtain a photograph of such an area containing a 
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Fig. 9. Corrected oxygen (Ka) intensities from bulk silica and 
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Fig. I0. Oxygen (K~) x-roy scan from a silicon dioxide film con- 
taining a step of 500.s 

small difference in thickness, the scanning, pulse 
height, and photographic conditions have to be opti- 
mum. 

Table I. Quantitative analysis of oxygen in silcon dioxide films 

S e r i a l  
n u m b e r  

A c c e l e r a t i n g  F i l m  t h i c k -  I n t e n s i t y  
p o t e n t i a l  (kV)  n e s s  (A) ra t io*  

O b s e r v e d  m a s s  
c o n c e n t r a t i o n  

T h e o r e t i c a l  m a s s  
c o n c e n t r a t i o n  

10, 15, 20, 25 

10 
I0 
15 
20 

B u l k ,  A m - -  
Q u a r t z  

5500 0 . 9 8 6 + 0 . 0 0 2  
1250 1 . 0 0 8 - - 0 . 0 0 3  
850 1 . 0 1 5 •  

2800 1 . 0 1 2 •  

53.5** 

52.7 
53.9 
54.3 
54.1 

53.3 

53.3 
53.3 
53.3 
53.3 

* A f t e r  co r r ec t ions .  
** F r o m  c h e m i c a l  ana lys i s .  
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Conclusions 
From the present  invest igat ion it may be concluded 

that characterization of silicon dioxide films or other 
dielectric films (19) with respect to their morphology 
as well  as composition can be achieved by the use of 
the electron probe. These films may either be grown 
or deposited on a substrate. The mass thickness of thin 
films of silicon dioxide in the range of 100 to 2000A 
can rout inely  be measured once the calibration curve 
has been obtained. However it should be emphasized 
that  s imultaneous determinat ion of thickness and com- 
position is not possible by  the use of probe alone. 
Either one has to be supplemented by some other 
method. Such measurements  offer a quick nondest ruc-  
tive method for finding the thickness, var ia t ion in 
thickness, and stoichiometry of the films. These tech- 
niques as explored by the use of the electron probe 
can be of utmost significance in semiconductor tech- 
nology. 

Manuscript  submit ted Oct. 28, 1970; revised m a n u -  
script received ca. Jan. 19, 1971. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1971 
JOURNAL. 
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Cathodoluminescence of Ce'- and Eu § 
Alkaline Earth Feldspars 

K. R. Laud, E. F. Gibbons, T. Y. Tien,* and H. L. Stadler* 
Scientific Research Sta~, Ford Motor Company, Dearborn, Michigan 48121 

ABSTRACT 

The compounds MA12Si2Os, where M----Ca, Sr, or Ba, were synthesized. 
Compositions in the three b inary  systems were also prepared. Cathodolumi-  
nescence of these compositions activated with Ce 3+ and Eu 2+ was studied. It  
was found that the Ca and Sr feldspars formed complete solid solutions. In  
the systems Ba-Ca feldspars and Ba-Sr  feldspars, only part ial  solid solutions 
are formed. The solid solubil i ty l imits are 

SrA12Si2Os to Sr0.6Bao.4A12Si2Os 
and BaA12Si._,Os to Ba0.sSro.~A12Si2Os 
CaA12Si208 to Ca0.gBa0.1A12Si2Os 
and BaA12Si2Os to Ba0.6Ca0.4A12Si2Os 

Both the Ce 3+- and Eu2*-act ivated phosphors give broad emission bands 
under  cathode-ray excitation. The peak positions of the emission for Ce ~+- 
activated phosphors are 

CaA12Si208 m 355 and 490 nm 
SrAl_gSi2Os - -  530 nm 
BaA12Si2Os - -  iner t  

and those for Eu2+-activated phosphors are 

CaA12Si2Os - -  470 nm 
SrA12Si,zO8 - -  465 nm 

BaA12Si2Os m 375 and 500 n m  

The peak position of the cathodoluminescent  emission of the solid solutions for 
both Ce 3+ and Eu 2+ as activators depends on the major  alkaline earth cation 
in the host. No significant shift from the pure compound was observed. 

C 3+- and Eu2+-activated phosphors are known to is found to occur from the near  ul t raviolet  to the 
give b road-band  emission under  cathode-ray excita- yel low-red region of the spectrum. A solid solution 
t ion (1). The emission peak depends on the host and series of isostructural  end members  with slightly 

* Electrochemical Society Active Member. different sized cations as hosts would be an ideal sys- 
K e y  w o r d s :  p h o s p h o r s ,  l u m i n e s c e n c e ,  c a t h o d o l u m i n e s c e n c e ,  fe ld-  

spa rs ,  cerium, europium, aluminosilicates, tem to s tudy the effect of crystal  chemical var iat ion 
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on the luminescence of Ce 3+ and Eu 2+ ions. Moreover, 
it offers the possibilities of finding useful phosphors 
for commercial applications. 

The alkal ine earth aluminosil icates (known as al-  
kaline earth feldspars) MA12Si2Os (where M = Ba, 
Sr, Ca) crystallize in network structures and are 
known as stuffed derivatives of silica. The ionic radii  
of these alkal ine earth ions are comparable to those 
of the Ce 3+ and Eu 2+. The tabulated ionic radii  
(Pauling 's)  are Ca 2+ _-- 0.99A, Sr2+ _-- 1.13A, Ba 2+ 
---- 1.35A, Eu 2+ ---- 1.12A, and Ce 3+ ---- 1.11A. The sites 
available to the activators, therefore, should be those 
of the alkal ine earth ions, since the fourfold sites in 
this s t ructure  are too small  for the ions hav ing  a size 
larger than  1A. The sites for 1A size ions are the 
hexagonal s t ructural  holes in the feldspar network.  

Reference to luminescence in feldspars was made 
as early as 1939 (2, 3). However, luminescence in 
b inary  alkal ine earth feldspar systems has not been 
reported previously. Subsolidus phase relations in 
the three mutua l  b ina ry  systems of CaA12Si2Os, 
SrA12Si2Os, and BaA12Si2Os have not been studied 
prior to this work. One would expect an  extensive 
series of solid solutions in the three b inary  systems 
CaA12Si2Os-SrA12Si208, SrA12Si2Os-BaA12Si208, and 
BaA12Si2Os-CaA12Si2Os because of the similar feld- 
sparlike s t ructure  of the compounds and also because 
of the close ionic radii  of the cations. These solid 
solutions would enable  one to study the var iat ion of 
cathodoluminescent  emission spectra with composition. 

Structural Information on the Hosts 

The feldspars are a group of minera l  s tructures 
based on an infinite three-dimensional  s i l icon-oxygen 
framework. In  alkal ine earth feldspars, half of the 
te t rahedral  positions in the f ramework are occupied 
by A13+ and the other half by Si 4+ so that, for every 
two A13+, one divalent  Ca 2+, Sr 2+, or Ba 2+ is intro-  
duced to neutral ize the negat ive charge of the 
(Si,A1)O2 framework. These large cations take the 
interst i t ial  positions. The ratio of (Si q- A1) to O must  
always be 1:2 since every Si or A1 is surrounded 
te t rahedral ly  by  four oxygen atoms and each of these 
is common to two te t rahedral  groups. The silicon- 
oxygen f ramework for all of the alkal ine earth feld- 
spars is essentially the same; however, there are dif- 
ferences in crystal symmetries which are due to the 
difference in  the size of the cations around which 
the f ramework closes in. Alkal ine  earth feldspars are 
CaA12Si208 (anorthi te) ,  SrA12Si2Os, and BaA12Si208 
(celsian).  According to Wyckoff (4), in anorthi te  
(CaA12Si2Os) the Ca-atom has six or seven close 
oxygen neighbors at distances between 2.28 and 2.82A. 
In  celsian (BaA12Si2Os), the Ba-a tom has nine ox- 
ygen neighbors at distances between 2.667 and 3.135A, 
as well  as a tenth  somewhat more distant at 3.421A. 
Both Ca and Sr feldspar have triclinic symmetry  and 
the Ba feldspar is monoclinic. There are other poly- 
morphs of these feldspars; however, they are either 
metastable or the stabil i ty region is outside of the 
tempera ture  of preparat ion for this study. The poly- 
morphs dealt with in this paper are the h igh- temper-  
ature phases. A brief discussion of these polymorphs 
follows. 

Eskola (5) prepared both s t ront ium and ba r ium 
feldspars by heat ing oxides to 1400~ with Sr(VO3)2 
and Ba(VO3)2 as fluxes and characterized the products 
using a petrographic microscope. He also found that  
a homogeneous mixture  of 50 w/o  (weight per cent) 
SrA12Si2Os and 50 w/o  CaAl~Si2Os has indexes of 
refraction the same as those of CaA12Si2Os. He postu- 
lated that  Sr-feldspar  formed a complete series of 
solid solutions with Ca-feldspar. 

Davis and Tut t le  (6) reported two crystal l ine phases 
of CaA12Si2Os composition. One phase had a feld- 
sparlike s tructure ( that  of anorthi te) .  The second 

phase, which was metastable, had a hexagonal s truc-  
ture. 

SorreI1 (7) prepared s t ront ium and bar ium feld- 
spars in the solid state using mixtures  of kaol in- type  
clays and Ba- or Sr-sulfates. The bar ium compound 
showed a metastable hexagonal  phase which was very 
persistent  and required prolonged heating to convert  
it to stable celsian (feldspar).  The s t ront ium com- 
pound also showed a hexagonal  phase which was un -  
stable and detectable only dur ing continuous x - ray  
investigation. He suggested that  the hexagonal  phase 
is not  a h igh- tempera ture  polymorph of feldspar, but  
ra ther  a metastable form produced as a result  of 
rapid crystal growth. The stable phase of the bar ium 
feldspar had monoclinic symmet ry  and the s t ront ium 
feldspar was triclinic. 

Ito (8) determined the crystal s t ructure  of hexa-  
celsian (a hexagonal  form of BaAl.~Si2Os) and found 
it to consist of a double sheet of s i l ica-alumina te t ra-  
hedra with common apexes, held together by bar ium 
ions in 12-fold coordination. 

More recent ly Lin and Foster (9), dur ing an in-  
vestigation of BaA12Si2Os polymorphism, concluded 
that  there are four polymorphs of BaA12Si2Os (viz., 
paracelsian, orthorhombic form, hexacelsian, and 
celsian). Monoclinic celsian was stable from room 
tempera ture  to 1590~ where it inver ted sluggishly 
to hexacelsian. The latter, stable to the mel t ing point 
(1760~ persisted metas tably  on cooling below 
1590~ and inver ted to the orthorhombic form through 
3OO~ Natura l ly  occurring paracelsian was found to 
be a metastable phase which changed monotropically 
through hexacelsian to celsian at temperatures  as 
low as 500~ 

Experimental 
The star t ing materials  used for the preparat ion of 

batches were CaCO3, SrCO3 BaCOn, CeO2, Eu-_,O3, 
a luminum hydroxide, and silicic acid. Except for CeO., 
and Eu203, which were phosphor grade, reagent-grade 
chemicals were used. 

In  all compositions, Ce a+ and Eu 2+ concentrat ions 
were main ta ined  at 1 and 2 m/o  (mole per cent),  re- 
spectively. Pr ior  to formulation,  weight loss factors 
for a luminum hydroxide and silicic acid were deter-  
mined. Since Ce 3+ was subst i tuted for Me 2+ (Me 2+ 
---- Ca 2+, Sr 2+, or Ba2+), charge balance was accom- 
plished as follows: for MeA12Si2Os:Ce, the formula-  
t ion was 99 parts  MeA12Si2Os and 1 par t  CeAI~SiOs. 

Weighed batches were mixed under  acetone, air 
dried, calcined in p la t inum crucibles to 800~ re- 
mixed, and finally fired at 140O~ for 24 hr. The prod- 
ucts were ground and placed in a lumina boats which 
were heated in an atmosphere of ni t rogen with 3% 
hydrogen at 1100~176 for 18 hr. Samples were 
cooled to room tempera ture  in the reducing atmo- 
sphere. 

Crystal l ine phases were identified by a Norelco 
x - r ay  diffractometer using a scanning rate of 20 ---- 1 
deg/min  as a routine. For precise "d" spacing and 
lattice parameter  measurements ,  a slow scanning rate 
of V4 deg/min  and silicon as an external  s tandard 
were employed. The lattice parameters  were calcu- 
lated using at least 10 diffraction lines by the least- 
squares method using a computer program. 

The cathodoluminescence (C.L.) data were obtained 
in a demountable  electron beam gun system operated 
at 3 kV. Samples were mounted  at the focal point of 
an optical system which then refocused the emitted 
light on the entrance slit of a 3Am Czerny-Turner  
spectrometer. The output  from a photomult ipl ier  
(P.M.) tube, located at the exit slit of the spectrom- 
eter, was amplified by means of a synchronous detector 
and displayed on an x -y  recorder. The required peri-  
odic signal for the P.M. tube  was obtained by apply- 
ing a 13 Hz square wave to the horizontal deflection 
plates of the electron beam gun, thus providing a 50% 
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excitation duty cycle on the sample. The same square- 
wave generator  provided the reference signal for the 
synchronous detector. 

The excitation spectra were taken in a system util iz- 
ing a xenon light source focused through a mechanical  
light chopper onto the entrance slit of a 3~m spectrom- 
eter. The emission from the sample, located at the exit 
slit, was recorded by means of a photomult ipl ier  tube, 
the output  of which was amplified by means of a 
synchronous detector and displayed on an x -y  recorder. 
Appropriate filters were used in front of the sample 
and the P.M. tube and the spectra shown were cor- 
rected for system response. 

Results 
The compounds CaAlzSizOs, SrA lzSizOs, and 

BaAIzSizOs.--Calcium and s t ront ium feldspars were 
easily prepared at 1400~ The powders were well  
crystallized and produced well-defined x - r ay  diffrac- 
tion patterns. In  CaA12Si2Os and  SrA12Si2Os composi- 
tions, Ca-feldspar and Sr-fetdspar  were the only 
phases identified. No trace of the metastable hexagonal  
phases was detected in each of these. 

After  24 hr  at 1400~ hexacelsian was the only 
phase identified in the BaA12Si2Os composition. Heat-  
ing for 3 days at 1400~ did not convert  the mater ial  
to celsian, which was brought  about after firing for 5 
days. It is obvious, therefore, that  hexacelsian when 
made with pure  start ing materials  appears metastably 
at 1400~ and is very persistent. 

The cell dimensions of the Sr-  and Ba-feldspars 
were calculated using the least-squares method. Table 
I summarizes the results of this work and those re- 
ported previously. In  BaA12Si2Os, there is good agree- 
ment  between the lattice parameters  calculated in this 
work and those reported by  Sorrell  (7) in the ASTM 
Data File. In  SrA12Si208, the axial  parameters  a, b, and 
c of the triclinic cell agree very well with previously 
reported data. However, the angular  parameters  were 
somewhat different. In the ASTM File, the angle 
gamma (94.10 ~ ) is larger than alpha (89.43~ This 
work found alpha (90.18 ~ ) to be slightly larger than 
gamma (89.27~ A very small  difference was apparent  
in the angle beta. The previous data for CaA12Si2Os 
were obtained using a na tu ra l  specimen of u n k n o w n  
chemical composition. Since anorthite is general ly 
found to contain albite, etc. (10), the difference in the 
data presented could be due to such impurities. 

The cathodoluminescent  emission spectra of Ca-, Sr-,  
and Ba-feldspars activated by each of Ce 3+ and Eu 2 + 
are shown in Fig. IA and 2A, respectively. Ce 3 +-acti-  
vated CaA12Si2Os gave two emission peaks. The peak 
emission in the ul t raviolet  region occurred at 355 nm. 

Table I. Lattice parameters of CoAI2Si2Os, SrAI2Si2Os, and 
BaAI2Si20s 

F r o m  A S T M  D a t a  F i l e  P r e s e n t  w o r k  

CaAlsSi2Os* 
Reduced cell Reduced cell 

a = 8 . 1 8 4 A  a = 7 . 7 0 0 A  a = 8 . 3 0 9 A  
b = 1 2 . 8 6 5 A  b = 1 2 . 8 9 7 A  b = 1 2 . 8 6 4 A  
c = 1 4 , 1 5 0 A  c = 7 . 5 5 5 A  c = 7 . 3 3 6 A  
r = 9 2 . 2 8  ~ a = 9 1 . 1 3  ~ ~ = 8 9 . 6 8  ~ 

= I15.92 ~ ~ = 115.13 ~ ~ = 119.17 ~ 

T = 91.62 ~ 3' = 98"37~ 7 = 91.86 ~ 

S r A l 2 S i 2 O s * *  

a = 8.23A a = 8.312A 
b = 1 2 . 8 6 A  b = 1 2 . 9 3 4 A  
e ~ 7 . 2 2 A  c = 7 . 1 2 9 A  
ct ~ 8 9 . 4 3  ~ ~ = 9 0 . 1 8  ~ 

~ 116.50 ~ ~ = 1 1 5 . 0  ~ 
7 = 9 4 . 1 0  + 7 = 8 9 . 2 7 "  

B a A l 2 S i ~ O s * *  

a = 8.63A a = 8,647A 

b = 1 3 . 1 0 A  b = 1 3 . 0 7 1 A  
c = 7 . 2 9 A  e = 7 . 2 1 7 A  
fl = 1 1 6 . 0  ~ ,8 = 1 1 5 . 1 "  

* C o l e  et aL, Aeta. C r y s t . ,  4 ,  2 0  ( 1 9 5 1 ) .  
** S o r r e l ,  Am.  Mineralogist, 47 ,  2 9 1  ( 1 9 6 2 ) .  
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Fig. 1A. Emission spectra of Ce3+-activated CoAI2Si2Os and 
SrAI2Si2Os due to C. L. excitation. 
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Fig. lB. Excitation spectra of Ce 3 +-activated CaAI2Si2Os 

Emission in the visible region was broad with a peak 
at 490 nm in the b lue-green  region. Ce3+-activated 
SrA12Si2Os gave a peak emission at 530 nm in the 
green region. Excitat ion spectra are shown in Fig. 1B 
and 2B. SrA12Si2Os:Ce 3+ is very weakly excited by 
ultraviolet;  only one small  excitation band could be 
observed around 265 nm. Ce3+-doped BaA12Si~Os 
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Fig. 2A. Emission spectra of Eu 2 +-activated CaAI2Si2Os, 

SrAI2Si2Os, and BaAI2Si2Os due to C.L. excitation. 
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Fig. 2B. Excitation spectra of Eu'~+-activated feldspars 

(celsian) and hexacelsian were iner t  to C.L. excita- 
tion. 

The emission of Eu2+-activated CaA12Si2Os and 
SrA12Si2Os due to C.L. excitation occurred in the blue 
region with peak emission at 470 and 465 rim, respec- 
tively. The emission peaks were broad and there were 
no significant differences in their positions. The emis- 
sion of Eu2+-activated BaA12Si208 due to C.L. excita- 
tion occurred in the ul t raviolet  region and very weakly 
in the b lue-green region with peak emission at 375 
and 500 nm, respectively. 

The system CaAlzS~zOs-SrAl2Si2Os.--Five phosphors 
prepared in this system were completely reacted after 
24 hr at 1400~ Only the feldspar phase was identified 
in each composition. X- r ay  diffraction pat terns showed 
complete solid solution series between the end mem-  
bers. A plot of observed "d" spacing as a function of 
composition, shown in Fig. 3, is in good agreement  
with the concept of complete solid solubility. 

In  Ce~'~+-activated phosphors prepared in  a series of 
solid solutions, one f requent ly  finds a continuous shift 
in the C.L. emission peak positions from one end mem-  
ber to the other. The Ca-feldspar and Sr-feldspar  
system, however, shows no such shift in the peak 
position. On the contrary, emission peaks of both the 
end members  were present  in the solid solution series. 
The 490 nm emission peak for CaA12Si2Os decreases 
considerably at Ca0.sSr0.~A12Si208 and then ceases be- 
yond this limit. Figure  4 gives a plot of relative in-  
tensi ty (by peak height measurement)  of emission 
peak as a function of composition. The peak intensi ty 
of the emission characteristic of Ca-feldspar decreases 
as the concentrat ion of Sr 2+ increases in the solid 
solutions. Similarly,  the peak intensi ty  of Sr-feldspar  
emission decreases with an increase in Ca 2+ concen- 
tration. 
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Fig. 3. "d" Spacing vs. composition in the system CaAI2Si2Os- 
SrAl~i208. 
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Fig. 4. A plot of relative intensity vs. composition of emission 
peaks in the system CaAI2Si20~:Ce3+-SrAI2Si2Os:Ce 3+ due to 
C . L .  e x c i t a t i o n .  

Since the C.L. peak emission of Eu2+-act ivated Ca- 
and Sr-feldspar  occurs at 470 and 465 nm, respectively, 
no shifts in the positions of peak emission were antic-  
ipated in the solid solution series. The peak emission 
of phosphors prepared in the solid solution region oc- 
curred in the blue region at 470 nm as did those of 
the end members.  The relat ive intensi ty  (by peak 
height measurement)  of the emission peaks as a func-  
tion of composition is plotted in Fig. 5. Unlike Ce ~+- 
activated phosphors, these solid solutions have higher 
intensi ty  than the end members.  The phosphor with 
75% Ca- and 25% Sr-feldspar  has ma x i mum intensi ty  
in the emission peak. 

The system SrAlzSi2Os-BaAlzSizOs.--Six composi- 
tions were prepared in this system. X- ray  diffraction 
pat terns indicated that  Sr-feldspar  accepted 60 m/o  
Ba 2+ for Sr 2+ in solid solution. Ba-feldspar  accepted 
only 20 m/o  Sr 2+ for Ba 2+. Cell dimensions of the 
compositions in the system were calculated by the 
least-squares method. The parameters  obtained, as a 
function of composition, are plotted in Fig. 6A and 6B. 
The a, b, and c parameters  of SrA12Si2Os all increase 
with the subst i tut ion of Ba 2+ for Sr 2+. This l inear  re- 
lationship is evident  up to 60 m/o  Ba 2+ beyond which 
the slope of the plot for BaA12Si2Os solid solution 
region is different. Similarly,  the angular  parameters  
alpha and gamma of SrA12Si2Os approach 90 deg at 
60 m/o  Ba 2+. Thereafter,  they become 90 deg in the 
BaA12Si2Os solid solution region. Between 60 and 80 
m/o  BaA12Si2Os, there exists a two-phase region. 

The relat ive in tensi ty  (by peak height measurement)  
of the 530 nm peak emission vs. composition of Ce 3+- 
activated phosphors in the system is plotted in Fig. 7. 
The peak emission of SrA12Si2Os increased in intensi ty  
with the subst i tut ion of Ba 2+ for Sr ~+ up to 40 m/o  
Ba 2+ and then it dropped slowly up to 60 m/o  Ba 2+, 

F-  

Z 
UJ 
I - -  

Z 

U_t 
> 

UJ 

I I I I I I i I , 
0 20 40  60 80 I00 

CaAIzSi 2 0 e SrAIzSi2 08 
MOLE PERCENT 

Fig. 5. Relative intensity vs. composition of emission peak in the 
system CaAI2Si2Os:Eu2+-SrAI2Si2Os:Eu2+ due to C.L. excitation. 
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beyond which the luminescence ceases. Cea+-doped 
BaA12Si2Os is inert  to C.L. excitation and its solid solu- 
tions are also found to be inert. Similar  results were 
obtained in the Eu 2 +-act ivated system. Figure 8 shows 
a plot of the relat ive intensi ty  of the 465 nm emission 
peak as a funct ion of composition. The relat ive in ten-  

z 

z 
uJ > 
I-- 
J 

/ t  -- 

0 20 40 60 80 I00 
SrAI2SizO e BaAIzSi20 e 

MOLE PERCENT 

Fig. 8. Relative intensity vs. composition of emission peak in the 
system SrAI2SI2Os:Eu2+-BaAI2Si2Os'Eu 2+ due to C.L excitation. 

s i t y  increases w i t h  Ba  2+ c o n c e n t r a t i o n  up  to 35 m / o  
Ba 2+ and then  slowly decreases up to 70 m / o  Ba 2+ . 
Beyond this limit, the luminescence almost ceases. The 
in tensi ty  of the 375 n m  emission peak of BaA12Si208 
decreases with increasing Sr 2+ concentra t ion up to 
20 m/o  Sr 2 + and then ceases. 

The system CaAlzSizOs-BaAb.Si2Os.--Six composi- 
tions were prepared in this system. X- ray  diffraction 
pat terns indicate that  CaA12Si2Os can accept only up 
to 10 m/o  Ba 2+ for Ca 2+ in  solid solution. However, 
the BaA12Si2Os solid solution is very  extensive. Up to 
60 m/o  Ba "2+ can be replaced by Ca 2+ in BaA12Si208 
solid solution. Between 10 and 40 m/o  Ba 2+, Ca-feld-  
spar and Ba-feldspar  were both identified as coexisting 
phases. BaA12Si2Os and its solid solutions were found 
to be inert  to cathode-ray excitat ion when doped with 
Ce a+ and to be only very  weakly excited when  acti- 
vated by Eu 2+. Therefore, the extensive solid solution 
of BaA12Si2Os with CaA12Si2Os was of no interest  for 
luminescence studies. Since CaA12Si2Os solid solution 
was very  l imited ( ~  10 m/o  Ba "2+ for Ca2+), it was 
not investigated further.  

Discussion 
The Ce3+-activated CaA12Si2Os shows two distinct 

peaks in the excitat ion spectra occurring at 34.5 x 103 
cm -1 and 41 x 10~ cm -z  (see Fig. 1B). These peaks 
are assumed to be caused by the crystal field spli t t ing 
of the Ce ~+ ion as has been previously suggested ( l a ) .  
Two peaks separated by approximately 8160 em -1 
are also observed in the emission spectrum. In  
SrA12Si2Os:Ce, only one very  weak excitation peak 
around 38 x 10~ cm -1 could be identified. Because of 
inefficient pumping  of the mater ia l  by photons, the 
existence of other excitat ion hands cannot  be ruled 
out. The emission spectrum also shows only one peak 
occurring at 18.9 x 10~ c m - L  

In  forming the solid solution series be tween the Ca 
and Sr end members,  the lattice parameters  varied 
cont inuously as a funct ion of composition; however, 
the position of the Ce a+ emission appears not  to be 
affected. Instead, the emission for the solid solution 
samples appeared to be a combinat ion of the two types 
of spectra. This would  imply that  the Ce ~+ ion is 
probably occupying two different kinds of sites in th e 
solid solution in  which the activator env i ronment  is 
essentially the same as that  in the end members.  This 
may indicate that  the local env i ronment  of the acti- 
vator ion remains v i r tua l ly  unchanged,  even though 
there is a long-range  change in the crystal  which is 
reflected in the lattice parameter  variations. The de- 
crease in the Ce a+ emission in the single-phase solid 
solution region proceeding from Sr toward Ba is also 
probably due to the Ce 8+ ions occupying two sites, 
wi th  the alkal ine earth ion site in  BaA12Si2Os being 
inert. 

With Eu 2+ activation, both the CaAleSi2Os:Eu 2+ and 
SrA12SbOs:Eu 2+ samples showed a broad emission 
throughout  the visible with the peak of the band oc- 
curr ing at 465-470 nm. The genera] character of the 
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emission band did not  change as a function of com- 
position across the solid solution series. However, it 
is interest ing to note that  the max imum intensi ty 
occurs at a point in between the two end members.  It  
is not known whether  this increase is caused by an 
increased efficiency of the Eu 2+ ion (a decrease in 
radiationless energy loss) or by an improvement  in 
the energy t ransfer  mechanism between the host and 
activator. A similar var ia t ion of the in tens i ty  of the 
465 nm band is also observed in the Sr to Ba solid 
solution samples. 

The BaA12SiuOs:Eu mater ia l  shows two peaks in the 
emission spectra separated by approximately 6670 
cm-1.  Again, the presence of these two bands may be 
caused by a spli t t ing of the 5d level of the Eu 2+. 
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Phase Equilibria and Tin-Activated Luminescence in the 
System Ca3(PO4)2-Ba3(PO )  

Eric R. Kreidler 
Lighting Research Laboratory, General Electric Company, Nela Park, Cleveland, Ohio 44112 

ABSTRACT 

The phase diagram for the system Cas(PO4)2-Bas(PO4)2 has been deter- 
mined in detail. Although no intermediate compounds were found in the sys- 
tem, two extensive solid solution regions having the ~-Ca3(PO4)2 and 
~-Ba3(PO4)2 structures were found to exist. Beta-Ba3(PO4)2 is a newly dis- 
covered polymorph stable above 1390~ The divalent tin-activated lumines- 
cence of various phases in the system was studied. The most efficient phosphor 
was ~-Ca2.5oBao.45Sn0.02(PO4)2 which had properties similar to those of 
CaI0(PO4)6F2:Sb. The performance of a-(Ca, Ba)3(PO4)2:Sn in fluorescent 
lamps was evaluated. 

The alkal ine earth orthophosphates serve as host 
s tructures for efficient luminescence and have been 
studied extensively in this regard. As a result  of the 
interest  in luminescence, a number  of alkal ine earth 
orthophosphate phase diagrams have been determined.  
The system Ca3 (PO4)2-Ba3(PO4)2 has received some 
at tent ion (1) but  has not been examined in detail. 
Prior to the present study, two compounds, having the 
compositions Ca2Ba (PO4) 2 and  Ba2Ca (PO4)2, were re-  
ported to occur in the system (1, 2). These phases are 
found to be members  of two distinct solid solution 
series, and no discrete compounds exist wi th in  the 
calcium or thophosphate-bar ium orthophosphate sys- 
tem. 

The t in-act ivated  luminescence of ~- and a- 
Ca3(PO4)2 and of Ba3(PO4)2 was reported by But ler  
(3) in 1951. Both forms of calcium phosphate have 
efficient visible emissions when  excited by 254 nm 
radiation. Under  the same conditions, ba r ium ortho- 
phosphate shows only a weak ul traviolet  fluorescence. 
The tempera ture  dependence of the luminescence in 
a-Ca3(PO4)2:Sn and ~-Ca~(PO4)2:Sn as well as the 
effects of magnes ium additions in  ~-Caa(PO4)2:Sn 
were studied by Wanmaker  and Radielovic (4). 
Lendvay (5) speculated on the na ture  of the lumines-  

Key words: phase equilibria, calcium-barium orthophosphates, 
phosphors, tin, luminescence. 

cence centers in ~-Ca3(PO4)2:Sn and assigned the red 
emission band to Sn  2+ ions replacing Ca 2+ ions and 
the green band to interst i t ial  Sn ~+ ions. Besides tin, 
m a n y  other activators have been examined in the 
alkal ine earth orthophosphates; among these are Ce 
(6), T1 (7), Cu (8, 9), Sb (10), Eu (11), and Tb (12). 
In  this study, only t in-ac t iva ted  luminescence is dis- 
cussed. 

Experimental 
Samples were prepared by  reacting mixtures  of 

reagent-grade CaCO3, BaCOn, and (NH4)2HPO4 in the 
solid state at temperatures  of 500 ~ 800 ~ and 1050~ 
for times of 4, 15, and 15 hr, respectively. Between 
heat treatments,  the samples were thoroughly remixed 
under  acetone in glass mortars.  The materials  used 
for the phase equi l ibr ium studies were free of tin, and 
were formulated to have the orthophosphate stoichiom- 
etry (i.e., [Ca + Ba]/PO~ =- 1.5). Tin-act ivated  l umin -  
escent materials  were prepared by one of two methods 
and were in tent ional ly  made deficient in cations to 
facilitate incorporation of the activator. In the first 
method, mixtures  of SnO2, CaCO3, BaCO3, and 
(NH4)2HPO~ were reacted in the solid state as de- 
scribed above. In  order to obta in  t in  in the divaIent 
state, these materials  were then heated for 1 hr at 
1050~176 in  a flowing atmosphere of 1% hydrogen 
and 99% nitrogen. In  the second method, mixtures  of 
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Sn2P207 and pre-reacted (Ca, Ba)3(PO4)2 were sealed 
into evacuated, fused silica capsules and heated for 
2-4 hr at 1150~176 Both methods of preparat ion 
gave efficient phosphors. 

The phase relationships were studied by several 
methods. Slow reactions were studied by the quench-  
ing technique (13) and, when  possible, the equi l ibr ium 
conditions were approached from two directions. Fast 
reactions were studied by the DTA method with a 
Du Pont 600 Thermoanalyzer.  High- tempera ture  x - ray  
diffraction measurements  were done in a TemPres 
x - ray  diffraction furnace. Phase analyses of the pro- 
ducts were carried out on a General  Electric XRD-5 
diffractometer using nickel filtered copper radiation. 
For rout ine phase indentification, the diffractometer 
was scanned at 1 deg the ta /min ,  but  for more precise 
measurements  the diffractometer was scanned at 0.1 
deg the ta /min ,  and the peak positions were corrected 
by reference to an in terna l  a luminum standard. Index 
of refraction measurements  were by the oil immersion 
method. Temperatures  were measured to an accuracy 
of •176 with calibrated p la t inum/p la t inum-10% 
rhodium thermocouples. 

Excitat ion and emission spectra of the phosphors 
were measured as described by Hoffman (14). These 
spectra are automatical ly corrected for ins t rumenta l  
errors and represent  t rue relative energy per wave-  
length interval.  The reflectance of pure a-Ba3(PO4)2 
was measured, relative to Kodak h igh-pur i ty  BaSO4, 
with a McPherson Model 225 vacuum spectrometer. 

Phase Equilibria 
The results of the phase equi l ibr ium study are sum- 

marized in Fig. 1. The phase diagram was constructed 
on the basis of quenching experiments  (Table I) ,  dif- 
ferential  thermal  analysis (Table II) ,  and precise mea-  
surements  of x - r ay  "d" spacings as functions of com- 
position and tempera ture  (Table III) .  The data in 
Tables II and III are based on mult iple  observations 
and serve to refine the approximate phase boundaries  
derived from the data in Table I. 

Contrary to previous reports, no intermediate  com- 
pounds exist wi thin  the system Ca3 (PO4)2-Ba3 (PO4)2. 
However, two extensive series of solid solutions do 

Table I. Observed phase assemblages in the system 
Ca3(PO4)2-Ba3(P04)2 

Composi t ion Th e rma l  t r ea tmen t  (a> 
m / o  Ba$(PO4)a ~  Phases  present(b) 

O.O 1150/24 P a-CoP 
1200/88 P a-COP 
1450/17 Q a-CaP 
1498/6 Q a-CaP 

2.0 880/114 P #-CAP 
910/48 P fl-CaP 

1000/112 P a-CaP + ~-CaP 
1150/24 P a-CaP 
1200/88 P a-C-4P 

5.0 880/114 P ~-CaP + a-CaP 
910/48 P ~-COP + a-CaP 
1000/112 P a-COP 
1150/24 P a-C3P 
1200/88 P a-CaP 
1450/17 Q a-CaP 
1498/6 Q a-CaP 

I0.0 793/89 Q a-COP 
910/48 P a-CoP 
1010/72 P a-CoP 
1150/24 P a-CoP 
1200/88 P a-CoP 
1400/2 P a-CaP 

15.0 793/89 Q a-CoP 
910/48 P a-CaP 

1010/72 P a-CaP 
1150/24 P a-COP 
1200/88 P a-CaP 

20.0 698/230 Q a-CaP 
793/89 Q a-CoP 
900/46 P a-CaP 
950/68 P a-COP 

1010/72 P a-CoP 
1150/24 P a-COP 
1200/68 P a-CaP 
1400/2 P Melted 

25.0 840/88 P a-CaP 
900/40 P a-COP 
950/68 P a-CaP 

1150/24 P a-COP 
1200/88 P a-CoP 

30.0 840/88 P a-CsP 
910/48 P a-COP 

1000/48 P a-COP 
1100/24 P a-CaP 
1150/24 P a-CaP 
1200/88 P a-CaP + tr ~-BaP 
1270/64 P a-CaP + ~-BaP 
1400/2 P Melted 

35.0 840/88 P a-CsP + a-BaP 
880/114 P a-CaP + a-BaP 
910/48 P a-CaP + ~-BaP 
1000/112 P a-CaP + ~-BaP 
1100/66 P a-CaP + fl-BaP 
1200/88 P a-CaP + fl-BsP 
1270/84 P a-CaP + fl-BaP 

40.0 840/88 P a-CaP + a-B~P 
880/114 P a-CaP + a-BaP 
910/48 P a-CaP + fl-BaP 

1000/112 P a-CaP + fl-BaP 
1100/66 P a-CaP + ~-BaP 
1200/88 P a-COP + fl-Bap 
1400/2 P Melted 

50.0 1000/116 P a-CaP + ~-BaP 
1100/96 P ~-B~P + t r  a-COP 
1200/92 P ~-BaP 
1400/2 P Melted 

55.0 (a> 850/48 Q a-BaP + a-CaP 
879/45 Q a-BaP + a-CoP 
900/48 Q a-BaP + a-CaP + .@-BaP 
950/72 Q ~-B~P + a-Cap 

1000/89 Q ~-B~P + a-Cap 
1200/92 P fl-BaP 

55.0 (d) 850/48 Q a-BaP + a-CaP 
879/45 Q a-BaP + a-CaP 
900/48 Q ~-BaP + a-COP 
950/72 Q ~-BaP + a-C3P 

1000/89 Q fl-BaP + a-CaP 

80.0 (e) 850/48 Q a-BaP + a-CaP 
879/45 Q a-BaP + a-CaP 
900/48 Q a-BaP + ~-BaP + tr  a-CaP 
950/72 Q fl-B3P 

1000/89 Q ~-Bap 
1200/92 P ~-BaP 
1400/1 Q Melted 

60.0 (=> 850/48 Q a-BaP + a-CaP 
879/45 Q a-BsP + a-CaP 
900/48 q /3-B3P 
950/72 Q ~-BsP 

1000/89 Q /~-BaP 

65.0 1000/116 P ~-BaP + a-BaP 
1200/92 P ~-BaP 

70.0 1000/116 P ~6-BaP + a-BaP 
1100/98 P ~-BaP 
1290/92 P /~-BaP 

80.0 1000/48 P a-BaP + /3-BaP 
1100/96 P ~-BsP + a-BaP 
1290/92 P .~-BaP 

90.0 1000/48 P a-BaP + ~-BaP 
1100/48 P a-BaP + ~-BaP 
1200/92 P a-BsP + ~6-BaP 
1300/18 Q a-BaP + ~-BaP 
1324/18 Q a-BaP + Ja-BaP 
1353/19 Q ~-BaP 
1395/17 Q ~-BaP 

95.9 1000/64 P a -BaP 
1200/64 P a-BsP + ~-BaP 
1300/18 Q ~-BaP + a-BsP 
1353/19 Q ~-BaP 

97.5 1000/64 P a-BaP 
1200/64 P a-BaP 

IOO.O 1150/15 P a-BaP 
1200/68 P a-BaP 

(a) p = pelletized sample,  Q = quench  sample.  
(bj C = CaO, B = BaO, P = P205; thus, CaP = Caa(PO4)2, etc. 
(c) Ini t ia l  phases  were  ~-BaP + a-CaP + a-B.~P. 
~> Ini t ia l  phase was  fl-BaP solid solution. 
(e) Ini t ia l  phases  were  a-BaP + a-COP. 

occur, and their structures correspond to those of the 
h igh- tempera ture  polymorphs of calcium and bar ium 
orthophosphate. The compound, CaBa2(POOe, re- 
ported by Lagos (2) is a member  of the /~-Ba3(PO4)2 
solid solutions. The x - ray  pa t te rn  of Ca2Ba(PO4)2 re-  
ported by Bobronicki et al. ( i )  is a poor approximation 
of the pat tern  of the l imit ing a-Ca3(PO4)2 solid solu- 
tion. 

Polymorphism of Caa ( PO4) 2.--The phase transit ions 
in pure calcium ortbophosphate have been examined 



Vol. 118, No. 6 T I N - A C T I V A T E D  L U M I N E S C E N C E  925 

I ' ' ' ' ' ' ' / 
1800 18LO 

\ \ \ / a - C 3 P +  L >162 

1600 ,_C3p\\\?'\ LIQUID (L) 

_ '' B B30+ L'~ //~/// 
1475 • 7 \\ \ o - 

\ \ o 
1400 - \ 1377\ (I-CsP+ L 

1390 • 

moo ~ ~  

1000 B-CsP B+ a- 83P I - 
,, 

i 
800 u-C3P+ e-18~P o-83p ~ -  

~o ' ~" 6" ~o ' ,oo 

CO3 (P04) 2 MOLE % BO 3 (F04) 2 

Fig. 1. The system Ca3(PO4)2-Baa(P04)2. B3P ---- Ba3(P04)2 and 
C3P = Ca3(P04)2. 

on numerous  occasions, but  some disagreement over 
the inversion temperatures  is evident  in the l i terature.  
For example, the correct tempera ture  of the ~ ~ a 
inversion is 1130~ (15, 16), but  one still finds the 
temperature  quoted as 1180~ in the l i terature on 
luminescence. The a ~ a' inversion tempera ture  was 
originally reported as 1430~ by Nurse et al. (17), but  
a subsequent  determinat ion by Tromel  and Fix (18) 
gave a value of 1470~ The tempera ture  of the ~ ~ ~' 
inversion was redetermined by DTA (Table II) and 
found to be 1475 ~ _+ 7~ which is in excellent agree- 
ment  with the value of Tromel and Fix. The inversion 

Table II. DTA study of melting and polymorphism in the 
Ca3(PO4)2-Ba3(P04)2 system 

C o m p o s i t i o n  I n v e r s i o n  M e l t i n g  
m / o  Bas(PO4)~ t e m p e r a t u r e s  (~ t e m p e r a t u r e s  (~ 

0 1475- -67  - -  
5 1 4 3 4 - - 1 4 5 6 "  - -  

15 1 3 8 3 - - 1 4 0 6  - -  
20  1 3 7 7 - - 1 3 9 5  - -  
25 1 3 7 7 - - 1 3 8 6  - -  
35 - -  129~- -1340"  
50 - -  1 3 1 8 - - 1 3 7 6  
60 - -  1345--1408 
70 - -  1 8 9 7 - - 1 4 5 0  
80 - -  1 4 3 1 - - 1 4 7 4  
90 - -  1521--1543 

1O0 1390-+-15 >1620 

* T h e  f i rs t  t e m p e r a t u r e  is t h e  onse t  of  t h e  h e a t  e f fec t  a n d  t h e  sec-  
ond  is  t h e  p e a k  of t h e  h e a t  effect .  T e m p e r a t u r e s  w e r e  d e t e r m i n e d  
on t h e  s econd  a n d  t h i r d  m e l t / c o o l  cycIes  to e l i m i n a t e  the  e f fec ts  of  
sintering. Heating (cooling) rates of 50~ and 15~ were 
used. The standard was ~-Al~Os. 

Table III. X-ray study of solid solubility in the system 
Co3(PO4)2-Ba3(P04)2 

E q u i l i b r a t i o n  So l id  s o l u t i o n  l i m i t s - - m / o  Ban (POD 2 
c o n d i t i o n s  ( ~  L o w e r  l i m i t  U p p e r  l i m i t  

was rapid reversible and showed nei ther  supercooling 
nor superheat ing effects when traversed at 50~ 
The melt ing point of Ca3 (PO4)2 was not determined in 
this study and the value used in Fig. 1 was taken from 
Tromel and Fix (18). The incongruent  mel t ing behav-  
ior of Ca~(PO4)2, reported by Welch and Gutt  (15), 
has been discussed elsewhere (19) and concluded to 
be an incorrect result. The low- tempera ture  phase 
transi t ions suggested by Koelmans  et al. (20) were not 
studied. 

Can(P04)2 solid soZutions.--The a-calcium ortho- 
phosphate solid solutions have a ma x i mum bar ium con- 
centrat ion of 28 m/o  (mole per cent) at 1000~ All  
members  of the solid solution series [ including pure 
a-Caa(PO4)2] may be obtained metas tably  at room 
temperature  by removing the samples from the furnace 
and allowing them to cool in air. A sintered sample of 
a-Ca3(PO4)2, containing 5 m/o  Ba3(PO4)2, was ex- 
amined under  the microscope and found to have bi-  
axial positive optic character. The optic character is in 
agreement with Mackay's observation of a monoclinic 
uni t  cell (21). The low symmetry  helps explain the 
changes observed in the x - ray  diffraction pat terns as 
the a-solid solutions are traversed. Aside from the 
normal  displacement of the diffraction peaks due to 
dilation of the lattice, one observes what  are ap- 
parent ly  single peaks split t ing up into three or more 
separate peaks. One also observes large relative in-  
tensi ty changes among the peaks. These effects can be 
at t r ibuted to different rates of expansion of the crystal 
axes and perhaps also to a change in the monoclinic 
B-angle as the bar ium concentrat ion increases. It is 
also possible that  the s t ructure  becomes triclinic as 
bar ium is added. In  any  case, the diffraction pat terns 
of the l imit ing solid solution and of pure --Ca~(PO4)2 
are so different in appearance that, if only these two 
pat terns were compared, they very likely would be at- 
t r ibuted to two different compounds. However, if 
x - ray  pat terns are taken at 5 m/o  intervals,  a gradual  
change of the pure a-Ca3(PO4)2 pa t te rn  into that of 
the l imit ing solid solution is observed. Microscopic 
analysis of the samples showed them to contain only 
one phase whose average refractive index varied with 
composition as shown in Table IV. 

The phase boundaries  of the a-solid solutions were 
determined by observing the points at which the x - r ay  
"d" spacings ceased to vary  as a funct ion of composi- 
tion. The details of the method are outlined by Cull i ty 
(22). The samples used for these determinat ions  were 
in the form of pressed pellets (2 mm high by 10 mm 
diameter) ,  which were equil ibrated for several days at 
the temperatures  indicated in Table III. 

The change in the a ~ a' inversion tempera ture  as a 
function of composition (Fig. 1) indicates considerable 
solid solubil i ty of Ba3(PO4)2 in a'-Ca3(PO4)~, at high 
temperatures.  The a' solid solutions rapidly revert  to 
the a-form on cooling, and even quenching into water  
from 1500 ~ is insufficient to preserve them. 

The solid solubili ty of Ba3 (PO4)2 in ;~-Ca3 (PO4)2 was 
determined by  x - r ay  measurements  to be less than  2 
m/o  at 880~ 

Polymorphism of Bag (PO4)2.--In 1963, the author in-  
vestigated the thermal  behavior  of Ba~(PO4)2 by DTA 
and h igh- tempera ture  x - r ay  diffraction methods. A 

a-Ca3(PO~)2  sol id  so lu t ions*  
880 /114  8.8 ----- 1 26.0 4" 2 

1000/112  3.5 -~- 1 2 7 . 3 -  2 
1100 /66  - -  27.0  • 2 
1200 /88  - -  26.0 • 2 
1270 /64  ~ 26.0 • 2 

~-Ba8 (POD ~ so l id  so lu t ions*  * 
1000/116  61.0 ----- 1 64.3 - -  1 
1100 /96  53.3 ----- 2 70.0 +-- 2 
1200/92  48.0 ----- 1 77.0 ----- 1 
1270 /64  44.0 ---- 1 - -  

Table IV. Average refractive indexes of 
a-(Cal-xBaz)3(P04)2 solid solutions 

C o m p o s i t i o n  
x I n d e x *  

0.0O 1 . 5 9 0 •  0,001 
0.05 1.593 
0 .10  1.595 
0.15 1.595 
0.20 1.597 

* A v e r a g e  of v a l u e s  m e a s u r e d  fo r  f ive  d i f f r a c t i o n  l ines .  
** A v e r a g e  of v a l u e s  m e a s u r e d  fo r  n i n e  d i f f r a c t i o n  l ines .  * M e a s u r e d  fo r  N a D  l ine  a t  25~ T h e s e  s a m p l e s  w e r e  e q u i l i b r a t e d  

A l l  v a l u e s  f e l l  w i t h i n  t h e  i n d i c a t e d  l imi t s ,  a t  1200~  hr .  B i r e f r i n g e n c e  of t h e  c r y s t a l s  w a s  low,  ~ 0 . 0 0 2 .  



926 J. Electrochem. Soe.: S O L I D  S T A T E  S C I E N C E  J u n e  1971 

strong, sharp endotherm was observed at about 1360~ 
and the h igh- tempera ture  x - r ay  study showed the 
presence of a new phase at 1400~ These results were 
unrepor ted except for a brief reference by McCauley 
and Hummel  in 1968 (23). Since 1968, more precise 
DTA studies have been carried out and the inversion 
temperature  has been revised to 1390 ~ _+ 15~ The 
heating and cooling rates were found to influence the 
inversion temperature,  indicat ing that the t ransi t ion is 
somewhat sluggish. At 50~ the inversion occurred 
at 1410 ~ on heat ing and at 1241~ on cooling. The cor- 
responding temperatures  observed at heating and cool- 
ing rates of 15~ were 1404 ~ and 1380~ The lat-  
ter results bracket  the inversion tempera ture  to wi thin  
25~ 

Although ~-Ba~(P04)2 can undergo considerable 
supercooling, this phase cannot be obtained at room 
temperature  by rapidly quenching it into water. To the 
author 's  knowledge, the h igh- tempera ture  or ~ form of 
ba r ium orthophosphate has not  been discovered previ -  
ously. An  x - r ay  pa t te rn  of ~-Ba3(PO4)2 taken at 
1450 ~ ___ 10~ is given in Table V. 

Ba3(P04)2 solid solutions.--The $-Baa(PO4)2 solid 
solutions are unstable  below 890~ (the eutectoid tem- 
perature)  and decompose to a mix ture  of a-Cas(PO4)~ 
ss and a-Ba3 (PO~)2. However, fl-solid solutions having 
compositions between 50 and 80 m/o  Baa (PO~)2 can be 
obtained metastably at room temperature  by remov-  
ing samples from the furnace and allowing them to 
cool in  air. Solid solutions having compositions between 
80 and 95 m/o  Ba~(PO~)2 can be preserved by water  
quenching. The phase boundaries  of fl-Ba3 (PO4)2 were 
determined from precise "d" spacing measurements  of 
n ine  diffraction lines. The samples were in the form 
of cylindrical  pellets and were equil ibrated at the tem- 
peratures and for the times shown in Table III. The 
eutectoid composition, determined by extrapolat ion 
of the phase boundaries,  is 63 m/o  Ba3(PO4)2 and 37 
m/o  Ca~ (PO4)2. 

A sample of composition (Bao.aCa0.~)3(PO4)~ was 
crystallized from the melt  and examined microscopi- 
cally. This member  of the ~-solid solution series was 
biaxial  negative with a small  optic axial angle. The 
low symmetry  precluded indexing of the x - r ay  powder 
patterns. Representat ive powder pat terns of the ~-solid 
solutions are given in Table V. 

The solid solubili ty of calcium orthophosphate in 
a-Ba~ (PO4)~ was less than 2.5 m/o  over the tempera-  
ture range 880~176 This value was determined 
from precise x - ray  measurements .  

Table V. X-ray diffraction data for/~-Ba3(P04)2 
and its solid solutions 

,8-Ba3 (PO~) ~* ,8-Ba2.zCao.~ (POD 2* * .~-Baz.~Caz.s (PO~) ~** 
d A 1/Iz d A I / lz  d A I / lz  

4.33 7 4.20 5 
4.09 11 3.95 12 3.90 1-0 
3.60 31 3.45 69 3.43 16 
3.58 58 -- 3.38 37 

3.36 21 3 . ~  66 3.16 100 
2.94 39 2.816 2fl 2.766 29 
2.88 100 2.747 86 2.725 73 
-- -- 2.481 3 2.458 9 

- -  - -  2.332 13 -- 

-- -- 2.292 14 2.276 3"0 
-- -- ~ -- 2.241 54 
-- -- 2.241 1OO 2.211 25 

-- -- 2.144 19 2.122 20 

2.19 22 2.086 33 2.066 22 
-- -- 1.982 9 - -  

200 ~ 1.964 11 1.942 
1.939 8 

1.97 16 1.864 14 1~6 
- -  1.791 6 1.778 9 

1,86 43 1.773 13 1.747 16 
-- -- 1.688 9 1.672 16 
- -  - -  1.660 9 1.644 20 
-- -- -- -- 1.582 15 
-- -- 1.583 28 1.571 38 

1.556 9 
-- -- 1.553 5 

Table Vl. Tin-activated luminescence of phases in the system 
Ca3(PO4)2-Ba3(P04)2 

Heat  
t r e a t m e n t *  P e a k  k** Re la t ive**  

C o m p o s i t i o n  (~  (am)  i n t e n s i t y  

Ca2.~ (POD 2:Sno.o2 1200/2 S 507 52 

Ca.~. ~gB ao. z~ ( PC~ ) ~:Sno. o._, 1200/2 S 512 33 

Caz.eoBao. z5 ( POD z:Sno.o2 10'50/1 H 524 37 
Ca2,~ao.~o r ~:Sno.o2 1050/1 H 505 39 
Ca2.~Bao.~3 ( PO~)~:Sno.o.o 1050/I  H 493 38 
Ca2.~Bao.eo (PO~) 2:Sno.o2 1050/I  H 484 39 
Ca2.osBao.g0 ( PO4 ) =: Sno.02 I0 '50/I  H 486 18 

Caz.84Bat.~ (PO~) 2:Sno.o2 1150/4 S 410 2.4 
Cax. iDBaz. 7s (POD ~:Sno.0= 1150/4 S 410 7.8 
Ca 1. o4Ba 1.93 ( PO4 } 2: Sno.o.~ 1150/4 S 420 7.1 
Cao.~Ba2.as (POa) ~:Sno,~ 1150/4 S 490 9.0 

Cao.leBa~.ss ( POD 2:Sno.o~ 1050/1 H 422 4.6 

Ba$.~7 (PO0  2:Sno.o~ 1050/1 H 426 3.8 

* S = sample  p r e p a r e d  in e v a c u a t e d  s i l i ca  capsule ,  H = s a m p l e  
p r e p a r e d  b y  f i r ing  in  1% H~ and  99% N2 a t m o s p h e r e .  

** O n l y  t he  v i s i b l e  e m i s s i o n s  are  l i s ted .  I n t e n s i t y  is  r e l a t i v e  to 
s o d i u m  sa l i cy la te  peak  h e i g h t s  of  1O0. 

Melt ing Behavior 
The melt ing behavior  wi th in  the system was studied 

by the technique of differential thermal  analysis. The 
DTA curves obtained for samples having 0-25 m/o  
Ba3(PO4)2 had no dist inguishable mel t ing peaks, and 
those obtained for samples having 25-50 m/o  Ba3(PO4)2 
were complex and difficult to interpret .  Well-defined 
DTA peaks a t t r ibutable  to mel t ing  were observed for 
compositions having 50-90 m/o  Ba3(P04)2 (Table II) .  
The depar ture  points of the DTA curves from the base 
line were taken as the solidus temperatures  and the 
peaks of the DTA curves were taken as the l iquidus 
temperatures.  Considerable supercooling of the melts 
in this system was observed and ins tantaneous crys- 
tall ization often occurred near  or somewhat below the 
solidus temperatures.  For  this reason, only the heat ing 
curves were used in construct ing the phase diagram. 
Although the l iquidus and solidus curves in Fig. 1 
were not located with high precision, their  configura- 
t ion is probably  correct as shown. 

Luminescence 
The phosphors listed in  Table VI were prepared and 

their  properties measured. The phases present  in the 
phosphors were as expected on the basis of the phase 
diagram, and the small  amount  of t in  present  caused 
no appreciable changes in the phase relationships. Of 
the phosphors studied, only  those based on the 
a-Ca3(PO4)2 s t ructure  were efficient enough for prac- 
tical use. The composition of the a-Ca3 (PO4)2: Sn phos- 
phors was optimized, and fluorescent lamp tests were 
made on two such phosphors. The intensi ty  scales on 
all emission spectra are expressed as percentages of 
the peak intensi ty  of sodium salicylate, 1 and the in ten-  
sity scales on all excitat ion spectra are normalized to 
100. 

~-Ba3 (P04) 2 phosphors.--The excitation and emis- 
sion spectra of a-Baa(PO4)2:Sn are given in Fig. 2. 
The emission spectrum consists of a single, near ly  
Gaussian band 2 centered at 426 rim. The excitation 
spectrum consists of two well-resolved bands at 230 
and 245 n m  and a broad feature extending from 215 nm 
to shorter  wavelengths.  The absorption edge of un -  
activated a-Ba3 (PO4)2 occurs at about 165 nm (Fig. 3) 
so that  all features in the excitat ion spectrum are due 
to t ransi t ions involving tin. 

Bar ium orthophosphate has two inequivalent  ba-  
r ium positions in  its s t ructure (24) and, assuming that  
t in  replaces barium, one might  expect two emission 
bands. The simplicity of the excitat ion and emission 

1 M e r c k  U.S.P.  
W h e n  p l o t t e d  as a func t ion  of  e n e r g y ,  the  s p e c t r u m  is G a u s s i a n  

w i t h i n  --+2 ~r of  t he  m e a n ,  b u t  sma l l  p o s i t i v e  d e v i a t i o n s  f r o m  a G a u s -  
s ian  shape  are  a p p a r e n t  ou t s ide  these  l i r n i t s - - e s p e c i a l l y  on t h e  l ow-  
e n e r g y  s ide  of  the  band .  A c c o r d i n g  to D e x t e r  (25), the  l o w - e n e r g y  
s ide of  an e m i s s i o n  b a n d  is no t  nece s sa r i l y  G a u s s i a n  in  shape,  

* P a t t e r n  t a k e n  a t  1450 ~ _+ 10~ Scan  ra te  8 = 1 d e g / m i n .  CuKa.  
** P a t t e r n s  t a k e n  at  room t e m p e r a t u r e .  Scan  ra te  8 = 0.1 d e g / m i n .  

CuKa. 
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Fig. 2. Emission and excitation spectra of a-Ba~(PO4)2:Sn. ~ D  : 

detection wavelength, ~E = excitation wavelength. 
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Fig. 3. Reflectance spectrum of unactivated ~-Ba3(~04)2 relative 
to BaS04. 

spectra indicates, however ,  that  only one kind of lumi-  
nescence center  is present. The exact  na ture  of this 
center  cannot be de termined  f rom the data avai lable 
at present. Al though transit ions can occur to several  
excited states of the stannous ion, emission apparent ly  
occurs only f rom the lowest exci ted state. A schematic 
configuration coordinate d iagram which accounts for 
the observed spectra is given in Fig. 4. 

#-Ba3(P04)2 phosphors.--The emission spectra of 
several  #-phosphors, exci ted by 254 nm radiation, are 
shown in Fig. 5. These phosphors are inefficient and 
not of interest  as practical  materials.  The emission 
spectra are complex and consist of bands at 300, 410, 

50 - 3Po (?) 

(?) 

~3(] 1 ~ 

,.e, 
10 

0 

Fig. 4. Schematic configuration coordinate diagram for ~- 

Ba3(PO4)2:Sn. 
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Fig. 5. Emission spectra of #-(Ba, Ca)3(PO4)~:Sn phosphors as a 
function of composition. Barium concentrations are in mole per- 
centages. Excitation ~ 254 nm radiation. 
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Fig. 6. Change in relative intensity of the 300 and 410 nm emls- 
sion bands in #-(Ba, Ca)3(PO4)2:Sn as a function of composition. 

490, and 660 nm. The re la t ive  intensities of the bands 
change as a funct ion of composit ion as shown in Fig. 6. 
This fact is taken as an indication that  at least two, and 
possibly more, kinds of latt ice positions are occupied 
by luminescent  tin ions. The re la t ive  intensi ty  changes 
can then  be in terpre ted  as due to a redis t r ibut ion of 
tin ions over  the various positions as the bar ium con- 
centrat ion is increased. 

The exci tat ion spectrum of the 490 nm emission\band 
is shown for the most efficient #-phosphor in Fig. 7. The 
exci tat ion spectrum contains at least five bands located 
at 205, 230, 243, 287, and 340 rim. All  of these bands 
could be due to crystal  field split t ing of the J levels of 
the 3p and 1p states of the stannous ion (a m a x i m u m  
of 12 levels is possible).  However ,  the emission bands 
at 410 and 660 nm overlap the 490 band and it is l ikely 
that  the exci tat ion spect rum has features  due to these 
other  bands. 

~-Ca~(P04)2 phosphors.--The emission spectra of 
two ~-Caz(PO4)2:Sn phosphors are shown in Fig. 8. 
In agreement  wi th  But le r  (3), two emission bands lo- 
cated at 340 and 500 nm were  observed. Both bands are 
shifted to shorter  wave lengths  and broadened upon in-  
corporat ion of ba r ium into the phosphor. The intensi ty 3 
of the 340 nm band re la t ive  to that  of the 500 nm band 
is independent  of the bar ium concentrat ion and has a 
value  of 0.23. The exci tat ion spectra of the 340 and 500 
nm bands (Fig. 9) are considerably different. This 
might  indicate that  two kinds of t in centers, having 

3 Based  on the  a reas  u n d e r  the  bands .  T h e  a r e a s  w e r e  ob ta ined  b y  
app l ica t ion  of S impson ' s  rule .  
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Fig. 7. Excitation and emission spectra of fl-Ba2.1oCa0.90(P04)2: 
Sno.o2. ~.D = detection wavelength, ?,E = excitation wavelength. 
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Fig. 8. Emission spectra of a-Ca3(PO4)2:Sn phosphors as a func- 
tion of composition. Barium concentrations are in mole percent- 
ages. Excitation ~ 254 nm radiation. 
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Fig. 9. Excitation spectra of the visible and ultraviolet emission 
bands in a-Ca3(PO4)2:Sn. 

different  electronic energy structures,  are  presen t  in 
the  phosphor.  However ,  this in te rpre ta t ion  is at  va r i -  
ance wi th  the expecta t ion  that,  if two centers  were  
present ,  the i r  re la t ive  emission intensi t ies  might  va ry  
as a function of composition. The quest ion of the  origin 

of the  two emission bands  in a-Ca3(PO4)~ cannot  be 
answered  wi th  ce r ta in ty  and, unt i l  such an answer  is 
avai lable,  it  is useless to a t t empt  any  in te rp re ta t ion  of 
the spectra.  

Optimization o~ a-Ca3( PO4)2.---Suitable a-Ca3(PO4)~: 
Sn phosphors  can be p repa red  e i ther  by  the sealed 
tube  method or by  the reduct ion  firing method  (see 
Exper imen ta l  sect ion) .  However ,  at ba r ium concentra-  
tions lower  than  5 m/o,  the  p repa ra t ion  of efficient 
phosphors  by  the reduct ion firing method becomes diffi- 
cult  due to high vola t i l i ty  losses of t in at  the  high 
t empera tu res  necessary  to obta in  the a-Ca3(PO4)2 
structure.  The phosphors  low in ba r ium were  best  p re -  
pa red  by  the  sealed tube  method,  a p rocedure  not  
amenable  to the  product ion of large  quant i t ies  of phos-  
phor. The phosphors  tended to have a g ray  body  color 
which became da rke r  as the  l imi t ing  ba r ium concen-  
t ra t ion  was approached.  Consider ing ease of p r e p a r a -  
tion, phosphor  efficiency, and phosphor  appearance,  the  
op t imum bar ium concentra t ion is nea r  15 m/o.  

The efficiency of the  phosphor  as a function of 
fo rmula ted  t in concentra t ion was de te rmined  (Fig. 
10). The op t imum t in  concentra t ion is near  0.33 m/o,  
bu t  somewhat  h igher  values  lead  to only a s l ight  loss 
in phosphor  efficiency. 

An impor tan t  fea ture  of any  phosphor  in tended for 
prac t ica l  appl ica t ion  is how wel l  it  main ta ins  its 
br ightness  as a funct ion of opera t ing  tempera ture .  The 
t empera tu re  dependence  of two phosphors  (Fig. 11) 
was measured  by  packing  t hem into heated plaques  
and tak ing  emission spect ra  at specific tempera tures .  
The phosphor  br ightness  is not  affected by  t empera tu re  
up to about  150~ but  the rea f t e r  br ightness  decreases 
s lowly with  increas ing tempera ture .  At  300~ the 
phosphors  a re  about  80% as b r igh t  as at  room tem-  
perature .  These resul ts  a re  in good agreement  wi th  
those of W a n m a k e r  and Radielovic (4). Insofar  as t em-  
pe ra tu re  dependence  is concerned, the  a-Ca~ (PO,)2:  Sn 
phosphors  are  wel l  sui ted for  appl icat ion in fluores- 
cent l amps  (opera t ing  t e m p e r a t u r e  ,-~40~ and some-  
wha t  less wel l  sui ted for use in h igh-pressure  m e r -  
cury  vapor  lamps  (opera t ing  t e m p e r a t u r e  ,~300~ 

Two samples  of phosphor,  based on Ca2.5oBao.45 (PO4)2: 
Sn0.02 as the op t imum composition, were  p repa red  in 
k i logram quant i t ies  and eva lua ted  in 40W fluorescent 
lamps. These lamps  are  compared  to a l amp made wi th  
blue ha lophosphate  phosphor  in Table  VII. Al though 
the a-ca lc ium or thophosphate  phosphors  had  ini t ia l  
powder  br ightnesses  equal  to tha t  of b lue  halophos-  
phate,  when processed into lamps,  they  were  consider-  
ab ly  less efficient. The loss in efficiency is p robab ly  due 
to pa r t i a l  reoxida t ion  of t in dur ing  lampmaking .  In  
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Fig. 10. Visible luminescence as a function of tin concentration 

in a-Ca2.52-xBao.45Smz(P04)2. Mole per cent tin ---- lOOx/3. Ex- 

citation wavelength ~ 254 nm. 
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Fig. 11. Temperature dependence of visible luminescence in c~- 
(Ca, Ba)3(PO4)2:Sn phosphors. Barium concentrations are in mole 
percentages. Excitation wavelength z 254 nm. 

te rms of 500 h r  maintenance,  the  o-ca lc ium or thophos-  
phate  phosphors  were  as good as blue halophosphate .  
The color of the  lamps  remained  s table  over  the  du ra -  
tion of the  tests. 
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Optical and Electrical Properties of SrAI O :Eu" 
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ABSTRACT 

It has been shown that  the optical and electr ical  propert ies of 
Sro.95•177 depend on composition. A composit ion with  excess 
a lumina was found to have the highest CR efficiency, photoconductivity,  and 
a long-last ing persistence. A mechanism is proposed which assigns the de- 
layed luminescence to a process involving the conduction of charged particles. 
Evidence is presented which indicates that  holes are  t rapped at latt ice 
defects and the  Eu 2 + emission is associated with thermal  deact ivat ion of these 
traps. 

Since the int roduct ion of YVO4:Eu 3+ as an im-  
portant  commercia l  phosphor, there has been an in- 
creasing interest  in the mechanism of t ransfer  of 
energy absorbed by a host to a rare  ear th  activator.  
In the ZnS and SrS systems, it has been shown that  the 
energy transport  can take place via electron and hole 
t ransfer  (1,2) .  This mechanism can also occur in 
fluoride hosts. For  example,  Banks and Schwartz  (3) 
have shown that  in the CdF2:Eu 3+ system the Eu 3+ 
acts as an electron trap, forming Eu 2 § On thermal  de- 
act ivation of the Eu ~+ to Eu 3+, the Eu 3+ is reformed in 
an excited state and, as a result, the characterist ic 
luminescence of Eu 3 + is observed. The mechanism for 
thermoluminescence in the CaF2:Ce 3+ system has also 
been shown to be of a charge- t ransfe r  type, involving 
the reduct ion and reoxidat ion of Ce 3 + under  x - r ay  i r -  
radiation (4). In the case of ra re  ear th  ions in oxide 
systems, the mechanism of t ransfer  has been presumed 
to be predominant ly  of the mul t ipolar  type (5). 

The phosphors MA1204 (M ~ Ba, Sr, Ca, Mg) acti- 
vated by Eu ~-+ have been reported by Pal i l la  et al. (6) 
and also by Blasse and Bril  (7). The phosphor SrA1204: 
Eu 2+, prepared by firing A1203, SrCO3, and Eu203 in 
H2 at between 1400~176 has a green emission peak-  
ing at 520 nm. This phosphor has a fast decay of 10 
~sec to 10% of init ial  brightness. The luminescent  prop-  
erties depend to a large extent  on the conditions and 
stoichiometry under  which the phosphor is prepared.  
For example,  Blasse and Bri l  (7) prepare  the phosphor 
by firing at 1450~ in a N2-H2 atmosphere  and report  
a CR efficiency of 1.5%. Pal i l la  et al. (6) fire a com-  
position containing excess a lumina at 1700~ in a H2 
atmosphere and est imate a CR efficiency of approxi-  
mate ly  7% (8). In addition to an initial rapid decay, 
a h igh- leve l  persistence which lasts for seconds is also 
observed in their  samples. Since the decay of the t ran-  
sitions wi thin  the Eu 2+ ion is found to be in the 10-100 
~sec range (9), it was decided to invest igate  the elec- 
tr ical  and optical propert ies of this mater ia l  to deter-  
mine if the long persistence is due to a t rapping 
mechanism involving electrons or holes, and to deter -  
mine  to what  extent  this phenomenon is involved  in 
the over -a l l  luminescence process. 

Experimental 
The compositions of the samples prepared were  

Sro.s~Euo.05A1203.9 (excess a lumina) ,  Sro.9~Euo.osAl.~O~ 
(one to one),  and SrlEuo.05A1204.0~ (excess s t ront ium 
oxide).  The phosphors were  formed by firing the ap- 
propriate  mixtures  of SrC204, A1203, and Eu203 in H2 
at 1700~ for 3 hr. The products were  checked using 
x - r a y  diffraction analysis and had the SrA120~ s t ruc-  
ture, which is distorted stuffed tr idymite.  

The luminescent  emission spectra were  recorded 
with  a 3Am Ja r r e l l -Ash  scanning spectrometer  and 
corrected for ins t rumenta l  response. 

1 Present address: Alloys Unlimited, 320 Long Island Expressway, 
Melville. Long Island, New York 11746. 

Key words: fluorescence, phosphorescence, photoeonductivity, 
rare earth luminescence. 

The reflectance spectra were  determined wi th  the 
use of a Cary 14 spectrometer  equipped with  a diffuse 
fluorescence at tachment.  

The photoconductive exci tat ion spectra were  re-  
corded with the use of a sandwich conductive cell. The 
front side of the sandwich was a quartz  slide which had 
a thin conducting layer  of tin oxide on the inside sur-  
face, and the back side of the cell  was a thin copper 
plate. The cell was placed in the sample compar tment  
of a Cary 14 spectrometer,  which was used as a pulsed 
exci tat ion source. The photocurrent  produced a po- 
tent ial  across a precision resistor and this voltage was 
measured using a PAR Model 121 lock-in amplifier 
tuned to the f requency of the source, 

The relat ive conduct ivi ty  measurements  under  long 
uv radiation were  recorded using a gap cell, which con- 
sisted of a gold strip evaporated on a quar tz  slide. The 
gap across the strip was 20~. In order to avoid unde-  
sirable effects result ing from differences in part icle 
size, the distr ibution of part icle size was established 
by sieving the samples. Magnified photographs showed 
the particles of the three samples to be of uniform size. 
Each sample was redeposited five t imes and the aver -  
age value taken as the photoconduct ive response. The 
d-c voltage applied across the gap was 400V. 

The Hall  measurement  was determined using a sin- 
tered sample of SrA1204:Eu "~+ which had an excess of 
alumina. 

For the glow curve  measurements ,  the phosphor was 
deposited on a copper plate which was then fitted into 
the slot of a metal  block Dewar. Liquid ni t rogen was 
introduced into the Dewar,  the sample was irradiated 
(366) for 1 hr, and then al lowed to warm up. The rise 
of the tempera ture  be tween --125 ~ to --75~ was l inear 
at a rate of 0.08 deg/sec.  The tempera ture  was mea-  
sured with a copper-constantan thermocouple  which 
was in contact wi th  the copper plate. 

The long luminescence persistence and photocon- 
ductive decay t imes were  measured simply by switch-  
ing off the excit ing sources while  moni tor ing the sig- 
nal  f rom the amplifier wi th  a H.P. 7100B strip chart  
recorder.  

Results 
The optical and electrical  measurements  have  shown 

that  the SrA120~:Eu 2+ high a lumina sample, as com- 
pared to the other  samples, has a higher  luminescent  
intensi ty under  uv and CR excitation, and, also, that  
this sample has a much higher  persistence level  and 
photoconductive response. This is shown by data in 
Table I. 

The exci tat ion spectra and diffuse reflectance spectra 
of the excess alumina, one to one, and excess SrO sam- 
ples are shown in Fig. 1. The lat ter  two correspond to 
the spectra previously published (5, 7), while the ex-  
cess alumina sample shows a grea ter  re la t ive  exci ta-  
tion response in the visible region. F igure  2 shows the 
glow curve spectra for the three samples, using 366 nm 
excitation. The photoconduct ive excitat ion spectrum 
of the h igh-a lumina  sample in the visible region is 

930 
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Table I 

Excess stron- 
Excess a l u m i n a  One to o n e  tium oxide 

Sro.s~EUo.o~Al20"~.9 Sro.a~I~Uo.oeAl~O~ S r l E u o . o ~ A l z O 4 . o ;  

% P e r s i s t e n c e  0 . 7 0  0 . 0 8 5  0 . 0 8 0  

a f t e r  1 . 0  s e c  

R e l a t i v e  b r i g h t -  I 0 0  5 5  6 1  
n e s s ,  3 6 6  n m  
e x c i t a t i o n  

R e l a t i v e  b r i g h t -  1 0 0  8 4  76 
ness, CR ex- 
citation 

R e l a t i v e  p h o t o -  1 0 0  13 .1  1 7 .3  
c o n d u c t i v e  r e -  
s p o n s e ,  3 6 6  n m  
e x c i t a t i o n  

shown in Fig. 3 and is compared to the  reflectance 
curve  for this sample. I t  was also observed that  the 
samples were  photoconduct ive under  long and short uv 
and x - r a y  excitation. The Hal l  effect measurements  
showed qual i ta t ive ly  that  holes were  the conducting 
species under  uv excitation. The  decay t imes of the 
persistence and photoconduct ivi ty  are similar  (Fig. 4), 
which would indicate that  the same charged species, 
in this case holes, is responsible for both phenomena.  

At tempts  were  made to oxidize the Eu 2+ act ivator  to 
Eu 3+ in portions of these samples by firing in wet  oxy-  
gen at 800~ for 20 hr. These a t tempts  met  wi th  com- 
plete success only in the h igh-a lumina  sample, while  
the other  samples still  exhibi ted a broad-band emis-  
sion centered at 520 nm, due to Eu 2+ (Fig. 5). It  was 
also noted that, in the case of the h igh-a lumina  sample, 
the x - r a y  pat tern showed a distinct change. The pa t -  
tern changed from the distorted stuffed t r idymite  to 
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Fig. 3. The photoconductive excitation spectrum (P) and the 
diffuse reflectance spectrum (R) of the highialumina sample in 
the visible region. 
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Fig. 4. The decay times of the persistence (solid line) and photo- 
conductivity (dotted line) under 366 excitation. 
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Fig. !. Excitation spectra and diffuse reflectance spectra of 
SrAI204:Eu 2+ phosphors of various compositions. Ez and E2 repre- 
sent the excitation spectra for the excess alumina and one-to-one 
sample, respectively. RI, R2 represent the diffuse reflectance 
spectra of the excess alumina and one-to-one phosphors, respec- 
tively. R3 shows the diffuse reflectance spectrum of unacfivated 
SrAI204 and unactivated SrAI-)04 with excess alumina, which are 
similar. Curve for the excess strontium oxide sample are the same 
as the one-to-one phosphor. 
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Fig. 2. The glow curves for the three samples, G|, G2, and G3 
represent the glow curves for the excess alumina, one-to-one, and 
excess strontium oxide phosphors, respectively. 
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Fig. 5. The emission spectra of the reoxidized sample: (a) the 
excess alumina sample, exhibiting only sharp-line Eu ~+ emission; 
(b) the one-to-one sample, exhibiting Eu 2+ broad-band (520 nm) 
emission and Eu 3 + emission. 

very nearly "ideal stuffed tridymite," a more sym- 
metrical structure. Therefore the Eu 3+ emission lines 
in the h igh-a lumina  sample [Fig. 5 (a ) ]  are sharp and 
wel l  defined, whi le  in the one- to-one  sample [Fig. 
5(b) ] the Eu a+ emission lines are  broader  and less de-  
fined. 
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Discussion 
The model  that  is proposed to explain these results 

and the differences be tween  the excess a lumina sample 
and the other  samples follows. The excess a lumina in- 
corporated into the SrA1204 host introduces a defect 
in the lattice. This defect has the proper ty  of being 
a hole donor, as was shown by the Hal l  measurement .  
The exact  na ture  of this defect is not  known, but  it is 
associated with  the incorporat ion of Eu 2+ into the lat-  
tice, since the photoconductive absorption bands are 
not introduced into the SrA1204 host unless it is ac- 
t ivated with Eu 2+ (Fig. 1 and 3). The hole can mi -  
grate unti l  it recombines or is trapped. The recombina-  
tion of the charged species can cause luminescence of 
the Eu 2 + ion, as shown by the fact that  the photocon- 
duct ivi ty  and the Eu 2+ luminescent  persistence decay 
at the same rate  (Fig. 4). 

The glow curves show that  hole t rapping levels are 
present  and are composition dependent  with the high-  
a lumina sample showing the highest concentrat ion of 
traps (Fig. 2). High-a lumina  samples can ei ther  in- 
corporate  the alumina inters t i t ia l ly  as A13 + plus O 2-, 
or Sr 2§ vacancies can be produced. These Sr 2+ va-  
cancies can be compensated by oxide vacancies or par-  
t ia l ly  filled by A13+ (i.e., 2A13+ for 3Sr2+). We feel 
that  the hole traps described above are probably as- 
sociated with  Sr 2+ vacancies. The ease of oxidation 
of Eu 2+ in the h igh-a lumina  sample (Fig. 5) is ev i -  
dence for the product ion of Sr  2 + vacancies ra ther  than 
the incorporat ion of a lumina  intersti t ially.  Interst i t ia l  
A1 "~ + and 0 2 -  wil l  not promote oxidation of Eu 2+. On 
the other  hand, ei ther  of the Sr 2 + vacancies described 
above will  promote oxidation of Eu 2+ because of the 
presence of 0 2 -  vacancies or A13+ occupying Sr 2+ 
sites. 

The possibili ty of the Eu 2+ also acting as a hole t rap 
was considered. This would  be analogous to Eu 3 e act- 
ing as an electron trap in the CdF2 system (3). The 
h igh-a lumina  sample at l iquid ni t rogen tempera tu re  
was i r radiated for 1 hr wi th  uv light. The emission 
spectrum was then recorded as the sample was i r radi-  
ated at 325 nm and showed no traces of the main Eu 3 + 
emission lines between 600 and 625 nm. Since Eu 3+ 
would exhibi t  a detectable emission spectrum in 
SrA1204 (Fig. 5), it was concluded that  the Eu 2+ is 
most l ikely not acting as a t rapping center. 

It is therefore  proposed that  the charge t ransfer  
mechanism of exci tat ion in the h igh-a lumina  sample 
involves the generat ion of a hole in the valence band. 
These holes can ei ther  recombine or be t rapped in a 
lattice defect, probably a Sr  2 + vacancy. The Eu 2 + per -  
sistence is associated with the the rmal  deact ivat ion of 
these traps and subsequent  recombination.  This mecha-  
nism of energy t ransfer  can be an impor tant  factor in 
the emission intensi ty under  CR and uv excitation. If 
it is assumed that  the slowly decaying emission (per-  
sistence) results f rom a t rapping phenomenon and that  
the init ial  rapidly decaying emission results f rom Eu 2 § 
ions in an excited state, then the re la t ive  contr ibution 
of the t rapping mechanism to the total  emission can be 
obtained by an analysis of the decay curve. By  compar-  
ing the areas under  the curves of persistence and the 
total luminescence, it is est imated that  in the h igh-  
a lumina sample approximate ly  99% of the total lumi-  
nescent intensi ty is due to act ivat ion by conducting 
holes. 

A mechanism involv ing  the conduction of charged 
species may  also be operat ive in o ther  r a re -ea r th  ac- 
t ivated phosphors. For example,  Pfahnl  (10) has shown 
that, with P16 (Ca2MgSi2OT: Ce 3 +) (CaAl~Si2OsCe ~ +) 
fast decay phosphors, aging under  CR excitat ion causes 
the intensi ty and decay t imes to decrease. It was also 
shown that  the decay is nonexponent ia l  in the low 
light level  region. It  is qui te  possible that  the persist-  
ence of these phosphors is due to a t rapping phenome-  
non. When the phosphor is aged, the probabil i ty  of 
t ransfer  of energy f rom the host to the  Ce ~+ via a 
charged species is decreased, causing a decrease in 

TEMPERATURE 

Fig. 6. Delta as a function of T 

luminescence, and also a decrease of the persistence 
level. In another  investigation, it was pointed out by 
Gomes de Mesquita and Bril  (11) that, wi th  certain 
Ce ;~ +-act ivated phosphors, the init ial  rapid decay of the 
Ce a + luminescence is fol lowed by an af terglow of rela-  
t ively long duration. A quant i ty  b was defined as the 
percentage of cathodoluminescence 80 #sec af ter  the 
end of the excit ing pulse. It was found that  b could be 
as high as 5-10% for various gehleni te  samples. When 
the samples were  cooled down from room to liquid 
ni t rogen temperature,  b-values increased for some 
samples and decreased for others. This behavior  could 
not be explained by the authors. However ,  if one as- 
sumes that  a t rapping mechanism is responsible for 
the delayed luminescence, these results are easily 
explained. At  low temperature ,  kT << E~, (ET = 
thermal  energy of t rap) ,  b will  have a low value since 
a t rap that  is filled wil l  not the rmal ly  deact ivate  and 
therefore  will  not contr ibute to an afterglow. At high 
temperatures ,  Er < <  T, b wil l  again have a low value 
,~ince a filled trap wil l  rapidly deactivate,  leading to a 
very  rapid decay. Therefore,  5 as a function of tem-  
pera ture  should follow one of the hypothet ical  curves 
shown in Fig. 6; 5 wil l  decrease or increase on cooling 
below room temperature ,  depending on the depth of 
the trap in relation to room temperature .  It is quite 
possible wi th in  the same host, depending on prepara-  
t ive and composition conditions, to have a different 
distr ibution and concentrat ion of t rapping levels. 

Conclusions 
The optical propert ies  of SrA1204:Eu 2+, such as effi- 

ciency under  CR and uv excitation, have been shown 
to be dependent  on composition. These differences have 
been correlated to the electr ical  propert ies  of the 
phosphor. It has been shown that  in this oxide system, 
the method of exci tat ion of Eu 2 + under  uv and Cr ex-  
citation is p redominant ly  of the charge t ransfer  type. 
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Alkaline Earth Aluminum Fluoride Compounds 
with Eu Activation 

Mary V. Hoffman* 
Lighting Research Laboratory, General Electric Company, Nela Park, Cleveland, Ohio 44112 

ABSTRACT 

The systems MF2-A1F3 (M = Ca, Sr, or Ba) were investigated and the 
compounds and their  fluorescence with Eu +2 were determined.  In these com- 
pounds, Eu 2 + activation results in two distinct types of emission, a band emis- 
sion from 5d to 4f t ransi t ions typically found for Eu +'z in other matrices and 
l ine emissions from 4f to 4f transitions, s imilar  to those of the isoeleetronic 
Gd+~. 

The b inary  systems MF~-A1F3 ( M =  Ca, Sr, or Ba) 
have all been reported in  the l i terature.  The Ca sys- 
tem was first reported by Holm (1), and later by Ra- 
vez and Hagenmul le r  (2) and by Shore and Wank lyn  
(3). The Sr system was reported by Ravez and Hagen-  
mul ler  (2) and the Ba system by Ravez (4, 5). Some 
fluorescence work with Mn +2 and other activators in 
the Ca and Sr systems has been reported by Smith 
(6) and by Wilke et al. (7), but  these did not define 
the compounds in the systems. 

Experimental Procedures 
Two general  methods were used to prepare these 

materials,  a solid-state procedure and a precipitat ion 
method. The solid-state method is used for the cal-  
c ium compounds and Sr2A1F7 and the precipitat ion 
procedure can be used for all bar ium compounds and 
SrA1Fs. For the solid-state method, AIF3 was pre-  
pared by firing "Linde 'A' " A120~ in  anhydrous  HF. 
The alkal ine earth fluoride was prepared by copre- 
cipitat ion with Eu as the carbonate, followed by con- 
version to the fluoride by firing in anhydrous HF or 
by reaction with aqueous HF. The alkal ine earth 
fluoride and AIF3 were then combined in the stoichi- 
ometry required and fired. This method has the dis- 
advantages of slow reaction rates and the high volat i l -  
i ty of A1F3 at temperatures  approaching the mel t -  
ing points of the various compounds. 

The precipitation procedure used consisted of com- 
bining the stoichiometric amounts  of the alkal ine 
earth, Eu and A1 in 0.3N[ ni t rate  solutions. The pH 
was adjusted to 4.5-5.0 with NH4OH and the solution 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  l u m i n e s c e n c e ,  s p e c t r a ,  c a l c i u m  a l u m i n u m  f luor ide ,  

b a r i u m  a l u m i n u m  f luor ide ,  s t r o n t i u m  a l u m i n u m  f luor ide ,  E u  +~ ac-  
t ivat ion.  

heated to 80~ A 0.3M solution of NH4F.HF was 
added to the n i t ra te  solution, equivalent  to 95-100% 
of the stoichiometric amount.  The result ing precipitate 
was heated and stirred for several hours before fil- 
tering, washing, and drying. 

The firing procedure for either method consisted of 
a reduct ion firing, followed by a firing in anhydrous 
HF. The first firing at 750~ was in porcelain boats 
in an atmosphere of 1% He in N2 to reduce the acti- 
vator to Eu e 2. The second firing was in anhydrous  HF 
carried by N2, uti l izing a p la t inum tube furnace. Tem- 
peratures for this firing ranged from 700 ~ to 900~ 
for 2-4 hr. 

Measurements 
The emission spectra were taken on a spectrora- 

diameter  previously described (8). Spectral  band 
widths (SBW) used were 5 and 0.5A. The detailed 
methods of measur ing excitat ion and decay utilized 
to define the optical t ransi t ions in these phosphors 
have been described elsewhere (9). Quan tum effi- 
ciency measurements  were made by comparison of 
spectra with sodium salicylate, using a value of 64% 
for this standard. DTA measurements  were made on 
a Du Pont  Model 900, on samples which were sealed in 
p la t inum tubing, in  an N2 atmosphere. With the ex-  
ception of SrA1Fs, all DTA measurements  were made 
on samples containing 2 m/o  (mole per cent) Eu +2. 

Results, Compound Formation 
The b inary  compounds as reported in the l i terature 

and determined in this work are summarized in 
Table I. 

CaF2-AIF3.--All references reported a compound at 
CaA1F~ and found that an invers ion  ~->~ occurs, but  
the exact tempera ture  was not in agreement.  The in-  

Table I. Binary compounds 

S y s t e m  
Mole  
rat io  C o m p o u n d  

R a v e z  d a t a  [ ref .  (4) 1 
M e l t i n g  

p o i n t ,  ~ 
T r ans i~  
tions, ~ 

T h i s  w o r k  
M e l t i n g  

po in t ,  ~ 
T r a n s i -  

t ions ,  ~ 

CaF~-A1F~ 

SrFe-A1Fs  

BaF~-A1Fa 

EuF~-A1Fs 
[Ref .  (10) ] 

1:1 
2 :1  
1:1 
2 :1  
1:2 
1:1 
3 :2  
5 :2  
9 :2  
1:1 
ss  

CaA1F5 
Ca~_AIF7 
SrA1F5 
Sr2A1F7 
BaAl~lVs 
BaA.IF5 
Ba~A12Fr2 
Ba=~AI~'I~ 
BaoAI~F2~ 
EuA1F5 
(Euo 7oAlo.8o) F28 

850 ___ 10 

870 ~_ 10 
860 • 10 
855 ___ 12 
8 9 5 •  8 
970 _ 10 
905 _ 10 
g00 _ 10 
845 -~ 15 

N o t  f o u n d  
S20 - -  10 

None 
None 

760 "~--- 8 
885 • 10 

829 -~ 3 
887 ~ 3 

867 ~ 10 
883 "4- 5 

N o t  f o u n d  

N o t  f o u n d  

N o n e  
N o n e  

777 __- 3 
865 ~ 3 
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vestigations by Ravez and Hagenmul ler  (2) were 
done in sealed tubes but  wi th  no ment ion  of at-  
mosphere control used. The other works were done 
in  air. As prepared under  conditions used in these 
tests, the a- and /~-CaA1F5 were confirmed and a sec- 
ond compound at Ca2A1F7 was found which melted 
at 829 ~ • 3~ 

SrF2A1Fs.--Ravez and Hagenmul ler  (2) reported two 
compounds, SrA1F5 and Sr~.A1FT, with no inversions. 
These were confirmed in  this work. 

BaF2-A1F~.--This system was reported by  Ravez 
to have the compounds BaAlzFs, ~- and /3-BaA1Fs, 
~-Ba3A12F12, BasA12Fls, and BagA12F~.4 (4, 5). This work 
was done in sealed tubes but  no atmosphere control 
was mentioned.  Identification of the compounds was 
both by x - ray  diffraction and IR absorption (5). 

In  this work, uti l izing an HF atmosphere, the com- 
pounds ~- and /~-BaA1Fs, a-Ba3A12F12, and Ba9A12F24 
were confirmed, but  the compounds BaA12Fs and 
BasAI2F16 were not found. The s t ructure  reported as 
p-BaA1F5 was found to be metastable  at room tem- 
perature,  bu t  could be quenched by rapid cooling. 
BasAI~F~s was found when  firing in an atmosphere 
containing some oxygen, bu t  not when  fired in  HF. 
The reported ~ ~ p inversion in Ba3AI=Fn was de- 
tected by DTA at 865~ but  could not be obtained by 
quenching. The melt ing point  was found at 883 ~ _ 
5~ which was reported as the inversion temperature  
by Ravez. No addit ional  heat effects were found when 
the sample was heated to 970~ the reported mel t ing 
point. 

EuF2-A1Fs.--Ravez and Dumora (10) reported a com- 
pound at EuA1Fs, isostructural  with SrA1F~, and a 
solid-solution region from EuF2 to Eu0.rA10.3F2.~. The 
compound was confirmed in this work, and the solid- 
solution region was not investigated. 

Results 
Eu +2 emission.--With Eu +2 incorporat ion in the al- 

kal ine earth site, the compounds in these systems 
give emission of two distinct types, the broad band 
emission associated with the 5d to 4f t ransi t ion in 
Eu +2 and line emission u s u a l l y  found in 4f to 4f 
t ransi t ions of the t r iva lent  rare earths. Some struc-  
tures gave both emissions. The spectral data for these 
compounds are summarized in  Table II. Excitations 
for both types of emission are broad, uns t ruc tured  
bands, as shown in Fig. 1. 

Band emission.--All of the structures in the CaF2- 
A1F3 system and the compound Sr2A1F7 gave band 
emission of moderate  efficiencies. Typical emission 
curves are shown in Fig. 2. The compound BagA12F24 
also gave weak band emission, but  was not invest i -  
gated in  detail. 

Line emission.~In these systems, l ine emission was 
found in the compounds SrA1F~, .a- and/~-BaA1Fs, and 
a-Ba3A12F~. The emission contains a band  resul t ing 
from the 5d to 4f transition, with a nar row group of 

Table II. Emission 

Peak, Peak 
Compound nm T y p e  QE~ % h e i g h t *  

a- 'CaA1F5 387 B a n d  10 11 
/~-CaA1F5 385 B a n d  26 46 
Ca~A1Fz 400 B a n d  50 60 
SrA1F~ 360 B a n d  & 65 350 

l ine  
Sr2A1F~ 387 B a n d  60 60 
a - B a A I F 5  358 L i n e  43 520 
/~-BaAIFs 358 L i n e  N.D.  640 
BaaAI~FI~ 358 L i n e  60 480 
Ba~AI~F24 390 + 40'5 B a n d  L o w  
S o d i u m  sa l ic -  415 B a n d  64 

y l a t e  

* R e a d  a t  5A SBW,  

EXCITATION 
SPECTRA 

tntensities not  

~) I i i i P 
2 0 240  280 320 

Wavelength ( r im)  

Fig. 1. Excitation spectra of Eu +2 line emission 
emission is similar. 

i 
56O 

Eu +2 band 

S% Ai PT: Eu EMISSION SPECTRA 

2 5 3 7  Excitat ion 

a ca A~ Fs: Eu 
(5x) 

- /  , , , T . . . .  
570 390 410 450  

~ve lenc j t h  (n. ra) 

Fig. 2. Spectra of Eu + 2  band emission, 2537A excitation 

lines superimposed on the band. The relat ive in tensi ty  
of the band is highest in SrA1Fs, equa l ing  about half 
of the total peak height, and is very  weak in several 
of the bar ium compounds. The line emission i s  at-  
t r ibuted to transi t ions in  the 4f-4f level of Eu +2, 
which is isoelectronic with Gd +3. The major  lines, 
which fall between 358 and 361 nm, are due to 6P7/2 to 
sS7/2 t ransi t ions with a lesser amount  of emission 
occurring near  355 nm from the 6P5/2 to sS7/2 t ransi-  
tion. 

The number  and positions of these lines are de- 
pendent  on the part icular  s t ructure of the compound. 
Spectral dis t r ibut ion curves are shown in  Fig. 3-6, in 

d f~ 

5 4 0  3 6 0  3 8 0  4 0 0  

W A V E L E N G T H ,  n. rn. 

Fig. 3. Emission spectra of SrAIF5:02Eu +2, 2537A excitation, 
5~ SBW. 
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/ 
340 360 380 3 7 358 

WAVELENGTH, n.m 

3159 360 

Fig. 4. Emission spectra of ~-BaAIFs:02Eu +2, 2537~, excitation. 
Left curve, 5X SBW, right curve 035, SBW. 

I I 31 I 
357 358 59 360 

WAVELENGTH, n m. 

Fig. 5. Emission spectra of fl-BaAIF5:02Eu +2, 2537,~ excitation, 
0.5,~ SBW. 

I I 
3158 359 3160 361 

WAVELENGTH, n.m. 

Fig. 6. Emission spectra of ~-Ba3AI2F12:02Eu +2 per Ba. 2537 
excitation, 0.5~ SBW. 

which a-BaA1F~, ~-BaA1Fs, and a-Ba3A12F12 are 
shown in expanded scale to include only the lines of 
the 6P7/2 to 8S7/2 transitions. When recorded on a 
resolution of 5A SBW, the emission of ~-BaA1F~ can- 
not be distinguished f rom a-BaA1F~ except  by inten-  

sity. When recorded at 0.5A SBW, each structure is 
shown to be distinctive. The peak heights shown in 
Table II are as recorded at 5A SBW on the best ma-  
terials  obtained. The quan tum efficiencies shown in 
the table of the three line emit ters  were  obtained by 
comparing spectra taken at several  different reso- 
lutions and can be considered only approximate.  

The SrA1F5 compound is the only line emi t te r  which 
has a congruent  mel t ing  and can be grown as a 
single crystal  f rom the melt. Work is in progress by 
J. P. Meehan of this laboratory on obtaining single 
crystals of both unact ivated and act ivated materials,  
and has provided crystals for s t ructure  analysis. The 
initial work has shown that  the structure is more 
complex than reported by Ravez. The number  of sites 
avai lable for Eu +2 substi tut ion has been confirmed 
as four. SrA1F5 has two families of Sr +2 sites, one in 
e ight-fold coordination and one in seven-fold  coordina- 
tion. Each family  has two sl ightly differing ar range-  
ments ( i i ) .  The number  of lines in the 6P~/2 to sST/2 
transi t ion should be 16, resul t ing from four lines per 
Eu +2 site. Fif teen of these lines have been found. A 
more complete  description and assignment of the lines 
in this and several  other  of these compounds was 
published e lsewhere  (9). 

Substi tutions of Eu +2 up to 30 m / o  have been 
prepared with  no change in the spectral  distribution. 
Above about 2 m / o  substitution, the emission intensi ty 
varies little wi th  concentration. Since EuA1F5 is iso- 
s t ructural  with SrA1Fs, complete  substi tution is prob-  
able. 

The extent  of Eu +2 substi tut ion in the bar ium 
compounds is considerably less than  in SrA1Fs. 
a-BaA1F5 wil l  accept only about 12% Eu +2. No change 
in spectral  distr ibution has been found with  increasing 
activator content, and above about 0.5% Eu, the 
intensi ty varies  little. The ~-BaA1F~ form has been 
obtained by rapidly cooling the sample from just  
above the t ransi t ion point, such as 800~ The absolute 
intensi ty of the ~ form is highly dependent  on the 
heat ing and quenching conditions. When BaA1F5 is 
cooled f rom a firing tempera ture  closer to the mel t ing 
point, such as 850~ the structure reverts to a poorly 
crystall ized ~-BaAIFs, with some re tent ion of another  
unknown structure.  The presence of this form, which 
has been referred to as the ~ form [ref. (9)] is 
detected by the addit ion of emission lines on the high 
wavelength  side of the 6P7/2 --> 8 S 7 / 2  transit ions by 
measurements  at 0.5A SBW. The phase relations and 
structural  changes which resul t  in this modification 
have  not been identified. 

In Ba3A12F12, the Eu ~2 substi tut ion is l imited to 
about  2%. Beyond this, the phase relat ions are such 
that  a-BaA1F5 and EuF2 (or EuF3) are stable. Ravez 
reported a ;~ form, and included x - r a y  diffraction data, 
but no evidence of this s t ructure  has been found by 
quenching samples f rom an HF or N2 atmosphere.  

Solid solutions--Solid solution of Ba and Ca in the 
SrA1F5 was de termined  by the shift in d spacing of the 
line at d = 1.959 (Fig. 7). The substitution of Ba can 
be made to a composition of Sro.15Ba0.s~A1Fs, and with  
Eu +2 activation, the spectral  distr ibution changes as 
shown in Fig. 8. The l ine emission is reduced in 
intensity, and several  addit ional  5d to 4f emission 
bands are introduced with  increasing substitution. A 
similar change in spectral  distribu.tion is found with  
calcium in solid solution, which was found to extend 
to Sr0.6Ca0.~A1F5 range. The presence of additional 
bands may  indicate preferent ia l  substi tut ion of Ba or 
Ca in the four Sr sites. In BaA1Fs, the substi tution of 
Sr is l imited to about 2%. The effect on Eu +2 emission 
is seen in increased intensi ty of the l ine emission, 
but  no change in the 5d to 4f emission was detected 
when  measured at 5A SBW. 
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1 .9  ~ - 

B a A I F  5 
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i 

.8 X .5 2 SrAIF 5 

Fig. 7. Change in d spacing with Ba substitution in SrAIF.~ 

a; 
nr 

Emission 

Sr i_xBox A I F 5 ; E u  .2 

2 5 3 7  Excitation 

51 sa~ 

~, \ X=.5 
",\ \ 

x = . 8  "'., \ 

~ \X = .I ' \  \ 
x ~ \ ~  , \  \ \  

t __  
360  380  4 0 0  

Wavelength (n m ) 

Fig. 8. Change in emission spectra of Eu +2 bands in solid- 
solution region of (SrBa)AIFs. 

Summary  
The determinat ion of compounds existing in the 

system a luminum fluoride-alkaline ear th  fluoride has 
disclosed s tructural  types which result  in a new type 
of emission from Eu +2. This nar row line emission is 
sufficiently intense at 25~ to be potential ly useful 
as an ul traviolet  source. Spectral measurements  at 
high resolution have shown that  for a single com- 
pound, the number,  position, and relative intensit ies 
of the lines are consistent, but  the phase relations are 
such that preparat ive conditions can readily affect 
the phase pur i ty  of the material.  These conditions 
affect the quenching of metastabte phases and also 
possibly the volati l i ty of the component fluorides, 
so that the characterization of all l ine-emi t t ing  com- 
pounds has not been completed. 
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APPENDIX 

X-ray  diffraction data for all bar ium compounds 
were taken from ref. (5). Values of 20 are for CuKal 
radiation and were added to Ravez' data. 

Ca~,AIF7 
2,') d I 

22.5 3.97 30 
22.9 3.90 15 
23.1 3.85 30 
24.9 3.59 55 
25.3 3.52 100 
27.4 3.26 20 
28.1 3.18 85 
30.8 2.91 40 
31.7 2.83 15 
32.5 2.76 25 
39,4 2 .29 20 
40.0 2.26 45 
41.5 2.17 25 
44.8 2.02 15 
45,4  2 ,00 20 
46.1 1.97 25 
46.5 1.96 40 
46.7 1.94 45 
48.3 1.88 40' 
49.2 1.85 30 
49.6 1.84 30 
52.3 1.75 15 

29 

18.2 
21,3 
22.0 
22,8  
25.2 
25.6 
26.1 
28.2 
30.6 
30.9 
31.7 
34.3 
36.9 
38.2 
39.1 
41.1 
42,1 
43.1 
43.7 
46,4 
48.5 
49,4 
51.7 
53.0 
55.9 
57.6 
53.8 
59.4 
59.4 
61.1 

B-BaA1F5 
d I 29 

4.84 17 19.6 
4.19 12 22.4 
4.02 30 25.1 
3.90 39 25 .4  
3.54 100 
3.48 72 26.O 
3.41 67 26.8 
3.17 30 27.1 
2.93 51 27.4 
2.88 19 27.6 
2.83 23 28.4 
2.61 17 29.3 
2.43 25 29.4 
2.36 8 30.1 
2.30 44 3O.8 
2.20 72 32.0 
2.15 16 36.3 
2.10 24 37.7 
2.07 24 37.9 
1.95 21 38.6 
1.87 9 39.3 
1.84 8 40.0 
1.76 20 41.2 
1.73 11 42.1 
1.64 10 42.7 
1.60 8 43.1 
1.58 7 44.3 
1.56 7 44.9 
1.55 6 45.3 
1.52 13 46.0 

46.5 
46.7 
47.6 
48.0 
48.8 
49.6 
50.8 
51.5 
53.4 
53.8 
54.3 
54.6 

a-Ba3A1p, F ~  
d 

4.47 
3.96 
3.54 
3.48 

3.42 
3.33 
3.28 
3.25 
3.22 
3.14 
3.05 
3.03 
2.97 
2.90 
2.80 
2.47 
2.39 
2.38 
2.33 
2.29 
2.25 
2.19 
2.14 
2.12 
2.10 
2.04 
2.01 
2.00 
1.97 
1.95 
1.94 
1.91 
1.89 
1.87 
1.84 
1.80 
1.77 
1.71 
1.70 
1.69 
1.68 

I 

17 
57 
99 

100 

77 
54 
53 
65 
60 
80 
41 
33 
44 
22 

9 
10 
48 
72 
20 
18 
62 
55 
2O 
28 
32 
16 
24 
22 
43 
38 
10 
17 
47 

6 
12 
17 
26 

8 
20 
24 
11 
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BagAleF,~ 
28 d 

16.8 5.2 
17.8 4.97 
22.9 3.92 
25.3 3.52 
26.9 3.31 
29.2 3.05 
31.1 2.87 
34.0 2.63 
37.3 2.41 
40.1 2.24 
42.9 2.11 
43.8 2.O7 
44.5 2,03 
45.5 1.99 
48.2 1.88 
52.8 1.74 
54.1 1.69 
54.7 1.67 
61.6 1.50 

A L U M I N U M  F L U O R I D E  C O M P O U N D S  

a-BaA1F5 
I 2~ d I 

3 18.1 4.86 6 
13 21.5 4.13 5 

5 21.9 4.05 14 
42 22.6 3.93 19 

I00 23.4 3.80 11 
27 24.9 3.58 13 
13 25.5 3.50 100 
2 26.9 3.31 2 

21 27.7 3.22 9 
32 28.7 3.12 3 

6 29.0 3.05 5 
4 31.1 2.97 9 

59 30.3 2.94 13 
16 30.9 2.89 8 
15 31.4 2.84 6 
26 34.4 2.60 5 

7 35.0 2.56 15 
9 36.7 2.45 3 
7 37.1 2.42 4 

28 

37.7 
38.0 
38.9 
39.7 
40.3 
41.1 
41.9 
42.9 
43.5 
44.3 
46.2 
47.1 
48.2 
52.2 
54.7 
55.4 
56.4 
57.4 
58.4 
59.7 

~-BaA1F5 
d 

2.38 
2.37 
2.31 
2.27 
2.24 
2.20 
2.15 
2.11 
2.08 
2.04 
1.96 
1.93 
1.88 
1.75 
1.68 
1.66 
1.63 
1.60 
1.58 
1.55 

937 

T 

2 
2 

15 
24 
22 
29 
22 
17 
16 
32 

6 
1 
4 
9 
4 
8 
9 
7 
4 
9 

Mechanism of Flux Action in the Thermal 
Recrystallization of Zinc Sulfide 

R. A. Brown* 
RCA Electronic Components, Lancaster, Pennsylvania 17604 

ABSTRACT 

Electrical conductivi ty and electron microscopic studies on ZnS:0.015% Ag 
containing 2% NaC1 or 10% NaC1 suggest chemical interact ion between zinc 
sulfide and flux at about 620~ In these systems the rate of increase in par-  
ticle size at 750 ~ to 1250~ followed /:>~ -- kt, where D is the average particle 
diameter  at a firing t ime t. Activat ion energies for particle growth were 29 
• 2 kcal at 750~176 and 58 • 4 kcal at 1000~176 Thermal  recrystal-  
lization in zinc sulfide without  additives commenced at 1050~ From 1100 ~ 
to 1250~ particle growth in ZnS also obeyed D 3 : kt, with an activation 
energy of 61 __+ 4 kcal. These results can be in terpre ted in terms of mater ial  
t ransport  by diffusion processes. 

There are numerous  reports in the l i terature regard-  
ing the effect of a fluxing agent on the thermal  
recrystall ization and luminescent  properties of zinc 
sulfide phosphors. Earlier workers (1-3) suggested that 
the purpose of the flux is to provide a l iquid phase in 
which the zinc sulfide is soluble, so that t ransport  of 
mater ia l  can easily occur. Apparent ly,  no exper imental  
evidence has been offered in support  of this hypothesis. 
The work of Houben (4) cast some doubts on the 
classical concept of the mechanism of particle growth. 
In  studies on the ZnS-NaC1 system this worker found 
no zinc sulfide in the fused sodium chloride phase. 

Earlier studies (5-7) showed that  ZnS is precipitated 
from aqueous solution in  the form of relat ively large, 
i r regular ly  shaped aggregates which are made up of 
very fine (submicron) grains of zinc sulfide. More re- 
cently Brown (8), following previous work by Bodi 
and Tufts (9), has investigated changes in the particle 
size and morphology of zinc sulfide phosphors during 
the early stages of firing. These investigations demon-  
strated that on heating in the presence of sodium 
chloride as flux, the fine grains of mater ial  coalesce 
and grow rapidly wi th in  the aggregate, so that  dur ing 
the first few minutes  each agglomerate becomes a 
single particle of zinc sulfide. Subsequently,  thermal  
recrystall ization proceeds by the growth of large 
particles at the expense of smaller  ones. 

The objectives of the present  study were: a) to de- 
termine the m i n i m u m  tempera ture  at which recrystal-  
lization occurs in zinc sulfide and zinc sulfide containing 
sodium chloride as flux; b) to investigate the possibility 
of the formation of a l iquid phase at temperatures  
below the normal  mel t ing point of the flux; c) to sug- 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
Key  w o r d s :  phosphor s ,  pa r t i c l e  g rowth ,  z inc s u l f i d e - s o d i u m  chlo- 

ride, zinc d i f fus ion  in  zinc sulf ide.  

gest possible mechanism(s)  for the particle growth 
processes. 

Investigation of chemical interact ion and liquid phase 
formation between the zinc sulfide and flux was carried 
out by electrical conductivi ty methods, following the 
procedure of Cypres and van Ommeslaghe (10). For 
the particle size measurements  a Coulter Counter  was 
employed. This ins t rument  analyzes particle size dis- 
t r ibut ion by noting the change in resistance of an 
electrolyte caused by the volumetric  change in an 
orifice as each particle passes through it. The rate of 
increase in particle size was interpreted in terms of 
an expression of the form D n : kt (11, 12), where D 
represents the average particle diameter  at a firing 
t ime t. This expression is discussed more fully in the 
Appendix. It should be pointed out that the thermal  
effects depend on factors such as sample size, configur- 
ation of the firing vessel, durat ion of heating, and the 
rate of cooling. Consequently,  the results obtained 
should be regarded as relat ive rather  than  absolute. 
Note that compositions are given in terms of per cent 
by weight. 

Experimental 
A detailed account of the preparat ion of zinc sulfide 

from aqueous zinc sulfate solution with hydrogen sul-  
fide has been given previously (7). For  the present  
work, zinc sulfide was obtained by precipitat ion at 
25~ from 2 li ter of 1M zinc sulfate solution using a 
hydrogen sulfide flow of 0.82 l i te r /min .  After filtration 
through a Buchner  funne l  and washing with deionized 
water  the precipitate was subsequent ly  dried at 100~ 
for 6 hr. 

For the electrical conductivi ty experiments,  0.6g 
specimens of zinc sulfide containing 2% sodium chloride 
were pressed into cylindrical  compacts at a pressure 
of 800 kg/cm 2. The disks were placed between two 
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pieces of p la t inum foil, to provide electrodes, and 
heated at a rate of approximately 10~ to 900~ 
in a stream of oxygen-free ni t rogen having a flow rate 
of 30 cc/min. During heating, electrical conductivi ty 
of the specimens was measured at regular  intervals  of 
time by means of an Industr ia l  Ins t ruments  Model 
RC 16 B conductivi ty bridge. For comparison, speci- 
mens of pure sodium chloride and pure zinc sulfide 
were pressed into disks and their  electrical conduc- 
t ivity measured, as above. 

Initially, recrystall ization experiments  were carried 
out by firing 5.5g samples in covered "Vitreosil" cru-  
cibles for various lengths of t ime at temperatures  
between 550 ~ and 800~ in air. Systems investigated 
included ZNS:0.015% Ag with 2% NaCI flux, zinc sul-  
fide without additives, ZnS containing Ag, Al, or Cu 
each at the level of 0.015%, and zinc sulfide containing 
2% sulfur. Subsequently,  specimens were examined 
by electron microscopic and x- ray  powder diffraction 
methods, for the determinat ion of particle size, mor-  
phology, and crystal structure. 

For more prolonged particle growth experiments  
the following method was employed to prevent  oxida- 
tion of the samples, and main ta in  a stoichiometric 
composition of the zinc sulfide, during heating. Test 
samples of 10g were placed in covered "Vitreosil" 
crucibles, located in a larger crucible, surrounded with 
zinc sulfide, and covered with a lid. Specimens were 
fired at temperatures  in the range 750~176 for 
periods of 1 to 10 hr. Compositions studied included 
ZnS:0.015% Ag with 2% or 10% sodium chloride flux, 
and zinc sulfide without  additives. Subsequently,  the 
materials were examined by  scanning electron micro- 
scopic, x - r ay  powder diffraction, and Coulter Counter  
methods. 

Results 
Some representat ive results obtained in the init ial  

firing experiments  are given as Fig. 1 and 2. Figure 
1 (a) shows the appearance of the zinc sulfide precipi-  
tate after firing at 800~ for 2 hr. On heating zinc 
sulfide for 2 hr at 800~ in the presence of 0.015% Ag, 
A1, or Cu, or with 2% sulfur, there was no noticeable 
change in either aggregate size or morphology. This 
absence of change is demonstrated in Fig. l ( b )  which 
gives only the typical  result  obtained for ZnS: 0.015% 
Ag. X- ray  powder diffraction data for both pure ZnS 
and zinc sulfide containing the various additives 
showed a sharpening in the diffraction pat terns at 
firing temperatures  of 700 ~ and 800~ Consequently, 
in the absence of a flux heat ing to 800~ apparent ly  
leads to an amorphous --> crystal l ine lattice rearrange-  
ment, but does not give any  visible change in the size 
or morphology of the aggregates. Figure 2 shows the 
influence of temperature  on ZnS:0.015% Ag with 2% 
NaCI flux. At 550~ [Fig. 2 (a)]  and 600~ [Fig. 2 (b)]  
there is no evidence of particle growth after heat ing 

for 2 hr. On firing for 2 hr at 650~ some slight coales- 
cence occurs, as demonstrated in Fig. 2(c).  Recrysta]- 
lization proceeded rapidly at 700~ Coalescence of the 
fine grains commenced at about 4 min [Fig. 2 (d ) ] ;  
after firing for 2 hr a particle size of approximately 
2~ was attained, as shown in Fig. 2 (e). 

A plot of electrical conductivi ty as a function of 
temperature  for (a) sodium chloride, (b) zinc sulfide 
containing 2% sodium chloride, and (c) zinc sulfide is 
given as Fig. 3. Zinc sulfide shows a gradual, slow in-  
crease in conduct ivi ty with rise in temperature.  In  
the case of sodium chloride there is a pronounced in-  
crease in electrical conductivi ty at 800~ which cor- 
responds with the normal  melt ing point of 801~ Con- 
trast these results with the behavior  of the ZnS, 2% 
NaCI system which shows a large increase in conduc- 
t ivi ty at 620 ~ to 720~ followed by a fur ther  rise in 
the region of 800~ This suggests the occurrence of a 
l iquid phase or chemical reaction at temperatures  as 
low as 620~ Figure 4 shows the behavior  of the 
electrical conductivi ty of ZnS, 2% NaC1 dur ing  heat ing 
and cooling. Since the curve obtained on cooling does 
not follow that given dur ing heating, it is suggested 
that the electrical conductivi ty may be due to chemical 
reaction, ra ther  than a simple melting. 

Results obtained in the particle growth experiments  
were plotted in the form of log D vs .  log t, where D 
represents the average diameter  of the phosphor par-  
ticles (median point by weight of particles based on 
Coulter Counter  measurements)  at a firing t ime t. The 
derivation of these log D -- log t plots is developed in 
the Appendix. Typical sets of curves, in which log D 
is plotted against log t at different firing temperatures,  
are given in Fig. 5 for ZnS:0.015% Ag, 2% NaC1, and 
in Fig. 6 for ZNS:0.015% Ag, 10% NaCI. These graphs 
show that a l inear  dependence does, in fact, exist. 
Since the measured slope of these lines is 0.33, particle 
growth in zinc sulfide containing sodium chloride as 
flux can be described by the expression D S = k t .  Note 
that in this system an increase in the flux content  leads 
to enhanced particle growth. 

Ar rhen ius - type  activation energy plots were derived 
from the data of Fig. 5 and 6, with the use of an 
arbi t rar i ly  chosen constant D of 10~, and are given as 
Fig. 7. These plots show the occurrence of two activa- 
tion energy values. In the ZnS:0.015% Ag, 2% NaC1 
system the results obtained were 29 • 2 kcal at 750 ~ 
1000~ and 58 • 4 kcal between 1000 ~ and 1250~ For 
ZnS:0.015% Ag, 10% NaC1 activation energies for 
particle growth were 29 • 2 kcal at 750 ~ to 950~ and 
59 • 4 kcal at temperatures  in the range 1050~176 
Activation energies were calculated by  means of a 
regression and correlat ion analysis carried out by 
G. M. Ehemann  of this laboratory with the use of an 
RCA Spectra 70 computer  program. 

Fig. 1. Firing sequence at 
800~ for 2 hr: (a) ZnS, (b) 
ZnS:O.015% Ag. 



Vol. 118, No. 6 RECRYSTALLIZATION OF ZnS 939 

Fig. 2. Influence of firing conditions on 
ZnS:0.015% Ag, 2% NaCh (a) 550~ for 2 
hr; (b) 600~ for 2 hr; (c) 650~ for 2 hr; 
(d) 700~ for 4 rain; (e) 700~ for 2 hr. 

F i g u r e  8 g ives  the  r e l a t i onsh ip  b e t w e e n  log  D and 
log t fo r  z inc  sulfide w i t h o u t  add i t ives .  In  th is  case, 
t h e r e  was  no m e a s u r a b l e  inc rease  in pa r t i c l e  size on 
h ea t i ng  for  up to 6 h r  at  800=-1000~ O n l y  the  typ ica l  
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Fig. 3. Electrical conductivity vs. temperature: (a)  NaCI, (b) 
ZnS-2% NaCI, (c) ZnS. 

resu l t s  ob t a ined  at 800 ~ and  1000~ a re  g iven  in  Fig.  8. 
S o m e  increase  in pa r t i c l e  size was  o b s e r v e d  at 1050~ 
B e t w e e n  1100 ~ and  1250~ plots  of  log  D vs.  log  t w e r e  
l inea r  w i t h  a s lope of  0.33. Consequen t ly ,  t h e  r e l a t i o n -  
ship D 3 ---- k t  is also fo l l owed  in zinc sulf ide w i t h o u t  
flux, at t e m p e r a t u r e s  above  1050~ A n  A r r h e n i u s  p lo t  
was  d e r i v e d  f r o m  t h e  da t a  of  Fig.  8 and  is g iven  as 
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Fig. 9. F rom this plot, the act ivat ion energy  for the rmal  
recrystal l izat ion in zinc sulfide at 1100 ~ to 1250~ was 
calculated to be 61 • 4 kcal. 

Scanning electron photomicrographs of (a) unfired 
zinc sulfide precipitate,  (b) zinc sulfide heated for 1 
hr at 800~ and (c) zinc sulfide fired at 1000~ for 1 hr 
are given in Fig. 10. These confirm that  in the absence 
of a flux there  is ve ry  l i t t le change in the appearance 
of the zinc sulfide aggregates on heat ing at t empera -  
tures up to 1000~ On the other  hand, these photo-  
micrographs appear  to show that  some growth of the 
fine zinc sulfide grains occurs wi thin  the aggregate.  
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Fig. 8. Rate of particle growth in ZnS 

Discussion 
On the basis of the electr ical  conduct ivi ty  and elec- 

tron microscopic studies, the onset of the rmal  re-  
crystall ization is suggested to occur by the following 
sequence of events. Heat ing zinc sulfide wi th  sodium 
chloride to about 620~ leads to chemical  interaction 
be tween  the zinc sulfide and flux wi th  the formation 
of a l iquid phase, and the consequent  introduction of 
defects in the zinc sulfide lattice. This sequence would 
explain the marked  rise in electr ical  conduct ivi ty  at 
620 ~ to 720~ If the behavior  of zinc sulfide is com- 
parable with that  of zinc oxide (13) then it is possible 
that  the electrical  conduct ivi ty  may  resul t  f rom the 
presence of interst i t ial  zinc. Other  workers  (14, 15) 
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have established the occurrence of a chemical in ter-  
action by showing that  when  zinc sulfide phosphors 
are prepared in the presence of a metal  chloride flux 
zinc chloride is formed according to the reaction 

ZnS + 2MC1 ~ ZnC12 + M2S 

where M represents an alkali  metal,  such as Na. This 
finding was confirmed in the present  study by the de- 
tection of zinc chloride in the wash water  from typical  
phosphor preparations. Following the chemical reaction 
at 620~ thermal  recrystall ization commences at about 
650~ Note that this tempera ture  is considerably 
below the normal  mel t ing point of 801~ (16) given 
for the sodium chloride flux. 

For ZNS:0.015% Ag with 2% NaC1 or 10% NaCI the 
activation energy for particle growth at 750 ~ to 1000~ 
was 29 kcal, whereas at 1000 ~ to 1250~ a value of 58 
kcal was obtained. Several  workers  (17-19) have 
studied the self-diffusion of atoms in polycrystal l ine 
zinc sulfide and have found movement  of zinc to be the 
rate de termining step in the diffusion processes. On 
the basis of radioactive tracer studies, Secco (17) gave 
a value of 29 kcal for the interst i t ial  diffusion of zinc, 
that is movement  of zinc through interst i t ial  channels 
in the zinc sulfide lattice. An activation energy of 61.5 
kcal was obtained by Secco (17) for the lattice diffu- 
sion of zinc, that is the movement  of zinc through 
normal  zinc sites in the zinc sulfide lattice. A similar 
value for a lattice diffusion mechanism was given by 

Bansagi and co-authors (19). The results obtained in 
the present  s tudy are in very  good agreement  with 
the activation energy values given by Secco ( t7) .  Con- 
sequently, particle growth in zinc sulfide containing 
sodium chloride is suggested to occur as follows. Chem- 
ical interact ion between the host mater ia l  and flux 
leads to the introduct ion of chloride into the host lat-  
tice at low temperatures  (20). Although the exact 
na ture  of the resul tant  defects is not fully understood, 
several workers (21, 22) have suggested that  in ter -  
stitial zinc may be formed. Since the activation energy 
of 29 kcal is in excellent agreement  with the value of 
29 kcal given by Secco (17) for an interst i t ial  diffusion 
mechanism, it appears that  part icle growth in ZnS: Ag 
with NaC1 flux at 750~176 occurs by the direct 
interst ice-to-interst ice diffusion of zinc (valency un-  
specified). At temperatures  between 1000 ~ and 1250~ 
the energy of activation of 58 kcal agrees with the 
value of 61.5 kcal given by Secco for a lattice diffusion 
process. Apparent ly,  at higher temperatures  there is 
sufficient thermal  mobil i ty for t ransport  of mater ial  to 
occur by the lattice diffusion of zinc (valency u n -  
specified). Note that  these growth processes do not 
involve a so]ut ion-reprecipi tat ion mechanism, and 
would require only small  quanti t ies  of chloride in the 
zinc sulfide lattice. This conclusion is in accord with 
the finding of Houben (4) that  fused sodium chloride 
does not dissolve zinc sulfide to an appreciable extent. 

In the absence of a flux zinc sulfide showed no ap- 
preciable changes in aggregate size or morphology on 
heat ing at temperatures  up to 1000~ From 1100 ~ 
1250~ an activation energy of 61 kcal was obtained 
for the growth processes. This result  suggests that at 
higher temperatures  particle growth in  zinc sulfide 
occurs by the same mechanism as in  ZnS with NaC1 
flux, namely, lattice diffusion of zinc. The onset of 
thermal  recrystall ization in zinc sulfide, and perhaps 
also the change in mechanism for zinc sulfide with a 
flux, may be ini t iated by the cubic-hexagonal  phase 
t ransformation which occurs at approximately 1020~ 
(23). This finding is in keeping with an observation 
by Morgan (24). 

For  both zinc sulfide and ZnS-NaC1 the rate of in-  
crease in particle size can be represented by the ex- 
pression D 3 ---- kt .  Shionoya and Amano (25) found 
that a similar equation can be used to describe particle 
growth in ZnS:Cu  and ZnS :Cu  containing either 4 ~  
or 10% NaC1 at 1000 ~ to 1150~ These workers ob- 
tained an activation energy of 30 kcal for particle 
growth in ZnS:Cu  containing sodium chloride, and 
showed that the value was independent  of the amount  
of flux used. This result  is in accord with the value of 
29 kcal calculated in the present  study for ZnS: 0.015% 
Ag with NaC1 at lower temperatures,  and again sug- 
gests an interst i t ial  diffusion mechanism. An  activa- 
tion energy of 80 kcal was given by  Shionoya and 

Fig. 10. Scanning electron photomicrographs: (a) Unfired ZnS ppt, (b) ZnS heated 1 hr at 800~ (c) ZnS heated 1 hr at 1000~ 
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Amano for thermal  recrystall ization in ZnS:Cu.  This 
value is somewhat  higher than  the 61 kcal found in 
the present  work for zinc sulfide without  additives. 

In summary,  this work has shown that  chemical re- 
action between zinc sulfide precipitate and sodium 
chloride flux occurs at approximately 620~ This tem- 
perature is considerably below the normal  mel t ing 
point of the flux. Subsequently,  thermal  recrystall iza- 
tion in ZnS:Ag containing sodium chloride commences 
at 650~ and becomes rapid at 700~ The rate of in-  
crease in particle size of zinc sulfide or ZnS: 0.015% Ag 
with NaC1 follows the expression D 3 : kt, where the 
symbols have the meanings given above. Results ob- 
tained in the thermal  recrystall ization experiments  
can be interpreted in terms of mater ia l  t ransport  by 
diffusion processes. This finding is in contrast with the 
classical concepts of flux action, which postulated that 
particle growth in zinc sulfide phosphors occurred by 
a dissolut ion~ phenomenon.  
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APPENDIX 

Particle Growth Dependence 
Various workers have shown that  the rate at which 

grain growth occurs in metal  or ceramic systems is in-  
versely proport ional  to some power of the average 
grain diameter, i.e. 

dD k 

dt D m 
or, on integrat ing 

D m+l -- Do m+l m kt [1] 

where D ----- the average diameter  of a grain at a firing 
t ime t 

Do ---- the grain diameter  at t ---- 0 
k = a rate constant  

Equation [1] is usual ly  wri t ten  in the form D n = kt,  
o r  a s  

D : k 1/n t 1/n [2] 

where n ---- (m ~ 1) and when D > ~  Do. 'Thus, on 
plott ing log D as a function of log t a straight line of 
slope 1/n is obtained. Frequent ly  the value of 1/n lies 
between 0.1 and 0.5. 

An activation energy for grain growth can be ob- 
tained convenient ly  from the log D/log t plot by mea-  

surement  of the time, t', required to reach an arbi t rar i -  
ly chosen constant  value of grain  size. The reciprocal 
of this t ime value is directly proport ional  to the rate 
constant  for grain growth. Consequently,  the relat ion-  
ship between log t' and 1/T is, in effect, an Arrhenius  
plot of slope E/2.303R, from which the activation 
energy E can be evaluated. 

In the present  study the expressions developed for 
grain growth in porous compacts are applied to par t i -  
cle growth in zinc sulfide phosphors. Note that  Eq. [2] 
is valid only for D > >  Do. This assumption is justified 
in the present  s tudy since the ini t ia l  size of the zinc 
sulfide crystallites is approximately 0.02~ [ref. (7)],  
whereas the particle size of the fired phosphors is in 
the range 5~ to 50~. For convenience, t' is taken as the 
time required to reach a particle size of 10~. 
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ABSTRACT 

A study has been made of room- tempera tu re  implanta t ions  of group III  
and group V ions into amorphous Si layers prepared by the previous implan ta -  
t ion of Si ions into crystal l ine Si substrates. Neutron act ivat ion combined with 
anodie oxidation and HF stripping techniques was used to de termine  the pro-  
files of the implanted ions for Ga 7t and Sb 121. Electrical evaluat ion of the im-  
planted layers by Hall  effect and sheet resistivity measurements  in conjunc-  
t ion with layer removal  techniques yielded profiles of the net  electrically 
active species and the depth var iat ion of mobil i ty  after anneal ing  for 30 rain 
in the tempera ture  range 600~176 The ion species studied were B 11 (60- 
200 keV), A12~ (200 keV), Ga 69&71 (140 and 280 keV), p31 (100-280 keV), As 75 
(280 keV), Sb 121&1~ (120 and 260 keV), and Bi 269 (240 keV). The epitaxial  re- 
growth of the amorphous phase at 600~ causes most of the implanted ions 
wi th in  this region to become electrically active and  uncompensated for the 
ion species B, P, As, Sb, and Bi even for peak ion concentrat ions in excess of 
1020 em -3. For A1 and Ga implants,  the n u m b e r  of carriers was less than  the 
n u m b e r  of implanted ions. The profiles obtained for these implanta t ions  into 
amorphous Si were compared with predictions based on the theory of L ind-  
hard, Scharff, and Schiott. 

A dominant  feature f requent ly  observed in the an-  
neal ing behavior  of the electrical properties of ion-  
implanted Si produced at or below room tempera ture  
is the presence of a marked anneal ing stage at 600~ 
(1-4). This anneal ing stage has been a t t r ibuted  to the 
epitaxial  recrystal l ization of a cont inuous amorphous 
phase onto the under ly ing  Si substrate,  a process which 
occurs between 550 ~ and 600~ (5, 6). The present  in-  
vestigation represents a systematic study of the an-  
neal ing effects that  this amorphous phase has on the 
electrical properties of Si implanted with group III  
and V elements in the energy range 60-300 keV. A 
broader  view of the electrical behavior  of ion - im-  
planted Si may  be found in the art icle by Baron et al. 
(1) or in  the review contained in the monograph by 
Mayer, Eriksson, and Davies (7). 

For re la t ively high-dose implanta t ions  of heavy ions 
(e.g., greater  than  10 ~5 ions cm-~)  at room tempera ture  
or below, most of the ions impinge on amorphous Si. 
Table I presents the dose required to produce a con- 
t inuous amorphous surface layer as computed from a 
simple model (8) for the common group III and V ions 
in Si for very  low- tempera ture  implanta t ions  (Do) and 
for room- tempera tu re  implanta t ions  (D300), and as 
observed exper imenta l ly  at room tempera ture  (9). For 
light ions and /o r  low doses, a quest ion arises as to 
whether  implanta t ion  in a "random" direction is equiv-  
alent  to implanta t ion  in amorphous material .  Dearnaley 
and co-workers, who employed the convenient  radio-  

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
Hey  w o r d s :  ion  i m p l a n t a t i o n ,  a m o r p h o u s  s i l icon,  e l e c t r i c a l l y  ac- 

t i v e  i m p u r i t i e s ,  a n n e a l i n g  b e h a v i o r .  

Table I. Ion dose required to produce a continuous amorphous Si 
layer (8) 

D~o [mea- 
Ion  Do, cm -s D~oo, cm -s s u r e d  (g) ], cm -s 

B 9 x I0 ~4 4 • 10 I; > 2  • I0 Io 
P 2 x 1014 8 • 1014 > 5  x I0 I~ 
As 1 x I014 2 • I0 I~ 2 x 1O I* 
Sb 6 x 10 m 1 x I0 I~ 1 X 10 :~ 
Bi  4 x 1013 6 x I0 '~ 5 X 10 I~ 

tracer p32, de termined that  the profile for 120 keV p~2 
in amorphous Si (produced by  Ne bombardment )  was 
different from 120 keV p32 implanted in a "random" 
direction (10). The profile in amorphous Si exhibited 
a peak concentrat ion at a depth 20% deeper than  the 
profile obtained in crystal l ine Si in  a "random" direc- 
t ion and no evidence of channeling.  A second aim of 
the present  invest igat ion is to determine the ion pro-  
files obtained in amorphous Si for several  group III  
and V ions and to compare such profiles wi th  the 
theoretical predictions of Lindhard,  Scharff, and Schiott 
(LSS) (11). 

Experimental Procedure 
Implanta t ions  were conducted with the 800 kV ac- 

celerator used in our  previous studies (3, 4, 6). The 
focused ion beam, after electromagnetic separation, 
was rastered electrostatically to provide a uni form im- 
p lanta t ion  over a 2 x 2 cm 2 area. The total  dose was 
determined by in tegrat ing the ion beam current .  Dose 
rates employed in the present  invest igat ion ranged 
from 0.1 to 1.0 # A c m  -2, typical ly being 0.5 ~A cm -2. 
The substrates were wafers cut from Czochralski- 
grown crystals with a resist ivity of 1 ohm-cm. These 
wafers were etch polished to provide a damage-free 
surface. 

Hall  effect and sheet resist ivi ty measurements  were 
made using the van  der P a u w  configuration previously 
employed. The van der Pauw pattern,  defined by mesa 
etching, uti l ized contact pad regions produced by 
diffusion. Ions were implanted  into substrates of op- 
posite conduct ivi ty  type to form p - n  junctions,  which 
provided the electrical isolation necessary for invest i -  
gating the electrical properties of the implanted  layer. 
In profiling experiments,  anodic oxide growth, removal  
of an  oxide by dilute HF, and electrical measurements  
were accomplished in  a sample holder previously 
described (4). 

Ion profiles were de termined for p3,, As~5, S b l ~  and 
Ga 71 by  using neut ron  activation analysis in conjunc-  
t ion with layer  removal  by  anodic oxidation and HF 
str ipping as previously described (12). In  this tech-  
nique, l iquid scinti l lat ion count ing on the solution re-  
sul t ing from dissolving the anodic oxide provided the 
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necessary radiochemical assay. Annea l ing  of samples 
was accomplished in  a tubular  furnace under  a flowing 
ni t rogen atmosphere. 

Amorphous Silicon 
A few comments are in order as to what  constitutes 

a continuous amorphous Si phase. Investigations by  
Brodsky and co-workers on amorphous Si produced 
by  several  techniques provide a convenient  f rame of 
reference with which to work. These authors have 
determined some of the mater ia l  properties associated 
with amorphous Si (13). Our previous investigations 
have demonstrated that  the surface layers of Si which 
have received a "saturat ion" dose of energetic heavy 
ions exhibit  the same optical properties and the charac- 
teristic ESR signal associated with amorphous Si (14) 
[the term "saturat ion" is used since the s t rength of 
the characteristic ESR signal increases l inear ly  with 
dose (for fixed dose rate)  un t i l  a crit ical dose 1 is 
reached beyond which only a small  change with in -  
creasing dose is observed]. It  is reasonable to conclude 
that  such layers are completely amorphous St. 

The amorphous Si phase was produced by bombard-  
ment  with 280-300 keV Si 28 ions. For  substrates ma i n -  
tained at or near  room temperature  dur ing implan ta -  
tion, a dose of 3 x 1015 ions cm -2 was sufficient to 
produce an amorphous surface layer  0.5-0.6~ deep. In  
this paper, the te rm "amorphous St" refers to such a 
surface layer. 

One problem associated with the use of Si2S is the 
possible contaminat ion of the ion beam with singly 
ionized molecular  nitrogen. The source gas used was 
SiF4, and the ratio of mass 28 to 29 to 30 was used to 
verify that  no large amount  of N2 contaminat ion was 
present. In  the present  experiments,  the possible in-  
corporation of re la t ively small  concentrat ions of N 14 
seemed preferable to the use of large doses of "inert" 
species such as Ne 20 or Ar  4~ The use of Ar  4~ to produce 
amorphous Si has a deleterious effect on the anneal ing 
behavior of the electrical characteristics of Si im- 
planted with P, even for an anneal ing tempera ture  in 
excess of 900~ A sample which was damaged with 
Ar (280 keV, 3 x 1015 cm -2) prior to an implanta t ion 
of P (280 keV, 3 x 101~ cm -s )  had, after a 600~ 30 
min anneal,  a sheet resist ivi ty of 550 ohms/sq com- 
pared to 80 ohms/sq observed af ter  similar anneal ing 
for a control sample implanted only wi th  P. This 
sample still exhibited a high sheet resist ivi ty (160 
ohms/sq)  after anneal ing at 915~ for 30 min. 

Interpretation of Hall Effect Measurements 
The interpreta t ion of Hall  effect measurements  ob- 

tained from ion- implanted  layers has been adequately 
covered by a number  of authors (1, 7). We briefly r e -  
view some of the assumptions involved in  in terpre t ing 
the types of exper iments  presented in this paper. 

The electrical measurements  yield values for the 
sheet Hall  coefficient, Rs, and the sheet resistivity, p~. 
In  exper imental  evaluat ion of the efficacy of anneal ing  
treatments,  these parameters  are often converted to 
the number  of carriers per square centimeter,  Ns, and 
the effective mobility,/~eff 

N s  "- r / R s e  

~eff = Rs/Ps 
where e is the charge on the electron and r is the Hall  
factor expressing the ratio of Hail  mobil i ty  to conduc- 
t ivi ty mobility. In  most cases, the assumption is made 
that r -- 1. We shall r e tu rn  to this point later  in this 
section. It  should be noted that  both hrs and ~eff are 
weighted averages over the impur i ty  dis t r ibut ion 
(1, 7). In  general, hrs is smaller  than  the true number  
of carriers per square cent imeter  since carrier  inabi l i -  
ties are higher with lower impur i ty  concentration. 
Because of this fact and the fact that  the anneal ing 

The crit ical dose de t e rmined  in this m a n n e r  agrees weI1 wi th  
published values obtained f rom Rutherford  backseat ter ing exper i -  
ments  (Table I), 

behavior may differ in different portions of the ion 
distribution, the data obtained by isochronal annealing 
studies of the parameters, Ns and ~eff, are only semi- 
quantitative. 

A more accurate picture of the implanted ion dis- 
tribution may be obtained by combining sheet resistiv- 
ity and sheet Hall  coefficient measurements  with layer  
removal  techniques (1, 7). From such differential mea-  
surements,  one can compute the resist ivity of the i th 
layer, p~ 

d~ ( p ~ ) - I  = (ps ) i -1  _ (ps )~+ l -1  

the mobility, ~, of the i th layer  

F (Rs/ps2)i- (Rs/,s2)i+l] 
'~ = L" (ps)~---l~ - ( p s ) i + l - 1  

and the carrier  concentration, n~, for the i th layer  

where  d~ is the lhickness of the i th layer. In  this m a n -  
ner, a profile of the depth dis t r ibut ion of carr ier  con- 
centration,  carr ier  mobility, and layer resist ivi ty can 
be derived. 

A basic assumption involved in the above analysis is 
that  the ratio of the Hall  mobil i ty to the conductivi ty 
mobil i ty  is unity.  For l ightly doped Si (~ 10 TM cm-~) ,  

the exper imental ly  de termined ratio is 1.2 to 1.3 for 
electrons and 0.7 to 0.8 for holes (15, 16). In  n - type  
specimens, the Hall ratio, r, tends to un i ty  for concen- 
trat ions in  excess of 10 TM cm-3;  thus, for proper ly  an-  
nealed n - type  layers doped by  ion implantat ion,  the 
exper imental ly  observed electron mobi l i ty  is very  
near ly  that de termined for uncompensated bu lk  Si of 
comparable carrier concentrat ion (1, 4). In  such cases, 
the use of bulk  data [e.g., I rv in ' s  curves (17)] in  con- 
junct ion with differential sheet resistance measure-  
ments  would yield a reasonable approximation to the 
impur i ty  distribution. 

The value of r for high concentrat ions of acceptors in  
Si is not at all  well  known. I rv in ' s  data for p- type  Si 
indicate mobil i ty values which are significantly lower 
than those observed in other studies in the range 10 iv 
to 10 TM cm -~ (16). Furthermore,  a determinat ion of 
tbe Hall  mobil i ty  in ion- implan ted  layers (A1, Ga im-  
plantat ions)  (1) indicated deviations from bulk  mobi l -  
i ty values for concentrat ions in excess of 5 x 1017 
cm-~. Figure  1 presents a compilat ion of the observed 
Hall  mobilities as a funct ion of layer  resist ivity for a 
number  of "well-annealed,"  boron- implan ted  Si wafers. 
Implanta t ions  were conducted at room tempera ture  at 
energies of 30-200 keV. The samples were  subsequent ly  
annealed for 30 rain at 900~176 prior  to str ipping 
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Fig. 1. Hall mobility vs. layer resistivity for B 11 ion-implanted 
Si. Implantations were conducted at room temperature with ion 
energies between 30 and 200 keV, and the wafers were annealed 
far 30 min at 900~176 The crosses represent data obtained for 
/on-implanted layers, the dashed line corresponds to the conduc- 
tivity mobility of bulk Si from Irvin's curves [Ref. (17)], the tri- 
angles are Hall mobility measurements in bulk Si from Matin and 
Maita (Ref. 15), and the circles are Hall mobility data from 
Wolfstirn [Ref. (16)]. 
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for profiling. The tr iangles represent  the Hall  mobi l i ty  
de termined in bulk  Si (B-doped) by Morin and Maita 
(15), while the closed circles indicate the Hall  mobil i ty  
of Ga-doped Si given in Wolfst irn 's  s tudy (16). The 
observed Hall  mobil i ty  in these ion- implanted  layers 
agrees wel l  with that  observed in  b u l k  Si. In  the con- 
centrat ion range 1017 to 1019 cm-~, this agreement  is 
an indication that the value of r is 0.7. The dashed 
line represents the conduct ivi ty mobil i ty  determined 
from Irvin ' s  curve of resistivity as a funct ion of im-  
pur i ty  concentrat ion (17). I rv in ' s  data in the lower 
concentrat ion range deviate marked ly  from experi-  
menta l  observations. The observed Hall mobi l i ty  does 
approach a constant  value in the concentrat ion range 
10 TM to 1020 cm -3, which is consistent with a constant  
conductivi ty mobil i ty  from Irvin ' s  bu lk  data. If his 
bulk  data in  this concentrat ion range are correct, a 
value of r of 0.8-0.9 would be consistent with the ob- 
served Hall  mobili ty.  For  concentrat ions in excess of 
1020 cm -3, only l imited exper imental  informat ion was 
obtained. At concentrat ions greater than  1.5 x 102~ 
cm -s, the observed Hall  mobil i ty decreased sharply 
with increasing concentration. 

In in terpre t ing the measurements  of Hall  effect in 
this paper, the assumption is made that the ratio of 
Hall mobil i ty  to conduct ivi ty  mobi l i ty  is unity.  In  
wel l -annealed  samples, the results discussed above 
indicate that  such an assumption introduces errors of 
less than 30% in carrier  concentrat ion profiles in the 
range 101T to 1020 cm -3, the error  being in the direction 
of indicat ing too m a n y  carriers in  p- type  samples and 
too few carriers in n- type  samples. 

Experimental Results and Discussion: 
Group III Elements 

B o r o n . ~ T h e  effect of the amorphous phase on the 
anneal ing behavior of room-tempera ture  boron im-  
plantat ions is summarized in Fig. 2, which depicts the 
variat ion of Ns and ps with 30 rain isochronal anneal ing 
at temperatures  600~176 The samples were im-  
planted with 120 keV B ~1 ions in  a "random" direction 
(1 x 1015 cm -2, open tr iangles) or into amorphous Si 
(1 x 1015 cm -~, closed circles; 1 x 1016, open circles) 
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Fig. 2. Ns and ps vs. annealing temperature for 120 keV B 11 
implanted into amorphous Si (circles) and into crystalline Si in a 
random direction (triangles). The implanted B dose was 1 x 1015 
ions cm - 2  (closed circles, open trlongles) and I x |0  z6 (open 
circles), and implantations were conducted at room temperature. 
The duration of annealing was 30 rain. 

ION IMPLANTATIONS INTO Si 945 

prepared by a sufficient dose of 300 keV Si ~s ions (1 x 
1016 cm -2) to render  the substrate amorphous from the 
surface to a depth of 0.6#. The presence of the amor-  
phous phase, which regrows epi taxial ly onto the Si 
substrate at 550~176 greatly increases the number  
of implanted species which are electrically active and 
uncompensated,  as previously observed by a number  
of authors (2, 18). 

An exper iment  designed to establish clearly the as- 
sociation between the location of the amorphous phase 
and the region in which most of the ions are rendered 
electrically active and uncompensated after a low- 
tempera ture  anneal  was performed as follows. Damage 
by 300 keV Si 22 ions was used to produce an amorphous 
region of a known thickness (0.53~ as determined 
from interference fringes in the optical absorption 
spectrum).  This wafer was then implanted with B 11 
ions of such an energy that  roughly half the ions were 
wi thin  this surface amorphous region and half were 
deeper wi thin  the crystal  (e.g., 200 keV ions). After  
anneal ing to recrystallize the amorphous phase, the 
wafer was profiled. The results of this exper iment  are 
presented in Fig. 3, which shows the depth distr ibution 
of the hole concentrat ion and the hole mobil i ty  of 
5 x 10 z5 200 keV B 11 ions cm -2 implanted under  the 
above conditions. The carrier  concentrat ion shows a 
marked drop near  the point  at which the amorphous-  
crystal l ine interface occurs. Beyond this depth, the 
carrier  concentrat ion is marked ly  lower than  the im-  
planted ion concentrat ion as shown by the solid line 
which represents the profile obtained in an annealed 
sample which had been implanted  at 100~ with the 
same dose of 200 keV B 1~ ions. Implanta t ion  of B at 
such low temperatures  produces a continuous amor-  
phous surface layer; cf. Table I and Ref. (2). 

The carrier  mobility, on the other hand, is represen-  
tative of that  observed in uncompensated bulk  Si of 
comparable carrier  concentrat ion (given by  the dashed 
line in Fig. 3 which was derived from the exper imental  
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Fig. 3. Depth variation of the hole concentration and Hall 
mobility for 5 x 1015 keV B Iz ions cm - 2  implanted into Si with an 
amorphous surface layer. The depth of the amorphous layer was 
determined by interference fringes in the optical absorption spec- 
trum to be 0.53~ as shown by the arrow. After implantation, the 
wafer was annealed at 800~ for 30 rain prior to profiling. "The 
dashed llne represents the Hall mobility as determined from the 
solid line in Fig. I and the layer resistivity. The solid llne is a 
profile obtained from a well-annealed sample implanted at 100~ 
with 5 x 10 z5 200 keV B 11 ions cm -2 .  
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amorphous to a depth of 0.5-0.6~ after B implantation by Si ion 
damage. The samples were annealed at 800~ for 30 rain before 
profiling. The solid line represents a gaussian approximation to 
the amorphous implanted profile. 
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Fig. 5. Variation of Ns, ps, and ~eff  with 30 min isochronal an- 
nealing temperature for i x 1015 200 keV AI ions cm - 2  implanted 
at room temperature into amorphous Si (closed circles) and into 
crystalline Si in a random direction (open circles). 

layer resist ivi ty and the data presented in Fig. 1) even 
in the region in which the hole concentrat ion is mark -  
edly lower than  the n u m b e r  of implanted B ions. This 
behavior  is typical  of B implanta t ions  (19) and indi-  
cates that  nonsubs t i tu t ional  B and /o r  compensating 
defect centers are neu t ra l  species. 

The profile obtained by  implan t ing  into crystal l ine 
Si in a "random" direction and that  obtained by im-  
p lant ing into amorphous Si are marked ly  different, as 
evident  in Fig. 4 which presents the carr ier  concen- 
t rat ion profile and var ia t ion of Hall  mobil i ty  with 
depth for three Si wafers implanted with B and an-  
nealed at 800~ for 30 min  prior to profiling. In two 
wafers, 60 keV B n ions (1.5 x 1015 cm -2) were im- 
planted into amorphous Si (open and closed circles). 
In the th i rd  wafer  (crosses), 1 x 1015 60 keV B n ions 
cm -2 were implanted into crystal l ine Si in a " ran-  
dom" direction (7 deg off <100>) .  This wafer  was 
then damaged by Si ions to produce an amorphous 
phase prior to the pos t - implanta t ion  anneal.  Implan ta -  
tion into amorphous Si produces a profile which is 
asymmetric,  fall ing off sharply on the deep side (the 
value of Ns after 0.32~ was removed was only 8 x 1012 
cm -2 for the sample represented by the closed circles 
in Fig. 4). This d is t r ibut ion is dist inctly different from 
that  obtained by implant ing  in a random direction 
(crosses in Fig. 4); e.g., the value of Ns after 0.32~ 
was removed was 3 x 1014 cm -2. The solid l ine in Fig. 
4 is a gaussian approximat ion to be discussed in more 
detail  in a later  section. 

A[uminum.--Isochronal  anneal ing studies of Si im-  
planted with A1 ions are depicted in Fig. 5, which 
presents the anneal ing  behavior  of Ns, ps, and #eft for 
two implanta t ions  of 1 x 1015 200 keV A1 ions cm -2. 
In  one case (closed circles), implanta t ion  was conduct-  
ed into amorphous Si prepared by Si damage. In  the 
other case (open circles), implanta t ion  was into crys- 
tal l ine Si in a "random" direction. Al though the sub-  
strate in the lat ter  case was nomina l ly  at room tem-  
perature,  this dose of A1 ions was not sufficient to 
produce a visible surface amorphous layer. The re-  
crystal l ization of the amorphous phase again results 
in a re la t ively large fraction of the implanted ions 
being electrically active and uncompensated.  In these 
A1 implanta t ions  into the amorphous layer, however, 

increasing the annea l ing  tempera ture  decreases Ns and 
increases ps, indicat ing that  A1 acceptors are being 
compensated and /o r  removed from subst i tut ional  sites. 
At this energy, a dose of 1 x 1015 ions cm -2 corresponds 
roughly to a peak ion concentra t ion of 5 x 1019 cm -~ 
which is in excess of the solubil i ty of A1 in Si (2 x I019 
cm -3 at II00~ It should also be noted that  previous 
investigations of A1 implanta t ions  at significantly 
higher doses (I x 10 TM cm -2) indicated that  markedly  
higher sheet resistivities were obtained for such high 
doses after anneal ing  (700~176 than  were obtained 
for 1 x 1015 ions cm -2 (19), again indicat ing that  con- 
centrat ions of subst i tu t ional  A1 markedly  exceeding 
the solid solubil i ty are not obtained by ion implan ta -  
t ion after annealing.  The behavior  of 200 keV A1 im-  
planted into crystal l ine Si is very  similar to that  ob- 
served at lower energies by other authors; Ns increases 
smoothly with annea l ing  temperature,  while ~eff ap- 
proaches a constant  value above 700~ (1, 19). 

The profiles of carrier  concentrat ion and Hall  mo-  
bil i ty obtained for 200 keV A1 implanta t ions  into 
amorphous Si after a 30 rain annea l  at 800~ (open 
circles and tr iangles) and 900~ (closed circles and 
tr iangles)  are presented in Fig. 6. The observed car- 
r ier  profile exhibits a "tail" relat ive to a gaussian 
approximat ion (dashed curve) .  Near the peak con- 
centration, the observed Hall  mobi l i ty  is markedly  
lower than  that  expected for uncompensated bulk  Si 
of comparable carrier concentra t ion (the dotted l ine 
was computed from bu lk  mobi l i ty  data and the solid 
l ine in Fig. 6). The low mobi l i ty  indicates the pres- 
ence of many  scattering centers in addition to the im-  
planted A1 ions. 

Figure  7 presents the profile obtained from implan t -  
ing 1 x 1015 keV A1 ions cm -2 into crystal l ine Si in a 
"random" direction and following the isochronal an-  
neal ing sequence shown in Fig. 5. This profile exhibits 
a very  long tail  (channel ing and /o r  inters t i t ia l  diffu- 
sion dur ing  annea l ing) .  For  the corresponding im-  
planta t ion into amorphous Si (closed circles, Fig. 6), 
the value of Ns after 0.6# was removed was 7 x 101") 
cm -2 and the value of #eff was 160 cm 2 V -1 sec -1. The 
corresponding values after 0.6~ was removed for the 
specimen whose profile is given in  Fig. 7 were 4 x 1013 
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sponds to the mobility computed from the carrier concentration as 
given by the solid line and the bulk Hall mobility data presented 
in Fig. 1. The dashed line represents a gaussian approximation to 
the implanted profile. 
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Fig. 7. Depth variation of the bole concentration for ! x 10 i5 
200 keV AI ions cm - 2  implanted into crystalline Si in a random 
direction after a 30 min, 900~ anneal. 

cm -2 and 180 cm 2 V -1 sec- t ;  i.e., over five t imes as 
m a n y  carriers were present  beyond 0.6~ in the " ran-  
dom" implant  as compared to a comparably annealed 
amorphous implant .  

At lower doses (e.g., 1 x 1014 200 keV A1 ions cm-2) ,  
the profile observed after anneal ing samples implanted 
in a "random" direction at 900~ was almost flat (7-9 
x 10 ~T cm -3) to a depth of 0.6~ and the mobil i ty  ob- 
served was comparable to that  for bu lk  Si. This be-  
havior was also noted for 30 keV A1 implantat ions  by  
Baron and co-workers (1) after 800~ annealing,  
which suggests that  diffusion of A1 does occur dur ing 
the anneal ing process. 

Gal l ium. - -The  isochronal anneal  behavior  of 280 
keY Ga ~1 implanted into Si in a "random" direction is 
presented in  tabular  form in Table II. In  all  cases, the 
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Table II. Isochronal annealing behavior of 280 keV Ga 69 
implantations* 

D o s e  A n n e a l i n g  p s  /Lef~ ( c m  2 
( e m  -~) t e m p  ( ~  ( o h m s / s q )  N s  (cm-'- ' )  V -z  s e e - D  

3 x 10 la 5 9 0  5 0 0  0 .6  x 10  la 2 0  
7 0 0  4 1 2  0 . 2 7  x 1 0  ~ 6 0  

1 x l 0  W 5 9 0  2 1 5  0 . 4 4  • 101~ 67  
700  2 6 0  0 . 2 4  x 10  TM 100 

3 x 1014 5 9 0  860  0 .1  X 10  l~ 6 7  
7 0 0  9 4 0  O.1 x 10  ~ 60  

* D u r a t i o n  o f  i s o c h r o n a l  a n n e a l s  w a s  3 0  r a i n .  I m p l a n t a t i o n s  w e r e  
c o n d u c t e d  a t  r o o m  t e m p e r a t u r e  i n t o  S i  s u b s t r a t e s  o r i e n t e d  7 deg off 
t h e  ~ 1 0 0 >  axis,  

dose of Oa was in excess of that  required to produce 
a continuous amorphous surface layer (approximately  
2 x 1014 cm-2;  see Table I) .  The value of Ns is ob- 
served to decrease with increasing anneal ing tempera-  
ture, as observed by  previous authors for 40 keV Ga 
(1, 20). Implan t ing  concentrat ions of Ga much in ex- 
cess of the solid solubili ty observed at high tempera-  
tures (3.5 x 10 TM cm -~ at 1100~ results in layers 
with a markedly  higher sheet resistance than  that  ob- 
served for lower implanta t ion  doses (e.g., compare the 
values for 1 x 1015 cm -2 and 3 x 1015 cm -2 in Table 
II) .  Such behavior  was also noted for 40 keV Ga by  
Bulthuis  and Tree (20). In  this respect, Ga and A1 
behave in much the same fashion. 

Since Ga 71 is a convenient  isotope for neu t ron  acti- 
vation, profiles of the Ga ion concentrat ion as a func-  
tion of depth were obtained by layer  removal  tech- 
niques in conjunct ion wi th  radiochemical analyses. 
Two such profiles are presented in Fig. 8, which de- 
picts the Ga 71 concentrat ion as a funct ion of depth for 
implanta t ion of 1 x 101~ Ga 71 ions at 280 keV (open 
circles) and 140 keV (closed circles). The solid and 
dashed lines represent  gaussian approximations to the 
implanted profiles. One would expect similar ranges 
and range straggles for Ga 71 and As TM, which is indeed 
exper imenta l ly  observed [cf. Fig. 10 and Ref. (12)]. 
One significant difference, however, is that  the Ga 
profile shows a more pronounced tail  on the dis t r ibu-  
tion; the deviation from a near ly  gaussian profile oc- 
curs at an order -of -magni tude-h igher  concentrat ion 
level than  that  observed for As implanta t ions  [see 
Fig. 4 in Ref. (12)]. Since channel ing is curtailed by 
relat ively low damage levels and since one would ex- 
pect the rate of damage production by 280 keV Ga ~l 
and As ~ to be comparable, this tail  may be evidence 
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for in te rs t i t i a l  diffusion of Ga dur ing  implanta t ion ,  
neut ron  act ivat ion,  or  the  600~ 30 min  annea l  which 
follows neut ron  act ivat ion.  

Exper imenta l  Results and Discussion: 
Group V Elements 

Phosphorus.--Figure 9 represen t s  the  ca r r i e r  con- 
cent ra t ion  profi le  and var ia t ion  of mob i l i t y  wi th  depth  
of two wafers  imp lan ted  at  room t e m p e r a t u r e  into 
amorphous  Si  wi th  3 x 1014 280 keV p31 ions cm -2. 
Af t e r  implanta t iqn,  the  wafers  were  annea led  for  30 
min  at  600~ P r i o r  to anneal ing,  the  locat ion of the  
amorphous -c rys t a l l i ne  interface,  shown by  the  a r row 
in Fig. 9, was de t e rmined  f rom in te r fe rence  f r inges  in 
the in f ra red  opt ical  absorp t ion  spec t ra  of these wafers.  
The shape of this  profile agrees  qui te  wel l  wi th  tha t  
p rev ious ly  de te rmined  b y  neu t ron  ac t iva t ion  analysis  
and  s t r ipp ing  for  h igh-dose  implan ta t ions  ( in  which  
the m a j o r i t y  of imp lan ted  P ions were  ac tua l ly  inci-  
dent  on Si  r ende red  amorphous  b y  the  damage  pro-  
duced by  in i t ia l  P ions) (12). The recrys ta l l i za t ion  of 
the  amorphous  phase does incorpora te  most  of the  im-  
p lan ted  P ions on subs t i tu t iona l  sites and removes  
most  of the  rad ia t ion  damage  defects  in this  region.  
The Hal l  mobi l i ty  observed  in this  region is essent ia l ly  
tha t  of bu lk  Si of comparab le  res i s t iv i ty  ( the con- 
duc t iv i ty  mobi l i ty  of cor responding ly  doped bu lk  Si is 
shown by  the solid l ine in Fig. 9) (17). A notable  
fea ture  of these implan ta t ions  is the  fact  tha t  there  is 
a t rans i t ion  region,  as shown in Fig. 9, in which the  
sheet  res is tance and sheet  Ha l l  coefficient r ema ined  
constant  as l ayers  were  removed,  indica t ing  tha t  this  
region is of r e l a t ive ly  high resis t ivi ty .  As  the  final 
layers  were  r emoved  in this  " t rans i t ion  region," the 
sheet  res is tance and sheet  Ha l l  coefficient ac tua l ly  de-  
creased (poss ib ly  because  of space charge  effects).  
Af t e r  this  region was passed, l aye r  r emova l  resul ted  in 
normal  behav ior  in which  removing ma te r i a l  resu l ted  
in an  increase  in  sheet  res is tance and  Ha l l  coefficient. 
In  this  t rans i t ion  region,  defects  which  compensate  the  
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Fig. 9. Depth variation of the carrier concentration and Hall 
mobility for amorphous Si implanted with 3 x 1014 280 keV p31 
ions cm -2 .  The depth of the amorphous Si layer was determined 
by interference fringes in optical absorption spectra as shown by the 
arrow. After implantation, the wafers were annealed at 600~ for 
30 rain. The dashed line represents a ga-ssian approximation to the 
ion profile. The solid line represents the mobility computed for bulk 
$i of comparable resistivity. 
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Fig. 10. Depth variation of As TM concentration for 280 keV As 75 
implantation into amorphous Si at room temperature as determined 
by neutron activation analysis. The As ion dose was 3 x |015 cm -2 .  
The solid line represents a gaussion approximation to the profile. 

imp lan ted  P ions are  st i l l  p resen t  a f te r  a 600~ 30 min 
anneal .  

The  dashed  l ine in Fig. 9 is a gaussian app rox ima t ion  
to the  profile. The e xpe r ime n t a l  profile is asymmetr ic ,  
exh ib i t ing  a l a rge r  concentra t ion  g rad ien t  (absolute  
va lue)  a t  depths  beyond  the  peak  than  at  depths  more  
shal low than  tha t  of the  peak  concentra t ion.  

Arsenic.--As 75 is a sufficiently h e a v y  ion tha t  im-  
p lanta t ions  of modera t e  doses (i.e., grea te r  than  3 x 10 TM 

cm -2) at  room t e m p e r a t u r e  wi l l  p roduce  a cont inuous 
amorphous  phase over lapp ing  most  of the  implan ted  
ion d is t r ibu t ion  as shown by  previous  s tudies  (5, 6). 
Again,  recrys ta l l iza t ion  of this  amorphous  region at  
550~176 is the  dominan t  factor  in the  observed  
annea l ing  behav ior  (5, 6). F igu re  10 presents  a profile 
obta ined  by  neu t ron  ac t iva t ion  analysis  in conjunct ion 
wi th  l aye r  r emova l  techniques  for  3 x 1015 280 keV 
As TM ions cm -2  imp lan ted  into amorphous  Si at  room 
tempera tu re .  This  profile is essent ia l ly  ident ica l  to tha t  
ob ta ined  by  implan t ing  a dose of 3 x 1015 280 keV As ~5 
ions cm -2  into c rys ta l l ine  Si  wafers,  except  tha t  chan-  
neling, which  occurs dur ing  the  in i t ia l  s tages  of im-  
plantat ion,  is not  p resen t  [cf. Ref. (12)] .  The  solid 
l ine in Fig. 10 represen ts  a gaussian app rox ima t ion  to 
the  implan ted  profile. 

Maye r  and co -worke r s  r epor t ed  tha t  the  ra t io  of/Vs 
to the  imp lan ted  As dose was  a pp rox ima te ly  0.5 even 
af te r  annea l ing  to t e mpe ra tu r e s  as high as 900~ (21). 
In  tha t  study,  a low energy  (20 keV) and a high dose 
(1 x 1015 cm -2  or  h igher )  were  employed,  resul t ing  in 
peak  As concentra t ions  of the  o rde r  of 1021 cm -3. At  
such high As  concentrat ions,  there  is not  a 1 to 1 cor-  
respondence  be tween  conduct ion e lect rons  (measured  
at  room t e mpe ra tu r e )  and  the  As  concentrat ion.  For  
example ,  a r o o m - t e m p e r a t u r e  implan ta t ion  of 1 x 10 le 
280 keV As ions cm -2  resul ts  in on ly  0.5 x 101~ car -  
r ie rs  cm -2  af te r  a 600~ 30 min  anneal .  A r o o m - t e m -  
pe ra tu re  implan ta t ion  of 3 x 1015 280 keV As ions cm -~ 
resul ts  in 3 x 1015 car r ie rs  cm -2  a f t e r  such an anneal .  
The upper  l imi t  on As  concentra t ions  at  which the 
in tegra ted  ca r r i e r  concentra t ion  equals  the  implan ted  
dose is a p p r o x i m a t e l y  (3 +__ 1) x 102o cm -3. 

Ant imony . - -A  profile of the  Sb 123 concent ra t ion  ob-  
ta ined  by  neu t ron  ac t iva t ion  of a sample  implan ted  
wi th  1 x 1015 120 keV Sb 12~ ions cm -~ at  room t e m p e r a -  
ture  in a d i rec t ion  n e a r l y  pa ra l l e l  to < 1 1 1 >  is p r e -  
sented in Fig. 11. Implan ta t ion  was s ta r ted  into c rys ta l -  
l ine Si, but  most  of the  Sb ions were  inc ident  upon 
amorphous  Si due to damage  incu r red  f rom the  ene r -  
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getic Sb ions in the ini t ial  stages of bombardment .  
The long "tail" p resumably  is due to channel ing which 
occurred dur ing  that  ini t ial  period before the damage 
density was sufficiently high to curtai l  it. The solid 
line represents a gaussian approximation to the im-  
planted profile. 

In  a previous letter, we reported that  the presence 
of the amorphous phase produced effective anneal ing  
at 600~ of even high concentrat ions of implanted Sb, 
but  that  implant ing  under  conditions which prevented 
the formation of such an amorphous phase (e.g., by 
heating the substrate to 500~176 dur ing  implan ta -  
tion) resulted in  only a fraction of the implanted Sb 
as electrically active and uncompensated (3). The 
carrier concentrat ion profile and depth var ia t ion  of 
mobil i ty for these two exper imental  conditions are 
presented in Fig. 12; the open circles and tr iangles 
were obtained from Si implanted with 3 x 10 ]~ 260 keV 
Sb 121 ions cm -2 at room tempera ture  and annealed for 
30 min  at 600~ while  the closed circles and tr iangles 
represent  data from a Si substrate (<111> orientat ion) 
mainta ined at 500~ dur ing  the implanta t ion  of 3 x 1015 
260 keV Sb 121 ions cm -2. The half -open circles repre-  
sent "smoothed" data; the actual  Hall  data in this 
region were very  noisy because of exper imenta l  diffi- 
culties. The measured sheet resist ivity and an assumed 
mobil i ty  of 28 cm 2 V - I  sec -1 were used to compute 
these points. 

Annea l ing  a room-tempera ture  implanta t ion  at 
600~ which recrystallizes the amorphous phase, re-  
sults in  a major i ty  of the Sb being electrically active 
and uncompensated wi th  mobilit ies near  that  of bu lk  
Si of comparable resistivity, as shown by the dashed 
line in Fig. 12. The integrated carrier concentrat ion 
observed in  Sb implanted into Si at 500~ is about 
30% of the implanted Sb, and the carrier  mobi l i ty  is 
markedly  lower than  that  expected for bu lk  Si of 
comparable resistivity, indicat ing the presence of large 
numbers  of scattering centers which l imit  carrier mo-  
bility. The carrier  profile also indicates tha t  implant ing  
under  these conditions results in a large fraction of the 
implanted ions being channeled and /o r  undergoing 
enhanced diffusion. Al though no exper iments  were 
conducted to determine which process was occurring 
in  these Sb implantat ions,  previous research on high-  
temperature  As implanta t ions  indicated that  the largest 
effect was due to channel ing  in that  the observed dis- 
t r ibut ion was dependent  on substrate orientat ion (4). 
The solid l ine in Fig. 12 represents  a gaussian approxi-  
mat ion to the Sb profile. 

Fig. 12. Depth variation of the carrier concentration and Hall 
mobility of silicon implanted with 3 x 1015 260 keV Sb ]2z ions 
cm - 2  at room temperature followed by a 600~ anneal (open 
points) or 500~ anneal (closed points). The half-open points 
represent carrier concentrations calculated from the observed 
layer resistivity and an assumed constant mobility of 28 cm 2 V - ]  
sec - 1  for the latter sample. The solid line is a gaussian approxi- 
mation to the ion profile. The dashed line represents the mobility 
determined from bulk Si data and the observed carrier concentra- 
tion in the room temperature implant. 

Bismuth . - -The  implanta t ion  of doses of Bi 209 in ex- 
cess of 1014 cm -2 should result  in the formation, at 
room temperature,  of a continuous amorphous region, 
which should provide effective anneal ing at 600~ This 
behavior is indeed observed as summarized in Table 
III  for two different doses of 240 keV Bi 2~ ions. Table 
III presents the values observed for Ns and #eft as well  
as the integrated n u m b e r  of carriers per square centi-  
meter  obtained from profiling measurements  and the 
ratio between this number  and the implanted dose. For 
such h igh-energy  implantat ions,  a relat ively large 
fraction of the implanted Bi dose can be obtained elec- 
tr ically active and uncompensated,  in contrast to the 
reported behavior  for 20-50 keV Bi implanta t ions  (22). 
For the heavy element  Bi, a 20 keV implanta t ion in Si 
produces a dis t r ibut ion with a peak concentrat ion only 
slightly over 100A from the sample surface, which may 
be responsible for the observed compensation at such 
low energies. In  the 1 x 10 ]5 240 keV Bi ions cm -2 
implantat ion,  the peak carr ier  concentrat ion was 1.2 
x 1020 cm -3, a value much in excess of the solid solu- 
bi l i ty of this species at l l00~ (2 x 101~ cm-8) .  

Figure 13 presents the carrier  concentrat ion and mo- 
bi l i ty  profile obtained by str ipping the 3 x 1014 240 keV 
Bi 209 ions cm -2 implant.  The carrier mobi l i ty  is ap- 
preciably lower than  that  expected for bu lk  Si of cam- 

Table Ill. Electrical characteristics of Si layers implanted at 
room temperature with 240 keV Bi 2o9 after a 600~ 

30 min anneal 

D o s e  ,fLe f f ( c m  2 
( c m  -2) N~ ( c m  -~) V -z s e c  -1 ) n s  ( c m  ~ )  * n s / D o s e  

3 x 101~ 1 .5  x 10 '14 88  1 .8  x 10  l~ 0 .6  
1 • 1015 6 x 101~ 47 6,5 x 10 t~ 0.65 

* I n t e g r a t e d  n u m b e r  o f  c a r r i e r s  p e r  s q u a r e  c e n t i m e t e r  obtained 
f r o m  p r o f i l i n g  e x p e r i m e n t s .  
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Fig. 13. Depth variation of the carrier concentration and Hall 
mobility of silicon implanted with 3 x 1014 240 keV Bi 2~ ions cm ~2 
at room temperature followed by a 600~ anneal for 30 rain. The 
solid line represents a gaussian approximation to the implanted 
ion profile. The dashed line represents the mobility computed from 
bulk Si data and the observed carrier concentration. 

parab le  res is t iv i ty  as shown by the dashed line. The 
solid line is a gaussian approximat ion .  

A Comparison of Profiles in Amorphous Si with Lindhard Theory 

It  is of in te res t  to compare  the  expe r imen ta l l y  de te r -  
mined profiles obta ined  in this  s tudy for implan ta t ions  
into amorphous  Si  wi th  the predic t ions  of L indhard ,  
Scharff, and Schiot t  (LSS) (11 ) ,  or, more  specifically, 
wi th  the  tabu la t ion  "Pro jec ted  Range Stat is t ics  in 
Semiconductors"  by  Johnson and Gibbons (23). A n  
es t imate  wi l l  t he reby  be ava i lab le  as to the  va l id i ty  of 
such tables  when  appl ied  to other  amorphous  semi-  
conductors.  

Profiles obta ined by  neut ron  act ivat ion reflect ac-  
cu ra te ly  the  ion dis t r ibut ion,  e.g. pJ1 As75, Sbl23, GaTt. 
Profiles obta ined f rom car r i e r  concentra t ion profiles 
a re  less rel iable,  but, when  a ma jo r i t y  of the implan ted  
species are e lec t r ica l ly  act ive and uncompensated,  the  
correspondence be tween  car r ie r  concentra t ion  and ion 
concentra t ion should be good; e.g., the  assumption tha t  
the  correspondence is 1 to 1 should be good for B 11, 
reasonable  for Bi 2~ and less re l iab le  for A127. 

A basic assumpt ion involved in apply ing  the LSS 
theory  in its s implest  fo rm is tha t  the  ion d is t r ibu t ion  
is gaussian. This assumption was tes ted by  compar ing  
the observed profile wi th  a gaussian d is t r ibut ion  wi th  
the same peak  posi t ion and a range  s t raggle  chosen so 
that  this d is t r ibut ion  and the observed d is t r ibu t ion  had  
the same full  width  at  ha l f  max imum.  The gaussian 
curves in Fig. 4, 6, 8, and 9-13 were  de te rmined  in this  
manner .  For  l ight  ions, e.g. B n  and pzl, the ion d i s t r i -  
but ion is defini tely skewed and exhibi ts  a sharper  
gradient  beyond the  peak  than  before  the  peak  2. The 
d is t r ibut ions  observed for heavy  ions implan ted  into 
amorphous  Si a re  more  nea r ly  gaussian in shape. 

For  such cases,  the ion energ ies  e m p l o y e d  in the  p r e s e n t  i n v e s t i -  
ga t ion  are  suf f ic ien t ly  h i g h  so t h a t  e l ec t ron ic  s t o p p i n g  becomes  a 
s ign i f i can t  f ac to r  in the e n e r g y  loss of these  ions. The  addit ional  
s t r agg l e  assoc ia ted  w i t h  th i s  e n e r g y  loss m e c h a n i s m  w o u l d  be  eX- 
pec ted  to  p roduce  a skew i n  t he  ion  d i s t r i b u t i o n  t o w a r d  t he  sur face ,  
s ince th i s  e n e r g y  loss  m e c h a n i s m  is m o s t  i m p o r t a n t  a t  h i g h  energ ies  
(i .e. ,  nea r  the  s u b s t r a t e  sur face) .  Fo r  v e r y  l i g h t  ions,  w i d e  angle  
sca t t e r ing ,  w h i c h  is n e g l e c t e d  in  s i m p l e  L S S  theo ry ,  m a y  also d is -  
t o r t  the ion profile.  

Table IV. A comparison of range parameters observed in amorphous 
Si with Lindhard theory calculations I 

Standard  deviat ion 
Range  (microns) (microns)  

E n e r g y  Rp Rv R Algp ARp AR 
Ion (keY) (obs) = (LSS) (LSS) (obs) 2 (LSS) (LSS) 

B n 60 0.23 0.244 0.346 0.07 0.071 0.059 
120 0.40 0.467 0,610 0.10 0.10 0.077 

A1 -~ 200 0.26 0.297 0.360 0.08 0.070 0.fi84 
P~* 100 0.12 0.123 0.155 0.048 0.035 0.046 

140 0.18 0.175 0.216 0.07 0.046 0.060 
200 0.28 0.254 0.306 0.074 0.061 0.078 
280 0.38 0.359 0.424 0.091 0.077 0.097 

1 ~ 120 ~ 0.16 0.149 0.185 0.06 0.041 0.054 
G a  s 140 0.09 0.083 0.097 0.035 0.018 0.030 

280 0.175 0.163 0.186 0.07 0.032 0.055 
As  TM 80 0.06 0.048 0.058 0.025 0.Ol0 0.018 

140 0.095 0.079 0.091 0.040 0.016 0.028 
280 0.18 0.154 0.174 0.07 0.fi29 0.051 

S b  ~ 120 0.06 0.053 0.059 0.016 0.008 0.016 
Sb t~  260 O.10S 0,102 0.113 0.03 0.015 0.031 
Bi  2o~ 240 0.08 0.076 0.082 0.02 0.008 0.019 

l L S S  c a l c u l a t i o n s  f r o m  Johnson  and  G i b b o n s '  t a b u l a t i o n  [Ref.  
(23) ]. 

s The  e x p e r i m e n t a l  errors in these  parameters  are a p p r o x i m a t e l y  
_ 10%. 

a Ref.  (10). 

The LSS  theory  provides  a mode l  f rom which one  
can compute  the  distance an ion t rave ls  in an  amor -  
phous ma te r i a l  before  coming to rest  ( the  range, R) 
and the projec t ion  of this d is tance onto the  direct ion 
of  incidence of the  incoming ion (the p ro jec ted  range,  
Rp). This theory  is also used to compute  the  second 
moments  or s t andard  devia t ions  associated wi th  the  
quant i t ies  R and Rp, i.e. AR and AR m A compila t ion of 
the  pa rame te r s  charac ter iz ing  the  gaussian a pp rox ima-  
t ions as descr ibed in the  previous  pa rag raph  for im-  
p lanta t ions  into amorphous  Si f rom this  study,  together  
wi th  the  values  ca lcula ted  f rom the LSS theory  by  
Johnson and Gibbons for R, Rp, AR, and ~Rp (23), is 
presented  in Table  IV. Also included in this  tab le  are  
the  da ta  obta ined  by  Dearna ley  and co -worke r s  (10) 
for 120 keV p32 implan ted  into amorphous  Si p roduced  
by  Ne bombardment .  The agreement  be tween  the ob-  
served  range  and the pro jec ted  range  is, in most  cases, 
wi th in  the  expe r imen ta l  er rors  inheren t  in these s t r ip -  
ping exper iments  ( •  S imple  LSS theory  does 
provide  a reasonable  es t imate  for  this quant i ty .  

The  s i tuat ion wi th  respect  to ARp is not  as clear.  Fo r  
ve ry  heavy  ions (e.g., Sb or  Bi implan ted  in Si) ,  for 
which the range  and pro jec ted  range  are  nea r ly  equal,  
one would bel ieve in tu i t ive ly  that  AR and ARp would  
be comparab le  (11). Surpr is ingly ,  the  computa t ions  of 
Johnson and Gibbons indicate  that ,  for such species, 
the  va lue  of • is only  about  half  that  of • (23), a 
resul t  which s t rongly  suggests tha t  these authors  made 
an er ror  somewhere  in the i r  numer ica l  analysis.  Since 
the i r  t abula t ions  agree  r a the r  wel l  wi th  o ther  ca lcula-  
tions based on the LSS theory  for ions l ighter  than  
the ta rge t  a toms [see, e.g., Ref. (24)] the  origin of the 
e r ror  is not  obvious. The er ror  l ies in the  manner  in 
which approx imat ions  were  in t roduced into the  LSS  
theory  in o rder  to faci l i ta te  numer ica l  computa t ions  
(see Append ix  I ) .  

Expe r imen ta l l y  (see Table IV) ,  it  appears  tha t  the 
ca lcula ted  values  of AR are indeed in be t te r  agreement  
wi th  the  observed dis t r ibut ion  widths  than are  the  cal-  
cula ted  values  of ARp, except  for ions which are much 
l ighter  than Si (e.g., Bl l ) .  I f  one adopts the  s imple rule  
of t humb  that  the  la rger  of AR and ARp should be 
used in es t imat ing a gaussian approx imat ion  to an ion 
implan ta t ion  profile, then the observed dis t r ibut ion  
widths  near  the  peak  concentrat ions  agree  wi th  John-  
son and Gibbons '  LSS tabu la t ion  for B, A1, P, Sb, Bi, 
As, and  Ga implan ta t ions  into amorphous  Si  to wi th in  
be t te r  than  30%. 

Summary 
In this  invest igat ion,  we have  demons t ra ted  that  the  

LSS theory  does provide  a reasonable  es t imate  for the 
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most probable projected range of group III  and group 
V ions in  amorphous Si. The observed dis tr ibut ion 
widths, however, indicate that  the detailed calculations 
of Johnson and Gibbons (23), al though based on the 
LSS theory (11), erroneously predict values of ~Rp 
which are much too small  for heavy ions. The experi-  
menta l  results favor the use of their  .aR ra ther  than 
,~Rp as a reliable estimate for all but  very light ions. 
A convenient  rule of thumb is to use the larger of hR 
or aRp when using these tables to estimate ion dis- 
tributions.  3 

The distr ibutions obtained in amorphous Si and in 
Si or iented in a random direction are not necessarily 
equivalent  [e.g., B and A1 in the present  study, p32 as 
observed by Dearnaley  and co-workers (10)]. For  
heavy ions, the observed distr ibutions in amorphous 
Si tend to be gaussian in shape. For light ions such 
as B or P, the observed distr ibutions in amorphous Si 
are definitely asymmetric.  

We have provided fur ther  evidence for the impor-  
tance of the amorphous Si phase in de termining the 
anneal ing  characteristics of ion- implanted  Si. The 
following observations are pert inent .  

1. Elements  wi th low solid solubility: For group III  
and V elements which have a low solid solubil i ty at 
elevated temperatures  (e.g., Sb, Bi, A1, Ga),  the maxi-  
m u m  fraction which can be obtained electrically active 
for moderately high doses (e.g., 1 x 1015 ions cm -2) is 
achieved by anneal ing  at tempera tures  near 600~ 
where the epitaxial  regrowth of the amorphous phase 
occurs. Higher anneal ing  temperatures  tend to reduce 
the max imum electrical activity obtainable for these 
ion implanted species. 

2. Group V elements: For  P, As, Sb, and Bi, the 
epitaxial  regrowth of the amorphous phase renders a 
major i ty  of the implanted ions in this region elec- 
tr ically active and uncompensated.  Peak concentrations 
in  excess of 102~ electrons per cubic centimeter  can be 
readily obtained from such species (2-4 x 1020 cm -3 
observed for P, As, and Sb).  Provided these peak 
values are not exceeded, the correspondence between 
the ion dis tr ibut ion and the electron dis tr ibut ion is 
near ly  1 to 1 for P and As and close to 1 to 1 for Sb 
and Bi for the atoms which lie wi th in  the region oc- 
cupied by the amorphous phase before recrystallization. 
The discrepancy between the results reported in this 
work for 240 keV Bi and those reported for 20-50 keV 
Bi(21) probably  results from the proximity  of the ion 
dis tr ibut ion to the sample surface in the lower energy 
implantations.  

3. Group III elements: No evidence of a marked  in-  
crease in solubili ty over the solid solubili ty observed 
at high temperatures  as a resul t  of the epitaxial  re-  
growth of the amorphous phase Was obtained for ion- 
implanted group III  ions. Only B could be obtained 
electrically active and uncompensated at high concen- 
trat lons (2-4 x 1020 cm -3) after implanta t ion  into 
amorphous Si and anneal ing  at 600~ The results ob- 
ta ined for A1 implanta t ions  into amorphous Si suggest 
that, after 800~ annealing,  charged compensating de- 
fects are present  near  the peak carrier  concentrat ion 
(reduced carrier mobil i ty  relat ive to bulk  values).  The 
shape of the profiles obtained for A1 and Ga implan ta -  
tions into amorphous Si suggests tha t  diffusion of these 
species may be occurring in the temperature  range 
600~176 

4. The production of an amorphous phase by ion 
bombardment  always results in a " transi t ion region" 
composed of heavily damaged Si which is par t ia l ly  
crystall ine and par t ia l ly  amorphous. Annea l ing  at 
600~ does not remove all of the radiat ion damage de- 
fect centers in this region, and the remaining  defects 
result  in compensation and/or  reduced mobil i ty for 
n - type  layers in this t ransi t ion region. 

a There  is theoret ical  just i f icat ion for us ing  the la rger  of AR and 
ARp f r o m  these tabulat ions.  Detai ls  are g iven  in Append ix  I, 
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APPENDIX I 

The author contacted Wil l iam S. Johnson regarding 
the apparent  anomaly in the computer range calcu- 
lations by James F. Gibbons and him contained in 
Ref. (23). This Appendix  is a nonmathemat ica l  con- 
densation of his pr ivate communicat ion kindly  pro- 
vided to the author. 

The quant i ty  of interest, ,~Rp, can be considered to 
arise from two sources: 

(a) The straggle associated with R, hR, projected in 
an appropriate fashion. 

(b) The addit ional straggle associated with the u n -  
certainty in the angle of deflection of the ions. 

For very  heavy ions inc ident  upon a l ight substrate 
(i.e., for those cases in which ~, the ratio of the mass of 
the target  atom to the mass of the ion, approaches 
zero), one would expect that  the contr ibut ion from (b) 
should tend to zero, because the angular  deflection ap- 
proaches zero. In this case, ~Rp should tend to approach 
~R, as ment ioned in the text. However, the tabulated 
values of ~Rp contained in Ref. (23) tend to approach 
zero as ~ approaches zero and are thus in error. The 
question thus arises, "What went  wrong with the com- 
puter calculations?" 

The origin of the discrepancy is the following. The 
computer  calculations are based on integral  equations 
derived from the LSS theory by applying a Taylor 
series expansion, keeping only first-order terms. John-  
son has found that  introducing this same Taylor ex- 
pansion at the same point in deriving equations for the 
full range parameters  leads to the result  that, to first 
order, ~R is zero! The use of h igher-order  terms in 
the Taylor expansion is thus necessary to evaluate hR 
correctly. By analogy, one may argue that  it is neces- 
sary to consider second-order terms in correctly evalu-  
at ing ~RD, par t icular ly  for those cases in which the ion 
is heavier  than  the target  atoms. In  a crude sense, the 
computer calculations of AR,, contained in Ref. (23) 
represent  contributions from (b) to the straggle and 
ignore contr ibutions from (a). In  this case, the use of 
-~R as a good approximat ion to • for ~ less than  1 
is justified. In addition, the importance of contr ibut ion 
(b) for light ions (i.e., ~ greater  than 1) dominates 
the observed straggle so that  the tabulated values of 
~RD in Ref. (23) should be reasonable estimates for 
this situation. This a rgument  is certainly not conclusive 
but  does provide some basis for using the larger of hR 
or -~Ro as suggested in the text. 

Manuscript  submit ted Nov. 4, 1970; revised manu-  
script received ca. Jan. 25, 1971. 

A ny  discussion of this paper  will  appear in a Dis- 
cussion Section to be published in the December 1971 
JOURNAL. 
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Growth of Wide, Flat Crystals of Silicon Web 
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ABSTRACT 

The t empe ra tu r e  field and hea t  flow about  the  solidification in ter face  of 
web crys ta ls  was modified by  use of shaped  rad ia t ion  sinks. As a result ,  web  
was grown as wide  as 3 cm and fiat to less than  2.5 ~m in 100 #m th ick  sheet. 
A qual i ta t ive  extension of the rmal  models  in dendr i te  g rowth  appl ied  to web 
morpho logy  sa t i s fac tor i ly  expla ins  the  expe r imen ta l ly  observed results.  

Si l icon web g rowth  is a modification of the  con- 
t ro l led  dendr i t ic  solidification process (1-3) in which 
a th in  r ibbon of silicon, bounded by  two th icker  den-  
drites,  is pul led  d i rec t ly  f rom a mel t  (Fig. 1). Growth  
is in i t ia ted  by  immers ing  a twinned  [211] dendr i te  
seed into an undercooled  melt .  Ini t ia l ly ,  growth  is 
l a t e ra l  g iv ing  the seed an  inver ted  "T" shape; when 
pul l ing  is commenced,  a dendr i t e  propagates  into the  
mel t  f rom each end of the "T." As  the solidified den-  
d r i t e  b r idge  emerges  f rom the melt ,  a th in  film of 
l iquid  is d r a w n  up by  surface tension be tween the 
but ton  and the  two dendri tes .  As g rowth  proceeds, the 
dendr i tes  g row apart ,  widening  the web unt i l  f inal ly 
a quas i - s t eady  s ta te  is r eached  where  the  web wid th  
is constant.  Web growth  thus consists of seeding, 
widening,  and f inal ly s t eady-s t a t e  g rowth  dur ing  al l  
of which the dendr i tes  sol idify s l ight ly  below the mel t  
surface and the web section solidifies s l ight ly  above 
the or ig inal  unpe r tu rbed  mel t  level. 

O 'Hara  and Bennet t  (3) proposed that  web flatness, 
or r a the r  lack  of flatness, is governed  by  t w o - d i m e n -  
s ional  nuclea t ion  at  the  l iquid men i scus -web  in ter face  
so tha t  a localized reduct ion  in undercool ing should re -  
duce the ra te  of nuclea t ion  and promote  flatness. F u r -  
thermore ,  O 'Hara  (4) and Tucker  and Schwut tke  (5) 
have noted tha t  low or  d is locat ion-f ree  web could be 
grown. Our  p r i m a r y  in teres t  was  to de t e rmine  the 
re la t ionships  be tween  hea t  sources and sinks and the 
c rys ta l lographic  factors  tha t  de t e rmine  web  morpho l -  
ogy and perfect ion.  

There  was also a prac t ica l  reason for  this  work.  We 
wished to de te rmine  wha t  t he rma l  condit ions were  
necessary  to g row wide  web  wi th  flat surfaces and low 
dislocation content  su i tab le  for d i rec t  use in fabr ica t ing  
devices. Al though  web has been produced  (6) severa l  
me te r s  in length  and a cen t imeter  or  so in width,  this 
ma te r i a l  mus t  be grown wider,  flatter,  and of  low dis-  

* Electrochemical Society Active Member. 
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dislocations. 

locat ion content  to be r ea l ly  in teres t ing  to the  device 
fabr ica t ion  industry .  Grea t e r  wid th  is desirable,  for 
many  power  devices are  la rger  than  1 cm in d iamete r  
and, whi le  l a rge -a r ea  r ec t angu la r - shaped  web  was 
available,  this  shape is not  compat ib le  wi th  present  
indus t ry  tooling. In  addit ion,  pho tomask ing  requires  a 
surface flat to 10 ~m, and, a l though web in th in  section 
has been repor ted  wi th in  this  to lerance  (7), m a n y  de-  
vices requi re  a th icker  subs t ra te  mater ia l .  F inal ly ,  dis-  
locations which genera te  in the suppor t ing  dendr i tes  
accumula te  wi th in  th icker  web  dur ing  g rowth  (4, 7), 

Pull ~ Button 

Fig. I. A schematic drawing of a growing web crystal indicating 
the seed dendrite, button, and solidification interfaces of den- 
drites and web. 
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Fig. 2. Web growth furnace showing a melt and quartz crucible 
contained within molybdenum susceptors. A molybdenum lid covers 
the crucible except for a shaped slot through which the crystal 
is pulled. The rf coil is rigidly mounted and movable in "x,y,z" 
directions. 

often reaching densities of 103-105 dislocation pi ts /cm 2. 
A reduct ion in dislocation densi ty is essential to prepa-  
ra t ion of good device-grade web material .  

In  our  experiments,  we have al tered the tempera ture  
fields about the growth interface in a controlled m a n -  
ner. We were able to obtain web crystals 3 cm over-al l  
width and flat to wi th in  2.5 ~m on 100 #m thick mate-  
rial, with dislocation densities near  1000 cm -2. We de- 
scribe the exper iments  which resulted in these im- 
provements  and postulate crystal growth mechanisms 
that may be operative. 

Apparatus 
The apparatus used to pul l  web crystals is shown 

in Fig. 2. This system consists of a shallow quartz 
crucible which nests wi th in  larger molybdenum sus- 
ceptors; 450 kHz, 1O kW rf heat is supplied the sus- 
ceptors through a quartz furnace tube. A rapid flow of 
argon from the bottom of the tube and out a slot 
through which the crystal  is pulled at the top of the 
system protects the melt. Pul l ing  was accomplished by 
winding a leader and subsequent ly  grown web on a 
large (34 in.) diameter  reel. Growth rates of 1-5 cm/  
min  could be achieved by dr iving the reel  with a var i -  
able-speed d-c motor, regulated to about _+0.Ol m m /  
rain. 

The tempera ture  of the melt  was controlled by sens- 
ing radiat ion from a deep hole in the molybdenum 
support just  below the mel t  with a sapphire light pipe 
and a Leeds & Northrup "Radiomatic" thermopile.  The 
thermopile output  was used to control the output  of the 
rf  generator  and, al though actual  tempera ture  var ia-  
tions wi th in  the melt  were not determined,  the control 
point  var ia t ion was  est imated at --0.2~ The qual i ty  
of the over-al l  control is indicated by  our abi l i ty  to 
grow great lengths of very  small  dendri tes  (0.1 m m  
diameter)  without  variat ions in size or thickness. 

Maintenance of proper tempera ture  gradients wi th in  
the melt  was the single most impor tant  aspect of web 
growth. The area of solid web crystal  in contact with 
the melt  was small  and, al though the heat released 
from the solidifying crystal  must  certainly dominate 
isotherms close to the interface, small  asymmetr ic  va-  
r iat ions in  the tempera ture  of the sur rounding  mel t  
greatly affect the growth. To ma in ta in  reproducible 
thermal  conditions, we encased the rf  coil in a castable 
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ceramic and moun ted  the cast coil r igidly on a mil l ing 
head positioner which could be moved in a vertical  
"z" direction, and the "xy" p lane  with respect to the 
susceptor. Displacements as small  as 2.5 m m  had 
marked effects on crystal growth. 

As shown in Fig. 2, a slotted lid was used to cover 
the top of the system through which the web was 
pulled. The shape of this slot had much to do with 
defining the region of melt  undercooling. Measure- 
ments  showed the outer edge of the melt  to be hotter 
than  the center, thus prevent ing  spontaneous nuclea-  
tion at the mel t -quar tz  interface, while the center re-  
gion of the mel t  surface was undercooled as a result  of 
radiat ion loss through the shield slot. Posi t ioning the 
web crystal  wi th in  the mel t  was achieved by a com- 
binat ion of adjustable  molybdenum guide fingers and 
a movable  fiat steel plate above the slot in  the lid. 
Proper  control of the web position with respect to the 
undercooled center of the melt  was essential to satis- 
factory crystal  growth. 

Tempera ture  measurements  in the melt  were made 
with shielded P t - P t Rh  therrnocouples in fine closed- 
end quartz capillaries. Mechanically, it was difficult to 
accommodate these dur ing  web growth; thermally,  
their presence near  the interest ing region, the in te r -  
face, cannot be tolerated. As in previous quant i ta t ive  
work (9), we were forced to rely on a mel t ing point  
calibration at the melt  center using a fine dendrite,  and 
a set undercooling below this using the system's con- 
troller. The pr incipal  exper imenta l  parameter  was 
the disposition of heat sources and sinks about the 
melt; and the controlled variable  was the response of 
web growth to these. 

Experimental 
We altered heat flow and temperatures  near  the 

solid-liquid interface in  several  ways. First, we put  
quartz-covered, 40W resistance heaters, 0.3 cm diam- 
eter and 2.5 cm long, close to or below the melt  surface 
and 0.2-0.3 cm away from the center  of each side of 
the web sheet. By tu rn ing  these on and off, we grew 
web which was th inner  when  heat was supplied: Since 
no other parameter  was varied, we conclude that  the 
undercooling of the melt  near  the web face was reduced 
and that  the th inne r  web was a consequence of a 
reduct ion of at least the crystal growth rate and prob-  
ably the nucleat ion rate as well, confirming the O'Hara 
and Bennet t  model (3). We were unable, however, to 
control the heaters sufficiently well  to grow flat web 
surfaces and we abandoned these in favor of radiat ion 
sinks. 

We modified the crucible with two kinds of radiat ion 
sinks. The simple slot in the lid (Fig. 3A) was changed 
by pinching in its center and by cut t ing out round 
holes at its ends (Fig. 3B). This "dog bone" slot was 
in tended to reduce radia t ion loss from the center of 
the web and the nearby  liquid, while increasing losses 

Pull 

Fig. 3A. Crucible lid radiation shield showing relationship of 
slot shape to the crystal during pulling. 
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Fig. 3B. Shaped shield slot used to heat the web region while 
cooling the dendrite regions. 

around the dendrites. For  the same undercooling at the 
dendrites (as measured by the same dendri te  size and 
growth velocity),  the web center  must  be relat ively 
hotter and growth or nucleat ion rates there lower. 

A second and even more successful technique for ra-  
diation control is shown in Fig. 4. Two radiat ion ports 
were dril led through the bottom of the molybdenum 
susceptor. Each was estimated to radiate  about 10W 
through the quartz crucible, cooling the melt  beneath 
the dendrites. So effective was this addit ional  cooling 
that  solid silicon occasionally nucleated on the quartz 
over the ported area. Using thi s modification, we were 
able not only to improve surface flatness but  also to 
increase great ly the ini t ial  web width and subsequent  
widening rate. There was one serious difficulty. Dislo- 
cations were rapidly generated and the web quickly 
became polycrystalline. A final modification (Fig. 5) 
consisted of a pair  of heat  shields which were put  
above the slot in the lid parallel  to the web faces. Their 
function was to reduce fur ther  the tempera ture  gradi-  
ents in the web and adjacent  melt  by reducing radiat ion 
losses from the web after it has been pulled through 
the slot. This aftershield on the two-hole ported cru-  
cible was the most successful apparatus used. In  it we 
grew the wide, flat webs of Fig. 6. 

Results 
Crystal width.--At constant  undercooling and pull  

velocity, the  dendrites diverge from the [211] growth 
axis and each other and the web slowly widens. The 
rate is sensitive to apparatus changes, and a conven-  
ient way to characterize it  is to plot over-al l  width 

Crystal 

Melt 

Radiation Ports 
in Mo Crucible-Susceptors 
Directly Beneath Dendrite 

Tips 

Fig, 4. Two radiation ports in crucible whereby the melt directly 
beneath the two dendrites is cooled. 

June 1971 

Fig. 6. Wide, flat crystals pulled from a two-hole ported crucible 
with aftershields. 

as a funct ion of length, Fig. 7. The three curves are 
averaged data of at least six crystals from each of the 
three furnace modifications. The first is that  of Fig. 3A, 
the second, Fig. 3B, while the third is like the first but 
with the ports of Fig. 4. The widening rates increased 
with each change, from 0.04 to 0.1 m m / c m  of length. 
In  the ported crucible design, the l imit ing width was 
not set by approach to steady state as in the unmodified 
crucible but  ra ther  by the 3 cm outer diameter  of the 

3~ 
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Overall Width, rnrn 

Fig. 7. Over-all crystal width as o function of web length. The 
widening rate in the ported crucible is about twice the simple or 
shaped slot rates. 

Section of ~ //Web Crystat 

Top Shield ,/II. Plan e P;erla~eI 

Fig. 5. Heat shields positioned parallel to the ( I l l )  web face 
reducing the rate of heat loss by radiation from the solidified 
crystal. 
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~ I I ' l l l l l l l l l  

Fig. 8. Web crystal in which the initial seed button was widened 
to 2 cm prior to pulling. A 0.02 cm dendrite seed (nat shown) was 
used to seed this crystal. 

melt. The web was as wide as the melt. Had there 
been more silicon, we believe greater width could have 
been achieved. 

These modifications changed the ini t ial  seeded width 
as well  as widening rate. The ini t ia l  widths increased 
from 0.4 through 0.6 to about 1.4 cm, suggesting a very 
real effect of apparatus upon the undercooling at the 
melt  surface. Figure 8 shows an extreme case. The 
first web grown was over 2 cm wide. The seed den-  
drite (not visible) was about 0.02 cm diameter. Great  
skill was required to do this. For  example, if the rf 
heating coil was not well  positioned or if the seed was 
not put  into the center of the undercooled region, the 
growth from the seed would be asymmetrical.  On pul l -  
ing, the t iny  seed would bend under  the lopsided load 
with subsequent  loss of the meniscus and web. Al-  
though we cannot specify a detailed mechanism, we 
believe that  the ini t ia l  width and the widening rate 
are related to the extent  to which the undercooled re- 
gion was modified by the introduct ion of radiat ion 
sinks. 

Web f/atness.--Using a microscope with a calibrated 
micrometer  eyepiece, we measured cross sections 
cleaved normal  to the [211] growth direction (Fig. 9) 
The distance from the intersection of the twin planes 
with the cleavage faces (a reference trace) to the web 
faces was determined at 2 mm intervals  across the 
width to obtain the surface profile. Profiles were taken 
at 1 ft intervals  along the web length, since both thick- 
ness and flatness vary  slowly with length (providing 
growth conditions were not var ied) .  The microscope 
measurement ,  referred to the twin  plane trace, was 
sensitive not only to surface flatness but also to thick- 
ness, to bow, and to taper. 

In  Fig. 10, the surface profiles are plotted relative to 
the twin  planes using a magnified and displaced ver t i -  
cal scale to demonstrate  deviat ion from flatness. The 
total average thickness of the web was constant. The 
average s tandard deviation from flatness, ~, is shown for 
each profile trace. By moving the web during growth, 
the distance of the twins to the surface could be varied. 
The data shows a relationship between the flatness of 
the surface and its distance from the twin  planes; Fig. 
11 quant i ta t ive ly  shows this to be a l inear  function, 
with a increasing at a rate of 10 ~m for each 100 ~m in-  

~tlD 

J i21D Thickness 
Twin Plane Reference 

Cleaved section normal to ( z i i )  showing schematic measurement 
of thickness with the twin plane as reference 

Fig. 9. Schematic cross section of web crystal normal to (211) 
showing the supporting dendrites and adjacent fillet regions. Web 
thickness and deviation from flatness was microscopically 
measured using the twin plane trace as a reference plane. 
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Fig. 10. Magnified profiles of web surfaces showing increased 
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Fig. 1|. A linear increase of about 10 ,am deviation from flat- 
ness ((r) occurs for each 100 #m increase in thickness. 

crease in distance from the twin  plane. At a given 
total thickness, the closer the twin  planes are to one 
surface, the flatter it will  be bu t  only at the expense 
of the reverse side. For this reason, we use the aver-  
aged s tandard deviation of both sides to measure 
web surface quality.  In  summary,  surface flatness de- 
teriorates as web widens. It  is relat ively better  on 
whichever face is nearest  to the twin  planes. 

We now describe experiments  with several crucibles. 
Figure 12 shows least-square  l ine fits of average ~ as 
a function of width for the three crucibles described 
earlier and a ported crucible with the aftershields. 
The flatness at given width improved regular ly  as the 
apparatus  was successively modified. The web from 
the ported crucible with aftershields is much the 
flattest, even at widths greater  than  we could grow in 
others. The deviation is always less than  10 #m which 
is adequate for photomasking. These data confirm the 
efficiency of controlled heat  flow in de termining  over-  
all  web flatness despite the observed effects of in ter -  
face width and the influence of the twins. 

Discussion 
We can derive insight into web growth behavior  by 

qual i tat ive extensions of known thermal  models of 
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Fig. 12. Averaged values of flatness deviation are shown here as 
o function of over-all web width for different crystal-pulling ar- 
rangements. The ported crucible with oftershield arrangement 
yielded web flat to within 10/~m at 3 crn over-oil width, 
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dendrit ic growth. The tip morphologies of semicon- 
ductor dendri tes (8) and the theories that  successfully 
account for their  growth (9, 10) show that  the thermal  
gradients about these are large and ha~e almost rota-  
t ional symmetry  about the [211] growth axis. Imagine 
two dendrites, with a coplanar twin  structure, growing 
side by side in  an undercooled melt.  Temperatures  at 
some constant  depth in  the melt  wil l  in  general  be 
higher between the dendri tes than  at other points 
equidistant  f rom one or the other dendrite.  Heat  flow 
will s tagnate across the plane containing the twins. 
Temperature  gradients thus favor growth away from 
the common [211] growth direction and the dendri tes 
diverge. If the dendri tes are joined by web, this ten-  
dency to diverge should be fur ther  increased, and the 
web widens. If effective heat sinks are added outside 
the dendrites, the widening  rates wil l  become larger. 
This is indeed what  we observed with our lid and 
crucible designs. The l imi t ing width is apparent ly  set 
by the melt  diameter.  

The flatness of web is certainly affected by  in ter -  
actions with the dendrites.  For  example, when  the 
dendrites are close together and the web is narrow, 
its middle is thin for the dendrites always dominate 
the heat flow about  the web immediate ly  adjacent  to 
them. But  when  the dendri tes are far apart, the center 
of the web is less influenced by  them and becomes 
increasingly responsive to other heat  sources and sinks 
wi thin  the system. Unfor tunately ,  some of these other 
sources and  sinks, the melt,  the crucible, and suscep- 
tor are of overr iding rotat ional  symmetry.  If only 
these rotat ional ly  symmetr ic  fields were present  and 
no at tempt was made to compensate for them, the web 
would become round like a [211] Czochralski crystal. 
It is thus plausible that, when  wide, web should grow 

thicker at its center. Since when  web is nar row it is 
th innest  at the center, there mus t  be some par t icular  
width at which web is flattest. As the width increases 
beyond this point, there should be a degradation in  
surface flatness. When heat sinks are added which 
relieve the rotat ional  symmetry,  the quant i ta t ive  re-  
lat ionship be tween flatness and width should become 
more favorable, and the width at which the surface is 
flattest will become greater. The slopes of the lines in 
Fig. 12 show the former, and their  intercepts on # - 0 
the latter. 

There  is a correlat ion be tween surface flatness and 
the distance of that  surface from the twin  planes. 
Since the whole web-dendr i te  s t ructure is more  or less 
flat, there should be near  the interface a s tagnation 
plane across which no heat flows. This must  also be 
more or less flat and  cer tainly should be wi th in  the 
projection of the thickness (the [211] section) of the 
crystal, for the  solid l iquid interface is, after all, near ly  
isothermal. For  an isolated dendrite,  any plane con- 
ta in ing the t ip normal  is a stagnation p lane  and the 
plane of the twins  is one of these. For  two coplanar 
dendrites the twins un ique ly  define it, and in our 
crystals it is probable that the stagnation surface will  
be near the twins  in  the web as well. Thus, if web is 
growing with one face near  the twin  planes, this face 
and not  the other should lie nearer  this surface of 
thermal  stagnation. It  is plausible that  this face should 
be flatter, for temperatures  close to the stagnation 
plane should be higher and nucleat ion and growth 
rates correspondingly lower after the mechanism 
proposed by O'Hara and Bennet t  (3). Thus, flatness 
and the distance to the twins can be plausibly related. 
Similarly,  reversing the argument,  the other side of 
the web should become less flat. As one side improves, 
the other degrades. 

Dislocations.--Silicon web has a reputat ion for its 
high dislocation content, a reputat ion well  earned for 
it often contains 103 to l0 s dislocations/cm 2. In  our 
web, the major i ty  of dislocations were generated in 
bursts at melt  en t rapment  centers on the dendri te  
surfaces (4, 7). These dislocations may slip into the 
web sheet and then tu rn  and propagate in the [211] 
growth direction. If there is a sufficient number  of 
these bursts, dislocations accumulate in the web center 
unt i l  eventual ly  the web becomes polycrystall ine.  

In  contrast  to this, Tucker  and Schwuttke  (5) have 
described the growth of dislocation-free web. This 
web was relat ively narrow, th in  (45~), and was grown 
with melt  temperatures  wi th in  50C of the silicon mel t -  
ing point. We have also grown th in  web under  low 
undercooling conditions and have confirmed that  the 
crystal  was dislocation free. Like Tucker  and 
Schwuttke, we observed a few dislocation bursts in 
the dendrites, bu t  the web was so very th in  it did not 
intercept them and the dislocations could not propa- 
gate. However, thicker web is necessary for most con- 
vent ional  semiconductor devices and, hence, disloca- 
tions generated in the dendri tes can and do intercept 
the web sheet. In  the web, dislocations can be part ial ly 

Fig. 13. Silicon dendrites 
grown at different depths of 
penetration beneath the melt 
surface, etched (90X). 
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el iminated by  "necking down," or th inn ing  the web. 
The dislocation densi ty was not affected at all by the 
curvatures  of the interface, either concave up or down 
to the melt. We therefore studied the formation of 
dislocation bursts in  the dendri tes and at tempted to 
develop a technique to minimize them. 

At a given undercooling, a variable pul l  rate can 
be used to produce dendrites of constant  thickness but  
differing widths. At  fast rates they are narrow, with 
the {111} surfaces characterized by a medial  trough 
[Fig. 13 (a)] .  At lower rates, the dendri te  grows deeper 
in the melt  and the trough is par t ia l ly  filled [Fig. 
13(b)] :  Note the dislocations. At slowest rates and 
deepest penetra t ion the t rough is completely filled, 
producing good {111} surfaces without  dislocations 
[Fig. 13 (c)] .  The great bursts of dislocations charac- 
teristic of the second morphology each arise at a core 
of silicon pushed above the adjacent  {111} surface, 
clear evidence of both en t rapment  of l iquid after a 
surface chill and subsequent  deformation. 

We introduced the plane parallel  aftershields de- 
scribed earlier to slow down the freezing of any liquid 
droplets caught in the dendri te  surfaces and also to 
reduce thermal  strain; we also found that  they forced 
the dendri tes to grow more deeply under  the melt  
surface as in Fig. 13 (c). Using this geometry, the burst  
density was greatly reduced although not completely 
eliminated. With aftershields, the wide flat crystals 
previously described could be grown with a disloca- 
tion density near  103/cm 2. Without  these aftershields, 
the number  of dislocation bursts was large and web 
from the ported crucible grew polycrystal l ine wi thin  
a few feet. 

In addition to dislocation generat ion in the dendrites, 
it was f requent ly  observed that  dislocations grew into 
the web from the seed button. By use of a small  den-  
drite seed, by seeding at low undercooling, and by 
ini t ia l ly pul l ing at a very  slow rate, we were able  to 
minimize this source. An addit ional  technique of 
"necking" was often used to advantage near  the start 

of web growth. This was done by  increasing the pul l -  
ing speed for a short t ime unt i l  the web was th inned 
to about 1 mil; dislocations near  the sheet surface then 
terminated.  Those dislocations located next  to the twin 
planes (in the last mil  of web) could not be el iminated 
without losing the web as well. Although dislocation- 
free web was not grown thicker than about 100g, care- 
ful technique and use of aftershields did result  in 
growth of long pulls of thick, wide, flat web having 
low dislocation counts. 
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The Influence of Methane on Twin Formation 
During the Vapor Growth of Silicon Crystals 

Lawrence D. Dyer* 
Chemical Materials Division, Texas Instruments Incorporated, Dallas, Texas 75222 

ABSTRACT 

Single crystal silicon layers were deposited by the vapor reduction method 
onto < i l l >  silicon rods with various concentrat ions of methane in the dep- 
osition gases. Twins appeared only at CH4 concentrat ions of I00 ppm and 
above. In  contrast  to the results in the case of oxygen addition, twins were 
found on both a l l }  and {ll0} faces; and the density of twins on the ~11} 
face increased as the 6.7 th power of the methane concentration. The general 
dependence of twin  density on the methane  concentrat ion suggests that  ag- 
glomerates of five to seven carbon atoms are responsible for the twin forma- 
tion. A possible mechanism by  which carbon or SiC chains containing less 
than seven atoms can cause twinn ing  on the a l l }  face is presented. 

The growth of silicon single crystal  ingots by  the 
pyrolytic reduction of halosilane vapor (1-3) is a 
means of shortening the process by which single crys- 
tal silicon is obtained. One of the main  problems with 
the growth of silicon by vapor deposition is the forma- 
t ion of twins in the growing material.  For the <111> 
and <100> axial orientat ions that  are commonly 
used, the size of the twins increases with the layer 

*Elect rochemicaI  Society Act ive  Member.  
Key  words:  vapor  growth of silicon, twin formation,  defects in Si 

f rom methane.  

thickness (3); and, one twin start ing from a ~/4 in. 
diameter  seed will  ru in  more than  a 1 in. long 
section of a 1 in. diameter  silicon rod grown from 
that seed. A major  source of twins is impurit ies in the 
input  halosi lane-hydrogen mixture.  

In a previous study oxygen was found to cause 
twins on {211} faces if the oxygen concentrat ion was 
200 ppm or greater;  but, no twins formed on {ll-O} 
faces (4). The twins were a t t r ibuted to the subst i tu-  
tion of oxygen atoms in growth ledges, which causes 
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enhancement  of the  p robab i l i t y  of deposi ted silicon 
atoms be ing  in the  twinned  position. The  purpose  of 
the present  s tudy  was  to invest igate  the  influence of 
methane  on the fo rmat ion  of twins  dur ing  vapor  
growth.  

Exper imenta l  Procedure 
Epi tax ia l  deposi t ion was ca r r i ed  out  on V~ in. 

d iamete r  silicon rods, each having  a <111~  axis, in 
a manner  s imi lar  to tha t  descr ibed by  Al legre t t i  et al. 
(2), and S i r t l  and Sp ie lmann  (3) using t r ichloros i lane  
as the  silicon source. The rod  t empe ra tu r e  dur ing  dep-  
osit ion was 1250~ and the  growth  ra te  was 2.6 ~m/  
rain. Wi th in  the  first hour  of deposit ion,  the shape of 
the  rod changed f rom c i rcular  to dodecahedra l  wi th  
the deve lopment  of six {211} and six {150} faces. The 
{110} faces then  g radua l ly  became n a r r o w e r  whi le  the  
{211} faces increased in wid th  as g rowth  cont inued 
(2 ,3) .  

Sil icon deposi t ion  was  car r ied  out  for  2 hr. Methane  
was then  d ive r t ed  into the reac t ion  chamber  at  the 
des i red  concen t r a t i on - - e i t he r  72, 107, 143, or  453 ppm. 
By de lay ing  the  in t roduct ion  of the  methane,  any  {211} 
twins  tha t  began at  the  or ig inal  seed crys ta l  could be 
d is t inguished by  size f rom those caused by  the  me th -  
ane (4).  Deposi t ion t imes  af te r  the  in t roduct ion  of 
methane  ranged  f rom 1.5 to 11.0 hr. The 453 p p m  run 
was t e rmina ted  at  1.5 hr  because the  numerous  twins  
on the {211} faces would  have  ove r l apped  and made  
counting difficult. 

Af te r  each run  the  rod was removed  from the re-  
actor, and  defects  were  counted under  an opt ical  
microscope on each of the  faces {211} and {150}. 

Af te r  examina t ion  por t ions  of the  ca rbon-con ta in ing  
ep i tax ia l  l ayers  of each rod  were  cut off and  analyzed  
for to ta l  carbon by  a combust ion method  (5). Sample  
size was app rox ima te ly  lg.  The  detect ion l imi t  was 
10 ppm, and the accuracy was __+ 10% at  the  100 ppm 
level  and above. 

Results 
Three ma in  resul ts  were  obtained:  
1. Twins  and defects  were  p roduced  on the {211} 

and {150} faces b y  the influence of  me thane  dur ing  
ep i tax ia l  growth.  

2. The carbon  concent ra t ion  in the epitaxi~il l ayers  
was app rox ima te ly  the  same as i t  was in the  vapor  
phase. 

3. There  exists  a quan t i t a t ive  re la t ionship  be tween  
dens i ty  of twins  and methane  concentrat ion.  

Morphology and appearance o~ twins and associated 
defect8 on {211} and {110} 5aces.--The defects  can  be 
d iv ided  into th ree  categories:  (a) twins  on the  {211} 
faces, (b) twins  on the {130} faces, and (c) chevron-  
shaped defects  on the  {110} faces. 

Twins on ~11} faces.--A top  v iew of a typica l  twin  
on the (211} face is shown in Fig. 1. (Such twins  are  
not  to be confused wi th  those having  ver t ica l  (111) 
twin  boundaries ,  as shown by  Faus t  and John  (6) and 
Mendelson (7). The c rys t a l l og raphy  has been worked  
out  by  S i r t l  and Sp ie lmann  (3). A n  independen t  check 
by  x - r a y  back-ref lec t ion  confirmed the i r  results.  In  
the  figure the  twin  (A) is bounded on one end by  the 
s loping coherent  twin  bounda ry  (B) and on the other  
end by  mic ro twin  lamel lae  (C),  which  fill two t rough-  
shaped gaps be tween  (111} planes  of the  pa ren t  crys ta l  
and  {111} p lanes  of the  tw in  crystal .  

Twins on (1TO) faces.--A typica l  twin  s t ruc ture  on 
the (1-10) face is shown in Fig. 2. I t  consists of two 
twins, one on the (11-1) face, and  one on the (111) 
face, mee t ing  each o ther  at  a cen t ra l  boundary.1 A 

1 T h e  a u t h o r  is  i n d e b t e d  to P r o f e s s o r  G a r e t h  T h o m a s  a t  t h e  Uni~ 
v e r s i t y  of  C a l i f o r n i a  fo r  t h i s  s u g g e s t i o n .  

Fig. 1. Typical twin structure on (2-11) face 

Fig. 2. Twin structure on (110) face 

s imi lar  twin  s t ruc tu re  is shown in Fig. 3 where  two 
opposi te ly  s i tuated s tacking faul t  t e t r ahed ra  intersect .  
An  e tched (111) cross sect ion th rough  this defect  
( A - A  in Fig. 3a) is shown in Fig. 3b. The etching 
t ex tu re  wi th in  the  regions p resumed  to be twins  is 
different  f rom tha t  outs ide these regions.  
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Chevron-shaped defects on {110} faces.--Micrographs 
of the layers deposited on (110} faces at methane  con- 
centrat ions of 72, 107, 143, and 453-ppm are shown in 
Fig. 5a, b, c, d, respectively.  

Severa l  defects are evident  in Fig. 5b. We have 
called these defects "chevrons"  because their  most 
characteris t ic  fea ture  is the meet ing  of two faults at 
an obtuse angle. Very  often the faults are found 
closed into a lozenge shape, as shown in Fig. 6. A 
(111) cross section (B-B) of such a lozenge is given 
in Fig. 7, showing it to consist of ver t ical  faults. The 
mater ia l  enclosed by the lozenge defect  is stil l  cor-  
rec t ly  oriented, as can be seen f rom the dislocation 
etch pits in Fig. 6. 

There  is some connection be tween the chevron or 
lozenge faults and the twin structures because most 
twin structures have  lozenges associated with  them 
(8). The most l ikely in terpre ta t ion  of the  chevron 
faults at present  is that  they are micro twin  lamel lae  

(9-12). As a t emporary  assignment the {110} defects 
were  counted as twins if a dark pit was seen at the 
apex of the chevron. Otherwise,  the defects were  
counted as chevrons  a l though the  individual  faul ts  
may actual ly  consist of thin lamel lar  twins. 

Defect density vs. carbon content.--Twin counts and 
carbon contents are given in Table I. The  carbon 
contents in ppm were  found to be approximate ly  the 
same in the condensed phase as in the vapor  phase. 
The results on twin  densities are given on a t ime 
basis because of the different deposition t imes and 
because twins are produced during the ent ire  t ime  
of exposure to methane.  A defect densi ty of 0.02 cm -2 
hr  -1 corresponds to 1 twin  on a 20 cm rod in 2 hr. 

Fig. 3(0). Twin structure at intersection of two oppositely 
oriented stacking fault tetrahedra on (1i0) face. (b). (111) Cross 
section of twin structure on (110) face through A-A. 

From the foregoing microscopic studies, the crys-  

ta l lography of the twin  on the (110) face was de- 
duced and is shown in Fig. 4. The calculated and ob- 

served angles be tween the [3"52] and [110] directions 
in the twin and the parent  crystal  are  71.56 ° and 71 ° 
___ 1 °, respectively.  

Fig. 4. Schematic representation of twin structure on (110) face 
Fig. 5. {1i0}  Surfaces grown in the presence of methane. (o) 

72 ppm, (b) 107 ppm, (c) 143 ppm, (d) 453 ppm. 
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Table I. Twin count and carbon content at various 
methane concentrations 

Defect  count /cmS/hr  Carbon con- 
CI-L added,  {110} tent  of 

p p m  {211} Twins  {110} Twins  Chevrons  layer ,  ppm 

0 0 1.0 0.4 <10  } } }  ,+1o 
72 0.0015 0.027 0.05 122 ~ 10 
72 

107 0.035 0.47 3.5 Not  measu red  
143 1.2 1440 1.2 X 104 167 -~_ 15 
453 533 Very  large Very  large  395 -~ 40 

Fig. 6. Lozenge-shaped defect on (110) face 

Figure 8 shows a plot of the twin  densi ty generated 
per hour  on the {211} face vs.  the negative logari thm 
of the carbon or methane  mole fraction�9 The experi-  
menta l  points give a slope m of 6.7 +_ 0.2. Thus, we 
can wri te  the empirical  relat ionship 

d 
= kC8.7 

T 

where d is the twin  density, T is the time, k is a con- 
stant, and C is the methane  or carbon concentration. 

Discussion 
Carbonaceous contaminants  have previously been 

found to give twinned  growth centers on the (111} 
face dur ing  epitaxial  growth (9, 13, 14). Also, twins 
have been shown before in epitaxial  layers on  the 
{211} face (2, 3), and electron diffraction evidence has 
shown twins in (110} epitaxial layers (15). 

In  the present  study, a quant i ta t ive  relat ionship 
between twin  density and carbon content  was found 
and should be accounted for. 

There is no doubt that  we could be dealing with 
the beginnings of the precipitat ion of carbon in  some 
form. The solid solubil i ty of carbon in  silicon at 
1250~ has been given as 6 x 1017 (16) and < 3.5 x 
1017 (17) atoms/cc, whereas our 100 ppm apparent  

Fig. 7. (111) Cross section of defect shown in Fig. 6 

From the table it  appears that there is a nonl inear  
relationship between the density of defects and the 
methane concentration. Somewhere between the con- 
centrations 72 and 143 ppm the density of each kind 
of defect rises significantly. The {110} chevron defects 
are more numerous  than the {110} twin  defects, and 
both are more numerous at each concentration than 
{2-11} twins. 
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Fig. 8. Twin density generated per hour on (211} face vs. nega- 
tive log of methane concentration. 
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threshold concentrat ion corresponds to 5 x 1O TM a toms/  
cc. However, the carbon in  each atom layer  may  not 
have t ime to aggregate to any great extent  before it 
is covered up. 

Miller et al. (9), and Inoue (14), a t t r ibute  the twins 
found on {111} faces in epitaxial  layers to packing 
effects from two extra SiC (0001) planes inserted into 
the crystal. While this m a n n e r  of forming twins is 
indeed possible, it  is a more s t r ingent  requi rement  
than  is necessary because of the large n u m b e r  of 
carbon atoms involved. In  the present  s tudy the twin  
density on the {211) face was proportional to the total 
carbon concentrat ion to the 6.7 th power. This result  
can be in terpre ted to mean  that  only a few carbon 
atoms are required to come together s imultaneously 
to cause a twin, whether  6-7 on the basis of the law 
of mass action, or 5-6 on the basis of the relationship 
derived by Walton (18). A mechanism was sought 
which could result  na tura l ly  in  the formation of a 
twin  on the {211} face and still  involve the aggrega- 
t ion of only a small  n u m b e r  of carbon atoms. Such a 
mechanism was found possible if carbon or silicon 
carbide groupings were in the form of chains in  the 
{2-11} surface in directions paral lel  to the <Oll-~ 
ledges in each face. Twins  can form when the group- 
ings are long enough to create a mismatch between 
the normal  silicon position and the subst i tuted silicon 
position at the end of the chains sufficient to allow a 
twinned  pair  of atoms to be fixed in position in  the 
growing row. Subsequent  addit ion of atoms would 
produce the same orientat ion and shape of twin  that  
were shown in  Fig. 1. The smallest  groupings that  
can create such an accumulated mismatch are chains 
containing three or four carbon atoms. Figure  9 shows 
two ways in  which a twin  nucleus may be formed 
from a silicon carbide chain of four carbons. 

Fig. 9. Atom model of {211} face showing two mechanisms by 
which twins would be formed by chains of carbon or SiC in 
<(011-~ steps. 

Conclusions 
Methane has been found to cause twins in silicon 

dur ing  vapor growth. 
Methane causes twins on both the {211) and {110} 

faces, in contrast  to oxygen which does not form twins  
on the {110} face up to 600 ppm. 

The density of twins on the {211} face varies as the 
6.7 tJ~ power of the methane  concentration, while the 
density of defects on the {110} face increases even 
more rapidly with concentration. The formation of 
twins is a t t r ibuted to a row growth mechanism made 
possible by C or SiC chains a few atoms long. 
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LIST OF SYMBOLS 
m ----the number  of carbon atoms part icipating in 

a twinn ing  event  
d ---- density of twins in n u m b e r / c m  2 
T ---- time, hours 
C ---- mole fraction carbon 
k = constant  
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ABSTRACT 

Epitaxial  Si layers grown by pyrolysis of silane on sapphire substrates in a 
He atmosphere are analyzed by x- ray  diffraction, scanning electron micros- 
copy, and the sput ter - ion microprobe. Their properties are compared with 
those of layers grown in hydrogen at higher temperatures.  A marked decrease 
in epitaxial  temperature  is observed, which is related to nucleat ion charac- 
teristics of the freshly deposited Si atoms. The growth rate l imitat ions are 
discussed. Quali tat ive analysis by sput ter - ion probe provides some promising 
results concerning impur i ty  incorporation. 

Structure defect formation and impur i ty  incorpora- 
tion are common plagues in heteroepitaxial  Si films 
grown at high temperatures  by pyrolysis of silane. It 
is expected that  decreasing the epitaxial  temperature  
should minimize these undesirable phenomena.  

The lower epitaxial  tempera ture  in the usual  silane 
and hydrogen system is 1025~ (1) and we succeeded 
in growing h igh-qual i ty  layers at 1030~ Figure 1 
shows an electron diffraction pat tern  of a 2.4 ~m thick 
layer, the crystal l ine qual i ty of which is indicated by 
the occurrence of Kikuchi  lines. A fur ther  decrease 
of the tempera ture  is hindered by the decrease of both 
crystal l ine qual i ty and growth rate of the layer. 

Obviously, hydrogen limits the silane dissociation 
rate (2) and is efficient in impur i ty  t ransfer  (3). From 
this s tandpoint  (but we see later  that  this is not the 
major  reason),  its replacement  by an inert  gas is 
desirable. 

Helium, owing to its expected high pur i ty  and good 
thermal  conductivity, is an attractive choice. Fu r the r -  
more, promising results are reported for Si growth on 
Si (4). 

Its use, instead of hydrogen, in principle involves 
no major change of the deposition technique. However, 
in practice even the purest available He (given as 
99.9995%) contains sufficient amounts of water vapor 
and oxygen to require further purification. Molecular 
sieves and liquid N2 traps are not sufficient means, 
especially because of the extreme oxidizability of 

Fig. 1. Electron diffraction pattern of a (001)-Si layer grown 
in H2 at 1030~ 

silane. Though special inert  gas purifiers can now be 
purchased, they were not available when the present 
work started. 

Expecting some balance of this oxidation reaction, 
we also tried exper iments  in a He-I-I2 mixture.  

Character izat ion Methods 
These methods were chosen according to the aims 

of our study. We were especially interested in growing 
th inner  layers (1-2 #m) than in our previous work 
and in obtaining more physical insights into in ter-  
facial processes. 

Nucleation studies and chemical analyses were 
therefore required, using sui table techniques: scanning 
electron microscopy, electron replica microscopy on 
the one hand, and sput ter - ion microprobe analysis  (5) 
on the other, were selected. 

This last method being relat ively new and unusual,  
some comments are in order. First, infrared spectros- 
copy previously used by us (6) reaches its sensit ivity 
and resolution limits for such thicknesses. The choice 
was to be made between the sput ter - ion microprobe 
and the electron microprobe, bu t  the former  affords 
decisive advantages:  

(a) A localized area to be analyzed (250 #m diam- 
eter) .  

(b) No l imitat ion in atomic n u m b e r  of the elements, 
owing to the mass-spectrometry analysis. 

(c) The crucial resolving power in depth (of the 
order of 100A). 

(d) A high sensitivity, in the 10 -6 to 10 -9 range of 
relat ive mass concentrat ion.  

(e) For each element,  an ionic dis t r ibut ion image 
recorded on a photographic plate, resolving areas 
in the 1 ~m range. 

However, some drawbacks are also obvious: 
(a) The method is destructive. 
(b) Insula t ing layers require a metall ic electrode on 

their  surface in order to remove electric charges 
dur ing sputtering. 

(c) The secondary ionic current  of a given element  
is not  mere ly  proport ional  to its total  concen- 
t ra t ion in the matrix,  but  depends on several 
properties of this matrix.  Therefore, compara-  
tive exper iments  are valuable.  

Nucleation Experiments 
Standard  conditions for Si films grown in H2 are 

defined as follows: 

~-A1203 boules grown by the Czochralski method 
are cut, mechanical ly  polished, and etched in H2 
at 1300~ for 15 rain prior to epitaxy (6). 
The crystall ine orientat ion of the substrate is 
(01.2). 

962 
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Table I. Experimental data at T ~ 1100~ 

G r o w t h  c o n d i t i o n s  Islands' p r o p e r t i e s  
Ca r r i e r  T i m e  D e n s i t y  D i a m e t e r  Con t ac t  

gas (rain) (cm--") ($m} angle  

H2 1 109 0.2-0.4 > 9 9 "  
H2 4 3 x 10~ 1-2 > 9 0  ~ 
He 1 3 • l 0  s 0.3-0.5 <90"  
He 4 C o n t i n u o u s  l ayer  

Silane flow rate:  5 ema/min.  
Total flow rate: 10 l i ters/rain.  
Epitaxial  temperature:  T --  11700~ 

The nucleat ion steps are defined by a 1 or 4 min  
deposition time. 

The same conditions are applied in comparative ex- 
periments,  except for the replacement  of H2 as a car- 
rier gas, dur ing growth, by the He-H2 mixture.  

Scanning electron microscopy provides an easy mea-  
surement  of the size and density of the Si islands, Fig. 
2, a and b. After breaking the slice, the contact angle 
between the Si balls and the substrate is determined,  
Fig. 3, a and b. 

The corresponding data are given in Table I. 

Discussion.--The general  trends, along with the use 
of He, are: 

(a) An increase of the net  reaction rate, as shown 
by the faster complete coverage of the substrate. 

(b) Str iking modifications of the nucleat ion proper-  
t ies- - increase  of the size, decrease of the density 
of the islands, at a given time, contact angle less 
than 90 ~ . 

Fig. 3. Shape of Si islands: a (top)--ambient H~, time 4 min 
(X26,000); b (bottom)--ambient He, time 4 min (X65,000). 

These features are generally considered to be favor- 
able to epitaxy. The contact angle value, especially, is 
related to defect formation during coalescence when  it 
exceeds 90 ~ . 

L o w - t e m p e r a t u r e  Epi taxy 
The crystal l ine orientat ion of thicker layers grown 

in He was checked by x - ray  diffraction; a Cu-K a- radi -  
ation diffractogram is given in Fig. 4. The magnifica- 
tion factor is indicated for the various planes, and it is 
apparent  that  mul t ip le  orientat ions are found [par-  
t icular ly (001), as expected, and (111) orientations].  

Fig. 2. Density and size of Si islands (scanning electron micro- 
scope): a (top)--ambient H2, time 1 min (Xli ,000); b (bottom)-  
ambient He, time 1 min (X20,000). 

XSO 

xlO 

~ xs 

IfO0) (~11) (~20} (1111 (~, ~/~ 

Fig. 4. X-ray diffracted intensities of a high-temperature la~'er 
grown in He. The relative height must be multiplied by the factor 
given at the top. 
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Table II. Properties of the layers to be analyzed 

L a y e r  

G r o w t h  
c o n d i t i o n s  T h i c k -  C o n d u c -  

A m b i -  ness ,  p, t i v i t y  O r i e n -  
e n t  T ,  ~  ~ m  o h m - c m  t y p e  r a t i o n  

H H2 1100 0.8 0.1 P (001) 
L H e  900 1.2 > 1 0 0  S l i g h t l y  N (110) 

Fig. 5. Electron microscope replica of the sapphire substrate 
after etching the Si islands shown in Fig. 2(a) (X13,000). 

Although they are not  completely satisfactory, these 
pre l iminary  results allow exper iments  at lower tem-  
peratures. 

Monocrystal l ini ty could not be achieved unless all 
flow rates were decreased. Ult imately,  the following 
conditions were selected: 

T ---- 900~ 
Carrier gas: He -f- I-I2 (20% par t s /vo lume) .  
Total flow rate: 2 l i ters /min.  
Silane flow rate: 2 cm3/min. 

The decrease of total  flow rate was needed because: 
(a) Keeping it at its previous value gives a very  

different dis t r ibut ion of the deposit along the 
reaction tube. When T is decreased, the deposi- 
tion area is more and more confined upstream, 
unfor tunate ly  in a nonuni form temperature  
region. This shift can be offset by  decreasing the 
total flow rate. 

(b) The crystal l ine qual i ty  increases, presumably  
due to less impur i ty  incorporation via the vapor 
phase (see chemical analysis) .  

Summing  up some characteristics of such films: 
(a) Continuous layers are grown very rapidly, in 

less than  1 min. 
(b) The growth rate at 900~ in hel ium is near ly  

equal to that measured at l l00~ in hydrogen 
(typical value: 0.1 ~m/min) .  

(c) Non-purposely doped layers are slightly N-type 
and highly resistive (p > 100 ohm-cm) .  

(d) X- ray  diffraction indicates that  a quasi single 
orientat ion is achieved, but  the strongest l ine is 
given by  a (220) reflection instead of the ex-  
pected (400) reflection. Thus, we confirm the 

tendency to grow (110) Si films at low tempera-  
ture  irrespective of the ambient,  since we re-  
ported this in (6) for Si growth in H2. 

Impurity Incorporation into the Films 
Before describing the sput ter - ion experiments,  it is 

interest ing to report  direct evidence of the interact ion 
between the substrate and the impinging Si at the 
early stages of the Si deposition. The method has been 
applied before (7) for Si grown on spinel. 

Silicon islands are deposited in H2 at l l00~ for 1 
min, as shown in Fig. 1. Selective etching removes 
these islands only and  an electron microscopy replica 
reveals depressed pits, out l ining the previously present  
islands (Fig. 5). 

Using He, we have also performed experiments  simi- 
lar to those we reported with H2 (3) and have found 
a luminum transfer  at a comparable level in the same 
h igh- tempera ture  range. However, the results were 
not easily reproducible and were more difficult to in-  
terpret  in terms of a simple diffusion process. This 
difficulty may be ascribed to the less pure ambient  
which can modify the surface conditions. 

Sputter-ion Analysis 
A reference is needed for this case also. A relat ively 

thin layer is grown under  s tandard conditions, as de- 
fined previously. Its properties are then compared with 
those of a layer grown in He at 900~ The first layer 
is referred to as the H (High T) layer  and the second 
as the L (Low T) layer. Their  properties are given in 
Table II. 

Prior  to sputtering, a thick gold layer was evap- 
orated in an ul t rahigh vacuum system on the Si top 
surface. 

We ascertained that  no gold was incorporated into 
the film by selecting Au + ions at first. In  any  case, this 
film prevents  any precise study of the Si surface itself. 

We also determined that  phosphorus was not de- 
tected in the L- layer  even though it is N-type.  

A luminum (A1 +) and oxygen ( O )  were selected 
for the analysis since they were found previously (6) 
by other methods. 

Silicon (Si +) was also measured because it provided 
an interest ing comparison with bu lk  material.  

The three profiles (A1, O, Si) are plotted on one 
graph for each layer  in Fig. 6, a and b. 
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Fig. 6. Impurity profiles: o(left)---H-layer; b (right)--L-layer. The full scale (100%) corresponding to the given ionic current range is 
also shown. 
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Discussion.--As previously mentioned, the free sur-  
face properties are difficult to ascertain. In  all cases, 
and for all e lements involved, surface peaks appear. 
These may be explained by the phenomenon  of chemi- 
cal emission (8) associated with the presence of oxy- 
gen. The dip in the impur i ty  profile of oxygen in the 
L- layer  is clearly and  repeatedly found and is ob- 
viously l imited to the surface layer. 

The outlines are somewhat different. A t rue diffusion 
profile is found in all cases (A1 and O) except for the 
oxygen distr ibution in the L-layer ,  which is rather  
constant with depth. The O-profile, compared to the 
A1 profile in the H-layer ,  is satisfactory because it is 
known that  oxygen diffuses faster into Si than A1. 

We conclude qual i ta t ively that  solid-state diffusion 
is important  at high temperatures,  but  that  oxygen 
incorporat ion via the vapor phase predominates at low 
temperatures.  

Quanti tat ively,  the results are not  so understandable.  
To confirm the influence of the matrix,  we must  point 
out the difference between the two Si + secondary 
currents:  bu lk  Si gives rise to a Si + ion current  in the 
range of 10-hA,  corresponding also to that of the 
H-layer .  On the contrary, the Si + current  for the 
L- layer  is only in the range 10-r~A. In  fact, a full 
study must  consider the influence of various param-  
eters: the crystall ine orientation, crystal  perfection, 
and the numerous  possible Si ions. 

As an example, we have found that the etch rate is 
influenced by  the crystall ine perfection (9) 

Bulk  Si 250-300 A/sec 
Hetero Si in  He 200 A/sec 
Hetero Si in H2 80 A/sec 

Another  very impor tant  point  to remember  is the 
difference in the ionization efficiency according to the 
chemical na ture  of the element;  for example, bu lk  
a luminum (A1 + is the only ionized species) gives rise 
to a 10-10A ionic current .  However, Si and A1 have 
almost the same atomic number ,  bu t  their chemical 
bondings are, in fact, very different. 

Taking this point into account and keeping in mind  
only relative figures, it is l ikely that: 

(a) The AI content  in the L- layer  is about 10 -4 less 
than  in the H-layer .  

(b) The oxygen content, likewise, is about two 
orders of magni tude  less in the L-layer.  

(c) Near the Si substrate interface of the H-layer ,  
comparable A1-O-Si concentrat ions are found. 
which may imply a compound formation. 

Some difficulties will be met in accurately defining 
the end of the film sputtering, especially for positively 
ionized species. The profile presents a long tail; by 
means of the specimen viewer, attached to the ap- 
paratus, we ascertained that  a secondary ionic current  
is measured long after the pr imary  beam reaches the 
bottom of the film. It is l ikely that, for insulat ing 
layers and due to specimen biasing, the pr imary  ion 
beam shifts and etches an extended area. This ham-  
pers any firm relationship between impur i ty  concen- 
t rat ion and secondary current  corresponding to that  
tail. 

Last but  not least, information is provided by the 
ionic dis t r ibut ion images for At and oxygen into the 
H-layer.  The apparatus records an image of a small 
etched region (150 ~m in  diameter)  dur ing sputtering, 
corresponding to a specific element. It therefore pro- 
vides a true distr ibution of this element  over the 
etched area. The difference between oxygen and A1 
distr ibution (Fig. 7, a and b) is striking: except for 
a small  number  of localized spots, the O-pa t te rn  ap- 
pears uniform; conversely, A1 presents a spotty pat-  
te rn  suggesting a localized distribution, presumably at 
dislocation sites. This result  can be related to the 
beaut i ful  photoconductivi ty experiments  (10) on sim- 
ilar structures, indicating space charge distributions. 

Fig. 7. Ionic distribution image (H-layer) of: a (top)---aluminum, 
b (bottom)--oxygen. 

Conclusion 
These first exper iments  were very f rui t ful  and the 

main  results can be summarized as follows. 
1. Compatibil i ty of low-tempera ture  epitaxy and the 

He process is demonstrated. 
2. Autodoping is therefore minimized. 
3. The sput ter - ion technique is a very  promising 

tool for chemical analysis  of such layers. 
However, much work remains  to be done. Several 

basic problems must  be solved: unders tanding  the 
t rend toward (110) orientation, quant i ta t ive  in ter-  
pretat ion of the ion probe measurements,  and, accord- 
ingly, unders tanding  of impur i ty  incorporation proces- 
ses. 

Practical problems concerning the applicabili ty of 
this general  technique depend on: 

1. Purification conditions in order to make the layer 
growth procedure easier. For  example, it is necessary 
to pump the whole system 2 days before an experiment  
starts. 

2. Electrical characteristics (especially for doped 
layers).  Since doping and growth conditions are re-  
lated, their compatibil i ty must  be checked. 
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Ionic Contamination and Transport of Mobile 
Ions in MOS Structures 

M. Kuhn and D. J. Silversmith 
Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 07974 

ABSTRACT 

A fast, simple and very sensitive technique has been developed to deter-  
mine the extent  of ionic contaminat ion of oxides in MOS capacitors. The 
method is capable of detecting better  than 109 mobile ions/cm 2 and is based 
on the measurement  of the displacement current  response to a slow l inear 
ramp voltage at elevated temperatures.  This yields an ionic displacement 
current  peak whose area is proport ional  to the total mobile ionic space charge. 
The method is expected to be very useful for rout ine process and qual i ty con- 
trol applications. This technique has been used to s tudy positive mobile 
charge behavior in silicon dioxide. The voltage dependence of the ionic dis- 
placement current  indicates that t rapping of ions occurs at the metal-oxide 
interface and that  ionic t ransport  from the metal  to the silicon interface is 
controlled by trap emission. Ion t ransport  from the silicon to the metal  in ter-  
face is characterized by a single, bu lk- l imi ted  t ransport  mechanism below 
300~ with an activation energy that appears concentrat ion dependent.  Above 
300~ an addit ional  t ransport  mechanism is observed which is slow in com- 
parison to the pr imary  t ransport  mechanism. 

Trace amounts  of ionic contaminat ion in thermal ly  
grown SiO2-Si MOS structures and insulated gate field 
effect transistors ( IGFET) are a source of instabi l i ty  
because of ionic drift  under  action of an electric field. 
Extensive work (1-4) has traced the major  source of 
this ionic drift  instabi l i ty  to the presence of sodium. 
The extent  and distr ibution of sodium contaminat ion 
has been determined both destructively [by neut ron  
activation analysis (5) and flame photometry (6)] and 
nondest ruct ively  by capacitance measurements  of bias-  
tempera ture  aged MOS capacitors (1-4). Flame pho- 
tometry and neut ron  activation analysis are compli- 
cated exper imental  methods which are not practical 
for rout ine analysis and which lack sensitivity for 
sodium levels below 1012 atoms/cm 2. The usual  high- 
f requency C-V measurements  under  b ias- temperature  
stress indicate sodium contaminat ion by observing 
shifts in the flatband voltage. These measurements  are 
uncer ta in  because flatband voltages are influenced by 
changes in the surface charge and surface state density 
under  b ias- tempera ture  stress. Such changes make 
unambiguous  ion concentrat ion determinat ions diffi- 
cult  for concentrat ions less than 1-2 x 10 ~~ ions/em 2. 

The l imitat ions ment ioned above are largely over-  
come if one measures the ionic displacement current  

Key  words:  ion transport ,  mobile ions in insulators, MOS char-  
acterization. 

in an MOS capacitor dr iven by a slow l inear  voltage 
ramp (7). This measurement  is made at elevated tem- 
peratures, and the ionic motion is revealed by a cur-  
rent  peak near  zero bias. The total mobile ionic charge 
is proport ional  to the area of this peak, and the ionic 
species can be readi ly measured down to 109 ions/cm 2. 
The method is rapid and simple, in addition to being 
sensitive and independent  of changes in interface 
properties. 

The ramp method has been used to s tudy mobile 
charge drift  in various SiO2-Si and A1203-SiO2-Si MOS 
structures with ion concentrat ions spanning a range 
from above 1013 ions/cm 2 to fewer than 109 ions/cm 2 
(8). The fraction of ionic species that is mobile depends 
exponent ial ly  on temperature  over a range between 
I00~176 and the shape of the ionic displacement 
current  indicates that ionic t rapping occurs at the 
meta l - insula tor  interface. This suggests that  ionic 
t ransport  is characterized by  at least two processes: a 
fast process at lower temperatures  and a slow process 
at temperatures  above 300~ 

This method has been independent ly  developed by 
Kerr  (9) and Chou (10) who have tested and con- 
f r m e d  its val idi ty using the simpler and electro- 
chemically symmetr ical  Si(poly)-SiO2-Si(100) MOS 
structure. 
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~ 0  V Q ( v )  = - C ( V ) d V  + QvB [1] 

Fig. 1. Schematic diagram for mobile ion drift test set 

where C ( V )  is the low frequency differential MOS 
capacitance and QFB is the induced charge necessary 
to establish the flatband condition. QFB may  be ex-  
pressed in terms of the metal-semiconductor  work 
function difference r the space charge distr ibution 
p(x)  per uni t  area and the oxide-capacitance per un i t  
area, Cox, as (7) 

~0 Xo X 

QFB = CoxCMs -- p (x)  dx  [2] 
X o  

A p p a r a t u s  

The exper imental  test set for performing mobile ion 
drift  measurements  is shown schematically in Fig. 1. 
The apparatus consists of a shielded probe set contain-  
ing an electrically isolated pedestal heated with a 
shielded resistance heater  to temperatures  up to 400~ 
and a movable  probe point. The pedestal is dr iven 
with a slow l inear  voltage ramp obtained from an 
operational amplifier integrator  or a slow t r iangular  
wave function generator  (HP-3310A) to provide sweep 
rates typically 5-100 mV/sec. The displacement current  
flowing through the MOS capacitor on the pedestal is 
monitored through the probe point  and is measured 
using a Keithley 602 electrometer operating in the 
"fast" mode. In this way the electrometer functions 
as a high gain operational  amplifier, reducing the input  
voltage drop essentially to zero and also minimizing 
the response time. The output  from the electrometer 
(uni ty  gain) and the applied voltage ramp are recorded 
on an X-Y plotter to display a plot of displacement 
current  vs. voltage. As typical  displacement current  
levels are about 10-11A, careful electrostatic shield- 
ing is required, and the Kei thley input  connector from 
the probe point  should be kept as short and as rigid 
as possible to minimize stray capacitance and vibra-  
t ional noise. 

Analysis 
The response of an MOS capacitor to a slow l inear  

voltage ramp in the absence of any mobile charged 
species has been discussed (7); it was shown that 
under  quasi-static conditions, low frequency C-V char-  
acteristics are obtained. When the oxide contains 
ionic impur i ty  species which are mobile under  the in-  
fluence of electric field at elevated temperatures,  these 
mobile ions contr ibute  an addit ional  component  to the 
displacement current .  This ionic component  may be 
analyzed to yield the quant i ty  of mobile ions present 
and may  provide some addit ional  informat ion on their 
t ransport  properties, as wilI be shown by the follow- 
ing analysis. 

We consider an iVIOS capacitor with space charge 
density p(x) in the insulator  as shown below the 
energy band  diagram of Fig. 2. The charge Q ( V )  in-  
duced at the semiconductor surface when  a voltage V 
volts (measured with respect to the bulk  semiconduc- 
tor) is applied to the field plate is given by 

EF 

qV 

. . . . .  --__- 

METAL 

p(x) 

O::E 

E c 

,EF 
= ~ "  EV 

SEMICONDUCTOR 

x is the distance into the oxide measured from the 
metal-oxide interface, Xo is the oxide thickness. The 
displacement current  flowing out of the metal  field 
plate, when the applied voltage varies with t ime and 
the space charge density is mobile, can be expressed as 

d Q ( V , t )  d ~ v  
i -- -- C ( V ) d V  

dt dt 
d ~oXO x ~ p ( x , t ) d x  [3] 

+ - ~ -  Xo 

Furthermore,  if we choose a l inear  t ime dependence 
for the applied voltage, V ---- •  and using d/d t  =- 
•  d /dV,  the displacement current  becomes 

d /~Xo x 
~(v) = _ . c ( v )  _ ~ - ~ J 0  -~o p(z'vldx [41 

This expression for the displacement current  as a func-  
t ion of applied voltages is valid under  conditions of 
quasi-static equil ibrium, that  is, under  sweep condi- 
tions so slow that  the ionic charge dis tr ibut ion p (x, V) 
can continuously equil ibrate with the external ly  ap- 
plied voltage. This quasi-stat ic equi l ibr ium may be 
expected to apply at elevated temperature,  in  the 
range above 150~ at sweep rates less than 100 mV/  
sec. Under  these conditions the entire shape of the 
charging curve can be determined, in principle, by 
calculating the equi l ibr ium charge distr ibution as a 
funct ion of applied voltage from a solution of Poisson's 
equation and the general  t ranspor t  equations and using 
these to calculate the second term in Eq. [4]. We would 
expect these detailed calculations to yield informat ion 
about the l ine shapes and their  relat ion to the ionic 
t ransport  properties, which might  lead to a useful  
method for ionic spectroscopy. 

It  remains to show explicit ly that  the mobile ionic 
charge density is obtainable from the displacement 
current .  This follows directly when  we consider the 
integral  of the ionic displacement current  Eq. [4]) 

f + %  [ i (V)  ~ C ( V ) ] d V = ~  x~ x -- ~ p(x,  + Vo)dx  
--  V o  X o  

~o Xo X 

- ~ p ( x , - -  Vo) dx [5]  
X o  

This equation shows that the integral  of the ionic com- 
ponent  of the displacement current  between two bias 
limits is equal to the difference in the weighted space- 
charge distribution, provided that  the charge dis tr ibu-  
t ion is allowed to equilibrate.  The mobile ionic charge 
densi ty is obtained directly if the ini t ial  and final con- 
ditions are chosen so that  all the mobile charge is 
located at an interface. For example if --Vo and Vo are 
chosen so that p(x, --Vo) ~ poh(X), and p(x, q-Vo) 

po5 (x -- Xo) Eq. [5] becomes 

f v~ [i(V) --  a C ( V ) ] d V  -- ~po [6] 
- - V  O 

Fig. 2. Electron energy diagram of an MOS structure in ac- 
cumulation. The band bending is characteristic of a P-type semi- 
conductor. A hypothetical charge density in the oxide is shown. 

In  practice, at elevated temperatures,  C (V) ~ Cox over 
the entire bias range, and a practical formula for the 
determinat ion of mobile ionic charge density is 
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Fig. 3. Displacement current of a typical MOS capacitor (P- 
type substrata) in response to a d-c ramp. Curve A (25~ and 
B (300~ show the characteristic dip in capacitance near V ---- 0 
due to majority carrier depletion at the Si-SiO2 interface. Curve 
C (300~ shows a peak at V ----- 0 due to the transport of mo- 
bile ions from the oxide bulk to an interface. 
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i i i 

T= 202~ 

po ~, l f : :  [ i ( V ) - - a C o x ] d V  [7] 
o 

The mobile charge concentrat ion is proport ional  to the 
area between the displacement current  curve and the 
line corresponding to the oxide capacitance in a dis- 
placement current  vs. voltage characteristic. 

The idealized displacement current  response as a 
function of the applied voltage with and without mobile 
ionic space charge is shown in Fig. 3. At room tem- 
perature the displacement current  is proportional to 
the low frequency differential MOS capacitance as 
shown in curve A. In the absence of mobile ionic space 
charge an increase in the ambient  tempera ture  results 
pr imar i ly  in an increase of Cmin/Cox until,  at tempera-  
tures typically above 300~ the displacement current  
is near ly  constant  and equal to the oxide capacitance. 
This behavior  is a consequence of the rapid increase 
of the intrinsic carrier concentrat ion with tempera-  
ture  which results in silicon surface capacitance much 
larger than Cox. Such a response at elevated tempera-  
ture (300~ is shown in curve B. When ionic space 
charge is present  in the oxide, then as the temperature  
is raised, redis t r ibut ion may occur as a function of 
bias, resul t ing in an ionic displacement current  peak 
near  zero applied voltage; this ionic displacement cur-  
rent  peak is superimposed on the MOS C-V character-  
istic as shown in curve C. Generally,  this ionic peak is 
readily separable from the electronic displacement 
current.  Therefore, this provides a simple, rapid, con- 
venient  and highly sensitive method for the investiga- 
tion of ionic space charge concentrations, with the 
addit ional advantage that the method is largely inde-  
pendent  of any of the variat ions in MOS interface 
properties (Qss + Nss) which l imit  both accuracy and 
sensit ivi ty of the conventional  method of measuring 
flatband voltage shifts after b ias- tempera ture  aging. 
The changes in Qss and Nss l imit  the resolution in mea-  
surement  of the flatband voltage shift, and therefore 
l imit  the accuracy to no better  than  1010 ions/cm 2. 

Exper iment  

The experimental  technique described above has 
been used to study ionic t ranspor t  in a wide var ie ty  
of MOS structures. Both P and N substrates in (100) 
and (111) orientations have been used with dopant 
concentrat ions ranging from 1014 to 1017/cm 3. Oxides 
have been grown to thicknesses of 800-2500A in both a 
plasma oxidation (8) system and a dry  1150~ oxidation 
furnace. Various anneal ing procedures after growth 
have been attempted, but  no measurable  changes in 
ion t ransport  have been seen. These measurements  
have indicated positive ion (sodium) concentrations 
from below 109 to more than 1013 ions/cm 2 and give 
substant ial ly the same ion concentrations as deter-  
mined from flatband voltage shifts after bias aging. 
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Fig. 4. Displacement current response for a heavily contami- 
nated oxide at 200~ The substrata consisted of a 5~ N-type, 1 
ohm.cm, (111) epitaxial silicon film grown on an N-type wafer. 
The oxide is 1000.~ thick, and is grown in an oxygen plasma sys- 
tem. The field plates are 15 mil dots of 200,/~ Cr and 2000~, Au. 
The sweep rate of the d-c ramp is 77.5 mV/sec. 

A typical ramp response curve for a heavily contami-  
nated oxide is given in Fig. 4. The sweep from field 
plate positive to negative (left to right) yields the 
response shown in the upper curve, while the voltage 
sweep from negative to positive is the lower curve. 
This d-c ramp C-V MOS measurement  was taken at 
202~ and the peak above the Cox baseline corresponds 
to 2.5 x 1012 mobile ions/cm 2 in the oxide. The peak 
is well  defined with respect to Cox, and the shape 
agrees with the model proposed earlier in this paper. 
During this sweep positive ions are expected to move 
from the Si-SiO2 interface to the metal-SiO2 interface, 
and the result ing capacitance peak, suggests that 
no interface t rapping occurs at the Si-SiO~ interface. 

The most str iking feature of these curves is the 
strong asymmetry  of the ionic displacement current  
in the two sweep directions. The response when sweep- 
ing from the field plate negative to field plate positive 
is distorted and broadened over the entire positive 
voltage range, resul t ing in  a very broad peak as shown 
in the lower trace of Fig. 4. This clearly indicates that 
ion t ransport  is sluggish as may be expected of a 
t ransport  mechanism limited by emission from ionic 
traps located at the metal-SiO2 interface. Similar  mea-  
surements  on m a n y  MOS structures have indicated that 
the area under  the peak and the dip are equal (with 
respect to the upper  and lower Cox baselines),  show- 
ing that  all the ions t ransported to the metal-oxide 
interface can be brought  to the silicon-oxide interface 
by changing the polarity of the voltage ramp. As ex- 
pected from quas i -equi l ibr ium arguments,  the area 
under  the peak is independent  of sweep rate, as long 
as the rate is sufficiently slow to establish the bound-  
ary conditions which approach delta functions (as de- 
scribed in the previous section). 

The tempera ture  dependence of the ionic displace- 
men t  response is given in Fig. 5. The ionic peak does 
not saturate but  continues to increase with tempera-  
ture. At low temperature  the sweep from field plate 
negative to positive (right to left) yields a broadened 
structure, resul t ing from the t rapping-emission mech- 
anism at the metal-oxide interface. At  higher tempera-  
tures this peak sharpens and approaches more closely 
the ideal shape (or the shape of the peak for the op- 
posite sweep) as expected if emission of ions from traps 
is more rapid at higher temperatures.  Furthermore,  
an additional s t ructure is observed above the Cox base- 
line at elevated tempera ture  (T > 300~ as shown in 
the upper trace of Fig. 5. This s tructure typically takes 
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Fig. 5. Displacement current response of an MOS capacitor at 
230 ~ 263 ~ and 298~ The substrate consisted of a fresh N-type, 
! ohm'cm, (100) expitaxial film. The oxide was 20005. thick, and 
was grown in a dry oxidation furnace at 1150~ After growth, 
the sample was annealed in Ar at 1150~ for 30 rain. Fifteen-rail 
dots of 2005. Cr and 20005. Au were deposited for field plates. 
The sweep rate of the d-c ramp was 42.3 mV/sec. 

3 5 0  3 0 0  2 5 0  2 0 0  150 I 0 0  
I 0 . 0  I I I I I 

the form of a second broadened peak displaced by 
approximately --2V from the mobile ion peak. This 
may be evidence for the onset of an additional high 
temperature  field dependent  t ransport  mechanism. 

No saturat ion of the ionic peaks with temperature  
was observed. The area under  the mobile ion s t ructure  
increased exponent ia l ly  with tempera ture  to the l imit  
of the exper iment  (370~176 In Fig. 6 the tempera-  
ture dependence of the area under  the mobile ion 
s tructure has been plotted for two similar  devices. If 
one can assume that  the n u m b e r  of available mobile 
ions at a par t icular  tempera ture  can be described in 
terms of an activation formalism, then activation 
energies can be determined by  plott ing the area under  
the displacement current  peak above the Cox baseline 
vs .  1 / k T  where T is the measurement  temperature.  
Applying this analysis to our exper imental  results we 
find that  the activation energy, EA, is a funct ion of 
ionic concentrat ion and is lower for higher ionic con- 
taminat ion.  For  example, a device containing about 
10 z~ sodium ions /cm 2 at 300~ has an activation energy 
of 0.20 eV; whereas a similar  device with 1011 sodium 
ions/cm 2 at 300~ has an activation energy of 0.62 eV. 
The increase in activation energy with decreasing 
ionic contaminat ion agrees with our observation that  
ionic t ransport  effects can be seen at lower tempera-  
tures only with high ionic contamination.  The activa- 
t ion energy, EA, is clearly a function of the impur i ty  
concentration, but  no model for this behavior  can be 
proposed at present. However, this result  suggests that 
sodium t ranspor t  in silicon dioxide may be complicated 
by concentrat ion effects and may be inadequate ly  de- 
scribed by  a simple nonin terac t ing  single carrier 
model, that  is, the diffusion coefficient and mobil i ty  
may be concentrat ion dependent.  

As indicated in Fig. 5, we consistently observe a 
strong asymmetry  in the shape of the ionic displace- 
ment  current  for a bias sweep from positive to nega-  
t ive voltage (silicon to metal)  compared with the 
shape of current  for a negative to positive voltage 
(metal  to silicon) sweep. The sweep from field plate 
positive to negative voltage results in  a sharp wel l -  
defined (fast) ion cur ren t  peak near  zero bias in con- 
trast  to a very  broad (sluggish) ionic response associ- 
ated with trap emission for the opposite sweep direc- 
tion. The response of the mobile species to the voltage 
ramp ("fast" or "slow") appears to be independent  of 
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Fig. 6. Temperature dependence of the displacement current 
peak. "J'he total area under the displacement current peak, above 
the Cox baseline, is plotted an the ordinate. The open dots are 
data from an MOS capacitor with the same specifications as 
those described in the caption for Fig. 4. The closed dots are from 
a device fabricated on 10 ohm.cm, (100) P-type silicon. The oxide 
was 20005. thick, and was grown in a dry oxidation furnace at 
1150~ After growth, 15 mil dots of 2005. Cr and 20005. Au were 
deposited for field plates. 

ramp rate below 100 mV/sec. In  an electrochemically 
symmetric  Si(poly)-SiO2-Si(100) structure, however, 
the ionic displacement current  is essentially indepen-  
dent of the sweep direction (10). Therefore, we con- 
clude that ionic traps are associated with the metal -  
oxide interface and the mobile ionic species is posi- 
t ively charged. 

The displacement current -vol tage  characteristic 
typical ly observed at 350~ is shown in Fig. 7. The 
upper  curve corresponds to ion t ransport  from the 
silicon to the meta l  interface and shows a well-defined 
broad peak at --2V in addition to the sharp peak 
structure observed alone below 300~ After the ap- 
pearance of this broad peak at 300~ (Fig. 5), the 
ini t ial  sharp s tructure saturates, and for higher tem- 
peratures the area above Cox increases only under  
the broad peak. The total mobile charge (correspond- 
ing to the area under  both peaks) follows an activa- 
t ion law behavior, and no change in the slope of an 
activation energy plot has been observed. The metal -  
to-silicon ionic t ransport  above 300~ is characterized 
by  the same sequence of mechanisms as shown in the 
lower curve of Fig. 7: Near zero volts a fast satu- 
rated peak is observed, and at a higher magni tude  of 
voltage in the sweep, a slow and broad, unsatura ted  
peak is seen. This result  s trongly suggests that  the 
same positively charged ion is responsible for both 
peaks in the h igh- tempera ture  transport.  The two 
peaks fur ther  suggest two possible states for sodium 
or two t ransport  mechanisms in SiO2. 

Discussion and Conclusions 
The response of MOS capacitors to slow l inear  volt-  

age ramps at elevated temperatures  provides a simple, 
rapid, convenient,  and highly sensitive method for the 
measurement  of ionic contaminants  in the oxide of the 
MOS structure, which is compatible with routine 



970 J. EIectrochem. Soe.: S O L I D  S T A T E  S C I E N C E  J u n e  1971 

i i 

T = 3 5 0 ~  

I 

VOLTS + 8 

i i 

i 

�9 t-6 -t-4 +2 0 - 2  - 4  

FIELD PLATE BIAS 

X lO - l tAMP 

DISPLACEMENT 4.4 
CURRENT 

3.6 

2.8 

2.0 

1.2 

( zo 

2.8 

3.6 

4A 

i i 
- 6  - 8  

Fig. 7. Displacement current response at 350~ The substrate 
of the MOS capacitor was a fresh P-type, 1 ohm'cm, (100) epi- 
taxial film. The oxide was 2000.~. thick, and was grown in a dry 
oxidation furnace at 1150~ After growth, the sample was an- 
nealed in Ar for 30 rain. Fifteen-rail dots of 200./~ Cr and 2000~, 
Au were deposited for field plates. The sweep rate of the d-c ramp 
was 42.3 mV/sec. 

process control. The method is capable of measuring 
ion concentrat ions below 109 ions /cm 2 and has the ad- 
vantage of being largely independent  of any var ia-  
tions in MOS interface properties (Qss and Nss) with 
temperature.  The tempera ture  dependence of interface 
properties has l imited both the accuracy and sensi- 
t ivi ty  of convent ional  methods of measur ing flatband 
voltage after b ias - tempera ture  aging. The sensit ivity 
of the method discussed in this paper increases with 
increasing oxide thickness because the ionic displace- 
ment  current  is superimposed upon a reduced oxide 
capacitance level. Using the methods of flame photom- 
etry and atomic absorption spectroscopy (6), good 
correlation was obtained for sodium concentrat ions 
measured by flame emission and by  the h igh- tempera-  
ture voltage ramp method discussed here. 

Earlier studies by  Snow et aI. (1) on sodium ion 
migrat ion in SiO2 (using fiatband shift and ionic 
polarization measurements  after application of a posi- 
tive step voltage) were interpreted in  terms of a bu lk-  
l imited diffusion model and were used to extract  acti- 
vation energies associated with the bulk  diffusion of 
sodium ions in SIO2. The results presented in the pre-  
vious section indicate that  mobile ion t ransport  from 
the metal- to-s i l icon interface is t rap-emission con- 
trolled with the ion traps located at or near  the meta l -  

oxide interface. More recent exper iments  by Chou (10) 
have indirect ly verified that  the t ranspor t  of mobile 
ions from metal  to silicon is t rap controlled. A com- 
parison of our results with Chou's clearly indicates 
that Snow's diffusion analysis is not applicable to the 
sodium ion polarization measurement  under  positive 
step voltage conditions and that  act ivation energy 
measurements  obtained therefrom wil l  relate to trap 
emission mechanisms ra ther  than  to bulk  diffusion. 

In  contrast  to ion t ranspor t  from the metal- to-si l icon 
interface, ion t ranspor t  from the s i l icon-to-metal  
interface does not appear emission l imited but  ap- 
pears controlled by bulk  t ranspor t  processes. Two 
modes of t ranspor t  have been observed. A "fast" t rans-  
port is observed above about 150~ and an additional 
"slow" t ransport  is seen above 300~ This observation 
is general ly in agreement  with those of Hofstein (2) 
who has also observed two t ransport  modes in MOS 
structures heavi ly  contaminated with sodium. Hol-  
stein observes the onset of the "slow" t ransport  at 
200~ with a somewhat higher act ivation energy. Ad-  
ditional, more detailed studies of the mobile ion re-  
sponse using both the ramp and step response methods 
may provide the detailed informat ion necessary to 
yield a correct unders tanding  of the t ranspor t  of mobile 
ions in MOS structures, 

Manuscript  submit ted Sept. 14, 1970; revised manu-  
script received Jan.  14, 1971. 

Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1971 
JOURNAL. 
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A Self-Consistent Method for Estimating Non-Step Junction 
Doping Profiles from Capacitance-Voltage Measurements 
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ABSTRACT 

The use of the  s tep- junc t ion  approx imat ion  for calculat ing the net  doping 
densi ty  from C-V measuremen t  da ta  can lead  to serious er rors  in the r e su l t -  
ing profiles fpr sequent ia l ly  diffused s t ructures .  Non-s tep  junct ion behavior  
can be accounted for if the equat ion for the  effective doping dens i ty  is mul t i -  
pl ied by  a correct ion factor. Two approx ima te  methods  of es t imat ing  this cor-  
rect ion factor  are discussed in which the net  ionized impur i ty  dens i ty  on the 
high side of the junct ion is assumed to change e i ther  l inear ly  or  exponent ia l ly  
wi th  incrementa l  changes in deple t ion  l aye r  depth.  Fo r  both  of these app rox i -  
mations,  the net  ionized impur i ty  dens i ty  on the low side is assumed to change 
parabol ica l ly .  These net  d is t r ibut ions  of charge,  which  a re  i t e ra t ive ly  de te r -  
mined  in a se l f -consis tent  fashion, y ie ld  the  best  approx imat ions  for this  
funct ional  form of the  profile, according to the  C-V measurements  made  on 
the junction.  Comparisons be tween  expe r imen ta l ly  obta ined  doping profiles 
and profiles computed  via the techniques descr ibed in this paper  show good 
agreement .  

P rope r  knowledge  of the  net  i m p u r i t y  profiles in 
p -n  s t ructures  is essent ia l  for the design of diodes and 
t ransis tors ,  especia l ly  mic rowave  t ransis tors  whe re  the  
pe r fo rmance  is l imi ted  by  the net  doping in the  base 
region. High side impur i t y  d is t r ibut ions  can be ob-  
ta ined  fa i r ly  accura te ly  by  c a r r y i n g  out  anodic sect ion-  
ing of the  semiconductor  mater ia l ,  and by  t ak ing  re -  
s is t iv i ty  measurements  of the  exposed surface (1). 
The low side doping profile of a p - n  junct ion  is usua l ly  
de te rmined  by  assuming a step junction,  and by cal-  
cu la t ing  the  net  ionized impur i t y  d is t r ibut ions  wi th  
da ta  obta ined  f rom the  diode capac i tance-vol tage  
method (2, 3). However ,  it  is wel l  known tha t  in p -n  
junct ions  the  deple t ion  region extends  into the  high 
concentra t ion  side of the  junction.  At t empts  to ac-  
count for this  phenomenon have resul ted  in ana ly t ica l  
express ions  for  t he  symmet r i ca l  s tep junction,  the  
modera t e ly  unsymmet r i ca l  s tep junction,  and the 
l inea r ly  graded  junct ion (4, 5). Expe r imen ta l  evidence 
has shown that,  for  a low vol tage  bias, the l inear ly  
graded junct ion yie lds  a reasonably  accurate  approx i -  
mat ion  to the  to ta l  deple t ion  region thickness  (C 
V-I/3).  Conversely,  as was first shown by P r i t cha rd  
(6), observa t ion  of a V -1/3 var ia t ion  of capaci tance is 
not a re l i ab le  indicat ion of l inear  grading.  Decker  (7) 
has been able  to de te rmine  the doping  vs. depth  in 
ep i t ax ia l  l ayers  in which  the  profile of the  h igh  side 
doping is assumed to be a compl imen ta ry  e r ro r  func-  
tion. The low side doping can be de te rmined  f rom 
capac i tance-vo l tage  measurements ,  and  from nume r i -  
cal in tegra t ion  of t he  assumed high side profile. 

None of the  a forement ioned  methods  can be used to 
descr ibe  adequa te ly  nonideal  doping dis t r ibut ions  as- 
sociated wi th  sha l low diffusions or  implantat ions ,  whi le  
t ak ing  into account the  space charge  sweep into the  
h igh ly  doped side. In terac t ions  be tween  sequent ia l ly  
diffused impur i t i es  and incomplete  ionizat ion cause 
ac tual  doping  profiles to devia te  f rom ana ly t i ca l ly  as-  
sumed profiles. 

In  this  invest igat ion,  the  equat ion for  the  effective 
doping density,  as de te rmined  by  the C-V re la t ion-  
ship, is modified for  the  de te rmina t ion  of low side 
doping, N2 (x) ,  by  the  inclusion of the  mul t ip l i ca t ive  
factor  ( 1 -  dxz/dx~); dxz/dx2 (negat ive)  denotes the  
ra te  of change of the  high side sweep-ou t  dis tance 
wi th  respect  to the  low side. Two approx ima te  m e t h -  
ods of de te rmin ing  dxl/dx.~ are  discussed in which  the  
net  ionized impur i t y  concent ra t ion  on the  h igh  side 
of the  junct ion  is made  to change e i ther  l i nea r ly  or  
exponent ia l ly  wi th  incrementa l  changes in junct ion  

Xey words:  CIV measurements ,  t ransistors,  doping profiles. 

bias. For  both of these  approximat ions ,  the net  ionized 
impur i t y  d i s t r ibu t ion  on the  low side is assumed to 
change pa rabo l i ca l ly  (see Fig. 1). The l inea r -pa rabo l i c  
and the exponen t i a l -pa rabo l i c  d is t r ibut ions  were  se-  
lected because they  approx ima te  the  ac tual  net  profiles 
in sequent ia l ly  diffused s t ructures .  These ne t  d i s t r ibu-  
t ions of charge, which are  i t e ra t ive ly  de t e rmined  in a 
se l f -consis tent  fashion, y ie ld  the  best  approx imat ions  
of this type  for  the de te rmina t ion  of dxl/dx2, accord-  
ing to the C-V measurement s  made  on the junction.  

Two-Sided Depletion Layer Sweep-Out 
For  an a r b i t r a r y  profile on each side of a p - n  j unc -  

tion, the  re la t ionship  be tween  the  effective doping 
densi ty,  Nr(Xd),  and the net  doping densit ies,  Nl(x l )  
and N2(x~), a t  the  edges of the  deple t ion  l a y e r  is (8) 

1 1 1 
= ~ - t -  ~ [1] 

Nr (Xd) N~ (xl) N2 (x2) 

where  Xd is the  deple t ion  l aye r  width  expressed as Xd 
= (X2 --  Xl) (Fig. 1). NT(Xd) is a funct ion of  capaci -  
tance and vol tage and is defined as 

NET 

n- LAYER 

qN I( x ) J !  

L. 

CHARGEp_ LAYER 

,=qN2( X ) 
"qN z 

0 ~2 WB 

DEPLETI(~N REGION 
Fig. 1. Illustration of the way in which the space charge is 

assumed to change with applied junction voltage (linear scales). 
The signs of the ionized impurities in the depletion region are 
indicated. 
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NT(Xd)  --  - -  - -  [2] 
q eo~r d 

A is the area of the junction,  and C is the capacitance 
given by the expression 

eoer A 
c - - -  [ 3 ]  

Xd 

It can be seen from Eq. [1] that, for C-V measure-  
ments made on a par t icular  p -n  junction,  it is impos- 
sible to determine uniquely  the net profiles N1 (x) and 
N2 (x) which yielded these measurements.  However, if 
the complete net profile on one side of the junct ion is 
assumed, such as N2(x),  then it is possible to solve for 
Ni (xl) and xl. Thus, the correctness of the estimation 
of the actual N l ( x l )  is dependent  on the correctness 
of the assumed profile, N2(x).  In this paper, N2(x)  is 
assumed to be parabolic, and the general  form of 
Nl (x )  is either l inear or exponential .  

If Eq. [1] is rearranged,  the net low side doping 
density, N2 (x.D, becomes 

_ _  C )3 
1 + Ni (Xl) 

q ~oer 
d 

[4] 

Using the fact that  equal  quanti t ies of charge must  
reside on the two sides of the junction,  Eq [4] can 
be rewri t ten  as 

1 -  dx 2  d V  

Therefore, for the net doping profiles which have been 
assumed ( l inear-parabolic  and exponent ia l -parabol ic) ,  
it is possible to solve for the ratio N2(x2 ) /N~(x l )  (or 
dx, /dx2)  for given C-V measurements.  In this way a 
correction to the effective doping density, NT(Xg), is 
made which yields an  estimate of the net  low side 
doping, N2(x2). The assumed profiles which are used 
in de termining  dxl /dx2  are i terat ively adjusted so that 
the estimate of dx~/dx2 is self-consistent. 

The Linear-Parabolic Junction 
In  order to calculate x~, x2, and hence, dx,/dx2,  it 

is assumed that  the change in the high side net charge 
density with increments  of voltage is l inear  with dis- 
tance from the junction.  Thus, the charge on the high 
side, Qh, is given by 

s Qu : q m i x  dx  [6] 
1 

where ml (negative) is the grade constant. If the 
charge dis tr ibut ion on the low side of the junct ion  is 
assumed to be parabolic with distance from the junc-  
tion, then the  charge on the low doped side, Qt, is 
given by  

Qt 4q Is : N2(wBx  - -  x 2) dx [7] 
WB 2 

where N2 is the height of the parabola (ion/cm3), WB 
is the width of the parabola, and x2 is the distance to 
the space charge edge. By setting Qh : Qb and using 
the fact that 

N2 (x2) wB 2 
N2 -- [8] 

4x~ (WB - -  x2) 
then 

2N2 (x2) ] 
X2 3 -~ X2 2 WB - -  Xd - - ,  3 m l  

N2(x2) [ 4 ] 
+ x 2 ~  7I~1 T Xd WB 

/~r2(X2)Xd [ 2 ] 
+ w B - - y X d  = 0  [9] 

m l  
for which 

dxl  212 (x2) 
[ 1 0 1  

dx2 ximl 

for charge balance at the junction.  
In  order to solve Eq. [9] for xe, prior knowledge 

of dxl /dx2 and N2(x2) is required. Thus, for each 
pair of C-V measurements ,  an i terat ion procedure 
must  be performed on dxi /dx2  and mi, s tar t ing with 
dxi/dx2!o = --0.5 and ml  equal  to the grade constant  
of the l inearly graded junction.  N2(x2) can then be 
determined from Eq. [5]. Using these values in Eq. [9J, 
x2 can be determined by inverse interpolation, and 
then Eq. [10] can be solved for the next  bet ter  value of 
dxl/dx2.  This i terative process of calculating N2(x2), 
x2, and the corresponding improved estimate of the 
true value of dxi /dx2  proceeds un t i l  

dx l  dXl 
0 [11] 

~dx2 i+1 dx2 

where i refers to the ith iteration. 
When the condition expressed in  Eq. [11] is satisfied, 

N2(x2) is still not necessarily an accurate estimate of 
low side doping, since x2 is not accurately known. The 
ini t ial ly assumed value of grade constant, ml, must  be 
adjusted unt i l  the calculated charge distr ibution about 
the junct ion has associated with it a capacitance that 
is equal  to the measured value. Thus, the calculated 
capacitance, C,  l, associated with n th C-V measure-  
ment  can be wri t ten  as 

( q n -  qn -1 )A  
C. I --- [12] 

V . -  V.-1 

where q~ is the charge residing on the low side of the 
j unct ion for the n th value of bias, Vn. For the parabolic, 
low side profile 

[ w B  x 2 ]  
q N2 (x2) 2 3 x2 

q ,  : [13] 
(wB - x2) 

If C n l ~  C,, where Cn is the n th measured junct ion 
capacitance, then ml  can be adjusted so as to br ing 
Cn 1 closer in value to C,. For each newly adjusted 
value of ml, the i teration procedure for dxl /dx2 must  
be repeated and a new Cn I computed unt i l  

Cn 1 - -  Cn ~ 0 [14] 

Figure 2 shows the way in which the final values of 
ml (which caused Eq. [14] to be satisfied) varied as a 
function of applied junct ion voltage for a part icular  
diode. The reference value of ml, about which these 
final values of ml  are distributed, was obtained from 
the C-V data as the slope of 1/C 3 vs. V. 

The above-ment ioned procedure for calculating 
dxl /dx2  and then N2(x2) from Eq. [5] can be per-  
formed on a computer. For  each pair of C-V measure-  
ments, these i terative computations are performed 
with the result that each calculated point on the low 
side profile is adjusted to the extent  that [1 -- dx~/dx2] 
modifies the step junct ion  approximation. 

The Exponential-Parabolic Junction 

If the change in the net  high side charge with volt-  
age is approximated by an exponent ial  curve, then the 
charge balance at the junct ion can be wri t ten  as 
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where 

e -- kXxi + ~ + ~ l ] -  
'WB ;r,2 ] 

N~(x2)x~ 2 3 

(ws -- x2) 

N~(x) = hrz (e -~  - 1) 

[15] 

[16] 
k~ is a parameter  which is adjusted so that Eq. [16] 
ini t ia l ly approximates the net  high side profile, and 
N~ is the value of doping at which the net  impur i ty  
concentrat ion approaches the singly diffused high side 
concentration, dxi/dx2 for the exponent ial-parabol ic  
junct ion is 

dxz N2(x~) 

dx2 Nz (1 -- e - ~ )  

Figure 3 i l lustrates the way in which N1 (x) (Eq. [16]) 
approximates an actual net  high side profile with 
N1 = 1019 and k 1 = 0.56 x 105. N l (x )  is shown as a 
dashed curve (curve 3), and curve 2 represents the 
net high side profile which was obtained by subtract-  
ing the two singly diffused total doping profiles of op- 
posite conductivi ty type (curve 4 from curve 1). Also 
shown is the net low side doping distribution, N2(x),  
(curve 5) which was calculated from Eq. [5] in con- 
junct ion  with C-V measurements  made on this p - n  
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o 

I011 = 

Z 
0 

IO n -- 

- I I I 
0 .I 

(5) 

I I :  x 
.2 .3XJ.4 .5 6 
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Fig. 3. Illustration of the exponential approximation to the 
high side net doping: (1) experimental total doping curve (phos- 
phorus diffusion); (2) high side net doping (curve 4 from curve 1); 
(3) exponential approximation, Nz(x); (4) experimental total dop- 
ing curve (boron diffusion); (5) calculated net doping, N2(x). 
Curves 5 and 4 should coincide at x ---- 0.42# when the compensa- 
tion from the high side doping becomes negligible. 
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structure. The est imation of N~_(x~) and xz for each 
pair  of measurements  using the exponent ia l -parabol ic  
approximation is carried out by applying inverse in ter -  
polation to Eq. [15] for each iterated value of dxl/dx2. 
When the condit ion of Eq. [11] is satisfied, the capaci- 
tance associated with the calculated charge distr ibution 
can be determined from Eq. [12]. If C,  z ~ C,, then k 1 
can be adjusted so as to being C, z closer in value to 
C~. For each newly  adjusted value of k z, the i teration 
procedure for dxi/dx~ must  be repeated un t i l  Eq. [15] 
is satisfied. Thus, the M data points for the computed 
net low side profile are modified again by the M 
iterated values of (1 -- dx~/dx2), which are com- 
puted from M exponent ia l -parabol ic  charge profiles. 

Experimental 
Figure 4(a) shows the calculated net  ionized im-  

pur i ty  dis tr ibut ions on both sides of the junct ion  of 
a sequential ly diffused p - n  s tructure (net  profile sym- 
bols are on the figure). Figure 4(b)  is an enlarged view 
of the junct ion region. A comparison is indicated be-  
tween the net profiles which result  when  dxl/dx2 is 
computed from the l inear-parabolic,  the exponent ia l -  

~ l  I'* LINEAR-PARABOLIC 
NET x 

-- I PROFILESt" STEP 
iO = : \  Lo EXPONENTIAL-PARABOLIC 

lOft I 
- -  I 

ZBA~KGR~UNDI I I I 
o ., .2 .3 .4 .5 :6 

DEPTH (MICRONS) 

Fig. 4(a). Comparison of the calculated profiles. The Nz(x]) and 
N2(x2) data points as computed from the approximations to 
dxz/dx2 are indicated by the symbols. (I) Experimental phos- 
phorus profile (singly diffused); (2) boron profile obtained by 
subtracting llnear-parabolic data points from (1); (3) experimental 
boron profile (singly diffused); (4) boron profile obtained by sub- 
tracting exponential-parabolic data points from (1). 
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Fig. 4(b). Enlarged view of the profiles of Fig. 4(a) in the vicin- 
ity of the junction. 
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parabolic, and the step junct ion (dxl/dx2 = 0) ap- 
proximations. Curve 1 is a singly diffused emitter pro- 
file (phosphorus),  and curve 3 is a singly diffused base 
profile (boron) .  Curves 2 and 4 show the calculated 
total base doping when  the base and the emit ter  are 
diffused sequentially.  Curve 2 was obtained by sub-  
t ract ing the l inear-parabol ic  data points from the total 
emitter  doping profile (curve 1). Curve 4 was ob- 
tained by subtract ing exponent ial-parabol ic  data 
points from curve 1. Because of the "emit ter  push-out"  
effect, the accuracy of the parabolic methods cannot  
be checked by comparing the calculated profiles with 
the superposition of the singly diffused emitter  and 
base profiles. Nevertheless, it is possible to see that 
there is cont inui ty on the high side between the mea-  
sured singly diffused base profile (curve 3) and the 
calculated total  doping profiles (curves 2 and 4). 

Emit ter  push-out  can be reduced by  diffusing ar-  
senic from a doped-oxide source for the emitter, and 
by implant ing  the base region with boron ions. Figure 
5 shows the calculated net  doping on both the high and 
low sides of the emit ter-base junction.  For this struc- 
ture, dxl/dx.z was computed using the exponent ia l -  
parabolic approximation. It can be seen that  the cal- 
culated net high side doping indicates that the im- 
pur i ty  gradient  of the arsenic profile is very large in 
the junct ion  region. The measured gradient  from Fig. 
5 is approximately 2.5 x 102~ cm -4, which closely agrees 
with the value of the gradient  as determined by com- 
puter  s imulat ion of the arsenic diffusion. 

Curve 1 in Fig. 5 is the predicted implant  profile 
(9). Curve 2 was drawn by subtract ing the n -back -  
ground doping level from the N2 (x2) data points. Good 
agreement  with the predicted implant  profile can be 
seen. It should be noted that  the s tep- junct ion ap- 
proximation (dxl/dx2 = 0) to this p -n  s tructure would 
yield v i r tual ly  the same values of N2(x2) as the ex- 
ponent ial-parabol ic  approximation because of the steep 
high side profile gradient. 

Figure 6 shows the way in which dxl/dx.z varies 
with the depletion region width for the structure of 
Fig. 4. The values of dXl/dX2 which were used to plot 
these curves were obtained by performing the i tera- 
tions required to make the charge changes with bias 
equal  on both sides of the junction.  The non-s tep and 
nonl inear ly  graded behavior  of the l inear-parabol ic  
and the exponent ial-parabol ic  junct ions can be seen 
(dxl/dx2 : 0 for a step junction,  and dxl/dx2 = --1 
for l inear  grading).  Also shown in Fig. 6 is the fact 
that  the dxl/dx2 values for the two approximations 
differ. Reference to Eq. [10] and [17] indicates that 

I01 ~ �9 CALCULATED NET 
I . . [  �9 DOPING 

I ~! / ( 2 )  

"n" B A C K ~  I 
I 'I 
I I 

I l I ,o,, !,i }.s . 4 . 5  
DEPTH (MICRONS) 

Fig. 5. Comparison of predicted and calculated profiles. (1) 
Predicted total implant doping, 30 keV, 1 x 1014 ions/cm 2, boron 
beam; (2) calculated total implant doping using the exponential- 
parabolic approximation for dxl/dx2. 
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Fig. 6. Variation of dx~/dx2 with depletion layer width. (1) 
Linear-parabelic approximation; (2) exponential-parabolic approx- 
imation. 

this difference is due to the funct ional  form of the 
charge distr ibutions on the high side of the junction.  

Conclusion 
The self-consistent methods developed here can be 

used for est imating doping profiles in the vicinity of 
the junct ions of sequential ly  diffused or diffused-im- 
planted structures. The l inear-parabol ic  approximation 
for the determinat ion of dxt/dx2 accounts for non-s tep  
junct ion  behavior in s tructures for which a grade con- 
stant  can be estimated. The exponent ial-parabol ic  
approximation gives an improved estimate of net  dop- 
ing if some informat ion can be obtained concerning 
the singly diffused low and high side profiles. However, 
because of the self-adjust ing na ture  of these approxi-  
mations, uncertaint ies  in grade constant, ml, or ex- 
ponential  constant, k ~, should not affect the precision 
of the computed profiles. 

The accuracy errors associated with any C-V mea-  
surement  technique occur in the measurement  of dC 
and A, the area of the p - n  junction,  in the deter-  
minat ion of the junct ion locations, and in the assump- 
tion of the form of the high side profile. While the 
self-eonsistent parabolic approximations described here 
do not improve on the first three sources of errors, a 
best fit of an assumed functional  form of N1 (x) can be 
obtained for a given pair of C-V measurements,  pro-  
viding that  the parabolic approximation to the low side 
net doping is valid. Once this best fit is obtained, the 
correction factor (1 -- dxl/dx~) can be determined so 
that the effective doping density, mult ipl ied by (1 -- 
dxl/dx2), yields the net low side doping density, 
N2(x2) (Eq. [5]).  This procedure is then repeated for 
each pair  of C-V measurements .  While it has not  been 
ascertained which is the more accurate approximation 
( l inear-parabolic  or exponent ia l -parabol ic) ,  each is 
clearly an improvement  over the step approximation 
for shallow, sequential ly  diffused junctions. 
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Diffusion of Tin into GaAs from 
Doped SiO  Film Sources 
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Bell Telephone Laborator{es, Incorporated, Murray Hill, New Jersey 07974 

ABSTRACT 

Diffusion of tin into GaAs from a doped SiO~ source layer  has produced 
average carr ier  concentrat ions twice  as high as those previously  repor ted  in 
the l i tera ture  for diffusions f rom such films. The average carr ier  concentrat ion 
in the diffused layers was 6 to 8 x 1018 cm -3 for junct ions 1 to 2 ~m deep. 
The surface concentrat ion appears to be near ly  constant dur ing the first 
hour  of diffusion at 1050~ and decreases due to source film depletion. Carr ier  
concentrat ions in the diffused layers  were  measured wi th  both Hall  effect and 
infrared reflect ivi ty techniques.  

High concentrat ion n - type  diffusion into GaAs is of 
considerable importance in the development  of certain 
devices. Tin is a convenient  n - type  dopant for GaAs 
since it can be diffused f rom t in-doped SiO2 films as 
suggested and carr ied out by von Muench (1). In 
addition to acting as a source of tin during diffusion, 
the SiO2 films serve to protect  the GaAs surface from 
erosion dur ing processing at high temperatures .  How-  
ever, von Muench (2) found that  the carr ier  concen- 
tration, that  is, the electr ical ly  act ive donor tin con- 
centration, was l imited to 3 x 101S/cm 3 in diffused 
layers  obtained using ei ther  the doped oxide film or 
pure tin as a diffusion source. Fane and Goss, who 
diffused tin into GaAs f rom tin deposited on the GaAs 
surface by electroplating,  have repor ted  that  sheet 
resistance readings indicate about 1019 ca r r i e r s / cm 3 
were  present in the resul t ing t in diffused layers (3). 

In the present  work  tin diffusions into GaAs from 
t in-doped SiO2 films were  carr ied out using a different 
procedure f rom that  used by yon Muench. Tin-d i f -  
fused layers having average carr ier  concentrat ions of 
6-8 x 101S/cm3, as measured with  Hall  effect apparatus, 
were  achieved. 

In the system utilized by yon Muench the doped SiO2 
source film was deposited f rom a carr ier  gas which 
passed through a mix tu re  of ethylorthosi l icate (EOS) 
with 0.04 volume per  cent (v /o )  te t rae thyl  s tannane 
(TET).  In the system applied by the present  authors  

the doping of the source solution was 2 v / o  of t e t ra -  
methyl  s tannane (TMT).  TMT was used in an a t tempt  
to increase the concentrat ion of t in  in the deposited 
oxide. Al though lit t le informat ion is avai lable  on the 
vapor  pressure of TET and TMT, TET has a vapor  
pressure of only 10 mm at 73~ and TMT boils at 78~ 
(4), indicat ing that  TMT probably has a higher  vapor  
pressure in the room tempera tu re  source solution. The 
diffusions by von Muench were  done in a closed am-  
poule wi th  1 arm of As pressure. During the work  de- 
scribed in this paper  diffusions were  done in an open 
tube in forming gas (85% N2-15% H2). 

Experimental Procedure 
The GaAs substrates used were  Zn-doped, p - type  

with  hole concentrat ions of ei ther  5 x 1016/cm 3 or 
1 x 101S/cm ~. The doped oxide films were  deposited on 
the substrates in a horizontal  tube furnace. Forming  
gas was bubbled through a flask which contained the 
solution of TMT in EOS at room tempera tu re  and 
passed into the furnace tube where  pyrolyt ic  dep-  
osition occurred on the slices at 500~ The oxide 
films were  made as thick as possible to avoid source 

Key words: diffusion, GaAs, tin. 

deplet ion during the diffusion. In the present  cases, 
5000-6000A were  deposited; oxides th icker  than this 
could not be used because cracking of the oxide coat-  
ing appeared af ter  deposition. The diffusions were  
done at 1050 ~ 950 ~ and 850~ in a loosely closed quar tz  
box which was held in a flowing forming gas atmos-  
phere. The quar tz  box contained a few grams of 
crushed GaAs to provide some arsenic in the atmos- 
phere  and to fur ther  protect  the diffusion slice f rom 
surface damage. 

Af te r  d r ive - in  the oxide source was r emoved  f rom 
the slice with HF, the back was lapped, and Hall  effect 
measurements  were  carr ied out on the As-diffused 
wafer.  The Hall  effect measurements  were  made at 
room tempera ture  in the dark;  the specimens were  
held in the f ixture shown in Fig. 1. Contact to the dif- 
fused layer  was made through t inned phosphor-bronze  
wires; the contact was formed by a h igh-vol tage  pulse 
f rom a tesla coil. On most of the specimens the con- 
tacts to the diffused layers were  checked to be certain 
that  proper  rect i fying propert ies were  obtained with  a 
fifth electrode at tached to the back as a ground con- 
nection. The data were  analyzed according to the tech-  
nique of van der P a u w  (5). The specimens were  then 
angle lapped, and the junct ion depth was determined 
by staining with a solution of CuSO~ containing a t race 
of HF. Some of the scatter  in the data to be presented 
is re la ted to difficulties in accura te ly  measur ing the 
junction depth. The reproducibility of a given junc- 

Fig. 1. Fixture for holding 
specimen for Hall effect 
measurements. 
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Fig. 2. Depletion of T M T  from EOS source as indicated by de- 
crease in junction depth for constant drive-in conditions after 
various times of source operation. 

t ion depth in consecutive lapping and measur ing cycles 
is about • 

One of the problems wi th  using TMT as a dopant  in 
EOS is that EOS has a vapor pressure of only 12 m m  
at 60~ and hence appears to be much less volatile 
than TMT which as previously noted boils at 78~ (4). 
Therefore, TMT probably evaporates at a higher rate 
than EOS in all but  the most dilute solutions. This 
causes a slow decrease in the dopant  concentrat ion in 
the EOS source solution and thus in the deposited dif- 
fusion source films. Figure 2 shows the junct ion depths 
obtained for constant  t ime and tempera ture  diffusions 
from films deposited from a given 2% TMT source 
solution as a funct ion of the length of t ime after the 

source was mixed. The source was being used at an 
approximately  constant  rate dur ing  the t ime covered. 
The diffusions reported herein were done over a period 
of approximately  six weeks; thus an addit ional  source 
of scatter in the results presented is due to this source 
solution differential evaporat ion effect. 

Results and Discussion 
Selection of source solution composition.--Doped 

oxide diffusion source films were deposited from EOS 
source solutions containing a range of T1VIT concen- 
t rat ions up to 10 v/o  in an effort to optimize the source 
composition with respect to surface concentration.  The 
junct ion depth, which should increase with increasing 
surface concentrat ion since the diffusion conditions 
are kept constant, increases monotonical ly  with in-  
creasing TMT dopant  concentration. However, for 
source concentrat ions significantly above 2% TMT in 
EOS the surface of the GaAs was attacked by the doped 
oxide film. For this reason the 2% solution was chosen 
for fur ther  investigation. 

Junction depth ~)s. t ime measu'cemen~s.--In Fig. 3 
and 4 the junc t ion  depth, xj, is plotted vs. the square 
root of diffusion time, t, for the p- type  substrates of the 
high and low carr ier  concentrations.  The "error bars" 
in this and following graphs indicate the range of re- 
sults obtained from all the specimens having the given 
value of the abscissa variable, and the average value 
of all these is the plotted point. The data in Fig. 3 
indicates that xj is roughly proport ional  to t 1/2 for times 
ranging from about 1 hr at 1050~ to 10 hr at 850~ 
Beyond this time, the junct ion depth increase slows 
clown markedly.  

Fig. 3. Junction depth as a 
function of the square root of 
time in substrates with carrier 
densities of lxlOlS/cmS. 
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This init ial  behavior  is consistent wi th  the presence 
of a constant surface concentrat ion of tin, Cs. This 
would be t rue even if the diffusion coefficient, D, was a 
function of tin concentration, C, as long as this depen-  
dence could be expressed as a funct ion of C/Cs (6). It  
would also not be affected by the possibility that  the 
number  of active t in donors is not equal  to the  chemi-  
cal concentrat ion of tin, as may  be the case (2). Thus 
even if the diffusion coefficient of t in was a function of 
concentrat ion and the act ive tin donor concentrat ion 
was not equal  to the total  t in concentration, a constant 
C~ diffusion could give xj proport ional  to t 1/2. This 
suggests that  the doped oxide at first supports a con- 
stant surface concentrat ion in the GaAs; then since the 
source is finite, it begins to deplete, and this leads to 
a level ing off of the xj vs. t 1/2 curve. 

For  a finite thin film source, the long- te rm behavior  
approaches that  of an instantaneous source or Gaus- 
sian diffusion (7). If  this is the case, then for a Gaus- 
sian distr ibution 

x~2 = 4 D l n (  Q ) [1] 
t Cj N/~rD 

should hold, where  Q is total number  of diffusing 
ionized tin atoms and Cj is the base carr ier  concentra-  
tion. D here is assumed to be constant;  even if D is 
not a constant for long diffusion times, the reduction 
in concentrat ion var ia t ion across the diffused layer 
and the genera l ly  lower  concentrat ion throughout  the 
layer may  make Eq. [1] approximate ly  correct  wi th  D 
in terpre ted  as an effective, or average, diffusion co- 
efficient. Thus the quant i ty  xj2/t should be constant 
as a function of t ime up to the point in Fig. 3 and 4 
where  the curve  breaks away from an approximate ly  
straight line relat ionship between x~ and t 1/2. For  
longer t imes x)2/t should become proport ional  to In t 
as seen in Eq. [1]. 

Figures 5 and 6 show plots of --xj~/t vs. In t for the 
highest and lowest diffusion tempera tures  studied. It 
should be pointed out that  the scatter  at shorter  t imes 
and shal lower junct ion depths is re la ted to the fact 
that the x1 values, which are a l ready uncer ta in  to 
• must  be squared. The behavior  predicted is 
fair ly wel l  obeyed for the longer times. The values of 

the effective diffusion coefficients for Sn in GaAs taken 
from the slopes of the tails of the curves are 5 x 10 -13 
cm2/sec at 1050~ and 3.5 x 10 -14 cma/sec at 850~ 

It wil l  be noticed that  par t icular ly  in the data for 
the slices having the l ighter  base carr ier  concentrat ions 
(C; ----- 5 x 1016/cm 3) there  is an apparent  discontinuity 
or t ransi t ion region which must  be introduced be- 
tween what  has previously been in terpre ted  as the 
constant surface concentrat ion and deplet ing source 
regions of Fig. 5 and 6. Al though the presence of this 
discontinuity is not well  understood, it could arise if 
the apparent  diffusion coefficient were  a strong func-  
tion of concentration, especially if  it decreased with 
decreasing average concentrat ion in the layer, finally 
reaching some constant value  for long diffusion t imes 
and low average carr ier  concentrations.  

Ha~l e~ect  measurements.--In addition to the junc-  
t ion depth determinations,  Hal l  effect measurements  
were  also made on the diffused slices. The carr ier  con- 
centration, n, obtained f rom the Hall  effect measure-  
ments  is approximate ly  the average concentrat ion of 
carriers over  the ent i re  diffused layer;  this corresponds 
to the average  concentrat ion of ionized t in donors in 
the layers. (Actually,  some of the donor tin is com- 
pensated by zinc acceptors in the substrate and does 
not contr ibute  to the car r ie r  concentrat ion;  thus a 
number  equal  to the substrate carr ier  concentrat ion 
should be added to ~ to obtain the tin donor concen- 
tration.) 

Of course, this does not correspond necessari ly to 
the total  (chemical)  concentrat ion of tin in the layer;  
in fact, it is known to deviate  f rom the total  concen- 
t ra t ion in some cases (2). If  we assume that  the frac-  
tion of the total  tin that  is act ive as donors is inde-  
pendent  of concentrat ion of tin and that  D is constant, 

then two l imit ing cases of the dependence of n on t ime 
can be considered. For  a constant surface concentra-  
tion, a complementa ry  er ror  function profile is gen-  
erated and n would be constant. For  a deplet ing source 
or Gaussian profile 

xj 
n :  Q err ~ [2] 
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Fig. 6. Ratio of junction 
depth squared to diffusion 
time as a function of in (dif- 
fusion time) at 850~ 
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For values of (x~/2~/Dt) less than one the error  func-  
tion can be approximated  by its a rgument  wi th  a max i -  
m u m  error  of about 15%. Hence 

n ~ Q [3] 
2x/DT 

For periods of 10 hr  or longer  this condition holds at 
1050~ in the present  diffusions, if the D value cal-  
culated from the slope in Fig. 5 is used in calculat ing 
(xj/2\/Dt). Figure  7 shows a plot of average tin donor 
concentration,  n, as a funct ion of the inverse  square 
root of t ime at 1050~ also shown is similar  data for 
a freshly prepared  TMT:EOS source. The data can be 
fitted reasonably  wel l  wi th  a s traight  line over  the 
ent ire  t ime range even though the t -1/2 relat ionship 
was expected to hold only for longer  times. The scat- 
ter  in the data probably  masks a change in slope of 
the curve at shorter  times. In any event,  for short  dif-  
fusion times, average car r ie r  concent ra t ions- -which  are 
presumed to be equal  to uncompensated donor tin 
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Fig. 7. Average carrier concentration in a tin diffused layer as 
a function of the inverse square root of the diffusion time for 
diffusions done at 1050~ 

concentra t ions--as  high as 6-8 x 1018/cm 3 can be seen 
to be present in the diffused layers. 

Infrared measurements oi surface concentration.- 
The surface concentrat ions in some of the diffused 
layers have  also been measured  by the infrared reflec- 
t iv i ty  technique (8). The positions of the reflectance 
minima from which these concentrat ions are deter -  
mined are characterist ic of the m a x i m u m  carr ier  con- 
centrat ions in the diffusion profiles (9). [For a com- 
plete discussion of the use of inf rared reflectivity for 
de termining surface concentrat ions in diffused layers, 
see Abe and Nishi (10).] The surface concentrat ion 
data as de termined f rom the infrared technique along 
with  the average carr ier  concentrat ions measured with 
Hall  effect apparatus are presented in Table I for slices 
diffused for 0.5 and 1 hr  at 1050~ The slice listed as 
having a base hole concentrat ion of 2 x 1017/cm s is 
one of a few that  type diffused along with  the slices 
previously discussed. The infrared measurements  sup- 
port  the observat ion that  carr ier  concentrat ions in the 
range of 6 to 8 x 1018/cm3 are present  in the diffused 
layers, but they also indicate tha t  the surface con- 
centrat ions are equal  to or no more than a factor of 
two la rger  than the average carr ier  density measured 
by the Hall  technique. In part icular ,  the fact that  the 
average  carr ier  concentrat ion in the diffused layer  for 
the slice diffused 0.5 hr  is approximate ly  equal  to the 
surface concentrat ion suggests that  the carr ier  dis- 
t r ibut ion may be re la t ive ly  flat near  the surface for 
the most heavi ly  diffused layers. This would be the case 
if e i ther  the diffusion coefficient or the fract ion of the 
tin ionized were  appropr ia te  functions of concentra-  
tion. 

In summary,  regardless  of the exact  na ture  of the 
diffusion kinetics, the data presented  in the preceding 

Table I. Surface concentrations from IR reflectivity 

Subs t .  d o p i n g  
(no/em~) 

A v g  c a r r i e r  
c o n c  f r o m  

Diff. t i m e  Ha l l  effect  
(hr)  ( n o / c m  a) 

C, f r o m  IR 
( n o / c m  a) 

5 x 10 L6 0.5 8 • 10 TM 7.4 • 1018 
5 x 1018 1.0 3 • 10 TM 4.8 • 10 TM 

5 x l 0  t8 1.0 3 x 10 TM 5.9 x 101~ 
2 X 1017 1.0 4 X 10 ~Is 6.0 x 10 TM 
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sections indicate tha t  the oxide source begins to de- 
plete soon after diffusion starts. The fact that higher 
carrier  concentrat ions (6-8 x 1018/cm~) were achieved 
in  this work than had previously been observed is 
probably related in  par t  to the recognit ion that, with 
an oxide source, depletion effects make  short- t ime. 
shallow diffusions manda to ry  if high concentrat ions are 
to be obtained. 

Conclusions 
1. Diffusion of tin from tin-doped SiO2 films de- 

posited on p-type GaAs by pyrolytic decomposition of 
ethylorthosillcate containing tetramethyl stannane 
yields n-type diffused layers having average carrier 
concentrations of 6-8 x 101S/cm 3 for short (0.5-1.0 hr) 
diffusion times. 

2. The diffusion source appears to yield a constant 
surface concentration initially and then depletes. In 
order to obtain the high average carrier concentra- 
tions short diffusion times must be used to avoid de- 
pletion effects. 
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ABSTRACT 

The pseudo-binary  alloy system MgxZnl-~Te has been investigated for 
0 ~ x ~ 0.8. Compositions containing less than 53 mole per cent (m/o)  Mg 
have a cubic s t ructure  with expanded lattice spacings of ZnTe. For Mg con- 
centrat ions of 0.53-0.80 m/o  the alloys have a hexagonal  s t ructure  with con- 
tracted lattice spacings of METe. The bandgaps, as determined by electron 
beam bombardment ,  vary  l inear ly  with composition wi th in  the crystal l ine 
structure.  

Numerous at tempts have been made to form solid 
solutions from semiconductor compounds to obtain 
variable bandgap materials,  with the aim of produc-  
ing a l ight emit t ing diode whose output  wavelength 
was thereby adjusted. Growth of solid solutions among 
the I I I -V compounds for this purpose has been rather  
successful; however, efficient light emission from diode 
structures is l imited to wavelengths  longer than 6000A 
by the fact that  at higher energies the bandgap be-  
comes indirect. Since the I I -VI compounds, pr incipal ly 
the zinc and cadmium chalcogenides, re tain a direct 
bandgap for the entire series, it should be possible 
using alloys of these, to obtain efficient light emission 
to wavelengths as short as the near  ultraviolet.  Diodes 
emit t ing in the visible have been made using ZnSe- 
ZnTe heterojunct ions (1) and from solid solutions of 
ZnSexTel - x (2). Recently solid solutions of MgxCdl -~Te 
were reported with light emit t ing diodes having been 
made from these alloys (3-5). This paper  reports 
the preparat ion and light emit t ing properties of 
MgxZnl-~Te. 

Experimental 
Mixtures of ZnTe, Mg and Te were melted together 

to give various values of x for the pseudo-binary  
MgxZni-xTe. Compounding was done in carbon coated 
quartz tubes of 8-13 mm ID by heat ing at 1200~ for 
16-20 hr  in a rocking furnace. The growth tube con- 

1 This  research  Was sponsored in par t  by the Air  Force Office of 
Scientific Research  Contrac t  No. F-44620-67-C-0073. 

�9 Electrochemical  Society Act ive  Member .  
K e y  words :  m a g n e s i u m - z i n c  tel luride,  solid solutions, crystal 

growth ,  tellurides,  I I~  compounds. 

ta in ing the charge was outgassed at 10 -5 Torr  and 
200~ for 1 hr before sealing off for compounding. The 
molten charge was quenched at 50~176 to the 
solid state to prevent  segregation (6) into solid solu- 
t ion of var iable  composition. To quench the boules the 
furnace power was shut off and a blast of air directed 
over the quartz tube. Various quench rates were ob- 
tained by changing the air flow. 

The ZnTe was made by  fusing 99.9999% pure Zn 
and Te together in He ambient  while contained in a 
carbon-coated quartz boat. Unreacted mater ia l  was 
removed by heating at 500~ under  a vacuum of 10-~ 
Torr. The Mg metal, which was 99.99% pure, was 
etched with Br2-methanol  to remove oxides and car- 
bonates from the surface and placed immediate ly  in 
the compounding tube under  a He ambient.  The Te 
was 99.9999% pure and was degreased in boiling t r i -  
chloroethylene before use. After  compounding the 
quartz tube was cracked to recover the MgxZnl-xTe 
boule. There was no wett ing of the quartz if the Mg 
were well-etched and if a crack-free carbon coat was 
obtained on the quartz tube. The boules containing 
Mg ~ 5.0 m/o  were stored in kerosene or under  a 
vacuum to prevent  reaction with H20 or O2. The exact 
composition of the mater ia l  after compounding was 
determined by microprobe. Sometimes the compounded 
mater ia l  was reloaded into a carbon coated quartz 
tube, and the Br idgman technique was used to grow 
large single crystals up to 1 cm on an edge. The system 
was heated and outgassed before sealing off as for the 
compounding operation. 
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Table I. Composition homogeneity of MgxZnl-xTe 
for different quench rates 

Q u e n c h  P o s i t i o n  of Mole  % ZnTe  at  
ra te ,  s a m p l e  in  r a n d o m  spots** 

R u n  No.* ~  t he  boule~ 1 2 3 4 5 

N10715-75 60 F i r s t  to  f reeze 83 80 82 82 80 
Las t  to f reeze  80 81 79 80 80 

Iq11)715-31 40 F i r s t  to f reeze 97 95 93 94 95 
Las t  to f reeze  96 96 96 97 96 

N10715-35 20 F i r s t  to f reeze  95 95 94 93 95 
Las t  to f reeze 87 84 85 87 86 

N10715-12 15 F i r s t  to f reeze 91 93 95 93 91 
Las t  to f reeze  73 88 82 78 77 

* The  c o m p o s i t i o n  of the  bou les  was  no t  the  same.  
** C o m p o s i t i o n  d e t e r m i n e d  by  mic roprobe .  

";" Bou les  we re  8 m m  in  d i a m e t e r  and  6 cm in  l eng th .  

MgTe for use as a reference  was compounded by the 
same procedure used for the MgTe-ZnTe  system ex-  
cept the ZnTe was omitted. A t empera tu re  of 1300~ 
was used for compounding with  no quenching. The 
compounding tube was broken under  kerosene so that  
the MgTe was not exposed to 02 or H20. Samples of 
MgTe were  taken f rom the kerosene bath and quickly 
sealed under  vacuum for x - r a y  and DTA studies. ZnTe 
reference samples were  obtained by vapor  t ransport  
in a He ambient.  

The composition of the alloys was determined by 
microprobe analysis using a Mater ia l  Analysis Com- 
pany Model 400 Electron Probe Microanalyzer.  A 
Mg-Sn  alloy was  used as the Mg s tandard whi le  ZnTe 
was used as the Zn standard. Samples  were  embedded 
in a cold, self-set t ing plastic and lapped in oil to ex-  
pose the sample surfaces. These sample surfaces were  
then degreased with t r ichloroethylene and placed im- 
media te ly  in the microprobe apparatus where  a vacu-  
um of 10 -5 Torr  was pulled. An accelerat ing voltage 
of 20 kV was used for the electron beam. The precision 
was --+1% while the accuracy was •  

Differential  the rmal  analysis of  the alloy samples 
was made with a Du Pont  900 Differential  Thermal  
Analyzer.  The sample size was about 25 mg and con- 
sisted of four to five chips of the mater ia l  being studied. 
The mater ia l  was r emoved  from the kerosene storage 
jars  or the vacuum dessicator, r insed in boiling t r i -  
chloroethylene and placed in quartz  tubes, which were  
evacuated to 10 -5 Torr  then sealed off. Alumina  pow- 
der was used as the s tandard reference.  The the rmo-  
couple was p la t inum-p la t inum 13% rhodium. Heat ing 
rates of about 10~ and cooling rates of 5~ 
were  used. The onset of mel t ing was taken as the 
solidus tempera ture  during heat ing while  the l iquidus 
points were  de termined  by the onset of freezing dur-  
ing the cooling. At least two DTA runs were  made  for 
each alloy composition with  a reproducibi l i ty  of ___2%. 
Supercooling occurred occasionally but usual ly was not 
greater  than 5~ 

X - r a y  diffraction pat terns  were  obtained by the 
Debye -She r r e r  method. Samples  were  ground to about 
200 mesh under  kerosene, degreased with t r ichloro-  
ethylene placed in a capi l lary  tube then pumped to 
10 -3 Torr  and sealed off. Copper K~ radiat ion for 6 hr  
was used to obtain the diffraction patterns. 

For  est imation of bandgap the luminescence s t imu-  
lated by an electron gun was used. Samples  of differ- 
ent alloy compositions prepared by the technique de- 

scribed above were  mounted on the cold finger of a 
cryostat  which shared a common vacuum system with 
a h igh-power  electron gun. The electron gun was cap- 
able of producing pulses wi th  a beam current  of 20 mA, 
at a voltage up to 50 kV ranging in width f rom 15 to 
200 nanosec at a repet i t ion rate  of 60 Hz. The recom- 
bination radiation was collected by a mi r ro r  system 
and focused onto the  entrance slit of a ~/~ meter  grating 
spectrometer.  A sampling oscilloscope was used to 
t ime resolve the observed spectra and present  the data 
as luminescence intensi ty vs. waveleng th  on a recorder.  

Physical Properties of the Material 
Homogenei ty  as a function of quench rate is i l lus- 

t ra ted in Table I. It  can be seen that  the homogeneity,  
as determined by microprobe analysis of randomly 
selected spots in a cross sectional slice, was ra ther  
good for a quench rate  of ~20~  This table also 
gives a comparison of the homogenei ty  for slices from 
the first and last portions to freeze. Unless freezing 
was rapid there  was much segregation. Al though rapid 
quench rates gave bet ter  homogeneity,  coring and 
blow holes resul ted at the higher  quench rates. Above 
a quench rate of 75~ the boule was so badly 
cored that  it was useless. Boules cooled at 20~ 
or less were  not cored and did not contain blow holes, 
but these boules were  very  inhomogeneous. 

The quenched mater ia l  was polycrystal l ine but did 
contain single crystals up to 3 mm on an edge. The 
size of the single crystals decreased as the Mg content  
increased. Tellurium, which was determined by micro-  
probe measurements ,  collected at many  of the grain 
boundaries  to make  the mater ia l  opaque to visible 
light. The amount  of Te at the grain boundaries was 
reduced by adding 10 m / o  excess Mg dur ing com- 
pounding; this was necessary because some of the Mg 
was usually not available for reaction because it 
existed as MgO or Mg(OH)2.  The remainder  of the Te 
could be removed by heat ing the MgxZnl-xTe in mol-  
ten Zn at 850~ for several  hours; this Zn t rea tment  
produced t ransparent  material .  The color of the 
MgxZnl-xTe var ied f rom red -b rown  for low values of 
x to colorless for mater ia l  r ich in Mg. Mater ia l  con- 
taining 50 m / o  Mg or greater  reacted with  H20 or 
methanol.  Typical  impuri t ies  present  are shown in 
Table II. 

F rom the differential  thermal  analysis results, a par-  
tial phase diagram for the MgTe-ZnTe system showing 
liquidus and solidus curves was constructed as shown 
in Fig. 1. This phase diagram indicates that  solid solu- 
tions exist over  a wide range for values of x in 
MgxZnl-xTe. Linear  changes in d-spacings wi th  com- 
position as shown by x - r ay  diffraction gave additional 
evidence that  solid solutions are formed in both hexa-  
gonal and cubic structures. A pseudobinary with  a 
cubic s tructure exists for Mg concentrations of 0-53 
m/o.  This cubic mater ia l  is very  similar to ZnTe with 
the d-spacings being expanded as the Mg concentra-  
tion is increased. Table  I I I  i l lustrates that  the  d-spac-  
ings for Mg06Zn0.4Te are c lear ly  re la ted  to those for 
MgTe. The phase diagram is unknown in the range 
0-20 m / o  ZnTe since no compounds were  made in this 
region. X - r a y  diffraction showed that  two different 
hexagonal  phases exist at Mg0.s2Zn0.sTe with one of 
these phases being similar  to that  for MgTe. The phase 
diagram in the t ransi t ion region be tween  the cubic 
and hexagonal  structures, as bounded by the dashed 

Table II. Impurities in MgxZnl-xTe 

S a m p l e  
compos i t i on  T r e a t m e n t  of  m a t e r i a l  Cu  

I m p u r i t i e s  in  ppm*  
Nt  Fe  S i  AI  A g  Cr  htIn 

Mgo.4Zno.eTe 
Mgo.~Zno. 75Te 

Mgo. lZno.gTe 

C o m p o u n d e d  t h e n  q u e n c h e d  5-50 
C o m p o u n d e d ,  q u e n c h  a n d  10-100 

g r a d i e n t  f reeze  
C o m p o u n d e d  t h e n  q u e n c h e d  10-100 

i0 -100  
0.5-5 

N.D. 

10-100 
5-50 

1-10 

10-100 5-50 0.05-5 10-100 5-50 
100-1000 5-50 N.D. N.D. N.D. 

i000-10,000 i0-100 0.1-1 N.D. N.D. 

* p p m  by  w e i g h t ;  d e t e r m i n e d  by  emis s ion  spec t rog raph .  
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Fig. 2. Typico| luminescence curve obteined by electron beam 
bombardment. 

lines, is unknown.  X- r ay  diffraction data did not clear- 
ly define what  s tructures were present. Phase dia- 
grams are based on equi l ibr ium conditions. Because 
we were working with quenched samples, equi l ibr ium 
conditions probably  did not prevail. 

It is ra ther  difficult to explain the existence of two 
hexagonal phases for the composition Mg0.s2Zno.lsTe 
and not for MgTe. Addi t ional  study is necessary to com- 
pletely determine the system in the range of 0-25 m/o  
ZnTe. The mel t ing point  of MgTe which is 1200 ~ ~ 5~ 
has not been reported previously; DTA indicates a 
possible phase t ransi t ion in MgTe at 1170 ~ • 5~ X- ray  
diffraction showed the MgTe to be hexagonal  in agree- 
ment  with work of others. It  is obvious that  the com- 
position of the solid in equi l ibr ium with the melt  
would be different from that  of the melt;  thus, Bridg- 
man- type  crystal growth would not produce mater ia l  
of uniform composition. 

Some indication that solid solutions existed with 
the MgTe-ZnTe system were obtained from band  edge 
luminescence at 77K using electron beam bombard-  
ment.  A typical  luminescence curve is shown in Fig. 2. 
Only  a single luminescence line was observed which 
was in the region of the unexpected bandgap. Typical 
line widths were approximately  0.05 eV at 77K. In 
addition to this line, samples which had been post 
annealed in liquid zinc at 800~ for 24 hr exhibited a 
strong broad luminescence at longer wavelengths 

which was typical ly 0.250 eV in width. The broad 
luminescence could also be dist inguished from the 
sharper band edge line by t ime resolution. That  is, the 
sharp band edge line decayed very rapidly essentially 
following the electron beam current.  The broad, im-  
pur i ty  line, on the other hand, had a considerably 
longer decay time, typical ly several  microseconds. 

Values for the energy bandgap were estimated from 
the sharp, fast luminescence. We have arbi t rar i ly  
chosen the high energy l imit  of this l ine as the value 
for the energy gap. At least in the case of pure ZnTe 
this gives a value of 2.37 eV which is wi thin  0.025 eV 
of the accepted value for 77K. Since the sample did 
tend to vary  somewhat in composition in a given 
boule and the microprobe de terminat ion  of alloy com- 
position was subject to an error of approximately 5%, 
it was not felt that a more careful de terminat ion would 
be meaningful .  Figure 3 shows how the bandgap cor- 
responding to the band edge luminescence varies with 
composition over the range of x ~ 0-80 m/o  for 
Mg~Znl-xTe. A break is indicated at the region where 
the s t ructure  changes from cubic to hexagonal  because 
the bandgap is expected to vary  with structure.  It  is 
observed that  the wavelength corresponding to the 
bandgap varies almost l inearly,  wi th in  exper imenta l  
error, up to about 0.53 m/o  Mg. For 0.53 to 0.80 m/o  
Mg the bandgap also varies l inear ly  but  wi th  a differ- 
ent slope than for the smaller  Mg concentrations. The 

Table III. Comparison of d-spacing of MgxZn l -xTe  compounds with these of ZnTe and MgTe 

Indices 

C u b i c  Hexagonal 

Z n T e ,  Mgo. lZno.gTe,  Mgo.~Zno.7~Te, Mgo. tZno.eTe,  Mgo.sZno.sTe,  M g T e ,  
A . S . T . M .  m e a s u r e d  m e a s u r e d  m e a s u r e d  m e a s u r e d  m e a s u r e d  

Mgo.cZno. ~Te, Mgo.~Zno.lsTe, 
measured measured Indices 

111 3.523 3.60 3.54 3.57 3.57 . . . .  
200 3.051 3.04 3.08 3.10 3.10 3.67 3.62 3.62 002 
220 2.159 2.15 2.18 2.19 2 .19 3.45 3 .39 3, 39 101 
311 1.840 1.84 1.86 1.87 1.87 2 .69 2.63 2.64 102 
222 1.762 1.76 1.78 - -  - -  2.26 2.22 2.23 110 
400 1.526 1.53 1.54 1.55 1.55 2.08 2,05 2 .06 103 
331 1.400 1.40 1.41 1.42 1.42 . . . .  
420 1.365 1.37 1.38 1.39 1.39 1.03 1.92 1.04 112 
422 1.246 1.25 1.26 1.27 1.27 1.90 1.87 1.90 201 
511 1.175 1.18 1.19 1.20 1.20 1.65 1.66 1.67 004 
440  1.079 1.08 1.09 1.10 1.10 1.74 1.70 1.71 202 
531 1.032 1.03 1.04 1.05 1.05 - -  - -  - -  
600  1.017 1.02 1.03 - -  - -  1 .54 1.50 1.51 203 
620 0 .965  0 .97  0 .98  0.98 0 .98  . . . .  
533 0.931 0.93 0.94 0.95 0 .95 1.46 1.42 1.46 211 
622 0.920 0 .92 0.93 - -  - -  1.43 1.40 1.43 114 
444  0.881 0.88 0,89 - -  - -  1.38 1,36 1.37 212  
711 0.855 0.86 0.66 0.87 0.87 1.31 1.28 1.29 300 
642 0.816 0.85 0.83 0.83 0.83 1.27 1,25 1.26 216 
731 0.795 0,82 0.80 0.81 0.61 1.24 1,21 1.22 302 
. . . . . .  1.48t 1.45t 1.68t -- 
. . . . . .  1 .67 t  3 ,84 t  2 .11" - -  
. . . . . .  1 . 9 6 t  - -  2.27* 
. . . . . .  3 . 9 0 t  ~ 2.47* - -  
. . . . . . . .  3.77* 
. . . . . . . .  3 . 8 6 t  
. . . . . . . .  4.04* 
. . . . . . . .  4.25* 

* Second phase line. 
t Not indexable using Zaehariasen parameters a = 4.62A, c = 7.33A. 
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Fig. 3. Band gap as a function of composition by electron beam 
bombardment. 

extrapolat ion to pure MgTe, however, leads to a value 
for the emission edge of 357 gm (3.47 eV) which is 
considerably lower energy than  the value 4.7 eV pre-  
viously reported (5, 7, 8). 

The reference for the 4.7 eV bandgap of MgTe given 
by Itoh is R. H. Bube's  "Photoconductivi ty of Solids" 
(7). Bube presents a table of bandgap energies of some 
128 compounds including the selenides and tellurides 
of Mg, Sr, and Ba. Since no fur ther  references are 
given in this table a search was made of the l i terature 
for a p r imary  source. The only reference to the band-  
gap of MgTe that  could be uncovered was a measure-  
ment  of the optical absorption of thin films reported 
by Saum and Hensley. Although these data show a 
max imum in the absorption coefficient occurring at 
about 4.7 eV, it is questionable as to whether  it is 
appropriate to associate this value with an expected 
peak in band  edge recombinat ion radiation. Several  
sharp peaks below the max imum absorption value for 
the other alkal ine earth chalcogenides have been ten-  
ta t ively  identified as due to excitons. For  MgTe an 
analogous peak is observed at 3.6 eV as reported by 
Saum and Hensley (8). It is possible that oxygen or 
H20 reacted with the Mg~Znl-xTe to form oxygen 
compounds which would influence the b~ndgap values 
obtained. In  the absence of fur ther  detailed analysis 
of absorption and luminescence in these compounds it 
is not possible to predict where the recombinat ion 
radiat ion should occur although it has been observed 
in the alkal ine oxides that the cathodoluminescence 
general ly occurs well  below the fundamenta l  elec- 
tronic optical absorption (9). 

Optical absorption measurements  on the (Mg,Zn)Te 
alloys gave values for the absorption edge which were 
less than the bandgap values obtained by electron 
bombardment .  This indicates that  impurit ies or other 
defects caused absorption wi thin  the bandgap. The 
sample slices for absorption measurements  were lapped 
to a thickness of 1 m m  or less and polished. 

Efforts were made to grow single crystals of 
(Mg,Zn)Te by the gradient  freeze technique and by 
iodine chemical transport .  Boules containing large, 
single crystal regions about 1 cm on an edge were 
obtained by the gradient  freeze method while only 
small single crystals that  were 3-4 mm on an edge 
were obtained by I2 chemical transport.  The homo- 

geneity of crystals grown by  both methods is i l lus- 
t rated in Table IV. It can be seen that  the crystals 
grown by both methods were not very  homogeneous. 
There was also considerable segregation of Mg and Zn 
in the first and later  to freeze portions of the gradient  
freeze process. Thus, it was obvious that  homogeneous 
crystals were not to be obtained using the gradient  
freeze method. Although the crystals grown by I2 
t ransport  were ra ther  homogeneous throughout  their  
bulk, addit ional work would be needed to establish 
the conditions for growing larger, more uniform crys- 
tals. The chemical t ranspor t  was similar  to that  used 
for growth of ZnSe crystals (10). X- ray  diffraction of 
Mg~Zn~-xTe crystals grown by both methods showed 
that  the mater ia l  was cubic in structure. The composi- 
tions of these crystals ranged from x ---- 0.05-0.3. 

The (Mg,Zn)Te mater ia l  as produced was always 
p- type  with resistivity of 104-105 ohm-cm. An effort 
was made to decrease the resist ivity and to produce 
n- type  mater ia l  by doping. A l u m i n u m  metal, which 
was introduced dur ing  the compounding step, was used 
to produce n - type  Mg0.25Zn0.75Te. The a luminum con- 
centrat ion in the (Mg,Zn)Te as determined by emis- 
sion spectroscopy was 500-1000 ppm, while the re- 
sistivity was 10T-10 s ohm-cm. Therefore, the n- type  
mater ia l  was probably compensated. An n - type  layer 
was produced in (Mg,Zn)Te by diffusion of A1 into 
the material.  In the diffusion experiments  A1 metal 
was evaporated onto the surface of a (Mg,Zn)Te slice 
then heated at 850~ for 16 hr in  the presence of A1 
and Zn vapors. The surface where the A1 had been 
evaporated was n - type  and could be lapped away to 
reveal p- type  material.  The resist ivity of the n-type,  
A1 diffused layer was about 105 ohm-cm. Attempts  to 
measure Hall mobil i ty  both in the dark and with light 
were unsuccessful. 

Diodes were made by diffusing A1 into p- type 
Mg0.25Zn0.75Te and contact to the n - type  surface was 
made by alloying the In-Ga,  while Au evaporated onto 
a LiNO3 treated surface was used for contact to the 
p- type surfaces (11). The diode action was only slight, 
showing 1 x 104 ohms in the reverse direction. No light 
was emitted from the diode up to a breakdown voltage 
of 120V. Several unsuccessful at tempts were made to 
obtain visible light from Mg~Znl-~Te diodes of vari-  
ous composition. 

S u m m a r y  
The Mg-Zn-Te system produces pseudobinary  al- 

loys of MgxZnl-zTe for values of x ---- 0-0.80. Compo- 
sitions containing up to approximately 53 m/o  Mg 
have a cubic s tructure with expanded lattice spacings 
of ZnTe. Compositions richer in Mg crystallize in the 
hexagonal MgTe structure. Bandgaps corresponding 
to band edge recombinat ion as determined by  electron 
beam st imulat ion showed a l inear  variat ion with com- 
position. The mater ia l  was compounded by reaction of 
ZnTe, Mg, and Te in a carbon coated quartz tube at 
1200~ If quenched rapidly from the melt  the boules 
were homogeneous but  polycrystall ine.  The mater ial  
was p- type with resistivity of 104-10 ~ ohm-cm; a lumi-  
num diffusion produced n- type  material .  
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Table IV. Homogeneity of Mg~Znl -xTe single crystals 

C o m p o s i t i o n  of  m / o  Z n T e  at  random spots* 
s t a r t i n g  m a t e r i a l  Method of growth Posit ion of sample  - 1 2 3 4 5 

Mgo.~oZno.~Te G r a d i e n t  freeze* Sl ice  f r o m  first  to f reeze  86.5 82.1 86.3 87.5 82.4 
Mgo.~Zno.soTe G r a d i e n t  freeze* Sl ice  f r o m  las t  to f reeze  80.7 81.5 80.7 77.5 B2.5 
Mgo..,Zno.sTe I~ c h e m i c a l  t ranspor t**  T h r o u g h o u t  b u l k  81.1 82.3 77.4 79.3 82.4 

t C o m p o s i t i o n  d e t e r m i n e d  by  m i c r o p r o b e  ana lys i s .  
* H e a t e d  to 1280~ t h e n  cooled a t  10~ 

** Feed  @ 856~ crystal  growth @ 707~ I2 eonc. = 5 mg/cc .  
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The Total Vapor Pressure of Tin Telluride 
under Equilibrium and Nonequilibrium Conditions 

E. E. Hansen and Z. A. Munir 

Department of Materials Science, School of Engineering, San Jose State College, San Jose, California 95114 

ABSTRACT 

The subl imat ion pressures of t in  tel luride were measured under  equi l ibr ium 
and free-surface conditions over the temperature  range 785~176 The ex- 
pressions for the total subl imat ion pressures measured under  these conditions 
are log P (a tm)  _-- (7.892 _ 0.195) -- (1.134 • 0.017)104/T and log P ( a t m )  -- 
(7.233 ___ 0.155) -- (1.075 • 0.013)104/T, respectively. Calculations of the 
thermodynamic  properties associated with the reaction SaTe(s)  ---- SnTe(g)  
gave, respectively, second-law ~H29s and ~ $ 2 9 8  of 54.7 ~ 1.3 kcal /mole  and 
40.8 • 1.4 eu for the equi l ibr ium condition, and 51.6 ~ 1.1 kcal /mole and 
37.4 • 1.2 eu for the free surface condition. Thi rd- law ~H~ associated with 
the equi l ibr ium subl imation is 52.8 -~ 0.5 kcal/mole.  From these results, it 
appears that the subl imation coefficient is one in  the tempera ture  range covered 
in this work. 

Total subl imat ion pressures in  equi l ibr ium with  t in  
tel luride have been measured by Knudsen  cell methods 
(1-3), and the subl imat ion mode of this compound has 
been analyzed by mass spectrometric and optical ab-  
sorption techniques (3, 4). Colin and Drowart 's  mass 
spectrometric invest igat ion (3) has shown SnTe(g)  to 
be the predominant  species resul t ing from the subl ima-  
tion of t in telluride. Their  Knudsen  cell measurements  
gave total subl imation pressures which are appreciably 
(40-70%) higher than those reported earlier by  Nes- 
terova et al. (1) and Hirayama et al. (2). Aside from 
this uncer ta in ty  in the published equi l ibr ium pressures, 
information regarding the free-surface pressures of 
this compound appears to be totally lacking. In  view 
of the desirabi l i ty of such information,  especially in 
current  research efforts associated with the synthesis 
and control of properties of this thermoelectric mate-  
rial, this study was conducted for the purpose of de- 
t e rmin ing  both the equi l ibr ium and free-surface sub-  
l imat ion pressures by means of the torsion method. 

Experimental 
The method and apparatus used in this work have 

been described in previous publications (5-8). Graphite  
torsion cells used in the present s tudy had geometric 
designs similar  to those described earlier (7, 9). Per t i -  
nen t  cell dimensions, reported in Table I, along with 
correction factors (10) and angular  deflections of the 
cells, were used to calculate the subl imation pressure 
at any  given temperature.  

Temperatures  were measured by means of a cali-  
brated P t -P t /10% Rh thermocouple positioned inside a 
"dummy" cell which was situated about 2 cm below 
the torsion cell. The latter,  which was suspended in the 
middle port ion of a tungs ten-mesh  heating element, 

Key words:  tin telluride, sublimation pressure, heat  of  s u b l i m a -  
t ion ,  f r e e - s u r f a c e  s u b l i m a t i o n .  

Table I. Geometric characteristics of torsion ceils 

S u b l i m a t i o n  M o m e n t  Or i f i ce  
a rea ,*  mine  a r m ,  m m  d e p t h / r a d i u s  

Ce l l  a t  a~ q~ q2 (I/v)l ( I / r )  2 

E f f u s i o n - 1  3 28 3.23 12.4 12.8 3.08 3.03 
E f fus ion -2  4.46 4.46 12.9 12.8 2.60 2.60 
E f f u s i o n - 3  12.40 12.40 12.7 12.8 1.63 1.63 
L a n g m u i r - 1  7.79 7.87 8.6 8.2 - -  - -  
L a n g m u i r - 2  31.7 31.7 8.7 8.7 - -  - -  

* T h i s  q u a n t i t y  c o r r e s p o n d s  to the  or i f ice  a r e a  of  t h e  t o r s i o n - e f f u -  
s ion ce l l s  a n d  to t h e  s a m p l e  s u r f a c e  a r e a  in  t h e  t o r s i o n - L a n g m u i r  
e x p e r i m e n t s .  

contained the sample to be sublimed. Thermocouple 
cal ibrat ion techniques, as well  as other cal ibrat ion ex- 
periments  aimed at establishing confidence in the re-  
sults obtained in the present  apparatus, have been 
discussed previously (8, 11). 

The pur i ty  of the t in  tel lur ide samples used in  this 
work was established by x - r a y  analysis. Similar  ana-  
lytical methods were also employed in order to estab- 
lish the congruency of subl imat ion of this compound. 
Debye-Scherrer  diffraction pat terns  of subl imated sam- 
pies which had lost up to 40% of their ini t ial  weight 
were identical to those obtained from unsubl imated  
samples. However, in view of published results con- 
cerning the stoichiometry of t in  tel lur ide (12), the 
present  x - r ay  results do not exclude the possibility of 
the existence of metallic t in  in the heated samples. 
Within  the limits of re l iabi l i ty  of the x - ray  techniques 
employed in this investigation, the concentrat ion of 
any  free t in is not l ikely to exceed about 3 a/o (atomic 
per cent).  Compositional deviations toward the Te-r ich 
end of the homogeneity range of SnTe were assumed 
not to have occurred since they would have resulted in 
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a significant change in the lattice parameter  of the 
heated samples (13). For  the tors ion-Langmuir  portion 
of this study, approximately 2 mm thick wafers were 
cut from t in tel lur ide ingots which were the product  
of an at tempt  to grow single crystals. X- ray  examina-  
tions of the wafers showed them to consist of a rela-  
t ively small number  of grains (single crystals).  Be- 
cause of technical  difficulties, however, it was not feas- 
ible to isolate a sufficiently large single-crystal l ine 
sample for the purpose of de termining its subl imation 
rate. 

An oil diffusion pump, aided by a l iquid ni t rogen 
trap, main ta ined  the ambien t  pressure inside the tor-  
sion apparatus at or below 2 x 10 -5 Torr  dur ing  all 
measurements.  

Results 
The equi l ibr ium and free-surface subl imat ion pres-  

sures of t in  te l lur ide measured over the tempera ture  
range 785~176 are shown in Fig. 1. The least-squares 
expression for the equi l ibr ium pressure covering the 
range 871~176 is 

log P ( a t m )  ~- (7.892 --+_ 0.195) -- (1.134 _ 0.017) 104/T 
[1] 

where T is the tempera ture  in degrees Kelvin  and the 
shown errors are the s tandard deviations. Calculations 
of the second-law heat and entropy of subl imation at 
298~ util izing the available Cp value for SnTe(g)  (14) 
and an assumed one for SnTe(s)  (2), were based on 
the reaction 

SnTe(s)  ---- SnTe(g)  [2] 

Because of lack of Cp data for solid t in telluride, the 
corresponding value for PbS(s )  (14), an isoelectronic 
compound having an identical crystal  s t ructure and 
approximately the same molecular  weight, was as- 
sumed to hold t rue  for SnTe(s) .  These calculations gave 
the following values for A H ~  and AS~ : 54.7 +_ 1.3 
kcal /mole and 40.8 • 1.4 eu, respectively. 

Th i rd- law AH~ values for the subl imat ion process 
of Eq. [2] unde r  equi l ibr ium conditions, which were 
based on calculated f ree-energy functions (2) and  the 
exper imenta l ly  determined pressures, are shown in  
Table II. The average AH~ value is 52.8 • 0.5 kcal /  
mole. 

Table III lists the free-surface subl imation pressures 
of SnTe. The least-squares expression for these pres- 
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Table II. Equilibrium sublimation pressures of SnTe 

T, A H ~  T,  AH~ 
~ P ,  a r m  X/d k c a l / m o l e  ~  P ,  a t m  ~/d k c a l / m o l e  

Cell: Effusion-i 9.32 5.54 x I0-~ 0.6 52.6 
947 7.45 x I0 -5 0.5 52,9 9.51 1.00 x I0~-* 0.3 52.6 
970 1.48 x 10 -4 0.3 52.8 Cell: Effusion-3 

Cell: Effusion-2 858 4.35 x 10 -6 4.1 53.0 
876 8.98 x 10 -6 3.4 52.8 871 7.25 x 10 -6 2.5 52.9 
892 1.59 x i0 -5 2.0 52.7 885 1.16 x I0~ 1.6 52.9 
897 1.84 • I0 ~5 1.7 52,7 891 1.44 • I0-~ 1.3 52.8 
905 2.39 • I0 -~ 1.3 52,7 902 1.99 • I0 -~ 0.9 52.9 
926 4.56 X 10 -~ 0.7 52.7 911 2.94 • 10-~ 0.6 52.7 
930 5.22 • 10 -s 0.6 52.6 923 3 .79 • 1 0 ~  0.5 52.9 

Table III. Free-surface sublimation pressures of SnTe 

T,  ~  P ,  a r m  T, ~  P ,  a t m  

Ce l l :  L a n g m u i r - 1  913 3.01 x 10-~ 
836 2.56 x I0-~ 924 4.10 x 10-~ 
840 2.81 • 10-" Ce l l :  L a n g m u i r - 2  
849 3.94 • I0 ~~ 785 3.29 x I0 -'~ 
862 5.93 X 10 -e 80'/ 8.28 • 10 -7 
865 6.44 • I0 -n 812 1,01 • 10-~ 
870 7.88 x I0 -e 828 1.73 X i0  -~ 
876 9.00 x 10 .8 835 2.34 X I0-0 
876 9.51 x 10 -6 862 5.60 X 10 -8 
885 1.22 x 10 ~ 864 5.88 X 10 -8 
886 1.32 x I 0  ~ 867 5.25 x 10-6 
897 1.87 x I0  -~ 875 8,60 • 10 -6 
905 2.34 • I0 -s 899 1.66 • i0-~ 

sures in the tempera ture  range 785~176 is 

log P (atm) : (7.233 _ 0.155) -- (1.075 + 0.013) 104/T 
[3] 

Employing Cp data cited above, changes in enthalpy 
and entropy accompanying the free-surface sublimation 
of t in tel luride were calculated by the second-law 
method. The corresponding results at 298~ are 51.6 _ 
1.1 kcal /mole and 37.4 _ 1.2 eu. 

Discussion 
In agreement  with published studies on the subl ima-  

tion of a number  of t in  and lead chalcogenides (11, 15- 
17), the present work indicates that  the subl imation 
coefficient of t in  te l lur ide is essentially un i ty  in the 
tempera ture  range investigated. This conclusion is 
made on the basis of the reasonable agreement  between 
the pressures obtained under  equi l ibr ium and free- 
surface conditions (Fig. 1). The agreement  between the 
values of the second-law AH298 calculated from the re- 
sults obtained under  these two conditions, wi th in  
about 6%, is considered reasonable in view of the sus- 
ceptibili ty of this method of calculation to exper imental  
errors at e i ther  end of the range covered (18). How- 
ever, because of the normal  scatter in the measured 
pressures, the present  results cannot be interpreted so 
as to exclude the possibility of a subl imation coeffi- 
cient, a, sl ightly less than  one, e.g. 0.9 < a < 1.0. Closer 
examinat ion of the tors ion-Langmuir  results indicates 
that  these pressures are slightly higher than those 
measured by the torsion-effusion method. It  is believed 
that  this discrepancy may be a t t r ibuted to a tempera-  
ture effect commonly referred to as evaporat ion-cool-  
ing (19). At a total  pressure of 10 -5 atm the tempera-  
ture calculated from Eq. [3], the to rs ion-Langmuir  re-  
sults, is about l~ less than that  calculated from Eq. 
[1], that  represent ing the torsion-effusion results. 
Similar  calculations show that at a total pressure of 
10 -5 atm the corresponding temperature  difference is 
about 4~ Thus it is l ikely that, as a consequence of 
sublimation, the wafers used in  the tors ion-Langmuir  
experiments  may have experienced a reduction in tem- 
perature, which may  be, at least in part, responsible 
for the discrepancies cited above. 

The val idi ty of the assumed correspondence between 
the torsion-effusion results obtained in  this work and 
the t rue equi l ibr ium pressure values associated with 
the subl imation of SnTe is based on the relative lack 
of dependence of the values reported here on both the 
orifice size and the mean  free path. Results obtained 
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with cells differing by  a factor  of about  4 in the i r  or i -  
fice a reas  show no significant dependence  on the size of 
the orifice. The average  t h i r d - l a w  AH~ values  ca l -  
culated f rom the  resul ts  of each of the  th ree  cells differ 
by only 0.2 kcal, or 0.4%. Fur the rmore ,  the  present  
tors ion-effusion resul ts  agree  wel l  wi th  resul ts  repor ted  
in the l i t e ra tu re  based on equi l ib r ium measurements .  
The t h i r d - l a w  AH~ value  obta ined in this  work,  
52.8 • 0.5 kca l /mole ,  is in good agreement  wi th  the 
va lue  repor ted  by  H i r a y a m a  et  al. (2),  53.1 • 1 k c a l /  
mole which was based on ident ical  f r ee -ene rgy  func-  
tions. Th i rd - l aw  t r ea tmen t  of the  resul ts  of Colin and 
Drowar t  (3) and of Nes terova  et al. (2) using the f ree -  
energy  functions employed  in this work  gave AH~ 
values  of 52.4 • 0.4 kca l /mole  and 53.2 • 1.2 k c a l /  
mole, respect ively.  The former  authors  (3) r epor ted  a 
value  of 52.1 • 0.4 k c a l / m o l e  based on f r ee -ene rgy  
functions which used a s l ight ly  different  Cp va lue  for  
SnTe(s ) .  

The question of the  existence of molecular  flow con- 
di t ions inside the cells, and  hence the  su i tab i l i ty  of the  
effusion method  for  measur ing  pressures  in the  range  
repor ted  here,  is examined  in l ight  of the  resul ts  l is ted 
in Table II. These results  show no significant sys temat ic  
increase in the measured  pressures  down to re la t ive ly  
low rat ios of the  mean  free pa th- to-or i f ice  diameter ,  
~,/d. Ear l ie r  studies (16, 20, 21) have shown that,  for 
molecu la r ly  subl iming solids, the lower  l imi t  of k/d 
in the molecular  s t reaming  range  can be much less than 
the  genera l ly  accepted va lue  of one. 

With  reference to the  work  of Brebr ick  and Strauss  
(4), the  presen t  resul ts  indicate  that ,  if deviat ions from 
s to ichiometry  in the SnTe samples  ut i l ized did exist,  
they  would  most l ike ly  be t oward  the  Sn- r i ch  end of 
the r e l a t ive ly  na r row  field of s tab i l i ty  of SnTe, about  
1 a /o  (22-24). The mass -spec t romet r ic  invest igat ions  
of Colin and Drowar t  (3), which p re sumab ly  ut i l ized 
Sn- r ich  samples,  showed SnTe (g )  to be p redominan t  
species in the  vapor  phase  over  a t e m p e r a t u r e  range  
approx imat ing  that  inves t iga ted  in the present  study.  
In  addi t ion to SnTe (g) and aside f rom gaseous species 
resul t ing f rom fragmenta t ion,  smal l  concentrat ions  of 
Sn2Te2, Te2, SnTe2, and Te were  also detected.  Using 
appropr ia te  ionizat ion cross sections (3), the  re la t ive  
pa r t i a l  pressures  PSn2Te2/PSnTe, PTe2/Psnwe, and Psnwe2/ 
PS,T~ were  ca lcula ted  to be 6.1 x 10 -a,  4.2 x 10 -3, and 
4.7 x 10-3, respect ively .  Al though no calculat ions were  
made  for Te (g),  the  pa r t i a l  p ressure  of this  species is 
s imi la r ly  insignificant when compared  wi th  the  major  
component,  SnTe(g ) .  Final ly ,  the  authors  of Ref. (3) 
indica ted  that,  at subl imat ion runs  where  the  sample  
had subl imed completely,  smal l  amounts  of meta l l ic  
t in (about  1% of the  ini t ia l  sample)  were  left  behind. 
In  view of this  and other  considerat ions r ega rd ing  the 
nons to ichiometry  of  SnTe( s ) ,  i t  is concluded here  tha t  
the to ta l  pressures  measu red  in this  work  are  essen-  
t i a l ly  those cor responding  to the m a x i m u m  par t i a l  
pressure  of SnTe(g)  which  resul ts  f rom the incon-  
gruent  subl imat ion of SnTe(s ) .  Contr ibut ions of Sn(1) 
are  be l ieved to be insignificant wi th  respect  to SnTe (g) .  
Suppor t  for this assumption comes f rom the observa-  
t ion that  angular  deflections, measured  under  the  ex-  

pe r imenta l  condit ions descr ibed above, r ema ined  con- 
s tant  at any given t empe ra tu r e  for pro longed  per iods  
of time. 
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JOURNAL. 
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ABSTRACT 

The field-assisted t ransport  of sodium ions through phosphosilicate glass- 
SiO2 composite films on silicon substrates has been investigated. The effects 
of P205 concentrat ion (in the 0 to 8 mole per cent [m/o] range) ,  sodium con- 
taminat ion  level (between 10 n and 1015 Na + ions/cm~), field, temperature,  
and time have been quant i ta t ive ly  determined.  For a l imited quan t i ty  of t rans-  
ported sodium, this quant i ty  is approximately proport ional  to the square root 
of biasing time; exponent ia l ly  dependent  on tempera ture  and field, increases 
l inearly with the init ial  sodium contaminat ion level; and decreases drastically 
with increasing P205 concentration. For example, seven more orders of mag-  
n i tude  of t ime are required to drift  a given number  of Na + ions through a PSG 
(3.5% P2Os -- 125A)/2025A SiO2 composite layer than through a 2150A thick 
layer of pure, thermal ly  grown SiO2. The results are consistent with a model 
based on the emission of Na + ions from traps in the phosphosilicate layer. It  
was concluded that  phosphosilicate glass films, having negligible intrinsic po- 
larizability, can be used to effectively stabilize IGFET threshold voltages 
against changes (0.1V in 10 yr at 80~ under  a field of 2 x 106 V/cm) due to the 
presence of large amounts  of sodium. 

Phosphosilicate glass (PSG) films, formed on a ther -  
mal ly  grown SiO2 layer, can enhance markedly  the 
surface stabil i ty of silicon planar  junct ion  devices and 
field-effect transistors (1). Without  it, large shifts in 
the silicon surface potential  can arise from field-in- 
duced drif t ing and accumulat ion of mobile sodium ions 
wi th in  the SiO2 layer (2, 3). Mobile alkali  ions, in i -  
t ial ly present  in SiO2 are gettered by the PSG dur ing  
its formation, and those introduced subsequent ly  tend 
to be trapped also in the glass (3-5). 

Since the PSG itself is polarizable (6) it can by itself 
cause large Si surface potential  instabilities, which can 
be minimized by decreasing the PSG-SiO2 thickness 
ratio (6) and the P,~O5 concentrat ion (7). Since the 
effectiveness of the PSG as a sodium ion bar r ie r  de- 
pends on its thickness (5) and composition (8), an 
unders tanding  of the extent  of these dependencies is 
needed to optimize IGFET device performance. 

In  this study, both the PSG composition and the 
sodium ion concentrat ions were systematically varied 
in MOS structures and the sodium drift was measured 
as a funct ion of applied field, tempera ture  and time. 
The PeO5 concentrat ions in the PSG films were 8 m/o  
at most, in order to v i r tua l ly  el iminate their  intr insic  
polarizabil i ty effects. Projections were made of the 
lifetime stabil i ty of n -channe l  IGFET threshold volt-  
ages, containing various concentrat ions of sodium ions 
between the PSG and metal  layers. A model for the 
phosphosilicate glass-sodium ion interact ion will  be 
suggested. 

Experimental Procedure 
Metal-PSG-SiO2-Si  capacitor structures were pre-  

pared on 2 ohm-cm, n- type,  (100) oriented silicon sub-  
strates having chemical ly-mechanical ly  polished sur-  
faces. SiO2 layers were grown in dry  02 at l l00~ thin 
phosphosilicate glass films were formed by adding 
P205 at 800~ in a furnace ini t ia l ly  containing 0.14% 
POC13, 9% O2, and 91% N2 to form P205 by  pyrolysis, 
followed by a heat t rea tment  in N2 at 975~ The thick- 
nesses and compositions of the glass films were con- 
trolled by appropriate selection of the deposition and 
heat t rea tment  times, and were analyzed by plot t ing 
the total thicknesses (as measured ell ipsometrically) 
against  total elapsed etching t ime in a 2% solution of 

* Electrochemical  Society Act ive  Member.  
:Key words:  phosphosilicates, dielectrics, films, sodium, silicon, 

t ransport  p r o c e s s e s  a n d  properties.  

hydrofluoric acid at 25~ The P~O5 concentrat ions (in 
mote per cent) were obtained, to wi th in  •  from 
the etch rate-composit ion relationship found by Eldridge 
and Balk (9). By keeping the P205 concentrat ion in the 
0 to 8 m/o  range with SiO2-to-PSG thickness ratios of 
7 to 1 or greater, sodium dr i f t ing  could be followed 
without  being obscured by any significant PSG polari-  
zation effects (6, 7). Sodium concentrat ions in the 10n 
to 101S/cm2 range were then deposited on the oxide 
surfaces in a vacuum system by  evaporat ing the resi-  
due of a drop of an aqueous solution of NaC1 or NaI 
of appropriate normali ty.  Kerr  (10) has shown that  
the sodium concentrat ion obtained in this way can be 
accurately calculated from the cosine dis tr ibut ion law 
when the source-substrate  distance is known, and is 
proport ional  to the normal i ty  of the original  solution 
over a wide range. An oxidized wafer  wi thout  PSG 
was included in each salt deposition r un  to provide a 
second sodium measurement .  Previous radiotracer  ex-  
periments  (5, 10) had shown that  deposited sodium is 
ent i re ly  t ransported as Na + ions through SiO2 by mod- 
erate electrothermal stressing (e.g. a few hundred  sec- 
onds at 200~ under  a field of 106 V/cm) ;  dur ing this 
time, the ions are detectable by current  measurements .  
High-pur i ty  a luminum electrodes (area ~ 5 x 10 -3 cm 2) 
were deposited from a source heated by an electron 
gun. Electrical measurements  on addit ional control 
oxides that were not  subjected to glassing and sodium 
contaminat ion indicated a combined mobile ionic con- 
taminat ion  level from the as-grown SiO2 and the 
metal l izat ion to be less than 10 n ions/cm 2. After  metal -  
lization, the wafers were annealed at 500~ in N2 for 
5 min  to simulate the IGFET processing step used to 
lower contact resistance and el iminate interface states 
(11). 

Sodium drif t ing through the PSG was determined in 
two ways. In  the first, the smal l -s ignal  capacitance of 
a given MOS structure was measured at room tempera-  
ture, using a f requency of 10 kHz and a d-c ramp in 
order to obtain the init ial  silicon flatband potential  
(VFB). Several  capacitors (normal ly  eight per wafer)  
were biased with the metal  positive for a given t ime 
at an elevated temperature;  then the wafer was quickly 
cooled under  bias to room tempera ture  and the C-V 
curves remeasured. The flux in ions/cm2 Na + ions 
drifted through the composite PSG/SiO2 is then:  NI 
--Cox AVFB/q where Cox is the oxide capacitance/cm2; 
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Fig. 1. Schematic diagram of electrical set-up used to measure 
charge transport in MOS structures, along with a typical charge 
vs. time trace. [After Kerr (5).] 

2tVFB is the sodium-induced shift in  flatband potential ;  
q is the electronic charge. Repeated stressing and mea-  
suring cycles were used to determine the Nr vs.  drif t ing 
t ime curves. 

In  the second method, schematically i l lustrated in 
Fig. 1, the wafer specimen is placed in a tempera ture  
cell with one capacitor that is contacted by a p la t inum 
probe from an external  charge-meter  (Keithley Model 
610B electrometer) .  The silicon is ini t ia l ly biased posi- 
tively, and is then  switched stepw-ise to a predeter-  
mined negat ive  value. A displacement charge step oc- 
curs ins tan t ly  which is equal to the product of the 
oxide capacitance and the voltage change; this is fol- 
lowed by a much slower charge increase as the sodium 
ions move toward the Sri. Since the electrode area is 
known, the densi ty of t ransported ions can be directly 
calculated as a funct ion of time. This technique is 
practical for the re la t ively  short drif t  t imes ( in the 
range of 1 to 1000 sec) observed at higher temperatures  
while the C - V  shift method is general ly  useful for the 
much longer t imes encountered at ~200~ and lower. 
I t  will  be shown Iater that  the two methods yield re-  
sults which are in good agreement.  This agreement  is 
expected since, to a good approximation,  both tech- 
niques register only those ions which escape from the 
PSG to reach the SiO2/Si interface. Later results will  
show that  the t ime needed for the sodium to traverse 
the SiO2 region is orders of magni tude  less than that  
needed to pass through the PSG; hence, it follows that  
the Na + ions are either in the glass layer  or the SiO2/Si 
vicinity. Large SiO2-to-PGS thickness ratios were 
employed so that  the l imited Na + displacements in  the 
PSG make little impact on the C - V  (2) and Q-t  re-  
sults. Thus, both techniques actual ly measure the t rans-  
por t - l imi ted  motion of sodium through the PSG. 

Experimental Results 
Even wi thout  an applied electric field, considerable 

amounts  of sodium diffused into the phosphosilicate 
region dur ing  post-metal l izat ion anneal ing (12). The 
progressively larger, negative shift of the silicon flat- 
band voltage with increasing NaC1 surface contamina-  
t ion in Fig. 2 show this sodium ion penetra t ion through 
a PSG (4% P2Os-125A)/SiO2 (900A) composite layer  
dur ing a 5 min, 500~ anneal ing t rea tment  in N2. 
Evident ly  Na + diffuses faster than  C1- and I -  through 
the PSG, as well  as through ,SiO2 (3) so that  the re-  

2.1 i T -  I ~ ~ - - - - T -  - -  , i - -  

,.e if / 
-~ 15- 
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Fig. 2. Dependence of the flat band voltage on sodium contam- 
ination level in AI/NaCI/PSG (4% P~05, 12S~,)/SiOt. (900.~.)/Si 
structures after a typical post-metallization annealing treatment 
(5 min in N2 at 5 0 0 ~  

sul tant  uncompensated positive charge in the inter ior  
of the PSG can significantly al ter  the Si flatband po- 
tential.  

From the known dependence of VFB on the uncom- 
pensated charge profile in the oxide (2), it was esti- 
mated that  as many  as 5 x 10 TM ions-cm -2 perletrated 
approximately halfway into the glass for the 1 x 101~ 
N a + / c m  ~ specimens dur ing  the anneal.  Although the 
effect of the PSG composition on this par t icular  type 
of instabil i ty was not determined, it can still be con- 
cluded that the gate oxide region of IGFET's  can with-  
stand only moderate alkali  ion contaminat ion if the 
threshold values are to be held wi thin  a narrow, well-  
defined range of values, even when a PSG layer  is 
present. 

When typical IGFET operating fields (~106 V/cm) 
are applied at elevated temperatures,  the Na + ions 
can be dr iven through them to the SiO2-Si interface 
(5, 12, 13). The rate of displacement depends very 

strongly on various test ing and materials  parameters.  
Thus, from an ini t ial  surface contaminat ion concen- 
t rat ion of No ( =  7 x 10 TM NaC1/cm2), Fig. 3 shows 
that the quant i ty  (NI) of Na + ions, t ransported 

24 

PSG. 4MOLE % P205 AND 125A THICK 
SiO 2 900~ THICK 
SODIUM CONCENTRATION 7 X 1012cm-2 
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20 / 236~ 

<> 
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Fig. 3. Effects of time and temperature on the extent of Na + 
inn drift (a I - ~FB l) for the indicated sodium-PSG-SiO2 sys- 
tem. 
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Fig. 4. Temperature dependence of - - ~ r B  " t -1/2 values for 
various sodium contamination levels: [ ]  6 x 1011; A ,  � 9  x 
I012; and, O ,  O7 x 1013 ions/cm 2. The PSG film composition and 
thickness are constant. 

through a 4 m / o  P20~ x 125A thick phosphosilicate 
glass I layer is closely proport ional  to the square root 

of the stressing or biasing t ime (t) for Nz < 0.2 No. 
The t ransport  process is strongly the rmal ly  act ivated 
while  the results of other  exper iments  indicated that  
the anion (ei ther  C1- or I - )  used for adding sodium 
did not affect the Na + drif t  rate. 

The rate of Na + drifting, as characterized by the 
ini t ial ly constant slopes, is roughly proport ional  to the 
initial sodium contaminat ion level, as shown in Fig. 4. 
These data were  obtained over  a t ime in terva l  of ten 
orders of magni tude by combining the results of the 
two measurement  techniques.  It is evident  that  the 
act ivation energy r as calculated from the slopes in 
Fig. 4, decreases appreciably with  increasing sodium 
ion contaminations.  The factor of ~/2 is used here to 
facil i tate a direct  comparison be tween  these act ivation 
energies and those obtained ear l ier  (14) from the 
slopes of log �9 vs. 1 /T  plots, where  T is taken as the 
t ime required for a given amount  of Na + transport.  
The results f rom the two exper imenta l  approaches are 
in good agreement  and apparent ly  the same Na + 
transport  process is operat ive  throughout  the tempera-  
ture  in terval  from 80 ~ to 350~ Thus, the r values are 
characterist ic of a given glass composition, sodium 
concentrat ion and field. 

These data indicate that  a l imited amount  of sodium 
contamination,  introduced af ter  the PSG is present,  
can still produce appreciable threshold shifts at ap- 
p rox imate ly  100~ in field-effect devices. For sodium 
concentrations as high as 1 x 1015/cm 2, threshold shifts 
of several  tenths of a volt  occur wi thin  an hour in room 
tempera ture  stressing at 2 x 106 V/cm.  

A constant stressing field and sodium level  of 1 x 
1013/crn 2 was used to assess the effect of P205 concen- 
t rat ion on sodium drift. It  can be seen in Fig. 5 that  
the rate of charge t ransport  decreases rapidly while  

z Reca l l  a t  t h i s  p o i n t  t h a t  t he  b u l k  p o l a r i z a t i o n  c o n t r i b u t i o n s  of  
the  P S G  f i lms  to t he  o b s e r v e d  3VFB v a l u e s  a re  q u i t e  neg l ig ib l e ,  in 
v i e w  of the  I imi ted  P20~ c o n c e n t r a t i o n s  and  the  l a rge  S i O ~ - t o - P S G  
t h i c k n e s s  ra t ios  used  (7). 
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Fig. 5. Temperature-dependence of --,~VFB �9 t - ' / 2  values for 
various PSG barriers: �9 pure Si02; O, O 3.5% P205 x 125$, 
thick; V ,  V 6% P20~ x 2305, thick; and El, [ ]  8% P20~ x 
190.& thick. Note that the sodium concentration is constant. 

becomes larger  with increasing phosphorus oxide con- 
centration. Al though the PSG thickness of the P2Os- 
richest s tructures were  somewhat  higher  (by ~50%)  
than that  (125A) of the lowest, the re la t ive  effects of 
glass thickness and composition could not be accurate-  
ly separated from these data. Inspection of the 6 and 8 
m / o  P205 results indicates, however,  that  the com- 
position parameter  is the more important  one. Com- 
parison of the room tempera tu re  Na + drift  behavior  
for the 2150A SiO2 and the  PSG (4% P2Os-125A)/ 
2025A SiO2 structures provides a quant i ta t ive  demon-  
strat ion of the strong re tard ing  power  of the glass for 
sodium. Thus, eight more magni tudes  of t ime are re-  
quired for a given amount  of sodium to drift  through 
the date dielectric region in PSG-stabi l ized films than 
in pure silica ones. Obviously, the drift  of Na + ions 
is ra te- l imi ted  in the PSG layer in composite PSG-  
S iO.., systems. 

Discussion 

Snow et aZ. (2) reported a NI oc ti/2 dependence for 
the early stage of Na + t ransport  through the rmal ly  
grown SiO2 films, del iberate ly  contaminated in aqueous 
NaC1 solutions. Al though they proposed another  model, 
this t ime-dependence  can be at t r ibuted also to the 
t empera tu re -  and field-induced emission of Na + ions 
from trapping centers located near  the metal-SiO2 
interface. These traps presumably  arise from the par-  
tial chemical  reduct ion of SiO2 by the meta l  electrode. 
As shown by Hols te in  (14), who computed the effects 
of small  Gaussian distr ibuted spreads (~) in the acti- 
vat ion energy for ion emission (~) from such traps, 
the quant i ty  of drif ted sodium is closely proport ional  
to t 1/2 for ~ ~ 3 k T  for small  amounts (NI < 0.5 No) of 
Na + transfer.  Results from the present study, such as 
those shown in Fig. 3, yield a v value of ~_~ 4 k T  when 
fitted to the charge- t ime wavefo rm curves computed 
by Holstein. A N[ oc t 1/2 dependence results for this 

value provided that  N[ ~ 0.2 No, in agreement  wi th  
our exper imenta l  findings. This t ime dependence was 
then employed in order to reduce the number  of mea-  
surements  needed to complete this study. Such ~ values 
are reasonably consistent wi th  a proposed s t ructural  
model  for the polarization of phosphosilicate glass 
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Fig. 6. Dependence of the sodium drift rate on biasing field 
and Na + concentration for a given PSG-SiO2 barrier. A schematic 
diagram of a potential well has also been included to indicate 
how �9 is lowered by E. 

where a l imited spread ( ~  2kT) in the activation en-  
ergy has been noted (6, 7). 

The electric field dependence of the t ransport  process 
is also consistent with a t rapping model. As shown 
schematically in Fig. 6, the t rapping center can be 
crudely represented by a potential  energy well  scheme 
having an average width W, and depth r To a first 
approximation, application of a field E lowers r  by 
q . E . W / 2 .  The results of this present  investigation can 
be combined into a single, phenomenological  expres- 
sion 

N t  = - -  C o x  �9 A V F B / q  ~-- No " K -t 1/2 [1] 

where No is the ini t ial  sodium concentration, and K is 
the rate constant  

K-- - -Koexp [ ( - - r  q . E .  W ) / 2 k T ]  [2] 

It  follows that  �9 and W may be est imated from ex- 
per imenta l  data by separating Eq. [2] into field- and 
tempera ture -dependent  terms 

1 
l og  [--  A V F B  " t - 1 / 2 ]  - - -  - ~  �9 { -~-  q " • " W 

4.60kT 
- -  r  - -  l o g K '  [3] 

w h e r e  various incidental  constants have been in-  
cluded in K'. The data in Fig. 6 shows the expected 
field dependence. The simple potent ial  energy well  
model is possibly too naive since the data seem to fit 
equal ly well to a log ( - - / . ~ V F B  " t -1/2) Or El~2 relat ion-  
ship, suggestive of a Poole-Frenkel  mechanism. How- 
ever, insufficient data were taken to differentiate be- 
tween these two mechanisms. Based on the present  
model, an average trap width of ,--6A for Na + ions 
drif t ing through a 4 m/o  P205 phosphosilicate layer 
from a surface source concentrat ion of 7 x 10 TM 

NaCl-cm -2 was calculated. An increase in the sodium 
level to 7 x 1013 cm -2 effectively raises W from ~6  to 
13A for this part icular  PSG film. Such an effect might 

have the following physical origin: at t h e  higher 
sodium level the Na + -- Na + distances are roughly 
comparable to the spacings between the t rapping 
centers, i.e. ~12A. Hence, the negat ively charged, 
nonbr idging oxygen ion can interact  coulombically 
with more than one Na + ion at a time, on the average, 
and consequently, r will  be lower (as found in Fig. 4). 
Since a range  of well  widths presumably  exist in the 
glassy layer, those traps configurations having the 
largest W values wil l  emit their  ions first, owing to 
the direction proport ional i ty  between W and barr ier  
lowering. In  other words, since W values are being 
evaluated from data taken dur ing  a l imited amount  
of charge t ransport  (i.e. NI < < N o ) ,  the field depen-  
dence reflects ion emission from the traps having the 
largest W values. 

The results of this investigation lend support  to the 
following s t ructural  model previously proposed to 
account for the intr insic  polarizabil i ty of the phos- 
phosilicate glass (7, 12, 13). Thermal ly  grown SiO2 is 
thought to consist of a somewhat  randomized, three-  
dimensional  ne twork  of SiO4 te t rahedra which are 
connected only at the oxygen sites. The addition of a 
P205 molecule should produce two different te t ra-  
hedral  charge centers 

P/ 5+ and ~ / 0 a- 
/ - \  / - \  

\ / 
Such centers would substitute for the Si tetrahedra 

/ \ 
in a random fashion throughout  the oxide network. 

Application of an electric field across MGOS struc- 
tures produces a bulk  PSG polarization (6) whose 
magni tude  is proport ional  to the square of the P205 
concentrat ion (7). This dependency suggests that the 
polarization process is favored by having the two types 
of phosphorus centers close to each other, in which 
case the nonbr idging oxygen ion can j ump  from one 
to the other group. Although the polarizabilities of the 
films used in the present investigation were del iber-  
ately made small by l imit ing the P205 condentrations 

to < 8%, the negat ively charged, nonbr idging oxygen 
ions are still present  in sufficient numbers  (>1015/cm e 
in a 4% P205 x 125A PSG layer, for example) to trap 
coulombically the positive sodium ions. Thus, this 
model can also account for the so-called "stabilization 
effect" of PSG films on SIO2, as shown in Fig. 7. 

As noted above, �9 decreases as progressively larger 
amounts  of sodium are added for a given PSG layer. 
Thus, traps having molecular  configurations with 
higher energy levels will  be emptied first. (See Fig. 
8). Although these results, t aken  from Fig. 4 and 5, 
were obtained using one field value, they support the 
present  arguments.  Since calculated r values are ac- 
tua l ly  somewhat dependent  on the field, a bet ter  anal-  

/ \ 

1 
0 0 0 

\ I j 

I \ 
Fig. 7. Schematic two-dimensional model of the phosphosilicate 

glass structure, indicating the suggested mechanism of Na + ion 
trap via a coulombic interaction. 
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Fig. 8. Dependence of @ on PSG composition for a constant 
sodium concentration and vice versa. 

ysis should be developed on the field-free ion emission 
energies which can be obtained by extrapolation. 
Unfortunately,  we failed to obtain enough data for 
such an evaluation. 

In  the present  model, @ increases with the P205 
concentrat ion of the PSG, when the sodium level is 
held constant. Thus, the approximate doubling of r 
on going from pure SiO2 to an 8 m/o  P20~ glass, re- 
sults from the introduct ion of relat ively large con- 
centrations of nonbr idging  oxygen traps, some of 
which have lower energy configurations. This behavior 
also results from the simple, idealized density of states 
for the traps in the glasses shown in Fig. 9. In  this 
approach, �9 is a measure of the energy difference be- 
tween the released ion, that  is, at the horizontal axis, 
and that near the top region of the filled traps. The 
effects of Na + and P20~ concentrat ions on �9 follow 
directly and are consistent with the trends observed 
experimenta]ly.  

Based on the above exper imental  results, reason- 
ably sound rel iabi l i ty  projections can be made of the 

N(~) 

iOIZ Na+/cm 2 i01~ Na+/cm Z 1014' No +/cm 2 

CONSTANT P205 &VARIABLE No + 

4O/o p2os 6% P2o~ 8% P.zOs 

> 
CONSTANT Na +8 VARIABLE PZ 05 

Fig. 9. Schematic density of the trap states plots for PSG films, 
indicating the origin of the dependence of @ on glass composi- 
tion and sodium concentration. 
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Fig. 10. Dependence of estimated time, T (needed for a sodium- 
induced --O.]V threshold shift) for various PSG passivating layers. 
Catculated for a gate oxide thickness of 1000.&, at 80~ under a 
field of 2 x 106 V/cm with metal biased positively. 

threshold voltage stabil i ty for IGFET structures, con- 
taminated with sodium dur ing device fabrication. A 
typical  projection for a 1000A thick oxide, showing 
the t ime (~) required for sodium drift to cause a 
threshold shift of --0.1V at 80~ under  a field of 
2 x 106 V/cm, is presented in Fig. 10. The 3.5% P2Os 
x 125A thick PSG film forms an effective barr ier  for 
ion drift  for sodium concentrat ions up to ,~5 x 1011/ 
cm 2, if a device lifetime of approximately ten years 
at 80~ is needed. Although the use of P205 richer 
PSG films result  in even more effective barriers,  the 
l imited but  very significant Na + diffusion occurring 
dur ing  pos t -meta l l iza t ion  anneal ing  will  produce an 
undes i rably  large spread in threshold values for higher 

( ~  10 TM cm -2) contaminat ion levels. (Recall Fig. 2.) 
Hence, considerable care must  be taken dur ing  all 
IGFET fabrication steps to ensure that  the PSG-  
stabilized gate oxide is never  exposed to sodium-con-  
ta ining reagents, etc. By contrast, the pure  SiO2 is 
vu lnerab le  to very  large and fast threshold shifts, due 
to even a l imited amount  of Na + contamination.  (See 
Fig. 5 and 10.) The advantages of the phosphosilicate 
glass stabilization, over that  of the so-called "clean 
SiO2" approach are evident. 

Summary and Conclusions 
A detailed investigation has been made of the field- 

induced drif t ing of in tent ional ly  deposited sodium ions 
through various phosphosilicate layers under  a range 
of stressing conditions. It  was found that  the amount  
(NI) of sodium ini t ia l ly  t ransported through the PSG 
to the SiO2-Si interface can be expressed by 

N i  : N o "  t 1/~ " K o e x p  [ ( - - @ +  q . E . W ) / 2 k T ]  [4] 

where No is the init ial  Na + concentrat ion;  t is biasing 
time; Ko is a constant, dependent  on the PSG thick- 
ness and composition; r is the activation energy for 
Na + ion emission from traps; q, the electronic charge; 
E is the field; and W is the average width of a trap 
w-ell. These results are quite consistent with a t ransfer  
process l imited by the emission of the Na + ions from 
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trapping centers in the PSG. The evidence suggests 
that these centers are the same as those responsible 
for the intrinsic polarizabil i ty of the phosphosilicate 
glass; namely,  nonbr idging oxygen ions attached to 
phosphorus ions in  tetrahedral  positions. Based on the 
present  data, projections were made of the degree of 
protection against Na + induced threshold voltage shifts 
of IGFET's  by various phosphosilicate films. These 
projections indicate that  relat ively th in  (~4% P205) 
PSG layers will  effectively stabilize the threshold 
voltage of IGFET's  under  typical operating conditions 
of tempera ture  and field, even when  significant levels 
of sodium ion contaminat ion are present. 
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Partial and Total Vapor Pressures over Molten Bi2Te  

R. F. Brebrick *,I and F. T. J. Smith 

Lincoln Laboratory, Massachusetts Institute o~ Technology, Lexington, Massachusetts 02173 

ABSTRACT 

The total vapor pressure, Pz, over Bi2Te~(1) has been determined between 
980 ~ and 1169~ by using a new manometr ic  technique.  The lower end of an 
evacuated, inverted, fused silica U- tube  was immersed in a large reservoir of 
melt  inside a t ransparent  furnace. The value of Pz and the densi ty of Bi2Te3 (1) 
were obtained at each temperature  by visual ly observing the height to which 
the melt  rose in the U- tube  as a function of the external  argon pressure ap- 
plied to the reservoir surface. In separate experiments  a sealed, evacuated, 
fused silica optical cell was mainta ined at 1000~ while the tempera ture  of a 
sidearm reservoir containing Bi.~Te3 (1) was held at a lower temperature.  By 
measur ing the optical densi ty as a function of wavelength between 1990 and 
5500A, it was possible to determine the part ial  pressure of Te2 (g), PTe~, and 
the part ial  optical density of BiTe(g)  as functions of the Bi2Te3(1) tempera-  
ture  between 943 ~ and 1200~ If it is assumed, consistent with all the evidence, 
that  Te2 and BiTe are the principal  vapor species, the results of both sets 
of experiments  are represented by 

logl0Pz (atm) ---- --6.4691 (103)/T -b 4.3219 
1ogl0PTe2 (atm) ---- --6.3048 (103)/T -b 4.1396 
1Ogl0PBiWe (atm) ~-- --8.978 (10 ~) /T  Jr 5.4432 

According to these expressions Bi2Te3(1) nei ther  vaporizes nor effuses con- 
gruent ly  since PBiWe is never  more than 15% of Pwe2. The density of Bi2Te3 (1) is 
7.4 g /cm 3 at 973~ and 7.0 g /cm 3 at l170~ 

The total vapor pressure, P~, over Bi2Te3(1) be-  
tween 952 ~ and 1265~ has been measured by using a 
Bourdon gauge (1). Values of Pz over Bi2Te3(c) be- 
tween 700 ~ and 806~ have been determined twice (2, 
3) with excellent agreement  from the weight loss of 
a Knudsen  cell on the assumption that  Bi2Te3(c) ef- 
fuses congruent ly  according to the reaction 

Bi2Te3(c) -> 2 BiTe(g)  ~ 1/2 Te2(g) [1] 

Values of Pz over Bi2Te3(c) between 714 ~ and 833~ 

= Electrochemical  Society Act ive  Member.  
Z Presen t  address: Depa r tmen t  of Mechanical  Engineering,  Mar- 

quet te  Universi ty ,  Milwaukee,  Wisconsin 53233. 
Key  words:  propert ies  of mol ten  salts, optical absorption, incon- 

gruent  vaporization. 

have been determined (4) from torsion effusion data. 
As evidence for congruent  effusion, ref. (4) cites the 
observation that  a sample which had been subjected 
to a 30% weight loss by effusion was found to be single 
phase by metallographic examinat ion  and gave the 
same x- ray  diffraction pat tern  as an unheated sample. 

The temperature  dependence of P~ found in ref. (4) 
is close to that  of ref. (2) and (3), but  the values are 
only about half as large. Aside from this discrepancy, 
the exper imental  si tuation is unsatisfactory for two 
more serious reasons. First, when  the data for Pz are 
extrapolated to the max imum mel t ing  point of 
Bi2Te3(c), 860~ the values at this tempera ture  de- 
r ived from the low-tempera ture  effusion measure-  
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Fig. 1. Pressure in atm on a logarithmic scale plotted as a func- 
tion of reciprocal absolute temperature. The numbers attached to 
the curves are the reference numbers. The solid portions of the lines 
cover the temperature range of the measurements. Lines 1, 2, and 
4 give the total vapor pressure, P~:, for Bi2Te3(c, I). The loop for 
curve 5 gives the partial pressure of Te2, pie2, for the labeled 
compositions of Bi~Te3(c). The short segment attached to the high- 
temperature end of this loop gives pTe.~ for a 59.99 a/o Te me.It. 

ments  are only 20% [ref. (2) end  (3)] or 10% [ref. 
(4) ] of the value obtained from the h igh- tempera ture  
Bourdon gauge measurements  [ref. (1) ]. Second, the 
results of the effusion measurements  on Bi~Te~ (c) are 
completely inconsistent  with the values for the part ial  
pressure of Te~, Pie2, determined by optical density 
measurements  (5). Thus the values of Pz are only 7- 
20% of the Pie2 values measured for stoichiometric 
BieTe3(c) and are comparable to the Pie2 values for 
Bi-saturated Bi2Tej(c). According to reaction [1], 
PIe2 = (1/5) (0.89)Pz. Therefore the effusion measure-  
ments  yield values of Pwe2 which are only 1-4% of 
those obtained by the optical density measurements  
for 59.99 a /o  (atom per cent) Te Bi-Te and only 10- 
20% even of those for Bi-saturated Bi2Te3 (c). The ex- 
per imenta l  results are summarized in Fig. 1. For  sim- 
plicity only the values of PIe2 for 59.99 a/o Te and 
for Bi-saturated Bi2Tes(c) are selected from the ex- 
tensive data of ref. (5). It  is seen that  the extrap-  
olated values of Pz obtained by the Bourdon gauge 
measurements  are slightly higher than  the values of 
PTe2 over Bi2Tes(1) obtained by the optical densi ty 
measurements.  

The present  s tudy was under taken  in an at tempt to 
resolve the above discrepancies. Values of P~ were 
measured for Bi2Tej(1) between 980 ~ and 1169~ by 
using a new manometr ic  technique involving visual 
observation through a t ransparen t  furnace. In  separate 
exper iments  the previous optical densi ty measurements  
on the vapor over Bi2Te~(1) were extended to higher 
temperatures  so that the part ial  optical densities of 
Te2(g) and BiTe(g)  could be obtained at a number  of 
wavelengths and values of  PIe2 could be determined 
from calibration experiments  on Te(1). Straight lines 
can be d rawn through the log Pz-IOJ/T, log Pwe2-1OJ/T 
and log (part ial  optical densi ty of BiTe)-103/T data 
such that  the difference between Pz and Pwee is propor- 
t ional to the part ial  optical density of BiTe(g) .  Thus 
on the assumption, given support later, that  BiTe is 

the only other major  vapor species, it appears that  
BiTe obeys Beer's law and PBiTe can then be calculated. 

Our results show that  Bi2Tej(1) is not congruent ly  
vaporizing, since the vapor contains 95 a/o Te ra ther  
than 60 a/o Te. This is in agreement  with an earl ier  
(13) observation of incongruent  effusion for Bi2Tes (1). 
Moreover, it appears that  Bi2Te~ (c) is not congruent ly  
subl iming nor congruent ly  effusing either, so that  re-  
action [1] does not  describe an equi l ibr ium process. 
Since the vapor is Te-rich, a Bi2Te8 (c) sample of any 
ini t ial  composition upon being subjected to indefinite 
subl imat ion becomes Bi-saturated and eventual ly  en-  
ters the broad homogeneity range of the compound 
decomposing peritectically at 836~ and 57 a/o Te 
(5-7). The x - r ay  powder diffraction pat terns for this 
peritectic phase and for Bi2Te3 (c) have recent ly  (8, 9) 
been shown to be r emarkab ly  similar. The pat terns 
can easily be judged to be identical  unless the low 
angle lines are accounted for. We therefore suggest 
that  the workers using effusion cells were misled in 
concluding from x - ray  diffraction pat terns that 
Bi2Tez(c) effuses congruent ly  under  equi l ibr ium cell 
conditions. 

Experimental 
Total pressure measurements.uTo explain the 

principle of the method, we refer to the schematic of 
the h igh- tempera ture  part  of the apparatus shown in  
Fig. 2 (a).  The manometer  cell, shown in detail in Fig. 
2(b) ,  consists essentially of an inverted, fused silica 
U- tube  whose open ends are immersed in a reservoir 
of mol ten  Bi2Te3 contained in  a silica crucible. Argon 
pressure from an external  source is applied to the sur-  
face of this reservoir via a long silica capillary. When 
this pressure is varied, the height of the melt  in each 
leg of the U- tube  changes unt i l  the pressure inside 
that leg at the level of the reservoir surface equals the 
pressure on the reservoir surface outside the U-tube.  
Provided that  no residual foreign gas is t rapped in the 
U-tube,  the inside pressure is the sum of the total 
vapor pressure over Bi2Te3 (Pz') ,  the hydrostatic pres- 
sure of the column of molten Bi2Te3 of height h above 
the reservoir surface, and a te rm due to capil lary ac- 
tion. The outside pressure is equal  to the argon pres-  
sure measured externa l  to the cell, Pex. Set t ing the 
outside and inside pressures equal gives 

Source of Argon 
and 

Hg- Filled 
U-Tube 

/ -  

Double 

M e t e r  . . . .  Tube Ii / ~ 

~ Thermoeouple 

L Manostat 
-~-i~ and 
-- Vacuum Pump 

Transparent 
Furnace 

�9 Melt Reservoir 

C 75 mm 

1/2 mm I.D. 
Capillary 

13-ram 
QD. 

1.1"-ff - mm O.D. 
(a) (b) 

Fig. 2 (a) is a schematic of the apparatus used here to measure 
the total vapor pressure of Bi2Te3(I). (b) is a detailed drawing of 
the fused silica manometer cell. Access for the externally imposed 
argon pressure is through the capillary tube shown schematically 
as a straight section at the upper left hand portion of the cell end- 
ing at C. Actually this tube was about 30 cm long with 4 U-bends 
so that it was close to the main body of the cell and did not ex- 
tend above the seal-off tip at the top of the cell, B. After loading 
with a pre-cast Bi2Te~ ingot, the bottom test-tube portion of the 
cell is sealed to the upper portion at A. 
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2"}'M 
Pex -- P~: -5 hdMg "5 [2] 

r 

where Pex and P~' are expressed in dynes / square  centi-  
meter, and h is in centimeters.  The quanti t ies  dM (in 
grams/cubic  cent imeter)  and 7M (in dynes /cen t ime-  
ter) are, respectively, the density and surface tension 
of molten Bi2Te3, g is the acceleration due to gravity, 
and r is the radius of the U- tube  leg in  centimeters.  

If the external  measurement  of argon pressure is 
made by means of a mercury-f i l led U-tube,  Pex ---- 
HdHgg, where H is the difference in centimeters be-  
tween the mercury  levels in the two arms and dHg is 
the densi ty of mercury.  Then  Eq. [2] can be rewri t ten  
as 

2"yM 
H : Pz Jc h (dM/dHg) -5 ~ [3] 

rdngg 

where Pz - Pz'/dsgg is the total vapor pressure of the 
melt  expressed in cent imeters  of Hg. In  principle, ~M 
can be determined by comparing the values of h for 
different values of r when H and Pz are fixed. In  our 
experiments,  wi th in  the measurement  accuracy of 
0.005 cm the values of h were the same for the two 
legs of the U-tube,  which had radii  of 0.535 and 0.13 
cm, respectively. This showed that  the capillary force 
term can be neglected and that  ~M is less than 57 
dynes/cm. Omit t ing this term from Eq. [3] and re- 
wri t ing gives 

h : (dHg/dm) H -- (d~g/dM) P~ [4] 

Therefore, a plot of h as a function of H should give a 
straight l ine which yields the values of Pz (equal to 
H when h ---- 0) and dM (equal to the reciprocal slope 
times dH~). If residual gas is t rapped in the upper part  
of the U-tube,  the pressure it exerts will cause devia- 
tions from l inear i ty  at sufficiently high values of H, 
with the slope decreasing as H increases. [In order to 
minimize the error due to any residual gas, the upper  
part  of the U- tube  shown in Fig. 2(b)  was enlarged 
to a volume of about 21 cmS.] Thus in this type of 
measurement ,  one not only gets a value of Pz, but  also 
has some indication of its rel iabil i ty when the experi-  
menta l ly  observed relat ionship between h and H is 
l inear  and when the derived density agrees with in-  
dependent ly  measured values. 

The following procedure was used to measure h as 
a funct ion of H. The spectroscopically pure elements 
were each weighed to the nearest  0.1 mg to make a 
total of 361.36g of a Bi-Te mix ture  containing 60.00 
a/o Te. The mix ture  was put  into a previously cleaned 
and outgassed 40 mm OD, 25 cm long silica synthesis 
tube which was then evacuated to 2(10 -6) Torr with 
a turbomolecular  pump. The lower part  of the tube 
was slowly heated to 793~ and 8(10 -6) Torr. The 
valve to the vacuum system was closed, and N2 at 110 
Torr  (passed through a l iquid nitrogen-cooled trap) 
was admit ted in order to minimize loss of mater ial  
dur ing the synthesis reaction. The sample was then 
heated at 893~ for 1/2 hr, at which point it was 
ent i rely molten. The temperature  was lowered to 
873~ still above the mel t ing point  at 860~ and the 
valve to the N2-source closed and that  to the vacuum 
opened in order to remove any dissolved N2. Bubbl ing  
occurred in the melt  and heavy subl imation took place 
to the upper  parts of the tube. After  about 2 min, when 
the pressure was about 2(10 -6 ) Torr, the vacuum 
valve was closed and the melt  cooled by immersing the 
bottom part  of the tube in water. The tube was then 
sealed off at 5(10 -v) Torr. No sublimate film was visi- 
ble on the vacuum side of the seal-off point. The tube 
was placed in a box furnace at 773~ for 93 hr and 
quenched in water. (After the first 16 hr the heavy 
sublimate film on the upper  part  of the tube had en-  
t irely disappeared, having been dr iven into the Bi2Te3 
ingot.) 

The Bi2Te3 ingot was removed from the synthesis 
tube and slipped into the 41.5 mm OD tube forming the 

bottom section of the manometer  cell, shown below A 
in Fig. 2(b) .  The upper  part  of the manometer  cell, 
which included the two manometer  legs and a 0.5 mm 
ID capillary 30 cm long, was then fused to the bottom 
part  at A while the ingot was kept cool by a wet 
wrapping about the tube. The manometer  legs fitted 
into holes in the BiTe ingot left by  closed tubes which 
had been sealed to the bottom of the synthesis tube. 
This design of the synthesis tube decreased the dead 
space in the manometer  cell and allowed the cell to be 
made shorter for a given weight of Bi2Te3. This in 
t u rn  made it possible to establish more near ly  iso- 
thermal  conditions in  the subsequent  measurements.  
The capillary tube at C was closed by  a close fitting 
silica cap held in place by a small  piece of plastic tub-  
ing, and the assembled cell was then attached to a 
vacuum system through a seal-off constriction at B in 
Fig. 2(b) .  The lower part  of the cell containing the 
Bi._,Te3 ingot was outgassed by heat ing to 823~ for 
about �89 hr and the cell was then sealed off at B. The 
pressure reading on an ion gauge located 10 in. away 
on a connecting 1 in. ID glass tube was 3(10 -8) Torr. 
There was no visible deposit of mater ial  on the vacuum 
side of the seal-off. 

The sealed manometer  cell was next  placed in the 
apparatus shown schematically in Fig. 2(a) .  The cell 
rested on the bottom of a 76.2 cm long silica tube 
closed at the top with a brass cap and a Viton O-ring. 
The brass cap provided a central  en t ry  for a thermo-  
couple tube and two side ports, one connecting to a 
mechanical  fore pump through a Hg manostat ,  the 
other connecting to an argon cylinder through a silica 
tube packed with Ti- turnings ,  which dur ing operation 
was heated to 973~ for get ter ing the argon. A side 
arm between this getter tube and the long tube led 
to a vertical  Hg-filled U-tube,  one arm of which was 
evacuated, and to a Dubrovin  gauge which could be 
read to the nearest  0.01 cm Hg. The manometer  cell, 
enclosed in the long silica tube, was centered in a re- 
sistance furnace consisting of three adjacent  zones, 
each 25.4 cm long and heated by 8 equispaced, con- 
centrically placed, vertical  wires enclosed in insulators. 
This open-s t ruc tured  furnace was in t u rn  surrounded 
by a 83 cm long, close fitting, open-ended Pyrex tube, 
the interior of which was covered by a vacuum-de-  
posited gold film about 30-50 n m  thick. The gold layer  
was sufficiently t ransparen t  in the visible to permit  
observation of the cell while s imultaneously reflecting 
and containing most of the infrared radiation, thereby 
reducing the power requirements  for the furnace and 
improving the uni formi ty  of its temperature.  

With the manometer  cell in place, the containing 
silica tube was evacuated through the port  in the brass 
cap and the three zones were heated to 773~ The 
plastic tube holding the silica cap over the capillary 
tube at the top of the manometer  cell decomposed and 
the silica cap dropped off the capillary. The manometer  
cell was heated to 913~ for about 2 hr  to melt  the 
ingot and seal the manometer  legs while removing 
any residual gas and then an argon pressure of 10 cm 
Hg was admit ted to start  the measurements.  At this 
point there was no visible deposit of mater ia l  outside 
the manometer  cell although here, as well  as at pre-  
vious points, a deposit of well  under  200 mg should 
have been visible. 

For each determinat ion of the total vapor pressure 
the power to the three furnace zones was adjusted 
unt i l  the temperatures  at points A and B in Fig. 2 (b) 
and at the bottom of the manometer  cell were wi th in  
3~ of each other, the uppermost  point at B being the 
hottest. Temperatures  were measured to the nearest 
0.2~ using Pt, Pt, 13% Rh thermocouples, an ice ref- 
erence junction, and a K-3 potentiometer.  The tem- 
pera ture-measur ing  apparatus was checked using the 
melt ing points of Zn and Te. After  setting the external  
argon pressure, the levels of the Bi2Te3-melt in the 
two legs of the manometer ,  the level of the melt  in the 
crucible, and the levels in the two arms of the Hg- 
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manometer  were read to the nearest  0.005 cm with a 
cathetometer to determine h and H. Below 2.0 cm Hg, 
H was read with the Dubrovin  gauge to the nearest 
0.01 cm Hg, as well as with the Hg-manometer ,  the 
two values usual ly agreeing wi thin  exper imental  pre- 
cision. After  a change in the argon pressure usually 
30-40 min  were required un t i l  the levels in the BigTe:~ 
manometer  legs became steady, the levels in the Hg 
manometer  and the temperatures  holding constant  
within the exper imental  accuracy cited above. The dis- 
advantage of a long time constant for changes in h. 
caused by the restricted opening through the long cap- 
i l lary into the manometer  cell, was accepted in  order 
to minimize the loss of mater ia l  from the cell by 
vaporization. 

A 5W fluorescent lamp placed behind the manometer  
cell allowed the melt  levels to be clearly seen up to 
lI70~ the melt  appearing black. At each tempera-  
ture, readings were taken for four to seven values of 
the argon pressure, H, usual ly  in order of decreasing 
H. When the apparatus was left overnight  the tem- 
perature was lowered to 873~ and H held at 12-15 cm 
Hg. During the course of the measurements  a black 
film slowly buil t  up to opaqueness near the top of the 
long tube containing the manometer  cell, where the 
tempera ture  was about 673~ A total  of n ine  days was 
taken to complete the measurements,  after which the 
apparatus was cooled to room tempera ture  and the 
Bi2Te3 removed and weighed. 

Optical density measurements.--The present  mea-  
surements  are an extension of earlier ones (5) which 
g a v e  P T e 2  at lower temperatures  for a number  of com- 
positions including some inside the Bi2Teg(c) homo- 
geneity range. The details of the method are given in 
ref (5). Essentially the exper iment  consists of mea-  
suring the optical density, D = log Io/I, of the vapor 
in a fused silica optical cell at a fixed temperature  
as a function of wavelength between 1990 and 7000A 
and as a funct ion of the temperature  of a sidearm 
reservoir containing a Bi-Te melt  of known composi- 
tion. In  the present study the composition was 59.99 
a/o Te, and measurements  were made with two cells 
having path lengths of 99.9 and 22.4 ram. The reservoir 
tempera ture  was varied between about 943 and 1200~ 
and consequently to prevent  condensation on the win-  
dows the optical cell temperature  was 1273~ rather  
than  1028~ as in the earlier study. The vapor over 
pure Te (c,1) consists essentially of Te2 (g) in the range 
of temperatures  and total Te-pressures encountered, 
and the spectrum at 1273~ is well  characterized from 
an earlier s tudy (10). 

Results 
Total pressure measurements.--At the completion of 

the experiment,  after the manometer  cell had been at 
873~ or above for n ine  days, the surface of the Bi2Te3 
appeared clean and no sign of white TeO2 could be 
found anywhere  in the system. The black Bi-Te subli-  
mate of unanalyzed composition was found only on 
par t  of the apparatus where the tempera ture  had been 
873~ or below. The Bi2Te3 ingot had undergone a 
weight loss of 3.2g, put t ing an upper  l imit of • a/o 
Te on the associated change in  composition. Most 
l ikely the largest part  of any composition change oc- 
curred dur ing the measurements  themselves. 

A summary  of the measurements  and the results of 
a least squares fit to the l inear  relat ion between h 
and H embodied in Eq. [4] are given in Table I, in 
which the runs  are listed in chronological order. Con- 
sistent with the observations in the preceding para-  
graph the temperature  dependence of P~ does not 
change significantly with time. Comparison of runs  2 
and 8 shows Pz was changed less than 3% by any  
change in sample composition. It is seen that a l inear  
relationship between h and H is observed for h as 
large as 11.64 cm. At this value of h, the melt  meniscus 
was in the enlarged, top-port ion of the inverted 
U-tube.  

Table I. Total vapor pressure and density of Bi.~Te3 (I) 

T h e  to t a l  v a p o r  p r e s s u r e ,  P~, of Bi=Te~(l) is d e t e r m i n e d  by  a l e a s t  ( 13"53)H _ ( 13"53 ) 
s q u a r e s  fit of  h = - - - 7 /  ~,-~-~,Pz at  v a r i o u s  t e m p e r -  

a t u r e s .  H is t he  p r e s s u r e  of a r g o n  e x p r e s s e d  in  e m  Hg;  h is t h e  
h e i g h t  of Bi._,Te~rlp in  t h e  m a n o m e t e r  t u b e ;  d is t h e  d e n s i t y  of 
Bi_,Te, ID a t  t h e  t e m p e r a t u r e  in  q u e s t i o n .  T h e  r u n s  a r e  l i s t ed  i n  t h e  
o r d e r  in  w h i c h  t h e y  w e r e  t a k e n ,  a ( i )  is t he  s t a n d a r d  d e v i a t i o n  in  i. 

No. of  
d a t a  R a n g e  a(h~,  d • a i d ) ,  Pz • a(P~) ,  

R u n  10.~,'T po in t s  in  h, cm c m  g / c m a  a r m  

1 1.021 
2 0.9970 
3 0.9588 
4 0.9268 
5 0.9025 
6 0.8554 
7 0.9615 
B 1.000 

6 0 .27-11.64  0.050 7.288 "4- 0 .068 (5.84 • 0 .34 )10  -a 
5 0 .365-8.34 0.035 7.240 "~ 0.081 (8.39 • 0.31) 10 4 
4 0 .62-10.64 0.008 7.473 -4- 0.013 (1.34 • 0 . 0 0 9 ) 1 0 -  e 
6 0 .54-9 .46  0.030 7.438 "4- 0.054 (2.19 • 0 .02)10  -2 
6 0 .13-7.86 0.024 7.079 ~ 0.054 (3.06 • 0 .01)10  2 
3 2 .31-5 .85  0.004 6.994 "4- 0.027 (5.93 • 0 .00 )10  4 
4 1 .68-7.64 0.011 7.265 "4- 0.027 (1.25 ~ 0.02) 10 -a 
7 0.95-9.5 0.030 "/.406 ~ 0.054 (8.28 X 0.03) 10 "~ 

The densities of Bi2Te(1) obtained from the slopes 
of the h-H lines are plotted against temperature  in 
Fig. 3. The error  bars are placed at plus and minus  one 
s tandard deviation in d. For comparison the density 
values obtained elsewhere using a pycnometer  tech- 
nique (l  l) are plotted as circles. Put t ing  error bars 
on these data commensurate  with their scatter would 
result  in both sets of data overlapping above 700~ 
except for four of our points which appear to be high. 
The measurements  giving the high densities do not 
show correspondingly high values of P~. 

Optical density measureme~ts.--The spectrum of the 
vapor at 1273~ emanat ing from Bi2Te~(1) at a lower 
temperature  appears to be a superposition of the spec- 
t r um for Te2(g) and that  of another  species which 
shows vibronic bands between 2200 and 2450A, where 
the Te.~(g) spectrum has no structure. Runs using a 
pure Bi reservoir showed that the addit ional  bands 
are not due to Bi2(g) or Bi (g) .  [These runs  also 
showed that our detection l imit  for PBi2 is 10 -5 atm. 
The value of Pmz over Bi2Te~(1) is below this l imit 
even at the highest temperatures.  The corresponding 
upper l imit for pro, calculated from the dissociation 
constant  (12) of Bi2(g),  is 2(10 -4) atm.] We conclude 
that these addit ional  bands are due to BiTe (g), which 
has been detected by mass spectrographic studies (13) 
as a major  species over Bi2Te3 (1). The absorption band 
maxima are general ly  close to those obtained at higher 
resolution by Sharma (14), who also a t t r ibuted them 
to BiTe(g) .  Between 2200 and 2345A, Sharma reports 
34 band heads with the strongest absorption at 2235A. 
We observe 14 maxima in this region with the strong- 
est absorption at 2231A. 

At the higher part ial  pressures of BiTe(g) ,  PBiTe, the 
relative optical densities of the strongest Te2 peaks in 
the 1995-2056A interval  depart  from the values ob- 
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Fig. 3. The density of Bi2Te3(I) as a function of temperature. 
Our points are shown with error bars at one plus and minus stand- 
ard devlation. Circles are from ref. (11). 
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served wi th  a pure  Te reservoir  (10), indicating tha t  
BiTe(g)  absorbs to some extent  in this interval.  It 
does not absorb appreciably at 4357, 5000, or 5500A, 
however,  since the re la t ive  optical densities at these 
wavelengths  are the same as those observed with pure 
Te. Therefore,  the value of PTe2 was obtained from the 
values of D at these three visible wavelengths  by using 
the calibration curves obtained with a pure Te reser-  
voir [Fig. 2 of ref  (10)] and the vapor  pressures of 
Te(1) given by Brooks (15) and by Ustygov (16), 
which are consistent wi th  optical density measure-  
ments (17). The lowest s traight  l ine in Fig. 4 gives 
the values of PTe.~ for the 59.99 a /o  Te mel t  plotted on 
a logari thmic scale against 103/T. The corresponding 
equation is 

logl0 PTe2 (atm) : -- (6.3048 ~- 0.032) (103/T) 

-t- (4.1396 • 0.030) 1.01 ~ 103/T ~ 0.85 [5] 

The values of PTe2 calculated f rom Eq. [5] agree wi th  
the observed pressures to wi thin  •  for 17 of the 29 
points obtained and to within ___3% for 22 points. The 
calculated and observed pressures differ by more than 
___4% for only 3 points, where  the differences are 4.3, 
5.7, and 6.0%. Equat ion [5] is essentially a least 
squares fit of the data with the 3 high points omitted. 

The par t ia l  optical densities of B iTe(g ) ,  r~, at four 
of its absorption max ima  (2200, 2231, 2309, and 2319A) 
were  calculated by subtract ing the contr ibut ion of 
Tef-absorpt ion at each wavelength  from the total  op- 
tical density observed. Taking the total optical den-  
sity at 4357, 5000, and 5500A as ent i re ly  due to Te:,(g), 
the contribdtions of Te2(g) to the  absorption at the 
wavelengths  in the uv were  read f rom a graph giving 
log Dx as a function of the reciprocal  t empera ture  of a 
pure Te(1) reservoir  [see Fig. 2 of ref. (10)]. The par-  
t ial  optical densities of BiTe(g)  obtained in this way 
are shown as the upper  four lines in Fig. 4, where  r~ 
is plotted on a logari thmic scale against 103/T. Results 
are given for both the 99.9 m m  path length cell and the 
22.4 mm cell. The values of rx for the lat ter  are nor-  
malized to 99.9 m m  by mult ipl icat ion by the factor 
99.9/22.4. It is seen that  the data for the four wave-  
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Fig. 4. The upper four lines give the partial optical densities of 
BiTe(g) at the indicated wavelengths for o 99.9 mm opticol path 
length nt 1273~ plotted on a Iogorithmic scale (on the right side 
of the figure) as o function of the reciprocal temperature of 
Bi2Te3(I). The bottom two lines ore semi-logarithmic plots on the 
same scale of tEe pressures over Bi2Te3(I) as o function of recip- 
rocol tempernture. The lower nf these gives pTe 2 (:Is determined by 
optical density measurements, nnd the upper gives P~ as determined 
by the manometric method. 

lengths are wel l  represented by four para l le l  s traight  
lines, consistent with the assumption that  they repre-  
sent absorption by a single vapor  species that  satis- 
fies Beer 's  law. At 2231A, 85-90% of the total absorp- 
tion is due to BiTe (g). This percentage decreases with 
increasing wavelength  to 62-68% at 2319A. The par-  
t ial  optical densities of BiTe(g)  satisfy the equations 

r2231 : r2220 : r~09 : r2319 : 100 : 46.5 : 31.2 : 18.7 [6] 

log10 r2231 --~ -- (8.978 _ 0.207) (10a/T) 
-p (8.8041 • 0.195) [7] 

where  r.,23~ is the par t ia l  optical density at 2231A 
for a 99.9 mm path length at 1273~ The uncertaint ies  
quoted are the standard deviations of the slope and 
intercept  obtained in a least squares fit of 65 points in 
which the data at the other three  wavelengths  were  
converted to the equivalent  value at 2231A using Eq. 
[6]. The s tandard deviat ion in log r22al is 0.079. 

Discussion 
The values of total  vapor  pressure, P~, for BifTe3 (1) 

given in Table I are plot ted on a logari thmic scale 
against 103/T in Fig. 4. The line represent ing the data, 
which for reasons discussed below was not obtained 
f rom a least squares fit, is given by 

log10 P~ (atm) : --6.4691(103)/T -t- 4.3219 
1.02 ~ 103/T ~ 0.85 [8] 

It is seen that  this line fits five of the eight exper i -  
mental  points wi thin  the er ror  bars shown (fixed at 
plus and minus one standard deviat ion in Pz) ,  but  the 
three points at the lowest tempera tures  lie somewhat  
above the line. The line is almost paral le l  to Ustygov's  
line for P~, an extrapolat ion of which is shown in Fig. 
1, but our Pm values are about 35% less than his. Our 
line for Pz lies just above the line for PTe2 obtained 
by the optical density measurements  and has a slope 
in termedia te  be tween  that  for PTe2 and those giving 
the part ial  optical densities, rx, of BiTe (g).  

From the discussion under  Optical density mea-  
surements, the sum of the part ial  pressures of Bi2 and 
Bi is below 2(10 -4 ) a tm and therefore  is less than 
3% of Pm -- PTe2 at the highest temperatures .  Con- 
sistent with this result  and wi th  extensive optical den-  
sity measurements  on Bi -Te  melts  to be published 
elsewhere, it appears that  pBiwe -~- Pie2 is wi thin  3% of 
the total  vapor pressure of BifTe3(1) over  the entire 
tempera ture  range. Therefore  to a good approxima-  
tion we can wri te  

P~ = PTe2 ~ PBiTe [9] 

We also assume, consistent wi th  exper imenta l  obser- 
vations on a number  of molecular  species, that  the 
optical absorption of BiTe(g)  obeys Beer 's  law 

pBive(atm) : a r f~l  [10] 

where  ~ is the Beer 's  law constant for a 99.9 mm path 
length at 1273~ Using Eq. [7] for r2231 as a function 
of IO~/T and obtaining pBiTe by substi tuting Eq. [5] 
and [8] into Eq. [9], a as a function of tempera ture  
can be calculated from Eq. [10]. The values of ~ ob- 
tained in this way remain  constant wi thin  about 8% 
over the in terva l  0.85-1.00 in IO~/T, ranging f rom 
4.18(10 -4 ) at the ext remes of this range to 4.53(10 -4 ) 
near  the middle. We do not bel ieve this var ia t ion to be 
excessive in view of the fact that  PBiwe is a small dif-  
ference between the near ly  equal  quanti t ies Pm and 
PTef. Any adjus tment  in the Pz line to obtain a bet ter  
fit to t h e  exper imenta l  data at the three lowest t em-  
peratures, while  still mainta ining a close fit at high 
temperatures ,  leads to a significantly larger  var ia t ion 
in a. Thus Eq. [8], ra ther  than an equat ion obtained 
by a least squares fit, has been adopted as the best 
line through the Pz data in v iew of all the data. It 
leads to a t empera ture  dependence for PBiWe most 
near ly  the same as tha t  observed for the part ial  optical 
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densities for BiTe(g)  given by Eq. [7]. The use of 
Ustygov's equation for Pz gives values for a that vary  
by more than a factor of 2 between 103/T ---- 0.85 and 
1.0O. 

The part ial  pressure of BiTe(g) ,  PBiWe, is obtained 
from Eq. [7] and [10] with an average value of 
4.35 (10-4) for a as 

logl0Pmwe(atm) ---- -- 8.978(103)/T ~- 5.4432 [11] 

There are two points to be emphasized in connection 
with Eq. [11]. Although PTe2 appears to be given to 
within about +--3% by Eq. [5] and P~ to wi thin  some 
less well-defined percentage, say _+10%, by Eq. [8], 
PBiWe, being the difference of these near ly  equal quan-  
tities, is much more uncertain.  Although the tempera-  
ture dependence of PBiWe is known to wi thin  2% through 
Eq. [7] and [10], the absolute value could be in error 
by 50-100%. Second, although the total pressure must  
be constant throughout  the optical cell and side-arm, 
because of the tempera ture  difference between the 
optical cell and sidearm, PTe2 and pBiTe may vary due 
to the chemical dissociation of BiTe(g)  and thermal  
diffusion. Thus Pie2 given by Eq. [5] and PBiTe given 
by Eq. [11] are the part ial  pressures in the 1273~ 
optical cell, but  these may differ somewhat from the 
values prevail ing over the Bi2Te3 melt  in the sidearm 
reservoir. These differences are greatest at the lowest 
reservoir temperatures.  

Some indication of the thermal  effects can be gained 
by comparing the present results with our earlier mea-  
surements  (5) using a 1028~ optical cell. For a 59.99 
a/o Te melt  at 100.0~ the value of PTe2 was 6.2(10 -3) 
atm, the part ial  optical density of BiTe at 2231A for 
a 99.9 m m  path was 1.03, and the par t ia l  pressure of 
Bi2 was below the exper imenta l ly  detectable l imit  of 
about 10 -5 atm. The reservoir and optical cell tem-  
peratures in this case were close enough to make 
thermal  effects negligible, and the value of PTe2 over 
Bi2Te3(1) at 1000~ can be taken as the measured 
value of 6.2(10 -3 ) atm. The 10% higher value of 
6.83(10 -3) atm obtained in the present  study with a 
1273~ cell is due to the increased degree of dissocia- 
tion of BiTe(g) at this higher cell temperature.  The 
values of PTe2 obtained here with a 1273~ optical cell 
will differ even less from the actual value of Pie2 over 
the Bi2Te3(1) at higher melt  temperatures.  Therefore 
we can conclude that PWe2 over Bi2Te3 (1) is given cor- 
rectly to wi thin  10% by Eq. [5]. Therefore Bi.~Te3(1) 
is not congruent ly  vaporizing between 1000 ~ and 
1169~ Taking the difference between Pz and PTe2 as 
equal to PBiTe, the vapor is more than 95 a/o Te, ra ther  
than 60 a/o Te. At 1000~ even if the difference of 
9.1(10 -4) atm between Pz and PTe2 were due to Bi2 
ra ther  than BiTe, the vapor would be 87 a/o Te. 

Extrapolat ion of Eq. [8] to 860~ the max i mum 
melt ing point of Bi2Te3(c), gives P~ ----- 6.4(10 -4) atm. 
This is a factor of 4.2 higher than the extrapolated P~ 
value from ref. (2) and (3) and a factor of 11.6 higher 
than  the extrapolated value  from ref. (4), the first two 

obtained by effusion measurements  on the assumption 
that effusion is congruent  according to reaction [1]. 
It would appear from present results that  serious doubt 
is cast on the val idi ty  of the subl imat ion reaction given 
by Eq. [1]. We suggest that  this discrepancy results 
because reaction [1] is not valid for the Knudsen  
effusion nor for equi l ibr ium subl imation of Bi2Te3(c), 
and therefore the calculations of P~ from the effusion 
data are incorrect. P re l iminary  analysis of the earlier 
optical absorption results (5) and our present  results 
supports the conclusion that  Bi-,Te3(c) does not sub- 
lime congruently.  
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ABSTRACT 

Niobium samples with residual  resistivity ratios greater than 20,000 were 
prepared via a two-step process. First, a fused salt electroplating process 
was used to prepare niobium having an exceptionally high puri ty  with respect 
to the subst i tut ional  t ransi t ion metal  impurit ies t an ta lum and tungsten.  Sec- 
ond, this electroplated niobium was vacuum degassed to remove the in ter-  
stitial impurities, oxygen, nitrogen, and hydrogen. The major  contributions to 
the residual resist ivi ty after vacuum degassing were from the impuri t ies  
nitrogen, tantalum, and tungsten.  The electrical resistivity of these ul t rahigh 
pur i ty  n iobium samples can be calculated from the relat ion 

pT ~ "  p(T) -{- 10.0 X 10-e CN2 + 2.49 • 10-7 Cwa -}- 11.0 • 10 -TCwohm-cm 

where p(T) represents the thermal  contr ibut ion to the resist ivity at the tem-  
perature T and CN2, CTa, and Cw represent respectively the concentrat ions in 
atomic per cent of nitrogen, tantalum, and tungsten.  The value of CNs for the 
vacuum degassed samples is given by 

CN2 ---- 6.2 • 10 -4 (PN2)1/2 exp (23,000/T) 

where PN2 represents the part ial  pressure (Torr) of ni t rogen in the vacuum 
system and T represents the temperature  (K) of the sample dur ing outgassing. 

This s tudy of the preparat ion and electrical resist iv- 
ity of ul t rahigh puri ty  n iobium was prompted by the 
observation that  the a-c losses in superconducting ni -  
obium wire samples decreased as the residual resistiv- 
ity of these samples decreased (1). Thus, it was hoped 
that if those factors most s trongly affecting the re- 
sidual resistivity were identified it might  then be 
possible to prepare niobium samples with lower re- 
sidual resistivities and hence lower a-c losses. 

In 1962 Stromberg and Swenson (2) reported the 
preparat ion of n iobium with a residual  resist ivity ratio 
(p293/p4.2) of ~2,000. This value, the highest obtained 
prior  to this work, was at ta ined by vacuum degassing 
a n iobium wire at a tempera ture  close to its melt ing 
point at a pressure of the order of 10 -9 Torr. Attempts  
by others to achieve significantly higher residual  re- 
sistivity ratios by either vacuum degassing and /or  
electron beam zone refining were unsuccessful. In  some 
cases the highest residual resistivity ratios at tained 
were as small  as 100-500. Some of these low values can 
be explained by the low temperatures  and /or  poor 
vacuum used to degas the niobium. One significant 
difference between these studies, however, was the 
t an ta lum concentrat ion in the star t ing material.  St rom- 
berg and Swenson had used niobium containing less 
than 200 ppm tan ta lum while many  of the other studies 
were made with n iobium containing as much as 1,000 
ppm tantalum. No at tempts to a t ta in  high residual 
resistivity ratios have been reported in which niobium 
containing less t an ta lum than that in  the niobium used 
by Stromberg and Swenson was used as the start ing 
material.  Two conclusions were drawn from this early 
work. First, electron beam zone refining of niobium 
does not result  in any significant reduction of the 
t an ta lum content. Second, in general  the highest resid- 
ual  resistivity ratios were reported by those invest iga-  
tors using n iobium with the lowest t an ta lum content.  

With the exception of cases where the impurit ies 
were present in the form of precipitates ra ther  than in 
solid solution most elements previously prepared with 
exceptionally high residual resist ivity ratios contained 
considerably less than 100 ppm total impurities.  Previ -  

1 T h i s  w o r k  w a s  s u p p o r t e d  in  p a r t  b y  t h e  A i r  F o r c e  M a t e r i a l s  
Laboratory  under  contract  n u m b e r  A F  33 (615)-5393. 

]Key w o r d s :  u l t r a h i g h  v a c u u m  d e g a s s i n g ,  r e s i d u a l  r e s i s t i v i t y ,  l ow 
tanta lum n i o b i u m .  

ous at tempts to produce ul t rahigh puri ty  niobium 
started with niobium containing about 200 ppm tan-  
ta lum in addition to the other impurit ies present. This 
new look at the preparat ion of ul t rahigh pur i ty  n i -  
obium was prompted in part  by the development  of 
Mellors and Senderoff (3) of a fused salt electroplating 
process which provided a means of prepar ing niobium 
samples containing less than  10 ppm tantalum. The 
work described in the remainder  of this paper demon-  
strated that t an ta lum was indeed the culpri t  and other 
factors such as thermal  scattering, lattice defects, dis- 
locations, grain  boundaries,  etc. cannot  account for the 
resist ivity at 4.2K previously observed by  others in 
"high puri ty" niobium. 

Experimental Procedure 
The first step in the preparat ion of the ul t rahigh 

puri ty  n iobium samples was the formation of sheets of 
niobium having a low tan ta lum content  by means of 
a fused salt electroplating process. Only a brief de- 
scription of this process is given below since it has 
been described in considerable detail  by Mellors and 
Senderoff (3). The electrolyte was prepared by mel t -  
ing, in a graphite crucible under  an argon atmosphere, 
a salt mixture  containing 26.2 weight per cent (w/o)  
LiF, 10.5 w/o NaF, 47.1 w/o  KF, and 16.2 w/o K2NbF~. 
During plating this electrolyte was main ta ined  at 
775~ Commercial n iobium sheet was used for the 
anode and OFHC copper sheet for the cathode. The 
niobium was electrodeposited at a current  density of 
25 mA / c m 2, corresponding to a deposition rate  of 
~25 ~/hr. The plated niobium metal  was removed from 
the copper cathode by dissolving the copper in a 1:1 
mix ture  of HNO~:H20. These n iobium sheets were 
typical ly 3x10x0.5 cm. 

The first n iob ium plated from a new electrolyte will  
contain less than 2 ppm tan ta lum;  however,  since this 
is considerably less than  the t an ta lum concentrat ion in  
the niobium anodes the t an ta lum concentrat ion in the 
electrolyte will  increase as plat ing is continued with 
a concomitant  small  increase in the t an ta lum concen- 
trat ion in the electroplated niobium. Although the as- 
plated niobium has a low tan ta lum content  the concen- 
t ra t ion of interst i t ial  impurities,  especially oxygen and 
nitrogen, are sufficiently high to l imit  the residual 
resist ivity ratio to a value less than 70. Thus, in  order 
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Fig. 1. Schematic of vacuum system used tar degassing niobium 
samples. 

to obtain very  high residual  resist ivity ratios it is 
necessary to lower the concentrat ion of the interst i t ial  
impuri t ies  by vacuum degassing the electroplated nio-  
bium. 

The vacuum system used to degas the electroplated 
n iobium samples is i l lustrated in Fig. 1. Liquid n i t ro-  
gen cooled molecular  sieve (Linde 5A) was used for 
rough pumping.  The ul t rahigh vacuum pumping  sys- 
tem consisted of a 50 l i ter/sec ion pump and a 1,000 
l i ter/see t i t an ium subl imation pump. At pressures be-  
low 10 -4 Torr  the pressure was determined from both 
the current  vs. pressure cal ibrat ion curve for the ion 
pump and a nude Bayard-Alper t  gauge mounted  ad- 
jacent  to the sample as i l lustrated in Fig. 1. The sam- 
ple tempera ture  was measured with an optical pyrom- 
eter sighted on the samples through a 1.5 in. diameter  
view port. The samples were mounted  be tween the 
ends of the two 500A electrical feed throughs by means 
of copper clamps such as that  i l lustrated in Fig. 2. The 
only flange that  had to be opened to change both the 
n iobium samples and the t i t an ium elements in the sub-  
l imator  was that  between the sample chamber  and the 
t i t an ium subl imator  chamber. 

Generally,  samples in the form of r ibbons 12.0 x 1.0 
x 0.025 cm, cut from sheets produced by cold roll ing 
the thicker electroplated sheets, were used. The sam- 
ples were resistively heated by  means of a d-c current.  
The samples were degassed for several days at temper-  
atures up to 2700~ at pressures as low as 3 x 10 - l ~  
Torr. The r ibbon- l ike  shape of the samples and the 
use of a d-c current  were chosen in the hope that  some 
addit ional degree of purification could be obtained dur -  
ing the vacuum degassing by means of electrotransport  
refining. At 2700~ the d-c heat ing current  used cor- 
responded to a current  density wi th in  the samples of 
~1 x 104 A cm 2 and an electric field of ~0.7 V/cm. 

The following procedure was used to determine the 
residual resist ivity ratio of the vacuum degassed nio-  
b ium samples. The niobium r ibbon was mounted  in 

500 AMPERE 
FEEDTHROUGH  UVFLA NG 

Fig. 2. A clamp used to hold samples during vacuum degassing 

Fig. 3. Schematic of sample holder used in electrical resistivity 
measurements. 

the sample holder i l lustrated schematically in  Fig. 3. 
Curren t  was supplied to the sample through the copper 
contacts at either end of the holder. The nine  voltage 
probes are spring-loaded and were constructed from 
copper wire. Each of the probes was connected to two 
Leeds and Northrup rotary switches, the moving con- 
tacts of which were connected to one half of a Rubicon 
double six dial potentiometer.  Thus, the voltage drop 
between any two of the n ine  voltage probes could be 
measured. In this way it was possible to look for any 
small variat ion in electrical resist ivity along the length 
of a sample which might  be a t t r ibutable  to electro- 
migrat ion of one or more impurities. The second half 
of the potentiometer  was used to measure the voltage 
drop across a s tandard resistor in series with the sam- 
ple. The sample current ,  usual ly  ~10-1A,  was calcu- 
lated from this voltage drop. A Keithley Model 147 
Nanovolt  Null  Detector served as the nu l l  detector for 
the potentiometer.  

Since niobium is a superconductor, a magnetic  field 
large enough to destroy the superconduct ing state was 
used in all the measurements  of the residual  resistivity. 
Considerable care was taken, however, to ensure that  
the sample was as close as possible to being parallel  
to the applied magnetic  field since the t ransverse field 
magnetoresistance of n iobium is quite large and would 
lead to anomalously high values  of the  residual  re -  
sistivity. Measurements  made between 5 and 60 kg with 
the applied magnetic field paral lel  to the sample axis 
general ly showed an increase of less than  l0 % in  the 
residual  resistivity over this field range. 

Results and Discussion 
The highest pur i ty  n iobium sample prepared had a 

residual resistivity ratio, 8, of ~22,500. This sample 
was prepared by vacuum degassing an electroplated 
n iobium r ibbon at ~2700~ at a pressure of ~2  x 10 - l ~  
Torr. However, while  this sample had by  far the 
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highest value of .B ever reported for niobium, its re-  
sidual resistivity ratio was still  significantly below 
values which have been obtained for a few other ele- 
ments. It is of interest, therefore, to examine the 
factors which l imited the value of f3 for this sample. 

If the electron mean  free path is sufficiently short so 
that size effects, i.e. surface scattering, are negligible, 
Matthiessen's rule is applicable. The resist ivity is then 
given by 

p(T) ---- pL(T) + Z pd + Z p~ [1] 

where pL(T) represents the tempera ture  dependence 
of the electrical resist ivity of the pure defect free 
metal. The terms �9 Pd and  Z m represent  respectively 
the temperature  independent  contr ibut ions from de- 
fects and impurities.  The assumption that  size effects 
are negligible is questionable;  however, the data re-  
quired to calculate the electron mean  free path are 
not known with sufficient accuracy to permit  a precise 
calculation of the magni tude  of the size effect. It is 
possible that  the actual  bulk  residual resist ivi ty ratio 
may be as much as five times greater than the 20,000 
measured. However, measurements  made on thicker 
samples than  the 0.25 m m  thick r ibbons discussed in 
this paper invar iab ly  showed higher residual  resistivi- 
ties than the thin samples due to the difficulties associ- 
ated with degassing these thicker samples. Thus, no 
direct evidence of a size effect l imited resist ivity was 
observed. 

For most metals the term pL(T) in Eq. [1] can be 
calculated from the Griineisen-Bloch relat ion (4) 

K T  
pL(T) ---- G ( X )  [2] 

0R 2 

X = OR/T 

where K is a constant, ea is a characteristic tempera-  
ture, and G (X) is given by the relat ion 

Z dZ 
[3] 

( e z - - 1 ) ( 1 - - e  -z) 
r4f0x G ( X )  -" 4 - -  
OR 

Assuming that  0R ---- 0D ---- 240 K and using tabulated 
values (4) of G ( X ) ,  one finds from Eq. [2], p295/p4.2 
= 106. This relation, which predicts pL(T) a T 5 at low 
temperatures,  does not take into account the contr i-  
butions at low temperature  of either electron-electron 
scattering or Umklapp processes both of which tend 
to increase the value of the electrical resist ivity at 
low temperatures.  These would then lead to a smaller  
value of p295/p4.2 than  that  calculated from Eq. [2]. 
The results of White and Woods (5, 6), and of Webb 
(7) show that pL(T) a T n, where n ~ 3 at low tem- 
peratures. Thus, the electrical resist ivity of n iob ium 
decreases less rapidly with temperature  than would 
be expected from the Griineisen-Bloch relat ion and 
one would not expect a value of p295/p4.2 : 106 even 
for an  absolutely pure defect-free niobium sample. 

Electrical resist ivity measurements  made on a n u m -  
ber of samples degassed at different temperatures  and 
pressures showed a difference in resistivity of --3.8 x 
10 -10 ohm-cm between 4.2 and 1K. If one assumes that 
this difference is only due to the thermal  contr ibut ion 
to the resist ivity and is independent  of the impur i ty  
concentrat ions and that  the thermal  contr ibut ion varied 
as T 3, then the first term in Eq. [1] at low temperature  
may be expressed as 

pL(T) : 5.14 • 10 -12 T 3 ohm-cm [4] 

Since p295 ~ 14 x 10 -8 ohm-cm this expression pre-  
dicts values of p295/p4.2 and p295/pl.O respectively of 
~37,000 and ~5,100,000. While these values are sig- 
nificantly lower than  those calculated from the Gri in-  
eisen-Bloch relation, they are much larger than  the 
exper imenta l ly  observed values. Thus, it is clear that 
thermal  scattering is not l imit ing the value of the 
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residual resist ivi ty ratio measured at 1K in samples 
with values of p295/p4.2 ~ 20,000. 

I will  next  consider the contr ibut ion of defects to 
the residual resist ivity (the second te rm in Eq. [1]), 
in part icular  the contr ibut ions of dislocations, grain 
boundaries, and vacancies are estimated. Nordheim's 
concentrat ion rule (8) states that  the contr ibut ion of 
an impur i ty  to the resistivity is proport ional  to 
x(1 -- x) where  x represents the mole fraction of the 
impuri ty.  In  this discussion it  will  be assumed that  the 
concentrat ion of the individual  impurit ies and defects 
are sufficiently low so that Nordheim's rule may  be 
approximated by 

Pi ~ Xi [ 5 ]  

Although the effect of dislocations on the electrical 
resistivity of n iobium has not been determined experi-  
mental ly,  studies of other metals  (9) indicate that  

pdislocation ~ 5 X 10 -1 9  N o h m - c m  [6] 

where N is the dislocation density in l ines /cm ~. The 
exact value of the dislocation density in this mater ia l  
is not known. However, studies of the anomalous t rans-  
mission of x - rays  in  this mater ia l  by Weissman (10) 
showed that the dislocation densi ty was less than  104 
l ines/cm 2. A dislocation densi ty as high as 104 l ines /  
cm 2, in  the absence of other impuri t ies  or defects, 
would limit the residual resist ivity ratio to --3 x 109. 
In  the case of a sample with a residual resist ivi ty ratio 
of 20,000 a dislocation density of 107 lines/cm2 would 
contr ibute  less than 1% of the measured residual re-  
sistivity. Thus it appears tha t  the contr ibut ion of dis- 
locations to the residual resistivity of these samples is 
negligible. 

One approach to evaluat ing  the contr ibut ion of grain 
boundaries  to the electrical resist ivity of metals  is to 
treat the boundary  as a region approximately 2 atomic 
distances wide (9) and having a resist ivity equal to the 
resistivity of the metal  at its mel t ing point pMP. In  
this way one can calculate, assuming PMP ~ 60 #ohm- 
cm, that each grain boundary  the current  must  cross 
contr ibutes a resistance of 3 x 10 -12 ohm. In  the high 
puri ty  vacuum outgassed and annealed niobium sam- 
ples there are approximately three grain boundaries  
per centimeter.  Thus, the boundaries  would contr ibute  
~1 x 10 TM ohm-cm to the electrical resistivity at 4.2K, 
i.e. approximately 1% of the measured resistivity. Mea- 
surements  by Andrews (11) of the effect of grain 
boundaries  on the electrical resist ivi ty of copper gave 
a value about six times greater  than  that obtained by 
assuming the grain boundary  to be a layer 2 atomic 
distances thick with a resist ivity ~PMP. In ei ther  case, 
the contr ibut ion of grain boundaries  is still relat ively 
small. In some of the high pur i ty  n iobium samples 
prepared in this laboratory there were single grains 
large enough so that  their  electrical resist ivity could 
be measured. The values measured on those single 
crystals were not significantly different from those 
measured at other positions in the sample where  the 
resistance across one to five grain boundaries  was in-  
c'.uded. Thus it appears that  the contr ibut ion of grain 
boundaries to the residual  resist ivi ty of these samples 
is negligible. 

Both theoretical and exper imental  investigations (9) 
of the effect of vacancies on the resist ivity of metals 
give values of approximate ly  2 x 10 -6 ohm-cm/a tomic  
per cent (a/o) vacancies. The ratio of the number  va-  
cancies, n, to the number  of lattice sites, N, at any 
temperature  T is given by 

T~ 
- -  = exp ( - - U / R T )  [7] 
N 

where U is the energy of formation of one mole of 
vacancies and R is the gas constant. Although U is 
not known for niobium, Frenke l  (12) has given a 
simple argument  for est imating U, which shows that  
U should roughly be equal to the heat of vaporization. 
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The m a x i m u m  number  of vacancies one would  ex-  
pect to find in a wel l -annea led  meta l  would be the 
number  in thermal  equi l ibr ium at the melt ing point 
if the quench rate were  high enough to re ta in  that  
number.  For  niobium using 2733~ as the mel t ing  
point and Hvap : 170 kcal /mole ,  one obtains 

n 
- -  = e x p  (--31.1) : 10 -is.5 [8] 
N 

which corresponds to approximate ly  3 x 10 -12 a/o 
vacancies. In order for the residual  resist ivi ty ratio 
to be l imited by vacancies to a value of 20,000 a 
vacancy concentrat ion of 3.5 x 10 -~ would be re-  
quired. If  U ~ 0.4 Hvap the vacancy concentrat ion 
would  be this high at the mel t ing point. I t  is highly 
unl ikely however ,  since several  seconds are required 
for the sample to cool below 1000~ that  an appreci-  
able number  of the vacancies in thermal  equi l ibr ium 
at the mel t ing point would be quenched in by such 
slow cooling rates. Fur thermore ,  as the degassing 
t empera tu re  was increased, and all  other  parameters  
being held constant, the residual resis t ivi ty decreased. 
If  quenched in vacancies were  a significant contr ibu-  
tor  to the residual resist ivi ty one would see an in- 
crease ra ther  than a decrease in this quant i ty  as the 
degassing t empera tu re  was increased. 

It appears, therefore,  that  in these niobium sam- 
ples, having residual resis t ivi ty ratios as high as 
20,000, the contributions to the resist ivi ty of vacancies, 
dislocations and grain boundaries  may be ignored. In 
the remainder  of this section I will  discuss the con- 
tr ibution to the residual resis t ivi ty of the last term 
in Eq. [ i ] ,  namely  the contributions to the residual 
resist ivi ty by impurities.  

The major  substi tut ional  impuri t ies  in these ni- 
obium samples were  tan ta lum and tungsten. The con- 
centrat ions of these two elements  were  respect ively 
7 and 1.8 ppm corresponding to 3.6 x 10 -4 a /o  tanta-  
lum and 9 x 10 -5 a /o  tungsten. Electr ical  resist ivi ty 
measurements  made on a vacuum annealed and de-  
gassed sample of niobium containing 0.08 a /o  tanta-  
lum gave a value of d~/dc of 2.49 x 10 -7 ohm-cm/a/o 
tantalum. Similar  measurements  were  made on a vac-  
uum degassed sample of  Cb 752, a commercial  ni- 
obium alloy having  a nominal  composition of 5 a /o  
tungsten and 2.5 a /o  zirconium. After  vacuum de- 
gassing the sample was analyzed to de te rmine  the 
tungsten and zirconium concentrat ion as a consider-  
able fraction of the zirconium was removed  dur ing 
the vacuum degassing. A value  of 11 x 10 -7 ohm- 
c m / a / o  tungsten was calculated from the measured 
residual resis t ivi ty af ter  subtract ing the  contr ibut ion 
from the zirconium which was calculated f rom the 
measured zirconium concentrat ion using the value of 
12.0 x 10 -7 o h m - c m / a / o  zirconium found by Ber l in-  
court  and Hake (13). These results along with values 
of dp/dc for other  e lements  dissolved in niobium are 
given in Table I. 

For  these electroplated and vacuum degassed ni-  
obium samples the substi tutional impuri t ies  tan ta lum 
and tungsten contr ibute  1.9 x 10 -10 ohm-cm to the 
residual resistivity. For  a sample having a residual 
resis t ivi ty ratio of 22,500 the residual  resist ivi ty is 
6.2 x 10 -10 ohm-cm. This leaves a residual  resist ivi ty 
of 4.3 x 10 -10 ohm-cm to be accounted for by the 

interst i t ia l  impurities.  Of the  four  interst i t ia l  im-  
purities, carbon, hydrogen, nitrogen, and oxygen only 
the last two are of importance in this analysis since 
the carbon concentrat ion is very  low due to the na-  
ture of the e lectroplat ing process and hydrogen is 
reduced to negligible levels by the vacuum degassing. 
Cost and Wert  (17) have found for ni t rogen that  

CN 2 = 6.2 • 10 -4 (PN2) '/2 exp (23,000/T) 1.9] 

where  CN2 is the atomic per  cent  ni t rogen and Pr~2 
is the part ial  pressure of ni t rogen (Torr) .  From Eq. 
[9] one finds, for a n iobium sample vacuum degassed 
at 2 x 10 - l ~  Torr  and 2700~ a ni t rogen concentra-  
tion of 4.6 x 10 -5 a/o. Using this value and the value 
of dp/dc for ni t rogen given in Table I, one obtains 
a value  of 4.6 x 10 -1~ ohm-cm for the contr ibut ion of 
ni t rogen to the residual resistivity. This is indeed 
quite  close to the va lue  of 4.3 x 10 - l ~  ohm-cm left  
to be accounted for in a sample degassed under  these 
conditions. It has been often suggested that  oxygen 
is a larger  contr ibutor  than ni t rogen to the residual 
resist ivi ty of vacuum degassed niobium samples. How- 
ever,  in the present  study I have  found a good fit to 
the exper imenta l  results  when I assumed the part ial  
pressure of ni t rogen was equal  to the measured total 
pressure and used Eq. [9] to calculate the ni trogen 
concentrat ion and hence ni trogen's  contr ibut ion to 
the residual  resistivity. Similar  calculations based on 
the concentrat ion of oxygen gave  total ly  unsatisfac- 
tory results since at the tempera tures  and pressures 
used for the vacuum degassing the calculated oxygen 
concentrat ion was considerably lower  than. the cal- 
culated ni t rogen concentrat ion and made a negligible 
contr ibut ion to the residual resistivity. 

Summary 
The analysis of the residual resist ivi ty of niobium 

samples presented in the previous section showed 
that  at low tempera tures  where  the the rmal  contr i-  
bution to the resist ivi ty varies as T 3 the resist ivi ty of 
electroplated and vacuum degassed samples is given 
by 

p(T) : 5.14 • 10 - l z  T 3 ~ 10.0 • 10 -6 CN2 

-t- 2.49 • 10 -7 e T a  "~- 11.0 • 10 -7 CW [10] 

where  the value of CN2, which depends on the de- 
gassing tempera ture  and pressure, is given by Eq. 
[9]. In Fig. 4 lines of constant ni t rogen concentrat ion 
calculated f rom Eq. [9] are shown as a funct ion of 
vacuum degassing t empera tu re  and pressure. Values 

Table I. Values of dp/dcA for A dissolved in niobium 

dp/de, 
A ohm-cm/a/o A Ref. 

T i t a n i u m  14.3 • 10 -7 B e r l i n c o u r t  and  Hake  (13) 
T i t a n i u m  9.6 x 10 -7 F ie tz  (14) 
Z i r c o n i u m  12.0 • 10 -7 B e r l i n c o u r t  and  H a k e  (13) 
H a f n i u m  14.0 x 10 -7 B e r l i n e o u r t  and  Hake  (13) 
T a n t a l u m  2.49 • 10-7 Th is  w o r k  
Tungsten II.0 • I0 -v This Work 
Oxygen 69.0 X 10 -v Tedmon, Rose, and Wulff (15) 
Nitrogen 100.0 X 10 -v Pasternak and Evans (16) 

Fig. 4. Lines of constant nitrogen concentration calculated from 
Eq. 1-9] and values of resistivity ratios between room temperature 
and both 0 and 4.2K calculated from Eq. [10] for electroplated 
niobium containing 7 and 1.8 ppm respectively of tantalum and 
tungsten. 
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of the resist ivity ratio, between room temperature  
and both 0 and 4.2K, calculated from Eq. [I0] are 
also given in Fig. 4 for samples containing 7 and 1.8 
ppm respectively of t an ta lum and tungsten. Although 
the analysis given above contains some assumptions, 
the agreement  be tween calculated and measured re- 
sistivities was wi th in  20% for the samples studied. 
This included samples vacuum degassed between 
1400 ~ and 2700~ at pressure in the range 10 -7 --2 
x 10 -10 Torr. 
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Growth, Texture, and Surface Morphology of SiC Layers 
Kenneth A. Jacobson 1 
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ABSTRACT 

Highly oriented SiC layers were grown on (001) and (iii) silicon sub- 
strates by the reduction of (CH3)2SIC12 in an excess of hydrogen at a tem- 
pera ture  of 1365~ Layers up to ~100~ thick were grown at a rate of 4.3 
~/min. The mater ial  was predominant ly  ~-SiC with a resistivity range of 0.5- 
34.5 ohm-cm, n-type.  Laue x - r ay  analysis indicated that the degree of pre- 
ferred orientat ion var ied with thickness and that  mul t ip le  orientat ions exist 
on the (001) silicon substrates. A higher degree of preferred orientat ion was 
achieved on the (001) compared to the (111) substrates. At various thick- 
nesses, faceted grains on the order of 1-2~ in diameter  were visible using the 
scanning electron microscope. The fact that oriented growth was achieved at 
higher than typical CVD rates for epitaxy suggests that  det r imenta l  effects 
such as substrate evaporation or impur i ty  deposition were overcome by the 
higher deposition rate. 

SiC has been deposited on a var ie ty  of substrates 
for electronic and protective coating uses. For  the 
lat ter  application, at tempts are made to achieve high 
density, small  grained polycrystal l ine deposits (1). 
On the other hand, noninsula t ing  electronic applica- 
tions usual ly require single crystall ine epitaxial  layers. 
Device qual i ty  ~-SiC layers deposited on s-SiC sub- 
strates have been achieved (2, 3) and various tech- 
niques for SiC deposition on substrates other than  
SiC have met with some success al though not enough 
to war ran t  large scale device production (4). 

Approaches to the formation of E-SiC films on silicon 
have included vapor deposition from organosilanes or 
separate silicon and carbon containing compounds 
(5,6),  the reaction of carbon or hydrocarbons with 
hot silicon (6-9), and the immersion of very hot sili- 
con into organosilane liquids (10). The failure to 
achieve high qual i ty  ~-SiC layers on silicon substrates 
using chemical vapor deposition has never  been 
formally explained. It  may involve the high thermal  
etch ra te  of the silicon substrates at growth tempera-  
tures which allow enough surface diffusion for epitaxy 

1 Presen t  address:  D e p a r t m e n t  of Biophysical  Sciences,  State  Uni -  
ve r s i ty  of N e w  York at Buffalo, Amhers t ,  New York  14226. 

Key  words:  semiconductors ,  ceramics ,  s t ruc tura l  analysis ,  chem-  
ical vapor  deposition, thin films. 

to occur (11). Even at the growth tempera ture  limit, 
the surface mobil i ty  of deposited SiC may  still be too 
low. In  addition, the role of impurit ies in the reac- 
tants has not been assessed for this system. 

In  the course of invest igat ing SiC deposition on 
silicon by the reduction of (CH3)2SIC12, we found 
that at normal  epitaxial  growth rates (0.05 to 1.0 
~ /min) ,  some preferred orientat ion was achieved in 
the SiC film, but  increasing the growth rate by a 
factor of 5 to 100 increased the orientat ion at greater 
thicknesses. Consequently,  the growth and structure 
of these thicker layers was studied. Bean and Gleim 
(12) also studied SiC growth on silicon at higher 
growth rates and observed some epitaxial  material ;  
however, their interest  was in polycrystal l ine films 
which were hard, chemically stable, and of high re-  
sistivity. 

Growth 
Deposition system and process definition.--Layer 

growth was done in a horizontal quartz tube epitaxial 
reactor. The silicon substrates were heated on a SiC 
coated graphite susceptor coupled to an external  rf 
coil. The liquid feed materials,  SIC14 for silicon depo- 
sition and (CH3)2SIC12 for SiC deposition, were va-  
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porized and carried through the reactor by hydrogen. 
Depositions were done at a total pressure of 1 atm. 

The substrates ranged in surface finish from as-cut 
to chemically polished (15:5:2, HNO3:HF:HAc) .  In 
the reactor, the substrate was etched first in hydrogen 
and then by  HC1 vapor, both at 1250~ Then a 10~ 
thick silicon epitaxial  layer was deposited via the 
thermal  reduction of SIC14 with H2 at 1250~ Next, 
SiC was deposited by the vapor reaction of (CH~)~_- 
SIC12 and hydrogen. Typical  SiC deposition conditions 
were: (a) mole ratio ([CH312 SiC12/H2) ---- 5 x 10 -~, 
(b) total flow rate of 2.5 l i ters/rain,  (c) growth tem- 

perature of 1365~ and (d) growth times of <1-40 
min. 

The SiC deposition was extremely sensitive to input  
reactant  puri ty:  oriented growth would occur only 
using an u l t ra -pure  grade of hydrogen in conjunct ion 
with tr iply distilled (CH3)2SIC12. The (CH3)2SiCN_ 
feed, when decomposed to yield a SiC coating on thin 
tungsten  filaments, typically gave mater ia l  with less 
than 2 ppma total impuri t ies  (exclusive of N2, O2, and 
Au) as measured by solid-state mass spectroscopy 
(13). 

Oriented SiC growth was found to occur over rela-  
t ively nar row deposition condition ranges: 

1. Mole ratio ([CH3]2SiC12/H2) : <5 x 10 -3 to 2 x 
I0-2 

2. Total flow rate: 1 to 2.5 liters/rain 
3. Growth temperature: 1315 ~ to 1400~ 

Note that  substrate tempera tures  wi th in  100~ of the 
silicon mel t ing point were required. We found that 
oriented growth on the (100) as-cut  silicon surface 
was much easier to achieve than on the (111) silicon 
surface; it appeared to be less sensitive to impur i ty  
concentrat ions in the (CH3)2SiC12 feed material.  Rat 
Choudhury and Formigoni  (6) have reported that in 
th inner  SiC depositions from (CH3)2SiCN, growth on 
the (100) silicon substrates shows a single preferred 
orientation while growth on (111) and (110) sub- 
strafes is mult iple  oriented. In  growth from separate 
silicon and carbon containing compounds, Jackson 
(14) found that  depositions on the (100) silicon sub- 
strates had far fewer inclusions of apparent ly  poly- 
crystal l ine mater ia l  than  those grown on (111) sub-  
strates. 

To try to improve the texture  of the SiC layers, a 
p re l iminary  post-deposit ion anneal ing study was done. 
Layers having their silicon substrates removed by 
HF-HNO3 etching were heat treated for 2-10 hr in 
argon at 2000~ Unfortunately,  an excessive coverage 
of large (50-100~) crystalli tes grew and these had no 
preferred orientation. 

Layer composition.--The SiC coated silicon substrate  
had a dark gray appearance. After the silicon sub-  
strate was removed in an HF-HNO~ etch, the remain-  
ing SiC layer was golden yellow and translucent .  The 
strong 795 cm - t  (12.6~) infrared lattice band, char-  
acteristic of SiC (15), was observed in the infrared 
reflection and transmission spectra of these layers. 
Measurement of pinhole x-ray diffraction patterns of 
predominantly polycrystalline layers (Fig. 2c) iden- 
tified the material as fl-SiC. However, patterns ob- 
tained with the more sensitive Guinier focusing camera 
using monochromatic CuKa radiation showed a few 
faint anomalous lines (16). These could be interpreted 
as trace amounts of one or several a-SiC polytypes; 
however, considering the nonequilibrium nature of the 
deposition they may derive from multiple twins and 
associated faults. To a spatial resolution of 1%, elec- 
tron beam microprobe analysis (17) of the top surface 
layers (to a depth of about i~) indicated the silicon 
content to be stoichiometric to within the detection 
limits of the probe [ •  �89 w/o (weight per cent) Si]. 
Using a finer electron beam diameter  of 0.5~ or spatial 
resolution of 0.7~, slight inhomogeneit ies are detected, 
with max imum silicon excesses or deficiencies ranging 
from 1.0-1.4 w/o. 

Table I. Kinetic data for the SiC deposition on (001) silicon 

( moles Me2SiCl~ ) a 
A. Growth rate vs. mole ratio \ ~ole---~ 

G r o w t h  
Crys t a l  Mole rate ,  L a y e r  

No. ra t io  ~ ."rain s t r u c t u r e  

1 1 • 10 ~; 0.4 R a n d o m  po ly-  
c ry s t a l l i ne  

2 5 x 10-~ 4.3 O r i e n t e d  
3 1 • 10 -= 6.8 O r i e n t e d  

B. G r o w t h  ra te  v s .  g r o w t h  t e m p e r a t u r e b  

G r o w t h  
Crys t a l  G r o w t h  ra te ,  L a y e r  

No. t emp ,  ~ ~ / m i n  s t r u c t u r e  

4 1250 3.0 R a n d o m  poly-  
c ry s t a l l i ne  

5 1300 3.4 R a n d o m  po ly-  
c r y s t a l l i n e  

6 1315 4.4 Or i en t ed  
7 1365 4.3 O r i e n t e d  

- For these experiments: growth temperature = 1365~C, total flow 
*'ate = 2.5 liters/rain. 

b For these experiments: mole ratio = 5 x 10 ~, total flow rate 
= 2.5 liters/rain. 

Deposition kinetics.--Infrared interference thickness 
measurements  (18) of the layers as a function of 
growth t ime revealed a constant  growth rate of 4.3 
~ /min  for the typical  growth conditions defined above, 
using (001) silicon substrates. 

Table I summarizes some kinetic data for SiC de- 
position on (001) silicon substrates. In the parameter  
range (growth temperature,  reactant  concentration, 
and total flow rate) where oriented growth occurred, 
the growth rate was strongly dependent  on reactant  
concentrat ion but  insensi t ive to temperature.  This 
suggests some form of mass t ranspor t  or total  reactant  
input  l imitat ion ra ther  than a thermal  activation 
limitation. 

Texture,  Surface Morphology, and Electrical Properties 
Preferred orientation analysis.--Transmission elec- 

t ron diffraction through films grown to a thickness of 
about 1000A on (001) silicon substrates yielded pat-  
terns such as shown in Fig. 1. This pat tern  shows 
strong (001) B-SiC orientat ion indicating that  part ial  
epitaxy [(001) B-SiC [I (001)Si] is occurring. Some 
polycrystal l ine rings appear showing that  nonepi taxial  
deposition is also occurring. This is substantiated by 
reflection electron diffraction pat terns  of init ial  growth 

Fig. 1. Transmission electron micrograph (2950X) and corre- 
sponding transmission electron diffraction pattern (upper left) of 
initial SiC film (1000.~, thick). The film was floated from the 
silicon substrate using an HF-HNO8 etch. 
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which show polycrystal l ine E-SiC. Evidently,  the early 
polycrystal l ine growth extends above the epitaxial 
growth and thus dominates the reflection electron dif- 
fraction pattern.  The remainder  of Fig. 1 is a t rans-  
mission electron micrograph of the init ial  growth 
which yielded the diffraction pattern.  It  shows a grain 
s tructure which is considerably less than V2~ in the 
surface plane. Thus, a very fine grained mixture  of 
random and epitaxial  nucleat ion ini t iated the layer 
growth. At this thickness, these films have a greater 
degree of polycrystal l ini ty than  those grown from 
SIC14 and C~H8 by Jackson and Howard (5) as judged 
by transmission electron diffraction. Presumably,  this 
is in part  due to the 10-fold higher growth rate used 
in this study. However, the reactants  used may also 
play a role as Rai -Choudhury  and Formigoni  (6) have 
noted that SiC films grown on silicon from a single 
organosilane, (CH.~)2SiC12, grew faster but  were less 
ordered than those grown from SIC14 and CH4. 

Informat ion about the crystal lography at greater 
layer thickness was obtained using the Laue t rans-  
mission x - r ay  technique with molybdenum radiat ion 
and a fiat plate camera. Before exposure, some of the 
silicon substrates were removed by HF-HNO3 acid 
etching. Exposure times of 6 to 16 hr  at tube voltages 
of 40 kV and currents  of 18 mA were necessary to 
produce the pat terns seen in Fig. 2. Figure 2 shows 
the Laue pat terns from a series of films grown on (001) 
silicon substrates with the same mole ratio, total flow 
rate, and deposition tempera ture  values but  differing 
deposition times. Figure 2a is a pat tern  from a 13~ 
thick film (substrate removed),  Fig. 2b from a 32~ 
thick films (substrate  remain ing) ,  and Fig. 2c from an 
86~ film (substrate removed) .  This series shows that  
through a thickness of 13~,, the layer  is highly oriented 
giving rise to a Laue pat tern;  increasing the thickness 
results in more random polycrystal l ine E-SiC growth 
as evidenced by the filling in of the powder pat tern 
r ings at 32~, and the fading out of the Laue pattern.  
By 86~,, all the r ings are near ly  uni form indicating 
that random polycrystal l ine growth is the dominant  
contr ibut ion to the diffraction pattern.  

Examinat ion  of the pa t te rn  in Fig. 2a shows that 
the Laue spots are elongated radial ly  and many  of the 
spots are close to arcs on the powder pat tern rings. 
We th ink the spot enlargement  is due to a small  
angular  distr ibution of crystall i te orientations about 
the preferred orientation. Some of the elongation and 
streaking may also be due to faults incorporated as 
the layer grows. These effects may be the result  of 
the growth process itself or they may be caused by 
the differential thermal  expansion stresses accompany- 
ing the cooling down of the layer and substrate. 

To tenta t ive ly  index the Laue pat tern  in Fig. 2a, 
we have made the following hypothesis: diffraction 
from the same set of crystall i te planes generates both 
the enlarged Laue spots and powder pat tern  arcs ad- 
jacent  to those spots because of an angular  dis tr ibu-  
tion of grain orientat ions about the preferred orien- 
tation. A given set of planes (hkl) wi thin  such an 
angular  dis t r ibut ion of crystallites wil l  diffract not 
one but  a nar row spectrum of wavelengths  from the 
continuous background resul t ing in a radial ly  elon-  
gated Laue spot. When this spectrum includes the 
characteristic radiation, an arc will appear on an ad- 
jacent  powder pat tern r ing (hkl) on the same radius 
as the spot. 

We found that  three orientat ions were required to 
index all the spot-arc pairs subject to the condition 
that the spot be formed by the same set of planes 
as the arc. The orientat ions were: (001) E-SiC ]] (001) 
Si and two (110) E-SiC ][ (001)Si orientations, one 
with [001] E-SiC [[ [ l l0]Si ,  the other with [1T0] E-SiC 
]l [ l l0]Si .  The ma x i mum angular  range of grain ori- 
entations about the preferred orientat ion was found 
to be • ~ Gnomonic projections on planes perpen-  
dicular to the [001] and [110] growth directions in 
the layer verified the tentat ive indexes given above 
and provided indexes for the spots not close to powder 
pat tern rings. Figures 3a, 3b, and 3c show the identi-  
fication of the Laue spots and their  corresponding 
orientation. (For clarity, indexes of some of the weak-  
er spots have been omitted.) Comparison of the (001) 
E-SiC pat tern in Fig. 3a to the (001) silicon pat tern  
under lay ing  Fig. 2b shows that  the [100] ~-SiC ]] [100] 
Si. 

In summary,  we conclude that  the layer  growth 
through about 50~, consists of sets of E-SiC grains 
having at least three orientations with the (001) ori- 
entat ion being epitaxial ly related to the (001) silicon 
substrate. Interspersed among the oriented grai,ls is 
random polycrystal l ine mater ia l  whose proportion in-  
creases with increasing thickness from about 12#. 

Laue patterns from SiC depositions on the (111) 
silicon substrates showed a similar course of growth: 
initial  growth leading to a ma x i mum in orientat ion 
and then a progressive decline in the amount  of ori- 
ented vs. random growth. However, in spite of near ly  
equal growth rates under  identical growth conditions, 
the strongest orientat ions appeared from 70 to 75~ 
from the substrate surface and was not as pronounced 
as that seen with the (001) substrates. 

Surface morphology.--Information on the surface 
morphology was obtained using a Cambridge Stereo- 
scan scanning electron microscope (SEM). The irreg- 

Fig. 2. Laue transmission x-ray diffraction patterns at different SiC thicknesses, a (left) 13~ thick; b (center) 32F thick; c (right) 
86~ thick. 
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Fig. 3. Indexed components of Laue pattern in Fig. 2a. a (left): Spots, outlined by O ,  arising from (001) E-SiC orientation. (001) 
E-SiC I! (O01)Si. b (center): Spots, outlined by D,  arising from one (110) E-SiC orientation. (110) ~-SiC 1[ (001) Si with [001] ,8-SIC 
II [1"I0] Si. c (right): Spats outlined by ~) , arising from second (110) orientation. (110) ~-SiC II (O01)Si with [llO]fl-SiC [I [110]Si. 

ular  topography and fine surface s tructure could be 
clearly observed using the SEM. Samples were con- 
ductive enough so that  no metall ic overcoating was 
required. 

Figure 4 shows a series of scanning electron micro- 
graphs giving surface morphology as a funct ion of 
layer thickness (growth time) for growth on (001) 
silicon substrates. Figure 4a (3395X) shows the surface 
of the 13~ thick film whose x - r ay  diffraction pat tern 
is shown in Fig. 2a. Note the i r regular ly  faceted sur-  
face and the absence of pronounced grain boundaries.  
In Fig. 4b, a micrograph of a 43g thick layer at 715X, 
the rougher, more grainy surface that  develops at 
larger thicknesses is shown. The grain size in the sur-  
face dimension is on the order of 5#. Note the ap- 
pearance of a few sharply faceted grains. Figure 4c 
is a micrograph at 720X of a layer 86u thick whose 
x - ray  diffraction pat tern  is given in Fig. 2c. By the 
t ime this layer has grown to the thickness where 
random, f ine-grained growth strongly predominates,  
the deposited mater ia l  has grown into larger morpho-  
logical uni ts  on the order of 40~ in diameter  (in the 

surface plane) .  This surface s t ructure  resembles the 
"growth cone" morphology seen in  many  polycrystal-  
line chemical vapor depositions. 

The occurrence of pips on the surfaces in Fig. 4 is 
of interest. These appeared in constant  surface density 
on every grown surface examined except where 
strongly faceted growth had occurred. They did not 
appear on the fracture surfaces we examined. Thus, 
we do not th ink  they are an artifact of the microscope 
technique. Rather, the pips represent  either nuclea-  
tion and early growth of addit ional  mater ial  or are 
associated with the te rminat ion  of the deposition. 

If the growth was stopped at certain thicknesses, 
some of the deposited mater ia l  displayed a precisely 
faceted grain structure. A dramatic example of this 
is seen in Fig. 5a which shows faceted growth of SiC 
polytype on (111) silicon substrates at 6080X; grain 
size in the surface dimension is about 1-2~. This SiC 
layer is about 80~ thick. A top view at lower magnifi-  
cation (1200X) is shown in Fig. 5b. The surface mor-  
phology indicates that most of the polytype grains are 
in near ly  the same orientation.  The rough mater ia l  

Fig. 4. Scanning electron micrographs of SiC layer surfaces at different thicknesses, a (left), 13~ thick, 3395X; b (center), 43/~ thick, 
715X; c (right), 86~ thick, 720X. 
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Fig. 5. Scanning electron micrographs of faceted grain structure 

between the faceted grains is probably  much finer 
grained polycrystal l ine material .  

Examinat ion  of the side facets of less perfect grains 
showed that  they are not  smooth planes but  rather  
are composed of a series of steps; this is suggested by 
the striations in the side facets of the grains shown. 
The steps which exist are probably twin  and /or  poly- 
type boundaries  ( lamellae).  Isolated hexagonally 
faceted grains were also observed in growths on the 
(0Ol) silicon substrates but  never  in such copious 
amounts  as seen in Fig. 5. 

We cannot  be certain whether  the hexagonal  mor-  
phology indicates the presence of hexagonal  or rhom-  
bohedral SiC polytypes or a mul t iple  ( l l l ) - t w i n n e d  
~-SiC deposit. 

Relation of layer perfection to processes occurring 
in growth.--The analysis of this mater ia l  makes pos- 
sible some speculation on the na ture  of SiC growth on 
silicon using CVD at atmospheric pressure. The facet- 
ed grain growth described above indicates that SiC 
single crystal l ine- l ike growth can proceed in a l imited 
region of space and time between 1300 ~ and 1400~ 
The fact that  orientat ion occurs at growth rates of 
4 ~,/min but  not in the usual  CVD range of 0.1-1 ~,/min 
for epitaxy suggests that  effects destroying orientat ion 
at lower growth rates are overcome at higher growth 
rates. These effects may include the evaporation of 
silicon from the substrate  surface ( thermal  etch) or 
the codeposition of some impur i ty  such as SiO2 or 
carbon. At higher growth rates, part ial  epitaxial  
growth does occur and the rapidly growing epitaxial  
grains apparent ly  predominate  to give maximal  cov- 
erage of oriented SiC at a certain thickness. However, 
disorienting effects such as lattice mismatch and 
thermal  expansion and tensile s trength differences (4) 
between substrate and film become more pronounced 
at greater film thicknesses perhaps accounting for the 
observed opt imum in orientat ion as a funct ion of 
thickness. 

Preliminary e~ectrical evaluation.--To evaluate thi~ 
mater ia l  electrically, the silicon substrates were re-  
moved from the SiC layers by etching in HF-HNO~ 
mixture.  Contacts were made by fusing a gold- tan ta-  
lum alloy (19) into the mater ia l  at 1200~176 in 
a hydrogen ambient.  All  layers tested were n - type  as 
measured by the hot probe technique. Resistivities, as 
measured by the van  der Pauw method (29), ranged 
from 0.5 to 35.5 ohm-cm on layers about 25~ thick. 
Effective Hall  mobilities for these layers fell in the 
range of 4-7 cm2/V-sec. These numbers  give informa-  
t ion about the electron t ransport  properties parallel  

appearing at the layer surface, a (left), 6080X; b (right), 1200X 

to the layer surface. The low value of mobil i ty  prob-  
ably indicates extensive grain  boundary  scattering due 
to interspersed random polycrystal l ine mater ia l  and 
mult iple  grain orientations. 

Summary 
1. By increasing the CVD growth rate to 4.3 ~,/min 

at temperatures  close to the mel t ing point  of silicon 
(~1365~ and by using the highest pur i ty  reagents 
available, SiC layers were deposited on (001) silicon 
which, at 12~ thick, had crystall i tes which were suffici- 
ent ly  oriented to produce a Laue x - r a y  pattern.  

2. Such layers had both mult iple  orientations and 
inclusions of sharply faceted grains. The inclusions 
appeared to be more prevalent  in growth on the (111) 
than on (001) silicon substrates. 

3. The epitaxial  texture  changed with thickness. A 
mixture  of random and epitaxial  nucleat ion init iated 
the growth. After  this, the balance between random 
and oriented growth varied such that  the proportion 
of oriented growth reached a max imum and then de- 
generated to completely polycrystal l ine growth at 
large thicknesses (~10O~). Maximum orientat ion was 
more pronounced, reproducible, and more quickly 
reached in growth on the (001) silicon substrates as 
compared to the (111) silicon substrates. 
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Effect of Nitrogen on the Linear Oxidation 
of Niobium 

C. Catella and R. Streiff*,' 
Laboratoire de Mdtallurgie et Chimie du Solide associd au C.N.R.S., Facultd des Sciences, Nancy, France 

Above 400~ the oxidation of n iobium exhibits 
typical paral inear  kinetics (1, 2). The l inear oxidation 
rate has been found to be strongly dependent  on oxy- 
gen pressure, the rate decreasing with decreasing 
pressure (1-3). The oxidation of n iobium in  air should 
therefore be slower than  in  pure oxygen. This be- 
havior has been noted in some previous investigations 
(5, 6) and could be purely a result  of the reduction 
in part ial  pressure. Now, it has been recently shown 
that one cannot always assume ni t rogen to be inert, 
especially in the oxidation of reactive metals by air 
(7) or at high tempera ture  in which cases formation 
of oxynitr ides has been observed involving changes in 
kinetic laws and rate values. This reaction could be 
possible with niobium. 

Consequently, in order to determine whether  or not 
ni t rogen affects the oxidation rate, the partial  pres- 
sure of oxygen has to be kept constant, in experiments  
both with or without  nitrogen. Similar  investigations, 
limited to the effect of small  percentages of ni trogen 
from 1 to 10%, have already been carried out by 
McLintock and Str inger  (4). In  the present  study, the 
effect of high percentages of ni trogen (from 10 to 90%) 
has been investigated. 

The reaction was followed by weight gain in a 
microbalance. The apparatus had a large volume and 
the change in gas pressure was negligible. Thus, the 
total  pressure could be assumed to be constant. The 
l inear  rate constants were de termined with several 
experiments  at each tempera ture  in order to reduce 
the uncer ta in ty  of each value. The present  results are 
shown in the form of variat ions of the l inear  constants 
(in micrograms per square centimeter  per minute)  vs. 
the reciprocal absolute temperatures.  For  each part ial  
pressure of oxygen, two sets of experiments  were 
carried out, one with pure oxygen, the other in an 

* Elect rochemical  Society Act ive Mer~ber. 
1P re sen t  address: Laboratoire de Chimie  des  Matdr iaux,  U.E.R. 

de C h i m i e - - U n i v e r s i t ~  de  Provence ,  P lace  Victor Hugo, 13 Mar-  
seille (3e), France.  

Key  words :  n iobium;  oxidat ion;  rate  constant;  kinet ics ;  n i t rogen,  
effect  of. 

oxygen-ni t rogen mixture  with equivalent  oxygen 
part ial  pressure and total  pressure equal to atmo- 
spheric. 

The effect of oxygen on the l inear  ra te  over the 
range 0.1-1 a tm and at temperatures  in the range 
450~176 is shown in Fig. !. We observed some 
wel l -known features of the niobium oxidation be- 
havior. The two reversals in the temperature  depen-  
dence (1-2) of the oxidation rate are perceptible 
around 600~ and between 800 ~ and 90O~ 

The effect of ni t rogen on the l inear  oxidation of 
n iobium at several oxygen part ial  pressures is shown 
in Fig. 2, 3, and 4. At all temperatures,  a reduction in 
the reaction rate in the presence of ni t rogen is ob- 
served. The retardat ion seems not  to be strongly in-  
fluenced by the percentage of nitrogen. Likewise, the 
reduction in the rate seems not dependent  on tem-  
perature ranges on both sides of the m i n i m u m  rate 
where a stronger effect is observed. These observa- 
tions are in agreement  with those of Str inger  (4) who 
noted only a very  small  effect of ni t rogen content  or 
variat ions from 1 to 10%. The present  study confirms 
these observations over a large range of tempera ture  
and ni trogen pressure. 

Besides, the presence of ni t rogen does not affect the 
morphology of the oxide scales formed dur ing the 
oxidation. The only phases observed are Nb205 with 
various crystal structures depending on the oxidation 
temperature,  and the suboxides NbO~ and NbO. 
Neither  Kj~ldhal  chemical analysis  nor  x - r a y  analysis 
revealed the formation of ni tr ide or oxynitride. 

Microanalysis of the amount  of ni t rogen in the 
formed oxide scales by use of nuclear  reaction s led to 
the same conclusions. The ratio of ni trogen is always 
lower than 10 -2 ~g/cm ~. Analysis of the compact 
scale-porous scale interface revealed a higher content  
of ni t rogen in the porous scale than in the compact 
scale. This could be due to adsorption of ni t rogen in 

The  authors  are espec ia l ly  indebted  to Dr. Beranger  (Ecole des  
Mines - -Un ivers i td  de Paris) for  per forming  the  n i trogen analysis  
by nuclear  reaction,  and wish  to acknowledge  this assistance,  
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the pores of the outer scale or at the compact scale- 
porous scale interface. 

The decrease in the oxidation rate can therefore 
not be ascribed to the formation of a layer  of ni tr ide 
or oxyni t r ide as formerly  observed in the oxidation 
of calcium by air (7). It  also cannot be due to the 
effect of a very small  dissolution of ni t rogen in the 
niobium oxide. Such a ni t rogen solution in oxygen-  
deficient Nb~O5 should increase the concentrat ion of 
vacancies and hence the diffusion rate in the inner  
compact scale, as it can be expressed in terms of the 
Wagner-Hauffe model, thereby increasing the over-al l  
l inear rate. That  is in  contradict ion with Str inger 's  
and our own observations. The ni t rogen effect has to 
be examined with regard to an interface ra te-con-  
trolled process (8). The rate of oxidation then is de- 
pendent  on the oxygen concentrat ion at some interface, 
this concentrat ion being determined by an equil ib-  
r ium adsorption process. The effect of ni t rogen may be 
due to competit ion with oxygen on the adsorption 
sites at the interface compact-porous scale. The pres- 

ence of ni t rogen lowers the number  of available ad-  
sorption sites and therefore decreases the l inear  
oxidation rate. 

Manuscript  received Dec. 21, 1970. 

Any  discussion of this paper  will  appear in a Dis- 
cussion Section to be published in the December 1971 
JOURNAL. 
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Fluorescence of Alkaline-Earth Silicates 
Activated with Divalent Europium 

T. J. Isaacs 
Westinghouse Research Laboratories, Pittsburgh, Pennsylvania 15235 

The fluorescence of a number  of silicates activated by 
divalent  europium has been reported on by various 
authors (1-5). In  this paper, a new family  of 
silicate phosphors having the general  composition 
M2+A12Si2Os:Eu 2+, where M 2+ can be Ca, Sr, Ba, is 
discussed. This family is the feldspars which are 
alumino-si l icate f ramework structures with the diva-  
lent  cations occupying hexagonal interst i t ial  positions. 

Experimental Procedures 
Spectrographic grade s tar t ing materials  from John-  

son-Matthey of 5 nine 's  pur i ty  (CaCOa, BaCO3, SrCO3, 
a-A1203, SiO2, Eu203) were weighed in appropriate 
proportions, mixed in a SPEX mixer  mil l  with approxi-  
mately  10% by weight of an NH4C1 flux for 15 min, 
and then fired in capped fused quartz capsules at a 
temperature  range of 1150~176 under  an atmo- 
sphere of approximately 95% N2, 5% H2 for 2 hr. The 
product was ground and retired under  the same con- 
ditions for the same durat ion of time. The run  was 
brought  rapidly to room temperature  in this atmo- 
sphere. It  was found that  the addition of a small 
amount  (approximately 1-2 g-atom %) of sodium (in 
the form of sodium carbonate)  in place of s t ront ium 
or calcium often brought  about narrower  emission 
peaks with greater luminous intensity.  One of the 
three polymorphs made in this work of BaA12Si2Os 
(celsian) was synthesized using the hydrothermal  
method. In  this r un  EuCO~ was used as the source of 
europium, and no flux was employed. The run  was 
made at a tempera ture  of 700~ under  a pressure of 
approximately two kilobars; the durat ion was a week. 

X- ray  powder diffraction pat terns using the Debye- 
Scherrer method were taken of all the compounds 
made to identify the materials  and ascertain that they 
were of one phase. The exposure times varied from 
8-10 hr. The x - ray  diffraction pa t te rn  of the two 
"hexagonal" bar ium feldspars were very similar, and 
the pat terns  reported in  the l i terature  (6-10) were 
not definitive. We found that  the emission spectrum 

Key words: bar ium feldspar,  s t ront ium feldspar,  calcium feldspar,  
emission and excitation spectra, x - r ay  diffraction patterns. 

gave a better  indication of the number  of phases 
present  than did the diffraction patterns.  

Emission and excitat ion spectra were determined at 
room temperature  on a double-beam monochromator  
system designed and buil t  by Riedel (11). 

Measurements of phosphor performance of some of 
the materials were made at selected temperatures  in 
the interval  from room tempera ture  to 500~ The 
apparatus used was also designed and bui l t  by Riedel. 
An Osram HBO-100 w/2 short-arc high-pressure 
mercury-vapor  lamp is the exciting source. The ex- 
citation wavelength is selected by using one of three 
interference filters with peak transmissions at 254, 313, 
and 365 nm respectively, and a passband of about 2 nm. 
The intensi ty  of the excitation radiation, and the 
amount  of radiation reflected from the sample are 
monitored by two separate photomult ipl iers  equipped 
with identical interference filters. A third photomult i -  
plier monitors  the luminescence emission. A filter is 
used to select the desired wavelength region. The 
samples are kept in a s tagnant  ni trogen atmosphere 
dur ing  the runs. 

Results and Discussion 
The CaA12Si2Os which we made corresponds to the 

minera l  anorthite. Three polymorphs of BaA12Si208 
were made, one corresponding to the minera l  celsian, 
and the other two being similar to the so-called hexag- 
onal celsians reported by numerous  authors (6-10, 
12-14). While there is some general  agreement  be- 
tween the x - r ay  diffraction pat terns given in the l i t-  
erature, and with our patterns, there are significant 
differences and only two of them [ref. (6, 9)] could 
be indexed according to hexagonal  symmetry  by our 
least squares refinement technique. One of the authors 
(9) reported an orthorhombic polymorph with a simi- 
lar x - r ay  pat tern  to the "hexagoflal" form, but  using 
this data we were not able to index this pat tern ac- 
cording to orthorhombic symmetry.  The x - r ay  diffrac- 
tion pat terns reported in the l i terature and our two 
pat terns are given in Table I for comparison purposes. 
The pat tern  given by Ito (7) has been omitted as it 
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Table I. d-Spacings and relative intensities of a-BoAI2Si208 

B a r r e r  (6) 
B a r r e r  (6) 

i g n i t e d  

d I /Io d I/Io 

T a k d u c h i  (9) T a k 4 u c h i  (9) 
S o r r e l l  (8) ( h e x a g o n a l )  ( o r t h o r h o m b i c )  I v u k i n a  (lO) 

d I/Io d I/Io d I/Io d I/Io 

T h i s  p a p e r  T h i s  p a p e r  
( h i g h - t e m p )  ( l o w  t e m P )  

, d  I/Io d I/Io 

7.74 

3.96 

2.97 
2.67 

2.31 
2 .250 
2,215 

1.982 
1.933 
1.854 

1.702 
1.692 
1.561 
1.540 

1.464 
1.445 
1.331 
1.319 
1.282 
1.262 

ra  7.77 ra 7.83 29 7,79 112 7.79 100 7.561 
4.59 7 

s 3,95 vs  3.97 97 3.963 47 3 .949 43 3,968 
3.901 20 3.899 18 

s 2.96 s 2.98 100 2.977 59 2.968 49 2 .974 
ms  2.65 ms  2.65 49 2.659 15 2.647 13 2 .649 

2.602 22 2.597 20  
2.51 9 

m w  2 .29  w 2.300 5 2.292 4 2 .295 
m 2 ,254 m 2.26 36 2,266 15 2.259 18 2,276 
m 2.196 m s  2.20 29 2.206 11 2.195 11 

v w  1.971 v w  1.95 24 1.951 60 1.947 65 1.946 
w 1.942 w 
m 1.850 m 1.86 31 1.860 6 1.853 7 1.846 

1.79 11 1.788 
m 1.690 m 1.687 
m 1.682 m 1.58 24 1.578 
rnw 1.565 m w  
w 1.526 w 1.53 9 1.630 

1.472 
w 1.469 w 
v w  1.440 v w  1.444 
w 1.322 w 1.335 
v w  
w 1.288 r a w  1.287 
v w  1.253 v w  1,250 

1,204 

1.160 

1.047 
1,024 

0.9849 
0.9590 

0.9001 

0.8504 

0.8104 

30 7.56 28 7.55 m 

83 
3.902 100 3.905 s 

3,341 w 
100 2.939 80 2.939 s 

33 2 .628 44 2 .639 m s  
2.583 3 
2.491 4 

47 2.272 9 2.282 W 
43 2.241 17 2 .240  m w  

2.184 28 2 .190 m 
2.070 w 

43 1.965 6 1.964 m w  
1.936 11 1.931 m w  

41 1.844 17 1.845 m 
16 1.783 1 
18 1.687 16 1.689 m 
31 1.578 17 1.579 m 

1.561 IO 1.563 m 
23 1.524 9 1.530 m w  
53 1.479 1 

1.468 2 1.469 w 
22 1.437 7 1.439 w 
20 1.322 5 1.325 r a w  

1.315 4 1.316 v w  
2 7  1 .284  3 1.285 w 
16 1.253 3 1.255 w 

1,247 1 
23 1.207 6 1.209 m w  

1.200 2 1.200 w 
1.179 3 1.179 v w  

17 1.155 3 1,155 w 
1.140 <I 
1.132 <I 
1.128 < 1  

1.097 <I 1,096 w 
1.093 1 

17 1.041 < 1  1,043 v w  
30 1.024 < 1  1.024 v w  

1.015 1 
0.9997 1 1.003 v ~  

17 0.9839 1 0.9874 vw 
20 

0.9327 1 0.9342 w 
0.9254 <I 0,9246 v w  
0.9111 < 1  

17 0.8987 1 
0.8897 2 0 .8916 v w  
0.8817 <1 
0.8713 1 0.8716 v w  

20 
0.8464 2 0 .8472 v w  
0,8355 <I 0.8374 v w  
0.8193 <i 

15 0 .8086 <I 0,8073 v w  
0 .8059 <i 
0,7906 < 1  

completely  disagrees wi th  all  the  others. The product  
which one obtains seems to be in good part  dependent  
on start ing mater ia ls  and method of synthesis as wel l  
as t empera tu re  and durat ion of the run. For  the sake 
of simplicity, we shall  refer  to our bar ium alumina 
silicates as celsian, and low-  and h igh- t empera tu re  
a-BaA12Si2Os. SrAlzSi2Os is reported to have  both a 
low- and a h igh- t empera tu re  form (8), the fo rmer  
of which is hexagonal  (and supposedly metastable)  
and the la t ter  triclinic. We w e r e  not  able to synthesize 
the hexagonal  form as a s ingle-phase compound but 
always had some of the triclinic form present. 

These mater ia ls  show fluorescence f rom the near  
u l t raviole t  to blue under  254 nm excitation. The spec- 
tra were  broad with  peaks at approximate ly  423 nm 
for CaA12Si2OB:Eu 2+, 427 nm for celsian, 413 nm for 
l ow- t empera tu re  a-BaA12Si2Os, 371 nm for high-  
t empera ture  a-BaA12Si2Os:Eu 2+, 407 nm for the high-  
t empera tu re  SrA12Si2OB:Eu 2+, and 411.-414 nm for the 
mixed phases SrA12Si2OB:Eu 2+. The emission spectra 
are shown in Fig. 1. The intensit ies of the curves are 
not drawn re la t ive  to each other  as the differences in 
intensi ty are too great. 

Exci tat ion spectra of these mater ia ls  show a broad 
band extending f rom approximate ly  213 to 390 nm for 
CaA12Si2Os:Eu 2+, two broad bands, one peaking at 
257 rim, the other  at 310 nm for celsian, a broad band 
with  a peak at 273 nm for low- tempera tu re  
a-BaAI2Si2Os:Eu 2+, three  bands with  peaks at 202, 
232, and 300 nm for h igh- t empera tu re  a-BaA12Si2Os: 
Eu 2+, and two broad bands with  peaks at 260 and 330 
nm for the h igh- t empera tu re  form of SrA12Si~Os: Eu 2 ~. 

The spectra are  shown in Fig. 2. The arb i t ra ry  units 
are individual  for each curve. 

Quantum efficiency for a sample of h igh- t empera -  
ture SrA12Si2Os:Eu 2+ containing 1 m / o  (mole per 
cent) Eu 2+ was de termined  to be 85 • 7% at 254 nm 
when compared with  NBS Standard  MgWO4 No. 1027. 
The other  materials  were  not measured as this was 
the most intense of the compounds made. 

Studies of the effects of e levated tempera tures  on 
the intensi ty of emission were  conducted on some of 

i i i r i i i i i i 
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Fig. 1. Spectral energy distribution of the emission of CoAI2Si2Os: 
Eu, SrAI2Si2Os:Eu, and BaAI2Si2Os:Eu at 254 nm excitation. Tile 
Eu 2§ concentration is at 1%. 
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Fig. 2. Excitation spectra of Eu 2+ fluorescence of the phosphors 
CaAI2Si2Os:Eu, SrAIzSi2Os:Eu, and BaA12Si2Os. The Eu 2§ concen- 
tration is at ! % .  The fluorescence wavelength was monitored at 
the peaks shown in Fig. 1. 

these materials,  and the results are shown in Fig. 3. A 
Corning 3-75 filler was placed in front of the S-20 
photomult ipl ier  used to detect the fluorescence. 
Quenching temperatures  (those temperatures  at which 
emission intensi ty falls to 50% of room temperature)  
were approximately 225~ for CaA12Si2Os:Eu 2+, 240~ 
for the low-tempera ture  a-BaA12Si2Os:Eu 2+, and 
310~ for the h igh- tempera ture  form of SrA12Si2Os: 
Eu 2 + 

The feldspars are complex materials  and extensive 
work has been done on the more common members.  
There is confusion about the bar ium alumino silicates 
and cer tainly it would be desirable for us to know 
exactly the mater ial  we have been studying for fluores- 
cence. Such a study would necessarily be quite exten-  
sive and therefore beyond the scope of this work. 
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Mobile Ion Transfer to SiO  Films from Ethanol 
S. I. Raider* and R. Flitsch 

International Business Machines Corporation, Components Division, 

East Fishkill Facility, Hopewell Junction, New York 12533 

The relationship between the contaminat ion of SiO._, 
surfaces with organic reagents and the subsequent 
ionic drift  has been interpreted in different ways. 
Hofstein (1), using neut ron  activation, 22Na radio- 
tracer analyses, electrical measurements,  and tri t iated 
ethanols in his studies, concluded that  mobile protons 
are t ransferred from ethanol  to SiO2 films. Oddly, it 
was the ].ess chemically reactive protons on the =- and 
fl-carbons of ethanol, and not  the hydroxyl  group 
proton, that were correlated with the mobile species. 
Sunshine (2) indicated that  ethanol  and other organic 
material.,',, independent  of alkali  ions, caused ionic 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  M O S ,  ion ic  d r i f t ,  m o b i l e  s o d i u m  ions ,  m o b i l e  h y d r o -  

g e n  ions,  o r g a n i c  c o n t a m i n a n t s .  

drift in SiO2 films. Gregor (3) correlated shifts in flat- 
band voltage with contaminat ion of oxide surfaces 
using h igh-pur i ty  organic reagents, including ethanol, 
as contaminants.  It was suggested that the a luminum 
electrode reacted with the treated oxide surface to 
release an active positive species, but  no conclusion 
was reached as to whether  the observed ionic drift 
was due to mobile protons or to sodium ions. Yurash 
and Deal (4) measured the ionic drift  in meta l -oxide-  
silicon (MOS) structures after immersing oxides in 
acetone and tr ichloroethylene and compared these 
results with the number  of Na + ions present  in these 
solvents. The ionic drift  and the Na + ion concentrat ion 
in these two organic solvents were found to be directly 
related. MOS structures were also contaminated with 
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Table I. Contamination of Si02 surface with dlsti]led and nondisfilled 100% ethanol 

si(y~ 
c o n t a m i n a t i o n  

Ion ic  d r i f t  
Q/q* 

C o n t a m i n a t i o n  p r o c e d u r e  T y p e  of m e a s u r e m e n t  • 10 u cm-'-" 

Na+ in  EtOH,  
m o l e s / l i t e r  

(F lame  p h o t o m e t r y )  

T r i t i a t e d  E tOH 
[Ho l s t e in  (1) J 

100% EtOH 
[ G r e g o r  (3) ] 

100% E t O H  

C o n t r o l  

100% E t O H  

1 
C o n t r o l  

D i s t i l l e d  
100% E tOH 

t 
C o n t r o l  

15 m i n ,  E tOH drops  b e t w e e n  C h a r g e - t i m e  (Q-t ) :  + 50V, 250~ dox: > 1 0 0  
wafers ,  75~ 6000A 

1 Min  on SiO2 sur face ,  r oom B i a s - t e m p e r a t u r e  ~C-V) : + 30V, 200~ 45-60 
t e m p  30 rain;  dox: 5500A 

5 Min  i m m e r s i o n ,  r oom Q-t: +40V, 250~ 84-240 
t emp,  50 c c  

- -  C-V:  * 40V. 250~ 5 ra in  0.5-1.2 

5 M i n  i m m e r s i o n ,  r o o m  Q-t: +40V, 250~ 103-178 
t emp,  50 c c  

2-3 Min,  E tOH (78~ e v a p -  C-V:  +40V,  250~ 5 ra in  0.4-0.7 
o r a t e d  o n  SiO~ 

- -  I 0.8 
l 

15 Min,  E tOH drops  b e t w e e n  I 1.0-1.4 
wafers ,  75~ I 0.9 

5 M i n  i m m e r s i o n ,  r oom [ 0.5-1.0 
t emp ,  50 cc 1 1.0-1.4 

5 Min  i m m e r s i o n ,  75~ 50 0.8 

cc 0.8 

m 

2.0 • 10 -~ 

2.0 • I0  -~ 

2.0 x 10 -~ 

3.0 • 10 -s 

3.0 • 10 -s 

3.0 • 10 -s 

*Q = n e t  i o n i c  cha rge ;  q = u n i t  charge.  

organic reagents after the a luminum electrodes had 
been deposited and annealed. From the lat ter  experi-  
ment, Yurash and Deal suggested that  the shifts ob- 
served in the C-V plots after the MOS structures were 
stressed were related to ionic contaminants  diffusing 
in from the edges of the electrodes. Reactions between 
the a luminum electrodes and the organic molecules 
which might produce mobile species were therefore 
considered unlikely. 

In  the present work, the effect of contaminat ing an 
oxide surface with ethanol  was re -examined with 
respect to the corresponding ionic drift  and the Na § 
ions present in the ethanol. Using oxygen-s team-  
oxygen, oxide films 5700A thick were thermal ly  grown 
on p-type, 2 ohm-cm, ~100>,  silicon wafers. Alumi-  
n u m  dots (20 mils in diameter, 5000A thick) were 
evaporated through metal  masks onto the oxides after 
contaminat ing  the surfaces wi th  ethanol. A l u m i n u m  
was also evaporated onto the backs of the wafers. The 
wafers were then annealed at 400~ for 20 min  in N,_, 
gas. Table I shows the results of flame photometric 
analyses of trace amounts  of Na + ions in 100% ethanol 
(U.S.I. Absolute Ethanol, Reagent Grade),  and also 
lists the n u m b e r  of electrically mobile  ions t ransferred 
to the oxide films as a result  of immersing them in 
ethanol. 

To reduce the Na + content  of the ethanol  contacting 
the oxide surface, the ethanol was evaporated from a 
heated beaker onto an oxide film held above the 
beaker. The effect of contaminat ing  an SiO,2 surface 
in the absence of Na + ions with l iquid ethanol was 
examined after first distil l ing the ethanol twice, using 
a quartz disti l lation column. Holstein's exper imental  
procedure was st imulated by heat ing the distilled 
ethanol between two oxide surfaces at 75~176 for 
15 min. In  addition, wafers were immersed in the 
distilled ethanol and heated both at room temperature  
and at 75~176 for 5 min. Ionic drift  results from 
these experiments  are listed in Table I, together with 
those from experiments  by Holstein and by Gregor. 

When the exper iments  described in Table I were 
repeated without  the 400~ postmetall ization anneal,  
similar drift  results were obtained. Finally,  since it 
had been demonstrated (5) that Na + impuri t ies  are 
most concentrated near  the air surface of thermal ly  
grown SIO2, about  250A of each of the oxides were 

removed by etching with dilute HF before contami-  
nat ing these surfaces with ethanol. The results of 
contaminat ing these etched oxide surfaces with dis- 
tilled and nondist i l led ethanol are similar to those ob- 
tained with no etching. 

The results in Table I indicate that  the number  of 
electrically mobile ions found in SiO2 films after the 
surfaces of these films were contaminated with ethanol 
appears to be related to the n u m b e r  of Na + ions 
present in the ethanol. Heat ing the distilled ethanol 
at 75~176 between two oxide surfaces had little 
effect on the ionic drift. Since nei ther  the evaporated 
nor the distilled ethanol affected the ionic drift, it 
must  be concluded that, contrary to Hofstein's findings, 
there is no evidence of mobile protons in SiO2 resul t-  
ing from ethanol contamination.  The distr ibution of 
t r i t ium that Holstein observed in SiO2 after he con- 
taminated silica surfaces with t r i t ia ted ethanols does 
not necessarily indicate that  t r i t ium is electrically 
mobile in SIO2; rather, the dis t r ibut ion may be indica- 
t ive of a secondary effect resul t ing from the movement  
of Na + ions. 
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Modulation of Dopant Segregation by Electric Currents 

in Czochralski-Type Crystal Growth 

M .  L ich tens te iger ,  A .  F. W i t t , *  and  H. C.  G a t o s *  

Center for Materials Science and Engineering, Massachusetts Institute oS Technology, 
Cambridge, Massachusetts 02139 

Extremely  rapid modulat ion of dopant  segregation 
was observed in te l lur ium-doped ind ium ant imonide 
single crystals brought about by  electric currents  ap- 
plied across the growth interface dur ing Czochralski- 
type crystal growth. The time constant  of the modu-  
lation was found to be in the millisecond range and 
thus orders of magni tude smaller than that encoun-  
tered in diffusion-controlled processes. Abrupt  changes 
in the microscopic growth rates associated with Pel-  
tier cooling were quant i ta t ive ly  determined. Concur-  
rent  changes in the facet growth were also observed. 

A dual output  funct ion generator and high-speed 
programmable  power supply were used to produce 
current  pulses of controlled ampli tude and duration. 
Positive current  pulses were applied (from seed to 
melt)  across the crys ta l -mel t  interface of a t e l lu r ium-  
doped (1017/cm 3) ind ium ant imonide system leading 
to Pelt ier  cooling (see circuit d iagram in Fig. 1). All 
results were obtained with crystals of about 1.4 cm 
in diameter  pulled in the <111> direction without 
rotation [to achieve constant  microscopic growth rates 
(1)] at a rate of 2.5 cm/hr ;  they were cut along the 
growth axis, polished, and etched. The etching rate 
is a sensitive funct ion of dopant concentrat ion (it 
decreases with increasing Te concentrat ion) and the 
result ing surface topography reflects in detail  the 
compositional changes in the crystal  (2). 

The effects of current  pulses (see insert, Fig. 2), 
with a repeti t ion rate of 4 sec, on dopant segregation 
are shown in Fig. 2. It is seen that  every pulse re-  
sults in an instantaneous increase in dopant  concen- 
tration, the magni tude and durat ion of which are 
controlled by the pulse characteristics. It is most in-  
teresting to note that  the increased dopant  concen- 
t ra t ion remains  at a constant  level throughout  the 
period of cur ren t  flow. Similarly,  upon terminat ion  
of the pulse, the dopant  concentrat ion decreases in -  
s tantaneously  and again remains  constant  throughout  
the 3 sec in terval  between successive pulses (mult iple  
beam interferograms showed that  the etched regions 
grown with and without  current  flow were flat). 

From the rise t ime of the pulses (20 msec) and the 
l inear resolution of light microscopy (~0.2#), the 
time constant  associated with the cur rent - induced 
dopant concentrat ion change is found to be at most 
of the order of several milliseconds. A t ime constant 
of a similar magni tude  is apparent ly  operative dur-  
ing re laxat ion of the dopant  segregation upon the 
te rminat ion  of current  pulses. From the width of the 
region grown dur ing  the application of pulses (800 
msec), an average growth rate greater  by a factor of 
3.7 than the actual pul l ing rate was found. The re- 
gions between pulses grew at a rate which was 
wi th in  5% of the pul l ing rate. 

The effect of sloped current  pulses (see insert, Fig. 
3) on the dopant segregation are shown in  Fig. 3; 
both an off-core region ( r igh t -hand  side) and a core 
region ( lef t -hand side) of the crystal  are shown. 
A continuous elevation increase from top to bottom 
(confirmed by mult iple  beam interferometry)  cor- 
responding to the pulse shape is observed. It reflects 
the direct dependence of dopant segregation on cur-  

* Electrochemical Society Active Member. 
Key words: crystal growth, impurity distribution, indium anti- 

monide. 
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Fig. 1. Simplified diagram for programmed current pulse genera- 
tor. The pulse generator signal, EI, is fed through input resistance, 
R[, to the summing point, S, of a high-speed programmable power 
supply (with 5SV compliance) used as compensated summing ampli- 
fier. Its output, I, is controlled by a negative feedback current, 
IRcs/Rcc, where Rcs and Rcc are sensing and control resistors. 
The voltage drop, IRs, is used to monitor the waveform of the 
pulses on a differential plug-in oscilloscope. Switch Sa permits 
polarity reversal of the pulses applied across the growth system, C, 
whose total resistance measured approximately 300 mohms for the 
experiments described, and switch $2 allows current shunting across 
a "dummy-load," RL, for adjusting the pulse characteristics before 
start of the experiment. 

Fig. 2 (211) "Off-core" section of Te-doped InSb single crystal 
cut along the growth axis (grown without rotation). Composite cur- 
rent pulses with the characteristics shown in the figure were ap- 
plied during growth. The instantaneous increase and decrease in 
dopant segregation associated with the onset and termination of 
current flow is clearly visible. Magnification 355X. 
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Fig. 3. (211) Section of a Te-doped InSb single crystal cut along 
the growth axis (grown without rotation). The long rise time of the 
current pulse, shown in the figure, causes a gradual increase in 
dopant segregation. The temporary decrease in current is re- 
flected as a dark line (see text). Magnification 355X. 

rent  density. The asymmetr ic  position of the dark 
l ine wi th in  the pulsed region (caused by the current  
reduction as shown in insert  of Fig. 3) demonstrates 
a current-control led  growth rate. It  is also seen that  
the cur ren t - induced  increase in growth rate is greater 
in  the off-core than in  the on-core region, reflecting 
the differences in the prevai l ing growth mechanisms. 
Figure 3 shows fur ther  that  the off-core to on-core 
del ineation which corresponds to the t ransi t ion from 
curved to flat growth interface is very pronounced 
in  the regions of increased growth rate associated with 
current  flow; it is bare ly  visible in the parts of the 
crystal  g1'own with no current  flow. It is also ob- 
served that  the increased growth rate associated with 
current  flow results in a rapid facet (core) expan-  
sion into the off-core region which relaxes upon the 
decrease in  growth ra te  caused by te rminat ion  of the 
pulse. The extent  of core expansion is a funct ion of 
the curvature  of the prevail ing solidification isotherm 
and the magni tude  and dura t ion of the current  pulse. 
This growth interface behavior is consistent with the 
spontaneous tendency of the facet to expand under  
unres t r ic ted (accelerated) growth conditions. The 
microscopic dopant dis t r ibut ion in the core region ad- 
jacent  to the off-core is complex and reflects the t r an-  
sition from one growth mechanism to another  (3). 

The effects of relat ively long current  pulses (as dis- 
cussed above) on the microscopic growth rate were 
studied by superimposing 15 msec pulses of 5A am-  
pli tude and a f requency of 6/sec [serving as rate 
striations (4)].  The results are shown in Fig. 4. The 
regions grown with current  flow (1 sec durat ion)  can 
be readi ly differentiated from the regions grown dur-  
ing the 3 sec intervals  between successive pulses; the 
former contain 6 and the lat ter  18 rate striations. 

Measurements of the spacing of the "rate striations" 
show that  the growth rate upon the application of 
the cur ren t  pulses increases ins tantaneously  by 340% 
and remains  constant  for the durat ion of the pulses; 
dur ing  the intervals  between the successive pulses, 
the growth rate is also constant  and about 8% higher 
than  the actual pul l ing rate. 

Fig. 4 (211) "Off-core" section of a Te-doped InSb single crystal 
cut along the growth axis (grown without rotation). The effects of 
superimposed 15 msec pulses (see insert) are clearly visible and are 
utilized as rate striations. The regions grown with current flow 
contain 6 and those grown between successive pulses 18 rate stri- 
ations. Their relative separation shows that current flow increases 
the microscopic rate of growth (see text). Magnification 405X. 

In  the light of the ins tantaneous response of the 
growth system to the onset and terminat ion  of cur-  
rent  flow, it is apparent  that current  pulses of short 
durat ion and low ampli tude used for introducing "rate 
striations" do not interfere with the over-al l  growth 
characteristics of general  concern. 

The present ly  reported very  rapid modulat ion of 
the dopant  segregation cannot be explained by the 
prevail ing theoretfcal t reatments  based on a constant 
interface segregation coefficient and diffusion-con- 
trolled mechanisms (5). According to these t reat -  
ments, the dopant segregation read jus tment  to an 
abrupt  change in growth rate should be roughly 90% 
completed wi thin  1 sec, or about 0.1% completed in 
10 msec. The present results show that compositional 
readjus tment  following the onset and terminat ion  of 
current  fiow takes place in less than  10 msec with no 
subsequent  detectable composition changes for pe- 
riods ranging up to 3 sec. It is evident  that  the pres- 
ent ly  observed dopant segregation phenomena are not 
diffusion controlled. We believe that they result  from 
changes in the interface dis tr ibut ion coefficient which 
is general ly  assumed to be constant. 

Well-defined current  pulses constitute a powerful 
tool in fundamenta l  crystal growth studies and in 
materials  design, such as the formation of abrupt  
controlled changes in dopant concentra t ion and the 
formation of dopant  superlattices. Controlled crystal 
growth induced by Pel t ier  cooling is current ly  being 
applied to l iquid phase epitaxy. 
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T h e  D e p e n d e n c e  of  Emiss ion  S p e c t r u m  a n d  

E f f i c i e n c y  o f  G a A s : S i  D i o d e s  on the  

S i l icon  C o n c e n t r a t i o n  

B. H.  A h n ,  R. R. Shurtz ,  and  C. W .  Trussel l  

Night Vision Laboratory, USAECOM, Fort Be~voiv, Virginia 22060 

Amphoteric GaAs:Si  electroluminescent  diodes are 
quite efficient at room temperature,  and domed con- O 
figuration GaAs:Si  diodes have power efficiency as r 
high as 28% (1, 2). Many investigators have made 
electrical absorption and photoluminescent  measure-  
men t s -on  GaAs:Si  epilayers (3-5), but  these param-  ~ 9800 
eters were not correlated to the device performance. 

We present the dependence of spectral emission and --~ 
9600 power efficiency on the substrate orientat ion and the 

Si concentrat ion in the melt. GaAs:Si  diodes were D nr 
fabricated by liquid phase epitaxy (6). N-GaAs sub- }-- 
strates were used which were oriented in (100), o 9400 t~ 
( l l l ) - A ,  and ( l l l ) - B  directions and doped with Si to a. 
2-5 x 101S/cm3. The tilt  tempera ture  was 970~ and r 

9200 the cooling rate was logarithmic with the fastest seg- z 
ment  cooling at 2.5~ and the slowest at less O 
than 0.5~ Silicon in the melt  was varied from r 

03 9000 0.8 a/o (atomic per cent) to 2.4 a/o. The tilt  tempera-  
ture  was high enough to have resulted in the am-  u~ 
photeric p -n  junct ion growth at all the Si concentra-  
tions and all orientations. Figures 1, 2, and 3 show the 
emission peak dependence on the Si concentrat ion in 
the melt. The longest emission spectrum (10,160A) 

Key words: amphoteric, III-V compound, electroluminescence, 
orientation effect. 
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Fig. 2. Plot of emission spectrum peak vs. Si concentration in the 
melt. The GaAs substrate is oriented in (i11)-A. 
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Fig. 4. Plot of the power efficiency of diodes grown at different 
Si concentrations on three orientations vs .  their emission spectrum 
peak. Notice the (111)-B diodes are the least efficient. 

was observed only in diodes grown on ( l l l ) - B  ori- 
ented substrates. While there is only a small fluctua- 
t ion from the straight l ine for (100) orientation, there 

exists quite a large fluctuation for the ( l l l ) - A  and 
( l l l ) - B .  Our results indicate that  SiAs and Si-complex 
atoms form a broad acceptor band, the peak of which 
varies as the Si in the melt  is varied. The band  is ap- 
parent ly  formed by  the acceptor levels seen previously 
by others at 0.03, 0.100, and 0.23 eV above the valence 
band. The Si concentrat ion apparent ly  changes the 
relative concentrat ion of these levels. 

Figure 4 shows the relat ionship between the spectral 
peak and the power efficiency. There is an opt imum 
efficiency range between 9600 and 9700A [these cor- 
respond to 144 and 157 meV deviation from the GaAs 
bandgap (7)].  We believe that  lower power efficiency 
at shorter and longer spectral ranges is clue to bu lk  ab- 
sorption and nonradiat ive absorption by Si-complex 
atoms, respectively. 
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This  Di scuss ion  Sec t ion  i nc ludes  d i scuss ion  of pape r s  a p p e a r i n g  in  

the  J o u r n a l  o:f T h e  E teeLrochemica l  Soc ie t y ,  Vol. 117, No. 3 a n d  5 
(March and  May  1970). 

Contact Resistance in Diffused Resistors 

I. F. Chang (pp. 368-372, Vol. 117, No. 3) 

H. H. Berger: 1 In  his paper, Chang introduces what  
he calls a "Modified Transmission Line (MTL) Model" 
to describe the contact of a diffused resistor. He does 
this for two basic reasons: 

(a) The original  Transmission Line  Model (TLM) 2,3 
cannot consider the influence of the gap between the 
contact and the resistor side edges, since it is a strictly 
one-dimensional  model. 

(b) There are contact fabrication processes, which 
might  modify the conductivi ty of the semiconductor 
region beneath the contact metal. 

To alleviate the first problem, Chang proposes to 
shunt  the series resistance of the TLM by the resistance 
of the two stripes between contact and resistor side 
edges. This would result  in smaller end corrections 
than  predicted by the original  TLM. However, when  
the contact becomes smaller at a fixed resistor width, 
an increasing constriction resistance in the contact 
vicini ty adds to the contact end correction, suggesting 
rather  that the original  TLM would give too small  
values for the total end correction. Chang's modifica- 
tion would make  it worse. 

The main  issue, however, is whether  for practical 
contacts a correction is needed at all. The max i mum 

z IBM D e u t s c h l a n d ,  703 Boeb] ingen ,  S c h o e n a i c h e r  Str .  220, G e r -  
many .  

-~ H. H. Be rge r ,  I E E E - I S S C C  Dig. Techn .  Pape r ,  pp. 160-161 (1969). 
a H. M u r r m a n n  and  D. W i d m a n n ,  ]SSCC Dig.  Techn .  Paper .  pp.  

162-163 (1969). 

@ 
influence of the constriction resistance can be esti- 
mated by considering the constriction for an ideal con- 
tact as has been done theoretically (conformal map-  
ping) by Ting and Chen 4 and exper imenta l ly  (resist- 
ance paper model) by D'Andrea  and Murrmann.  5 Both 
results suggest that the original TLM is sufficiently 
accurate for most practical purposes. Chang himself 
provides direct exper imental  evidence that  there is 
indeed no need for the proposed modification: Table I 
of his paper shows that  his samples excellently fol- 
lowed the inverse proport ional i ty between contact end 
correction term Rcc and the contact width (W-2a) as 
the original TLM would predict. The same applies to 
the term Rc. 

To solve the second problem, no modification of the 
TLM is needed either, unless a second blocking junc-  
tion is formed along with the conduct ivi ty  change of 
the semiconductor region beneath  the contact. Namely, 
since the TLM describes the contact region only, it is 
self-evident  that  the actual semiconductor series re-  
sistance of this region must  be inserted in the model. 
The real problem is not an inadequacy of the TLM to 
describe contacts with semiconductor sheet resistances 
different from the resistor bulk;  ra ther  it is an in-  
adequacy of the resistor test pattern,  as applied by 
Chang (Fig. 1 of his paper) to directly determine the 
series resistance for the TLM of such contacts. This 
test pat tern  was originally devised 2 for cases where 
the sheet resistances of the resistor bulk  and the con- 
tact region remained equal. Hence it is this s t ructure 
which might  need a modification, not the TLM. 

C. Y. T i n g  and  C. Y. Chen,  E lec t rochem.  Soc. E x t e n d e d  Abs t rac t s ,  
De t ro i t ,  Mich igan ,  Oc tobe r  5-9, 1969, E lec t ron ic s  Div . ,  Abs.  No. 19g, 
p. 525. 

s G. D'Andrea and  H. Murrrnann, I E E E  Trans .  E l e c t r o n  Dev ices ,  
EDI7, 484 (1970). 
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In  the case of Mo-PtSi-Si-contacts ,  the blocking 
action of the second (PtSi-Si)  junct ion seems to be 
negligible after Chang's results. This would just i fy 
the application of the TLM to these contacts. The series 
resistance of the TLM could then  again be directly 
determined with a s tructure according to Fig. 1 
(Chang's paper) ,  if the PtSi  were applied all over the 
ent i re  resistor. 

On a luminum-s i l icon  contacts, I have not found any 
evidence for a strong modification of the semiconductor 
conductivi ty beneath the contact. 6 Theoretically, in-  
stead of the decrease observed by Chang, one would 
expect an increase of the series resistance beneath 
the contact, since the a luminum dissolves a small  
layer of silicon dur ing  the s inter ing process. 

I. F. Chang: Berger 's  discussion questions the two 
significant features of the MTL modelT: 

(a) The influence of the gap, a, between the contact 
and the resistor side edge (see Fig. 1 published here) 
in predict ing contact correction for diffused resistor. 

(b) The need of a contact sheet resistance, p~', in 
addition to the resistor diffusion sheet resistance, ps, to 
obtain a correct contact correction term, Rcc. 

The MTL model introduced ~ has demonstrated 
clearly why these considerations are necessary. Only 
by considering both the existence of a gap and  a con- 
tact sheet resistance, ps', different from the bulk  dif- 
fusion resistance, ps, can one obtain good agreement  
with exper imental  data on various sizes of a luminum 
and molybdenum contacts to silicon. Berger has quoted 

6 R e s u l t s  n o t  y e t  p u b l i s h e d .  
I. F.  C h a n g ,  This Journal, 117, 368 (1970). 
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Fig. 1. (a) Diffused resistor structure, (b) resistor structure for 
Case 1, (c) resistor structure for Case 2, (d) resister structure for 
Case. 3. 
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Fig. 2. Experimental data, MTL calculations, TL calculations, 
and other model calculation. LHS: Contact correction as a func- 
tion of contact-resistor gap, a, for a constant contact width. RHS: 
Contact correction as a function of contact-resistor gap, a, for a 
constant resistor width. 

other work, 8.9 and has made quali tat ive comparisons 
on their  results to support his arguments.  Therefore, 
it seems appropriate to present  some detailed numer i -  
cal results concerning various theoretical models to 
i l lustrate that  care must  be taken in making compari-  
sons. Hopefully, these results, along with the MTL 
result, the TL result, and the exper imental  data all 
shown in Fig. 2 published here, will  clear doubts on 
this subject. 

I. Theoretical Modeling of Contact Correction in Diffused Resistor 

Let us consider a realistic contact in a diffused re- 
sistor as shown in Fig. l ( a ) .  The total  resistance of 
the resistor is defined as the sum of the bu lk  diffusion 
resistance and two times the contact correction term, 
Rcc (Eq. [1] in footnote 7). Rcc consists of the crowd- 
ing resistance of the contact (beneath the contact as 
well as at two sides of the contact) and the  contr ibu-  
tion from contact resistance. The lat ter  is a fabrication 
process and contact geometry dependent.  The former 
term (excluding the  effect of diffusion profile on cur-  
rent  crowding) depends main ly  on contact and resistor 
geometry. These two types of contr ibut ion to Rcc can- 
not be separately determined by  exper imental  mea-  
surements;  thus, a correct analyt ical  model must  con- 
sider them simultaneously.  However, most analytical  
t reatments  reported only deal with an ideal con- 
tact s,10,11,12 (that  is, neglecting contr ibut ion due to 
contact resistance) and /or  a simplified contact-resistor 

s C. Y. T i n g  a n d  C. Y. Chert ,  E l e c t r o c h e m .  Sac.  E x t e n d e d  A b s t r a c t s ,  
D e t r o i t ,  M i c h i g a n ,  O c t o b e r  5-9, 1969, E l e c t r o n i c s  Div . ,  Abs .  No.  199, 
p. 525. 

9 G.  D ' A n d r e a  a n d  H.  M u r r m a n n ,  IEEE Trans. Electron Devices, 
E D 1 7 , 4 8 4  f1970). 

xo D.  P.  K e n n e d y  a n d  P .  C. M u r l e y ,  IBM  J. Re~. Develop., 12, 242 
(1968). 

11 Case  3 in  S e c t i o n  I is a t y p i c a l  e x a m p l e .  
~ B .  R. C h a w l a ,  Proe. IEEE, 59, 305 (1971). 
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geometry 134~ (neglecting part  of the current  crowding 
effect due to geometry) .  Therefore, one should be 
aware of the assumptions made in each t rea tment  and 
interpret  their  results with care. We briefly discuss a 
few cases below and present  numer ica l  results for 
each case to i l lustrate this point. 

Case / . - -As  shown in Fig. l ( b ) ,  this case assumes 
an ideal contact with a simple geometrical configura- 
tion (i.e., the contact width, Wc, equals the resistor 
width, WR). Therefore, mathematical ly,  one can re- 
duce this problem to a two-dimensional  one. Using 
the Schwartz-Christoffel t ransformat ion and the defi- 
ni t ion of sheet resistance, one can solve the Laplace 
equation and obtain 

L [ 2~sXj 2 ] 
R : Ps--~- + 2 in  - 

~W (1 --  e--Trd/X~) 

L 
: Ps ~-" -]- 2 Rcc,gl [1] 

as given by Eq. [17] in footnote 7 and Eq. [2] in foot- 
note 8. One notes that  Rcc,gl increases with decreasing 
W and increases very little with decreasing contact 
length, d, since Xj < <  d. The numerica l  result  for 
Eq. [1] is plotted in Fig. 2 as curves 1 and 2. One notes 
that, because the assumption WR = Wc is made in de- 
r iving Eq. [1], it would predict ambiguous results for 
resistors with ideal contact of Wc ~= WR. This is best 
i l lustrated in Fig. 2, curves 1 and 2, which, on LHS, 
presents contact correction term for a given contact 
(Wc ---- 0.3 rail) situated in resistors of various widths 
and, on RHS, presents Rce for a given resistor (WR ---- 
2.3 mils) having contacts of various widths. Obviously, 
the constant value predicted by Eq. [1] on each side 
is an incorrect prediction. The varying  portions of 
curves 1 and 2 are the approximate correction term for 
an ideal contact by neglecting the current  distr ibution 
and crowding on the two sides of the contact. 

Case 2.--Considering a th in  sheet resistor (neglect-  
ing current  crowding in the Z direction) shown in 
Fig. l ( c ) ,  Ting and Chert 3 worked out the correction 
term due to a current  crowding in the X-Y plane 
alone under  the assumption d ~ 4a and L / 2  > >  WR. 
The result  is 

L 
Ps -'-~- R -t- 

L [ (1__ K + I  K2--1 ) ]  
R=ps~+2 P~ l n ~ +  In K2 

WR 2n K K - -  1 

= p s L / W R  -{- 2 Re~,g22 [2] 

where K = WR/2a .  They consider that the sum of 
R c c , g l  and Rcc ,g22  

R : p s L / W R  -{- 2 Rcc,gl -{- 2 Rce,g22 

= p s L / W g  -{- 2 Ree,g2 [3] 

to be a good approximation of contact correction due 
to current  constriction. However, one notes that  the 
assumption of WR ---- Wc in Case 1 is not consistent 
with that in Case 2, therefore, it is ambiguous whether  
W R  or Wc should be used for Rcr in the sum equa- 
tion, or whether  they can be added at all for repre-  
senting the net  crowding resistance. In  some cases 
[small (a) falls wi thin  the assumption d ~-- 4a], Ree.gl 
(We) and Rcc,gl(WR) have a difference much greater 
than the second correction term Rcc,g22  making it in-  

~s Case  1 in  S e c t i o n  I is one  e x a m p l e .  
1~ H. M u r r m a n n  a n d  D. W i d m a n n ,  IEEE Trans. Electron Devices, 

EDI6 ,  1022 (1969L 
15 H. H. B e r g e r ,  I E E E - I S S C C  Dig .  T e c h n .  P a p e r ,  pp.  160-161 {1969). 

significant compared to the first correction term. F u r -  
thermore, Rcc,g2 or Rcc,g22 being independent  of d is 
obviously a crude approximation.  Numerical  results 
for Rcc.g2 are also shown in Fig. 2 (curves 3 and 4). 
However, one should note that  the valid region for 
Ree,g2 (curves 3 and 4) is l imited to a < all4. It  is 
worthwhile ment ioning  that  Chawla, TM using a numer i -  
cal technique, has recently obtained analyt ical  expres- 
sion for an ideal contact in a "dog bone" resistor. The 
author claims that, when  imposing the condition WR 
= Wc + 2a, the expression 

Rcc = Ps [ 0.325e -2"SWJW~ 

( -{- 0.834 -- 0.247 [4] 
WR 

should also be applicable to a straight resistor. How- 
ever, one should be aware that the bu lk  path of the 
resistor considered in  Chawla's case is L-2a rather  
than L. 

Case 3 . p A n o t h e r  approach to the problem may be 
taken if one assumes that the actual resistor may  be 
part i t ioned as shown by dotted lines in Fig. 1 (a).  This 
is a fair approximation at least in the resistor body 
up to the vicini ty of the contact corner. Under  this 
assumption, we can treat  the resistor as two parallel  
conduction paths as shown in Fig. 1 (d). RI is the main  
resistor whose contact correction term can be evalu-  
ated under  equivalent  condit ion of Case i. R2 is equiv-  
alent  to two paral lel  resistors of two R2 in  series. The 
correction term for R2 can be evaluated in a similar 
manner  as for R1 by recognizing the analogy Xj --> a, 
We ~ Xj and d remains  unchanged (the current  
crowding in the Z direction in R2 has been neglected).  
Thus, we have 

2psXj 
R1 : p s L / W c  -{- 2 

nWc 

R2 : p sL /2a  + 2 p s  In 

R : R I / / R z  

L L 
ps - -  2 Rcc.g~ -}- Wc Ps ~-a 

2 
In 

( 1 --  e - ~ a / x j  ) 

= p s L / W c  + 2 Rcc,gl(Wc) [5] 

2 

(1  - e -~a/a) 

: psL /2a  + 2 Rcc,g3z [6] 

2 Rcc,gl (Wc) + 2 Rcc,g1(Wc) " 2 Rcc,g33 

psL(1/Wc -{- 1/2a) 

1 + [(2 Rcc,gl(Wc) + 2 Rcc,gm3)/psL(1/Wc + 1/2a)] 

, (Wc 2  Roo,,l(wc) + ( 2o 

�9 2 Rcc,g3~ = p s L / W R  -{- 2 Rcc,g~ [7] 

One notes that as a approaches 0, Eq. [7] reduces to Eq. 
[1] indicating that  Case 1 is a special case of Case 3. 
As Wc becomes smaller, the first correction te~m de- 
creases and Rcc.g3 approaches Rcc,g33 which is a funct ion 
of d /a .  This may be a better  representat ion for the 
contact correction term than Eq. [3] since it is inde-  
pendent  of d /a .  Numerical  results of this case are 
plotted in Fig. 2 as curve 5. It  decreases significantly 
as d increases. 

Significance of MTL Model and Comments on 
H. Berger's Discussion 

The above discussions are for an ideal contact. In  the 
case of a real contact, the presence of contact resist- 
ance has the effect of spreading out the current  dis- 
t r ibut ion beneath the contact and along two sides of 
the contact. If the current  dis t r ibut ion can be described 
in terms of a passive network,  one may then approxi-  
mate the real contact to be two parallel  distr ibutive 
resistance networks, one responsible for the current  



V o l .  118, N o .  6 D I S C U S S I O N  S E C T I O N  1019 

spreading beneath the contact and one for along the 
two sides of the contact (due to symmetry  two sides 
can be combined) .  The MTL model  is just  based on 
this concept. The model  parameters ,  the distr ibut ive 
resistance elements  (ps' and ~c in addition to ps) for 
any given fabrication process can be uniquely  der ived 
f rom exper imenta l  measurements  using a test pa t te rn  
such as shown in Fig. 1, footnote 7. The fact that  the 
model  calculation agrees very  wel l  wi th  exper imenta l  
data of various sizes of A1 and Mo contacts (see Fig. 
4-6, footnote 7) seems to support  this concept. 

To fur ther  discuss the significance of MTL model, 
we plot its numerical  result  (curve 6) in Fig. 2 for 
a typical  resistor (width ---- 2.3 mil)  on the RHS and 
for a typical  contact (width ---- 0.3 mil)  on the LHS. 
On the RHS curve 6 and other  theoret ical  calculations 
(except curve 1) all predict  the same tendency, i.e., 
when the contact becomes smaller  at a fixed resistor 
width, Ree increases. One notes that  al though other 
calculations (curves 2, 3, 4, 5, and 7) do qual i ta t ively  
indicate the trends of variation, only the MTL result  
agrees wi th  the exper imenta l  data (circles in Fig. 2). 
This is what  is expected. Now let us examine the  TL 
model:  If  the contact sheet resistance, ps', were  not 
introduced, the model  would predict  much too high 
a correction (~30% too high compared with exper i -  
menta l  data) .  If  the proper  sheet resistivity, ps', under  
the contact were used in the TL model  (Eq. [12], foot- 
note 7), it would result  in still h igher  end correction 
(curve 7) than the MTL result  (curve 6) as Berger  in- 

dicates in his discussion. However ,  the exper imenta l  
data (from Fig. 4, footnote 7) seem to fit the  MTL re- 
sult better, par t icular ly  when a, the gap, is large 
(the exper imenta l  data is not inverse ly  proport ional  
to W-2a  in Fig. 4-6, footnote 7). The difference be- 
tween the TL result  (curve 7) and the MTL result  o1' 
the exper imenta l  data is about 5 ohms for a = 0.9 or 
We = 0.3 mils. 

Berger  has quoted the theoret ical  result  of Ting 
et al. s (curve 3 or 4 in Fig. 2) and exper imenta l  result  
of D 'Andrea  and Murrmann  9 to support  the sufficiency 
of the TL model. However ,  the result  of Ting and Chen 
does not necessarily predict  the accurate max imum 
influence of the constriction resistance. This is due to 
the ambigui ty  in their  sum equation as pointed out in 
Section I. Fur thermore ,  their  result  plotted in Fig. 2 
(curve 3 or 4) gives much lower end correction than 
the exper imenta l  data and the MTL prediction. The 
exper imenta l  result  of D 'Andrea  and Mur rmann  9 
(Modelling by Resistance paper)  also does not pre-  
dict the m a x i m u m  influence of current  crowding effect 
since it neglects the crowding beneath the contact. 
Their  resul t  expresses only a par t ia l  constriction 
resistance and should be compared with Eq. [2] given 
above. Nevertheless,  it is wor thwhi le  ment ioning that  
their  calculated results using TL model  (Table II, 
footnote 9) are much higher  than thei r  measured data 
for most cases except  one where  the calculation un-  
cer ta inty is largest. This discrepancy seems to sug- 
gest that  the proper  contact  sheet resistance and the 
influence on contact correction due to the existence 
of a gap, a, should have been considered. 

Now let us turn  to this question: For  a fixed con- 
tact width, Wc, how does Rcc vary  with  varying re-  
sistor width, WR, or gap, a? The answer lies in LHS of 
Fig. 2. The MTL model  predicts that  Rec decreases with 
increasing a or WR (curve 6) whereas  the TL model  
predicts a constant Rcc regardless of the resistor size 
(curve 7). If  one would use WR instead of constant Wc 
in TL's expression (Eq. [12], footnote 7), one would 
obtain curve 8 on LHS and result  in a constant value 
on RHS of Fig. 2. Note that  curves 7 and 8 t race out 
a closed loop in Fig. 2. This closed loop is similar  to 
that  t raced out by curves 1 and 2, which result  f rom 
the fact that  Eq. [1] was der ived under  the  assumption 
WR ---- We. When this assumption no longer holds, it 
is uncertain whe ther  WR or We should be used in the 
calculation. The MTL model  does not have this am-  

biguity; it does predict  correct  contact correct ion 
t e rm for  various contacts in a given resistor (RHS, 
Fig. 2). However ,  it would be interest ing to obtain 
exper imenta l  data for a g iven contact contained in 
resistors of various widths to confirm the LHS of curve 
6. 

It has been demonstrated in my original  paper that, 
in order to correct ly predict  both Rec and Re of a lumi-  
num and molybdenum contacts, the parameter ,  ps', has 
to have values much lower than the original  diffusion 
sheet resistance, ps. This may  or may not have physical 
significance, since there  is no other direct evidence 
ver i fying the physical significance of the model  pa ram-  
eters ps' and ~c simultaneously.  Therefore,  it would be 
interest ing to see Berger 's  unpublished data on these 
parameters .  Nevertheless,  the fact that  ps' and Zc can be 
uniquely  der ived f rom exper imenta l  test s t ructure 
(Eq. [7, 15] and Eq. [5, 16] in footnote 7 - - two  equa-  
tions with two unknowns) ,  it warrants  the necessity 
of introducing ps' in addition to ps (which is deter-  
mined by another  independent  equation, Eq. [6], 
footnote 7). The fact that  the model  calculation does 
agree with exper imenta l  data (Fig. 4-6, footnote 7) 
suggests that  MTL is at least a good phenomenological  
model  which can give a realistic est imate of contact 
correction te rm for any given contact size and fabr i -  
cation process provided the model  parameters  are de- 
te rmined exper imental ly .  This is the purpose of MTL 
model. 
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The Ga-GaP-GaAs Ternary Phase Diagram 

G. A. Antypas (pp. 700-703, Vol. 117, No. 5) 

G. B. Stringfellow96 Concerning the paper  by G. A. 
Antypas, the author  uses the Darken quadrat ic  for-  
malism for calculat ing act ivi ty  coefficients in the 
te rnary  liquid phase. For  calculat ing act ivi ty coeffi- 
cient ratios, i.e. 7i/7fi wc, where  i = A, B, or C, the 
Darken quadratic formal ism is equivalent  to the reg-  
ular  solution formalism. For  example,  in the Darken 
formalism 

in ('YB) -- in (TB sTc) ---- ]n ( '~ 'B/"f~  - -  In (~/BSTC/"/ '?B) 

= --2aABNB -}- (aBe --aAB --~Ac)Nc + aABN2B 

+ aAcN2c + (aAB + aAC -- aBc)NBNc 

- -  (--~AB + aAB/4) 

This can be reduced, using the relat ion 

NA ~- NB -~ NC = 1 
to give 

ln(TB) -- ln(Ts sTc) = aBcN2c -t- aABN2A 

-~ (aBC - -  aaC -~- aAB)NANc - -  a A B / 4  

which is the expression calculated using the regular 
solution model (see Prigogine and Delay17). 

The equilibrium equations used in the calculation 
of III-V binary and ternary phase diagrams, contain 
activity coefficients only in the ratios 7~/7i sTc. Thus, 
the regular solution formalism is equivalent to the 
Darken quadratic formalism for all such calculations. 

G. A .  A n t y p a s :  Dr. Str ingfel low observed that  since 
the activity coefficients appear in the form of In 
7~/7, sTc, the Darken formulat ion is equivalent  to the 
regular  solution in describing I I I -V te rnary  l iquid 
solutions. An  inherent  assumption made in showing 

1,~ Solid State Laboratory,  Hewle t t -Paeka rd  Company,  Palo Alto, 
California, 94304. 

17 I. Prigogine and R. Delay,  "Chemical  Thermodynamics . "  p. 257, 
Longmans ,  Green & Co., London (1954). 
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spreading beneath the contact and one for along the 
two sides of the contact (due to symmetry  two sides 
can be combined) .  The MTL model  is just  based on 
this concept. The model  parameters ,  the distr ibut ive 
resistance elements  (ps' and ~c in addition to ps) for 
any given fabrication process can be uniquely  der ived 
f rom exper imenta l  measurements  using a test pa t te rn  
such as shown in Fig. 1, footnote 7. The fact that  the 
model  calculation agrees very  wel l  wi th  exper imenta l  
data of various sizes of A1 and Mo contacts (see Fig. 
4-6, footnote 7) seems to support  this concept. 

To fur ther  discuss the significance of MTL model, 
we plot its numerical  result  (curve 6) in Fig. 2 for 
a typical  resistor (width ---- 2.3 mil)  on the RHS and 
for a typical  contact (width ---- 0.3 mil)  on the LHS. 
On the RHS curve 6 and other  theoret ical  calculations 
(except curve 1) all predict  the same tendency, i.e., 
when the contact becomes smaller  at a fixed resistor 
width, Ree increases. One notes that  al though other 
calculations (curves 2, 3, 4, 5, and 7) do qual i ta t ively  
indicate the trends of variation, only the MTL result  
agrees wi th  the exper imenta l  data (circles in Fig. 2). 
This is what  is expected. Now let us examine the  TL 
model:  If  the contact sheet resistance, ps', were  not 
introduced, the model  would predict  much too high 
a correction (~30% too high compared with exper i -  
menta l  data) .  If  the proper  sheet resistivity, ps', under  
the contact were used in the TL model  (Eq. [12], foot- 
note 7), it would result  in still h igher  end correction 
(curve 7) than the MTL result  (curve 6) as Berger  in- 

dicates in his discussion. However ,  the exper imenta l  
data (from Fig. 4, footnote 7) seem to fit the  MTL re- 
sult better, par t icular ly  when a, the gap, is large 
(the exper imenta l  data is not inverse ly  proport ional  
to W-2a  in Fig. 4-6, footnote 7). The difference be- 
tween the TL result  (curve 7) and the MTL result  o1' 
the exper imenta l  data is about 5 ohms for a = 0.9 or 
We = 0.3 mils. 

Berger  has quoted the theoret ical  result  of Ting 
et al. s (curve 3 or 4 in Fig. 2) and exper imenta l  result  
of D 'Andrea  and Murrmann  9 to support  the sufficiency 
of the TL model. However ,  the result  of Ting and Chen 
does not necessarily predict  the accurate max imum 
influence of the constriction resistance. This is due to 
the ambigui ty  in their  sum equation as pointed out in 
Section I. Fur thermore ,  their  result  plotted in Fig. 2 
(curve 3 or 4) gives much lower end correction than 
the exper imenta l  data and the MTL prediction. The 
exper imenta l  result  of D 'Andrea  and Mur rmann  9 
(Modelling by Resistance paper)  also does not pre-  
dict the m a x i m u m  influence of current  crowding effect 
since it neglects the crowding beneath the contact. 
Their  resul t  expresses only a par t ia l  constriction 
resistance and should be compared with Eq. [2] given 
above. Nevertheless,  it is wor thwhi le  ment ioning that  
their  calculated results using TL model  (Table II, 
footnote 9) are much higher  than thei r  measured data 
for most cases except  one where  the calculation un-  
cer ta inty is largest. This discrepancy seems to sug- 
gest that  the proper  contact  sheet resistance and the 
influence on contact correction due to the existence 
of a gap, a, should have been considered. 

Now let us turn  to this question: For  a fixed con- 
tact width, Wc, how does Rcc vary  with  varying re-  
sistor width, WR, or gap, a? The answer lies in LHS of 
Fig. 2. The MTL model  predicts that  Rec decreases with 
increasing a or WR (curve 6) whereas  the TL model  
predicts a constant Rcc regardless of the resistor size 
(curve 7). If  one would use WR instead of constant Wc 
in TL's expression (Eq. [12], footnote 7), one would 
obtain curve 8 on LHS and result  in a constant value 
on RHS of Fig. 2. Note that  curves 7 and 8 t race out 
a closed loop in Fig. 2. This closed loop is similar  to 
that  t raced out by curves 1 and 2, which result  f rom 
the fact that  Eq. [1] was der ived under  the  assumption 
WR ---- We. When this assumption no longer holds, it 
is uncertain whe ther  WR or We should be used in the 
calculation. The MTL model  does not have this am-  

biguity; it does predict  correct  contact correct ion 
t e rm for  various contacts in a given resistor (RHS, 
Fig. 2). However ,  it would be interest ing to obtain 
exper imenta l  data for a g iven contact contained in 
resistors of various widths to confirm the LHS of curve 
6. 

It has been demonstrated in my original  paper that, 
in order to correct ly predict  both Rec and Re of a lumi-  
num and molybdenum contacts, the parameter ,  ps', has 
to have values much lower than the original  diffusion 
sheet resistance, ps. This may  or may not have physical 
significance, since there  is no other direct evidence 
ver i fying the physical significance of the model  pa ram-  
eters ps' and ~c simultaneously.  Therefore,  it would be 
interest ing to see Berger 's  unpublished data on these 
parameters .  Nevertheless,  the fact that  ps' and Zc can be 
uniquely  der ived f rom exper imenta l  test s t ructure 
(Eq. [7, 15] and Eq. [5, 16] in footnote 7 - - two  equa-  
tions with two unknowns) ,  it warrants  the necessity 
of introducing ps' in addition to ps (which is deter-  
mined by another  independent  equation, Eq. [6], 
footnote 7). The fact that  the model  calculation does 
agree with exper imenta l  data (Fig. 4-6, footnote 7) 
suggests that  MTL is at least a good phenomenological  
model  which can give a realistic est imate of contact 
correction te rm for any given contact size and fabr i -  
cation process provided the model  parameters  are de- 
te rmined exper imental ly .  This is the purpose of MTL 
model. 
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The Ga-GaP-GaAs Ternary Phase Diagram 

G. A. Antypas (pp. 700-703, Vol. 117, No. 5) 

G. B. Stringfellow96 Concerning the paper  by G. A. 
Antypas, the author  uses the Darken quadrat ic  for-  
malism for calculat ing act ivi ty  coefficients in the 
te rnary  liquid phase. For  calculat ing act ivi ty coeffi- 
cient ratios, i.e. 7i/7fi wc, where  i = A, B, or C, the 
Darken quadratic formal ism is equivalent  to the reg-  
ular  solution formalism. For  example,  in the Darken 
formalism 

in ('YB) -- in (TB sTc) ---- ]n ( '~ 'B/"f~  - -  In (~/BSTC/"/ '?B) 

= --2aABNB -}- (aBe --aAB --~Ac)Nc + aABN2B 

+ aAcN2c + (aAB + aAC -- aBc)NBNc 

- -  (--~AB + aAB/4) 

This can be reduced, using the relat ion 

NA ~- NB -~ NC = 1 
to give 

ln(TB) -- ln(Ts sTc) = aBcN2c -t- aABN2A 

-~ (aBC - -  aaC -~- aAB)NANc - -  a A B / 4  

which is the expression calculated using the regular 
solution model (see Prigogine and Delay17). 

The equilibrium equations used in the calculation 
of III-V binary and ternary phase diagrams, contain 
activity coefficients only in the ratios 7~/7i sTc. Thus, 
the regular solution formalism is equivalent to the 
Darken quadratic formalism for all such calculations. 

G. A .  A n t y p a s :  Dr. Str ingfel low observed that  since 
the activity coefficients appear in the form of In 
7~/7, sTc, the Darken formulat ion is equivalent  to the 
regular  solution in describing I I I -V te rnary  l iquid 
solutions. An  inherent  assumption made in showing 

1,~ Solid State Laboratory,  Hewle t t -Paeka rd  Company,  Palo Alto, 
California, 94304. 

17 I. Prigogine and R. Delay,  "Chemical  Thermodynamics . "  p. 257, 
Longmans ,  Green & Co., London (1954). 
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such equivalence, however, is that  the interact ion 
parameters  (a~j) are independent  of composition. In  
calculating the interact ion parameters  of I I I -V com- 
pounds, Vieland's TM regular  solution approach has 
been used extensively which results in tempera ture-  
dependent  parameters  only. A recent analysis of 
available thermodynamic  data of GaAs and GaP made 
by Rao and Tiller TM showed that  the interact ion param-  
eters of these compounds in  addition to being tem- 
perature dependent  are also strong functions of com- 
position. Under  this condition, the ratio of the activity 
coefficients based on Darken 's  formulat ion becomes 

~B 
In m 

~B STC 
- -  ~ B c N c  2 "~  OtABNB 2 "~- ( ~ B C  - -  aAC 

3 
-l- ~ A B ) N A N c  - -  ~AB + ~ a A n  sTc  

4 

is L.  J .  V i e ] a n d ,  Aeta  Met . ,  I I ,  137 (1963). 
19 M. V. R a o  a n d  W.  A.  T i l l e r ,  J .  Phys .  Chem. SoIids, 31, 191 

(1970). 

where aAB STC is the interact ion parameter  of AB at 
the stoichiometric composition. 

A second assumption made in  showing such equiva-  
lence is that  the i th component  must  be treated as 
a solute in both the te rnary  and stoichiometric b inary  
solutions. This is the case in t e rnary  systems having 
one column III and two column V elements (assuming 
of course that the column III  e lement  is always the 
solvent for both the t e rna ry  and the two stoichio- 
metric b inary  solutions).  However, for a t e rnary  sys- 
tem, A-B-C,  where  A and B are column III  elements 
and C is a column V element  with B and C being 
the solutes, the activity coefficient ratio In ~'B/'~B SIC 
does not reduce to that  described by  the regular  so- 
lut ion even when the interact ion parameters  are in-  
dependent  of composition. For such a system, 7~ in 
A (the activity coefficient at infinite di lut ion of C 
in A),  7~ in  B and "~~ in  A are needed to describe 
the t e rnary  system using Darken 's  formulation.  None 
of these parameters,  however, are required for the 
regular  solution t reatment .  
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The Microstructure of Sintered Silver Electrodes 
IV. Formation of AgO during Charges 

Charles P. Wales* 
Electrochemistry Branch, Naval Research Laboratory, Washington, D. C. 20390 

ABSTRACT 

Silver  electrodes were cycled in 35% KOH solution and examined at var i -  
ous t imes dur ing  constant  cur ren t  charges. The init ial  formation of AgO took 
place on the surface of Ag20 after charge potential  rose to the Ag20/AgO 
plateau. Preferred locations for init ial  oxidation of Ag20 were in the interior  
of the electrode, around the grid and near  large Ag particles where the Ag20 
coating which formed earlier in the charge was comparat ively thin. After  
ini t ial  AgO formation in an electrode, oxidation of nearby  Ag and Ag20 took 
place as the charge continued. Little or no addit ional  Ag was oxidized in 
other areas of the electrode unt i l  AgO had formed there also. 

The structure of silver electrodes of the type used 
in storage batteries is of interest, because knowledge 
of the s tructure helps in explaining the capacity 
changes observed when cells containing Ag elec- 
trodes are cycled. Earl ier  papers in this series have 
described changes in s t ructure  dur ing  discharges (1) 
and at the end of discharges (2), as well  as formation 
of Ag.~O dur ing charges (3). Electrodes in this work 
were cycled using the relat ively fast 1 hr rate of 
discharge and the 20 hr  rate of charge. 

The size of Ag produced dur ing  a discharge as sil- 
ver oxides are reduced depends on the rate of re- 
duction. Fast discharges produce smaller Ag particles 
than slow discharges (1, 2). The electrolyte plays an 
important  role in the formation of these particles. 
Dur ing  a discharge, the electrolyte becomes super-  
saturated with dissolved Ag20 (4). Although reduc-  
tion can take place through a dissolved species, the 
reduction of dissolved Ag20 is reported to be much 
slower than reduction of the oxide on the surface of 
an electrode (5). At a high discharge C.D., there are 
larger concentrat ion gradients in the electrolyte and 
in the oxide than dur ing slow discharges. These differ- 
ing conditions promote formation of small  dendrit ic 
Ag particles dur ing  a rapid discharge (2), while much 
larger Ag particles form during a slow discharge (6). 

The size of particles produced dur ing  a discharge 
is very important ,  because in the subsequent  charge 
small  Ag particles are oxidized more readily and to 
a greater  extent  than large particles. This advantage 
of fast discharges in producing small  particles is par-  
t ial ly offset by fast discharges taking place at lower 
potentials. As a result, cells can reach the cutoff po- 
tent ial  before all oxides have been reduced to Ag. 

Experimental Procedure 
Sintered Ag electrodes were cycled in 35% KOH 

solution at 25~ All charges were done at the 20 hr 
rate of constant current,  and all discharges at the 1 
hr  rate. Samples were cut from the electrode at var i -  
ous t imes dur ing  charges. Polished cross sections of 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
Key  w o r d s :  s i l ve r  e lec t rode ,  s i l v e r  o x i d a t i o n ,  s i l v e r  ox ide ,  elec-  

t rode  s t ruc tu re .  

the samples were examined using a light microscope. 
Details of the exper imental  procedure were presented 
earlier (1). 

Results 
Oxidation of Ag20 to AgO.--Al l  Ag particles in a 

porous Ag electrode had a definite Ag20 coating by 
the t ime that potential  reached the peak that  ends the 
Ag/Ag20 potential  plateau and begins the Ag20/AgO 
plateau of a constant  current  charge (3). This was the 
condition of the active mater ia l  in an electrode when 
AgO began to form. 

The formation of AgO in a cycled electrode which 
had been par t ia l ly  charged at the Ag~O/AgO poten- 
tial is shown in Fig. 1. All photographs in this paper 
are cross sections through electrodes and, therefore, 
show cross sections through the individual  crystals 
or particles in an electrode. After charge potential  
had reached the peak, the electrode in Fig. 1 was 
given an addit ional  amount  of charge equal to 8% 
of the total capacity usual ly accepted dur ing a com- 
plete charge. This addit ional charge would have been 
sufficient to oxidize 21% of the Ag20 that  had formed 
earlier in this charge, if the reaction had consisted 
only of Ag•O being oxidized to AgO. It was evident, 
however, that  some Ag had also been oxidized after 
reaching the potential  peak. The total charge given 
the electrode shown in Fig. 1 was 47% of the charge 
usual ly accepted before oxygen evolution began. 

AgO had formed in m a n y  areas of this par t ly  charged 
electrode, chiefly in the interior.  An area where a large 
amount  of AgO was present  is in the center of Fig. 1. 
AgO was comparat ively rare  on the surface of the 
electrode. It had formed around all of the grid mem-  
bers and usually was found adjacent  to the large Ag 
particles in an electrode. Almost all of the largest AgO 
particles had formed near  large Ag particles. Most 
areas surrounding clumps of AgO crystals in the par t ly  
charged electrode were still largely Ag20 and Ag. 
These areas of Ag20 and Ag were identical  in appear-  
ance to the Ag20 and Ag present  in an electrode 
charged to the potential  peak (3), except that small  
AgO particles were often present in these areas. A few 

1021 
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Fig, 1. Silver electrode partly charged at Ag20/AgO potential 
plateau at cycle 6, showing large AgO crystals that form after 
Ag~O has formed in the electrode. Metallic Ag is white, AgO is 
light gray and predominates in the central areas of this photograph, 
Ag20 is darker gray, and void areas are black. Marker indicates 
15~. 

smal l  AgO par t ic les  can be seen among the Ag.,O and 
Ag in Fig. 1. 

Charged electrode at cycle 2.- -Condi t ions  dur ing  
the  first charge  were  different  f rom those dur ing  la te r  
charges. The average  size of Ag  par t ic les  in an unused 
s in tered A g  electrode was l a rge r  than  the size p ro-  
duced as s i lver  oxides  were  reduced  dur ing  a fast  
discharge.  At  cycle 2 and at l a t e r  cycles, much of the 
oxidat ion  was t ak ing  place  on the smal l  Ag par t ic les  
which  had been formed in the fast  discharges.  Thus 
the appearance  of an e lec t rode  at  cycle 2 is a b e t t e r  
s ta r t ing  point  than  cycle 1 for descr ibing the g radua l  
changes tha t  t ake  place as an  e lec t rode  is cycled using 
fast discharges.  

Typica l  AgO format ions  in an e lect rode charged to 
oxygen  evolut ion at cycle 2 a re  shown in Fig. 2. This 
e lect rode had accepted app rox ima te ly  66% of theore t i -  
cal capaci ty  before  oxygen  evolut ion became strong. 
Some areas  of the  e lect rode contained large  c lumps 
of AgO crystals ,  such as the  top of Fig. 2. The a rea  at  
the bot tom of Fig. 2 conta ined smal le r  AgO crys ta ls  
and  resembled  the center  of Fig. 1. In  some par ts  of 
the electrode,  the  act ive m a t e r i a l  was more  dense ly  
packed  and contained less void space than  is shown 
in Fig. 2. A few smal l  areas  contained severa l  oblong 
AgO par t ic les  which  were  a l igned app rox ima te ly  
para l l e l  to each other. Different  groups of these  
oblong par t ic les  were  a l igned at  random, a l though 
par t ic les  in any one group tended to be a l igned in a 
s ingle direction.  

The Ag20 coat ing tha t  separa ted  the remain ing  Ag 
from the AgO was th icker  on smal l  Ag par t ic les  than  
on large Ag  part icles .  Al though  re la t ive ly  l i t t le  Ag20 
remained  in some areas  of the e lec t rode  ( top of Fig. 
2) Ag.,O was p rominen t  in areas  conta in ing  smal l  
Ag  par t ic les  and where  Ag20 par t ic les  were  presen t  
in smal l  clumps. 

Another  a rea  of the same electrode is shown in Fig. 
3. This i l lus t ra tes  the sizes of AgO par t ic les  and  voids 
ea r ly  in the  cycle  life. The AgO crysta ls  at the  end 
of a charge were  l a rge r  than  the Ag20 crys ta ls  tha t  
had  formed ear l ie r  whi le  charg ing  at  the  Ag/AgeO 
potential .  Many smal l  pores had been present  in the  
Ag._,O but, as the  charge  took place  at  the  A g 2 0 / A g O  
potential ,  the AgO which  formed tended to fill these  

Fig. 2. Silver electrode charged to oF ~gen evolution at cycle 2. 
The majority of the active material wc~ oxidized to AgO (light 
gray). Silver was the next most commo~ form present (white). A 
thin layer of Ag20 (darker gray) separated the Ag from the AgO. 
Small Ag20 particles were also present at scattered sites in the 
AgO. Lines forming squares ore 15~ apart. 

Fig. 3. Electrode charged to oxygen evolution at cycle 2. Same 
electrode as shown in Fig. 2, but at lower magnification. Lines 
forming squares are 60~ apart. 

pores. The large  voids be tween  c lumps  of act ive ma-  
te r ia l  changed l i t t le  in size dur ing  a charge.  

Ef]ects of C.D. and cycling.--The capac i ty  accepted 
dur ing  a charge g radua l ly  decreased as e lect rodes  
were  cycled. The ra te  of decrease  va r i ed  great ly ,  de -  
pending on condit ions of the preceding  discharges.  The 
charges  shown in Fig. 4 indicate  typ ica l  potent ia l s  as 
e lect rodes  were  cycled. Capaci ty  decreased s lowly 
when  al l  discharges were  done at the  1 h r  rate.  Re-  
sults f rom an e lec t rode  a lways  d ischarged at  the  20 
hr  ra te  are  included in Fig. 4 for  comparison.  As can 
be seen by  the charge  curves  at  cycle 1, the  two elec-  
t rodes had accepted somewhat  different  amounts  of 
capac i ty  when the p rev ious ly  unused  e lec t rodes  were  
charged  for the first t ime. Then charge acceptance 
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Fig. 4. Potentials at two Ag electrodes during charges at the 
20 hr rate in 35% KOH at 25~ Solid lines show charges at cycles 
1, 6, and 30 of an electrode always discharged at the 1 hr rate. 
Dashed lines show charges at cycles 1 and 6 of an electrode always 
discharged at the 20 hr rate. 

decreased rapidly dur ing  the first few cycles using 
slow discharges. As a result  of this rapid decrease, 
the charge acceptance was less after 6 slow discharges 
than after 30 fast d: .~harges. 

Another  change was in the shape of the potential  
curve at the end of - charge as potential  rose to the 
oxygen evolution va '-m. The final rise in charge po- 
tent ial  was slow ~.l lowing rapid discharges. This 
can be seen in Fig 4 by comparing the gradual  rise 
in potential  shown by the solid l ines at cycles 6 and 
30 with the faster rise at cycle 1. Potent ia l  rise to 
oxygen evolution was much more rapid at the end 
of charges followir,~ slow discharges (dashed l ine at 
cycle 6). 

The proport ion nI ~ charge that  was accepted at 
the Ag20/AgO pc,* Aial plateau varied, depending 
on discharge cond, dons (Fig. 4 and 5). During the 
first few charges ~that followed fast discharges, in-  
creasing amounts  uf Ag20 were formed before poten-  
tial reached the charge peak, while capacity accepted 
at the Ag20/AgO potential  decreased proportionately.  
This resulted in a dec..~ase in the per cent of a charge 
that took place at :-;.e AgeO/AgO plateau (circles, 
lower portion of Fi~. 5). 

In contrast, sharply decreasing amounts  of Ag20 
formed dur ing  the first few charges that  used slow 
discharges, while charge acceptance at the Ag20/AgO 
plateau also decreased, but  more slowly. The per cent 
of a charge tak ing  place at the Ag20/AgO potential  
plateau increased in this period for electrodes given 
slow discharges (Fig. 5). Charge acceptance became 

relat ively constant  beg inning  at cycle 3 when  fast 
discharges were used, and at cycle 4 or 5 when  using 
slow discharges. 

In  calculating the ari thmetic means shown in  Fig. 
5, the charge acceptance was assumed to equal the 
capacity given electrodes when  charge potential  
reached 450 mV vs. the Ag/Ag20 reference electrode. 
The computations did not include any electrodes from 
which samples had been removed, because of uncer -  
ta in ty  as to the exact amount  that capacity was low- 
ered when each sample was cut. Small  cracks often 
developed when a sample was cut and pieces of ac- 
t ive mater ial  broke away from the electrode. A 
charged electrode was par t icular ly  bri t t le  and subject 
to cracking when a sample was cut. 

Some electrodes always accepted and delivered a 
greater or smaller  capacity than other electrodes 
treated similarly. This var iat ion in capacity resulted 
in the measured values being spread over a range. If 
a sufficiently large number  of electrodes had been 
used, no doubt the difference in the calculated ar i th-  
metic means would have disappeared for the first 
charge of a previously unused electrode. The signifi- 
cance of the difference between the means for charge 
acceptance expressed as per cent was de te rmined  by 
the t -d is t r ibut ion test. These means (lower portion of 
Fig. 5) were not significantly different for the two 
sets of electrodes at cycle 1. The differences became 
highly significant (less than 0.1% probabi l i ty  that  the 
differences were not significant) when  the means for 
the two sets of electrodes were compared at cycles 
2-6. 

Charged electrode at cycle 15.--One of the most 
noticeable s t ructural  changes as an electrode was cy- 
cled was the gradual  c lumping of the active material .  
This change was evident in both discharged and 
charged electrodes (2, 3). The AgO in a charged elec- 
trode was in the form of small  angular  particles at 
cycle 2, with small  voids in the AgO (Fig. 3). The 
active mater ial  agglomerated sufficiently rapidly that  
by cycle 5 large clumps of AgO were present at the 
end of a charge. The clumps continued to grow in 
size as an electrode was cycled. An example of the 
AgO in a charged electrode at cycle 15 is given in  
Fig. 6. The angular  shapes typical  of AgO in the 
early cycles (Fig. 2, 3) were less common at cycle 
15. The number  of small voids in the active mater ia l  
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Fig. 5. Effect of cycling on charge acceptance. Solid lines, 
charge acceptance at the Ag20/AgO potential. Dashed lines, total 
charge acceptance. Circles are averages of 4 electrodes always 
charged at the 20 hr rate and discharged at the 1 hr rate. Squares 
are averages of 9 electrodes always charged and discharged at the 
20 hr rate. 

Fig. 6. Silver electrode charged to oxygen evolution at cycle 15. 
Lines forming squares are 60~ apart. Comparison with Fig. 3 in- 
dicates the way active material clumped as an electrode was 
cycled. 
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gradual ly  decreased as an electrode was cycled, while 
the large voids were increasing in  size. 

Another  change that  took place with cycling was 
the increased amount  of Ag20 present  at the end of 
a charge. Although AgO was the predominant  form 
of oxide in an electrode charged to oxygen evolution, 
much Ag20 was also present  at cycle 15. The amount  
of Ag20 present  at the end of a charge had increased 
in the first few cycles which used discharges at the 
1 hr rate. Litt le addit ional change in  the Ag20 was 
noted after  cycle 5. 

The oxide coating that  formed on large Ag particles 
and on the grid gradual ly  thickened with cycling. The 
grids were closer to one surface of the electrode than 
to the other. A charged electrode usual ly  had a gray-  
colored surface but, in the sample taken at cycle 15, 
the grid was out l ined in a shade of gray that  was 
lighter than most of the remainder  of the surface. 
When a cross section of this electrode was examined 
under  the microscope, however, no difference was 
noted between the AgO on the surface next  to a grid 
member  and the AgO in other areas of the surface. 
The difference in shades of gray may have resulted 
from fewer voids on the parts of the surface next  to 
grid members.  

Charged electrode at cycle 28.--Many of the struc- 
tural  changes that  had taken place between cycles 2 
and 15 continued to take place as an electrode was 
given addit ional cycles. A portion of a charged elec- 
trode at cycle 28 is shown in Fig. 7. The surface of 
this electrode had a granular  appearance and con- 
tained light and dark gray areas, with dark gray pre- 
dominat ing slightly. The clumps of active mater ial  
were larger than  they had been at cycle 15 (compare 
Fig. 7 with 6). The size of large voids between the 
clumps had increased between cycles 15 and 28, but  
the change in size was less than  the increase between 
cycles 2 and 15 (Fig. 3 and 6). 

In a charged electrode that  had been cycled many  
times, part  of the AgO was present  as large groups 
of crystals. An example of an area where many  AgO 
crystals had grown together is shown in Fig. 8. Large 
areas that  were main ly  AgO were common in the 
early cycles (see top of Fig. 2). These areas gradu-  
al ly became less common as an electrode was cycled. 
The angular  shapes typical of AgO crystals became 
less evident  as an electrode was cycled and masses 

Fig. 8. Large clumps of AgO crystals present in an electrode 
charged to oxygen evolution at cycle 28. Same electrode as Fig. 7, 
but a different area and at higher magnification. Lines forming 
squares are 15~ apart. 

of AgO crystals tended to be more t ight ly packed. 
The oxide layer on the grid of a charged electrode 
gradual ly  thickened and was much thicker at cycle 
28 than at cycle 2. 

Although unpolarized light was the most useful il- 
luminat ion  for general  viewing of polished cross sec- 
tions of the electrodes, polarized light often gave ad- 
ditional information. All photographs from Fig. 1 to 
8 were made using unpolarized light. The same area 
shown in Fig. 8 is shown in Fig. 9 using polarized 
light and a sensitive t int  plate. Under  both types of 
i l lumination,  the light was at right angles to the 
polished surface of the electrode. The polycrystall ine 
na ture  of the AgO clumps became evident  when  polar- 
ized light was used. This technique does not differen- 
tiate between individual  Ag crystals or Ag20 crys- 
tals. Ag20 crystals must  be smaller  than AgO crys- 

Fig. 7. Silver electrode charged to oxygen evolution at cycle 28. 
Lines forming squares are 60p. apart. Comparison with Fig. 3 and 
6 shows that cycling resulted in a gradual increase in size of voids 
and clumps of active material. 

Fig. 9. Same area as Fig. 8, but using polarized light and a 
sensitive tint plate so that many of the individual AgO crystals 
can be differentiated from each other. 
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tals, however, because individual  Ag~O clumps were 
smaller than most AgO crystals. 

At the end of a charge, most areas of well-cycled 
electrode contained more Ag20 than  the area shown 
in Fig. 8. A more typical area of the same electrode 
is given in Fig. 10. Many small Ag20 clumps and Ag 
particles were present in this electrode. By the t ime 
that oxygen evolution began, all Ag was covered with 
Ag._,O and the Ag20 covered with AgO. In a few areas, 
the Ag20 layer that separated Ag from AgO was 
thicker than  the layer  sh~own in Fig. 8-10. The area 
shown in Fig. 10 should be compared with the bot- 
tom of Fig. 2 where a somewhat similar s t ructure 
was present. Only small regions with a s tructure such 
as this were found at cycle 2. 

Oxides having a part icular  clump size were ran -  
domly distr ibuted in a charged electrode in the early 
cycles, but distr ibution became uneven  as the cycling 
progressed. The surface areas of a charged electrode 
differed from the interior  in several ways at cycle 
28. AgO crystals near  the electrode surface were small-  
er than the AgO in the inter;  Jr. Ag20 was more abun-  
dant  in the surface areas t! an elsewhere. Clumps of 
particles oriented at right angles to the surface were 
sometimes found on the electrode surfaces at cycle 28, 
but were not common. None of these differences be- 
tween the surface and interior were present in an 
electrode at cycle 2. 

The particles of metallic Ag that  remained at the 
end of a charge were not randomly  distr ibuted at 
cycle 28 but predominated in the interior  of the elec- 
trode. Ear l ier  work has shown that  large particles of 
Ag gradual ly  developed in the interior  of an electrode 
under  the cycling conditions used here (2). Many Ag 
particles remained in the large AgO clumps at the 
end of cycle 28 charge (Fig. 7 and 10). The number  
of intermediate-sized Ag particles had also increased. 

Discussion 

Anodic formation o~ AgO.--It is well known that 
Ag20 is the first product when Ag is anodically oxi- 
dized in alkal ine solution. Then, under  constant  cur-  
rent  conditions, AgO begins to form after anodic po- 
tent ial  makes a sharp rise of approximately 0.3V 
above the Ag/Ag20 potential  plateau. Small  amounts  
of AgO can be detected after potential  exceeds the 
Ag20/AgO equi l ibr ium value but  before potential  

Fig. 10. Small Ag particles and clumps of Ag20 that were pres- 
ent in the AgO near the surface of a charged electrode at cycle 
28. Same electrode as Fig. 7-9. Lines forming squares are 15~. 
apart. 

reaches the peak (7). After  reaching the peak, po- 
tential  declines to the Ag20/AgO charging plateau 
and formation of AgO is the main  reaction. A second- 
ary reaction is the oxidation of addit ional  Ag to Ag20. 
It has been established by x - r ay  diffraction that  the 
init ial  formation of AgO takes place on the surface 
of Ag20 crystals next  to the electrolyte (7, 8). Ob- 
servations using electron microscopy (9, 10) and light 
microscopy (6) have shown that  AgO crystals grow 
to larger sizes than Ag20 crystals when  Ag electrodes 
are oxidized anodically in  alkal ine solutions. Kinetic 
work on the anodic oxidation of Ag20 to AgO leaves 
some doubt as to the way the oxidation occurs, since 
the conclusions reached in different studies do not 
agree with each other (11, 12). 

Microscopic examinat ion of the electrodes indicated 
that the formation of AgO differed from formation 
of Ag20. Ag20 had formed at scattered sites through-  
out the electrode, both at the surface and the inter ior  
(3). Ag20 had formed preferent ial ly  and to a greater 
extent  on the smallest Ag particles. When AgO began 
to form dur ing  a charge, however, AgO tended to 
form first near  large Ag particles and around the grid 
members.  These were places where the Ag20 coating 
was thinnest.  

The grid and most large Ag particles served as a 
conducting ne twork  in  the electrode. Potent ia l  drop 
between the Ag20/solut ion interface and this con- 
ducting network should be smallest in places where 
the Ag20 coating was thinnest.  Therefore, when  po- 
tential  rose above the Ag20/AgO equi l ibr ium value, 
the potential  at the Ag20/solut ion interface was high-  
est on the grid and on the large particles, and AgO 
nucleated here initially. The reason that AgO was 
comparat ively rare on the surface of an electrode 
that was par t ly  charged at the Ag20/AgO potential  
plateau was because most large Ag particles were in 
the interior of the electrode and not on the surface. 

After  the ini t ial  nucleat ion of AgO at various sites 
in the electrode, the AgO then spread to surrounding 
areas. It can be seen in Fig. 1 that metallic Ag was 
less common where  AgO had formed than in  adjacent  
areas where Ag20 predominated. After  AgO had 
formed, oxidation of neighboring Ag and Ag20 took 
place simultaneously.  Oxidation was concentrated near  
these AgO areas, with no addit ional oxidation of Ag 
to Ag20 visible in other areas unt i l  AgO had formed 
there also. 

Groups of AgO crystals grew together into rela-  
t ively large bodies (Fig. 2, 8). Judging by the size 
of individual  crystals in these large masses of AgO 
(Fig. 9), it is l ikely that the individual  crystals formed 
from different clumps of Ag20. Many of the large 
masses of AgO crystals may  begin forming in the way 
i l lustrated in Fig. 1, with AgO first forming a layer 
around Ag particles that is almost free from pores. 
There seems to be little addit ional oxidation of Ag 
particles after a complete coating of AgO has formed 
around the Ag. After  a cer ta in  thickness is reached, 
the AgO does not thicken appreciably as a result  of 
addit ional  oxidation of the coated particles, but  thick- 
ens as the sur rounding  Ag20 and Ag are oxidized to 
AgO and the AgO clumps contact each other. The 
AgO needs only to have electronic conduction for 
large bodies of AgO to form in this way. Electrolyte 
diffusion should become increasingly hindered dur ing 
a charge because AgO occupies a larger volume than  
Ag or Ag20 and tends to fill the smallest voids in the 
electrode. 

The amount  of Ag20 present at the end of a charge 
gradual ly bui l t  up as the cycling progressed (Fig. 3, 
6, 7). Perhaps the reason  for increased Ag20, and 
for it being more abundan t  near  the surface of the 
electrode, was connected to changes in the current  
distr ibution as the active mater ial  c lumped with cy- 
cling. Many of the Ag and Ag~O partic 'es in a charged 
electrode had only a thin AgO coating (less than 1~) 
separating the particles from the electrolyte (Fig. 



1026 J. EIectrochem. Soc.: E L E C T R O C H E M I C A L  T E C H N O L O G Y  J u n e  I971 

10). The fact that  these particles had not been oxi- 
dized to AgO dur ing  the charge indicated that  ion 
conduction did not take place through the solid AgO 
to a very great extent  under  these charging conditions. 

Decline of capacity with cycling.--Capacity changes 
were the result  of changes in the microstructure of 
these electrodes. It was ment ioned earlier that  larger 
Ag particles gradual ly  developed as an electrode was 
cycled, par t icular ly  in the interior  of the electrode. 
Since large Ag particles do not oxidize as completely 
or as readily as small  particles, a greater  amount  of 
Ag remained in an electrode at the end of a charge 
at cycles 25-30 than at cycles 1-5. The increased 
amount  of metall ic Ag present  at the end of a charge 
was reflected in a gradual  decrease of the charge ac- 
ceptance as an electrode was cycled. Charge accept- 
ance usual ly fell in the range 60-65% of theoretical 
capacity at cycle 28. Earl ier  these electrodes had ac- 
cepted 65-80% at cycle 2. 

In contrast, electrodes discharged at the 20 hr  rate 
gave a large capacity at cycle 1, since almost all oxide 
could be reduced dur ing  a slow discharge (Fig. 5). 
But, electrodes discharged at this slow rate formed 
Ag particles that  were more than 10 times the size of 
the small  particles which formed dur ing  a discharge 
at the 1 hr rate. Capacity dropped rapidly as a result  
of the large Ag particles not oxidizing completely in 
subsequent  charges. 

When potential  fell to the cutoff value at the end 
of a discharge at the 1 hr rate, an electrode still con- 
tained approximately 1/10 of the oxide that  had been 
present at the end of a charge. The proport ion of 
oxide that  was not reduced dur ing  a discharge re-  
mained approximately  constant  with cycling, when 
all cycles used the same rate of discharge. As a re-  
sult of the same amount  always remaining,  and little 
oxygen evolving except at the end of a charge, be-  
g inning  with cycle 2 the electrodes gave close to 
100% efficiency. At cycle 1, however, efficiency aver-  
aged only 92% because par t  of the charge current  was 
used in forming oxide which was not reduced dur ing 
cycle 1 discharge. Judging only  by  charge acceptance, 
capacity seemed to decline 6% from cycle 1 to 6 (solid 
lines in Fig. 4), but  the actual decrease in measured 
discharge capacity was only 2%. This difference be-  
tween charge acceptance and discharge capacity re- 
suited from the inefficiency of cycle 1, ment ioned 
above. 

Conclusions 
1. The capacity decline with cycling was the re- 

sult of changes in  the microstructure.  As larger Ag 

particles gradual ly  developed in the electrode, main ly  
in the interior, a larger proport ion of the active ma-  
terial remained  in  the metall ic state at the end of a 
charge. 

2. AgO formation showed a preference for sites 
where Ag20 was thin, such as on the surface of large 
Ag particles and around the Ag grid in the electrode. 
This contrasted with Ag_~O forming at random sites 
earlier in a charge. 

3. After AgO had formed, nea rby  Ag and Ag20 
were oxidized simultaneously,  but  fur ther  oxidation 
of Ag in other areas of an electrode did not take 
place unt i l  AgO had also formed in these areas. 

4. AgO crystals were larger than  Ag20 crystals. 
Groups of AgO crystals grew together into large poly- 
crystal l ine masses and tended to fill small  pores in the 
active material .  

5. As an electrode was cycled, it became less com- 
mon to find large areas which were ma in ly  AgO in 
a ful ly charged electrode. Instead, more small  Ag 
particles and clumps of Ag.~O were present  in a 
charged electrode. 

6. At the end of a charge, the surface of a well-  
cycled electrode contained smaller  AgO crystals and 
more Ag20 than the interior. 

Manuscript  submit ted Aug. 3, 1970; revised m a n u -  
script received ca. Jan. 28, 1971. This was Paper  56 
presented at the Atlant ic  City Meeting of the Society, 
Oct. 4-8, 1970. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1971 
J O U R N A L .  
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General Equations for Gas Phase 
Compositions in Epitaxial Flow Systems 

I. Amron* 
Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 07974 

ABSTRACT 

Equations are derived for computing the concentrat ion of each reagent  
enter ing an epitaxial  reactor from a gas train. The two basic types of sys- 
tems are: (a) a main  di luent  stream, part  of which is diverted through a 
number  of parallel  saturators, each containing several mutua l ly  miscible com- 
ponents; and (b) a n  all-gaseous system with several di lut ion stages. In  addi- 
tion, the equations for a hybr id  system, which combines the two types, are also 
derived. The equations have no limits on the number  of components or di lu-  
t ion stages. 

Since the rate of growth of an epitaxial  layer  is 
determined by a number  of factors, among which is 
the composition of the gas phase enter ing  the reactor, 

* Elect rochemical  Society Act ive  Member .  
Key  words :  vaDor saturators ,  mul t i componen t  flow systems.  

it is necessary that  the gas phase composition be known 
and well controlled. In  order to achieve desired growth 
rates, the gas phase content  of the epitaxial  mat r ix  
source reagent must  be low, usual ly  a mole fraction 
less than 0.001. If the film is to be doped in a con- 
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trolled manner ,  then the amount  of dopant reagent 
must  be even lower; in some instances, the mole frac- 
t ion of dopant  must  be as low as 10 parts  per bill ion 
in the gas phase. 

The techniques, developed for a t ta ining the low gas 
phase concentrations, all involve the dilution of the 
source reagents  in a controlled manner .  Gaseous source 
compounds may be purchased prediluted with carrier  
gas and used directly down to about 5 ppm. For lower 
concentrations, addit ional  control led-di lut ion stages 
must  be provided in the gas supply train. With liquid 
reagents, sufficient di lut ion may be obtained by  di- 
ver t ing a fraction of the carrier gas stream through 
a flow meter, which monitors the carrier flow rate 
through a bubble  saturator.  By thermostatic control 
of the saturator  temperature,  the vapor pressure of the 
source reagent  in the diverted carrier gas stream is 
main ta ined  at a constant  and controlled level. The 
saturated carrier gas stream is then mixed with the 
main  carrier  gas stream, which serves to dilute the 
source vapor concentrat ion to a modera te ly  low level. 
A highly desirable feature of this technique is the 
wide range of concentrat ions which may be obtained 
by changing the relative flow rates of the main  and 
diverted streams and /o r  changing the tempera ture  of 
the saturator.  This technique is sufficiently accurate 
and simple for use down to concentrat ions of the order 
of 1 ppm. However, the extremely low concentrat ions 
required for the lowest epitaxial  film dopant levels 
are f requent ly  difficult to obtain with reasonable pre-  
cision, because of the very  low flow rates ( ~  1 cm :: 
min  -1) and low saturator  temperatures  ( ~  --30~ 
which must  be controlled and measured. To obtain 
the required low dopant reagent concentrations, the 
saturator  technique can be modified by using a dilute 
solution of dopant  reagent  dissolved in the liquid 
matr ix  reagent, e.g. BBr3 dissolved in GeBr4. 

Practical  systems may be either of the above-men-  
tioned types or a combinat ion of the two. As a result, 
once a system has been designed, it becomes essential 
to develop the computat ional  equations for obtaining 
the gas phase compositions. This chore may become a 
ra ther  f rust ra t ing one because of the extensive alge- 
braic manipula t ion  associated with even a moderately 
complex system. With the objective of reducing the 
required effort, this paper describes the general  equa-  
tions for computing the concentrat ion of each reagent 
enter ing the reactor from a gas train, which consists 
of: (a) a main  di luent  stream, part  of which is diverted 
through a number  of parallel  saturators, each con- 
ta ining several mutua l ly  miscible components;  (b) an 
all-gaseous system with several di lut ion stages; and, 
finally, (c) a hybr id  system, which utilizes both di lu-  
t ion methods. Thus, by start ing with the most general  
equation appropriate for a specific system, the user 
may easily reduce the equation to that which applies 
in his case. 

A Multiple-Saturator System 

The model for the mult iple-saturator system is 
shown in Fig. 1. The following assumptions are made 
in  the derivations:  

1. The ideal gas laws and Raoult 's  law are valid for 
the components  used in the system. 

2. The liquids in the saturators are mutua l ly  mis-  
cible at the concentrat ions used, and the solubil i ty of 
the carrier  gas in the liquids is negligibly small. 

3. The saturators are capable of saturat ing the car- 
rier gas at the equi l ibr ium par t ia l  pressures of each 
of the liquids contained in each of the saturators. 

4. The pressure drop is negligible from the point of 
release of the bubbles f rom the l iquid to the reactor. 

5. All  of the flow meter  calibrations are corrected 
to the same standard conditions of pressure and tem- 
perature.  

The exact general  solution for the model in Fig. 1 is 

CAR~IsE R / , ~  

(XlI,)(21. " "Xhl ) ~ NO. I 

~ BUBBLER 
NO. 2 

~ BUBBLER 
(Xlg, X NO.g 

Fig. 1. Model for the multiple-saturator system 

TO REACTOR 
CONCENTRATION 
MI, M2,- . . M h 

[1] 

where: M~ - :  the mole fraction of the ith component  in 
the gas stream enter ing the reactor 

f j -  the volume rate of flow of carr ier  gas 
enter ing the jta saturator  

( x iP i ) j  ---- the part ial  pressure of the i th component 
in the jth saturator;  x~ is the mole frac- 
t ion of the ith component  in the l iquid 
contained in the jth saturator  and P~ is 
the vapor pressure of pure i at the tem- 
perature  of the jth saturator  

P = the ambient  pressure downstream of the 
saturator  

F----the volume rate of flow of di luent  car-  
r ier  gas being added to the vapor-sa tu-  
rated gas streams f rom the saturators 

The derivat ion of Eq. [1] is given in  the Appendix.  
The following cases represent  four par t icular  ap- 

plications of Eq. [1] : 

A.  One saturator ,  one pure  r e a g e n t . - - A  by-pass car- 
rier s tream in parallel  with one saturator, which con- 
tains a single pure  liquid, m. The mole fraction of the 
vapor, Mr,, en ter ing  the reactor is given by 

Pm 
Mm -- [2] 

F 
- -  ( P  - -  Pro) + P 
1 

where: Pm ---- the vapor pressure of pure m at the satu-  
rator  temperature.  

B. One saturator ,  t w o  r e a g e n t s . - - A  bypass carrier  
s tream in parallel  with one saturator,  which contains 
a solution of a dopant reagent, d, and a matr ix  reagent, 
m. The mole fractions are given by  Eq. [3a] and  [3b] 

XdPd  
Md ---- [3a] 

F 
- -  ( P  - -  XdPd - -  X m P m )  "[- P 
I 

X m P m  
Mm = [3b] 

F 
- -  (P  -- XaPd --  XmPm) -[- P I 

where:  Pd, Pm ~ the vapor pressures of pure d and 
pure m, respectively, at the saturator 
tempera ture  

Xd,Xm ~ the mole fractions of d and m, respec- 
tively, in  the saturator  
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C. Two satuTators, each wi th  one pure reagent . - -A 
by-pass carrier  s tream in paral lel  with two saturators, 
one containing pure Tn and the other pure d. The 
saturators need not be at the same temperature.  

 :ed 
Md = [ 4 a ]  [ 1---~ (P -- Pm) + P 1 + ]--~ P Pd 

Pm 
Mm= F (P--Pro)"~- P [ 1-~- ]~m ( P-- Pm )] [ 4 b ]  

P 

where: S,,,fd = the volume flow rates of carrier gas 
through the pure  m and d saturators, respectively 

D. Two saturators, one wi th  pure reagent and a sec- 
ond with two reagents . - -A bypass carrier  stream in 
parallel  with two saturators, where saturator  1 con- 
tains pure m and saturator  2 contains a solution of d 
and m. The two saturators are at the same temperature.  

Md "- 

a part icular  mat r ix  or dopant  reagent)  and the second 
subscript, n, identifies the di lut ion stage. The number  
of di lut ion stages, mk, may be different for each re- 
agent. Mko is the concentrat ion (mole fraction) of the 
k th reagent in the supply tank,  whereas Mk~ is its con- 
centrat ion after the n th di lut ion;  fk, represents the 
volume flow rate of the k th reagent  plus di luent  from 
the previous dilution stage into the n th di lut ion stage. 
The supply tanks may contain pure reagents  (Mko = 
1), or they may be predi luted with carrier gas. Fkn is 
the volume flow rate of di luent  into the n th di lut ion 
stage of the k th reagent.  

The general  equation for the concentration, Mkmk, 
of the k th reagent in  the gas stream enter ing the re-  
actor is 

In l/Im  1 l Mko Ik. (Ik. + Fk.) 
L n = l  n = l  

Mkmk : [6] 

XdPd 
[ -~ -~2'1 (P--XdPd--XmPm)]_p: -Vm r _  ( e  _ - xmem)  + P 1 

I2 
~1 P - -  XmPm )] 

P--xdPd--X~nPrn  1]  [ ,i( 
$2 (P -- XdPd -- XmPm) -}- P 1 + 

p 

F + ~Sk-,.k 
k=l 

[5a] 

[Sb] 

where: $1,f2 : the volume rates of flow of carrier gas 
through saturators 1 and 2, respec- 
t ively 

Xd, X,~ = the mole fractions of d and m, respec- 
tively, in saturator  2. (Note: Xd and 
xm for saturator  1 are zero and unity, 
respectively.) 

A Multiple-Dilution System 
The model for the mult iple  gas dilution system is 

shown schematically in  Fig. 2. In  this schematic, the 
first subscript, k, identifies the active component  (i.e., 

TO REACTOR 
CONCENTRATION 
MImi,M2m2 ;"Mpmp 

with the detailed derivat ion of Eq. [6] i n  Appendix  II. 

For  i l lustration,  the reagent  concentrations for a 
system, in which the matr ix  is diluted twice and the 
dopant  reagent  four times, are 

Mmo~mllm2 
Mm2 : [7a] 

(F + Ira2 + Id4) (Irnl + Fml) 

Md4 = Mdoiddd21~i~ 

(F + ira2 + idD(Idl + Fdl) ( / ~  + F ~ )  (faz + F~z) 
[7b] 

C A R R I ER ~..]--..FF--- ~ 

rDISCARD-, 

SOURCE 
NO2 

DISCARD 

DISCARD 

N;P 
SOURCE 

NO.P 

DISCARD 

Fig. 2. Model for the multiple gas dilution system 

Equations [Ta] and [7b] may  be used in a system in 
which, for example, SiI-I4 is the source of epitaxial  
silicon and B2H8 the source of p- type  dopant. 

In  Eq. [1] and [6], the numera tor  in each equation 
represents the par t ia l  volume rate of flow of the 
designated component,  i.e. i in Eq. [1] and k in Eq. 
[6], and the denominator  represents the total  volume 
rate of flow of all the components into the reactor. 
Furthermore,  each term in  the denominators  of Eq. 
[1] and [6] represents  the contr ibut ion of each branch 
of the systems to the total flow in  each system. 

A Hybrid System 

An example of such a system would be one in  which 
the mat r ix  reagent  is pure  l iquid ge rmanium te t ra-  
chloride, and the dopant  reagents are predi luted gase- 
ous B2H6 or PH3. 

The general  equations for a hybr id  system, consist- 
ing of h reagents supplied from g saturators, and p re-  
agents, each supplied from a t ra in  of m~ dilut ion stages, 
are 
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M i  = 

Mkmk = 

V + P h P - f,~,,,,r 
J = l  i = l  j i=1  

t , t = ,  I n = l  

F-~- p -~ ~ fkmk 
j = l  i=1  ] k=l  

[8a] 

[Sb] 

APPENDIX 

Derivation of Composition Equations [ I ] and [6] 

The volume rate of flow out of a single saturator, j, 
at ambient  conditions is given by 

where: 

[A] 

f i = the volume rate of flow measured 
by the jth flOW meter  at the s tan-  
dard calibration conditions, Ps and 
T~ 
Ps/Ts 
the s tandard pressure and absolute 
temperature,  respectively, of the 
flow meter  calibrations 
the ambient  pressure and absolute 
tempera ture  of the gas downstream 
from the saturators  
the mole fraction of the ith com- 
ponent  in the jth saturator  
the vapor pressure of the pure ith 
component  at the tempera ture  of 
t h e  j t h  saturator  

the sum of the x~P~ (part ial  pres- 
sure) terms for the jth saturator 

J only 

K 
Ps,Ts = 

P,T = 

(x~) ~ = 

(P~).~ = 

x iP i  

The volume rate of flow of carr ier  gas at ambient  
conditions contr ibuted by the bypass flow meter  is 
given by 

F' = F K T / P  [B] 

where: F = the volume rate of flow measured on the 
bypass flow meter  at the s tandard calibration condi- 
tions 

The total volume rate of flow, Ft, into the reactor is 
the sum of the carrier  gas bypass flow rate and of the 
sum of flow rates from all the saturators, i.e. Eq. [C] 

F t = F ' +  ~ J/  
1 

[c] 

[D] 

j=l I L i=l J 

The part ial  volume flow rate, :fi, of the i th reagent 
from all the saturators  into the reactor computed at 
ambient  conditions is the sum of all  the part ial  volume 
flow rates of the ith reagent from g saturators, as given 

by Eq. [F] 

[F] 

where: f~ = the part ial  volume flow rate of the i th 
reagent  f rom the jth saturator  computed at ambient  
conditions. 

Having determined the part ial  volume of the i th 
reagent, Eq. IF], and the total  volume of gas, Eq. [El, 
enter ing the reactor, the equation for the mole fraction 
of the ith reagent,  Mi, in  the gas mixture  in the reac- 
tor can now be written,  since Ms = li/Ft. 

Mi = [G] 

Equation [G] represents an exact general  solution for 
a gas mixture  prepared by combining a bypass carrier 
gas flow with the flows from g saturators, each of 
which contains different concentrat ions of each of h 
reagents and is main ta ined  at a different temperature,  
which determines the contr ibut ion of the i th component 
from the jth saturator  by the term (xiP~)i. 

A likely simplification to consider is that  in which 
all of the saturators are main ta ined  at the same tem-  
perature. In  this case, Pi in the (x~P)i  term is the 
same for all  the saturators; i.e., it is the vapor pressure 
of the pure ith reagent at the common saturator  t em-  
perature. Then Eq. [G] may be rewr i t ten  as follows 

Mi = [H] 

The derivation of the composition equation for a 
mult iple dilution system begins with the s tatement  of 
the concentrat ion of reagent in the output  of each 
dilution stage, Mkn, as a funct ion of the input  concen- 
tration, Mko, and the flows involved; e.g., for the first 
di lution stage 

M k l = M k o  f k I + F k I  

where: f k l - - t h e  input  flow rate of gas to the first 
di lution stage from the source tank, 
which contains a mole fraction, Mko, of 
reagent diluted with carrier gas 

Fkt = the input  flow rate of di lut ing carrier 
gas to the first di lution stage 

Similarly, 
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~k2 ] 
M k 2 : M k l  fk2§  

: Mko [ ]kI + Fkl ~k2 JF Fk2 

Mk3 " -  Mk2 ]k3 -~- Fk3 

f k l  -}- Fk l  ~k2 -~- Fk2 ~k3 W Fk3 

Mk~.~-l~ = Mko fk. fk. + Fkn 

n = l  n = l  

The equation for the last stage (the m t h )  differs from 
the others, since the di luent  flow in this stage con- 
tains the main  carrier gas bypass flow as well  as the 
output  flows of all the other di luted reagents from 
their respective (mk -- 1)st stages (mk is used here for 
clarity, since the value of m may vary  from one re- 
agent di lut ion t ra in  to another.) Thus, for the last 
stage 

Mko 

= [I] 
p 

F + ~ Yk, 
k = l  

Since the numera tors  of Eq. [G] and [I] represent  
the part ial  volume flow rate of the i th or k th reagent, 
respectively, and the denominators  represent  the total 
gas flow into the reactor, the derivat ion of the compo- 
sition equations for a hybr id  system, in which some 
of the reagents are supplied by  saturators and others 
by mult iple  gas dilution trains, becomes very  simple. 
For reagents supplied from saturators, the numera tor  
for computing Mi is identical  with that  of Eq. [G], 
and the denominator  of Eq. [G] is modified by the 

p 

addition of ~_~ ]kn to obtain the total gas flow. For 
k = l  

reagents supplied by mult iple  gas dilution trains,  the 
numera tor  for computing Mkn is the same as that  in 
Eq. [I], and the same denominator  is used as for the 
saturator-suppl ied reagents in  the hybr id  system. 

Manuscript  submit ted Oct. 8, 1969; revised m a n u -  
script received Dec. 7, 1970. 

A ny  discussion of this paper  will appear in a Dis- 
cussion Section to be published in the December 1971 
JOURNAL.  

D I S C U S S I O N  

- S E C T I O N  , 

This Discussion Section includes discussion of papers  appear ing in 
the Journal of The Electrochemical Society, Vol. 117, No. 8 and 10 
(August  and October 1970}. 

A Method for the Synthesis of BIB for Use as a 
Dopant Source 

M. Berkenblit and A. P, eisman (pp. 1100-1101, Vol. 117, No. 8) 

F. E. Stafford: 1,2 Berkenbl i t  and Reisman describe 
a method for reacting B~H6 with HI in  the presence 
of hydrogen to generate  BIz. A fivefold excess of 
B2H6 is used. The reaction is observed to go to com- 
pletion with the reactor at 250~ according to 

6B2H6 ~ 6HI ~ 2BI3 -b 5B2H6 -{- H2 [1] 

They observe, however, that  "At [450 ~ and 800~ 
there was no measurable  trace of BI3, indicating that 
K is much smaller (-> O) than the calculated value." 
They conclude that "these results do not  appear to be 
due to kinetic limitations, and would indicate that  
the thermochemical  data [given in the JANAF tabu-  
lat ion 3] are in considerable error." 

We disagree with this conclusion and offer the fol- 
lowing interpretat ion.  Diborane is unstable  with re- 
spect to decomposition to boron and hydrogen, the 
equi l ibr ium pressure at the temperatures  in question 
and in the presence of 1 atm H2 being 10-12 atm or 
less. Depending on the contact t ime and pressure, 
this decomposition is "slow" at room temperature  and 
somewhat above, but  becomes rapid with increasing 
temperature.  (See e.g. Baylis et al.4.) It is logical to 
assume, therefore, that  the decomposition reaction is 

1 Depar tmen t  of Chemist ry  and the Materials Research Center,  
Nor thwestern  Universi ty ,  Evanston,  Illinois, 60201. 

Supported by the Uni ted States Atomic Energy  Commission, Doc- 
umen t  COO-1147-39. 

@ 
"slow" at 250~ under  the part icular  conditions used 
by Berkenbl i t  and Reisman and compared to the for-  
ward rate of Eq. [1]. 

At 450~ and above, the rate of decomposition to 
boron should be fast. (Whether boron containing spe- 
cies survive the reaction is not mentioned. Alternately,  
higher boranes could be formed and give a test for 
boron, but  not react to form BI3.) The principal  net  
reaction then becomes 

B ~- 3HI ~ BI3 -{- 3/2 H,, [2] 

For 104 ppm HI (---- 10 -2 atm) at 700~ and with 1 
atm H2 (or 10 -2 a tm),  the equi l ibr ium part ial  pres- 
sure of BI3 is calculated to be 10 -9.4 (or 10 -6.4) atm, 
explaining the non-observat ion  in the paper under  
discussion of BI3. 

In  fact, the observation that  Eq. [1] proceeds to 
the theoretical l imit at 250~ and that  5 BI3 can be 
formed in appreciable yield by direct reaction of 
iodine with boron, indicates that  the quoted 3 electron 
impact  enthalpy of formation is essentially correct. 
It would be hard to change the enthalpy in a way 
to account for the present observations in the dis- 
cussed paper. 

Accordingly, control of the kinetic condi t ions- -wal l  
contact, contact time, B2H6 par t ia l  pressure--seems 
to be important  for success of the synthesis. 

M. Berkenbl i t  and A. Reisman:  Stafford begins his 
thesis with a misquote from our report, adds a second 

D. R. StuU and H. Prophet ,  " J A N A F  Thermochemica l  Tables,"  
The Dow Chemical Company,  Midland Michigan, tables as available 
to June  1970. 

A. B. Bayiis. G. A. Pressley, Jr. ,  and  P. E. Stafford, J .  Am.  
Chem. Soc., 88, 2428 (1966). 

6 R. M. Adams,  Editor, "Boron,  Metallo-Boron Compounds,  and 
Boranes,"  p. 276, Interscience Publishers,  New York, N. Y. (1964). 
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misquote, uses these misquotes to argue that  his logic 
must be accepted, and then ends with  a general i ty  
which, to us, also happens to be i rrelevant .  

Firstly, our exper iments  were  conducted with  equal  
part ial  pressures of B2H~ and HI, not with a f ive-fold 
excess of B2H6 (see Vol. 117, p. 1101, column 1, para-  
graph 1). Secondly, we are quoted as stating that  
BI3 can be formed in appreciable quanti t ies  from the 
direct react ion of boron and iodine. We made no such 
s ta tement  nor do we profess any knowledge of the 
exper imenta l  conditions needed for such a synthesis. 

Our in terpreta t ion may  or may  not be valid. Un-  
for tunate ly  Stafford has not provided any new infor-  
mation which would  enable us to reconsider  our con- 
clusion. Restated, we found that  based on t r ivial  
thermodynamic  calculations, the reaction shown in 
Eq. [1] should have  yielded some BI3 at 450~ None 
was observed. One explanat ion is that  the the rmo-  
chemical  data is in error, and this is the one we sug- 
gested. I t  is also possible that  the B2H~ decomposes, 
that  B drops out, and that  the HI fails to react wi th  it. 
Another  is that  B2H6 polymerizes  etc., the products of 
such react ion(s)  being unreact ive  wi th  HI. The lat ter  
we doubt, since B2H6 is an effective semiconductor  
dopant source at e levated temperatures .  Perhaps there  
exist ten other  explanations.  In lieu of proof in support  
of any one of them, ours is as reasonable as any and 
does not requi re  invoking other obvious but more 
complicated conjecture.  

The Effect of Several Electrode and Electrolyte 
Additives on the Corrosion and Polarization Behavior 

of the Alkaline Zinc Electrode 

F. Mansfeld and S. Gilman (pp. 1328-1333, Vol. 117, No. 10) 

S. M. Davis: 6 In Table III  of the paper  by NIansfeld 
and Gilman, a comparison of theoret ical ly  calculated 
and exper imenta l ly  de termined  values for the cor-  
rosion potential  of a pure zinc electrode in 6N KOH, 
containing a var iable  addition of ZnO, is presented. 
The exper imenta l ly  de termined  values are somewhat  

6 ESB Incorporated, Ray-O-Vac Division, Madison ,  Wiscons in ,  
53703. 

too negat ive  for ZnO concentrat ions grea ter  than zero. 
No explanat ion is offered for this phenomenon.  

Since the ZnO used in these exper iments  is stated 
to be of AR grade purity, it is l ikely that  small but  
significant quanti t ies of certain heavy metals  of high 
hydrogen overpotent ia l  were  introduced into the elec- 
t ro lyte  solution along with  the zinc oxide; notably Pb 
which may be present in AR grade ZnO up to 0.005%, 
and possibly also Sn, Cd, In, or T1. Such additions 
could deposit on the zinc, raising the hydrogen evolu-  
tion overpotential ,  thereby shift ing the cathodic Tafel  
curve in a more negat ive direction and lowering the 
exper imenta l ly  measured corrosion potential.  

A simple test of this hypothesis would  consist of 
comparing the exper imenta l ly  measured corrosion po- 
tentials obtained with AR grade ZnO to those obtained 
with spectrographic grade ZnO in which the total  
metall ic impur i ty  content  is ~10 ppm. 

F. Mansfeld and S. Gi lman:  The authors welcome 
the comment  of Dr. Davis. It is not true, however,  that  
no explanat ion has been offered for the fact that  ex-  
per imenta l  corrosion potentials  in Table III  were  
somewhat  more negat ive  than the theoret ical  values. 
In the Discussion Section, we point out that  dissolved 
zincate might  lower the water  act ivi ty  according to 
Eq. [9] which then increases the hydrogen overvol tage 
which in tu rn  leads to a decrease of corrosion rates 
and a shift of the corrosion potent ial  in the negat ive 
direction. It is, of course, possible that  impuri t ies  in 
the zinc oxide of AR grade pur i ty  like Pb or Sn in- 
crease hydrogen overvol tage as suggested by Dr. Davis. 
This is the effect we wanted  to show in our paper. On 
the other  hand we have shown 7 that  addition of 10 -4 M 
Pb to a solution of KOH 4- ZnO completely  changes 
the morphology of the deposit on a zinc single crystal. 
Since this amount  of lead ions corresponds to about 
0.002%, we have to conclude that  the amount  of active 
lead in the AR grade zincate must  be much smaller  
and, therefore,  probably cannot effect the results of 
Table III as suggested by Dr. Davis. The same argu-  
ment  applies to Sn as an i m p u r i t y )  

7 F. M a n s f e l d  and  S. G i l m a n ,  This Journal, 117, 588 (1970). 
s F. M a n s f e l d  a n d  S. G i l m a n ,  This Journat, 117, 1154 (1970). 
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ABSTRACT 

The use of solid oxide electrolytes for determining oxygen concentrat ions 
in liquid metals has motivated much research of solid electrolyte properties 
over wide ranges of chemical potential  and temperature.  A useful scheme for 
assessing the electrolytic properties of solid electrolytes is that of plott ing 
electronic and electrolytic conduction domains s imul taneously  with proposed 
application domains on chemical potential  vs. 1/T diagrams. Accordingly, the 
concept and theoretical origins of conduction domains for solid electrolyte 
materials are outl ined briefly. The origin and usefulness of the concept is 
discussed with respect to proposed applications of these solid electrolyte ma-  
terials. Conduction domains for a number  of known solid electrolytes are de- 
duced from various conductivi ty and galvanic cell measurements  and the 
results are presented in the form of conduction domain maps in log Px2 vs. 
1/T space. These maps constitute a survey of present status of knowledge 
regarding the materials  considered. The solid electrolyte materials AgBr, AgI, 
CuBr, CuI, CuC1, CaF2, Zro.asCao.l~Ol.85, and Tho.ssYon501.925 are discussed. 
Controversial  implications and interpretat ions of conflicting data are pointed 
out. 

The usefulness of solid electrolytes in research and 
other applications is based on two salient features: I. 
The open-circui t  emf E across a solid electrolyte is a 
measure of a chemical potential  difference; hence a 
solid electrolyte can funct ion as a chemical potential  
(Px2) gauge. II. The charge passed through a solid elec- 
trolyte is a measure of ion transport ;  hence a solid 
electrolyte can function as a solid state ion pump. 

A number  of works (1-7) have reviewed research 
applications and have emphasized the solid electrolyte 
galvanic cell technique as an impor tant  quant i ta t ive  
method for s tudying the thermodynamics  and kinetics 
of selected reactions at elevated temperatures.  For the 
most part  the solid electrolytes have been either AgI, 
CaF2 or one of the oxide solid electrolytes CSZ (calcia 
stabilized zirconia) or YDT (yttr ia  doped thoria) and 
have been employed in chemical potential  (PF2 or 
Po2) gauges in open-circui t  emf measurements.  1 To a 
much lesser extent  copper and silver ha]ides have also 
been employed as solid electrolytes. Also a l imited 
number  of the reported applications have made use of 
the ion-pumping  abil i ty of the solid electrolytes. The 
most impor tant  metal lurgical  applications of these 
coulometric t i t rat ion techniques involve the study of 
selected metal  (8) and metalloid (9, 10) diffusivities 
in liquid and solid metallic hosts. 

In  contrast  with these research-oriented applications, 
proposed application of solid electrolytes to metals 
technology has been almost exclusively concentrated 
on open-circuit  emf measurements  over oxide solid 
electrolytes. In  particular,  these applications involve 
the sensing of oxygen chemical potentials in l iquid 
metals (11-17) at elevated temperatures.  The abil i ty 

* Elect rochemical  Society Act ive  Member .  
Key  words :  solid electrolytes,  electrolytic domain,  m i x e d  c o n d u c -  

t ion .  
1 The composi t ions  of these  e~ectrolytes m a y  he g iven  by the  fol- 

lowing  chemica l  fo rmulas :  CSZ is Zro.~Cao.l~Ol.ss, and YDT i s  
Tho.ssYo.1501.~ 

to continuously monitor  this thermodynamic  variable 
is of critical importance in liquid steel refining and 
also in controll ing the corrosivity of l iquid sodium 
coolants to be employed in  modern  fast breeder  re- 
actors. 

Because electronic conduction prevails in most solids, 
electrolytes (defined here as compounds exhibi t ing 
ionic transference numbers  tion ~ 0.99) comprise only 
a very small  subclass of all known compounds. More 
importantly,  however, even the known solid electro- 
lytes re tain their  predominant  ionic conductivi ty over 
only limited ranges of tempera ture  and chemical po- 
tential, i.e., only over their respective electrolytic 
domains (18). For quant i ta t ive  results from emf mea-  
surements  it is most desirable that  the application 
conditions lie wi thin  the electrolytic domain. Other-  
wise, the electrolytic domain boundaries must  be pre-  
cisely known if a quant i ta t ive  in terpre ta t ion of the 
open-circuit  emf's is to be made. 

The purpose of this paper is to present  estimates of 
the electrolytic domain boundaries  for several known 
solid electrolytes. These domains are most conven-  
iently presented in the form of a log Px2, 1/T map 
according to a scheme given by Pat terson (18). The 
scheme is essentially an extension of an analysis first 
given by Schmalzreid (19, 20). It combines various 
conductivi ty and /or  emf measurements  in order to 
estimate the location of the electrolytic domain 
boundaries in a m a n n e r  consistent with Wagner 's  
phenomenological  theory of mixed conduction (7, 21) 
in v i r tua l ly  stoichiometric compounds. Because tion is 
the ratio of ionic conductivi ty to total (ionic plus elec- 
tronic) conductivity, the present  definition of a solid 
electrolyte (namely,  tion ~-- 0.99) implies v i r tua l ly  ex- 
clusive ionic conduction. This definition is motivated 
by the desirabil i ty of reducing Wagner 's  general  re -  
lationships (21) 

1033 
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-- h~ ] d # x 2 )  / (2F) 

= -- ( S ; 7  [ ~;i~ 

to the  simplified vers ion 

E = r - -  ~' = --  (~'x2 --  #"x2) / (2ZxF)  

= - -  (I~"M - -  I L ' M ) / ( Z M F )  [2] 

The symbols  X and M in Eq. [1] and [2] denote, r e -  
spectively,  the  nonmeta l  and meta l  components  of the 
M a X b  mixed  conductor;  whereas  the double and single 
pr imes  refer  to the e lectrodes contact ing the opposite 
ends of the  compound. Z is valence, q~ is e lectrostat ic  
potential ,  ~ is chemical  potential ,  and F is F a r a d a y ' s  
constant.  In general ,  tion is a cumbersome function of 
chemical  potent ia l  as wel l  as t empera tu re ;  however ,  
wi th in  the e lect rolyt ic  domain the  simplified forms 
[2] serve as an adequa te  approx imat ion  to the  corre-  
sponding integrals  of tion on chemical  potent ia l  (18-20). 
The chemical  potent ia l  /*x2 of the  gaseous X2 d imer  is 
re la ted  to its pa r t i a l  pressure  Px2 (a tm)  and absolute  
t empera tu re  T (~ b y  

~x2 "-- ~~ + 2.303 RT log Px2 [3] 

where  R is the  universa l  gas constant  and ~Oxe is the  
chemical  potent ia l  of X2 gas in its s t andard  state. Equa-  
tion [3] al lows the var iab le  log Px2 to be used in place 
of the chemical  potent ia l  at any given tempera ture .  
Also, most expe r imen ta l  or appl icat ion condit ions con- 
form to finite polygons in log PX2, 1/T space. For  these 
and other  reasons given below it is convenient  to for -  
mula te  res t r ic t ions  on the appl icat ions  of solid e lect ro-  
lytes  in te rms of these two var iables .  

Conduct ion Domains in Log Px2 1/T Space 
At e levated t empera tu re s  solid e lect rolyte  ma te -  

r ials  exhibi t  an ionic conduct iv i ty  which is v i r -  
tua l ly  Px2 independent .  In contrast ,  thei r  excess elec- 
t ron and posi t ive hole conductivit ies,  ~e and %, are  
found to be p ropor t iona l  to Px2 -1/~ and Pxe +~/n, re -  
spectively,  at constant  tempera ture .  The value  of n is 
de te rmined  by  the p redominan t  defect  s t ruc ture  of the 
M a Z b  solid electrolyte ,  but  is o therwise  independent 
of Px2 and T. On the other  hand, at  constant  Px2, al l  
three  conduct iv i ty  modes  exhibi t  an A r r h e n i u s - t y p e  
t empe ra tu r e  dependence  with  apparen t  ac t ivat ion en- 
ergies Qion, Qe, and Qe tha t  are also Px2- and T- inde -  
pendent.  Mechanist ic  in te rpre ta t ions  of these (iso-Px2) 
Q values do not seem to be just if ied beyond the point  
of qua l i ta t ive  assertions.  

In view of these considerat ions it is possible to 
character ize  the  to ta l  conduct iv i ty  aT in solid e lect ro-  
lytes  as follows 

(rT = ~ Jr ~re Jr (re [4] 
where 

~rion__aOioneXp( Qion ) 
RT [5] 

% = 'r~ exp (--  -~TT ) [6] 

[7] % =  a % P x 2 - Z / ~ e x p (  -- R-~) 

and where  the quant i t ies  o'~ (;roe, o'~ n, Qion, Qe, and 
Qe are  al l  Px~- and T- independent .  In  order  to discuss 
the  na ture  of pa r t i cu la r  conduct ion domains  for a 
given solid e lectrolyte ,  consider  the log o- T surface 
plot ted  over  log Px2, 1/T space as shown in Fig. 1. 
Also shown in Fig. 1 a re  the  surfaces corresponding to 
log Clan, log co, and log ~e which, because of thei r  
funct ional  form, plot  as p l ana r  sheets in log ~, log 
Px2, 1/T space. F igure  1 m a y  be thought  of as the con- 
duc t iv i ty  analog to a th ree -d imens iona l  Kroge r  and 
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REGIONS OF LOG a T 0'X2, T) SURFACE 

A, O@:~o n, ~0 A /,LOG aT ~)X2 , T) 
B - B'~ ee)= co> %. . , ~ \ \ \ \ \ \  / 

D, qo. :~,a@+ a 1 

I 
LOG a l '  

LOG % 

~ LO( 0 

Fig. 1. Schematic representation of Iog a surfaces over lag Px 2, 
1/T space for ~ = aion, ~r as, and ~tota]. 

Vink d iagram (22, 23). I t  is apparen t  that  regions or 
domains  exis t  whe re in  only one of t he  conduct ion 
modes (ion, electron, or the  posi t ive hole mode)  in-  
d iv idua l ly  dominates  the  total  conduct iv i ty  of the  
.MaXb mixed  conductor.  When  this occurs, the log aT 
surface approaches  coincidence wi th  the  p lanar  sheet 
of the dominant  conduct ion mechanism.  

Thus in region A of Fig. 1, ze is two or more orders  
of magni tude  g rea te r  than  ei ther  alan or r so that  
log zT and log % are  v i r tua l ly  identical .  For  the same 
reason, the log zT surface conforms to the  log % plane 
in region C whereas  it conforms to the log Zion plane in 
region D. The project ions  of these regions onto the  log 
Px2, 1/T plane  m a y  be cal led the posi t ive hole, excess 
electron, and electrolyt ic  conduction domains  for the  
mixed  conductor  in question. Thus the e lectrolyt ic  do-  
main  falls  wel l  wi th in  the  ionic domain  which is de -  
fined by  the condit ion tha t  ~ion is s imply  grea te r  than  
e i ther  % or  co, i.e., tion ~ 0.50. 

Various domain  boundar ies  separa te  the regions 
where  each mechanism of conduction dominates  the  
others  by  at least  two orders  of magni tude .  These 
boundar ies  represent  t rans i t ion  condit ions for the 
mixed  conductor.  Ana ly t i ca l  expressions for them may  
be read i ly  deduced by equat ing the appropr ia te  con- 
duct iv i ty  expressions,  t ak ing  the logar i thm of the re -  
suits, and then rear ranging .  Thus the % to % (p to n) 
t rans i t ion  bounda ry  m a y  be defined as the  locus of log 
Px2, 1/T points  where  % = ~e. This leads to 

log Pp,  - -  2 2.303R T" Jr -2- log ..... [8] o-o~ 

This locus of log Px2, 1/T points  plots  as a s t ra ight  
l ine wi th  slope -n /2[Q e -QJ2.303R] and intercept 
n/2 log z%/~%. Geometr ica l ly ,  i t  is the  pro jec ted  in te r -  
sect ion of log % and log ze p l ana r  sheets of Fig. 1. 
S imi l a r ly  boundar ies  of the ionic domain  m a y  be de-  
duced by  equat ing ce and ~e to r and tak ing  the 
logar i thm of the results;  this  gives 

( Q i o n - Q e )  1 g~ 
loge =-n u + n l ~  E91 

fl~ e 
and 

( Q i ~  1 n l o g  ~~176 [10] 
log V e = Jrn  2"-~0-3R T g~ 

where  the symbols  Pe and Pe have  been in t roduced in 
accordance wi th  Schmalzr ied ' s  usage (20). 



Vol. 118, No. 7 CONDUCTION DOMAINS--SOLID ELECTROLYTES 

L O G P  O , Q i o n  " Q e ,  a'~ = - n ~ } , ~  + n L O G  Jan  

L O G  P I  " 2n 

,.x 

( r e D O M A I  N 

ELECTROLYTIC D O M A I N  

b 

o Q O O M A I N  

o:  
L O G  r e = 4. n ( Q i a n  " Q e )  ~ .  

ionic domain Fig. 2. Relationship between electrolytic and 
boundaries in the log Px2, 1/T plane. 

In this paper, we are main ly  interested in the elec- 
trolytic domain boundaries.  According to the electro- 
lyte definition given above, these boundaries  may  be 
deduced by equat ing aion to 100 er e and 100 Ce. In  log 
PX2, 1/T space the equations for electrolytic domain 
boundaries are (18) 

Qion - Qe ) 1 r176 
log = u +  log 

= l o g P e - - 2 n  [11] 

[12] 

and 

logPx2 +n ( Qi~ ) 1 ~~176 = ~ - -  n l o g  
2.303R T 100 r176 

= log Pe + 2n 

As ment ioned previously, these boundaries  are critical 
in the evaluat ion of a given mixed conductor for use 
as a solid electrolyte. Any  application requir ing elec- 
trolytic behavior must  correspond to log Px2, 1/T 
conditions which lie between the lines corresponding 
to Eq. [11] and [12]. I t  is impor tant  to note that  to a 
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l imited extent  these lines may be extrapolated even 
if direct measurements  have established their  positions 
only over l imited ranges of Px2 and T. Such extrapo-  
lations are justified over ranges where the parameters  
Qion, Q$, Qe, ~~ r 0% remain  constant. However, 
caution is required for polymorphic materials  or ma-  
terials in which more than one mechanism for r Ce, 
or ce is possible. Figure 2 shows the relationships 
among the various domain boundaries  discussed above. 

It  is apparent  from this more or less geometrical 
viewpoint  that  exper imental  measurements  made for 
a part icular  mode of conduct ivi ty  can be used to 
uniquely  establish its conductivi ty "sheet" in log ~, 
log Px2, 1/T space. Establishing the location and ori- 
entat ion of each of the conduct ivi ty  sheets, then, 
serves to define their  intersections and hence any of 
the desired domain boundaries  as projected onto the 
log Px2, 1/T plane. In  addition, emf measurements  in-  
volving an electrode that establishes a log Px2 value 
lying outside the electrolytic domain can be used (19, 
20). The departure  of the measured emf from the 
thermodynamic value may then be used to gain fur ther  
information regarding the electrolytic domain bound-  
aries. Permeabi l i ty  measurements  may also be in te r -  
preted quant i ta t ive ly  in terms of domain boundary  pa- 
rameters. Pat terson (18) has summarized methods for 
de termining conduction domain boundaries  from var i -  
ous exper imental  measurements .  

Log Px2, 1/T Domain Maps for Some Known Halide 
Solid Electrolytes 

Figure 3 is a master  plot of log Px2, 1/T electrolytic 
domains of several known solid electrolytes. Only those 
materials  are represented for which an electrolytic 
domain is known to exist and for which exper imental  
data allow a quant i ta t ive  est imation of the electrolytic 
domain boundaries.  At low temperatures  the chlorides, 
bromides, and iodides of silver and copper are rep-  
resented. These compounds are characterized by an 
anion to cation site ratio of unity,  and cations are the 
predominant ly  mobile ionic carriers in these electro- 
lytes (1, 24). In  contrast, the oxide solid electrolytes 
and calcium fluoride exhibit  electrolytic behavior at 
more elevated temperatures.  They have anion to cation 
site ratios equal to two, and anions dominate their  
ionic conduction modes. 

Log Px2, 1/T diagrams for silver and cuprous halides. 
- - T h e  electrolytic domains of the known  silver and 
cuprous halide electrolytes are bounded on the low 
Px2 side by the stabili ty l imit of the electrolyte itself. 
Thus, in  Fig. 3 the electrolytic domain of CuC1 under  
reducing conditions is bounded by the log Pc]2, 1/T 
line corresponding to Cu, CuC1 equi l ibr ium coexist- 
ence. This boundary  may be readi ly deduced from a 
tabulat ion (25) of the s tandard free energy of forma- 
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Fig. 3. Master plot of electrolytic 
domains in log Px2, 1/T space for 
selected halide and oxide solid elec- 
trolytes. 
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tion data for CuC1. The same is t rue for CuBr, CuI, 
AgC1, AgBr, and AgI. The electronic conduction in 
these silver and cuprous halides is dominated by posi- 
t ive hole (as opposed to excess electron) carriers 
(26-28). According to theory (7, 29, 30) and measure-  
ments  (26-28), the positive hole conductivities, ae, in-  
crease in proportion to P1/2x 2, where X2 may be C12, 
Br.,, or It, depending on which halide is involved. How- 
ever, the ionic conductivities are found to be Px2-in- 
dependent  (7, 29) as suggested previously. Thus, at in-  
creased Px2 values, the electrolytic domain is t runcated 
by the onset of positive hole conduction. For the silver 
and cuprous halides this occurs at Px2 values well  
below 1 arm as may be seen from Fig. 3. The following 
example briefly summarizes the details of de te rmin-  
ing these high Px2 boundaries.  

By employing d-c polarization measurements  and C. 
Wagner 's  theoretical analysis (7, 29, 30), Wagner  and 
Wagner  (28) found the part ial  electronic conductivi ty 
of the cuprous halides to be dominated by hole con- 
duction which in certain temperature  ranges was 
orders of magni tude  below the total (a-c) conductivi ty 
in these materials.  Fur thermore  their  observed cur-  
rent  vs. d-c voltage data traverses confirmed the pro- 
port ionali ty of % to p1/2x 2 under  conditions corre- 
sponding to Cu, CuX equi l ibr ium coexistence. Thus 
from these quant i ta t ive measurements  the funct ional  
dependence of log % on log Px2 and 1/T (i.e., the lo- 
cation and orientat ion of the log % sheet in log ~, log 
Px2, 1/T space) may be uniquely  specified for each 
stable phase in the tempera ture  range studied. In  order 
to deduce the electrolytic domain boundaries  at high 
Px2 for the cuprous halides, it is only necessary to 
combine these results with the a-c conductivi ty mea-  
surements  which at Cu, CuX, coexistence are an ex- 
cellent approximation to only the ionic conductivity. 
This si tuation for CuC1 is depicted schematically in 
Fig. 4. In this manne r  the high Px2 electrolytic domain 
boundaries  shown in Fig. 3 for CuC1, CuBr, and CuI 
were deduced solely from conductivi ty measurements.  
The high- and low-tempera ture  boundaries  of these 
same electrolytic domains are determined either by 
phase t ransformations which produce an electronic 
conducting phase or else by the tempera ture  beyond 
which quant i ta t ive  conductivi ty measurements  have 
not yet been reported. 

This same procedure was used in constructing the 
electrolytic domains for AgBr and AgI 2 shown in Fig. 

The e lec t ro ly t ic  doma in  for  AgCI is no t  shown  p r i m a r i l y  be-  
cause  of d i sc repanc ies  in the  d-c  po la r iza t ion  resul ts  r epo r t ed  b y  
n s c h n e r  (27). Unti l  f u r t h e r  m e a s u r e m e n t s  resolve  the  p re sen t ly  u n -  
exp la ined  c u r r e n t - v o l t a g e  dependence  exh ib i t ed  by  AgC1, q u a n t i t a -  
t ive de t e rmina t i ons  of the  e lec t ro ly t ic  d o m a i n  b o u n d a r y  do no t  seem 
justified. 

/ "  
/ 
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Fig. 4. Schematic representation showing the results of d-c 
polarization and a-c conductivity measurements in log r log Px2, 
1/T space. 
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Fig. 5. Log PF2, 1/T diagram showing the estimated electro- 
lytic domain boundary for CaF2 together with selected metal, metal 
fluoride equilibrium coexistence Iocl. 

3. The calculations employ the d-c polarization results 
of Raleigh (26) and Ilschner (27) and the a-c con- 
ductivities reported by Kurn ick  (31) and by Bier-  
mann  and Jost (32). 

Log PF2, 1/T diagram for CaF2.--F~gure 3 shows the 
proposed low PF2 electrolytic domain boundary  for 
CaF2 to be about midway between the coexistence 
lines of Ca, CaF2, and Th, ThF4. This estimate is based 
on the recent analysis by Wagner  (33). The practical 
difficulties associated with conductivi ty and /or  emf 
measurements  on CaF2 in high PF2 atmospheres at 
elevated temperatures  seem to have thus far discour- 
aged the exper imental  measurements  required to de- 
termine the high PF2 electrolytic domain boundary  for 
this material.  However, in view of the extreme elec- 
t ronegat ivi ty  difference between Ca" and F'  ions and 
the correspondingly large forbidden bandgap for 
CaF2 it would not be surprising if this bounda ry  were 
found to be located far above 1 atm fluorine pressure. 
Figure 5 shows a n u m b e r  of selected metal, metal  
fluoride equi l ibr ium coexistence trajectories super im- 
posed on the proposed electrolytic domain for CaF2. 
Only those trajectories are represented that  have been 
studied as coexistence electrodes in conjunct ion with 
CaF2 as the solid electrolyte at elevated temperatures  
(34, 35). Because of the l imited number  of such studies 
on fluoride systems, the trajectories shown can only 
be approximately located on such a plot at the present  
time. 3 

Log Px2, 1/T Domain Maps for Some Known Oxide 
Solid Electrolytes 

A number  of considerations serve to dist inguish the 
known oxide solid electrolytes from the halide elec- 

s A m u c h  more  comprehens ive  e m f  s t u d y  invo lv ing  CaF2 solid 
e lec t ro ly tes  is p r e sen t l y  u n d e r  w a y  so t ha t  m a n y  more  add i t iona l  
coexis tence  t r a j ec to r i e s  m a y  be added soon. The  resul t s  a l r e ady  in -  
d ica te  t ha t  CaF~ has  negl igible  e lec t ronic  conduc t i v i t y  u p  to the  Cu, 
CuFs coex i s t ence  trajectory.  
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t ro ly tes  t r ea ted  above. Thus, the  low Px., e lect rolyt ic  
domain boundar ies  of the oxide solid e lect rolytes  CSZ 
and YDT are  de te rmined  by  the onset of excess elec-  
t ron (n - type )  conduct ion r a the r  than  by  the s tabi l i ty  
l imi t  of the  solid e lec t ro ly te  mater ia l .  Also the oxide 
e lectrolytes  requi re  compara t ive ly  large cat ion dopant  
addi t ions before  e lect rolyt ic  behavior  can be realized.  
This is in contras t  wi th  the prev ious ly  discussed elec-  
t ro lytes  tha t  exhibi t  finite e lect rolyt ic  domains  even 
wi thout  the addi t ion of selected dopant  additions.  
K iukko la  and Wagner ' s  solid e lect rolyte  s tudy (6) 
s t imula ted  much of the current  in teres t  in the oxide  
solid e lec t ro ly te  CSZ and in the appl ica t ion  of solid 
e lec t ro ly te  galvanic  cell  measurements  in the rmo-  
dynamic  investigations.  Pa r t l y  on the basis of these 
the rmodynamic  studies and pa r t l y  on the bases of var i -  
ous conduct iv i ty  (36), pe rmeab i l i t y  (37), and open-  
circui t  emf studies (12, 13, 14, 19, 38, 39), Pa t te rson  
(18) gave a conservat ive  assessment  of the e lectrolyt ic  
domain of CSZ. The resul ts  of Pa t te rson ' s  assessment 
are shown in Fig. 6. As shown in Fig. 7, the  proposed 
electrolyt ic  domain  bounda ry  at  low Po2 was placed 
conservat ively.  This was done as a safe ty  measure  to 
assure the  va l id i ty  of f i r s t -order  approx imat ions  as- 
ser t ing the  e lectrolyt ic  behavior  of CSZ under  various 
exper imenta l  conditions. Thus, v i r t ua l ly  all  repor ted  
emf studies fa l l ing above that  domain  bounda ry  choice 
had also been repor ted  to be free f rom electronic con- 
duct ion effects. I t  was apparen t  tha t  o ther  s tudies had 
suggested the t rue  bounda ry  might  be signif icantly 
lower, but  tha t  cer tain invest igators  did not concur. In 
view of the  uncertaint ies ,  the conservat ive  domain  
boundary  is retained,  but  i t  is unders tood tha t  signifi- 
cant  extension of the  e lectrolyt ic  domain to lower  Po., 
values  might  wel l  be possible if su i tab le  precaut ions  
can be observed.  

Evidence of e lectrolyt ic  behavior  for CSZ at much 
lower Poe values is now becoming more  abundant  
(15, 40). On the basis of the rmodynamic  emf measu re -  
ments  in l iquid i ron alloys,  F r u e h a n  et a[. (15) re -  
cent ly  repor ted  that  the onset of electronic conduct ion 
in CSZ (i.e., the e lect rolyt ic  domain  boundary)  at 

3.0 4.o 5.o 6.o 7.o s .o  ?.o lO.O 11.o 12.o 13.o 
lo4/roK 

Fig. 6. Selected galvanic cell application regions with respect to 
the electrolytic domain of CSZ. 
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Fig. 7. Electrolytic domain boundaries and related data for CSZ 

1600~ is at about  3 - 8  x 10 -1~ atm Po2 or about  down 
to Cr, CreO3 equi l ib r ium coexistence. I t  is c lear  from 
Fig. 6 that  this  is wel l  wi th in  the  l iquid s tee]making 
domain  (Region I I I  in Fig. 6). I t  is also wel l  below 
the e lectrolyt ic  domain bounda ry  indica ted  by  al l  
previous  assessments inc luding Pa t te rson ' s  (18) and 
by al l  previous  invest igat ions  including those con- 
ducted in the  s tee]making domain (12-14). I t  is un-  
for tuna te  that  F ruehan  et al. (15) did  not  r epor t  s imi-  
lar  resul ts  over  a range  of tempera tures ,  because then 
a finite boundary  ra ther  than  an isolated point  could 
be plot ted  in Fig. 7. Also shown on the log Po2, 1/T 
map of Fig. 6 a re  two addi t iona l  appl ica t ion  domains  
tha t  have been inves t iga ted  previously.  However ,  these 
domains,  (Region I) swept  out by  Kiukko la  and Wag-  
ner  (6) wi th  the  cell  

Fe,  FeO/CSZ/Ni ,  NiO (Cell  I) 

and that  spanned by  Rizzo et  aL (39) (Region II )  wi th  
the cell  

Cu ,Cu20 /CSZ/Ai r  (Cell  I I )  

both fal l  en t i re ly  wi th in  the previous  es t imates  (18) 
for the  e lect rolyt ic  domain  boundar ies  of CSZ. Clea r ly  
much remains  to be done before  these es t imates  can 
be replaced  wi th  def ini t ively  es tabl ished electrolyt ic  
domain boundaries .  

F igure  8 shows the  proposed electrolyt ic  domain for 
YDT in log Po2 1/T space. The high Po2 bounda ry  
shown in Fig. 8 was es t imated  by  analyz ing  to ta l  con- 
duct iv i ty  da ta  repor ted  by  Baur le  (41) and Lasker  and 
Rapp (42) in weighted  combinat ion  wi th  Schwerd t -  
feger 's  (40) asser t ion that  incipient  electronic (hole) 
conduct ion at  1500~ m a y  be expected to occur at 
Po2 ~ 10-7 atm. The approx ima te  t empera tu re  inde-  
pendence of this high Po2 bounda ry  implies  that  the  
iso-Po2 act ivat ion energies  Qe and Qion for conduction 
in YDT are  app rox ima te ly  equal.  Because numerous  
open-c i rcu i t  emf measurements  confirm the onset of 
posi t ive hole conduct ion as de te rmined  by  conduct iv i ty  
studies, the  e lectrolyt ic  domain  bounda ry  for  YDT at 
high Po2 shown in Fig. 8 m a y  be r ega rded  as fa i r ly  
wel l  established.  

However ,  as in the  case of CSZ, the  low Po2 e lec t ro-  
lyt ic  domain bounda ry  appears  to be a much more  con-  
t rovers ia l  issue at the  presen t  time. Three  recent  emf 
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Fig. 8. Electrolytic domain boundaries and related data for YDT 

studies (43-45) conducted at  t empera tu res  below the 
mel t ing  point  of i ron have been repor ted .  These studies 
were  per formed  quite independen t ly  and wi th  sig- 
nif icantly different  means  for control l ing oxygen  po-  
tentials.  However ,  the  e lect rolyt ic  domain  boundar ies  
deduced f rom these studies are in subs tant ia l  agree-  
ment  as m a y  be seen f rom Fig. 8. Ex t rapo la t ing  the 
resul ts  of  these studies to the  s tee lmaking  t e m p e r a t u r e  
range suggests that  only  a small  pa r t  of the s t ee lmak-  
ing appl ica t ion  domain  lies wi th in  YDT's e lect rolyt ic  
domain.  This is in accord wi th  the  resul ts  of Bake r  
and West  (12) who repor ted  ve ry  substant ia l  elec-  
tronic conduct ion in YDT (as wel l  as CSZ) exposed to 
l iquid iron containing dissolved oxygen.  

However ,  emf measurements  by  Schwerd t feger  (40) 
and by F ruehan  et al. (15) invoIving YDT in l iquid 
i ron alloys indicate tha t  a ve ry  significant por t ion 
of the  s tee lmaking  domain is wi th in  the e lectrolyt ic  
domain of YDT. The es t imate  of the onset of electronic 
conduct ion at  1600~ b y  F ruehan  et al. is also shown 
on Fig. 8. Obviously  there  is much d isagreement  re -  
gard ing  the locat ion of the low Po2 electrolytic domain 
bounda ry  especial ly  at  t empera tu re s  in the ne ighbor-  
hood of 1500 ~ to 1600~ For  these reasons, the p ro -  
posed low Po2 electrolyt ic  domain  bounda ry  shown in 
Fig. 8 has not been ex tended  above the 1100 ~ point. 
Also, fu ture  measurements  m a y  revea l  the  need to 
modi fy  the 700 ~ to llO0~ low Po2 boundary  which is 
based on the  works  of T re tyakov  and Muan (43) and 
H a r d a w a y  (44). However ,  insufficient quant i ta t ive  re -  
sults have been repor ted  in the  l i t e ra tu re  to jus t i fy  
such a modification at the  present  time. 

Because it is beyond the in tended scope of the pres-  
ent  paper ,  no discussion is offered regard ing  the va r i -  
ous explanat ions  that  have been given for  the  depa r -  
tures  f rom the rmodynamic  emfs r epor ted  by  different  
authors.  However ,  the observations of F ruehan  et al. 
(15) s t rongly  suggest  tha t  at least  some of the  ob-  
served depar tures  a re  p robab ly  not  due to the  onset 
of electronic conduct iv i ty  as had been supposed. As-  
suming the e lec t ro ly te  to be free f rom cracks and voids, 
the  o ther  m a j o r  possibi l i t ies  include (a) unre l i ab le  
reference electrode behavior ,  (b) concentra t ion po-  

lar iza t ion at the l iquid meta l  electrode, and (c) reac-  
t ion be tween the e lec t ro ly te  and the l iquid meta l  e lec-  
trode. The present  author  leans  to the view tha t  ex-  
p lanat ion  (c) would  account for more  of the dis-  
c repant  emf resul ts  now in the  l i t e ra tu re  than  any of 
the other  exp lana t ion  possibili t ies.  

Conctusion 
In summary ,  the conduction domain  scheme may  be 

used to assess the  useful  appl ica t ion  condit ions for  a 
given solid electrolyte .  Construct ion of the  e lectrolyt ic  
conduction domain  on a log Px2, 1/T map f rom var ious  
conduct ivi ty  da ta  a n d / o r  emf data  has been accom- 
plished. Such domain maps are ve ry  useful  for com- 
par ing  observat ions  f rom var ious  invest igators  and 
for es t imat ing the expe r imen ta l  condit ions where in  
selected solid e lec t ro ly te  galvanic  cell  measurements  
m a y  be expected to be free f rom deleter ious electronic 
conduction effects. Accordingly,  e lectrolyt ic  domain 
es t imates  in the form of log Px2, 1/T maps have been 
given for  severa l  known  e lec t ro ly tes  and in this  con-  
tex t  some of the more  controvers ia l  domain boundar ies  
have been pointed out and discussed. 
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SYMBOLS 

M Metal  component  of the solid 
X2 Nonmeta l  component  d imer  gas molecule;  e.g., 

F2, I2, Br2, CI~, 02 
Px._, Par t i a l  pressure  in a tm of X2 gas 
t i o n  Ionic t rans fe rence  number  
E Cell emf 
r Electrostat ic  potent ia l  at  e lectrode 
~x~ Gibbs free energy per  mole of X2 (chemical  

potent ia l )  at e lect rode 
~M Gibbs free energy per  mole of M 
Z~, Zx Valence of cations and anions of the  solid 

e lec t ro ly te  
" , '  Double and single pr imes  indicate  different  

electrodes 
F F a r a d a y ' s  constant  
T Absolute  tempera ture ,  ~ 
~,o S tanda rd  state chemical  potent ia l  
R Gas constant  
1/n Exponent  of Px2 in the funct ional  dependence 

of cr~ on Px2 
r Par t ia l  e lectr ical  conduct iv i ty  
�9 Posit ive hole carr iers  (subscr ipt  indicator)  
G Excess electron car r ie rs  (subscr ipt  indicator)  
ion Any  or all  ionic carr iers  (subscr ipt  indicator)  
Q iso Px~_ act ivat ion energy  for car r ie r  indicated 

by  subscr ipt  
r Pa r t i a l  e lectr ical  conduct ivi ty  ex t rapo la ted  to 

infinite t empe ra tu r e  and 1 a tm Px2 
=T Total  e lect r ica l  conduct iv i ty  
Pvn Px2 at  which ~s = ~e 
Pe Px2 at which ~e = fflon 
Pe PX2 at which ~e : aion 
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Emf Measurements of Electrochemically Prepared 
Lithium-Aluminum Alloy 

N. P. Yao,* L. A. Her6dy, and R. C. Saunders 
Atomics International, A Division of North American Rockwell Corporation, Canoga Park, California 91304 

ABSTRACT 

The open-circuit voltages of the cell Li(1)/LiI-KI-LiCl/LixAl(s) were 
measured over the composition range of 6.9-50 a/o (atom per cent) Li in 
LixAl alloy in the temperature range 282~176 The composition of the 
LixAl alloy was varied by coulometrically charging and discharging ~he 
cell. The emf values of the cell are independent of the composition up to 47 
a/o lithium in the alloy and their temperature dependence follows the re- 
lationship E _-- 451.07 -- 0.2202T (~ _-- 0.3), where E is in millivolts, T in ~ 
and ~ is the standard deviation. The constant potential exhibited by the alloy 
is ascribed to the formation of ~-LiAI phase on the alloy surface. The standard 
free energies of formation for ~-LiA1 are estimated to be --7.49, --7.24, and 
--7.09 kcal/mole at 300 ~ 350 ~ and 380~ respectively. The standard enthalpy 
and entropy of formation are constant, --10.40 kcal/mole and --5.08 ca]/ 
mole �9 deg, respectively, in this temperature range. Since the electrochemically 
prepared lithium-aluminum alloy has a constant potential over a wide com- 
position range and exhibits good electrochemical behavior, it can serve as a 
good reference electrode as well as a high energy density anode in molten 
salt systems containing lithium. 

The use of l igh tweight  and h igh ly  electroposi t ive 
l i th ium meta l  e lectrodes is des i rable  for  high energy  
density,  high power  dens i ty  ba t t e ry  systems. Liquid  
l i th ium meta l  has been ex tens ive ly  ut i l ized in some 
high power  dens i ty  mol ten  salt  bat ter ies ,  e.g. Li/C12 
(1), L i / S  (2, 3), L i / cha lcogen  (4). High se l f -d ischarge  

* E lec t rochemica l  Socie ty  Act ive  Member .  
K e y  words :  l i t h i u m - a l u m i n u m  alloy,  emf  measu remen t s ,  f ree  en -  

ergy ,  en tba ]py ,  en t ropy ,  l i th ium b a t t e r y  anode ,  r e fe rence  e lect rode,  
m o l t e n  salt  e l ec tro ly tes .  

ra tes  due to corrosion of cell  components  by  l iquid 
l i th ium coupled wi th  some apprec iab le  solubi l i ty  (5) 
of l iquid l i th ium in the mol ten  salt  e lec t ro ly tes  often 
cause difficulties in ma te r i a l  selection and ba t t e ry  cell  
design. These difficulties, however ,  can be  c i rcum- 
vented th rough  the use of a solid a l loy  of l i thium. 
One such al loy is the  l i t h i u m - a l u m i n u m  al loy (6) 
which has been ut i l ized as the  solid negat ive  electrode 
in Sohio 's  Li/C12 (7) bat tery .  Excel len t  e lec t rochemi-  
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Fig. 1. A laboratory LixAI/Li cell 

cal performances  of l i t h ium-a luminum alloy [compo- 
sition range 5-30 w / o  (weight  per cent) Li] in molten 
salt systems have been reported (8-10). The l i th ium- 
a luminum alloy was shown to have  a stable electrode 
potential  during discharge and charge (10, 11) and 
the ahoy, if proper ly  prepared,  is capable of charging 
and discharging at cur ren t  densities up to 2 A / c m  2 (7). 

In this paper, equi l ibr ium emf measurements  of an 
electrochemical ly prepared l i t h ium-a luminum alloy in 
the cell Li/LiI-LiC1-KI/LixA1 are reported in the 
composition range 6.9-50 a/o l i thium and in the tem-  
pera ture  range 282~176 The eutectic mix ture  of 
l i thium iodide, l i thium chloride, and potassium iodide 
(12, 13) (mp 264~ serves as the electrolyte.  1 Thermo-  
dynamic free energy, enthalpy,  and entropy for the 
formation of the LiA1 compound are calculated f rom 
the emf  data. 

Experimental 
In order  to avoid air contaminat ion of the salts and 

reaction of l i thium metal  wi th  air, the ent i re  salt prep-  
aration and cell exper iments  were  per formed in an 
argon gas filled dry box (Vacuum Atmosphere -Al len  
Jones Company) .  

Chemicals.--Anhydrous, polarographic-grade  LiI and 
LiC1 were  supplied in 200g ampoules  by Anderson 
Physics Laboratory,  Champaign, Illinois. Baker  re-  
agent -grade  KI  and purified LiF powder  (Matheson 
Coleman and Bell) were  vacuum dried over  a 2 week  
period at gradual ly  increasing tempera tures  up to 
250~ and at 13~ Hg pressure. The eutectic mixtures  
of LiI-LiC1-KI (12) (59 m/o-8.5 m/o-32.5 m / o )  and 
LiI-LiC1-LiF (15) (59.2 m/o-29.1 m / o - l l . 7  m/o )  were  
prepared. The melts  were  colorless and clear. The 
melt ing points of the eutectic mixtures  f rom cooling 
curves were  264 ~ and 341~ respectively,  in agreement  
with the l i tera ture  values (12, 15). L i th ium metal  
(99.97% puri ty)  was obtained in 1 lb ingots from Foote 
Mineral  Company. The meta l  was cut and mel ted in 
a tanta lum cup. It was then wet ted to a nickel screen 
welded to the base of an inver ted  nickel cup current  
collector at 600~ Aluminum sheet meta l  (99.99% 
purity, 0.127 in. thick) was supplied by Wilkinson 
Company, Santa Monica, California. The sheet meta l  
was machined to a 1.2 in. d iameter  circular  disk. 

Apparatus.--The cylindrical  cell for the electro-  
chemical  preparat ion of Li-A1 alloy and for the emf 
measurements  is shown in Fig. 1. The cell consists of 
a stainless steel cell body, an a luminum disk (0.127 in. 
thick, 1.2 in. diameter)  welded to the cell base, and 
floating l i th ium contained in an inver ted  nickel cup 
which was supported externally.  A BeO spacer was 
placed between the l i th ium electrode and the stainless 

P o t a s s i u m  ions  of t h i s  s a l t  m i x t u r e  w e r e  n o t  e x p e c t e d  to i n t e r -  
f e r e  w i t h  t h e  e l e c t r o d e  r e a c t i o n s  of  l i t h i u m ,  on  the  bas i s  of t h e r m o -  
d y n a m i c  c o n s i d e r a t i o n s  (14) .  T h i s  w a s  c o n f i r m e d  in  t h e  p r e s e n t  
s t u d y  w h e r e  t h e  e m f  v a l u e s  of l i t h i u m - a l u m i n u m  a l loy  (vs. L i / L i +  
r e f e r e n c e )  i n  L i I - L i C 1 - K I  e u t e c t i c  w e r e  f o u n d  to  be  i d e n t i c a l  to 
those  in  L i I - L i C 1 - L i F  e u t e c t i c ,  a p u r e  l i t h i u m  s a l t  m i x t u r e .  

steel cell wall.  The annulus be tween the cell wall  and 
the BeO spacer was rendered e lect rolyte  free by the 
Grafoil  sealing which was under  compressive force 
t ransmit ted by the BeO spacer. A thermocouple  well  
and a l i thium reference electrode ( l i thium wet ted on 
nickel screen) were  also incorporated in the cell as 
shown in the figure. The cell was heated at the base 
with a heat ing plate regulated with a Variac. The cell 
was the rmal ly  insulated by a preshaped porous a lum- 
ina insulation block (1 in. thick) .  In this manner,  the 
cell t empera ture  was control led to _+I~ No tem-  
pera ture  var ia t ion was observed at various depths of 
the mol ten salt e lectrolyte  and the electrolyte t em-  
pera ture  was wi th in  I~ of that  measured at the 
thermocouple  well. Constant current  was maintained 
by a d-c power  supply (Hewle t t -Packard  6203B) and 
a var iable  resistance pot (25 ohms, 50W) connected in 
series to the cell. The current  was read on a Milli-  
amperes Meter  (Weston Ins t ruments) .  The cell vol t -  
age and individual  electrode polarizations were  moni-  
tored on two strip chart  recorders  (Hewle t t -Packard ,  
7100B). Equi l ibr ium emf values of the cell were  read 
on a Volt Potent iometer  (Leeds & Nor thrup  Company, 
Catalog No. 8687) and the tempera ture  was measured  
with a sheathed Chromet -Alumel  thermocouple.  The 
Chromel -Alumel  thermocouple  was cal ibrated in a 
t empera ture  range of 195~176 by intercomparison 
with two p la t inum-p la t inum 10% rhodium standard 
thermocouples  certified by the National  Bureau of 
Standards. The uncer ta in ty  for the thermocoup]e read-  
ings was less than 0.3~ in the t empera tu re  range. 

Procedure.--The Li-A1 alloy was prepared  in the 
cell by coulometr ical ly  charging l i thium into the pure 
a luminum disk (2.88g). The current  density was 14-70 
m A / c m  2 and the t empera tu re  range was 300~176 
On charging cathodically, the a luminum potent ial  fell 
quickly to the alloy potent ial  (about 0.3V for alloy vs. 
l i th ium).  The init ial  charging current  density was 14 
m A / c m  2 and the current  density was gradual ly  in- 
creased as the alloy was cathodical ly and anodically 
cycled. The cell vol tage during cycling was always 
stable and the m a x i m u m  alloy polarization was less 
than 40 mV at the highest current  density. Coulombic 
efficiency was greater  than 93% during the repeated 
cyclings. The open-circui t  vol tage (OCV) of the cell 
was established to wi th in  a few mill ivolts  of the equi-  
l ibr ium emf values in a period of a few minutes. The 
alloy composition was var ied f rom 6.9 a/o up to 50 
a/o lithium by charging and discharging it vs. the 
lithium counterelectrode, and the equilibrium OCV 
was determined at different compositions in the tem- 
perature range 280~176 Equilibrium OCV data 
were normally taken after 1 hr at a constant tem- 
perature and, in some cases, the data were taken after 
15 hr (overnight) and 60 hr (over a week end). The 
values were reproducible to within 0.i mV in all cases. 

Results and Discussion 
The equilibrium emf values of lithium-aluminum 

alloys (vs. Li/Li +) in LiI-KI-LiCI eutectic mixture 
are given in Table I as a function of alloy composition 
(in a/o and w/o lithium) and temperature. The emf 
values up to 46.97 a/o lithium composition were found 
to be independent of lithium content in the alloy and 
are only dependent on temperature. This is shown in 
Fig. 2 where the emf values (alloy vs. Li/Li +) up to 
46.97 a/o lithium are plotted as a function of tempera- 
ture. The data in the composition range of 7-47 a/o 
lithium can be represented by a least-squares equation 
with a standard deviation ~ ---- 0.3 mV 

E = 451.07 -- 0.2202T [1] 

where  E is emf  in mil l ivol ts  and T is t empera ture  in 
~ With increasing l i thium content  in the alloy above 
46.97 a /o  li thium, the emf  values of the alloy (vs. 
Li /L i  +) approach zero, i.e. the potential  of pure l i th-  
ium, as shown in Fig. 3, indicating some local l i thium 
saturation of the alloy surface. The local l i thium 
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Table I. Emf of lithium-aluminum alloy (vs. Li/Li +) as a function 
of alloy composition and temperature in LiI-KI-LiCI eutectic salt 

E 
+ 

Al loy  c o m p o s i t i o n  
a / o  L i  w / o  L i  T e m p ,  ~ E m f ,  m V  6 3OO 

6.91 1.87 300 325.00 
323 320.05 
345 315.35 

260 350 314.50 J 
J 

16.19 4.73 310' 323.00 < 
325 319.49 
351 313.60 
374 308.40 

220 h 

16.29 4.77 351 314.05 

25.14 7.95 289 327.05 
311 322.32 
350 313.95 
382 306,75 130 

28.79 9.42 282 328.10 
321 320.40 
350 313.96 
386 305.90 

32.92 [1.21 301 324.75 
326 319.13 
356 312.55 
378 307.90 

36.74 13.00 299 325.35 
315 321.70 
351 313.40 
387 305.50 

40.96 15.14 295 325.55 
326 218.84 
354 312.90 

43.58 16.57 342 315.60 
363 310.70 
389 305.25 

46.57 18.32 310 323.37 
379 309.37 

46.97 18.56 309 323.43 
342 315.46 
355 313.55 
380 307.60 

48.14 19.27 290 252.45 
342 241.07 
372 234.50 

50.00 20.46 314 195.50 
343 189.90 
380 184.00 

saturat ion appears to commence at approximately 46 
a/o l i th ium composition from the extrapolat ion of the 
emf data (dotted line) as shown in Fig. 3. 

The equi l ibr ium l i t h ium-a luminum phase diagram 
has been reported (6). Electrical resist ivity and mi-  
crohardness studies (16) of a luminum-r i ch  alloys 

T E M P E R A T U R E  (~ 
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Fig. 2. Emf of lithium-aluminum alloy [vs. Li(O)/Li +]  as a 
function of composition and temperature in LiI-KI-LICI euteetie 
salt. 
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Fig. 3. Emf of lithium-aluminum alloy [vs. Li(O)/Li +]  as a 
function of temperature and composition. 

showed that a solid solution of l i th ium in a luminum 
was formed up to 7.1 a/o l i th ium at 300~ and up to 
8.5 a/o l i thium at 400~ This a phase was later con- 
firmed by quant i ta t ive  metal lography and lat t ice-pa-  
rameter  measurements  (17). With increasing l i thium 
concentrat ion at these temperatures,  two phases are 
formed corresponding to a phase and /3 phase, re-  
spectively (17), where the/~ phase consists of the com- 
pound LiA1. The two-phase region extends to approxi- 
mately  45.8 a/o l i th ium and has this boundary  value 
constant over the tempera ture  range 150~176 (17). 
In  the present study, constant  potential  was indicated 
by the alloy up to 46.97 a/o li thium, which implies 
that a constant l i th ium activity exists on the alloy 
surface over the composition range from 6.91 to 46.97 
a/o l i thium in a luminum.  This surface layer is l ikely to 
contain a stable compound corresponding to the ~-LiA] 
in equi l ibr ium with ~-A1. The low emf values at 6.91 
a/o l i th ium (in Table I) and at 8.11 a/o l i th ium (in 
Table II) seem to indicate that  the surface layer of 
/~-LiA1 was formed even at these low l i thium concen- 
trations; i.e., the surface concentrat ion of l i thium 
probably exceeded the t rue bu lk  concentration. On the 
other hand, fur ther  charging of l i thium into the/~-LiA1 
above 47 a/o up to 50 a/o yields a single phase, the 
l i th ium activity of which is a strong funct ion of com- 
position. 

A duplicate run  was made to prepare a l i th ium-a lu-  
m i n u m  alloy (up to 50 a/o l i th ium composition) in the 
LiI-LiC1-LiF eutectic mixture  (rap 341~ to assure 
the absence of potassium deposition. The equi l ibr ium 
emf values of the alloy (vs. Li/Li  +) in the tempera-  
ture  range 362~176 are given in Table II, and the 
data up to 44.6 a/o l i th ium are plotted (open + points) 
in Fig. 2 for comparison wi th  those obtained in the 

Table II. Emf of lithlum-aluminum alloy (vs. Li/Li +) as a function 
of alloy composition and temperature in LiI-LiCI-LiF eutectic salt 

Al loy  composition 
a / o  L i  w / o  L i  T e m p ,  ~ Ern:f, m V  

8.11 2.22 382 306.41 
387 305.47 

10.97 3.07 376 307.94 
383 306.30 

19.65 5.92 378 307.66 
20.80 6,33 377 308.01 
25.34 8.03 377 307.68 

380 307.35 
27.11 8.73 373 308.45 

380 307.41 
29.84 9.86 362 311.27 

375 308.20 
377 307.80 

33.67 I I , 55  382 306.61 
37.50 13.37 379 306.73 
44.86 17.31 388 304.92 
47.21 18.70 382 248.00 
50.00 20.46 383 171.55 
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LiI-KI-LiC1 eutectic mixture.  The two results were 
identical wi thin  the exper imenta l  accuracy. This shows 
that  the potassium ion does not interfere with the 
l i th ium reaction in the tempera ture  range studied, as 
was expected from thermodynamic  considerations (14). 

The cell reaction, in the alloy composition range 
7-47 a/o li thium, is therefore the formation of solid 
p-LiA1 compound on the surface corresponding to 

Li(1) + ~-Al(s)  ---- ~-LiAl(s)  

where a -Al ( s )  is the solid solution of l i thium in alu-  
m i n u m  (up to 7.1 a/o l i th ium at 300~ and up to 8.5 
a/o l i th ium at 400~ For practical purposes, however, 
the ~-A1 phase may be considered to be pure a lumi-  
num dur ing  the course of electrochemical alIoy prep-  
aration. This is true since the reaction t ime of l i thium 
and a luminum is much shorter than the solid dif- 
fusion t ime of l i th ium atoms in a luminum for u-phase 
formation. The diffusivity of l i th ium in a luminum is 
reported to be 1.2-1.7 x 10 -10 cm2/sec at 417~ (18). On 
this basis, the s tandard free energy of formation for 
~-LiA1 saturated with ~-A1 from molten l i thium and 
solid pure a luminum can be estimated from the emf 
data 

~Gof -~ - - n F E :  --10.40 + 5.078 x 10 -3 T 

where n is 1 equiv/mole,  F is Faraday 's  constant, and 
T is temperature  in ~ The s tandard enthalpy and 
entropy of formation are, respectively, --10.40 kcal /  
mole and --5.08 cal /mole �9 deg in the tempera ture  
range 282~176 The s tandard free energy, enthalpy, 
and entropy of formation for ~-LiA1 at 300 ~ 350 ~ 
380~ are summarized in Table III. 

The l i t h i u m - a l u m i n u m  alloy was prepared in the 
present  work by cons tan t -cur ren t  cyclings in the 
gradual ly  increasing current  density range 14-70 m A /  
cm 2. As the result  of expansion on charging and con- 
traction on discharging, the alloy structure became 
increasingly porous. The ful ly charged alloy was sub-  
sequent ly discharged and charged at an apparent  cur-  
rent  density of as high as 150 m A / c m  2 without  show- 
ing any significant polarization, presumably  due to the 
high surface area of the alloy and an anomalous 
mechanism of l i th ium transport  in the ~-LiA1 phase. 
The coulombic efficiency greater than 93% at the rela-  
t ively high discharge current  density would, otherwise, 
be impossible if the l i th ium atoms are t ransported 
from the alloy interior  to the surface solely by solid 
diffusion. 

The constant  potent ial  exhibited by the solid l i th-  
i u m - a l u m i n u m  alloy over a considerable l i thium con- 
centrat ion in Li I -LiCI-KI  and Li I -LiCI-LiF  eutectic 

Table III. Standard free energy, enthalpy, and entropy of 
formation for fl-LiAI 

AG~ t &HOt hSo t 
T ( ~  ( k c a l / m o l e )  ( k c a l / m o l e )  ( c a l / m o l e . d e g )  

3 0 0  - -  7 . 4 9  - -  1 0 . 4 0  - -  5 . 0 8  
3 5 0  - -  7 . 2 4  - -  1 0 . 4 0  - -  5 . 0 8  
3 8 0  - -  7 . 0 9  - -  1 0 . 4 0  - -  5 . 0 S  

salts, coupled with the good charge and discharge per-  
formance of the high surface area alloy, makes such an 
alloy an excellent high energy densi ty anode mater ial  
and also provides a stable reference electrode in high- 
temperature  molten salt systems containing lithium. 

Manuscript  submit ted Nov. 4, 1970; revised manu-  
script received Feb. 2, 1971. 

Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1972 
J O U R N A L .  
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Thin-Film Electrolytic Cells 
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ABSTRACT 

Thin-f i lm electrolytic cells have been prepared using silver bromide as the 
electrolyte. Deposits of silver bromide were highly oriented, (111) and 
(222), when  deposited on silver or gold substrates at high temperature.  The 
more random deposits obtained at ambient  tempera ture  exhibited electrical 
eonduetivit ies three orders of magni tude  higher than the intr insic conductivi ty 
of silver bromide. Cells of the type A g / A g B r / A u  were found to be accurate 
coulometers under  l imited conditions. The cells had a long life and could be 
cycled several thousand times without  failing. 

In  the wake of the extensive amount  of research be- 
ing conducted on solid electrolyte materials,  it has 
become apparent  that  solid electrolyte cells in the form 
of th in  films might  offer potential  ut i l i ty and over-  
come the high electrical resistance problems inherent  
to m a n y  of these systems. During the last few years, 
several articles have described the development  of 
thin-f i lm batteries (1-3), while our work has been 
aimed at developing thin-f i lm cell configurations which 
could be employed as electrolytic coulometers. Al-  
though coulometers do not require  extremely high con- 
ductivity, film cells also offer the possibility of cell 
arrays where mult iple  t iming or integrat ions are re-  
quired. In  addition, some electrochemical systems 
may be coulometrically accurate, but  are too re- 
sistive in convent ional  pellet  form. Informat ion  gained 
from studying a known solid electrolyte coulometric 
system in film form could then be applied to other solid 
electrolytes. 

Briefly stated, an electrolytic coulometer simply 
tabulates coulombs of charge by plat ing a metal  (or 
chemical compound) on an iner t  indicator electrode. 
The counterelectrode in the cell is usual ly  the same 
metal  which is to be plated on the indicator electrode. 
A typical example is a cell consisting of a gold indi-  
cator electrode and a silver counterelectrode separated 
by an electrolyte containing silver ions (either solid or 
l iquid electrolyte).  Several  papers have described these 
coulometers in detail (4-6). A thin-f i lm electrolytic 
coulometer can be envisaged then by depositing a film 
of gold, solid electrolyte, and then silver on a sub- 
strate. Although meta l  films such as silver and gold are 
easily prepared and have been well  characterized, 
films of solid electrolytes have not been extensively 
investigated. Because of its importance to the coulom- 
eter system, a detailed study of the solid electrolyte's 
film characteristics must  be made. For init ial  studies, 
we chose silver bromide because of its simple stoi- 
chiometry and, from our pressed pellet studies (4), we 
knew it had a reasonable electrical conductivi ty of 
about 10 -5 ( o h m - c m ) - l .  

Experimental 
Film depositions.--Film depositions were carrieck out 

at Sloan Technology Corporation, Santa  Barbara,  
California. The films were vacuum deposited at several  
rates from 20 to 1000 A/sec, while substrate tempera-  
tures were main ta ined  at values from 20 ~ to 250~ 
Crystall i te s t ructure and size were controlled by the 
substrate temperature,  and precautions had to be taken 
to prevent  substrate tempera ture  from increasing dur -  
ing the deposition. Deposition rate had to be ma in -  
tained slow enough to prevent  heat ing of the substrate.  

X-ray di]fraction.--X-ray diffraction studies were 
made with a Philips x - r ay  diffraction uni t  with CuKa 
radiation. A Philips Type 52572 scinti l lat ion counter  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
** E l e c t r o c h e m i c a l  S o c i e t y  S t u d e n t  A s s o c i a t e  M e m b e r .  
K e y  w o r d s :  e o u l o m e t e r ;  e o u l o m e t r y ;  e l e c t ro ly t e ,  sol id;  i n t e g r a t o r ,  

e l ec t ro ly t i c ;  s i l v e r  b r o m i d e ;  t h i n - f i l m  cells.  

with chart recorder was used for the  x - r a y  diffrac- 
tometer measurements .  

Scanning electron microscopy.---Scanning electron 
micrographs were taken at Sloan Research, Santa  Bar-  
bara, California. The samples were mounted  on a 
sample stage with conductive silver paint.  Care was 
taken  to assure that the gold electrodes were grounded 
to the stage to bleed off induced charges. Some charg- 
ing was still encountered due to the poor conductivi ty 
of the silver bromide. This caused focusing problems at 
high magnification along with some raster deflection. 
Overcoating the samples with a thin-f i lm conductor 
will  be considered for future  work. 

The examinat ions  were made using a JSM-2 scan- 
ning electron microscope. A 25 kV electron beam 
focused to approximately 100A diameter  was rastered 
over the samples. All  photographs were taken using 
the secondary electron emission mode. The samples 
were tilted 30 ~ with respect to the impinging beam in 
order to enhance surface relief. 

Constant current readout.--A Bisset t -Berman Cor- 
porat ion E-Cell  Digital Coulometer was used for con- 
stant current  charging of cells and for those experi-  
ments  designated as constant  current  readout. This 
uni t  has a bu i l t - in  tr igger which cuts off the constant 
current  supply when  cell voltage reaches a predeter-  
mined value. 

Pulse discharge readout.--A Bisset t -Berman Cor- 
poration EDR-300 E-Cell  Digital Readout was used 
for pulse charge and discharge of cells. The uni t  was 
modified to deliver pulses of 1 ~coulomb in place of the 
normal  100 ~coulombs. 

Temperature controL--An Associated Testing Lab-  
oratory SW-5101 env i ronmenta l  chamber  was used for 
temperatures  other than ambient.  

Results 
Silver bromide film characteristics.--Sample silver 

bromide films were vacuum deposited on silver, gold, 
silicon monoxide, and directly on a glass substrate. 
X - r a y  diffraction pat terns of these films were taken, 
and the results are shown in Table I. Depositions were 
carried out at both high and low temperatures,  and the 

Table I. X-ray powder diffraction lines for AgBr films 

L i n e  i n t e n s i t y ,  I/Io 
S u b -  D e p o s i t i o n  F i l m  t h i c k -  C r y s t a l  p l a n e  o r i e n t a t i o n  
s t r a t e  t e m p ,  ~ ness ,  A (111) (200) (220) (222) 

A u  280 1,450 73 0 0 100 
A u  21 1,900 1 100 7 3 
A u  21 3,500 4 100 9 8 
A g  280 1,450 81 32 27 100 
A g  21 1,900 11 100 31 16 
Ag 180 I00,000 0 I00 0 23 
Glass 280 1,450 0 I00 II 1 
G l a s s  280 3,200 7 100 39 7 
S i O  280 3,200 7 100 6 6 
L i t e r a t u r e  powder pattern 7 100 56 15 
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Fig. !. Scanning electron micrographs of silver bromide films: (A)mAgBr deposited at 25~ (7600X), (B)--AgBr deposited at 250~ (7600X) 

main  finding was that  silver bromide films were highly 
oriented along (111) and (222) planes when deposited 
at high tempera ture  on gold or silver substrates. The 
pr imary  line for powder AgBr is from the (200) re- 
flection, and essentially the same pat te rn  was observed 
for AgBr films deposited on SiO or glass. The or ienta-  
tion was also more random when deposited at low 
temperature  on gold or silver and as the silver bro-  
mide film became thicker. 

It appears from these results that growth along (111) 
and (222) planes is favored on gold and silver sub- 
strates, especially at high tempera ture  where thermal  
energy allows recrystall ization on the surface. Other 
investigators have also reported similar observations 
(8). This orientat ion is one in which a layer of bro-  
mide ions would cover the metal  substrate as opposed 
to a surface containing both silver ions and bromide 
ions. This crystalli te growth at high deposition tem- 
perature  also meant,  however, that  crystalli te size 
would be larger than films prepared at lower tempera-  
tures. This effect is readi ly seen in Fig. 1. Scanning 
electron micrograph (A) was taken of a AgBr film 
deposited at ambient  tempera ture  while (B) was taken 
of a film deposited at 250~ to gain informat ion con- 
cerning crystalli te size and shape. The crystalli tes 
formed at high temperature  were 1-3~ in size, while at 
low temperature  the crystallites were only 0.29. 

Most of the electrolyte films for electrolytic coulom- 
eters were nominal ly  100,000A thick (10g) although 
several successful cells with only 20,000-30,000A films 
of A g B r w e r e  prepared. Thinner  layers, however, were 
extremely prone to electrical shorting. 

Electrolytic cell configuration and electrochemical 
characteristics.--The cell configuration is shown in 
Fig. 2. First, a set of 12 gold electrodes was deposited 
on the glass substrate or over a Nichrome base to ob- 
tain better  adherence. Second, a set of 12 silver bro- 
mide square pads of electrolyte covered the gold elec- 
trodes. Finally,  a common silver electrode strip was 
deposited over the entire 12 cells. The cell area was 
determined by the circular gold electrode which was 
0.10 cm 2. The reverse deposition order was attempted, 
but  it appeared that  the silver electrode oxidized be- 
fore the silver bromide deposition could be carried 
out. The exper imental  conditions were such that  the 
films were exposed to air after each deposition. 

The electrical conductivi ty of silver bromide films 
was extremely sensitive to the deposition tempera-  
ture as can be seen in Table II. The conductivities of 
films are compared to the intrinsic conductivi ty of 
AgBr and that of pressed powder (4). In previous 
work, it has been shown that  AgBr pressed powders 
gave conductivit ies 100 times greater  than intrinsic 
values and that  this effect appeared to be due to grain 
boundary  conduction (4, 7). The small  crystall i tes pro- 
duced by low- tempera ture  deposition have an extra-  
ordinary  amount  of grain boundaries leading to con- 
ductivities another  order of magni tude  higher than  the 
pressed powder. 

The conductivi ty was also measured as a function of 
temperature.  The usual  plot of log ~ vs. 1/T was l inear 
with an activation energy of 4.6 kcal/mole.  This is 
considerably less than the activation energy for the 
intr insic conductivi ty measured at high tempera ture  
which is about 20 kcal/mole.  This result  again em- 
phasizes the point  that the conductivi ty observed for 
AgBr films is extrinsic and probably  due to a grain 
boundary  conduction mechanism. 

Although the cells made by depositing AgBr at high 
temperatures  performed reasonably well  as coulom- 

Table I|. Conductivity of AgBr films 

F i l m  r e -  
D e p o s i t i o n  Conductivity  sistance, 

Material  temp,  ~  ( o h m - c m )  -1 ohms  

c 

Fig. 2. Thin-film cell configuration: A--silver strip electrode 
(common), Bmsilver bromide electrolyte (12 squares), C~gold 
electrode (12 circles with rectangular tab for contact). 

Intrinsic conduc-  - -  < : 0 . 0 1  • 10  -5 - -  
t iv i ty  

P r e s s e d  p o w d e r  - -  1 x 10 -~ 
F i l m  2 5 0  0 . 0 5 2  • 10-5 1 9 , 3 0 0  
F i l m  100  0 .182  x 10-5 5 , 5 0 0  
F i l m  2 5  9.1 • 10  -5 130  
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eters, the small  n u m b e r  of conduction paths made them 
highly resistive and f requent ly  led to electrical short-  
ing dur ing operation. Short ing was observed with both 
silver plat ing on silver and silver plat ing on gold. Cells 
which operated several cycles usual ly  shorted when  
plat ing silver on silver. This observation was reported 
earlier with pressed pellet coulometers (4). Coulometry 
results given below are only for cells containing AgBr 
deposited at ambient  temperature .  

After  a measured amount  of silver has been plated 
on the gold indicator electrode, the cell is a s i lver /  
silver system unt i l  all the silver is anodically stripped 
from the gold electrode. The open-circui t  potent ial  is 
essentially zero, and the applied voltage dur ing str ip- 
ping remains  close to zero with just  IR drop and elec- 
trode polarization contributions.  After  all the silver 
has been stripped from the gold electrode, the voltage 
rises steeply to the point where gold itself oxidizes or 
the decomposition voltage of the electrolyte is reached. 
A vol tage/ t ime curve dur ing  str ipping for a thin-f i lm 
cell is shown in Fig. 3. A charge of 150 ~coulombs of 
silver had been plated on the gold electrode and was 
then anodically stripped at 3 ~A. The test equipment  
was set to cut off automatical ly when  the cell reached 
0.5V. Without  the cutoff, the voltage rises to about 0.8V 
which is the decomposition voltage of AgBr. It  is also 
in the range where gold can be oxidized to form gold 
bromide. 

The sensit ivi ty of a coulometer depends on how 
sharp this final rise curve is and can be characterized 
by an apparent  capacitance value. The capacitance 
is calculated by 

C : ~ / dVdt 

It must be emphasized that  this is not the t rue capaci- 
tance since faradaic effects can also be taking place 
at the gold electrode as the potential  changes. These 
faradaic effects may include oxidation of impuri t ies  at 
the gold surface from the silver bromide or gold and 
some oxidation of the gold itself at the higher voltages. 
After several charging and str ipping cycles, apparent  
capacitances increased possibly due to silver residing 
in the gold grain boundaries  being oxidized at high 
voltages. The thin-f i lm cells exhibited apparent  capaci- 
tances of 30-60 ~f or 300-600 ~f/cm 2. This range of 
values is s imilar  to results for other AgBr studies (9). 
Roughness factors could also lead to high capacitance 
values, and no direct measurement  was made on the 
gold films. High reflectivity and microscopic examina-  
tion of the surface leads us to assume roughness factors 
comparable to gold foil of 1.5-4. The higher value then 
leads to corrected capacitance values of 75-150 ~f/cm 2. 

After silver has been completely stripped f rom the 
gold electrode, the gold indicator  electrode can be 
held at a positive potent ial  with respect to the silver 
electrode, and the current  wil l  decay to a small  

0.~ ~ -- 

0.2 

OI 

o ~ I I0 20 30 40 50 
TIME , SECONDS 

Fig. 3. Stripping curve  for th in - f i lm  ce l l .  C h a r g e :  50  s e c  a t  3 ~A. 

Strip: 3 pA, 500 mV cutoff. 

VOLTAGE , V 

1 0 4 5  

residual  value. The gold acts as a "blocking" electrode 
toward ionic processes so that  the residual  current  is 
a function of the electronic conductivity.  Wagner  (10) 
and I lschner (11) have shown that  silver bromide 
exhibits electron conduct ivi ty under  these conditions, 
and that  the following relat ion holds in the plateau 
region of residual current  vs. applied voltage 

RT 
io = ~ ~o 

where: 
io = residual  cur ren t  density 
L = electrode spacing 
~o : electronic conductivi ty 

Residual currents  for most th in-f i lm cells were <1 
nanoA, and no appreciable change in residual  current  
was observed between 0.2 and 0.5V. A plateau was 
difficult to demonstrate,  however, since the readings 
were often near  the low limit of our measur ing equip-  
ment  (0.1 nanoA).  Previous work has shown that  this 
voltage range is in the plateau region for AgBr (11). 
Electronic conductivi ty values calculated from these 
residual  currents  were <4  x 10 -10 ( o h m - c m ) - l .  This 
would represent  the m a x i m u m  electronic conduct ivi ty 
contr ibut ion since there might  still be an ionic contri-  
but ion to the residual current  under  the exper imental  
conditions used. 

Coulometry results.--The principal  funct ion of an 
electrolytic coulometer is to store a charge in  the form 
of silver atoms on the gold indicator electrode and, 
then, to determine this charge by anodic stripping. If 
a known charge is plated on the indicator electrode and 
str ipping is carried out at constant  current ,  the cou- 
lometer performs a t iming function. Table III  i l lus-  
trates results for th in-f i lm cells stripped at constant  
current  at various temperatures.  Results are wi thin  
1-2% of the t rue value on the average, par t icular ly  in 
the 200-1000 ~coulomb range. It  should be noted that  
2% of 200 ~coulombs is only 4 ~coulombs while a 
monolayer  of silver atoms on the gold is about 25 
~coulombs (or greater, depending on surface rough-  
ness). The end-poin t  or cutoff voltage was nomina l ly  
picked at 500 mV. A change in cutoff voltage will  only 
affect the first readout for the cell, provided all suc- 
ceeding cycles use the same cutoff value. There was a 
tendency for high results at low currents  and high 
temperatures  noted (Table III:  20 sec at 1 ~A at 
§176 : ~21.3% error)  which is related to the in -  
crease in residual current  as the tempera ture  increases. 
Obviously, a cell can never  reach 500 mV at a given 
current  if the residual current  is higher than  the op- 
erat ing current.  Under  most operating conditions, the 
errors are usual ly  negative. This is a t t r ibuted to the 
migrat ion of silver into the gold along grain bound-  
aries to become essentially "lost." Another  effect 
which may account for low results when  large 
amounts  of charge were used is the possibility of 

Table III. Timing accuracy for AgBr thin-film coulometers 

C h a r g e  t ime ,  s e c  
Cur -  20 50 100 250 

Temp,  ren t ,  A v g "  Stcl A v g *  S t d  A v g *  s t d  "Avg* Std 
"C p ~  e r r o r  d e v  error  d e v  e r r o r  d e v  error  d e v  

25 1.0 +0 .4  3.3 +1.1  1.0 --0.1 0.4 --3.6 1.3 
3.6 --1.1 1.9 --0.9 1.0 --1.2 1.1 --1.2 0.7 

10.0 --2.1 3.1 --0,2 0,6 --2.1 0.6 - -  
0 1.0 +4.2  2.8 +1 ,0  1.0 --0.3 0.3 --2.2 2.1 

3.6 +1 .8  3.7 --7.7 1.1 --2.7 0.9 --5.9 2.9 
10.0 --1.4 2.0 --2.0 0.4 . . . .  

- 2 0  1.0 --0.9 3.1 . . . . .  - -  
3.6 --O.l 1.0 0.0 0.3 +0 .4  0.7 ~ - -  

10.0 +0.4 0.3 +0.2 0.3 +0.4  0.2 - - 
3 6 . 0  + 0 . ~  0 . 3  §  0 . ~  - ~ 4  0 . 1  - - 

+5o 1.0 +21.3 6.0 . . . .  
3.6 --1.5 3.3 --0.7 0.6 --1.3 1.4 --0,4 0,2 

10.0 --0.4 0.4 --0.2 0.3 --0.3 0.4 --9.7 7.4 
36.0 --0.1 0.5 --0.3 0.1 --6,6 3.6 ~ - -  

* A v e r a g e  of 8-10 d e t e r m i n a t i o n s .  
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Table IV. Coulometric accuracy for AgBr thin-film 
coulometers using pulse readout 

Charge ,  ~ c o u l o m b s  
100 200 5O0 1000 

T e m p ,  A v g *  S td  A v g *  S td  A v g *  S t d  A v g *  S t d  
~ e r r o r  d e v  e r ro r  d e v  e r r o r  d e v  e r r o r  d e v  

--50 --2,7 5.9 --2.2 0.7 --1,2 0.5 --0.6 - -  
- -20 --7.4 4.3 --3.2 0.4 --1.8 0.8 - -1 . I  0.3 

0 --2.0 5.8 --3.2 0.8 - - i . i  1.3 - - I . I  0.3 
+25 --6.8 2.9 --2.1 0.6 --1.6 0.3 --1.4 0.4 
+50 --6.7 2.1 --4.9 O.S --1.8 0.9 --2,3 0.0 

* A v e r a g e  of  5-8 d e t e r m i n a t i o n s .  

Table V. Open-circuit voltage stability 

Vol tage :  500 m V  in i t ia l  
C o u l o m e t r y :  P l a t e  200 ~ c o u l o m b s  i n i t i a l  

16 Hr  s to rage  98 H r  s to rage  
C o u l o m -  C o u l o m -  

Cel l  Vol tage ,  e t ry ,  Vol tage ,  e t ry ,  
No. F u n c t i o n  m V  ~ c o u l o m b s  m V  ~ c o u l o m b s  

3 C o u l o m e t r y  171 3 170 
4 Vo l t age  400 320 
5 C o u l o m e t r y  168 3 171 
6 C o u l o m e t r y  145 5 151 
7 Vo l t age  453 410 
9 C o u l o m e t r y  174 3 171 

10 C o u l o m e t r y  174 2 185 
I I  Vo l t age  455 375 
12 Vo l t age  464 430 

silver losing contact with the gold electrode and be-  
coming an island in the silver bromide electrolyte. 
These two effects will  l imit  both the low and high 
charge capabil i ty for the coulometers. 

Previous work with pressed powder cells showed 
that, by pulsing charge and observing the cell potential  
after the pulse, problems due to IR drop and polariza- 
t ion could be decreased (6). This technique was also 
applied to thin-f i lm cells, and the results are given in 
Table IV. There was no marked  improvement  with 
errors of 1-2% observed in the range of 500-1000 
gcoulombs. Somewhat  greater  errors were observed 
for charges of 100-200 gcoulombs. However, the puls-  
ing technique could be used to apply charges of 3000- 
5000 ~coulombs without  shorting the cells. Errors were 
--1 to --5% for these large charges. 

The pulsing technique was also used to study charge 
storage capability. A charge of 1000 or 2000 ucoulombs 
was plated on the gold and allowed to stand for several  
days at ambient  tempera ture  before the str ipping 
cycle. Figure  4 shows the results. There was a rapid 
loss of silver dur ing the first day amount ing  to about  
I00 ~coulombs of charge and, then, l i t t le fur ther  loss 
was observed. Again, this can be explained by silver 
migra t ing into the gold along grain boundaries  (bulk 
diffusion is much too slow to account for these results) .  

20 

- 4 0  
o 
.J  

6O Q 

O 
so 

I00  
0 

Charge Loss With Storage 

- 

. . . . .  

8 I0 12 
Storage Time, Days 

0 Pulse Readout, 2 0 0 0  F.coul. 
13 Pulse Readout, I 0 0 0  Fcoul. 

Fig. 4. Charge loss with storage 

The gold surface becomes "saturated" quickly after 
the easily accessible sites are filled. A very  slow dif-  
fusion deeper into the gold may still take place caus- 
ing addit ional  loss on long- te rm storage. 

Memory applications.--For some applications, a 
couIometer must  stay at the cutoff voltage after being 
brought  to this point while the cell stands at open- 
circuit conditions. After  a period of time, interrogat ion 
of such a cell must  show it to be at a high poten-  
tial, indicat ing that there is no silver on the gold. A 
slide of thin-f i lm cells was tested for this type of ap- 
plication, and the results are given in Table V. Four  
of the cells were brought  to 500 mV, while five other 
cells were plated with 200 gcoulombs of charge. After  
16 hr, the cells were checked. Cleared cells still reg- 
istered 400-464 mV, and the plated cells were read out 
at constant  current.  A loss of about 30-50 gcoulombs 
was noted. The coulometry cells were replated and, 
after 98 hr, a second check was made. Cleared cells 
were now 320-430 mV and, for comparison, the vol t-  
ages of plated cells were 2-5 mV. Small  potentials are 
observed for plated cells because low coverage of 
silver electroplated on gold has a sl ightly lower ac- 
t ivi ty  than the pure  silver film. Again, the plated cells 
exhibited coulemetric errors of 15-50 ~coulombs. As 
discussed above, charge loss with storage occurs wi th in  
the first day and little addit ional  loss would occur in 
the next  3 days. 

Cell life.--The life of these cells has been surpr is-  
ingly long considering the ctose electrode spacing. 
Some cells were cycled cont inuously  wi th  200 ~cou- 
lombs of charge and unde rwen t  over 20,000 cycles with 
no apparent  damage. 

Resistance of pressed pellets tended to rise with 
time, but  film cells had exactly the same resistance 
after 6 months. Crystall i tes whose boundaries  have 
been physically pressed together appear to react 
slowly with time, forming fewer grain boundary  con- 
duction paths. Si lver  bromide films, on the other hand, 
exhibit  no such reaction over the period of t ime 
studied. In fact, in some cases where cells were used 
extensively, the resistance decreased a few per cent. 
This was a t t r ibuted to a bet ter  electrode/electrolyte 
contact being produced with usage. 

Cell operation was not affected by light al though the 
top of the silver electrode tarnished and some color 
change of the silver bromide extending  beyond the 
electrodes was noted. It must  be remembered that  be- 
cause of the cell dimensions only the silver bromide 
directly between the gold and silver electrodes will  ex- 
perience current  flux. This part  of the silver bromide 
is not exposed to light because of shielding by the 
gold and silver electrodes. 
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Cathodic Behavior of N-Type Cadmium Fluoride 
M. M. Nicholson* 

Atomics International, A Division of North American Rockwell  Corporation, Canoga Park, California 91304 

ABSTRACT 

The cathodic reduction of n - type  cadmium fluoride single crystals in a 
1M l i th ium perchlorate-propylene carbonate electrolyte was investigated by 
discharge at constant current  densities of 0.I and 0.2 m A / c m  2. The semi- 
conductive cadmium fluoride was reduced through an electronic mechanism 
which did not occur with an undoped crystal. Bulk resistivities of the crys- 
tals were determined,  and contact resistances at the boundary  between the 
semiconductor and the indium amalgam current  collector were examined.  A 
cathodic passivation effect which l imited the uti l ization of active mater ia l  to 
the equivalent  of a 0.1-0.2~ layer on the crystal  surface was observed. Im-  
plications of the results for bat tery  cathode performance are discussed. 

Studies of faradaic processes at semiconductor elec- 
trodes have been confined main ly  to the anodic dis- 
solution of ge rmanium and silicon (1,2) and the 
charge- t ransfer  reactions of redox systems on semi- 
conductor substrates (3). The cathodic reduction of 
semiconductors with known electronic properties has 
received much less attention, al though semiconduc- 
t ivi ty is thought to play a significant role in the dis- 
charge of certain bat tery cathodes containing an oxide 
or sulfide as the active ingredient  (4-6). In this in-  
vestigation, the cathodic behavior  of n - type  cadmium 
fluoride single crystals was examined galvanostatically 
in a 1M l i th ium perchlorate-propylene carbonate elec- 
trolyte. Each crystal specimen was characterized by 
measurement  of its bulk  resist ivi ty before it was 
placed in  the electrochemical cell. The contact re- 
sistivity at the interface between the semiconductor 
and the indium amalgam current  collector was also 
investigated. 

Cadmium fluoride, with an energy gap of 6.0 eV (7), 
is normal ly  an insulator.  Prener  and Kingsley dis- 
covered that  this compound can be converted to an 
n - type  semiconductor with a resistivity of the order 
of 1 ohm-cm by doping with Y(I I I )  or certain t r i -  
valent  ra re -ear th  cations and subsequent  exposure to 
cadmium vapor at 500~ (8). Because this conversion 
method was available, the cathodic response of elec- 
t ronical ly conductive and nonconduct ive  forms of cad- 
mium fluoride could be readily compared. Such a com- 
parison for a metal  halide system is of part icular  in-  
terest in current  efforts to develop more active cathode 
mater ia ls  for h igh-energy  batteries using l i th ium 
anodes and electrolytes dissolved in aprotic organic 
solvents. Cadmium fluoride offers a theoretical energy 
density of 399 W h r / l b  in combinat ion with a l i th ium 
anode, which is high enough to meri t  its use as a prac- 
tical bat tery  cathode mater ia l  (9, 10). 

Experimental Procedures 
Materials.--Undoped and y t t r ium-doped  cadmium 

fluoride crystals weighing 20-30g were grown by the 
Br idgman closed-crucible method, start ing with high-  
pur i ty  cadmium fluoride powder from the Chemical 
Products P lan t  of the General  Electric Company in 
Cleveland, Ohio. Prior to crystal growth, the powder 
was dried for several hours at 400~176 in a stream 
of anhydrous  hydrogen fluoride. The y t t r ium fluoride 

* E l e c t r o c h e m i c a l  S e c i e t y  A c t i v e  M e m b e r .  
Key w o r d s ;  c a d m i u m  f luor ide ,  n o n a q u e o u s  electrolyte. 

dopant  was introduced by fusion at concentrat ions 
from 0.01 to 1 m/o  (mole per cent) .  

One-mi l l imeter  sections of the doped crystals, cut 
perpendicular  to the growth axis, were washed in ben-  
zene to remove the cutt ing oil, polished on an abra-  
sive stone, etched in 1:1 hydrochloric acid, and sealed 
into evacuated quartz or Pyrex  tubes containing small  
pieces of cadmium metal. Heat ing for several minutes  
at 500~ produced the blue coloration characteristic 
of semiconductive cadmium fluoride. The colored speci- 
mens were re-etched in hydrochloric acid to remove 
the undoped layer  which was known  to form on the 
surface during cadmium exposure (8). 

Propylene carbonate of 99% purity,  manufac tured  
by Jefferson Chemical Company, was dried by per-  
colation through a Linde 4A molecular  sieve and dis- 
t i l led at ~3 mm under  argon at a 5:1 reflux ratio, using 
a 50 x 230 mm column packed with 1/s in. Pyrex  helices. 
The center third of the distillate had a conductivi ty of 
2.89 x 10 - s  ohm -1 cm -1 at 25~ Gas chromatographic 
analysis of this fraction by the method of Jasinski  and 
Ki rk land  (11) indicated 10 ppm water,  3 ppm pro-  
pylene glycol, and <0.5 ppm propylene oxide. 

Reagent-grade l i th ium perchlorate from G. Fred-  
erick Smith Chemical Company was heated 16 hr at 
160~ in a s tream of argon to remove traces of water. 
A typical weight loss of 0.33% occurred at this t em-  
perature  wi thin  the first 2 hr. No fur ther  loss was ob- 
served on fusion of the dried material.  The l i thium 
metal  was 99.97% pure r ibbon from Foote Mineral  
Company. The cell materials  were handled by dry 
box and a rgon-b lanke t ing  techniques. 

Resistivity measurements.--Bulk resistivities of the 
cadmium fluoride crystal specimens and area resistivi-  
ties of the indium amalgam contacts were measured 
by means of the convent ional  four - te rmina l  a r range-  
ment  shown in Fig. 1. Details are given here to clarify 
the notations used in report ing the results. Constant  
current  densities ranging from 0.05 to 35 m A / c m  2 were 
passed between the ends of the crystal  through te rmi-  
nals F and G by means of a 45V bat te ry  and a dropping 
series resistor. Electrical connections to the amalgam 
contacts were made with the assistance of a four-e le-  
ment  micromanipula tor  assembly. Potent ia l  differences 
between the various terminals  were measured with a 
Leeds 8, Northrup K-3 potentiometer.  

The bulk  resistivity, p, was calculated from the 
equation 
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CdF 2 H I 

\ 
GLASS 

Fig. 1. Arrangement for four-terminal resistivity measurements 

EH-I  be 
p = - - "  Rs - ~  [1] 

Es d 

where EH-I  represents the potent ial  difference be-  
tween the probes at te rminals  H and I, Es is the poten-  
t ial  drop across a s tandard  resistor, Rs, in  a series with 
the crystal, and b, c, and d are the dimensions in -  
dicated in Fig. 1. With this technique, the bu lk  re-  
sistivity measurement  is not ordinar i ly  influenced by 
rela t ively large potential  drops across the cur ren t -  
carrying boundaries.  The area resist ivity of the surface 
F was defined as 

EF--H Rs 
PF : - -  [2] 

bc Es 

and a corresponding definition was taken for the sur-  
face G. 

A 50 w/o  (weight per cent) ind ium amalgam proved 
more satisfactory than other contact mater ia ls  that  
were investigated, inc luding ind ium solder, several 
pressure-appl ied solid metals, and carbon paste. Acid- 
etched cadmium fluoride surfaces tended to produce 
poor contacts, even with the amalgam. Fur ther  wash-  
ing in organic solvents failed to el iminate the resistive 
film. Amalgam contacts on freshly cleaved crystal sur-  
faces were essential ly ohmic, however. 

Electrochemical measurements.--The electrochemical 
cell contained a s ingle-crystal  cadmium fluoride cath- 
ode mounted  as shown in Fig. 2, a l i th ium anode, 
which was separated from the cathode by a glass frit, 
and a l i th ium reference electrode connected to the 
cathode compar tment  through a Luggin  capillary. The 
crystal  surface exposed to the solution was freshly 
cleaved and essential ly paral le l  to the growth axis. 
The opposite surface was scraped to assure good con- 
tact through the amalgam to the external  circuit. The 
exposed electrode area was typical ly 0.05 cm ~, and 
the crystal  length, 0.5 cm. The cell was placed in  a 
water  bath  at 25~ dur ing  the electrochemical mea-  
surements.  

 SCRAP 0SOR A E 

~ CLEAVEP SURFACE 
(0.I x 0.5 cm} 

Fig. 2. Single-crystal electrode 

Constant  currents  from an Electronic Measurements  
Model C633 power supply were applied between the 
crystal electrode and the l i th ium anode. The potent ial  
of the crystal  was monitored with respect to the ref-  
erence electrode on a General  Radio Type 1230-A elec- 
trometer, with the output  signal applied to a Sargent  
MR recorder. By means of current  pulse measurements  
on a dummy copper electrode having the same geom- 
e t ry  as the crystal, it was established that  the solution 
ohmic drop between the crystal  electrode and the 
reference was only a few millivolts. 

Results and Discussion 
The fluorides and chlorides of t ransi t ion metals have 

been investigated over a period of several years as 
cathode materials  for organic electrolyte batteries. 
These solids have low conductivities; their  discharge 
apparent ly  involves dissolution of the metal  ion and 
its t ransport  through the solution, followed by electron 
t ransfer  at the surface of an iner t  current  collector 
such as carbon. Ionic conduction in the solid state 
would lead, instead, to metal  deposition at the bound-  
ary  between the active solid mater ia l  and the current  
collector, while electronic conduction would result  in  
electrodeposition of the metal  at the semiconductor-  
solution interface~ In  this work, it was of central  im- 
portance to verify the existence of an electronic 
mechanism for the reduction of n - type  cadmium 
fluoride and to determine the rate and depth of dis- 
charge obtainable by  this reaction path on a known 
surface area. It  also proved necessary to evaluate the 
potential  drop at the interface between the semicon- 
ductor crystal and its metal  contact to the external  
circuit. 

Contact resistivities.--The contact resistivities of 
acid-washed and freshly cleaved surfaces on the 1.3 
ohm-cm crystal are compared in Fig. 3. Notations F 
and G refer to the cur ren t -ca r ry ing  contacts at appro- 
priate ends of the crystal, as identified in Fig. 1. A 
negative current  density corresponds to the passage of 
electrons from the amalgam into the crystal, as would 
occur in the cathodic reduction process. The rectifica- 
tion effect at this boundary,  which is evident  in Fig. 3, 
would oppose the electrochemical reaction. This prob-  
lem was greatly reduced by  cleaving the crystal. The 
area resistivity on the 1.3 ohm-cm specimen was then 
less than 10 ohm-cm 2 for current  densities between 
--5 and H-15 m A / c m  2. At higher Y(I I I )  concentra-  

10 3 

102 
~e 

~101 

100 
~20 

i ~ i i i 

0.01 mole% Y OIl) 

J J i J I I 
-i0 10 20 

CURRENT DENSITY (ma/cm 2) 

Fig. 3. Resistivities of amalgam contacts on cadmium fluoride 
crystal: - - Q - - ,  contact F, washed in ]: I  HCI; - - A - - ,  contact G, 
washed in | :1 HCI; - - ~ ] - - ,  contact F, freshly cleaved. 
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tions, cleaved interfaces exhibi ted more ideally ohmic 
behavior, with a typical  area resist ivi ty of 0.3 ohm- 
cm 2, al though the resistivities on acid-washed and 
benzene-washed surfaces still approached l0 s ohm- 
cm ~. Since the electrochemical current  density did 
not exceed 0.2 m A / c m  2, the potential  drop at the 
amalgam contact on a freshly scraped surface should 
have been only a few millivolts. With a contaminated 
surface, however, this drop could easily have been 
of the order of 1V. These results emphasize the im-  
portance of a good electronic contact for a semicon- 
ductor electrode. The ohmic drop through the bulk  
of the crystal ranged from ~0.02 to 0.3 mV. 

Cathodic discharge behavior.--The thermodynamic  
potential  of a cell with the reaction 

2Li(s)  + CdF2(s) --> C d ( s )  + 2LiF(s)  

is 2.70V. Ini t ia l  open-circui t  potentials determined ex-  
per imenta l ly  on the doped crystals were 2.4-2.6V vs. 
Li /Li  + (1M), while 1.7V were observed on an undoped 
crystal with a resistance >3  x 107 ohms. 

P re l iminary  discharges of 1 min  durat ion were made 
on each of the doped crystals at 0.1 and 0.2 m A / c m  2, 
to compare ini t ial  polarizations and to establish a 
suitable current  density level for longer discharge ex- 
periments.  The pre l iminary  curves for a 0.68 ohm- 
cm crystal are shown in Fig. 4. Following rapid poten-  
tial drops of 0.25 and 0.TV, respectively, the discharge 
proceeded smoothly under  these conditions, and the 
cathode recovered wi th in  several minutes  on open 
circuit to a new potential  approaching the theoretical  
value. The init ial  drop apparent ly  was localized at the 
semiconductor-solution interface, but  the mechanism 
of its origin has not yet been determined. Correspond- 
ing curves for crYstals with resistivities up to 3.2 ohm- 
cm differed very slightly from those of Fig. 4. 

With continued discharge, a dark layer  of cadmium 
metal  became visible on the outside of the cadmium 
fluoride crystal, while no change was observed at the 
amalgam contact. A discharged electrode, when  re-  
moved from the cell, washed in water, and dried, 
showed high surface conductance on a d-c ohmmeter.  
Thus, an electronic reduction mechanism was indi-  
cated for the semiconductive materials.  As expected, an 
undoped crystal  failed to pass a current  of 0.1 m A /  
cm 2, even when 420V were applied between the anode 
and cathode. 

Figure  5 i l lustrates the behavior of a doped crystal  
on prolonged discharge at 0.1 m A / c m  2. Data for several 
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crystal  electrodes are given in  Table I. A plateau in 
the potent ia l - t ime curve general ly  occurred near  1.5V 
vs. Li/Li  + (1M), followed by a t ransi t ion region of the 
type shown in Fig. 5. A practical end of the discharge 
could be taken at 1.1V vs. Li/Li  + (1M), al though some 
minor  inflections appeared at lower potentials. This 
cutoff corresponded to the uti l ization of a cadmium 
fluoride layer 0.1-0.2~ in thickness. Although the elec- 
trode recovered subsequent ly  on open circuit  to a po- 
tent ia l  above 2.0V, essentially no discharge capabil i ty 
remained, as is shown in Fig. 6. The potent ial  dropped 
almost immediate ly  when  a second prolonged dis- 
charge was attempted. Cathodic activity was restored, 
however, by exposure of the discharged crystal to 
water. Two passivation mechanisms may  be readily 
visual ized--coat ing of the crystal  by a nonporous layer 
of cadmium metal  or by a layer of l i th ium fluoride. 
The sharp peaks in the t ransi t ion region (Fig. 5) may 
be due to occasional fractures in the passivating film. 

Implications for cadmium fluoride battery cathodes. 
- - T h e  preparat ion of secondary cathodes by anodizing 
cadmium metal  in complex fluoride-organic solvent 
electrolytes has been reported by Shaw and others 
(9, 10). Doped crystals of the type used in the present 
s tudy wil l  not be reconstructed from the metal  by 
anodic charging. It was of interest, nevertheless, to 
examine briefly the behavior  of a discharged semi- 
conductor electrode under  anodic current.  The results 
are  shown in Fig. 7 and 8. At a charging current  den-  
sity of 0.2 mA/cme, the total cathode potential  rose 
in 13 min  to 8.7V vs. Li /Li  + (1M). Of this final value, 
near ly  6V appeared to be a nonohmic component  as- 
sociated with the semiconductor/electrolyte  interface. 
This is indicated in Fig. 7 by the immediate  drop of 

Table !. Discharge characteristics of n-type cadmium fluoride 
crystals 

I n i t i a l  
o p e n -  

C rys t a l  c i r cu i t  T r a n s i t i o n s  
Y(I I I )  r e s i s -  p o t e n t i a l  P o t e n t i a l  U t i l i z a t i o n  
c o n c  t i v i t y  (V Vs.  ( V  v s .  T i m e  t h i c k n e s s  
(m/o)  (ohm-cm)  Li /Li+)  L i /L i+)  (rain) (~) 

1 0.44 2.43 1.08 15 0.11 
0.68 22 0.16 

0.01 0.68 2.5{) 1.04 32 0.23 
0.72 36 0,26 
1.20 a 49 a 0,36 
0.79 �9 68a 0.50 

0.01 0.68 2.60 1.17 b 7.5 b 0.11 
0.01 3.2 o 2.59 1.12 16 0.12 

0.69 26 0.19 
0 >3 • 10~ 1.78 -- ~ 

a F o l l o w i n g  e x p o s u r e  of d i s c h a r g e d  c rys t a l  to  wa te r .  
b C u r r e n t  d e n s i t y  0.2 m A / c m ~ ;  a l l  o the r  da t a  a t  0.1 m A / c m  2, 

Fig. 4. Preliminary discharges of cadmium fluoride crystal o Exposed to cadmium vapor 3 hr at 300~ 
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Fig. 6. Second continuous discharge of cadmium fluoride crystal 
and recovery on open circuit. 

5.7V which  occurred on in te r rup t ion  of the  charging 
current .  The ini t ia l  vol tage  step in cathodic discharge 
at  the  same cur ren t  immed ia t e ly  the rea f t e r  (Fig. 8) 
was only 0.25V. Such asymmet r i c  behav ior  is expected  
for an n - t y p e  crystal ,  on which  oxida t ions  should be 
genera l ly  difficult because  of the t endency  to form an 
exhaus t ion  l aye r  at  posi t ive potent ia ls  (12). Al though  
Fig. 8 indicates  that  some d ischarge  capac i ty  wi th in  the  
cadmium fluoride poten t ia l  region resu l ted  f rom charg-  
ing, the  anodic process occurred at  low energy  effi- 
c iency wi th  the  semiconductor  c rys ta l  in the  circuit .  

In  conclusion, the  electronic reduct ion  mechanism 
in n - t y p e  cadmium fluoride offers an a l te rna t ive  pa th  
for  the  discharge react ion,  which  is not  ava i lab le  wi th  
the  undoped mater ia l .  In  a porous electrode,  this  route  
m a y  supp lement  or supplan t  tha t  of another  process, 
such as the  reduct ion  of dissolved cadmium ion. To 
ut i l ize the electronic mechanism efficiently, one must  
p rovide  a low-res i s tance  contact  a t  the  semiconductor -  

10 
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ma/cm 

OPEN CIRCUIT 

I I { I I ~ 112 O 2 4 6 8 I 
TIME (min) 

Fig. 7: Charging of previously discharged crystal electrode 

3.0 

2.5 

+~- 

~ 2,0 

< 1,5 

~ 1.0 

o 
E- < 
o 

0,5 

I , - -  r i I 

~ U I T  O.O1 rnole % Y (111) 

0.68 ohm-cm 

0 ; I I ] I i,.. I 
0 2 4 6 8 i0 12 14 

TIME (min) 

Fig. 8. Discharge of crystal electrode after charging to 8.7V vs. 
L i /L i  + ( IM ) .  

cur ren t  collector  in ter face  and control  the  cathodic 
pass iva t ion  which  was  observed  in a l i th ium per -  
ch lo ra t e -p ropy lene  ca rbona te  e lectrolyte .  The la t te r  
problem,  which  m a y  be caused b y  a film of cadmium 
or l i th ium fluoride, is under  fu r the r  invest igat ion.  
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Solid-State Ionics Coulometric Titrations and Measurements 
of the Ionic Conductivity of Beta Ag Se and Beta AgaTe and 

Use of These Compounds in an Electrochemical Analog 
Memory Element 

Takehiko Takahashi* and Osamu Yamamoto 
Department of Applied Chemistry, Faculty of Engineering, Nagoya University, Nagoya, Japan 

ABSTRACT 

The ionic conductivities of fl Ag2Se and fl Ag2Te have been determined as 
a funct ion of the me ta l - to -nonmeta l  ratio with the help of the cell Ag /  
RbAg415/~ Ag2X/RbAg4Is/Ag (X : Se or Te),  and the concentrat ions of the 
ionic defects at the ideal stoichiometric composition of these compounds have 
been calculated to be 3.5 • 1017/cm3 for ~ Ag2Se at 105~ and 9.7 • 1018/cm 3 
for ~ Ag2Te at 97~ The coulometric t i t rat ions have been studied with the 
help of the cell Ag/RbAg4Is/~ Ag2X/Pt to derive the theoretical equation 
in order to explain the relat ion between the cell voltage and the deviat ion 
from the ideal stoichiometric composition. Based on these studies, a new 
type of electrochemical cell, Ag/RbAg4Is/~ Ag2Te, RbAg415 and graphite, has 
been proposed. The emf of the cell is changed l inear ly  in the range of 120 to 
0 mV by the coulombs p~ssed through the cell at room temperature.  At open 
circuit, the emf of the cell decreases only by a few per cent in several hundred  
minutes.  

In  recent years, considerable interest  has been taken 
in solid electrolyte galvanic cells (1-3). Electrochemi- 
cal cells using solid electrolyte in place of the conven-  
t ional l iquid electrolyte have m a n y  advantages of 
achieving appreciable minia tur iza t ion and operation 
over a wide tempera ture  range. However, only a l i t t le 
work has been reported on these devices, except for 
galvanic cells. One of these was a solid electrolyte 
coulometer reported by Yamamoto and Takahashi  (4) 
and Kennedy  and Chert (5) which consisted of the 
solid electrolyte held between the silver and gold 
electrodes. The other example was a memory  with 
variable resistance which was proposed first by Wid-  
row (6) and examined later  by Takahashi, Yamamoto, 
and Kuwabara  (7). 

The most impor tant  problem in this field is the im-  
provement  of the low conductivi ty of solid electro- 
lytes at ambient  temperature.  Recently, some solid 
electrolytes have been reported by Takahashi and 
Yamamoto (8), Bradley and Greene (9), and Owens 
and Argue (10) to have high ionic conductivi ty at 
room temperature.  These were the double salts such as 
Ag3SI and RbAg415 which show conductivities com- 
parable to those of aqueous electrolyte solutions at 
room temperature.  It may be possible, therefore, to 
develop m a n y  types of electrochemical cells with these 
solid electrolytes. The purpose of this paper is to ex-  
amine a new type of electrochemical cell using RbAg415 
which has a silver ion conduct ivi ty of 2.1 • 10 -1 
(ohm-cm) -1 at 25~ (10). 

The system investigated in this study consists of a 
silver electrode, electrolyte (RbAg4Is), and a silver 
chalcogenide such as ~ Ag2Te or ~ Ag2Se, the cell con- 
struct ion being 

AgIRbAg4IsISilver chalcogenide (I) 

Silver chalcogenides have been known to have non-  
stoichiometric composition and exhibit  mixed con- 
duct ivi ty par t ly  ionic and par t ly  electronic. Upon 
passing the current  across cell (I) from right  to left 
(charging process), a definite amount  of silver is t rans-  
ferred from the silver chalcogenide phase to the silver 
electrode, decreasing the me ta l - to -nonmeta l  ratio, r, in 

" Elec t rochemical  Society Act ive  Member. 
Key words:  solid e lectrolyte;  eoulometer ;  RbAg4Is, AgaTe, Ag~Se; 

memory  device;  devia t ions  f rom stoichiometry.  

silver chalcogenide. If the direction of current  is re-  
versed (discharging process), r increases. In  silver 
chalcogenides, such as Ag2Se and Ag2Te, silver ions 
and electrons are both mobile so that  the meta l - to-  
nonmeta l  ratio becomes rapidly uniform, especially at 
high temperature.  

RbAg415 is essentially an ionic conductor, and the 
chemical potent ial  of silver ~Ag in Ag2Se or Ag2Te is 
related to the electromotive force, E, of cell (I) by 

~ A g  - -  /~~ ---- - - E F  [ 1 ]  

w h e r e  ~~ is the chemical potent ia l  of pure silver and 
F the Faraday constant. By denoting the chemical po- 
tent ial  of excess electron, electron hole, and silver 
ion in ~ Ag2Se or ~ Ag2Te by ~e, ~h and ~Ag+, respec- 
tively, one obtains the following expression 

~tAg : ftAg+ "-~ Pe = ftAg+ ~ fth [2] 

From Eq. [1] and [2], at the ideal stoichiometric com- 
position of fl Ag2Se or fl Ag2Te 

/~'Ag - -  P-~ = - -E 'F  [3] 
and 

~'Ag : ~t'Ag+ "~ /~'e = ~ 'Ag+ - -  /L'h [4] 

are established where ' ' ' a n d / A g +  are chemi- st Ag, /~ e, ~ h, 
cal potentials of each species at the ideal stoichio- 
metric composition of fl Ag2Se or fl Ag2Te, respec- 
tively, and E' the emf of cell (I) with the ideal stoi- 
chiometric ~ Ag2Se or fl Ag2Te. By combining Eq. [1], 
[2], [3], and [4], one obtains 

(P'Ag+ --  f t 'Ag+)  "~ ( P ' e -  P"e) "-- (/~Ag+ - - P / A g + )  

- -  ( ~ h  - -  ~ ' u )  : - -  ( E  - -  E ' ) F  : - - ~ E F  [ 5 ]  

At low concentrat ions of interst i t ial  silver ion and 
silver ion vacancy, it may be assumed that  the change 
of chemical potent ial  of silver ion is expressed by the 
following equation 

~Ag+  - -  PfAg+ : RT in nolo  : --RT I n n  D/n[:] [6] 

where no and n are the concentrat ions of interst i t ial  [] 
silver ion (Ag+o) and silver ion vacancy (Ag+[]) ,  and 

no and n are those at the ideal stoichiometric com- [] 
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position. The concentrat ions of excess electron, ne, and 
electron hole, nh, are related to ~e and ~h by 

~(8me* �9 k T )  3/2 
n~ -- �9 F ( ~ )  [7] 

2h 3 
and 

~(8mh* �9 k T )  3/2 
nh = �9 F ( n D  [8] 

2h a 

where ~e -~ ~e/RT,  ~u : ~u/RT,  m*e and m* u are the 
effective mass of electron and electron hole, respec- 
tively, F(~]) is the Fermi-Dirac  function, and the 
other symbols have the usual  meanings.  According to 
the table of Fermi-Dirac  function computed by Mc- 
Dougall and Stoner (11), the following approximation 
may be avai lable for a nar row range of n values 

F(~l) : ke ~/c : ke  ~/cI~T [9] 

By combining Eq. [7] and [9], or [8] and [9], one finds 

~e ---- C e R T  In n e / N e  [10] 
and 

~h ---- ChRT  In nh/Nh [11] 

where, Ce, Ch, Ne, and Nh are constant parameters  de- 
pending on the mean value of ne or nh within  the range 
considered. Therefore 

,ae - -  ]~'e = C e R T  In n e ~ e  [12] 
and 

#u -- ~'J~ -~ ChRT In nh/-nh [13] 

are obtained where ne and nh are the concentrations of 
excess electrons and electron holes at the ideal stoichio- 
metric composition. Subst i tu t ing Eq. [6] and [12] into 
Eq. [5], we have 

- - ~ E F  : R T  In (no~no) ( n e ~ e )  c~ [14] 

If no silver atoms are present  in  ~ Ag2Se or ~ Ag.~Te, 
the deviation from the ideal stoichiometric composi- 
tion, hr, is equal  to the difference of the concentrat ion 
of the two atomic imperfections or the two electronic 
imperfections 

no --  n : ne -- n~ : ~ r ( N o / V m )  [15] 
D 

where V m  is the molar volume of ~ Ag2Se or ~ Ag2Te, 
and No the Avogadro number .  In  ~ Ag~Se and ~ Ag2Te, 
the atomic imperfection is present  according to the 
Frenkel  equi l ibr ium 

Ag + ~ Ag+o -t- Ag + [] 
i.e. 

n o ' n  = n 2 o  [16] [] 

Further ,  the thermal  equi l ibr ium is established with 
the excess electron and electron hole 

e - P h ~ O  
i.e. 

~e + #h : 0 [17] 

From Eq. [12], [13], and [17], we have 

(he) c~ (nh) c~ : (he) c~+c~ [18] 

Subst i tut ion of Eq. [16] and [18] into Eq. [15] gives 

1 : 0  

and 

;o n e  - 

[19] 

1 = 0  

[20] 

Finally,  the relat ion between hE and hr is given by 

- - h E F  ---- R T  in  f ( ~ r )  �9 {g (~r )  } co [21] 

where ] ( a r )  and g(hr )  are the solutions of Eq. [19] 
and [20], respectively. 

The deviation from the ideal stoichiometric composi- 
tion, hr, is expressed by Faraday 's  law as 

hr = q / x F  = i d t  [22] 
x F  =E" 

where q is the number  of coulombs passed through 
cell (I),  and x the number  of moles of selenium or 
tel lurium. According to Eq. [21] and [22], cell (I) 
must  have a cell voltage depending on the deviation 
from the ideal stoichiometric composition of ~ Ag2Se 
or ~ Ag2Te. This means that  the cell voltage is changed 
by the coulombs passed through the cell. This fact 
suggests that this cell will  be able to be used as a 
coulometer. Further ,  if the cell voltage is kept constant 
for a certain period of time, the cell will  be used as a 
memory  device, for example as a memory with var i -  
able resistance. 

It is clear from Eq. [19], [20], and [21] that  the 
knowledge of the concentrat ion of imperfections and 
the values of Ce and Ch allows the examinat ion of the 
relat ion between hr and hE. Studies on electronic im-  
perfection have been done by Dalven and Gill (12) 
and Miyatani  (13), and the concentrat ion of interst i t ial  
silver ion in ~ Ag2Se has been measured by Valverde 
(14). In  this study, by measur ing the ionic conduc- 
tivities of ~ Ag2Se and ~ Ag2Te as a funct ion of the 
meta l - to -nonmeta l  ratio, the concentrat ions of atomic 
imperfection at the ideal stoichiometric composition 
of these compounds have been determined with the 
help of the theories of Koch and Wagner  (15) and 
Stasiw and Teltow (16). 

Experimental 
Preparat ion  of  m a t e r i a l s . - - S i l v e r  tel luride and sil- 

ver selenide were prepared from the elements. A mix-  
ture of silver powder (99.999% puri ty)  and te l lur ium 
powder (99.999% pur i ty)  or selenium powder 
(99.999% puri ty)  was thoroughly ground before being 
sealed under  vacuum in a Pyrex  tube and heated at 
420~ (for silver tel luride) or 350~ (for silver sele- 
nide) for 48 hr. The solid electrolyte, RbAg4Is, was 
prepared according to the method described by Owens 
and Argue (10). Weighing of 0.8 mole fract ion of sil- 
ver iodide and 0.2 mole fraction of rubid ium iodide was 
followed by mixing and grinding. The mix ture  was 
sealed in a glass tube under  vacuum and heated at 
500~ for 2 hr. Then, after being cooled abruptly,  it 
was main ta ined  at 160~ for 24 hr, thereby synthesiz- 
ing RbAg4Is. 

Ionic conduc t i v i t y  m e a s u r e m e n t s . - - T h e  ionic con- 
ductivi ty measurements  for ~ Ag2Se or ~ Ag2Te were 
carried out by the following cells which were similar 
to those used by  Weiss (17) 

AglRbAg4IsI~ Ag2Se]RbAg4IsIAg (II) 
? 

P t  
and 

Ag[RbAg4IsI~ Ag2Te]RbAg4IsIAg (III) 

Pt  

Ag2Se or Ag2Te was pressed into the form of a cylin-  
drical pellet 13 m m  in diameter and 1-2 m m  in thick- 
ness. In  order to reduce the electrode polarization, a 
mix ture  of powdered silver and RbAg415 (2:5 weight  
ratio) was used for the silver electrode. When a d-c 
voltage below the decomposition voltage of RbAg415 
and ~ Ag2Se or ~ Ag2Te is applied between two silver 
electrodes, the current  is carried practically by silver 
ion because RbAg4I~ is a pure silver ion conductor. As 
the ohmic resistance of RbAg415 is known, the ionic 
resistance of ~ Ag2Se or fl Ag2Te can be calculated from 
the total  resistance. A current  of 1-10O ~A was used in  
this experiment.  In order to change the cation-to anion 
ratio in ~ Ag2Se or ~ Ag2Te, the current  was passed 
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between the silver electrode and the p la t inum elec- 
trode which was inserted into the pellet of ~ Ag2Se or 

Ag2Te. The measurements  were carried out at above 
70~ as it was necessary to wait  a long period of 
t ime to obtain a steady voltage at lower temperatures.  

The structure o~ the electrochemical ce l l . - -A typical  
schematic diagram of the cell is shown in Fig. 1. A 
mixture  of powdered silver and RbAg415 was used as 
the silver electrode. For the counterelectrode, a mix-  
ture of Ag2Te (or Ag2Se), RbAg4Is, and graphite was 
used to increase the electrode reaction area, the com- 
position of which was selected to obtain a high per-  
formance. For example, a mixut re  of 0.2g powdered 
silver and 0.7g RbAg4I~, 1.2g RbAg4Is, and a mix ture  
of 0.2g powdered graphite, 1.5g RbAg415 and 0.4g 

Ag2Te, were pressed successively at 2 tons /cm 2 to 
form a pellet and it is pressed at 5 tons /cm 2 under  
vacuum for 10 rain. The diameter  of the pellet was 13 
ram. A graphite block was placed on the ~ Ag2Te 
electrode to give the electronic contact upon which a 
silver wire was put  to make it serve as the lead wire 
and a silver plate was used as an electronic collector 
of the silver electrode. The following measurements  
were carried out unde r  vacuum. 

Experimental Results and Discussion 
Ionic conductivi ty of ~ AgzSe and ~ Ag2Te and the 

concentration o] Frenkel  defects at the ideal stoichio- 
metric composit ion.--In 1970, the concentrat ion of 
interst i t ial  silver ion in g Ag2Se at the ideal stoichio- 
metric composition was measured with the help of 
coulometric t i t ra t ion (14). In  this study, in order to 
know the concentrat ion of ionic defects in g AgaSe or 

Ag2Te, the ionic conductivi ty was measured by a 
similar method proposed by Wagner  (18) and ex- 
amined for ~ Ag2S by Weiss (17). In  the s tudy made 
by Weiss, AgI was used as the solid electrolyte and 
the measur ing tempera ture  was always above 147~ 
which was the t ransi t ion tempera ture  of AgI. Below 
this temperature,  however, the ionic conductivi ty of 
AgI was too low and in this study, therefore, RbAg4I~, 
which has high ionic conductivi ty even at room tem- 
perature, was used as the solid electrolyte to carry out 
the measurement  at re la t ively  low temperature.  

In general, it is difficult to synthesize ideal stoi- 
chiometric ~ Ag2Se or t~ Ag2Te from the elements. The 
ideal stoichiometric compositions of these compounds 
were determined by coulometric t i t rat ions (19). Wag- 
ner  and Schottky (20) have pointed out that  in dis- 
ordered crystals a point of inflection appears in chemi- 
cal potential  vs. composition curves at the ideal stoi- 
chiometric composition. The cell voltage between the 
p la t inum and the silver electrodes of cell (II) or (III) 
is d rawn vs. coulombs passed through the cell and, 
from the max imum slope of this curve, the ideal stoi- 
chiometric composition of t~ AgeSe or /~ AgeTe was 
determined. For example, the max imum slope ap- 
peared at 53 mV in ;~ Ag2Te at 97~ and at 180 mV 
in ~ Ag2Se at 105~ 

The current  was passed between the silver and the 
p la t inum electrodes in order to change the cat ion-to-  
anion ratio in t~ Ag2Se or ~ Ag2Te and, at each Ar value, 
the ionic conduct ivi ty  of these compounds was mea-  
sured with the help of cell (II) or (III) .  The ionic 
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Fig. 1. Schematic diagram of the electrochemical cell 
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Fig. 2. The ionic conductivity of fl Ag2Se, ~i, as a function of 
the deviation from the ideal stoichiometrie composition, Ar. 
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Fig. 3. The ionic conductivity of ~ Ag2Te ~i as a function of 
the deviation from the ideal stoichiometric composition, Ar. 

conductivi ty of /~ Ag2Se is shown in Fig. 2 as a func-  
tion of the deviation from the ideal s~oichiometric 
composition, ~r. The ionic conductivi ty increases 
rapidly with increasing hr, indicating that  the excess 
silver in /~ Ag2Se dissociates to interst i t ial  silver ion 
and excess electron. The dependence of ionic conduc- 
t ivi ty of ~ Ag2Te on Ar is shown in Fig. 3. In  this case, 
the change of ionic conduct ivi ty  is not so remarkable.  

The phenomenon of producing the interst i t ial  silver 
ion or silver ion vacancy by removing or inject ing 
silver from or into the lattice is considered to be simi- 
lar  to that of adding an impur i ty  into a pure crystal, 
the theoretical approaches for which have been done 
by Koch and Wagner  (15) and Stasiw and Teltow 
(16). The dependence of ionic conductivi ty on ~r is 
examined with the help of the theory of Teltow et al. 
as follows. 

If the ionic carriers in/~ Ag2Se or ~ Ag2Te are in ter -  
stitial silver ion (Ag+o) and silver ion vacancy 
(Ag+ O) and the other ionic defects are negligible, 

the ionic conductivity, ~i is represented as 

�9 i = enouo -5 en u [23] 
[3[3 

where uo and u[3 are the mobili t ies of Ag+o and Ag + [3" 

The intrinsic ionic conductivity,  ~i, at the ideal stoi- 
chiometric composition is expressd by 

~-i ---- enouo -5 en u [24] 
[3[3 

Subst i tu t ing Eq. [15] and [16] into Eq. [23] and using 
Eq. [24], we have 

--- _-- ~ -5 1 -5 [25] 

~i 2noVm 2noVm ~ -5 1 
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Fig. 4. The relative conductivity, ~i/cri of # Ag2Se as a function 
of the deviation from the ideal stoichiometric composition, ~r. 
The circles and triangles represent the experimental values and 
the lines are theoretical isotherms. 
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Fig. 5. The relative conductivity, ~ i / ~  of f l  Ag2Te as a function 
of the deviation from the ideal stoichiometric composition, ~r. The 
circles and triangles represent the experimental values and the 
lines are theoretical isotherms. 

where  ~ ---- uo/u[]. According to Eq. [25], a plot ~i/r 

vs. ar shows a min imum at the ordinate  value  

_ 

~ min 1 + r 

The relat ion between r and 5r  is shown in Fig. 4 
for ~ Ag2Se and in Fig. 5 for ~ Ag2Te. From these 
curves, r can be calculated by solving Eq. [26] and no 
by substi tuting the numerica l  values of ~i/~-i, hr  and, O 

in Eq. [25]; r and no obtained by this method are 
listed in Table I. In Fig. 4 and 5, the real  lines are ob- 
tained from Eq. [25] using the numerica l  values of r 
and no. In these figures, the exper imenta l  values are 
found to coincide wi th  the theoret ical  curves, showing 
that  the association of interst i t ial  s i lver  ion or si lver 

Table I. Characteristic quantities of # Ag2Se and ~ Ag2Te 

Temp, 
S u b s t a n c e  *C r no  

Ag2Te  78 3.5 5.3 x 10 TM 

97 3.1 9.7 • 10 TM 
fl Ag2Se 105 4 .5  3.5 x 1017 

120.6 3.1 4.8 X 1017 

r is  t h e  r a t i o  of  t h e  m o b i l i t y  of t h e  Ag+ i n t e r s t i t i a l  to t h a t  of  t h e  

A g  + v a c a n c y ;  no is  t h e  c o n c e n t r a t i o n  of F r e n k e l  d e f e c t s  a t  t h e  
s t o i c h i o m e t r i c  c o m p o s i t i o n .  

-o-~%! 0 120.5~ 
~- i05 ~ 

200 -- 

i00 -- 

0 S 

Ar X i0 ~ 

Fig. 6. The cell voltage, E, of the cell AgIRbAg2151fl Ag2Se 
vs. t h e  d e v i a t i o n  f r o m  t h e  i d e a l  s t o i c h i o m e t r i c  c o m p o s i t i o n ,  ~ r .  

200 
-- 78~ - 7 - -  

t ' 1  L ~ i i I I ~ 

0 10 

Ar X lO 4 

Fig. 7. The cell voltoge, E, of the cell AgIRbAg41alfl Ag2Te 
vs. the deviation from the ideal stoichiometric composition, ~r. 

ion vacancy wi th  the excess electron or electron hole 
is negligibly small. 

The relation be tween  the cell voltage of Ag /RbAg4Is /  
# AgzSe or ~ Ag2Te and the deviation f rom the ideal 
stoichiometric composit ion of [3 Ag2Se or ~ Ag2Te . - -The  
cell voltage (E) of Ag/RbAg4Is /#  Ag2Se or ~ Ag2Te 
vs. the deviat ion (s r )  f rom the ideal stoichiometric 
composition is shown in Fig. 6 for # Ag2Se and in 
Fig. 7 for ~ Ag2Te. These curves were  obtained pass- 
ing a constant current  of 10 ~A between the si lver and 
pla t inum electrodes in cell (II) or (III) to add or sub- 
tract  si lver in or f rom ~ Ag2Se or ~ Ag2Te, the cell  
vol tage of which coincided wi th  that  kept at open 
circuit  for 10 several  minutes  showing that  the equi-  
l ibr ium was at ta inable  immedia te ly  at as small  a cur-  
rent  as 10 ~A. ~r was calculated f rom Eq. [22]. It  is 
seen f rom Fig. 6 and 7 that  E increases wi th  decreas-  
ing 5r to reach a constant value  of 270 mV for 

Ag2Se at 105~ or 190 mV for ~ Ag2Te at 97~ These 
values correspond to the open-ci rcui t  voltages of cell 
Ag/RbAg4Is /Se  and Ag/RbAg415/Agl.9Te (21), re -  
spectively. 

According to Eq. [21], it is necessary to know the 
concentrat ion of imperfect ions and the values of Ce 
and Ch in order to examine  the relat ion be tween  ~r 
and AE. The numerica l  values of no and ne are sum- 
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Table II. Concentrations of interstitial silver ion or silver ion 
vacancy (no ---- ni l )  and excess electron or electron hole in silver 

chalcogenides at ideal stoichiometric composition 

Table III. Values of Ce and Ch 

T e m p ,  (dAE/dAr) ~=o 
"C (mY) ~-o no  C, C~ 

97 --2.6 • 102 9.7 • lO ts 1.9 x 10 TM 2.2 1.6 
78 --3.3 x 102 S.S x 10 TM 1.4 x 10 ~s 2.0 1.6 

Corn- Temp, 

pound ~  no ---- . Ref. ~Te = ~h Ref. 
[] 

Ag2Se 105 3.5 x 10 iv Table  I S • 1018 (12, 13) 
120 4.8 x 10 n Table  I 7 x 10 TM (12, 13) 
75 9.7 X i0 TM 14 

100 2.3 X I0 ~7 14 
Ag2Te 78 5.3 x 10 TM Table  I 1.4 x 10 TM (12, 13) 

97 9.7 X 10 as Table  I 1.9 x 10 ~8 (12, 13) 

marized in Table II, in which the values of ne at the 
tempera ture  considered were  obtained by ex t rapola t -  
ing the values measured at the o ther  tempera tures  re-  
ported by Dalven and Gill  (12) and Miyatani  (13). 

For  ;3 Ag2Se, the concentrat ion of excess electron at 
the ideal stoichiometric composition is dist inctly larger  
than that  of interst i t ial  si lver ions as shown in Table 
II, so that  Eq. [21] may  be reduced to a simple form 
of 

ArNo 
- - - - ~  exp ( - -AEF/RT)  -- exp (AEF/RT) [27] 
noVm 

A plot of Ar vs. exp ( - - •  -- exp (AEF/RT) 
should give a straight l ine with a slope of noVm/No. 
This plot  is shown in Fig. 8 giving a straight line 
f rom which no(n[]) is de te rmined  to be 3.8 X 101~ at 

120.5~ and 2.8 X 101~ at 105~ These values are com- 
parable to those est imated f rom the ionic conduct ivi ty  
measurements .  

On the other  hand, the difference be tween no and n~ 
in ~ Ag2Te at the t empera tu re  invest igated is not so 
large that  Eq. [21] cannot be reduced to a simple form 
such as Eq. [27]. In Eq. [21], there  are two unknown 
parameters  of C~ and Ch, which may  be calculated 
from the table of the Fe rmi -Di rac  function if the 
effective masses of e lectron and electron hole are  
known. Subst i tut ing the values of n~ and m~*/m into 
Eq. [7], we have  

F(~e) ----3.3 at 97~ 
and 

F(,I~) = 2.8 at 78~ 

where  m~*/m was assumed to be 0.06 at both t em-  
peratures,  which has been evaluated by Miyatani  (13) 
at 100~ According to the table of the Fermi -Di rac  
function, these values correspond to ~l ~ 2.6 and 2.2, 
respectively,  and, substi tut ing the  values of F(n)  at the 
vicini ty  of ,1 ---- 2.6, and 2.2 into Eq. [9], we  have  
C' e ~ 2.2 at 97~ and Ce ~- 2.0 at 78~ 

"o 

x 

0.5 

0.5 

Fig. 8. The plot of 
Ag2Se. 

| 

10S ~ 

l 1 I 1 I 
2 0 2 

exp(AEF/RT)-exp(AEF/RT) 

Ar vs. exp, (--2~F/Rr) -- exp (• for  

By differentiat ing Eq. [21] wi th  respect  to At, the 
slope of the bE vs. Ar curve at Ar ---- 0 is g iven by 

() - -  = - - - - .  _ + - - .  [ 2 8 ]  

dAr ~r=o 2F Vm no Ce + Ch 

Subst i tut ing the values of (dAE/dAr)r=o, no, he, and 
Ce into Eq. [28], Ch can be determined.  The exper i -  
menta l  values of (dAE/d• and the values of Ch 
thus determined are listed in Table III. The relation 
between bE and Ar is shown in Fig. 9, where  the lines 
are obtained by the theoret ical  calculation of Eq. [19], 
[20], and [21] using the numerica l  values listed in 
Table III. The exper imenta l  results agree wi th  the 
theoret ical  lines in the range of Ar be tween 0.7 • 10 -4 
and --2 • 10 -4 at 78~ and 1.0 • 10 -4 and --1.5 • 
10 -4 at 97~ Above these ranges of At, remarkable dif- 
ferences are recognized between theoretical lines and 
experimental values as indicated in the figure. This dis- 
crepancy may be due to the fact that Eq. [9] is an 
approximate one and can be used only for certain 
l imited ranges of ~]e and ~h. 

The characteristics of the electrochemical cell using 
AgzTe electrode for a coulometer or memory  device. 

---As described above, it has been found that  the 
AglRbAg4Is]~ Ag2Se or fl Ag2Te cell has a voltage de- 
pending on the deviat ion f rom the ideal stoichiometric 
composition of ~ Ag2Se or ~ Ag2Te, and the relat ion 
between the cell vol tage and the deviat ion from the 
s toichiometry is expressed by Eq. [21]. 

For  practical  use, it is usual ly convenient  to use the 
cell at ambient  temperature .  However ,  it has been 
found from pre l iminary  exper iments  that  ~ Ag2Te 
could be used as the electrode mater ia l  for this pur -  
pose and ~ Ag2Se could not because the cell wi th  the 
t~ AgeSe electrode showed high electrode polarization 
to give a hysteresis effect in charge and discharge 
processes at room temperature .  A mix ture  of ~ Ag2Te, 
RbAg4I~, and graphi te  was used for the electrode ma-  
terial  in order to increase the electrode reaction area 

7 8 ~  ~ 

5O 

I I I I I I 
2 1 0 -i -2 -3 

Ar X i0 ~ 

Fig. 9. The relation between bE and Ar. The circles and triangles 
represent the experimental values and the lines are theoretical 
c u r v e s .  
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2; 50 ua 

200 3; 20 ua 
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i00 

50 I00 
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Fig. 10. The cell voltage vs. time curves of the cell 
AgIRbAg415Ifl Ag2Te (0.4g), RbAg415 (1.5g), graphite at 30~ 

which would reduce the polarization when sufficiently 
high current  density is used. The charge and dis- 
charge curves of the cell AglRbAg4I~T/~ Ag2Te(0.4g), 
RbAg415 (1.5g), graphite (0.2g) were drawn at var i -  
ous current  densities in Fig. 10. The silver tel luride 
electrode was a mix ture  of 1.5g RbAg4Is, 0.4g ~ AgaTe, 
and 0.2g graphite. It  is found in Fig. 10 that a l inear  
relationship exists between the cell voltage (E) and 
time (t) in the voltage range of 0-120 mV, and the 
slope of the E - t  curve increases with increasing cur-  
rent  density. At higher current  (>200 ~A), however, 
the abrupt  change of the cell voltage was observed 
immediate ly  after a current  was passed through the 
cell, and the slope of the E- t  curve did not coincide for 
removing and adding silver from and to the silver 
tel luride electrode. On the other hand, at lower cur-  
rent  (<100 ~A), the slope of the E - t  curve for the 
charge process agreed with that  for the discharge proc- 
ess. 

The accuracy of this type of coulometer was checked 
with a current of 0-400 ~A for a period of 0-30 min, 
using a triangular wave current. The relation between 
the cell voltage and coulombs passed through the cell 
was preliminarily examined by the constant current 
drain;  and the ini t ia l  and final cell voltages, after a 
t r iangular  wave current  was passed, were compared 
with the s tandard E vs. t curve. The error (~) was cal- 
culated by the following equation 

q -- qs 
- -  - -  [29] 

q 

where  qs is the coulombs calculated by the s tandard 
E vs. q curve. The error  is less than  10% in all cases 
as shown in Table IV. The error decreased with de- 
creasing current  which may be due to decrease of the 
electrode polarization. 

If the new type of electrochemical cell is charged to 
a certain cell voltage and the open-circui t  voltage 
(OCV) is kept constant  for a certain period of time, 
the cell may be used for analog memory  devices. In 
practice, after the current  was passed, OCV showed a 
slow change with time. The changes are shown in  Fig. 
11, where curves A were obtained after the cell was 
charged from 0 to 120 mV, and curves B after the cell 

Table IV. Accuracy of the electrochemical cell 

Cur ren t ,  # A  C o u l o m b s  Er ro r ,  % 

6---352 13.7 10.8 
0 - -187  15.1 8.0 
0 - - ' /8  12.2 4.9 
0---20 15.3 4.1 

120 

§ A B A  ~ 

5 

iO0 

/ ~) i0 ~a 0 

l i , J , li,[ i i L i i ,,,I I 

I0 i00 

TIME (rain) 

Fig. 11. The time dependence of OCV of the cell AglRbAg41~I# 
Ag2Te (0.4g), RbAg415 (1.5g), graphite (0.2g) at 22~ 

was discharged from 120 to 0 mV. These results indi-  
cate that, for a l imited in terva l  of t ime between sev- 
eral minutes  and several hundreds  of minutes,  the t ime 
dependence of OCV (Eocv) wil l  be expressed by Eq. 
[30] 

Eocv ---- A -5 B log t [30] 

where A and B are constants. The change of OCV with 
t ime is probably due to the concentrat ion polarization 
and nonuni fo rmi ty  of the Ag- to-Te  ratio through the 

Ag2Te electrode. In  the case of curves A, the elec- 
tronic conduction in the electrolyte RbAg415 is negli-  
gible for the OCV change in the short t ime period 
(<100 min)  because the electronic conductivi ty of 
RbAg4I~ is less than 10 -9 ( o h m - c m ) - 2  at room tem- 
pera ture  (22). However, for the change in  the long 
time period (>1000 min) ,  OCV did not obey Eq. [30] 
but  decreased l inear ly  with time, suggesting that  the 
electronic conductivi ty of the electrolyte might  play a 
role. The change of OCV for the short t ime period (10- 
100 min)  may be due main ly  to the slow diffusion of 
silver in ;~ AgaTe, and a re la t ively long period of t ime 
is necessary to obtain the homogeneous activity of 
silver in ~ Ag2Te. Therefore, increase of the ionic con- 
duct ivi ty of silver ion in ~ Ag2Te is desirable to ob- 
ta in  a good performance cell. In  general, the ionic con- 
duct ivi ty of solids may sometimes be improved by  in-  
corporation of small  amounts  of various additives. In  
this experiment,  it was found that the addition of 
CdTe to ~ AgaTe made the ionic conductivi ty of 

AgaTe increase. For example, by the addition of 
5 m/o  (mole per cent) CdTe to ~ Ag2Te, the ionic con- 
duct ivi ty increased to 5 X 10 -5 (ohm-cm) -1 from that  
of pure ;~ AgaTe which is 2 • 10 -5 ( o h m - c m ) - I  at 
25~ The cell using ~ AgaTe --5 m/o  CdTe as the 
electrode mater ia l  indicates the change of OCV with 
t ime as shown in Fig. 12. It  is clear that  the change 
can be greatly reduced by the addition of CdTe to 

Ag2Te. In this cell, the E vs. q curve gives a straight 
l ine in the range of 0 and 120 mV and dE~dr increases 
proport ionally with current  density. The cell using a 

Ag2Se electrode showed a larger change of OCV 
than that  of ~ AgaTe. This may be due to the low ionic 
conductivi ty of ~ AgaSe shown in this paper. 

Conclusion 
The ionic conductivities of ~ AgaSe and ~ Ag2Te were 

measured as a funct ion of the me ta l - to -nonmeta l  ratio. 
It was found from these results that  the concentrat ion 
of silver ion vacancy at the ideal stoichiometric com- 
position of these compounds could be determined by 
the theory of Teltow et al. The dependence of silver 



Vol. 118, No. 7 SOLID-STATE IONICS 1057 
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Fig. 12. The time dependence of OCV of the cell Ag]RbAg415]fl 
Ag2Te-CdTe (0.4g), RbAg415 (1.5g), graphite (0.2g) at 25~ 

activity in  ~ Ag2Se or r Ag2Se on the deviation from 
the ideal stoichiometric composition was determined 
by  the concentrat ions of ionic and electronic imper-  
fections. In  ~ Ag2Se, the activity of silver depended 
main ly  on ionic imperfection and, in ~ Ag2Te, on elec- 
tronic imperfection. 

Although the new type of electrochemical cell pro- 
posed in  this paper may  have not sufficiently high 
accuracy, it will  have m a n y  advantages, such as a t ta in-  
ment  of appreciable miniaturizat ion.  This type of cell 
can be used in  an electronic circuit as a coulometer or 
memory device. 

Manuscript  submit ted Sept. 22, 1970; revised ma nu-  
script received Feb. 16, 1971. 

Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1972 
JOURNAL, 
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The Relevance of Accelerated Electrochemical Pitting 
Tests to the Long-Term Pitting and Crevice Corrosion 

Behavior of Stainless Steels in Marine Environments 
B. E. Wilde* and E. Williams 

Applied Research Laboratory, U. S. Steel Corporation, Monroevi~le, Pennsylvania 15146 

ABSTRACT 

Values of the critical breakdown potential, Ec for a series of i ron-chro-  
mium binary  alloys and some commercial  stainless steels in aerated 3.5% 
sodium chloride are presented. The results are correlated with previously 
published data on the same materials  after prolonged exposure to a mar ine  
environment .  Exact correlations were obtained between the pi t t ing perform- 
ance of the i ron /chromium alloys and that predicted from electrochemical 
tests over an exposure period of eight years. The highly beneficial influence 
of chromium additions on the  pit t ing resistance of the steels is shown by the 
pronounced increase in the nobil i ty  of Ec over the range  12-28% chromium. 
Analysis of corrosion data on commercial stainless steels after 4.25 years '  ex- 
posure to sea water  has shown that  the degree of crevice corrosion attack 
is directly related to the nobil i ty  of the "protection or repassivation" poten-  
tial, as determined from cyclic anodic-polarization curves. 

Critical breakdown potentials, Ec, have been used 
extensively as an index of the pit t ing susceptibili ty of 
alloys in  halide media (1-6). Over the last few 
years, however, various researchers have questioned 

* E l e c t r o c h e m i c a l  Society  Act ive  M e m b e r .  
K e y  words:  e lectrochemical  polarization, crevice  corrosion, p a s s i v -  

i t y  b r e a k d o w n ,  p i t t i n g  p o t e n t i a l s ,  p i t  i n i t i a t i o n .  

the val idi ty of the above use, claiming that  there is 
no correlation between electrochemically induced pi t -  
t ing and that induced by chemical redox systems (7), 
and that  pi t t ing corrosion can occur at potentials more 
active than Ec (8). In  an at tempt  to clarify the situa- 
tion, we have demonstrated recent ly (9) that  in 
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Table I. Chemical composition of Fe/Cr binary alloys used in 
exposure tests 

Compos i t i on ,  w/o  
A l l o y  

No. C M n  P S S i  Cu Ni  Cr 

1 0.07 0.51 0,018 0,012 0.25 0.09 0.25 12.2 
2 0.08 0.29 0.022 0.018 0.29 0.11 0.17 15.7 
3 0.10 0.48 0.025 0,018 0.27 0.11 0.15 17.3 
4 0.09 0.82 0.020 0.015 0.22 0.06 0.29 24.9 
5 0.02 0.81 0,023 0.007 0.30 0,08 1.4 28,0 

shor t -dura t ion  tests there  is almost  quant i ta t ive  
agreement  be tween  electrochemical  and chemical  
accelerated pit t ing tests on stainless steels in halide 
media. Further ,  it has been shown that  previous data 
(8), a l though correct, were  obtained in an envi ron-  
ment  where  the passive state was stabilized by the 
redox couple in a manner  not re levant  to the elec- 
t rochemical  tests used in comparison. 

The  main question of how valid are data obtained 
in shor t - t e rm electrochemical  tests, wi th  regard to 
long- te rm exposures in a f reely  corroding situation, 
remains  unanswered.  Severa l  authori t ies (4, 10, 11) 
have expressed the opinion that  Ec is not a unique 
parameter ,  but  varies wi th  t ime and the exper imenta l  
technique used in evaluat ing it. Lit t le  data are avai l -  
able on a l ong- t e rm basis to e i ther  support  or refute  
these opinions and to provide the design engineer  
wi th  a satisfactory answer  to the main question. 

This study presents an analysis of long- te rm ex-  
posure data on a series of i ron /ch romium binary  
alloys and some commercia l  stainless steels exposed 
to mar ine  envi ronments  for 8 and 4.25 years, respec-  
tively. Correlat ions are made between these data and 
parameters  obtained f rom electrochemical  polar iza-  
tion measurements  conducted in 3.5 w / o  (weight  per 
cent) sodium chloride solutions at 25~ 

M a t e r i a l s  and  Exper imenta l  W o r k  
The i ron / ch romium alloys used in this study were  

or iginal ly  used to assess the influence of chromium 
on the corrosion resistance in mar ine  atmospheres 
(12). Al loy compositions are shown in Table I. The 
ingots were  hot- rol led  to 0.635 cm (0.25-in) thick 
plate, and were  hea t - t rea ted  for 2.5 hr at 774~ 
(1425~ fol lowed by an air cool. Exposure  samples 
(10.2 cm by 15.2 cm by 0.318 cm) were  machined f rom 
the hea t - t r ea ted  plate to a number  4 finish, af ter  
being descaled in mol ten  sodium hydroxide  contain-  
ing 2 w / o  sodium hydride. Samples were  exposed at 
Kure  Beach, North Carolina, at the 80- and 800-ft 
lots in 1955. The exposure and mount ing technique 
was the same as that  r ecommended  in the standard 
ASTM testing method. Samples were  removed per i -  
odically to check for weight  loss, and pi t -densi ty  and 
p i t -depth  measurements  were  also made. 

In another  program aimed at determining the cor- 
rosion behavior  of steels ful ly immersed in sea water,  
several  commercia l  stainless steels were  machined into 
test samples (10.2 cm by 30.5 cm by 0.635 cm) f rom 
mi l l -annea led  plate stock. The composit ions of the 
alloys are shown in Table  II. Each sample was de- 

Fig. 1. Photograph of holding assembly used for sea water im- 
mersion tests on stainless steels. 

greased in t r ich lore thylene  and mounted  on racks as 
shown in Fig. 1, wi th  Nylon washers  used to insulate 
the samples f rom the support  rack. The panels were  
exposed to sea wate r  at the Wrightsvi l le  Test Stat ion 
so that  they were  total ly immersed  at all times. The 
samples were  periodical ly inspected f rom 1964 to 
1968 to check for weight  loss. 

Samples  for electrochemical  polarization studies 
were  machined f rom the same stock as the above ex-  
posure- tes t  samples. Coupons (2.54 cm by 2.54 cm by 
0.313 cm) were  "pot ted" in an epoxy mount  I con- 
taining a Teflon-sheathed copper conductor for elec- 
tr ical  contact. Care was taken in the curing of the 
epoxy to avoid producing extraneous crevices (13). 
The potted samples were  abraded through 600-grit 
silicon carbide paper, ul t rasonical ly  degreased in a 
detergent,  washed wi th  distil led water,  and hot -a i r  
dried. The polarizat ion equipment  was the same as 
that  described in detail  e lsewhere (15-17). Test sam- 
ples were  immersed for 60 min in the corrodent  prior  
to polarization to allow the establ ishment  of a s teady- 
state corrosion potent ia l  (14). Polar izat ion curves 
were  constructed by running in the noble direction at 
a sweep rate  of 0.600 V/hr .  

The corrodent  was prepared from reagen t -g rade  
sodium chloride diluted to 3.5 w / o  wi th  distil led 
water  (7.4 megohm cm at 25~ During each po- 
larizat ion run, the corrodent  was saturated wi th  air 
at a flow rate of 1.2 l i ters /min,  resul t ing in a dissolved 
oxygen content  of 7.9 ppm as measured on a Beck-  
man  Process Analyzer .  It has been assumed in this 
work  that  the behavior  of stainless alloys in sodium 
chloride solution is representa t ive  of their  behavior  
in natura l  sea water .  We have as yet  no specific data 
to support  this assumption. Long- t e rm corrosion po- 
tent ia l  (Ecorr) vs. t ime studies were  conducted with  
samples prepared as above. The potential  was mea-  
sured with  a saturated calomel reference electrode 
(SCE) connected to a L&N mult ipoint  recorder  via 
an e lec t rometer  switching system. 

i Armstrong Epoxy Resin, C-4, Argonne Rd., Warsaw, Indiana. 

Table II. Chemical composition of stainless steels used in sea water immersion tests 

Alloy Type of stain- Composition w/o 
No. less steel C Mn P S Si Cu Ni Cr Mo Ti A1 

6 USS  100 0.06 0.42 0.016 0,007 0.33 0.06 0.19 11.6 0.05 0.84 0.32 
7 Type  410 0.0'8 0.47 0.019 0.027 0.32 0.07 0.34 12.0 0.08 ND* ND 
8 Type  430 0.06 0.61 0.018 0,012 0.54 0.05 0.20 16.4 0.03 ND ND 
9 Type  304 0.0'5 1.18 0.025 0.013 0.53 0.06 9.45 18.6 0.31 ND N D  

10 Type  316 0.05 1.69 0.022 0.013 0.68 0.07 13.5 17.7 2.72 N D  ND 
11 Type  446 0.12 0.62 0.023 0.017 0.40 0.04 0.28 25.5 0.08 ND ND 
12 H a s t e l l o y  C 0.06 0.67 0.007 0.005 0.73 ND 56.27 15.44 3.6 ND ND 

* ND = Not  d e t e r m i n e d .  
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Fig. 2. Typical "cyclic" polarization curve for stainless steels in 
sodium chloride solutions. 

Results and Discussion 
In  regard ' to  our  terminology used in describing the 

polarization curves, reference is made to Fig. 2, where 
a schematic of a typical  "cyclic polarization curve" is 
shown. The point  designated Ec, where  a marked in-  
crease in  the anodic dissolution rate occurs, will  be 
termed fhe critical breakdown potential.  The point  
Ep, where the dissolution rate again becomes equal 
to the passive cur ren t  density, will  be te rmed the 
protection potential  (9, 18). We have analyzed our 
results on the basis that  Ec un ique ly  relates to the 
process of pit ini t iat ion in the absence of crevice cor- 
rosion. Similarly, we believe that  Ep relates specifically 
to the crevice or pi t -propagat ion mechanism and not 
the in i t ia t ion process, 

Iron/chromium alloys.--Potentiodynamic anodic- 
polarization curves were obtained on each alloy shown 
in  Table I, and typical  curves are shown in  Fig. 3, 
after submersion for 60 min  in  the corrodent. Very 
distinct breakdown potentials were observed, repro-  
ducible to • mV in replicate experiments.  A sum- 
mary  of the anodic-dissolut ion parameters  is given 
in Table III. Two features in  Fig. 3 are of immediate  
interest. 

1. The changeover from active-passive behavior  to 
one of stable passivity as the chromium content  is 
increased over 12.2 w/o  Cr. This behavior  can be 
explained by reference to Fig. 4, where  a typical  
anodic-dissolution curve is shown as M ~ M -+ ~- he. 
Superimposed on this curve are two sets of cathodic 
reduction curves; one for the H + ~ e ~ ~ H2 

0.~ 

O~ 

- o  

- o ~  

-o .6  I I 
io ioo 

Lapp (~ A/cm=) 

Y 

J2.2 * ; a  CHROmiUm 
2 157 w/o CHROMIUM 
3 173 w/o CHROMIU M 
4 24.9 w/o CHROMIUM 
5 2a */0 CHROMIUM 

I 

Fig. 3. Potentiodynamic anodic-polarization curves for iron/ 
chromium alloys in aerated 3.5 w/o NaCI at 25~ sweep speed, 
0.600 V/hr. 

1 
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t 
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Fig. 4. Schematic representation of partial processes leading to 
spontaneous passivation. 

couple, the other for the O~ + 2H20 + 4e ~ 4 O H -  
couple. In  the la t ter  case, the reduct ion rate is shown 
to be under  various l imit ing diffusion conditions; for 
example, ilhn, t l i m ' .  It  is known  from previous work 
(19, 20) that  a steel will  spontaneously passivate 
when  the total  reduct ion rate exceeds the critical 
anodic cur ren t  densi ty I~. The absence of an  active- 
passive t ransi t ion for alloys 2, 3, 4, and 5 (Fig. 3) 
indicates that  they must  have the condit ion Ic < illm 
+ in2. Similarly,  alloy 1 must  have an Ic greater than  
the l imit ing cathodic reduct ion rate. 

2. The pronounced influence of chromium content  
on the nobil i ty  of Ec is shown in Fig. 5. Similar  be-  
havior has been noted previously (21) and also on 
the n icke l /chromium b ina ry  alloys (22) in  acidic 
halide media. It  is apparent  that  chromium is very  
effective in stabil izing the passive state to breakdown 
by chloride ions. 

The Ecorr vs. t ime behavior  of the alloys is shown 
in Fig. 6 and the final s teady-state  values are sum-  
marized in  Table III. I t  is apparent  that  al though 
random fluctuation in  corrosion potent ia l  occurred 
dur ing  the first 100 hr of tests giving a quite active 
corrosion potential, all the alloys approached a rela-  
t ively noble steady state wi th in  300 hr. The redox po- 
tent ia l  of the corrodent, measured on br ight  p la t inum 
electrodes, was be tween -b0.280 and -~0.310 VSCE over 
the 300-hr period. On the basis of the data presented 
in Table III, one would expect that  alloys number  
1, 2, and 3 would pit in  an  aerated sodium chloride 
env i ronment  because their  long term corrosion po- 
tent ial  was more noble than the value of Ec deter-  
mined for these alloys. Similarly,  one would not ex- 

-,oc I I I 
is zo Z5 

CHROMIUM CONTENT, w/o 

Fig. 5. Influence of chromium on the breakdown potential of iron/ 
chromium binary alloys. 
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Table V. Pitting-corrosion data for Fe/Cr binary alloys 
exposed for 8 yr at Kure Beach, 800-ft lot 

pect alloys 4 and 5 to init iate pits, since the corrosion 
potential  never  went  more noble than the corre-  
spondihg Ec values. 

The pi t t ing tests on the i ron /ch romium binary 
alloys, a l though not  original ly designed for the pres-  
ent  study, were  par t icular ly  useful  in that  the mode 
of testing in salt spray el iminated any in terference 
by crevice corrosion. We have noted many  times 
that  alloys total ly  immersed in sea water  suffer from 
crevice  a t tack around the re ta ining washer  to the 
exclusion of pit t ing corrosion. This effect is probably 
due to galvanic protect ion of the bulk  surface once 
a crevice anode has ini t iated before the onset of pi t -  
ting. This phenomena is discussed in the next  section. 
The results of the exposure tests on alloys 1 through 
5 are shown in Table IV and V for the 80- and 800-ft 
lot, respectively.  Typical  pi t ted samples f rom the 
800-ft lot exposure are shown in Fig. 7, where  it is 
impor tant  to note that  no crevice corrosion took 
place. This fact is impor tant  since the ra t ing of al- 
loys based on Ec is res t r ic ted to the pi t - ini t ia t ion 
process only, and not the propagat ion mechanism, 
which we bel ieve to be identical  to that  of crevice 
corrosion. Inspection of Table V for the 800-ft lot 
indicates that  alloys 1, 2, and 3 all pitted, whereas  
alloys 4 and 5 did not. Thus, the results of 8-yr  ex-  
posure tests are in exact  agreement  wi th  the predict ion 
of the shor t - te rm electrochemical  studies. 

Inspection of Table IV for the 80-ft lot reveals  
that  pi t t ing corrosion occurred on all the samples, 

Table Ill. Summary of electrochemical properties of Fe/Cr 
binary alloys in aerated 3.S w/o NaCI at 25~ 

Average 
Chromium pit depth, Pit density, 

Alloy No. content, w/o in. • 10 ~8 No./in. ~ 

1 12.2 1.2 240 
2 15.7 1.o 100 
3 17.3 0.6 
4 24.9 0 0 
5 28.0 o 0 

al though the sever i ty  of at tack decreased marked ly  
in the order  predicted f rom electrochemical  studies. 
The fact that  pi t t ing occurred on all samples at the 
80-ft lot should not be in terpre ted  as a conflict wi th  
the predictions of the accelerated tests wi thout  con- 
siderat ion of the fol lowing factors: 

1. Because of the method  of exposure, a l ternate  
wet t ing  and drying possibly occurred on all  samples. 
If such a process did occur, a bui ld-up  of chloride 
ion concentrat ion would  occur to levels  greater  than 
those present  in the original  sea-spray;  for example,  
3.5 w / o  NaC1. In v iew of the greater  salt " fa l l -out"  
which undoubtedly  occurred at the 80-ft lot, it is 
reasonable to suppose that  the pit t ing envi ronment  on 
these samples was more  aggressive than that  at the 
800-ft lot. This factor would have  the effect of in-  
creasing the sever i ty  of pi t t ing over  that  predicted 
f rom Table III, since it has been shown previously (4) 
that  Ec tends to become more active as the chloride 
ion concentra t ion is increased. 

2. It is possible in the 80-ft location, that  more 
fluctuation in tempera ture  occurred than exper i -  
enced fur ther  inland. This behavior  could also have 
a pronounced effect on the pi t t ing tendencies of the 
alloys, since it is wel l  known that  Ec for Type  316 
stainless steel, for example,  is t empera tu re  sensitive. 

We bel ieve that  the above data lend strong support 
to the long- te rm applicabil i ty of Ec as an index to 
pi t t ing susceptibility. 

Commercial stainless steels.--Typical potent iody-  
namic anodic polarizat ion parameters  for alloys 6 
through 12 are shown in Table VI. It is clear from 
these data that  all the alloys except  numbers  8 and 
12 would  be expected to pit, since their  s teady-sta te  
corrosion potentials were  more noble than their  re -  
spective values of Ec, de te rmined  after a 60-min 
immers ion in the corrodent.  However ,  when  the sam- 
ples were  removed from sea water  af ter  4.25 years '  
immersion, pronounced crevice corrosion had taken 
place at the washers  wi th  l i t t le or no pit t ing corrosion 
on the general  surface away from the washers, as 
shown in Fig. 8. This behavior  demonstrates  the pre-  
viously ment ioned fact that  the induction period for 

Chromium 
Alloy No. content, w/o Ec, Vscs Ecorr*, Vscs 

1 12.2 --0.020 --0.011 
2 15.7 0.000 +0.038 
3 17.3 + 0.040 + 0.045 
4 24.9 + 0.240 + 0.051 
5 2 8 . 0  + 0.520 + 0.060 

* After 300 hr. 

Table W. Pitting-corrosion data for Fe/Cr binary alloys 
exposed for 8 yr at Kure Beach, 80-ft lot 

Average 
Chromium pit depth, Pit density, 

Alloy No. content, w/o in. x 10-8 No./in.= 

1 12.2 4.3 500 
2 15.7 1.2 70 
3 17.3 1.1 50 
4 24.9 0.'1 10 
5' 28.0 0.4 10 

Fig. 7. Photograph indicating the condition of iron/chromium 
binary alloys after 8 years" exposure at the 800-ft lot at Kure 
Beach, North Carolina. Note the lack of crevice corrosio,. Ap- 
proximately 2/5 actual size. 
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Table VI. Polarization parameters of commercial stainless steels, Table VII. Corrosion weight loss data for commercial stainless 
in aerated 3.5 w/o NaCI at 25~ steels immersed in sea water for 4.25 yr 

A l l o y  T y p e  W e i g h t  
No. of s tee l  Ec, Vscl~ Ep, l**  Vsc~ Ecorr,* Vscz  A l l o y  T y p e  of  s t a i n -  loss,  

No. less s tee l  Ev, Vscz m g / c m  s C o m m e n t s  

6 U S S  100 --0.150 --0.340 +0.012 
7 T y p e  304 0 --0.110 + 0.085 
8 T y p e  318 + 0.100 -- 0.020 + 0.088 
9 Type  410 --0.200 -- 0.420 -- 0.100 

10 Type  430 -- 0.100 -- 0.260 -- 0.040 
11 T y p e  446 --0.080 --0.200 +0 .240  
12 H a s t e l l o y  C ~ + 0.97** ~ + 0.97 + 0.220 

P l a t i n u m  + 0.280 to  + 0.310 

* A f t e r  500 h r .  
** R e p r e s e n t s  t he  p o t e n t i a l  a t  w h i c h  o x y g e n  e v o l u t i o n  s t a r t e d  

w i t h  no  p i t t i ng .  
*** D e t e r m i n e d  by  r e v e r s i n g  t he  p o t e n t i a l  sweep  a f t e r  an  a p p l i e d  

c u r r e n t  of  10 m A / c m  e w a s  a t t a ined .  

6 U S S  100 --0.340 25.8 Crev i ce  cor ros ion ,  n o  
pi t s  

7 Type  304 --0.11O 10.8 C r e v i c e  cor ros ion ,  n o  
p i t s  

8 Type  316 --0.020 9.16 Crev i ce  cor ros ion ,  n o  
pi t s  

9 Type  410 --0.42(~ 26.7 Crev i ce  c o r r o s i o n ,  n o  
pi t s  

10 T y p e 4 3 0  --0.260 18.9 Crev i ce  cor ros ion ,  a 
f ew  p i t s  

11 Type  446 - 0 . 2 0 0  17.4 Crev i ce  cor ros ion ,  n o  
p i t s  

12 Has te l loy  C* ~0 .97  0.25 No c rev ice  c o r r o s i o n  
or  p i t s  

crevice corrosion is much shor ter  t han  tha t  of pi t  
ini t iat ion.  Fur ther ,  once crevices a re  ac t iva ted  they  
appear  to protect  the  bu lk  of the  surface against  sub-  
sequent  pi t  ini t iat ion.  Inspect ion of Table  VI indicates  
a ve ry  impor t an t  fact w i th  r ega rd  to the  behav ior  of 
a l loy 8. In  this  Case, according to the  Ecorr and Ec 
data, no p i t t ing  corrosion should occur, whereas  in 
pract ice  pronounced  crevice corrosion took place. 
This point  admi rab ly  emphasizes the  ~ c t  tha t  the ap -  
p l icab i l i ty  of Ec da ta  is l imi ted  to s i tuat ions where  no 
crevices are  presen t  (s i tuat ions of l i t t le  engineer ing 
significance),  and if not  so l imi ted  m a y  resul t  in 
crevice corrosion. 

Weight  loss da ta  obta ined  f rom the  immers ion tests 
are  summar ized  in Table  VII. Inspect ion of Tables  VI 
and VII  indica ted  tha t  the  weight  loss decreased with  
increasing nobi l i ty  of Ep. Fo r  Has te l loy  C, no crevice 
a t t ack  was observed,  and no Ep was measurab le  
since no hysteres is  was observed on cyclic po la r iza -  
tion. I t  would  appear ,  therefore,  tha t  Ep could be 
used as an index of suscept ib i l i ty  to crevice corrosion 
and also as a screening p a r a m e t e r  wi th  which to ra te  
the  sever i ty  of a t t ack  of a l loys in sea-water .  

Fig. 8. Photograph of stainless steel samples after 4.25 years' 
immersion in sea water. Note pronounced crevice corrosion with 
I~ttle or no pitting. 

* E x p o s e d  fo r  14 m o n t h s .  

I t  has been shown previous ly  (9) tha t  once in i -  
t iated,  pi t  p ropaga t ion  can be main ta ined  at  poten-  
t ia ls  more  act ive than  Ec and noble to Ep (see Fig. 2). 
On this basis, and in accord wi th  previous  suggestions 
(23), we bel ieve that  the  p i t -p ropaga t ion  mechanism 
and that  of crevice corrosion are the  same; tha t  is, 
acce lera ted  a t t ack  in a confined space due to acid 
hydro lys i s  of corrosion products .  To explore  the  
re levance  of Ep to crevice corrosion, we exposed a 
sample  of AISI  Type  430 stainless steel  containing an 
art if icial  crevice to 3.5 w / o  ae ra ted  sodium chloride 
at  potent ia ls  both  act ive and noble to Ep. The crevice 
was made  by  placing a t ight - f i t t ing  neoprene  O- r ing  
c i rcumferen t i a l ly  a round  a (0.625-diam b y  2-cm) 
sample, fitted to a S t e rn -Makr ides  gasket  (24). Fo r  
the sample  exposed noble to Ep, crevice corrosion 
in i t ia ted  af ter  27 hr, wi th  no evidence of p i t t ing  cor-  
rosion. The sample  exposed to potent ia ls  active to 
E,, (de te rmined  by revers ing  the sweep when  the ap -  
pl ied cur ren t  reached 10 m A / c m  2) did  not  evidence 
crevice or p i t t ing  corrosion af te r  230 hr. These da ta  
were  qua l i t a t ive ly  reproducib le  in repl ica te  exper i -  
ments. 

The use of Ep in the  above context ,  however ,  should 
be made  wi th  caution. The resul ts  of recent  exper i -  
ments  to be publ i shed  (25) indicate  tha t  Ep is not  a 
unique parameter ,  but  is a s t rong funct ion of the  
number  of coulombs passed af te r  exceeding Ec d u r -  
ing polarizat ion.  Typical ly ,  Ep approaches  qui te  act ive 
potent ia ls  if anodic dissolut ion is ma in taned  at  ra tes  
equal  to or grea ter  than 150 mA/cm2;  e.g., --0.400 VSCE 
for Type  430 stainless steel. 

However ,  we bel ieve  tha t  to a first approximat ion ,  
al loys m a y  be screened wi th  regard  to c rev ice -cor -  
rosion resis tance b y  a compar ison  of Ep de te rmined  in 
an ident ical  manne r  on al l  samples. 

Conclusions 
The fol lowing conclusions m a y  be  d r a w n  f rom the  

da ta  presented:  

1. Tha t  predic t ions  wi th  r ega rd  to p i t t ing  suscep-  
t ib i l i ty  based on accelera ted  e lec t rochemical  tests are  
val id  on stainless steels exposed to a mar ine  a tmo-  
sphere for at least  eight  years.  

2. There  appears  to be a direct  corre la t ion  be tween  
both the  suscept ib i l i ty  and  sever i ty  of crevice cor-  
rosion of stainless steels in sea water ,  and  the value  
of the  protec t ion  potent ia l  de te rmined  f rom e lec t ro-  
chemical  polar iza t ion  tests. 

3. Increas ing  the  chromium content  over  the  range  
of 12-28% m a r k e d l y  increases  the resis tance to p i t t ing  
corrosion, as evidenced by  the  increase in nobi l i ty  
of the  cr i t ical  b r e a k d o w n  potent ial .  

Manuscr ip t  submi t ted  June  16, 1970; revised m a n u -  
script  received ca. Feb. 1, 1971. 
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Any discussion of this paper will  appear in  a Dis- 
cussion Section to be published in the June  1972 
JOURNAL. 
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Stress Corrosion Cracking of Pure Copper 
E. Escalante and J. Kruger* 

Institute for Materials Research, National Bureau of Standards, Washington, D. C. 20234 

ABSTRACT 

It is known that the rate of tarnish film formation is an impor tan t  factor 
in the stress corrosion cracking (SCC) of brass. Because copper immersed in 
cupric acetate and sulfate solutions has tarnish  film growth rates comparable 
to those found for brasses susceptible to SCC, it should undergo cracking 
in such solutions if kinetics play a role. It  was found that  pure copper is 
susceptible to cracking in cupric acetate solution but  not in cupric sulfate. 
Light, which retards film formation on copper, bu t  not  corrosion, prevents  
stress cracking in the cupric acetate solution. In  the absence of stress, oxide 
forms all over the copper surface, while stress concentrates oxide formation at 
the grain boundaries.  These experiments  point  to a br i t t le-f i lm rupture  mecha-  
nism of stress cracking. 

A recent  s tudy by Green, Mengelberg, and Yolken 
(1) has shown that  the rate for formation of a tarnish  
film on copper and copper-zinc alloys in ta rn ishing 
ammoniacal  solutions increases with the percentage of 
zinc. It  is also known that  the rate of cracking of 
a-brass in these ammoniacal  envi ronments  increases 
significantly with increasing zinc content  (2). One 
theory of stress corrosion cracking (SCC), the "br i t t le-  
film" model of For ty  and Humble  (3), suggests that  
the rate of tarnish film formation determines  the rate 
of cracking. The s tudy by Green et al. showed that  
pure copper, which is nonsusceptible,  does have a low 
rate of film formation in the ta rn ishing solution they 
used. If the  predictions of the br i t t le-f i lm model are 
valid, pure copper should crack in an env i ronment  that  
produces a similar  film to that  in the ammonia  ta r -  
nishing solutions provided the rate is comparable to 
that  observed for the susceptible a-brasses. Such en-  
v i ronments  are the cupric ion solutions (mostly cupric 
acetate and cupric sulfate) studied by  Miller  and co- 
workers (4-6). These solutions produce epitaxed Cu,~O 
films on copper that  are similar  to those that  form in 
ammonia  solutions on s-brass.  They also grow on pure 
copper at a rate that  is comparable to a susceptible 
brass (90 Cu-10 Zn) .  Thus the br i t t le-f i lm model 
would predict  that  pure  copper should crack in Miller 's  
solutions. This s tudy wil l  determine if such cracking 
can be observed. 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
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If cracking of pure  copper does occur in Miller 's 
solutions, however, it is still necessary to establish 
whether  it is " t rue SCC." Recent ly there have been 
two directly contradictory papers, one by  Pugh, Mon- 
tague, and Westwood (7) indicat ing that  pure  copper 
can undergo in te rgranu la r  stress corrosion cracking, 
the other by  Uhlig and Duquet te  (8) indicat ing that  
what  was observed by Pugh et al. was not SCC but  
instead a weakening  by deep in te rg ranu la r  corrosion. 
Both of these studies used a 15N NHaOH solution pre-  
concentrated with a 2.5 g/1 of copper powder. However, 
Pugh  et al. indicate that  this solution did not produce 
a tarnish film. Uhlig and Duquet te  did observe a "dark 
surface oxide film." This uncer ta in ty  about ta rn ish-  
ing makes it difficult to ascertain whether  pure copper 
would indeed undergo stress corrosion cracking under  
conditions where a tarnish  film exists. 

In  addit ion to de termining  whether  pure  copper 
fails under  conditions of rapid tarnishing,  this study 
seeks to resolve the question of whether  this film 
formation is an integral  par t  of the fai lure process or 
whether  simple in te rg ranu la r  weakening  is involved. 

Experimental 
All  exper iments  were carried out either in  0.4N 

cupric sulfate or 0.05N cupric acetate using reagent 
grade chemicals and deionized, double distilled water. 
The specimens were stressed in a constant  load lever 
system in all but  one case. Since surface cleanliness 
has a s t rong influence on the rate  of oxide growth on 
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a single crystal  (9), ini t ial  experiments  were carried 
out using the careful  surface preparat ion described by 
Miller et al. (10). It  was found, however,  that  the re-  
sults were not significantly affected as long as a surface 
was prepared that  was free of any  adsorbed organic 
contaminants.  

The following surface preparat ion procedure was 
adopted: shortly before an experiment,  the specimens 
were immersed in a 2:1 solution of ni tr ic  acid in water  
for I5 sec, then r insed in flowing distilled water  for 
30 sec. The specimens were then dried in a s tream 
of warm air and instal led in the test ing cell. At  this 
point the oxide forming solution was introduced into 
the cell. After  1 rain the load was applied to the 
specimen. 

The following materials  were studied: 

99.9% copper wire.--The first experiments  carried out 
in the copper system were done using electrolytic 
copper having a diameter  of 0.254 mm. The tensile load 
applied was approximately 220 meganewtons /meter  
(32 ksi) or just  sl ightly more than  the yield s t rength 
of the material,  thus, causing some plastic deformation 
to occur. The copper wire was tested in both solutions. 

Large grain 99.999% copper.--Continuous cast copper 
rods of 99.999% pur i ty  were machined to make flat 
tensile specimens 10 m m  wide at their  reduced section, 
0.71 mm thick, and 19 mm long. These specimens had 
relat ively large grains ranging from an average of 
1-7 mm in diameter. This mater ia l  was tested only in 
the cupric acetate solution. 

Small grain high purity copper.-- Some 99.999% Cu 
with large grains was reduced 50% in cross section by  
rolling. Specimens 6.3 m m  wide, 0.36 m m  thick, and 25 
mm long were cut out f rom the resul t ing sheet. These 
specimens were recrystallized in  hydrogen by  heat-  
ing to 700~ for 5 min  then quickly cooling to room 
tempera ture  at 300~ The resul t ing grain size was 
of the order of 0.1 mm diameter. Surface preparat ion 
of this mater ia l  was more critical because it was to 
be examined by electron microscopy. It  was, therefore, 
electropolished, then carefully r insed in distilled water  
before testing in  the cupric acetate. Two separate sets 
of experiments  were done with this material .  One set 
was the tarnishing of the mater ia l  in an unstressed 
condition, and the other set was the tarnishing of the 
mater ial  under  stress. 

Results 
Morphology of attack and susceptibility.--The lower 

pur i ty  copper described above and the 70-30 brass 
were exposed to the 0.05N cupric acetate and the 0.4N 
cupric sulfate solutions under  tensile loads exceeding 
the yield s trength of the material.  No cracking was 
ever observed at these loads when the specimens were 
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Fig. lb. 99.9% copper specimen showing general corrosion 
and pitting. Stressed in 0.04N cupric sulfate. Magnification, 430X. 

not  immersed in the cupric ion solutions. Fai lure  of 
the 99.9% copper was observed for t imes as short as 
18 hr in the acetate solution. Figure la  shows that  
the cracks formed were always found to occur in oxide 
film growing into the metal.  This micrograph looks 
similar to those published by For ty  and Humble  (3) 
for a-brass in ammonium hydroxide-copper  sulfate 
solutions. 

The 99.9% copper did not fail in  the cupric sulfate 
solution. The micrographic examinat ion  indicated that  
oxidation was more general  over the whole surface 
with pi t t ing but  no evidence of cracking as shown in 
Fig. lb. 

The large grain h igh-pur i ty  copper failed in  as short 
a t ime as 88 hr  in  the acetate solution. Pract ical ly all 
cracks found were ini t iated at grain boundaries or 
at surface imperfections wi th in  the grain as shown in 
Fig. 2a and 2b. The longer t ime to fai lure may  possibly 
be due to the fewer grain boundaries  at the surface as 
a result  of the large grain size. As Fig. 2a shows for a 
large-grained specimen, crack ini t ia t ion would usu-  
ally occur in  a grain boundary  normal  to the stress di- 
rection, but, because the boundary  did not continue in 
this direction, the crack would leave the boundary.  

Because we were interested in locating the ini t iat ion 
site of the crack, the fine grain size mater ia l  was made. 
This made it easier to locate a grain  boundary  at the 
high magnification used with the electron microscope. 
The grain boundaries  of the unstressed and stressed 
mater ia l  were examined. Figure  3a showing the un -  
stressed boundaries,  revealed no unusua l  features other 

Fig. ]a. 99.9% copper specimen with cracks in oxide. Stressed 
in O.05N cupric acetate. Magni~fication, 865X. 

Fig. 2a. 99.999% copper specimen (large grain) showing cracks 
initiated at grain boundary. Stressed in 0.05N cupric acetate. 
Magnification, 45X. 
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Fig. 2b. 99.999% copper specimen (large grain) showing crack 
initiated within grain at surface imperfection. Stressed in 0.0SN 
cupric acetate. Magnification, 45)(. 

Fig. 4. 70-30 brass specimen showing intergranular attack. With 
little or no oxide. Stressed in 0.05N cupric acetate. Magnification, 
85X. 

Fig. 3a. 99.999% copper specimen (small grain) showing fea- 
tureless grain boundary and many crystallites in the grain. In 
0.05N cupric acetate unstressed. Magnification, 9865X. 

Fig. 3b. 99.999% copper specimen (small grain) showing fissures 
in the grain boundary with fewer crystallites in the grain. Stressed 
in 0.05N cupric acetate. Magnification, 9865X. 

than  the m a n y  oxide crystall i tes which formed on the 
grains, whereas the stressed mater ia l  showed fissures 
at the boundary  after  1 hr  in  the acetate solution and 
had less extensive oxidation in  the grain  interiors  as 
seen in Fig. 3b. In  general,  the grain  boundaries  with 
fissures were perpendicular  to the applied stress. 

A few exper iments  were carried out on commercial  
70-30 brass containing <0.8% Pb. This meta l  did not 

fail for times as long as seven days in either solution, 
and as Fig. 4 shows, the morphology of attack was 
quite different. This attack appeared to be inter- 
granular and involved an actual loosening of surface 
grains in the acetate solution. In the sulfate solution 
most of the attack occurred on the compression side 
while the tension side was relatively uncorroded. 

E~ect o~ illumination.--Because it  is known  that  
i l luminat ion retards oxide growth on copper (11), 
the effect of light on the failure of copper in 0.05N 
cupric acetate solution was examined. Two experi-  
ments  were r u n  in parallel.  In  one, the copper wire 
was exposed to the solution unde r  load and i l luminated  
on two sides by  150W high- in tens i ty  incandescent  
lamps. The other was carried out in an identical man-  
ner, but  light was excluded. There was no measurable  
tempera ture  difference be tween the i l luminated  and 
un i l lumina ted  tests. No fai lure was observed for il- 
lumina ted  specimens for periods as, long as five days. 
The ones kept in the dark always failed in less than 
24 hr. 

Discussion 
It  was found that  both 99.9 and 99.999% pur i ty  cop- 

per wil l  crack in an env i ronment  where  the rate of 
tarnish film formation is comparable or greater than 
the rate of tarnish for susceptible brasses. The results 
also indicate that  cracking occurs in  the oxide that  
forms by  growth into the grain boundaries.  Before con- 
sidering the question of the mechanism of the fai lure 
and whether  we are looking at in te rg ranu la r  weaken-  
ing or SCC, it is useful  to discuss the meanings  of the 
phenomena observed in connection with the formation 
of the oxide film. I n  order to do this it is necessary 
to look at the electrochemical theory of copper cor- 
rosion as worked out by I res  and Rawson (12). They 
propose that  the copper-cuprous oxide-solut ion system 
can be divided into three zones: zone 1 is made up of 
a compact, adherent  film of Cu20 and the copper sub-  
strate; zone 2 is a porous film of Cu20 and; zone 3 is 
the aqueous solution containing oxygen. Each of these 
zones has associated with i t  half-cel l  reactions. The 
half-cel l  reaction for zone 1 is the film growth process 

Cu ~ + �89 H20 "-> �89 Cu~O -{- H + -{- e- [I] 

where at 25~ El = 0.471 -- 0.0592 pH. Both film 
growth and film dissolution occur in zone 2 and are 
regarded by Ives and Rawson as constituting a hypo- 
thetical redox electrode. These reactions are 

Cu 2+ + �89 H20 + e -  -> 1/~ Cu20 + H + (film growth) 
[2a] 

1/z Cu20 + H + -~ Cu~ + + 1/3 H20 + e -  

(flm dissolution) [2b] 
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where at 25~ E2 ~- 0.203 + 0.0592 pH + 0.0592 log 
[Cu r+ ]. Finally, the half-cell  reaction at zone 3 is 

$/40~ + H + + e -  --> �89 H20 [3] 

The whole system of electrode reactions can be re- 
garded as two cells coupled to each other, reactions 
[1] and [2a] are anodic and cathodic reactions, respec- 
tively, involving film growth and reactions [2b] and 
[3] are anodic and cathodic reactions, respectively, in-  
volving film dissolution. 

We can now apply this set of half-cel l  reactions to 
four situations per t inent  to the results obtained: 

Film formation in the absence of light and stress.--Our 
results show film growth over the entire surface. The 
film growth observed is s imply a combinat ion of re-  
actions [1] and [2a], as pointed out by Porterfield and 
Miller (6) 

Cu ~ + Cu ~+ + H20 -~ Cu20 + 2H + [4] 

or if all four reactions of Ives and Rawson are used 

Cu ~ + '/4 02 = �89 Cu20 [5] 

Both Porterfield and Miller, and Green et al. (I) re- 
quire a porous film to provide access of Cu + + or 02 to 
the copper substrate. If there is a compact film at the 
substrate (zone I) and it is sufficiently thin, rapid 
solid-state diffusion through it may be a possibility. 

Film formation wi th  stress applied in the absence o] 
l ight--Our results show enhanced film growth at the 
grain boundaries  normal  to the direction of stress and 
diminished film growth elsewhere. To arr ive at an ex- 
planat ion of these results it is necessary to determine 
which of the combinations of reactions [1], [2a], [2b], 
and [3] predominate  in their  contr ibut ion to the over-  
all corrosion current.  We can only suggest plausible 
ways in which the exper imenta l  results can be ex- 
plained. When there is no stress and we observe growth 
of Cu20 over the entire specimen, apparent ly  the 
combinat ion of reactions [1] and [2a] and /or  [1] and 
[3] result  in growth both in the grain interiors and in 
the boundaries.  When stress is applied, very small 
areas of metallic copper are exposed by rupture  of the 
Cu20 film at the grain boundary,  and reaction [1], be- 
cause it involves metallic copper, predominates in the 
boundaries  and is polarized to higher potentials than 
with no stress. This occurs because the current  density 
at the bare sites must  be high as a result  of the small 
areas involved as compared to the large uncracked 
cathodic areas. Because stress probably  makes reac- 
t ion [1] the predominant  growth reaction in the grain 
boundaries, and as our results show, causes oxide dis- 
solution to occur in the interiors of the grains, it is 
reasonable to speculate that  the cur ren t  density for 
the growth reaction in the grain  interiors decrease 
and the dissolution reaction ([2a] plus [3]) takes over. 
This is probably what  happened in the experiments  
of Pugh et al. (7), with all the tarnishing occurring at 
the grain boundaries  and none detectable elsewhere. 
Since they observed no tarnishing in the absence of 
stress, it must  be guessed that  in their solution reac- 
tions [2a] plus [3] were always predominant  in the 
grain  interiors. 

Role of illumination.--Ives and Rawson (13) have 
shown that  i l luminat ion results in enhanced corrosion 
of copper with greater  concentrat ions of Cu r+ ions 
found in the corroding media. Duwell  (14) also found 
an enhancement  of corrosion rate in light. Kruger  and 
Calvert (11) showed that the effect of the l ight was to 
cause a dissolution of a Cu20 film present  on the sur-  
face. This means that  reaction [2b] predominates.  Also, 
Duwell 's  work suggests the reverse of reaction [1], the 
production of metallic copper, can also occur. Thus, it 
appears that  light retards or stops the growth of the 
Cu20 that  forms in the grain  boundaries  and, by  doing 
so, retards or stops the cracking process. 

Role of the anion.--Our results show that  the cracking 
observed when cupric acetate is used is not  found when 
sulfate is substituted. Miller  and co-workers (10) 
found that  they could separate two general  types of 
oxide topographies, one relat ively smooth, and the 
other composed of polyhedra. The smoother topog- 
raphies are formed in acetate and formate solutions, 
the other in sulfate and perchlorate. They were able 
to show that  these changes were probably due to the 
fact that  in the sulfate and perchlorate solution, a de- 
crease in pH occurred dur ing the film formation proc- 
ess, whereas the acetate and formate ions acted as 
buffers and prevented any significant lowering of pH. 
When the pH is lowered, the dissolution reaction [2b] 
predominates, and oxide formation is retarded or 
stopped. This lowering of pH with its a t tendant  oxide 
dissolution would be especially pronounced in restrict-  
ed geometries such as cracks (15). Elsewhere on the 
surface, oxide film formation can, and does, take place. 
But  as Miller has shown, there are sites (between 
polyhedra of Cu20) where  very  little film forms. 

From chemical and electrochemical considerations 
we can conclude that  failure results under  those cir- 
cumstances which promote oxide formation at grain 
boundaries.  This oxide formation in  a sense results in 
a dissolution of copper from the grain boundary  but  
it is not the same as simple dissolution without  forma- 
t ion of oxide. Such dissolution (probably enhanced) 
can occur when copper is i l luminated or when sulfate 
ions are present. If in te rgranular  weakening  by dis- 
solution at the grain boundaries  were involved, sulfate 
which lowers the pH in cracks would enhance the op- 
por tuni ty  for failure. It does not. However because 
oxide formation is retarded or stopped in the grain 
boundaries,  no cracking results. Thus, in te rgranular  
weakening by simple metal  dissolution is ruled out as 
an explanat ion for the cracking observed for copper 
in cupric acetate solutions. Because these experiments  
have shown that  film formation is necessary, it would 
appear  that  the bri t t le  film theory of For ty  and 
Humble  (3) fits the results better. It also seems rea-  
sonable that the complex relationships between the 
mechanical  properties of the film, as affected by the 
metal  and the environment ,  and the rate of film forma- 
t ion in the grain boundaries  play a role. An explana-  
tion of the fai lure to crack brass in the cupric acetate 
solutions will  depend on a bet ter  future  unders tanding  
of these relationships. 
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The Influence of Chloride and Sulfate Ions on the 
Corrosion of Iron in Sulfuric Acid 

S. E. Traubenberg 1 and R. T. Foley* 
Dep~rtment ol Chemistry, The American University, Washington, D. C. 20016 

ABSTRACT 

The influence of chloride and sulfate ions on the corrosion of i ron in H2SO4 
media at pH near  3 was studied. It  was shown that  both ions could be either 
aggressive or not aggressive under  definite conditions. Chloride ions accelerate 
corrosion considerably when  the anodic react ion contr ibutes  significantly to 
the over-a l l  kinetics. Sulfate ions accelerate corrosion when the reaction is 
under  cathodic control. Chloride ions decreased the protective action of so- 
called anodic inhibi tors  (K2Cr207 and NH2-CH2-CH2-OH) whereas sulfate 
ions interfere with the action of thiourea, a cathodic inhibitor.  The corro- 
sion potential  is independent  of the chloride concentrat ion but  is shifted in 
the negative direction by sulfate, These observations are interpreted in te rms 
of the properties of Fe-C1-  and Fe-SO4 = complexes. The chloride complex 
serves simply to carry Fe + + away from the meta l  surface. 

The corrosion of iron in various electrolytes is a 
very  complex process making  it difficult to separate 
out a single effect and demonstra t ing in an unequivocal  
way how it affects the over-al l  process. Bengough (1), 
for example, listed six metall ic factors and eight en-  
v i ronmenta l  factors involved in the corrosion of metals 
in  sea water.  These factors do not  operate indepen-  
dently;  electrolyte concentration, oxygen concentra-  
tion, temperature ,  and pH are all interrelated.  Not 
wi ths tanding the difficulty, from an exper imental  
standpoint,  of evaluat ing individual  effects in the com- 
plex process, it is impor tant  to clarify env i ronmenta l  
effects in iron corrosion, or, more specifically, the in-  
fluence of anions. Such a clarification must  come before 
any  elucidation of the mechanism of iron corrosion 
which m a n y  consider to be the most impor tant  tech- 
nological problem in the corrosion field. 

F r o m  a review of the l i terature (2) it was con- 
cluded that  there is no general ly  accepted viewpoint  
on the role that  anions p lay  in iron corrosion. Diver-  
gent views are held regarding the aggressive or non -  
aggressive na ture  of various anions and the manne r  in 
which the anions operate. Most discussion has been in 
terms of the adsorption of anions on the Fe surface 
or the penet ra t ion  by anions of passive films. With the 
in tent  of un i fy ing  the divergent  th ink ing  on the sub-  
ject, it was proposed that  anions influence the cor- 
rosion rate by vi r tue  of the type of meta l -an ion  com- 
plex (compound) that  is formed. Thus, a stable in-  
soluble species would inhibi t  corrosion whereas a 
transitory,  readi ly dissociable complex would acceler- 
ate corrosion. In  neu t ra l  solutions or weakly acid 
solutions chloride ions would form a FeC1 complex 
which under  normal  circumstances would dissociate 
and have the net  effect of carrying Fe + + away from 
the surface. This would imply that  C I -  is involved in  
the anodic process. In  most of the envi ronments  com- 
monly  encountered, Fe corrosion is controlled by  the 
cathodic process and any influences on the anodic 
process are obscured in relat ion to the over-al l  cor- 
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potent ia l ,  complexes .  

rosion kinetics. This makes it difficult to test any 
proposition related to the anodie process. 

In  the following, at tempts have been made to de- 
velop the exper imenta l  conditions wherein  the kinetics 
of the anodic process influence the over-al l  corrosion 
rate. The paper  is restricted to the effect of chloride 
ions and sulfate ions in  sulfuric acid med ium at pH 
near  3. Both chloride ions and sulfate ions are con- 
sidered "aggressive" anions. 

The corrosion of Fe in its active region, at pH in the 
range of 2-4 has considerable technological interest. It 
has been shown by Rosenfel 'd and Marshakov (3) that  
the pH wi th in  a pit or crevice in  a chloride medium 
will  stabilize at a value determined by the hydrolysis 
of ferrous chloride which is about 3. Herbsleb (4) also 
describes pi t t ing in  neu t ra l  solutions in  te rms of a 
bu i ld-up  of CI -  concentrat ion in the pit  due to t rans-  
ference and a decrease in pH due to hydrolysis. Re- 
cent ly  it has been shown by  direct measurements  by 
Brown et al. (5) that  the pH of the solution in the 
advancing crack of a 0.45C steel undergoing stress cor- 
rosion cracking in near ly  neu t ra l  3.5% NaCl solution 
is about 3.8. Thus, the behavior  of i ron in the pH range 
2-4 is directly related to the behavior  of Fe dur ing 
such processes as pit propagation and stress cracking. 

Several  of the studies reported in the l i terature have 
dealt with chloride effects in low concentration. The 
present  s tudy deals with the effect of relat ively high 
concentrations, in the range of technological interest, 
e.g., mar ine  environments .  

Experimental 
High-pur i ty  iron samples of approximately 20 cm 2 

area and a thickness of 0.050 cm were used for the 
experiments.  The preparat ion of the iron ingot was 
described by  Huber  (6). The reduced strip was vacu-  
um annealed at 815~ cut into coupons, and finally 
stress relieved at 500~ for 1 hr. The samples were 
chemically cleaned in a solution of HCI ( l : l )  for 1-2 
rain; r insed with distilled water  and immersed in a 
solution of concentrated H2SO4 and HNO3 ( l : l )  for 
15 sec. After  r ins ing with distilled water  the strips 
were placed in a solution of NaCN (5 g/100 ml) for 5 
rain, rinsed with distilled water  and acetone, and 
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stored under  acetone. Solutions of H2SO4, H2SO4 -~- 
NaC1, and H2SO4 -}- Na2SO4 were used as the corrosive 
solutions; the pH of the solutions was about 3. The 
effect of chloride and sulfate ions on the corrosion 
of i ron was studied in the concentrat ion range from 
0.1 to 3M NaC1 and from 0.1 to 1M NasSO4. The strips 
were immersed, in triplicate, in the solutions (100 ml) 
on glass hooks and were exposed to these solutions 
from 0.5 to 24 hr  at 35~ After  exposure the samples 
were r insed with distilled water  and acetone and then 
dried. The weight loss was determined and the cor- 
rosion rate was expressed in terms of mil l igrams per 
square cent imeter  in  a certain t ime in terval  or as 
grams per square meter  per hour. 

Strips of iron and copper fastened with plastic bolts 
were used to study the influence of chloride and sul- 
fate ions on the galvanic process. CuSO4 (0.1M) was 
added to the corrosive solution. The time of these ex- 
per iments  was from 0.5 to 6 hr. 

Some exper imentat ion was done with different in-  
hibitors of iron corrosion. The durat ion of these ex- 
periments  was 4-24 hr. As anodic inhibitors, potassium 
dichromate K2Cr20~ and monoethanolamine NH2-CH2- 
CH2-OH (7) wer.e used; as a typical cathodic inhibitor,  
thiourea NH~-CS-NH~ was used (7). The concentrat ion 
of K2Cr207 and NH2-CHa-CH2-OH was 0.1M and the 
concentrat ion of NH2-CS-NH2 was 0.5M. The concen- 
trat ion of inhibitors was chosen from the results of 
p re l iminary  exper iments  with H2SO4 solutions in the 
absence of NaC1 and Na2SO4. The protective action of 
the inhibitors was calculated according to the follow- 
ing accepted formula 

Po - -  p 
H% -- ~ X 100 

po 

where H ---- protective action, po corrosion rate in H2SO4 
solution and p corrosion rate in solution with inhibitor.  

A Wenking potentiostat, Fast  Rise Model 61 RS, was 
used for the potentiostatic measurements .  A conven-  
tional three electrode system was used, the working 
electrode a modified version of the type described by 
Myers et al. (8). The auxi l iary electrode was a plat i-  
num screen and the reference a mercury-mercurous  
sulfate electrode. The solutions were deaerated with 
purified ni t rogen and st i rr ing was provided with a 
magnetic stirrer. The potent ia l -current  data were tab-  
ulated manua l ly  and t ransformed to a potential  (vs. 
normal  H2 electrode)-currert t  densi ty plot by means 
of a For t ran  IV E program with an IBM 1130 com- 
puter  and an on- l ine  incrementa l  plotter. A Keithley 
600A electrometer measured changes in the electrode 
potential  of iron dur ing corrosion (24 hr) .  

Results and Discussion 
Effect of chloride ion and sulfate ion on corrosion 

kinetics.--The corrosion of iron as a function of chlo- 
ride and sulfate ion concentrat ion is given in Fig. 1. 
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Fig. 1. Dependence of the corrosion of iron on the concentration 
of NaCI and Na2SO4 in H2SO4 medium. Curve i,  NaCI at pH 
2.72, 35~ for o 4 hr period. Curve 2, Na2SO4 at pH 2.90, 35~ 
for a 6 hr period. 
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Fig. 2. Influence of Na2504 and NoCI on the kinetics of the 
dissolution of iron. Curve 1, --H~SO4 (pH ---- 2.78); curve 2, 
--H2SO4 + 0.5M NaCI; curve 3, --H2SO4 + 0.5M NaCI -I- 0.5M 
Na2504; curve 4, --H~SO4 + 0.5M No2SO4. 

These tests were conducted at 35~ at a pH of about 
2.8. The weight loss as a function of concentrat ion is 
similar to that previously reported in the l i terature  for 
neu t ra l  salt solutions. The ini t ial  increase in corrosion 
which for the chloride ion is not great is usual ly  
ascribed to the increased conductivi ty of the solution. 
For concentrations greater than  0.5M the corrosion de- 
creases and for neut ra l  solutions this has been in ter -  
preted in terms of the decreased solubil i ty of oxygen 
as discussed in detail by Evans and Hoar (9) and 
others. In these acid solutions it is l ikely that the 
cathodic process goes with mixed hydrogen and oxygen 
depolarization and a decrease in the concentrat ion of 
oxygen would be expected to have a bear ing on the 
rate. Fur ther  exper imenta t ion  was done with 0.5M 
solutions of NaC1 and Na2SO4 which approximated the 
solutions exhibi t ing ma x i mum corrosion. 

The effect of 0.5M additions of NaC1 and Na2SO4 and 
a mix ture  of the two salts to H2SO4 solution at pH 2.78 
is given in Fig. 2. The dissolution rate of Fe in these 
solutions follows a parabolic relationship of the type 

W 2 = k t  

where W is the weight loss in mg / c m 2, t is the t ime in 
hours, and k is a constant. The magni tude  of k taken 
from the parabolic plot in Fig. 2 is 0.64 x 10 -2 for both 
H2SO4 and H2SO4 + NaC1 solutions (curves 1 and 2). 
Thus the presence of chloride ion has no great effect 
on corrosion over the 24 hr period investigated. This 
agrees with Kolotyrkin 's  observation (10) that  addi- 
tion (into acid solution) of chloride, bromide, and 
iodide ions has only a small  influence on the dissolu- 
t ion of metals in the active state. 

Sulfate  ion on the contrary,  has a very  significant 
effect on the dissolution rate of iron in sulfuric acid 
solutions as shown in Fig. 2 (curve 4). The parabolic 
rate constant is greater, 6.5 x 10 -2, than  that  describing 
the kinetics in H2804 solution. 

In  the solution with 0.5M NaC1 and 0.5M Na2SO4 the 
corrosion rate was higher than  that  in the. solution 
with only NaC1 but  less than that  with only Na2SO4. 
This rules out the possibility that  the sulfate effect 
might  be due only to an increase in ionic strength. 

Polarization behavior.--The cathodic and anodic be-  
havior of the iron electrode in  H2SO4 solutions with 
various concentrat ions of NaC1 is shown in Fig. 3. 
Curve 1, 0.001N H~SO4 without  any chloride addition, 
reflects the low conductivi ty of the electrolyte requir -  
ing considerable depar ture  from the equi l ibr ium po- 
tent ia l  to achieve a significant current  density (at 
25~ A customary procedure in an exper iment  of 
this type is to use a support ing electrolyte. However, 
this would introduce other anions which would in ter-  
fere with the in terpre ta t ion  of chloride and sulfate 
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Fig. 3. Polarization behavior of the Fe electrode in H2SO4 solu- 
tions at pH 3 containing various concentrations of NaCI. Potential 
vs. normal H2 electrode, current density mA/cm 2. Curve 1, 
--0.001N H2SO4; curve  2, --0.001N H2S04 -t- 0.1N NaCI; curve 
3, --0.001N H2SO4 -I- 0.5N NaCI. 
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Fig. 4. Polarization behavior of the Fe electrode in H 2 S O 4  solu- 
tions at pH 3 with Na2SO4. Potential vs. normal H2 electrode, cur- 
rent density mA/cm 2. Curve 1, --0.00iN H2SO4; curve 2, --0.001N 
H2SO4 ~ 1N Na2SO4; curve 3, --0.001N H2SO4 -I- 1.0N Na2SO4 
-I- 0.1N NaCI. 

effects. These curves were  obtained by exper iments  
run in deaerated solutions which means that  corrosion 
rates, in terms of corrosion currents,  cannot be ob- 
tained by extrapolat ion to the equi l ibr ium potential.  
The dist inguishing feature  of the curves in Fig. 3 is 
the increase in the anodic current  wi th  increase in 
NaC1 concentration. In the presence of 0.1N NaC1 the 
Fe electrode is not passivated anodically, a result  
which has been observed previously  at lower NaC1 
concentrat ion (11). 

Figure  4 i l lustrates the effect of sulfate additions to 
0.001N H2804 solutions. In a solution containing 1.0N 
Na2SO4 there  is a considerable increase in anodic cur-  
rent  comparable  to that  real ized with  the chloride ad- 
dition. However ,  in this solution anodic passivi ty is 
achieved at the appropriate  potential.  The potent ial  
and current  density agrees well  wi th  that  reported by 
Nobe and Tobias (11) whose pH 3 solution was pre-  
pared by neutral iz ing 1N H2SO4 and should agree with  
curve 2 in Fig. 4. The sulfate ion shifts the corrosion 
potent ial  in the negat ive  direction. The addit ion of 
0.1N chloride ion to this solution essential ly removes  
these two effects. 

Bimetallic corrosion.--The corrosion rate of Fe  in 
H2SO4 solution at pH 3 is controlled by a slow cathodic 
reaction process. Exper iments  where in  Cu was con- 
nected to Fe  to form a bimetal l ic  corrosion couple were  
per formed to create the situation where in  the cathodic 
react ion proceeded rapidly.  In a series of exper iments  
copper and iron strips were  fastened together  wi th  
Nylon bolts and the couple was immersed  in sulfuric 
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Fig. 5. Influence of NaCI on the kinetics of the dissolution of 
Fe in the presence of CuS04. Curve 1, --O.O01N H2S04 -F 0.1M 
CuS04; curve 2, --O.O01N H2S04 -F 0.1M CuS04 -I- 0.5M NaCI. 
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Fig. 6. Influence of Na2SO4 on the corrosion of Fe in the pres- 
ence of CuS04. Curve 1, --O.O01N H2S04 -{- 0.1M CuS04; curve 
2, --0.001N H2SO4 -t- 0.1M CuSO4 -t- 0.5M Na2SO4. 

acid solutions containing 0.11Y[ CuSO4 with  and wi th -  
out NaC1. In these solutions the cathodic reaction, 
Cu + + + 2e = Cu ~ would be expected to go at a rapid 
rate, and in these solutions chloride ion accelerated 
corrosion in a significant way  (Fig. 5). Af te r  1 hr, the 
corrosion ra te  in a solution containing 0.5M NaC1 was 
more than twice that  in the control  solution (283 and 
124 g / m - 2 / h r  -1, respect ively) .  In a similar  set of 
bimetal l ic  couple exper iments  it was found that  sulfate 
ion had ve ry  lit t le influence on corrosion (Fig. 6). 
Af te r  1 hr, the corrosion ra te  in the control solution 
(H2804 + CuSO4) was 94 g / m - 2 / h r  -1 as compared 
with  104 g / m - 2 / h r  -1 in a solution containing 0.5M 
sodium sulfate; after 2 hr the rates were  76 g / m - 2 / h r  -1 
and 76 g / m - 2 / h r  -1, respectively.  Because of the con- 
siderable amount  of corrosion and deposited copper 
the precision of these exper iments  was not as good as 
those described above. However ,  it can be concluded 
that  the chloride effect is definitely exer ted  when  the 
ra te  of the cathodic reaction is increased to a point at 
which it is comparable  to the anodic dissolution re-  
action, Fe ~ = Fe + + + 2e. 

Corrosion potentials.--The corrosion potent ia l  of Fe 
was measured in solutions of H2804 containing NaC1 
and Na2SO4 at several  concentrat ions after  corrosion 
for 24 hr. The results are given in Table I. The elec- 
t rode potential  was independent  of chloride ion but was 
25-40 mV more negat ive when  SO4 = was present  in 

Table I. Potential of iron electrode in different solutions 
after 24 hr 

S o l u t i o n  p H  P o t e n t i a l ,  v o l t s  v s .  N H E  

H2804 2.85 -- 0.44 
H~SO~ + 
NaCI 0.5M -- 0.44 

1.0M 2.85 --0.445 
2 . 0 M  - - 0 . 4 4 5  

Na.~S O~ 0 . 1 M  - - 0 . 4 8  
0 . 5 M  2 .85  - - 0 . 4 7 5  
1.01VL -- 0 .475  

N a 2 S O 4  0 . S M  2 .85  - - 0 . 4 5  
N a C 1  0 . 5 M  
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Table II. Influence of Na2SO4 and NaCI on the corrosion of iron in the presence of some inhibitors 
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4 h r  24 h r  

W e i g h t  loss, p, W e i g h t  loss, p, 
S o l u t i o n  m g / c m ~  g / m 2 / h r  I"I, % m g / c m  2 g / m 2 / h r  H, % 

H-~SO~ 0 ,185  0 .47  - -  0 .38  0 ,159  - -  
H,_,SO4 + 0 . 5 M  N a C I  0.185 0.47 - -  0 .385 0.162 - -  
H.,~SO~ + 0.5M Na~SO~ 0.485 L21 - -  1.195 0.502 - -  
H~SO4 + 0.1M K2Cr~O7 0.005 0.013 97.4 O.01 0.004 97.5 
H.~SOt + 0.1M K2CrzO7 + 

0.5M NaC1 0.198 0.495 -- 5.3 0.555 0.231 -- 42.6 
H2SO~ + 0.1M K2Cr~O7 + 

0.5M Na~SO, 0.01 0.025 98 0.02 0.008 98.4 
H.~SO4 + 0.SM NH~,CSNH~ 0.148 0.37 21.3 0.30 0.125 21.4 
H,.~SO4 + 0.5M NHsCSNH~ 

+ 0.5M NaC1 0.152 0.38 19.2 0.295 0.124 22 
H~SO4 + 0.SM NH~CSNH~ 

+ 0.5M Na~SO4 0.408 1.02 15.7 1.025 0.428 14.7 
H~SO~ + O.IM NH2CH.,CH~OH 0.01 0.025 94.5 O.Ol 0.004 97.5 
H=SO4 + 0.1M NH~CH2CH2OH 

+ 0.SM NaC1 0.055 0.138 70.8 0.165 0.009 57.5 
H,-SO4 + 0.1M NH2CH~CH2OH 

+ 0.5M Na~SO4 0.0'38 0,095 92.2 0,115 0,048 88.3 

the solution. The chloride effect agrees with results 
obtained by Nobe and Tobias (11). The more negative 
value in sulfate solutions suggests a Fe-SO4 = species 
which is sufficiently stable to lower the Fe + + con- 
centration.  

Inhibitor experiments.--Experiments were conducted 
with three inhibitors, K2Cr2OT, NH2-CH2-CH2-OH, and 
NH2-CS-NH2. Potassium dichromate and ethanolamine 
are considered to be "anodic" inhibitors and thiourea 
a "cathodic" inhibi tor  (7). The mechanism of inhibi -  
tion by potassium dichromate appears to be general ly 
accepted. However, there is evidence that  e thanolamine 
and thiourea may be involved in both the anodic and 
cathodic reaction depending on the pH of the solution 
(12). Nevertheless, these compounds were taken to 
examine the effects of C1- and SO4 = on inhibi ted 
solutions. 

The results of the gravimetric  measurements  are 
given in Table II. Potassium dichromate inhibits  cor- 
rosion in H2SO4 solution at a pH of 3 for periods of 4 
and 24 hr. The efficiency of inhibition, H%, is not af- 
fected by the presence of 0.5M Na2SO4. However, in 
the presence of 0.5M NaC1 , corrosion exceeds that  in 
the un inhib i ted  solution yielding negative values for 
H%. This result  is in keeping with prior observations 
on the behavior of "dangerous" oxidizing inhibitors.  
To previously stated conditions such as insufficient 
concentrat ion must  be added the requi rement  for the 
formation of an unstable  anodic complex. The anodic 
and cathodic polarization behavior  of iron in these 
solutions agree with the gravimetric  results (Fig. 7). 
There is l i t t le change in the cathodic polarization but  
the anodic polarization behavior  indicates that  the 
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Fig. 7. Polarization behavior of the Fe electrode in inhibited 
solutions. Potential vs. normal H2 electrode, current density mA/ 
cm 2. Curve 1, --0.001N H2SO4; curve 2, --0.001N + 0.1M 
K2Cr20;; curve 3, --0.001N H2SO4 + 0.SN NaCI + 0.1M 
K2Cr2OT; curve 4, --0.001N H2SO4 + 0.5M Na2SO4 -I- 0.1M 
K2Cr2OT. 

chloride ion prevents  passivation from being achieved 
at the appropriate potential. 

Ethanolamine,  also classed as an  anodic inhibitor  
has a high efficiency in this system at the 0.1M concen- 
tration. The efficiency in the presence of sulfate ion is 
also high but  in the presence of chloride ion drops off. 
The polarization behavior  of Fe in these solutions 
agrees with the gravimetr ic  results. In  the presence of 
the inhibi tor  anodic polarization brings Fe into the 
passive range. In  the presence of sulfate the anodic 
current  is reduced by two decades. In  the presence of 
chloride there is no substant ia l  change in the anodic 
behavior in the presence or absence of the inhibitor.  

Thiourea, classed as a cathodic inhibitor,  is much 
less effective than either potassium dichromate or 
e thanolamine with an efficiency of only 21%, under  
the conditions used here. Generally,  cathodic inhibitors 
are less efficient than those of the anodic type (13). 
The efficiency of this compound is not substant ia l ly  
affected by the presence of chloride ion but  the sulfate 
ion reduces the efficiency by about 25%. The polariza- 
tion behavior of Fe in these solutions is altered by the 
presence of thiourea, main ly  in the cathodic direction, 
but  to a minor  extent.  

Conclusions 
The salient observations from the exper imenta l  work 

comparing the effects of chloride and sulfate ions on 
the corrosion of i ron may be summarized. 

1. In the corrosion of Fe at 35~ and a pH of about 
3 under  conditions wherein  the cathode reaction is 
rate controlling, chloride has v i r tua l ly  no effect, 
whereas sulfate increases corrosion. 

2. In  the presence of sulfate ion the Fe electrode is 
passivated by polarizing anodically (normal  behavior) .  
In  the presence of chloride ion this passivation does 
not occur. 

3. In  a Cu-Fe  bimetall ic  corrosion couple wherein  
a fast cathodic reaction is supplied by  the reduction of 
copper ions, chloride greatly enhances corrosion, sul-  
fate has little effect. 

4. The corrosion potent ial  (after 24 hr)  is indepen-  
dent  of chloride ion concentration. In  the presence of 
sulfate ion the potent ia l  is shifted 25-40 mV in the 
negat ive direction. 

5. Chloride ion will  great ly reduce the efficiency of 
"anodic" inhibitors but  does not affect the funct ioning 
of thiourea, classed as a cathodic type. Anodic inhibi -  
tors are effective in the presence of sulfate but  the 
cathodic type drop in efficiency. 

As was stated above an extended review of the 
l i terature (2) led to the conclusion that  the best ex- 
p lanat ion for the effect of anions on the corrosion of 
i ron was in  terms of the formation of meta l -an ion  
complexes. Likewise these exper imental  results are 
best in terpreted by assuming the formation of Fe-C1 
or Fe(SO4 =) complexes at the reacting Fe surface. 
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What is postulated, and this is speculative, is that  C1 
ion forms a t ransi tory Fe-C1 species of sufficient sta- 
bility. In most of the usual  corrosion situations in-  
vestigated the anodic dissolution process is so rapid 
that  the stabil i ty of the Fe-C1 is sufficient to enable it 
to remove the Fe + + away from the dissolving metal  
surface. From a mechanistic viewpoint  the Fe-C1 com- 
plex can form in competit ion with Fe-O or Fe-OH 
species, thus the difficulty in achieving anodic passivity 
or passivity with inhibitors. Sulfate ion forms a rela-  
t ively stable species as indicated by the negative shift 
in potential  (Nernst  law concentrat ion effect). Further ,  
it would appear that  the sulfate complex in some m a n -  
ner  assists the cathodic process (note Fig. 2.) It  is 
postulated that  this is related to the adsorption or de- 
sorption of oxygen species that  would depolarize the 
cathode. I t  has been established that  various anions 
are involved in "bridging" reactions of this type so it 
appears reasonable that  SO4 = perhaps through the 
formation of HSO4- species can promote depolariza- 
tion. 

The concept of species such as Fe-C1 and Fe(SO4 =) 
part icipat ing directly in the corrosion of Fe must  re-  
main  speculative un t i l  direct observation of these 
species is made. Whereas, instabi l i ty  constants for 
chloride and sulfate complexes with ferric ion are 
tabulated (14) there is no comparable data for ferrous 
complexes. These equi l ibr ium constants would be a 
guide to the interpreta t ion of kinetic data which are 
recognized as a measure of the rate the system at- 
tempts to at tain the equi l ibr ium condition. 

These experiments,  as well  as m a n y  reported in the 
l i terature (2), demonstrate  the specific effects of 
anions. Chloride and sulfate act in a manne r  that  pre-  
cludes any  explanat ions based on ionic strength, con- 
ductivity, etc. They also argue against the significant 
role of such species as Fe-OH or Fe-H20 as these 
would be expected to be present  in both chloride and 
sulfate solutions. 
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Free-Convection Mass Transfer 
with a Supporting Electrolyte 
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ABSTRACT 

Free convection and ionic migrat ion effects are reviewed. Electrolytic free 
convection is t reated theoretical ly for CuSO4-H2SO4 solutions and for 
K~Fe (CN) 6-K4Fe (CN) 6 solutions without added electrolyte and with additions 
of KOH or NaOH. The effect of ionic migrat ion on l imit ing currents  is in-  
vestigated. The presence of support ing electrolyte lowers the electric field, 
as in s tagnant  or forced convective systems. In addition, the concentrat ion 
distr ibutions of added electrolytes affect the density distribution, hence, the 
velocity profile in free convection, and, indirectly, the value of the calculated 
l imit ing currents.  

Mass t ransfer  to a vert ical  surface in free convection 
and the effect of ionic migrat ion on l imit ing currents  
have both been studied extensively. Here, electrolytic 
systems are treated where both factors enter  s imul-  
taneously. 

* Elect rochemical  Society Act ive  Member .  
Key  words :  ionic migra t ion ,  l imi t ing  current ,  ver t ica l  electrode,  

cu r ren t  dis tr ibut ion,  

Free convection.--Fluid flow along a vert ical  wall  
as a result  of a densi ty gradient  shows a boundary-  
layer structure. The pressure in horizontal  planes is 
uni form and constant  and equal to the hydrostatic 
pressure. The convection is caused by the difference in 
density along horizontal  planes. By means of a s imilar-  
i ty transformation,  the f luid-mechanical  and mass- 
t ransfer  equations can be reduced to ord inary  differ- 
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ential  equations (1,2),  which are relat ively much 
easier to solve than  part ial  differential equations. The 
quanti t ies of practical interest  following from the 
solution of these equations are the mass t ransfer  to 
the wall  and the shear stress at the wall. For a con- 
stant  density difference Ap between the vertical  sur-  
face and the bu lk  solution, these results can be ex- 
pressed in dimensionless form as 

Nu : Cb (ScGr) 1/4 [1] 
and 

xo/Lghp : Bb (ScGr)--1/4 [2] 

where Nu is the average Nusselt number  (defined for 
our systems in Eq. [32]), Xo is the shear stress at the 
wall  averaged over the length L, and g is the magni -  
tude of the gravi ta t ional  acceleration. Sc is the Schmidt 
number ,  Gr is the Grashof number  

Gr : gApLS/p| [3] 

and Cb and Bb are dimensionless coefficients which de- 
pend on the Schmidt number .  Values of Cb and Bb for 
free convection in a b inary  fluid at a vertical  surface 
are given in Table I. 

The problem of isothermal mass t ransfer  in a b inary  
fluid is identical, mathematical ly,  to that  of heat t rans-  
fer in a pure  fluid, in which case the P rand t l  number  
replaces the Schmidt number  as a parameter  in the 
analysis. 

For free convection to a vert ical  surface with a con- 
stant  densi ty difference hp, the local rate of mass 
t ransfer  is inversely  proport ional  to x TM, and the local 
shear stress is proport ional  to x TM, where x is the 
vertical  distance along the surface measured from the 
beginning of the boundary  layer. 

Morgan and Warner  (4) have shown how to treat  
this free-convection problem in the l imit  of an 
infinite value of the Schmidt number .  This l imit is of 
interest  in the present  context since, for electrolytic 
solutions, the Schmidt n u m b e r  is on the order of 1000. 
For high Schmidt numbers,  the velocity profile ex- 
tends to much greater  distances from the surface than 
the region of concentrat ion variat ions;  that  is, the 
hydrodynamic boundary  layer is much thicker than 
the diffusion layer, and a s ingular -per turba t ion  t reat -  
ment  is appropriate. Within  the diffusion layer it  is 
permissible to neglect the iner t ia l  terms in the equa-  
t ion of motion, and outside the diffusion layer the con- 
centrat ion is uni form and equal to the bulk  value. It 
turns  out that  it is possible to determine the velocity 
and concentrat ion distr ibut ions wi th in  the diffusion 
layer without  carrying out the t rea tment  of the veloc- 
ity profile outside the diffusion layer. 

In  this manner ,  Le Fevre  (5) determined the l imit-  
ing values of Cb and Bb as given in  Table I. The 
s ingular -per turba t ion  expansions were carried out by 
Kuiken  (6) to obtain three terms in the expansions of  
C~ and Bb for large Schmidt numbers .  A similar per-  
turba t ion  t rea tment  was given by Roy (7). Acrivos (8) 
has shown that this t rea tment  can be applied, in the 
l imit  of infinite Schmidt  number ,  to other geometries 
besides the vertical  surface. Then, for two-dimensional  
geometries, the average Nusselt  n u m b e r  is expressed 
a s  

[ l y :  ~ - - ~  j-13/4 
Nu : Cb (ScGr) 1/4 (sin �9 1/3dx | [4] 

Table I. Coefficients expressing the rate of mass transfer and 
the shear stress for free convection at a vertical plate from a 
binary fluid with a uniform density difference ~p between the 

vertical surface and the bulk solution [from Ref. (1, 3, 5)] 

So Cb Bb SO Cb Bb 

0.003 0.1816 0.2707 1 0.5347 0.7265 
0.01 0.2421 0.3528 10 0.6200 0.8434 
0.03 0.3049 0.4419 100 0.6532 0.9005 
0.72 0.5165 0.7045 1000 0.6649 0.9225 
0.733 0.5176 0.7057 ~ 0.670327 0~93283S 

where �9 is the angle  between the normal  to the surface 
and the vertical. For the axisymmetr ic  case, see Ref. 
(8) or (23). 

The limit of small  Schmidt numbers  was treated by 
Le Fevre (5), and the problem was carried to a higher-  
order term by  Kuiken  (9). 

We confine ourselves to the analysis of laminar  free 
convection. The t ransi t ion to turbulence  is discussed 
in connection with the present  results for the ferr i -  
cyanide-ferrocyanide system with support ing electro- 
lyte. 

The effect of ionic migration.--The flux of an ionic 
species contains a contr ibut ion due to migrat ion in the 
electric field as well  as those due to diffusion and con- 
vection. Frequent ly  in mass- t ransfer  studies, a sup- 
porting or iner t  electrolyte is added to the solution in 
order to reduce this contr ibut ion of migration. In  this 
case, the concentrat ion of the reactant  obeys the equa-  
tion of convective diffusion, applicable in nonelectro-  
lytic mass transfer.  This should make  the results di- 
rectly comparable to those of experiments  in heat 
t ransfer  and nonelectrolytic mass transfer.  In  the case 
of mass t ransfer  from a solution containing a single 
electrolyte, the concentrat ion again obeys the equation 
of convective diffusion (10), but  with the diffusion co- 
efficient of the electrolyte ra ther  than the reactant.  

With intermediate  amounts  of support ing electrolyte, 
it is necessary to solve a more complicated set of equa-  
tions. Eucken (11) has carried this out for three un i -  
valent  ions in the, somewhat artificial, Nernst  stag- 
nant  diffusion layer. Heyrovsk~ (12) rejected this 
analysis because it did not agree with polarographic 
experiments  for the discharge of hydrogen ions from 
HC1-KC1 solutions and introduced an approximate cor- 
rection for migrat ion involving the transference n u m -  
ber of the reactant.  

Newman (13) solved the re levant  equations numer i -  
cally for a variety of electrolytic systems in the follow- 
ing cases: steady mass t ransfer  to a rotat ing disk at 
large Schmidt numbers ;  uns teady mass t ransfer  to a 
growing drop (polarography);  uns teady mass t ransfer  
into a stagnant,  semi-infini te fluid; and steady mass 
t ransfer  in  a stagnant,  Nernst  diffusion layer of finite 
thickness. Okada et al. (14) also solved numerica l ly  
the problem for a growing mercury  drop. Newman 
(15) showed that the case of steady migrat ion through 
laminar  diffusion layers generally, at high Schmidt 
numbers ,  is mathemat ica l ly  identical  to that  of migra-  
t ion to the rotat ing disk, solved earl ier  (13). 

Newman's  results (13) showed good agreement  with 
the polarographic exper iments  on HC1-KC1 solutions 
[see also Ref. (16)], thereby removing Heyrovsk~'s 
objections to the methods of analysis based on the 
equations of electrolytic mass transfer.  

Attempts  to obtain an approximate solution to the 
problem of migrat ion are also necessarily more re- 
stricted. Gordon, Newman,  and Tobias (17) treated 
the rotat ing disk electrode by assuming a constant  
potential  gradient  in the diffusion layer. The rigorous 
solution by analytic means is hardly  tractable (18-20), 
even if the velocity corresponds to a simple hydrody-  
namic situation. 

Hsueh and Newman (21) treated the CuSO4-H2SO4 
system with no dissociation of the bisulfate ion and 
with part ial  dissociation according to its dissociation 
constant. The earlier t rea tment  (13) of this system 
had assumed complete dissociation of bisulfate ions. 
This source (21) also gives the effect of migrat ion for 
a s tagnant  Nernst  diffusion layer with ions of a rb i t ra ry  
valence. 

The migrat ion effect is most s imply expressed as the 
ratio IL/ID of the l imit ing current  to the l imit ing 
"diffusion current,"  corresponding to the absence of 
migration, that  is, with an excess of support ing electro- 
lyte. The ratio IL/ID can be expressed as a function 
of the composition, characterized by  the ratio of sup- 
port ing electrolyte to total  electrolyte. 
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Ov~ Ovy = 0 [5] 

The equation of mot ion 

c92Vx p - -  p| 
d- ~ gx : 0 [6] 

c3y 2 p| 

The mass- t ransfer  equat ion for each solute species 

Oc~ Oc~ O~ci ~ 0 ( O~ 
v~ J. + v y  : D i ~ + z i u ~ l c ~ l  [7] 

~x Oy Oy \ Oy / 

The electroneutral i ty  equation 

zic~ -- O [8] 

Equat ion [6] is the boundary- l aye r  form of the x-  
component of the equation of motion, and Eq. [7] is 
the boundary- layer  form of the mass- t ransfer  equation. 
Here y is the normal  distance from the electrode. The 
inert ia l  terms have been omitted from Eq. [6]. This 
is a valid approximation within the diffusion layer at 
high Schmidt numbers ,  as discussed in the in t roduc-  
tion. The boundary- l aye r  equations break down in 
small elliptic regions near  the ends of the electrode. A 
detailed analysis of these regions is not at tempted here. 

The densi ty is supposed to be the only variable 
physical property of the system, and is represented 
here by a l inear  expression in terms of the solute con- 
centrations 

(p -- p~)/p| : ~ ~ (ci - c~=) [9] 
i 

where ~i is a (constant)  "densification coefficient." The 
mobil i ty is assumed to be related to the diffusion co- 
efficient by  the Nerns t -Eins te in  relat ion [see Ref. 
(10)] 

Di = RTu~ [10] 

The boundary  conditions for the velocity are 

vx = vy = 0 at y = 0 [11] 

OVx/Oy = 0 at y = ~0 [12] 

v~ = 0 at x = 0 [13] 

The boundary  condition at y = ~ corresponds to the 
matching condition for the inner  region (the diffusion 
layer) in the first term of the s ingular -per turba t ion  
expansion for large Schmidt numbers  (4). The inner  
region can be solved without  t reat ing the outer region. 

A general  expression for the electrode reaction is 

siMiz~ e~- h e -  [14] 
t 

where si is the stoichiometric coefficient of species i, 
and Mi is a symbol for the chemical formula of species 
i. The current  density is thus proport ional  to the flux 
of a reacting species at the electrode 

siiy = -- nFNiy at y = 0 [15] 

Since the current  density is not known  in advance, we 
express the boundary  condition on the species fluxes as 

Oci 0r 
D ~ -  + ziuiFci 

OY ay 

" (  OCR Oeb ) 
= sl DR �9 + ZauRFca at y = 0 [16] 

sn \ Oy ~Y 

the convective contr ibut ion to the fluxes being zero at 
the solid electrode. Species R is a reactant  called the 
"l imit ing reactant," whose concentrat ion is taken to be 
constant at the electrode surface 

ca = cRo at y = 0 [17] 

At the l imit ing current,  which is of interest  here, the 
concentrat ion of the l imit ing reactant  is zero at the 
electrode, corresponding to the ma x i mum possible rate 
of mass transfer. Far  from the electrode and at the 
beginning of the boundary  layer, the concentrations 
have their  bulk  values 

c ~ = c ~  at y =  ~ [18] 

ci = ci| at x = 0 [19] 

We now introduce the similari ty t ransformat ion 

[ 3g~R(CR| ] U4 [20] 
= Y 4vDRx 

4 [ 3g~R(eR,--CRo) ] 1/4 
= -~ DRX 4 - ~ X  f(}) [21] 

where ~ is the s t ream function defined so that  the 
equation of cont inui ty  [5] is satisfied identical ly 

0~ 0~ 
v ~ =  , v , = - - ~  [22] 

Oy Ox 

With the dimensionless variables 

F ci 
= - - [ ~ - - O o ( X ) ] ,  0ira [23] 

RT cR~ -- cRo 

Eq. [5] to [10] become 

f "  = ~- ~ _ ai . (ei -- 0i| [24] 
i a R  

(DI/Da) [Oi" ~u zi(e~q~')'] d- fSi' = 0 [25] 

Free convection in electrolytic sys tems. - -The  addi-  
tion of support ing electrolyte to a solution does not 
make the free-convect ion problem directly comparable 
to that of heat t ransfer  and nonelectrolytic mass t rans-  
fer in  a b inary  fluid because, while it does reduce the 
effect of ionic migration, the concentrat ion variat ion 
of the support ing electrolyte affects the density var i -  
ation to roughly the same extent  as the reactant  and 
thus influences the velocity profile. Nevertheless, it 
has f requent ly  been assumed that  the mass- t ransfer  
rate is adequately expressed by Eq. [1]. Ibl (22) has 
reviewed the exper imental  work on this problem and 
the applicabili ty of Eq. [1] [see also Ref. (23)]. 

The evaluat ion of Ap in the Grashof number  (see 
Eq. [3]) has focused at tent ion on the est imation of the 
concentrat ion of the support ing electrolyte at the elec- 
trode surface, a quant i ty  which is of secondary interest  
in forced convection. The method t radi t ional ly  used 
for this est imation was original ly developed by Wilke, 
Eisenberg, and Tobias (24) for CuSO4-H2SO4 solu- 
tions. The papers of Wagner  (25), Ibl  and Braun  (26), 
and Asada et al. (27) are re levant  in this regard. Re- 
cently, Ravoo (28) has challenged the method of Wilke, 
Eisenberg, and Tobias on the basis of a bisulfate mode1 
applied to the s tagnant  Nernst  diffusion layer [see also 
Ref. (21) ]. 

Brenner  (29) succeeded in quickly freezing the solu- 
tion sur rounding  a hollow cathode and cut t ing slices 
off the frozen mass in order to analyze them. By mea-  
suring the refractive index profile, Hsueh and Newman 
(21) have obtained values of the sulfuric acid concen- 
t rat ion at the electrode for unsteady diffusion into a 
s tagnant  medium. 

Not all exper iments  in free convection have involved 
a support ing electrolyte and a vert ical  electrode. Ibl  
and Mfiller (30) have used aqueous solutions of copper 
sulfate. Schfitz (31) exper imenta l ly  investigated free- 
convection mass t ransfer  to spheres and horizontal 
cylinders [see also Ref. (23)]. 

Analysis 
The set of equations which determine free convection 

as a result  of concentrat ion variat ions in electrolytic 
solutions near  a vertical  electrode are the following. 
The equation of cont inui ty  
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~-~z~0i = 0 [26] 
i 

where the primes denote differentiation with respect 
to }. In  Eq. [24], the plus sign applies if po is less than  
p~, and vice versa. 

The boundary  conditions [11] to [13] and [16] to 
[19] become 

o~' + z~od : (s~Dn/sRD~) (OR' + zROa~') 
[27] 

J I = l ' = O ,  OR=ORO at ~ = 0  
and 

I" = 0, Oi = Oi~ at ~ = ~ [28] 

The densification coefficients in  Eq. [9] are not 
unique  for ionic species since the solution must  be 
electrically neutral .  The value of a~ can arbi t rar i ly  be 
set equal to zero for one. ionic species. As a con- 
sequence of this arbi t rar i ress ,  numerica l  values of 
and f are not physically ~,;ignificant, and any results 
should rather  be expressed in terms of the dimension-  
less distance n and the dinaensionless stream function 
F (,I) defined according to 

[ '3gAp ] TM 

~l = Y '4rDap| [29] 

and 
- -  [ 3gAp ]1/4 

= 3 L ~-ff-[Rpox 
F(n) [30] 

The density difference ~p i~ not known at the outset; 
consequently, the calculations must  be carried out in 
terms of } and f. 

The principal  results of interest  are the mass- t rans-  
fer rate or l imit ing current  density and the shear 
stress at the wall. These are expressed by Eq. [1] and 
[2] with the coefficients Cb and Bb replaced by C and 
B. Here, the Schmidt number  is 

Sc  -- r/DR [31] 

and the average Nusselt nuraber  is 

NR,avgL sRL iavg 
N u  = = [32] 

DR(CRO -- CRy) nFDR(cR~ -- cRo) 

Of interest  also are the concentrat ions of the nonreact-  
ing ions at the electrode, ,~o. These are necessary to 
calculate the density difference Ap used in the correla- 
tion of the current  densi ty and the shear stress. 

Method of Calculation 
Equations [24] to [26] form a set of coupled, non-  

l inear  differential equations with boundary  conditions 
at zero and infinity. These equations can be linearized 
about a tr ial  solution producing a series of coupled, 
l inear  differential equation:~. In  finite difference form, 
these give coupled, t r idiagonal  matrices which can be 
solved readily on a high-speed digital computer  (32). 
The nonl inear  problem is then solved by iteration. For 
the principal  results, 150 mesh points were used. A 
mesh width on the } scale of 0.0611 was used for the 
CuSO4-H2SO4 system and a mesh width of 0.08 was 
used in the ferr icyanide-ferrocyanide systems. 

Ionic diffusion coefficient.,; are calculated from l imit-  
ing ionic mobilities at infinite dilution (33, 34). The 
densification coefficients for the various systems are 
given in Table II. The basis for these values can be 
found in Ref. (35). The CuSO4-H2SO4 system wil l  be 
considered both with complete and with no dissocia- 
tion of bisulfate ions. For the ferrocyanide-ferr icyanide 
redox system, the O H -  ions or the Na + ions may be 
absent in certain cases treated here. 

As a pre l iminary  check on the accuracy of the nu-  
merical  method, calculations were carried out for a 
b inary  fluid at Sc ---- 1, 10, 100, 1000, and ~ and for 
metal  deposition from a hktary electrolytic solution in 
the l imit of large Schmidt number .  Comparison of 

1073 

Table II. Values of the densification coefficients (35) used 
in the calculations 

(2t 
Species (liters/mole) 

H + 0.02989 
SO1 = 0 
Cu ++ 0.13974 

H + 0.059789 
HSO,-  0 
Cu++ 0.19955 

OH- 0.04529 
Na + -- 0.00673 
Fe(CN) 6~- 0.22591 
K+ O 
Fe(CN)6~- 0.16727 

these results with those in Table I leads to the con- 
clusion that our method is general ly  accurate to four 
significant figures. For metal  deposition from a b inary  
electrolytic solution, one can show that  

(Ds/DR) 3/4 
C = Cb(Scs)  [33] 

l - - t n  
and 

B = (Ds/Da) Ir Bb (Scs) [34] 

where Scs is based on the diffusion coefficient of the 
salt 

D + D -  (z+ -- z - )  
D, = [35] 

z+D+ -- z - D -  

and tn is the t ransference n u m b e r  of the reacting 
cation. 

Results 
CuSO4-HeSO4. - -The  effect of the support ing electro- 

lyte, sulfuric acid, can be expressed in the ratios C/Cb 
and B/Bb,  permit t ing a comparison with the behavior 
of a b inary  fluid. These ratios depend on the relative 
amount  of sulfuric acid, expressed as 

C ~ n 2 s o 4  
r = [36] 

C ~ H2SO4 ~ C ~ CuSO4 

One is also interested in the concentrat ion of support-  
ing electrolyte at the electrode, in par t icular  in order 
to calculate Ap, enter ing into the Grashof number .  This 
is expressed on the graphs as 

Aen2so_~4 _ c~ -- c ~H2so4 [37] 

CCuS04 C ~ CuSO4 

In view of the low value of the dissociation constant 
of bisulfate ions, the calculations were carried out for 
no dissociation of bisulfate ions as well  as for com- 
plete dissociation to sulfate and hydrogen ions. To ob- 
tain an idea of the behavior  when  part ial  dissociation 
is considered, one should consult  Ref. (21). 

Results are shown in  Fig. 1 for B / B b  for complete 
dissociation of bisulfate ions and the ratio C/Cb for 
both no dissociation and complete dissociation of bi-  
sulfate ions. Dashed lines show the corresponding 
values of IL/ID for a rotat ing disk (21). 

As r approaches unity,  one would expect C/Cb and 
B/BD to approach uni ty  if the appearance of Ap in the 
Grashof number  were sufficient to correlate the effect 
of the support ing electrolyte. The contrary behavior 
emphasizes the fact that these ratios express not only 
the effect of ionic migrat ion but  also the effect of the 
density profile not being similar to that  for a b inary  
fluid. Where Wilke, Eisenberg, and Tobias's correlation 
(24) works with C = Cb, this may indicate that the 
errors in assuming C ---- Cb and in est imating the dif- 
fusion coefficients compensate for the error in  their  
method of est imating ~p. 

To be specific, the diffusion layer  thickness is greater 
for H2SO4 than for CuSO4 on account of the larger 
value of the diffusion coefficient of hydrogen ions. 
Thus, the densi ty difference in the outer part  of the 
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Fig. 1. Coefficients for shear stress (complete dissociation only) 

and mass transfer in the CuSO4-H2S04 system. Dashed curves 
show for comparison the values of I L / I D  for the rotating disk. 
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Fig. 2. Velocity profiles for binary salt solution (CuS04) and for 
CuS04 with excess H2S04 (r ~ 0.99998) comptetely dissociated 
and undissociated. 

diffusion layer is positive while it is negative near  the 
electrode. Consequently,  the value of z~p does not, by 
itself, give sufficient informat ion about the density 
profile. In fact, with added H2804, the velocity profile 
shows a max imum within  the diffusion layer. This is 
shown for excess sulfuric acid in Fig. 2. The profile 
for a b inary  fluid is labeled CuSO4.1 Since these phe- 
nomena  occur in a more drastic fashion in the redox 
systems, we shall postpone their  fur ther  discussion. 

The ratio B/Bb varies little since it does not involve 
the dominant  effect of ionic migrat ion found in the 
l imit ing currents  expressed in C/Cb. Values of B/Bb 
for the bisulfate system are in the same range as those 
for complete dissociation. They extrapolate to 0.8342 
a t r =  1. 

q?he refractive index profile is shown in Fig. 3 for 
complete dissociation of bisulfate ions. A slight maxi-  

1 Ac tua l ly ,  the  prof i le  for  a b i n a r y  f lu id  w o u l d  i n v o l v e  D,  i n s t e a d  
of Dn i n  t he  de f i n i t i ons  [291 a n d  [30'] of ~? a n d  F. 

0 CuS04+ HzS04 

g -iI- / /  

rr - 4 ~  

0 2 4 6 8 I0 
r 

Fig. 3. Refractive index (relative to bulk) in CuSO4-H20 (O.02M 
bulk, O.OIM cathode) and in CuSO4-H2SO4-H20 (excess H2S04, 
0.0| M CuS04 bulk). 

mum occurs when sulfuric acid is present, due again 
to the larger diffusion-layer thickness of sulfuric acid. 
These can be compared with Fig. 7-12 and 7-14 in 
Hsueh's dissertat ion (36). The basis for the refractive 
index calculation can be found in  Ref. (35). 

After the actual  velocity profiles have been cal- 
culated, one could separate the effect of ionic migrat ion 
on C/Cb from that  due to the dissimilar density pro- 
files. Thus 

ID = (3/4)Z/4 C exp -- Fd~l d~l [38] 

Here, the "diffusion current"  ID corresponds to the 
mass t ransfer  by diffusion and convection with the 
actual velocity profile. Then IL/ID approaches un i ty  at 
r ---- 1. For  r ----- 0, IL/ID does not coincide with the 
value of C/Cb given by Eq. [33] unless Ds -- DR. How- 
ever, this separation has little practical ut i l i ty  since 
the two effects cannot  be separated experimental ly.  
For a system where the diffusion coefficients of the 
solutes are roughly the same, one could estimate the 
value of IL/ID from calculations for other hydrody-  
namic situations (13) and then assume that  this is 
equal to the value of C/Cb for free convection with 
li t t le error. But if detailed calculations for free con- 
vection are carried out, one might  as well  report 
values of C/Cb, which account for both effects. 

The wide range  of predictions for the H2SO4 concen- 
t rat ion at the electrode for the sulfate and bisulfate 
models and f o r  various hydrodynamic  situations is 
shown in Fig. 4. Also shown are some values obtained 
by the method of Wilke, Eisenberg, and Tobias (24). 
Ravoo's predictions (28) are based on the bisulfate 
model for a s tagnant  Nernst  diffusion layer of finite 
thickness. The value 0.71 is deduced from the results of 
one of Brenner ' s  experiments  (29). Hsueh and New- 
man (21) obtained four values in the range from 0.50 
to 0.57 and one value of 0.75. 

K3Fe (CN) 6-K4Fe (CN) 6.--The redox reaction 

Fe(CN)6 ~- + e -  ~ Fe(CN)~ 4- [39] 

is popular  in mass- t ransfer  studies and has been used 
in free convection, al though it is not common. The 
densification in this system is much weaker  than  in 
copper sulfate solutions since the excess of product 
ion largely compensates for the deficit of the reactant. 

Results for the unsuppor ted ferr icyanide-ferrocy-  
anide system are shown in Fig. 5. Values of IL/ID cal- 
culated for the rotat ing disk (13) are also shown. The 



Vol. 118, No. 7 

0.5  

F R E E - C O N V E C T I O N  

0.4 

0.3 

0.2 

~r 0.1 
0 
03 

o 0 

co 
s -0.1 

o 
<] 

-0.2 

- 0 " 3 0  0.2 0.4 0.6 0.8 1.0 
r?-/3 

Fig. 4. Excess sulfuric acid at the electrode divided by the 
bulk copper concentration. 
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Fig. 5. Product ion concentration at the electrode and the co- 
efficient for the limiting current in the unsupported ferricyanide- 
ferrocyanide system. 

abscissa is the  concent ra t ion  ra t io  ra for  the  anodic 
react ion and re for the  cathodic reac t ion  

C ~o terra 
rc = 1 --  r~ = [40] 

C oo t e r r a  "~- C oo f e r r l  

The produc t  concentra t ion at  the  e lect rode minus  tha t  
in the  bulk,  d iv ided  by  the bu lk  reac tan t  concent ra -  
tion, is denoted  --~cp/hcR. The effect of ionic mig ra -  
t ion on l imi t ing  cur ren t s  is r e l a t ive ly  smal l  in this 
system, as observed  ear l ie r  (13), since the  produc t  
ion wi l l  a lways  p reven t  the electr ic  field f rom becom- 
ing infinite at  t he  electrode.  

By va ry ing  the  densification coefficients and  dif -  
fusion coefficients of the  ions, we can s tudy  the  im-  
por tance  of these factors.  The re l a t ive  un impor tance  
of f ree  convect ion in te rac t ing  wi th  migra t ion  is ev i -  
denced by  the fact  t ha t  i t  makes  l i t t le  difference for 
C/Cb or the  product  concentra t ions  if  we assign equal  
densification coefficients to the  reac t ing  and produc t  
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ions, a l though the  sign of the  dens i ty  difference 
po --  p= reverses  and consequent ly  the  flow reverses  
f rom u p w a r d  to downward ,  or vice versa. This em-  
phasizes the fact  tha t  the  dens i ty  differences dr iv ing  
the convect ion in this  sys tem are  ve ry  small .  The con- 
sequences of this are  seen be low when  we consider 
the effect of adding  KOH or  NaOH as a suppor t ing  
electrolyte .  

Supported ferricyanide-ferrocyanide.--We consider  
nex t  solut ions of K3Fe(CN)6 and I ~ F e ( C N ) 6  wi th  
KOH or  NaOH added  as a suppor t ing  electrolyte .  The 
lat ter ,  a l though leading to a f ive-ion sys tem wi th  con- 
sequent  complicat ions  in p h y s i c a l - p r o p e r t y  est imation,  
has been used as f r equen t ly  as the former  in repor ted  
invest igat ions  (37, 3B). 

In the results ,  the concentra t ion of suppor t ing  elec-  
t ro ly te  is expressed  in the  ra t io  

C ~ O H  - 
r = [41] 

COOK+ -I- Ca~ 

Figures 6-8 give the results for these systems for equal 
bulk concentrations of ferricyanide and ~errocyanide 
(ra : rc : 0.5). Additional results for r : 0.5 and 
var ious  values  of ra or  re are  given in Table  III.  In  
Fig. 6, va lues  of IL/ID for the  ro ta t ing  disk wi th  KOH 
suppor t ing  e lec t ro ly te  (13) a re  p lot ted  for  comparison.  

F igure  6 shows a conspicuous devia t ion  of the  values  
of C/Cb f rom the values  of IL/ID for the  ro ta t ing  disk, 
and Fig. 7 shows a much g rea te r  var ia t ion  of B/Bb 
t han  was observed for the  CuSO4-H2SO4 system. In 
contrast ,  the  concentra t ion  ra t ios  shown in Fig.  8 a re  
essent ia l ly  independen t  of the  hyd rodynamic  si tuation,  
a lmost  coinciding wi th  resul ts  for  the  ro ta t ing  disk 
(which are  not  shown) .  

F igures  6 and 7 reflect the  s t rong d i ss imi la r i ty  of the 
dens i ty  profile in the  suppor ted  solutions compared  to 
tha t  in a b ina ry  solution. A dramat ic  consequence of 
this  is shown in the  veloci ty  profiles in Fig. 9, There  is 
a veloci ty  m a x i m u m  which becomes more  pronounced  
as KOH is added,  and the magni tude  of the  veloci t ies  
becomes smaller .  The profile for  r ---- 0.95 y ie lds  a con- 
verged but  phys ica l ly  unreasonable  solution, since the  
veloci ty  far  f rom the  e lec t rode  has reversed  sign. Rea-  
sonable solut ions were  not  obta ined in the  cathodic 

I I I i 
I . I  ~ Oxidat ion of 

,~,~ . ferrocyanide 

, . 0 -  
Reduction of k . \  / "  

"--Z.- .  \ \  
0 . 9 -  " " ~  \ X "  

 .oo. 

. . . . .  KOH 

~ KOH, TL / I  D for 
0 . 8  rotat ing disk _ 

[ I I I 
0 0.2 0.4 0.6 0.8 I.O 

r 
Fig. 6, Coefficient for mass-transfer rate in the supported ferri- 

cyanide-ferrocyanide systems, for equal bulk concentrations of 
KsFe(CN)6 and KdFe(CN)6. 
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Fig. 7. Coefficient for the shear stress in the supported ferricy- 
anide-ferrocyanide systems, for equal bulk concentrations of 
K3Fe(CN)s and K4Fe(CN)s. 
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Fig. 8. Surface concentrations in the supported ferricyanide- 
ferrocyanide systems, for equal bulk concentrations of K3Fe(CN)6 
and IQFa(CN)6. 

case for r greater than 0.85 for KOH, and 0.75 for 
NaOH, support ing  e l ec tro ly te .  The s i tuat ion  is d i f ferent  
only in degree from the one encountered in the case of 
supported CuSO4. Normal ized density profiles for the 
two cases are compared in Fig. 10. The ferricyanide-  
ferrocyanide sys tem has a weaker  densification than 
CuSO4, and consequently  the addition of supporting 
electrolyte  can have re lat ively  a much greater effect 
on the density  profile, as w e  see in Fig. 10. The ve loc i ty  
far from the electrode (at the outer l imit  of the diffu- 
sion layer) can be expressed as 

f (oo) = -- .r_" P -- P| ~d~ [42] 
--o p| o, 

Consequently,  in order for there to be a f low reversal,  

July 1971 

Table III. Results for the supported ferricyanide-ferrocyanide 
systems with r = 0.5 

Tc 

Cathodic reduct ion of  ferricyanide 
ACferro ACOtl- ACNa + 

C/Cb B/Bb ACferri ACferrl ACferr | 

KOH supporting e lectrolyte  
0.1 0.8809 0.9236 0.9278 --0.2731 - -  
0.25 0.8931 0.9218 0.9306 -- 0.2792 
0.5 0.9117 0.9189 0.9352 --0.2890 - -  
0.75 0.9286 0.9165 0.9394 --0.2981 -- 
0.9 0.9386 0.9159 0.9419 --0.3032 - -  

NaOH supporting e lectrolyte  
0.0003 0.8629 0.9123 0.9235 --0.2756 0.1971 
0.1 0.8717 0.9111 0.9255 --0.2799 0.1990 
0.25 0.8841 0.9092 0.9284 - 0 . 2 8 6 1  0.2017 
0.5 0.9029 0.9063 0.9330 - 0 . 2 9 6 1  0.2059 
0.75 0.9199 0.9036 0.9372 - 0 . 3 0 5 4  0.2097 
0.9 0.9293 0.9021 0.9397 --0.3107 0.2119 
0.9996 0.9353 0.9011 0.9412 - 0 . 3 1 4 2  0.2133 

Anodie  oxidation o~' ferrocyanide  
Aeferr I ACOH- ACNa + 

ra C/Cb B/Bb Aeferro Aererro ACferro 

KOH supporting e lectrolyte  
0.0004 1.0361 0.9236 1.0583 0.3353 - -  
0.1 1.0294 0.9241 1.0601 0.3321 - -  
0.25 1.0188 0.9250 1.0630 0.3271 -- 
0.5 0.9995 0.9265 1.0682 0.3184 
0.75 0.9779 0.9280 1.0737 0.3090 - -  
0.9 0.9638 0.9289 1.0773 0.3030 -- 
0.9997 0.9538 0.9296 1.0797 0.2988 -- 

N a O H  supporting e lectrolyte  
0.0004 1.0286 0.9102 1.0608 0.3433 --0.2260 
0.1 1.0218 0.9108 1.0625 0.3400 --0.2248 
0.25 1.0110 0.9117 1.0654 0.3350 --0.2230 
0.5 0.9915 0.9133 1.0706 0.3260 -- 0.2197 
0.75 0.9697 0.9149 1.0762 0.3164 --0.2160 
0.90 0.9554 0.9160 1.0798 0.3103 --0.2137 
0.9997 0.9453 0.9167 1.0822 0.3061 -- 0.2121 

the first m o m e n t  of the normal ized density profile in 
Fig. 10 must  be negative.  

The boundary- layer  mode l  clearly breaks down 
when  reversed flow occurs. But even before this 
happens, the ve loc i ty  profile m a y  have become un-  
stable. It is known from the theory  of hydrodynamic  
stabil ity (39, 40) that boundary layers  wi th  an inflec- 
tion point in the ve loc i ty  profile are inherently less 
stable wi th  respect to low perturbation frequencies.  It 
fo l lows that if transition to turbulence takes place in 
supported solutions, where  the supporting ion has a 
larger diffusion coefficient, it m a y  take  place at lower 
Grashof numbers  than for free convection in heat 

I ; ; ; I ; ~ ; I 
r : O  

0.1 

0.8 o.25 

0.5 

~.. 0.75 
13 
u" 0 . 4  0.85_ 
"0 

0 -J 
;r =0.195 

0 4 8 

Fig. 9. Velocity profiles for various values of r for cathodic 
reduction of ferricyanide runs with KOH supporting electrolyte 
('c = 0.5). 
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Fig. 10. Normalized density I~ofiles for binary salt solution 
(CuSO4), for CuSO4 with excess H2SO4 (r ~ 0.99998), and for 
equimolar ferricyanide-ferrocyanide with excess KOH (cathodic 
reaction, C O H - / C K +  ~ 0.95). 

t ransfer  or in b inary  solutions. This conclusion should 
be open to exper imenta l  verification. 

Unfortunately,  the exper imenta l  evidence on t rans i -  
tion in free convection is ra ther  confusing. Only in 
hea t - t ransfer  experiments  with air  (with a Prand t l  
number  of 0.7) has the t ransi t ion region been defined 
by measur ing velocity and temperature  fluctuations. 
In  air, the lower limit of t ransi t ion is, by agreement  of 
several exper iments  (41, 42), Gr > 2 x 109. An  upper  
l imit of t ransi t ion is Gr < 1010, above which ful ly 
tu rbu len t  heat t ransfer  occurs. 

In  hea t - t ransfer  experiments  (45) with water  and 
with liquids of Prand t l  numbers  on the order of 100, 
the t ransi t ion criterion was put  at Pr Gr : -  4 x 10 TM. 
Wilke, Tobias, and Eisenberg (46) report  experiments  
on dissolution of organic acids in water, where l aminar  
mass- t ransfer  relations still hold at Sc Gr ---- 2 x 10 TM. 
Wagner (43), in salt dissolution experiments,  observed 
that the flow was still l aminar  at Sc Gr ---- 5 x 1011. 

Fouad and Ibl  (38) place the t ransi t ion i n  acidified 
CuSO~ solutions, observed optically, between 2 x 1011 

Sc Gr < 4 x 1013. They suggest that  there is a sepa- 
rate dependence on Sc. Wilke, Eisenberg, and Tobias 
(24) correlate laminar  free convection in acidified 
CuSO4 solutions up to Sc Gr -- 5 x 10 zl. Fouad and 
Gouda (44) report t ransi t ion in ferr icyanide reduct ion 
with excess NaOH at Sc Gr = 4.6 x 1011. 

One can hardly infer that destabilization had taken 
place in the supported solutions. However, in such 
solutions the densi ty has to be estimated [usually by 
the method of Wilke, Eisenberg, and Tobias (24)], 
which can lead to appreciable errors. 

Since the inert ial  terms in  the equation of motion 
were neglected in this analysis, it follows that  a theo- 
retical t rea tment  of instabi l i ty  in electrolytic free con- 
vection could also simplify the uns teady equation of 
motion, re ta ining only viscous and buoyancy terms. 
The result  would be analogous in form to the so-called 
viscous solutions in forced flow instabi l i ty  (40), except 
for the unknown  effect of coupling to the diffusion 
equation. No solutions are available for h igh-Pr  free- 
convection instabili ty.  Gebhart  (47) reports the ab-  
sence in low-Pr  free-convection instabi l i ty  of a critical 
layer, corresponding in forced flow to the velocity pro-  
file inflection, where the dis turbance velocity equals 
the steady velocity. One might conclude, therefore, 
that  the velocity profile inflection obtained in this work 
does not necessarily indicate instabili ty.  

At any  rate, the appearance of velocity profiles which 
exhibit  maxima wi th in  the diffusion layer can lead to 
values of C/Cb and B/BD considerably different from 
uni ty  so that Eq. [1] and [2] do not adequately repre-  
sent the predictions of these calculations for solutions 
with a support ing electrolyte having a high diffusion 

coefficient. This is because the densi ty difference hp 
does not, by itself, give sufficient informat ion about 
the density profile. 

Discussion and  Conc lus ions  
This investigation concerns the contr ibut ion which 

migrat ion in the electric field makes to the l imit ing 
current  densi ty in free convection. The effect of mi-  
grat ion itself (Eq. [38] is referred to here) is very  
similar to that  calculated for other hydrodynamic  sit- 
uations. However, the effect of migrat ion also leads 
to a nonuni form concentrat ion of the support ing elec- 
trolyte and, here, in contrast  to forced convection, this 
can change considerably the velocity profile and also 
affect the l imit ing current .  Because this effect can be 
par t ly  correlated by using the over-al l  densi ty differ- 
ence hp in the Grashof number ,  we have reported 
here the concentrat ion of support ing electrolyte at the 
electrode. 

The method of using the results of this paper to pre-  
dict the l imit ing cur ren t  densi ty at a vert ical  electrode 
would be as follows. From the composition of the bu lk  
~r one estimates the composition near  the elec- 
trode from Fig. 4, 5, or 8. The concentrat ion of the 
l imit ing reactant  is zero at the electrode, and the 
electroneutral i ty  condition determines the concentra-  
tion of the remain ing  ion. The densi ty difference ~p 
is then determined from the values of ~ in Table II, 
and this allows the Grashof n u m b e r  to be calculated 
from Eq. [3]. Equat ion [1], with Cb replaced by  C, 
gives the Nusselt number ,  C being obtained from Fig. 
1, 5, or 6. The l imit ing current  densi ty is then related 
to the Nusselt number  by Eq. [32]. Similarly,  the shear 
stress ~o at the wall  can be calculated from Eq. [2], 
with Bb replaced by B, where B is obtained from Fig. 
l o r T .  

Frequent ly  used support ing electrolytes, acids, and 
bases, have higher diffusion coefficients than the re- 
acting species. This means that  the diffusion layer  for 
the support ing electrolyte extends far ther  from the 
electrode than  that  for the reactants. This leads to a 
velocity ma x i mum wi th in  the diffusion layer if the 
density difference due to the support ing electrolyte 
opposes that due to the react ing species, as was the 
case here. 

The analysis applies to large Schmidt  numbers .  In  
this limit, the present  results can be applied to other 
geometries by using the t ransformat ion  of Acrivos. 
This means that  Cb in Eq. [4] is replaced by C. 
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SYMBOLS 
B Coefficient for shear stress 
Bb Coefficient for shear stress in a b inary  fluid 
c~ Concentrat ion of species i (mole/cm 3) 
C Coefficient for mass t ransfer  
Cb Coefficient for mass t ransfer  in a b inary  fluid 
D~ Diffusion coefficient of species i (cm2/sec) 
Ds Diffusion coefficient for a b ina ry  electrolyte 

(cm2/sec) 
f Dimensionless stream funct ion 
F Faraday 's  constant (96,487 C/equiv)  
F Dimensionless stream funct ion 
g Magnitude of the gravi tat ional  acceleration 

(cm/sec 2) 
Gr Grashof number  ~-- gApL3/p~ 2 
iy Normal component  of the cur ren t  density 

(A/cm 2) 
ID Limit ing diffusion current  
IL Limit ing current  
L Height of the vertical  electrode (cm) 
Mi Symbol for the chemical formula of species i 
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n Number  of e lectrons t r ans fe r red  in the  e lec t rode  
react ion 

N~I Normal  component  of the  flux of species i 
Nu Average  Nussel t  number  = saLiav~/nFDR 

(CR~ -- Cao) 
r Ratio of suppor t ing  e lec t ro ly te  to to ta l  e lec t ro-  

ly te  
ra, rc Ratios of f e r r i cyan ide  and fe r rocyanide  con- 

cent ra t ions  
R Universa l  gas constant  ( j o u l e / m o l e - ~  
s~ Stoichiometr ic  coefficient of species i 
Sc Schmid t  number  ---- v/DR 
t~ Transference  number  of species i 
T Absolu te  t e m p e r a t u r e  (~ 
ui Mobi l i ty  of species i (cm2-mole / jou le -sec)  
v~ Veloci ty  component  pa ra l l e l  to the  e lec t rode  

(cm/sec)  
v~, Veloci ty  component  pe rpend icu la r  to the  elec-  

t rode (cm/sec)  
x Distance along the e lect rode measured  f rom 

the beginning of the  bounda ry  l aye r  (cm) 
y Normal  dis tance f rom the e lect rode (cm) 
z~ Valence or  charge  n u m b e r  of species i 
~i Densification coefficient of species i ( l i t e r s /  

mole)  
Angle  be tween  the  no rma l  to the  surface and 
the ver t ica l  

~l S imi la r i ty  var iab le  represen t ing  dimensionless  
dis tance (see Eq. [29]) 
S imi l a r i t y  va r i ab le  represen t ing  dimensionless  
d is tance  (see Eq. [20]) 

~ Dimensionless  concentra t ion  
v Kinemat ic  viscosi ty (cm2/sec) 
p F lu id  dens i ty  (g / cm 3) 

To Shear  stress ave raged  over  the e lect rode ( d y n e /  
ClTl 2 ) 

$ Dimensionless  po ten t ia l  
~I, Elect ros ta t ic  potent ia l  (vol t)  

S t r eam funct ion (cm2/sec) 

Subscripts and superscripts 
o At  the e lect rode surface 
oo In the  bu lk  solut ion 
R Limi t ing  reac tan t  
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ABSTRACT 

The edge effect on l imit ing currents  due to radial  diffusion is calculated 
by a s ingular -per turba t ion  technique for large Schmidt  numbers,  and a cor-  
rection to the Levich formula  is thereby obtained. 

Radial  diffusion, which is usually ignored, is in- 
cluded here  in an analysis of the l imit ing current  
distr ibution on a rotat ing disk electrode. This small  
edge effect has created a controversy over  whe the r  or 
not it can cancel the correct ion for a finite Schmidt  
number.  The results of this analysis are also applic- 
able to the trai l ing edge of other  electrodes. 

Steady t ransfer  of a solute species obeys the equa-  
tion of convect ive diffusion 

v ' ~Tci = D~V~ci [1] 

if, for one reason or another,  electric migrat ion of this 
species can be ignored. This condition applies to a 
neutral  solute and to a minor  ionic solute in a solution 
with an excess of inert,  support ing electrolyte.  The 
equation also applies to a solution of a single e lectro-  
lyte where  the migrat ion terms can be el iminated by 
means of the  e lec t roneutra l i ty  condit ion (1-3). In this 
case, Dr is replaced by the diffusion coefficient of the 
electrolyte.  

The appropriate  form of this equat ion for the diffu- 
sion layer  on a rotat ing disk, including radial  diffusion, 
is 

A y (  Oc~ 8c~ ~ D P afc~ l O ( r O e i ~ l  
r0v--Y )=  [0-7 + r Or [2] 

where  A = a~x/a /v .  For large values  of the Schmidt  
number  Sc =- v/D~, as encountered in electrolytic solu- 
tions, the diffusion layer  is much th inner  than the 
hydrodynamic  boundary  layer, and it is appropriate  to 
approximate  the normal  and radial  components  vy 
and Vr of the veloci ty  by the first te rms of thei r  power -  
series expansions in the normal  distance y f rom the 
disk. This introduces the rotat ion speed ~, the kine-  
matic viscosity v, and the dimensionless constant a 
f rom the solution of the hydrodynamic  problem (4-6) 
where  it is assumed that  the mass- t ransfer  process 
does not influence the hydrodynamics.  

The radial  diffusion t e rm is usual ly  neglected on the 
basis of the thinness of the diffusion layer compared 
with  the radius of the electrode. At  the l imit ing cur-  
rent, this "diffusion-layer  solution" is 

c. fi: 
ci -- 1 ~ (4/3-------'~ e-x3dx [3] 

where  
= y (a~/3Di) i/3 (~l/~) 1/2 [4] 

and gives a uniform current  density on the disk elec- 
trode. 

We wish to consider the effect of radial  diffusion on 
the l imit ing current  density distr ibution at the down-  
s tream end of a diffusion layer, still at high Schmidt  
numbers.  The rotat ing disk electrode is assumed to 
be embedded in an insulat ing plane. The region where  

" Elect rochemical  Society Act ive  Member .  
K e y  words;  cu r ren t  dis tr ibut ion.  

radial diffusion is important is very small, and the 
problem can be treated by a singular-perturbation 
method similar to that used to treat the breakdown of 
the diffusion-layer method at the rear of a bluff body 
(7, 8) and at the upstream end of an electrode em- 
bedded in an insulator (9). 

In the region of radial diffusion near the edge of the 
disk, use stretched coordinates 

X -- (r -- re) (Aro/2Di) i/2 and Y = y (Aro/2D~) 11.., 
[5] 

so that  Eq. [2] becomes 

2r Y 8ci _ 2 y 2  _ _  ( 2D~ ~11"~ Oci 02Ci 

re OX \ ~ro 31 OY OX 2 

82ci ro ( 2Di ']112 c~Ci [6] 

+ + 7 

Neglect ing terms of order  (2DilAte 3) l/2, we obtain 

Oci 02ci 02c~ 
2Y =- n a " - -  [7] 

OX aX 2 oY ~ 

Since ~ -- Y(8DJ9Aro3) 1Is, ~ is small  in this region, 
and the concentrat ion must  match the diffusion-layer  
solution for small  values of L In other  words, the 
region of radial  diffusion is embedded in the diffusion 
layer and 

c~ c~Y ( 8Di ) 118 
C L - - >  - -  - -  

r (4/3) r (4/3) 9Are 3 
asX--> -- ~ o r Y ~  ~ [8] 

Consequently,  let us define 0 as 

ci ( 9Aro3 y / 6  
e - -  r (4/3) ~ ~ - ~ i  / [9] 

Then, O satisfies the differential  equat ion 

OO 830 020 
2Y = - + [10] 

ax ox~ oY 2 

and the boundary  conditions 

1. O--> Y as Y-> ~o 
2. O--> Y as X--> -- r162 
3. o ---- 0 at Y ---- 0, X < 0  [11] 
4. Oo/OY = O at Y ---- O, X > O 
5. 020/0X 2 becomes negligible as X ~ r 

The coordinate s tretching makes the radial  and 
normal  diffusion terms appear  to be of the same mag-  
ni tude in Eq. [10]. At the same time, the hormal  con- 
vection te rm disappears, and the radia l  convection 
t e rm assumes a s impler  form. From the form of the 
problem for O one perceives that  by appropriate  
s tretching of distances and concentrat ion the problem 
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for the effect of s treamwise diffusion at high Schmidt  
numbers  at the downstream end of any  diffusion layer, 
where the electrode is embedded in an insulat ing sur-  
face, can be reduced to the same problem, and the 
results obtained here wil l  also apply to those cases. 

The ratio of the size of the region where radial  diffu- 
sion is impor tant  to the thickness of the diffusion 
layer is (8Di/9Aro 3)1/6 or of the order of the square 
root of the ratio of the diffusion layer thickness to the 
electrode radius. Thus, the size of the region where  
radial  diffusion is impor tant  is much smaller  than the 
diffusion-layer thickness, whereas one might  at first 
have assumed them to be of the same order. For  a 
rotat ion speed of 300 rpm (~ = 31.416 radian/sec) ,  
ro = 0.25 cm, v = 0.01 cm2/sec, and Di = 10 -5 cm2/sec, 
the value of this ratio is (8Di/9Aro 3) 1/6 _ 0.093. 

The fifth boundary  condition means that  radial  diffu- 
sion again becomes negligible far downstream in the 
diffusion layer on the insulator.  This condition can be 
stated more explicit ly by  obtaining the asymptotic 
solution for large X. Seek a s imilar i ty  solution of Eq. 

�9 [10] with the term 820/8X 2 neglected and subject to 
the boundary  conditions 1 and 4. 

O ~  ( 9 X / 2 ) l / 3 f ( ~ )  a s X ~  ~ [12] 
where 

: Y (2/9X) 1/~ [ 13] 

The funct ion f is found to satisfy'  the ordinary differ- 
ential  equation 

~" -}- 3~2f ' --  3~f ~- 0 [14] 

with the boundary  conditions 

f ' =  0 a t e = 0 ,  f ~  ~as~-> ~ [15] 

and the solution 
e - '~  3~ . ~  

= ~ + r(2/3~ r ( 2 / 3 ) " e  x e - x 3  d x  [161 

To effect a numer ica l  solution of the problem for ~, 
we used parabolic coordinates in order to avoid infinite 
derivatives at the origin. The mass- t ransfer  ra te  near  
the edge of the disk is shown in Fig. 1. Here the normal  
derivative of O is mul t ip l ied  by ~ in order to give 
an accurate representat ion of the results; the l imit ing 
current  density becomes infinite near  the edge of the 
disk as 8 e / O Y  -- 0 . 6 0 1 A / - - X  at Y = 0. The recovery 
of the concentrat ion on the insula t ing surface down-  
stream is shown in Fig. 2; the diffusion-layer solution 
is given by 

o o - - o ( X , 0 ) - -  (9X /2 ) l /~ f (O)  = ( 9 X / 2 ) l / 3 / r ( 2 / 3 )  
[17] 

The recovery of the surface concentrat ion is h indered 
by  the back diffusion to the disk and is not so rapid 
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/ ~ " s " ~  Di f  fus ion  - l a y e r  
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Fig. 1. Mass-transfer rate near the edge of the disk when radial 
diffusion is considered. 
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v~ 

Fig. 2. Recovery of the surface concentration downstream of the 
disk. 

as would be predicted by the diffusion-layer solution 
in the absence of radial  diffusion. This back diffusion 
results in the infinite current  densi ty at the edge of 
the disk electrode. (This diffusion layer  solution for 
the surface concentrat ion beyond the disk electrode 
can also be obtained from Eq. [13] or [14] of Ref. (10) 
by lett ing r approach to.) 

The mass- t ransfer  rate shown in Fig. 1 approaches 
the diffusion-layer solution ra ther  rapidly for large 
values of ~ / - - X  in contrast  with the behavior  depict- 
ed in Fig. 2 for the recovery of the surface concentra-  
t ion for large values of ~/X. The reason is that  effects 
are propagated more easily downst ream than  upstream 
in a diffusion layer. 

The correction to Levich's formula for the l imit ing 
current  on a rotat ing disk electrode can now be ob- 
tained. 

/lira 1 ~r~ 80 
! 2~rdr 

/Levich -- ~ro 2 " o ~ -  Y=0 
= 1 + B/ScI/2Re~/4 [18] 

where Re  = ro 2 ~ /v  and 

B =_ 4 , / ~ ] ~  ~o~ / _ X  [ 80 1 ] d ~ / - - X = 1 . 9 1 9 3  
" ~ Y = 0 -  

[19] 

The value of B is obtained from the results plotted in 
Fig. 1. 

For the same values of the parameters  as used in 
the last example, the correction to Levich's formula 
amounts  to only 0.116%. For this system, the Schmidt 
number  correction (11, 12) would be --3.1%, and the 
two effects cannot  cancel. This comparison is of some 
interest  since Levich (13) has discussed data which 
purpor t  to support  his formula rather  than the Schmidt 
number  correction. These data have since been repudi-  
ated (14). 

Figure  3 indicates how a plot of l imit ing current  vs.  
square root of rotat ion speed might  be expected to 
look. Levich's solution plots as a straight line; Eq. [18] 
is represented by a solid curve. Levich's result  is the 
asymptotic solution for large values of  ScRe  8/2. Equa-  
t ion [18] gives the first correction, again valid for large 
values of S c R e  3/2. Addit ional  correction terms would 
become necessary for smaller  values of S c R e  3/2. The 
dotted curve represents  a guess at the t rue  solution; 
the intercept,  4/~, is known  for this curve bu t  not  its 
ini t ial  slope. 

Conclusions 
A s ingula r -per tu rba t ion  procedure allows t rea tment  

of the edge effect for the rotat ing disk for large values 
of S c R e  s/2. A large value  of the Schmidt  n u m b e r  was 
also assumed. The current  densi ty at the edge of the 
disk becomes infinite when  radial  diffusion is taken 
into account, and the recovery of the surface concen- 
t ra t ion is correspondingly less rapid than the diffusion- 
layer  solution predicts. These results allow one to o b -  
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Fig. 3. Limiting current vs. the square root of rotation speed (in 
dimensionless form) in the absence of free convection. 

ta in a correc t ion  to the  classical  fo rmula  of Levich for  
the  l imi t ing  cur ren t  to a ro ta t ing  d isk  electrode.  The 
region near  the  edge of the  disk where  rad ia l  diffusion 
is impor tan t  lies wel l  wi th in  the  diffusion l aye r  for  
large values  of ScRe 3/2. 
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SYMBOLS 
a 0.51023 
A a ~ / a l v  
B See Eq. [19] 

ci Concentra t ion  of the  species of in teres t  (mo le /  
cm 3 ) 

c| Concentra t ion  of the  species of in teres t  outside 
the diffusion layer  (mole / cm 3) 

D~ Diffusion coefficient of the  species of in teres t  
(cm2/sec) 

f See Eq. [12] 
I Tota l  cur ren t  to disk e lect rode (A) 
Nav~ Average  flux to disk e lec t rode  (mole/cm2-sec)  
r Radia l  d is tance f rom the axis of the  disk (cm) 
ro Radius  of d isk  e lec t rode  (cm) 
Re ro212/v, the  Reynolds  number  
Sc v/Di, the Schmidt  n u m b e r  
v F lu id  veloci ty  (cm/sec)  
v,., vu Radia l  and norma l  components  of the veloci ty  

(cm/see)  
X Dimensionless  r ad ia l  dis tance for the  region of 

r ad ia l  diffusion 
y Normal  dis tance f rom the  disk surface (cm) 
Y Dimensionless  no rma l  dis tance for the  region of 

r ad ia l  diffusion 
1 ~ G a m m a  funct ion 
.~ Dimensionless  no rma l  dis tance for the diffusion 

l aye r  
0 Dimensionless  concentra t ion  app rop r i a t e  to the  

region of rad ia l  diffusion 
Kinemat ic  viscosi ty  (cm2/sec) 
Y (2/9X) 1/3 
Rotat ion speed ( rad ian / sec )  
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ABSTRACT 

Isosurface concentrat ion vo l t ammet ry  (ISCVA) at a rotat ing disk elec- 
t rode has been applied to the measurement  of kinetic and thermodynamic  
quanti t ies  of simple electron t ransfer  steps. The technique involves scanning, 
or modulat ing,  current  through an electrode and measur ing its potent ial  
while  holding the surface concentrat ions of electroact ive species constant. 
Exper imenta l ly ,  this is accomplished by keeping the ratio i/w 1/2 fixed. The 
theoret ical  basis of the procedure is outl ined for the advantageous condi- 
t ion of a l inearized rate equation. The general  application of the controlled 
concentrat ion polarization method to kinetic exper iments  is discussed. 

The ra te  of the simple electron t ransfer  

Ox + ne = Red [1] 
may  be wr i t t en  a s  

i = --io [exp (--anr -- exp (1 -- a) nr [2] 

where  2 
io : nFv [3] 

and 
v : koCol-aCR a [4] 

Anodic currents  and overpotent ia ls  a r e  t rea ted as 
positive. In the case 

M +n 4- n e  : M [5 ]  

V "-- koCl-aM+,~ [6] 

The in terpre ta t ion of cur ren t -poten t ia l  data is f re-  
quent ly  complicated by concentrat ion overpotentials .  
The usual technique in this si tuation is to calculate 
the magni tude  of this overpotential ,  or to obtain a 
function which may  be ext rapola ted  in an appropriate  
manner  to e l iminate  it. The rotat ing disk electrode, 
because of its wel l -def ined mass t ransfer  conditions, 
has been used to t reat  the concentrat ion overpotent ia l  
problem, and several  approaches are given elsewhere 
(2-6). 

Another  problem, always present  when current  
flows, is the de terminat ion  (or el iminat ion during the 
exper iment )  of any ohmic contr ibutions to the elec-  
t rode potentials.  Potentiostat ic  exper iments  are par-  
t icular ly  sensitive to such problems and usual ly re-  
quire  rea l - t ime  (e.g., positive feedback) correction, in 
contrast  to cont ro l led-cur ren t  techiques which can be 
corrected for ohmic effects af ter  data acquisition. 

If i-%] data are in terpre ted  under  conditions such 
that  the surface concentrations, Co and CR, or CM+n, 
are constant and known, the evaluat ion of ko and 
f rom [2] and [4] is grea t ly  simplified. As was pointed 
out ear l ier  by us (7), mass t ransfer  at the rotat ing disk 
electrode can be automat ical ly  control led to achieve 
these surface concentrat ion conditions. 

While it is, in principle, possible to obtain the data 
corresponding to these conditions manual ly  wi thout  
automatic  p rogramming  of angular  velocity, the nu-  
merous practical  problems encountered with  the use of 
solid electrodes dictate that  data be acquired as rapidly 
as possible. Our exper ience  indicates that  automatic  
control is far  superior to o ther  techniques.  

* Electrochemical Society Active Member. 
z Present address: Department of Chemistry, State University of 

New York at Buffalo, Buffalo, New York 14214. 
Key words: rotating disk voltammetry, controlled concentration 

polarization, metal anodization. 
Symbols are tabulated at the end of this paper. Actually. this 

definition of io does not include the double-layer effect, activities, 
or stoichiometric numbers. These considerations may be incorpo- 
rated in our expressions as summarized in Delahay's monograph (1). 

It follows direct ly  f rom the Levich  equat ion 

i = • 0.62 nFD213v-ll6~ll2(Cjb -- Cj) [7] 

that, in a given solution, a constant surface concen- 
tration, C, is produced for any value of lil ~ JiLl by 
holding the ratio i/~ I12 constant (4- sign in [7] when 
j = R, -- sign when j = O). The latter condition is 
relatively easy to achieve and was used to evaluate the 
uncompensated ohmic potential drop in a situation 
where mass transfer, rather than electrode kinetics, 
determines the current-potential curve [method HP2 
of (7)]. In this paper, we develop the theoretical basis 
for determining k ~ a, ohmic contributions, n, and the 
Nernst potential for systems described by [2], using 
i-E data obtained by scanning i at constant i/~ 1/2. We 
now refer to the procedure of obtaining {-E curves 
while scanning i at constant i/oP/2 as isosurface con- 
centration voltammetry, ISCVA, since we feel this 
term is descriptive of the experiment. 

Experimental verification of the theoretical results 
is given for Fe (Ill)/Fe (If) in 1.0M H2SO4 at platinum 
and in 0.1M HC1 and 1.0M NaC1 at gold. The extrapo- 
lation of the i-E curve to i = 0, for data obtained at 
constant i/~ I/2, yields the equilibrium potential for the 
system studied, free of kinetic and ohmic complications. 
Such data are presented for the anodic oxidation of 
Ag, Cu, and Hg, in addition to the Fe(III)/Fe(II) 
studies. 

Theoretical 
Separation of charge transfer  overpotent ial  1tom 

ohmic potential drops in the linear overpotential  re-  
g ion. - -As  will  soon become evident,  the method de- 
scribed in this paper  is par t icular ly  well  suited to the 
study of fast electron t ransfer  processes, i.e. to large 
values of ko (and io). For  the situation in which the 
convective-diffusion current  density, i, of [2] and [7] 
is much smaller  than io in [2], then  

i = ~ hen [8] 

is a good approximat ion to [2] (1). In our experiment ,  
the observed overpotential ,  %]exp, (and potential,  Eexp) 
is given by 

~]exp = %] 4- iARu ---- Eexp -- Eeq [9] 

Eeq depends on the constant value of i/w I/2 being 
used, and [i0] gives Eeq for the Ox/Red system 

1 Co 
Eeq = Ef + '-" In [i0] 

nr  CR 

Combining [8] and [9] yields 

i 
Eexp --- Eeq -{- . 4- iARu [11] 

zon# 

1 0 8 2  
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From [11], we  see tha t  the  plot  of Eexp vs. i gives a 
s t ra ight  l ine tha t  ex t rapo la tes  to the  equi l ib r ium po-  
tential ,  Eccl. The charge  t ransfe r  resistance,  R~, is de-  
fined as 

( O n )  1 
Rp - ~ nq~io [12] 

i ~ 0  

Hence, the  slope of E~xp vs. i in [11], Rexp, is 

Rexp = Rp q- ARu [13] 

When  Rp > >  AR, ,  the  expe r imen ta l  slope corre-  
sponds to the charge  t rans fe r  resistance.  I f  ARu can-  
not  be neglected,  we subst i tu te  [3] and [12] into [13] 
to obta in  

1 
Rexp --  - -  -[- ARu [14] 

~nfFv 

We note tha t  v is a function of ko and surface con- 
cent ra t ions  (see [4] and [6]) ,  so tha t  plots  of Rexp vs. 
the concen t ra t ion-dependen t  pa r t  of v would  y ie ld  
s t ra ight  l ines of s lope ( r  = 1//o.s and in te r -  
cept AR, .  These surface concentra t ion dependencies  
can be expressed expl ic i t ly  in te rms of the bu lk  con- 
centrat ions,  impressed  current ,  l imi t ing convect ive di f -  
fusion currents ,  and  o ther  pa r ame te r s  occurr ing in 
the  Levich equation.  These re la t ions  are  given in 
Table I for a number  of cases. 

One s imple  si tuation,  which  we have expe r imen ta l ly  
invest igated,  occurs if only  Ox is p resen t  in solution. 
F rom Table  I, we  wr i t e  

[ ] v : ko -~o ( 1 - - f ) l - ~ ] =  C ~  2 Co ~ [15] 

where  f : i/ic. The fac tor  �89 on the r ight  side of [15] 
compensates  for the  va lue  of (1 --  f ) l - ~ f ~  being �89 at 
i/i~ : �89 Subs t i tu t ing  [15] into [14] y ie lds  

2 
Rexp = + AR~ [16] 

r ~ 

k~i, p m a y  be obta ined f rom [16] by  plot t ing Rexp vs. 
(Co ~) -1, while  f is held  constant  th roughout  the  ex-  
pe r imen t  (constant  f corresponds to constant  i/~1/2). 
One can then repea t  the  above expe r imen t  at  different  
constant  levels of f (or i /~ 1/2) and obta in  the cor-  
responding values of kapp. The value  of AR~ obta ined 
in such a series of exper imen t s  wi l l  be constant ,  p ro -  
v ided  the Luggin  capi l la ry  is r ep roduc ib ly  posi t ioned 
wi th  respect  to the  d isk  electrode and the solution re -  
sistance is de te rmined  solely by  the suppor t ing  elec-  
t rolyte .  

Al te rna te ly ,  once AR~ has been de te rmined  for one 
f value,  kapp m a y  be d i rec t ly  ca lcula ted  f rom [17] 

Table I. Surface concentration-current function 

S p e c i e s  
p r e s e n t  

R e a c t i o n  i n  b u l k  C u r r e n t  f u n c t i o n  f o r  v / k o  

Ox 

Ox + nc  = Red Red 

M+- + w,e = M 

Ox a n d  R e d  

N o t h i n g  

M+n 

I S O S U R F A C E  C O N C E N T R A T I O N  V O L T A M M E T R Y  

2a 
DR a co<1- 

2 (l-u) 

C e  b - -  1 - 

i 2) 1-a (C b~l+,, + kZ~/.' 
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2 
kapp = [17] 

r b (Rexp -- ARu) 

using the expe r imen ta l  values  of Rexp and Co b. 
in  the  Ox /Red  system, ARu can be ob ta ined  f rom 

plots of [16] wi thout  a priori knowledge  of a. In  the  
M/M +n system, l inear iza t ion  of the  corresponding 
form of [17] requi res  curve-f i t t ing  to de te rmine  the 
va lue  of the  exponent ,  (1 --  a) ,  tha t  appears  in the  
cur ren t  functions given in Table I. 

Evaluation of ko and a . - - I n  the  Ox /Red  system when 
CR b = 0, ko and a can be ob ta ined  f rom kapp and f by  
t rans forming  equat ion [15] to [18] 

kapp = log ko ( D  _oa ) 2~/3 ( l - - f )  
log 2f -[- (1 -- ~) log f 

[18] 

and plotting log ka,p/2f vs. log [ (I  -- f)/I]. Provided 
is not  potent ial  dependent,  a s t ra ight  line of slope 
(1 --  a) wi l l  be obtained.  At  f = l/z, log [(1 --  f ) / f ]  = 

0, and we obta in  
( D o )  2a/3 

ko = "~R (kapp)t=l/2 [19] 

AS in al l  k inet ic  techniques  involving concent ra t ion  
polarizat ion,  the  evaluat ion  of ko requi res  the diffusion 
coefficients of Ox and Red. However ,  even for r e l a -  
t ive ly  large rat ios of Da/Do, an accura te ly  known 
is not  requi red  to obtain a re l iab le  value  of ko. For  ex-  
ample,  wi th  Da/Do = 1.25, and  ~ ~ 0.5, choosing 

= 0.4 or 0.6 leads  to a re la t ive  e r ro r  in ko of 1.5%, 
while  twice as large  an er ror  in a is 3% in ko. Hence, 
if only  ko is required,  no serious e r ror  would  be made  
where  a is not  n 0  or ~ 1  if  kapp were  de te rmined  at 
f = �89 and [19] were  used assuming a = u 

Different ia t ing [18] wi th  respect  to f y ie lds  

d l n k a p p  ~ ( i - - a )  
df  - f - ~ [20]  

From [20], we see ~hat the  m a x i m u m  va lue  of kapp, 
and thus  io, occurs at f --  ~. Hence, the  m a x i m u m  in 
the  kapp vs. f plot  might  be used to de te rmine  a. Our  
expe r imen ta l  resul ts  indicate  tha t  de te rmin ing  the 
slope of [18] is p re fe rab le  since io is r e l a t ive ly  in-  
sensi t ive to f var ia t ion  in the  region of ~ = a. 

We do not exp l ic i t ly  state equat ions analogous to 
[15]-[20] for the other  cases l is ted in Table I, since 
we  do not  m a k e  use of t hem in this  paper .  

Determination of Eeq and n . - -F requen t ly ,  the t he r -  
modynamic,  r a the r  than  the kinetic,  pa rame te r s  of a 
redox couple are  of the most  interest .  In  vo l t ammet ry ,  
ohmic potent ia l  drops and ,] m a y  in ter fere  in obta in ing 
Eoq. In  such a case, in t he  l inear  overpoten t ia l  region, 
Een at  different  points  on the cur ren t  po ten t ia l  curve 
can be obta ined f rom the in tercept  of [11]. This ex -  
t rapola t ion  procedure  will,  in general ,  r emove  kinetic 
and uncompensa ted  ohmic po ten t i a l  drop compl ica-  
tions. 

In  the  O x / R e d  sys tem whose kinet ics  we re  con- 
s idered in deta i l  above  for CR b = 0, the  revers ib le  
i-E curve is 

2 DR 1 ic -- i 
Eeq = Ef + In + -- I n - -  [21] 

3n~ Do n~ i 

Hence, using the values  of Eeq ( f rom extrapola t ion,  as 
above) and the o rd ina ry  vo l t ammet r i c  plot  of Eeq vs. 
In [(iv -- i) / i] ,  we obta in  E 5 and n. In  essence, the ex-  
t rapola t ion  based on [11] a l lows the s imple and rap id  
conversion of mode ra t e ly  i r revers ib le ,  a n d / o r  /R-d i s -  
to r ted  cu r ren t -po ten t i a l  curves  to the i r  revers ib le  form. 

The la t te r  t ransformat ions  should be va luable  in a 
number  of cases. These include measurements  in non-  
aqueous media  of modera te  resistance,  in Deford-  
Hume type  (8) de te rmina t ions  of s tab i l i ty  constants  of 
s l ight ly  i r revers ib le  couples, and  in s i tuat ions where  it 
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vs. 0 from Eq. [2 ] .  Alpha Fig. 1. Plot of Q = 

values of 0.2-0.8 indicated on curves. 

is convenient  to electrogenerate a reactive or re lat ive-  
ly unstable  species, Ox or Red, and direct potent iom- 
etry is difficult. 

Applicable range o] linearized equations and their 
use outside these limits.--Considerable discussion of 
the range of val idi ty  of [8], the l inearized form of the 
general  rate equation [2] for charge t ransfer  control, 
has appeared in the l i terature fo r  par t icular  experi-  
menta l  conditions. In  Fig. 1 we have plotted 

Q - -  

vs. o according to [2] for ,~ values of 0.2-0.6. 
The deviat ion of Q from uni ty  is a measure of the de- 
par ture  of [8] from l inear i ty  at that  par t icular  value 
of ~. In  our method of recording E~xp vs. i at constant  
i/col/2, the slope of the E~xp-  i trace, R~,~p, is the 
parameter  of interest. The l inearized form of the 
ISCVA method u l t imate ly  fails at large o. However, 
as is apparent  from Fig. 1, the deviat ion of Q from 
the theoretical  value becomes less the closer n ap- 
proaches zero. 

If an ISCVA plot shows curvature,  the tangent  to the 
I-E curve at the lowest value of i (and ~1/2) should 
be measured to minimize errors arising from l inear i -  
zation limitations. This tangent  yields R~p, and thus 
Ru and kexp via [16], and thermodynamic  quant i t ies  
from the potential  at which the tangent  intersects 
i = 0 .  

Figure 1 may now be applied to obtain a practical 
l imit for the ISCVA method by first choosing the 
m a x i m u m  acceptable error, i.e. the Q value. We then 
determine the ~1 level corresponding to this error (ig- 
nor ing any fur ther  exper imenta l  error in drawing the 
tangent  to the i-~l curve) and express it in terms of 
the m i n i m u m  value of ko and other parameters  occur- 
r ing in the Levich equation. 

For example, consider the case represent ing the ex- 
per imenta l  example reported in  this paper, the re-  
duction of Ox (Fe ( I I I ) )  to Red ( F e ( I I ) )  at the disk. 
We el iminate i be tween [7] and [8] obtaining 

- -  ior : 0.62 F Do 2/3 v -1/6 w 1/2 (Co b -- Co) [22] 

io is e l iminated from [22] and ko introduced by sub-  
s t i tut ing [3], [4], and [15], yielding 

0.62 Do 2/3 v -1/6 ~1/2 (Co b _ Co) 
ko ~ [23] 

2~b]~lmax]Co 1-a CR a 

From [23], we see that  the m i n i m u m  value of ko for 
which the l inearizat ion technique may be applied is 
determined by  the value of 0 corresponding to the 
max imum acceptable error in the slope. The m i n i m u m  
ko value depends on the surface and bulk  concentra-  
tions, and [23] is convenient ly  wr i t ten  in terms of S. 
For simplicity, we assume that  Do ~- DR; then  

J u l y  1971 

Co : (1 -- f) Co b [24] 
and 

Cn = Ca ~  b =  (Co b - C o )  + C R  ~ [25] 

The largest value of ko (worst case) occurs if Ca b 
in [25] is zero. Under  these conditions, [23] becomes 

0.62Do2/3v-1/6 ( j y - a  

ko ~ 2 ~]0maxl \ ' 1 - ~  / [26] 

At ] = 1/2 
0.62 Do 2/3 ~-l/e ~1/2 

ko ~ [27] 
2 ~b ] 0 m a x  ] 

Assuming Do = 8 x 10 - s  cm2/sec, v = 1/64 cm2/sec, 
and a conservative lower l imit of rotat ion speed 

( rad  ) ' /2  
w I / 2  " - "  6 . 5  ~ S--~-C ~ (400 rpm)1/2 

we obtain from [27] 

41 • 10 -3 
ko ~ cm/sec [28] 

Nmax] 

For the solvent system we studied, Fe ( I I I )  in 1.0M 
H2SO4, D = 4.5 x 10 -6 cm2/sec, hence, instead of [28], 
ko ~ 31 x 10-3/[0max[ cm/sec. In  this case, we found ko 

6 x 10 -3 cm/sec and ~ ,~ 0.5 using the theory based 
on Iinearization of the overpotentiaI  relation. Hence, 
our in terpre ta t ion of the exper imenta l  data  would be 
valid to wi th in  1%, provided all slopes were obtained 
for ISCVA data at 0 - -  5 mV. At  400 rpm, 0 ~- 5 mV 
when f = 1/2, and the use of slope data obtained under  
these conditions does not introduce any errors. Even 
at the ma x i mum speed of our apparatus,  10,000 rpm, 
the error  in the slope for the Fe ( I I I ) / F e  (II) system is 
only ~ 10%, and it is difficult to detect the curvature  
in the ISCVA plot. 

The form of [27] indicates that  the opt imum appli-  
cation of the ISCVA method requires careful choice of 
electrode mant le  shape (11) and ~ scan rate  in order 
to ma in ta in  Levich behavior  at the lowest possible 
,~1/2 ( 0 ) .  

Since the derivat ive (On/Oi)c in the l imit  i-> 0 is the 
value sought, other exper imenta l  approaches to im-  
prove the accuracy of its exper imenta l  estimate may 
be taken when ko becomes too small  (or a is very 
different from 0.5). For  example, an angular  velocity 
modulat ion procedure to be outl ined below gives 
(~n/Ai)c directly with higher precision. Plots of 
(Ao/Ai)c for different values of i can be extrapolated 
back to i = 0, ra ther  than taking the tangent  at the 
lowest i actually measured. If such a l inear  extrapo- 
lat ion to zero i is used, we find that  there is a threefold 
or more reduction in the m i n i m u m  error predicted by 
Fig. 1 for the estimate of (~o/~i)~=0. Our present  ap- 
paratus provides for superimposed angular  velocity 
modulat ion (9) and has been applied to direct measure-  
ment  of (• vs. i under  ISCVA scanning condi- 
tions. However, in the F e ( I I I ) / F e ( I I )  cases, it was 
not necessary to scan the current  while modula t ing  o,. 

Considering [24], [25], and [26], we see that  using 
lower f -values  and having CR b > 0 wi l l  cause the 
l inearizat ion approximation to be valid at lower ko- 
values. This approach becomes impractical  as CR/CR b 

1, i.e. when the current  is small  enough that  l i t t le 
or no concentrat ion polarization occurs and the ISCVA 
procedure becomes superfluous. 

If the values of ko and a are such that the l inear  
approximat ion is not valid, two addit ional  cases re-  
main. If the reaction is so slow that  all the accessible 
Levich constants lie in the Tafel region, coavent ional  
logarithmic t ransformat ions  can be used, without  in-  
t roducing any ambigui ty  arising from variat ions in 
surface concentrations.  In  the overpotential  region 
lying between the Tale1 and  l inear  regimes, the data 
may be fitted graphical ly to an Al len-Hickl ing  plot 
(1, 10), if an estimate of the equi l ibr ium potential  can 
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be made. Alternately,  ko, a, and Ef can be obtained 
solely from ISCVA data using a nonl inear  least-squares 
technique. 

The facile control of surface concentrat ion via the 
ISCVA method is of substant ia l  ut i l i ty  outside the 
l inear  i-*l region. In  contrast, most relaxat ion methods 
(12-14), whose theory is based on l inear i ty  assump- 
tions, cannot be used when ~ becomes large. Thus, 
using the ISCVA method, steady-state data can be 
taken and used to calculate kinetic parameters  over 
v i r tua l ly  the entire range  of known reaction rates. 

For ext remely  fast electron t ransfer  processes, the 
l imitat ions on the ISCVA method become exper imenta l  
ra ther  than theoretical. Overpotentials  for high ko- 
values are small, and the uncompensated ohmic poten-  
tial may become greater  than  ~. Our approach to ex- 
tending the ISCVA method to very  fast processes 
(io.~ ~, 40 A/cm~) involves addit ional  refinements to 
the ,~l/~-modulation method in a way that  retains 
steady-state mathematics  and will  be t reated else- 
where  (15). 

Experimental  

Apparatus and materials .--The i/~ t/2 scanning 
scheme, electrode construction, cell, and electronics 
are similar  to those described previously under  method 
HP2 (7). A detailed description of the, present  motor 
control apparatus is given elsewhere (9), including 
the velocity modulat ion circuitry necessary to perform 
the step changes in hi(hr 1/2) at constant  i/~ 1/2. All 
data reported below refer to hydrodynamic  conditions 
that  allow the use of the Levich equation. Nonsteady-  
state aspects of the velocity programming are dis- 
cussed in the previously cited reference (9). 

Solutions were prepared from t r ip ly  distilled water  
and reagent-grade chemicals (electronic-grade acids) 
without  fur ther  purification. All  Fe ( I I I )  solutions 
were analyzed volumetr ical ly  using Ce(IV) .  Concen- 
t ra t ion studies were made by  adding increments  of 
Fe( I I I )  stock solutions prepared in the same electro- 
lyte to known  volumes of that  electrolyte present in 
the cell. 

Gold, plat inum, silver, and copper electrodes were 
polished to a 0.3~ Linde A finish. A mercury  disk was 
prepared from a gold disk of 0.317 cm 2 area by amal-  
gamating with a drop of mercury  and spinning the 
excess off at I0,000 rpm to provide a fiat mercury  sur-  
face. All  other disk areas were measured to be wi th in  
1% of 0.178 cm 2. For the gold and p la t inum kinetic 
studies, the surface states of these electrodes were 
critical in de termining the measured levels of ko. In 
the 0.1M HCI-I.0M NaC1 studies, the gold electrode 
was anodized before oY~ scans at cur rent  densities 
comparable to those being used in the next  experiment.  
This pre t rea tment  converted the electrode surface to 
a reproducible state, giving it a mat te  finish. On a 
surface that retained a polished appearance, the ap- 
parent  rate constants were lower and less reproducible. 
Such surface effects are well  known in the s tudy of 
heterogeneous rate processes. These rate constant  dif- 
ferences are thought  to arise both from impur i ty  ad- 
sorption and surface area changes. Similar  phenomena 
were found for Pt  in 1M H2504, bu t  we were not able 
to obtain as reproducible surfaces solely by anodiza- 
tion. Instead, we employed a technique first used by 
Johnson (16) to counteract  inhibi t ion effects in oxygen 
reduction. If 10-SM P t ( IV)  is added to the solution, 
p la t inum deposits cont inual ly  dur ing  the reduction of 
Fe (III)  and produces a re la t ively reproducible surface. 
In  the absence of P t ( IV) ,  the rate  constants we found 
varied over a twofold range. This var ia t ion was ob- 
served in several separate exper iments  over a period 
of t ime using different solutions. The largest ko values 
approached that  obtained with in situ platinizing~ 
Johnson's  technique typical ly increased the surface 
area by about 50%, as measured by comparing the 
coulombs used in p l a t inum oxide reduct ion before and 
after platinization. 

Procedure.- -The following procedure was used to 
study the reduction of Fe (III)  in 0.1M HCI-I.0M NaC1 
at gold and in 1.0M H2504 at p la t inum:  (a) An incre-  
ment  of Fe ( I I I )  stock solution was added and the i-E 
curve at a constaht ~ (ordinar i ly  2500 rpm) was deter-  
mined;  (b) the l imit ing current ,  ic, [or ia for F e ( I I ) ]  
was measured;  (c) the apparatus  was adjusted to pro- 
duce the desired surface concentrat ion of Fe (I I I ) - -e .g . ,  
to obtain f ---- 1/4 ---- C/Cb, i/~ 1/2 was adjusted to 3/4 
(ic/oP/2); (d) i was scanned, holding i/~ 1/2 constant, 
and Eexp recorded vs. i. 

Equations [18] and [21] require  the value of the 
ratio (DR~Do)2/3 -- ic/ia. These mass t ranspor t  param-  
eters for Fe ( I I I )  and Fe( I I )  were determined from 
ic and i~ data obtained by repeat ing steps (a) and (b) 
above at constant  ~ to cover the desired Cb range. 
Results from one typical  set of such data for Fe( I I I )  
in 0.1M HC1-0.1M NaC1 at 2500 rpm are given in Fig. 2. 

The ~ determinat ion procedures require precise es- 
t imation of Rexp. When it is established that  h~/• 
accurately represents Rexp ([8] is valid) ,  a significant 
improvement  in the precision of Rexp is obtained by  
superimposing a square-wave  modulat ion on a constant  
i/~ 1/2 condition, again while holding the value of 
(i ~ ~ i ) / (~  ~- h~) 1/~ constant  (9). Measurement  of the 
modulated par t  of the potent ia l  and current  produces 
~ values as a funct ion of hi. 

This modulat ion technique is decidedly advantageous 
in solid electrode studies, where surfaces may be al- 
tered in a t ime-dependent  m a n n e r  when  they are ex- 
posed to wide changes of cur ren t  and potential.  Modu- 
lat ion methods are par t icular ly  wel l  adapted to repet i-  
tive measurements  and signal averaging. The direct 
reading of the necessary hi and ~ values may be done 
numerous  times wi thin  the period required for a 
s teady-state  scan determination.  These factors all con- 
t r ibute to increased accuracy and reproducibi l i ty  in 
the value of h~l/hi. 

Results and Discussion 
Evaluation of ko.--A set of ISCVA plots for Fe( I I I )  

in 1M H2504 for f = 0.5 at p la t inum is shown in Fig. 3. 
The data are linear, considering the dxperimental  
error, as predicted by [11], wi thin  the l imitat ions sug- 
gested by [27]. They are plotted, according to [16], in 
the form of Rexp vs. 1~Co b in Fig. 4. The major  source 
of deviation is the sensi t ivi ty of the surface to pre-  
t reatment .  The data sets obtained with 10-SM Pt  (IV) 
present  are similar except for a decrease in slope cor- 
responding to a slightly higher io.s. The data in Fig. 4 
represent  the highest kexp found when only anodic pre-  
t rea tment  of polished p la t inum electrode was used. 

ISCVA kinetic data for Fe ( I I I )  in 0.1M HCI-IM 
NaC1 for f ---- 0.5 at gold are shown in Fig. 5 and 6. The 
data of both Fig. 4 and 6 are l inear  as predicted by 
[16]. The least-squares values of AR~ from the in ter -  
cepts of these figures are 2.5 -+- 8.5 and 5.3 __- 3.6 ohms, 
respectively. Independent  in te r rup te r  (16) estimates 
of AR~ (5 and 8 ohms, respectively) were wi th in  the 
error range of the intercepts. Values of AR~ calculated 
according to Newman (17) were 4 and 7 ohms, re- 
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- ~  t .8 
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4 8 12 ~6 20 24 28 3Z 
mM Fe( I IZ)  

Fig. 2. Plot of ie vs. Fe(lll) concentration in 0.1M HCI-1.0M 
NaCI for 0.178 cm 2 gold disk rotated at 2500 rpm. Least-squares 
slope ---- 111 • 3 #A/mM, DFe+3 ---- (5.12 ~ 0.2) 10 - o  cm2/ 
sec. 
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Fig. 3. Normalized ISCVA plots for the reduction of Fe(lll) in 
IM H2SO4 at Pt as a function of CbFe(nZ). f = 0.5. Tracings of 
actual data shown. The ordinate ll is defined as Eexp - -  (Eexp) ~o" 

~o,1 refers to ~1o for curve 1. The vertical sensitivity is 5 mV/ 
indicated division. Abscissa plotted as fraction of maximum current 
(at 10,000 rpm). Concentrations of Fe(lll) are: 1--0.50, 2 4 . 9 9 ,  
3--1.96, and 4--4.75 raM, respectively. The maximum currents 
are 51.2, 101.4, 232.0, and 559 #A, respectively. 
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Fig. 4. Plot of Rexp vs. 1~Co b for data of Fig. 3. Rexp values 
taken from slopes of corresponding Fig. 3 traces. Least-squares 
intercept ---- 2.5 _ 8.5 ohms, slope ---- 0.216 "+- 0.03 ohm-molar, 
io,s ----= 0.66 A/cm2-molar, ko = 6.8 x 10 . 3  cm/sec. 

spectively. The uncertaint ies  in the intercept  of [16], 
ARu, are not critical as long as the uncer ta in ty  in the 
slope, which yields kapp, is low. This is the case for 
the Fe( I I I )  system at the 1-10 mM concentrat ion level. 

The range of ko values obtained at polished p la t inum 
was 3-6.5 x 10 -8 cm/sec in 1M H2SO4. For the p la t in-  
ized surface, ko ---- 7.5 x 10 -3 cm/sec. The lat ter  value 
is consistent with the values we found for ko on 
polished p la t inum after the ,-,50% increase in area is 
taken into account. Copa (17) has summarized the 
l i terature  values of ko for this system, and the range 
of previously reported values includes our results. 

The values of ko obtained at gold from Fig. 6 and 
from Fig. 8 below are 5.5 and 5.7 x 10 -3 cm/sec, re-  
spectively. The support ing electrolyte of 0.1M HCI-IM 
NaC1 is about the same as that  of Barnar t t  (20) who 
reported the higher value of ko > 3 x 10 -2 cm/sec on 
the basis of a potential  step method employing positive 
feedback to provide IR compensation. However, Bock- 
r i s e t  al. (21), using a galvanostatic method, found ko 
in 1M HC1 at gold to be about the value found by the 
ISCVA technique. 

Evaluation of a . - -The determinat ion of a for a 9.7 
mM Fe( I I I )  solution in 0.1M HCI-1M NaC1 at a gold 
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Fig. 5. Normalized ISCVA plots for reduction of Fe(lll) in 0.1M 
HCI-1.0M NaCI at gold as a function of Cbver f = 0.50. 
Concentrations of Fe(lll) are (in mM): I --1.28, 2--1.60, 3---2.22, 
4--2.83, 5--.4.63, 6--6.37, 7 4 . 0 3 ,  8--10.16. Maximum currents 
(in #A) are: 1--145, 2--181, 3--251, 4 -320 ,  5--523, 6--720, 7-- 
907, 8--1,148. Other data some as in Fig. 3. 
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Fig. 6. Plot of Rexp vs. 1~Co b for data of Fig. 5. Rexp values 
taken from slopes of corresponding Fig. 5 traces. Least-squares 
intercept 5.3 ~ 3.6 ohm, slope = 0.270 __ 0.024 ohm-molar. 
io,s ~- 0.53 A/cm2-molar. ko = 5.5 x 10 -3  cm/sec. 

electrode was performed in two ways: (a) by plott ing 
kap, vs. f according to [20] to produce a curve with a 
ma x i mum in kapp at a----f, Fig. 7, and (b) according 
to [18] by plott ing log kapp/2f vs. log [(1 -- f ) / f ]  which 
gives ~ from the slope, Fig. 8. The Rexp data were ob- 
tained using the more precise modulat ion procedure as 
discussed earlier. All  Rexp data were corrected to R~, 
values using the least-squares estimate of ARu ob- 
ta ined from the intercept  of Fig. 6, and kapp was then 
calculated from [17]. 

In  Fig. 7, theoretical  io -- f plots for a ---- 0.4, 0.5, and 
0.6 are given along with a plot of the exper imental  
data. The maxima of the i o -  f plots are broad and 
visual  inspection of Fig. 7 leads to an estimate of 
a = 0.5 • 0.05. The graphical procedure using [18] in 
Fig. 8 yields a = 0.48 and is the preferable technique. 
The a-values collected by Copa (19) for 1M H2SO4, 
rather  than CI- ,  range from 0.46 to 0.62. The plots in 
Fig. 8 deviate from l inear i ty  at values of (1 -- f ) / f  re-  
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Fig. 7. Plot of io vs. f for 9.7 mM Fe(llt) in 0.1M HCI-1.0M 
NaCI at gold. Data from modulation procedure, calculated as de- 
scribed in the text. Also shown are theoretical io-f plots for a ---- 
0.4, 0.5, and 0.6 (dashed lines). The maximum of each a curve is 
made coincident with the experimental curve at a = f. 
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Fig. 8. Plot of log kapp/2f vs. log [( l  - -  f ) / t ]  for data of Fig. 

7. Slope, from linear portion, is I - -  a = 0.52. (kapp/2f) f=l /2  = 
5.85 x 10 -3  cm/sec. 
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Fig. 9. ISCVA data for 9.7 mM Fe(lll) in 0.1M HCI-I.0M NaCI 
solution at gold at different values of f. Actual data shown. Eeq 
obtained by the extrapolation to zero current of each tracing is 
indicated, f values for the experimental lines are 1--0.260, 2--- 
0.312, 3--0.364, 4--0.416, 5----0.468, 6--0.520, 7--0.572, 8 - -  
0.624, 9--0.676, 10--0.728, i I---0.780. 

moved from unity.  The curva ture  of high f is par t ly  
due to the deviation of A~/Ai from theoretical values, 
i.e. [26]. Changes of a over extended potential  ranges, 
par t icular ly  when  using our simplified form of the 
rate equation [2], may  be responsible for the curvature  
at low f values [see Delahay (1)].  

Evaluation of Ef and n.--Eeq was determined as a 
funct ion of f using the above-ment ioned 9.7 mM 
Fe( I I I )  solution in the chloride electrolyte. ISCVA 
scan measurements  were  in terpre ted using [11], and 
the data used for the extrapolat ion of Eexp to zero 
current  are shown in Fig. 9. The i-E plots in Fig. 9 are 
all linear, some over a re la t ively large E range. This 
is not inconsistent  with the e r ro r  conclusions based 
on Fig. 1 since (a) in 9.7 mM Fe( I I I )  the IR drop rep-  
resents about 25% of 1lapp and (b) the value of 
(----0.48) is almost opt imum for minimized deviat ion 
from lineari ty.  

The plot of Eeq vs. log [(1 -- f ) / f ]  according to [21] 
(f is subst i tuted for i/ic) is given in Fig. 10. The slope 
of this plot yields 1/2.303 no ---- 60 mV, in keeping with 
a one-electron redox process. Using the value of Eeq at 
f = 1/2, the diffusion coefficient ratio for Fe (III) and 
Fe( I I )  previously obtained from the ic/ia ratio, and 
[21], a formal potential,  Ei, of 470 mV vs. SCE is 
found. The lat ter  value is in  satisfactory agreement  
with the values of Barnar t t  (20). He reported 465 and 
464 mV, on the basis of potentiometric  data for 40 and 
200 mil l imolal  total  Fe ( I I I )  and Fe ( I I )  solutions, re-  
spectively, in near ly  the same electrolyte. 

The original Eexp vs. f data were used to obtain a plot 
of Eexp at 2500 rpm vs. log [(1 -- f ) / f ] .  This conven-  
tional vol tammetr ic  plot is included in Fig. 10 and has 

5 0 0  

4 8 0  

d 4 6 0  
r 

4 4 0  

4 2 0  

4 0 0  - -  

8 6 m Y  

I I I I I l I 
0.1  0 . 2  0 . 3  0 . 5  0 . 8  I 2 5 

1 - - f  

f 

Fig. 10. Plot of Eeq vs. log [(] - -  f ) / f ]  from zero i extrapolations 
of Fig. 9 traces. Experimental slope is 60 inV. A plot using Eex p from 
the 2500 rpm current points of Fig. 9 showing slope 86 mV is also 
included. 

a marked ly  irreversible slope of 86 mV/decade.  It  is 
apparent  that a single convent ional  i-E curve obtained 
at constant ~ is of little value in est imating n or E 1. 
In lieu of the ISCVA technique, the tedious manuaI  
procedure involving (a) the de terminat ion  of i-E 
curves at different constant  angular  velocities, fol-  
lowed by (b) plott ing Eexp vs. i at constant  $ to obtain 
Eeq at i ---- 0 could be used to obtain n and Ei by means 
of [21]. 

When the scan data in Fig. 10 were used in a plot 
equivalent  to Fig. 7, they gave considerably more 
scatter and a much less precise estimate of a as com- 
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Fig. 11. Plot of ~'eq VS. log for oxidation in three 

metal/supporting electrolyte systems: Ag in IM HCI04, Cu in 1M 
HCI, and Hg in 1M HCI04. -~Eeq = (Eeq) - -  (Eeq) / , / 2 .  

( i / ~  ~/2 )max 
Each point represents the zero current extrapolation of an Eexp-i 
plot at constant i/c~'/2. Slopes in mV are 62 (Ag), 62 (Cu), and 
29 (Hg). 

~n/~i, with  different constant  surface concentrat ions 
(regulated by i/~ 1/2 control) has been used to separate 
the charge t ransfer  and uncompensated ohmic compo- 
nents  of this resistance. Charge t ransfer  rate constants 
and the symmet ry  factor, ~, have been found. Equi l ib-  
r ium potentials and the n u m b e r  of electrons t rans-  
ferred in the electrode reaction have been established 
using the same data by extrapolat ion to zero current .  

Al though the kinetic systems treated were chosen 
to permit  the ISCVA data to be interpreted on the 
basis of the l inearized rate  equation, this need not be 
the case. The use of the exper imenta l  scheme for auto-  
matic i/~ 112 control should be of  general  kinetic use 
since the ISCVA data may be treated applying the 
generalized rate expression. Concentrat ion polariza- 
t ion may be impor tant  even in the Tafel regime in 
many  exper imenta l  situations, and any  method de- 
pending on simultaneous electrogeneration of the' po- 
tent ia l  de te rmin ing  species requires knowledge of the 
re levant  surface concentrations. 

The automatic scanning and modulat ion aspects of 
the ISCVA technique make available certain favorable 
characteristics of pulse and relaxat ion methods, while 
re ta ining the theoretical advantages of the steady-state 
regime. In  ISCVA experiments,  rapid changes of the 
equi l ibr ium state are accomplished and measured wi th-  
out the necessity of considering non-s teady state be- 
havior. 
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pared to the results obtained with the modulat ion data. 
The reproducibi l i ty  of Rex, obtained by  scanning was 
a few per cent, quite satisfactory for io, Eeq, or n de- 
termination,  but  dist inctly less so for the ~ procedure. 

The i-~ characteristic of fast metal  dissolution re- 
actions may  be curved if a is quite different from 0.5 
and/or  rate de termining solid-state processes rather  
than simple electron t ransfer  govern the kinetics. If 
this curva ture  is not extreme, extrapolat ion of a l imit-  
ing tangent  to the potent ia l -axis  (i --> 0) will  produce 
relat ively small  errors in  E~. In  two cases, A g / A g ( I )  
in 1.0M HC104 and Cu/Cu (I) in 1M HC1, complications 
produce curvature.  The very  fast electron t ransfer  
process for Hg/Hg2 +2 in 1M HC104 exhibits no curva-  
ture. Three examples of plots of AEeq VS. log (i/~ 1/2) 
are given in Fig. 11. The value of i /~ 1/2 in each case is 
proport ional  to the metal  ion concentrat ion and the 
slope should be 1/2.303 no. For Ag --> Ag + -f- e and 
Cu -~ 2 C1- ~ CuC12- -{- e, both slopes found from 
Fig. 11 are 62 mV, and for 2 Hg ~ Hg2 + + + 2e, the 
slope is 29 mV, as expected. 

The detailed t rea tment  of the kinetics in these three 
cases involves certain refinements, either theoretical 
or exper imental  as the si tuation requires, beyond the 
scope of this discussion, and therefore wil l  be con- 
sidered elsewhere. The plots in  Fig. 11 indicate that  
Eeq, n, and therefore related parameters  such as stabili-  
ty constants for metal /e lectrolyte  systems may be 
convenient ly  obtained by oxidation under  ISCVA con- 
ditions in the appropriate support ing electrolyte. The 
determinat ion of stabil i ty constants by this method 
requires a knowledge of the diffusion coefficients of 
the aquo and complexed ions. The lat ter  data are ob- 
ta inable  from Levich constant  determinat ions using a 
single known concentrat ion of the ion (which can be 
coulometrically generated) in the two support ing 
electrolytes. 

Summary and Conclusions 
The advantages of isosurface concentrat ion vol tam-  

met ry  at rotat ing disk electrodes have been exploited 
in the s tudy of electrode kinetics, i-~ data have been 
automatical ly  obtained at fixed surface concentrat ions 
of all electroactive species by scanning i while holding 
i/w 1/2 constant. The variat ion of apparent  resistance, 

Manuscript  submit ted  Dec. 9, 1970; revised m a n u -  
script received ca. Feb. 8, 1971. 

Any  discussion of this paper wil l  appear in a Dis- 
cussion Section to be published in the June  1972 
JOURNAL. 

SYMBOLS 
A Disk area, cm 2 
Co, CR Surface concentrat ions of Ox and Red, mole /  

cm 3 
Co b, CR b Bulk concentrat ions of Ox and Red, mole /  

cm 3 
Do, DR Diffusion coefficients of Ox and Red 
Eeq Potent ial  at i --> 0, volts 
Eex, Measured potential, volts 
Ef Formal  potential, volts 
F Faraday 's  constant, coulombs/equivalent  
.f Fract ion of ia or ic 
i~,ic, iL Anodic, cathodic, and l imit ing current  den-  

sities, A /cm 2 
io Exchange current  density, A /cm 2 
i o . s  Standard  exchange current  density, A/cm 2 
ka~)D Apparent  rate constant, cm/sec 
kL Levich constant, iL/t~l/2Cb 
ko Rate constant, cm/sec 
n Number  of electrons t ransferred per mole of 

reaction 
R Universal  gas constant, j /mole -deg  
Rp Charge t ransfer  resistance, ohms-cm 2 
R~ Uncompensated ohmic resistance, ohms 
T Absolute temperature,  ~ 
v Reaction rate, mole/cm2-sec 

Transfer  coefficient 
n Overpotential,  volts 
~exp  Measured overpotential,  volts 
v Kinematic  viscosity, cm2/sec 
r F / R T  

Angular  velocity, radians/sec 
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Electrochemical Behavior of Substituted Oxadiazoles 

G. L. Smith and J. W. Rogers 
Department of Chemistry, Midwestern University, Witchita Falls, Texas 76308 

ABSTRACT 

A n  e lec t rode  reduct ion  mechanism is repor ted  for two aromat ic-2 ,5-  
subst i tu ted oxadiazoles  in DMF solvent  as pa r t  of a cont inuing s tudy  of the 
e lec t rochemis t ry  of f ive -membered  ni t rogen oxygen heterocyclics.  Po la rog-  
raphy,  cyclic vo l tammet ry ,  chronoamperomet ry ,  and uv spectroscopy were  
techniques  employed  in the study.  The effects of a proton donor on the s ta-  
b i l i ty  of reduct ion in te rmedia tes  is discussed. 

Repor ts  of the  appl ica t ion  of e lec t roana ly t ica l  
techniques to problems  deal ing wi th  ox ida t ion - reduc -  
t ion proper t ies  of molecules  are  extensive (1-3).  A 
number  represent  studies deal ing wi th  he te roa ro -  
mat ic  compounds of genera l  chemical  or b iochemical  
impor tance  (4-6).  We wish to repor t  in this  paper  
the work  tha t  has cont inued  in this l abo ra to ry  on 
the e lec t rochemical  reduct ion  of var ious  oxazoles 
and oxadiazoles  in aprot ic  media.  

I t  has prev ious ly  been shown tha t  both  s y m m e t r i -  
ca l ly  and nonsymmet r i ca l Iy  2 ,5-aromat ic -subs t i tu ted  
oxazoles a r e  reduced  in two polarographic  steps in 
N ,N-d ime thy l fo rmamide  (DMF) via  the same mech-  
anism (7). In contrast ,  fu r ther  invest igat ions show 
that  the  mode of reduct ion of 2 ,5-aromat ic -subs t i tu ted  
oxadiazoles is qui te  sensi t ive to the  na tu re  of the  
aromat ic  subst i tuents .  The resul ts  of polarographic ,  po-  
tentiostat ic,  cyclic vo l tammetr ic ,  and spect rophoto-  
met r ic  inves t igat ions  of 2 ,5 -d ipheny l - ( I )  and 2 - ( m -  
t o l y l ) - 5 - ( 1 - n a p h t h y l ) o x a d i a z o l e ( I I )  in aprot ic  and 
prot ic  media  are  presented.  

(~) 
A n  elect rochemical  reduct ion  mechanism is pos tu la ted  
to expla in  the  expe r imen ta l  results.  

Experimental 
Apparatus.--The ins t rumenta t ion ,  cells, and elec- 

trodes have  been descr ibed e l sewhere  (7). A l l  uv-  
vis ible  spec t ra  were  recorded wi th  a P e r k i n - E l m e r  
202 uv-v i s ib le  spectrophotometer .  

The produc t  resul t ing  from mass e lectrolysis  of I I  
at the  th i rd  p la teau  was recovered  f rom the e lec t ro l -  
ysis solut ion b y  successive benzene ext rac t ions  f rom 
a 50% wa te r  e lec t ro lys is -so lu t ion  mixture .  The ben-  

K ey  words:  e lectrochemical  reduct ion  oxadiazole. 

zene was r emoved  under  vacuum and the res idual  
b rown oil was e lu ted  f rom a silica gel  column wi th  
chloroform. One p r i m a r y  f ract ion was observed and 
collected. 

Chemicals.--Compounds I and II  were  obta ined 
commerc ia l ly  f rom Al f red  Bader  Chemicals.  Pur i f ica-  
t ion by  recrys ta l l iza t ion  f rom pure  me thano l  did  not 
change the mel t ing  ranges  of 138~ ~ for I and 
122~ ~ for II. Hydroqu inone  was ob ta ined  f rom 
J. T. Bake r  Chemical  Company  and was recrys ta l l ized  
from a 50% w a t e r - e t h e r  solution before  use. Spec t ro-  
qua l i ty  N ,N-d ime thy l fo rmamide  conta ining app rox -  
ima te ly  0.03% wa te r  was obta ined  f rom Eas tman 
Organic  Chemicals.  I t  was vacuum dist i l led at 70~ 
f rom anhydrous  CuSO4 before  use. The t e t r a - N -  
p r o p y l a m m o n i u m  perch lora te  was produced  and pur i -  
fied as p rev ious ly  descr ibed  (7). 

Results 
Polarography at a DME.--The compound 2,5-di- 

phenytoxadiazo le  (I)  exhibi ts  two wel l -def ined  po-  
l a rographic  waves  in DMF solvent  at --1.87 and 
--2.24V vs. sa tu ra t ed  calomel  e lect rode (SCE) .  Be-  
hav io r  and character is t ics  of the waves  (Table I) 
suggest  tha t  ma te r i a l  t r ans fe r  is diffusion contro l led  
at the poten t ia l  of each plateau.  The first wave  ap-  
pears  to be the resul t  of a revers ib le  one-e lec t ron  
t ransfer ,  the second also a one-e lec t ron  bu t  compl i -  
ca ted by  a coupled chemica l  reaction.  

The compound 2- ( m - t o l y l ) - 5 -  ( 1 - n a p h t h y l ) - o x a d i -  
azole (II)  is reduced  at  a DME in three  diffusion- 
contro l led  steps at  --1.72, --2.11, and --2.43V vs. 
SCE in DMF solvent,  Table  I. The first two waves  
appea r  to represen t  po la rographic  processes analogous 
to those of the  two waves  of ( I ) .  The s t ruc ture  and 
behavior  of the  th i rd  wave  suggest  tha t  it  is the  re-  
sult  of a complex mul t ie lec t ron  t ransfer .  

Voltammetry at solid electrodes.--Typical cyclic 
vo l t ammograms  of I a re  shown in Fig. I. Voltage ex-  
cursion and reversa l  at  potent ia ls  more  negat ive  than  
the  first E1/2 at  a p l a n a r  p la t inum disk e lect rode 
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Table I. Polarographic data for redaction of I and II in DMF 

Hg h e a d  (h) -- Ezls Esl4-- Ell? id/hZ/" 
(era) (V) (mV) (~A/cm*/:) 

2 , 5 - D i p h e n y l o x a d i a z o l e  (I)8 
F i r s t  w a v e  

80 1.87 56 0.60  
50 1.87 56 0.66 
42 1.87 56 0.63 
30 1.87 56 0.67 

Second  w a v e  
80 2.24 75 0.52 
50 2.24 78 0.59 
42 2.24 78 0.54 
30 2.24 75 0.50 

2 , 5 - D i p h e n y l o x a d i a z o l e  (I)b 
F i r s t  w a v e  

80 1.86 56 0.10 
60 1.86 56 O.lO 
42 1.86 56 0.11 
30 1.86 56 0.12 

S e c o n d  w a v e  
80 2.24 87 0.15 
50 2 .24  87 0,15 
42 2 .24  87 0 .15 
30 2 .24  87 0.15 

2- (m- to ly l ) -5 -  ( 2 -naph thy l )  -oxad iazo le  (II) c 
F i r s t  w a v e  

60 1.72 59 0.43 
50 1.72 59 0.44 
42 1.72 89 0.46 
30 1.72 59 0.46 

S e c o n d  w a v e  
80 2.11 70 0.36 
50 2.11 70 0.33 
42 2.11 70 0.87 
30 2.11  70  0 .39  

T h i r d  w a v e  
80 2.43 ~ 0.71 
50 2.42 --~ 0.78 
42 2.43 --~ 0.75 
30 2.43 ~ 0.76 

6 S o l u t i o n  1 m M  in I ,  0.1M in  T P A P  s u p p o r t i n g  e l ec t ro ly t e  in  
d r i e d  s p e c t r o q u a l i t y  DMF.  

b S o l u t i o n  0.1 m M  i n  I, 0.1M in  T P A P  s u p p o r t i n g  e l ec t ro ly t e  i n  
s p e c t r o q u a l i t y  D M F  used  w i t h o u t  f u r t h e r  pur i f ica t ion .  

c S o l u t i o n  1 m M  in  II ,  0.1M i n  T P A P  s u p p o r t i n g  e l ec t ro ly t e  and  
in  d r i e d  s p e e t r o q u a l i t y  DMF.  

d C r i t e r i o n  no t  m e a n i n g f u l  fo r  m u l t i - e l e c t r o n  wave .  

Table II. Cyclic voltammetric data for reduction of 
2,5-diphenyloxadiazale I at a PPDE and a HMDE in DMF 

(Ep) c /2  
S w e e p  r a t e  (v) -- (Ep)c -- (Ep)c  (ip)c/vlP- 

(mV/sec)  (v) ( ip)e/( ip)ac (mV) (/~A sec-Z/2) 

o 

o 

o 

(a} 

(c) 

I I 
-.6~ -LO~ -2.0~ 

POTENTI,,N.. vs SCE 

(d) 

Fig. i. Cyclic voltammograms of 2,5-diphenyloxadiazole (I) in 
DMF solvent at (a) a PPDE with sweep reversal 120 mV past first 
wave, (b) a PPDE with multicyclic sweep reversed 80 mV past 
second wave with 5-sec hold on second sweep, (c) a HMDE with 
sweep reversal 120 mV past first peak, (d) a HMDE with reversal 
and hold 60 mV past second wave. All solutions were 1 mM in 
compound (I) and 0.1M in TPAP supporting electrolyte. Spectra- 
quality DMF was dried and distilled for experiments described in 
a and b only. 

F P D E  a 

First w a v e  b 
200 1.92 1.00 60 5.84 
10O 1.92 1.00 60 5.79 
40 1.92 1.0O 60 5.84 
20 1.92 1.00 60 5.75 

First wave 4 

200 1.93 0.92 75 5.81 
100 1.92 0.95 72 5.95 

40 1.92 0.92 65 5.92 
20 1.92 0.95 68 6.04 

Second  w a v e  b 
200 2.42 - -  - -  5.53? 
I00 2.41 - -  - -  5.62r 

40 2.39 - -  -- 6.02f 
20 2.37 - -  - -  6.64? 

H M D E  
F i r s t  w a v e  d 

200 1.93 0.906 75 0.42 
100 1.92 0.85 e 69 0.42 

40 1.92 0.84 e 67 0.43 
20 1.92 0.83 e 65 0.44 

Second  w a v e  d 
200 2.42 -- -- 0.39? 
100 2.40 - -  - -  0.41f 

40 2.39 -- -- 0.46f 
20 2.38 -- -- 0.49? 

a P l a t i n u m  e lec t rode  wa s  0.78 em 2 i n  area.  
b S o l u t i o n  1 m M  i n  I, 0.1M i n  T P A P  in  d r i e d  s p e e t r o q u a l i t y  DMF.  

Scan  r e v e r s a l  120 m V  p a s t  (Ep) c; ip m e a s u r e d  b y  e m p l o y i n g  t h e  
p o t e n t i a l  h o l d  me thod .  

d S o l u t i o n  1 m M  i n  I, 0.1M i n  T P A P  in  s p e c t r o q u a l i t y  s o l v e n t  used  
w i t h o u t  f u r t h e r  pu r i f i ca t ion .  

�9 ( ip )a  m e a s u r e d  f r o m  a n o d i c  d i f fu s ion  peak .  
? ip  m e a s u r e d  b y  e x t r a p o l a t i n g  c u r r e n t  f r o m  f i rs t  peak.  

(PPDE)  in DMF produces  a vo l t age -cu r r en t  curve 
exhib i t ing  proper t ies  indicat ive of a fast, one-e lec t ron  
t rans fe r  wi th  no rap id  fol lowing reactions,  Table  II  
(8). Cyclic exper imen t s  a t  a PPDE car r ied  to potent ia ls  
above  the  second E1/2 produce  a reduc t ion  cur ren t  
peak  wi th  no corresponding anodic current ,  Fig. 1. 
The c u r r e n t - p e a k  potent ial ,  (Ep)c, shifts cathodic 
and the cu r ren t  function, (ip)c/v'/2), decreases wi th  
increas ing poten t ia l  sweep ra te  (v) .  This behavior  
suggests tha t  the  e lec t ron t rans fe r  is fol lowed b y  a 
r ap id  homogenous reac t ion  (8). Cyclic exper iments  in 
which  the potent ia l  is held  brief ly (,~ 3 sec) above 
the second Eli2, reveals  a g rea t ly  reduced  monoanion 
oxida t ion  peak  and an intense fo l low-up oxidat ion  
cu r ren t  at  --0.75V on the anodic going segment,  Fig. 
1. Mult icycl ic  exper imen t s  show tha t  the fo l low-up 
peak has no corresponding reduct ion wave, Fig. 1. 
This behavior  is analogous to that  of subs t i tu ted  oxa -  
zoles and suggests tha t  the  product  of the  react ion 
fo l lowing the second elect ron t rans fe r  is oxidized to 
the pa ren t  oxadiazole  at  the  fo l low-up  peak.  Compound 
I exhibi ts  s imi lar  behavior  at  a hanging me rc u ry  drop 
e lec t rode  (HMDE).  

The  influence of smal l  amounts  of wa te r  impur i ty  
on the  first wave  of I in vo l t ammet r i c  exper imen t s  
conducted  at  solid e lectrodes is pronounced.  The  
cathodic cur ren t  ha l f -peak  he ight  to ful l  peak  sepa-  
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ration, (Ep)c/2 - -  (Ep)c, is broadened slightly and 
the cathodic to anodic current  ratio, ( ip)c/( ip)a,  
becomes less than  1.0 at all potent ial  sweep rates in 
experiments  conducted in spectroquali ty DMF not 
treated with a dry ing  agent and redistilled before 
use, Table II. The effect is most pronounced in  experi-  
ments  conducted at a HMDE, Table II. On mercury,  
a product  adsorption peak is observed anodic of the 
diffusion peak represent ing oxidation of the anion 
radical, Fig. 1. The increased impur i ty  level  has no 
influence on the character or behavior  of the second 
wave on p la t inum or mercury,  Table II. The broadened 
cathodic wave and the enhanced anodic current  at 
the PPDE cannot be explained total ly in  terms of 
adsorption of reactant  or product  or any other one 
electrochemical phenomenon.  It does seem consistent, 
however, to postulate that  the anion radical  is pro- 
tonated to a certain degree and the resul t ing neut ra l  
radical is adsorbed (9). This explanat ion for the 
plat inum, as well as the mercury  electrode, is sub-  
s tant iated by exper iments  in  which the switching 
potential  exceeds the second plateau. A diminished 
anion oxidation current  and the absence of an ad- 
sorption peak, Fig. 1, suggest that  the reaction occur- 
r ing at potentials above the second El~2 removes any  
adsorbed species. 

Typical vol tammograms of compound II  in DMF 
taken at a PPDE are shown in  Fig. 2. The vol tam-  
metric data is summarized in  Table III. The invar i -  
ance of the current  function, (ip)c/v'/2, (Ep)c/2 -- 
(Ep)c, and the ratio, ( ip)c/( ip)a,  of the first wave to 
the sweep rate is again indicative of a reversible one- 
electron process producing a radical  species stable 
dur ing  the course of the exper iment  (8). The 30 mV 
cathodic shift and the 10% decrease of the current  
funct ion of the second wave with a ten fold increase 
in sweep rate is indicat ive of a rapid chemical reac- 
tion following a reversible electron transfer  (8). Iden-  
tical to the behavior  of I, the oxidation of the product 
of the reaction occurring at the second wave of II is 
noted to occur anodic of the anion radical oxidation 
peak, Fig. 2. These observations cer ta inly suggest 
that the first two waves of II and the two waves of 
I represent  identical  electrochemical processes. Fu r -  
ther  evidence for this assertion is presented. 

The cathodic peak of the third cyclic vol tammetr ic  
wave of II shifts cathodic and the current  funct ion 
markedly  decreases with an increase in potential  
sweep rate, Table III. The great sensit ivi ty of the 
current  funct ion to the sweep rate can probably  be 
a t t r ibuted to a large n apparent.  

Table III. Cyclic voltammetric data for reduction of 
2-(m-tolyl)-5-(2-naphthyl)-oxadiazole II at a PPDE in DMF 

(Ep) c /2  
S w e e p  r a t e  (v) - -  ( E p ) e  - -  ( E p ) c  (ip)c/vl/2 

( m V / s e c )  (V) (ip)c/(ip)a b (mV)  ( / ~  sec-1/'~) 

F i r s t  w a v e  a 
200 1.73 1.0 
lO0 1.73 l.O 

40  1.73 l.O 
20 1.73 1.0 

S e c o n d  w a v e  a 
200  2 .17 
I00 2.16 

40 2.14 
20  2 .14  m 

T h i r d  w a v e .  
200 2.50 
l O 0  2,48  

40  2 .46  
20  2 .45 

60 4 .70  
60 4 .74 
59 4 .74  
59 4,80 

m 

M 

u 
m 

3.74 ~ 
3.85 a 
3.99 ~ 
4.10"  

8.65 s 
9.64 �9 

11.320 
12.80 e 

Solution was 1 mM in compound II and 0.1M in TPAP in dried 
spectroquality DMF. 

b (ip)a was measured by employing the potential hold method. 
Potential was reversed 120 mV past (Ep)c. 

c (ip)c for waves two and three was measured by extrapolating 
current from previous peak. 
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POTENTIAL vs. SCE. 

Fig. 2. Cyclic voltammograms of 2-(I-naphthyl)-5-(m-tolyl)- 
oxadiazole (11) in DMF solvent at a PPDE (a) with sweep reversal 
and reversal and hold 120 mV past first wave, (b) with sweep 
reversal and reversal and hold 100 mV past second wave, (c) 
with reversal and hold on rising portion of third wave followed 
by multicyclic sweep in potential region showing reversible reduc- 
tion of third-wave product. All solutions were 1 mM in compound 
(11) and 0.1M in TPAP supporting electrolyte in dried spectro- 
quality DMF. 

Chronoamperometry.--The potent ial  s tep-chrono- 
amperometric  exper iment  often may  be simply and 
effectively employed in  the determinat ion of n ap-  
parent  values. Plots of it'/2 vs. t f rom diffusion cur-  
ren t - t ime  decay curves recorded at a constant  poten-  
tial corresponding to the first polarographic plateau 
of each compound yield straight l ines of zero slope 
that  may be employed as one-electron reference 
points. Similar  plots from experiments  carried out at 
potentials of the second wave of I and the second and 
third waves of II yield straight lines of approximately 
zero slope. This behavior  is expected for very  rapid 
following reactions (10). The potentiostatic data and 
n apparent  values are summarized in Table III. 

The n apparent  values and the vol tammetr ic  and 
polarographic behavior  show that  the reduct ion of I, 
and the first two reduct ion steps of II, closely parallels 
that  of 2,5-diphenyloxazole (7). The mechanism may 
be represented in  the following manner :  

Firs t  wave 

R+ e- ~--R:- 
Second wave 

R--+ e- ~=~R = 

R = q- SH-~ R H -  -t- S -  

Production oxidation wave 

R H - - ~  R + H+ -~ 2e - 
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The n apparent  of 6.0 for processes carried to poten-  
tials above the third wave of compound II strongly 
suggests very  rapid, complete saturat ion and r ing 
opening reactions of the type: 

OH 

?. 

This reaction is also suggested by the work of 
Bezuglyi et al. (11) with oxadiazoles in protic sol- 
vents. The extent  of the reduct ion process even in 
an aprotic solvent such as DMF reveals the great 
basicity of the t rans ient  in termediate  reduction 
products of II. 

Mass electrolysis.--Compounds I and II were mass 
electrolyzed at a mercury  pool cathode in DMF sol- 
vent  at predetermined potentials corresponding to 
various polarographic steps. The exper iments  were 
conducted to fur ther  s tudy the stabil i ty of the postu- 

lated reduction products, R - - a n d  R H - .  The course 
of each electrolysis exper iment  was followed with uv 
spectroscopy and with an in situ three-electrode con- 
figuration employed to ,oxidize the mass electrolysis 
products (7). 

Electrolysis of both compound I and II at potentials 
corresponding to the first polarographic plateau pro- 
duces an intensely yellow solution sensitive to small 
quanti t ies  of 02. The parent  compound absorbance of 
uv spectra taken of al iquants  of the electrolyzed solu- 
tions over a 2-hr period showed only a slight de- 
crease. Oxidation of the yellow solution at a PPDE 
showed one intense current  peak with a potential  
corresponding to the .oxidation of the monoanion of 
the parent  compound. This behavior  exactly parallels 
that  of oxazole compounds (7). 

Electrolysis of both compounds at potentials corre- 
sponding to their  second diffusion plateaus produces 
a purple solution that  is stable in the presence of N2 
but  unstable to small  amounts  of Oz. Oxidation of the 
purple  solution at the in situ PPDE after about 1 hr 
of mass electrolysis shows two small current  peaks, 
one appearing at the potential  corresponding to the 
oxidation of the monoanion and the other at the 
potential  corresponding to the oxidation of the EC 
process product, R H - .  The oxidation peak ,of R H -  
does not increase significantly even after exhaustive 
electrolysis. The uv absorbance of the parent  oxa- 
diazole shows that  the substance undergoes an i r re-  
versible reaction at the potential  of the second wave 
at a rate not detectable on the time scale of the rapid 
cyclic ,or potentiostatic experiments  but  more rapid 
than  similar  reactions of oxazoles (7). The exact 
na tu re  of the reaction product has not  been deter-  
mined. 

Effect of proton donors.--The nature  of the pro- 
posed electrochemical reactions suggests that  the 
addit ion of proton donat ing substances should have 
a pronounced effect on the reduction process respon- 
sible for each vol tammetr ic  wave. Hydroquinone 
(HQ) has been shown to be useful in studies of this 
type (12). 

Figures 3 and 4 i l lustrate the effect of added HQ on 
the polarographic behavior  of compounds I and II. 
The first wave of I is only slightly per turbed by  the 
addition of the proton source. The polarographic E1/2 
is not shifted significantly even with the addition of 

Fig. 3. Polarograms of 2,5-diphenyloxadiazole (I) in DMF showing 
effect of added hydroquinone (HQ). (a) No HQ, (b) 10 mM in 
HQ, (c) 60 mM in HQ. All solutions were 1 rnM in compound (I) 
and 0.1M in TPAP supporting electrolyte. 

enough HQ to produce a 0.06M DMF solution. How- 
ever, the wave is broadened and the diffusion cur ren t  
is enhanced slightly by this addit ion of HQ, Fig. 3. 
The first wave of compound II is influenced in a 
similar  manner ,  Fig. 4. 

The second wave of compound I shifts anodically as 
HQ is added to the test solution, Fig. 4. There  is a 
simultaneous, pronounced increase in the diffusion 
current  approaching a l imit ing value at high concen- 
trations of the proton donor, Fig. 3. The n apparent  
becomes approximate ly  six at the higher HQ concen- 
trations. 

The great sensit ivi ty of the diffusion current  of the 
second polarographic wave of I to small  quanti t ies  of 
solvent impur i ty  is i l lustrated by a comparison of 
polarograms of I, 1 and 0.1 mM, in spectroquality 
DMF containing approximately  0.03% H20. This rep-  
resents a ratio of electroactive compound to water  im-  
pur i ty  of 1/5 in the concentrated solution and 1/50 in 
the dilute mixture.  The ratio of the first diffusion 
current  to the second of the two plateaus is 1/1 in the 
more concentrated solution and 1/1.5 in the dilute. De- 
creasing the oxadiazole to proton source ratio in the 
concentrated solution to a value of 1/30 by adding HQ 
results in a first to second plateau diffusioh current  
ratio of 1/1.9. This result  suggests that  water  is almost 
as effective a proton donor in DMF as HQ, a result  not 
noted in the s tudy of aromatic hydrocarbons in 
aprotic media (13). 

The second and third waves of compound II coalesce 
at low HQ concentrat ions (~7  mM) to one wave with 
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Table IV. Potential step chronoamperometric data for 
reduction of compounds I and II in DMF 

B E H A V I O R  O F  S U B S T I T U T E D  O X A D I A Z O L E S  

Potential ,  V ttl/~ n ap-  
Compound (V v s .  SCE) (/zA see1/~) b parent 

2,5 -Diphenyloxadiazole  (I) --1.96 38.86 1.O o 
--2.42 82.84 2.14 

2- (m-tolyl) -6- (1-naththyl) - -- 1.76 34.16 1.0 o 
oxadiazole  (II) --2.18 71.63 2.1 d 

--2.62 205.85 6.0 ~ 

Solutions 1 mM in electroactive compound and 0.1M in TPAP. 
Experiments conducted at a PPDE having a cross sectional area of 
0.78 cm-% 

b Values computed for t imes  ranging from 0.75 to 4.0 see. 
c Assigned by" Various criteria discussed in text. 
d Calculated by reference to it1~2 value at first-wave potential. 

an El~2 approximate ly  the same as the second wave  of 
II in dried DMF and wi th  an n apparent  of approxi -  
mate ly  six, Fig. 4. The diffusion current  of the combi-  
nation wave  increases sl ightly wi th  additional HQ but 
does not exhibi t  the great  sensi t ivi ty noted of other  
waves. 

Fig. 4. Polarograms of 2-(1-naphthyl)-5-(m-tolyl)-oxadiazole (11) 
in DMF showing effect of added hydroquinone. (a) No HQ, (b) 
6 mM in HQ, (c) 20 mM in HQ. All solutions were 1 mM in 
compound (11) and 0.1M in TPAP supporting electrolyte. 
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These results suggest the fol lowing mechanism for 
reduct ion of compounds I and II in the presence of 
HQ. 

Firs t  wave  

R q- e -  ~=~R �9 
R--  q- HQ ~ RH �9 q- Q -  (EC process) 

Second wave  
RH �9 + 5 e -  q- 5HQ --> Ring opened products 

In contrast  to oxazoles (7), other  heteroaromatics  and 
aromatic  hydrocarbons  (14), the protonated mono-  
anion radical  does not appear  to undergo fur ther  sig- 
nificant reduct ion (an ECE process).  The great  de- 
pendency of the diffusion currents  of the  second po-  
larographic waves  of I and II is consistent wi th  the 
noted instabil i ty of R H -  in the mass electrolysis ex-  
periments.  This species is apparent ly  a s tronger base 
than the corresponding oxazole radical  (7). 

Summary and Discussion 
Electrochemical  informat ion presented in his paper  

and that  presented previously (7) show that  aromat ic-  
2,5-substituted oxazoles and oxadiazoles are  reduced 
via s imilar  mechanisms in DMF solvent. Differences 
in react iv i ty  of the common reduct ion in termediates  
R -  and R H -  are noted. The anion radicals of the 
oxadiazoles studied appear  to be quite  basic. These are 
protonated by small  amounts  of water.  However ,  addi-  
t ion of proton donors show that  the protonated radical  
is not significantly reduced at the potent ia l  of the first- 
electron addition step. 

The protonated dianion of both oxadiazoles, produced 
by the EC process of the second polarographic step, 
appear  to be significantly more react ive than the ana-  
logous species der ived f rom oxazoles. The species re -  
acts rapidly  wi th  small  quant i t ies  of added hydro-  
quinone forming saturated and r ing opened products. 

The nonsymmetr ica l ly  substi tuted oxadiazole ex-  
hibits a third polarographic  wave  in dry  DMF solvent. 
Addit ion of small  quant i t ies  of HQ to the electrolysis 
solution shifts the E1/2 of the wave  to coincide with  the 
second wave  but does not grea t ly  alter the n apparent  
of 6. This behavior  is consistent wi th  an exhaust ive  
reduct ive  process wi th  a rate  grea t ly  dependent  on the 
proton avai labi l i ty  of the medium. 

The oxidat ion going segment  of cyclic exper iments  
in dry  DMF in which the electrolyzing potent ia l  is 
held at the third wave  of compound II for several  
seconds reveals  the existence of a revers ib le  product  
couple wi th  an (Ep)c of --2.31V, Fig. 2C. The postu- 
lated neut ra l  product  of the third polarographic step 
may  be thought  of as a subst i tuted naphthylene.  This 
aromatic substance is expected to exhibi t  a one-e lec-  
tron revers ible  wave  in DMF near  the potent ia l  of the 
product wave, Fig. 2C (15). The existence of the re-  
vers ibly  reducible  product  may  be construed as sub- 
stantiation of the reduct ion process postulated as re-  
sponsible for the polarographic wave. 

More direct ev idence  for this postulated process is 
found in the IR spectrum of the product  isolated f rom 
a DMF solution of II exhaus t ive ly  electrolyzed at a po- 
tent ial  controlled at the th i rd  plateau. The appearance 
of bands at 3200, 2900, and 3400 cm -1 when  the prod-  
uct is dissolved in CC14 strongly suggests the e lectro-  
lytic production of hydroxyl ,  alkyl, and secondary 
amine functions. The purified product  mel ted  in the 
range 90~176 
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Dissolution of Barrier Layer of Aluminum in Sulfuric 
Acid Electrolyte Containing Cs + Ion 

Michiko Shimura 
Faculty oS Engineering, Tokyo Metropolitan University, Fukazawa, Setagaya-ku, Tokyo, Japan 

ABSTRACT 

Examinat ion  of the recovery phenomenon for the anodie oxidation of 
a luminum in sulfuric acid electrolytes containing Cs + ion confirmed the sup- 
pression of the dissolution of the barr ier  layer. Lengths of the induct ion 
period and the current - increas ing period in the recovery region were re-  
corded. Electron microscope studies were carried out on samples taken out 
at the recovery region to examine the pore structure.  Since the recovery 
currents  result  from the dissolution of barr ier  layers at the bottom of pr imary  
pores, the dissolution rates were calculated from the length of the induct ion 
period in the recovery region for CsHSO4 and H2SO4 electrolytes. The con- 
clusions are: (i) the presence of Cs + ions decreases the frequency factor 
for the dissolution process, and (ii) Cs-alum seals the porous layer  of the 
oxide film and makes the steady-state current  smaller. 

Porous oxide film is produced by local action of 
electrolytes when a luminum is anodized in acid solu- 
tions. The action is tempera ture  dependent  (1, 2) and 
is promoted chiefly by protons in the electrolyte (1, 3) 
and the electric field across the barr ier  layer (4). The 
presence of an alkali  metal  ion such as Cs + improves 
the hardness and the coating ratio of the films (5), 
since an a lum is deposited t ightly on the porous film 
shortly after the beginning of the anodic oxidation. 
The stabil i ty of the a lum increases in the order of the 
ionic radii  of the alkali metal  ions (6). The effect of 
Cs + ions on the dissolution process of the barr ier  layer 
was elucidated by examining  the porous structure of 
the anodic films taken out at the so-called recovery 
period (7) dur ing anodization. 

Experimental Procedures 
Observations with the oscilloscope.--Aluminum foils 

of 99.99% purity,  1 x 2.5 cm, were careful ly elec- 
tropolished in H.~PO4-CrO3-H2SO4 electrolyte and 
stripped in H~PO4-CrO3 solution just  before anodic 
oxidation. A 1.8M CsHSO4 (pH 0.6) solution was used 
for the oxidation, and H2SO4 of the same pH value for 
a reference run. The pH values were adjusted to be the 
same since the dissolution of the film was largely de- 
pendent  on the concentrat ion of protons in the elec- 
trolyte. Paral le l  circuits were constructed in order to 
perform the oxidation s imultaneously  in CsHSO4 and 
H2SO4. Constant  voltages E1 and E2 were applied from 
two d-c power supplies. Anodizat ion was carried out 
for a certain t ime at the higher voltage (El).  After-  
ward the voltage was switched down to the lower 
voltage (E2). Throughout  the whole period, the I - t  
curves were recorded by the oscilloscope. The results 

* K e y  w o r d s :  o x i d e  dissolution, barrier layer, aluminum. 

were obtained in the range of 10~176 El ---- 9-15V, 
E._, ---- 8V, length of the init ial  oxidation at E1 being 
90 sec to 200 min. 

Examination by electron microscope.--In case of 
fair ly thin films, anodized samples were cut off with 
about the size of 3 x 3 mm and immersed in CH8OH-I2 
solution to peel off the oxide film. After  r insing with 
CH3OH, the oxide films were examined by direct 
t ransmission electron microscopy using JOEL electron 
microscope model JEM 100. For  thick films, the two- 
step cel lulose-carbon replica technique was used. The 
numbers  of pores were counted at a magnification of 
180,000 and averaged on three different 3 x 3 cm 
squares. The spots were selected at random. The poros- 
ities were obtained by summing up the pore areas in 
the squares. 

Results 
Recovery effect at El = IOV (5 min) and E2 = 8V.-- 

When the samples were anodized at 10V (El) in the 
tempera ture  range of 10~176 the current  rapidly de- 
creased to a m i n i mum and subsequent ly  increased to 
a steady-state value which became larger with the 
electrolyte temperature.  After  anodizing for 5 rain 
under  this condition, the applied voltage was switched 
to 8V. The current  decreased suddenly to almost zero, 
stayed there for a while, the induct ion period depend- 
ing on the electrolyte temperature,  i.e., 70 sec at 10~ 
20 sec at 25~ and 7 sec at 40~ and then increased to 
re ta in  new steady states (Fig. 1). The existence of Cs + 
ion extended the induct ion period to a small  extent  
and slightly reduced the new steady current .  

Effect of prolonged anodization at the initial voltage. 
- - I n  connection with the amount  of alums produced, 
the induct ion period was examined as a function of 
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the anodizing time at the ini t ial  voltage at 40~ As is 
shown in Fig. 2, the induct ion periods did not change 
with the prolongation of the anodic oxidation either in 
CsHSO4 or H2SO4 within  200 rain. The steady-state 
currents  at the end of the anodization both at 10V and 
8V decreased with the prolongation of the oxidation 
in CsHSO4, whereas they did not in H2SO4. As is dis- 
cussed later  with the results of the electron microscope 
study, the decrease of the current  is explained by the 
sealing action of Cs-a lum near  the top of the pores. 

Recovery efJect at various voltage difJerences.--Fig- 
ures 3 through 6 show the recovery effect at the volt-  
age differences hE : 4V (12V --> 8V) and hE = 6V 
(14V --> 8V). The induct ion periods became larger 
with the increase of hE both in CsHSO4 and H2SO4 
electrolytes. The prolongation of the anodic oxidation 
at E1 neve r changed the length of the induct ion period, 
not even at increased values of El. The ratio of steady- 
state currents, I(E2)/I(E1) decreased with the anodizing 
time at El. The t rend is more distinct for the increase 
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of hE at a fixed value of E2. This suggests that  the seal- 
ing of the pores with Cs-a lum proceeds vigorously in 
the recovery region at a higher voltage El. The follow- 
ing results also confirm the sealing mechanism. The 
steady-state current  increases exponent ia l ly  with the 
applied voltage (8). The steady-state cur ren t  is at- 
tained when the dissolution rate of the oxide at the 
bottom of pores is equal  to the current  density for 
the oxide formation. The rate of formation of Cs-alum 
is determined by the concentrat ion of the dissolved 
A18 + ions in the equation 

v = k[A13+] [Cs +] [SO42-] 2 

1-t curves plotted in a logarithmic scale are dis- 
t inct ly divided into an induct ion period and a region 
of increasing current.  For the former region, the 
change of the current  is too small  to measure. For  the 
latter region, the slope is near ly  uni form in spite of 
changes of temperature,  electrolytes, and voltage dif- 
ference. Accordingly, the current  increase should be 
caused by other types of dissolution than the con- 
vent ional  chemical dissolution. Diggle et al. (4) in-  
troduced field-assisted dissolution. As is shown in the 
next  section, rapid dissolution of the film like the pore 
ini t iat ion at the early stage of anodic oxidation occurs 
at the current - increas ing region. 

Structure  of the porous film taken  out at recovery 
region.--Figure 7 shows the porous s tructure of the 
samples taken out at different t imes t in the recovery 
region when E1 = 14V (90 sac) and E2 ~ 8V. The 
structure of the anodic films formed in CsHSO4 and 
H2SO4 is very similar. The size and the shape of the 
pores are somewhat irregular,  and secondary pores are 
barely  recognizable with the increase of magnification. 
The number  of the pr imary  pores in 3 x 3 cm squares 
on the pictures taken at 180,000X are roughly constant 
for all samples (Fig. 8). The t iny  secondary pores, 
which have been observed dimly before the recovery 
region, become distinct with increasing time t. There-  
fore, the recovery effect is understood to thin the 
barr ier  layer by dissolution at the bottom of the pr i -  
mary  pores (Fig. 9), allowing ionic current  to flow 
again. 

Porosities were  examined at various times in the 
recovery region by summing the pore areas statis- 
t ically (Fig. 8). The total pore area was almost con- 
stant in the recovery period but  increased in the region 
of increasing current.  Therefore, in the region of in-  
creasing current,  the rate of the dis_solution process is 
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Fig. 10. Surface with Cs-alum deposits 
token by replica method, 90 min, 40~ 
14V in CsHS04. 

Fig. 7. Electron microscope structures of samples taken at 
various time scales in recovery region, 25~ 14V-SV. Upper row; 
O, 20, 45 rain in CsHS04, lower row; O, 20, 36 min in H2SO~. 
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changed by some other cause than  chemical dissolu- 
tion. 

The thickness of the oxide films differed in  CsHSO4 
and H2SO4 when the ini t ia l  oxidation at E1 was longer 
than  5 min  at 40~ In  CsHSO4, the oxide film gradu-  
ally thickened with t ime and made the direct t rans-  
mission observation impossible (9). The Cs + ion is 
l ikely to suppress the dissolution process by decreasing 
the activity of the protons near  the anode. After  longer 
oxidation in CsHSO4, Cs-a lum was deposited and 
covered the surface of the oxide. It was difficult to 
scrape off or to dissolve by dipping in hot water  (Fig. i0). 

Discussion 
Dissolution reaction in the recovery  region. - -The 

results of the electron microscope study clarified that  
the recovery effect is accompanied by the dissolution of 
the barr ier  layer at the bottom of the p r imary  pores 
and that  the dissolution proceeded slowly in the in-  
duction region. It was accelerated in the region where 
the current  increased. The length of the induct ion 
period depends on the electrolyte temperature ;  e.g., the 
durat ion at 10~ is about ten times that  at 40~ in the 
case of hE = 2V. Beside colorimetric analysis by 
Nagayama et al. (10) and capacitance measurements  
by Diggle et al. (4), the author 's  experiments  (11) 
suggest that  the dissolution is slow in  the induction 
period, and that  the concentrat ions of ions at the 
double layer of the interface oxide/electrolyte are ap- 
proximately  constant. Thus, the apparent  reaction of 
the dissolution is assumed to be of zero order. Since 
there is an equation, i = A exp (B �9 E /D)  between 
current  densi ty i, applied voltage E, and the thickness 
D of the barr ier  layer, where A and B are constants, 
the layer  thickness to be dissolved before the cur ren t  
begins to rise at E~ = 8V is given by Ds = (E~ -- E~) 
�9 K, where K is a constant  (ca. 14A/V). The mean  rate 
of dissolution is given by Ds/t,  where t is the length of 
the induct ion period. The activation energies of dis- 
solution were the same both for CsHSO4 and H2SO~, 
Cs + ions having no influence on the activation energy. 
The f requency factor is found to decrease with the 
presence of Cs + ion. The dissolution process is gov- 
erned solely by protons. Cs + ions are considered to de- 
crease the local concentrat ion of protons near  the 
anode to some degree. Since the current  tends toward 
a steady state some t ime after the pore initiation, the 
ma in  role of dissolved A1 a + is to suppress the activity 
of protons. 

Relation be tween  voltage di~erence and activation 
energy of the dissolution process . - -The activation en-  
ergies of the dissolution process were examined as a 
funct ion of the voltage difference (hE ---- E1 -- E2) 
when  E1 was applied for 5 min. The apparent  activa- 
t ion energy was found higher wi th  the decrease of the 
electric field across the barr ier  layer. The apparent  ac- 
t ivat ion energy Wa is the sum of the activation energy 
Wo and a te rm represent ing the electric field E/D 

W a - -  W o - -  n "  F"  E /D  [1] 

As is shown in Fig. 11, the activation energy Wo de- 
creases with the increase of the electric field. The elec- 
t rochemical ly produced materials  are assumed to be 
t ransformed into more soluble ones by the aid of the 
electric field. 
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Fig. 11. Relation between apparent activation energies of dissolu- 
tion process and electric field across barrier layers. 

Conclusion 
1. The recovery  phenomenon  in the  induct ion re -  

gion depends  s t rongly  on t e m p e r a t u r e  whi le  the  one in 
the  region of increasing cur ren t  is independen t  of t em-  
pera ture .  If  the  fo rmer  phenomenon is r ega rded  as 
ze ro -order  dissolution, the  act ivat ion energy  is calcu-  
la ted 11-18 kca l /mo le  and decreases wi th  the increase 
of the  electr ic  field across the  ba r r i e r  layer .  I t  is in 
good agreement  wi th  the  value  obta ined  by  Vermi lyea  
(12) (17 kca l /mole )  for the  surface hydro lys i s  of 
amorphous  A1203, a va lue  close to the  act ivat ion en-  
e rgy  of diffusion for proton in many  oxides. The dis-  
solut ion of the  ba r r i e r  l aye r  is considered to depend on 
the diffusion of protons  th rough  it. 

2. The addi t ion  of Cs + in H2804 e lec t ro ly te  con- 
t r ibutes  to the  decrease of the  f requency  factor  of the 
ba r r i e r  l ayer  dissolution. 

3. Cs-a lum is p robab ly  deposi ted at the uppe r  pa r t  
of the  inner  surface of pores  and not  at the  bot tom 
since the  recovery  t ime never  changes wi th  the  p ro -  
longat ion of the  in i t ia l  oxidat ion  when  Cs-a lum is 
deposited.  

Manuscr ip t  submi t ted  Oct. 2, 1970; rev ised  manu-  
script  received ca. Feb. 15, 1971. 

A n y  discussion of this  pape r  wi l l  a p p e a r  in a Dis-  
cussion Section to be publ i shed  in the  June  1972 
JOURNAL. 
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Transport Behavior in Dimethyl Sulfoxide 
I. Conductance Studies 
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University of California, Los Angeles, California 90024 

ABSTRACT 

Conductance of the salts  NaC104, NaSCN, CF3SO3Na, CH3SO3Na, NaB (Ph)4, 
and ( i - amy l )3BuNB(Ph)4  in d ime thy l  sulfoxide (DMSO) were  de te rmined  
over  a concentra t ion range  10 -4 mo le / l i t e r  to near  sa tura t ion  and a t e m p e r a -  
ture  r ange  25~176 NaClO4, NaSCN, and CF3SO3Na are  comple te ly  dis-  
sociated whi le  CH3SO3Na, NaB(Ph)4 ,  and ( i - amyl )3BuNB (Ph)4 appear  to be 
s l ight ly  associated. S ingle- ion  conduct ivi t ies  were  de te rmined  using t r i i so-  
a m y l b u t y l a m m o n i u m  t e t r apheny lbor ide  as the  reference  electrolyte .  The effec- 
t ive ionic radi i  for ( i - amy l ) aBuN +, Na +, CF3SO3-, CIO4-,  and S C N -  ions 
were  de te rmined  to be 5.12, 4.32, 3.03, 2.82, and 2.37A, respect ively,  at 25~ 
Na + ion is solvated wi th  th ree  DMSO molecules whi le  the  ( i - amyl )3BuN + ion 
and the anions are  r e l a t ive ly  unsolvated.  The effective ionic radi i  in DMSO 
are  insensi t ive to t e m p e r a t u r e  over  the  t empe ra tu r e  range  studied. Act iva t ion  
energies  for ionic conductance in d i lu te  solutions of ( i - amyl )3BuNB(Ph)4 ,  
NaB(Ph)4 ,  NaCIO4, CFsSO3Na, and NaSCN are, respect ive ly  3.50, 3.30, 3.23, 
3.21, and 3.16 kca l /mole .  L imi t ing  ionic mobil i t ies  ko, for a lka l i - ha l i de  ions and 
other  ions in DMSO at 25 ~ are  examined  in the  l ight  of the Fuoss, Boyd, and 
Zwanzig theories  of dielectr ic  re laxat ion.  The l imi t ing ionic inabi l i t ies  pre-  
dicted by  the Zwanzig theo ry  are  in qual i ta t ive  agreement  wi th  the  observed 
values,  but  the pred ic ted  magni tudes  are  low. 

Dimethy l  sulfoxide (DMSO) is an aprot ic  solvent  
which  possesses m a n y  useful  p roper t i e s  for  app l ica -  
t ions in e lec t rochemical  systems (1) and in organic  
syntheses  (2). Thermodynamic  da ta  which  have been 
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Present  address:  Atomies  In ternat ional  Division of North A m e r -  

ican Rockwell  Corporation, Canoga Park ,  California 91304. 
K ey  words:  conductance,  d imethyl  sulfoxide,  ion size, l imit ing 

ionic conductance. 

r epor ted  for e lec t ro ly te  solut ions in DMSO are  some 
solubi l i t ies  (3, 4), some ac id-base  equi l ib r ia  (5), 
cryoscopic da ta  (6), heat  of solution (7, 8), and emf 
measurements  (9-11). A few conductance studies have 
been repor ted  (3, 6, 12-14). Ionic t r anspor t  behavior  in 
DMSO solutions is ye t  to be e luc ida ted  wi th  sys temat ic  
studies of t r anspor t  parameters .  
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Fig. 11. Relation between apparent activation energies of dissolu- 
tion process and electric field across barrier layers. 

Conclusion 
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the  region of increasing cur ren t  is independen t  of t em-  
pera ture .  If  the  fo rmer  phenomenon is r ega rded  as 
ze ro -order  dissolution, the  act ivat ion energy  is calcu-  
la ted 11-18 kca l /mo le  and decreases wi th  the increase 
of the  electr ic  field across the  ba r r i e r  layer .  I t  is in 
good agreement  wi th  the  value  obta ined  by  Vermi lyea  
(12) (17 kca l /mole )  for the  surface hydro lys i s  of 
amorphous  A1203, a va lue  close to the  act ivat ion en-  
e rgy  of diffusion for proton in many  oxides. The dis-  
solut ion of the  ba r r i e r  l aye r  is considered to depend on 
the diffusion of protons  th rough  it. 

2. The addi t ion  of Cs + in H2804 e lec t ro ly te  con- 
t r ibutes  to the  decrease of the  f requency  factor  of the 
ba r r i e r  l ayer  dissolution. 

3. Cs-a lum is p robab ly  deposi ted at the uppe r  pa r t  
of the  inner  surface of pores  and not  at the  bot tom 
since the  recovery  t ime never  changes wi th  the  p ro -  
longat ion of the  in i t ia l  oxidat ion  when  Cs-a lum is 
deposited.  
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ABSTRACT 

Conductance of the salts  NaC104, NaSCN, CF3SO3Na, CH3SO3Na, NaB (Ph)4, 
and ( i - amy l )3BuNB(Ph)4  in d ime thy l  sulfoxide (DMSO) were  de te rmined  
over  a concentra t ion range  10 -4 mo le / l i t e r  to near  sa tura t ion  and a t e m p e r a -  
ture  r ange  25~176 NaClO4, NaSCN, and CF3SO3Na are  comple te ly  dis-  
sociated whi le  CH3SO3Na, NaB(Ph)4 ,  and ( i - amyl )3BuNB (Ph)4 appear  to be 
s l ight ly  associated. S ingle- ion  conduct ivi t ies  were  de te rmined  using t r i i so-  
a m y l b u t y l a m m o n i u m  t e t r apheny lbor ide  as the  reference  electrolyte .  The effec- 
t ive ionic radi i  for ( i - amy l ) aBuN +, Na +, CF3SO3-, CIO4-,  and S C N -  ions 
were  de te rmined  to be 5.12, 4.32, 3.03, 2.82, and 2.37A, respect ively,  at 25~ 
Na + ion is solvated wi th  th ree  DMSO molecules whi le  the  ( i - amyl )3BuN + ion 
and the anions are  r e l a t ive ly  unsolvated.  The effective ionic radi i  in DMSO 
are  insensi t ive to t e m p e r a t u r e  over  the  t empe ra tu r e  range  studied. Act iva t ion  
energies  for ionic conductance in d i lu te  solutions of ( i - amyl )3BuNB(Ph)4 ,  
NaB(Ph)4 ,  NaCIO4, CFsSO3Na, and NaSCN are, respect ive ly  3.50, 3.30, 3.23, 
3.21, and 3.16 kca l /mole .  L imi t ing  ionic mobil i t ies  ko, for a lka l i - ha l i de  ions and 
other  ions in DMSO at 25 ~ are  examined  in the  l ight  of the Fuoss, Boyd, and 
Zwanzig theories  of dielectr ic  re laxat ion.  The l imi t ing ionic inabi l i t ies  pre-  
dicted by  the Zwanzig theo ry  are  in qual i ta t ive  agreement  wi th  the  observed 
values,  but  the pred ic ted  magni tudes  are  low. 

Dimethy l  sulfoxide (DMSO) is an aprot ic  solvent  
which  possesses m a n y  useful  p roper t i e s  for  app l ica -  
t ions in e lec t rochemical  systems (1) and in organic  
syntheses  (2). Thermodynamic  da ta  which  have been 
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r epor ted  for e lec t ro ly te  solut ions in DMSO are  some 
solubi l i t ies  (3, 4), some ac id-base  equi l ib r ia  (5), 
cryoscopic da ta  (6), heat  of solution (7, 8), and emf 
measurements  (9-11). A few conductance studies have 
been repor ted  (3, 6, 12-14). Ionic t r anspor t  behavior  in 
DMSO solutions is ye t  to be e luc ida ted  wi th  sys temat ic  
studies of t r anspor t  parameters .  
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This paper reports the results of conductance studies 
of some sodium salts in DMSO over a concentrat ion 
range 10-4M to near  saturat ion and a temperature  
range 25~176 Tr i i soamylbu ty lammonium tetra-  
phenylboride,  ( i -amyl)~BuNB(Ph)4,  was included in 
the present  study to provide the basis for evaluat ing 
single-ion conductivities. The effective ionic radii in 
DMSO were obtained and the l imit ing ionic mobilit ies 
for various ions in DMSO were examined in the light 
of the theory of dielectric relaxat ion (15-18). 

Experimental 
So lven t . - -DMSO was supplied by Crown Zellerbach 

Corporation, Camas, Washington, in five gallon size 
polyethylene containers. DMSO as received was pur i -  
fied by fractional disti l lation at 3.3 mm Hg pressure 
and 40~ Volume of the ini t ial  charge to the boiling 
flask was approximately 1500 ml. The middle portion 
of distilled DMSO, approximately 60% of the ini t ial  
charge, was collected and was stored in a n i t rogen-  
filled dry box for subsequent  use. Kolthoff and Reddy 
(19) reported that  refluxing over CaO or BaO caused 
extensive decomposition and that  removal of all the 
decomposition products, not identified, was impossible. 
Since the effect of the drying agents on the degree 
of decomposition of DMSO is not known, no special 
dehydrat ion procedure was under taken  prior to the 
vacuum distillation. Water  content  in DMSO was de- 
termined to be less than  30 ___5 ppm by electro- 
metric t i t rat ion with Kar l  Fischer Reagent (KFR).  
Repeated determinat ions  of water  concentrat ion in dis- 
tilled DMSO over several months of s tanding showed 
that water  content  was less than  100 ppm for all cases. 
NMR analysis of distilled DMSO showed no detectable 
organic impurit ies peak. However, the accuracy of 
the NMR analysis was l imited to 0.1% based on carbon 
13 calibration. 

Tr i i soamylbu ty lammonium tetraphenylboride,  (i- 
amy l )3BuNB(Ph)4 . - -Th i s  salt was prepared follow- 
ing the method of Coplan and Fuoss (20). The 
( i -amyl)3BuNB (Ph)4 was thoroughly washed and then 
recrystallized four t imes from 3:1  (v /v)  acetone-water  
(approximately  1.5g salt/100 ml  solution).  The re- 
crystallized ( i -amyl)  3BuNB (Ph) 4 formed fluffy, 
needle- l ike crystals. The salt was then dried in vacuo 
at 1O5~ for 21 hr. Its mel t ing point was determined to 
be 275~ as reported (20). Inf rared  spectrum analysis 
showed absorption peaks at 16.5, 14.2, 13.7, 13.5, 6.77, 
and 3.38 ~m. This spectrum does not appear to have 
been previously reported. 

Sodium tri f iuoromethanesulfonate,  CF3SO3Na.--This 
salt was prepared by first convert ing (CF3SO~)2Ba, 
supplied by the 3M Company, Saint  Paul,  Minnesota, 
into an acid solution of CFsSO3H with dilute H2SO4 
solution, and then the acid solution was neutral ized to 
a neut ra l  end point  with di lute Na2CO3 solution. The 
resul tant  solution was evaporated to dryness under  re-  
duced pressure. The dried CF~SOaNa was recrystal-  
lized three t imes from acetone. The pure white salt 
was dried in vacuo at 140~ for 42 hr. The mel t ing 
point of the salt was determined to be 248 ~ _ I~ 
which is in  agreement  with the value of 248~ for 
CF3SO3Na as reported by Gramstad and Haszeldine 
(21). Infrared spectrum of the salt showed absorption 
peaks at 7.9, 8.6, and 9.6 ~m. Gramstad and Haszeldine 
(21) reported absorption peaks at 7.82 and 9.60 ~m for 
CF3SO3Na corresponding respectively to asymmetric  
and symmetric stretching of --SO2--group.  

Sodium methanesul fonate ,  CH3SO3Na.--This salt was 
prepared by neutral iz ing CH~SO3H (Eastman Organic, 
Reagent Grade) acid solution with basic Na2CO~ (J. T. 
Baker, Analyzed Reagent Grade) solution. As the 
solution was evaporated to dryness, it was filtered sev- 
eral times prior to precipitat ion of the CH3SO3Na. The 
dry salt was pure white  and was insoluble in acetone, 
but slightly soluble in CH3OH. The salt was re-  
crystallized twice from 1:1 (v /v)  MeOH-H20 mixture  

and once from 1:1 (v /v)  acetone-water  mixture.  The 
salt was then dried in a vacuum oven at 140~ for 48 
hr. Infrared spectrum of the salt showed two absorp- 
tion peaks at 8.3-8.5 ~m and 9.5 ~m. These values are 
in agreement  with 8.37 and 9.43 ~m which are assigned 
to the asymmetric  and symmetric  stretching respec- 
t ively of the - -SO2--group as reported by Gramstad 
and Haszeldine (21). 

Sodium te t raphenylbor ide ,NaB(Ph)4 . - -"Baker  Ana-  
lyzed" Reagent Grade NaB(Ph)4  powder (min imum 
puri ty  of 99.5%) was purchased from J. T. Baker 
Chemical Company, Phil l ipsburg,  New Jersey. Recrys- 
tall ization of the salt from 1:1 (v /v)  acetone-toluene 
mixture  (22) was unsuccessful. The dissolution of 
NaB(Ph)4  salt had a negative tempera ture  coefficient 
and positive heat of solution in the acetone-toluene 
mixture.  The salt was, however, recrystallized three 
t imes successfully from pure acetone. The salt was then 
dried in vacuo at 80~ for 48 hr. The salt was pure 
white and had no phenolic odor. Infrared spectrum of 
the NaB (Ph)4 salt showed two large absorption peaks 
at 13.4 and 14 ~m, and four small  peaks at 6.7, 7.0, 8.4, 
8.7 ~m all of which were identical to that shown in 
Sadtler Standard  Spectra (23). 
Sodium perchlorate, NaClO4.--Anhydrous  purified 
grade NaC104 (City Chemical Corporation, New York 
City) was recrystall ized three times from redistil led 
water  as done by Ames and Sears (24). The salt was 
dried in vacuo at 100~ for 66 hr and was followed by 
addit ional heat ing at 120~ for 7�89 hr in vacuo. In-  
frared spectrum of the salt showed two absorption 
peaks at 8.8-9.3 ~m and 16 ~m which is identical  to that  
reported (25). 
Sodium thiocyanate,  NaSCN. - -Reagen t  grade NaSCN 
(crystals, m i n i m u m  puri ty  99.0%, J. T. Baker) was re- 
crystallized three times from redistilled water  (12) 
and was dried in vacuo at 60~ for 29 hr. The salt is 
extremely hygroscopic and no reliable infrared spec- 
t rum data are available. 
Potassium chloride, KCI . - -  "Baker Analyzed" Reagent 
Grade KC1 (crystal, m i n i m u m  pur i ty  99.5%, J. T. 
Baker) was recrystallized three times from redistilled 
water as recommended by Daggett, Blair, and Kraus  
(26). The salt was dried in vacuo at 140~ for 40 hr. 
Aqueous KC1 solutions of various concentrations were 
prepared to cal ibrate cell constants of conductance 
cells. 

All  purified salts were stored in vacuum dessicators 
over molecular  sieves un t i l  used. 

Preparation of solut ions . - -Al l  solutions except aque- 
ous KC1 solutions were prepared in a nitrogen-fi l led 
dry box. The solutions were prepared by weights cor- 
rected to vacuum values with density data. Volume 
concentrat ion was obtained from the weight concen- 
t rat ion and density. Solutions of different concentra-  
tion were prepared by successive di lut ion of a stock 
solution of near  saturation. 

The lowest concentrat ion prepared for each electro- 
lyte in DMSO was normal ly  in  the order of 10 -4 
mole /kg  solution, below which solvent conductance 
became significant and the conductance of electrolyte 
solutions had to be appropriately corrected. 

All  glassware used in the preparat ion of solutions 
was cleaned in 1:1 ratio concentrated HC1-HNO3 acid 
mixtures,  followed by extensive r inse with redistilled 
water  and reagent grade acetone. The glassware was 
then dried in vacuo at 80~ for 20 hr prior to use in 
the dry box. 

Conductance measurements . - -Conductances  of the 
electrolyte solutions were measured with an a-c bridge 
(27). Sinusoidal  signals of frequencies ranging from 
100 Hz to 80 kHz and ampli tude of approximately 15V 
to very low values were generated by an oscillator 
(General  Radio Company, Type 1302-A). The cell re-  
sistance and capacitance were balanced with variable 
decade resistors and variable capacitors. The variable 
decade resistors were General  Radio precision decade 
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Table I. Density, viscosity, and dielectric constant 
of distilled DMSO 

D i e l e c t r i c  
T e m p e r -  D e n s i t y ,  V i scos i t y ,  c o n s t a n t  
a t u r e ,  ~ g / m l  c e n t i p o i s e  a t  80 k H z  

25 1.0961 1.998 46.4 
35 1.0855 1.652 44.7 
45 1.0745 1.394 43.3 
55 1.0637 1.192 41.9 

resistors (General  Radio Company, Type 510-A through 
Type 510-F), 0.1 ohm/step to 10 k -ohm/s tep  with ac- 
curacies of • to • and with no frequency 
dependence up to 200 kHz. The variable precision ca- 
pacitance box was of 100 to 1150 pico farad range 
(General  Radio Company, Type 1422-N) placed in 
parallel  with the variable decade resistors. The nul l  
point was detected by a Hewlet t -Packard  Model 120B 
oscilloscope which had a sensit ivi ty of 10 mV/cm. All  
electrical wires and connections were shielded from 
noise by using concentrically shielded cable and BNC 
connectors. Fur ther  description is given elsewhere (27). 

Because of the wide concentrat ion range of elec- 
trolyte solutions to be investigated, conductance cells 
of various geometry were designed to give cell con- 
stants appropriate to solution resistances. Five con- 
ductance cells were designed and fabricated from 
Pyrex glass. The details of the cell description are 
given elsewhere (27). Bright p la t inum electrodes were 
utilized in these cells. Resistance measurements  were 
made between f requency 600 Hz and 20 kHz. True re- 
sistance was obtained by l inear  extrapolat ion of resist-  
ance vs. reciprocal of f requency to infinite frequency. 
Usually resistance readings became independent  of 
frequency when frequency was above 4 kHz. 

Cell constants of the conductance cells at 25~ were 
determined with s tandard 0.1, 0.01, 0.001, and 0.0005N 
KC1 solutions (28). Conductance of KC1 solutions be- 
low 0.01N was obtained using the smoothed equation 
of Lind, Zwolenik, and Fuoss (29) which has an ac- 
curacy of about 0.013% at 25~ The cell constants for 
the five cells were respectively 13.20, 2.676, 4.747, 
0.6644, and 0.008809 cm -1 at 25~ Allowing for the 
thermal  expansion of glass and the metal  electrodes, 
the temperature  coefficients of the cell constants were 
calculated. At the max imum temperature,  55~ of the 
present studies, the change of cell constants was negli-  
gible compared to the exper imenta l  accuracy of 
• 

Fi l l ing of all solutions into the conductance cells 
was performed in the nitrogen-fi l led dry box. The cells 
were subsequent ly  sealed in the dry  box before being 
immersed in  oil baths in room air. Oil bath tempera-  

ture  was main ta ined  to •176 Thermal  equi l ibrat ion 
was assumed at tained when the resistance value be- 
came invar ian t  with time, normal ly  about 30 min. 

The conductance data were reproducible to wi th in  
0.1% as the tempera ture  was raised and lowered be-  
tween 25 ~ and 55~ Over-a l l  accuracy of the con- 
ductance data is estimated to be bet ter  than 0.3% 
based on the uncer ta in ty  of indiv idual  readings and 
variat ions between readings. 

V i s c o s i t y ,  d e n s i t y ,  and  d ie l ec t r i c  c o n s t a n t  m e a s u r e -  
m e n t s . - - V i s c o s i t y ,  density, and dielectric constant  of 
the solutions were determined respectively by modi-  
fied Cannon-Ubbelohde  viscometers, a two capil lary 
relative densitometer (30), and an a-c capacitance 
bridge. The detailed descriptions of the apparatus and 
the calibration procedure have been described else- 
where  (27). The over-al l  est imated accuracies for the 
viscosity, density, and dielectric constant  measure-  
ments  are bet ter  than • ~0.1, and •  respec- 
tively. 

Data and Results 
Density, viscosity, and dielectric constant  of dis- 

tilled DMSO at 25 ~ , 35 ~ , 45 ~ , and 55~ are given in 
Table I. The viscosity data given in Table I represent  
the average value of twelve measurements  of distilled 
DMSO. The values of density, viscosity, and dielectric 
constant at 25~ "are in good agreement  with those 
reported by Sears et al. (12); Cowie and Toporowski 
(31), and Lindberg and Kent t~maa (32). 

Equivalent  conductance of NaC104, NaSCN, 
NaB(Ph)~, ( i -amyl)  3BuNB(Ph)4, CF3SOsNa, and 
CH:~SO:~Na in DMSO as a function of concentrat ion 
and tempera ture  are tabula ted in Tables II through 
VII. Solvent viscosity, ~o, and specific conductance, 
~%o, are also given in these tables. 

The conductance data in the dilute concentration 
o range, i.e., ~ ~ 0.2, where the highest concentrat ion 

in the dilute range was marked by an asterisk in Tables 
II through VII, were analyzed by the Fuoss-Onsager  
theoretical equation for unassociated 1-1 electrolytes 

o 
A : he -- S C  1/2 + E C l o g  C + ( J ( a )  - -  B A o ) C  [1] 

for associated electrolytes 

A -~ A.~ --  S ( C a ' )  1/2 ~- E ( C d )  log (Ca') 
e 

~- ( J ( a )  --  B A o ) C d  --  K A C d T •  [2] 

Kay's  least-squares computer  program (33) was used 
for the analyses. In the computer  analyses, the vis- 
cosity B coefficients were obtained by  analyzing the 
viscosity data with the Jones-Dole equation (34). The 

TaMe I1. Conductance of NaCIO4-DMSO solutions 

A in  m h o  �9 emS �9 Eq-1. T h e  n u m b e r s  in  p a r e n t h e s e s  a d j o i n i n g  t h e  A v a l u e s  g i v e  t h e  r a t i o  of  t h e  m o l a r  c o n c e n t r a t i o n  of  t h e  so lu t i on  a t  t h e  
g i v e n  t e m p e r a t u r e  to  the  m o l a r  c o n c e n t r a t i o n  of t h e  s a m e  so lu t i on  a t  25~ as  g i v e n  in t h e  f i rs t  c o l u m n .  

C, 
m m o l e / l i t e r  

at 25~  A (25~ A (35~ A (45~ A (55~ 

1503.4 6.213 8,478 (0,9911) 11.19 (0.9771) 14.26 (0.9643) 
755.44 15,11 18.92 (0.9922) 23.14 (0.9788) 27.63 (0.9649) 
380.69 21.74 26.57 (0.9895} 31.68 (0.9789} 36.96 (0.9685) 
122.82 27.84 33.56 (0.9903) 39.65 (0.9802) 46.04 {0.9705) 

58,252 30.41 36.64 (0.9902) 43.21 (0.9800) 50.15 {0.9704) 
45.633 31,00 37.36 (0.9900) 44.11 (0.9800) 51.14 (0.9699) 
16.557 33.55 40.11 (0.9900) 47.82 (0.9799) 55.39 (0:9699) 
10.056 34.51 41.38 {0.9902) 49.09 (0.9803) 56.66 (0.9703) 

4.4262* 35.42 42.86 (0.9903} 49.75 (0.9804) 58.57 (0.9704) 
1.9806 36.48 44.08 (0.9903) 51.32 (0.9803) 60.56 (0.9704) 
0.76837 37.35 44.91 (0.9904) 52.39 (0.9804) 61.95 (0.9704) 
0.39829 37.70 45.49 (0,9903) 53.12 (0.9804) 62.78 (0.9704) 
0.16144 37.97 45.96 (0.9904) 53.65 (0.9804) 63.48 (0.9705) 
0.065889 38.26 46.18 (0.9904) 54.04 (0.9804) 63.83 (0.9705) 

S o l v e n t  v i s c o s i t y ,  To 
( cen t ipo i se )  1.998 1.652 1.394 1.192 

S o l v e n t  c o n d u c t i v i t y ,  
Ksp ~ (#~nho/cm)  0.367 0.440 0.524 0.616 

* H i g h e s t  c o n c e n t r a t i o n  u s e d  fo r  t h e o r e t i c a l  c o n d u c t a n c e  ana lys i s .  
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Table Ill. Conductance of NaSCN-DMSO solutions 

A in m h o  �9 cm~ �9 Eq-Z. T h e  n u m b e r s  in  p a r e n t h e s e s  a d j o i n i n g  t h e  A v a l u e s  g i v e  t h e  r a t i o  of  t h e  m o l a r  c o n c e n t r a t i o n  of  t h e  s o l u t i o n  a t  t h e  
g i v e n  t e m p e r a t u r e  to  t h e  m o l a r  c o n c e n t r a t i o n  of  t h e  s a m e  s o l u t i o n  a t  25~  a s  g i v e n  in t h e  f i r s t  c o l u m n .  

C. 
m m o l e / l i t e r  

a t  25~  A (25~ A (35~ A (450C) A (55~ 

255.08 25.43 30.59 (0.9897) 35.96 (0.9802) 41.50 (0.9715) 
56.061 34.07 40.72 (0.9900) 47.72 (0.9797) 54.99 (0.9707) 
26.717 37.70 44.82 (0.9900) 51.91 (0.9800) 59.86 (0.9708) 
10.772 38.49 45.92 (0.9902) 54.70 (0.9801) 63.33 (0.9711) 

8.3583 38.86 46.59 (0.9902) 55.~3 (0.9802) 63.72 (0.9711) 
5.8229" 39.86 47.52 (0.9903) 55,64 (0.9803) 64.28 (0.9713) 
3.8448 40.40 48.30 (0.9903) 56.62 (0.9803) 66,52 (0.9712) 
0.53654 42.84 51.31 (0.9904) 60.44 (0.9804) 69.95 (0.9712) 
0.10212 43.53 52.34 (0.9904) 61.35 (0.9804) 70.66 (0.9711) 

~/o ( cen t ipo i se )  1.998 1.652 1.394 1.192 
K~p o ( / a n h o / c m )  0.317 0.381 0.418 0.471 

* H i g h e s t  c o n c e n t r a t i o n  u s e d  fo r  t h e o r e t i c a l  c o n d u c t a n c e  a n a l y s i s .  

Table IV. Conductance of NaBPh4-DMSO solutions 

A in m h o  �9 c m  2 - Eq-1. T h e  n u m b e r s  in  p a r e n t h e s e s  a d j o i n i n g  t h e  A v a l u e s  g i v e  t h e  r a t i o  o f  t h e  m o l a r  c o n c e n t r a t i o n  of  t h e  so lu t i on  a t  t h e  
g i v e n  t e m p e r a t u r e  to  t h e  m o l a r  c o n c e n t r a t i o n  of  t h e  s a m e  so lu t i on  a t  25"C as  g i v e n  in  t h e  f i r s t  c o l u m n .  

C. 
m m o l e / l i t e r  

a t  2 5 ~  A (25~ A (35~ A (45~ A (55"C) 

11.736 20.69 25.49 (0.9903) 29.51 (0.9805) 34.37 (0.9704) 
7.5363 21.53 25.89 (0.9903) 30.66 (0.9804) 35.99 (0.9703) 
5.4698 22.19 26.76 (0,9905) 31.87 (0.9804) 37.43 (0.9705) 
3.8890* 22.56 27.19 (0.9905) 32.19 (0.9803) 37.99 (0.9705) 
2.9139 23.00 27.80 (0.9904) 32.92 (0.9802) 38 84 (0.9704) 
2.1963 23.16 28.03 (0.9903) 33.26 (0.9802) 39.32 (0.9704) 
1.6792 23.48 28.46 (0.9904) 33.90 (0.9803) 39.81 (0.9705) 
1.1955 23.78 28.76 (0.9903) 34.14 (0.9803) 40.20 (0.9703) 

~/o ( cen t ipo i se )  1.993 1.648 1.387 1.191 
~sp ~ ( /~mho/cm)  0.281 0.365 0.476 0.572 

* H i g h e s t  c o n c e n t r a t i o n  u s e d  f o r  t h e o r e t i c a l  c o n d u c t a n c e  a n a l y s i s .  

Table V. Conductance of (i-amyl)3BuNBPh4-DM$O solutions 

A in  m h o  �9 e m  ~ �9 Eq-~. T h e  n u m b e r s  in  p a r e n t h e s e s  a d j o i n i n g  t h e  A v a l u e s  g i v e  t h e  r a t i o  of  t h e  m o l a r  c o n c e n t r a t i o n  of  t h e  so lu t i on  a t  t h e  
g i v e n  t e m p e r a t u r e  to t h e  m o l a r  c o n c e n t r a t i o n  of  t h e  s a m e  s o l u t i o n  a t  250C as  g i v e n  in  t h e  f i r s t  c o l u m n .  

c. 
m m o l e / l i t e r  

a t  25~  A (25~ A (35~ A (45~ A (55~ 

113.44 12.00 14.42 (0.9908) 17.49 (0.9758) 20.60 (0.9718) 
46.960 13.63 16.07 (0.9907) 19.49 (0.9763) 23.23 (0.9711) 
16.677 15.81 19.12 (0.9907) 22.98 (0.9798) 27.32 (0.9707) 

8.8974 17.55 21.08 (0.9905) 25.30 (0.9802) 29.96 (0.9707) 
6.5546* 18.76 21.68 (0.9906) 26.20 (0.9804) 30.98 (0.9706) 
4.9055 18.65 22.48 (0.9906) 26.90 (0.9802) 31.83 (0.9706) 
3.6300 18.98 22.73 (0.9904) 27.31 (0.9802) 32.43 (0.9704) 
1,4907 20.25 24.54 (0.9907) 29.27 (0.9806) 34.47 (0.9706) 
0.38512 21.08 25.48 (0.9906) 30.30 (0.9806) 35.64 (0.9705) 

~7o ( cen t ipo i se )  1.998 1.652 1.394 L192 
~,po ( /~mho/cm)  0.317 0.381 0.495 0.603 

* H i g h e s t  c o n c e n t r a t i o n  u s e d  f o r  t h e o r e t i c a l  c o n d u c t a n c e  a n a l y s i s .  

Table VI. Conductance of CFsSO3Na-DMSO solutions 

A in m h o  �9 e m  ~ �9 Eq-1. T h e  n u m b e r s  in  p a r e n t h e s e s  a d j o i n i n g  t h e  A v a l u e s  g i v e  t h e  r a t i o  of  t h e  m o l a r  c o n c e n t r a t i o n  of  t h e  s o l u t i o n  a t  t h e  
g i v e n  t e m p e r a t u r e  to  t h e  m o l a r  c o n c e n t r a t i o n  of  t h e  s a m e  s o l u t i o n  a t  25~  as  g i v e n  in  t h e  f i rs t  c o l u m n .  

c, 
m m o l e / l i t e r  

a t  25~  A (25 o) A (35~ A (45~ A (55"C) 

416.96 18.59 22.68 (0.9912) 26.93 (0.9829) 31.31 (0.9838) 
122.04 25.33 30.59 (0.9905) 35.92 (0.9808) 41.70 (0.9715) 

72.663 27.21 32.69 (0.9905) 38.58 (0.9808) 44.69 (0.9712) 
42.020 28,76 34.55 (0.9903) 40.75 (0.9805) 47.23 (0.9708) 
15.165 3 L 1 2  37.14 (0.9905) 44.15 (0.9803) 51.48 (0.9706) 

9.0698 31.98 38.22 (0.9905) 45.54 (0.9802) 53.08 (0.9706) 
6.4227 32.55 38.73 (0.9903) 46.12 (0.9801) 53.94 (0.9707) 
5.7623 32.79 39.08 (0.9903) 46.36 (0.9802) 54.30 (0.9715) 
4.6135" 33.14 39.51 (0.9902) 46.73 (0.9802) 54.95 (0.9705) 
4.3611 33.32 39.77 (0.9903) 47.14 (0.9803) 55.12 (0.9705) 
3,5867 33.60 40.14 (0.9902) 47.56 (0.9803) 55.63 (0.9705) 
1.1382 34.95 42.04 (0.9903) 49.59 (0.9803) 57.70 (0.9705) 

7o ( cen t ipo i se )  1.998 1.652 1.394 1.192 
~sp o ( ~ m h o / c m )  0.317 0.381 0.418 0.471 

* H i g h e s t  c o n c e n t r a t i o n  u s e d  f o r  t h e o r e t i c a l  c o n d u c t a n c e  a n a l y s i s .  



Vol .  118, No.  7 T R A N S P O R T  B E H A V I O R  I N  D M S O  1101 

Table VII. Conductance of CHzSO3Na-DMSO solutions 

A in  m h o .  c m  ~ �9 E q - L  T h e  n u m b e r s  in  p a r e n t h e s e s  a d j o i n i n g  t h e  A v a l u e s  g i v e  t h e  r a t i o  of  the m o l a r  c o n c e n t r a t i o n  o f  t h e  s o l u t i o n  a t  t h e  
g i v e n  t e m p e r a t u r e  to  t h e  m o l a r  c o n c e n t r a t i o n  of  t h e  s a m e  s o l u t i o n  a t  25~ as  g i v e n  in  the  first c o l u m n .  

C, 
t a m a l e / l i t e r  

a t  2 5 ~  A (25~C) A (35"C) A (45"C) A (5S~ 

2.4141" 30.78 37.11 (0.9904) 43.90 (0.9804) 50.82 (0.9705) 
1.4083 31.78 38.33 (0.9904) 45.38 (0.9804) 52.55 (0.9705) 
1.2695 31.87 38.44 (0.9904) 45.50 (0.9804) 52.72 (0.9705) 
1.2002 32.09 38.71 (0.9904) 45.83 (0.9804) 53.04 (0.9705) 
1.0449 32.40 39.16 (0.9904) 46.29 (0.9804) 53.84 (0.9705) 
~97260  32,73 39.54 (0,9904) 46.84 (0.9804) 54.27 (0.9705) 
7o ( cen t ipo t se )  1.998 1.652 1.394 1.192 
~sp o (pznho / cm )  0.274 0.314 0.354 0.388 

* Highest concentration used f o r  theoretical conductance analysis. 

B values are  summar ized  in Table  VII I  for each elec-  
t ro ly te  at different  tempera tures .  The resul ts  of com- 
pu te r  analyses  are  summar ized  in Table IX. The con- 
ductance  da ta  were  unweigh ted  in the analyses.  Sol -  
vent  viscosit ies and dielectr ic  constants  at  25 ~ 35 ~ 45 ~ 
and 55~ used in the  analyses  have  been given in 
Table  I. A p p r o x i m a t e  ionic radi i  of 4.8A (35), 5.0A 
(36), 4.0A (36), 4.0A (36), 5.8A (36), and 9.5A (37) 
were in i t ia l ly  assigned to NaC104, NaSCN, NaCF~SOz, 
NaCH3SO3, NaB (Ph) 4, and ( i - amy l )  3BuNB (Ph)  4 salts, 
respect ively,  in the  analyses.  Values  of Ao for  the  in i -  
t ia l  eva lua t ion  of the  coefficients E and S for the  i t e r a -  
t ion procedure  were  obta ined f rom Shed lovsky  ex-  
t rapola t ions  (38) of the  data. A va lue  of zero was as-  
signed to the  associat ion constant  KA in the  in i t i a l  
analyses.  

In  Table  IX, the l imi t ing equiva lent  conductance Ao, 
the theore t ica l  Onsager  slope S, the  ion size fi t t ing 

o 
pa rame te r  a in A, the  association constant  KA, and the 
J p a r a m e t e r  in the conductance equat ion are  tabula ted.  

o 
Of the three  parameters ,  Ao, a, and KA, the  va lue  of 
the viscosi ty B coefficient used affects only  the  ion-size 

Table VIII. Viscosity B coefficients in liters/mole 
for electrolyte solutions in DMSO 

S a l t  25"C 35~  45~ 5 5 o c  

NaCIO~ 0.62 0.60 0.56 0,55 
I ~ a S C N  0.62 0.60 0.56 0.58 
N a C F 3 S ~  0.64 0.61 0.59 0.58 
NaCI-I~SO3 0.82 0.69 0.62 0.63 
N a B  (Ph)4 1.14 1.07 1.01 1.00 
( i - a m y l )  ~BuNB (Ph)  ~ 1.57 1.47 1.44 1.44 

Table IX. Conductance parameters for electrolyte solutions in DMSO 

T e m p e r -  
Sa l t  a t u r e ,  *C Ao S a KA J 

NaC104 25 38.76"4- 0.04 54.64 4.75 0 272.1 
35 46.77___0.03 66.28 5.13 0 354.8 
45 54.65-----0.03 78.17 4.02 0 336.4 
55 64.61___0.03 91.89 3.22 0 328.5 

25 44.14___0.09 57.36 3.33 0 223.2 
35 53.01-*-0.09 69.44 2.59 0 214.9 
45 62.28-----0.14 82.05 2.20 0 215.8 
55 7 2 . 0 2 + 0 . 4 2  95.66 2.96 0 334.1 

25 36.82-----0.08 53.67 3.20 0 184.7 
35 4 4 . 3 9 •  65.07 1.80 0 129.0 
45 5 2 . 3 2 + 0 . 1 8  76.99 2.37 0 201.7 
55 60.71-----0.05 89.91 3.89 0 367.9 

25 2 5 . 3 9 •  47.90 4.07 0 169.1 
35 30.81___0.09 58.18 3.03 0 160.1 
45 36.68-----0.14 69.05 1.97 0 128.4 
55 43.10-----0.12 80.95 2.57 0 194.0 

25 22.09-----0.16 46.24 6.24 12.4 221.8 
35 26.75"4-0.40 56.11 8.04 19.1 338.7 
45* 32.02-----0.64 66.89 14.26 33.5 661.2 
55* 37.46____.0.46 78.08 5.44 9.93 336.6 

N a S C N  

N a C F s S O s  

NaB (Ph) 

( i - a m y l ) ~ B u N B  (Ph)a  

" W e i g h t i n g  f a c t o r  C V +  w a s  u s e d  f o r  t h e s e  t w o  se t s  o f  d a t a  on ly .  

U n i t s  f o r  Ao, ~q, a ,  KA, a n d  J a r e  g i v e n  in  L i s t  o f  S y m b o l s .  

o 
pa rame te r  a, and then only sl ightly.  A 10% change in 

o 
B changes a by  only  0.04. 

NaCH3SO3-DMSO solutions have  not  been included 
in Table  IX. The equiva lent  conductance of NaCH3SO3 
salt  solution decreased ve ry  r ap id ly  vs. C 1/2, and the 
conductance da ta  could not  be unambiguous ly  ex t r ap -  
o la ted  to infinite di lu t ion to obta in  an in i t ia l  Ao for 
analysis  by  the conductance equation. Even wi th  a 
ten ta t ive  ex t rapo la ted  Ao for CH3SO3Na solution, the  
resul t  of the  computer  analysis  for the  conductance 
da ta  using the Fuoss -Onsager  equat ion y ie lded  a nega-  

o 
t ive ion size, a. This conductance behavior  of 
NaCH3SO3 solut ion is typ ica l  for a weak  electrolyte .  

Analys i s  of the conductance da ta  for a weak  e lect ro-  
ly te  can be  expected to fol low the  Ostwald  di lut ion 
law and the law of mass action. An  equat ion of the  
form s imi lar  to the  Fuoss -Shed lovsky  equat ion (39), 
except  S (z ) ,  can be convenien t ly  applied.  The ~,___2 are  
here  approx imated  by  un i ty  as a l imi t ing case. The 
equat ion is of the  form 

1/A ---- 1/Ao -t- CA/KdAo ~ [3] 

A plot  of 1/h as a function of CA for CH3SO3Na solu- 
t ion gave a s t ra ight  line. L imi t ing  equiva len t  conduc-  
tance, Ao, and dissociation constant,  Kd, for  the  solu-  
t ion were  obtained,  respect ively,  from the  in tercept  
and the slope. The values  are  summar ized  in Table  X. 

Equ iva len t  conductances  of the  o ther  e lec t ro ly te  
solut ions in the  d i lu te  concentra t ion  range  were  
p lot ted  vs. C 1/2 at  different  t empera tures .  A l l  e lec t ro-  
lyte  solutions approached  a l imi t ing  Onsager  slope at  
infinite dilution.  NaC104, NaSCN, and NaCF~SO3 solu- 
t ions showed tha t  the  conductance curves  approached  
the Onsager  slopes f rom above, whi le  ( i - amy l )3 -  
BuNB(Ph)4  solut ion showed tha t  the  conductance 
curve approached  the l imi t ing slope f rom s l ight ly  
below. N a B ( P h ) 4  solut ion appeared  to be in be tween  
the two cases. NaC104, NaSCN, NaCF3CO3 are  the re -  
fore considered to be comple te ly  dissociated, whi le  
NaB(Ph)4  and ( i - a my l )3BuN B(Ph)4  appea red  to be 
s l ight ly  associated. 

( i - amyl )3BuN + ion and B ( P h ) 4 -  ion are  two la rge  
nea r ly  symmet r i ca l  ions which  have  been shown to 
possess equal  l imi t ing mobi l i t ies  in me thano l  at  25~ 
(20). The assumpt ion of equal  mobi l i t ies  of those two 
ions has been appl ied  for  different  e lec t ro ly te  solu-  
t ions (40, 41) when  t ransference  numbers  were  not  
avai lable .  Assuming tha t  equal  l imi t ing mobil i t ies  hold 

Table X. Limiting equivalent conductance and 
dissociation constant of CH3SO3Na in DMSO solutions 

T e m p e r -  
a t u r e .  ~ Ao 102Kd 

25 35.37 1.082 
35 42.73 1.078 
45 51.23 1.077 
55 58.39 1.067 
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Table Xl. Limiting ionic mobilities in DMSO 

k ,  o i n  e m ~ / o h m  �9 e q u i v a l e n t  
Ions 25~ 35~ 45~  55~ 

(i-amyl)sBuN* 11.05 13.38 16.01 18.74 
or  B(Ph)4- 

Na + 14.34 17.43 20.67 24.36 
CFaSO~- 22.48 26.96 31.65 36.35 
CIO~- 24.42 29.34 33.98 40.25 
S C N -  29.80 35.58 41.61 47.66 

i + 0 ~  n-Arn4N+ 

F Pr4 N §  7~,O U ~HepL4N 
o,,, . . . . . . . .  , . . . . . . . . .  ; . . . . . . . . .  .o . . . . . . . . .  . . . . . . . . . .  . 

rslN 

Fig. 1. Calibration carve for determining corrected Stokes' radii 
in DMSO at 25~ [data from Arrington and Griswold (14)]. 

for ( i -amyl)3BuN + ion and B ( P h ) 4 -  ion in DMSO 
between 25 ~ and 55~ the individual  ionic l imit ing 
mobili t ies were  then obtained as shown in Table XI. 
The ionic l imit ing mobili t ies were  obtained from the 
Ao values ( tabulated in Table IX) and the application 
of Kohlrausch 's  law of independent  mobil i ty  at infinite 
dilution. The ionic mobi l i ty  increases in the order 
shown in the table. The mobili t ies of the ions have 
positive t empera tu re  coefficients. This appears to be 
due to decrease of the viscosity of DMSO with  increas-  
ing temperature .  The t empera tu re  coefficients of the 
mobili t ies are 0.595, 0.528, 0.462, 0.334, and 0.256 con- 
ductance uni t /~  for S C N - ,  C104-, CF3SO3-, Na +, 
and (i-amyl).~BuN + ions, respectively,  which is the 
reverse  order  of the ionic mobilities. B ( P h ) 4 -  ion, of 
course, is assumed to have the same tempera ture  co- 
efficient as ( i -amyl)3BuN + ion. 

Ionic Walden products, ko~o, in cm 2 poise /ohm equiv-  
alent are given in Table XII  as a function of tempera-  
ture. Stokes'  radii  for these ions were  calculated using 
the values in Table X l I  and the Stokes-Einstein equa-  
tion (28), i.e., rs(A) ~-- 0.820/k~ The calculated 
Stokes'  radii  are given in Table XIII.  In the sixth 
column of Table XII I  are given the crystal lographic 
radii  rc which have been est imated f rom sources listed 
in the parentheses. Table XII I  shows that  the calcu- 
lated Stokes'  radius, except that  of Na + ion, are all 
smaller  than the corresponding crystal lographic radius. 
Such unrealist ic Stokes'  radii  were  also observed for 
halide ions and C104- in sulfolane ( te t rahydroth io-  
phene - l -d iox ide )  (42). 

An empir ical ly  modified Stokes'  equation of the 
form 

rs (corrected) - - - -  Fe (re/rs) . . . . . .  /6~noko [4] 

was proposed by Robinson and Stokes (28) to obtain 
more realistic hydra ted  ionic radii  in water.  Equat ion 
[4] contains a correction factor, (rc/rs)corr, which is 
usually obtained f rom the assumption that  large sym- 
metr ical  and low surface charge ions such as (Et)4N +, 
(Pr)4N +, are unsolvated.  The  procedure for using 
Eq. [4] is to first construct a cal ibrat ion curve of 

Table Xll. Limiting ionic Walden products, ~o~o, in DMSO 

ko~/,, i n  em'2 p o i s e / o h m . e q u i v a l e n t  
I o n s  25~  35~ 45oc  55oc  

(rc/rs)corr. VS. rs based on the mobili t ies of (Et)4N +, 
(Pr)4N +, (Bu)4N +, and (Am)4N + ions avai lable in 
the par t icular  solvent medium and subsequent ly using 
the calibration curve  to obtain the corrected Stokes'  
radius, Eq. [4], for other  ions. 

In DMSO, the mobi l i ty  data for a series of te t ra -  
a lky lammonium ions at 25~ have been reported re-  
cent ly by Arr ington  and Griswold (14). Based on their  
data, a calibration curve was constructed as shown in 
Fig. 1. The cal ibrat ion curve becomes the basis for 
obtaining corrected Stokes'  radii  for other  ions in 
DMSO at 25~ 

For  completeness, the ionic mobi l i ty  data for other 
ions in DMSO at 25~ were  collected and the Stokes'  
radii, rs in A, for these ions were  calculated as given in 
the second column of Table XIV. In the third column 
(rc/rs)corr. is the correct ion factor obtained from Fig. 1 
for the corresponding rs. In the fourth column rcorr, is 
the corrected Stokes'  radius. The corrected Stokes'  
radii  for the large ions are in good agreement  with 
their  crystal lographic radii, rc, which are given in the 
fifth column. Comparison of the rcorr, and rc for alkali  
and halide ions shows that  alkali  ions are heavi ly  
solvated while  hal ide ions are sl ightly or not solvated 
in DMSO at 25~ 

The volume of solvation sheath surrounding an ion 
is approximate ly  

Vsolv. : 4~(rcorr. 3 -- rc 3)/3 [5] 

The solvation volume for  the alkali  and halide ions 
are calculated using the values for ?'corr. and rc given 
in Table XIV. The calculated solvation volume, Vsoiv. 
in A 3, is given in Table XV. The molecular  volume of 
DMSO is approximate ly  118.4 A 3 as obtained from the 
molecular  weight  and the density data of DMSO at 
25~ Assuming the volume contraction of the sol- 
vent  molecules in the solvation sheath due to electro-  
striction is negligible, a solvation number  for the 
a lkal i -hal ide  ions in DMSO can be calculated. The cal- 
culated solvation number,  s, is given in Table XV. Na + 
and K + ions are solvated to approximate ly  the same 
extent  and Li + ion is solvated with  4.8 molecules of 
DMSO. Halide ions are only sl ightly solvated and the 
order of solvation is C1- > B r -  > I - .  

Solvat ion volume or solvation number  at 35 ~ 45 ~ 
and 55~ for the ions studied in the present  work  was 
not de termined because of lack of a calibration curve 

{ i - a m y l ) s B u N +  0.221 0.221 0.223 0.223 
Na+ 0.287 0.288 0.288 0.290 
n ( P h ) ~ -  0.221 0.221 0.223 0.223 
C 1 0 4 -  0.488 0.485 0.474 0.480 
SCN- 0.596 0 . 5 8 8  0 . 5 8 0  0.568 
CFsSOa-  0.449 0.446 0.441 0.433 

Table XIII .  Stokes' radii, rs, in A calculated from Stokes-Einstein 
equation 

R e f e r e n c e s  f o r  re g i v e n  in  p a r e n t h e s e s  

S t o k c s  Radi i  
I o n s  2 5 ~  35~ 45~  55~ 

E s t i m a t e d  
crystallo- 
graphic 

r a d i u s ,  re 

( i - amyl )  ~BuN+ 3.71 3.71 3.68 3.67 4,94 (37) 
B (Ph)  ~- 3.71 3.71 3.68 3.67 4.94 (37) 
Na+ 2.86 2.85 2.85 2.82 0.95 (36) 
C104- 1.68 1.69 1.73 1.71 2.4 (35) 
S C N -  1.38 1.40 1.41 1.44 2.27 (36) 
CFsSO~- 1.83 1.84 1.86 1.89 2.96 (36) 

Table XIV. Corrected Stokes' ionic radii in DMSO at 25~ 

R e f e r e n c e s  f o r  rB a n d  re  g i v e n  i n  p a r e n t h e s e s  

I o n s  r .  ( r ~ )  r . . . . .  Tc 

( i - amy l ) 3BuN + 3.71 ( * )  1.38 5.12 4.94 (37) 
Bu4N+ 3.53 (14) 1.40 4.94 4.94 (37) 
Li+ 3.73 (12) 1.38 5.15 0.60 (36) 
Na+ 2.86 ( * )  1.51 4.32 0.95 (36) 
K+ 2.91 (12) 1.50 4.36 1.33 (36) 
B ( P h ) 4 -  3.71 ( * )  1.38 5.12 4.94 (37) 
P i c r a t e -  2.42 (12) 1.57 3.80 3.61 (37) 
CFsSO.~- 1.83 ( * )  1.66 2.03 2.96 (36) 
C104- 1.68 ( * )  1.68 2.82 2.40 (35) 
S C N -  1.38 ( * )  1.72 2.37 2.27 (36) 
NO3- 1.55 (12) 1.70 2.64 2.70 (53) 
C1- 1.68 (14) 1.68 2.82 1.81 (36) 
B r -  1.70 (14) 1.68 2.86 1.95 (36) 
I- 1.72 (14) 1.68 2.89 2.16 (36) 

* P r e s e n t w o r k .  
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Table XV. Solvation volume and solvation number of 
alkali-halide ions in DMSO at 25~ 

Ion Vsolv. in A s s 

L i +  5 7 1  4 . 8  
N a +  3 3 4  2 . 8  
K +  3 3 7  2 . 8  
C 1 -  6 9  0 . 6  
B r -  6 7  0 , 6  
I -  5 9  0 . 5  

such as shown in Fig. 1 at these temperatures.  How- 
ever, it is clear from the temperature  dependence of 
the l imit ing ionic Walden products, Table XII, that  the 
tempera ture  effect on solvation is practically negli-  
gible, if there is any, for the tempera ture  range be- 
tween 25 ~ and 55~ 

Activation energies for ionic conductance, EA in 
kcal/mole, were calculated as a function of concen- 
tration. The activation energies were obtained from 
the slopes of simple Arrhenius  plots; i.e., log A vs. 1/T 
at various concentrations. Linear plots were obtained 
for all  electrolyte solutions wi thin  the temperature  
range studied. ( i -amyl)3BuNB(Ph)4,  NaB(Ph)4,  and 
NaSCN whose max imum solubilities are below 0.3 
mole/ l i ter  have average activation energies of 3.49, 
3.30, and 3.16 kcal/mole,  respectively. NaC]O4 has an 
activation energy of 3.23 kcal /mole at a concentrat ion 
of 0.01 mole/l i ter ,  and subsequent ly  the activation 
energy increases to 4.44 kcal /mole at a concentrat ion 
of 1.4 mole/l i ter .  The average activation energy for 
CF3SO3Na below 0.3600 mole / l i te r  is 3.23 kcal/mole. 
The activation energy increases for the electrolyte 
solutions in the order of NaSCN < NaC104 
NaCF3SO3 < NaB(Ph)4  < ( i~amyl)3BuNB(Ph)4 for 
concentrat ion below 0.25 mole/l i ter .  

Discussion 
o 

Examinat ion  of the ion size fitting parameter  a in 
Table IX shows that  a value of 4.75A for NaC104 is 
reasonable and is in good agreement  with a value of 
4.8A for NaCIO4 (35) which was found necessary to 
fit the data of Sears et aL (12). Prue  and Sherr ington 
(35) have analyzed the conductance data of NaClO4 in 
other solvents, using the Fuoss-Onsager equation, at 

o 
25~ and the ion size fitting parameters  a found for 
NaC104 in dimethylacetamide, dimethylpropionamide,  
methanol,  and water, respectively, 5.3, 5.0, 2.2, and 3.0A. 
It  is interest ing to note that  the ion size for NaC104 in 
the hydrogen donor solvents, i.e., methanol  and water, 
is smaller  than those in dimethylacetamide, d imethyl-  
propionamide, and DMSO. 

In this present  s tudy NaB(Ph)4  in DMSO has an 
o 

ion size parameter  a of 4.07A at 25~ using the Fuoss- 
Onsager equation; this value appears small compared 
to that  for NaC104. This may be due to some associa- 
tion of NaB(Ph)4  in DMSO. For example, Skinner  
and Fuoss (43) have studied the conductance of 
NaB (Ph)4 in water  and later Covington and Tait (22) 
have redetermined the conductance of NaB(Ph)4  in 

o 
CO2 free water. The ion size parameter  a for NaB (Ph)4 
in water  was determined to be 6.64 _ 0.06A by Skin-  
ner  and Fuoss (43) and 9.9 -+- 0.9A by Covington and 
Tait (22) for KA : 0. Covington and Tait  showed that  

o 
the calculated ion size, a ---- 6.64A, for NaB(Ph)4  as 
determined by Skinner  and Fuoss for KA ~--- 0 can be 

o 
increased to a ---- 10A if an association constant  of 2.07 
l i ters/mole was allowed using Skinner  and Fuoss data. 

o 
It is clear that the ion size parameter  a is not inde-  
pendent  of the association constant  in a sense that  an 
identical set of conductance data can be fitted with a 

o 
smaller a if it is assumed there is no association. A 

o 
larger a is obtained if some association is assumed. 
Thus, for an  electrolyte solution with a slight associa- 
t ion such as NaB (Ph)4 in DMSO, the determinat ion of 
o 
a and KA is not unambiguous.  

( i -amyl)3BuNB(Ph)4  solutions at  25~ have been 
analyzed as an associated electrolyte. The ion size 

o 
parameter  a is 6.24 with s tandard deviat ion 11.9, and 
KA is 12.4 with s tandard deviation 28.6. The s tandard 

o o 
deviation in a and KA reflect par t ly  the sensit ivi ty of a 

o 

to exper imental  accuracy and again i l lustrate how a 
can be adjusted by  simply adjust ing KA. Recently 

o 
Dyke et al. (44) obtained an ion size parameter  a ---- 5.3 
_ 0.1A for ( i -amyl)3BuNB(Ph)4  salt in N-methy l -2-  
pyrrolidone (~ ---- 32.0) at 25~ assuming KA ~- 0. 

o 
The ion size parameter  a for a salt varies with tem- 

pera ture  as shown in Table IX and the variat ion has 
no systematic trend. The Fuoss-Onsager  conductance 
equation assumes the solvent medium to be a con- 
t inuum;  therefore, any inadequacy of the theory due 
to the neglect of the solvent 's  role may be taken care 

o 
of by the adjustable ion size parameter  a. Substant ia l ly  

o 
different values of a obtained for an identical  salt in  

o 
different solvents (33) and the fact that  a varies with 
dielectric constant of the solvent (45, 46) i l lustrates 

o 

the importance of the solvent 's role. In  this work a is  
viewed as a fitting parameter.  It remains  to be seen 
whether  greater exper imental  accuracy can achieve 

o 
greater discrimination in KA and a which have been 
found to be mutua l ly  adjustable.  

The corrected Stokes' radii  for ions in DMSO at 25~ 
have been given in Table XIV. The values for the 
corrected Stokes' ionic radii  are quite reasonable, al- 
though the major  assumption that  t e t raa lky lammoni -  
um ions are unsolvated in DMSO, i.e., the basis for the 
cal ibrat ion curve, has yet  to be verified. Alkali  ions, 
Li +, Na +, and K +, are solvated with approximately 
five, three, and three DMSO molecules, respectively. 
The anions, P ic ra te - ,  CF3SO3-, C104-, SCN- ,  and 
NO3-, are unsolvated while halide ions CI- ,  B r - ,  and 
I -  are slightly solvated, if any. This conclusion is in 
general  agreement  with Parkers '  (2) view that  anions 
in dipolar aprotic solvents are much less solvated than 
in protic solvents. Maxey and Popov (47) studied the 
vibrat ional  absorption bands of DMSO solutions of 
LiC104, NH4SCN, NaSCN, and NaB(Ph)4  and found 
that  the absorption band is essentially independent  of 
the na ture  and the mass of the anion. This again sug- 
gests that  the interact ion of the alkali cations with the 
solvent molecules exists, but  for the anions the in ter -  
action is absent. 

Solvation of alkali ions in DMSO is easily explained 
in terms of the ion-DMSO dipole interaction. The 
mutua l  electrostatic potent ial  energy of the rigid 
DMSO dipole and the singly charged alkali ions is at 
least six times greater than the DMSO-DMSO bond 
strength (27) which is estimated to be 0.44 x 10 -12 
ergs, i.e., one-half  of the heat of vaporization of DMSO 
at 25~ (Lv ---- 12.64 kcal /mole)  (48). The spherically 
symmetrical  ions, ( i -amyl)3 BuN + and (Bu)4N +, both 
have unsolvated radii of approximate ly  5A. The ion- 
dipole interact ion energy for these ions is approxi-  
mately  equal to the DMSO-DMSO bond strength and 
solvation is not favored for these large ions. 

Solvation of the anions by DMSO molecules is more 
complicated. Both the sulfur and oxygen atoms in a 
DMSO molecule have a lone pair of electrons available 
for bonding. Anions are solvated by ion-solvent  dipole 
interactions, on which is superimposed an interact ion 
due to the mutua l  polarizabil i ty of the anion and the 
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Table XVl. Limiting Walden product of salts in water and some nonaqueous solvents at 25~ 

Salt Solvent e Ao~o Reference 

(i-amylhBuNB (Ph) ~ DMSO 46.4 0.4414 Present work 
Tetrahydrofuran (THF) 7.39 0.378 (41) 
Dimethoxyethane (DME) 7.20 0.421 (41) 
H~O 78.5 0.360 (43) 
N-Methyl-2-Pyrrolidone (NM2P) 32.0 0.401 (44) 
EtOH* 24.33 0.397 (46) 
PrOHi 20.45 0.397 (46) 
MeOH 32.66 0.4005 (20) 
MeCN 35.95 0.396 (54) 

NaB (Ph)r DMSO 46.4 0.5074 Present work 
THF 7.39 0.397 (41) 
DME 7.20 0.464 (41) 
HeO 78.5 0.633 (22) 
MeOH 32.66 0.446 (55) 
Acetonitrile (MeCN) 35.95 0.462 (54) 
NM2P 32.0 0.446 (44) 

NaC10~ DMSO 46.4 0.7746 Present work 
N,N-Dimethylaeet amide (DMA) 37.8 0.630 (56) 
Dimethylformamide (DMF) 36.71 0.655 (35) 
DMF 36.71 0.6535 (24) 
Dimethylpropionamide (DMP) 33.1 0.574 (57) 
MeOH 32.66 0.633 (58) 
H20 78.5 1.047 (35) 
MeC~ 35.95 0.6155 (54) 
NM2P 32.0 0.6964 (44) 

NaSCN DMSO 46.4 0.8821 Present work 
DMA 37.6 0.6851 (56) 
DMF 36.71 0.712 (24) 

CFaSOsNa DMSO 46.4 0.7358 Present work 
Dimethylsulfite (DMSU) 22.5 (23.3 ~ 0.355 (59) 

�9 Xo + ((i-amyl)~BuN*) = Xo (B (Ph)~) was assumed. 

s o l v e n t  mo lecu l e ,  w h i c h  is g r e a t e s t  for  l a rge  an ions .  
T h e  r e s u l t  o b t a i n e d  f o r  t h e  a n i o n s  i n  D M S O  is t h a t  
t h e  l a r g e  an ions ,  B ( P h ) 4 - ,  a n d  P i c r a t e - ,  a n d  t h e  u n -  
s y m m e t r i c a l  ions,  C F 3 3 0 8 - ,  a n d  S C N - ,  a r e  u n s o ] v a t e d  
w h i l e  t h e  h a l i d e  ions,  C I - ,  B r - ,  a n d  I - ,  a r e  o n l y  s l i gh t -  
ly  so lva ted .  Th i s  r e s u l t  a p p e a r s  to  i n d i c a t e  t h a t  t h e  
m u t u a l  p o l a r i z a t i o n  a n d  d i p o l e - d i p o l e  i n t e r a c t i o n s  do 
no t  c o n t r i b u t e  s i gn i f i c an t l y  to  t h e  a n i o n  s o l v a t i o n  in  
DMSO.  C I - ,  B r - ,  a n d  I -  ions  a r e  s l i g h t l y  s o l v a t e d  a n d  
t h e  s o l v a t i o n  d e c r e a s e s  s l i g h t l y  in  t h e  o r d e r  C1-  ~ B r -  
> I -  i n d i c a t i n g  t h a t  p e r h a p s  i o n - d i p o l e  i n t e r a c t i o n s  
p l a y  a ro le  in  a n i o n  s o l v a t i o n  as  w a s  t h e  case  in  c a t i o n  
so lva t ion .  

T h e  t e m p e r a t u r e  d e p e n d e n c e  of t h e  ionic  s o l v a t i o n  
in D M S O  c a n  be  i l l u s t r a t e d  b y  r e f e r r i n g  to t h e  l i m i t i n g  
ionic  W a l d e n  p r o d u c t s  as g i v e n  in  T a b l e  XII .  I t  c l e a r -  
ly  s h o w s  t h a t  t e m p e r a t u r e  af fec ts  ionic  s o l v a t i o n  v e r y  
l i t t l e  in  D M S O .  

To i l l u s t r a t e  f u r t h e r  t h e  effect  of s o l v e n t  p r o p e r t i e s  
on  ionic  t r a n s p o r t ,  t h e  l i m i t i n g  W a l d e n  p r o d u c t ,  Ao~o, 
for  ( i - a m y l )  3BuNB ( P h )  4, N a B  ( P h )  4, NaC104,  N a S C N ,  
a n d  CF~SO~Na in  d i f f e r e n t  s o l v e n t s  of v a r y i n g  d i -  
e l ec t r i c  c o n s t a n t  a r e  t a b u l a t e d  in  T a b l e  X V I  a n d  a r e  
p l o t t e d  as a f u n c t i o n  of d i e l ec t r i c  c o n s t a n t  as  s h o w n  
in  Fig. 2. 

I t  is o b s e r v e d  f r o m  Fig.  2 t h a t  t h e  effect  of  d i e l ec t r i c  
c o n s t a n t  u p o n  hollo of  l a r g e  ions  s u c h  as ( i - a m y l ) 3 -  
B u N  +, B ( P h ) ~ - ,  a n d  s o l v a t e d  N a  + ions  is s m a l l  a n d  
S tokes '  l a w  is m o r e  n e a r l y  obeyed ,  w h i l e  fo r  s m a l l e r  
ions  s u c h  as  u n s o l v a t e d  C104- ,  S C N - ,  a n d  CF~SO~- ,  

I . I  , l l l l r l l l l l l l l l l l l  i [ l l l l l l i l l l t l l l  i i i  I l l l l l l l l l l l  j i l l  i i i i i l l l l l l l  i i  i l l l l l l l  i i i  I 
-- �9 ( l -~y l )  3 l~ NB(Ph) 4 

LO 

0.9  ~*" "~" ~ '~. o ~  �9 Na C10 4 

~ , ~  0 Na SCN 0.8 "-. �9 

"QI~O:D Q CF3SO3Na 
0.7 MF ONM2P .... NaC~O 4 1N 
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E 

Fig. 2. Effect of solvent dielectric constant on the limiting 
Walden product for different salts. 

t h e  effect  of  d i e l ec t r i c  c o n s t a n t  u p o n  Ao~o is g r e a t e r  
a n d  t h e  l i m i t i n g  W a l d e n  p r o d u c t  d e p e n d s  o n  d i e l e c t r i c  
p r o p e r t i e s  of  t h e  s o l v e n t  as w e l l  as o t h e r  i n t r i n s i c  so l -  
v e n t  p r o p e r t i e s ,  e.g., h y d r o g e n  b o n d i n g  a n d  p e r h a p s  
ac id  a n d  b a s e  p r o p e r t i e s .  

T h e o r e t i c a l  c o n s i d e r a t i o n  of  ionic  m o b i l i t y  in  a d i -  
e l ec t r i c  m e d i u m  h a s  b e e n  g i v e n  b y  B o y d  (16) a n d  
Z w a n z i g  (17) .  T h e  t h e o r e t i c a l  ionic  m o b i l i t y  w h i c h  ac-  
c o u n t s  for  t h e  effect  of d i e l ec t r i c  r e l a x a t i o n  is of  t h e  
f o r m  

~io : Felzil/6n~lo(r i + D/ri  3) [6] 
w h e r e  

D = (2 /3 )  zi2eS'r (es --  e |  2 

U s i n g  Eq. [6], t h e  t h e o r e t i c a l  l i m i t i n g  ionic  m o b i l i t y  
as a f u n c t i o n  of  r e c i p r o c a l  of c r y s t a l l o g r a p h i c  size w a s  
c a l c u l a t e d  w i t h  t h e  f o l l o w i n g  p a r a m e t e r  v a l u e s  fo r  
D M S O  a t  25~ ~o = 1.998 x 10 -2  poise,  eo ---- 46.4, 
e~ ~ no 2 ( i n d e x  of  r e f r a c t i o n )  (31, 49) = 2.18, a n d  

( D M S O )  --~ ~ o ( D M S O ) ~ ( a c e t o n e ) / ~ o ( a c e t o n e )  = 
20.42 x 10 -12 s w h e r e  T ( a c e t o n e )  is g i v e n  b y  B o y d  (16) .  
T h e  t h e o r e t i c a l  7~o~o a re  s h o w n  in  Fig. 3 b y  a d o t t e d  
l ine .  E x p e r i m e n t a l  ko~o v a l u e s  f o r  some  ions  in  D M S O  
( o p e n  c i rc le )  a t  25~ a r e  a lso p l o t t e d  in  Fig.  3, a n d  
t h e  v a l u e s  a r e  s u m m a r i z e d  in  T a b l e  XVI I .  F i g u r e  3 
s h o w s  t h a t  S t o k e s '  l a w  is a t  b e s t  a n  a p p r o x i m a t i o n  for  
l a r g e  ions  a n d  does  no t  p r e d i c t  a m a x i m u m  in  Lo~lo as 

o.5 
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5o o.4 
Lu 
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Fig. 3. Limiting ionic Walden product as a function of reciprocal 
of crystal radius, experimental results compared to Stokes' law 
and Zwanzig theory. 
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Table XVII. Limiting ionic Walden product in DMSO at 25~ 

Ion  

Refe rences  fo r  rc g i v e n  in  p a r e n t h e s e s  

Estimated 
rc, A ~.~o 
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3. Alkali  ions, Li +, Na ~, and K +, are solvated with 
4.8, 2.8, and 2.8 molecules of DMSO while the halide 
ions CI- ,  B r - ,  and I -  are only slightly solvated, if 
any, at 25~ 

Reference 4. Effective ionic radii are insensit ive to temperature  
from 25 ~ to 55~ 

Present work 5. Transport  of ions in DMSO is l imited principal ly 
112) by viscous drag. 
(z2) 6. The Zwanzig theory of dielectric relaxat ion as ap- 16) 
(67 plied to ionic mobil i ty  in DMSO shows only quali tat ive 

(12) agreement. 
(12) 
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LIST OF SYMBOLS 
A angstrom, 10 -8 cm 
o 
a ion size fitting parameter ,  A 
B Jones-Dote viscosity B coefficient, l i ter /mole 
C molar  concentration,  mole / l i te r  
D a parameter  in the Zwanzig equation, cm 4 
E conductance parameters  
E A  activation energy for ionic conductance, 

kcal/mole* 
e electronic charge, 4.8 x 10 -1~ s ta tcoulomb/  

equivalent  
F Faraday constant, 9.649 x 104 coulomb/  

equivalent  
o 

J (a) a conductance parameter,  (cm2/ohm-equiv - 
alent)  ( l i ter /mole)  

KA equi l ibr ium ionic association constant, l i t e r /  
mole 

Kd equi l ibr ium ionic dissociation constant, r 
mole/ l i ter  

N Avogadro's number ,  6.023 x 102Z/mole 
no index of refraction 
re crystallographic radius, A 
rcor r ,  corrected Stokes' ionic radius, A 
(rc/rs) corr. Stokes' correction factor 

rs Stokes' radius, A 
S theoretical l imit ing Onsager slope, (cm2/ 

ohm-equivalent )  ( l i ter /mole)  
Vsol~. volume of solvation sheath, A s 
~' degree of ionic dissociation 
7• mean molar ionic activity coefficient 
~,~s static dielectric constant  
~o solvent dielectric constant  
~ dielectric constant  at infinite frequency 
~o solvent viscosity, poise or centipoise 

Debye-Hfickel parameter,  c m -  1 
~sp specific conductance of electrolyte sohltion, 

mho/cm 
~sp o solvent specific conductance, mho/cm 
A equivalent  conductance of electrolyte solu- 

tion, cm2/ohm-equivalent  
ho l imit ing equivalent  conductance, cm2/ohm - 

equivalent  
~o l imit ing ionic mobility, cm2/ohm-equivalent  
T Debye's dipolar relaxat ion time, sec 

*Thermochemical kilocalorie was used. 
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Solid Bielectrolyte Cells for Thermodynamic 
Measurements 

David A. Shores *,1 and Robert A. Rapp* 
Department of Metallurgical Engineering, The Ohio State University, Columbus, Ohio 43210 

ABSTRACT 

Galvanic cells uti l izing two mixed conducting solid electrolytes in  in t i -  
mate contact with each other, and in which t ranspor t  occurs by a common 
ion, have been analyzed. The voltage of such cells depends on the nonmeta l  
(or metal)  chemical potential  at the interface between the electrolytes. A 
method for calculating the chemical potential  at the interface from steady- 
state t ransference conditions has been described and example calculations 
for a ThO2 (Y203)-ZrO2(CaO) bielectrolyte cell have been presented. Volt- 
ages less than the thermodynamic  value must  be expected for bielectrolyte 
cells when one or both electrolytes exhibit  tl < 1 and their  par t ia l  electronic 
conductivities are comparable. The bielectrolyte cell a r rangement  seems to 
offer no outs tanding advantages for thermodynamic  measurements  over a 
single electrolyte cell with a properly chosen reference electrode. 

Before the physicochemical details of mixed ionic 
and electronic conduction in solid ionic compounds 
were ful ly  realized or established by experiment,  
Wagner  (1) outl ined the steady-state conditions which 
would exist for galvanic cells with two solid electro- 
lytes exhibi t ing mixed conduction. To evaluate this 
theory, Wagner  (1) in terpreted the voltage of the 
galvanic cell 

Ag [ AgI ] Ag2S [ S, Pt  (I) 

for which only average part ial  electrical conductivities 
were available for the AgI and Ag2S "electrolytes." 

More recently, zirconia- and thoria-base electrolytes 
have found wide application in h igh- tempera ture  ther-  
modynamic  studies. Measurements  of par t ia l  conduc- 
tivities in these oxide electrolytes as a function of 
oxygen chemical potential  have been reported and re- 
viewed (2). Wagner  (3) and Schmalzried (4, 5) have 
described and tested an analysis of the voltage of a 
solid electrolyte cell with a single mixed conducting 
electrolyte. As l imit ing applications of the Schmalzried 
theory, the "plateau" voltage of a cell may be in ter -  
preted to provide values for Pe or Pc, which represent  
for a given electrolyte those values of Po2 at which the 
positive hole or excess electron conductivi ty equals the 
ionic conductivity.  

It was recently proposed (6) that  a bielectrolyte cell 
involving thor ia-  and zirconia-base electrolytes could 
extend the Po2 range of thermodynamic  cell measure-  
ments  compared to the range of either electrolyte used 
singly. In  such a cell ar rangement ,  the mobile oxygen 
ions as well  as electronic carriers are common to both 
electrolytes, as in the cell 

P02', Pt  ] ThO2(Y203) ] ZrO2(CaO) ] Pt, Po2" (II) 

In what  follows, a general  analysis for the in terpre ta-  
t ion of voltages for solid galvanic cells with two 
mixed conducting electrolytes is presented. In  par-  
ticular, the voltage of cell II was selected for an evalu-  
ation of the theory. Finally,  the usefulness of a bi-  
electrolyte cell a r rangement  in competit ion with single 
electrolyte cells for thermodynamic  measurements  is 
discussed. 

Theoretical Considerations 

As a model for the calculations to follow, consider 
the following hypothetical  cell 

* Electrochemical Society Active Member. 
1Present address: Materials and Processes Laboratory, General 

Electric Company, Schenectady, New York 12303. 
Key words: solid electrolyte, galvanic cell, zirconia, thoria, silver 

iodide, Ag~SI, bielectrolyte. 

#x I 

~x', Pt[ Electrolyte A Electrolyte B Pt, ~x" (III) 

o[ ( LA > < LB > 

> 

having a voltage, E, and comprised of electrolytes A 
and B having a common anion and thicknesses, LA and 
LB. Anions are presumed to be the predominant ly  
mobile ionic species, and the electrodes establish 
chemical potentials of ~x' and ~,x". The electrolytes are 
characterized by their  total  electrical conductivities 
~A and ~B, the value of n in  the expressions for part ial  
electronic conductivit ies ce cc Px21/n and % oc Px2-1/n 
and values of Pe A, Pe B, Pe A, and Pe B denoting values of 
PX2 at which the ionic t ransference number ,  ti, equals 
0.5 owing to the part ial  positive hole conduction at high 
~x (4, 5). The chemical potential  of X at the electrolyte 
A/electrolyte  B interface is denoted as ~x I. It  is pre-  
sumed that the two electrolytes are in in t imate  con- 
tact with each other, and that as a result, ~x I is estab- 
lished exclusively by electronic and ionic t ransport  
through the electrolytes and is not affected by in ter -  
actions with a sur rounding  gas environment .  

The cell voltage, E, is the sum of the voltage across 
each electrolyte, or for cell III  (1, 3). s 
E ---- ( l / F )  (tiA/lzx])d~x 

~ X ~t 
+ ( l / F )  (tlB/lzxl)d#x [1] 

X I 

where ti A and ti B are the ionic t ransference numbers  
in electrolytes A and B, respectively, and zx is the 
valence of the anion X. If these ionic t ransference 
numbers  are essentially un i ty  over the individual  
ranges of ~x, the integrals can be combined immedi-  
ately and the resul t ing ( thermodynamic)  voltage, 
equal to (~x" - -~x ' ) / I zx ]F ,  is the same as if either 
electrolyte were used singly. Otherwise, a different 
(lower) voltage results which depends on ~x I and the 
transference numbers .  One ma y  at tempt  to measure 
~x I, e.g. by inser t ing a fine Pt  wire in the interface, or 
it may be calculated from steady-state t ransference 
conditions as described in the following. 

We begin by calculating the rates of ionic and elec- 
tronic t ransport  through each electrolyte following the 
method of Wagner  (1, 3). For two electrolytes having 
anions as the mobile ionic species, the steady-state 
rates of ionic t ransport  and electronic t ranspor t  in the 
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one electrolyte will  be equivalent  and equal to those 
in the other electrolyte if the interface is not a source 
or s ink for ions or electrons. Thus, assuming l inear  cell 
geometry 

- - j 2  A --" #3 A = - - j 2  B : j3 B [2] 

where J2 and Ja are, respectively, the t ransport  rates 
in equivalents  per second for anions and electrons, and 
are given by the expression (1, 3) 

J2 o~ 3 = ( a o o s  t2 ta ~ / ] z x l Y )  ] d ,x /d~  ] [3] 

where S is the interracial  area and t2 and ta are, re-  
spectively, t ransference numbers  for anions and elec- 
trons. Subst i tut ion of Eq. [2] with integrat ion across 
the thickness of the electrolytes gives 

y//. txl #l/. Sx" 
L~-~ t2AtaAa~d~x = LB -1 t2~ta~a~d~x [4A] X' I I 

Equivalent  expressions for electrolytes exhibit ing pre-  
dominant  cationic or mixed cationic plus anionic con- 
duction, respectively, are 

LA - 1 y a~I;~e :! 

and 

L A -  1 y u  ~g~ 
No' 

~ M e" 
tlAt3A~Ad#Me = LB - 1  ttBtaBaBd~Me [4B]  

~Ie I 

(tl A Jr- t2 A) taAaAd~Me 

= L B - 1  M~' (rIB -]- t2B)taB~Bd~M~ [ 4 C ]  

In principle, each of these equations involves only 
one unknown,  i.e. the chemical potential  at the in ter-  
face, if the total conductivities and t ransference n u m -  
bers of the electrolytes are known as functions of ~x 
(Or ~eMe ) . Then Eq. [1] could also be evaluated to ob- 
tain the voltage of the bielectrolyte cell. 

Accordingly, we proceed by taking as a specific ex- 
ample ThO2(Y2Oa) and ZrO2(CaO) solid electrolytes 
for A and B of cell IH, respectively. Both electrolytes 
are known to be oxygen anion conductors with elec- 
tronic conduction appearing at low Po2 and positive 
hole conduction at high Po2 (2). By applying the law 
of mass action, with the assumptions of (a) fully 
ionized defects, (b) concent ra t ion- independent  mo- 
bilities, and (c) an infinitely dilute solution of elec- 
tronic defects, it can be shown for such electrolytes 
that (4, 5) 

~a A = ~2a(z~ae + ~ae) [5] 
and 

where 
r B : r B (ABe "-~ ABe ) 

By definition 

[6] 

'aae ---- (Po2/Pe A) 1/n [7A] 

-XAe ---- (Po2/Pe A) -1/n [7B] 

ABe : (Po2/PeB) 1/n [8A] 

ABe : (Po2/Pe B) - -1 /n  [SB] 

t2 = ~2/(~2 + ~3) [9] 

ta = ~3/(~2 + ~a) [10] 

Equations [5], [6], [9], and [10] may be substi tuted 
into Eq. [4A]. With the knowledge that  32 A and ~2 B are 
independent  of Po2, one obtains 

o'2A f P o ~  I AA e -~- AA~ 
d in  Po2 J LA Po; 1 -~- AAr -~- AA e 

---- ~22 Y;:; ' A B e + A B e  d l n P o 2  [11] 
1 + AB e -{- hB@ 

With the assumption that LA = LB, upon integrat ion 
the lef t -hand side of Eq. [11] becomes 

J u l y  1971 

30 

2O 

"6 

g 
I0 

I 

__ - -  - -  ~ tl~n<099 if P~:I0 "s2 ..... ~ e B  :10"~~ 

_ _ _ t_r ~ _ _ _ ;  

_ _ _1' ,~o<o~ ~, m.=,o -~ /,,~,o-,~ 

,Ao. <0 99 i~ P~= 10 *'42 

- - T  Y 

I I I o ~o ~ ~o ' 
- Log P% (elm) 

Fig. I .  Calculated values of log Po21 vs .  log P o 2 '  with P02" 
0.21 arm for Pe B ~ 10 -~~ and 10 -22  , A ~ ThO2(Y203) and 
B = Zr02 (CaO). 

f 32 A PO2 - -  In n~r2A 

[ WA -1/2 In 1 + 2•162 Jr- W 1/2 J { P%" [12] 

where WA = 1 -  4(peA~peA) 1In. An analogous result  
is obtained for the integrat ion of the r ight -hand side 
of Eq. [11]. With the expansion of w 1/2 as a series, the 
dropping of higher terms, and the assumption that  
peA, peB < <  peA, ptB, Eq. [12] may be simplified. 
Finally,  with the subst i tut ion of the limits of in tegra-  
t ion and rearrangement ,  Eq. [11] becomes 

(z2 A + z2 B) In Po21 -- nz2 A in (}q/X2) 
- -  nz2 B i n  (},3/)~4) = 62 A In Poe' + z2 Bin  Po2" 

- -  no'2 A In (~,5/~6) -- no2 BIn (}~v/)~s) [13] 

where the ~'s are defined in the list of symbols ap- 
pended to this paper. 

Equat ion [13] can be evaluated graphically or by 
numerical  methods to obtain Po21 for subst i tut ion into 
Eq. [1] and the fur ther  calculation of E for the bi- 
electrolyte cell. 

Discussion 
As shown in the preceding sections, the steady-state 

chemical potential  at the interface between the elec- 
trolytes of a bielectrolyte cell can be calculated from 
the ionic and electronic part ial  electrical conductivities 
of the individual  electrolytes. For  a cell involving 
ThO~(Y2Oa) and ZrO2(CaO) electrolytes of equal 
thickness, e.g. 

Pt ,  P02 '  I T h O 2 ( Y 2 0 3 )  ]p%i Z r O 2 ( C a O )  I 
Po2" = 0.21 arm (air),  Pt  (IV) 

values of Po21 have been computed for various values 
of Po2' from Eq. [12] for Po2" = 0.21 atm (air),  and 
sets of values of the other parameters  as listed in Table 
I. These results are shown in Fig. 1 as a plot of log 
Po21 Vs. Po2'. 

Table I. Values of Pc, Pc, and ionic conductivities at 1000~ 
for cell IV 

~ (ohm- 
log Pe log Pe cm) -1 Reference 

Electrolyte A 
Tho.s~Yo.1601.0~ --32 + 1.4 0.008 (6, 7) 

Electrolyte B 
Zro.~Cao.l~Ol.85 --30.6 or --22.0 + 6.5 0.022 (8, 13) 
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Fig. 2. Calculated values of E (volts) vs. log Po 2' with Po " 2 
0.21 atm for single electrolytes and for the bielectrolyte arrange- 
ment  of cell IV. 

The values of the ionic conductivities (7-12) and 
peA or S (7, 8) and Pe A or B (6, 8, 13) chosen for Table I 
were taken from previously reported measurements.  
The most impor tant  parameter,  Pe for Tho.s4Yo.1601.92, 
was interpolated from the conductivi ty data of Lasker 
and Rapp (7). For Zr0.ssCa0.z5OL85 at 1000~ Pe has 
been reported as 10 -22 (13), 10 - ~  (14), 10 -24 (4), 
<10 -28 (15), 10-28 (16), and 10 -30.6 atm (8). A re-  
cent de terminat ion  of Pe for Zr0.s6Y0.14Ol.~ by Swin-  
kels (20) yielded an extrapolated value of 10 -~~ atm 
at 1000~ The disagreement among the values of Pe 
is not unexpected, since the measurements  are diffi- 
cult exper imenta l ly  and different techniques were 
used; further,  small  differences in the types and 
amounts  of impurit ies may have a large effect on the 
electronic conductivity, and hence on Pc. However, 
as seen in Fig. 1, values of Po21 calculated for cell IV 
are not sensitive to the choice of Pe for ZrO2(CaO), 
unt i l  Po2' is reduced to values approaching Pe B. The 
two curves of Fig. 1 were calculated for the extremes 
in the reported values for PeB: 10 -22 and 10 ~3~ atm. 

When Po21 is known for a par t icular  bielectrolyte 
cell, the expected voltage may  be calculated from Eq. 
[1]. As an example, we may consider cell IV at 1000~ 
with Po2' = 1 atm. From Fig. 1, Po21 : 0.795 atm; thus, 
the calculated cell voltage equals --0.040IV. This cal- 
culated value may be compared with an exper imen-  
tal ly reported value (6) of --0.0427V. Because the 
ThO2 (Y2Os) electrolyte is in a Po2-range of significant 
electronic conduction, the condition Po2' = Po2 z, i.e. 
with no chemical potential  difference existing across 
the ThO2 (Y2Os) electrolyte, would be required for the 
cell voltage to correspond exactly to the thermody-  
namic voltage (0.0427V), i.e. with an "apparent"  t i  for 
the bielectrolyte cell equal  to unity.  

Voltages calculated from Eq. [1] using the data of 
Table I for cell IV at 1000~ are shown in Fig. 2 as 
a plot of E vs. log Poe'. For  comparison, the ceil vol t-  
ages calculated for the single electrolytes have also 
been plotted. It  is obvious (17) that  the deviation 
from the thermodynamic  voltage resul t ing from p- type 

A .  1.00 

0.98 

8 

o 
0 96 

,--~_ ,.oo" 

098 

0.96 

Zr02{ CO0 ) Th02(Y20~) 

- Log PO z ( a r m )  

Fig. 3. A--Individual ionic transference numbers for single 
electrolytes; B---average ionic transference numbers for single- 
and bi-electrolytes in cell IV. 

come a smaller  fraction of the total voltage as Po2' is 
lowered. By calculation of this effect as i l lustrated in 
Fig. 3B, ti for the bielectric cell becomes greater than 
0.99 at about Po2' < 10-6"s; however, for Po2 < 10-31"3, 
if Pe B -~ 10 -22 (or for Po2' < 10-a4"2 if Po B ---- 10-3~ 
t-i will  again decrease below 0.99 because of electronic 
conduction. Figure 3B is based on cell IV which speci- 
fies air (Po2" = 0.21 atm) as the reference electrode in 
contact with the ZrO2(CaO) electrolyte. In  Fig. 3B, 
the bielectrolyte cell exhibits a broader range of Po2 
over which the average ionic t ransference number ,  tj, 
exceeds 0.99 than either of the two single electrolytes. 
However, this apparent  advantage of the bielectrolyte 
cell m u s t  be evaluated in competit ion with the single 
electrolyte cells which may  also be used to accomplish 
the equivalent  measurement  of some u n k n o w n  Po2'. 

Almost w i t h o u t  exception, investigators have pre-  
viously chosen to use a single electrolyte and a refer-  
ence electrode well  wi thin  the range of predominant  
ionic conduction. In Fig. 3A are plotted the ionic t rans-  
ference numbers  of the two electrolytes described in 
Table I. The data of Pat terson et al. (8) for p B in-  
dicate that  t~ is actually slightly less than  0.99 in air or 
pure oxygen. More recent and yet unpubl ished work 
by Heyne (21) and by Pat terson (22) has yielded 
higher values for p B. The usual  purpose of galvanic 
cell measurements  is to determine an u n k n o w n  (usu-  
ally very  low) Po2' as accurately as possible. For  ex-  
ample, consider the use of a single ThO2(Y2Os) elec- 
trolyte cell with either a Fe-FeO or Cr-Cr203 refer-  
ence electrode to measure, at 1000~ the Po2' for the 
coexistence electrodes Nb-NbO or U-UO2. It  is as- 
sumed for the following calculations that  any  chemical 
attack or electrode polarization may be ignored and 
that the electrodes ma in ta in  their  equi l ibr ium oxygen 
activities (19), which are taken as: Po2(Fe,FeO) -- 
10 -14.8, Po2(Cr, Cr2Oa) = 10 -sl 's, Po2(Nb,NbO) = 
10 -25-1, Po2(U,UO2) -- 10 -35.5 arm. This group of cells 
may  be represented as 

Nb, NbO [ Fe, FeO 

or Th0.sr Cr, Cr2~ (V) 
U, U02 

In competit ion with cells V, we shall consider the 
bielectrolyte cell VI with the air reference electrode, 
which according to Fig. 3B might  appear superior 

Nb, NbO or U, UO2 I ThOs(+Y203)  ] P02 x ZrO2(+CaO)  I Pt, air  (P02" ---- 0.21) (VI) 

The purpose of the comparison is, of course, to estab- 
conduction in the thoria electrolyte of cell IV will  be- lish by calculation which cell should most accurately 
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Table H. Calculated values of cell voltage error and ~ for cells Y and Yl 

J u l y  1971 

Ee(a) Et  (b) Error 
Cell  (V) (V) ( ca l /mo le )  t ,  (r 

Nb,  NhO { ThO~.(Y20~) [ Fe,  FeO  
Nb,  NbO ThOf(YfOh) I Cr,  Cr:O8 

U, UO~ ThOf(Y2Oa) Fe,  F e O  
U,  UO~ I ThOf(Y~Os) I Cr,  Cr208 

Nb,  NbO ] ThO~(Y~Oa) I ZrO~(CaO) ] Pt,  a i r  (Po 2 = 0.21) 

U, UOs I ThO2(Y~Oa) ] ZrO~(CaO) ] Pt,  a i r  (Po~ = 0.21) 

Pea = lO-m- 

p s = i0-3o 6 
0 

Pe B = lO-=C 

p B = 10-8o.B 
o 

0.6774 0.6797 106 0.997 
0.2159 0.2178 67 0.991 
1.1204 1.3659 22,580 0.820 
0.6589 0.9040 22,540 0.729 

1.6052 1.6116 294 0.996 

1.6052 1.6116 294 0.996 
1.9575 2.2978 31,300 0.852 

2.0484 2.2978 22,940 0.891 

(a) Cell  v o l t a g e  c a l c u l a t e d  w i t h  S c h m a l z r i e d ' s  e q u a t i o n  fo r  cells V, a n d  Eq. [1] 
(b) T h e r m o d y n a m i c  cell  v o l t a g e ;  i.e., E = --AG~ 
(o)-ti = Ec/Et. 

and [12] for cells VI.  

measure the low value of Pof', which in these cells is 
presumed to be known. The results of the calculations 
using Schmalzried's (4, 5) equation for cells V and 
our Eq. [12] and [1] for the bielectrolyte cell are 
listed in Table II. As seen in Table II, regardless of the 
higher values of'~i for the bielectrolyte cells, the more 
accurate measurement  of Pof' is made by the singie 
electrolyte cells. Thus, the use of ~ as a measure for 
the usefulness of a cell is misleading. 

The calculations of Table II indicate that  the least 
error from mixed conduction in a single electrolyte 
cell is realized by choosing a reference electrode whose 
Po2 is as close as possible to that of the unknow n  elec- 
trode. Then, in principle, the Cr, Cr203 electrode is 
superior to other electrodes with higher Pof" to mea-  
sure very low values of Pof'. For a single electro- 
lyte ceil, the cell voltage may  also be obtained from the 
graphical integrat ion of Fig. 3A from the reference to 
the "unknown"  electrode (7). While the area below 
the curve is proport ional  (a factor of RT/4F)  to the 
cell voltage, the area above the curve is proportional 
to the error in the measurement  which results from 
mixed conduction. Obviously, this area and the error 
are minimized as the two electrodes approach each 
other. In  the limit, an exact de terminat ion of an un-  
known Po2' can be made regardless of the value of ti 
if a known Pof" can be adjusted so that  the cell voltage 
equals zero (19). 

In the application of the Schmalzried (voltage 
plateau) technique to cell IV for the determinat ion of 
an "apparent" Pe for the bielectrolyte, Pof' would be 
reduced to an extremely low value so that a l imit ing 
cell voltage is obtained. From Eq. [1], it follows that  

E (plateau) = E A -t- E s [143 

where E A and E B are, respectively, the voltages across 
electrolyte A [ThO2(Y2Oa)] and electrolyte B 
[ZrOf(CaO)] .  The in terpre ta t ion of such a l imit ing 
(plateau) voltage in terms of the electronic conduc- 
tivities of the individual  thoria and zirconia elec- 
trolytes is as follows. If Schmalzried's equation (4, 5) 
for the voltage of a cell involving a mixed conducting 
electrolyte is applied to the thoria electrolyte of cell 
IV, with the condition that  PO2" ~ R e  ~ Poe I, one 
obtains 

In Pe a ----- In Po21 -- 4FEA/RT [15] 

For ZrO2 (CaO) 
E B = R T / F  In 0~4/Xs) + R T / F  In (}~7/Xa) [16] 

Subst i tut ion of Eq. [14] and [16] into Eq. [15] and 
neglecting the small contr ibut ion of the first term on 
the right side of Eq. [16] gives 

]n Pe A ---- In Po21 -- 4FE (p la t eau ) /RT + 4 In (~7/?~) 
[17] 

where n ---- 4. 
Reported values of the plateau voltage (6) 2 for cell IV 

T h e s e  m e a s m ' e m e n t s  m a y  h a v e  b e e n  c a r r i e d  o u t  w i t h  t he  o x y g e n  
a c t i v i t y  a t  t he  t h o r i a - z i r c o n i a  i n t e r f ace  e s t ab l i shed  b y  c o e x i s t i n g  
Co-CoO, i n  w h i c h  case  t h e  p l a t e a u  v o l t a g e  ar i ses  e x c l u s i v e l y  f r o m  
e l ec t ron ic  c o n d u c t i o n  in t h e  t h o r i a  e lec t ro ly te .  

E(pla teau)  ---- 2.87 -- 7 • 10-4T(1000-1400K) (V) [18] 

may be substi tuted into Eq. [16] and values of Pe A 
can be obtained if Po21 or Po2' is known. For example, 
at 1000~ with Pe ~ =- 10 -22 atm, Pe A is calculated to 
equal 10 -32.9 atm if Poe' is assumed to be 10 - ~  arm 
and thereby Po21 = 10 -21.3 atm (from Fig. 1), or to 
equal 10 -33.6 atm if Pof' is assumed to be 10 -36 atm 
and Po,, I ---- 10 -22.7 atm. Alternat ively,  for p B _-- 10-30.6 
atm again assuming Pof' -= 10-34 or 10 -36 atm, Pe A is 
calculated to equal 10 -32.3 or 10 -32.6 atm, respectively. 
These values of Pe A do not differ substant ia l ly  from 
those obtained by neglecting the contr ibut ion of ae ~ 
in the bielectrolyte cell (6). It  should be noted that  
the above calculated values of Pe A depend on Po2 I, 
which is already a function of Pe A, and on an arbi t rary  
choice of Pof' corresponding to the voltage plateau. An 
exact solution for Pe A would require an i terative cal- 
culation procedure as well  as a knowledge of Po2'. If 
values for Po A are obtained in this manner ,  or are 
otherwise available, the oxygen pressure range for 
which ti --~ 0.99 for ThO2(u alone (the usual  
criterion for thermodynamic  measurements)  may be 
calculated by combining Eq. [6] and [7], and setting 
n ---- 4, or 

log Po2 (ti = 0.99) --~ log Pe a + 8 [19] 

The foregoing general  t rea tment  of bielectrolyte cells 
can also be applied to cells with exchange electrodes 
which exhibit  mixed conduction. As an example of a 
l imit ing case, the exchange electrode AgfS in cell I 
may be considered as a second electrolyte, indeed one 
with predominant  electronic conduction. Wagner  (1) 
has previously described this cell in which Ag is the 
t ransported species. At steady state in the absence of 
an external  circuit, the counter t ransference of silver 
ions and electrons in AgI is extremely small  because 
of the very low r On the other hand, because 
of the high ~(Ag2S) ,  the steady-state ionic and elec- 
tronic fluxes in Ag2S are main ta ined  with only a negli-  
gible voltage drop across Ag2S. Thereby, the silver 
activity at the AgI/AgfS interface is v i r tua l ly  equal 
to that  at the Ag2S/S interface. Thus, the  voltage 
across the AgfS "electrolyte" is zero, and the thermo- 
dynamic voltage is measured for the cell. However, as 
already discussed, deviations from the thermodynamic  
voltage must  be expected for a bielectrolyte cell when 
one electrolyte exhibits ti < 1.0 and the part ial  elec- 
tronic conductivities of the single electrolytes are com- 
parable. 

When an electrode component  reacts with the elec- 
trolyte, the cell voltage may decrease. If a compact 
product layer is formed, it may be considered as a 
second electrolyte, and informat ion about the t ransport  
properties of the product  layer  may be deduced from 
changes in the cell voltage so long as the electrodes 
remain  reversible. Such an in terpre ta t ion of a chang- 
ing cell voltage may be per t inent  to the shelf life and 
voltage stabil i ty of a solid-state battery.  Owens et al. 
(18) have questioned previous reports of the high 
stabil i ty of the cell 
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based on their experimental  observation that Ag3SI 
reacts with Ie to form AgI and S. If AgI in the presence 
of 12, or AgI doped with S, should exhibit  tlon < 1, 
then the mixed conducting AgI product layer would 
lead to a lower open-circui t  voltage; if  the AgI prod- 
uct layer is an exclusive ionic conductor, then the open- 
circuit cell voltage would be stable. 
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E 
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~X, ~Me  

LA, LB 
{7 

ZX 
peA, peA, p B, peB 

ti 
t2, t3 

h, j3 

Po2 
AA$ 
AAe 
AB$ 
ABo 

~2 

SYMBOLS 
EMF (volts) 
Faraday  (96487 A s/Eq) 
Chemical potent ial  of species X or 
Me 
Thicknesses of electrolytes A and B 
Electrical conductivi ty (ohm-cm) - 1 
Distance (cm) 
Valence of species X 
Schmalzried parameters  for electro- 
lytes A and B, respectively (atm) 
Ionic t ransference number  
Transference numbers  of anions and 
electrons, respectively 
Rates of t ransport  for anions and 
electrons, respectively (eq/sec) 
Part ial  pressure of oxygen (atm) 
(Po2/P A) I/n 
( Po2/PeA ) -1/n 
(po2/peB) 1/n 
(po2/PeB) -1/n 
[ (Po2 I) 11n + (peA) I/n] 
[ (Po2 I) lln + (peA) 1~hi 
[ (Po21) 1/n + (peB) 1~hi 

X4 [ (Poe0 ~/n + (pes) 1/~] 
),5 [ (Po2') 1/n + (peA) 1~hi 
;L6 [ (Po2') 1/n + (peA) 1~hi 
~7 [ (Po2") 1/n + (peB) l/n] 
~-8 [ (P02") 1/n -I- (Pe B) I/n] 
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The Effect of Anions on the Thermodynamics of 
Silver-Sodium Exchange between Glass and Molten Salts 

Kurt H. Stern* 
Naval Research Laboratory, Electrochemistry. Branch, Washington, D. C. 20390 

ABSTRACT 

AH ~ and AS ~ were determined for the ion exchange Na+(glass)  + 
Ag + (salt) = Na + (salt) + Ag + (glass) in mixed chloride-sulfate melts  in the 
range 500~176 The small  value of the equi l ibr ium constant  K in the pure 
chloride melt  results pr imar i ly  from a negative AS ~ which is accounted for 
by the lower mobi l i ty  of Ag + in the glass relative to Na +. In  the mixed anion 
melts both AH ~ and AS ~ contr ibute  to K. 

In previous work (1) it was shown that the equil ib-  
r ium constant K for the process 

Na + (g) + Ag + (s) = Na + (s) + Ag + (g) [1] 

where g represents the glass and s the salt phase, is 
highly dependent  on the melt  anion, although only the 
cations participate in the actual  exchange. For ex- 
ample, in mixed chloride-sulfate melts K increased by 
three orders of magni tude as the melt  composition was 

* Electrochemical Society Active Member. 
Key words: membrane potentials, glass, molten salts. 

changed from pure chloride to 58 mole per cent (m/o)  
sulfate. These results were accounted for in terms of a 
model in which the anionic adsorption sites on the 
glass and the melt  anions in the double layer near  the 
glass-melt  interface "compete" for the cations. When 
only oxyanions are present in the melt, values of AG ~ 
for the exchange calculated by assuming that  all cat- 
ion-anion interactions are coulombic were in good 
agreement  with experiment.  However, in bromide and 
chloride melts, exper imental  values of AG ~ were much 
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more positive. 1 This result  was explained in terms of 
the strong tendency of halide ions to complex Ag +, 
resul t ing in a smaller value of K than expected from 
electrostatics alone. 

The purpose of the present  work is to explore the 
validity of the model fur ther  by obtaining the thermo-  
dynamic functions AH ~ and AS ~ for the exchange. A 
comparison of the contr ibut ion these functions make 
to hG ~ should give fur ther  insight into the mechanism 
of the exchange. 

Since the various oxyanions investigated previously 
(1) all gave similar results, only chloride-sulfate melts 
were studied. Membrane potentials and glass conduct-  
ances were determined in the range 500~176 

Experimental 
The general  procedures for carrying out membrane  

potential  measurements  have been described previ-  
ously (1, 2). For the present work the U-shaped cells, 
made of General  Electric Type 204 fused silica, were 
modified by sealing a short piece of tubing  directly 
over the membrane  so that  the Pla t inel  II thermo-  
couple could be inserted into it with its junct ion in 
contact with the membrane.  The thermocouple was 
calibrated ini t ia l ly against  a National  Bureau of Stan-  
dards calibrated Pt-13% Rh thermocouple and recali-  
brated occasionally against the mel t ing point of AgC1. 
The same AgC1-Ag2SO4 mixture  was added to each 
side of the cell and the silver electrodes, sheathed in 
3 mm OD fused silica tubing, were inserted into the 
cell through the top of caps through which a stream 
of dry hel ium passed cont inuously to reduce access of 
moisture to the melt. After  the EMF had stabilized, 
usual ly to wi th in  a few mV of zero, sodium was added 
incrementa l ly  as NaC1 up to ~5  m/o. Since the addi-  
tions were small  the C1-/SO4 -2 ratio remained ap- 
proximately  constant  dur ing  a run. The tempera ture  
dependence of the emf was measured for each Na + 
concentrat ion in the range 500~176 after the emf 
had become constant  at each temperature.  All  mea-  
surements  were corrected for the ini t ial  asymmetry  
potential. 

The conductance of the membrane  was measured 
with a General  Radio 544-B Megohm Bridge, accurate 
to •  %. Although AgC1 is a stable liquid in the range 
500~176 there seems to be no sodium salt for which 
this is true. Several  exper iments  were made with a 
NaC1-NaI eutectic which is l iquid above 573~ but  this 
solution evolved I2 and appeared to change the glass 
i r revers ibly since the conductance ratio with Ag + 
and Na + in the glass changed with the sequence of 
filling the cell. The most reproducible results were 
obtained when the cell was filled with AgC1, electro- 
lyzed at 100-200V between Pt electrodes unt i l  the re- 
sistance became constant.  The resistance was then 
measured as a function of temperature.  The AgC1 was 
then replaced by undr ied  NaBr which was allowed to 
sinter in the cell. The electrolysis and conductance 
measurements  were then repeated. 

Treatment of Experimental Data 
Since the method of calculating ion exchange equi- 

l ibr ium constants has been discussed in detail else- 
where (3), it is only summarized here. The emf of the 

T he  s ign  of  i~G~ in  Tab le s  I I  a nd  I I I  of  Ref. 1 was  i n a d v e r t -  
e n t l y  r eve r sed .  I t  s h o u l d  be  pos i t ive .  

concentrat ion cell 

AgIAgC1, Ag2SO4[glassIAg +, Na +, CI- ,  SO4-2]Ag [2] 

is given by Ecelt --= EM --~ Eelectrode, where the m e m -  
brane potential  E M  i s  ( 4 )  

EM = ( n R T / F )  In [ (a 1/n + K "l/n b l / n ) / ( K  'l/n] [3] 

where a and b are the activities of the exchanging ions 
and K'  is the ion-exchange selectivity constant, n is a 
thermodynamic  factor which for the present  system 
is near  un i ty  (3). 

Since the melts in this study did not contain more 
than a few mole per cent sodium, the activities were 
replaced by mole fractions on the assumption that  the 
activity coefficients would not vary  great ly over the 
concentrat ion range. The ionic activities were identified 
with the mole fractions of the salt components 

a = n N a c l / ( n N a C 1  -'~ nAgCl  -'~ nAg2SO4)  [4a] 

b ~-~ ( n A g C l  ~- n A g 2 S O 4 ) / ( n N a C l  21- nAgC1 -'~ nAg2SO4) [4b] 

The ion-exchange selectivity constant  K' can be wri t -  
ten as the product of the equi l ibr ium constant  for re-  
action [1] and the ionic mobil i ty  ratio 

K '  = K ( U A g / U N a )  n [ 5 ]  

Since it was shown previously (3) that  K" is v i r tual ly  
independent  of n, it was calculated with n = 1. The 
value of K does depend on n since this parameter  ap- 
pears as exponent  of the mobi l i ty  ratio, but  it was 
determined that  the values of AH ~ and AS ~ which are 
of interest  in this work are affected very little by 
small departures (___10%) of n from unity.  The K 
values reported in this work are therefore those with 
n = l .  

Results and Discussion 
Between 500 ~ and 600~ the conductance ( l /R )  of 

the glass is l inear  in 1/T for both Na + and Ag +, the 
corresponding Arrhenius  activation energies being 83.3 
and 109.2 k J, respectively. As a consequence of these 
different activation energies, the mobil i ty  ratio is quite 
temperature  dependent:  

t (~ (UNJUAg) • 5% 

500 9.8 
550 7.50 
600 5.76 

The ratio for 570~ the temperature  of the previous 
study (3) is 6.4, somewhat higher than the previously 
reported value of 5. Linear  extrapolat ion of the ratio 
in 1/T to 337~ gives 21 compared to 13.7 reported by 
Doremus (5) for fused silica at this temperature.  
Linear extrapolat ion of the plot shows that  the mobil i -  
ties of Ag + and Na + are expected to become equal 
(UNa/UAg = 1) at 760~ 

In Table I are listed values of K' and K for the four 
C 1 - - - S O 4  -2 melts  at three different temperatures.  
The first two lines compare the values obtained in pure 
chloride melts when  activity corrections are taken into 
account (3). For  the mixed anion melts activity cor- 
rections cannot be made since the activity coefficients 
are not known. However, as has been pointed out else- 
where (3,6),  AgC1-Ag2SO4 solutions are v i r tual ly  

Table I. K' and K values for Ag+-Na + exchange on fused silica 

XAg2SO 4 K" 
500~ 550~ 

K K '  K 
600 ~  

K '  

O.O00* 5.58 x 10 -5 5.47 x 10-4 7,22 x lO-~ '5.42 x 10 -4 9.10 x 10- 5 5.24 x 10 -4 
0.000 3.62 • 10 4 3.55 X 10-4 4.81 X 10 -~ 3.61 X lO-~ 6.21 x 10 -5 3.58 x 10 -4 
0.286 2.24 • IO -s 2.20 x lO-~ 2.58 • lO-Z 1.94 x 10-2 3.34 x I0-~ 1.92 • 10 -2 
0.500 1.16 X 10 4 1.14 x 10 -:L 1.23 X 10- 2 9.23 x 10 -~ 1.62 • 10 -2 9,33 • 10 -2 
0.575 1.80 • 10-  2 1.76 X 10-1 2.04 • 10-3 1.53 • 10-1 1,90 • 10-  2 1.09 X l 0  -~ 

* W i t h  a c t i v i t y  correction. 
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Table I] .  A H  ~ and A S  ~ for the exchange reaction 
Na+(g) -l- Ag+(s) ~ Na+(s) ~- Ag+(g) 

S I L V E R - S O D I U M  E X C H A N G E  

XAg~SO 4 AH ~ (kJ) AS ~ ( JK -x) 

0.000" -- 2.5 -- 65.7 
0.000 + 0.2 -- 05.7 
0.286 --7.5 --41.0 
0.500 -- 11.0 -- 33.0 
0.575 --27.0 -49 .0  

* With act ivi ty  correction. 

ideal, and in the te rnary  mel t  the sodium concentra-  
tion range used is sufficiently small  to preclude large 
variat ions of act ivi ty  coefficient with mel t  composition. 
Thus, al though the neglect  of act ivi ty  corrections af- 
fects the actual value of K (see the first two lines of 
Table I for the effect of the known activities in the 
AgC1-NaC1 system),  it would hardly  affect the t em-  
pera ture  coefficient of K for a par t icular  anion com- 
position; as pointed out previously (3) the assumption 
of ideali ty can also not account for the thousand-fold  
change of K with  anion composition. 

Values of K'  at 550~ are in fair ly good agreement  
with those determined previously (1) near  that  tem-  
perature.  In general, the new values are somewhat  
lower. The marked  increase of K" and K with  in- 
creased sulfate concentrat ion is apparent.  With the ex-  
ception of K'  at 600~ for XAg2SO4 : 0.575 the trend is 
for K '  to increase somewhat  wi th  temperature .  Since 
(UNa/UAg) decreases marked ly  with  temperature ,  the 
equi l ibr ium constant K shows a slightly reverse  trend, 
par t icular ly  at the higher  sulfate concentrations. 

The values of K can be used to calculate the enthalpy 
and entropy values for the cation exchange by stan- 
dard thermodynamic  methods. These are  shown in 
Table II. 

A comparison of the first two lines shows that  the 
effect of neglect ing the nonideal i ty  of the melts on AH ~ 
and AS ~ is very  minor, most probably because both of 
these functions depend only on the t empera tu re  coeffi- 
cient of K which is less sensitive to act ivi ty  corrections 
than the absolute va lue  of K. 

The most notable feature  of Table II is the fact that, 
par t icular ly  in the chlor ide-r ich  melts, the small 
values of K are almost ent i re ly  accounted for by the 
negat ive AS ~ for the exchange reaction. As the sulfate 
concentrat ion increases the situation becomes more 
complex with  both AH ~ and AS ~ contr ibuting to I G  ~ 
but in opposite directions: AH ~ favors the exchange 
process [1] as wr i t ten  and AS ~ opposing it. This result  
is surprising in terms of the model  which was used to 
account for the increase in K (decrease of AG ~ with 
increasing Xso4-2. In terms of the electrostatic in ter -  
actions of the cations wi th  the mel t  anions and the 
A1OSi-  exchange sites on the glass, values of K near 
uni ty  were  predicted. The small  values  of K in halide 
melts were  accounted for by the nonelectrostat ic  
bonding involved in the format ion of si lver halide 
complexes which increases the act ivi ty  of si lver in the 
mel t  re la t ive  to that  in the glass, but  this effect might  
have been expected to be reflected in enthalpy ra ther  
than entropy changes. 

The problem can be examined in more detail  by 
wri t ing the exchange  process as the difference of two 
terms 

Ag + (s) --> Ag + (g) (a) 

Na + (s) --> Na + (g) (b) 
Then 

AS ~ ~--- AS a  - -  ASb 

AH ~ ---= AHa -- AHb 

It seems reasonable to suppose that  the entropy of the 
cations is greater  in the mel t  than in the glass since 
they must lose at least some of their  t ranslat ional  
entropy by becoming re la t ive ly  immobile  on or in the 
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glass. Therefore,  ASa and ASh are both negative. But 
the exper imenta l  negat ive AS ~ then requires  that  AS,I 
be more negat ive than ASh. If we wr i te  

ASa -- SAg(g) --  SAg(s) < 0 

ASb ~- SNa(g)  - -  SNa(s)  ~ 0 

this means that  ei ther one or both conditions apply 

SNa(s)  ( S A g ( s )  

SNa(g)  ) SAg(g) 

where  the entropies are not  the third law values  but  
include only contributions to the entropy f rom the 
position of the ions. If Ag + is complexed in the melt, 
its f reedom of movement  should be somewhat  less than 
that  of Na + and the first inequal i ty  should be reversed.  
The argument  then requires  that  the negat ive AS ~ be 
accounted for ent i re ly  by the second inequal i ty  which 
must outweigh the effect of the first. It is known t h a t  
the mobil i ty  of Na + in the glass is much greater  than 
that of Ag + so that  this inequal i ty  is reasonable, i.e. 
Na + is less t ight ly  bound to the glass ne twork  than 
Ag + is. 

With increasing sulfate concentrat ion AS ~ becomes 
less negative.  Since the cationic mobili t ies are not 
affected by anions in the melt,  it follows that  this effect 
must  arise from the first inequali ty,  i.e. the interactions 
between the cations and SO4 -2 are more near ly  equal  
than with  C1- and SAg(s) increases re la t ive  to SNa(s). 
Hence ASa becomes less negative. 

We next  consider possible interpretat ions of AH ~ In 
chloride melts  AH ~ ~ 0 and therefore  AHa --~ AHb. 
Then, 

A H a  -~ HAg(g)  - -  HAg(s )  

A H b  - -  H N a ( g )  - -  HNa(s )  

where  the reference state (Hi : 0) is the bare ion in 
free space. Since electrostatic at tract ion operates be- 
tween each cation and the anions in the mel t  and in 
the glass, all the ionic enthalpies are negative.  If the 
enthalpy terms for all interactions except  Ag + -- CI -  
are identified with coulombic energies [in contrast to 
the previous work  (1) in which they were  identified 
with Gibbs energies] then the condition AH ~ : 0 per -  
mits the calculation of HAg(s) in a pure chloride melt  

HAg(s)  : HAg(g)  - -  H N a ( g )  "~- H N a ( s )  

: (--103) -- (--113) -t- (119) : - - 1 0 9 k c a l  

But this value of HAg(s) is only slightly more negat ive 
than the purely  electrostatic value  of --107 kcal (1). 
This would indicate that  nonelectrostat ic  Ag + - - C 1 -  
interactions are not ve ry  significant. The exper imenta l  
value of AH ~ becomes increasingly negat ive as the sul- 
fate concentrat ion is increased. In terms of electro-  
statics alone this is not wel l  accounted for since the 
predicted value is near  zero for a pure  sulfate  mel t  
(1). 

As a result  of the present work, the ion exchange 
model  presented previously requires  some revision. 
The small  value of K in the pure  chloride mel t  is seen 
to result  pr imar i ly  f rom a negat ive  entropy change for 
the exchange process. This negat ive  AS ~ is largely 
accounted for by the greater  mobi l i ty  of Na + in the 
glass rather than the noneleetrostatic complexing of 
Ag + by C1- in the melt. Only the increase of AS ~ with 
SO4 -2 concentration is accounted for by the decrease 
of this complexing in the mixed Cl- --SO4 -2 melts. 
The major unexplained feature is the decrease of AH ~ 
with increasing SO4 -2 concentration. 

Manuscript  submit ted J u l y  1, 1970; revised manu-  
script received ca. Jan. 4, 1971. This was Paper  40 
presented at the Atlant ic  City Meeting of the Society, 
Oct. 4-9, 1970. 

Any  discussion of this paper wil l  appear in a Dis- 
cussion Section to be published in the June  1972 
JOURNAL. 
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Hydrogen Embrittlement and Hydrogen Traps 
J. O'M. Bockris ~ and P. K. Subramanyan 1 

The Electrochemistry Laboratory, The University of Pennsylvania, Philadelphia, Pennsylvania 19104 

ABSTRACT 

The permeation of H through iron and an i ron-nickel  alloy as a function of 
t ime is reported. Below a certain critical H overpotential  0, the H permeation 
occurs as a funct ion of time in a simple way; and can be repeated indefi- 
ni te ly  on the same specimen. But, when  ~] ~ ~crit, the permeat ion- t ime t ran-  
sient at tains a new and characteristic shape. It  is no longer repeatable on the 
same specimen. These characteristic differences of H permeation are seen 
dur ing inject ion of H into the metal  and after the cessation of H injection. The 
decay of H permeat ion follows simple laws before ~r At ~ ~ ~crit, the decay 
is complex and the permeat ion- t ime (P- t )  relationship shows successive 
maxima. The critical overpotential  is that at which microcracks begin to nu-  
cleate, spread, and provide traps for H2. Calculated pressures, using the 
amount  of lattice-dissolved H and adsorbed H at the cathodic surface at ~Icrit, 
are shown to be consistent with an H2 pressure in voids which would cause the 
spreading of cracks. This leads to an electrochemical condition for the be- 
g inning of H damage: the observed critical overpotential  gives reasonable 
values for the embri t t l ing 2 critical pressure. Such an electrochemical condition 
for damage also applies dur ing corrosion. The amount  of trapped H is calcu- 
lated from the permeat ion- t ime t ransients  at overpotentials higher than  ~crit. 
The H trapping constant  is calculated. Distr ibution of hydrogen in the em- 
bri t t led membrane  is given. In  the permeation decay transients,  the first maxi-  
mum represents the hydrogen in cavities and the second, H bound to chemical 
impurities. 

Studies of embr i t t lement  and damage to materials 
caused by the ingress of H are usual ly carried out in 
two ways: either by exposing the specimen to gaseous 
H2, usual ly  at relat ively high temperature  and pres-  
sure; and by the cathodic evolution of H2 on the sur-  
face of the specimen, whereby H enters the metal  as 
though its fugacity were very  much above 1 atom (1). 
The electrochemical studies were shown to be much 
more convenient  than the gas phase studies by Devana-  
than and Stachurski  (2, 3). They evolved H on the 
cathodic side of a bi-electrode membrane  and oxidized 
the permeat ing hydrogen anodically on the other side. 
By this simple and elegant method, the permeation, P, 
the diffusion coefficient, D, and the solubili ty corre- 
sponding to a certain fugacity (that of the overpoten-  
tial, ~1) (1), can be quickly determined.  

Permeat ion- t ime t ransients  at constant  overpotential  
(~l) can be made repeatedly and reversibly on the same 
membrane  (4) below a critical overpotential  (~crit). 
At higher overpotentials the shape of the permeat ion-  
t ime t ransient  changes, in the sense that  at constant  ~, 
the permeation of H is diminished. An  at tempt to re- 
peat the permeat ion- t ime t ransient  at lower n now 
shows that the metal  has undergone some change of 
property, so that  the s teady-state  permeation is at-  
tained at a much longer t ime than that which was 
necessary before exceeding the critical overpotential.  
Beck et al. (4) suggested that  the critical overpotential  
corresponded to the commencement  of embr i t t lement  
and produced indirect evidence that  the Tlcrit was con- 
nected in  some way with the dissolution of H in the 
metal.  

In  the present  paper an electrochemical condition 
for the commencement  of H damage in the metals is 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
1 P r e s e n t  a d d r e s s :  M a t e r i a l s  T e c h n o l o g y  D i v i s i o n ,  G o u l d  Labora- 

tories, 540 E a s t  105th S t r ee t ,  CJeve l and ,  Oh io  44108. 
K e y  w o r d s :  h y d r o g e n  e m b r i t t l e m e n t ,  t r a p p i n g ,  e l e c t r o c h e m i c a l  

condition of  e m b r i t t l c m e n t ,  i r o n - n i c k e l  a l loys .  
2 In  t h i s  a r t i c l e ,  w e  u s e  t h e  w o r d  e m b r i t t l e m e n t  to  m e a n  t h e  p e r -  

m a n e n t  d a m a g e  l i k e  cracks  produced b y  h y d r o g e n  i n  m e t a l s .  

suggested and the anomalous behavior of the perme-  
ation at higher overpotentials is interpreted in terms of 
the nucleation of traps when the H fugacity reaches 
sufficient values to cause spreading of microcracks 
formed from dislocation pile-ups. 

Informat ion about the na tu re  of the traps can be 
obtained from the damped oscillatory behavior of the 
permeat ion- t ime t rans ient  after the inject ion of 
cathodic H. 

Experimental Technique 
A very brief description of the exper imental  tech- 

nique will be given here. It  has been described in pre-  
vious papers (2-5). A detailed description of the most 
recent  version is given by Beck, Bockris, Genshaw, 
and S ub r a ma nya n  (6). 

Cell.--The two compartments  of the cell were separ- 
ated by the 0.002-0.1 cm thick metal  membrane.  The 
cathodic side of the membrane  was galvanostatically 
controlled, while on the anodic side the H was p0ten- 
tiostatically ionized. The potentiostatic current  (pro- 
portional to the rate of H permeat ion)  was measured. 

Membranes.--The iron specimens used were Armco 
Fe, (99.99%). In  addition, membranes  of 5% Ni, 95% 
Fe were used. Annea l ing  was carried out at 600~ for 
3 hr with cooling at ~5~ min -1 in H2. 

A thin layer of Pd was electrodeposited on the 
anodic side of the membranes  to protect them against 
anodic dissolution. 

Solutions.--The solutions were 0.1N NaOH prepared 
from Baker analyzed NaOH pellets, pre-electrolyzed 
and deoxygenated using purified ni trogen gas. The 
pur i ty  of the electrolyte controls the sensit ivi ty with 
which the ionization current  can be determined.  

Procedures.--The cathodic current  used varied over 
a range from 5 x 10-5-10 -1 A cm -2. During any per-  
meation measurement  a constant  cathodic current  was 
switched on and the quasi-constant  cathodic overpo- 
tent ial  observed. The permeat ion- t ime transients  were 
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Fig. 1. Laboratory records of hydrogen permeation-time relations. 
(a) A typical permeation transient (for Armco iron, thickness 
L ~- 0.106 cm, at 60~ Cathodic current density 10 mA/1.13 
cm 2 and electrolyte 0.1M NaOH). The point t ~ 0 represents the 
time at which the cathodic current is switched on, t l /2 the half- 
rise time of the transient, and P| the steady-state permeation 
current. (b) An abnormal permeation transient showing the char- 
acteristic peak. (5% Ni -f- 95% Fe, L ~ 0.09 cm, ic = 108 
mA/cm 2, 50~ and 0. IM NaOH solution.) 

4.0 "E 
o 

dr 

0 .0  
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Fig. 2. Laboratory records of hydrogen permeation-time tran- 
sients. (a) The typical transient shown in Fig. (la). (b) The same 
transient repeated after recording a few transients at overpoten- 
tials beyond ~crit (cf., Fig. lb). 

followed for times up to about 30 min. Decay transients  
were observed over  about the same period of time. 

Results 
The permeation-time transient at overpotentials 

< ~,-~.--A typical  resul t  in shown in Fig. la. Af te r  
switching off the injection current  and wai t ing for the 
permeat ion decay to reach the background level, it 
was possible to repeat  the permea t ion- t ime  (P-t) 
t ransient  (Fig. la)  wi thout  noticeable difference. 
Repeti t ion was possible for at least ten times and prob-  
ably indefinitely. 

Permeation-time transients at overpotential > ~crit.-- 
It was found that  there existed a threshold value of 
the hydrogen overpotential ,  ~tcrit, character ized by a 
cessation of the simple shape of the permea t ion- t ime  
transients, shown in Fig. lb. Two differences now arise. 
(i) The P-t t ransient  passes through a maximum.  (ii) 
After  the cathodic current  has dropped to zero, and 
the permeat ion current  on the anodic side of the bi- 
electrode dropped to the background level, the at-  
tempt  to repeat  a P-t t ransient  at ~ < l]cri t failed; in- 
stead the permeat ion t ransient  had a much greater  
rise t ime than that  which was needed before the  cri t i -  
cal overpotent ia l  has been exceeded. These effects are 
shown in Fig. 2. 

Decay of H permeation.--At situations for which 
i~ ~ 11crit, the decay transient  is simple and is shown 
in Fig. 3a. However ,  for the decay at ~1 > l}crit, the 
form of the P- t  curve was radical ly  changed and 
passed through one or two 3 max ima  (Fig. 4). 

Evaluation of P,D and Co.--The calculat ion of these 
quanti t ies has been described before (2, 3). The value 
of P is read direct ly f rom the recorded anodic current ;  

T h e  s e c o n d  m a x i m u m  w a s  s e l d o m  o b s e r v e d .  
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Fig. 3. Laboratory records of hydrogen permeation decay tran- 
sients. (a) A typical permeation decay transient. At time t = 0, 
the hydrogen charging current is switched off. (b) An anomalous 
permeation decay transient with the characteristic hump. Hydrogen 
charging time I1 min. (5% Ni ~ 95% Fe, L ---- 0.09 cm, ic ---- 
88 mA/cm 2, 50~ and 0.1M NaOH solution.) 

"fi~ 40 .0  - -  
o2- O.C 

t=I6 rain 

I I I t I I I 
t (0 .5 inch/ ra in)  

Fig. 4. A laboratory record of an anomalous permeation decay 
transient showing two humps. Hydrogen charging time 34 rain. 
(5% Ni -I- 95% Fe, L = 0.094cm, ic = 87 mA/cm 2 ,60~  
O.1M NaOH solution.) 

that  of D can be obtained f rom the hal f - r i se  t ime of 
the permeat ion transient;  and (Co),, the  solubili ty of 
H at a fugacity corresponding to the ~1 (1) can be ob- 
ta ined f rom the steady state P by means of the simple 
relat ion 

P = (DF/L) (Co)n [1] 

where  L is the thickness of the membrane  and F, the 
Faraday  constant. Validi ty tests of these evaluations 
have  been published e lsewhere  (2). 

Discussion 
What happens at ~cTit?--Let it be supposed [Beck 

et al. (4)] that  at 11crit , a cri t ical  concentrat ion of H is 
dissolved and as this level  is reached, some kind of 
change in meta l  lattice could occur. It  is possible to 
assume that  D remains unchanged unt i l  this internal  
change in the meta l  occurs appreciably.  Therefore,  just 
at the commencement  of critical behavior  

Pc~it ---- ( D F / L )  Ccrit [2] 

and hence Ccrit c a n  be calculated. 
The min imum value of Ccrit for Armco Fe is 1.5 x 

10 -v g .a tom cc -1. The value is a min imum because 
the P-t relat ion should go higher  (i.e., higher  Ccrit) 
but is over taken  by the results of the change in in-  
ternal  propert ies of the metal,  which decreases P. 

F o r  Ccrit ~--- 1.5 x I0- r  g .a tom cc -1, one obtains 
using a Sievert ' s  law constant of 3.6 x 10 -9 g .a tom -1/2, 
a value of 2 x 103 for the fugaci ty  of H2 which would 
be in equi l ibr ium wi th  Ccrit and init iates the in ternal  
change. 

If, now, we assume that  this represents the critical 
pressure needed to expand a microcrack, it is easy to 
show that  (4, 7) 

~ 2Y7 
PH2,crit = nl(1 -- ~2) [3J 

where  Y is Young's modulus, -y the surface energy, 2l 
the length of the crack, and v Poisson's ratio. With 
7 ---- 1000 e rgs /cm 2, Y ---- 2 x 10 TM dynes /cm 2, and r : 
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0.3, one obtains for a value of I ---- 10 -4 cm a critical 
pressure of 3.8 x 10 a atm. 

In  this calculation we have not taken into account 
the work of plastic deformation which normal ly  would 
be additive with surface energy in Eq. [3], for the 
following reasons: 

(i) It is a general  observation that the plastic 
deformation in presence of hydrogen in the metal  is 
considerably decreased. 

(ii) Equation [3] predicts that crack propagation 
can occur at such low values of pressure at which the 
metal  cannot undergo plastic deformation. Correction 
for plastic work may become impor tant  in the region 
where PHs~crit > PP.Y (stress or pressure corresponding 
to the yield point) but  it is insignificant below Py.p, 
which for annealed iron is _~ 8 x 108 atm. 

(iii) At the regions where cracks nucleate, there 
could be pre-exis t ing in te rna l  stresses which modify 
the effective pressure to (PH2 -{- ~ ) .  Metals like iron 
start  deforming when the deformation energy density 
exceeds 4 x 105 erg/cc and breaks when it at tains ap- 
proximately  4 x 106 ergs/cc. What port ion of this en-  
ergy is contr ibuted as plastic work, in the process of 
creation of 1 cm 2 of new surface (over and above the 
surface energy) is not known  with any degree of cer- 
tainty. Some authors estimate the work of plastic de- 
formation to be a few orders of magni tude  higher than 
the surface energy (3000-4000 ergs/cm 2 for clean metal  
surfaces) (8). Tete lman has assumed the work of 
plastic deformation as three times the actual surface 
energy (9). However, for the reasons ment ioned above, 
we th ink our calculation is quite meaningful .  The 
length of the crack is assumed to be of the order of 
10 -4 cm for the reason that it represents the normal  
diameter  of a grain. 

It seems, therefore, reasonable to conclude that  the 
process corresponding to the max imum of the P - t  re- 
lationship is the spreading of microcracks. This is in 
agreement  with the hypothesis of Beck et al. (4) and 
with their observation that the tempera ture  coefficient 
of Ccrit was related to the heat of solution H in Fe. 

Electrochemical condition for the beginning of H- 
damage. - - I t  has been shown elsewhere that  the fugac- 
i ty of H2 in the metal  can be related to the H2 over-  
potential  (1). The first critical t rans ient  was observed 
at ~l ----~ --300 mY. The evolution of H2 on Fe occurs 
from alkaline solution by means of a coupled dis- 
charge-recombinat ion mechanism. Accordingly (1), 
the fugacity of Hs in cracks and in terna l  voids are 
related to the overpotential  by the equation 

PH2 : 101.5 exp ( - -~F /2RT)  [4] 

At an ~crit of --0.3V 

PH2 ~ 103.9 : 8 X 10 a [5]  

this is in reasonable accord with the pressure deter-  
mined from a combinat ion of Sievert 's  law and the 
critical concentrat ion of the m a x i m u m  in the first 
anomalous P - t  graph. 

We illustrate, thus, an electrochemical condition for 
the beginning of possible H damage. No H damage is 
possible unt i l  the potential  of the surface of the metal  
is equivalent  to an overpotential  determined by the 
relation between overpotent ial  and the fugacity of H2 
in in terna l  cracks, with the lat ter  exceeding the crit i-  
cal pressure (Pcrit ,  the condition for the commence- 
ment  of the spreading of cracks). 

Thus, for iron, in  alkaline solutions, the pressure 
necessary to cause damage is 

( 2Y7 ) 1/2 
PH2 > ~ r l (~ -~2 )  = 101"5 exp (--~lcritF/2RT) 4 

[6] 
The critical value for ~ can, hence, be found. 

The r.h.s, of this relationship is characteristic of the mechanism 
of hydrogen evolution reaction and will be different in the different 
cases (1). 

This electrochemical l imit for the possible com- 
mencement  of H damage applies also to the situation 
in which there is no net  current ,  e.g., in corrosion. 
Thus, it is necessary only to know the corrosion po- 
tential.  Then, one can calculate phenomenologically 
[knowing the solution pH and PH2 (soln)] the over- 
potential  for hydrogen evolution in the corrosion re- 
action, and thereby ascertain whether  the si tuation 
will  be embri t t l ing or not. 

A m o u n t  of trapped hydrogen . - -Severa l  invest iga-  
tors have observed the effect of hydrogen t rapping on 
permeation (10-12). Some have considered the theory 
of hydrogen diffusion with s imultaneous trapping, te 
various extents and in varying  details (10, 11, 13, 14). 
Johnson and Hills (11) concluded that hydrogen t rap-  
ping in cold-worked steel involved the formation of 
chemisorbed and molecular  hydrogen at the in ternal  
crack surfaces. They assumed the existence of an 
equi l ibr ium between the lattice dissolved and trapped 
hydrogen and obtained the lattice diffusivity from 
nonsteady-s ta te  measurements  of hydrogen evolution 
from precharged specimens. Harhai  et al. (12) ob- 
served that  cold-worked steels absorbed hydrogen 
exothermically. From this observation, they reached 
the conclusion that  hydrogen is t rapped essentially as 
chemisorbed hydrogen at the in terna l  surfaces of 
microcracks. 

Darken and Smith (10) treated the diffusion of hy-  
drogen with t rapping in a way analogous to the prob- 
lem of oxygen diffusion into copper containing small  
amounts  of silicon (with which it could be "trapped" 
in the form of SiOs). The t rea tment  of McNabb and 
Foster (13) is very elaborate and involves less assump- 
tions. However, their results are of l imited use. Re- 
cently, Oriani  (14) considered the theory of hydrogen 
diffusion with t rapping with the assumption that an 
equi l ibr ium exists between the lattice hydrogen and 
trapped hydrogen in the t ransient  state, as assumed by 
Johnson and Hills. He applied this concept to obtain 
trap density in steels from hydrogen charging or per-  
meation measurements.  In the opinion of the present 
writers, the existence of an equi l ibr ium between lat-  
tice hydrogen and trapped hydrogen especially in hy-  
drogen charging cases in the t rans ient  state is a remote 
possibility. 

In all  these situations, the traps are uni formly  dis- 
t r ibuted throughout  the membrane,  or the absorbing 
medium, before hydrogen charging. In  the following 
we consider a un ique  si tuation in which traps do not 
exist (or only in insignificant numbers)  un t i l  the lat-  
tice solubil i ty C attains a value greater than a critical 
v a l u e  Ccrit. Before C reaches this limit, the diffusion 
process can be described by the famil iar  Fick's equa-  
t ion 

0C 02C 
-- D [7] 

0t 0x 

where D is the diffusion coefficient of H and C its 
concentration. However, where  C exceeds the critical 
s o l u b i l i t y ,  Ccrit, H begins to be trapped. 

We propose the following model for a theoretical 
consideration of anomalous permeation. The traps are 
switched on only when C exceeds Ccrit. We assume the 
nucleation of the traps to be a fast process. However, 
the filling up of the traps will  be diffusion controlled. 
Let us consider t rapping as a reaction like 

H + [] ~ [ ~  [8] 

When this reaction attains equi l ibr ium 

CH,tr = K1C[] CH,L [9] 

where CH,tr is the concentration of H in the traps, CH.L 
the concentrat ion of H in  the lattice sites, C the con- [] 
centrat ion of unfilled traps, and K 1 the equi l ibr ium 
constant. For a given concentrat ion of lattice hydro-  
gen, the number  of filled traps at equi l ibr ium wil l  be 
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proport ional  to CH,L.  H e n c e  

Ctt,tr --" KCH,L [10] 

from which K -- K1C [] 
However, dur ing the t ransient  state of diffusion, the 

type of relationship expressed by Eq. [10] is not true. 
We propose the following relationship for the t rans ient  
si tuation 

C H , t r  -- T K C H , L  [11] 

where T is a numerica l  constant  which could have 
values from O to 1. When diffusion at tains steady state 
or t rapping is in equil ibrium, ~ = 1 and Eq. [11] be- 
comes identical  with Eq. [10]. 

Let us now t ry  to formulate  a differential equation 
describing lattice diffusion with trapping. Consider a 
thin lamina  of the metal  membrane.  It  contains normal  
lattice sites as well as t rapping sites. Diffusing hydro-  
gen atoms enter through one side of the lamina and 
leave through the other. Hydrogen is supposed to enter  
or leave the lamina  at the lattice sites. In other words, 
diffusion from one t rapping site to another  does not 
occur by direct jump without  the intermediate  stage 
of diffusion through the lattice sites. The rate of 
change of concentrat ion in  such a lamina wil l  be the 
sum of the rate of change of concentrat ion in the lat-  
tice sites and in the traps. Hence 

o~CI-I,L 0 C H , t r  OZCH,L 
+ = D - -  [ 1 2 ]  

Ot Ot OX 2 

Introducing the relationship between CH,L and CH,tr 
from Eq. [11] into Eq. [12], we get 

OCH,L 0 C H , L  0 2 C H , L  
+ ~ K  - -  -- D [ 1 3 ]  

Ot OX 2 Ot 

Now subst i tu t ing 

[ 
~o 

n = 0  

and the permeabi l i ty  as 

DFCo 2 / L 2 "~1/2 ( 
-- - - -  / - - /  exp 

P t ,  tr L ~1/2 \ Dt / 

C : (1 + xK)CH,L [14] 
we obtain 

OC D 02C 
[15] 

Ot (1 + xK) OX ~ 

Equation [15] can be solved for the following boundary  
conditions 

A t X :  0, f o r t > 0 ,  C =  (1 + K)Co [16] 

because the en t ry  of H into the lattice is a fast process 
(9), and the trapped H wil l  always be in equi l ibr ium 

with lattice dissolved hydrogen (Co) and hence, T = 1. 

At X =  L, for t > 0, C -- O [17] 

The solution can be obtained as (15) 

C ( X , t )  = (1 + K)Co 

~ ( _ 1 ) n  ( X  q- 2nL) N/1 + rK 
erfe 

,=0 2 X/Dr 

--1 ( - -  1) ~ erfc. ( -  X + 2L + 2nL) ~/1 + xK 

2 x/D~ 
[181 

/_fl(1 + TK) 
[19] ; 4Dt 

The addit ional subscript tr  for Pt signifies trapping. 
Equation [19] shows that  at relat ively short times, i.e., 
when L2/4Dt ~ 1, Pt.tr will  be smaller than  Pt in the 
absence of traps. In  other words, the flux at times 
t < <  ~ is reduced by the traps. As a result  of this, 
the permeabili ty,  once the t rapping is switched on, 
decreases from the normal  permeabi l i ty  and gives rise 
to the prominent  hump in the bu i ld -up  permeat ion 
t ransients  (Fig. lb ) .  At infinite t ime a steady-state 
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Fig. 5. A laboratory record of an anomalous permeation transient 
attaining a steady state. The broken line represents the expected 
normal coarse of the transient in the absence of hydrogen trapping. 
(5% Ni + 95% Fe, ic = 105 mA/cm 2, L = 0.094 cm, 70~ and 
0.1M NaOH solution.) 

concentrat ion drop occurs between X = 0 and X = X 1, 
and another  steady-state concentrat ion drop between 
X = X 1 and X = L. This is in  agreement  with ob- 
served fact that the permeabi l i ty  rises again to the 
level P~ = FDCo/L. The steady-state permeabil i ty,  
calculated from Eq. [18], would be 

FD (1 + K)Co FDCo 
P = = [20] 

(1 + K) L L 

which is the same as in the absence of traps. The per-  
meabi l i ty  decreases ini t ia l ly  when t rapping begins, 
and then rises back to the original  level. This has been 
found in cases where permeation with t rapping was 
observed for sufficiently long times (c]. Fig. 5). 

Determination of the trapping constant K.- -When  
the t rapping attains a steady state, the concentrat ion 
profiles of hydrogen in the membrane  are as shown 
in Fig. 6. 5 Corresponding to this si tuation we have the 
permeat ion- t ime relationship shown in Fig. 5. Here 
ini t ia l ly we have the permeation ma x i mum followed 
by a slow increase of permeabi l i ty  to a final steady- 
state value. This s teady-state  value will  be seen to be 
the same as that  which the t ransient  would have at- 
tained if it had gone the normal  way. To obtain the 
total amount  of trapped hydrogen, we extrapolate the 
ini t ial  par t  of the t rans ient  to the final steady-state 
value as shown in Fig. 5. The area between the ex- 
trapolated and the actual t ransients  gives the amount  
of trapped hydrogen (QT). The amount  of trapped 
hydrogen in the mater ia l  corresponds to the triangle 
ABD in the concentrat ion profile diagram (Fig. 6). 
We can write down a simple relat ion for the amount  
of hydrogen in the t rapping region above the critical 
amount  

[(1 + K)Co -- Cerit] (Co - -  Cerit) 
A X  1 : QT Jr A X  1 

2 2 
[21] 

where A is the permeation area. The values of Co, 
Ccrit, A, and QT are all known. The value of Cerit has 
to be determined from the t rans ient  which just  ex- 

D a r k e n  and  S m i t h  (I0) h a v e  r e p o r t e d  t h a t  the  d i s t r i b u t i o n  o f  
h y d r o g e n ,  w h e n  t r a p p e d  in  m e m b r a n e s  w i t h  s i m i l a r  i n i t i a l  a n d  
b o u n d a r y  c o n d i t i o n s  as in  the  p r e s e n t  work ,  is n o n l i n e a r  [eL Fig.  
6 of  ref. (10)] and  is d i f f e r en t  f r o m  our  resul t s .  T h e y  f o u n d  t h a t  
i n  c h a r g i n g  a m e m b r a n e  by  cor ros ion  f r o m  one s ide  and  e x p o s i n g  
t he  o the r  to a i r  (or r a t h e r  a m i x t u r e  of a i r  and  h y d r o g e n ) ,  t he  h y -  
d r o g e n  t a k e n  u p  b y  the  m e m b r a n e  was  85% of the  a m o u n t  of the  
h y d r o g e n  w h e n  cha rged  f r o m  b o t h  sides.  One w o u l d  expec t  t he  
f o r m e r  to be 50% of  the  la t ter .  H o w e v e r ,  t he re  is a f u n d a m e n t a l  
u n c e r t a i n t y  i n v o l v e d  in  th i s  s tudy .  T h e y  a s s u m e d  t h a t  t he  concen-  
t r a t i o n  of H at  the  ex i t  s ide is  zero or n e g l i g i b l y  small .  In  t he  
op in ion  of  t he  p r e s e n t  wr i t e r s ,  t h i s  b o u n d a r y  c o n d i t i o n  is no t  t rue .  
In  fact ,  in  t h e i r  e x p e r i m e n t a l  s i t u a t i o n  the re  w i l l  be  a good a m o u n t  
of  H at  t he  ex i t  s ide as l a t t i ce  d i s so lved  and  adso rbed  H. Th is  e r ro r  
i n v a l i d a t e s  t he i r  resul ts .  Second,  in  d e r i v i n g  an e q u a t i o n  for  per -  
m e a b i l i t y ,  these  i n v e s t i g a t o r s  a s sume  t h a t  a t  t he  cen te r  of the  pe r -  
m e a t i o n  m e m b r a n e ,  or  slab,  a long  the  d i f fus ion  d i r ec t ion ,  t he  con-  
c e n t r a t i o n  of h y d r o g e n  is  e q u a l  to  the  m e a n  concen t ra t in .  Th i s  
w o u l d  on ly  be  t r u e  in  the  ease of a l i n e a r  d i s t r i b u t i o n  a t  s t eady  
state.  T h e y  h a v e  u sed  th i s  d e r i v e d  r e l a t i o n s h i p  to cons t ruc t  t he  
t o t a l  s o l u b i l i t y  vs. p e r m e a b i l i t y  c u r v e  w h i c h  t h e y  cons ide r  as t he  
d i s t r i b u t i o n  of h y d r o g e n  as a f u n c t i o n  of d is tance .  I t  does no t  
u n i q u e l y  f o l l o w  t h a t  t h i s  cu rve  [cf. F ig .  6, ref.  (10)] r ep re sen t s  the  
h y d r o g e n  d i s t r i b u t i o n  in  the  m e m b r a n e .  
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Fig. 6. Representation of the steady-state concentration profile 
as a function of the thickness of the membrane when hydrogen 
trapping is at steady state (cf., Fig. 5). Up to a thickness X 1, the 
concentration of hydrogen is above the Ccrit level. K is the trap- 
ping constant. 

hibits the development  of the permeat ion maximum.  
However, X 1 is not yet  known. This is obtained by 
using the properties of similar  t r iangles (BCD and 
EFD) 

( C o  - -  C c r i t ) / X  1 = Co/L [ 2 2 ]  

For the t ransient  in Fig. 5, we have Co = 2.2 x 10 -7 
g - a t o m / c c ,  Ccrit = 1.3 x 10 -7 g-atom/cc,  A = 1.13 cm 2, 
QT/A = 3500 ~coulombs (=3.5 x 10 -8 g-atom),  and 
L = 0.094 cm. From Eq. [22] we obtain X 1 = 0.02 cm 
and from Eq. [21], the value of K is found to be 16. K 
itself is not an equi l ibr ium constant of t rapping;  it is 
the product of the t rue equi l ibr ium constant  of t rap-  
ping and the concentrat ion of the unfilled traps. 

We t ry  to obtain a reasonable value of K 1 in the fol- 
lowing way. Let us assume that the density of micro-  
cracks or Stroh cracks formed from dislocations is 
10S/cm 2 (16). An average length of a dislocation line 
or of a microcrack can be taken as 10 - a c m .  Hence, the 
density of the microcracks is 1012/cc. The in terna l  sur-  
face area, assuming the width to be equal  to 20A, is 
2 x 2 x 10 -11 cm 2. Therefore, the number  of metal  
atoms at the in terna l  surface of a microcrack is 4 x 104. 
Let us assume that  on t rapping H is adsorbed on the 
surface of the microerack and that  each surface atom is 
a potential  t rapping site for H. The coverage on t rap-  
ping is assumed to be 99% (i.e., OH = 0.99). The trap 
densi ty per cubic cent imeter  is then 4 x 1016/CC or 
~-~10 -7 mole/cc. Therefore, C = 10 -6 mole/ l i ter .  The 

[] 
value of K 1 which can be obtained from the relat ion-  
s h i p K i C  = K = 1 6 i s 2  x 107 . The s tandard free en-  [] 
ergy change of trapping, therefore, is --RT In K 1 = 
--14 kca l /g-a tom which, in magnitude,  is comparable 
with the s tandard free energy of dissolution of H2 in 
iron ( i i .7  kcal /g-a tom) at 27~ (17). The si tuation is 
that  there are H2 molecules in the microcracks, but  the 
amount  of hydrogen in the form of H2 is much less 
than that of adsorbed atomic hydrogen because the 
volume of the microcraek is small  compared to its 
surface area. Owing to the equi l ibr ium between H2 
in the microcrack and the adsorbed atomic hydrogen 
on the surface of the microcraek, dur ing the crack nu -  
cleation and spreading, the s tandard free energy 
change of adsorption is equal t o - - ( t h e  s tandard free, 
energy change of solution).  6 The exper imental ly  
evaluated ( - - I i . 7  kca l /g-a tom)  and the calculated 
(--14 kcal /g-a tom) values are comparable.  Hence, 

T h i s  a s s u m e s  t h a t  a d s o r p t i o n  of  H a n d  f o r m a t i o n  of  It2 a t  t h e  
s u r f a c e  of t h e  c r a c k  ( w h i c h  s h o u l d  be  v e r y  c lean)  a r e  a l w a y s  in 
e q u i l i b r i u m .  
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t rapping is essentially the reverse of the dissolution of 
hydrogen in the metal. 

The above considerations show that the model of H 
t rapping at the in te rna l  surfaces of cracks is quite 
plausible. The creation of new in terna l  surfaces ought 
to decrease the capabil i ty of the mater ia l  to undergo 
plastic deformation and, therefore, it should be i r-  
reversibly embrit t led.  

Decay oI the permeation transient; two kinds of 
trapped H.--Somet imes  (Fig. 4) a second peak was 
observed (c]., the decay t ransients) .  To unders tand  the 
essential processes, we make the following simplifica- 
tions. At regions close to cathodic surface (H input  
side) there are filled traps (for example, impuri t ies)  
which bind hydrogen with different strengths. Mono- 
vacancies could also funct ion as traps for atomic hy-  
drogen. The b inding energy of hydrogen will  depend 
on the type of traps. Consider the si tuation repre-  
sented by Fig. 5. When the steady state is attained, 
the concentrat ion profile wil l  be as shown in Fig. 7. 
For ease of quant i ta t ive  consideration, we wil l  assume 
that  hydrogen in traps is un i formly  distr ibuted in the 
region 0X 1. The steady-state  permeat ion current  when  
traps are filled can be considered as due to lattice dif-  
fusion with solubil i ty equal to Co. Hydrogen escaping 
from traps and hydrogen fall ing into traps occurs at the 
same rate at the steady state. Or 

dnH,esc = dnH,tr [23] 

when ic = 0. During the transient ,  however, the lattice 
hydrogen tends to decay in  the usual  manner ,  and 
hence 

dnH,esc > dnH,tr [24] 

As a funct ion of time, (d2nH.esr 2) goes through a 
maximum. Correspondingly, we have the concentrat ion 
gradient  of H in the lattice sites increasing to a maxi-  
m u m  and then beginning to decrease. Here we will  
consider two different kinds of t rapped hydrogen. An 
approximate relat ion for the flux at the anodic surface, 
i.e., X = L cm can be wri t ten  as (15, 18) 

{[ ( - )]  Pt = Po 1 ~1/2 L 2 exp -- 

[ - - 2 ( D l t )  1 / 2 -  exp -- --L*2 l '=t•l  
+ P| :~i/2 L*2 4Dlt -t=o 

..~_ [p| ( 1  2 ( Dlt  ~ 1/2 L*2 )]  t=~~ 
-- ~172 \ " L - ~ /  exp -- 4D1----~ t=tp1 

[p| :/2 ( D2t ) 1/~ L*2 ] t=tP2 
+ - -  L,----- ~ e x p -  4D2----~ t=o 

[ (----2 ( D 2 t )  1 / 2 -  e x p - - - - L * 2 ) J t f = : p  } 
-}- P| 1 al/2 L*2 4D2t 2 

[25] 

Here D > D1 > D2. D1 and D2 are the effective dif- 
fusion coefficients for H in traps of first and second 
kinds. Po is the steady-state permeat ion current  at 
t --> 0. P~,P1 and P~.P2 represent  the peak permeat ion 
current  of first and second humps and are approxi-  
mately  equal to the ma x i mum permeat ion currents  
corresponding to the m a x i m u m  concentrat ion gradients 
bui l t  up by the hydrogen escaping from the different 
traps. L* is the effective thickness of the membrane  for 
the trapped H to diffuse out (cf., Fig. 7), tpl and tp 2 
are the times corresponding to the peak points of first 
and second decay humps. The following boundary  con- 
ditions are assumed (c]., Fig. 7). For decay 

At X = 0 ,  C = 0  for t > 0  [26] 

At  X-----L, C = 0  for t ~ 0  [27] 

At X = 0 ,  C - - 0  for t>tp [28] 
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~"CH, tr (I) 
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Fig. 7. Representation of the steady-state concentration profiles 
of hydrogen in two different kinds of traps (apart from the normal 
lattice hydrogen profile). The rectangles in broken lines represent 
the profiles assumed in the present approximate model. Beyond the 
range of 0 to X n, there is no trapped hydrogen in the membrane. 
(CH,L means H in the usual lattice sites, Cff,tr(1) hydrogen in 
traps of kind 1 and Cff,tr(2) hydrogen in traps of kind 2.) 

At X = L ,  C = 0  for t > 0  [29] 

For  the  r ising par t  of the  decay  t rans ien t  

At  X ----- X n, C : Co (constant)  for t ~ 0 up to t ---- tp 
[30] 

At  X = L ,  C----0 for  t ~ 0  [31] 

Equat ion [25], if p rope r ly  evaluated,  wi l l  give r ise to 
two humps in the  decay  t ransient .  By incorpora t ing  
appropr ia te  number  of te rms in Eq. [25] the occur-  
rence of any  number  of peaks  in the decay  t rans ient  
could be unders tood as each being due to hydrogen  in 
a different k ind  of t rap.  

Acknowledgments 
Thanks  are  due to the  authors '  sponsor, the  Nava l  

A i r  Engineer ing  Center  (Warmins te r ,  Pennsy lvan ia )  
under  contract  No. NOO156-67-C-1941; to Dr. Wal te r  
Beck and Mr. F. S. Wil l iams for constant  col laborat ion;  
and to Dr. R. A. Oriani  (U. S. Steel  Corpora t ion)  for 

sharp  and s t imula t ing  discussion. We are  also gra tefu l  
to the  U. S. Steel  Corpora t ion  and pa r t i cu l a r ly  to Dr. 
R. P. F r a n k e n t h a l  for  the  m e m b r a n e  mater ia ls .  This 
pape r  is based on work  car r ied  out  by  one of the 
authors  (P.K.S.)  in pa r t i a l  fulf i l lment  of requ i re -  
ments  for the  Ph.D. degree  of the Univers i ty  of 
Pennsy lvan ia  (1970). 

Manuscr ip t  submi t ted  J u l y  20, 1970; rev ised  m a n u -  
scr ipt  received March  5, 1971. 

A n y  discussion of this  paper  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the  June  1972 
JOURNAL. 

REFERENCES 
1. J. O'M. Bockris  and  P. K. Subramanyan ,  To be 

publ i shed  in Electrochimica Acta. 
2. M. A. V. Devana than  and Z. Stachurski ,  Proc. 

Roy. Soc., A270, 90 (1962). 
3. J. O'M. Bockris,  J. McBreen, and L. Nanis, This 

Journal, 112, 1025 (1965). 
4. W. Beck, J. O'M. Bockris,  J. McBreen, and L. Nanis, 

Proc. Roy. Soc., A29@, 220 (1966). 
5. M. A. V. Devanathan,  Z. Stachurski ,  and W. Beck, 

This Journal, 110, 886 (1963). 
6. W. Beck, J. O'M. Bockris,  M. A. Genshaw, and 

P. K. Subramanyan ,  Metallurgical Transactions, 
2, 883 (1971). 

7. I. N. Sneddon, Proc. Phys. Soc. (London), 187A, 
229 (1946). 

8. J. R. Low, Jr., "F rac tu re  of Metals"  in "Progress  
in Mater ia ls  Science," Vol. 12, Bruce Chalmers,  
Editor,  Pe rgamon  Press  (1964). 

9. A. S. Tetelman,  in "F rac tu re  of Solids," D. C. 
Drucke r  and J. J. Gi lman,  Editors,  John  Wiley  
& Sons, Inc., New York  (1963). 

10. L. S. Da rken  and R. P. Smith,  Corrosion, 5, 1 
(1949). 

Ii. E. W. Johnson and M. Hill, Trans. AIME, 215, 
717 (1959) ; 218, 1104 (1960). 

12. J. Harhai, T. Viswanathan, and H. Davis, Trans. 
Am. Soc. for Metals, 58, 210 (1965). 

13. A. McNabb and P. K. Foster ,  Trans. AIME, 227, 
618 (1963); P. K. Fos te r  and C. M. Payne,  ibid., 
233, 1022 (1965). 

14. R. A. Oriani,  Acta Met., 18, 147 (1970). 
15. J. McBreen, L. Nanis, and  W. Beck, This Journal, 

113, 1218 (1966). 
16. J. S. Blackmore,  Met. Trans., 1, 145 (1970); 1, 

151 (1970). 
17. P. K. Subramanyan ,  Thesis, Univers i ty  of Penn-  

sylvania ,  Ph i l ade lph ia  (1970). 
18. J. McBreen, Thesis, Univers i ty  of Pennsylvania~ 

Ph i lade lph ia  (1965). 

Thermal Diffusion Studies with the 
Ag/AgCI/CI- Electrode 1 

L. F. Vekens, 2 J. F. Zeeland,  and J. Lin 

Boston College, Department of Chemistry, Chestnut Hill, Massachusetts 0216 ? 

ABSTRACT 

The initial thermoelectric powers, ,o, and steady-state thermoelectric 
powers, e~, of the thermocell (T)Ag-AgCl/Solution (M)/AgCI-Ag(T -5 aT) 
were measured for 0.01M solutions of LiCl, NaCl, KCl, RbCI, CsCI NH4C], 
TIC1, and CdCl2; 0.05M solutions of KCI and CdCl2; and 0.005M solutions of 
KCI and CdCI2. From these measurements, the entropies of transport S* for 

these 12 solutions and the transported entropy of the chloride ion Scl- were 
calculated. The results~are compared with available literature values and dis- 
cussed in terms of ion-solvent interaction and solvent structure. 

Thermoelec t r ic  s tudies  of e lec t ro ly tes  m a y  yie ld  
much in teres t ing  informat ion  concerning the s t ruc ture  
of the solvent  system and other  phenomena  such as 

1 S u p p o r t e d  p a r t i a l l y  by  OSW, U.S.  D e p a r t m e n t  of the  In te r io r .  
2 NIH P r e d o c t o r a t e  F e l l o w  1969-1970; N D E A  Tra inee  1968-1969. 
Key  w o r d s :  t h e r m a l  d i f fus ion  o f  some ch lo r ide  sal ts .  

the ion-solvent  in teract ion (1, 2). Phys ica l  quant i t ies  
of in teres t  in such a discussion are  molar  entropies  of 
transport S'salt (or the corresponding heats  of t r ans -  

por t  Q'salt) and t r anspor ted  ent ropies  of ions ~i. The 

t ranspor ted  en t ropy  of an ion is defined as Si = Si -5 
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Si*, where S,* is the ionic entropy of t ranspor t  and Si 
is the ionic part ial  molal  entropy. Although nei ther  of 
its components Si and Si* may  be measured experi -  

menta l ly  (on an absolute scale), Si is a single ionic 
property which may be measured by studying the ther-  
mal  diffusion process in  a thermocell  potent iometr i -  
cally (i.e., from the measurements  of the ini t ia l  and 
final thermal  emf's of a thermocell) .  Up to the pres- 
ent, however, only a few thermocells have been in-  
vestigated potent iometr ical ly from their homogeneous 
init ial  states to the final (Soret) steady states. Most of 
them are thermocells with an electrode system rever-  
sible to the cation (3). 

The purpose of this paper is to report  a potentio- 
metric study of several chloride salt thermocells us-  
ing Ag/AgC1/C1- electrodes at a mean  temperature  of 
25~ Although Ag/AgC1/C1- electrodes have been 
used extensively in isothermal studies, applications in 
nonisothermal  measurements  are relat ively few. Most 
investigations refer to the ini t ial  state (4), in which 
the solution is of uniform composition. Use of Ag/  
AgC1/C1- electrodes in the study of the final steady 
state may be found in the works of Chanu (5), and 
Haase and Behrend (6). In Chanu's  work, Ag/AgC1/ 
C1- electrodes were used in combinat ion with the op- 
tical method and the thermal  emf's were not avail-  
able for comparison with the present  study. In  Haase 
and Behrend 's  paper, measurements  were listed only 
for two salts, LiC1 and KC1. 

The init ial  and steady-state thermoelectric powers 
were measured for the thermocell:  

Terminal - -Ag/AgC1/Solut ions  (M) / 
To m T AgC1/Ag--Terminal  (A) 

T-~  dT m To 

where To is room temperature,  T ----- 20~ dT : 10 ~ 
and m was p la t inum for the ini t ial  readings and copper 
for the final readings. The electrode reaction for this 
thermocell  is 

AgC1 -- Ag -- C1- -{- e (m)  = 0 

and the equation governing the ini t ial  thermoelectric 
powers eo may be wr i t ten  as 

Feo = [ z +  ( S c 1 -  - -  SAgC1 -~- SAg - -  ~ e ( P t ) )  

- -  S*saltt + J/z  + [1] 

where F is the Faraday constant, Se(,,) is the t rans-  
ported entropy of the electron in the mettal  m, t + is the 
cation transference number ,  and z + is the charge on 
the cation. The equation governing the final thermo-  
electric powers e~ is given by 

F ~  = ~c l -  + SAg - -  SAgCI - -  ~e(Cu)  [2] 

Combining Eq. [1] and [2] yields 

Z ' s a l t  ~-~ z + F ( e ~ - -  e o ) / t +  -~- Z + ( S e ( c u )  - - S e ( P t ) ) / t +  [3 ]  

Values of ~e~cu) and ~e(Pt) are available (7) and, con- 
sequently, the entropy of t ransport  of a given salt is 
easily determined from the ini t ial  and steady-state 
thermoelectric powers, provided that  the cation t rans-  
ference number  is known. For most of the chloride salt 
solutions investigated, the t ransference numbers  were 
readily available in the li terature. However, those for 
0.01M RbC1, CsC1, and T1C1 were calculated from the 
conductance data using an equation obtained from a 
simple Debye-Hfickel consideration (1, 8). The t rans-  
port numbers  used are given in Table I. 

The transported entropy of the chloride ion, Scl- ,  
can be calculated from Eq. [2]. Since SAgcl, SAg, and 

~e(cu) are all known, the exper imental  determinat ion 
of steady-state thermoelectric powers is all that  is 
necessary. 

Table I. Cation transference numbers at 25~ 

All concentrat ions are  0.01M unless otherwise specified 

Salt t .  Source 

LiC1 0.3289 1 
NaC1 0.3918 1 
KC1 0.49ff3 1 
KC1 (0.005M) 0.4904 1 
KCI (0.05M) 0.4899 1 
RbC1 0.5049 4 
CSC1 0.5029 4 
NH~C1 0.4907 1 
T1C1 0.4943 4 
CdCI~ 0.43 2 
CdCI~ (0.005M) 0.43 2 
CdCI~ (0.05M) 0.44 3 

1. Landolt-Bornstein,  " 'Zahlenwerte  und  Funkt ionen aus Physik,  
Chemic, Astronomic,  Geophysik,  und Teehnik ,"  II  Band, 7 Tell, 
Elektrische Bigenschaften II, Springer-Verlag,  Berlin (1960). 

2. In ternat ional  Critical Tables, Vol. 6. 
3. W . G .  Breck and J. N. Agar ,  Trans. Faraday Soc., 53, 179 (1957). 
4 Calculated, Ref. (1, 8). 

Experimental 
All solutions used were prepared from analytical  

reagents and conductivi ty water. The concentrat ion of 
each solution was checked by t i t rat ions with s tandard 
AgNO3 solutions and densi ty measurements .  

For the purpose of measur ing eo and e~ values during 
the same experiment,  in  the present  study a mechanical  
s t irrer  was fitted into the sandwich type cell pre-  
viously used by Lin (2). A similar type of cell has 
been used by Breck, Cadenhead, and Hammerl i  (9). 
However, the present design of the cell stirrer differs 
from that of Breck, Cadenhead, and Hammerl i  (10) 
in that our st irrer  was dr iven by a variable speed 
motor ra ther  than by forced air over a propeller  shaft. 
This provision allows us to produce the ini t ial  homo- 
geneous state for any given length of t ime by adjust-  
ing the speed of the motor. The st irrer  consisted of 
a p la t inum axle on which a nylon mesh impeller  was 
mounted. A variable  speed d-c motor provided the 
st i rr ing power. The shaft between the cell axle and 
motor was a flexible plastic material.  One end of the 
plastic connector was fitted over the p la t inum axle, 
while a small circular magnet  was cemented on the 
opposite end. This came in  contact with another  mag-  
net cemented on the shaft of the motor. The flexible 
shaft absorbed any torque, thus prevent ing  any leak-  
age. To protect against  any  other unexpected leakage 
around the axle, a silicon grease reservoir in the form 
on a recess on the outside of the Plexiglas r ing was 
provided along with a Teflon washer. 

Many methods are available for the preparat ion of 
Ag/AgC1/C1- electrodes (10). In  this work electrodes 
were prepared in two ways, one using the s tandard 
thermal  method and the other by anodizing pure silver 
in 0.1N HC1. When the thermal  method was used, a 
Ag and AgC1 mixture  was prepared on a thin plat i-  
num foil which was then assembled in  between a 
Plexiglas ring and the gold disks. When the electrodes 
were prepared by anodizing pure silver, the following 
procedures were followed. Star t ing  from metallic 
sheets 0.015 in. in thickness and at least 99.99% pure 
(supplied by A. D. Mackay, Incorporated),  the elec- 
trodes were cut exactly to fit into the cells. They were 
then soaked several hours in concentrated NH4OH, 
thoroughly rinsed with distilled water, and immersed 
briefly into approximately  3N HNO3 unt i l  all surface 
contaminants  were removed and a finely divided sur-  
face area formed. After  again thoroughly r insing the 
electrodes with conductivi ty water, they were anodized 
in 0.1N HC1 saturated with purified argon and stirred 
magnetically.  A current  density of approximately 0.43 
mA / c m 2 was main ta ined  and approximately 2% of the 
silver by weight anodized. Two electrodes were al- 
ways anodized s imultaneously to assure as low a bias 
as possible. A piece of p la t inum wire served as the 
anode. The electrodes prepared in this way  were re- 
producible to wi th in  50 ~V or bet ter  and were stable 
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Table II. eo values in mV/deg at T - "  25~ * 

All concentrations ere 0.01M unless otherwise  specified 

Haase & Khoroshin de ne thune  
Sa l t  This study G o y a n  (4a) G o o d r i c h  (4b) S c h o n e r t  (4c) & T e m k i n  (4d) e t  al. (4e) 

LiC1 0.6633 0.669 0,676 
NaC1 0.6253 0.628 0,6313 0.631 
KC1 0.6296 0.636 0.6407 0.643 
KC1 (0.005M) 0.6649 0.688 
KC1 (0.05M) 0.5104 0.531 
RbC1 0.6059 0,614 0.611 
CsC1 0.6017 0.607 ~612  
NH4CI 0.6630 0.665 0.671 
T lC l  0.5943 0.601 
CdCI~ 0.5937 0.6054 
CdCl$ (0.005M) 0.6512 0.656 
CdCl2 (0.05M) 0.5053 

0.71 

0.67 

0',68 

0.623 
0,621 

* T = Mean temperature .  

over a period of weeks. Ag/AgC1/C1- electrodes have 
never  been prepared in exactly this manner ,  but  the 
results were in excellent agreement  with electrodes 
prepared from the thermal  method. 

The apparatus used for tempera ture  control and 
thermal  emf measurements  have been described else- 
where (2). The reproducibi l i ty  of Co and e| values was 
general ly  wi thin  10 ~V/deg, al though for CdC12 solu- 
tions it was about 15 ~V/deg. The isothermal residual 
emf for both the sandwich cell and the N-shaped cell 
was small, being of the order of 50 ~V and  was cor- 
rected from thermal  emf readings. 

Results and Discussion 
The measured ini t ial  thermoelectric powers are 

given in Table II. These have been compared with 
initial  values determined previously. The steady-state 
thermoelectric powers are tabula ted in Table III. The 
only other exper imental  values with which they may 
be compared are those for the 0.01M LiC1 solution and 
the three KC1 solutions obtained by Haase and Beb- 
rend (6). In all cases, the emf is positive when the 
te rminal  connected to the hotter  electrode is positive. 

The actual molar entropies of t ransport  calculated 
from the exper imenta l  data using Eq. [3] are given in 
Table IV. The only comparisons possible are with the 
various conductometric and potentiometric determi-  
nations conducted at the appropriate concentrations 
and temperature.  

Table V is a tabula t ion  of the t ransported entropies 
calculated for the chlorides from Eq. [2]. The Third 
law values of 22.97 and 10.206 eu were used for SAgcl 
and SAg, respectively. 

As indicated in Eq. [2], the t ransported entropy of 
a given ion should theoret ical ly be independent  of the 
nature  of the gegenion in dilute solutions. Applied to 

this part icular  study, this means that  the value of ~c l -  
should be the same for all the solutions tested in which 
the chloride ion concentrat ion is 0.01M, i.e. in all the 
un i -un iva l en t  chloride salts and O.005M CdC12. In-  
spection of Table V shows that  this is true. On the 
basis of Eq. [2], this same consistency should also be 
displayed in the steady-state  thermoelectric powers 
for these solutions, which it is. 

Table IlL e~ values in mV/deg at T---- 25~ 

Al l  c o n c e n t r a t i o n s  are  0.01M un les s  o t h e r w i s e  speci f ied  

Haase and 
Salt This study Behrend (6) 

LiC1 0.6614 
NaCI  0,6652 
KC1 0.6630 
KC1 (0.005M) 0.7037 
KC1 (0.05M) 0.5318 
RbC1 0.6618 
CsC] 0.6614 
N I ~ C I  0.6630 
TIC1 0,6625 
CdCls  0.6170 
CdC12 (0.005M) 0.6496 
CdC12 (0.05M) 0,5217 

0.6724 

0.6713 
0.7328 
0.5285 

Examinat ion  of Table IV shows that  the agreement  
between the S ' s a l t  values determined in this study and 
in previous investigations is excellent for 0.01M LiC1, 
NaC1, KC1, RbC1, CsC1, and T1C1. The values a t t r ib-  
uted to Agar and Turne r  (11), Snowdon and Turner  
(12), and Price (13) were all obtained using the con- 
ductometric method. The entropies of t ransport  for 
0.01M LiC1 and KC1 at t r ibuted to Haase et al. were 
calculated from the co values reported by Haase and 
Schonert  (4) and  the ~| values reported by Haase and 
Behrend (6). 

The agreement  of the ent ropy of t ranspor t  for 0.01M 
NH4C1 determined in this s tudy with l i terature values 
is reasonably good. Sagert and Breck (14), like Price, 
used the conductometric method. Although nei ther  of 
them obtained a value exceptionally close to zero en-  
t ropy units, all of the early investigators of the Soret 
effect concluded that aqueous NH4C1 was very  similar 
in behavior to aqueous LiC1 and that  both salts were 
essentially concentrat ion independent  and had en-  
tropies of t ransport  very close to zero. More recently, 
Ikeda and Kimura  (15) obtained almost identical Soret 
coefficients for 0.01M NH4C1 and LiC1 solutions at 25~ 
In each case, the value was very  small  and negative. 

Table IV. Entropy of transport values in eu at T = 25~ 

Al l  c o n c e n t r a t i o n s  are 0.01M u n l e s s  o t h e r w i s e  speci f ied  

S* (This  S* 
Sa l t  s tudy)  S*a S*b S*c S*d S*~ (Others)  

LiC1 -- 0.28 -- 0.08 0.02 0.03 -- 0.25 
NaC1 2.20 2.58 2.35 
KCI 1.42 1.69 1.62 1,01 1.33 
KCI (0.005M) 1,67 1.88 1.76 2.11 1.80 h 
KCI (0.05M) 0.86 1.03 - -0 .12  1.12 ~ 
RbCI 2,40 2.75 2.67 
CsC1 2.59 2.78 2.77 2.71 
NH4CI --0,15 0.50 1,17f 
T1C1 3.03 3.03 
C d C h  0,95 2.95 
CdC12 (0.005M) --0.39 3.35 
Cd'Cl~ (0.05M) 1.41 1.41e 

a j. N. Agar and J. C. R. Turner (11). 
b p. N. Snowdon and J. C. R. Turner (12). 
c C. D. Price (13). 
d p. N. Snowdon and J. C. R. Turner (17), 
c Calculated from the to values of R. Haase and H. SchSnert (4c), 

and the e~ values of R. Haase and H. Behrend (6). 
r N. H. Sagert and W. G. Breck (14). 
g W. G. Breck and J. N. Agar, Trams. Faraday Soe., 53, 179 (1957). 

A. J.  de  Be~hune  and  H. O. Daley ,  This  Journal ,  116, 1395 (1969). 

Table V. Transported entropy values in eu at T = 25~ 

Salt  SOl- 

LiC1 27.97 
NaC1 28.06 
KC1 28.01 
RbC1 27.98 
CsC1 27.97 
NI-I4C1 28.01 
T1CI 28.00 
CdCls  (O.O05M) 27.70 
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Table VI. S~ values 

B r e c k  K h o r o -  
T h i s  a n d  H a a s e  s h i n  & de  B e t h u n e  

s t u d y  Lin a A g a r  b e t  al~ T e m k i n  �9 & D a l e y  e 

e u  eu  eu  e u  eu  eu  
18.88 19.4 19.16 19.3 19.5 18.69 

,~ W. G. B r e c k  a n d  J.  L in ,  Trans. Faraday Soc., 61, 2223 (1965}. 
b j .  N. A g a r  (3).  
c R. I-Iaase, K. H o c h ,  a n d  H. S c h S n e r t ,  Z. Physik .  Chem.,  27, 421 

(1961) .  
d A. V. K h o r o s h i n  a n d  M. I. T e m k i n  (4) .  
c A. J .  de  B e t h u n e  a n d  H. O. D a l e y ,  This Journal,  116, 1401 (1969) .  

to zero, ionic entropies of t ransport  may be determined. 
On this basis, all of the cations examined are struc- 
ture makers with the exception of Li + and NH4 + 
which are structure breakers. 

Increased order in the solvent, corrsponding to a 
positive entropy of transport,  would be expected in the 
vicinity of small  or highly charged ions. Thus, the 
negative entropy of t ransport  of Li + appears anoma-  
lous. However, this same high charge density would 
also cause the l i th ium ion to be heavily hydrated with 
firmly bound water  molecules and thus act as a large 
ion of low surface charge. Natural ly,  this effect de- 
creases with size among the alkali metal  cations and 
there is roughly a corresponding increase in the mag- 
ni tude of the entropy of transport,  with the exception 
of K +. 

Manuscript  submit ted Oct. 19, 1970; revised manu-  
script received ca. Feb. 5, 1971. 

Actually,  because of the hydrogen-bonding  facility of 
the ammonium ion, this ion would be expected to be 
only weakly structure altering. Consequently, an en-  
t ropy of t ransport  close to zero entropy units  is quite 
reasonable. 

The CdC12 and KC1 solutions were studied at three 
different concentrations. Examina t ion  of Table IV 
shows that the only CdC12 solution for which the en-  
tropy of t ransport  agrees well with previously reported 
values is the 0.05M solution. However, this S* value 
is of part icular  interest  since the l i terature value with 
which it is compared was Obtained potentiometrical ly 
(16) using cadmium amalgam electrodes. Despite this, 
our S* values for 0.01 and 0.005M CdC12 differ con- 
siderably from those obtained conductometrically by 
Snowdon and Turner  (17). Previous studies made of 
concentrat ion effects on entropies of t ransport  (5, 17). 
for both un iva len t  and divalent  halides, all show an 
increase in the entropy of t ransport  with decreasing 
concentrat ion in this low concentrat ion range. We have 
observed the exact opposite, a decrease in entropy of 
t ransport  with decreasing concentration. 

Although our results for CdC12 are in poor agree- 
ment  with those of Snowdon and Turner ,  it must  be 
emphasized that for these part icular  solutions the po- 
tentiometric method has one significant advantage over 
the conductimetric method. With the former, entropies 
of t ransport  are measured directly, while with the 
latter, entropies of t ransport  are calculated from the 
measured Soret coefficients, o, using the equation (11) 

S* = ~RT(1 Jr 0 In v_+/0 In M)o [4] 

where v is the number  of ions produced by dissociation 
of one molecule and v• is the mean activity coefficient. 
Consequently,  for calculation of S* from conducti-  
metric data, reliable activity data are necessary; but, 
for polyvalent  electrolytes such as CdC12, this infor-  
mat ion is ra ther  insubstantial .  

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the June  1972 
J O U R N A L .  

In  addition, CdCl2 forms complexes to an unusua l ly  
pronounced degree even at these quite low concentra-  
tions. The existence of species such as CdC1 +, CdC12, 
and CdC13- could easily lead to anomalit ies in the 
behavior of CdC12 solutions. 

In contrast, the entropies of t ransport  observed for 
the KC1 solutions at concentrat ions of 0.005, 0.01, and 
0.05M are in excellent agreement  with the values ob- 
tained conductimetr ical ly by  Snowdon and Turner ,  
as shown in Table IV. In  this case the expected trend, 
an increase in entropy of t ransport  with decreasing 
concentrat ion in this concentrat ion range, was ob- 
tained. 

Both the electrostatic and  electrophoretic effects on 
entropy that  will  be produced by an ion in solution 
have been developed theoretical ly (3, 18). According 
to Helfand and Kirkwood (18) for an un i -un iva l en t  
electrolyte denoted [1, 2] 
Q'12 -- Q*,~ Jr [ - ( e 2 / 6 D )  Jr (rsl -- rs2) (B1 -- B2)]K 

[5] 
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Electrochemical Reduction of Potassium Chromate in the 
Presence of Zinc(ll) and Cobalt(ll) in Molten Lithium 

Chloride-Potassium Chloride Eutectic 
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ABSTRACT 

The electrochemical reduction of K2CrO4 in molten LiC1-KC1 eutectic is 
shifted to more positive potentials by the addition of ZnC12 or COC12. In the 
case of added ZnC12 three electrons are consumed per mole of K2CrO4 and an 
insoluble reduction product having the empirical  formula LiZn2CrO4 is ob- 
tained. In the presence of CoCI~, the reaction product depends on the elec- 
trolytic conditions, especially the cathodic potential.  The l imit ing processes 
appear to be a two-electron process, favored by low cathodic potent ial  and 
high cobal t ( I I )  concentrat ion to yield Co2CrO4, and a three electron process, 
favored by high cathodic potential  and low cobal t ( I I )  concentrat ion to 
yield LiCo2CrO4. A mechanism consistent with these observations is pro- 
Dosed. 

Lai t inen and Bankei-t (1) used chronopotent iometry 
to study the electrochemical reduction of K2CrO4 in 
molten LiC1-KC1 and observed a single, irreversible, 
diffusion-controlled, three-electron reduction step. In  
the presence of Mg (II),  ~he chromate reduct ion poten-  
tial is shifted from --1.1V vs. a 1M Pt  ( I I ) / P t  reference 
to --0.2V and a highly insoluble, chemically resistant  
electrode deposit is obtained at the cathode. Propp and 
Lai t inen (2) characterized the magnesium deposit 
and described it as a single unstoichiometric com- 
pound having the empirical  formula LixMgyCrO4, 
where x -5 2y ---- 5. The values of x and y were de- 
pendent  on electrolysis conditions; typically 0.3 < x < 
0.5. Popov and Lai t inen (3) have recently shown that  
a similar deposit is obtained by electrolysis of 
Ni (II) �9 Cr (VI) mixtures.  The nickel deposit is slightly 
more stoichiometric than the corresponding magnes ium 
one (0.6 < x < 0.85) but  has near ly  the same lattice 
structure and thermal  stabili ty as LixMgyCrO~. 

The results of an extensive characterization of the 
electroreduction of K2CrO4 in the presence of Zn( I I )  
and Co(II)  are the subject of this paper. In  addition, 
possible mechanisms for the electroreduction of 
chromate in  the presence of d ivalent  meta l  ions are 
discussed. 

Experimental 
Reagents.--Reagent grade anhydrous  ZnC12 (J. T. 

Baker) was fur ther  purified by fusion under  an HC1 
atmosphere followed by scrubbing the resul t ing melt  
with dry HC1 for 1 hr. After  filtration through a medi-  
um porosity, sintered glass frit  and scrubbing with 
dry argon for 2 hr, the purified molten ZnC12 was 
allowed to solidify. The ZnC12 prepared by this method 
contained 99.95% of the theoretical amount  of chloride. 

Anhydrous  COCI2 was prepared by dehydrat ing the 
hexahydrate  (J. T. Baker) in a vacuum. The tempera-  
ture was slowly increased from room temperature  to 
150~ where it was main ta ined  for 6-8 hr. The COC12 
prepared by this method contained 99.94% of the 
theoretical amount  of chloride. 

Anhydrous  K2CrO4 was prepared by  drying reagent 
grade K2CrO4 (J. T. Baker)  at 150~ under  vacuum 
for 6-8 hr  a few days before use. 

Chemicals other than those ment ioned  were reagent 
grade and were used without  prior purification other 
than drying where  required. 

Molten salt procedures.--The LiC1-KC1 eutectic was 
obtained from Anderson Physics Laboratories, Inc., 

�9 E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
1 P r e s e n t  a d d r e s s :  D e p a r t m e n t  of  C h e m i s t r y ,  N o r t h  C a r o l i n a  S t a t e  

U n i v e r s i t y ,  R a l e i g h ,  N o r t h  C a r o l i n a  27607. 
K e y  w o r d s :  c h r o m i t e ,  l i t h i u m  z inc  c h r o m i t e ,  m o l t e n  sa l t .  

Champaign, Illinois, where it was prepared and pur i -  
fied by the method outl ined by  Laitinen, Tischer, and 
Roe (4). 

The mol ten salt furnace and glassware associated 
with the molten salt apparatus have been previously 
described (5). The procedures employed for cleaning 
glassware and handl ing  the mol ten eutectic have been 
described in detail (5). 

Electrochemical measurements.--A P t ( I I ) / P t  refer-  
ence electrode was utilized in this work; its construc- 
t ion and properties have been described (6). A carbon 
electrode was used whenever  a counterelectrode was 
required. The electrodes were constructed and cleaned 
according to the procedure outl ined by Propp (7). 

Both the p la t inum flag electrodes used in the chrono- 
potentiometric and chronoamperometric  studies and 
the p la t inum gauze electrodes used in preparat ive  work 
were detachable. The construction of both the plat i -  
num gauze electrodes and the electrode holders were 
described by Propp (7). The p la t inum flag electrodes 
were constructed by spot welding 1 in. of 26 gauge 
p la t inum wire  to a p la t inum foil (0.001 in. thick) ap- 
proximately  5 m m  on a side. The area of each flag 
was determined prior  to spot welding by measur ing  
its length and width with a micrometer  and calculat-  
ing the area by assuming the flag to be rectangular .  
The p la t inum microelectrodes used for vol tammetr ic  
work were constructed as described by Lucas (8) ex- 
cept that  soft glass was used throughout.  

Voltammetric measurements  were made with a 
Heath EUA-19-2 Polarography Module which was 
plugged onto a tube-type,  operational amplifier mani -  
fold which has been previously described (9). 

The constant current  source employed for chrono- 
potentiometric studies has been described (7). A Tek-  
t ronix 502A oscilloscope and Tektronix  C-12 oscillo- 
scope camera were used to record the chronopotentio-  
metric potent ia l - t ime curves. 

A Model 61 RS Wenking  potentiostat  was employed 
in the chronoamperometric  experiments.  A Tektronix  
Type 161 pulse generator  supplied the desired poten- 
tial pulse to the potentiostat.  

A Sargent  Model IV Coulometric Curren t  Source 
was used in preparat ion of deposits and for genera-  
t ion of the Pt  ( I I ) / P t  reference electrode. 

Analytical procedures.--In the preparat ive port ion 
of this work, a number  of rout ine analyses were per-  
formed to establish the composition of the electrode 
deposit as a funct ion of various exper imental  pa ram-  
eters. The deposits were dissolved in HC104 according 
to the procedure described by  Propp (2, 7). Chromium 
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Fig. i. Current-voltage curves for the reduction of K2Cr04 in 
the presence of ZnCI~. Electrode area = 2.5 x 10 - 3  cm 2. Curve 
A, [K2Cr04] = 4.51 raM, [ZnCI~] ~ 0.067M; Curve B, 
[K2Cr04] ~ 4.51 mM, no ZnCI2 added. 

was determined by t i t rat ion with coulometrically gen- 
erated C u ( I ) ;  the procedure and equipment  employed 
are described elsewhere (5). Li th ium was determined 
by flame photometry;  a detailed procedure is available 
(5). Zinc was determined by a spectrophotometric 
t i t rat ion with EDTA using Eriochrome Black T as an 
indicator. Cobalt was also determined by  spectrophoto- 
metric t i t ra t ion with EDTA; Xylenol  Orange served 
as the indicator. The apparatus and procedure followed 
are described elsewhere (5). 

Results and Discussion 
Reduction of K2CrO4 in the presence o~ ZnC12.--As 

can be seen from Fig. 1, the hal f -wave potent ial  for 
the vol tammetr ic  reduction of K2CrO4 is shifted in a 
positive direction by approximately 300 mV by the 
addition of anhydrous  ZnCI~. In  the presence of ZnCI~, 
a green, adherent  film forms on electrodes polarized 
at potentials on the l imit ing plateau of the vol tam- 
metric wave. The film does not inhibi t  the electrode 
process but  is extremely difficult to remove from the 
electrode mechanically.  

Characterization of electrode deposit--Samples of 
electrode deposit were prepared by constant  current  
electrolysis using the method outl ined by Propp (2, 7) 
and analyzed for Cr, Zn, and Li by employing the 
methods previously described. The average n u m b e r  of 
electrons consumed per mole of chromium was cal- 
culated to be 3.06 by comparing the micromoles of 
chromium found in a sample of deposit by chemical 
analysis to the microequivalents  of current  consumed 
in prepar ing the sample. 

If the microequivalents  of each metal  are mathe-  
matical ly converted to an equivalent  weight of metal  
oxide, the sample weight can be completely accounted 
for in terms of Li20, ZnO, and Cr203. Thus even though 
Zn( I I )  forms a strong chloro-complex, no chloride is 
found in the deposit. As with the previously reported 
magnes ium and nickel deposits, no potassium is in-  
corporated into the deposit. 

Propp (2) and Popov (3) observed changes in the 
composition of the magnes ium and nickel deposits as 
preparat ive parameters  were changed. /ks can be seen 
from Tables I, II, and III, such was not the case for 
the zinc deposit. On the basis of analyses of 20 differ- 
ent preparat ions of the deposit under  varying  condi-  

Table I. Composition of zinc deposit as a function of temperature 

[K~CrO4] = O'.ll2M [ZnCl~] ----- 0.221M Io = 2 m A / c m  2 
% S a m p l e  w t  

T e m p e r a t u r e  (*C) E m p i r i c a l  f o r m u l a  a c c o u n t e d  fo r  

400 Li~.~Znz.~CrOs.gs 99.5. 
450 Lio.~Znl.9~CrOs.gs 99.8 
500 Lil.o~Zn~.~sCrO~.~ I00,I  

July 1971 

Table II. Composition of zinc deposit as a function of current 
density 

[K~CrO4] = 0.210M [ Z n C b ]  = 0.246M T e m p  = 450~ 
C u r r e n t  d e n s i t y  % S a m p l e  w t  

(mA/cm=) E m p i r i c a l  f o r m u l a  a c c o u n t e d  fo r  

2,16 Lio.~Zn~.olCrO~.oo 99.9 
4.29 Lio.geZn2.o~CrO~.ol 99.6 
8.58 Lh.o~Zn~.olCrO~.~ 100.2 

21.55 Lil.olZn~.0oCrO~.co 99.1 

Table III. Composition of Zn deposit as a function of 
ZnCI2 concentration 

T e m p e r a t u r e  = 450~ Z n / C r  Io = 2 m A / c m  a % S a m p l e  w t  
[K~CrO4J [ZnCI~I m o l a r  r a t i o  E m p i r i c a l  f o r m u l a  a c c o u n t e d  fo r  

0.026M 0.276M 10.6 Lil.olZnl.~CrO~.Ds 99.8 
0.029M 0.270M 9.27 Li l .  0oZn~. o'_,Cr O 1. o~ 99.9 
0.038M 0.264M 6.90 Li~.o0Zn,~.olCrO~.o~ 100.3 
0.059M 0.258M 4.34 Lij  .o~Zn.o.0'.,Cr Ol ,~  100.4 
0.136M 0.252M 1.85 Lil.coZn~.o,-CrO~.o~ 100.2 
0.210M 0.246M 1.17 Lil.0~Zn.o.olCrOl.oa 100.2 

tions an average molecular  weight of 253.4 was found 
compared to 253.7 for LiZn2CrO4. 

X- ray  powder diffraction studies have shown the 
crystal s tructure of LiZn2CrO4 to be disordered face 
centered cubic, the length of a uni t  cell edge being 
4.205A (5, 10). The stoichiometry of l i th ium zinc 
chromite suggests the existence of the CrO4 -5 anion, 
but  it is clear from the lattice s tructure that  such an 
anion does not exist as a separate ent i ty  in the solid 
state. 

Chronopo ten t iome t ry . - -Chronopo ten t iograms  of 
K2CrO4 in molten LiC1-KC1 containing ZnC12 were 
found to depend on the relative concentrat ions of 
ZnC12 and K2CrO4. Two transitions, one at --0.76V and 
the other at --1.18V, were observed for solutions in 
which [CrO~ -2] > [Zn ( I I ) ] .  As the Zn /Cr  molar  ratio 
is increased, the first t ransi t ion lengthens at the ex-  
pense of the second. When the Zn /Cr  molar  ratio is 
made greater than 2, the second t ransi t ion is not ob- 
served. This effect is i l lustrated in Fig. 2. 

With the Zn / Cr  molar ratio main ta ined  at a value 
greater than 2.25, duplicate chronopotentiograms were 
obtained at 5 current  densities at 5 different chromate 
concentrat ions ranging from 6.12 to 29.01 x 10-3M. The 
reduction was found to obey the Sand equation, the 
value of Io T1/2/C being 755 __ 13 A-sec lz2 cm/mole.  

The quar te r -wave  potential  for the reduction of 
chromate in the presence of excess ZnC12 was found 

1.2 
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"2 0.8 

o 

0.6 

0.4 

0,2 

I I 016 I t 1 
0.2 0.4 0 .8  1.0 1,2 

T IME(see . )  

Fig. 2. Potential-tlme curves for the chronopotentiometric reduc- 
tion of K2Cr04 in the presence of ZnCI2. Current density ~ 8 
mA/cm 2. Curve A, [K2Cr04] ~ 11.43 raM, no ZnCI2 added; 
curve B, [K2Cr04] ~ 11.43 mM, [ZnCI2] z 7.18 mM; curve C, 
[K2Cr04] ~ 11.43 mM, [ZnCI~] ~ 16.92 mM; curve D, 
[K2Cr04] = 11.43 raM, [ZnCI~] = 21.60 mM; curve E, 
[K2Cr04] ~ 11.43 mM, [ZnCI2] ~ 23.77 mM. 
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Table IV. Electrochemical oxidation of the zinc deposit 

ELECTROCHEMICAL REDUCTION OF K2CrO4 

Qf L a y e r s  Qr L a y e r s  L a y e r s  
(/Leoulomb) p l a t e d  (/~coulomb) s t r i p p e d  Q f / Q r  l e f t  

690 4.86 270 1.90 0.391 2.96 
1190 8.37 700 4.93 0.588 3.44 
2450 17.2 1570 11.1 0.640 6.10 
3630 25.6 2550 18.0 0.702 7.60 
5010 35.2 3650 25.7 0.728 10.5 
7310 51.4 4990 35.2 0.682 16.2 
8770 61.8 6460 45.5 0.736 16.3 

to be independent  of applied current  density over  the 
range studied (4.95-34.48 mA/cm2) ;  the average value 
being --0.764V vs. a 1M P t ( I I ) / P t  reference electrode. 
A qua r t e r -wave  potent ial  of --1.18V has been reported 
for the reduct ion of pure chromate  (1). 

Reverse  current  chronopotent iometry  was employed 
to study the ease wi th  which the insoluble film could 
be e lectrochemical ly  oxidized. From Table IV it is 
seen that  Qr/Qf (where  Qf and Qr are the forward  and 
reverse  coulombs) approaches the l imit  of ca. 0.7 as 
Qf is increased. Microscopic examinat ion of electrodes 
subjected to both forward  and reverse  electrolysis re-  
vealed the presence of an unoxidized film. The number  
of molecular  layers of deposit left  on the electrode 
after e lectrochemical  oxidation approaches a l imit  of 
16. The inner layers of deposit are rendered nonoxidiz-  
able by strong interact ion with  the Pt  cathode. 

Chronoamperometry.--Chronoamperograms were ob- 
tained for the reduct ion of chromate  both in the pres-  
ence and absence of Zn( I I ) .  In the presence of Zn( I I )  
the potential  was stepped f rom the rest potent ial  
(usually about --0.4V) to --1.15V (see Fig. 1). For  the 
reduction of pure chromate,  the final potential  was 
--1.65V. Plots of Io against t -1/2 were found to be 
l inear for both systems as predicted by the Cottrel l  
equation. 

In the absence of ZnC12, the Cottrel l  slope of 0.723 
• 0.009 mA secl/2/cm 2 gives a diffusion coefficient of 
0.96 x 10 -5 cm2/sec based on a th ree-e lec t ron  reduc-  
tion. When ZnC12 was added a slope of 0.709 • 0.009 
was observed indicating a diffusion coefficient of 0.92 
x 10 -5 cm2/sec. The excel lent  l inear i ty  of the Zn plot 
indicates that  film format ion does not adversely effect 
the electrode process over  the t ime in terval  studied. 

The important  conclusion to be drawn from the 
chronoamperometr ic  results, however ,  is that  the  dif- 
fusion coefficient of the electroact ive species is un-  
changed in the presence of zinc chloride. The chrono-  
amperometr ic  value of D for pure chromate  disagrees 
wi th  the value of 1.73 x 10 -5 cm2/sec previously  re-  
ported by Lai t inen and Banker t  (1). Because of higher  
pur i ty  start ing materials,  the eutectic used in this 
work  is of sl ightly bet ter  qual i ty  than the eutectic 
used by Lai t inen and Bankert .  The presence of reduc-  
ible impuri t ies  in the solvent causes the potent ia l -  
t ime curve to become drawn out, consequent ly  Lai t i -  
hen and Banker t  may  have systemat ical ly  overest i -  
mated x. The chronoamperometr ic  method el iminates 
the ambigui ty  associated with  measur ing x and allows 
for convenient  compensation for the reduct ion of im- 
purities; consequent ly  we conclude that  the diffusion 
coefficient is unchanged by the addition of ZnC]2 to 
the solvent. 

Reduction of K2CrO4 in the presence of CoC12.--A 
typical current  vol tage curve for the reduct ion of 
K2CrO4 in melt  containing excess COC12 is presented 
in Fig. 3. During electrolysis of K2CrO4 solutions con- 
taining COC12 a black, insoluble film formed on the 
cathode. The film was usual ly  obtained as clumps of 
crystals i r regular ly  distr ibuted across the electrode 
ra ther  than as a uni form film. Under  magnification 
the crystals appeared to have an octahedral  shape; the 
crystal  faces were  smooth wi th  sharp edges and a 
metal l ic  luster. 

Characterization of electrode deposit .--Samples of 
electrode deposit were  prepared  by constant current  
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electrolysis using the method  previously  employed in 
prepar ing the Zn deposit; the  electrode potent ial  was 
not al lowed to become more negat ive  than --0.7V dur-  
ing preparat ion of the deposit. As may  be seen f rom 
Table V, two electrons are  consumed per  mole of 
chromium. Deposits prepared at high C o / C r  molar  
ratios had n values which were  consistently slightly 
greater  than 2 but wel l  below 3. Based on a two-  
electron reduct ion step, an oxidat ion number  of + 4  
may be formal ly  assigned to chromium. 

The composition of three samples of deposit pre-  
pared under  similar conditions is presented in Table 
VI. The sample weight  can be completely  accounted 
for in terms of the component  oxides Li20, CoO, and 
CrO2. The sample weight  could equal ly  wel l  be ac- 
counted for if all or par t  of the moles of Cr were  
present as Cr ( I I I )  (i.e., Cr203) providing an equal  
number  of moles of Co(I I I )  (i.e., C0203) were  present. 
Because of this in terre la t ion of oxidation states, no 
oxidation states have been indicated in the empir ical  
formulas of Table VI. 

The composition of the Co deposit has been studied 
as a function of prepara t ive  conditions. As can be seen 
f rom Tables VII, VIII, and IX the l i th ium content  of 
the deposit is ve ry  sensitive to changes in prepara t ive  
parameters  whi le  the cobalt and chromium contents 
are not. It should be noted that  except  for the effect 
of added metal  ion concentration, the composit ional 
trends of the Co deposit are exact ly  the opposite of 
those of the previously repor ted  Mg and Ni deposits. 

Table V. Calculation of n for the case of added CoCI2 

equ iv ,  of  /~moles of 
c u r r e n t  passed  Cr f o u n d  n 

100.4 48.10 2.09 
100.0 49.51 2.02 
100.2 46.74 2.05 
lOO.1 48.55 2.08 
100.1 49.39 2.04 

n = 2.06 

Table VI. Typical analyses of the cobalt deposit 

A. /zmoles m g  /zmoles m g  /zmoles m g  

L i  L i f o  Co CoO Cr CrO~ 
3.30 0.049 99.34 7.444 50.46 4.239 
3.18 0.047 99.82 7.480 49.84 4.187 
3.21 0.048 10,0.30 7.516 49.51 4.159 

B. T o t a l m g  S a m p l e  % w t  
f o u n d  w t  m g  f o u n d  E m p i r i c a l  f o r m u l a  

11.732 11.799 99.4 Lio.erCol.97CrO~.o0 
11.714 11.830 99.0 Li0.o6Co2.0oCrOr 
11.723 11.686 100.3 Lio.ooCo~.o~Cr04.o~ 

I I I I I I I 

A B 

I I 
0.2 0.4 0.8 0.8 1.0 1.2 1.4 1,6 1.8 

- E (Vo/ts) 

Fig. 3. C u r r e n t - v o l t a g e  c u r v e s  f o r  t h e  r e d u c t i o n  o f  K 2 C r 0 4  in 

the presence of COCI2. Electrode area ---- 4.9 x 10 - 3  cm 2. Curve 
A, [K2CrO4] ~ 4.98 mM, [COCI2] ---- 0.064M; curve B, 
[K2CrO_t] ~- 4.98 mM, no COCI2 added. 
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Table VII. Composition of cobalt deposit as a function of 
temperature 
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Io = 2 m A / c m  s 
[K=CrO~] = 0.25M [CoCI~] = 0.48M % S a m p l e  w t  
T e m p e r a t u r e  (~ E m p i r i c a l  f o r m u l a  a c c o u n t e d  for  

400 Lio.osCoe.ooCrO4.o~ 99.3 
450 Lio o6Ccu.wCrO~,o~ 98.7 
500 Lio.o~Co~,~OrC~.~ 100.3 

Table VIII. Composition of cobalt deposit as a function of 
current density 

[K2CrO4] = 0.094M ['CoCls] = 0 . ISM T e m p  = 450~ 
C u r r e n t  d e n s i t y  % S a m p l e  w t  

( m A / c m  ~) E m p i r i c a l  f o r m u l a  a c c o u n t e d  fo r  

2.16 Co~.o2CrO4.os 100.5 
4.32 Lio. 1, C o~. ~CrO4. oe 99.9 
8.58 Lio s~Col,~sOrO~.o~ 99.6 

21.55 Lio.s~Cox.o~Cr04.o9 99,0 

Table IX. Composition of Co deposit as a function of 
COCI2 concentration 

T e m p e r a t u r e  = 450~ C o / C r  Io = 2 m A / c m ~  % S a m p l e  w t  
[KeCrO4] [CoCI~] m o l a r  r a t i o  E m p i r i c a l  f o r m u l a  a c c o u n t e d  fo r  

0.022M 0.193M 8.76 Lio.5oCol.,TCrO4.~ 99.5 
0.046M 0.189M 4.12 Lio 2cCol.9,Cr O4.c4 99.6 
0.094M 0.184M 1.96 Li0.14Col.95CrO4.os 99.8 
0.246M 0.481M 2.96 Lio.a~Col.~CrO~.ee 98.7 

Samples of deposit with an empirical  formula ap- 
proaching Co2CrO4 can be prepared by  using a low 
current  density, high temperature ,  and high CoC12 
concentration. X- r ay  powder diffraction studies of 
CoeCrO4 have shown it to have a diamond cubic lattice 
with a uni t  cell edge of 8.173A (5, 10). A spinel- l ike 
structure in which the te t rahedral  sites are occupied by 
Co (II) ions and the octahedral sites shared by Cr (III) 
and Co (III) ions has been proposed as the only struc-  
ture consistent with both the observed x - r ay  data and 
previously established structures of mul t iple  metal  
oxides of Co(II ) ,  Co(III ) ,  Cr ( I I I ) ,  and Cr(IV)  (5, 10). 

C h r o n o p o t e n t i o m e t r y . - - A  typical chronopotent iogram 
of chromate in the presence of excess COC12 is shown 
in Fig. 4. As with the case of added ZnC12 two t rans i -  
tions are observed at Co/Cr molar  ratios below 2.09. 
Over the chromate concentrat ion range studied (4.71 
to 33.00 x 10-3M) the reduction obeyed the Sand equa-  
tion. At 450~ lo xl /2/C = 751 • 7 A-sec 1/2 cm/mole,  
consequently nD 1/2 ---- 8.81 x 10 -3 cm equiv. /mole 
secl/2. 

The quar te r -wave  potent ial  was found to be inde-  
pendent  of applied current  densi ty over the range 
4.07-21.90 mA/cm~, the average value being --0.558 • 
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Fig. 4. Typical chronopotentiogram for the reduction of K2Cr04 
in the presence of excess CoCI2. Current density "-  15.82 mA/cm 2. 
[K2Cr04]  = 17.41 mM. [CoCI2] = 0.132M. 

0.002V vs. a 1M P t ( I I ) / P t  reference. At current  den-  
sities greater than 22 m A / c m  2 Er/4 shifts in a cathodic 
direction as Io is increased. Attempts  to oxidize the 
Co deposit electrochemically were unsuccessful. 

C h r o n o a m p e r o m e t r y . - - C h r o n o a m p e r o g r a m s  were ob- 
tained for the reduction of chromate in the presence of 
cobalt chloride by stepping the potential  of the test 
electrode to --0.90V (see Fig. 3) and measur ing  the 
current  which flowed as a funct ion time. Currents  
were measured over the t ime in terva l  20 msec to 1 sec. 
A plot of Io vs. t -1/2 was found to be l inear  as pre-  
dicted by the Cottrell equation. A slope of 0.775 • 0.13 
mA secl/2/cm 2 was observed for a 4.98 x 10-8M solu- 
t ion of K2CrO4 which was also 0.063M in CoC12. From 
the exper imental  slope nD 1/2 is found to be 9.06 x 10 -3 
cm equiv. /mole sec 1/2. 

Elec troreduct ion  m e c h a n i s m . - - T h e  over-al l  electro- 
reduction mechanism of chromate in the presence of 
a d iva len t  metal  chloride m u s t  contain a chemical 
reaction in order to account for the presence of the 
divalent  metal  in the reduction product. The reaction 
could occur before, after, or dur ing the charge t rans-  
fer process and still provide a means for incorporat ing 
divalent  metal  into the deposit. 

If the reaction occurred prior to charge transfer, it 
must  be analogous to the formation of a Cr(VI)  com- 
plex containing the divalent  metal  which is more 
easily reduced than  uncomplexed chromate. A M(II)"  
chromate complex would be expected to be larger in 
size than the uncomplexed chromate ion. Since the 
diffusion coefficient of chromate is unchanged by the 
addition of ZnC12, NiCI2, or MgC12 to the melt, the size 
of the electroactive species in the presence of Zn( I I ) ,  
Ni( I I ) ,  or Mg(II)  must  be approximately  the same as 
in their absence and the existence of M(I I ) - ch romate  
complexes may be ruled out for the eases where M = 
Zn, Ni, or Mg. 

The ini t ial  reduct ion product  of chromate is be- 
lieved to be the oxy-anion  Cr(II I )O5 -5. A chemical 
reaction between this anion and M(II )  could also ac- 
count for the presence of divalent  metal  in the deposit. 
A reaction of this type would account for the positive 
shift in potential  as well, since the activity of the 
reduced form of the couple would decrease as a result  
of the reaction causing the equi l ibr ium potential  to 
become more positive. 

Delahay et al. (11) have derived an equation relat ing 
the potential  t ime curve of a reversible charge t rans-  
fer followed by a chemical reaction to the chemical 
kinetic parameters.  Since the electroreduction of 
chromate is, at best, quasireversible, Delahay's equa-  
tion must  be modified to take charge t ransfer  kinetics 
into account. The na ture  of the modifications are dis- 
cussed elsewhere (5). The equation is a complex one 
and must  be solved by numerica l  methods 

2k~ Kk~ 
- -  (T1/2 - -  t l / 2 )  0--{z 
Dl/2~ 1/~ D 1/2 (K + 1) 

{ 2tl/~ erf[A'/2W2] } 01-~=I -t- A~/s 

where k~ is the standard heterogeneous charge trans- 
fer rate constant at E : E ~ 0 : exp { n F / R T  (E -- 
E~ K is the equi l ibr ium constant  of the chemical 
reaction, and A _-- (ke q- kb) where kf and kb are the 
forward and reverse rate constantw of the chemical 
reaction. 

Using the data of Lai t inen  and Banker t  (1) for the 
electroreduction of pure chromate, we est imate k~ 
to be 2 x 10 -3 cm/sec and E ~ to be --1.05V vs. a 1M 
Pt ( I I ) / P t  reference electrode. Inser t ing these electro- 
kinetic parameters  into Eq. [1], we find that  a follow- 
ing chemical reaction will  shift the quar te r -wave  po- 
tential  for the reduction of chromate a m a x i m u m  of 
only 0.25 mV even if K and kf are infinitely large. 
Since the ion Cr (III)O4 -5 must  have an average life- 
t ime of at least 10 -1~ sec to be  considered real (12), 
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the highest feasible value  for kf is 10 is sec -1. Thus 
even if k~ is increased by the presence of a divalent  
meta l  ion to 100 cm/sec,  Eq. [1] predicts that  E~z4 wil l  
shift by only 202 mV. In the presence of added ZnC12, 
E~-/4 shifts by 400 mV; consequently we conclude that  
a simple charge t ransfer  fol lowed by a chemical  re-  
action cannot be used to explain the shift in ETZ4 be- 
cause such a mechanism requires  the rate  of the 
chemical  step to be impossibly fast for reasonable 
values of k~ 

A mechanism involving an interact ion between 
M (II) and an in termedia te  oxidation state of chromium 
remains as the only plausible way  to account for the 
posit ive shift in qua r t e r -wave  potent ial  and the in-  
corporation of divalent  meta l  into the reduct ion pro-  
duct. 

Suppose that  the reduct ion mechanism of pure 
chromate  involves the fol lowing steps 

rapid s low 
Cr(VI)  + 2e -  .. Cr ( IV)  + l e -  . Cr ( I I I )  

The first step is more rapid than the second since no 
coordination change is involved, but  the second step 
requires the oxygen coordination to change f rom te t ra-  
hedral  to octahedral  and is consequent ly slower than 
the first. The ion Cr( IV)O4 -4 is a much bet ter  elec- 
tron donor than Cr (VI)O4-2 ;  the change in nucleo-  
phil ici ty of the chromium species could lead to a donor-  
acceptor interact ion be tween C r ( I V ) 0 4  -4 and a soluble 
divalent  meta l  species. The interact ion would ei ther 
reduce the energy required to change the oxygen co- 
ordination or change the coordination as a result  of the 
interact ion and thus allow the second charge t ransfer  
step to occur at a less negat ive potent ial  than in the 
absence of the divalent  metal.  Fol lowing the second 
charge transfer,  a second chemical  step could occur 
to produce the solid deposit. For  the case of added 
ZnC12 

r a p i d  
Cr(VI)O4 -2 + 2 e -  ~ Cr( IV)O4 -4 

Cr( IV)O4 - t  4- 2ZnC14 -2 rapid~ Zn2Cr(IV)O4 + 8C1- 

ZnCr( IV)O4 + l e -  L . (Zn2Cr ( I I I )O4) -  

(Zn2Cr ( I I I )O4) -  + Li  + t ~ LiZn2CrO4(solid) 

The s tructure of the zinc o r thochromate( IV)  complex 
has not been established, but  in v iew of the chemist ry  
of mol ten ZnC12 and ZnO it is l ikely  to involve oxygen 
bridges 

i o o /\ /\ 
Zn Cr Zn 

\o / \ / O-- 

The mechanism for the electroreduction of chromate 
in the presence of COC12 is similar to that proposed for 
the case of added ZnCI2 but involves a chemical reduc- 
tion path parallel to the second charge transfer step 

irapid 
Cr(VI)O4 -2 4- 2 e -  . Cr( IV)O4 -4 

rapid 
Cr( IV)O4 -4 + 2COC14 -2 , / 

Co (II)2Cr (IV) O4 + 8C1- 

)oath 1 
Co (II) 2Cr (IV) 04 . 

Co (II) Co (III) Cr (III) O4(soUd) 

Co (II) 2Cr (IV) O4 4- l e -  ~ path  2 
(Co (II) 2Cr (III)  04) -1 

( C o ( I I ) 2 C r ( I I I ) O 4 ) - I  4- Li  + ," 
LiCo (II) 2Cr (III)  O4(solid) 

In path 1, Cr( IV)  is in t ramolecular ly  reduced to 
Cr ( I I I ) .  Based on the composition of the deposit and 

R E D U C T I O N  O F  K2CrO4 

Table X. Correlatioa of n with NLi 
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N u m b e r  of L i  a t o m s  
p e r  m o l e c u l e  (NLi)  O b s e r v e d  n C a l c u l a t e d  n 

0.07 1.98 2.07 
0.14 2.05 2 .14 
0.20 2.15 2.20 
0.25 2.15 2.25 
0.34 2.55 2 .34 
0.50 2.43 2.50 

the fact that  n is 2, path 1 is the prefer red  route. The 
second path is necessary to provide a means of in- 
corporating L i ( I )  into the deposit. It, however,  would 
predict  an n value of 3. 

According to the paral lel  path mechanism, the value  
of n should equal  NLi -5 2, where  /~Li is the number  of 
Li atoms per molecule of deposit. Severa l  calculated 
and observed values of n are compared in Table X 
from which it may  be seen that  the correlat ion of n 
with the amount  of l i thium has some merit .  When 
NLi is small, n is nearly 2 as shown in Table X. 

The changes in l i thium content of the deposit may 
also be rat ionalized in terms of a paral le l  path mecha-  
nism. At high current  density, path 1 may  not be rapid 
enough to consume all of the Cr ( IV)04 -4 produced by 
electrolysis. Consequent ly  a significant fract ion goes 
by path 2 and Li is found in the deposit. If  the ra te  of 
the chemical  path increases wi th  t empera tu re  faster 
than that  of the electrochemical  path, ve ry  l i t t le 
Cr ( IV)  would be reduced electrochemical ly;  hence 
the Li content of the deposit decreases wi th  increasing 
temperature .  

The rate of path 2 is potential  dependent  while  that 
of path 1 is not; consequently path 2 should be favored 
at negat ive potentials. It has recent ly  been shown by 
Lieto (13) that  chromate  is reduced via path 2 if a 
controlled potent ial  electrolysis is per formed at 
--1.07V. A deposit having a face centered cubic lattice 
(a ---- 4.177A) and the empir ical  formula  Li1.llCo2.22- 
CRO4.27 was obtained; Lieto 's  data were  consistent 
with an n value of three. The increase in l i thium con- 
tent, the change in n f rom 2 to 3, and the change in 
latt ice s t ructure  of the deposit are in excel lent  agree-  
ment  wi th  our mechanism. 

In the case of added CoC12, the  number  of electrons 
exchanged per chromium is a function of potential.  
Consequent ly  a t rue diffusion coefficient cannot be 
calculated from chronopotent iometr ic  measurements .  
However,  at potentials more  negat ive than --0.90V, n 
is near ly  equal  to 3 (13) and D is calculated to be 
0.91 x 10 -5 cm2/sec f rom our chronoamperometr ic  re-  
sults. The diffusion coefficient of the chromate  ion is 
thus unchanged by the presence of all d ivalent  meta l  
ions studied. 
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Technical Notes 0 
EMF Measurements of Sodium Activity in 

Sodium Amalgam with Beta-Alumina 
Limin Hsueh 1. and Douglas N. Bennion* 

Department of Energy and Kinetics, School of Engineering and Applied Science, 
University of California, Los Angeles, CaliJornia 90024 

Beta-alumina,2 nomina l  formula Na20"11A1203, has 
been used as a refractory mater ia l  for decades (1, 2). 
Recently, Ford Motor Company has used it for de- 
veloping a sodium-sulfur  bat tery  system (3, 4). 

Emf measurements  have been performed with beta-  
a lumina  to test for behavior  as a solid electrolyte for 
measur ing sodium activity in amalgams and to test 
the assumption that  the conductivi ty of be ta -a lumina  
is ionic in  nature. The lat ter  is in contrast  to potas- 
sium ferrite (5), an isomorphous compound of beta-  
alumina,  for which the electrical conductivi ty is par-  
t ial ly electronic and par t ia l ly  ionic. Emf measure-  
ments  such as this can indicate if the electronic con- 
duct ivi ty is high enough in  a practical sense to cause 
interference with electrochemical measurements.  

Emf measurements  of activity of sodium in sodium 
amalgams have been carried out previously by a 
number  of workers  (6-8). The early work encoun-  
tered the problem of finding a solvent which is not 
attacked by sodium and which dissolves a reasonable 
amount  of sodium salt to form an ionically conduct-  
ing solution. A stable emf measurement  with beta-  
a lumina  would enable one to develop an electrode to 
measure sodium content  in  sodium amalgams or al-  
loys. 

Present  sodium amalgam analysis methods are 
awkward to apply accurately under  m a n y  practical 
situations. The most commonly used techniques are: 

1. The gasometric method (9) based on the volume 
of hydrogen evolved when  sodium amalgam reacts 
with hydrochloric acid. 

2. The potentiometric  method (10) based on the 
potential of the cell Na-HglNaOH (50%) [HgO,Hg. 

Experiment 
Sample be ta -a lumina  disks were obtained from 

Ford Motor Company (Fir ing No. 347) and Alcoa Corn- 

1 Presen t  address: Ledgemont  Labora tory ,  Kenneco t t  Copper Cor- 
poration, Lexington,  Massachusetts  02173. 

* Electrochemical  Society Act ive  Member.  
Key  words:  e lect romotive  force, sodium, alurninum sodium oxide 

(beta-a lumina) ,  sodium amalgam,  ionic conduction, solid electrolyte,  
conduction in solid, sodium activity. 

The official nomenc la tu re  for Na_~O.11AleO~ adopted by Chemical 
Abstracts are and have  been: 1947-1956, fl-alumina; 1957-1966, s o -  
d i u m - a l u m i n a t e  (Ah~NaO~7); 1966-present, a l u m i n u m  sodium oxide 
(AlllNaOzT). 

party (batch 21G-5410). Physically, the Ford disks 
have a smooth and shiny appearance. From their 
physical size and weight, the density of these disks 
was calculated as 3.25 g/cc. Details of some t rans-  
port behavior  have been reported by Yao and K u m -  
mer  (11). The chemical composition and crystal 
s t ructure  of the polycrystal l ine disks have been re- 
ported by Bet tman and Peters (12). The analysis 
of be ta -a lumina  from Alcoa was given as Na~O 
7.3%, SiO2 0.02%, Fe203 0.03%, water  0.90%. The 
Alcoa disks are less smooth and have a density of 
3.06 g/cc. They were fabricated and described by 
Francis (13). 

Amalgams were prepared with triple distilled 
mercury  and reagent-grade  sodium metal  (J. T. 
Baker Chemical Company) .  Sodium oxide on the 
metallic sodium was removed by filtering molten 
sodium through frit ted glass. The concentrat ions of 
amalgams were determined gravimetr ical ly  (Sartor-  
ius balance, Model 2402). 

Before each experiment,  be ta -a lumina  disks were 
heated in  an a lumina  crucible, filled with be ta -a lu -  
mina  powder, under  an argon atmosphere at 900~ 
for 1 hr. The sur rounding  powder is used for min i -  
mizing the loss of sodium content,  if any, m the 
disks. The measurements  were made in a split U tube 
cell with one side arm filled with sodium and the 
other side with sodium amalgam as shown in Fig. 
1. Exper iments  were carried out in an argon atmo- 
sphere dry box (Vacuum Atmosphere Corporation, 
Model HE-243-2 DRI-LAB).  The box is equipped 
with a VAC Model HE-493 gas purifier for removing 
water  vapor and oxygen and a VAC Model HE-593 
t i t an ium furnace (operated at 1600~ for removing 
nitrogen. The water  and oxygen content  inside the 
box is est imated at below 1 ppm. This estimate is 
based on the long life (over 1 day) of a 25W tungsten  
light bulb  filament and rate of formation of an ox- 
ide film on mol ten sodium. The tempera ture  of the 
argon atmosphere was controlled with a thermoregu-  
lator to wi thin  ___0.2~ 

The emf of a sodium INa-~-alumina[ sodium amal-  
gam cell was measured with a Leeds and Northrup 
K-3 potent iometer  (catalog No. 7553) and a Hewlett  



Vol.  118, No.  7 E M F  M E A S U R E M E N T S  O F  S O D I U M  1129 

Hp T4562A I 
DIGITAL I 
RECORDER J 

Hp 3 4 4 0  
DIGITAL 
VOLTMETER 

. . . . .  ~ , ~ - -  N i N i - - ~ ,  

~- RUBBER 

VAC DRY BOX 

~No-Hg 

Fig. I. Emf measurements of Na ] Na-Hg cell with beta-alumina 

. 9 2  i i i i i I I I i I I I i I 

. 8 8  

. 8 4  

u,,i 

. 8 0  

\ .  
\-% 

\ .  

-~ LEWIS a KRAUS 6 

v B E N T  8s SWIFT 7 

�9 THIS W O R K  

l I i i I i i i I i I I I I I 
,001 .@I 

N a  CONCENTRATION IN A M A L G A M S  (MOLE F R A C T I O N )  

Fig. 2. Emf measurements of No I beta-alumina I No-Hg at 30~ 

Packard Model 3440 digital voltmeter.  The emf drift  
dur ing a 1 hr  period was less than  0.2 mV for most 
measurements.  Both Ford disks and Alcoa disks 
were used for these measurements .  The results for 
both agreed to wi th in  0.2 mV. The measured results 
are tabulated in  Table I. 

The logari thm of activity of sodium, log ann, in 
amalgam is calculated from the measured emf by the 
relationship 

nEF ~_ --2.303 RT log aNa ---- --2.303 RT log ~x 

where n is the n u m b e r  of electrons transferred,  E 

Table I. Observed values of emf of sodium I beta-alumina I sodium 
amalgam cell at 30~ 

x ( m o l e  
f r a c t i o n  F o r d  d i s k ,  A l c o a  d i s k ,  

o f  s o d i u m )  v o l t  v o l t  l o g  a n n  l o g  'y 

0 . 0 0 5 2 0 4  - -  0,8923 - -  1 4 . 8 3  - - 1 2 . 5 5  
0 . 0 0 5 8 7 9  - -  0 . 8 8 5 0  - - 1 4 . 7 1  - -  1 2 . 4 8  
0 . 0 0 9 1 8 2  - -  0 . 8 7 3 0  - - 1 4 . 5 1  - - 1 2 . 4 7  
0 . 0 0 9 3 8 8  - -  0 . 8 7 0 2  - -  1 4 . 4 6  - -  12 .43  
0 , 0 1 1 4 4  0 . 8 6 4 0  0 . 8 6 4 1  - -  1 4 . 3 6  - -  1 2 . 4 2  
0 . 0 1 4 4 4  - -  0 . 8 5 4 9  - -  1 4 . 2 1  - -  1 2 . 3 7  
0 . 0 1 9 1 1  - -  0 . 8 4 1 3  - -  1 3 . 9 8  - -  1 2 . 2 6  
0 . 0 2 1 2 8  0 . 8 3 8 6  0 . 8 3 8 7  - -  1 3 . 9 4  - -  1 2 . 2 7  
0 . 0 2 5 6 8  - -  0 . 8 3 0 1  - -  1 3 . 8 0  - -  12 .21  
0 . 0 4 0 0 5  0 . 8 0 8 1  0 . 8 0 8 3  - -  1 3 . 4 3  - -  1 2 . 0 4  

Table II. Inconsistency of emf measurements of Bent and Swift (7) 
at 25~ 

R e f .  t o  S o l u t i o n  
S o l u t i o n  s o l u t i o n  R e f .  t o  5 - -  

N o .  x N o .  5 ,*  V p u r e  N a ,  V p u r e  N a ,  V 

3 0 . 0 3 9 4 2 2 7  0 . 0 4 1 3 1  - -  0 . 8 1 3 3 6  - -  0 . 8 5 4 6 7  
7 0 . 0 0 4 2 2 7 0  - 0 . 0 4 9 2 1  - -  0 . 8 9 4 1 8  - -  0 . 8 4 5 9 7  

* S o l u t i o n  N o .  5 h a s  m o l e  f r a c t i o n  o f  s o d i u m  x = 0 . 0 1 7 7 0 8 6 .  

is the measured emf, F is the Faraday  constant, R is 
the universa l  gas constant, and T is absolute temper-  
ature. For this system, the pure sodium has been 
chosen as a reference state. The activity coefficients, 
% are calculated based on the mole fraction, x, of 
sodium in the amalgam solutions. 

Discussion 
The measured results of this work are compared 

with some early work in Fig. 2. Lewis and Kraus (6) 
reported an emf measurement  for the cell 

Sodium lEthylamine -l- NaI jSodium amalgam 

For a sodium amalgam of 0.2062 w/o (weight per 
cent) (x = 0.01771), the emf was 0.8456V at 25~ 
The tempera ture  coefficient they report is dE/dt  =- 
--0.0000408 V/deg. This result  agrees well  with this 
work after correction to 30~ 

Bent and Swift (7) performed the same measure-  
ments  with d imethyle thylamine  saturated with sodium 
iodide as the electrolyte solution. They measured the 
emf of two sodium amalgam solutions (solutions No. 3 
and 7) vs. pure sodium. However, their  results were 
not  consistent with the same two solutions vs. another  
sodium amalgam (solution No. 5) (see Table II) .  
The deviat ion is 8.7 mV. This raises the question as 
to which, if either, measurement  is correct. 

The emf measurements  of Iverson and Recht (8) 
were carried out with borosilicate glass as a separator 
at high temperatures  (350~176 No comparison is 
made with this work. 

The agreement  between the be ta -a lumina  measure-  
ments  and the results using organic solvents indicates 
that  the electronic conduction in be ta -a lumina  is low 
enough not to interfere with electrochemical mea-  
surements  of this type. 

Acknowledgments 
We wish to thank  Thomas L. Francis  of the Alcoa 

Company and Thomas J. Whalen  of the Ford Motor 
Company for providing be ta -a lumina  disks. 

This work was done under  Contract  Number  DA- 
44-009-AMC-1661(T) to the Regents of the Univer -  
sity of California for the U.S. Army  Mobili ty Equip-  
ment  Research and Development  Center, Fort  Belvoir, 
Virginia, DA Projec t /Task  Area /Work  Uni t  No. 
IT061102A 34A 03 013EF. 

Manuscript  submit ted May 1, 1970; revised m a n u -  
script received Feb. 26, 1971. 

Any discussion of this paper wil l  appear in a Dis- 
cussion Section to be publ ished in the June  1972 
J O U R N A L .  

REFERENCES 
1. R. L. Ridgway, A. A. Klein, and W. J. O'Leary, 

Trans. Electrochem. Soc., 70, 71 (1936). 
2. C. A. Beavers and M. A. S. Ross, Z. Krist., 97, 59 

(1937). 
3. Joseph T. K u m m e r  and Neill Weber, U.S. Pat. 

3,404,035, Oct. 1, 1968. 
4. J. T. K u m m e r  and NeiI1 Weber, U.S. Pat. 3,404,036, 

Oct. 1, 1968. 
5. W. L. Roth and R. J. Romanczuk, This Journal, 

116, 975 (1969). 
6. G. N. Lewis and C. A. Kraus,  J. Am. Chem. Soc., 

32, 1459 (1910). 



1130 J. Electrochem. Soc.: ELECTROCHEMICAL S C I E N C E  July 1971 

7. H. E. Bent  and E. Swift, Jr., ibid., 58, 2216 (1936). 
8. M. L. Iverson and H. L. Recht, J. Chem. Eng. Data, 

12, 262 (1967). 
9. R. Ya. Ladiev and A. K. Maidannik,  Avtomatiz. 

Khim. Proizv., 1964, 59. 
10. J. A. LeDuc, C. Lurie, and J. Kourilo, This Journal, 

112, 870 (1965). 
11. Yung-Fang  Yu Yao and J. T. Kummer ,  J. Inorg. 

Nucl. Chem., 29, 2453 (1967). 

12. M. Bet tman and C. R. Peters, J. Phys. Chem., 73, 
1774 (1969). 

13. T. L. Francis, G. MacZura, and F. E. Phelps, 
"Sintered Sodium Beta Alumina  Ceramics," 
Paper  presented at 72nd Ann. Meeting of Am. 
Ceramic Soc., Philadelphia, March 1970. 

14. R. Hultgren,  R. L. O r r ,  P. D. Anderson, and K. K. 
Kelley, "Selected V of alues Thermodynamic  
Properties of Metals and Alloys," John Wiley & 
Sons, Inc., New York (1963). 

Reduction Mechanism of Thin-Film CuF  Electrodes 
in Propylene Carbonate Electrolyte 

Brian Burrows* 

School of Chemistry, Macquarie University, North Ryde, New South Wales, 2113, Australia 

One of the principal  factors l imit ing the ut i l i ty  
of high energy densi ty batteries based on organic 
electrolytes is the poor performance of the positive 
electrode. The specific causes of this poor behavior  in 
the case of CuF2 are not yet  clear. Very little sys- 
tematic work under  closely controlled exper imental  
conditions has been carried out; nei ther  the mech- 
anism nor the kinetics of the CuF2 reduction process 
is known. 

Most of the investigative work on CuF2 has been 
done on electrodes of complex structure (1), i.e. made 
up from CuF2 powder mixed with some finely divided 
conducting mater ial  such as graphite which acts as 
a current  collector. An organic binder  holds the 
s tructure together. The electrochemical behavior of 
this type of electrode, which is in tended to have a 
large surface area, is not readily amenable  to analysis. 
A simpler approach is to form CuF2 on a Cu substrate 
in a controlled fashion and then to s tudy the dis- 
charge of the thin film of CuFe in the organic elec- 
trolyte. Anhydrous  HF, containing KF to improve the 
conductivity, was chosen as the reaction medium, 
and it was found to be possible to form CuF2 of 
controlled thickness on a Cu substrate by electro- 
chemical means (2). 

This note presents the results of a study of the 
electrochemical behavior  of thin-f i lm CuF2 elec- 
trodes in PC/LiCIO4 solutions under  a var ie ty  of 
conditions. 

Exper imenta l  
The CuF2 electrodes consisted of thin porous films 

of CuF2 formed on a copper wire substrate (2) by 
anodizing in H F / K F  solution at 0.1 mA for 100 sec. 
The geometric electrode area was 0.33 cm2; thus, the 
film thickness corresponded to 30 MHz cm -2. This 
is equivalent  to an average thickness of 24 molecular  
units  of CuF2. More complete details relat ing to the 
Cu/CuF2 couple in H F - K F  solutions are given in  a 
previous paper  (2). 

After  being formed, the CuF2 electrodes were t rans-  
ferred immediate ly  into a dry box. The CuF2 elec- 
trodes were discharged in organic electrolyte under  
constant  current  conditions in a th ree-compar tment  
cell. Unless otherwise stated, all electrodes were 
discharged within 5 min  from time of immersion. The 
cell was contained inside a recirculat ing a rgon-a t -  
mosphere dry box (Vacuum Atmosphere Corporation) 
in which the temperature  was main ta ined  at 28 ~ • 
0.2~ Discharge curves (i.e., potent ia l - t ime curves) 
were recorded on a X-Y recorder (Houston Omni-  
graphic, Model HR-98T). A cons tan t -cur ren t  power 

* E l ec t rochemica l  Soc ie ty  A c t i v e  Member .  
K e y  w o r d s :  n o n a q u e o u s  cells ,  coppe r  f luor ide ,  p ropy ]ene  car -  

bonate .  

source (Electronic Measurements,  Model C623) sup- 
plied the current  at voltages up to 400V. Emf's were 
measured with a potentiometer.  A Li /Li  + reference 
(3) was used in the discharge experiments.  

The PC/LiC104 solutions were prepared and dried 
over Molecular Sieves (4A) as described elsewhere 
(4). The PC/Et4NC104 and THF/LiCtO4 solutions 
were prepared and dried in  an analogous manner .  
St i r r ing was achieved magnet ical ly  using a small 
Teflon-covered st i rr ing bar  in the bottom of the 
working-electrode compartment .  

Results and Discussion 
A typical discharge curve is shown in  Fig. 1. The 

main  feature is the long t ransi t ion region te rmina t ing  
at about +2.0V. This was presumed to correspond 
to net  CuF2 reduct ion (see below).  The charge re- 
covered from the moment  that  constant  current  was 
applied through to the end of the major  t ransi t ion 
region was taken as a measure of the extent  of net  
CuF2 reduction. With increasing current  density, the 
t ransi t ion terminated  at lower potentials and with 
less charge recovery. 

As shown in the discharge curve of CuF2, there 
was an initial potential drop of several hundred milli- 
volts from the open-circuit potential of 3.4V. Fast 
pulse experiments were carried out to investigate 
whether this initial drop in potendal was due to IR 
effects or to overvoltage effects. The application of a 
relatively high current density (3 mA/cm 2) and the 
simultaneous recording of the galvanostatic transient 
on the oscilloscope screen (i msec/div) showed that 
the IR drop was only about 15 inV. This value is about 
the same as that calculated for the solution IR drop. 

% 
~o  

i i 
900  

TIk~E I secs.  

Fig. 1. Galvanostatic discharge curve for a CuF2 electrode 
(30 MHz/cm 2) in PC/LiCI04 (1M). Discharge efficiency was 83% 
to a 2V cutoff. Current density, 0.03 mA/cm 2. 
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Table I. Reduction of thin-film CuF2 electrodes (30 MHz cm -2) Table Ill. Reduction of thin-film CuF2 electrodes (30 MHz cm -2) 
in PC/LiCI04 (stirred solution) in PC/LiCIO4(1M) containing 500 ppm H20 

i ,  m A c m  -~ Q, M H z  cm-~ i, r n A  c m  -2 Q,  M H z  cm-~ 

1.OM LiCI04  0,03 13 
0,30 2 0.03 35.0 

0.15 9.8 
O,SM L iC lO t  0.03 10.5 0.30 6.3 

0.30 1.4 E f f ec t  o f  s t i r r i n g  
0.03 25 

0.25M LiC10~ 0.03 12.2 0.30 2.5 
0.30 0.6 

Table II. Reduction of thin-film CuF2 electrodes (30 MHz cm -2) 
in PC/LiCI04 (quiescent solution) 

L, m A  c m  -~ Q, M I I z  cm--" 

I.OM LiClO~ 0.03 26.3 
0.15 4.1 
0.30 3.9 

O.5M LiCIO~ 0.03 15.4 
0.16 3.8 
0.30 3.6 

0.25M L i C 1 0 ,  0,03 11 
0,15 1.3 
0,30 1.2 

Furthermore,  a tenfold increase in cur ren t  density 
caused but  a fractional increase in the potential  drop 
as observed on the X-Y recorder. This implies an 
overvoltage effect (kihetic and /or  mass t ransport)  as 
opposed to an ohmic drop, in agreement  with the fast 
pulse measurements .  

Effect of stirring.--To investigate mass t ransport  
control, discharge curves were recorded at various 
current  densities and LiC104 concentrat ions in which 
st irr ing was effected by a magnetic  st irrer in the bot- 
tom of the working electrode compartment .  The re- 
sults are listed in Table I. Comparing the results with 
those in Table II (static conditions),  it can be seen 
that st irr ing caused a significant decrease in Q (i.e., 
the total charge recovered) over the whole current  
density range and LiC104 concentrat ion range. This 
is consistent with a dissolution mechanism for the 
reduction of CuF2; i.e., a soluble intermediate  is the 
species which is reduced (see below).  The effect of 
st irr ing would be to reduce the concentrat ion of this 
species at the electrode surface, hence causing a reduc- 
t ion in charge recovered as compared to the case of a 
quiescent solution where the local concentrat ion at the 
interface in viscous PC/LiC14 electrolyte would be 
relat ively much larger. 

Effect o~ currentdensity and L{CIO4 concentration.- 
The results of CuF2 reduction as a function of current  
density and LiC104 concentrat ion are listed in Table 
II. The t rend  of the results is that  Q decreases to a 
more or less constant value as current  density in-  
creases. This is also consistent with a prior dissolution- 
reduction mechanism in that  the constant  Q at high i 
(see Table II) can be accounted for in terms of the 
reduction of the equi l ibr ium amount  of the in ter -  
mediate present  in the immediate  vicini ty of the elec- 
trode. At low i, Q is higher due to the abili ty of the 
dissolution process to keep supplying the electroactive 
intermediate  at a ra te  sufficient to ma in ta in  reduct ion 
at about +2.5V vs. Li/Li  +. 

The effect of decreasing LiC104 concentrat ion is to 
cause a decrease in Q for a given i. This effect has 
also been observed by other workers using electrodes 
of more complex structure (1), and can be related to 
the proport ionali ty between CuF2 solubil i ty and LiC104 
concentrat ion (5). This relationship is due to the meta-  
thetical reaction (6) 

CuF2 (solid) § 2LiC104 (solution) 
2LiF (solid) + Cu(ClO4)2 (solution) [1] 

No data are yet available on the t ime for this reac- 
tion to come to equil ibrium. 

Effect of HzO.--The solubil i ty of CuF2 in  PC is about 
10-4M (5). In H20 the solubili ty is of the order of 
0.5M (7). Hence, the addition of H20 to PC should in-  
crease the solubili ty of CuF~ and presumably  of the 
soluble intermediate.  The discharge results obtained 
when 500 ppm of H20 were added are shown in  Table 
III. It can be seen that H20 did indeed significantly in-  
crease Q over its corresponding value in the "dry" 
solution (cf. Table II) and st irr ing again caused a 
decrease in Q. A dry PC/LiC104 solution contains a 
small  amount  of H20, the last traces of which are 
difficult to remove (4). This trace of H20 presumably  
assists the dissolution of CuF2. On prolonged wet stand 
in such a "dry" solution, the CuF2 discharge perform- 
ance could be expected to worsen, as solubilized cop- 
per diffuses into the bu lk  of solution. The resul ts  of 
such an exper iment  showed a fourfold loss in capacity 
at 0.03 m A c m  -2 over a 6 day wet stand and a 2.5-fold 
loss at 0.3 mA cm -2 over the same period. This loss 
in capacity has been commonly observed in experi-  
menta l  batteries (1). 

Effect of supporting electrolyte and solvent.--Pre- 
vious work indicates that  LiF is a product  of CuF2 re-  
duction (5). LiF is quite insoluble (<10-SM) in PC 
(5) and its effect on the reduct ion of CuF~ was in-  
vestigated by replacing LiC104 with Et4NC104 as sup- 
porting electrolyte. A solution of Et4NC104 (at the 
saturat ion concentrat ion of about 0.75M) in PC was 
prepared and dried over 4A Molecular Sieves. Dis- 
charge of CuF2 showed no detectable t rans i t ion  region. 

The effect of Et4N + ions could be that they do not 
react metathet ical ly with CuF2 as do Li + ions and 
thus there is no mechanism for the formation of an 
appreciable Cu 2+ ion concentration. The reduction of 
CuF2 again became apparent  after the addition of 
LiC104 to the EhNC104 solution. 

In THF/LiC104 solution the results of the discharge 
of CuFo. electrodes were not significantly different to 
those in PC/LiC104. It was observed, however, that  
wel l-dr ied THF/LiC104 solution reacted with the Li 
reference electrode producing a grey sponge-like film. 
This film was mildly explosive when impacted. When 
the solution contained more than  about 10-3M(~18 
ppm) H20, the Li metal  was stabilized, suggesting that  
a reaction between H20 and Li resulted in the forma- 
t ion of a passive film. The presence of PC also stabi-  
lized the l i thium. 

Time dependence of CuE2 dissolution.--The results 
thus far suggest that CuF2 is reduced via a dissolution 
mechanism. An exper iment  which supported this con- 
clusion was one in which thin-f i lm CuF2 electrodes (30 
MHz/cm 2) were pulsed at 0.3 mA / c m 2 for 4 sec periods 
followed by  rest periods un t i l  the end of the t ransi t ion 
region was reached. The results are listed in Table 
IV in which it can be seen that, with increasing dura-  

Table IV. Pulsed reduction of thin-film CuF2 electrodes 
(30 MHz cm -2) at 0.3 mA cm -2  in PC/LiCIO4(IM) 

R e s t  p e r i o d  a f t e r  e a c h  To ta l  c h a r g e  r e c o v e r e d  to 
4 sec  d i s c h a r g e  Dulse e n d  of  t r a n s i t i o n  r e g i o n  

{sec) (MHz cm-~) 

0 5.1 
10 6.9 
20 9.0 
30 10.8 
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tion of the rest period for a given electrode, there was 
an increasing amount  of charge recovered. This is con- 
sistent with more soluble in termediate  being formed 
as the rest period became longer, leading to an in-  
creased charge recovery. 

Conclusions 
This invest igat ion of CuF2 reduction has shown that: 

(a) the ini t ia l  potential  drop is not  due to IR; (b) 
st irr ing causes a decrease in Q, the charge recovered 
from CuF2 reduction; (c) a decrease in LiC104 con- 
centrat ion causes a decrease in Q in the same sense as 
the solubili ty of CuFf is decreased; and (d) an increase 
in H20 concentrat ion causes an increase in  Q in the 
same sense as the solubil i ty of CuFf is increased. These 
results point  to the conclusion that  CuFe is reduced via 
a soluble in termediate  ra ther  than  through the solid 
state. The in termediate  presumably  is the cupric ion 
and the ra te-I imit ing step could be either of (i) the 
kinetics of the Cu 2+ ion reduction process, (ii) the 
rate of dissolution of CuFf to Cu e+ ions, or (iii) the 
mass t ransport  of these ions to reduct ion sites. Unt i l  
more detailed studies are carried out, it is not possible 
to be more specific as to the exact na ture  of the dis- 
solut ion-reduct ion mechanism for CuF2 in propylene 
carbonate LiC104 electrolyte. 
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The Limiting Rate of Deposition by P-R Plating 
H. Y. Cheh *.1 

Bel l  Te lephone  Laboratories ,  Incorporated,  Murray  Hill, N e w  Jersey  07974 

Plat ing by periodically reversing the polar i ty  of the 
applied current  (p-r  plat ing) is a technique used by 
electroplaters to reduce nodular  growth, edge buildup, 
and surface roughness (1, 2). The ins tantaneous l imit-  
ing current  dens i t y  dur ing  the cathodic par t  of the 
cycle was also known to exceed that of d i rec t -current  
(d-c) pla t ing (2). However, no satisfactory theory 
exists to calculate the l imit ing rate of deposition. In 
this paper we show how the diffusion model developed 
for plat ing by pulsed current  (p-c plat ing) (3) can 
be extended to calculate the l imit ing rate of deposition 
by p- r  plating. 

The diffusion model for p - r  plat ing is complete 
analogy to that of p-c plating. The only difference ap- 
pears in the boundary  condition involv ing  the form 
of the applied current  density at the electrode surface. 
Similar  to the nomenc la ture  used in Ref. (3), the ap-  
plied current  density for p - r  pla t ing can be expressed 
a s  

i ---- it for 0 < t ~ t l ,  t2 < t <-- ta, etc. [1] 
and 

1 
i -- ir -- ~ if, for h < t ~ tf ,  t3 ~ t <: t4, etc. [2] 

T 

and the cyclic period is given by  

o - -  el -t- e2 ---- t2 : (t4 -- t2) -- (te -- t4), etc. [3] 

where i is the applied current  density, i 5 is the current  
densi ty  dur ing  the forward part  of the cycle, el, ir is 
the current  densi ty dur ing the reverse par t  of the cycle, 
~2, r is the ratio of i s and ir and is always negative for 

( ip- r )  

(id-c) ~ 8 

~2 

* Electrochemical  Society Act ive  Member.  
1 Present  address: Depa r tmen t  of Chemical Engineer ing  and Ap-  

plied Chemistry,  Columbia Universi ty ,  :New York, New York 10027. 
:Key words:  eieetrop~ating, gold. 

L .... t I~t2 t4 t 9 

ETC. 

Fig. 1. Schematic diagram of applied current in p-r plating 

p-r  plating, t is t ime and t ,  is defined in Fig. 1. The 
mathemat ical  problem was solved by  Rosebrugh and 
Miller (4), and similar to p-c plat ing (3), the ratio of 
the instantaneous cathodic l imit ing current  density for 
p - r  plat ing to that of d-c plat ing can be expressed as 

1 
[4] 

I t - -  1 ~ oo 1 (exp[(2 j  -- 1)2aef] -- 1) 

/ ~ (2j -- 1) 2 (exp[(2j  -- 1)2a0] --  1) 
j = l  

where (ip-r)l and (id-c)/ are l imit ing current  densities 
for p - r  and d-c plating, respectively. The asymptotic 
form for ao < <  1 is, therefore 
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[ (i~-Dz ] 

.0<<i 

L I M I T I N G  D E P O S I T I O N  R A T E  B Y  P - R  P L A T I N G  

= [5] 
r -  1 a02 

' - < - : - )  o0 
The over -a l l  rate  of p la t ing  which  can be ca lcula ted  

by  in tegra t ing  over  the  ent i re  cycle  is 

Max  over -a l l  r a te  of p - r  p la t ing  

Max ra te  of d-c  p la t ing  

(/p-r) Z 01 -5 -- 02 
r 

( id -c )  le 

1 (o,§ f 02 

8 ( r - - l >  ~ 1 ( e x p [ ( 2 j - - 1 ) % e 2 ] - - l )  

1 a 2 ~ (2j --  1) 2 ( e x p [ ( 2 j - -  1)%0] --  1) 
9=1 

Numer ica l  resul ts  of Eq. [4] and Eq. [6] for var ious  
values of a0, 01/0, and 1/r ----- --0.20 are plot ted in Fig. 2 
and Fig. 3. 

Expe r imen ta l  invest igat ion of Eq. [6] was carr ied 
out using the same gold p la t ing  solutions under  the 
same exper imen ta l  condit ions as repor ted  in Ref. (3). 
The only difference appeared  in the  appl ied  cur ren t  
densities.  A calculat ion on the ins tantaneous  cathodic 
l imit ing cur ren t  dens i ty  was first made  for ( l / r )  = 
--0.20 by  using Eq. [3]. To ensure the fact tha t  the  
cathodic l imi t ing cur ren t  densi ty  was reached,  an addi -  
t ional  cur ren t  of --3 m A  (i.e., --9.47 mA/cm2)  was 
added to the  calcula ted (ip-r)~ value  and the total  va lue  
was used as if. ( - -0 .20) .  (ip-r)/ was used as i~. The re -  
sults for phosphate,  ci trate,  and cyanide  (corrected 
for chemical  dissolution of gold) gold solutions were  
given in Fig. 4-6. 

Sa t i s fac tory  agreement  was observed be tween  theory  
and expe r imen ta l  resul ts  for large  values  of 81/0 for al l  

10 

I s T =-o.z  

7 

2 
4 

, , .o.8 
!.o 1 I I I P 

o 0.5 1.o ~.5 z.o z.5 
a8 

Fig. 2. Limiting current density for p-r plating 
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three  solutions. However ,  for both  phosphate  and 
c i t ra te  gold solutions, the measured  l imi t ing ra te  of 
deposi t ion was cons iderab ly  h igher  than  tha t  f rom the 
theo ry  for smal l  va lues  of 81/e. A qual i ta t ive  exp lana -  
t ion for this  d i sagreement  can be obta ined by  consid-  
er ing the anodic dissolution of gold. Gold dissolves 
e lec t rochemical ly  according to the  fol lowing two re -  
actions 

In a lka l ine  med ium 

Au -5 2 C N -  --> A u ( C N ) 2 -  -5 e -  [7] 

In acid med ium 

[6]  

Au + 2HCN-~ Au(CN)2- + 2H + + e- [8] 

Since the dissociation constant of Au(CN)2- is ap- 
proximately 2 3 x 10 -35 at 60~ the CN- and HCN in 
phosphate and citrate gold solutions must essentially 
come from the cathodic part of the plating cycle. The 
small amount of these species may cause the anodic 
dissolution of gold to be inefficient and consequently 

2 Calculated from standard electrode potential data from W. M. 
Latimer, "Oxidation Potentials," 2nd Ed., Prentice-Hall, Englewood 
Cliffs, N. J. (1952). 

1 - - = - 0 . 2  
r 

tO  
1.0 

0.8 

0.8 

~ 0.6 
~ 0.6 

0.4 

Ol _ 0.2 o.z T -  

o I I I I I 
0 0.5 t.0 1.5 2.0 Z.5 

a8 

Fig. 3. Limiting over-all rate of deposition during p-r plating 

, o  

o.s ] 
r "~ ~ -'o ..... -~ 

~I~ ~ . ~ ~ -  
+ 16o.6 _ ~ - : C . ~ - _  ~ 1  

". I ~  I ~'--_ ~ - ~ . ~ .  0.4 I 

--o- EXPERIMENT I 

[ I I I I I  0 
0.5  t .0 1.5 2.0 2.5 

a8 

Fig. 4. Limiting over-all rate of deposition for p-r plating in a 
phosphate gold solution. 
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1.0 ~ " ~ - o . . .  _ _  ! = _ 0.2 

I ~ ~  ~ ~ ~  ~ ~ ~ "qD" ~ F-.- -- . .o~ ~ 

0.8 ~rk ~ ' ~  ~ ,..,o - 0.8 

~ 0.6 

0 0 

. o .  

~ o - -  EXPERFMENT 

1 I l I I 
0.5 1.0 1.5 2.0 2.5 

a8 

0.2 

Fig. 5. Limiting over-all rate of deposition for p-r plating in a 
citrate gold solution. 

"~  . o  - 

0.6 ~-- - , w a ~ ~  

0 4  

0.2 81 - - = 0 . 2  
THEORY ~ e 

--o-- EXPERIMENT 
o I I I I I 

0 0.5 1.0 1.5 2.0 2.5 
a8 

Fig. 6. Limiting over-oil rate of deposition for p-r plating in o 
cyanide solution. Corrected for chemical dissolution of gold. 

leads to a higher  plat ing rate  than that  predicted from 
the theory.  Other complexes involving ci trate or phos- 
phate wi th  gold may  also exist in the solution. How-  
ever, their  concentrat ion is probably too low to cause 
a significant amount  of dissolution of gold during the 
anodic par t  of the plat ing cycle. This is supported by 
the fact that  no significant gold dissolution is found by 
applying an anodic current  to a gold electrode in ei ther 
the ci trate or phosphate gold solutions. 

In conclusion, the diffusion model  adopted for p - r  
plat ing can be used to predict  the l imit ing rate  of 
deposition provided that  anodic dissolution of the 
meta l  is at 100% current  efficiency. A sample calcula-  
tion on the application of this theory  to a pract ical  
plat ing process is given here. Assuming the fol lowing 
data: co = 0.1 moles/ l i ter ,  D ~- 10 -5 cm2/sec, 5 = 0.005 
cm (a typical  thickness in a s t i r red solution),  n -- 1, 

J u l y  I971 

e = 50 msec, el/e = 0.6, and 1/r  -~ --0.20, one can 
readi ly  calculate (/d-c)/, (ip-r) l, and the l imit ing over -  
all rate  of p - r  plating. 

Co 
(id-c) t : -- nFD - -  : -- 19.3 m A / c m  2 

8 

Since 

a 8  
452 

from Fig. 2 

n2D 
0 ---- 0.0493, 01/0 ~- 0.6 and 1/r = -- 0.20 

(ip-r) / 
- -  - -  1 . 8  
(ia~) z 

therefore  
(/p-r) ~ -- --  35 mA/cm~ 

From Fig. 3 

Limit ing over -a l l  rate of p- r  plat ing 

Limit ing ra te  of d-c plat ing 
therefore  

---- 0.92 

Limit ing over -a l l  rate of p - r  plat ing = -- 18 m A / c m  2 

Manuscript  submit ted Sept. 29, 1970; revised manu-  
script received ca. March 15, 1971. 

Any  discussion of this paper  will  appear in a Dis- 
cussion Section to be published in the June  1972 
JOURNAL. 

SYMBOLS 
a A diffusion parameter ,  a ~-~ n2D/452 

(sec-1) 
co Concentrat ion of the meta l  ion in the 

bulk of the solution (moles /cm ~) 
D Diffusion coefficient of the meta l  ion 

(cm2/sec) 
F Faraday 's  constant (coulomb/equiv . )  
i Current  density (A /cm 2) 
id-c Current  density for deposition for d-c 

plat ing 
(/d-c)/, (iD-r)/ Limit ing current  density for d-c plat ing 

and for p - r  plating, respect ively  ( A /  
cm 2 ) 

if, ir Current  densi ty during the forward  and 
during the reverse  par t  of p - r  plat ing 
( A / c m  2) 

n Number  of electrons t ransfer red  in an 
electrochemical  reaction 

t Time (sec) 
tl, t2, etc. Time periods during p - r  plat ing defined 

in Fig. 1 (sec) 
5 Thickness of the diffusion layer (cm) 

Period of a p - r  plat ing cycle (sec) 
~, ~2 Port ion of the period for forward  cur-  

ren t  and portion of the period for reverse  
current  (sec) 
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Contacts for Resistivity Measurements of 
Beta-Alumina 

R. D. Armstrong, T. Dickinson, and J. Turner 
Electrochemistry Research Laboratories, Department of Physical Chemistry, 
University of Newcastle upon Tyne, Newcastle upon Tyne, NE1 7RU, England 

The determinat ion of the conductivi ty of an ionic 
conductor is complicated by interfacial  (electrode) 
effects. The cell impedance with two electrodes con- 
tacting the mater ia l  under  investigation can be repre-  
sented to a good approximation (1) by the analog cir- 
cuit of Fig. la, where the assumption is made that  the 
interfacial  regions are separated by a large number  of 
Debye lengths. 1 In Fig. la, C~ represents  the capaci-  
tance be tween the electrodes wi th  the ionic conductor 
behaving as a dielectric material ,  whi le  R~ is the bulk 
resistance. These quanti t ies are v i r tua l ly  f requency in- 
dependent,  a l though C| may  show f requency-depen-  
dent effects due to dielectric relaxation.  In solids, di- 
pole re laxat ion can occur at compara t ive ly  low fre-  
quencies (kHz or less).  

The interracial  impedance (Zi) depends on the pre-  
cise nature  of the contacts. It can be represented as in 
Fig. ]!b, where  Cd~, Rdl represent  the double layer  (non- 
faradaic path)  and Rct and W the faradaic path. It  has 
recent ly  been shown that  these paths cannot be str ict ly 
separated since the one flux leads both to charge t rans-  
fer  and double- layer  charging (2). The double layer  is 
purely  capaci tat ive up to frequencies  comparable  wi th  
those at which the Debye-Fa lkenhagen  relaxat ion oc- 
curs in the bulk material .  For electrodes where  charge 
t ransfer  is not possible, R c t :  oo. W is the Warburg  
impedance, which for ~-alumina is negligible because 
of the high concentrat ion of mobile species. 

Fo;. ~ ~ -> ~ ,  Zi ~ 0 so that  for sufficiently high f re-  
quencies the cell impedance is R~ wi th  C~ in parallel.  
Therefore,  to de termine  the conduct ivi ty  of the sam- 
ple, it is sufficient to de termine  the cell impedance at 
such (high) frequencies  that  it can be represented by 
f requency- independen t  elements,  Rp and Cv, which can 
then be identified wi th  R~ and C~. Unfortunately,  in a 
real  cell, at high frequencies,  the leads from the cell 
to the measur ing equipment  give rise to induct ive 
effects and thus set an upper  l imit  on the usable f re-  
quency. 

In the present  work, we have invest igated the use 
of different electrodes for resis t ivi ty measurements  
on ~-alumina. The electrodes which have been re-  
ported previously are summarized in Table I. 

Key  words:  beta-alumina,  conductivi ty,  solid electrolyte. 
In fl-alumina, the Debye length is ~0.1 nm. 

C ~  

C~ i~ 

W 
Fig. 1. Equivalent circuit for cell (a--top, b--bottom) 

Experimental 
Measurements were made on ful ly  dense sintered 

~-a lumina in the form of disks (thickness 1 mm, 
diameter 10 mm, English Electric) and on selected 
single crystals (cross section 3 m m  x 0.5 mm, length 
4 mm, Harbison Carborundum Company) .  The com- 
position of these mater ia ls  was near  to Na20 �9 11 A120:3. 

Contact was made to the samples by means of 

(i) mol ten NaNO3 + Pt  electrodes" (320~176 
(ii) mol ten N a N O J N a N O 2  + Pt  electrodes (250 ~ 

350~ 
(iii) aqueous 5M NaNO3 (30~176 
(iv) evaporated gold electrodes (30~176 
(v) sodium [5 w / o  (weight  per c e n t ) l - - m e r c u r y  

amalgam under  an argon atmosphere  (50 ~ 
300~ 

Table I. Resistivity measurements on fl-alumina 

Physical form Contact Frequency  
Frequency  Conduct ivi ty 
dependence (ohm-1 era-l) Temp (~ 

Activat ion 
energy 

(kj mole -1) R e f .  

Single crystal Indium 500 kHz 

500 kHz 

Const. from 0.5 to 1.5 MHz 30 + 3 x 10 -a 

- -  2 8 5  x IO ~ 
- -  2 3  x 10 s 

- -  3 5 5  X i 0  -a 

25 

300 
25 

300 

11.1 

14.0' 

(3, 4) 

This work 

Sintered disk 
(fully dense) 

Na 1592 Hz 
1592 Hz 

Frequency  independent  36 x 10-a 
Frequency  independent  20 • 10 -3 

- -  1 . 8 4  X 1 0  ~ 

28.5 x I0  ~ 

300 
227 

25 

300 

13.7 1 15.8 (5) 

14.0 ~ This work J 

Sintered disk 
(less than 
full}' dense) 

Ag/Ag=O/ 
5N NaOH 

Na 

Pt 

D.C. 

D.C. 

800 kHz 

4 - 5  x 10 -a 

5 5  x I 0  -8 

25 

300 
( 4 )  

1135 



1136 J. Electrochem. Soc.: ELECTROCHEMICAL S C I E N C E  

The sintered E-alumina was attached to wi th in  a 
Pyrex glass cell central  glass tube with "Autostic" 
(Carlton Brown Limited, Elford, England) ,  an a lumi-  
na-based cement of negligible conductivi ty and ap- 
parent ly  inert  toward the molten salts and amalgam. 
The single crystals were also embedded in "Autostic," 
the ends of the crystal  being polished flat after the 
cement had set. When aqueous contacts were used, the 
crystals were mounted in P.T.F.E. disks with "Aral-  
dite." When evaporated gold electrodes were used, 
spr ing-mounted  p la t inum foil contacts were held 
against the gold; the results were not affected by in-  
creasing the pressure on these contacts. The glass cells 
were immersed in either an oil bath or a fluidized sand 
bath to control their temperature.  System (iv) was 
held wi th in  a small  tempera ture-cont ro l led  furnace. 

Cell impedances were determined,  over the fre- 
quency range 100 Hz-5 MHz, using t ransformer  ratio- 
arm bridges, as equivalent  R,, Cp values (Wayne Kerr  
B221, B201). With systems ( i ) - ( i i i ) ,  the measured re-  
sistance was corrected for the cell resistance in the ab-  
sence of E-alumina. These corrections general ly 
amounted to less than  10%. 

Results 
The results obtained enable the contacts to be di- 

vided into three groups: 
1. With the molten salt contacts, and the aqueous 

solution in contact with a single crystal, a satisfactory 
frequency range could be found where Rp was fre- 
quency independent  (f > 10 kHz).  

2. With Au and Na/Hg contacts at high temperatures  
and perhaps Au in contact with the single crystal  at 
room temperature,  Rp showed only a slight dependence 
on f requency at the highest usable frequencies (1 
MHz). 

3. With the amalgam contact, and the aqueous solu- 
tion or gold in contact with the  sinter, near  room tem- 
perature,  the highest f requency achievable (1 MHz) 
was obviously less than  that  necessary in order to 
identify Rp with R~. 

We should therefore expect the conductivi ty mea-  
surements  obtained with the systems in group 1 to be 
in accord with and not very different from those ob- 
tained with the members  of group 2. The systems 
listed in group 3 should, however, show lower con- 
ductivities. This pat tern  of behavior is essentially con- 
firmed by the results shown in Fig. 2 and 3. These 
graphs show the apparent  conductivi ty of the single 
crystal (Fig. 2) and sinter  (Fig. 3) as a funct ion of 
temperature.  The measurements  were made at the 
highest usable frequency for each type of contact. With 
the single crystal, concordant results are obtained with 
the molten salt, aqueous, and h igh- tempera ture  amal-  
gam contacts. The results obtained with the Au con- 
tacts are in fairly satisfactory agreement  with these~ 
whereas a significantly lower conductivi ty was ob- 
tained with amalgam contacts at lower temperatures.  
With the sinter, the results obtained with the mol ten 
salt and h igh- tempera ture  amalgam contacts are again 

I�9 

�9 

r 300 ~-00 I00 40 

o 

Fig. 2. Single-crystal electrolyte in contact with: O, NaNO~; /% 
NaNO3/NaN02; 0 ,  Au; [],  Na/Hg; Ig, aqueous NaNO3. Ordi- 
nate, conductivity (ohm -1 cm-~). Abscissa, 103/T (K- l ) .  

July 1971 
4 0 0  SO0 200 I00 40  

I 0 � 9  , 

IO ~ 1 7 6 1 7 6  ~ "~o. 

1~,5 2.05 2-~-5 2%5 5"50 
Fig. 3. Sintered electrolyte in contact with: e ,  NaNO~; A, 

NaNO3/NaNO2; G ,  Au; [],  Na/Hg; I I ,  aqueous NaNO~. Ordi- 
nate, conductivity (ohm -1 cm-1). Abscissa, 103/T (K- I ) .  

concordant. Somewhat lower conductivities are ob- 
tained with gold and aqueous contacts, assuming the 
graph should be linear. The amalgam contacts again 
gave significantly lower conductivit ies at lower tem- 
peratures. The lines on these graphs are believed to 
represent  the t rue relat ion between conductivi ty and 
temperature.  

Discussion 
The reported results under l ine  the need for study of 

the frequency dependence of the resistivity whenever  
conductivi ty measurements  are being made. In the 
present  work, the high interracial  impedance with 
amalgam contacts, par t icular ly  in the case of the 
ceramic at low temperature,  gave rise to erroneously 
low conduct ivi ty values. This high interracial  im- 
pedance is probably due to nonwet t ing  of the i r regular  
surface of the ceramic by  the amalgam. 

The activation energies for ionic t ransport  in the 
single crystal (14.0 kJ mole -1) and sintered specimens 
(14.0 kJ mole -1) are equal and in reasonable agree- 

ment  with previously published values (Table I) .  The 
conductivi ty of the single crystal  (0.355 ohm -1 cm -1 
at 300~ was considerably higher than that  of the 
sinter (0.0285 ohm -~ cm-1) ,  presumably  because of 
the lack of ordering of the crysta]lites in the latter. 
Differences of conductivi ty of similar magni tude  have 
been observed previously. The conductivi ty values ob- 
tained for the two samples are in reasonable agreement  
with the published values (Table I) .  

Yao and K u m m e r  (3) found an activation energy of 
15.94 kJ mole -1 for diffusion in the single crystal, 
which compares well  with the value of 15.86 kJ mole -~ 
for diffusion calculated from the conductivi ty data 
quoted by Weber and K u m m e r  (4); whereas we ob- 
ta in  a value of 18.75 kJ mole -~ from our conductivity 
measurements.  

The values of the diffusion coefficient at 300~ cal- 
culated from the Nerns t -Eins te in  relat ionship on the 
basis of our results (3.3 x 10 -5 cm 2 sec -1) or those of 
Weber and K u m m e r  (4) (2.66 x 10 -5 cm 2 sec -1) are 
not in accord with the value of 0.85 x 10 -5 cm 2 sec -~ 
obtained by direct measurement  (3). This discrepancy 
has been regarded as evidence support ing an in ter-  
stitialcy mechanism for sodium ion migration.  
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Brief Co   n ca  ons 0 
Mo-Permalloy Film Deposited on a Continuous Wire Substrate 
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A n i c k e l - i r o n  p e r m a l l o y  c o m p o s i t i o n  c o n t a i n i n g  
m o l y b d e n u m  (79% Ni, 17% Fe,  4% Mo)  h a s  b e e n  suc -  
ces s fu l ly  d e p o s i t e d  on  0.005 in. d i a m e t e r  b e r y l l i u m -  
c o p p e r  wi re .  P r e v i o u s  a t t e m p t s  to e l e c t r o p l a t e  (4-79)  
p e r m a l l o y  a n d  o t h e r  Mo s u b s t i t u t e d  c o m p o s i t i o n s  h a v e  
b e e n  d i s a p p o i n t i n g  (1) .  T h e s e  n e w l y  d e v e l o p e d  f i lms 
w e r e  d e p o s i t e d  u p  to 4000A t h i c k  u s i n g  a mod i f i ed  
c o n t i n u o u s  p l a t i n g  s y s t em .  T h e  d e v e l o p m e n t  of  t h e s e  
t e r n a r y  c o m p o s i t i o n s  p r o v i d e s  a n  a d d i t i o n a l  f a m i l y  of 
p l a t e d  w i r e  m a t e r i a l s  for  p o t e n t i a l  a p p l i c a t i o n  in  c o m -  
p u t e r  m e m o r i e s .  

A c o n t i n u o u s  coa t i ng  of  m a g n e t i c  m o l y b d e n u m  p e r m -  
a l loy  f i lm w a s  e l e c t r o p l a t e d  on to  t h e  w i r e  in  t h e  
p r e s e n c e  of a c i r c u m f e r e n t i a l  m a g n e t i c  f ield t h a t  es -  
t a b l i s h e d  a m a g n e t i c  a n i s o t r o p y  ax i s  c i r c u m f e r e n t i a l l y  
a r o u n d  t h e  w i r e  (2, 3 ) .  T a b l e  I o u t l i n e s  a t y p i c a l  p l a t -  
ing  b a t h  w h o s e  p l a t i n g  c u r r e n t  w as  22 m A .  T h e  c u r -  
r e n t  r e q u i r e d  to p r o d u c e  t h e  p r e f e r r e d  m a g n e t i z a t i o n  
d i r e c t i o n  w a s  0.5A. 

B o t h  n o n d e s t r u c t i v e  r e a d o u t  ( N D R O )  a n d  d e s t r u c -  
t i ve  r e a d o u t  ( D R O )  f i lms w e r e  f a b r i c a t e d .  T h e  c o e r -  
c ive  fo rce  (Hc) r a n g e d  f r o m  1.1 to 1.9 oe rs teds ,  a n d  
t h e  a n i s o t r o p y  (Hk) r a n g e d  f r o m  2.5 to 3.7 o e r s t e d s  
(4). 

Key words: electrodeposition, cylindrical magnetic films, pcrm- 
alloy films, plated wire, magnetic film. 

Q u a l i t a t i v e  d e t e r m i n a t i o n  of  t h e  p r e s e n c e  of m o l y b -  
d e n u m  was  m a d e  u s i n g  s p e c t r o g r a p h i c  i n s t r u m e n t a -  
t ion.  Q u a n t i t a t i v e  d e t e r m i n a t i o n  of t h e  p r e s e n c e  of  
m o l y b d e n u m  was  m a d e  b y  a n a l y z i n g  n i c k e l  a n d  i ron  
s p e c t r o p h o t o m e t r i c a l l y ,  a n d  t a k i n g  m o l y b d e n u m  as 
t h e  d i f fe rence .  

M a n u s c r i p t  r e c e i v e d  Mar .  11, 1971. 

A n y  d i scus s ion  of t h i s  p a p e r  w i l l  a p p e a r  in  a D i s -  
cus s ion  S e c t i o n  to b e  p u b l i s h e d  i n  t h e  J u n e  1972 
JOURNAL. 
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Table I. Typical nickel-iron-molybde.um bath 

Amount C a t i o n  
Compound Formula (grams/liter) (grams/liter) S o u r c e  

Nickelous sulfamate Ni(SO3NH=,)2 454.8 106.4 Plating bath from Barrett 
Chem., Mich. 

F e r r o u s  sulfamate Fe(SOaNH2)._, 5.64 1.3 Prepared solution from Bar- 
rett Chem., Mich. 

Ferrous sulfate Fe(SO~) .TH._,O 6.46 1.3 Fisher Scientific Co. 

Ammonium molybdate (NI-L)c2VIoTO..,4.4H~O 0.185 0.1 Fisher Scientific Co. 

1, 3, 6-Naphthalene tri- CjoH~(SO~Na)3 20.0 - -  J .T.  Baker Co. 
sulfonic acid, trisodium 
salt 

Boric acid H~BOz 43.0 - -  Fisher Scientific Co. 

pH (Adjust w/sulfamic 3.0 - -  - -  Fisher Scientific Co. 
acid) 

Bath temperature 50,*C - -  - -  - -  

Oxygen Reduction on Tungsten Carbide 
M. Voi'nov,* D. Biihler, and H. Tannenberger 

Institut Battelle, Carouge-Gen~ve, Switzerland 

T u n g s t e n  c a r b i d e  W C  h a s  b e e n  f o u n d  to b e  a good  
e l e c t r o c a t a l y s t  fo r  t h e  o x i d a t i o n  of H2, CO, N2I-I4, 
HCHO,  a n d  H C O O H  (1, 2 ) .  

W e  w i s h  to r e p o r t  t h a t  on  t h i s  m a t e r i a l  t h e  e x c h a n g e  
c u r r e n t  fo r  o x y g e n  r e d u c t i o n  is of t h e  s a m e  o r d e r  of  

* Electrochemical Society Active Member. 
Key words: oxygen reduction, electrocatalysis, tungsten c a r b i d e .  

m a g n i t u d e  as on  p l a t i n u m  i n  a n  ac id  m e d i u m  (HC104 
1M).  

N o n p o r o u s  W C  c o n t a i n i n g  0.1% Co (3) w a s  h e a t -  
p r e s s e d  in k e l - F  a n d  m o u n t e d  as a r o t a t i n g  e l ec t rode .  

W a t e r  t w i c e  d i s t i l l ed  in  q u a r t z  w a s  u s e d  w i t h  HC104 
p.a. to  m a k e  t h e  e l ec t ro ly t e .  P o t e n t i o s t a t t e d  t e n s i o n s  
a re  r e f e r r e d  to a d y n a m i c  h y d r o g e n  e l e c t r o d e  in  t h e  
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E [ E 
mV/H;'l"l I ~ = 300 + 20mV/decacle \ 

.0025 .025 25  2.5 25 i 
mA/cm z 

Fig. I. Reduction of 02 ( ~  1 atm) on WC, [ ]  III; Pyrocarbone, 
; and W, 0 O. Reduction of H202 (0.04 M/liter, N2) on 

WC: all measurements, HCI04 IM, 55~ 1400 rpm. 

same solution. Potent ia l  sweep (1 mV/sec) measure-  
ments  were performed with ni t rogen or oxygen bub -  
bling in the thermostat ted solution. 

For unknown reasons, the electrode potential  had to 
be swept at least 10 cycles between 0 and -{-700 mV/H2 
under  ni trogen in order to obtain stable results. 

The exchange current  obtained by extrapolat ion to 
1.23V of the E (log i) curve (Fig. 1) for 02 reduct ion 
is 10 -9 A /cm 2. The extrapolat ion to 1.23V is justified 
by the fact that  H202 reduct ion does not appear to be 
rate determining in view of the relat ive Tafel slope for 
02 and H2Oe reduction on WC (Fig. 1). 

The comparison between the electrocatalytic prop- 
erties of WC and pure W and pyrocarbone (Fig. 1) for 
oxygen reduction il lustrates the need for a solid-state 
physics approach to electrocatalysis. 

Manuscript  received Feb. 26, 1971. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the June  1972 
JOURNAL. 
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Specific Adsorption of Sulfate Ions on Platinum 
Sigmund Schuldiner*  and Murray  Rosen* 

Electrochemistry Branch, Naval Research Laboratory, Washington, D. C. 20390 

Balashova and Kazar inov (1) in an analysis of their  
radioactive tracer work concluded that there was ,30 
some specific adsorption of sulfate ions on Pt  at the 
potential  of zero charge (p.z.c.). They fur ther  con- 

Eeo cluded that, in the potential  range positive to the p.z.c., 
the amount  of sulfate ion which is superequivalent  
(surface excess) to the surface charge on Pt  was very  ,,o 
slight. In  the presence of adsorbed oxygen, they postu- 
lated that  the bond of sulfate ions adsorbed on Pt  ,oo 
was of a chemisorptive nature.  

Accurate determinat ions  of the double- layer  ca- ~o 
pacitance, C, (2, 3) and of the potential  of zero charge 
(1, 3,4) now give a direct method of de termining the so 

Y dependence of surface charge, qM ---- -- CdE, on 
p.Z.C. 

Pt with potential, E. Hence, any  superequivalency of ~ To 
sulfate ion adsorption should be directly apparent  from 
a comparison of qM positive to the p.z.c, with Bala-  ~ 6o 
shova and Kazarinov's  [ (1), Fig. 10] and of Schuldiner,  
Rosen, and Fl inn ' s  (5, 6) data on sulfate ion adsorption, 50 
qso4=, with potential. Figure 1 shows such comparisons. 

The qM curve shown in Fig. 1 is for 1M HeSO~ and 40 
was determined by graphically integrat ing under  the 
C vs. E curves given in Ref. (2, 3) from the p.z.c. 3o 
(0.23V) to a given E. Determinat ion of qM for lower 

concentrat ions of sulfuric acid would give lower zo 
values of qM. However, for the referenced data (2, 3), 
the qM values will be lowered only by less than 3 ~C/ ,o 
cm 2. The Balashova and Kazarinov qso4= results (1) 
were for 0.05M H2SO4 in N2-saturated solution. Al l  of 
the Schuldiner,  Rosen, and F l inn  qso4= values (5, 6) o 
were for 1M H2SO4 in H2-saturated solutions. In these -,o 
He-saturated solutions, there is no interference due to 
oxygen adsorption at potentials below 1.0V (6). 

A comparison of the Balashova and Kazarinov qso4= 
in Fig. 1 with qM shows a superequivalency of sulfate 
ions at all potentials from the p.z.c. (0.23V) to 0.8V. 
At potentials above 0.8V, oxygen adsorption interferes 
with anion adsorption in the N2-saturated Balashova 
and Kazarinov solution. The Schuldiner,  Rosen, and 
F l inn  qso4= values (5, 6) general ly  confirm the super-  

* Electrochemical  Society Act ive  Member.  
Key  words:  anion adsorption, sulfate ion, plat inum, double- layer  

capacitance,  potential  of zero charge,  surface charge,  surface e x c e s s .  

I M H2SO 4 

�9 - qM' WIRE 

UNFILLED SYMBOLS-qso~ " 

O - P t  BEAD 

A -PLAT .  P t  IN 0.05 M H2SO 4 

(BALASHOVA 8, KAZARINOV) 
E ] -P t  (ill) 
~7-Pt (100) 
O-P'I (t1(3) 

/ 

Yl i  ~ 

7 
' 

o' o'~ o!~ o!~ ,,o ,.'~ 
�9 ' .C. E (V vs NHE) 

Fig. 1. Surface charge, qM, compared to qs04 = far various Pt 
electrodes. 

equivalency of sulfate ion adsorption and hence show 
significant specific adsorption of these anions. Oxygen 
atoms did not interfere for this lat ter  case at potentials 
below 1.0V. 

The qso4= values for the Schuldiner,  Rosen, and 
F l inn  data represent  the decrease in Pt  sites available 
for the adsorption of oxygen atoms generated dur ing 
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rapid anodic charging; that  is, based on the assumption 
that, for a bare Pt  electrode, 420 ~C/cm 2 of charge 
will  be consumed to form one monolayer  of oxygen 
atoms at 1.76V. When less charge is required, then that  
loss in charge is assumed to be due to the blocking of 
active Pt  sites by SO4 = ions. The number  of Pt  sites 
which would be occupied by each sulfate ion is not 
known, and the assumed one- to-one  correspondence 
may not hold, or indeed the ions may be bisulfate. If 
the sulfate ions are not specifically adsorbed, then the 
only impor tant  consideration is the net n u m b e r  of 
negative charges on the solution side of the double 
layer. It is difficult to see how sulfate ions which were 
not specifically adsorbed would block Pt sites. In  any 
case, as high as ten times too m a n y  Pt  sites are blocked 
as can be accounted for by  q~. 

There are significant differences in the Balashova 
and Kazarinov data as compared to the Schuldiner,  
Rosen, and F l inn  data. The lat ter  not only show that  the 
presence of H2 increases the potential  at which oxygen 
is first adsorbed, but  also show that  metal lurgical  
factors are important .  A twen ty - t ime  increase in the 
sulfuric acid concentrat ion used by Balashova and 
Kazarinov may give a closer agreement  with the 1M 
data shown in Fig. 1. However, there are significant 
variat ions that  are due to the metal lurgical  differ- 
ences between platinized Pt, bright  polycrystal l ine Pt, 
and oriented faces of single Pt  crystals. At the p.z.c. 

for the Pt  wire, the platinized Pt  shows a superequiv-  
a]ency of sulfate ions, as does the (100) oriented single 
Pt  crystal. All of the other Pt  electrodes show no sig- 
nificant excess of sulfate ions below 0.3V and, for tile 
(111) orientation, no excess is found up to at least 0.4V. 
From these comparisons, it is apparent  that the atom 
geometry, grain boundaries,  dermasorbed and surface 
impurit ies associated with the metal,  and stresses in 
the surface layers of Pt  may affect both the p.z.c, and 
the C vs. E relat ion that thereby influences the specific 
adsorption of sulfate ions. 

Manuscript  received Jan. 25, 1971. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the June  1972 
JOURNAL. 
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Electrolytic Behavior of Yttria 1 
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ABSTRACT 

The electrolytic behavior of Y2Oa was investigated. Within  the tempera ture  
range 700~176 there is no electrolytic domain (tion - -  0.99), however, a 
small  ionic domain (tion ~ 0.5) does exist and is defined within  the following 
boundaries 

11,030 
log P e  = - -  15.84 

T(~  

--35,300 
log Pe -- -F 15.59 

T(~  

and 

Yt t r ium sesquioxide, Y203, is the only known solid 
oxide of yt t r ium. At room tempera ture  and under  one 
atmosphere pressure it possesses the cubic rare earth 
type C structure (Ia3) (1,2) with 16 sesquioxide 
formula units  per uni t  cell. The C-type rare earth 
structure is almost identical to the fluorite s tructure 
(3, 4) except that  the lattice points are slightly dis- 
placed and 1/4 of the anions are missing to balance the 
t r iva lent  cation charge. These open sites are aligned 
to form relat ively open pathways that  could serve 
as high conductivi ty paths for oxide ions. Therefore 
the emf measurements  described below were under -  
taken to determine the log Po2 and 1/T ranges, if any, 
wherein  Y2Oa exhibits predominant ly  ionic conduc- 
t ivi ty  (5-8). 

N'oddack and co-workers (9-11) determined the 
electrical conductivity of yttria, many  of the rare earth 
oxides, and several rare earth oxide b inary  solid solu- 
tions and zirconia-yt t r ia  solid solutions. Their  results 
suggested that  Y203 is a predominant  electronic con- 
ductor over the temperature  range from 600 ~ to 1200~ 

More carefully controlled conductivi ty measure-  
ments  on yt tr ia  have been made by Tal lan and Vest 
(12). The electrical conductivi ty of reportedly very 
pure, polycrystal l ine Y203 in controlled Po2 atmo- 
spheres and temperatures  from 12000 to 1600~ was 
obtained from guarded (3-probe) measurements  with 
an a-c bridge. The data indicated that  y t t r ia  is an am- 
photeric semiconductor over the temperature  range 
1200~176 and oxygen part ial  pressures from 10 -1-  
10 -17 arm. Within this region the ratio of ionic to elec- 
tronic conductivi ty was determined to be less than 
1% by a blocking electrode polarization technique. In 
the region of predominant  hole conduction, the con- 
ductivi ty in ohm -1 cm -1 was expressed by the rela-  
t ionship 

1 Work supported by  the Aerospace Research Laboratories,  Office 
of Aerospace Research, United States Air Force, Contract  F33615 
68 C 1034, and by the Ames  Labora tory  of the U.S. Atomic Energy  
Commission, Contract  W-7405-eng-82. 

Present  addriess: Tekt ronix  Inc., In tegra ted  Circuit Engr. ,  P.O. 
Box 500, Beaverton,  Oregon 97005. 

* Electrochemical  Society Act ive  Member.  
K ey  words:  yttria,  solid electrolyte, ionic conductivi ty,  i o n i c  d o -  

m a i n .  

aar = ae = 1.3 • 108 Po28n6 exp (--1.94/kT) [1] 

where 3/16 power pressure dependence was at t r ibuted 
to fully ionized y t t r ium vacancies. Polarization effects 
detected at lower temperatures  indicated that the 
ionic t ransference number  at Po2 = 10-15 atm was 
about 0.15 at 800~ and about 0.3 at 700~ indicating 
mixed conduction in yt tr ia  below 900~ 

While investigating the defect s t ructure of ThO~- 
Y._,O3 solid solutions, Subbarao et al. (13) measured 
the electrical conductivity of undoped yt t r ia  in air 
between 800 ~ and 1400~ The activation energy for 
conduction agreed quite well  with that  reported by 
Tallan and Vest (12). 

In contrast to the conductivi ty measurements,  gal- 
vanic cell emf measurements  indicate a much higher 
ionic transference number  for yttria. Such measure-  
ments by Schmalzried (6) and Tare and Schmalzried 
(14) indicate that  the ionic domain boundaries for 

Y203 at 825~ are 

log Pe(Y203, 825~ = --4.2 [2] 

log P~(Y203, 825~ = --21.5 [3] 

These values imply that /:ion of Y203 is about 0.975 at 
T = 825~ and Po2 = 10 -15. Subsequent ly  Schmalz- 
ried's closed-end tube cell design (5, 6) was used by 
McPheeters et al. (15) who employed a Y203 tube as 
a solid electrolyte electrochemical cell for measuring 
oxygen activities in liquid sodium. The calibration 
curve given in the patent  implies that  Y 2 0 3  has an 
ionic transference n u m b e r  of un i ty  at extremely low 
oxygen activities in the tempera ture  range from 400 ~ 
500~ 

The previously reported results for Y20~ are com- 
pared in Fig. 1 which also shows the log Po2 vs. 1/T 
trajectories corresponding to Na,Na20 coexistence and 
various concentrat ion levels of oxygen dissolved in 
liquid Na. 3 The log Pc, 1/T boundary  (A) is esti- 
mated conservatively from the work of McPheeters 

To avoid unnecessary  duplication later,  Fig. 1 also shows the  
l o g  P , t h e  p to  n transit ion and the log Pe  lines deduced in the 

present  s tudy and discussed below. 

1 1 4 0  
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Fig. 1. Comparison of ionic domain boundary data for undoped 
Y~03. 
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et al. (15) by placing (A) 7 log units  below the 10 
ppm trajectory. The data reported by Tal lan and Vest 
(12) cannot  be quant i ta t ive ly  converted into log Pe 
and log Pe domain boundaries without  considerable 
addit ional assumptions regarding the temperature  de- 
pendence of the ionic conductivi ty of Y203. However, 
the p- type to n - type  conductivi ty t ransi t ion l ine was 
deduced from their conductivi ty min ima  (12) and is 
shown on Fig. 1 as l ine (B). 

Since no investigation was known to have estab- 
lished the ionic domain and electrolytic domain bound-  
aries for Y~O3 over a range of temperatures,  the 
present emf study was under taken  to determine the 
temperature  dependence of the ionic domain bound-  
aries log P~ and log Pe for Y203 over the temperature  
range from 700 ~ to 1000~ 

E x p e r i m e n t a l  P r o c e d u r e  
The y t t r ium sesquioxide used was supplied by the 

Ames Laboratory as an oxide calcination product of 
hydrated y t t r ium oxalate. A spectrographic analysis 
is given in Table I. The oxide was wet ground for 1 
hr in a porcelain bal l  mil l  using distilled water  as the 
liquid medium and dried to a powder. Spectrographic 
analysis failed to detect any contaminat ion from the 
milling. Analysis  showed the average agglomerate size 
to be 5-i0~ with a crystall i te size of 0.1-0.2~. A theo- 
retical density of 5.030 g/cm 3 was calculated from 
a lattice parameter  of 10.6066A which was determined 
from several x - r ay  patterns. 

Sample batches were prepared by four different 
methods: 

(a) Samples were prepressed at 1800 psi in a 3/4 in. 
diam double action steel die l ined with tungsten  car- 
bide. The prepressed disks were isostatically pressed 
to 50,000 psi and sintered in a covered yt t r ia  crucible 
at 1850~ for 1 hr in an oxidizing atmosphere. The 
final bulk  densities ranged from 85 to 90% of theoreti-  
cal density. 

(b) Prepressed 3/~ in. diameter  specimens were s in-  
tered in argon for one hour at 2000~ Bulk  densities 
were 90-95% of theoretical with a significant amount  
of closed porosity. 

(c) Samples were hot pressed in graphite dies to 
achieve densities approaching theoretical. Densifica- 
tion was done at 1600~ and a pressure of 3300 psi for 
15 min. After  the samples were annealed (oxidized) in 
air at 1200~ for one week, the densities were greater 
than 99% of theoretical. 

(d) Slip casting was also used to fabricate several 
disks. The slip was cast and allowed to stand 1 rain. 
The slip-cast disks were prefired in  air at 1000~ and 
finally sintered in argon for 1 hr  at 1900~ Densities 
were greater than 97% of theoretical. This method 
gave the most reproducible densities and the speci- 
mens appeared translucent .  

After  firing, all specimens were diamond ground 
to produce parallel  faces. Figure 2 shows typical 
microstructures for methods (a), (c), and (d). Argon 
sintering at 2000~ yields microstructures highly simi- 
lar  to air s inter ing at 1850~ 

The cell assembly and furnace chamber are essen- 
t ially those described by Hardaway et at. (16). Cell 
assemblies employing reversible meta l -meta l  oxide 
electrodes were contained in an inert  atmosphere of 
purified helium. The tank hel ium was passed through 
a Pyrex gas purification t ra in  with the following re -  
action chambers in series: activated BTS Catalyst at 
160~ a mix ture  of activated alumina,  Drierite, and 
Anhydrone;  Ascarite; and a liquid ni t rogen cold trap. 
For controlled atmospheres of high oxygen pressures, 
dried tank  oxygen, dried air, and He /a2  ratios of 10 

Table I. Spectrographic analysis of Y203 

Concentrat ion 
Element  (ppm) 

Ca 20 
Mg  20 
Si 200 
Fe  35 
Na  Fa in t  trace 
Uu 20 
Ti 30 
Ta <200 
A1 100 
Co <35  
Yb < 1 0 0  
Er  < 100 
Ho < 6 0  
Dy < 100 
Gd < 100 
Tb <200 
Sm <250  

Total  1570 

Fig. 2. Microstructures of Y203 samples: a (top), air induction 
fired, 280X; b (middle), hot pressed, 280X; c (bottom) slip cast, 
280X. 
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Table II. Equilibrium oxygen activities for reversible electrodes 
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S t a n d a r d  f r e e  
E l e c -  e n e r g y  c h a n g e  --  L o g  P o 2 ( a t m )  R e f e r -  
t r a d e  ( c a l / m o l e  O D  a t  1 0 0 0 ~  e n c e  

C u - C u 2 0  - - 7 9 , 8 5 0  + 3 4 . 2 T  6 . 2 4  17 
N i - N i O  - - 1 1 1 , 9 3 0  + 4 0 . 6 T  1 0 . 3 4  18  
C o - C o O  --  1 1 2 , 9 5 0  + 3 4 . 4 T  1 1 . 8 8  19 
Y-Y~O.a - - 2 7 9 , 5 0 0  + 4 8 . 1 T  3 7 . 4 6  2 0  

and 100 were established with the help of a calibrated 
Matheson Gas Proportioner.  Low oxygen part ial  pres- 
sures were established by CO2-CO mixtures  also con- 
trolled by the gas proportioner,  

Open-circui t  emf measurements  were made using 
reversible meta l -meta l  oxide electrodes with cells of 
the type 

Pt;M,MO/Y2OJM',M'O;Pt (Cell I) 

where M,MO and M',M'O represent  mixtures  of dis- 
similar metals with their  respective oxides. 

The reversible electrode mixtures  were prepared to 
give a 10:1 molar ratio of metal  to metal  oxide at 
equil ibrium. Equi l ibr ium oxygen activities for the re- 
versible meta l -meta l  oxide electrodes used in this in-  
vestigation are listed in Table II. 

Fe-FeO was el iminated as a possible electrode ma-  
terial since it was found to react with Y203 to form 
the compound YFeO3 as pointed out by Worrell  (21). 

Results 
Figure 3 shows the raw data obtained from the emf 

cell investigated. The distances between the dotted 
lines on Fig. 3 indicate the thermodynamic  emf's for 
the corresponding reversible electrodes, i.e. the emf's 
that would result  if the yt t r ia  specimen had tion 
unity. In all cases the measured emf's fell significantly 
short of the thermodynamic  values. 

The following cells were employed to s tudy Y203 at 
low oxygen activities 

3 0 0  

Z 5 0  

2 0 0  

150 

I 0 0  

5O 

0 

- 5 0  

- I 0 0  

- 1 5 0  

- 2 0 0  

- 2 5 0  

- 1 7 0 0  

- 1 7 5 0  

. . . . .  Cu,Cuz 0 . . . . .  
- -  - -  . . . . . . .  7 -  

- -  n~_ 
_ q~ % 

. . . .  THERMODYNAMIC EMF WITH 
Ni,NIO REFERENCE ELECTRODE 

OO Ila, MEASURED Emfs FOR DIFFERENT 
RUNS "WtTH Ni,NiO REFERENCE ELECTRODE 

. . . . . . . . . . . . . .  Ni, NiO . . . . . . . . . . . . . . . .  

...... Y, Y203 . . . . . . .  

.... T .... 1 I 1 
7 0 0  8 0 0  9 0 0  I 0 0 0  

T E M P E R A T U R E ( ~  

Fig. 3. Open-circuit emf data for undoped Y20.~ 

Ni,NiO/Y2OJY,Y208 (Cell II) 
and 

Co,CoO/Y2OJY, Y203; (Cell III) 

however, reliable emf's were not obtained from Cell 
III. The emf data from Cell II are plotted as distances 
below the Ni,NiO dotted line. No data from Cell III  
are shown. 

The cell 
Ni ,NiO/Y2OJCu,Cu20 (Cell IV) 

was used to s tudy galvanic emf's from yt t r ia  under  
relat ively oxidizing conditions. Emf's from this cell 
are plotted as distances above the Ni,NiO dotted line. 
Below 800~ the open circuit emf almost paralleled the 
thermodynamic  emf based on Cu-Cu20 equil ibrium, 
whereas increasing the temperatures  above 800~ 
caused the measured emf's to systematically decrease 
with respect to the thermodynamic  values. Quali ta-  
tively, this behavior  indicates that  Pe is on the order 
of Po2 for Cu,Cu20 coexistence and, in fact, that P~ 
crosses the Cu,Cu20 coexistence line. 

To interpret  the open circuit emf's quant i ta t ive ly  in 
terms of P~ and Pe values at various temperatures,  an 
elaborate t r ial  and error procedure was employed. The 
over-al l  procedure determines the l inear  function for 
log Pe and log Pe vs. 1/T which yields the closest fit 
of the observed emf data according to Schmalzried's 

> 

w 

equation (6) 

E = - -  In 
Fw 

l + w + 2 p  

1 + w-}- 2~ 
l - - w + 2 ~  "} P"o2 

+ ]n ~ [4] 
1 - - w + 2 / ~  P'o2 

where the reversible electrode Po2 values P'o2 and P"o2 
can be calculated from Table II and where 

w ---- {1 -- 4[PJPe]'/Q'/2 [5] 

a = [P'o2/Pe] '/4 [6] 

= [P"o2/P~] '/" [7] 

A first approximation to log Po was obtained from 
the following simplified form of Eq. [4] 

RT P"o~ 
E =' In--- [8] 

4F Po 

where E is the emf measured from cell II, T is the 
tempera ture  of the emf measurement  and P"o2 is the 
Po2 for Ni,NiO coexistence. A least squares fit of these 
log P| values to the formula 

log Pe = Ae + Be/T [9] 

gives values for A e and B e. 
Next the measured emf's of cell IV are considered. 

Equation [9] was used to calculate the Pa value cor- 
responding to each emf measurement from cell IV. 
This value of Pe was then inserted into Eq. [4] with 
P"o2 and P'o2 now set equal to the coexistence values 
for Cu,Cu20 and Ni,NiO equilibrium respectively. The 
value of Pe was then adjusted until the calculated emf 
matched the value measured from cell IV at each ex- 
perimental temperature. These P, values were then 
fitted to the formula 

log P, = Ae + B,/T [i0] 

to obtain best fit values for Ae and Be. Thus an ap- 
proximate value of P, could be calculated for each 
emf measurement made on cell If. This vahfe of Po 
was put into Eq. [4] with P'o2 corresponding to Y,Y203 
coexistence and P"o2 corresponding to Ni,NiO co- 
existence. The value of Pe was then adjusted until the 
emf calculated from Eq. [4] matched the value mea- 
sured from cell II at each temperature. This provides 
a new set of log Pe values to replace the first approxi- 
mations and hence completes one full cycle of the iter- 
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Fig. 4. Ionic domain boundaries for undoped Y203 
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ation scheme. This i terat ion cycle was repeated unt i l  
the successive values of log Pe and log Pe changed by 
less than 0.1 at each exper imental  temperature.  The 
result ing values are plotted in Fig. 4. The final least 
squares best fit values for the A and B parameters  
gave the following analyt ical  expressions 

11,030 
log Pe -- - -  15.84 [11] 

T (~  

--35,300 
log Po : - -  + 15.59 [12] 

T ( ~  

Values of tioa of Y2Os as a function of P"o2 were 
calculated from Eq. [11], [12], and the formula 

tion -~ [1 + [P"o2/Pe] v4 + [P"o2/Pe]-'/4] -1 [13] 

for T ---- 1000% 900 ~ 800 ~ 700 ~ and 400~ The results 
are summarized in Fig. 5 which il lustrates that  tion is 
less than 0.99 at all Po2 values between 700 ~ and 1000~ 

/ x o.+,, \ \ , 
I,' \ \ \ ', ~ //// \ \ \ \ 

07//// \ \ \  - 

0 2 L / / / / \ \ ' SOOOC 
�9 r ~ / / / /  X \~0~ -- CALCULATED - -  
V// /  \ ' O 0 0 " C  --- EXTRAPOLATED 

o . o ~  I I I I I I I I 
0 4 8 12 16 20 22 28 $2 36 

-LOG PO~ (ATM) 

Fig. 5. Ionic transference number of undoped Y203 as a func- 
tion of oxygen .partial pressure determined from emf measurements. 

Discussion 
Figure 1 compares the ionic domain boundaries  for 

Y203 determined by the present  study with the pre-  
viously reported results. The discrepancy between the 
present  results and those reported by  Tare and 
Schmalzried (14) is relat ively minor  but  exceeds the 
scatter of points shown in Fig. 4. The p to n t ransi t ion 
l ine deduced from Tal lan and Vest conductivi ty min i -  
ma (12) disagrees more significantly with the present  
study in which the p to  n t ransi t ion l ine is taken to 
be the locus of points equidistant  between log Pe and 
log Pe at each temperature.  Qual i ta t ively the present 
study confirms the increase in tlon with decreasing tem- 
perature  that  was suggested by Tal lan and Vest (12). 
Since none of the yt t r ia  specimens used by Tare and 
Schmalzried, Tal lan and Vest and none of those in the 
present  study were in tent ional ly  doped, it is conceiv- 
able that  the discrepancies are due to relat ively minor  
differences in the concentrat ions of impurities.  

The discrepancy be tween the present  results and 
the results of McPheeters et al. (15) requires more 
discussion. Extrapolat ion of the present  ionic domain 
boundary  results to the 400~176 tempera ture  range 
shows that the log Po2 1/T domain of l iquid Na with 
dissolved oxygen is substant ia l ly  below log Pe. Be- 
cause rio, would be essentially zero, this means that 
no meaningful  emf's should be observed from high 
pur i ty  Y203 electrolytes under  the conditions reported 
by McPheeters et al. The following possible explana-  
tions of this discrepancy can be offered. 

First  of all the straight l ine extrapolat ion of log Pe 
is valid only as long as no t ransformat ions  occur which 
can alter the conduction mechanisms for ionic and/or  
electronic transport.  However a first order phase t rans-  
formation would alter both types of conduction sig- 
nificantly, producing a discont inui ty  in  the log Pe 
boundary  and in its slope at the t ransformat ion tem- 
perature.  Since no first order phase t ransformat ion for 
Y203 is known to occur in Y203 between 1000 ~ and 
500~ this possibility would seem to be ruled out at 
present. 

However a significant change in slope of the log Pe 
line can occur if the iso-Po2 activation energies of 
either the oxygen ion or the electronic conduction 
modes changes in an in termediate  tempera ture  range 
(8). Since this can occur without  a first order phase 
transformation,  such a possibility can not be ruled out 
unt i l  emf measurements  of the type described above, 
are carried out over the in termediate  temperature  
ranges. 

Another  explanat ion is the possibility that  sodium 
ions from the liquid sodium electrodes dissolved as 
subst i tut ional  ions into the Y203 tube used in McPhee- 
ters' et at. study. The valence difference between Na 
and Y ions could greatly enhance the concentrat ion of 
oxygen vacancies, much as subst i tut ional  Y ions do in 
the oxide solid electrolyte ZrO2 + 7.5 m/o  Y,zO3. This 
would require substant ial  solubil i ty and diffusivity 
for Na in Y203 at the low temperatures.  The observed 
inertness of Y203 to l iquid Na would seem to rule  out 
this possibility; however a mixed conduction galvanic 
cell investigation of Y203-Na20 solid solutions may be 
in order. 

Conclusion 
Undoped Y203 is a mixed conductor showing a na r -  

row ionic conduction domain (lion ~--- 0.5) but  no elec- 
trolytic domain (lion --~ 0.99) wi th in  the temperature  
range (700~176 studied. The ionic domain bound-  
aries for Y20~ may be represented by 

11,030 
log Pe ---- - - -  15.84 

T(oK) 
and 

--35,300 
log Pe -- - -  + 15.59 

T ( ~  

Manuscript  submit ted Oct. 28, 1970; revised m a n u -  
script received ca. Feb. 8, 1971. 
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A n y  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the  June  1972 
JOURNAL.  
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High-Conductivity Solid Electrolytes: 
CoH NI-Agl Double Salts 

Boone B. Owens,* J. H. Christie, 1 and G. Trent Tiedeman ~ 

Gould Ionics Inc., Canoga Park, California 91304 

ABSTRACT 

Subs t i tu ted  ammonium iodides combine wi th  s i lver  iodide to form solid 
e lect rolytes  tha t  exhibi t  high ionic conduct ivi t ies  at  ambien t  tempera ture .  
The format ion  of conduct ive compounds is re la ted  to the  size of the  organic 
ammonium ion. Results  are  given for a large number  of syntheses.  

With  the recent  discoveries  of h igh-conduc t iv i ty  
solid e lec t ro ly te  mate r i a l s  (1-5) there  has been a 
renewed interes t  in the field of so l id-s ta te  e lectrolytes  
and re la ted  e lect rochemical  devices. Previously,  h igh-  
conduct iv i ty  solid mate r i a l s  were  known only at  e le-  
va ted  tempera tures .  The larges t  group of solid elec-  
t ro lytes  that  has been repor ted  is the t e t r a a l k y l a m -  
monium iod ide-s i lver  iodide group (5). Ten compounds 
were  repor ted  tha t  have ionic conduct ivi t ies  in the  
range of 8 x 10 -4 to 6 x 10 -2 (ohm cm) -1 at 22~ 
and electronic conduct ivi t ies  of less than  10 - lo  (ohm 
cm)-S .  In o rder  to ex tend the area  of invest igat ion of 
solid electrolytes ,  the  p resen t  s tudy  of the  e lect r ica l  
proper t ies  of the products  formed be tween  si lver  iodide 
and hydrocarbon  subst i tu ted  ammonium iodides, 
C~HbNI (a and b are in tegers) ,  was under taken .  

Experimental 
Mal l inckrodt  s i lver  iodide (nominal ly  99% pure)  

was used wi thout  fur ther  purification. The subst i tu ted  
ammonium iodide salts  QI were  obta ined commerc ia l ly  
f rom ei ther  Eas tman Organic  Chemicals,  Division of 
Eas tman Kodak  Company,  or  Aldr ich  Chemical  Com- 
pany, Inc., or else were  p repared  from reagents  ob-  
ta ined from these suppliers.  The repor ted  pur i t ies  of 
the organic mate r ia l s  were  in the range  of 95-99%; 
these mate r ia l s  were used wi thout  fu r the r  purification. 

* E lec t rochemica l  Socie ty  Act ive  Member .  
P resen t  address :  Colorado  Sta te  Univers i ty ,  Chemis t ry  Depa r t -  

men t ,  Ft.  Collins, Colorado 80521. 
P r e sen t  address :  W e y e r h a e u s e r  Research ,  3400 13th Avenue ,  

S.W., Seat t le ,  Wash ing ton  98134. 
K e y  words :  conduc t iv i ty ,  q u a t e r n a r y  a m m o n i u m  iodide,  s i lver  

iodide,  solid e lect rolyte ,  so l id-s ta te  e lec t rochemis t ry ,  substituted 
a m m o n i u m  iodide,  t e t r a a l k y l a m m o n i u m  iodide. 

Where  it was necessary  to synthesize the subst i tu ted 
ammonium iodides, they  were  made  b y  combining the 
sui table  amine with  an a lky l  iodide. The conduct ing 
e lect rolytes  were  p repa red  by  combining AgI  wi th  Q!, 
as p rev ious ly  descr ibed (5), in the  molar  ra t io  of n 

QI q- n AgI  --> Q AgnIn+l 

The method for de te rmin ing  the conduct iv i ty  has  
been previous ly  descr ibed in some deta i l  (5, 6). The 
resis tance cells were  ~/2 in. d i ame te r  pressed powder  
pel le ts  containing the th ree  layers,  Ag, R b A g 4 I J  
Sample/Ag,RbAg4Is .  Sample  weights  were  no rma l ly  
2g which resul ted in resis tance values  ranging  from 
about 4 ohms for products  wi th  specific conductivi t ies  
of 0.07 (ohm c m ) - I  up to ~ 108 ohms for nonconduc-  
t ive products.  Contact  resis tance can cont r ibute  sig- 
nif icant ly to the to ta l  cell  res is tance;  it  was repor ted  
for RbAg415 tha t  0.3 ohm (or 30%) of the cell  res is t -  
ance was due to contact  res is tance (6). The reproduc i -  
bi l i t ies of the  resistance measurements  on ident ical  
samples  of the  t e t r a a l k y l a m m o n i u m  iodide-s i lver  
iodide salts  were  observed to be about  10-25%. The 
resul ts  of the  present  s tudy (in which the contact  r e -  
sistance was not  measured)  are  es t imated  to be ac-  
cura te  to about  -*- 30%. 

The phase d iagrams  for the  58 b ina ry  salt  systems 
inves t iga ted  here have not  been repor ted;  therefore  
the selection of composit ions for  res is tance measu re -  
ments  is somewhat  a rb i t r a ry .  The five organic am-  
monium iod ide-s i lver  iodide  systems for which the 
composi t ion-conduct iv i ty  function has been de te r -  
mined  formed conduct ive phases at  composit ions of 
be tween  80 and 90 m / o  (mole  per  cent)  s i lver  iodide 
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(5, 7, 8). It was assumed in the present  investigation 
that if conductive phases are formed, they would con- 
tain this same amount  of silver iodide. In  general, 
then, the conductive products must  be assumed to con- 
tain a resistive phase as well as the conductive phase. 
Fur ther  detailed investigation of each of the b inary  
systems reported here is necessary to determine the 
precise stoichiometry of the conducting phases. (The 
only s tructure known is that r [(CH~)4N]2Ag13115 
which was reported by Geller and Lind (7).) The 
purpose of the present  invest igat ion was to determine 
the extent  of the formation of conductive compounds 
between silver iodide and hydrocarbon substi tuted 
ammonium iodide salts as a funct ion of the substituted 
ammonium ion, and did not require preparat ion of 
single-phase products. 

Densities were measured only for the most elec- 
tr ically conductive products. This was done as previ-  
ously described (5). Where the densities were not 
measured, the reported specific conductivities were 
calculated from the sample resistance and an approxi-  
mate density. 

Results and Discussion 
The set of hydrocarbon subst i tuted ammonium iodide 

salts was divided into the following subsets for the 
present study: 

Subset 1--Completely substi tuted acyclic alkyl am- 
monium iodide (e.g., Me4NI). 

Subset 2 - -Par t i a l ly  subst i tuted acyclic ammonium 
iodide (e.g., MeH3NI). 

Subset 3 - -Sa tura ted  azacyclic substi tuted ammonium 
iodide (e.g., pyrro l id in ium iodide). 

Subset 4 - -Unsa tura ted  azacyclic subst i tuted am- 
monium iodide (e.g., pyr id in ium iodide). 

Subset 5--Carbocyclic, aryl, benzyl  or allyl substi-  
tuted ammonium iodides. 

This breakdown of hydrocarbon substi tuted am-  
monium iodide salts is based par t ia l ly  on s t ructural  
groups and par t ia l ly  on the avai labi l i ty  of materials  
for test. The selection of compounds was sufficient to 
permit  the testing of the extent  to which conductive 
electrolytes CaHbNI'nAgI are formed and to form 
some empirical rules governing the formation of con- 
ductors. 

Subset 1, the acyclic t e t r aa lky lammonium iodide- 
silver iodide electrolytes, has already been reported 
(5). The results for our investigation of subset 2 are 
given in Table I. Without  exception, no conductive 
electrolytes were formed between AgI and the par t ia l -  
ly substi tuted acyclic alkyl ammonium iodides, in direct 
opposition to what  we would have expected based on 
results obtained with both ammonium iodide (3, 4) 
and the acyclic t e t r aa lky lammonium iodides (5). Ap-  
parently,  in the acyclic alkyl ammonium ions, the 
presence of an N-H bond introduces enough asym- 
met ry  or polari ty to prevent  its stabilizing the iodide 
anion lattice into a s t ructure  permi t t ing  high Ag + ion 
mobil i ty  (7, 8). 

Subset 3 is characterized by the presence of at least 
one saturated azacyclic group in the ammonium ion 
which may be completely or par t ia l ly  substituted. The 
results are given in Table II. All  of these compounds 
formed conductive products, relat ive to the silver 

Table I. Electrical conductivity of partially substituted acyclic 
alkyl ammonium iodide-silver iodide compounds 

CaHbNI . nAgl at 22~ 

N a m e  of s u b s t i t u t e d  (r 
a m m o n i u m  ion  a b n ( o h m  c m ) - I  

M e t h y l a m m o n i u m  1 6 6 2 • 10 -5 
E t h y l a m m o n i u m  2 8 6 2 • 10 -5 
Trimethylammonium 3 I0 6 6 x I0-~ 
Diethylammonium 4 12 4 I • 10 -5 
niethylmethylammonium 5 14 4 4 x I0 -5 
Triethylammonium 6 16 6 1 x 10 -6 

iodide conductivi ty (5) of 3 x 10-4 (ohm c m ) - l .  The 
highest value of 0.06 (ohm cm)-X was found with the 
three completely subst i tuted ammonium ions. 

Subset 4, the unsa tura ted  azacyclic subst i tuted am- 
monium ions, includes the heterocyclic pyr id in ium 
and quinol in ium ions with vary ing  numbers  of alkyl 
groups substi tuted onto the rings. Results are tabu-  
lated in Table III. As shown there, eight conductors 
had ~ > 10 -2 (ohm cm) -1, eight conductors had 
10 -2 > ~ > 10 -3 (ohm c m ) - I  and seven nonconduc-  
tors had ~ < 10 -4 (ohm c m ) - t .  

Subset  5 contains all remain ing  compounds 
CaHbNAgnIn+x that  were investigated and includes 
several groups as previously indicated. Results are 
given in Table IV. 

Composition dependence of conductivity.--The effect 
of composition on the conductivi ty was determined for 
the b inary  system d imethylpyr ro l id in ium iodide-silver 
iodide. This s tudy followed the procedure for b inary  
systems that was previously reported (5). The results 
are given in Table V; the ma x i mum value of 0.065 
(ohm cm) -~ occurred at 88 m/o  AgI, in agreement  
with prior studies wherein  the cation substi tuted sil- 
ver iodide solid electrolytes contained 80-90 m/o  AgI 
(4-8). 

Temperature dependence of conductivity.--The t em-  
perature dependence of the conductivi ty was deter-  
mined for some of the more conductive members  of 
this group. Results for 1 ,1-dimethylpyrrol idinium siI- 
ver iodide and 3 ,5-dimethylpyr idinium silver iodide 
(at the stoichiometry QAgTI8) are shown in Fig. 1, 
with previously reported results for other solid elec- 
trolytes (5). As seen, the conductivities of these com- 
pounds are very  similar to those of the te t raa lkylam-  
monium silver iodide solid electrolytes, with activation 
energies of 3 to 4 kcal/mole.  The results for 3,5-di- 
me thy lpyr id in ium silver iodide, exhibit  an increasing 
activation energy at low temperatures,  which suggests 

Table II. Electrical conductivity of saturated azacyclic substituted 
ammonium iodide-silver iodide compounds CaHbNI �9 nAgl at 22~ 

N a m e  of  s u b s t i t u t e d  (r 
a m m o n i u m  ion  a b n (ohm c m )  -1 

P y r r o l i d i n i u m  4 10 8 5 • 10 -s 
P i p e r i d i n i u m  5 12 8 2 • 10 -~ 
1 - M e t h y l p y r r o l i d i n i u m  5 12 8 8 • 10 -2 
1 , 1 - D i m e t h y l p y r r o l i d i n i u m  6 14 7 6 • 10 -~ 
Q u i n u c l i d i n i u m  7 14 6.7 6 • 10 -~ 
1 , 1 - D i m e t h y i p i p e r i d i n i u m  7 16 8 6 • 10-2 
N-Methylquinuclidinium 8 16 6.7 5 • 10 -~ 
5 - A z o n i a s p i r o [ 4 . 4 ] n o n a n e  8 16 6.7 2 • 10 -~ 
5 - A z o n i a s p i r o [ 4 . 5 ] d e c a n e  9 18 6.7 6 • 10 -~ 
6 - A z o n i a s p i r o [ 5 . 5 ] u n d e c a n e  10 20 6.7 6 • 10 -~ 
1 - B u t y l - l - m e t h y l p i p e r i d i n i u m  I0  22 8 8 • 10-~ 

Table Ill. Electrical conductivity of unsaturated azacyclic 
substituted ammonium iodide-silver iodide compounds 

CaHbNI �9 nAgl at 22~ 

N a m e  of s u b s t i t u t e d  a m m o n i u m  ion  a b n ( o h m  e r a ) - '  

Pyridinium 
3-Methylpyridinium 
l-IVfethylpyridinium 
1,3-Dimethylpyridinium 
3,5-Dimethylpyridinium 
2,6-Dimethylpyridinium 
1,2,6-Trimethylpyridinium 
3,4.6-Trimethyl!oyridinium 
1,3,5-Trimethylpyridinium 
Q u i n o l i n i u m  
1 , 2 , 4 , 6 - T e t r a m e t h y l p y r i d i n i u m  
1 , 2 , 3 , 6 - T e t r a m e t h y l p y r i d i n i u m  
1 - M e t h y l q u i n o l i n i u m  
1 - M e t h y l - l , 2 , 3 , 4 - t e t r a h y d r o q u i n o l i n i u m  
2 - M e t h y l - l , 2 , 3 , 4 - t e t r a h y d r o q u i n o l i n i u m  
1 - E t h y l q u i n o l i n i u m  
1 , 2 - D i m e t h y l q u i n o l i n i u m  
1 , 2 - D i m e t h y l -  1 , 2 , 3 , 4 - t e t r a h y d r o q u i n o l i n i u m  
1,1 - D i m e t h y l - l , 2 , 3 , 4 - t e t r a h y d r o q u i n o l i n i u m  
2,2 - D i m e t h y l -  1 , 2 , 3 , 4 - t e t r a h y d r o i s o q u i n o l i n -  

i u m  
1 - E t h y l - 2 - m e t h y l q u i n o I i n i u m  
1 - E t h y l - 2 , 6 - d i m e t h y l q u i n o l i n i u m  
N-MethYlphen anthridinium 

5 6 8 4 • 10 -s 
6 8 6.7 4 • 10-'~ 
6 8 6 i • 10-~ 
7 10 6.7 3 • 10 -~ 
7 10 6.7 2 • 10 -~ 
7 10 6.7 5 • 10 -6 
8 12 6.7 2 • 10 -~ 
8 12 6.7 2 • 10 -5 
8 12 6.7 1 • 10 -6 
9 8 8 4 • 10 -~ 
9 14 6.7 3 • 10 -~ 
9 14 6.7 2 X 10 ~ 

10 10 4 i X i0-~ 
I0 14 6.7 6 X 10 -~ 
10 14 6.7 4 • 10 -5 
I i  12 4 5 • 10 -s 
11 12 6.7 3 x 10 -s 
11 16 6.7 3 )< I0 -s 
11 16 6.7 2 • 10 -3 
11 16 6.7 4 x I0-~ 

12 14 6.7 i • I0 -~ 
13 16 6.7 2 • 10 ~ 
14 12 6.7 I x I0 -~ 
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Table IV. Electrical conductivity at 22~ of substituted ammonium 
iodide-silver iodide compounds CaHbNI �9 nAgl containing 

carbocyclic, aryl, benzyl, or allyl groups 
~ A g l  

T e m p e r a t u r e  (~ 
O 
I 

July 1971 

-510 l 

~r 
N a m e  o f  s u b s t i t u t e d  a m m o n i u m  i o n  a b n ( o h m  cm)  -1 

( S a t u r a t e d  c a r b o c y c l i c  g r o u p s )  

C y c l o p e n t y l a m m o n i u m  5 12 6.7 1 • 10 -4 
C y e l o p r o p y l t r i m e t h y l a m m o n i u m  6 14 6.7 2 x 10 -~ 
Cyclohexylammonium 6 14 8 8 • I0 -~ 
C y c l o p e n t y l t r i m e t h y l a m m o n i u m  8 18 6.7 1 • 10 -~ 
C y c l o h e x y l t r i m e t h y l a m m o n i u m  9 20 6.7 5 • 10 -1 
Butylcyclohexyldimethylammonium 12 26 8 3 • I0 -5 
1-Adamantyltrimethylammonium 13 24 6.7 2 X 10 -2 

(Unsaturated hydrocarbon groups) 

4 - M e t h y l - 4 - a z o n i a c y c l o h e x e n e  6 12 6.7 6 • i0-~ 
A l l y l t r i m e t h y l a m m o n i u m  6 14 6.7 3 x 10 -2 
4 , 4 - D i m e t h y l - 4 - a z o n i a c y c l o h e x e n e  7 14 6.7 4 x 10-~ 

( A r y l  g r o u p )  

P h e n y l a m m o n i u m  6 8 8 4 x 10 -~ 
T r i m e t h y l p h e n y l a m m o n i u m  9 14 4 8 • 10 -8 
E t h y l d i m e t h y l p h e n y l a m m o n i u m  10 16 4 5 • l 0  -3 

( B e n z y l  g r o u p s )  

B e n z y l a m m o n i u m  7 10 4 5 • 10-e 
B e n z y l t r i m c t h y l a m m o n i u m  I0  16 8 1 • 10 ~ 
1 - B e n z y l p y r i d i n i u m  12 12 4 1 x 10-a 
1 - B e n z y l q u i n o l i n i u m  16 14 4 1 x 10 -~ 

Table V. Density and specific conductivity of binary solid 
electrolyte system 1, 1-dimethylpyrrolidinium iodide-silver 

iodide at 22~ 

Spec i f i c  
S i l v e r  D e n s i t y a  c o n d u c t i v i t y b  

i od ide ,  m / o  (g / cc )  ( o h m  cm)-~ 

7 

..> Q A g 7 I  8 

a .  Me2E~2 N+ 
1 ,l-Dim ethylpyr r ol idinlu~ 

Me4 N+ 
3,  5 - D i m e t h y l p y r  i d i n i u m  

E l 4  N+ 

I I I 
2 . 0  3 . 0  4 . 0  5 O  

R e c ~ p r o c a l A b s o l u t e  T e m p e r a t u r e  [10-3(OK) -1]  

Fig. 1. Temperature dependence of specific conductivity of 
1,1 -dimethylpyrro!idinium silver iodide and 3,5-dimethylpy- 
ridinium silver iodide from --50 ~ to 100~ 

0 1.68 ~10-s 
66.7 3.26 ~IO-S 
75 (3.70) 1.3 X 10 -3 
80 3.99 6.7 X 10-8 
85 (4.37) 4,1 X 10 -2 
8fi (4.45) 4.8 • 10 -2 
87 (4.55) 6.2 x 10 -2 
88 (4.62) 6.5 x 10 -3 
89 4.69 5.4 x 10 -2 
90 (4.78) 4.4 • 10-~ 

10O 5.76 3 x 10 -4 

a I n t e r p o l a t e d  v a l u e s  a r e  in  b r a c k e t s .  
b L o w e r  l i m i t  of  m e a s u r e m e n t  w a s  ~ 1 0  -s ( o h m  c m ) - L  

that  a phase t ransformat ion occurs near  --50~ How-  
ever,  the 1 ,1-dimethylpyrrol idinium iodide was still 
conductive at --50~ with  a value of 0.01 (ohm cm) - I  

Size parameter . - -The results that  have been reported 
show that  in this large set of AgI -QI  compositions, 
where  Q + is CaHbN+, many highly conductive products 
are formed. It was of some interest  to de termine  what  
s t ructural  parameters  of the Q+ ion determine  the 
stabil i ty or existence of a conductive QAgnln+t com- 
pound. The original  postulate that  was tested in the 
present  study stated s imply that  h igh-conduct iv i ty  
solid electrolytes would be complex salts of the type 
M X . n A g I  (5). Sufficient data on salts of empir ical  
formula  QAgnfn+l have now been obtained to permit  
a l imited evaluat ion of the effect of Q+ on electr ical  
propert ies  of the product salts. 

In the group of solid electrolytes MAg4Is, the con- 
duct ive s t ructure  was formed by M + ---- K+,  Rb+, and 
NH4 + (4). Par t ia l  occupancy of the M + sites by Cs + 
was also permi t ted  but no Na +, Li +, or N(CH3)4 + 
occupancy was observed. The size of the monovalent  
alkali  meta l  type cation appeared to be the parameter  
de termining whether  a stable MAg4Is s tructure was 
formed. Therefore,  in the present  s tudy one would 
logically consider the role of ionic size. However ,  since 
the Q+ ions are complex and include species such as 
t r imethylhexadecylammonium,  pyridinium, and cyclo- 
hexy l t r imethy lammonium,  there is considerable flexi- 
bi l i ty  and ambigui ty  in assigning a radius to each of 
these ions. In the QAgnIn+l compounds formed by the 
homologous series of acyclic t e t r aa lky lammonium ions 
there  was a fair ly s t ra ight forward separat ion of con- 
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M O L E C U L A R  W E I G H T  O F  S U B S T I T U T E D  A M M O N I U M  I O D I D E  

Fig. 2. Correlation between specific conductivity of QAgnln+l  
and molecular weight of the QI. Q ,  Subset i, completely substi- 
tuted acyclic olkyl ammonium iodide; I~, subset 2, partially sub- 
stituted acyclic ammonium iodide; A ,  subset 3, saturated aza- 
cyclic substituted ammonium iodide; @, subset 4, unsaturated 
azacyclic substituted ammonium iodide; x, subset 5, carbocyclic, 
aryl, benzyl, or al[yl substituted ammonium iodides. 

ductors from insulators. The  conduct ivi ty  dropped by 
a factor of 104 as the ion formula  went  f rom CgH22N + 
to C10H24N + (5). This result  would indicate that  there 
is a fa i r ly  critical vo lume effect in these compounds, 
since the ionic size would be expected to be a mono-  
tonical ly increasing function of molecular  weight  (M), 
with some corrections for isomer s t ructural  differences. 
A plot of the log of the conduct ivi ty  vs. formula  
weight  of QI for all of these mater ia ls  invest igated is 
shown in Fig. 2. A division be tween  conductors and 
nonconductors occurs at a formula  weight  of about 
290 g /mole  for QL As previously stated, par t ia l ly  sub- 
sti tuted a lky]ammonium iodides formed no conductors 
whereas  the complete ly  substi tuted te t raa]kylam-  
monium iodides (up to CgH2eNI) all form conductors. 
Some similar i ty  to this apparent  effect of an N-H 
bond is noted in subset 5 where  the par t ia l ly  substi- 
tuted cyc lopenty lammonium iodide and benzylam-  
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monium iodide form nonconductors whereas the com- 
pletely substi tuted t r imethyl  analogs form conductors. 

The four remaining nonconductive,  low formula 
weight QI (M ( 285 g/mole) shown in Fig. 2 are 
members  of subset 4, the unsatura ted azacyclic sub- 
sti tuted ammonium silver iodide compounds. It  was 
observed with several of the substi tuted pyr id in ium 
silver iodide electrolytes that the conductive products 
t ransformed to no ,conduc t ive  structures during stor- 
age at 22~ or on cooling to low temperatures.  The 
compounds containing either 3-methylpyr idinium,  
3,5-dimethylpyridinium, or 1,2,6-tr imethylpyridinium 
ions were conductive at ambient  temperatures  and 
became nonconduct ive at about --25~ The t rans-  
formations were not sharply defined but  suggested a 
slow, solid-state reaction such as the disproportionation 
of KAg415 (3,4).  The 1,3-dimethylpyridinium silver 
iodide electrolyte increased in resistivity from 30 to 
10 +5 ohm cm dur ing ambient  storage; however, on 
heating the resistive product to 60~ it t ransformed 
back into a conductive structure. 

These results demonstrate  that  conductive solid 
electrolytes are formed by the combinat ion of silver 
iodide with many  subst i tuted ammonium iodides. The 
determinat ion of the crystal  s tructures as well  as the 
thermodynamic  and t ransport  properties of these com- 
pounds will  be of considerable interest  in the fur ther  
unders tanding  of cation substi tuted silver iodide solid 
electrolytes. 
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The Effect of Sodium Oxide on the Thermal 
Oxidation of Silicon 

Owen F. Devereux,* Rong Yau Wang, and Kuang-Ho Chien I 
Department of Metallurgy and Institute of Materials Science, University of Connecticut, Storrs, Connecticut 06268 

ABSTRACT 

Polycrystal l ine silicon wafers coated with Na2CO3 were oxidized in  am- 
bient  air with PH2o = 24 mm in the temperature  range 702~176 Ini t ial  
oxidation followed cubic kinetics due to the l inear  change in composition of 
the oxide film with oxidation. At longer times, the oxidation became para-  
bolic as the concentrat ion of and, therefore, diffusivity of hydroxyl  in the 
oxide became nonl inear  with the sodium concentrat ion in the film. This occurs 
at lower concentrat ion of sodium, where the presence of sodium is manifested 
in the formation of hydroxyl  by an autocatalytic reaction. Activat ion energies 
for both cubic and parabolic regions were 40.8 kcal /mole;  the cubic pre-  
exponential  constant  was 5.1 x 10%~/hr, and the parabolic pre-exponent ia l  
constant  was 6.8 x 104~2/hr. Untrea ted  specimens oxidized as controls during 
these experiments  showed similar behavior due to vapor phase t ransport  
of Na~O. 

There has been an increasing awareness in recent 
years of the deleterious effect of impur i ty  oxides in an 
otherwise protective film dur ing thermal  oxidation of 
metals. This is commercially impor tant  in the case of 
high-strength,  nickel-base alloys in hot gaseous en-  
vi ronments  containing sodium and sulfur  compounds. 
The present  investigation of the role of sodium oxide 
on silicon oxidation was init iated in order to study 
these effects in a simpler, bet ter-defined oxide than 
that extant  on the nickel alloys. 

Recent papers by Deal and Grove (1) and by Revesz 
and Evans (2) review in large part, together with 
their  own contribution,  the status of knowledge con- 
cerning the thermal  oxidation of silicon. Deal and 
Grove find that existing knowledge on film growth can 
be described as surface reaction rate l imited for short 

* Elect rochemical  Society Act ive  Member .  
1 P resen t  address :  Indus t r ia l  Hea t  T rea t i ng  Company,  Derby,  Con- 

nect icut  06416. 
Key  words :  hot  corrosion, alkali ,  impur i ty .  

oxidation times and/or  low temperatures,  and diffusion 
rate l imited at long times and /or  high temperatures.  
Combining these terms, film thickness, X, after oxida- 
tion time, t, is given by  

X 2 + A X = B ( t + ~ )  [1] 

They find an activation energy for t he  parabolic 
constant, B, of 16.3 kcal /mole under  wet oxidation 
conditions, and 28.5 kcal /mole under  dry conditions. 
The l inear constant, B/A,  has an activation energy 
of 46 kcal /mole in either case. The t ime constant, ~, 
which corrects for an oxide layer extant  prior to the 
start of the exper iment  or for early oxidation behavior 
not taken into account by the l inear-parabol ic  equa- 
tion [I], has a value of zero under  wet conditions, and 
corresponds to an ini t ial  film thickness of 230A under  
dry  conditions. The activation energies of B are in 
accord with activation energies for the diffusion of the 
oxidizing species, hydroxyl  and superoxide ion (O2-) ,  
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respectively, in fused silica, and the �9 variance is ex- 
plained by the variat ion in the thickness of the diffuse 
charge layer in the oxide film with the concentrat ion 
of water. The parabolic constant, B, is found to vary  
directly with the part ial  pressure of the oxidant, while 
the value of A remains  constant. 

Revesz and Evans, while in agreement  with the 
l inear-parabol ic  rate behavior, find a considerable de- 
pendence of the reaction rates and of the activation 
energies on the sodium content of the oxide film. Thus 
their  activation energies for the parabolic rate constant  
range from 12.45 kcal /mole for oxidation under  very 
clean conditions in water  vapor to 52.8 kcal /mole for 
oxidation in water vapor through a heavily sodium- 
contaminated oxide film. The activation energy for 
the l inear  constant varied from 44.0 kcal /mole in the 
clean experiment  to 29.9 kcal /mole with sodium con- 
tamination.  For both the l inear  and parabolic terms, 
considerable variat ion of the pre-exponent ia l  constants 
was also seen. 

The present authors have conducted a fur ther  study 
of the oxidation of silicon with deliberate sodium 
contamination, using polycrystal l ine silicon, with 
moist air as oxidant. Inasmuch as the l inear  rate con- 
stant, but not the parabolic constant, depends on sili- 
con orientation, some ambigui ty  was anticipated in 
the data for the l inear  parameters  (3). 

Experimental 
Silicon wafers were prepared from a 1 in. di,~meter 

polycrystal l ine ingot of n ine  9's purity.  After  slicing 
and lapping, the wafers were degreased in hot t r i -  
chlorethylene followed by hot nitr ic acid, and r insed 
in deionized water. The wafers were then chemically 
polished in a solution of 60 parts nitric acid, 20 parts 
acetic acid, and 8 parts hydrofluoric acid. After  polish- 
ing, the wafers were rinsed in deionized water  and 
stored under  methanol.  F inal  thickness was approxi-  
mately 200~. 

The wafers were oxidized in a resis tance-heated 
horizontal mull i te  tube furnace with an inside diam- 
eter of 1 and 11/16 in. The oxidant  was ambient  air 
saturated with water  at room temperature.  Flow rate 
was mainta ined at 150 cc/min, STP, with a small dia- 
phragm pump. Saturat ion of the air was accomplished 
by bubbl ing it through a vessel containing water. This 
envi ronment  possessed a certain degree of ambigui ty  
inasmuch as it contained both oxygen and water  as 
oxidants; however, the oxidation rate in water  vapor 
is sufficiently large compared to that in dry oxygen (1) 
that adequate control of the oxidation rate could be 
mainta ined by control of the water  vapor pressure. 
Equi l ibr ium water  vapor pressure dur ing the experi-  
ments  was 24 _+ 1 mm. The wafers were supported in 
a grooved ceramic combustion boat, with cylinder 
axis horizontal and normal  to the direction of air 
flow. In  the usual  experiment  two specimens were 
oxidized at once, a clean wafer  placed upstream in the 
boat and a contaminated wafer placed downstream in 
the boat. Contaminat ion by reagent-grade  Na2CO3 was 
accomplished by dust ing the surface of each specimen 
lightly prior to oxidation with the finely ground pow- 
der. Amounts  of Na2CO3 applied to each contaminated 
specimen are given in Table I. It was anticipated that  

Table I. Amount of Na2C03 applied 

T (~ Na~CO~ (mg /cm~)  

702 0.02085 
753 0.01945 
802 0.00670 
851 0.01150 
903 0.01070 
952 0.02000 

1 0 0 2 ( b )  
1002 (d) 0.01165 
1052 0.04390 

the silicon would undergo a rapid init ial  oxidation 
through partial  reduction of the sodium oxide and that  
a uniform film across the surface would be formed 
quickly due to the high diffusivity of sodium ion in 
soda silicate glasses. This technique of applying the 
contaminant  differed from that  of Revesz and Evans, 
who preoxidized the silicon prior to exposing it to 
NaNO~. However, both macroscopic and microscopic 
examinat ion of the oxide films obtained dur ing this 
work indicated uni formi ty  of thickness, infer r ing that 
a homogeneous distr ibution of sodium in the film was 
obtained. Inasmuch as loss was anticipated both 
through the Na2CO3 reagent  physically disengaging 
itself from the specimen surface and through volatility, 
the values recorded in Table I are not considered sig- 
nificant in a absolute sense, but do represent  the rela-  
tive amounts  of sodium oxide contaminant  present on 
each specimen dur ing  oxidation. Although the oxide 
films thus contained, in principle, two volatile com- 
pounds, CO2 and Na20, these were not expected to 
evolve to any appreciable extent  dur ing the portion 
of the experiment  subject to gravimetric  analysis due 
to rapid dilution by SiO2 dur ing  the early stages of 
oxidation. Tempera ture  was measured at the boat 
and controlled to wi thin  I~ 

Oxidation rate was determined by weight change; 
the wafers were removed periodically and weighed 
with a Cahn RG electrobalance. This technique was 
found to be more sensitive and reproducible than con- 
t inuously  recording the weight of a specimen sus- 
pended in the furnace. The use of a weighing tech- 
nique as opposed to the direct observation of oxide 
thickness that has predominated the exper imental  work 
on silicon oxidation was dictated by the more complex 
na ture  of the soda silicate oxide film. That is, color 
changes were not consistent with those observed on 
clean silicon, and a definite crystal l ini ty  in the oxide 
film was observed as will be noted later in the paper. 
It was recognized that the periodic removal  of the 
specimens and their  reinsert ion in the furnace could 
have a decided effect on the oxidation process through 
stressing and possible fracture or spalling of the oxide 
films. For this reason, companion studies were made 
of specimens which were not removed but  mere ly  
weighed at the end of the oxidation process. Total 
weight gained for these specimens scattered statisti- 
cally about that for specimens oxidized for the same 
time, but  in te rmi t ten t ly  removed, with a typical  de- 
viation of several per cent. Estimated reproducibil i ty 
of individual  weight measurements  is of the order of 
1 ~g. Removal of the specimens from the furnace and 
their  reinsert ion were made as rapidly as possible to 
minimize the loss of heat from the interior  of the fur-  
nace. Recovery t ime for the specimen on reinsert ion as 
estimated by visual observation was of the order of 
1 min and was neglected in considering the t ime of 
oxidation. 

Tapered sections with a 10:1 ratio were made of 
each specimen for optical microscopy, and an x - ray  
diffraction pat tern  was obtained for each of the con- 
taminated samples and for a representat ive "clean" 
oxidized sample. 

Results 
Oxidation data for the alkal i - t reated specimens are 

shown in Fig. 1. Oxidation is ini t ia l ly cubic and, al- 
though it is not apparent  in the log-log plot shown, 
becomes parabolic at longer oxidation times. Defining 
the kinetic rate constants by means of the equations 

X 8 -- Ct [2] 

X 2 _-- Bt + Const [3] 

the cubic and parabolic regimes in terms of weight in-  
crease due to oxidation per uni t  area, hW, are given by 

AW s ---- CpSt [4] 
(b) a n d  (d) d e n o t e  d i f f e r e n t  r u n s  a t  t h e  s a m e  t e m p e r a t u r e .  
* I n d i c a t e s  m e a s u r e m e n t  n o t  m a d e .  A W  2 ~ Bp2$ + C o n s t  [5] 
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Fig. 1. Kinetic data- -Na2COs 
treated specimens. 

where p is the  density of oxygen in the oxide film. High 
silica glasses have a density of the order of 2; this cor- 
responds to an oxygen density of approximately 1 
g /cm 3, which has been used in this paper. Arrhenius  
plots of the cubic and parabolic constants are shown 
in Fig. 2; both are l inear  and exhibit  the same slope, 
with an activation energy of 40.8 kcal/mole.  

Oxidation of the unt rea ted  specimens showed simi- 
lar  behavior  to that  of the t reated specimens; these 
data are shown in Fig. 3, with Arrhenius  plots of the 
cubic and parabolic constants in  Fig. 4. It  was inferred 
that  vapor phase t ransfer  of a sodium oxide species 
had occurred and, therefore, that the unt rea ted  speci- 
mens were different from the treated specimens only 
in the quanti t ies of alkali  contaminant  in the oxide 

fi lm. Transi t ion from cubic to parabolic oxidation oc- 
curred, in general, at t h inne r  film thicknesses for the 
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Fig. 2. Kinetic rate constants--Na2C03 treated specimens 

untrea ted  specimens, and the cubic rate constants were 
considerably smaller. The rate constants plotted in Fig. 
4 show more scatter than those for the treated speci- 
mens; this is especially t rue for the cubic constant. The 
line through the cubic constants is d rawn with the 
same slope as that for the parabolic constants largely 
because of the apparent  s imilari ty to Fig. 2. The ac- 
t ivat ion energy for these constants  is 39.6 kcal/mole.  

Defining the pre-exponent ia l  constants and activa- 
tion energies by means of the equations 

C : Co exp (--aHc/RT) [6] 

B : B�9 exp (--hHB/RT) [7] 

these parameters  are shown in  Table II along with 
values determined by Revesz and Evans. Two sets of 
values determined by Revesz and Evans are quoted; 
both were evaluated in hel ium with a water  pressure 
of 24 mm. One set refers to sodium-free oxide films, 
and the other to films containing on the order of 102o 
sodium atoms/cm a. 

X - r a y  diffraction revealed only silicon peaks from 
the untreated,  oxidized samples. Peaks other than 
those from silicon diffracted from the treated samples 
are shown in Table III. The diffraction angle, 20, of 
peaks a t t r ibuted to the oxide film and the relat ive in-  
tensi ty of these peaks are reported. For each diffraction 
pattern,  the nearest  intense silicon peak was used as a 
2~ standard. As seen in Table III, over the range of 
exper imental  conditions four distinct peaks were ob- 
served. These correspond to average d spacing values 
of 4.5135, 4.0812, 3.4717, and 3.4447A. None of the ob- 
served combinations of these spacings corresponded to 
ASTM-listed values for the various polymorphs of 
silica or to the listed sodium silicates. 

Macroscopic examinat ion  of the oxidized specimens 
revealed the uni form bright  interference colors in-  

Table II. Kinetic constants 

AHs AHc 
( k c a l /  ( k c a l /  

Bo(~2/~r)  mo le )  Co (~Sihr) mole )  

Present  exper iment  
U n t r e a t e d  1.14 • 10s 39.6 2.3 x 10~ 39.6 
Treated 6.8 • 104 40.8 5.1 • 10 e 40.8 

Revesz  and E v a n s  
Clean  1.55 12.45 - -  - -  
Na-doped 1.58 • 108 52.8 -- - -  
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Fig. 3. Kinetic data~un- 
treated specimens. 

0./  

dicative of an amorphous film on the unt rea ted  speci- 
mens, but  a gray appearance suggestive of g ranular i ty  
on the treated specimens. Tapered sections through 
the unoxidized silicon surface showed an ini t ial  surface 
roughness caused by preferent ia l  dissolution near  the 
grain boundaries  dur ing  specimen preparation.  This 
roughness was retained dur ing oxidation at low tem- 
peratures in both treated and unt rea ted  specimens, 
suggesting surface control of the oxidation rate. At 
high temperatures,  par t icular ly  in the alkal i - t reated 
specimens, the surface roughness was markedly  de- 
creased, in accord with a diffusion-controlled reaction. 
Also visible in tapered sections of the treated speci- 
mens was a fine granular i ty  with an apparent  dendrit ic 
character at the meta l /oxide  interface. This appeared 
to be the unidentif ied crystal l ine deposit evidenced by 
x - r ay  diffraction. 

Discussion 
The cubic phase of the oxidation observed in these 

experiments  was not observed by Revesz and Evans 
in their s tudy of sodium-affected oxidation. This may 
be at t r ibuted to the method of sodium doping. Revesz 
and Evans preoxidized their  wafers, then placed them 
in contact with NaNO3 to permit  dissolution of Na20 
in the amorphous silica film. Thus, at the onset of oxi- 
dat ion they had a somewhat uni form film with a 
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Na/Si  ratio on the order of 0.02. In  the present  ex- 
periments,  the ini t ia l  film may  be idealized as consist- 
ing solely of Na20; thus, ini t ia l  oxidation occurred 
not only through a film of high alkali  content  but  also 
of changing composition. 

The rate of oxidation is ini t ia l ly  surface reaction 
limited; Deal and Grove have proposed that  this re-  
action is first order with respect to the oxidant. In  the 
presence of a high concentrat ion of sodium oxide, the 
oxidant  will  be oxide ion and the product  of the re-  
action will be silicate ion, the formation of which will 
consume oxide ions. Thus, the surface reaction rate will 
decrease with t ime according to the changing concen- 
tration. The kinetic rate expression for this mechanism 
may be readily calculated and is a sum of both l inear  
and logarithmic terms; however, a comparison of the 
available free oxide ion, as determined from Table I, 
with the kinetic data in Fig. 1, shows that the avail-  
able oxide ion will  have been consumed in the forma- 
tion of silicate dur ing the init ial  oxidation period of 
15 rain. Therefore, this mechanism describing the in i -  
tial oxidation behavior  was no longer valid over the 
range of data taken in these experiments.  

In Table IV are shown the amount  of applied alkali, 
calculated as Na~O, compared wi th  the amount  of 
oxidation, as SIO2, after the first 15 min of oxidation, 
i.e. at the onset of the observed cubic region. Due to 
possible loss of the volatile Na20, the resul t ing p e r -  

Table III. Observed 2 e / I  values in oxide films (CoKa radiation) 

T (~  28/I 

702 29.85 30.1 

I ' 

0.5 0.05 
753 29.85 30.05 

10-8 ~ 1.1 0.3 

802 29.85 30.05 

0.7 0.5 
29.83 31.01 851 

%_ 0.9 0.5 
903 25.47 29.92 

10-6 I 2.2 0.5 
I 952 22.87 25.32 29.87 

1.1 0.05 1.5 
1002 (b) 22.85 25.26 29.85 

0.7 1,0 0.8 
1002 (d) 25.32 29.88 

0.4 1.35 
1052 25.3 29.9 

1.8 0.5 
(b) a n d  (d) d e n o t e  d i f f e r e n t  r u n s  a t  t h e  s a m e  t e m p e r a t u r e .  
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Table IV. Minimum per cent of SiO2 in film after 15 min of 
oxidation 

THERMAL OXIDATION OF SILICON 

Weight Der cen t  
T (~ Na20 ( m g / c m  e) SiO~ ( m g / c m  2) SiO2 

702 0.0122 0.0071 36.9 
753 0.0114 0.0166 59.2 
802 0.0039 0.0218 84.8 
851 0.0067 0.0322 62.8 
903 0,0063 0,0429 87,6 
952 0.0117 0.0727 86.2 

1002(b) - -  0.0686 - -  
1002(d) 0.0068 0.0646 90.5 
1052 0.0257 0.1566 86.0 

(b) and  (d) deno te  d i f f e ren t  r u n s  a t  t he  same  t e m p e r a t u r e .  

centage of SiO~ calculated in the film represents a 
m i n i m u m  quanti ty.  In  comparing these values to the 
Na~O-SiO2 equi l ibr ium diagram, Fig. 5, it is apparent  
that dur ing observation of oxidation above 753~ the 
stable phases in the oxide film were a l iquid and a 
crystal l ine silica, quartz at 802 ~ and 851~ and t r idy-  
mite at higher temperatures.  While there is no reason 
to propose that the film present dur ing oxidation pos- 
sesses an equi l ibr ium phase structure,  it is reasonable 
to assume that  the oxidation occurs by means of t rans-  
port of oxidant  through a l iquid phase, ra ther  than 
through a solid, though amorphous, silica film. This is 
not the case in the exper iments  reported by Revesz and 
Evans. Their  films contained only 1% Na20, and the 
appreciable effect on oxidation rate was explained by 
the autocatalytie reaction suggested by Charles (4), in 
which a relat ively small quant i ty  of Na + in the amor-  
phous s tructure can cause a disproportionate increase 
in the O H -  concentration. 

Due to incomplete knowledge concerning the state 
of the oxide layer dur ing oxidation, it is not possible 
to propose a definitive mechanism. However, it is l ikely 
that the film either remains  l iquid throughout  the 
cubic region, and therefore that precipitat ion of silica 
is repressed, or that  the film possesses a nea r -equ i -  
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l ibr ium phase structure of l iquid and crystall ine silica. 
In  the former case, the silica content of the l iquid 
would increase dur ing oxidation, and would be man i -  
fest in a corresponding increase in viscosity result ing 
in a decrease in diffusivity of hydroxyl  as shown by 
the Einstein equation. Assumption of a l inear  change 
of viscosity with composition in this region leads to a 
cubic oxidation rate. In the lat ter  ease, a l iquid phase 
of reasonably constant composition would persist 
throughout  the oxidation; however, crystall ine silica 
would precipitate in an amount  proport ional  to the ex-  
tent  of oxidation. Inasmuch as the silica phase has a 
much lower diffusivity to hydroxyl  than  the liquid 
alkali  silicate, in effect precipitation would decrease 
the area for diffusion in proportion to the extent  of 
oxidation, again leading to cubic oxidation. In  these 
proposed mechanisms, onset of the parabolic region 
of oxidation would, in the first case, correspond to an 
increase in silica content  of the film to the extent  
that the mechanism of Charles became significant, i . e .  
formation of appreciable hydroxyl  content without 
l inear dependence on the sodium ion content. In  the 
latter case, parabolic behavior would ensue when the 
l iquid phase so decreased in  proportion to the solid 
phase as to become discontinuous. Fai lure  of x - ray  
diffraction to provide data to distinguish between these 
mechanisms may be a reflection of incomplete knowl-  
edge of the possible nonequi l ibr ium phases in this 
system. 

The kinetic constants of Table II are in accord with 
both hypotheses. The large increase in the pre-expo-  
nent ia l  constant of the treated specimens v s .  that  of 
the unt rea ted  is a reflection of the increased sodium 
content of the treated films and consequent increased 
diffusivity. However, in the parabolic region, the hy-  
droxyl content  and, therefore, diffusivity is determined 
by an autoeatalytic reaction and is thus insensitive to 
composition. Hence the pre-exponent ia l  constants in 
the parabolic region are near ly  the same. It is clear 
from the work of Revesz and Evans that  a wide range 
of values of the kinetic constants is possible depending 
on exper imental  conditions. Thus, lack of exact agree- 
ment  with their values is not surprising; however, both 
the activation energies and pre-exponent ia l  constants 
do fall with in the range reported by them. 

Summary and Conclusions 
Oxidation of polycrystal l ine silicon through a Na20 

surface film ini t ial ly follows cubic kinetic behavior 
due to the changing composition of the film; the oxi- 
dation rate eventual ly  becomes parabolic as t ransport  
processes in the film become insensit ive to fur ther  
composition changes. Activation energies for both cubic 
and parabolic regions are the same, approximately 
40 kcal/mole.  The cubic pre-exponent ia l  constant is 
dependent  on sodium concentrat ion in the film; how- 
ever, the parabolic pre-exponent ia l  constant  is rela-  
t ively insensitive. 

It  is proposed that  t ranspor t  in the cubic region of 
oxidation is diminished by silica production due either 
to al terat ion of the viscosity of a single l iquid phase, 
or to formation of a second phase of low diffusivity. 
Available data are consistent with either model. In  the 
parabolic region of oxidation, the enhanced oxidation 
rate due to sodium is manifest  in the production of 
hydroxyl  ion by  an autocatalytic reaction proposed by 
Charles (4), a process not proport ional  to the sodium 
concentration. 
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Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the June  1972 
J O U R N A L .  

SYMBOLS 
A Linear coefficient 
B Parabolic constant  
Bo Pre-exponent ia l  parabolic constant 
C Cubic constant 
Co Pre-exponent ia l  cubic constant 
=~HB Activation energy--parabol ic  constant 
-~Hc Activation energy--cubic  constant  
I Relative intensi ty  of diffracted beam 
R Gas constant 
T Absolute temperature  
t Oxidation t ime 

~W Weight increase due to oxidation 
X Oxide film thickness 
p Density of oxygen in  oxide film 
20 Diffraction angle 

Time correction constant  
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X-Ray Efficiency of Powder Phosphors 
G. W. Ludwigt 

General  Electric Research and Deve lopment  Center, Schenectady,  New Y o r k  12301 

ABSTRACT 

Powder phosphors including CsI:TI and (ZnCd)S :Ag  were excited with 
x-rays, in the energy range 25-135 keV, obtained from radioisotope sources. 
The phosphor efficiency (light output  per uni t  incident x - ray  energy) was 
measured as a function of phosphor screen weight for each of five sources. The 
measured efficieneies are in reasonable agreement  with theoretical curves 
having no adjustable parameters.  The curves were calculated using tabulated 
x - ray  energy-absorpt ion coefficients and measured light t ransmission param-  
eters, and assuming that the efficiency of conversion of absorbed x - r a y  energy 
to light energy is equal to the cathode-ray efficiency. 

Powder phosphors such as (ZnCd) S: Ag and CaWO4: 
Pb are of considerable importance for the detection of 
x- rays  having photon energies in the region 25-135 
keV. Crucial to this application is the efficiency with 
which incident x - ray  energy is converted to useful 
light energy. This efficiency n may be expressed as 

where ~a is the fraction of the incident  x - r ay  energy 
which is absorbed, ~c describes the efficiency of con- 
version of absorbed x - r ay  energy to light energy, and 
~t is the efficiency with which the light energy is t rans-  
mit ted through the powder to the detector. The de- 
tector may be a photoemissive surface, a photographic 
film, or the human  eye. 

In the work of Hamaker  (1), Klasens (2), Klasens 
and de Groot (3), Coltman et al. (4), and Broser et al. 
(5), the x - r ay  efficiency of phosphors is discussed in 
the following manner .  The x - ray  absorption efficiency 
is either measured or is deduced from tabulated x - r ay  
absorption coefficients of the elements knowing the 
phosphor screen weight and composition, and also the 
spectral distr ibution of the incident x - r ay  beam. The 
transmission efficiency is related to the scattering and 
absorption of the emitted photons by the phosphor 
particles wi thin  the screen, and the reflection coeffi- 
cients at the screen surfaces. The measured x - r ay  effi- 
ciency of the phosphor screen can then be used to 
deduce a value for the conversion efficiency ~c. Colt- 
man  et al. (4) and Klasens (2) reported on CaWO4 
screens, while Broser et al. (5) presented information 
on some addit ional materials.  All of these workers used 
for sources x - r ay  tubes which yielded a broad spec- 
t rum of x - r ay  energies, and presented no data on the 
possible dependence of the conversion efficiency on 
x - r ay  energy. Klasens and de Groot (3) discussed the 
processes involved in conversion of x - ray  energy to 

t E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  M e m b e r  of a S u s t a i n i n g  M e m b e r  
Company .  

Key  w o r d s :  l u m i n e s c e n c e ,  phosphor s ,  x - r ays ,  efficiency. 

light and concluded that  the conversion efficiency 
should depend on x - ray  energy. 

Although there has been addit ional  work, 1 remark-  
ably little discussion of the response of powder phos- 
phors to x- rays  has appeared in the recent l i terature.  
On the other hand, there have been numerous  studies 
of the x - ray  response of scinti l lat ion crystals such as 
NaI:Tl,  which are highly t ransparent  to their  own 
emitted light. 

In this paper we report on the x - ray  efficiency of 
powder phosphors such as (ZnCd)S:Ag,  CaWO4:Pb, 
and CsI:T1. To excite the phosphors we employed a 
series of five radioisotopes, each of which emits x- rays  
at several well-defined and rather  closely spaced en-  
ergies in the range 25-135 keV. The phosphor response 
to such excitat ion can be convenient ly  analyzed, since 
the absorption of the beam at each x - ray  energy fol- 
lows an exponential  law. Avai labi l i ty  of data for a 
series of sources giving different x - r ay  energies clearly 
is of advantage for comparison with theory, and par-  
t icu]arly for testing whether  the conversion efficiency 
varies with x - r ay  energy. 

The x - r ay  response was measured for a series of 
different phosphors, screen weights, and radioisotope 
sources, using a photomult ipl ier  as the detector. The 
photomult ipl ier  sensit ivity to the spectrum emitted by 
each phosphor was calibrated by comparing the photo- 
mult ipl ier  signal to that from a thermocouple with the 
phosphor excited by cathode rays. The light t ransmis-  
sion of the screens was measured, as was the reflec- 
t ivi ty of thick phosphor layers, in order to determine 
the parameters  describing scattering and absorption of 
light wi thin  the screens. 2 The cathode-ray efficiency of 
the phosphors was measured. Finally,  the x - r ay  mass 
absorption coefficient of each phopshor was calcu- 
lated from tabulated values for the elements for each 

1 See, fo r  example ,  r e f  (6-9). 
2 The  dens i t y  of  a p o w d e r  p h o s p h o r  screen is d e p e n d e n t  on p rep -  

a r a t i v e  t e chn iques .  Fo r  t h i s  r eason  we  p r e f e r  d i s c u s s i n g  x - r a y  at-  
t e n u a t i o n  in  t e r m s  of t he  p h o s p h o r  mass  t r a v e r s e d  r a t h e r  t h a n  the 
phosphor t h i c k n e s s  t r ave r sed .  
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x- ray  energy present in the radiat ion from the sources. 
It  was then possible to compare phosphor efficiency 
with curves calculated from theory with no adjustable 
parameters.  

Using the assumption that the efficiency of con- 
version of absorbed x - r ay  photon energy to emitted 
light is equal to cathode-ray efficiency, we find rea-  
sonable agreement  between our data and a formula 
based on work of Hamaker  (1). Thus, we find no sub-  
stantiat ion for the assumption of Klasens and de Groot 
that the energy of the ions produced by x - ray  ab-  
sorption is less efficiently used in producing light than 
is that of the fast electrons. Rather it appears that 
Hamaker 's  formulas can be used together with phos- 
phor parameters  such as the cathode-ray efficiency to 
provide a guide to the x - r ay  efficiency to be expected 
under  a wide range of exper imenta l  conditions. 

Hamaker ' s  analysis of the l ight output  of powder 
phosphor screens under  x - r ay  excitation is reviewed 
briefly in the following section. In  subsequent  sections 
the radioisotope sources are characterized, measure-  
ment  of x - r ay  response and calculation of the mass 
absorption coefficient is described, the determinat ion 
of other re levant  phosphor parameters  is discussed, and 
a comparison is made between the measured phosphor 
efficiency and predictions from theory. Results are 
also discussed. 

Light Output of a Phosphor Screen 
We now discuss the light output  of a phosphor screen 

under  x - r ay  excitation using an approach similar to 
that of Hamaker  (1). Consider a screen which is sand- 
wiched between media, labeled 1 and 2, which may 
affect its light output  by reflecting or absorbing some 
of the emitted light (see Fig. 1). X- ray  photons of 
energy E are incident from the left, the energy flux 
being NoE. The x - ray  absorption by the screen is gov- 
erned by its mass absorption coefficient g' = #/p, where 

is the phosphor density. Thus, after passing through a 
screen weight w the flux will be reduced to NoE exp 
( - - / w ) .  The flux absorbed in a weight  increment  d w  
at w is - - E d N  = END [exp ( - - / w ) ] d w  and the emitted 

( -~ '  + ~) (p, 
>< 

t~J(O) (1 + m) 
* I ~ - - - - -  tl~leg'" X 

NoE 2 (#2 __ r 

scatter light from each flux into the other. Thus 

i 
d I / d w  = --  (a -4- s ) I  + sJ + -~  ~lcENo exp ( - -# 'w)  [2] 

1 
d J / d w  = + (a + s ) J  -- sI -- --~lcENo exp ( - - F ' w )  [3] 

2 

Here a and s are coefficients describing the self-absorp- 
t ion and scattering, respectively, of the emitted light 
by the phosphor. Equations [2] and [3] are one-d imen-  
sional; they apply to regions sufficiently far from the 
screen periphery that lateral  light losses and additions 
effectively cancel. 

The solutions of Eq. [2] and [3] are of the form 3 

I = A(1 -- ~)e  ~w + B(1 + ~)e  -~w 

1 J3~' + ~ 
- -  - - ~ I c E N o "  e -~  "w [4] 

2 fl(/2 _ a2) 

J : A(1 + ~)e  ~rw + B(1 -- ~)e  -ew 

1 f l / - - ~  
+ -~ ncENo, e - .  "w [5] 

In [4] and [5] the coefficients a and s have been re-  
placed by new parameters  ~ and ~ so defined that  the 
expressions are simplified 

r = [a(a  + 2 S ) ]  1 / 2  [6] 

= [ a / ( a  + 2s)] 1/2 : r  + 2s) [7] 

The quanti t ies A and B in [4] and [5] are constants, 
the values of which are determined by imposing ap-  
propriate boundary  conditions. Let ri be the refiectivity 
and t~ be the t ransmissivi ty  of the media 1 and 2. 
Then, as discussed by Hamaker  (1), the light flux to 
the right per uni t  flux in the incident  x - ray  beam is 
given by [8] while that  to the left is given by [9]. 

t 2 I ( W )  (I -}- P2) 
I] r - -  _ _  - -  t21]c/ff  �9 �9 e - u ' w  

NoE 2 (g,2 _ a2) 

+ ~)e ~W + (/ -- ~) (p~ -- 8)-~w-5 2(~p~ + ~'~)e "'W 
[8] 

(m + 19) (p2 + ~)e  ('W -- (pl -- 8) (p2 -- ~)e -~W 

(~' --  ~) (~e + ~)e  (m --  (W + r (p2 --  ~ )e  -~W + 2 (,rp2 --  ~ '~ )e -WW 

light flux is Fr where ~c is the efficiency for con- 
version of absorbed x - ray  energy to l ight energy. We 
expect half of the light flux to be emitted toward the 
left and half toward the right. 

Suppose that at w wi th in  the phosphor there is a 
light flux I t ravel ing toward the r ight  and a flux J 
t ravel ing toward the left. In  passing through the layer 
of weight d w  these fluxes will be augmented by light 
generation (v ia  x- ray  absorption and phosphor fluores- 
cence) while being at tenuated by the self-absorption 
of the phosphor. In  addition, the phosphor grains will  

PHOSPHOR SCREEN 
2   EM'TTE L 

dw w=W 
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portiolly reflecting media 1 and 2, 
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Fig. l .  X-ray 
wiched between 

[9] 
(m +/~)  (p2 + ~)e  (m - (pt --  i~) (p2 --  8 )e  -~W 

Here W is the screen weight and the refiectivities iq 
have been replaced by the related parameters  m = 
(1 -- r i ) / (1  + ri), while nr and nt represent  the effi- 
ciency of Eq. [1] for the detector to the right of the 
screen and to the left, respectively. 

Equations [8] and [9] are easily generalized if the 
phosphor is s imultaneously exposed to x- rays  of sev- 
eral different fluxes, energies, and absorption coeffi- 
cients. In particular,  [8] generalizes to 

~h. ---- (ZNoiEinri) /ZNoiEi [10] 
i i 

Simplifications of [8] and [9] which apply under  
special conditions have been discussed by Hamaker  (1) 
and Klasens (2). 

X-ray Generation by Radioisotopes 
A n u m b e r  of radioisotopes which are available com- 

mercial ly are worth considering as sources of radiat ion 
in the x - ray  region. Impor tan t  characteristics, such as 
half-l ife and emitted radiations, of several  isotopes 
which have come to our a t tent ion are listed in Table 
I (10). All but  one of the isotopes in the table decay 
by capture of an electron from an inner  shell to pro- 
duce a daughter  nucleus in an excited nuclear  state. 
The daughter  may re turn  to its ground state with the 
emission of a gamma ray having an energy listed in 

E q u a t i o n  9 2  o f  r e f  (1) c o n t a i n s  a m i n o r  e r r o r .  
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Table I. Decay characteristics of .potential x- or gamma-ray sources 

G a m m a  r ays  X - r a y s  
Isotope D e c a y  mode* Half  l ife Daughter  (keY) (keV) 

~ F e ~  EC 2.6 y e a r s  ~ V l n ~  - -  ~ 5 , 9  
~ S n  T M  IT  250 days  eoSn no 24, 65 ~ 2 5  
a~l ~ EC 60 days  ~2Te ~ 35.5 ~ 2 8  
~DY 1~ EC 144 days  6~Tb 1so 58 ~46 ,  ~ 6 . 7  
~ W  1~ EC 140 days  ~sTa ls~ W e a k  ~58 ,  ~ 1 1  
~gAu 1~ EC 183 days  7sPt 1~ 31, 99, 129,211 ~68 ,  ~ 1 0  
~ Co  ~7 EC 270 d a y s  ~ F e  ~7 14, 122, 136 6.5 
~ S r ~  EC 64 days  sTRb ~ 514 13 
4sCd 109 E C  453 days  ~ A g  ~o~ 88 22 

* EC = e l ec t ron  cap tu re ,  IT  ~ internal  conversion.  

Table I. However,  in te rna l  conversion of the gamma 
ray may also take place, whereby the photon is ab-  
sorbed in ternal  to the atom with accompanying expul-  
sion of an electron, general ly from the K-  or L-shell. 

Holes in the deep inner  shells (K-  and L-shells)  of 
the daughter  atoms are produced both by the init ial  
electron capture and by subsequent  in terna l  conver-  
sion. Consequently, such radioisotope samples emit 
x-rays  characteristic of the daughter  element. Usual ly 
this x - r ay  emission is considerably more intense than 
the gamma- ray  emission. 

As an example, the decay scheme of 79Au 195 is de- 
picted in Fig. 2 (11). The gold isotope decays via elec- 
t ron capture to any one of three excited nuclear  states 
of 7spt195: Four  gamma rays at 31, 99, 129, and 211 keV 
are reported as a result  of t ransi t ions among these 
levels and to the ground state of Pt  195. However, the 
dominant  emission in the energy region above 10 keV 
is the characteristic K x - ray  emission of Pt  at N68 
keV. This K-shel l  emission can be separated into four 
components, K~I, K~2, K'~I and, K'/32 having intensi ty  
ratios 28:50:17:5 (10). The first  two at 65.1 and 66.8 
keV represent  electronic transi t ions from the L-shell  
to the hole in the K-shell ,  while in the last two, at 
75.7 and 77.8 keV, the electron originates in the M- 
or in the N-shell, respectively. There also are L-shel l  
emissions at about 10 keV, but  these low energy radia-  
tions can be effectively filtered out if desired. 

Amounts  ranging from 0.5 to 2 mc of the isotopes 
listed in Table I were obtained from commercial 
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Fig. 2. Decay scheme of the radioisotope, 79Au 195, resulting in 
emission of 31, 99, 129, and 211 keV gamma rays as well as 
x-rays characteristic of the daughter, 7sPt 195 isotope [after ref. 
( io)].  
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Fig. 3. Experimental arrangement used to measure x-ray re- 
sponse of phosphor screens. 

sources. 4 The isotopes were supplied in aqueous solu- 
tion. A portion of the solution was pipetted into a lead 
holder and evaporated to dryness. A cover was then  
glued over the holder to prevent  escape of radioactive 
mater ia l  while permit t ing passage of x- rays  and 
gamma-rays.  Beryl l ium foil (0.010 in. thick) was used 
for the low energy x-rays  from the Fe 55 sample, and 
0.003 in. a luminum foil was used in the other cases. 

The spectrum of the radiat ion from the mounted 
sources was examined using a Nuclear  Chicago scin- 
t i l lat ion counter with a NaI crystal as the scintillator, 
and a pulse height analyzer. In  this manne r  five sources 
were selected as yielding radiat ion in the range 25-135 
keV of sufficient spectral pur i ty  to war ran t  fur ther  
study. The selected sources were examined with a 
germanium detector and associated circuitry at sub- 
stantia]ly higher energy resolution. Taking the Au 195 
radioisotope source as an example, the Kal, Kc~2, K ' ~ I ,  

and K'~2 peaks of the Pt  daughter  were clearly re- 
solved, as well  as the weak v-rays at 98.5 and 129.4 
keV. Still weaker Pb x-rays, arr iving from the i r radia-  
tion of the lead holder, could also be discerned. The 
relative amplitudes of the K-shel l  components  were 
found to be in reasonable agreement  with the pub-  
lished values, and relat ive ampli tudes for the 7- ray  
pe~ks could also be determined. 

Characteristics of the five sources actual ly employed 
in our fur ther  experiments  are summarized in Table 
II. In  that table the K~I and K~2 peaks and also the 
K'~I and K'~2 peaks are lumped together and assigned 
an average energy and a total relative intensity.  

The Nuclear Chicago scinti l lat ion counter  was used 
to monitor  the total x - r ay  flux from each of the 
mounted sources. The fluxes were measured several 
times dur ing the course of the work and were found 
to decay in accordance with the known half- l ives of 
the radioisotopes. 

M e a s u r e m e n t  of X - ray  Response 
The exper imental  a r rangement  used for measure-  

ment  of phosphor x - r ay  response is shown in Fig. 3. 
The radiat ion from the radioisotope source passed 
through a thin 0.031 in. AI filter and a lead collimator 
before reaching the powder phosphor sample. The 
sample was contained in a holder with a glass bottom 
positioned on the input  window of an EMI 9558 photo- 
mult ipl ier  tube. All  parts of the enclosure about the 

4 D y ~  Au~a~, I'~m a n d  Sn  l~m were  o b t a i n e d  f r o m  N e w  E n g l a n d  
Nuc l ea r  Co rpo ra t i on ,  Bos ton ,  w h i l e  Fe  r~, Co sv, W lsl, and  Sr  s5 w e r e  
o b t a i n e d  f r o m  I n t e r n a t i o n a l  C h e m i c a l  and  Nuc l ea r  Corpo ra t ion ,  
Nuc l ea r  Sc ience  Div i s ion ,  P i t t s b u r g h .  

Table IL Characteristics of mounted x-ray sources 

D o m i n a n t  emissions a 
Isotope (keV) 

IL~ 27.3 (75), 31.3 (17), 35.5(8) 
Dy ~ '  44.1(78), 51.0(19), 58(3) 
W z~ 56.9 (79), 66.1 (21) 
AU 19n 66.0(71), 76.8(20), 99(9) 
Co ~7 122 (90), 136, (10) 

a The  n u m b e r s  in parentheses  refer to the relat ive  intensit ies  of 
the emiss ions .  
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collimator, sample, and photomult ipl ier  were black-  
ened to minimize effects of reflected light. 

Most of the phosphors investigated are available 
commercially. The samples were prepared by l ightly 
pressing the powder into one of several  holders which 
differed in depth. The screen weight was calculated 
from the diameter  of the holder and the weight of the 
powder. The same screens were preserved for mea-  
surement  of light t ransmission and of x - r ay  a t tenua-  
tion. 

Original ly it was thought that screens of more un i -  
form screen weight could be prepared by settling. 
However, it was found that  such screens tended to emit  
light preferent ia l ly  toward the glass plate on which 
they were settled, p resumably  because of particle size 
separation occurring dur ing the settl ing process. The 
use of settled screens was therefore abandoned. 

The basic exper imental  data obtained for each phos- 
phor were the photomult ipl ier  currents  for each source 
as a funct ion of phosphor screen weight. A quant i ty  
of greater interest  is the efficiency mr as defined in Eq. 
[1] and given in Eq. [10], i.e., the light energy emitted 
toward the photomult ipl ier  per uni t  x - r ay  energy in-  
cident on the phosphor screen. The incident x - r ay  
energy was calculated from the flux as measured with 
the scinti l lation counter  taking into account the domi-  
nant  emission energies from each source and their rel-  
ative intensit ies (see Table II) ,  and also the solid 
angles from the source subtended by the sample and 
by the counter. No corrections for a t tenuat ion by A1 
filter or by the A1 can sur rounding  the scinti l lation 
crystal were required since the A1 thicknesses were 
the same. (The A1 filter served the addit ional  useful  
purpose that  it effectively removed low energy x- rays  
such as M-shell  emissions at ~10 keV from the Au 19~ 
source.) 

To convert  the photomult ipl ier  current  readings to 
the desired values of light energy output, it was neces- 
sary to calibrate the sensit ivi ty of the photomult ipl ier  
to the light emitted by each phosphor. This was ac- 
complished by measur ing the light output  under  
cathode-ray excitation both with the photomult ipl ier  
and with a thermopile which gives a reading propor-  
t ional to emitted light energy independent  of wave-  
length. The photomult ipl ier  readings had previously 
been calibrated in terms of emitted light energy (12). 
For determinat ion of the photomult ipl ier  sensit ivi ty 
it was also necessary to compute the fraction of the 
emitted light gathered by the photomultiplier,  tak ing  
Lambert ' s  law into account. 

A correction to the photomult ip l ier  sensit ivi ty was 
required because in the measurement  of x - r ay  response 
the light is diffusely incident  on the face plate, and 
may also undergo mul t ip le  reflections between the tube 
and the phosphor plaque. To estimate this basically 
geometrical correction readings were taken both with 
the a r rangement  of Fig. 3 and with the photomult ipl ier  
lowered to match the geometry used for cathode-ray 
excitation. The computed correction amounted to 20%. 

Direct excitation of the photomult ipl ier  by  the 
sources proved to be negligible. 

X-ray Cross Sections 
A recent  tabula t ion of x - r ay  cross sections of the 

elements is that  of Storm and Israel  (13). Of pr ime 
impor tance  to x - r ay  efficiency is the total energy-  
absorption cross section. This cross section, labeled 
( ~ / P ) t o t , e n ,  w a s  plotted as a funct ion of energy for 
selected elements. Values at the dominant  emission 
energies of each radioisotope source were estimated 
by interpolat ion and are given for several of these 
energies in Table III. Also listed in that  table for con- 
venient  reference is the energy of the K-shel l  absorp- 
tion edge (13). As the x - r ay  energy falls below the 
absorption edge for a shell, there is a sharp drop in the 
energy-absorpt ion cross section, corresponding to the 
inabi l i ty  of lower energy photons to supply enough 
energy to ionize an electron from that  shell. 

Table III. Energy absorption coefficients and the K-shell 
absorption edge of selected elements 

p,' in cmS/g 

A t o m i c  E le -  ~27.3 44.1 56.9 66.0 122'  Kedge 
N u m b e r  m e n t  k e V  k e V  k e V  k e V  k e V  (keV)  

8 O 0.22 0.05 0.033 0.027 0.023 
16 S 2.3 0.52 0.24 0.16 0.04 2.5 
20 Ca  4.5 1.1 0.50 0.32 0.07 4.0 
30 Z n  13.0 3.5 1.67 1.13 0.20 9.7 
48 Cd 18.5 8.5 4.6 3.25 0.66 26.7 
53 I 9.3 8.4 4.9 3.6 0.84 33.2 
55 Cs  10.5 8.4 5.2 3.8 0.9 35.9 
64 G d  17.2 4.6 5.2 4.25 1.25 50.2 
74 W 24.5 7.3 3.65 2.35 1.47 69.5 

Table IV. Energy absorption coefficients/~', in units of cm2/g, at 
selected emission energies of the radioisotope sources 

• E n e r g y  
(keY)  

P h o s p h o r  27.3 44.1 56.9 66.0 122.0 

Zno.esCdo.~_-S 11.47 3.2 2.13 1.48 0.29 
CaWO4 16.35 4.84 2.41 1.56 0.94 
Z n O  10.48 2.82 1.35 0.91 0.16 
Od~Oa 14.94 3.99 4.51 3.69 1.09 
C s I  9.91 6.40 5.05 3.70 0.87 

Energy-absorpt ion cross sections of phosphors are 
readily calculated from the cross sections of their  con- 
s t i tuent  elements. If ~'i is the coefficient of an element  
having an atomic weight Ai, then the cross section ~'c 
of a compound of molecular  weight c is given by 

AI 
~'c----- ~1 c ~'i [11] 

Energy-absorpt ion cross sections of several phos- 
phors, calculated from Table III  and Eq. [11], are 
listed in Table IV. 

With the apparatus available to us it was not con- 
venient  to a t tempt  a direct measurement  of the total 
energy-absorpt ion cross section. However, measure-  
ments  were made of the a t tenuat ion  of the flux from 
the different sources produced by interposing phosphor 
screens between the source and the scinti l lat ion crys- 
tal. Values were thereby obtained for the nar row beam 
total cross section, labeled ( / ~ / p ) t o t , t  by Storm and 
Israel. Each x - r ay  energy emitted by  a source is 
characterized by its own cross section, and the mea-  
surement  yields the average cross section provided 
the total a t tenuat ion is small. 

The ratio between the measured and calculated aver-  
age total  cross section for different phosphors and 
sources is displayed in Fig. 4. The closeness of the 
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Fig. 4. Ratio of experimental and calculated values of the 
overage total x-roy cross section of different phosphors. Calculated 
values were computed from the phosphor composition using 
( / ~ / P ) t o t , t  of ref. (13) taking into account the x-ray spectrum of the 
sources. 
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ratio to 1 tends to substant iate  both our characteriza- 
tion of the radioisotope sources and the accuracy of 
the (~/p) values computed for the different phosphors. 
The tendency for the ratio to fall below 1 may reflect 
insufficient collimation. 

Conversion of X-ray Energy into Light Energy 
A factor of pr ime importance to the  x - ray  efficiency 

of a phosphor is the efficiency with which it converts 
absorbed x - r ay  energy to light energy. In  the region 
of present concern, 25-135 keV, the photoelectric proc- 
ess dominates x - r ay  energy absorption (13). In the 
photoelectric process the x - ray  photon ionizes an 
electron from a deep inner  shell, the excess of the 
photon energy over the ionization energy going to 
kinetic energy of an electron. We would therefore like 
to know the efficiency with which both the electron 
kinetic energy and the energy of the hole in the inner  
shell are converted to light energy. 

In discussing the conversion of x - r ay  energy to light, 
Klasens and de Greet  (3) made the assumption that  
only the electron kinetic energy is utilized. This as- 
sumption implies that the conversion efficiency in a 
compound such as NaI wil l  have a s t r iking dependence 
on x - r ay  photon energy. In  particular,  as the energy 
increases through the K-shel l  absorption edge of I at 
33.2 keV, the conversion efficiency would be expected 
to drop by about a factor of two (the ratio of the 
energy absorption above the edge to that below the 
edge). Otherwise stated, the increase in energy absorp- 
t ion at the edge contr ibutes nothing to the light out-  
put, since it represents the energy of holes in the K-  
shell. 

Collinson and Hill (14) and more recently Ai tken 
et al. (15) have studied the efficiency of NaI(T1) and 
other scinti l lat ion crystals over a broad range of x - r ay  
energies including the K-shel l  edge of I. They find 
fractional  variat ions in efficiency of only a few per 
cent in the neighborhood of the K-shel l  edge. Collinson 
and Hill suggest that  the energy of holes is either re-  
radiated or is channeled via Auger  transi t ions into 
electron kinetic energy. The observed efficiency var i -  
ations are a t t r ibuted to a dependence of efficiency on 
electron energy and on excitation density. Thus, they 
equate the efficiency under  x - r ay  excitation to an effi- 
ciency for conversion of electron kinetic energy to 
light, which is the cathode-ray efficiency. 

It appears reasonable to use the cathode-ray effi- 
ciency as an estimate to the efficiency with which a 
powder phosphor converts  absorbed x - r ay  photons to 
light. Accordingly, we have measured the cathode-ray 
efficiency of phosphors of interest  by a technique de- 
scribed previously (12). The values thereby obtained 
represent the intrinsic efficiency as diminished by light 
absorption wi th in  the settled plaque. The intrinsic 
efficiency, which is of present  interest, was estimated 
by  correcting the measured values by the factor 
2 / (1 - t -Rp ) ,  where Rp is the plaque refiectivity (16). 
Results are listed in Table V. 

Table V. Cathode-ray efficiency and light transmission 
parameters of phosphors 

Phosphor Designat ion ~cr (A) ~ (cm2/g)  

( Z n C d ) S : A g  d u  P o n t  1200 0.211 5400 0.04 5.6 
(7.nCd) S : A g  118-3-22 a 0.239 5400 0.015 20.0 

(TV g r e e n )  
C a W O ~ : P b  N B S  1026 b 0.041 4250 0.046 20.0 
Z n O  R C A  33-2-613A 0.121~ 5400 0.052 16.0 
G d 2 0 ~ : E u  1327-313 a 0.115 5400 0.005 12.3 
Cs I :T1  0.137 5400 0.02 5.6 

a O b t a i n e d  f r o m  t h e  G e n e r a l  E l ec t r i c  C o m p a n y ,  C h e m i c a l  P r o d u c t s  
B u s i n e s s  Sec t i on ,  C l e v e l a n d ,  Ohio. 

b O b t a i n e d  f r o m  t h e  N a t i o n a l  B u r e a u  of S t a n d a r d s .  
I n  t h e  c a s e  of  Z n O  a 10% c o r r e c t i o n  w a s  a p p l i e d  to the e f f i c i ency  

as  m e a s u r e d  a t  10 k V  to t a k e  in to  a c c o u n t  s u r f a c e  losses  ( Z n O  h a s  
an unusually high dead voltage) (16). 

Optical Properties of the Phosphor Screens 
The parameters  ~ and ~ (or a l ternat ively  a and s) 

describing the absorption and scattering of l ight in a 
powder phosphor can be deduced from a study of 
screen reflection and transmission. Consider Eq. [4] 
and [5] with No = 0 (no x - r a y  excitation) and with a 
light beam of in tens i ty  Io incident  from the left of Fig. 
l. Then the app rop r i a t e  boundary  conditions are 

I (0)  = t l l o  + rlJ(O) [12] 

J ( W )  = r2I (W)  [13] 

and the fraction of the light t ransmit ted  is (1) 

It t2I (W)  

Io Io 
ptlt2(1 + pl) (1 + p~) 

= [14] 
(pl + ~) (p2 + ~)e aW -- (m -- ~) (p2-- ~)e  -aW 

Similar ly  for tl = 1 the reflectivity R~ of a phosphor 
layer which is so thick that  t ransmission through it is 
negligible is given by  (1) 

J (0)  1 -- 
Re ---- -- - -  [15] 

Io 1 +  

Measurements of light t ransmission were made on 
the same samples that  were examined under  x - r ay  ex- 
citation. In one exper imental  a r rangement  light from 
a tungsten  bulb was passed through color glass filters 
to select the wavelength  region of interest. It was then 
focused through a window into an integrat ing sphere. 
The light in tensi ty  in the sphere was measured with 
the phosphor screen positioned in the window first so 
it did not and then so it did intercept  the incident  
light beam. Data were thus acquired on It/Io as a func-  
t ion of W. To determine R~, the light was focused 
through a window in the sphere onto a window on the 
opposite end of a sphere diameter.  Successive br ight-  
ness meter  readings were taken from the far window 
blocked with a thick phosphor screen and with a thick 
reference screen of BaSe4. G r u m  and Luckey (17) 
have shown that  the reflectivity of BaSe4 is very 
close to uni ty  in the visible. Thus, the ratio of the two 
readings was taken to be R| 

The parameter  ~ was calculated from the relation 
fl = (1 -- R~)/(1 + R~). The quant i ty  �9 was deter-  
mined by matching the exper imental  t ransmissivi ty  
values to [14] using tl = 0.92, pl = 0.85, t2 = p2 = 1, 
and ~ as determined above. Values are summarized in 
Table V. 

Using the integrat ing sphere the t ransmission of the 
glass holders in which the phosphors were pressed was 
measured to be 0.92. Thus we assume t2 ---- 0.92 and 
p2 = 0.85 in [8], while t~ and pl were taken equal to 
one (the surroundings  were blackened).  

Comparison of X-ray Efficiency with 
Hamaker's Formula 

We now are in a position to compare the x - r ay  effi- 
ciency of a series of phosphors with predictions based 
on other phosphor parameters.  For example, the effi- 
ciency of a (ZnCd)S :Ag  phosphor as a funct ion of 
phosphor screen weight is summarized in Fig. 5 for 
each of the five radioisotope sources. The exper imental  
points are the phosphor light output, as measured by 
the photomultiplier,  divided by the photomult ipl ier  
sensit ivity to the emit ted spectrum and by the in-  
cident x - r ay  energy flux. The theoretical curves rep-  
resent the efficiency Tlr as given by Eq. [10] with ap- 
propriate values for the parameters  Noi, Ei, and ~'(Ei) 
(see, e.g., Table II and IV), me, fl, and r Csee Table V), 
and pl, p2, and t2 (see Section on Optical Propert ies of 
the Phosphor Screens).  For simplicity each curve is 
labeled with the average x - ray  energy and average ~' 
for the source in question. The labels 29, 46, 59, 71, and 
123 keV refer to the sources 1125, Dy 159, W TM, A u  195, 

and Co 57, respectively. The efficiency of other phos- 
phors is summarized in  Fig. 6-10. 
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Fig. 5. X-ray efficiency of (ZnCd)S:Ag (du Pont |200 phosphor) 
screens as a function of screen weight for different radioisotope 
sources. The experimental points represent photomultiplier readings 
normalized by dividing them by the product of the photomultiplier 
sensitivity and the incident x-ray energy. The solid lines are the 
theoretical efficiencies ~h, (see text and Eq. [8]  and [10] )  with 
~c, or, and fl as given for du Pont 1200 in Table V. 
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Fig. 6. X-ray efficiency of (ZnCd)S:Ag (TV green phosphor) 

Discussion and Conclusions 
The agreement between the experimentally deter- 

mined phosphor efficiency and the theoretical curves is 
good for du Pont  1200 (ZnCd)S :Ag  and Gd~Os:Eu 
(Fig. 5 and 9). It  would be good for CaWO4:Pb (Fig. 
7) and much improved for the TV green (ZnCd)S :Ag  
(Fig. 6) if one assumed 6 ---- 30 cm2/g in each case 
ra ther  than  the measured values of 20 cm2/g. Since the 
measured values of z and ~ are quite sensitive to wave-  
length for CaWO4:Pb and (ZnCd)S, a 50% error in 

is not unreasonable.  For ZnO and CsI:T1 the ex- 

f I I t 
o 29keY 

I.O ,, 46keV 
59keV 
71 keV 

�9 123keV ~ [ F o 

/ / ,.7 

. , ~ 123 0.95 

O0 , I , 0.05 O.t 0.15 0 2  
SCREEN WEIGHT (g/cm 2) 

Fig. 7. X-ray efficiency of CaWO4:Pb (National Bureau of 
Standards No. 1026 phosphor). 
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Fig, 8. X-ray efficiency of ZnO (ACA 33-2-613A phosphor) 

per imenta l  points tend to lie above the calculated 
curves. 

To fur ther  explore the agreement  between experi-  
ment  and theory, apart  from errors associated with 
t ransmission losses, the ratio (~r)expt/(~r)calo was com- 
puted for the lowest screen weight of each phosphor 
studied. (Transmission losses are smallest at the low- 
est screen weight.) As shown in Fig. 11, this ratio de- 
parts from one by amounts  as large as about ___30%. In  
most cases the ratio for a given phosphor shows a 
smaller scatter as the source is changed. The departure 
of the ratio from one would be reduced for CaWO4 and 
the TV green phosphor if ~ ---- 30 cm2/g had been used 
to compute (~r) calc- 

Errors in the photomult ipl ier  current  readings, the 
photomult ipl ier  sensit ivi ty to the emitted radiation,  
the flux from the radioactive sources, the fraction of 
the flux incident on the sample, and the phosphor 
screen weight all affect (~r)me~s. Similarly,  errors in 
the energy-absorpt ion cross sections, ca thode-ray effi- 
ciency, and optical parameters  affect (~)talc. The scat- 
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Fig. 11, Comparison of experimental end calculated values of 
~lr at low phosphor weight (see Fig. 5-10). 

ter  of ___30% m a y  represen t  the  composite  of er rors  of 
5-10% in half  a dozen or so different  measurements .  
Note tha t  no ad jus tab le  pa rame te r s  have been em-  
ployed.  
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The genera l ly  good agreement  be tween  exper imen t  
and theory  is evidence tha t  the  convers ion efficiency 
for absorbed  x - r a y  energy  to l ight  energy  is at least  
app rox ima te ly  equal  to the  ca thode - r ay  efficiency. 
Suppose, for  example ,  only  the energy of the  fast  elec- 
t ron  t rea ted  on x - r a y  absorpt ion were  u t i l ized [with 
the  ca thode - r ay  efficiency as assumed b y  Klasens  and 
de Groot  (3)] .  Then there  would  be a sharp drop in 
conversion efficiency and in x - r a y  response  as one in-  
creased the x - r a y  energy  th rough  the K-she l l  absorp-  
t ion edge of the heavy  e lement  responsible  for the  
bu lk  of the  x - r a y  absorpt ion  b y  the  screen. Fo r  ex -  
ample,  one would  ant ic ipate  a sharp  drop in the  re -  
sponse of Gd203:Eu screens be tween  46 and 59 keV, 
associated wi th  the K - she l l  edge of Gd at  50.2 eV. No 
such drop is observed.  

The resul ts  of th is  pape r  lead us to be l ieve  tha t  
Hamake r ' s  fo rmulas  [8] and [9] can be used together  
wi th  phosphor  pa rame te r s  such as the ca thode - r ay  
efficiency to provide  a guide to the x - r a y  response to 
be expected under  a wide range  of exper imen ta l  con- 
ditions. 

In selecting a powder  phosphor  for efficient x - r a y  
detection,  one obviously  must  optimize the th ree  fac-  
tors  ~a, nc, and ~t of Eq. [1]. Our  s tudy points  to CsI:T1 
and (ZnCd)S:  Ag as outs tanding candidates .  CsI: T1 has 
high x - r a y  absorpt ion  and high ca thode - r ay  efficiency 
toge ther  wi th  good l ight  t ransmiss ion up to subs tant ia l  
screen weights.  ( Z n C d ) S : A g  has a lower  x - r a y  ab-  
sorpt ion but  st i l l  h igher  ca thode - r ay  efficiency. The 
f ine-gra ined (ZnCd)S  used as a TV green phosphor  is 
infer ior  to the coarse -gra ined  phosphor  produced  for 
x - r a y  detect ion in its t ransmiss ion of the  emi t ted  l ight  
(c.f., Fig. 5 and 6), pa r t i cu l a r ly  at the  h igher  screen 

weights.  
I t  is of in teres t  to consider  to wha t  ex ten t  a different  

x - r a y  efficiency would  be  obta ined for a given phos-  
phor  composit ion using a different  phosphor  lot  or a 
different  technique of screen prepara t ion .  Of the  three  
factors in Eq. [1], the  x - r a y  absorpt ion would  be 
affected the  least, since it is de te rmined  solely by  the 
phosphor  composit ion and screen weight.  The cathode-  
r a y  efficiency wi l l  va ry  somewhat  wi th  p repa ra t ive  
techniques,  but  usua l ly  not b y  more  than  20-30%. The 
t ransmiss ion efficiency wil l  depend  on the gra in  size of 
the phosphor,  on how t igh t ly  the grains  are packed,  
and on the b inder  employed.  The var ia t ion  wil l  be 
grea te r  where  the  t ransmiss ion is less, viz., at the 
h igher  screen weights.  Once again  Fig. 5 and 6 demon-  
s t ra te  the  k ind  of var ia t ion  in x - r a y  efficiency which 
m a y  be ant ic ipated.  
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ABSTRACT 

The electronic states of Mn 2+ are  der ived  f rom exci ta t ion  spect ra  for 
e ight  o r ange - to - r ed  emit t ing phosphors:  (i) ZnF2:Mn, (ii) ZnS:Mn,  (iii) 
Zn~(PO4)2:Mn, (iv) CaSiO3:Pb,Mn, (v) CdSiO3:Mn, (vi) CdloC12(PO4)6:Mn, 
(vii) CaloF1.sClo.2(PO4)6:Sb,Mn, and (viii) SrloFl.sClo.2(PO4)6:Sb,Mn. Al l  
e ight  phosphors  show complete  spl i t t ing of at least  one electronic level.  The 
observed spl i t t ings  are  compared  to the expected spl i t t ings  f rom crys ta l  field 
theory.  New assignments  of the ZnS: Mn levels are  given. 

We gave in P a r t  I (1) a descr ipt ion of the electronic 
energy levels  of five green-emi t t ing ,  Mn2+-ac t iva ted  
phosphors.  Here we consider  Mn2+-ac t iva ted  phos-  
phors  wi th  o r ange - to - r ed  emission. We give below 
exci ta t ion  and emission spectra  for: (i) ZnF2:Mn, 
(ii) ZnS:Mn,  (iii) Zn~(PO4)2:Mn, (iv) CaSiO~:Pb,Mn, 
(v) CdSiO3: Mn, (vi) Cdl0C12 (PO4) 6: Mn, (vii) 
Ca10Fl.sC10.2(PO4)6:Sb,Mn, and (viii) Sr10Fl.sClo.2- 
(PO4)6:Sb,Mn. Level  ass ignments  are  made  and com-  
pared  wi th  prev ious ly  repor ted  resul ts  where  possible. 

The Mn 2+ levels in o rde r  of increas ing energy  in 
an oc tahedra l  c rys ta l  field are  given by  Orgel  (2) as 
6 A l g ( 6 S ) ,  4 T I g ( 4 G ) ,  4 T 2 g ( 4 G ) ,  4 A l g - 4 E g ( 4 G ) ,  4 T 2 g ( 4 D ) ,  

4Eg(4D), 4Tlg(4P), etc., where  A, E, and T refer  to sin- 
gle, double,  and t r ip le  orb i ta l  degeneracies;  the f ree-  
ion- level  origins a re  given in parentheses .  In Table I, 
we list the crys ta l  classes of the eight  phosphors,  the 
expected site s y m m e t r y  for Mn 2+, and the m a x i m u m  
orbi ta l  degeneracy  a l lowed in the  given site symmet ry .  
We cite, also, the  appropr ia te  references.  

The energy level  s t ruc ture  of Z n S : M n  is the sub-  
ject  of a number  of works.  Bube (11) gives exci ta t ion 
and absorpt ion spectra  for  ZnS:0.01Mn. Ford  et al. 
(15) give absorpt ion  spectra  for ZnS:0.1Mn. Curie 

* E lec t rochemica l  Socie ty  Act ive  Member .  
K e y  words:  Phosphors,  luminescence ,  m a n g a n e s e ,  c rys t a l  field. 

(16) comments  on the  reduct ion  of the  t e t r ahedra l  
site s y m m e t r y  of Mn 2+ if  C1- is in t roduced in the  
ZnS lattice, and in his tex t  gives a summa ry  of ab-  
sorpt ion measurements  on this system. McClure  (12), 
Rysk in  et al. (13), and Langer  and Ibuki  (14) note 
fine s t ruc ture  in the  absorpt ion  spect ra  of single 
crys ta ls  of ZnS:Mn;  al l  th ree  authors  place the 4A, 
4E(~G) level  at  about  21,600 cm -1. Mehra  (38), in a 
recent  note, also follows this ass ignment  in his fit 
of McClure 's  observed levels.  

Nar i ta  (33) ca lcula ted  the energy  levels  of Mn ~+ 
for the  C3 site in calcium fluorophosphate wi th  change 
in la t t ice  constant.  Johnson (35) repor ts  emission 
f rom both sites in the calcium halophosphates  and 
notes that  the  d is t r ibut ion  of Mn 2+ be tween  the two 
sites is a funct ion of the ha l ide  ratio.  Ryan  et al. (39) 
give the  opt ical  p roper t ies  of calcium f luorophosphate  
single crystals,  g iving spectra  of Mn 2+ in the  C3 and 
Cs sites. They  also repor t  emission f rom a "modified" 
Cs site. No deta i led  level  assignments  a re  given. Kon-  
s tan t inova-Schlez inger  and K a b a k o v a  (34) gave ex -  
c i ta t ion spectra  for Mn 2 + red  emit ters .  For  
Zn3 (PO4)2: Mn they  place the most  in tense  band  at  417 
nm and show three  addi t iona l  exci ta t ion bands  at  
longer  wavelength .  

Table I. Crystal class, site symmetry, and permitted degeneracy 
for Mn2+-activated phosphors 

Site 
Phosphor Crystal class symmetry Permitted degeneracy References 

ZnF2 Te t r agona l  D~h Double  3-5 
CdloCls(PODe H e x a g o n a l  C3 a n d  C,  Double  a n d  single 6-9 
ZnS H e x a g o n a l  Ta Tr iple  10-16 
CaloF~.sCIo.2(POD~ H e x a g o n a l  Cs a n d  C, Double  a n d  s ingle  17-21 
SrloFl.sCl0.s(PO4)a H e x a g o n a l  Ca a n d  C,  Double  a n d  s ingle  19, 22 
CaSiOs Tricl inic  Cx Single  23-27 
CdSiOs Monocl in ic  - -  Single  28, 29 
Zr~ (PO4) ~ Te t r agona l  - -  Double  30, 31, 33 
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Fig. 1. Excitation spectrum of ZnF2:O.O3Mn, liquid-N2 tempera: 
ture. 

Experimental Procedures 
Procedures  for measu remen t  of exci ta t ion  and emis-  

sion spect ra  have  been  given in P a r t  I (1). Samples  
were  p r e p a r e d  by  the usual  so l id-s ta te  phosphor  
synthesis.  P r epa ra t i ve  techniques are  we l l -documen ted  
in the  l i t e r a tu re  and are  ci ted in Table  I. A l l  phos-  
phors  considered here  ave commerc ia l ly  ava i lab le  m a -  
terials .  

Experimental Results and Discussion 
ZnF~:0.03 M n . - - W e  use the  ZnF2:Mn exci ta t ion  spec-  

t rum, given in Fig. 1, as a guide for the level  assign-  
ments.  The sharp  t r ip le t  s t ruc tu re  at  about  395 nm is 
assigned as the  4.4,, 4E(4G) level,  the t r ip le t  indica t ive  
of complete  orb i ta l  sp l i t t ing  of the level.  S tout  (36) 
places the 4A(4G) level  of MnF2 at  25,180 c m - l ;  
he assigns the  incomple te ly  resolved s t ruc ture  at  
25,500 cm-~  to the  4E(4G) level.  We assume here  tha t  
the s t rongest  exci ta t ion  band in the  ZnFm at  398.2 nm 
(25,113 cm-1 ) ,  is the 4A (4G) level.  The t r ip le t  at  
about  350 nm is assigned as the  spl i t  4T~(4D) level ;  
the  double t  at about  330 nm is assigned as the  spli t  
4E(4D) level.  We would  expect  six exci ta t ion bands  
ly ing  be low the 4A(4G) level  as a resul t  of complete  
spl i t t ing of the 4T2 (4G) and 4T~ (4G) levels. Only  th ree  
of these appea r  resolved,  a l though the  shapes of the  
bands  at  about  430 and 510 nm suggest  the  presence 
of addi t ional  over lapp ing  bands. 

F rom the ba rycen te r s  of the  4E(4G) and the 4E(4D) 
levels, we computed  values  of the  Racah pa rame te r s  
B and C, using the Tanabe  and Sugano 4r 3 mat r ix ,  
which is independen t  of the crys ta l  field s trength.  The 
resul ts  a re  given in Fig. 2. A crys ta l  field s t rength  
(10 Dq) of 9300 cm-~  gives a reasonable  fit to the b a r y -  

centers  of the ZnF2: Mn levels. Al though  in the  ca lcu-  
lat ions the  assumpt ion of  an oc tahedra l  field is a poor  
approx ima t ion  to the  ac tua l  field ( lower  than  octa-  
hedra l ) ,  the  calcula ted values  for the  ba rycen te r s  of 
the  4T levels  a re  in reasonable  agreement  wi th  the  ob-  
servations.  Table  II  offers a comparison of our  values  
wi th  those repor ted  in the l i tera ture .  

CdIoC12(PO4)6:0.06 M n . - - C a d m i u m  chlorophosphate  
exhibi ts  more  resolved s t ruc ture  in exci ta t ion  than  
does the  ZnF2. F igure  3 gives the  exci ta t ion  spectrum. 
Aga in  we a t t r ibu te  the sharp  bands  at  about  405 nm to 
spl i t t ing of the  4A, 4E(4G) level. Whi le  only th ree  

Table II. Values of B, C, and 10 Dq in cm - t  for Mn 2+ systems 

S y s t e m  ]B C 1 0  Dq lqeference 

ZnF~:Mn 698 3678 9300 This  w o r k  
MnF2 9SO 3280 7800 35 
KCI.  MnC12.2H20 800 3200 8000 36 
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Fig. 2. Calculated energy level diagram based on position of the 
4E levels in ZnF2:O.O3Mn, for B = 698 crn-1 and C = 3678 cm -1.  
Level positions shown for: I, ZnF2:Mn; 2, ZnS:Mn; 3, 
CaloFI.sCIo.2(P04)6 :Sb, Mn. 
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Fig. 3. Excitation spectrum of CdloCl2(PO4)6:O.O6Mn, liquid-N2 
temperature. 

bands are  expected  for complete  orb i ta l  spli t t ing,  we 
observe  four  bands  at  403.2, 405.4, 407.3, and  410.2 
nm. There  is also an indicat ion of an unresolved band 
be tween  the 405.4 and 407.3 nm bands. The six bands 
at  longer  wave leng th  are  assigned to complete  spl i t -  
t ing of the 4T2(4G) and 4Tl(4G) levels;  the t r ip le t  at  
about  360 nm is assigned as the spl i t  4T2 (4D) level;  the  
double t  at  about  340 nm is assigned as the  spli t  4E (4D) 
level.  The broad band  at  about  370 nm, as wel l  as the 
addi t iona l  levels observed in the  4A, 4E(4G) level  
s t ruc ture  cannot  be assigned unequivocal ly .  Severa l  
possibi l i t ies  exist :  first, the re  a re  two possible  sites 
for Mn 2+ in the apat i te  la t t ice  (wi th  C3 and Cs sym-  
me t ry )  and if fluorescence occurs f rom both sites, 
we could expect  addi t ional  s t ruc ture  in the  exc i ta -  
t ion spec t rum;  second, t rans i t ions  f rom the 2T2(2I) 
level  can in t roduce  addi t ional  s t ructure ;  and third,  
sp in-orb i t  coupl ing could produce  addi t ional  spli t t ings.  
Exper imenta l ly ,  no definit ive p rocedure  is ava i lab le  
for  d i f ferent ia t ing among these possibil i t ies.  The  s t ruc-  
ture  observed,  however ,  requi res  a Mn ~+ site sym-  
m e t r y  lower  than  Ca if  emission or ig inates  on ly  f rom 
the  Ca site. 

Z n S : M n . - - F o r  Z n S : M n  we first note a p rev ious ly  
un repor t ed  exci ta t ion  band  at  about  410 nm. F igure  4 
gives exci ta t ion spectra,  measu red  at  room t empe r -  
ature,  for  1, 2, and 5% Mn concentrat ions.  The in ten-  
s i ty  of the  410 nm band  is seen to increase  wi th  in-  
c reas ing  Mn concentrat ion.  The  five bands  shown we 
assign as components  of the  4T2(4G) and 4Tl(4G) 
levels.  We would  expect  s ix bands  here  for  comple te  
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Fig. 4. Excitation spectra at room temperature for: 1, ZnS:O.01 
Mn; 2, ZnS:O.02 Mn; 3, ZnS:O.05 Mn. 
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Excitation spectrum for ZnS:O.O08 Mn, liquid-He tern- 

spli t t ing of the two T levels. We were unable  to re-  
solve the sixth band. 

Figure 5 gives the excitation spectrum for ZnS:0.008 
Mn, measured at l iquid-He temperature,  for the region 
from 360 to 450 nm. The triplet  s t ructure  at about  390 
nm we at t r ibute  to spli t t ing of the 4A, 4E(4G) level. 
This ass ignment  differs with the assignments given 
by  McClure (12), Langer  and Ibuki  (14), Rysldn et aL 
(13), and Mehra (38). These authors assume te t ra-  
hedral  symmet ry  of Mn ~+ obtains;  no spli t t ing of 
degenerate E and T levels is expected for this sym- 
metry.  However, the s imilari ty of the Z n S : M n  spec- 
t rum to the ZnF2:Mn and Cdt0C12(PO4)6:Mn spectra, 
and in fact, as is developed below, the similari t ies in  
the spectra of all eight phosphors leaves little doubt 
that  the 4A, ~E(4G) level is found in the region from 
390 to 410 nm. Curie (16) has suggested that  subst i tu-  
t ion of C1- for S 2- would lower the Mn 2+ site sym- 
met ry  from Td to C8. We find, however, that  s imilar  
split t ings are observed in chloride-free samples. We 
conclude that  subst i tut ion of Mn 2+ for Zn 2+ is suffi- 
cient to distort the normal  Td site symmetry.  

The vibra t ional  fine structure,  reported by McClure 
(1~.), Langer  and Ibuki  (14), and Ryskin et el. (13), 
observed in the absorption mode is also observed in  
the excitat ion mode. We do not ,observe all the de- 
tailed s t ructure  reported by Langer  and Ibuki  (14); 
our results more near ly  paral le l  those of McClure (12) 

Table III. Fine structure observed in the ZnS:Mn 
460 nm absorption band (in cm - I )  

This work McCIure (12) Ryskin et u[. (13) 

21,327 21,35"/ 21,345 
21,427 21,435 21,418 
21,519 21,550 21,519 
21,620 21,620 21,630 
21,706 21fl24 21,'~25 
21,810 21,824 21,819 
21.915 --  21,915' 

and Ryskin et aZ. (13), Table I I I  lists the observed 
fine s tructure compared wi th  McClure's and Ryskin 's  
values. 

CaloF1.sC1o.2 (PO~) 6: 0.08Sb, 0.12Mn.--Johnson (35) 
has noted Mn 2+ emission from both sites (C3 and Cs) 
in the apatite lattice. Our measurements  of excitat ion 
spectra, while indicat ing more s tructure than  is ex-  
pected from a site with C~ symmetry,  do not  show all 
the s tructure consistent with emission from both sites. 
This presumes, of course, that  there is no overlapping 
of band positions, Le., all bands can be resolved. 

Figure 6 gives the excitation spectrum for the 400 
to 540 nm region and Fig. 7 gives it for the 300 to 380 
nm region. The bands at about 400 and 404 nm we 
assign to the 4A, 4E(4G) level  and the five bands at 
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Fig. 6. Excitation spectrum for CaloF1.sC o.2(PO4)6:O.OSSb, 0.12 
Mn, liquid-N2 temperature. 
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Fig. 7. Excitation spectra at liquid-N2 temperature for: 1, 
CdSi03:0.03 Mn ;  2, CaSi03:0.O08 Pb, 0.07 Mn;  3, CaloFLsCIo..2 
(P04)6:0.08 Sb, 0.12 Mn; 4, SrloFl.sCIo.2(P04)6:0.08 Sb, 0.08 Mn. 
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longer wavelength  to the split  4T~(4G) and 4T1(4G) 
levels. The bands at 375 and 387 nm we leave unas-  
signed; these may  originate from the 2T2 @I) level. 
The bands at 349, 359, and 364 nm we assign as com- 
ponents of the 4T2(4D) level. The weak structure ob- 
served in  the region of 320 n m  we assign as the 4T1 (4D) 
level. 

Our choice of assignment  of the band  at 404 nm 
warrants  some comment.  It  could be argued that  
the band  is the third component of the split 4T2(4G) 
level. Our method, following Orgel, is to assign the 
sharpest and strongest excitation band as the 4A(4G) 
level. There seems little question of the val idi ty 
of the method for the assignments in ZnF2, ZnS, 
Cd10C12(PO4)6, and in the phosphors cited in Par t  I 
(1). Whether  the assignment  is correct in all cases, 
however, is not resolvable in the light of existing data. 

The recent work of Ryan  et al. (39) with single 
crystals of calcium fluorophosphate is a case in point. 
Their absorption spectra for the C3 site suggests 
band  at about 510 nm. They do not observe the band 
in  the excitat ion mode. As noted above, we assign a 
level at 517 nm as the third component  of the 4T1 (4G) 
level; our assignments of the remain ing  two compo- 
nents  of this level correspond to the levels observed 
by Ryan et al. at 487 and 461 nm. Their  observation 
of addit ional  s t ructure in the 4T2(4G) and the 4A, 
4E(4G) levels suggests complete spli t t ing of these 
levels, indicative of a site symmetry  lower than C3, if 
we at t r ibute  the observed bands to simple orbital 
splittings. We would assign their  level at 403.7 nm as 
the 4A(4G) based on the nar row band width, in cor- 
respondence with our observed level at 403.8 nm. 

For the Cs site symmetry,  Ryan et al. observe a less- 
s tructured excitation spectrum than is observed for the 
C~ site. In  particular,  a sharp band at 400.9 nm could 
be assigned as the 4A, 4E(4G) level .  If so, then the 
band we observe at 400.5 nm may arise from the C~ 
site. In  all, al though no completely definitive assign- 
ments  can be made for all the observed levels, except 
possibly for the 4T2 (4G) level, present  data are not in-  
cOnsistent with emission from a site with lower than 
C3 symmetry.  

Our observed levels for the calcium halophosphate 
show little correspondence with the levels calculated 
by Narita (33) for the fluorophosphate. In his first 
paper  (33), he places the lowest ene rgy  level at 24,200 
cm-1;  our observed value is 19,300 cm -1. His second 
paper  (33) introduces a correction in the calculation 
based on the ionicity of the phosphate ion. An ionicity 
value between two and three could place the lowest 
level at the observed value. However, his calculated 
levels show smaller separations in energy than are ac- 
tua l ly  observed. 

Srl0Fl.sC102(PO4) 6:0.08Sb, 0.081Yln.--The excitation 
spectrum of the s t ront ium halophosphate, given in Fig. 
7 and 8, is similar to that of the calcium halophosphate 
with some exceptions. No split t ing of the 4A, 4E(~G) 
level is observed; only one component of the 4E(4D) 
level and two components of the 4T1 (4p) level are re-  
solved. The unassigned levels observed in the calcium 
halophosphate (at 375 and 387 nm do not appear in the 
spectrum. 

CaSiOs:0.008Pb, 0.07Mn and CdSiO~:0.03Mn.--The 
calcium and cadmium silicates show similar features 
in their excitation spectra, given in Fig. 7 and 9. Both 
show five broad bands in the region from 420 to 540 
nm, a single band for the 4A, 4E (4G) level, a tr iplet  at 
about 360 nm assigned as the 4T2 (4D) level, and doublet  
at about 340 n m  assigned as the 4E(4D) level. The cal- 
cium silicate shows addit ional  s t ructure at about 310 
n m  assigned as the 4T1 (4p) level. F r o m  site symmet ry  
considerations, we expect complete lift ing of the 
orbital  degeneracies in both phosphors. Although sev- 
eral of the levels are not exper imenta l ly  observed, 
the spectra are consistent with complete splitt ing of E 
and T levels. 
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Fig. 8. Excitation spectrum for SrloFLsCIo.2(P04)6:0.08 Sb, 0.08 
Mn at liquid-N2 temperature. 
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Fig. 9. Excitation spectra at liquid-N2 temperature for: 1, 
CdSi03:0.03 Mn; and 2, CaSiOa:O.O08 Pb, 0.07 Mn. 
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Fig. 10. Excitation spectrum for Zn3(P04)2:0.06 Mn, liquid-N2 
temperature. 

Zn~ (PO4)2:0.06 Mn. - -The  zinc phosphate shows three 
weak bands in the region from 350 to 380 rim. These 
are probably components of the 4T2(4D) levels. The 
three sharp bands in the region from 400 to 420 nm we 
assign to the split 4A, 4E (4G) level. Four  broad bands 
are resolved in the region from 430 to 560 nm and are 
assigned as components of the 4T2 (4G) and the 4T1 (4G) 
levels. Konstant inova-Schlezinger  and Kabakova (34) 
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Table IV. Mn 2+ excitation yands (in A and cm -1) 

1163 

Level 
Free-ion in Oh 

l eve l  s y m m e t r y  

4G 4T~ 

~G ~T~g 

46 ~Alg, 4E2g 

4D IT2g 

6D ~E~ 

~P 4Tlg 

ZnFe CdloCI2(POD o ZnS CaloF1.sClo.s(POD e SrloFi.~Clo.s (POD 8 CaSiO~ CdSiO3 Zns(POD$ 

5436 18396 5270 18975 5245 19065 5170 19342 5180 19300 5200 
5210 19195 5140 19455 4930 20283 4915 20346 4900 20450 5000 

4950 20262 4600 21739 4640 21552 4600 21750 4670 
4586 21805 4575 21858 4260 23474 4270 23419 4310 23250 4450 
4297 23272 4405 22701 4090 24443 4127 24231 4120 24350 4266 

4146 24119 
3982 25113 4102" 24378 3946 25342 4038 24765 4040 24800 4077 
3963 25233 4073 24552 3893 25687 4005 24969 
3920 25510 4054 24667 3837 26062 

4032 24801 
3550 28169 3722* 26867 Not  o b s e r v e d  3875* 25807 3780* 
3505 28530 3630 27548 3750* 26667 3648 27400 3645 
3466 28852 3592 27839 3640 27473 3580 27950 3580 

3563 28066 3590 2785'5 3497 28650 3530 
3493 28629 

3322 3010'2 3454 28952 3428 29172 3405 29400 3420 
3280 30486 3395 29455 3392 29481 

330'5 30257 32~5 30912 3326 
3190 31348 3155 

3040 

19231 5490 18214 5480 18248 
20000 5190 19268 5200 19230 
21413 5000 20000 4960 20161 
22472 4480 22321 4505 22197 
23441 4270 23419 

24527 4073 24552 4190 23866 
4135 24184 
4070 24570 

26455 
27435 3677 27196 3765* 26560 
27933 3608 27716 3650' 27397 
28328 3547 28193 3560 28169 

29240 3460 28902 Not  o b s e r v e d  
3425 29197 

30075 No t  o b s e r v e d  
31696 
32895 

* U n a s s i g n e d  leve ls .  

show a single broad  band for the 4A, 4E (4G) t r ip le t  and 
three  addi t ional  bands  on the low energy side of the  
tr iplet .  The observed complete  spl i t t ing of the 4A, 
4E (4G) and the 4T1 (4G) levels indicates  a dis tor t ion of 
the expected  site s y m m e t r y  for Mn 2 + in Zn~ (PO4)2. 

We have  noted fa i lure  to resolve some of the ex-  
pected levels in a spectrum, on the assumption that  
complete  spl i t t ing of one Ievel requi res  complete  spl i t -  
t ing of all  levels. Whi le  this  is t rue  for t rans i t ions  be -  
tween levels of the same s y m m e t r y  species, e.g., 
4Az -* 4Tl(4G) and 4Tl(4P), it is not  necessar i ly  t rue  
for t ransi t ions  be tween levels of different s y m m e t r y  
species, e.g., 4A1 --> 4T1(4G) and 4T2 (4G). Group theo-  
re t ical  a rguments  requi re  that  in order  for electr ic  di -  
pole  t ransi t ions  to be observed the  integrals ,  f~ ' e (X,  
Y, or Z) ~e d~ or f~'v'~'e(X, Y, or Z)~v~ed% contain 
the to ta l ly  symmetr ic  representa t ion,  where  the  
(~'v,~v) and ~ ' e , ~ e )  a r e  the v ibra t iona l  and electronic 
wave  functions, respect ively,  be tween  the two states. 
Gran ted  we are  correct  in our  thesis  that  at least  one 
electronic level  in each of the  phosphors  considered 
above shows complete  spli t t ing,  we requ i re  evalua t ion  
of the in tegra ls  for the  point  groups C1, C~, Ci, C2, C~.,-, 
C2h, D2, and D2h, site symmetr ies  consistent  wi th  com- 
ple te  spl i t t ing of electronic levels. Our  evaluat ions  
show all  the expected t rans i t ions  are  a l lowed in these 
symmetr ies .  Cotton (40) gives an excel lent  t r ea tmen t  
of the calculation. 

We give in Table IV a summary  of the wavelengths  
and wave  numbers  for the exci ta t ion bands  observed 
for the  eight  phosphor  systems classified according to 
the f ree- ion  origin and appropr ia t e  crys ta l  field assign- 
ment.  

Emission Spectra 
Only ZnS :Mn  and CaSiO3:Pb,Mn show s t ructure  

in thei r  emission spectra.  Lange r  and Ibuki  (14) have 
given the Z n S : M n  spec t rum and a t t r ibu te  the sharp  
line s t ruc ture  to v ib ra t iona l  levels. Froe l ich  (23) shows 
spl i t t ing of the  CaSiO3:Pb,Mn emission spec t rum into 
two bands  at l iquid-N2 tempera ture .  Our  resul ts  pa r a l -  
lel  these findings. 

Summary 
We have der ived  t h e  electronic energy  level  s t ruc-  

tures of the two classes of Mn2+-ac t iva ted  phosphors,  
i.e., the green, and the  o r ange - to - r ed  emitters ,  f rom 
thei r  exci ta t ion spectra.  The posit ion of the 4A, 4E (4G) 
level  is r e l a t ive ly  constant  in both classes and is found 
at about  23,500 cm - l  for the  green emitters,  and at 
about  24,800 cm -1 for the o r ange - to - r ed  emit ters .  Dis-  
tor t ion of the site s y m m e t r y  is common; eight  of the 
th i r teen  phosphors  examined  show spl i t t ings  con- 
sistent  wi th  a site s y m m e t r y  lower  than  is expected 
from crys ta l lographic  considerat ions.  

Manuscr ip t  submi t ted  Aug. 13, 1970; revised manu-  
scr ipt  received Feb. 26, 1971. 

A n y  discussion of this paper  wil l  appear  in a Dis-  
cussion Section to be publ i shed  in the  June  1972 
J O U R N A L .  
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On the Optimum Efficiency of 
Cathodoluminescence of Inorganic Phosphors 

Wil l i  Lehmann* 

Westinghouse Research Laboratories, Pittsburgh, Pennsylvania 15235 

ABSTRACT 

The max imum possible efficiency of a phosphor excited by an electron beam 
depends pr imar i ly  on the mean  excitation energy required to create, by 
collision, a free electron-hole pair  or a free carr ier- ionized activator pair  or 
an excited but  nonionized activator. This energy is expressed as a mul t iple  
(factor ~) of the band gap energy, Eg. Values of ~ measured for various phos- 
phors scatter over a wide range depending on host mater ia l  and activator and, 
in many  cases, s trongly deviat ing from a ~ 3 observed in free-carr ier-col lec-  
tion experiments  in semiconductors. 

The in tensi ty  of light emission of cathodolumines-  
cence of a phosphor powder layer  depends on the pa-  
rameters  of excitation in  a fairly complex m a n n e r  (1). 
Generally,  the light in tens i ty  is not proport ional  to 
either the acceleration voltage or the current  density 
of the exciting electron beam. The two main  devia-  
tions from linearity,  "dead voltage" and "current  satu-  
ration," both reduce the efficiency, and it has been rec- 
ognized for a long time that the highest possible effi- 
ciency of cathodoluminescence requires excitation con- 
ditions where these two deviations are minimized, i.e., 
excitation by an electron beam of fairly high excitation 
voltage but  of low current  density. This opt imum effi- 
ciency is relat ively independent  of voltage and current  
and is only a function of the part icular  phosphor. Some 
energy efficiencies of cathodoluminescence of various 
phosphors, believed to be measured under  re la t ively  
optimized conditions by various workers, are compiled 
in Table I. 

Experimental 
We have made such measurements  also on calcium 

sulfide and calcium oxide phosphors. The sulfides were 
prepared as described elsewhere (2). The oxides were 
made from calcium carbonate containing the desired 
impurit ies and about 1 molar -% of CaF2 as flux by 
firing in O2 at 1200~ All  phosphors were excited at 
room temperature,  in a demountable  tube, with elec- 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  p h o s p h o r s ,  l u m i n e s c e n c e ,  e a t h o d o l u m i n e s c e n c e ,  effi-  

c i ency .  

Table I. Some reported energy efficiencies (in %) of 
cathodoluminescence 

Reference 
9 10 11 3 

Z n S : A g  21 21 17.8, 19.5 19.6 
(Zn ,Cd)  S : A g  19.5 19 12 21 
Z n S : C u  23 11 14.6, 16.6 17.5 
Z n S : M n  4 
ZnO 7 5.1 
Zn~SiO~ :Mn 8.5 6, 8 8,5 4.7 
Zn3 (PO~) ~:Mn 8 6 
CAW04 3 3 3.6 
M g W 0 4  2 2.5 2.9 
YVO~ :EuS+ 7.1 
Y20~:Eu3+ 8.4 
Y202S:Eu  ~§ 13.1 

trons of 8 kV and a current  density of approximately 
10 -6 A /cm 2 or somewhat lower. The luminescence was 
observed from the excited side and its in tensi ty  com- 
pared, by means of a selected silicon photodiode of 
very flat spectral qua n t um response, to several s tan-  
dard phosphors (P- l ,  P-22, MgWO4) whose efficiencies 
were known from other sources. Division of the mea-  
sured quan tum intensities by the mean  wavelength of 
the emission spectrum yields the energy efficiency in 
relative units. This technique delivers results re-  
producible to about •  However, the method relies 
on the efficiencies of the s tandard phosphors and, 
therefore, the final results are reliable only to about 
--+10%. Some results so measured are given in Table II. 

Discussion 
Tables I and II reveal a very pronounced difference 

between sulfide phosphors on the one hand, and oxy- 
gen-dominated  phosphors ( including oxides, silicates, 
vanadates, etc.) on the other. The efficiencies of good 
sulfide phosphors may go to about 15-20% or even 
higher while  those of oxygen-dominated  phosphors 
rarely come to about 10%. The question na tura l ly  
arises why the various phosphors display such widely 
different efficiencies and what  is the u l t imate  maxi -  
mum of efficiency of a part icular  phosphor mater ia l  
prepared and excited under  all imaginable  opt imum 
conditions? This problem has been attacked in the 
l i terature  (1,3) wi th  the help of semi-quant i ta t ive  
considerations or iginal ly developed to describe carrier 
mult ipl icat ion effects in semiconductors (4-7). The fol- 
lowing reasoning is developed along the same line but  

Table II. Energy efficiencies of CaS and CaO phosphors 

(Highest  values,  measured  on best  samples)  
% 

C a S  : M n  Y e l l o w  16 
C a S : C u  B l u e - v i o l e t  18 
C a S : S b  Y e l l o w - g r e e n  18 
C a S :  CeS+ G r e e n  22 
CaS :Eu  ~+ R e d  I0  
CaS:Cea+ ,Eu  2+ R e d  16 
CaS  :SinS+ Y e l l o w  12 
C a S  : P b  U l t r a v i o l e t  17 
C a O : M n  Y e l l o w  5 
C a O : P b  U l t r a v i o l e t  10 
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keeps open the possibility of excitations in phosphors 
which are not, or to a much lesser degree, possible in 
semiconductors. 

A relat ively small  fraction of the pr imary  high-  
energy electrons ar r iv ing from the electron gun at the 
phosphor surface is back scattered from the lat ter  and 
does not contr ibute to luminescence. The amount  of 
energy lost in this way has recent ly been determined 
by Meyer (8) to be close to 10% for typical  phosphor 
powder layers somewhat dependent  on the phosphor 
mater ial  and the surface texture  of the layer. Hence, 
close to 90% of the incident  energy is actually absorbed 
by the phosphor. 

P r imary  electrons penetra t ing in to  the lattice of the 
phosphor create, by collision, avalanches of free car- 
riers and localized excited states. One may simplify 
the task of a mathemat ical  description of the compli-  
cated avalanche process and consider only the low- 
energy tail  of it, i.e., the creation of the final states of 
excitation which emit light quanta  when they re-  
combine afterward. Possible excitat ion states in a 
phosphor are schematically shown in Fig. 1. They in-  
clude free electron-hole pairs (A),  free carrier-ionized 
activator pairs (B), and excited but  nonionized acti- 
vators (C). 

The mean energy required to create, by collision with 
hot free carriers, one of the final excitation states may 
be Ex. Each state delivers only the energy Em (mean 
energy of the emission light) if the recombinat ion is 
radiative, and nothing if it is nonradiat ive.  Hence, the 
over-al l  energy efficiency can formally be wri t ten  as 

CEm 
~l - ~  ~la ~ [ 1 ]  

Ex 

where C --~ 1 is the probabil i ty  of the recombinat ion to 
be radiative and where  ,la (~90% in typical  phosphors) 
is the p r imary  energy absorption coefficient. The mean  
excitation energy, Ex, may be expressed as mult iple  
(factor e) of the band gap energy, Eg, of the mater ia l  

CEm 
~--~ Yla ~ [2] 

a E g  

This equation has been published (in slightly different 
formulat ion)  by Garlick (1) and by Ludwig and 
Kingsley (3). 

The quant i ty  Eg depends only on the phosphor mate-  
rial  (e.g., E~ :: 3.7 eV for all ZnS phosphors) and Em 
depends only on the emission spectrum of the lumines-  
cence (e.g., E m :  2.75 eV for blue ZnS:Ag) .  The re- 
combinat ion coefficient, C, may vary  from sample to 
sample and may be responsible, to some degree at 
least, for the scatter in efficiency reported by different 
workers on different samples of the same phosphor 
type. The assumption is made here that  C is between 
80 and 100% in cases of the very best phosphor samples 
within each type, and this assumption is supported 
by measurements  of the quan tum efficiency of photo- 
luminescence (3, 9-11). 

The main  unknown  in Eq. [2] is the factor ~ of which 
no reliable measurements  are available for most phos- 
phor materials.  The si tuat ion is s impler in semicon- 
ductors in which carrier  mult ipl icat ion by creation of 
free electron-hole pairs (A in Fig. 1) dominates. This 
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Table III. Values calculated from Eq. [3] 

Em E~ 
~.~ C ~ (eV) (eV) a 

Fig. 1. Excitation transitions in phosphors 

Sul f ides  
ZnS:Cu G r e e n  0.9 0.9 
Z n S : A g  B lue  0.9 0.9 
C a S : C e  G r e e n  0.9 0.9 
C a S : C u  B l u e - v i o l e t  0,9 0.9 
C a S : M n  Ye l low 0.9 0.9 
CaS :PU U l t r a v i o l e t  0.9 0.9 

Ox ides  
Z n O  G r e e n  0.9 0.9 
ZnS iO~:Mn G r e e n  0.9 0.9 
CaWO,  B lue  0.9 0.9 
YVO~:Eu Red  0.9 0.9 
C a O : M n  Ye l low 0.9 0.9 
CaO:PU U l t r a v i o l e t  0.9 0.9 

0.23 2.3 3.7 2.2 
0.21 2.75 3.7 2.9 
0.22 2.3 4.8 1.76 
0.18 2.9 4.8 2.7 
0.16 2.1 4.8 2.2 
0.17 3.4 4.8 3.4 

0.07 2.4 3.25 8,5 
0,085 2.4 4.5 5.7 
0.036 2.9 5,0 13 
0,.071 2.03 3.5 6.6 
0.05 2.1 6.5 5.2 
0.1O 3.45 6.5 4.3 

case is accessible to theory which leads to a m i n imum 
value of a close to 3 for semiconductors of equal masses 
of (hot) electrons and holes (6). Direct measurements  
of a in Ge,Si, SiC, InSb, GaAs, GaP, CdTe, CdS, PbS, 
and PbO all gave the uni form result  of an a slightly 
above 3 (12) which may be understood on the basis 
that  effective masses of very hot carriers (in contrast 
to carriers in thermal  equi l ibr ium with the lattice) 
are near ly  equal because they do not correspond to 
single extrema in conduction band and valence band, 
respectively. 1 

The excitation process in m a n y  phosphors probably 
is more complicated than in simple semiconductors 
since excitations other than the creation of free carrier 
pairs ( t ransi t ion A in Fig. 1) are possible, and since 
effective masses even of very hot carriers are not 
necessarily equal in highly ionic wide-gap compounds. 
Because of these unknowns,  we have tried to determine 
values of ~ of common phosphor materials with the 
help of Eq. [2], i.e. 

~' /aCEm 
a -- - -  [3] 

Eg 

from measured values of •, Em, and Eg with the as- 
sumptions of ~a ---- 0.9 and C ~ 0.9 • 0.1. The latter 
requires that only the best values of ~I for each phos- 
phor material can be considered. Some results are 
shown in Table III. Here, Em follows from the emis- 
sion spectra and values of Eg were measured from 
optical reflection spectra on powders. The values of a 
so determined in Table Ill are reliable only to about 
--+20%. However, there can be little doubt that they 
do not cluster about 3 but scatter over a fairly wide 
range including values much higher and much lower 
than 3. It is also apparent that a-values of sulfides are 
consistently lower than those of oxygen-dominated 
phosphors. 

Conclusion 
We are not able to unders tand  this result  in all 

details but  suggest the following effects to be involved 
and to be worth a fur ther  consideration: 

(a) Oxides are more ionic compounds than sulfides, ~- 
and it is conceivable that hot free carriers, although 
they appear to be near ly  equal in sulfides, are very 
unequal  in oxides. This should affect the mean excita- 
tion energy required at least of t ransi t ion A (Fig. 1). 
If so, then sulfide phosphors permit,  in principle, higher 
efficiencies of cathodoluminescence than oxides. 

(b) The probabi l i ty  factor of radiat ive recombina-  
tion, C may be near  un i ty  for low-energy excitation 
characteristic of photoluminescence but  may  be sub-  
s tant ial ly  lower than C ~ 0.9 _+ O.1 (as assumed in 
Table III)  for excitations involving hot carriers be- 
cause of competition of a nonradia t ive  way of recom- 
binat ion accessible by hot but  not by thermal  carriers. 
This case probably exists in red emit t ing CaS:Eu 2+ 
phosphors (14). If it is possible also in other phos- 
phors it could explain some very high a-values ob- 

1 P o i n t e d  ou t  by  one  of  t he  r e v i e w e r s  of t h i s  pa!~er. 
-" E l ee t ronega~ iv i t i e s  are  2,5 eV for  S = a n d  3.5 eV fo r  O= (13). 
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tained with Eq. [3] which otherwise are hard to under -  
stand. An example is CaWO4 (~ ~ 13) in Table III. 

(c) Exciting t ransi t ions B and C (Fig. 1) may com- 
pete with t ransi t ion A in many  phosphors. For instance, 
creation of free electron-ionized activator pairs ( t ran-  
sition B) by collision with hot carriers has long been 
considered to take place dur ing  electroluminescence of 
ZnS: Cu and there is no reason to deny the possibility 
of this t ransi t ion dur ing cathodoluminescence. The 
possibility of nonionizing excitation (corresponding 
to in ternal  4f-> 5d transi t ions) is demonstrated by a 
strong optical absorption band at 2.73 eV in CaS:Ce ~ + 
phosphors (14), and corresponding nonionizing internal  
transit ions wi thin  Mn 2+ ions are well  known in many  
Mn-act ivated phosphors. In  either case, t ransi t ions B 
and C require less energy than t ransi t ion A and can 
easily account for the very low values of ~ in Table III 
measured on ZnS: Cu, CaS: Ce, and CaS: Mn. 

These three effects a, b and c may be present  in 
different phosphors to various degrees and, in view of 
this complication, it is hard ly  a surprise to observe 
~-values to scatter over a wide range. In  fact, a varies 
even more from phosphor to phosphor than the band 
gap energy, Eg, and thus is main ly  responsible for 
variat ions of the opt imum efficiency of cathodolumin-  
escence in different materials.  

Manuscript  submit ted Sept. 23, 1970; revised ma nu-  
script received Jan. 13, 1971. This was Paper  56 pre-  
sented at the Los Angeles Meeting of the Society, May 
10-15, 1970. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1972 JOURNAL. 
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Manganese-Activated Luminescence in 
SrAIl O19 and CaAII O,9 
Arnost Bergstein 1 and William B. White 2 
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ABSTRACT 

Manganese-act ivated SrAl12019 and CaAl12019 phosphors have been pre-  
pared under  oxidizing and reducing conditions, and by direct cation exchange. 
The red emission of oxidized phosphor and green emission of reduced phos- 
phor confirm previous assignments to octahedral Mn 4+ and tetrahedral  Mn 2+, 
respectively. New emission bands in the yellow and orange arise from centers 
which are related to cation exchange, presumably  the Sr 2+ or 5-coordinated 
A13+ sites. The behavior of the various emission bands dur ing fur ther  
oxidation and reduction provides a guide to the sites on which the activator 
centers are located. 

The compounds SrAl12019 and CaAl12019 with the 
magnetoplumbi te  s tructure are interest ing phosphor 
hosts because of the variety of cation sites and the 
effect on the luminescence of a distr ibution of ac- 
tivators among them. Our  interest  here is to in terpret  
the emission spectrum of Mn in terms of the various 
valence states and host lattice sites available to it. To 
achieve this objective, phosphors have been prepared 
under  carefully controlled oxidizing and reducing 
conditions. By relat ing the emission to the chemistry 
of preparat ion we can achieve an improved under -  
s tanding of the valence state and site distr ibution 
of the activator ion. 

Phosphors based on the alkaline earth a luminates  
were described by KrSger (1) who prepared his 
materials under  both oxidizing and reducing condi-  
tions and so was able to show that  a characteristic 

1Visit ing scientist. P e r m a n e n t  address: Inst i tute  of Solid State 
Physics, Czechoslovak Ac a de my  of Sciences, Prague.  

2 Also affiliated wi th  the Depa r tmen t  of Geochemis t ry  and Min- 
eralogy. 

K ey  words:  oxide phosphors,  magne top lumbi te  structure,  photo- 
luminescence,  Mn+4 act ivator ,  Mn+~ activator.  

green emission was due to Mn 2+ and a characteristic 
red emission to Mn 4+. Sakamoto and Hibomi (2) have 
investigated T1 and Ce sensitizers in Ba and Ca alu-  
minates but  did not consider the valence and site 
distr ibution of the Mn 2+ activator itself. 

The magnetoplumbi te  s tructure is known in con- 
siderable detail (3) because of the interest  in the 
magnetic ferrites (4, 5). The structure of CaAl12019, 
isomorphous with SrAl12019, has been recent ly refined 
by Kato and Saalfeld (6). The structure of those 
aluminates  consists of spinel-l ike blocks with A13+ 
in both te t rahedral  and octahedral  sites. The blocks 
are bound with layers in which Ca2+(Sr2+) in 12- 
fold coordirmtion replaces an 0 2 -  and A13+ occupies 
sites with 5-fold coordination. The interatomic dis- 
tances and the geometry of the various sites are sum- 
marized in Table  I. 

Experimental 
CaAl12019 and SrAl12019 containing a small  amount  

of Mn were prepared as a sintered, coarse-grained 
mass of oriented crystals by flame fusion. The valence 
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Table I. Coordination numbers and cation-anion distances in 
CaAIz2019 [from (6)] 

spectra did not show any features in addit ion to those 
observed by  more convent ional  excitation. 

Coord .  D i s t a n c e  f r o m  O ~- a n i o n  
C a t i o n  n u m b e r  O(1 )  0 ( 2 )  0 ( 3 )  0 ( 4 )  O ( ? )  

C a  12 2 .694 2.848 
A I ( 1 )  6 1.995 1,818 1.970 1.860 
AI(2)  4 1.801 1.828 
A l ( 3 )  6 1.865 1.896 
A1 ( 4 ) 6 1.883 
A1 (5 )  5 2.187 1.839 

L a t t i c e  c o n s t a n t s  of h e x a g o n a l  s t r u c t u r e :  a = 5,564, c = 21 .892A.  

state of the Mn was adjusted in the final crystals to 
obtain an oxidized material ,  a reduced material ,  and  
art exchanged material.  

CaCO3 or SrCO3 and A1203 were mixed in the 
ratio of 1:6 or 1: (6-2x), x being the mole per cent 
of MnCOs. The activator concentrat ion ranged from 
0.012 to 0.30 m/o  (mole per cent) .  The mixtures  were 
homogenized and heated in air at temperatures  from 
1250 ~ to 1400~ in  intervals  of 50~ After each heat-  
ing the homogenization was repeated and an x - r ay  
analysis performed to check the phase composition. 
The annealed powder was used as start ing mater ia l  
for growing single crystals or conglomerates of ori- 
ented single crystals by the flame fusion method, 
using an A.D. Little Verneui l  apparatus. The ratio of 
hydrogen to oxygen in the flame was varied from 
reducing to oxidizing. The growth rate diminished 
when the percentage of hydrogen increased. The ex- 
act composition of the gas was not determined. 

The rods from the Verneui l  growth were cut into 
sections paral lel  or perpendicular  to the c-axis. These 
sections were treated in one of the following ways: 

Oxidized: Heated in air at temperatures  from 
900 ~ to 1400~ for 8-100 hr. 

Reduced: Heated in a reducing atmosphere of 
H2 or in a carbon furnace flushed with 
argon at temperatures  from 900 ~ to 
1250~ for 4-24 hr. The oxygen fugacity 
under  these conditions is in  the range 
of 10-s-10 -~~ 

Exchanged: Soaked in mol ten  MnCI~ at 750~176 
in a s treaming atmosphere of purified 
argon and carefully washed to remove 
soluble chlorides. 

The structure of the samples was checked by  x - r ay  
after the heat t reatment .  All samples showed only 
diffraction lines of the magnetoplumbi te  structure. 
No a-A12Oa could be detected, in spite of the incon-  
gruent  mel t ing point reported by  Wisnyi  (7). 

The chemical composition of the start ing materials  
was checked by emission spectroscopic analysis. They 
contained traces of Fe, Si, Mg, and Be, about 1% Ca 
and an amount  of Mn by which the Mn concentrat ion 
in the a luminate  became 0.01-0.02 m/o.  Rare earths, 
Cr, and Na were not found. 

Emission spectra were recorded on a Cary Model 14 
spectrophotometer using a luminescence a t tachment  
with excitation at 254 and 365 nm. Measurements  at 
temperatures  between --168~ and room temperature  
were performed using l iquid ni t rogen and an exci- 
tat ion f requency ,of 365 nm. Quali tat ive cathodolu- 
minescence and polarization experiments  were per-  
formed on a luminoscope ELM-2A from the Nuclide 
Corporation, using 20 and 50X magnifications, and 
cathode rays of 6-18 kV, and on an electron micro- 
probe. Absorption spectra were obtained on a Beck- 
man  DK 2A spectrophotometer using a diffuse re-  
flectance a t tachment  and a MgO reference. Some emis- 
sion spectra were also obtained using the 488 nm line 
of an ionized argon laser as an exciting source with 
a Spex Ramalog spectrophotometer. In  general  these 

Results 
Emission spectra.--Emission spectra of SrA1120~9 

prepared in various ways are shown in Fig. 1 and 2. 
These spectra are direct tracings from the Cary charts. 
No correction for photomult ipl ier  response has been 
made and for this reason no intensi ty  scale is shown. 

Rods of SrAl12019:Mn prepared by the flame fusion 
method at a very  high ratio of Hu to O2 in the flame 
were white and when excited by uv radiat ion of 
both 254 and 365 nm they showed the emission spec- 
tra reproduced in  Fig. 1. Five emission bands appear 
with their  peaks at 385, 515, 560, 593, and 640 nm, 
the band at 640 n m  being very weak. 

Rods of CaAl~20~9:Mn and SrAl12019:Mn prepared 
under  more oxidizing ratios of H2 to 02 were pink in 
their outer region and white  in  the center. The re la-  
tive extension of the p ink region increased with in-  
creasing oxygen content  in the flame. The spectra 
were similar to the "oxidized" mater ia l  in Fig. 1. 
There is one band with its peak at 511 nm and another  
intense band between ,~600 and 700 nm, with sharp 
peaks at 643 and 657 nm. 

When fur ther  manganese  was introduced into such 
a sample by ion exchange with molten MnC12 in an 
iner t  atmosphere at 680~176 emission spectra 
shown in Fig. 2 resulted. In  addition to the green and 
red bands a broad band  between ,--520 and 600 nm 
with peaks at 565 and 600 n m  occurred in SrAI~201.9 
and peaks at 562 and 590 nm occurred in CaAll~O~9. 

I I I I I If,,. 

Sr AIizOig: Mn* ~. 

~- ~ REDUCED 

400 500 600 700 
WAVELENGTH (nm) 

Fig. 1. Emission spectra of SRAI12019 with 0.02 m/o Mn + + 
"Reduced" was prepared by flame fusion with reducing (hydrogen- 
rich) flame. "Oxidized" was prepared by firing starting materials 
in air at 1400~ 

I I I I 

o 
O 
co ~D 

to 

\ 
l I I I 

5 0 0  6 0 0  7 0 0  
WAVELENGTH (nm)  

Fig. 2. Emission spectrum of SRAI12019:0.02 Mn + +  exchanged 
by soaking in MnCI2 at 680~ Excitation 365 nm. Temperature 
105~ 
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I I I 

~ 1 0 5  OK 

I I - -  2 9 8  ~ 

5 0 0  6 0 0  7 0 0  

WAVELENGTH (nrn)  

Fig. 3. Temperature dependence of the green band in totally 
reduced phosphor, SRAI12019:0.2 Mn + + fired in hydrogen. 

When SrAl12019 is reduced by firing at 1400~ in 
hydrogen only the green band appears. The in te rme-  
diate 560 and 590 nm bands vanish and the red band 
is very weak (Fig. 3). 

Visual observations of cathode ray-exci ted samples 
in the electron microprobe and in the luminoscope 
ELM-2A showed sharp boundaries  between red and 
green luminescent  regions, corresponding to the pink 
and white colors without  excitation. In  the MnC12 
exchanged samples veins of orange emission could be 
observed. The green and the orange emissions were 
polarized paral lel  to the c-axis; the red emission did 
not show evidence of polarization. 

Oxidation of Verneui l -grown samples in air at 
900~176 for 4 hr caused a decrease of the in ten-  
sity of the green emission band b u t  no change of 
the intensi ty  of the red band. Oxidation for a shorter 
t ime at 1300~176 caused a decrease and even-  
tual ly  the disappearance of the green band and a 
considerable increase in the intensi ty  of the red band. 
Analogously, reduction at temperatures  900~176 
in hydrogen or in a CO-containing argon atmosphere 
lead to a decrease of the in tensi ty  of the red band 
but  to no change of the green band, whereas reduction 
at 1200~ made the red band decrease and disappear 
and the green band increase s imultaneously wi thin  
the same or a shorter time. The reduction of samples 
showing original ly only the red and no green emis- 
sion band at lower temperatures  (900~176 pro-  
duced nonluminescent  samples. 

Temperature dependence.--The green band present  
in almost completely reduced mater ia l  increased in 
intensi ty  with decreasing tempera ture  (Fig. 3). How- 
ever, when both the red and green centers were 
present, the in tensi ty  of the green band decreased 
with decreasing tempera ture  (Fig. 4). The spectrum 
of the red center in this phosphor sharpens and the 
h igh-f requency component near ly  disappears. When 
only the red center is present, the low-frequency 
component increases markedly  at low temperatures  
while the h igh-f requency component becomes very 
weak. This effect is i l lustrated in Fig. 5 and the tem- 
perature dependence of the two bands is shown in 
Fig. 6. 

Discussion 
Valence state and site distribution of activator cen- 

ters.--The green and the red emission bands of the 
alkal ine earth a luminates  were reported by KrSger 
(1) who ascribed them to Mn 2+ activator centers and 
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Fig. 4. Temperature dependence of emission spectra of partially 
reduced SrAIz2019:0.2 Mn + + .  365 nm excitation. 
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Fig. 5. Temperature dependence of the red band of highly oxi- 
dized (fired in air) SrAI12019:0.2 Mn + +. 
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Fig. 6. Change in intensity with temperature of the two compo- 
nents of the red center spectrum. Typical spectra shown in Fig. 5. 
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to Mn wi th  a higher  valence than 2, f rom the de- 
pendence of their  presence on the oxygen part ial  
pressure vf  the atmosphere during prepara t ion  or heat  
t reatment .  The higher  valence was shown to be Mn 4+, 
by chemical  analysis and f rom the s imilar i ty  of the 
emission spectrum to the spectra of phosphors ac- 
t ivated with the isoelectronic Cr 3+ ion. Since then 
the characterist ic emission of Mn 4+ has been identi-  
fied in a large number  of hosts and its identification 
does not seem to be in doubt (8-11). 

The addit ional  emission peaks at ,-560-595 nm in 
the spectra in Fig. 1 and 2 must be ascribed to Mn ~-+ 
centers in latt ice positions different f rom the centers 
causing the green emission at 500-520 nm. They appear 
only in reducing conditions in the hydrogen flame and 
in MnCle exchanged material .  

We examine  first the green emission with  its peak 
between 510-520 nm and have two exper imenta l  hints 
as to the location of the Mn 2+ center  t.o which it is 
linked. First, the green emission is not found in 
~-Alo_O3, containing only AI 3 + ions in octahedral  coor- 
dination, but  it is found in the spinel MgA1204 which 
contains both te t rahedra l ly  and octahedral ly  coordi- 
nated sites but  n,o 5-fold coordinated A13+ sites nor 
12-fold coordinated Sr 2+ sites. The Mn 2+ according 
to its re la t ive  site preference energy (--14.7 kca l /m)  
compared with  A13+ and Mg2+ (--2.5 and --5.0 
kca l /m)  (12) wil l  occupy most ly te t rahedral  sites. 
Second, the t ransformat ion of a green emit t ing 
CaAl12019:Mn or SrAl12.Ojg:Mn into a red emit t ing 
mater ia l  requires  a considerably higher  t empera ture  
at equal  anneal ing t ime than the mere  oxidation of 
the Mn 2+ centers, which means that  the t ransforma-  
tion is l inked with  cation diffusion and that  the two 
kinds of centers occupy different latt ice sites. All  this 
suggests that  the Mn 2+ ions causing the green emission 
are si tuated in the te t rahedral  Al(2)  lattice site. The 
polarizat ion of this emission may  be due to deforma-  
tions of the surroundings in consequence of the differ- 
ence in size and charge between the Mn 2 + ion and the 
A13+ ion. The difference in charge should be compen-  
sated by A13+ ions in interst i t ia l  positions or, less 
likely, by anion vacancies. 

Addit ion of 0.02 m / o  Fe as Fe203 to the start ing 
mater ia l  of the Verneui l  g rown samples resulted in 
quenching of the green emission band, whereas  the 
red emission band was not affected contrary  to the 
observat ion in KrSger  (1). 

It is interest ing that  no emission was observed that  
could be assigned to Mn 2+ on the octahedral  sites of 
the spinel block. Since the sites, AI(1) ,  Al (3) ,  and 
Al(4) ,  are all small, the manganese emission should 
be pushed into the far  red or near  infrared.  The emis-  
sion is at 730 nm in MgO (13) and the A106 octahedra 
are smaller  than the MgO6 octahedra. Ei ther  the te t ra-  
hedral  site preference of Mn 2+ has concentrated it on 
the te t rahedra l  site or the emission of .octahedral Mn 2 + 
lies in the near  inf rared  beyond the range of our 
instrumentat ion.  

The red b~nds arise f rom the 2E, 2TI --> 4A2 transi t ion 
of Mn 4 + �9 Mn 4 + with an effective radius of 0.54A will  
easily replace A1 ~+ (0.53A) in octahedral  coordination 
and is unl ikely  to substi tute for the far too large Ca 2 + 
or Sr 2+ ions in any  coordination. According to Table 
I, three kinds of oxygen octahedra around A13+ ions 
wi th  different anion-cat ion spacing and different 
degree of symmet ry  are present  in the crystal  lattice. 
From the lack of polarization of the emit ted radiat ion 
the most symmetr ica l  site, labeled Al(4)  would repre-  
sent the most l ikely location of  the Mn 4+ centers. If  
vicini ty  of the charge compensat ing Ca 2+ or Sr  2 + ions 
should be critical, the Al(3)  sites would be preferred,  
which are si tuated on both sides of the mir ror  planes 
containing the alkaline ear th  ions. 

The two emission peaks introduced into the Verneui l  
grown CaAl12019:Mn and SrAl12019:Mn by ion ex-  
change with  mol ten  MnC12 in an inert  a tmosphere 

(Fig. 2) seem to be identical  wi th  peaks at 560 and 
593 nm in the spectrum of a Verneui l  grown sample 
prepared with  a re la t ive ly  high hydrogen ratio in the 
flame (Fig. 1). In both cases the Mn centers responsi-  
ble for the peaks wil l  contain Mn 2+ in consequence of 
the neutral,  and reducing atmosphere present  dur ing 
ion exchange and preparation,  respectively.  None of 
these emission peaks appeared when  crystals contain-  
ing only Mn 4+ ions were  reduced under  any conditions 
of tempera ture  or time. Thus we may assume that  
the Mn 2+ centers and the Mn 4+ centers are situated 
in different  latt ice sites. If  our assignment of the te t ra-  
hedral  sites to the green Mn 2+ emission is correct 
and if we can el iminate the three kinds of octahedraI 
sites in Table I on size and coordinat ion considerations 
the only sites left  for the yel low to orange emit t ing 
Mn 2+ centers are the Al(5)  f ive-fold coordinated site 
and twe lve- fo ld  coordinated Sr site. 

There  are other  reasons for which Al(5)  and 
Ca 2+ (Sr 2+) latt ice sites seem to be more l ikely than 
the octahedral  A13 + sites. Ion exchange proceeds more  
easily in the Sr 2+- and A1 (5)-conta in ing  mir ror  planes 
than in the more compact A13+ spinel blocks. The 
spacing is larger  than in the A13+ octahedra, the 
Ca (Sr) -O distance being 2.67 (2.85) and 2.85 (3.0) A and 
the A1-O distances about 1.85 and 2.3A for the five-co- 
ordinated A13+. There are no c lean-cut  cr i ter ia  by 
which to make  specific assignments. Mn + + in ei ther 
the 5-coordinated or the 12-coordinated site should 
emit  in the green to orange range. It is interest ing the 
MnC12-exchanged B-alumina also contains an orange 
band at 590 nm but no band at 560 nm (14). The struc- 
tures of ~-A1203 and SrAl12019 are ve ry  similar except  
that  the easily exchangeable  Na + site in NaA112017 is 
6-coordinated. The most reasonable conclusion seems 
to be that  the orange emission at 590-600 nm arises 
from Mn 2 + on the easily exchangeable  large cation site 
(Sr e+, Ca '-'+, or Na + ) and that  the ye l low-emi t t ing  
center  is associated with  the 5-coordinated Al(5)  site. 

It seems from our exper iments  that  only Mn 2+ and 
Mn 3+ or Mn 3+ and Mn 4 + are s imultaneously present  
in equi l ibr ium in regions of the crystal  which can be 
considered homogeneous thermodynamic  systems, and 
not Mn 2+ and Mn 4+ or all three valences at once. 
This observat ion is in agreement  wi th  the predictions 
of Kr5ger  (15). The appearance  ,of the green and the 
red emission bands in one spectrum is often the result  
of inhomogeneous samples, containing oxidized and 
reduced regions, as shown by the optical  microscopic 
observat ion of the cathod.oluminescence. 

This  is of importance for the mechanism of the 
charge compensation assumed when te t rava len t  man-  
ganese is subst i tuted for t r iva lent  a luminum into 
a luminate  lattices. It  makes unl ike ly  the format ion of 
Mn 4+ ions by disproport ionat ion of two Mn ~+ ions 
into Mn 2+ and Mn 4+. As a consequence, other  charge-  
compensat ing ions such as Mg 2+ or Zn 2+ had to be 
added to ~-A1203 to produce the red Mn 4+ emission 
(1). It is wor th  ment ioning that  no red luminescence 
could be obtained in ZnAl~O4, which is a n,orma] 
spinel wi th  the b ivalent  Zn 2 + ions in te t rahedra l  latt ice 
sites, even when  t reated under  the same oxidizing 
conditions as the luminescent  mixed  spinel MgA1204, 
in which part  of the Mg 2 + ions are in octahedral  sur-  
roundings. If, however ,  Zn 2+ is dissolved in a-A1203, 
which contains only octahedral  lat t ice positions, the 
Mn 4+ spectrum characterist ic for a-A1203 was obtained 
by KrSger  in inhomogeneous samples containing both 
spinel and corundum phases. This indicates that  in 
aluminates the valence of a cation alone is not  decisive 
for its abil i ty to compensate for the charge of the 
Mn 4+ ions and that  the  coordination number  might  be 
an impor tant  factor as well.  In magnetoplumbi te  a lka-  
line ear th  aluminates,  the bivalent  alkal ine earth ions 
in the mir ror  planes seem to provide the compensat ing 
effect, e i ther  indirect ly  by making  possible the in t ro-  
duction of lattice defects like interst i t ial  oxygen ions 
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Fig. 7. Diffuse reflectance spectra of highly oxidized and highly 
reduced SrAI12019:5.0 Mn + +. 

or A13+ vacancies or directly by being present  in an 
amount  exceeding stoichiometry. But here too the 
subst i tut ion of part  of the twelve-coordinated Ca 2+ 
ions by the smaller  Mg 2+ ions in six-fold (and four-  
fold) coordination, greatly increases the in tens i ty  of 
the Mn 4 + emission. 

Addit ional  evidence for the valence state and site 
dis t r ibut ion of the manganese  is provided by  the re-  
flectance spectrum in Fig. 7. The "reduced" mater ia l  
emits only in the green band. The absorption spectrum 
shows quite clearly the presence of Mn 2+ by  the 
characteristic sharp band  at 423 nm due to the 6A1 --> 
4A~, 4E transition. Also much in evidence and obscur-  
ing the Mn2+ band  is a broad absorption centered at 
480 nm. This same band  also appears in the spectrum 
of "oxidized" SrAl12019 at 462 nm. The single band  in 
this position is very characteristic of Mn ~+. The fre-  
quencies, 20,800 and 21,600 cm -1 respectively, yield 
a Dq value for the 5E --> 5T2 t ransi t ion of 2080 and 
2160 cm-~ which may  be compared with the value 
1965 cm -1 measured in corundum by McClure (15). 
Geschwind et al. (11) reported a band at 21,300 cm -1 
which they assigned to the 4A2 ~ 4T2 transi t ion of 
Mn 4+. However, there does not seem to be any final 
proof that  they did not have in addition to Mn4+ also 
Mn 3+ in their  A12Os crystals. This band would place 
Mn ~+, present  in both red-emi t t ing  and green-emi t -  
t ing materials,  on an  octahedral site. 

New bands at 545 and 400 nm appear in the spectrum 
of "oxidized" phosphor. These should be the spin- 
allowed transi t ions 4A2 --> 4T 2 and 4A2 --> 4T1 t rans i -  
tions of Mn 4 +. The Dq value obtained from the 545 nm 
band is 1830 cm-~, lower of course, than the value 
obtained by Geschwind et al. (11) because of the 
different assignment, bu t  still a no t -unreasonable  
value for Mn 4+ on an octahedral site. By comparison 
Cr 3+ in A1203 yields a Dq value of 1845 cm -1. Dq for 
Mn 4+ should have been somewhat larger because of 
the higher charge. 

Unl ike  Fe 2+ which has a similar  but  inver ted energy 
level  scheme, Mn 3+ appears not to act as a ki l ler  
center  for luminescence. This is because the critical 
quinte t  --> quinte t  t ransi t ion lies above the emit t ing 
levels for both Mn ~+ and Mn 4+, whereas in Fe 2+ 
with a much smaller  Dq (typically 1000 c m - D  the 
quintet  levels lie below the manganese  emit t ing levels 
and so quench them. 

Red-emitting bands and their temperature de- 
pendence.raThe red-emi t t ing  center is general ly  
agreed to arise from the 2E and 2Tz -* 4A2 transi t ion of 
Mn 4+. The usual  Tanabe-Sugano diagram shows that  
these two levels are close together and essentially 
independent  of the crystal  field strength. The energies 
of the pair  of levels are functions of the Racah B 
parameter,  and thus of the degree of covalency of the 
Mn4+-O bond. The emission from a wide var ie ty  of 
Mn4+-activated phosphors including MgO (13), mag-  
nes ium fluorogermanate (9), MgSnO3, and magnes ium 
arsenate (17) all fall  in the range of 638-671 nm, 
indicat ing only small  bond- type  changes in this group 
of phosphors. The emission of SrAlz2019 falls directly 
into the range of previously known phosphors. 
Schl~ifer et al. (18) were able to move this emission 
over a range of 650-900 nm in a variety of CrS+-acti - 
vated phosphors by  varying  the na ture  of the l igand 
and thus the degree of covalent bonding. A similar 
behavior  would be expected for Mn 4 +-act ivated phos- 
phors. 

Geschwind et al. (11, 19) explained the s t r iking tem- 
perature dependence of the red emission from Mn 4+- 
activated A1203 as a thermal  e qu i l i b r i um between the 
populations of the 2E and 2T! energy levels. A similar  
t empera ture  dependence was observed in SrA1120,9 
(Fig. 5). A plot of the ratio of the intensit ies (from 
Fig. 6) of the two red bands against reciprocal t em-  
perature yields a straight line spanning all points in 
Fig. 6 from which the energy separation was calculated 
as 323 cm -1. Precise measurement  of the red band 
positions at room tempera ture  gives values of 15, 560, 
and 15,200 cm -1. The difference, 360 cm -1, is in good 
agreement  with the thermal  value. The larger energy 
difference compared with 82 cm -1 in A120~ is l ikely 
due to the increased distortion of the A108 octahedra 
in the SrAl12019 host. 
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Electron Microscope Characterization of Defects on 
Gaseous-Etched Silicon Surfaces 

E. R. Levin, J. P. Dismukes,* and M.  D. Coutts 

RCA Laboratories, Princeton, New Jersey 08540 

ABSTRACT 

Gaseous etching of silicon wi th  H I - H F  mix tures  can produce  m i r r o r -  
smooth surfaces at t empera tu re s  as low as 900~ Steps  resul t  when  e t c h ing  
is too rapid.  Tr iangu la r  pits  wi th  plane facets can be formed,  showing tha t  
e tching is by a l ayer  mechanism.  Mesa- l ike  protrusions,  cont inuous wi th  
the silicon matr ix ,  appea r  on wafers  etched in the  presence of SiC. The p r o -  
t rusions are  not  re la ted  to prec ip i ta ted  impuri t ies ,  second phase  inclusions, or 
c rys ta l lographic  imperfect ions  presen t  in the  silicon pr ior  to etching. Rather ,  
they  are  genera ted  dur ing  the etching process by  pass ivat ion  of the  silicon 
surface. 

An  impor tan t  step in the  processing of silicon wafers  
is the  gas-phase  e tching to remove  the  SiO2 layer  and 
the  res idual  work  damage  pr ior  to ep i tax ia l  growth.  
I t  is des i rable  tha t  this process be car r ied  out at a 
r e l a t ive ly  low t empera tu r e  to s impl i fy  equipment  and 
to reduce  ha rmfu l  diffusion. Both HC1 (1, 2) and H.~S 
(3, 4) a t tack  silicon at a r ap id  ra te  and provide  smooth 
surfaces at the  re la t ive ly  high t e m p e r a t u r e  of 1250~ 
However ,  below 1100~ these reagents  give typ ica l ly  
rough surfaces. 

Recent  work  has been di rec ted  t oward  etching at 
lower  t empera tu re s  (5-11).  The  most  cr i t ical  factor  
in etching at low t empera tu re s  is the  much decreased 
vola t i l i ty  of the SiO2 coat ing (11-13). This l ayer  is 
easi ly removed  at high t empera tu re s  by  the fo rward  
r e a c t i o n  

SiO2(s) Jr- Si ~ 2SiO(g)  

but  at  lower  t empera tures ,  the reverse  react ion causes 
SiO2 deposit ion.  At  900~ for  example ,  SiO2 begins to 
form on a bare  silicon surface when  the O2 concent ra -  
t ion exceeds 0.1 ppm. In e tching wi th  H I - H F  mixtures ,  
the H F  removes  the  oxide film f rom the surface and 
prevents  its re format ion;  however ,  o ther  process va r i -  
ables must  be cont ro l led  to give surfaces tha t  are  
smooth and free of defects. 

This p a p e r  descr ibes  the  morpho logy  of defects ob-  
served  under  different  etching conditions.  These dev i -  
at ions f rom per fec t ly  smooth surface  condit ions in-  
c lude s tepped structures,  pits, and ra ised defects which 
appear  under  cer ta in  conditions.  

Experimental 
Apparatus and procedure for  etching.lThe appa-  

ra tus  and condit ions of etching have  been given p r e -  
v iously  (11). Typical  to ta l  e tchant  gas flow was 10 
1/min, giving an average  l inear  flow veloci ty  of 50 
cm/sec  in the  react ion chamber  (1 cm x 4 cm c r o s s  
sect ion) .  Typica l  concentra t ions  of HI  were  0.5-2.5%, 
and those of H F  were  0.001-0.1%. The susceptor  was 
usua l ly  silicon ca rb ide-coa ted  graphi te ,  with, in some 
cases, an addi t ional  coat ing of silicon. The susceptor  

* Elec t rochemical  Society Act ive  Member .  
Key  words :  semiconductor  surfaces, surface etching, scanning 

electron microscopy,  silicon. 

was hea ted  by  a 5 kW, 450 kHz Lepe l  genera tor ;  the  
t empe ra tu r e  of the  silicon was moni to red  b y  an op t i -  
cal pyrometer .  

The specimens were  <111>  wafers ,  1 in. in d iameter  
and 0.2 m m  thick, wi th  sof t -pol i shed  faces (14, 15). 
Wafers  of both  n -  and p - t y p e  silicon were  studied, and 
both h igh-  and low- res i s t iv i ty  var ia t ions  of each type  
were  included.  Etch ra tes  were  de te rmined  f rom weight  
loss of the wafers  wi th  a Met t l e r  balance  sensi t ive to 
0.01 mg, and are  given in Fig. 1. 

Examination of etched surfaces.--The genera l  fea-  
tures  of the  e tched surfaces, inc luding such factors as 
the  smoothness and un i fo rmi ty  of the  etch and the 
presence of gross defects or i r regular i t ies ,  were  easi ly 
es tabl ished by  visual  examina t ion  and b y  l ow-power  
opt ical  microscopy.  Detai ls  of the  surface morpho logy  
of the  e tched wafers  were  s tudied by  scanning elec-  
t ron  microscopy in the  emissive mode  (16) wi th  a 
Cambr idge  "Stereoscan."  Since the  SEM image is p r o -  
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Fig. 1. The dependence of etch rote on H! concentration at 
900~ The HI is mixed with ]0 -3% HF in a carrier gas of 80% 
He-20% H~. 
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duced by secondary electrons emitted from the surface 
under  observation, no pre t rea tment  of the silicon 
specimens was required. 

The optical and scanning electron microscope obser- 
vations were supplemented by electron microprobe 
analysis, x - r ay  topography and t ransmission electron 
microscopy and diffraction. 

Results and  Discussion 
There was no appreciable difference in etch rate 

between n-  and p- type wafers, nor  between wafers of 
low and high resistivity. However, n - type  wafers were 
general ly found to etch very  slightly smoother than 
p-type,  and therefore the n - type  wafers were selected 
for the bu lk  of the work. 

Smooth vs. stepped surfaces.--An array of steps is 
one major  cause of roughness on etched surfaces. 
Figure 1 shows the quadrat ic  dependence of etch rate 
upon HI concentrat ion at 900~ (11). At low concen- 
trations of HI, smooth surfaces are obtained. As the HI 
concentrat ion is increased, a t ransi t ion from smooth 
to stepped etched surfaces is observed. At high etch 
rates, individual  steps or arays of steps become evi- 
dent, as in Fig. 2. It  is significant that  the stepped, 
rough surface in Fig. 2 does not contain pits of the 
kind usual ly  encountered in preferent ia l  etching with 
liquid (17) or other gaseous (1) etchants. 

It is useful to consider the formation of steps dur ing 
etching in relat ion to conclusions of other studies. 
Joyce (18) has a t t r ibuted step formation during growth 
to adsorbed impurities.  However, in our case the steps 
observed after  etching at high rates are apparent ly  
not related to impuri t ies  in the e tchant  gas, for the 
surface goes from very smooth to very rough over a 
small  range of HI concentrat ion (Fig. 1). On the other 
hand, since the etch rate increases with temperature,  
the steps could be formed by a process which is the 
inverse of the dendrit ic growth conditions described 
by Sirtl  (9b). 

Pits.--Pits are a common defect on rough or prefer-  
ent ia l ly  etched surfaces (1, 17). F igure  3 shows a sur-  
face etched at 900~ with 1% HI (without HF) in 
95% He-5% H2 carrier gas. The surface is made rough 
by a dis t r ibut ion of t r i angular  etch pits and by a back- 
ground ar ray  of very fine steps that are barely re- 
solved. Somewhat  similar surfaces, showing uni formly  
oriented t r iangular  etch pits have been observed on 
(111) diamond surfaces etched with oxygen gas at 
reduced pressures (19). The appearance of steps and 
the fact that  the pits have plane faces are evidence that  
etching proceeds by a layer  mechanism, the close- 
packed planes being attacked relat ively slowly. Thus, 
the etching process may  be the inverse of the growth 
of single crystal  silicon, which has been shown to take 
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Fig. 3. Surface roughened by triangular etch pits and array of 
fine steps (45 ~ tilt). 

Fig. 4. Hexagonal "etch" pit with planar facets. Brightness 
around edge of pit suggests it is a low conductivity region (45 ~ 
tilt). 

Fig. 2. Scanning electron micrograph showing surface roughness 
caused by large steps. The silicon wafer was etched at 900~ with 
2.75% H1-10-3% HF in 80% He-20% carrier (45 ~ tilt). 

place by the propagat ion of submicroscopic steps (20). 
The pits could be "etch pits" formed in preferent ia l  
attack at dislocations by oxygen or the HI reagent. 

Figure 4 shows a hexagonal  pit in an otherwise 
smooth surface, etched with 0.5% HI (10-3% I-IF) in 
95% He-5% H2 at 900~ The area sur rounding  the 
pit is flat and featureless. Pits of this kind were rela-  
t ively isolated; they occurred over only a portion of 
the wafer surface, with a ma x i mum density of about 
50/cm~. The pit  in Fig. 4, like those in Fig. 3, has 
straight edges and often p lanar  facets which are paral -  
lel to the faces of other pits. This indicates that  both 
the t r iangular  and the hexagonal  pits bear  a crystallo- 
graphic relat ion to the silicon matrix.  It does not neces- 
sarily mean that  the different pits are nucleated by the 
same mechanism. 

The area of the surface immedia te ly  sur rounding  
the hexagonal  pit in Fig. 4 appears br ight  compared 
with the rest of the smoothly etched silicon surface. 
This is not the normal  contrast  related to enchanced 
production of secondaries at an edge, since this effect 
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Fig. 6. Typical example of mesa defect on the surface of the 
wafer of Fig. 5 (80 ~ tilt). 

Fig. 5. Mesa-like defects on wafer etched on SiC-coated sus- 
ceptor (45 ~ tilt). 

is not apparent  near  pits on other samples of Si and 
GaAS produced by growth or chemical etching. This 
bright contrast  in the scanning electron micrograph 
indicates that  the region may have lower conductivi ty 
or a slightly different surface composition than the 
surrounding matrix.  

Raised defects.--Silicon wafers can be etched with 
HI -HF mixtures  on SiC-coated graphite susceptors to 
produce surfaces which are smooth and free of steps 
and pits. However, wafers etched in this manne r  often 
exhibit  defects which protrude outward from the 
etched surface. A low-magnificat ion view of an etched 
wafer containing many  such raised defects is shown 
in Fig. 5. This wafer was etched at 900~ with 1% HI 
(0.1% HF) in 80% He-20% H2 carrier gas. These 
defects are present  in area densities ranging from 1 
to 100 per cm 2. However, they appear only when the 
wafer is etched on a SiC-coated susceptor: when the 
SiC susceptor is overlaid with a coating of silicon, the 
raised defects are not produced. 

In Fig. 5, the defects have formed at almost regular-  
ly spaced intervals  along lines which divide the sur-  
face into a cellular configuration. This a r rangement  
suggests that the crystal may be a mosaic of slightly 
misoriented subgrains. Low-angle  subgrain boundaries 
constitute very  favorable sites for dislocation arrays, 
stacking faults, and precipitates. However, Lang x - ray  
topographs of this wafer showed it to be free of strain 
fields. No evidence was found for the existence of sub- 
grain boundaries, dislocations, or stacking faults in the 
crystal. The mesa-l ike defects of Fig. 5 are therefore 
not related to strain in the crystal. 

Defect features are shown in  Fig. 6 at higher  mag-  
nification. The defect joins the Si matr ix  smoothly, 
with no apparent  boundary  discontinuity. The sides 
are straight and prismatic, and the outer wall  section 
is flat-topped, both of these features suggesting the 
structure is bounded by crystallographic facets. The 
central  region of the mesa is fiat but  slightly lower 
than the outer wall  on one side, while  on the other 
side the plane surface is tilted downward and breaks 
through the outer wall. In many  of the defects, the 
central  region is completely flat and the encircling 
outer wall  unbroken.  

A similar  raised defect from a different wafer  is in 
Fig. 7. This micrograph was taken with the specimen 
tilted at 86 ~ so that the wafer surface is seen at almost 
grazing incidence. The defect is regular  in shape and 
extends about 1~ above the etched surface. The raised 
area behind the defect appears to be associated with 

Fig, 7. A protruding defect on a different etched wafer, showing 
the similarity to the defects in Fig. 5-6. Note the slightly raised 
area spreading out behind the defect and similar smaller bumps in 
the foreground (860 flit). 

deflection of the etchant gas stream. The surface is 
otherwise featureless, except that several smaller 
bumps of the same general  shape and orientat ion ap- 
pear in the foreground, suggesting that smaller defects 
had been present  but  were etched away. 

All  of the defects in Fig. 5-7 are similar in appear-  
ance and in relat ion to the silicon matrix,  and can 
evident ly  be a t t r ibuted to the same cause. Their ap- 
pearance suggests that  they formed because the silicon 
has been etched rapidly around the per iphery of the 
formation, while the flat central  area has been etched 
at a slower rate. The etchant  gas mixture  did not 
at tack the defect region as rapidly as the surrounding 
silicon, which is etched down around the defect. The 
slight r idging of the surfaces behind the defects in 
Fig. 7 may have resulted from disturbance of the gas 
flow pattern.  

Raised defects on the surfaces of etched silicon 
crystals have been observed by a n u m b e r  of invest i-  
gators (9d, 21-23). Al though these protrusions have 
been at t r ibuted to precipitat ion of impuri t ies  with low 
solubility, such as carbon (~-SiC) or oxygen (SiO2) 
(9d), no consensus has been reached on their exact 
nature.  

It has long been recognized that  oxygen in silicon 
can cause thermal  conversion (24) of p- type silicon 
and precipitated SiO2 (9c). For example, typical  
Czochralski-grown silicon contains up to 101~ oxygen 
atoms/cm 3 (9e). Similarly,  typical  high qual i ty  silicon 
can contain carbon in concentrat ions of 10 TM a toms/cm ~ 
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(25, 26), while the solubili ty l imit  for carbon in sili- 
con is only of the order of 10 TM atoms/cm 3 at 1000~ 
(25, 27). E-SiC has been identified as a second phase 
in Si crystals with high carbon content  (27). Thus, 
precipitates of/~-SiC or SiO2 could be expected in even 
relat ively high qual i ty Si. However, electron micro- 
probe analysis of the surface of Fig. 5 shows that  the 
mesa-l ike defects are not precipitated SiO2 or SiC. 
The microprobe observations indicate that there is no 
~ppreciable shift in the concentrat ion of C or O (nor 
of B, N, or Sb) at or near  the defects. 

In further  attemtps to identify and characterize the 
raised defects, conventional  electron microscopy and 
diffraction were employed to study the wafer of Fig. 5. 
Reflection electron diffraction from the surface ex- 
hibi t ing the defects (Fig. 5) yielded only the well-  
defined single-crystal  pat terns to be expected from 
the silicon matrix.  No broadening of the diffraction 
spots, suggestive of small  misorientations,  were de- 
tected. The reflection method is recognized to have 
limitations, in this case uncer ta in ty  in locating the 
exact site of electron beam interact ion with the surface 
and in gauging the relative contr ibut ions of the matr ix  
and defects in producing the observed patterns. How- 
ever, the density of defects on the surface was great 
enough, and they protruded far enough out from the 
matr ix  surface to give confidence that they would make 
an appreciable contr ibut ion to the reflection diffraction 
patterns. In  previous cases (31, 32) E-SiC was easily 
identified by t ransmission or reflection electron diffrac- 
tion. In the present  work the same techniques gave no 
evidence for E-SiC on the mesa-type defects. 

Several  pieces of the wafer containing the defects 
were th inned by chemical polishing and ion bombard-  
ment  to allow transmission electron microscope in-  
vestigations. One group of these specimens was pre-  
pared by th inn ing  the crystal  ent i rely from the back 
side, leaving the original defect surface unchanged. In  
these specimens, both the Si matr ix  and the defect 
areas, which were clearly defined and identifiable by 
the contrast  al terations a t tendant  to the thickness 
changes, yielded only good, sharp single-crystal  sili- 
con patterns. No shifts in orientat ion or qual i ty of the 
pat terns were detected in moving between the matr ix  
and the defects. Very hard materials  such as crystal-  
l ine SiC or SiO2 might  be expected to introduce strain, 
which is not present  in this case. 

The remaining  electron transmission specimens were 
prepared by th inn ing  the crystal from both sides si- 
multaneously,  thereby completely effacing the original 
surfaces and leaving only a thin portion from the 
middle of the wafer. These specimens were studied by 
transmission microscopy and selected-area diffraction. 
The observations showed conclusively that  no minute  
precipitates were present in the wafer. The specimens 
were also found to be completely free of dislocations 
and other crystallographic imperfections such as low 
angle boundaries  and stacking faults. Only sharp, per-  
fect single crystal  diffraction pat terns of Si were ob- 
tained. 

These electron-optical  results give fur ther  confirma- 
t ion to the electron microprobe evidence and x - ray  
topography studies cited. Together, this body of evi- 
dence fur ther  substantiates that the mesa-l ike defects 
are not associated with precipitates or crystal imper-  
fections present  in the bu lk  silicon wafer  before etch- 
ing. Rather they must  be hillocks of almost pure  sili- 
con remain ing  on the surface as the rest  of the wafer 
etches down around them, perhaps with a very  thin 
layer of possibly amorphous oxide or carbide protect-  
ing the surface. 

Recently both D'Asaro et al. (9f) and Wagner  (23) 
reported that numerous  large "ridges" or "spikes" ap- 
pear on single-crystal  silicon surfaces after s tandard 
aqueous etching at room temperature.  Using thermo-  
dynamic arguments,  Wagner  derived te rnary  phase 
diagrams for the Si-O-C system which are slightly 
revised from the earlier ones of Kr ivsky and Schuh-  

m a n n  (28), the re levant  feature being inclusion of a 
separate "~" phase in  the low carbon, low oxygen 
region. 

There is no basis to associate the mesa-l ike defects 
observed in the present  work with a second phase in 
the Si crystal. Rather, the evidence of the x - r ay  and 
electron-optical  results demonstrates  that  no definite 
crystal l ine second phase is present  in the HI -HF etched 
crystals. 

Conclusions 
Etching of s ingle-crystal  silicon wafers with HI-HF 

gas mixtures  produces smooth featureless surfaces. 
Mesa-like defects are observed when the etching is 
done with a SiC-coated susceptor plate. If an addi- 
t ional layer of silicon is applied over the SiC plate, 
the raised defects do not appear dur ing etching. 

Heretofore, such defects on etched surfaces have 
been at t r ibuted to impuri t ies  precipitated in the silicon 
matrix.  However, the results here are against an im-  
pur i ty  or second-phase interpretat ion.  The defects do 
not stem from the bu lk  silicon prior to etching. Instead, 
they are formed by an interact ion at the surface dur ing 
etching. 

A plausible explanat ion is that  the Si surface is 
part ial ly passivated by trace impuri t ies  escaping from 
the heated SiC susceptor. The passivation might  occur 
because of inhibi t ion of the HI etchant by adsorbed 
impur i ty  atoms or by formation of a part ial  and very 
thin overlayer on the silicon surface, probably con- 
ta ining oxygen or carbon. We have, for example, ob- 
served an apparent  passivation of silicon during HI -HF 
etching where a small  leak allowed a slight in t rus ion 
of oxygen. This effect also could be enhanced by  at-  
tack of the SiC by the HI or HF reagents. 

If it is assumed that the equations 

2HI § SiC-> SiI2 -5 C W H2 [1] 
and 

2HF -5 SiC--> SiF2 -5 C -5 H2 [2] 

represent the most probable reactions for attack of 
SiC by HI and HF, respectively, we may consider the 
thermodynamics  of the si tuat ion as follows. The equi-  
l ibr ium constants estimated from thermodynamic  data 
(29, 30) are about 5 x 10 -4 for Reaction [1] and about 
10 for Reaction [2]. On this basis, it appears that HI 
does not react with the SiC-coated susceptors, but  HF 
does. 

Thus, passivation of the Si surface by SiC-associated 
impur i ty  is a reasonable mechanism for generat ion of 
the mesa-l ike defects. Similarly,  an overlayer  of silicon 
on the susceptor plate provides a barr ier  to attack by 
HF or a "sink" for the impurities,  and thus prevents  
passivation of the wafer surface. 
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Thermodynamic Analysis of the III-V 
Alloy Semiconductor Phase Diagrams 

I. InSb-GaSb, InAs-GaAs, and InP-GaP 

I.. M. Foster* and J. F. Woods 
IBM Thomas J. Watson Research Center, Yorktown Heights, New York 10598 

ABSTRACT 

A thermodynamic  analysis was made of the pseudobinary phase diagrams 
of the I I I -V semiconductor alloys, InSb-GaSb,  InAs-GaAs,  and InP-GaP.  The 
excess free energy of mixing is expressed as Bxlx2, where B is a parameter  
characteristic of each system and xl and x2 are the mole fractions of the 
end components. This homologous series of alloys showed consistent behavior 
in that  all of the B/RT vs. composition plots were l inear  for both the liquids 
and solids. The greater part  of the excess free energy of mixing of the solids 
appears to be in the excess entropy ra ther  than in the enthalpy, indicating 
that  these materials  freeze with local ordering or s t ructure rather  than as 
homogeneous random solids. The magni tude  of the departure  from ideality in 
the solids increases from the ant imonide to the arsenide and to the phosphide, 
which is also the order of increasing lattice mismatch between the pairs of 
pure components. Implications of these results in the use of the alloys in semi- 
conductor devices are discussed. 

It has been recognized for many  years that  the I I I -V 
alloy semiconductors might be useful for fabricat ion 
of new electronic and optical devices because of the 
possibility of adjust ing the width of the forbidden 
energy gap by varying  the composition of the alloys 
(1-3). In principle, by selecting the proper combina-  
tions of I I I -V compounds and adjust ing the composi- 
tion of the mixtures,  semiconductors with band gaps 
ranging more or less continuously from 0.18 eV (InSb) 
to about 2.4 eV (ALP) could be prepared. 

* Electrochemical  Society Act ive  Member.  
Key  words:  phase diagrams,  compound semiconductors,  solution 

theory. 

Whether  these mixtures  will  be useful semiconduc- 
tors will depend not only on solving such obvious prob- 
lems as the growth of sui tably doped single crystals, 
but also on whether  such alloys are indeed homogene- 
ous mixtures  with properties that are smooth blends 
of the properties of the individual  components. Ther-  
modynamic analysis of the phase diagrams of these 
pseudobinary systems can give an insight into the 
na ture  of the solid alloys. This informat ion comes 
from the magni tude  of the departure  of the systems 
from ideal behavior and how this depends on tempera-  
ture and composition. 
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There are several  procedures for calculat ing the 
]iquidus and solidus boundaries  of binary systems 
which depend on different basic assumptions. No at-  
tempt  is made here  to evaluate  the re la t ive  meri ts  of 
the various procedures  and reference is made to stan- 
dard texts (4-6). Success has been claimed for each 
technique in t rea t ing individual  cases, but possibly in 
some instances this is fortuitous because of the as- 
sumptions involved (4). The most common approach 
is the quas i -chemical  method first proposed by Gug- 
genheim (7). It was or iginal ly  intended to t reat  l iquid 
solutions only, because it is based on chemical  in ter -  
actions between different kinds of molecules and makes 
no provisions for strain energy  or other  effects resul t -  
ing from mixing  molecules  of different sizes in a 
crystal l ine lattice. However ,  this quasi -chemical  ap- 
proach has been employed successfully in t reat ing some 
solid solutions where  there  is no difference in atom 
s~zes and, hence, no lattice distortion, e.g. the a lumi-  
num-r i ch  port ion of the A1-Zn system (8). In most 
of the I I I -V semiconductors there  is considerable dif-  
ference in atom sizes, so these systems presumably  are 
not amenable  to t rea tment  by the quas i -chemical  
method. 

The procedure  employed in the present  invest igation 
assumes that  the excess free energy of mixing in a 
phase can be expressed as BXlX2, where  x~ and x2 are 
the mole fractions of the components (6). B is a pa ram-  
eter that  contains both enthalpy and entropy contr ibu-  
tions to nonideality,  as well  as distort ion energy in 
the case of solids. In the extensive l i te ra ture  on phase 
equilibria,  B seems to show some regular i ty  in behavior  
only in cases of homologous series of compounds (4). 
Homologous series are found in the liquid and solid 
alloys between the group III  and group V semicon- 
ductor compounds, and regular i ty  and trends should 
be evident  in the parameter  B in these cases. These 
materials  are isoelectronic and have the same diamond 
cubic crystal  s t ructure in the solid, but  offer a grada-  
tion in both anion and cation size as well  as in mel t ing 
point and heat  of fusion of the separate compounds. 
Trends in B should be useful in indicating which prop-  
erties are impor tant  in determining the degree of non- 
ideal i ty in these systems. 

The nine combinations of the group III metals, A1, 
Ga, and In, with the group V nonmetals,  P, As, and Sb, 
give 18 possible pseudobinary systems. About  half  of 
these have been studied in some manner,  al though in 
several  instances only to the extent  of demonstra t ing 
that  miscibi l i ty exists over  the complete composition 
range in the solid (9). For  the present  study, the sys- 
tems InSb-GaSb,  InAs-GaAs,  and I n P - G a P  were  se- 
lected since rel iable  exper imenta l  data were  available 
for both their  l iquidus and solidus boundaries  and the 
mel t ing points of the separate pure  components. This 
provided a homologous series of three alloys differing 
only in the group V substituent. Addi t ional  systems 
will  be t reated as the data become available, wi th  the 
object ive  of t rying to establish trends wi th  atom size, 
bond strength, etc., within  the group of I I I -V alloys 
and to evolve  a model  to describe the solid solution 
phase of these technological ly impor tant  systems. 

Detaimd mathemat ica l  analysis of phase diagrams 
can be ex t remely  tedious and, as a consequence, the 
additional effort of correlat ing the calculations wi th  
error  limits on exper imenta l  data has seldom been 
made. For the present  investigation, computer  pro-  
grams were  wr i t ten  which provided the flexibili ty 
necessary to under take  such a correlation. 

Calculation Procedure 
The free energy of mixing per mole of a two-com-  

ponent ideal l iquid is 

AF M(/) : R T ( x l l n  x l  -~ x21n x2) [1] 

where  x~ and x2 are the  mole fractions of components  
1 and 2, and - -R  (xl ln  xl  + x.~ln x~) is the configura- 
t ional ent ropy of mixing. The ideal heat  of mixing is 

J. E l e c t r o c h e m .  Soc, :  S O L I D  S T A T E  S C I E N C E  J u l y  1971 

zero. F rom F = ~,1xl ~- ~2x2, the change in the chemi-  
cal potentials becomes 

A~I ~ : R T  In xl  [2a] 

~ 2  ~ : R T  In x2 [2b] 

For a real  solution, the heat  of mixing is usual ly not 
zero because of the reforming of chemical  bonds and 
changes in van der Waal 's  forces be tween neighbors. 
These effects are grouped together  in the interact ion 
parameter ,  B~. Thus, for a real  l iquid solution, Eq. [1] 
becomes 

~F M(l) : R T ( x l l n x l  + x21n x2) + B~XlX2 [3] 

and the change in chemical  potentials  becomes 

~ 1  t : R T  In x l  + B~x22 [4a] 

~ 2  ~ : R T  In xe + B l x l  2 [4b] 

F r o m ~  : R T  l n a  ---- R T  In x + R T  l nT ,  where  a is 
the activity, the act ivi ty  coefficients, ~, are obtained 
f rom Eq. [4] 

in 71 ~ : (B~ /RT)  x22 [5] 

In -y2 ~ : ( B Z / R T ) x l  ~ [6] 

The free energy of mixing per mole of solid solution 
is 

Ar M(s) : R T ( x j  l n x l  + x2 In x2) + xlL1 ( T / T 1  --  1) 

+ x2L2 ( T / T 2  --  1) + B~XlX2 [7] 

where  L1 ( T / T 1  --1) and L 2 ( T / T 2  --1) are the changes 
in the chemical  potentials  upon fusion of a mole of the 
pure components. No difference is expected between 
the specific heats of the solid and liquid pure  compo- 
nents so the enthalpies of fusion, L~ and L2, are con- 
sidered constant. The paramete r  B s for the  solid solu- 
tion is expected to be different f rom and larger  in 
magni tude  than B ~ because of addit ional  effects that  
contr ibute  to nonideali ty,  such as latt ice distortion, 
that are not present  in the liquid. The act iv i ty  co- 
efficients in the solid become 

In 71 s : ( B s / R T )  x~ 2 [Sa] 

ln-y2 s : ( B s / R T ) x l  2 [Sb] 

In order to put the  relat ions into a form amenable  
to computer  calculation, par t icular ly  for an i terat ion 
procedure that  is requi red  la ter  on, the der ivat ives  of 
[3] and [7] are taken with respect to the component  2 
composition to give the fol lowing two expressions for 
straight lines on a AF M vs.  x plot 

AF M : R T l n ( 1  -- x 1) + B~(xZ) 2 

+ {RTln  [x~/(1 -- xl)]  + BZ(1 -- 2 x l ) } x  [9] 

AF M --~ RT In(1 -- x ~) + B s (xs) 2 + L I ( T  - - T 1 ) / T 1  

-~ {RTln  [x~/(1 -- x~)] + Bs (1 -- 2x ~) 

- -  L 1  ( T - -  T 1 ) / T I  + L2 ( T - -  T 2 ) / T 2 }  x [10] 

where x : x.~ : ( 1 -  x l ) ,  the mole fract ion of com- 
ponent 2. Equat ions [9] and [10] are tangents  to the 
free energy curves, Eq. [3] and [7], for the l iquid and 
solid, respectively.  When they have equal  intercepts 
and slopes, i.e. when they coincide with  the common 
tangent  to both curves, the points of tangency, x ~ and 
x ~, are compositions in the l iquid and solid where  the 
chemical  potentials are equal  and, henee, correspond 
to intersections on the l iquidus and solidus boundaries 
of the phase diagram at t empera tu re  T. The conditions 
for equil ibrium, then, are given by 

RT ln(1 --  x l) + B l ( x l )  2 : R T l n ( 1  -- x s) 

+ B s ( x ~ )  2 + L I ( T - T 1 ) / T 1  [11] 

for the intercepts, and 
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R T l n  [x~/(1  --  x g ]  + B~(1 - -  2x  z) 

---- R T l n  [ x s / ( 1  --  x s ) ]  + Bs (1  --  2x  s) 

- -  L I ( T  - -  T 1 ) / T 1  + L 2 ( T  - -  T 2 ) / T 2  [12] 

fo r  t h e  slopes.  
I n  t h e  spec i a l  case  w h e r e  b o t h  l i q u i d  a n d  so l id  a r e  

idea l  (B ~ = B s = 0) ,  [11] a n d  [12] m a y  be  s o l v e d  for  
x 1 a n d  x s, g i v i n g  

XZld = {1 --  e x p  [ - -  L I ( T  - -  T 1 ) / R T T 1 ] } / { e x p  [ - -  L2 

( T  - -  T 2 ) / R T T 2 ]  - -  e x p  [ - -  L I ( T  --  T I ) / R T T 1 ] }  [13] 

XSid --  {1 --  e x p  [ L I ( T  - -  T z ) / R T T 1 ] } / { e x p  [L2 

( T  - -  T 2 ) / R T T 2 ]  - -  e x p  [ L I ( T - -  T 1 ) / R T T z ] }  [14] 

Thus ,  t h e  i dea l  T -  x p h a s e  d i a g r a m  can  b e  c a l c u -  
l a t e d  d i r e c t l y  in  c losed  f o r m  if L1, L2, T1, a n d  T2 a r e  
k n o w n .  

I n  n o n i d e a l  sys tems ,  t h e  m o s t  u s e f u l  i n f o r m a t i o n  
a b o u t  t h e  d e p a r t u r e  f r o m  i d e a l i t y  is e x p r e s s e d  b y  t h e  
p a r a m e t e r s  B z a n d  B s. T h e s e  c a n  also be  g i v e n  in  
c losed  fo rm.  Thus ,  f r o m  [11] a n d  [12] 

R T  {(1 --  xs)21n [ (1  --  x g / ( 1  --  x s ) ]  - -  ( x s ) 2 1 n ( x l / x s ) }  
B l = 

( x s ) 2 ( 1 - -  x t ) 2 _  ( x l ) 2 ( 1 - -  xs )2  

(1 - - x s ) 2 L l ( T -  T 1 ) / T 1  - -  ( x s ) 2 L 2 ( T  - -  T 2 ) / T 2  

(x s )2 (1  -- xZ)2 -- (x~)2(1 -- xs)~ 

R T  {(1 --  xl)21n [ (1  --  x s ) / ( 1  --  x l ) ]  - -  ( x t ) 2 1 n ( x s / x ~ ) }  
a s  - -  
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a hypothetical case. Curves of the free energy of mix- 
ing for the liquid and solid at a particular temperature 
are drawn from Eq. [3] and [7], with x2 ---- (i -- xl) 
=- x, and a set of lines tangent to the former are com- 
puted from [9] for a set of trial values of x ~. For each 
tangent line the difference, aF M(s) (Eq. [7]) -- aF M 
(Eq. [9]), is calculated over a range of values of x. 
For a certain set of tangents, corresponding to a set of 
values of x t, and a certain set of values of x, this dif- 
ference will be negative (shaded area, Fig. 1). By 
presenting the computer calculations as an x~/x array, 
the column and row in which sign change occurs is 
readily seen, and successive iteration determines the 
point of tangency of relation [9] to the two free energy 
curves, [3] and [7], to any arbitrary degree of pre- 
cision. These points of tangency are the values of x 
corresponding to the liquidus, x ~, and solidus, x s, at 
temperature T for the combination of B ~, B s, LI,/-,2 TI, 
and T2 that is being tested. 

Procedure for Ana lys is  of Exper imenta l  D a t a  
E x p e r i m e n t a l  d a t a  for  b o t h  t h e  l i q u i d  a n d  sol id  a r e  

r e q u i r e d .  L a r g e  e r r o r s  c a n  r e s u l t  f r o m  a s s u m i n g  a n  

(x~)2(1 --  xs)2  _ ( x s ) e ( 1  --  x~)~ 

(1 - -  x l ) 2 L I ( T  - -  T 1 ) / T z  - -  ( x 9 2 L a ( T  - -  T 2 ) / T 2  
+ 

(x l )2 (1  --  xs)2  _ (x s )2 (1  --  x l )2  

E q u a t i o n s  [15] a n d  [16] g ive  t h e  v a l u e s  of B ~ a n d  B s 
r e q u i r e d  to fit e x p e r i m e n t a l  l i q u i d u s  a n d  so l idus  c u r v e s  
at  c o m p o s i t i o n s  x ~ a n d  x s a n d  t e m p e r a t u r e  T. 

A r e m a i n i n g  c a l c u l a t i o n  t h a t  is r e q u i r e d  is to d e t e r -  
m i n e  t h e  l i q u i d u s  a n d  so l idus  po in t s ,  x l a n d  x s, fo r  a 
g i v e n  set  of v a l u e s  of  B z, B s, Lz, L2, T1, a n d  T2. Th i s  
c a l c u l a t i o n  is e s p e c i a l l y  i m p o r t a n t  n e a r  t h e  t wo  c o m -  
pos i t i on  e x t r e m e s  w h e r e  t h e  c a l c u l a t e d  p a r a m e t e r s ,  B, 
c an  c h a n g e  d r a s t i c a l l y  as  a r e s u l t  of  v e r y  s m a l l  v a r i a -  
t ions  in  t h e  w a y  t h e  e x p e r i m e n t a l  c u r v e s  a r e  d r a w n  
t h r o u g h  t h e  d a t a  po in t s .  I t  p e r m i t s  B ' s  t h a t  r e s u l t  f r o m  
d i f f e r en t  poss ib l e  e x t r a p o l a t i o n s  f r o m  a less  s e n s i t i v e  
r e g i o n  to b e  t e s t e d  for  r e a s o n a b l e n e s s  a n d  c o n s i s t e n c y ,  
a l l  w i t h  l i m i t s  i m p o s e d  b y  a l l o w a b l e  v a r i a t i o n s  in  t h e  
e x p e r i m e n t a l  cu rves .  A n  i t e r a t i o n  p r o c e d u r e  is r e -  
qu i r ed .  T h e  one  u s e d  h e r e  is i l l u s t r a t e d  in  Fig.  1 for  

A X I X s B 

X B 

- j  

n~ 

rY 
I -  

rY 

U- 

Fig. 1. Free energy of mixing of liquid and solid for hypothetical 
system to illustrate iteration procedure for determining liquidus 
and solidus points , x I and x ~. 

[15] 

[16] 

i dea l  l i q u i d u s  c u r v e  a n d  b a s i n g  c a l c u l a t i o n s  on  a n  
e x p e r i m e n t a l  so l idus  c u r v e  only,  as h a s  s o m e t i m e s  b e e n  
d o n e  in l i t e r a t u r e .  R e c e n t  v a l u e s  of L :  fo r  t h e  I I I - S b  
c o m p o u n d s  a n d  I n A s  a n d  G a A s  b y  L i c h t e r  a n d  S o m m e -  
le t  (10, 11) a p p e a r  to  be  v e r y  r e l i a b l e  a n d  are  p r e -  
f e r r e d  to e a r l i e r  l i t e r a t u r e  va lues .  I n f o r m a t i o n  on  t h e  
e n t h a l p i e s  of f u s i o n  of t h e  I I I - P  c o m p o u n d s  is v e r y  
sparse ,  b u t  v a l u e s  can  b e  g o t t e n  f r o m  t h e  e n t r o p i e s  of 
f u s i o n  t h a t  c an  be  e s t i m a t e d  f r o m  t h e  e n t r o p i e s  of Si 
a n d  Ge a n d  t h e  I I I - V  c o m p o u n d s  t h a t  h a v e  b e e n  m e a -  
sured .  T h e  a s s u m p t i o n  t h a t  Lf is c o n s t a n t  o v e r  t h e  
t e m p e r a t u r e  r a n g e s  e n c o m p a s s e d  b y  t h e  p h a s e  d i a -  
g r a m s  is n o t  on  a v e r y  f i rm basis .  L i c h t e r  a n d  S o m m e -  
le t  h a v e  p r o v i d e d  t h e  o n l y  r e l i a b l e  h e a t  c o n t e n t  da ta ,  
a n d  o n l y  in  t h e  case  of I n S b  a n d  G a S b  (10) a r e  t h e y  
c a r r i e d  su f f i c ien t ly  f a r  in to  t h e  l i q u i d  fo r  a n  e s t i m a t e  
of ~Cp to be  made .  I n  t h o s e  cases,  t h e  m a x i m u m  c h a n g e  
in Lr fo r  e i t h e r  c o m p o n e n t  is o n l y  a b o u t  4.5% o v e r  
t h e  e n t i r e  t e m p e r a t u r e  r a n g e  of  t h e  I n S b - G a S b  d i a -  
g r a m .  

In  m a k i n g  t h e  c a l c u l a t i o n s  d e s c r i b e d  a b o v e  for  a n  
e x p e r i m e n t a l  p h a s e  d i a g r a m ,  i t  is g e n e r a l l y  no t  p o s -  
s ib le  to use  t h e  a c t u a l  d a t a  p o i n t s  s ince  t h e y  s e l d o m  
o c c u r  a t  t h e  s a m e  t e m p e r a t u r e  f o r  b o t h  t h e  l i q u i d  a n d  
solid.  T h e r e f o r e ,  a c u r v e  is d r a w n  t h r o u g h  t h e  ] i q u i d u s  
a n d  so l idus  d a t a  po in t s ;  v a l u e s  of  x ~ a n d  x s a r e  t a k e n  
f r o m  t h e  c u r v e s  a t  a se r i e s  of t e m p e r a t u r e s ;  a n d  t h e  
i n t e r a c t i o n  p a r a m e t e r s ,  B l a n d  B s, a re  c a l c u l a t e d  f r o m  
t h e s e  v a l u e s  b y  m e a n s  of [15] a n d  [16]. T h e  c a l c u l a -  
t i o n s  of B t a n d  B s a r e  p r e s e n t e d  in  t w o  w a y s :  as ac -  
t i v i t y  coeff ic ients  vs.  c o m p o s i t i o n  ( f r o m  Eq.  [5],  [6],  
a n d  [8] )  a n d  as B / R T  vs.  compos i t i on .  

In  o r d e r  to  o b s e r v e  t h e  effect  of e r r o r s  in  t h e  d a t a  
on  t h e  b e h a v i o r  of B ~ a n d  B s, a p h a s e  d i a g r a m  w a s  ca l -  
c u l a t e d  fo r  a h y p o t h e t i c a l  s y s t e m  b y  t h e  i t e r a t i o n  p r o -  
c e d u r e  d e s c r i b e d  ea r l i e r ,  w i t h  n o m i n a l  v a l u e s  fo r  t h e  
p a r a m e t e r s  of B t ---- 0.5 R T ,  B s = 1.2 R T ,  1 $1 = L1 /T1  

l As  w i l l  be  s e e n  w h e n  a c t u a l  e x p e r i m e n t a l  p h a s e  d i a g r a m s  a r e  
t r e a t e d ,  t h e  B / R T  v s .  x p lo t s  a r e  s t r a i g h t  l i nes  w i t h  v e r y  s m a l l  
s lopes ,  so t h e  a s s u m p t i o n  of a c o n s t a n t  B / R T  is j u s t i f i ed  f o r  t h e  
p r e s e n t  p u r p o s e .  
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Fig. 2. Effect of errors in system parameters and data on Bs/ 
RT for hypothetical system. AmError in melting points of separate 
components: a, with error of -[-1 ~ in component 1; b-b, with cor- 
rect data (T1 ---- 1273~ T2 ---- 1773~ c, with error of - -1 ~ in 
component 1; d, with error of - -1 ~ in component 2; e, with error 
of -I-1 ~ in component 2. B--Error in liquidus and solidus data: 
a-a, - - 5 %  in x ], - [ -5% in xs; b-b, - [ -5% in x l, - I -5% in xS; c-c, 
with correct data; d-d, - - 5 %  in x l, - - 5 %  in xS; e-e, - [ -5% in 
x l, - - 5 %  in x s. C--Error in enthalpies of fusion: a, with error of 
- -1  eu in L1/T1, and - -1 ,  0, or -I-1 eu in L2/T2; b, correct data 
(L1/T1 = 14 eu, L;/T2 = 15 eu); c, with error of -I-i eu in 
L1/T1, and - -1 ,  0, or -I-1 eu in L~/T2; d, with error of - -1  eu in 
L1/T1, and - -1 eu in L2/T2; e, with error of + 1  eu in L1/TI, and 
- -1 eu in L2/T2; f, with error of - -1 eu in L1/T1, and + I  eu in 
L2/T2; g, with error of -+-1 eu in L1/T1, and -[-1 eu in LJT2. 

---- 14 eu, TI = 1273~ $2 ---- L J T 2  = 15 eu, T2 = 
1773~ These parameters  were  then var ied one at 
a t ime by small  amounts to see what  effect the change 
had on the behavior  of the B / R T  vs. x curves. This in-  
formation is shown in Fig. 2 for an error  in mel t ing 
point of the pure components  of _+I~ (Fig. 2A), an 
e r ror  in entropy of fusion of •  eu (Fig. 2B), and com- 
position errors in the exper imenta l  curves of •  
where  "er ror"  in the last case is defined as 5% of x 
when x ~ 0.5, and 5% of (1 -- x) when  x --~ 0.5. Fig-  
ure 2 shows only the situation in the solid. Ve~-y simi- 
lar results are found for the l iquid with, however,  a 
r ight  for left  reversa l  in the character  of the curves. 

The value  of this information on errors  is that  it as- 
sists in recognizing and t reat ing anomalous data. There 
is no physical  model  of solutions that  would predict  
wide deviat ion of the B / R T  plots at the composition 
extremes,  and when  this is encountered it must  be due 
to errors in the system parameters  or in the exper i -  
menta l  data of the phase diagram. The sensit ivi ty of 
the B / R T  plots to error  in x ~ and x s (Fig. 2B) is par -  
t icular ly  significant. Whereas  a 5% error  in x near  the 
middle of a phase diagram is probably outside the 
precision of a wel l -cont ro l led  experiment ,  the same 
error  near  the ends (as er ror  is defined here; e.g., 
• at x ---- 0.95) is quite possible. This situation 
is handled by extrapola t ing the B / R T  plots f rom the 
less sensitive region (i.e., between approximate ly  x = 
0.2 and x = 0.8) to the ends and, wi th  these ex t rapo-  
lated values, recalculat ing the  ext remit ies  of the l iq-  
uidus and solidus curves by the i terat ion procedure  
described previously.  It  is a mat te r  of judgment  in any 
part icular  case whe ther  the error  limits on the exper i -  
menta l  data for x l and x s permi t  redrawing of the 

I 

70O 

65O 

o 
I -  

l iquidus and solidus curves acording to calculations 
based on extrapola ted values of B/RT.  

Considering the great  sensi t ivi ty of the B / R T  plots 
at the ex t reme ends to small  errors in mel t ing points 
and enthalpies of fusion, it is unl ikely that  a com- 
pletely l inear plot would be obtained the first t ime 
even if the rest  of the data were  precise. F rom the 
character  of the anomalous curves in Fig. 2A and C, it 
is possible to obtain a clue as to which parameter  is 
in error  and to make  a bet ter  choice. In all systems 
that  were  t reated in this investigation, the final "best" 
parameters  agreed with  the most rel iable  l i tera ture  
values wi thin  the exper imenta l  precision stated by the 
authors. 

Resul ts  
InSb-GaSb system.--Data for both the l iquidus and 

solidus were  obtained by Woolley and Lees (12). Melt-  
ing points for InSb have been reported from 524 ~ to 
526~ (10, 12-16), and for GaSb from 703 to 712~ (10, 
12, 13, 17, 18). Enthalpies  of fusion ranging f rom 11.2 
to 12.2 kca l /mole  for InSb (10, 13, 19, 20) and from 
12.0 to 16.3 kca l /mole  for GaSb (10, 13, 20) were  re-  
ported. Lichter  and Sommelet ' s  values (10) of 524 ~ 
_+ I~ and 712 ~ • I~ for the mel t ing points and 11.414 
• 0.200 kca l /mole  and 15.560 • 0.200 kca l /mole  for 
the enthalpies of fusion of InSb and GaSb, respec-  
tively, appear to be the  most reliable.  

The data of Woolley and Lees are shown as the 
points in Fig. 3. The solid curves were  calculated by 
the i terat ion procedure, wi th  TI ----- 523~ T2 ---- 712~ 
L1 ---- 11.41 kcal /mole ,  L2 = 15.56 kcal /mole,  and using 
l inear i ty  of the B / R T  plot [shown in Fig. 4 (bot tom)]  
as the cri terion for an acceptable curve. The dashed 
curves are the ideal boundaries  calculated f rom [13] 
and [14]. The act ivi ty  coefficients of InSb and GaSb in 
the two phases, calculated f rom Eq. [5], [6], and [8], 
are given in Fig. 5. 
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Fig. 3. InSb-GaSb system: - - ,  calculated; - - - ,  ideal; i-i, 
Ref. (10); G ,  differential thermal analysis [Ref. (12)];  X, ordinary 
thermal analysis [Ref. (12)];  A ,  x-ray measurement [Ref. (12)]. 
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Fig. 4. B/RT vs. composition for I I I -V alloy systems 
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Fig. 5. Activity coefficients in the InSb-GaSb system 

InAs-GaAs system.--The solidus boundary  of this 
system was determined by Woolley and Smith (21). 
Three points on the l iquidus boundary  were deter-  
mined by Van Hook and Lenken  (22). Enthalpies of 
fusion of the pure compounds were reported at 17.58 
(11), I8.2 (13), and 18.4 kcal /mole (23) for InAs, and 
at 25.18 (11) and 28.9 kcal /mole (13) for GaAs. The 
mel t ing point  of InAs has been reported at 937 (24, 11) 
and 942~ (13). There are many  references to the 
mel t ing point of GaAs, ranging from 1230 ~ to 1255~ 
Lichter and Sommelet 's  values (11) of 937 ~ __ I~ and 
1240 ~ --+ I~ for the mel t ing points, and 17.58 _+ 0.40 
and 25.18 _+ 0.60 kcal /mole for the enthalpies of fusion 
for InAs and GaAs, respectively, are taken to be the 
most reliable. 

The exper imenta l  data points and the calculated l iq- 
uidus and solidus (continuous lines) and ideal (dashed 
lines) curves are shown in Fig. 6. The B/RT vs. x plots 
corresponding to the continuous curves of Fig. 6 are 
shown in Fig. 4 (center) .  The activity coefficients are 
shown in Fig. 7. The system parameters  that  were used 
in the calculations were taken from Ref. (11). 

InP-GaP system.--The solidus boundary  was deter-  
mined by  Foster and Scardefield (25). The Iiquidus 
was determined by  Panish (26) by extrapolat ion of 
isotherms from the meta l - r ich  region of the G a - I n - P  
te rnary  to the I n P - G a P  pseudo-binary  section. A new 
melt ing point for GaP of 1485~ was determined by 
Chicotka (27), which is considerably higher than that  
of Richman (28). The mel t ing point  of InP has been 
reported at 1070 ~ (29) and 1068~ (30). 

Following the same procedure as for the other two 
systems, the information for I n P - G a P  is shown in Fig. 
8, 4 (top), and 9, where T1 ---- 1068~ T2 ---- 1485~ 
L1 = 19.71 kcal/mole,  and L2 ~ 26.37 kcal/mole.  The 
enthalpies of fusion of InP  and GaP have not been 
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measured, and the values that  were used were calcu- 
lated from estimates of the entropies of fusion of 14.7 
and 15 eu, respectively. The value for InP  was assumed 
to be the same as that  of A1Sb, since they have ap-  
proximately the same mel t ing point and each contains 
an element  for the third and fifth row. A1Sb had been 
measured by Lichter and Sommelet  (10). The entropy 
of fusion of GaP had been roughly estimated by Thur -  
mond (31). Neither of these estimates is on a firm 
foundation. However, almost as satisfactory a fit to the 
exper imental  data and l inear  B/RT vs. x plots were 



1180 J. Electrochem. Soc.:SOLID STATE SCIENCE 

obtained with entropies _+0.5 eu different from those 
chosen. 

Discussion 
Thermodynamic  t rea tment  of the I I I -V pseudobinary 

phase diagrams provides information of several sorts. 
It makes it possible to distinguish between poor and 
acceptable data; it gives an insight into the na ture  of 
these semiconductor alloys, and provides a basis of 
comparison between members  of the group. The B / R T  
vs.  x plots provide the most visible indication of the 
qual i ty  of the data. The same informat ion could be 
gotten from the activity coefficient plots, although 
anomalous behavior is less conspicuous in that case. 
The test for an "acceptable" phase diagram in the 
systems studied to date is taken to be l inear i ty  of the 
B / R T  vs.  x plot for both the l iquidus and solidus. This 
criterion could not have been set down in advance for 
it was not possible to predict that these systems would 
exhibit  such behavior. Darkin  and Gur ry  (32) noted 
that  m a n y  b inary  metal systems fall into one of three 
classes, where the B / R T  (their a) vs.  x plot is linear, 
where it shows pronounced curvature,  or where it is 
l inear with an abrupt  change of slope. They pointed 
out that few systems seemed to exhibit  intermediate 
or mixed behavior. 

The homologous series of alloys, GaxInl-xSb, 
Ga~Inl-xAs, and GaxInz-xP, have strictly l inear  B / R T  
vs. x plots over the entire composition range for both 
liquid and solid and, hence, appear to fall into the first 
class described by Darkin  and Gurry.  On the other 
hand, the diagrams of several I I I -V systems that 
showed anomalous B / R T  plots with wide excursions, 
especially near  the ends, typical of those i l lustrated in 
Fig. 2, were found to be based on questionable data. 
Calculation of the InAs - InP  system showed such 
anomalies when the data of Koster and Ulrich (29) 
were used, for example. However, recent work of WiN 
lardson et  al. (33) suggests that the earlier data were 
seriously in error. The data of the InSb- InAs  system, 
which also showed anomalous B / R T  plots, are simi- 
larly suspect (34). 

For  the three systems treated here, the B / R T  plots 
were almost flat (Fig. 4). If B is independent  of com- 
position, a perfectly flat plot ( B / R T  -:  constant)  re- 
quires that B be directly proport ional  to T, or B ---- A T ,  
where A is a constant containing R. Since B x l x 2  = 
A T x l x 2  is the excess free energy of mixing, AFMex, ~he 
excess entropy at constant pressure is ASMex ~ - - A x l x 2  
if there are no anomalies in the heat capacity. Then, 
the excess enthalpy AHMex ----- AFMex - -  T A S M e x  i s  zero. 

The assumption that B is independent  of composition 
has considerable historical justification. It has as its 
basis the fact that this parameter  can be accounted for 
by the difference in energy of vaporization between 
the two components, which should be insensit ive to 
composition (36) or, in a paral lel  argument,  that it 
involves the difference in b inding energy between the 
possible combinations of nearest  neighbors (quasi-  
chemical approach) (7). A considerable n u m b e r  of 
systems exhibit  this "regular" behavior. It  is pointed 
out, however, that the regular  solution theory predicts 
that B should also be independent  of temperature,  
which would make the excess free energy of mixing, 
Bxlx2 ,  essentially an excess enthalpy with little or no 
contr ibut ion from excess entropy. 

The extended quasi-chemical  approach predicts a 
tempera ture  dependence in B due to a loss of random-  
ness in the distr ibution of unl ike  molecules, which in-  
volves an activation energy. However, it can be shown 
that  according to the quasi-chemical  theory the tem- 
pera ture-dependent  part  of the excess free energy, i.e. 
the entropy term, will always be substant ia l ly  smaller 
than the enthalpy for the systems we are considering. 
For example, Guggenheim (7) and others have given 
the following approximate expressions for the excess 
functions 

AHMex ----- XlX2 f~(1 -- XlX2 2 ~ / Z R T )  [lTa] 

July 1971 

AZMex : - -  X12X2 2 n2/ZRT2 [17b] 

hFMex ---- XlX2 ~(1  -- XlX2 ~ / Z R T )  [17c3 

where ~2 is the net energy change in  breaking the 
bonds of the pure components and reforming nearest  
neighbor bonds, and Z is the coordination number ,  as- 
sumed to be 4 in the solid. (In the generalized approach 
used in the present  investigation, Eq. [17c] is equiva-  
lent  to our Bx~x2.)  When there is a completely random 
distr ibution of molecules of the two kinds, the tem- 
pera ture-dependent  terms are zero, and Eq. [17] re-  
duces to the simple expressions for the excess quan-  
tities for a regular  solution, AFMex ---~ AHMex : XlX2~, 
with no excess entropy. These relations show that, 
according to the quasi-chemical  approach, the contr i-  
but ion of the entropy te rm to the excess free energy 
will always be less than half the enthalpy for all values 
of ~ less than Z R T / 4 x l x 2  (approximately 4 R T ) .  

It is apparent  that  there is a serious contradiction 
between the exper imental  results for the InGa-Sb,  
-As, and -P systems and the predictions of the regular  
or quasi-chemical  solution theories, for it appears that 
the exper imenta l ly  determined excess free energy is 
made up almost ent i re ly  of the TASMex term. This is 
probably not an accurate description of the make-up  
of AFMex for it is unl ikely  that  a real system could ex- 
hibit a substantial  excess entropy of mixing and near 
zero excess enthalpy,  since the nonrandom structure 
implied by the excess entropy should involve some 
rear rangement  of chemical bonds or, at least, a change 
in van der Waal's forces, which should be accompanied 
by an enthalpy change. This change can be extremely 
small, however, and in some theoretical t rea tments  
(35) it is considered zero. The conclusion that the ex- 
cess entha]py of mixing is small  or zero could be in 
error if the parameter  B were not independent  of com- 
position. There is no support ing evidence for or against 
this contention at the present time. 

The excess free energy for the three systems is 
plotted against composition in Fig. 10. The B param-  
eters are shown in Fig. 11. It  is seen that they are sub- 
s tant ial ly larger for the solids than for the liquids, 
reflecting the greater departures from ideality in the 
former. The GaxInl -xSb liquid is perfectly ideal, and 
the GaxInl-xAs liquid is near ly  so. B for the solid of 
GaxInl -xSb varies only about 6% across the entire dia- 
gram and, hence, near ly  meets the cri terion of a 
"regular" solution. However, this is because the mag-  
ni tude of B s is small  in this system and trends are not 
conspicuous. Rather than GaxInz-zSb being an ex- 
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Fig. 10. Excess free energy, Bxlx2, for I I I-V alloy systems 
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ceptional case, it is clear from Fig. 11 that there is a 
gradual  change in shape of the B s vs. x curves, and a 
gradual  t rend in the magni tude  of B s in going from 
the ant imonide to the arsenide and to the phosphide. 

In an effort to identify the origin of the excess free 
energy, it is of interest  to see if any parameters  of 
these systems correlate with A F M ( S ) e x .  The two most 
obvious properties that  change in going through the 
series InSb-GaSb,  InAs-GaAs,  and I n P - G a P  are the 
molecular  size and the lattice b ind ing  energy, the lat ter  
being manifest  in the increasing mel t ing points, en-  
thalpies of fusion, and shear moduli  of the pure com- 
pounds. Table I lists the lattice parameters,  the molar  
volumes, and the shear moduli  for the three systems 
at room temperature.  

The possibility that  the large contr ibut ion of the 
excess entropy to ~ r M e x  could result  ent i rely from the 
volume change on mixing molecules of different sizes 
can be readily discounted. The molal excess entropy 
of mixing xl moles of molecules of one size with x.~ 
moles of another  is given approximately  by (35) 

A S M e x  : XlR In (Xl/Z2) -~ x2R In (x2/z2) [18] 

where zl and z2 are the two volume fractions. Making 
the calculations at x, : x2 -- 0.5 for the solid of the 
InP -GaP  system, for which the difference in molal  
volumes is greatest, gives A S M e x  : 0.012 eu, and T A S M e x  

17 cal/mole. This is only about 2% of the AFMex for 
that system and, moreovm', is of opposite sign. 

Whereas a significant size-effect contr ibut ion to 
~F'~ex appears to be excluded according to [18], that  
relation does not consider the concomitant  s train en-  
ergy that  is produced in a solid lattice. Calculation of 
s train energy is only approximate, even in the most 
s t raightforward case of simple metals. However, a 
rough estimate of its expected contr ibut ion at room 
tempera ture  in the present  cases can be made by the 
procedure of Lawson (37). This yields the distortion 
energy, E D, resul t ing from subst i tut ion of a molecule 
of the first kind for a molecule of the second kind in a 

lattice of the second kind, when the two molecules are 
of different size. The energy is given in  terms of the 
shear moduli, G1 and G~, and the molar  volumes, V1 
and V2, a s  

E D -'- 2 / 3 [ G 1 / V l ( X l )  -}- G2/V2(x~)]  (V1 -- V2)~xlx2 

[19] 

where xl  and x2 are the mole fractions. 2 In  addition to 
the assumptions in the original derivation, it is also 
assumed that  there is min imal  volume change on mix-  
ing, so E D ~ H D, and that the theory originally de- 
veloped for metals applies to the covalently bonded 
mixed crystals as well. 

Subst i tu t ion of the appropriate quanti t ies from Table 
I into [19] gives distortion energies at room tempera-  
ture of 1900, 2625, and 3075 cal /mole for InSb-GaSb,  
InAs-GaAs, and InP-GaP,  respectively, calculated at 
xl ---- xe ---- 0.5. If we identify these with the excess 
free energy, it is seen that  they exceed Bsxlx2 calcu- 
lated from the phase diagrams (Fig. 10) by four-  to 
five-fold. It  is impossible to est imate the magni tude  
of the strain energies at high temperature.  The shear 
moduli  of the covalently bonded semiconductors are 
not greatly tempera ture  sensitive wi thin  a few hundred  
degrees of room tempera ture  where data are available, 
and values extrapolated to the temperatures  of the 
solidus curves would still be of the order of 75% of 
the room temperature  values (39). On the other hand, 
the moduli  approach zero at the mel t ing points and un -  
doubtedly fall off very rapidly just  short of that. 

Thus, it is not possible to find a definite correlation 
between lattice strain and the excess free energy of 
mixing, even though the direction of change of the 
shear moduli  with tempera ture  points toward better  
agreement  at the high temperatures  than is found at 
room temperature.  

It has been suggested (38) that an exper imenta l ly  
observed positive value of BSxlx2 might  actually be the 
difference between a large negative AFMex, which 
would result  when pair ing or other chemical in ter-  
actions between unl ike  atoms are favored (4), and a 
larger distortion energy which is always positive. That  
this is not the case in the systems studied here is 
demonstrated by the fact that  the chemical effects 
should persist into the liquids where distortion en-  
ergies are absent. This would result  in large nega-  
tive values for AFM(/lex; whereas it is seen from Fig. 
11 that the liquid of the G a x I n l - x S b  system is perfectly 
ideal, and those of the other two systems show much 
smaller departures from ideality than  do the solids. 
From the same argument ,  it would appear that  the 
good agreement  obtained by Stringfellow and Greene 
(40) between the exper imental  phase diagram and 
that calculated from a quasi-chemical  approach for 
Gaxln l -zAs  might  possibly be fortuitous [they used 
14.7 eu for the entropy of fusion of GaAs instead of 
the more recent va lue  of 16.5 (23)], since the quasi- 
chemical approach does not take into account the dif- 
ference that  would be expected between the liquid 
and solid as a consequence of lattice strain. 

Even though the identification of Bsxlx2 in terms of 
the excess thermodynamic  functions is not clear, its 
magni tude  is cause for concern in view of the rather  

-" T h e  d i s t o r t i o n  e n e r g y  c a l c u l a t e d  f r o m  [19] is  1/= t h a t  g i v e n  b y  
L a w s o n ' s  o r i g i n a l  r e l a t i o n  w h i c h  c o n t a i n e d  an  a r i t h m e t i c  e r r o r  (38). 

Table I. Crystal properties of I I I-V alloys 

S y s t e m  
diff.  diff.  diff.  diff.  (cal. c m  -s) 

a b a ( A )  b ( A )  (A) (%) a ( c m  s ) b ( c m  3) (cm3) (%) a b 

I n S b - G a S b  6.479 6.095 0.384 0.10 41.00 34.10 6.90 18.3 7.22 • 10 a 10.31 • 103 
I n A s - G a A s  6.0'58 5.653 0.405 6.92 33.40 27.15 6.25 20.6 9.47 14.20 
I n P - G a P  5.869 5.451 0.418 7.38 30.40 24.36 6.04 22.0 11.5"* 15.5"* 

* " S e m i c o n d u c t o r s  a n d  S e m i m e t a l s , "  R.  K.  W i l l a r d s o n  a n d  A.  C. B e e r ,  Ed i to r s ,  A c a d e m i c  P r e s s ,  N e w  Y o r k  (1966), p. 110. 
** E x t r a p o l a t e d  ~ r o m  d a t a  f o r  t h e  a n t i m o n i d e s  and arsenides.  

L a t t i c e  p a r a m e t e r  M o l a r  v o l u m e  S h e a r  m o d u l u s *  
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str ingent  requi rements  on materials  for semiconductor 
device applications. A serious consequence of signifi- 
cant depar ture  from ideality in mul t icomponent  sys- 
tems is the possibility of phase separation in the solid. 
Miscibility gaps have not been reported for any of the 
diagrams of the I I I -V alloys. However, because of the 
great problem in a t ta in ing equi l ibr ium below the 
solidus boundaries, they cannot be ruled out. Phase 
separation to produce a miscibil i ty gap will occur at 
temperatures  less than  a critical t empera ture  given by 
Tc ~ B/2R (41). Referr ing to Fig. 10, Tr calculated 
at the max imum in the AFM(S)ex curves, is 850 ~ 510 ~ 
and 380~ for GazInl-~P,  GazIn,-~As, and GaxIn,-=Sb 
solids, respectively. This calculation assumes that the 
observed var iat ion of B s with temperature  describes 
only the condition dur ing solidification, and that  B s 
remains constant below the solidus boundary,  as would 
be expected if it were largely due to strain. 

In the case of GazInl-xP, at least, Tc is approaching 
the tempera ture  at which this mater ia l  might be grown 
by vapor or liquid phase epitaxy, or at which it might  
be subsequent ly  processed. Moreover, as was demon-  
strated in some other systems that  were studied ex- 
tensively, the critical tempera ture  need not actual ly be 
reached for local ordering to occur. In  the AI-Zn (42), 
A1-Ag (43), and Cu-Au  (43, 44) systems, for example, 
segregation in the form of clustering and superlatt ice 
formation could be observed at almost 100~ above the 
temperature  of the miscibil i ty gaps. 

As in the metal  systems cited above, it is suggested 
that  the excess free energy in the three semiconductor 
systems investigated here results from stra in-rel ief  
processes that  occur during solidification to produce 
local order and a decrease in entropy. This entropy 
change is substantial .  By making  the approximation,  
as indicated by almost flat B/RT vs. x curves, that  all 
of the excess free energy is in TASM(S)ex , ASM(S)ex 
amounts  to --0.45, --0.42, and --0.59 eu, which are 
about 32, 30, and 42% of the ideal mixing entropies for 
GaxInl-~Sb, Ga.~Inl-xAs, and Ga~Inl-xP,  respectively. 

No details about the na ture  of the ordering can be 
presented in the absence of diffuse x - r ay  scattering 
data, but  the formation of stacking faults, clusters, or 
vacancy-stabil ized defects of various sorts is a pos- 
sibility. Reports of inhomogeneities in I n P - G a P  alloys 
are beginning to appear. Evidence that  phase separa- 
t ion might be occurring dur ing  low-tempera ture  l iq- 
uid phase epitaxial  growth was seen (45), and Rich- 
man (46) observed diffuse s tructure in x - ray  pat-  
terns of this mater ia l  that  was produced by  vapor 
epitaxy. 

It is too early to predict the effect of possible struc-  
tural  inhomogeneities on the semiconductor properties 
of semiconductor alloy systems. The electron mo- 
bi l i ty in InAs - InP  vapor-deposited alloys was found 
to fall much below the expected value throughout  the 
mid- range  of compositions (47), and in the InAs-GaAs 
system there was actual ly a pronounced min imum in 
mobil i ty at x ---- 0.5 (48). On the other hand, in the 
InSb-GaSb  system the mobil i ty was essentially an 
additive function of the mobilit ies of the pure end 
components (49). Electrical properties can be diffi- 
cult to in terpret  and are influenced by m a n y  factors, 
such as the basic conduction process, degree of com- 
pensation, etc., as well as by lattice strain and inhomo- 
geneities, all of which can vary  with composition of 
the alloy. In electroluminescence applications, where 
these alloys have par t icular  interest, s t ructural  in-  
homogeneities might  act as t rapping centers to lower 
the efficiency of radiative processes. 

S-mmaty 
A generalized thermodynamic  t rea tment  of the 

pseudobinary  T-x  diagrams of the homologous series 
of I I I -V compound alloys, InSb-GaSb,  InAs-GaAs, and 
InP :GaP ,  was carried out. These materials  are all in a 
class characterized by l inear  plots of B/RT vs. com- 
position, where B is defined by Bxlx2, the excess free 

energy of mixing of the two end components. The l iq-  
uid phase of InSb-GaSb  is perfectly ideal (B = 0), 
and the liquids of the two other systems show only 
small  departures from ideality. The solid phases show 
substantial  nonideal  behavior, increasing in magni -  
tude in going from InSb-GaSb  to InAs-GaAs to InP-  
GaP. This parallels the dispari ty in molecular  size be-  
tween the two components of each pair. 

The flatness of the B/RT vs. x plots (B/RT ~ con- 
stant) indicates that  the part i t ion of the excess free 
energy between the entropy and enthalpy greatly 
favors the former. Thus, the alloys are not  regular  
solutions and, moreover, cannot  be described by a 
quasi-chemical  approach which allows only small  de- 
pendence of B on temperature.  I t  is suggested that  
some of these alloys might  not freeze as homogeneous 
random mixed crystals, but  might exhibit  some degree 
of local order in the na ture  of clustering, layering, or 
perhaps a vacancy-stabil ized defect structure. Such 
structures would be expected to have adverse effects 
on the performance of some semiconductor devices that 
are envisioned for these alloys. The magni tude of the 
excess free energy in the case of InP-GaP,  at least, 
suggests that the tendency toward inhomogenei ty  may  
be so great as to br ing  about phase separation in the 
solid at some temperatures  where this alloy might be 
grown or processed. 

Manuscript  submit ted Oct. 23, 1970; revised m a n u -  
script received ca. Feb. 15, 1971. 

Any  discussion of this paper will appear in a Discus- 
sion Section to be publ ished in the June  1972 JOURNAL. 
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Substrate Surface Preparation and Its Effect 
on Epitaxial Silicon 

P. Rai-Choudhury* 
Westinghouse Research Laboratories, Pittsburgh, Pennsylvania 15235 

ABSTRACT 

Silicon substrates prepared carefully by chemical-mechanical  techniques, 
such as the silicon dioxide process, are comparable with those prepared by 
the chemical ]3olishing technique, which in turn, are comparable with the 
bulk material.  Defects are found to generate on substrates during oxidation 
even under  idealized conditions probably by migrat ion and collapse of vacancy 
clusters, and some of these defects (i.e. the extrinsic faults) are nucleat ion 
centers for intrinsic stacking faults in the epitaxial  layers. In addition to re-  
moving shallow mechanical  damage, HCI etching in an rf heated system usu-  
al ly generates m a n y  thermal ly  induced dislocations, which, in turn,  prevent  
formation of defects dur ing oxidation. The probabi l i ty  of stacking fault  forma- 
t ion is significantly reduced by using (100) wafers instead of (111) wafers. 

Depending on the type of device to be fabricated, 
chemically or chemical-mechanical ly  polished wafers 
may be used as the start ing mater ia l  for thermal  oxi- 
dation or epitaxial  growth. The surface of a chemically 
polished wafer, al though free from mechanical  damage, 
is not flat over large distances and not mirror- l ike.  
Surface flatness over large areas is becoming increas- 
ingly impor tant  in masking operation by photoli tho- 
graphic techniques for devices such as photodiode ar-  
rays and many  integrated circuits. Fortunately ,  with 
the development  of electron beam l i thography (1) 
such str ingent  requirements  for surface flatness are not 
necessary. Among the various methods of producing 
very flat surfaces over large areas are the cupric ion 
process and the silicon dioxide colloidal suspension 
process (2-4). The cupric ion process takes place in 
an acidic medium (pH ~ 7) may  be represented by the 
following reaction 

Si(s)  q- 2Cu(NO3)2 (soln.) -p 6NH4F (soln.) -- 

(NH4) 2 SiF6 (soln.) q- 4NH3 (g) 

q- 2Cu(s) q- 4NHOs (soln.) 

The silicon dioxide process takes place in an alkaline 
medium (pH ~ 9.8) and may be approximated as 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  M e m b e r  
Key  w o r d s :  s t a c k i n g  faults, mechanical damage, po l i sh ing ,  v a c a n -  

cies. 

Si('s) + 4NaOH (soln.) ---- Na4SiO4 (soln.) + 2H2(g) 

Both processes being of a chemical nature,  and the 
very small solid particles involved being either softer 
(i.e. Cu) or of hardness comparable to that  of silicon 
(i.e. SiO2), no mechanical  damage is introduced dur ing 
polishing (2-4). However, the possibili ty of in t roduc-  
ing mechanical  damage through a fractured and freed 
silicon particle or not removing all the prior process- 
induced damage exists in all these various shaping 
processes. Consequently,  the procedure followed from 
sawing to the final polishing step is of importance. If 
the mechanical  damage is shallow and the associated 
microstrain small  then in situ etching at high tem- 
perature might remove the damaged layer. 

Unfor tunate ly  there are some disadvantages of hav-  
ing a perfectly damage-free surface. Nowadays most 
mel t -g rown ingots used to prepare substrates are ei ther 
free of or very  low in dislocation density. As a result  
these crystals are supersaturated with vacancies, which 
may lead to the formation of vacancy clusters (5, 6), 
because vacancy sinks are either absent or are too far 
apart. Such vacancy clusters, when decorated with 
metallic impurit ies are shown to produce diodes with 
high leakage current  (6). For tuna te ly  these decorated 
vacancy clusters can be effectively cleaned by getter-  
ing, for example, with phosphorus glass at 1050~ If, 
however, the surface of a dislocation-free crystal is 
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mechanical ly damaged during shaping operation a 
flowed lattice with minute  surface crevices results. 
Dislocations develop from the damaged lattice during 
h igh- tempera ture  anneal ing which then act as vacancy 
sinks. Lawrence (7) indicated that the fault  nuclea-  
tion appears to occur at p inn ing  centers in the flowed 
lattice provided by crevices fixed by a thermal ly  grown 
silicon dioxide film. Such p inning centers increase the 
probabi l i ty  of dislocations intersecting with one an-  
other. The intersection of two dislocations which satis- 
fies the Lomar-Cot t re l l  conditions will form a stacking 
fault. These stacking faults are extrinsic and grow by 
vacancy emission. 

The surface layers of a polished wafer can, at best, 
be similar to the bulk  of the mater ial  from the point 
of view of crystallographic perfection. The Czochralski 
grown ingots usual ly  contain many  microinhomo- 
geneities, which of course, become part  of the surface 
features of a polished wafer. In  the absence of any 
fast diffusing impurities, the importance of the sub-  
strate (when it is not an active part  of a device) exists 
only during the ini t ial  few seconds of nucleat ion and 
growth. If the substrate microinhomogeneit ies are of 
coherent or semicoherent type, they are not de t r imen-  
tal to the growth of a relat ively thick epitaxial  layer. 
However, when a thin layer of epitaxial  mater ial  is 
grown on substrates containing coherent or semico- 
herent  type of inhomogeneities, the quali ty of the 
layers may be profoundly influenced. If the microin-  
homogeneities are of the incoherent  type, defects such 
as stacking faults might  be nucleated. This is, of course, 
a dist inctly different mechanism of fault  formation 
from that in the substrate, where stacking faults are 
formed by the collapse of vacancy clusters dur ing high 
temperature  (--~1000~ heat treatments.  

The present investigation consists of examining the 
substrate surface after suitable polishing in terms of 
surface morphology and mechanical  damage. These 
surfaces are then compared with the bulk  mater ial  in 
terms of microinhomogeneities.  The polished wafers 
are subjected to tests such as oxidation and epitaxial  
growth to assess the qual i ty of the start ing mater ial  as 
well as the grown epitaxial  layers. The effectiveness of 
in situ etching in removing mechanical  damage and 
other surface contaminants  are also examined. 

Experimental Procedure 
The polished wafers examined were of two basic 

types, namely,  those polished by the chemical- 
mechanical  processes, such as the silicon dioxide 
process, and the cupric ion process, and those chem- 
ically polished by liquid etchants. Effects of abrading 
with diamond and garnet  particles prior to silicon 
dioxide polishing were also examined. The chemical 
polishing of the lapped wafers were performed using 
HF:HNO3:HAc: :3:15:5 mixture.  Immediate ly  before 
use the polished wafers were cleaned thoroughly by 
a special process to remove any organic and metallic 
contaminants  from the surface. They were then Sirt l  
etched (8) to reveal any scratches and other crystal-  
lographic defects. Some of the shallow and isolated 
damages and bulk- induced defects are not always vis- 
ible after Sirt l  etching. Therefore, another  test was 
performed in which cleaned wafers were oxidized in 
wet oxygen at l l00~ for 3 hr  to give about 10,000A 
of SiO2 film and then Sirtl  etched after removing the 
SiO2. This is a sensitive test for revealing any defects 
induced by the mechanical  damage and the collapse of 
vacancy clusters. The surfaces were examined by op- 
tical microscopy and scanning electron microscopy. 
The surface layers and the bulk  of a number  of wafers 
were examined by transmission electron microscopy 
for comparison purposes. The wafers were etched using 
a 1% HC1 gas in pal ladium purified H2 at 1270~ (cor- 
rected pyrometer  temperature)  for 10 min  to see how 
effectively any damaged material  can be removed from 
the surface. The etching was carried out in a conven-  
tional horizontal epitaxial  reactor having a SiC coated 

graphite susceptor, heated external ly  by rf coils. 
Epitaxial  layers were grown from a SiC14-H2 system 
at about ll00~ These layers were examined by opti- 
cal and electron microscopy for defects and inhomo- 
geneities that might be induced by the substrates. 

Results 
Ideally the silicon substrates should be prepared in 

such a way that  the surface layer shows only the bulk  
features in t ransmission electron microscopy. Thinned  
surface layers from several chemically polished sub- 
strates were examined in TEM, and found to be very 
similar  to the bu lk  mater ia l  (from the point  of view 
of microinhomogeneit ies)  regardless of the doping level 
except when solid solubili ty is reached. Therefore the 
objective one would like to achieve is to prepare a 
substrate surface that has the perfection of a chemi- 
cally polished surface and the flatness of a mechanical-  
ly polished surface. The objective has been largely 
achieved as demonstrated by the test results to be 
presented below. However, if proper process sequence 
is not followed, defects can be introduced ~ , e -  under  
idealized conditions dur ing h igh- tempera ture  device 
processing, especially thermal  oxidation. 

Figure 1 shows some of the surface features of 
wafers, polished by the silicon dioxide process, made 
visible by Sirtl  etching. Figure 1 (a) shows the surface 
of a wafer that  was sawed, chemically etched and then 
polished using an SiO2-NaOH-H20 s lurry  of pH 9.8, 
wheel speed 500 rpm, and a pressure of 5.5 psi. The 
removal or polishing rate under  these conditions was 
approximately 0.4 miI/hr .  One line defect is shown on 
the photograph, although most of the wafer appears 
flawless. A chemically polished surface is at least as 
good as this surface as far as the defect density is con- 
cerned, but has a typical  orange peel structure. If a 
lapping or mechanical  polishing step is introduced 
prior to silicon dioxide polishing then deep damage 
may result  which is difficult to remove by such slow 
polishing action. Figure l ( b )  shows typical surface 
defects caused by 12.5 micron garnet  particles, and 
Fig. 1 (c) shows scratches (made visible by Sirt l  etch- 
ing) from diamond abrasive particles which were not 
removed by the silicon dioxide polishing. It  is there-  
fore advisable not to introduce any lapping steps in 
the preparat ion of silicon substrates by  the silicon 
dioxide process. In this regard polishing by the cupric 
ion process that  removes typical ly 4 to 5 m i l / h r  may 
be preferable. Of course, the possibility of copper con~ 
taminatio~ is also increased by this process and care- 
ful procedure must  be followed to remove any  residual 
copper. 

As was ment ioned before, most dislocation-free or 
low dislocation silicon crystals contain excess vacan-  
cies and vacancy clusters, formed dur ing cooling of 
the crystals grown from the melt. On subsequent  an-  
neal ing these vacancies wil l  diffuse towards the sur-  
face, especially along the dislocation lines, and at p in-  
ning centers such as the SiO2-Si interface the vacancy 
clusters may collapse forming stacking faults. There-  
fore, a more sensitive test for reveal ing defects in-  
duced by mechanical  damage is to oxidize the wafer, 
remove the oxide and then Sirt l  etch for about a minute  
or two. Figure  2 shows some of the results from this 
test. The diamond polishing leaves the surface severely 
dislocated as revealed by the etch pits [Fig. 2 (a)]  and 
since these dislocations act as numerous  sinks, vacancy 
clusters do not grow to form stacking faults. Figure 
2(b) and (c) show the faults induced by 12.5~ garnet  
particles. The very  interest ing feature is the absence 
of any defects in a zone surrounding the clusters of 
"worm-l ike" faults [Fig. 2 (b)]  or line of "saucer-like" 
defects [Fig. 2(c)] .  Quite often such "denuded" or 
precipitate-free zones (P.F.Z.) are formed in the vi-  
cini ty of grain boundaries  in age hardened alloys. Ex- 
per imental  evidence (9) has shown that apart  from a 
very nar row region immediate ly  next  to the grain 
boundaries,  the P.F.Z.'s are depleted of vacancies 
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Fig. 1. Photomicrographs of Sirtl etched (1 min) wafers showing 
surface features introduced by various pretreatments prior to pol- 
ishing using the silicon dioxide process: a--the sawed wafer was 
chemically etched to remove mechanically damaged material; b n  
the sawed wafer was silver etched to remove 2 mils, lapped with 
12.5F garnet slurry to remove 2.2 mils, etched in HF-HNO3 to re- 
move 1 mil; cwthe sawed wafer was chemically etched to remove 
mechanical damage, polished by 1~ and then 0.1~ diamond. 

rather  than solutes. Consequently,  the vacancy con- 
centrat ion and therefore the bu lk  diffusivity changes 
with distance from the boundary.  The width of the 
P.F.Z. can be changed by altering the hea t - t rea tment  
conditions; the zones are narrower  for higher heat-  
t rea tment  temperatures  and faster quenching rates, 
both of which increase the excess vacancy content. 
From the above observations together with the fact 
that  the wafer  is cut from a float zone crystal, free 
from any  precipitates and gross inhomogeneit ies (as 
examined by transmission electron microscopy), it is 
concluded that  these faults grow by vacancy cluster-  
ing and might be decorated by impurities.  As will  be 
shown later these "worm-l ike"  and "saucer-l ike" de- 
fects are real ly  dislocation etch pits and are therefore 
effective sinks for vacancy migration.  Figure 2(d) 
shows some of the defects (which resemble stacking 
faults) induced by the sawing damage not completely 

removed by chemical etching and silicon dioxide 
polishing. 

The defects shown in Fig. 2(b) and (c) could not 
be resolved adequately in the optical microscope. It 
was necessary to Sirtl etch these defects for about 3 
rain and any residual surface oxides removed (to pre- 
vent sample from charging) before these faults were 
resolved in the scanning electron microscope. Figure 
3 shows the micrograph which clearly reveals these 
faults to be dislocation etch pits. 

As mentioned before, the quality of a polished sur- 
face or the surface layer cannot be better than the 
bulk of the material. Therefore, several samples, 
polished by different techniques, were examined by 
transmission electron microscopy and compared with 
the bulk. Figure 4 shows the transmission electron 
micrographs of surface layers from a number of wafers. 
Figure 4(a) reveals some scratches not removed by 
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Fig. 2. Photomicrographs showing the effect of incomplete removal of the mechanical damage; the wafers were oxidized at 1100~ for 3 
hr in wet oxygen followed by oxide stripping and 1 min Sirtl etching, a--Wafer showing damage from diamond abrasives (i and 0.1~ size); 
h and c--wafer showing damage from 12.5~ garnet particles; d--wafer showing the effect of incomplete removal of sawing damage. 

the silicon dioxide polishing. These scratches are, how- 
ever, removable by HC1 etching in the epitaxial  re-  
actor. Figures 4(b) and 4(c) show the surface layers 
of wafers polished by the silicon dioxide process and 
the chemical etchant, respectively. In  both cases the 
inhomogeneities are comparable to the bulk  of the 
respective wafers, and it is believed that  these inhomo- 
geneities are not of the type that propagate into the 
epitaxial  layer. The characteristics and the causes of 
microinhomogeneit ies in the epitaxial  layers are being 
investigated in detail. None of the inhomogeneities 
shown in the micrographs are of incoherent  type, and 
therefore, do not contr ibute  to the nucleat ion ~f any 
defects such as stacking faults. Neither  are these in-  
homogeneities fast diffusing, because anneal ing  in H2 

at 1220 ~ for periods of up to 4 hr  did not noticeably 
change their  size or distribution. It can be concluded 
that a properly prepared wafer surface (i.e. avoiding 
any lapping steps) by the silicon dioxide process is 
comparable to a chemically polished surface, which, in 
turn, is comparable to the bu lk  material .  A copper 
polished as well  as an HC1 etched wafer were similar-  
ly examined by TEM and the surfaces were found to 
be comparable to the bu lk  material .  

If the depth of damage is shallow or the associated 
microstrain low, then in situ HC1 etching might  re-  
move the damage effectively. In  order to show the 
effectiveness in removing damaged mater ia l  and sur-  
face contaminants,  if any, epitaxial  layers were grown 
on substrates with and without  HC1 etching. Figure  5 
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to form stacking faults in the substrate (7) dur ing 
oxidation, which will  subsequent ly  propagate into the 
grown layer. To fur ther  substantiate  this point one 
batch of the 260 ohm-cm substrates were heat treated 
in H2 to simulate the thermal  cycling dur ing HC1 etch- 
ing, and then oxidized along with another  batch of 
wafers that  were HC1 etched. SirtI etching of these 
wafers indicated practically complete absence of any  
oxidat ion-induced defects on the HC1 etched wafers 
whereas a very  few localized areas of oxidation in-  
duced defects were seen on the heat- t reated wafers. 
Of course there was a general  increase in the disloca- 
tion density of these wafers (11). Epitaxial  layers were 
grown on some of these wafers (not Sirtl  etched) after 
an in situ HC1 etching. The stacking fault  densities on 
the heat- t reated wafers were --~20 faults as compared 
to about 400 faults if the wafer was first oxidized. 
Fur ther  oxidation and examinat ion of these epitaxial  
layers indicated no increase in the defect density. The 
results are summarized below with indicated defect 
densities (only to show the general  t rends) .  

D e f e c t s  i n  
e p i t a x i a l  s i l icon 

S t a c k i n g  Di s lo -  
W a f e r  t r e a t m e n t  W a f e r  t r e a t m e n t  f au l t s*  ca t ions*  
b e f o r e  o x i d a t i o n  a f t e r  o x i d a t i o n  N o . / c m  2 N o . / c m  2 

Fig. 3. Scanning electron mlcrograph at 45 ~ incidence revealing 
dislocation etch pits; these are the same faults that appear in Fig. 
2b and c. 

N o n e  HCI e t ch  a n d  ep i -  70 300 
t a x i a l  g r o w t h  

H e ~ t - t r e a t m e n t  in  e p i -  HC1 e t c h  a n d  ep i -  3 200 
t a x i a l  r e a c t o r  s i m u -  t a x i a l  g r o w t h  
l a t i n g  HC1 e t c h i n g  

HC1 e t c h i n g  in e p i t a x -  HC1 e t c h  a n d  ep i -  ~ 1 0  170 
ia l  r e a c t o r  t a x i a l  g r o w t h  

H C I  e t c h  a n d  e p i t a x i a l  N o n e  3 480 
g r o w t h  

shows that  in situ etching does indeed remove most of 
the shallow damaged material.  Figure 5(a) shows 
single stacking faults, groups of stacking faults at 
various stages of cancellation, l ine faults, and dislo- 
cation etch pits. No stacking fault  interact ion with 
incomplete cancellation is visible. All  the epitaxial  
stacking faults are of intr insic type, and Booker (10) 
has shown that  they arise from small area of extrinsic 
fault  on the (111) plane (or something equivalent) .  
Although one fault  is shown in Fig. 5(b) the entire 
wafer had only 4 stacking faults. Under  identical 
growth conditions as those for Fig. 5, a 1.25 in. diam 
wafer, properly polished by the silicon dioxide process, 
gave about 115 stacking faults without  HC1 etching 
and 1 stacking fault  with HC1 etching. Thus in situ 
etching of the wafer before any processing reduces con- 
siderably the risk of process-induced defect formation. 

As was ment ioned before, all stacking faults in the 
substrate from vacancy collapse are of extrinsic type, 
and therefore are nucleat ion centers for the stacking 
faults in the epitaxial  layers. The effect of the excess 
vacancies in causing stacking faults in the epitaxial 
layers was tested using (111) substrate silicon wafers 
that were chemically polished, dislocation free (as 
shown by x - r ay  topography) and a resist ivity of 260 
ohm-cm (p-type) .  The level of oxygen was below the 
detection l imit  of the IR absorption technique (<0.2 
ppm),  and the minor i ty  carrier l ifetime was 700 ~sec. 
All  wafers were HC1 etched prior to the growth of 
the epitaxial  layers. Some of the wafers were oxidized 
and the oxide stripped before put t ing  in the epitaxial  
reactor. The epitaxial  layers were Sirtl  etched to re- 
veal the defects. The layer  grown on unoxidized wafers 
had stacking fault  density of less than 10 per wafer 
whereas about 400 stacking faults were found on the 
oxidized wafers. A possible explanat ion of the results 
is that enough dislocations are generated dur ing the 
rf heating in the epitaxial reactor (11) so that the 
excess vacancies and vacancy clusters can be removed 
effectively. Absence of any effective p inn ing  centers, 
such as those provided by a thermal ly  grown SiO2 
layer makes fault  nucleat ion difficult. Of course, in the 
presence of an oxide layer the vacancies will collapse 

* D e f e c t  d e n s i t i e s  w e r e  o b t a i n e d  b y  c o u n t i n g  al l  t h e  f a u l t s  in  a 
w a f e r  a n d  i n d i c a t e  r e p r e s e n t a t i v e  f i g u r e s  

Thus, in order to reduce the densi ty of the stacking 
faults in the epitaxial  layer  it is not only necessary to 
remove any surface contaminants,  but the presence or 
generation of a fair number  of dislocations is also 
essential; HC1 etching seems to fulfill both the require-  
ments. 

If the vacancies are present  in the substrates in the 
form of clusters, such as, the vacancy spirals reported 
by deKock (6), then, these clusters cannot be removed 
by hea t - t rea tment  in the epitaxial  reactor. When epi- 
taxial  layers were grown on such substrates the char- 
acteristic spiral pat tern  became visible, and consisted 
of numerous  stacking faults (revealed by Sirt l  etching) 
along the spiral. Thus vacancy clusters in the sub- 
strates are effective nucleat ion centers for stacking 
faults in the epitaxial  layers. 

Since stacking faults are nonequi l ibr ium defects 
with stored energy (12) of the order of 50 ergs/cm ~, 
they can be annealed out under  appropriate conditions, 
such as, heating in H2 at about 1300~ for faults on 
(111) silicon. Hydrogen anneal ing causes disappear- 
ance of the characteristic fringe contrast  and leave an 
impression of the fault  on the wafer surface. However, 
such h igh- tempera ture  anneal ing  is not a practical 
solution. Segregation of impuri t ies  at the stacking 
faults has been observed directly by TEM. This can 
be interpreted as a result  of the Suzuki interact ion of 
impur i ty  or dopant  atoms with dislocations, resul t ing 
in a lowering of the stacking fault  energy. Such stab-  
ilized stacking faults would be difficult to anneal,  and 
if decorated with metallic impuri t ies  are de t r imenta l  
to device performance (7, 13). Nucleation probabil i ty  
of stacking faults on the (111) plane is relat ively high. 
The defects can start from an error in the stacking 
sequence of a single atomic plane and consist of three 
intr insic faults  on the incl ined {111} planes. Since all 
the three faults are of intr insic type there is no can- 
cellation of (compressive and tensile) forces and the 
stored, energy is relat ively high. On the other hand 
the nucleat ion probabiIi ty on the (100) plane is rela-  
t ively low. In this case the formation of an (111) plane 
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Fig. 4. Transmission electron micrographs of surface layers of 
Czochralski grown wafers: a--lO ohm-cm, p-type substrate showing 
inadequate polishing by the silicon dioxide process; b--40 ohm-cm, 
p-type substrate polished by the silicon dioxide process and free 
from any mechanical damage; c--100 ohm-cm, n-type substrate 
chemically polished by the HF-HH03 mixture. 

must  take place for which a larger error in the stack- 
ing sequence, such as, an oxide island is necessary. 
Also the square- type stacking faults in the epitaxial  
layer on (100) substrates consist of four faults as in-  
t r ins ic /ext r ins ic / in t r ins ic /ext r ins ic  on going around 
the defect. The total stored energy in this defect is 
expected to be lower than  that  in the (111) silicon due 
to some cancellation of forces, and therefore should 
not attract  impurit ies as effectively as the faults on 
(111) silicon. Epitaxial  layers were grown on chemi- 
cally polished (111) as well  as (100) wafers without  
in situ HC1 etching. The resul t ing stacking fault  den-  
sity on the (111) wafer was about 100 faul t s /wafer  
whereas zero on the (100) wafer. It  has also been ob- 
served by Thomas (14) that  the stacking fault  density 
in epitaxial  silicon grown on (111) substrates was 
about l0 T faults/cm~, whereas, the density was essen- 
t ial ly zero on the (100) silicon under  identical condi- 
tions. These layers were grown at 600~ a vacuum of 
10 -10 Torr, and at a rate of about 200 A/min .  Such 
large differences in the stacking fault  densities between 
the two orientat ion substrates can be considered as 

evidence that  nucleat ion probabi l i ty  of stacking faults 
on (100) substrates is considerably less and at suffici- 
ent ly slow growth rate the mobil i ty  of the depositing 
atoms is high enough to prevent  any errors in the 
stacking sequence. The preceding discussion indicates 
that the stacking faults are det r imenta l  to good device 
performance, and in this regard (100) wafers provide 
a definite advantage over the (111) orientation. There-  
fore, (100) wafers should be preferred to (111) wafers 
for device fabrication. 

Summary 
Silicon substrates carefully polished by the chemi- 

cal-mechanical  processes, such as the SiO2-NaOH-H20 
s lurry  possess the flatness of a mechanical ly polished 
surface and the s t ructural  perfection comparable to 
the bu lk  material .  Shallow damaged mater ia l  can be 
removed effectively from the wafer by  HC1 etching in 
the epitaxial  reactor. However, if it is necessary to 
oxidize the wafer prior to epitaxial  growth then the 
wafer must  be free of damaged layer and should be 
HC1 etched before oxidation. If the s tar t ing wafer is 
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Fig. 5. Photomicrographs showing the effectiveness of HCI etching in removing mechanical damage and improving the quality of the 
epitaxial layers; all wafers Sirtl etched for 1 min. a--Epitaxial layer grown without in-situ HCI etching on the surface described in Fig. 
lc; b~same as a, with HCI etching. 

free from or very  low in dislocation dens i ty  then  oxi-  
dat ion wil l  genera te  many  defects by  a vacancy mig ra -  
t ion and collapse mechanism, which  in tu rn  wi l l  cause 
numerous  s tacking faul ts  in a subsequent ly  grown 
epi tax ia l  layer .  The p robab i l i ty  and the energy  of the 
stacking faul t  assembly  is cons iderably  reduced  when 
(100) ins tead of (111) or iented wafers  are  used. 
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Etching Studies of Impurity Precipitates 
in Pulled GaP Crystals 
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ABSTRACT 

Light-emit t ing  diodes prepared by p- t ipping on n - type  pulled GaP sub- 
strates are considerably less efficient than those diodes prepared by p- t ipping 
on solut ion-grown substrates. The present study represents an at tempt  to 
use chemical etching and optical microscopy to determine the differences 
between n- type  pulled GaP crystals and crystals obtained by solution- and 
vapor-growth techniques. Etch pat terns believed to be associated with im- 
pur i ty  precipitates were observed in large numbers  in pulled crystals heavily 
doped (up to ND -- NA ---- 6 x 1017 cm -3) with sulfur  or tel lurium, and to a 
much lesser extent  in l ightly doped and undoped pulled crystals. Clusters of 
small etch pits a t t r ibuted to isolated precipitates and short etch grooves at- 
t r ibuted to decorated dislocations lying parallel  to the surface were both 
observed. These etch pat terns were not seen in  solut ion-grown or vapor-grown 
crystals doped to approximately the same carrier concentrations. 

Considerable work has been carried out on the 
growth and physical properties of GaP single crys- 
tals. These studies have been concerned main ly  with 
crystals prepared by growth from gall ium solution, 
vapor phase.transport ,  or l iquid phase epitaxial  depo- 
sition. Recently, the l iquid encapsulated Czochralski 
(LEC) technique (1-5) has become a major  source 
of GaP crystals. However, re la t ively little work has 
been reported on defects in GaP crystals (6-11). 

Crystals of n-type,  doped with the elements sulfur, 
selenium, and tel lurium, are widely used as sub- 
strates for light emit t ing diode fabrication. The solu- 
bil i ty and electrical properties of these impuri t ies  
in solution-grown, n - type  GaP crystals have been re- 
ported by Trumbore  et al. (12). 

In  this report, etching studies of impur i ty  pre-  
cipitation in n- type  LEC GaP crystals are described. 
Etching can reveal  the presence of precipi tate- l ike 
defects, but  there is a l imitat ion in that  it cannot 
directly identify the na ture  of the precipitate. 

At present  there are no s tandard etching solution.~ 
which reveal defects on all surfaces of GaP crystals. 
For  example, no known etchant will reveal  disloca- 
tions on {110} cleavage surfaces. However, this situ- 
ation is ra ther  useful for the study of impur i ty  pre-  
cipitation as is described later. 

Experimental 
Pulled GaP crystals were grown in vitreous silica 

crucibles with the growth axis in a <111> direction 
(5). Undoped, sulfur-  and te l lur ium-doped crystals 
with carrier concentrat ions between 3 x 1015 cm-3 
and 6 x 101~ cm-3 were studied. For comparison, 
so lu t ion 'grown and vapor-grown crystals doped with 
sulfur and te l lur ium were examined. 

Slices were cut paral lel  to the {111} plane, mechan-  
ically lapped, and then polished with Linde A. The 
slices were rinsed with acetone and methanol  and 
dried. After  these procedures, the slices were inspected 
with t ransmit ted visible light. Then, the slices were 
pre-etched with chlor ine-sa tura ted methanol  to re-  
move surface damage on the P ( l l ' I )  surfaces. This 
pre-etching is effective for obtaining a scratch-free, 
smooth P ( l l l )  surface for detailed optical observa-  
tion, but  it is not effective on the G a ( l l l )  surface. 
Thus, P (111) and cleaved {110} surfaces were main ly  
employed for observation. Then, a modified AB etch- 
ant  [10 ml  H20, 40 mg AgNO~, 5g CrO3, 8 ml  HF for 

1 Presen t  address :  E lec t ro technica l  L a b o r a t o r y ,  Tokyo,  J a p a n .  
K e y  words :  Defects,  c o m p o u n d  semiconduc to r ,  opt ica l  microscopy. 

50 min  at 75~ (9, 13)] or RC etchant  [8 ml  H~O, 
10 mg AgNO3, 6 ml  HNO3, 4 ml  HF for 3 min  at 60~ 
(14)] was used to reveal  defects. The solution was 
occasionally stirred dur ing etching, which was per-  
formed under  ordinary  room il lumination.  Defects 
on the etched surfaces were observed main ly  with an 
interference contrast  microscope (15). 

Results 
Undoped, S- and Te-doped pulled crystals.--Etch- 

ing produced the following types of etch pat terns 
on the surfaces of n - type  LEC crystals. 

Dislocation etch pits.--Deep, conical dislocation etch 
pits were revealed on the P ( l l l )  surface (Fig. 1, 2, 
and 3). The diameters of the pits were about 5-10~ 
and the density was general ly  of the order of 105 
cm -2. The shape and the appearance of the pits in 
the doped crystals were not as distinct as those in 
the undoped crystals (Fig. 2 and 3). 

Fig. I. Dislocation etch pits, etch grooves, and clusters of sinai| 
etch pits on P(111) surface of S-doped crystal (No-NA ~ 6xI01~ 
cm-3). Defect-free regions around the dislocation pits and 
grooves are seen. Etched with RC etchant. 

1190 
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Fig. 2. Correlation between dislocation etch pit density and 
small-pit clusters on P(111) surface of S-doped crystal (ND-NA 
6x1017 cm-3). Etched with RC etchant. (a) A peripheral region 
with high dislocation density ( ~  8x10 5 cm -2)  and without small- 
pit clusters. (b) A central region with low dislocation density 
( ~  2xi0 5 cm -2)  and with small-pit clusters, on the same slice 
as in (a). 

Fig. 3 (a). Dislocation pits and etch grooves on P(111) surface 
of an undoped crystal. No small-pit clusters are seen. Etched with 
AB etchant. 

Fig. 3 (b). Another undoped crystal showing dislocation pits, 
etch grooves, and small-pit clusters on P(111) surface. Etched with 
AB etchant. 

Clusters of small, shallow, flat-bottomed etch pi ts . -  
Clusters of small, shallow, flat-bottomed etch pits 
were also observed on the P ( l l l )  surface of one un -  
doped crystal and all doped crystals as shown in Fig. 
1, 2(b) ,  and 3(b) .  However, another  undoped crys- 
tal did not show these clusters on the P ( l l l )  surface 
[Fig. (3a)].  The individual  pit diameter  varied from 
approximately 0.5 to 5~, and the density was less 
than  2-3 x 107 cm -2 at the clustering region on the 
P ( l l l )  surface. 

These small  pits were also revealed on {110} cleav- 
age surfaces of relat ively highly doped crystals 
( N D  - -  N A  ~-~ 3 X 1017 c m - 3 ) ,  but  they were not as 
clearly shown as on the P ( l l l )  surface (Fig. 4 and 5). 
They were, however, readily observed by  ordinary 
optical microscopy without  an interference contrast  
at tachment.  There was always a good correspondence 
between the small-pi t  cluster distr ibutions on the 
opposite (110} cleavage halves, indicating the spatial 
distr ibution of the defects responsible for the clusters 
in the bulk. However, even when interference con- 
trast microscopy was employed, it was impossible to 
observe the smal l -pi t  clusters on the etched (110} 
cleavage surface of undoped ( N D  - -  N A  ~ 3 X 1015 
cm -3) and some lightly Te-doped (ND -- NA ,~ 1 x 1017 
cm -~) LEC crystals. This result  suggests that  the etch 
pat terns were related to the dopant  impur i ty  concen- 
tration. 

Distr ibution of the smal l -pi t  clusters varied from 
crystal  to crystal and location to location. Nonuni -  
form distr ibutions of the clusters were observed 
both in  the growth direction and in the radial  direc- 
tion. Sometimes the dis t r ibut ion of the clusters was 
l imited by growth striations on the "off-core" region 
of a longi tudinal  (110} surface including the growth 
axis [Fig. 5(a) ] .  Discontinuous dis tr ibut ion of the 
clusters was also seen on the "off-core" to "on-core" 
t ransi t ion region as shown in Fig. 5(b) .  On the 
P ( l l ~ )  surface of the same sample cut perpendicular  
to the growth direction, the small-pi t  clusters were 
distr ibuted in annu la r  rings as shown iff Fig. 6. These 
results suggest that  the formation of the original 
defects responsible for the smal l -pi t  clusters is dom- 
inated by crystal growth conditions. 

In  general, small-pi t  clusters were not found at 
the per iphery of the P ( l l l )  surfaces examined, but  
a high density of dislocation etch pits was observed 
[Fig. 2 (a ) ] .  In  the inner  region of the slice, how- 
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Fig. 4. Etch grooves and clusters of small etch pits on (110} 
cleavage surface of S-doped crystal (ND-NA ~ 6x!017 cm-'~). 
Defect-free smooth regions around the grooves are clearly seen. 
Most of the grooves are approximately parallel to either a < 2 1 1 >  
or < 1 1 0 >  direction. Horizontal is a < 2 1 1 >  direction. Etched 
with AB etchant. (a) Low magnification view. Weak striations are 
seen in this sample. (b) Detailed etch patterns. 

ever, the dislocation pit density was lower and small-  
pit clusters were dis tr ibuted between the dislocation 
etch pits [Fig. 2 (b) ]. 

Etch grooves.--Etch grooves were revealed on the 
P ( l l l )  surfaces of all undoped and doped crystals 
(Fig. 1 and 3). While the grooves were easily revealed 

on the (110} cleavage surface of re la t ively highly doped 
crystals (ND -- NA ~-~ 3 x 1017 cm-~) ,  as shown in  Fig. 
4 and 5, they were revealed with difficulty on the 
{110} cleavage surface of undoped (ND -- NA ~ 3 
x 1015 cm -~) and l ightly doped (ND -- NA ~ 1 X 1017 
cm -~) crystals; their distr ibution also varied from 
one crystal to another. There was a correspond- 
ence between the densities of the etch grooves on 
the {110} cleavage surface and the dislocation etch 
pits on the corresponding P ( l l l )  surface close to the 
cleaved edge. This correlation may indicate that the 
etch grooves on the {110} surface are a t t r ibuted to 
dislocations lying on, or just  under,  the surface. 

Smooth regions.--It is also noteworthy that  there 
are smooth regions around both dislocation pits and 
etch grooves as shown in Fig. 1, 2(b) ,  3 (b) ,  4, and 5. 

Fig. 5. Etch patterns on a {110} surface parallel to the growth 
axis. Striations, small*pit clusters, and etch grooves are seen. Te- 
doped crystal (ND-NA ~ 3x1017 cm-3). Etched with AB etchant. 
(a) Off-core region. The distribution of the small-pit clusters is 
limited by growth striations (white lines). (b) Edge of core region 
(central core region is on the right-hand side of the picture). Dis- 
continuous distribution of the clusters in the growth direction. 

The width of such regions was be tween l0 and 30~. The 
presence of similar regions has previously been ob- 
served on heavily Te- and Se-doped GaAs crystals 
(16-18). In Te-doped GaAs, the width of such regions 
was found to be 25-100~ by  Casey (16), and 30-150~ 
(etching),  and 50-200~ (x - ray  topography) by the 
author (18). The formation mechanism of these re-  
gions is not well  understood. However, it may be 
assumed that the mechanism is the same in both 
GaP and GaAs. 

N-type solution-grown and vapor-grown crys ta ls . -  
Neither small-pi t  clusters nor  etch grooves were 
observed on any surfaces of solut ion-grown ,or vapor-  
grown crystals comparably doped with sulfur  or 
tel lurium. 

Dislocation etch pits were observed on the {111} 
surfaces of these crystals. In the solut ion-grown crys- 
tals, they were mostly localized around impur i ty  in-  
clusions. 

Discussion 
Nature of the characteristic etch patterns o~ S- and 

Te-doped crystals.--In addition to the usual  disloca- 
t ion etch pits, clusters of small  pits were observed on 
the surface of most of the donor-doped pulled crys- 
tals. The size of the individual  pits is smaller  than  
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Fig. 6. Part of annular rings revealed on a P(111) surface cut 
perpendicular to the growth axis. The same crystal as in Fig. 5. 
Dark cloud-like patterns corresponding to the small-pit clusters 
are also limited by the annular rings. Etched with AB etchant. 

that of the usual  dislocation pits, and the density is 
larger than  the usual  dislocation density in pulled 
crystals. The small  pits on P ( l l l )  surfaces are shal- 
low and flat-bottomed and have no tails. These 
properties indicate that  the small  pits are not  
associated with the usual  dislocations, but  are due 
to defects such as impur i ty  precipitates or vacancy 
aggregates, or small  dislocation loops with a diam- 
eter of less than 1~. Small  etch pits not corresponding 
to dislocations were previously observed on Ge (19- 
26), Si (27, 28), and GaAs crystals (16-28, 29). They 
were a t t r ibuted to silica (22-25), vacancies (19, 28), 
Te (or a Te-r ich complex) (16-18), or oxygen (20, 
29). 

Etch pits corresponding to vacancy aggregates have 
been observed only in  near ly  dislocation-free crys- 
tals (19, 28). Thus vacancy pits were not  observed in 
Ge crystals with dislocation densities greater than 
about 200 cm -2 (19). Therefore it is believed that  
dislocations serve as very effective sinks for excess 
vacancies. Since pulled GaP crystals have very  high 
dislocation densities (~-105 cm-2) ,  it is quite im-  
probable that  the small  pits observed in these crystals 
are due to vacancy aggregates. 

The possibility that  small  dislocation loops are 
the source ,of the small pits is also rejected for the 
following reason. Dislocation can be revealed on 
the P ( l l l )  surface of GaP crystals as deep, conical 
etch pits, bu t  cannot be revealed on the {110} cleavage 
surface. Therefore it might  be thought  that  a small  
dislocation loop could be revealed on the P ( l l l )  sur-  
face as a small etch pit pair, but  could not be re-  
vealed on the {110} cleavage surface at all. However, 
smal l -pi t  clusters were easily revealed on the {110} 

cleavage surface of highly doped n- type  LEC GaP 
crystals. It  is concluded that  the small  etch pits are 
not due to small  dislocation loops. 

Now we shall discuss the possibility that  impuri ty  
precipitates are the origin of the small  etch pits. These 
pits are absent from the smooth regions surrounding 
individual  dislocation etch pits or etch grooves, and 
they are ent irely absent from the highly dislocated 
areas at the periphery of the GaP slices. These obser- 
vations indicate that  the dislocations act as sinks for 
the defects responsible for the small  etch pits, or in 
other words that  the dislocations can be decorated by 
~hese defects. Decoration of the dislocations also ac- 
vounts for the easy delineation of the etch grooves on 
P (-1-1"1) surfaces and especially on {110} cleavage sur-  
faces of the pulled crystals. In  general, dislocations 
lying close and near ly  paral lel  to the surface cannot 
be revealed by etching. In  some cases, however, such 
dislocations have been revealed by  etching as lines 
(30), channels (31, 32), trails (9, 13), or ridges (33). 
The delineation of these features is main ly  at t r ibuted 
to decoration of the dislocations by  impur i ty  precipi- 
tates, which results in faster or slower etching. By 
analogy, formation of the etch grooves on doped GaP 
can be at t r ibuted to decoration by impur i ty  precipi- 
tates. Since the defects responsible for the small  etch 
pits can also decorate the dislocations, it seems prob- 
able that  these defects are impur i ty  precipitates, and 
that  etching of isolated precipitates (not associated 
with a dislocation) leads to the formation of the 
characteristic flat-bottomed pits. 

In  pulled GaP crystals doped with S or Te, where 
the small-pi t  clusters and etch grooves are much more 
prominent  than  in undoped crystals, the impur i ty  pre-  
cipitates are formed pr imar i ly  by the dopant  element. 
Dislocation lines decorated with Se or Te have been 
observed with an infrared microscope as dark  lines in 
heavily doped GaAs crystals (n N 2 x 10 TM cm-3)  
grown from the melt  (17, 34). In  LEC GaP crystals 
with carrier  concentrat ions up to 6 x 1027 cm -'~, deco- 
rated lines have never  been observed by  t ransmit ted  
visible light. Thus the dislocations are not sufficiently 
decorated with the dopant  impur i ty  to be detected in 
this manner ,  but  are decorated enough to be revealed 
by preferent ial  etching. 

The appearance of the etch grooves in the doped 
GaP crystals varies from one groove to another and 
from one sample to another. Such variat ions are con- 
sidered to be due both to different amounts  of impuri ty  
precipitat ion and to the type of dislocation (i.e., edge 
or screw). The difference in the appearance of the dis- 
location etch pits between doped and undoped crys- 
tals, as seen in Fig. 2 and 3, is a t t r ibuted to a difference 
in the amount  of impur i ty  precipitat ion along the 
dislocations. 

Etching behavior of undoped crystals.--Even in the 
case of undoped LEC crystals, etch grooves were re-  
vealed on the P ( l l l )  surface of two samples, and 
small-pi t  clusters were observed on this surface for 
one sample. These results also suggest the presence of 
isolated impur i ty  precipitates and dislocations deco- 
rated with the same impuri ty.  Both nondel ineat ion of 
the clusters on the {110} cleavage surface and poor 
delineation of the grooves on this surface suggest that 
the degree of impur i ty  precipitat ion in the undoped 
crystals is not as high as in the doped crystals. 

The probable impuri t ies  in undoped LEC GaP crys- 
tals are considered to be boron, silicon, carbon, and 
oxygen (4, 5, 11) incorporated from the silica crucible, 
graphite susceptor, and/or  boric oxide during crystal 
growth. Therefore it is l ikely that  in these crystals the 
small  pits and the etch grooves are associated with the 
precipitation of one or more of these impurities.  

Precipitation mechanism.--Finally, some comment 
can be made on the mechanism of impur i ty  precipita-  
t ion in pulled GaP crystals, even though no detailed 
mechanism has been established. In  general  precipita- 
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tion occurs when the concentration of an impuri ty  
incorporated in the crystal lattice exceeds the solu- 
bil i ty at a temperature where the kinetics are suffici- 
ently rapid to permit precipitation. It would not be 
surprising for these conditions to be satisfied for 
pulled GaP crystals. First, since substitutional im- 
purities such as sulfur and tellurium can be expected 
to exhibit retrograde solubility (35), the concentra- 
tions incorporated at the melting point, 1470~ could 
exceed the solubilities at lower temperatures. Second, 
since the initial cooling rates after solidification are 
relatively low, the crystal spends an appreciable time 
at temperatures high enough for the precipitation rate 
to be rapid. In contrast, the vapor- and solution-grown 
crystals are prepared at much lower temperatures, 
approximately 900 ~ and 1140~ respectively, where 
the precipitation kinetics would be extremely slow. 

Such a difference in precipitation behavior between 
LEC crystals and solution-grown or vapor-grown 
crystals leads to a difference between them in etching 
behavior. 

Summary 
1. Characteristic clusters of small etch pits, etch 

grooves, and cluster-free regions around dislocations 
were revealed on the surface of pulled GaP crystals 
by etching techniques. 

2. There is a distinct difference in etching behavior 
between pulled crystals and solution-grown or vapor-  
grown crystals. 

3. The delineation of these etch patterns is a t t r ib-  
uted to impuri ty precipitation followed by preferen- 
tial etching. 

4. The impuri ty which is mainly responsible for the 
formation of etch patterns in doped crystals is the 
dopant element (sulfur or tel lurium).  

5. In undoped crystals, the impuri ty responsible for 
precipitation is thought to be boron, silicon, carbon, 
or oxygen incorporated during crystal growth. 

6. The easy formation of precipitates in the pulled 
crystals is at tr ibuted to retrograde solid solubility and 
crystal growth at a high temperature. 
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ABSTRACT 

A thermogravimet r ic  system is described for the determinat ion of the total  
oxygen consumption, sample weight-change,  and vaporizat ion rate during 
the oxidation of ZrBrf. The results show an increasing deviat ion f rom para-  
bolic kinetics with increasing t empera tu re  at 250 mm oxygen pressure. The 
following equation is used to describe the total  oxygen consumption in the 
tempera ture  range  of 800 ~ 1500 ~ C ( ) (  000) Ano2 moles O2 ---- 5.41 X 10 -4 exp t 1/2 Jr 2.86 exp t 

A cm 2 2RT R T  

Because ZrB2 is oxidized stoichiometrically,  this result  can be conver ted  to 
the recession of ZrB2 as follows ( ) (. 000) 

--25,000 t 1/2 -p 2.10 X 101 exp - -  t 5 (cm) ----- 4.06 X 10-8 exp 2RT RT 

The total oxygen consumed in the oxidation of ZrB2 
has been invest igated by Berkowitz  (1) over  the t em-  
pera ture  range of 1150~176 Parabolic  oxidation 
was reported in that  s tudy as wel l  as in the study by 
Kuriakose and Margrave  (2), who measured sample 
weight  change over  the tempera ture  range of 950 ~ 
1250~ In both of these studies, the effect of oxygen 
par t ia l  pressure on the oxidation behavior  was in- 
vest igated at 1056~ Kuriakose and Margrave found 
the increase in the parabolic rate constant to be direct-  
ly proport ional  to the oxygen pressure over  the oxygen 
part ial  pressure range of 100-740 Tort. Berkowitz  sub- 
stantiated this finding but found no oxygen pressure 
dependence at 1287~ over  the range of 8-40 Torr  or at 
1557~ over  the range of 20-700 Torr. Clougherty  et al. 
(3) have measured recession rates of ZrB2 at t empera -  
tures up to 1900~ and reported thei r  data on the 
basis of a parabolic t ime dependence. 

In view of the current  technological  need for mater i -  
als with good oxidation resistance at high tempera-  
tures, this s tudy was under taken  to obtain additional 
quant i ta t ive  data on the oxidation of ZrB2 by indepen-  
dent determinat ions of sample weight-change,  total 
vaporization, and total  oxygen consumption. These 
measurements  allow the evaluat ion of the amount  of 
ZrO2 and B203 formed. 

Experiment 
A common method of studying the kinetics of an 

oxidation process is by continuously recording weight -  
change at constant temperature .  For  many materials  
this method has proved to be very  successful. How-  
ever, in the study of the oxidation of some alloys and 
h igh- t empera tu re  ref rac tory  materials,  care must  be 
used in in terpret ing weigh t -change  data because of 
the formation of volati le oxides. Weight-change mea-  
surements  indicate only the amount  of oxide products 
remaining on the sample. 

If volat i le  oxides are formed, then other  methods, 
such as the measurements  of total  oxygen consumed 
by means of pressure changes or volume changes, must 

Key words: thermogravimetric, oxidation, oxygen consumption, 
vaporization, ZrB=,, B~O~, paralinear. 

be used to determine  reaction rates. Thermal  conduc- 
t iv i ty  measurements  of the gas stream before and 
after  reaction have  been used successfully (4). Some 
exper imenta l  difficulties are encountered in all of 
these methods, par t icular ly  at ve ry  high temperatures .  

The techniques described here  are designed for the 
thermogravimet r ic  measurement  of total  oxygen con- 
sumption for mater ia ls  that  form a volati le oxide 
which is condensable at tempera tures  below the re-  
action temperature .  Sl ight  modifications of the system 
can be made to measure  separately the vaporizat ion 
rates and sample weight-change.  

During this study of the oxidation of ZrBf, three 
methods were  used to separate into parts the oxidation 
processes which occur simultaneously.  These methods 
were:  

1. Sample we igh t -change- -conven t iona l  weight -  
change measurements  in which only the weight  in-  
crease due to the oxidation products remaining on the 
sample are recorded. 

2. Oxygen consumpt ion- -measurement  of the weight  
increase of the sample plus the weight  of any volat i le  
oxides that  are condensable wi thin  the tempera ture  
range of the system. 

3. Vapor iza t ion--only  the weight  of the condensable 
oxides is measured.  

Measurements  of sample weight -change  were  made 
with  an Ainswor th  FV-AU-1  recording microbalance. 
The capacity of the balance is 10g and the sensit ivi ty 
is --+3 ~,g. A total weight -change  of 100 mg can be re -  
corded. In the convent ional  weight -change  measure-  
ments, the gaseous B203 collected on the cooler parts 
of the furnace and represented an unknown weight  
loss. Single-crysta l  sapphire rods were  used to sus- 
pend the samples, and measurements  were  made only 
to 1500~ 

At  1500~ and above, it was not possible to complete 
a run  because of a react ion which destroyed the sap- 
phire rods. It was observed that  the reaction product  
of ZrBf, probably B203, reacts quite  des t ruct ively  wi th  
most mater ia ls  at high temperatures .  Rh, Pt, Ir, A1203, 
ThOf, ZrO2 were  tr ied wi thout  success in a t tempts  ~o 
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Fig. 1. Sample suspension for measuring total oxygen consump- 
tion and vaporization rates of a condensable oxide. 

Suspend a specimen in the t empera tu re  range of 1500 ~ 
2000~ (5). 

The oxygen consumption and vaporizat ion measure-  
ments were  made with  a Cahn RH Electrobalance 
which has a capacity of 100g and a sensit ivi ty of _10 
i~g. The total weight -change  that  can be recorded with 
this balance is var iable  but  can be as much as 20g. 
Figure  1 is a diagram of the methods  used to measure  
total oxygen consumption and vaporization. ZrB2 
oxidizes to form both ZrO2 and B203. Since 8203 is a 
liquid above 450~ and has an appreciable vapor  pres-  
sure above 1000~ (6), some vaporizat ion of this oxide 
is expected. In Fig. l ( a )  is shown the method used 
for measuring total  oxygen consumption. An inver ted 
crucible 100 mm long is suspended f rom the balance 
with  the specimen hanging inside. A modification of 
this, as shown in Fig. l ( b ) ,  is used to direct ly mea-  
sure vaporizat ion rates. Here  the sample is not con- 
nected to the balance but is again inside the crucible. 
In this case, only the vapor  condensed on the crucible 
is measured. In both arrangements,  the top of the 
crucible is considerably cooler than the specimen so 
that  any condensable products wi l l  collect there. The 
total load on the balance is about 50g in ei ther  case. 

The furnace system used in this study has been de-  
scribed previously  (7). Sample  t empera tu re  was mea-  
sured by a thermocouple  placed just  below the sample. 
The t empera tu re  profile of the furnace showed that  
the specimen should be within  10~ of the measured 
temperature.  All  the tempera tures  reported are ther -  
mocouple temperatures .  

The ZrB2 mater ia l  was supplied by Manlabs In- 
corporated as a hot-pressed billet about 75 mm in 
diameter  and 25 mm thick. The major  impur i ty  in this 
mater ia l  is ZrO2 and the B / Z r  ratio is sl ightly less 
than two. Small  rec tangular  coupons weighing about 
lg  and with  an area of approximate ly  4 cm 2 were  cut 
f rom the billet wi th  a diamond saw. The specimens 
were  ground smooth with  a 150 grit  diamond wheel  
and ul t rasonical ly cleaned in alcohol. 

The samples used to measure weight  change were  
annealed in a vacuum of 10 .5  Torr  at 600~ for about 
15 hr  before the start  of each run. In the oxygen con- 
sumption experiments ,  argon at a pressure of 20 Torr  
was used for the anneal ing environment .  These differ- 
ent anneal ing methods did not appear to affect the 
kinetics in any way. Af ter  annealing, the sample was 
heated to the desired tempera ture  and oxygen was 
introduced into the system as quickly as possible. Dur -  
ing the t ime of heat ing to the t empera tu re  of the run, 
the weight  was observed to be constant up to l l00~ 
Smal l  weight  gains were  observed above this t em-  
perature.  

The dependence of the oxidation rates on gas flow 
was measured. In the tempera ture  range  covered and 

5.0 ' ~ ~14000 c . . . .  

3o go 9o ,2o ,go ,~o 21o 2~o 
Time (rain) 

Fig. 2. Sample ,weight change, ZrB2 at 250 Torr 02 

E 

E 

for the size of specimens that  were  used, a flow rate  
of 0.5 cm/sec  was found to supply enough oxygen so 
that  the reaction rate was not flow dependent.  Al l  the 
measurements  reported here were  made at a total 
pressure of 250 Torr  in pure oxygen. 

Results 
The measurements  of sample weight  change are pre-  

sented in Fig. 2. Since B203 has an appreciable vapor  
pressure above 1000~ some vaporizat ion of this oxide 
wil l  occur. At  the higher  temperatures ,  the data, 
therefore,  represent  both a gain in weight  from the 
addition of oxygen forming ZrO2 and B203 and a lo~s 
in weight  due to a loss of boron in the vaporizat ion of 
8203. 

The 8203 left on the sample after an oxidation run 
at 250 Torr 02 could be vaporized by heating at 1100~ 
in a vacuum of 10 -5 Torr until a constant weight was 
recorded. With the assumption that all of the B20:~ 
had evaporated, the weight-change measured after this 
vacuum treatment represented the total oxygen con- 
sumed in the formation of ZrO2 minus the boron lost 
in the vaporization of B203. From this weight-change, 
the total oxygen consumption can be calculated if it is 
assumed that ZrB2 oxidized stoichiometrically. 

The direct measurements of total oxygen consump- 
tion agreed quite well with these calculations particu- 
larly for t empera tu res  of 1100~ and below. Speci-  
mens oxidized above this t empera tu re  were  cooled to 
l l00~ before the furnace was evacuated.  Consequent-  
ly, some excess oxide was formed and the agreement  
be tween the calculations and exper iments  was not as 
good. However ,  because of the agreement  between 
calculated values of total  oxygen consumed and mea-  
sured values, ZrB., must oxidize s toichiometrical ly 
wi thin  the conditions of these experiments .  

Using the second method described, i.e., the weighing 
of the sample plus the condensed vapor  species, the 
data presented in Fig. 3 were  obtained. Since any 8203 
that  evaporates wil l  condense at the cool end of the 
crucible, these data represent  the total  oxygen con- 
sumed during the oxidation process. 

A measure  of the rate of vaporizat ion can be ob- 
tained f rom the difference be tween the total  oxygen 
consumed (Fig. 3) and the specimen weight -change  
(Fig. 2). The vaporizat ion ra te  was also measured 
direct ly  by the th i rd  technique described. The results 
of all three  measurement  methods at 1200 ~ and 1300~ 
are shown in Fig. 4 and 5, respectively.  

The curves labeled "sample weight"  are the net 
specimen weights  observed in convent ional  weight -  
change measurements  of oxidat ion kinetics. The "oxy-  
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Fig. 5. Three types of measurements of the oxidation rate of 
ZrB2, 1300~ 250 Torr 02. 

gen consumption" curves describe the total  oxygen 
consumed when all of the oxidation products are col- 
lected and weighed. Since this study indicates that  
ZrB2 oxidizes stoichiometrically, the values of oxygen 
consumption can be converted directly into mater ial  
consumed, or recession rates. 

The third curve in the figures, vaporization, was 
determined by weighing only the condensable oxides 
formed, using the technique shown in Fig. l ( b ) .  This 
curve can also be determined by s imply subtract ing 
the sample weight values from the total  oxygen con- 
sumpUon values at any time. The agreement  between 
all three measurement  methods was found to be quite 
good at all temperatures.  

Discussion 
Previous investigators (1-3) have interpreted mea-  

surements of boride recession, oxygen consumption, 
and weight-change as being a parabolic process and 
therefore have suggested that  the reaction is con- 
trolled by diffusion through a continuously growing 
oxide layer. Because of the evaporation of B203, 
weight-change measurements  alone are of questionable 
value when used to determine a t ime dependence for  
the oxidation process. Measurements of the total 
amount  of oxygen consumed wil l  not be influenced by 
vaporization and are, therefore, more suitable for use 
in the determinat ion of reaction kinetics. Since ZrB2 
oxides stoichiometrically, oxygen consumption mea-  
surements  can be converted directly to boride reces- 
sion. 

Berkowitz (1) has presented evidence from micro- 
s t ructural  examinat ion of the oxide layer  formed in 
the neighborhood of a crack that  intersected the sur-  
face, that the oxide must  grow by the inward  dif- 
fusion of oxygen. The original surface of the crack 
was replaced by the oxide, and there was no indication 
of the crack closing due to an outward diffusion from 
the boride. There are no known te rnary  compounds 
formed in the Zr-B-O system and B20~ is the pre-  
dominant  species detected dur ing the vaporization of 
boron oxide (6). The condensed oxide layer formed on 
ZrB2 will consist of a mixture  of both B208(1) and 
ZrO2 (s). If the tempera ture  is high enough or the re- 
action time long enough, B203(1) can vaporize as 
quickly as it is formed and the oxide layer wil l  contain 
only ZrOs. 

The measurement  of a l inear  vaporization rate for 
times less than 4 hr at temperatures  between 800 ~ and 
1400~ indicates that  l iquid B203 is present  under  these 
conditions. Figures 4 and 5 show the relationship be-  
tween the amount  of oxygen consumed and the amount  
of vaporization. Because the oxygen consumption data 
show a decreasing time dependence and the vaporiza- 
tion is linear, the amount  of B208 (1) in the scale is de- 
creasing with time. Since the scale consists of a mix-  
ture  of B203 and ZrO2, it would be expected that  the 
inward diffusion of oxygen would occur at a much 
faster rate through B203(1) than  through ZrO2(s). 
The length of the diffusion path for the inward  diffu- 
sion of oxygen is, therefore, decreasing with t ime as 
the thickness of B203(1) is reduced through vaporiza- 
tion. The reduction in the diffusion barr ier  would cer- 
ta in ly  be expected to increase the rate of recession and, 
therefore, t ru ly  parabolic recession behavior  would 
not be expected. 

When the oxygen consumption data are plotted as 
weight-gain  squared v s .  time, an increasing deviation 
from parabolic behavior  is observed as the tempera-  
ture  is increased. Figure 6 shows these data from 1Q95 ~ 
to 1400~ At 1095~ and for temperatures  less than  
1095~ a straight line is observed, indicat ing that the 
reaction rate is parabolic and l imited by diffusion 
through a barr ier  layer which does not suffer signifi- 
cant vaporization. The data below 1095~ are not 
shown because of the relat ively small  magni tude  when 
plotted on the scale used in Fig. 6. Above 1095~ a 
positive curvature  is observed and the curvature  in-  
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creases with increasing temperature.  In  this tempera-  
ture range, the rate of oxygen consumption is faster 
than parabolic because of a decreasing thickness of 
the barr ier  layer  caused by the evaporat ion of B20~ (1). 

The increase of the reaction rate with temperature  
can also be shown if it is assumed the oxygen consump- 
tion rate is dependent  on t ime in the following manner  

Values of x are shown in Table I and clearly indi-  
cate that  above l l00~ the scale is no longer an effec- 
tive barr ier  for oxygen diffusion. 

Previous investigators have interpreted their  mea-  
surements  of oxygen consumption and weight-change 
of ZrB2 as a diffusion-controlled reaction obeying a 
parabolic rate equation. Although the measurements  
made in this study do not show a parabolic t ime de- 
pendence at temperatures  above 1095~ a comparison 
can be made between the results presented here and 
those of previous studies. An "apparent"  parabolic 
,'ate constant  was determined from a least-squares 
value of the slope when  the oxygen consumption and 
weight-change data were plotted as in Fig. 6. These 
"forced" rate constants are shown on the Arrhenius  
plot in Fig. 7 together with the parabolic rates for 
oxygen consumption obtained by Berkowitz (1) and 
the parabolic rates for weight-change obtained by 
Kuriakose and Margrave (2). The close agreement  of 
the data from the three separate studies indicates that  
equivalent  measurements  have been made on similar 
material.  However, it must  be emphasized that  simple 
parabolic behavior is not the interpretat ion of the mea-  
surements  presented here. 

Ano2 ~x 
Table I. Values of x in the Eq. \ - ~ ' - - /  ---- kt 

Temp, "C X 

885 2.2 
1000 2.1 
1095 2.0 
1200 1.5 
1300 1.3 
1400 1.3 

Temperature ,~ 
1500 ~ ~ |00 e 900 ~ , i , i i ~ E] : Berkowitz 

- Kuriakose 
Margrave 

C 0 ~  E] : -  Weight Change 
Ot Consumed 

"~ -.=~ , \ 47kcol  

E 

_~ \ xx 
-I.5 

-2.0 ~ 

i 

016 0'5' 0,8 0.9 IO00/T (~ 

Fig. 7. Arrbenius plot of the parabolic rote constnnts~, ZrB2 

The vaporization of B20~ from the oxide layer  in -  
fluences the rate of oxygen consumption and is the 
reason for the deviation from parabolic kinetics. A 
para l inear - type  equation having the form 

Arias 
= a t  1/2 + b t  [1] 

A 

is a better  representat ion of the oxygen consumption 
data. If the l inear  rate constant  for vaporization, b, is 
plotted as shown in Fig. 8, a slope can be calculated 
which will  represent  the temperature  dependence of 
the vaporization. This can be combined with the tem- 
perature dependence of the weight-change,  Fig. 7, and 
an equation can then be wri t ten  to represent  the total 
oxygen consumption. The following equat ion is found 
to represent the total oxygen consumption 

Temperoture,=C 
1500 ~ I t O0 ~ 900 ~ t 

-LC ~ O  

-I.5 

.5 

E ~ - 2.( 

-2.5 

-3o 6.6 d,7 o'.8 
IO00/T (~ 

Fig. 8. Temperature dependence of the vaporization of B20a on 
oxidizing ZrB2 at 250 Tort 02. 
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mg hm ( ~ m ~ )  =17.65exp( --25'000 )t l /2 
A 2RT 

+ 9 . 1 5 X  104exp ( --47'000 ), 
RT [2] 

o r  

hn~ ( g m ~  = 5 . 4 1 •  
A cm ~ 

(_,%000) 
exp t 1/2 -t- 2.86 exp t [3] 

2RT RT 

where T is the tempera ture  in degrees Kelvin  and t is 
the t ime (min) .  The first te rm on the r ight  approxi-  
mates the net  sample weight -gain  and is parabolic. 
The second term is derived from the vaporization data 
and is l inear  with time. Since stoichiometric oxidation 
occurs, recession rates can be calculated from this 
equation by assuming that  40% of the total  oxygen 
consumed forms ZrO2 and 60% forms B203. From these 
values, the amount  of zirconium and boron consumed, 
and therefore the amount  of ZrB2, can be calculated 

If 6 g/cm 3 is used for the densi ty of ZrB2, then the 
total oxygen consumed, as calculated f r o m  Eq. [2], 
can be mult ipl ied by 2.3 x 10 -4 to give the amount  of 
boride recession 

5(cm) ---- 4.06 X 1"0 -3 exp t 1/2 
2RT 

+ 2.10 • 10 l e x p  t [4] 
RT 

It can also be seen from Eq. [3] that for sufficiently 
long times, the second term represent ing the constant 
vaporization rate will eventual ly  exceed the rate of 
formation of B203(1). Therefore, this equation can 
only be true over the tempera ture- t ime range where 
B203 (1) is present at the surface. 

The heat of vaporization of B203 is about 90 kcal, 
whereas the vaporization energy measured in these 
oxidation experiments  is only 47 kcal. Vaporization of 
liquid 8203 would involve mass t ransport  through a 
gas phase, thus there is no reason to expect the tem- 
perature  dependence to be a measure of the heat of 
vaporization. However, a separate exper iment  was 
performed to measure the temperature  dependence of 
the vaporization of 8203 under  these same experi-  
menta l  conditions. The energy measured was 50 ___ 10 
kcal, in very close agreement  with the oxidation re- 
sults. 

Equation [2] for total oxygen consumption is plotted 
together with the exper imental  data in Fig. 9. The 
agreement can be seen to be quite reasonable. As can 
be noted, the data at l l00~ and below agree very 
closely. In this region, the parabolic term is the pre-  
dominate term in the equation and the reaction rate is 
controlled by diffusion of oxygen through B203 (1). Ex-  
cellent agreement is also observed at 140O~ where the 
l inear  term wil l  predominate  after short times. At this 
temperature,  there will no longer be a protective bar-  
rier layer of 8203 (1). 

Summary 
A system has been described that allows the thermo- 

gravimetric determinat ion of total oxygen consump- 
tion, sample weight-change, and vaporization rate of 
a mater ial  that  oxidizes with the formation of volatile 
products that  are condensable at temperatures  below 
the reaction temperatures.  

This system has been used to study the oxidation 
of ZrB2 at 250 Torr O2 over the tempera ture  range of 
800~176 The volatile oxide formed is B203 which 
is a l iquid above 450~ and vaporizes readily above 
ll00~ 
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Fig. 9. Comparison between calculated and measured oxygen 
consumption values; solid line, calculated; circle, measured. 

The vaporization of B203 influences the kinetics of 
the oxidation process. At temperatures  below llO0~ 
measurements  showed the vaporization to be negli-  
gible. The scale, composed of a mixture  of B208(1) 
and ZrO2(s), formed a barr ier  layer and the rate of 
oxygen consumption was controlled by diffusion 
through the 8203 (1). 

At higher temperatures  the vaporization of B20~(1) 
became significant and the influence of this on the ki-  
netics was clearly demonstrated by separate measure-  
ments  of oxygen consumption, weight-change, and 
vaporization. 

A paral inear  equation was derived to describe the 
rate of oxygen consumption wi thin  the range of these 
measurements.  Since ZrB2 oxidizes stoichiometrically 
this equation can be converted into boride recession 
rates. 
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Gallium Nitride Films 1 
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ABSTRACT 

The thermal  decomposition of a gal l ium t r ib romide-ammonia  complex in 
an ammonia,  argon, or ni trogen atmosphere has been used for the deposition 
of gal l ium nitr ide films on silicon and hexagonal  silicon carbide substrates in 
a gas flow system. The substrate temperature  and the na tu re  of the ambient  
are the most impor tant  parameters  of the deposition process. Adherent  and 
t ransparent  films of gall ium nitr ide have been deposited at substrate tem- 
peratures up to about  600~ in an ammonia  atmosphere and up to about  750~ 
in a ni t rogen or argon ambient.  At higher temperatures,  the deposit became 
contaminated with gallium. The gal l ium ni t r ide  films deposited on {111} ori- 
ented silicon substrates at 600~176 were found to show a (110) fiber ori- 
entation. Epitaxial, single crystal l ine gall ium ni tr ide films have been grown 
successfully on the basal plane of hexagonal  silicon carbide substrates at 520 ~ 
600~ These films are of high resist ivity indicat ing that  the thermal  decom- 
position of gall ium ni tr ide is negligible. Thus, the thermal  decomposition of 
the gal l ium t r ib romide-ammonia  complex provides a new promising technique 
for the crystal growth of gal l ium nitride. 

Gal l ium nitride, one of the less-known I I I -V com- 
pounds, has an energy gap of 3.2 eV at room tempera-  
ture (1). Because of this relat ively large energy gap, 
gall ium ni t r ide has potential  applications for high- 
temperature  devices and for visible-l ight  opto-elec- 
tronic devices. 

Gal l ium ni t r ide crystallizes in the wurzite s tructure 
with lattice parameters  a = 3.18A and c ---- 5.16A (2). 
Polycrystal l ine gall ium ni tr ide has been reported to 
dissociate into its elements at temperatures  above 
600~ and the rate of dissociation is decreased by the 
presence of ni t rogen (3). This thermal  instabil i ty 
suggests that lower temperatures  are preferred for the 
preparat ion and crystal growth of gall ium nitride. Gal-  
l ium does not combine directly with ni trogen to yield 
gall ium nitride. Various chemical techniques, such as 
the reaction of gal l ium oxide with ammonia  (3) and 
the thermal  decomposition of gall ium t r ichlor ide-am- 
monia complex (4), have been used for the preparat ion 
of polycrystal l ine gall ium nitride. Gal l ium nitr ide pro- 
duced by the reaction of gall ium oxide with ammonia  
in the tempera ture  range 600~176 varied from 
light yellow to gray in color, depending on tempera-  
ture; the gray color produced at ll0O~ was due to the 
formation of free gal l ium (3). Recently, the reaction 
between gall ium monochloride and ammonia  in a hy-  
drogen atmosphere has been used for the epitaxial  
growth of gall ium ni t r ide on the basal p lane of 
sapphire at 825~ (5). The room-tempera ture  energy 
gap of the deposited mater ial  has been determined to 
be 3.39 eV from optical-absorption measurements.  The 
undoped crystals, though colorless, have a very high 
inherent  electron concentration, 1 to 5 x 1019 cm -3, 
which was at t r ibuted to ni t rogen vacancies due to the 
thermal  dissociation of gall ium nitride. Epitaxial  gal- 
l ium nitr ide films have also been deposited on the basal 
plane of sapphire and {111} faces of gall ium arsenide 
at 550~ by the evaporation of gal l ium in a ni t rogen 
discharge (6). Films prepared in this m a n n e r  were 
low-resis t ivi ty n- type  and had an absorption edge at 
about  3.4 eV. 

In general, the group V nitr ides can be prepared by 
the ammonolysis of their halides at high temperatures.  
Since the Ga-Br  bond is of lower energy than the 
Ga-C1 bond, the formation of gal l ium nitr ide by the 
ammonolysis of gall ium tr ibromide is expected to be 
more feasible than that of gall ium trichloride. Due to 
the hygroscopic na ture  of gall ium tribromide, it is 
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nitr ide,  substra tes .  

more convenient  to use a gal l ium t r ib romide-ammonia  
complex which is stable in the laboratory ambient.  In 
this work, the thermal  decomposition of a gal l ium tr i -  
b romide-ammonia  complex has been used for the dep- 
osition of gall ium ni tr ide on {111} oriented silicon and 
the basal plane of hexagonal  silicon carbide substrates. 
This reaction can produce gal l ium ni tr ide at tempera-  
tures considerably below those required for reactions 
used by previous authors (3-5) so that  its thermal  
dissociation can be minimized. Hexagonal  silicon car- 
bide was chosen as a substrate because its basal-plane 
lattice parameter  (a -- 3.08A) is similar to that  of 
gall ium nitride. The deposition process and the prop- 
erties of the deposited gall ium ni tr ide are discussed 
below. 

Experimental 
The decomposition of a gall ium t r ib romide-ammonia  

complex in an ammonia,  argon, or ni t rogen atmosphere 
was used for the deposition of gal l ium ni tr ide on {111} 
oriented silicon and the basal plane of hexagonal sili- 
con carbide substrates. Gal l ium tr ibromide and an-  
hydrous ammonia,  each of bet ter  than  99.99% purity,  
were used for the preparat ion of the complex. Molten 
gall ium tr ibromide was saturated with ammonia  at 
about 150~ and the resul t ing mass was distilled in an 
ammonia  atmosphere to yield a white crystal l ine solid. 
Its composition, deduced from the analysis of its bro- 
mine and ammonia  contents by conventional  chemical 
analysis, corresponds to GaBr3:4NH3. The silicon sub- 
strates were in the form of slices with main  faces 
of {111} orientation and were chemically polished with 
a nitric acid-hydrofluoric acid mixture  before use. 
Hexagonal  silicon carbide substrates were in the form 
of thin platelets, the main  faces of which were parallel  
to the basal plane. They were heated in a sulfuric acid- 
nitric acid mixture  followed by treat ing with hydro-  
fluoric acid. To minimize  contaminations,  the r insing 
and drying of the substrates were carried out in a 
laminar  flow bench. 

The apparatus used for the deposition of gall ium 
ni tr ide is shown schematically in Fig. 1. The reaction 
was carried out in a 25 mm ID fused silica tube. The 
gall ium t r ib romide-ammonia  complex was placed in 
a fused silica container  in the reaction tube and was 
heated external ly  by a resistance heater. The substrates 
were supported on a gal l ium ni tr ide-coated graphite 
susceptor in the reaction tube, and the susceptor was 
heated by an rf generator. Ammonia,  nitrogen, argon, 
or hydrogen, at a flow rate of 2 l i ters /min,  was used 
to carry the vapor of the gal l ium t r ib romide-ammonia  
complex to the substrate surface. The rate of vaporiza- 
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Fig. 1. Schematic diagram of the apparatus for the deposition of 
gallium nitride films by the pyrolysis of a gallium tribromide- 
ammonia complex. 

tion of the complex was var ied by adjust ing its tem-  
perature,  which was in the range of 200~176 

The thickness of gal l ium ni t r ide films deposited on 
silicon and silicon carbide substrates was measured di- 
rect ly on the angle- lapped surface with  an optical 
microscope. 

To measure the electr ical  propert ies  of gal l ium ni-  
tride films, a luminum-ga l l ium ni tr ide-si l icon struc- 
tures were  made from gal l ium nitr ide films deposited 
on 0.01 ohm-cm n- type  silicon substrates by vacuum 
evaporat ion of a luminum through a metal  mask. The 
a luminum electrode on the gal l ium nitr ide film was 
1.3 x 10 -2 cm 2- in area. The result ing s tructure was an- 
nealed in argon at about 400~ and mounted on a 
TO-5 header, and its d-c current  voltage characterist ics 
were  measured f rom room tempera tu re  to about 500~ 

Results and  Discussion 
The deposition of gal l ium nitr ide by the decom- 

position of the gal l ium t r ib romide-ammonia  complex 
was carried out in ammonia,  argon, nitrogen, and hy-  
drogen atmospheres at substrate tempera tures  in the 
range of 400~176 Ammonia  was used with the ob- 
ject ive of prevent ing ni trogen deficiency in the deposit. 
Argon and nitrogen are chemical ly inert  under  the 
conditions used here  and are expected to have similar  
effects on the deposition of gal l ium nitride. The nature  
of the carr ier  gas was found to have a pronounced 
effect on the deposition process. By using a carr ier  
gas containing the gal l ium t r ib romide-ammonia  com- 
plex at a flow rate of 2 l i ters /min,  adherent  and t rans-  
parent  films were  deposited on silicon and silicon car-  
bide substrates at 430~176 in an ammonia  a tmo-  
sphere and at 600~176 in a ni t rogen or  argon am-  
bient. These deposits, after removing the silicon sub- 
strate wi th  a hydrofluoric acid-ni tr ic  acid mixture,  
were  identified as gal l ium nitr ide f rom thei r  Debye-  
Scherrer  patterns. As the substrate t empera ture  was 
increased above the stated t empera tu re  limits, the 
deposit became gray and then black due to the forma-  
tion of free gallium. Fur thermore ,  no adherent  deposits 
were  obtained in a hydrogen atmosphere  in the tem-  
pera ture  range 400~176 These results indicate the 
react iv i ty  and instabil i ty of gal l ium nitr ide at high 
temperatures .  The decomposition of gall ium nitr ide in 
ammonia takes place at lower tempera tures  than that  
in argon. Since ammonia  is the rmodynamica l ly  un-  
stable at tempera tures  above 500~ (7), it is l ikely 
that  the hydrogen l iberated from the thermal  dis- 
sociation of ammonia  has hindered the formation of 
gal l ium nitride. Similarly,  gal l ium nitr ide cannot be 
formed in the presence of a large excess of hydrogen 
under  the conditions used here. Thus, the the rmal  de- 
composition of the gal l ium t r ib romide-ammonia  com- 
plex is quite different from the ammonolysis  of gal l ium 
monochloride since clear gal l ium nitr ide has been de- 
posited by the lat ter  at t empera tures  as high as 825~ 
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Fig. 2. Temperature dependence of deposition rate of gallium 
nitride on silicon substrates in argon (A) and ammonia (B) ambi- 
ents. 

This difference must  be due to the widely  different re-  
action kinetics. 

The deposition of gal l ium nitr ide in ammonia  and 
argon atmospheres was studied in more detail. Using 
the carr ier  gas at a flow rate  of 2 l i ters/rain,  the t em-  
pera ture  dependence of the deposition ra te  of gallium 
nitr ide on silicon substrates is shown in Fig. 2. It is 
noted that, at the same temperature ,  the deposition 
rate of gal l ium nitr ide in argon is considerably less 
than that  in ammonia,  as expected f rom the mass-ac-  
tion law. At 600~ for example,  the average deposi- 
tion rates of gal l ium nitr ide in argon and ammonia  are 
0.65 and 4.3 ~m/hr ,  respectively.  The deposition rate in 
argon was negligible at t empera tures  below 500~ 
Fur thermore ,  the apparent  act ivat ion energy of the 
deposition process is approximate ly  12.4 kca l /mole  in 
the argon atmosphere in the tempera ture  range 600 ~ 
800~ and is approximate ly  17.6 kca l /mole  in the am-  
monia a tmosphere  in the tempera ture  range 400 ~ 
600~ This difference in act ivat ion energy is p resum-  
ably related to the heat of adsorption of ammonia  on 
the silicon surface. 

Gal l ium nitr ide films deposited on silicon substrates 
in ammonia  and argon atmospheres were  highly ad- 
herent  to the substrates; however ,  those deposited on 
silicon carbide substrates f requent ly  cracked, par t icu-  
lar ly  in films grea ter  than 5 ~m in thickness. This 
cracking is due to the large difference in thermal  ex-  
pansion coefficients of gal l ium nitr ide and silicon car-  
bide. All  gal l ium nitr ide deposits exhibi ted no struc- 
tural  features when examined with  an optical micro-  
scope. They were  examined by the reflection elec- 
t ron diffraction technique. F igure  3 shows the electron 
diffraction pa t te rn  of a gal l ium nitr ide film, approxi-  
mate ly  2 ~m thick, deposited on the basal plane of a 
hexagonal  silicon carbide substrate at 530~ in an am-  
monia atmosphere.  This pattern,  obtained with  the elec- 
t ron beam azimuth in a <110>  direction, indicated 
that the grown film is single crystal l ine gal l ium nitride 
and is of paral le l  orientat ion with  respect to the sub- 
strate, i .e. of {001} orientation. Figure  4 shows the elec-  
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Fig. 4. Reflection electron diffraction pattern of a gallium 
nitride film deposited on a {111} oriented silicon substrate show- 
ing a (110) fiber orientation. 
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Fig. 5. Dissolution rate of gallium nitride films in a 50% aque- 

ous solution of sodium hydroxide as a function of temperature. 
Gallium nitride was deposited in argon at 760~ (A) and 600~ 
(B) and in ammonia at 550~ (C) and 450~ (D). 

t ron diffraction pat tern of a gall ium nitride film, ap- 
proximately 5 ~m thick, deposited on a {111} oriented 
silicon substrate at 700~ in a ni t rogen atmosphere. 
This pat tern  indicated that  the deposited gal l ium n i -  
tride showed a (110) fiber orientation. The lack of 
three dimensional  epitaxial  growth is apparent ly  re-  
lated to the large difference in lattice parameters  of 
gall ium nitr ide and silicon. The fiber s tructure was not 
observed when gal l ium nitr ide was deposited at lower 
temperatures.  

The deposited gal l ium ni t r ide films are relat ively 
inert, insoluble in common acids at room temperature.  
For example, silicon substrates can be removed from 
gall ium ni tr ide-si l icon structures by using a hydro-  
fluoric acid-nitr ic acid mixture,  leaving behind gal- 
l ium ni t r ide films. Gal l ium ni tr ide dissolves slowly in 
aqueous solutions of sodium hydroxide. Figure 5 shows 
the dissolution rate  of gall ium ni t r ide films, deposited 
in argon at 600 ~ and 760~ and in ammonia  at 450 ~ and 
550~ in a 50% aqueous solution of sodium hydroxide 
in the temperature  range 5~176 The temperature  of 
deposition has a very  pronounced influence on the dis- 
solution rate of gall ium nitr ide films, as shown in Fig. 
5. At a given tempera ture  of the etchant, the dissolu- 
tion rate increases rapidly with decreasing deposition 
temperature,  due presumably  to the higher density of 
the films deposited at higher temperatures.  (The den-  
sities of gal l ium ni t r ide  deposited at 650 ~ and 750~ 
are 5.7 and 6.1g cm -8, respectively, as compared with 
a theoretical density of 6.1g cm-3.)  For a film de- 
posited under  a given set of conditions, the dissolution 
rate also increases with increasing dissolution tem- 
perature. The activation energy of this dissolution 
process is 18 _ 1 kcal /mole for all films studied. 

The room-temperature ,  d-c current-vol tage  charac- 
teristics of an a luminum-ga l l ium nitr ide-si l icon struc- 
ture, prepared from a gall ium ni tr ide film of 4 ~m 
thickness deposited on a 0.01 ohm-cm n- type  silicon 
substrate at 650~ in argon, are shown in Fig. 6. The 
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Fig. 3. Reflection electron diffraction pattern of a gallium 
nitride film deposited on a hexagonal silicon carbide substrate. 
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Fig. 6. Current-voltage characteristics of an aluminum-gallium 
nitride-silicon structure. 

measured characteristics were essentially polari ty in-  
dependent,  indicat ing the ohmic na ture  of the a lumi-  
num contacts. Two regions may be distinguished in 
the log I v s .  log V plot. Ohmic behavior  prevails at low 
bias levels, 500 V/cm or less, and the electrical resistiv- 
ity of gall ium ni t r ide is approximately  106 ohm-cm. As 
the bias is increased, the slope of the log I v s .  log V 
plot increases to two, indicating a space-charge- 
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Fig. 7. Electrical conductance of an aluminum-gallium nitride- 
silicon structure as a function of temperature. 

l imited current  situation. This is expected because of 
the high resistivity of gal l ium nitride. The cur ren t -  
voltage characteristics of the a luminum-ga l l ium ni-  
t r ide-si l icon structure were also measured in the tem- 
perature range 100~176 The logari thm of the con- 
ductance is plotted vs. the reciprocal absolute tem- 
perature in Fig. 7, where a large variat ion of con- 
ductance with tempera ture  is shown. The contact re-  
sistance is concluded to be insignificant as compared 
with the bulk  resistance since the contact resistance 
is relat ively insensit ive to temperature.  The activa- 
tion energy deduced from the h igh- tempera ture  region 
of Fig. 7 is approximately 1.1 eV, indicating the pres- 
ence of a deep-lying impuri ty.  

The gall ium ni tr ide films deposited on silicon carbide 
substrates were also of high resist ivity at room tem-  
perature, similar to those deposited on the silicon 
substrates. Intr insic  gall ium ni tr ide is expected to be 
of high resistivity at room tempera ture  because of its 
relat ively large energy gap. On the other hand, the 
gall ium ni tr ide prepared by the ammonolysis of gal- 
l ium monochloride at 825~ was n - type  with a room- 
temperature  resistivity of 0.001-0.005 ohm-cm (5). 
This low resistivity has been at t r ibuted to the ni trogen 
vacancies produced at the high temperature  used in 
the deposition process. The low resist ivity of the gal- 
l ium ni tr ide films deposited by the vacuum evaporation 
of gall ium in a ni t rogen discharge is presumably  also 
associated with ni t rogen vacancies. The high resistiv- 

ity of gal l ium ni tr ide achieved in this work indicates 
that the decomposition of the gal l ium ni t r ide  prepared 
from the gallum t r ib romide-ammonia  complex is negli-  
gible compared with that  prepared by other techniques. 
Thus, the thermal  decomposition of the gall ium tr i -  
b romide-ammonia  complex provides a new promising 
method for the crystal  growth of gal l ium nitride. 

Summary 
The reaction between gal l ium tr ibromide and am-  

monia has been used for the preparat ion of a gall ium 
t r ib romide-ammonia  complex, GaBrs:4NH~. This com- 
plex is stable in laboratory ambient  and decomposes 
at 450~ and above to yield gal l ium nitride. Gal l ium 
nitride films have been deposited on silicon and hexag- 
onal  silicon carbide substrates in this manne r  in an 
ammonia,  argon, or ni t rogen atmosphere. Adherent  and 
t ransparent  films have been deposited in ammonia  at-  
mospheres at temperatures  up to 600~ and in argon 
or ni t rogen atmospheres at temperatures  up to 750~ 
At higher substrate temperatures,  the deposit became 
contaminated with gallium. 

Gall ium ni tr ide is relat ively inert  at room tempera-  
ture, insoluble in common acids, and dissolves slowly 
in aqueous alkalies. The gal l ium ni tr ide films deposited 
on {111} oriented silicon substrates were found, by the 
electron diffraction technique, to have a (110) fiber 
orientation, and epitaxial, single crystal l ine gall ium 
nitr ide films have been deposited on the basal plane of 
hexagonal  silicon carbide substrates. Gal l ium nitr ide 
films were found to have high electrical resist ivity at 
room temperature,  indicat ing the negligible decomposi- 
tion of the nitride. Thus, the thermal  decomposition of 
the gal l ium t r ib romide-ammonia  complex provides a 
new promising method for the crystal growth of gal- 
l ium nitride. 
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Condensation Coefficients of Refractory Materials 
I. AIN and BN 

M. Hoch and D. Ramakrishnan 
Department of Materials Science and Metallurgical Engineering, University of Cincinnati, Cincinnati, Ohio 45221 

ABSTRACT 

A method was developed for determining the condensation coefficient ~ of 
component B in reactions of the type 

m 
AnBm -> n A ( g  or s) + - 7  B2(g) 

is measured by studying the rate of exchange of isotopically marked B*2 (g) 
on the surface of AnBm. For the method to be applicable, component  B must  
be present  as a dimer (or higher) in the gas. The condensation coefficients of 
A1N and BN were measured using this method, employing N ~5 ni t rogen isotope. 
The condensation coefficients thus measured, ~ ---- 5 x 10 -8 for A1N, and 
fl -- 1 x 10 -2 for BN, compare favorably with values obtained by conventional  
methods where the kinetic pressure is compared with the equi l ibr ium pressure. 

The kinetics of vaporization of nitr ides such as AIN 
and BN are of interest  in the s tudy of vaporization 
mechanisms. Metal ni tr ides decompose pr imar i ly  to the 
elements. Current  (1, 2) theories of the evaporation 
and condensation of solids postulate that evaporation 
and condensation are processes which involve several 
steps. The vaporization of metal  ni tr ides include a 
slow step which results in a low vaporization coeffici- 
ent ~, the ratio of the rate of vaporization at the ex- 
per imenta l  conditions to the rate at the equi l ibr ium 
conditions, a is general ly determined by measuring the 
Langmui r  pressure PL, using the Langmuir  free evapo- 
rat ion technique (3), and the equi l ibr ium pressure 
Peq, as obtained by the Knudsen  effusion technique 
(4); ~ is then given by PL/Peq. 

In the Knudsen  effusion method under  steady-state 
conditions, the rate of vaporization equals the rate of 
condensation plus the rate of effusion so that aC Peq 
: f i e  Pcell "7I- C Pcell " h / S  o r  

aPeq : Pcell fl -t- [1]  

where ~ is the condensation coefficient, h/S is the 
ratio of the areas of the effusion hole and the vaporiz- 
ing solid. In all work where only the weight loss is 
measured, it is usually assumed that ~ = ~. Thus 

(-)s) Peq : Pceu 1 "t- [2] 

It is possible in favorable cases to evaluate Peq and 
using Eq. [2J by measur ing Pcei1 as a function of h/S. 
Hoch and White (5) as well as Hi ldenbrand and Hall  
(6) used Eq. [2] to evaluate ~ for A1N and BN by 
measur ing Pr as a function of h/S. However, it is 
feasible to measure ~, the condensation coefficient, 
separately in a Knudsen  exper iment  if, instead of the 
total effusion rate, the isotope exchange rate of the 
vaporizing species with the solid is measured. In the 
research reported here, an isotopic exchange technique 
has been developed to determine the condensation 
coefficients of A1N and BN. 

Mathemat ica l  Treatment  
The exper imental  set-up developed to study the 

isotopic exchange reactions between A1N ~4 and A1N ~5 
is shown in Fig. 1. Pellets of A1N 14 and A1N la of equal 
size are placed in the Knudsen  cell so that they do not 
make physical contact. On heating the cell to a high 
temperature,  the two pellets vaporize independent ly:  

Key words: aluminum nitride, boron nitride, condensation, isotope 
exchange, vaporization. 

A1NlS/ \A1N14 

Fig. 1. Schematic arrangement of samples in Knudsen cell 

pellet 1 reacts as A1N 14 -> Al(g)  -{- u N214(g), and 
pellet 2 as A1N is --> Al(g)  + 1/z N215(g). With in  a few 
microseconds, a steady-state pressure Pcell will  build 
up in the cell. The gas in the cell will be composed of 
Al(g)  and equal amount s  of N214(g) and N2~5(g). The 
Al(g) ,  however, does not enter  into subsequent  con- 
siderations so it will  not be discussed further.  

Inside the cell, exchange collisions of N214(g) with 
A1N 15 pellet and N21~ (g) with A1N 14 pellet will  gener-  
ate N14N15(g) molecules. This will  increase the 
N14N15(g) concentrat ion with t ime and decrease the 
N214(g) and N215(g) concentrations in the gas unt i l  a 
steady-state is reached, i.e., the concentrat ion of each 
species in the gas phase remains  constant. A certain 
amount  of gas will effuse from the hole of the Knud-  
sen cell. A1N14(s) and A1N15(s) will  vaporize to com- 
pensate the effusion loss. Exchange reactions between 
the gas molecules and the solid pellets will  contami-  
nate A1N14(s) by A]N15(s) and vice versa. This con- 
taminat ion will also increase with time. The increase 
in N14N 15 (g) concentrat ion in the gas will  be followed 
by analyzing the effusion flow with a mass spectrom- 
eter. The contaminat ion of the AINI4(s) by AIN15(s) 
will be determined by in ter rupt ing  the exchange ex-  
periment,  removing the A1N15(s) and vaporizing the 
original A1N 14 (s) pellet alone. The fraction of A1N 15 (s) 
in A1N 14(s) can then be calculated from the composi- 
t ion of the gas. 

It is assumed here that exchange between ni trogen 
molecules takes place only on the surface of the A1N 
pellets. This assumption is justified by work of Clusius 
(7) which showed that the exchange reaction 

N214(g) ~- N~lh(g) --> 2N14N15(g) [3] 

does not occur on p la t inum wires even at 1000~ In 
fact, the reaction could be ini t iated only after the dis- 
sociation of ni trogen molecules to ni t rogen atoms in 
discharge tubes. This suggests, though, that  the ex- 
change reaction could take place in the ion source of 
the mass spectrometer, but  f ragmentat ion of N2 mole- 
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cules in the ion source is minimized by using a low 
ionizing electron energy. 

At high temperatures  where isotopic effects can be 
neglected and each atom or molecule has an equal 
probabi l i ty  to react, the equi l ibr ium constant for Eq. 
[3] has a value of 4 (7, 8), that  is 

(N14N 15) 
= 4 [4] 

(N214 N215) 

Since only n i t rogen molecules are present  in the gas 
phase, the subscript (g) is omitted, and N214 means 
N214(g). In  the solid, only atoms are present, and 
hence, N14(s) means ni t rogen bound in the solid A1N. 
Thus, if a vaporizing solid contains a fraction 7 of N ~5, 
and ( 1 -  7) of N TM, the concentrat ion of the various 
species in the gas wil l  be 

(NI4N 15) = 2 a ( l -  a); (N214) : ( i -  ~)2, 

and (N215) = a 2 

The reactions which contr ibute  to the N 15 enr ich-  
ment  of the A1N 14 pel le t  (and vice versa) and to the 
bu i ld-up  of N~4N 15 are as follows 

N214 "~ N'5(S) --> N14N 15 ~- N14(s) [5] 

N~. 1~ + N14(s) "-> N14N 15 "-}- N15(s) [6] 

--N14N 15 + N14(s) [7a] 
N14N15 + N14 (s) 

N214 + N ~5 (s) [7b] 

/~N14N 15 -t- N~( s )  [Sa] 
N14N15 + (s) 

"~N215 ~- N 14 (s) [8b] 

Equations [7] and [8] have to be wr i t ten  in this split 
fashion: N14N ~ has the same probabil i ty  to react as 
N~ ~4 but  because it is asymmetric,  it can react either 
way, each having the probabi l i ty  ~ .  

E n r i c h m e n t  o] s o l i d . - - L e t  us consider the A1NI~ 
pellet and assume that  after a certain time, t, it con- 
tains a fraction 7 of A1N 1~. (Similar  considerations 
apply to the A1N ~ pellet.) The change of 7 with t ime 
is then, from Eq. [5]-[8] 

d7 
= k  [ ( 1 - -  7) (N215) �9 1/2 ( 1 - - 7 )  

dt 
(N~4N 1~) -- (N2~4)7-  �89 [9] 

In the gas phase 

(N2 ~)  + (N214) -~ (N~4N 15) ----1 [10] 
and 

(N215) : (N214) [11] 
thus 

d7 k .  ( i - - 2 7 )  
d'-t- : 2 [12] 

This expression contains only the enr ichment  due to 
Eq. [5]-[8].  A certain amount  of Nl~(s) is removed 
because the pellet is constantly vaporizing due to the 
gas effusing through the hole. Thus 

d7 k . ( 1 - - 2 7 )  
d~ ~ k'7 [13] 

where 

k - -  
F �9 S / 2  � 9  F �9 S / 2  �9 ng h 

a n d k ' :  . - -  [13a] 
no �9 S / 2  �9 z no �9 S / 2  �9 y S 

(F �9 S / 2  �9 ng) is the number  of gas molecules hi t t ing 
the surface per second. (no �9 S / 2 )  is the total  number  
of ni t rogen atoms in a single layer. 

The reaction between gas and solid will  take place 
on a monolayer  surface of the solid. Though diffusion 
of N15(s) from the monolayer  is very  slow, a certain 
amount  will  accumulate in the adjacent layers. This is 
taken into account by expanding the thickness of the 
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reacting zone, z, expressed in atoms of nitrogen. Thus, 
(no �9 S / 2  �9 z)  is the n u m b e r  of ni t rogen atoms in the 
reaction layer. If diffusion is absent, the reacting zone 
is a monolayer  and z : 1; if diffusion is extremely 
rapid and the composition of the whole solid uniform, 
z is large (but varies with t ime as the solid sample 
gets th inner  due to vaporizat ion).  Similar  considera- 
tions apply to the vaporization process. However, since 
all vaporization wil l  take place from the surface 
(monolayer) ,  y _~ 1. 

is defined as the efficiency of a gas molecule colli- 
sion with the surface and thus is identical to the con- 
densation coefficient. 

Equat ion [13] can be rewr i t ten  

m _-- A �9 - -  - -  A �9 - - 7  [13b] 
d t  z y S  

Both Eq. [13] and [13b] express the rate of N 1~ in-  
crease in  the A1N 14 pellet as a function of the con- 
densation coefficient ~. Assuming constant  z and y, 
Eq. [13b] can be integrated, with the boundary  con- 
ditions of 7 = 0 a t t - - - - 0  

1 l - - e -  z +  ~s/  
7 : [14] 

2 z h 
1 +  . . . .  

y ~ - S  

C h a n g e  o] c o m p o s i t i o n  o f  g a s . - - L e t  us now calculate 
the change in N14N 15 concentrat ion of the gas. Consider 
the reaction on the A1N 14 pellet which again contains 7 
A1N 1~ after at t ime t. 

From Eq. [5]-[8] 

d (NI4N 15) 
-- k" [(N214)7 + (N215) (1 -- 7) 

d t  
-- Vz(N14N 15) (1 -- 7) -- 1/2(N14N15)7] [15] 

combining [15] with Eq. [1O] and [11] 

d(NI4N '5) __ k" [ i -- 2(NI4N 15) ] 
[16J [ J dt 2 

where k"  : F �9 ( S / 2 ) / V  �9 ~ a n d F  �9 ( S / 2 ) / V  is the 
number  of times a molecule hits the surface per second. 

An equation similar to [16] applies to the A1N ~5 
pellet; thus the total  will be 

d(N14N 15) F ' S  [1 - -2 (N14N15)  ] [17 ] 

d t  - - - ~  2 

Equation [17] takes into consideration only the change 
in  concentrat ion of (NI4N 15) due to reaction of the gas 
with the pellet. A certain amount  of (N14N 15) is lost 
by effusion through the hole, and a certain amount  
gained by vaporization of the pellet to replace the 
effused gas. Taking these facts into account, the final 
equation becomes 

d(N'4N 15) F . S  [ I--2(N14N15) ] 

d t  V fl 2 

F . h  
- - [ ( N 1 4 N  15) - - 2 7 ( 1 - - 7 ) ]  [18] 

V 

with F �9 h / V  (N14N 15) the (N14N 15) lost due to effu- 
sion, and F .  h / V  27 ( 1 -  7) the amount  gained by 
vaporization of the solid. 7 can be obtained from Eq. 
[14]. 

1. At the beginning of an exper iment  when  7 and the 
N14N 15 concentrat ion in the gas are small, [ (N14N 1~) 
--27 ( 1 -  7)] --~ 0, and the integrat ion of Eq. [18] 
results in 

F . S  
in [I -- 2(NI4N15)] -- - - f i t  [19] 

V 

Equation [19] thus expresses the initial increase of 
the (NI4N 15) content of the gas as a function of is. 
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2. After  a period of time, the system reaches steady 
state both in the solid and gas phases, which means 

d7 d (N14N 15) 
-- -- 0 

dt dt 
Under  those conditions, Eq. [13b] can be rearranged 

to give 
1 

7 = "-- [20] 

(y 2---) 2 t~+ 

Equation [18] under  the same conditions becomes 

d(NI4N 15) F.S ( I--2NI4N 15 ) 

--~ 2 
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dt V 

F.h 
[(NI4N 15) --27(1--7)] =0 [21] 

V 

Introducing Eq. [20] and rearranging we get 

[22] 

( {~ zh ) 

(N14 15)[s i -+I] 
zh ]2 

Given the steady-state value of (N14N15), and the 
quanti t ies S, h, and z /y  (which are fixed), /~ can be 
evaluated numerical ly.  Two l imit ing cases can be for- 
mulated more simply 

1. If z /y  �9 h /S  > >  ~, then 

h (N14N 15) 
: [23] 

S 
-- (NI4N15) +z 

The limits on y/z are 0 < y/z < I. 
2. If z/y. h/S << fl, the solution gives (NI4N 15) : 

]/z. Thus if the condensation coefficient is high, equilib- 
rium will be attained in the Knudsen cell. 

Now Eq. [18] predicts that the mass spectrum as a 
function of time should appear schematically as in 
Fig. 2. In that figure, N2 indicates the sum of the in- 
tensity of the 28, 29, and 30 peaks (corresponding to 
the total amount of N2), A1 corresponds to the peak 
of aluminum, and R corresponds to the concentration 
of the NI4N .5) molecule; thus, R = 129/N2. The A1 and 
N2 are given on the ordinate scale in arbitrary inten- 

sity uni ts  whereas R is given as a fraction. When 
star t ing with A1N 15 and A1N 14 at constant temperature,  
N2 and A1 do not change with t ime whereas R should 
increase from 0 to the steady-state  value given by 
Eq. [18]. While R is small  (near t ---- 0) Eq. [19] indi-  
cates that it increases l inear ly  with t. When the steady- 
state value of R is reached, Eq. [22] and [23] specify 
its magnitude.  

If, after a certain time, t, the sample is cooled to 
room temperature  so that no vaporization takes place 
and the gas in the Knudsen  cell is pumped out, then N2 
and A1 will  become zero. On retreat ing the system to 
the same tempera ture  as before, N2 and A1 will again 
quickly reach constant  value while R will rise from 
a value close to zero toward its s teady-state value. 
The second start ing point for R is not zero because the 
samples now are each somewhat contaminated.  If a 
change in tempera ture  occurs dur ing the run, then N2 
and A1 should increase or decrease together. 

It  should be clear that the equations derived above 
for A1N, must  also apply to BN, NiO, and any other 
compound which decomposes according to the reaction 

m 
A n B m  -> n A ( g  or s) + -~- B2(g) 

Equat ion [19] then indicates that  R will  start as a 
small number  and increase rapidly to its steady-state 
value. However, this predicted rapid rise was not ob- 
served exper imental ly  for A1N and BN. All  the ex- 
change runs of A1N and BN made with fresh samples 
showed a gradual  rise of R with time. On reheating 
the same set of pellets next  day, though, R rose rapidly 
to the steady-state value. 

The condensation coefficients of A1N and BN were 
calculated using Eq. [23] with z as a parameter.  The 
reported values of ~ are those where z is large and 
y / z  ~_ 0 in Eq. [23]. 

Materials 
A1N.--Several methods (9-13) of preparat ion of A1N 

are known. A1N TM samples used in this work were pre-  
pared by reacting about 100-500 ml of high pur i ty  NH3 
gas with about 400 mg of a luminum metal  at 1400~ 
A l u m i n u m  wire  of 99.99% pur i ty  was supplied by 
Alcoa (No. C1-44311-C). A1N 15 samples were prepared 
in the same way using N15H3 obtained from Bio-Rad 
Laboratories, Richmond, California. Two pur i ty  levels 
of N 15 (97.8 and 99.3%) were used. The description of 
the apparatus and the details of the method of prep-  
arat ion is given elsewhere (14). The A1N 14 and A1N 1~ 

Fig. 2. Expected change 
(N14N15) concentration (R) 
with time. 
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38/ hole 

1/16" 

~ ~ ~ l a r g e  
k ' -~- L--~ ~ pellet 
k ~'J / hole. 

I 

samples were purified by heating in chlorine atmo- 
sphere (15) at 1000~ for 90 min  to remove any un-  
reacted A1 as A1C13. X- ray  diffraction studies showed 
only the sharp lines of recrystallized A1N. The purified 
powder was pressed into 3/16 in. diameter  pellets and 
degassed in vacuum at 1800~ for 60 min. 

BN.- -A general  survey of the known methods of 
preparat ion of BN is given by Giardini  (16). Attempts  
to react elemental  boron with NH3 or N2 gave poor 
yields. BN 14 and BN 15 samples for this work were pre-  
pared by forming the.addi t ion product  BCI~-NH:~ using 
99.9% pure BC13 and its subsequent  decomposition to 
BN and other decomposition products. The details are 
given elsewhere (14). A fluffy white  solid was ob- 
tained after decomposition. The white product was 
first heated to 1400~ in argon to remove the volatile 
impurities. The residue was then boiled in dilute HC1, 
washed with distilled water, and dried. To recrystal-  
lize the product, the powder was passed into 3/16 in. 
diameter  pellets and heated in vacuum at 1900~ for 3 
hr first and for 2 hr subsequently.  The first heating 
resulted in 40% weight loss. The weight loss was about 
2% after the second heating. An x - ray  diffraction pat-  
tern showed the sharp lines of hexagonal  BN. 

Knudsen ce l ls .wA tungsten Knudsen  cell fitted with 
a tungsten slug was used to study the exchange re- 
actions of AIN samples. The dimensions of the cell and 
the slug are shown in Fig. 3. The slug contained four 
holes, two of 3/16 in. diameter, and two of 1/16 in. 
diameter. The degassed A1N ~4 and A1N 15 pellets were 
either introduced into the large holes or introduced 
into the small  holes. In  this manner ,  the surface area S 
of the evaporating surface could be varied, keeping the 
other properties of the cell constant. Some runs  were 
made without  using the slug. In  that case, each pellet 
was cut into half and the two half pellets were placed 
in the bottom of the cell facing each other 's cut edges. 
One drawback in this a r rangement  is that the area S 
is not well defined. 

The exchange reactions between BN 14 and BN I~ 
were studied in a graphite cell fitted with a graphite 
slug. The dimensions of the cell and slug were essen- 
t ially identical  to the dimensions of the tungsten  cell 
assembly except that the graphite cell had a 0.025 in. 
diameter  hole in the lid. 

Experimental Procedure and Results 
A1N.--The exchange runs were made by heating the 

A1N 14 and A1N 15 placed in the tungs ten  Knudsen  cell. 
The cell was heated by electron bombardment  in the 
Bendix (Model 12) Time-of-Fl ight  mass spectrometer. 
The tempera ture  was measured by a L&N disappearing 
filament optical pyrometer  sighted through a prism 
and a window on the black-body hole of the cell. The 
pyrometer  readings were corrected for the window 
and prism absorptions. To reduce the background in-  
terference at mass 28 corresponding to the N214 ion, the 
mass spectrometer was baked for several days. The 

slug 

Fig. 3. Knudsen cell and 
tungsten slug assembly (sche- 
matic). 

mass spectrometer was also fitted with an extended 
flight tube to improve its resolution. Fragmenta t ion  
and recombinat ion of ni t rogen molecules in the ion 
source was minimized by operating the mass spectrom- 
eter with only 20V electron energy. 

In  a typical exchange run, the cell with the pellets 
was heated gradual ly  in the mass spectrometer to the 
operating temperature.  When a fresh sample was in-  
troduced into the Knudsen  cell, it took approximately 
3 hr to reach this tempera ture  due to outgassing of the 
samples. After  reaching the temperature  of the run,  the 
intensities of signals (I27, Ifs, I~9, and I~o) correspond- 
ing to A1, N214, N14N 15, and N215 ions were recorded at 
15-min intervals.  All  runs  made with a fresh pair of 
sample pellets are designated as "a." The subsequent 
runs  made with the same pellets are designated as b, 
c, d, etc. 

The data on run  17 shown in Fig. 4a and 4b are 
representat ive of the exchange runs  made without  
using the tungsten  slug. At the beginning of r un  17a, 
the temperature  was high (1840~ and then dropped 
to the steady-state values (1818~ This is shown by 
the parallel  var ia t ion of A1 and N2 intensities. It  can be 

I29 
seen that  R = rises very slowly from 

I2s + I29 + I3o 
0.i to the steady-state value of 0.4. This was charac- 
teristic of all "a" runs, suggesting some difficulty in 
the reactivity of the material. 

The run was continued the next day (run 17b). The 
temperature was fairly constant at 1819~ in run 17b 
as indicated by the constant N2 and Al intensities. R 
started at 0.25 and rose as expected to 0.4 again. In con- 
trast to run 17a, only 15 rain was required to reach 
the temperature in run 17b. After run 17b, the cell 
was opened. The contamination of the half-pellet of 
AIN 15 by N 14 was determined by vaporizing it sep- 
arately at 1819~ in run 17c. The concentration of N 14 
in AIN 15 pellet was calculated from the ratio (17) of 
intensities of mass 29 and mass 30 peaks. Similarly, the 
N 15 concentration in AIN 14 was calculated from the 
ratio of mass 29 and mass 28 peak intensities by va- 
porizing AIN 14 half pellet in run 17d. These results are 
shown in Fig. 5. At the start, both half-pellets show a 
large amount of contamination, but it decreases with 
time as the top layers are eliminated by the vaporiza- 
tion of the sample pellets. Only after a substantial 
amount of time had elapsed were the contaminated 
layers completely removed, indicating that for this 
configuration z = 1. 

Run 22, an extremely long run using the large holes 
of the slug, was made at 1808~ The results show the 
same characteristics as run 17, i.e., a fairly slow buildup 
of R at the beginning, culminating in a steady-state 
value of 0.33. Results of exchange run 29 made with 
samples in the small holes of the slug were unsatis- 
factory, because it was very difficult to obtain constant 
N2 and Al intensities. 
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Fig. 40. Run 17o. A I N  14, 
A I N  1~ half  pellets, no tungsten 
slug. 
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In one of  the  runs m a d e  w i t h  s a m p l e  pe l le t s  in large 
holes ,  the  K n u d s e n  ce l l  w a s  exposed  to air (after  in -  
t errupt ing  the  run)  in  order to s tudy  the  effect  of  ab-  
sorbed n i t rogen  on the  e x c h a n g e  reaction.  No  great 
in f luence  w a s  observed.  To s tudy  the  effect  of  free  
a l u m i n u m  at the  b e g i n n i n g  of  the  e x c h a n g e  reaction,  
a piece  of  a l u m i n u m  w a s  put  into both  holes  at the  
end  of  an e x c h a n g e  run.  W h e n  the  ce l l  w a s  reheated ,  
~he a l u m i n u m  vapor ized  but  no effect  on the  s t eady-  
state v a l u e  of  R w a s  detected.  

I I I t I 
2 0 0  2 4 0  

T h e  t e m p e r a t u r e  var ia t ion  of  R w a s  s tud ied  in  run 
35. The  data is s h o w n  in Fig.  6, run  35e. A s  before,  R 
increased  f r o m  a s m a l l  v a l u e  to the  s t eady- s ta te  
v a l u e  of  0.34. W h e n  the  t e m p e r a t u r e  w a s  raised or 
lowered ,  A1 and N2 increased and decreased  together  
w h i l e  R r e m a i n e d  pract ica l ly  constant .  

F ina l ly ,  an e q u i m o l a r  m i x t u r e  of  A1N 14 and A1N 1'~ 
w a s  prepared.  The  p o w d e r  conta in ing  A1N 14 and A1N 1~ 
w a s  pressed into t w o  pel lets .  E x c h a n g e  run  36 w a s  
m a d e  after  p lac ing  the  t w o  pe l l e t s  in the  large holes  of  
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Fig. 5. Runs 17c and 17d. Separate pellets (AIN TM and AIN 15) 
to determine contamination. 

the tungsten slug. At  this moment,  a "mixed crystal" 
is not present. A mixed crystal  is defined as a mater ia l  
where within each grain N 14 and N 15 (present in equal 
amounts)  are distr ibuted at random. Vaporization of 
such a sample would yield a value of R = 0.5 i r re-  
spective of/~ value because both pellets are equal: no 
gas exchange between the two pellets is required to 
bui ldup (N14N15). In  the present experiment,  however, 
each pellet contained separate grains of A1N 14 and 
A1N15; therefore, at the start of the run, the system 
was not different from the one with separate pellets. 
During the experiment,  however, diffusion between 
the two types of grains and sintering should take 
place in the pellets so that the mater ia l  progressively 
approaches the status of a mixed crystal. Thus, ex- 
perimental ly,  R should first reach a s teady-state  value 
and then increase slowly due to interdiffusion between 

the grains. Run 36a confirmed these expectations. R 
reached a steady~state value of 0.34, but  on repeated 
heatings in runs  36b, 36c, and 36d, it increased l inear ly  
with t ime to a ma x i mum value of 0.46. 

Equation [23] could be used to calculate fl, the con- 
densation coefficient. In  that  calculation, it is assumed 
that  y = 1 (only the top surface vaporizes), whereas 
z is assumed to vary  with S/2. The rate of diffusion of 
ni t rogen in the pellet is fixed; but  the rate of surface 
recession of the pellet due to vaporization depends on 
its surface area. For  a large surface area, the rate 
of vaporization per uni t  area will  be small, the rate of 
recession of the surface will  be small; thus a large 
amount  of diffusion wil l  take place resul t ing in large z. 
A small surface area, on the other hand, will  recede 
faster. Hence, before a large amount  of diffusion can 
take place, the mater ial  vaporizes. In  this case, z will  
be small. In  ei ther case, y /z  is the significant pa ram-  
eter in the calculation of /~ using Eq. [23]. 

Table I summarizes our results. For  the "no slug" 
configuration and the runs where the sample was 
placed in the 3/16 in. holes, z is large, so y/z  ~ O. For 
the small holes configuration, where S/2 is only 1/20 
of its value when  no slug is used, z wil l  be near ly  1. 
Thus, y/z  ~_ 1. Using these approximations,  the calcu- 
lations give an average value  of/~ = 5 x 10 - s  for the 
temperature  range of 1800~176 where the mea-  
surements  were carried out. 

BN.--Preheated  BN 14 and BN 15 pellets were loaded 
into the large holes of the tungs ten  slug and the ex- 
change run  51 was made at 1952~ using the tungsten  
Knudsen  cell. In  this run,  R started from an unusua l ly  
large value of 0.37, rose to 0.45 wi thin  60 min  and re- 
mained constant. At the end of the run, examinat ion 
of the pellets and the cell revealed evidence of chemi- 
cal reaction between the samples and tungsten  metal. 
The pellet had shrunk  in size and the tungsten slug 
was welded to the body of the cell. Therefore, subse- 
quent  exchange runs  were made with a graphite K n u d -  
sen cell and a graphite slug containing two 3/16 in. 
diameter  holes. 

The empty graphite cell assembly was degassed in 
vacuum at 2100~ for several  hours. Later, in order to 
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Table I. Calculation of the condensation coefficients from the steady-state N ~ N  ~5 
concentration at various surface areas 

R,* 
T e m p ,  C o n f i g -  s t e a d y -  ~8 

R u n  ~  S a m p l e s  C e l l  u r a t i o n  S ,  c m  -~ h,  cm2 s t a t e  y / z  = 0 y / z  = 0.5 y / z  = 1 

17 1840 A I N ' t  & A I N m  T u n g s t e n  N o  s l u g  0.72 8.55 x I0-~ 0.4 4.75 • 1O-~ 7.9 x 10- t  4.3 x 10-~ 
22 1808 A1N ~4 & A1N L5 T u n g s t e n  L a r g e  h o l e s  0.36 8.55 • 10-~ 0.33 4.75 • 10 4 1.2 x 10 -~ 6.9 X 10-~ 
29 1819 A1N 1~ & A1N TM T u n g s t e n  S m a l l  h o l e s  0 .04 8.55 • 10-~ 0.3 3.2 • 10 -2 9 x 10-3 5.3 X 10-3 
36 1824 A1N 14 & A1N 15 T u n g s t e n  L a r g e  h o l e s  0.36 8.55 x 10 -~- 0 .34-0 .46  - -  - -  - -  

m i x e d  
41 1791 C o m m e r c i a l  T u n g s t e n  L a r g e  h o l e s  0.23 3.2 x 1 0 s  0 .14 5.4 x 10 --3 2.2 x 10 -~ 1.4 x 10-~ 

A1N TM & lab .  
m a d e  A 1 N ~  

42 1865 C o m m e r c i a l  G r a p h i t e  L a r g e  h o l e s  0.36 3.2 • 10-3 0.2 6 x 10-3 2.3 x 10-3 1.4 x 10-~ 
A1N 14 & lab .  
m a d e  A l i ~ 5  

52 2112 BN~4 & B l ~ 5  G r a p h i t e  L a r g e  h o l e s  0.36 3.2 • 10-3 0.2 6 • 10 4 2.3 x 10 -8 1,4 • 10-~ 
53 1963 B N ~  & B N ~  G r a p h i t e  L a r g e  h o l e s  0.36 3.2 x 1 0 4  0.23 1.2 • 10 -2 2.6 x 10 -3 1,7 x 1O-s 

0.36 3.2 X 10-3 0.27** 1 X 10 -2 3.3 x 10-3 2 x 10-3 

* R =  

Im + I2o + 18o 

12~ + 2 /8o  

est imate the contr ibution of CO contaminat ion to the 
mass 28 readings, the cell was heated in the mass spec- 
t rometer  to 1963~ The measured background at the 
intensi ty mass 28 peak, was as expected, much higher  
than with  the tungsten cell. 

With this in mind, exchange run  52a was carr ied out 
at 2112~ and run 52b at 2050~ In each case, 4-5 hr 
of preheat ing was needed to reach the operat ing t em-  
perature.  In run  52a, R rose rapidly  from an initial 
va lue  of 0.09 to a s teady-s ta te  value  of 0.23 which re-  
mained constant in the two subsequent  runs. At the 
end of run  52c, the cell was opened and the con- 
taminat ion of BN 14 and BN 15 by the other isotope spe- 
cies was determined by heat ing each pellet  separately 
in the mass spectrometer.  The results, which resembled 
those obtained for the A1N pellets, are shown in Fig. 
7. 

In all the runs, however ,  the intensi ty of the peak 
at mass 28 was much larger  than the peak intensi ty of 
mass 30. That  deviat ion f rom predicted behavior  
seems to be due to the evolut ion of CO from the 
graphite cell. This was inferred f rom the fact that  at 
70V electron energy, two intense peaks at mass 14 and 
15 were  observed in the spectrum, with I~5 > I~4. In 
contrast, if the intensi ty of the mass 28 peak in run 52 
was ent i re ly  due to N214 ions, then I15 < I~4. Moreover,  
the calculated ionization efficiency curves for mass 28 
and mass 30 peaks were  not identical  as they should 
be if only N 14 and N 15 ions were  involved.  

To minimize this background interference,  the empty 
graphite cell assembly was reheated in vacuum to 
2300~ for 4 hr. Runs 53a and 53b were  then made with  
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Fig. 7. Runs 52d and 52e. Separate pellets (BN 14 and BN 15) to 
determine contamination. 

a fresh pair of BN 14 and BN 15 pellets�9 In run  53a 
(1963~ R rose f rom 0.03 to 0.14. At  the beginning, 
I2s > I30; but after  135 min, I2s became near ly  equal  to 
I:~0. In run 53b the t empera tu re  was raised to 2018~ 
the value of R rose to 0.21 and remained constant, but 
I2s stayed larger  than I30. 

To correct for the background contr ibution to the 28 
peak, R was calculated assuming I2s --~ I30. Thus, 
R = I29/(I29 -t- 2130). The s teady-state  value calculated 
on this assumption was 0.27. The condensation coeffi- 
cient /~ of BN was calculated using Eq. [23], and the 
results are given in Table I. 

Comparison of data f rom runs 52a, 52b, and 52c 
with that  f rom runs 53a and 53b indicates that  the 
steady state is reached much more rapidly when the 
run is made at a higher  tempera ture .  The s teady-sta te  
value of R, however ,  is not influenced by temperature .  
At the end of run 53b, the t empera tu re  was decreased 
from 2018 ~ to 1952~ and though the intensi ty of N2 
peaks decreased correspondingly,  R remained near ly  
constant. 

Discussion 
The condensation coefficient of N2(g) on AIN deter-  

mined by this work  (/~ ---- 5 x 10 -3 ) is in good agree-  
ment  with earl ier  work  of Hoch and White (5), Hi l -  
denbrand and Hall  (6), and Dreger  et al. (18) which 
is summarized in Table II. The condensation coeffi- 
cient of A1 cannot be de termined  by the isotopic ex-  
change technique because Al (g )  exists as a monomer.  

It is wel l  established (5, 6) that  A1N vaporizes con- 
gruent ly  evolving Al (g )  and N2(g) in stoichiometric 
ratio. One might  expect,  however ,  different values for 
the condensation coefficients of Al (g )  and N2(g) on 
an A1N surface. On the other  hand, Dreger,  Dadape, 
and Margrave (18) found by x - r a y  studies that  the 
latt ice constant of A1N did not change during evap-  
oration. Therefore,  a large difference in the two con- 
densation coefficients may  not be present, and the 
value of/3 for N2 (g) on A1N may be a good approxi-  
mat ion for the /~ of Al (g )  on A1N. The condensation 
coefficient of N2 on BN determined by this work  and 
the values of the vaporizat ion coefficients de termined 
by earl ier  workers  are summarized in Table II. 

In the BN vaporizat ion-condensat ion equil ibrium, 
a layer  of amorphous boron forms on the BN surface. 
However ,  Knudsen effusion studies on BN by Hoch and 
White  (5), as wel l  as Hi ldenbrand and Hall  (6), es- 
tablished that  this boron layer  did not block the ~ubse- 
quent  escape of ni trogen molecules during vaporizat ion 
of AN. Moreover, in the present  work, the total in-  
tensity of all the ni t rogen peaks in the exchange  runs 
remained near ly  constant wi th  t ime even though the 
thickness of boron layer  over  BN was increasing with  
time. These observations are in contradiction with the 
work  of Dreger  et al. (18) who found that  in Lang-  
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Table II. Vaporization and condensotion coefficients of AIN and BN 

T e m p e r a t u r e ,  
A u t h o r  M e t h o d  ~  AIN* B N *  

Hoch & W h i t e  (5)  K n u d s e n  1 6 6 0 - 2 1 9 6  a = 1 • 10 -4  v~ = 1 • 1O-~ 
H i l d e n h r a n d  & H a l l  (6)  K n u d s e n  1 7 8 0 - 1 9 7 0  a < 2 x 10 -3 

(Torsion effusion) 1850-2160 - -  c~ < 2 x 10 -3 
Dreger, Dadapc & Mar- 

grave (8) Langmuir 1450-1870 c~ = 10-2-10- 3 
1421-2031 - -  r = 10~-10 -3 

T h i s  w o r k  Isotope exchange  1 8 0 0 - 1 9 0 0  ~ = 5 x 10  -~ 
196o-21oo - ~ = i• Io~ 

* ,~ i s  v a p o r i z a t i o n  c o e f f i c i e n t ,  ~ i s  c o n d e n s a t i o n  c o e f f i c i e n t .  

muir  evaporat ion of BN, the rate of weight  loss de- 
creased as a function of t ime unt i l  it approached a con- 
stant rate de termined by the vapor  pressure of boron. 

The formation of a boron layer  on BN, thus raises 
the question of where  the exchange reaction takes 
place. There are two possibilities: (4) on the boron 
layer, or (ii) on the BN. If the exchange reaction is 
taking place on the boron layer,r then the value of R 
should increase continuously wi th  t ime because the 
boron surface area increases as the BN sample is pro-  
gressively decomposed. In these experiments ,  though, 
R was found to be constant wi th  t ime after  reaching 
a s teady-s ta te  value. The contaminat ion of the BN 14 
pellet  by N 15 and vice versa (shown in Fig. 7) also 
supports the conclusion that  the exchange reaction 
takes place not on the boron surface layer, but on the 
boron nitride. 
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LIST OF SYMBOLS 
F �9 n~ 

A A - - -  
no 

A1 intensi ty of 27 peak in mass spectrometer  corre-  
sponding to a luminum 

C conversion factor, f rom atm to g cm -2 sec -1 
F the volume of gas which strikes an area of 

1 cm 2 in 1 sec, F ---- 3638 \ / T / M  cm 3 cm -1 sec -1 
G rate of effusion, g cm -2 sec -1 
h area of effusion hole in cm e (including Clausing 

correction) 
M molecular  weight,  M _~ 29 
no number  of ni trogen atoms in 1 cm 2 of AIN, or BN 
nl number  of ni t rogen atoms along 1 cm in solid 

A1N, or BN 
N2 intensi ty of sum of 28, 29, and 30 peaks in mass 

spectrometer  corresponding to ni t rogen 
ng number  of ni t rogen molecules in 1 cm s gas 
Pcell gas pressure in the Knudsen cell 
Peq equi l ibr ium pressure for the reaction studied 
PL Langmui r  pressure 

R concentrat ion of N14N 15, in mole fract ion R ---- 
(N14N15) 

( N 2  TM) -}- (N14N15) ~- (N215) 

S/2 area of AIN TM (and also AIN 15) pellet "exposed 
to gas" in cm 2 (also BN) 

t time in sec 
T temperature in ~ 
V volume of Knudsen cell in cm 8 
y thickness of layer of solid, in ni t rogen atoms, 

which takes part  in vaporizat ibn reaction 
z thickness of layer  of solid, in ni t rogen atoms, 

which takes part  in condensation (exchange) re-  
action 

% vaporizat ion coefficient 
accommodation coefficient 
fraction of gas molecules  which hits the surface, 
sticks, and enters the solid lattice; condensation 
coefficient 

hi atom fraction of N 15 in a pel let  of A1N 14 (and 
vice versa)  at t ime t (also BN) 
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Condensation Coefficients of Refractory Materials 
II. NiO 
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ABSTRACT 

The condensation coefficient of oxygen in NiO was studied using the isotopc 
exchange technique applied ear l ier  for a luminum nitr ide and boron nitride. 
Exper iments  were  carr ied out in a p la t inum Knudsen cell and in an a lumi-  
num oxide Knudsen cell. Using the a luminum oxide Knudsen cell, the con- 
densation coefficient ~ for NiO was found to be 1.1 x 10 -1 in the tempera ture  
range 1700~176 Using the p la t inum Knudsen cell, the exchange coeffi- 
cient reached an equi l ibr ium value of 0.5 because oxygen exchange also took 
place on the hot p la t inum surface. It was found also that  NiO exchanges 
wi th  oxygen in the air ve ry  slowly at room temperature .  

The isotopic exchange technique in combination 
with  the t ime-of-f l ight  mass spectrometer  has been 
used to determine the condensation coefficients of A1N 
and BN (1, 2). The purpose of these exper iments  was 
to determine  whe ther  the method of isotopic exchange 
devised for nitrides works wi th  oxygen on NiO. The 
problem was to de te rmine  the condensation coefficient 
of oxygen on NiO. A large number  of diffusion exper i -  
ments  are repor ted  in the l i te ra ture  where  the oxygen 
exchange is used to de termine  the diffusion coefficient 
of oxygen in meta l  oxides. The diffusion of oxygen in 
an oxide of a metal  is expected to be a two-step proc- 
ess (3): (i) oxygen exchange on the surface, and (it) 
migration of oxygen into the solid. Experimenters 
have assumed that the first step takes place faster 
than the second and that instantaneous equilibrium 
exists at the solid-gas interface (isotopic composition 
of oxygen in surface is equal to that in the gas). This 
assumption will be tested by applying the isotopic 
exchange technique to nickel oxide. The vaporization 
of nickel oxide has been the subject of several investi- 
gations (4-7). The most recent work is that of Grim- 
Icy, Burns, and Inghram (8). They used a molybde- 
num Knudsen cell with an inner liner and lid made of 
reerystallized morganite alumina. The effusing beam 
was analyzed by a mass spectrometer.  In the t empera -  
ture  range 1575~176 Ni + and O2 + were  the pre-  
dominant  species in the vapor. They also reported the 
presence of free nickel on the lids of their  Knudsen 
cells used for vaporizat ion of NiO. Free  nickel  on the 
lids of the cell was also observed in this work. The 
authors concluded that  NiO vaporizes pr imar i ly  by 
dissociation to the elements.  

Theory 
The theory  and the mathemat ica l  t rea tment  of the 

exper imenta l  data of the isotopic exchange technique 
which is applicable to nitr ides and oxides of metal  was 
reported by Hoch and Ramakr ishnan in the ear l ier  
report  cited. The condensation coefficient, 8, was ob- 
tained f rom an analysis of the s teady-state  conditions 
in the isotopic exchange reactions. First, expressions 
were  der ived which define the fract ional  changes in 
the solid and vapor  compositions result ing from the 
exchange reactions. Second, a relat ionship was then 
established for the t ime rate  of change of % the con- 
centrat ion of the contaminat ing isotope on the surface 
of the solid. Finally,  a relat ionship was obtained be- 
tween the concentrat ion of the mixed isotope in the 
vapor  and % 

The isotopic exchange technique employs a Knudsen 
effusion cell which contains two samples of the solid 
which is to be vaporized, each containing a high con- 
centrat ion of a par t icular  isotope. In this work, the 

Key words:  n i c k e l  o x i d e ,  c o n d e n s a t i o n ,  i so tope  e x c h a n g e ,  v a p o r -  
i za t ion ,  

solids are NiO 18 and NiO TM. The samples are of equal  
size and are physical ly separated. When the cell is 
heated, the samples vaporize producing a gas with 
equal  concentrat ions of 02 TM and O2 TM. The oxygen 
recondenses, wi th  some of the 02 TM condensing on the 
NiO TM sample and becoming incorporated into the solid 
and vice versa. Since some of the vapor  escapes 
through the orifice, equi l ibr ium is not established and 
the solids continue to vaporize. Each sample contains 
some of the other  isotope and subsequent vaporizat ion 
produces gaseous O160 TM molecules. The concentrat ion 
of O160 TM increases and the concentrat ion of O2 TM 

and O2 TM decreases wi th  time. If the tempera ture  of 
the cell is held constant, a s teady state is obtained. 
The condensation coefficient, 8, can then be calculated 
f rom the s teady-sta te  values of vapor  composition 
using the relat ionship 

(O16OLS) zh 
fl = h /S  if . >>/~ [1] 

[ V ~ -  (O'60 is) + y/z] yS 
where:  h = area of effusion hole (cm 2) 

S = total  exposed area of two pellets  in 
Knudsen cell (cm 2) 

(O160 is) = s teady-sta te  concentrat ion of mixed iso- 
topic molecule  in vapor  

y = thickness of layer  of solid, in oxygen 
atoms, which takes part  in vaporizat ion 
reaction 

z = thickness of layer  of solid, in oxygen 
atoms, which takes part  in condensation 
(exchange) reaction. 

No a t tempt  was made to conver t  to absolute pres-  
sures because the isotopic exchange technique does not 
depend on the knowledge of absolute pressure. 

Preparation ot Nickel Oxide 
Use of the isotopic exchange technique for de ter -  

mining the condensation coefficient of nickel oxide re-  
quires a nickel  oxide sample wi th  a ve ry  high concen- 
t rat ion of the atomic weight  18 isotope of oxygen. 
Commercia l ly  available NiO is was obtained f rom Volk 
Radiochemicals Company, Burbank,  California, and 
tested in the mass spectrometer.  The sample was found 
to be unsuitable since it was essentially NiCO3 which 
decomposed on heat ing to NiO and COs gas. The mass 
spectrum was character ized by an intense peak at mass 
44 which corresponds to CO2 +. Therefore,  it was 
necessary to prepare  NiO 18 in the laboratory.  

Severa l  prepara t ion techniques for NiO are described 
in the l i tera ture  (10). The most common method of 
preparat ion of NiO is the precipi tat ion of NiCO3 from 
a nickel  salt solution and the thermal  decomposition 
of nickel carbonate to nickel oxide. These wet  meth-  
ods were  found unsuitable and the direct oxidation of 
nickel metal  was selected as the most expedient  prep-  

1212 
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aration technique. Since 02 TM is available only in 
l imited quantities, it was necessary to develop a prep-  
arat ion technique which would yield a max im um  
amount  of NiO using 100 ml  of O2 TM gas. 

Init ial  studies indicated that  the oxidation of com- 
pressed nickel meta l  powder  in a l imited volume of 
oxygen gas at 1 a tm pressure is slow at 1300~ Hence 
nickel powder  was reacted with 100 ml  of 02 gas at 
NTP in an apparatus shown in Fig. 1 which was con- 
structed to prepare  NiO TM and NiO TM. The apparatus 
consists of a small quartz  bell  jar, a vacuum system, a 
gas inlet, a 500 ml flask to collect unreacted  02 gas, and 
a sample heat ing system. The volume of the system 
was kept small to conserve oxygen. The nickel  pow-  
der was placed in an open p la t inum crucible fab-  
r icated f rom plat inum foil. The crucible was heated by 
an induction heater  whi le  sitting on an alumina stand. 
The alumina stand was coated with  p la t inum paste to 
avoid any loss of 02 TM due to exchange with  oxygen 
atoms in alumina. 

Procedure.--Nickel oxide was prepared  by intro-  
ducing 400 mg of nickel meta l  powder  into the plat i -  
num crucible, evacuat ing the whole system to below 
5 x 10 -5 Torr, degassing the  powder  under  vacuum, 
admit t ing the oxygen gas after  closing the stopcock 
connecting the 500 ml  flask to the system, and heat ing 
the crucible. Within a few minutes  of the start  of the 
induction heating, the reaction set in as indicated by 
a glow inside the crucible. Af te r  5 to 10 min, the glow 
disappeared and the surface t empera tu re  was slowly 
increased to 1300~ and held for about 2 hr. The sur-  
face tempera ture  was corrected for surface emissivi ty 
and absorption of the quartz  bell  jar. The total  cor-  
rection is 108 ~ at 1300~ At the end of the run, any 
unreacted oxygen gas was collected in the  evacuated 
flask. 

X - r a y  diffraction powder  pat terns  of the samples 
were  made, which showed the sample was nickel  
oxide. No nickel lines were  present  in the powder  
pattern.  Samples for the exchange runs were  ground 
in an agate mor ta r  and were  pressed into pellets by 
using ei ther  a 3/16 or a 0.15 in. die. The pellets were  
degassed in vacuum at 1173~ for 105 min. Genera l ly  
about 500 mg of the product  nickel  oxide was obtained 
start ing with  400 mg of nickel meta l  and 100 ml  O2 gas 
at NTP. The yield was near ly  100%. 

Bogatski (11) reports  that  NiO exists over  the com- 
position Ni0.99sO-N0.75sO. Our samples were  green in 
color indicating lower oxygen content  in our samples 
as compared to the oxygen-r ich  black oxide�9 Using the 
equation for vacancy concentrat ion in NiO 

Nv -- 17,800 
: 0.055 Po2 I16 exp 

N RT 

given by Mitoff (12) and Po2 ---- 4.22 x 10 -8 atm (oxy-  
gen part ial  pressure over  NiO at 1707~ measured by 
Gr imley et al.), one has x m 3.7 x 10 -5 in NiI-xO. 
Thus the deviat ion in s toichiometry in our samples is 
bel ieved to be very  small. Since R remained con- 
stant in the exchange runs, it is bel ieved that  the ex-  
cess Ni(s)  in the par t ia l ly  vaporized samples did not 
affect the results. 

Knudsen Cells 
Two different Knudsen cells were  used to study the 

exchange reaction. A schematic sketch of the two 
cells and their  inserts for holding the samples is 
shown in Fig. 2. One of the Knudsen cells was made 
of platinum. It  was 11/16 in. tall  and had an ID of 
1/z in. The thickness of the walls  of the cell was 1/32 
in. The lid of the  cell  was 1/16 in. thick and had a hole 
whose diameter  was 0.025 in. The samples were  placed 
in the two pla t inum inserts. 

The other Knudsen cell had an outer  cell of molyb-  
denum and a molybdenum lid (1/16 in. thick) and an 
inner cell fabricated from 97% pure A1203. The alu-  
mina inner cell  was 3A in. tal l  and had an ID of 7/16 in. 
The diameter  of the hole in the 1/16 in. th ick  alumina 
lid was 0.028 in. The samples were  placed in an alu-  
mina insert. 

Materials 
Pure  nickel metal  powder  (99.9%) was supplied by 

Gallard Schlesinger Chemical  Manufactur ing Corpo- 
ration, Carle Place, New York. 

The isotopic oxygen gas containing 99.6% 0 TM was 
obtained f rom Bio-Rad Laboratories,  New York, New 
York. 

The pla t inum Knudsen cell was fabricated by Engel-  
hard Industries, Inc., Newark,  New Jersey,  and the 

Mo-AI203 Knudsen Cell. 

Alumina Liner. 

d=0.028" 

3 4" 
1/16 " 

Alumina Insert. 

Mo Knudsen Cell. 

~ 0 15 

1116"I -wl r'- 1/8 " diameter 

3/32" 
7 

diameter 

~- 0.0p,, diameter 

II 3 1 fill6" 

Platinum inserts ~ 3/16" ~-~ 3/16" 

for holding p q l / 1 6 "  p q 
samples 

Wall thickness = 1/16" 

Fig. 2�9 Knudsen cells and inserts (schematic) 
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alumina Knudsen cell was supplied by McDanel Re-  
f ractory Porcelain Company, Beaver  Falls, Pennsyl -  
vania. The molybdenum Knudsen cell used with  the 
alumina cell was machined in our machine shop. 

To prepare  NiO TM samples, commercia l  oxygen gas 
was used which was purified by passing through a 
liquid ni t rogen trap. 

Preliminary Experiments 
Commercia l  nickel oxide was heated in the mass 

spectrometer  using the p la t inum Knudsen cell to 
identify the vaporizing species. Above 1600~ the only 
species detected was O2 + at mass number  32. Ni + 
peaks were  absent in the mass spectrum. It was con- 
cluded that  the nickel atoms in the vapor  stuck to the 
walls and the lid of the p la t inum cell, and thus, they 
did not effuse through the hole in the lid. When NiO ~" 
sample was heated in the molybdenum Knudsen cell 
with alumina liner, Ni peaks at mass numbers  58, 60, 
and 62 appeared in the spectrum along with O2 + peak 
at mass 32. 

The intensity of 02 + (I32) at mass 32 and the in-  
tensity of the peak at mass 16 (I16) corresponding to 
02 + + or O + were  studied as a function of electron en- 
ergy. Below 20 eV electron energy, the mass 16 peak 
disappeared completely.  To minimize the dissociation 
of oxygen molecules to atoms and their  recombinat ion 
in the ion source, the exchange runs were  made with 
20 eV electron energy. The apparent  t empera tu re  of 
the Knudsen cell was measured in degrees Fahrenhei t  
by a disappearing filament type optical pyrometer  
sighted on the effusion hole through a glass prism and 
window. The correct tempera ture  was obtained by 
convert ing the optical pyrometer  readings in degrees 
Fahrenhei t  to degrees centigrade and adding the cor- 
rection for the absorption due to the glass pr ism and 
the window. This correction was about 20~ at 1400~ 
Sighting on the hole el iminated the need for an emis- 
sivi ty correction. 

Experimental Results and Discussion 
The first exchange run la  was made using the plat i-  

num Knudsen cell (the detached mass spectrometric 
data can be obtained from the authors) .  The degassed 
NiO TM and NiO TM pellets were  placed in t ight ly  fitted 
holes dri l led in an insert  for the cell, and the  cell was 
loaded in the mass spectrometer.  The tempera ture  was 
slowly raised to 1470~ and held there  for about 20 
min before increasing to 1703~ The exchange re-  
action was studied to 1703~ and the intensities of 
mass peaks 32, 34, and 36 [/32, I34, and Iss] correspond- 
ing to 02 TM, O160 is, and O2 TM ions were  recorded and the 
tempera ture  measured at 15 min intervals.  I34 was 
larger  than Ia2 or I36 f rom the beginning of the run. 
The ratio R ---- I34/I32 + I34 -5 I36 was very  close to 0.5 
right f rom the beginning of the run  and remained 
constant throughout  the run which lasted 135 min. The 
run was continued (run lb) the next  day for 100 min 
and R was near ly  0.5 f rom the start  to the end of the 
run. In both run la  and run lb, Is2 ~ I86, which sug- 
gests that  the background interference at mass 32 was 
insignificant. 

Af ter  run lb, the cell was opened and the contami-  
nation of the hal f -pel le ts  NiO 16 and NiO is by the 

other oxygen isotope were  investigated. This was done 
by heat ing each hal f -pe l le t  separately and observing 
the decrease in 0 TM concentrat ion (or O TM concentra-  
tion) with time. The concentrat ion of 016 in NiO TM 

pellet  was calculated from the ratio of the intensities 
of mass 34 and mass 36 peaks. Similarly,  the O TM con- 
centrat ion in NiO TM pellet  was calculated f rom the 
ratio of the mass 34 and 32 peak intensities. At the 
start, both half-pel le ts  showed a large amount  of con- 
taminat ion which decreases wi th  time. For  some reason 
the decrease in contamination in run lc is not as fast 
as it is in run  ld. 

The value of R was near ly  0.5 init ial ly and it re -  
mained constant during the runs la  and lb. If every  
impact  of the oxygen gas molecules wi th  the solid 
nickel oxide results in exchange producing the mixed 
molecule O16018, the R wil l  be near ly  0.5 and remain  
constant. The second possibility is that  the exchange 
reaction O21S(g) -Jr- O216(g) ---> 2(O1601S)(g) would 
take place on the hot p la t inum surface (13) of the 
cell. In either case, equi l ibr ium wil l  be achieved in 
the cell and R wil l  be 0.5 

To invest igate the two possibilities, exchange runs 
2a and 2b were  made using the molybdenum Knudsen 
cell l ined with  alumina. In these runs, Ni + peaks at 
mass 58 and 60 were  recorded a l o n g w i t h  mass 32, 34, 
and 36 peaks. In both the runs, I32 ~ I36. R started with  
an initial value of 0.28 and reached a s teady-state  value 
of 0.43 after  30 min. The runs were  made at an aver -  
age tempera ture  of 1697~ During run 2b, the t em-  
pera ture  was increased to 1753~ and held for 10 min. 
R remained constant at 0.43. The results are shown in 
Fig. 3. At the end of run 2b, the NiO 16 pel let  was re-  
moved. Run 2c was made to determine  the amount  of 
contaminat ion of the NiO TM pellet  by 0 TM. Similarly,  
run 2d was made to determine the amount  of con- 
taminat ion of NiO TM pellet  by O is The results are 
given in Fig. 4. Both pellets showed a high degree of 
contaminat ion in the beginning of the runs and then 
dropped to a near ly  constant value. The cell was ex-  
amined at the end of the run. The inner  walls of the 
alumina cell and the lid developed a bluish coloration. 

The Mo-A1203 cell was heated in the mass spectrom- 
eter (run 3) without  any sample inside to find the 
reason for the bluish color of the liner. The mass 
spectrum consisted of mass 32, 34, and 36 peaks cor- 
responding to the oxygen species and mass 58 and 60 
peaks corresponding to the nickel  species. Throughout  
run 3 the ratio R was near ly  0.5. It  seems that  the meta l  
and the oxygen species adhered to the walls of the 
alumina liner and desorbed when heated. This desorp- 
tion could have affected the results of the contamina-  
tion runs 2c and 2d since oxygen may  have  desorbed 
from the walls of the cell while  ei ther of the nickel 
oxide pellets were  being heated. If desorption takes 
place, it makes the data incorrect.  Examinat ion  of the 
intensities of the oxygen peaks in runs 2c and 2d 
shows that  desorption did not take place when  the cell 
was heated with the specimen in it. When NiO is pellet 
alone was heated, I3~ was several  t imes larger  than I~2 
and the intensities of the  oxygen peaks were  consistent 
wi th  the extent  of contaminat ion by O TM that  was ex-  
pected. If the walls of the a lumina cell were  contr ibut-  
ing to the effusion flow, the amount  of contamination 

Fig. 3. Runs 2a and 2b. NiO TM, 
NiO TM pellets in alumina inserts 
(Mo-AI~O.~ cell). 
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would have been larger.  The decrease in contamination 
as a function of t ime would have been less than that  
observed. Based on these observations, it is reasonable 
to conclude that  any vapor  species which stick to the 
alumina l iner desorb only when  the empty cell is 
heated. When the nickel  oxide sample is heated in the 
cell, the  sorbed species do not desorb and contr ibute  
to the effusion flow. 

The O ~s concentrat ion in NiO ~6 sample was deter -  
mined immedia te ly  after  a pellet  was made f rom NiO 16 
powder  which was prepared  sometime earlier. Run 4 
was made by heat ing the NiO 16 pellet  in the mass 
spectrometer  using the p la t inum Knudsen cell. This 
pellet  was not used in any of the exchange runs and 
hence should contain only about 0.2% of O is (natural  
abundance of O Is in oxygen)�9 The O is concentration 
was 2% at the start  of the run and it decreased to less 
than 1% af ter  20 min. The same procedure was re-  
peated in run 5 for an NiO is sample (freshly made 

f rom NiO is powder)  using the p la t inum cell�9 The ini-  
t ial  concentrat ion of 016 in the NiO is sample was 17% 
which decreased to 6% in the  first 20 min of the run. 
The average concentrat ion of O 16 was 3-4% throughout  
the la t ter  par t  of the run. The O2 is gas wi th  which 
the NiO Is powder  was prepared  may  have been  con- 
taminated with 016 isotope, or the  NiO is sample may 
have picked up some 016 dur ing its preparation.  In 
ei ther case, the concentrat ion of 016 in the NiO 1~ 
sample would have remained constant as a function of 
t ime in run 5. But the O 16 concentrat ion in the NiO is 
sample was ini t ial ly high and it decreased rapidly  to 
a s teady-sta te  value. This decrease suggests that  NiO ~s 
exchanges slowly with  atmospheric oxygen even at 
room temperature .  The rapid decrease in the O 16 con- 
tent  wi th  t ime was due to the el iminat ion of the sur-  
face layers contaminated with O 16 isotope because of 
vaporizat ion of the NiO is sample. 

Since the s teady-sta te  value of R in runs 2a and 2b 
made with the Mo-A1203 cell  was 0.43 and not 0.5, it is 
improbable  that  each impact  of the oxygen molecule  
wi th  NiO solid results in the exchange. The reason for 
R being equal  to 0.5 in runs l a  and lb made with  the 
p la t inum cell is that  the exchange was taking place 
on the hot p la t inum surface�9 

The condensation coefficient of NiO was calculated 
taking the s teady-sta te  value of R as 0.43 and substi- 
tu t ing the values of h (the area of the effusion hole) 
and S (the surface area of nickel  oxide exposed to gas) 
in Eq. [1]. The results are given in Table I. The diffu- 
sion of oxygen in the solid NiO is fast; and hence, the 
depth of penetra t ion z wil l  be large, in which case 
~ / z  ~ O. The value  of ~ (the condensation coefficient) 
is 1.1 x 10 -1 . 

Conclusions 
1. The isotopic exchange technique is applicable to 

solids l ike oxides which have  larger  condensation co- 
efficients than nitrides like A1N and BN. 

2. A method has been developed to prepare  required 
amounts  of NiO is by heating nickel meta l  powder  in 
a l imited volume of 0218 gas. 

Table I. Calculation of the condensation coefficient of NiO 
from the steady-state 0160 is concentration 

S a m p l e  C e l l  S ,  c m  ~ h ,  c m 2  s t e a d y - s t a t e  y / z  = 0 y / z  = 0.5 

N i O l e  a n d  M o - A l 2 O s  0 . 4 3  1 .07  x 10  -~ 2 .31  x 10 -~ 
N i O ~  I).23 3 .97  x 10-0 1.1 x 10  -1 2 .3  x 1 0  4 

/84 
O J ~  
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3. The condensation coefficient of NiO is 1.1 x 10 -1 
in the temperature  range 1697~176 

4. The exchange reaction O2 TM (g) q- 02 TM (g) -~ 
2 (O160 is) takes place on a hot p la t inum surface. 

5. NiO TM when exposed to air at room tempera ture  
slowly exchanges oxygen and picks up 016 . 

6. Under  the conditions obtained in this investigation 
on the NiO system, the assumption that instantaneous 
equi l ibr ium exists at the solid-gas interface (isotopic 
composition of oxygen in the surface is equal to that 
in the gas) is not valid. 
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Analysis of the Exchange Reaction Between 
Nitrogen and Aluminum Nitride 

Emile Rutner and E. J. Rolinski 
Materials Physics Division, Air Force Materials Laboratory Wright-Patterson Air Force Base, Ohio 45433 

ABSTRACT 

A model has been proposed to simulate the rate  of isotopic exchange of 
a solid with a gas formed by its decomposition. The model considers the effect 
of the vaporization and condensation reactions, accompanied by effusion of the 
gas from a Knudsen  cell, on the measured rate of exchange. The reaction rate 
constants for the vaporization of ni trogen from A1N and the condensation of 
N2 and gaseous A1 on solid A1N, at near  equi l ibr ium conditions, have been 
calculated. The condensation and the vaporization coefficients have been 
formulated in terms of the kinetic processes. The model has been applied to 
data of Hoch and Ramakr i shnan  (1) for the isotopic exchange reaction of 
ni trogen on a luminum nitride. 

In the s tudy of vaporization and condensation reac- 
tions it is desirable to determine the kinetics of such 
reactions at the equi l ibr ium pressure since in many  
cases the reaction rates are dependent  on the pressure 
of the gas in contact with the solid. One method for 
doing this is to study the isotopic exchange reaction 
between the gas and the solid. Such a reaction was car-  
ried out by Hoch and Ramakr ishnan  (1), who studied 
the t ime rate of isotopic exchange of N2 gas with A1N 
and calculated an exchange coefficient from their  data 
which they equated to a vaporization coefficient. 

To ful ly utilize the data generated in (1) a kinetic 
model is proposed herein  which takes into account the 
kinetics of the solid-gas reactions taking place. Since 
models for the vaporization and condensation of solids 
cannot be formulated in general  terms, because the 
part icular  forms which the rate equations assume are 
determined by the kinetics of the reactions taking 
place, it is necessary in formulat ing a model to express 
the exchange reaction rates in terms of the kinetics of 
the processes involved. For the par t icular  exper imental  
a r rangement  utilized in (1), this required a model 

K ey  words:  Knudsen  cell, vaporizat ion,  condensation, isotopic e x -  
c h a n g e ,  model.  

which described the processes involved in the vapori-  
zation of the solid, the condensation of the gas to form 
the solid, and the flow of the gas from the Knudsen  
cell. 

Model for Isotopic Exchange of N2 with AIN Accompanied by 
Flow from a Knudsen Cell 

Utilizing an exper imental  a r rangement  as shown in 
Fig. 1, Hoch and Ramakr i shnan  (1) measured mass 

/ / /  .... 

N214,15 , N / 5 , 1 5  N / 4 , 1 4  

AINm J J AIN '4 

Fig. i. Arrangement of aluminum nltride pellets in the Knudsen 
cell. AIN TM and AIN 15 are pellets initially composed of the N 14 
isotope and N 15 isotope, respectively. 
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Fig. 2. Relation between the positions of reaction zone [Nt]  at 
time zero, [Ndo,  and at some later time, [N t ] l .  Rate of mass 
motion of the zone is equal to one half of the rate of effusion of 
nitrogen plus aluminum. 

spectrometrically, as a funct ion of time, the fraction 
of N229 molecules, [N229]/[N22s] -}- IN229] -~- [N23~ in 
the gas phase generated by the decomposition of two 
pellets of A1N in a Knudsen  cell. Originally, one of 
the pellets was composed ent i rely of A1N14(I) and the 
other pellet was composed of A1N15(II). When the 
pellets were heated in a Knudsen  cell a gas phase was 
generated which at zero t ime was composed of equal 
concentrations of N228 and N2a0; and which during the 
course of t ime of the exper iment  became enriched with 
N229, as a result  of isotope exchange between the two 
pellets. The model proposed herein accounts for the 
t ime rate of change of the isotopic distr ibution of N 
atoms in the N2 molecules. 

Since the change in the isotopic composition of the 
gas is accompanied by a change in the isotopic com- 
position of the solid any  model proposed must  account 
for the simultaneous changes in the composition of 
the gas and the solid. The change in the composition 
of the solid is actually l imited to a region defined as 
a reaction zone as shown in Fig. 2. The reaction zone 
is assumed to be of constant volume. The zone recedes 
into the unreacted portion of the solid as the sample 
evaporates, and thus becomes enriched by N 14 in the 
case of pellet I and N 15 in the case of pellet II. The 
actual thickness of the zone is physically determined 
by the volume of the solid confined to the gas-solid 
interface. The gas-solid interface is determined by the 
control volume in which diffusion is fast enough so 
that there is thorough mixing between (a) the ni t ro-  
gen that is in the zone, (b) the ni t rogen that is added 
to it by the motion of the zone into the unreacted solid, 
and (c) the ni t rogen that  condenses from the gas phase 
into the zone. The total change in the composition of 
the zone can therefore be at t r ibuted to the following 
factors, assuming that  the ni t rogen gas is composed of 
N22s, N229, and N230 molecules:  

A. Vaporization of ni t rogen from the zone. 
B. Condensation of ni t rogen from the gas phase onto 

the pellet. 
C. Addit ion of ni trogen to the zone from unreacted 

solid. 
On the other hand the change in gas phase composi- 

l ion is due to: 
A'. Vaporization of ni t rogen from each of the pellets 

into the gas phase. 
B'. Condensation of ni t rogen from the gas phase onto 

the pellets. 
C'. Flow from the gas phase through the orifice of 

the Knudsen  cell. 

Change in Composition of the Solid 

Reaction [1] represents the exchange of ni trogen iso- 
tope (j) with A1N i, solid, where i and j represent  the 
two different ni trogen isotopes 

AIN i A- N2 ]j --> AINJ -4- N2 ij [i] 

To obtain a rate expression for the vaporization process 
[i] above, the over-all reaction must be represented 
by a mechanism. The mechanism is depicted by the 
following steps 

[A1]s ~ [A1]ads [2] 

[Ni]s ~ [Ni]ads [3] 

[A1]ads -}- [Ni]ads -I- [NJ]ads ~---- [A1N2iJA1]ads * [4] 

[A1N2iJA1]ads * -> [All s + [N2U]g [5] 

Steps [2] and [3] represent  the motion of (A1) and 
(N) atoms, respectively, from a lattice site in the 
solid (s) to an adsorbed site (ads) on the surface of 
the solid. Step [4], represents the formation of an 
activated complex involving N2, which is required to 
satisfy the activated complex model for the reaction 
rate [2]. Step [5] represents the dissociation of this 
complex to form A1 and N2 ij in the gas phase. It should 
be noted that  the nature  of the complex requires that  
the adsorption site for IN2] on [A1N] s be A1 atoms. 

The steps in the condensation process (B and B' 
above) are given as follows 

[A1]s ~--- [A1]ads [6] 

[All ads -t- [N2 u] g ~ [A1N2iJA1] ads* [7] 

[A1N2iJAl]ads * "-> [A1]s -~- [Ni]s -}- [NJ]s [8] 

Reactions [6] and [7] represent  the adsorption of 
a luminum and ni t rogen on the surface of a luminum 
nitride. Reaction [8] represents the over-al l  reaction 
leading to reverse of reactions [4], [3], and [2]. To 
utilize the data, the observed rates must  be expressed 
as the rates of the reversible phenomenological  reac- 
tions [9] for vaporization and condensation. 

V 
[A1]s + [Ni]s -}- [NJ]s ~ [A1]g -~ [N2iJ]g [9J 

C 

The rate of formation of [N2iJ]gv by vaporization from 
a single pellet of solid A1N is given by Eq. [10]. 

( d[N21J] )g 1 As 
= kv[Ni]s[NJ]s[A1]s2 ~ [10] 

dt v ~ij Vc 

In Eq. [10], t is time, kv is the rate constant  for vapori-  
zation, o-ij is the symmetry  number  of i j - th  species; the 
bracketed quanti t ies represent concentration, the sub- 
script (s) refers to the solid phase, As represents the 
area of a single pellet, and Vc represents the gas vol- 
ume of the Knudsen  cell. All  symbols are defined in 
Table I. 

The condensation reaction can be expressed as Eq. 
[11] where the symbol (gc) represents change in gas 
phase concentrat ion due to condensation, and kc rep- 
resents the reaction rate constant  for condensation 

(d[N2ij])g =kc[N2~]g[A1]g2 As 
dt c V--'~'- [11] 

Defining ~ = [Nlqs/[N14]s -}- [N15]s, the fraction of 
ni t rogen atoms present  in the solid reaction zone as 
N TM isotope, the t ime rate of change of -y is given by 
[12], lett ing [Nd = [N14]s -}- [N1qs, the total number  
of atoms of ni t rogen per square centimeter  of reaction 
zone, and yo = ~( t  = 0). 

d~ 
[ N t i s - - =  -- kv[A1]ads 2 ([N14]s2 + [N14]s[Nlqs) 

dt 
+ kc[A1]ads 2 ([N214"lS]g + 2[N14"lg]g)Ka 2 

WhAh~'o 
-t- B - -  ([N214as]g -}- 2[N214a4]g) [12] 

As 

The last term in Eq. [12] represents the mass loss rate 
of ni trogen from the pellets due to effusion of ni trogen 
molecules from the Knudsen  cell. In  Eq. [12], Ka is the 
equi l ibr ium constant for Eq. [6]; Wh is the Clausing 
factor for the Knudsen  cell effusion [3], Ah is the area 
of the effusion hole, and B = (2~M/RT)-I/2, M being 
the molecular weight of the effusing species, R the gas 
constant, and T the temperature,  ~ Dividing by [Nt], 
using the ratio (y /1 - - -y )  = [N14]s/[N15]s, and the 
stoichiometric relat ion for the concentrat ion of N '4 as 
atoms in the gas phase in terms of ni t rogen molecules, 
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Table I. Symbols and values of experimental and calculated quantities 

July 1971 

S y m b o l  Def in i t i on  Va lue  

ads ( subscr ip t )  
[A l l  
A~ 
Ah 
A s  
B 
e (subscr ip t )  
g ( subscr ip t )  
h (subscr ip t )  
h 
I 
I (r162 
k 
ke 

kv 

K~ 
L 
M 
N~ 
N t  
[N2iJ ]g 

[ N i l  

IN~]~ 
[N~]ge 

(P~)~Ts~ 
R 
s (subscr ip t )  
sI  ( subscr ip t )  
s I I  ( subscr ip t )  
t 
T 
V~ 
W .  
~c 

,y 

adso rbed  
A l u m i n u m  a tom c o n c e n t r a t i o n  
Cross - sec t iona l  a rea  of K n u d s e n  cel l  
A r e a  of K n u d s e n  cel l  e f fus ion  ho le  
A r e a  of s a m p l e  pe r  pe l l e t  
R T  (2~rMRT) -~/~ 
Deno tes  e q u i l i b r i u m  c o n d i t i o n s  
Refe r s  to gas phase  
R e l a t e d  to e f fus ion  hole  
P l a n c k ' s  c o n s t a n t  
Ra t io  ([N21~,~]/[Nr + [Nz~,~] + [N~,XSl)g 
I a t t  = ~o 

B o l t z m a n n  cons t an t  
Reac t ion  ra te  cons t an t  for  c o n d e n s a t i o n  

Reac t i on  r a t e  c o n s t a n t  fo r  v a p o r i z a t i o n  

E q u i l i b r i u m  cons t an t  
L o d s c h m i d t ' s  n u m b e r  
Molecu la r  w e i g h t  
Molecu les  in  s ing le  l ayer  
Tota l  m o l e c u l e s  in  r eac t i on  zone 
C o n c e n t r a t i o n  of n i t r o g e n  mo lecu l e s  of i so top ic  

m i x t u r e  of  a tomic  w e i g h t  i and  j 
Refe r s  to c o n c e n t r a t i o n  of a t o m s  of i so tope  of 

a t o m i c  w e i g h t  i 
C o n c e n t r a t i o n  of Ne mo lecu l e s  i n  the  gas phase  
C o n c e n t r a t i o n  of Ne mo lecu l e s  i n  the  gas  phase.  

a t  e q u i l i b r i u m  
E q u i l i b r i u m  p re s su re  at  1786~ 
Pres su re  m e a s u r e d  a t  1786~ 
Gas  cons t an t  
Refe r s  to so l id  s a m p l e  
Refe r s  to o r i g i n a l  pe l l e t  w h i c h  was  A1N~ 
Refers  to o r i g i n a l  p e l l e t  w h i c h  was  A l l~5  
T ime  
T e m p e r a t u r e  
V o l u m e  of  ce l l  
C l a u s i n g  f ac to r  for  hole  
C o n d e n s a t i o n  coeff icient  
Vapo r i z a t i on  coeff icmnt  
F r a c t i o n  of a t o m s  w h i c h  are  N~t in  r eac t i on  

zone 

0 . 9 8 6  cm-" " 
8.55 X 1O * ~ c m  -~a 
0.180 em~ a 
2.85 x I04 cm x sec -I a t  1786~ a 

.~.63 x 10 -2v ergs  X scc b 

0.4 a 
1.38 • 10 -~e e rgs  x (~ -1 b 
2.08 • 10-~ molecu les -e  x cm7 x sec -1 a t  

1786~ 
2.84 • 10-43 molecules-~  • cm a x sec -1 a t  
1786OK o 
Ka = [A1]ads/[A1]g 
6.06 X 10 ea m o l e c u l e s / m o l e  b 
As g i v e n  in  t e x t  
2.4 x 10 l ~ a t o m s  x cm-2e 
2.4 • 10 ~~ c 

2.58 x 10 la mo lecu l e s  x cm -s 
1.12 x 10~ m o l e c u l e s  x cm-a a t  1786~ 

[ref. (6)]  
8.1 x 10 -5 a t m  [ref. (6)] 
1.9 • S0-5 a t m  [ref. (6)] 
e rg  x mole  -~ x (~ 

see 
1786OK a 
0.836 cm8 a 
0,323 a,~ 
2.7 X 10-3 o 
2,'/ x 10 -a 
[~14] s / [ N t  ] s 

a O b s e r v e d  e x p e r i m e n t a l l y  in  ref. (1). 
P h y s i c a l  cons tants .  

r O b t a i n e d  f r o m  ca l cu l a t i ons  r e p o r t e d  he re in .  
Ca lcu l a t ed  a c c o r d i n g  to ref. (3). 
Ca lcu l a t ed  f r o m  p h y s i c a l  p rope r t i e s ,  ref. (13). 

i.e., [N14]g = 7o([N229]g + 2[N228]g), Eq.  [12] can  be 
so lved  to g ive  [13]. The  concen t r a t i on  of  [NS4]g is in -  
d e p e n d e n t  of  t ime,  if  the  t e m p e r a t u r e  is a cons tan t  

K4 K3 -4- K2 
~, = - - e x p  --  (Kit) + ~ [13] 

Ks Ks 

W h e r e  t h e  cons tan t s  a r e  def ined as 

K1 = kv[Nt]s[A1]ads 2 [14] 

BWbAh [N 14] g 
K2 = [15] 

[Nt]As 

K3 --  kcKa2[A1]adsU[NS4]g [16] 

K4 = Kl'Yo --  K2 - -  K3 [17] 

Change of Gas Phase Composition 
Rela t ion  [13] can n o w  be used in t he  d e t e r m i n a t i o n  

of  t h e  gas phase  compos i t ion  as a func t ion  of  t ime.  
R e f e r r i n g  to steps A', B', and C' above,  t he  c o n t r i b u -  
t ions of these  processes  m u s t  be added  to d e t e r m i n e  
the  to ta l  r a t e  of  change  in gas composi t ion .  I f  the  
f rac t ion  of  N229, n i t r o g e n  molecu le s  in the  gas phase  is 
def ined as I = [ N 2 2 9 ] g / ~ [ N 2 i j ] g ,  w h e r e  ~E[N2iJ ]g  = 

[N22S]g + [N229]g + [N23~ the  change  in I w i t h  t i m e  
due  to the  effects  of  bo th  pe l le t s  can be expres sed  as 
Eq.  [18] 

dI 2kv[A1] ads 2 [Nt] 2As 
_ _  = ( ~ / _  .y2) 
dt Ve [:EN2 tj ] g 

[N229]gAs [2kc[Al]g 2 BWhAh ] [18] 

- -  V c [ ~ N 2 i ] ] ;  + '  A----~ 

A solut ion of this  equa t i on  is ob ta ined  by  subs t i tu t ing  
Eq. [13] for  % and i n t e g r a t i n g  to ob ta in  Eq.  [19] 

1 / K~Ks 
e x p  (2Ki t )  

I --  [~N2iJ]g 2KI --  K9 

KsK6 
+ e x p -  (Ki t )  

K1 - -  K9 

KsK7 
+ K 1 0 e x p - -  (Kgt) + ~ /  [19]  

w h e r e  the  cons tan ts  a re  def ined in t e r m s  of  quan t i t i e s  
used  p rev ious ly .  

K 4 2  
K5 = - [20]  

K12 

K4 (K3 + K2)  2 
K6 = - - '  [21]  

K1 K12 

KT-- Ks+K2 I l K 1  Ks W K2 [22] 

2kv [Al l  ads 2[Nt]2As 
Ks = [23] 

Vc 

2 kc [Al l  ads2Ka2As BWhAh 
K 9  = -~- - -  [24] 

Ve Ve 

S 29 Uti l i z ing  t h e  in i t ia l  condi t ion,  i.e., Io = ([  2 ] /  
[ ~ N e i J ] ) g  = O a t t  = 0, an  express ion  for  K10 can  be  
obta ined.  The  m e a s u r e d  v a l u e  of  I at t = ~ ,  i.e., I(~c) 
= 0.4, is the  s t e a d y - s t a t e  v a l u e  wh ich  is less t h a n  the  
e q u i l i b r i u m  v a l u e  of  I; i.e., I e ( ~ )  = 0.5. 

R e f e r r i n g  to Eq.  [13], on subs t i tu t ing  the  e q u i l i b r i u m  
v a l u e  of  7 = 'Ye = 0.5 ob ta ined  at t = ~ ,  a r e l a t i o n  
b e t w e e n  the  e q u i l i b r i u m  gas concen t ra t ion ,  [ZN2U]ge, 
and t h e  r eac t ion  r a t e  cons tan t s  can be obta ined .  The  
exp re s s ion  is 
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0.5, 

0.4 

z O.3 
I,q 

z 0.2 
a 

0.1 

E X C H A N G E  R E A C T I O N  B E T W E E N  N A N D  A1N 

i 

0 Experimental points 

o Calculated 

4 0 5.0 
O 

O I.O 2.0 3.0 6.0 7.0 

TIME x IO -4  SECONDS 

Fig. 3. Best fit to experimental data from ref. (1). Utilizing 
Eq. [19]  or for I ( t ) ,  at a pressure equal to the equilibrium pres- 
sure of nitrogen, 8.1 x 10 - 5  otto at 1786~ and kc = 2.08 x 
10-27.  

kv 2 [ZN2 ij] geKa 2 
= [25 ]  

kc [Nt] 2 

Utilizing Eq. [25], the number  of unknown parameters  
in Eq. [19] is reduced to two; i.e. Nt and kc. 

Discuss ion  

The best fit for the values of kc and Nt ut i l ized to 
reproduce the exper imenta l  results are given in Table 
I and Fig. 3. The value  of [Nt] indicated that  the re-  
action zone is a region 105 atoms thick per square 
centimeter,  or that  a zone containing this number  of 
atoms per square cent imeter  is requi red  to give a 
rate  of exchange with  the gas phase ni trogen which 
is rapid enough to reproduce to exper imenta l  data. It  
should be noted that  if the actual  zone becomes too 
thick the rate of exchange approaches zero due to the 
slow mixing  by diffusion of the atoms in the unre-  
acted port ion of the solid wi th  the atoms already in 
the zone. 

Estimation of the reaction rate constant for vapori- 
zation.--In order to de termine  the value of kv it was 
necessary to est imate the concentrat ion of [Al]ads on 
the surface on the AIN. This was done by util izing the 
act ivated complex react ion rate theory  (4) and apply-  
ing it to adsorption of atoms on the surface. 

kT F* 
Velocity of desorption = [A1]ads ~ -  exp -- E2/RT 

h Fa 
[26] 

where  h is Planck 's  constant, F *  is the part i t ion func-  
tion for the act ivated complex, Fa is the par t i t ion 
funct ion for the adsorbed species, and E2 is the energy 
of act ivation for desorption. If it is assumed that  F~ 
---- F4  then the ra te  of desorption is equal  to the rate 
of vaporization, and they may be est imated f rom the 
vapor pressure of [All  over  the [A1N]. If it is fur ther  
assumed that  the rate  of vaporizat ion is the equi l ib-  
r ium rate, and that  a stoichiometric relat ion exists 
be tween the rate of desorption of N2 and A1, the rate 
of vaporizat ion per square cent imeter  of sample is 

= 2kc[N2]ge[A1]ge2/Vc [27] 

8 kc [N2 ] ge ~ 
[28] 

Vc 

given by 
( d[Al] 

- 

1219 

Util izing the constants in Table I the rate  of vapor i -  
zation was found to be 2.8 x 10 TM atoms x cm-~  x sec -1. 

The value  of E2 (50 kca l /mole)  was est imated by 
taking one-hal f  of the heat  of atomization of A1 from 
A1N. This value was obtained by considering that  an 

adsorbed A1 atom is bound by only three  bonds as 
required by the form of the act ivated complex. The 
calculated concentrat ion of adsorbed a luminum atoms 
was: [A1]ads ---- 1.03 x 109 atoms x cm -2. Util izing this 
value in Eq. [25] a value of kv ---- 2.84 x 10 -43 was 
obtained. 

Values of the vaporizat ion coefficient (~c) and con- 
densation coefficient (~v) were  found by using the 
fol lowing relations (5) 

observed ra te  of vaporizat ion 
~v = [29a] 

m ax im um  possible rate  of vaporizat ion 

rate of condensat ion 
~c = [29b] 

ra te  of molecular  collision wi th  the surface 

The m a x i m u m  rate  of vaporizat ion is the  equi l ibr ium 
rate which is equal  to the condensation rate at equi l ib-  
rium. The m a x i m u m  possible condensation rate is the 
rate of collision with  the surface. 

Considering the vaporizat ion and condensation of N2 
molecules the fol lowing expressions can be wri t ten  
for ~c and av 

2kv[A1] ads 2 [Nt] 2 
av (N2) = [30] 

B [ZN2 ij ] ge 

kc[A1] ads2Ka 2[ZN2 ~] g 
~c(N2) : [31] 

B [ZN2 u ] g 

The calculated value of av equals ~c = 2.7 x 10 -3 . 
These compared with  the values of ~c est imated in ref. 
(1) to be 5 x 10 -3 , and in ref. (6) to be 2 x 10 -s.  In 
general, equal  values for ~c and av are obtained when 
the act ivated complex is the same for the vaporizat ion 
react ion as for the condensation reaction. This is so, 
as noted in Eq. [4] and [8] for A1N. 

Thermodynamics of reactions used . - -An  examinat ion 
of the significance of the the rmodynamic  quanti t ies 
involved in the reactions which were  used to deter -  
mine the equi l ibr ium concentrations and to guide the 
formulat ions of the kinetics led to the following re-  
sults. The value  of the equi l ibr ium constant for the 
gas phase isotopic equi l ibr ium is der ived in the man-  
ner described in Eq. [7]. The only difference in the 
part i t ion functions of the molecules N2 ~ is that  the 
rotat ional  part i t ion function differs by the value of 
the symmet ry  number;  i.e., gij equals 1 for i ~ j and 
equals 2 for i ---- j. This leads to a value of the equi-  
l ibr ium constant Kp : 4 for reaction [32]. 

N230 ~ N22s ~ 2N229 [32] 

The equi l ibr ium ratio then becomes Ie = 0.5. The 
measured value of I(oo) = 0.4, is less than Ie. This 
difference is due to flow from the Knudsen cell which 
maintains the s teady-state  pressure in the cell  lower  
than the equi l ibr ium pressure. 

The binding energy of A1 atoms to the surface of A1N 
was est imated as follows: To maintain  congruency in 
the vaporizat ion processes over  a t empera tu re  range, 
the heat  of vaporizat ion per A1 atom must  be equal  to 
one-hal f  the heat  of vaporizat ion per ni t rogen mole-  
cule. Therefore,  the heat  of react ion for [33] which 
equals to the heat  of vaporizat ion of A1 atoms plus 
half  of the heat  of vaporizat ion of ni t rogen molecules 
must  be equal  to 1.5 t imes the heat  of vaporizat ion of 
A1 from A1N. Reference (6) gives a value of 150.11 
kcal for AH ~ for [33] at 1786~ the  t empera tu re  of the 
experiments .  

[A1N]s-" [A1]g -5 1/2[N2]g AH~ o = 150.11 kcal  
[33] 

The heat  of vaporizat ion of (N2/2) f rom AtN must, 
therefore,  be 50 kcal. Half  of the heat  of vaporizat ion 
of A1 from A1N is assumed to equal  the binding energy 
of A1 atoms on the surface of A1N and, therefore,  is 
equal  to 50 kcal. The fraction one-hal f  is based on the 
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assumption that only one-hal f  of the normal  bonds in 
[A1N]s are b inding the A1 atom to the surface. 

An  examinat ion  of the results (Fig. 3) indicates that  
the mechanism proposed which involves the activated 
complex [A1N2A1] * is consistent with the exper imental  
results, and that  the value of the vaporization and 
condensation coefficients obtained, ~ . :  2.7 x 10-~, is 
in agreement  with that obtained in ref. (1); i.e., ~ : 2 
x 10 -3, and compares reasonably well  with that found 
in  ref. (6); i.e., a ---- 5 x I0 -~. The model also predicts 
a variat ion in  condensation rate of N2 with the part ial  
pressure of A1, and that  the condensation and vapori-  
zation coefficients are a funct ion of the pressures of A1 
and N2. Although not shown in Fig. 3, the variat ion 
of the parameter  [Nt] indicated that  the model may 
give results which are not physically possible for very  
large values of Nt. 

Use o] the Motzfeldt  equation for Knudsen  cell f l o w . -  
The calculation was extended to include the Motzfeldt 
formulat ion to describe the flow from a Knudsen  cell 
(9). These equations take into account the effect of the 
Clausing factor of the cell on the pressure distr ibution 
inside the cell. By combining the Motzfeldt equations 
with the equations describing the kinetics of the re-  
action taking place as proposed by Rutner  (10), the 
results obtained did not significantly differ from those 
shown in Fig. 3, and as noted in Table I. A complete 
solution of these equations is given in ref. (11). 

Conclusions 
A model which simulates the change in isotopic com- 

positions of a gas in a Knudsen  cell due to vaporization 
from and condensation on a solid, accompanied by ef- 
fusion from the cell has been proposed and applied to 
the data in reL ( i )  for the exchange of N2 on A1N. 
This model was able to give reaction rate constants 
for the vaporization and condensation reactions, and 
vaporization (~v) and condensation (ac) coefficients. 
The value of the coefficients found ~c ----- ~v = 2.7 x 10 -3 
agree with previously reported values. It can, there-  
fore, be concluded that the model describes the proc- 
esses involved in the isotopic exchange reaction of N2 
on A1N. 
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ABSTRACT 

Chemical t ransport  of solid GaP using HC1 as reactant  often results in  the 
formation of a voluminous residue conforming to the shape of the  init ial  
charge. Analysis by x - r ay  fluorescence showed such residues to consist pr i -  
mar i ly  of silicon, probably as SiO2. It  was shown that  the t ranspor t  reaction 
did not introduce extraneous SiO2 from vapor phase reactions with the quartz 
liner. In  addition it was demonstrated that  silicon dissolved in gal l ium 
could be almost completely recovered as a SiO2 residue. Thermodynamic  
considerations are presented to show that  un in ten t iona l  or deliberate moisture 
contaminat ion of the reactants is required to prevent  SiO2 losses. The method 
is proposed as a quant i ta t ive  tool for determinat ion of Si content in Ga, GaP, 
and GaAs with a sensit ivity of -~ 5 x 1016 atoms/cc. It  was applied to analyze 
polycrystal l ine GaP and single crystals of GaP grown from this mater ia l  by 
the Liquid Encapsulated Czochralski (LEC) technique. The analysis con- 
firmed that  Si doping of the LEC crystals by the quartz crucibles does not occur 
and undoped LEC crystals normal ly  contain less than 5 x 1016 Si atoms/cc. 
Moreover, most of the Si contained in Si-doped melts is "gettered" by the 
B20.~ encapsulant,  probably through oxidation. 

When GaP or GaAs is chemically t ransported by 
reaction with gaseous HC1 a white or sometimes gray 
residue is formed at the site of the original material .  
Silicon-doped GaP or GaAs in the shape of a large 
compact ingot leaves a voluminous "ghost" residue re- 
producing the original shape (Fig. 1). Frosch (1) has 
made similar observations on evaporat ion of Si-doped 
GaP in a wet hydrogen t ranspor t  system. Moest (2) 
observed residues after evaporat ing GaAs and obtained 
a mass spectrometric analysis indicat ing that  the resi- 
due was main ly  SiCh. 

Present  analyt ical  procedures for de termining  the 
total Si content  in GaP are unsatisfactory. The sensitiv- 
i ty l imit  for wet chemical analysis is 2 x 101S/cm2 
[Trumbore (3) and Kometani  (4)].  Neutron activation 
analyses have been performed in  GaAs but  not in GaP 
because matr ix  phosphorus is converted to Si dur ing 
the activation (5). Electrical measurements  are not 
definitive because silicon is an amphoteric dopant  in 

Key words: GaP, impurities in; GaP, Czochralski growth; Si, i n  
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GaP. Although spark source mass spectrometric mea-  
surements  have been shown to give accurate analyt ical  
results for Si at the 1021 a tom/cm 3 level (6), it is not 
clear what  accuracies may  be expected on  the parts  
per mil l ion level. Interference from hydrocarbon lines 
raise serious problems of interpretat ion.  1 Thus in view 
of the general ly expected contaminat ion  of GaP by  Si, 
a simple unambiguous  analyt ical  method is needed. 
The present  study shows that  impur i ty  enr ichment  by 
mat r ix  evaporation is a reliable quant i ta t ive  tool for 
silicon and potent ia l ly  applicable to other elements  
that  form refractory oxides. 

Material Preparation 
The analyt ical  method, t.o be described in more detail 

in the next  section, was applied to s tudy the Si content  
of both polycrystal l ine and single-crystal  GaP. The 
polycrystal l ine GaP was prepared both at the Bell  Lab-  

l survey analyses are routinely performed claiming a sensitivity 
limit of 1 ppm Si. In the absence of standards an uncertainty factor 
of 3 is attached to all analytical results (7). 

Fig. 1. Residues obtained by 
evaporating GaP single crystals. 
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oratories and by an outside supplier by dissolving 
phosphorus, obtained from the dissociation of PH3, in 
Ga at temperatures  near  1150~ The details of this 
technique are described by Ringel (8). The mater ia l  
supplied from the outside was prepared in an all BN 
system, i.e., pyrolytic BN l iner  tubes and boats. The 
mater ia l  preparat ion at Bell Laboratories employed BN 
boats and quartz liners. 

Both kinds of polycrystal l ine GaP were used as 
s tar t ing mater ia l  in the Liquid Encapsulated Czochral- 
ski (LEC) growth of single crystals. In  this method, 
which has been described elsewhere (9, 10), B~O3 was 
used as the l iquid encapsulant  and the melt  was con- 
tained in quartz crucibles. The crystals analyzed were 
either undoped or doped with Ga203, C, Si, .or B. All 
dopants were added in the crystal puller, while the 
polycrystall ine s tar t ing mater ia l  was undoped except 
for un in ten t iona l  contaminat ion from the boat or l iner  
material.  

The pulled crystals to be analyzed were etched for 
a few minutes  in hot aqua regia, r insed in deionized 
water  and methanol,  and weighed after drying. 

Analytical Technique 
The vapor t ransport  apparatus used in these experi-  

ments  was or iginal ly  designed and used for the vapor 
growth of GaP single crystals and has been described 
elsewhere (11). The tempera ture  of the Ga or GaP 
source mater ia l  was 930~ Pure hydrogen chloride 
used to t ransport  the source mater ia l  was derived from 
reaction of PCl~ with carrier hydrogen. The hydrogen 
flow rate was kept at 60 ml /min ,  which in our appara-  
tus corresponds to a flux .of 10 m l / m i n - c m  2. a much 
lower value than was used dur ing  crystal growth runs, 
when the flow rates varied from 300 to 500 ml /min .  The 
HC1 part ial  pressure, however, was increased to 7.8 x 
10 -2 atm from a value of 5 x 10 -2 atm existing dur ing  
the crystal growth runs. The t ranspor t  took place in 
vitreous SiO2 furnace tubes except in  certain control 
experiments  when  a pyrolytic BN l iner  was used. Py-  
rolytic BN boats were used to contain the source mate-  
rial  to be analyzed except in those runs  when the 
reaction between Ga and silica was studied. Under  the 
above conditions 1 cma of analyt ical  sample can be 
evaporated in 1 hr. 

Dur ing  the early runs, the importance of complete 
evaporation of the Ga and GaP was realized. While in 
principle it would be possible to weigh the residue 
( ranging from several mil l igrams to a few micro- 
grams),  t reat  it with HF to dissolve the SiO2 and sub-  
tract the weight of the remain ing  particles, in practice 
this can lead to considerable inaccuracies. 

The SiC~ residue from GaP crystals w~as judged to be 
amorphous SiO2 on the basis of Laue back scattering 
experiments.  

Quali tat ive analysis of the residues by x - r ay  fluores- 
cence showed the major  const i tuent  to be Si. Other 
elements found by this analysis were Ga, A1, and Ca. 
While only trace quanti t ies of A1 and Ca were ,detected, 
Ga was found to be a major  const i tuent  only in the 
residue resul t ing from the t ransport  of polycrystal l ine 
material.  In all residues derived from pulled crystals 
only trace quanti t ies of Ga were found. The presence 
of Ga in the polycrystal l ine GaP is to be expected. 
While the polycrystal l ine ingots are etched in hot 
HNO3 or HC1 after growth to remove excess gallium, 
some Ga inclusions can remain  or be converted to ~- 
Go203, or Ga(NO2)3 unless the mater ia l  is .crushed 
prior  to etching, which was not done for any of the 
mater ia l  analyzed in these experiments.  The g-form of 
Ga203 is formed from various compounds containing 
Ga and O on heat ing above 650~ (12). Thus, Ga 
(NOz)3, ~-Ga203, etc., contained in aqua regia etched 
and poorly washed, porous GaP may be converted to 
fl-Ga203 on heating to t ransport  temperature  (930~ 
Once formed it may  react relat ively slowly with HC1 
compared to GaP. Elemental  Go, however,  would not 

be oxidized in  the reducing atmosphere of the t rans-  
port  system and hence not yield Ga-r ich  residues. 

Reliability and Sensitivity of Analytical Technique 
To determine whether  SiO2 is introduced in the resi- 

due from either the boats or the l iner  tubes, several 
control experiments  were carried out. When  gal l ium 
was placed in an SiO2 boat and t ransported through 
reaction with HC1, films of SiO2 were detected in the 
boat. No such residues were ever formed with BN 
boats. At temperatures  near  ll00~ used for synthesis 
of GaP by saturat ion of gall ium with gaseous phos- 
phorus, it is well known that  severe Si contaminat ion 
occurs if SiO2 l iner  tubes are used, even when Ga is 
contained in a BN boat. Under  these conditions reac- 
tions between hydrogen and the silica furnace tubes 
produce gaseous Si species which are dissolved in the 
gal l ium (8). 

To check that no such reactions occurred in our sys- 
tem at 930~ two samples from the same GaP ingos 
were evaporated separately in two runs. One evapora- 
tion was carried out as usual using a BN boat placed in 
a SiO2 furnace tube. The other sample was evaporated 
from ~a BN boat placed in  a BN tube. In  both cases the 
amounts  of residues were extremely small  (a few 
micrograms) and yielded comparable Si levels. 

These results indicate that  the SiO~ residues are in-  
deed derived from the GaP and not from the container  
materials.  As addit ional proof, we note that  not all  GaP 
mater ia l  evaporated in SiO~ tubes left residues. Poly-  
crystal l ine mater ia l  prepared in an all BN system as 
well as several pulled crystals yielded no detectable 
S i O 2  residues. 

,Several control exper iments  were performed to as- 
certain the rel iabi l i ty  of the method as a quant i ta t ive  
analytical  tool. Pure  gall ium 2 was doped with small  
quanti t ies of e lemental  silicon and evaporated from BN 
boats in SiO2 furnace tubes under  the same conditions 
as the GaP. The weights of the SiO~ residues recovered 
are listed in Table I. SiO~ losses are calculated by  sub-  
tracting the recovered amounts  from the known con- 
taminat ion  converted to SiO2. The deviations from the 
known  amount  of Si always correspond to a loss of Si, 
again indicat ing that  no extraneous Si is introduced in 
the process. 

Silicon, in the mater ia l  to be analyzed, can be lost 
by vapor t ranspor t  in a reaction with HC1 to form 
SIC]4. The suppression of SIC14 depends on the amount  
of residual  oxygen contained in the incoming hydrogen 
carrier  gas in the form of both O2 and H20. For  the 
reaction 

SiO2 ~ 4HC1-> SIC14 + 2H20 [1] 

an equi l ibr ium coefficient 

PSiCl4PH202 
K 1 - -  

PHCl 4 

was calculated for 1200~ from data given in the 
JANAF Tables (13). From K1 one can make reason- 
able estimates of the theoretical Si losses through con- 
version to SIC14 dur ing  the t ransport  reaction. K1 at 
1200~ is 4 x 10 -11 atm -1. 

Thermodynamic  considerations presented in ref. (11) 
indicate that the part ial  pressure of HC1 in equi l ib-  
r ium with the GaP source is 7.8 x 10 -2 atm. The 
part ial  pressure of H20 derived from impurit ies in 

2 Which according  to m a n u f a c t u r e r ' s  mass  spec t romet r ic  analysis  
contained less than  0.04 p p m  Si. 

Table I. Recovery of silicon from gallium 

Wt. of Wt. of Si Wt. of SiO~ Loss of % Re- 
Ga, g dopant,  /~g residue,  /Lg SiO2, ~g covery  

39.41 21,100 40,200 500'0 89 
4.87 92 135 62 69 
3.53 421 834 69 92 



Vol.  118, No.  7 A N A L Y S I S  F O R  Si C O N T A M I N A T I O N  I N  G a P  1223 

the dry H2 and the PC13 is not known. An  analysis 
provided by the supplier .of PC13 indicates a POCls 
content of 0.2 m/o  (mole per  cent) .  From this n u m b e r  
we can calculate .an H20 part ial  pressure of 8 x 10-5 
atm. This pressure is expected to increase with in-  
creasing enr ichment  of the PC13 in  the higher boil ing 
POC13 as the reaction proceeds. Exper iments  with 
GaP and GaAs t ransport  in the dry  H2 used as a car- 
rier gas indicated a H20 residual  part ial  pressure of 
2 x 10 -5 atm. 

A reasonable estimate of the total part ial  pressure 
of H20 in the system is, therefore, 1 x 10 -4 atm. In-  
serting this value together with PHCl -~ 7.8 x 10 -2 atm 
into the equation for K1 (1200~ we find a part ial  
pressure of SIC14 equal to 1.5 x 10 - s  atm. 

From this estimate of the part ial  pressure of SIC14 
one can calculate that  dur ing  an exper iment  in  which 
1 cm 8 of GaP is evaporated over 1 hr into a carrier 
gas flow of 60 m l / m i n  an amount  of 0.1 ~g of SiO2 
will  be lost. This estimate is to be increased, however, 
because toward the end of the run  almost all the GaP 
is consumed and the PHCl rises to the value of the 
incoming HC1 pressure. Since PSiCl4 increases with the 
fourth power of Pncl, SiO2 consumption increases 
drastically and will  after complete evaporation of the 
GaP sample rise to 1.3 ~g/min. It  is therefore useful 
to provide an  auxi l iary  GaP source downstream from 
the analyt ical  sample. 

In  the above it was assumed that  the only source of 
SiO2 in the system is the sample. Considering the 
finely divided state of the SiO2 residues this is l ikely 
to be true. However, the reaction between HC1 and 
the quartz furnace tube walls used in all our rout ine 
analyt ical  runs  may have served to reduce the Si20 
losses. 

The actual SiO2 losses observed in  the control ex-  
per iments  using Si-doped Ga indicate SiO2 losses 
ranging from 5000 to 60 ~g, roughly proport ional  to 
the amount  recovered. It  is concluded that  these losses 
represent both mechanical  losses occurring dur ing 
transfers and the expected theoretical losses. It is 
also possible that  convection currents  in the t ransport  
tube carry away small amounts  of the extremely 
light SiO2. 

On the basis of these considerations it is suggested 
that the Si concentrat ions in GaP deduced by this 
method present  a lower l imit  to the actual  Si content. 
The method yields a total silicon content  regardless 
of distribution. Due to the increased importance of 
mechanical  losses when  the residues are small, we 
would expect this method to yield values that are only 

about 50% of the actual concentrations. Since a con-  
venient  sample size in view of runn ing  time is about 
5g, Si concentrat ions less than  5 x 1016 atoms/cc (1 
ppm) yield residues less than 5 ;~g. Such small  quan-  
tities become ext remely  hard to handle  accurately. 
Consequently,  the sensit ivi ty l imit  of this method 
should be considered to be 5 x 10 TM atoms/cc. 

Discussion of Analytical Procedure and Results 
The procedure as presented was derived from crystal 

growth exper iments  and relies on an un in ten t iona l  
moisture content  of the reactants. The exper imenter  
can control the moisture content  of the reactant  gas 
by saturat ing part  of the incoming hydrogen with 
water  vapor by passing it through a tempera ture  con- 
trolled water  bubbler  as .described by  Kamath  and  
Bowman (14). 

The results of the analysis of the various GaP sam- 
pies are listed in Table II. For a comparison we have 
included spark source mass spectrometric data on the 
same or similar mater ia l  measured by Malta (7). In  
comparing the two methods it must  be borne  in mind  
that the sampling procedures for the two methods dif- 
fer radically. The evaporat ion method measures the 
total silicon content  of a large sample (~5g) ,  regard-  
less of distr ibution inhomogeneities. The spark source 
mass spectrometric analysis yields a value per ta ining 
to a very small  crystal volume. The discrepancy be- 
tween the silicon content  values given by the two 
methods can be quite large (e.g., RD 111 and RD 117 
in Table II).  

With the l imitat ions of both methods in mind, two 
significant conclusions may be drawn from Table II. 
First, the silicon content  of LEC grown ingots which 
are not in tent ional ly  doped with silicon is less than 
or equal to 5 x 10 TM atoms/cc or about  1 ppm 
(atomic).~ This is comparable to the Si concentrat ions 
in the polycrystal l ine s tar t ing material.  Hence, no 
significant contaminat ion from the quartz crucibles 
OCCURS. 

Second, in both cases where the polycrystal l ine 
mater ial  contained silicon, ei ther by direct add,'tion of 
e lemental  Si to the melt  (RD 117) or because of its 
preparat ion in SiO2 liners (RD 111), the Si concen- 
t ra t ion in the LEC grown ingot dropped by  near ly  
two orders of magnitude.  This confirms the gettering 
action of B20~ with respect to silicon as a l ready re-  
ported by Bass and Oliver (15, 16), who suggested 

One cubic  c e n t i m e t e r  of G a P  w e i g h s  4.13g and  con t a in s  4.9 • 1O ee 
a toms.  One p a r t  pe r  m i l l i o n  (a tomic)  co r r e sponds  to 4.9 • 101e 
a toms/cc .  One p a r t  pe r  m i l l i o n  (by w e i g h t )  of Si w o u l d  c o r r e s p o n d  
to 8.8 • 1O~ a toms/cc .  

Table II. Si content in polycrystalline GaP and LEC grown single crystals of GaP 

M a s s  spec .  
S a m p l e  W e i g h t  of W e i g h t  ~ f  Si  con ten t ,  a n a l y s i s ,  

No. Type  m a t e r i a l  D o p a n t  G r o w t h  c o n d i t i o n s  sample ,  g r e s idue ,  ~g a t o m s / c e  a t o m s / c c  

B P  (Out s ide  supp l i e r )  - -  A l l  B N  s y s t e m  3.00 0 < 5  • 10 le 101~** 
B P  (Ou t s ide  supp l i e r )  - -  A l l  B N  s y s t e m  8.50 0 < 5  X 10 ~e 
CR 28 P o l y  (BTL) - -  A l l  B N  s y s t e m  6.11 0 < 5  x 10~8 < 5  X 10~-* 
CR 32-34 P o l y  (BTL) - -  SiO2 l i n e r  B N  boa t  6.11 2140 1.5 x 1O TM 
RD 110 LF, C s ing le  - -  G r o w n  f r o m  u n d o p e d  po ly  6.16 0 < 5  • 1016 5.5 • 10~e 

(ou t s ide  s u p p l i e r )  
RD 117 L E C  Si  (1.47 • 102o G r o w n  f r o m  u n d o p e d  po ly  7.22 230 1.3 x 10 ~a 2-4 • 10 ~ 

a t o m s / c c  i n  (ou ts ide  supp l i e r )  
me l t )  

RD 111 LEC s ing le  Si  (1.5 • 10 TM G r o w n  f r o m  po ly  CR 32-34 5.59 33 2.4 • 1017 4 • 10 TM 

a t o m s / c c  i n  
mel t )  

RD 107 L EC s ing le  Ga~O~ G r o w n  f r o m  u n d o p e d  po ly  6.59 8 5 • 10 ~6 
(outs ide  s u p p l i e r )  

RD 107 L EC s ingle  Ga2Ch G r o w n  f r o m  u n d o p e d  p o l y  4.29 <5*  < 5  • 10~e 
(buts ide  supp l i e r )  

R D  114 L EC s ingle  C G r o w n  f r o m  u n d o p e d  po ly  7.42 0 < 5  • 10 ~e 2.5-30 x 101~ 
(outs ide  supp l i e r )  

RD 116 L EC s ingle  B P  G r o w n  f r o m  u n d o p e d  po ly  6.18 O < 5  • 1O 1~ 2-20 • 10 le 
(ou ts ide  supp l i e r )  

RD 103 L EC Zn(PO~)e G r o w n  f r o m  u n d o p e d  p o l y  4.89 7 6 x 1O TM < 2  x 10 TM 

(ou t s ide  supp l i e r )  
R D  112 L E C  Ga20~ 5.60 22 1.8 • 101~ 0.5-2 • 101~ 

* A n a l y s i s  p e r f o r m e d  i n  a l l  B N  sys tem.  
'* These  d a t a  we re  no t  o b t a i n e d  on  t h e  same m a t e r i a l ,  b u t  on  m a t e r i a l  f r o m  same source,  g r o w n  u n d e r  s i m i l a r  cond i t ions .  
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that B20~ might  be reduced by e lemental  Si. Malm's 
(7) mass spectrometric analysis of RD 117, a Si-doped 
crystal, shows a considerable amount  of boron, i.e., 
20-30 ppm as compared to 1 ppm in  undoped ingots. 
While this confirms that  some of the Si is removed, 
through reduction of B203, Weiner  has pointed out 
that the residual water  content  of the B 2 0 3  is p r imar-  
ily responsible for oxidation of the elemental  Si into 
SiO2 which then dissolves in the B203 (17). 
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Crystallization Studies of NickeI-Tellurium Oxide Films 
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ABSTRACT 

Crystallization of amorphous n icke l - te l lur ium oxide films prepared by 
multicathodic reactive sputter ing has been studied by  x - r a y  diffraction. 
Devitrification resistance is maximized for films with an atomic ratio (Te/Ni)  
near  0.47. A new compound has been prepared which has a s tructure re-  
sembling that of futile. It has been identified as Ni+2Te+604. The identification 
of this compound, the preparat ion of similar known mixed-oxides by the same 
method, and other evidence indicates that  amorphous tel lurate films Can 
be prepared by reactive sputtering. 

Previous work in multicathodic reactive sputter ing 
has shown that  amorphous mixed-oxide films can be 
prepared over a wide composition range (1). Crys-  
tallization of amorphous b i smuth- te l lu r ium oxide 
films produced unidentified phases which are probably 
bismuth tel lurates (compounds with Te+6), but  iden-  
tification has not been possible because no s t ructural  
data on bismuth~tel lur ium oxides have been reported. 

To continue the work on multicathodic reactive 
sput ter ing and to obtain stronger evidence for tel-  
lurate formation, we have studied the n ickel - te l lu-  
r ium-oxygen  system in which at least one wel l -char-  
acterized compound, t r inickel  tellurate, Ni3TeOs, 
exists (2). This report  deals pr imar i ly  with the prep-  
arat ion and identification of phases in n ickel- te l -  
lu r ium oxide films. Other similar systems have also 
been studied. 

Experimental 
Multicathodic reactive sputter ing was used to de- 

posit mixed-oxide films on rotating, l iquid-ni t rogen 

1 P resen t  address :  Sand ia  Labora to r i e s ,  A l b u q u e r q u e ,  N e w  Mex-  
ico, 87115. 

K e y  words :  a m o r p h o u s  t e l lu ra te  films, r eac t ive  spu t te r ing .  

cooled glass substrates in a 1:1 Ar-O2 gas mixture.  
Deposition parameters  and film compositions are 
given in Table I. The apparatus has been described 
elsewhere (3). F i lm composition was varied in dif-  
ferent  deposition experiments  by changing the cathode 
voltages. Seven different compositions were prepared 
over the atomic-rat io range 0.0491-2.02 g-atom Te /g-  
atom Ni. 

Films were deposited s imultaneously on four sub- 
strates dur ing each deposition experiment.  Different 
films from each deposition exper iment  were used for 
phase identifications and for chemical analyses. Phase 
identifications were based on x - r a y  diffraction anal -  
yses, as in previous work (1, 3). A G.E. diffractometer 
was used with CuK~ radiation. Chemical analyses 
were obtained by spectrophotometric methods. The 
uncertaint ies in the mass values are estimated as 
_+ 3% for mass values greater than 1 mg; for smal ler  
mass values, the uncer ta int ies  are larger. 

Discussion and Results 
Film crystallinity.--Under the exper imental  condi- 

tions outl ined in the previous section, films with low 
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Deposit ion exper iment  175 176 177 178 
Nickel  v o l t a g e ,  V 3600 3600 3600 3600 
Nickel  c u r r e n t ,  m A  170 170 170 170 
T e l l u r i u m  v o l t a g e ,  V 600 900 1200 1500 
T e l l u r i u m  c u r r e n t ,  m A  24 33 45 60 
Total  g a s  p r e s s u r e , *  /L 20 19 19 18 
D e p o s i t : o n  t i m e ,  m i n  150 150 150 150 
F i l m  t h i c k n e s s , t  A 4490 5110 6630 8610 
M a s s  of  n i cke l ,  m g  3.30 3.30 3.54 3.49 
M a s s  of  t e l l u r i u m ,  m g  0.353 0.74~ 1.76 3.58 
A t o m i c  r a t i o ,  g - a t o m  T e /  0.049z 0.10s 0.229 0.472 

g-atom Ni 

179 180 181 
3600 3000 2400 

170 150 100 
1800 1800 1800 

66 76 75 
17 20 20 

150 150' 100 
11300 9900 

3.42 2.67 1.57 
3.47 7.66 6.88 
0.736 1.32 2.02 

* I : 1  A t - a 2  g a s  m i x t u r e .  
t M e a s u r e d  w i t h  a P r o f i c o r d e r ;  u n c e r t a i n t y  e s t i m a t e d  a t  "+250A. 

atomic ratios (Te/Ni)  are black, as are nickel oxide 
films (3). With increasing atomic ratio (Te/Ni) ,  the 
films progressively approach the v i r tua l ly  colorless 
character  of as-deposited te l lur ium oxide films (3). 
After heat t reatments  at 350~ or higher, the black 
films turned  olive green. Nachman, Cojocaru, and 
Ribco (4) have at t r ibuted the black eolor in NiO to 
the presence of Ni +~ ions. Such ions are present  in 
NiO as charge compensation for nickel vacancies 
which occur with an excess of oxygen. Nearly stoi- 
chiometric NiO is pale green. Consequently, it seems 
likely that when the films are heated, the Ni +3 ions 
are reduced to Ni +2 ions, and the excess oxygen is 
eliminated.  

Previous work (1) in multicathodic reactive sput-  
ter ing has indicated that  amorphous, mixed-oxide 
films of some systems can be prepared at all compo- 
sitions if each of the metal  oxides involved forms amor-  
phous single-oxide films. Since nickel oxide films pre-  
pared in the present  apparatus are crystal l ine and 
those of t e l lu r ium oxide are amorphous (3), it was 
anticipated that  crystal l ini ty  in the n icke l - te l lu r ium 
oxide films would depend on composition. That  this 
was the case is shown by the diffractometer traces of 
Fig. 1. All curves show the broad peak from the glass 
substrates at about 22 ~ in 20. As the atomic ratio 

70  60 50  4 0  30  20  I0 

. * - - -  2 e  (DEGREES) 
Fig. |. Diffractometer traces of nickel-tellurium oxide films 

heated at 400~ for 3 hr. These traces are identical to those ab- 
rained from as-depasited films. Films are identified by deposition 
experiment number. The brood peak on the right is from the glass 
substrate. 

Te/Ni)  increases, the three NiO peaks decrease in in-  
tensity. For films 178-181 with atomic ratios (Te/Ni)  
equal to or greater than 0.472, no crystall ine NiO is 
observed. Instead, the films appear to be amorphous. 

Diffractometer traces from films heated for 3 hr  at 
different temperatures  showed variat ions with both 
tempera ture  and atomic ratio. The portions of the dif- 
fractometer traces which exhibited the most intense 
peaks are presented in Fig. 2. Films with atomic ratios 
(Te/Ni)  of 0.736 and 1.32 crystallized with the forma- 
tion of a new phase. The film with an atomic ratio 
(Te/Ni)  of 2.02 crystallized with the formation of a 
mixture  of the new phase and tetragonal  Tea2. The 
lat ter  film became a whi te- tan,  opaque film on crystal-  
lization and exhibited the "splatter" marks  character-  
istic (1, 3) of Tea2 formation from TeO2+x (0 < x --~ 1). 
Crystall ization of the films with an atomic ratio 
(Te/Ni)  of 0.472 was not possible because the films 
peeled off the substrates when  heated at 550~ It is 
significant to note, however, that  they were still amor-  
phous after a 500~ heat t reatment .  

In  all samples the only phases obtained on crystal-  
lization were tetragonal  Tea2, the new phase, and 
what  appeared to be cubic NiO. The t rue symmetry  of 
NiO is actually rhombohedral  but  the distortion of the 
structure from cubic is very  slight and the breadth of 
the diffraction lines from these films was sufficient to 
make the symmet ry  appear to be cubic. In  no case was 
t r inickel  tellurate,  Ni~TeO6, obtained on crystall iza- 
tion. It  was formed by reheat ing pieces of the crystal-  
lized films 177, 179, and 180 to 700~ in air. X - r ay  
fluorescence analyses indicated that  the quant i ty  of 
te l lur ium in the films decreased after the 700~ heat 

181 - 500  ~ 180 - 5 0 0  ~ 179 - 5 0 0  ~ 

181- 4 5 0  ~ 180 - 4 5 0  o1; 179 - 4 5 0  ~ 

181 - 4 0 0  ~ 180 - 4 0 0  "C 179 - 4QQ ~ 

37 33 29  25  37 33 29 25 37 33 29 25 

- -  2 9  (DEGREES) 

Fig, 2. Diffractometer traces of nickel-tellurium oxide films 
heated at various temperatures for 3 hr. Films are identified by 
deposition experiment numbers and temperatures of heat treat- 
ments. 
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treatment .  This loss was undoubtedly  due to vaporiza-  
tion of some te l lur ium species. 

The x - r ay  diffraction data show that  devitrification 
resistance of the n icke l - te l lu r ium oxide films depends 
highly on composition. The greatest  devitr if ication re-  
sistance was exhibi ted by a film with  an atomic ratio 
(Te /Ni)  of 0.472. Fi lms with  e i ther  higher  or lower 
atomic ratios (Te /Ni)  exhibi ted less devitr if ication re-  
sistance. This suggests a region of glass formation in 
the n icke l - t e l lu r ium-oxygen  system, although no such 
bulk glasses have been reported.  

Tellurate formation.--Wbether te l lurates  are formed 
in the amorphous films must  be considered further.  No 
evidence of gas evolution or any other physical change 
was visible when the new phase formed upon crystal-  
lization of the amorphous films. This suggests that  the 
oxidation state of te l lur ium in the new phase is the 
same as that  in the amorphous films. Therefore,  if this 
phase is shown to be a te]lurate, it can be concluded 
that  amorphous te l lura te  films have been prepared. 
This would also suggest that  the amorphous TeO24• 
(O < x ~ 1) and b i smuth- te l lu r ium oxide films re-  
ported ear l ier  (1, 3) represent  amorphous TeO3 and 
bismuth te l lurate  (s), respectively.  

The new phase gives an x - r a y  diffraction pat tern  
whose strong lines resemble  those f rom compounds 
having the te t ragonal  ru t i le - type  structure.  Table II 
shows a comparison between the diffraction data from 
RuO2, which is isostructural  with rutile, and of the 
new phase which we bel ieve to be NiTeO4. The com- 
pound RuO2 was chosen for comparison because of 
similarit ies to NiTeO4 wi th  respect to ionic radius and 
atomic number  as wel l  as atomic arrangement .  The in- 
tensities for RuO2 were  calculated from the data of 
Cotton and Mague (5) using the computer  program 
of D. K. Smith  (6). The additional, weak lines in the 
NiTeO4 data indicate that  deviations from the atomic 
a r rangement  in the ru t i l e - type  structures exist which 
requi re  a larger  unit cell  and /or  lower symmet ry  in 
order to ful ly describe the structure.  

Our first choice for comparison was the t r i rut i le  
s t ructure  which Fe2TeO6 possesses (7, 8). The t r i rut i le  
unit  cell is obtained f rom the rut i le  unit  cell by 
t r ipl ing the c axis, c = 3CR, where  the subscript R 
denotes the rut i le  unit cell dimensions. However ,  the 
only observed Fe2TeO6 diffraction lines that  agree with 
our data in ei ther  position or intensi ty were  those 
f rom the ruff le- type subcelL 

Table II. X-ray diffraction data for NiTe04 and for Ru02 

NiTe04  

d (obs.) d (calc.) I (obs.) h k l  

J. Electrochem. 8oc.: S O L I D  S T A T E  S C I E N C E  July I971 

The next  possibility which we examined was that  
the structure of NiTeO4 might  be similar to that  of 
NbO_~ (9). The NbO2 unit  cell is obtained by making 
a = 2k/2aR and c ---= 2CR. This model  accounts for in- 
tensity and position of the ru t i le - type  subcell  lines 
and the position of some of the additional lines. We 
then succeeded in indexing all observable diffraction 
lines in the NiTeO4 data by choosing a = 2k/2aR and 
c : 3CR. The agreement  be tween  observed and calcu- 
lated line positions is shown in Table II and is within 
the precision of the data. However ,  the intensity agree-  
ment  between the weak lines of NiTeO4 and related 
lines of NbO2 and Fe2TeO6 is not  good, indicating that  
the atomic a r rangement  of NiTeO4 is similar to ei ther 
NbO2 or Fe2TeO6 in gross features only. Since there  
are no other  similar  known structures to use as models, 
nei ther  the qual i ty nor the quant i ty  of our exper i -  
mental  data permits  more detailed analysis. 

Bayer  (10) has surveyed mater ia ls  wi th  the rut i le-  
type s tructure and cites examples  with the fol lowing 
general  formulas:  A+402, disordered A+3B+504, and 
the two t r i rut i le  types, A2+~B+606 and A+2B2+506. 
Corresponding formulas  in this system are then: 
Ni+~Te+504, Ni2+3Te+60~, and Ni+2Te2+506. It  is 
probable that  Te +5 would actually be a combination 
of Te +4 and Te +6. This has been postulated but not 
substantiated for Te205 (11). There are apparent ly  
no reported A + 2B +604 compounds with  the ru t i le - type  
structure, but we consider Ni+2Te +604 to be the most 
l ikely formula  for the new compound for the fol low- 
ing reasons. The number  of compounds in which nickel 
appears exclusively in the plus three state is very  
small and the major i ty  of these compounds are co- 
ordination complexes, not simple salts (12). The 
presence of Te +6 in a compound wi th  the ru t i le - type  
s t ructure  is much more l ikely than Te +4 or a com- 
bination of the two species. The ion Te +6 has thus far 
been found only in octahedral  coordination (13-15), 
while Te +4 has been found only in three  or fourfold 
coordination (16). As Zemann has pointed out in the 
paper just cited, oxides of Te +4, which has fourfold 
coordination, tend to have re la t ive ly  low densities 
when compared wi th  oxides which have ions of simi- 
lar  size but  wi th  a coordination number  of six. This 
difference also appears in unit  cell size. Table III gives 
some data taken from Bayer  (10) showing ionic radii 
and unit cell dimensions for several  compounds which 
have  the ru t i l e - type  s t ructure  and also for TeO2. It  is 
obvious that  TeO2 has a much larger  c uni t  cell di- 
mension. This causes a large volume difference which 
is p r imar i ly  due to the differences in coordination, 
fourfold for Te +4 in TeO2 and sixfold for both A and 

~uo.~ B ions in the compounds wi th  the ru t i l e - type  struc- 
hki d I ture. The close s imilar i ty  be tween the data for NiTeO4 

and for the ru t i le - type  compounds (such things as 
unit  cell dimensions, x - r a y  intensities, and cation radii) 
lends fur ther  support to our conclusions. If e i ther  Te +4 

100 3.176 lOO or a combinat ion of Te +4 and We +6 were  present,  we 
would expect  a larger  uni t  cell, closer to that  of TeO2. 
The NiTeO4 stoichiometry is also favored over  the 
other  possibilities because F i lm 180 wi th  an atomic 

101 2,555 83 

200 2.246 20 Table Ill. Comparison of ionic radii and unit cell dimensions for 
111 2.221 6 some rutile-type compounds and for tetragonal TeO2 
210 2.o08 1 After Bayer (t0) 

5.1 5.35 6 201 
4.24 4.335 5 102 
3.97 3.956 4 301 
3.29 3.286 100 400 
3.05 3.057 5 003 
2.83 2.855 2 322 
2.80 2.799 2 421 
2.72 2.713 4 213 
2.68 2.672 4 402 
2.55 2.554 90 223 
2.47 2.475 5 422 
2.37 2.359 3 521 
2.33 2.323 12 440 
2.24 2.238 9 403 
2,08 2.078 3 620 
1.97 1.971 2 513 
1.95 1.955 3 612 
1.79 1.799 4 115 
1.72 ~ 1.719 42 623 
1.69 1.692 8 305 
1.64 ~ 1,643 I0 600 
1.52 s 1.528 1~ 006 
1.49~ 1.494 3 515 
1.475 1.474 4 653 
1.46 s 1.469 8 840 

1.44 1.442 2 901 
1.38~ 1,381 18 663 
1.27 ~ 1.277 6 446 

211 1.687 61 rA* rB* a c 

220 1.588 14 
002 1.554 8 GeO2 0.53 A 4,39 A 2.86 A 

RuO~ 0.67 4.491 3.107 
TiOe 0.68 4.594 2.958 

310 1.420 13 SnO2 0.71 4.74 3.19 
112 1,395 14 TeO2 0.70 4.796 7.594 (3.797)** 

NiTeO4 0.69 0 . 6 6 A  13.14 (4.65)** 9.17 (3.06)** 
301 1.349 17 A1SbO4 0.51 0.62 4.51 2.96 
202 1.276 7 FeNbOr 0.64 0.69 4.68 3.05 

Fe~TeO6 0.64 0.56 4.69 9.12 (3.04)** 

T e t r a g o n a l  
a = 2~/2aR = 13.1~ ~ .65) A 
c = 3cn = 9.17 (3.06j 

T e t r a g o n a l  
a = 4.491 A 
c = 3.107 

* Ion ic  r a d i i  a f t e r  A h r e n s  (19). 
** R u t i l e - t y p e  subce l l  d imens ions .  
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ratio (Te/Ni)  of 1.32 gives the most intense diffrac- 
tion pattern,  much stronger than  would be expected 
just  from thickness considerations (see Table I and 
Table II) .  Fi lm 181 also gives a strong diffraction pat-  
te rn  but  TeO2 is present  in an equivalent  amount  to 
NiTeO4. F i lm 179 gives a diffraction pat tern which 
contains only NiTeO4 but  it is considerably weaker 
than  the previous two and the pat tern  from Fi lm 178 
is weaker  still. 

We obtained addit ional  support ing evidence on the 
ident i ty  of the new phase by s tudying mixed-oxide 
films in systems in which similar bu lk  compounds have 
been reported. Films prepared by multicathodic re-  
active sputter ing were thermal ly  crystallized and ex- 
amined by x - ray  diffraction. Nickel - tan ta lum and 
n icke l -an t imony oxide films crystall ized in the range 
500~176 and yielded diffraction pat terns of the 
known ruti]e-l ike NiTa206 and NiSb206 phases, re-  
spectively (10, 17). The crystall ization of i ron- te l lu -  
r ium oxide films at 500~176 produced the known 
(7, 8, 10) ru t i le - type  tellurate,  Fe2TeO6, without  any  
visible change in the films. There is one difference 
between the diffraction pat terns obtained from the 
films and those reported for the bu lk  compounds. The 
films appear to be in the disordered form because of 
the absence on the diffraction pat tern  of all super-  
lattice lines which distinguish the ordered tr i rut i le  
form from the disordered form. A calculation of x - ray  
intensities for the bulk  forms of these three compounds 
was made using the computer  program of Jeitschko 
and Parthd (18). The results indicate that  some of the 
super-lat t ice lines should be of sufficient in tensi ty  to 
appear in our data if the films were ful ly ordered. Par -  
tial ordering cannot be ruled out by our data, how- 
ever. In the phases NiTa206, NiSb206, and Fe2TeO6, 
the nickel and te l lur ium atoms are in the + 2  and + 6  
oxidation states, respectively. There is no reason to 
believe that the oxidation states differ in the nickel-  
te l lur ium oxide films. From the evidence just  pre-  
sented, we believe that  the most l ikely formula for this 
new phase is Ni+~Te+604. 

Three at tempts were made to prepare the new com- 
pound in bulk  form. The first a t tempt  used pressed 
pellets of NiO plus TeO2 with atomic ratios (Te/Ni)  of 
2.0, 1.0, and 0.5. The pellets were heated in air at 
500~ for 66 hr  and 700~ for 24 hr. NiO and TeO2 
were seen in all  samples and those heated at 700~ also 
contained large amounts  of NijTeO6 and an unident i -  
fied phase not seen before. No evidence of NiTeO4 was 
found. The second at tempt used pellets of NiO plus a 
mixture  of H6TeO6 and H2TeO4 with the same atomic 
ratios as above. These pellets were heated at 350~ for 
120 hr to drive off water, repressed, and again heated 
to 350~ for 160 hr. The only crystal l ine phase seen in 
these mixtures  was NiO, but  there was also a sub- 
stantial  amorphous peak on the patterns. This indicates 
that  the te l lur ium is in the amorphous phase which 
has been reported previously (11). We also at tempted 
to grow crystals by evaporat ing a dilute nitr ic acid 
solution of NiO, H2TeO4, and H6TeO6. Again the prod- 
uct was only NiO. 

Conclusions 
Crystall ization studies have been performed on 

n icke l - te l lu r ium oxide films prepared by  mult icathodic 
reactive sputtering. The devitrification resistance of 
the films is greatest at a composition in termediate  to 
the two component  oxides. Crystall ization of the 
amorphous mixed-oxide films produced a new com- 
pound with a s tructure resembling that of rut i le  which 
has been identified as Ni+~Te+604. We conclude that 
amorphous tel lurate  films have been prepared in this 
and in earlier (1, 3) work. 
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The Use of Plated Metal Films for Semiconductor 
Oxide Parameter Measurements 

Don L. Cannon 

Department of Electrical Engineering, University of Texas at Arlington, Arlington, Texas 76010 

In order to measure oxide charge levels or oxide 
thickness by interferometer  techniques, a metal  film 
must  be formed on the wafer. For  many  experiments,  
such as etch rate measurements ,  vacuum evaporation 
becomes unfeasible from the standpoint  of tu rna round  
time and the requirements  for whole wafers. An alter-  
nat ive to such expensive and t ime-consuming process- 
ing is to chemical plate the metal  films on the experi-  
menta l  wafers. While there are m a n y  electroless p l a t -  
ing procedures, the examples described are the well-  
known silver pla t ing mir ror  process and an electroless 
nickel plat ing procedure. In  actual practice one may 
prefer a more immobile element  nickel especially when 
MOS C-V measurements  are to be made at high t em-  
perature.  The actual plat ing procedures used in the 
exper iment  described are given in Ref. (1), (silver 
plat ing solution),  and Ref. (2) (nickel p la t ing) .  The 
plat ing procedures are summarized in  the appendix 
for quick reference. 

The technique has been verified by performing the 
following sequence of measurements .  The oxide thick- 
ness and MOS f lat-band voltages of several wafers 
were measured using evaporated a luminum films. The 
a luminum was then removed, and the silver films were 
chemically plated on the oxide. The oxide thickness 
was again measured, again using in terferometry  tech- 
niques. Areas of the silver located over the oxide were 
isolated by mechanical ly scraping the silver with a 
tungsten probe. Then the capacitance-voltage curves 
were traced, and the parameters  shown in Fig. 1 were 
recorded. Then the procedure was repeated with new 
samples only with nickel used as the electrode instead 
of silver. The results of these measurements  are shown 
in Table I. These results demonstrate  that the plated 
films yield the same data as do the evaporated alu-  

K e y  words:  oxide  charge ,  i n t e r f e r o m e t r y .  

C C o 

~[ Vll 

VFB 
Cp 

Volba~e 

Fig. 1. Capacitance vs. voltage measurement parameters 

mi num films when the measurements  are conducted at 
room temperature.  When tempera ture-b ias  measure-  
ments  are required, the nickel or some other  immobile 
(in oxide) metal  e lement  should be used. 

In  summary,  in-process or exper imental  oxide pa-  
rameter  measurements  that  require  the use of metal  
film deposits can be made accurately and  simply by 
using a chemically plated metal  film. Such metall iza-  
tion is then readily removed chemically, leaving the 
wafers ready for their next  processing step. Since 
plat ing baths may  be rich in alkali  ions, care must  be 
exercised in using such techniques on production 
wafers. In  such cases, use of test wafers for the mea-  
surement  of samples would be advisable. 

Manuscript  received Feb. 15, 1971. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the June  1972 
JOURNAL. 

Table I. Summary of results 

A. S i l v e r  f i lms  

F i l m  A l u m i n u m  f i lm P l a t e d  s i l v e r  f i lm 

P a r a m e t e r  VFB Vu Co/Cp tax VFB Vu Co/Cp to ,  
Units  Vol ts  Vol t s  - -  fringes(b) Vol t s  Vol t s  - -  f r i n g e s  (a) 

W a f e r  3-1 7 25 1.25 2.1, 1.9 5, 6.5 20, 30 1.33 2.0 
W a f e r  3-2 15 35 1.20 2.0 13, 15 33, 35 1.33 2.0 
Water 3-3 8 27 1..25 2.0 7 25 1.33 2.0 

]3. N i c k e l  f i lms  

Film Aluminum film Plated nickel film 

Parameter AVFB(C) Co/Cp tax AVFB Co/Cp tax 
U n i t s  Vol t s  - -  f r i n g e s  (a) Vol t s  - -  fringes 

W a f e r  4-1 0 1.25 2.0 0 1.37 2.0 
W a f e r  4-2 1 1.20 2.0 0 1.31 2.0 

(a) A l l  m e a s u r e m e n t s  a t  r o o m  t e m p e r a t u r e .  
(b) 1 f r i n g e  = 2.23~. 
(0) AV~b is the change  i n  the  b a n d  voltage after applying + 2 5 V  bias  ( +  on the a luminum) for 10 rain.  
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2. Place wafers to be plated in Sensitizer Solution 
for 1 rain. 

3. Place sensitized wafer in beaker and pour  in 1 
part  reducing solution to 4 parts pla t ing solution. Leave 
wafer in this solution for at least 1 min. 

4. Rinse plated wafers with DI water  and blow dry. 

APPENDIX A 

Silver Plating Solutions 

Sensitizer Solution 
10 g / l i te r  SnC12 �9 2H20 
40 ml / l i t e r  HC1 

Reducing Solution 
90 g/ l i ter  granulated sugar 
4 ml / l i t e r  HNO8 
Boil for 5 rain 

Solution A Solution B 
50 g/ l i ter  AgNO~ 65 g/ l i ter  AgNO3 
25 g/ l i ter  KOH 

Plating Solution 
Add enough NH4OH to solution A to dissolve pre-  

cipitate. Add enough solution B to this to slightly 
darken. 

Plating Procedure 
1. Clean wafers: (a) rinse in Acetone, (b) rinse in 

r unn ing  DI water, (c) hot HNO3, (d) r inse and store 
in DI water. 

APPENDIX B 

Nickel Plating Solution 

Sensitizer Solution 
Same as for Silver Plat ing.  

Activator Solution 
Palladous chloride solution 2 g/ l i ter  

Plating Solution 
30 g/ l i ter  Nickel Chloride 
10 g/ l i ter  Sodium Hypophosphite 
10 g/ l i ter  Sodium Citrate 

Plating Procedure 
1. Clean wafers as in silver plat ing procedure. 
2. Place wafers to be plated in sensitizer solution 

for 1 min. 
3. Place sensitized wafers in activator solution for 

1 min. 
4. Place activated wafers in plat ing solution at 60~ 

and plate for 1 min  (longer if a thicker film is desired).  
5. Rinse wafers in 60~ DI water  and blow dry. 

Brief 
, i 

Com un ca : on 0 
The Influence of Dopant Concentration on 

the Oxidation of N-Type GaAs in 

B. Schwartz* and S. E. Haszko 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 07974 

and D. R. Wonsidler 

Bell Telephone Laboratories, Incorporated, Allentown, Pennsylvania 18100 

In a recent communicat ion (1), Schwartz described 
the results of exposing GaAs and GaP to various oxi- 
dizing media. He showed that when  n- type,  sil icon- 
doped GaAs with a n  N D  - -  NA : 1.5 x 10 is was ex- 
posed to warm (60~ water  for 6 days, a readi ly 
observable crust was formed that  was identified by 
x - ray  diffraction as Ga203 �9 H20. Figure 1 shows the 
as-polished surface (bottom) and the oxidized surface 
(top) of that  sample; this was a (100)-oriented slice 
cut from a ~111~,  Czochralski-grown ingot. The ob- 
servation that  the oxide was nonuni fo rm in thickness 

�9 Elect rochemical  Society Act ive  Member .  
K e y  words :  ga l l ium arsenide ,  oxidat ion,  i m p u r i t y  str iat ions.  

and striated over the surface of the sample called for 
fur ther  investigation. The series of photographs in 
Fig. 2 shows the one- to-one  correlat ion between the 
oxide striae and strain fields in the slice, determined 
by reflection x - r ay  topographyl;  this analysis was done 
on a portion of the oxidized region shown in Fig. 1. 

Figure 3 shows the two halves of an identical slice 
of GaAs, one half of which had been boiled in water  
for 2 hr  (top), while  the other half  was suspended over 
a beaker of boiling water  in air for 2Vz hr  (bottom).  
One can see the randomly  oriented scratch lines left 

1Note  that  the x - r a y  topographic  t echn ique  resul ts  in a m i r r o r  
image  of the optical  photomicrograph .  
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Fig. I. Photomicrograph of (100)-oriented, Si-doped, ND - -  NA 
---- 1.5 x 10 TM slice of GaAs. Bottom, as-polished in Br2-CH3OH; 
top, after immersion in 60~ H20 for 6 days (~7X  magnification). 

in both samples from the polishing operation. Non- 
uniform oxidation has taken place on both pieces, and 
the immersed sample contains thicker oxide regions 
than does the sample exposed to water  vapor. Note 
that  the very clearly delineated striations are regions 
of lines which al ternate in tilt f rom the horizontal. 
This is the two-dimensional  representat ion one would 
expect to find on looking at a (100) p lane  cutt ing 
through an inhomogeneous medium, with the inhomo- 
geneity being basically a helical plane, with the <111> 
as the major  axis of the helix (2, 3). Obviously, the 
fact that the major  striae are made up of groups of 
parallel  striae indicates tha t  there is also a radial  in-  
homogeneity as well as the vert ical  helix to be con- 
sidered. 

An electron beam microprobe analysis of a portion 
of the oxidized sample shown in Fig. 3 (top) estab- 
lished: (a) that the Ga:O ratio is 1:2, a finding con- 
sistent with the formula Ga203 �9 H20 found by x - ray  
analysis; and (b) that, where the oxide was thick, the 
integrated silicon concentrat ion was high and, where it 
was thin, the integrated silicon concentrat ion was low 
(see the schematic in Fig. 4). As Fig. 4 shows, at the 
surface of the GaAs, the silicon content was relat ively 
uniform, while, only a short distance below the sur-  
face (about 7000A), it was again high in the region 
of the thick oxide. 

When these data are coupled with the fact that an 
at tempted oxidation of GaAs doped at 2 x 1017 in boiling 
water  for 5 hr  produced an oxide only about 50-100A 
thick, it becomes clear that free carrier  concentrat ion 
greatly influences the oxidation rate of GaAs in water. 
The strong striation effect seen in Fig. 3 mere ly  re-  
flects the free carrier inhomogenei ty  caused by the 
nonuni form distr ibution of the dopant, when  Czochral- 

Fig. 2. Photomicrograph of portion of same sample as Fig. I 
top, showing correlation of strain fields and oxide striae: 
(a) optical photograph of as-deposited film (~30X magnification); 
(b) x-ray topograph of same area with oxide still in place; (c) x- 
ray topograph of same area after oxide film was removed. 

ski growth of GaAs is at tempted at silicon concentra-  
tions above about 1 x 10 TM. 

Lest one conclude that  this str iat ion effect might be 
due strictly to the silicon in the samples, we can re-  
port that striated oxide growth has also been observed 
in the oxidation of boat-grown, n-type,  Te-doped GaAs 
with a n  N D  - -  NA ~ 3 X 10 TM, where the silicon concen- 
t rat ion was known to be extremely low. 

Manuscript  received Apr. 12, 1971. 
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I . . . .  SURFACE OF THE OXIDE. 
11" - - o ~ o ~  CONCENTRATION OF SILICON IN THE OXIDE. 

111 SURFACE OF THE GaAs. 

IVee  �9 oe CONCENTRATION OF THE SILICON IN THE 

GaAs NEAR THE SURFACE, 
~Z ~ � 9 1 4 9  CONCENTRATION OF THE SILICON DEEPER 

IN THE Ga As. 
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POSITION ON THE SURFACE 

Fig. 4. Schematic to show the conditions at the surface of the 
sample shown in Fig. 3, top. 

Fig. 3. Photomicrograph of (100)-oriented, Si-doped, ND - -  NA 
1.5 x I0 TM slice of GaAs. Bottom, after exposure to boiling- 

water vapor for 2 ~  hr. Top, after immersion in boiling water 
for 2 hr (,~7X magnification). 

Any discussion of this paper  will appear in a Dis- 
cussion Section to be published in the June  1972 
JOURNAL. 
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Correction 
In the paper "The Use of Metal-Organics in the Prep-  

aration of Semiconductor Materials," two parts of 
which appeared in the April  1971 JOURNAL, Vol. 118, 
No. 4 (part  II, " I I -VI  Compounds," by H. M. Mana- 
sevit and W. I. Simpson, pp. 644-647; part  III,  "Studies 

of Epitaxial I I I -V  Aluminum Compound Formation 
Using Trimethylaluminum," by H. M. Manasevit, pp. 
647-650), Fig. I of par t  I I  (p. 644) was transposed with 
Fig. 1 of part  I I I  (p. 647). 
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ABSTRACT 

A consideration of various methods of convert ing the energy associated 
with biochemical or microbiological reactions to electrical energy indicates 
that  the most practical approach is the indirect  whereby products produced 
by enzymatic reactions are fed to an electrochemical converter. Hydrogen 
can be produced by the action of Clostridium perfringens on glucose and 
na tura l  product substrates in technologically significant quant i ty  and purity.  
The hydrogen produced by the action of Clostridium perfringens on glucose 
and bananas  (as an example of na tu ra l  products) has operated an ion -mem-  
brane  H2-O2 fuel cell for periods of 24-48 hr with no evidence of det r imenta l  
reactions. Such systems operate at power densities order -of -magni tude  
greater than direct biochemical fuel cells wherein  the enzymatic reaction 
takes place on the electrode. They would offer advantages for operation in 
remote areas. 

In  the last decade there has been a renewed interest  
in uti l izing biochemical or microbiological reactions 
for energy conversion. Aside from scientific curiosity, 
the new emphasis has been derived from the desire to 
use cheap and readily available fuels for the produc- 
tion of electrical energy. 

There are three general  methods by which mi-  
croorganisms or enzyme solutions can convert  chemical 
energy into electrical energy: I)  Synthesis of meta-  
bolic products which either increase or decrease the 
potential  of the medium with respect to its original 
state (bioanodes);  2) Depolarization of cathodes, thus 
permit t ing spontaneous galvanic cells (i.e. Mg-Fe 
couple) to function at a reasonable rate (biocathodes) ; 
3) Synthesis of gaseous products (H2, CH4, NH3) which 
can be subsequent ly  fed to some electrochemical con- 
verter.  

The purpose of this paper is to report  on work 
employing the thi rd  conversion method, the uti l ization 
of microbial ly-produced hydrogen in a hydrogen-oxy-  
gen fuel cell. 

Pioneering work on the uti l ization of microbiological 
reactions for energy conversion was done around 1910 
by Potter  (1). More precise work was done in 1931 by 
Cohen (2). Also, at this t ime Boyd and Reed (3), 
Clifton, Cleary, and Beard (4), and Johnstone (5) con- 
ducted exper iments  which were successful in clar ify-  
ing the oxidat ion-reduct ion relationships developed in 
E. coli cultures. In  the early 1960's the field dealing 
with the  uti l ization of microorganisms to produce elec- 
tr ical  power was revived. Sisler (6), Rohrback, Scott, 
and Canfield (7), and Wilson (8) described the opera- 

* Elect rochemical  Society Ac t ive  Member .  
K e y  words :  fuel  cell, b iochemical  fuel  cell, microbia l  hydrogen ,  

c lost r idium per f r ingens ,  ene rgy  conversion.  

tion of "biochemical fuel cells" based on the sulfate 
reduction capabil i ty of Desulfovibrio desulfuricans, the 
lat ter  author  clarifying the cathode depolarizing role 
of the bacteria. In  this period, several at tempts were 
made to use na tura l  products, an objective related to 
the present  investigation. S i lverman (9) reported on a 
cell which involved the oxidation of formic acid pro- 
duced from coconut milk, and Per ry  and Christopulos 
(10) a cell involving the oxidation of ethanol produced 
by the action of yeast on glucose. 

From a survey of these and other reports (11) it 
may be concluded that  no system possessing significant 
electrochemical capacity derived only from microbio- 
logical energy has been developed to the working state. 
The cells that  have operated at practical power levels, 
derived their  capacities from sacrificial anodes (e.g. 
Mg). The so called "direct" biochemical fuel cell which 
would have the enzyme-subst ra te  electron t ransfer  re- 
action occur on the metall ic electrode has been l imited 
by colloid chemistry considerations. Specifically, in 
bacterial  systems the electron t ransfer  process takes 
place wi thin  large molecules or wi th in  cell structures 
which are separated from the electrode by distances 
very  large when compared with atomic (electron 
transfer)  dimensions. This then suggests that  the en-  
ergy associated with the microbiological process might  
be best converted by the employment  of the low mo-  
lecular weight products formed dur ing the growth of 
microbial  cells. This has led to the investigation of the 
production of hydrogen by microorganisms and the 
util ization of microbiologically produced hydrogen in 
a hydrogen-oxygen fuel cell. 

Blanchard et al. (12, 13), and May et al. (14) ex- 
amined 18 different microbial  species and showed that  
Clostridium perfringens (ATCC 10873) produced hy-  
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drogen at a greater rate and quant i ty  than  any of the 
other species. The present  report  deals with the uti l iza- 
t ion in an ion -membrane  type fuel cell of hydrogen 
produced by  Clostridium per]ringens with glucose and 
na tura l  product substrates. 

Experimental Materials and Methods 
The microorganism used in this study, Clostridium 

per#ingens ATCC 10873 was obtained from the Amer i -  
can- type culture collection, Rockville, Maryland. Stock 
cultures were main ta ined  with 2% deep liver m e d i u m  
~15). Inocula for fermentors  and Warburg  flasks were 
prepared by growing the cells in 2% glucose deep liver 
medium for 18 hr at 37~ Cells were harvested in 
a Sharpies- type centrifuge, washed twice by centr i fu-  
gation and suspended in 0.1M phosphate buffer at pH 
6.5. The number  of bacterial  cells being studied was 
determined microscopically with a Petroff-Hausser 
counting chamber  and by a s tandard plate count on 
Brewer Anaerobic Agar  (BBL). The number  of cells 
used for inoculat ion varied depending on the experi-  
ment  being performed. In  the fuel  cell experiments  a 
cell suspension sufficient to yield 5 x 109 cel ls /ml in the 
final fermentat ion broth was used. 

The abil i ty of CZ. per]ringens to produce hydrogen 
from fruits and vegetables was evaluated by Warburg  
respirometry. The na tu ra l  product resul t ing in the 
greatest rate and yield of hydrogen was then evaluated 
in a fermentat ion system. The fermentat ion studies 
were performed in t ight ly closed glass carboys espe- 
cially adapted with sampling ports for the addition 
and removal  of either gas or l iquid samples dur ing the 
fermentation.  The medium (medium 1) for the glucose 
exper iments  contained 10 liters of Quinns  (16) D-58 
salts solution [10.9g (NH4)2SO4, 2L8g MgC12.6H20, 
60.5g K2HPO4 �9 3H20, 12.0g KH2PO4, 1.3g CaC12 and 10 
liters of tap water] ,  200g glucose, 100g tryptone, 100g 
yeast extract  and 50 ml of salts B (17). Fermentors  
containing banana  suspensions were prepared by ho- 
mogenizing 2000g of bananas  in 20 liters of D-58 salts 
solution (16) and salts B (17). The banana  medium 
was sterilized in an autoclave deaerated with hel ium 
and inoculated by the same procedures as used for the 
glucose fermentors.  

Gas evolution from the fermentors  was recorded in a 
wet test meter  (Precision Scientific Company).  The 
composition of evolved gas was determined by gas 
chromatography using a cross-section ionization detec- 
tor with 25 x % in. column of 100/120 mesh, 13 x molec- 
ular sieve and a 7 x % in. column of 200/230 mesh, 
silica gel as previously described (t2, 13, 18). This sys- 
tem easily separated H2, 02, N2, CH4, CO2, and CO and 
detection was in the parts per mil l ion range. 

The hydrogen-oxygen ion-exchange membrane  fuel 
cell was supplied by the Direct Energy Conversion 
Operation of the General  Electric Company. This fuel 
cell which uses air as the oxygen source, and operates 
at one atmosphere of pressure was assembled with 
the ins t rumenta t ion  as shown in Fig. 1. The input  gas 
l ine to the fuel cell was attached to a th ree-way valve 
which permit ted operation of the system first on tank  
he l ium to flush the cell, then on t ank  hydrogen to 
calibrate, and then on hydrogen supplied by the micro- 
bial  generator. The uni t  was cooled by flowing tap 
water. The cell was flushed with hel ium for 15 min  
before and after use, and stored under  helium. The 
exposed membrane  was kept moist dur ing use by 
occasional wett ing with distilled water.  During storage 
the exposed membrane  was moistened and sealed. 

Results and Discussion 
Hydrogen generation from glucose and natural 

products.--The objective of the microbiological studies 
was to develop a hydrogen generator  which would 
produce hydrogen of sufficient quan t i ty  and pur i ty  to 
operate a hydrogen-oxygen fuel cell at a practical 
level. To accomplish this objective, studies were per-  
formed to determine the factors which limit the rate 

10 LITER WET TEST KOH H2SO4 KOH ~J II II WATER WETTEST 
FERMENTER ~ETER #I SOLUTION SOLUTION SOLUTION ANOM~ETER i I IKAr METERtZ II WITH 20 LITER 

A CARBOY 

A~METER 015~. 

t ~  I KEITHLY60~ I ~ [ 
LEEOS E L~R~CTRO"ETJ-~ / ~ . - L  "l 

~ ~ R E S E  ~ RVO}R 

Fig. 1. Experimental arrangement with ion-membrane fuel cell 
utilizing microbially-produced hydrogen. 

and total yield of hydrogen production as wel l  as to 
establish the conditions required for main ta in ing  con- 
t inuous hydrogen evolution and power production by 
the microbial  fermentor  system. These studies will  be 
reported in detail  elsewhere (19) but  certain observa- 
t ions can be made to summarize the per t inent  findings 
as follows: 

1. Hydrogen evolution was proport ional  to cell n u m -  
ber between 3 x l0 s and 3 x 109 cells. Beyond this 
number  a lower hydrogen yield per cell was obtained. 

2. Both the ini t ia l  pH and the incubat ion tempera-  
ture were impor tant  in the synthesis of the hydrogen 
evolving system. The greatest activity per (resting) 
cell was obtained at 30 ~ to 35~ in a medium with an 
ini t ial  pH of 5.0-6.5. Essential ly no hydrogen was 
formed by cells grown at 40~ at any pH. 

3. For growing cells the opt imum pH for growth was 
between pH 5.9 and 7.5, whereas the opt imum pH for 
hydrogen generat ion was between pH 5.9 and 6.9. 

4. Hydrogen production in the fermentors  appeared 
to be directly related to the glucose concentrat ion;  the 
bacter ium produced 34 liters or about 1.5 moles of hy-  
drogen from 0.77 moles of glucose. 

5. It  appeared possible to obtain continuous gas pro- 
duction in the fermentors  by using a large inoculum, a 
nonl imi t ing  substrate concentration, and a pH be-  
tween 5.5 and 7.0. 

6. Using optimized conditions hydrogen could be 
produced at a constant  rate of about 10 liters per hour. 

7. The study of the abil i ty of C1. perfringens to me-  
tabolize fruit  and vegetable homogenates, as tested in a 
Warburg  respirometer,  showed that  the resting cells 
produced hydrogen without  lag and that  the rate of 
production and total  yield was greater with banana,  
cucumber,  squash, and grapes than  with glucose or 
other na tu ra l  products (Fig. 2). 

Fuel cell studies with microbial hydrogen genera- 
tors.--After demonstrat ing that  hydrogen production 
by microbial  generators could be main ta ined  at a un i -  
form rate the power output  by the hydrogen-oxygen 
fuel cell was studied using microbial ly-produced hy-  
drogen. The system used for fuel cell cal ibrat ion and 
for determining power product ion by the microbial  
fermentors  is shown in Fig. 1. For calibration, the fuel 
cell was first flushed with he l ium for 15 min  and then 
flushed with tank  hydrogen. Tank  hydrogen was al- 
lowed to flow through the fuel cell at a rate in excess 
of the fuel cell consumption. The input  hydrogen rate 
was measured but  no at tempt  was made to measure 
the excess output  hydrogen except by visual ly ob- 
serving it bubble  through approximately Yz in. of 
water. The hel ium flush was used to remove oxygen 
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Fig. 2. Production of hydrogen from natural products 

which might  have entered the in te rna l  membrane  sur-  
face dur ing  storage. 

After  demonstrat ing that  the fuel cell was perform- 
ing properly, a microbial  generator  containing 10 TM 
cells in medium 1 was assembled as shown in Fig. 1. 
The microbial  generator  was permit ted to incubate 
and thus flush with microbial  hydrogen for 2 hr before 
connection to the fuel cell. During these 2 hr the fuel 
cell was flushed with hel ium for about 30 min, followed 
by hydrogen for 90 min. Hydrogen from the microbial  
generator was allowed to flow through the fuel cell at a 
flow rate of 7 l i ters/hr .  In  the ini t ial  experiments  hy-  
drogen generat ion decreased dur ing the periods when 
glucose and NH~OH were added to the fermentat ion 
mixture.  However, these problems were overcome by 
the use of glucose solutions, previously deaerated by 
ni trogen flushing and by slow addition of the glucose 
and NH~OH to the bottom of the fermentor.  Although 
some fluctuations were observed in  hydrogen produc-  
tion dur ing  the 22 hr  experiment,  power production 
was steady between the 3.1 and 3.3W (Fig. 3). Glucose 
and H I ,  OH were added periodically to main ta in  a 
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Fig. 3. Power and hydrogen production from glucose microbial 
hydrogen fuel cell system. 
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nonl imi t ing  substrate concentrat ion and a pH between 
5.6 and 6.8. At the end of the exper iment  the fuel 
cell was tested with t ank  hydrogen to make certain that  
no loss in efficiency had occurred. 

The microbial  generator  system used for demon-  
strat ing power production from bananas  was identical  
to Fig. 1 except two l0 l i ter  fermentors  were used to 
make certain that  hydrogen production would be in  
excess of the fuel cell requirement .  Each of the two 
fermentors  were prepared as described above and 
contained 2000g of homogenized bananas  in D-58 salts 
solution and an inoculum of 10 z~ cells of Cl. pe~ringens. 
The microbial  generator  was flushed with its own gas 
for 3 hr while the fuel cell cal ibrat ion was being per-  
formed. The hydrogen line from the microbial  gener-  
ator was clamped off for 10 rain prior to connection to 
the fuel cell. This step par t ia l ly  e l iminated the fluc- 
tuation in pressure which occurs when  the microbial  
generator is connected to the fuel  cell. The results in 
Fig. 4 show that  the 2000g of bananas  added ini t ia l ly 
contained sufficient quanti t ies  of fe rmentable  carbo- 
hydrate  to ma in ta in  the hydrogen evolution rate rela-  
t ively constant for 24 hr. As a result  of this, the power 
output  was main ta ined  between 3.1 and 3.5W for the 
24 hr. It is believed that  the fluctuations which did 
occur in the hydrogen evolution rate  were due to 
changes in the pH of the medium and that  an auto- 
matic pH controller would el iminate  this variation. 

These studies demonstrate  the feasibili ty of using 
microorganisms to convert  na tu ra l  products into hy-  
drogen for use in a hydrogen-oxygen  fuel cell. No seri- 
ous problem was found in coupling the biochemical 
hydrogen generator  to a commercial ly available fuel 
cell. Although no problems were observed in 24 to 48 
hr operation, studies of greater  durat ion would be 
needed before conclusions could be drawn about long- 
term performance. However,  the gas chromatographic 
analysis of the gas does not indicate the presence of 
compounds such as CO which are known to poison the 
catalytic electrodes of the fuel cell. 

The abil i ty to use hydrogen from fruits and vege- 
tables suggests that  this approach for uti l izing micro- 
biological energy offers potential  for use in remote 
areas, because the uni t  can operate on na tu ra l  products 
obtained on-site. This, of course, offers certain logistic 
advantages over most of the other present ly  available 
hydrogen generators. 

A comparison of these results  with those reported 
for the direct approach (methods 1 and 2 above) indi-  
cates that the indirect biochemical fuel cell approach 
for generat ing energy from biological materials  is far 
more successful than the direct approach. A good direct 
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Fig. 4. Power and hydrogen production from banana microbial 
hydrogen fuel cell system. 
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biochemical  fuel  cell  wi l l  produce  about  10 m A  at 
0.3V wi th  a 100 cm 2 electrode,  or  a cur ren t  dens i ty  of 
0.1 m A / c m  2 at 0.3V. Microbia l ly  p roduced  hydrogen  in 
the  H2-O2 fuel  cell  p roduced  about  5A at  0.78V wi th  
an air  e lec t rode  size of 272 cm s. This is about  18 
m A / c m  2 at 0.78V. Thus, the  indi rect  approach  has given 
100 to 500 t imes grea te r  cur ren t  densi t ies  than  the 
direct  approach,  and has bypassed  al l  the  ne t t l ing  elec-  
t rochemical  difficulties which fol lowed from the  direct  
approach.  In using the indi rect  method  of ut i l iz ing 
microbiological  processes the  l imi ta t ion  in the e lec t ro-  
chemical  sense is imposed by  the  hyd rogen -o xyge n  
fuel  cell  r a the r  than  the microbiological  process. Unt i l  
the  problems associated wi th  e lec t rode  react ion in solu-  
t ion a re  solved, the  d i rec t  approach  wil l  p robab ly  
a lways  give much lower  cur ren t  densi t ies  than  the 
indirect  approach.  Because there  are  no obvious solu-  
tions to these problems,  it  would  appear  that  fu ture  
effort can be more  prof i tab ly  d i rec ted  to the  indirect  
approach.  
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Electroless Copper Plating as an Image 
Amplifier for Electrolytic Printing 

Dennis R. Turner* and Catherine Wolowodiuk 
Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 07974 

ABSTRACT 

Electroless copper  p la t ing was found to be an effective image  amplif ier  for 
si lver e lec t ro lyzed into paper .  An  amplif icat ion factor  of up to one mi l l ion  
t imes  was demonst ra ted .  The small  amount  of s i lver  requ i red  to produce  an 
image makes  h igh - speed  e lec t ro ly t ic  p r in t ing  feasible.  This was demons t ra ted  
wi th  1 ~sec-20V pulses used to e lectrolyze s i lver  into a moving paper ,  fo l lowed 
by  electroless  copper  plat ing.  

Elec t ro ly t ic  p r in t ing  is an old art .  The first record  
of its use or recording facs imile  was in 1843. The tech-  
nique was used for m a n y  years  in te lephone  and radio  
facs imile  recording  where  immedia te  visual  observa-  
t ion of the  resul t  was more  impor t an t  than  the  pr in t  
qua l i ty  (1). Elec t ro ly t ic  p r in t ing  has also been used 
for qual i ta t ive  analysis  of a me ta l  by  e lec t ro ly t ica l ly  
dissolving the meta l  into pape r  containing a specific 
reagent~:apable  of producing  a colored reac t ion  product  
wi th  the meta l  ions (2). 

To our knowledge,  the  only  p r e s e n t - d a y  commercia l  
appl ica t ion  of e lect rolyt ic  p r in t ing  for facsimile  app l i -  
cation is in the  S t e w a r t - W a r n e r  Sys tem known as 
Datafax.  In Datafax  print ing,  an e lec t ro ly te  p remois t -  
ened pape r  is s lowly pushed be tween  two electrodes.  

* Electrochemical  Society Active Member .  
Key  words:  silver electrolysis, pulse anode dissolution, paper-  

supported electrolyte,  catalytic sensitivity,  ha rd  copy. 

The cathode is mounted  on a d rum in a sp i ra l  fashion so 
that,  as the d rum rota tes  once, the  cathode area  which 
contacts  the pape r  moves  across the  ent i re  wid th  of 
the  paper .  The anode is a s t r ip  of s i lver  on the oppo-  
site side of the  paper .  S i lver  is e lec t ro lyzed into the  
paper  f rom the anode bar  where  i t  is reduced  to the  
meta l l ic  form by  a chemical  reducing agent  contained 
in the paper .  The en t i re  image  is composed of finely 
d ivided s i lver  par t ic les  which  appear  b lack  in the 
paper .  The speed of p r in t ing  is r e l a t ive ly  slow since 
the  ra te  of anodic s i lver  dissolut ion is l imit ing.  An 
8Vz by  11 in. page of p r in t  is reproduced  in about  6 
min. The si lver  anode  bar  must  be replaced  per iodica l -  
ly  as it  is consumed. The Da ta fax  technique cannot  be 
speeded up to produce  1 page of p r in ted  copy in about  
2 sec as is requ i red  for  some applicat ions.  The cathode 
d rum rota t ion speed becomes too high and it is not 
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practical electrochemically to electrolyze enough silver 
into the paper in the t ime required. 

This paper describes a n e w  process in  which rela-  
t ively small  amounts  of silver are electrolyzed into 
the paper from stat ionary mult iple  electrodes. This 
silver serves as a catalyst to carry out electroless cop- 
per metal  deposition which serves to amplify the latent  
silver image. Since very small  amounts  of silver are 
required, the process is sensitive and high wri t ing 
speeds can be achieved. A prime advantage of electro- 
lytic pr in t ing  over electrostatic p r in t ing  is that it can 
be carried out at re la t ive ly  low voltages between 2 
and 20V as compared to 300-600V for electrostatic 
methods. One impor tant  consequence of this is that 
cheaper solid-state electronic devices can be used for 
accessing individual  electrodes of mult iple  arrays when 
low voltages are involved. 

Over-all Description of Electrolytic Printing Technique 
A schematic view of the electrolytic pr in t ing process 

is shown in Fig. 1. The paper is preimpregnated with 
electrolyte, rolled tightly, and kept in a confined com- 
partment .  This a r rangement  keeps the paper moist for 
long periods of time---months. As pr in t ing is required, 
the paper is passed over an electrode assembly. Good 
image resolution can be achieved with an electrode 
array 8 in. wide and segmented into about 1700 indi-  
vidual  electrodes. These can be accessed by electronic 
means, so that  pulsed pr in t ing signals are fed into 
individual  electrodes as the paper moves by. Counter-  
electrodes can be placed on the opposite side of the 
paper but, for very rapid paper transport,  it is more 
practical that  both anode and cathode electrodes are 
on the same side as i l lustrated in the pr in t ing electrode 
detail shown in Fig. 1. Very small  amounts  of silver 
are electrolyzed into the paper with each pulse and 
this is amplified with an electroless plat ing solution. 
Finally,  the paper is cut into suitable length to provide 
the hard copy required. A detail of the electrode as- 
sembly is shown in  cross section indicat ing one silver 
anode electrode and one p la t inum cathode. Electronic 
techniques are available so that it is not necessary to 
provide a separate cathode electrode for each anode. 

All  the common metals available were t r ied as anode 
electrodes; however, silver proved to be most effective. 
Other materials were also tried in place of plat inum; 
nickel was found to be suitable. Most of the explora- 
tory work was done with pairs of electrodes--one 

I ""'M~L" i 

PAPER ROLL 
tMPREGNATED 

WiTH ELECTROLYTE 

IARD COPY 

Fig. 1. Schematic of electrolytic printing process 

silver and one p la t inum spaced 12 ~m apart  with Mylar 
film and potted in epoxy resin. 

The paper used for electrolytic pr in t ing must  meet  
certain requirements:  (a) high absorbency to electro- 
lyte and development  solutions, (b) good wet strength, 
(c) reasonably smooth surface, (d) long- term stabil-  
ity to solutions and residues, and (e) low cost. The 
paper indust ry  has developed papers which meet these 
requirements.  They are main ly  cellulose-base papers 
containing an organic polymer (usually melamine-  
formaldehyde resins).  Most of our work was done 
with paper developed for the Datafax pr in t ing  process. 

The paper was pre impregnated with either sodium 
or potassium ni t ra te  solutions, 0.1-1 normal.  Current  
flows between the silver and p la t inum electrodes 
through the paper as a voltage pulse is applied. Silver 
dissolution occurs at the anode and ni t ra te  reduction 
takes place at the cathode. I t  is not clear at this point  
whether  the silver enters the paper as silver ions or a 
silver oxide is formed which is wiped off by the moving 
paper. In either case, the silver is reduced to metallic 
silver in the presence of the reducing agent used in 
the electroless copper plat ing solution. The cathode 
reaction involves the reduction of ni t ra te  ions. This is 
a low cathode polarization reaction with no gas evolu- 
tion to complicate the pr in t ing process. One reason 
silver is such a good anode electrode mater ia l  is that 
the kinetics of silver dissolution are extremely favor- 
able as i l lustrated in Fig. 2. The Tafel relation was 
constructed from exchange current  data reported by 
Price and Vermilyea (3), 7 A/cm ~ and a t ransfer  co- 
efficient of 0.32 as determined by Gerischer (4). Typi-  
cal current  densities using 20V pulses of 1 #sec dura-  
tion are about 80 A /cm ~. Even at this high current  
density, as seen in Fig. 2, the polarization voltage is 
only slightly more than 0.3V. Therefore, silver dis- 
solution does not appear to be a l imit ing process. Most 
of the applied potential  appears as an IR drop in the 
paper between the electrodes. 

An oscilloscope recording of the voltage pulse ap- 
plied to the electrodes and the result ing current  pulse 
are shown in Fig. 3. The top curve is the voltage pulse. 
The vertical  axis is 2V per large division; thus, the 
applied pulse is 11.2V. The time axis is 1 #sec per large 
division so that the pulse is about 2 ~sec long. The 
corresponding current  pulse reaches a max imum of 
30 mA and decreases slightly with time. This cor- 
responds to a current  density of about 55 m A / c m  2 at 
the silver anode. The electrolyte used in this experi-  
ment  was 0.5N sodium ni t ra te  solution. 

Assuming a double- layer  electrode capacitance of 
20 ~f/cm 2, the number  of coulombs required to charge 
the double layer to the full  voltage of 11.2V is about 
1000 times less than  the total coulombs in the current  
pulse. Thus, most of the current  flowing dur ing  each 
pulse electrolyzes silver into paper. 

Study of Electroless Plating Process 
Pre l iminary  results indicated that  an electroless cop- 

per plat ing solution could be used as an image ampli-  
fier. However, it was necessary to optimize the process 
so that  image amplification could be maximized. Pre-  
vious work (5) indicated that  there is a m i n imum 
amount  of catalysis which wil l  init iate plat ing for a 
given electroless metal  plat ing solution and conditions. 

A simple technique was developed to test the effect 
of modifying the electroless copper bath composition 
and tempera ture  on the abil i ty of the process to de- 
velop a la tent  silver image in paper. Strips of No. 1 
Whatman filter paper about 1.4 cm wide and 7 cm long 
were ruled into five sections 1.4 cm long. A 0.05 drop 
of silver ni t rate  solution from a microsyringe was 
placed in the center of each section. By varying the 
silver ni t ra te  concentrat ion of the drop placed in each 
section, a range of silver concentrat ions was achieved 
in each paper strip. Silver ions probably were reduced 
to metallic silver by room light; however, the reducing 
agent in the e]ectroless plat ing solution would convert 
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any unreduced silver. The paper  strips could be made 
up in quanti ty,  dried, and stored for later  use. 

The effect of t empera tu re  on electroless copper 
plat ing sensi t ivi ty wi th  various amounts  of si lver is 
i l lustrated in Fig. 4. The total  amount  of si lver placed 
in each section ranged f rom 5 x 10 -12 to 5 x 10-Sg. The 
area of the developed spot var ied  f rom about 0.16 to 
0.33 cm 2. The images were  black or dark brown and 
pe rmanen t - idea l  for hard copy. Thus, the amount  of 
si lver per unit  area ranged f rom about 3 x 10 -11 g / c m  2 
for the lowest to 1.5 x 10 -7 g / c m  2 for the highest  in 
Fig. 4. It is wel l  known (6) that  increasing bath tem-  
perature  increases the electroless copper plat ing rate. 
The results of Fig. 4 show that  increased tempera ture  
also increases copper plat ing sensi t ivi ty to small  
amounts  of si lver catalyst. The opt imum bath (to be 
described later) was used in this exper iment .  A 10 deg 
increase in t empera tu re  (50~176 results in a 100 
t imes increase in sensitivity. The over -a l l  image ampli -  
fication capabil i ty of electroless copper plat ing at 60~ 
is about one mill ion times. This was determined by 
increasing the silver concentrat ion in each drop unti l  
a visible image in reduced si lver was observed. This 
occurred at a si lver concentrat ion of 5 x 10 -5 g / c m  2 on 
the paper. 

At 60~ an unstabil ized electroless copper bath de- 
composes in a few minutes. However ,  the copper image 
on silver develops in a few seconds at 60~ so there  is 
a margin  of safety. Fur thermore ,  a fast development  
t ime is desirable for a practical  pr in t ing process and 
the hot solution facilitates drying. 

The composition of the electroless copper bath was 
studied to optimize it for m a x i m u m  sensit ivi ty wi thout  
p remature  bath decomposition. Copper ion concentra-  
tion, complexing ion and its concentration, reducing 

Fig. 4. Effect of electroless copper solution temperature and 
silver concentration in paper on image development sensitivity. 

agent concentration, and pH were  varied. The cali- 
brated silver spots on paper  strips 1 were  used to ob- 
serve the effects of bath composit ion changes. The 
effect of copper concentrat ion is shown in Fig. 5 - -be -  
tween 10 and 60 g / l i t e r  copper sulfate--CuSO4 �9 5H20. 
In these experiments ,  Rochelle salt complexing agent 
concentrat ion was 2V2 times the copper concentration.  
KOH concentrat ion was equal  to the copper concen- 
t rat ion and development  t ime was 5 sec. The  t empera -  
ture was 60~ At  10 g/ l i ter ,  the image was just  visible 
at 5 x 10-]~ of silver. Whereas, at 60 g / l i t e r  copper 
sulfate, a dark image is visible at 5 x 10-]2g si lver but  

1 T h i s  i d e a  of a c a t a l y s t - i m p r e g n a t e d  p a p e r  s t r i p  is  c o n s i d e r e d  to  
be  a s i m p l e  a n d  c o n v e n i e n t  w a y  of  m o n i t o r i n g  t h e  c o n d i t i o n  of a n y  
e l e c t r o l e s s  m e t a l  p l a t i n g  b a t h  a n d  p a r t i c u l a r l y  one  t h a t  m u s t  i n i t i a t e  
p l a t i n g  on s u r f a c e s  c o n t a i n i n g  a r e l a t i v e l y  s m a l l  a m o u n t  of  c a t a l y s t .  
T h i s  w o r k  a lso  s u g g e s t s  t h a t ,  u n d e r  c e r t a i n  c o n d i t i o n s ,  t w o  e l e c t r o -  
less  b a t h s  m a y  be  d e s i r a b l e :  o n e  w h i c h  i n i t i a t e s  m e t a l  d e p o s i t i o n  
w i t h  v e r y  s m a l l  a m o u n t s  of  c a t a l y s t  p r e s e n t  b u t  h a s  a s h o r t  l i f e ,  
a n d  a s e c o n d  w h i c h  depos i t s  t h a t  b u l k  of t h e  m e t a l  w i t h  good  p h y s -  
i c a l  p r o p e r t i e s  a n d  h a s  a l o n g  b a t h  l i fe .  

Fig. 3. Typical voltage pulse 
and corresponding, current pulse. 
Silver anode and platinum cath- 
ode. Electrolyte 0.5N NAN03. 
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Fig. 5. Effect of copper sulfate 
concentration on sensitivity of 
the electroless copper amplifica- 
tion process. 

the bath decomposes and darkens the paper. On the 
basis of this study, 20-40 g/ l i ter  copper sulfate were 
considered optimum. 

Rochelle salt was found to be better  than EDTA 2 as 
the copper complexing agent, and paraformaldehyde 
was better  than formaldehyde as the reducing agent 
since it left less residual  odor in paper. The opt imum 
solution composition arr ived at is as follows: 

Electroless Copper Image Amplifier Solution 

Par t  A g / ~ t e r  

Copper sulfate (CuSO4-SH20) 
Rochelle salt (NaKC4H406.4H~O) 
Potass ium hydroxide  (KOH) 

Par t  B 

Para fo rmaldehyde  (HCHO)3 
Potassium hydroxide  (KOH) 

40 
100 
40 

130 
120 

The bath is made up in two parts. As an image ampli-  
tier, an equal volume of each par t  is mixed together 
so that the final concentrat ion of each const i tuent  is one 
half that  shown above (for example, 20 g/I i ter  copper 
sulfate, etc.). It is estimated that, to develop an 8x/2 
by 11 in. page of print,  about 5 cc of electroless copper 
solution are required. 

Over-a l l  Feasibi l i ty Study 
The ini t ia l  phase of a feasibility s tudy on the over-  

all technique was carried out using stat ionary elec- 

= Ethy lened iamine  te t ra  acetic ac id-sodium salt. 

trodes consisting of one silver and one p la t inum elec- 
trode. Later, a mult iple  electrode ar ray  was used. The 
problem of moving paper past the electrodes at the re-  
quired speed to simulate pr in t ing  1 page in 2 sec wi th-  
out resorting to a large expensive machine was re- 
solved by adapt ing a record player  capable of t u r n -  
table rotation speed of 16 rpm. A strip of premoistened 
Datafax paper, 2 cm x 5 cm, attached to a 12 in. long- 
play record about 5 in. (12 cm) from the center moves 
at about the r ight  speed at 16 rpm. The spacing be-  
tween microgrooves on an LP record is 0.17 mm which 
is about the spacing desired between electrodes across 
a page, and between scan raster  lines down the page. 
The electrode assembly was fastened to the record 
player  needle t ransport  head and, while the record 
needle tracked in the microgrooves, the electrode as- 
sembly moved over 0.17 m m  each revolution. An  E-H 
Research Laboratories, Incorporated, electronic pulser 
generated a 1 ~sec 20V pulse with 1000 ~sec between 
pulses. These pulse t ra ins  were in ter rupted  with a 
mechanical  switch made by  at taching a gold foil to the 
edge of the record and masking off sections of gold 
with Scotch tape. A spring contact then  was placed on 
the record at that  point  and, as each conducting strip 
moved past the contact, voltage pulses were applied to 
the pr in t ing electrodes. 

After  a la tent  image of silver is pr in ted into the 
paper, the image is made visible with electroless cop- 
per plat ing as previously described. Success of the 
pr in t ing  process with very short pulses down to 1 ~sec 
and 1000 ~sec between pulses is i l lustrated in Fig. 6. 

Fig. 6. Examples of high-speed elec- 
trolytic printing with electroless copper 
image amplification, a--Image with 1 
~sec-20V pulses 1000 #sec apart; paper 
moistened with 0.1N HHO~; paper 
speed ~ 14 cm/sec, b--Same as in o; 
paper allowed to dry while printing, c - -  
Image with multiple electrode printing 
head; electrodes 0.1 mm wide and 0.1 
mm between electrodes; 30 ~sec-20V 
pulses 1000 ~sec apart, d--Magnified 
view of c. 
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The to ta l  t ime requ i red  to record  the  ent i re  image 
in Fig. 6a and 6b was about  15 min. In  that  t ime, the  
paper  tended to d ry  out. Therefore,  in Fig. 6a the  
paper  was kept  moist  wi th  0.1N HNOz solution. In  a 
rea l  e lect rolyt ic  pr in t ing  system, the  paper  would  move 
by  the electrodes only once and d ry ing  would not  be a 
problem.  The dampness  of the  pape r  is an impor tan t  
var iab le  in de te rmin ing  the cur ren t  th rough  the paper  
and the amount  of s i lver  e lec t ro lyzed into the  paper  
when vol tage pulses a re  used. Therefore,  constant  cur -  
ren t  pulses are  more  des i rab le  to main ta in  a un i form 
image density.  F igure  6b shows the effect of d ry ing  as 
the  paper  is ro ta ted  on the record  p l aye r  wi th  constant  
vol tage pulses. The image becomes l ighter  wi th  each 
revolu t ion  since the  e lectrolysis  cur ren t  is decreasing.  
The resul t  does show tha t  the technique has a g ray  
scale potential .  In  pract ice,  the  image  darkness  could 
be var ied  by  modula t ing  the cur ren t  level  of p r in t ing  
pulses. 

Exper iments  were  also car r ied  out wi th  mul t ip le  
s i lver  electrodes.  These were  made  using s tandard  thin  
film device technology.  The si lver  e lectrodes were  0.1 
m m  wide wi th  0.1 m m  spacing be tween  them. Typica l  
images formed wi th  these mul t ip le  e lectrode pr in t ing  
heads  are  shown in Fig. 6c. The 1.3 cm wide e lect rode 
a r r ay  contained 65 ind iv idua l  electrodes.  Fo r  these 
exper iments  they  were  connected together,  but  for 
pr in t ing  useful  informat ion  each electrode would  need 
to be accessed electronical ly .  In  this  arrangement. ,  a 
common p la t inum cathode was placed on the opposite 
side of the  paper .  P remois tened  paper  was moved past  
the  e lect rodes  only once at the same speed as before,  
1 page length  in 2 sec. The image in Fig. 6c was 
p r in ted  wi th  30 #sec-20V pulses spaced 1000 ~sec apa r t  
and intensified with  electroless copper  plat ing.  

A magnif ied view of pa r t  of Fig. 6c is given in Fig. 
6d. The image in t roduced  wi th  the  30 #sec pulse  is ev i -  
dent  as d a r k  spots and the spacing be tween  spots is 
1000 ~sec. The spacing be tween  the center  of each row 
of dots is 0.2 mm. Image  qual i ty  at  the  magnificat ion 
in Fig. 6d is poor, but  i t  is comparab le  wi th  many  
commercia l  copying processes. Image  resolut ion could 
be improved  if the  paper  we re  smoother  wi thout  in-  
d iv idual  fibers prot ruding.  Gela t in  coated papers  were  
t r ied  and they  did improve  image resolution. However ,  
gelat in absorbs  copper  solution dur ing  image in tens i -  
fication, causing the pape r  to darken.  

Summary and Conclusions 
Elect ro ly t ic  ha rd  copy pr in t ing  wi th  electroless  cop- 

per  p la t ing image amplif icat ion is capable  of h igh-  

speed pr int ing.  Ex t r eme ly  smal l  amounts  of s i lver  in-  
t roduced into paper  by  w h a t e v e r  means  are  capable  
of in i t ia t ing electroless  copper  plat ing.  Image  in tens i -  
fication by  the process can be as high as one mil l ion 
t imes. 

Advan tages  of the process are:  (a) i t  is capable  of 
h igh-speed  facsimile pr int ing,  (b) it  opera tes  with 
r e l a t ive ly  low vol tage  pulses, (c) the  image is d a r k  
and permanent ,  and (d) an inexpens ive  paper  may  
be used. 

The d isadvantages  include:  (a) image deve lopment  
is a we t  process, (b)  paper  contains  res idua l  salts, and 
(c) the  s i lver  p r in t ing  e lect rodes  erode and mus t  be 
renewed  per iod ica l ly .  

Final ly ,  e lec t ro ly t ic  p r in t ing  wi th  electroless  copper 
amplif icat ion m a y  have some appl ica t ion  for p r in ted  
circui t  pa t t e rn  generat ion.  Compute r  genera ted  pulse 
t ra ins  could pr in t  any  des i red  meta l l ic  pat tern .  Tech-  
niques developed for computer ized  draf t ing  should be 
useful  here.  The subs t ra te  mus t  be somewhat  porous to 
re ta in  e lec t ro ly te  and provide  mechanica l  adhesion 
for the  image and electroless me ta l  deposit .  
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ABSTRACT 

The method of th inn ing  n / n  + epitaxial  silicon wafers by selective anodic 
dissolution of the substrate  in aqueous HF is described. Some of the properties 
of the system are discussed and applications are presented. It appears the 
technique is best suited for use where the mater ia l  has not had extensive 
prior processing, especially n + diffusions, and /o r  where the epitaxial  layer is 
of high resistivity. The most promising areas of application appear to be: 
(a) fabrication of thin films for exper imental  purposes, (b) th inn ing  of simple 
diode arrays, and (c) solid dielectric isolated IC fabrication. Considerable 
impediments  to use of the process are the necessity of having epitaxial  
layers of unusua l  perfection and the fact that  local anodic etching occurs at 
sites of high carrier generation. 

While thin silicon (--1~) is of interest  for some high- 
frequency, high-power device applications (1, 2), its 
p r imary  impact is expected to be in the field of air or 
solid dielectric isolated integrated circuitry where thin 
slices lead to small  junc t ion- junc t ion  spacing and po- 
tent ial  economic advantages. Selective etching tech- 
niques have seemed a na tu ra l  method for thinning,  as 
it has been known for some years that silicon may or 
may not be anodically dissolved depending on the type 
and resist ivity of the silicon, its electrical potential, 
and the properties of the solution. In  particular,  it is 
well  known that  n + and p- type silicon readily dissolve 
when anodically biased in HF solution, whereas n - type  
does not (3). This knowledge has led to a method for 
removing the substrate of an n / n  + epitaxial  wafer 
leaving the th in  n-epi  layer  (4, 5). 

Method 
The basic method of wafer th inn ing  is, in principle, 

ra ther  s traightforward:  an n / n  + epitaxial  wafer, 
which might  have previously received some or all of 
the normal  p lanar  device processing, is mounted  with 
acid-resistant  wax on a sapphire plate with the n + 
side exposed. The silicon is then biased anodically 
relat ive to a p la t inum mesh cathode and the electrodes 
are lowered into a 5 w/o  (weight per cent) aqueous 
HF solution; the n + substrate is selectively dissolved, 
leaving the th in  n - type  epitaxial  layer. 

There has apparent ly  been some confusion as to an 
appropriate way to make electrical contact to the slice. 
Contact should not be made across the n-s ide of the 
wafer since, as will be seen shortly, it is unwise  to 
main ta in  the n -ma te r i a l  at a higher potential  than 
necessary for an extended time period. Fur thermore,  
if p-diffused regions are present  in the n - l aye r  and 
if electrical contact is made to them, which will be 
practically unavoidable,  areas wil l  be etched through 
on the slice since the forward-biased p -n  junct ions  
will  inject  holes into the n - l aye r  al lowing it to dis- 
solve electrochemically. 

If  a wire is s imply clipped to the n + side, an i r -  
reproducible and l ikely nonl inear  contact resistance 
wil l  result  and the actual  cell potent ial  will be un -  
known. A simple method of c i rcumvent ing this and 
main ta in ing  a constant  silicon potent ial  regardless of 
current  or contact resistance is i l lustrated in Fig. 1. 
Two p la t inum wires are clipped to one edge of the n + 
side of the wafer. An operational  amplifier imple-  
mented as shown then  main ta ins  the cell voltage con- 
stant  at the power supply setting, Vc. For applications 
where  potential  control is ext remely  critical, the po- 
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tential  sensing lead may instead be connected through 
a buffer amplifier to a reference electrode with the 
silicon grounded and amplifier output  to the cathode, 
thereby achieving potentiostatic control. ( In Fig. 1, 
the reference electrode serves only as a monitor,  and 
may be omitted for rout ine work.) 

The apparatus  used for silicon th inn ing  is sche- 
matical ly shown in Fig. 2. It  consists essentially of a 
gear -dr iven  raising and lowering mechanism. The 
apparatus is contained in a l ight- t ight  box (not shown) 

M§ 4c=Si POTENTIAL 

)ou,'Vo+'Rco.,,c, 

Pt CALOMEL SILICON 
MESH REFERENCE 

Fig. I. Circuit to mointain constant cell potential 

Fig. 2. Lowering apparatus for wafer thinning 
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Fig. 3. Expanded view of silicon wafer being thinned 

and the electrolyte container  is water  cooled. The plat i-  
num mesh cathode has a projected area of 25 cm 2 and 
is 1 cm from the silicon wafer. 

Discussion of the lowering is facilitated by reference 
to Fig. 3. The wafer may not simply be completely im- 
mersed ini t ia l ly  as the impedances involved are such 
that the current  wil l  flow from the silicon into the 
solution over an area close to the contact, or the solu- 
t ion-a i r  interface as the case may  be; and, conse- 
quently,  only this area wil l  be thinned.  Rather, suppose 
the wafer is lowered into the solution producing the 
wedge-shaped r emnan t  of n + mater ia l  below the solu- 
tion surface (x = 0) as i l lustrated in Fig. 3. Now, if 
the lowering rate is too large, the potent ial  dis t r ibu-  
tion wil l  be such that  sufficient current  wil l  not reach 
the bottom of the wedge (x --~ L) to electropolish it; 
consequently, in time, L will  increase and the mater ial  
will  not be totally removed. 

For steady state and L > >  T, the lowering rate, R, 
is related to the etch rate, E, by 

L 
R = - -  E [I] 

T 

For n + material ,  the etch rate is approximately 0.02 
cm/h r  (6). 

The determinat ion of the max imum L which can be 
tolerated is not readily amenable  to analysis but  has 
been determined exper imenta l ly  to be in the range 0.1- 
0.5 cm, depending on the substrate resistivity, the 
applied potential, and on the substrate thickness, T. 
The following table summarizes the exper imenta l ly  
determined Rmax for various substrate thicknesses at 
Vcell -- 6V for p ---- 0.001 ohm-cm and <111> orienta-  
tion. 

T ( m i d  Rmaz ( c m / h r )  

200 

E 
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E 

>: 
I- 

I -  
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O0 2 4 6 8 I0 12 
CELL POTENTIAL, V C (VOLTS) 

Fig. 4. Current density vs. cell potential for n + silicon 

data of Fig. 2 of Ref. (6) are replotted v s .  cell poten-  
tial in Fig. 4. The opt imum operating point is a poten-  
tial just  beyond the ma x i mum in a J -V curve; that  is, 
just  into the electropolishing range. Smal ler  cell po- 
tentials require considerably reduced lowering rates 
because the current  density v s .  potential  decreases so 
rapidly  that  values of L as discussed in the preceding 
paragraph cannot be maintained.  Only slightly higher 
potentials actually result  in a slower etching; and 
much larger potentials, while yielding a somewhat 
greater removal  rate, result  in an extensively degraded 
epi layer. 

Resul ts  
Figure 5a shows a wafer which was par t ia l ly  masked 

dur ing th inn ing  so that  a window was cut through the 
substrate to the epitaxial  layer which is <111>, 2 
ohm-cm, 6~ thick. The window size is 6 by 10 ram. The 

10 0.2 
5 1.0 
3 S.O 

These values supply a sufficiently good design cri terion 
for p ---- 021-0.001 ohm-cm, Vcell = 5-10V, and <111> 
or <100> orientation, as it has been found that  Rmax 
depends most strongly on the thickness, T. 

Most satisfactory results have been obtained with 
substrate thicknesses in the range 3-7 mils and R ~ 0.7 
Rmax. It is often desirable to mechanical ly thin (lap) 
or chemically etch thicker wafers to this range to 
minimize wax deteriorat ion due to extended exposure 
to HF and also to reduce t ime-dependent  at tack on 
the n - l aye r  (6). 

To permit  selection of an appropriate cell potential  
for a given substrate resist ivity and orientation,  the 

Fig. 5. Wafer with window etched to epi layer: (a) low magni- 
f icat ion-window is 10 mm x 6 mm x 6~; (b) high magnification-- 
showing diffused diode array. 
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remaining  thin silicon membrane  is s t ructura l ly  sound, 
is not buckled or wrinkled,  and contains no pinholes 
when examined at 400X. Thin  membranes  having 
thicknesses as small as 1~ have been prepared for use 
in channel ing studies. The th in  membranes  may be 
fur ther  processed without  adverse effect. For  example, 
they have been steam oxidized (1~ oxide each side 
of 2~ silicon), the oxide stripped in buffered HF, and 
they have also been rf sputtered. Fur the r  evidence of 
the resul tant  film qual i ty  can be d rawn from the 
aforementioned channel ing experiments,  the prel imi-  
na ry  results of which indicate that  the mater ial  is 
crystallographically sound (7). 

The part icular  slice in  Fig. 5a had a camera tube 
diode array diffused into it before th inn ing  (steam 
oxide, 1050~ 45 rain; boron diffusion, 1140~ 20 rain) 
as is apparent  at higher magnification in Fig. 5b. The 
dot size is 8~ diam on 15~ centers. In  light of the com- 
ments  of the previous paragraph,  application to diode 
array th inn ing  seems promising. Also, it appears pos- 
sible to thin the wafer before the ar ray  is fabricated. 

Ear ly  at tempts to thin integrated circuits were u n -  
successful because etch- through occurred around the 
per iphery of each chip as i l lustrated in Fig. 6a and b 
which show a slice (epitaxial layer: <100>,  3 ohm- 
cm, 8~ thick) upon which phototransistor arrays had 
been fabricated. Both views are from the etched side; 
6a is reflected, and 6b is t ransmitted,  light. The reason 
for this e tch- through behavior was determined to be 
the fact that in normal  processing the base and emitter  
diffusion are applied also to the grid area around the 
chips. In  fact, it has been found  that  if either an n § 
[Fig. 6c (8~ epi, <100>, 3 ohm-cm nomina l ) ]  or a p 
[Fig. 6d (8~ epi, <100>,  3 ohm-cm nomina l ) ]  grid is 
present, e tch-through of the n - l aye r  results. 

The reason for e tch- through a t  p-grids at first seems 
apparent  as the p-regions would be able to inject  holes, 
if they were forward biased, into the n, allowing its 

Fig. 6. Etch-through of layers with diffused grids: (a) photo- 
transistor array--reflected illumination; (b) phototransistor arrayw 
transmitted illumination; (c) N + grid, i mll wide; (d) P+ grid, 1 
mil wide. 

dissolution. However, a reverse-biased junction also 
seems to exist in the circuit as contact has been made 
to the n +. It has been found that etch-through occurs 
below p-diffused areas only if the area diffused extends 
over the edge of the wafer. It is perfectly possible to 
retain i ohm-cm n-epi layers which have had an area 
1 cm on a side p-diffused as long as the diffused area 
does not extend to the wafer edge. If the p-diffusion 
extends over and around the slice edge, no effective 
junction is formed and the p is at the cell potential. Of 
course, the p-material is, itself, not in contact with the 
electrolyte. (The junction which does exist is an n+p + 
surface junction and is very leaky.) The n-material is 
then etched due to hole injection from the p-diffusions. 

The mechanism of etch-through at n + is consider- 
ably more interesting. The effect can best be discussed 
by reference to a particular example (see Fig. 7). These 
micrographs are of a th inned slice containing diffused 
areas. The large squares contain p-diffusion (boron, 
1140~ 20 min) ,  while the rectangular  areas and the 
small squares in the upper- r ight  corner of each large 
square are n + diffusions (phosphorus, 925~ 36 rain; 
1000~ 20 min) .  The photographs are of the etched 
side of the layer which is 3 ohm-cm, 8~ thick, and 
was th inned at 6V and a lowering rate of 0.7 cm/hr .  In 
the first photograph, the slice is shown as it appears 
only 10 rain after the n + substrate has been etched 
away. One of the lines of n + rectangles is just  be- 
ginning to etch. (The residual  n + substrate in each 
case is off the bottom of the pictures.) After  20 rain 
considerable etching has taken place, and after 30 rain 
the epi layer has been etched through. (In this par-  
t icular case, the etching has produced a residual 
"brown film" but  sometimes clean etch-out  occurs; see, 
for example, Fig. 10 which also shows other features to 
be discussed later.) 

The explanat ion for this must  be carrier  generat ion 
at or below the surface of the n + diffused areas, per-  
haps due to diffusion-induced defects or due to in-  
corporation of large numbers  of impurit ies which act 
as generation centers. The band diagram through the 
epi layer to the electrolyte interface appears qual i ta-  
t ively as in Fig. 8, demonstrat ing that any holes gen- 
erated would be dr iven toward the electrolyte in te r -  
face. The electrons are at tracted along the slice to the 
contact. A local large number  of generat ion centers 
would thus allow the n -mate r i a l  in the vicini ty to etch. 

We note that  p-diffused areas do not in general  
etch, even though they surround n + diffusions, be- 
cause the bu i l t - in  biases retard any  extra hole migra-  
tion to the interface. 

This e tch- through is enhanced for large-area  n + 
diffusions because the adjacent n is main ta ined  at a 
higher potential  for a long time. The current  voltage 
data of Ref. (6) for n-si l icon are presented with cell 
potential  as abscissa in Fig. 9. As has been discussed 
(6), when the ini t ial  current  density (which is the 
value plotted in Fig. 9) exceeds 0.05 mA / c m 2, an in-  
crease of current  with t ime is observed and pi t t ing of 
the surface occurs. Above 1 m A / c m  2, current  fluctu- 
ations are so large that meaningfu l  measurement  can- 
not be made. When n-si l icon is held at the potential  
necessary to electropolish the substrate (about 6V), 
after an ini t ial  induct ion period the current  will  in-  
crease and pit t ing will occur. 

A number  of other etching and staining phenomena 
are observed both before and after processing. A stain 
film is sometimes found on the surface but  its thickness 
and the coverage of the surface is variable. The oc- 
currence seems to depend in some undefined way on 
the material,  being fairly consistent wi thin  a batch of 
epitaxial  slices but  varying widely from batch to batch. 
The fact that it is sometimes completely absent  is at-  
tested to by the success of channel ing experiments  
which would reveal the existence of a disordered sur-  
face layer. It is to be noted, however, that, if a wafer  
is part ial ly thinned, removed from the etch and dried, 
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Fig. 7. Etch-through at isolated n + diffusions 

and the rest of the substrate removed, a film will  form 
on the previously th inned part  of the wafer. 

The wafer of Fig. 10, al though it has received proc- 
essing, i l lustrates features often found both before and 
after processing. The mater ial  is severely wr inkled  
along the r ight  edge of the photograph and a curved 
line along which etching and staining have occurred 
also appears. In  Fig. 11, we see that  holes have etched 
through the epi layer  and, furthermore,  etching has 
been so accelerated that they extend even through the 
n + mater ial  where it has been th inned to 20-30~. These 
are believed to be dislocations. Only  about one batch 
of epitaxial  mater ia l  in ten has been found to be sub- 
s tant ial ly  free of all of these problems. 

Two addit ional  types of defects have been observed 
after "good" epitaxial  layers are processed (oxidized 
and diffused). These are i l lustrated in Fig. 12. It is 

very interest ing to note that  they have not formed in 
areas which were p-diffused. (The same kinds of de- 
fects, but  much less dense, have occasionally been ob- 
served before processing.) The ident i ty  of ei ther defect 
is not known but  those of Fig. 12a have the appropriate 
morphology to be stacking faults. 

It is also noted, parenthetical ly,  that  the etch- 
through at diffused grids (Fig. 6) produces very pre-  
cisely sized silicon elements. This may be of use as a 
separation technique where chips or arrays of precise 
size and /or  spacing are desired, as the tolerance de- 
pends only on the masking tolerance; consequently, the 
e]ement edge is in very precise registry with the de- 
vice diffusions, as the grid and emitters and /or  bases 
are diffused at the same time. 

Another  interest ing e tch- through problem may  now 
also be interpreted sensibly. Suppose in Fig. 3 that 
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Fig. 9. Current density vs. cell potential for n-silicon 

L -~ 0. Now the n + is etching at a ve ry  slow rate;  or, 
f rom a f rame of reference at tached to an exposed 
point on the n-mater ia l ,  the n + is receding very  slowly. 
This is the case, for  example,  if R ~- 0 or when the 
window edges are approached for a s t ructure such as 
that  of Fig. 5. The exper imenta l  observation is that  
the n -ma te r i a l  etches through on a stripe about 100g 
wide adjacent  to the s tat ionary edge of the n + mate -  
r ial  in something like 10 min. (Figure 10 also serves to 
i l lustrate this, along the left  side of the picture.)  The 
obvious explanat ion is diffusion of holes into the n, 
al lowing etching wi th in  about a diffusion length. The 
question is, of course, where  do the holes come from? 

Fig. 11. Pinholes in the epitaxial layer after thinning 

It appears f rom recent  C(V)  measurements  (8) that  
they are generated at the n + surface. 

Clearly, if one expects to retain windows as shown 
in Fig. 5, e i ther  great  skill must  be exercised in re-  
moving the wafe r  at the  appropriate  t ime or it must  
be mechanica l ly  preshaped so the n + is still receding 
at an appropr ia te ly  large rate  when  etching is t e rmi -  
nated. 

Application to Integrated Circuits 
Although certain per formance  advantages might  be 

designed into specialized p -n  junct ion isolated IC's, the 
main impact  of thin silicon is on the junct ion spacing 
(and, consequently,  the economics) of dielectr ic- iso-  

Fig. 12. Defects observed in epitaxial silicon after processing and electrochemical thinning 
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lated circuits. Consequently, only dielectric isolation is 
considered here, and an ent i rely a rb i t ra ry  distinction 
is made between air (AIM) and solid dielectric iso- 
lation because of the importance of Beam Lead Tech- 
nology (9) to the Bell System. 

Dielectric isolation of integrated circuits has at-  
tracted increasing interest  in past years for the follow- 
ing reasons: (a) very  high breakdown voltages are 
possible, (b) parasitic capacitances are very much re-  
duced compared to p -n  junct ion  isolation, (c) com- 
p lementary  transistors of comparable qual i ty may be 
produced, and (d) circuits are resistant  to nuclear  
(gamma radiat ion) effects. 

The two principal  difficulties with dielectric isolation 
have been that  a difficult and expensive precision me-  
chanical shaping step has been necessary, and that  
isolation etch channels  are of such a depth ( ~  mils) 
that uti l ization of available wafer area is poor. Both 
these difficulties will  be seen to be el iminated by use 
of the electrochemical th inn ing  procedure. 

Consideration of the economics (10) of integrated 
circuit processing, in conjunct ion with data on defect 
density, leads to the conclusion that  the cost per uni t  
useful area is a m i n i m u m  if the chip is about 30 mils on 
a side. For  a complex circuit, then, the area occupied 
by each element should be minimized. 

At present, slices are back-etched (or ground or 
polished) down to 1 or 2 mils, masked, and finally an 
isolation etch is performed. To do this, a stripe of 2-4 
mils, depending on slice thickness, around the active 
element must  be allowed. This means the total chip 
area must  be 2-4 times the active device area to allow 
for isolation. Clearly, then, if the wafer could be 
uni formly  th inned  to a few microns, instead of mils, 
the number  of active elements per circuit chip could 
be doubled or even quadrupled.  

A i r - I s o l a t e d  I C  

When electrochemical etching is subst i tuted for me- 
chanical th in -down on a completed air-isolated struc- 
ture, there arises, of course, the problem of etch- 
through at n + diffused areas. Three ways can be 
thought of to el iminate the n + etch-through: 

1. Have no n + diffusions. 
2. Ion- implan t  and thin before the impuri t ies  are 

activated. 
3. Zone-etch so the n - layer  is exposed to the elec- 

trolyte for only very  short times after the n + sub- 
strate is etched away. (That is, confine the etchant to 
a zone slightly greater than  L on the wafer.) 

Number  1 requires no comment.  The lat ter  two 
methods have both been applied successfully. 

AIM structures th inned by this method would suf- 
fer from a high series collector resistance, since it is 
not possible to retain an n + area on the back of the 
chips. This can, perhaps, be el iminated by metall izat ion 
of the back of the slice. Such a procedure would have 
a number  of addit ional  advantages: 

1. To supply s t ructural  integri ty  to very thin devices. 
2. To allow possible electrical contact to back of 

chip. 
3. To permit  face-up handl ing  and mount ing  of 

chips. 
It appears that  Turner ' s  (11) method of nickel plat-  

ing silicon could be incorporated, as it would simply 
entai l  addition of certain chemicals to the etching 
bath after the wafer is th inned  and subsequent  plat ing 
as the slice is withdrawn.  P re l imina ry  results of this 
procedure appear promising (12). 

D i e l e c t r i c  I s o l a t e d  I C  

Numerous detailed process sequences have been 
proposed to produce mater ia l  suitable for fabrication 
of dielectric isolated circuits. These may, however, l~e 
divided into two general  categories (13): (a) those 
which involve two polycrystal l ine silicon, or other 
"handle" material,  depositions but  which utilize the 
original wafer surface for device fabrication, and (b) 
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those which require only one polycrystal l ine silicon 
deposition and which therefore use the back-etched or 
polished surface for device diffusions. 
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Figure 8 i l lustrates a process sequence typical  of the 
first category. A total of 10 steps is needed to prepare 
the start ing mater ia l  for device fabrication, but  only 
one mask is used and the original slice surface is 
reclaimed. The phenomenon of grid e tch- through is 
utilized to separate the islands as the wafer is thinned.  

Figure 9 i l lustrates the second method. Again, grid 
e tch- through is utilized as well  as ion implanta t ion  to 
reduce series collector resistance. The ion- implan ted  
impurit ies are not activated, annealed in, unt i l  after 
electrochemical th inn ing  so that  complete e tch- through 
of the wafer does not occur. Here, the electrochemically 
etched subst ra te-epi taxia l  layer interface is to be the 
device surface. Six steps and again only one mask are 
needed. 

It may also be noted that mater ial  of any  orientat ion 
may be used since anisotropic etching is not utilized. 

Summary 
The process for electrochemically th inn ing  n / n  + epi- 

taxial  silicon wafers in HF solution yields satisfactory 
results when the n - l aye r  is of high resist ivi ty and de- 
fect free and where either no n + diffusions are pres- 
ent or they are otherwise prevented from causing ac- 
celerated etching. Most promising applications seem to 
be: (a) preparat ion of th in  films for exper imental  
study, (b) th inn ing  of simple diode arrays, (c) solid 
dielectric isolated integrated circuit fabrication, and 
(d) perhaps specialized AIM circuits. Pr incipal  l imi-  
tations on the method are avai labi l i ty  of very perfect 
epitaxial  layers to be th inned and the fact that etching 
takes place at local areas of carrier generation. 
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Electrochemical Fluorination 
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ABSTRACT 

A new process is described for continuous and efficient electrochemical 
fluorination. The description is supported by detailed data on the fluorination 
of e thane and quali tat ive informat ion on some other paraffins and aliphatic 
chlorides. The preferred anode mater ial  is porous carbon, and the electrolyte 
is composed of approximately one mole of potassium fluoride and two moles 
of hydrogen fluoride. The cell is operated at about 100~ An essential feature 
of the process is that  the feed to be fluorinated is kept confined to the pores 
of the porous carbon and is not permit ted to break out into the bulk  electro- 
lyte. This is achieved by control of the permeabi l i ty  and pore size dis tr ibut ion 
of the porous carbon. It  is necessary that the electrolyte not wet the anode 
(contact angle greater than 90 ~ under  electrolysis conditions. Aliphatic hy-  
drocarbons, typified by results on ethane reported herein, fluorinate smoothly 
and give the hydrogen substi tuted derivatives predominant ly .  Over 95% of 
the ethane converted was recovered as fluoroethanes. This yield did not vary  
significantly when conversion of ethane was between 31 and 85% per pass 
or conversion of total hydrogens in the ethane feed was between 10 and 65% 
per pass. Other products were predominant ly  various fluorobutanes. The 
cluantity of products obtained by carbon-carbon scission was negligible. 
Some aliphatic halides also were fluorinated. The chlorides gave even higher 
efflciencies to hydrogen-subst i tu ted derivatives than did the hydrocarbons. 
The chlorides were subject to scrambling of the halide atoms, the extent  of 
which depended on the compound being fluorinated. Like the hydrocarbons 
the halides produced a negligible quant i ty  of carbon-carbon scission products. 
The yield of dimers and other telomers was even smaller. 

Shortcomings of convent ional  f luorination methods 
have led investigators to seek more effective ap- 
proaches to electrochemical fluorination. Direct fluori- 

* E lec t rochemica l  Socie ty  Act ive  Member .  
K e y  words :  e l ec t rochemica l  f luor ina t ion ,  h y d r o c a r b o n s ,  chloro- 

hydrocarbons, f luorocarbons ,  po rous  ca rbon  anode ,  h y d r o g e n  fluo- 
r ide,  po tas s ium fluoride,  mol t en  salt,  h igh  efficiency, h igh  c u r r e n t  
dens i ty ,  m o d e r a t e  t e m p e r a t u r e ,  w ide  appl ica t ion .  

nat ion wi th  e lemental  fluorine is both expensive and 
hazardous. Unless elaborate and costly measures are 
taken to moderate the reactions, poor yields are gen- 
erally obtained. F luor ina t ion  by  milder  f luorinating 
agents such as metal  fluorides requires elemental  
fluorine to regenerate the fluorinating agent, and this 
is expensive. Subst i tu t ion of fluorine for another  halo- 
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ger~ such as chlorine is unsat isfactory because of the 
l imited range of mater ia ls  which can be made, and the 
inefficiency result ing f rom weight  loss of feedstocks. 
Thermodynamic  considerations exclude oxidat ive proc- 
esses analogous to oxychlorination.  

The we l l -known  Simons electrochemical  fluorination 
process (1) is reported to be in commercia l  use by the 
3M Company (2) to produce perfluoro compounds. 
While his process is pr imar i ly  suitable for feeds that  
are soluble in the electrolyte,  Simons also disclosed 
methods for fluorination of insoluble compounds, and 
other invest igators have fu r the r  refined the process. 
Radimer  (3), and Ashley  and Radimer  (4) used porous 
anodes to sparge the feed to be fluorinated into the 
electrolyte  in p rox imi ty  to the suface of the electrode 
where  fluorine is generated.  

The present work  is a new approach to e lec t rochem- 
ical fluorination (5), distinguished by a novel  method 
of feeding a reactant  to a porous electrode. The re-  
actant to be fluorinated, which is insoluble in the elec- 
trolyte, is fed continuously to the anode where  it re-  
mains whi le  it is fluorinated, and the fluorinated prod-  
ucts and unreacted feed are recovered continuously 
f rom the anode. The process is character ized by its 
applicabil i ty to a wide range of feedstocks and by its 
high efficiency in producing fluorinated der ivat ives  at 
conversion rates that  approach 100% per pass. In most 
cases carbon-carbon bond scission does not take place. 

Basic Concepts 
An essential feature  of the process is that  the feed 

and fluorinated products whi le  in the cell remain  
within  the pores of the anode and do not break out into 
the bulk electrolyte.  This occurs if the electrolyte  does 
not wet  the anode mater ia l  and if the permeabi l i ty  of 
the anode is such that  the pressure drop due to feed 
flow is less than the hydrostat ic  head of the  electrolyte.  
ideally,  there  should be no pores in the anode large 
enough to be flooded by the electrolyte.  However ,  a 
substantial  proport ion of total  porosity can be in pores 
which wil l  flood wi thout  causing the feed to break out 
into the electrolyte.  A practical  l imitat ion on pe rme-  
abil i ty or porosity is reached when the carbon is too 
weak mechanical ly  or has too high an e]ectrical re-  
sistance to be used as an electrode. 

It is known that  the nonaqueous electrolyte used in 
commercial  fluorine cells, composed of about 1 mole of 
potassium fluoride to 2 moles of hydrogen fluoride 
( K F .  2HF),  does not wet  carbon during electrolysis. 
Rudge (6) reports  that  when carbon is made anodic in 
the K F .  2HF electrolyte,  the contact angle increases 
from 0 ~ to 140 ~ and the anode is no longer wet ted by 
the electrolyte.  

Operation of the anode reactor is readi ly  understood 
in terms of capillarity,  as discussed recent ly  by 
Schwartz  (7). In a so l id- l iquid-vapor  capi l lary system 
such as porous carbon in a nonwet t ing  liquid, the 
capil lary pressure, Pc, is der ived f rom Young's equa-  
tion 

2y cos 
P c  - -  - -  

R 

where  7 is the surface tension of the liquid, 0 is the 
contact angle between the solid and liquid surfaces at 
the point of contact (Fig. 1), and R is the  radius of the 
capillary. 

When a porous mater ia l  is immersed  in a liquid, the 
smallest pore will  fill when Pc equals the negat ive of 
Ph (hydrostatic head of the liquid, defined as the prod-  
uct of height  of the liquid, density of the liquid, and 
the gravi ta t ional  constant) 

2~ cos 0 
- -  - -  p g h  

R 
o r  

2-y cos 0 
R - -  

pgh 
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In the porous ca rbon-KF �9 2HF system at about 100~ 
considered herein, y is approximate ly  100 dyne cm -1, 
p ---- 1.91 g c m  -a, and g ---- 981 cm sec -2. Under  electrol-  
ysis conditions, ~ is reported by Rudge to be about 
140 ~ . Calculations of min imum pore size to flood with  
electrolyte at various depths of immersion can serve as 
a basis for selecting porous carbons that  can be used 
at different depths of immersion. For  example,  at 
10 cm immersion, the smallest  pore that  wil l  fill wi th  
electrolyte  has a radius of about 81 ~m. 

As ment ioned previously a certain amount  of filling 
of electrode pores with electrolyte can be tolerated 
if there  is enough permeabi l i ty  in the unfilled porous 
s t ructure  for the feed flow rate  desired. If these con- 
ditions are met, the porous carbon acts like a chimney. 
A gas wil l  flow from one end to the other  and wil l  
not break out into the electrolyte.  Typically,  an anode 
for this process is a cylindrical  or rec tangular  piece of 
porous carbon immersed ver t ica l ly  wi th  feed at the 
bottom; products are taken f rom the top. However ,  the 
direction of feed flow could be horizontal  if the carbon 
is completely immersed and suitable inlet  and outlet  
ports are provided. 

Experimental 
Cell.---Figure 2 is a schematic drawing of the exper i -  

mental  cell used in this study. The cell case, which was 
jacketed for heat ing and cooling purposes, and the 
cathode were  of mild steel. The cell lid and anode sup- 
port  were  cut f rom 1/2 in. and 1 in. Teflon sheeting. The 
electrolyte level  was control led by means of a level  
probe extending through the lid to the desired level. 
When contact be tween the probe and electrolyte  was 
broken, HF was added automat ical ly  unti l  contact was 
reestablished. The cell t empera tu re  was maintained 
near  100~ by adjust ing the t empera tu re  of the coolant. 
This was done automat ical ly  by means of a tempera-  
ture-sensing electronic control ler  which controlled the 
water  rate  to an in- l ine  heat  exchanger.  The coolant 
was General  Electric SF-96(20) silicone fluid which 
was circulated f rom a s team-hea ted  reservoir  through 
the heat  exchanger  and cell jacket.  The s team-heated  
reservoir  was necessary to mainta in  the cell t empera -  
ture above the freezing point of the electrolyte  during 
shutdowns. Electrolyte  flow as indicated by the arrows 
on Fig. 2 was due to lift by hydrogen generated at the 
cathode. 

Anode.--A schematic representa t ion of the anode, 
the mount ing assembly, and path of feed flow are given 
in Fig. 2. The porous carbon was 6 in. long and la/~ in. 
in diameter.  It was dri l led and tapped (1/2-20) to a 
depth of 51/2 in. to receive a copper stem which served 
as current  collector and feed tube. The data reported 
were  obtained where  the electrolyte  level  was main-  
tained at 5 in. immersion. The la teral  surface area was 
167 cm 2. The arrows in Fig. 2 i l lustrate  the flow of feed 
down to the bottom of the electrode and up through 
the porous s t ructure  of the anode. Unreac ted  feed and 
fluorinated products left  the anode at or sl ightly above 
the surface of the electrolyte.  Products  are mixed  with  
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cathode hydrogen before leaving the cell. By a slight 
modification of the cell, products can be extracted from 
the anode before they are mixed  with  cathode hydro-  
gen. 

A var ie ty  of porous carbons have proven successful. 
Stackpole Carbon Company SD-139 exhibits  l i t t le or 
no flooding of its largest  pores at deep immersions. 
However ,  the permeabi l i ty  of this carbon is so low that  
at appropriate  flow rates there  is b reak-out  of gas into 
the electrolyte  at depths greater  than 3 in. Nationa] 
Carbon Corporat ion PC-60 permits  a greater  depth of 
immersion to a l imit  of about 12 in. Great  Lakes Car-  
bon Corporat ion B-303 and National  Carbon Corpora-  
tion PC-45 give good feed distr ibution throughout  the 
carbon s t ructure  to depths of at least 24 in. Carbon 
B-303 was used in the runs on ethane to be discussed. 
These carbons are readi ly  avai lable and have  an ac- 
ceptable combination of pore propert ies  and mechani -  
cal properties.  

Electrolyte.--Nominal composit ion of the electrolyte  
was K F .  2HF containing 0.05 weight  per cent (w/o)  
LiF. Hydrofluoric acid content  was mainta ined at 41-42 
w/o.  The electrolyte  was described by Cady (8) and 
Schumb et al. (9). It was prepared by cautious addi- 
tion of anhydrous HF to KF  �9 HF ra ther  than to KF, 
because the reaction is less violent. Hazards of prep-  
arat ion and handling the electrolyte  are discussed in 
Saunders  (10). Analysis was done by adding excess 
base and back- t i t ra t ing  with  1M HC1 to a phenol-  
phthalein end point. 

Organic feedstocks.--Ethane used was Phill ips Pure  
Grade Product  (99.0~- % ethane) .  Other  reactants  
were  high grade products f rom various sources. 

Power supply--Two Sorenson DCR40-125A power  
supplies were  used They were  set to operate  at constant 
current  wi th  crossover to voltage control at 20V when 
an "anode effect" occurred (6). An anode effect was re-  
l ieved by al lowing the voltage to rise to 45-70V at con- 
stant current  for 1-3 min. When the power  supplies 
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were turned off and res tar ted the cell resumed normal  
operation at about 8V. 

Product analysis.mTotal cell effluent except  hydro-  
gen was collected in' one or more receivers  cooled with 
l iquid nitrogen. A weighed quant i ty  of sodium fluoride 
(Vs in. pellets) was placed in the receiver  (s) to r emove  
HF from the cell product. The product  was flash- 
evaporated f rom the sodium fluoride pellets. Its weight  
was checked against feed flow and fluorine generated 
as calculated f rom the current  passed. Mass balances 
determined in this way  w e r e  usual ly wi thin  1 or 2% 
of unity. The increase in weight  of sodium fluoride was 
taken as the amount  of HF removed and was usually in 
agreement  with that  calculated based on the vapor  
pressure of HF over  the electrolyte.  

Products  were  analyzed by gas chromatography.  The 
peaks were  identified by a GC-mass spectrograph com- 
bination and comparison wi th  authentic samples where  
available. A Pe rk in -E lm er  F l l  machine was used with  
a hot wire  detector. F lame ionzation detectors give 
widely  vary ing  responses and poor sensit ivi ty with 
highly fluorinated materials.  The column used was a 
20 ft by 1/8 in. Porapak  Q. He flow was 40 cc/min.  The 
oven tempera ture  was p rogrammed as follows: t em-  
pera ture  was held at 100~ for 8 rain; then t empera -  
ture  was increased at 6~ to 220~ then t empera -  
ture was held at 220~ unti l  heavies eluted. 

Results and Discussions 
Chemical e~ciency.--Data are given in Table I for 

a series of runs of vary ing  feed rate  on ethane. The 
l imit ing rate at which the feed wil l  not break out of the 
B-303 carbon into the electrolyte  at 5 in. immersion is 
about 60 l i te rs /hr ;  thus the m a x i m u m  ra te  evaluated 
in this series of runs, 35 l i ters /hr ,  is considerably be-  
low the breakout  point. The variat ions in flow rate 
were  such as to give a range of Faradays  of current  
passed per hydrogen equivalent  fed be tween 0.21 and 
1.30. At 2.00F per hydrogen equivalent ,  perf luoroethane 
would be the sole product  if only hydrogen substi tu- 
tion occurred. Stated in another  way, 10.5% of the 
hydrogens in the ethane feed would  be converted at 
the highest flow rate, and 64.8% at the lowest feed rate, 
if hydrogen substi tut ion accounted for all of the cur-  
rent  used. 

Product  yield is the ratio of the moles of product or 
products specified to the total  moles of ethane con- 
verted,  mul t ip l ied  by one hundred.  Efficiency is the 
ratio of moles of f luorine-subst i tuted ethanes to the 
total moles of ethane converted,  mult ipl ied by one 
hundred.  

Table I. Electrochemical fluorination of ethane 

Feed  rate ,  l i t e r / h r *  35.3 10.5 10.9 7.8 5.7 
Cel l  po t en t i a l ,  V 8.0 7.9 8.0 8.0 7.9 
Cel l  cu r ren t ,  A 53 53 53 53 53 
C u r r e n t  dens i ty ,  A / d m ~  30 30 30 30 30 
E l ec t ro ly t e  t e m p e r a t u r e ,  ~ 101 100 101 101 102 
T h e o r e t i c a l  h y d r o g e n  c o n v e r -  

sion, % 10.5 16.0 33.9 47.3 64.8 
F a r a d a y s  pe r  h y d r o g e n  e q u i v -  

a l en t  0.21 0.36 0.68 0.95 1.30 
P r o d u c t  d i s t r i b u t i o n ,  mo le  per  

cen t  
CH3-CH3 69.4 55.2 34.7 23.3 15.3 
CFH2-CH3 13.0 16.7 13.6 7.5 7.1 
CFH_o-CFHe 4.6 6.5 6.5 5.8 5.0 
CF2H-CH.~ 3.0 4.4 4.3 3.9 3.3 
CFeH-CFHe 3.6 5.8 13.6 12.9 10.9 
CF3-CH3 0.S 0.9 2.2 2.4 2.1 
CF2H-CF2H 1.2 2.1 6.6 10.5 8.6 
CF3-CFH2 0.8 1.4 4.4 7.0 6.8 
CF3CF2H 0.9 1.9 4.4 9.4 11.5 
CF3-CFs 1.1 3.8 7.1 13.9 27.7 
CF~ 0.2 0.3 0.5 0.6 0.7 
C~+ f luor ides** 1.7 1.0 2.1 2.8 2.0 

E t h a n e  conve r s ion ,  % 31.4 45.1 65.7 77.1 84.9 
C u r r e n t  efficiency,  % 98.1 99.4 97.3 1~)0.0 91.5 
C h e m i c a l  efficiency,  

C2 f luor ides  
, % 91.4 96.5 95.4 95.1 96.6 

E t h a n e  c o n v e r t e d  

* Gas  f low r e d u c e d  to s t a n d a r d  pressure .  
** A s s u m e d  f luor ine  con t en t  s ame  as t h e o r e t i c a l  h y d r o g e n  con- 

ve r s ion .  
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Figure  3 is a plot  of the  resul ts  as a funct ion of 
Fa radays  per  hydrogen  equivalent .  The propor t ion  of 
to ta l  products  represen ted  by  the h igher  f luor inated 
der iva t ives  increases wi th  increas ing F a r a d a y s  per  
hydrogen  equivalent ,  whi le  the propor t ion  of e thane 
and less f luorinated der iva t ives  decreases.  The effi- 
ciency to Ca fluorocarbons, or the  efficiency to f luorine-  
subst i tu ted products  of ethane,  is insensi t ive to F a r a -  
days  per  hydrogen  equiva lent  ( thus hydrogen  con- 
version) or to e thane conversion wi th in  the range  in-  
vest igated.  

Major  products  obta ined are those which can be 
formed by  a radica l  process such as 

CH3-CH3 -5 [F] -> CHs-CH2' -5 HF [i] 

CH3-CH2' + [F] -~ CH3-CFH2 [2] 

The major by-products from ethane fluorination are 
fluorobutanes. Trace amounts of oleflns, especially 
ethylene and vinyl fluoride, are observed. They are 
believed to be derived from radical disproportionation 
reactions, such as 

2CH~-CH2" -~ CH3-CH3 -5 CH2----CH2 [3] 

Rather than a combination of two radicals, the butanes 
appear to come from the reaction of an olefin and a 
radica l  such as 

CH3-CH2' -5 CH2----CH2 ~ CH3-CH2-CH2-CH2" [4] 

At  low conversions 1-f luorobutane is p resen t  in much 
higher  concentra t ion than any other, including butane  
itself. 

Very  smal l  amounts  of one-ca rbon  compounds are  
produced.  

Table II  qua l i t a t ive ly  summar izes  da ta  on some 
other  compounds f luorinated by  this process. A var ie ty  
of low-boi l ing  paraffins, up to and including isooctane, 
al l  f luorinated smoothly.  Scission products  in all  cases 
were  low. Dimer iza t ion  of fluorides or chlor ides  was 
usua l ly  lower  than  tha t  obta ined on the corresponding 
hydrocarbon.  For  example ,  the  f luorinat ion efficiency 
(to the  f luor ine-subs t i tu ted  der ivat ives)  of 1,1-di- 

f luoroethane was above 98%. 
Dispropor t ionat ion  of chlor ine  was observed dur ing  

the f luorination of the  chlor ine  subs t i tu ted  paraffins. 

Methane 90 Fluoroethanes 
Ethane 95 Fluorobutanes  
Propane ~)5 Heav ies - -probably  fluoro- 

hexanes  
1,1-Difluoroethane 98 Fluorobutanes 
1,2-Dichloroethane 85 Fluoromonochloroethanes  

and f luorotr iehloroeth-  
anes 

1,1,2-Trichloroethane 75 Fluorodichloroethanes and 
f luorotet rachloroethanes  

Chloroform 99 - -  
Methy lene  chloride 60 F luoromonochlorometh-  

anes. f luoroehloroform, 
and fluorochloroethanes 

For  example,  e thylene dichlor ide  produced  some fluori-  
nated monochloroethanes  and t r ich loroe thanes  in add i -  
t ion to the  main  products ,  f luorinated 1,2-dichloro- 
ethanes. The products  of d ispropor t ionat ion  of halogen 
can occur b y  react ions such as the  fol lowing 

CC1H2-CC1H2 -5 [F] -~ CC1H2-CC1H' -5 HF [5] 

2(CC1H~-CC1H') --> CH2--CC1H -5 CC1H2-CCI2H [6] 

CH2----CC1H -5 2[F]  -> CFH2-CC1FH [7] 

Products  of these  react ions  and analogous react ions  of 
the pa r t i a l l y  f luorinated der iva t ives  were  observed.  

Monochlor ides  and t r ichlor ides  could d ispropor t ion-  
ate accordingly  to give the  te t rachlor ides  and com- 
pounds wi thout  any  chlor ine which  were  observed  in 
t race  quant i t ies  in some cases. 

Chloroform is an example  of a chlor ide which fluori- 
nated almost  quan t i t a t ive ly  to the  f luor ine-subst i tu ted  
der ivat ive,  t r ichlorof luoromethane.  Methylene  chloride 
d ispropor t iona ted  chlorine to a considerable  extent,  

Electrical efficiency.--As ment ioned  previously ,  the  
e lect r ica l  efficiency of this  process approaches  unity.  
The total  cur ren t  consumed was accounted for by  
fluorine in the  product  as de te rmined  by  gas chromato-  
graphic  analysis.  This has been confirmed by  analysis  
of product  for to ta l  fluorine by  the  Wickbold t  method.  
Careful  measurement  of the  amount  of hydrogen  pro-  
duced gave the  pred ic ted  amount  based  on cur ren t  
passed indicat ing no in te rna l  short ing such as by  
oxidat ion of He or reduct ion of F2. 

Manuscr ip t  submi t ted  Jan.  25, 1971; revised manu-  
script  received ca. March 11, 1971. This was Paper  117 
presented  at the Washington,  D. C., Meeting of the  
Society, May 9-13, 1971. 

Any  discussion of this paper  wil l  appear  in a Dis- 
cussion Section to be publ ished in the June  1972 
JOURNAL.  
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ABSTRACT 

A model  is developed for the operat ion of a porous electrode in which 
sl ightly soluble reactants  are present. Numerical  techniques are used to 
predict  current  distr ibution and total electrode polarization for the case of a 
uniform porous structure. This technique is extended to the case where  non- 
uniformit ies  in reactant  conversion are produced by a nonuniform current  
distr ibution within  the electrode. In addition, a simulation of electrode be- 
havior  on repeated cycling is obtained. The implications of nonuniform re-  
actant  conversion and mass t ransfer  l imitat ions for real  bat tery  electrodes 
are discussed. The results of the numerical  calculations indicate that  diffusion- 
l imited currents  within the porous electrode are possible for certain input 
parameters .  The high polarization at constant current  corresponding to a l imit -  
ing current  may  be obtained after some t ime of discharge, but before all of 
the theoret ical ly available active mater ia l  is used. In the cycling simulation, 
significant changes in the re la t ive  distribution of reactants  and products were  
observed as a function of depth in the electrode. These changes caused differ- 
ences in the total electrode polarization f rom cycle to cycle. 

Various idealized mathemat ica l  models have been 
proposed to explain the operat ion of porous electrodes. 
The ul t imate  aim of such studies is the formulat ion of 
a model  which predicts the performance  of practical 
electrodes. With such a model  the opt imum design of 
new cells, par t icular ly  power  cells of high energy 
density, may be achieved. Previous work  in this field 
is extensive and has been rev iewed elsewhere (1). In 
general, efforts have been made to determine the 
effects of ohmic, activation, and diffusion overpo-  
tentials (2-4). In addition, changes in porous s tructure 
as a result  of the passage of current  have been invest i-  
gated for the case of a dissolving meta l  e lectrode (5). 

In this study a new model  is developed which con- 
siders t ransport  of active species wi thin  the porous 
electrode itself. The t ransport  of species to and from 
the bulk solution is not considered, so the model 
represents  a ra ther  special case. It  is assumed that  the 
act ive mater ia l  is stored within  the electrode in the 
form of small, dispersed crystall i tes of low solubility. 
The reactants  and products of the electrochemical  re-  
action tend to diffuse out of the porous s tructure at a 
ve ry  low rate. The model  thus corresponds somewhat  
to the situation in a lead- lead sulfate negat ive  or cad- 
mium hydroxide  negat ive  electrode in an actual bat-  
tery. During operation, the act ive mater ia l  dissolves 
and is t ransported by diffusion to an electrochemical ly  
active site. Af te r  reaction, the products diffuse from 
a region of supersaturat ion to a saturated region where  
conditions are favorable  for the precipitat ion of prod-  
uct crystal l i tes 

Description of the Model 
The general  model  is formula ted  using a macro-  

scopic approach. The electrode is assumed one d imen-  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
** E l e c t r o c h e m i c a l  S o c i e t y  S t u d e n t  Assoc i a t e .  
K e y  w o r d s :  s e c o n d a r y  b a t t e r i e s ,  p o r o u s  e l ec t rodes ,  t r a n s i e n t  be -  

h a v i o r ,  m a t h e m a t i c a l  m o d e l ,  s p a r i n g l y  so lub le  r e a c t a n t s .  

sional as shown in Fig. 1. An electronical ly conducting 
mat r ix  phase is interspersed with  small  pores which 
contain electrolyte solution. The current  density in 
the mat r ix  phase is given by Ohm's  law 

d~z 
il = - -  ~ [1] 

dx 
The symbols are defined at the end of this paper. In 
the presence of supporting electrolyte, the current  
density in solution is given by 

d~b2 
i.~ = -- ~ [2] 

dx 

An equation describing the kinetics of the electro-  
chemical  reaction which takes place at the solution- 
mat r ix  interface is necessary. A fa i r ly  general  equa-  
tion describing an oxidat ion-reduct ion  react ion which 
is first order  wi th  respect to both reactants  and pro-  
ducts is 

dil a~o f cz 
- -  - -  exp [fl(~l -- ~2)] 

dx ( cl ~ 
C2 

exp [--  fl(r r [3] 
C2 o ) 

Metal 

Bockin, 

Porous 

Electrode 

Free 

Solution 

x :O  x : L  

Fig. 1. One-dimensional porous electrode 

1 2 5 1  



1252 J. E lec t rochem.  Soc.: E L E C T R O C t t E M I C A L  S C I E N C E  

Fig. 2. Detailed structure of porous electrode showing small 
crystallites of active species: �9 anodic reactant, 0 cathodic 
reactant. 

The quant i ty  d i l / d x  is the cathodic react ion rate  per  
unit  volume of electrode at a point wi th in  the elec- 
trode. In general,  the factor ~ appearing in the expo-  
nential  terms can be different for the forward  and 
backward reactions. However ,  using just  one param-  
eter simplifies the mathematics,  and most features  of 
the model  wil l  not be affected. 

The model  to this point is essential ly the same as 
those of other  workers,  in par t icular  that  of Newman  
and Tobias (2). The new feature incorporated into this 
model  is the consideration of diffusional t ransport  of 
active species stored wi th in  the electrode. In Fig. 2 
the detailed s tructure of the model  is shown. The 
anodic reactant  crystall i tes (species 1) are shown as 
solid dots on the ma t r ix  s tructure whi le  the cathodic 
reactant  crystal l i tes (species 2) are represented as 
whi te  dots. The active mater ia ls  are nonconductors  
and react only when they diffuse to the surface of the 
conducting matr ix .  The saturat ion concentrat ion of the 
reactant  is so low that  diffusion out of the porous 
mat r ix  is slow. However ,  since the crystals may be 
small and highly dispersed, the diffusion paths wi thin  
the electrode may  be short and reasonable reaction 
rates may be possible. Similarly,  the react ion products 
are assumed to be only sl ightly soluble and to be non-  
conductors. The react ion product  concentrat ion wil l  
build up at the reaction site until  supersaturat ion oc- 
curs. Then the product  wil l  diffuse a short distance to 
small product  crystall i tes or other prefer red  nuclea-  
tion sites and precipitate.  An  effective diffusion path 5~ 
is assumed for each species. This represents  a typical  
distance be tween a storage site and an active site at 
which the charge t ransfer  reaction takes place. It  is 
an averaged proper ty  which depends on the local 
geometry  of the pores and crystall i tes wi thin  the elec-  
trode. In general  it is expected tha t  ~i would be the 
order  of one tenth of the average  pore diameter .  A 
typical  pore d iameter  of 10~ would therefore  indicate 
a value of 5i the order  of 10 -4 cm. 

A mass t ransfer  coefficient kn~i is also defined for 
each species i. The flux of active mater ia l  to the re-  
action site is assumed to be given by 

N~ = kmi (ci ~ -- cO [4] 

The mass t ransfer  coefficient may  be approximated by 

kmi ~ Di/Si [5] 

If a diffusion coefficient of 10 -5 cm2/sec is taken as 
typical, a reasonable est imate of the mass t ransfer  co- 
efficient would be 0.1 cm/sec.  The exact value of the 
average diffusion path is difficult to estimate. A precise 
est imate requires  solution of the 3-dimensional  species 
conservation equat ion for a given pore wal l  and crys-  
talti te geomet ry  to establish the boundary conditions. 
An effective mass t ransfer  coefficient could then be 
determined by averaging the flux and diffusion path 
over a given area of pore  wall. Quali tat ively,  a high 
mass t ransfer  coefficient is expected for small  crys- 
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talt i tes and a low mass t ransfer  coefficient for  larger  
crystallites. Thus, the mass t ransfer  coefficient depends 
on crystall ization dynamics and the crystal l i te  and 
pore morphology.  In this paper these subtleties are 
not expl ici t ly  considered, and an average  va lue  of kml 
is used as a var iable  parameter .  

A general  expression for an electrochemical  reaction 
is 

Y~ s~ Mi z~ -~ h e -  [6] 
i 

where  the si are stoichiometric coefficients and the zi 
are ionic charges for each species taking par t  in the 
reaction. For  simplicity, in this paper we  wil l  restr ict  
ourselves to the case where  sl is 1 and s2 is --1. Using 
this notation the local react ion ra te  is re la ted to the 
flux of active mater ia l  toward the act ive site by 

dil - - n F a N i  
- -  - -  - -  [ 7 ]  

d x  s~ 
for each species. 

As current  is passed, there  is assumed to be a change 
in the sizes of reactant  and product part icles wi th  
time. Such changes cause variat ions in the diffusion 
path length and, correspondingly,  in the mass t ransfer  
coefficient. In order to account for this phenomenon, 
it is necessary to assume a funct ional  form for the 
dependence of the mass t ransfer  coefficient on the 
amount  of active mater ia l  present in any part  of the 
electrode. A function of the form 

km~ ---- kmi max \ ' ~ w / /  [8] 

satisfies the init ial  and long- t ime conditions. That is, 
as the amount  of act ive mater ia l  remaining,  wi,  van-  
ishes, the mass t ransfer  coefficient and local reaction 
rate  must  fal l  to zero. Of course, this applies only to 
the species which is diffusing toward the electrode. 
The fact that  only a small  amount  of product  may be 
present cannot be al lowed to hinder  the reaction. For  
this reason a lower l imit  of 0.1 was placed on the ratio 
k m J k m i  max for the product  species in the actual calcu- 
lations. The upper  limit on the mass t ransfer  coefficient, 
kml max, is at tained when all of the mater ia l  present  
has been converted to the form of species i. It  is to be 
noted that  the  value of 2wi is a constant which cor- 
responds to the capacity of the electrode in the ful ly 
charged state. The exponent  p in Eq. [8] depends on 
the local geometry  of the crystal l i tes and is essentially 
an adjustable parameter .  In this work  p has been set 
equal  to unity. 

The amount  of any species remaining at a point 
wi thin  the electrode depends on the history of that  
point. In terms of the react ion rate, the remaining 
amount  of mater ia l  is g iven by L 

o t dil  
wi  : w~ ~ + s~ dt  [9] 

d x  

The condition of charge conservat ion requi res  that  

il ~ / 2  = I [10] 
or 

dil di2 
-]- - -  = 0 [11]  

d x  d x  

where  I is the total  apparent  current  density in the 
electrode. In this paper  all results are repor ted  for 
galvanostatic polarization. 

Equat ions [1], [2], [3], [4], [7], and [11] represent  
a set of coupled, nonlinear,  f i rs t-order differential  
equations at a t ime t. The boundary  conditions are 

at x = 0 ,  i l ----I  
at x = L , / 2 : I a n d r  [12] 

The condition on ~2 represents  the choice of a zero 
point of potential.  The total  electrode overpotential ,  
which is of p r imary  importance to ba t te ry  design, is 
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given by the quant i ty  r -- ~ ( L ) .  Al l  results of 
this paper  are presented in te rms  of the total  electrode 
overpotential .  

It is convenient  to t ransform the set of differential  
equations into dimensionless form. The following set 
of definitions were  used for this purpose 

j : i i / I  
y = x / L  
~I = el/C1 ~ [13] 
~2 = C2/C20 

= ~(r -- r 

The fol lowing dimensionless groups were  defined 

z l  -- n F a L  cl o kmlmax/slI 
za -- n F a L  c2 o km2max/s2I  
z5 --  L I ~ / ~  [14] 
z s  - -  Llfl/~ 
z7 --- L a i o / I  

As a resul t  of these transformations,  Eq. [1], [2], 
and [10] become 

d~ 
= z6 - (z5 + z e ) j  [151 

dU 

Equat ion [3] becomes 

dj 
- -  - -  Z7 {~ le~  - -  ~2e -6} [16] 
dy 

Equations [4] and [7], when combined and wri t ten  for 
the two species considered here, become 

dj 
- -  - -  z i  ( 1  - -  h )  [ 1 7 ]  
d y  

and 
aj 

- -  Z3 ( 1  - -  ~2)  [ 1 8 ]  
d y  

The boundary conditions on the above four equations 
are 

at y : 0 ,  j----1 

y : l ,  j : 0  [19] 

The above equations were  solved numer ica l ly  for 
the current  in each phase, the local concentrations, and 
the local overpotent ia l  as functions of position in the 
electrode for the case of a constant  imposed current  
density. The fol lowing computa t ional  procedure  was 
used: 

1. Equat ions [15], [16], [17], and [18] were  solved 
for the initial conditions using the technique of 
Newman  (6). 

2. New values of the mass t ransfer  coefficients were  
calculated after a short t ime interval ,  ~t, by as- 
suming that  the reaction ra te  at any point was 
constant during the t ime interval .  Equat ions [8], 
[9], and [10] were  used for this calculation. 

3. The new values of the mass t ransfer  coefficients 
were  used to solve Eq. [15], [16], [17], and [18]. 
In this manner  the t ransient  behavior  of the elec- 
t rode could be followed. 

Results 
It  was necessary to select numer ica l  values for the 

constants appearing in the differential  equations. In 
all cases presented here, a single electron t ransfer  
(n ---- 1) was assumed. In addition the value of /3 was 
taken to be 19.55 V -1. The exchange current  density, 
io, was assumed to be 10 -5 A / c m  2 in all  cases. The 
value of the mat r ix  conductivity,  ~, was assumed to be 
103 mho/cm.  The thickness of the electrode, L, was 
taken to be 1 mm. The values of wl ~ and w2 ~ were  both 
taken to be 720 cou lomb/cm 8 in all cases. The other 
parameters  of interest  were  chosen as reasonable 
guesses for organic e lectrolyte  systems. For  each set 

0 . 4  

2 o . 3  

o 

-6 

~0,2 

"' O.I 

0-9 / x  in~ 9 

km c~ : i0 -5,10-7 co 

mole /e ra  z sec 

0 ~ 
0 I0 20 30 

current  density ( m A / c m  2 ) 

Fig. 3. Overpotential vs. current density for different values of 
kmc ~ a = 10 3 cm - 1 ,  K = 7x10 - 3  mho/cm. Initial conditions. 

of results given, the values of the impor tant  pa ram-  
eters appear in the figure captions. 

I n i t i a l  b e h a v i o r . - - T h e  t ime-dependen t  behavior  of 
the model  proposed in this paper  is convenient ly  in-  
t roduced by an examinat ion  of the ini t ial  behavior  of 
the model, i .e. for t ime equal  to zero. A semianalyt ic  
solution for this case has been presented previously 
for re la t ive ly  high local overpotent ials  where  the back 
reaction can be neglected (7). The present  numerica l  
t rea tment  allows for the  inclusion of both forward  
and back reaction terms of Eq. [3] and thus represents  
a more complete description of the ent ire  range of 
local overpotentials .  F igure  3 shows the dependence 
of the calculated electrode overpotential ,  r  -- 
r (L),  as a function of the applied current  density for 
a specific set of electrode parameters .  The various 
curves are for different values of the product  of the 
mass t ransfer  coefficients and the saturat ion concen- 
trat ions of reactants  and products. In this figure we 
have let kml = km2 = k m  and ci ~ ---- c2 ~ ---- c ~ so that  the 
parameter  of interest  is kmC ~ At high current  densities, 
act ivation control  is represented by an infinite mass 
t ransfer  coefficient. This corresponds to an analytic 
solution given by Newman  and Tobias (2) for a con- 
stant concentrat ion within  the pores. As the quant i ty  
kmc  ~ decreases, the overpotent ia l  increases unt i l  a mass 
t ransfer  l imit ing current  is obtained. This is indicated 
by the rapid increase in electrode overpotent ia l  with 
current  density near  9.5 m A / c m  2 for kmc  o equal  to 10 -9 
mole/cm2sec. 

The approach to l imit ing current  is accompanied by 
increasing un i formi ty  of t ransfer  current  distribution 
within  the electrode. In Fig. 4 the dimensionless volu-  
metr ic  reaction rate distribution, d j / d y ,  is shown as a 
function of position in the electrode for a given cur-  
rent  density, 20 m A / c m  2. For  large values of kmc ~ the 
major  port ion of charge t ransfer  takes place near  the 
free solution edge of the electrode, y = 1. For this 
situation mass t ransport  effects are not impor tant  com- 
pared with  the in terplay  be tween act ivat ion control 
and ohmic drop in the solution. However ,  for lower 
values of k m c  ~ the react ion distr ibution becomes more 
uni form and approaches --1 throughout  the electrode. 
This is a result  of the surface concentrat ion of re-  
actant  being dr iven to zero due to the difficulty of 
t ransport ing active species from storage sites. This 
phenomenon is not expl ici t ly  dependent  on the amount  
of charge stored in the electrode. A mass t ransfer  
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Fig. 4. Dimensionless volumetric reaction rate vs. dimensionless 
distance from backing plate for various values of kmc ~ ! ~ 20 
mA/cm 2, a m 10 3 c m - Z ,  K = 7x10 - 3  mho/cm. 

l imitat ion may occur even in ful ly charged electrodes 
so that high power densities may not be possible. 

Transient  behavior . - -Let  us now consider the t ime- 
varying behavior of the electrode overpotential  under  
conditions of constant current .  Equat ion [8] was used 
to give the form of the variation of mass t ransfer  co- 
efficient with the charge remaining  at any point. Figure 
5 shows the calculated overpotential  as a function of 
discharge time for various saturat ion concentrat ions 
of active species. An ini t ial  capacity of 0.2 A-hr/cm:~ 
was assumed present at zero time. That  is, the equiva-  
lent of 0.2 A - h r / c m  3 of the species to be oxidized was 
present, distr ibuted uni formly  throughout  the elec- 
trode. In  addition, another  0.2 A - h r / c m  3 of species al- 
ready oxidized was assumed to be present  initially. If 
the oxidation were carried to completion, there would 
eventual ly  be 0.4 A - h r / c m  3 of oxidized species present, 
and none of the reduced species. 

A number  of phenomena are apparent  from the 
different curves. Curve A, represent ing high saturat ion 
concentrations, has three distinct sections. For  short 
t imes the overpotential  is near ly  constant. At some 
intermediate  t ime the overpotential  begins to rise al-  
most l inear ly  with time. At this point all of the re-  
actant at the free solution-electrode interface has been 
converted to product. The reaction then begins to 
"eat" its way back into the electrode. At a later t ime 
the third section of the curve becomes apparent.  This 
is when, as the reaction is dr iven fur ther  into the elec- 
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Fig. 5. Overpotential vs. time for different values of saturation 
concentration. I - -  10 mA/cm 2, a ~ 10 4 cm - z ,  km max ~ 0.2 
cm/sec, K ~ 1 0 - 3  mho/cm. Values of c ~ are: (A) 5x10 - 8 ,  (B) 
10 - 8 ,  (C) 5x10 - 9 ,  (D) 3x10 - 9  mole /cm 3. 

trode, the loca] reaction rate becomes too large for the 
mass t ransfer  mechanism to accommodate. The result  
is a rapid rise in overpotential  indicating approach to 
l imit ing current  conditions. The constant  and l inear ly  
varying types of overpotential  behavior  have recently 
been reported in exper imental  cells using slightly 
soluble reactants  (8).' This type of polarization be- 
havior was also obtained by Winsel  (3) as a conse- 
quence of his assumption of a l imited amount  of re-  
actant at each point. The difference between the re-  
sults presented here and those of Winsel  is the presence 
of diffusion-l imit ing current  regimes in curves B, C, 
and D in Fig. 5. For  comparat ively low values of 
saturat ion concentrations, mass t ransfer  effects become 
apparent  at earl ier times. Thus it is possible that,  even 
if the init ial  polarization of a practical electrode is 
not prohibi t ively high, it may become so after a rela-  
t ively short time, i.e. before a large fraction of the 
active mater ial  is consumed. The result  is that  the 
effective capacity (and t rue energy density) of the 
electrode must  be sacrificed if a high current  density 
drain is insisted upon. For example, curve A represents 
a discharge such that  essential ly all of the available 
reduced species is oxidized before the overpotential  
reaches 0.4V. Curve B shows 0.4V being reached before 
93% of the active species is used. Curve D indicates 
that 0.4V overpotential  is reached before only 68% of 
the active species present ini t ia l ly has been reacted. 

In Fig. 6 the reaction distr ibution is shown for the 
set of operating conditions represented by curve A in 
Fig. 5. The different curves represent  the distr ibution 
at various stages of discharge. The percentage dis- 
charged is based on the theoretically available capacity 
of 0.2 A - h r / c m  3. For the ini t ial  conditions (0% dis- 
charged),  the curve shows a monotonical ly  increasing 
nonuni form distr ibut ion similar to those in Fig. 4. 
However, as t ime progresses the init ial  nonuni form 
nature  of the reaction dis tr ibut ion has the effect of 
reducing the mass t ransfer  coefficient more near  the 
free solution interface than in the interior  of the elec- 
trode. This results in a max imum in the reaction dis- 
tr ibution.  After about 37% of discharge has been 
reached (curve not shown),  the outer part  of the elec- 
trode becomes converted ent i re ly  to product, and the 
reaction ma x i mum slowly works its way  into the elec- 
trode. When the ma x i mum has moved beyond the 
backing plate, a l imit ing current  condition is obtained. 

Cycling behavior . - -The  nonuni form conversion of 
active species, resul t ing from the long time discharges 
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Fig. 6. Dimensionless volumetric reaction rote vs. dimensionless 
distance from the backing plate for different states of discharge. 
I ~ 10 m A / c m  2, a ~ 10 4 cm - 1 ,  km max ---- 0.2 cm/sec, ,c 
10 - 3  mho/cm, c ~ ~ 5x10 - s  mole/cm 3. This sequence of curves 
corresponds to curve A in Fig. 5. 
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discussed above, suggests that  significant redis t r ibu-  
tion of the proportion of oxidized and reduced species 
might occur on repeated cycling of the electrode with 
positive and negative currents.  This was investigated 
by applying current  densities of 10 m A / c m  2 al ternately 
anodically and cathodically. The distr ibution of active 
mater ial  between the oxidized and reduced species at 
the end of one half-cycle was used as the init ial  dis- 
t r ibut ion for the following half-cycle of opposite 
polarization�9 In  order to prevent  an unreal is t ic  contri-  
but ion to the overpotent ial  due to a small  amount  of 
product present  at the beginning  of each half-cycle, 
the value of k r n J k m i  max for the product species was not 
allowed to fall  below 0.1. Initially,  the species were 
dispersed throughout  the electrode as a uniform, equi-  
molar mix ture  of reactant  and product. In other words, 
the electrode was 50% charged, based on the total 
possible capacity, which was assumed to be 0.4 A - h r /  
cm 3. The durat ion of each half cycle was such that  the 
state of charge varied between 50 and 75% of the total 
capacity. The computer  program can be easily modified 
to accommodate any  combinat ion of ini t ial  conditions 
and duty cycles, but  the above set was chosen for i l lus- 
t rat ive purposes. 

Figure 7 shows the electrode overpotential  as a func-  
t ion of t ime for the various cycles. The anodic cycles 
(positive overpotentials) show gradual ly  increasing 
overpotential  as a function of t ime during a half-  
cycle. Each successive anodic half-cycle shows a lower 
over-al l  overpotential  at a given time. The cathodic 
half-cycles show very  flat potent ia l - t ime curves, with 
overpotentials increasing slightly in magni tude  with 
cycle number .  

Figure 8 shows the relat ive dis tr ibut ion of cathodic 
reactant  at the end of each charge and discharge. It  is 
to be recalled that the total  amount  of mater ia l  at each 
point is constant. In addition the problem was formu-  
lated such that  wl o ~ w2 ~ The above two facts imply 
that w l / w l  ~ ~ 2 - -  w 2 / w 2  ~ so that  the amount  of 
anodic reactant  at any point can also be calculated 
from Fig. 8. Ini t ia l ly  the dis tr ibut ion is uni form at 1, 
but  after each whole cycle the conversion is such that  
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Fig. 7. Anodic and cathodic overpotentials as functions of time 
for different cycles. I I I ---- 10 mA/cm 2, a ---- 104 cm -1 ,  km max ---- 
2.39x10 - 2  cm/sec, K ---- 0.005 mho/cm, c ~ ---- 10 - 7  mole/cm 3. An- 
odic part of cycle precedes cathodic part of cycle. 

2.0 

1.8 

1 
2-- 

1.6 

1.4 

1.2 

c~ 
1.0 

0.8 

0.6 

0.4 

0 f- I I ~ I I 
o 0.2 0.4 0.6 0.8 1.0 

y 

Fig. 8. Distribution of cathodic reactant at the end of each 
half-cycle. Parameters are the same as for Fig. 7. 

there is relat ively more of the oxidized species (w2) 
near  the backing plate and relat ively less near  the pore 
mouth. This, in effect, makes the free solution side of 
the electrode depleted in cathodic reactant  and forces 
the discharge (cathodic) potent ial  curves downward.  
The symmetry  of the roles of reactants and products is 
such that another  conclusion can be drawn from Fig. 8. 
If the electrode were cycled between 50 and 25% of 
total capacity (instead of 50 and 75%), the discharge 
curves would show lower overpotentials  and the charge 
curves would show higher overpotentials with in-  
creasing charge number .  It  is important  to note that  
these changes occur as results of nonuni form con- 
version of reactants  as predicted by the combined 
kinetic and t ransport  equations and are not due to 
side reactions, formation of soluble complexes, or other 
strictly chemical or mechanical  problems. 

Discussion a n d  Conc lus ions  
The model which has been described in this paper is 

necessarily idealized, but  it could be applied to prac- 
tical electrodes present ly  in use with suitable modifi- 
cations. One possible improvement  would be to con- 
sider explicity ionic t ransport  in solution and to replace 
Eq. [2] with a more general  expression�9 In  this man-  
ner  such phenomena as SO4 = t ransport  in lead acid 
negatives and O H -  t ransport  in cadmium negatives 
could be included. The present  t rea tment  does not 
consider actual changes in the total amount  of active 
species present ( i . e . ,  r ,  w i  is constant) .  However, for 
actual cells the movement  of active species, induced by 
temperature  differences resul t ing from nonuni form 
current  distributions, should be considered. 

In spite of these shortcomings, the model does point  
out a possible mode of fai lure caused by an in ternal  
mass t ransfer  l imitat ion of electrodes with sparingly 
soluble reactants. It also suggests an impor tant  cri te-  
rion by which possible new electrode systems could 
be evaluated in terms of the solubili ty and diffusivity 
of the active species. These quanti t ies  must  be small  
enough to ensure that the self-discharge of the cell is 
slow and they must  be large enough so that  mass 
t ransfer  l imitat ions do not cause unacceptably high 
overpotentials at reasonable discharge rates�9 For ex- 
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ample, from Fig. 5 one might decide that a solubili ty of 
5 x 10 -5 molar is the m i n i m u m  acceptable for good 
bat tery performance for that  par t icular  system. Let us 
assume a m i n i m u m  acceptable shelf life of two years 
and calculate a m a x i m u m  acceptable solubility. If the 
capacity of the electrode is 0.2 A-hr/cmZ and the elec- 
trode thickness is 1 mm (these are conditions assumed 
for Fig. 5), then the total  capacity of the electrode is 
2 x 10 -2 A - h r / c m  2. We will  also assume a 1 m m  sepa- 
ration between plates. Based on these assumptions, a 
solubili ty of 11.4 x 10-5 molar  will  give a two-year  
shelf life. Thus, for this par t icular  set of assumptions, 
the acceptable range of solubilities is ra ther  narrow, 
i.e. between 5 x 10-SM and 11.4 x 10-SM. The lower 
l imit of the range is quite sensitive to the choices of 
physical constants made for the model. This is espe- 
cially t rue of the mass- t ransfer  coefficient which is 
roughly estimated and may be good only to an order 
of magnitude.  Nevertheless, it is interest ing to note 
that the solubili ty of PbSO4 in 10% sulfuric acid solu- 
tions is about 2.25 x 10-SM (9) which is near  the range 
predicted for a successful ba t te ry  electrode involving 
a sparingly soluble reactant.  
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LIST OF SYMBOLS 
a Specific surface area of porous electrode, cm2/ 

a m  3 

cl Local concentrat ion of oxidant, mole /cm 3 
cl ~ Saturat ion concentrat ion of oxidant, mole /cm 3 
c2 Local concentrat ion of reductant,  mole /cm 3 
c2 ~ Saturat ion concentrat ion of reductant ,  mole/cm~ 
D~ Effective diffusion coefficient of species i, cm2/ 

s e e  
F Faraday 's  constant, 96,500 coul /equivalent  
i~ Curren t  density in matr ix  phase (based on 

over-al l  apparent  porous electrode area),  A /cm 2 
i2 Current  density in solution phase, A/cm 2 

I Total apparent  current  densi ty applied to porous 
electrode, A / c m  z 

io Exchange current  density, A /cm 2 
j Dimensionless current  (il/I) 
kmi Mass transfer  coefficient of species i, cm/sec 
kmi  max Maximum possible value of mass t ransfer  co- 

efficient of species i; occurs when all active 
species have been converted to species i, cm/sec 

L Thickness of porous electrode, cm 
M~ Symbol  for chemical species i 
Ni Flux of active species i to local active site, 

moles/cm 2 sec 
n Number  of electrons t ransferred in electro- 

chemical reaction 
p Dimensionless parameter  
s~ Stoichiometric coefficient of species i 
t Time, sec 
wl Amount  of active mater ia l  i stored at a point 

wi thin  the electrode, c ou l ombs / c m 3 
x Distance coordinate from backing plate of po- 

rous electrode, em 
y Dimensionless distance (x /L)  
z~ Ionic charge on species 

A convenient  reciprocal voltage (nF/2RT),  V-J  
51 An effective diffusion path length from crystal-  

lite of active species i to electrochemically ac- 
tive site, cm 
Effective conductance of solution inside porous 
electrode, mho /cm 

~i Dimensionless concentrat ion (ci/ci o) 
Effective electrical conductivi ty of matr ix  phase, 
mho /cm 

r Potent ia l  in the matrix,  V 
r Potent ia l  in solution, V 
r Dimensionless overpotential  [~ (r -- r 
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Electrolytic Behavior of Yttria-Stabilized Hafnia I 
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ABSTRACT 

X- ray  analysis and electrical conductivi ty measurements  (800~176 on 
y t t r ia -hafn ia  solid solutions between 2 and 20 m/o  (mole per cent) Y203 
were made to locate the cubic phase and to select the composition best suited 
as a solid electrolyte. The phase boundary  is located near  7 m/o  Y203. Total 
conductivities obtained from the cubic phase solid solutions appear to be ionic. 
The 8 m/o  Y203-HfO2 composition showed the highest conductivi ty (log 
~r ---- --1.57 at 1000~ and lowest activation energy (16.9 kcal /mole) ,  and 
was selected as the opt imum composition for a solid electrolyte. Open-circui t  
emf, electrical conductivity, and Wagner  d-c polarization measurements  be- 
tween 800 ~ and 1000~ were made to determine the electrolytic domain of 
the 8 m/o  Y203 composition. The electrolytic domain width at 1000~ extends 
from log Po2(atm) ~ --16.6 to ~-0.4. The 8 m/o  yt tr ia-stabi l ized hafnia com- 
position does appear suitable as a solid electrolyte. Its electrical properties are 
very  similar to those of calcia-stabilized zireonia. 

The invest igat ion of solid electrolytes has been in-  
fluenced by the proven behavior of the fluorite solid 
solutions of zirconia and thoria. Fluori te  solid solutions 
of hafnia  are obvious potential  mater ia ls  (1-3). The 
relationships between the cubic fluorite s tructure and 
the C-type ra re -ear th  oxide s tructure suggest appli-  
cations of C-type ra re -ear th  oxides. The present study 
was under taken  to s tudy the best Y203-HfO2 solid 
electrolyte and to determine if its electrolytic domain 
(4) includes conditions not covered by other present ly 
known oxide solid electrolytes. 

Johansen and Cleary (3) measured the electrical 
conductivi ty of CaO-HfO2 solid solutions from 800 ~ 
to 2000~ The conductivi ty was assumed to be ionic, 
based on previously reported investigations of CaO- 
ZrO2 solid solutions. The oxygen potent ial  was not re-  
ported but  must  have been l imited to low or in ter -  
mediate oxygen par t ia l  pressures, since a graphite 
resistance furnace with an argon atmosphere was 
used. The max imum conduct ivi ty was found to be 
at 12.5 m/o  CaO or 6.25% anion vacancies. 

Oxygen permeabi l i ty  studies by Smith (1) show a 
1/4-power oxygen pressure dependence of the per- 
meabi l i ty  of 13.5 m/o  CaO-HfO2 with an activation 
energy for hole conduction of 58.5 kcal/mole. The 
t ranspor t  mechanism was a t t r ibuted to the migrat ion 
of oxygen vacancies and electron holes. 

Most of the studies involving rare earth oxides 
(Re203) and hafnia deal with the s t ructural  de te rmin-  
ation of solid solutions, the existence of a pyrochlore 
compound Re2Hf2OT, and the determinat ion of phase 
diagrams (5, 6). Caillet et al. (7) have examined the 
HfO2-Y203 system from 0 to 50 m/o  Y203. From x- ray  
diffraction analyses, a two-phase region was reported 
between 0 and 8 m/o  Y203, and only the cubic fluorite 
phase was present  above 8 m/o  Y203. The lattice 
parameter  showed an anomaly  at 33.3 m/o  Y203. Along 
with the electrical conduct ivi ty  studies by Besson 
et al. (2) which showed a m i n i m u m  in conductivi ty 
and a max imum in activation energy at 1000~ for the 
33.3 m/o  Y2Oa composition, the existence of the pyro-  
chlore compound Y2Hf207 was predicted but  never  
observed. An  a-c two-probe method was used to 
measure the electrical conduct ivi ty  of various y t t r ia -  
hafnia solid solutions in a controlled atmosphere. The 
8 m/o  Y203 composition exhibited a max imum con- 

* Elect rochemical  Society Act ive  Member .  
1 Work,  supported by the Aerospace Research  Laborator ies ,  Office 

of Aerospace  Research,  Uni ted  States Ai r  Force,  Contract  F33615 
68 C 1034, and by the A m e s  Labora to ry  of the  Uni ted  States  Atomic  
Ene rgy  Commiss ion,  Contract  W-7405-eng-S2. 

2 P resen t  address :  Tek t ron ix  Incorporated,  In t eg ra t ed  Circui t  
Engr. ,  P. O. Box 500, Beaver ton ,  Oregon 07005. 

K e y  words :  solid electrolytes,  d-c polarization,  ionic conductivity, 
electronic conductivity, open-circuit emf, yttria-stabilized hafn ium.  

ductivity, which was pressure independent ,  and a 
m i n i mum activation energy. Oxygen pressure depen-  
dence of the conductivi ty was observed wi th  compo- 
sitions containing less than  8 m/ o  Y203 and was in-  
terpreted as the electronic contr ibut ion from the 
monoclinic solid solution wi th in  the two-phase region. 
Open-circui t  emf values across various cubic fluorite 
compositions between Ni-NiO and Fe-FeO electrodes 
agreed with thermodynamic  values ver i fying that  
the electrical conductivi ty remains  ionic down to 
oxygen pressures fixed by those electrodes. 

Preparation of Samples 
Spectrographic-grade hafn ium oxychloride obtained 

from the Wah Chang Corporation (Lot SP10684B) 
and previously described yt t r ia  powder (8) were 
the star t ing materials.  Spectrographic analysis sup- 
plied with the hafnium oxychloride is given in  Table I. 

The hafn ium oxychloride was dissolved in distilled 
water  and the hafn ium oxide content  determined an~ 
alytically to establish a standardized concentration. 
Yttr ia  was dissolved in hot concentrated HC1 and the 
solution was standardized. These two solutions were 
mixed and slowly added to an equal  stirred volume of 
10N NI-I4OH. The gelatinous coprecipitate was filtered, 
washed, dried, and calcined. 

Calcination appeared to have an influence on the 
final sintered state. Dried precipitates were calcined 
at 600 ~ 800 ~ and 1000~ for various lengths of time. 
Those calcined at 1000~ possessed the highest sintered 
densities, while those calcined at 600~ possessed the 

Table h Spectrographic analysis of hafnium oxycMoride 
spectrographic-grade powder 

Concentra t ion 
E lement  (ppm) 

AI <25 
B <0.2 
Cb < I00 
Cd <I  
Co <5 
Cr <I0 
Cu <40 
Fe <50 
Mg <I0 
Mn <I0 
Mo <I0 
Ni <10 
Pb < 5  
Si <40  
Sn <I0 
Ta <200 
Ti <20  
V < 5  
W <20 
Zr 64 

Total  635.2 
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lowest sintered densities. Calcination times were not 
controlled sufficiently to produce an observable effect 
on the sintered samples. The calcination temperature  
used in the present investigation was 1000~ 

X- ray  diffractometer traces of calcined compositions 
known to be wi thin  the single-phase region indicated 
that the calcined mater ia l  was a one-phase fluorite 
solid solution. 

The calcine was ground to --325 mesh in a mor tar  
and pestle, prepressed to 1800 psi in a 3/4 in. diam 
tungsten carbide l ined steel die, isostatically pressed 
to 50,000 psi, and fired in a Centorr  furnace for 1 hr  
at 2000~ and 30 rain at 1500~ The lower tempera-  
ture was employed to stabilize the expected anion 
vacancies as demonstrated in the calcia-zirconia sys- 
tem (9). Disks of identical composition were placed 
in a covered yt t r ia  crucible, and rhen ium metal  was 
used to separate the individual  disks wi th in  the cruci-  
ble. The hafnia solid solutions investigated ranged 
from 2 to 20 m/o  Y203 in 2 m/o  intervals  and were 
light brown in color after firing, indicat ing part ial  re- 
duction. Annea l ing  the disks for several hours in air 
at 1000~ produced a color change to white. The bulk 
density (total mass divided by total volume including 
open and closed pores) of the sintered y t t r ia -hafn ia  
samples varied from 80 to 94% of theoretical density 
as the calcination tempera ture  was increased from 
600 ~ to 1000~ Figure 1 shows the typical microstruc-  
ture  of an 8 m/o  Y203 sample of 92% theoretical 
density. 

Apparent  densities (bulk densities corrected for 
open pore volume but  not for closed pore volume) 
were used to determine the defect model for Y203- 
HfO.o solid solutions as discussed below. The apparent  
densities were obtained by a water  d isplacement-water  
saturat ion method for specimens of various Y203 con- 
centrat ions but  with approximately the same bulk  
density. Thus, systematic variat ions of closed porosity 
with Y203 content  are not expected. Also, only the 
high total porosity (low bulk  density) sintered disks 
were used for apparent  densi ty determinat ions  because 
they contain almost no closed pores. Thus, the appar-  
ent densi ty of the low bulk density disks is expected 
to be very close to, but  slightly less than, the true 
density of the solid solution phase; the difference is 
due to closed pores in the sintered disk. 

An x - r ay  analysis of the y t t r ia -hafn ia  system was 
made to determine the lattice parameter  as a funct ion 
of composition. Diffraction pat terns  for the YSH (yt-  
tr ia stabilized hafnia) disks were recorded before and 
after each conduct ivi ty  run. Lattice parameters  were 
determined by Cohen's extrapolat ion method as modi-  
fied by Vogel and Kempter  (10). The monoclinic 
hafnia solid solution was identified by comparing the 
diffraction pat terns with the monoclinic HfO2 ASTM 
card. The fluorite s t ructure  of the YSH solid solutions 
was confirmed by comparing intensit ies and 20 values 
to those obtained for erbia stabilized hafnia  solid solu- 
tions which have been identified as possessing the cal-  
cium fluoride s tructure with anion vacancies.3 

a 3. K. J o h n s t o n e ,  " T h e  E r b i a  H a f n i a  S y s t e m , "  U n p u b l i s h e d  thes is ,  
I owa  S ta t e  U n i v e r s i t y ,  Ames ,  Iowa.  

Results and Discussion 
Structural system.--Sintered hafnia solid solutions 

with 2-20 m/o  Y203 annealed at 1500 ~ were subjected 
to x - r ay  analysis to determine the 1500~ solubil i ty 
l imit of HfO2 in the cubic,fluorite structure. The pres- 
ence of both the monoclinic HfO2 and the cubic fluorite 
peaks on the diffractometer traces indicated that  the 
system is two phase between 2 and 6 m/o  Y2Oa. Be- 
tween 8 and 20 m/o  Y208, only the cubic fluorite phase 
appeared; consequently, the phase boundary  lies be-  
tween 6 and 8 m/o  Y203 at 1500~ The tempera ture  
dependence of the phase boundary  was not invest i -  
gated. 

The variat ion in fluorite phase lattice parameter  
with composition is shown in Fig. 2. This can be ac- 
counted for by the size of the ions, since the ionic 
radius of y+3 (1.02A) (11) is larger than  that  of 
Hf +4 (0.83A) (11). The lattice parameters  are based 
on all the observed peaks for the two-phase composi- 
tions and only those peaks for which 2e > 60 ~ for the 
single-phase compositions. The lattice parameters  ob- 
tained are in good agreement  with published values 
(7). 

As Y203 is added to HfO2, charge neut ra l i ty  is ma in-  
tained by one of two defect structures. Either the 
cation sublatt ice remains  completely filled and the ap-  
propriate number  of anion vacancies are created, or 
the anion sublattice remains  filled and the excess 
cations occupy interst i t ial  sites. The difference be-  
tween the two models is the addition of extra cations 
or the absence of oxygen ions wi thin  a uni t  volume 
and should be reflected by a difference in densities. 
A comparison between the measured apparent  densi-  
ties and the theoretical densities for each model cal- 
culated from the lattice parameter  data is shown in 
Fig. 3. On the basis of these data and the similari ty 
between YSH and CSZ, it was concluded that  the 
single-phase cubic solid solutions possess a fluorite- 
type s t ructure  with a filled cation sublattice and anion 
vacancies. 

Electrical conductivity.--Electrical conductivi ty was 
measured as a function of composition and oxygen 
part ial  pressure. Figure  4 is a plot of log ~ vs. 1/T(~  
for compositions from 6 to 20 m/o  Y203; apparent  ac- 
t ivation energies deduced from the slopes of these 
plots are given for each composition. 4 The a-c conduc- 
tivities shown in Fig. 4 were measured at 1592 Hz in 

' I f  log  aT vs. 1 iT  s lopes  are used  ins tead ,  a l l  the  a c t i v a t i o n  ener -  
gies  r e p o r t e d  a b o v e  are  i nc r ea sed  by  the  a m o u n t  - - R [ d l n T / d  ( I / T ) ] .  
In the  t e m p e r a t u r e  r a n g e  800~176 t h i s  a v e r a g e s  o u t  to  an in -  
crease of  + 0.05 eV for  each  o f  the  Q va lues .  
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dry air using a guard r ing technique (12) with porous 
p la t inum electrodes. 

At 1000 ~ the conductivities remained unchanged in 
pure oxygen, air, He/D2 at ratios of 10 and 100, and 
purified hel ium in which log P02 was found to be < -- 10 
as measured by an in-situ solid electrolyte oxygen 
gauge. This behavior indicates that all the compositions 
investigated were ionic conductors. In the low P02 
range where He-D2 and CO-CO2 mixtures  give over- 
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Fig. 5. Activation energy and 1000~ isothermal conductivity 
as a function of composition in the Y203-Hf02 system. 

lapping Po2 values, conductivities measured in CO-CO2 
mixtures  were significantly lower than those measured 
in the above atmospheres. No explanat ion for this type 
of behavior is offered; however, other independent  ex- 
per iments  supported the presence of a pressure- inde-  
pendent  ionic conductivity.  

The electrical conductivities agree well  with values 
previously reported (2) at 900~176 However, the 
previously reported activation energies (2) are ap- 
proximately  0.25 eV higher than  those obtained from 
this work. 

Because the 8 m/ o  Y203 composition possessed the 
highest conductivi ty and the lowest activation energy 
as shown in Fig. 5, it was chosen for fur ther  invest iga-  
t ion as a possible electrolyte. The fact tha t  the 6 m/o  
composition had the same activation energy as the 8 
m/o  composition, but  a lower total conductivity,  sup- 
ports the x - r a y  studies in placing the phase boundary  
between these two limits. If there are two phases pres- 
ent at the 6 m/o  composition, the monoclinic HfO2 
solid solution would be present  as small  islands in a 
continuous cubic fluorite host with a composition cor- 
responding to the solubil i ty l imit  of HfO2 in the 
fluorite structure. Indications are that the conductivi ty 
is much lower in the monoclinic phase (2) than  in the 
fluorite phase; consequently,  the measured conduct iv-  
ity and activation energy would correspond to the 
continuous fluorite host wi th  a reduced cross-sectional 
area. Thus, the effect of the nonconduct ing islands 
would be to decrease the total flux and thereby de- 
crease the apparent  total conduct ivi ty  wi thout  a l ter-  
ing the activation energy. 

Figure 5 shows a t rend of increasing activation en-  
ergies and decreasing conductivit ies for increasing 
Y203 content  above 8 m/o. This t rend has been previ-  
ously observed for the fluorite phase of the Y203-HfO2 
system (2, 13) and in similar systems (3, 14, 15). It 
has been suggested that this t rend is due to ordering 
of anion vacancies (16). 

Open-circuit emf measurements on 8 m/o Yz03 
hafnia.--Open-circuit emf measurements  were made 
on the cells: Ni,NiO/YSH/Co,CoO and Cu,Cu20/YSH/  
Ni,NiO. The results of these measurements  as a func-  
tion of tempera ture  are given in Fig. 6. The measured 
emf's are slightly lower than  the calculated thermo-  
dynamic emf's. However, the pressure independence of 
the conductivi ty in the high oxygen pressure region 
and the magni tudes  of ere and ae deduced from polari-  
zation experiments,  described below, suggest that  the 
low emf values are not the result  of a perceptible 
electronic t ransference number .  The emf discrepancies 
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Fig. 6. Comparison of previously reported data with open-circuit 
emf's measured with 8 m/o Y203-Hf02 solid electrolyte. 

are presumed to be due to minor  polarization effects 
associated with molecular  or atomic t ranspor t  through 
the electrolytes which were re la t ively porous. 

In fact, emf cells such as Cu,Cu20/YSH/Fe,FeO and 
Fe,FeO/YSH/Hf,  HfO2, and Co,CoO/YSH/NbO,NbO2, 
which involved large oxygen potential  gradients, did 
not produce stable emf's. It  was believed that  the open 
porosity in the samples allowed molecular  or atomic 
oxygen to be t ransferred through the electrolyte caus- 
ing polarization and eventual  failure of the electrodes 
to ma in ta in  a fixed oxygen potential. To combat this 
problem and re juvenate  the cell, an appropriate vol t-  
age was applied to the cell to t i t rate oxygen from the 
low to the. high oxygen potential  electrode. The t i t ra-  
tions were del iberately designed to "overrestore" the 
apparent ly  polarized electrodes. The t i t rat ion current  
leads were then disengaged and the open-circui t  emf 
was recorded as a funct ion of time. The open-circui t  
emf's dropped almost ins tantaneously  to a value which 
remained essentially constant  for perceptible periods 
of t ime (on the order of minutes)  before rapidly drop- 
ping once again. In  all cases, these emf vs. t ime arrests 
fell very slightly below the thermodynamic  emf's. 

Representat ive samples taken after the s inter ing 
process, the conductivity,  and the emf investigations 
were submit ted for electrqn microprobe and wet chem- 
ical analyses to verify the composition of the solid 
solutions and to check for contaminat ion resul t ing 
from the electrodes used in the emf studies. Results 
showed that  the compositions remained unchanged 
and equaled the calculated compositions based on the 
standardized yt t r ia  and hafnia  liquid solutions. As ex- 
pected, the microprobe analysis indicated that  the Fe-  
FeD electrode reacted slightly with the fluorite solid 
solutions, probably due to the presence of Y203. No 
reaction zones could be detected for the other elec- 
trodes used. 

D - C  polarizat ion m e a s u r e m e n t s . - - A n  electrolyte of 
8 m/o  Y203 was subjected to Wagner  d-c polarization 
measurements  (17) at 1000~ to determine the magni -  
tude of the electronic conductivity.  A voltage was ap- 
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Fig. 7. Converted data plot according to Patterson (18) for d-c 
p o l a r i z a t i o n  m e a s u r e m e n t s  w i th  the  ce l l  Cu ,  C u ~ O / 8  m / o  Y 2 O a -  
HfO2/Au, Pt at 1000~ 

plied across the cell Cu ,Cu20/YSH/Au,Pt  forcing the 
oxygen ions to migrate  to the reversible electrode. The 
steady-state  current ,  assumed to be ent i re ly  electronic, 
was recorded as a funct ion of the applied voltage. The 
data were analyzed by the method of Pat terson et al. 
(18) and the results are shown in Fig. 7, where as and 
ce represent  the hole and excess electron conductivity, 
respectively, at the Cu-Cu20 electrode. 

The total conductivities of the 8 m/o  Y203 w e r e  as- 
sumed to be ionic conductivities. The hole and excess 
electron conductivit ies were extrapolated based on a 
q- !/4 and a -- ~/4 oxygen pressure dependence unt i l  they 
intersected the ionic conductivity.  These intersections 
define the ionic domain (4) at 1000~ and are given by 
log Pe ---- -I-8.4 and log Pe ---- --24.8. Moreover, the 
lower domain l imit  of log Pe ---- --24.8 is in excellent  
agreement  with that of log Pe ---- -- 24.4 obtained by 
open-circui t  emf measurements .  

Figure 8 compares this YSH electrolyte with other 
oxide solid electrolytes by showing the relat ive loca- 
tion of their  respective ionic domain (tion ~ 0.50) 
boundaries.  Because log Pe for YSH is higher (at 
1000~ than  that  for YDT (yt t r ia-doped thoria) ,  the 
ionic and hence the electrolytic domain for YSH is 
superior to that  for YDT on the high Po2 side. How- 
ever, using Pat terson 's  assessment (4) for CSZ (calcia- 
stabilized zirconia),  YSH is found to be inferior to 
S C Z  at high Po2 values. 

On the low Po2 side, the ionic domain for YSH is 
about the same as that  est imated by Pat terson (4) for 
CSZ but  is substant ia l ly  inferior to (i.e., has a much 
higher log Pe value than)  YDT (8). Hence the ionic 
domain of YSH at 1000~ does not extend beyond con- 
ditions already covered by the previously known solid 
electrolytes CSZ and YDT. Using Pat terson 's  analysis 
(4) and q-~'4 and --1/4 oxygen pressure dependences 
for positive hole and excess electron conductivit ies im-  
plies that  the electrolytic domain (tioa ~ 0.99) for 
YSH extends from log Po2 ---- --16.8 up to log Po2 ----- 
q-0.4 at 1000~ 

Conclusions 
1. The cubic fluorite phase of yt t r ia-s tabi l ized hafnia 

is stable from about 7 m/o  Y208 to compositions 
greater  than 20 m/ o  Y2Oz at 1500~ 
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2. The fluorite phase is an anion defective structure 
with substitutional replacement of hafnium with 
yttrium. Charge neutrality is maintained by fully ion- 
ized anion vacancies. 

3. All yttria-hafnia solid solutions between 6 and 20 
m/o Y203 exhibit a predominant ionic conductivity 
over the temperature range from 800 ~ to 1000~ as 
evidenced by the oxygen pressure independence of 
the total conductivity. 

4. Within the yttria-stabilized hafnia fluorite phase, 
activation energies increase and total conductivities 
decrease with increasing Y203 content. These trends 
suggest a tendency toward anion vacancy ordering. 

5. The 8 m/o Y203-HfO2 composition is a solid elec- 
trolyte over finite oxygen pressure and temperature 
ranges. The electrolytic domain width (tion ----- 0.99) for 
this composition at 1000~ is from log Po~(atm) ---- 
--16.6 to 0.4. It does not extend beyond conditions al- 
ready covered by the previously known solid electro- 
lytes CSZ and YDT at 1000~ 

Manuscript submitted Oct. 29, 1970; revised manu- 
script received Feb. 8, 1971. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1972 JOURNAL. 
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on Polycrystalline Lead and Electrodeposited Lead Dioxide 
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ABSTRACT 

Impedance  and l inear  sweep vo l t ammet ry  (LSV) studies are  r epor ted  on 
po lycrys ta l l ine  Pb and e lect rodeposi ted  PbO2 (a and ~) in aqueous NaOH. The 
impedance  studies indicate  a pzc of --0.62 • 0.01V (NHE) for Pb  and +1.15 
• 0.01V (NHE) for  ~-PbO2. The LSV studies indicate  that  the anodic ox ida-  
t ion of Pb  and cathodic reduct ions of a-PbO2 involve mass t r anspor t  of O H -  
ions by  diffusion in solution. Reduct ion of ~-PbO2 is compl ica ted  by  modifica-  
t ion to a-PbO2. 

Studies  of lead  dioxide  e lect rodes  in acid med ia  are  
numerous.  PbO~ exis ts  as two polymorphs ,  the or tho-  
rhombic  a - fo rm and the t e t r agona l  E-form (1-3).  I t  
has been es tabl ished tha t  in acid media  ~-PbO2 is the  
more  s table  po lymorph  (4, 5), however ,  a-PbO2 has 
been observed in posi t ive plates  of lead  acid ba t te r ies  
(6) and o ther  invest igat ions  (7-10) have shown tha t  
~-PbO~ is the  ma in  const i tuent  of the  anodic corrosion 
product  on Pb. 

The rmodynamica l ly  a-PbO2 is the  more  s table po ly-  
morph  in a lka l ine  solut ions (11) and recent  work  (12) 
has es tabl i shed  the product ion  of basic condit ions in 
the  in ter ior  of posi t ive  p la tes  in the  lead acid ba t t e ry  
dur ing  the ini t ia l  stages of fo rmat ion  which would 
provide  the  condit ions conducive to the format ion  of 
a-PbO2. 

In spite of this  few elect rochemical  measurements  
have  been made  on po lycrys ta l l ine  lead  and lead  d iox-  
ide in a lka l ine  media.  In  this  work  we present  differ-  
ent ia l  capaci tance and fast  l inear  sweep v o l t a m m e t r y  
(LSV) da ta  on po lycrys ta l l ine  lead  and e lec t rodepos-  
i ted  PbO2 (a and ~) in aqueous NaOH. 

Previous Work in Alkali 
Vens t rem and co -worke r s  (13, 14) s tudied the va r i -  

a t ion of hardness,  wi th  potent ial ,  of lead electrodes in 
NaOH (1M) and repor t  the potent ia l  of zero change 
(pzc) at  --0.55V (NILE). This confirms different ia l  
capaci tance de te rmina t ions  in other  aqueous solutions 
(15-21). 

Fol lowing  ear l ie r  w o r k  by  Jones, Thirsk,  and  
Wynne - Jones  (22), Elbs and Forssel l  (23), and Glas-  
stone (24), F a r r  and Hampson (25) s tudied the  anodic 
behavior  of po lycrys ta l l ine  lead in aqueous KOH and 
showed tha t  the  anodic oxidat ion  of lead  is compl i -  
cated by  t ransi t ions  be tween  the processes 

Pb q- 2 O H -  --  PbO q- H20 q- 2e [i] 

PbO q- 2 O H -  = PbO~ q- H20 q- 2e [ii] 

discharge of O H -  on the PbO2 layer  [iii] 

I t  was concluded tha t  dur ing  oxidat ion,  p a r t  of the  
oxidized lead  was incorpora ted  into a film of te t ragonal  
lead  oxide whi le  the  r ema inde r  dissolved in the  elec-  
t ro ly te  unt i l  the e lec t ro ly te  in the  immedia te  v ic in i ty  
of the  e lect rode became sa tura ted  wi th  the  anodic 
product ,  and or thorhombic  l ead  oxide  was deposi ted 
on the e lect rode blocking react ion [i]. a-PbO2 was 
formed by  oxida t ion  of the  te t ragona l  lead  oxide  on 
the  electrode surface. 

In  previous  different ia l  capaci tance studies (26) on 
t ime stable lead dioxide  electrodes in aqueous KNO3, 
we repor ted  the  pzc as 1.06 • 0.01V (NHE) (a-PbO2) 
and 1.15 • 0.01V (NHE) (F-PbO2).  Other  worke r s  
(27-29) have repor ted  the  pzc at 1.5-1.85V (NHE),  

K e y  words :  lead,  l ead  dioxide,  l inear  sweep  vo l t a rnmet ry ,  differ- 
ential  capacitance,  alkaline e lectrolytes .  

but  in the  la t te r  cases the  resul ts  were  for shor t  elec-  
t rode /e l ec t ro ly t e  contact  times. 

In  an ear l ie r  galvanosta t ie  s tudy (30), i t  was es tab-  
l ished tha t  in a lka l ine  solutions containing P b ( I I ) ,  
a-PbO2 is the s table  polymorph.  PbO is adsorbed at  
the  a-PbO2 e lec t rode  surface and, at  potent ia ls  near  
the  equi l ibr ium, the charge t ransfe r  react ion involves 
a s imul taneous  two-e lec t ron  t ransfe r  be tween  adsorbed 
PbO and two O H -  ions in solution whereas  at  h igher  
overpotent ia l s  the  exchange involves two consecutive 
e lect ron steps. 

Char t ie r  and co -worke r s  (31, 32) have s tudied the 
cathodic reduct ion of a- and ~-PbO2 in alkali .  For  
Z-PbO~ they  suggest  tha t  the e lect rode react ion in-  
volves two mechanisms 
(a) a solution reac t ion  

~-PbO2 q- H20 q- 2e = HPbO~- q- OH- [iv] 

and (b) a solid phase react ion 

~-PbO~ + H20 + 2e ---- PbO + 2 O H -  [v] 

Experimental 
Double layer capacitance measurements.--The ex-  

pe r imenta l  technique and e lect rolyt ic  cell  have  been 
descr ibed  prev ious ly  (33, 34). Charcoal  purif icat ion of 
e lectrolytes  (AR NaOH and doubly  dis t i l led  wate r  
f rom deionized stock) was used, each e lec t ro ly te  solu-  
t ion being cont inuous ly  c i rcula ted through the cleaned 
ac t iva ted  charcoal  for at  least  14 days  before  making  
measurements .  Poten t ia l  measurements  were  made 
against  a sa tu ra ted  calomel  e lect rode using an elec-  
t romete r  (Kei th ley  Type  610B). The countere tect rode 
was p la t inum gauze of high surface area. PbO= test  
e lectrodes were  of =- and ~-PbO~ deposi ted on p la t -  
inum bases (35, 36). Compara t ive  x - r a y  studies were  
made  in order  to es tabl ish  the  f reedom of each deposit  
f rom the  unrequ i red  po lymorph  [Phi l l ips  Diff ractome-  
ter  Type  P.W. 1015 (36)].  Pb  test e lectrodes were  p re -  
pared  by  d rawing  mol ten  Pb (99.999% pure  suppl ied 
by  Johnson Mat they  Company Ltd.)  into a glass capi l -  
l a ry  whi le  under  an a tmosphere  of N2. The end was cut 
square and polished on a d iamond wheel.  Before each 
set of readings  on Pb the e lect rode was mechanica l ly  
polished on roughened glass using conduct iv i ty  wa te r  
as a lubricant ,  e lec t rochemica l ly  etched in perchlor ic  
acid (20%), and finally chemical ly  e tched in the pe r -  
chloric acid for 30 rain. 

LSV experiments.--Potential sweep measurements  
were  ca r r i ed  out a t  23 ~ • 0.5~ using a fast response 
potent ios ta t  in conjunct ion wi th  a l inear  sweep gen- 
e ra tor  (Chemical  Electronics Ltd . ) .  The cur ren t  was 
recorded on an x / y  p lo t te r  (Bryan t  Ins t ruments  Ltd.) .  
No paras i t ic  in terac t ion  be tween  the potent ios ta t  and 
recorder  was observed.  

The test  e lectrodes were  as above. The counter  and 
test  e lectrodes were  a lways  of ident ica l  mater ia l .  The 
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Fig. 1. Electrolytic cell: A---counterelectrode compartment, B-- 
test electrode compartment, C~reference electrode compartment. 
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Fig. 2. Typical faradaic current-bias potential curves for poly- 
crystalline lead in NaOH (0.0149M), 23~ 

reference electrode was a saturated calomel electrode. 
The electrolytic cell, Fig. 1, consisted of three compart-  
ments  separated by glass frits. The reference electrode 
was joined to the test electrode compartment  by a 
Luggin capil lary and in  all sweeps it was ensured that  
the test electrode was wi thin  1 m m  of the Luggin 
capil lary tip, in order to minimize IR drop which was 
small  in all the experiments.  The Luggin capil lary was 
finely drawn out at the tip to minimize shielding of 
the electrode. 

Results and Discussion 
Differential Capacitance Studies 

Polycrystalline lead.--Figure 2 shows a characteris-  
tic faradaic current -b ias  potent ial  curve for polycrys- 
ta l l ine lead in NaOH electrolytes. The exper imental  
polarizable region extends from ~ --0.25 to --1.0V, 1 the 
l imits being governed by hydrogen evolution at the 
negative ext remity  and lattice dissolution at the posi- 
tive extremity.  Figure 2 indicates that  for Pb  the po- 
larizable region is not  ideal; however, the extent  of 
the deviations from ideality is not very  different from 
that  observed for other metals (34). 

Stable electrode impedances were obtained after 2 
hr  electrode/electrolyte contact. Readings taken at 
very short times showed a certain amount  of drift  
bu t  once stabil i ty had been achieved the system re-  
mained  stable at potentials  wi th in  the polarizable 
region for at least 24 hr  without  significant change. 
Replicate electrode impedances indicated an 8% var i -  
ation about a mean. 

Hysteresis was observed at both the negative and 
positive extremes of the polarizable region but  for 
potential  excursions wi th in  these l imits no hysteresis 

A l l  p o t e n t i a l s  a r e  r e p o r t e d  w i t h  r e s p e c t  t o  t h e  n o r m a l  h y d r o g e n  
e l e c t r o d e .  
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Fig. 3. Differential capacitance curves for polycrystalllne read in 
NaOH electrolyte, 23~ 1000 Hz, ( O )  0.401; ( e )  0.091; (A) 
0.0148M. 

was observed. Electrodes forced to potentials outside 
the polarizable region and then re turned  to the polar-  
izable region never  reverted to their  original  elec- 
trode conditions indicat ing that  irreversible electrode 
changes had occurred. 

Figure 3 shows differential capacitance curves at 1 
kHz for the range of concentrat ions investigated. (The 
separation of the anodic branch of the differential 
capacitance curves with [ O H - ]  is a consequence of 
the equi l ibr ium reaction 

Pb  (OH)3-  + 2e ~=~ Pb  + 3 O H -  

which predicts that  E o shifts by ~ --90 mV for each 
decade in [ O H - I ) .  On the same diagram is plotted the 
electrode resistance, RE. A well-defined m i n i m u m  in 
the differential capacitance curves, which increased 
with dilution, appears at --0.62V. This m i n i mum is 
characteristic of the potential  of zero charge, pzc, and 
compares with the work of Venstrem and co-workers 
(13, 14) who reported the pzc as --0.56V. RE is poten-  
tial dependent  to some extent, a ma x i mum occurring 
at ~ --0.41V, however, at potentials more negative RE 
is reasonably constant  indicat ing that  at the pzc of Pb  
indicated ( ~  --0.6V) the t rue Pb /NaOH interphase is 
being observed. 

Figure 4 shows a typical  f requency dispersion of 
the differential capacitance. The extent  of the disper- 
sion amounted to less than  5% for a f requency change 
1 kHz to 120 Hz. The dispersion observed is similar 
to that expected for solid metal  electrodes and is most 
probably due to a certain amount  of surface roughness 
as discussed by De Levie (37). 

Electrodeposited PbO2.--Figure 5 shows characteris-  
tic faradaic cur rent -b ias  potent ial  curves for a- and 
fl-PbO2 in NaOH electrolytes. The exper imental  polar-  
izable region extends from ,~ 0.6 to 1.25V for a-PbOe 
and ~ 0.6 to 1.20V for ~-PbO2, in each the limits are 
governed by oxygen evolution at the positive ext rem-  
i ty and lattice dissolution at the negative extremity.  
A small change in the potent ial  of zero current  flow 
was observed for the two polymorphs, ~ 0.65V for 
~-PbO2 and ~ 0.76V for ~-PbO2. 

For a-PbO2 electrodes stable electrode impedances 
were obtained wi th in  1 hr of electrode/electrolyte con- 
tact, however, for ;3-PbO2, 10-hr contact times were 
required. Impedance readings taken at short contact 
t imes showed a certain amount  of drift. Once stabil i ty 
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Fig. 4. Typical frequency dispersion of differential capacitance 
curves for polycrystalline lead in NaOH electrolyte (0.0149M), 
23~ /% 120 Hz; e ,  300 Hz; C), 1000 Hz. 

1OO 

j 
. . _ _ . j  

6 0  

I 240 

4 0  ~ it R~ ~ c m  - ~  \ 
. / 

, "3 - - 3" J 220 
I 0!  5 0 " 9  1"3 

E ( N H E ) / V  

Fig. 6a. Differential capacitance curves for electrodeposited 
c~-PbO in NaOH electrolytes, 23~ 120 Hz; Q ,  0.105; l ,  0.0405; 
L~, 0.007; A,  0.0023M. 
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Fig. 5. Typical faradaic current-bias potential curves for electro- 
deposited lead dioxide in NaOH electrolyte (0.1M), 23~ I ,  ~- 
Pb02; 0, fl-PbO,~. 

had  been achieved however  the  a-PbO2 sys tem re -  
mained  s table  at  potent ia ls  wi th in  the  polar izable  re -  
gion for at  least  24 h r  wi thout  significant change, the  
~-PbO2 sys tem was s table  for only  a r e l a t ive ly  shor t  
t ime (1-2 h r ) .  Repl icate  impedances  indica ted  a 5% 
var ia t ion  about  a mean.  No hysteres is  was observed 
for potent ia l  excursions wi th in  the  polar izable  region,  
however ,  forcing the potent ia ls  outside this  region 
caused ser ious i r revers ib le  changes at  the e lect rode 
and i t  was found impossible  to r e tu rn  to the  or iginal  
e lect rode condition. 

F igures  6a and 6b show different ia l  capaci tance  
curves  for a- and E-forms, respect ively,  at  1 kHz for 
the  concent ra t ion  of NaOH elec t ro ly tes  invest igated.  
On the same d iag ram is p lot ted  the e lec t rode  res is t -  
ance, RE, which  was sa t i s fac tor i ly  constant  in a l l  elec-  
t ro ly te  concentra t ions  over  the  expe r imen ta l  po la r iz -  
able region,  for both  polymorphs .  

The different ia l  capaci tance  curves  shown for a-PbO,, 
(Fig. 6a) were  flat ter  than  s imi lar  curves  for  ~-PbO2 
(Fig. 6b) and the capaci tance min imum was less wel l  
defined. For  ~-PbO~ a m i n i m u m  in the  capaci tance 
curves,  t aken  to be the  potent ia l  of zero charge,  Ez, 
appears  at  1.15V. F igures  7 and 8 show the typ ica l  
f requency  dispers ion of capaci tance which  was ob-  
served in al l  exper iments  and appeared  to be an in-  
heren t  p rope r ty  of the  electrode.  The ex ten t  of the  
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Fig. 6b. Differential capacitance curves for eleetrodeposited 
/3-PbO2 in NaOH electrolytes, 23~ 120 Hz; 0 ,  0.105; O, 0.0405. 
Z~, 0.007; A,  0.0023M. 

dispersion, which  was s imi lar  for  both  polymorphs ,  
amounted  to ~ 10% var ia t ion  for  a f requency  change 
1 kHz to 500 Hz. 

Fast LSV Studies 
LSV has been wide ly  used for the  examina t ion  of 

surface phenomena  at  e lect rodes  (38-40). The genera l  
theory  was  developed by  Randles  (41) and Sev~ik 
(42). In  the  case of the  fo rmat ion  of a soluble  sub-  
stance at  the  e lec t rode  the  cu r r en t  l imi ta t ion  is caused 
by  a progress ive  remova l  of the  reac t ing  species in the 
immedia te  v ic in i ty  of the  electrode.  The magni tude  
of the  m a x i m u m  cur ren t  (Ira) is p ropor t iona l  to the 
concentra t ion of the  r a t e -con t ro l l ing  species. Consider-  
ing the  genera l  e lect rode equat ion 

O + Z e = R  [1] 

and an ideal  system in which  the  t r anspor t  of react ing 
species at  the  e lect rode surface is by  l inear  diffusion, 
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Fig. 7. Typical frequency dispersion of differential capacitance 
curves for electrodeposited a-PbO2 in NoaH electrolyte (0.007M), 
23~ O ,  120 Hz; l ,  300 Hz; Z~, 500 Hz; A,  1000 Hz. 
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Fig. 8. Typical frequency dispersion of differential capacitance 
curves for electradepusited ~-PbO2 in NaOH electrolyte (0.045M), 
23~ O,  120 Hz; e ,  300 Hz; A, 500 Hz; A,  1000 Hz. 

Delahay (43) has shown that  at 25~ 

Im ---- 2.72 X 105 " Z 3/2 " A D'/= �9 C �9 v 1/= [2] 

where Z is the n u m b e r  of electrons involved in the 
reaction, A is the area of the electrode, D the diffusion 
coefficient, C the concentrat ion of the ra te-control l ing 
electroactive species, and v the potential  sweep rate. 

Similar ly  for the reversible formation of an insolu-  
ble substance at the electrode and assuming l inear  
diffusion Delahay (43) has shown that  at 25~ 

Im ----- 3.67 X 105 " Z 3/~ �9 A D'/= �9 C vV= [3] 

Exper iments  with solid metals are complicated by 
difficulties which prevent  quant i ta t ive  measurements  
being made, for example, doubt concerning the t rue  
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Fig. 9. Typical fast anodic potential sweep on polycrystalline 
lead in NaOH (3.45M), 23~ 58.3 mV sec -1. 

surface area, t rue concentrat ion of electroactive spe- 
cies, and the exact value of the diffusion coefficient. 
Also the problem arises of what  proport ion of the total  
cur rent  flowing is due to the capacitive component  
(Ic) where 

Ic = Xc - ~ -  [4] 

where Xr is the double layer  capacitance. 
It  is however, possible to obta in  qual i tat ive informa-  

t ion concerning the controll ing modes of diffusion oc- 
curring. 

P o l y c r y s t a l l i n e  l e a d . - - F i g u r e  9 shows the results of 
a typical  fast anodic potential  sweep. The exper imen-  
tal potential  range (N --1300 mV to .~ Jrl700 mV) 
was l imited by hydrogen evolut ion at the negative 
extremity  and oxygen evolut ion at the positive ex- 
tremity.  Between these potential  l imits two clearly 
defined, sharp current  peaks (a and b) were observed 
and a minor  peak c appeared as a shoulder on peak b. 
Peak a occurred at approximately the P b / P b O  redox 
potential  (--585 mV NHE) and corresponded to the 
anodic oxidation of Pb  to PbO as given by  the general  
reaction 

Pb  Jr 2 O H -  : PbO Jr H20 Jr 2e [5] 

Peaks b and c occurred at a potent ia l  approximately 
corresponding to the PbO/PbO2 redox potential. Later 
experiments  with the separate polymorphs of PbO2 
indicated that  peak b was due to formation of a-PbO2 
and peak c due to formation of/~-PbO2. 

Figure 10 shows the effect of sweep rate on the 
anodic peak height (peak a). A l inear  relationship 
between [m and ~ was observed, the Im-~/v l ine 
passing through the origin throughout  the exper imen-  
tal concentrat ion range. Figure 11 shows the effect of 
[ O H - ]  on Im (peak a).  Im is directly proport ional  to 
[ O H - ]  in agreement  with Eq. [2]. 

From Fig. 10 and 11 it is clear that  the process which 
controls the flow of current  is a diffusion process in 
solution and that  the O H -  ion is the species which is 
involved in the diffusion process. Since Im is directly 
proportional to [OH- ] ,  Eq. [2] and [3] indicate that  
only one O H -  ion is involved in this process. I t  is sug- 
gested that a possible sequence of reactions at the 
electrode is as follows 

Pb Jr 2 O H -  ---- Pb(OH)2  Jr 2e [6] 

Pb(OH)2 Jr O H -  ---- P b ( O H ) 3 -  [7] 

P b ( O H ) 3 -  = PbO Jr O H -  Jr H20 [8] 

where [7] and [8] occur subsequent ly  to produce a 
PbO phase at the electrode and, at the same time, [7] 
occurs in absence of [8] to form plumbite  ions in 
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Fig. 10. Anodic peak current (Ira) vs. (sweep rate) ~/~ for forma- 
tion of PbO on polycrystalline lead (peak a of Fig. 9) in NaOH, 
23~ (a) 4.7; (b) 3.45; (c) 2.53; (d) 1.79; (e) 1.39; (f) 1.02M, 
Electrode area 3.3 x 10 - 2  cm 2. 
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Fig. 11. Anodic peak current (Ira) vs. [ O H - ]  for formation of 
PbO (peak a of Fig. 9) on pelycrystalline lead, 23~ O ,  58.3 
mV sec-1; O, 29 mV sec-1; A ,  12 mV sec -1 .  Electrode area 
3.3 x 10-2  cm 2. 

solution. This mechanism is similar to that  proposed 
by Far r  and Hampson (25) on the basis of an electron 
microscopic s tudy of the electrode surface coupled 
with a galvanostatic electrometric investigation. 

The apparent  diffusion coefficient of the O H -  ion 
calculated from the slopes of the In, vs. ~ v  lines (Fig. 
11) indicates a mean  value of ~10 -~ cm 2 sec -1. This 
value is considerably smaller  than published data (46) 
for the diffusion coefficient of the O H -  ion in aqueous 
solution. A possible explanat ion of this is that  diffusion 
of O H -  ions mus t  occur through a layer  of anodic 
products and the diffusion coefficient involved is that  
of the diffusing ion in the product  phase. An al ternate  
explanat ion is that  the t rue surface area of the elec- 
trode available for diffusion is very much less than the 
apparent  area due to the presence of a solid phase of 
PbO (25). It is difficult to decide which of these two 
explanat ions is formally correct but  both indicate the 
wel l -establ ished fact that  in the region of the dissolu- 

tion of a lead electrode in  alkali  a layer  of solid prod-  
ucts exists at the electrode surface (25). (It  is not 
l ikely that a transpassive dissolution occurs at the 
electrode since the potential  region at which peak a 
is observed is too low and in any  case a transpassive 
dissolution would be expected to yield ions of a higher 
valence state.) 

Linear  relationships between I,~ and V~v were not 
obtained within  the exper imental  concentrat ion range 
for peaks b and c indicating that  the ra te-control l ing 
reaction mechanism is more complex than  simple dif- 
fusion. The fact that  Im of peak b, which corresponded 
to the formation of a-PbO2, was always greater  than 
Im of peak c (fl-PbO2), indicated that  at  high anodic 
potentials, al though a-PbO2 was the major  product 
formed, traces of fi-PbO2 were always present. If the 
PbO2 deposit was scraped from the electrode surface 
after a complete anodic potentiaI  sweep the presence 
of an orange brown colored deposit of PbO undernea th  
the PbO2 was observed. This would be in  agreement  
with Far r  and Hampson (25) that  PbO~ overlays a 
layer of PbO. 

Nonreproducible relationships between Im and sweep 
rate for peaks b and c indicate the possibility of for- 
mat ion of PbO2 by more than  one mechanism as ob- 
served previously by Rtietschi and Cahan (44) who 
suggest s imultaneous oxidation of PbO and under ly -  
ing Pb. 

A slight negative shift of the potential  of peak b 
and c occurred with increasing sweep rate  indicating 
that  the reaction occurring was significantly i rreversi-  
ble. For such a reaction Delahay (43) derived the re- 
lationship 

E p = E  

R T  0.77 -- In k~ i (riD.) I/= -F 2 R T  - -  ~ v [9]  
a z F  

where E is the ini t ial  potential  and E,  the potent ial  at 
sweep rate v, a is the charge t ransfer  coefficient for 
the electrode reaction, p is given by the expression 

aZF 

R T  

and kfi a reaction constant. Although theoretical ly a 
should be obtainable from Ep -- v data, in practice 
the uncertaint ies  in the s tudy of solid electrodes pre-  
vent  this. 

Electrodeposited a-PbO2.--Figure  12 shows the re- 
sults of a typical fast cathodic potent ial  sweep. Be- 
tween the two potential  l imits two clearly defined 
peaks (d and e) were observed. Peak d occurred at a 
potential  represent ing reduct ion of the a--PbO2 to PbO. 
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Fig. I2. Typical fast cathodic potential sweep on electrodeposlted 
~-PbO2 in NaOH (4.7M), 23~ 58.3 mV sec -1 .  Electrode area 
4.9 x 10 - 2  cm. 
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Fig. 13. Cathodic peak current, Ira, vs. ~sweep rate for forma- 
tion of PbO (peak d of Fig. 12) on electrodeposited a-PbO2 in 
NaOH, 23~ (a) 4.7; (b),3.45; (c) 2.53; (d) 1.79; (e) 1.39; (f) 
1.02M. Electrode area 4.49 x 10 -2  cm 2. 

A shift of the potent ial  of peak d to more negative 
values with increasing v indicated some irreversibi l i ty 
of this reaction. Peak e appeared at the P b / P b O  redox 
potential  and represented reduction of PbO to Pb. 

Figure 13 shows the effect of sweep rate on the 
cathodic peak height (peak d). A l inear  relationship 
between Im and k/v  was observed and within  the ex- 
per imenta l  concentrat ion range the I -k /v  curves passed 
through the origin indicat ing that  the cur ren t - l imi t ing  
reaction is the diffusion of O H -  ions in solution. 

Figure 14 shows the var iat ion of I~ with concentra-  
t ion of O H - ;  a l inear  relationship was not  observed, 
the slope of logl0 Im vs. loglo [ O H - ]  having a value 
of ,,,1.4. The results confirm our previous work (30) 
indicating that  adsorption of the electrode ~ reaction 
products intrudes in the electrode reaction. The fol- 
lowing sequence represents the electrode reaction 

PbO2 § H20 ~- 2e = PbOads -~- 2 O H -  [10] 

PbOads = PbOaq [11] 

PbOaq ~- O H -  -t- H20 = Pb  (OH)3-  [12] 

Calculation of the diffusion coefficient using Eq. [2] and 
the ini t ial  part  of the curves in Fig. 14 yields a value 
of ~10 -7 which is far too small  to be the t rue diffusion 
coefficient of the O H -  ion in aqueous solution. As pre-  
viously suggested for the case of lead in alkali  these 
data can be interpreted by either of the two explana-  
tions previously outlined, however, in this case it 
seems that  the presence of an adsorbed layer through 
which the O H -  ion must  diffuse is bet ter  supported by 
previous exper imenta l  work (30) than the postulat ion 
of an incomplete oxide film. 

For peak e, a l inear  relationship of Im vs. k / v  was not 
observed indicating a duplex reaction system depend- 
ing on prior reactions. 

E~ectrodeposited ~-PbO2.--Figure 15 shows the re-  
sults of a typical  fast cathodic potential  sweep. Be- 
tween the potential  limits three peaks were observed 
(f, g, and h). Peak h occurred at the P b / P b O  redox 
potential. Peak g occurred at the a-PbO2/PbO redox 
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Fig. 14. Cathodic peak current (Ira) vs. [ O H - ]  for formation 
of PbO (peak d of Fig. 12) on electrodeposited a-PbO2, 23~ 
O ,  58.3 mV sec-1; O, 29 mV sec-Z; L~, 12 mV sec -z .  Electrode 
area 4.49 x 10 - 2  cm 2. 
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Fig. 15. Typical fast cathodic potential sweep on electrodeposited 
/~-PbO2 in NaOH (4.7M). 23~ 58,3 mV sec -1.  Electrode area 
4.9 x 10 -2  cm 2. 

potent ial  indicat ing the presence of a-PbO2 in the de- 
posit. Peak f was observed only for ~-PbO2 and must  
be due to the ~-PbO2/PbO redox reduction. Cont inu-  
ous cathodic cycling showed a decrease in peak f but  
increase in peak g indicat ing a possible modification of 
the fl-PbO2 on the electrode surface to a-PbO2 confirm- 
ing earlier work (30) the reverse of which was ob- 
served in acid solutions (45), i.e., modification of 
~-PbO2 to ~-PbO2. 

Conclusions 
1. Differential capacitance studies 

(a) The pzc of Pb in aqueous NaOH is --0.62 
_+ 0.01V (NHE). The differential capacitance- 
bias potential  curves show a distinct min imum.  
(b) The pzc of @-PbO2 in aqueous NaOH is 
1.15 _ 0.01V (NHE). The differential capaci- 
tance-bias  potential  curves show a broad min i -  
mum. 
(c) The pzc of ~-PbO2 could not be estimated. 

2. Fast LSV studies 
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(a) The anodic oxidation of Pb to PbO in aque- 
ous NaOH involves mass transport control by 
diffusion of OH-  ions in solution. 
(b) The cathodic reduction of a-PbO2 to PbO 
in aqueous NaOH involves mass transport con- 
trol by diffusion of OH-  ions in solution but is 
complicated by adsorption of PbO at the elec- 
trode surface. 
(c) The cathodic reduction of ~-Pb02 is com- 
plicated by a modification of surface fl-PbO2 to 
~-Pb02. 
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Solution of Potassium Hydroxide 
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ABSTRACT 

The effect of carbonate ions on the anodic behavior  of a horizontal  zinc 
anode in concentrated KOII  solutions has been invest igated by measur ing 
the passivation t ime at constant current.  Anodic dissolution of zinc was found 
to be associated with the diffusion-controlled zincate ion saturat ion near  the 
electrode and the passivation t ime of the electrode, which is defined to be a 
period unti l  the passivation occurs, was reduced with increasing concentrat ion 
of carbonate ions at constant concentrat ion of KOH. The phenomenon was ex-  
plained f rom the l inear  relat ionship be tween tp and 1/~ as a result  of the in-  
crease in viscosity ~ of the solution. 

Al though many  authors have studied the anodic be- 
havior  of zinc electrodes in alkaline electrolyte  (1, 2), 
few papers appear  to have  been published regarding 
the effect of carbonate ion on the zinc electrode re -  
actions. P re l iminary  exper iments  showed that  the 
presence of carbonate accelerates the passivation of 
the zinc electrode during the anodization in alkaline 
solution. Carbonate may  be introduced in the solution 
when it is in contact wi th  atmospheric air in the proc- 
ess of alkaline bat tery  production. The knowledge of 
the effect of carbonate, therefore,  appears valuable  
f rom the practical  standpoint. The present  study was 
initiated in order  to de termine  the effect quant i ta t ive ly  
and to establish a mechanism. 

Of the many possible exper imenta l  approaches, mea-  
surements  of the t ime for passivation at constant cur-  
rent  wi th  a horizontal  plane electrode seem most suit- 
able for obtaining a direct correlat ion between the 
bat tery  per formance  and the carbonate  concentration. 
In the present paper, passivation t ime of the zinc elec-  
trode was measured at constant anodic current  and the 
relation between the passivation t ime and the car-  
bonate concentrat ion was investigated. 

Experimental 
The zinc electrode used was a disk of 20 m m  diam- 

eter, that  was cut f rom a rolled zinc sheet of 0.3 mm 
thickness and of about 99.99% purity. The electrode 
was cleaned by immers ing in dilute HC1 for about 5 
min  and r insed in a s t ream of distilIed wate r  unti l  
the chloride ion was not detected by the AgNOa test. 
The sample t reated by nitric acid (1) gave near ly  the 
same results as that  t reated by hydrochloric  acid. Af te r  
being dried at room temperature ,  the electrode of 
lustrous surface was placed in an electrolysis cell. A 
H- type  electrolysis cell of acrylic acid resin was used. 
The diameter  of each compar tment  of the cell was 
about 30 ram. The solution volume of the sample com- 
partment ,  25 ml, was sufficient to prevent  the concen- 
trat ion change during the anodic dissolution of zinc. 
The bot tom of the sample compar tment  had a hole of 
1.28 cm 2 and the zinc plate  was sandwiched between 
the outer face of the bot tom and a nickel plate which 
was covered by a thick plate of acrylic resin. The sand- 
wich was t ightened by screws to p reven t  any liquid 
leak. The actual working area of the zinc electrode was 
the same as that  of the hole. The nickel  plate was used 
as an electric contact. The potential  of the zinc electrode 
at constant anodic current  density was moni tored 
through a Luggin capi l lary vs. a m e r c u r y - m e r c u r i c  
oxide electrode in pure KOH of the same concentrat ion 

Key words: alkaline batteries, viscosity, constant current elec- 
trolysis, zinc oxide. 

as that  in the test cell. In another  compar tment  of the 
cell, a nickel gauze of large area was placed and used 
as a counterelectrode.  A constant anodic current  of 
--+0.3% accuracy was supplied to the test e lectrode f rom 
a regulated power supply (Showa Electronics Model 
VSA 710S) unti l  the onset of passivation on the sur-  
face. The passivation time, tp, of the electrode was de- 
termined f rom the potent ia l - t ime curves recorded on 
an electric polyrecorder  (Toa Electronics Ltd. Model 
EPR-2TB)  as i l lustrated in Fig. 1. The electrolysis was 
carried out in a thermosta t  kept at 25 ~ ___ 0.1~ and 
oxygen dissolved in the electrolytic solution was r e -  
moved by bubbling pure ni t rogen gas through the solu- 
tion for about 15 min. Ten minutes  of ni t rogen bub-  
bling was found satisfactory for the complete removal  
of dissolved oxygen, which was checked polarographi-  
cally. During the electrolysis, ni trogen gas was passed 
over  the solution. Electrolysis  was started 15 min  after  
the immersion of the specimen electrode into the solu- 
tion. 

The base electrolyt ic  solution was prepared by dis- 
solving a known amount  of reagent  grade KOH pellet  
into doubly distil led water,  the concentrat ion being 
determined by ti tration. A solution containing the re-  
quired concentrat ion of ZnO or K2CO3 was prepared by 
dissolving a known amount  of ZnO or K2CO3 of reagent  
grade into the base solution. All  the procedures were  
carried out in a glove box filled with  flowing ni trogen 
gas. 

Viscosity and densi ty measurements  at 25~ were  
made for the electrolytic solution by convent ional  
methods in a constant t empera tu re  bath controlled to 
__0.05~ The white  precipi tate formed on the test elec- 
t rode during the anodization was determined by x - r a y  
and IR analysis. Samples for the analysis were  col- 
lected as whi te  leaves from the passivated electrode 
surface which, in advance, was washed wi th  distilled 
water  and dried in air. IR reflection spectra measure-  
ments were  also made for the surface of the anodized 
zinc electrode which was washed with  water  and dried. 

Results 
The anodization was carr ied out at various current  

densities. The passivation time, tp, was found depen- 
dent on the electrolysis conditions as has been pointed 
out (1, 2), and, of course, it increased when  the solu- 
tion was agitated during the electrolysis. Therefore,  all 
the values cited below were  obtained by keeping the 
solution quiescent. The reproducibi l i ty  of tp was ex-  
cellent with the exper imenta l  er ror  of ___5%. 

A typical  potent ia l - t ime curve  at constant current  is 
reproduced in Fig. 1, f rom which the passivation t ime of 
the electrode is de termined as indicated in the figure. 
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Fig. I. Typical potential-time carve for horizontal zinc anode in 
a solution of 7.84M KOH containing 0.SM dissolved ZnO. Current 
density is 40 mA/cm 2. 
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Fig. 2. Passivation time and current density relationship in e 
solution of 7.84M KOH containing 0.5M dissolved ZnO. 

Figure 2 shows the relat ion between the anodic current  
density and the passivation t ime of the electrode for 
the solution of 7.84NI KOH containing 0.5M dissolved 
ZnO at 25~ As is seen in  the figure, to -1 /2 increased 
l inear ly  with the increase of applied anodic current .  

When K2CO3 was added to KOH solution, tp was 
found to be reduced in a l inear  m a n n e r  and the slope 
was dependent  on the concentrat ion of dissolved ZnO. 
Figure 3 shows the var ia t ion of tp in the solution of 
KOH against varied concentrat ion of K2CO3 with and 
without  0.5NI dissolved ZnO. The effect of ZnO can 
also be seen in the figure: at constant  concentrat ion of 
K2CO3, tp was decreased by the addition of 0.5M ZnO, 
indicating the same tendency as with KeCO3. Addit ion 
of K2CO3 or ZnO may decrease the O H -  activity re-  

4O 
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E 3O 
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2O 

0 1.0 2.0 

[ KzC03 ] ,  M 

Fig. 3. Effects of carbonate ions on the passivation time in both 
7.86M KOH (plot A) and 7.83M KOH + 0.SM dissolved ZnO (plot 
B). Concentration of K2CO3 was varied from zero to 2M and the 
current density was kept at 30 mA/cm 2. 
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Fig. 4. Relation between the passivation time and gram equiva- 
lent fraction of KOH in the 8M alkaline solution whose total al- 
kaline concentration was adjusted with NaOH and contained 
0.5M ZnO. Current density is 30 mA/cm 2. 

sult ing in the decrease of tp. In  order to check whether  
there is a factor other than O H -  activity acting on tp, 
t o was measured in the system of KOH-NaOH where 
the O H -  concentrat ion was kept constant. In Fig. 4, 
the relat ion between tp and the gram equivalent  frac- 
tion of KOH in the solution is given, where  a marked 
reduction of tp is shown to be caused by the increase 
of Na + concentrat ion in spite of keeping the O H -  con- 
centrat ion constant. 

Density and viscosity data for the various solutions 
used in these exper iments  are tabulated in Tables 
I-IIL The viscosity of the solution is increased with 
increasing the concentrat ion of K2CO3 or the fraction 
of NaOH. 

One may  ascribe the decrease in tp in the presence 
of CO:~ 2- to the formation of ZnCO~ film which retards 
fur ther  dissolution of zincate ion by covering the elec- 
trode surface. Low solubil i ty of ZnCO3 in water  (3) 
appears to support this explanation.  In order to detect 
the presence of ZnCO3, the reaction product formed 
during the anodization was determined by x - r ay  and 
IR analyses. The x - r ay  analysis of the reaction prod- 
ucts showed that  the products consist of ZnO and do 
not contain ZnCO3 and Zn (OH)2. Neither IR spectra of 
the reaction products nor  the reflection spectra of the 
surface of the zinc electrode after the electrolysis gave 
signals characteristic of ZnCO3 (4). 

Table i. Density and viscosity of the solutions of 7.86M 
KOH containing K2CO3 at 25~ 

K~CO~, M p, g / e m Z  ~7, c e n t i p o i s e  

0 1.3220 2.285 
0.5 1.3591 2.700 
1.0 1.3962 3.224 
2.0 1.4658 4.688 

Table II. Density and viscosity of the Solutions of 7.83M 
KOH containing 0.5M of dissolved ZnO and 

K 2 C 0 3  at 25~ 

K2CO8, 1VI p, g / c m  a tl, c e n t i p o i s e  

0 1.3512 2.523 
0.5 1,3860 2.989 
1.0 1.4218 3.560 
2.0 1.4901 5,209 

Table III. Density and viscosity of the 8M alkaline solutions 
containing 0.SM of dissolved ZnO at 25~ 

K O H ,  M N a O H ,  M p, g / c m 3  7, c e n t i p o i s e  

0 8.02 1.3065 6.726 
2.03 6.04 1.3202 5.264 
4.02 3.95 1.3304 4.017 
6.05 1.93 1.3465 3.250 
7.95 0 1.3578 2.583 
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Discussion 
Since longer t~, favors the bet ter  discharge per-  

formance of the battery,  solution contact with atmo- 
spheric air should be avoided dur ing the production 
process of alkaline batteries. I t  is well  known that the 
dissolution of carbon dioxide in caustic alkali  causes a 
decrease in O H -  activity resul t ing in  the decrease of 
tp. An addit ional  disadvantage due to the presence of 
CO32-, however, has been shown to exist in the present  
study even if O H -  concentrat ion is kept constant. 
Clear indication of lowering tp due to increased con- 
centrat ion of CO32- is seen in Fig. 3, where O H -  con- 
centrat ion is kept constant. 

We wish to consider the mechanism of accelerated 
passivation due to CO.~ 2-. For a si tuation in which ions 
generated at the anode diffuse away, time and current  
density are related by the following form of the dif- 
fusion equat ion (5, 6) 

nF~l/2 D 112AC 
i ---- [1] 

2tpl/2 

where AC is the concentrat ion difference of zincate 
ions between the electrode surface and the bu lk  solu- 
tion, other symbols have the usual  meaning.  Figure 2 
shows that the present  exper imental  conditions satisfy 
the diffusion-controlled condition where anodic cur-  
rent  is inversely proportional to the square root of the 
passivation time. Thus, the passivation is associated 
with a diffusion-controlled zincate ion saturat ion or 
supersaturat ion of the solution layer  adjacent to the 
electrode resul t ing in the deposition of ZnO. 

Of the oxide films formed by  the anodic  polarization 
in alkal ine solution, existence of two different types 
has been reported by several  authors (1, 2) : the type 1 
film is white, loose, and flocculent and the type 2 is a 
more adherent,  compact, and protective film. Accord- 
ing to Powers and Breiter  (1), the former is formed 
at about --1.27V and influences the polarization, but  
it is not so strong as to cause the complete passivation, 
whereas the lat ter  is of predominant  importance in 
controlling the active to passive transition. The poten-  
tial at which the type 2 film begins to form is uncer ta in  
but  is considered to be more anodic than that  of 
type 1. The potent ia l - t ime curve in Fig. 1 begins to fall 
at about --1.25V, indicat ing the type 1 film forms ini-  
tially, followed by the formation of the type 2 film, 
which passivates the zinc electrode. The passivation 
time, tp, is shown to decrease l inear ly  with the increase 
of CO~ 2- concentrat ions (Fig. 3). Two factors in Eq. 
[1] can contr ibute  to the reduced tp, i.e., the decrease 
in ,tC or D. 

First, we consider the reduction in aC. If the solubil- 
ity of zincate ion which is formed as a result  of the 
anodic dissolution is lowered by some reasons, ~C 
should be decreased. If the solubili ty of ZnCO~ is 
smaller  than  that of ZnO in alkal ine solution, the passi- 
vation t ime would be shortened by the formation and 
the deposition of ZnCOs on the surface. This possibility, 
however, is denied by the analytical  results of the pas- 
sivation film, where  ZnCO~ could not be identified. This 
is in accordance with the solubil i ty consideration in 
which the effect of O H -  activity is taken into account. 
The solubil i ty product of ZnCO3 in water  is very small 
(K = [Zn 2+] [ C O 3  2 - ]  : 1.6 • 10 -11, at 25~ (3), 
but the solubil i ty in alkal ine solution is shown to be 
very much increased as follows. The equi l ibr ium con- 
stant of the equation (3) is a measure of the solubili ty 
of ZnCO3 in alkal ine solution 

ZnCO3 -~- 4 O H -  ~ [Zn(OH)4]2- + CO3 2- [2] 

[Zn (OH)4 2-] [CO3 2-] 
K1 -- [3] 

[ZnCO3] [OH-] 4 

Since the following equilibrium constants are known 

Zn 2+ + 4 OH- ~=~ [Zn(OH)4] ~-- [4] 

[Zn (OH) 4 ~- ] 
K2 = = 1.4 X 1015 (7) [5] 

[Zn 2+ ] [OH-] 4 

ZnCO3 ~ Zn 2+ -~ CO3 2- [6] 

K3 : [ Z n 2 + ] [ C O 3 2 - ]  = 1.6 X l 0  -11  [7 ]  

Ks can be calculated by assuming the activity of 
ZnCO3 as unity. The calculated value of Ks is 2.2 x 104, 
showing that  ZnCO3 is very  soluble in concentrated 
alkal ine solution and would not deposit before the 
deposition of ZnO on the electrode. 

Now we have to take into consideration the other 
factor, i.e., the decrease in D which is reasonably ex- 
pected to be caused by the increasing viscosity of the 
solution with increasing concentrat ion of K~CO3. Be- 
cause the anodic dissolution of zinc electrode is diffu- 
sion controlled as discussed above, the increase in vis- 
cosity would retard zincate ions to diffuse away from 
the electrode and facilitate the passivation of the 
electrode. 

The relat ion between the passivation t ime and the 
viscosity of the solution wil l  be derived for the purpose 
of explaining the present exper imental  data. Accord- 
ing to Stokes' law, a particle of radius r moving 
through a homogeneous medium of viscosity n under  
the influence of a force f will ma in ta in  a velocity v, 
given by v = f/6x~]r. When the definition of equivalent  
ionic conductance ~. is introduced, the following relat ion 
holds 

= [ 8 ]  
6;rnrN 

where N is Avogadro's number .  The diffusion coeffici- 
ent is given by Eq. [9] 

D -- �9 L [9] 

By using these relations, Eq. [1] is rewri t ten  as 

n2F2RT/~C~ 1 
tp : �9 - -  [10] 

24 i2Nr n 

Equation [10] shows that  passivation t ime should be 
inversely proport ional  to the viscosity of the solution 
if the other factors are kept constant. Mean values of 
t ,  at a given concentrat ion of K2CO3 shown in Fig. 3 
are plotted vs.  the reciprocal of ~ cited in Tables I and 
II. As shown in Fig. 5, the exper imental  values fall  on 
a straight l ine going through the original point, indi-  
cating the mechanism can be elucidated in terms of 
the viscosity increase. Equation [10] shows that aC 
can be calculated from the slope of the plot if the 
ionic radius is known. The values of 5C for both cases 
of A and B, namely  in the absence and the presence of 
0.5M ZnO, can be calculated from the slopes of Fig. 5. 
Calculated values are 5.5M for the case of plot A, and 

i i i 

40 
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I I I I 
0 O. I 0 2 0.3 0.4 
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Fig. 5. Relation between the passivation time and the reciprocal 
viscosity in 7.86M KOH (plot A) and in 7.83M KOH -I- 0.5M dis- 
solved ZnO (plot B). Viscosity was changed by adding K2C03 (see 
Tables I and II). 
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5.1M for B, where  the  ionic rad ius  of zincate ion is as-  
sumed to be the same as the  l i t e ra tu re  value  of 3.5A 
for Z n ( I I )  aquo ion (8). The calcula ted concentrat ion 
difference seems to be too large in comparison wi th  
the solubi l i ty  of ZnO in concent ra ted  KOH solution, 
which is about  0.9M in 8M KOH solution at  25~ (9). 
However ,  in i t ia l  zincate ion concentrat ions have been 
found fa i r ly  h igher  than  the equi l ib r ium solubi l i ty  
when zincate  ion is dissolved by  anodization in caustic 
alkali ,  the t endency  being expla ined  by  the feas ibi l i ty  
of supersa tura t ion  (5, 10). This evidence justifies the 
h igher  values  obta ined here. I t  is obvious f rom Eq. [10] 
that  the  value  of aC is dependent  on r whose accuracy  
de termines  the  va l id i ty  of hC. The difference of aC 
obta ined by  the calculat ion for  two sorts of solutions 
wi th  and wi thout  ZnO is 0.4M which is nea r ly  coinci- 
dent  wi th  the expe r imen ta l  concentra t ion difference 
of 0.5M. This would  be an indicat ion of the  va l id i ty  of 
the present  t rea tment ,  which wi l l  provide  one possible 
method for de te rmin ing  the concentra t ion of d issolved 
mate r i a l  in the v ic in i ty  of the  electrode.  

Ano the r  factor influencing tp is the ac t iv i ty  of O H - .  
The solubi l i ty  of ZnO decreases wi th  decreasing con- 
cent ra t ion  of O H -  (9) and the O H -  act iv i ty  m a y  be 
lowered  by  the addi t ion of K2CO3. But  the  s l ight  lower -  
ing of the ac t iv i ty  seems not enough to reduce to half  
the passivat ion t ime. The da ta  given in Fig. 4 and 6 

i t J 

4O 

E 

" 2 0  

0 , I i i I - -  

o.i o2 0.3 0.4 
i/'r/, (c.p.) +~ 

Fig. 6. Relation between the possivation time and the reciprocal 
viscosity in 8M (KOH -1- NaOH) solution containing 0.SM dissolved 
ZnO. Viscosity was changed by varying the ratio of KOH to NaOH 
as shown in Table III. 

suppor t  the presen t  argument .  The solubi l i ty  of ZnO 
in 8M KOH is 0.gM (9), and about  1.3M in 8M NaOH 
(11). I f  the  pass ivat ion  t ime is governed  by  the solu-  
b i l i ty  of ZnO only, it  mus t  be longer  in NaOH solution 
than in KOH, which  contradic ts  the  exper imen ta l  r e -  
sul ts  in Fig. 4. F igure  6 shows tha t  tp is ma in ly  con- 
t ro l led  by  the  viscosi ty of the solution. The sl ight  
downward  depa r tu re  f rom a s t ra ight  l ine in Fig. 6 
would be expla ined  in te rms of the  so lubi l i ty  of ZnO. 
The solution of low viscosi ty was p repa red  by  mix ing  
a smal ler  amount  of NaOH and a la rger  amount  of 
KOH, where  the so lubi l i ty  of ZnO is lower.  In  such a 
solution, the deposi t ion of ZnO is faci l i ta ted resul t ing 
in the  shor ter  tp. A nondiffusional  process l ike con- 
vection cannot  expla in  the downward  depa r tu re  be-  
cause tp is expected to increase at the high 1/n value 
region, where  the effect of convect ion seems to be more  
significant if convection occurred in the  present  case. 
Migra t ion  is not considered because of the  high con- 
cent ra t ion  of the e lec t ro ly te  as compared  to the  elec-  
t rolysis  current .  

Manuscr ip t  submi t ted  Nov. 12, 1970; revised manu-  
script  received Apr i l  6, 1971. 

Any  discussion of this  paper  wil l  appear  in a Discus- 
sion Section to be publ ished in the June  1972 JOURNAL. 
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Electrode Behavior of Iron in 2M HCI Containing 
Oximes or Quinuclidine 
Erwin Laengle 1 and Norman Hackerman *'2 
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ABSTRACT 

Galvanostatic anodic and cathodic potential  measurements  were carried 
out with pure iron in 2M hydrochloric acid plus aliphatic and aromatic oximes 
and quinucl idine at different concentrations. Inhibi t ion of both the anodic 
iron dissolution and the cathodic H2-evolution by oximes and quinucl idine  was 
caused by adsorption of the organic molecules on the metal  surface. The 
cathodic polarization curves were interpreted quant i ta t ive ly  by the assumption 
of two ra te -de te rmin ing  charge t ransfer  reactions in a combined Volmer-  
Heyrovsk~ mechanism. Anodic polarization curves were S-shaped with small 
Tafel regions around the rest potential. A change to less polarizable behavior 
at large polarizations was explained as due to desorption of adsorbed 
C1- and inhibi tor  molecules. The anodic Tafel slopes changed cont inuously 
from 120 to 30 mV with increasing inhibi tor  concentrat ion and were in ter-  
preted by proposing a reaction mechanism on the basis of the combinat ion of 
two l imiting cases, namely  the iron dissolution in inhibi tor-f ree  and in con- 
centrated inhibitor-HC1 solution. 

The efficiency of n i t rogen-conta in ing  organic com- 
pounds (amines, amides, pyridines, quinolines, acri-  
dines, thiourea, etc.) as inhibitors of iron in acid solu- 
tions has been extensively studied (1-5). It was clearly 
established that  inhibi t ion in a system without  oxygen 
and oxidizing agents must  be caused by the adsorption 
of the organic molecule on the iron surface (6). En-  
hanced inhibi t ion can be at t r ibuted to improved ad- 
sorption due to the funct ional  group and the polariz- 
abil i ty of the inhibi tor  molecule. 

In  this s tudy some aliphatic and aromatic oximes 
were investigated. In  addition quinucl idine was studied 
in order to provide a comparative substance which is 
expected to adsorb without  complications, such as dif- 
ferent possibilities of or ientat ion on the iron surface, 
etc. 

Anodic and cathodic galvanostatic polarization mea-  
surements  of pure iron in 2M HC1 solution at 25 ~ ___ 1~ 
were made with several concentrat ions of the inhibi -  
tors. Metal dissolution rates were determined colori- 
metr ical ly for dissolved iron. Kinetic parameters  of 
the iron dissolution and the hydrogen evolution with 
and without  inhibitors were sought in order to propose 
a mechanism for the inhibit ion.  

Experimental 
Chemicals.--Triple-distilled water  prepared by re- 

distil l ing s tandard laboratory water  through a two- 
stage still (Model E- l ,  Barnstead Still  & Sterilizer 
Company) was used in the preparat ion of the test 
solutions. All  chemicals used were analyt ical  reagent 
grade. Test electrodes were machined from a stock of 
zone-refined iron supplied by Battelle Memorial In -  
sti tute with the following impuri t ies  in ppm: total 
nonmetall ic,  8; total  metallic, 38. 

Polarization measurements.--The test electrode was 
a cylindrical  iron rod pressed into a cylindrical  Teflon 
plug with one flat edge (0.125 cm 2) exposed to the 
solution. A brass center rod was screwed into both the 
Teflon plug and the glass support. After  abrading with 
0, 1, and 4/0 emery papers the electrode was electro- 
polished immediate ly  before use in  a mix ture  of 70- 
72% perchloric acid and glacial acetic acid (4:1 by 
volume) for 3 rain at 150 m A / c m  2 and finally cleaned 
with pure acetone and water. 

* Electrochemical  Society Act ive  Member .  
1 Presen t  address :  Swiss  Federa l  Ins t i tu te  of Technology,  Zur ich ,  

Switzerland.  
S Presen t  address :  D e p a r t m e n t  of Chemis t ry ,  Rice Univers i ty ,  

Houston,  Texas  77001. 
Key  words :  corrosion, polar izat ion curves ,  inhibi t ion,  adsorption. 

A glass cell in which the anode and cathode com- 
par tments  were separated by fri t ted glass was used 
for the polarization measurements .  A p la t inum sheet 
served as auxi l iary  electrode and the reference elec- 
trode was a Ag/AgC1 electrode fitted into a Haber-  
Luggin capil lary filled with 2M HCI solution. The 
potential  of the reference electrode was found to be 
-t-195 mV vs. SHE, checked periodically with a satu- 
rated calomel electrode. The polarization current  was 
supplied by a 90V bat te ry  and a series of variable re-  
sistances. The potentials and applied currents  were 
determined with two Model 610B Kei thley electrom- 
eters. 

The measurements  were carried out with 150 ml  of 
test solution. Purified hel ium gas was bubbled through 
the solution for at least 15 hr before each exper iment  
was started. Readings were started 2 hr  after immer-  
sion of the test electrode. Upon application of a con- 
stant  current ,  the potential  required between 4 and 10 
min  to reach a steady value. 

CoIorimetric measurements.--After immersing in 50 
ml  of deareated test solution in a glass cell, the test 
electrode, pretreated in  the same way as described 
above, was prepolarized for 1 hr  with a constant  cath- 
odic current  of 0.2 m A / c m  2. This procedure was used 
to reach a stable rest potential  without  i ron dissolu- 
tion. The circuit was then opened and after 6 hr the 
electrode was removed from the solution. The colori- 
metric iron determinat ions  were carried out with 
1,10-phenanthroline (7) and a s tudent - type  Bausch & 
Lomb colorimeter. 

Results 
Anodic and cathodic polarization measurements  were 

conducted separately. The polarization curves in 2M 
HC1 solution without  inhibi tor  were measured several 
times and showed well-defined Tafel regions extending 
over about a decade of the current  axis. Reproduci-  
bil i ty of the cathodic Tafel slopes was somewhat bet ter  
than those of the anodic slopes (___5 mV/decade and 
_10 mV/decade, respectively).  For uninhib i ted  2M 
HC1, the corrosion current  (Table I) and the rest po- 
tent ia l  were given by the intersection of extrapolated 
anodic and cathodic Tafel lines. (When an inhibi tor  
was added, the rest and corrosion potentials were not 
necessarily the same.) The rest potent ial  was found to 
be --240 ___ 5 mV; the corrosion current  density was 
reproducible to ___3%. 

Cathodic galvanostatic polarization curves . - -Al l  ex- 
per imenta l  curves with inhibi tor  solution showed a 
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Table I. Corrosion rates and inhibitor effectivenesses 
(E - - "  (iuninhibited-ilnhibited)/iuninhiblted) OF iron in 2M HCI 

solutions with and without inhlbitors extrapolated from anodic 
polarization curves (icorr and El), and the inhibitor effectivenesses 

calculated from calorimetric iron determinations (E2) 

~corr, 
r a A / c m  ~ EL Ez 

2M H C 1  
1 x 1 0 a M  a c e t o n e  o x i m e  
1 x 10-3M 2 - b u t a n o n e  o x i m e  
1 • 1 0 ~ M  a c e t o p h e n o n e  o x i m e  
1 • 1 0 a M  b e n z a l d o x i m e  
1 • 1 0 a M  b e n z o p h e n o n e  o x i m e  
1 • 10-3M q u i n u c l i d i n e  

4,5 x 10 -'~ 0 0 
2.9 x I0 -'~ 0.36 • 0,03 0 . 3 1 •  0.04 
2.5 x I0  -2 0.44 + 0.03 0.37 ~ 0,04 
2.2 • I0  ~ 0.51 -+" 0.03 0.51 ~ 0.04 
1.9 • 10-~ 0.56 • 0.03 0.59 ~ 0.04 
1.5 • 10 ~ 0.67 -4- 0.03 0.63 ~ 0.04 
3.0 • 10 ~ 0.33-----0.03 0 . 3 1 •  

character is t ic  shape as given in Fig. 1. The same pola r -  
izat ion curves were  obta ined  whe the r  the solution was 
s t i r red  by  bubbl ing  he l ium dur ing  the measurements  
or not. The intersect ion of the l inear  por t ions  of the 
cathodic curves  wi th  the  potent ia l  axis at the rest  po-  
ten t ia l s  indicates  that  quinucl idine and al l  oximes act 
as accelerators.  However ,  the  intersect ion of the l inear  
port ions of the  anodic curves  wi th  the  potent ia l  axis 
at the rest  potent ia ls  indicates  that  these compounds 
showed inhibit ion.  Calor imetr ic  de te rmina t ions  of the  
dissolved iron in solutions wi th  and wi thout  inhibi tors  
proved that  the rea l  corrosion currents  were  those de-  
r ived  f rom the anodic curves,  as shown in Table I. 

In  the concentra t ion range  be tween 1 x 10-4M and 
1 x 10-1M, no re la t ion was found be tween  the res t  po-  
tent ia ls  and the corrosion ra tes  for any inhibi tor  in-  
ves t iga ted  here. The res t  potent ia ls  were  all  be tween  
--223 and --261 mV wi th  a m a x i m u m  er ror  of •  mV 
for each exper iment .  

The character is t ic  shape of the  cathodic polar izat ion 
curves can be exp la ined  by  the  assumption of the  fol-  
lowing two r a t e -de t e rmin ing  charge t ransfer  react ions 
in a combined Volmer-Heyrovsk:~ mechanism 

H + J r  e -  --> H a d  V o l m e r  

H+ + Had + e -  --> H2 Heyrovsk~  

Vet ter  (8) der ived  a theore t ica l  express ion for the  
cu r ren t -po ten t i a l  re la t ion  of the Vo lmer -Heyrovsk~  
mechanism.  

ill2 = 2/0V exp [ (1 --  a l ) F  ] 
�9 - -  - R T  ~H~ 

2F 
1 -  exp ( - ~ - -  ~H2 ) 

1 + exp ~H2 
iO,H R T  

where  
ill2 ---- to ta l  cur ren t  dens i ty  
~H2 = overvol tage  
ion ----exchange cur ren t  dens i ty  of the  Volmer  

reac t ion  
i0,H ---- exchange  cur ren t  dens i ty  of the  H e y rov -  

k"  s y react ion 
~1 ---- t ransfe r  coefficient of the Volmer  react ion 
a~ ---- t r ans fe r  coefficient of the  Heyrovsk~  r e -  

act ion 

Without  the  fac tor  2 and by  using polar izat ion ~ ins tead 
of ~He this fo rmula  can be used for the calculat ion of 
al l  cathodic polar izat ion curves  measured  in this s tudy.  

i H 2 : i 0 , 1 e x p [  ( 1 - - a , ) F  ] 

[2] 
~0.1 [ ( 1 - - ~  ~ 1 - -  a 2 ) ] F  ] 

1 + ,  - exp :~ 
z0,2 R T 

i0,t and i0,2 are now not exchange cur ren t  densi t ies  at 
the  equ i l ib r ium poten t ia l  of the  hydrogen  electrode,  
but  cur ren t  densi t ies  at  the  rest  potent ial .  Kaesche (9) 
also expla ined  his cathodic curves  for  i ron in acid 
pe rch lora te  solut ions wi th  pheny l th iou rea  by  the 
Vo lmer -Heyrovsk~  mechanism.  He used Eq. [2] in a 
s impler  form by set t ing [1 --  exp (2F /RT  ~H~)] = 1, 
The expe r imen ta l  resul ts  descr ibed  in the  present  
s tudy  were  found to fit the  complete  express ion [2] 
bet ter .  

Represen ta t ive  examples  of ca lcula ted  polar izat ion 
curves by  using Eq. [2] are  shown in Fig. 1-4. The 
values  of the  pa rame te r s  i0,1, /0,2, and al were  g raph i -  
ca l ly  ex t rapo la ted  f rom the expe r imen ta l  da ta  by  de-  
te rmining  the cathodic and anodic Tafel  lines. Values  
for ~2 were  selected to give the  best  fit of the  exper i -  

I ] I 

1.0 

/ / / j  

- / /  

-o.I i~ ~/ / ,/ 
I 
~-R --300 --400 

POTENTIAL , mV vs SHE 

Fig. 1. Cathodic polarization curves of iron in 2M HCI solution 
containing lx10 -3M acetone oxime. With stirring, A; without 
stirring, Q ,  �9 ;-- From Eq. [2] calculated curve. 

I I I 
1 2 $ 

1.0 / /  

- r w ~ . ] / / r 1 6 2 1 6 2  40"/// 

i 
I I I 0 -100 -200 

POLARIZATION , mV 
Fig. 2. Cathodic polarization curves of iron in 2M HCI solutions 

containing 1x10-3M: quinuclidine, 1; 2-butanone oxime, 2; 
acetophenone oxime, 3; benzaldoxime, 4; and benzophenone ox- 
/me, 5. Experimental values, 0 ;  ~ from Eq. ~2.~ calculated 
curves. /o,2 extrapolated from anodic polarization curves. 
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Fig. & Concentration dependence of cathodic polarization 
curves of iron measured in 2M HCI solutions with 2-butanone oxime 
in a concentration range between |x]O -4  and |x ]O- IM.  Experi- 
mental values, O ;  ~ from Eq. [2] calculated curves. /0,2 
extrapolated from anodic polarization curves. 
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Fig. 4. Cathodic polarization curves of iron in 2M HCI solu- 
tions: without inhibitor, 1; with | x | 0 - 4 M  acetone oxime, 2; and 
with | x ]0 -2M acetone oxime, 3. Experimental values, O ;  
from Eq. [2] calculated curves, io,2 extrapolated from anodic 
polarization curves. 

menta l  data to the curves which Eq. [2] provides 
theoretically. 

Table II lists the concentrat ion dependence of the 
al and a2 values obtained from cathodic polarization 
curves of all investigated inhibitors. All  exper imental  
curves with benzophenone oxime, acetophenone oxime, 
and benzaldoxime fit theoretical curves with constant  
values of the parameters  al and a2. Benzophenone 
oxime could not be invest igated at concentrat ions 
higher than  1 x 10-3M because of the l imited solubility. 
For acetone oxime and 2-butanone oxime within  a con- 
centrat ion range of 1 x 10 -8 to 1 x 10-1M and also for 
quinucl idine between 5 x 10 -4 and 1 x 10-2M, the 
same a values were obtained. At very  small concen- 
trations, the aliphatic oximes and quinucl idine fit 
curves with smaller  t ransfer  coefficients. In uninhibi ted  
2M HC1 solution the cathodic curve can be calculated 
by using the following parameters:  al = 0.42, a2 ---- 0 
(e.g., infinitely small) and i0,~ = i0,2. This resul t  can be 
interpreted by the assumption that  t ransfer  coeffici- 
ents obtained from measurements  at very low inhibi tor  
concentrat ions are very similar  to those determined in 
uninhib i ted  solutions (Fig. 4). 

The current  densities i0,~ and i0,2 at the rest potential  
as funct ions of the inhibi tor  concentrat ion are shown 

in Fig. 5 and 6, with i0,2 corresponding to the measured 
corrosion rate at the rest potential.  The inhibitors can 
be divided into two groups (one in Fig. 5 and the other 
in Fig, 6) according to their  concentrat ion dependence. 
The group in Fig. 5 exhibits l inear  relations of the 
log c/io,1 and log c/io,~ plots of the aliphatic oximes 
and quinuclidine.  The corrosion rates ({0,2) as well  as 
the current  densities of the Volmer reaction at the 
rest potential  (i0,1) became smaller  with increasing 
inhibi tor  concentrations, as shown in Fig. 5 and 6. 
Acetone oxime and quinucl idine had the same cor- 
rosion rates. For the log c/io,2 plot of 2-butanone  oxime 
the current  densities decreased by 4 x 10 -3 mA/cm 2 
but  this plot was still parallel  to tha{ of acetone oxime 
and quinuclidine.  The slope of both lines is about 
--4 x 10 -8 mA/cm2/decade on the concentrat ion axis. 
Slopes of the io,i plots increase in the series: acetone 
oxime, 2-butanone  oxime, quinuclidine.  The other 
group (Fig. 6) includes acetophenone oxime and ben-  
zophenone oxime for which concentrat ion independent  
values of i0,1 and /0,2 were obtained at high concentra-  
tions. The concentrat ion dependence of benzaldoxime 
is very  close to that  of the first group (Fig. 5). In  re-  
lation to i0,2 it shows the same behavior  as the aliphatic 
oximes with the same l inear  slope of the log c/io,2 line. 

Table II. Kinetic parameters of all measured polarization curves of iron in 2M HCI solutions with and without inhibitors 

~1 = t r a n s f e r  coe f f i c i en t s  of  t h e  c a t h o d i c  V o l m e r  r e a c t i o n .  ~2 = t r a n s f e r  coef f ic ien t s  of  t h e  c a t h o d i c  H e y r o v s k ~  r e a c t i o n ,  b~ = T a f e l  
slopes e x t r a p o l a t e d  f r o m  c a t h o d i c  T a f e l  l i nes  in  m Y / d e c a d e ,  b8 = T a f c l  s lopes  e x t r a p o l a t e d  f r o m  a n o d i c  T a f e l  l i n e s  in  m V / d e e a d e .  

b l  ~ t  ~2 b3 b l  ~I ~S b0 

1 • 10-~M a c e t o n e  o x i m e  120 
5 x 10-~M a c e t o n e  o x i m e  120 
1 x 10-SM a c e t o n e  o x i m e  150 
5 x 1 0 ~ M  a c e t o n e  o x i m e  150 
1 x 10-2M a c e t o n e  o x i m e  150 
5 x 10-2M a c e t o n e  o x i m e  150 
1 x 10- tM a c e t o n e  o x i m e  15(> 
1 x 10-4M 2 - b u t a n o n e  o x i m e  109 
5 x 10-~M 2 - b u t a n o n e  o x i m e  120 
1 x 10-SM 2 - h u t a n o n e  o x i m e  150 
5 x 10-3M 2 - b u t a n o n e  o x i m e  150 
1 • 10-~M 2 - b u t a n o n e  o x i m e  150 
5 x 10-2M 2 - b u t a n o n e  o x i m e  150 
1 x 10-1M 2 - b u t a n o n e  o x i m e  150 
1 x 10-4M b e n z o p h c n o n e  o x i m e  150 
1.5 X IO-~M b e n z o p h e n o n e  o x i m e  150, 
4.1 X IO-~M b e n z o p h e n o n e  o x i m e  15~ 
I x I O ~ M  b e n z o p h e n o n c  o x i m e  150 

0.5 0.1 100 2M HCI  103 0.42 0.0 120 
0.5 0.2 - -  1 • lO-4M a c e t o p h e n o n e  o x i m e  150 0.6 0.4 70 
0.6 0.4 86 x 3.55 lO-4M a c e t o p h e n o n e  o x i m e  150 0.6 0.4 - -  
0.6 0.4 - -  1 • IO-~M a c e t o p h e n o n e  o x i m e  150 0.6 0.4 48  
0.6 0.4 40  5 • IO-~M a c e t o p h e n o n e  o x i m e  150 0.6 0.4 
0.6 0.4 - -  1 x IO-~M a c e t o p h e n o n e  o x i m e  150 0.6 0,4 39 
0.6 0.4 31  5 • lO-2M a c e t o p h e n o n e  o x i m e  150 0.6 0,4 - -  
0.45 0.1 92 lO-4M b e n z a l d o x i m e  150 0.6 0,4 85 
0.5 0.3 - -  5 x 10-4M h e n z a l d o x i m e  150 0.6 0.4 - -  
0.6 0.4 80  1 x lO-3M b e n z a l d o x i m e  150 0,6 0.4 52 
0.6 0.4 5 x lO-aM b e n z a l d o x i m e  150 0.6 0.4 - -  
0.6 0 .4  ~ 1 • IO-~M b e n z a l d o x i m e  150 0,6 0.4 32 
0.6 0.4 5 x 10-2M b e n z a l d o x i m e  150 0,6 0.4 
0.6 0.4 ~ 10-4 q u i n u c l i d i n e  109 0.45 0.1 80 
0.6 0.4 54 5 • lO-4M q u i n u c l i d i n e  150 0.6 0.4 - -  
0.6 0.4 - -  1 X 10-3M q u i n u c l i d i n e  150 0.6 0 .4  60 
0.6 0.4 5 • IO-~M q u i n u c l i d i n e  150 0.6 0.4 - -  
0.6 0.4 ~ I • lO--SM q u i n u c l i d i n e  150 0.6 0.4 41 

5 x IO- :M q u i n u c l i d i n e  120 0.5 0.4 
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Fig. 5. Concentration dependence of the current densities io,1 
and /o,2 at the rest potential of iron measured in 2M HCI solutions 
containing acetone oxime, 2-butanone oxime and quinuclidine. 
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Fig. 6. Concentration dependence of the current densities i oA  

and io,2 at the rest potential of iron measured in 2M HCI solu- 
tions containing acetophenone oxime, benzophenone oxime, and 
benzaldoxime. 
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Anodic galvanostat~c polarization curves.--Anodic 
polarization measurements  in 2M HC1 solutions with 
and without  inhibitors resul ted in S-shaped polariza- 
t ion curves as shown in  Fig. 7 and 8. S tern  (10), and 
more par t icular ly  Schwabe and Voigt (11), found the 
same type of polarization curves for dissolution mea-  
surements  of i ron in  acid solutions containing C1-; the 
less polarizable behavior  of the anodic curves at high 
polarizations was probably due to C1- desorption. 

While the anodic polarization curve of i ron in  2M 
HC1 solution shows a well-defined Tafel region ex tend-  
ing to over 1 m A / c m  2 with a Tafel slope of 120 m V /  
decade, addition of inhibi tor  effected a drastic reduc-  
tion of the Tafel region. In  Fig. 7 and 8 the concentra-  
tion dependence of the anodic polarization curves of 
two representat ive examples are shown. With increas- 
ing inhibi tor  concentrat ion the Tafel regions decrease 
from about -t-0.4 m A / c m  2 at 1 x 10-4M inhibi tor  to 
-t-0.15 m A / c m  2 at 1 x 10-2M inhibitor.  As can be seen 

1.0 
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0.1 

I I 1 

I I +200 +100 
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Fig. 7. Anodic polarization curves of iron in inhibitor-free 2M 
HCI solution, 1; in 2M HCI solution with 1x10-4M quinuclidine, 2; 
and 1x10-2M quinuclidine, 3. 
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Fig. 8. Concentration dependence of anodic polarization curves 
of iron measured in 2M HCI solutions with benzaldoxime at 
1x10-4M, 1; l x l 0 - ~ M ,  2; and 1x10-2M, 3. 

in Table II the Tafel slopes, b3, decreased with increas- 
ing inhibi tor  concentrat ions from 100 to 31 mV/decade.  

It  should be noted that  the cathodic par t ia l  current  
density cannot be neglected when  the l inear  portions 
of the anodic polarization curves extend to less than 
20 mV from the rest potential.  Therefore, the corrosion 
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effectivenesses, El, are not completely correct when  
they are derived only from the anodic curves. Never-  
theless, the E1 values are reasonable because the cor- 
responding io.2 values can be used in Eq. [2] for the 
calculation of the cathodic polarization curves. 

Discussion 
The relative order of inhibi t ive effectiveness of the 

ketoximes at 1 x 10-3M (Table I) is acetone oxime < 
2-butanone oxime < acetophenone oxime < benzo- 
phenone oxime. Replacing methyl  by ethyl  or phenyl  
increases molecular  polarizabil i ty and therefore in-  
creases the corrosion effectiveness of the ketoximes. 
Benzaldoxime does not fit this relat ion (it should be 
less effective than acetophenone oxime).  This may be 
because only benzaldoxime exhibits both the syn-  and 
ant i - isomers in HC1 solution (12), that  is, cis and trans 
position of the OH group in relat ion to the planar  
carbon-ni t rogen double bond. QuinucIidine and ace- 
tone oxime produce the same corrosion rate in 2M HC1 
solution. Alkyl  groups increase the electron densi ty 
on the ni t rogen atom of amines and lead to bet ter  in-  
hibi t ion (13). Because the alkyl port ion of the double 
r ing compound quinucl idine  consists of 7 CH2-groups, 
compared with two methyl  groups of acetone oxime, 
it can be assumed that  oxime compounds have a rela-  
t ively bet ter  inhibi t ive effect than corresponding 
amines. However, the relat ive area of metal  surface 
which the two molecules would effectively cover in 
the adsorbed position has also to be considered. A 
comparison is not possible here because the position 
of adsorbed acetone oxime is uncertain.  

No relationship was found between the rest poten- 
tials and the corrosion rates in inhibi ted solutions and 
all corrosion potentials were found to be wi thin  a 
range of 40 mV. Therefore it can be assumed that  all 
inhibitors investigated exhibit  anodic as well as cath- 
odic inhibi t ion effects. 

Reaction mechanism of the cathodic H2 evolu t ion . -  
For large cathodic polarizations Eq. [2] is reduced to 

i H 2 = i 0 , 1 e x p [  ( 1 - - a l ) F  ] E3] 

This is the equation for the cathodic polarization curve 
of the Volmer reaction, H + + e -  --> H a d .  

For very  small  cathodic polarizations, exp (2F/RT ~) 
in Eq. [2] is much smaller than  1 and can be neglected. 
Under  the addit ional  assumption io.i/io,2 > >  1, Eq. [2] 
simplifies t o  the current -polar iza t ion relat ion of the 
Heyrovsky reaction, H + + H a d  -I- e -  ->  H 2  ( 9 )  

i H 2 = i 0 , 2 e x p [  ( 2 - - a 2 ) F  ] n [4] 
RT 

Since the corrosion current  density corresponds to 
i0.2, the cathodic polarization behavior  of i ron in in -  
hibited 2M HC1 solution can be explained in the fol- 
lowing manner .  At the rest potential  and at very  small  
polarizations, the charge t ransfer  of the Heyrovsk~ 
reaction is ra te-determining.  With increasing cathodic 
polarization the Volmer reaction starts to control the 
reaction rate of H2 evolution after a t ransi t ion range 
with two consecutive electron t ransfer  reactions. As 
shown in Fig. 1-4, for ~r > 100 mV the polarization 
curves fit the Tafel equation with slopes required by 
the Volmer reaction. 3 

Except for very low concentrat ions of acetone oxime, 
2-butanone  oxime plus possibly 5 x 10-2M quinucl i -  
dine, constant  values of the parameters  al and a2 
(therefore constant  Tafel slopes) were found for all 
inhibitors at all concentrations. The inhibi t ion effect 
for both the Heyrovsk~ and Volmer reactions is at-  
t r ibuted to adsorption of inhibi tor  molecules on the 
iron surface. Under  the assumption that  the concen- 

/ 
No T a f e l  l ines  of  t h e  H e y r o v s k y  r e a c t i o n  cou ld  be  m e a s u r e d  b e -  

cause  /o,i a n d  /o,.2 w e r e  f o u n d  to be  in  t h e  s a m e  o r d e r  of  m a g n i t u d e  
a n d  t h e r e f o r e  t h e  a s s u m p t i o n  /o,i//o,2 > >  1 f o r  g e t t i n g  T a f e l  l i ne s  
a t  s m a l l  p o l a r i z a t i o n s  w a s  no t  va l id .  

t rat ion of adsorbed hydrogen on the meta l  surface is 
diminished by adsorbed inhibi tor  molecules, the in-  
hibi t ion of i ron dissolution around the rest potential  
is unders tandable  because the concentrat ion of Had 
(and H + ) determines the reaction rate of the Heyrov-  
sk~ reaction. 

The combined Volmer-Heyrovsk~ mechanism also 
fits quinucl idine  and the less effective aliphatic oximes, 
but  smaller  values for ~i and a2 were measured in less 
concentrated inhibi tor  solutions. With decreasing in-  
hibitor concentrat ion a2 tends to 0 and al to the value 
extrapolated from the Tafel slope measured in in-  
hibi tor-free  2M HC1 solution (Table II) .  With respect 
to ~1 and a2, the cathodic polarization behavior  of iron 
at low inhibi tor  concentrat ions becomes more like the 
limiting case of inhibi tor- f ree  2M HC1 solution (Fig. 
4). However, this should not be overrated because the 
polarization curve of the cathodic H2 evolution of i ron 
in HC1 solution can also be interpreted on the basis of 
the Volmer reaction as the only ra te -de te rmin ing  step 
instead of a combined Volmer-Heyrovsk:~ mechanism. 

Reaction mechanism of the anodic iron dissolution.-- 
S-shaped anodic polarization curves were measured in 
both inhibi ted and uninhib i ted  2M HC1 solutions; this 
type of polarization behavior  for iron in  C1- containing 
acid solutions has been explained by the desorption of 
C1- at higher polarizations (10, 11). In  inhibi ted solu- 
tions both C1- and organic inhibi tor  molecules are ad- 
sorbed on the iron surface, and both the organic species 
and C1- will  desorb at large polarizations. As inhibitor  
concentrat ions increased, shorter l inear  regions and 
smaller  Tafel slopes were measured, as shown in Fig. 7 
and 8. The change of the Tafel slopes and the shorter 
l inear  portions of the polarization curves dur ing  anodic 
polarization indicate a possible acceleration of the 
metal  dissolution by complex formation of iron with 
C1- and /o r  organic molecules. Table II shows that  for 
all  inhibitors investigated Tafel slopes decreased as 
inhibi tor  concentrat ions increased. Therefore it can 
be assumed that  the iron dissolution, s imilar  to the 
combined Volmer-Heyrovsk:r reaction for H2 evolu- 
tion, apart  from the desorption effect, is characterized 
by a change in the dissolution mechanism depending 
on the inhibi tor  concentration.  On a qual i ta t ive basis, 
it is possible to propose a reaction mechanism com- 
posed of two l imit ing cases, (i) the dissolution of iron 
in 2M HC1 solution and (ii) in high inhibi tor -concen-  
trated solution. However, a quant i ta t ive  description 
is too difficult because the anodic polarization curves 
are not as reproducible as the cathodic curves. 

In inhibi tor-f ree  2M HC1 solutions, anodic Tafel 
slopes of approximately 120 mV have been measured. 
Under  the assumption of two one-electron charge 
t ransfer  reactions followed by hydrolysis of the in te r -  
mediate, the following reactions are possible 

Fe ~ Clad- ~-FeClad ~ e -  [a] 

FeClad ---> FeC1 + + e -  [b] 

FeC1 + + H + ---> Fe+~aq + H + + C1- [c] 

Fe ---> Fe+2aq + 2e 

The corresponding cur ren t -po ten t ia l  expression for 
the ra te -de te rmin ing  reaction (a) is 

i+ ~ = K q0cl--ad exp e [5] 

(q = surface concentrat ion) with a Tafel slope b = de~ 
d ( l o g i )  = 2.303 RT/~F = 120 mV for a = 0.5. 

Heusler (14) and Lorenz et al. (15) discussed the 
reaction mechanism of anodic iron dissolution in acid 
solutions and proposed a mult is tep reaction where 
hydroxyl  anions react to give catalytic intermediates.  
In  a similar  part ial  reaction sequence, using CI -  and 
adsorbed inhibi tor  molecules X instead of O H - ,  the 
iron dissolution reaction mechanism at low polariza- 
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t ions (e.g., where  the  Tafel  behav ior  is val id)  in more  
concent ra ted  inhib i tor  solut ions m a y  be as follows. 

Adsorbed  C1- and X species react  wi th  the  i ron in 
two steps fol lowed by  a fas t  e lectron t rans fe r  react ion 
and decomposi t ion of the  in te rmedia tes  in acid solution 

Fe  + Clad- ~--FeClad + e -  [d] 

Fe  + Xad + FeClad ~ F e X  + + FeC1 + + 2 e - [ e l  

FeX + --> F e X  +2 + e -  []] 

F e X  +2 + FeC1 + + 2H + ---> 2Fe+~aq + 2H + + C1- + X 
[g] 

2Fe ---> 2Fe+2aq + 4 e -  

Fo r  reac t ion  (e) the  cu r ren t -po ten t i a l  re la t ion is 
given by  

i+ - -  K l q x a d q F e C l a d  exp i ~  �9 / [6] 
\ RT / 

Consider ing the potent ia l  dependence  of Cl-ad, the  
Nernst  re la t ion  for  react ion (d) is 

RT qFeClad 
= ,0 + I n  - -  [7 ]  

F q C l - a d  

qFeClad can then  be  ca lcula ted  as 

qFeClad = Ksqct--ad eXp ( F--~ .)  [8] 
RT 

El iminat ion  of qFeClad f rom Eq. [6] and [8] gives the  
final express ion for  the  two r a t e -de t e rmin ing  steps 
(d) and (e) 

i+ : K s q x a d q C l - - a d e X p [  ( l + 2 a ) F  ] , [9]  
RT 

Comparison of the current densities in inhibited and 
uninhibited solution at the rest potential by using Eq. 
[5] and [9] gives 

qCl-ad 
i+ --  K4i+ 0 ~ qXad [10] 

q0Cl-ad 

Assuming  C1- is pa r t i a l l y  rep laced  by  X on the me ta l -  
lic surface (q0Cl-ad : qXad "~ qCl--ad), Eq. [10] be -  
comes 

qCl - - ad  " qXad 
i+ : K4i+ 0 -~ K4i+ ~ qCl-ad [11] 

q C l - a d  -t- qXad 

The inhibi t ive  effect of the organic  molecules  depends  
therefore  on the surface concentra t ion of C1- which  
decreases wi th  increasing inhibi tor  concentrat ion.  

For  ~ ---- 0.5 the  corresponding Tafel  slope (Eq. [9]) 
is ca lcula ted  t o  be 30 mV which  is, wi th in  the  er ror  
limit,  in good agreement  wi th  the  expe r imen ta l l y  de-  
t e rmined  Tafel  slopes for inhibi tors  at concentrat ions  
above 1 x 10-2M. 
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Hydrogen Overpotential on Pure Metals 
in Alkaline Solution 

T. S. Lee* 
Union Carbide Corporation, Consumer Products Division, Research Laboratory, Cleveland, Ohio 44101 

ABSTRACT 

Hydrogen  overpoten t ia l s  on pure  Zn, Cd, Fe, and Pb  were  measured  in 
6N potass ium hydrox ide  solut ion at 2 ~ 25 ~ and 50~ Measurements  were  
also made  in 9N potass ium hydrox ide  solution at  room tempera ture .  Exchange  
cur ren t  densities,  t r ans fe r  coefficients, and heats  of ac t ivat ion for the  hydrogen  
solution process were  obtained,  and the mechanism for process in the  solution 
is discussed. The t ransfe r  coefficients in the  a lkal ine  solutions are  compared  
with  these in acid solutions. 

The hydrogen  overpoten t ia l  in a lka l ine  solutions on 
m e rcu ry  has been measured  by  Bockris  and Watson 
(1), on nickel  by  Lukovzev,  Levina,  and F r u m k i n  (2), 

* E lec t rochemica l  Socie ty  Act ive  Member .  
K e y  words :  h y d r o g e n  overpoten t ia l ,  h y d r o g e n  overvol tage ,  h y d r o -  

gen  evolut ion  process  in a lka l ine  solution,  e lec t rode  k ine t ics  h y d r o -  
gen  evolu t ion  process.  

Legran  and Levina  (3), and Bockris  and Po t t e r  (4);  
and on copper by  Bockris  and Pen t l and  (5). Al l  of 
these workers  have made  the  measurements  in d i lu te  
a lka l ine  solutions. Zholuder  and S tender  (6) have 
measured  hydrogen  overpoten t ia l s  on a number  of 
meta ls  in 6N sodium hydrox ide  solut ion in an open 
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Fig. I. Schematic drawing of the cell 

vessel. Iofa, Komlev, and Bagotskii (7) have mea-  
sured the same proper ty  at a zinc surface in different 
concentrat ions of potassium hydroxide solutions. The 
purpose of this paper  is to report  the measurement  of 
hydrogen overpotentials  on high pur i ty  metals in 
highly purified 6N and 9N KOH solutions. The results 
will be in terpre ted by a theoretical t r ea tment  of the 
hydrogen evolution process. 

Experimental  
The cell used for this study is shown schematically 

in  Fig. 1. The cell is made from epoxy-l ined Pyrex. The 
purpose of using the epoxy l in ing is to prevent  the in-  
t roduction of impuri t ies  into the solution through at-  
tack on the cell walls. 

The epoxy used in this study is made from Union 
Carbide products ERL-2793 and ERL-2774. The pro- 
cedure is as follows: 1 part  (by volume) of ERL-2793 
and 3 parts of ERL-2774 are slowly mixed together. 
In  about 10 to 15 min, the mixture  changes from a rel-  
at ively thick mass to a less viscous liquid. At this time, 
the wel l -mixed liquid is poured into the Pyrex  cell. 
By rotat ing the glass apparatus,  the inside wall  is 
coated with a layer of the liquid epoxy, which will  
solidify in another  15 to 20 min. The apparatus  is kept 
at room tempera ture  for a few hours. Finally,  the ap- 
paratus  is placed in  an oven at 65~176 and baked 
for 4 hr. Before it can be used, the epoxy-l ined ap- 
paratus  is soaked in distilled water  and 35% KOH 
solution for a few days. If the l in ing is not too thick, 
the wall  is somewhat opaque, yet  semitransparent .  In  
a closed system, the semit ransparent  wal l  could enable  
the operator to see where  the electrode and reference 
electrode are placed. 

To make sure no epoxy had leached into the alkal ine 
solution dur ing  a reasonable length  of time, the fol- 
lowing exper iment  was conducted. Epoxy- l ined glass 
beakers were used to store 9N and 12N KOH solutions 
for 4 to 5 weeks. These KOH solutions were extracted 
with organic solvents. The extracts were then evap- 
orated and their  IR spectra were examined. Epoxy 
exhibits good IR spectra with powder as well  as ex- 
tracts. One IR spectrum for epoxy is shown in Fig. 2 
and the spectrum for the extract  from 12N KOH solu- 
t ion which was in  contact with epoxy for 4 weeks, is 
shown in Fig. 3. 

The typical  IR adsorption peaks for epoxy are ob- 
served at 8 and 12~. In  Fig. 3 there is no evidence that  
even a trace of epoxy is present  in the residue. How- 
ever, there might be a very small  amount  of epoxy 
that  could go into the solution which would not be 
detected by the IR technique, but  still could affect the 
electrochemical measurement .  Thus, the operation of 
soaking the cell in concentrated KOH solution for a 
few days is important .  The feasibili ty of this system 
for h igh-pur i ty  electrochemical measurement  is em- 
phasized by the fact that  the hydrogen overpotentials 
are highly reproducible (within a few millivolts) and 
quite l inear  over a five decade range of current  densi-  

| I I I I I I I I I I I 
2 4 6 8 10 12 14 

W A V E L s  TH M I C R O N S  

Fig. 2. IR spectra of chloroform extract of the epoxy 

I I I I I I I I I I I I I 
2 4 6 8 I0  12 14 

WAVELENGTH M I C R O N S  

Fig. 3. IR spectra of chloroform extract from 12N KOH which 
has been contacted with epoxy for 4 weeks. 

ties, regardless of whether  the measurements  are be-  
gun at high or low cur ren t  densities. 

The cell is a closed system with a slightly positive 
hydrogen pressure to prevent  air entry. There is a 
separate compar tment  for both anode and cathode. A 
stream of h igh-pur i ty  hydrogen is passed through the 
anode compartment  dur ing the measurement  to carry 
away the oxygen produced at the anode. 

The  reference electrode is a Hg/HgO electrode in  
the same solution in a separate tube. The Luggin capil- 
lary, which has an ID of about 0.1 mm, contacts the 
electrode being measured. In  designing the cell, a t ten-  
t ion was given to the reference electrode compartment ,  
such that  the possibility of contaminat ion from Hg/  
HgO to the solution in  the measur ing cell is kept  to a 
min imum.  The counterelectrode, which is made of 
pure  nickel sheet, has an  area of about eight to ten  
times that  of the metal  electrode. The pur i ty  of the 
Zn, Cd, and Pb  electrodes is 99.999 + % and the Fe elec- 
trode is spectroscopically pure. 

The potassium hydroxide solution is made from AR 
grade chemical and conductance water. This solution is 
kept in KOH preleached high-densi ty  polyethylene 
bottles. Occasionally, the KOH solution is made in a 
Teflon bottle. The results do not show any difference. 
The solution is pre-electrolyzed in the cell each t ime 
for several days before the measurement  is started. 

The back and edges of the metal  electrodes are cov- 
ered with the same epoxy coating as the glass vessel 
and are subjected to the same t rea tment  as the cell. 
The exposed area of the electrode is about  1 cm 2. The 
surface of the electrode (except lead) is prepared by 
successive abrasion wi th  emery paper, ending with 000 
paper. The lead electrode is prepared by light abrasion 
with 00 paper or by scratching with a stainless steel 
knife edge. 

After  a smooth surface is obtained, the electrode is 
washed well with a jet  of distilled water  to remove 
any particles which may have become attached dur ing 
the process of abrasion. The electrode is then placed 
in a separate cell of the same type to be cathodized 
against  the counterelectrode for at least 30 min  at a 
current  densi ty of 30-50 mA/cm% The main  purpose 
of this cathodization in a separate cell is to leave any 
impurit ies introduced dur ing the preparat ion of the 
surface in the separate cell. Final ly,  only the working 
electrode is t ransferred to the measur ing  cell, which 
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Table I. Reversible potential for hydrogen evolution process 

Erev ( V )  Erev, 

K O H  T e m p ,  *C measured ca lcu la ted  

6N 2 --0.9376 - - ~ 9 3 7  
25 --0.9306 --0.932 
50 -- 0.9245 --0.924 

9N 25 -- 0.9396 --0.938 

has been degassed  wi th  "Ul t ra  Pure"  hydrogen  1 for a 
couple of hours,  and the  same cathodizat ion process is 
cont inued for  another  half  hour  wi th  a different  coun-  
te re lec t rode  before  measu remen t  begins.  Care is t aken  
to avoid  the  poss ib i l i ty  of dissolut ion of act ive meta ls  
into the  K O H  solut ion b y  connect ing both  work ing  and 
countere lec t rodes  to the  cu r ren t  source before  the  
work ing  e lec t rode  is in t roduced  into the  solution. The 
constant  cu r r en t  is suppl ied  by  a Har r i son  Labora to r ies  
Model 855C p o w e r  supply  th rough  a series of va r i ab le  
power  resistors.  The potent ia l s  are  measured  b y  a 
Ke i th l ey  Model  630 poten t iomet r ic  e lec t rometer  which 
has  a m in imum input  res is tance of 1013 ohms. The 
measurements  a re  car r ied  out  f rom the high cu r ren t  
dens i ty  to the  low cur ren t  dens i ty  region and back 
again;  this  process is then  repeated .  The s t eady  po ten-  
t ia l  is r ecorded  at  each cu r ren t  density.  Var ia t ions  of 
only  a few mi l l ivol t s  are  observed  in the  s teady po-  
ten t ia l  even though the potent ia ls  a re  occasional ly  ob-  
served as long as 30 ra in  to 2 hr  at  ce r ta in  cur ren t  
densit ies.  There  is no sign of hys teres is  in  any  of the  
measurements .  

The da ta  r epor t ed  here  are  the  average  values  of 
four  or more  runs  for each point.  Af te r  each run,  the  
e lect rode is washed,  dried,  and examined  under  a 
microscope. Except  for  lead, the  surfaces a re  st i l l  sh iny  
and appea r  unchanged.  The lead  surface appears  
da rke r  af ter  the  measurement .  

The t empe ra tu r e  of the  cell  is kep t  constant  by 
placing i t  in a wa te r  ba th  in which the t e m p e r a t u r e  
is control led  by  a Lauda  K - 2 / R  constant  t e m p e r a t u r e  
circulator .  The  accuracy  of the  t e m p e r a t u r e  control  is 
wi th in  0.02~ 

In order  to obta in  the  values  of overpotent ia l ,  the 
revers ib le  potent ia l  for  hydrogen  evolut ion under  the  
specific condit ions is needed. This is ob ta ined  by  mea -  
sur ing the  potent ia l  of the  p la t in ized p la t inum hyd ro -  
gen e lec t rode  against  the  Hg /HgO elec t rode  in the  so- 
lution. The  values  of the  revers ib le  hydrogen  potent ia l  
under  var ious  condit ions are  l is ted in Table  I. In  most  
cases, the  measured  potent ia l  is wi th in  1 mV of the  
theore t ica l ly  ca lcula ted  va lue  based on the best  ava i l -  
able ac t iv i ty  da ta  in the  l i t e r a tu re  (8).  A t  25~ the  
revers ib le  hydrogen  potent ia l  is ca lcula ted  f rom the 
equat ion 

E = --0.920 + 0.0296 log aH20 

where  (~S20 is the ac t iv i ty  of wa te r  in the  solution. At  
o ther  t empera tures ,  the  revers ib le  potent ia l  is ca lcu-  
l a ted  th rough  t e m p e r a t u r e  coefficients given by  
de Bethune (9), 

Results and Discussion 
The hydrogen  overpotent ia l s  and  the logar i thm of 

cu r r en t  dens i ty  plots  for  Zn, Cd, Fe, and Pb  in  6N 
KOH at var ious  t empera tu re s  a re  shown in Fig. 4-7. 
The plots for  these meta ls  in 9N KOH at 25~ are  
shown in Fig. 8. The t rans fe r  coefficients (~) and the 
exchange cur ren t  densi t ies  (Io) for the  reac t ion  are  ob-  
ta ined  f rom these plots. The s t andard  act ivat ion en-  
e rgy  (AH a) for the process is obta ined  th rough  the 
ra te  of change of the overpoten t ia l  wi th  t empe ra tu r e  
at  constant  current .  To obta in  the  numer ica l  value,  
an equat ion der ived  by  Bockris  (10) assuming tha t  
the  t ransfe r  coefficient is constant  w i th  t e m p e r a t u r e  is 
used. That  is 

i P r o d u c e d  by  L i n d e  D i v i s i o n  of U n i o n  Carb ide ,  the  p u r i t y  is  
99.999% a n d  the  o x y g e n  c o n t e n t  is  less t h a n  1 ppm.  
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The e lec t rochemical  p a r a m e t e r s  for those meta l s  in 0N 
KOH are l is ted in Table  II  and  those in the  9N KOH 
are  l is ted in Table  III. The Tafel  slopes in Tables  II  
and I I I  a re  at  25~ I t  is also in teres t ing  to note 
in Fig. 4-7 tha t  the  Tafel  slopes for different  meta l s  at  
var ious  t e mpe ra tu r e s  in 6N KOH v a r y  s l ight ly  wi th  
t empera tu re .  

I t  is known tha t  the  over -a l l  reac t ion  for  the  process 
in this  m e d i u m  is 

2H20 + 2e --  Hs + 2 O H -  [1] 

There  are  th ree  possible  ra te  de te rmin ing  steps 
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H20 + e : Had -t- O H -  (Volmer) [2] 

Had -4- H20 "4- e ---- H2 + O H -  (Heyrovsky) [3] 

2Had -- H2 (Tafel) [4] 

and each one of the three steps could lead to Eq. [1]. 

Table II. Electrochemical parameters for hydrogen evolution 
process in 6N KOH 

T a f e l  ~ H  ~ 
s lope  a I~ (A/cm~)  ( k c a l / m o l e )  

Z n  0,124 0.48 8.5 x 10 -1~ 13.4 
Cd 0.157 0.38 3 X 10 -7 14.3 
F e  0.120 0.49 1 • 10 ~s 12.5 
Pb*  0.121 0.49 4 • I0  -B 8.8 

* F o r  t h e  l o w  c u r r e n t  d e n s i t y  r eg ion .  

Table Ill. Electrochemical parameters for hydrogen evolution 
process in 9N KOH 

T a f e l  s lope  a Io (A/cmC) 

Zn 0.124 0.48 1.5 X 10 -9 
Cd 0.168 0.35 1 x 10 -6 
F e  0.126 0.48 6 x 10-~ 
Pb*  0.120 0.49 1 • 10-: 

* F o r  t h e  low c u r r e n t  d e n s i t y  r eg ion .  
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Since all measurements  are in concentrated solutions, 
no double layer  correction 2 has been made. Referr ing 
to reaction [2], one can write the following rate equa-  
t ion by  neglecting the back react ion 

rate : Kf exp ( - - n a F  r  [5] 

where  # is the potent ia l  be tween the meta l  electrode 
and the bu lk  of the solution and Kf is the rate con- 
s tant  for the forward reaction. The other symbols have 
the usual  meanings.  Omission of the back reaction is 
justified here, since all  of the measurements  are made 
at relat ively high overpotentials.  The cur ren t  per un i t  
area (I) of the reaction surface can be wr i t ten  as 

I : nFa~2o rate  [6] 

where a denotes activity. F rom [5] and [6] 

RT 
r - -  K f '  -4- ~ ( I n  a H 2 0  - -  in  I) [7] 

One can also wri te  the Nerns t  equat ion for [1] at 1 atm 
of H2 

RT 
~beq - -  E ~ ~- In  ( a H 2 0 / a o H - )  [ 8 ]  

F 

and the overpotent ial  ~l is 

'~ --" ~b -- qbeq [9] 

From [6], [7], [8], and [9] one obtains 

RT 
q= const.+ [(i-- a)/=]~lnaH2o 

RT RT 
+ ~ i n a o n  - - i n I  [10] 

F 
ira= �89 

n : const. -t- 

aF 

2RT RT 
in  all20 aOH - -  in  I [11] 

F u 

The exper imenta l  data show that, for the same KOH 
concentration, the numer ica l  values of the overpoten-  
tial are higher (less negative)  at a higher temperature.  
It also shows that, at the same temperature ,  the nu-  
merical  values of the overpotent ial  are higher (less 
negative)  in a lower KOH concentration.  In  connection 
with this, Eq. [11] indicates that, in the concentrat ion 
range of this study, the activity of H20 and O H -  is 
smaller at a higher tempera ture  in the same concentra-  
t ion of KOH. It also indicates that the activity of H20 
and O H -  is smaller  in a lower KOII  concentrat ion 
solution at the same temperature .  This is consistent 
with the exper imenta l  t rend found by Akerlof and 
Bender  (8). 

At a definite KOH concentrat ion and a definite t em-  
perature,  the first two terms of Eq. [11] are constant, so 
that  the equat ion then  becomes the famil iar  Tafel 
equation. At 25~ a plot of n against log I wil l  have a 
slope of 120 mV per decade. By examining  the experi-  
menta l  data, one can conclude that  the one-electron 
t ransfer  is the ra te -de te rmin ing  step in the process. 

The high slope for lead in the higher current  density 
region might be due to other processes occurring si- 
mul taneously  with the reduct ion of water. It  is plausi-  
ble that  the formation of some kind of lead hydride 
occurs at the higher potent ial  (12). Since no hysteresis 
loop is observed in moving up and down the curve, the 
formation of a hydride must  be potential  dependent  
and unstable.  

The reason for the slightly higher slope on Cd in 
both 6N and 9N KOH is not completely clear yet. It 
may he due to the formation of a th in  layer  of hy-  
drated oxide on the cadmium surface. 

Finally,  it is interest ing to compare the t ransfer  co- 
efficients obtained in this s tudy to those obtained in 
acid solution by  others (13, 14). This comparison is 

D o u b l e  l a y e r  c o r r e c t i o n  s o m e t i m e s  ca l l ed  F r u m k i n  c o r r e c t i o n ,  f o r  
e x a m p l e ,  see  D e l a h a y  (11). 
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Table IV. Comparison of transfer coefficient of hydrogen 
evolution process in acid and alkaline solution5 

J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A u g u s t  1971 

Metal a 

0.5 (0.01-1N H~SO0 (14) 
0.48 (6, 9N KOH) 
0.3 (1N HC1, 2N H~SO4 (13) 
0.38 (6N KOH),  0.35 (gN KOH) 
0.4 (1N HC1), 0.5 (2N H2SOD (13) 
0.49 (SN KOH~, 0.48 (9N KOH) 
0.48 (0.01-8N HCI, 0.1N HeSOD (13) 
0.49 (6, 9N KOH~ 

Zn 

Cd 

Fe 

Pb 

shown in Table  IV, where  the  value  of a is fol lowed in 
paren thes i s  b y  the  solut ions in which  the  hydrogen  
overpotent ia l s  a re  measured.  One can see tha t  the re  is 
not  much difference in a in the  hydrogen  evolut ion 
process f rom di lu te  acid solutions to concentra ted  a lka -  
l ine solution. 
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Corrosion Inhibition and Hydrogen Adsorption 

in the Case of iron in a Sulfuric Aqueous Medium 

I. Epelboin,* P. Morel, and H. Takenouti 

Groupe de Recherche du C.N.R.S., Physique des Liquides et Electrochimie, Universitd de Paris VI, Paris 5 e, France 

ABSTRACT 

The corrosion process for  two iron samples  of different  pur i t ies  in a molar  
solution of sulfuric acid has been s tudied by  means  of a ro ta t ing  disk elec-  
trode. This s tudy suppor ts  the prev ious ly  fo rmula ted  hypothesis  which assigns 
the hysteresis ,  observed when corrosion is low, to the  pa r t i a l  coverage (all) 
of the e lec t rode  surface by  adsorbed hydrogen  ( F e l l )  ads. The decrease  of the 
cathodic react ion ra te  is then accounted for by  a slow d iminut ion  of the  number  
of act ive sites due to this  coverage.  The hydrogen  adsorpt ion  is favored  by  
the presence of 2 -bu tyne  1,4-diol. A t  potent ia ls  more  anodic than  the cor-  
rosion potential ,  the same coverage persists.  The s tudy of the ~H var ia t ion  with  
potent ial ,  in the  presence of 2 -bu tyne  1,4-diol, shows tha t  ~n, close to un i ty  
near  the  corrosion potential ,  d iminishes  when  the anodic poten t ia l  increases  
and tends  toward  zero for potent ia ls  above which  hysteres is  is no longer  
observed.  Al l  these resul ts  tend to confirm the role of (Fel l )ads  as a corrosion 
inhibi tor .  

In  a previous  work  (1), it  was r epor t ed  that  the  
cu r ren t -po ten t i a l  character is t ics  obta ined  in sulfur ic  
acid for cer ta in  samples  of ve ry  pure  iron, whose cor-  
rosion ra tes  were  low, showed hysteresis .  This phe-  
nomenon occurred even wi th  a pu re  indus t r ia l  iron, 
charac ter ized  by  a h igher  corrosion rate,  p rovided  tha t  
an ace ty len ic - type  corrosion inhibi tor ,  such as 2- 
bu tyne  1,4-diol, was added to the  sulfuric  medium.  
This hysteres is  of the  cu r ren t -po ten t i a l  curve and the  
inhib i t ing  action of acetylenic  alcohols were  then a t -  
t r ibu ted  to a pa r t i a l  coverage  of the  i ron surface by  
adsorbed hydrogen.  In this  art icle,  we in tend to present  
new informat ion  on the re la t ion  be tween  corrosion in-  
h ibi t ion and hydrogen  adsorpt ion.  

* Electrochemical  Society Act ive  Member.  
Key  words:  2-butyne  1,4-diol, dissolution mechanism,  faradaic  im-  

Pedance,  hydrogen evolution react ion,  hysteresis,  polarizat ion curve.  

Polar iza t ion  curves  (2) and fa rada ic  impedance  (3, 
4) s tudies showed tha t  two of the  i ron samples  used 
in the  above-ment ioned  inves t iga t ion  (1) fol lowed the 
same anodic dissolut ion mechanism,  i.e. one of the  
mechanisms proposed by  Bockris,  Drazi~, and Despi~ 
(5). According to this  mechanism,  O H -  would  be 
adsorbed in a first step, I 

Fe  + O H -  ~-- (FeOH)ads + e -  I 

to give r ise to (FeOH)ads. In  a second step, I I  

(FeOH)ads ~ FeOH + -t- e -  II  

the i ron would leave the meta l l ic  la t t ice  as a FeOH + 
cat ion which  would f inal ly undergo the r ap id  chemical  
react ion I I I  

FeOH + ~ Fe + + + OH- III 
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This anodic mechanism is still valid when the sulfuric 
acid solution contains 2-butyne 1,4-diol (6). 
In order to understand the corrosion inhibition and 

the hydrogen adsorption mechanisms, it is important 
also to study the cathodic reaction kinetics for these 
two iron samples in a sulfuric acid medium with and 
without addition of acetylenic alcohol. 

Experimental 
This investigation was carried out in  an air-free 

medium for which it  can be supposed that  the cathodic 
process is l imited to the mere hydrogen evolution. One 
of the two metal  samples studied here is a spectro- 
scopically pure i ron provided by Johnson-Mat they  
(denoted in  this paper  as i ron I ) ;  the second sample, 
Holzer iron provided by Compagnie des Ateliers et 
Forges de la Loire ( iron II) ,  has a corrosion rate 25 
times as great as that  of iron I when  measured in a 
molar  solution of sulfuric acid. The main  impuri t ies  
of the two irons are: Iron I - -C,  0.03%; Si, 0.0004%; 
Mn, 0.0003%; Mg, 0.0002%; Iron I I - -Si ,  0.33%; Mn, 
0.06%; S, 0.018%; C, 0.003%. Iron I was cold worked, 
while iron II was wrought  in a furnace under  vacuum 
and subjected to a t rea tment  of s tandardizat ion at 
900 ~ C. 

We used a molar solution of sulfuric acid prepared 
from concentrated acid (Merck) diluted in water of 
resistivity greater than 2 megohms/cm. The solution 
was maintained at 25 ~ _ 0.1~ and was deoxygenated 
by argon bubbling (Ultrapure Argon, provided by 
Air Liquide). 

For the study of the two iron samples, we employed 
disk electrodes oriented downward. So as the gas bub- 
bles resulting from the cathodic process did not remain 
on the electrode surface, the electrode was turned at 
a speed of at least 1000 rpm. Under our experimental 
conditions, the cathodic current does not depend on 
the disk rotation speed, which confirms the complete 
deoxygenation of the solution (7). 

Except for the separation of cathodic current from 
the over-all current, the potential of the working elec- 
trode is controlled by a fast potentiostat built in our 
laboratory (8). The methods of impedance measure- 
ments have been described elsewhere (3). 

Results and Discussion 
Study of the cathodic process in a deoxygenated sul- 

furic acid medium.--Absence of a steady-state I = 
f (V)  polarization characteristic.--We have not been 
able to obtain any  s teady-sta te  I ----- f (V )  polarization 
curve, since the successive potentiokinetic traces can-  
not be superposed. As a mat ter  of fact, when the po- 
tent ia l  V is fixed at a certain value, a slow evolution 
of the cathodic current  I is observed, whose rate and 
behavior  depend on the iron nature.  

As an il lustration, Fig. 1 shows, as a function of 
time, a cur ren t  var iat ion which is characteristic of iron 
I, the apparent  area of the electrode being 0.2 cm 2. 
Curves 1, 2, and 3, respectively, correspond to the po- 
larization potentials of --0.5, --0.55, and --0.6 V/SCE. 
The current  decreases very rapidly  just  after immer-  
sion of the electrode, then more and more slowly, and 
after some 3 hr  reaches a s ta t ionary value. During this 
evolution, the metal, practically, does not dissolve, and 
the surface remains  bright. 

In  the case of iron II, when  the electrode is polarized 
at --0.5 V/SCE, the current  decreases just  after im- 
mersion of the electrode (Fig. 2), goes through a min i -  
m u m  after  some 3 min, and then increases dur ing  more 
than  4 hr up to a re la t ively s tat ionary value. The meta l  
then appears to be s t rongly attacked, even to the naked 
eye. On the other hand, when the electrode is polarized 
at a higher potential,  we can obtain one or the other 
of the types of evolution represented in Fig. 1 and 2, 
according as the electrode is polarized at potentials 
higher or lower than  --0.55 V/SCE. In  the first case, 
the surface remains  unal tered;  in the second, it is 
markedly  attacked. 

0."15 

0.'10 

0.05 
% 

--.2_ 
50 400 450 200 

TIME ( m l n u t e s )  

Fig. 1. Variation of the cathodic current with time: iron I, 
1M H2S04. Curve 1, V = - - 0 .50  V/SCE; Curve 2, V - -  --0.55 
V/SCE; curve 3, V ~ --0.60 V/SCE. 
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Fig. 2. Variation of the cathodic current with time: iron II, 1M 
H')S04. V ---- --0.50 V/SCE. 

It  is well  known that  the hydrogen adsorbed at the 
iron surface penetrates  into the metal.  This absorbed 
hydrogen considerably modifies the state of the elec- 
trode surface, especially in the case of i ron II, and 
plott ing the steady-state  I -- f (V) curve becomes im- 
possible. It is therefore difficult to s tudy the cathodic 
reaction kinetics at the corrosion potent ial  by means 
of a I ---- ~(V) characteristic obtained point  by point, 
at least for high cathodic polarizations. Now, acetylenic 
alcohols are known to inhibi t  hydrogen absorption 
into iron (9). We therefore studied for i ron I and iron 
II the influence on the current  variation,  in  the cathodic 
range, of 2 -butyne  1,4-diol, one of the most representa-  
tive inhibitors of the family of acetylenic alcohols. 

Influence of 2-butyne 1,4-diol.--When 2-bu tyne  1,4- 
diol is added in the electrolyte, there  is always a de- 
crease of the above-defined s tat ionary current  (see 
first paragraph unde r  Results and Discussion). This 
inhibi t ing effect increases with increasing acetylenic 
alcohol concentrat ion up to 10-3M, the concentrat ion 
chosen for the experiments  described here. Fu r the r -  
more, whatever  the moment  the inhibi tor  is introduced 
into the sulfuric acid solution (before the metal  sample 
--i.e., "previous addi t ion"- -or  after the polarization 
current  has reached its s ta t ionary value--i .e . ,  "sub- 
sequent  addit ion") ,  after the introduct ion the current  
evolves up to a s tat ionary value very slowly. 

In  the case of i ron I, whatever  the method of the 
2 -bu tyne  1,4-diol addition, the s ta t ionary current  de- 
creases by only 30% and the inhibi t ing  effect is not 
very  obvious. 
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Fig. 4. Cathodic impedance diagram (parameter = frequency in 
Hz): iron II, 1M H2S04. V = --0.50 V/SCE. 
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Fig. 3. Variation of the cathodic current with time after intro- 
duction of 10-3M 2-butyne 1,4-diol. ("Subsequent addition": see 
Influence of 2-butyne, I-4 diol under Results and Discussion). 
Iron II, 1M H2S04. V = --0.50 V/SCE. 

For iron II and a "previous addition," the current  
cont inual ly  decreases even at --0.5 V/SCE,  which is 
contrary  to the  case presented in Fig. 2. Af te r  about 5 
hr, the current  reaches a s tat ionary value  which is 50 
t imes as low as that  reached in the absence of a n  in-  
hibitor. Visual examinat ion  of the electrode surface 
then reveals  no trace of corrosion. In the case of a 
"subsequent  addit ion" (and at the same polarization 
potent ia l  of --0.5 V /SCE)  carr ied out af ter  400 min 
under  the conditions of Fig. 2, the current  rapidly 
diminishes as soon as the inhibitor  is introduced. This 
decrease carries on more  and more slowly for several  
hours unti l  the current  reaches a new stat ionary value, 
as shown in Fig. 3. This va lue  is h igher  than  that  ob- 
ta ined in the case of a "previous addition." The ob- 
served difference can be  explained by a change in the 
state of the surface during corrosion wi thout  an in- 
hibitor. 

The problem of the s ta t ionary current  having been 
specified, we wil l  now examine  whe the r  impedance 
measurements  al low us to explain the influence of the 
na tu re  of the iron sample on the cathodic react ion rate 
in a sulfuric acid med ium wi th  and wi thout  the acety- 
lenic alcohol. 

Measurements of the frequency dependence of the 
cathodic impedance.--Such measurements  have  been 
per formed only when  the direct current  I could reach 
a s tat ionary value. We have plotted the impedance 
diagrams in the complex plane Z ---- R -- jG in which 
f requency  is the parameter .  All  these diagrams, ob- 
tained with  and wi thout  inhibitor, for iron I as wel l  as 
for iron II have  the same shape, i.e. that  of a capacitive 
arc. 

As an example,  in Fig. 4 is given a d iagram obtained 
at --0.5 V /SCE with  iron II in the absence of an in- 
hibitor. F rom this diagram, a value of 2.3 ohms is found 
for the electrolyte  resistance Re which is the impedance 
l imit  at infinite f requency;  this value  is in good agree-  
ment  wi th  that  de termined by an in te r rup te r  method 

(2). It can also be seen that, at  zero frequency,  the im- 
pedance tends to become a resistance whose value  is 
about 16.8 ohms. 

Fur thermore ,  a least-squares  analysis of our im-  
pedance diagrams, carr ied out on an IBM 360/75 com- 
puter, reveals  that  the impedance Z variat ions with 
f requency can be represented by a capacit ive t ime-  
constant T which obeys a Cole-Cole- type  distr ibution 
law (10) to the exclusion of any other  t ime constant 

Rt 
Z _  

1 + (j~T)~ 

where  Rt is the t ransfer  resistance and 7, a dispersion 
parameter ,  is a nondimensional  number  be tween 0 
and 1. 

Now, in the case of a simple t ransfer  reaction, the 
calculation of the impedance also involves only one 
t ime constant which is due to the t ransfer  resistance 
Rt, the product  Rt/  being independent  of the current.  
We therefore  calculated the product  of the current  ! 
and the l imit ing value  of the impedance at zero f re-  
quency:  we verified that  it is the same for all  the  dia- 
grams, its value  being cIose to 52 mV, as can be seen 
in Table I which gathers together  as an example  the 
results f rom five diagrams. Note last ly that  this prod-  
uct, in the case of a single e lectrochemical  step obey- 
ing Tafel 's  law, allows an indirect  measurement  of the 
Tafel  slope (which, in the case of our experiments ,  
would be 120 mV/decade ) .  

Discussion of results.--It is genera l ly  accepted that  the 
hydrogen evolut ion occurs in two steps implying the 
in termedia te  species (Fell)ads. The faradaic impedance 
calculation, in this case, predicts that  the re laxat ion 
of the  coverage 6H by (Fell)ads introduces a fur ther  
t ime constant which is expressed ei ther by an induc-  
t ive  t e rm or by a capaci t ive te rm (11). The fact that  
such a react ive t e rm could not be detected dur ing our 
measurements  indicates that, under  our exper imenta l  
conditions, the potent ia l  var ia t ion causes no OH var ia -  
tion. This lack of var ia t ion can be accounted for by one 
of the fol lowing hypotheses:  (a) the hydrogen adsorp-  
tion step is ra te  de termining  (OH N 0), (b) the hydro-  
gen desorption step is rate de termining  (0N ~-~ 1), and 
(c) the steps are both e lectrochemical  and have  the 
same Tafel  slope (0 < 0H < 1). According to Gerischer  
and Mehl  (11), in the case of iron and other  t ransi t ion 

Table I. Results from cathodic impedance measurements 

Rt  = t r a n s f e r  r e s i s t a n c e  
7 = d i s p e r s i o n  p a r a m e t e r  

( T h e  t w o  m e t h o d s  of  a d d i t i o n  a re  de f i ned  in  t h e  p a r a g r a p h  " I n f l u e n c e  of  2 - b u t y n e  1 ,4 -d io l"  u n d e r  R e s u l t s  a n d  Di scuss ion . )  

S a m p l e  I r o n  I I r o n  I I r o n  I I  I r o n  I I  I r o n  I I  

V (V/SCE) -- 0.55 -- 0.55 -- 0.50 -- 0.50 -- 0.50 
Concentration of 

2 - b u t ~ n e  1 ,4-diol  (M) 0 lO-S 0 I0  -a lO-a 
M e t h o d  of  a d d i t i o n  -- S u b s e q u e n t  - -  S u b s e q u e n t  P r e v i o u s  
S t a t i o n a r y  c u r r e n t  

l ( m A )  0.026 "4- 0.001 0.017 _ 0.0Ol 3.3 • 0.2 0.31 ~- 0.02 0.058 ~ 0.002 
•t  (ohms)  2120 • 40 3280 ~ 140 14.5 ~--- 0.2 172 "~ 70 900 -~" I0  
I R t  (mY)  55 ___ 3 56 + 6 48 ---- 4 53 • 5 52 • 2 
"f 0.931 ~ 0.005 0.921 - -  0.015 0.967 - -  0.015 0.908 --  0.018 0.928 + 0.017 
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metals, the second hypothesis in highly probable, due 
to the high strength of the bond between Hads and the 
metal. This s tatement  has been confirmed by the recent  
work of Bockris et al. (12): the electrochemical de- 
sorption step actual ly determines the hydrogen evolu- 
t ion rate for the t ransi t ion metals, and in this case 
OH "-~ 1. Fur thermore,  according to the recent  work of 
Tomashov and Vershinina (13), in  the case of i ron the 
Tafel slopes corresponding to these two steps would 
be equal and OH would be close to un i ty .  

The results from impedance measurements  (Table I) 
seem to show that  the reaction mechanism remains  un -  
changed, although the cathodic reaction rate may de- 
pend on the electrode na ture  and on the presence or 
absence of 2-butyne  1,4-diol. As it is known on the 
other hand (3) that  the product RtI is independent  of 
the react ing surface, the observed differences in rates 
must  be a t t r ibuted only to a var iat ion of this surface. 

The decrease of the reaction rate, revealed by the 
cur ren t - t ime  curves (Fig. 1 and 3), would correspond 
to a slow diminut ion  of the n u m b e r  of active sites 
caused by the adsorbed hydrogen. In  the absence of 
2 -butyne  1,4-diol and at --0.5 V/SCE (Fig. 2), the 
passage into the solution of impuri t ies  contained in 
iron II [sulfur, in par t icular  (14)] increases the n u m -  
ber of active sites (15, 16) and thus gives rise to the 
marked corrosion ment ioned above. This would also 
explain the observed increase of current  with t ime at 
this potential. 

These results s trongly support the hypotheses that 
we put  forward (1, 2) dur ing the last several years in 
order to in terpre t  the hysteresis phenomenon:  they 
tend indeed to indicate that (Fell)a~l.~, resul t ing from 
the cathodic reaction and covering almost all the sur-  
face, has an inhibi t ing effect. We shall now show that 
in the anodic range near  the corrosion potential  the eH 
variat ion with the potential  is responsible for the 
hysteresis phenomenon.  

Mixed kinetics of the iron corrosion process.--Near 
the corrosion potential, two reactions occur s imul ta-  
neously: cathodic hydrogen evolution and anodic iron 
dissolution. The former leads to coverage of a fraction 
0n of the electrode surface by (Fell)ads, and the lat ter  
to coverage of a fraction 0OH of the same electrode by 
(FeOH) ads- Having no common intermediate,  these two 
reactions compete and, hence, give rise to mixed ki-  
netics. 

In  the li terature, many  authors (17-20) consider 
that at the corrosion potential  almost the whole elec- 
trode surface is covered by (Fell)~as. Now, the cover- 
age fraction OH, close to 1 at cathodic potentials, must  
decrease when the anodic polarization is increased. 
Nevertheless, it does not seem that  this 0N variat ion 
has been systematical ly studied. In  this paper, the 
analysis of the hysteresis phenomenon allows us to 
carry out such a study. 

The hysteresis phenomenon.--In the anodic range near  
the corrosion potential  and in a molar solution of sul-  
furic acid, the potentiokinetic traces carried out for 
iron II exhibited no hysteresis (1,2).  On the other 
hand, for iron I and under  the same conditions, a na r -  
row cycle is observed, much nar rower  than that  ob- 
served with a s ingle-crystal  i ron (2). However, in the 
presence of 2 -butyne  1,4-diol and for both iron I and 
iron II, the hysteresis cycle becomes more obvious. 
This phenomenon has also been observed on iron sam- 
ples of different natures  (2). Moreover, even for the 
lowest sweep rates compatible with good reproduci-  
bi l i ty of the measurements  (dissolution alters the state 
of the surface little by l i t t le),  the curves recorded 
successively at increasing anodic potential  (forward 
trace),  then at decreasing potential  (backward trace),  
remain  distinct. We have shown elsewhere (6) that  at 
frequencies close to 10-3 Hz the impedance tends, in 
this potential  range, to become a pure  resistance that  
must  be considered as the slope of a steady-state po- 
larization curve independent  of the sweep conditions. 

! 

E 

z kd 

O 

-oss  -os  -oAs -oA 

pOTENTIAL {V/5 CE ) 

Fig. 5. Anodic polarization curves: iron l, 1M H2S04 + 10-aM 
2-butyne ],4-diol. Solid line: potentiokinetic trace; dV/dt = 0.2 
V/rain (the arrows show the sweep direction). Dotted line: steady- 
state trace. 

In  other words, there must  exist only one I : 5(V) 
characteristic. 

According to this result, the observed hysteresis 
would be caused by the fact that the surface coverage 
by (Fell)Ms cannot reach a steady-state, even for the 
lowest sweep rates used here, because of the slowness 
of the hydrogen adsorption-desorption process. 

Steady-state I = f (V)  polarization curve.--We ob- 
tained this curve by immersing the electrode, then by 
wai t ing at each point for the stabilization of the cur-  
rent. In order to check that there is only one I = ](V) 
curve, we stopped the potential  sweep dur ing either 
the forward trace or the backward trace, and re- 
corded the subsequent  evolution of the current.  We 
then confirmed that the value toward which the cur-  
rent  tends depends only on the potent ial  where the 
sweep was stopped, and that the curves obtained by 
these two methods are identical. As an il lustration, we 
give in Fig. 5 the s teady-s ta te  curve (dotted line) ob- 
tained point by point for i ron I in a molar  solution of 
sulfuric acid containing 10-3M of 2-butyne  1,4-diol. In  
the same figure is shown the quasi-s teady-state  poten-  
t iokinetic curve (solid l ine) recorded at a speed of 
0.2 V/min.  The arrows indicate the sweep direction. 
The time needed to stabilize the current  after the 
sweep is stopped is about 10-30 min, depending on the 
anodic potential;  then we again obtained the I = f(V) 
characteristic shown in dotted line. It can be seen that  
the steady-state curve is identical  with the forward 
trace near  the corrosion potent ial  and wi th  the back- 
ward trace at potentials above --0.4 V/SCE. As these 
curves here represent  the over-al l  current  I, i.e. the 
difference between the anodic current  Ia and the cath- 
odic current  Ic, we wanted to separate its two compo- 
nents  before at tempting any interpretat ion.  

Separation of the cathodic co~nponent Ic ]rom the over- 
all current.--In an acidic medium, iron dissolves as a 
divalent  ion. If iron is assumed to undergo no disag- 
gregation, the measurement  of weight lq s allows the 
separation of Ia and Ic at a given currel,~ I. We have 
determined them in the case of the dissolution of i ron 
I by means of Faraday 's  law in a molar  solution of 
sulfuric acid containing 10-~M of 2 -bu tyne  1,4-diol. 
The constant  current  I is supplied by a wide-band  
galvanostat  bui l t  in our laboratory by C. Gabrielli .  The 
dissolution t ime is l imited to 1 hr in order to avoid 
pitting. The dissolved iron is determined by colorim- 
etry with o-phenanthro l ine  as an indicator. 

Table II summarizes, for each value of I, the values 
of Ia and Ic with their confidence in terval  calculated 
on the 10% level of significance from 8 experiments  
for I = 0.1 and 0.2 mA, and from 4 exper iments  for I 
greater than 0.2 mA. From this table, it can be noted 
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Table II. Results from the measurements of weight loss: 
iron I, 1M H2S04 + |O-:JM 2-butyne 1,4-diol 

Rt  = M e a s u r e d  t r a n s f e r  r e s i s t a n c e  
Rta ~ A n o d i c  t r a n s f e r  r e s i s t ance  
0H* = Sur face  cove rage  by  (FeH)adB 
I = O v e r - a l l  c u r r e n t  
Ira = A n o d i c  c u r r e n t  
I e  = C a t h o d i c  c u r r e n t  

V ( m V /  
l ( m A )  - Ie (/cA) Ia (/z.A) SCE) R t  ( o h r ~ )  Rta /a  (rnV) OH" 

0.1 45 ~ 6 145 ~.~ 6 - -470 221 -- 17.5 37 "~ 3.8 0.78 
0.2 47 + 12 247 ~ 12 --464 133 --  5 38.4 "~ 4.0 0.70 
0.3 37 ~ 10 337 +~ 10 -- 460 101 ~ 8 38.1 -4- 4.0 0.62 
0.5 5 4 •  554"+'29 --454 6 5 . 3 •  38.7 ~ 3.2 0.54 
0.7 44"+'28 7 4 4 •  --450 50.2----.1.8 39.0-----1.6 0.45 
1 42-4-20 1042 ~ 20 --445 36.7+--2.5 39.7__--.2.2 0.40 

that  Ic is independent  of I. Although the polarization 
potential  varies only by 25 mV when I passes from 0.1 
to 1 mA, a marked var iat ion of the surface available 
for the cathodic reaction can be expected. Therefore, 
we may consider that the reaction responsible for the 
te rm Ic merely  occurs on part icular  sites. Besides, this 
in terpreta t ion is corroborated by the microscopic ob- 
servation, in situ, of the electrode through an objective 
immersed in the electrolyte: the gas bubbles always 
appear on wel l -de termined sites whose positions de- 
pend on the s tructure of the surface. 

The obtained Ia (V) values do not correspond to the 
anodic dissolution mechanism (5) which is applicable 
at higher currents  (2). We shall now show that this 
deviation, which cannot be at t r ibuted to the cathodic 
current,  may be explained by the coverage of the sur-  
face by (Fell)ads. 

Evaluation of the coverage fraction 0w--Column 5 of 
Table II shows the t ransfer  resistance Rt, deduced from 
anodic impedance measurements  (6) carried out dur-  
ing the dissolution experiments  themselves. It  hence 
can be seen that the product RtI, which elsewhere (3) 
was shown to be constant  for high currents  (~40  mV),  
diminishes for currents  lower than 2 mA. If we take 
into account that  Rt has an anodic component Rta and 
a cathodic component  Rtc, we can write that 

1 1 1 

R t  R t a  R t c  

The product Rta Ia is constant (Table II, Col. 6) 
wi thin  the precision of measurements,  even at the 
lowest polarization, and is equal to the value of RtI 
found for currents  higher than 2 mA. Consequently, it 
can be considered that the dissolution mechanism (5) 
remains valid even for very  low anodic currents,  al-  
though we have found an obvious difference between 
the variat ions of Ia and of its densi ty Ja with the po- 
tent ial  (6). Since Rta Ia does not depend on the re-  
action surface, this difference can be at t r ibuted only to 
a variat ion of the area of cathodic coverage by the 
hydrogen (OH) and perhaps by the inhibi tor  ( 0 i n h ) .  

However, according to Mayer et al., the inhibi t ing 
effect of 2-butyric 1,4-diol appears only when the elec- 
trode surface is covered by Hads (21). In  the same way, 
referr ing to the polarization curves obtained in the 
presence and absence of the inhibitor, it can be seen 
that 2-butyne  1,4-diol has the same effect as Hads and 
that  OH and 0in h cannot be distinguished. Consequently, 
we may write 

Ia = Ja ( I  --  OH*) 

where OH* is the cathodic coverage in the presence of 
2-butyne 1,4-diol. 

The last column of Table II presents the values of 
OH* as a function of I. The values of Ja were obtained 
from the extrapolat ion of the anodic Tafel line cor- 
responding to step I of the iron dissolution reaction 
(5). Figure 6 represents the variat ion of OH* as a func-  
tion of the potential  V. From this figure it can be seen 
that  0n* tends toward 1 near  the corrosion potential,  
which is in agreement  with the results obtained at the 
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POTENTIAL  { V / S C E )  
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Fig. 6. Variation of the surface coverage OH* with the anodic 
polarization potential: iron I, 1M H2SO4 -I- 10-3M 2-butyne 1,4- 
diol. 

cathodic range (see first section under  Results and 
Discussion). On the other hand, OH* tends toward zero 
for anodic potentials close to --0.4 V/SCE. These re-  
sults explain the hysteresis of the potentiokinetic  curve 
presented in Fig. 5. According to our in terpreta t ion 
(1, 2), the forward trace corresponds to an almost com- 
plete coverage by (Fell)ads and the backward trace to 
an almost uncovered surface. Moreover, it can be noted 
that the --0.4 V/SCE value is close to that  above 
which hysteresis is no longer observed (2) with a 
s ingle-crystal  iron (--0.38 V/SCE).  

Finally,  it is to be noted that  fur ther  support  for 
this in terpreta t ion of the observed hysteresis is given 
by the impedance measurements  wi th in  the anodic 
range (6). As a mat ter  of fact, in the (R,jG) diagram, 
there appears a second inductive loop which is clearly 
distinguished from that  caused by the relaxat ion of the 
coverage by (FeOH)ads and which can be assigned to 
the relaxat ion of the cathodic coverage (22). In  this 
lat ter  case, if there were two distinct coverages, OH and 
0inh, one might  expect to observe two different t ime 
constants. We should observe, on the whole, three time 
constants, which is not the case here. We may there-  
fore conclude that there is only one coverage, that  of 
hydrogen, 2 -butyne  1,4-diol having only the effect of 
reinforcing the bond between Hads and the metal.  

Conclusion 
We have been able to elucidate the influence on the 

cathodic phenomenon of an acetylenic alcohol, namely  
2-butyne 1,4-diol, dur ing the corrosion of i ron in a 
sulfuric acid medium. From our results, it appears, in-  
deed, that 2-butyne 1,4-diol increases the surface 
coverage by (Fel l )  ~d~ by reinforcing the Fe-H bond. 

This coverage causes, in the cathodic range, a de- 
crease with time of the reaction rate, p robably  by 
diminishing the n u m b e r  of active sites. In  the anodic 
range, the persistence of the coverage by (Fell)ads at 
potentials much higher than the corrosion potential  re- 
duces the surface available for the dissolution reaction. 
Consequently,  the var iat ion of the hydrogen coverage 
OH with the potential  is at the origin of the hysteresis 
phenomenon.  

Lastly, for a highly pure  iron, even in the absence of 
2 -butyne  1,4-diol the presence of (Fell)ads, which 
leads to a very low corrosion rate, would explain the 
observed low inhibi t ing efficiency. 

Manuscript  submit ted Dec. 1, 1970; revised m a n u -  
script received ca. Mar. 1, 1971. This paper  was pre-  
sented at the 3 e Symposium Europ~en sur les In-  
hibi teurs  de Corrosion, Ferrare,  Italy, Sept. 1970 (and 
appeared in French in the Abstracts of the symposium 
proceedings).  

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1972 JOURNAL. 
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Low Defect Density Electrodeposits on 
Copper Single Crystals' 

U. Bertocci and C. Bertocci 
Solid State Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830 

ABSTRACT 

The e lec t rodeposi t ion of layers  of copper  over  I00 ~m th ick  on copper  
single crysta ls  has been carr ied  out on h igh ly  perfect  copper single crys ta l  
substrates,  having {111} orientat ion.  Condit ions for the achievement  of low 
defect  dens i ty  deposi ts  have been invest igated.  The defects  present  in the  de-  
posit  have been s tudied by  Bor rmann  topography  and other  x - r a y  techniques  
as wel l  as optical  microscopy and dislocation etching. In  the most perfect  
deposi ts  produced,  no mosaic s t ruc ture  has  been found, and the concent ra-  
tion of defects  vis ible  by Bor rmann  topography  did not increase subs tan t ia l ly  
the  absorpt ion  of the x - r a y  beam. Smal l  loops or point  defect  clusters  in con- 
centra t ions  of the  o rder  of 106/cm 2 have been detected by  etching. The or i -  
en ta t ion  of the subs t ra te  has been found to affect the  perfec t ion  of the de -  
posits. I t  is concluded that  r andom nucleat ion is l ike ly  to be the  mechanism 
for step genera t ion  where  the  or ienta t ion  is ve ry  close to {111}. 

Ep i tax ia l  g rowth  of copper  single crysta ls  by  elec-  
t rodeposi t ion is ve ry  wel l  documented,  pa r t i c u l a r l y  
f rom sulfa te  solut ions (1-8).  Not so wel l  known,  how-  
ever, is the  degree  of perfect ion which  can be  a t ta ined  
by  electrodeposi t ion,  as wel l  as the character is t ics  of 
the  defect  s t ructure .  

Among the s t ruc tura l  s tudies r epor ted  in the  l i t e ra -  
ture, m a n y  are  concerned wi th  the  p re fe ren t ia l  or ien-  
ta t ion of po lycrys ta l l ine  deposits  (9-13), since knowl -  
edge on this topic is of considerable  p rac t ica l  interest .  
Ep i tax ia l  g rowth  on single c rys ta l  subs t ra tes  has been 
examined  by  x - r a y s  (14), but  most  of the informat ion  
is not topographic  in na tu re  (3, 5, 15) and gives only  a 
genera l  idea of the defects  in the  deposit.  When  sensi-  
t ive techniques have  been  employed,  the use of sub-  
s t ra tes  having  a subs tant ia l  defect  dens i ty  tended to 
obscure the  significance of the resul ts  (16). 

A more deta i led  p ic ture  of the  defects p resen t  in 
e lectrodeposi ts  has  been obta ined  employing  t r ans -  
mission e lec t ron microscopy (10, 12, 13, 17). Al though  

1 R e s e a r c h  s p o n s o r e d  b y  t h e  U.S.  A t o m i c  E n e r g y  C o m m i s s i o n  u n -  
d e r  c o n t r a c t  w i t h  U n i o n  C a r b i d e  C o r p o r a t i o n .  

Key words:  electrodeposit ion,  x-rays ,  anomalous transmission 
B o r r m a n n  t o p o g r a p h y .  

very  valuable ,  this  method  is in genera l  l imi ted  to ex -  
aminat ion  of ve ry  thin deposits.  The substrate ,  usual ly  
produced by  evaporat ion,  t ends  to contain a high n u m -  
ber  of defects. Elec t ron  microscopy has  been most ly  
used to s tudy the deposi t ion of a meta l  on a subs t ra te  
of different  composit ion;  this  gives r ise to defects  pe -  
cul iar  to the difference in la t t ice pa r a me te r s  of sub-  
s t ra te  and deposit.  

In  recent  years,  because of the  ava i l ab i l i ty  of me ta l  
crys ta ls  of h igh per fec t ion  and the  improvemen t  of 
x - r a y  techniques,  Bor rmann  topography  has been de-  
veloped as a power fu l  tool for the  examina t ion  of de-  
fects in crystals ,  and copper  has been ex tens ive ly  
s tudied (18-21). This technique is based on the phe -  
nomenon known as anomalous  t ransmission.  If  a 
single c rys ta l  is so perfect  tha t  changes in or ienta t ion 
of the  la t t ice  a re  no more  than  a few seconds of arc, a 
monochromat ic  co l l imated  x - r a y  beam wi l l  t r ave l  
th rough  it in cer ta in  direct ions wi th  an absorpt ion  co- 
efficient 10 to 20 t imes  smal le r  than  the o rd ina ry  value.  
Fo r  copper, specimens up to about  1 m m  can be ex-  
amined  by  t ransmission.  I f  defects  such as dislocations 
are  presen t  inside the  crystal ,  images  of t hem can be 
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formed on the topographs, and by means of stereo 
pairs, the spatial a r rangement  of the defects inside the 
crystal can be determined.  In tens i ty  sufficient for ob- 
ta ining a useful topograph can be t ransmit ted  only if 
no mosaic s tructure is present  and the dislocation den-  
sity is not more than about 104/cm 2. As far as resolu- 
tion is concerned, defects smaller  than a few microns 
do not form an image, al though contr ibut ing to the ab-  
sorption. 

Since specimens hundreds  of microns thick are well  
suited as electrodes, Bor rmann  topographs can be used 
to gather informat ion about the perfection of the de- 
posits and about the relationships between defects in 
the substrate and in the deposit. The method allows 
examinat ion of much thicker layers than possible by 
transmission electron microscopy, so that no doubt 
exists that  the deposits were obtained in steady-state 
conditions. 

The aim of the work described here has been to 
investigate the conditions for obtaining high perfec- 
tion deposits and to contr ibute  to the knowledge of the 
na ture  and spatial distr ibution of defects in the de- 
posit, as well  as the influence of perfection and orien- 
tation of the substrate on the deposit perfection. The 
exper imental  method employed has been the correla- 
tion of Bor rmann  topographs and other x - ray  data 
with optical microscopy and dislocation etching. 

Exper imental  Methods  
The depositions were carried out on crystals of puri ty  

99.999% approximately 10 x 10 mm, whose thickness 
ranged from 0.2 to 0.5 ram. The two main  surfaces had 
{111} orientation. The crystals had been irradiated 
with 1017 fast neutrons/cm~ in order to increase their  
hardness so as to wi ths tand handl ing (20). The speci- 
mens were electropolished in a phosphate bath, rinsed 
in 10% H3PO4 for a minu te  and finally under  flowing 
distilled water  for several minutes.  This preparat ion 
technique produces surfaces reasonabJy free of con- 
tamination.  In particular,  phosphorus is not present  
(22). The specimens were kept under  water  dur ing the 
time (approximately 30 sec) necessary to t ransfer  them 
into the cell. 

The solution, whose composition was 0.5M CuSO4, 
0.2M H2SO4, was prepared by dissolving recrystal]ized 
reagent grade CuSO4 and adding reagent  grade H2SO4. 
The solution was filtered several t imes through fritted 
glass, and care was taken that part iculate mat ter  could 
not be detected by observing scattered light under  a 
low power microscope. 

The cell was all Pyrex  glass, with Teflon stoppers and 
magnetic  stirrer. The anodic and cathodic compart-  
ments  were separated by fri t ted glass disks, and the 
solution was introduced into the cell from the anodic 
compartment  so that a final filtration was achieved for 
the solution filling the cathodic compartment.  The 
closed cell was swept with pure argon and kept per-  
manen t ly  under  an argon blanket  at slight, positive 
pressure. Fur ther  purification was achieved by pre-  
electrolysis on high pur i ty  copper cathodes, the cur-  
rent  density being about five times larger than that  
used for the depositions. St i r r ing was employed only 
during pre-electrolysis. 

All  depositions were carried out at room tempera-  
ture, about 23~ The thickness of the deposits ranged 
from 30 to 120 ~m. 

Some depositions were made with periodic current  
reversal by means of a Hewlet t -Packard  6823A Power 
Supply in the constant  current  configuration modulated 
by a signal generator. A cathode ray oscilloscope was 
used for measur ing ampli tude and durat ion of the 
pulses. The average c.d. calculated from pulse shape 
was checked against the weight gain of dummy speci- 
mens;  the differences were of the order of 2 or 3%. 

Bor rmann  topographs were taken using MoK~ radi-  
ation, the diffraction vector being either 111, 111, or 111, 
considering the crystal surface where the x-rays  enter  
as (111). As a faster method for checking the perfec- 

tion of the deposits, the measurement  of the half- 
width of the 444 Bragg peak was chosen. Since the 
theoretical value for a perfect crystal, using MoK~ 
radiation, is 2" of arc (23), small deviations from a 
perfect crystal, corresponding to a few seconds of arc, 
can be detected. The measurements  were carried out 
by means of a double crystal spectrometer. 

The deposits were also examined by opt ica l  micros- 
copy, both as obtained after deposition and after elec- 
tropolishing and etching with a dislocation etch (24). 
The orientat ion of the facets developed dur ing deposi- 
tion, par t icular ly  at the edges of the specimens, was 
determined by means of a two circle goniometer. 

By sectioning some specimens and measur ing the 
thickness of the deposits, it was deduced that the cur-  
rent  density on high index planes was not more than 
three times that  on close-packed ones. Since the fiat 
crystals used as electrodes had their  main  faces ori- 
ented wi thin  a few degrees from {111} and at the 
edges--which accounted at most for 10% of the total 
surface area- -s lowly  growing facets soon developed, 
it was concluded that  the average current  density did 
not differ from the actual  current  density on the {111} 
planes by more than 20%. Optical measurement  of the 
thickness of the electrodes before and after deposition 
supported this conclusion. 

Production of Low defect density deposits.--By ex- 
amining the deposits, s tandards for assessing their  
qual i ty  were developed. In  the course of the work it 
became apparent  that  trace impurit ies affected both 
surface s t ructure  and perfection; repeated pre-electrol-  
ysis was general ly beneficial. However, part iculate 
mat ter  suspended in solution was very detr imental ,  as 
was shown during pre l iminary  work in cells without  
separation between cathodic and anodic compartment.  
During pre-electrolysis copper powder is generated at 
the anode by preferent ial  at tack at grain boundaries.  
If the powder reaches the  cathode, abnormal  growth 
protrusions are formed, often misoriented with respect 
to the substrate. 

The features mark ing  deposits whose perfection was 
considered unsatisfactory, because they were unsui table  
for Bor rmann  topography, were a tendency for the sur-  
face steps to aggregate, forming steep ledges exhibi t -  
ing crystallographic character (see Fig. 1). These 
ledges developed into (210} facets which broke up the 
{111} surface into areas often of different height. The 
same facets also bound hexagonal  pits, which tended 
to cover large areas of the surface. 

Visual examinat ion was therefore sufficient for de- 
tecting unsat isfactory deposits. Their  appearance cor- 
related well  with x - r ay  data; the ha l f -width  of the 

Fig. 1. Deposit of unsatisfactory perfection. (111) surface after 
deposition of 45 Fm at 0.5 mA/cm 2. Nomorski interference con- 
trast. 
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however, seems to affect the growth habit  so that 
facets different from those observed with d-c deposi- 
tions are formed. 

Fig. 2. Deposit of high perfection. (111) surface after deposition 
of 50 #m at 0.5 mA/cm 2. Nomarski interference contrast. 

444 reflection on such surfaces varied from 10" of arc 
up to 1', indicating the angular  range of the mosaic 
structure in the deposit. The t ransmit ted  x - r ay  in ten-  
sity was so low that Bor rmann  topographs could not 
be taken. 

More perfect deposits were characterized by regular  
arrays of macrosteps about 10-12 ;,m apart, if the sur-  
face was more than about 1~ ' to 1~ ' from {111}, 
and by randomly  distr ibuted hillocks as shown in Fig. 
2 for smaller  misorientations.  The t ransi t ion between 
the two surface structures is quite sharp. The slope of 
the hillocks, as measured by means of a modified 
Nomarski interference contrast microscope (25) is be- 
tween 6' and 10' of arc. Steeper ledges such as those 
crossing Fig. 2 (see also Fig. 6) reach misorientat ions 
of 4 ~ to 5 ~ . The tendency to form pits bound by {210] 
facets was largely suppressed. The hal f -width  of the 
444 peak was from 4" to 5" of arc. Bor rmann  topo- 
graphs could be taken and areas of higher or lower 
perfection could be observed and examined. 

The experiments  at constant  current  density showed 
that  consistently good deposits could not be obtained 
at cur ren t  densities higher than  about 0.5 m A / c m  2. 
At 1 m A / c m  2, Bor rmann  topographs showed that most 
of the deposit had a high defect density, and the half- 
width of the 444 peak was of the order of 20". 

Some depositions were carried out with periodic cur-  
rent  reversal  using either sinusoidal or square wave 
signals. In  the present  experiments  no improvement  
over constant  current  deposition was found, either in 
the perfection of the deposits or in the possibility of 
increasing the deposition ra te  wi thout  increasing the 
defect density. 

In  a series of tests a sinusoidal signal was super im-  
posed on a direct c.d. of 0.5 m A / c m  ~. The conditions 
were the following: 500 Hz, 1.8 m A / c m  2 rms; 2000 Hz, 
2 and 5 m A / c m  2 rms. The appearance of the deposit 
was substant ia l ly  different compared with d-c deposi- 
tion, par t icular ly  at the lower frequency, showing  
format ion of large t r iangular  hillocks on the {111} 
faces. The perfection was low, ha l f -width  was 30" to 
1', and the topographs were opaque, except in very 
few isolated patches. Subsequent  electropolishing and 
etching showed a pit densi ty greater than 106/cm 2. 

Some exper iments  were carried out using rec tangu-  
lar  current  pulses. The current  density, both anodic 
and cathodic, varied between 0.6 and 0.9 m A / c m  2, the 
durat ion of the anodic pulse being 20 msec and that of 
the cathodic pulse 180 msec. Longer pulse durat ions 
have also been tested. This work  is still  in  progress, 
but  p re l iminary  observations have given little indi-  
cation that  higher deposition rates and /o r  highly per-  
fect deposits can be achieved in this way. This method, 

Experimental Results 
The exper imental  evidence to be analyzed principal-  

ly consists of photographs recording x - r ay  or visible 
light intensi ty  patterns, and their  analysis main ly  con- 
sists in comparing topographs with different diffraction 
vectors, as is necessary in order to examine line defects, 
or in correlating spatially x - r ay  pictures with photo- 
micrographs, both before and after etching. The ex- 
per imental  data, therefore, do not lend themselves to 
being presented in compact form as with numerical  
tables or graphs. An effort has been made to show 
some of the most significant examples, but  it must  be 
understood that only a small part  of the evidence can 
be presented. 

Figures 3 and 4 show stereo pairs of topographs of 
the same area of a specimen before and after deposi- 
tion. The thickness of the deposit on each side is ap-  
proximately 130 ~,m, and the total  thickness is 430 • 30 
~,m. The main faces of the crystal  are misoriented about 
5 ~ from {111}. In  the deposit very few defects can be 
seen except on the edges of the crystal (lower left 
corner) ,  where they are associated with growth of 
facets other than  {111}. 

Some dislocations ending at the surface of the sub-  
strate can be recognized. For the comparison between 
the dislocation ne twork  in Fig. 3 and 4, it must  be re- 
membered  that  after tak ing  Fig. 3, the specimen had 
to be electropolished immediately before the deposi- 
tion, as described in a preceding section. Therefore 
some dislocation lines were shortened, par t icular ly  
those intersecting the surface at a low angle. 2 In  all  
cases, instead of a clear dislocation l ine cont inuing into 
the deposit, only a faint line start ing from the end of 
the dislocation line in the substrate can be seen. Also, 
series of small  spots roughly aligned so as to cross 
the deposit perpendicular ly  to the surface are visible. 

Figure 5 shows a topograph of another  specimen; the 
deposit obtained at 0.5 m A / c m  2 is approximately 50 
~m thick. The orientat ion of the surface, very close to 
{111}, is shown in Fig. 6, a composite photomicrograph 
of the same area (Nomarski  interference contrast and 

Defec ts  close to the  ex i t  sur face  fo r  the  x - r a y  b e a m  e x h i b i t  re-  
ve r se  cont ras t ,  p r o d u c i n g  a b l ack  a n d  w h i t e  d o u b l e  image ,  i n s t e a d  
of a s i m p l e  b l a c k  i m a g e  (on p o s i t i v e  pr in t s} .  The  r eade r  s h o u l d  
no t i ce  t h a t  the  d i s l oca t i on  l ines  s h o w i n g  r eve r se  con t r a s t  in  Fig.  3 
h a v e  been  in  g e n e r a l  r e m o v e d  by  the  e l e c t r o p o l i s h i n g  and  no  l o n g e r  
a p p e a r  in  Fig .  4. 

Fig. 3. Stereo topograph of crystal before deposition. Direction of 
diffraction vector = 111. 
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Fig. 4. Stereo topograph of crystal shown in Fig. 3 after deposi- 
tion of 130 ~m at 0.7 mA/cm 2. Direction of diffraction vector 

~1~, 

a low magnification objective were used so as to obtain 
high contrast; the surface is actual ly fairly smooth). 
In  Fig. 5 a number  of defects can be seen, but  many  
cannot be resolved as either dislocation lines or point 
defect clusters. Areas of higher defect density, as re-  
vealed by the topograph, correspond on Fig. 6 to areas 
where closely spaced hillocks grew together or where 
surface ledges were pinned, bent  sharply, or bunched. 
The correspondence between higher defect regions 
and recognizable surface features is, however, not com- 
plete: the defect regions appear to be at different 
levels inside the deposit; this can be seen by  com- 
par ing Fig. 5 with Fig. 7, a topograph of the same 
region of the crystal  taken after electropolishing the 
specimen so as to remove most of the deposit, and 

Fig. 6. Composite photomicrograph of surface of deposit shown 
in Fig. 5. Nomarski interference contrast. 

Fig. 7. Stereo topograph of area shown in Fig. 5 after removal 
of about two-thirds of deposit. Direction of diffraction vector = 

Fig. 5. Stereo topograph of crystal after deposition of 50 Fm at 
0.5 mA/cm 2. Direction of diffraction vector ~ 1"11". Black lines 
show outlines of Fig. 6. (large rectangle), Fig. 8 (lower rectangle) 
and Fig. 9 (upper rectangle). 

etching with a dislocation etch (23). A n u m b e r  of the 
high defect regions have completely disappeared but  
others are now at the surface, as can be inferred from 
the strong black-whi te  contrast. Microscopic observa- 
tion of the etch-pits shows that  t ight clusters of pits 
are found in positions corresponding to the bIack spots 
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Fig. 8. Photomicrograph of part of crystal shown in Fig. 5 after 
electropolishing and etching. Nomarski interference contrast. 

seen on the  topograph  (see Fig. 8). However ,  p i t  den-  
sit ies (of the o rde r  of 5 �9 105 per  cm 3) h igher  than  in 
the subs t ra te  could be seen also where  the  x - r a y  
topograph  did not show a significant defect  density.  
F igure  9 shows c lea r ly  the  difference be tween sub-  
s t ra te  and deposit, which had been comple te ly  re -  
moved in some areas. I t  is no tewor thy  that  the  e tch-  
pits  p roduced  have  different  sizes, a n u m b e r  of them 
being smal l  and f la t -bot tomed.  This fea ture  is gener -  
a l ly  not associated wi th  long dislocat ion lines, but  
r a the r  wi th  smal l  dis locat ion loops (26). 

In some instances, g rowth  of isolated p y r a m i d s  has 
been observed.  The steps on the side of the pyramid ,  
a l though bunching to form mul t i - a tomic  ledges c lear ly  
vis ible  b y  opt ical  microscopy,  genera ted  only re la t ive -  
ly  few defects de tec tab le  in the  x - r a y  topographs.  At  
the center  of the  p y r a m i d  a r a the r  diffuse spot showing 
b lack -whi t e  contras t  can be seen. The isolated pyramid ,  
therefore,  is not associated wi th  a single dis locat ion 
line. F igures  10 and 11 show a s tereo topograph  and a 
micrograph  of an area  containing isolated growth  
pyramids .  The slope of the  steepest  one (bot tom left  
in Fig. 11) is about  2 ~ The others  are  less than  1 ~ 

Some informat ion  about  the  na tu re  and locat ion of 
defects p resen t  in deposits  considered of unsa t i s fac tory  
perfect ion was obta ined by  electropol ishing and e tch-  
ing. As is c lear ly  vis ible  in Fig. 12, e tch-p i t s  are  often 

Fig. 10. Stereo topograph of crystal after deposition of 35 #m 
at 0.5 mA/cm 2. Direction of diffraction vector ~-- 11-1. Black line 
shows outline of Fig. 11. 

Fig. 11. Composite photomicrograph of deposit shown in Fig. 10. 
Homarski interference contrast. 

Fig. 9. Photomicrograph of part of crystal shown in Fig. 5 after 
electropolishing and etching. Nomarski interference contrast. 

Fig. 12. Photomicrograph of (111~ surface of deposit of un- 
satisfactory perfection after electropolishing and etching in HCI- 
HBr-FeCI3 mixture. Half-width of 444 Bragg peak after electro- 
polishing ~ 9" of arc. Nomarski interference contrast. 
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Fig. 13. Hollow strain center surrounded by punched out loops. 
Same specimen and treatment as in Fig. 12. Nomarski interference 
contrast. 

clustered in lines. The lines follow app rox ima te ly  the 
contour  of the  steep ledges observed on the surface of 
the  deposit.  Fur the rmore ,  s t ra in  centers  sur rounded  
b y  e tch-pi t s  and seemingly  having  a hol low core are  
fa i r ly  numerous  (see Fig. 13, where  double  rows of 
pits, revea l ing  punched-ou t  pr i smat ic  loops, are  
shown). 

In the course of this work data about the growth 
habit of electrodeposited copper were gathered by mea- 
suring the orientation of the facets formed at the edge 
of the specimens. These data were supplemented by 
depositions carried out on hemispherical crystals (see 
Fig. 14). The resul ts  can he summar ized  as follows: 
The tendency  to form flat and we l l -o r i en ted  facets 
(deviat ions  being gene ra l ly  less than  1 ~ is exhib i ted  
only  by  {111} and {110}. The l a t t e r  orientat ion,  how-  
ever, is not  a p re fe r r ed  one, and only  smal l  facets are  
formed, gene ra l ly  at  the  in tersect ion of two {210} 
facets (see Fig. 15). A n  or ienta t ion  which  develops 
p r e f e r en t i a l l y  is {210}. Large  facets are  formed by  
deposi t ion on hemispher ica l  crystals ,  as Fig. 14 shows. 
The facets are  not  ve ry  smooth; the  reflections at  the  
goniometer  indicate  tha t  most of the  surface is or ien ted  
about  4 ~ f rom {210} toward  the neares t  {110}, but  
s l ight ly  off the  ~ 0 0 1 ~  zone. The resul ts  of the  goniom- 
e ter  readings  agree  wi th  microscopic observat ions  (see 
Fig. 16), whe re  considerable  var ia t ions  in or ienta t ion 
can be seen. The growth  seems to occur by  mot ion of 
ledges or facets, vis ible  in Fig. 16, and whose o r ien ta -  
t ion is app rox ima te ly  {320}. 

I t  is r e m a r k a b l e  tha t  al l  areas  close to ~ 1 0 0 ~  poles 
never  develov {100} faces but  or ienta t ions  va ry ing  f rom 

Fig. 14. Photomicrograph of deposit obtained on hemispherical 
crystal. Current density = 0.3 mA/cm 2. Average thickness 230 
#m. 

Fig. 15. Photomicrograph of {110} facet developed during depo- 
sition at 0.5 mA/cm 2. Nomarski interference contrast. 

Fig. 16. Photomicrograph of {210} facet developed during depo- 
sition at 0.5 mA/cm 2. Nomarski interference contrast. 

{710} to {15,1,0}. The goniometer  reflections are  ra the r  
diffuse, in agreement  wi th  the  s t ruc ture  seen under  
the microscope:  t e r raced  py ramids  tending  to have 
{15,1,0} at  the  base  and {710} at  the  t ip  (see Fig.  17). 
The py ramids  ve ry  of ten have  a core which  is not  
ep i t ax ia l ly  oriented,  as was de te rmined  b y  x - r a y  ex -  
aminat ion.  

Discussion 
F r o m  the  resul ts  p resented  it can be concluded that  

in ca re fu l ly  contro l led  condit ions i t  is possible to 
e lect rodeposi t  copper  f rom sulfate  solutions in layers  
over  100 ~m th ick  wi th  a h igh  degree  of perfect ion.  
I t  is, however,  c lear  tha t  the  or ienta t ion  of the  surface 
p lays  an impor t an t  role, and so far  only  for o r ien ta -  
t ions close to {111} have  condit ions leading  to good 
deposi ts  been found. 

Since the  sens i t iv i ty  of a me thod  for detect ing de-  
fects var ies  wi th  the i r  nature ,  on ly  corre la t ing  differ-  
ent  resul ts  can give an accura te  p ic ture  of the  defect  
s t ruc ture  of a crystal .  The measu remen t  of the  ha l f -  
wid th  of the  444 Bragg  peak,  a l though more  sensi t ive 
than  Bor rmann  topography  in detect ing mosaic s t ruc-  
tu re  ( the ha l f -w id th  of the anomalous ly  t r ansmi t t ed  
beam is of the  o rder  of 15" of arc)  is l i t t le  affected by  
ind iv idua l  defects.  The b roaden ing  of the  444 peak  is 
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Fig. 17. Pyramidal growth bound by (710} and {15,1,0) facets. 
Deposition at 0.5 mA/cm 2. Nomarski interference contrast. 

barely noticeable when  Bor rmann  topographs show 
the presence of a substant ia l  number  of defects. Topog- 
raphy is extremely sensitive in detecting dislocations 
as well  as small  loops or point  defect clusters having 
dimensions down to few ~m. Howeyer, in the restricted 
case of a f a i r l y  flat and wel l -or iented  surface, etch-pi t  
observations have shown a density of defects of the 
order of 105 to 106 per cm ~ in crystals which appeared 
near ly  perfect if examined by x - r ay  methods. Analog-  
ous results have been obtained in the case of copper 
specimens irradiated with fast neutrons  (26); this 
leads to the conclusion that  the defects detected here 
as etch-pits are mostly point defect clusters or very 
small  dislocation loops. 

In the rare instances where a dislocation l ine could 
be seen cont inuing in the deposit, the image in the 
topograph exhibited less contrast than in the substrate; 
this cannot be easily understood, since no change in 
the Burgers  vector of the dislocation can be expected. 
This observation has to be left for the moment  u n -  
explained. It  is, however, interest ing that  the faint  
lines extending from the dislocations in the deposit 
tend to be more or less perpendicular  to the surface. 
This is in contrast  with the observations in the electro- 
lyric growth of silver (27), where it was reported that  
most dislocations tended to grow along <110>.  

Among the factors affecting the perfection of the 
deposits, the defect densi ty in the substrate does not 
seem to be as impor tant  as the presence of impuri t ies  
in solution or the orientat ion of the surface; for mis-  
orientat ions of less than 1 ~ from {111}, a substrate 
with a dislocation density up to about 5 �9 104/cm 2 
would contr ibute  very  li t t le to Bragg peak broaden-  
ing (28) or etch-pi t  density, compared with defects 
generated dur ing deposition. As the deposit shown in 
Fig. 4 seems to indicate, however, the lowest defect 
densi ty in the deposit might  be achieved for mis-  
orientat ions in the range of 3 ~ to 6 ~ of arc. 

It has been suggested that  defects intersecting the 
surface influence the kinetics of electrodeposition, pro- 
viding sources of steps (29). The present  observations 
show that  about 106 defects per square cm, as detected 
by etch-pits, should be expected on a growing (111} 
surface. When the misorientat ion is higher than 1 ~ to 
1~ ', that  is when  the step density d ~-- 10~/cm, the 
surface appearance changes drastically, and the regu-  
lar i ty  of the step arrays suggests that  steps due to 
misorientat ion are sufficient to ma in ta in  the cur ren t  
density. Since there is no indication that  local current  
density is much higher than  the average value, a step 
velocity be tween 10-e and 2 �9 10 -~ em/sec can be 
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deduced from the formula 

i Vm 

zFdh 

where i is the current  density, Vm ---- 7.11 cm3/mole is 
the molar  volume, z -- 2 is the charge, F is the  Faraday 
constant, and h ---- 2.09. 10 - s  cm is the height of a 
step on a {111} plane. On the surfaces close to zero 
average misorientat ion such as those shown in Fig. 2 
and 6, it  is difficult to est imate step density;  however,  
by measur ing the slope of the hillocks a step density of 
the order of 105/cm can be deduced. Under  the con- 
servative assumption that  local current  density can be 
as low as 0.3 m A / c m  2, a step velocity of the order of 
5 �9 10 -e  cm/sec can be calculated. F rom studies on the 
interaction between random nucleat ion and step motion 
(30), the nucleat ion rate Ra which would insure a 
current  density of about 0.3 m A / c m  2 on a perfect {11!} 
is given by 

vd a 
R n  - -  

2 

result ing in a value of the order of 2 �9 109 nuclea t ions /  
cm 2 sec. It is therefore un l ike ly  that nucleat ion occurs 
only at defect sites; with a defect density of the order 
of 106/cm 2, about 108 close-packed layers per second 
would be generated at the same place, giving a ver t i -  
cal growth rate of 2 �9 105 cm/sec. Since the horizontal  
rate v is smaller, very  steep hillocks should be ob- 
served. On the contrary, even when a system of defects 
is capable of enhancing growth so that  a large pyramid 
results (Fig. 11) the slopes measured neven exceed 2 ~ 
Most of the nucleations therefore occur randomly,  and 
relat ively few result  in extended defect formation. 
The evidence indicates that  defects in electrodeposited 
copper are a consequence of the growth process ra ther  
than its cause. 

From these considerations one would conclude that 
the range of conditions in which defect density in the 
substrate can influence the kinetics may be very l imi t -  
ed; also the dependence of the reaction rate on mis-  
orientation postulated by the classical t rea tment  of 
electrocrystallization kinetics (31) might  be difficult 
to observe. Nevertheless, defects generated dur ing dep- 
osition could influence anodic dissolution; it is in ter -  
esting to remember  that  differences in anodic over-  
voltage between electrodeposited and grown f r o m  the 
melt  mater ial  have been observed both in silver (32) 
and copper (33, 34). Also, isolated point  defects would 
not have been detected in the present  investigation, 
and their influence on the kinetics is unknown.  

The pr incipal  mechanism for the formation of the 
defect clusters which can be detected by Bor rmann  
topography seems to be interact ion between steps 
meet ing and annihi la t ing;  accordingly, higher defect 
density is found where the orientat ion is so near  to a 
close-packed plane that  new steps have to be gener :  
ated by nucleation, moving then in every direction. 
Similarly,  on slightly misoriented areas mul t i -a tomic  
steps are sometimes p inned so that  step pi le-up occurs 
at one point. The steps then bend and bypass the 
obstacle, and so meet  and annihi late  locally. In  these 
points both x - r ay  topographs and etching techniques 
show high defect concentration.  On the other hand 
when the misorientat ion is larger than a few degrees, 
the chances of interact ion between the moving mul t i -  
atomic steps are high because of the small  spacing, 
and defect concentrat ion tends to increase again. 

As comparison between Fig. 4 and 5 shows, the areas 
containing a high defect densi ty do not continue in-  
definitely in the deposit and can be buried by  a layer 
of more perfect crystal. This also shows that  no long 
dislocation lines tend to be formed. The complexity of 
the si tuat ion and of the defects formed by  deposition is 
fur ther  i l lustrated by Fig. 10 and 11; even in the case 
of well  developed hillocks, the defect found in their  
center is not simply one or a few dislocation lines, bu t  
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a strain center giving an image several tens of ~m in 
diameter. 

Examination of the deposits of unsatisfactory per- 
fection indicates also that hindered motion of steps on 
the {111} surface is responsible for the formation of 
defects, many of which are found in long lines where 
the steps had been blocked. The piling up of the steps 
is responsible for the development of {210} facets. 
There is evidence of overgrowth, presumably at the 
bottom of pits, leaving cavities and giving rise to con- 
siderable strains as Fig. 13 shows; prismatic loops are 
evidently punched out from these strain centers. 

The observations about the crystal habit of copper 
are in general agreement with the findings of other 
workers (1,35), although most previous depositions 
had been carried out at higher current density; the 
main differences are that in the present work a more 
pronounced tendency to form {210} facets was found 
and that {100} was never observed in d-c deposits. On 
this last point it is not clear, however, if the difference 
is due to different deposition conditions or if the mea- 
surement of the orientations was carried out in pre- 
vious work carefully enough to distinguish between 
facets differing by a few degrees. Orientations similar 
to those observed here have been reported previously 
for both anodic attack and cathodic deposition in 
chloride solutions (33, 36). 

Since convex crystals tend to be bound in growth by 
slowly growing faces, the {110} orientation has no 
tendency to develop because growth in this direction 
is fast, as shown by x-ray (11) and electron micro- 
scope observation (12) of the texture of polycrystalline 
deposits. Also exchange current densities on {I10} 
have been found to be higher than on other close- 
packed orientations (7). 

In the present work, periodic current reversal has 
not proved to be helpful in growing more perfect 
crystals. However, preliminary results seem to show 
that it can influence crystal habit; for instance, well- 
developed and smooth {100} facets have been produced 
by low frequency rectangular pulses. The method 
could, therefore, be interesting for developing surfaces 
of various orientations for the purpose of making 
kinetic measurements. 
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Laplace Plane Analysis of the Impedance of Faradaic 
and Nonfaradaic Electrode Processes 

Arthur A. Pilla* 
ESB Incorporated, Research Center, Yardley,  Pennsylvania 19067 

ABSTRACT 

A unified theory of the impedance of electrode processes is presented. It  
is shown that the expression of impedance in terms of the Laplace variable, 
s, permits  all cases of interest  to be treated. The basic equations developed 
allow a finite rate for both charge t ransfer  and adsorption, as well  as mass 
transport ,  in a system of uniform potential  distribution. The question of 
coupling of faradic and charging currents  is treated in detail. 

The use of impedance as a characteristic funct ion of 
electrochemical systems has long been recognized (1, 
2). It was recent ly  pointed out (3) that  its expression 
in terms of the Laplace t ransform variable, s, enables 
impedance to be considered as a real (s ~ a) or com- 
plex (s ~ j~) funct ion al lowing both less ambigui ty  
in mechanism detection and an increased f requency 
range to be achieved. 

The necessary quanti t ies  can be obtained by star t ing 
with the following general  relat ion 

i~(s) ---- i f(s) § i t (s)  [1] 

where it(s) is the faradaic current  (i.e., that  which 
involves the passage of charge across the interface) 
and ic(s) is the interfacial  charging current  (i.e., that  
which does not require the passage of charge across 
the interface).  Equat ion [1] can be misleading, as has 
recent ly  been pointed out (4-11), since both partial  
currents  may  contain double- layer  and faradaic pa-  
rameters  if strong reactant  adsorption is present. 
However, their  expression in terms of s to develop 
impedance clearly shows how coupling may or may 
not exist and allows some interest ing and usable l imi t -  
ing cases to be determined, which heretofore do not 
appear to have been described. 

General Theory 
To i l lustrate ~his approach, it will  be assumed that  

only the oxidized species need be taken into account 
(e.g., meta l -meta l  ion electrode).  Extension to any 
number  of electroactive species is a tr ivial  matter .  

The quanti t ies  if(s) and ic(S) in [1] must  first be 
wr i t ten  in explicit form. For the former, the most 
general  approach would be to express it in terms of 
the appropriate independent  variables. Since the t reat -  
ment  below will assume finite kinetics for both charge 
transfer  and adsorption, it is rigorous to pick both 
Co and r0 as well  as E for these variables. However, 
since the (linearized) rate expression given below for 
r0 allows its dependence on Co (as well  as E) to be 
established, it is sufficient to use only Co and E to 
describe i f(s).  (Note that  this does not require Co and 
r0 to be in equil ibr ium.)  It is to be remembered,  
nevertheless, that  the variat ion of Co at the interface 
can in fact be obtained only if both charge t ransfer  
and adsorption (finite or otherwise) are taken into 
account. For the purposes of this study, the s tandard 
tinearized rate expression is employed realizing, how- 
ever, that the most general  form for it(s) does in fact 
consist in its expansion involving the we l l -known par-  
tial derivat ive coefficients. Note that, in the lat ter  case, 
the parameters  are lumped in such a way that  the 
f requency variat ion of Co is no longer separable 
from either the dependence of if on E (i.e., charge 
transfer)  or on Co. In  order to express ie(S) [=s  q(s ) ]  
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domain. 

in an explicit manner ,  it is convenient  (12) to con- 
sider it in terms of r0 and E. This takes into account 
the fact that q may vary  not only with E, as in classi- 
cal systems, but  also with r0 when  specific adsorption 
is present.  Of course, r0 is related to Co v/a the ( l inear-  
ized) rate expression given below. 

Using the above considerations, [1] can now be 
wr i t ten  

iT(s) ~- /o[--~C0(0, s)]  -{- nFio~(s) / R T  

§ qrosaro(s) § q~sn(s) [2] 
where 

qr0 ---- (Oq/OrO)E [2a] 

qs ---- (Oq/oE)co [2b] 

~C0(0, s) = (C0(0, s) -- Co)/Co [2c] 

~r0(s) = (r0(s) - r o ) / r o  [2d] 

and r0(s) and C0(0,s) are, respectively, the frequency 
variat ion of the surface excess and interfacial  concen- 
t rat ion of the reacting species, and the other terms 
have their usual meaning.  

Equation [2] can be solved to obtain an expression 
for the impedance of the system, provided both 5ro(s) 
and t, C0(0,s) are known. These quant i t ies  are related 
by al lowing finite adsorption kinetics given by (3, 12) 

~ro(s)  = (vo/sro) [aC0(0,s) - ~r0(s) + a~(s)] [3] 

where vo is the exchange adsorption rate and a is a 
coefficient represent ing the potential  dependence of r0. 
Note that [3] does not presuppose an a priori form of 
adsorption kinetics, merely  that  any kinetic expression 
can be linearized. Fick's second law can now be em-  
ployed to obtain AC0 (0,S). For this, the remaining nec- 
essary equation (boundary  condition) can be wr i t ten  as 

sro~ro(s) = v ~ o e o ~ - s  ~co(o,s) + i f ( s ) / n F  [4] 

which simply states, as is well  known  (5), that the 
surface excess of the reacting species can vary  either 
by mass t ransport  (in this case semi-infini te  l inear  
diffusion), or by charge transfer,  or by both. 

Utilizing [2], [3], and [4], the following is obtained 
for the generalized faradaic [ZF(S)] and charging 
[Zc (s) ] impedance 

Z~ (s) 

RT b ~ o C o ~ / : s  + br0s/(1 + ro s/vo) 

nFio b~fDoCo\/s~- (br0 ~- anFro)s / (1  + r0 s/vo) 

1 
+ 

b ~ v ~ o C o ~  + (bro + anFr0)  s/(1 :~ r0 s/vo) 

in which b .~ n2F2/RT, and 
[5] 

1295 



1296 J. E~ectrochem. Sot.: E L E C T R O C H E M I C A L  S C I E N C E  August  1971 

Yc (s) = 1/Zc (s) = 

qros[nFio/RT + a ( n F ~ D o C o ~ s +  %)] 

(1 + ros/vo) (nF~/DoC\ /s+ nFr0s(1 + ros/vo) + io) 

-I- q~s [6] 

Both ZF and Zc are in parallel  and do not readi ly lend 
themselves to in terpre ta t ion  via aperiodic equivalent  
circuits, al though the number  of parameters  is not too 
great for numerica l  analysis to be attempted. Some 
general  observations can, however, be made as is 
shown below. 

Negligible Adsorption Potential Dependence 
Inspection of [5] shows that  as a -~ 0 (i.e., as %he 

potential  dependence of adsorption becomes negligi- 
ble),  then [5] can be wr i t t en  

RT 
ZF(S) = 

nFio 
1 

+ [7] 
b~DoCo~/s + bro s/ (1 + ro s/vo) 

In  addition, as a --> 0, qr0 -> 0 as thermodynamics  re-  
quires (13) for the conditions under  which [3] is valid, 
and [6] reduces to 

Zc(s)  = 1/qEs [8] 

Comparison of [5] and [6] with [7] and [8] shows that  
in the lat ter  cases Ze depends only on charge t rans-  
ferred across the interface (i.e., represents  solely a 
faradaic process), while Zc does not require  faradaic 
current .  In  contrast, the former cases show how the 
faradaic and charging processes are intercoupled. 

Use of [7] and [8] allows the aperiodic equivalent  
circuit shown in Fig. 1 to be constructed where Re is 
the electrolyte resistance and 

Cd = (Oq/OE)ro [9] 

Rt "- RT/nFio [I0] 

ZD " - "  1/b~/DoC0 %/s [11] 

Ca = bro [12] 

Ra -- 1/b Vo [13] 

This case differs from classical Randles-Ershler  (1, 2) 
behavior  by the presence of the adsorption terms Ra 
and C~. In  fact, if Ra and Ca are not  present  (i.e., no 
reactant  adsorption),  then it can readily be seen how 
classical behavior is obtained, since in this case both 
a = 0 a n d r 0 : 0 .  

Equations [5] and [6] can also be used to establish 
the conditions for infinitely fast adsorption kinetics, 

C d 

R e 

R t 

Fig. 2. As Fig. 1, except for infinite 

C 8 

adsorption kinetics 

since vo --> ~ and Ra --> 0. If, in addition, a -~ 0, then 
the aperiodic equivalent  circuit shown in Fig. 2 may  
be employed. This is exactly the same result  which 
would have been obtained if a kinetic expression for 
adsorption (Eq. [3]) had not been employed, but  
ra ther  the expansion (6) for dFo/dt, since ro is related 
to (OFo/OCo)E (i.e., an isotherm) and a is s imilar ly re- 
lated to (Oro/aE)co. It can thus be seen that this is 
merely a special case of the more general  approach 
given above, as expected. 

Infinite Charge Transfer Kinetics 
The case of infinitely fast charge t ransfer  (i.e., io -> 

~ )  can now be considered. Inspect ion of [5] and [6] 
shows that, when  this l imit  is set, then 

1 
Z F ( S )  = 

b ~ o C o ~  + (br0 + anFro)s/(1 +ros/vo) 
iO--> 

[14] 
and 

1 
Zc(s)  = [15] 

qro(nF/RT + a)s  
io.-~ oo "J~ q E S  

1 + r0s/v0 

which results in the aperiodic equivalent  circuit  shown 
in Fig. 3 where  

Ca' = qro(nF/RT + a) [16] 
and 

Ra' = ro/Vo qro(nF/RT + a) [17] 

Diagnostic analysis is possible par t icular ly  if ZD and 
Cd can be isolated by study over a wide frequency 
range, and the two remain ing  t ime constants are suffi- 
c ient ly different. It can easily be seen that, if adsorp- 
tion is infinitely fast, Ra -> 0 and Ra' --> 0 and the cir-  

% 

I[ 
R 

e 

R C a 

Fig. 1. Aperiodic equivalent circuit for faradaic and double- 
layer processes in the case of finite adsorption and charge trans- 
fer kinetics (potential dependence of adsorption negligible). 

% 

R e 

C ~ R~ a 

C a 
R a 

Fig. 3. Aperiodic equivalent circuit for infinite charge transfer 
and finite adsorption kinetics (potential dependence of adsorption 
not negligible). 
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cuit  reduces  to one which looks class ical  wi th  the pa r -  
al lel  capaci tance composed of Cd, Ca, and Ca'. 

RT 
Negligible Charge Transfer ZF(S)  = + 

The case of infini tely slow charge  t ransfe r  /o ~ 0 can nFio 
now be considered.  Wi th  this  restr ict ion,  ZF(S) ~ oo and 
as can be seen by  inspect ion of [5]. Equat ion [6], how-  
ever,  now becomes 

Yc(s)  = 1/Zc (s) = 
qro s (anF~/DoCo~/S) 

(1 + ros/Vo) (nFk/DoC0~/s ~- nFros/ (1 + ros/vo) 

-I- qE(S) [18] 

for which the aper iodic  equiva lent  c i rcui t  is shown in 
Fig. 4, where  

ZD' : ro/qr0 anF~/DoCo [19] 

Ra" --- ro/qr0 avo [20] 
and 

Ca" = I/qroa [21] 

This is, of course, the  we l l - known  resul t  for the ad-  
sorpt ion of e lec t ro inac t ive  species wi th  a slow adsorp-  
tion step (12, 14). Again,  when adsorpt ion is infini tely 
fast, v0 --> ~ and Ra" --> 0 and the circui t  reduces to 
that  o r ig ina l ly  proposed for this  s i tuat ion (15). 

R e 

C d 

R0 ca 

Fig. 4. Aperiodic equivalent circuit for adsorption of electroin- 
active species with slow adsorption step. 

Negligible Mass Transport 
Final ly ,  i t  is of in te res t  to consider  the  case for  

which mass t r anspor t  is negl igible  (high reac tan t  c o n -  

C d 

R e 

,,, co' 
II 

R T R Ca 

Fig. 5. Aperiodic equivalent circuit for finite charge transfer 
and adsorption kinetics and negligible diffusion (potential depen- 
dence of adsorption not negligible). 

R e 

C d 

II 

R T Ca 

Fig. 6. As Fig. 5, except potential dependence of adsorption 
negligib|e. 

cent ra t ion) .  For  this 

(br0 H- anFro)s/(1 H- r0 s/vo) 

1297 

[22] 

Inspect ion of [22] and [23] shows tha t  they can be 
represented  by  the aper iodic  equivalent  circui t  given 
in Fig. 5 which shows adsorpt ion wi th  slow kinet ics  
involved in both the fa rada ic  and charg ing  processes 
as expected.  S imi la r  to the  above cases, if a -> 0, then 
the circuit  becomes that  given in Fig. 6 where  RT m a y  
be equal  to Rt, Ra, or  Rt -t- Ra depending on the value  
of Vo. A circui t  of this  type  has in fact  been found for 
the P t /1M H + sys tem (16, 17) whe re  diffusion is negl i -  
gible. 

Conclusion 
In summary,  the  express ion of impedance  in te rms 

of s s ta r t ing  with  the genera l  case a l lowing both  finite 
charge t ransfe r  and adsorption,  as wel l  as mass t rans-  
por t  in a system of un i form potent ia l  dis t r ibut ion,  has  
been performed.  The basic equations developed al low 
essent ia l ly  a l l  cases of in teres t  in this genera l  scheme 
to be t reated.  In  par t icu la r ,  the  coupling of fa radaic  
and charging currents  is c lear ly  shown, as wel l  as the  
manner  in which  r e l a t ive ly  s imple behavior  can be ob-  
ta ined when the potent ia l  dependence  of adsorpt ion,  
which is the  essential  coupling parameter ,  is negligible.  

Manuscr ip t  submi t ted  Feb.  18, 1971; revised manu-  
scr ipt  received ca. Mar. 26, 1971. 

A n y  discussion of this paper  wi l l  appear  in a Discus- 
sion Section to be publ ished in the June  1972 JOCRNAL. 
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ABSTRACT 

The e lect rode poten t ia l  of zinc amalgams  has been measured  in potass ium 
hydrox ide  solutions containing dissolved zincate. Curva tu re  in the  Nernst  
plots was observed at  high zincate concentra t ions  in agreement  wi th  the  resul ts  
of o ther  workers .  The curva tu re  is exp la ined  as being due to the  dependence  
of the  hyd roxy l  and zincate ion ac t iv i ty  on concentra t ion in s trong potass ium 
hydrox ide  solutions. The da ta  y ie ld  a value  of --1.205V (vs. SHE) for  the  
s tandard  potent ia l  of the zinc, zincate ion e lect rode ( I .U.P .A.C.- -Stockholm 
convent ion)  and --205.86 kcal  for the  free energy  of format ion  of the  zincate  
ion at  25~ 

The potent ia l  of the  zinc electrode in a lka l ine  solu-  
tions has been s tudied prev ious ly  but  the re  is st i l l  no 
genera l  agreement  as to the na tu re  of the  ionic species 
to which the e lec t rode  is revers ible .  

Bodl~nder  (1) and Kunscher t  (2) measured  the 
electrode potent ia l  of cells containing solutions of zinc 
in sodium hydroxide .  Their  da ta  were  in te rpre ted  to 
show that  the  zinc exis ted  as the  Zn(OH)42-  ion in 
s t rongly  a lka l ine  solutions. Later ,  Dirkse  (3) repor ted  
measurements  on cells of the  type  

Zn ( s ) / K O H  + ZnO/KOH,  H2, P t  [A] 

I t  was concluded that  the  species exis t ing in solution 
was the Zn(OH)42-  ion and that  wa te r  par t i c ipa ted  in 
the  react ion to form an aquo te t r ahydroxy  zincate ion. 
This conclusion was based on the observat ion  tha t  plots 
of E vs. log a ( O H - )  at  constant  zinc concentra t ion 
showed curva tu re  at high h y d r o x y l  ion concentrat ions.  
Recently,  Hampson,  Herdman,  and Taylor  (4) s tudied 
the  zinc amalgam electrode in KOH solutions conta in-  
ing zincate  ion and confirmed the curva tu re  in the  
logar i thmic  plots repor ted  by  Dirkse. They found tha t  
the  curva ture  could be reduced b y  a l lowing for the 
par t ic ipa t ion  of two to four  wa te r  molecules in the  
react ion but, even then, a comple te ly  l inear  re la t ion-  
ship was not obtained.  I t  was suggested tha t  the  elec-  
t roact ive  zinc species in solution was the  six coordi-  
nated d i aquo te t r ahyd roxy  zincate ion. I t  was also 
found that  the  e lectrode potent ia l  was insensi t ive to 
the z incate  ion concentration f rom 0.2 to 1.0M (mola r ) ,  
the  highest  concentra t ion studied. This led them to p ro -  
pose that,  at  high zincate concentrations,  the  zinc 
species becomes [ZnO2aq] 2- .  

Raman  and inf ra red  spect ra l  s tudies (5) of solu- 
tions of zinc oxide in potass ium hydrox ide  indicate  
tha t  the  p redominan t  species is Zn(OH)42-  in agree-  
men t  wi th  studies using proton magnet ic  resonance 
(6). However ,  Okinada  (7) and Jost  (8) do not rule  
out  the  presence of Zn ( O H ) a -  in di lute  solutions. 

In this work,  the e lect rode potent ia l  of zinc amal -  
gam electrodes has been measured  as a function of 
the hyd roxy l  ion and zincate ion concentrat ions.  

A n  a t t empt  has been made  to re la te  the potent ia l  
dependence  to the change in ac t iv i ty  of the e lec t ro-  
active species as the concentra t ion is changed. 

T h e o r y  

When zinc oxide is dissolved in KOH solution, it  is 
possible for the fol lowing solute species to be present :  
Zn ++, Z n ( O H )  +, Zn(OH)2,  Z n ( O H ) 8 - ,  Zn(OH)4  = 
. . . . .  Zn (OH)  n(--2)-. 

* Electrochemical  Society Act ive  Member .  
Key  words :  electrode potential ,  zinc ama lgam,  zineate solutions, 

act ivi t ies ,  Davies  equation,  s t andard  Potential.  

These a re  formed according to the  genera l  equat ion 

Zn + + -k n O H -  = Zn ( O H ) ,  ("-~)- [ l a ]  

ft, = [Zn(OH)n<n-2) - ] / [Zn  + +] [ O H - ]  n [ lb]  

Assuming tha t  no complexes  h igher  than  Zn(OH)4  = 
are  present ,  the  mass  balances  are  given by  (N = 4) 

N 

C(Zn)  - -  ~ f l n [ Z n + + ] [ O H - J n  [2] 
?a=0 

and 
N 

C ( O H - )  ---- [ O H - ] - k  ~ nf ln[Zn++][OH-]"  
2 

"a=0 
[3] 

where  C(Zn)  and C ( O H - )  are the  ana ly t ica l  concen- 
t ra t ions  of zinc and h y d r o x y l  ion, respect ively ,  and 
[ O H - ]  is the equi l ib r ium concentrat ion.  

The equi l ib r ium constants  for zinc h y d r o x y  complex 
format ion are not  known at  high ionic s t rengths;  
therefore,  the  concentrat ions  of the  var ious  zinc species 
cannot  be ca lcula ted  wi th  a high degree  of cer ta inty .  
A p p r o x i m a t e  values  can be obtained,  however ,  by  use 
of s tepwise complex format ion  equi l ibr ium constants  
at zero ionic strength.  But ler  (9) gives the  constants  
for the  stepwise complex format ion  equi l ibr ia  of zinc 
h y d r o x y  complexes  

[Zn (OH) + ] / [ Z n  + + J [ O H - ]  

[Zn (OH) 2] / [Zn (OH) + J [ O H -  ] 

[Zn ( O H ) s - ] / [ Z n  (OH)2] [ O H - ]  

[Zn (OH) ~=] / [Zn  (OH) 3 - ]  [ O H - ]  

K~ = 104-1~ [4J 

K2 = 106.0 [5] 

K3 = 104.1 [6] 

K 4 - -  101.~ [7] 

Therefore,  the  cumula t ive  complex  format ion  constants  
have the values  ~1 = 104'15, ~z = 101~ ~3 = 1014'25, 
~4 ---- 1015'~L 

Assume, as a first approximat ion ,  tha t  only  OH-,  
Z n ( O H ) a - ,  and Zn(OH)4  = are  presen t  to any  appre -  
ciable extent ;  then 

C(Zn)  ----- t~3[Zn + +] [ O H - ]  z -k ~4[Zn + +] [ O H - ]  4 [8] 

C ( O H - )  ---- [ O H - ]  -t-3~3[Zn + +] [ O H - ]  3 

-k 4t~4[Zn++][OI-I-]  4 [9] 

Since, in general ,  the  concent ra t ion  of Z n ( O H ) s -  is 
smal l  compared  to the concentra t ion of Zn(OH)4 = and 
since the [ O H - ]  is much la rger  than  the concentra t ion 
of zinc, Eq. [9] can be approx ima ted  by  

C ( O H - )  - -  [ O H - ]  -k 4C(Zn) [10] 

The solubi l i ty  of zinc oxide  in KOH has been de te r -  
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Fig. 1. Plot showing variation in concentration of various zinc 
hydroxy species in KOH solutions saturated with zincate. 

mined (10, 11) and, therefore,  it is possible to solve 
Eq. [8] and [10] and, by use of the mass action equi-  
libria, obtain the concentrat ions of the various zinc 
hydroxy  complexes as a function of the KOH concen- 
tration. The results  are shown in Fig. 1. The only zinc 
species present  to any appreciable extent  is the 
Zn(OH)4 = ion. Therefore,  even though the above cal- 
culations are only approximate,  it was assumed that  
only Zn (OH)4 = is present. 

In a cell of the type 

Hg, HgO/KOH (al) / /KOH (a2) ,Zn ( OH) 4=/Zn (Hg) [B] 

the emf  is given by 

E ---- E ~ (Zn) -- E ~ (HgO,Hg) 

a4 (OH- )2  �9 a (Zn)  
- -  (RT/2F)  In 

a(Zn(OH)4 =) 
-~ (RT/2F) In a 2 ( O H - ) I  [11] 

Since the act ivi ty of the zinc in the amalgam and of 
the hydroxyl  ion in the reference  compar tment  re-  
mained constant during the experiment ,  Eq. [11] can 
be wr i t ten  as 

E ~ E ~ (Zn) -- (RT/2F) 

l n ( a 4 ( O H - ) / a C Z n ( O H ) 4 = ) )  [12] 
where  

E ~ (Zn) ---- E ~ (Zn) -- E ~ (HgO,Hg) 

- - (RT/2F)  l n a ( Z n )  -F (RT/F) In ( O H - ) 1  [13] 

Therefore,  a plot E vs. log (a4(OH-)2/a(Zn(OH)4=))  
should be a s traight  line wt ih  a slope of 0.0295V and 
an intercept  which can be used to obtain E ~ (Zn), pro-  
vided that  the act ivi ty of hydroxyl  ion in the reference 
compar tment  and the act ivi ty  of zinc in the amalgam 
are known. 

Since the act ivi ty  coefficients of zincate ion and hy-  
droxyl  ion in the presence of each other  are not known, 
these were  calculated from the Davies (12) equation. 
This equation which has the form 

-- log ~+_ ----- Az+z-[P/2/ (1  ~- 11/2) -- BI] [14] 

has been successful in predict ing the act ivi ty  coeffi- 
cients of a number  of electrolytes up to fa i r ly  high 
concentrations. Here, A is the usual Debye-Hfickel  co- 
efficient, 0.509, in aqueous solutions. I is the ionic 
strength, expressed in moles per  l i ter  of solution. A l -  
though this equation does not have a sound theoret ical  

IO --  

6 
E 
N 
~ 4 N 

/ , J  , 

/ ' / ~ ' ~  i _ ~  AKERLOF AND BENDER 
DAVIES EQU. WITH B;0.25 
DAVIES EQU. WITH B=0.275 

2 DAVIES EQU. WITH B~o.~ 
/ .1- 

) r ) ~ r I 
2 4 6 8 10 12 

KOH CONCENTRATION (MOLE/LITER) 

Fig. 2. Activity coefficients of concentrated KOH solutions 
calculated from the Davies equation with various values for B 
compared to the experimental values of Akerlof and Bender. 

basis, it has been applied to a large number  of elec-  
t rolytes wi th  good success. It has not been applied, 
however ,  to solutions having concentrat ions as high as 
those used in the present  work. To gain some insight 
into the effectiveness of the equat ion in predict ing the 
act ivi ty  coefficients of concentrated KOH solutions, 
calculated act ivi ty  coefficients have been compared to 
those determined exper imenta l ly  by Aker lof  and 
Bender  (13). The results are shown in Fig. 2. In the 
concentrat ion range of interest  in this work, i.e. around 
7.0M, the data of Aker lof  and Bender  are fitted quite  
wel l  by the Davies equat ion wi th  B : 0.275. It  was 
therefore  thought  permissible to use this equation in 
calculat ing act ivi ty coefficients of zincate solutions in 
this range of ionic strengths. 

Experimental 
Materials.--The potassium hydroxide  solutions were  

prepared by dissolving Fisher  "Cert if ied" reagent -  
grade pellets of KOH in twice-dis t i l led  water .  A stock 
solution of 7.03M (moles KOH per l i ter  of solution) 
was used for all the experiments .  The zincate solution 
was prepared by saturat ing a KOH solution with  zinc 
oxide (Baker  Analyzed Reagent)  so that  the final con- 
centrat ion of free hydroxyl  ion was 7.03M calculated 
by means of Eq. [10]. 

A 1% zinc amalgam was prepared by electrodeposi-  
t ion f rom a saturated zincate solution into t r ip le -d is -  
tilled, ins t rument -grade  mercury.  

Method.--The exper iment  was carr ied out in the cell  
shown in Fig. 3. The working  electrode was 1% zinc 
amalgam which was placed in the working compar t -  
ment  of the cell. Solid zinc was not used because 
trouble was encountered wi th  fluctuations in the elec-  
t rode potential,  caused apparent ly  by the hydrogen 
generated as a result  of the zinc dissolving. 

The working compartment ,  salt bridge, and re fe r -  
ence compar tment  were  filled wi th  7.03M KOH solution 
and the zincate concentrat ion was var ied by adding a 
solution of 7.03M free KOH and 1.28M zincate from a 
burette.  In this way, the concentrat ion of KOH was 
kept constant dur ing the exper iment  and only the 
zincate concentrat ion was varied. The l iquid junct ion 
potent ia l  due to the zincate was judged to be very  
small  and was neglected. The reference electrode was 
Hg/HgO/7.03M KOH in water .  

The measurements  were  made to _0.01 mV using a 
Rubicon precision potent iometer .  The test cell was im-  
mersed in a constant t empera tu re  bath controlled at 
25 ~ • 0.1~ 

Results and Discussion 
The results of a typical  exper iment  are shown in 

Table I. In Fig. 4 the emf  is plot ted vs. the  logari thm 
of the zincate ion concentration.  At  low concentra-  
tions, the graph is l inear  wi th  a slope of 0.0275V. At 
higher  concentrations, however ,  the plot shows con- 
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Fig. 3. Cell for emf measurements on zinc amalgam electrodes 

siderable curvature  and eventua l ly  passes through a 
min imum.  This curvature  has been observed pre-  
viously by Dirkse (3) and by Hampson e t  al. (4) al-  
though no m i n i m u m  has been reported. It  seems u n -  
l ikely that  the curvature  in the data is caused by the 
presence of other hydroxy  complexes apart  from 
Zn(OH)4 = since their  concentrat ion is probably negli-  
gible. The curva ture  could be a t t r ibutable  to the par -  
t icipation of water  in the reaction as proposed by 
Dirkse (3) or it could also be a consequence of the 
behavior of the activity coefficients of zincate and hy-  
droxyl  ion in the solution studied. 

In making  a plot of the emf vs .  the logari thm of the 
concentration, a number  of assumptions are made: 
first, that  the activities in Eq. [12] can be replaced by 
concentrat ions and, second, that  the activity of the hy-  
droxyl  ion in the working electrode compartment  is 
constant. The first of these assumptions is probably not 
too bad at low zincate concentrat ions but  it cannot be 
expected to hold over the ent i re  concentrat ion range 
studied. It is also incorrect to assume that  the activity 
of the hydroxyl  ion is constant, since, as the zincate is 
added, the ionic s trength will  change even though the 
hydroxyl  ion concentrat ion remains  constant. 

Table I. Experimental electrode potential of zinc amalgam as 
a function of the concentration of zincate ion, referred to 

mercury-mercuric oxide electrode, both electrodes in 
7.03M KOH (25~ 

C ( Z n ( O H )  4=) l o g [ a 4 ( O H - )  / 
m o l e s / l i t e r  l o g a ( Z n ( O H ) ~ = )  l o g a ( O H - )  a ( Z n ( O H ) 4 = ) ]  E ( v o l t s )  

0 . 0 1 2 6  - - 0 . 6 6 0 6  1 . 4 6 6 0  6 . 5 2 4 6  - -  1 . 4 0 0 5 3  
0 . 0 2 5 0  - - 0 . 3 5 3 5  1 . 4 7 0 8  6 . 2 3 6 7  - - 1 . 3 9 2 7 5  
0 . 0 3 7 2  - - 0 . 1 7 1 0  1 . 4 7 5 8  6 . 0 7 4 2  --  1 . 3 8 7 9 7  
0 . 0 6 0 9  0 , 0 6 1 7  1 .4 8 5 1  5 . 8 7 8 7  --  1 . 3 8 1 8 5  
0.0837 0.2182 1 . 4 9 4 4  5.7594 --  1 . 3 7 8 1 3  
0 . 1 1 6 3  0 . 3 8 6 8  1 . 5 7 0 3  5 . 6 4 2 4  - - 1 . 3 7 4 5 3  
0 . 1 5 7 1  0 , 5 5 0 1  1 . 5 2 3 7  5 . 5 4 4 7  --  1 . 3 7 1 7 3  
0 . 1 9 5 2  0 . 6 8 2 1  1 . 5 3 9 0  5 . 4 7 3 9  --  1 . 3 6 9 8 1  
0 . 2 4 7 7  0 , 8 2 0 6  1 . 5 5 9 9  5 . 4 1 9 0  - - 1 . 3 6 7 9 0  
0 . 2 9 5 3  0 . 9 3 5 0  1 . 5 7 9 0  5 . 3 8 1 0  - -  1 . 3 6 6 7 2  
0 . 3 3 8 0  1 . 0 2 8 0  1 .5 9 6 1  5 . 3 5 6 4  --  1 . 3 6 5 9 8  
0 . 3 7 8 5  1 . 1 0 9 5  1 . 6 1 2 4  5 . 3 4 0 1  --  1 . 3 6 5 4 6  
0 . 4 2 6 0  1 ,1 9 9 1  1 . 6 3 1 5  5 . 3 2 6 9  - -  1 .3650 '2  
0 . 4 8 0 0  1 . 2 9 4 5  1 . 6 5 3 3  5 . 3 1 8 7  --  1 . 3 6 4 7 8  
0 . 5 6 8 0  1 , 4 3 8 3  1 . 6 8 8 8  5 . 3 1 6 9  -- 1 . 3 6 4 7 7  
0 . 6 4 0 0  1 . 5 4 8 3  1 . 7 1 7 7  5 . 3 2 2 5  --  1 . 3 6 5 0 3  

A c t i v i t i e s  c a l c u l a t e d  f r o m  c o n c e n t r a t i o n s  via  t h e  D a v i e s  e q u a t i o n ,  
E q .  [ 1 4 ] ,  w i t h  A = 0 . 5 0 9  a n d  B = 0 ,275 ,  F o r  z i n c a t e  i o n ,  t h e  a c t i v -  
i t y  c o e f f i c i e n t  c a l c u l a t e d  f r o m  t h e  D a v i e s  e q u a t i o n  i s  t h a t  f o r  t h e  
sal t  K = Z n  ( O H )  ~. 
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log Zn(OH) 4- CONCENTRATION 

Fig. 4. Plat of zinc amalgam electrode potential vs. the logarithm 
cf the zlncate ion concentration in moles per liter: 0 ,  calculated 
points (see text); X ,  experimental data. Potential of Zn amalgam/ 
zincate ion electrode in 7.03M KOH supporting electrolyte referred 
to Hg/HgO electrode in 7.03M KOH, at 25~ 

In  order to determine whether  the curvature  results 
from the concentrat ion dependence of the O H -  and 
Zn(OH)4 = ions, one would require the activities of 
zincate and hydroxyl  ion in the presence of each other 
and, unfor tunate ly ,  these have not been determined. 
Therefore, it was decided to a t tempt  to calculate the 
activity coefficients by use of the Davies equation 
which, as has been shown earlier, gives fair ly good 
agreement  with exper imental  data for KOH alone with 
B ---- 0.275. This equation was used to calculate the 
activity coefficients of the hydroxyl  and zincate ions 
[i.e., of KOH and K2Zn (OIL0 ] from which the activi- 
ties could readily be obtained. The calculated activities 
are shown in Table I and a plot of E vs .  log a 4 ( O H - ) /  
a (Zn(OH)4  =) is shown in Fig. 5. It  can be seen that  a 
straight l ine is obtained over the entire concentrat ion 
range studied, giving an intercept  of --1.207V and a 
slope of 0.030V. Fur thermore,  it can be seen from the 
activity values in Table I that  the var ia t ion of log 
a 4 ( O H - ) / a  (Zn (OH) 4=) with concentration, passes 
through a m i n i m u m  at 0.5680M in zincate concentra-  
tion. That  the electrode potential  also passes through a 
m i n i m u m  at this concentrat ion gives addit ional  con- 
firmation that  the activities calculated from the Davies 
equat ion are reasonably accurate. The intercept  of 
--1.207V gives E ~ for an electrode at uni t  activity of 
O H -  and zincate ions, referred to the Hg/HgO/7.03NI 
KOH reference electrode. This intercept is E ~ (Zn) in 
Eq. [12]. 

Using the value E ~ (HgO,Hg) given by Lat imer  (15), 
the data of Akerlof and Bender  (13) for the activity of 
the hydroxyl  ion in the reference compartment ,  and 
those of Walls and Upthegrove (14) for the activity 
of zinc in the amalgam, E ~ (Zn) was calculated to be 
--1.205V from Eq. [13], referred to the SHE. This 
value is somewhat more positive (i.e., more noble) 
than the values of --1.211 reported by Dirkse (3) and 
--1.216 reported by Lat imer  (15). Dirkse (16) has 
suggested that, in 7M KOH, the part ial  molal  free 
energy of H20 is about 0.2 kcal lower than  in dilute 
solutions and that  this would result  in a shift in the 
reference electrode potential,  making it about 6 mV 
more negative. If this correction is applied, our value 
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Fig. 5. Potential of zinc amalgam electrode as a function of 
log a4(OH-)Ia(ZB(OH)4=). The activity coefficients were calcu- 
lated with the aid of the Davies equation with B ~ 0.275. Support- 
ing electrolyte 7.03M KOH. Reference electrode: Hg/HgO/7.03M 
KOH. 

of --1.205V is made  to coincide exac t ly  wi th  Dirkse 's .  
The free energy  of format ion  of the zincate  ion is 

found to be --205.86 kcal. Prev ious  values  include 
--206.2 (Dirkse) and--206.41 (Latimer). 

When the calculated activities are used in conjunc- 
tion with the experimentally determined value of E ~ 
to calculate the electrode potential as a function of the 
zincate ion concentration, the calculated points shown 
in Fig. 4 are obtained. The agreement between the ex- 

per imen ta l  and ca lcula ted  curves  is genera l ly  wi th in  1 
mV over  the  whole  concentra t ion range  studied. Thus, 
the curva tu re  in the plot  of the e lec t rode  poten t ia l  vs. 
the log of the zincate ion concentra t ion  can be ex -  
p la ined  in t e rms  of the  var ia t ion  in the  act ivi t ies  of 
the  h y d r o x y l  and zincate  ions wi th  concentrat ion.  As 
was shown b y  Hampson  et al. (4), the  curva ture  in 
log plots of this  type  cannot  be en t i re ly  exp la ined  by  
tak ing  account of the  par t ic ipa t ion  of w a t e r  in the  
e lec t rode  react ion as was suggested by  Dirkse  (3). I t  
appears,  therefore,  tha t  the  behavior  of the  zinc ama l -  
gam elect rode can be more  adequa te ly  exp la ined  in 
t e rms  of the  values  of the  act ivi t ies  of the  ions to 
which the e lec t rode  is revers ible .  

Manuscr ip t  submi t ted  Mar. 5, 1970; revised m a n u -  
scr ipt  received Jan.  4, 1971. 

A n y  discussion of this  paper  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the June  1972 JOURNAL. 
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ABSTRACT 

Electromotive force measurements  were made of cells of the type Pt/H2(g, 
1 a t m ) / H C l ( m ) ,  glycerol(X),  H20(Y)/AgC1-Ag where X ---- 20, 40, 70, and 90 
w/o (weight per cent) glycerol at 5 ~ 15 ~ 25 ~ 35 ~ and 45~ and also in 10 
w/o glycerol at 25~ The cell has been used to calculate, (a) the s tandard 
emf, (b) the mean molal activity coefficients of HC1, (c) the pr imary  medium 
effect, (d) the relative partial  molal  enthalpy, and (e) the s tandard thermo- 
dynamic functions (AG~ A S ~  and AH~ for the t ransfer  of HC1 from the 
aqueous s tandard state to the s tandard state in the respective mixed solvents. 
The electrostatic part  of the total free energy, entropy, and enthalpy of t rans-  
fer has been computed using Born's  model. The nonelectrostatic contr ibut ion 
(the chemical effect) of the thermodynamic quanti t ies has been evaluated by 
subtract ing the electrostatic contr ibutions from the total values. The values 
of E~ obtained by a theoretically justified polynomial  curve fitting technique 
have been expressed as a function of temperature.  The significance of these 
results in relation to the acid-base behavior and the breakdown of the struc-  
ture of water  is discussed. 

The properties of dilute strong electrolytes in mixed 
solvents have long been of interest. Standard poten-  
tials of the s i lver-si lver  chloride electrode in dipolar 
aprotic solvents such as t e t rahydrofuran-wate r  (1, 2) 
and in amphiprotic solvents like isopropanol-water  (3) 
have been useful in the invest igat ion of chemical equi-  
libria. In the present work, the b inary  mixtures  of 
water  ~ glycerol were chosen, because these mixtures  
are often used as solvents in studies of ionization con- 
stants (4) and acid-base properties of compounds 
slightly soluble in water. 

The emf measurements  on hydrochloric acid solu- 
tions in 50 w/o  (weight per cent) glycerol in the tem-  
perature  range 0~176 have been reported earlier (5). 
The solvent mixtures  containing 10 and 30 w/o glyc- 
erol were studied by Knight  et al. (6), through the 
temperature  range 0-40~ Lucasse (7) also studied 
the same cell in 3.06 and 21.2 w/o glycerol at 25~ but  
none of these investigators provided data for the as- 
sociated thermodynamic  quantities.  

In  the present  work, measurements  of the emf of the 
cell 

Pt/H2 (g. 1 atm)/HC1 (m),  glycerol (X),  
H20 (Y)/AgC1-Ag [A] 

were made from 5 ~ to 45~ at intervals  of 10~ in 
several g lycerol -water  mixtures  (X : 20, 40, 70, and 
90 w/o)  and also in 10 w/o  glycerol at 25~ with the 
concentrat ion range 0.005 to 0.2 molal hydrochloric 
acid. The present paper reports our results on the 
thermodynamic  properties of dilute hydrochloric acid 
solutions. As is demonstrated below, the values of the 
s tandard electrode potential,  the activity coefficient, 
p r imary  medium effect, and the related thermody-  
namic quanti t ies  provide useful insights with regard 
to the acid-base behavior  and the changes in s t ructural  
aspects of the solvents. 

Experimental 
Glycerol (Fisher certified ACS) was used without  

fur ther  purification, after the pre l iminary  measure-  

K e y  words :  ac t iv i ty  coefficient, g lycerol ,  m i x e d  solvent ,  t h e r m o -  
dynamics ,  s t a n d a r d  emf,  m e d i u m  effect ,  

ments  had shown that  the difference in emf for solu- 
tions made with purified glycerol (8) and for solutions 
made from untrea ted  glycerol was no greater than 
the exper imental  error (_+0.1 mV).  The stock solution 
of hydrochloric acid was prepared from a twice-dis-  
tilled sample of the acid. The specific conductance of 
the water  used in the preparat ion of the solutions was 
less than 0.7 X 10 -6 mho/cm. The solvent mixtures  of 
various percentages were made by weight. All solu- 
tions were freshly prepared before taking measure-  
ments.  All  concentrat ions are accurate to wi thin  
-+0.02%. 

The general  exper imental  procedures employed in 
the present  work were the same as those described 
previously (2). The si lver-si lver  chloride electrodes 
were of thermal  electrolytic type (9). 

Measurements  were made at 5 ~ , 15 ~ , 25 ~ , 35 ~ , and 
45~ by means of a K-3 Universal  Type Potentiometer.  
An Eppley s tandard cell having low tempera ture  co- 
efficient and the mi r ror - type  galvanometer  having a 
sensit ivity of -+0.02 mV per division was used in con- 
junct ion  with the potentiometer.  The water  bath in 
which the cells were immersed was regulated wi thin  
-+0.01~ The cell was constructed so as to permit  the 
use of two Ag-AgC1 electrodes and two hydrogen elec- 
trodes. The equi l ibr ium was reached in 3-4 hr after 
the ini t ia t ion of hydrogen bubbling.  The cr i ter ion for 
equi l ibr ium was a stable reading wi th in  -+0.1 mV over 
a period of about 1 hr. The emf at 25~ was recorded 
three times, namely  at the start, middle, and end of 
the temperature  run. The individual  readings for the 
same solution, at 25~ agreed within  --+0.08 mV, and 
the average is given in Table I. 

Total vapor pressures (p) of the solvents at the 
respective temperatures  were obtained from data of 
Carr, Townsend, and Badger (10), and by the method 
of extrapolat ion and interpolation,  which utilized the 
s t ra ight - l ine  plots of log p as a funct ion of l/T, where 
T is in Kelvin.  The dielectric constants, D, of the sol- 
vent  mixtures  used for the calculation of the electro- 
static free energy were derived from the data of 
AkerlSf (11). 
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Table I. Electromotive force (V) of the cell 
Pt/H2(g, ! atm)/HCl(m), glycerol(X), H20(Y)/AgCI-Ag at 

different temperatures in ~ 
X a n d  Y are  w e i g h t  p e r c e n t a g e s  

X = 10 X : 20 
mHCI 25 "~HCI 5 15 25 35 45 

0,00498 0.4924 0.00509 0,4773 0.4807 0.4836 0.4826 0.4879 
0,01000 0.4585 0.01005 0.4478 0.4499 0.4516 0.4540 0.4524 
0.0300 0.4049 0.0300 0.3964 0.3960 0.3960 0.3958 0.3947 
0,0400 0.3908 0.0402 0.3830 0.3829 0.3817 0.3817 0.3793 
0.0498 0.3801 0.0500 0.3736 0.3722 0.3717 0.3710 0.3691 
0,0596 0.3702 0.0603 0.3652 0.3648 0.3639 0.3623 0.3601 
0,0798 0,3572 0.0801 0.3527 0.3510 0.3497 0.3482 0.3456 
0A063 0.3423 0.1069 0.3407 0.3397 0.3360 0.3357 0.3327 
0,1595 0.3218 0.1629 0.3213 0.3190 0.3170 0.3145 0.3117 
0.2061 0.3083 0.2093 0.3093 0.3071 0.3045 0.3012 0.2969 

mHC1 5 15 25 35 45 
X =  40 

0,00504 0.4644 0.4663 0.4690 0.4705 0.4712 
0,01011 0.4336 0.4344 0.4356 0.4351 0.4348 
0,0272 0.3897 0.3900 0.3883 0.3875 0.3868 
0.0405 0.3730 0.3711 0.3701 0.3672 0.3657 
0,0500 0.3629 0.3817 0.3597 0.3580 0.3554 
0,0607 0.3540 0,3517 0.3507 0.3478 0,3451 
0.0802 0.3427 0.3397 0.3380 0.3352 0.3323 
0.1074 0.3292 0.3256 0.3239 0.3212 0.3179 
0,1656 0,3088 0.3038 0.3013 0.2999 0.2938 
0.2138 0.2961 0.2917 0,2893 0.2855 0.2809 

X =  70 
0.00491 0.4296 0.4309 0.4313 0.4245 0.4276 
0.00989 0.3992 0,3998 0.3993 0.3972 0.3932 
0.0298 0.3529 0,3514 0.3492 0.3458 0.3424 
0.0395 0.3404 0.3380 0.3360 0.3335 0.3293 
0.0,500 0.3303 0.3284 0.3261 0.3222 0.3183 
0,0594 0.3234 0.3205 0.3184 0.3151 0.3113 
0.0793 0.3105 0.3081 0.3050 0.3015 0.2966 
0.0068 0.3024 0.3006 0.2947 0.2919 0,2865 
0.1531 0.2802 0.2768 0.2730 0.2684 0.2626 
0.2010 0.2681 0,2642 0.2600 0.2556 0.2492 

X =  90 
0,00479 0.3791 0.3821 0.3826 0.3798 0.3781 
0.00957 0.3484 ~3523 0.3511 0.3480 0.3454 
0.0319 0.3001 0.3006 0.2995 0.2947 0.2896 
0.0383 0.2940 0.2937 0.2894 0.2846 0.2788 
0.0510 0.2818 0.2811 0.2775 0.2731 0.2669 
0.0638 0.2729 0.2710 0.2670 0.2613 0.2552 
0.0830 0.2613 0.2597 0.2545 0.2491 0.2421 
0,0925 0,2567 0.2547 0,2490 0,2441 0.2364 
0.1499 0.2350 0.2321 0.2253 0.2194 0.2122 
0.1978 0.2224 0.2195 0.2119 0.2065 0.1962 

Results 
S t a n d a r d  e l ec t rode  p o t e n t i a l s . - - E v a l u a t i o n  of the 

s tandard potent ial  of the reversible cell react ion is 
the pr imary  step in the computat ion of the thermo-  
dynamic quantities. The commonly used l inear  graphi-  
cal extrapolat ion technique for the evaluat ion of the 
s tandard potentials, using the Gronwall ,  LaMer, and 
Sandved (12) extension of the Debye-Hiickel  theory 
involves data such as the density and dielectric con- 
stants of the mixed solvents, an appropriate estimate 
of the ion-size parameter  for the l inear  plot (13), and 
the Debye-Hiickel  constants, whereas this informat ion 
is not necessary when the extrapolat ion of emf data 
is made by a theoretically justified polynomial  curve 
fitting technique as demonstrated below. 

The emf of the cell studied is expressed by the 
Nernst  equation 

E + ( 2 R T / F )  In m : E ~ --  ( 2 R T / F )  in  -r177 [1] 

1303 

For electrolytes of symmetr ical  valence types, the ex- 
tended equation for In f• is given by the equation 
(12, 14) 

e2z2 .1. x 
In f___ - -  

k T D a  2 1 -b x 

= 1 + ~ [ e2Z2 ]2m+l [ T X 2 m + I ( X ) -  2mY2m+l (X) ]  
m = l  

[2] 

where D is the dielectric constant  of the solvent, T is 
in Kelvin,  x = ~a and ~2 : 8~Ne2z2c/lO3kTD, N is 
Avogadro's number ,  k is the Bol tzmann constant,  ez 
is the charge on the ions, c is the molar  concentra-  
tion, and a the ion-size parameter.  In  the case of sym-  
metr ical  valence type electrolytes, the even order 
terms vanish, and the contr ibut ion of the terms 
X 2 m + l ( X )  and Y2m+l(X) have been evaluated by 
Gronwall ,  LaMer, and Sandved (12) up to the fifth 
order. After appropriate expansions, integrations, and 
some tedious algebraic manipulat ions,  Eq. [2] can be 
expressed as (15) 

In $• : Al"x ' -4-  A 2 " x  2 -4- A3 "x3 -4- �9 . .  [3] 

The use of the molal i ty scale changes the molar  activ- 
i ty coefficient by some constant  value and  Eq. [3] is 
rewri t ten  as 

In "v-+ : A l ' m  112 + A2 'm  -t- A3 'm  312 + �9 �9 �9 [4] 

where the first te rm on the r ight  hand side of Eq. [4] 
represents the Debye-H/.ickel l imit ing law. Subst i tu-  
t ion of Eq. [4] into Eq. [1] yields 

E + ( 2 R T / F )  In m 

: E ~ + Aim 1/2 -4- A2m + A3m 3/2 + . . .  [5] 

If a good set of exper imental  data  is available, the 
coefficients E ~ A1, etc., can be evaluated by means of a 
polynomial  curve fitting program of the form 

y : Ao + A I X  + A2X2  + A 3 X  3 + . . .  [6] 

Equations [5] and [6] are of identical form. Hence, 
such a method is theoretical ly sound and yields excel- 
lent results as was shown in our earlier paper (16) by 
comparison of E ~  data with those obtained from the 
best l inear  extrapolat ions for various solvent systems. 
The theoretical val idi ty of Eq. [5] has been fur ther  
corroborated by Dill et  al. (17, 18). 

The observed potentials for the cell, corrected to a 
hydrogen fugacity of 1 atm, are presented in Table I. 
Each value in the table indicates the mean  value from 
three or four replicate cells. The lowest and highest 
values for replicate cells did not differ by more than  
0.12 mV. 

Table II gives the values of the s tandard potentials 
on the molal i ty  (m) and mole fraction (N) scales in 
glycerol-water  mixtures.  The s tandard cell potentials 
for water-glycerol  (X weight per cent) solvent  mix-  
tures were found to fit the equations given below, to- 
gether with the equat ion for water  as the solvent (13) 

Table II. Standard cell potentials of the silver-silver chloride electrode in glycerol-water media at 
different temperatures (uncertainty • 

X = w e i g h t  pe r  cent  g lyce ro l ;  Mxy is t h e  m e a n  m o l e c u l a r  w e i g h t  of the  s o l v e n t  

t / ~  = 5 15 15 35 45 
X E~ E~ E~ E~ E~ E~ E~ E~ E=m E~ Mxy 

20 0.2220 0.0379 
40 0.2070 0.0330 
70 0.1670 0.0141 
90 0.1108 --0.0200 
I0 
I0 

0.2150 ~0242 0.2090 0.0117 0.2020 --0.0019 0.1920 --0.0186 21.47 
0.1995 0.0192 0.1900 0.0036 0.1846 -- 0.0081 0.1744 --0.0246 26.56 
0.1570 --0.0013 0.1490 --0.0146 0.1390 --0.0303 0.1260 --0.0469 41.23 
0.1041 --0.0315 0.0947 --0.0456 0.0818 --6.0632 0.0693 --0.0603 65.26 

0.2166 = 0.0146 19.59 
0.2165 ~ 

= F r o m  the  p r e s e n t  study. 
b F r o m  ref.  (6). 
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E ~  = 0)  = 0 . 2 2 2 4  - -  6 .396  • 10 - 4  ( t  - -  2 5 )  

- -  3 . 18  • 10 - 6  ( t  - -  2 5 )  2 [7]  

E~ = 2 0 )  = 0 . 2 0 9 0  - -  7 . 3 0 0  • 10 - 4  ( t  - -  2 5 )  

- -  5 .00  • 10 - e  ( t  - -  2 5 )  2 [8 ]  

E ~  = 40) = 0.1900 -- 8.010 • 1 0  - 4  ( t  - -  2 5 )  

- -  0 .93  • 10 - 6  ( t - -  2 5 )  2 [9 ]  

E~ = 7 0 )  = 0 . 1 4 9 0  - -  9 . 9 9 9  • 10 - 4  ( t  - -  2 5 )  

- - 5 . 7 1 •  10 - 6  ( t - - 2 5 )  2 [ 1 0 ]  

E~ = 90) = 0.0947 - -  10.526 X 10 -4 (t -- 25) 

- - 1 0 . 6 3  • 10 - 6  ( t - - 2 5 )  2 [ 1 1 ]  

The s tandard  potentials  on the mole fraction scale 
have been calculated with the equation 

E~ = E~ -- (2RT l n l 0 / F )  log10 (1000/Mxy) [12] 

where Mxy is the mean  molecular  weight of the solvent 
and is listed in Table II. 

The stoichiometric mean  activity coefficients of hy-  
drochloric acid, -y• at round  molalities were calculated 
from the following equat ion 

log10 "y• = [E~ -- {E -'l- (2RT/F)ln m}]/(4.6052RT/F) 
[13] 

using the values of E~ given in Table II. The values 
of {E -]- (2RT/F) In m) at round molalities were ob- 
tained from Eq. [5]. The term ~• measures the differ- 
ence in the "nonidear '  par t  of the chemical potential  
of the HC1 acid at finite concentrat ion and at infinite 
dilution of the mixed solvent. 

The pr imary  medium effect is a measure of the en-  
ergy involved in the t ransfer  of HC1 from infinite di lu-  
t ion in one solvent to infinite di lut ion in another  sol- 
vent. This effect (log SwT~177 of glycerol-water  
mixtures  was computed by  the equation 

WE~ -- SE~ : l im (4.6052RT/F) log10 SwT• [14] 
m-->O 

and the values are tabula ted in Table  III. The super-  
script, s, on the mean  activity coefficient, 7• indicates 
that  the measurements  are carried out in a mixed sol- 
vent ;  whereas, the subscripts, w and s mean  that ~• is 
measured relat ive to uni t  value at infinite di lut ion in 
water  and in a mixed solvent, respectively. The l imi t -  
ing value Sw-~~ represents the activity coefficient of 
hydrochloric acid at infinite di lut ion in a mixed solvent 
(s) referred to un i ty  at infinite dilution in water. 

Relative partial molal quantities.--For each round 
molali ty in the respective media, Ioglo ~• was fitted 
to a power series of the form 

-- log10 ~• = a + bT + cT 2 [15] 

where T is in  Kelvin.  The values of the relat ive part ial  
molal enthalpy, ~ = H2 -- H2 ~ of hydrochloric acid 
was evaluated by the equat ion 

L2 : ( - -  4.6052RT 2) d(logl0 ~+_)/dT [16] 

which after proper subst i tut ion of the constants  of Eq. 
[15] yields 

A u g u s t  1971 

Table III. Primary medium effect (log Sw'y~177 of glycerol-water 
media upon hydrochloric acid at 5 ~ 25 ~ and 45~ 

X = w / o  g l y c e r o l  

X t / ~  = 5 2 5  45  

2 0  0 . 1 0 9 6  0 . 1 1 7 4  0 . 1 2 9 9  
40  0 . 2 4 5 5  0 . 2 7 2 7  0 . 2 6 9 0  
70  0 . 6 0 7 6  0 . 6 1 9 6  0 . 6 5 2 9  
9 0  1 . 0 6 6 5  1 . 0 7 8 9  1 . 1 0 0 9  

Table IV. Relative partial molal enthalpy, L2, in cala/mole 
X = w / o  g l y c e r o l  

X =  40  X =  9 0  

m ( m o l e / k g )  t / ~  = 5 2 5  45  S 2 5  4 5  

0 . 0 0 5  41  61  87  161  192  2 2 5  
0 . 0 1  9 2  103  1 1 5  186  2 1 6  2 9 5  
0 . 0 2  113  122  146  2 0 0  2 2 4  335  
~ 0 5  131  169  2 1 4  3 1 0  3 6 3  4 2 4  
0 .1  169  2 0 9  2 5 5  3 4 5  4 4 1  678  

1 t h e r m o c h e m i c a l  c a l o r i e  = 4 . 1 8 4 0  j o u l e s .  

f-.2 = (2RT 2 In 10) (b + 2cT) [17] 

The values of I.~ are shown in Table IV. 

Thermodynamic quantities.--The s tandard thermo- 
dynamic quanti t ies  (AG~ AS~ and AH~ for the 
t ransfer  process (t) 

HC1 (in H20) ~ HC1 

(in various glycerol-water  media) 

can be obtained from the s tandard  emf of the cell in 
water  and in the respective glycerol-water  mixtures  
and the var iat ion of E~ with tempera ture  together 
with Eq. [12] for E~ The use of the mole fraction 
scale el iminates the energy changes due to concentra-  
tion changes. 

For the t ransfer  process, we can now calculate the 
thermodynamic  functions by applying the customary 
thermodynamic  relations to Eq. [8-11] in combinat ion 
with Eq. [12] 

hG~ = F(WE~ -- SE~ [18] 

A S ~  = - -  d(AG~ [19] 
and ~, 

AH~ = AG~ + ThS~ [20] 

The values of these quanti t ies  are given in Table V. 
For HC1, the protolytic reaction involves the t rans-  

fer of protons from water  to another  amphiprotic sol- 
vent  (SH) 

H30 + § SH~--- SH~ + + H20 

This reaction depends not only on ~he specific chemical 
interact ions (nonelectrostatic effect or acid-base prop- 
erties),  but  also depends on the change of the dielectric 
constant  of the medium (electrostatic effect). The 
chemical interactions involve the destruct ion of one 
type of solvation shell and the creation of another  
(20). Thus, the related thermodynamic  quanti t ies  com- 
prise two parts: electrostatic (el) and chemical or 
nonelectrostatic (non) .  For the change of the free 

Table V. Standard thermodynamic quantities a accompanying the transfer of HCI from 
water to glycerol-water mixtures 

X = w / o  g l y c e r o l  

X A G ~  A G ~  A G ' t , n o n  A H ~  A H ~  A H ~  t ,non / ~ S ~  A S ~  ASo. t ,non D 

2 0  9 9  141  - - 4 2  - - 3 1 2  - - 2 1 9  - - 9 3  - -  1 . 4  - -  1 .2  - - 0 . 2  7 2 . 9 9  
4 0  2 8 6  3 2 2  --  3 6  - -  4 6 8  - -  3 7 5  - -  93  - -  2 . 5  --  2 .3  --  0 . 2  6 7 . 1 3  
7 0  711  7 9 7  --  76  - -  7 9 8  - -  7 0 6  --  92  --  5 .1  --  5 .0  - -  0 . I  6 5 . 6 7  
9 0  1421  1 3 9 3  2 8  115  - -  8 7 0  9 9 3  --  4 . 4  - -  7 .6  3 . 2  4 5 . 5 4  

a A G o  a n d  AH ~ are in (ca l /mole )  and A S  ~ i n  ( c a l / ~  
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energy of t ransfer  

~G~ : AG~ + AG~ [21] 

and similar  equations exist for the other the rmody-  
namic functions, AS~ and AH~ The contr ibut ion to 
the electrostatic par t  of the free energy change can be 
calculated from the we l l -known  Born equation 

A G ~  el - -  {Ne2/2} {1/Ds -- 1/Dw} { l / r+  + 1 / r - }  
[22] 

where r+ is the radius  of the "solvated hydrogen ion" 
and is a rb i t rar i ly  taken as 2.76A (21) for all  of the 
mixed solvents, and r -  is the radius of the chloride ion 
taken as 1.81A (22). The values of AG~ have been 
obtained by the difference be tween AG~ and AG~ el . 
All these data are shown in Table V. 

The electrostatic contr ibut ion of the ent ropy change 
can be evaluated by differentiating Eq. [22] with 
respect to tempera ture  and subsequent  subst i tut ion of 
the resul t ing equation into the empirical  equation (23) 

D = Do e -v /6  [23] 
gives 

hS~ = ( - -Ne2/2)  (1/Ds0s -- 1/Dwew) ( l / r +  ~- I / r - )  
[24] 

T H E R M O D Y N A M I C S  O F  HC1 

0.24 

0.221 

0.20 

0.18 

_~ o. 16 

o E  0.14 
W 

O. 12 

O.lO 

0.08 \ 
i 

0"061.2 2.2 

I/D x 10 2 
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In  Eq. [23], D is the dielectric constant  at t empera-  
ture  T, and Do and ~ are the constants characteristic 
of the medium. To use Eq. [24], the values of l/as and 
1/ew can be obtained by differentiating Eq. [23] 

d (ln D ) / d T  = --1/e  [25] 

Thus, from the slopes of the l inear  plots of log D vs. T 
for the respective glycerol-water  media, the following 
values of 0 were calculated 

w/o  glycerol 0 20 40 70 90 

220 208 203 197 203 

The chemical or nonelectrostatic contr ibut ion of the 
entropy of transfer, AS~ c a n  then be obtained by 
subtract ing ASot.el from ~Sot. All  these computed values 
are given in Table V. 

From a knowledge of h G ~  and AS~ the electro- 
static par t  of the enthalpy change, AH~ has been 
evaluated and hence the nonelectrostatic part  of the 
q u a n t i t y ,  AH~ has also been obtained. The values so 
calculated at 25~ are presented in Table V. 

Discussion 
A direct comparison of the value of E~ for X = 10 

was made with that  of ref. (6). Our value (at 25~ of 
E~ determined by the polynomial  curve fitting tech- 
nique is equal to 0.2166V compared to 0.~165V by 
Knight  et al. The agreement  is excellent. 

The values of the activity coefficient for X : 40 
and 90 at all  exper imenta l  temperatures  are given in 
Table VI. In  a given system and at a given tempera-  
ture the increase in the value of the mean  activity 
coefficient corresponds to the decrease in the molal i ty  

Table VI. Activity coefficients (%7• of hydrochloric acid in 
40 and 90 w/a glycerol at different temperatures 

m, moles /kg  t / ~  15 25 35 45 

X = 40 

0.005 0.871 0.870 0.868 0.867 0.865 
0.01 0.834 0.831 0.829 0.827 0.824 
0.02 0.792 0.789 0.787 0.784 0.782 
0.05 0.740 0,737 0.733 0.730 0.726 
0.1 0.717 0.713 0.709 0.705 0.701 

X =  90 
0.005 0,728 0.725 0.722 0.720 0,718 
0,01 0.664 0.660 0.857 0.654 0.651 
0.02 0.005 0,602 0.598 0,594 0.590 
0.05 0.562 0.554 0.548 0.542 0.535 
0.I 0,542 0.536 0,529 0,522 0.516 
0,2 0.506 0,498 0.492 0.484 0.478 

Fig. 1. Plats of the standard potential (E~ vs. 1 /D  at 25~ 

of hydrochloric acid. As expected from Debye-Hiickel  
theory, the value of ~/+_ at a given molal i ty  decreases 
with increasing proportions of glycerol, because the 
dielectric constant  of the medium is lowered. An aver-  
age uncer ta in ty  of ___0.08 mV in emf values corresponds 
to an error of 0.003 in the values of "v• 

It is evident  from Table III  that  the p r imary  medium 
effect ( ion-solvent  interact ion) of glycerol-water  mix-  
tures on hydrochloric acid becomes greater  as the con- 
centrat ion of glycerol is gradual ly  increased. This also 
expresses the we l l -known fact that  the escaping tend-  
ency of HC1 is greater in glycerol-water  mixtures  than 
in the pure aqueous solutions. 

It is interest ing to see how the values of E~ change 
with the dielectric constant  of the media. The Born 
equation predicts that the plot of Earn vs. 1/D should be 
linear. In  Fig. 1, it is ra ther  remarkable  that  the pre-  
dictions of the Born equation are qual i ta t ively correct. 
The dashed line represents the slight curva ture  for 
95 w/o  glycerol (24). It  should be mentioned,  however, 
that  the Gibbs energy calculations based on the Born 
model may be acceptable, bu t  the uncer ta int ies  in the 
computed values of the entropy and enthalpy are 
greater, ma in ly  because of the a rb i t ra ry  choice in the 
ionic radii  and the dielectric constant  of the medium. 
Hepler 's equation (25), which takes into account the 
dielectric saturat ion in the ionic force field, may be 
better, bu t  still the uncer ta in ty  factor in the radius of 
the solvated proton would remain.  The values of AG~ 
are presumably  correct wi th in  ___8 cal. 

It  is evident  from Table V that  the t ransfer  Gibbs 
energy appears to be positive for all solvent composi- 
t ions in the glycerol-water  systems, whi le  the chemi- 
cal par t  of the free energy change, AG~ is negative 
up to X = 70. The positive value of AG~ indicates that  
HC1 appears to be in a lower Gibbs energy state in 
water  than in glycerol-water  mixtures.  The fair ly un i -  
form negative values of AGOt.non, signify that  it is fa- 
vorable for the t ransfer  process from water  to glycerol- 
water  mixtures  as far as the chemical interact ion or 
salvation is concerned. But, the electrostatic factors 
are impor tant  and predominate  over the chemical in-  
teraction causing an unfavorable  effect in the over-al l  
t ransfer  .~rocess. The nonelectrostatic contr ibut ion ap-  
pears to 5e a solvent parameter  which is possibly cha- 
racterized as a measure of the increase in basicity of 
the medium as glycerol is added up to a composition of 
X -- 70. The positive value of AG~ for X = 90 does 
have a real significance. This result  shows that  water  
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has a greater chemical affinity for the proton than  the 
mixed solvent if it is assumed tentat ively  that  very 
little free energy change (due to chemical interaction 
or solvation) is involved in the t ransfer  of the accom- 
panying chloride ion. 

The dissociation behavior of some cation acids in 
methanol -water  mixtures  (26,27) and in ethylene 
glycol-water  mixtures  (28), support the above view 
that as the respective alcohol is added to water, the 
basicity increases passing through a max imum (X = 
80). The reason for this apparent  anomaly  was sug- 
gested by Braude and Stern  (29) that  the addition of 
alcohol may gradual ly  destroy the water  structure, 
thus the basic centers of the oxygen in water  mole- 
cules become free for the a t tachment  of incoming 
protons. This reasoning may  apply equal ly well  for 
glycerol-water  media. 

Beside the less discr iminat ing free energy changes 
which are not affected by s tructural  factors, the 
changes in enthalpy and entropy might  offer some 
limited interpreta t ion of s t ructural  changes (30, 31) 
involved in the over-al l  process. The values of AH~ 
and 5S~ appear to be negative and decrease with the 
increasing proportion of glycerol up to X = 70 and in-  
dicate a gradual  breakdown of the s tructure in water  
(30) with fur ther  addition of glycerol to highly polar 
water  molecules. Moreover, the glycerol molecules de- 
crease their rotat ional  freedom in the high electric field 
of an ion and contract their  volume due to electro- 
striction, giving negative values of entropy. The in-  
creasing values of 5S~ (still negative) and 5H~ for 
X ~ 90 might  be due to a number  of diverse phenom- 
ena. For instance, the order created by  HC1 in  this 
solvent composition relat ive to pure water  begins to 
increase (31) as far as the s t ructural  effect is con- 
cerned. Another  factor might  involve a proton solva- 
tion effect. The basicity falls off past the min imum and 
glycerol may begin subst i tut ing for water  causing a 
serious dis turbance in the hydrat ion sphere of the ions 
(28). 

When the electrostatic factors are taken into con- 
sideration, the contr ibut ions of AH~ and AS~ 
from the chemical interact ion follow a general  t rend 
and appear to be negative up to X ~-- 70 and then posi- 
tive for X = 90. Fur ther  analysis of the results, how- 
ever, should wait  for similar studies in different am- 
phiprotic solvent + water mixtures.  
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SYMBOLS 
1 cal 4.1840 joules (defined thermochemical cal- 

orie) 
WE~ SE~ Standard electrode potentials in water and 

in a mixed solvent (mole fraction scale), V 
WE~ SE~ Standard  electrode potential  in water  and 

in a mixed solvent (molal scale), V 
a Ion-size parameter,  h 
x Weight per cent glycerol in a mix ture  with 

water  
:f• Mean ionic activity coefficient, molar scale 
7--- = ss'Y--- Mean ionic activity coefficient of HC1 

(molal  scale) in a mixed solvent (super- 

script, s) relat ive to un i t  value at infinite 
dilution in a mixed solvent (subscript, s) 

%.~• Mean ionic activity coefficient of HC1 
(molal scale) in a mixed solvent (s) rela-  
tive to uni t  value at infinite di lut ion in 
water  (w) 

sw~•176 Mean ionic activity coefficient of HC1 
(molal scale) at infinite dilution in mixed 
solvent (s) 

D~, Dw Dielectric constant of the mixed solvent 
and water, respectively 

Mxy Mean molecular  weight of the solvent, kg 
mo l e -  1 

r+, r -  Radius of the cation (H +) and anion (C1-) ,  
respectively, A 

L,2 Relative partial  molal  enthalpy, cal /mole 
Ao, A1, �9 �9 The constants of Eq. [6] 
a, b . . . .  Empirical constants of Eq. [15] 
Do, e Constants of Eq. [23] 
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Electromotive Force Measurements 
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ABSTRACT 

Elect romot ive  force measurements  have been made  using the revers ib le  
format ion  cell 

Ag  AgCI-RbCI-NaCl  Cl2 ( l iquid)  I graphite ,  

Pa r t i a l  molar  excess free energies,  enthalpies,  and excess entropies  of mixing  
of AgC1 have  been measured  over  the  ent i re  composit ion range of the  AgC1- 
RbC1-NaC1 t e rna ry  system. Pa r t i a l  p roper t ies  of mix ing  of RbC1 and NaC1 
and in tegra l  proper t ies  of mix ing  have been ca lcula ted  using an analy t ica l  
solution of the Gibbs -Duhem equation. The par t i a l  proper t ies  of RbC1 and 
NaC1 ean be exp la ined  on the  basis of s imple  eonsiderat ions  of r egu la r  
solut ion behavior .  The pa r t i a l  proper t ies  of AgC1, however ,  cannot  be ex -  
p la ined  in this  way.  

There  have been ve ry  few systemat ic  studies made  
of t e rna ry  fused salt  systems. In no such system are 
complete  free energy,  enthalpy,  and en t ropy  data  
s imul taneous ly  avai lable .  

In a previous  publ ica t ion  (1), emf measurements  
using the cell  

Ag ] AgCI, a lka l i  chlor ide  C12 [A] ( l iquid)  / graphite ,  
i 

were  described.  Proper t ies  in the  AgC1-AC1 (where  
A : Na, K, Rb, or Cs) b ina ry  systems were  measured.  
In  the  present  invest igat ion,  the format ion  cell  was 
used to obtain pa r t i a l  molar  excess free energies,  en-  
thalpies,  and excess entropies  of mix ing  of AgC1 at 
several  composit ions over  the ent i re  composit ion range  
of the AgC1-RbC1-NaC1 t e rna ry  system. Above 800~ 
one homogeneous  l iquid  phase  exists  at  a l l  composi-  
t ions in this  system. 

In the AgC1-NaC1 b ina ry  system (1), excess free 
energies, enthalpies,  and excess entropies  of mix ing  
are  all  positive. In the  AgC1-RbC1 system (1), how-  
ever, all  these excess proper t ies  are  negative.  By s tudy-  
ing the t e rna ry  system, it is possible  to see how the 
proper t ies  va ry  be tween  the two ex t remes  as the  rat io  
of NaC1 to RbC1 is changed, and so the compet ing 
effects of the RbC1 and NaC1 can be examined.  

As is discussed later ,  if this t e r n a r y  sys tem is to be 
s tudied fully,  i t  is necessary  to have  "end point"  
the rmodynamic  da ta  in the RbC1-NaC1 b ina ry  system. 
Enthalpies  of mix ing  are  avai lab le  in this b ina ry  sys- 
tem from the ca lor imetr ic  studies by  Hersh and Kleppa  
(2). The phase d iag ram of the RbC1-NaC1 system has 
been measured  (3), and free energies  of mix ing  have 
been ca lcula ted  f rom the phase  d i ag ram wi th  good 
precision (3). The ava i l ab i l i ty  of these "end point"  
da ta  was one of the considerat ions in the  decision to 
s tudy the  AgC1-RbC1-NaC1 system. 

Data Treatment  
To be able  p rope r ly  to analyze the  expe r imen ta l  da ta  

in a t e r n a r y  system, i t  is essent ial  tha t  a method of 
apply ing  the  G ibbs -Duhem re la t ion must  be avai lab le  
so tha t  pa r t i a l  p roper t ies  of a l l  components  and in-  
t egra l  p roper t ies  of mix ing  can be  calculated.  In  a p re -  
vious publ ica t ion  (4), an ana ly t ica l  solut ion of the 
Gibbs -Duhem equat ion in t e r n a r y  systems was de-  
veloped. I t  was shown tha t  the  analy t ica l  method 
overcomes the m a n y  problems  inheren t  in the  older  
graphica l  G ibbs -Duhem in tegra t ion  techniques.  The  

K ey  words:  silver chloride, rub id ium chloride, sodium chloride, 
fused salts, mol ten salts, t e rna ry  systems, thermodynamics ,  emf  
measurements, formation cell, silver electrode, chlorine electrode. 

analy t ica l  method  has also recent ly  been ex tended  (5) 
to app ly  to systems of any  n u m b e r  of components.  

The composit ion var iab les  chosen (4) were  des ig-  
nated y and t, where  

y =  (I--XI) [1] 

t = X J ( X ~  + X3) [2] 

where  X1, X2, and X3 are  the  mole  f ract ions of the 
three  components.  

In  the  composit ion t r iangle  of an i so thermal  t e rna ry  
system, t is constant  along quas i -b ina ry  l ines of con- 
s tant  X3/X2 ratio.  The var iab le  can assume values  f rom 
t ---- 0 in the 1-2 b ina ry  system to t = 1 in the 1-3 
b inary  system. The var iab le  y is constant  along lines 
para l l e l  to the  2-3 b ina ry  line, and can assume values 
f rom y = 0 for pure  component  1 to y = 1 in the  2-3 
b ina ry  system. This is shown on the t e r n a r y  composi-  
tion t r iangle  in Fig. i .  

When  the  method  is appl ied  la te r  to the  AgC1-RbC1- 
NaC1 t e rna ry  data, component  1 wi l l  be AgC1 for which 
the pa r t i a l  molar  p roper t ies  have been measured.  Com- 
ponents  2 and 3 wil l  be RbC1 and NaC1, respect ively.  

The par t i a l  and in tegra l  molar  proper t ies  of mix ing  
are expressed as power  series in y and t as follows 

fl : ~ ~ ajkYJt k [ 3 ]  

j = 2  k=0  

= bjky tk 
j=O k=O 

j=O k=O 

/ 
Fig. 1. Quasi-binary lines in a 

system: i = AgCI, 2 = RbCI, 3 

(y=o) 

ternary system (in AgCI-RbCI-NaCI 
= NaCI). 
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bik = ale 

j + l - - k  
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]= ~ ~ Cjky~tk [6] 
j = l  k = 0  

where h ,  f2, and ;f3 are the part ial  molar  properties of 
mixing of components 1, 2, and 3, and f is the integral  
property of mixing. In  order that such series expan-  
sions can be wr i t ten  for fl, ~2, ~3, and ~, the properties 
and their  derivatives must  be continuous and finite 
functions in and on the boundaries  of the entire com- 
position range of the system. Excess properties of 
mixing  will  always satisfy these conditions. 

Equation [3] may be wr i t ten  in expanded form as 

f l  = (a20 + a21t ~- a22t 2 + . . . ) y2  

-t- (a~o + a~lt + a~t 2 + . . . )y~  

+ . . . . . . . . . . . . . . . . .  [7] 

Along a line of constant t, each of the bracketed factors 
in Eq. [7] becomes constant, and I~ is s imply a power 
series in y ---- ( 1 -  X~) start ing with the y2 term, 
which is the we l l -known type of expansion first sug- 
gested by Margules (6) for b inary  systems. It  is in 
this sense that the lines of constant  t are called "quasi-  
b inary"  lines. 

The expansion [3] for ~ starts with the j ---- 2 term. 
That the missing coefficients aok are zero for all values 
of k follows from the condition that )e I = 0 when y = 0. 
That the missing coefficients alu are all zero follows 
from the Gibbs-Duhem relat ion as is discussed shortly. 
In  the expansion [6] for ~, the missing coefficients 
r for j = 0 must  all be zero because of the condition 
t h a t ~ = 0 w h e n y = 0 .  

Exper imenta l  values of ~ may be fitted by a least- 
squares technique to an expansion of the form of Eq. 
[3]. In the present  case, the part ial  molar  excess free 
energies, enthalpies, and excess entropies of mixing of 
AgC1 may be fitted to such an expansion. The coeffi- 
cients b~, c~k, and r in the expansions [4], [5], and [6] 
for re, )% and $ may then be calculated from the fol- 
lowing relationships which have been derived (4) from 
the Gibbs-Duhem equation 

~ + l - k  
a(~+~)k j--~ 1 [8] 

Cjk --~ ajk a( j+ l )k  
i 

k + l  
- -  a ( j + l ) ( k + l )  3 ~- 1 [9] 

J 
ajk = (1 -- j) r [10] 

(For j : 1, it may  be seen from Eq. [10] that  alk : 0 
for all values of k, since the coefficients elk must  be 
finite. This proves the assertion made previously.)  

The use of end point data.--From Eq. [8] and [9], 
the coefficients bjk and cjk of the expansions for f2 and 
f3 may be determined from a knowledge of the coeffi- 
cients ajk except when j : 0. The coefficients b0k and 
c0k cannot be calculated from the Gibbs-Duhem equa- 
t ion and must  be determined from boundary  values. 

Equat ion [4] for f2 may  be expanded as follows 

f 2 =  [ ~k=0 b~ + ~ ~ [11] 

The undete rmined  term'  I ~k=o boktkl' iS c~ 

along a quas i -b inary  l ine where  t is, constant. The 
knowledge of one end point  value of f2 along a quasi-  
b inary  l ine is thus sufficient to give values of I2 at any 
point  on that  line. 

Consider the specific case in which values of :f2 in 
the 2-3 b inary  system are available from independent  
measurements  in this system. (In the present case, 
part ial  molar  properties of NaC1 and RbC1 in the 

RbC1-NaC1 system are available as has been men-  
tioned.) Let f2(1,t) be the value of f2 at some value of t 
in the 2-3 b inary  system where y -= 1. Then 

Let )%<u,t) be the value of ]2 at any value of y for the 
same value of t. Subst i tut ion of Eq. [12] into Eq. [11] 
then gives 

j = l  k = 0  

In  Fig. 1, then, values of ]2(y,t) at any point  along 
the quas i -b inary  line 1-W are given from a knowledge 
of the end point value of I2 at point  W. 

An equation completely analogous to Eq. [13] may 
be wr i t ten  for h 

h~,t )  = I~(1,~) + ~ ~ cj~(y~ - 1)tk [14] 
j = l  k = 0  

For calculating the integral  proper ty  ], it may be 
seen from Eq. [10] that  the coefficients Cjk may be cal- 
culated from a knowledge of the coefficients ajk for all 
values of j and k except for j = 1. The coefficients r 
cannot be determined from the Gibbs-Duhem equation, 
and end point  values of f are required.  By a derivation 
similar to that  just  given for f2 and f3, values of 
f(y,t) may be shown (4) to be given by the equation 

f~.~) = y .  I~,~) + ~ ~ ~J~(y~ - y)t k [15] 
j = 2  k = 0  

where ](1.t) is an end point  value of I in the 2-3 b inary  
system. 

If f2, ]3, and ] have been measured in the 2-3 b inary  
system as functions of concentration, then fe(1,t), f3(1,t), 
and ](l,t) may be wr i t ten  as power series expansions in 
t (where t = X3 in the 2-3 b inary  system from the 
definition [2]). Equations [13], [14], and [15] would 
then be complete analyt ical  expressions for ]2, :f3, and ~f 
in the t e rnary  system. 

Experimental 
The exper imental  apparatus and technique have been 

fully described elsewhere (1). An  a l l -quar tz  experi-  
menta l  cell was used. The precision of the results ob- 
tained in the b inary  systems (1) was believed a t t r ibut -  
able in part  to the use of a very  high resistance 
"asbestos diaphragm" between the Ag and C12 half 
cells. 

Reagent-grade AgC1 and NaC1 were used. The RbC1 
(Matheson) was of 99+ % purity.  All  salts were dried 

under  vacuum and with dry HC1 gas at 400~ in the 
case of AgC1 and at 550~ for NaCI and RbC1. All  salts 
were stored in a vacuum desiccator. The silver elec- 
trode was of 99.9+% purity.  The graphite electrodes 
were special spectroscopic-grade graphite, pretreated 
[see ref. (1) ] in chlorine gas. The chlorine was Mathe- 
son "high-pur i ty"  grade. 

All  readings reported have been corrected to a C12 
pressure of 1 std a tm (101,325 newton/m2) ,  and all 
voltages are given in absolute volts. 

Cell temperatures  reported here have been shown 
(1) to have a probable accuracy of • 1 7 6  

The s tandard cell potential,  E ~ obtained with pure 
AgC1 electrolyte, was found (1) to be given by  the 
equat ion 

E ~ (mV) = 1227.0 -- 1.5973T 

+ 0.182TINT -- 4.48('10-5)T 2 [16] 

where T is in kelvins, and where the correction for the 
thermoelectric potent ial  of the Ag-C couple has been 
applied. 

AgC1, RbC1, and NaC1 are numbered  components 1, 
2, and 3, respectively. Thus, y = (1 - -  X A g C 1 ) ,  and t = 
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X~aCl/(XRbci "~ XNaCl) ; t -- 0 in the AgC1-RbC1 binary 
system, and t -- 1 in the AgCl-NaC1 binary system. 

Results 
Cell potentials, E, were measured with  electrolytes 

at several compositions along quasi-binary l ines where  
t -- 0.25, t = 0.50, and t = 0.75. This was done primari-  
ly  to facilitate presentation of the data. Values  of 
( E -  g ~ were calculated for each experimental  point 
using Eq. [16] for E ~ Results are shown in Fig. 2a-c. 
In all  cases, the  points were we l l  fitted by  straight 
lines. Least-squares l ines are shown in Fig. 2a-c, and 
the equations of the l ines  are given in Table I along 
with the mean and m a x i m u m  deviations for each line. 
The values  of t for each composition, as in Table I, 
whi le  not a lways  exact ly  0.2500, 0.5000, or 0.7500, differ 
only insignificantly from these values.  

Also given in Table I are the equations of the least-  
squares l ines for (E -- E ~ vs. T obtained (1) at com- 
positions in the AgCl-RbC1 (t = 0) and AgC1-NaC1 
(t ---- 1) binary systems. 

The partial molar excess free energy  of mix ing  of 
AgCI at 8000C as we l l  as the partial molar enthalpy 
and excess entropy of mix ing  of AgCl  as calculated 
from the fitted curves are listed in Table I for each 
composition studied (1 cal is defined as 4.1840j). (For 
the composition at XAgCZ ---- 0.1043 in the AgC1-NaC1 
system, there are only  two data points, and it was felt 
that the slope of this l ine is not sufficiently we l l  de-  
fined for partial enthalpies and excess entropies to be 
calculated.) 

Excess :free energies o] mix ing .~Exper imenta l  values 
of the partial molar excess free energy of mix ing  of 
AgC1, AGeagc], at 800~ are plotted v s .  XAgCl along the 
three quasi-binary l ines where  t ---- 0.25, t = 0.50, and 
t -- 0.75, as we l l  as along the AgC1-RbC1 (t ---- 0) and 
AgC1-NaCl (t ---- 1) real binary l ines in Fig. 3. In Fig. 
4 is a similar plot of the parameter AGnAr ~. 

The 36 data points were  fitted by a 9-coefficient 
equation of the form of Eq. [3]. The equation is given 
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in Table II. Mean and m a x i m u m  deviations were 17 
and 54 cal. The fitted curves for the five l ines of con- 
stant t are shown in Fig. 3, and as the solid l ines in 
Fig. 4. It must  be remembered when  examining  the 
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Table I. Least-squares fits for (E - -  E ~ vs. temperature at compositions in the AgCI-RbCI-NaCI ternary system 

t =  
XNacl Maximum AG~x~ol 

. (E - E ~ (mV) Mean devi- deviation ASEAgCl AHAgcl at 800oC 
Xabcl  q" XNaCI XAgCI (T = kelvins) ation (mY) (mV) (cal/~ (cal/mole) (eal/mole) 

0.2501 0 .0300 75.4 + 0 .2889T 0.1 0.2 - -0 .31  -- 1739 -- 1411 
0.2499 0 .0996 60,2 + 0 .1917T 0.1 0.3 - -0 .16  - - 1 3 8 9  --1213 
0.2500 0.2065 48.8 + 0.1312T 0.2 0.5 -- 0.11 -- 1125 -- 1008 
0.2500 0.2069 48.9 + 0.1292T 0.2 0.4 -- 0.15 -- 1128 -- 968 
0.2501 0.3507 35.3 + 0.0816T 0.1 0.1 --0.20 --915 --599 
0.2501 0.50,19 23.9 + 0.0509T 0.1 0.2 --0.20 --551 --341 
0.2500 0.7024 15.2 + 0.0208T 0.1 0.2 --0.22 --350 --112 
0.5001 0.0294 30.4 + 0.3017T 0.3 0.4 -0.05 -702 --648 
0.5001 0.0994 27.0 + 0.1978T 0.2 0.3 --0.03 -623 -595 
0.5003 0.2001 25.4 + 0 .1329T 0.2 0.4 --0.13 --587 --444 
0.5000 0.3508 22.9 + 0 .0772T 0.1 0.2 - -0 .30  - - 5 2 8  - -205  
0.5002 0.3526 20,9 + 0 ,0788T 0.2 0.5 - -0 .25  - -481  - -209  
0.5001 0.5017 8.3 + 0.0561T 0.1 0.2 -- 0.08 -- 192 -- 109 
0.4999 0.6980 3.7 + 0.0284T 0.1 0.3 --0.06 --86 --23 
0.7499 0.0299 --14.3 + 0.3088T 0.1 0.1 0.15 329 171 
0.7500 0.0301 --18.9 + 0.3122T 0.1 0.1 0.24 437 182 
0.7500 0.0997 --15.3 + 0.2072T 0.1 0.3 0.20 352 142 
0.7500 0.1995 --7.8 + 0.1409T 0.1 0.1 0.05 180 131 
0.7500 0.3494 -- 1.5 + 0.0891T 0.1 0.2 -- 0,04 34 72 
0.7500 0.4995 --3;5 + 0.0604T 0.1 0.1 0.01 81 67 
0.7500 0.6981 0.3 + 0.0296T 0.1 0.1 --0.03 - - 6  27 
t = 0 0.0297 120.2 + 0.2796T 0.2 0.4 --0.54 --2771 - -2191  

(AgC1-RbC1 system) 0.0997 111.2 + 0.1750T 0.3 0.6 --0.55 --2654 --1978 
0,1999 90.6 + 0 .1198T 0.1 0.3 --0.44 - -2089  - -1622  
0.3509 63.6 + 0,0766T 0.3 0.6 -- 0.31 -- 1467 -- 1129 
0.5007 33.5 + 0.0536T 0.3 0.5 --0.14 --772 --623 
0.5995 20.0 + 0.0407T 0.1 0.1 --0.08 --462 --377 
0,7007 10.7 + 0 .0299T 0.1 0.4 - -0 .02  - -247  - -229  

t = 1.0 0.051'5 --72.0 + 0,2875T 0.4 0.6 0.74 1661 870 
(AgC1-NaCI system) 0.1032 --54.2 + 0.2163T 0.2 0,5 0.47 1251 741 

0.1043 --49.5 + 0.2101T 765 
0.2058 --45.5 + 0.1553T 0.2 0.4 0.44 1050 579 
0.3580 - -24 .9  + 0 .0968T 0.1 0.1 0.19 574 368 
0.5080 - -12 .8  + 0 .0625T 0.2 0.5 0.10 294 191 
0.7073 --6.4 + 0.0331T 0,3 1.0 0.07 147 67 
0.8548 - -5 ,2  + 0 .0182T 0.3 0.9 0.11 119 4 

(1 cal = 4 .1840 j ) .  

p l o t s  o f  ~G~Agc]/y 2 i n  F i g .  4 t h a t  d i v i d i n g  hGEAgc] b y  y2 
g r e a t l y  m a g n i f i e s  t h e  d i s c r e p a n c y  b e t w e e n  t h e  f i t t e d  
c u r v e  a n d  t h e  e x p e r i m e n t a l  p o i n t s  w h e n  y i s  s m a l l .  
W h e n  y = 0.3, f o r  i n s t a n c e ,  e r r o r s  a r e  m a g n i f i e d  a b o u t  
11 t i m e s  m o r e  t h a n  w h e n  y = 1 (XAgcl  = 0 ) .  T h e  

l e a s t - s q u a r e s  fit  i s  d o n e  o n  t h e  v a l u e s  o f  AGEAgC1, n o t  

o n  t h e  v a l u e s  o f  ~EAgcl/y2. I n  F i g .  4, t h e  f i t t e d  c u r v e s  
f o r  s m a l l  v a l u e s  o f  y (i.e., l a r g e  v a l u e s  o f  XAgcl)  a r e  
s h o w n  as  b r o k e n  l i n e s  to  i n d i c a t e  t h i s  u n c e r t a i n t y .  

I n  F ig .  4 a r e  s h o w n ,  a s  d a s h e d  l i ne s ,  t h e  c u r v e s  w h i c h  

w o u l d  r e s u l t  i f  hGEAgCl v a r i e d  l i n e a r l y  ( a d d i t i v e l y )  
w i t h  t,  a s  t v a r i e d  f r o m  0 to  1 a t  c o n s t a n t  XAgcl. T h a t  
is, t h e  t h r e e  d a s h e d  l i n e s  i n  F i g .  4 a r e  u //2, a n d  3A o f  
t h e  w a y  b e t w e e n  t h e  t w o  e x p e r i m e n t a l  c u r v e s  f o r  t h e  
b i n a r y  s y s t e m s  a t  t = 0 a n d  t = 1. I t  i s  s e e n  t h a t  w h e n  
XAgCl = 0, s u c h  a d d i t i v e  ( l i n e a r )  b e h a v i o r  i s  v e r y  
c l o s e l y  f o l l o w e d  b y  t h e  e x p e r i m e n t a l  c u r v e s ,  b u t  a s  
t h e  s o l u t i o n s  b e c o m e  r i c h e r  i n  A g C 1  t h e r e  o c c u r  p r o -  

8oo  . . . .  

401 .. __ �9 t : 0 7 5 ~ . . ~ .  

1600 " , 

Nacl OI 0.2 8.8 0,4 0 5  0 6  0-7 0 8  0 9  AgcI 
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Fig. 3. AGEAgCI at 800~ in the AgCI-RbCI-NaCI system (lines 
are from least-squares fit). t = XNaCI/(XRbcI Jr XNaCI). 

g r e s s i v e l y  l a r g e r  p o s i t i v e  d e v i a t i o n s  o f  t h e  e x p e r i -  
m e n t a l  c u r v e s  f r o m  t h i s  a d d i t i v e  b e h a v i o r .  

Enthalpies of mixing.--The e x p e r i m e n t a l  v a l u e s  o f  

t h e  p a r t i a l  m o l a r  e n t h a l p y  o f  m i x i n g  o f  AgC1 ,  AHAgCl, 
a r e  p l o t t e d  vs. XAgcl f o r  t h e  f ive  v a l u e s  o f  t i n  F ig .  5. 

I n  F ig .  6 a r e  s i m i l a r  p l o t s  o f  t h e  p a r a m e t e r  hHAgcl/y 2. 
T h e  35 d a t a  p o i n t s  w e r e  f i t t e d  b y  a 6 - c o e f f l c i e n t  e q u a -  
t i o n  o f  t h e  f o r m  o f  Eq .  [3] .  T h e  e q u a t i o n  is  g i v e n  i n  
T a b l e  I I I .  M e a n  a n d  m a x i m u m  d e v i a t i o n s  w e r e  63 a n d  
147 cal .  F i t t e d  c u r v e s  a r e  s h o w n  i n  F ig .  5 a n d  a s  t h e  
s o l i d  c u r v e s  i n  F i g .  6. F o r  l a r g e  v a l u e s  o f  XAgcl, t h e  
c u r v e s  a r e  a g a i n  s h o w n  a s  b r o k e n  l i n e s  i n  F i g .  6 t o  
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system, t = XNaC1/(XRbcI Jr XNaC1). , Least-squares fit. 
- - - ,  Assuming linearity with t at constant XAgC1. [ . . . . . . . . .  
AgCI-KCI binary system (1).] 
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Table II. Least-squares fit for A G E A g C l  at  800~ vs. composition 
in the AgCI-RbCI-NaCI ternary system and other partial 

free energies and integral free energy of mixing as 
calculated analytically from the Gibbs-Duhem equation 

y = ( I  -- X ~ g c t )  t = X N a C I / ( X R b c I  + XNao]) 

M e a n  d e v i a t i o n  = 17  eal Maximum deviation = 5 4  c a l  

AG-E~gc~ = + ( - - 1 5 2 7  + 5 7 0 2 t  -- 3485~)y 2 
(eal/mole) + (--3368 + 478t + 3013~)y s 

+ ( 2618 -- 3018t + 590~)y~ 

AG'Zabcl = [ -- 6 3 2 ~ ]  
+ ( 3 0 5 4  -- 5 7 0 2 t ) [ y  -- 1] 
+ ( 3 5 2 5  + 5 2 2 4 t  - -  4992t~ ) [y2  - -  1] 
+ ( - - 6 8 5 9  + 3 4 9 6 t  + 2 6 2 0 ~ ) [ y  ~ - -  1] 
+ ( 2 6 1 8 - -  3 0 1 8 t  + 5 9 0 t D [ y ~ - -  1]  

AG~Nac~ = [ - -  6 3 2  + 1 2 6 4 t  -- 6 3 2 ~ ]  
+ ( - - 2 6 4 8  + 1 2 6 0 t ) [ y  - -  1] 
+ ( 3286 + 2211t  - -  4 9 9 2 ~ ) [ y  2 - -  1] 
+ ( - - 5 8 5 3  + 3 1 0 3 t  + 2 6 2 0 t 2 ) [ y S  - -  1 ]  
+ ( 2618 --  3018t  + 590t2 ) [y~  --  1] 

AG ~ = [ - -  6 3 2  + 6 3 2 t ~ ] y  
+ ( 1 5 2 7  - -  5 7 0 2 t  + 3 4 8 5 ~ ) [ y ~  --  y ]  
+ ( 1 6 8 4 - -  2 3 9 t - -  1 5 0 7 ~ ) [ y  s -  y ]  
+ ( - -  873 + 1 0 0 8 t - -  1 9 7 ~ ) [ y ~ - -  y ]  

Table III. Least-squares fit for AHAgc] vS. composition in the 
AgCI-RbCI-NaCI ternary system and other partial enthalpies 

and integral enthalpy of mixing as calculated analytically 
from the Gibbs-Duhem equation 

y = (1 - -  X ~ s m )  t ---- XNam/(Xabm + X .~m)  

M e a n  d e v i a t i o n  = 63  ea l  M a x i m u m  d e v i a t i o n  = 147  e a l  

h H ~ c ~  = ( - - 3 7 1 4  + 5 4 9 0 t - -  3 4 1 1 t  ~ + 2 4 7 6 t ~ ) y ~  
( c a l / m o l e )  + ( 7 0 2  + 2 6 8 t ) y ~  

AHRbC! = [-- 690t2- 1 6 0 t  3] 
+ ( 7 4 2 8  --  5 4 9 0 t  + 0 + 2 4 7 6 t ~ ) [ y  --  1]  
+ ( - - 4 7 6 7  + 5 2 2 2 t  - -  3 4 1 1 t ~  + 2 4 7 6 t 3 ) [ y  -~ - -  1]  
+ ( 7 0 2  + 2 6 8 t ) [ y ~ - -  1]  

A H x a c ~  = [ - -  7 7 0  + 1380~ -- 450t~ -- 1 6 0 t  3] 
+ ( 1938 + 1332t -- 7428t 2 + 2476ta)[y -- 1] 
+ ( - -4901  + 5222t -- 3411t ~ + 2476t~) [y '-' -- I ]  
+ ( 702 + 268t) [ y ~ -  1] 

A H  = [ - -  7 7 0 t  + 6 9 0 t  2 + 8Ota]y 
+ ( 3714 -- 5490t + 3411t -~ -- 2476t s) [y:  -- y] 
+ ( - -  3 5 1 -  1 3 4 t ) [ y s - - y ]  

indicate the uncertainty resulting from division by y2 
when  y is small.  The l ines which would  result if 
AHAgcl varied l inearly (addit ively)  wi th  t at constant 
XAgCl are shown in Fig. 6 as the dashed lines. These 
lines l ie  ~ ,  %/2, and 3A of the wa y  between the two 
experimental  curves at t = 0 and t = 1. 

Excess entropies of mixing.--Experimental values  oI 
the partial molar excess entropy of mix ing  of AgC1, 
ASEAgCl, are plotted vs. XAgCl for the five values of t in 
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Fig. 5. Partial molar enthalpy of mixing of AgCl in the AgCI- 
RbCI-NaCI system (lines are from least-squares fit). t = XNaC]/ 
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Fig. 7. Also shown as solid l ines are the fitted curves 
obtained using a 6-coefficient equation of the form of 
Eq. [3]. The equation is g iven in Table IV. Mean and 
max imu m deviations were 0.05 and 0.17 ca l /~  
The lines which would result if A S~AgCl varied l inearly 
(addit ively)  with t at constant XAgCi are also shown in 
Fig. 7 as dashed lines. These lines represent entropies 
of mix ing  ly ing  %/4, 1/2, and 3/4 of the way  between the 
two experimental  curves for t ---- 0 and t = 1. 

Calculation of partial properties of RbCl and NaCl 
and of integral molar properties.--The coefficients, 
(b)k, c~k, and r in the expansions [4], [5], and [6] 
for the partial excess free energies A G E R b c 1  and 
A G E N a C I ,  and for the integral molar excess free energy 
of mixing,  • ~', were calculated from the fitted coeffi- 
cients, ajk, of A G E A g C 1  given in Table II. Equations [8], 
[9], and [10], respectively,  were  used for this purpose. 
The resulting expansions for ~ERDcl, A G E N a C 1 ,  and AG ~ 
are g iven in Table II in the form of Eq. [13], [14], and 
[15]. In Table II, end point values,  A G E R b c I ( 1 , t ) ,  

A G E N a C I ( 1 , O ,  and AG~(1.o as functions of t in the RbC1- 

Table IV. Least-squares fit for AS~AgCl vs. composition in the 
AgCI-RbCI-NaCI ternary system and other partial entropies 

and integral entropy of mixing as calculated analytically 
from the Gibbs-Duhem equation 

y = (1 - -  X A g c l )  t : Xn~,e~/(Xabm + X . ~ m )  

M e a n  d e v i a t i o n  = 0 . 0 5  c a l / ~  
M a x i m u m  d e v i a t i o n  = 0 . 1 7  c a l / ~  

AS-BA~Cl = ( - - 1 . 0 4 9  + 1 . 4 1 8 t  --  3 . 0 7 9 t 2  + 2 . 4 8 9 t a ) y  ~ 
( c a l /  + ( 0 . 4 8 2  + 0 . 5 7 6 t ) y 3  
~  

AS'EabCl  = [ -  0 . 208 t~ ]  
+ ( 2 . 0 9 8  - -  1 . 4 1 8 t  + 0 + 2 . 4 8 9 t S ) [ y  - -  I ]  
+ ( - - 1 . 7 7 2  + 0 . 9 4 2 t  - -  3 . 0 7 9 t 2  + 2 .489 t a ) [y - "  --  1]  
+ ( 0 . 4 8 2  + 0 . 5 7 6 t ) { y a _  1] 

AS'~NaC[ = [ - - 0 . 2 0 8  + 0 . 4 1 6 t  - -  0 . 208 t2 ]  
+ ( 0 . 6 8 0  + 4 . 7 4 0 t  - -  7 .467 t~  + 2 . 4 8 9 t 3 ) [ y  --  1} 
+ ( - - 2 . 0 6 0  + 0 . 8 4 2 t  --  3 . 0 7 9 t 2  + 2 .489t3}  [ y  -~ --  1]  
+ ( 0 . 4 8 2  + 0 . 5 7 6 t ) [ y 3 _  1]  

ASE = [ - - 0 . 2 0 8 t  + 0 . 2 0 8 t 2 ] y  
+ ( 1 . 0 4 9  --  1 4 1 8 t  + 3 . 0 7 9 t  2 - -  2 . 489 t3 )  l y e  _ y ]  
+ ( - - 0 . 2 4 1  - -  0 . 2 8 8 t ) [ y  3 - -  Y]  
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Fig. 7. AS~Agcl in the AgCI- 
RbCI-NaCI system, t = XNaC]/ 
(XRbCl + XN.CZ). 
Least-squares fit. - - - ,  Assure-' 
ing linearity with t at constant 
XAgCl. 
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cal /mole [17] 

= --632 + 1264t -- 632t 2 cal /mole [18] 

= --632t(1 -- t) 

= --632 + 632t 2 cal /mole [19] 

(where t --  XNac] in the RbC1 b inary  system from 
definition [ 2 ] ) .  These are the values obtained from 
the phase diagram calculations (3). 

Similar  calculations were performed to give the par-  
tial molar  enthalpies and excess entropies of mixing of 
RbC1 and NaC1, and to give the integral  molar  en-  
thalpies and excess entropies of mixing. The result ing 
equations are given in Tables III  and IV. The end point  
values, AHRbcl(l,t), AHNaCI(1,t), and AH(1,t) as functions 
of t in the RbC1-NaC1 b ina ry  system were calculated 
from the data of Hersh and Kleppa (2). End point  
values of the excess entropies were calculated by com- 
bining the free energies calculated from the phase dia-  
gram with the calorimetric enthalpies (3). 

The accuracy of all the end point  data has been 
shown (3) to be quite good. 

The calculated integral  molar  properties of mixing,  
• E, AH, and AS z, are shown in Fig. 8, 9, and 10 in  the 
form of iso-AG E, iso-AH, and iso-~S E plots. The ana-  
lytical Gibbs-Duhem technique is very  useful in the 
preparat ion of such 'iso-plots." With an equation for 
~G ~ as in Table II, for example, one can calculate 
values of AG ~ at hundreds  of composition points wi th in  
the t e rnary  system using a computer, and one can then 
easily trace out lines of constant  AG E . 

It may be noted that  the lines of zero AGE, zero AH, 
and zero AS E in Fig. 8, 9, and 10 follow approximately 
the same composition path for all  three properties. 

Graphical  plots of the part ial  molar  properties of 
RbC1 and NaC1 are shown and discussed later. 

As seen in Fig. 4, the quan t i ty  AG~Agcl/y2 exhibits 
almost perfectly additive behavior  as t varies from zero 
to un i ty  at constant  XAgC] whenXAgc] = 0. Progres-  
sively increasing positive deviations from addit ivi ty  
occur, however, as XAgcl increases. Guion et al. (7) 
made some similar  measurements  of aGSAgcl using 
formation cells in the AgC1-KC1-NaC1 and AgC1-CsC1- 
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Fig. 11. AGeAgCl/(1 - -  XAgcl) 2 at 800~ in the AgCI-KCI-NaCI 
and AgC|-CsCI-NoCI systems [Guion et ol. ~7)]. t : XNaC]/{XAc] 
Jr" XNaCl) where A = K or Cs. - - - ,  Calculated assuming linearity 
with t at constant XAgCl. 

l imits  as t is var ied  at constant  XAgcl. In  the plots  of 
~EAgcl in Fig. 7, i t  is seen tha t  there  is evidence of 
qui te  large negat ive  devia t ions  f rom addi t iv i ty  in this 
proper ty .  A negat ive  devia t ion  f rom addi t iv i ty  in 
hSeAgcl will ,  of course, cause a posi t ive  devia t ion  in 
AGeAgCl. Thus, there  is evidence tha t  the  deviat ions 
f rom addi t iv i ty  in ~ e A g c l  as seen in Fig. 4 m a y  be 
la rge ly  due to devia t ions  f rom add i t iv i ty  in the  excess 
en t ropy  and not  in the enthalpy.  However ,  in a t t empt -  
ing to separa te  the  devia t ions  f rom add i t iv i ty  in Fig. 4 
into en t ropy  and en tha lpy  effects, one is work ing  near  
the  l imits  of the  expe r imen ta l  accuracy.  

Entha lp ies  and excess entropies  ca lcula ted  f rom the 
resul ts  of Guion et aL (7) in the  AgC1-KCI-NaC1 and 
AgC1-CsC1-NaC1 systems were  too sca t tered  for t rends  
to be observable.  

Discussion 
In s imple r egu la r  solution theory  (8, 9) ~G ~ in a 

t e rne ry  sys tem m a y  be descr ibed by  an equat ion of 
the  form 

AGE = X1X2bI~ q- X1X3b31 -~ X2X3623 [20] 

where  b1~, b31, and b2s are  concen t ra t ion- independen t  
pa ramete r s  which have  the same values  in the  t e r n a r y  
system as in the  1-2, 1-3, and 2-3 b ina ry  systems. Such 
an equat ion is usua l ly  der ived  assuming random m i x -  
ing, and assuming constant,  addit ive,  pa i rwise  in te r -  
actions be tween  part icles .  For  s imple mol ten  salt  solu- 
tions wi th  a common anion, such as the  AgC1-RbC1- 
NaC1 system, the  s imple r egu la r  solut ion approach 
takes  the ma jo r  contr ibut ion  to the energy  of mix ing  
to be due to second-neares t  neighbor  ca t ion-ca t ion  
pa i rwise  interact ions.  For  instance, in this  theory  (9), 
b~  is given by  

b23 : I/2 (2E23 -- E2~ -- Es3) [21] 

where  E23, E22, and E33 are  the  energies  of 2-3, 2-2, and 
3-3 second-neares t  ne ighbor  ca t ion-ca t ion  "bonds," 
respect ively .  

F rom Eq. [20], the  pa r t i a l  free energy of mix ing  of 
component  1 m a y  be calculated,  and is given by  

AGEI : y2(1 --  t)b12 -]- y2tbzl -- y2t(1 --  t)b23 [22] 

which  m a y  be w r i t t e n  as 

(A-GEl/y2) = y - 2 [  (1 --  t)AG'-~El(12) 

-~- tAGEl(13)] -- AGE23 [23] 

where  AGE~(,2~ and AGEI(13) a re  values  of AGe1 in the  
1-2 and 1-3 binar ies  at  the  pa r t i cu la r  va lue  of y in 
question, and AGe23 is the  in tegra l  excess free energy 
of mix ing  in the  2-3 b i n a r y  at  the end of the  line Of 
constant  t in question. That  is, in Fig. 12, AGE1/y 2 at 
point  P is given by  tak ing  a l inear  var ia t ion  in AGe1 
between points  a and b, and then subt rac t ing  the  in-  
t egra l  excess free energy  of mix ing  at  point  c in the  
2-3 binary.  Equat ion [23] was first der ived  in the form 
given here  by  Alcock and Richardson (10), who had 

Cs).  F r o m  the plots  for the AgC1-CsC1-NaC1 system, it 
is seen that  behav ior  ve ry  s imi lar  to that  observed in 
Fig. 4 is exhibi ted.  Fo r  the  AgC1-KC1-NaCI system, 
there  is perhaps  some evidence of posit ive deviat ions 
f rom addi t iv i ty ,  a l though these deviat ions are cer-  
t a in ly  much  less than  in the  o ther  two systems. 

In  Fig. 4 is a plot  of AGEA~C]/y 2 for the AgC1-KC1 
b ina ry  sys tem (1). The shape of the curve  for this  rea l  
b ina ry  sys tem is much different  f rom the shape of the 
curve for the  quas i -b ina ry  sys tem where  t = 0.25, even 
though the values  of AGEAgCl are  s imi lar  in magni tude  
in the  two cases. 

In  Fig. 6, i t  may  be seen tha t  AHA~cl/y ~ exhibi ts  
nea r ly  addi t ive  behavior  wi th in  expe r imen ta l  e r ror  

-/ I I  

2(RbCI) AG~3 

I(AgGI) 

3 (NoCI) 

Fig. 12. Ternary relationships in Eq. [23] 
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much success wi th  the  equat ion in predic t ing  the  p rop-  
ert ies of l iquid a l loy systems di lute  in component  1. 

In most cases, the pa rame te r s  512, b23, and b~l wi l l  
not be independent  of concentra t ion even in the  b ina ry  
systems. For  instance, the  present  expe r imen ta l  r e -  
sults show that  512 and b31 in the  AgC1-RbC1 and AgC1- 
NaCl b ina ry  systems are  not  independent  of concent ra-  
tion. Nevertheless ,  the geometr ica l  re la t ionship  of Eq. 
[23] might  s t i l l  r easonably  be expected  to be a fa i r ly  
good approximat ion .  

In the RbC1-NaC1 b ina ry  system, AGE23 ---- 
--632XNaClXRbcl (1). In  Fig. 4, then, Eq. [23] predic ts  
a constant  posi t ive devia t ion  f rom add i t iv i ty  at  t ---- 0.5 
of about  +158 cal. This devia t ion  should be indepen-  
dent  of XAgCl. No such constant  devia t ion  is seen in 
Fig. 4. In  the  solutions di lute  in AgC1, where  Eq. [23] 
should be expected to hold best  (10), nea r ly  per fec t ly  
addi t ive  behavior  is observed,  as if the  final t e rm  in 
Eq. [23] were  not  present .  As the  concentra t ion of 
AgC1 is increased,  posi t ive devia t ions  from addi t iv i ty  
a re  observed,  and  these r ap id ly  become much grea te r  
than 158 cal. 

A s imi lar  re la t ionship  to Eq. [23] should also hold 
for the quan t i ty  AHAgcl/y 2. In the RbC1-NaC1 b ina ry  
system at XRbCI : XNaC1 : 0.5, hH2~ is about  --200 cal 
(2), and the  model  thus predicts  a constant  posit ive 
devia t ion  f rom addi t iv i ty  of +200 cal at  t ---: 0.5. Once 
more, as m a y  be seen in Fig. 6, this behavior  is not 
observed.  With in  the  exper imen ta l  e r ror  limits,  ac tu-  
ally,  it would  seem that  the  system exhibi ts  nea r ly  
addi t ive  behav ior  everywhere .  

So it is seen tha t  Eq. [23] does not  exp la in  the ob-  
served par t i a l  p roper t ies  of AgC1. This would  indicate 
that  the regu la r  solution theory  is not appl icable  to 
the  present  system. However ,  if the pa r t i a l  proper t ies  
of RbC1 and NaC1 are  examined,  Eq. [23] does appear  
to expla in  the observat ions  qui te  well,  as wi l l  now be 
shown. 

Behavior of partial properties of RbCl and NaCl.-- 
In Fig. 13 are  plots  of (A-GERbcl/(1 -- XRbC])2) VS. the 
p a r a m e t e r  XAgC]/(XNacl + XA~C]) at constant  values  of 
XRbCl. The pa rame te r  XAgcl/ (XN,c, + XAgcO assumes 
constant  values  along l ines radia t ing  f rom the "2-cor-  
ner"  of the composit ion tr iangle.  I t  is seen that  nega-  
t ive devia t ions  f rom add i t iv i ty  occur along the paths  
of constant  XRbC~. 

The Alcock-Richardson  equat ion m a y  be appl ied to 
component  2(RbC1) to give an equat ion for (~ERbCl /  
(1 --  XRbCl) 2) s imi lar  to Eq. [23]. This would  predic t  
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that  in Fig. 13, at  any  va lue  of XAgCI/(XNaC[ + XAgC1), 
there  should be constant  devia t ions  f rom addi t iv i ty ,  in-  
dependent  of XRbCl, equal  to (--AGE13), where  ~GE13 
is the in tegra l  excess free energy of mix ing  in the 1-3 
(AgC1-NaC1) b ina ry  sys tem at the  end of the line of 
constant  XAgC1/(XNaC1 + XAgC1) ratio.  Since AGE13 in 
the AgC1-NaC1 system is positive, negat ive  deviat ions 
f rom addi t iv i ty  are expected.  The actual  predic ted  
curves are  shown in Fig. 13. Agreemen t  wi th  the  ex-  
pe r imen ta l  curves is ve ry  good. 

In Fig. 14 are plots  of (AGENaC]/(1 - -  XNaC1) 2) VS. the 
pa r ame te r  XRbC;/(XAgcl + XRbCI) at  constant  values  of 
X~,acl. Posi t ive  deviat ions f rom add i t iv i ty  occur. The 
Alcock-Richardson  equat ion predic ts  that  these devi -  
at ions should be equal  to (--AGE12), where  AGE12 is 
the in tegra l  molar  excess free energy  of mix ing  in the  
1-2 (AgC1-RbC1) b i n a r y  system at the  end of the  l ine 
of constant  XRDCl/(XAgc] + XRDC]) ra t io  in question. 
The devia t ions  should be positive, since AGE12 in the 
AgC1-RbC1 sys tem is negative.  P red ic ted  curves  are  
shown in Fig. 14, and are  in ve ry  good agreement  wi th  
the expe r imen ta l  curves.  

In Fig. 15 and 16 are  plots  s imilar  to those in Fig. 13 
and 14, respect ively,  except  tha t  the  pa r t i a l  en tha lpy  
functions ra the r  than  the pa r t i a l  f ree energy functions 
are  plotted.  The curves p red ic ted  by  the  Alcock-  
Richardson equat ion are  also shown. In v iew of the  
grea te r  expe r imen ta l  er rors  in the en tha lpy  measure -  
ments, the  agreement  wi th  expe r imen t  is good. 

The expe r imen ta l  er rors  in the  excess entropies  are 
grea t  enough tha t  it  is not possible to d raw any con- 
clusions r ega rd ing  devia t ions  f rom addi t iv i ty  in plots 
AS'~ERbc1 and AS-ENaC1. 

SO, i t  m a y  be seen tha t  the s imple  considera t ions  of 
r egu la r  solution behavior  used in the  der iva t ion  of Eq. 
[23] are sufficient to expla in  the  observed par t i a l  
proper t ies  of RbC1 and NaC1 qui te  sat isfactori ly,  even 
though these same considerat ions  comple te ly  fai l  to ex-  
p la in  the pa r t i a l  p roper t ies  of AgC1. This is evidence 
that  the bonding of AgC1 in these solutions is of differ-  
ent  charac te r  than  that  of the  a lka l i  chlorides. Evi -  
dence f rom measurements  on the b ina ry  systems that  
s i lver -ch lor ine  bonds have a pa r t i a l l y  covalent  na tu re  
has been presented  prev ious ly  (1). 

The advantages  of examin ing  the par t ia l  proper t ies  
of a l l  the  components  when s tudying  a t e r n a r y  sys-  
tem can be seen. 
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At high di lut ions in the  RbC1-NaC1 binary ,  i t  has 
been shown tha t  AGEAgCl ---- RT In 7AgCl var ies  a lmost  
l inear ly  wi th  t (TAgCl ---- ac t iv i ty  coefficient of AgC1). I t  
may  be noted, however ,  tha t  a corresponding plot  of 
7AgC* VS. t exhibi ts  negat ive  devia t ions  f rom l inear i ty .  
AgC1 is more  s table  (TAgCl is lower) ,  in di lute  solut ion 
in RbCI than  in NaC1. Because 7AsCl exhibi ts  negat ive  
devia t ions  f rom l inea r i ty  wi th  t, AgC1 dissolved, say, 

AgC1-RbC1-NaC1  S Y S T E M  1315 

in an equimolar  mix tu re  of RbC1 and NaC1 wil l  have  
an act iv i ty  closer to tha t  which  it would  have in pure  
RbC1. For  any  solute dissolved in a m ix tu r e  of two 
solvents  in which  (RT In " ) ' s o l u t e )  var ies  app rox ima te ly  
l inear ly  as t (where  t is the  mola r  ra t io  of the  two 
solvents) ,  " ) ' s o l u t e  wil l  show negat ive  devia t ions  from 
l inear i ty .  The grea te r  the  difference in  the  values  of 
7solute in the  two ind iv idua l  solvents, the  grea te r  wi l l  
be the  deviat ions.  Therefore ,  if the solute were  not  
pa r t i cu l a r ly  s table  in solvent  A, but  were  qui te  s table 
in solvent  B, the addi t ion  of a r e l a t i ve ly  smal l  amount  
of B to a solut ion of the solute in A would  have  a 
ve ry  large  s tabi l iz ing effect. 
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NOMENCLATURE 
Xi Mole fraction of component { 
y (1 - -  X l )  : ( 1  - -  X A g C I )  
$ X3/(X2 ~- X3) = XNaCI/(XRbcI "I- XNaCI) 
f~ Some excess pa r t i a l  mola r  p r o p e r t y  of m ix -  

ing of component  i 
f Some excess in tegra l  molar  p rope r ty  of 

mix ing  
ai~ Coefficients in power  series expans ion  of fl 
b ik Coefficients in power  series expansion of 52 
cik Coefficients in power  series expansion of f~ 
r Coefficients in power  series expans ion  of f 
E Cell  po ten t ia l  (mV) 
E ~ S t a n d a r d  cell  po ten t ia l  (wi th  pu re  AgC1 

e lec t ro ly te)  (mV) 
T Tempera tu re  (~ 
~G~i Pa r t i a l  molar  excess free energy  of mix ing  

of component  i ( ca l /mole )  
• Pa r t i a l  mola r  en tha lpy  of mix ing  of com- 

ponent  i ( ca l /mole )  
~ S ~  Par t i a l  molar  excess en t ropy  of mix ing  of 

component  i (cal /~ K -mo le )  
~G E In tegra l  molar  excess free energy  of m i x -  

ing (ca l /mole )  
~H In tegra l  molar  en tha lpy  of mix ing  (ca l /  

mole)  
aS  ~ In tegra l  molar  excess en t ropy  of mix ing  

( ca l /~  
b12, b31, b23 " In terac t ion  pa ramete r s "  (ca l /mole)  

Manuscr ip t  submi t ted  Sept.  14, 1970; rev ised  m a n u -  
scr ipt  received March 16, 1971. 

A n y  discussion of this paper  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the June  1972 JOURNAL. 
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ABSTRACT 

The effect of competit ion with water  on electrode kinetics as well  as the 
kinetics of chemical reactions catalyzed by metals  in solution has been 
determined theoretically. The model of Bockris, Devanathan,  and Muller was 
taken into account and shown to play a considerable role for large molecules 
and for potentials far removed from the potential  of zero charge. 

The importance of adsorbed intermediates  (e.g., hy-  
drogen atoms or OH radical) in the mechanism of 
electrode reactions has been recognized early in  the 
development  of mechanistic studies of electrode k ine t -  
ics (1). Detailed discussions of the Tafel slopes which 
should be obtained under  l imit ingly low or l imit ingly 
high values of the fractional surface coverage, where 
the Langmui r  adsorption isotherm is applicable, are 
available (2-4). The case of in termediate  values of the 
coverage on a heterogeneous surface, where the Tern- 
kin or F r u m k i n  isotherm is applicable has also been 
worked out in detail for various reactions (5, 6). 

Butler  (7, 8) considered the role of the energy of 
adsorbed water  molecules as impor tant  in the adsorp- 
t ion process. Replacement  of adsorbed w a t e r  on solid 
electrodes was treated by Barradas and Conway (9). 
Mott and Wat ts -Toben (10) introduced a model for 
the potential  dependent  orientat ion of water  molecules 
which has been recently applied by Bockris, Devana-  
than, and Muller (11) and Muller  (12) for the der iva-  
t ion of an isotherm. Thus, it is now realized that  ad- 
sorption from solution onto the surface of an electrode 
is a replacement  reaction, the energetics of which 
depend main ly  on the difference between the energy 
of adsorption of the adsorbent  and the energy of de- 
sorption of an appropriate number  of water  molecules 
(13). The potential  dependence of adsorption of neu-  
tral  organic molecules has been interpreted a l te rna-  
t ively as being due to the change of energy of the 
double layer  capacitor (14-16) and as due to the de- 
pendence of energy of adsorption of water  molecules 
on the field across the meta l / solut ion interface (11, 
13). More recent ly  it was shown (18) that  this type 
of effect should be taken into considerat ion when  dis- 
cussing the charge- t ransfer  adsorption of organic spe- 
cies. Changing the potent ial  has two effects in this 
case: Equi l ib r ium is shifted toward a higher degree 
of adsorption due to charge transfer,  while competition 
wi th  adsorbed water  tends to decrease the extent  of 
adsorption. In  a s tudy of the anodic oxidation of 
hydrazine on gold electrodes (19) this effect was also 
taken into account to explain the observed Tafel slope, 
which deviated markedly  from any simple mult iple  of 
(2.3 RT/F). 

In  the present  paper the value of the Tafel slope has 
been calculated for a number  of commonly occurring 
mechanisms. Competit ion between adsorbed in ter -  
mediates and water  molecules for sites on the surface 
affects the kinetics of the reaction in two ways. On 
the one hand the degree of coverage by adsorbed in-  
termediates and its rate of change with potentials 

* Electrochemical Society Active Member. 
Key words: adsorption, electrode kinetic, water competition. 

do/d(a~) is altered, and has been  shown previously 
(18). On the other hand the specific rate constant  for 
the ra te -de te rmin ing  step (rds) is affected, increasing 
in the case of a desorption step and decreasing in t.he 
case of an adsorption step. The relationship between 
the dependence of the apparent  s tandard free energy 
of adsorption and the apparent  s tandard free energy 
of activation on potential  (i.e., between the depen-  
dence of the equi l ibr ium constant  and the specific rate 
constant  on potential)  is s imilar  to that  calculated for 
the dependence of the same quanti t ies  on coverage 
under  Temkin  conditions, as discussed elsewhere (5, 6). 

The isotherm of Bockris, Devanathan,  and Muller  
(11) has been employed. This was criticized recent ly 
by Damaskin (16) for not taking into account the con- 
t r ibut ion due to the change of energy of the double 
layer  capacitor, as proposed by F r u m k i n  (14). How- 
ever, it was shown recent ly by Gileadi (20) that  this 
is a re la t ively  small  contribution, which does not 
exceed ca. 10% in most cases of practical interest. 
Thus, including this correction does not al ter  the re- 
sults presented below quali tatively.  

Calculation of Tafel Slopes 
The bromine evolution reaction.--General considera- 

tions.--A simple anodic process, the bromine evolution 
reaction has been chosen to exemplify the method of 
derivat ion of Tafel slope. This reaction takes place in 
two steps. The ini t ial  charge t ransfer  

kl 
Br- .~ Brads -}- e [i] 

k -  1 

followed by a surface recombination of two adsorbed 
atoms 

k2 
2Brads --> Br2 [2] 

or by further charge transfer according to the equation 

k3 
Brads ~- Br-  --> Br2 § e [3] 

Surface recombination rds.--If the surface recombina- 
tion step (Eq. [2]) is assumed rate determining, with 
the preceding charge transfer step at quasi-equilib- 
rium, the rate equation at limitingly low coverage is 
commonly written as 

i : nF/~202 ~ nFk2 K12CBr 2 -- exp (2h~F/RT) [4] 

giving rise to a Tafel slope of b ~- 2.3RT/2F. 
The dependence of adsorption on potent ial  at high 

values of the field is obtained from the equations de- 
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r ived by Bockris et al. (12) as a variat ion of the equi-  
l ibr ium constant  K1, with potent ial  (18). 

K , _ K l , o e x p _  ( m ~  ~ ( a ~ F )  / [5] 

where ra is the n u m b e r  of water  molecules replaced 
by each molecule of adsorbed intermediate,  ~ is the 
dipole moment  of water, eo is the electronic charge, 
and v is the thickness of the compact part  of the~ double 
layer, taken in this case to be equal to the diameter  of 
a water  molecule on the surface. The minus  sign in 
the exponent  arises from the assumpt ion  that  the 
anodic oxidation takes place at a high positive rat ional  
potential,  i.e., far anodic to the potential  of zero charge, 
where  the competit ion with water  causes a decrease in 
fract ional  coverage with increasing potential.  

Equat ion [5] may also be wr i t ten  in the form 

aG ~ = aG~ + A c F  [6] 

Where AG ~ is the apparent  s tandard free energy for 
the adsorption equi l ibr ium and AG~ is its value at 
a~ = 0. It  was shown both exper imenta l ly  and theo- 
retically (20, 21) that  the change in apparent  s tandard 
free energy of activation (22) for a given reaction is 
p ropor t iona l  to the change in  the apparent  s tandard 
free energy of the reaction. Thus 

where ~ is a symmetry  factor the value of which is 
commonly taken to be near  0.5, and AG~ and AG~ 
are the apparent  s tandard free energies of activation at 
some potential  a~ and at h~ = 0, respectively. Equation 
[7] has a negat ive sign because the energy of ac- 
t ivat ion for the desorption process (Eq. [2]) is de- 
creased with increasing potential.  

From Eq. [7] one has for the rate constant  k2 the ex- 
pression 

k2 = k2,o exp 2~ [8] 
ear ~ / 

where the factor 2 has been introduced because two 
adsorbed species are desorbed in each act of the rate-  
de termining step. Using the values of Kz and k2 in Eq. 
[4] one has 

i =KIC2Br-exp \ - ~ - ~ l  exp-- ( ~ov ) \---~-- ) 

exp ~ R T  

_ _  

RT eov 

The numerical  values to be used in Eq. [9] are: 
= 1.8 x 10 -18 esu; eo ---- 4.8 x 10 -10 esu; v = 2.7 x 10 -8 

cm, and ~ = 0.5. With these, Eq. [9] becomes 

i = K1CBr - exp (2A~F/RT) (1 -- 0.07m) [10] 

The Tafel slope will  depend on the size and mode of 
adsorption of the in termediate  species, which deter-  
mines the number  of water  molecules replaced from 
the surface. For  the case of bromine discussed here a 
value of m = 2 would seem reasonable, giving rise at 
room temperature  to 

b = (2.3RT/2F) (1 -- 0.07m)-1 = 35 mV 

to be compared to a value of 30 mV obtained for the 
same mechanism, neglecting the effect of competit ion 
with water. 

In  the other extreme case, when  0 approaches unity,  
the rate equation is commonly wr i t ten  as 

i : nFk2 [11] 
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Table I. Values of the Tafel slope (in mV) calculated for different 
mechanisms in the bromine evolution reaction 

M e c h a n i s m  
0 < < 1  0 . 2 < 0 < 0 . 8  0 --', 1 

m = O  m = 2  m = O  m ~ - 2  m . ~ O  m = 2  

rds 
2 BL.~j ~ Br.- 30 35 60 60 ~ 214 

B r - ~ - ~ [ ~  + e 

- ~  rds  
+ Br------~ Br2 + e 40 42 60 64 120 93 

r d s  [ ~  
B r -  ----~ + e 

~ ]  + ~ - ) B r 2  120 167 . . . .  

which leads to a l imit ing current  behavior. 1 If the de- 
pendence of k2 on potential  according to Eq. [8] is 
taken into account one finds, however 

i = Kl  exp m~ ( 2~Aq)F ) - -  -"- K 1 exp 0.14m (A~F/RT)  
eov RT 

[12] 
yielding a Tafel slope of 

b = (2.3RT/F)/O.14m = 214 mV 

At intermediate  values of the coverage, assuming the 
F r u m k i n  isotherm (23) to prevail, the rate equation 
will  be wri t ten  in the form (5, 6) 

i = nFKlO 2 exp (2~mro/RT) [13] 2 

and the equi l ibr ium in step [1] can be represented by 
the isotherm 

o ( m r o ~  A~F 
1 -- 0 exp \ ' - ~ - /  = K1CBr- exp ~ R T  [14] 

in which the pre-exponent ia l  term in  0 may  be ne-  
glected in comparison wi th  the exponent ial  te rm 
(Temkin 's  approximat ion) .  Thus from Eq. [14] one has 

ro A~F 
e x p ~  = Kzl/mCsr -1/m exp ~ [15] 

R T  taro 

combining Eq. [15] and [13], and introducing the po- 
tent ia l  dependence of K1 and k2 from Eq. [5] and [8], 
respectively, one has 

i : K 1 C 2 B r  - exp (A~F/2[3RT) [16] 

yielding a Tafel slope of 

b = 2.3RT/2~F = 60 mV 

It is thus found that  for this mechanism unde r  Tem- 
kin conditions the calculated Tafel  slope is not affected 
by taking into account the competit ion with water. 
This, however, is not always the case under  Temkin  
conditions, as shown in Table I. 

Ion-atom step rate determining.- - I t  will  now be as- 
sumed that  reaction [3] is rate determining,  with reac- 
tion [1] s t i l l  at quasi-equi l ibr ium.  The rate equation 
can be wr i t ten  under  Langmui r  conditions, in the 
form 

i : n F k 3 C B r - O  exp flAC, F / R T  [17] 

and the rate constant  will  depend on potent ial  accord- 
ing to the equation 

k8 = k3,o exp (O.14[3mA~F/RT) [18] 

i T h i s  is  ca l l ed  t h e  r e a c t i o n  l i m i t e d  c u r r e n t ,  to  d i s t i n g u i s h  i t  f r o m  
t h e  d i f f u s i o n  l i m i t e d  c u r r e n t  o b s e r v e d  w h e n  t h e  o v e r - a l l  r e a c t i o n  
r a t e  is  c o n t r o l l e d  b y  t h e  r a t e  of  m a s s  t r a n s p o r t  of  r e a c t i o n s  to th e  
su r f ace .  

2 T h e  p a r a m e t e r  r in  th i s  p a p e r  is  de f ined  in  a s l i g h t l y  d i f f e r e n t  
m a n n e r  t n a n  in  p r e v i o u s  p u b l i c a t i o n s  (5, 6). I t  is t h e  r a t e  of  c h a n g e  
of  t h e  a p p a r e n t  s t a n d a r d  f r e e  e n e r g y  of  a d s o r p t i o n  w i t h  c o v e r a g e  
p e r  m o l e  of  a d s o r p t i o n  s i tes .  T h e  p r o d u c t  m r  is  t h e  s a m e  p a r a m e t e r  
p e r  m o l e  of  a d s o r b e d  spec ies .  
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Subst i tut ing 0 for low coverage conditions as in Eq. 
[4] and taking into account the variat ion of k3 and of 
K1 with potential  (Eq. [18] and [5], respectively),  the 
rate equation becomes 

i : K1C2Br-  exp [0.14tim + (1 -- 0.14m) ~- # ] A c F / R T  

= K1C~Br- exp [1 + # -- 0.14m(1 -- #)]ACF/RT [19] 

which gives rise to a Tafel slope of 

b = ( 2 . 3 R T / F ) / ( 1 . 5  --  0.07m) = 42 mV 

to be compared with a value of 40 mV obtained for the 
same mechanism when the effect of competit ion with 
water  is not taken into account. 

Considering the same mechanism for l imit ing high 
coverage (8 -~ 1). The rate equation is obtained by 
combining [17] and [18] 

~ A ~ F  
i -- K I exp ~ [1 ~ 0.14m] [20] 

The resul t ing Tafel slope is 

b = (2.3 X 2 R T / F ) / ( 1  -~ 0.14m) -- 93 mV 

to be compared with a slope of 0.12V obtained when m 
is put  equal  to zero. 

In  the in termediate  coverage range, under  Temkin  
conditions, the rate  equation wil l  take the form 

i = nFk~OCBr- exp ( ~ m n O / R T )  exp ( ~ A ~ F / R T )  [21] 

The exponent ial  term in  0 is substi tuted from Eq. [15] 
and the potential  dependence of K1 and k3 from Eq. 
[5] and [18], respectively, to give 

i = K1CBr-I+~ e x p ~  [0.14fire ~ ~ + (fi -- 0.14m)] 

AcF 
= K1CBr -1+~ e x p ~  [2~ -- 0.14m(1 -- ~)] [22] 

hence 
b = ( 2 . 3 R T / F ) / ( 1  - -  0.07m) = 64mV 

as compared to 60 mV for m = 0. 

In i t i a l  d i s charge  ra te  d e t e r m i n i n g . - - C o n s i d e r  now the 
case where the init ial  discharge step (Eq. [1]) is rate 
determining.  The rate equation 

i : n F k l C B r - ( 1  -- 0) exp ( ~ A ~ F / R T )  [23] 

The rate constant in this case decreases with increasing 
anodic potential  because it relates to an adsorption 
process, thus 

k l = k l , o e x p - -  ( e - ~ v ) ( ~ T  F ) [24] 

Only the low coverage case needs to be considered 
when formation of the intermediate  is the rds. Thus 

i = nFk l . oCBr -  exp ( f lAi~F/RT) (I -- m~/eov)  [25] 

and hence 

b = 2 ( 2 . 3 R T / F ) / ( 1  --  0.14m) = 167 mV 

compared to 0.12V for m -- 0. 
It is interest ing to note that  this model can, for 

the first time, predict Tafel slopes that  are higher than 
2 x 2 . 3 R T / F  for a simple mechanism. 

Table I summarizes the Tafel slopes obtainable for 
various mechanisms of the bromine evolution reaction 
assuming m = 2. The usual  Tafel slopes calculated 
when  the effect of change of free energy of adsorption 
due to competition with water  is not taken into account 
(m = 0) are given for comparison. 

Elec t roorgan i c  r e a c t i o n s . - - F r o m  the discussion above 
it can be seen that the effect of change of apparent  
s tandard  free energy of adsorption with potent ial  on 
the Tafel slope increases with the size of the molecule 
or the number  of sites it occupies on the surface. Thus, 
it would seem most appropriate to apply the above con- 
siderations to the interpreta t ion of kinetic parameters  
observed in the s tudy of electrode reactions of organic 
compounds. In  Table II a number  of typical mecha- 
nisms for the stepwise anodic oxidation of an organic 
compound is shown with the corresponding Tafel 
slopes for low, intermediate,  and high coverage. The 
numbers  of water  molecules replaced by the substrate, 
the first and the second in termediate  are denoted m, l, 
and p, respectively. The method of derivat ion of these 
Tafel slopes is s imilar  to that  shown above for the 
bromine evolution reaction, and will  not be reproduced 
here. The choice of mechanisms is somewhat arbi t rary  
and Table II is main ly  intended to i l lustrate the type of 
results which may be expected under  somewhat more 
complex situations than the bromine evolution reac- 
tion. The usual  Tafel slope can be obtained in each case 
by setting m, l, and p equal to zero. 

Table II. Tafel  slope derived for different typical organic oxidation 
reactions at  an electrode 

b/(2.3RT/F) 
Mechanism 0 <=< 1 0.2 ~ 0 ~ 0.8 #-> 1 

I. A~.~ + mH20 

~ r_~ds~ + (m--/)H~O oo 

A .~ ~ + mH~O 

~r_~ds~ + H+ + e + (~7~--/)H~O 2 

_ + (m Z)HsO 

A~.~ + H+ + e + mH20 

~ r_~ds~ + H+ + e + (m--I)H20 

A~-~V~ + H+ + e + mH20 

=~ + H + + �9 + (m-- /)H20 

11. 

III. 

IV .  

V. 

[0.07(m + ~)]-; 

211-0.14(m + t)]-; 

[1-0.07(m + /)]-1 

[1.5-0.07(m + I)]-~ 

[2-(Z07([ + p)]-I 

[0.07(m- D] -1 

211 + 0.14(m - I)]-] 

[O'.07(m -- l) ]-i 

211 + 0.14(m -- I ) ] - ;  

[O.07(t -- p) ]-1 
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Discussion 
Scope and applicability of the method.--The theory 

for the calculation of Tafel slopes presented above 
applies to an anodic reaction taking place at poten- 
tials for anodic to the potential  of max imum adsorption 
or for a cathodic process taking place at potentials for 
cathodic to the potential  of max imum adsorption. In 
an inverse case, i.e., a reduct ion taking place at very 
positive potentials or vice versa, the effect of competi-  
t ion with water  will be just  the opposite. The values 
of the Tafel slope can be calculated in this case in a 
straightforward manne r  following the derivations 
given above with a change in sign in the exponent ial  
dependence of the equi l ibr ium constants and specific 
rate constants on potential. These equations will there-  
fore not be derived here. 

The competit ion with water  affects the calculated 
value of the parameter  b to a lesser degree if the re- 
action considered is taking place at potentials in the 
vicini ty of the potential  of max imum adsorption. The 
Tafel lines in this region are expected to be nonlinear ,  
changing from the value derived when the competit ion 
with water  is neglected to the values obtained in Table 
I and II. 

Quasi Tafel relationship in heterogeneous catalysis in 
solution.--The first mechanism presented in  Table II is 
of some special interest, since the reaction rate is po- 
tent ial  dependent  although no charge t ransfer  occurs. 
A quasi Tafel slope can be defined in this case as b - 
0 ( ~ ) / 0  log r, where r is the rate of the chemical re-  
action. Thus, chemical reactions catalyzed in solution 
by metals can be controlled by controll ing the potential  
of the catalyst. The rate may be expected to depend 
strongly on potential  at low values of the fractional 
surface coverage; it will  be independent  of potential  at 
in termediate  values of the coverage (under  Temkin  
condit ions);  and it will  depend somewhat on potential  
again at full coverage. Thus, changing the potential  
may serve as a convenient  means of start ing up or 
stopping a chemical reaction which occurs on the sur-  
face of an electronically conducting catalyst in solu- 
tion. 

Conclusions 
The adsorption of intermediates formed in electrode 

processes is controlled on the one hand  by the charge 
transfer  process and on the other hand by competit ion 
with water. A new isotherm which takes into account 
both effects has been developed elsewhere (18). It is 
used here to calculate Tafel slopes for a number  of 
typical  mechanisms, par t icular ly  re levant  to electrode 
reactions of organic compounds which replace a large 
number  of water  molecules from the surface per re- 
actant molecule adsorbed. The Tafel slopes calculated 
are seen to depart  markedly  from simple mult iples of 
2.3RT/F. In  part icular  a value of b ~ 2 x 2.3RT/F is 
calculated when a first charge- t ransfer  adsorption step 
is rate determining.  

These considerations probably  do not apply to the 
hydrogen and the oxygen evolution reactions because 

in these cases the reactant  (i.e., HsO +, HuO, or O H - )  
does not have to replace water  molecules from the sur-  
face. 

The rate of pure ly  chemical reactions catalyzed by 
metals in solution can be controlled by setting the po- 
tent ial  with respect to an appropriate reference elec- 
trode in the same solution. 
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Electrode Studies in Nonaqueous Solvents 
II. Anion Effect on the Kinetics of Li/Li § in Propylene Carbonate 

Stuart G. Meibuhr* 

Electrochemistry Department, Research Laboratories, General Motors Corporation, Warren, Michigan 48090 

A number  of different  electrolytes are  being used in 
l i thium organic electrolyte  batteries. These include 
propylene carbonate  (PC) (or mix tures  containing it) ,  
as the organic solvent and a solute containing as anion 
ei ther  C104-, A1C14-, or P F 6 -  (1). 

The electrochemical  kinetics of a smooth l i thium 
electrode in PC solutions of ei ther  LiA1C14, LiPF6, or 
LiBF4 at t empera tures  up to 60~ are  reported here. 
Two types of exper iments  were  performed.  The l i th-  
ium reference electrode in LiA1C14-PC solutions was 
evaluated by measur ing the potential  of a L i /L i  + con- 
centrat ion cell at ambient  tempera ture ;  and the L i / L i  + 
electrode kinetics were  studied by analyzing the anodic 
and cathodic polarization of Li electrodes. 

Experimental 
The PC solvent  was vacuum distil led as described 

before (2) and contained < 20 ppm H20. The solutes 
were  used as they were  obtained wi thout  fur ther  at-  
tempt  to pur i fy  or dry them. The LiA1C14 was obtained 
on special order  from Li th ium Corporation of America  
in a 14 lb lot. The e lemental  analysis provided  by the 
manufac tu re r  was 1.02, 0.97, and 0.86% theoret ical  for 
the Li, A1, and C1, respectively.  The LiPF6 obtained 
f rom K & K Laboratories  and Agri-Chemicals ,  Inc., 
was ex t r eme ly  hygroscopic. The LiBF4 was from the 
Research Inorganic Chemical  Corporation. Solutions of 
1M were prepared by weighing in a dry box sufficient 
solute to add to 100 ml  of PC. The LiPFr solution, af ter  
having been stored over  Li for several  weeks, con- 
tained 60 ppm water.  The wate r  content  in the A1C14- 
solution could not be determined by the Kar l  Fischer  
method;  however ,  because of the s imilar i ty  of the io 
value and its behavior  wi th  immersion t ime for both 
A1C14- and C104- solutions, it wil l  be assumed that  
the wate r  content  of 1M LiA1CI4 was the same as in 
1M LiC104--about  20 ppm. The llVf LiBF4 solution con- 
tained 180 ppm water.  Less concentrated solutions 
were  prepared by dilution and contained less water  
than the more concentrated 1M solutions. Details re-  
garding the solutions, electrode preparation,  and equip-  
ment  have  a l ready been given (3). 

The exper imenta l  procedure  was s imilar  to that  de- 
scribed previous ly  (3), except  that  the polarization 
measurements  were  made within  1-2 rain af ter  the 
polished electrode was immersed into the solution. The 
solution resistance measurements  were  made in the 
previously described way but at the conclusion of the 
polarization run  instead of before the run  as was done 
in the ear l ier  work  (3). The exchange current  densities 
were  calculated with a computer  program from the 
equation 

io = IRT/TI IR_freeF 
where  

1]IR-free : E e x p t l  - -  Eoc  ~ IR 

Under  all  exper imenta l  conditions wi th  all solutions, 
the C.D.-polarization plots were  linear. In the several  

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
K e y  w o r d s :  l i t h i u m  e lec t rode ,  n o n a q u e o u s  cells, p r o p y l e n e  car-  

bonate .  

instances when  cathodic data were  taken, the polar iza-  
tion plot agreed wi th  the anodic plot wi th in  5%. Dupl i -  
cate anodic runs on f reshly  repolished electrodes pro-  
duced slopes that  were  wi thin  10% of each other. 

The value for the IR drop var ied  from 10-50% of 
ei ther  the measured vol tage or the polarization value. 
For examp!e, in 0.5 LiA1C14, a value  for the IR drop 
was 1.6 mV whereas  the measured vol tage and the 
polarization was 4.75 and 3.0 mV, respectively,  at 55 
~A/cm 2. In the PF6-  and BF4-  solutions, the IR drop 
was regular ly  only 10% of the measured voltage and 
about 50% of the polarizat ion value. 

The potential  of the concentrat ion cell 

Li/LiAICI4 -- PC/LiAICI~ -- P C / L i  

Cl C2 

was measured for values of cl = 1.0 and 0.hM and c~ 
: 1.0, 0.5, 0.25, and 0.1M. Included in the measured  
emf was an unknown junct ion potential  which was 
est imated using the Henderson equation (4) 

Ej = RT/F  in 
~+~ + ~-~ c2 

where  k + ~ and ~-  ~ are the l imit ing ionic mobil i t ies  of 
Li + and A1C14-, respectively.  The value for ~+~ in PC 
solutions was calculated as 8.7 (3) and was repor ted  as 
7.3 (5) ; hence, in this equation, an average  va lue  of 8.0 
was used for ~.+~ The value for ~.-~ was calculated 
from 

Ao : ~+~ -4- ~.-~ 

The value for Ao in LiA1C14 solutions was de termined  
to be 32.5 at 25 ~ (6), consequently,  ~.-~ is 24.5. 

Results and Discussion 
Concentration cell studies.--Table I shows the mea-  

sured emf values for the cell together  wi th  the calcu-  
lated Ej values and the corrected emf values. A plot 
of the concentrat ion vs. the corrected emf values has a 
slope of 57 mV. Considering the assumptions that  were  
made in calculat ing the Ej values, the potent ia l  re -  
sponded to the changing Li + ion concentrat ion in good 
agreement  with the Nernst  equation. Thus, a solid l i th-  
ium electrode immersed  in solutions of LiA1C14 be- 
haved satisfactori ly for a reference  electrode. These 
results in A1C14- solutions agreed with  s imilar  results 
regard ing  the use of Li as a reference  electrode in 
CIO4- solutions (3, 7). Because of the Nernst ian agree-  

Table I. Concentration cell studies 

M e a s u r e d  cel l  C o r r e c t e d  
cl (M) c2 (M) p o t e n t i a l  (V) Ej  (V) emf  (V) 

1.0 1.0 0.0000 - -  0.0000 
0.5 0.5 0.0000 - -  0.0000 
LO 0.5 0.0385 0.0208 0.0177 
1.0 0.25 0.0760 0.0416 0.0344 
0.5 0.25 0.0380 0.0203 0.0172 
0.5 0.1 0.0880 0.0483 0.0397 
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Table II. The io values for different experimental conditions 

S o l u t e  concen- T emper -  io 
t ra t ion  (M) a ture  (~ (mA/em~) 

M LiA1Ch 19 0.40 
35 1.05 
46 1.49 
55 2.35 

O.5M LiA1Ch 19 0.45 
29 0.86 
45 1.65 
56 2.90 

O. IM LIAICh 19 0.37 
40 0.79 
51 1.1O 

O.05M L1AlCh 19 0.29 
41 0.40 

M LiPFe 20 0.29 
31 0.52 
46 0.53 
57 0.65 

M LiBF4 20 0.50 
48 0.72 
55 0.88 
65 0.97 

ment  for both A1CI4- and  C104- solution, it wil l  be 
assumed that  similar behavior  exists in the other two 
Li + ion containing solutions used in this study. 

Polarization s tud ies . - -The  io variat ions wi th  tem-  
perature,  Li + ion concentration,  and type of anion are 
summarized in Table II. From the results of the tem- 
perature  effect on the polarization, the enthalpy of 
act ivation at zero polarization (AHo*) was calculated 
from the plot of the log io against 1/T. These plots are 
displayed in Fig. 1 for A1C14- solutions and in Fig. 2 
for PF6-  and BF4-  solutions. The AHo* values were 9.9 
kcal /mole  for LiA1C14 concentrat ions > 0.5M; 6.4 kcal /  
mole for the 0.1M LiA1C14, and 5.1 kcal /mole for the 
0.05M LiA1C14. No such change of AHo* with Li + ion 
concentrat ion occurred wi th  the C104- solutions (3). 

The AHo* value for 1M solutions of LiPF6 and LiBF4 
was 3.5 kca l /mole ,  a value considerably lower than  
the • value for 1M solutions of LiA1C14 or LiC104. 
Two possible reasons for this s t r iking difference in  
AHo* value are: (a) the water  contents of the A1C14- 
and the C104- solutions were lower (the solutions that  
were analyzed showed lower water  and were stored 
over Li for long t imes),  or (b) f luorine-containing 
anions clearly influence the kinetics of the l i t h ium/  
l i th ium ion reaction to the extent  that  the observed 
difference in AHo* is real. 

i o (mNcm 2) 

I I I A IMILiAICI4 I 
_ x , . ~  8 0.SM 

C OHM 

, I I I I 
310 320 330 340 

(l/T) • IO 5 

Fig. I. Plot of the io values against 1/T for LiAICI4 solutions. 
Curve A, 1M; B, 0.5M; C, 0.1M; D, 0.05M. 

i o (reAl cm2) 

I I I I I 
A M LiPF 6 

i0 o - " - a . . , . , . ~  B M LiBF 4 -- 

(I/T) x 10 5 

Fig. 2. Plot of the io values against I/T. Curve A, 1M LiPFo; 
B, 1M LiBF4. 

~ o (mA/cm2) 

I I I I I -I 
IM / 

I0~ B A 

I I I 
300 310 320 330 340 

(I / T) x 105 
Fig. 3. Plot of the io values against 1/T for 1M solutions. Curve 

A, dry LiCI04; B, LiAICI4; C, LiBF4; D, LiPF6; E, wet LiCIO4 (1800 
ppm water). 

To distinguish between these two causes, the follow- 
ing exper iment  was performed. To a solution of 1M 
LiC104 (containing about 20 ppm water)  was del iber-  
ately added water  to a concentrat ion of 1800 ppm. The 
polarization runs  were repeated in  duplicate at 4 t em-  
peratures. The results (log io vs. l / T )  appear in Fig. 3 
where curve A corresponds to the dry 1M solution and 
curve E corresponds to the solution that  contains the 
water. The other plots depict other 1M solutions shown 
in Fig. 1 and 2. Indeed, the wet solution exhibited a 
AHo* value v i r tua l ly  identical  to the BF4-  and PF6-  
anion containing solutions identified as curves C and D. 
The solute LiPF6 is thermal ly  unstable,  and it etched 
the glass container  in which it was stored. This etching 
implied the presence of water. The BF4-  solution con- 
tained about 180 ppm water. These data confirm that  
the BF4-  and P F 6 -  solutions contained sufficient water  
to affect the electrode kinetics probably by  film re-  
tardat ion of the electron t ransfer  reaction (8). These 
data also suggest that  in dry  l i th ium salt solutions, the 
kinetics of the l i t h ium/ l i t h ium ion reaction may  be 
re la t ively independent  of the na ture  of the anion of 
that  salt. Hence, the selection of a specific solute (for 
a ba t te ry  operation) should depend less on electrode 
kinetics, than  on factors such as cost, ease of dry ing  
the solute, stabil i ty of the solution, and compatibi l i ty 
with other cell components.  
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Li + Ion Concentration (mole/liter) 
Fig. 4. Determination of the (l - -  ~) value from LiAICI4 solutions. 

Temperature ~ 19~ 

The t rans fe r  coefficient, ~, was ca lcula ted  ind i rec t ly  
from the slope of the  plot  8log io/Olog CLf (9). Such 
da ta  were  taken  only wi th  LiA1C14 solutions. The  da ta  
in Fig. 4 y ie lded  a value  for a of about  0.8. This va lue  
is somewhat  h igher  than  the  0.67 value  repor ted  for 
solid Li  e lectrodes in LiC104-PC solutions (3, 10), or 
the 0.75 va lue  repor ted  for Li amalgams in LiC1- 
d imethy lsu l fox ide  solutions (11). Whether  these d i f -  
ferences in value  are  real  or whe the r  the  present  va lue  
has been influenced by the presence of t race  amounts  
of wate r  in the  di lute  solutions of Li  + ion, cannot  be 
resolved.  
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On Causes of Error in Multiple Specular Reflection Studies 
B. D. Cahan, Jean Horkans,* and Ernest Yeager** 
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Recent s tudies in the l abo ra to ry  have  revea led  tha t  
subs tant ia l  e r rors  were  in t roduced in the ear l ie r  work  
(1) using mul t ip le  specular  reflection to inves t iga te  the 
go ld-e lec t ro ly te  interface.  Whi le  the  ea r l i e r  work  was 
essent ia l ly  correct  in those t rends  which are  indepen-  
dent  of wavelength ,  significant er rors  occur in the  
wave leng th  dependence  because of the large number  
of reflections used. These er rors  have been t raced to 
scat ter ing (p r ima r i l y  f rom imperfect ions  in the elec-  
t rode  surface)  and to impur i ty  wavelengths  f rom the 
monochromator .  Both sources of e r ror  may  become 
impor tan t  when  the number  of reflections is suffi- 
c ient ly  large  and can be made  negl igible  by  using a 
smal l  number  of reflections. The purpose  of this note is 
to call  a t tent ion  to these er rors  and to present  some 
corrected resul ts  for gold. 

Gold is of special in teres t  for opt ical  studies because  
of its absorpt ion  edge in the  visible. The ref lect ivi ty of 
gold is close to un i ty  in the  red  but  drops off to ~30% 
in the  blue. This edge can be used as a p robe  in s tudy-  
ing the  electronic proper t ies  of the meta l  surface (2). 

The or iginal  work  was done using mechanica l ly  pol-  
ished bu lk  gold electrodes spaced to give 19-21 reflec- 
tions. A la rge  number  of reflections was used to en-  
hance the smal l  re la t ive  change of l ight  in tens i ty  oc- 
cur r ing  at  each single reflection. Cur ren t  work  is being 
done using low numbers  of reflections (1-7) f rom elec-  

* E l e c t r o c h e m i c a l  Soc ie ty  S t u d e n t  Member .  
** E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
Key  w o r d s :  e l ec t ro re f l ec t iv i ty ,  e l e c t r o m o d u l a t i o n ,  specu la r  reflec- 

tion, gold. 

t rodes made by  evapora t ing  gold films onto smooth 
glass substrates .  1 The s tab i l i ty  and noise level  of the 
source and detect ion sys tem have been improved  to a 
point  where  a large number  of reflections is no longer  
needed to enhance the sensit ivi ty,  and in fact, a single 
reflection is genera l ly  used. 

Severa l  factors con t r ibu te  to the  total  in tens i ty  I of 
the  l ight  en te r ing  the photomul t ip l ie r  a f te r  pass ing 
between two para l l e l  e lectrodes spaced to give n reflec- 
tions. These are represen ted  as fol lows 

I ---- R(~)nlo(~. l )  + .fR()Onlo(~)d)~ 

+ SeffR(kl)mIoO~l) -}- C [1] 

where  ).1 represents  the  wave leng th  of interest ,  ~. (un-  
subscr ipted)  represents  al l  o ther  wavelengths ,  R(k)  
is the  ref lect ivi ty of the surface at  ~., and Io(~.) is the 
in tens i ty  of the incident  l ight  at  ~.. 

The first t e rm corresponds to the  final in tens i ty  af ter  
an incident  l ight  of in tens i ty  Io undergoes  n specular  
reflections, and is genera l ly  assumed to be the  only 
significant term. However ,  recent  work  in this  l abora -  
tory  has shown tha t  when a la rge  number  of reflections 
are  used, o ther  factors  can become impor tant .  The sec- 
ond te rm represents  the effects of any l ight  i m p u r i t y  
of o ther  wavelengths ,  caused chiefly b y  sca t ter ing  
wi thin  the monochromator .  The th i rd  t e rm represents  

1 The  t w o  subs t r a t e  m a t e r i a l s  u s e d  w e r e  mic roscope  s l ides  and 
s l ides  cut  f r o m  a d r a w n  shee t  of C o m i n g  7059 glass.  The  results 
were  f o u n d  to  be the  same  for  both .  
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that  fraction of the light which is scattered (ra ther  
than reflected) down the optical path between the 
electrodes such that  it enters the photomultiplier.  The 
symbol Serf designates the fraction of the incident  light 
scattered to the photomultiplier.  The scattering orig- 
inates pr imar i ly  from nonspecular  reflection caused by 
such things as scratches on the electrode surface, par-  
t iculate mat ter  that  may  be present in the solution, and 
small  surface irregularit ies.  Because of the geometry of 
the cell, l ight scattered from the entrance window un-  
dergoes essentially the same n u m b e r  of reflections as 
the direct light. The term C is included to represent  all 
other stray light which does not pass through the opto- 
electrochemical system and hence is not electromodu- 
lated. 

The scattering term is a gross oversimplification, 
since the number  of reflections undergone by the scat- 
tered light is dependent  on the scattering angle and 
where the scattering occurs. Some of the rat ionale for 
the form of this term may be seen from the following. 
Consider the scattering occurring at the jth reflection. 
Let Serf be the fraction of the light scattered so as to 
undergo k more reflections before enter ing the detec- 
tion system. Then the intensi ty  of this scattered com- 
ponent  is 

Is : [R(kl)JIo(kl) ]SeffR(ki) k 

: SerfR (k 1) mlo (k 1 ) [ 2 ] 

where m : j 4- k, and Se~f and m are to be viewed as 
effective average values and are wavelength depen-  
dent. Specific values of m can range from j to infinity, 
depending upon the angle the scattered light makes 
with the surface. The rapid a t tenuat ion of intensi ty  
with mult iple  reflection when R(kD < 1, however, re-  
sults in the lower values of m being much more heav- 
ily weighted than  large values of rm Hence the effec- 
tive average value for m would be expected to be sub- 
s tant ia l ly  smaller than n. The scattered component of 
the light will still be electromodulated through the 
dependence of R(kD on potential.  

Experimental ly,  the reflectivity is recorded while a 
t r iangular  sweep is applied to the electrode. The quan-  
t i ty ( l /R )  (OR/cgE) x is sensitive to processes occurring 
at the electrode-electrolyte interface and is related to 
the shape of the reflectivity-potential  (I vs. E) curves 
through 

I ( O R ~  1 1 8I 

with the assumption that  only the first t e rm in Eq. [1] 
is important .  If other terms in Eq. [1] are also signifi- 
cant, Eq. [3] wil l  no longer be valid. The way in  which 
these other terms will  affect the value of ( l / R )  
('ORIOE)xl will  now be examined for the case of a 
gold electrode with n ~ 19. 

Case I. High reflectivity region: ks ~ kedge 
For wavelengths in the red, where the reflectivity of 

gold is high (e.g. R ~ 0.9), the in tensi ty  of the light 
reaching the photomult ipl ier  after n reflections is still 
re lat ively large (e.g. 0.919 = 0.135) and the first term 
in Eq. [1] is general ly  predominant .  Impur i ty  wave-  
lengths and the nonelectrochemicatly modulated stray 
light (e.g. light scattered from the cell windows) 
should be negligible. A significant contribution,  how- 
ever, can be made by the scattering term, par t icular ly  
with mechanical ly polished or etched surfaces. As dis- 
cussed above, scattering results in a lowering of the 
effective number  of reflections to some value m < n. 
Thus, from Eq. [3], the value of ( l /R )  (OR/OE)x found 
by assuming n reflections based on the geometry of the 
system is too small, since n is too large. 

Case II. Low reflectivity region: ks < kedge 
For wavelengths in the blue, where the reflectivity 

is < 0.5, the quant i ty  R(kDnlo(kD is very small for 
large n (e.g. 0.5 TM ~ 10-e and 0.2519 ~ 10-12). With 

the emergent  light being of such low intensity,  the 
other terms in Eq. [1] can become significant. 

Light impurit ies from the monochromator  (caused 
chiefly by in terna l  scattering) should also be consid- 
ered. When the p r imary  wavelength is heavily a t tenu-  
ated through many  reflections, the impur i ty  wave- 
lengths can become important .  The error is worst when  
the pr imary  wavelength is in the blue, and there a r e  

impur i ty  wavelengths in the red. The observed elec- 
t romodulat ion will  be caused by a dis t r ibut ion of 
wavelengths,  and the value of ( l /R)(OR/OE)~ will  
thus be in error. 

The si tuation with respect to light scattered wi thin  
the cell is the same in the blue as in the red. However, 
the magni tude  of the effect is much larger in the blue 
due to the small  size of the first term in Eq. [1]. Scat- 
ter ing causes the exper imental  values of the quant i ty  
( l / R )  (OR/OE)~ to be too low in general. At wave-  
lengths less than the wavelength of the absorption 
edge of gold (where R becomes small) ,  the apparent  
(1/R) (OR/aE) x drops off sharply. 

When LI < kedge, e v e n  such factors as incompletely 
compensated dark current  and stray, nonelect romodu-  
lated light can become significant relat ive to the in -  
tensi ty of the specularly reflected light. In  the evalua-  
t ion of ( l / R )  (OR/aE)x with Eq. [3], the experimental  
value for the total intensi ty  I includes the background 
levels. When the background levels are small  com- 
pared to the first term in Eq. [1], the error is negligi-  
ble. When the background level is appreciable com- 
pared to the first term, as when  kl < kedge, the quant i ty  
I in the denominator  of Eq. [3] is too large, and the 
apparent  value of (1/R)(OR/OE)x rapidly becomes 
much smaller than the t rue value. 

The effects of these errors is i l lustrated in Fig. 1, 
which shows the dependence of ( l /R)(OR/OE)x on 
wavelength.  The data were obtained for an evaporated 
gold film electrode using a single reflection. The data 
obtained with ,-, 19 reflections (1) are also included 
for comparison. The differences in shape between these 
two sets of data can be explained in terms of the above 
discussion. All  of the values for ( l /R)(OR/OE)x ob- 
tained using mult iple  reflection are lower than those 
values from the single reflection data. The general  
shape of the two sets of curves is seen to differ most 
drastically at wavelengths where  the reflectivity is no 
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Fig. 1. ( l /R)  (aR/aE)x at O.2V ( ) and 1.0V 
( - ). The inset is the multiple reflection data of 
Ref. (1): A is at 0.52V, B is at 1.03V. 
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longer near  unity. In  the red the deviat ion is pr inci -  
pally a result  of a lowering of the effective n u m b e r  of 
reflections due to scattering. In the blue end of the 
spectrum even small  amounts  of light impurities,  scat- 
tering, and background light levels can become im- 
portant  when  the in tensi ty  of the reflected light is 
heavily a t tenuated through the use of a large n u m b e r  
of reflections. Thus, the invar iance  of ,the peak in 
(1/R) (OR/OE)~ with respect to potential  and the sharp 
dropoff in the blue obtained from the mult iple  reflec- 
tion work appear to be artifacts. 

Equat ion [3] can be used as a cr i ter ion for evaluat -  
ing the importance of these spurious effects in a real  
system. If the only impor tant  te rm is the first te rm in 
Eq. [1], then for n reflections the slope of the reflec- 
t iv i ty-potent ia l  curve, (1/I)(OI/OE)~, should be n 
times the slope of the curve obtained for a single re-  
flection. Exper imenta l  data obtained using 1 to 7 re-  
flections from evaporated films (2) showed that  wi thin  
exper imental  error the shape of the ( l /R)(OR/OE)~ 
curve is independent  of the number  of reflections used. 

The conclusions based on the mult iple  reflection 
work (1) need re -examina t ion  in light of the corrected 
( l /R )  (OR/OE)x data. As stated above, the peak at 550 
m~ is artifactual.  The position of the peak is actual ly 
dependent  upon the potential  at which the slope of the 
reflectivity-potential  curves is obtained. The l inear i ty  
of these curves at ,-, 550 n ~  reported in the earlier 
work (1, 2) is fortuitous. This l inear i ty  is altered by 
adsorption of either ionic or nonionic species even at 
550 m~. 

The actual  peak in ( l / R )  (OR/OE)x in Fig. 1 is much 
broader  than  that  reported earlier using mult iple  re-  

flection (1). The width of the peak casts doubt  upon the 
hypothesis that  a change in electrode potent ial  pro-  
duces a simple shift of the reflectivity curve along the 
wavelength scale as the electrode potential  is changed. 
An at tempt has been made (2) to observe this shift di- 
rectly by recording the reflectivity vs. wavelength 
curve of an electrode potentiostated at various po- 
tentials  from 0.0 to 1.4V vs. NHE. These curves were 
fitted to high order polynomials  (5th to 15th degree),  
and the position of the inflection point  wag found to be 
invar ian t  wi th in  N 6 x 10 -4 eV/V compared to t h e  
postulated shift (3) of 0.0108 eV/V. Present  indications 
are that the p r imary  effect of a change of potential  is 
a distortion of the ref lect ivi ty-wavelength curve. 
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ABSTRACT 

Submicroscopic faceting occurs when any  Cu surface is heated in H2 or 
N2, favoring, according to oxidation rate data, the (111) and (100) faces, 
respectively. The subsequent  th in  film oxidation rate in  02, 1 atm at 2O0~ is 
determined by the rearranged surface rather  than by the original or ientat ion 
of the under ly ing  single crystal. This accounts for an observed large effect of 
gaseous pre t rea tment  on oxidation of s ingle-crystal  or polycrystal l ine Cu, and 
suggests one impor tant  reason for typical  lack of agreement  between pre-  
viously reported th in  film oxidation rates of many  metals. Electropolished or 
faceted single-crystal  Cu of original  (100), (110), or (111) orientat ion 
follows the two-stage logarithmic oxidation equation. The present  data are 
in terpreted in terms of a model based on control of th in  film oxidation rates  
by t ransfer  of electrons from metal  to oxide surface. 

A review of the l i tera ture  on oxidation behavior  of 
Cu was presented by RSnnquist  and Fischmeister  (1). 
Although m a n y  papers on oxidation of Cu appear in 
the l i terature,  only a l imited number  deal with quan-  
t i ta t ive data. This is especially true of results on the 
effect of crystal  face. Fur the rmore  some of the l im- 
ited results previously reported are subject to question 
because of h igh- tempera ture  surface t rea tment  which 
may  have seriously disturbed surface s tructure and 
orientation. Results are presented herewith  in which 
such dis turbing effects are both studied and avoided, 
and which serve as a more rel iable basis for evaluat -  
ing the mechanism of th in  film oxidation kinetics. 

The h igh- tempera ture  pre t rea tment  of Cu specimens 
in He previous to oxidation studies is commonly prac-  
ticed both to anneal  specimens and to chemically re-  
duce a i r - formed oxide films. It  was shown by previous 
exper iments  (2), however, that  p re t rea tment  of this 
k ind applied to a polycrystal l ine Cu surface at 450~ 
for 30 rain can markedly  influence the subsequent  oxi- 
dation rate in  O2 at 200~ The observed effects were 
found, on fur ther  examination,  to depend on gas at-  
mosphere and on crystal  face. Nitrogen pre t rea tment  
of the (111) face increased the subsequent  thickness 
of oxide formed in O2 at 200~ (20 rain) by a factor 
of 5, whereas pre t rea tment  with H2 had no effect wi th-  
in exper imenta l  error. For  the (100) face, on the other 
hand, just  the opposite effect resulted: N2 pre t rea t -  
merit had no effect whereas H2 pre t rea tment  reduced 
the subsequent ly  formed oxide thickness by a factor 
of 4. It  was shown that  the observed effects were not 
reasonably caused by (a) surface impuri t ies  or (b) by 
hydrogen dissolved in the Cu lattice. Instead it was 
proposed that  submicroscopic faceting (not visible at 

* Elec t rochemical  Society  Ac t ive  Member .  
** Elec t rochemical  Society S tudent  Associate.  
K e y  words :  logar i thmic  oxidat ion,  single crysta l  copper,  faeet ing,  

thin film oxidation.  

1000X) occurs dur ing pre t rea tment  schedules, the 
metal  surface becoming rearranged so as to favor 
either rapidly or slowly oxidizing faces depending on 
the pre t rea tment  atmosphere. The predominant  face 
that  develops is apparent ly  that  of lowest surface en-  
ergy for the par t icular  gas adsorbed on its surface. 
Accordingly, it was concluded that  hydrogen adsorbed 
on Cu favors facets of slowly oxidizing approximate 
(111) orientation,  whereas N2 whose effect was 
ascribed to traces of oxygen in the metal  or gas, favors 
the more rapidly oxidizing approximate (100) ori-  
entation. 

Electron micrographs are now presented to show 
that  faceting does indeed take place at p re t rea tment  
temperatures.  The present  invest igat ion also carries 
out in fur ther  detail  oxidation rate studies of the 
three close-packed faces (100), (110), and (111). 
These include th in  film oxidation rates (up to 3500A 
total oxide thickness) for unt rea ted  surfaces at 175 ~ , 
200 ~ and 225~ and for surfaces pretreated under  a 
variety of temperatures  and times. 

Experimental 
Copper single crystals (purchased from Virginia 

Inst i tute  of Scientific Research) were cut f rom a 2.5 
cm diameter  boule into specimens having a thick- 
ness of about 0.6 cm. Their  final a l ignment  was checked 
by x-ray.  The specimens were mounted  so that  one 
face made contact with a spiral Nichrome wire  heater  
employing mica sheet insulat ion and  a back-up plate 
of thin 18-8 stainless steel. Tempera ture  was m e a -  
sured  by an insulated Chromel-Alumel  thermocouple 
placed in  a small  hole careful ly drilled in  the side of 
the specimen. 

Oxidation studies were carried out on the surface 
of the single crystal  opposite to the side in contact 
with the heat ing element.  Electropolishing a previously 
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meta l lograph ica l ly  pol ished surface (wi th  heat ing 
e lement  removed)  p rov ided  a surface of essent ia l ly  
uni t  roughness  factor.  The e lec t ro ly te  consisted of 
70 v /o  (volume per  cent)  of 85 w/o  (weight  per  cent)  
or thophosphor ic  acid at  0~ to which  10 g / l i t e r  of 
cupric  or thophosphate  were  added.  In i t ia l  and final 
cur ren t  densi t ies  ranged  from 0.04 to 0.02 A / c m  2, re-  
spectively,  over  a per iod of about 20 rain. The speci-  
men was then taken  out  of the  e lec t ro ly te  wi thout  
in te r rup t ing  the current ,  immersed  immed ia t e ly  in 
10 v / o  or thophosphor ic  acid, and  subsequent ly  washed  
in deaera ted  dis t i l led water .  The ac id -wa te r  r inse 
was repea ted  unt i l  all  copper  react ion products  re -  
main ing  on the  surface f rom the e lect ropol ishing oper-  
at ion were  removed;  final washing was carr ied  out in 
five consecutive bott les of dis t i l led H20 through  which 
CO2 passed continuously.  A s t ream of n i t rogen gas 
was used to d r y  the  specimens. 

The oxidat ion  runs, as descr ibed prev ious ly  (2), 
were  immed ia t e ly  car r ied  out in a spher ical  P y r e x  
vessel  measur ing  9 cm diameter .  This vessel  con- 
ta ining the specimen was fitted by  means  of a ground 
glass jo int  (omi t t ing  grease)  to a glass holder  th rough  
which  thermocouple  and heat ing cur ren t  wires  were  
connected th rough  tungsten seals. Nitrogen,  02, or  H2 
was admi t ted  to the oxida t ion  chamber  by  opening ap-  
p ropr ia te  stopcocks. Ni t rogen and H2 were  dr ied  over  
CaC12, passed over  Cu turn ings  at 400~ and then 
th rough  a l iquid N2 cold trap.  Oxygen  was only dr ied 
using CaCI=. 

Two oxida t ion  procedures  were  followed. One in-  
volved p re t rea t ing  the H~-reduced electropol ished 
specimen surface in N= or Hs before  oxidat ion  in O2 
at  1 atm. The  o ther  involved  d i rec t  oxida t ion  in O2 at 
1 a tm af ter  e lect ropol ishing and cleaning;  in this  case 
the  specimen surface was covered by  a superficial  
oxide film which developed wi th in  the  br ie f  t ime the 
specimen was exposed to a i r  at room t empera tu re  
dur ing  assembly  of the appara tus .  In  detail ,  the  p ro -  
cedure was to r ap id ly  hea t  the specimen to t empera -  
ture (2 min  to reach  200~ in purif ied flowing N2, 
then switch to 02 at 1800 m l / m i n  main ta in ing  the 
t empera tu re  manua l ly  to wi th in  _ I ~  At  the end of 
the oxidat ion  period, the  heat ing cur ren t  was tu rned  
off and the cell  f lushed wi th  purif ied N2 at  an ini t ia l  
flow ra te  of 4000 m l / m i n  which  was la te r  r educed  to 
2000 ml /min .  No vis ible  surface changes occurred 
dur ing  heat ing in N2 no ma t t e r  how long the t ime,  
indica t ing  tha t  O~ contaminat ion  was negligible.  

Ni t rogen p re t r ea tmen t  was car r ied  out by  hea t ing  
to 450~ in purif ied N2, switching to H2 at 1 atm, 
1000 m l / m i n  at  t empe ra tu r e  for 5 min  (to reduce  the  
a i r - fo rmed  oxide film), shif t ing to the  prescr ibed  
t empe ra tu r e  in H2, changing again to N2 at 1000 m l /  
rain, and holding for  a definite t ime af te r  which the 
t empera tu re  was lowered  to 200~ and  held. The cell 
was then  flushed wi th  02 at  a ra te  of 1800 m l / m i n  
and oxida t ion  a l lowed to proceed for 20 min. The cool- 
ing p rocedure  was the  same as tha t  descr ibed pre-  
v iously  for oxidat ion  runs. Hydrogen  p re t r ea tmen t  
was car r ied  out a t  specified t empera tu res  and t imes  
analogous to N2 pre t rea tment .  F lush ing  wi th  N2 at  
200~ previous  to O2 exposure,  which  was necessary 
for H= p re t r ea tmen t  in order  to avoid explosive mix -  
tures, was shown by  exper imen t  to be too low a t em-  
pe ra tu re  for occurrence of any  surface r ea r r angemen t  
subsequent  to facet ing produced b y  H2 at h igher  
tempera tures .  

Oxide thickness  was de te rmined  by  coulometr ic  
reduct ion in N2-sa tura ted  0.1N KC1 in accord wi th  
the technique descr ibed by  Campbel l  and Thomas (3). 
The oxdized specimen was a t tached by  springs to a 
small  inver ted  glass cell separa ted  by  a rubbe r  gasket  
l igh t ly  covered wi th  stopcock grease. A s i lve r - s i lve r  
chlor ide reference  e lect rode was mounted  inside the  
cell  nea r  the  specimen surface. The potent ia l  change 
of the specimen surface dur ing  reduct ion at  constant  
cur ren t  (0.2-0.8 m_A/cm 2) was fol lowed using a d -c  

amplif ier  and a char t  recorder .  F rom the t ime re -  
qui red to comple te ly  reduce  the  Cu20 film (densi ty  
= 6.0 g/cm3),  the  oxide thickness  was calculated,  
assuming a roughness  factor  of unity,  to wi th in  
__10A. Al though  the roughness  factor  was undoub t -  
edly  of ten grea te r  than unity,  the  p r i m a r y  effects of 
gaseous p re t r ea tmen t  far  overshadowed any accom- 
pany ing  effects on oxidat ion  in t roduced by  surface 
roughening.  

Electron micrographs  of the  Cu surfaces were  p re -  
pared  f rom repl icas  obta ined b y  app ly ing  a 1% Pa r lo -  
dion solution in dis t i l led n - b u t y l  acetate.  To assure 
tha t  the repl icas  reproduced  the ac tua l  p re t r ea ted  
meta l  surface and not an a i r - f o r m e d  oxide film, the 
plast ic  solut ion was appl ied  to the specimen surface 
in the p r e t r e a tme n t  cell  at  room t empera tu re  under  
a purif ied N2 a tmosphere  and then  dr ied  in flowing N2. 
The repl icas  were  shadowed wi th  Cr at  an angle  of 15 ~ 
before  pho tographing  using a Siemens e lect ron micro-  
scope. 

Results 
Oxidation rate data for the (i00), (II0), and (iii) 

faces follow the direct }ogarithmic equation y ---- kl 
log (t/z + 1) where y is oxide thickness, t is time, 
and kl and T are constants. Specifically, the three 
faces all show two-stage logarithmic behavior as 
shown in Fig. 1-3. Two-stage logarithmic behavior 
was shown previously to apply to single-crystal Cu 
by Lustman and Mehl (4), to sing]e-crystal and to 
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Fig. 1. Oxidation of electropolished (100) Cu in 02, 1 atm, at 
various temperatures (air-exposed specimens). 
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Fig. 3. Oxidation of electropolished (110) Cu in 02, 1 atm, at 
various temperatures (air-exposed specimens). 

polycrystal l ine copper by Bradley and Uhlig  (2),  and 
to polycrystal l ine Cu by Tylecoat (5), and by Mac- 
Nairn and Uhlig  (6). Two-stage  logarithmic behavior 
can also be found in thin film oxidation data reported 
for Zn (7),  Ni (8), and Fe (9).  

Values of �9 are obtained from data of Fig. i -3  by 
extrapolating y vs. log t plots to y ~ 0, emphasizing 
points for which t > >  ~. Values of z' for second-stage 
oxidation can be obtained on the basis that the fol-  
lowing relation holds: y -- L ---- kl'  log ( t /T'  + 1) 
where L is the thickness of oxide at the transition 
to second-stage kinetics. The value  z' is then the t ime 
at which y equals L. Values of kl and kl', in turn, 
are obtained by plott ing y vs. k~ log (t + z) or y vs.  
kl' log (t + T') which  are also linear as shown by a 
typical  plot of oxidation rate data for the (100) face 
at 200~ (Fig. 4) taking data from Fig. 1. Values  of 
kl or kl'  obtained in this wa y  are more precise, al-  
though not much different from corresponding values 
obtained by  the usual  plot of y vs.  log t. Values  of k~, 
k{ ,  T, and ~' as we l l  as L [obtained from y vs. log 
(t + T) plots] are listed in Table I. 

By plotting log kl  vs. 1/T,  where T is the absolute 
temperature, the activation energy of oxidation is 
obtained for each crystal face. A typical  plot is shown 
in Fig. 5. Activation energies so obtained for 1st and 
2nd stage oxidation are listed in Table I. From these 
values, it is apparent that the activation energies for 
first-stage oxidation decrease in the order of (100) > 
(110) > (111). Differences between (111) and (110) 
are small,  but it is of interest to note that the reverse 
order of oxidation rates for these two faces is obtained 
comparing actual oxide thickness at a given t ime (see 
Fig. 2 and 3; also Table II). Oxide thickness leads to 
the order of oxidation rate: (100) > (111) > (110) in 
accord with the order previously  reported by  Gwath-  
mey  and co-workers (10-12),  by Al i  and Wood (13), 
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Fig. 4. Oxidation of electropolished (100) Cu in 02, 1 atm, 
200~ plotting log (t + ~) and log (t + ~') instead of leg t. 
Data from Fig. 1. 
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Fig. 5. Log first- and second-stage reaction rate constants for 
(100) Cu plotted with reciprocal absolute temperature. 

and by Bradley and Uhlig  (2). This suggests that the 
pre-exponential  factor of the Arrhenius rate equation 
also differs with crystal face, accounting for an order 
of oxide thickness differing from the order of activa- 
tion energies. It should be noted that activation en- 
ergies for second-stage oxidation are approximately 
the same for all crystal faces. Accordingly  values  of 
k1' also do not vary greatly with crystal face. 

Oxide thickness plotted with log t ime in 02 at 200~ 
for the (100) face pretreated 30 min in H2 at 450~ is 
shown in Fig. 6. Note that the data accurately fol low 

Table I. Oxidation rate parameters 

Face  T e m p ,  ~ 
6E, c a l / m o l e  

kl (A) T (rain) k1' (A) r '  (rain) L (A) Is t  S t a g e  2rid S t a g e  

(100) 175 550 0.32 1520 13.0 100O 7800 7850 
200 910 0.34 2575 8.8 1440 
225 1300 0.25 3690 8.0 2290 

(111) 175 140 0.11 1470 15.5 350 12,800 7330 
200 270 0.19 2070 18.5 600 
225 565 0.30 3340 14.0 1080 

(110) 175 120 0.14 1330 14.0 280 11,000 7850 
200 200 0.14 1900 17.0 450 
225 410 0.33 3190 15.0 720 

(100) 200 270 O.ll 2120 17.0 700 
P r e t r e a t e d  

in H2 
( I I I )  200 850 0.15 2550 14,0 1950 

P r e t r e a t e d  
in N~ 
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Table II. Effect of H2 pretreatment at 450~ 30 rain on 
oxide thickness formed subsequently at 1 arm 02, 200~ 20 rain 

August  1971 

Crys t a l  face No p r e t r e a t m e n t ,  A* H_~ p re t r ea t ed ,  A* 

(100) 1860 ~ 59 '715 "4" dO 
(III) 580 ~-- 51 620----- 37 
(Ii0) 400 "4" 13 585 -- 25 

* A v e r a g e d  fo r  t h r ee  or f o u r  spec imens .  D e v i a t i o n s  are  m a x i m u m  
va lues .  

two-stage logarithmic kinetics and that the parameters 
of oxidation parallel  those of the slowly oxidizing 
(111) face at the same temperature (Table I) .  Simi- 
larly, the (111) face pretreated 30 rain in N2 at 450~ 
follows two-stage logarithmic kinetics paralleling that  
of the (100) face. Pretreated surfaces accurately follow 
the two-stage logarithmic equation up to and including 
a total oxide thickness of 3200A. In this connection, it 
should be noted that  similarly pretreat ing the (100) 
face in N2 or the (111) face in H2 at 450~ (Table II) 
has no effect on subsequent oxidation rates in O~ 
within experimental  error of such measurements. On 
the other hand, pretreat ing the (110) face in H2 in- 
creases the subsequent oxidation rate to that charac- 
teristic of (111) (Table II) .  Hence in accord with pre-  
vious conclusions, N2 pretreatment  produces surface 
facets favoring the (100) orientation whereas H2 p r e -  
t reatment produces surface facets favoring the (111) 
orientation. 

Electron Micrographs of Faceted Surfaces 
The appearance of facets on Cu surfaces after low- 

temperature heat t reatment in the order of 350~176 
was missed in early work by other investigators prob-  
ably because the facets are not visible under an optical 
microscope. Any observed effect of pretreatment  on 
oxidation rate was typical ly ascribed to surface im- 
purities. However, Parlodion replicas of electropolished 
(111) Cu, which show a smooth surface at 100,000X, 
show definite reproducible roughening typical of stria- 
tions or faceting after N2 pretreatment (Fig. 7). Simi- 
larly, H~-pretreated (100) Cu also shows roughening 
with formation of facets of somewhat smaller dimen- 
sions than those produced in N2-pretreated (111) (Fig. 
8). The background facets for either face have dimen- 
sions in the order of 100A; N2-pretreated (111) shows 
a superimposed formation of larger areas in the order of 
500A. Their over-al l  small dimensions account for lack 
of sharp definition at 100,000X. Important  was the ob- 
servation that surface roughening accompanying facet 
formation is reversible, depending on the adsorbed gas, 
as is shown in the micrograph of Fig. 9. Here (100) Cu 

Fig. 7. Electronmicrograph of electropollshed (111) Cu pretreated 
in N2, 1 atm, 450~ 30 min. 

Fig. 8. Electronmicrograph of electropolished (100) Cu pretreated 
in H2, I atm, 450~ 30 min. 
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Fig. 6. Oxidation in 02, 1 arm, 200~ of electropolished (111) 
Cu pretreated in N2 and of (100) Cu pretreated in H2, 450~ 30 
rain. (Initially H2-reduced surfaces, not air-exposed.) 

Fig. 9. Electronmicrograph of electropolished (100) Cu pretreated 
in H2, 1 arm, 450~ 30 rain, then in N~, 1 arm, 450~ 30 rain, 
showing reversible faceting. 

was first faceted in H2 at 450~ for 30 rain, followed 
immediately by exposure to N2 at 450~ for 30 rain. 
The first gas produced faceting as in Fig. 8, but the 
lat ter  gas favoring the original (100) face again pro-  
duced a relat ively smooth surface. The relat ively larger 
oxide crystals which form on H2-pretreated (100) Cu 
oxidized in O2, 1 atm, at 200~ for 20 rain is shown in 
Fig. I0. Electron micrographs, therefore, support the 
premise that  faceting results from gaseous pret reat -  
ment; in turn, the large effect of gaseous pretreatment  
on subsequent oxidation rates leaves little doubt that 
faceting is the cause. 

Faceting produced at temperatures in the order of 
450~ is plausibly the result of surface rearrangement 
resulting from surface diffusion of Cu atoms. The effect 
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Fig. 10. I:lectronmicrograph of electropolished (100) Cu pretreated 
in H2, 1 atm, 450~ 30 min then oxidized in 02, 1 atm, 200~ 
20 min. 

of tempera ture  and time on faceting, as measured by 
oxidation rates of pretreated surfaces, is shown in Fig. 
11 and 12. It  is apparent  that  surface rea r rangement  or 
faceting does not occur appreciably below 300~ within 
30 min. Comparatively,  at 450~ it requires 10 rain for 
opt imum faceting of (111) in N2 or analogously 20 min  
for (100) in H2. The data for N2 pre t rea tment  provide 
a calculated activation energy of 9700 cal /mole and 
a similar  bu t  higher value for pre t rea tment  in He. 
These low values are consistent with a surface diffu- 
sion process. It  was also concluded by Tucker (14) that 
faceting of (210) Rh in 10 -6 Torr  O2 at 350~ to form 
(100) and (110) surfaces, as revealed by low energy 
electron diffraction, occurs by surface diffusion. 

Discussion 
The close correspondence of the reaction rate con- 

stants kl and kl ' ,  at 200~ for the H2-treated (100) face 
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Fig. 11. Effect of temperature of pretreatment for 30 min on 
subsequent oxidation of Cu in 02,  1 atm, 200~ 20 rain. 
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Fig. 12. Effect of time of pretreatment at 450~ on subsequent 
oxidation of Cu in 02,  1 arm, 200~ 20 rain. 

with those for the untreated (111) face (Table I) plus 
the effects of H2 pre t rea tment  of all  faces (Table II) 
indicate that  (a) the oxidation rate is established by 
the specifically oriented facets that  form during gase- 
ous pre t rea tment  and (b) the predominant  orientat ion 
of the facets which form on exposure to H~ at 350 ~ 
450~ is (111). Similar  conclusions are drawn on com- 
paring the oxidation parameters  for the N2-treated 
(111) face and the unt rea ted  (100) face, the corre- 
sponding predominant  orientat ion of facets being 
(100). Not only do the faceted surfaces exhibit  two- 
stage logarithmic behavior, similar to unt rea ted  sur-  
faces, but  the l inear  relat ion between oxide thickness 
and logari thm of time is valid up to oxide thicknesses 
of at least 3200A which lie well beyond the equivalent  
dimensions of facets (100-500A) as estimated from Fig. 
7 and 8. The thickness of copper consumed in forming 
a 3200A film of Cu~O, for example, is 1920A. Hence, it 
appears that  the oxidation rate established by a faceted 
surface may continue beyond the t ime that  the facets 
themselves are consumed. This suggests that  the oxide- 
metal  orientation relationships at the interface become 
stabilized soon after oxidation begins and hence ori- 
entat ion of facets dominates the oxidation process for 
an appreciable t ime within  the th in  film region. If the 
interface were not stabilized, the oxidation rate should 
gradual ly revert  to that  characteristic of the original 
crystal orientation, which ra te  can be either higher or 
lower than the ini t ial  rate. There is no evidence from 
thickness vs.  log time plots that  this reversion occurs. 

Actually, since the rates in second-stage oxidation 
tend to be the same and independent  of crystal face, 
the influence of a faceted surface need extend only to 
the max imum oxide thickness characteristic of first- 
stage oxidation or to a thickness equal to L. Maximum 
values of L at 225~ range from 720A for (110) to 
2290A for (100). Differences of roughness factor of the 
faceted compared to the equivalent  nonfaceted surfaces 
may account for an increase in values of L for treated 
surfaces, but  exper imental  variat ions of L are too 
large for any quant i ta t ive  interpretat ion.  

The reversible na ture  of faceting present ly  observed 
for copper surfaces, and which was also observed by 
Moreau and B6nard (15) for an 18% Cr-Fe alloy in 
H2-H20 atmospheres, reasonably results from a surface 
diffusion process s t imulated by gas absorbed on the 
metal  surface. The tendency is to form a surface of 
adsorbed gas-metal  atoms of lowest free energy, the 
orientat ion of the result ing surface depending on the 
gas. The rate at which such a surface forms probably 
also depends on the na ture  of the adsorbed gas. This 
is suggested by results of Rhead (16) who re~,orted 
that  surface diffusion of Ag and Cu is enhanced by ad- 
sorbed oxygen. The apparent ly  larger dimensions of 
facets which form on N2-treated Cu compared to H2- 
treated Cu (Fig. 7 and 8) can be explained accordingly 
by a higher surface diffusion rate of the Cu-O complex 
compared to the Cu-H complex. 

After such time as oxide nuclei  form and grow into 
a continuous film [within seconds at 500~ 1 Torr O2 
(17); still less t ime at 200~ 1 atm O2], the surface 
orientation of metal  with respect to oxide probably 
becomes "frozen," effectively blocking any fur ther  
tendency for the surface to rearrange itself to form 
facets of or ientat ion differing from that  of the metal  
in contact with oxide. Hence, the oxidation rate is 
f irmly established by the orientat ion relationships 
which exist at such t ime as the three-dimensional  
oxide film becomes continuous and the two-stage loga- 
ri thmic equation is found to apply. After  the oxide 
film grows to a thickness such that diffusion of ions 
or vacancies through the oxide becomes rate deter-  
mining, the effect of metal  face is no longer an im-  
portant  factor in establishing the oxidation rate, and 
the usual parabolic equation applies instead. This was 
shown by similar oxidation rates (within 20%) of var i -  
ous Cu faces at 900~ reported by B6nard and Talbot 
(18). The differing rates for Cu crystal faces at 600~ 
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1 Torr O2, reported by All and Wood (13), despite the 
parabolic equat ion being obeyed, suggest that condi- 
tions were in termediate  between logarithmic and 
parabolic kinetics, and hence some of the effects of 
crystal orientat ion persisted. 

The large effect of faceting on thin film oxidation 
behavior  of Cu suggests that  faceting should exert im- 
por tant  effects quite generally. In  this regard, it is of 
interest  to note that work functions measured by 
Underwood (19) for the (100) Cu surface, on con- 
t inued heating in vacuum approached the work func-  
t ion of (111) Cu presumably  because facets of approxi-  
mate (t11) orientat ion slowly developed on the (100) 
face. Similarly,  work function measurements  by 
K5hler  (20) on a copper s ingle-crystal  sphere cooled 
from the mel t ing point in high vacuum showing no 
effect of crystal face, is probably  explained by a 
faceted surface, all  portions of the sphere having the 
same approximate orientation. The lack of good agree- 
men t  in the th in  film region for oxidation rates of 
metals in general, as reported by various investigators, 
suggests that  uncontrol led faceting was probably a 
contr ibutary  cause in addition to any important  effects 
of impurities.  It  is probable in the case of Cu that per-  
turbat ions  caused by surface t rea tment  were some- 
times minimized by a usual  final vacuum t rea tment  
which reversed in par t  any faceting caused by an ini-  
tial p re t rea tment  of specimens in hydrogen. The ob- 
served effect of pre t reatment  of Cu surfaces with CO,, 
at 250~ causing accelerated oxidation rates of the 
(111) face in O2, as reported by Cathcart  et al. (21), 
suggests that  the effect of pre-exposure may have been 
one of submicroscopic faceting produced by the CO., 
atmosphere. The tempera ture  in this case was some- 
what  below the m i n i m u m  tempera ture  found present ly 
to produce faceting in H2 or N2 atmospheres. Similarly,  
the accelerated oxidation rate of pure Zr reported by 
Demant  and Wanklyn  (22) following vacuum anneal -  
ing at 800~ for ~/z to 48 hr, an effect which could be 
erased by electropolishing less than I0~ from the metal  
surface, is plausibly ascribed to faceting produced by 
the vacuum anneal.  The authors sought in vain for a 
l ikely surface contaminant .  

Based on the model of logarithmic oxidation kinetics 
according to which the rate is controlled by electron 
t ransfer  from metal  to oxide (6) it is possible to cal- 
culate the work funct ion (w.f.) ~ for each Cu face at 
the oxide-metal  interface, as well as the density n of 
imperfections in Cu20 at which electrons become 
trapped. The lat ter  produce a growing uniform density 
negative space charge w i t h i n  the g r o w i n g  oxide next  
to the metal  surface which impedes electron transfer,  
accounting for a slowing down of oxidation. The w.f. 
is calculated from the derived relation hE (activation 
energy, 1st stage) = r -- 3.6 (electron volts) where 
4 is the metal  w.f. as modified by contact with oxide 
and 3.6 eV is the electron affinity of O adsorbed on 
Cu20. The density of sites n at which electrons become 
trapped can be calculated from the reaction rate con- 
stant ko = kl /2 .3  ~-- ~kT/4:tnle 2 and 3.6 ---- 2:~nel2/~ 
where e is the dielectric constant  of Cu20 (equals 
10.5), e is the charge on the electron (4.80 x 10 - lo esu),  
l is a parameter,  which cancels out, equal to the cal- 
culated thickness of un i form charge density oxide at 
which the Fermi  levels in oxide and metal  become 
equal, k and T are the Bol tzmann constant and ab-  
solute temperature,  respectively. Calculated values of 

and n are listed in Table III  using values of ~E and 
ks listed in Table I. 

Table III. Calculated vMues of Cu work function 4 at oxide-Cu 
interface, and density n of electron trap sites in Cu20 

n (cm -a) 
Face  r (V) 175~ 200~ 225qC 

(I00) 3.95 2.1 x 1014 0.86 • 10z4 0.47 X 101~ 
(111) 4.08 34.5 9.8 2.5 
( l l 0 )  4.16 44.5 17.8 4.7 

The w.f. for polycrystal l ine Cu in vacuum (4.47V) 
is about 0.6V higher than for the value modified by 
contact of metal  with oxide as calculated from oxida- 
tion rate data (8). The corresponding modification of 
present values, however, is expected to vary  with 
crystal face. This can be seen from the fact that, since 
• is the work necessary to t ransfer  an electron from 
metal  to oxygen absorbed on oxide, 4 is made up of 
several terms, e.g., 4o + Xo -- X1 + X2 where 40 is the 
w.f. of metal  in vacuum, X0 is the increase of w.f. 
caused by immediate  contact of metal  with oxygen 
atoms, X1 is the w.f. of oxide at the metal-oxide in ter -  
face, and X2 is the w.f. of oxide at the oxide-O2 in ter -  
face. Under  equi l ibr ium conditions, X1 ---- X2, but, in 
an actively growing oxide, defect s tructure differs at 
the two interfaces, al tering corresponding values of 
w.f. Since crystal face determines  the oxidat ion rate, 
which in tu rn  influences the defect structure,  it is 
logical to expect that  X1 and X2 will  also vary  with 
crystal face. The value X0 probably  also varies with 
crystal face as was shown for Ni by MacRae (23). A 
fractional 1/4 coverage of O on (111) Ni increased the 
w.f. by 1.2V whereas on (i00) Ni the same 1/4 coverage 
by O increased the w.f. by only 0.25V, indicat ing that 
(111) Ni in contact with O has a higher w.f. than (100) 
Ni similarly exposed to O. The modified w.f. probably 
explains why (111) is the face of Ni which oxidizes 
least in the th in  film region as reported by Lawless 
et al. (24). A similar effect may explain why the order 
of w.f. for Cu in vacuum: 40(100) > r as mea-  
sured by Underwood (19) and Rose (25) is opposite 
to the order shown in Table III:  ~b(l l l)  > 4(100), and 
that  (111) Cu correspondingly oxidizes at a lower rate 
than (100) Cu despite the order of w.f. values in 
vacuum. 

Values of n, the densi ty  of electron t rapping centers 
in Cu20, also vary  with crystal face, being much larger 
for the slowly oxidizing (110) and (111) faces than for 
the more rapidly oxidizing (100) face. The average 
values are consistent with 10 ~ to 1015 holes or defect 
sites per cubic centimeter  at >100~ in Cu20 formed 
from commercial copper as calculated by Brat ta in  (26) 
from conductivi ty and mobi l i ty  measurements ,  al- 
though the values reported in Table III  are obviously 
kinetic values and do not refer to an equi l ibr ium state. 
For this reason, the observed imperfection densities in 
Table III  vary  with oxidation rates which in tu rn  vary 
with crystal face. 

The observed activation energies for second-stage 
oxidation, corresponding to growth of a diffuse space 
charge oxide, are largely independent  of crystal face, 
being in the range 0.32 to 0.34 eV. According to the 
theory cited earlier (6) the activation energy for 
second-stage oxidation is equal to 

( d n I L )  
--4nne2lL/~ -- e (4 -- v)  + 4~e2/~kT \ - - ~ - ~ /  

where v equals the electron affinity of adsorbed O 
(3.6V), and other terms have already been defined. In  
the original derivation, the third term above was in-  
adver tent ly  omitted. In view of the fact that  observed 
values of nl decrease whereas observed values of L 
increase with temperature,  the third term can some- 
times be neglected, but  this is probably  not t rue gen- 
erally. Since the values of 4, l, n, and L are all depen-  
dent on crystal face, the assumption can be made that 
these factors interact  in such a m a n n e r  as to result  in 
the same approximate second-stage activation energy 
for the three crystal  faces. One can also assume that 
continued oxidation beyond the first stage produces 
surface rea r rangement  and hence essentially the same 
metal-oxide orientat ion relations; the operating work 
f unc t ion  q) may then become i ndependen t  of crystal 
face. Fur ther  consideration of Cu20 semiconducting 
properties and of the detailed na ture  of the energy 
barr ier  at the Cu20-Cu interface are needed for fur ther  
useful  evaluat ion of such effects on the mechanism of 
th in  film oxidation. 
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Conclusions 
1. Submicroscopic faceting of Cu surfaces occurs 

dur ing gaseous pretreatment ,  having a major  effect on 
subsequent  oxidation rates. Electron micrographs con- 
firm that  faceting occurs and that  it is a reversible 
process. 

2. Gaseous pre t rea tment  in H2 favors facets of slowly 
oxidizing predominate ly  (111) orientation, whereas in 
N2, the effects of which are ascribed to traces of O2, 
the rapidly oxidizing predominate ly  (100) orientat ion 
is favored. 

Activat ion energies (9700 cal /mole)  for facet for- 
mat ion are in accord with a surface diffusion process. 

3. Oxidation rates, according to oxide thickness mea-  
surements,  decrease in the order: (100) ~ (111) 
(110), but, according to activation energies, in the 
order: (100) ~ (110) ~ (111). 

4. All  three faces follow two-stage logarithmic ki-  
netics at 175 ~ , 200 ~ , and 225~ This is also t rue of 
treated (100) and (111) faces oxidized at 200~ 

5. Work functions calculated from activation ener-  
gies of oxidation indicate that  modification of the metal  
work function at the metal -oxide  interface is or ienta-  
tion dependent.  
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The Chlorination Kinetics of Tungsten, Molybdenum, 
and their Alloys 

A. Landsberg, C. L. Hoatson, and F. E. Block 
Albany Metallurgy Research Center, Bureau of Mines, U. S. Department of the Interior, Albany, Oregon 97321 

ABSTRACT 

The chlorinat ion kinetics of tungsten,  molybdenum,  and three of their 
b inary  alloys have been studied as part  of a Bureau of Mines effort to provide 
informat ion of value when considering chlorine meta l lurgy  processes. Tung-  
sten and molybdenum were used for this ini t ial  investigation of alloys be-  
cause they are chemically similar, form a complete range of solid solutions, 
and have been shown to chlorinate at temperatures  sufficiently different so 
as to facilitate the determinat ion of tempera ture  dependency of react ivi ty by 
exper iments  based on the measurement  of weight  loss as the volati le chlo- 
rides are formed. Both the pure metals  and alloys containing 22, 48, and 72 
atomic per cent (a/o) molybdenum were found to chlorinate between 400 ~ 
and 775~ at rates of 10 -7 to 10 -5 mole per square cent imeter  per minute ,  
with the reaction rate dependent  upon the 0.6 power of chlorine pressure. 
Molybdenum exhibited the highest reactivity, tungsten  was the least reactive, 
and the alloys showed intermediate  react ivi ty with respect to temperature .  
Single crystals of the pure metals showed marked  anisotropy upon chlorina-  
tion. When chlorinated, the polycrystal l ine alloy specimens of 22 and 72% 
molybdenum tended to show the crystal l ine anisotropy exhibited by the major  
component,  while the 48% molybdenum specimen developed no pa t te rn  simi- 
lar i ty to the pure metals. 

Chlorine reacts wi th  all metals  at appropriate tem-  
peratures and pressures. Some of the chloride products 
of such reactions volatilize at the  tempera tures  at 
which detectable reaction occurs, leaving a clean metal  

K e y  words :  a l loy ch lor ina t ion ,  t u n g s t e n - m o l y b d e n u m  ch lo r ina t ion .  
m o l y b d e n u m - t u n g s t e n  ch lo r ina t ion ,  m o r p h o l o g y  of ch lor ina t ion .  

surface dur ing chlorination. Tungsten  and molyb-  
denum exhibit  this characteristic. Their  chlorinat ion 
kinetics, studied previously in our laboratory (3), show 
a tempera ture  difference of over 200~ for equal 
chlorinat ion rates of the two pure metals. Simple re-  
moval  of reaction products, a wide range of reaction 
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Table I. Spectrographic analysis of samples, ppm 

S a m p l e  A1 Ca Cu  Fe  M g  Mo Ni  Si  Sn  Ti  W Zr  

W 5 20 1 5 1O0 5 500 5 
W-22 Mo 5 20 0.5 5 1 400 1 1 
W-48 Mo 5 l0  0.5 5 200 5 1 
W~72 Mo 20 5 80 10 5 500 100 20 
Mo 20 80 5 30 1O0 

No a n a l y s i s  w a s  m a d e  fo r  n o n m e t a l l i c  i m p u r i t i e s .  

temperatures ,  and the fact that  these chemical ly simi- 
lar  metals  form solid solutions in all proport ions (2) 
suggest that  the determinat ion of t empera tu re  de- 
pendency of chlorinat ion rate might  be used con- 
ven ien t ly  for s tudying the effects of alloying on re-  
activity. 

Experimental Work  
Sample preparation.--The start ing mater ia ls  for the 

samples used in this study were  meta l  powders  sup- 
plied by the General  Electr ic  Company with average 
part icle diameters  of 3~ for the tungsten powder and 5~ 
for the molybdenum powder.  P reweighed  powders for 
each sample composition were  mixed in a tw in -V-  
shell blender  for 15 min, passed through a 60-mesh 
screen, again mixed  for 15 min, screened for a second 
time, and finally mixed  for a third 15 min. Each 
blended composition was compacted isostatically, and 
the compacts were  sintered in hydrogen at 2200~ for 
10 hr. The resul t ing sintered bars of 90 to 95% of theo-  
retical  density were  then  consumable -a rc -mel ted  into 
ingots which were  machined  to a d iameter  of 1.5 in. 
and ex t ruded  at 1900~ to rec tangular  bars 3/s x ~ in. 
in cross section. These bars, af ter  being conditioned by 
sand blasting to remove  surface defects, were  hot-  
rolled. A roll ing tempera ture  of 1450~ was used for 
the tungsten and the alloys, with a reduction of 20% 
per pass. The molybdenum was hot - ro l led  at 800~ 
with  a reduct ion schedule of 10% per pass. The final 
rol led thickness was 0.25 cm on all  specimens. To re-  
duce oxidation, all heat ing was done in an argon a tmo-  
sphere. Sample  specimens measur ing 2.5 x 2.0 x 0.25 
cm were  machined f rom this rol led stock. Table I 
shows the impur i ty  analysis for the samples used, and 
Table II shows the var ia t ion of sample composition 
from point to point as de termined by an electron mi-  
croprobe. 

Single-crys ta l  specimens were  obtained from Mate-  
rials Research Corporation. These mater ia ls  were  pure  
tungsten and molybdenum which contained no spectro- 

Table II. Typical electron microprobe analysis of sample surfaces* 

A t o m i c  pe r  cen t  m o l y b d e n u m  
S a m p l e  Before  r eac t i on  A f t e r  r eac t i on  

W-72 Mo 

W-48 Mo 

W-22 Mo 

68.8 68.2 
71.6 68.5 
70.1 67.4 
68.4 66.6 
70.9 68.4 

A v e r a g e  ' 70.0 A v e r a g e  67.9 

44.7 42.0 
45.6 44.1 
43.5 44.1 
43.3 44.5 
43.9 42.0 

A v e r a g e  44.2 A v e r a g e  43.3 

24.1 20.7 
21.8 20.7 
23.5 20.7 
23.6 20.6 
- -  20.4 

A v e r a g e  23.2 A v e r a g e  20.6 

* These  ana lyses  we re  m a d e  r a n d o m l y  on h i g h l y  p o l i s h e d  s a m p l e  
su r faces  w i t h  the  e l ec t ron  b e a m  of  1~ d i a m e t e r  to  a d e p t h  of ap-  
p r o x i m a t e l y  1000A. A f t e r  r eac t i on  the  su r faces  we re  s l i g h t l y  r o u g h -  
ened.  C h e m i c a l  ana ly s i s  of l a rge  p o r t i o n s  of t he  samples  g a v e  22, 
48, and  72 a /o  m o l y b d e n u m  w h i c h  reflect  the  c o m p o s i t i o n  c h a n g e s  
in  samples  f a b r i c a t e d  f r o m  the  same  ingot .  

graphical ly  detectable impurities.  Crystal  orientat ion 
was determined by x - r a y  reflection methods. 

Procedure.--Chlorination-rate measurements  were  
begun by weighing and measur ing  a meta l  sample. 
Weights  were  determined to the nearest  0.1 mg, and 
the rec tangular  measurements  were  made to the near -  
est 0.01 cm. The sample was then placed horizontal ly  
so that  it rested sl ightly below center  in a 28-mm Vy- 
cor 1 react ion tube which was held in a 3 x 30 cm tube 
furnace. C. P. grade argon and chlorine passing through 
control needle valves  and cal ibrated rotameters  were  
scrubbed in a bubbler  containing sulfuric acid before 
enter ing the react ion tube. Gases leaving the reaction 
tube passed through another  such bubbler  and were  
vented via a laboratory hood. With the meta l  sample 
in place, argon was passed through the apparatus at the 
rate  of 500 cc /min  while  the furnace was brought  to 
operat ing temperature .  The react ion-zone tempera ture  
was measured by a Chromel -Alumel  thermocouple  in 
a small Vycor tube positioned direct ly over  the sample. 
Af te r  the  react ion zone had been held at the desired 
operat ing t empera tu re  for several  minutes,  the reac-  
tion was started by substi tuting chlorine for part  of 
the argon to give the desired chlorine concentrat ion 
at a total gas flow of 500 cc/min.  All  work  was done 
at 20% chlorine (approximate ly  152 Torr)  except  
where  noted. Reaction t imes ran f rom 15 min to 1 hr, 
during which the t empera tu re  remained constant to 
wi thin  ___2~ and the gas flows were  held to wi thin  2% 
of the desired values. At the end of  a run the chlorine 
flow was stopped and the argon flow increased while  
the entire reaction tube  was cooled. When cool, the 
sample was removed and weighed. The weight  loss 
was used to calculate the rate  of reaction as moles of 
meta l  per minute  per cm 2 of surface based on the geo- 
metr ic  area and the average tungs ten-molybdenum 
composition of the sample. 

Results 
The measured rates of chlorination, as moles of 

m e t a l / c m  2 min, are shown graphical ly  in Fig. 1. Data 
for each of the  meta l  compositions given by open, 
filled, and par t ia l ly  filled symbols represent  the ex-  
per imenta l  results f rom the three  samples of each 
meta l  composition. Also each data point is the average 
of at least three  repl icate  runs using an individual  
sample. The data show reproducibi l i ty  f rom sample to 
sample, and the lines der ived f rom a least squares 
analysis of the data according to the Arrhenius  re la-  
t ionship agree quite  wel l  wi th  our  previous work  on 
commercia l ly  prepared  sheets of the pure metals. The 
least squares analyses are given in Table III. Al l  sam- 
ples changed in appearance as chlorinat ion proceeded. 
Ini t ia l ly  the surfaces appeared dull  because of their  
sandblasted finish but  became shiny as they  reacted. 
The reaction rates increased during the two or three 
init ial  reaction exper iments  and then remained con- 
stant for an extended period of chlorination during 
which the exper iments  were  made for the reported 
data. Af te r  the constant rate  period of chlorinat ion the 
samples were  rough on all surfaces and very  jagged 
on the edges in the direction of roll ing and the reaction 
rate  decreased slightly. These decreas ing-ra te  data are 
not repor ted  here. The composit ion of the sample sur-  

1 Refe rence  to t r a d e  n a m e s  is m a d e  to  f ac i l i t a t e  u n d e r s t a n d i n g  
and  does no t  i m p l y  e n d o r s e m e n t  by the  B u r e a u  of Mines.  
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Table Ill. Least square equations for chlorination rates 

M a t e r i a l  A *  B*  

W 8254 2.65 
W - 7 2  M o  9350  4 .00  
W-48 M o  8295 4.51 
W - 2 2  M o  8322 5 .44  
M o  8961 6.48 

* constants for the equation 
A 

log R = - -  - -  + B 
T 

where R is the chlorination rate in moles ]~er cm~ rain with 20% 
chlorine and T is the absolute temperature in ~ 

approximately dependent  upon the 0.6 power of chlo- 
r ine concentration. At the highest rates of chlorination 
measured, changes of total  gas flow rates from 500 to 
1000 cc /min  produced no change in measured chlorina-  
t ion rates demonstra t ing that  t rue chemical reaction 
was the ra te - l imi t ing  factor. 

Upon chlorinat ion all samples changed in appearance 
because of the anisotropic attack of chlorine. The poly- 
crystal l ine metals and alloys developed ridges and 
troughs runn ing  in the direction in which the samples 
had been hot-rolled. Figure  3 shows the t r immed ends 
of the molybdenum sample before and after chlorina-  
tion. Interest ingly,  a sample which had been reacted 
at 1200~ did not develop the deep ridges and troughs 
but  remained rather  smooth with the individual  grains 
becoming very evident. Microscopic views of these re-  
acted samples are not of high qual i ty because of the 
deep etching and low depth of field at high magnifica- 
tion. Nevertheless, in Fig. 4 these views do reveal  a 
similari ty between the reacted textures  of tungs ten  
and tungsten-22 molybdenum,  and between molyb-  
denum and tungsten-72 molybdenum with  the tung~ 
sten-48 molybdenum texture  being distinct. The molyb-  
denum after chlorinat ion at higher temperatures  shows 

faces showed slight preferent ia l  loss of molybdenum 
upon chlorination, as indicated hy the electron micro- 
probe measurements  in  Table II. The data, al though 
presented in the table in pairs of analyses for before 
and after reaction, do not necessarily represent  exact- 
ly the same location on the surface before and after 
reacting. These surfaces were only slightly reacted 
before the final microprobe analyses were made. Other 
tests in which over half  of the entire sample was re-  
moved by chlorinat ion showed no depletion of molyb-  
denum. The resulting, very  rough surfaces hindered 
accurate microprobe analyses. 

The effect of chlorine pressure on the reaction rate 
is shown in Fig. 2. As in our previous work with the 
pure metals, the alloys showed a rate of chlorinat ion 

Fig. 3. Polycrystalline molybdenum samples. A is an unreacted 
molybdenum strip, B had been reacted at 480~ with 20% chlorine, 
and C had been reacted at 1200~ with 20% chlorine. 

Fig. 4. Photomicrographs of 
chlorinated polycrystalline sam- 
pies. D. Tungsten, 700~ E. 
W-22 Mo, 700~ F. W-48 Mo, 
580~ G. W-72 Mo, 480~ H. 
Molybdenum 480~ I. Molyb- 
denum, 1200~ Direction of 
rolling ~. 
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Fig 6. Electron micrographs of single-crystal molybdenum at the 
onset of chlorination. M. Reacting surface, N. Nonreacting area. 

Fig. 5. Single-crystal specimens after chlorination. J. Tungsten, 
700~ K. Tungsten, 700~ L. Molybdenum, 1200~ 

react ion produced  rows of smal l  circles runn ing  in di f -  
ferent  direct ions on adjacent  crystals .  This produces 
crysta l  dif ferent ia t ion on a macroscopic scale. 

Single c rys ta l  samples  show the  anisotropic a t tack  
of chlor ine quite clearly.  F igure  5 is a photograph  of 
two tungsten single crysta ls  which have  been ex ten -  
s ively chlor inated  at 700~ and a mo lybdenum crys ta l  
chlor inated  at 1200~ These specimens were  cy l indr i -  
cal  before reac t ion  occurred.  Because of the high re -  
action ra te  of mo lybdenum at 1200~ gaseous diffusion 
l imited the  react ion rate,  causing the  somewhat  round-  
ed corners on the single crystal ;  however ,  close ex-  
aminat ion  shows dis t inct ive  surface character is t ics  at 
90 ~ intervals .  Electron microscope views in Fig. 6 of a 
mo lybdenum single c rys ta l  show surfaces in the ear ly  
stages of a t tack  by  chlorine,  and Fig. 7 and 8 show 
surfaces para l l e l  or nea r ly  para l l e l  to the  {100}, {110}, 
and {410} planes  which  have  deve loped  af ter  extens ive  
chlorination.  Nomarsk i  in te r fe rence-con t ras t  micro-  
scopic views of s imilar  surfaces are  shown in Fig. 9. 
S imi la r  surface configurat ion resul ted  f rom chlor ina-  
t ion at all  chlor ine concentra t ions  and t empera tu re s  
s tudied (except  for the  h i g h - t e m p e r a t u r e  exper iments  
specifically no ted) .  

Tungsten s ing le -c rys ta l  surfaces developed s imi la r ly  
upon extens ive  chlorination.  Two p lana r  surfaces which 
formed on an or ig ina l ly  cy l indr ica l  c rys ta l  were  pa ra l -  
lel  to the {100} and {210} planes.  Electron microscope 

views of these surfaces are  shown in Fig. 10. Opt ical  
microscope views of the surfaces which developed 
para l l e l  to the  {100}, {210}, and ~320} planes  are  shown 
in Fig. 11. 

The mo lybdenum crys ta l  reacted wi th  chlor ine  at 
1200~ showed a series of microscopic rod - l i ke  de-  
pressions over  the  ent i re  surface. These cyl indr ica l  pits  
were  all  paral lel .  Viewing the c rys ta l  microscopical ly  
from var ious  angles revealed  tha t  the  pi t  spacing 
var ied  per iodica l ly  every  90 ~ on surfaces pa ra l l e l  to 
their  length, but  pe rpend icu la r  to the i r  length  the  pits 
appeared  as round hoIes in the  me ta l  surface. 

Discussion 
The chlor inat ion of tungs ten  and molybdenum in 

the t empe ra tu r e  range  s tudied shows s t r ik ing s imi la r -  
i ty to cer ta in  oxida t ion  react ions  of these metals .  
Perkins ,  Pr ice  and Crooks (5) have  shown tha t  wi th in  
boundar ies  defined by  t empera tu re  and oxygen pres-  
sure tungs ten  is oxidized wi thout  format ion  of an 
oxide scale at a ra te  p ropor t iona l  to the  0.59 power  of 
the oxygen pressure.  S ing le -c rys ta l  tungsten used by  
these invest igators  shows anisotropic  a t tack  by  oxygen 
in this  region. Other  invest igat ions (4, 7) have shown 
that  oxygen a t tacks  both tungsten and molybdenum 
with  a s imilar  f rac t ional  exponent ia l  dependence  on 
oxygen pressure.  Like  the  oxidat ion  of these  metals,  
the appearance  of the  ch lo r ina t ion- reac t ion-produced  
surfaces changes as the  t empe ra tu r e  rises. This was 
shown c lear ly  for mo lybdenum chlor ina ted  at 1200~ 
the m a x i m u m  t empera tu re  obta inable  in our  equip-  
ment  (see Fig. 3 and 5). Tungsten surfaces chlor inated  
at 1200~ showed some d iss imi la r i ty  to surfaces 
chlor inated  at lower  tempera tures .  

The marked  an iso t ropy  of the chlor inat ion of tung-  
sten and mo lybdenum as evidenced by  the resul t ing  
morphology  of single crysta ls  demonst ra tes  tha t  cer-  
tain c rys ta l  surfaces a re  reac t ive  and also the  fact  
that  cer ta in  crys ta l  planes are  not  chlorinated.  This 

Fig. 7. Electron micrographs 
of chlorinated molybdenum 
single-crystal surfaces parallel 
to the {100} plane. 
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Fig. 8. Electron micrographs of chlorinated molybdenum single 
crystal surfaces, R is a {410} surface; S is a (110} surface. 

Fig. 10. Electron micrograph of chlorinated tungsten single- 
crystal surfaces. W is a {100} surface; X is a {210} surface. 

is clearly shown in Fig. 5 by the very sharp corners 
on the reacted tungs ten  single crystals. Figure 6 also 
i l lustrates a contrast  between the reactive and non-  
reactive faces of a single crystal. Even though the sur-  
faces shown had only been exposed to chlorine for a 
few minutes,  it is very  clear that  a marked pat tern  had 
already developed on one face while an adjacent  area 
showed no change from the unreacted surface. Such 
areas al ternated around the cylindrical  crystal every 
45 ~. 

Examinat ion  of Fig. 7, 8, and 9 reveals a system of 
pyramids developed by chlorination on {100} molyb-  
denum surfaces and surfaces close to {100}. The large 
surface area resul t ing from these pyramids (e.g. frame 
T) gives an indication as to why molybdenum upon 
chlorination recedes rapidly perpendicular  to {100} 
planes. On some higher order planes similar pyramids 
appear slanted, and a pencil l ike s tructure is noted 
with the pyramid being in the sharpened-point  posi- 
tion. A trisoctahedron form best correlates with the 
single-crystal  morphology developed as the result  of 
molybdenum chlorination. 

Tungsten  crystals also produce an octahedral form 
when chlorinated. The square pyramids  shown in the 
electron photomicrograph of Fig. 10, W are severely 
rounded, but  photomicrographs in Fig. 11 of the chlori- 
nated {100} and {320} surfaces depict a sharper series 
of angular  faces. The {210} faces, which reacted ra ther  
rapidly, show no clearly defined geometric pat tern  
other than a series of shallow lines. The best geo- 
metr ical  shape that  conforms to these chlor inat ion-  
developed surfaces i~ a te t rahexahedron with faces 
made up of (210} planes. 

From these tenta t ive  identifications of the reactive 
planes of tungsten  and molybdenum,  a difference in 
surface reactive geometry may  be postulated for the 
two metals even though the over-al l  chemical mecha-  
nism may be similar. Indeed, this is observed in the 

chlor inat ion-produced faceting under  equal magnifica- 
t ion and developed on mater ia ls  which had a similar 
crystal texture due to rolling. [Reference (1) gives a 
rolled texture  of (100) ~011~  for both tungsten  and 
molybdenum.]  The alloys rich in one metal  develop a 
chlorination faceting similar  to that  of the pure metal  
and show a chlorinat ion dependency on tempera ture  
similar to that  of the high-content  metal, but  the alloy 
with near ly  equal numbers  of tungsten and molyb-  
denum atoms develops a surface quite different from 
either  of the pure metals. Dependency of chlorination 
rate on the near ly  half  power of the chlorine pressure 
may be at t r ibuted to the breakup of the chlorine 
molecule on the metal  surface, and others (6) have 
shown that atomic chlorine is more reactive towards 
molybdenum;  indeed it may  be the only reactive 
chlorinat ion species. 

Positive identification of the reacting metal  surfaces 
needs to be made, and a correlation between the var i -  
ous tempera ture -dependent  regions of chlorination and 
the role of the meta l  surface must  be de termined before 
a complete unders tand ing  of the chlorinat ion of tung-  
sten end molybdenum and their  b inary  alloys is real-  
ized. Such determinat ions would answer  the question 
as to whether  a certain crysta l -or iented morphology 
develops on tungsten, molybdenum,  and their  alloys 
because of the atoms present or because of the tem- 
pera ture-chlor ine  pressure region of the reaction. 

Manuscript  submit ted Dec. 23, 1970; revised m a n u -  
script received ca. March 25, 1971. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1972 JOURNAL. 
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Alloys at 700~ as Inferred from Inert and 

Radioactive Marker Techniques 
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Department of Metallurgy and Materials Science, McMaster University, Hamilton, Ontario, Canada 

ABSTRACT 

Sulfidation experiments  have been carried out on a Ni-20 w/o  Cr alloy 
using p la t inum markers  and the tracer S 35 to elucidate the t ransport  mecha-  
nism for the diffusion-controlled formation of the duplex sulfide scale. It is 
concluded that outward diffusion of nickel and chromium accounts ent i rely 
for the growth of both layers. Chromium sulfide, being more stable than  
nickel sulfide, is formed by decomposition of the lat ter  at the boundary  be- 
tween the two layers. This process is compensated for by a rapid growth of 
nickel sulfide at the gas-scale interface. It  has been unequivocal ly  demon-  
strated that sulfur diffusion does not contr ibute significantly to scale growth. 

The results of a kinetic and morphological study of 
the scale formation on nickel-20 w/o  (weight per cent) 
chromium alloys in hydrogen sulfide-hydrogen atmo- 
spheres were presented in an earlier publicat ion (1). 
We report in this paper the results of a fur ther  series 
of experiments  designed to elucidate the mechanism 
of the process. In  particular,  p la t inum markers  and 
radioactive sulfur  have been used to establish the con- 
t r ibut ion of the different species to the net  t ransport  
of matter  across the sulfide scale formed as a corrosion 
product. Such techniques have been widely employed 
in the past few years. We refer the reader  to the  papers 
by Mrowec and Werber  (2-4) for fur ther  information 
and to an extensive and up- to-da te  bibl iography on 
this subject in a recent paper by Holt and Himmel  (5). 

Experimental 
Platinum marker experiments.--Specimens approxi-  

mately  1.5 x 0.5 x 0.1 cm were cut from sheets of 

* Elect rochemical  Society Act ive  Member .  
1 P resen t  address :  Phys ica l  Chemis t ry  Labora tory ,  Genera l  Electric 

Research and Deve lopmen t  Center ,  Schenectady,  New York  12301. 
K e y  words :  sulfidation, n i cke l - ch romium,  marke r s .  

Ni-20 w/o Cr alloys. Details on composition and meta l -  
lographical preparat ion prior to sulfidation have been 
reported in our earl ier  publicat ion (1). In  the same 
publication, the assembly was described for the con- 
current  sulfidation in hydrogen sulfide-hydrogen atmo- 
spheres of four specimens. The specimens could be 
raised to a relat ively cold zone of the assembly and 
quenched after different reaction times. All  experiments  
were carried out at 700~ which, as discussed in the 
previous work, was convenient  for avoidance of the 
formation of a l iquid phase. H2S/H2 atmospheres were 
used that  ranged from 5 to 60 v /o  (volume per cent) 
in hydrogen sulfide it being previously established that  
the pressure of sul fur  has a negligible effect on the 
reaction mechanism. 

Short pieces of 50~ diameter  p la t inum wire were 
stretched across the surface of the specimens and elec- 
tr ically spot welded at several points and to the edges. 
Satisfactory adhesion to the surface of most markers  
was at tained and the specimens could be sulfidized in 
the upright  position. During later examinat ions of scale 
cross sections comparison of the relat ive positions of 
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the different markers  in a given specimen allowed one 
to recognize those with poor adhesion and to ignore 
them in  the subsequent  analysis. Specimens were 
mounted  in epoxy resin as cross sections, polished, and 
examined metallographically.  

Radioactive marker experiments.--Radioactive sulfur 
S 35 is a convenient  isotope for studies on the mecha-  
nism of sulfide scale formation. The advantages consist 
in its commercial  availabili ty,  its comparat ively long 
half- l i fe  (~90 days),  and its decay with the emission 
of p -  radiat ion only. The lat ter  characteristic sensibly 
reduces the number  of precautions that  have to be 
taken in handl ing the radioactive material.  

The experiments  consisted in  first sulfidizing the 
alloy specimens with normal  sulfur and subsequently 
with the radioactive isotope, or vice versa. It  is as- 
sumed that  the mechanism of reaction is the same for 
sulfur  obtained from the decomposition of H2S or 
directly from sulfur  vapor (1, 7). 

An assembly was designed (Fig. 1) similar to that 
used by Meussner and Birchenal l  (6) in which the 
specimens could be exposed to a sulfur  atmosphere 
containing a small  amount  of S 85. A few coils of plati-  
num wire were wound around the specimens to prevent  
contact with their  containers. One or more specimens 
could be located in pockets at one end of a Vycor cell. 
At the opposite end was located a bulb containing 
remelted sulfur  flowers. Some drops of a benzene solu- 
t ion of S 35, supplied by Amersham/Sear le  Company, 
corresponding to a total activity of approximately 1 mC 
were added to the normal  sulfur. The reaction vessel 
was then sealed off in vacuo, and the su l fur -conta in ing  
bulb was rapidly heated up to about 200~ correspond- 
ing to a sulfur vapor pressure of roughly 3 x 10 -3 atm. 
F ina l ly  the end of the vessel bearing the specimens 
was inserted into a furnace previously brought  up to 
700~ The sulfidation was allowed to proceed for a 
selected t ime at the end of which the Vycor cell was 
quickly cooled down to room tempera ture  and opened. 
The specimens could then be given fur ther  t rea tment  
with ordinary  sulfur at the same temperature,  either 
in a similar cell or in the assembly used for the plat i-  
n u m  marker  experiments.  

Alternat ively,  sulfidati0n with normal  sulfur  could 
be followed by t rea tment  with the radioactive isotope. 
In  this exper iment  the reaction had to be stopped for 
a t ime at the end of the first stage for t ransfer  of the 
specimens from the reaction vessel containing the iso- 
tope to the one containing ordinary  sulfur  or vice 
versa. This could have affected the exper iments  inso- 
far as the thermal  shocks may  have caused strains and 
cracks in the sulfide scales. However, a critical ap-  
praisal  of the results indicates that  these artifacts do 
not seriously confuse the interpretat ions.  

Cross sections of the specimens were prepared metal -  
lographically and their  autoradiographs taken, expos- 
ing Kodak "contrast  process ortho" films by contact 
with the radioactive surface. This technique is in gen- 
eral use and details can be found in several publ ica-  
tions (8). 

Results 
In Fig. 2, micrographs are given of the cross sections 

of four specimens sulfidized at ~-10 -7 atm sulfur  for 
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Fig. 1. Apparatus for sulfidation with radioactive sulfur 

Fig. 2. Positions of the platinum markers after different reaction 
times. Micrographs a, b, c and c', d correspond to 5, 7, 10, 15 hr 
sulfidntion at 7O0~ and ~10  -7  atm sulfur, respectlvely. Micro- 
graph c' is indicative of the "undercutting mechanism." Magnifi- 
cation 135)(. 

5, 7, 10, and 15 hr, respectively. In  addit ion to the 
remarkable  compactness of the scale, one can observe 
that  the p la t inum markers  are situated in the inner  
chromium sulfide layer  close to the adjacent  nickel 
sulfide layer. This position leaves some space between 
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Fig. 3. Morphology of alloy and sulfide scale with relation to 
two platinum markers. Specimen sulfidized for 15 hr. Magnification 
85X. 

the bottom of the p la t inum marker  and the metal  in-  
terface. The thickness of this space is constant with 
the time within the limits of accuracy of our metal -  
lographical observations as suggested by the dashed 
line. Micrograph c' in Fig. 2, and Fig. 3, exemplify the 
"undercut t ing mechanism" (6) that takes place during 
the scaling of the alloy. The p la t inum marker  acts as 
a barr ier  to the outward t ranspor t  of metal  ions thus 
impeding scale formation at this point. The space pro- 
gressively made available by lateral  depletion of the 
metal  is apparent ly  filled with chromium sulfide by 
plastic deformation unt i l  the "hill" under  the marker  
disappears. The marker  is gradual ly  imbedded in 
chromium sulfide as the reaction proceeds. This ob- 
servation indicates that thickening of the inner  layer 
involves outward diffusion of chromium. It is also 
evident that the faster growth of the outer nickel sul-  
fide layer must  occur above the p la t inum marker  by 
the outward diffusion of nickel. 

The results of the tracer tests are perhaps even more 
definitive. Using the assembly of Fig. 1, specimens were 
sulfidized first with normal  sulfur and then with the 
radioactive isotope. Figure 4 shows a beveled section 
of one of these specimens, which underwen t  t rea tment  
for 5 hr with normal  sulfur  and for 7 hr with S 35 at 
700~ The layer of nickel  sulfide grown dur ing the 
second stage of the reaction on top of the pre-exis t ing 
scale can be clearly seen. In  Fig. 5, the micrograph of 
a specimen which had reacted for 6 hr with normal  
sulfur  and for 10 hr with S 35 is exhibited together with 
the corresponding autoradiograph. 

Radioactive tracers have an advantage over other 
types of markers,  pr imar i ly  because they do not cause 
surface damage and take part  in the reaction without  
in terfer ing mechanical ly  with the growth of corrosion 
products. However, this kind of macro-autoradiography 
has its l imitat ion in the diffuseness of the radioactive 
trace. This is due to the fact that  not all the radiat ion 
coming out of the specimen cross section hits the film 
perpendicularly.  It is nonetheless clear from Fig. 5 
that  the radioactive isotope does not move into the 
layer of nickel sulfide grown in the first stage of the 
reaction except when, through cracks in the scale, it 
can reach and react with the metal  core. 

The results of the reverse two-stage sulfidation ex-  
per iment  are presented in Fig. 6. Here the ends of the 
cross sections of three specimens are shown, their  char-  
acteristic features being easily comparable with the 
corresponding autoradiographs mounted opposite in a 
mir ror - l ike  arrangement .  A comparat ively low magni -  
fication has been chosen in order to include in the 
micrograph a large area of the specimen and at the 
same time keep the enlargement  of the original auto- 
radiograph within suitable limits. The magnification 
is identical for specimens and autoradiographs. All  
three scales exhibit  under  the optical microscope the 
familiar  duplex structure, although this does not show 
in the picture for specimen (a). An in te rmi t ten t  gap 

Fig. 4. Beveled section of a specimen treated for 5 hr with normal 
sulfur and 7 hr with radioactive sulfur at 700~ At the top is 
the nickel sulfide layer grown in the second stage of the reaction. 
The inner layer boundaries are not properly focused, due to pro- 
nounced rounding off of this area during polishing. Magnification 
approx. 160X. 

Fig. 5. Cross section of specimen treated for 6 hr with normal 
sulfur followed by 10 hr with radioactive sulfur at 700~ At the 
bottom is the corresponding autoradiograph. Magnification 21X. 
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Fig. 6. Micrographs and autoradiographs of specimens sulfidized 
first with radioactive, then with normal sulfur. The three speci- 
mens have been treated for 15 min with S 35. Subsequently speci- 
mens (b) and (c) have been sulfidized with normal sulfur for 2 
and 8 hr, respectively. Mounted opposite to the cross sections are 
the corresponding autoradiographic traces. Inner and outer layer 
in (b) and (c) are separated by an intermittent gap. This gap 
formed not as a general sulfidation feature but during the final 
quench in this particular type of experiment. Magnification 27X. 

be tween  the two scale layers  has developed,  as seen 
in specimens (b) and (c) .  Spec imen (a) was t r ea ted  
for 15 rain at  700~ wi th  only radioac t ive  sulfur,  whi le  
specimens (b) and (c) a f te r  ident ica l  t r ea tmen t  unde r -  
went  fu r the r  sulfidation at the  same t e m p e r a t u r e  in 
H2S/H2 a tmosphere  (sulfur  pressure  ~ 10 -8  a tm)  for 
2 and 8 hr, respect ively.  I t  is evident ,  upon compar ing  
(a) and (c) ,  tha t  a f te r  8 h r  the  t r ace r  is no longer  
present  in the  outer  n ickel  sulfide layer .  The thickness  
of t race  (a) looks wider  than  tha t  of the o ther  two 
traces because in this  case no l a y e r  of inact ive sulfide 
is absorbing the  side sca t tered  radiat ions.  I t  can be 
seen tha t  the  inner  border  of the  radioac t ive  t races 
a lways  coincides wi th  the  me ta l  interface.  Moreover ,  
for specimen (c) pa r t  of the  chromium sulfide layer  
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lies outside the t racer  per imeter ,  as ind ica ted  by  the 
dashed lines. In  conclusion, the  d is t r ibut ion  of rad io-  
act ive sul fur  remains  essent ia l ly  of constant  wid th  in 
the v ic in i ty  of the  a l loy surface, i r respect ive  of scale 
thickness, c lear ly  indica t ing  that  sulfur  anions do not  
os tensibly  diffuse in e i ther  of the  sulfide phases. 

Discussion 
This section aims to synthesize a reac t ion  mechanism 

for the  format ion  of sulfide scales on n icke l -ch romium 
alloys. We shall  base our a rguments  on the analysis  
of kinet ic  data, meta l lography ,  p l a t i num m a r k e r  po-  
sitions, and rad ioac t ive  sulfur  d is t r ibut ion  in the scales. 

In our previous inves t igat ion (1), it  was shown tha t  
parabol ic  re la t ionships  descr ibe the  growth  of the  in-  
d iv idua l  sulfide layers  and the  duplex  scales. P r e -  
requisi tes  for this type  of kinet ics  a re  compactness  
and adherence  of ind iv idua l  sulfide layers.  Al though 
in our  case these condit ions were  satisfied, a cer ta in  
amount  of mechanica l  b reakdown  of the scale did 
occur, especia l ly  where  the  specimen geomet ry  r e -  
s t r ic ted plast ic  deformat ion.  This led, af ter  a prolonged 
react ion time, to the format ion  of p re fe ren t ia l  channels  
at the edges of specimens th rough  which sulfur  reached 
the meta l  surface by  t r anspor t  th rough  the gas phase. 
Nonetheless,  on the  basis  of our  observat ions  it appears  
val id  to set up a mode l  for the  scale growth  over  a 
flat a l loy surface in te rms of solid diffusion of its com- 
ponents  alone. 

The s toichiometr ies  of the n ickel  and chromium sul-  
fide phases, have  been shown to va ry  wi th  sulfur  p res -  
sure wi th in  somewhat  large  ranges  (1, 9). We shall  
assume, in agreement  wi th  these results,  tha t  the com- 
posi t ion of the  outer  l aye r  is Ni3S2 or NiS if the  r e -  
act ing sulfur  pressure  is be low or above  10 -5 atm, 
respect ively.  We ascr ibe the  fo rmula  CrS to the  inner  
chromium sulfide layer ,  a l though phases ly ing wi th in  
the  composi t ion range  CrS-Cr2Sa could possibly  be 
present  in this region. 

I t  is ev ident  f rom Fig. 2, 5, and 6 tha t  ou tward  move-  
ment  of nickel  ions is en t i re ly  responsible  for  the  
growth  of the outer  n ickel  sulfide layer .  Diffusion 
p robab ly  occurs via vacancies in the  cat ion sublatt ice,  
since both NiS (10-12) and NisS~ (13) exhib i t  char -  
acterist ics  of meta l  deficit (p - type )  semiconductors.  
The format ion  of these la t t ice  defects, n ickel  vacancies 
and posi t ive holes, can be expressed  by  the equat ions 

S ~ NiS + Nil3" + 2E) [1] 
and 

2S ~ N i ~ S ~  -5 3Ni[-]" -5 6 0 [2] 

Since we have no evidence of a n ickel  sulfide phase  
dispersed in the chromium sulfide layer ,  we assume 
that  a s imilar  mechanism accounts for the  t ransfe r  of 
n ickel  ions across the  inner  chromium sulfide layer ,  
wi th  n icke l - subs t i tu t ing  chromium ions in the  cat ion 
sublatt ice.  Microprobe analysis  has in fact shown nickel  
in solution to about  3 a /o  (a tom pe r  cent)  (1). There-  
fore, the diffusion of n ickel  th rough  the chromium 
sulfide layer  must  be a r a the r  fast  process. 

The growth  of the inner  l ayer  must  be control led  by  
a s imi lar  mechanism.  Microscopic examina t ion  has 
shown tha t  f rom the ve ry  beginning of the  react ion the 
corrosion produc t  has the  duplex  s tructure.  The posi -  
t ion of the iner t  p l a t inum markers ,  t ak ing  into account 
the  above-ment ioned  "undercu t t ing  mechanism,"  indi-  
cates concurrent  ou tward  diffusion of chromium and 
nickel  ions. The anion la t t ice  being eve rywhere  inert ,  
Fig. 6 and its in te rp re ta t ion  in Fig. 7 make  this con- 
clusion unassai lable .  

F igu re  5 shows c lear ly  tha t  rad ioac t ive  sulfur  did 
not pene t r a t e  into the  compact  outer  layer .  F u r t h e r -  
more, i t  has been repor ted  tha t  the  diffusivi ty of n ickel  
in nickel  sulfide is much h igher  than  tha t  of sulfur  
(14). Our  observat ions  show tha t  the bounda ry  be-  
tween the  inner  and the  outer  l aye r  in Fig. 3 moves 
ou tward  wi th  respect  to the  p l a t inum m a r k e r  and the 
meta l  interface wi th  increasing react ion time. We con- 
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Fig. 7..Schematic representation of the two-stage sulfidation 
depicted in Fig. 6. The dashed lines connecting the two models 
show the relative displacement of the interfaces during the reac- 
tion. 

clude therefore,  that  the inner  layer  grows at  the  ex-  
pense of the n ickel  sulfide layer ,  wi th  the  d isp lacement  
react ion NiS -t- Cr ~=~ CrS -t- Ni occurr ing at its inner  
boundary .  This process resul ts  in a decrease in th ick-  
ness of the  outer  layer ,  bu t  it  is ba lanced by  a much 
fas ter  g rowth  ra te  at  the gas phase interface.  

The dr iv ing  force for the  conversion of nickel  sulfide 
into ch romium sulfide is the  difference in the  f ree  
energy  of format ion  of these compounds.  Ex t r apo la t ed  
s tandard  free energy  var ia t ions  for  the  format ion  of 
1 mole  of react ion p roduc t  f rom pure  me ta l  and $2 at 
1 a tm are, respect ively ,  AG~ : --17,775 ca l /mole ,  
L~G~ : --42,450 ca l /mole  at  727~ (10), and hG~ 
: --35,360 ca l /mole  at 700~ (15). The growth  of 
chromium sulfide at the  expense  of n ickel  sulfide is 
c lear ly  favored.  If this react ion occurs at  the  inne r -  
outer  l aye r  interface,  ch romium mus t  be t r ans fe r red  
to this  region. Unfo r tuna te ly  no da ta  a re  avai lable ,  to 
our  knowledge,  on the  defect  s t ruc ture  of CrS. Assum-  
ing tha t  this compound is a p - t y p e  semiconductor ,  
chromium f rom the a l loy  could reach the in terface  via 
cat ion vacancies,  fo rmed according to the  equat ion 

S ~ CrS + C r N "  -I- 2(~ [3] 

where  sulfur  is suppl ied  by  the  dissociat ion of n ickel  
sulfide. 

The proposed ove r -a l l  react ion mechanism is sum-  
mar ized  in Fig. 8. The n ickel  ions and electrons are  
t r anspor ted  across the  scale f rom the a l loy to the gas 
phase interface,  where  they  react  wi th  adsorbed  sulfur  
to form the n ickel  sulfide layer .  This t r anspor t  occurs 
via  cat ion vacancies in the  inner  and in the  outer  layer ,  
both  of which a re  supposed to have  a p - t y p e  s t ruc-  
tu re  (16). This model  does not  requi re  the  presence 
of a second nickel  sulfide phase wi th in  the chromium 
sulfide layer,  as p rev ious ly  repor ted  in the  l i t e ra tu re  
(7). A l though  the composi t ion of this l ayer  has not  
been character ized gene ra l ly  for our  expe r imen ta l  con- 
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Fig. 8. Tentative model for the diffusion-controlled sulfidation 
of a Hi-20 w/o Cr alloy at 700~ 
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dit ions the  formula  CrS can be adopted.  The growth  of 
this  l ayer  is a t t r i bu ted  to ou tward  diffusion of chromi-  
um to react  wi th  n ickel  sulfide at  the  in ter face  be tween  
the two layers.  

Summary 
On the basis of kinet ic  and  morphologica l  da ta  and 

wi th  the  he lp  of markers ,  w e  have  been led  to propose  
a mechanism for the  sulf idat ion of a Ni-20 w / o  Cr 
alloy. The model  is based en t i re ly  on diffusion of meta l  
across the  scale under  condit ions for h i g h - t e m p e r a t u r e  
corrosion phenomena,  a l though concurren t  mechanisms 
can cont r ibute  to the  scal ing of the  a l loy  when mechan-  
ical b r eakdown  of the scale takes  place. This model  
s tands on a few hypotheses  which  should be checked 
by  fu r the r  exper imenta t ion .  In fo rmat ion  should be 
ga thered  on the composi t ion and the  defect  s t ruc ture  
of the  phases involved  in the sulfidation, as wel l  as 
on the lat t ice and bounda ry  diffusivit ies of the scale 
components.  Notwi ths tanding,  the  resul ts  of this  in-  
vest igat ion disprove the p reva l en t  v iew tha t  nickel  
sulfide s t r ingers  in chromium sulfide are  essent ia l  for 
t ransfe r  of n ickel  across the  scale and tha t  sulfur  
migra tes  as sulfur  vapor  or  hydrogen  sulfide th rough  
fissures in the  n ickel  sulfide and chromium sulfide 
layers  t a  form chromium sulfide at  the  al loy interface.  
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Characterization of Silicon Nitride Films 

E. A. Taft 
General Electric Research and Development Center, Schenectady, New York 12301 

ABSTRACT 

Various "silicon ni tr ide" films have been prepared from Sill4, N2, NHs, 
and N20 in an r f -promoted glow discharge reaction. These films are described 
pr imar i ly  through the use of infrared absorption. Aided by ul traviolet  ab-  
sorption, the inclusion of excess silicon or of oxygen in the films is readi ly 
followed. Changes in index of refraction, etch rates in HF acid, and electrical 
conductivi ty of the films are correlated with the optical absorption study. 
Comparisons of these films with those formed by pyrolysis or by reactive 
sput ter ing are made. Some reproducible physical properties of an amorphous 
SiaN4 film are stated. 

After an init ial  group of manuscr ipts  on silicon 
nitr ide th in  films in 1967, there have appeared reports 
on new processes or variat ions of old processes in 
prepar ing these amorphous layers. Evaluat ions of the 
prepared films have been made through physical, 
chemical, or electronic methods depending on the par-  
t icular interest  of the investigator. The general  interest  
has been toward the development  of an impervious 
dielectric film to replace or to supplement  silicon oxide 
films which serve in various capacities in silicon device 
technology. Because of these different methods of 
preparat ion and the individual  emphasis on a property 
of a film, there has been on real basis for assuming 
that only one mater ial  was undergoing investigation. 
On the other hand, a common set of evaluations of 
variously prepared films could serve to establish an 
ident i ty  for silicon nitride. 

Three general  methods are used to form these ni t r ide 
films. The most used system is the pyrolytic decompo- 
sition of mixtures  of gases of silicon compounds and 
ni trogen compounds (1-5);  typical ly these gases are 
Sill< and NH3 decomposed on a substrate at 1000~ 
(6-8). Other work describes the reactive sput ter ing of 
silicon in ni t rogen onto a cold or heated substrate 
(9-11). Radio-f requency (rf) sput ter ing of Si3N4 is not 
general ly  used as h igh-pur i ty  cathodes are not readily 
available. The third method utilizes a rf glow discharge 
to ionize gases and form films on cold or heated sub- 
strates (12-14). A more recent report describes the 
action of ul t raviolet  light on Sill4 and H4N2 mixtures  
(15). The general  properties of many  of these films 
have been described in terms of their  surface struc- 
ture, optical absorption, or x - r ay  diffraction. An in-  
terest in mechanical  stresses, etch rate in HF acid, or 
resistance at elevated temperatures  to diffusion of 
specific atoms through the films appears in some 
papers (I6-20). The electrical conductivi ty or "leak- 
age" of these dielectric films is discussed in other 
papers (21-23), and the silicon-silicon ni t r ide in te r -  
face has received much study (3, 7, 23, 25). 

This report is based on optical absorption studies of 
silicon ni t r ide  films formed in a glow discharge of Sill4 
W NH3 or Sill4 ~ N2. (Pyrolyt ic  films from Sill4 -t-NH~ 
prepared by F. K. Heumann  and reactively sputtered 
films of Si in N2 prepared by L. F. Cordes were avail-  
able for comparison.) The index of refraction and the 
etch rate in HF acid is determined for m a n y  of the 
films. Variations in properties of glow discharge films 
are explained and an amorphous Si3N4 film is identified. 
Silicon oxynitr ide films obtained from glow discharges 
in Sill4, N20, and N2 are also measured. In addition, 
comparisons are made with other n i t r ide  and oxyni-  
tride (25-29) films to show a continuous var iat ion in 
properties as the composition of the amorphous film 
is changed. IX- ray  and electron diffraction work (7, 
25) especially that of Tombs et al. (28) shows no long 

Key words:  thin dielectric films, rf  glow discharge,  inf rared  ab- 
sorption. 

range order on ~/z~ thick deposited films. The films 
used here, deposited at low temperatures,  are there-  
fore also described as amorphous.] 

Experimental 
The reaction chamber was a 2-in. ID Pyrex  tube 

which was ini t ia l ly evacuated to less than  1 x 10 -~ 
Torr with a mechanical  pump. The flow of gases was 
controlled by needle valves or by capillaries. A simple 
nichrome wire spiral heater  supported a carbon sam- 
ple holder. Several  tu rns  of copper wire or tubing  were 
wound over the Pyrex tube  and rf cur rent  was passed 
through the coil. At the usual  gas pressure of 0.05-1 
Torr, monitored by a thermistor  vacuum gauge, a dis- 
charge was readi ly started with a small  oscillator at 
frequencies from 0.5 to 30 MHz. Power absorbed by 
the discharge was usual ly  less than  10W, and an un -  
heated substrate was warmed slightly. The experi-  
menta l  setup used appears to be much like that de- 
scribed by Joyce (30). The procedure was normal ly  
l imited to fixing a flow rate of Sill4, setting a substrate 
temperature,  adjust ing the flow of NHa, N2, or N20, 
and then star t ing a discharge. Substrates  were either 
th in  silicon wafers for infrared absorption or disks of 
sapphire for the ul t raviolet  absorption. The thickness 
and the index of refraction of the films on silicon were 
determined from the wavelengths of interference 
min ima  for reflected light. While this method requires 
measurement  at two different angles of incidence and 
films at least several  fringes thick, the substrate need 
not be an optical flat. A Cahn electrobalance was used 
for densi ty measurements .  

The infrared absorption spectrum was recorded on 
a Pe rk in -E lmer  337 grat ing spectrophotometer. Films 
on sapphire disks were observed in ul t raviolet  absorp- 
tion on a Pe rk in -E lmer  202 grat ing spectrophotometer. 
The etch rate in 48% hydrofluoric acid was recorded 
for some films. 

Results 
Glow discharge SiH4-N2-NH3.--As most of the dis- 

cussion will include data from infrared absorption, a 
composite spectrum is d rawn in Fig. 1 to indicate the 
bands which are observed and band  strengths which 
may be encountered. The Si-N bonds (31) appear in 
absorption at 11.5 and 21~ and are typically of the 
s trength shown. The N-H and Si-H modes have been 
seen with absorption coefficients as high as those 
shown, but  they are often not detectable. The log scale 
emphasizes the sharpness of the bands. Figure  2 shows 
only the region of major  absorption for the Si-N bonds 
on a l inear  absorption scale, Si3N4 crystal l ine powder 
(B-phase) in a KBr pressed disk exhibits sharp struc- 
ture  in comparison to amorphous silicon ni t r ide films 
formed by any of the three different methods. These 
spectra shown are typical, though variat ions will be 
shown later, and the slightly sharper peaks of the 
pyrolytic mater ial  formed at 1000~ is perhaps the 
only notable feature. The absorption coefficients of the 
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Fig. 2. Comparison of crystalline and amorphous silicon nitride 
infrared absorption. 

films are not accurately determined but  they should 
be wi thin  20% of these values. 

Star t ing with a fixed silane pressure in the glow dis- 
charge system, anhydrous  ammonia  was run  through 
at different rates in a series of runs. The substrate was 
held at approximately 400~ while films of ~/~ to 1~ in 
thickness were deposited. Variations of the peak ampli-  
tudes of the infrared absorption coefficients in three 
different bands are given in Fig. 3 for changing am- 
monia pressure. When ni trogen rather  than ammonia  
is used, quite a different pat tern  is obtained, as seen 
in Fig. 4. The index of refraction and deposition rate 
variat ions for the ni t rogen runs appear in Fig. 5. It 
was found that moving the position of the rf coil, 
changing the tempera ture  of the substrate, or moving 
the inject ion point of the silane caused changes in the 
curves presented in Fig. 3, 4, and 5. Therefore, these 
data are shown to i l lustrate the variat ions which do 
occur, but  which cannot be readily reproduced in detail 
in a separate system. They do serve to emphasize the 
ease with which films of different properties can be 
formed. Even the main  Si-N band absorption is sub-  
ject to considerable shift in  peak position and to change 
in intensity.  Figure 6 shows this change with three ex- 
amples and the index of refraction for each. The Si-N 
absorption at 21~ in 1~ thick films is even more variable 
as indicated in the spectrograph tracings in Fig. 7. The 
pyrolytic deposit of curve B contains the well-defined 
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Fig. 3. Change in infrared absorption coefficients with ammonia 
gas pressure. 
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absorption at 21g typical of films formed at 1000~ 
Curve A represents a low- tempera ture  glow discharge 
film containing large N-H fractions. In curve C the 21~ 
absorption peak is near ly  obliterated. The film giving 
curve C, also from a low-tempera ture  glow discharge, 
shows small  N-H but  large Si-H absorption bands. The 
21g peak is the symmetric stretching mode in Si-N 
absorption (31), and it is clear that  there is enough 
Si-H bonding (the absorption coefficient at 4.6g is 3000 
cm -1) made a t  the expense of Si-N bonds to greatly 
dis turb the S~-N absorption normal ly  localized in this 
region. 

Figure 8 shows tracings of a port ion of spectrographs 
for lg thick films in the higher energy range. Absorp- 
t ion coefficients as high as 3000 cm -1 have been ob- 
served in each of the ba~ds shown. The 4.6g band, 
while a little sharper thafi the one at 3.0g, does not 
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appear to be so definitely fixed in peak position. The 
3.0~ band seems always to be accompanied by an ab- 
sorption of about the same strength at 8.3~ in the tail  
of the ma in  Si-N band. The 4.6~ band also seems to be 
accompanied by absorption near  11.8~ indicat ing a 
second stronger Si-H mode. This mode is often evi- 
denced through an apparent  shift in the peak position 
of the ma in  Si-N band, as for example in curve C of 
Fig. 7. This shift toward lower energy has been found 
in all films having appreciable 4.6~ absorption. The 
observation of this second absorption of Si-H was ini-  
t ial ly made on films formed from Sill4 and N20. 

G l o w  d i scharge  SiH4-N20.--In film formation from 
Sill4 and N20 gases there is observed, in addition to 
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Fig. 9. Infrared absorbonce with change in nitrous oxide/silane 
ratio in glow discharge. 

the bands previously discussed, absorption of O-H at 
2.74ff, and the prominent  Si-O bands at 9.3, 12.4, and 
22~. Figure 9 gives the t rend in infrared absorption of 
1/2-1~ thick films as the SiH4/N~O ratio is increased. 
Curve A appears to be much like that  for normal  ab-  
sorption of a silicon dioxide film, and the index of 
refraction is that expected of the oxide. Curve B (for 
a film of different thickness) appears to belong to an 
intermediate  of silicon oxide and silicon nitride. This 
film has a small  band at 2.98~--apparently the N-H 
absorption slightly shifted; whereas curve A has a 
small  O-H absorption at 2.74~. The index of refraction 
of the film of curve C approaches that  of a nitride, 
but the absorption still indicates an intermediate  oxy- 
ni t r ide composition, al though a second peak near  11.8~ 
is beginning to rise. The film of curve D was deposited 
under  the same gas conditions as film C, but  the sub- 
strate was not heated. The second peak is now much 
larger. The absorption at 4.6~ is also found to be 
larger. In  this series of films, the  second peak near  
11.8~ always corresponds in s trength to the Si-H ab-  
sorption at 4.6~. At higher SiH4/N20 ratios the films 
become more and more silicon rich. 

G l o w  d i scharge  SiH4-N2-N20.--Some films were de- 
posited in Sill4 and N2 or Sill4 and NH~ with small  
amounts  of N20 added. An  i l lustrat ion of the effect of 
the added oxidizing gas is given in Fig. 10 for films 
11/2~ thick. Curves A and B show a shifting and broad-  
ening in the 9-12~ region of absorption as oxygen is 
incorporated in the film. Curve C shows features of 
the sharper and stronger bands associated with silicon 
oxide. However, a small  absorption occurs at 2.95~ and 
indicates that  the N-H band  is still present but  sl ightly 
shifted in position. When coupled with the index of 
refraction value, it appears that there is still a frac- 
tion of s i l icon-nitrogen bonding in the composite film. 
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In  curve D, the Si-O absorption bands are clearly 
separated and the greater peak values of absorption 
are evident. The N-H band near  3.0~ has now dis- 
appeared to be replaced by the O-H band at 2.74~,. 

Etching in hydrofluoric acid.--Some of the samples 
deposited at various substrate temperatures  from the 
SiHr glow discharge were placed in 48% hydro-  
fluoric acid and the film removal  rate observed. For 
films with low deposition temperatures  the etch rates 
are very high, but  the rates decrease to about 6000 
A / m i n  for substrate temperatures  of 500~ (See Fig. 
11.) The rates then drop rapidly wi th  increasing tem- 
peratures unt i l  at temperatures  above 800~ the films 
are, of course, indis t inguishable from pyrolytic films 
formed without  the glow discharge. The infrared ab-  
sorption at 3.0~ indicative of N-H bonds was found to 
exhibit  some correlation with the etch rate. The general  
t rend is given in Fig. 12, although some films prepared 
at other gas pressures or other gas ratios did not  fit 
this curve well. The films formed in the SiH4-N2 sys- 
tem appear to fit to an ent i rely different curve with 
respect to the 3.0~ absorption strength. This curve 
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Fig. 12. Etch rate in 48% hydrofluoric acid vs. N-H absorption 
coefficient at 3.0/~ for silane-ammonia and silane-nitrogen glow 
discharge films. 
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is also shown in Fig. 12 and again represents the gen- 
eral trend. 

Data on the index of refraction and the density were 
taken for films deposited at various substrate tempera-  
tures from Sill4 and NH~. Deposition at room tem- 
perature produced films with a density of 2.4. This 
density is much lower than  the 3.1 found for high- 
temperature  films. The decreased density and the usual  
high hydrogen content accompanying it are factors in 
the lack of resistance of these films to hydrofluoric acid 
attack. The index of refract ion of a film is much easier 
to obtain than  the density. These index values were 
found to range from 1.8 to 2.1 for the same group of 
films which varied in density from 2.4 to 3.2. A change 
of this order is predicted by the Lorenz-Lorentz  law 
(32), so the index can be used (at least for silicon 
nitr ide films in this range) to estimate the density. 

Ultraviolet absorption.--A number  of films were de- 
posited on sapphire substrates. Tracings of data from 
the spectrophotometer are shown in Fig. 13. For films 
about 1~ thick the absorption coefficient where the 
curves intersect the base l ine (absorbance = 1.5) is 
3 x 104 cm -z. Curve 1 is typical  for a film containing 
excess silicon. The reactively sputtered films of Cordes 
(11) show curves of this shape and near  this wave-  
length position. Pyrolyt ical ly  formed films (25) at high 
NHJSiH4 ratios show absorption at higher energies 
near  curve 2. The more rapid increase in absorption 
at higher energies as compared with curve 1 is always 
observed. Curves 3 and 4 are included to show the 
smooth shift of the absorption edge to higher energies 
as small amounts  of oxygen are added to the film. 
Continuous shifts to lower energies are observed as 
the N2/SiH4 ratio is reduced in the glow discharge. A 
film having an index of 2.8 gives a base l ine intercept 
at 420 m~ and an amorphous film prepared from pure 
Sill4 has moved to 570 m~. 

Discussion 
Resistance to corrosion, great hardness, and low 

thermal  expansion made crystal l ine Si3N4 an at trac-  
tive h igh- tempera ture  refractory (33). The work of 
Turkdogan et al. (34) firmly established the formula 
as Si3N4 and set the density at 3.19 _ 0.01. Addit ional  
work on the properties was reported by Popper and 
Ruddlesden (35). The solubil i ty and electrical activity 
of ni t rogen in silicon have been studied by Kaiser and 
Thurmond  (36). These few papers on crystall ine mate-  
rial are a background to the many  papers on the 
amorphous thin film. To summarize a few figures on 
crystal l ine Si3N4, first the old density figure of 3.44 
(37) should be replaced by 3.19 (34). The dielectric 
constant  value of 9.4 often appears, but  the source is 
not apparent.  If the Lorenz-Lorentz  approximation 
(32) is made using the measured densi ty (3.11) and 

the dielectric constant  (7.4) of amorphous mater ia l  
(25), a value of 8.0 is obtained for the dielectric con- 
stant  of crystal l ine material .  Also, if the index of re- 
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fraction of the film at 4500A is 2.03 (25), the index of 
the crystal  is calculated to be 2.06. These numbers  will 
be considered as those represent ing crystal l ine SigN4 
and an amorphous mater ia l  with similar bonding. 

The reactively sputtered films deposited by Cordes 
(11) were highly reproducible and quite insensitive 
to system parameters.  Because of this invar iable  be-  
havior, it was first assumed that  this must  be the 
stoichiometric material.  This assumption was in part  
based on the observation that the pyrolytic films of 
Heumann  (25) contained hydrogen and were of slight- 
ly lower index of refraction. However, the conclusions 
of Cordes (11) seem valid, and a slight excess of 
bonded Si is bui l t  into the lower substrate tempera-  
ture  sputtered deposits. Cordes found that  high=tem- 
perature  anneal ing decreased the index but  not the 
thickness of the film. This observation agrees with the 
assumption that Si-Si  bonds were replaced with Si-N 
bonds. The etch rate of the reactively sputtered films 
moved from ,~120 to 150 A/ra in  after heating and the 
index of refraction changed from 2.06 to 2.03. These 
values are like those of a pyrolytic film. As the sput-  
tered film does not contain hydrogen, the small amount  
of N-H bonding seen in infrared absorption in the 
higher tempera ture  pyrolytic films therefore has no 
discernible effect on the index or the etch rate. 

If excess conductivi ty is assumed to indicate Si-Si  
bonding in films, again the pyrolytic film with the low- 
est conductivi ty should be more near ly  the Si3N4 com- 
position. Cordes (11) uses conductivi ty to describe Si 
excess in a sputtered silicon ni tr ide lattice by com- 
par ing to the pyrolytic  films of D. M. Brown (25). 
Hu (24) also used sputtered films. Doo (16), G. A. 
Brown (22), and Yeargan (21) show pyrolytic film 
conductivity. Deal (23) measured a slightly different 
film formed from SiCI4 and NH3. Parnel l  (38) gives a 
comparable conductivi ty for rf glow discharge dielec- 
trics in capacitors. A comparison of these data (Fig. 
14) shows that  the pyrolytic deposits of many  invest i-  
gators seem to approach a common min imum conduc- 
t ivi ty at voltages near  the breakdown strength of the 
dielectric. Doo (16) and G. A. Brown (22) found their 
curves to represent  the min imum conduction observed 
as the ratio of silane to ammonia  was decreased. 

The ul traviolet  absorption edge also appears to be a 
relat ively sensitive indicator of excess silicon or of 
oxygen contamination,  and an absorption increase ac- 
companies a conductivi ty increase. The addition of 
small  amounts  of oxygen to either the pyrolytic or 
glow discharge systems gives a continuous shift of the 
ul traviolet  edge to higher energies. This again indi-  
cates that the assignment of the 2290A. wavelength  to 
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Fig. 14. Conductance in pyrolytic end sputtered silicon nitride 
films. 

a 104 cm-1 absorption coefficient for amorphous silicon 
ni t r ide is approximately correct. 

Two types of investigation which have received some 
at tention are film structure (28, 39, 40) and the elec- 
tr ical  behavior of the film with a silicon ,interface. Be- 
cause of the already diverse properties of films pre- 
pared in this work and ear ly  recognit ion of silicon 
nitr ide as a leaky insulator  (25), no use of the C-V 
behavior of the films was at tempted in this study. 
Throughout  the infrared work when the effects of 
quanti t ies of oxygen, hydrogen, or silicon could be 
observed as part  of the silicon ni t r ide film, there 
gradual ly buil t  up the impression that  the composition 
of these films can be made cont inuously variable. The 
data on the oxynitrides,  in particular,  appears to agree 
with the work of Tombs e t a l .  (28), and their  descrip- 
t ion of the films as solid solutions appears to fit as 
well  to the wider range of films discussed here. Drum 
and Rand (29) also suggest this continuous range of 
properties and refer to their films as oxynitr ide poly- 
mers. 

Conclusions 
An amorphous film of silicon nitr ide of Si3N4 com- 

position has an index of refract ion of 2.03 at a wave-  
length  of 4500A, a dielectric constant  of 7.4, and u l t ra -  
violet absorption edge with an absorption coefficient 
of 104 cm -z at wavelength 2290A. Its broad infrared 
absorption band  with an absorption coefficient of 2 x 
104 cm -1 peaks near  11.5~ with a smaller band at 21~. 
The etch rate, in 48% hydrofluoric acid at room tem- 
perature, is 150 A/min,  and the resistivity is 10 TM ohm- 
cm at 4 x 108 V/cm. 

Pyrolytic films formed at 900~176 with very 
dilute Sill4 in NH3 appear to approach this descrip- 
t ion except for the small  added hydrogen content. At 
formation temperatures  below 900 ~ most of the hydro-  
gen remaining  in the film is correlated with a lower- 
ing of the index of refraction and an increase in the 
etch rate. With low (<10:1)  ammonia-s i lane  ratios 
excess silicon appears in the films. Reactively sput-  
tered films always form with a slight silicon excess in-  
dicated by the increased index of refract ion of 2.06 
and lowered etch rate of 120 A/min .  No hydrogen ap- 
pears in these films. Glow-discharge-promoted de= 
posits can be made at room temperature,  but  the re- 
sul tant  films have a high hydrogen content accom- 
panied by a greatly lowered index of refraction and 
almost no etch resistance. Fi lms formed at higher tem- 
peratures can be made which approach pyrolytic  mate-  
rial in etch resistance and dielectric strength. These 
films are usual ly obtained by adjust ing the gas ratio 
and allowing the films to become slightly silicon rich. 
The hydrogen content  then appears to switch from the 
N-H bond to the Si-H bond and the dielectric constant  
increases while the etch rate decreases. 

If N~O is added to the gases, a range of oxynitr ides 
can be made using the glow discharge. These films also 
retain hydrogen, especially at the lower substrate tem- 
peratures, and can be made to contain excess silicon. 
The range of index of refraction is from that  of silica 
at 1.45 to that of si l icon-rich films at >3. 
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Evaluation of a New Polish for Gallium 
Arsenide Using a Peroxide-Alkaline Solution 

J. C. Dyment and G. A. Rozgonyi 
Bell Telephone Laboratories, Incorporated, Murray Hi~l, New Jersey 07974 

ABSTRACT 

It  has recen t ly  become necessary to obta in  a h igh-qual i ty ,  s t r a in - f ree  
polish on the  (111) Ga-face  of GaAs. Previous  techniques using a b romine -  
methanol  (BM) solution or a S y t o n - b r o m i n e - m e t h a n o l  (SBM) solution were  
found to be inadequate .  The BM and SBM solutions were  also subject  to 
undes i rable  aging character is t ics  which resul ted  in nonreproducib le  pol ish-  
ing ra tes  wi th  time. In this  repor t  we show that  a new solution containing 
tI20~ and NH4OH, re fe r red  to as the  P A  solution for pe rox ide -a lka l ine ,  ove r -  
comes the l imita t ions  of the  BM and SBM solutions. A compara t ive  s tudy  of 
the th ree  polishes has been made re la t ing the  opt ical  quali ty,  c rys ta l  or ien-  
tat ion dependence,  pol ishing rates  and s tabi l i ty ,  ohmic contact  res is tance to 
the  polished surfaces, and res idual  surface damage,  as de te rmined  by  h igh-  
resolut ion x - r a y  topography  of pol ished surfaces and c leaved cross sections. 
In  each case the  P A  solution equals  or improves  on the BM or SBM solu- 
tions. In  addition, it  is found tha t  P A  pol ished subst ra tes  y ie ld  diffused junc-  
tion lasers wi th  threshold  cur ren t  densi t ies  comparab le  to the best  BM and 
SBM data. 

Chemical  pol ishing of GaAs wafers  is recognized as 
a crucial  step in the  fabr ica t ion  of m a n y  device s t ruc-  
tures. Because of the excel lent  resul ts  obta ined on the 
(100) face and the (111) As-face  of GaAs with  the  
b romine -me thano l  solution (BM),  first descr ibed by  
Sul l ivan  and Kolb  (1) in 1963, it  has been wide ly  used 
in GaAs technology. However ,  severa l  l imi ta t ions  st i l l  
exis t  wi th  the BM solut ion tha t  are  becoming increas-  
ingly  impor tan t  in o rder  to meet  the  s t r ingent  r equ i re -  
ments  of recent  advances  in GaAs devices. For  e x a m -  
ple, the s ing le -he te ros t ruc tu re  junct ion  laser  (2-4) 
often requi res  that  the n - t y p e  subst ra tes  of these de-  

Key words: gallium arsenide, polishing, x-ray topography. 

vices be pol ished on the (111) Ga- face  to wi th in  a few 
microns of the  p - n  junction.  These procedures  are  em-  
ployed to reduce the  t he rma l  resis tance be tween  the 
junct ion and a sui table  hea t  s ink and the reby  pe rmi t  
improved  continuous or high du ty -cyc l e  operat ion.  

Two of the  l imi ta t ions  of the  BM solut ion are  its 
inabi l i ty  to polish the  (111) Ga- face  nonpreferent ia l ly ,  
and its aging character is t ics  which resul t  in nonrep ro -  
ducible  pol ishing ra tes  wi th  t ime.  I t  was found tha t  
adding Syton to the BM solution, he rea f t e r  SBM, im- 
proved the optical  qua l i ty  of the (111) face, but  i t  st i l l  
was not comple te ly  sa t i s fac tory  for many  devices, and 
its aging charac ter i s t ics  were  worse  than  the  BM solu-  
tion. We have therefore  made  a deta i led  s tudy  of a 
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F POLISHING CLOTH 

TEFLON - COATED J U INTERCHANGEABLE 
IRON TURNTABLE GLASS PLATE 

METHOD t 

YOKE 

POLISHING 
FIXTURE 
(WITH ONE 

i I ~ , / ~ /  F~ CONDITIONING 

QUARTZ FLAT~.~.~/ I.- ~ ? /  

Y O K E ~  

Fig. 1. Tap: Schematic of polishing machine turntable and inter- 
changeable glass plate. Bottom: Diagram illustrating the two 
methods used for polishing samples. In method 1, the single 
sample rotates about its own center. The sample and polishing 
fixture turn inside a conditioning ring which is positioned by a 
yoke. In method 2, several samples are polished simultaneously by 
mounting them on a large quartz flat. As the flat turns inside the 
yoke, samples receive a translational motion across polishing cloth. 

new polishing solution for GaAs which contains H 2 0 2  

and NH4OH and was first used by Sayko (5) of these 
laboratories. In  the present  paper, we show that  this 
peroxide-alkal ine  (PA) solution overcomes the l imita-  
tions associated with both the BM and SBM solutions. 

Several properties of the PA solution were invest i-  
gated as follows: 

a. Optical qual i ty  and crystallographic depen-  
dence. 

b. Polishing rates and reproducibil i ty.  
c. Surface damage and residual  s train due to pol- 

ishing. 
d. Metallic contact resistance to polished layer. 
e. Fabr icat ion of diffused junct ion lasers from 

PA-pol ished substrates. 

The results of these studies are reported and, where  
applicable, comparisons are made with the BM and 
SBM polishes. Finally,  a critical evaluat ion of the PA 
solution and some areas which still require fur ther  
invest igat ion are outlined. 

Experimental Procedures 
The apparatus  used for polishing is shown schemati-  

cally in Fig. 1. It consists of a Teflon-coated iron t u r n -  
table and several interchangeable  flat Pyrex  glass 
plates. These plates can be used with any desired 
polishing cloth or, al ternately,  wi thout  a cloth dur ing 

lapping operations. For PA and SBM polishing we used 
Politex Supreme cloths)  while PAW scientific cloths 2 
were employed for BM polishing. Both of these cloths 
have adhesive backings which are pressed onto the 
Pyrex  plates. 

Two methods of mount ing  wafers are used depend-  
ing on the number  of available samples as i l lustrated 
in Fig. 1 (bottom).  In method 1, a single wafer is 
mounted  in a polishing fixture similar  to one reported 
by Mash et aI. (6). The wafer  is first waxed to a flat 
quartz or stainless steel disk which is then attached 
to a plunger.  The movement  of the plunger  is con- 
s trained by a l inear  bear ing to main ta in  the surface 
of the wafer paral lel  to the plane of the turntable .  
The polishing pressure is varied by adjust ing a com- 
pression spring located inside the center shaft of the 
plunger.  With method 2, on the other hand, three or 
more wafers must  be mounted  s imul taneously  on a 
large quartz flat. Although it is not possible to polish 
one wafer at a time, method 2 does have the advantage 
of producing a more desirable polishing motion since 
each sample is t ranslated back and forth across the 
polishing cloth rather  than  tu rn ing  only about its own 
center  as in method 1. Fur ther  discussion of these 
aspects is given in Exper imenta l  Results. 

Most of our polishing exper iments  have been per-  
formed on n - type  wafers with electron concentrat ions 
in the low l0 is cm -s  range, which is a typical doping 
for junct ion lasers. Before polishing, the wafers were 
always lapped with 5 ~m a lumina  abrasive. Each of 
the polishing solutions was mixed in the proportions 
given in Table I and applied at rates of 800-1400 ml /hr .  
The pressure applied dur ing polishing with methods 
1 and 2 was approximately 400 and 120 g/cm 2, respec- 
tively. After  the removal  of a few microns of mater ia l  
the lapping damage was usual ly  not visible, but  the 
polishing was always continued unt i l  about 50 ~m of 
mater ial  had been removed. 

Experimental Results 
Optical quality and crystallographic dependence.-- 

Polishing of the (100), (111) Ga-rich, and (111) As- 
rich faces has been investigated. For all  three solutions, 
highly polished surfaces were achieved on the (100) 
and (111) faces with l i t t le evidence of any preferent ial  
etching, al though the BM polished surfaces sometimes 
revealed a slight lemon-peel  undula t ion  3 which was 
not observed with either the PA or SBM surfaces. On 
the other hand, only the PA and SBM solutions pol- 
ished the (111) face nonpreferent ia l ly .  Ini t ia l  results 
with a scanning electron microscope failed to reveal  
any features of the surface topography. Addit ional  
measurements  with a Talysurf  4 showed the PA topog- 
raphy to be fiat and uni form with no elevated features 
greater than about 100A which is the resolution l imit  
of the ins t rument .  This value is also consistent with 

1 O b t a i n a b l e  f r o m  G e o s c i e n c e  I n s t r u m e n t s  C o r p o r a t i o n ,  M o u n t  
V e r n o n ,  N e w  York .  

O b t a i n a b l e  f r o m  P e l l o n  C o r p o r a t i o n ,  N e w  Y o r k ,  N e w  Y o r k .  
a S i m i l a r  u n d u l a t i o n s  h a v e  b e e n  p r o d u c e d  on  g e r m a n i u m  b y  t h e  

C P 4  e t c h  [see ref .  (7) J. 
M o d e l  4 T a l y s u r f ,  m a n u f a c t u r e d  by  B a n k  T a y l o r  H o b s o n  D i v i -  

s ion,  L e i c e s t e r ,  E n g l a n d .  

Table I. Comparison of three polishing solutions for GaAs 

P o l i s h i n g  r a t e s**  
N o n p r e f e r e n t i a l  po l i sh  ( a m / h r )  C o n t a c t  r e s i s t -  

P o l i s h i n g  so lu t i on  C o m p o s i t i o n *  (100) (111) (Yl l )  I n i t i a l  F i n a l  a n c e  (ohm-cm~)  

R e s i d u a l  s u r -  
f a c e  d a m a g e  

P e r o x i d e - a l k a l i n e  1 m l  N H 4 O H  Yes  Yes  Yes  18 19 --~3.9 • 10 -5 
(PA)  700 m l  HeO2 

B r o m i n e - m e t h a n o l  1 m l  B r o m i n e  Yes  No  Y e s  12 4 ~ 3 . 9  • 10 -s 
(BM) 2000 m l  M e t h a n o l  

S y t o n - b r o m i n e - m e t h a n o l  1 m l  B r o m i n e  Yes  Yes  Y e s  12 1 - -  
(SBM) 20 m l  M e t h a n o l  

300 m l  S y t o n  

N o t  d e t e c t e d  

N o t  d e t e c t e d  

M o d e r a t e  

* C h e m i c a l  d s s a y s  N H 4 O H  (29.5%),  H~02 (29-32%, s u p e r o x o l ) ,  b r o m i n e  (99.8%),  m e t h a n o l  (99 .9%),  S y t o n  ( M o n s a n t o  C o m p a n y ) .  
** F i n a l  r a t e  d e t e r m i n e d  8 h r  a f t e r  p r e p a r a t i o n  of  p o l i s h i n g  so lu t ion .  
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another  measurement  obtained with a mult iple  beam 
interferometer.  

In order to achieve a nonpreferent ia l  polish on the 
(111) face with the PA solution, we found that  the 
motion of the samples on the polishing cloth is an 
important  factor. In this regard, method 2 is notably 
superior to method 1 apparent ly  because the samples 
have increased t ranslat ional  motion and a correspond- 
ingly increased contact with the polishing cloth. To 
unders tand the importance of the motion, it is first 
necessary to describe how the PA polishing mechanism 
differs from conventional etching mechanisms.  When a 
GaAs wafer is in contact with the PA solution, a thin 
film, which probably contains gall ium and /or  arsenic 
oxides, forms on the GaAs surface. The exact composi- 
tion of the film is still unde te rmined  but, since the 
film is very soft, it is cont inual ly  removed by the cloth 
dur ing polishing. In contrast  with most etching solu- 
tions, the PA solution contains no second component 
which chemically dissolves the film as it forms. Thus, 
the PA solution by itself cannot  be used to etch a GaAs 
substrate and polishing will only proceed when the 
GaAs is in contact with the cloth. This has two ad- 
vantages. First, the film is removed from the high 
regions of the wafer before the low regions and this 
improves the over-al l  flatness. Second, the formation 
of any preferent ial  polishing effects, which are some- 
times observed on the (111) face, will  also be inhibited. 

The lack of t ranslat ional  motion associated with 
method 1 sometimes leads to a s i tuat ion where small  
preferential  pimples are observed near  the center of 
the (111) slice being polished. In accordance with the 
above discussion, these pimples are not usual ly  ob- 
served at the outer edges of the slice which do have 
some translat ional  motion. With method 1, a non-  
preferential  (111) surface can still be obtained by 
slightly increasing the amount  of NH4OH to raise the 
pH value from its ini t ia l ly measured value of about 
7.0. However it is important  not to increase the pH 
value too much since this may cause a shallow pi t t ing 
of the surface. Therefore, in summary,  the (111) 
orientat ion of GaAs can be polished with the PA solu- 
tion, but  both the sample motion and NH~OH concen- 
t rat ion are important  factors which determine the 
qual i ty of the polished surface. 

Polishing rates and reproducibil i ty .--Init ial  observa- 
tions with the PA solution indicated that  the polishing 
rate was essentially constant  over durat ions of several 
hours which is in marked contrast with either of the 
solutions containing bromine. To substantiate these 
results, three identical (111) wafers were selected and 
then individual ly  polished by method 1, using one 
wafer for each solution. All solutions were mixed as 
in Table I and applied at a constant rate (1000 ml / h r ) .  
The turn tab le  speed was main ta ined  at 70 rpm and 
each wafer was polished at a pressure of approxi-  
mately 400 g/cm 2. The results of these controlled 
experiments  are plotted in Fig. 2. Each point repre-  
sents 30 rain of polishing time with the exception of 
the init ial  points which are for 20 min  of polishing 
beginning with the lapped surfaces. These init ial  
points have been plotted for completeness only and 
are not indicative of the true polishing rates since a 
lapped surface polishes more rapidly. The main  con- 
clusion from Fig. 2 is that  the polishing rate for the 
PA so:ution is remarkab ly  stable dur ing the 8-hr  test 
period, whereas the rates for BM and SBM solutions 
are reduced by factors of 3 and 12, respectively. The 
evaporat ion of bromine is believed to be the main  
cause of these reduced polishing rates. 

Surface damage and residual strain due to polishing. 
- - A  fur ther  evaluat ion of the three solutions has been 
made using a series of high resolution reflection x - r a y  
topographs of the actual polished surfaces. Again, 
(111) wafers were examined so that the BM solution 
could be included. X- ray  topographs were obtained 

25I ~ ~i ! I I I 

g, " t5 

5 X~x. 

1oo 200 300 400 500 

TIME SINCE PREPARATION 
OF SOLUTION (rains} 

Fig, 2. Polishing rate as a function of time for each of the three 
solutions (see Table I for composition). All solutions were applied 

at a constant rate (1000 ml/hr) and each of the identical (111) 
wafers was polished at a pressure of ~ 4 0 0  g/cm 2. The initial 
point where curve is dashed is for a 20 min polish on a lapped 
surface. All other points present 30 rain of polish. Estimated ac- 
curacy on each rate is ~ 1 , 5  ~m/hr. 

with Cu K,1 radiat ion using a (422) reflection from 
samples polished with PA, BM, and SBM solutions. 
The results are presented in  Fig. 3a, b, and c, respec- 
tively. Notice in Fig. 3a and b that there is excellent 
diffraction contrast between the perfect or defect-free 
regions of the polished surface (i.e., the uni form gray 
background) and the defect dislocations (i.e., the short 
dark lines uni formly distr ibuted throughout  the bulk 
of the sample).  These observations are typical for 
Czochralski-grown ingots (8) and, from these topo- 
graphs, it is estimated that  there are approximately 
5 x 104 dislocation lines per square centimeter.  In  
marked contrast to Fig. 3a and b, Fig. 3c shows that, 
due to the residual s t ra in present  in the SBM surface, 
contrast  at the dislocations has essentially been elim- 
inated. Note, however, that  some heavy tweezer dam- 
age does show up very clearly in three places in the 
lower central  portion of Fig. 3c. These photographs 
clearly demonstrate the superior quali ty of the PA 
and BM polished surfaces. 

A quali tat ive explanat ion for the loss of contrast in 
Fig. 3c is presented in Fig. 4 where we schematically 
compare the diffracted X - r a y  in tensi ty  expected from 
a "perfect" s t ra in-free  area, Ip, containing a dislocation 
line, Id, with a comparable region on a s trained sur-  
face, Is. It can be seen that, because damaged surfaces 
give rise to enhanced diffracted intensity,  i.e., Is > Ip, 
the contrast difference ( I d -  Is) will suffer when 
compared to the perfect region where it is ( I d -  Ip). 
In the extreme cases, when Is ~-- Id, the reflection 
topographs are uni formly  dark and featureless. 

The residual s train fields at the surfaces of the above 
samples have also been examined by obtaining x - ray  
topographs from (110) cleavage faces using procedures 
described by Rozgonyi and Haszko (9). The cleavage 
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Fig. 3. High resolution reflection x-ray topographs of (a) PA, 
(b) BM, and (c) SBM polished GaAs wafers. See text and Fig. 4 
for explanation of these photographs. 

z ~ i d  
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Fig. 4. Schematic representation of diffracted x-ray intensities 
Ip at a perfect strain-free surface compared to Is at a strained 
surface and Id for a bulk dislocation. The contrast difference 
(Id - -  Ip) is greater than (Io - -  Is) which accounts for the in- 
creased contrast found in Fig. 3a and b compared to Fig. 3c. 

face x - ray  topographs of PA and BM polished surfaces 
showed excellent dislocation contrast uni formly dis- 
t r ibuted from the interior  of the wafers to the outer 
(polished) edge of the cleavage face, see Fig. 5a and b. 
However, for the SBM polished sample, see Fig. 5c, a 
th in  un i formly  black area was observed at the edge of 
the cleavage face corresponding to the polished surface 
at the r igh t -hand  edge of the photograph. The black 
area again indicates there is residual surface damage 
associated with the SBM polish. The enhanced diffrac- 
tion at the lef t -hand edge of these topographs is pr i -  
mari ly  due to the saw cutt ing and lapping operation. 

Fig. 5. Cleavage face x-ray topographs for the three samples of 
Fig. 3. 

Thus the cleavage face topographs are consistent with 
the (-111-) surface topographs presented in Fig. 3. 

We believe that the results reported here explain 
some of our previous data regarding the threshold 
current  densities of diffused junct ion laser diodes. 
These lasers were prepared by diffusing Zn to a depth 
of 2 ~m into BM and SBM polished surfaces using 
procedures described previously (10). The standard 
stripe geometry contacts (11) were then applied. It 
was found that the threshold current  densities were 
at least 30% higher for SBM than for BM polished 
wafers. This was observed for three separate ingots. 
One possible explanat ion for the higher thresholds 
associated with SBM would be increased diffraction 
losses due to photons propagating through the strained 
material  near  the surface. Another  explanat ion might  
be that the strained surface somehow affects the dif- 
fusion of the Zn to produce a more ragged junct ion or 
one that  does not have the opt imum gradient. After  
the discovery that  it required higher thresholds, the 
SBM polish was discontinued as a prediffusion sub- 
strate polish. However, unt i l  the discovery of the PA 
solution, the SBM solution was still used whenever  the 
(111) surface had to be polished, e.g., to thin the 

n -GaAs  substrates of s ingle-heterostructure  lasers. 

Metallic contact resistance to polished layer.--In 
view of the above discussion, it seems probable that 
some film which is not completely removed by the 
cloth will remain  on the GaAs surface after PA polish- 
ing. The thickness of this residual film has been esti- 
mated (12) to be about 70A from ellipsometer mea-  
surements.  This is to be compared to a film thickness 
of only 20A on a BM polished slice. It is found, how- 
ever, that the PA film thickness is reduced to less than 
20A after HF cleaning. Nevertheless, for any device 
application, it is essential to determine whether  the 
remaining  layer prevents  the achievement of a good 
ohmic electrical contact to the polished slice. We per-  
formed several contact resistance experiments  using 
our s tandard contact to n - type  GaAs which is an alloy 
containing S n - P d - S n  (13). With the polished GaAs 
substrate held in vacuum at 150~ 2000A of Sn and 
500A of Pd were successively evaporated onto the sur-  
face. These two metals were then alloyed in vacuum at 
525~ for 30 sec. On cooling the substrate to 150~ 
again, the final 7000A thick layer of Sn was evapo- 
rated. Good ohmic contacts were rel iably formed on 
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PA polished slices with the S n - P d - S n  contact and the 
results are v i r tua l ly  the same as found for the BM case. 
The numerica l  values given in Table I were obtained 
by measuring the total resistance of several n - type  
GaAs samples of known dimensions and subtract ing off 
the bulk  contributions.  We conclude, therefore, that 
any  layer which does remain  on the surface after PA 
polishing does not prevent  an ohmic contact. 

Fabrication of diffused junction lasers from PA pol- 
ished substrates.--Since PA and BM polished (111) 
surfaces both appear to be of comparable quality, it 
was expected that  diffused junct ion  lasers should also 
be comparable in performance. At the present  time, 
two different sets of PA and BM polished wafers have 
been compared. For each set, shallow 2 ~m junct ions 
were diffused (10) and stripe geometry contacts (11) 
applied in the usual  manner .  It was found that  the 
average laser threshold current  densities were essen- 
t ial ly equal. Some devices from the PA polished sub-  
strates had slightly lower thresholds but  this is not 
thought to be significant due to the complicated na ture  
of the junc t ion  laser. Nevertheless, these results sup- 
port our findings and again indicate that  the PA solu- 
tion produces a high qual i ty surface. 

Discussion 
Our results, which are tabulated in Table I, demon-  

strate that the new PA polish is highly useful for GaAs 
technology. In summary,  the PA solution provides sat- 
isfactory microtopography for all GaAs orientations 
of interest  to device engineers, constant  polishing rates, 
essentially s t ra in-free surfaces, and ohmic metall ic 
contact characteristics. The PA solution is much more 
predictable than either the BM or SJ3M solutions since 
these both deplete rapidly  with time. In  addition, the 
PA solution would be preferred over the BM solution 
because the la t ter  will  not polish the (111) faces. 
Sul l ivan and Kolb (1) have shown that  if the bromine 
content  is reduced to 0.0025% (i.e., a factor of 20 
smaller  than used in this paper) then the (111) faces 
can be polished. However, as I iyama et al. (14) have 
noted, the polishing rate is then so slow that  it is no 
longer practical. Although the SBM solution will polish 
the (111) faces, it has the disadvantage that it is some- 
what  messy to use and leaves a s trained surface which 
we believe has contr ibuted to higher thresholds in dif- 
fused junct ion  lasers. The presence of s train in a sub-  
strate may also be det r imenta l  if one subsequent ly  de- 
posits vapor or l iquid phase epitaxial layers. Such a 
si tuation has been reported by Weinstein et al. (15) 
for GaAs and Rozgonyi and Saul (16) for GaP. 

There are several areas which we feel war ran t  fur-  
ther  investigation. For example, we have not tried to 
optimize the over-al l  flatness of our wafers. In  some 
cases with polishing method 1 of Fig. 1 we have 
achieved flatnesses of approximately 1 t,m over a 
l inear  dimension of 1 cm. In this measurement  a fair ly 
large wafer is required since a rounding effect occurs 
at the outer 2 or 3 mm of the wafer. This rounding is 
considerably reduced by polishing method 2. However, 
it is expected that  fur ther  improvements  in flatness 
could be achieved by using some of the recent ly re-  
ported discal polishing techniques (14). 

I t  would also seem impor tant  to determine optical 
qual i ty  and polishing rates as the volume percentage 
of NH4OH is varied up or down from the value used 
by  us which provides an essentially neut ra l  solution 
(pH ~ 7.0). In  addit ion to the exper imental  results 

reported in this paper, we have performed two addi- 
t ional experiments  using NaOH and KOH in place of 
NH4OH. These were mixed with H202 to again pro- 
duce a pH _~ 7.0. In  each case a test slice of n - type  
GaAs yielded a polish which appeared comparable in 
qual i ty to the PA results of this paper when exam- 
ined microscopically. These two solutions have not 
been investigated in detail but  m a n y  possibilities are 
suggested of using these and other alkalines in con- 
junct ion  with oxidizers other than H202. 

It may also be of interest  to s tudy the effects of 
PA solutions on n - type  and p- type  GaAs as functions 
of the substrate doping levels. We can report  that 
10 ~6 cm-~ n- type  GaAs has been polished in addition 
to the ~ 10 TM cm - s  GaAs used in most of the above 
experiments.  We have also polished p- type GaxAll-xAs 
but  extensive measurements  on flatness, rate of re- 
moval, etc., are still to be made. Final ly,  it should be 
verified whether  I I I -V compounds other than GaAs 
can be polished in PA solutions. 
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ABSTRACT 

A neut ron  activation analysis technique has been developed for the analysis 
of epitaxial  silicon. The technique is described in detail along with a table 
of detection limits. Impur i ty  and dopant concentrat ions have been profiled 
through epitaxial  films on boron-  and ant imony-doped substrates. These data 
along with experience in rout ine analyses show a factor of I0 to 40 higher 
impur i ty  concentrations in the outer layer of silicon epitaxial  films. Auto-  
radiography combined with profiling has been shown to be a powerful  tool 
for s tudying doping uniformity.  

The production of epitaxial  silicon for device fab- 
rication has increased markedly  in the last few 
years. Market ing personnel  estimate that  close to 80% 
of the total dollar production of s ingle-crystal  silicon 
will be epitaxial  mater ia l  in the 1972-1974 time period. 
This pronounced change in the mix of silicon product 
has focused at tent ion on the development  of new tech- 
niques for the characterization of this material.  

The characterization of epitaxial  material,  for any 
parameter,  is complicated by the physical form and 
size of the sample. Epitaxial  silicon samples can gen- 
eral ly be described as thin, l ightly doped, s ingle-crystal  
films, 2-30~ in thickness, on heavily doped 200-300~ 
thick single-crystal  substrates. There are many  tech- 
niques available for growing these single-crystal  
films (1, 2) but  usual ly  they are vapor grown at high 
temperatures  (1050~176 on highly polished sub- 
strates from SIC14 as shown in Eq. [1] 

SiCI4 Jr 2H2-> Si Jr 4HCI [i] 

Current silicon production is on 2-in. slices, which 
means that the amount of epitaxial silicon sample 
available for analysis ranges from 1 to 15 rag, depend- 
ing on the thickness of the flm. Both intentionally 
added and adventitious impurities in these films range 
in concentration from about 1 ppm down to the sub- 
ppb level. As can be seen a highly sensitive characteri- 
zation technique is required to analyze these films be- 
cause of the combined effects of sample size and small 
impurity concentration. 

Neutron activation analysis meets both of these re- 
quirements and has been used for the analysis of bulk 
silicon (3, 4). However, bulk silicon is readily avail- 
able as large single crystals with samples in the 1-10g 
size. Further, there is no problem in sample handling 
whereas with epitaxial silicon it is necessary, before 
radioassay, to physically separate the film from the 
substrate without sampling the substrate as part of 
the film. This is accomplished by masking and etching 
techniques. 

Abe and Sato (5) used activation analysis to deter- 
mine the distribution of arsenic atoms in epitaxial 
films deposited on heavily doped arsenic substrates. 
Interpretation of the data which they obtained was 
difficult because the distribution could not be fitted 
to an error-function diffusion profile. Perezhogin and 
Meshcheryakov (6) determined the distribution of 
phosphorus in an epitaxial film on a boron-doped sub- 
strate and antimony in an epitaxial film on an anti- 
mony-doped substrate. This work is concerned with 
the determination of adventitious impurities in epi- 
taxial films. 

Experimental 
Neutron activation analysis of epitaxial silicon c a n  

be described as a three-step process; irradiation, 

* Electrochemical Society Active Member. 
Key words: impurities, neutron activation, epitaxy, silicon, auto- 

radiography. 

source preparation,  and radioassay. Most of the radio- 
active isotopes produced in neut ron  bombardment  
decay by ~-v emission. Some pure fi-emitters such as 
~2p must  be studied by fi-spectroscopy. Chemical sepa- 
rations are usual ly required for E-spectroscopy both 
because of the polyenergetic ~ spectrum and because 
a thin source must  be. counted in order to minimize 
absorption of ~ particles wi th in  the source. The greater 
penetra t ing power of v-rays makes it possible to iden-  
tify impuri t ies  in solutions and solid samples by v- ray  
spectroscopy. Since v-rays are monoenergetic  and 
specific for the isotope considered, most elements can 
be identified in a single sample without  resorting to 
chemical separations. T h e  simplicity of source prepara-  
tion for ~-ray spectroscopy is counterbalanced,  how- 
ever, by the complexity of data reduction. In  this 
laboratory computer  reduct ion of data is used to 
achieve rapid analysis by v - r ay  spectroscopy. 

Irradiation 
In earlier work (7) on the neut ron  activation anal-  

ysis of SiO2 films and silicon for sodium it was shown 
that both the amount  and the location of this impur i ty  
in the sample was strongly dependent  on the pre- 
i rradiat ion packaging. As a result  of that  work, a 
s tandard quartz dish was designed, as shown in Fig. 1. 
These dishes have an inside diameter  slightly larger 
than  a 2-in. silicon slice and  are approximately 0.5 in. 
in height. 

In  this work, epitaxial  silicon samples were stacked 
into the dishes with specially cleaned u l t rapure  silicon 
spacers between them. F lux  monitors were included 
with the slices. The dishes were fitted with quartz 
tops, ~,vrapped in a luminum foil, and shipped to the 
reactor. 

f QUARTZ TOP 

Fig. !. Quartz dish used for the irradiation of silicon samples 
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Irradiat ions were per formed in a fixed position on 
the face of the Texas A&M Univers i ty  reactor  at a flux 
of 1.5 x 10 TM n / s e c / c m  2 for 14 hr. Normal ly  the i r radia-  
tion ended at midnight.  The samples were  shipped to 
our laboratory  the fol lowing morning,  processed for 
counting that  afternoon, and counted the fol lowing 
morning.  This 36 hr delay al lowed the 2.6 hr  31Si 
arising from activation of the mat r ix  to decay suffi- 
ciently to make a negligible contribution to the 7-spec- 
trum. 

Source Preparation 
Once re turned  to our laboratory, the quartz dish was 

opened, the monitors  were  placed to one side, the 
spacers were  discarded, and the samples were  stored in 
individual  plastic boxes. Each slice was given three 
successive 2-min washes in 50 ml of 50:50 HCI: CH3OH 
in plastic beakers  to remove surface contamination.  
Af te r  these washings, the slices were  rinsed twice in 
methanol,  once in acetone, and air dried. The back of 
each slice was then masked with 2-in. polyethylene 
tape. I 

It should be pointed out at this t ime that  when  the 
epitaxial  film is grown on the substrate  it effectively 
"wraps around" the edges of the slice. This "wrap-  
around" has been confirmed by angle lap and stain 
techniques. Therefore,  the substrate is completely  iso- 
lated from the etch solution once the tape has been 
applied to the back. 

The masked slices were  etched to remove  the 
desired thickness of epi taxial  material .  The etches 
used were  ei ther  an 8 t~/min "planar"  etch 
(HF:HNO3:CH3COOH, 2: 15:5, vo l /vo l )  or a l~ /min  
etch (HF:HNO3:CH3COOH, 1:40: 1, vo l /vo l ) .  The 
amount  of mater ia l  removed is readi ly  determined by 
infrared in te r fe romet ry  spectroscopy (8). The etch 
rate  for each etch composition has been found to be 
constant and reproducible.  

In order to minimize sample handl ing and retain 
constant counting geometry,  the slices were  etched in 
the same 250 ml beaker  in w h i c h  the etchant was to 
be v-counted.  Af te r  the desired amount  of epitaxial  
silicon had been removed  the slice was taken from the 
solution with  tweezers  and rinsed with  wa te r  into the 
same beaker. Final ly  the etch solution was diluted to 
a standard volume of 20 ml  and the beaker  was sealed 
for counting. 

Monitors that  were  incIuded in the i rradiat ion were  
processed in the standard manner  af ter  all samples 
had been prepared for radioassay. Genera l ly  this in-  
volved crushing the small  quartz vial  wi th  the moni-  
tor in the acid solution that  was to be used to dissolve 
the monitor.  Af te r  dissolution, the solution was diluted 
to volume in a volumetr ic  flask, an aliquot removed 
and diluted to 20 ml  in a 250 ml plastic beaker. This 
assures the same counting geometry  for monitors  and 
samples. 

Gamma-ray Spectroscopy 
Both low-resolut ion NaI(TI)  and high-resolut ion 

Ge(Li )  v - ray  spectrometers  were  used in this work. 
The less efficient Ge(Li )  system was used predomi-  
nate ly  as a pilot detector  in order to identify the com- 
ponents of complex spectra for the l inear- leas t  squares 
computer  analysis of the NaI(T1) data. 

The Ge(Li )  system consisted of a 16 cc coaxial  
l i th ium-dr i f ted  germanium detector, a Tennelec TC135 
preamplifier,  TC200 shaping amplifier, and a Nuclear  
Data Model 2200 4096-channel mul t ichannel  analyzer.  
Energy  resolution for the system was 3.7 keV at the 
1333 keV peak of 8~ The mul t ichannel  analyzer  was 
equipped with  CRT display and teletype pr int  and 
punched paper tape output. 

All  the detectors had plastic collars fitted to them to 
ensure that  the 250 ml  beakers containing the 20 ml  
of etch solution were  held in a f ixed-reproducible  
geometry.  Typical ly NaI(T1) spectra were  accumu-  
lated for 100 rain. Due to the lower efficiency of 

1 A r n o  A d h e s i v e  C o m p a n y ,  F o r t  Wor th ,  Texas,  

Ge(Li )  detectors, these spectra were  accumulated for 
as long as the intensi ty of the sources permi t ted  
( typical ly 20 hr) in order to obtain the best possible 
counting statistics. 

Data Reduction 
An IBM Model 047 tape to card conver ter  was used 

to convert  the BCD paper tape informat ion f rom the 
NaI(T1) detectors to IBM cards. For  the bulk of the 
t ime covered by this work, the data from the Ge (Li) 
detector were  analyzed by hand. More recent ly  Ge (Li) 
data have been analyzed on a Texas Ins t ruments  Mode] 
861 computer  via a direct interface be tween  the 
Nuclear  Data Model 2200 and the computer.  

The computer  programs used to analyze the NaI (T1) 
data were  operated in a mul t ip rogramming  mode in 
a CDC 6400 computer.  The two program system is out-  
l ined in Fig. 2. The first p rogram (H 137) is a modified 
form of a l inear least squares analysis developed by 
Helmer  et al. (9). The second program converts  the 
7-intensit ies obtained from H137 to concentrat ions of 
the impuri t ies  in the sample. 

In addition to the selection of various options, the 
input required for H137 consists of a background spec- 
trum, the exper imenta l  data, and standard spectra of 
all the elements  contr ibut ing to the exper imenta l  
spectrum. These standard spectra are kept in a l ibrary 
which is updated at f requent  intervals.  

In order to derive impur i ty  concentrations, H092 
uses the 7- intensi ty  from the monitor  to account for 

F CALL HI37 I 
I 

{ INPUT 1 STANDARDS 
a SPECTRUM 

I 
SUBTRACT 

BACKGROUND > 
I 

GAIN SHIFT ) 

I 
LEAST 

SQUARES 
ANALYSIS 

I <CALCULATE) INTENSITY 
RATIO 

PR,NT ,NTENS,TY  
 ES'O0", l 

STATISTICS / 

I 

" •  CALL H092 

I 

STANDARDS 

I 
 ,ox \ 

CORRECTIONS\ 
ON \STANDARDS/ 
I 

I 

ATOM/CC /) 
PPM, STD. DV./ 

I 
( PRINT 1 RESULTS 

Fig. 2. Outline of the computer programs used to analyze the 
gamma spectra. 
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the difference in flux for the standards and for the ex-  
per imenta l  source. The additional inputs required by 
H092 are v- in tens i ty  of the monitor,  the weight  of the 
sample, and the t ime after  i r radiat ion at which the 
sample was counted. Typical ly eight to ten samples can 
be processed through these computer  programs to ob- 
tain final results as parts per mill ion or atoms per cubic 
cent imeter  in 20 to 30 sec of central  processor com- 
puter  time. 

The v-intensi t ies  der ived by H137 are expressed as 
the ratio of the exper imenta l  intensi ty to the standard 
intensity. Ratios as small  as 0.001 have been detected 
with highly consistent results. The detection l imits for 
a 100 min count, 36 hr  after a 14-hr irradiation, at 
1.5 x 1013 n / s e c / c m  2 are given in Table I. These limits 
are based on counting a 10~ film etched off a 2-in. 
slice. A 10~ film was used in the calculations to simplify 
normalizat ion of these detection limits to any other  
thickness removed.  As can be seen the detection limits 
are  good, with 50 elements  having sensitivit ies less than 
one ppma and 33 less than 10 ppba. It must  be re-  
membered  that  these sensitivit ies are based on a 10~ 
film and any change in the thickness analyzed wil l  pro-  
port ional ly  affect the sensitivity. These sensitivities 
can be readi ly  improved  by an order  of magni tude  by 
going to a higher  flux in another  reactor  and /or  in-  
creasing the i rradiat ion time. 

A re la t ive  standard deviat ion of --+5.3% for five im-  
purit ies over  a concentrat ion range of 0.65 ppb to 415 
ppm has been established for this technique applied 
to bulk silicon (3). The absolute accuracy was shown 
to be in the ___6.1 to ___35% range when compared to 
electrical  measurements .  There is no reason to bel ieve 
that  this precision and accuracy should change signifi- 
cantly, if  at all, for epi taxial  material .  

Results 
Epitaxial silicon.--Neutron activation analysis of 

epi taxial  silicon has been in routine use in these labor-  
atories for about 18 months. The most commonly ob- 
served impuri t ies  are those general ly  seen in all semi- 
conductor grade silicon; gold, copper, sodium, arsenic, 
and antimony. A statistical analysis of the gold, cop- 
per, and sodium contents of the surface (outer 4~) and 
epi taxial  film (remaining film after  removal  of the 
outer 4~) gives clear evidence that  the surface con- 

Table I. Detection limits for impurities in silicon epitaxial 
material etched off for analysis assuming a 2 in. slice, analyzing 

1OF. Sample counted on a 3x3 Nal spectrometer. 14.00 H 
irradiation at 1.50E + 13 neutrons/cm2/sec. 36.00 H decay 

E l e m e n t  A t o m s / c c  E l e m e n t  Atoms/cc 

A n t i m o n y  122 6.949E + 12 N e o d y m i u m  147 1.957E 4- 14 
A n t i m o n y  124 1.759E + 14 O s m i u m  191 4.525E + 13 
Ar sen i c  76 6.377E 4- 12 P a l l a d i u m  109 5.105E 4- 13 
B a r i u m  131 1.084E + 16 P h o s p h o r u s  32 be ta  3.389E + 13 
B a r i u m  133 6.97]E + 17 P l a t i n u m  197 0.2 m e V  5.380E 4- 14 
B r o m i n e  82 1.338E + 13 P l a t i n u m  197 77 keV 1.286E 4- 14 
C a d m i u m  115 1.854E + 15 P o t a s s i u m  42 3.839E 4- 15 
C a d m i u m  115M 2.982E + 16 P r a s e o d y m i u m  142 1.002E 4- 14 
C a l c i u m  45 beta  4.690E + 15 R h e n i u m  188 1.32gE + 12 
C e r i u m  141 1.862E 4- 14 R u b i d i u m  86 2.364E 4- 15 
C e r i u m  143 1.419E 4- 14 R u t h e n i u m  97 7.149E 4- 14 
C e s i u m  134 1.087E + 14 R u t h e n i u m  103 3.421E § 14 
C h r o m i u m  51 1.006E + 15 S a m a r i u m  153 3.270E + 11 
C o b a l t  60 7.392E 4- 14 S c a n d i u m  46 2.207E § 13 
C o p p e r  64 1.519E + 13 S e l e n i u m  75 1.555E § 15 
D y s p r o s i u m  ]65 7.031E 4- 15 S i l v e r  110M 7.782E 4- 14 
E r b i u m  171 4.041E 4- 13 S o d i u m  24 7.254E 4- 13 
G a d o l i n i u m  159 7.954E § 13 S t r o n t i u m  85 4.938E + 16 
G a l l i u m  72 1.295E + 13 S u l f u r  35 be ta  3.174E + 15 
G e r m a n i u m  77 4.587E 4- 15 T a n t a l u m  182 0.1 me V 5.480E + 13 
G o l d  198 1.289E § 11 T a n t a l u m  182 1.0 m e V  1.147E 4- 14 
H a f n i u m  181 3.520E 4- 13 T e l l u r i u m  127 3.495E + 17 
H o l m i u m  166 1.318E 4- 12 T e r b i u m  160 1.163E + 13 
I n d i u m  114 2.157E + 14 T h a l l i u m  204 beta  1.1IOE + 14 
I n d i u m  116 1.447E 4- 22 T h u l i u m  170 4.120E + 13 
I r i d i u m  192 1.796E + 12 T in  113 4.138E 4- 16 
Iridium 194 1.094E 4- 12 T u n g s t e n  187 0.1 meV 4.985E 4- 12 
I ron  59 1.542E 4- 17 T u n g s t e n  187 0.7 me V 4.988E 4- 12 
L a n t h a n u m  140 4.467E + 12 Y t t e r b i u m  169 1.061E + 13 
L u t e c i u m  177 3.973E + 12 Y t t r i u m  90M 2.364E + 18 
M a n g a n e s e  56 2,698E + 15 Zinc  65 1.634E + 16 
M e r c u r y  197 2.492E + 13 Z inc  69M 8,500E 4- 14 
M e r c u r y  203 1.145E § 14 Z i r c o n i u m  95 4.215E + 16 
M o l y b d e n u m  99 1.426E 4- 15 Z i r c o n i u m  97 1.510E + 16 
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Table II. Concentrations of three impurities in epitaxial silicon 
showing distribution 

C o n c e n t r a t i o n  (a toms/cc)  
EpJ tax ia l  

I m p u r i t y  Sur face  (4g) f i lm (>4g)  

G o l d  1 x 10 ~3 1 x 10 '• 
Copper  7 x 101~ 6 X 1018 
S o d i u m  3 x 101~ 7 • 1013 

centrat ions are a factor of 10 to 40 higher  than in the 
film. An example  of this is shown in Table II. 

Other  impuri t ies  have been observed in epitaxial  
films including those elements  present  in the lapping 
compounds such as zirconium and hafnium. This oc- 
curs when the slices have  not been proper ly  cleaned. 
Other impuri t ies  that  have been observed sporadically 
include molybdenum, tungsten, lanthanum, bromine, 
chromium, gallium, cerium, and the rare earths. There 
appears to be no explanat ion for the random appear-  
ance of these lat ter  impuri t ies  but the evidence for 
their  presence is strong since they were  confirmed by 
both NaI(T1) and Ge(Li )  g a m m a - r a y  spectroscopy, 

Impurity Profile Through the Film 
Impurities.--The distr ibution of impuri t ies  through 

two epi taxial  films was determined by incremental  
etching followed by g a m m a - r a y  spectral  analysis of 
the etch solutions. The results of these profile analyses 
are shown in Fig. 3 for a 20~ film on a boron substrate 
and in Fig. 4 for a 20~ film on an ant imony-doped 
substrate. As can be seen the concentrat ion of im- 
purit ies tends to be high at the surface and then be- 
comes level  through the epitaxiaI film. In the case of 
the film on the ant imony substrate, the outdiffusion of 
the ant imony into the film is easily seen. Since boron 
does not have a detectable radioact ive species, similar 
data are not available for the boron-doped substrate. 

An understanding of the location of the impuri t ies  
in epitaxial  film could provide valuable  insight for 
device processing (10). Generally,  devices are fabr i -  
cated in the first few microns of the epi taxial  film 
where  the highest concentrat ion of impuri t ies  exist. 
This would suggest that  a cleanup procedure which 
removes  a micron or more of the epi taxial  film might  
be beneficial. 
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Fig. 3. Profile of impurity concentrations through a 20~ epitaxial 
film on a boron-doped substrate. 



1354 J. Electrochem. Soc.: SOLID STATE SCIENCE August  1971 

ts BULK Sb 

10 I ' ' ' 'L'f  - 

~ 1016 

O 

,0 '4 

Z :  

1012 "~�9 
~�9 Au �9 

J I I I I 
0 5 10 15 20 25 30 

DEPTH (MICRONS) 

Fig. 4. Profile of impurity concentrations through o 20/~ epitaxial 
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Dopant .--Two samples  of 0.11 ohm-cm arsen ic -doped  
ep i tax ia l  film (12.5~ thick)  on a p - t y p e  boron-doped  
subst ra te  were  i r r ad ia ted  and profiled. The arsenic 
d is t r ibut ions  for both  slices are  shown in Fig. 5. As 
can be seen good agreement  was obtained.  The depth  
of pene t ra t ion  of arsenic was considerably  deeper  than 
ant ic ipated and may  have been caused by  indiffusion of 
the  arsenic dopant  dur ing  ep i tax ia l  deposit ion.  
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Fig. 5. Profile of arsenic distribution through a norninol 12.5~ 
arsenic-doped epitaxial film. 

Fig. 6. Autoradiogram of arsenic distribution on the front and 
back face of a silicon slice with a 12.5/~ arsenic-doped epitaxial 
film. 

The surface d is t r ibut ion  of the  arsenic was also 
s tudied using au torad iography .  A typ ica l  au torad io-  
g ram is shown in Fig. 6. By s imul taneous ly  tak ing  
au torad iograms of the front  and back  of the  slice it is 
possible to different ia te  be tween  front  and back  face 
radioact ivi ty .  Act iv i ty  exposing the  film th rough  the 
slice wi l l  form a diffuse image. Notice tha t  on the back 
face au to rad iogram the  arsenic d is t r ibut ion  shows tha t  
the ep i tax ia l  film, when  grown, wraps  a round  the 
edges. I t  can also be seen that,  on this  pa r t i cu l a r  slice, 
there  a re  areas  of high arsenic concentra t ion in the  
epi taxia]  film. 

This combinat ion of au to rad iog raphy  and profi l ing 
provides  a va luab le  tool  for the  s tudy  of doping uni -  
fo rmi ty  in ep i t ax ia l  films. In fo rmat ion  can be ob-  
ta ined  on the doping un i fo rmi ty  both across the slice 
and th rough  the film. 

C o n c l u s i o n s  
Neut ron  act ivat ion analysis  is a power fu l  charac te r -  

ization technique wi th  high sens i t iv i ty  and wi th  the  
capabi l i ty  to analyze  ep i tax ia l  films for chemical  im-  
pur i t ies  in depth. The ana ly t ica l  p rocedure  descr ibed 
in this  work,  ut i l iz ing computer  reduct ion of the 
gamma spectra  immedia t e ly  fol lowed by  the ca lcula-  
t ion and pr in t  out  of impur i ty  concentrat ions,  has been 
shown to be a versa t i le  and efficient method.  While  
the  i r rad ia t ions  must  be pe r fo rmed  at a remote  loca-  
tion, a 36-hr wai t  is requi red  to a l low the 2.6-hr slSi 
ma t r ix  ac t iv i ty  to decay. This al lows adequate  t ime 
for the re tu rn  of the samples  f rom the reac tor  to the 
l abora to ry  and sample  p repa ra t ion  for radioassay.  
Sample  prepara t ion ,  including mask ing  the back  of the  
slice, e tching and di lu t ing to volume for counting takes  
typ ica l ly  2 h r  for s ix to eight  samples. Radioassay 
genera l ly  takes  100 min to acquire  sufficient counting 
stat ist ics in the  gamma spectrum. 

A profile of the impur i ty  concentrat ions  th rough  the 
ep i tax ia l  films indicate  h igher  concentrat ions  at  the  
surface. This observat ion  is suppor ted  by  the his tor ical  
da ta  on the rou t ine  analyses  and shows about  10 to 40 
t imes higher  concentra t ions  on the surface than  in the 
bulk. This phenomenon is pa r t i cu l a r ly  impor tan t  in 
device fabr ica t ion  because al l  devices a re  bui l t  in the  
outer  surface of the ep i tax ia l  film. Doping uniformity ,  
both rad ia l ly  and in depth  can be  read i ly  s tudied by  
combining au to rad iography  and these profi l ing tech-  
niques. 

Impur i t i es  tha t  do not form detec table  isotopes in 
(n,~) reactions,  e.g., boron, carbon, oxygen,  a luminum,  
etc., cannot  be de te rmined  by  neut ron  activation.  
These e lements  can be detected by  other  techniques 
such as charged par t ic le  act ivat ion,  ion microprobe  
mass analysis,  and spa rk  source mass spectroscopy (11). 
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A n y  discussion of this p a p e r  wi l l  appear  in a Discus- 
sion Section to be publ ished in the June  1972 JOURNAL. 
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Vapor Growth and Properties of AlAs' 

M. Ettenberg, A. G. Sigai,* A. Dreeben,* and S. L. Gilbert 
RCA Laboratories, Princeton, New Jersey 08540 

ABSTRACT 

Aluminum arsenide  ep i tax ia l  layers  on GaAs subst ra tes  have been p repa red  
by  a continuous flow vapor  t ranspor t  technique employing  A1C1 and ASH3. It  
has been found tha t  for all  prac t ica l  exper imen ta l  condit ions the  react ion 
of AsIt3 and A1C1 takes  place at  the  point  of mix ing  of the  reac t ive  gases. 
This behavior  is consistent  wi th  a thermochemica l  analysis  of the  AlAs  growth.  
The bandgap  of AlAs  was de te rmined  by  opt ical  absorpt ion  to be 2.17 eV and 
indirect .  Hall  and res is t iv i ty  measurements  made  on ep i tax ia l  layers  removed  
from the subs t ra tes  indicate  that  the a s -g rown ma te r i a l  is n - t y p e  wi th  elec-  
t ron concentra t ions  ranging  from 6 x l0 TM to 4 x 1017 cm -3 with  corresponding 
r o o m - t e m p e r a t u r e  mobil i t ies  va ry ing  be tween  75 and 280 cm"/V-sec.  The value  
of 280 cm2/V-sec is the highest  measured  electron mobi l i ty  ye t  repor ted  for 
AlAs. Whi le  the ma te r i a l  does degrade  in air, it has been found s table  enough 
to al low ample  t ime for device fabr icat ion and protect ion.  

The large  bandgap  ( >  2.1 eV) (1) of A lAs  makes  
it an especia l ly  in te res t ing  ma te r i a l  for h i g h - t e m p e r a -  
ture device appl icat ions  or optical  appl icat ions  in the 
vis ible  region of the  spectrum. The high mel t ing  point  
of this compound and the reac t iv i ty  of a luminum have 
crea ted  problems  in its h i g h - p u r i t y  prepara t ion .  The 
majo r  l imi ta t ion  to ma te r i a l  charac te r iza t ion  or device 
fabricat ion,  however,  has been the ins tabi l i ty  of AlAs  
in air. Repor ted  complete  degrada t ion  of g rown layers  
in 10 min (2) would  indicate  a l imi ted  usefulness.  

This s tudy  was made  using the open flow vapor  
growth  system (3) employing  the Group V hydr ide  
and the Group  I I I  chloride,  modified to accommodate  
the growth  of a luminum I I I -V compounds.  In  this sys- 
tem growth  takes  place at t empera tu re s  signif icantly 
below the mel t ing point  of the compound grown, thus 
reducing many  of the  p rob lems  associated wi th  the  
reac t iv i ty  of a luminum and genera l  contaminat ion.  
This technique has y ie lded  n - t y p e  AlAs having  in-  
creased s tab i l i ty  and the h ighest  e lectron mobi l i t ies  
yet  repor ted  (4, 5). 

Experimental 
The g rowth  system, shown in Fig. 1, consists of a 

quar tz  tube which accommodates  a pure  a lumina  l iner  
containing a lumina  boats  filled wi th  99.999% a lumi -  
num. The a lumina  is 99.7% A1203 wi th  0.05% SiO2, 
0.1% Fe203, 0.2% Na20, and 0.05% K~O as ma jo r  im-  
puri t ies.  A l u m i n u m  monochl0r ide  is formed by passing 
Pd-di f fused  H2 car r ie r  gas containing 0.2% HC1 by 
volume over  the  l iquid a luminum at 1000~176 The 

* Electrochemical  Society Act ive  Member.  
1 The research  repor ted  in this paper  was  sponsored in par t  by 

the National Aeronaut ics  and Space Administrat ion,  Electronic Re- 
search Center,  under  Contract  No. 1WAS 12-538. 

Key  words:  mobil i ty  of AlAs, thermochemica l  analysis of AlAs 
v a p o r  growth.  

AIC1 is then mixed  wi th  ASH3, and the  AlAs  formed 
was deposi ted on GaAs subs t ra tes  at a t empe ra tu r e  
be tween 1000~176 The ASH3, which  contains < 1 
ppm total  impur i t ies  de te rmined  by mass spect rometry ,  
is 2% by volume in the  H2 car r ie r  gas. This configura-  
t ion (Fig. 1) includes provis ion for a gal l ium boat  so 
tha t  AI~Gal -xAs  al loys m a y  be grown as we l l  as pu re  
AlAs  by  s imul taneous ly  passing HC1 over  gall ium. 
This basic system m a y  also be employed to grow A1N 
using NH3 instead of AsH3 and AlP  using PH3. The 
long a luminum zone, conta ining up to six a luminum-  
filled boats, a l lows the first two a luminum boats  to 
act as get ters  removing  any t races  of H20, O2, or  o ther  
impur i t ies  contained in the  HC1 and H2 stream. The 
remain ing  boats  serve to insure  complete  equi l ib ra t ion  
of the HC1 wi th  a luminum.  The expo~;ed quar tz  in the  
deposi t ion zone is pro tec ted  f rom a t tack  by  the ini t ia l  
deposits  of AlAs. More recent ly ,  a tungs ten  l iner  has  

I 
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Fig. 1. Aluminum arsenide vapor arowth system 



1356 J. EIectrochem. Soc.: S O L I D  S T A T E  S C I E N C E  Augus t  1971 

Table I. Impurity analysis 

Cu 
S a m p l e  T e c h n i q u e  Fe  Cr  Si  p p m a  

I n t e r r a c i a l  l a y e r  Mass  spec 1 2 2 31 6 
C r - d o p e d  G a A s  Mass  spec  1 0.2 2 0.5 0 . I  

1 In  a l l  t h e  m a s s  s p e c t r o g r a p h i c  a n a l y s e s ,  i m p u r i t y  l eve l s  of  C, O, 
a n d  F w e r e  c o n s i s t e n t l y  o b s e r v e d .  T h e s e  l e v e l s  a r e  t h o u g h t  to be  
a s s o c i a t e d  w i t h  s u r f a c e  c o n t a m i n a t i o n  s ince  t h e i r  c o n c e n t r a t i o n s  de -  
c r e a s e d  as m o r e  of t h e  s u r f a c e  is r e m o v e d  d u r i n g  a n a l y s i s .  

been employed in the deposition region to facilitate 
cleaning and to fur ther  reduce Si contamination.  

Reaction of the AsH3 and AiC1 to form AiAs takes 
place at the point of mixing of the two gases, inde-  
pendent  of reactive gas concentrat ions up to at least 
changes of a factor of five in AIC1 or AsH3 concentra-  
tions. Fur thermore ,  the location of the reaction zone 
does not change for various combinations of a luminum 
and reaction zone tempera ture  between 850 ~ and 1050 ~ C. 
In  order to move the reaction zone from the mouth of 
the a lumina  tube, an a lumina  plug (99.7% A120,3), 
with small holes (1/16 in. diam) drilled through it, 
was added to the mouth of the a lumina  tube, decreas- 
ing the effective cross section and thus increasing the 
gas velocity at the point  of reaction. This spread the 
reaction over a 4 in. length, allowing a suitable sub- 
strate to be convenient ly  placed in the reaction zone. 

Growths were usual ly made on chemically polished 
GaAs substrates oriented 3 ~ from the (100) plane. Sub-  
strates were cleaned for 20 min  in Caro's acid etch (5 
H2SO4, 1 H20, 1 H202) and 1 min in 1% Br-methanol  
solution just  prior to insert ion in the system. Growth 
rates could be varied between 10 and 100 ~m/hr  de- 
pending on reactant  concentrat ions and volumes. Dep- 
ositions at growth rates less than 60 ~m/hr  on GaAs 
substrates at temperatures  exceeding 980~ were in-  
var iably good single-crystal l ine layers as evidenced 
by Laue back-reflection photographs. Layers grown at 
temperatures  below 980~ or at high growth rates 
( >  60 ~m/hr)  were usual ly highly oriented large- 
grain polycrystals. 

AlAs Properties 
One of the significant factors l imit ing the potential  

usefulness of AlAs is its reported instabi l i ty  in air (2) ; 
contrary to this report, some of the s ingle-crystal l ine 
epitaxial layers reported here were stable in air for 
periods of up to 1 month  and could be main ta ined  in 
vacuum indefinitely. Unprotected diffused diodes fab-  
ricated from this mater ia l  (6) main ta ined  their  I -V 
characteristics for several weeks. This stabil i ty is a t :  
t r ibuted to the higher pur i ty  and good crystal l ini ty  of 
the AlAs prepared by this technique. 

The optical bandgap for the mater ia l  has been 
ascertained to be indirect  and 2.17 _ 0.02 eV at 300~ 
in good agreement  with prior studies (1, 6, 7). This 
value has been obtained by analysis of optical absorp- 
t ion data from several AlAs layers from which the 
GaAs substrate was removed. Similar  results were ob- 
tained with polycrystal l ine layers grown on (0001) 
sapphire substrates. 

Hall effect and resist ivity measurements  made on 
epitaxial  a luminum arsenide layers, while still on 

semi- insula t ing Cr-doped GaAs substrates ( >  l05 
ohm-cm),  yielded mobil i ty values which were in-  
ordinant ly  high for a large indirect bandgap mater ial  
(in excess of 3000 cm2/V-sec).  Attempts to remove the 
AlAs from the substrate  were hampered by cracking 
of the sample as it was thinned.  By preferential  re-  
moval  of the AlAs in aqueous HC], it was ascertained 
from Hall  measurements  that there existed, in some 
samples, a thin layer of highly conducting GaAs at 
the surface of the semi- insula t ing  GaAs substrate. 
The Hall mobi l i ty  of such a layer was measured to 
be ~ 2000 cm2/V-sec. By sandblast ing the GaAs sur-  
face with a lumina  powder, the conducting GaAs layer  
could be removed; it was estimated, by fur ther  etch- 
ing, that  the thickness of these interfacial  layers were 
between 2 and 10 ~m. In  Table I the impur i ty  concen- 
trations at the surface of a Cr-doped GaAs substrate 
~re compared before and after removal of the in ter -  
facial conducting layer by sandblasting. 

As can be seen from the table, there is a high con- 
centrat ion of impurit ies at the interfacial  layer. These 
impuri t ies  probably have diffused into the GaAs from 
the AlAs during growth. The impur i ty  concentrat ion 
of silicon is sufficiently in excess of the Cr compensa- 
tion to make the semi- insula t ing  Cr-doped GaAs n-  
type. Furthermore,  calculations, assuming a reasonable 
value for the diffusivity, have shown that  typical 
growth rates may be comparable to the diffusion rate 
of Si at growth temperatures,  indicat ing that the Si 
contaminat ion of the semi- insula t ing GaAs substrate 
could arise from Si impuri t ies  present in the AlAs. 
Thus, it may be concluded that, contrary to the results 
for other I I I -V compounds, electrical measurements  on 
vapor-grown AlAs cannot be made on compensated 
semi- insula t ing substrates when diffusion of impuri t ies  
is likely. 

As a result, emphasis was placed on electrical data 
derived from thicker AlAs layers (>  4 mils) from 
which the GaAs substrates could be removed. Ohmic 
contacts were made to the AlAs by a combinat ion of 
ultrasonic soldering wi th  indium followed by an an-  
neal in H2 at 800~ for 2 min. In  Table II are listed 
electrical properties and impur i ty  analyses of AlAs 
epitaxial layers with the GaAs substrates removed. 
Table II indicates that  silicon is the main  donor in this 
vapor-grown AlAs. 

The room-tempera ture  electron mobil i ty  of 280 cm2/ 
V-sec obtained for sample C is higher than the highest 
previously reported value of 180 cm2/V-sec obtained 
by Whitaker  (5). The higher mobil i ty  value found in 
this s tudy may still be representat ive of compensated 
material,  perhaps due to Si self-compensation such as 
found in Al~-xGa~As grown from Ga solution (8). 
This hypothesis is consistent with the mass spectro- 
graphic analysis which shows that  the amounts  of 
species which are probably compensators (Fe, Cu, Mg) 
are quite low in sample B, while the silicon contam-  
inat ion is quite high. 

The cracking of the th inner  epitaxial  AlAs layers 
upon attempts to remove the GaAs substrate is indica- 
tive of s train at the interface. It is noteworthy that  at 
the growth temperature  the lattice match between 
AlAs and GaAs is almost perfect (9), indicat ing that  
this is not the source of the strains. Instead, the strain 
is probably due to the differential thermal  contraction 

Table II. Electrical properties and chemical analyses of vapor-grown AlAs removed from GaAs substrates 

T e m p ,  ND-N~ /L I m p u r i t y  a n a l y -  
S a m p l e  ~  e l e c t r o n s / c m  3 cmS/V-sec  sis t e c h n i q u e  F e  C u  M g  Si 

A 298 1.4 • 10 TM 95 Mass  spec  1 1.7 0.6 1.0 110 p p m a  
B 298 6.4 • 1018 75 Mass  spec  1 1.2 1.0 1.6 200 p p m a  

77 2.0 • 1017 18 
C 298 3.6 X 1017 280 E m i s s i o n  s p e e  2 2 15 30 p p m a  
D 298 5.4 x 101~ 220 

1 In  a l l  t h e  m a s s  s p e c t r o g r a p h i c  a n a l y s e s ,  i m p u r i t y  l e v e l s  of  C, O, a n d  F w e r e  c o n s i s t e n t l y  o b s e r v e d .  T h e s e  l e v e l s  a r e  t h o u g h t  to be  a s s o -  
c i a t e d  w i t h  s u r f a c e  c o n t a m i n a t i o n  s ince  t h e i r  c o n c e n t r a t i o n s  d e c r e a s e  as m o r e  of t h e  s u r f a c e  is  r e m o v e d  d u r i n g  ana ly s i s .  
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(9). This hypothesis is consistent with the fact that  
the dislocation densities found by electron microscopy 
in the grown AlAs layers are comparable  to that of 
the s tar t ing substrates (.~ 10~/cm2). 

Thermochemical  Analysis 
Analysis of the thermochemist ry  of the a luminum 

arsenide vapor growth was made to bet ter  unders tand  
the growth of AlAs and provide a compiled data source 
to give insight for the future  growth of AI~GaI- ,As  
and other mixed a luminum compounds. 

Three p r imary  sources of data were employed. The 
JANAF tables (10) were used for data on A1C1, AtC13, 
and HC1; the values derived from this source for the 
impor tant  reactions present  in the system are shown 
as solid l ines in Fig. 2 and 3. Values derived from re-  
cent work by Kikuchi  et al. (11), more in agreement  
with the bu lk  of previous measurements,  are indicated 
as dashed lines in Fig. 2 and 3. The free energy of 
formation of AlAs is given by Hoch and Hinge (12), 
who used a Knudsen  effusion cell to measure vapor 
pressures between 1350 ~ and 15300K. On this basis, the 
extrapolated values are estimated to be rel iable wi th in  
___ 50~ about the measured tempera ture  range. The 
free energy of formation was reduced to the l iquid alu-  
m inum standard state by taking values for the free 
energy of evaporat ion from Hul tgren  et al. (13). 

Although there are some discrepancies between the 
various sources of thermodynamic  data, certain con-  
clusions may  still be drawn. It is assumed that  the 
volume fractions of the various gases, in  the growth 
tube, are equal to their  part ial  pressures. This is a 
valid assumption since the system is held at a constant  
pressure of 1 atm by a small  head of silicone oil at the 
gas exit, and the volume fractions of the gases are all  
measured at room temperature.  

It  must  first be ascertained what  gaseous species en-  
ter the growth or mixing  chamber.  If it is assumed that 
the various species have come to equil ibrium, accord- 
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Fig. 2. Standard free energy changes for aluminum reactions 
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Fig. 3. Standard free energy changes for formation of AlAs in 
vapor-growth system. 

ing to data accumulated by Ruehrwein,  at 1000~ and 
an incoming AsH~ pressure of 2 x 10 -3  atm (14), the 
AsH3 has completely decomposed ( < <  0.01% unde-  
composed) and the amounts  of A~2 and As4 coexisting 
are 20 and 80%, respectively. Employing the data of 
Stull  and Sinke (15), 70% As2 and 30% As4 exist at 
1000~ at equil ibrium. In  both cases, little of the As 
species is present  ( <  0.1%). Even though the calcula- 
tions do not clearly indicate the predominant  arsenic 
species, As2 is used as the s tandard state for the reac- 
t ions considered in Fig. 2 and 3. The assumption is 
justified because departures  from equi l ibr ium wil l  
tend to favor the simpler As~ molecule; also, as shown 
in Fig. 2, there is only a small  difference in free energy 
of formation of AlAs between the As2 and As4 s tan-  
dard states. 

In the a luminum zone, the picture is much clearer; 
in equi l ibr ium at 1000~ and an incoming HC1 pressure 
of 2 x 10 -3 atm, A1C1 is the predominant  species. Using 
the JANAF tables, calculations show that  99.5% is 
A~C1 and 0.5% is A1CI~, while from the data of Kikuci  
99.8% of the reactive gas is A1C1. Calculations with 
both data indicate that  a negligible amount  of HC1 
will remain  unreacted at equil ibrium. 

The equi l ibr ium products for the reactions taking 
place on mixing of the As2 and A1C1 at 1000~ can 
now be calculated. The two possible reactions forming 
AlAs are 

1 1 
AICI -I- -~- H2 -l- ~- As~ --> AlAs -b HCI [ 1 ] 

3A1C1 + As2--> 2AlAs + A1C13 [2] 

Ignoring the small  di luent  effect of mixing  the As2 and 
A1C1 from the JANAF data, both reactions will  result  
in almost complete reaction of A1C1 to form AlAs, 85% 
if HC1 is the only product and 96% for A1C13 product. 
Kikuchi 's  data indicate 99% conversion for HC1 and 
90% for an A1CI~ product. Due to the differences in 
free energies from the two sources, a dominant  reac- 
t ion cannot  be chosen. The over-aU reaction in the 
mixing  zone is 

5A1C1 -I- 2As2 q- H2--> 4AlAs -I- 2HC1 q- A1CI~ [3] 

This reaction does go to completion but  the ratio of 
HC1 to A1C13 is ambiguous from the available data. 

I t  should be noted that, for the various reactions tak-  
ing place in  the AlAs growth system, an examinat ion  
of the signs of the free energy changes alone will  not 
lead to proper conclusions about the gaseous species 
involved. One of the major  factors controll ing these 
reactions is the low part ial  pressures of the reactive 
gaseous compounds. Only if all the gases are in their  
s tandard states, 1 atm, can the sign or magni tude  of 
the various free energy changes be used as a criterion 
for choosing dominant  reaction. 

Although it is difficult to make precise quant i ta t ive  
statements from the available data, it should be possi- 
ble to predict some tempera ture  range where, at the 
present  flow rates, the reactants  forming AlAs should 
not react completely. The reactive gases may  then be 
mixed in one tempera ture  zone and the product de- 
posited at some lower tempera ture  as is done for the 
growth of GaAs. By examinat ion  of Fig. 3, it may be 
seen that  at temperatures  in excess of 1300~ the 
dominant  reaction is the one that  yields HC1 as the 
product. An  arb i t ra ry  tempera ture  to employ as a 
mixing tempera ture  would be the point  at which the 
reaction only proceeds 25% to completion. This tem- 
perature  is ~1160~ from the JANAF data and 
~1300~ from Kikuchi 's  data. The temperatures  neces- 
sary to test this hypothesis were not a t ta inable in the 
present  growth system; and, in use, equi l ibr ium was 
only approached. Although quant i ta t ive  data are 
difficult to derive from this growth system, it has 
nevertheless been observed that  as the temperature  is 
raised in the reaction zone the growth region tends to 
spread out. Thus, as indicated by the equi l ibr ium anal-  



1358 ,1. Electrochem. Soc.: S O L I D  S T A T E  S C I E N C E  A u g u s t  1971 

ysis, complete reaction is not taking place at the point 
of mixing of reactive gases. 

In  summary,  the vapor growth of AlAs from AsH3 
and A1C1, in  the tempera ture  range accessible in the 
present  exper iments  and reactant  concentrat ion neces- 
sary for s ingle-crystal  growth, occurs at the point of 
mixing  of the two reactant  gases. This is distinct from 
GaAs vapor growth where mixing occurs at one tem- 
perature  and deposition occurs at some lower tempera-  
ture. This immediate  deposition of AlAs is consistent 
with the given thermochemical  analysis. Furthermore,  
AlAs has been shown to be a wide band gap semicon- 
ductor with a higher electron mobil i ty  than GaP and 
a stabil i ty which allows sufficient t ime for device 
fabrication and protection. 
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The Phase Diagrams of the Systems 
PbCI -UCI4 and PbCI -UCI3 

J. L. Borowitz, R. Rafaeloff, I and A. Roy ~'* 
Soreq Nuclear Research Centre, Yavne, Israel 

ABSTRACT 

The phase diagrams of the salt mixtures  UC14-PbCI2 and UCI3-PbCI2 have 
been investigated by means of thermal  analysis. There is a single eutectic 
at 50 mole per cent (m/o)  UCI4 and 346~ in the UCI4-PbCI2 system. A com- 
pound with incongruent  melt ing point, of a composition 6PbCl2:IUCI4 decom- 
posing at 386~ is apparent.  The melt ing points of the pure salts, as measured, 
are 503~ for PbCl2, 590~ for UCI4. The UCI3-PbCI2 system has a single 
euteetie at l l  m/o  UCI3 and 470~ with no peritectic reaction. A heat effect 
at 342~ was noted. The mel t ing points of the pure salts, as measured are 
for PbCI2 502~ for UCI3 841~ X - r a y  diffraction analyses gave no indication 
of solid solution in either system. Analysis of both the phase diagrams ac- 
cording to the Van' t  IIoff equation indicates that both systems behave like 
ideal mixtures  [in accordance with Temkin 's  (1) model] oversignificant con- 
centrat ion ranges. 

Phase diagrams of mixtures  of UCI4 and alkali  metal  
chlorides have been investigated by Barton et al. (2), 
by Kuroda and Suzuki (3), and by Bogacz and Trzebia- 
towski (4). The last showed the mixtures  to be non-  
ideal due to the formation of complexes in the melt. 
Kuroda and Suzuki also examined the UC14-alkaline 
earth chloride systems. 

The present  research shows that  melts of u r a n i um 
and lead chlorides approach ideality, indicating that  
the different charges on the cations do not cause i r-  
regular i ty  in the molten salt s t ructure (5). 

Experimental 
Materials.--Reagent grade (Baker Analyzed) PbC12 

of specified pur i ty  99.5% was dried by heat ing under  

1 To w h o m  correspondence  should be addressed.  
Presen t  address :  Unive r s i ty  of The Negev,  Beer -Sheva ,  Israel.  

* Elect rochemical  Society Act ive  Member .  
Key  words :  u r a n i u m  chloride,  lead chloride,  phase d iagram,  ura-  

n i u m  te t rachlor ide,  purif ication.  

vacuum. The temperature  was raised at approximately 
100~ per hr unt i l  just  below the mel t ing point. 

UC14 specified as chemically pure, obtained from 
A. D. Mackay, Inc., U.S.A., was purified by vacuum 
sublimation. This was done in an apparatus consisting 
of four tubes 250 mm long and 36 mm in diameter  
joined end- to -end  horizontal ly by tubing  of smaller  
diameter. The UC14 was placed in one end tube, and 
this end was sealed. The apparatus was evacuated from 
the other end to 10-3-10 -4 mm Hg. The tube contain-  
ing the UC14 was heated to 500~ the second tube to 
325~ and the thi rd  to 250~ and the sublimation 
carried out at these temperatures.  UC14 sublimed into 
the second tube, while more volatile impuri t ies  con- 
densed main ly  after the thi rd  tube. A 120g batch could 
be purified in this way in 6-8 hr, dark green crystals of 
UC14 being obtained. At the end of the run  the tube 
containing the sublimed UC14 was sealed at both ends 
and opened in a dry box. This mater ia l  normal ly  had 
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Fig. i. Thermal analysis cell 

a chlorine to u ran ium ratio of 4.00 • 0.02. The original 
material,  analyzed spectroscopically contained less than  
0.07% metal  elements other than uranium.  UC13, ob- 
tained from the same source, was used as received, 
after analysis. 

Nitrogen gas for the inert  atmosphere was passed 
through a column of copper chips at 550~ to remove 
traces of oxygen, and then through a drying tube con- 
ta ining Linde "Molecular Sieve 5A." 

Apparatus.--The thermal  analysis cell used was very 
similar to that described by Solomons and Janz (6), 
and is shown in Fig. 1. The melt  was contained in a 
Pyrex test tube, 25 m m  in diameter  and 70 mm long, 
closed except for a 9 mm hole at the top through which 
the st irrer  passed. The space between the st irrer and 
the hole was used for filling the test tube, and was 
afterwards closed by wrapping a piece of p la t inum foil 
around the opening, in order to prevent  loss of UC14 
by sublimation. The thermocouple well  was sealed into 
the top of the test tube, as shown. 

The st irrer  was a glass helix with five spirals ex- 
tending over a length of 30 mm. A piece of iron rod 
was encased completely in glass at the top of the stir-  
rer extension rod, and by means of a solenoid a vigor- 
ous up -and -down  movement  of the stirrer could be 
induced, thus overcoming the high viscosity of the 
melts. 

The test tube was kept in an atmosphere of dry 
ni trogen gas in the outer vessel. This gas was dried 
and purified by passing over copper chips at 550~ to 
remove traces of oxygen, and then through a drying 
tube containing Linde molecular  sieve 5A. 

The test tube was made of Pyrex  for the UC14 ex- 
per iment  and of quartz for experiments  with the higher 
melt ing UC13. The melts did not appear to affect the 
test tube in any way, even after a few days contact, 
provided moisture was rigidly excluded. 

Temperature measurement.--The tempera ture  of the 
melt was measured by a Chromel-Alumel  thermocou- 
ple. The thermocouple was calibrated before, during, 
and after the measurements  at the freezing points of 
tin, cadmium, lead, and zinc. The melt ing points of these 

metals were obtained with a reproducibi l i ty  of •176 
Both tempera ture- t ime cooling and heat ing curves 
were obtained on most samples. The l iquidus tempera-  
ture  of a salt mix ture  was usual ly  taken by extrapola-  
tion across the supercooled region. Reproducibil i ty was 
approximately •176  The tempera ture  was cont inu-  
ously recorded on a recording potent iometer  and the 
thermocouple electromotive force was periodically 
checked on a Leeds and Northrup precision potent iom- 
eter. 

Analysis of melts.--A freshly prepared mixture  was 
used for the determinat ion of each tempera ture -com-  
position point on the phase diagram. After  recording 
cooling curves some mixtures  were analyzed using the 
procedure detailed below. The compositions were found 
to correspond, wi thin  the limits of accuracy of the 
analysis, to those based on the known weights of the 
compounds introduced into the reaction vessel. The 
lat ter  were thus taken as the compositions of the mix-  
tures. 

The analyt ical  procedure was to dissolve the mix-  
ture in nitric acid and to determine the chloride by 
the Votocek and Volhard t i t ra t ion methods (7). 

For determinat ion of lead and uran ium,  another 
sample was dissolved in nitr ic acid and evaporated 
twice to white  fumes. The lead was then precipitated 
as lead sulfate by sulfuric acid. Since nitr ic acid 
dissolves lead sulfate, the solution was evaporated 
twice with sulfuric acid unt i l  dense white fumes were 
evolved. In order to separate the lead from copre- 
cipitated UO2C12, the sulfate was dissolved in ammo- 
n ium acetate solution, and reprecipi tated with ammo- 
n ium para-molybdate.  The lead was weighed as 
PbMoO4 (8). The separated u ran ium was precipitated 
from solution as ammonium urana te  (9). 

Experimental procedure.--The apparatus, which had 
been filled in a dry box, was placed in a tube furnace. 
It was evacuated at 10-3-10 -4 mm for one hour, purged 
with dry ni t rogen for an hour, and then heated to 
150~ under  vacuum for one hour. After  this the ap- 
paratus was cooled to room tempera ture  under  vacu- 
um and flushed again with nitrogen. While heating and 
cooling curves were being obtained, a very  small  flow 
of ni trogen was main ta ined  so that  the vessel was 
always slightly above atmospheric pressure. 

The mix ture  was slowly heated unt i l  it became liq- 
uid, when the st irrer was tu rned  on. After adequate 
agitation to homogenize the melt, a cooling curve was 
obtained by lowering the power input  to the furnace. 
Liquidus and t ransi t ion points were deduced from 
breaks in the cooling curves. Repeated cooling curves 
confirmed the points with variat ion not greater than 
+lOC. 

Results and Discussion 
Figure 2 is the phase diagram for the UC14-PbC12 

system. The mel t ing point of the pure compounds as 
given on the figure were found at 503~ for PbC12 and 
590~ for UC14. A eutectic of composition 50 mole per 
cent (m/o)  of UC14 is evident  at 346~ and a peritectic 
line at 388~ was found. This l ine is due to a com- 
pound of incongruent  mel t ing point and composition 
near  6 PbC12:1 UC14. The existence of this compound 
was confirmed by x - r ay  diffraction. Solidified melts of 
composition between 14% and 50% UCl4 revealed dif- 
fraction lines corresponding to d-values of 4.08, 4.00, 
2.45, and 2.05A. These are quite distinct from the lines 
of pure UC14 and pure PbC12 as checked by  us. 

An at tempt to isolate the PbC12-rich compound was 
made as follows. A mixture  of 40% UC14, 60% PbC12 
was placed in a vessel similar to the ordinary phase 
diagram vessel, but  for two changes: (i) The inner  
vessel, containing the mixture,  had a perforated bot-  
tom. (ii) This vessel was inserted into a close-fitting 
test tube. The fit here was good enough to prevent  
mol ten mater ia l  leaving the vessel to any large extent  
unt i l  the vessel was lifted out of the test tube. 
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The ma te r i a l  was mel ted  under  the  condit ions used 
for cooling curves, s t irred,  and then  he ld  at a t e m p e r a -  
ture  be tween  its l iquidus  and the  eutectic t empera tu re  
for two hours, whi le  st i rr ing.  At  the  end of this  per iod 
the  inner  vessel  was l i f ted out of the test tube, fil- 
t ra t ion  took place, and the  sys tem was then cooled 
rapid ly .  

A n  analysis  of the ma te r i a l  lef t  in the  vessel  indi -  
ca ted a composit ion of 14.4% mola r  UC14, or an ap-  
p rox ima te  rat io  of UC14 to PbC12 of 1 to 6. 

Comparison of the  lines character is t ic  of PbC12 and 
UC14 obta ined f rom solidified melts ,  wi th  those of the 
pure  compounds gave no indica t ion  of solid solution. 

The phase  d iag ram of the  UC13-PbC12 sys tem is 
shown in Fig. 3. A single eutect ic  at 11 m / o  UC13 and 
470~ was  found. X - r a y  diffract ion analyses  on sol idi-  
fied mel ts  showed no signs of solid solutions. 

The hea t  effect at  342~ does not  appear  in the 
l i tera ture .  I t  is shown on the  d i ag ram as i t  was a 
m a r k e d  effect, but  the poss ib i l i ty  that  it is an impur i ty  
(UC14) effect m a y  not  be excluded.  

A s imple  the rmodynamic  analysis  of the two phase 
d iagrams  inves t iga ted  was a t t empted  using the  Van ' t  
Hoff equation.  

~HA ( 1 1 ) ~Cp(To To) 
l n a A - -  T To Wm - - ~ y  ~ - -  1 - - 1 n ~  

where  aA is the  ac t iv i ty  of component  A 

~HA is the  la ten t  hea t  of fusion of pu re  A 

To is the  mel t ing  point  of pure  A 

Tm is the  l iquidus  t empera tu re .  

ACp = eL -- Cs 

where  CL is the  specific heat  of the  l iquid at Tm 

Cs is the  specific hea t  of the  solid at  Tin. 

The ~Cp correct ion has been neglected in the  ana l -  
yses on the  basis that ,  wi th in  the  concentra t ion  ranges  
considered, it  is un l ike ly  to exceed signif icant ly the  
exper imen ta l  e r ro r  (10). 

F igures  4 and 5 are  plots of In XA against  1/Tm �9 10 z. 
Ideal  behavior  is seen in the  UCI4-PbCle sys tem be-  

tween  100% and 88% PbC12 and be tween  100% and 
85% UC14. In the  UC13-PbC12 sys tem the mix tu res  are 
a pp rox ima te ly  ideal  f rom 100% to about  48% UC18. 

The ideal  behavior  found shows the  ac t iv i ty  aA to be 
equal  or almost  equal  to the concent ra t ion  XA. This 
equa l i ty  is in accord wi th  Temkin ' s  (1) mode l  for ideal  
behavior  of mol ten  salts. In  this  model  the  charge  of a 
cat ion does not  affect its d i s t r ibu t ion  on cat ion sites 
which is random. The ac t iv i ty  thus tends  to equal  the  
concentrat ion.  

Al lowing  for vacancies in t roduced  into the  " la t t ice"  
of the mel t  by  the  inequa l i ty  of the  cation valencies,  

-0.4- 

Fig. 4. Analysis of UCI4- 
PbCI2 for ideolity. (A) A = - 0 3  
UCI4, slope = , ~Hf /R  = 
5400 (11). Horizontal line seg- < 
ment denotes limit of ideality x ,- -0 .2-  
which corresponds to PbCI2 ---- - -  
15 m/o. (B) A ~ PbCI2, slope 
--_ A H f / R  -~ 2930 (12). Hori- - o . I  
zontal line segment denotes 
limit of ideality which corre- 
sponds to UCI4 - -  12.5 m/o. 
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(B) A = PbCI:. 

according to Flood, For land ,  and Gr jo the im (5), one 
ar r ives  at the  equat ion 

Xpbcl,,. 
aPbCl2 

XpbCl2 "~- 2Xuc14 

for the  PbC12-UC14 system. The "equivalent"  ac t iv i ty  is 
thus lower  than  the o rd ina ry  act ivi ty.  I t  is c lear  f rom 
Fig. 5 tha t  the  expe r imen ta l  concentrat ions  of UCI3 
are  almost  a lways  la rger  than  the ideal  concentrat ions,  
i.e. the ac t iv i ty  is grea ter  than  1. In  other  words, even 
when the behavior  is not  ideal,  i t  does not  tend  in the  
direct ion of the  "equivalent"  model  but  in the opposi te  
direction.  

The systems inves t iga ted  thus  behave  in a m o r e - o r -  
less ideal  fashion, indicat ing tha t  the different  va -  
lencies of the  cat ions do not cause vacancies in the 
lattice,  i.e. the  lead and u ran ium cation posi t ions in 
the  lat t ice should be in terchangeable .  

Manuscr ip t  submit ted  Jan.  5, 1970; revised manu-  
script  received ca. Apr i l  5, 1971. 

A n y  discussion of this  paper  wi l l  appear  in a Discus- 
sion Section to be publ i shed  in the  June  1972 JOURNAL. 

REFERENCES 
1. M. C. Bell  and S. N. Flengas,  This Journal,  113, 27 

(1966). 

2. R. E. Thoma, Phase  Diagrams of Nuclear  Reactor  
Mater ia ls  ORNL-2548 (1959). 

3. T. Kuroda  and I. Suzuki,  Electrochem. Sac. Japan, 
26, 140 (1958). 

4. A. Bogacz and W. Trzebiatowski ,  Roczniki  Chem., 
38, 723 (1964) ; ibid., 38, 729 (1964). 

5. H. Flood, T. For land,  and C. Grjotheim,  quoted in 
ref. (1). 

6. C. Solomons and G. J. Janz,  Rev. Sci. Ins truments ,  
29, 302 (1958). 

7. C. J. Rodden, "Ana ly t i ca l  Chemis t ry  of the  Man-  
ha t t an  Project ,"  1st ed., Vol. VIII, p. 292, Mc- 
G r a w - H i l l  Book Co., New York  (1950). 

8. A. I. Vogel, "Quant i ta t ive  Inorganic  Analysis ,"  p. 
420, Longmans  Green, London (1955). 

9. C. J. Rodden, "Ana ly t i ca l  Chemis t ry  of the Man-  
ha t tan  Project ,"  1st ed., Vol. VIII, p. 46, McGraw-  
Hil l  Book Co., New York  (1950). 

10. T. For land,  "Thermodynamic  Proper t ies  of Fused  
Sal t  Sys tems in 'Fused Salts, '  " B. S. Sundheim,  
Editor,  p. 102, McGraw-Hi l l  Book Co., New 
York (1964). 

11. M. H. Rand and O. Kubaschewski ,  "The Thermo-  
chemical  P roper t i e s  of Uran ium Compounds,"  p. 
69, Ol iver  and Boyd, Ed inburgh  and London 
(1963). 

12. J A N A F  Thermochemica l  Tables. Clear inghouse for 
Fede ra l  Scientific and Technical  Informat ion,  
U.S. Dept.  of Commerce,  Washington,  D.C. 



Some Thermodynamic Properties 
of Zn As. Cd As , and ZnP  

A. S. Jordan 
Bel l  Telephone Laboratories, Incorporated, Murray  Hill, N e w  Jersey  07974 

ABSTRACT 

By analogy with  the known mode of vapor iza t ion  of Zn.3P2, Cd3As2 and 
Cd3P2, the Knudsen  cell  pressure  measurements  on Zn3As2 of Nesmeyanov  
et aI. between 601 ~ and 751~ have been re in te rp re ted  according to the  re -  
action 

Zn~As2(s) -~ 3Zn(g)  + 1/~As4(g) 

The der ived free energy change for this reaction,  given by  

AG ~ (kcal)  ---- 139 --  99.8 >< 10-3T 

is consistent  wi th  the  f r a g m e n t a r y  the rmochemica l  da ta  for Zn3As2. In add i -  
tion, the free energy  change for the  dissociat ion react ion 

ZnP2(s)  = 1/3 Zn3P2(s) q- 1/3 P4(g) 
has been es t imated  as 

~ G  ~ (kcal )  - -  21.4 --  18.4 X 10-3T 

Final ly ,  the entropies  of  fusion of Zn3As2 and Cd.~As2 have been eva lua ted  
by  apply ing  the Claus ius -Clapeyron  equat ion to recent  data, y ie ld ing  28.7 
and 29.5 eu /g-mole ,  respect ively.  

The impor tance  of the  group I I - V  compounds  ZnAs_~, 
Zn3As2, ZnP2, and Zn3P2 in the in te rp re ta t ion  of the  
G a - A s - Z n  and G a - P - Z n  t e rna ry  phase d iagrams has 
been emphasized by  Panish  (1, 2). Recently,  Casey and 
Panish  (3) lacked the rmodynamic  da ta  for Zn3As2 in 
the i r  analysis  of Zn diffusion in GaAs from an in-  
var ian t  t e r n a r y  source. Moreover,  t he rmodynamic  da ta  
for Zn3P~ and ZnP2, if avai lable ,  are  thought  to be 
useful  to design and in te rp re t  Zn diffusion exper iments  
in GaP f rom a t e rna ry  source. The diffusion of Zn into 
GaxInl -xP f rom Zn~P2 has been accomplished by  
Hakk i  (4).  

In  addit ion,  there  is also an intr insic  in teres t  in the 
proper t ies  of the  I I -V  compounds.  For  example,  
Rubenste in  and Dean (5) have  very  recent ly  observed 
the luminescence of ZnP2. Other  semiconduct ing I I -V  
compounds such as ZnAs2, CdAs2, Zn3As2, and Cd3As2 
have  also been inves t iga ted  (6-8).  

The volat i l i t ies  of ZnAse, CdAs2, Cd3As2, and Zn:~P2 
have been the subjects  of severa l  thermochemica l  
studies. However ,  there  are  no the rmodynamic  da ta  
for  ZnP2 and the informat ion  on Zn3Ase is f r a g m e n t a r y  
and incor rec t ly  in terpre ted .  The p r ima ry  object ive  of 
this paper  is the der iva t ion  of consistent  t h e r m o d y -  
namic da ta  for  Zn3As2 by  the  re in te rp re ta t ion  of ava i l -  
able measurements .  Then, the s tandard  heat  of fo rma-  
tion and en t ropy  of ZnP2 are  es t imated  by  comparison 
wi th  the proper t ies  of o ther  arsenides  and phosphides.  
These the rmodynamic  da ta  for Zn~Ase and ZnP2 were  
found to be useful  in recent  work  (9) concerned wi th  
the  solid solubi l i ty  of Zn in GaP and GaAs. In  add i -  
tion, the  ent ropies  of fusion of Zn3As2 and Cd3As2 are  
eva lua ted  by  the Claus ius -Ciapeyron  equat ion f rom 
exis t ing p r e s su re - t empe ra tu r e  and dens i ty  data.  F i -  
nally,  the  entropies  of fusion of ZnAs2, ZnP2, and Zn3P2 
are  est imated.  

The Vaporization and Some Thermodynamic 
Properties of Zn3As2 

Nesmeyanov  et al. (10) have measured  the vapor  
pressure  of Zn3As2 be tween 601 ~ and 751~ by  means  
of a Knudsen  cell. The analysis  of the resul t ing  con- 
densate,  containing rad ioac t ive  Zn and As, led these 
authors  to bel ieve tha t  the p redominan t  mode of evap-  

Key  w o r d s :  I I -V  c o m p o u n d s ,  v a p o r i z a t i o n ,  h e a t  of  fus ion ,  hea t  of  
f o r m a t i o n .  

orat ion of Zn3As2 proceeds according to 

Zn3As2 (s) ---- ZnaAs2 (g) [1] 

Consequently,  Nesmeyanov  and his associates (10) ex-  
pressed the observed pressure  of Zn~As2(g), denoted 
by  Pobs 1 in the present  paper ,  in the  usual  form as 

- - R T  In Pobs ---- 39.7 --  28.3 X 10-3T [2] 

in units  of kcal. These authors  have  also proposed a 
mode of evapora t ion  s imi lar  to Eq. [1] for Cd3As2. 

However ,  compar ing  Bourdon gauge and dew-po in t  
measurement s  on Cd3As.z, i t  was demons t ra ted  by  
Lyons and Si lves t r i  (11) tha t  this  compound,  which is 
also in the  group I I -V  fami ly  together  wi th  Zn3As2, 
t he rma l ly  dissociates according to the react ion 

Cd3As2(s) --  3Cd(g)  -p 1/2As4(g) [3] 

The mass  spec t rometr ic  work  of Wes tmore  et al. (12) 
has confirmed the above result .  

Recently,  mass spec t rometr ic  studies by  Schoon-  
m a k e r  et al. (13) have revea led  that  at e levated  t em-  
pera tu res  Zn3P2 also decomposes into the  component  
gases (i.e., into VeP4(g) and 3Zn(g) .  Likewise,  Cd3P~ 
(14) fol lows the aforement ioned subl imat ion  process. 

Therefore,  it is reasonable  to propose that,  con t ra ry  
to the in te rp re ta t ion  of Nesmeyanov  et al. (10), Zn3As2 
dissociates according to 

Zn3As2 (s) ---- 3Zn (g) -{- '/2As4 (g) [4] 

The re in te rp re ta t ion  of Nesmeyanov  et  al.'s data,  
r epresen ted  by  Eq. [1], for the  correct  mode of evapo-  
ration,  as expressed  above, is possible by  the extension 
of a p rocedure  es tabl ished by  McCabe (15) and also 
by Goldfinger and Jeunehomme (16) for  the  analysis  
of the Knudsen  evapora t ion  of I I -VI  compounds.  Ac -  

1 N e s m e y a n o v  et  al. (10) u t i l i z e d  the  u s u a l  K n u d s e n  e q u a t i o n  to 
ca lcu la t e  Pobs f r o m  t h e i r  e x p e r i m e n t a l  data.  A l t h o u g h  t he  a c t u a l  
orif ice area  for  each  v a p o r  p r e s su re  d e t e r m i n a t i o n  was  no t  t a b u -  
la ted ,  these  a u t h o r s  h a v e  e m p h a s i z e d  t h a t  the  orif ice area  was  
v a r i e d  f r o m  r u n  to r u n  and,  in a d d i t i o n ,  the  s a m p l e  a rea  was  a t  
leas t  1000 t imes  l a rge r  t h a n  the  orif ice area.  The  r e s u l t i n g  In Pob~ 
p lo t t ed  as a f u n c t i o n  of r ec ip roca l  t e m p e r a t u r e  s h o w e d  no  sys- 
t e m a t i c  v a r i a t i o n  f r o m  a s t r a i g h t  l ine ,  i n d i c a t i n g  t h a t  the  m e a s u r e -  
m e n t s  w e r e  i n s e n s i t i v e  to  changes  in  the  orif ice area.  Hence .  e v e n  
i f  t he  c o n d e n s a h o n  coeff icient  d e p a r t s  f r o m  u n i t y ,  i t  is r e a s o n a b l e  to  
a s s u m e  t h a t  the  e x p e r i m e n t a l  a r r a n g e m e n t  of N e s m e y a n o v  et  al. 
(10) l eads  to Pobs w h i c h  n e a r l y  equa l s  the  e q u i l i b r i u m  p res su re  in  
the  t e m p e r a t u r e  r a n g e  u n d e r  s tudy .  
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cordingly, if the effusing species were  Zn3As2(g), then 
in Knudsen evaporat ion Pobs would be given by 

c~W 
Pobs -- - -  [5] 

~/M 
where  a is a constant of proport ional i ty  incorporat ing 
T, the t ime of the exper iment  and the "effective" orifice 
area, and M is the molecular  weight  of Zn3As2 of total  
weight  loss w. However ,  if  the predominant  effusing 
species, as suggested in Eq. [4], are Zn(g)  and As~(g), 
then the part ial  pressures of these species, denoted by 
Pzn and PAs4, respect ively,  are of the form 

and 

3Mznw __ 3 Pobs 
P Z n -  ~/M~zn M 

v~ M A s 4  w 1 ( _ ] V / A s 4 ~  1/2 
PAs4 ---- - -  ~-~ - -  Pobs [ 6 ]  

N/M~As4 2M 2 \ M / 

where  the Mi's are the molecular  weights  of the 
designated species. 

The equi l ibr ium constant, K, for Eq. [4] is given by 

K = p z n 3 p A s 4 1 / 2  [ 7 ]  

Subst i tut ing Eq. [6] into Eq. [7] and taking the loga- 
r i thms of both sides, one finds 

27Mzn3/2M As 1/4 
- - R T  In K ---- --3.5 R T  in Pobs -- R T  In 

M7/4 
[8] 

Introducing the Pobs of Nesmeyanov e$ al. (10) from 
Eq. 2 into Eq. [8], one obtains the following free en- 
ergy change, AG ~ for Eq. [4] 

AG ~ (kcal) ---- 139 -- 99.8 >< 10-3T [9] 

where AH ~ = 139 kcal and AS ~ ---- 99.8 eu are the 
second law enthalpy and entropy changes for Eq. [4], 
respectively, at 676~ (mid-temperature of Nesmeya- 
nov et al.) (I0). 

The free energy equation given in Eq. [9] is reason- 
able in comparison with the free energy determination 
of Schoonmaker et al. (13) by means of torsion effu- 
sion and torsion surface vaporization measurements 
between 620~176 for the reaction 

Zn3P2(s) ~- 3Zn(g)  q- 1/2P4(g) 

which was reported to be 

AG ~ (kcal) ---- 1 4 4 -  107 X 10-3T [10] 

In particular,  one finds combining the values of AS ~ 
in Eq. [9] and [10] wi th  the s tandard entropies of 
gaseous species involved,  obtained f rom Stul l  and 
Sinke (17), that  the standard entropies of Zn3As2(s) 
and Zn3P2(s) at 676~ are 73 and 61.2 eu /g-mole ,  re-  
spectively. The corresponding entropies der ived by the 
Neumann-Kopp  rule  are 72.9 and 65.9 eu /g-mole ,  re -  
spectively. Therefore,  taking into account the repor ted  
--+6 eu uncer ta in ty  in the entropy given by Schoon-  
maker  et al. (13), one concludes that  the entropy of 
Zn3As2 is consistent wi th  that  of Zn~P2. 

It can fur ther  be shown that  Eq. [9] is also con- 
sistent wi th  the avai lable  f r agmenta ry  thermodynamic  
data for Zn3As2. According to the calor imetr ic  mea-  
surement  of Ar iya  et al. (18), the enthalpy change at 
298~ for the reaction 

Zn3As2 = 3Zn(s) q- 2As(s)  [11] 

is 30.5 kcal. AH ~ for Eq. [4] at 298~ can be readi ly  
calculated by means of Kirchhoff 's  equation f rom the 
known AH ~ at 676~ and the appropriate  heat  capacity 
functions. If it is assumed that  the heat  capacity of 
Zn~As2 obeys the Neumann-Kopp  rule, 2 then taking 

~ A c c o r d i n g  to R o b i n s o n  and  B e v e r  (33), t h i s  a s s u m p t i o n  ho lds  
w i t h i n  b e t t e r  t h a n  4% fo r  Mg3Sb~, a s i m i l a r  I I -V  c o m p o u n d .  
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the heat  capacity functions for the solid and gaseous 
elements  f rom Kel ley  (19), one obtains 141.9 kcal for 
AH ~ of Eq. [4] at 298~ by an essentially second law 
procedure. Adding the heats of condensation of 3Zn(g) 
and 1/2As4(g), tabulated by Stul l  and Sinke (17), to 
this result, one findg that  AH ~ at 298~ for  Eq. [11] 
is 31.1 kcal, in very  good agreement  wi th  Ar iya  et al.'s 
(18) measurement .  An a l ternat ive  third law t rea tment  
of the raw data of Nesmeyanov  et al. (10) results in 
_~H ~ _-- 30.4 _--+- 1 kcal for Eq. [11] at 298~ 3 By an 
analogous second law procedure,  start ing wi th  the AS ~ 
for Eq. [4] taken from Eq. [9], one gets AS ~ ---- 0.5 eu 
for Eq. [11] at 298~ in almost complete accord with 
the Neumann-Kopp  rule; hence, the recommended  S ~ 
of Zn3As2 is 47 e u / g - m o l e  at 298~ 

Sirota and Smolyarenko (20) have recent ly  reported 
that  emf measurements  be tween 700~176 for the 
reaction 3Zn(1) + 2As(s)  ---- Zn~As2(s) yield AG ~ = 
--31.0 _--+i 4 kcah This result  p resumably  refers  to the 
middle of their  t empera tu re  range, 750~ An ex-  
t rapolat ion of Eq. [9] to 750~ in combinat ion wi th  
the per t inent  free energies of condensation as tabulated 
by Stul l  and Sinke (17) gives AG ~ ---- 29.2 kcal for the 
above reaction, in reasonable agreement  wi th  the 
value of Sirota and Smolyarenko (20). Unfor tunate ly ,  
the der ived AH ~ and AS ~ values of these authors are in-  
consistent; hence, in the absence of any informat ion on 
the t empera tu re  dependence of the emf, no fur ther  
comparisons can be made. 

Estimated Thermodynamic Properties of ZnP2 
Having analyzed the dissociation pressure of ZnAs2 

as de termined by Bourdon gauge and dew-poin t  tech-  
niques, Lyons (21) has concluded that  this compound 
dissociates according to 

ZnAs2(s) = 1/3 Zn3As2(s) -F 1/3 As4(g) [12] 
and 

AG ~ (kcal) ---- 18.8 -- 18.5 X 10-3T 

between 885~176 Likewise, it has been demon-  
strated by Lyons and Si lvestr i  (11) that  the decom- 
position of CdAs2(s) follows the above reaction. 

Unfor tunately ,  as yet  there  have not been any mea-  
surements  ei ther  on the mode of decomposit ion or the 
thermodynamic  propert ies of ZnP2. However ,  there  is 
no reason to doubt that  its decomposition in analogy 
with  Eq. [12] proceeds according to 

ZnP2(s) ---- 1/3 Zn3P2(s) -}- 1/3 P4(g) [13] 

In order to est imate the free energy change at e le-  
vated temperatures ,  say at 700~ for Eq. [13], it is at 
first necessary to es t imate  the heat  of format ion and 
standard entropy of ZnP2 at 298~ 

In Table I the heats of format ion per  g-a tom at 
298~ AH ~ of CdAs2, ZnAs2, Cd3As2, Zn3As2, and 
Zn3P2 from their  solid elements  are listed together  wi th  
their  respect ive standard entropies per g-atom, S ~ . 
Noting that  the atoms in the semiconducting com- 
pounds ZnP2 and ZnAs2 are te t rahedra l ly  coordinated 
(22), one would expect  periodic trends in the the rmo-  
dynamic  propert ies  of CdAs2, ZnAs2, and ZnP2, in com- 
parison with  the I I I -V compounds obtained by replac-  
ing Cd and Zn with  group III  e lements  in the same 
row of the periodic system. Therefore,  the most recent  
or best values of AH ~ and S ~ for InAs, GaAs, and GaP 
are also listed in Table I. In addition, AH ~ and S ~ for 
the I I -VI  compounds CdSe, ZnSe, and ZnS are given. 

The tabulated values of AH ~ and S ~ for the Zn and 
Cd arsenides and phosphides had to be der ived f rom 
the avai lable h igh- t empera tu re  data. AH ~ and S ~ 

3 A s  the  f ree  e n e r g y  f u n c t i o n  ( F E F  = G ~  -- H ~  of 
Zn3Ase is no t  k n o w n ,  a r o u g h  e s t i m a t e  of the  F E F  h a d  to be ob- 
ta ined .  B y  a c o m b i n a t i o n  of t he  k n o w n  hea t  c apac i t y  e q u a t i o n  of 
Zn3Ne (19) w i t h  an  a p r i o r i  e s t i m a t e  of the  S ~ of  Zn3As~ at  29S~ 
the  F E F  was  c o m p u t e d  f o l l o w i n g  the  u s u a l  t h e r m o d y n a m i c  p roced-  
u r e  {34). The  S ~ was  e s t i m a t e d  by  the  a v e r a g i n g  of t he  S~  of 
Zn~Sb.z (19) (63.6 e u / g - m o l e )  and  Zn3P2 (36 e u / g - m o l e  f r o m  Tab le  
I) at  298~ T a k i n g  the  F E F ' s  fo r  t he  gaseous  species  f r o m  S t u l l  
and  S i n k e  (17), the  t h i r d  l aw  m e t h o d  y i e lds  t he  AH ~ fo r  Eq. [4] a t  
298~ w h i c h  can be r e a d i l y  c o n v e r t e d  to the  des i r ed  AH ~ fo r  
Eq. [11]. 
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Table I. Enthalpies of formation and standard entropies Table II. Heats and entropies of fusion of 
at 298~ of some arsenides and phosphides some arsenides and phosphides 

_ A H  o So 
( k c a l / g - a t o m )  Ref. ( e u / g - a t o m )  Ref.  

CdAs2 1.6 9.8 
ZnAsz  6.5 6.7 
ZnP2  8.1 a 4.8 a 
Cd3Ass 2.6 11.4 
ZnaAs~ 6.2 9.4 
Zn.~P~ 7.6 7.2 
I n A s  7.4 (32) 9.05 
G a A s  10.4 (31) 7~67 
G a P  12.2 (29) 5.98 
CdSe  16.2 (16) 11.5 
Z n S e  19.5 (30) 9.9 b 
ZnS 24.6 (30) 6,9 

(28) 
(28) 
(29) 
(16) 
(16) 
(25), 

Estimated.  
b May  be 1.5 e u / g - a t o m  too h i g h  as in  the case of Z n T e  (34). 

for Zn3As2 have been evaluated in the previous sec- 
tion. A similar procedure has been followed in the 
calculation of the s tandard values for Cd3As2 and 
Zn3P~. In  the case of ZnAs~, Lyons'  (21) pressure data 
between 885~176 yield ~H ~ = 18.8 kcal and AS ~ = 
18.5 eu for Eq. [12] at 950~ Assuming the val idi ty  of 
the Neumann-Kopp  rule for the specific heat of ZnAs2 
and Zn3As2 and taking the Cp of ASd(g) from Kelley 
(19), one obtains AH ~ -- 20.3 kcal and AS ~ ---- 21 eu for 

Eq. [12] at 298~ by an application of Kirchhoff's equa- 
tion. This in combinat ion with the data for Eq. [11] 
and the heat of condensation and s tandard entropy of 
1/3 Asd(g) yields AH ~ ---- 19.5 kcal at 298~ for the 
reaction 

ZnAs2(s) -- Zn(s )  + 2As(s) [14] 

and S ~ = 20.1 eu/g-mole.  The data of Lyons and Sil-  
vestri  (11) for CdAs2 have been analyzed by a similar 
procedure. 

The periodic trends in AH ~ and S ~ per g-atom of the 
triads of compounds listed in Table I are immediate ly  
obvious. Therefore, it is suggested that  AH ~ for 

ZnP2(s) : Zn(s)  + 2P(s)  [15] 

at 298~ should be estimated by adding to the AH ~ per 
g-atom of ZnAs2 the average of the AH ~ differences 
between Zn3As2 and Zn3P2 and between GaAs and GaP. 
An  analogous procedure is proposed for the estimation 
of S ~ of ZnP2. Carrying out the calculations, one 
finds AH ~ ---- 24.3 kcal for Eq. [15] and S ~ ---- 14.4 eu /  
g-mole. 

Finally,  based on the above values for Eq. [15] and 
the data of Schoonmaker e ta l .  (13) for ZnsP2, re-  
versing the method used to evaluate AH ~ and S ~ for 
Eq. [14] from Eq. [12], one obtains for Eq. [13] at 
700~ 

AG ~ (kcal) ---- 21.4 -- 18.4 X 10-~T [16] 

which is comparable with Lyons'  (21) AG ~ (Eq. [12]) 
for ZnAs2. 

The Entropies of Fusion of Zn3As2 and Cd3As2 
Recently, J aya raman  e t a l .  (23) have investigated 

the dependence of the mel t ing points, Tf, of Zn~As2 and 
Cd3As2 on the total pressure, p, and have given mea-  
sured values of dTf/dp for these compounds. In  addi- 
tion, Glazov and Kasymova (24) have reported the 
densities of solid Zn3As2 and Cd3As2 and of their  re- 
spective melts. Thus, the entropy of fusion, ASf, of 
these compounds can be readily computed from the 
Clausius-Clapeyron equat ion wr i t ten  in the form 

ASf = dp AVf = dp ( M M ) 
dTf "dTf " d~ ds [17] 

where AVf is the volume change of fusion, dt and d~ 
are the liquid and solid densities, and M is the molec- 
ular  weight of the compound. Subst i tut ing the re-  
quired variables into Eq. [17], one obtains 

ASt ( e u / g - a t o m )  AHt ( k c a l / g - m o l e )  

Zr~As~ 5.74, ~ 5.30 ~ 36.9 = 
Zn~Ps 6.3 ~ 4O.O e 
Cd3As.- 5.94, ~ 5.25 b 28.6 ~ 
ZnAs2 6.5 c 20.4 ~ 
ZnP~ 5.9 ~ 22.2 ~ 

a E x p e r i m e n t a l l y  de termined ,  based on Eq, [17]. 
b C a l c u l a t e d  f r o m  Eq. [19]. 
c E s t i m a t e d  by  a d d i n g  0.3 e u / g - a t o m  to Eq. [19]. 

t, Sf -- 28.7 eu /g -mole  -- 5.74 eu /g-a tom for Zn3As2 
[18] 

and 

ASf : 29.5 eu /g-mole  -- 5.90 eu /g-a tom for Cd3As2 

The corresponding heats of fusion, AHf, taking Tf from 
Jaya raman  etal. (23), are 

AHf = 36.9 kca l /g-mole  for ZnaAs2 
and 

AHf ---- 26.6 kcal /g-mole  for Cd3As2 

The above ASf's seem to be reasonable in comparison 
with the theoretical estimate calculated by a method 
recommended by Kubaschewski  et al. (25). According 
to these authors, the entropy of fus ion/g-a tom for an 
ordered compound of formula AmBn is given by 

mASf(A) + ~ S f ( B )  
AS~ = 

m+n 

~n m n n > 
- -  R i n  - -  - t -  - -  I n  [ 1 9 ]  

m + n  m + n  m + n  m - ~ n  

in uni ts  of eu /g -a tom where AS~(A) and AS~(B) are 
the entropies of fusion of the pure elements A and B, 
respectively. Subst i tu t ing the ASf's of the elements 
from Stull  and Sinke (17) into Eq. [19], one finds 
ASf = 5.30 eu /g -a tom and 5.25 eu /g-a tom for ZnsAs2 
and Cd3As~, respectively, which compare favorably 
with the values in Eq. [18]. 

Estimated Entropies of Fusion of ZnAs2, ZnP2, 
and Zn3P2 

Noting that the above-calculated ASf of ZnsAs~ based 
on Eq. [19] is approximately 03 eu /g -a tom less than 
the exper imenta l ly  de termined result  (Eq. [17] and 
[18]), it is suggested that  the ASr's of ZnP2, ZnAs2, and 
Zn3P2 should be estimated by adding ~0.3 eu /g-a tom 
to the theoretical value calculated from Eq. [19]. The 
estimated ASf's and AHf's of ZnP2, ZnAs2, and Zn3P2 are 
presented in Table II together with the exper imental ly  
determined quanti t ies  of Zn3As2 and Cd3As2. In  per-  
forming these calculations, the ASf of P (red) was taken 
from the JANAF (26) tables. The mel t ing points of 
ZnAs2 and ZnP2 were obtained from Hansen (27) and 
the recent work of Rubenste in  and Dean (5). Finally,  
the melt ing point of Zn3P2 was estimated to be 1240 ~ 
_ 20~ by adding to the mel t ing point  of Zn3As2 the 
average of the relat ively constant  difference between 
the melt ing points of ZnP2 and ZnAs2 (214~ and of 
GaP and GaAs (227~ 

Manuscript  submit ted Aug. 21, 1970; revised manu-  
script received Feb. 24, 1971. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1972 JOURNAL. 
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Vaporization in the PbTe-SnTe System 1 

David A. Northrop 
Sandia Laboratories, AIbuquerque, New Mexico 87115 

ABSTRACT 

The vapor iza t ion  of three  al loys in the PbTe-SnTe  sys tem has been in-  
ves t iga ted  the rmograv imet r i ca l ly .  The vapor iza t ion  is noncongruent  as SnTe, 
the  more  vola t i le  component ,  is lost p re fe ren t ia l ly .  Due to the  s imi la r i ty  of 
the PbTe  and SnTe vapor  pressures,  the observed differences in to ta l  effusion 
ra tes  be tween the al loys and changes in rate  expected due to noncongruency 
are  of the  magni tude  of the expe r imen ta l  e r ror  and the vapor iza t ion  appears  
to be congruent  in g rav imet r ic  exper iments .  Effusion rates,  composi t ion 
changes, and approx ima te  vapor  pressures  have been de te rmined  wi th  the  re -  
sults fa l l ing be tween  the l imits  given by  PbTe  and SnTe. The resul ts  for  a 
commercial ,  (Pb ,Sn)Te  the rmoe lemen t  are  given for comparison wi th  this 
work  and previous ly  publ ished invest igat ions.  

Vaporizat ion of a l loys in the PbTe-SnTe  sys tem has 
been inves t iga ted  as par t  of a cont inuing s tudy of 
vapor iza t ion  in the (Pb ,Sn ,Ge)Te  system (1). Con-  
s iderab le  in teres t  has been shown in the P b T e - S a T e  
pseudobinary  system as these a l loy composi t ions are  
in use as the  p - junc t ion  in severa l  isotope power  
genera to r  systems. The vapor iza t ion  of th ree  com- 
posit ions was studied:  Pb0.91Sno.09Te, Pb0.72Sn0.2sTe, 
and Pb0.50Sn0.50Te. In addit ion,  the  resul ts  for a com- 
mercial ,  p - t y p e  the rmoe lement  are  given which were  
obtained wi th  the same effusion cells and procedures  
so tha t  a d i rec t  comparison could be made.  

Commercia l  p - t y p e  the rmoelements  of nominal  
Pbo.~0Sn0.~oTe composit ion were  used for the  free sur -  
face vapor iza t ion  ra tes  given by  Bates and Weins te in  
(2), and in the  mass spect rometr ic  effusion studies by  
Winchel l  (3). The l a t t e r  inves t iga tor  concluded tha t  
the  vapor iza t ion  was e i ther  congruent  or "pseudocon-  
gruent"  and occurs by  the loss of SnTe and PbTe mole-  
cules in the  same re la t ive  concentra t ions  as in the  solid. 

1 Th i s  w o r k  was  s u p p o r t e d  b y  t he  U.S.  A t o m i c  E n e r g y  C o m m i s -  
sion. 

Key words:  lead telluride, t in telluride, vapor pressure,  effusion, 
thermoelement .  

Sokolov et at. (4),  on the  other  hand, found a SnTe-  
r ich vapor  over  a Pb0.~2Sn0.48Te mater ia l ,  which would  
indicate  noncongruency and a progress ive ly  P b - e n -  
r iched  a l loy composit ion.  These s tudies  a re  discussed 
in more  deta i l  l a te r  in this report .  

Other  studies in the  PbTe-SnTe  sys tem have been 
concerned with  de te rmina t ion  of the phase  re la t ions  
(5-8),  examina t ion  of the var ia t ion  of la t t ice  p a r a m e -  
ter  wi th  composit ion (5-7, 9-12), g rowth  and charac -  
ter iza t ion of single crysta ls  (7, 8, 13), and inves t iga-  
t ion of e lectr ical  proper t ies  (6-8, 14, 15). The ove r -a l l  
resul ts  show tha t  PbTe  and SnTe form a complete  
range  of solid solut ions which exhib i t  nea r ly  ideal  be -  
havior .  The t empera tu re -compos i t ion  phase re la t ions  
are  in the  shape of a s imple lens wi th  end points  given 
by  the mel t ing  points  of 917 ~ and 806~ for pure  PbTe  
and SnTe, respect ively ,  and a m a x i m u m  difference be-  
tween  the l iquidus  and solidus of ~18~ at 45 m/o  
(mole  per  cent)  SnTe (5). Lat t ice  pa rame te r s  show 
sl ight  posi t ive deviat ions f rom Vegard 's  law when the 
exact  t e l lu r ium concentra t ion  is considered.  The 
s ingle-phase  (Pb, Sn )Te  composit ions are  all  p - t y p e  
and thus the field lies on the Te- r i ch  side of the PbTe-  



1366 J. Etectrochem. Soc.: S O L I D  S T A T E  S C I E N C E  Augus t  1971 

SnTe b inary  join (13). The liquidus surface of the 
P b - S n - T e  te rnary  system has also been determined 
(16). 

Exper imental  Detai ls  and Results 

General.--A detailed description of the apparatus, 
methods, and sources of error is given elsewhere (1), 
and only specific details are reported here. An  auto-  
matic recording balance was used and its continuous 
weight, time, and tempera ture  record is par t icular ly  
suited for the invest igat ion of noncongruent  vaporiza- 
tions where changing rates of loss are expected. 

Three alloys were made from the elements (of 
stated pur i ty  > 99.99%) by  reaction at 950~ in evacu- 
ated quartz ampoules. The ampoules were air quenched 
from this temperature,  and the samples were reground 
finer than 240 mesh and annealed at 600~ for 48 hr, 
also in evacuated quartz ampoules. The lead concen- 
t rat ion was determined by polarography and the alloy 
composition was calculated assuming an exact 
PbxSnl-~Te stoichiometry. The ini t ial  alloy composi- 
tions are, to _0.01 a/o (atomic per cent) ,  Pb0.9~Sno.09Te, 
Pb0.72Sn0.2sTe, and Pb0.50Sn0.5oTe. Powder  x - r a y  dif- 
fraction analyses indicated that  only the alloy phase 
was present. 

Graphite  and a lumina  effusion cells were used, and 
their  effective orifice areas were determined by effu- 
sion of a lead s tandard (1). Three types of effusion ex- 
periments  were made: Type 1: Isothermal  runs  in 
which ~80 mg were effused unt i l  a constant  cell weight 
was observed. Type 2: isothermal runs  which were 
quenched at successive stages of vaporization and sam- 
ples taken for x - ray  and polarographic analyses. The 
ini t ial  amount  of sample was ,-~1200 mg and two cuts 
and a final residue were obtained for each run. For 
each cut, the sample was removed from the cell, re-  
ground and mixed thoroughly, ,,~100 mg removed per-  
manen t ly  for analysis, and the remainder  replaced in 
the cell for fur ther  vaporization. Type 3: effusion runs  
of ~20 ra te - tempera ture  data points for the vapor 
pressure calculations. The ini t ial  sample weight was 
800-900 mg and no more than a third was vaporized in 
a single run. 

Vapor species.--No direct de terminat ion of the vapor 
species was made in this investigation. It  is assumed 
that  (Pb ,Sn)Te  vaporizes by the loss of molecular  
SnTe(g)  and PbTe(g) ,  and this assumption is based 
on the results for the pure end members  and the fol- 
lowing reported mass spectrometric data for the alloys. 
Winchell  (3) observed approximately equal in ten-  
sities of SnTe + and PbTe + but  no Te2 + or higher 
molecular weight ions for a thermoelement  of approxi-  
mate composition Pb0..sSn0.5Te. Sokolov et al. (4) ex-  
amined the effusion of a Pb0.52Sn0.4sTe sample at 
760~ and identified the following parent  ions with 
relat ive intensit ies given in parentheses: SnTe + (132), 
PbTe + (1O0), Te2 + (--,1), SnTe2 + (~1) ,  and lesser 
amounts  of Sn2Te2 +, PbSnTe2 +, and PbSnTe +. U na m-  
biguous determinat ion of the equi l ibr ium vapor is 
hindered by electron impact dissociation in the mass 
spectrometer ion source, and atomic ions produced by 
f ragmentat ion were observed in both studies. 

pO L SOLID 
S nTe I'~--~---.~ ~ ~ Z 

P3- T" ' . .  P ARBITRARY 
PI- ~'~ ~ "~'~. UNITS 
p - ~',~. ~ ~,,~ 
2 " ~ . I ~  ~ \-D 

GAS o 
P PbTe 

T = CONSTANT 

I I i I I I I I l 
SnTe PbTe 

Fig. 1. Possible pressure-composition phase relations for the 
PbTe-SnTe system showing the compositional relations for the 
ideal (solid lines) and a typical nunideal (dashed lines) solid 
solution. 

Congruency.--A noncongruent  vaporization of 
(Pb ,Sn)Te  alloys was expected and was confirmed by 
several experiments.  The prediction was made by ex-  
aminat ion of the schematic pressure-composit ion phase 
relations shown in Fig. 1 for a b ina ry  alloy system ex- 
hibit ing a complete range of solid solutions. In  addi- 
tion, while PbTe vaporizes congruently,  SnTe vaporizes 
noncongruent ly  with the loss of a slight excess of Te 
which first produces a two-phase, Sn -SnTe  assem- 
blage, and then a very  small  amount  of pure Sn as a 
final phase (1). Thus noncongruency has to be ex- 
amined from two standpoints:  the relative loss of SnTe 
with respect to PbTe and also the possibility of the for- 
mat ion of a metal  second phase. 

The results for the type 2 effusion runs  are given in 
Table I. Each cut was analyzed polarographically for 
total lead content  and an alloy composition was calcu- 
lated on the assumption that  only a stoichiometric 
Pb~Sn~-xTe phase was present. The results are semi- 
quant i ta t ive  with the uncer ta in ty  arising from both 
the analyt ical  technique and possible inhomogeneit ies 
and minor  phases present  in  the cut. Each alloy was 
investigated at 625 ~ 700 ~ and 825~ but  the three 
results were averaged in each case as no general  tem- 
perature  dependence could be observed. 

A small  portion of each cut (<1 mg) was examined 
by x - r ay  diffraction uti l izing the Debye-Scherrer  tech-  
nique and Ni-filtered, CuKa radiation. From published 
reports (9), the alloy lattice constant  can be related 
to its composition provided that the exact Te stoichi- 
ometry is known from the carrier concentrat ion or 
other measurements .  The lack of this informat ion  and 
the uncer ta in ty  that  such a small  port ion of the total  
sample would accurately reflect the bulk  composition 
precluded any quant i ta t ive  analysis by  x - r ay  methods. 
Qualitatively,  however, comparat ive l ine shifts in the 
back-reflection region indicated that  in every case the 
observed d-spacings became greater (increased PbTe 
concentrat ion) with increased vaporization. 

Table I. Alloy composition as a function of amount vaporized 

Mate r i a l  
In i t i a l  

composi t ion 

C u t  A C u t  B Res idue  
A m t  lost, A m t  lost. 

W/O Compos i t ion  w / o  Composit ion 
A m t  lost, 

w / o  Composit ion 

Type 2 effusion runs: 
Pbo.91Sno.cgTe 
Pbo.~zSnc.2sTe 
Pbo.~eZno.5oTe 

Residue from the type  
3 effusion runs: 

Curve 1, Fig.  2 

Curve 2. Fig.  2 

Curve 3, Fig.  2 

91/09 
72/28 
50/50 

91/09 
91/09  
72/28 
72/28 
50/50 
50/50 

18 94/06 39 96/04 59 99/01 
19 77/23 36 78/22 63 82/18 
22 54/46 48 58/42 75 64/36 

22 92/08 
22 93/07 
24 78/22 
25 77/23 
32 52/48 
31 54/40 
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The residues from the type 3 effusion experiments  
were also analyzed by the two methods. The results 
are also given in Table I and the same t rend is found. 

The possibility of the formation of a metall ic second 
phase is more difficult to assess. If the original stoi- 
chiometric concentrat ions of the elements were ma in -  
tained, the ini t ia l  alloys should be two-phase, (Pb,Sn) 
and (Pb,Sn)Te,  as the single-phase alloy compositions 
lie on the Te-r ich side of the PbTe-SnTe  b inary  join 
(13). However, a metal  second phase could not be de- 
tected in x - ray  powder pat terns of either the ini t ial  
alloys or any cuts from the special effusion runs. Iso- 
thermal  effusion runs  (type 1) to constant  weight with 
pure SnTe resulted in a Sn residue of --0.3 w/o. Simi-  
lar experiments  with the Pb0.50Sn0.50Te alloy produced 
a trace residue (<0.1 w/o)  which was identified by 
x - r ay  diffraction as SnO2, and its exact origin is u n -  
known. Pb would not be expected in the residue at a 
constant  observed weight as its vapor pressure is of 
the same order of magni tude  as lead telluride. In  the 
type 1 effusion runs, care was taken to insure that  the 
cell temperature  did not overshoot the intended run  
temperature.  During the first 5 w/o  of loss, the maxi -  
mum observed rate decreased by ~7% to an essentially 
constant  rate for the balance of the run. In the non-  
congruent  vaporization of GeTe, this ra te- t ime be- 
havior was interpreted as the rapid loss of excess Te to 
drive the over-al l  composition into a Ge-GeTe two- 
phase region (1). The same in terpre ta t ion could be ap- 
plied in this case, and fur ther  evidence is found in the 
parent  Te2 + contr ibut ion reported by Sokolov et al. 
(4). 

To summarize, the vaporization of (Pb ,Sn)Te  is non-  
congruent.  The pr imary  composition change is a de- 
crease in the SnTe /PbTe  ratio due to the preferent ial  
loss of SnTe (g). There is inconclusive evidence for the 
loss of addit ional  t e l lu r ium but  in amounts  that  should 
not affect the results and discussions in this report. 

Effusion rates.--Two type 3 effusion runs were made 
with different graphite cells for each alloy. Unless 
assumptions are made concerning the relative vapor 
composition and its change due to noncongruency,  the 
total vapor pressure cannot  be calculated from the 
total rate of weight loss as is usual ly  done via the 
Knudsen  equation 

P T  : P i  = x~ [ 1 ]  
i �9 M~ 

where A is the effective orifice area, (dw/dt)T is the 
total observed rate of weight  loss, and  xl and Mi are 
the weight fraction and molecular  weight of the ith 
vapor species. Alternat ively,  a quant i ty  QT has been 
defined 

QT = ( ~ ) (--~--~- )T~/2~RT [ 2 ]  

which is essentially proport ional  to the observed effu- 
sion rate and is related to the total  vapor pressure by 

P T  - -  Q T  Xi  [ 3 ]  
i 

The reason for present ing the data in terms of QT is to 

f [ i I II I i 
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Fig. 2. Experimental data for the type 3 effusion runs expressed 
as Io9 QT vs.  reciprocal temperature: curve 1, Pbo.91Sno.o9Te; 
curve 2, Pbo.72Sno.2sTe; curve 3, Pbo.5oSno.5oTe; curve 4, thermo- 
element. Ordinate scale applies to curve 4; each of the other 
curves has been offset from the other by log QT = 0.50 far 
clarity. 

emphasize the similari ty of the observed effusion rates 
for this alloy system. 

If the summed term is re la t ively  constant dur ing an 
effusion run, as in the case of a large sample and small 
over-al l  weight change, then QT is directly propor-  
t ional to P T  and a plot of log QT vs. reciprocal t em-  
perature  should be essentially l inear  with a slope equal 
to the enthalpy of vaporization. Linear  least-squares 
fit of log QT as a funct ion of 1/T resulted in equations 
of the form 

l o g  Q T  ~--- (A _+ CA) -~- (B _+ aB) (1000/T) [4] 

where ai are the s tandard deviations associated with 
the constants. The results for the two effusion runs  for 
each of the three alloys and the thermoelement  are 
shown in Fig. 2 and summarized in Table  II. Values of 
QT for PbTe and SnTe have been calculated from the 
average summary  equation given in Tables III  and V, 
respectively, of Ref. (1). 

Steady state and equilibrium.--In these experiments,  
the effective orifice areas of the effusion cells ranged 
from 4.49 x 10 -4 to 5.64 x 10 -3 cm 2 and the sample was 

Table II. Effusion results expressed in terms of log QT and the experimental enthalpy of vaporization 

Average log QT = A + B(IOOO/T) AHvap 
Material t e m p  (~ A B ( k c a l / m o l e )  

PbTe~ 634 8.837 -~ 0.058 - - 1 1 . 2 9 4 - -  ~ 0.177 51.68 • 0.81 
Pbo.~Sno.o~Te 040 9.026 • 0.024 --11.506 - -  0.022 52 65 ~ 0.10 
Pbo.~2Sno.~Te 634 8.781 ----- 0.038 --11.236 ----- 0.035 51.42 ---+ 0.16 
Pbo.-ooSno coTe 634 8.989 -~ 0.042 --11.426 ~ 0.038 52.29 ~ 0.17 
S n T e  1 635 8.972 + 0.083 --11.360 ~ 0.182 51.98 ---+ 0.83 
Thermoelement 654 8.836 • 0.071 -- 11.310 ---~ 0.065 51.75 --+ 0.30 

1 Calculated from data given in Ref .  (1). 
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Table III. Calculated values of log QT and specific effusion 
rates at 650~ 

Speci f ic  e f fu s ion  
M a t e r i a l  log  QT r a t e  (g/cm-" sec) ~ ~%e 

P b T e  8 - 3 . 3 9 4  5.89 x 10-~ 0.037 +--9 
PbomSn0.ogTe --3.435 5.36 X 10 -4 O.OO9 +-2 
Pbo.72Sno.zsTe --3.388 5.97 • 10 .-4 0.016 -~---4 
Pbo.5oSno.5oTe --3.385 6.01 • 10 -4 0.021 ----.5 
S n T e  3 --3.331 6.81 • 10 -4 0.045 +11  
T h e r m o e l e m e n t  - 3 . 4 1 3  5.64 • 10 -4 0.024 ~---6 

1 r is  t h e  s t a n d a r d  e r r o r  o f  t h e  e s t i m a t e  of  t h e  l i n e a r  l e a s t - s q u a r e s  
f i t  of  l og  QT vs. r e c i p r o c a l  t e m p e r a t u r e .  r app l i e s  to t h e  log  Q r  
v a l u e s  s h o w n .  

~o'% is  o" e x p r e s s e d  as  a p e r  c e n t  d i f f e r e n c e  b e t w e e n  Qcale a n d  
Qoh~ a n d  a p p l i e s  to  t h e  r a t e s  s h o w n .  

C a l c u l a t e d  f r o m  d a t a  g i v e n  in  Ref .  (1). 

always ground finer than 340 mesh (~75~). The va- 
porization coefficients for PbTe and SnTe are greater 
than 0.2 (1) and the a t ta inment  of steady-state con- 
ditions is not  hindered by a low ~v or a low sample 
surface area/orifice area ratio as discussed by Motz- 
feldt (17). The observed effusion rates for all composi- 
tions were essentially constant  dur ing the type 1 effu- 
sion runs to greater than  a 99 w/o loss. The rates then 
broke essentially discontinuously to zero (a constant 
cell weight) .  Thus, as little as 1 mg of mater ia l  was 
sufficient to produce steady-state conditions in the cell. 
Surface enr ichment  of the less volatile phase (PbTe 
in this case) would normal ly  tend to hinder  vaporiza- 
t ion and the a t t a inment  of steady-state conditions and 
would increase the apparent  activity and vapor pres-  
sure of this phase. The results of the type 1 effusion 
experiments  and the similar vapor pressures of PbTe 
and SnTe show that  such effects are not detectable in 
these gravimetr ic  experiments.  In  addition, the ob- 
served effusion rates and calculated pressures appear 
to be independent  of orifice area wi th in  the range 
given above and, thus, a case can be made that  these 
results represent  the equi l ibr ium values. 

Discussion 
The alloy vaporization can be described in terms of 

the P -X phase relations given in Fig. 1, where the 
solid and dashed lines indicate the phase boundaries  
for an ideal and a typical  nonideal  solid solution, re-  
spectively. In the ideal case, the exact boundaries  can 
be calculated from the solid composition and the vapor 
pressures of the pure end members  since, by definition, 
P~ ---- xiPi o. The ini t ia l  equi l ibr ium vapor composition 
over an alloy of composition Z is given by A at a total 
pressure of P~. As vaporization proceeds, both the vapor 
and solid compositions shift toward the less volatile 
component with Z and B becoming the concentrat ions 
of vapor and solid as the last solid vaporizes. Note that 
the vapor is always rich in the more volatile com- 
ponent  and has the ini t ia l  alloy composition only at the 
end of vaporization. The equi l ibr ium total pressure 
decreases from P1 to P2 in the course of the vaporiza- 
tion. The representat ive nonideal  case shown indicates 
that  greater compositional and pressure ehanges would 
be expected: C going to Z for the vapor, Z going to D 
for the solid, and P3 decreasing to P4. 

Table III  gives values of log QT and specific, total  
rates of weight loss (g/cm 2 sec) calculated at 650~ 
The similari ty in these values is str iking and can per-  

haps explain why these alloys have been interpreted 
as vaporizing congruent ly  or "pseudocongruently" (3). 
The ra te - tempera ture  effusion data gave no systematic 
changes in observed rate wi th  total weight loss up to 
losses of ~30 w/o. Fur thermore,  in the type 1 effusion 
runs, a continuous, over-al l  decrease in rate could not 
be definitely identified for any  of the alloy composi- 
tions outside of the small  ini t ial  decrease described 
earlier in the congruency discussion. 

Several  factors combine to explain this apparent  
congruency in these gravimetr ic  experiments,  and the 
over-al l  result  is that  the expected decrease in rate 
due to noncongruency is less than the over-al l  pre-  
cision of the exper imental  procedure. First, the s tan-  
dard error of the estimates between log Qcalc and log 
Qobs range from 0.009 to 0.045 which correspond to 
uncertaint ies  of approximately ___2 to ___11% in {~T. 

These uncertaint ies  in themselves practically cover the 
entire range of calculated values given in Table III. 
Second, the tempera ture  can be controlled to _+1/2~ 
dur ing the isothermal effusion runs, and a 1 ~ tempera-  
ture change varies the observed rate by ~2.5% at these 
values of AH and temperature.  Finally,  only small 
changes in observed total rate are expected due to the 
similar vapor pressures of SnTe and PbTe. At a given 
temperature,  the relative effusion rates for pure SnTe 
and PbTe are given by 

)rbTo 
P ~  ~ / ] ~ S n T e  

[5] 
p o P b T e  V ~J/PbTe 

This rate ratio has the values of 1.133 and 1.171 at 
550 ~ and 725~ respectively. Thus, an approximate 
15% decrease in rate would occur dur ing a hypothet i -  
cal effusion run  in which the solid composition would 
change from SnTe to PbTe. It  is clear from Fig. 1 that 
a considerably smaller decrease would be observed 
dur ing  the vaporization of a given alloy composition. 
This change dur ing a complete isothermal effusion can 
be calculated exactly if it is assumed that  the sys- 
tem behaves ideally. For a 50/50 m/o  alloy at 700~ 
( w h e r e  P ~ 1 7 6  ~ 1.359), the ratio of init ial  to 
final rate is 1.0222; this is a decrease of approximately  
2%. 

Table IV shows the m a x i m u m  composition changes 
that can be expected for a complete equi l ibr ium vapor-  
ization if the alloy system is ideal. In every case, the 
observed composition changes are greater, suggesting 
nonideal i ty  and phase relations similar to those given 
by the dashed lines in Fig. 1. The observed changes 
el iminate the possibility of a more complicated double-  
lens type of phase diagram in the composition range 
Pb0.hSno.~Te to PbTe. However, the possibility of a 
pressure maxima and a congruent ly  subl iming indif-  
ferent point (18) at the SnTe-r ich  end of the phase 
diagram is still compatible with the data. 

It is desirable to calculate apparent  total  vapor 
pressures from the exper imental  data. As the vapor 
composition is cont inuously changing and has not been 
measured directly at any point  in these experiments,  
an arbi trary,  "average" molecular  weight has been 
selected for this calculation. The init ial  vapor compo- 
sition for an ideal alloy (Table IV) was selected and 

Table IV. Calculated and observed composition changes at 700~ 

M a t e r i a l  

Calculated for an ideal  solid so lu t i on  1 
Final solid composi -  

Initial vapor tion at end of a 
composit ion complete  vaporization 

O b s e r v e d  sol id  c o m p o s i -  
t i o n  ( from Table I)  

Pbo,,lSno.ogTe 88/12 93/07 
Pbo.v2Sno.~sTe 65/35 78/22  
Pbo,5oSno. 5oTe 42/58 58/42 

99/01 a f t e r  a 59 w / o  loss 
82/18 a f t e r  a 6 3 w / o  loss 
64/36 a f t e r  a 7 5 w / o  loss  

i P"SnTe/P'PbTe ----- 1.359 at 7OO~ 
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Table V. Approximate total vapor pressures based on an arbitrary average molecular weight 

S e l e c t e d  A v e r a g e  C a l c u l a t e d  
vapor molecular  Log PT = A + B ( I O 0 0 / T )  p r e s s u r e  a t  

M a t e r i a l  c o m p o s i t i o n  w e i g h t  A B 650~ ( a t m )  a%~ 

P b T e  1 - -  - -  7,575 - -11 ,294  2.21 x 10 -s ---~9 
Pbo.~Sno.ooTe 88 /12  324.2 7,771 - -11 .506  2 .04 • 10 -~ •  
Pbo.7~Sno.~Te 6 5 / 3 5  303.8 7.540 - 1 1 . 2 3 6  2.35 • 10 -5 "!-_4 
Pbo.50Sno.5oTe 4 2 / 5 8  283.5  7,763 --11.426 2,45 x 10 -s ~---5 
S n T e  z - -  - -  7.776 - -11 .360  2 ,97 • 10 -s ----_11 
T h e r m o e l e m e n t  4 2 / 5 8  283.5 7,610 - -11 .310  2.30 x I 0  -~ "4-6 

1 From Ref, (1) .  
See  T a b l e  I IL  

the total weight loss has been ascribed to a vapor 
with this average molecular  weight. For this com- 
parat ive calculation, the error introduced by the arbi-  
t ra ry  choice of vapor composition and not t reat ing the 
data rigorously by Eq. [1] is less than  the over-al l  
exper imental  uncer ta inty.  The equations for log Q'r 
in Table II can then be converted to log P T  by the 
addition of log (M-'/2) to the A term. The results are 
given in Table V and the total vapor pressure curves 
presented in Fig. 3. Pressures calculated at 650~ given 
in Table V show more clearly the relative total vapor 
pressures for these materials.  While  a var iat ion of 
pressure with alloy composition is evident, these pres- 
sures are practically indist inguishable wi thin  the limits 
set by the pure PbTe and SnTe when the exper imental  
uncertaint ies  are considered. It  should be emphasized 
that the observed effusion rates are even more similar 
(see Table III)  than the pressure curves given in Fig. 
3; the molecular weight in the pressure calculation 
produces much of the vert ical  separation. 

Thermoelernents  
3P, 2 p- type thermoelements  were used in the studies 

of Winchell  (3) and Bates and Weinstein (4), and 
2 T h e  3M C o m p a n y ,  St.  P a u l ,  M i n n e s o t a  55101.  
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Pbo. g I Sno. 09 

1.0 1.1 1.2 
10CO/T 

Fig. 3. Apparent total vapor pressures far (Pb, Sn)Te alloys 
calculated with the assumptions described in detail in the text. 
The over-all experimental uncertolnty is of the order of the error 
bar given. 

were examined for comparat ive purposes in this work. 
While the exact composition is proprietary,  this p- type 
mater ial  contains PbTe, SnTe, and MnTe in approxi-  
mately  47/47/06 m/o  proportions. MnTe is less volatile 
than the other two tellurides and can be identified as 
a residue in both effusion and free surface vaporiza- 
tions. However, its accumulat ion did not affect the 
effusion results as seen in Fig. 2, curve 4. As for the 
alloy compositions discussed in ~an earlier section, no 
systematic var iat ion of rate with t ime or amount  
vaporized.was observed. Winchel l  did not  detect any 
form of Mn in the vapor dur ing  his invest igat ion (3). 

The results have been calculated and presented along 
with the "pure" alloy materials,  and they are closest 
to those for the 72/28 and 50/50 compositions. The 
approximate vapor pressure curve is given in Fig. 4 
relative to pure SnTe and PbTe and the previously 
reported results of Winchel l  (3), Bates and Weinstein 
(2), and Sokolov et al. (4). Thus, the nea r -equ i l ib r ium 
vaporization behavior  of this complex mater ia l  is de- 
termined by the behavior  of the major  const i tuent  and 
is relat ively unaffected by minor  phases or dopants 
added to enhance its electrical properties. Unpubl ished 
data from this laboratory indicate that  this is also t rue 
for 3N 3 and TAGS 4 thermoelements  where the near -  
equi l ibr ium vaporization behavior  is essentially ident i-  
cal to that  of the major  phase, PbTe and GeTe, re-  
spectively. 

e T h e  3M C o m p a n y ,  St,  P a u l ,  M i n n e s o t a  55101.  
Isotopes,  Incorporated,  Timonium,  Maryland. 
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Fig. 4. Other alloy and thermoelement studies compared with the 
results of this study: TE = commercial thermoelement; eff. 
effusion method; Lang. = free surface or Langmuir method. 
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Techn ca]l Notes 

Formation of 20-2S.  Thermal Oxide Films 
on Silicon at 9S0~176 

J. A.  A b o a f *  

IBM Components Division, East Fishkill Facility, Hopewell Junction, New York  12533 

Recent papers on MNOS (metal-Si3N4-SiO2-Si) 
memory  transistors, in which charge can be stored at 
or near  the interface between the two insulators (1- 
6), classify them as either Fowler-Nordheim devices 
or direct tunne l ing  devices, the only difference being 
that  the lat ter  have th inner  oxide layers. For oxide 
layer thicknesses up to 37A (3), the interface traps 
are charged by direct tunne l ing  through the SiO2 layer. 
Direct tunne l ing  devices consequently exhibit  great 7o 
sensitivity of the so-called "write" characteristics to 
the oxide layer thickness (4, 7). Since the growth rate 
of SiO2 on silicon is relat ively high in oxygen or water  6o 
vapor ambients  (8) at high temperatures,  low tem-  
peratures and /o r  diluted oxygen atmospheres should 
be used when very th in  (about 20A) films are neces- 5o 
sary. While Wal lmark  and Scott (3), in their MNOS 
studies, prepared SiO2 films in steam at 600~ the z- 
present paper shows that  very thin films of SiO2 (less 40 
than  50A) can be formed on silicon in ambient  mix-  ~o 
tures of NO and H2 at 950~176 

P- type  silicon wafers (<100>,  10 ohm-cm) were ~ 3o 
first cleaned in ammonia,  hydrochloric acid, hydro-  ~- 
fluoric acid, and deionized water, and then blown dry 
in  nitrogen. The residual  SiO~ covering the wafers was 
then measured by ell ipsometry (9, 10) and found to be 20 
10 • 1A. The reactions were carried out using rf in-  
duction heating of a conventional  horizontal quartz 
tube (59 m m  in diameter)  with a graphite susceptor 10 
encased in a fused silica envelope and attached to the 
cap of the reactor. High-pur i ty  hydrogen and nitric 
oxide gases (Matheson Corporation) were used wi th-  
out fur ther  purification. 

The growth of oxide on these silicon wafers at 
1000~ in various gas ambients is shown in Fig. 1. The 
oxide thickness, measured by ellipsometry, increased 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
Key  words :  o x i d a t i o n ,  s i l icon,  t h i n  fi lms. 

l inearly above 25A but  probably  logari thmical ly below 
25A. 

The oxidation of Si by NO (curve A) probably 
occurs by the reaction of silicon with the oxygen 
formed while the NO gas is decomposing. The mech- 
anism of thermal  decomposition of NO in ni t rogen and 

I i , , J 

c 

A 

O O 60 O 1OO 120 
TIME (minutes) 

Fig. 1. Oxide growth as a function of time at 1000~ in the 
following gas ambients: A- -6%NO,  94% N2 in volume (total 
flow: 4.5 liters/min); B--6% NO, 94% H2 in volume (total 
flow: 4.5 liters/min); C---0.3% 02, 99.7% N2 in volume. 
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Fig. 2. Oxide thickness as a function of time at several tempera- 
tures: 6% NO, 94% H2 in volume (total flow: 4.5 liters/min). 
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Fig. 3. Effect of temperature on the linear rate constant 

oxygen involves a complex chain propagated by the 
atomic species (O, N) formed dur ing the reaction 
(11, 12). 

In the 6% in-volume NO + 94% in-vo lume H2 ambi-  
ent (curve B), the growth rate in the l inear  region is 
very near ly  the same as in the NO + N2 ambient,  but  
lower absolute values of oxide thickness are obtained. 
For comparison, note the much faster oxide growth 
rate in even a very dilute oxygen ambient,  0.3% in-  
volume 02 + 99.7% in-volume N2 (curve C). 

Oxide growth rate in NO + H2 mixtures  is strongly 
thermal ly  activated. Figure 2 shows the thicknesses 
of oxide films at various temperatures,  between 950~ 
and 1140~ as a funct ion of time. The growth rate is 
l inear  with t ime except for the earliest stages of the 

oxidation process. Reproducibil i ty of the thickness 
measurements  was • 1A for the lowest tempera ture  
of oxidation and • 2A for the highest temperature  of 
oxidation. Figure 3 shows the effect of temperature  on 
the l inear  rate constant. An activation energy value 
of about 41 kcal /mole was calculated from the slope 
of the line. T h i s  energy value approximates the 45.3 
kcal /mole  obtained by Deal and Grove (8) for the 
direct oxidation of silicon in oxygen and /or  water  
vapor. 

The kinetics of the NO + H2 reaction were studied 
by Graven  (13) in the range of 840~176 and a 
homogeneous chain mechanism including intermediates  
such as NOH, O2H, and OH was proposed. Kohout and 
Lange (14), using a mass spectrometric method, 
showed that  NOH was the p r imary  product of the 
H2-NO reaction, and that N20 and small  amounts  of 
NH2OH were also formed. The films grown in the 
present study were not oxynitrides,  no ni t rogen was 
detected at the electron microprobe, and the index of 
refraction of 1000A thick films grown at l l00~ was 
found to be that  of thermal  oxide of silicon, 1.46. 
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Electric Field Effects on the System Oleyl Cholesteryl 
Carbonate-Cholesteryl Chloride 

W e r n e r  H a a s *  and  James  A d a m s  

Xerox  Research Laboratories, Webster, New Y o r k  14580 

The study of induced phase transi t ions from the 
cholesteric to the nematic  mesophase has recent ly been 
of interest  to a number  of investigators. Sackmann,  
Meiboom, and Snyder  (1) reported a magnet ical ly  in-  
duced phase transition, and Wysocki et al. (2, 3) de- 
scribed an electric field induced phase transition. 
Theoretical work by De Gennes (4) and Meyer (5) 
resulted in mathematical  expressions which described 
the fields required to induce the phase transit ion,  and 
the threshold fields were found to be inversely pro- 
portional to the pitch of the unper tu rbed  cholesteric 
helix. Exper imental  work designed to confirm the 
theory was carried out by Durand  (6) for magnet ic  
fields and Baessler and Labes (7) for electric fields. 

In  the experiments  described here, the electric fields 
required to induce the cholesteric-nematic phase t r an -  
sition were measured in the system cholesteryl chlo- 
ride (right handed) -o ley l  cholesteryl carbonate (left 
handed) and were correlated with the reciprocal pitch 
which is a funct ion of composition. 

1V~ixtures in 10% steps ranging from 0 to 100% con- 
tent  by weight of cholesteryl chloride (CC) were pre-  
pared by  dissolving the components in petroleum 
ether. The films were cast from the solvent and heated 
in order to remove as much solvent as possible. 

A pre l iminary  examinat ion  of the mixtures  under  
the polarizing microscope showed that  mixtures  with 
contents higher than 70% cholesteryl chloride crystal-  
lize quickly and mixtures  with oleyl cholesteryl car- 
bonate contents larger than 90% were isotropic at room 
temperature.  Somewhat  surprising was the observation 
that 50-50% mixtures  deposited onto a slide without  
cover glass spontaneously adopted a uniaxia l  configura- 
t ion with positive sign. Oriented areas as large as 1.0 
cm s were observed. Positive signs are characteristic of 
smectics and nematics, but  the textures which were 
observable a t  the borders of the preparat ion appeared 
nematic  in nature.  

The pitch of the mixtures  was measured at room 
temperature  on aligned free surface liquid crystals. 
Monochromatic light was incident  at an angle r mea-  
sured from the normal," and the max imum reflection 
was detected by a photodiode at an angle es also mea-  
sured  from the normal;  r es and the index of refrac- 
t ion n of the liquid crystal were correlated by Ferga-  
son's (8) formula with the pitch of the helical s truc-  
ture. Details of the ins t rumenta t ion  were given else- 
where (9). 

A plot of the reciprocal pitch vs. composition is 
shown in Fig. 1; around the 50% point, the reciprocal 
pitch value approaches zero which is in agreement  
with the observed positive conoscopic figure. 

The electric field strengths required to induce the 
phase t ransi t ion were measured with cells as shown 
schematically in Fig. 2. The gap between the electrodes 
was about 200~ and was measured for each cell with 
a micrometer.  Results were checked by focusing the 
microscope on the lower and upper slides. The ac- 
curacy of these measurements  was • 

The geometry of the cell is such that pressure effects 
are largely eliminated. The l iquid crystal mater ial  
after int roduct ion into the gap general ly assumed, 
after some relaxat ion time, a texture  of optically ac- 
tive areas surrounded by bi refr ingent  regions which 

~ Electrochemical  Society Act ive  Member.  
Key  words:  liquid crystals, mesornorphism, phase transition. 
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form a focal-conic-like texture. In  the optically active 
areas, the l iquid crystal adopted the Grand jean  plane 
texture  which is optically negative. This is somewhat 
surpris ing for the 50% mixture  which, as ment ioned 
previously, was optically positive on an uncovered 
slide. The film on the open glass slide, however, was 
about 50 times th inner  than the layer in the cell, and 
deposition of a "thick" film on an uncovered slide also 
produced a cholesteric texture.  The conclusion d rawn  
from this exper iment  was that  in the compensated 
region the liquid crystal is very  labile and, depending 
on film thickness, substrate, or other factors affecting 
the ordering, can adopt either the cholesteric or ne-  
matic molecular  ar rangement .  

When an electric field was applied to the mixed 
cholesterics in the measur ing cell at field strengths 
substant ia l ly  below the t ransi t ion field, the optically 
active areas disappeared (2) and the film broke off into 
a number  of small  b i ref r ingent  domains. The film be-  
came total ly focal-conic and scattered light strongly. 
Without  a microscope, the film appeared frosted and 
the over-al l  aspect was similar  to dynamic scattering 
(10) without the  violent  tu rbulence  associated with 
that  effect. 

The disappearance of the optically active areas is 
associated with a rea l ignment  of the optic or helical 
axes to a position perpendicular  to the electric field 
and is due to the sign of the anisotropy of the dielectric 
susceptibility. This type of rea l ignment  is not only 
observed in the system studied but  is characteristic of 
many  other cholesteric systems. 
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This effect precludes the observation of the t rans i -  
tion for the case in which the electric field is applied 
parallel  to the optic axis. Thus, Meyer's formula (5) 
F~ = 2n/Zo (K22/• where Fc is the critical electric 
field, Zo the pitch of the unper tu rbed  cholesteric helix, 
K22 an elastic constant,  and a~ the anisotropy of the 
dielectric constant, is not .applicable. The appropriate 
formula to be used is the electric analog of the pre-  
diction by De Gennes, Hc = ~2/2Zo (K22/~x),/2, for 
magnetic fields applied perpendicular  to the helical 
axis. Hc is the critical magnetic field and ax the an-  
isotropy of the magnetic  susceptibility. This expression 
probably also applies to the measurements  by Baessler 
and Labes (7). 

In the measurements  described here, once the layer 
had become focal-conic, the field was always normal  
to the helical axes. With increasing voltages, scattering 
and domain sizes unde rwen t  quant i ta t ive  changes. Be- 
low the transition, turbulence  increased and dark re- 
gions appeared which correspond to areas in which the 
film was already nematic  and aligned. In t ime the film 
became darker  unt i l  the field was total ly extinguished. 
At this point the interference figure was very sharp 
and scattering ceased completely. 

The cri terion used in the measurements  of the field 
s trength required to produce the t ransi t ion was total 
darkness 2 min  after application of the field. The re-  
sults are plotted vs. composition in Fig. 3. The thres-  
hold field is l inear  in reciprocal pitch as predicted by 
the theory for the magnetic analog (4). From the re-  
ciprocal pitch measurements  or from the th in  film ex- 
periment,  one would have expected that  the value for 
the 50% composition would have been very small. This 

was not the case. The value is relat ively low but  still 
considerable. Since the data were taken in 10% steps, 
the absolute m i n i mum was, of course, not precisely 
determined. 

If the field is removed when the liquid crystal is in 
the aligned nematic state, the film breaks into a n u m -  
ber  of unal igned domains. The conoscopic figure ap- 
pears to become temporar i ly  biaxial  and then vanishes 
rapidly. In  paral lel  light between crossed polarizers, 
the light output  increases and a number  of colors ap- 
pear in sequence. These phenomena were recently 
studied in detail by Wysocki et al. (11). Scattering 
increases strongly as the film settles into the focal- 
conic texture  and after 20 min  the first optically active 
areas become visible again. 

In summary,  the pitch of cholesteryl chloride-oleyl 
cholesteryl carbonate mixtures  was measured and cor- 
related with critical fields required to induce the 
cholesteric-nematic phase transit ion.  The critical field 
was found to vary  l inear ly  with reciprocal pitch for, 
the case of field perpendicular  to the helical axis which 
is in agreement  with the magnetic  analog (4). Opti-  
cally active areas whose helical axes are parallel  to 
the field realign at fields smaller  than  required for the 
transition. The rea l ignment  is due to the sign of the 
anisotropy of the dielectric susceptibility. 
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Ge-Esperite--A New Mn-Activated Phosphor 
A .  W a c h t e l *  a n d  C .  K.  L u i  W e i  

Westinghouse Electric Corporation, Bloomfield, New Jersey 07003 

A recent paper by Ito (1) describes a number  of Zn, 
Ca, Pb silicates, among which Zn (Cal-xPbx)SiO4 (Ca- 
larsenite, recently renamed  esperite) is known for its 
bright  Mn-act ivated luminescence in the yel low-green 
(2). Owing to low stability, however, this compound 
is difficult to prepare in pure form, especially as a 
well-crystal l ized phosphor. In this connection, we 
noted that  the analogous germanate  which we propose 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
Key  w o r d s :  l u m i n e s c e n c e ,  phosphor s ,  g e r m a n a t e s ,  c a l c i u m  lar -  

seni te ,  esper i te .  

to call Ge-esperi te (GESP) is considerably more 
stable and amenable  to synthesis. 

The purpose of this note is to report  on some of the 
properties of GESP and to describe efforts to ascertain 
its composition. 

E x p e r i m e n t a l  
Compounds activated by 0.01 Mn replacing Zn were 

prepared by appropriate heat t rea tment  of raw mate-  
rials obtained by different techniques as will  be de- 
scribed. Luminescence under  254 nm excitation was 
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I ZnO + 0.75 COCO5 + 0.25 PbO + IGeO 2 ~ ' ~  
30 minute r e f i r i n g  

~_ d =5.08-,~,- 

Z n,Ge04 , ,  
4--2.9 0 

650 700 750 800 850 900 950 I000 1050 
Temperature in~ 

Fig. 1. X-ray powder diffraction analyses of a dry mix after 30 
min firings at increasing temperatures. 

observed microscopically as well as measured in 
powder plaques. X- r ay  powder diffraction analyses 
were performed with a Philips x - ray  diffractometer, 
operated at 35 kV and 15 mA, using a Cu target and 
Ni filter. 

Results 
Solid-state reaction between component  oxides and 

carbonates proceeds via formation of Zn2GeO4 above 
750~ followed by GESP above 800~ Above 950~ 
GESP begins to decompose to Zn2GeO4 and other 
products, at least one of which displays a weak 
orange-red luminescence and is unidentified. Pro-  
longed anneal ing of the fused (1000~ product at 
lower temperatures,  e.g. 850~ again causes forma- 
tion of GESP. Microscopic examinat ion  of the lumines-  
cence showed that the Pb /Ca -kPb  ratio (x) of the 
compositions strongly influences the relative yield of 
the various phases obtained: below x ---- 0.25, a red 
luminescent  phase 1 is noted together with GESP even 
at moderate temperatures;  while, above x ---- 0.25, it 
disappears but  the amount  of Zn2GeO4, which is always 
present, increases. Maximum formation of GESP 
(about 50%) obtains at x : 0.25. Figure 1 shows the 
course of the reaction, as monitored by x - ray  diffrac- 
tion analyses, on products obtained from this compo- 
sition in heating steps of 30 min  and 50 ~ increments.  
To avoid crowding, the figure is divided in two por- 
tions, and unidentified phases are indicated only by 
the most prominent  d-spacing. It essentially confirms 
the results already noted by microscopic examinat ion 
of activated materials.  The extremely complex pat tern 
obtained on h igh- tempera ture  decomposition products 
was not suitable to identify the red luminescent  phase, 
as this was often associated with d-spacings other than 
that at 5.08A. Note that Zn2GeO4 goes through a min i -  
mum at the temperature  of max imum GESP forma- 
tion, at which point the ini t ial ly strongest reflection at 
2.69A disappeared, while the second strongest reflection 
at 2.90A has increased in relative intensity.  This curi-  
ous observation was reproducible in similar experi-  
ments. 

Considerably higher yields of GESP resulted from 
wet slurries of component hydroxides which seemed 
to part ial ly react prior to drying and firing. Figure 2 
shows the luminescence (left) and x - r ay  diffraction 
l ine heights (right) of products obtained at 820~ as 
a function of x. Note that, in contrast  to previous re- 
sults, x is clearly optimized at 0.4. The relative con- 
centrat ion of side products is lower, and is also min i -  
mized at x ---- 0.4; however, their presence still casts 
some doubt on the actual  composition of GESP at this 
point. 

i P r e s u m a b l y  some Zn ,Ca  g e r m a n a t e ,  a nd  no t  neces sa r i l y  the  
same  o r a n g e - r e d  e m i t t i n g  phase  p r e v i o u s l y  m e n t i o n e d ,  

' I , i , i , I , i , 
o 

_~ Ge-esperJte 
d =3.07 

.d 

Zn2GeO 4 & / / v ~  
d=2.90 ,/ 

',, '~A.~," 

0.2 0.3 0.4 0.5 0.6 0.7 0.2 0.3 0.4 0.5 0.6 0 
Pb/Ca § Pb Pb/Ca ~- Pb 

Fig. 2. Luminescence (left) and x-ray powder diffraction analyses 
(right) of hydroxide slurries, dried and fired at 820~ as a 
function of composition. Use of ~ and y filters was to distinguish 
between the luminescence of different phases. 

d T 7 ? r d 5 0 7  T zZnGezO 

i .05 

650 700 750 800 850 900 950 IO00 IOSO 
Temperature in ~  min. ret i r ing|  

Fig. 3. X-ray powder diffraction analyses of a coprecipitote after 
30 rain firings at increasing temperatures. Bars denote phases ob- 
served at only one temperature. 

The most rapid formation of GESP resulted from 
firing of coprecipitates derived from mixed nitrates 
and Na4GeO4. The purest  and most strongly lumines-  
cent preparations resulted from init ial  compositions of 
x ~ 0.35 and Ge ---- 1.04 but, owing to small  losses of 
Ca and Ge, the final compositions were somewhat 
richer in Pb and more stoichiometric in Ge. Figure 3 
shows the thermal  reaction of a typical precipitate of 
this composition. Comparison with Fig. 1 shows some 
important  differences: GESP is observed already at 
650~ and reaches m a x i m u m  near  800~ and no 
Zn2GeO4 is formed prior to decomposition of GESP 
at higher temperatures.  The small  amount  of side 
products between 800 ~ and 1000~ is due only to the 
short firing times employed, and single-phase prepara-  
tions of GESP were readily obtainable by this tech- 
nique by firing at 850~176 for a few hours. Table I 
shows the powder diffraction pa t te rn  of one of these 
in comparison to that  of esperite as reported by Moore 
and Ribbe (3). It  can be seen that the agreement  is 
excellent, and also that the observed specific gravity 
was in good agreement  with that  calculated from the 
x - ray  data on the basis of 12 Ge a toms/un i t  cell. It  
was, however, interest ing to note that  wi th in  the pre-  
cision afforded by the sharpness  of the lines our d- 
spacings were independent  of x; i.e., no lattice expan-  
sion due to Pb replacing Ca could be observed. 

Figure 4 shows the emission and excitation spectra 
of GESP as compared to those of two specimens of 
esperite from Frankl in ,  New Jersey. It can be seen 
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Table I. X-ray powder diffraction patterns 

Espe r i t e  (3) Ge-Esperite  
hkl  dealt dabs 1 h k l  dealt dabs I 

002,101 7.63 7.62 45 002,101 7.78 7.79 47 
112 4.73 4.73 10 112 4.82 4.82 12 

200,103 4.41 4.41 15 200,103 4.49 4.4g 5 
201 4.31 4.34 3 
020" 4.21 4.21 8 

210",113 3.90 3.97 6 
004,202 3.81 3.82 15 00'4,202 3.89 3.90 10 

211 3.77 3.76 7 211 3.84 3.84 8 
120 3.81 3.81 8 

121,022 3.64 3.64 15 121,022 3.70 3.70 10 
212",014 3.53 3.53 5 

122 3.360 3.363 23 122 3.42 3.42 18 
023 3.208 3.216 17 023 3.27 3.27 14 
220 3.017 3.017 I00 220,123 3.07 3.07 100 
221 2.958 2.958 22 221 3.01 3.01 16 

105,204 2.884 2.884 33 105,204 2.94 2.94 34 
222 2.805 2.805 4 222,024 2.87 2.86 4 
124 2.672 2.675 8 124 2.72 2.72 9 
006 2.543 2.543 75 006,303 2.59 2.59 76 
132 2.487 2,490 4 132 2.53 2.53 4 
313 2.432 2.434 8 313 2.48 2.48 8 

320 2.44 2.44 3 
224 2.366 2.367 40 224,321,125 2.41 2.42 19 

230,133 2.38 2.38 13 
231 2.310 2.314 4 231 2.35 2.35 7 
314 2.240 2.237 4 
400 2.207 2.205 4 
323 2.169 2.169 8 323,026 2.21 2.21 5 
225 2.145 2.145 4 
402 2.118 2.118 8 402,107,305 2.16 2.18 10 

411 2.15 2.15 5 
2.051 13 041 2.085 2.086 5 
2.015 I0 140 2.048 2.050 4 
1.994 4 
1.944 45 420,226,142 1.981 1.982 26 

127 1.920 1.922 5 
235 1,890 1;892 5 
227 1.801 1,804 5 
243 1.788 1.788 7 
511 1,748 1.745 6 

250,153 1.576 1.576 29 

a = 8.814 a = 8,99 spgrcalc ~ 5.02 
b = 8.270 b = 8.43 
c = 15.26 c = 15.52 spgrobs = 5.03 

* h k l  agrees  w i t h  I to ' s  p a t t e r n  (1). 

that, wi thin  the range displayed by the minerals,  the 
emission is not significantly different. Despite the high 
luminosi ty of the emission, however, we could obtain 
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Fig. 4. Excitation and emission spectra of GESP (solid lines), 
and of two specimens of esperite from Franklin, New Jersey (dashed 
lines). 

only about 40% of the brightness of Zn2GeO4:Mn in 
our best samples. 

Discussion 
The present data show that, unl ike  esperite, GESP 

can form by solid-state reaction between convent ional  
oxide or carbonate raw materials,  although the much 
better  results with homogeneous coprecipitates sug- 
gest that the reaction is slow. This, as well  as com- 
parison of the decomposition tempera ture  with that  
of esperite (1), shows that  the germanate  is consid- 
erably  more stable. 

Comparison between the germanate  and silicate con- 
cerning their x - r ay  diffraction patterns, and their  
agreement  between actual and calculated specific 
gravities when both are calculated on the basis of the 
same number  (12) of Si or Ge a toms/uni t  cell, shows 
that the two substances are isomorphous. 

The uni t  cell model proposed by Moore and Ribbe 
(3) contains 16 Ca sites, 4 Pb  sites, and 4 sites which 
may be occupied by either ion. This corresponds to a 
range of 4-8 Pb/24 cation sites (x ---- 1/6 to 1/3). Our 
values of x, leading to m a x i m u m  formation of GESP 
depended on the technique of preparation:  in solid- 
state reactions, it was 0.25 which is the mean of this 
range; while, in the more homogeneous wet prepara-  
tions, the much higher values (0.35-0.4) would re -  
quire that some of the sites proposed for Ca alone be 
occupied by Pb. However,  our data are uncertain,  
either because the presence of side products makes it 
impossible to equate the composition of GESP with the 
over-al l  composition or, in the case of homogeneous 
preparations, because of the formation of single-phase 
solid solutions over a range of compositions. Finally,  
the value of x -- 0.4, suggested by  Fig. 2, would re-  
quire a basic uni t  cell according to Ca~Pb2(ZnGeO4)5, 
in violation of the present ly  assumed model (3). 

In the near  future, we hope to resolve this question 
by means o f  reaction products obtained by fluxing 
component oxides with KC1 at 850~ and leaching in 
water. Microscopic examinat ion  of such powders, under  
254 nm excitation, reveals well-crystal l ized needles of 
Zn2GeO4:Mn (green),  plates of GESP (green-yel low),  
and aggregates of inert  and weak red luminescent  ma t -  
ter. Using the cathodoluminescence of the particles for 
identification, we expect to be able to ascertain the 
composition of GESP by electronmicroprobe analyses 
and, in particular,  to note whether  it is a function of 
the over-al l  raw mater ia l  composition. These results 
will  be reported in a separate communication.  
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Oxidation of Vapor Deposited Aluminum in Air at 23~ 

D. L. Kinosz and D. L. Belitskus 

Aluminum Company oy America, Alcoa Research Laboratories, New Kensington, Pennsylvania 15068 

Hart  (1) has summarized early work on oxidation a method of obtaining rapid, accurate oxidation data 
of nascent  a luminum surfaces in air or oxygen at room for vapor deposited metal  films from early stages of 
temperature.  The quartz crystal  microbalance provides oxidation. Ki rk  and Huber  (2) used this technique to 

Key words: quartz, crystal, microbalance, kinetics, dew point. ~tudy the oxidation of a luminum in dry oxygen at 



1376 J. •lectrochem. Soe.: S O L I D  S T A T E  S C I E N C E  August  197I 

pressures ranging from 10-~ to 10 Torr, finding a pres-  
sure dependent,  direct logari thmic film growth. The 
present work employed this method to determine the 
growth laws applicable in dry  and moist air at a tmo-  
spheric pressure. 

Experimental 
Weight gains were measured with a Westinghouse 

Mode] 701 Quartz Crystal  Microbalance coupled with 
a Hewle t t -Packard  Model 521C Counter. The crystal 
head was mounted  in a convent ional  bell jar  assembly 
in a room held at 23 ~ _ I~ ( - -5  ~ to 0~ dew point) .  
A l u m i n u m  films were evaporated onto the exposed 
gold covered quartz crystal  from 99.999% A1 on a 
tungsten  helix fitted with a beam collimator. A shutter  
between the exposed crystal  and the vaporization 
source was kept  closed unt i l  the vaporization was 
constant  to minimize any radiant  heat effects. Fi lms 
averaging 1000A were deposited at 15 A/sec. The 
pressure, main ta ined  by an oil diffusion pump and a 
l iquid ni t rogen trap, was typical ly  3-5 x 10-~ Torr, 
as measured by a hot fi lament cathode gauge before 
the start  of vaporization. After  film deposition, about 
10 min  was required for the balance to stabilize. 

For four experiments  in --75~ dew point air, a 
ballast tank was filled from a commercial  cyl inder  to 
sufficient pressure to equal one atmosphere when the 
gas was expanded into the bell j a r  assembly. Gas ex- 
pansion required about 90 sec. Four  exper iments  at 
--5 ~ to 0~ dew point  used room air vented into the 
system. Finally,  two exper iments  were conducted in 
23~ dew point  air produced by bubb l ing  air through 
water  before enter ing the ballast tank. 

The reversible correction in balance beat f requency 
produced by admi t t ing  an air atmosphere to a gold 
coated crystal  (3) was determined and applied to the 
oxidation data. 

Results and Discussion 
Average weight gains per uni t  geometric area are 

shown in Fig. 1 as a funct ion of the log of oxidation 
time. There is no significant difference between the 
kinetics in air at --75~ dew point and in air at 0~ 
dew point  for up to 10 hr  (3.6 x 104 sec). Only  one 
run  in air at 0~ dew point was carried out beyond 
5 x 103 sec. Weight gain in mois ture-sa tura ted  air was 
more rapid but  is also best represented by a direct  
logarithmic oxidation rate. 

The direct logarithmic oxidation rate in moisture-  
saturated air  agrees with the results of Hart  (1), who 
studied the oxidation of electropolished a luminum by 
anodic polarization. The direct logari thmic oxidation 
rate in dry  air agrees with the results of Kirk  and 
Huber  (2) and Eley and  Wilkinson (4) in dry oxygen 

u~ 

w 
e~ 
u~ 
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Fig. I. Oxidation of vapor deposited AI at 23~ 

at reduced pressures and with Boggio and P l u m b  (5) 
in dry air  at one atmosphere but  is contrary to the 
results of Hart  in dry oxygen at one atmosphere. 
While the mechanism of oxide formation may differ in 
dry air and dry oxygen at atmospheric pressure, it 
is possible that  because of the absence of data dur ing 
very early oxidation in the invest igat ion of Hart  [cf. 
Fig. 5 of Ref. (1)],  an incorrect  assignment  of the oxi- 
da t ion  kinetics was made. After  about 10 hr, oxidation 
in air at ei ther --75~ or 0~ dew point oxidation be-  
came more rapid, depart ing from a direct logarithmic 
rate. While data were insufficient to determine the 
rate law beyond this point, it may  be the inverse log- 
ar i thmic rate found by Hart. Boggio and P l umb  (5) 
found no deviation from a direct logarithmic law in up 
to 106 seconds. The reason for this difference is not 
obvious but  may be related to differences in substrate 
or in a luminum film thickness, purity,  or porosity. 

Several  theories predict a logarithmic t ime law for 
the init ial  oxidation. Hauffe and Ilschner (6) assume 
that the rate of electron tunne l l ing  determines  the 
ini t ia l  rate, resul t ing in a direct logarithmic law, and 
that  the rate of ionic t ransfer  determines the rate 
with thicker films, resul t ing in an inverse logarithmic 
law. Lanyon and Trapnel l  (7) assume a two-stage re- 
action involving oxygen chemisorption and a place- 
exchange reaction between the chemisorbed oxygen 
and the under ly ing  a luminum atoms which leads to 
the pressure-dependent ,  direct logarithmic law found 
by Kirk  and Huber  (2) and Eley and Wilkinson (4). 
Boggio (8) showed that electron tunne l l ing  and reac- 
tion with adsorbed oxygen atoms leads to the same 
growth law. 

The exper iments  in dry air and in air of 0~ dew 
point employed etched gold coated quartz crystals as 
received from the manufacturer .  Reproducibil i ty was 
good for the four runs  in air of 0~ dew point, with 
the highest rate about 15% greater than the lowest, but  
poor for the runs in dry air, with the highest rate near ly  
100% greater than the lowest. Nonetheless, each of the 
individual  curves followed the direct logari thmic t ime 
law and the average curve is considered reasonable. 
Lack of reproducibi l i ty  is a t t r ibuted  pr imar i ly  to var i -  
abil i ty in surface roughness of the quartz  crystals, 
which may have been accidental ly greater for the runs 
in dry  air. An at tempt  to measure  surface roughness 
by str ipping the oxide film from a luminum coated 
crystals by a radioactive chromate-phosphate  solution 
(9) failed when the vapor deposited a luminum coat- 
ing was also removed. Handy and Waters (10) have 
estimated the surface area of similar  crystals as 2.5~ 
0.2 times the geometric area. 

The two runs in mois ture-sa tura ted  air used pol- 
ished crystals obtained from Reeves-Hoffman (Car :  
lisle, Pennsy lvan ia ) .  Scanning electron micrographs 
(2000X) of oxidized a luminum surfaces on an etched 
and on a polished crystal are shown in Fig. 2. The dif- 
ference in slopes of the two curves in Fig. 1 increases 
from twofold to fivefold after correction for surface 
roughness ( taking the roughness of a polished crystal 
as un i ty) .  This should not be taken as quant i ta t ive  since 
part  of the difference could be due to the change in the 
base crystals. In  air at 23~ dew point some condensa- 
t ion may occur on the crystal, giving rise to higher 
oxidation rates. More exper iments  us ing a common 
type of quartz crystal  substrate (preferably polished) 
are required. 

Assuming the oxide formed in dry  air is amorphous 
A1203 of density 3.5 g/cc and a 2.5 roughness factor, 
oxide thickness after 24 hr is about 35A. This is close 
to the 30-40A range found by Hart  ( 1 ) . i n  1 atm of 
dry  oxygen and the 30A found by Madden, Canfield, 
and Hass (11) in 1 atm of air but  is higher than  the 
19A found by Boggio and P lumb (5). The thickness of 
the oxide cannot be accurately determined with a 
quartz crystal microbalance unt i l  informat ion  on the 
ident i ty  and densi ty of the film is available. Quartz 
crystal  microbalance studies in conjunct ion with tech- 



Vol.  118, No. 8 V A P O R  D E P O S I T E D  A L U M I N U M  1377 

Fig. 2. Scanning electron mi- 
crographs (2000X) of oxidized 
AI surfaces. (a) etched crystal 
and (b) polished crystal. 

niques which provide  accurate  in format ion  on film 
thickness  would provide  in teres t ing  informat ion  on the 
densi ty  and composit ion of these th in  films. 
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The Response of the Stabilized Zirconia Galvanic Cell 
to Methane-Oxygen Mixtures 

Y. L. Sandier* 
Westinghouse Research Laboratories, Pittsburgh, Pennsylvania 15235 

ABSTRACT 

The voltage response of the stabilized zirconia galvanic cell to varying con- 
centrat ions of methane-a i r  mixtures  in their combustion products was studied, 
using air as a reference gas. It  is shown tha t  the cell can be operated in two 
distinct ways, the equi l ibr ium and the nonequi l ib r ium mode. In the former 
case, the electrode equil ibrates the mix ture  completely and registers a Nernst  
potential  corresponding to the oxygen part ial  pressure in the equil ibrated 
mixture.  With active porous p la t inum electrodes, this condition is realized. In  
the nonequi l ib r ium case, the cell registers the Nernst  potential  corresponding 
to the true oxygen part ial  pressure in the mixture.  This condition is realized 
with silver electrodes; exact oxygen potentials were obtained at tempera-  
tures as high as 800~ with mixtures  containing up to 27% methane  in air. By 
means of a combinat ion of nonequi l ib r ium and equi l ibr ium electrodes, both 
oxygen and methane  concentrat ions can be determined.  A methane  gauge is 
described that can measure methane in air without  the use of a reference gas. 

The solid electrolyte h igh- tempera ture  cell is ideally 
suited for the rapid a n d  accurate potentiometeric de- 
te rminat ion  of oxygen in gas mixtures.  The electrolyte 
used in the present  s tudy is a stabilized zirconia tube 
containing 15 m/o  (mole per cent) calcia. Within  wide 
limits of temperature  and oxygen pressure, the con- 
ductivi ty (1) of the electrolyte is due solely to the 
mobil i ty  of the oxygen ions. With suitable electrodes, 
reversible oxygen potentials are obtained at open cir- 
cuit. Cells of this type have therefore come into use 
as oxygen gauges (2, 3) for de termining oxygen pres-  
sures or oxygen part ial  pressures in iner t  gas mix-  
tures. In equi l ibr ium mixtures  (4, 5), such as HJH20 ,  
CH4/H20, or CO/CO2, the cell is capable of indicating 
accurately the potential  corresponding to the equil ib-  
r ium oxygen part ial  pressure. An  air or oxygen elec- 
trode is usual ly  used as a reference electrode. 

In  the present  paper, the response of the cell is more 
closely examined when a nonequi l ib r ium mixture  con- 
ta ining both oxygen and a fuel, methane,  passes the 
cell. The complete equi l ibrat ion of the mixture  and 
the correct response to the oxygen part ial  pressure 
cannot be taken for granted under  all  conditions. The 
response will  depend on the catalytic activity of the 
electrode mater ia l  as well  as on physical characteris-  
tics, such as porosity and size, flow rate, and tempera-  
ture. In the present  work, me thane-a i r  mixtures  were 
used with and without  combustion products present. 
As will  be shown, the proper choice of the electrode 
makes it possible to operate the cells under  conditions 
of either complete equi l ibr ium or complete nonequi l ib-  
r ium. In  in termediate  cases, the cell voltage is often 
difficult to interpret .  

Exper imenta l  
The electrolytic tubes were made of zirconia doped 

with 7 w/o (weight per cent) calcia and were supplied 
by the Zirconium Company of America. Their  d imen-  
sions were 4 mm ID, 5 m m  OD, and 18 cm length. P la t i -  

* Electrochemical  Society Act ive  Member.  
K ey  words:  oxygen,  methane ,  catalyst,  silver, zirconia, gauge,  

electrode.  

n u m  or silver electrodes were made from metal  paste 
as provided by Engelhard Industries.  The outside elec- 
trode was in contact with the atmosphere as a source 
of constant  oxygen par t ia l  pressure. The gas to be ana-  
lyzed was passed through the inside. 

The furnace heating the electrolyte tube had a tem- 
perature  zone constant  to 3~ over about 2 cm length. 
When p la t inum was used, to maximize the catalytically 
active area, the electrode extended over almost the 
entire length of the electrolyte tube, as shown in Fig. 
1 (a). No voltage deviat ion due to the colder parts of 
the tube (having a higher ohmic resistance) was 
noticed. When no catalytic activity was desired, with 

E" 

i,, ____) 

(a) Catalytic Electrode 

_ L jF / 

~-':X-E ~----L 
___D 

(b) Non-Catalytic Electrodes 

Fig. I. Solid oxide cells in furnace with (a) catalytic electrodes, 
(b) noncatalytic electrodes. E ~ electrodes, F - -  furnace, L = 
leads to cold end of electrolyte tube. 
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silver electrodes, a small  electrode of about 1 cm length 
at the center of the tube was used. Electrical connec- 
tions to the cold end of the tube were made by  narrow 
lines consisting of the same mater ial  [Fig. 1 (b) ]. 

The pure or premixed gases were taken from cyl in-  
ders supplied by Matheson Company. After  passing 
through separate flowmeters, the combined gases 
passed a water  vapor saturator  which was kept in an 
oil bath thermostated to wi thin  10-2~ The gas lines 
beyond the saturator  were kept hot by means of a 
heating tape to prevent  the condensation of water  
vapOr. Gas samples were taken off before and after 
passage of the gas through the furnace. Analyses were 
carried out by means of a mass spectrometer, Con- 
solidated Electrodynamics, Model 620-A. Cell voltages 
were measured with a Keithley 660 Differential Volt- 
meter. 

The part ial  pressure of water  vapor was determined 
from the tempera ture  of the water  saturator  and by 
taking into account the water  formed in the cell by 
oxidation of the fuel. Control experiments  were per-  
formed to check the rel iabi l i ty  of this procedure. 
Water  and carbon dioxide were absorbed by passing 
gas mixtures  through two absorption tubes contain-  
ing Drierite and Ascarite, respectively. The molar  ratio 
of water  to carbon dioxide absorbed agreed to at least 
5% with the ratio calculated from the water  saturat ion 
temperature  and the mass spectrometric value for the 
CO2 concentration, corrected for the presence of the 
water  vapor. 

Results and Discussion 
The equi l ibr ium potential,  E, of the oxygen elec- 

trode with respect to an air reference electrode is 
given by the Nernst  equation 

E (in volt) ---- 4.95 • 10-5 • T log (0.20/p) [1] 

p is the oxygen pressure in atmospheres at the elec- 
trode-electrolyte interface. 0.20 was the part ial  pres- 
sure of oxygen in the air at the reference electrode1; 
T is the absolute temperature.  

When possible, the output  voltage was compared di- 
rectly to the oxygen part ial  pressure as found by mass 
spectrometric analysis. With fuel in excess, in the 
equi l ibr ium experiments,  p was calculated from the 
known equi l ibr ium constants for the oxidation of the 
fuels. 

Platinum electrodes.--Two typical  results with plat i-  
num electrodes are summarized in examples 1 and 2 
of Table I. Dilute methane-oxygen  mixtures  were used 
that contained an excess of nitrogen, carbon dioxide, 
and water  vapor. Given are the tempera ture  and the 
flow rate; the water  vapor pressure given is the equi-  
l ibr ium vapor pressure at a certain measured tem- 
perature of the water  saturator  (see Exper imenta l  sec- 
t ion).  The mass spectrometric analyses are given for 
samples enter ing and leaving the cell and do not in-  
clude the water  vapor. The part ial  pressures of the 
individual  gases are obtained by mul t ip ly ing  the given 
concentrat ions by a factor (1 - -  PH20) X 10 -2. In the 
last two columns of the table, the measured cell output  
is compared with the output  calculated from the oxy- 

1 S t r i c t ly ,  the  f r a c t i o n  of  o x y g e n  in  d ry  a i r  is  0.2094. The  v a l u e  
0.200 was  u sed  in  the  ca l cu l a t i ons  for  t he  o x y g e n  r e f e r ence  p res -  
sure.  I t  is  an e m p i r i c a l  a v e r a g e  v a l u e  chosen  to  offset  t he  effect  of 
h u m i d i t y  in  the  r e fe rence  a i r  a n d  of t he  excess  p r e s su re  of the  gas 
to be a n a l y z e d  o v e r  a t m o s p h e r i c  p r e s su re  a t  an a v e r a g e  f low rate. 

gen part ial  pressure of the outgoing gas unless indi-  
cated otherwise. 

Generally,  good agreement  was obtained between 
measured and calculated values as demonstrated in 
examples 1 and 2; this was expected on the basis of 
previous work (4, 5). In the first example, there was 
an excess of oxygen in the fuel mixture;  in the second, 
an excess of methane.  In either case, the methane  was 
consumed completely wi thin  the error of the mass 
analysis for methane.  In example 1, an excess of oxy- 
gen was left in the emerging gas. In example 2, no 
measurable  amount  of oxygen was left and hydrogen 
was found. It may be formed by the two reactions 

CH4 + 1H20 -- CO + 3H2 [2a] 
and 

CH4 + 2H20 ---- CO2 + 4H2 [2b] 

Both reactions are of importance at 800~ where  the 
equi l ibr ium constant  for the water  gas shift reaction 
CO + H20 ---- CO2 + H2 is approximately equal to 1." 

Silver electrodes.--When it is desired to measure the 
correct part ial  pressure of oxygen in the presence of a 
reactive gas, an electrode mater ia l  must  be used that  
does not catalyze the oxidation of the fuel. Obviously 
such factors as contact time, temperature,  electrode 
porosity, and surface area will  also affect the degree 
of oxidation dur ing passage of the gas through the cell. 

Relatively little informat ion is available on the cata- 
lytic oxidation of saturated hydrocarbons (6) at high 
temperatures.  On general  grounds, one would expect 
that the t ransi t ion metals are not suited for the present 
purpose. In  view of the vacancies in their d-orbitals,  
they strongly chemisorb hydrogen and they also 
chemisorb methane dissociatively because enough en-  
ergy is gained for breaking the C-H bond by the 
bonding of the split off hydrogen. On the other hand, 
silver is an s-metal  and does not chemisorb hydrogen 
at low temperatures.  [Strictly, this holds true only for 
oxygen-free silver (7).] The chemisorption of methane 
on silver would be expected to be very  slow. On the 
other hand, silver is known to provide an excellent 
oxygen electrode. The reason for this is that  the oxy- 
gen chemisorption, as well  as the diffusion to the elec- 
t rode-electrolyte interface, is fast. This also holds for 
electrodes of low porosity because of the relat ively 
high diffusion rates of oxygen through the bu lk  or 
along the grain boundaries  of the  silver film. 3 

No oxidation of methane  was observed in any  ex- 
per iment  with silver electrodes up to 800~ The gas 
analyses of samples taken before and after t ransfer  of 
the mixtures  through the cell were the same. 

In Tables II and III, some typical  results are pre-  
sented. In  Table II, a single oxygen mixture  was used 
containing 0.85% methane  and 2.34% oxygen (exclud- 
ing water) ,  at temperatures  between 550 ~ and 800~ 
with and without  water  present. The only slightly 
lower oxygen concentrat ion found in the "out"-sample 
at the highest tempera ture  of 795~ is at least par t ly  

c The  CO f o r m e d  i n  e x a m p l e  2 of Tab le  I cou ld  n o t  be r e l i a b l y  
ana lyzed .  I t  c o n t r i b u t e d  less t h a n  1% to the  mass  p e a k  28 w h i c h  
i t  sha res  w i t h  N2. W i t h  K = [CO2] [H2] / [CO] [H20] = 0.877, t he  
CO f o r m e d  is f o u n d  to  he 0.6%. The  e r ro r  in  t he  ana ly se s  is u p  to 
3% a n d  is h i g h e r  for  t he  low m e t h a n e  concen t r a t ions .  

These  p r o p e r t i e s  are i m p o r t a n t  e v e n  a t  open  c i r cu i t ;  o the rwise ,  
in  the  p re sence  of a r e d u c i n g  gas, cell  vo l t ages  m a y  be o b s e r v e d  
t h a t  seem a b n o r m a l l y  h igh .  (Y. L. Sand le r ,  U n p u b l i s h e d  resu l t s ;  a lso 
eL Abs.  328, p. 732, E lec t rochem.  Soc. E x t e n d e d  Abstracts,  Spring 
Meet ing ,  Los  Ange le s ,  M a y  10-15, 1970.) 

Table I. Typical results with platinum electrodes 

A p p r o x  H~O 
E x a m p l e  Temp ,  f low ra te ,  pressure, 

No. ~ C e c / m i n  atm CH~ 

Mass spectrometer  analysis  
m / o  (H20 excluded)  

02 N~ ( + CO) C02 Othe r  

Cel l  output, 
m V  

Mea-  Calcu- 
sured l a t e d  

1 847 40 0.148 I n  0 . 0 8 + 0 . 0 3  
O u t  ~0 .02  

2 850 120 0.134 I n  0.98 
Out 0.O0 

2.11 88.1 9.67 
2.03 88.1 9.83 
0.87 89.2 8.93 
0.OO 89.7 9.11 1.20 H2 

59.6 

790 

59.0 

792" 

" Ecalc = 0.916 -- 0.114 l og  (PH2o/PH~). 
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Table II. Results with silver electrodes: dilute fuel-oxygen mixture 

Flow ra t e  65 ee /min  

August  197I 

Temp, PH20, 
* C a t m  

Analysis  
m / o  wi thout  H20 

CH4 N2 02 CO2 
Output ,  m V  

Meas Calc 

795 0 
645 0.163 
645 0 
558 0,163 
558 0 
743 0 
743 0.163 

(Out) 0.86 88.46 2.16 8.52 

(In) 0.85 88.40 2.34 8.41 

Table Ill. Results with silver electrodes: methane @ air (undiluted) 

61.8 51.5 
48.4 47.7 
44.5 44.1 

43.5 -~ 44.0 43.1 
40.5 39.8 
47.2 47.4 
52.2 51.4 

Temp,  Flow, 
~ ec /min  

Analys is  
PH=O, m / o  wi thou t  H~O 

a r m  CH4 N2 02 
Output ,  m V  Ratio 

Meas  Calc O2/N2 

649 100 0 Out  7.31 74.05 18.55 1.55 1.58 0.250 
750 100 0 1.78 1.75 
750 100 0.037 2.75 2.57 
696 30 0 In  19.70 64,42 15,88 4.88 4.92 0.247 
696 30  0.037 5.75 5.60 
697 15 0.033 Out  26.99 58.54 14.47 7.85 ~ 0.1 7.90 0.247 
697 15 0 7.02 6.87 

due to fluctuations in the gas composition that occurred 
in this set of experiments.  

In  Table III, s imilar  experiments  are presented with 
relat ively high concentrat ions of methane  in "air," ac- 
tual ly  a mix ture  of 20% oxygen in nitrogen. Three 
different mixtures  were used near  700~ at flow rates 
varying from 15 to 100 cc/min. The results appear par-  
t icular ly  striking4: with mixtures  containing up to 27% 
methane, the gauge indicated the correct oxygen par-  
t ial  pressure in the mix ture  enter ing the gauge, with 
and without  the presence of water  vapor. As may be 
seen, the ratio of oxygen to ni t rogen is the same be- 
fore and after passage through the gauge, showing that  
no oxidation of methane occurred. The max imu m de- 
viation of only 0.2 mV between measured and calcu- 
lated voltages corresponds to an error of about 1% in 
the oxygen concentration, which is below the error of 
the mass spectrometric oxygen determination.  

When the gas supply was stopped and the exit of the 
tube was closed by a plug, the potential  gradual ly  rose, 
as shown in Fig. 2 for one example. This is caused by 
slow catalytic combustion of the methane  and the re-  
sult ing loss in  oxygen. 

The exper iment  sets the approximate tempera ture  
l imit  of 700~ at which silver can be used as a non-  
equi l ibr ium electrode in static systems. In  the present  
flow system, accurate voltages were obtained to 800~ 
Small  positive deviations from theoretical voltages 
were observed at 850~ at low flow rates indicating 
some catalytic activity. At  any rate, the use of such 

4 Methane  is explosive  in  concentra t ions  above 5.5% in air. The 
a b s e n c e  of any  gas  phase react ion is due to the large surface- to-  
vo lume ratio in the n a r r o w  electrolyte tube. [F. B. Lewis  and G. 
yon Elbe,  "Combust ion,  F lames  and Explosions of Gases ,"  Second 
Ed., p. 103, Academic  ]Press, New York  (1901).] 

mV lO 

I 

L 
0 0 5 lO 

Minutes 

Fig. 2. Change in cell voltage with time for a stationary mixture 
of 19.7% CH4 and 80.3% air at 696~ 

high temperatures  is not practical because of the high 
vapor pressure of silver and the result ing short life of 
the electrodes. 

A m e t h a n e  g a u g e . - - I t  has been demonstrated for 
methane-a i r  mixtures  that, by the use of appropriate 
electrodes, the zirconia h igh- tempera ture  cell can ac- 
curately indicate the chemical potential  of the oxygen 
either in the totally equil ibrated state or in the totally 
unequi l ibra ted  state. The nonequi l ib r ium cell mea-  
sures the true oxygen part ial  pressure, or concentra-  
tion, in the mixture,  while the equi l ibr ium cell indi-  
cates the excess oxygen pressure or concentrat ion 
after complete equil ibrat ion of the mixture.  Thus, the 
difference in the oxygen content  indicated by the two 
cells gives the oxygen required for the combustion of 
the methane,  which is equal  to one half  the amount  
of the methane  in the mixture.  The combinat ion of the 
two cells therefore allows the determinat ion of both 
the oxygen and the methane  in the mixture.  

The situation may arise that the amount  of oxygen 
in the mix ture  is known, for example, when methane 
is present as an impur i ty  in air. Then a single mea-  
surement  is sufficient to determine the methane con- 
centration. This can be achieved by the use of a cell 
having one equi l ibr ium and one nonequi l ib r ium elec- 
trode. One version of this type of cell is indicated in 
Fig. 3. The air stream containing methane is split in 
two parts. One part  passes through a catalyst bed 
where the mix ture  is equi l ibrated and subsequently 
comes in contact with one silver electrode, the anodes 
of the cell. The other part  passes directly over the 
cathode which is also made of silver. The same metal  
is used for both electrodes to avoid the thermoelectric 
potential  set up between dissimilar metals. (The po- 
tent ia l  of a p la t inum-s i lver  couple was measured to be 
13 mV at 800~ 

Suppose that  the mix ture  ini t ia l ly  consists of a 
moles CH4 and b moles O2. At the equi l ibr ium elec- 
trode, the mix ture  will  be 

a C O 2 + 2 a H 2 0 +  ( b - - 2 a )  02 

The cell voltage then is 

~,E - -  ( R T / 4 F )  2.30 log [ b / ( b  - -  2a)] 

A C E 

[3] 

\ / /  
Fig. 3. Methane gauge. A = alundum sheath, Z = zirconia 

cell, E = electrodes, L ~ leads to cold end of Z, C = catalyst. 
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Table IV. Results with 2-cell arrangement 

Me thane  + (19.8% 02 + 80.2% N~). F l o w  ra te  30 c c / m i n  

1 2 
A n a l y s i s  of  gas a t  ex i t  of 

Temp,  cel l  I I  ( incl  H~O) 
~ CH~ N2 O~ CO,., H~O 

3 4 5 
% CH4 

in, f r o m  Cel l  I (noneq)  
ana lys i s  E1 (mV) % Oe 

6 '7 8 9 

Cell  2 (eq) % CH~ 
E~ (mV) % O~ AE (mY) f rom E1,E~ 

800 0.0 79.7 17.3 1.0 2.0 
800 O.0 78.6 13.8 2.55 5.1 
800 0.1 76.9 9.0 4.7 9.4 
700 O.1 79.7 16.7 1.2 2.4 
700 O.1 78.2 13.1 2.9 5.8 
700 O.1 76.7 8.3 5.0 1O.0 

1.0 0.9 19.3 3.0 17.6 2.1 0.85 
2.5~ 1.4 18.8 8.5 13.8 7.1 2.5 
4.8 2.1 18.3 18.7 8.9 16.6 4.7 
1.3 0.7 19.4 3.3 17.1 2.6 1.15 
3.0 1.3 18.8 8.9 13.1 7.6 2.85 
5.1 L9 18.3 18.8 8.2 16.9 5.05 

The ratio of the part ial  pressures in the Nernst  equa- 
tion can be replaced by the number  of moles or by con- 
centrations because the number  of molecules does not 
change dur ing the combustion of methane.  

Then, 

b / ( b  -- a) : tog - I  [(4F/2.30 RT) • = A 
o r  

a -- b/2 [(A -- I ) / A ]  [4] 

giving the methane concentrat ion in terms of the 
known oxygen concentrat ion and the measured cell 
voltage. 

It is desirable to use a catalyst that  is effective in 
small amounts  so that  it can be inserted directly into 
the electrolyte tube. A pla t inum catalyst supported on 
porous a lumina  fragments  of 2-3 m m  diameter  was 
found adequate. The support was soaked in chloro- 
platinic acid and reduced with borohydride to give a 
p la t inum content of 1% by weight. After  careful wash- 
ing and steaming, the catalyst was densely packed into 
the electrolyte tube between two re ta ining nickel nets 
about 4 cm apart. 

The method was tried out in a system shown in Fig. 4 
which allowed the test of different combinations. It 
consists of a nonequi l ib r ium gauge and an equi l ibr ium 
gauge in series. All  electrodes were made of silver 
paste. The outer electrodes, the cathodes, were ex- 
posed to air and were electrically connected. The gas 
mixtures  used consisted of methane  and a premixed 
gas containing 19.8% oxygen in  nitrogen. The results  
are presented in Table IV. Only the mixture  emerging 
from the second cell was analyzed by mass spectrom- 
eter. The analyses, as given in column 2 of the table, 
already include the water  content;  it must  be twice 
the amount  of CO2 which is formed by the reaction 
CH4 -5 2 O2 ---- CO2 -5 2H20. The concentrat ion of 
methane ini t ia l ly present, as given in column 3, is 
equal to the amount  of CO2 formed plus the small  

Fig. 4. Combination gauge. Z1 = nonequilibrium cell, Z2 = 
equilibrium cell, E = electrodes, L = leads to cold end of 
Z, C = catalyst. 

amount  of residual  methane  found in  some of the 
exit samples. Columns 4-7 give the nonequi l ib r ium and 
the equi l ibr ium voltages, E1 and'E2,  and the oxygen 
concentrat ions derived from these voltages. ~E in 
column 8 is the voltage between equi l ibr ium and non-  
equi l ibr ium electrode which is equal  to the difference 
between the two cell voltages, E1 and E2. The methane  
concentrat ions given in the last column are one half  
of the difference of the oxygen concentrat ions in the 
two cells (columns 5 and 7). The same methane  con- 
centrat ions are obtained when  calculated from the 
ini t ial  oxygen concentrat ions and ~E by the use of 
Eq. [4], without  the use of E1 and E2 individually.  
As may be seen, the methane concentrations obtained 
from the cell measurements  are in satisfactory agree- 
ment  with the data derived from the mass-spectro-  
metric analyses (column 3). 

It should be possible to improve fur ther  the sensi- 
t ivi ty  and accuracy of the method, par t icular ly  at low 
methane concentrations, by the use of a larger amount  
of catalyst, to oxidize the methane more completely 
before it reaches the anode, and by compensating for 
asymmetries in the cell with the use of pure air or 
oxygen on both sides of the cell. 

No pure air or oxygen is required when determining 
the methane  content  of air from ~E and the known ini-  
t ia l -oxygen concentration. A device as depicted in 
Fig. 3 therefore should be well  suited as a methane 
detector in applications such as coal mine  safety de- 
vices or gas leak detectors. 
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ABSTRACT 

Two 22 A-h  n icke l -cadmium cells were  continuously cycled at a Ic  c h a r g e  
rate  and a 2c discharge rate, wi th  cooling provided by an intercell  p lanar  
( rectangular  cross section) heat  pipe. For purposes of comparison, the rmo-  
couple measurements  were  also taken with  an a luminum conduction fin sub-  
st i tuting for the heat  pipe. The a luminum fin and heat  pipe were  cooled, by 
room tempera ture  forced air. Thermal ly  insulated cells were  also cycled at the 
same rates. Cell case tempera tures  were  measured during cycling, and a max i -  
mum of 29~ with  a 5~ thermal  excursion was noted with  the heat  pipe 
under  conditions of thermal  equi l ibr ium which were  observed after  3 complete 
cycles. For  the a luminum fin configuration a m a x i m u m  of 42~ wi th  a 7~ 
the rmal  excursion was obtained near  thermal  equi l ibr ium after  5 complete 
cycles. The insulated configuration yielded a ba t te ry  case t empera tu re  of 83~ 
after 5 cycles, and the rmal  equi l ibr ium was never  reached. Coulombic effi- 
ciency values for the heat  pipe cooled ba t te ry  were  found to be several  per 
cent greater  than ~95% which was recorded for the a luminum fin configura- 
tion. The specific heat  of the cells was measured to be 0.27 cal/g~ From this 
and the measured values of the total  heat  generated per  cycle, the effect ive- 
ness of the heat  pipe in removing bat tery  heat  was calculated to be approxi-  
mate ly  26% greater  than the a luminum fin at or near  equil ibrium. It  is sur-  
mised that  the significantly lower operat ing tempera tures  produced by the 
heat  pipe should lead to an impor tant  lengthening of ba t te ry  cycle life 
and an associated reduction of capacity degradation. 

The use of a heat  pipe for the t ransfer  of a large 
amount  of heat  wi th  a small  t empera tu re  drop is well  
known (1) and it has shown promise of being immedi -  
ately useful in many  areas of technology (2). High 
the rmal  conductance is achieved by t ransfer r ing  heat  
via evaporat ion and condensation of a fluid wi thin  a 
wick lined pressure vessel (see Fig. 1). The evapora-  
tion of the fluid ( termed working fluid) occurs at one 
end of the device and vapor  t ransport  carries the heat  
(of vaporizat ion) to another  section where  condensa- 
tion and heat  re ject ion occur. The condensed vapor  is 
re turned  to the evaporator  section via wick forces 
(capil lary pumping) .  The heat  pipe is closely analogous 
to the ordinary  steam hea t ing- rad ia tor  system, where  
the wick serves as the condensate re turn  mechanism 
rather  than gravity.  Within certain limits, the heat  
pipe is capable of t ransfer r ing  heat  energy f rom one 
point to another  point wi th  very  small t empera ture  
differences. 

One of the most impor tant  technological  applications 
of a heat  pipe is the efficient remova l  of waste heat  
f rom power sources. In the fol lowing paragraphs,  we 
wish to discuss and compare the cooling of an ad- 
vanced two cell nickel cadmium bat tery  at high charge 
and discharge rates by (a) the use of a planar  heat  
pipe; and (b) an a luminum conduction fin. 

Al though the l i tera ture  on h e a t  pipes deals chiefly 
wi th  cyl indrical  geometry,  p lanar  type heat  pipes are 
not only impor tant  because their  flat configuration is 
h ighly adaptable  to many  requirements ,  but in addi-  
tion, since their  rec tangular  cross section can offer 
much more  per imete r  than circular  cross sections o f  
the same area, they can offset significant l imitat ions on 

1 This manuscript is submitted for publication with the under- 
standing that no limitation shall exist on the reproduction and dis- 
tribution of its published or unpublished form in whole or in part 
for any purpose of the United States Government. 

~Supported by Aerospace Research Laboratories, OAR, USAF, 
Contract No. F 33615-67-C-1027. 

Key words: NiCd battery, heat pipe, heat transfer, heat gener- 
ation. 

the the rmal  conductance of cyl indrical  heat  pipes by 
present ing much larger  surface areas to the heat  
source. In this way, lower  thermal  fluxes through the 
heat pipe surface can be realized and the possibility of 
local overheated areas is decreased. Recently,  in dis- 
cussing thermal  control of spacecraft  batteries, Coggi 
(3) has considered the optimization of the conduction 
path be tween  the ba t te ry  and the heat  sink. In order 
to be compatible wi th  rectangular  case configurations 
of ba t te ry  cells, and to achieve m a x i m u m  heat t ransfer  
be tween the cell case wall  and the heat  pipe, a planar  
heat  pipe was developed and tested with  electrical  
heaters  serving to simulate the bat tery  heat  source (4). 
We now report  on measurements  associated wi th  the 
application of this heat  pipe to the remova l  of bat tery  
waste heat. 

Apparatus 
Heat Pipe.--The planar  heat  pipe employed for 

these exper iments  was fabricated f rom thin  (0.635 
mm) Type 304 stainless steel sheet wi th  over -a l l  d imen-  
sions of 12.7 mm x 88.9 mm x 304.8 mm. In addition to 
its outer  shell, a heat  pipe normal ly  consists of a porous 
wick and enough working fluid to saturate the entire 
wick. Al though a var ie ty  of working fluids, ranging, 
for example,  f rom ammonia  to silver, have  been found 
suitable (5), water  was used for the working fluid 

I _l_ CONDENSER J EVAPORATOR -I 

HEAT IN  

Fig. i .  A ~hemot ic  drowing of o plonor heot pipe 
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Fig. 2. Assembled battery, intercell heat pipe, and cooling 
shroud (with insulation removed). 

because it presented fewer exper imenta l  difficulties 
and offered an abundance  of thermophysical  data. 
Thir ty  grams of singly distilled, deionized, deminera l -  
ized water  was introduced into the heat pipe through 
the fill valve shown in Fig. 2. Two unbonded layers 
of 100 mesh stainless steel screen were used as capil- 
lary material.  The stainless steel surfaces were pas- 
sivated by soaking in 10% Na-OH solution for 12 hr 
prior to loading the working  fluid. The heat pipe 
weighed approximately 570g. No at tempt was made 
to minimize weight or volume of this prototype device. 
Fur ther  construction details of the heat pipe have 
been described in Ref. (4). 

Battery.--The two nickel cadmium cells employed 
for these tests were new, unsealed, and flooded. Nomi-  
nal  capacity of each cell was 22 A-h, although the 
actual capacity was approximately 26 A-h. Design 
features of the cell (6) included th in  (0.508 mm) plates, 
with a nickel, ra ther  than iron, cur ren t -car ry ing  sub-  
strate. The plate combs and terminals  were nickel 
plated heavy copper. Cell in terna l  resistance was 0.5- 
0.8 milliohms. The cell case mater ial  was nylon and 
the separator mater ia l  was nonwoven nylon. Over-al l  
dimensions of each cell were 26.7 mm x 79.4 m m  x 194.1 
mm and each weighed 1139g. 

Assembly.--The heat pipe was located between the 
cells and held in place by two 9.5 mm thick Plexiglas 
re ta iner  plates, which were bolted together. See Fig. 2. 
A thin layer of heat s ink compound was spread on the 
cell face to promote good thermal  contact. With the 
exception of the heat pipe condenser section (the part  
of the heat pipe prot ruding above the cells), the cell- 
heat pipe-Plexiglas assembly was insulated with a 15 
cm thickness of ceramic fiber insulation. The top of 
each cell was uninsulated,  but  was covered with a 
1.6 mm thick Teflon cover plate (not shown in Fig. 2) 
to minimize heat losses. For comparative purposes, the 
two cell ba t te ry  was also tested with a 3.18 mm thick 
intercell  a luminum thermal  conduction fin which was 
assembled in the same manne r  as the heat pipe. The 
heat rejection portion of the fin (3.I8 m m  x 88.9 mm 
x 101.6 mm) was similar to that  of the condenser end 
of the heat pipe (12.7 mm x 88.9 mm x 101.6 mm) .  
Cooling was provided by placing the uninsula ted  part  

Fig. 3. Axial temperature profile of battery-heat pipe and bat- 
tery-aluminum fin after five continuous cycles. 

of the fin or heat pipe condenser section into an air 
duct into which a small  centr ifugal  blower supplied 
room tempera ture  (20~176 cooling air. 

Instrumentation.--Instrumentation of the heat pipe 
included in terna l  and external  copper-constantan 
thermocouples (__0.5~ accuracy) and a pressure 
t ransducer  to monitor  working fluid vapor pressure 
(+_0.01 psia). Four  No. 36 copper-constantan thermo-  
couples were attached to the center l ine of the evap- 
orator (heat input)  section of the heat pipe at axial 
positions corresponding to the abscissa values of data 
plotted in Fig. 3. The a luminum fin was ins t rumented  
in a similar fashion. For measurements  on a third 
configuration (in which nei ther  the heat pipe nor the 
a luminum fin were included),  five thermocouples were 
located between the cells at approximately the same 
axial positions (see Fig. 4), and the heat accumulat ion 
without  cooling was investigated with a 15 cm thick 
blanket  of ceramic fiber insulat ion surrounding the 
bat tery assembly. 

Procedure 
The cells were cycled at near ly  constant  current  

conditions, 26A charge and 48A discharge. Charge and 
discharge currents  were manua l ly  controlled by ad- 
jus tment  of indiv idual  power supplies. Cell case (heat 
pipe evaporator) temperatures  and in terna l  heat pipe 
temperatures  were measured and recorded during 
cycling, as were charge and discharge currents  and 
voltages. The 26A charge was terminated  at one hour 
and discharge was ini t iated immediately.  Discharge 
was terminated  when the ba t te ry  voltage reached 
1.8V (0.9V/cell). Thus, the depth of discharge was 
near ly  100%. Five continuous cycles were r un  for each 
configuration in an at tempt  to establish equi l ibr ium 
conditions in the cell. 

The heat pipe and batteries were tested in both the 
vertical position (reflux mode),  with condenser section 
uppermost  and in the near horizontal  position. In the 
near  horizontal  position, the evaporator section was 
purposely elevated one inch with respect to the con- 
denser to insure l iquid r e tu rn  was by capil lary pump-  
ing. In  pre l iminary  experiments,  the effect of gravi ty  
had li t t le influence on heat pipe or bat tery  perform- 
ance for these test conditions. However, some diffi- 
culty was experienced due to leakage of electrolyte 
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Fig. 4. Axial temperature profile of Ni-Cd cell case after 5 
continuous cycles. (Cell case temperature ~ temperature of the 
portion of the heat pipe or the aluminum fin in contact with the 
cell case.) 

th rough  the  ba t t e ry  outgassing seals, and it was de -  
cided to l imit  fu r the r  exper iments  to the  ver t ica l  posi-  
t ion only. 

In  general ,  the  heat  pipe may  be designed to opera te  
in a g rav i ty  environment ,  such as encountered  in a 
spinning spacecraft .  The effect of g rav i ty  is to reduce 
the  m a x i m u m  t ranspor t ab le  hea t  flux, therefore,  the 
device is more  a t t rac t ive  for zero g rav i ty  or reflux 
mode (condensate  r e tu rn  aided by  grav i ty )  appl i -  
cations. 

Results 
Figure  4 shows the cell  case t e m p e r a t u r e  profile a t  

the  end of d ischarge  a f te r  five continuous cycles for 
the three  configurations invest igated.  Table  I sum-  
marizes  the  measured  e lec t r ica l  pa ramete r s  for  the  
cycles indicated.  Curren t  and vol tage  da ta  given are  
average  values.  These resul ts  show the hea t  p ipe  cooled 
ba t t e ry  efficiency to be severa l  per  cent be t te r  than  
that  of the a luminum fin cooled configuration. Both 
the heat  p ipe  and a luminum fin cooled configurations 
are  m a r k e d l y  super ior  in efficiency to that  of the  un-  
cooled, insula ted  ba t te ry .  

The axia l  t empera tu re  profile of the  ent i re  length  
af ter  5 complete  cycles wi th  the  a luminum fin and 
heat  p ipe  are  shown in Fig. 3. Charac te r i s t i ca l ly  the 
heat  p ipe  cooled cells exhibi t  a near  i so thermal  ax ia l  
t empe ra tu r e  profile, whi le  the a luminum fin cooled 
cells are  subjec ted  to a 15~ axia l  t e m p e r a t u r e  g rad i -  
ent. I t  may  be noted tha t  the evapora to r  section of the 
heat  p ipe  is s ignif icant ly cooler than  the a luminum fin, 
whi le  the condenser  section of the  hea t  p ipe  is hotter .  

To assist in the analysis  of the results,  the  specific 
heat  of the  cell  was measured  using a wa te r  ca lor im-  
eter. The cell was hea ted  in a furnace  to a known t em-  
pera ture ,  typ ica l ly  be tween  50 ~ and 60~ then  removed  

Table I. Electrical performance of battery at or near 
thermal equilibrium 

Charge  Discha rge  Efficiency 
Cycle A m p s  Volts A m p s  Volts VA-h  ~W-h 

n u m b e r  (avg) (avg) (avg) (avg) % % 
Cycle 

description 

Cycle 4 26.0 2.80 47.5 2.37 59.3 50.4 
Cycle 5 26,1 2.83 47.9 2.32 52.4 44.3 
Cycle 3 26.9 2.84 48.4 2.45 96.3 83.0 
Cycle 5 27.1 2.82 48.0 2.45 94.6 82.2 
Cycle 4 26.4 2.85 48.1 2.45 97,8 84.0 
Cycle S 26.4 2.82 48.4 2.47 98.4 86.0 

Insula ted  
ba t te ry  

Ba t t e ry  wi th  
Al-fin 

Ba t t e ry  wi th  
heat  pipe 

August 1971 

f rom the  furnace  and immersed  in a wa te r  ba th  which 
was in i t ia l ly  at a t empe ra tu r e  of 5 ~ to 10~ The  equi -  
l ib r ium t e m p e r a t u r e  of the  cell  and ba th  were  mea -  
sured and the cell  specific hea t  was calculated.  F ive  
separa te  de te rmina t ions  were  pe r fo rmed  and the mean  
specific heat  of the  cell  was found wi th in  3.4% to be 
0.27 cal /g~ at a pp rox ima te ly  25~ The specific hea t  
of a brass  sample  was measured  in the  same manner  
and found to be wi th in  4% of the accepted value.  

Discussion 
Two impor tan t  the rmal  re la ted  p roper t i e s  of ba t -  

t e ry  per formance  are  cell cycle  life and  cell  capaci ty  
(7). R e f e r e n c e  (7) discusses the  logar i thmic  decrease 
of cell  cycle life wi th  an increase of depth  of discharge 
for different  t empera tures .  Fo r  an 80% depth  of dis-  
charge, it  has been observed tha t  the cell  cycle life is 
a pp rox ima te ly  doubled  when  the  opera t ing  t e m p e r a -  
ture  is decreased f rom 49 ~ to 24~ Based on the  t em-  
pe ra tu re  dependence  of the  cell  cycle life g iven in Ref. 
(7), the  da ta  in Fig. 4 indicate  tha t  opera t ion  of the 
ba t t e ry  at the lower  t empera tu res  provided  by  the heat  
p ipe  should y ie ld  significant improvements  in cell cycle 
life. 

Ano the r  t e m p e r a t u r e  dependent  p rope r ty  of cell  op-  
erat ion is cell  capacity,  the  ab i l i ty  of a cell  to store 
charge.  Marked  decreases in cell  capac i ty  have been 
observed  wi th  these cells as a resul t  of ex tended  cy-  
cling at e levated  (>40~176 t empera tu re s  (8). In  
Fig. 5, the  end of charge hea t ing  observed for the in -  
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sula ted  ba t t e ry  configuration can be p a r t l y  a t t r ibu ted  
to faradaic  inefficiency ( reduct ion in cell capaci ty)  be-  
cause of opera t ion  at  h igher  tempera tures .  S imi la r  end 
of charge heat ing was also observed for cycles 4 and 5, 
but, these da ta  are  not  shown because they  lie beyond 
the scale of the  graph.  

Mean ba t t e ry  case t empera tu re s  (average  of ordinate  
values  of Fig. 4) were  also plot ted  as a funct ion of 
charge  t ime in Fig. 5 for  the  heat  p ipe  and a luminum 
fin cooled ba t t e ry  Configurations and a nea r ly  l inear  
t empera tu re  change was observed dur ing  the first 40 
min  of charge.  The cell  t empera tu re s  were  then  ob-  
served to r ema in  nea r ly  constant  unt i l  complet ion of 
the 26A, 1 hr  charge. Cycle 4 for the  a luminum fin 
configuration is omit ted  in Fig. 5 (and in Table  I)  be-  
cause the  cells were  de l ibe ra te ly  overcharged  b y  10% 
(~6  min)  in an a t t empt  to examine  the t he rma l  re -  
sponse. Rapid  end of charge  hea t ing  was observed 
s imilar  to tha t  noted above wi th  the  insula ted  ba t -  
te ry  configuration, and this  was used as a check on the 
ac tual  A - h  capaci ty  of the  ba t te ry .  S imi la r  overcharge  
resul ts  were  obta ined in separa te  exper iments  (not 
repor ted  here)  wi th  the  heat  pipe configuration. 

On disCharge, the mean  cell  case t e m p e r a t u r e  change 
as a funct ion of t ime was l inear  for  al l  three  con- 
figurations. I t  was observed tha t  the  the rmal  excursion 
undergone  by  the hea t  p ipe  cooled cell is approx i -  
ma te ly  5~ as compared  to 7~ for  the  a luminum fin 
configuration. I t  is expected tha t  reduct ion  in the  the r -  
mal  excursion (wi th  the  hea t  pipe configuration) could 
be real ized by  var ious  improvements  of the  heat  p ipe  
design, specifically, by  employing  a s intered screen 
or porous meta l  cap i l l a ry  wick  ins tead of an unbonded  
layered  wick  (4). No such a t t empts  were  made. I t  was 
found tha t  the  the rmal  excursions of the  hea t  p ipe -  
cooled ba t t e ry  reached dynamic  equi l ib r ium af ter  3 
cycles, whi le  the a luminum fin cooled ba t t e ry  appeared  
to approach equi l ib r ium af ter  5 cycles. Dynamic  equi -  
l ib r ium was assumed when  the t empera tu re  depen-  
dence of the  charge  d ischarge  resul ts  for successive 
cycles was found to be app rox ima te ly  identical .  

In order  to es t imate  the  net  hea t  t r ans fe r red  by  the 
heat  p ipe  and a luminum fin, the hea t  genera ted  by  the 
cells was compared  to the hea t  accumula ted  in the  
cells. The heat  genera ted  dur ing  charge is given by  the 
first and second laws of the rmodynamics  (9) 

Qc - .f IAEdt -}- TAS I [1] 
C C 

The hea t  genera ted  dur ing  discharge is given by  

QD : .f IhEd t  q- TAS l [2] 
D D 

For  high A - h  efficiencies, the  chemical  react ion can be 
assumed revers ib le  such tha t  

TAS I ~-~ --TAS ] [3] 
C D 

Adding Eq. [I] and [2] and integrating yields the total 
heat generated per cycle, given by 

Q~E : IchEctc  + IDAEDtD [4] 

where  recorded charge and discharge  cur ren t  and vo l t -  
age da ta  was averaged  and used to calculate  QAE. 
The heat  accumula ted  in the  cells pe r  cycle is given by  

QAT : m Cp A T  [5] 

and the net heat transferred per cycle by the heat pipe 
and aluminum fin is 

QR = QAE - -  Q~T [6] 

The above analysis  neglects  end of charge heat ing 
and t he rma l  losses th rough  the power  leads and in -  
sulation. A smal l  amount  of end of charge hea t ing  was 
observed on some cycles, charac ter ized  by  a sl ight  
(0.5~176 increase  in cell  case t empera ture .  For  the 
first two cycles of the  insula ted  ba t t e ry  configurat ion 

Table II. Comparison of heat transferred and fin effectiveness for 
the heat pipe and aluminum fin for heat accumulated over 

n cycles (where 1 ~ n ~ 5 )  

ZQ~z ZQ~T ZQR .~ 

A l u m i n u m  f in /ba t t e ry  
Cycle 1 11.42 8.54 2.88 0.252 
Cycle 2 22.12 11.90 10.22 0.462 
Cycle 3 32.32 12.70 19.62 0.607 
Cycle 4 44.02 15.30 28.72 0.652 
Cycle 5 53.76 15.85 37.91 0.705 

Heat  p ipe /ba t t e ry  
Cycle 1 11.93 4.56 7.37 0.618 
Cycle 2 22.60 5.55 17.05 0.754 
Cycle 3 32.48 5.84 26.64 0.820 
Cycle 4 42.92 5.84 37.08 0.864 
Cycle 5 52.81 5.84 46.97 0.889 

where  it was assumed that  QR ~ 0 and  where  the  mea -  
sured amp hour  efficiencies were  g rea te r  than  95%, i t  
was found that  QAE exceeded QAT (calculated f rom the 
measured  specific heat )  by  only 8%. This resul t  indi-  
cates tha t  the effects of t he rma l  lag and ex te rna l  heat  
losses cannot  be m o r e ' t h a n  8%. Thus, the  QR for the  
hea t  p ipe  and a luminum fin configuration can be com- 
puted to wi th in  8%. 

Table  II  summar izes  the  t he rma l  pe r fo rmance  of the  
heat  pipe and a luminum fin ba t t e ry  configurations 
dur ing cycling. These da ta  a re  based on the to ta l  hea t -  
ing values,  obta ined  by  addi t ion of the  per  cycle hea t -  
ing pa rame te r s  descr ibed by  Eq. [4], [5], and [6] re -  
spectively.  Compar ison at equi l ib r ium conditions, cycle 
5, shows the  heat  pipe to be app rox ima te ly  26% grea te r  
in fin effectiveness, or re la t ive  hea t  t r ans fe r  capabi l i ty ,  
as compared  to the  a luminum fin. Heat  accumula ted  in 
the cells wi th  hea t  pipe cooling was app rox ima te ly  
11% (5.84 W - h )  of the to ta l  heat  genera ted  in 5 cycles, 
as compared  wi th  29% (15.85 W - h )  for the  a luminum 
fin cooled configuration. 

Conclusions 

It  was demons t ra ted  that  the  hea t  p ipe  l imited 
m a x i m u m  tempera tu res  of the  cell  case dur ing  cycling 
to 29~ for the  1C/2C charge /d i scharge  rates.  Thermal  
equi l ib r ium was achieved af te r  three  complete  cycles, 
dur ing  which the t he rma l  excursion of the  cell  case 
was l imi ted  to 5~ By comparison,  a f te r  five complete  
cycles the  t e m p e r a t u r e  of the  a luminum fin cooled ba t -  
t e ry  case reached 42~ near  t he rma l  equi l ib r ium was 
achieved,  and the t he rma l  excurs ion was  7~ However ,  
for the  insula ted  ba t te ry ,  the  case t empe ra tu r e  as-  
cended to 83~ af te r  five cycles, and the rma l  equi l ib-  
r ium was never  at tained.  

At  or near  t he rma l  equi l ibr ium,  the e lec t r ica l  effi- 
c iency of the hea t  pipe cooled ba t t e ry  was found to be 
severa l  per  cent g rea te r  than  app rox ima te ly  95% which 
was recorded for the a luminum fin configuration. Af te r  
two cycles the efficiency of the uncooled, insula ted  ba t -  
tery,  decreased r ap id ly  due to hea t  accumulat ion,  and 
at 5 cycles it  was measured  app rox ima te ly  52%. 

The mean  specific hea t  of the  cell  was measu red  to 
be 0.27 cal /g~ and this resul t  was used to show tha t  
the fin heat  t ransfe r  effectiveness wi th  the hea t  p ipe  is 
app rox ima te ly  26% grea te r  than  tha t  wi th  the a lumi -  
num fin at or near  equi l ibr ium.  It  is surmised  tha t  the  
heat  t ransfe r  effectiveness of the  hea t  p ipe  could be 
improved  fu r the r  by  cap i l l a ry  design refinements,  thus  
lower ing the evapora tor  and  condenser  r ad ia l  t empera -  
ture  gradients.  I t  is expected tha t  the  weight  and  vol -  
ume of the p ro to type  hea t  p ipe  (570g, 844 cc) could be 
ha lved  by  such design opt imizat ion  wi th  no adverse  
effects on hea t  t r anspor t  capabi l i ty .  These exper imen t s  
demons t ra te  the abi l i ty  of the  hea t  p ipe  to minimize  
hea t  accumulat ion  and the rma l  excursion in the  ba t -  
t e ry  dur ing  cycling, t he reby  a l lowing opera t ing  con- 
di t ions at  s ignif icantly lower  tempera tures .  Such im-  
proved  opera t ing  condit ions should lead to an impor -  
tan t  lengthening  of the  ba t t e ry  cycle life and an as- 
sociated reduct ion of capaci ty  degradat ion.  
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NOMENCLATURE 

~T Cell t empera tu re  increase dur ing  cycling, ~ 
m Cell  mass, g 
C,  Average  specific hea t  of cell, cal /g~ 
I Current ,  A 
~E Difference be tween  open circui t  voltage, t aken  as 

1.32 V/cell ,  and charge  or discharge voltage, V 
Q~E Heat  genera ted  by  cell  ( averaged  over  a cycle) 

due to in terna l  resistance and polar izat ion losses, 
W - h  

Q~T Heat  accumula ted  in cell  dur ing cycling, W - h  
QR Net heat  t r ans fe r red  by  fin per  cycle, W - h  

Fin  hea t  t ransfer  effectiveness, ra t io  of hea t  
t r ans fe r red  to hea t  genera ted  ZQR/ZQE 

c. D Subscr ip ts  denote charge and discharge respec-  
t ive ly  

t t ime, hours  
nA-h A m p e r e - h o u r  efficiency 
~lw-h W a t t - h o u r  efficiency 
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Sintered Zirconia Electrolyte Films 
in High-Temperature Fuel Cells 

N. J. Maskalick* and C. C. Sun 
Energy Storage Department, Westinghouse Research Laboratories, Pittsburgh, Pennsylvania 15235 

ABSTRACT 

Thin-f i lm fuel  cells  employing  s tabi l ized cubic zirconia as an oxygen anion-  
conduct ing e lect rolyte  depend on an effective separa t ion  of fuel  gas and air 
by  the  dense zirconia e lec t ro ly te  layer .  F u l l y  s tabi l ized sol id-zi rconia  e lec t ro-  
ly te  films have been p repa red  by  react ive  s inter ing of zirconia, ZrO2, and cal-  
cium zirconate,  CaZrO3. Such films are  employed  as the  e lec t ro ly te  in h igh-  
t empe ra tu r e  fuel  cells. Elec t ro ly te  film conduct ivi ty  is at  least  50% of tha t  
expected  f rom the geomet ry  of test  cells. The films are  sufficiently pure  and 
gast ight  to al low nea r - theore t i ca l  open-c i rcui t  vol tages to be displayed.  

The high e lect r ica l  conduct iv i ty  of the oxide mix tu re  
(ZrO2)0.8.~ (Y203)0.~ was first observed by  Nerns t  (1) 
in 1900. Solid e lec t ro ly tes  were  s tudied in oxygen  con- 
cent ra t ion  cells by  Haber  (2) in 1905. The e lec t ro-  
mot ive  force, E, of an oxygen concentra t ion cell  having  
a solid zirconia  e lectrolyte ,  as der ived  from the work  
of Wagner  (3), is 

1 _ fu"o2 
E ~ . . . .  4F ~ u'02 (tion) d~02 

where  F is F a r a d a y ' s  constant;  ~'02 and ~"02 are the  
chemical  potent ia ls  of oxygen  in the revers ib le  cathode 
and anode, respect ively.  Assuming  ideal i ty ,  the chemi-  
cal potent ials ,  .~i, are  re la ted  to pa r t i a l  pressures,  p~, by 

~i ---- ~~ + RT In Pi 

where  R is the  gas constant  per  mole  and T is the  ab-  
solute t empera ture .  The m a x i m u m  emf of such cells, as 
defined by  the rat ios of the oxygen pa r t i a l  pressures  

RT p' 
E = ( t i o n )  I n  

4F p" 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
Key w o r d s :  so l id  e l e c t ro ly t e s ,  z i r con ia ,  f u e l  cel ls ,  t h i n  f i lms,  sin- 

tering. 

is not obta ined unless tion, the oxygen ion t ransference  
number ,  is equal  to unity.  As shown by Neuimin et al. 
(4) dispersed e lec t ronica l ly  conduct ive phases, such 
as NiO, and dissolved compounds ,  such as Fe203, can 
each contr ibute  to considerable  lower ing of tion in 
ca lc ia-s tabi l ized zirconia  e lec t ro ly te  if p resen t  in suffi- 
cient quanti t ies .  

The t ransference  number  of the oxygen ion in the 
pure  e lec t ro ly te  is near  un i ty  for  (ZrO2)0.ss(CaO)0.15, 
as demons t ra ted  by  Kinge ry  et al. (5). The same elec- 
t ro ly te  was used in a fuel  cell  by  Weissbar t  and Ruka  
(6) to measure  nea r - theore t i ca l  vol tages for the  h y -  
d rogen-oxygen  reaction. Arche r  et al. (7) demon-  
s t ra ted  tha t  20-cell  ba t t e r ies  using s tabi l ized zirconia  
e lec t ro ly te  could develop open-c i rcu i t  vol tages  wi th in  
3% of theore t ica l  values  using hydrogen  as fuel. 
Twenty  of these ba t te r ies  were  assembled into a uni t  
which employed coal gas as fuel  (8). M a x imum power,  
when loaded so tha t  its t e rmina l  vol tage was 50% of 
open-c i rcu i t  voltage,  was l l0W.  

The e lec t ro ly te  employed  by  Arche r  was in self-  
suppor ted  be l l - and- sp igo t  geometry.  To decrease  in-  
t e rna l  resis tance as much as possible, the active cell  
region of the  e lec t ro ly te  was machined to a min imum 
prac t ica l  thickness  of app rox ima te ly  0.04 cm. Whi te  
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(9) has repor ted  the  successful  p l a sma-a r c  sp ray  fab-  
r icat ion of fuel cells wi th  e lec t ro ly te  having com- 
pa rab le  e lec t ro ly te  thickness.  Whi te  employed  an i ron-  
oxide-doped,  Y203-stabil ized z i rconia  and a final s in-  
ter ing step to accomplish densification. Both the  m a -  
chined e lec t ro ly te  and the p l a s m a - s p r a y e d  e lec t ro ly te  
are  compara t ive ly  th ick  structures,  was tefu l  of power  
due to excessive vol tage  dropped  across la rge  in te rna l  
resistances.  

Recent  work  has  employed  e lec t ro ly te  hav ing  con- 
s iderab ly  less thickness to fu r the r  decrease in terna l  
resis tance and also to minimize  the  cost of dense z i r -  
conia for the  pa r t i cu la r  case where  y t t r i a  r a the r  than  
calcia is the  s tabi l iz ing agent.  Maska l i ck  (10) cons t ruc t -  
ed spu t te red  cells wi th  s tabi l ized zirconia e lec t ro ly te  
less than  5~ thick. Low sput te r ing  ra tes  l imi ted  the 
economic feas ibi l i ty  of this  type  of cell. I senberg  (11) 
eva lua ted  a fuel  cel l  wi th  z i r eon ia -y t t r i a  e lec t ro ly te  
formed by  chemical  vapor  deposi t ion app rox ima te ly  
30~ th ick  which developed nea r - theore t i ca l  open-  
circui t  vol tage and 0.45 W / c m  2 when  loaded to a t e r -  
mina l  vol tage which  was 50% of open-c i rcu i t  voltage.  
Thickness  control, h i g h - t e m p e r a t u r e  masking,  chemical  
a t tack  of cell mater ia ls ,  and a t empe ra tu r e  l imi ta t ion  
of l l00~ for processing of subsequent ly  appl ied  layers  
al l  cont r ibu ted  to make  adopt ion of this  technique  in 
mass product ion  difficult. 

To overcome these disadvantages ,  Maskal ick  inves t i -  
gated s in ter ing  of th in  films us ing layers  of fine- 
part icle,  fu l ly  s tabi l ized zirconia wi th  and wi thout  
i ron oxide  addit ions.  Such films, if doped wi th  i ron 
oxide, were  dense, though cracked and poor ly  bonded 
to the  porous zirconia substrate.  Extens ive  and rapid  
migra t ion  of i ron led to contamina t ion  and volume 
changes in the  porous suppor t  tube  itself. Conta inment  
of i ron solely in the  s inter ing e lec t ro ly te  film did not 
appear  to be feasible,  so tha t  component  s t ructures  
appl ied  in l a te r  s in ter ing  operat ions  (e.g., in tercon-  
nections and air  e lectrodes)  could also be subject  to 
iron contaminat ion.  Wi thou t  i ron oxide, adequa te  den-  
sification of fu l ly  s tabi l ized zirconia did  not  occur. 

The reac t ive  s in ter ing  process x ZrO2 -t- y CaZrO3 --> 
(ZrO2) ~ + ~ (CaO) y was developed to form dense, we l l -  
bonded, and cont inuous thin  films of s tabi l ized zirconia 
electrolyte .  This e lec t ro ly te  contr ibutes  no contami-  
nants  to the  sur rounding  fuel  cell  components  and can 
be cycled r epea ted ly  up to 1400~ for s in ter -process ing  
of successively appl ied  component  layers.  Fue l  cells 
employing  this e lec t ro ly te  were  constructed and tested. 
This paper  discusses the  per formance  of such cells and 
aspects of the fabr ica t ion  method.  

Exper imenta l  
Preparation of electrolyte films.--Zirconia and cal-  

cium zirconate  react  quickly  and comple te ly  at  1400~ 
to y ie ld  a dense, s intered film sui table  for use as the 
e lectrolyte .  The t e rm reac t ive  s in ter ing  is used because 
of the phase changes consequent  to the  mechanism:  
monoclinic zirconia and calcium zirconate  in the proper  
propor t ions  can react  to form stabi l ized cubic zirconia. 
This is a specific example  of the  genera l  react ion be-  
tween monoclinic zirconia and zirconia containing 
stabi l izing agents, e.g. CaO, Y203, to form cubic z i r -  
conia. Such reactions,  if t hey  occur dur ing  sintering,  
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Fig. 1. Typical cross section through one wall of (a) extruded 
tube and (b) slip-cast tube of calcia-stahilized zirconia. 

improve  the densification of the  e lec t ro ly te  l ayer  wi th  
enhanced grain  growth  and improved  bonding to the  
substrate.  

Slurr ies  of the react ive  mix tu re  equiva lent  to an 
over -a l l  composit ion of (ZrO2)0ss(CaO)0.15 can be 
made by  ba l l -mi l l ing  76 w / o  (weight  pe r  cent)  of sub-  
micron ZrO2 wi th  24 w/o  of --325 mesh CaZrO3 and 
sufficient bu ty l  acetate  to produce  a f ree-f lowing sus- 
pension. Ba l l -mi l l ing  t imes  v a r y  f rom 1 to 20 hr. Wi th  
longer ba l l -mi l l ing  t imes,  the p robab i l i t y  of the  ap -  
pearance  of flaws due to the  presence of coarse ag-  
g lomerates  is diminished.  

Preparation of fuel cells.--The e lec t ro ly te  and the 
work ing  e lect rodes  are al l  f ab r ica ted  in sequence on 
the outer  surface of a porous zirconia  suppor t  tube. 
The throughgoing poros i ty  of these tubes  is d i sp layed  
in Fig. 1. 

In order  to real ize a cell  geometry ,  the  porous sup-  
pcr t  tube  is first coated with  a s intered l aye r  con- 
sist ing of a coarse two-phase  mix tu re  of cobal t  and 
s tabi l ized zirconia (Fig. 2). S in te r ing  of th is  l ayer  is 

Fig. 2. Slip cast cobalt-zir- 
conia fue| electrode over porous 
zirconia tube. 
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Fig. 3. Reactively sintered 
stabilized zirconia electrolyte 
over fuel electrode. 

Fig. 4. Cubic structure demonstrated by thin-film reactively 
sintered ZrO2-CaO electrolyte. Two-radian Debye-Scherrer powder 
pattern. 

carried out in N2, 5% H2 saturated with H20 at 26~ 
This layer functions as a porous, electronically con- 
ductive fuel electrode and as the surface to which the 
electrolyte must  sinter. The stabilized zirconia elec- 
trolyte layer  must  form a thin, dense, adherent  film 
over this fuel electrode. 

Electrolyte slurries may be applied to the tube and 
to the fuel electrode surface either by  slip-casting or 
by spraying. Typical weight gains, after the butyl  ace- 
tate has been completely removed, are 10-30 mg/cm 2. 

Sinter ing is conducted in atmospheres which do not 
tend to oxidize the metal  in the fuel electrode, so that  
disruptive phase changes are avoided. Either  reducing 
mixtures  of H2/H20 in an inert  carrier gas or inert  
gases scrubbed to low oxygen content  are employed. 
Sinter ing is carried out at temperatures  which do not 
permit  excessive migrat ion of the cobalt metal  in the 
fuel electrode. Experience has shown that this con- 
straint  establishes a practical l imit at approximately 
~430~ Sinter ing times at 1400~ have been varied 
from 1 to 15 hr. F i lm grain sizes of 5-10~ are observed 
after 1 hr and up to 50~ after 10-15 hr. 

The microstructure of a reactively sintered zirconia 
electrolyte film is displayed in Fig. 3. This film covers 
the fuel electrode layer which, in turn,  is sintered to 
the base tube of porous zirconia. The electrolyte films 
at present are produced with approximately  5% ap- 
parent  pore volume. Air (S.T.P.) leak rates of 6 x 10 -7 
moles /min  at present can be demonstrated over 40 
cm 2 with a 10 -2 Torr ini t ial  vacuum on one side of the 
sintered electrolyte film. The reactive.ly sintered elec- 
trolyte crystal s t ructure is cubic as determined by 
powder method x - ray  diffraction (Fig. 4). The ob- 
served range of lattice parameter  is 5.122-5.123A for 
films containing 17 m/o  (mole per cent) calcia over-all .  

These data are compared with a lattice parameter  of 
5.11A observed by Duwez et al. (12) who cooled their 
specimens rapidly from 2000~ Since the lattice pa-  
rameter  is a funct ion of s inter ing history as well  as 
calcia content, no a t tempt  is made to claim a par t icular  
stoichiometry for these films. They are completely 
cubic wi thin  a 5% limit  of detection for the x- ray  
method. Therefore, tion -> 1 should be  demonstrated if 
bulk  electrolyte properties are obtained. Two test speci- 
mens were prepared, specimen A embodying two sepa- 
rate cells, and specimen B, also with two separate cells. 
In the tests reported here, the electrolyte was applied 
and fired on in four successive steps. Total weight gain 
of applied electrolyte was 33 mg/cm 2 and total  t ime at 
1400~ was 6 hr (specimen B) and 7.5 hr (specimen 
A).  The sintered electrolyte films were about 60u thick. 

Electronically conducting in terconnect ion oxide ma-  
terial was applied in two bands and sintered concur-  
rent ly  with the electrolyte. The interconnect ion bands 
served as potential  taps to determine fuel electrode 
p/5 (resis t ivi ty/ thickness)  by the four - te rmina l  
method. 

The air electrode structure of specimen A consisted 
of p lasma-sprayed In203, 2 m/o  SnO2. The air elec- 
trode structure of specimen B was more complex, con- 
sisting of 24 mg/cm 2 of an in termediate  porous layer 
of submicron (ZrO2)0.9(Y203)0.1 fired on at 1400~ for 
2 hr. This layer was then covered with plasma-sprayed 
In203, 2 m/o  SnO2, and finally impregnated with 0.5- 
1.0 mg/cm 2 of CoPrO3. 

A summary  of the processed layers is given in Table 
I. A schematic of these layers, and their or ientat ion on 
the completed device, is given in Fig. 5. 

Testing of fuel cells.--Figure 6 shows the individual  
load circuits for each of the two cells on the test device. 
Contacts were established with p la t inum wires. Pt, Pt  
10% Rh thermocouples were employed on all cells as 
potential  taps. The geometry permits  the testing of two 
independent  cells on each specimen device. The oxide 
potential  taps are employed to measure the voltage 
drop in the fuel electrode. Gold gaskets contacted the 
fuel electrode at both ends of the test specimen. 

Cell operation was conducted with air flowing on the 
outside of the tubular  cells and hydrogen saturated 
with water  at 68~ flowing through the inside of the 
tube as depicted schematically in Fig. 6(a) .  Calcula- 
tions of the theoretical emf are based on the H2/H20 
ratio obtained by assuming the fuel gas mix ture  to be 
hydrogen at 0.7 psi gauge pressure containing water  at 
the part ial  pressure expected at equi l ibr ium over 
H20( l )  at 68~ Two oxygen gauges served to detect 

Table I. Summary of sample preparation 

Specimen A Specimen B 

Support  tube 
Fuel electrode 

Electrolyte 

Fuel electrode 
potential  taps 
Air  electrode 

100% Cubic zirconia 
Ai r - sprayed  Co-ZrO2 ce rme t - - s in t e r ed  in reducing a tmo-  
sphere of Ne 5% H2 sa tura ted  wi th  H20 at 26~ 
Air -sprayed  (ZrO2)o.~ (CaO)o.15 
Sintered in reducing a tmosphere  of Ca-get tered argon 
Painted,  electronically conduct ing ox ide- - s in te red  concur-  
rent ly  wi th  electrolyte 
P lasma-sprayed  In203, 2 m / o  SnO2, 32 mg/cm~ 

100% Cubic zirconia 
Ai r - sprayed  Co-ZrO2 ce rme t - - s in t e r ed  in reducing atmo- 
sphere of Ne 5% He sa tura ted  wi th  H20 at 26~ 
Ai r - sprayed  (ZrO2)o.~ (CaOo.15 
Sintered in reducing a tmosphere  of Ca-get tered argon 
Painted,  electronically conduct ing oxide---sintered concur-  
rent ly  wi th  electrolyte 
(1) CoPrOs impregna ted  in stabilized ZrO~ porous skeleton 
(2) P la sma-sp rayed  In2Oz, 2 m / o  SnO2, 81 mg/cm~ 
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Fig. 5. Thin film fuel cell--active cell region 

Air Electrodes 

Oxide 4= Cell l ~ / \  ~ Cell 2 --~ ] ntercon nection ~...., / \ 

 ue, 
"I . ~ ~ l l l l l l l l l l / l l l l l l l l l l l l i l g ' ? l  / , ,ZI  ~177111/7111 Fue t ecirooe "i~,,,,w,.....,,.,,,.~,,~,,,,., ,,:L ,, ~.~liitl~,~hihip Electrode 

Gold ...~I I Porous Support Tube I 
Seal Smoothing Layer Electrolyte ;~ 

F~g. 6. Cross section of component specimen with electrical 
leads. 

system leaks both upst ream and downst ream of the 
test cells. 

Results 
Both cells of specimen A developed open-circui t  

voltages which were 96% of theoretical over a period 
of 12 days. The test  was te rmina ted  p remature ly  due 
to test equipment  malfunct ion  in which fracture of 
the ups t ream oxygen gauge led to contaminat ion of the 
fuel s tream and oxidation of the fuel electrode. Per -  
formance of these cells is displayed in  Fig. 7 and 8. 
The cell resistances were  high due to the high resist-  

ance (p/6 : 5 ohms) of the f lame-sprayed indium 
oxide air electrode. As a consequence, effective cell 
area was much less than  the over-al l  area which was 
used to compute current  density. 

Specimen B employed an improved air electrode 
with a greater  proport ion of active cell area. The high 
surface area porous zirconia component  of the air 
electrode served to increase the area of contact with 
the In203. The CoPrO3, a conductor of both electrons 
and oxygen anions, was provided to improve the in -  
t roduction of oxygen anions into the zirconia lattice 
and reduce air electrode polarization. The resul t ing 
cells developed I00% of the theoretical open-circui t  
voltage and showed significantly improved perform- 
ances (Fig. 9 and 10). Fast and slow polarization proc- 
esses observed dur ing  in te r rup t ion  of the current  in 
the cell test circuits were recorded by  photographing 
oscilloscope traces of voltage change vs. time. Analysis  
showed that  the air electrode resistance and fuel elec- 
trode polarization are the two most significant voltage 
losses. 

By measur ing the fast portion of the current  in te r -  
rupt ion pictures using an oscilloscope, indiv idual  con- 
t r ibut ions of total cell resistance were obtained. Re- 
ferr ing to Fig. 6, the total cell resistance is equal  to the 
sum of the resistance measured from the air side and 
the resistance on the fuel side. The resistance on the 
air side consists of air electrode resistance (Ra) and 
one half of the electrolyte resistance ( �89 Rb), and the 
resistance measured from the fuel side includes the 
fuel electrode resistance (Rf) plus one half  of the  elec- 
trolyte resistance. Table II compares the measured re-  
sistances with values expected from the geometry of 
the cells on samples A and B. Cell resistances are com- 
puted assuming that  the electrode resistances are low 
compared with that  of the electrolyte. However, as 
pointed out earlier, due to the high air electrode re-  
sistance, (pe/Se)a ~ 5 ohms, the effective cell area is 
lessened. This is in agreement  with the higher cell re- 
sistance and polarization losses observed. 

The test of specimen B was te rminated  on the fourth 
day when the open-cell  voltage dropped below 0.3V. 
Axial  cracks in the electrolyte were observed after 
testing. Cross sections showed that  the electrolyte was 
lifted up from the cobalt fuel electrodes and had axial 
cracks where it was lifted but, in  the intercel l  area 
where no fuel electrode was underneath ,  the electrolyte 
remained dense and well attached to the support  tube. 

A circumferent ial  crack broke the tube open on cell 
No. 2. A microscopically visible c i rcumferent ia l  crack 
on cell No. I appeared to be directly undernea th  the 

H 2 / N 2 - - ~  

Air - ' ~  

N 2 

Oxygen Gauges 

Battery 

C)  Pressure Meter 
C) Solenoid Valve 

Normally Shut 
( No Power J 

(~ Solenoid Valve 
Normally (3Den 
(No Power J 

~) Toggle Valve 

Fuel Out 

Air Out 

~ - ' - ~  L ~  denser 

Flowmeter 

Check Valve 
OuickConnedion 

-Jr- Connedion 
No ConneXion 

Fig. 6(a). Schematic diagram 
of testing system for thin-film 
fuel cells. 
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Table II. Comparison of the observed and expected cell resistances 

Cell A-1 Cell A-2 Cell B-1 Cell B-2 
Resistance Observed/expected o h m s  o h m s  ohms ohms 

(~e/~e) t Observed 0.15 0.06 
Expected 0.18 0.12 0.07 0.04 

1 
R ,  ( Pe ~ ( & ) ( I f  -I- ' e )  

= \ ~e / f  l r D  \ 
Rruel ,lee Expected 0.21 0.15 0.10 0.07 

1 
R f u e l  s i d e  ~ R f  4" - - R b  

2 
Observed 0.30 0.25 0.20 0.10 

(Rpe/~) a Observed 5 5 5 5 
Expected 0.08 0.06 0.06 0.08 

-;3-, 8 \ 
Ratr ,J,l~ Expected 0.11 0.11 0.11 0.11 

1 
~ a l r  s i d e  ~--- R a  -~ - -  Rb 

2 
Observed 4 3 0.60 0.40 

Reel I Expected 0.32 0.26 0.21 0.18 
~ e e l l  ~ R a  + ~;~t + Rb 
Observed 4 3 0.7 0.5 

Rb, i.e, resistance Expected 0.06 0.06 0.06 0.06 
of electrolyte in pb~b 
the cell Rb -- 

z'Dle 
Observed 0.24 0,26 0.26 O. 12 
i .e. 2(R~uel ,Jde - -  R~) 

Definition of Symbols: 
D - -  Diameter of support tube (centimeters). 
Sb - -  Thickness of electrolyte (centimeters). 
~e - -  Thickness of electrode (centimeters). 
~b - -  Resistivity of the electrolyte (ohm-centimeters). 
te - -  Length of active cell (centimeters). 
lr - -  Length of fuel electrode lead (centimeters). 

p l a t i n u m  w i r e  l eads .  B e c a u s e  o f  t h e  p o o r  In203  c u r r e n t  
c o l l e c t o r  (p /8  = 5 o h m s )  e m p l o y e d  o n  t h e s e  cells ,  h i g h  
c u r r e n t  d e n s i t i e s  p r e v a i l e d  in  t h e  i m m e d i a t e  c o n t a c t e d  
r e g i o n  o f  t h e  p l a t i n u m  w i r e ,  c a u s i n g  h o t  s p o t s  a n d  m e -  
c h a n i c a l  s t r e s s e s .  

F r o m  t h e  t e s t  r e s u l t s  o f  t h e  f o u r  ce l l s  c o m p r i s i n g  
s p e c i m e n s  A a n d  B, o n e  c a n  c o n c l u d e  t h e  f o l l o w i n g :  

1. H y d r o g e n - o x y g e n  ce l l s  g e n e r a t i n g  f u l l  t h e o r e t i c a l  
o p e n - c i r c u i t  v o l t a g e  a t  960~ m a y  b e  p r e p a r e d  u s i n g  
r e a c t i v e l y  s i n t e r e d  (Z rO 2)  o.s5 (CAD) o.15 e l e c t r o l y t e  60~ 

l.O 
0.~ 
0.8 
0.7 
06 

o 0 . 5  
3 0 . 4  

1).3 

0.2 
0.1 

I i I I I I 

T h e o r e t i c a l  Eoc 

_.21 I I I l I 
5 lO 15 20 25 30 

Current Density, reAl cm 2 

Fig. 7. Cell 1 performance, at 1000~ (specimen A) 
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Fig. 8. Cell 2 performance at 990~ (specimen A) 
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~e - -  Resistivity of the electrode (ohm-centimeters). 
Ra - -  Resistance of the air electrode (ohms}. 
Rt - -  Resistance of the fuel electrode (ohms}. 
Rb - -  Resistance of the electrolyte (ohms). 

t h i ck .  S u c h  f i lms  m u s t  t h e r e f o r e  h a v e  a n  o x y g e n  ion  
t r a n s f e r e n c e  n u m b e r  w h i c h  a p p r o a c h e s  u n i t y .  

2. E l e c t r o l y t e  f i lm r e s i s t i v i t y  a p p r o a c h e s  50% of  
bu lk ,  f u l l y  s t a b i l i z e d  r e s i s t i v i t y .  

3. A i r  e l e c t r o d e  r e s i s t a n c e  a n d  f u e l  e l e c t r o d e  p o -  
l a r i z a t i o n  l i m i t  ce l l  p e r f o r m a n c e .  

4. M e c h a n i c a l  s t a b i l i t y  o f  t h e  e n t i r e  s t r u c t u r e  a l so  
l i m i t s  ce l l  p e r f o r m a n c e .  T h e  o b s e r v e d  s t r e s s e s  w e r e  
d u e  to n o n u n i f o r m  c u r r e n t  d i s t r i b u t i o n  a r i s i n g  f r o m  a 
p o o r l y  c o n d u c t i v e  a i r  e l e c t r o d e .  

0.8 
0.7 

~ 0.6 
o 0.5 
~" 0.4 

0.3 
0.2 
0.! 

i I J 
Theoretical Eoc 

0 I I I 
50 100 15D 

Current Density, rnA/cm 2 

Fig. 9, Cell ! performance at 960~ (specimen B) 
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Fig, 10. Cell 2 performance at 960~ (6pecimen B) 
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Summary 
A react ive  s inter ing process has been developed to 

produce films of ca lc ia-s tabi l ized  zirconia. This process 
involves spray ing  of a bu ty l  acetate s lu r ry  of fine pa r -  
t icle monoclinic zirconia and calcium zirconate.  Sub-  
sequent  s inter ing at 1400~ causes the format ion  of 
fu l ly  cubic e lec t ro ly te  films of sufficient pur i ty ,  density,  
and impermeab i l i t y  to gas flow to al low nea r - theo -  
re t ica l  open-c i rcu i t  vol tages to be obta ined in complete  
cell s tructures.  The ab i l i ty  to d i sp lay  theore t ica l  vol t -  
ages implies  tha t  tion approaches  unity,  a cr i t ical  p rop-  
e r ty  of fu l ly  s tabi l ized bu lk  zirconia e lectrolyte .  Ini t ia l  
measurements  also indicate  tha t  s intered e lec t ro ly te  
film res is t iv i ty  agrees wi th  bu lk  res is t iv i ty  values  
wi th in  the  uncer ta in ty  in t roduced by  es t imates  of 
active cell  area. 

By employing  the react ive  s inter ing process to fab-  
r icate  the th in-f i lm analog of bu lk  s tabi l ized zirconia, 
the  problems  of thickness  uniformity ,  h i g h - t e m p e r a -  
ture  masking,  and res t r ic t ive  t empera tu re  l imita t ions  
in processing are avoided. The economies associated 
with  producing a l l - s in te red  prac t ica l  fue l -ce l l  ba t -  
ter ies  become avai lable ,  though fu r the r  deve lopment  
of all  component  s t ructures  is needed to improve  de-  
vice performance.  

React ive  s inter ing is an effective and economical  
way  to form thin-f i lm e lec t ro ly te  in a dense, we l l -  
bonded cubic s t ructure.  
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Techn caTl Note 

High-Stability Cathodes for Fuel Batteries 
D. C. Constable 

CSIRO, Division of Mineral Chemistry, P.O. Box 124, Port Melbourne, Victoria 3207, Australia 

The use of noble metals,  no tab ly  pla t inum,  for the  
cathodic reduct ion of oxygen in acid e lect rolyte  fuel 
cells is wel l  known, and many  methods  of ca ta lys t  
p repara t ion  and electrode fabr icat ion have  been pub-  
lished. Catalysts  of two main  types  have been u s e d - -  
unsuppor ted  meta l  blacks (1-3) and meta l  b lacks  de-  
posi ted on an iner t  suppor t  (3-6).  

The electrodes are  fabr ica ted  by  mix ing  the cata lys t  
mate r ia l  wi th  a po lymer ic  binder ,  spreading onto a 
conducting subs t ra te  mater ia l ,  and pressing at a t em-  
pera tu re  sufficient to accomplish s inter ing of the b ind-  
ing mater ia l .  In some cases a wetproofing layer  of 
po lymer  is appl ied  to the  surface by  spraying  or ap-  
p ly ing  a coherent  po lymer  film. 

Commercia l  e lectrodes 1 of the PTFE and p la t inum 
black sinter  t ype  have  been avai lable  for some time, 
but  supply  was uncer ta in  and the i r  long- te rm per -  
formance was found to be poor. For  these reasons it 
was necessary to in i t ia te  a p rog ram to develop and 
produce electrodes for our  own use. 

We have found tha t  e lectrodes p repa red  by  a method  
s imi lar  to the  above (3) but  using Adams '  Cata lys t  (7) 
(p la t inum dioxide)  have shown excel lent  s tabi l i ty  for 
over  2000 hr  when used as cathodes in l ow- t emp e ra tu r e  

1 A m e r i c a n  C y a n a m i d  T y p e  AA1.  
K e y  w o r d s :  f u e l  cel ls ,  p l a t i n u m  dioxide, ion-exchange m e m b r a n e ,  

air e lec t rode .  

fuel cell  ba t ter ies  employing  ion exchange membrane  
separa tors  and wa te r - so lub le  fuel. The use of Adams '  
Catalyst  was suggested by  the work  of Cairns and 
McInerney  (8), who found tha t  e lectrodes of reduced 
p la t inum oxide and s intered PTFE showed a 3.5-fold 
increase in ac t iv i ty  for p ropane  oxidat ion  over  elec- 
t rodes  p repared  wi th  commercia l  p l a t inum black.  For  
oxygen reduction,  we found a two-fo ld  increase in 
activity,  using p la t inum dioxide  in place of commercia l  
p la t inum black. 2 

Electrode Fabrication 
Electrodes were  p repa red  by  a method s imilar  to 

that  descr ibed by  Chr is topher  (3). The requ i red  quan-  
t i ty  of p la t inum dioxide  was b lended wi th  an al iquot  
of F luon GP303 (PTFE)  dispers ion to form a doughl ike  
mass which was spread un i fo rmly  onto a 145 cm 2 de-  
greased 4/0 or n iobium mesh, 4 using a meta l  blade. 
Af te r  drying,  the  e lectrodes were  pressed  between 
a luminum foils for 2 min at  2000 lb and 300~ The 
a luminum foils were  dissolved in sodium hydrox ide  
solution (400 g / l i t e r )  and the electrodes washed with  
dist i l led water .  F inal ly ,  reduct ion  of the  p l a t inum di-  
oxide was car r ied  out  in 5% fo rmaldehyde  solution. 

E n g e l h a r d  Corp .  P l a t i n u m  B l a c k ,  " S p e c i a l  fo r  F u e l  Ce l l s . "  
s J o h n  C r a n e ,  M a u r i ,  M e l b o u r n e ,  A u s t r a l i a .  

E x m e t .  Corp . ,  T u e k a h o e ,  N. Y. 
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When using an ion exchange  membrane ,  the  appl ica-  
t ion of po lymer  to the  e lect rode surface is unnecessary.  

The first e lectrodes p repa red  b y  this me thod  pe r -  
formed erra t ica l ly .  Gene ra l ly  poor per formance  could 
be cor re la ted  with  a high ohmic loss a t t r ibu tab le  to 
surface oxide  on the me ta l  substrate,  an effect p r ev i -  
ously  observed by  Chr i s topher  (3).  

Two methods  have  been t r ied  in an a t t empt  to over -  
come this difficulty: (a) chemical ly  etching the  sub-  
s t ra te  using 10% hydrofluoric  acid before  spreading  
the ca ta lys t  l ayer  and (b) p la t ing an iner t  meta l  onto 
a c leaned substrate.  

The first method  y ie lded  subs t ra tes  tha t  had  low 
ohmic losses but  became br i t t l e  af ter  etching, thus 
l imit ing subs t ra te  life. The second method,  employing  
a gold coating, y ie lded  subs t ra tes  wi th  low ohmic 
losses wi thout  affecting subs t ra te  life. This approach  
was also taken  by  Chr is topher  (3), who used e lec t ro-  
p la ted  gold at 4 m g / c m  ~. The gold was appl ied  by  
vacuum evapora t ion  onto the  subs t ra te  c leaned by  
hea t ing  to 1200~ at  a pressure  of 2 • 10 -4 Torr.  A 
coherent  gold deposit  was obta ined at a loading of 
0.5 m g / c m  2. In  the  case of low p la t inum loadings,  to 
enable  an even spread  of the smal l  quan t i t y  of ca ta lys t  
involved,  a l aye r  of g raph i te  (10 m g / c m  2) and PTFE 
(2.8 m g / c m  2) was spread  on the  subs t ra te  and pressed 
for 1 min at  300~ and 10,000 lb before  appl ica t ion  of 
the  catalyst .  

Electrode Testing 
To check reproduc ib i l i ty  e lectrodes were  tes ted as 

cathodes in a ha l f -ce l l  (Fig. 1) based on the design of 
Cathro et al. (9). The mate r ia l s  and components  of 
the  test  module  were  po lyp ropy lene  frames,  ch loro-  
bu ty l  rubbe r  seals, and  t an t a lum bipolar  plates  and 
cur ren t  collectors.  These  same components  were  used 
for the  construct ion of the  fuel  cell  ba t te r ies  used for 
the  l ong - t e rm tes t ing of the electrodes.  To enable  
comparison of data, al l  ha l f -ce l l  tests  were  carr ied  out 
using an e lec t ro ly te  containing formaldehyde .  The 
electrolyte ,  ma in ta ined  at  a t e m p e r a t u r e  of 60~ by  a 
g lass -shea thed  immers ion  heater ,  was c i rcula ted  by  
a Hypa lon - l i ned  osci l la t ing pump.  Ai r  was suppl ied at 
a tmospher ic  pressure,  and  flow ra te  was measured  
by  a l abo ra to ry  f lowmeter.  Polar iz ing  cur ren t  was sup-  
pl ied f rom a di rec t  cu r ren t  source, and the  potent ia l  
of the cathode was measured  vs.  a m e r c u r y / m e r c u r o u s  
su l fa te  re ference  e lec t rode  in contact  wi th  the  c i r -  
cula t ing electrolyte .  The ohmic cont r ibut ion  to the  
potent ia l  was de te rmined  b y  a cu r ren t  i n t e r rup te r  
technique and the appropr i a t e  correct ion made.  

Electrodes,  selected at r andom from each batch p re -  
pared,  were  tested in the  ha l f -ce l l  before  and af ter  
ex tended  fuel  ba t t e ry  operat ion;  the  polar izat ion va l -  
ues repor ted  are  mean  values  for  e lectrodes when 
tested in the  hal f -cel l .  

Results and Discussion 
The p l a t i n u m  and P T F E  loadings,  toge ther  wi th  the  

type  of subs t ra te  used for  the  e lect rodes  tested, a re  

COUNTER BIPOLAR PLATE 
ELECTRODE ~ - -  ELECTRODE 

/ / ~ A I R  
/ / MANIFOLD 

, 11 N A R EUELI 
i II H *"LET OUTLET I 

o o 

FUEL FUEL 
INLET MANIFOLD 
PORT 

AIR 
INLET 
PORT AIR ~ TRODE 

i 
ION EXCHANGE~ 

MEMBRANE 

Fig. 1. Construction of test cell 

August 1971 

Table I. Composition of electrodes tested 

Prepa-  Plati-  
Electrode rat ion h u m  PTFE 

n u m b e r  n u m b e r  m g / c m  ~ rag/cruZ Substrate  Application 

DL 3,5,9 1 1O 1.4 Graphi te  6-ceU me tha -  
4/0 Nb mesh  nol ba t te ry  

DL 6,7,8 2 20 2.8 Graph i ted  6-cell me tha -  
4/0 Nb mesh  hal ba t te ry  

DL 11,12 3 20 2.8 4/0 Nb mesh  40-cell fo rmal -  
dehyde  ba t te ry  

DL 13,14 4 20 '/.5 Graph i ted  40-cell formal-  
4/0 Nb mesh  dehyde  ba t t e ry  

DL 1S,20,22 5 20 6.8 4/0 Nb mesh  40-cell formal-  
dehyde ba t t e ry  

DL 24 6 20 3.3 4/0 Nb mesh 40~cell fo rmal -  
dehyde  ba t te ry  

Cyanam}d 
air  electrode 1O 3.8 Ta gauze Single formal-  

dehyde cell 

shown in Table I. In  o rder  to de te rmine  the effect of 
p l a t inum loading on performance,  two sets of elec-  
t rodes  were  prepared ,  using a g raph i ted  subs t ra te  wi th  
Pt  loadings of 10 and 20 m g / c m  ~ (Prepara t ions  1 and 
2). These six e lectrodes were  tes ted for 1293 hr  at a 
cur ren t  dens i ty  of 30 m A / c m  2 in a methano l - fue led  
ba t t e ry  at  60~ using air. 

The ini t ia l  and final pe r fo rmance  curves  for  these 
electrodes are  shown in Fig. 2. I t  can be seen tha t  in-  
creased p la t inum loading decreases  e lect rode polar iza-  
t ion and improves  s tabi l i ty .  The loss in per formance  of 
these electrodes,  however ,  indicates  a definite l imi t a -  
t ion in useful  life. This decline in pe r fo rmance  was 
a t t r ibu ted  to e i ther  a change in PTFE charac te r  wi th  
a consequent  change in we t t ab i l i t y  or  to a change in 
e lec t rode  s t ruc ture  due to oxida t ion  of the  graphi te  
subs t ra te  or to both factors. To ascer ta in  which of 
these effects controls  e lec t rode  s tabi l i ty ,  for ty  elec-  
t rodes  were  p repa red  for use in a fo rma ldehyde - fue l ed  
bat tery ,  using p l a t i n u m  and P T F E  loadings as shown 
in Table  I. The fo rmaldehyde  ba t t e ry  was opera ted  as 
a fu l ly  se l f -conta ined  system for a per iod  of 2250 hr, 
af ter  which the cathodes were  re tes ted  in the  half  cell. 

The ini t ia l  and final polar iza t ion  curves of the e lec-  
t rodes  tested a re  shown in Fig. 3-6. In  a l l  cases except  
one, the  s tab i l i ty  of these e lect rodes  was super ior  to 
that  of P repara t ions  1 and 2 electrodes.  The except ion 
was P repa ra t ion  4 (Fig. 4) which  was p repa red  for 
compar ison wi th  P repa ra t ion  2, using PTFE loading of 
7.5 m g / c m  2 on a graphi t ized  subs t ra te  to de te rmine  
whe the r  h igher  concentra t ions  of PTFE  would  decrease 
the  ra te  of loss of wetproofing.  I t  appears  in fact tha t  
an excessive concentra t ion of PTFE  was used and loss 
of ca ta lys t  surface has occurred  due to occlusion, since 
these electrodes st i l l  appeared  to be hydrophobic  af ter  
2250 h r  use. I t  is possible tha t  a synergis t ic  effect, due 

j- 
' ~  

>~ o-s II 

~ 0. 2 
o 

c~ 0 Z0 a0 60 uJ .J uJ 
CURRENT DENSITY (mA/crn 2) 

Fig. 2. Effect of time on performance. Preparation 1: Pt 10 
mg/cm 2 PTFE 1.4 mg/cm s on graphited 4/0 mesh substrate. Prep- 
oration 2: Pt 20 mg/cm 2 PTFE 2.8 mg/cm 2 on graphited 4/0 
mesh. Electrolyte 2M H2SO4 0.5M HCHO 60~ air 500 ml/min; 
�9 new performance Preparotlon 1; [] new performance Prepara- 
tion 2; O performance after 1293 hr Preparation 1; [ ]  performance 
after 1293 hr Preparation 2. 
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H2504 0,SM HCHO 60~ air 500 ml/min; �9 new performance; 
C) performance after 2250 hr. 
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Fig. 4. Effect of time on performance, Preparation 4. Pt 20 mg/ 
cm 2 PTFE 7.5 mg/cm 2 on graphited 4/0 mesh. Electrolyte 2M 
H2504 0.SM 60~ air 550 ml/min; �9 new performance; O 
performance after 2250 hr. 
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Fig. 5. Effect of time on performance, Preparation 5. Pt 20 mg/ 
cm 2 PTFE 6.7 mg/cm 2 on 4/0 mesh. Electrolyte 2M H2504 0.SM 
HCHO 60~ air 500 ml/min; �9 new performance; O performance 
after 2250 hr. 

to the  g raph i te  substrate ,  m a y  exist  since P repa ra t ion  
5 electrodes wi th  a PTFE  loading of 6.8 m g / c m  2 show 
excel lent  s tab i l i ty  (Fig. 6). 

The s tab i l i ty  of the  e lectrodes p repa red  wi thou t  
g raphi te  is excel lent  (Fig. 3, 5, 6) and is m a r k e d l y  
super ior  to that  of commercia l  e lectrodes (Fig. 7). The 
per formance  of these electrodes is quite uni form 
despi te  a wide  var ia t ion  in PTFE loading. 

Conclusions 
The product ion of s table  cathodes for use in fuel  cell 

ba t te r ies  using acid e lec t ro ly te  and soluble organic 
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Fig. 6. Effect of time on performance, Preparation 6. Pt 20 rag/ 
cm 2 PTFE 3.3 mg/cm 2 on 4/0 mesh. Electrolyte 2M H2504 0.SM 
HCHO 60~ air 500 ml/min; �9 new performance; Q performance 
after 2250 hr. 
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Fig. 7. Effect of time on performance, commercial air electrode. 
Pt 10 mg/cm 2 PTFE 3.8 mg/cm 2 on Ta gauze. Electrolyte 2M 
H2504 0.5M HCHO 60~ air 500 ml/min; �9 new performance; 
Q performance after 1000 hr. 

fuel has been demonst ra ted .  A high p l a t inum loading 
has been shown to con t r ibu te  m a r k e d l y  to the long-  
t e rm s tabi l i ty  of electrodes under  ba t t e ry -ope ra t i ng  
conditions. Results  show tha t  e lectrodes p repa red  wi th  
only p la t inum and PTFE show stable per formance  wi th  
a PTFE content  of 2.8-6.7 m g / c m  2. Electrodes p repared  
on a g raph i ted  subst ra te  show infer ior  s tabi l i ty  espe-  
c ia l ly  when high PTFE loadings are  used. 
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ABSTRACT 

D-C electroluminescence in I I -VI films is still in its infancy and could 
become of great technical importance if the problem of efficient hole inject ion 
in the absence of p -n  homojunct ions can be solved, which is possible through 
systematic efforts. A survey is given of the existing methods of hole injection 
and of the available materials  combinations. Their advantages and short-  
comings are listed, and as a conclusion a new method is proposed. 

The Present Situation of Industrial Electroluminescence 
The industr ia l  significance of electroluminescence in 

America has undergone some metamorphoses. In the 
fifties, when the in terna l  mechanism of the a-c electro- 
luminescence of ZnS type embedded powders (Destriau 
effect), then in its heyday, was not yet  ful ly  under -  
stood but  when brightness and efficiency figures im- 
proved almost daily due to empirical  development,  we 
thought of electroluminescence as the light source of 
the future. Prematurely,  production facilities were 
set up. When this rapid progress reached an unex-  
pected plateau, and when the mechanism was begun 
to be understood, I I -VI electroluminescence work 
(mainly  carried out by phosphor chemists) fell into 
undeserved oblivion, including the work on some 
promising st i l l -undeveloped aspects of it. 

With the upsurge of I I I -V semiconductor research 
(mainly  carried out by another  group, the semicon- 
ductor scientists), electroluminescence took a different 
turn.  Whereas before one had aimed for large-area 
panels for general  i l luminat ion purposes, the new light 
sources were t iny  single-crystal l ine p -n  diodes emit-  
ting infrared and red light, to be used for punch card 
readouts, control lights, and small  a lphanumeric  dis- 
plays. An enormous amount  of research was expended 
and impressive progress was made, especially recently 
with gall ium phosphide lamps, but  it is clear that this 
is a relat ively limited application. By analyzing the 
market,  one finds that  there is only one potential  big- 
scale application of electroluminescence which can 
just ify the large previous and coming research ex- 
penditures:  mul t ie lement  image display panels. 

With this in mind, the outlook is different. To com- 
pete with other displays which dominate the market,  
the cost of one electroluminescent  element, plus ad- 
dressing and storage circuitry, has to be far less than 
one penny. This prosaic requi rement  deflates the ex- 
aggerated expectations for individual ly  fabricated 
monolithic p -n  junct ion  diodes, even the simplified 
mass-product ion versions which we have explored (1), 
and brings back the former I I -VI electroluminescence 
in its various forms. 

From past mistakes, we have now learned to look at 
the whole intended system, not just  at electrolumines-  
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cence per so. In  a separate study, we have concluded 
that the best way to provide addressing and storage 
for a mul t ie lement  display system (the most desirable 
system would be flat television) is by large-scale-  
integrated th in-f i lm-t ransis tor  (TFT) circuitry (2). 
Since the Destriau type of a-c electroluminescence re- 
quires high-voltage, audio-frequency drive power 
which presents impedance matching problems to TFT 
circuitry (which, admittedly, could be overcome), the 
most favorable type of electroluminescence would be 
low-voltage, d-c electroluminescence. Since we ruled 
out the single-crystal  approach, we have to investigate 
polycrystal l ine layers. I I I -V polycrystal l ine layers do 
not luminesce well and cannot  easily be made by vacu- 
um deposition. Therefore, we have to concentrate on 
polycrystal l ine I I -VI  layer structures, which is the 
topic of this paper. I I -VI  layer structures have the 
wel l -known advantage that  they can be produced 
easily and cheaply and that  they show highly efficient 
photo- and cathodoluminescence throughout  the visible 
spectral range, even at low excitation densities, which 
shows that they do not have many  nonradia t ive  t ransi-  
tions which have to be swamped before luminescence 
can occur. The task is to achieve the luminescence we 
now have by photo- or cathodoexcitation by minor i ty  
carrier injection through contacts. This is a very 
worthwhile task and should be pursued even though 
progress so far has been slow, and even though the 
spectacular success of monolithic I I I -V diodes tends 
to divert a t tent ion from it at the present  time. 

Minority Carrier Injection in ll-Yl Compounds 
Difficulties of producing II-VI p-n homojunctions.-- 

Due to the phenomenon of self-compensation of added 
doping impur i ty  ions by the formation of lattice va-  
cancies on nearby  lattice sites (3), wide-band  gap 
semiconductors with par t ia l ly  ionic ("soft") lattices 
can be prepared only n-  or p- type  depending on the 
material,  but not in both types. This inherent  tendency 
can be combated by using thermodynamic  nonequi l ib-  
r ium methods. Procedures tried or suggested so far 
are: squeezing out the compensating vacancies under  
extreme pressure (e.g., 104 atm) at elevated tempera-  
ture and then cooling while still under  hydrostatic 
pressure (4), doping at low tempera ture  using ion 
implanta t ion (5), and film preparat ion by means of 
reactive sputter ing with s imultaneous incorporation 
of acceptor ions (6). These methods have, however, 
not yet been reduced to practice sufficiently, and some 
may be too expensive to become of industr ia l  im- 
portance. Therefore, we consider in this paper only 
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those methods  where  the proper t ies  of exis t ing ma te r i -  
als in the rmodynamic  equi l ib r ium are  uti l ized. 

Problems with II-VI quasihomojunctions.-- A quasi -  
homojunct ion is defined as a p - n  junct ion be tween  
two materials ,  one being n- type ,  the  other  p - type ,  
which form a complete  series of al loys so tha t  there  
is no ab rup t  t rans i t ion  f rom one ma te r i a l  to the  other, 
but  a g radua l  one. This is in contras t  to a he te ro junc-  
t ion in our nomencla ture ,  where  the  two mate r ia l s  a re  
not, or not  completely ,  miscible,  so tha t  a ver t ica l  step 
occurs wi th in  the  junction.  Commonly,  the word  
he te ro junc t ion  is used to cover  both types.  

We have the  fol lowing I I -VI  mate r i a l s  at our  dis-  
posal, wi th  the i r  (di rect )  bandgaps  l isted: ZnS (3.7 
eV),  ZnSe (2.7 eV),  ZnTe (2.2 eV),  CdS (2.4 eV),  and 
BeS (5.5 eV),  BeSe (4.5 eV),  BeTe (3.5 eV) (7), and 
MgTe (4.7 eV) (8). (The other  a lka l i ne - ea r th - cha l co -  
genides are  very  humidi ty -sens i t ive ,  and not  of zinc 
b lende  or  wur tz i t e  s t ructure . )  

Since ZnTe, and possibly BeTe and MgTe, a re  the  
only  mate r i a l s  wi th  na t ive  p - t y p e  proper t ies ,  only  a 
l imi ted  number  of combinat ions  a r e  feasible.  This is 
the  first comprehens ive  review. 

n-CdS/p-ZnTe junction.--This junc t ion  is se l f -sugges-  
t ive  since CdS r ead i ly  comes n - t y p e  and ZnTe is na -  
t ive ly  p- type .  I t  is unworkable ,  however ,  because CdS 
and ZnTe do not  form a continuous a l loy series (9) 
and hence form an ab rup t  he te ro junc t ion  ful l  of non-  
rad ia t ive  interface states (Fig. 1). Besides, inject ion 
into ZnTe is p redominan t  due to the  bandgap  relat ions,  
and ZnTe films are  known to be poor ly  luminescent  at 
room t e m p e r a t u r e  for reasons not  fu l ly  understood.  
This junct ion  is ment ioned  ma in ly  as a negat ive  
example .  

n-ZnSe/p-ZnTe quasihomojunctions.--ZnSe and ZnTe 
are  fu l ly  miscible  (10). Po lycrys ta l l ine  ZnSe films 
cannot be made  as h ighly  n - t y p e  conduct ing as CdS 
films, no twi ths tanding  the high n - type  conduct iv i ty  
obta inable  in ZnSe:A1, Zn single crys ta ls  (0.1 ohm- 
cm).  This is due to high in t e rg ranu la r  Schot tky  ba r -  
r iers  (11) in ZnSe films. These are  much shal lower,  or 
comple te ly  absent,  ia  CdS films since CdS has a h igher  
work  function than  ZnSe (11). 

We have found that,  even wi th  h igh ly  n - t y p e  ZnSe 
s ing le -c rys ta l  substrates,  ep i t ax ia l ly  grown n - Z n S e /  
p -ZnTe junctions,  a l though l ight  emi t t ing  (12), are  
inheren t ly  inefficient. This m a y  be caused b y  the 8% 
lat t ice mismatch  be tween  ZnSe and ZnTe leading to a 
high concentra t ion of la t t ice  defects  in the  junct ion 
and by  the anomalous  dip in the bandgap  of these 
al loys (10). The la t te r  is now expla ined  by  in t e rmed i -  
ate bands  formed by  isoelectronic t raps  (13) which 
form a "sump" wi th in  the  junct ion  coinciding with  
the  d is turbed  crys ta l  a rea  (Fig. 2), thus enhancing 
nonrad ia t ive  recombinat ion.  In addit ion,  it  is known 
that  even homogeneous  ZnSe0.s0Te0.4o single crysta ls  
are  poor ly  luminescent  at  room t empera tu r e  (14). 

n-CdS/i-ZnSe/p-ZnTe n-i-p quasihomojunctions.--In 
this sandwich structure,  d e s i g n e d  to avoid the former  
pitfalls,  one can envision electrons being in jec ted  into 
the centra l  ZnSe layer  f rom the CdS electroding layer ,  
and holes f rom the  ZnTe e lec t roding layer,  wi th  r ad ia -  
t ive  recombinat ion  occurr ing in the  insulat ing ZnSe 
l aye r  which can be doped op t ima l ly  for efficient lumi -  
nescence since i t  does not  have to compromise  wi th  
conduct iv i ty  requirements .  
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Fig. i. n-Cd$/p-ZnTe heterojunction 
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Fig. 2. n-ZnSe/p-ZnTe quasihomojunction (forward voltage ap- 
plied). 
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Fig. 3. n-CdS/i-ZnSe/p-ZnTe quosihomojunction 

We found that a true p- i -n  structure wi th  an i - layer 
thicker than a diffusion length (about 2/~) tends to be 
blocking and then  breaks  down suddenly  at  increasing 
voltage, wi th  cur ren t  constr ict ion at points,  revea l ing  
a s t rongly  negat ive  I -V character is t ics .  This is a basic, 
not much publicized, flaw which  even fol lows from 
theory  in any space -cha rge - l imi t ed  double- in jec t ion  
p - i - n  s t ruc ture  wi th  deep t raps  and s t rong recombina-  
tion, especia l ly  in the  case of "uphi l l"  in ject ion where  
the  i - pa r t  has a h igher  bandgap  than  the n-  and p -  
electrodes.  I t  occurs even if the  junct ions are  made 
gradual ,  not s teep (15). 

This undes i rab le  condit ion can be avoided by  making  
the i - l a y e r  so th in  tha t  cur rents  th rough  it are  diffu- 
sion l imited,  not field driven,  a n d / o r  by  giving the 
centra l  ZnSe l aye r  a weak  conduct ivi ty .  This s t ruc ture  
has been suggested recent ly  by  Lehmann  (16) (Fig. 3). 

A possible d r awback  of this  s t ruc ture  is tha t  the 
ZnTe elect rode absorbs tha t  emission of the  ZnSe 
which has a shor ter  wave leng th  than  red  light.  
n-ZnSe/i-ZnSeo~Teo.6/P-ZnTe n-i-p quasihomojunc- 
tions.--In the  desire  to overcome the prev ious ly  rec-  
ognized obstacles by a sui table  mate r ia l s  combination,  
the fol lowing s t ruc ture  was conceived (Fig. 4). S t a r t -  
ing wi th  a po lycrys ta l l ine  ZnSe:AI ,Zn  l aye r  (band-  
gap 2.7 eV) in which the n - t y p e  conduct iv i ty  has been 
enforced by  hea t ing  in Zn vapor,  we super impose  an 
almost  intr insic ZnSe0.4Te0.s l aye r  (bandgap  2 eV) by  
flash evaporat ion,  to be fol lowed by  a p - t y p e  ZnTe 
layer  (bandgap 2.2 eV).  Thus, we have the  converse 
case of a graded p - i - n  junction,  namely  one where  
car r ie rs  are  in jec ted  "downhil l ."  Theory  shows tha t  
such a s t ructure  al lows ve ry  high double- in jec t ion  
car r ie r  dens i ty  in the  i - reg ion  (17), a condit ion which 
is essent ia l  in o rde r  to " swamp"  nonrad ia t ive  recom- 
binat ion centers  and to avoid  negat ive  resis tance 
regions wi th  the  concomitant  cu r r en t  constr ict ion into 
f i laments resul t ing  in burnout .  This s t ruc ture  also 
permi t s  easy escape of the  bandgap  rad ia t ion  of the  
i - l a ye r  through the  e lec t roding  l ayers  which act  as 
"windows"  (17). 

However ,  an impor t an t  shor tcoming of this  s t ructure  
is tha t  l ight  emission is l imi ted  to 2 eV and that  

+ 

Fig. 4. n-ZnSe/i-ZnSeo.4Teo.s/p-ZnTe quasihomojunction. Band 
model (voltage applied). 
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ZnSeo.4Teo.e, in i ts p resen t  s ta te  of perfection,  is a 
poor phosphor  at  room tempera ture .  

Abrupt II-VI heterojunctions.--Carrier injection from 
sharp spikes.--The a-c  e lect roluminescence of ZnS 
type  powder  par t ic les  (Des t r iau  effect) is caused by  
the for tuna te  pecu l ia r i ty  of the  ZnS-Cu2S composite 
sys tem tha t  ZnS, due to i ts zinc b l ende -wur tz i t e  po ly -  
morphism,  develops l inear  defects. These act as nucle-  
ation sites for excess copper  sulfide as the  crysta ls  are  
s lowly cooled dur ing  prepara t ion .  The copper sulfide 
forms conduct ive  thin long need le - shaped  precipi ta tes .  
(These can now be made  d i rec t ly  vis ible  by  t r ansmis -  
sion e lect ron microscopy.  Before,  they  could only  
be seen by  optical  microscopy at ve ry  high copper  con- 
cent ra t ion  where  the  e lect roluminescence was almost  
concentra t ion quenched.)  

When  an a-c  field is applied,  it  r e laxes  in the  con- 
duct ing needles  and concentra tes  at  the  tips, where  
b ipolar  nonohmic ca r r i e r  inject ion into the su r round-  
ing nea r - insu la t ing  phosphor  m a t r i x  takes  place, wi th  
t r app ing  of the  holes in the  deep luminescence centers  
for ha l f  a cycle, and recombina t ion  wi th  the  then in-  
j e c t e d  electrons, in the  form of comet - shaped  sheaths 
a round  the conduct ing needles,  in the  next  half  cycle 
(18). 

A r e m a r k a b l e  fact  has to be emphasized here, since 
it gives s t rong suppor t  to our content ion tha t  d-c  
e lect roluminescence in I I -VI  compounds has a p romis-  
ing future:  the  local br ightness  in these l igh t -emi t t ing  
comets (which const i tute  only about  1/1000th of the  
to ta l  volume of the  e lec t ro luminescent  capaci tor)  is on 
the  o rde r  of 100,000 f t -L  (19). The quan tum efficiency 
is near  un i ty  (18) and can ac tua l ly  exceed 100% if 
par t ic les  are  a r ranged  in a s t r ing be tween  the elec-  
t rodes (20). The over -a l l  power  efficiency is low (but  
st i l l  on the  order  of 1%),  due to the  high ohmic losses 
of the  currents  osci l lat ing back  and for th in the  nea r -  
insula t ing crystal l i tes .  

"All  we have  to do" is to achieve these condit ions in 
contiguous large  areas, in low-res i s t iv i ty  layers  dr iven  
by  d -c  current .  

Impact-excitation or impact-ionization electrotumines- 
cence in back-biased Schottky barriers.--Impact-ioni- 
zat ion of the  la t t ice  by  e lect rons  emerg ing  f rom a 
superficial  copper  sulfide precipi ta te ,  and accelera ted  
in the  high field of a back-b iased  Schot tky  b a r r i e r  be-  
tween  the  n - t y p e  ZnS in ter ior  and the Cu2S surface, 
was pos tu la ted  ear ly  to be the  act ing mechanism of the 
Dest r iau  effect. Elec t ro luminescence  occurs as the  im-  
pac t -c rea ted  excess e lectrons r e t u r n  to the i r  ionized 
centers  at field reversa l  (21, 22). D-C e lec t ro lumines-  
cence ba~ed on this  effect (Fig. 5) was observed ea r ly  
in SiC and was found also in e lec t ro ly te -ZnO contacts  
(green EL) (23) and in s i lver  pa in t  or Aquadag -  
(n )ZnS:A1 contacts  (b lue  EL) ,  f rom 5-7V on (24), 
a lways  wi th  the  me ta l  e lect rode negat ive.  [Strangely,  
n - t ype  CdS does not  exhib i t  this  effect, poss ib ly  due 
to a pecu l ia r i ty  in the  conduct ion band  s t ruc ture  which 
prevents  e lect rons  f rom heat ing up (25).] 

Cusano found s t rong d -c  e lec t ro luminescence  (1000 
f t -L)  in his n- type ,  vapor -depos i t ed  ZnS, CdS, ZnSe, 
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and ZnCdS films when  the  superf ic ia l ly  app l ied  Cuss  
surface l aye r  was biased nega t ive ly  (26). The half  l ife 
of these  films was too shor t  for prac t ica l  applicat ions,  
p robab ly  due to copper  migrat ion.  

Vecht  p repa red  br igh t  d-c  e lec t ro luminescent  cells 
using ZnS: Cu, Mn powder  par t ic les  wi th  Cu-r ich  sur -  
faces, embedded  into a m i n i m u m  of organic b inder  
(20). Since e lect rolyt ic  cur ren ts  are  unavoidab le  in 
this  scheme and copper  is used, the l ife of these cells 
is l imited,  even though severa l  hundred  hours  are  
claimed.  The act ing mechanism is p robab ly  a combina-  
t ion of severa l  of the effects descr ibed here.  

Though easy to obtain,  impac t  ionizat ion e lec t ro-  
luminescence is inhe ren t ly  inefficient: only  a ve ry  
smal l  f ract ion of the  e lectrons passing the high-f ie ld  
region is accelera ted  up to ionizat ion ene rgy  (about  
3/2 bandgap  ene rgy ) ;  the  rest  p roduce  nothing bu t  
heat.  In cases where  impact  ionizat ion was c lear ly  the  
act ive mechanism, e]ectroluminescent  efficiencies never  
exceeded 10 -4 photons /e lec t ron ,  as theory  demands.  
Inversely ,  if h igher  efficiencies a re  observed,  impac t  
ionization cannot  be the  sole act ing mechanism.  There -  
fore, impact  ionizat ion or impact  exci ta t ion schemes 
have  no prac t ica l  importance.  

Minority carrier injection through physical inversion 
layers.--By placing a ve ry  high w o r k  funct ion meta l  
e lectrode such as P t  (5.4 eV),  A u  (5.1 eV),  or C (4.6 
eV),  onto an n - t y p e  conduct ing luminescent  c rys ta l  of 
low elect ron affinity (ZnS and ZnSe about  3 eV, CdS 
4 eV),  the resul t ing Schot tky  ba r r i e r  becomes so steep 
tha t  a phys ica l ly  induced p - t y p e  surface l aye r  is 
fo rmed (Fig. 6). F o r  instance, carbon deposi ted onto 
an n - t y p e  ZnSe:A1 crys ta l  leads  to l ight  emission 
(yellow, hv -~ 2.1 eV) f rom only 1.5V on (contact  
posi t ive)  (27). The effect is enhanced if a th in  insula t -  
ing film is interposed,  for  instance by  using Aquadag  
(g raph i te  dust  which has a t race  of s i l icate b inde r ) .  
Green  l ight  emission has ben  obta ined in an e lec t ro-  
ly te -ZnS  contact  using fuming  sulfuric  acid (o leum),  
which has a "work  funct ion" of 7 eV and does not  
a t t ack  ZnS (28). 

We have  obta ined  blue inject ion e lec t ro luminescence  
(hv ~ 2.6 eV) f rom only 2V on when we contacted 

- ~ - L  ~ _ 
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Fig. 5. Impact ionization electroluminescence in back-biased Fig. 6. (a)--top and (b)~bottom, Electro|uminescent physical 
Schottky barrier, inversion layer. 
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rig. i. r l e l o - e r r e c t  e l e c r r o l u m l n e s c e n r  oev lce  

highly n - type  ZnS:A1 crystals (1 ohm-cm) 2 with 
Aquadag. The blue light emission was brighter, and 
the efficiency higher, than similar blue light obtained 
from GaAs LEITs coated with up-conversion phos- 
phors. The discrepancy between the energy of the 
emitted light and the applied voltage is explained in 
Ref. (27). 

If one uses a p- type luminescent  semiconductor such 
as ZnTe, the relations are inversed: by contacting the 
crystal with a low work function metal  such as Ba 
(2.5 eV), light emission is obtained from very low 
voltages on (metal  negative) .  Again, the effect is 
enhanced if a th in  insulat ing layer is interposed, which 
can be an intr insic surface layer of the host crystal 
itself (30). The efficiency is lower than  with n- type  
crystals since ZnTe has poor luminescent  properties 
at room tempera ture  in its present  state of develop- 
ment.  

The decisive shortcoming of this scheme is that the 
number  of injected minor i ty  carriers is by far ex- 
ceeded by the number  of major i ty  carriers which flow 
out of the crystal into the metal  electrode. 

Field-ef]ect electroluminescence.--The formation of a 
superficial physical inversion layer  due to the work 
function difference between contacting metal  and 
luminescent  semiconductor can be enhanced artificially 
by using the field effect. If one interposes an insulat ing 
film between metal  and semiconductor, one can apply 
an external  potential  in the same way as it is done in 
MOS and TFT transistors, except that one has to make 
the field effect so strong that  conversion to the opposite 
type, not just  to the insulat ing state, is achieved. 

Whereas an a-c scheme based on this idea has been 
proposed by Kahng (31), a d-c s tructure which holds 
definite promise has been proposed, and reduced to 
practice using silicon as a model substance, by A. M. 
Goodman 3 (Fig. 7). A strong depletion layer induced 
by the negat ively biased gate electrodes drives the 
n - type  conducting luminescent  semiconductor layer 
toward p-type.  A high work funct ion "source" elec- 
trode injects holes into this inver ted channel.  As soon 
as these holes drift  toward the "drain" electrode and 
emerge from the inverted region into the n - type  
region, they recombine with electrons radiatively. A 
structure simpler than shown in Fig. 7 has been de- 
signed so that, in principle, a mul t ie lement  panel  could 
be fabricated by successive vapor deposition through 
masks. 

A drawback of this interest ing scheme is that the 
carrier density of the injected holes can at best come 
close to that  of the charge on the gate, due to Q -- C.Y. 

Thornton's method.--An amazingly bright  d-c electro- 
luminescent  s tructure (more than 1000 f t -L) was em- 
pirically developed by Thornton (32). At the present  
t ime it is still the best I I -VI  d-c EL scheme available, 

= I n s u l a t i n g  ZnS:50~0 p p m  AI (Eagle  P i c h e r  C o m p a n y )  c rys ta l s  
we re  t r e a t e d  i n  Z n  u s i n g  t he  A v e n  m e t h o d  (29): t he  c rys t a l s  w e r e  
h e a t e d  fo r  12 h r  a t  850~ s u b m e r g e d  in  Z n  in  a sea led  q u a r t z  am-  
poule ,  the  l i q u i d  Z n  s h a k e n  off the  c rys t a l  before  so l id i f i ca t ion  to 
p r e v e n t  c r a c k i n g  of the  crystals .  

3 P e r s o n a l  c o m m u n i c a t i o n .  

even though it was abandoned due to its l imited half 
life. Only now, after a long dormancy period, is work 
on this scheme being resumed. 

A ZnS:Mn,Cu,C1 film is vacuum deposited onto a 
heated or af ter-baked t ransparen t  conducting gla~s 
substrate. The back electrode must  be applied in such 
a way that  there is a very thin insulat ing interlayer.  
A l u m i n u m  or Mg is best, because they form this in ter -  
layer by solid-state electrolysis. After  a "forming 
period," br ight  yellow light typical  of the manganese  
center  is emitted at the anodic metal  contact. This is 
an indication that hole inject ion takes place, even 
though the I -V characteristics show that  this is not 
the "ohmic" inject ion known from p - n  junctions.  
Rather, it is a form of high-field inject ion in  which 
the insulat ing film and the needle-shaped copper sul-  
fide precipitates play an impor tant  role. Aging occurs 
if the insulat ing film becomes too thick (33) and is 
due to migrat ion of copper ions which are mobile in 
high fields even at room temperature.  

Light emission has been observed from 2V on (32), 
which rules out impact ionization as the sole mechan-  
ism. 

Thin-film tunnel injection electroluminescence.--This 
scheme is a logical development  from the preceding 
one. If a very th in  insulat ing film is interposed be-  
tween the luminescent  semiconductor and the metal  
electrode, the potential  drop across this film leads to a 
shift between the Fermi  levels in such a way that 
holes from the metal  can now tunne l  through the in-  
sulat ing film into the valence band of the semiconduc- 
tor, where they can recombine with electrons from 
the conduction band  [Fig. 8 (a ) ] .  Light emission is 
observed, but  this principle (34, 35) never  became very 
popular due to low quan tum efficiency and frequent  
breakdown of the insulat ing film. The reasons for this 
failure are scrutinized here for the first time. 

The main  shortcoming which must  be explained is 
the low ratio of minor i ty  carrier inject ion over ma-  
jor i ty  carrier extraction. The relations of the band-  
gaps and electron affinities of the materials  in contact 
play an impor tant  role. Figure 8(a) shows a case 
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Fig. 8. Possible conditions in thin-film tunnel-injection electro- 
luminescence. 
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where  m a j o r i t y  ca r r i e r  ou t - tunne l ing  is s t ronger  than 
minor i ty  car r ie r  in- tunnel ing,  s imply  because the  ba r -  
r ier  for  holes is h igher  than  tha t  for electrons. The 
case in Fig. 8 (b) is more  desirable.  These re la t ions  at 
the  contact  can now be de te rmined  expe r imen ta l ly  by  
the use of in terna l  photoemission (36). 

However ,  Fig. 8 ( a ) , ( b ) , ( c )  descr ibe  an ideal ized 
si tuat ion which m a y  never  occur in real i ty .  I t  is more  
l ike ly  tha t  the  th in  insula tor  film is t ho rough ly  dis-  
turbed:  Fig. 8 (d) shows tunnel ing to and f rom surface 
states wi th in  the  forb idden  gap of the luminescent  
semiconductor;  Fig. 8(e)  shows tunnel ing  through 
defect level  bands.  Apparen t ly ,  these si tuat ions in 
which  the  in jected car r ie rs  do not  a r r ive  in the re-  
spect ive conduct ion or valence band  but  somewhere  
wi th in  the  bandgap  occur most of the  t ime. I t  was  
a lways  a puzzle why  tunne l  inject ion e lec t ro lumines-  
cence could only  be obta ined with  films of 300A th ick-  
ness or more, which should be comple te ly  impervious  
to tunnel ing ( theory  demands  tha t  80A be the  max i -  
m u m  thickness) .  

A p a r t  f rom the poss ibi l i ty  of inject ion through defect  
level  bands,  another  explana t ion  for  the  pene t ra t ion  
th rough  re l a t ive ly  th ick  films m a y  be " F o w l e r - N o r d -  
he im tunnel ing"  [Fig. 8 ( f ) ] :  if  the  appl ied  vol tage is 
high enough, the car r ie rs  do not  have  to pene t ra te  the 
whole  film bu t  emerge  f rom the tunnel  into the  con- 
duction band of the  insulator.  There  they  are  acceler-  
a ted by  the field and then  pene t ra te  into the  lumines-  
cent semiconductor  conduction or  valence band. 

Improved II-VI heterojunction structures.--As we 
have  seen, al l  the successful  schemes descr ibed so far  
have been developed qui te  empir ical ly .  Wi th  the be t te r  
surv iew tha t  we now have gained, we should be able 
to design a be t te r  s t ruc ture  which avoids the  recog-  
nized pi t fa l ls  and uses al l  the  advantages.  

The envisioned opt imized s t ruc ture  should have  the 
fol lowing features.  

(a) Use a h ighly  n - t y p e  luminescent  layer ,  to 
avoid ohmic losses. ZnS:Mn,A1,C1, ZnSe:AI ,  Zn, and 
CdxZnl-xS:In,C1 can be made  qui te  conduct ing whi le  
re ta in ing  the i r  luminescent  p roper t ies  (37). 

(b) Avoid  strong copper  doping to p reven t  rap id  
deter iorat ion.  

(c) F o r  hole injection,  use a h igh -work - func t ion  
back  e lec t rode  wi th  a super imposed  thin  film wi th  low 
electron affinity to bui ld  a ba r r i e r  for  ha rmfu l  e lectron 
ext rac t ion  and a bandgap  which eases hole injection. 
The ma te r i a l  must  be chemical ly  ve ry  s table to p re -  
vent  changes by  so l id-s ta te  electrolysis.  

(d) The t r anspa ren t  conduct ing f ront  e lectrode 
mus t  m a k e  good ohmic contact  to the  conduct ion band 
of the  luminescent  layer .  

As a resul t  of this  study,  we have conceived a new 
structure,  " semibar r i e r  inject ion electroluminescence,"  
for which  severa l  possible  mate r i a l s  combinat ions 
exist  (38). One possible configurat ion is shown in 
Fig. 9 (2). 

+ 

/ 
/ 
BeS 
BeSe 
BeTe 

p 

ZnSe:At CdS - I n  

Fig. 9. One possible configuration of our new semibarrier elec- 
troluminescent structure. The Be-chalcogenide film can be pre- 
pared by reactive sputtering, 
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The insula t ing film is made  so th ick  (e.g., 5000A) 
that  tunnel ing  th rough  it, even b y  means  of defect  level  
bands, becomes impossible.  The e lect ron affinity is so 
low tha t  this ba r r i e r  also becomes insurmountable .  In  
this  way, m a j o r i t y  car r ie r  ex t rac t ion  is curbed. 

To ease hole injection,  the bandgap  of the insula tor  
and the work  function of the contact ing meta l  are so 
chosen tha t  the  holes can flow through  this film as 
s ingle-carr ier ,  space -cha rge - l imi t ed  current .  Thereby,  
they  a t ta in  a high veloci ty  so tha t  they  pene t ra te  into 
the luminescent  layer ,  away  from the surface states. 
The mate r ia l s  have to be selected so tha t  these surface 
states a re  harmless.  4 Act ive  work  is in progress  to 
real ize this s t ructure.  

Conclus ion  
The problem of inject ing holes into n- type ,  lumines-  

cent I I -VI  films in the absence of p - n  junct ions  is st i l l  
not solved in a sa t is factory  way.  The solution is of 
grea t  technica l  importance.  Fo r  the first t ime, the many  
exis t ing a t tempts  are surveyed  here  sys temat ica l ly  
and the i r  advantages  and shortcomings discussed. New 
solutions are  proposed.  I t  is hoped tha t  this  wi l l  s t imu-  
late  fu r the r  progress.  The most  impor t an t  r equ i rement  
is a consistent  well-s taffed,  l ong - t e rm research effort. 
Up unt i l  now, work  in this  field has l ingered  along in 
many  scat tered,  one-man,  p a r t - t i m e  programs,  mainly  
depending on serendipi ty .  
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A n y  discussion of this  paper  wil l  appear  in a Dis-  
cussion Section to be publ ished in the  December  1971 
JOURNAL. 

~We h a v e  f o u n d ,  for  ins tance ,  t h a t  the  i n t e r f ace  n - C d S / i - Z n S ,  
w h i c h  has  a s tep  of 0.8 eV b e t w e e n  t he  r e s p e c t i v e  c o n d u c t i o n  bands ,  
does no t  i n t r o d u c e  r a d i a t i o n l e s s  t r an s i t i ons ,  desp i t e  t he  m i s m a t c h  
in  l a t t i ce  cons tan t s  (1). Th i s  t e s t  was  m a d e  o b s e r v i n g  p h o t o l u m i -  
nescence  a t  a Z n S - c o v e r e d  CdS i n t e r f a c e  exc i t ed  by  4200A rad ia t ion .  
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Connections between Color Center Phenomena 
and Luminescence Phenomena in General 

Herbert N. Hersh* 
Zenith Radio Corporation Laboratories, Chicago, Illinois 60639 

ABSTRACT 

Alka l i  ha l ide  research has occupied a centra l  posi t ion in so l id-s ta te  physics. 
Its teachings are  t r ans fe rab le  to o ther  fields. A modern  synthesis  of a lka l i  
ha l ide  research  re levan t  to luminescence phenomena  in genera l  is presented.  
The re la t ionship  be tween the mechanisms of colorat ion and luminescence in 
a lkal i  ha l ides  is described.  The concepts of nonmoving exci tons and of se l f -  
t r app ing  are  discussed and used to expla in  intr insic  luminescence in al l  
a lka l i  ha l ides  and the scint i l la t ion mechanism in t ha l l i um-ac t i va t ed  a lka l i  
ha l ides  in an a tomist ic  way. The possible impor tance  of se l f - t rapping ,  la t t ice  
re laxat ion,  in te rna l  metas tab le  states, molecules  in crystals ,  etc., in the  
luminescence of some convent ional  phosphors  is pointed out. 

When  p repa r ing  this paper ,  I thought  it  might  be of 
in teres t  to choose a topic tha t  bordered  on lumines-  
cence but  was one field away.  For  a lmost  30 years,  
physicists  and physical  chemists  have spent  mil l ions  
of dol lars  pe r  yea r  and mil l ions  of man-hou r s  s tudying  
color centers  in a lkal i  halides.  The sponsors of this  
research have suppor ted  it, not  because  color centers  
a re  beaut i ful  (which they  are)  or  useful  (which they 
are not) ,  but  on the  grounds  tha t  wha t  t hey  would  
learn  about  them would  be appl icable  to technologic-  
a l ly  more  useful  mater ia ls .  By  and large, the research 
has gone on but  the  impl ic i t  promise  to app ly  the  ac-  
quired knowledge  was never  r ea l ly  kept.  I would  l ike 
to examine  some of the  outcomes of a lka l i  ha l ide  re -  
search and point  out  those concepts which  come 
th rough  s t rongly  in this  field and m a y  have re levance  
to luminescence in general .  This wi l l  touch on the de -  
ta i led  work  of m a n y  people in a wide  but  selected 
va r i e ty  of topics (1) but, more  impor tan t ly ,  I shall  
be s t r iv ing to ex t rac t  b road  but  s imple  ideas which 
m a y  be useful  in o ther  fields of work.  

We s tar t  wi th  a definit ion of an F center :  an elec-  
t ron t r apped  at  a ha l ide  ion vacancy  (1). In  the first 
approximat ion,  this  is an ionic model,  since the  e lect ron 
occupies a la t t ice  site of posi t ive potent ial .  In  rea l i ty ,  
however,  the  e lect ron is shared  among sur rounding  
neighbors.  This l a t t e r  p ic ture  of the F center  is ab-  
solute ly  es tabl ished b y  EPR and ENDOR exper iments .  
The F center  gives r ise to a character is t ic  absorpt ion 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  words ,  a lka l i  ha l ide  crys ta ls ,  luminescence ,  color  centers ,  

exc i tons ,  scint i l la tors ,  

in the c rys ta l  which is responsible  for the  var ious  
colors and other  p roper t ies  seen in different  a lka l i  
halides. F centers  m a y  be made  in a number  of ways,  
such as i r rad ia t ing  the  crys ta l  wi th  neutrons,  x - rays ,  
or electrons,  or chemica l ly  doping wi th  a s toichio-  
metr ic  excess of alkali .  

When  ionizing rad ia t ion  is used, holes are  also gen-  
e ra ted  and these g ive  r ise to addi t ional  absorpt ion  at  
shor te r  wave lengths  than the F band which do not  ap-  
pea r  when only e lec t ron-dona t ing  a lka l i  a toms are  
chemical ly  added. Af t e r  being colored, the crys ta ls  ex -  
hibi t  such proper t ies  as photoconduct ivi ty ,  pa r a magne -  
tism, luminescence and opt ical  absorption,  photochrom-  
ism, etc. Figure  1 shows a typ ica l  absorpt ion  spec t rum 
of an x - r a y e d  crystal .  

Al though  a lot of effort has successful ly gone into 
ident i fy ing and expla in ing  the  proper t ies  of color cen-  
ters, the  big p rob lem p laguing  color center  workers  is 
not how electrons and holes are  shuffled a round  by  
the radia t ion;  it  is the  fact  tha t  the  rad ia t ion  produces  
halogen ion vacancies. The genera t ion  of these vacan-  
cies would  be concept ional ly  s imple if neutrons  had 
been used to knock  halogen ions into the  interstices,  
but  x - r a y  photons and l ow -e ne rgy  electrons are  also 
effective and these have  almost  no momen tum to 
t r ans fe r  to the h e a v y  halogen ion to cause i t  to move 
to an in ters t i t ia l  position. We shal l  come back  to this  
point, but  first I would  l ike  to make  a few genera l  
comments.  

I t  is wel l  known tha t  most  a lka l i  hal ides  crys ta l l ize  
in the NaC1 s t ructure ,  a re  good insulators ,  have  large 
binding energies and bandgaps,  and are  t r anspa ren t  
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Fig. i. Absorption bands produced by x-raying KBr at 2~ The 
x-rays result in (a) the displacement of a bromide atom which 
then forms an interstitial Br2- molecule (called the H center), 
and (b) the simultaneous formation of a bromide vacancy which 
traps an electron to form the F center. 

from the near  ul t raviolet  to the far infrared.  Simpli-  
fied representat ions of the energy bands of an alkali  
halide have been used to explain m a n y  of the optical 
and electrical properties of these insulators (1). The 
transi t ions to the exciton levels and the conduction 
band are believed to be responsible for the strong ab- 
sorptions in the ul t raviolet  region. However, we note 
(a) that the energy band  representat ion has not been 
a very useful  one in explaining coloration processes 
or in predicting or unders tanding  the nature  of the 
intrinsic luminescence, and (b) it is more useful to 
regard the positive hole as a halogen atom (as will  be 
seen). 

The most decisive exper imental  technique in the 
radiat ion physics of alkali halide has been electron 
spin resonance, developed only in the  later  stages of 
the long history of color center studies. The most 
radical departure  from convent ional  points of view 
has been the idea that  not all color centers are ionic 
as formerly  supposed; some of them, the so-called V 
centers, are stabilized by strong covalent forces which 
operate between atoms and ions in ionic crystals. 

As shown below, F-center  luminescence studies have 
revealed the importance of relaxed excited states, 
while  impur i ty  luminescence studies have exposed 
the na ture  of so-called metastable  states; and studies 
of the intrinsic luminescence of undoped alkali halides 
have i l lustrated the importance of covalent bonding 
and of the competit ive relationship between lumines-  
cence and one kind of nonradia t ive  de-exci ta t ion 
(viz., color center  format ion) .  

F Center Luminescence and Relaxed Excited States 

The luminescence properties of an electron trapped 
at an unoccupied lattice site are quite per t inent  to the 
general  theory of solid-state luminescence. The usual  
EPR studies describe the F center electron only in its 
ground state (2). It  is the optical excitation of the 
electron from this S-l ike state to higher excited states 
that  gives rise to the characteristic colors of the var i -  
ous alkali halides. At low temperatures,  i r radiat ion in 
the F band efficiently excites luminescence at longer 
wavelengths (3). In  KBr, the emission spectrum has a 
max imum at about 1.2~, corresponding to a Stokes 
shift of almost 1 eV. The luminescence is very easily 
quenched by other impuri t ies  and by F centers them- 
selves. In  KC1, the quan tum efficiency is approximately 
un i ty  at temperatures  below 78~ but  drops off sharp- 
ly with tempera ture  in a small  temperature  region 
between 90 ~ and 125~ In  this same temperature  
region, there is a sharp increase in photoconductivity 

Fig. 2. Excitation and emission spectra (lower), and schematic 
representation of the luminescence of a relaxed F center. The 
relaxation is caused by the outward motion of neighboring ions and 
the delocalization of the excited electron. 

due to the fact that  the F center  can ei ther  be ther-  
mal ly  ionized from its excited state or emit light. 

Faraday  rotation experiments  (4) show that  the ex- 
cited state of the F center is P- l ike  but  the individual  
P states are unresolved. However, the fluorescence 
lifetime of 1 ~sec is too long for a simple allowed 
P- to-S  downward transit ion.  It  is therefore general ly 
believed that the F center in its excited state strongly 
interacts with the surrounding ions to form a new, 
relaxed-excited state, as indicated in Fig. 2. It is pre-  
sumed that, after excitat ion to the bound  P state, the 
surrounding positive ions immediate ly  move outward 
to new equi l ibr ium positions; and, dur ing this process, 
the P state crosses an excited state quite different in 
physical character and symmetry,  from which the 
transition, a quas i -S- to-S  transition, proceeds with 
lower probabil i ty  and hence longer lifetime. The con- 
cept which has been developed is this: an excited 
electronic system in  a polarizable crystal  will, in gen- 
eral, give rise to dynamic adjustments  of the ions (as 
well  as the electrons) resul t ing in  relaxed-exci ted 
states; these states may  be physically different from 
the ini t ial  excited states in character and symmetry.  
Thus, two configuration coordinate models are needed 
(as in Fig. 2), one to describe the absorption and the 
second to describe the emission. Substances like Ge or 
GaAs are not sufficiently polar to give rise to obvious 
effects caused by lattice re laxat ion but  sulfides and 
oxides might be. Substances having radical ions such 
as molybdates, tungstates,  and vanadates  are probably 
impor tant  candidates for bu i l t - in  nuclear  re laxat ion 
processes and relaxed-exci ted states. 

It is interest ing that  one can distinguish two kinds of 
electron centers in alkali  halide crystals, exemplified 
by the F center ( intr insic to the pure crystal) and by 
the electron which is t rapped at an impur i ty  (and 
which is often the basis of photochromism in inorganic 
materials) .  Chemically speaking, they both correspond 
to the reduction of a cation. In  the case of the F center, 
the electron resonates among identical alkali ions; in 
the case of an impuri ty,  e.g. T1 + or Ag +, the electron 
is in the immediate  vicini ty of one impur i ty  ion and 
usual ly more t ight ly bound. The F-cen te r  electron 
(whose center-of-charge is at a halide ion site) is 
shared among the neighboring surrounding alkali ions; 
it is thus an "inside-out" atom as contrasted, say, to 
a silver atom in an alkali  halide, where the electron 
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Fig. 3. Absorption bands of TI + in an alkali halide. The cross- 
hatching indicates the lattice absorption (after Seitz). 

surrounds (or is on the outside of) the Ag ion. Unlike 
the alkali  atoms, the P1/2 level is above the P~/2 in the 
F center. This inversion of the P levels is a property 
of an electron in  a cage of surrounding nuclei  ra ther  
than of an electron surrounding a nucleus (as in the 
case of T1 ~ or Ag ~ and gives rise to a negative spin- 
orbit coupling which has been inferred from Faraday 
rotat ion and circular dichroism experiments  (5). (In 
the case of the  cesium halides, the spin-orbi t  spli t t ing 
is sufficiently large to give rise to resolved structure in 
the F -band  optical absorption which is absent in the 
other alkali  halides.) 

Impurity Luminescence and Metastable States 
The phosphor usual ly described as archetypical in 

most solid-state physics books is KCI: T1. Tha l l ium-ac-  
t ivated bromides and iodides are completely analogous 
in their properties, and similar  phenomena occur in a 
var ie ty  of doped crystals such as KBr:  In, KCI: Ag, etc. 
Figure 3 shows the we l l -known schematic optical ab- 
sorption spectra of a tha l l ium-act ivated  alkali  halide. 
The energy levels of T1 + are analogous to those of 
atomic Hg and are split by  spin-orbi t  interactions in 
the crystal. The ground state is 1So and the first excited 
states are zP0.1.2 (the J ~ 0, 2 states being metastable) 
and 1P1. The 1S0-1P1 t ransi t ion is ordinari ly  the 
strongest (C band) .  The selection rules are not strictly 
obeyed and the 1S0-3P1 is also a strong t ransi t ion as in 
the case of Hg (A band absorption) ; the lS0-3P2 also is 
weakly allowed (B band) .  When excited optically in 
the A, B, or C bands or with x-rays,  fluorescent emis- 
sions occur at longer wavelengths.  KCI: T1 is usual ly 
classified as a nonphotoconducting phosphor (6) but  it 
is not; in some luminescence processes, free electrons 
and holes play a major  par t  (as will be seen). The ob- 
ject of this section is to show that  recent research does 
away with the idea of in te rna l  metas table  states such 
as the 8P0 and 3P2 funct ioning as traps, a concept which 
had been invoked to explain phosphorescence effects 
noticed at low temperatures  (7). Extensive and very 
detailed experiments  prove that  such int ra-a tomic 
states are not responsible for the phosphorescence and 
that  there is a real separation of charge giving rise to 
this energy storage (8). This is i l lustrated by the fol- 
lowing example in which an infrared image is con- 
verted to a visible one in a KI: T1 crystal wi thout  elec- 
tro-optic scanning or high voltages. 

If one takes a t ransparen t  crystal l ine plate of a 
Tl-act ivated alkali  halide at dry ice or l iquid ni t rogen 
temperature,  energy can be stored in it by i r radiat ing 
for a few seconds with x~rays. Then the crystal  is in 
the inf rared-s t imulable  or "pumped" state. If an in-  
frared image is focused on the surface of the crystal, 
it is t ransduced to a visible image with high sensitivity 
and resolution (Fig. 4). So long as the temperature  is 
main ta ined  below a certain value, the crystal remains  
in the "pumped" state and is ready for use. The color 
of the emission depends on the activating impur i ty  and 
the host. What  is the physical  na ture  of such a l ight-  
storing crystal? It was previously thought  this was 
due to some metastable states of T1 + but  this is not 
so. In  the case of KI:  TI, work has been performed (9) 
which yields the following answer: 

Fig. 4. Schematic of IR image converter using a thallium-acti- 
vated alkali halide. 

1. Before pumping,  the crystal  contains K +, I - ,  and 
a small percentage [say 1 a/o (atom per cent)]  of 
T1 + occupying K + sites. After  pumping,  there are some 
neut ra l  tha l l ium atoms as a result  of electron t rapping 
and some T1 +2 as a result  of hole trapping. 

2. I r radiat ion with infrared light releases electrons 
from the T1 atoms which recombine with the t rapped 
holes, restoring the crystal to its former condition 
with the emission of light (Fig. 5). These processes of 
storage and infrared st imulat ion may  be summarized 
by the following equations: 

K I : T I ~  e Jr- h [1] 

e ~ T1 + -~ T1 [2a] 
storage 

h -t- T1 + ~ T1 +2 [2b] 

T1 ~ hvm --~Az-> T1 + -P e [3a] 
s t imulat ion 

- >  

e ~ T1 +2 -> T1 + * -> T1 + ~- hv [3b] 

(The broken arrow indicates a photoreaction.) 

This picture of what  happens is supported by de- 
tailed studies of the energy-s tor ing state, using tech- 
niques of optical absorption, electron spin resonance, 
thermoluminescence,  photoconductivity, and emission 
and excitation spectroscopy (10). The above over-al l  
reaction is the direct antithesis of the concept that  
in terna l  metastable states of the T1 +1 ion (sPo and 3P2) 
are responsible for energy storage. 

On the basis of these detailed low-tempera ture  
studies, which isolate the individual  recombinat ion and 
ret rapping steps, the atomistic mechanism by which 
tha l l ium-act iva ted  gamma ray  detectors operate at 
room tempera ture  has been pieced together (11). This 
is based on the reasonable assumption that the scin- 
t i l lat ion mechanism at room temperature  is simply 

ALKALI HALIDE 

(a) (bl  (c) 

2 ~ ) ' - ' ~ " "  �9 + ~ 2@+hv 
TZ* TL +2 TZ TX + 

Fig. 5. Heavily doped KI:TI crystal (a) before x-irradiation, (b) 
after x-irradiation, and (c) during IR excitation, at 78~ 
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the appropriate t ime-sequent ia l  composite of the steps 
frozen out and studied at low temperatures  which lead 
to emission. 

The above reactions apply only to a heavily doped 
phosphor, e.g. 10-1-1 a/o T1 +. If more lightly doped, 
the hole is not only t rapped at a T1 +1 but  is self- 
trapped as well, i.e. t rapped at an I -  ion. The hole 
(which is chemically equivalent  to a halogen atom) 
immediately forms a molecular  bond wi th  a halide ion; 
the result ing Xe-  molecule (where X is any halogen) 
has been unambiguous ly  identified by EPR. Electrons 
may recombine with X2- centers as well  as T1 +~ ions. 
The generat ion of the self- trapped hole (X2- center)  
is of great significance. The over-al l  reaction is in-  
dicated by the following for a l ightly doped KCI:Ag 
crystal exposed to x- rays  or cathode rays (12). 

KCI: Ag + --~A/--> Ag + C12- [4] 

It  is basically an electron t ransfer  followed by a 
dark reaction between the chlorine atom and a neigh-  
boring chlorine ion, viz. 

C1- "--~/~r--> C1 ~ + e (electron transfer)  [5a] 

e +  Ag + ~ Ag [5b] 

C1 ~ + C1- -~ C12- [6] 

The identification of this center (also called the V~ 
center) was the first positive proof (a) that  molecules 
could exist in ionic crystals and (b) that  simple holes 
cannot exist in alkali  halides. The molecule formed 
by the atom and a neighboring ion has a uni t  positive 
charge with respect to the crystal and occupies ordi- 
nary  subst i tut ional  lattice sites of the halide sub-  
lattice (although it is pulled together by the covalent 
bond) (13). With alkali  halides, the concept of self- 
t rapping is seen in  very simple terms as the forming 
of a chemical bond with a ne ighbor ing ion. It  is easy 
to see that a moving electron trapped by the molecular 
center will  restore the crystal to its original condition: 
i.e., the X2- acts like a hole. The reason simple holes 
cannot stably exist is that they are trapped by sur-  
rounding halogen and impur i ty  ions. 

The important  concepts to arise from these studies 
of impur i ty  luminescence in alkali halides are these: 
(a) in te rna l  metastable  states of atoms do not act 
as long-l ived traps: (b) for all  practical purposes, 
holes in alkali  halides are equivalent  to halogen atoms; 
and (c) covalently bonded atoms can exist in ionic 
crystals. 

Intrinsic Luminescence 
Only a few years ago, it was shown conclusively that 

undoped alkali halides are phosphors, excitable by 
ul traviolet  radiat ion and x- rays  (14). The existence of 
this intrinsic luminescence (which occurs only at very 
low temperatures)  is of fundamenta l  significance and 
leads to some interest ing concepts, the most provoca- 
tive of which is that  in alkali  halides simple excitons 
cannot  move far and probably cannot move at all. 

It has been shown that, when  electrons interact  with 
self- t rapped holes (X2- molecules),  there is a charac- 
teristic luminescence which is identical to that  pro- 
duced by ultraviolet  i r radiat ion (15, 16) in accordance 
with 

e -k X2-  -> 2 X -  ~ hv [7] 

Process [7] occurs only at sufficiently low tempera-  
tures. The recombinat ion has been conceived to be due 
to a t ransi tory excited molecule, X2 =*, composed of an 
X2- molecule and a more loosely bound electron, as 
indicated in [7]. This has been conclusively proved 
using EPR and polarized luminescence techniques (15) 
(since the X2- is anisotropic as well as paramagnet ic) .  

It is useful  to consider the various ways in which 
the X.,_ =* center can be formed. Theoretically, an X,2 = 
molecule must  be derived from two nonequivalent  X -  
ions for there to be net b inding (i.e., one of the X -  

ions must  be excited);  it follows therefore that  it can 
be formed without  first forming a free electron (i.e., 
w i t h o u t  recombina t ion) .  We may thus write down the 
process of intrinsic luminescence in undoped alkali 
halides excited by ultraviolet,  nonionizing light as 

X -  -b hv --~///---> X - *  (Frenkel  exciton) [8] 

X - *  + X - - ~  X2 =*-~ 2 X -  q- hv 
( intr insic luminescence) [9] 

The exciton is thus explicit ly identified atomistically 
as an excited (localized) X -  ion. Because there is 
always an unexci ted halide ion next  to it, the exciton 
in such polar crystals will probably never  move but  
be trapped instead. The X2 =* molecule is thus a self- 
t rapped excitonic molecule. When self- trapped at low 
temperatures,  it relaxes radiat ively  and the const i tuent  
halide ions s imultaneously  resume their  normal  sepa- 
ration on the halide sublattice. An  interest ing fact 
about the intrinsic luminescence center in the alkali  
halides is that it is produced by the irradiation,  and 
does not exist prior to it. Its existence points up 
the importance of ionic relaxat ion processes as well as 
exchange forces in luminescence processes. It has even 
been suggested that  the onset of photoconductivity in 
a solid does not necessarily imply  the onset of in ter -  
band transi t ions because relaxat ion can take a bound 
excited state, i.e. an excitonic state, above the conduc- 
tion band (17). 

Intrinsic Luminescence and Coloration 
The recognition of the existence and origin of in-  

trinsic excitonic luminescence in alkali  halides has 
played a very impor tant  role in studies of color center 
formation. As stated above, when F centers are pro- 
duced by x-rays,  halogen ion vacancies are also pro- 
duced. Now vacancies can only be produced by vacat-  
ing lattice ions. X- ray  photons have insufficient mo- 
men tum to cause this motion, even though they have 
plenty of energy. Thus, creating a negat ive- ion  va-  
cancy is like moving a bil l iard ball  by hi t t ing it with 
a pea. EPR studies show that an interst i t ial  halogen 
atom is ejected and forms a molecule with a neighbor-  
ing ion somewhat like the X2- center. This interst i t ial  
molecule is called the H center (18). Chemically, the 
H center, like the self- t rapped hole, is composed of a 
halogen atom and ion but  occupies one halide site 
ra ther  than  two (see Fig. 1). The impor tant  fact is 
that the interst i t ial  atom leaves behind a vacancy 
plus an electron, i.e. an F center. How does this come 
about? In particular,  where does the momen tum come 
from (19)? A reasonable mechanism is now available 
based on the observation made only a few years ago 
that  there is an inverse relat ionship between intr insic 
luminescence and coloration (20, 21). 

In KI, in a certain tempera ture  region it is now 
known (22) that, while  the radiat ion is on, the most 
pronounced phenomenon is the generat ion of intrinsic 
luminescence; after the radiat ion is tu rned  off, stable 
color centers, such as F and the X2- interst i t ial  center, 
are seen, the characteristic luminescence centers having 
disappeared. 

It was na tu ra l  to ask if the luminescence centers are 
responsible in any way for the color centers which are 
produced. The answer is, they are. In  many  photo- 
chemical systems, the onset of reaction is accompanied 
by a drop-off in luminescence. KI  exhibits this char-  
acteristic. There is v i r tua l ly  no color center formation 
below 90~ and the luminescence is very high; above 
90 ~ , there is no luminescence and the coloration rate is 
high. In photochemical systems, a luminescence center 
is often known to be the first product of photon ab- 
sorption and then the source of subsequent  photo- 
chemical products. In  the same way, the luminescence 
center  in KI  can be looked on as the generator  of the 
color center, leading to the following description of 
color center  formation: 

During x - r ay  (and even ul traviolet  excitation as 
described above),  there exists in the crystal a high 
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steady-state populat ion of X2 =* luminescent  molecules, 
some of which radiat ively decay to the ground state. 
What  happens to those that  do not? I t  has been pro- 
posed that  the X2 =* molecules are all ini t ia l ly formed 
in, or excited to, a predissociative state, that  the suc- 
cessful dissociation of some of them generates va-  
cancies and halogen intersti t ials with sufficient kinetic 
energy that  they are separated, and that  radiative 
t ransi t ions of undissociated molecules  generate the in-  
trinsic emissions. At very  low temperatures,  we get in-  
trinsic luminescence; at high temperatures,  color cen- 
ters instead, as is found experimental ly.  

It is explicit in the mechanism (21) that alkali  
halides can be colored by nonionizing l ight as well  as 
by ionizing rays; i.e., the threshold energy is of the 
order of 6-10 eV, and not thousands of electron volts as 
previously thought. Near ul t raviolet  light is nonioniz-  
ing. Ultraviolet  colorability experiments  are in accord 
with this (22). EPR evidence has recent ly come forth 
(23) which shows directly that, when  an electron com- 
bines with a self- trapped hole (Xe- )  at sufficiently 
high temperatures,  an interst i t ial  halogen atom and a 
vacancy are formed. This provides fairly conclusive 
evidence for an excitonic mechanism in accordance 
with the following (21) 

uv 
X- + X- --~V-~ X2 =* 

formation of self- trapped exciton [10] 

X._, = * ---> Xi + ~ + X -  formation of H and F centers 
[11] 

Thus, through the formation of a covalent bond be- 
tween the excited and a normal  hal ide ion, the poten- 
tial energy imparted to the ion by  an almost moment -  
less photon can be converted into kinetic energy: suffi- 
cient momen tum has been gained to move a massive 
ion. We can thereby explain both color center forma- 
t ion (a special type of nonradia t ive  process) and in-  
trinsic luminescence by one general  mechanism and 
see clearly the relationships between them. 

Applications of Alkali Halide Research 
We now know a good deal about  color centers in 

alkali  halides. The proof of this is that, as described 
above, we know what  atoms are involved and their 
configurations; also how the atomic configurations 
come about and how they give rise to the observed 
electrical and optical properties. Thus, a good under -  
s tanding of color center production and intrinsic lumi-  
nescence in alkali  halides has been achieved. How can 
this knowledge be used? The following points suggest 
some possible relevance to other fields. 

1. Excitons and se l f - t rapping . - - In  alkali  halides, it 
has been shown that  excitons intr insical ly  do not move 
because of self-trapping. Self- t rapping has been hy-  
pothesized in oxygen-dominated  phosphors (24) and 
recent ly has been observed in tungstates (25). 

2. Latt ice re laxat ion . - -The  luminescence of F cen- 
ters and the existence of the X2-  molecule show the 
importance of lattice relaxation. In  these cases, even 
the symmetry  of the excited state is changed by lattice 
ion relaxation. Relaxation phenomena certainly play 
a role in the excited states of groups such as vanadate  
ions, and the concept of a relaxed-exci ted state prob-  
ably has general  applicabil i ty in luminescence. 

3. Covalent  bonding in ionic crys ta ls . - -The  existence 
of color centers and luminescence centers that  are 
molecular  indicates the importance of covalent bond-  
ing in ionic solids and in luminescence processes. Even 
a t rapped electron is bound part ia l ly  covalently in a 
defect. 

4. Cathodoluminescence at low electron energies . - - I t  
has been shown in  alkali halides and also in YVO4 that  
uv photons can produce the same excited state for 
luminescence as electrons. Thus, it is clear that energy 

packets too much in excess of the necessary mi n imum 
will  lead to inefficiency; i.e., it is obvious that  the 
threshold energy is physically more significant than the 
average energy to produce an event (which for high- 
energy excitation is about 3 Eg per electron-hole pair) .  
It has recent ly been shown (26) that  electrons having 
only bandgap energy (1 Eg) above the conduction 
band of CdS can give rise to direct individual  pair  pro- 
duction and recombinat ion luminescence in which the 
momen tum is conserved without  phonon participation. 
Low-voltage cathodoluminescence (below the plasmon 
energy) is not only an intr insic expectation of solids 
but  an exper imenta l ly  rewarding research area. 

5. Isoelectronic t raps . - -Even  when they come from 
the same group in the periodic table, impurit ies such 
as Ag + and B r -  added to alkali  halides can act as elec- 
t ron and hole traps (27) (as well  as activators).  This is 
because of their electron affinity relat ive to the host 
ions. Similar  effects may occur in sulfide phosphors at 
very low doping levels, as the properties of oxygen- 
containing ZnSe scintillators suggest (28). 

6. Internal  metastable  s ta tes . - -Such states exist in 
T1 + but  they do not play any  role as t rapping states in 
low-tempera ture  phosphorescence. It  is l ikely that 
all long-l ived metastable states in inorganic phosphors 
involve separation of charge; this is ent i rely different 
physically from an in ternal  meta~stable state of an im-  
purity.  

7. Penetrat ion of fast  electrons wi th  mat ter . - -Th i s  
has been studied exper imenta l ly  by examining the 
profiles of luminescence generated as a function of 
electron energy. Even using good photographic tech- 
niques, it is difficult to get precise data because of 
in terna l  reflections, etc. (29). Color center generation 
should provide a good way of examining electron pene-  
t rat ion in mat ter  and of having a permanent  record of 
the experiments.  

8. MOS and MIS devices . - - I t  is known that  metal  
oxide semiconductor devices are affected by radiation. 
Trapped charges in the oxide can affect the electrical 
properties. It should be possible to compare the radia-  
tion effects in bulk silica (amorphous and crystall ine) 
and a lumina  with effects in the oxide layer of the de- 
vice and then, just  as with alkali halides, one can do 
experiments  such as measur ing thermal ly  st imulated 
current  and luminescence on MOS devices themselves, 
and determine imperfection content, propose models 
to explain radiat ion effects, and devise ways of de- 
creasing radiation sensitivity. 

9. Elec tro luminescence . - -A  f requent ly  proposed 
model for a-c-excited electroluminescence in ZnS is 
based on field-released pr imary  electrons from im- 
bedded specks of Cu2S. Recently it has been possible to 
obtain electroluminescence from single crystals of KI  at 
low temperatures  as well  as from KI:T1 at room tem-  
perature (30). It is possible to prepare heat- treated,  
addit ively colored alkali  halide single crystals in such 
a manne r  that  they contain evenly dispersed colloidal 
specks of alkali metal. These could serve as sites of 
field emission and it should be possible in such a well-  
characterized specimen to excite electroluminescence 
and test the val idi ty of proposed mechanisms (31). 

Conclusion 
An at tempt has been made to present an eclectic 

picture of alkali halide research in highly abbreviated 
form, that  might be re levant  to luminescence and 
other fields. In alkali  halides, the mechanics of intr insic 
luminescence and color center formation are competi-  
tive. Self- t rapping of holes and excitons is a promi- 
nent  feature and it leads to the probabil i ty  that, in al-  
kali halides at least, excitons do not and cannot move. 
Considering the great variety of materials and phe- 
nomena  many  of us are working on, it is possible that 
these ideas which come through so strongly in alkali  
halide research may be applicable to other fields. 
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A n y  discussion of this paper  wil l  appear  in a Dis-  
cussion Section to be publ ished in the  December  1971 
JOURNAL. 
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For some years now, I have been absorbed with the 
need for viewing, in broad perspective, materials  sci- 
ence and engineering as an interdiscipl inary force in-  
volved in a very significant way in our major  nat ional  
issues and our individual  interests. Now this state- 
ment  can be made about other subjects, for example, 
chemistry. Chemistry, however, is a relat ively cleanly 
bounded area, recognized in its fullest interactions by 
everyone. This is not t rue about materials,  for which 
there is not even a general ly accepted definition. For 
the most part, the subject of materials  is described by 
a nondefinition; i.e., it is defined as "everything ex- 
cept," and the exceptions depend on the immediate 
purpose at hand. Electrochemistry is cer ta inly an im- 
portant  aspect of materials,  and I was encouraged to 
th ink that it would be appropriate and provide an op- 
por tuni ty  to discuss materials science and engineering, 
par t icular ly  in terms of nat ional  issues and problems, 
and the related importance of a learned society such as 
this. 

It  may be useful  to review briefly, at least as I see it, 
the genesis of materials  science and engineering as it 
is recognized today. I would then like to discuss rele- 
vant  nat ional  issues; some efforts toward providing a 
nat ional  forum, if not a nat ional  policy, with respect 
to materials;  and, finally, the position and role of the 
learned and professional societies in this scenario. 
Please keep in mind  that, whenever  I use the word 
"materials," I consider that the word "electrochem- 
istry" may either be substi tuted for it or forms a vital  
part  of it. 

First, to build up our ego a bit, I will  quote from 
Sir George Thomson, who won the Nobel Prize in 
Physics in 1937. He said: "We have for some t ime 
labeled civilizations by the main  mater ial  which they 
have used: The Stone Age, The Bronze Age, and The 
Iron Age . . . . .  A civilization is both developed and 
limited by the materials  at its disposal . . . .  Today, 
man  lives on the boundary  between The Iron Age and 
a New Materials Age." 

As a result  of the impressive developments in elec- 
trochemistry, chemistry, physics, solid state science, 
metallurgy,  ceramics, and other disciplines (all of 
which, when  integrated, become the field of materials) ,  
there has grown up a materials science and a materials  
engineering which are having a profound impact on in-  
dustry, government,  and academia, and are, therefore, 
receiving more and more at tent ion at all levels. We 
must  recognize, however, that materials  as a total 
concept, or as an identifiable segment of science and 
engineering, is really relat ively new. 

In  the United States, materials  science and engineer-  
ing were given their  s t imulus in World War II, pr i -  
mar i ly  with Federal  funding.  We had, of course, the 
mono-disciplines of metal lurgy,  chemistry, physics, 

1 T h i s  p a p e r  is  b a s e d  on  t h e  P l e n a r y  E l e c t r o c h e m i c a l  S o c i e t y  L e c -  
t u r e  p r e s e n t e d  a t  t h e  A t l a n t i c  C i ty ,  N.  J . ,  M e e t i n g  of  t h e  S o c i e t y ,  
O c t o b e r  5, 1970. 

etc., and a storehouse of fairly classical materials  from 
which the designer and product developer drew. Back- 
ground and experience were major  influences on his 
mater ia l  selection. Those with metal  backgrounds 
stayed with metals, those with chemical backgrounds 
stayed with plastics when they could, etc. For example, 
asked how to protect steel from corrosion, an electro- 
chemist would recommend electrochemical protection 
and a chemist would recommend an organic coating. 
The boundaries of the disciplines were barr iers  ra ther  
than interfaces. Communicat ion between designers and 
metallurgists  or chemical engineers was grossly in-  
adequate. 

The drastic demands of defense and, later, nuclear  
energy and space forced a change in this attitude. 
Now the requirements  tended to be expressed in terms 
of performance; for example, a material design to 
withstand "x" tempera ture  degrees, for "y" hours, 
with "z" creep under  "s" stress, wi thout  specifying 
whether  it be metal,  ceramics, intermetal l ic  com- 
pounds, a combinat ion of these, or these combined with 
bu i l t - in  cooling; or one would specify a certain elec- 
trical performance, whether  it use vacuum tubes, solid 
state devices, or special electronic concepts. Thus there 
grew the concept of materials as a system and the 
concept of the mult idiscipl ined materials  engineering. 
Simultaneously,  inspired by such demanding fields as 
electronics and progress in solid-state science as in 
single crystals and synthetic polymers, a clearer unde r -  
standing was being developed of the relat ion between 
the properties or behavior  of a substance and its basic 
electronic, atomic, and molecular  structure. It  became 
evident  that  this relationship was essentially funda-  
mental,  thus establishing a kind of commonali ty  in 
certain at t r ibutes of various materials  and minimizing 
the real differences between various types of materials.  
There also grew a materials  science, indigenous to the 
behavior of many  kinds of materials, that  tended to 
break down the barr iers  between metal lurgy,  chem- 
istry, and other disciplines. 

It was na tu ra l  that  a concern for increasing the 
avai labi l i ty of mater ia l  scientists and engineers should 
also develop. Obviously, universit ies had not been pro- 
ducing this type of individual.  At tent ion was focused 
on promoting univers i ty  courses, curricula, and re- 
search for educating and t ra in ing  students in this di-  
rection. The first step was a major  effort by the United 
States Government  to create interdiscipl inary lab-  
oratories in 17 universities.  Approximate ly  a 10-year 
program was created, which cost in the neighborhood 
of a quar ter  of a bil l ion dollars. This program is now 
near ing its end. Clearly the Ph.D.'s and other graduates 
in this field have increased substantial ly,  at least a 
fewfold. Some universit ies have created very  effective 
materials  science departments,  in many  cases, as an 
outgrowth of their  meta l lurgy departments.  At the 
same time, the interdiscipl inary efforts in some uni -  
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versit ies have been only in name; the old barr iers  be- 
tween depar tments  real ly  still existed. 

It is interest ing to note that  the onset and t rend 
toward materials  science and engineer ing also had their  
impact on industry, where  diversification has become 
common and mater ia ls -producing and mater ia ls -sys-  
tem industries have grown. Many of the larger  com- 
panies, as in aerospace, also have established their  
own laboratories of materials  science and engineering. 

The effect has been felt  even in technical  and pro-  
fessional societies: our metal  societies deal with plas- 
tics; our chemical  societies include metals; our elec- 
trical societies include materials ;  etc. The Electro-  
chemical  Society could, as justifiably as some others, 
be termed a materials  society; a rev iew of the Society 
Divisions shows coverage of many materials,  mater ia l  
processes, and mater ia l  behavior  phenomena.  

It is wor th  emphasizing also that, while enormous 
contributions have continued to be made by the more 
convent ional  mater ia ls  industries (such as those con- 
cerned with metals, ceramics, and text i les) ,  recent 
progress in solid-state science and engineering has 
shown that  the most subtle new insights (such as 
quantum electronics concepts, statistical mechanics ap- 
plied to changes in polymers,  and the la t t ice-defect  
theories of metal l ic  aggregates)  can be applied effec- 
t ively to a host of practical  problems which were  here-  
tofore t reated only with empiricism. 

In summariz ing the above, I would say that  the past 
20 years have seen a transi t ion f rom the single dis- 
ciplines of metal lurgy,  chemistry,  etc., to the mult idis-  
cipline concept of materials,  which includes all of these 
subjects and more. The single disciplines, of course, 
still exist (as they should) because they are vital. This 
change has had profound effect in industry, govern-  
ment,  and universities. It has been an important  step 
forward in optimizing design and production, by 
forcing open-minded consideration of many  competi-  
t ive materials,  techniques, and concepts, permit t ing 
wider  choice based on both improved performance and 
improved economy. It has established communicat ion 
and transi t ion be tween science and engineering. Fi-  
nally, and of ex t reme importance, it has made possible 
the concept of t a i lo r -making  or cus tom-making  mate-  
rials to satisfy very  difficult and complex requirements  
which could not be satisfied by the more conventional  
approaches. 

Electrochemists,  as such, perhaps may be referred to 
as a vanishing group. This may be an exaggerat ion;  I 
have not a t tempted to document  it. But my "gut" 
feeling is supported, for example,  by some corre-  
spondence. As a fur ther  example,  in the hundreds of 
contacts represent ing a wide var ie ty  of disciplines 
which we annual ly  make in our own Advisory  Board, 
I cannot recall  a single individual  who calls himself  
an electrochemist.  I myself, al though basically an elec- 
t rochemist  by t ra ining and many  years of practice, call 
myself  ei ther a mater ia ls  scientist or a materials  en- 
gineer, depending on my audience and what  I want  to 
achieve. Yet, as I have already indicated, e lect rochem- 
istry has many  of the same interdiscipl inary aspects as 
mater ia ls  science, al though not on so comprehensive 
a scale. Jus t  as the devotees of mater ia ls  have felt  
(at least unti l  fair ly recent ly)  that  their  subject was 
not being appreciated in terms of its t rue significance 
and importance,  that  it was being neglected and not 
being assigned an adequate pr ior i ty  in the family  of 
scientific and technological  subjects, so the charge is 
now being made that e lectrochemistry  as a field is 
waning both in terms of academic interest  and in- 
dustrial  support. It is claimed that the annual  pro- 
duction of only 5-10 Ph.D.'s in e lectrochemistry  in this 
country  is far out of balance with  the annual  produc-  
tion of about $4 billion of electrochemical  products;  
that, under  these conditions, the United States will  fall  
behind in industr ial  disciplines as compared to Europe, 
where  e lect rochemist ry  still commands substantial  in-  
terest  and respect in universi t ies and laboratories;  that  
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the United States will  deprive itself of important  tech-  
nical contributions to our societal problems. This is 
an important  indictment  of science in our country 
which, if completely real, could have far - reaching im- 
plications. At  the same t ime one can ask, without  
meaning to imply any bias whatsoever,  a number  of 
questions: Is much or even most of the work  that  
should be done in e lectrochemistry  actually being done 
but not under  the name of electrochemistry;  for ex-  
ample, under  the heading of mater ia ls  science, or 
physical chemistry, or surface chemistry? If so, should 
we let these trends continue their  course so that  even-  
tually e lect rochemist ry  wil l  exist p r imar i ly  as a con- 
cept and series of principles serving as impor tant  ad- 
juncts  of other fields of science and technology but not 
in itself be classed as a separate, identifiable enti ty in 
the same sense as metal lurgy,  chemistry,  or physics? 
If this is not desirable, what  pr ior i ty  should be given 
this field, considering the financial strain current ly  
being imposed on science as a whole  and the needs of 
other scientific and engineering fields? Where  are the 
opportunit ies and potential  payoffs greatest? For we 
hear the same plaint in other technical  areas. For 
example, in the recent  Orton Memorial  Lecture of the 
Amer ican  Ceramic Society, Dr. Osborn stated: "The 
position of the U. S. in ceramic science and tech- 
nology rose to one of world leadership during the past 
few decades . . . .  A recent  s t u d y . . ,  concludes that the 
U. S. is rapidly losing this leadership . . . .  How in the 
future will  we fund the basic research our industry 
will  need . . . .  ? Basic research in ceramics has at 
present a precarious future." I do not pretend to have 
adequate  answers to these and similar  questions but  I 
bel ieve they are important,  and I suggest that  this 
Society is a logical place to start  developing some 
facets of a national, documented position for con- 
sideration. Perhaps you are already doing so. 

I have injected this topic at this stage because I be- 
l ieve it is a fitting introduction to the next  subject, 
namely, national problems which interface with ma-  
terials and related topics. The question of the status 
and future policy with respect to electrochemistry is 
but  one of a series of major  issues wi th  which this 
country is not organized to cope in a deliberate, effi- 
cient, comprehensive manner.  So I would now like to 
spend some minutes  on these national situations and 
the related importance of mater ia ls  and, direct ly  or 
indirectly, electrochemistry.  These issues are tabulated 
in Table I. 

The materials problems of societal needs.--By so- 
cietal needs is meant  those now quite commonly  recog- 
nized: pollution and envi ronment  control, t ransporta-  
tion, low-cost  housing, urban development,  etc. Ex-  
amples of materials  problems in these areas are nu-  
merous. Already millions of pieces of meta l  are being 
implanted in human beings annual ly  and yet there has 
been no major  concerted effort to develop opt imum 
materials  for these specialized and l i teral ly vi tal  ap- 
plications. Mostly, implant  materials  have  been "bor-  
rowed" from other technologies, and such effects as 
corrosion and electrochemical  behavior  under  the par-  
t icular  conditions obtaining in the body still need 
vigorous attack. Many of the biological interactions 
involved depend on electrochemical  reactions. Progress 
in high-speed t ransportat ion by trains is being ham-  
pered by mater ia ls  problems in wear, friction, and 
brake applications; aggressive approaches through sur-  
face chemistry and coatings are obviously needed. En-  
v i ronment  control demands refined approaches to proc- 

Table I. Some major national materials issues 

�9 The M a t e r i a l s  P r o b l e m s  of Soc ia l  Needs  
�9 The C h a l l e n g e  of the  Ma te r i a l s  E x p l o s i o n  
�9 The N a t i o n a l  Pos tu r e  in  T e c h n o l o g y  
�9 The  L i f e  Cycle  of Mate r i a l s  
�9 The Mobi l i za t ion ,  O p e r a t i o n  and  Con t ro l  of R&D 
�9 Misce l l aneous :  Fo reca s t i ng ;  G o v e r n m e n t  I n t e r a c t i o n ;  Diffus ion,  

S to rage  and  Use  of I n f o r m a t i o n ;  P u b l i c  Safe ty ;  etc. 
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essing materials,  uti l izing them, convert ing f rom one 
form of energy and power to another  (batteries and 
fuel cells are impor tant  approaches),  minimizing waste 
and reclaiming value f rom it, perhaps designing the 
ul t imate industrial  products to facili tate salvage or 
disposition. These are only a few of the more  obvious 
mater ia l  and electrochemical  aspects of societal prob-  
lems. 

The challenge of the materials explosion.--The ma-  
terials explosion of the past two decades has contr ib-  
uted to probably all branches of science and engineer-  
ing: from cryogenics to ul t rahigh temperatures ;  f rom 
automobiles to space t ravel ;  in computer  technology, 
food processing, communications,  m a n - m a d e  fibers for 
textiles, clothing, and massive structures;  etc. The 
challenge is to take advantage of this explosion now 
and to insure its continuation in the future. The scien- 
tific unders tanding must  be conver ted to engineer ing 
application; the technology in sophisticated a reas - - in  
the United States notably in defense, space, and nu-  
clear ene rgy - -mus t  be t ransferred to other areas. 
Recognition must  be given to the t remendous  poten-  
tials in the ever- increas ing  nonmetal l ics  areas such as 
plastics, inorganic engineer ing materials,  ceramics and 
glass for industry  and for the nation. Electrochemical  
syntheses are often basic to some of these products. 

National security and national posture in technology. 
- - I  have grouped under  this heading such pursuits as 
defense, space technology, commerical  nuclear  power, 
and other  i tems which require  strong government  in-  
vo lvement  and support and are often in te r - re la ted  in 
other ways. Government  involvement  is justified when 
industr ial  risks are too high (as in the SST),  when 
there  is political or mi l i ta ry  significance (e.g. space 
and computers) ,  or when there  is lack of profit in- 
centive (as in electric cars).  As an illustration, let me 
cite the bir th and development  of a whole new in- 
dustry, t i tanium, in less than two decades, as a result  
of close gove rnmen t / indus t ry  interact ion springing 
from a del iberate  nat ional  policy. Many features of this 
industry  are e lectrochemical  in nature;  for example,  
the e lectrochemical  product ion of magnesium (the 
main reducing agent for t i tanium tetrachloride)  and 
the electrode processes in melting. 

Material life cycle.--This topic has been mentioned 
earlier. We consider this cycle as proceeding from nat-  
ural  resources (raw mater ia ls) ,  to preparat ion and 
t ransformat ion into products, to utilization, to disposal 
(waste) ,  to recovery for reuse, thus closing the cycle. 
Such a cycle does, in fact, include all the problems I 
have enumerated:  materials  availabili ty,  pollution, 
efficient use of resources, expor t / impor t  balance and 
economics, and many more. There  is an internat ional  
aspect as well, since all countries are in some respects 
"have-no t"  nations and must  depend on imports  and 
exchange of commodities to meet  their  internal  needs. 
The increasing industr ial izat ion in so many countries 
will  create ex t reme competi t ion for these materials  
throughout  the world, wi th  peculiar  situations possible. 
For  example,  it is conceivable that  a country some day 
might  be faced by the unpleasant  necessity of choosing 
between a minera l  shortage and a food shortage, 
since one can be bar tered for the other. 

Mobilization, operation, and control of materials re- 
search and development (R&D).--The U. S. is spending 
on the order of $1 billion per year  in mater ia ls  re-  
search and development.  The est imate of this amount  
varies depending on how one defines the scope of ma-  
terials. Perhaps  half  of this amount  is furnished by 
the government  direct ly or indirectly,  and the rest is 
mainly  provided by industry.  

If we normalize the budgets over  the last five years 
to correct for inflation, the annual  effort is not increas-  
ing and probably is tending to decrease. 

A number  of questions, therefore,  can immediately 
be asked. Is this annual  rate adequate? How was the 

government  effort determined? Is it p roper ly  dis- 
t r ibuted in proport ion to priorit ies and defined goals? 
Is the technical  manpower  adequate? How about 
equipment  and facilities? What  is the relat ion to uni-  
vers i ty  educational  programs? And many  more  ques-  
tions. You see, the previous question of the adequacy of 
the nat ional  effort in e lectrochemistry  and its pr ior i ty  
fits into this category of issues. 

I wish I could say that  years ago we defined our 
national goals and priorit ies in mater ia ls  and were  now 
following an up- to -da te  grand plan. Unfortunately,  
this is not the case. I am not saying that  our present 
f ragmented programs are not good or logical. Perhaps 
they are; but  I am emphasizing that  we have not had 
a mechanism in the past for forecasting needs in ma-  
terials and processes in such a way, and with  such con- 
viction, that  we could define our goals and design na- 
tional programs to achieve these goals most efficiently. 

Other prob lems . - -There  are a number  of other  prob-  
lem areas that  could be presented if t ime were  avai l -  
able. Now there is the need to define (forecast) both 
our opportunit ies and major  problem areas in the next  
10 to 20 years; to establish long range strategies, 
necessary for guidance of univers i ty  curricula, for in- 
dustry operation, and indeed to mainta in  our economic 
position in the world;  the problem of ~ optimizing the 
exchange and use of informat ion generated by the 
annual  billion dollar effort, and the impor tant  ro'_e that  
the professional society should play here;  the task of 
improving public safety by taking advantage  of new 
unders tanding of mater ia l  behavior;  the chal lenge to 
take advantage of electronic data processing to deal 
adequately  wi th  materials  as a system on a national 
basis. And there  are many  more  issues requir ing a 
national forum for planning. 

Thus, over  the years, mater ia ls  have moved from 
being an individual  problem, to an industr ial  problem, 
to a government  involvement  problem. There  is hardly  
any major  nat ional  situation in which mater ia ls  do not 
play a significant role. Therefore,  no piecemeal,  f rag-  
mented, haphazard activities can provide the answers 
and actions that  are needed to deal  nat ional ly wi th  
these situations. There must  be a nat ional  mechanism 
for focusing on these problems and creat ing policy. 
Otherwise,  there  is confusion, inefficiency, and big, 
unfilled gaps demanding attention. My ear l ier  state- 
ments about assessing the needs for nat ional  action in 
the field of electrochemistry,  vis-h-vis other national 
scientific needs, is an example  of such a gap. 

At the moment,  I see three  important  contr ibutory 
assists to this situation: one is at the Federa l  Gov-  
e rnment  level;  the second is the organization which I 
represent,  namely, the Nat ional  Materials  Advisory  
Board; the third is the scientific and professional so- 
ciety, working e i ther  as an individual  society or in 
consort with other  societies, p referably  the latter.  
These approaches, by the way, are not mutua l ly  ex-  
clusive; in fact, I see them as a strong coalition. Let  me 
discuss them in a l i t t le detail. 

Mainly as a result  of the Government ' s  concern wi th  
pollution, waste, recovery,  and control  of the envi ron-  
ment  in general, it has been possible to stimulate, in 
the Senate, a bill for the format ion of a Pres ident ia l  
Commission on Materials. Some of you wil l  recall  that  
in the early fifties there  was a President ia l  Commis-  
sion on natural  resources, chaired by Mr. W. M. Paley 
of the Columbia Broadcasting System. The resul t ing 
Paley Report  dealt wi th  a number  of resource issues 
in the country  and included recommendations,  some 
of which were  implemented,  and others, including the 
establ ishment of a continuing national body to monitor  
problems, which were  not. In any case, the Paley 
studies are cer ta inly  out of date, and many  of us have 
felt for several  years that  a new, comprehensive  study 
was needed. The bill that  was introduced in the Senate 
in mid-1970 was designed to set up a seven-man  com- 
mission, to be appointed by the President,  to conduct a 
study to be completed within three  years, financed by 
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Table II. Proposed subjects for a national commission on 
materials policy 

�9 Materials requirements, priorities, objectives and economic pro- 
jections 

�9 Relationship of materials policy to population size and environ- 
mental quality 

�9 Recommended means for extraction, development and use of 
materials susceptible to recycling, reuse, or self-destruction, to 
e n h a n c e  environmental quality and conserve materials 

�9 Means of exploiting scientific knowledge in the life cycle of ma- 
terials and encouraging research and education 

�9 Means to enhance coordination and cooperation among Federal 
agencies 

�9 Feasibility and desirability of establishing computer inventories 
of materials requirements, supplies and alternatives 

�9 Other subjects as may he developed 

C o n g r e s s  up  to $2,000,000, w i t h  t h e  o b j e c t i v e s  s h o w n  in 
T a b l e  II. T h e  b i l l  h a s  n o w  b e c o m e  law.  In  t h e  m e a n -  
t ime,  a n o t h e r  g r o u p  h a s  b e e n  a u t h o r i z e d  to i n v e n t o r y  
U n i t e d  S t a t e s  r e q u i r e m e n t s  a n d  s u p p l i e s  of r a w  m a -  
t e r i a l s  u n t i l  t h e  y e a r  2000. A n o t h e r  act  is a lso in  p r o c -  
ess w h i c h  w o u l d  r e q u i r e  a n n u a l  r e p o r t i n g  on  m i n i n g ,  
m i n e r a l s  r e c l a m a t i o n ,  u t i l i z a t i o n  t r e n d s ,  etc. C l e a r l y  
C o n g r e s s  a n d  t h e  E x e c u t i v e  D e p a r t m e n t  a r e  w o r r i e d  
a b o u t  m a t e r i a l s  r e s o u r c e s  fo r  t he  n e x t  30 yea r s .  

T h e  s e c o n d  fo rce  t h a t  I m e n t i o n e d  in  c o n n e c t i o n  w i t h  
n a t i o n a l  m a t e r i a l s  p r o b l e m s  w a s  m y  o w n  o r g a n i z a t i o n ,  
t h e  N a t i o n a l  M a t e r i a l s  A d v i s o r y  B o a r d  ( N M A B ) ;  a n d  
I w o u l d  l ike  to  b r i e f ly  d e s c r i b e  this .  T h e  N M A B  is a 
u n i t  of t h e  N a t i o n a l  A c a d e m y  of S c i e n c e s  a n d  t h e  N a -  
t i o n a l  A c a d e m y  of E n g i n e e r i n g  ( w h i c h  e s s e n t i a l l y  a re  
h o n o r a r y  g r o u p s  of  d i s t i n g u i s h e d  sc i en t i s t s  a n d  e n g i -  
n e e r s ) ,  a n d  t h e  N a t i o n a l  R e s e a r c h  C o u n c i l  ( w h i c h  is 
t he  o p e r a t i n g  a r m  of  t h e s e  t w o  a c a d e m i e s ) .  I n  a c c o r d -  
a n c e  w i t h  t he  p r i n c i p l e s  a n d  c h a r t e r  of t h e  t w o  
academies ,  N M A B ,  t h e r e f o r e ,  is a n o n g o v e r n m e n t  ac-  
t iv i ty ,  s u p p o r t e d  b y  b o t h  g o v e r n m e n t  a n d  p r i v a t e  
funds ,  fo r  t h e  a d v a n c e m e n t  of  t h e  sc ience  a n d  e n g i -  
n e e r i n g  of m a t e r i a l s  in  t h e  b e s t  i n t e r e s t s  of t h e  c o u n t r y .  
I t  w o r k s  w i t h  g o v e r n m e n t  agenc ies ,  i n d u s t r y ,  p r o f e s -  
s iona l  societ ies ,  u n i v e r s i t i e s ,  a n d  t r a d e  assoc ia t ions ,  F o r  
n a t i o n a l  p r o b l e m s  a n d  o p p o r t u n i t i e s  in  m a t e r i a l s ,  a n d  
for  t r a n s f e r  of t e c h n o l o g y  to n o n m a t e r i a l s  a reas ,  i t  
p r o v i d e s  t h e  f u n c t i o n s  of  a n a l y z i n g ,  def in ing ,  p l a n n i n g ,  
b a l a n c i n g ,  c ro s s - f e r t i l i z i ng ,  i n t e g r a t i n g ,  m o n i t o r i n g  
a n d  c o o r d i n a t i n g ,  b o t h  fo r  g o v e r n m e n t  a n d  n o n g o v e r n -  
m e n t .  I t  o p e r a t e s  m a i n l y  b y  a s s e m b l i n g  t h e  be s t  a v a i l -  
ab le  t a l e n t  in  t h e  c o u n t r y ,  a n d  s o m e t i m e s  f r o m  a b r o a d ,  
for  a g i v e n  p r o b l e m  or  ob jec t ive .  T h e  f u n c t i o n s  of 
N M A B  a re  a b b r e v i a t e d  in  T a b l e  III .  T h e  N M A B ,  
t h e r e f o r e ,  p r o v i d e s  a n e u t r a l ,  u n b i a s e d  f o r u m  a n d  
foca l  p o i n t  for  d i s c u s s i n g  a n d  p r o v i d i n g  i m p l e m e n t a b l e  

Table Ill. Objectives and functions of NMAB 

�9 Provide assistance to government and non-government 
�9 Provide studies on national problems and opportunities and on 

action to he taken 
�9 Identify problems and approaches in interacting m a t e r i a l s  w i t h  

other functions 
�9 Cooperate in development of advanced educational approaches 
�9 Promote cooperation among professional societies 
�9 Disseminate information 
�9 Be aware of advancing technology, emphasize opportunities a n d  

roadblocks, and promote advanced concepts 

a p p r o a c h e s  to n a t i o n a l  issues,  e m b r a c i n g  t h e  t h r e e  
m a j o r  s ec to r s  of  t h e  m a t e r i a l s  c o m m u n i t y :  g o v e r n -  
m e n t ,  i n d u s t r y ,  a n d  a c a d e m i a .  I t s  ro le  w i t h  r e s p e c t  to 
t e c h n i c a l  soc ie t ies  w i l l  b e c o m e  c l e a r  in  a m o m e n t .  

T h e  B o a r d  i tself ,  b e s ide s  i t s  p e r m a n e n t  staff, cons i s t s  
of b e t w e e n  25 a n d  30 o u t s t a n d i n g ,  t op  l e v e l  s c i en t i s t s  
a n d  e n g i n e e r s ,  r e p r e s e n t i n g  m a n y  p r o f e s s i o n a l  v i e w s :  
m e t a l l u r g y ,  c h e m i s t r y ,  phys ics ,  ce ramics ,  economics ,  
m a n a g e m e n t ,  etc. T h e y  c o m e  f r o m  i n d u s t r y ,  g o v e r n -  
m e n t ,  a n d  u n i v e r s i t i e s  t h r o u g h o u t  t h e  c o u n t r y .  

T h e  o r g a n i z a t i o n  of N M A B  is s h o w n  in  Fig. 1. I do 
no t  i n t e n d  to d i scuss  t h i s  o r g a n i z a t i o n  in  d e t a i l  b u t  do 
w a n t  to e m p h a s i z e  a f ew  of i ts  face ts .  F i r s t ,  n o t e  t h a t  
t h e r e  a re  t h r e e  counci ls ,  to  p e r m i t  f o c u s i n g  on  t h e  
p r o b l e m s  a n d  i n t e r e s t s  of e a c h  of t h e  t h r e e  sec to r s  I 
h a v e  m e n t i o n e d .  H o w e v e r ,  e a c h  counc i l  c o n t a i n s  r e p -  
r e s e n t a t i v e s  of  a l l  t h r e e  sec tors ,  t o  i n s u r e  b a l a n c e d  
i n p u t  a n d  i n t e r a c t i o n .  In  a d d i t i o n  to  t h e s e  t h r e e  c o u n -  
cils, we  h a v e  a n  I n t e r a g e n c y  C o u n c i l  w h i c h  i n c l u d e s  
a l l  t h e  g o v e r n m e n t  agenc i e s  c o n c e r n e d  w i t h  m a t e r i a l s ;  
t h a t  is, no t  o n l y  DoD, AEC,  a n d  N A S A ,  b u t  t h e  N a -  
t i o n a l  Sc i ence  F o u n d a t i o n ,  D e p a r t m e n t  of T r a n s p o r t a -  
t ion,  t h e  N a t i o n a l  I n s t i t u t e s  of  H e a l t h ,  Hous ing ,  a n d  
U r b a n  D e v e l o p m e n t  a n d  a h a l f  d o z e n  more ,  t h u s  a s -  
s u r i n g  good i n t e r a c t i o n  b e t w e e n  m a t e r i a l s  a n d  o t h e r  
g o v e r n m e n t  p r o b l e m s .  

Note  also t h a t  w e  h a v e  e s s e n t i a l l y  t h r e e  t y p e s  of 
o p e r a t i o n a l  g r o u p s  or  c o m m i t t e e s ,  n o t  i n c l u d i n g  v a r i -  
ous  a d m i n i s t r a t i v e  c o m m i t t e e s .  T h e s e  a r e  t h e  A d  Hoc 
T e c h n i c a l  C o m m i t t e e s ,  d e a l i n g  w i t h  f a i r l y  specific 
t e c h n i c a l  s tud ie s  of l i m i t e d  d u r a t i o n ,  s u c h  as  a y e a r  or  
two.  T h e  S t a n d i n g  C o m m i t t e e s  a r e  i n t e n d e d  to  d e a l  
w i t h  b r o a d  i s sues  a n d  h a v e  no  f ini te  t e r m i n a t i o n  da te .  
The  t h i r d  g r o u p  a r e  spec ia l  c o m m i t t e e s  of  f in i te  l i fe  
b u t  d e a l i n g  w i t h  b r o a d  sub j ec t s ,  n o t  spec i f ica l ly  t e c h -  
n ica l .  L e t  m e  i l l u s t r a t e  t h e s e  t h r e e  types .  I n  Fig.  1 a re  
e x a m p l e s  of some  t e c h n i c a l  top ics  t h a t  t h e  A d  Hoc  
T e c h n i c a l  C o m m i t t e e s  d e a l  w i th .  T h e  S t a n d i n g  C o m -  
m i t t e e s  or  T e c h n i c a l  Counc i l s  cou ld  d e a l  w i t h  f r a c t u r e  
p r e v e n t i o n  or  co r ros ion ,  fo r  e x a m p l e ,  on  a c o n t i n u i n g ,  
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Fig. 1. The organization of NMAB 
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Table IV. Tentative objectives of national materials survey 

@ I d e n t i f y  and  define the  f ield of m a t e r i a l s  sc ience  a n d  e n g i n e e r -  
ing.  

�9 I d e n t i f y  pas t  a c c o m p l i s h m e n t s  a n d  f u t u r e  p o t e n t i a l  a n d  role.  
�9 D e t e r m i n e  gaps  in  m a t e r i a l s  R&D 
�9 E x a m i n e  n a t i o n a l  m a n p o w e r  needs.  
�9 E x a m i n e  e d u c a t i o n a l  s t r u c t u r e  in  th i s  field, 
�9 I d e n t i f y  a p p r o a c h e s  fo r  i m p r o v i n g  i n t e r a c t i o n  b e t w e e n  science 

and  e n g i n e e r i n g .  
�9 P l an  f u t u r e  goals ,  s t r a t eg i e s  a nd  p r io r i t i e s .  

comprehensive basis. For  the Special  Committees,  I 
want  to ment ion  two subjects in part icular .  

Some of you may be famil iar  wi th  a series of reports  
produced by the National  Academy of Sciences cover-  
ing broad surveys of technical  areas. There is such a 
report  on chemist ry  (The Westhe imer  Repor t ) ,  on 
physics (The Pake Report) ,  on life sciences, etc. The 
NMAB has been active in s t imulat ing and planning 
such a survey on materials,  wi th  the objectives shown 
in Table IV. Certainly as one component  of materials,  a 
number  of aspects of e lec t rochemis t ry  wil l  be included. 
Nevertheless,  you might  want  to consider a separate 
survey of e lec t rochemis t ry  as such, wi th  objectives 
paral le l  to those described, if indeed you are con- 
cerned about the status and fu ture  direct ion of e leetro-  
chemistry.  

The second special topic I want  to describe has to do 
with  the broad group of scientific, technical,  and pro- 
fessional societies. 

In the United States we have about 35 technical  and 
professional societies significantly concerned wi th  ma-  
terials in one way  or another. The Electrochemical  
Society is one of these. Without  quest ioning at this 
t ime the justification for all of these societies (al though 
I have personal reservat ions) ,  it is clear that  this 
mult ipl ic i ty  does resul t  in unnecessary duplication of 
meetings, lectures, symposia, etc., on the one hand; 
and, on the other  hand, no one society is able to cope 
with certain broad national  problems, providing an 
integrated v iew on nat ional  mater ia ls  issues when such 
a v iew is sought, etc. 

A few years ago, during the annual  meet ing  of the 
National Research Council on which are represented 
most of the societies involved,  we decided to explore 
with these representat ives  several  possibilities for con- 
certed action. F rom this beginning, through a sequence 
of task forces, committees,  and individual  actions, there  
has evolved the conclusion that  these societies can 
work  best and to mutua l  advantage in the form of a 
society federation, analogous but  not identical  to the 
Amer ican  Inst i tute of Physics, the Amer ican  Geological 
Institute, and others. 

Let  me emphasize immedia te ly  certain basic tenets  
of this proposal for a federation. No new society is 
intended here, only the vo lun ta ry  cooperat ive effort of 
existing societies. No merger  of any societies is being 
sought; conceivably, in the future,  something in this 
direction could spontaneously occur. No society is 
being asked to yield its autonomy, its prerogatives,  or 
its individuali ty.  The federat ion wil l  in no sense be a 
polit ical lobby but it could respond technical ly and in 
a coordinated way  to government  requests. The major  
thrust  of this effort is to provide a deliberate, posit ive 
opportuni ty  and mechanism for a number  of societies 
to work  together,  efficiently, toward common goals and 
to mutual  advantages,  wi th  bet ter  service result ing 
to the scientific and technical  communi ty  and to the 

nation as a whole. The NMAB is serving only in a 
catalytic role in this act ivi ty;  once the object ive is 
achieved in wha teve r  form is desired by the societies, 
it does not intend to have any continuing function. 

At  a meet ing called at the NMAB in August  1970 to 
discuss plans for a conference to determine  the next  
moves toward forming such a federation, 18 selected 
societies were  invi ted with  almost 100% response; 
ra ther  amazing and quite significant, in my  opinion. 
Al though no commitments  were  requested and none 
made, the group react ion was most favorable  and en- 
couraging, wi th  a decision to proceed with  the draft ing 
of a charter.  This has been done and drafts of a Con- 
stitution and Bylaws have been circulated to all of the 
r involved. At the planned conference, held on 
Februa ry  11, 1971 at the National  Academy of Sci- 
ences, the society representa t ives  formed a steering 
group to define available options for an intersociety 
operat ing mechanism or federation. In the meant ime,  
the steering group itself is authorized to plan appro-  
priate coordinating and cooperat ive society activities. 
I continue to be hopeful, therefore,  that  by this or 
other  means we can move forward  to expanded inter-  
society act ivi ty  on a firm, deliberate,  continuing basis. 

I personally consider that  the scientific and pro-  
fessional societies in the fields we are discussing have 
been too modest for too long. The talent  and technical  
resources which reside in the hundreds of thousands of 
members  could make  valuable  contributions to the 
many  vital  problems and situations which confront the 
nation. More than one member  of Congress, for ex-  
ample, has exhor ted  societies to act in this way. The 
societies are needed to help in these nat ional  issues 
and, in turn, can demonstra te  the significance and im- 
portance of the technical  areas they represent.  In a 
sense, I think we can look on a society such as this one 
as a fourth dimension, a vi ta l  adjunct  and contr ibutor  
to the other  three: industry, academia, and govern-  
ment.  

In conclusion, I would recapitulate  by stating that  
mater ia ls  science and engineering, including electro-  
chemistry under  this broad spectrum, have made 
dramatic  strides in the past few decades. S imul tane-  
ously, however,  this country has awakened to, or has 
created, some massive nat ional  issues to which mate-  
rials can make valuable  contributions. The expanded 
National  Materials  Advisory  Board is providing a 
forum and a mechanism to assist in making these 
contr ibutions feasible and in providing guidance. In 
addition to this national effort of NMAB, one or more 
President 's  Commissions are being established. In 
every  sense, a society such as The Electrochemical  So- 
ciety can provide valuable  inputs and accomplish- 
ments; s imultaneously ensuring that  the field for which 
it is .responsible to its membership  receives proper  
at tention and priority. Par t icular ly  today, when sci- 
ence and technology have lost some of their  luster in 
the public 's mind and yet, ironically, when  the  public 
needs science and technology perhaps more than ever  
before, it is impor tant  that  each society assess its 
position and capabil i ty and join in an integrated effort 
for the common good. 

Manuscript  received Feb. 9, 1971. 

Any  discussion of this paper  wil l  appear in a Dis- 
cussion Section to be published in the June  1972 
JOURNAL. 
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ABSTRACT 

The ra te -enhancing  effect of some specifically adsorbed anions on the 
kinetics of several electrode reactions great ly exceeds that predicted by the 
F rumkin  correction. The l i terature on this effect is critically reviewed, in-  
cluding Heyrovsky s 1947 hypothesis of l igand bridging and the pioneering 
work of Aikens and Ross on the oxidation of Cr (II) .  Two current  theoretical 
interpretat ions are discussed and several related comments are made re-  
garding ionic adsorption. 

q 
The double layer at the electrode-electrolyte in ter-  

face has long been known to exert  a significant effect 
on the kinetics of electrode reactions. F rumk i n  (1) 
was the first to point  out that electrode reactions are 
dr iven by the effective potential  E -- r (where r is usu-  
ally associated with the so-called "outer" Helmholtz 
potential)  ra ther  than by the applied potential  E. He 
also introduced a Bol tzmann correction for the in ter -  
facial reactant  concentrations, which are modified by 
coulombic at tract ion or repulsion of ions by the double-  
layer field. Since anion specific adsorption alters the 
value of r such adsorption may significantly change 
the rates of electrode reactions. 

A second type of double- layer  influence is that  of 
blocking. Adsorbed organic molecules often severely 
suppress electrode reactions. This interference is 
usual ly much larger than can be accounted for on the 
basis of a mere change of r result ing from the adsorp- 
tion. Of course, the influence of r is present  as well, 
and the two effects can sometimes be distinguished 
when they work in opposite directions (2). 

Many adsorbed organic molecules, like proteins, 
alkaloids, and pyridines, are known to catalyze the re-  
duction of hydrogen on mercury.  This effect has been 
studied extensively for several decades, and the reader 
is referred to recent reviews (3, 4) for details. 

Of more recent date is the realization that  adsorbed 
inorganic ions can act as catalysts as well. The ion ad- 
sorption is of course accompanied by  a change in r 
but  the observed acceleration of electrode reaction 
rates is often much too large to be accounted for solely 
on that basis. Another  factor which sometimes com- 
plicates the in terpre ta t ion is the possibility of complex 
formation between the reduced cation and the added 
anion. However, the rate enhancement  is often much 
more pronounced with I -  than with CI- ,  even when 
the tendency for the cation to form complexes is great-  
er with C1- than  with I - .  

Heyrovsk~ was the first to notice the pronounced 
effect of halides on the reduction of Sn ( I I ) ,  Bi ( I I I ) ,  
Sb( I I I ) ,  and In ( I I I )  (5). These observations he ex- 
plained, as early as 1947, with electron t ransfer  through 
a bridge mechanism. Many more examples have since 
been reported, and it now appears that  eleetroeatalysis 
by adsorbed anions is a fair ly general  phenomenon.  

Key words: adsorption, catalysis, isotherms, kinetics, ligand 
bridging. 

In this review, discussion is restricted to electrode 
processes on mercury.  This should not be taken to 
imply  that  s imilar  effects are not operative on other 
electrodes, but  mere ly  to reflect the fact that, for a 
var ie ty  of reasons, sufficiently detailed double- layer  
data on solid electrodes are v i r tual ly  nonexistent.  Our 
present  unders tanding  of both electrode kinetics and 
double- layer  s t ructure  stems largely from experiments  
on mercury, and the same applies to electrocatalysis, 
which represents a close in terplay  between kinetics 
and double- layer  structure. 

So far, two cases of rate enhancement  by anion 
bridging have been worked out in fair  detail: the 
oxidation of Cr (II) and the reduction of In  (III) .  Since 
quite different and largely complementary  approaches 
were taken in these two cases, we wil l  consider them 
separately. Subsequently,  some more or less scattered 
data from the l i terature and from our own research 
are discussed in order to i l lustrate  the fairly common 
occurrence of such effects on mercury.  

Chromium(ll) 
After several investigators (6, 7) had noticed that  

the addition of chloride accelerates the oxidation of 
Cr( I I ) ,  Aikens and Ross (8) examined this reaction 
in detail. They measured the oxidation rate constants 
as a function of solution composition and electrode 
potential.  The oxidation rate is enhanced more by I -  
than by B r - ,  and B r -  in t u rn  is a more efficient ac- 
celerator than CI- .  This sequence runs  paral lel  with 
the adsorbabilities of these anions, but  counter  to the 
tendency of Cr( I I )  to form complexes with halides. 
Also, the rate enhancement  is much more pronounced 
at more positive potentials, where  halide anions are 
more strongly adsorbed, suggesting again that  the 
adsorbed ra ther  than the bu lk  anions cause the effect. 

Aikens and Ross (8) also performed large-scale 
electrolytic oxidation of Cr( I I )  in the presence of 
chloride, and found that  the electrolysis, when  per-  
formed at ra ther  positive potentials, almost exclusively 
produced chloropentaquochromium (III) .  All  the above 
data are consistent with two paral lel  oxidation path-  
ways in the presence of chloride ions: 

Cr 2+ -~ Cr 8+ + e -  [1] 
and 

Cr 2+ + C l - a d s ~  CrC1 ~+ 4- e -  [2] 

185C 
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Finally,  Aikens and Ross (8) pointed out that CrC12 +, 
even if ini t ia l ly formed, would react rapidly with 
Cr 2+ as long as there would still be some Cr 2+ left: 

Cr 2+ -4- CrC12 + -~ C r2+ + CrC12+ + C1- [3] 

Consequently,  product analysis in this case cannot in-  
dicate whether  one or two adsorbed halides are in-  
volved in the halide-assisted charge transfer.  

The observations of Aikens and Ross (8) have been 
confirmed extensively by Kemula  and Rakowska (9), 
Anson et al. (10, 11), and Watanabe et al. (12). Re- 
cently, Anson et al. (13) have extended the measure-  
ments  to the oxidation of Cr( I I )  in the presence of 
thiocyanate ions. In  this case, Cr(NCS)2 + and 
Cr(NCS):~ are the predominant  oxidation products 
over a wide range of conditions. The dependence of 
the product dis t r ibut ion on potential, and the prefer-  
ential formation of the cis-isomer of Cr(NCS)2 +, are 
clear evidence that  adsorbed S C N -  is involved in the 
oxidation, and apparent ly  acts as l igand bridge between 
cation and electrode. 

In the oxidation of Cr ( I I ) ,  direct chemical product 
analysis provides convincing evidence for the involve-  
ment  of adsorbed ions in the electrode process, be-  
cause the reaction products are quite subst i tut ion-  
inert, i.e., they do not quickly exchange coordinated 
solvent molecules or ions with the surrounding solu- 
tion. In the case of subst i tu t ion- labi le  products, we 
must rely on less direct evidence, an example of which 
will be given in the next  section. 

Indium(Ill) 
Heyrovsk~ (5) noticed that  the presence of halides 

rendered the oscillopolarographic reduction of indium 
reversible, and explained this observation in terms of 
electron t ransfer  through a halide bridge. Earlier, 
Lingane (14) had observed a m in imum on the polar-  
ographic wave for I n ( I I I )  in halide solutions; but  it 
remained for Cozzi and Vivarelli  (15) to correlate the 
occurrence of this m i n i m u m  with anion desorption. 
Similar min ima  (i.e., regions in which the polaro- 
graphic reduction current  decreases as the potential  
is made more negative) are observed also with, e.g., 
tar t rate  (15), oxalate (16), thiocyanate (17, 18), and 
with several organic sulfur  and ni t rogen compounds 
(19). 

Shirai (17) noticed that  the a-c polarogram of 
In ( I I I )  in thiocyanate solutions exhibits a negative 
admittance. Tanaka et al. (20) pointed out that  the 
sign of the faradaic admit tance is determined by the 
sign of d k / d E ,  where k is the reduction rate constant  
and E the applied potential.  This correlation was given 
a more precise formulat ion by de Levie and Husovsky 
(21), who also demonstrated that  the polarographic 
min imum and the negative faradaic admit tance are 
indeed manifestat ions of the same phenomenon,  name-  
ly a decrease of the over-al l  reduct ion rate when the 
electrode potential  is made more negative. Finally,  
Posplsll and de Levie (22) showed that  all data can 
be accounted for quant i ta t ive ly  by the following re- 
action sequence 

tn 3+ -4- 2 SCN-ads . . . .  > In (SCN)2+ads 
slow 

+ 3e -  
In ~ -4- 2 SCN-ads [4] 

fast 

This represents a t ru ly  electrocatalytic mechanism, 
since there is no net consumption of the br idging 
ligands. Whether  the thiocyanate ions act as electron 
conductors (5) or merely  labilize the hydrat ion shell 
of the hexaquo indium ions is not yet clear. Hexaquo 
ind ium(I I I )  itself, in the absence of hydrolysis or 
electrocatalysis, appears not to be reducible polaro- 
graphically. 

That two adsorbed thiocyanate ions par take in re-  
action [4] follows from the dependence of the re- 
duction rate constants on the surface activity of ad- 

sorbed SCN- ,  see below. That the reacting indium (III) 
species is probably In ~+ rather  than  one or more in-  
d ium-th iocyanate  complexes, can be deduced from 
measurements  at very low thiocyanate concentrations 
(22) and also from the dependence of the rate con- 
stants on bulk thiocyanate concentration, at constant  
surface activity. In  view of the equi l ibr ium data of 
Sund6n (23), the F r u m k i n  correction (1) does not 
affect the analysis since the average charge of thio- 
cyanato- indium complexes is essentially zero for 
[SCN-]  ~ 1M. 

The polarographic minimum,  then, is caused by the 
gradual  desorption of the electrocatalyst, SCN-ads, as 
the potential  is progressively made more negative 
(15). In  more concentrated NaSCN solutions, the 
mi n i mum becomes more pronounced, despite the 
larger amount  of adsorbed SCN- ,  because extensive 
bulk  complexation sharply reduces the availabil i ty of 
hexaquo In (III) .  

The polarographic m i n i m u m  in chloride solutions is 
not quite as pronounced as that  in thiocyanate. Ana ly-  
sis similar to that  for S C N -  indicates (24) that, most 
probably, two chlorides are involved in the electro- 
catalytic reduction of In ( I I I )  in solutions containing 
0.I-2.5M NaCI. In much more dilute ( I0-4-10-2M) 
NaCI solutions there are indications that the reduc- 
tion can also proceed through one adsorbed halide, 
though not as efficiently. 

In  bromide and iodide solutions, the data (24) are 
not so simple to interpret ,  with slopes of log rate con- 
stant  vs. log ~a of 1.5 to 2. It  is not yet clear whether  
this is an indication of more than one catalytic path-  
way or whether  it is merely  a reflection of the impre-  
cision of available surface activity data. 

Surface Activity 
In the preceding section, the concept of surface ac- 

t ivi ty (22) was introduced. We will now show how it 
is defined, and subsequent ly  how it can be obtained 
experimental ly.  Assuming equi l ibr ium between ad- 
sorbed and bulk  particles (indicated by subscripts a 
and b, respectively),  one can wri te  for their  electro- 
chemical potentials, 

#% ~- R T  In aa : #a = #b = #% -{- R T  In ab [5] 

where  a denotes an activity ratio and the superscript o 
a s tandard state. Consequently 

I t  ~% - t~~ ] aa = ab exp [6] 
R T  

which can be wri t ten  in a more compact notat ion as 

aa = abe [7] 

= exp [8] 
= exp R T  R T  

The above formalism is extremely simple, yet the ap- 
plication of Eq. [7] is not all that  straightforward, and 
several difficulties arise, especially with adsorption of 
ionic species. 

In  the case of ion adsorption, aa represents the bu lk  
ion activity. As long as no reliable methods have been 
developed to estimate single ion activities, we have to 
resort to the conceptually less satisfactory, but  at least 
measurable,  salt activities or related mean  salt activi- 
ties. Secondly, thermodynamic  measurements  of sur-  
face tension, surface charge density o r  double layer  
capacitance yield surface excesses ra ther  than  surface 
activities, in contrast with thermodynamic  measure-  
ments  of bulk  properties, which yield activities ra ther  
than concentrations. Ion adsorption is fur ther  compli- 
cated by the fact that  the measured surface excesses 
contain contr ibutions from both shor t - range and long- 
range interactions with the electrode. Since we are 
interested here in specific ("contact") adsorption, the 
contr ibut ion due to long-range,  coulombic forces must  
be corrected for, using a theoretical model (e.g. that  



Vol .  118, No .  8 A N I O N  B R I D G I N G  A N D  

of Gouy-Chapman)  for the diffuse double layer contri-  
bution. The resul t ing specifically adsorbed surface ex- 
cess still varies with the chosen electrical parameter:  
applied potential, surface charge density, etc. There is 
still considerable controversy about the most mean-  
ingful  choice of electrical parameter  but, wi thin  the 
f ramework  of any such choice, p could in pr inciple  be 
estimated from Eq. [7] by using 

l im 
r_,0aa = r [9] 

so that 
aa lim r 

= : [10] 
ab r ~  0 -ab 

if, in this limit, ~ were to depend solely on adsorbate-  
adsorber interactions. For ions, this appears not to be 
the case and, moreover, the exper imental  precision 
needed for the direct application of Eq. [10] is not yet  
available, so that  less s traightforward techniques must  
be used. See the Appendix  for some related comments. 

For only relat ively few ions, has the specific ad- 
sorption onto mercury  been studied quanti tat ively.  For  
these ions, to a first approximation,  ~ appears to be 
(25) an exponent ia l  function of both the electrode 
charge density Q and of the effective electrode poten-  
tial, E -- ~. This is a very useful  property,  since it 
allows us to extrapolate p values to regions where di- 
rect measurements  are not available. The uncertaint ies  
inherent  in such an extrapolat ion should of course be 
appreciated. 

Z inc  
Randles and Somerton (26) observed that  the pres- 

ence of halides or thiocyanate significantly increased 
the rates of the reactions 

Z n ( I I )  + 2 e -  ~ Zn(Hg)  [11] 

Such behavior cannot be explained by a simple r effect. 
Oscillopolarographic measurements  by Heyrovsk~ 

(27) established the presence of two quite distinct re- 
duction peaks in fair ly  concentrated KI solutions; one 
at the potential  at which zinc is oxidized from its 
amalgam, the other at that  at which Zn( I I )  is 
reduced from acidic sulfate solution. Polarographic 
measurements  on a s t reaming mercury  electrode (28) 
confirmed the presence of two separate reduct ion 
waves in the presence of I - .  Consequently,  two sepa- 
rate processes must  be considered, one related to the 
presence of I -  and the other not. Since Zn( I I )  has a 
greater  tendency to form complexes with C1- than 
with I - ,  whereas the rate enhancing effect is larger 
with I - ,  Tamamushi  et al. (29, 30) concluded that 
anion adsorption ra ther  than  complex formation is 
involved in the hal ide-related process. A similar con- 
clusion was reached by Blackledge and Hush (31). 

More recently, Sluyters  et al. (32-36) have pub-  
lished extensively on the Z n ( I I ) / Z n  reaction. They 
found that the s tandard rate constant  is an exponent ial  
function of the amount  of specifically adsorbed halide 
ions (35, 36). However, Sluyters et al. considered only 
one single reaction pathway. The observed (35) ex- 
ponential  dependence of the rate constant  on the 
amount  of specifically adsorbed anions is quite com- 
patible with a l inear  dependence on ~a similar to that 
found for indium. Another  explanation,  in terms of the 
activity coefficient of the activated complex, was given 
by Parsons (37). 

In summary,  the available evidence strongly sug- 
gests the presence of halide electrocatalysis in the re-  
duction of Zn( I I ) ,  although no satisfactory quant i -  
tat ive analysis has yet been given. 

O t h e r  Cat ions 
The reduction of nickel (II) to some extent  resembles 

that of I n ( I I I ) :  the reduction of the hexaquo ion 
appears to involve a preceding destabilization of the 
hydrat ion shell (38) and, in the presence of SCN- ,  
a polarographic m in imum and the associated negative 
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faradaic admit tance are observed (39-41). Quant i ta t ive  
measurements  are hindered, however, by the appear-  
ance of a polarographic ma x i mum which is possibly 
related to the the formation of a nickel film on the 
mercury  surface rather  than  amalgamation.  Adsorbed 
organic amines (42-45) and thiourea (46) can also 
catalyze the reduction of Ni (II) .  

Moorhead et al. have reported extensively (47-50) 
on the S C N -  catalyzed reduct ion of Ga( I I I )  in aque- 
ous solutions of high ionic strength. Their  exper iment  
with competit ive adsorption (49) clearly suggests that  
adsorbed ra ther  than bulk  thiocyanate is involved. 

Polarographic min ima  have been observed in the re- 
duction of Sn( IV)  (51), V(V) (52), and Mo(VI) (53), 
and these systems have been shown to exhibit  negative 
faradaic admit tances (54), see Fig. 1 and 2. It is 
highly probable that  br idging by adsorbed ligands is 
involved in these instances. 

The reduction of Bi ( I I I )  from a noncomplexing 
medium like 1M HC104 takes place at a positively 
charged electrode, so that the addition of small  
amounts  of halides changes r considerably. However, 
the reduction of Bi ( I I I )  is accelerated so much (55) 
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Fig. 1. D-C (top) and a-c (bottom) porarograms of 1 mM SnCI4 
in 0.SM oxalic acid, 0.45M Li2SO4 and 0.05M H2SO4, showing a 
negative faradaic admittance (54). Replacing all or part of the 
Li2SO4 by H2SO4 does not affect the curves, which appears to 
indicate that the electrocatalyst in this case is the undissoeiated 
acid, C204H2. A-C signal: 5 mV top-to-top at 15.9 Hz. Note that 
the capacitive component of the faradaic admittance around 
--0.55V exceeds the resistive component, indicating pronounced 
reactant specific adsorption. Dashed line: same curves in absence 
of electroactive species. 
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Fig. 2. D-C (top) and a-c (bottom) polarograms of 1 mM NH4VO3 
in 0.5M C204K2, 0.5M KHCO~ showing a polarographic minimum 
(52) and the associated negative faradaic admittance (54). A-C 
signal: 5 mV top-to-top at 15.9 Hz. In this case, as well as that 
of Fig. 1, the negative faradaic impedance coincides with the 
decreasing part of the polarographic minimum, as one would ex- 
pect for a negative charge transfer resistance (21). 
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that  l igand bridging appears likely. Quant i ta t ive anal -  
ysis is complicated (24) however, by uncer ta in ty  about 
the chemical species present  in solution (needed for 
reliable application of the F r u m k i n  correction) and 
especially, by coupling (56) of kinetic and adsorption 
phenomena.  The latter leads to extremely compli- 
cated mathemat ical  analysis when, as in this case, the 
electrode reactions are not "infinitely fast." Vl~ek and 
K~ta (57) showed that  the polarographic reduction 
of pentamine  cobal t ( I I I )  is catalyzed by adsorbed 
halides. This catalysis is complicated by the direct, 
chemical involvement  of Hg in the reduction process 
(58), in a reaction sequence like (59) 

2Co(NH3)53+ -}-10H + -}-2X-ads-]-2Hg 

> 2Co 2+ % 10NH4 + %Hg2X2 [12] 
slow 

Hg2X2 -~- 2e -  > 2Hg -~ 2X-ads [13] 
fast 

A somewhat similar mechanism had been suggested 
as early as 1953 by Lai t inen et al. (60) for the halide- 
catalyzed polarographic reduction of Co(NH3)63§ In 
these cases, the actual reduction process is a hetero- 
geneous chemical reaction, whereas the electrochemical 
step [13] serves to remove Hg2X~ and to regenerate 
the catalyst, X-ads. Such a situation can readily be 
distinguished from the cases discussed earlier since 
reaction [13] yields a reduction wave which rises, 
without inflection, from the anodic mercury  oxidation 
wave (59). 

Interest ing but  not yet quite understood results were 
obtained by Anson (61) in the oxidation of the Co (II) - 
EDTA complex at Pt, the rate of which is greatly en-  
hanced by the presence of halides. This paper (61) 
serves to i l lustrate some of the difficulties involved in 
explaining, even if only quali tat ively,  results obtained 
on electrodes other than  Hg. 

Finally,  halide electrocatalysis has also been indi-  
cated in the reduction of protons on mercury  (62). 
Especially noteworthy was the observation that the 
basic rate constant for the halide-catalyzed reaction 
pathway is the same for CI- ,  B r -  or I - ,  wi th in  the 
accuracy of the data. This suggests a common slow 
mechanism, probably labilization or loss of coordi- 
nated water. 

An Alternative Interpretation 
An interest ing al ternat ive explanat ion for the effects 

of halides on, e.g., the reduct ion of hydrogen and zinc 
ions on Hg, was given by Parsons (37). He interprets  
the rate enhancement  as resul t ing from the effect of 
specifically adsorbed ions on the activity coefficient of 
the activated complex of the charge transfer  reaction. 
This model requires that the activated complex be 
present  inside the compact (Helmholtz) double layer. 
Of course, such a physical in terpreta t ion cannot ac- 
count for the chemical incorporation of halides during 
the oxidation of Cr ( I I ) .  Also, the physical nature  and 
especially, the charge of the activated complex in-  
voked in this model, are rather  undefined as a conse- 
quence of the Franck-Condon  principle. On the other 
hand, the model yields behavior  which may often be 
rather  similar  to that predicted by our chemical in ter-  
pretation, making  it difficult to distinguish experi-  
menta l ly  between the two (101). Interestingly,  Pa r -  
sons' model also provides for an interpreta t ion of the 
blocking effect of organic compounds (37, 101). 

Discussion 
(A) In the foregoing, the term anion bridging has 

been used to describe a molecular  mechanism whereby 
the anion adsorbed in  the electrode/solution interface 
appears to be involved directly in the electron t ransfer  
between metal  ion and electrode. On the other hand, 
anion electrocatalysis is used to denote an over-al l  
stoichiometry. Thus, in all  examples given, anion 
bridging is presumed to be present, but  only in some 
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are the bridging anions incorporated into the final re-  
action products. In  the oxidation of Cr ( I I ) ,  adsorbed 
anions are buil t  into the result ing subst i tu t ion- iner t  
species, and therefore the reaction is not really cata- 
lytic. In  such a reaction, chemical analysis of the re-  
action products provides an unambiguous  indication 
of the chemical involvement  of adsorbed ions in the 
reaction process. Such direct chemical evidence is not 
available when the reaction product is either a metal  
atom or a subst i tu t ion- labi le  ion, and less s traight-  
forward electrochemical evidence must  be used. In  
the lat ter  case, the term "bridging" is not to be taken 
in the strict sense of Libby (103) and Taube (104), 
since no distinction between, e.g., inner  or outer sphere 
activated complexes can yet be made. 

(B) When the reaction rate increases markedly  in 
the presence of some strongly adsorbed anions, l igand 
bridging may be involved. However, the observed 
effects might  also be due to a change in r or to com- 
plex formation, or both. It  is therefore l ikely that  
cases of weak halide bridging will  not be readily dis- 
t inguishable, especially when  the tendency of the 
cation towards complexation with anions parallels the 
tendency for anion adsorption, e.g., C1- < B r -  < I - .  

(C) When the ra te -enhancement  resul t ing from 
]igand bridging is very pronounced, and especially 
when the reaction in the absence of bridging is very  
slow, polarographic min ima  and associated negative 
faradaic admittances may be observed, as with In  (III) ,  
Ni ( I I ) ,  and Sn( IV) .  Such min ima are not l ikely to be 
due to double layer repulsion when they occur at 
potentials far away from the potential  of zero charge, 
and when they persist at high ionic strengths. This 
criterion must  of course be applied with caution since 
at least one mi n i mum (63) and the associated nega- 
tive faradaic resistance (64) is known to be caused by 
still another  quite different mechanism. 

(D) The concept of surface activity, as defined in 
the section on Surface Activity, can be used to obtain 
more precise, stoichiometric informat ion on the re- 
action mechanisms. So far its application has been re- 
stricted to only a few relat ively simple cases (22, 62), 
although it could readily be extended to more com- 
plicated situations in which, e.g., several complexes are 
reduced simultaneously,  as soon as more and better  
surface activity data become available. However, as 
the number  of adjustable parameters  (s tandard rate 
constants, t ransfer  coefficients, stoichiometric numbers)  
increases, so does the speculative na ture  of the in ter-  
pretation, and one quickly reaches the point  of futility, 
especially in view of the large inherent  uncertaint ies  
of surface activity data. 

(E) The reaction sequence dur ing electrocatalysis 
can be represented by a scheme like 

M m+ + pX-ads---> MXp (m-~)+ [14] 

MXp (m-')+ -~ n e -  --> M (m-n)+ ~- pX-ads [15] 

with possible modifications including metal  complexes 
as starting mater ial  and or product. For oxidations, n 
is a negative quanti ty.  

When the chemical reaction [14] is much slower than 
the electron t ransfer  step [15], then the over-al l  re-  
action rate will  be simply proport ional  to the activity 
of M m+ and to the pth power of the surface activity 
of X-ads. Thus, the rate is given by  

rate = k~Paz'aM [16] 

where k is the rate constant  of the chemical reaction 
[14] and is independent  of the electrical parameter,  
whereas fl usual ly  varies as an exponential  function of 
potential  (or charge densi ty) .  Thus, the formalism for 
an oxidation with ra te -de te rmin ing  l igand bridging, 
Eq. [14], and fast subsequent  charge t ransfer  [15], 
misleadingly resembles that  for a slow electron t rans-  
fer step! 

The reduction of hexaquo ind ium( I I I )  from thio- 
cyanate solutions is an example of ra te -de te rmin ing  
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ligand bridging, quite analogous to several bulk  chemi- 
cal reactions of hexaquo vanad ium( I I )  which are also 
limited by the rate of formation of the "precursor 
complex" (65, 66, 102). 

When reaction [14] is much  faster than  [15], then 
[14] may be considered to be in equil ibrium. The over- 
all rate equation wil l  then follow the usual  electro- 
chemical formalism, bu t  in terms of the interfacial 
activity of MXp, which in  tu rn  is proport ional  to the 
activities aM and (flax) p, so that  

ra te  -:-- kKflPax~aM exp [ 
anF(E ~ - ] [17] 

E o ) 

where 
aXMp 

K = [18] 
aM (fJax)~' 

This is the situation observed in the reduction of hy-  
drogen ions (62). 

(F) Electrocatalysis or l igand bridging, if present, 
will  go unnoticed when the uncatalyzed reaction is al-  
ready near  the l imit  of accurate measurements  (at 
present, ksh > 0.1-1 cm sec-1).  The fact that electro- 

catalysis or l igand bridging has so far been established 
mostly in cases in which the uncatalyzed reactions are 
very slow [ In( I I I ) ,  Cr ( I I ) ,  Ni ( I I ) ,  H ( I ) ] ,  may there-  
fore be merely  a reflection of the l imitat ions of our 
present  measurement  techniques. On the other hand, 
it is tempting to speculate that many  electrode reac- 
tions involving a drastic change in coordination are 
slow because the cations involved have low rates of 
exchange of coordinated water  (67), and that  the 
l igand-br idging pa thway is effective in labilizing the 
hydrat ion shell. Such a hypothesis is quite compatible 
with the observation that  the reduction of Zn( I I )  be- 
comes faster in concentrated perchlorate solutions 
(68), in which the "inert" electrolyte competes for 
coordination water, or with somewhat similar obser- 
vations with Ni ( I I )  (69). 

(G) By its very nature,  l igand bridging depends 
strongly on the adsorbabil i ty of the bridging anions. 
However, there seems to be no direct relation between 
the effectiveness of l igand bridging and the adsorba- 
bil i ty of the cations or cationic complexes involved 
(73). For instance, c is-Cr(NCS)2 (H20)4 + is very 
strongly adsorbed on mercury  (13), like its te t ramine 
analog, c is-Cr(NCS)2 (NH3)+4 (70), but  there is no 
evidence that  CrCl(H20)~ 2+ or CrBr(H20)52+ are 
strongly adsorbed, although the oxidation pathways are 
similar. Likewise, I n ( I I I )  is not measurably  adsorbed 
on Hg in chloride solutions (71, 72), yet the reaction 
mechanism seems to be quite similar to that in thio- 
cyanate, where  In ( I I I )  is markedly  adsorbed (72, 73). 

(H) In  the foregoing we have tried to emphasize 
some purely  chemical double layer effects, as distinct 
from the wel l -known,  more physical influences like 
those of the r potential  or of blocking. Somewhat ana-  
logous cat ion-br idging effects have been proposed by, 
e.g., De]ahay and Mattax (105) and Schmid and Reilley 
(106). Clearly, l igand bridging in homogeneous solu- 
t ion has its interracial  analog, the study of which is 
interest ing both for our fundamenta l  unders tanding  of 
charge t ransfer  processes and for its obvious practical 
applications. 

APPENDIX 1: 
THE ELECTROCHEMICAL PARAMETER 

Experimental ly ,  adsorption on electrodes varies with 
the applied potential. Consequently, in order to study 
e.g. the dependence of the amount  adsorbed on the bu lk  
activity of the adsorbable material,  the analysis must  
be made  at constant electrochemical parameter.  Stern 
(74) proposed to use as such the effective potential  
E -- r which, incidentally,  is the same parameter  in-  
troduced subsequent ly  by F r u m k i n  (1) in the descrip- 
tion of electrode kinetics. Grahame (75, 76), in his 
work confirming and extending the ideas of Stern, 
used electrode charge density Q as the electrochemical 
parameter,  a choice later  rationalized by  Parsons (77). 

40 

30 ' i .  

10 I I t t t | t t I I ( ~ I ~ [ I I I 
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Fig. 3. The compact double-layer capacitance, Cc, as a function 
of electronic charge density, Q, from Grahame's experimental 
data (87) of Hg in 0.01, 0.10, and 0.916 M NaF, calculated from 
the measured capacitance, C, according to C -1  ~ Cc -1 ~ Cd - t  
where the diffuse double-layer capacitance, Cd, is given by Cd 2 
(zFQ/2RT)2 ~ (eK/4~) 2 and K is the Gouy-Chapman reciprocal 
length, e the macroscopic solvent dielectric constant. 

Several arguments  pro and con this choice have been 
given (78-81) and need not be repeated here. A few 
observations may be added. 

The potential  ~ of the (outer) Helmholtz plane is 
not directly measurable,  and its calculation depends 
on the model chosen for the description of the diffuse 
double layer. Consequently, the values of the effective 
potential, E -- r also depend on such model assump- 
tions, 1 though to a lesser extent  since the range of 
values of V is about an order of magni tude smaller 
than that of E. 

In  the absence of electrode reactions, the electrode 
charge density Q is a directly measurable,  " thermo- 
dynamic" quanti ty.  However, Q becomes thermo-  
dynamical ly  undefined when adsorbable species are 
involved in electrode reactions (82-86). Under  those 
circumstances, r can still be evaluated from the sur-  
face excess of a nonadsorbed ion which is not par-  
t icipating in the electrode reactions, like e.g. Na + or 
K + from the inert  electrolyte. In  the case of anion 
bridging or electrocatalysis, where adsorption phe- 
nomena and kinetics are inter twined,  the measura-  
bil i ty of the electrochemical parameter  is obviously 
important,  quite apart  from the convenience of using 
the same parameter,  E -- r for the description of both 
adsorption and kinetics. 

Experimental ly,  the two choices, E -- r and Q, ap- 
pear to be ra ther  equivalent  (25). For  instance, 
Grahame showed (75, 76, 87) that, for Hg in aqueous 
NaF solutions, the capacitance Cc of the compact 
double layer is independent  of the NaF concentration, 
but  that Cc still is a function of Q, see Fig. 3. The same 
conclusion holds when Q is replaced by E -- r see 
Fig. 4. Similarly, adsorption isotherms which are con- 
gruent  (see below) when  plotted at constant  Q are 
equally congruent,  though not necessarily of the same 
shape, when considered at constant E -- r unless the 
argument  is changed halfway from E -- r to E (88). 

APPENDIX 2: 
THE ISOTHERM FOR ADSORPTION OF IONS 

Adsorption is convenient ly  described by  the adsorp- 
tion isotherm, i.e. the dependence, at constant  tem- 
perature,  pressure and electrochemical parameter,  of 
the surface excess r on the logari thm of the bulk  
activity a of the adsorbable material.  Often, neutral  
molecules exhibit  so-called "congruent" isotherms, 
that  is, the isotherms obtained for the same substance 
but  at different values of the chosen electrochemical 
parameter  (E -- r or Q) can be made to superimpose 
by a mere shift along the log a axis. Of course, con- 
gruence applies likewise to the integrated form of the 

1 Fo r  ion adso rp t ion ,  t he  d e p e n d e n c e  of E -- ~b on a d i f fuse  doub le  
l a y e r  m o d e l  does n o t  i n t r o d u c e  any  a d d i t i o n a l  u n c e r t a i n t y ,  s ince 
the  necessa ry  p r io r  s u b t r a c t i o n  of the  c o n t r i b u t i o n  of ions  " n o n -  
spec i f i ca l ly"  h e l d  in  the  d i f fuse  doub le  l ayer  depends  on the  v e r y  
same  model .  
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Fig. 4. The same compact double-layer capacitance data as in 
Fig. 3, but now plotted as a function of the effective potential E - -  
~. The potential r was calculated using ~ = 0.05239 arcsinh 
[Q/11.74 cl/2]. Note that the data for the three NaF concentra- 
tions fit equally well for both choices of the electrical parameters, 
E - -  r or Q. A similar plot as a function of the applied potential, 
E, leads to clearly noncoinciding curves. 

adsorption isotherm, viz. the plot of surface pressure, 
-: R T f P  d In a, vs. log a, for which it was first 

observed (89). This fairly general  rule  of congruence 
Js reflected in the fact that many  of the proposed equa-  
tions for adsorption isotherms, e.g. all those listed in 
Ref. (90), correspond to congruent  ones, i.e., #a is a 
function solely of r. 

Experimental ly,  ionic adsorption isotherms are 
usual ly noncongruent .  There is one apparent  excep- 
tion, that of I - ,  which is congruent  over the entire 
range studied by Grahame (91), although noncongru-  
ence shows up even here when the measurements  are 
extended to lower concentrat ions (92). A typical ex- 
ample of a noncongruent  ionic adsorption isotherm is 
that of chloride (93). 

The noncongruence shows most clearly at low bulk 
activities, with correspondingly small  values of F. This 
rules out effects due to changing mutua l  interact ion of 
adsorbed ions. The only interactions which do not 
tend to vanish at low bulk  activities, and which also are 
not accounted for by any of the congruent  adsorption 
isotherms, are those between specifically adsorbed and 
nonspecifically adsorbed ions. 

Adsorption isotherms which include a Boltzmann 
term in r like those of Stern (74), Levine et al. (94, 
95), and Devanathan  and Tilak (96), sometimes fit the 
trends of ionic adsorption isotherms better  than do 
congruent  adsorption isotherms (25). Extension could 
of course be made to Flory-Huggins  statistics (97, 98) 
if the introduction of still another adjustable param-  
eter is warranted.  Figures 5 and 6 show the F r umki n  
isotherm (99) as modified by the inclusion of the 
Boltzmann term 

I~sP [ zF~ ] 
f l a -  - -  exp A r  + - [19] 

rs - -  F RT 

Note that F rumk in  (99) proposed his isotherm for ad- 
sorption of uncharged substances, and that Eq. [19] 
indeed reduces to that isotherm for z ---- 0. An isotherm 
similar to Eq. [19], but  using the " inner  Helmholtz" 
potential  r instead, was used by Grahame (91) and 
by Par ry  and Parsons (107). 

In some cases, as with chloride, Eq. [19] appears to 
overemphasize the effect of the diffuse double layer; 
and better  agreement  with exper iment  is obtained 
with only a fraction of the term zFr in the ex- 
ponent. 

Interest ingly,  the inclusion in the isotherm of a term 
in r leads to behavior like that  observed by Dutkiewicz 
and Parsons (100), without  t h e  need to invoke salt 
activities ra ther  than ionic ones, as can clearly be seen 
by comparison of Fig. 5 and 6. 

APPENDIX 3: THE DETERMINATION OF 
For systems exhibi t ing congruent  adsorption iso- 

therms, fl, and consequent surface activity #a, and sur-  
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Fig. 5. Adsorption isotherms, at constant electrode charge den- 
sity, Q, calculated from Eq. [19] using the following parameters: 
# ---- 10 - 6  cm, Fs ---- 10 . o  moles cm -2 ,  and A = 10 l~ cm ~ 
mole -1.  Curves calculated for electrode charge densities of (from 
top to bottom) + 2 0 ,  + 1 0 ,  0, - -10,  and - -20  ~.C cm -2,  respec- 
tively. For ease of comparison, fl is kept constant despite the varia- 
tion of Q. The potential r is calculated according to r ~ 0.05139 
arcsinh [(Q Jr zFF)/11.74 cl/2]. In the calculation of r the 
difference between bulk concentration, c, and bulk ionic actMty, a 
(both in moles l i ter- ] ) ,  is neglected. For Q > 0, the curves tend 
to approach F]7 ~ Q at low salt activities, and no Henry region 
(where F is proportional to a) is observed in the activity range 
shown. Units: FF in F.C cm -2 ,  a in M. 
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Fig. 6. The same adsorption isotherms as in Fig. 5, but at con- 
stant ionic strength (1M) maintained with a nonspecifically 
adsorbed electrolyte. Note that the curves differ substantially 
from those in Fig. 5, and appear to be much more congruent, since 
the double-layer influence has been reduced significantly for the 
larger part of the curves (log c < 0). 

face activity coefficient ~a/F, can be obtained from the 
surface pressure either at constant  effective potential  
or at constant  electrode charge density. When the iso- 
therm is not congruent,  then curve fitting to a theoret-  
ical or empirical adsorption isotherm appears to be 
the only available alternative.  Although AG~ would 
seem to be a thermodynamic  quanti ty,  there is as yet 
no purely thermodynamic  way to determine AG~ or 

for ions. 
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Formation of PbS04 Crystallites on Pb in the Lead-Acid Cell 

Tokewo Chiku* and Koichi Nakajima 
Toyota Central Research and Development Laboratories, Inc., Nagoya, Japan 

ABSTRACT 

Format ion of lead sulfate crystalli tes on lead dur ing the electrochemical 
reaction has been examined by electron microscopy and x - ray  diffraction 
techniques. It was found (i) that  lead sulfate as the active mater ial  nucleates 
preferent ia l ly  on the crystal surface of lead and grows dendritically,  depending 
on the condition of discharging; also that  the crystallographical relat ion shows 
a tendency to have Pb [100]//PbSO4 [100] for the (001) plane and Pb [110]/ /  
PbSO4 [010] or [111] for the (111) plane of Pb, and (if) that the morphology 
of the lead sulfate as the active mater ial  seems to be different from the lead 
sulfate not t ransformed to Pb, even in a fully charged condition. 

Burbank  (1, 2) studied lead oxide and the three 
basic sulfates of the lead-acid cell by x - r ay  and elec- 
t ron microscope techniques and found that  these basic 
sulfates were t ransformed into prismatic and nodular  
particles of PbO2 by anodic oxidation. She (2) also 
observed that crystals of PbO2 in a state of discharge 
varied from prismatic individuals to complex spher- 
ulitic formations, depending on how the electrode 
plates were prepared and the progress of the electro- 
chemical reaction. 

The electrochemical reaction which occurs on the 
positive plate is characterized by the formation and 
consumption of HfO during the reaction. It may be 
important to consider this in the mechanism of nuclea- 
tion and formation or decomposition of PbO2 and the 
basic sulfates in the positive plate, since it suggests 
that the characteristics of the reaction process produce 
complicated substances similar to those obtained by 
Burbank. 

Format ion of active mater ia l  in the negative plate 
dur ing anodic oxidation depends directly on the ex- 
istence of sulfate ions; therefore, the formation of lead 
sulfate should depend considerably on the concentra-  
t ion of sulfate ions along the surface of the plate dur-  
ing the progressive reaction. 

Recently it has been shown (3, 4) that  lead sulfate 
crystallites grow dendri t ical ly on lead crystal  surfaces, 
especially on the (100) and (111) planes. The purpose 
of this s tudy was to determine how lead sulfate crys- 
tallites nucleate and grow onto Pb dur ing the process 
of discharging. 

Experimental Procedure 
Single crystals of Pb  were prepared in the form of 

cylindrical  rods 10 m m  in diameter,  which were cut 
paral lel  to the (111) and (100) planes by the modified 
Br idgman method. A Servomet spark erosion machine 
was used for the cutting. Par t  of the cut surface was 
then  removed by chemical polishing in a solution con- 
ta ining four volumes of CH~COOH and one volume of 
H~O2 (30%). 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  e l e c t r o n  m i c r o s c o p y ,  x - r a y  d i f f r a c t i o n ,  n u c l e a t i o n .  
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The specimens were annealed at 300~ for 3 hr  in 
vacuum and then used as electrode plates which were 
charged and discharged under  conditions shown in 
Table I. The specific gravi ty  of the electrolyte was 
1.260 at 20~ These electrode plates were then washed 
thoroughly with distilled water  and dried at room 
tempera ture  under  reduced pressure. 

Extract ion replicas were prepared from the surfaces 
by a s tandard two-stage plastic carbon replication tech- 
nique. Chromium was used as the replica shadowing 
mater ial  to determine the crystallographical relat ion-  
ship between PbSO4 and Pb  as the active material .  
Electron microscopic observations were made with a 
JEOL (JAPAN) JEM-6A electron microscope at 100 
kV. 

Crystallographic orientat ion was determined by the 
x - ray  diffraction technique.  Shadowing by chromium 
was carried out from the direction of the projection 
paral lel  to [100] direction for the specimen cut parallel  
to (001) and [110] direction for the specimen cut 
parallel  to (111). The glancing angle was 28.5 ~ 

Samples used for x - r ay  measurements  were taken 
from a commercial ba t te ry  at various stages of dis- 
charge (Fig. 1). At each stage they were put into a 
small polyethylene bag together with the electrolyte 
solution of the ba t te ry  and then  mounted on a speci- 
men  holder. 

Table I. Condition of electrolysis on the 
specimens of Pb single crystal 

R e f l e c t i n g  
p l a n e  C a t h o d i c  r e d u c t i o n  A n o d i c  o x i d a t i o n  

(111) 0.2 m A  30 sec 0.2 m A  300 see 
0.2 m A  30 sec 
0.05 m A  1200 sec 
0.05 m A  120 see 

0.S m A  30 sec 0.S m A  20 see  
(200) 0.2 m A  30 sec 0.2 m A  300 sec 

0.2 m A  30 sec 
0.1 m A  600 sec 
0.1 m A  60 s e c  
0.05 m A  1200 s e c  
0.05 mA 130 sec 

0.8 m A  30 sec 0,8 m A  20 s e c  
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Fig. 1. Characteristic curves of discharge (at 4A) in the battery 
examined. 

Results 
Observation of the crystal surface of lead crystal 

dipped in the electrolytic solution.--Figure 2 shows an 
example  of the  e lec t ron micrographs  and the  se lected 
area  diffract ion pa t te rns  obta ined  f rom the (001) p lane  
d ipped in the  e lec t ro ly t ic  solut ion for  2 hr. F r o m  the  
diffraction pat terns ,  the  mate r ia l s  ex t rac ted  were  found 
to be PbSO4. Pr i smat ic  ind iv idua ls  of PbSO4 are  ob-  
served i r respect ive  of the  or ien ta t ion  of the surface of 
the  lead  crystal .  

To obta in  a c lean surface of P b  s ingle  crystals ,  the  
surfaces of each of the  specimens were  pol ished chem-  
ica l ly  and then reduced ca thodica l ly  at  200 or  800 ~A 
for 30 sec. No ex t rac ted  mate r i a l s  were  observed af ter  
this t rea tment ,  but  in some cases smal l  amounts  of 
the  ma te r i a l s  were  found to exis t  on the  surface and 
were  de te rmined  to be PbSO4 crystal l i tes .  These were  
thought  to be  caused b y  the  deoxidizat ion of the  l ead  
oxides dur ing  the cathodic charging.  

Nucleation and growth of lead sulfate crystallites 
during discharging.--Figures 3-6 show morphologica l  
changes of the PbSO4 crystal l i tes .  Resul ts  obta ined 
af te r  discharging at  200 ~A for 30 sec and 800 ~A are  
shown in Fig. 3 and 4, respect ively.  These e lec t ron 
micrographs  show a dendr i t ic  PbSO4 formed from 
Pb dur ing  the process of discharging.  The fo rmat ion  
condi t ion of the  PbSO4 dendr i t e  on a definite la t t ice  
plane of a Pb  c rys ta l  can be de te rmined  f rom the 
analysis  of an e lec t ron micrograph  and the cor respond-  
ing diffract ion pa t te rn .  I t  should be  noted  first tha t  the  
e lec t rochemical  react ion does not  proceed homoge-  

Fig. 3. Electron micrograph of an extraction rep|ica taken from 
(100) plane of Pb single crystal discharged at 200 ~A for 30 sec 
in the electrolyte solution. 

Fig. 4. Electron micrograph of an extraction replica taken from 
(100) plane of Pb single crystal discharged at 800 FA for 20 sec 
in the electrolyte solution. 

Fig. 2. Electron micrograph of an extraction replica taken from 
(100) plane of Pb single crystal merely dipped in the electrolytic 
solution for 2 hr. 

Fig. 5. Electron micrograph of an extraction replica taken from 
(100) plane of Pb single crystal discharged at 100 /~A for 60 sec 
in the electrolyte solution. 

neously over  the  whole  surface of the  e lectrode p la te  
but  locally,  depending  on the c rys ta l  or ientat ion.  Sec-  
ond, the  re la t ionship  be tween  c rys ta l lograph ica l  o r i -  
enta t ion of the  surface of the  lead  crys ta ls  and the 
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Fig. 6a. Electron micrograph of an extraction replica taken from 
(111) plane of Pb single crystal discharged at 200 FA for 300 sec 
in the electrolyte solution. 
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Fig. 7. Changes in the negative plate of the diffracted intensity 

of some diffraction lines of Pb and PbSO4. 

Fig. 6b. Diffraction photograph of the same sample obtained by 
using a high resolution diffraction technique. The area irradiated 
was taken to be about 0.1 mm in diameter. 

PbSO4 clearly depends on the condition of anodic 
oxidation. Figure 5 shows the result  obtained with 
the (001) plane of Pb  crystals after discharging at 
100 #A for 60 sec; dendri t ic  growth of PbSO4 crystal-  
lites can hardly  be observed. 

With an increase of discharge current ,  the formation 
of PbSO4 crystall i tes appears to give rise to a typical  
dendri te  having an immediate  connection wi th  the 
crystal orientat ion of Pb. Figure 4 is an example of 
the type of formation of PbSO4 referred to as the den-  
dritic growth. This is found more f requent ly  on the 
(001) plane of Pb crystal and results from discharging 
at 800 ~A for 20 sec. The crystallographic relat ion 
yields to Pb  [100] / / P b S O 4  [100], and in some cases to 
Pb [100] / / P b S O 4  [211]. Figure 6a i l lustrates the den-  
dritic growth of PbSO4 on the (111) plane of Pb 
crystals, showing a somewhat different crystallographic 
relat ion compared with that  in  the (001) plane. The 
relat ionship is determined by Pb  [110] / / P b S O 4  [010] 
or Pb  [110] / /  PbSO4 [111]. 

To correlate these crystallographic relationships with 
crystal  s tructures it is necessary to know the detailed 
s tructure of the  PbSO4 crystal. I t  is orthorhombic in 
s t ruc ture ,  having ao : 8.48A, bo ---- 5.40A, and Co ---- 
6.96A, and contains four molecules per cell. The posi- 
tions of Pb and S in the uni t  cell are given (7) but  
those of the O atoms are not as yet clear. 

A high resolution diffraction technique was applied 
in order to investigate a wide region of the extract ion 
replica. Figure 6b shows the diffraction obtained. The 
area irradiated was approximately 100~ in diameter.  It 
can be seen that the PbSO4 crystalli tes cluster around 

certain orientations. It is interest ing to note that  the 
diffraction pa t te rn  shown is identical  with that  of 
PbSO4, but  the selected area diffraction pat tern  ob- 
tained from the same specimen shows some extra dif- 
fraction where the spots correspond to the forbidden 
reflection, i.e., (100), (010), and (100). This suggests 
that these spots appear due to double reflection. 

X-ray di~raction analysis for the transformation oJ 
Pb to PbSO4.--Figure 7 shows the change in diffracted 
in tensi ty  of the {111}, {200}, and {113} planes in Pb  
with increase in t ime of discharging. It  can be clearly 
seen that  (i) the diffracted in tensi ty  from each plane 
decreases rapidly and (ii) the relat ive intensi ty  of 
these reflecting planes deviate greatly from that  in the 
normal  state. For example, the relative Ii11:I2oo:II13 : 
100: 50:32 in the ini t ia l  stage becomes 8: 12:11 after dis- 
charging at 4A for 8 hr, indicating that  the nucleat ion 
and growth of PbSO4 on the surface of Pb becomes 
more dense on the crystal  surface of a definite orien- 
tation. 

The diffracted in tensi ty  from each plane decreases 
with the t ime of discharging, but  the rate of decreas- 
ing depends on the crystal  orientation.  The results ob- 
tained here were about 1/12 for {111}, 1/4 for {200}, 
and 1/3 for {113}, respectively, in the near ly  zero 
t e rmina l  voltage stage. This suggests that  the {111} 
plane of Pb  may be a habit  plane for the nucleat ion 
of PbSO4 dur ing discharging. The electron micro- 
graphic observations also show that  the lead sulfate 
grew dendri t ical ly on the Pb crystal surface, especially 
on the (100) and (111) planes. 

An interest ing result  was obtained by analysis of 
diffracted in tens i ty  from various planes of Pb com- 
posed of the negative plates of new and old fully 
charged batteries. As shown in Table II, the intensi ty 
of {111} reflection from the new bat tery  differs greatly 
from that  in the old battery, but  not for those of other 

Table II. Diffracted intensity from various lattice planes of 
Pb and PbS04 crystallites in fully charged batteries 

D i f f r a c t e d  i n t e n s i t y  
M i l l e r  i n d i c e s  A S T M  N e w  b a t t e r y  Old  b a t t e r y  

P b  111 10O 10O (820 Hz)  I00 (210 Hz)  
200 50 58 (478 Hz)  116 (244 Hz)  
311 32 26 (213 Hz)  125 (262 Hz)  

PbSO~ 112 35 13 (13 Hz)  39 (82 Hz)  
020 46 13 (13 Hz)  64 (134 Hz)  
211 100 100 (100 Hz)  100 (210 Hz)  
102 71 52 (62 Hz)  85 (1"/9 Hz)  
210 86 74 ('/4 Hz)  106 (223 Hz)  
002 33 65 (65 Hz)  37 (78 Hz)  
201 23 17 (17 Hz)  29 (61 Hz)  
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reflecting planes.  This was p robab ly  caused by  p re f -  
e rent ia l  nucleat ion and  growth  of PbSO4 on the  {111} 
p lane  of Pb. Diffracted intensi t ies  f rom var ious  la t t ice  
planes of PbSO4 and age of the  ba t t e ry  are  given in 
Table II. I t  can be seen f rom this table  that  PbSO4 
crysta l l i tes  formed on Pb wi th  a p re fe r r ed  orientat ion.  

X - r a y  examinat ions  were  carefu l ly  car r ied  out to 
dis t inguish c rys ta l lograph ica l ly  be tween  PbSO4 as the 
active ma te r i a l  and the other  type  of PbSO4 not being 
t rans formed  to Pb. No change of c rys ta l  s t ruc ture  could 
be observed in e i ther  of them. The presen t  s tudy points  
up an impor tan t  lead in de te rmin ing  how the  amounts  
of PbSO4 in the e lect rode p la te  increase wi th  the age 
of bat ter ies ,  even in the  fu l ly  charged state. The 
morphologica l  change of PbSO4 crysta l l i tes  on the 
e lect rode pla te  must  be in t ima te ly  re la ted  as to 
whe the r  or not the PbSO4 formed is effective as the  
active mater ia l .  Lead  sulfa te  formed in connection 
with the c rys ta l lographic  re la t ion (Fig. 3) t rans forms  
comple te ly  to Pb  as a resul t  of cathodic charging,  whi le  
the other  type  of PbSO4 formed dur ing  soaking in elec- 
t ro lyt ic  solution (Fig. 2) keeps its configuration, even 
in the fu l ly  charged state. 

As shown in Table II, a considerable  decrease of 
diffracted in tens i ty  is c lear ly  seen in the  {111} and 
{200} planes  of Pb  in the  negat ive  plate,  depending on 
how much the ba t t e ry  is used. This suggests tha t  these 
planes in Pb crys ta l l i tes  are  exhaus ted  wi th  the  aging 
of the  ba t t e ry  by  the format ion  of PbSO4. In other  
words,  the age of the ba t t e ry  is es t imated roughly  f rom 
the to ta l  res idual  area  of {111} or {100} planes  in each 
par t ic le  composing the  e lect rode plate.  

The in tegra l  b read th  of diffraction l ines of Pb  as the  
active ma te r i a l  was observed to increase  [or decrease 
(3) ] g r adua l ly  wi th  the t ime  of charging (or d ischarg-  
ing) ,  approaching  the va lue  of meta l l ic  Pb  when the 
t e rmina l  vol tage  became nea r ly  zero. The h ighly  
s t ra ined state produced dur ing  cathodic charging may  
be expla ined  in te rms of hydrogen  impregna t ion  oc- 
cur r ing  dur ing  the charging.  The elastic s tored energy 
was es t imated to be abou t  0.05 ca l /g  (3). In  fact, hy -  
drogen adsorpt ion is known (5) to reduce the  surface 
tension of metal ,  and the adsorbed hydrogen  slows 

down the discharge of metal l ic  ions (6) wi th  increasing 
polar izat ion and resul ts  in occurrence of a s t ra ined  
state in the  matr ix .  

Summary 
Nucleat ion and growth  of lead  sulfate  crysta l l i tes  

as the  act ive ma te r i a l  on an electrode p la te  were  ex-  
amined by  electron microscopy and x - r a y  diffraction 
techniques.  The  resul ts  were  as follows: 

1. In  the ea r ly  stage of anodic oxidation,  lead sul-  
fate crysta l l i tes  nucleate  p re fe ren t i a l ly  on the crys ta l  
surfaces of Pb  having low indices, especia l ly  the (001) 
and (111) planes,  and grow dendr i t i ca l ly  depending on 
the condit ion of discharging.  The crys ta l lographic  re la -  
t ion be tween  them is given by  Pb[100] / /PbSO4[100]  
for the (001) p lane  of Pb, and Pb[l~O]//PbS04[OlO] 
or [111] for the  (111) p lane  of Pb. 

2. The crys ta l  s t ruc ture  of lead sulfate as the active 
ma te r i a l  could not be dis t inguished f rom tha t  of the 
other  type  of PbSO4. I t  was not  t r ans fo rmed  to Pb  
even in the ful ly  charged state, but  a morphologica l  
change could be seen in both forms of PbSO4. 
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Performance Characteristics of Solid 
Electrolytes under Steady-State Conditions 

N. S. Choudhury* and J. W. Patterson** 
Deparmtent of Metallurgy and Engineering Research Institute, Iowa State University, Ames, Iowa 50010 

ABSTRACT 

Parame t r i c  in tegra l  equat ions for the  s t eady-s ta te  t e rmina l  vol tage  and 
ex te rna l  cur ren t  of a solid e lec t ro ly te  energy  conversion device are  der ived  
under  the  assumpt ion that  the  anode and cathode chemical  potent ia ls  r emain  
invar iant .  Plots  of t e rmina l  voltage,  power  del ivered,  and efficiency vs. ex-  
te rna l  cur ren t  are genera ted  for y t t r i a - d o p e d  thor ia  at 1600~ by  first inser t ing 
the  appropr i a t e  funct ional  dependencies  for the ionic and electronic conduc-  
t ivi t ies  into the pa rame t r i c  equat ions and then sys temat ica l ly  e l iminat ing  the 
common parameter .  The  fo rmulas  a re  also used to ca lcula te  and plot  the  
chemical  potent ia l  profiles inside the  y t t r i a -dope d  thor ia  solid e lec t ro ly te  
under  appl ied  vol tage  (charging)  as wel l  as under  load (discharging)  
conditions. 

The feas ib i l i ty  of an e lectrochemical  ene rgy  con- 
version device (e.g. bat te ry ,  fuel  cell, etc.) for any  
pa r t i cu la r  appl ica t ion  depends  on its vo l t age -cur ren t  

* Elect rochemical  Society Student  Member .  
** Elect rochemical  Society Act ive  Member .  
Key  words :  solid electrolytes,  m ixe d  conductors,  d-c polarization, 

open c i rcui t  emf,  t h e r m o d y n a m i c  emf, e lec t rochemical  potential ,  
chemical  potential ,  charge-discharge characteristics,  e lectronic  con- 
ductivity,  hole conductivity,  ionic conductivi ty ,  ionic t r ans fe rence  
number ,  chemical  potent ia l  profile, in te r face  polarization,  electrode 
polarization.  

characteris t ics .  Once the re la t ionship  be tween  t e rmina l  
vol tage and ex te rna l  cur ren t  is known, the  de l ivered  
power  and efficiency of the device m a y  be es t imated 
for proposed opera t ing  conditions.  Such opera t ing  char -  
acterist ics  a re  usua l ly  obta ined empi r ica l ly  by  mere ly  
observing device response  to prese lec ted  charge  and 
discharge conditions.  

Observed var ia t ions  in t e rmina l  vol tage wi th  ex-  
t e rna l  cur rent  m a y  be ra t ional ized in te rms of var ious  
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polarization effects associated with (a) mass and 
charge t ranspor t  through the electrodes and electro- 
lyte, and (b) t ransfer  reaction kinetics at the elec- 
trodes. Although extensive exper imental  and theoret-  
ical effort has been directed to the polarization effects 
associated with electrodes and electrode-electrolyte 
interfaces, polarization effects wi thin  the bulk  of the 
electrolyte have received much less attention. 

The present  paper concerns polarization effects 
within solid electrolytes. In  particular,  Wagner 's  theory 
of mixed conduction (1, 2) is used to obtain quant i ta t ive  
methods for calculating te rminal  voltage, external  cur-  
rent, delivered power, efficiency, and chemical poten-  
tial profiles (3) for v i r tua l ly  stoichiometric solid elec- 
trolytes under  steady-state conditions of charge and 
discharge. 

Expressions for Current and Voltage for 
Solid Mixed Conductors at Steady-State 

Consider the electrochemical system depicted sche- 
matical ly in Fig. 1. For general i ty the / ' ~aXb  solid elec- 
trolyte is presumed to exhibit  a perceptible amount  
of electronic conductivi ty o-3 in addition to the cationic 
and anionic conductivities o-i and o-2. Chemical condi- 
tions in electrodes 1 and 2 serve to fix the nonmeta l  
chemical potentials ~x2' and ~x2" in the respective elec- 
trode compartments.  

The chemical potentials #x2(O) and ~x2(L) prevai l  
just  inside the electrolyte at the corresponding elec- 
trode-electrolyte interfaces. If mass t ransfer  polariza- 
tion effects external  to the electrolyte can be neglected, 
~x2(O) ---- ~x2' and /zx2(L) = /~x2" even under  load or 
discharge conditions. Because we are considering only 
losses wi thin  the electrolyte, this assumption of com- 
pletely reversible behavior  is employed below. De- 
partures from these equalities are the subject of elec- 
trode and interface polarization effects external  to the 
electrolyte (4). 

The electronic leads connecting the electrode-elec- 
trolyte interfaces to the external  circuit in Fig. 1 are 
assumed to be of identical composition so that  the elec- 
trochemical potential  difference ha" = ha' for electrons 
in  leads 2 and 1 is related to the te rmina l  voltage V$TW 
by 

~ "  - -  ~13'  - - -  F VT [ 1 ]  

where F is Faraday 's  constant. Electronic polarization 
effects outside the solid electrolyte are neglected by 
assuming the electrochemical potential  of electrons 
,la(O) and ~a(L) just  inside the electrolyte at the O 
and L interfaces are respectively equal to "13' and "13". 

According to Wagner 's  theories (1,2),  the local 
charge fluxes I1 (due to cations), I2 (due to anions) ,  
and I3 (due to electrons) may be wr i t ten  in terms of 
the corresponding part ial  conductivities ~i, electro- 

x = O  x = L  

• 

• 

Fig. 1. Schematic representation of a solid electrolyte energy 
conversion device. 
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chemical potential  gradients ~7~i and valences ~ as fol- 
lows 

Ii = - -A  (o-i/~iF) V,Ii; i = 1, 2, 3 [2] 

where F is Faraday 's  constant, and A is the cross sec- 
t ional area of the solid electrolyte. The assumptions of 
local equil ibria involving neut ra l  atoms, ions, and elec- 
t r o n s - a n d  the condition of v i r tual  stoichiometry com- 
bined with the Gibbs-Duhem relat ion between the 
species M and X--faci l i ta tes  the el iminat ion of the 
nonmeasurables  '11 and T]2 in favor of the variables ~x2 
and ,13 whose differences can be measured and con- 
trolled in physical systems. There results 

Iion : - -A o-ion(XT/zx2/2~2F -}- V ~ I 3 / ~ 3 F )  [3]  
and 

I3 : -- A ~3 V~z/~aF [4] 

where/ion = I1 -}- 12 and o-ion = o-1 + e2. 
The condition of steady-state requires that I1, Iz and 

I3 must  individual ly  be independent  of location. There-  
fore the ratio 

r = Iion/I3 [5 ]  

is also independent  of location. In this paper the pa-  
rameter  r is used to characterize the steady-state  con- 
dition of the solid electrolyte because for fixed values 
of ~x2', #x2", and tempera ture  T, each value of r corre- 
sponds uniquely  to a par t icular  external  current  Iext 
and terminal  voltage VT. The quant i ta t ive  formulas for 
Iext and VT in terms of o-i, gx2', gx2", and r may be 
readily derived by appropriate integrat ion under  the 
assumptions of steady-state conditions and negligible 
polarization outside the electrolyte phase. 

Subst i tut ion of Eq. [3] and [4] into [5] solved for 
Vn3 gives 

~3 ( ~176 ) V p X  2 [6] 
VTI3 = - - ~ 2  To-3 - -  O'ion 

Integrat ion of Eq. [6] from one end of the electrolyte 
to the other, division by F, and use of Eq. [1] yields 

VT = . UX2' ' ro- ;  Z o-ion' d/zX2 E71 

as the explicit formula for the te rminal  voltage in 
terms of r, ~x2', ~x2" and appropriate t ransport  pa ram-  
eters for the M a X b  phase. For any given value of r the 
integrand in Eq. [7] is a funct ion of ~x2 only and the 
integral  may be evaluated explicitly when  the de- 
pendence of o-ion and o-a on ~x2 are know n  for the elec- 
trolyte in question. 

The external  current  Iext is simply the sum of Iion and 
I3. Thus Iext may be wri t ten  as 

A (1 + r) o-iono-a VPX2 
/ext = I3 -{- I i o n =  - -  [8]  

(ro-3 - -  o-ion) 2 ~ 2 F  

where Eq. [3], [4], [5], and [6] have been used to 
eliminate /ion, I3, and V~3 in favor of the variables 
~ion, o-a, V~x2 and the parameters  A, ~2, r, and F. In te-  
gration of Eq. [8] under  the assumption of l inear  flux 
geometry and the steady-state  implication that I3 and 
/ion are independent  of location in the electrolyte yields 

A F ~ X 2  " [ l  -Jr- ~']o-ion~r3 d/zx2 
lext  " -  - -  - ~  .~, __ [9 ]  

Ux2' (rcr 3 O'ion) 2 Z 2 F  

In Eq. [9] as in [7] the integral  may be evaluated ex-  
plicitly if the dependences of O'ion and o-3 on px2 are 
known from independent  measurements  and if the 
values of ~x2', ~x2", and r are specified. 

The functional  dependences of O'ion and o-3 on #x2 (or 
equivalent ly  log Px2) may  be determined experi-  
menta l ly  from a-c conductivity, d-c polarization, and 
open circuit emf measurements  on appropriate cell ar-  
rangements  involving MaXb specimens (2, 5). Al ter -  
nate ly  the dependences may  at least in part  be in-  
ferred from law of mass action considerations involv-  
ing the species believed to dominate the defect s truc-  
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I R 2 

Q 
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~x2(L) - ~x2(O) 
ETH = . 2Z2F 

Fig. 2. Linear circuit analog for a solid electrolyte energy con- 
version device. 

ture  of the MaXb compound (6-9) ; in the present  con- 
text, however, the dependences of r and o-3 on ~x2 
are assumed to be available from independent  sources. 
We may therefore t u rn  to the task of generat ing the 
vol tage-current  characteristics with the help of Eq. [7] 
and [9] which are parametr ic  in r. 

In principle the procedure is quite simple. One 
merely  ranges r over as m a n y  values as desired. For 
each r, V T  and Iext are  evaluated from Eq. [7] and [9] 
and then plotted vs. one another  to form the voltage- 
current  characteristic curve. However, the range of r 
values to be chosen for a given assessment may not be 
too obvious at first glance. Thus the equivalent  circuit 
shown in Fig. 2 is offered for assistance. Because the 
values of ~i and hence of Ri may depend on the applied 
current  and voltage, the equivalent  l inear  circuit shown 
in Fig. 2 is only a very crude way to approximate the 
behavior of the physical system depicted in Fig. 1. 
Nevertheless, Fig. 2 provides some insight into the 
ranges of r that  correspond to part icular  modes of 
steady-state behavior.  

If the source is a load resistor of infinite impedance 
or a bat tery  with an appropriate bucking emf, Iext 
vanishes, and the electrolyte is said to be funct ioning 
in the open circuit mode. Inspection of the circuit dia- 
gram in Fig. 2 indicates that  nei ther  Iion nor  I3 vanish 
in the open circuit  case but  ra ther  Iion -= --I3, i.e. 
r : --1. Figure 2 also indicates that  the open circuit 
magnitudes of I3 and Iion depend not only on the over-  
all ionic and electronic resistances but  also on the 
magni tude  of the thermodynamic  voltage ETH (in-  
dicated as a bat tery  in Fig. 2) generated by chemical 
conditions of the electrodes. The magni tude  of ETH is 
given by 

E T H  --" - -  ( ~ X 2 "  - -  ~x2')/2Z'2F [10] 

It is easy to demonstrate  that  the above assertions 
are in accordance with Wagner 's  ta rn ishing theory by 
subst i tut ing r : --1 into Eq. [9] to get Iext : 0 and 
into Eq. [7] to get Wagner 's  we l l -known result  

S UX2" t ion 
E w  : - "  - -  d # x 2  [ l l J  

~X2" 2~2F 

where the ionic transference number  tion is defined as 
t ion = o-ion/[O'ion "-~ O-3]. 

If the source in Fig. 1 is a bat tery  w i t h  the same 
polari ty and emf as ETH, Iion vanishes and Iext = I3 
only. In  this case r : 0, and the physical si tuation cor- 
responds to the stopping voltage for scaling of metals 
(9, 10) or to the conditions corresponding to the Hebb-  
Wagner  (2, 11, 12) d-c polarization technique for 
s tudying the electronic conductivi ty of mixed con- 
ductors. If the source bat tery  polari ty remains  the 
same but  its emf is increased, the MaXb electrolyte is 
said to be in the charging mode. By inspection, the 
charging mode corresponds to r values greater than 
zero. 1 

If the source voltage is less than  Ew as given by Eq. 
[11] the electrolyte is said to be discharging under  load. 

1 B e c a u s e  it  is  o f  such  l i t t le  in teres t  in pract ica l  caseS, w e  o m i t  
c o n s i d e r a t i o n  of  a n o t h e r  r ~ 0 m o d e  t h a t  resu l t s  w h e n  t h e  p o l a r i -  
t i e s  of  the  s o u r c e  v o l t a g e  a n d  E~H a r e  n o t  opposed .  

By inspection of Fig. 2 it is seen that  /ion and I3 will  
flow in opposite directions, and it is found that  the 
range of r from --1 (open circuit) to - - ~  (dead short) 
covers all possible load conditions. This mode of opera- 
t ion (i.e. steady-state discharge) wil l  be examined be- 
low to demonstrate  the use of Eq. [7] and  [9] to calcu- 
late current,  voltage, power, and efficiency. 

Analogous calculations and characteristic curves can 
also be made for the charging mode (r > 0) of opera- 
t ion but  this case is not analyzed in detail. Chemical 
potential  profiles are calculated and plotted below for 
l inear  geometry solid electrolytes in the charge 
(r > 0), discharge (r < - -1) ,  and open circuit 
(r = --1) modes. 

Calculations for Special Cases 
Specific calculations for a given electrolyte require 

that the dependences of o-3 and o-ion on PX2 (or  equiv-  
a lent ly  on log Px2) be known in some detail  for the 
temperature  and electrolyte of interest.  Unfor tunate ly ;  
informat ion of this type is available for only a few 
solid electrolytes and for only l imited tempera ture  
ranges (5, 13). Fur thermore,  because of the discrep- 
ancies reported from investigator to investigator, those 
data which now exist can only yield an approximation 
to the funct ional  dependences required. Nevertheless 
it is useful  to demonstrate  the calculation of the var i -  
ous characteristic curves by  analyzing a solid elec- 
trolyte for which the required data (however approxi-  
mate) are present ly  available. 

The oxide solid electrolyte YDT (yt t r ia-doped thoria 
---- Tho.s5 Y0.15 O1.925) has been chosen for the calcula- 
tions. By combining the results of various conduc- 
t ivi ty measurements  (8), emf measurements  (14), and 
assumptions regarding the defect s t ructure of YDT, the 
following dependences of o-3 and o'ion for YDT may be 
used 

o-3 : ~rion[ (Po2/Pe)  TM -~- (Po2/Pe) -1 /4]  [12] 

The ionic conductivi ty o-ion is due to oxygen ion vacan-  
cies and is fixed at a given tempera ture  by the dopant. 
Hence ~ion is independent  of Po2 but  exhibits an Ar r -  
henius tempera ture  dependence which at 1600~ gives 
a value of 

o-ion(1600~ : 0.10 ohm -1 cm -1 [13] 

The Schmalzried parameters  Pe and Pe in Eq. [12] 
also exhibit  an Arrhenius  tempera ture  dependence (13) 
and for YDT at 1600~ they have the values 

Pe(160O~ = 100 arm [14] 
and 

Pe(1600~ : 10 -19 atm [15] 

Equations [7] and [9] may be evaluated for any  r value 
by subst i tut ing Eq. [12] and [13] into the integrands 
and changing the variable  of integrat ion to Po2. Cal- 
culations at other temperatures  merely  require  knowl-  
edge of the tempera ture  dependences of o-ion, Pe, Pe 
and the end points of integrat ion Po2' and Po2". 

Calculation of Discharge Characteristic Curves 
Under  load conditions the power Pd delivered by the 

electrolyte is simply Iext t imes VT which may be readily 
evaluated from Eq. [7] and [9] for various values of r. 
The consumption rate Pc of chemical energy stored in 
the electrodes is simply Iion = Iext r / ( r  -~- 1) t imes the 
thermodynamic  emf ETH. Thus the power Pd, the effi- 
ciency e = Pd]Pc, and the te rmina l  voltage VT for the 
electrolyte under  s teady-state  discharge conditions 
may  be calculated along with Iext for any values of r 
in the range --1 to - - ~ .  The plots of Pd, e, and VT vs.  
Iext in this range of r values comprise the discharging 
characteristic curves for the electrolyte in question. 

Figure 3 shows the results of the calculations for 
Po2' and Po2" values corresponding to Pe and Pe re-  
spectively. Because the electrode chemical potentials 
extend well  beyond the electrolytic domain (5, 13) for 
the electrolyte, the parasitic effects of electronic con- 
duction on the efficiency add significantly to the in-  
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~,~ .;_ ~ ' -10 210 "19 aim IYuTI P82 10 2 aim < ~- PO2 - = 

% = aim O__= =< uE'~ u. P~ = 10-19 arm 

~Z ~O ~l = l  alan = 0.| mho/cm 
TEMP = 1600~ 

0.61 

2.( 0.1C 0.5~- / , " ' "  ~'"%~--EFFICIENCY 

1.t 0.0a 0. ~ ~ % , ~ P O W E R , ,  L/A e 

I /  ~ " , .  \ o:= o. i / ,,, \ 
o, 0 .  02 / 
o ,  o =  / " -  

i i /  % 
, , , 0.( 0.(X 0. l 

o.a~ 0.o4 0.0~ o.m 0.10 0.12 0.14 0.16 o.15 0.2o 
I ) ~  �9 I /A ,  ~ / / c .  

Fig. 3. Plot of terminal voltage, power, and efficiency vs. ex- 
ternal current for yttrio-doped thorio electrochemical cell having 
cathode Po~ : P~, and anode Po2 : Pe. 

escapable  loss associated wi th  the  ionic res is tance of 
the  YDT solid e lectrolyte .  In  o rder  to avoid special  
assumptions  regard ing  the  geometr ic  factor  L/A,  ex-  
te rna l  cur ren t  and power  quant i t ies  were  ca lcula ted  
and p lo t t ed  as Iext(L/A) A / c m  and P d ( L / A )  W/cm.  
The efficiency e and t e rmina l  vol tage  ~YT are  i ndepen-  
dent  of the  L / A  rat io.  

In o rder  to demons t ra te  the  paras i t ic  effects of e lec-  
t ronic conduct ion the fol lowing four  pa i rs  of end points  
of in tegra t ion  were  inves t iga ted:  

Po=' a r m  Po=" a t m  

Case 1 10 -~~ 10 "4.G 
Case 2 10-1~.5 10-zo.~ 
Case 3 10-~s.~ 10 -1~.~ 
Case  4 I0  "~ '~ lO-IS,~ 

In Fig. 4-6 respect ively ,  the  power  del ivered,  the  
efficiency, and the  t e rmina l  vol tage  vs. the  ex t e rna l  
cur ren t  a re  shown for each of the above  cases. A l -  
though the  the rmodynamic  vol tage  is the  same for 
each of the  cases, the  figures show tha t  Pd L/A,  e, and 
VT al l  decrease  as the  e lect rode Po2' and Po2" values  
are shif ted to lower  values.  This is due to the  increase 
in excess electronic conduct ion in YDT at reducing 
conditions.  A symmet r ic  effect would  also resu l t  if the 
Po2' and Po2" va lue  were  s imi la r ly  shif ted upward ,  due 

x 

o 

0.4 

Pb2 IYDTI P~)2 ~176 = 0.1 mha/r 

P~ = 102 aim Pe = 10"19 aim TEMP = 1600~ 

CASE 1:PC)2 = 10-10"5 aim, P~)2 = 10"6"5 aim 

. . . .  CASE Z: eSZ = 10 -14"s otto, P82 = 10-1~ oim 

. . . .  CASE 3: P~)2 = 10"18"5 aim, P~)2 = 10"14"5 aim 

. . . . . . .  CASE 4:PC)2 = 10"22"5 aim, PC)2 = 10-18"5 aim 

0.3 - - ~  

0,2 

0. 

0. I I 
0.00 0.01 0.02 0.03 0.04 

lex t �9 L/A, amp/era 

Fig. 4. Power vs. external current plots for cases 1 through 4 

CASE I: PO2 = 10"10"5 ~rim, P~)2 = 10"6"5 alto 

. . . . .  CASE 2: P' = I0 -14"5 aim, " = I0 -I0"5 aim 
0 2 PO 2 

~ - ~  CASE 3:PC)2 = 10"18"5 alto, P~)2 = 10~ 

. . . . .  CASE 4:. PC)2 = 10"22"5 aim, P~)2 = 10"18"5 agm 

I .or-, e~32 IYDTI Pc)2 

o . s ~  % " 1~ ' ~  % = 1~ ~ "  

l i , ' ' ~ " ' ~  ~I. - 0.1 ~alom 

g 

0.2  

0o 
0.00 0.01 0.02 o.o~ 0.04 
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Fig. 5. Efficiency vs. external current plots for cases ! through 
4. 
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0.2 

~ 0~ 

o. I I 
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Fig. 6. Terminal voltage vs. external current plots for eases 1 
through 4. 

CASE 1: PO2' = 10 "10"5 aim, Po2" = 10 -6.5 aim 

PO 2 PO 2 / ~ CASE 2: ' = 10 "14"5 atm, " = 10 -10"5 arm 

0.4[-- CASE 3: P'O2 = 10 "18"5 aim, PO2" = 10 "14"5 aim 

~ , ~  ~ - C A S E  4: P',, = 10 .22-5 aim P"~ = 10 "18"5 arm 

to increased posi t ive hole  conduct ion at oxidizing condi-  
tions. Because both these forms of electronic conduc-  
t ion de t rac t  s ignif icant ly f rom the efficiency, the most 
efficient opera t ion  resul ts  (for  a given difference be-  
tween  log P02" and log P02') if  the  values  of log P02' 
and log P02" are  chosen symmet r i ca l ly  about  the  log 
P02 at which the excess e lec t ron conduct iv i ty  ~e equals  
the  posi t ive hole conduct iv i ty  r162 i.e. the  poin t  of min i -  
mum electronic conduct iv i ty  log Pnp. 

Chemical Potential Profile Calculation 
In a recent  paper  Choudhury  and Pa t te r son  (3) 

demons t ra ted  a method  for calculat ing chemical  po-  
ten t ia l  profiles in solid e lec t ro ly tes  unde r  open ci rcui t  
(r  = --1)  and  ion blocking (r  = 0) s t eady-s t a t e  con- 
ditions. To supplement  those resul ts  the  chemical  
potent ia l  profiles for  a range  of charging (r  > 1) and 
discharging ( r  < --1)  condit ions are given be low for 
YDT at 1600~ 

The basic idea  in genera t ing  these profiles is the 
conservat ion of some appropr ia t e  flux th roughout  the  
e lec t ro ly te ' s  inter ior .  Conserving Iio. y ie lds  

l i o n  "-- - -  ~ o'ion V~2dx [16] 
X 

where  
~2 : ~x2  -F ( Z ~ I % )  ~3 [ 1 7 ]  

Subst i tu t ion  of Eq. [17] into [16], in tegra t ing  f rom 
O to x and then  f rom O to L, and assuming ~Jo, to be 
constant  y ie lds  
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aion A 
Iion =- {[~x2(X) -- ~x2'] + 2~2FVT(r,X)} [18] 

X 
and 

a'ion A 
/ion -- [ (~X2" -- PX2') "~ 2 ~ 2 F V T  ( r , L )  ] [19] 

L 

where VT (r, x) ,  the voltage drop from x ---- 0 to x, and 
Vw(r, L),  the voltage drop across the entire length, are 
evaluated for a part icular  value of r with the help of 
Eq. [7]. Division of Eq. [18] by Eq. [19], rearrange-  
ment,  replacement  of X2 with O2, and el iminat ion of 
~o~ in favor of Poe yields 

x [ log]Poe~Poe',--4FVT(r,x)/RT ] 
" -  loglPoe"/Poe'l : "4"F Y--~r,-~))'~ [ 2 0 ]  

where R is the gas constant  and T the absolute tem- 
perature. By selecting r and any value of Poe between 
the endpoint  values Poe' and Poe", the corresponding 
x/L  value is readily calculated with the help of Eq. 
[7]. Repeating this procedure for a constant  r and 
plott ing the corresponding log Poe, x /L  va]ues yields 
the desired chemical potent ia l  profile in the form of a 
log Po2 vs. x /L  plot. 

The profiles shown in Fig. 7 were generated in this 
way for the values of r indicated. The value of TVTT for 
each r is also shown. Figure 7 supplements  the earlier 
results of Choudhury and Pat terson (3) which applied 
only to the open circuit (r = --1) and ion blocking 
(r --~ 0) conditions. It is seen that a dead short (VT : 
0) over the electrolyte yields a l inear  chemical poten- 
tial profile. Applying an emf VT of the same polarity 
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5 

I 

p '  = P~IYDTI P " = 
3 0 2  - -  02  P~) 

P~ = 10 "19 a t m  
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" ' I  TEMP = 1 6 0 0 ~  
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Fig. 7. Steady-state chemical potential profiles in yttria-doped 
thoria while holding Po 2' = Pe and Po " e = Pe constant. 
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Fig. 8. Steady-state chemical potential profiles in yttria-doped 
theria for different terminal voltages with Po2' = 10 -19 atm and 
Poe" = 10 - 1  atm. 
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Fig. 9. Steady-state chemical potential profiles in yttrla-doped 
thoda for case 2 and various values of terminal voltage. 

as Ew but  much greater  in magni tude  causes the pro- 
file to become increasingly abrupt.  The l imit ing profile 
is a step function. 

Interestingly,  the inflection points (which always 
occur at log Pnp) all superpose at x/L  -= 0.5 in Fig. 7. 
This somewhat fortuitous circumstance is a result  of 
the symmetr ical ly  chosen endpoints  of integrat ion as 
well as the l inear  cell geometry. However, when the 
values of log Po2' and log Poe" are not chosen sym- 
metrical ly about log Pnp, the inflection points are dis- 
placed for each value of r. Figure 8 shows a family of 
profiles for which this is the case. As an extreme case 
of asymmetry,  Pnp may not lie between Po2' and Po2". 
In these cases the profiles exhibit  no inflection points 
but  will  possess a ma x i mum slope either at x ----0 or 
x --= L. Figure 9 shows a family of profiles for which 
P,p does not lie in termediate  between Po2' and Poe". 
The general  rule (1) according to Eq. [8] and the as- 
sumption of steady state, is that  the profile slope (or 
equivalent ly  V~x2) is a ma x i mum at the point  where 
the "conductivi ty factor" (1 + r ) ~ i o n ~ 3 / ( r ~ -  ~ion) is a 
m i n i mum and vice versa. 
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SYMBOLS 
A cross-sectional a r e a  
e efficiency 
ETH thermodynamic  emf 
Ew open circuit emf 
F Faraday 's  constant  
Ii s teady-state electrical cur rent  conducted by  the 

cations 
I2 steady-state electrical current  conducted by the 

anions 
I~ steady-state electrical cur rent  conducted by the 

electrons 
Iext steady-state e x t e r n a l c u r r e n t  
lion I1 + / 2  
L total length of the solid-electrolyte 
Pc rate of consumption of chemical energy 
Pd delivered power 
Pnp Px2 at which ~e = ~e 
P02 part ial  pressure of oxygen gas 
Px2 part ial  pressure of nonmeta l  gaseous dimer 

(X2 gas) 
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Pe Px2 at which r ---- o-e 
Po Px2 at 'which ~ion ---~ o'e 
r ratio of IioJI3 
R gas constant  
tion ionic t ransference number  
T temperature,  ~ 
VT terminal  voltage 
x distance coordinate inside the solid electrolyte 
~1 valence of cation 
~2 valence of anion (a negat ive integer)  
~3 valence of electrons 
na electrochemical potential  of electrons 
~x2 chemical potent ia l /mole  of nonmeta l  gaseous 

dimer (X2 gas) 
O'ion total ionic conductivi ty 
o-1 cationic conductivi ty 
o-2 anionic conductivi ty 
o-3 total electronic conductivi ty 
% hole conductivi ty 
% excess electronic conductivi ty 
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APPENDIX: INTEGRATED FORMULAS 

Evaluat ion of the parametric  Eq. [7] and [9] for 
special assumptions regarding the Px2 dependences of 
o-ion, o-e, and o-~ leads to somewhat awkwardly  inte-  
grated formulas and requires that at tent ion be re- 
stricted to r values that  have physical meaning.  Let us 
assume ~ion is a constant, and ~3 is given by Eq. [12] 
where exponents _+ 1/4 are replaced by +_-l/n and where 
Po2 is replaced by Px2. In this case Eq. [7] may be 
t ransformed to a s tandard  form and integrated to yield 

VT ---- -- ( 
RT n 

�9 In l ~ 2 r ( P x 2 / p r  l e x 2 , ; w > O  [21] 

o r  

�9 arctan ~ / - - w  J J PX2"' W < 0 [22] 

where 
w ---- 1 -- 4r 2 (Pe/Pr 1/n [23] 

Also under  these assumptions, Iext [L/A] may he 
wri t ten  in terms of VT as  follows 

Iext(L/A) = r ~ " (ETH --  VT) [24] 
T 

w h e r e  ETH is given by Eq. [10] above. Numerous l imit-  
ing cases may be used to simplify Eq. [21] and [22] for 
practical applications. 

It may appear that  evaluat ion of Eq. [21]-[24] can 
be carried out for any r values in the in terval  from 
- - ~  to -}-~. However, physically meaningful  results 
are found only for those ranges of r in  which the de- 
nominator  of the in tegrand in Eq. [7] cannot vanish. 
For the funct ional  dependences assumed above, two 
such ranges, R1 and R2, exist 

and 

o-ion 
RI: -- ~ r <  [25] 

~a(max) 

o-ion 
R2: < r ----- ~ [26] 

a3 (min)  

In  these relationships, o-3(max) and ~8(min) are re- 
spectively the ma x i mum and the m i n i m u m  values of 
o-~ ---- ~ + % occurring between the limits of in tegra-  
tion Pxf'  and Pxf". ~3(max) wil l  be ~3(Pxf") or 
o-3(Pxf'), whichever is larger, o-z(min) will  be the 
smaller of these two values unless Pn, (the Pxa where  
% ---- o-e) lies between Pxf' and Px2". In  the lat ter  case 
o-3 (min)  is given by o-~ (Pnp). 

Only calculations for r values in the range R1 have 
been considered above because this range covers all the 
cases of practical interest  wi th in  the scope of this 
paper. Values of r in R2 correspond to the unin teres t ing  
cases where ETH and VT are not bucking each other. 
Calculations for r values in the in terval  [o-ion/o-3 (max) ] 
< r < [o-ion/a3 (min) ]  are without  physical meaning in 
the present  context. 
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Aggressive Ion Accessibility and the Morphology of 
Corrosion Pits 
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ABSTRACT 

Corrosion pits were formed under  potentiostatic conditions on {100}, {111}, 
and {110} surfaces of nickel in 1N H2SO4 or (0.5N NiSO4 -~ 0.01N H2SO4) solu- 
tion by adding C1- ions at passive potentials. The morphologies of the pits 
obtained were analyzed using a model based on the atomistic mechanics of 
dissolution. It is found that a simulation, which removed atoms one by one 
according to the principle that  atoms more accessible to the aggressive ions 
are removed more easily, approximates the morphologies of pits obtained 
experimentally.  Observed morphological changes with the reaction rate (de- 
pendent  on the degree of passivation, the potential  of chloride addition and 
the acidity of the solution) could also be accounted for by appropriate modifi- 
cation of the s imulat ion procedure. The simulat ion also is shown to predict the 
morphology of corrosion pits in body-centered cubic metals reported by other 
workers. It is proposed that  the state of close-packing of a crystal surface is 
not the only factor to be considered in de termining  the relat ive dissolution 
rates of crystallographic surfaces when aggressive ions are present. 

The pi t t ing corrosion of metals has usual ly  been in-  
vestigated from the s tandpoint  of electrochemistry 
and very  rare ly  from the standpoint  of surface mor-  
phology. However, a morphological s tudy can provide 
important  clues to the mechanisms of crystal dissolu- 
tion, evaporation, and growth. For example, evapora-  
tion spirals have been accounted for by a mechanism 
in which atoms are removed from the surface step 
emanat ing  from the intersection of a screw dislocation 
with a free crystal surface (1, 2). The pi t t ing of single 
crystal metal  surfaces under  potentiostatic control 
usual ly  results in a small  n u m b e r  of pits which grow 
to sizes sufficient for ready observation of their mor-  
phology. Also, these pits are obtained on most crystal 
orientations due to the fact that  the  surface outside the 
pits is always in a more passive state than the in-  
terior of the pits. This is in contrast to those etch 
pits which can be obtained at defects on a wide var ie ty  
of materials,  bu t  usual ly only on crystal orientations 
wi th in  a small  angle of low-index planes (3-6). Ana l -  
ysis of the morphology of etch pits has been at tempted 
by considering the relat ive dissolution rates of various 
crystal orientations (7-11). For example, Ba t te rman 
(7) and I rving (8) have considered the conditions for 
the stabil i ty of etch hillocks and pits on germanium. 
F rank  (9) developed a kinematic theory to relate the 
orientat ion dependence of crystal dissolution rate to 
the dissolution morphology obtained, and this was 
successfully applied (10) to the dissolution morphol-  
ogies obtained by Bat te rman (7). This approach to 
the morphology of dissolution features requires, how- 
ever, a large n u m b e r  of dissolution measurements  and 
is applicable only to dissolution shapes resul t ing from 
start ing conditions of macroscopic dimensions. 

The approach used in this work is closer to the 
principles employed to analyze dissolution at screw 
dislocations (2), and extends the approach to ac- 
count for the a tom-atom relationships result ing from 
the crystal  structure. This t ru ly  atomistic model of 
pi t t ing provides an opportuni ty  to simulate the re-  
moval  sequences of atoms subject to specific con- 
straints, supposed to be appropriate to the par t icular  
exper imental  conditions existing dur ing  pit t ing cor- 
rosion under  potentiostatic control. The extent  to 
which a par t icular  s imulat ion approaches the pit 
morphologies observed is taken as a measure of the 
appropriateness of the assumed conditions. 

1 P r e s e n t  address :  S h o w a - D e n k o  Co. Ltd. ,  Y o k o h a m a ,  J a p a n .  
K e y  words :  n ickel ,  s imula t ion ,  b r e a k d o w n  of pass ivi ty .  

Morphology of Corrosion Pits on Nickel 

Garz et al. (12) have studied the morphology of 
corrosion pits formed in 0.5N NiC12 on {111}, {100), and 
{110} surfaces of nickel. They state that  faces of high 
atomic density constitute the facets of pits obtained at 
high anodic potentials. They observed pit facets to be 
composed of {310}, {110}, and {111}. No other definitive 
study of corrosion pits on nickel has come to our a t ten-  
tion. 

For the present  work, 99.9% nickel was used to grow 
single crystals of <110~  and <111> axes by the Czo- 
chralski technique under  argon atmosphere. Disk sam- 
ples of approximately 8 m m  diam were prepared of 
{100}, {111}, and {110} orientat ions by cutt ing the crys- 
tals in a mul t ip le-wire  seesaw system and polishing 
to a 0.1~ diamond finish. The polarization cell has 
been described in detail elsewhere (13) and consisted 
of a Wenking potentiostat,  p la t inum counterelectrode, 
Luggin capil lary connected to a saturated calomel ref- 
erence electrode, and Teflon specimen holder arranged 
for in situ microscopic observation. 

Pits were formed by passivating the samples in 1N 
H2SO4 or in (0.5N NiSO4 ~- 0.01N H2SO4) for 30 min  
at various potentials followed by the incrementa l  addi- 
tion of chloride ion (as NaC1 solution) un t i l  pi t t ing 
was init iated at the chosen potent ial  for pitting. The 
two electrolytes were adopted to permit  a s tudy of 
morphological change with acidity. 

In addition to the in situ optical observations, scan- 
ning electron microscopy was performed on samples 
after removal  from the cell and goniomicroscopy was 
used to assist the determinat ion of pit facet or ienta-  
tion. 

The shape and structure of typical pits observed on 
the various crystallographic surfaces and at both low 
and high "reaction rates" (i.e. high and low anodic cur-  
rent  during pit t ing) are presented in Fig. 1-6. Pit  
densities were always low, being less than 20 cm -2. In  
many  cases pit facets were stepped and the orientations 
quoted below are the mean  crystallographic orienta-  
tions. 

Figure 1 is representat ive of the only type of pit 
morphology observed on {100} nickel surfaces in this 
work. The side facets of the pits were determined to 
be {111} orientations and the pit bottoms were usual ly  
mottled. All  efforts to change the morphology by 
changing the reaction rate (e.g. changing the degree of 
passivation; adopting different activation potentials) 
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Fig. 1. Scanning electron micrograph of a typical pit formed on 
the (100} surface of nickel following passivation in 1N H2SO4 
for 30 min at 500 mV, and activation with NaCI addition at 500 
mV. The marker represents 50 Fro. 

were unsuccessful and only one morphology could be 
obtained on this orientation.  

The (111} surfaces developed pits which tended to 
vary  in external  geometry from hexagonal  toward 
t r iangular  as the react ion rate was decreased. For 
example, Fig. 2 shows a pit formed in 1N H2804 at 800 
mV after passivating at 500 mV and Fig. 3 a pit formed 
in (0.5N NiSO4 -t- 0.01N H2SO4) at 500 mV after 
passivating at 500 inV. In  the lat ter  case the dissolu- 
t ion rate wi th in  the pit should be less, since the po- 
tentiaI  of activation is lower and the degree of passi- 
vation is higher in  the less acidic solution. In  Fig. 3 
the pit facets are close to {111} and {210}. 

Fig. 4. Optical micrograph of pit observed during formation in 
the electrolytic cell on (110} nickel surface following passlvation 
in 1N H2SO4 for 30 min at 500 mV, and activation after NaCI 
addition at 800 mV ("high reaction rate"). The marker represents 
SO ~m. 

Fig. 2. Scanning electron micrograph of a pit on { i11}  nickel 
following passivation in 1N H2SO4 for 30 rain at 500 mV, and 
activation with NaCI addition at 800 mV ("high reaction rate"). 
The marker represents 50 #m. 

Fig. 3. Scanning electron micrograph of a pit on {111} nickel 
following passivation in (0.0IN H,2SO4 -I- 0.5N NiSO4) for 30 
min at 500 mV, and activation after NaCI addition at 500 mV 
("low reaction rate"). The marker represents 50 #m. 

Fig. S. Optical micrograph of a pit formed on ( I10}  nickel 
surface following passivatlon in 1N H2S04 for 30 min at 800 mV, 
and activation following NaCI addition at 500 mV (low reaction 
rate). The marker represents 50 #m. 

Pits obtained on {110} surfaces also exhibited a de- 
pendence on the passivating potential,  and an inde-  
pendence of the activation potential.  The external  
geometry changed from hexagonal  toward rhombo-  
hedral  when the passivating potent ia l  was increased. 
For example, Fig. 4 shows a pit formed at 800 mV 
after passivation at 500 mV in 1N H2SO4 and Fig. 5 a 
pit obtained at 500 mV after passivation at 800 inV. 
The reaction rate would be lower in the lat ter  case, 
due to the greater  degree of passivation (13). On the 
{110} surfaces regular  faceting of the pits was rare. 

Certain of the  crystals prepared for this study were 
found to be much more susceptible to pi t t ing than  
most. Such crystals showed no difference in the shape 
of pits on (100}, and {111} surfaces but, on {100} sur-  
faces rectangular  pits (Fig. 6) were obtained at low 
potentials in less acidic solution, al though in other 
conditions pit shapes were as in Fig. 4. These samples 
exhibited Laue x - r ay  diffraction pat terns  which sug- 
gested a mosaic subgrain  strUcture. Whereas Garz et al. 
(12) reported observing rectangular  pits on {110} 
regularly,  in the present  work only the "anomalous" 
grystals exhibited pits of this shape. 

S i m u l a t i o n  of P i t t ing  
Simulat ion of pi t t ing on the three major  low- index 

planes of the face-centered cubic s tructure was carried 
out by a process of a tom-by-a tom removal,  following 
the a rb i t ra ry  subtract ion of a single surface atom. It 
is supposed that  this a rb i t ra ry  subtract ion corresponds 
to the point  at which the passivating film is broken 
and pit t ing initiated. We assume that  the extent  of the 
phenomenon is such that  in the area simulated there 
will  be no fur ther  such surface nucleat ion event, since 
all other atoms remain  covered with the passivating 
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Fig. 6. Optical micrograph of a rectangular pit typical of those 
observed on (110} nickel surfaces of some crystals following 
passivation in (0.01N H2SO4 + 0.5N NiSO4) for 30 mln at 300 
mV, and activation after NaCI addition at 150 inV. The marker 
represents 50/~m. 

film unt i l  they are removed as a consequence of the 
expanding pit. 

Simulation based on bonding.--The simplest model  
for the removal of surface atoms is that  which assumes 
that an atom is removed preferent ial ly  if it has less 
bonds (nearest  neighbors) than all other atoms. It  is 
necessary to suppose that  ini t ia l ly all  the atoms, in-  
cluding the surface atoms in contact with the passive 
film, have the same n u m b e r  of bonds. Thus, the n u m -  
ber of bonds broken is used as the cri terion for priori ty 
of removal. After  the init ial  a rbi t rary  removal it is 
possible to simulate pit formation by a tom-by-a tom 
removal. The result  of this procedure for the {100} 
surface of a face-centered cubic crystal is shown in 
Fig. 7. Only two layers are considered because it was 
found that a second layer atom is never  in a position 

< I00> 

to lose a bond with a third layer atom before it is 
itself removed. The numbers  assigned to the atoms 
correspond to the order in which they were removed 
during the simulation. If more than one atom has the 
same number ,  these atoms had at one t ime the  same 
number  of nearest  neighbors and, therefore, were re-  
moved simultaneously.  The shape of the pit immedi-  
ately following the fourteenth removal  sequence is 
shown by the heavy solid l ine for first layer  atoms and 
the outer dotted l ine for second layer  atoms. Com- 
paring this shape with that  existing following the 
sixth removal  sequence, ( inner  ful l  l ine) it can be 
supposed that when grown to macroscopic dimensions 
the pit will  appear square with sides along <110> 
directions. 

Third layer removal  for this case would commence, 
if the s imulat ion rules are followed, by removal  of the 
third layer atom immediate ly  below atom "1" after 
the removal  of atoms "2." The third layer  removal  
will then be continued s imultaneously with the upper 
layer removal. 

The relative positions of the removal  boundaries  for 
each layer permits  a prediction of the orientation of 
the pit facets which will  be developed to macroscopic 
size, presumably when addit ional layers are subse- 
quent ly  removed. Thus the pit so simulated in the {100} 
surface has four {111} facets. The macroscopic mor-  
phology of such a pit is shown schematically in Fig. 
8 (a). 

In a similar manner ,  morphologies of pits developed 
on {111} and {110} surfaces can be readily obtained 
using the same "rules." Pits s imulated for these two 
surfaces are shown in Fig. 8 (b) and 8 (c) respec- 
tively. 

Comparing these morphologies with those obtained 
exper imenta l ly  it is seen that there is some correspond- 
ence in the case of {100} and {111} pits, but  there is 
considerable discrepancy for {110}. 

Simulation based on the accessibility o~ aggressive 
ions.--The inabi l i ty  of the simple bonding model to 
generate the observed pit morphologies suggests that  
the factors controll ing dissolution morphology during 
pit t ing are more complex, and we conclude the pre-  
vious model is too simple. Kolotyrkin  (14, 15) has con- 
sidered the part  played by anions in anodic dissolution 
and has suggested that  the aggressive ions (in this 
case C1-) play an impor tant  part  in assisting the re- 
moval  of atoms. This concept leads to dissolution con- 
trol through the abil i ty of such aggressive ions to bond 
effectively with the atoms to be removed. Access of 
the aggressive ions dur ing  pit t ing corrosion is obtained 
only through the spaces produced by previous atom 
removal, and this factor must  be considered in any 
simulation. 

Since the n u m b e r  of spaces is coincident with the 
number  of bonds broken, a s imulat ion taking the n u m -  
ber of spaces for the criterion of removal  would give 
the same morphologies as those obtained in the "bond 
breaking" simulat ion already discussed. But  the ag- 
gressive ions are unl ike ly  to be of the same size as 
the metal  ions of the lattice (called "atoms" here to 
avoid confusion) and could well  be hydrated.  What-  

q,,l 

Q FIRST LAYER /~'~ SECOND LAYER 
ATOM \ _ / ATOM 

Fig. 7. The simulation of pit formation on a {100} surface of 
a face-centered cubic crystal, incorporating removal priorities 
dependent on the number of nearest neighbors. Atoms are desig- 
nated with numbers corresponding to the removal sequence. The 
continuous lines refer to the removal boundaries for the first layer 
atoms following removal sequences 6 and 14: outer and inner 
dotted lines indicate removal boundaries for the second and third 
layer, respectively, following removal sequence 14. 

< ioo;~ 
<1}0) <211) / (~o> 

........... / . ~ { ' " }  

Fig. 8. Morphologies obtained by simulation using the "broken 
bond model" on {100}, {111}, and {110} surfaces. 
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ever  form they  m a y  take, the configuration of those 
spaces adjacent  to an atom will  play an important  role, 
if accessibility is the controll ing factor. Hereaf te r  the 
accessibility has been taken as the sole cr i ter ion of the 
ease of removal  of atoms, since it successfully predicts 
the observed shapes. This necessitates considerable re-  
finement to the rules of removal  during simulation. 

At  low reaction r a t e . - -At  low react ion rates we assume 
time not to be impor tant  and that  if there  is a space 
large enough to accommodate the aggressive ions they 
will  have t ime to reach that  space. This leads to the 
fol lowing factors de termining the accessibility: 

(A) The total number  of spaces adjacent  to a given 
atom is the p r imary  consideration (this factor corre-  
sponds to that  used in the simple bonding simulat ion).  

(B) There is a decrease in the contr ibut ion of a 
space if that  space is shared among more  than one 
adjacent  atom. 

(C) If a space is over lapped by an atom or atoms 
on an upper layer  the accessibility of that  space is 
reduced (In the simulation it is discounted completely  
for the atoms lying on the same layer  as the space).  

(D) The geometr ic  configuration of a given number  
of spaces can determine  the effective space they pro-  
vide. 

Factor  (B) considers that  when a space is shared 
among more  than one atom the abili ty of the aggressive 
ion to remove  these atoms is less than if it were  ad- 
jacent  to only a single atom. Factor  (C) supposes the 
aggressive ions will  have more difficulty in penetra t ing 
beneath an exist ing atom, and though this wil l  render  
the lower layer space ineffective for the removal  of 
atoms in that  layer, the existence of that  space does 
contr ibute to the remova l  of the upper  (overlapping) 
atom. Factor  (D) takes account of the effective volume 
of a set of adjacent  spaces, and wil l  be fur ther  elabor-  
ated when the individual  simulations are described. 

The factors noted above must  be t ranslated into 
"rules" which govern the progress of the simulation. 
We denote these rules for low reaction rates below: 
L- I :  Let  N~ be the number  of spaces adjacent  to an 
atom [factor (A) ]. 
L-2: Let  N2 be the number  of the adjacent  spaces 
which lie on the same layer  as the atom and are sub- 
ject  to over lap of atoms remaining in the upper  
layer  [factor (C)] .  
L-3: Remove  the atom wi th  the largest  ( N I -  N2). 
If more than one atom has the same (N1 -- N2) dis- 
t inguish be tween them as follows: 
L-4: Let  n be the number  of those (N1 -- N~) spaces 
which are shared with  other  atoms having  (N1 -- N2) 
spaces [factor (B)] .  
L-5: Remove  the atom with  smallest n. If  more than 
one a tom has the same n, proceed as follows: 
L-6: Let  m be the number  of those (N1 -- N2) spaces 
which have two of the  other (N1 -- N~) spaces for the 
same atom adjacent  to t hem [factor (D)] .  
L-7: Remove  the atom with the smallest  m. 

These rules were  applied to each of the three  low- 
index fcc surfaces and if an appropriate  morphology 
was not obtained, modifications were  made to the rules 
consistent wi th  the general  factors (B), (C),  (D) 
which are dependent  on the specific surface structure 
and can be expected to result  in different rules for 
different surfaces. It was found for all surfaces that  
only two layers need be considered in the simulation 
because second layer  atoms are never  in a position to 
possess spaces on the  third layer, though the first 
layer  atoms do possess spaces on the second layer. The 
morphology is de termined  by the first two layers. 

The removal  sequence for a pit  in the {100} surface 
is summarized in Table I which also shows the instan-  
taneous values of the various parameters  used in ap-  
plying the removal  rules. In this case factor (B) (or 
the va lue  of n) has no effect throughout  the simulation. 
Unti l  the sequence 7 the atoms with largest  (N1 -- N2) 
have the same n, m values and are removed simul-  
taneously. At sequence 8, atoms "8" and "9" have the 

Table i. Simulation IO0-L 

Removal Atoms Z (NI,N2,NI-- N2,n,m) 
sequence prior to removal 

1 1 ( a r b i t r a r y  r e m o v a l )  
2 2 (1,0,1 ,I ,0), 3 (0 ,0 ,0 ,ND,ND) 
3 3 (3,0,3,2,1),  4 (2 ,1 ,1 ,ND,ND) 
4 4(3,0,3,3,3) ,  5 (1 .0 ,1 ,ND,ND) 
5 5 (3,0,3,0,3),  6 (2 ,0 .2 ,ND,ND) 
6 6 (3,0,3,2,1),  7 (3,2,1,ND,ND} 
7 7(5,0,5,0,3),  8 (2 ,0 ,2 ,ND,ND) 
8 8(3 ,0 ,3 ,2 , I ) ,  9(3,0,3,2,3),  9 (2 ,1 ,1 ,ND,ND)  

A t o m s  r e m o v e d  a t  e a c h  s e q u e n c e  a r e  in i ta l ics ,  
Z is  d e s i g n a t i o n  of  a t o m  in  F ig .  10. 
N1,N2,n,m a r e  de f i ned  in  t e x t .  
N D  i n d i c a t e s  t h a t  t h e  v a l u e  w a s  no t  d e t e r m i n e d .  

same ( N 1 -  N2) and n values but  different values of 
m. Thus, atoms "8" are removed in preference  to atoms 
"9" by involving factor D. Figure  9 shows the develop-  
ment  of this s imulation and notes the removal  bound-  
aries after sequence 8 by full  and dotted lines for the 
first and second layers respectively.  The removal  
boundary for the third layer is indicated by the inner 
dotted line if the same simulation is applied to the 
third layer  atoms. It is readily seen that  the square 
shape is mainta ined as the pit expands. The simulation 
also predicts the development  of {111} pit facets if 
successive layers are removed in a uni form manner.  
Such a macroscopic morphology appears to be coinci- 
dent with the morphology obtained exper imenta l ly  on 
{100} surfaces at low reaction rates. 

The same removal  rules, "L," when applied to a {111} 
surface predict  the t r iangular  pit on the left  hand side 
(a) of Fig. 10. The simulat ion sequence for this surface 
is summarized in Table II. (Atom designation for this 
surface has been modified for clarity.) In this case, 
factor (D) (the value  of m) has no influence through-  
out the simulation, but  factor (B) (value of n) is re-  
quired at sequences 9, 10, and 12. This simulation sug- 
gests {111} pit facets and can be considered an effective 
simulation for the morphology approached by pits on 
{111} at low reaction rates, al though no t r iangular  pit 
has in fact been observed on the nickel surfaces in 
this work. 

< I 0 0  > 

/ 

FIRST LAYER ATOM 

/ ~ SECOND LAYER ATOM \ / 

Fig. 9. Simulation of pit development on {100} surface at both 
low and high reaction rotes. Removal boundaries are shown for 
the first, second, and third layers following removal sequence 8 
(Tables I and IV). 
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O FIRST LAYER / ~  SECOND LAYER f \ THIRD LAYER 
ATOM ~ ATOM ~ ] ATOM 

Fig. 10. Pit development on { I ] ] }  surfaces at (a) low reaction 
rate with removal boundaries shown following removal sequence 
12 (Table II); (b) at high reaction rote with removal boundaries 
shown following removal sequence S (Table V). 

< IOO > <211 > 

r 

~ )  FIRST LAYER I -~  SECOND LAYER 
ATOM ATOM 

Fig. l l .  Pit development an {110} surfaces for (a) law reaction 
rate, with removal boundaries shown following removal sequence 20 
(Table III), and (b) for high reaction rate, and removal boundaries 
fallowing removal sequence 14 (Table VI). 

The results of the simulation of pit t ing on {110} 
surfaces at low reaction rates are summarized in Table 
III and the left  hand side (a) of Fig. 11. In this case, 
in order to s imulate the observed rhombohedra l  shape 
of the pits, it was found necessary to in terpre t  rule  
L-5 in a less rigid manner  than or iginal ly  formulated.  
In order  to s imulate the observed shape it was neces- 
sary to make  no distinction with  respect  to the ac- 
cessibility of aggressive ions if n ---- 1 or 2. Therefore  
n -:-- 0 was always taken in preference to any other  
value  of n, but no distinction was made between n ---- 1 

Table II. Simulation 111 -L 

Remova l  Atoms  Z (NI,N~.,Hz -- N2,n,m) 
sequence pr ior  to r emova l  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

I (a rb i t ra ry  removal)  
2 (I ,0,I,0,0), a(1,O,l,O,O), 3 (0,0,0,ND,ND) 
b(4,0,4,2,4), 3 (2,0,2,ND,ND) 
3(3,0,3,0,3), 4(2,0,2,ND,ND,) c(3,1,2,ND,ND} 
c(3,0,3,2,3), 4 (2,0,2,ND,ND) 
4(4,0,4,0,4), 5 (3,0,3,ND,ND) 
5 (4,0,4,2,2), d(4,1,3,ND,ND} 
d(4,0,4,2,4), 6 (2,0,2,ND,ND) 
](3,0,3,0,3), 6 (3,0,3,1,ND) 
6(3,0,3,2,3), 8(3,0,3,3,ND), g(4,2,2,ND,ND) 
e(4,0,4,0,4), 8 (3,0,3,ND,ND) 
7 (3,0,3,0,3), 8 (3,0,3,ND,ND), g(4,1,3,1,ND) 

Atoms r e m o v e d  at  each sequence are in italics. 
2; is designatfon of a tom in Fig. 1] (a) ;  1,2--first  layer  atoms;  a , b - -  

second layer  atoms. 
N~,N._,,n,m are  defined in text.  
ND indicates that  the value  was  not de te rmined .  

Table III. Simulation 110-L (fcc) 

Remova l  
sequence Atoms Z(NI ,N~,N~-N2,n ,m)  pr ior  to r emova l  

and n----2. This modification appears at sequences 7, 
10, 14, and 17 in Table III. The remova l  boundaries  in 
the case of the s imulated pits at low react ion rate  in 
{110} surfaces predict  pit  facets to be composed of 
other  {110} orientations. 

The simulations at low react ion rate  predict  wel l  
the observed pits on {100} and (110} surfaces, and in 
the case of {111} indicate, at least, the tendency ex-  
hibited by pit shapes at low react ion rates. The pre-  
diction of the pit  facets also seems accurate, subject  to 
the complicat ing factor of ledges observed wi th in  the 
pits which wil l  be discussed later. 
At  high reaction rate.--In order to s imulate  the pit 
morphologies observed at high reaction rate, it was 
necessary to modify  the rules for atom remova l  which, 
in hindsight, result  in the fol lowing amendments  to 
the factors being considered. 

At  high react ion rates, it is reasonable to suppose 
that  the accessibility of the aggressive ions to the 
spaces adjacent  to lower layer  atoms wil l  be reduced 
more than that  for the upper  layer  atoms. We have 
already assumed, even at low react ion rate, that  the 
accessibili ty to lower  layer  atoms wil l  a lways be less 
than that  to the upper  layer  atoms [factor (C)] ,  and 
it is now supposed that  at high react ion rates an addi-  
t ional  blocking effect wi l l  be provided by aggressive 
ions a l ready adsorbed at the upper  layer  spaces. Con- 
sequently,  we replace factor (C) with a new factor, 
namely,  

(E) spaces occupied by adsorbed ions in upper  
layers wil l  block spaces in lower  layers, and conse- 
quent ly  the lat ter  will  not be counted. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

1 ( a rb i t r a ry  removal )  
2(1,0,1,1,0), 3 (0,0,0,ND,ND) 
3(2,0,2,0,0), 4(I ,0,1,ND,ND),  5(2,1,1,ND,ND) 
4(2,0,2,1,0), 5 (2,1,]L,ND,ND) 

.5(3,0,3,1,1), 6 (1,0,1,ND,ND) 
6(3,0,3,0,1), 7 (2,0,2,ND,ND) 
7(2,0,2,1,0), 7(2;0,2,2,0), .8(2;1,1,ND,ND) 
8(3,0,3,1,1), 9 (1,0,1,ND,ND) 
9(3,0,3,0,1), 10 (2,0,2,ND,ND) 
10(2,0,2,0,0), l l (1 ,0 ,1 ,ND,ND),  11(3,1,2,1,0,), 11(2,0,2,1,0) 
11(2,0,2,1,0), 11(3,1,2,1,0), 12(2,1,1,ND,ND) 
12(3,0,3,1,1), 
13 (3,0,3,0,1), 
14 (2,0,2,2,0) 
15(3,0,3,1,1), 
16(3,0,3,0,1), 
17(2,0,2,0,0), 
18(2,0,,3,1,0), 
19(3,0,3,1.1), 
20 (3.0,3,0,1), 

13 (1,0,1,ND,ND) 
14 (2,0,2,ND,ND), 14 (3,1,2,ND,ND) 
14(2,0,2,1,0), 14(3,1,2,1,0), 15(2,1,1,ND,ND) 
16(1,0,1,ND,ND) 
17 (2,0,2,ND,ND) 
18(1,0,1,ND,ND), 16(3,1,2,1,0), 18(2,0,2,1,0) 
18(3,1,2,1,0), 19 (2,1,1,ND,ND) 
20 (1,0,1,ND,ND) 
21 (2,0,2,ND,ND) , 21 (3,t,2,ND,ND) 

Atoms r emo v ed  at each sequence are  in italics. 
Z is des ignat ion of a tom in Fig. 12(a). 
Ni,N~,n,m are  defined in text .  
ND indicates  tha t  the value  was  not  de termined.  

I < 211> <ioo > 

! t 

<.o> 

L-- {.ll 

i ""  , {u(, (2,*> 

; f {loo 

t mot ~ t.ot 

Fig. 12. Summary of pit morphologies obtained by simulation for 
{100}, {111}, and {110} fcc surfaces at low and high reaction 
rates. All simulations assume uniform deepening of a pit until it 
is arrested and a planar base is formed. 
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Also, at high reaction rates factor (D) is ignored on 
the assumption that  small  changes in the effective 
volume of an array of spaces are insignificant in this 
case. 

Only factors (A),  (B), and (E) are therefore con- 
sidered re levant  at high reaction rates and permi t  the 
following general  rules for removal  dur ing  the s imu- 
lations: 
H- l :  Let N1 be the number  of spaces adjacent to an 
atom [factor (A)] .  
H-2: Let Na be the number  of the adjacent  spaces 
which are overlapped by a space or spaces in an upper  
layer [factor (E)] .  
H-3: Remove the atom with the largest ( N 1 -  N~). 
If more than one atom has the same (N1 -- N3), pro-  
ceed as follows: 
H-4: Let n be the n u m b e r  of the ( N 1 -  N3) spaces 
which are shared amongst other atoms with (N1 -- Na) 
spaces [factor (B)] .  
H-5: Remove the atom with the smallest n. 

In applying these rules, it was realized that  the factor 
(E) must  be in terpre ted a little differently for less 
close-packed surfaces ({100} and {I10}). In  rules H-2 
and H-3 spaces overlapped by upper  layer spaces are 
discounted completely. But in the  less close-packed 
surfaces, those spaces are never  completely overlapped 
and could contr ibute  to the ease of removing adjacent  
atoms on the upper  layer. With this modification the 
correspondence between the morphologies obtained by 
simulat ion and in exper iment  was attained. 

Simulat ions for the three low-index surfaces at high 
reaction rate are shown in Fig. 9 and the right hand 
sides (b) of Fig. 10 and 11. In {100} and {110} surfaces, 
the second layer  spaces overlapped by the first layer 
spaces were considered to contr ibute to the ease of 
removing the adjacent  first layer atoms, as described 
above, and so N8 was always taken as zero for the 
first layer  atoms. For (111} these spaces were com- 
pletely discounted according to rules H-2 and H-3. 
Factor (B) was again interpreted differently for {110} 
as at low reaction rate. 

It is seen that the increased reaction rate produces 
no change in the morphology on {100} surfaces but  
results in different types of six-sided pits in the other 
two surfaces, as observed exper imenta l ly  (Fig. 2 
and 4). 

Figure  12 summarizes the simulated shapes for the 
three low-index surfaces at both low and high reaction 
rates. 

Simulation for metal-oxygen bonding stronger than 
metal-metal bonding.--In all the simulations noted 
above no account has been taken of the possible effect 
of the bonding of the oxygen, present  in the passivat-  
ing film, with metal  atoms of the first layer. It is 
possible that such bonding could be sufficiently strong 
to change the priorities of bond breaking under  the in-  
fluence of aggressive ions. Consequently,  addit ional 
simulations were carried out in which the rules were 

OC 

<iO0> 

(a) (b) 

C~FIRST LAYER ATOM {.~z SECOND LAYER ATOM 

Fig. 13. Consequences of simulation on {110} surface assuming 
metal-oxygen bond strength to be greater than metal-metal bond 
strength. 

modified such that atoms would always be removed 
from the second layer  in preference to the first pro-  
vided they had a finite n u m b e r  of spaces which are not 
discounted due to the overlap by any  upper layer 
atoms. First  layer atoms were only removed when there 
was no such second layer atoms available for removal. 

The pit on the left hand side (a) of Fig. 13 shows 
the result  of the application of these rules on {110}. 
It is seen that  they develop what  is almost a one di- 
mensional  pit which increases in length but  not in 
width. But atoms such as 3' in (a) could reasonably 
be expected to be removed in due course, although 
atoms 1,3,5,7 . . . .  always keep ahead of them. If it 
is supposed that  the atom 3' is removed after 6 and 
before 7, then the result ing shape would be as shown 
in the pit situated on the right hand side (b) of Fig. 13. 
One concludes, therefore, that rec tangular  pits wil l  
be developed on {110} surfaces subject to these condi- 
tions. 

Using the same modified rules on {110} and {111} 
surfaces did not change the simulations from those 
obtained earlier. This result  may be significant in that  
the anomalous samples only exhibited different pits 
on the {110} surfaces and they were, in fact, rec tangu-  
lar. 

Application to Body-Centered Cubic Metals  
In order to test the aggressive ion accessibility cri- 

terion for other crystal structures, the simulation 
method was used to predict pit morphologies on pas- 
sivated low-index surfaces of body-centered cubic 
crystals, al though few detailed studies of corrosion pit 
morphologies on body-centered cubic crystals have 
been reported. 

Janik-Czachor  and Szklarska-Smialowska (16) in-  
vestigated the morphologies of corrosion pits on 
Fe-16% Cr formed under  galvanostatic conditions. On 
all surfaces studied the pits exhibited regular  poly- 
hedral  shapes and contained facets composed of {110} 
and {100} planes. 

Taoka et al. (17) report similar shapes for corrosion 
pits produced chemically on the surfaces of Fe-3% Si. 
The existence of {110} and {100} facets on similar pits 
produced by the same etch procedure in Ferrovac E 
iron has also been confirmed by Spink and Ives (18). 
There is good reason to suppose that the surface con- 
dition existing dur ing these chemical etch t reatments  
involves the presence and breakdown of surface films, 
and the results can presumably  be included with those 
in which the passive state is induced electrochemically. 

A summary  of the pit morphologies observed ex- 
per imental ly  (16-18) in body-centered cubic metals is 
presented schematically in Fig. 14. 

In accord with the experience with fcc surfaces, 
the accessibility factors (A), (B), (C), and (D) were 
considered of major  importance at low reaction rates 
(i.e. low anodic current ) .  At high reaction rates (or 
high anodic currents)  the factor (E) was adopted in 
preference to factors (C) and (D). 

In applying the rules for removal  formulated pre-  
viously, it was found necessary in bcc to consider both 
first and second nearest  neighbor spaces for factor (A),  
whereas in fcc only nearest  neighbors needed to be 

{I00} { I I I }  {II0} 

<100> <211 > ~:~00- ~ 
{ ,ooL_L , . / 

~'~ \ ~ {,,o1 o~ 
{,oo~" ~oo~ 1~ 

{ll 

Fig. 14. Summary of pit morphologies in Fe, Fe-16% Cr, and 
Fe-3% Si, for (100}, (111}, and {110} surfaces, as reported in the 
literature. 
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considered. This makes factor (D) un impor tan t  for 
bcc crystals. 

The rules which govern the progress of the s imula-  
t ion for low reaction rate can be stated as follows: 
L- I :  Let N~ be the number  of the nearest  neighbor 
spaces adjacent to an atom and N2 be the number  of 
the second nearest  neighbor spaces adjacent  to that  
atom [factor (A)] .  
L-2: Let N~ ~ be the number  of nearest  neighbor spaces 
on the same layer as the atom which are subject to 
overlap of an atom or atoms remaining in an upper  
layer, and let N2 ~ be the number  of second nearest  
neighbor spaces in the same layer which are subject 
to overlap from above [factor (C)] .  
L-3: Remove the atom with the largest (N~ + N . , -  
~rl~ - -  N2 ~ ~ ML (effective space). If more  than one 
atom has the same ML, proceed as follows: 
L-4: Remove the atom with the largest ( N ~ -  N1 ~ 
(effective nearest  neighbor space). If more than one 
atom has the same (N1 -- NI~ proceed as follows: 
L-5: Let n be the number  of the ML spaces which are 
shared with other atoms having ML spaces [factor 
(B)]. 
L-6: Remove the atom with the smallest n. L-4 dis- 
t inguishes between the contr ibut ion of first and second 
nearest  neighbor spaces. 

At high reaction rates the specific rules for removal 
dur ing s imulat ion incorporate factors (A),  (B), and 
(E), and are summarized as follows: 
H - l :  Let N~ be the n u m b e r  of nearest  neighbor spaces 
adjacent to an atom and N2 be the n u m b e r  of second 
nearest  neighbor spaces [factor (A)] .  
H-2: Let N~ ~ be the number  of nearest  neighbor spaces 
on the same layer as the atom which are subject to 
overlap by a space or spaces existing on a layer above, 
and let N2 s be the equivalent  parameter  for the second 
nearest  neighbor spaces [factor (E) ]. 
H-3: Remove the atom with the largest (N1 -t- N2 -- 
Nt s -- N2 ~) -- MH (effective space). If  more than one 
atom has the same MH, proceed as follows: 
H-4: Remove the atom with largest ( N 1 -  N~ s) (ef- 
fective nearest  neighbor space). If more than one atom 
has the same (N~ -- N~s), proceed as follows: 
H-5: Let n be the number  of those MH spaces which 
are shared with any of the other atoms having M~ 
spaces [factor (B)] .  
H-6: Remove the atom with the smallest  n. 

The above working rules permit  the s imulat ion of 
pit formation by a tom-by-a tom removal,  and as an 
example the sequence for {110} at low reaction rate 
is summarized in Table  IV. The individual  simulations 
for low index bcc surfaces are shown in Fig. 15-17. 
The resul t ing pit morphologies are summarized in 
Fig. 18. 

The agreement  between the simulat ions (Fig. 18) 
and the exper imental  observations (Fig. 14) is good. 
The observed morphologies are predicted for {111} 
and (110} surfaces, and a combinat ion of the low and 
high reaction rate is necessary to describe the {110} 
observations. 

Table IV. Simulation 1 IO-L (bcc) 

R e m o v a l  A t o m s  Z (N1 + N~,N~o + N2O,ML,NI_ IVio n) 
s e q u e n c e  p r i o r  to  r e m o v a l  

1 I ( a r b i t r a r y )  
2 2(I,0,1,1,1), 3 (1,0,1,0,ND) 
3 3(4,0,4,3,1), 4(5 ,2 ,3 ,ND,ND)  
4 4(5,0,5,5,3), 5 (2 ,0 ,2 ,ND,ND) 
5 5(3,0,3,3,2), 5(4,1,3,3,2), 6(2 ,1 ,1 ,ND,ND)  
6 6(4,1,3,3,3), 7 (3,0,3,2,ND) 
7 7(4,0,4,3,1), 8 (3 ,0 ,3 ,ND,ND) 
8 8(4,0,4,3,1), 9 (4 ,2 .2 ,ND,ND) 
9 9(6.0,6,3,0), 10 (3 ,0 ,3 ,ND,ND) 

10 10(4,0,4,3,0), 11 (3 ,0 ,3 ,ND,ND) 

A t o m s  r e m o v e d  a t  e a c h  s e q u e n c e  a re  in  i ta l ics .  
Z is  d e s i g n a t i o n  of  a t o m  in  F i g .  17(a) .  
NI,N2,NlO,NsO,ML,R a r e  de f i ned  in t ex t .  
N D  i n d i c a t e s  t h a t  t h e  v a l u e  w a s  n o t  d e t e r m i n e d .  

September I971 

<IO0> 

(a) t (b) 

Q FIRST LAYER A T O M  (-')SECOND LAYER ATOM 

Fig. 15. The simulation of pits on a {100} bcc surface, for (a) 
low reaction rate (rules L) and (b) high reaction rate (rules H). 
Nearest neighbor and second nearest neighbor atom relationships 
are shown at upper center by double and single arrows, respectively, 
joining atoms. 

<211 > 
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~J 

Q FIRST LAYER ATOM (~SECOND LAYER ATOM 

Q T H I R D  LAYER ATOM ( ~ F O U R T H  LAYER ATOM 

Fig. 16. Pit simulation on e {111} bcc surface for both low 
and high reaction rates. 

< I00 > 
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" ~-~ ~ , ~  

FIRST LAYER ATOM ,..j SECOND LAYER 

Fig. 17. Pit simulations on a {110} bcc surface at 
reaction rate (rules L) and (b) high reaction rate (rules H). 
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Fig. 18. Summary of pit morphologies predicted by the simula- 
tions for {100}, {i11}, and {110} bcc surfaces at low and high 
reaction rates. 

These s imulat ions can also be re la ted  to the changes 
wi th  t ime under  galvanosta t ic  condit ions repor ted  by 
Jan ik -Czachor  and Szk la r ska -Smia lowska  (16) for 
Fe-16% Cr. They repor ted  changes in pi t  morpho logy  
with  t ime for pits on {100} and {110} surfaces. In 
par t icular ,  pi ts  on {100} changed in superficial  shape 
f rom square to octagonal  and on {110} the shape of 
the  base of pits  changed from rhombohedra l  to hexa-  
gonal.  Since the size and number  of pits  were  ob-  
served to increase wi th  t ime, the cur ren t  dens i ty  in a 
given pit  must  be reduced wi th  t ime  under  ga lvano-  
static control.  Consequent ly  the react ion ra te  in the 
pit  is reduced.  The morphologica l  changes pred ic ted  
by  the  s imulat ions on {100} and {110} in making  the 
t ransi t ion f rom high to low react ion ra te  are  therefore  
consistent  wi th  the expe r imen ta l  observat ions.  No 
changes are  e i ther  predic ted  or repor ted  for {111} 
surfaces. 

Discussion 
A rev iew of the  factors which were  necessary  in 

order  for the s imulat ions  to approx ima te  the  exper i -  
men ta l ly  observed pi t t ing  morphologies  suggests tha t  
the impor tan t  considerat ion de te rmin ing  a tom remova l  
dur ing  pi t  deve lopment  is the configuration of the 
spaces adjacent  to each atom. When  al lowance is made  
for  b lockage  of spaces and  the  shar ing  of spaces be-  
tween equa l ly  unbonded  atoms, we have  seen that  the 
s imulat ions developed the appropr ia te  morphologies  
if atoms wi th  more  ad jacent  space were  removed  in 
preference  to those wi th  less. Fur the rmore ,  those rules  
which requ i red  modificat ion f rom one crys ta l lographic  
surface to another  could be re la ted  to the differences 
in the a tom-a tom configurat ion in these surfaces. 

The real iza t ion tha t  the  s imple  "bond-b reak ing"  
model  does not develop correct  morphologies  (nor  
would the  equiva lent  "adjacent  space" model )  and the 
success of the  s imulat ions  which were  achieved sug-  
gests tha t  the  impor t an t  factor  is the  accessibi l i ty  of 
the aggressive ions in placing themselves  close to meta l  
atoms wi th in  the  pi t  in order  to remove  them. This 
model  is consistent  wi th  the suggestions of Ko lo ty rk in  
(14, 15) and is also suppor ted  by  independent  observa-  
tions tha t  dur ing  p i t t ing  corrosion the in te r io r  of pi ts  
are  in the  act ive state, whi le  the r ema inde r  of the 
surface is pass ivated  (19) and the real iza t ion that  the 
suscept ib i l i ty  for p i t t ing  of n ickel  single c rys ta l  sur-  
faces is d i rec t ly  p ropor t iona l  to the  reac t iv i ty  of that  
surface dur ing  active dissolution (13). 

The  necessi ty  for  in t roducing  the blocking effect of 
a l r eady  adsorbed aggressive ions on upper  layers  when 
pi t t ing  occurs at  high react ion rates  also substant ia tes  
this  model.  I t  is difficult to envisage a process involv-  
ing only the  meta l  subs t ra te  tha t  would  expla in  the  
morphologica l  dependence  on react ion rate.  

The apparen t  success of the  s imula t ion  in which 
second l aye r  a tom remova l  takes  preference  over  first 
l ayer  r emova l  in reproduc ing  the  p i t  morphologies  ob-  
served on the anomalous  samples  suggests tha t  the  
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effect of me ta l -oxygen  bonding could ce r ta in ly  modi fy  
the aggressive ion capabi l i ty  of removing  atoms. If  
these anomalous  crys ta ls  were  more  defective (for 
example ,  have high impur i t y  content)  it is possible 
tha t  the dissolution ra te  of the  meta l  subs t ra te  would  
be increased,  accentuat ing the effect of oxygen in 
bonding the surface layer .  In  addit ion,  the  {110} sur -  
face on which pits  of different  morpho logy  were  ob-  
served both expe r imen ta l ly  and by  s imula t ion  is far  
more  r ead i ly  pass ivated  than  are the {100} and {111} 
surfaces (13). 

Much of the  complicat ion involving the descr ipt ion 
of the  s imulat ion method  employed  in this  s tudy has 
been due to the  need  for  an effective means  of descr ib-  
ing the  s imula t ion  process  in wr i t t en  form. I t  is much 
s impler  to apprec ia te  the  re la t ive  pr ior i t ies  for atom 
remova l  when the s imulat ion is car r ied  out by  hand 
using models  of spheres wi th  the  appropr ia t e  packing  
and surface orientat ion.  Such a procedure  leads the 
exper imen te r  wi th  no doubt  as to the  conclusions 
quoted above. 

The predic t ion  of the c rys ta l lographic  or ientat ion of 
the facets occurr ing wi th in  the corrosion pits  has also 
been provided  by  the  simulat ion.  Of course, the  devel -  
opment  of macroscopic facets of these or ientat ions 
supposes tha t  the th i rd  and successive a tom layers  
are  removed at the  same ra t e  as the  first two layers  
but  s l ight ly  behind them. However ,  in the rea l  s i tua-  
t ion when m a n y  atom layers  a re  removed  to form a 
macroscopic pit, de lays  in the  ini t ia t ion of layer  re -  
moval  can be expected due, for example ,  to the accum- 
ulat ion of corrosion product  in the  pit, resul t ing in a 
random var ia t ion  of remova l  bounda ry  spacing. The 
subsequent  deve lopment  of the  remova l  boundar ies  
m a y  then be subject  to in teract ions  leading  to com- 
binat ions  of monatomic  steps which coalesce to form 
macroscopic ledges, in a manner  s imilar  to that  p ro -  
posed by  Gi lman  (20) and Ramachandran  and Ives 
(21) for etch pits  on l i th ium fluoride. In this  case the  
r isers  of such macroscopic ledges wil l  have the  c rys ta l -  
lographic  or ienta t ion  a l r eady  suggested by  the s imula-  
tion, and the macroscopic or ienta t ion  of the  pit  sides 
wi l l  differ from the c rys ta l lographic  or ienta t ion p re -  
dicted by  an amount  dependent  on the dens i ty  of 
ledges. 

Both the  s imulat ions  for fcc and for bcc surfaces 
suggest  the aggressive ion accessibi l i ty  cr i ter ion to be 
re levant  for de te rmin ing  dissolution morphologies  
wi th in  corrosion pits. A mechanism is the reby  provided  
to expla in  why  var ious  c rys ta l lographic  facets are  
s tabi l ized under  var ious  corrosion cond i t ions - -a  fact  
s ta ted  m a n y  t imes  before  but  on ly  ra t ional ized vague ly  
in t e rms  of the re la t ive  c lose-packing of the  var ious  
crys ta l  orientations.  F r o m  the studies repor ted  here  it 
is possible to apprec ia te  how different  c rys ta l lographic  
surfaces are s tabi l ized under  different  condit ions and 
that  the i r  degree  of c lose-packing  is not  the  only 
fac tor  to be considered.  
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The Effect of Water on Passivity and Pitting of Titanium 
in Solutions of Methanol and Hydrogen Chloride 

F. Mansfeld* 
North American Rockwell  Science Center, Thousand Oaks, California 91360 

ABSTRACT 

The effect of water  on passivity and breakdown of passivity by pi t t ing of 
t i t an ium in solutions of methanol  and hydrogen chloride has been studied. In 
anhydrous solutions no passivation occurs. Small  additions of water lead to 
passivation, the region of passivity being l imited by the pi t t ing potential  to 
noble values. The critical pi t t ing potential  becomes more noble with increasing 
water  content of the electrolyte. Values obtained under  steady-state conditions 
(Vc) seem to level off at higher water  contents, while values obtained under  
nonsta t ionary conditions (Vc') increase l inearly with water  content. No passi- 
vat ion occurs when 12N aqueous HC1 was added to pure methanol  to produce 
an aqueous solution of CH3OH ~ 0.01N HC1, but  passivation was observed 
when an aqueous solution of CH3OH ~ 1.0N HC1 was produced. This is ex- 
plained by the higher water  content  of the lat ter  solution, which is sufficient 
to passivate the surface at potentials below the pit t ing potential. 

In studies of passivity or breakdown of passivity 
through pitting, the effect of the electrolyte composi- 
tion has been studied extensively. Since most of these 
studies have been carried out in aqueous solutions, the 
effect of water could not be investigated, although 
there is a general  accord that the water  molecule plays 
an important  role in passivity of the t ransi t ion metals 
and alloys in acid solutions. 

One of the few studies of passivity in nonaqueous 
solutions was carried out by Kolotyrkin  and Kossyi (1) 
who studied the effect of water  on the anodic behavior  
of chromium in methanol  solutions of hydrogen 
chloride. Potentiostatic polarization curves were mea-  
sured in solutions of methanol  which had been satur-  
ated with dry gaseous hydrogen chloride, then diluted 
with methanol  to which certain amounts  of H20 were 
added. It was found that  active anodic dissolution in 
CH~OH-1N HC1-H20 proceeds without  part icipation 
of H20 molecules, while increasing amounts  of H20 
lead to a more and more extended region of passivity, 
which was not observed in the absence of water. The 
passive film was destroyed at higher anodic potentials 
by pit t ing and it was found that the critical potential  
for pit t ing was a l inear  function of the water  content 
of the electrolyte at a constant concentrat ion of HC1. 
Ts inman et al. (2) studied the anodic behavior of Ti 
in wate r -methanol  solutions containing chloride ions 
and found that  at constant  HC1 concentrat ion pit t ing 
occurred at low H20 concentration, and not at higher 
H20 concentrations. Pi t t ing was also observed during 
the anodic polarization of t i tan ium in methanol  solu- 
tions of NaBr (3). Ts inman et al. (4) studied the in-  
fluence of water and the na ture  of the electrolyte on 
the anodic activation of a Ti alloy (VT-1) in methanol  

* Electrochemical  Society Act ive  Member.  
Key  words :  anhydrous  solutions, aqueous solutions, cri t ical  pit-  

t ing potential ,  corros ion  rates .  

solutions by a galvanostatic method. They found that 
the critical pi t t ing potential  did not depend on the 
acidity of the solution, which is in contrast  to what  
was found by Kolotyrkin  and Kossyi (1). They also 
found that the pi t t ing potential  became more noble 
with increasing water  content  and varied in the series 
CI- ,  B r -  < I -  < <  C104- < <  NO3-. Meshcheryakova 
et al. (5) studied the behavior of t i t an ium (VT-1) in  
e thanol -water  solutions of hydrochloric acid. They 
found that t i t an ium is not passive in anhydrous  20% 
HCl-ethanol  solutions and corrodes with a rate of 
about 5 mm per year (about 630 todd). The corrosion 
rate dropped to half  of this value when 1% water  was 
added and became ra ther  small  when 6-32% water  
was added (0.01 mm per year  or 1.2 mdd) .  Corrosion 
was uni form except in solutions containing 4-6% H20 
where pit t ing occurred after 300 hr. The pit t ing poten- 
tial was found to be proport ional  to the logari thm of 
the water  concentration. 

Levy and Seitz (6) also found that  the pit t ing po- 
tent ial  of a T i -8AI- IMo-IV alloy in CH3OH + 0.4% 
HC1 + H20 became more noble with increasing water  
content. From their  data ( l inear plot of potent ial  vs. 
current  density) no informat ion about the effect of 
water on the active dissolution of this alloy can be 
obtained. 

Schwabe and Schmidt (7) and Schmidt (8) studied 
the effect of water content  on the anodic behavior of 
Ni in 2N H2SO4-dimethyl formamide-water  and 2N 
H2SO4-acetonitrile-water solutions. It was found that  
passivation occurred only in the presence of water, the 
critical concentrat ion of H20 being ~ 0.1% in dimethyl  
formamide and ~ 3% in acetonitrile solutions. 

Since only a few data concerning the effect of H20 
on passivity of Ti in CH~OH-HC1 solutions exist 
(2, 4, 6) and this effect is also of practical importance 
in stress corrosion cracking of Ti alloys (9), a sys- 
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tematic s tudy of the anodic behavior  of Ti in CH.~OH- 
HC1-H20 solutions has been carried out. 

Experimental Procedures 
Anhydrous  solutions of CI-~OH-HC1 were prepared 

by saturat ing methyl  alcohol (nanograde, Mall inck-  
rodt) with HC1 gas. These solutions were then di-  
luted by adding more methyl  alcohol to give a certain 
concentrat ion of HC1 which was measured by titration. 
Aqueous solutions of CH3OH-HC1 were prepared by 
adding water  to anhydrous  solutions of CH8OH-HC1 
or by adding certain amounts  of concentrated hydro-  
chloric acid to pure methanol.  Commercial ly pure Ti 
(Ti-75A containing about 4000 ppm total interst i t ial  
impurit ies)  was machined to a cylindrical  electrode 
(about 2 cm 2 geometric surface) and connected to a 
holder so that only the electrode, Teflon, and glass 
were in contact with the solution. The electrode was 
degreased in boiling benzene at 80~ for 5 min, then 
etched in a solution of 40% HNO3-2% HF-H20 for 1 
min, washed thoroughly in pure methanol,  and then 
immediate ly  immersed in the test solution, which had 
been deaerated with argon for 1 hr. The reference elec- 
trode was an aqueous saturated calomel electrode 
(SCE), except for solutions containing 0.01N HC1, 
where a reversible hydrogen electrode was used in a 
separate compar tment  and the same solution. All  po- 
tentials  refer to SCE. After  the rest potential  had be- 
come constant  the potential  was increased in steps of 
10 m V / m i n  using a Wenking  potentiostat. At higher 
potentials when no pi t t ing was observed, the rate of 
potential  change was 50 mV/5 rain. Since methanol  
solutions of hydrogen chloride have high electrical 
conductivi ty due to the anomalously high mobil i ty of 
the methoxonium ion CH3OI4~ +, no major  experi-  
menta l  problems concerning iR-drops were encoun-  
tered. 

Results 
Figure 1 shows potentiostatic polarization curves for 

Ti-75A in anhydrous  CH3OH + x N  HC1 for x ~ 1.0, 
0.1, or 0.01.1 The effect of HC1 concentrat ion is clearly 
seen. The curves are shifted paral lel  in the noble di- 
rection with decreasing HC1 concentration,  and no ac- 
t ive-passive transi t ion is observed up to the highest 
currents  studied. For comparison, Fig. 2 shows po- 
larization curves in methanol  to which sufficient con- 
centrated HC1 was added to give aqueous solutions of 
CI-I~OH + x N  HC1 for x ~ 1.0, 0.1, or O.01. Again, the 
rest potential  has the most noble value for the lowest 
HC1 concentration, but  surprisingly, passivity is ob- 
served in the solution with the highest HC1 concentra-  
tion (1.0N) but not for the solution with the lowest 
HCI concentrat ion (0.01N). For the solution which 
contains 0.1N HC1, the region of passivity is small 
due to pitting, the occurrence of which was confirmed 
by microscopical observation. In  these aqueous HC1- 

1 D u e  to  the  w a t e r  c o n t e n t  o f  p u r e  m e t h a n o l  (~-~0.02%) t h e s e  " a n -  
hydrous solutions" contain a small amount of. H~O. 
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Fig. 1. Potentiostatic anodic polarization curves for Ti 75A in 
solutions of CH8OH @ xN HCI anhydrous (x ~ 1.0, 0.1, or 0.01). 
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Fig. 2. Potentiostatic anodic polarization curves for Ti 75A in 
solutions of CH3OH ~ xN HCI aqueous (x ~ 1.0, 0.1, or 0.01). 

CH3OH solutions the H20 content  increases with in-  
crease of the HC1 content, because of the water con- 
tent  of concentrated HCI (37% HC1). 

In the exper iments  of Fig. 3 increasing amounts  of 
H20 were added to a solution of anhydrous 1N HC1- 
CH;jOH. In the absence of H20 no active-passive t rans i -  
tion is observed; addition of 0.63% H20 shifts the 
polarization curve in the noble direction, a small  re-  
gion of passivity is observed l imited by breakdown of 
passivity through pitting. With increase in HaO-content 
the region of passivity is extended, the passive C.D. 
being about 1.3 ~A/cm 2. The passive region is l imited 
by the critical potential  for pi t t ing Vc' which becomes 
more noble as the H20 content  increases. After  each 
run  the specimen was investigated under  a micro- 
scope to make sure that  pi t t ing has indeed occurred. 
At higher water  contents, establ ishment  of Vc' from 
polarization curves was very difficult. In  aqueous 1N 
HC1-CH3OH (about 6.3% H20) no precise value of 
Vc' could be established. For this reason, the following 
two different exper iments  were carried out to deter-  
mine more precisely the steady-state value, V,, of the 
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Fig. 3. Potentiostatic anodic polarization curves for Ti 75A in 
solutions of CH3OH ~ 1N HCI anhydrous ~ n X 0.63% H20 
(n ~ 0-7). 
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Fig. 4. Changes of potential at a constant anodic current of 
100 #A in CH3OH -+- 1N HCI anhydrous -F 4.4% H20. 
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Fig. 5. Changes of current at constant potential in CH3OH 4- 
1N HCI anhydrous + 4.4% H20. 

critical pitting potential. 2 In the first experiment,  a 
constant C.D. of about 50 ~A/cm 2 was applied to the 
test electrode and the potential vs. t ime curve re- 
corded. This technique has recently been used by Tsin- 
man et al. (4).  Figure 4 shows the results for CH3OH 
+ 1N HC1 + 4.4% H20. After  application of the con- 
stant C.D. the potential  increased s lowly  to more 
noble values. When the m a x i m u m  value  was reached, 
small  fluctuations of the  potential, which  were prob- 
ably due to formation of the first pits, were  observed. 
The potential then decayed fast to a constant value,  
which  has been called the activation potential  by 
Tsinman (4). Microscopic observation of the  electrode 
after the test showed occurrence of a number of pits. 
In the next  experiment this constant potential was 
applied to a fresh electrode immediate ly  after im- 
mersion into a fresh solution and the  current vs. t ime 
curve recorded. If the potentiostatically applied po- 
tential  was below the critical pitting potential  Vr the 
current decayed continuously  due to passivation of the 
surface and no pits were observed (curve A, Fig. 5). 
The potential was then increased by 15 or 25 inV. If Vc 
was exceeded, the current increased after an initial 
decrease and pitting was observed (curve B) .  Critical 
pitting potentials estimated from polarization curves 

-" T h e  n o t a t i o n  b y  L e c k i e  a n d  U h l i g  (10) is  u s e d  h e r e  to d i s t i n -  
g u i s h  b e t w e e n  s h o r t - t i m e  (Vc')  a n d  s t e a d y - s t a t e  (Vc)  cr i t i ca l  p i t t i n g  
p o t e n t i a l s .  
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Fig. 6. Dependence of pitting potential on water content of 
CH~OH Jr 1N HCI anhydrous 4- x% H20. 
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Fig. 7. Dependence of pitting potential on concentration of H C I  
anhydrous in solutions of CH3OH 4- 3.15% H20 + xN HCI (x 
= 1.0, 0.I, or 0.01). 

(Vc') and measured more precisely at a constant po- 
tential  (Vc) are plotted in Fig. 6. While  Vc' seems to 
increase l inearly with water content, values  for Vr 
seem to level  off after a H20 content of 2.5% H20. 
Values of Vc in solutions of CHsOH 4- 3.15% H20 4- 
xN HC1 (x  = 0.01, 0.1, 1.0) are shown in Fig. 7, which 
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shows an increase of about 0.3V when [HCI] is de- 
creased by a factor of 10. 

Discussion 
The results obtained in this investigation have shown 

clearly that  passivation of Ti cannot occur in CH3OH- 
HC1 in the absence of water. In "anhydrous" solutions 
anodic dissolution occurs following Tafel behavior. The 
polarization curves are shifted parallel  in the noble 
direction as the HC1 concentrat ion decreases. Addit ion 
of water  to the anhydrous  electrolyte leads to passiva- 
t ion at a concentrat ion as low as 0.6% water  although 
the extent  of the passive region is very  small. This 
results from the fact that  the critical pi t t ing poten- 
tial Vc' is only slightly noble to the corrosion (and 
passivation) potential. It  has to be considered at this 
point that  the surface concentrat ion of water might  be 
different from that  in the bulk  due to double- layer  
effects and due to solvation of dissolved metal  ions. 
The lat ter  effect would decrease the amount  of water  
available for passivation. No information is avail-  
able concerning double- layer  effects in the solutions 
studied. Increasing additions of water  lead to a broader 
region of passivity in which the current  is independent  
of potential. At a certain potent ial  (the critical pi t t ing 
potential)  chloride ions are adsorbed strongly enough 
to displace the adsorbed water  molecules and penetrate  
the passive film. As more water  is added to the electro- 
lyte the passivating species (presumably the oxygen of 
water)  is more strongly adsorbed and Vc is shifted to 
more positive values. When a sufficient amount  of 
water  is added to produce a sufficient concentrat ion of 
the passivating species at the surface of the metal,  the 
critical pi t t ing potential  increases only very  slightly. 
This is seen better  in experiments  at constant current  
or potential  (Fig. 4 and 5). At a sufficiently high, con- 
stant water  content, the pit t ing potential  becomes more 
noble as the chloride ion concentrat ion decreases, as 
observed for many  metals in aqueous electrolytes. 

These findings also explain the ini t ia l ly surprising 
results of Fig. 2, where the electrode was polarized in 
the anodic direction in solutions prepared from pure 
methanol  and concentrated hydrochloric acid contain-  
ing a constant  ratio of water to chloride ion. In  the 
solution of CH.~OH + 0.01N HC1 the water  content  is too 
small  to allow formation of a passive film. In  the solu- 
t ion containing 0.IN HC1, enough water  is present  in 
the bu lk  to passivate the surface. The passive film is, 
however, not  very  stable and therefore penetra ted by 
chloride ions at a relat ively low potential.  In  CH~OH 
~- 1N HC1, enough water  is present  to protect the sur-  
face from pitt ing up to ra ther  noble values. The film 
becomes more and more stable when  the electrode is 
polarized slowly in the noble direction. A precise value 
of Vc' is then difficult to detect. In  the experiments  of 
Fig. 4 and 5 an active electrode was used for deter-  
minat ion of the pit t ing potential, values of Vc are 
therefore considerably more active than those of Vc'. 
This might also apply to the results of Kolotyrkin  and 
Kossyi (1) who found a l inear  relationship between 
the pit t ing potential  and water  content  from poten-  
t iodynamic curves in aqueous CH3OH-HC1 solutions. 

The present  results might  also explain the observa- 
t ion of Meshcheryakova e t a l .  (5) that pit t ing occurs 
only in a nar row concentrat ion range of H20 additions 
(4-6% H20) to ethanol-hydrochloric  acid solutions. 
Presumably  below 4% H20 t i t an ium did not become 
passive and no pi t t ing would occur while above 6% 

H20 the passive film was stable enough so that  the 
critical pi t t ing potential  as determined by nonsta-  
t ionary methods was outside the range of potentials 
studied. The effect of water  addition on corrosion rates 
observed by Meshcheryakova et at. (5) was also found 
in the present work  where t i t an ium specimens cor- 
roded at a rate of 3.1 mdd in anhydrous CH3OH 
0.01N HC1 as de termined by weight loss after eight 
days, but  only at a rate of 0.12 todd when 0.3% H20 
was added to the solution. 

The fact that  the surface of t i t an ium is free of a 
passivating film in anhydrous  solutions of CH~OH-HC1 
but  covered with a passivating film in aqueous solutions 
of CH3OH-HC1 is interest ing insofar as it wil l  allow 
ellipsometric investigations and comparison of film- 
free and filmed surfaces. It  is also interest ing for 
studies of the mechanism of stress corrosion cracking 
(SCC) of Ti and Ti alloys, since SCC in anhydrous 
solutions, where the walls of a crack and crack tip are 
not covered by a passive film and are therefore active, 
can be compared with SCC in solution containing 
enough water for passivation. Under  these lat ter  condi- 
tions a potential  difference is expected between the 
passive walls of the crack and the crack tip leading to 
the establishment of a galvanic couple. Pre l iminary  
results (11, 12) concerning SCC of Ti 75A in anhydrous 
and aqueous CHsOH-HC1 solutions have been obtained, 
ellipsometric investigations on the same mater ia l  in 
the same solutions have been started (13). 
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The Solubility of Meta-Dinitrobenzene 
in Dimethyl Sulfoxide 

John S. Dunning* and Douglas N. Bennion* 
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ABSTRACT 

The solubili ty of meta-din i t robenzene (m-DNB) in dimethyl  sulfoxide 
(DMSO) was determined as a function of tempera ture  in a dry  ni trogen 
atmosphere glove box. Water content  of the solutions was below 100 ppm as 
measured by Kar l  Fischer ti tration. The m-DNB saturat ion concentrat ions 
were determined by absorbance measurements  of diluted sample solutions. 
The solubil i ty was found to vary  from 3.51 molal at 24.00~ to 4.64 molal  at 
49.75~ From a plot of the logari thm of the saturat ion molal i ty  vs. the inverse 
of the absolute temperature  the differential heat of solution was determined 
to be 2053 cal /mole in the temperature  range considered if the activity 
coefficient correction is neglected. 

Meta-dini t robenzene (m-DNB) has been used as the 
cathode depolarizer in certain nonaqueous pr imary  
cells (1). The activated life of such cells depends upon 
the cell design and the diffusivity and solubil i ty of the 
electrode depolarizer. Dimethyl  sulfoxide (DMSO) 
may be useful  as a solvent for nonaqueous electro- 
chemical systems (2). The diffusion coefficient of 
m-DNB in a DMSO solution has previously been re-  
ported (3) to be 6.15 x 10-6 cm2/sec. The solubility of 
m-DNB in DMSO will  be considered here. 

Experimental 
The solubili ty was determined as a funct ion of 

temperature  at atmospheric pressure. Exper iments  
were carried out in a dry ni t rogen atmosphere ma in -  
tained in a glove box. As received DMSO was purified 
by vacuum disti l lation using a packed column. Only 
DMSO with water  content  below 100 ppm as deter-  
mined by Karl  Fischer t i t rat ion was used for the ex- 
per imental  study. The detailed procedure for the 
purification of m-DNB and DMSO and Kar l  Fischer 
t i t rat ion is described elsewhere (3, 4). The tempera-  
ture  of the solution was controlled by placing it in a 
double walled vessel through which a fluid of constant 
tempera ture  was passed. The fluid tempera ture  was 
controlled by a mercury  contact tempera ture  bath to 
•176 Temperatures  of the solution were measured 
with a copper-constantan thermocouple as well as with 
a calibrated thermometer.  St i r r ing of the solution was 
accomplished by means of glass-coated magnetic  st ir-  
r ing bar. 

The tempera ture  of the solution was raised to ap- 
proximately 50~ to start  the experiment.  A period 
of one week was allowed ini t ia l ly for the solution to 
reach equi l ibr ium before samples were taken. The 
temperature  was lowered after each sample was taken 
and the system was allowed to equil ibrate for at least 

* Electrochemical  Society Act ive  Member .  
Key  words :  solubili ty,  meta -d in i t robenzene ,  dimethyl sulfoxide, 

density.  

Table I. The solubility of m-DNB in DMSO 

Satura t ion  concentration 
Temperature (~ (mole/lOOOg solvent) 

49.75 4.640 
46.00 4.419 
39.50 4.128 
37.50 4.045 
36.25 3.995 
33.86 3.890 
31.00 3.796 
30.50 3 .730 
29.25 3.703 
28.50 3 .679  
24.00 3.505 

24 hr. About  half  of the samples were taken in this 
manner .  Then the tempera ture  was raised after each 
sampling and the system was again allowed 24 hr to 
come to equil ibrium. There was no systematic var i -  
ation of the measured solubilities be tween the two 
methods of changing temperature.  

Samples were wi thdrawn using a 10 ml  pipet 
equipped with a glass wool particle filter and ma in -  
tained at the tempera ture  of the solution. The samples 
were diluted to either 1/20 or 1/40 of the saturat ion 
concentrations for convenient  analysis. The concentra-  
tion was determined using a Beckman Model DU 
spectrophotometer. Details of the spectrophotometric 
method used are reported elsewhere (4). 
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Fig. 1. Differential heat of solution plot for solubility of m-DNB. 
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Table II. Density of meta-dinitrobenzene/DMSO solutions at 25~ 

S O L U B I L I T Y  O F  m - D N B  I N  D M S O  

m - D N B  concentra t ion  Dens i ty  of solution 
(mg/ml )  (g /ml)  

0 1.0961 
4.316 1.0968 

10.204 1.0976 
18.938 1.1000 
27.229 ].1022 
36.532 1.1046 
50.610 1.1073 

P r e l i m i n a r y  solubil i ty m e a s u r e m e n t s  of 2,4 d in i t roanal ine  in 
DMSO indicate  a r ange  of solubilities f rom 1.8 molal  at  27.5~ to 
2.6 molal  at  46.8~ The  value  of R (0 In m/O 1/T)s~t is approxi -  
mate ly  --27?0 cal /mole.  

The densit ies  of var ious  solutions of m-DNB in 
DMSO were  de te rmined  by  weighing  of the solution 
contained in a 100 ml  volumetr ic  flask at 25~ Tests of 
the  so lubi l i ty  of 2,4 d in i t roani l ine  (Eas tman)  in DMSO 
were  also conducted.  

Results 
I t  was found tha t  the  solubi l i ty  of m-DNB in DMSO 

increased f rom 3.51 molal  at 25.00~ to 4.64 mola l  at  
49.75~ The da ta  a re  shown in Table  I. At  saturat ion,  
the  equa l i ty  of chemical  potent ia ls  of the  solute in 
solution and in the solid phase yields  the fol lowing 
re la t ion 

( 0  l n m i  ) AHs ( ( OlnTi )T ) 
0 I/T sat-- I + - -  R ~ In mi 
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where  mi is the sa tura t ion  concentrat ion,  AHs is the  
dif ferent ia l  hea t  of solut ion for m-DNB in a sa tu ra ted  
solution, and "yi is the  ac t iv i ty  coefficient of m - D N B  in 
DMSO. 

F igure  1 shows a plot  of the  expe r imen ta l  values  of 
the logar i thm of the  mola l i t y  vs. the  inverse  of the  
absolute  t empera ture .  The slope of the  l ine t imes  R 
is --2053 cal /mole .  A n  empir ica l  equat ion for mola l i ty  
m --  112.8 exp (--2053/RT) fits the da ta  quite wel l  in 
the t empera tu re  range  considered.  

The densit ies  of var ious  solutions of m - D N B  in 
DMSO are shown in Table II. A plot  of the  da ta  shows 
a nea r ly  l inear  re la t ionship  be tween  dens i ty  and con- 
cen t ra t ion  in this  d i lu te  region. 
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Electrochemical Dissolution of ZnO Single Crystals 
D. D. Justice *,l and R. M. Hurd *~2 

Department of Chemistry, North Texas State University, Denton, Texas 76203 

ABSTRACT 

Dissolut ion rates  for the  zinc face of ZnO single crys ta ls  were  measured  
as a function of potent ia l  in KOH solutions. In  the  absence of light,  the re  
was no potent ia l  dependency  be tween  --1.2 and +3.0V vs. SCE. Upon i r r a d i a -  
tion wi th  l ight  of sufficient energy to produce e lec t ron-hole  pairs,  a po ten t ia l  
dependent  dissolution process was super imposed  on the cont inuing po ten t ia l  
independent  process. The resul ts  are  in te rp re ted  on the basis of a combinat ion  
of both  e lect rochemical  and chemical  dissolut ion processes. 

Dissolution of the ionic c rys ta l l ine  s ta te  to form 
solvated ions involves ox ida t ion- reduc t ion  react ions 
for meta l l ic  conductors,  surface solvat ion and bond 
b reak ing  for insulators ,  and p robab ly  some of each 
for semiconductors .  The dissolution mechanism for 
meta ls  is we l l  known;  however ,  the  mechanism by 
which  nonconduct ing crys ta ls  lose ions to the solution 
has been s tudied only  slightly.  The dissolution proc-  
esses occurr ing  on substances tha t  span the "conduc-  
t iv i ty  gap" be tween conductors  and insulators  have 
also been l i t t le  studied;  however ,  f rom the work  tha t  
has  been done, the  exis tence  of  ox ida t ion- reduc t ion  
steps has been demons t ra ted  on ge rman ium (1) and 
sil icon (2). 

G e r m a n i u m  and silicon can be thought  of as forming 
one type  of "br idge"  be tween conductors  (meta ls)  and 
insulators.  Compound semiconductors,  such as ZnO, 
can be thought  of as forming  a second bridge. The po-  
ten t ia l  dependency  of the dissolution ra tes  of this  first 
b r idge  has a l r eady  been examined  (3). The purpose  of 
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this  inves t igat ion was to de te rmine  if the dissolution 
ra tes  of s ing le -c rys ta l  ZnO were  a function of po ten-  
t ia l  and, if possible, to measure  these ra tes  as a func-  
t ion of potent ia l  and corre la te  them wi th  exis t ing 
theories  of e lec t rochemical  dissolution. 

Experimental 
A Magna 4700 potent ios ta t  in a typ ica l  t h ree -e l ec -  

t rode  circui t  was used to main ta in  constant  potent ia l s  
over  the long periods of t ime requ i red  to obta in  the  
dissolut ion rates.  These ra tes  were  measured  wi th  a 
P e r k i n - E l m e r  303 atomic absorpt ion  spec t rophotom-  
eter  f rom accumulat ions  of zinc ions in solut ion as a 
funct ion of t ime.  ZnO single c rys ta ls  were  obta ined 
f rom Electronic Space Products ,  Inc., and had  resis-  
t iv i ty  values  be tween  2.0 and 10.0 ohm-cm.  Etching 
character is t ics  (4) were  used to iden t i fy  the  faces; 
only  the zinc face was exposed to solution. A p p a r e n t  
surface areas  were  measured  by a microscope and 
ranged  f rom 0.026 to 0.042 cm 2. Ohmic contacts  were  
obta ined by  the  method  used by  Dewald  (5). Thermo-  
s ta t ing at  26 ~ _ I~ was ma in ta ined  by  the a i r -  
condi t ioning in the  l abora to ry ;  al l  room l ights  and 
other  hea t  p roducing  equipment  were  cont inuously op-  
erated.  A l l  solutions were  bubb led  wi th  n i t rogen for 
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several hours before the ZnO electrode was inserted 
in the cell. Dur ing  measurements  bubbl ing  was dis- 
continued and the outlet  to the atmosphere was tu rned  
off. Currents  were small  enough so that  IR drops be-  
tween the ZnO electrode and the Luggin capil lary 
could be neglected; IR drops in the semiconductor 
could be neglected except dur ing  high cathodic 
polarization. 

A h igh- in tens i ty  microscope lamp was used to gen- 
erate electron-hole pairs; glass filters were used to ob- 
ta in  a band of light between 360 and 400 m~ with the 
t ransmission max imum at 365 m~. When a the rmom-  
eter was placed directly in the solution, no change in 
temperature  was measured in the presence or absence 
of light. As the in tensi ty  of light was increased (either 
by  increasing the voltage to the lamp or by placing the 
lamp closer to the ZnO electrode), open-circui t  po- 
tentials shifted in the cathodic direction from --150 
mV vs. SCE (dark) to as much as --850 mV; thus, 
open-circuit  potentials were an indication of light in-  
tensity. 

Results 
Dark dissolution rates were essentially independent  

of potential  between --1.2 and +3.0V vs. SCE. In Fig. 
1 dissolution rates for an 8.5 ohm-cm crystal in 1.0N 
KOH in the dark are shown on the same figure with 
the cur ren t -poten t ia l  relation. The open-circui t  dis- 
solution rate is plotted to correspond to zero current ,  
and anodic and cathodic dissolution rates are plotted 
relat ive to this point. Even though there was a sharp 
increase in cathodic currents  around --1.2V, the dis- 
solution rate did not measurably  change. For an area 
of 10 -4 cm 2, the 0.068 m g / h r  cm 2 measured in this 
study for 1.0N KOH corresponds to the dissolution of 
about 4 x 10-12g of ZnO in a 2-sec etch compared to 
about 2 x 10-10g measured by Dewald (5) in 3.0N 
KOH. 

From capacity values of ZnO in electrolyte systems 
(6), the space charge wi th in  the crystal is m i n i m u m  at 
potentials near  600-700 mV cathodic to SCE (flat band 
potential) .  In  this work, light in tensi ty  could be ad- 
justed to easily a t ta in  an open-circui t  potential  of 
--650 mV which was chosen as the potential  from 
which to begin measurements.  During the first hour the 
lamp was adjusted slightly in order to main ta in  a 
constant open circuit, but  then the potential  remained 
essentially constant  for 50 hr or longer; thus, l ight in -  
tensi ty was adjusted for an hour before any external  
voltage was applied. Open-circui t  dissolution rates in 
light at --650 mV were almost twice those in the dark. 
Upon anodic polarization these rates increased; upon 
cathodic polarization they decreased. In Fig. 2 rates 
for an 8.5 ohm-cm crystal  in 1.0N KOH are plotted on 
the same figure with the cur ren t -poten t ia l  relat ion in 
order to show the close correlation between the two 
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Fig. 2. Correlation of zinc dissolution rates with the current- 
potential relation for the zinc face of an 8.5 ohm-cm ZnO single 
crystal in 1.0N KOH. For each rate light was used to obtain an 
open-circuit potential of - -650 mV vs. SCE. 

types of data. Around --1.2V the dark dissolution rates 
did not change but  in light decreased and closely 
paralleled the polarization curve. Regardless of the 
polarization, the dissolution rates in light never  be-  
came smaller than those in the dark. 

As the hydroxide ion concentrat ion decreased, larger 
anodic currents  were obtained dur ing polarization 
measurements.  As shown in Fig. 3, the dissolution rates 
for an 8.5 ohm-cm crystal in 0.5N KOH still paralletled 
the polarization curve. For a given hydroxide ion con- 
centration, the increase in dissolution upon anodic 
polarization became smaller  as the resist ivity of the 
crystal  decreased. In  Fig. 4 the polarization curve and 
dissolution rates are shown for a 2.0 ohm-cm crystal  in 
0.5N KOH. These data can be compared to those in 
Fig. 3 for an 8.5 ohm-cm crystal  in 0.5N KOH. As 
shown in Fig. 2, 3, and 4, a passive type of peak was 
observed in light at approximately +3.0V. This peak 
was not examined in detail but  became more pro- 
nounced as the current  density of the polarization 
curves increased. Dissolution rates are summarized in 
Table I. 

Assuming that electrons were released to the con- 
duction band as zinc atoms passed into solution and 
that these electrons were measured as an external  cur- 
rent  flow, the weights of zinc expected after 100 hr 
were calculated, first on the basis of one and then two 
electrons per atom. In  Table II these values are com- 
pared to the weights found by analyses. Exper imental  
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Table I. Summary of dissolution rates 

Fig. 4. Corre|ation of zinc disso|ution rates with the current- 
potential relation for the zinc face of a 2.0 ohm-cm ZnO single 
crystal in 0.SN KOH. For each rate light was used to obtain an 
open-circuit potential of - -650 mV vs. SCE. 

amounts  were always larger than those expected from 
current  measurements.  

In  all the figures and more noticeable in Fig. 1, a 
"plateau" was found at --1.0V. This was most l ikely 
due to the slow desorption of hydroxide ions or to the 
reor ientat ion of water  dipoles with the more positive 
end toward the surface; i.e., surface coverage by hy-  
droxide ions or water  dipoles was changing with po- 
tential. 

Discussion 
Dark dissolution rates between --1.2 and + 3.0V were 

independent  of potent ial  and thus essentially chemical 
in nature.  Large photovoltages indicated that  large 
numbers  of electron-hole pairs were produced; the 
increase in dissolution indicated that one of the de- 
localized charge carriers (holes) was involved in the 
dissolution process. 

The open-circui t  potential  of --650 mV for the 8.5 
ohm-cm crystal  in 1.0N KOH was about 50 mV anodic 
to flat band  potential  (6). An anodic space charge 
existed in the crystal, and the holes produced and 
separated in this region were forced to the surface 
even at open circuit (7). Upon anodic polarization the 
surface hole density was addit ionally increased by in-  
creasing the depth from which holes were separated 
by the electrical field. The anodic cur ren t  and dissolu- 
tion rates paral lel  the increased surface hole density. 
Cathodic polarization resulted in a large decrease in 
surface hole density which paralleled a sharp decrease 
in the measured cathodic dissolution rates. 

Since the flat band potential  becomes more anodic 
as the pH decreases (6), a smaller anodic space charge 
region existed in  0.5N KOH, and a higher l ight in-  
tensi ty was needed to generate the current  necessary 
to obtain the open-circui t  potential  of --650 inV. As 
seen from a comparison of Fig. 2 and 3, more holes 
were available to be forced to the surface by anodic 
polarization; upon cathodic polarization; a smaller  
proportion was forced back from the surface. In  0.5N 
KOH total dissolution was smaller, due to a decrease 
in the chemical rate with a decrease in hydroxide ion 
concentration, down to a solubil i ty m i n i m u m  near  
pH 9 (8) for powdered ZnO. 

The flat band  potential  also becomes more anodic 
as resistivities increase (6). Compared to an 8.5 ohm- 
cm crystal, a larger proportion of holes was separated 
and forced to the surface in a 2.0 ohm-cm crystal. The 

8.5 o h m - c m  8.5 o h m - c m  2.0 o h m - c m  8.5 o h m - c m  
Potential, i n  1N K O H  in  0.SN K O H  in  0 .5N K O H  in  I N  K O H  

m V  v s .  (light) (light) ( l i gh t )  ( d a r k )  
S C E  m g / h r  e m :  m g / h r  em~ m g / h r  e m  2 m g / h r  cm~ 

+ 3000 0.121 0.092 0,063 0.068 
+ 1000 0.118 ~ ~ 

0 0.113 0.082 0.058 
- - 2 0 0  - -  ~ - -  0.066 
-- 650 0.111 0.065 0.049 - -  
-- 900 0.094 ~ O. 032 

-- 1200 0.080 0.6'49 - -  0.070 
-- 1500 0.068 ~ 0.034 - -  

Table II. Comparison of weight of zinc found experimentally to the 
weight in mg of zinc expected from current measurements 

(Si dt )  (at .  w t  Zn)  (Si  d t )  (at .  w t  Zn)  
Potential, Wt actually 
V v s .  S C E  2F  2 F  found 

8.5 ohm-cm in 1.0N K O H  in  light 
Open c i r c u i t  ~ - -  0 . 4 5  

0.0 0.22 O.11 0.46 
+ 1,0 0 .24  0.12 0.49 
+ 8.0 0.26 0.13 0.50 

8.5 o h m - c m  in  1.ON K O H  in  d a r k n e s s  

Open circuit 0.26 
+ 3 o  0.-61 0~5 026 

8.5 o h m - c m  in  0.SN K O H  in  light 
Open circuit - -  0.25 

O.O 0.~'7 0.09 0.32 
+ 3.0 0.28 0.14 0.36 
- -  1.2 ~ - -  0.19 

2.0 o h m - c m  in  0 .5N K O H  in light 
Open circuit - -  0.19 

0.0 0.'~0 0.05 0.23 
+ 3 . 0  0 .20 0 . I 0  0.25 
- 1.2 ~ - -  0.12 

influence of light and an�9 polarization was less for 
the 2.0 ohm-cm crystal, as seen from a comparison of 
Fig. 3 and 4. 

Conclusions 
The over-al l  potential  independent  process can be 

described by 

ZnO + 2 O H -  + H20--> Zn(OH)4 -2 [1] 

In this proposed chemical dissolution process, an 
electron is t ransferred from zinc to oxygen by a strong 
localized electrical field established by adsorbed hy-  
droxide ions. This is a direct t ransfer  because most of 
the electrons do not have enough energy to be delocal- 
ized to the higher lying conduction band. The small  
portion which has enough energy to make the transi t ion 
can be considered to be electron-hole pair  production 
which causes the mixed potential  measured at open 
circuit even in the dark. Applied potentials cannot 
add enough energy to measurably  increase the portion 
of electrons that  has enough energy to make the 
transit ion.  In  addition applied voltages influence 
main ly  the space charge region of the semiconductor 
and appear only  to a l imited extent  across the semi- 
conductor-solut ion interface. The composition of the 
phase at the semiconductor-solution interface therefore 
does not change, and thus the localized electrical field 
established by adsorbed ions is not changed. 

Since the weight of zinc actually measured in solu- 
tion was always greater than the amount  expected 
from current  measurements,  a chemical  dissolution 
process continues even in light; however, an addit ional 
dissolution process involving holes increases the total 
dissolution process. The following reactions (9) have 
previously been presented for this potential  dependent  
(electrochemical) process 

ZnO + 2(e',~le'l) + 4OH- -* Zn(OH)4 -2 -}- 2e' 

2H20 + 2e' -~ H2 + 2 OH- 

[2] 

[S] 

ZnO + 2 OH- + 2HzO + 2(e',~/e'/) -* Zn(OH)4 -z + I/z O2 + H2 [4] 
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where (e '~/e ' / )  represents an electron-hole pair. Elec- 
trons are delocalized to the conduction band; the po- 
tent ial  dependent  step is the ar r ival  of holes at the 
semiconductor surface. 

The proposed electrochemical dissolution process for 
ZnO actual ly is analogous to the electrochemical disso- 
lut ion of ge rmanium (1) and silicon (2) except that  
in  the proposed reactions for ZnO, light energy decom- 
poses a mole of water  into its const i tuent  elements for 
each mole of ZnO that  dissolves electrochemically. 
Electron-hole pairs are necessary for the electrochem- 
ical dissolution of all three semiconductors; however, 
in germanium and silicon the forbidden gap is small  
enough so that  applied potentials can generate elec- 
t ron-hole pairs, whereas in ZnO the forbidden gap is 
so large that  applied potentials of the magni tude  used 
in this s tudy cannot generate electron-hole pairs but  
can only alter the distr ibution of those produced by 
light. 

Addit ional  chemical data are needed to establish 
these proposed chemical and electrochemical reactions; 
in particular,  precise measurements  of the rates of 
evolution of hydrogen and oxygen gases are needed, 
as it is these data that  will establish the fraction of 
the total dissolution rate which occurs by the electro- 
chemical process. 
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Electrochemistry of Aziridinium Salts-Reduction of 
Alkyl Radicals to Anions as Function of Solvent 

Donald A. Tyssee and Manuel M. Baizer* 
Central Research Department, Monsanto Company, St. Louis, Missouri 63166 

ABSTRACT 

The reductive degradation of azir idinium salts has been shown to follow 
different pathways depending on whether  the solvent is protic (water) or 
aprotic (acetonitri le) .  Of prime importance is the variat ion in potential  re-  
quired for the reduction of an alkyl radical to an anion in the two solvents. 
The failure to recognize this fact in the electrolysis of compounds whose 
reduction potentials are subject to similar solvent shifts is discussed. 

Mantsavinos and Christ ian (1) have examined the 
polarographic behavior of azir idinium salts and report  
that  azir idinium ions of the general  s t ructure I undergo 
a single two electron reduction at approximately -- 1.2V 
(SCE) in aqueous solutions to give a t r ia lkylamine,  
R2NCH2CHs. In  contrast, Mayell and Bard (2) exam- 

R R \+/ 
N R = CH2CH2C1 

/ \ 

I 

ined the electrochemical behavior  of benzyld imethyl -  
an i l in ium bromide and concluded that  in ei ther water  
or acetonitri le there  is an initial one electron uptake at 
--1.6V (SCE) followed or accompanied by cleavage 
of a C-N bond to give d imethylani l ine  and the benzyl 
radical which then abstracts a hydrogen atom from the 
solvent to give toluene or dimerizes to give bibenzyl.  
Similarly, a radical pa thway has been invoked to ac- 
count for the observed behavior upon bulk  electrolysis 
of benzy l t r i a lky lammonium salts in water  at --2.2V 
(3). In  this case, toluene was formed upon bulk  elec- 

trolysis in water, whereas in aprotic solvents a mix ture  

* Electrochemical Society Active Member. 
Key words: bond cleavage, radical intermediates, r i n g  o p e n i n g ,  

isotope effect. 

of toluene and bibenzyl  was formed. The use of active 
d -~-pheny le thy l t r ime thy lammonium ni t ra te  demon-  
strated the presence of radical intermediates  in aprotic 
solvents since upon bulk  electrolysis only inactive cou- 
pled products were formed. The preparat ive ut i l i ty  of 
ammonium salt cleavage has been studied extensively 
by Horner  (4). 

Azir id inium salts reduce at easily accessible poten-  
tials. This allows one to investigate their electrochem- 
ical properties in solvent-electrolyte systems in  which 
phenomena associated with electrolyte discharge a r e  
not of consequence. Namely, at tent ion can be directed 
to the influence of solvent and /or  electrolyte on 1 vs. 
2 electron uptake and the mode of decomposition of in -  
termediates to products. It  is the purpose of this paper  
to report on the electrochemical behavior  of azir idini-  
um salts and to compare this behavior  under  conditions 
of both micro- and macro-electrolyses. 

Experimental 
Materials.--Acetonitrile (Matheson, Coleman and 

Bel l -spectro-qual i ty)  was passed through Linde Type 
3A molecular  sieves and stored under  ni t rogen unt i l  
used. Tet rae thylammonium,  te t ramethylammonium,  
and l i thium perchlorates were recrystallized from 
water  and dried in a vacuum oven. 

Aziridinium salts.--The azir idinium salts were pre-  
pared either as described previously (5) using silver 
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perchlorate or generated in situ from the suitable 2- 
chloroethyldialkylamine l iberated by neutra l izat ion of 
the commercial ly available amine hydrochlorides. 

Polarography.--All polarograms were obtained with 
a Sargent  Model XXI polarograph. Standard  polaro- 
graphic H cells were used throughout.  The polarograms 
were recorded against  a saturated calomel electrode as 
the reference using 0.1M support ing electrolyte. The 
concentrat ion of depolarizer was 5 x 10 -4 to 10-3M. No 
correction was made for IR drop. Electrode constants 
were m = 1.54 mg sec -1, t : 5 sec and m~/~t 1/6 ---- 1.74 
at an Hg column height of 67 cm. 

Cyclic voltammetry.--The cyclic vol tammograms 
were obtained using a Wenking  Model 66TA1 potentio-  
stat and an Exact Model 505 function generator. Re- 
cording of the current -vol tage  curves was accomplished 
with a Tektronix  502-A Dual Beam Oscilloscope and 
a C-27 camera attachment.  A th ree-compar tment  cell 
fitted with a Luggin capil lary was used. The working 
electrode was a mercury  drop suspended on a mercury-  
coated p la t inum wire. The reference electrode was a 
saturated calomel electrode and the auxi l iary electrode 
aJ p la t inum wire. Solutions were 0.1M in support ing 
electrolyte and 5 x 10 -4 to 10-3M in depolarizer. 

Bulk electr~lysis.--Electrolyses were done at a mer -  
cury pool using a s tandard H cell with a glass f l i t  di- 
vider. The potential  was controlled using a saturated 
calomel electrode positioned st the mercury  surface and 
a suitable potentiostat. Solutions were 0.2M in elec- 
trolyte. The azir idinium salt was either added ini t ial ly 
in one portion or port ion-wise over the durat ion of the 
run  to keep its concentrat ion in the bulk  of the solution 
low. Electrolyses were carried out on sufficiently small  
quanti t ies  so that  pH control was not necessary. The 
solvent /electrolyte  mix ture  was pre-electrolyzed prior 
to the coulometric runs  and deaerated continuously.  

Isolation of amine products.--Typically the aqueous 
solution was made basic, extracted with ether, and 
analyzed by gas chromatography (Ucon/KOH).  For 
runs in acetonitrile, the work-up  procedure involved 
acidification, removal  of acetonitri le in vacuo, and ether 
extraction after neutral izat ion of the acidic residue. 

Product identif~cat~on.--Products were identified by 
the combined techniques of NMR, gas chromatographic 
re tent ion times compared to authent ic  samples, and 
mass spectrascopy compared to authent ic  samples. 
Ethylene was identified in the off-gas by mass spectros- 
copy. Mercury was detected using the dithizone t e s t - -  
the samples having previously been oxidatively de- 
graded with fuming nitric acid followed by aqueous 
bicarbonate neutral izat ion.  

Results 
Polarography and coulometry.--Polarograms of N, 

N-die thylazi r id in ium perchlorate (II) in various sol- 
vent-e lectrolyte  

Et Et \§ 
II 

systems are shown in Fig. 1. The var ia t ion of diffusion 
current  with the height of the mercury  column is i l lus- 
t rated in Fig. 2. The influence of phenol  on the total  
diffusion current  as well  as on the presence of a polaro- 
graphic maxima is i l lustrated in the polarograms of Fig. 
3. 

Because of the ease of removing acetonitri le dur ing  
work-up,  this solvent was used instead of d imethyl-  
formamide for coulometric and preparat ive  studies. The 
azir idinium salts Show identical behavior  polarographi-  
cally in ei ther acetonitri le or dimethylformamide.  

Coulometry of the azir idinium salt (II) at --1.8 to 
--1.9V in acetonitri le using t e t rae thy lammonium per-  
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chlorate was consistent with a one-electron uptake at 
this potential.  In  contrast, coulometry at the same po- 
tent ial  in water  with t e t rae thy lammonium perchlorate 
as the support ing electrolyte gave a two-electron up-  
take as did coulometry at --1.7V in water  using l i thium 
perchlorate as t.he support ing electrolyte. 

Cyclic ~oltammetry.--The cyclic vol tammogram of 
N,N-diethylazi r id inium perchlorate in d imethyl forma-  
mide is shown in Fig. 4. Included for comparison is the 
polarographic wave shape. 

Bulk electrolyses.--Attempts to isolate products from 
the bu lk  electrolyses at controlled potent ial  of N,N- 
diethylazir idinium perchlorate were complicated by the 
chemical reactivi ty of the s tar t ing material.  Although 
coulometry allowed a dist inction to be made between 
one- and two-electron reductions, increasing the con- 
centrat ion of the  depolarizer to a scale (i.e. 10 -1 to 
1M) sufficient for product isolation resulted in low 
current  efficiencies (i.e. less than 50% in most cases). 
Secondary products arising from competing chemical 
reactions included N,N,N' ,N'- te traethylethylenedi-  
amine, polymeric qua te rnary  ammonium salts, and 
2-die thylaminoethanol  (from hydrolysis of the original 
azir idinium salt).  

Electrolysis in water (--1.617 to --1.9V).--Data 
relat ive to the electrolyses of azir idinium salts in 
aqueous solutions are given in Table I. 

Careful examinat ion  by gas chromatography com- 
bined with rapid scan mass spectroscopy of the reaction 
mix ture  formed upon electrolysis of N,N-diethylazir i -  
d in ium perchlorate (II) suggested that  the peak eluting 
as t r ie thylamine  is actual ly a mix ture  of t r ie thylamine  
and trace amounts  of an amine of molecular  weight 99. 

T 

E 
0 

LiGlO 4 /Et 4 NClO 4 

"1.0 "1.25 -I .50 -I.75 -2.0 

V (SCE) 
Fig. la. Polarograms of N,N-diethylaziridinium perchlorate 

(6x10-4M) in 10-1M electrolyte-H20. Sensitivity 2 #A div -1. 
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E 

60 

E 

I I E J 

-1.0 -I.25 -I.50 -1.75 -2.0 -2.25 

V (SCE) 
Fig. 2. Variation of diffusion current with Hg column height in 

polarogram of N,N-diethylaziridinium perchlorate (6x10-4M) in 
DMF (10-ZM Et4NCIO4). Sensitivity 3 ~A div -1. 

-I.0 -I.25 -I.50 -I.75 -2.0 -2.25 

Fig. lb. Polarograms of N,N-diethylaziridinium perchlorate 
(6x10-4M) in ]0-1M electrolyte-DMF. Sensitivity 3 #A div -z. 

r= 
o 

=L 

I 

-I.25 -I.5 -I.75 -2.0 -2.25 

V(SCE) 
Fig. 1c. Comparison of polarogram of N,N-diethylaziridinium 

perchlorate (6x10-4M) in LiCIO4 (10-ZM)-H20 at sensitivity of 
2 ~A div -1 and in Et4NCIO4 (10-ZM)-DMF at sensitivity of 3 ~A 
div-1. 

=L 

I I I t P 
1.4 L6 1.8 2.0 ?-2 

V(SCE) 

Fig. 3. Influence of phenol on the polarographic reduction of 
N,N-diethylaziridinium perchlorate (1.1x10-3M) in DMF (10-ZM 
Et4NClO4). (A) in the absence of phenol. (B) in the presence of 
4x10-SM phenol. Sensitivity 4 ~A div -1. 

Fragmenta t ion  pat terns are consistent with diethyl-  
v iny lamine  (III) .  

Et2N-CH--CH2 
III  

No evidence was obtained for the presence of N-e thyl -  
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Table I. Preparative electrolysis of aziridiniurn salts in water 

r 
F: 

:::L 

"%,o,_ 
Et  E t  

_ ~ C 1 0 ~ -  

Me Me ' , "  

Salt(a) S o l v e n t / e l e c t r o l y t e  P r o d u c t s  (ratio) 

Et~lH(b)  
HeO/LiC10~ I EtaN 
H20/Et4NC10~ Et~CH2CH2NEt_~ 

E t ~ I - - C H  = CH2 
p o l y m e r i c  a m m o n i u m  sa l t s  
CH~ = CH2 

H~O (1)/DcO (1)/Me~NC10~ Et~ICH2CI-I8 (1) 
Et~NCH2CH~D (1) 

H~O/Me~NClO ~ Me2NCH2CH~CH~ (c) 
Me~qCH2CH(Me)NMe2 

(,~) The  i n i t i a l  c o n c e n t r a t i o n  of the  a z i r i d i n i u m  sa l t  was  1M w h e n  
a l l  of  the  sa l t  to  be e l ec t ro lyzed  w a s  a d d e d  a t  t he  b e g i n n i n g  of  th e  
elect rolys is .  S e v e r a l  e l ec t ro lyses  w e r e  done  in  w h i c h  t he  concen-  
t r a t i on  of a z i r i d i n i u m  sa l t  was  m a i n t a i n e d  a t  a l o w e r  l eve l  (i.e. 
0.1M) by  p o r t i o n - w i s e  a d d i t i o n  to the  cell. The s ame  p r o d u c t s  we re  
o b t a i n e d  r e g a r d l e s s  of the  m e t h o d  of  a d d i t i o n .  

(b) The  m o l e  r a t i o  of p r o d u c t s  f o r m e d  was  e x t r e m e l y  va r i ab l e .  
A t t e m p t s  to e s t ab l i sh  a t r e n d  in  p r o d u c t  d i s t r i b u t i o n  w i t h  m e t h o d  
of a d d i t i o n  of I I  (i.e. p o r t i o n - w i s e  a d d i t i o n  or  a d d i n g  a l l  of I I  to  
be e l ec t ro lyzed  i n i t i a l l y ) ,  c u r r e n t  dens i t y ,  or  e l e c t ro ly t e  u s e d  w e r e  
no t  successful .  

(r These  we re  m a j o r  p roduc t s .  No 2 - d i m e t h y l a m i n o p r o p a n e  was  
detected.  

1.9 2.1 

V (SCE) 

Fig. 4a. Cyclic voltammogrom of N,N-diethyloziridinium per- 
chlorate (6x10-4M) in DMF ( 1 0 - I M  Et4NCIO4). Scan rate 0.32V 
SeC - 1 .  

-I.0 

Et 4 NCIO 4 

, I 
-I.25 -I.50 "1.75 "2,0 
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v (SCE) 
Fig. 4b. Polarogram of N,N-diethylaziridinium. perchlorate 

(6x10-4M) in DMF (10-1M Et4NCIO4). Sensitivity 3 ~A div -1.  

aziridine (IV) arising from el iminat ion of the ~ protons 
of the ethyl  moiety. 

Et 
I 

/Y_x 
IV 

During the electrolysis of II, secondary products 
formed as a result  of subsequent  chemical reactions 

included N,N,N' ,N'- te t raethylethylenediamine and a 
polymeric ammonium salt (V). 

+ + + 
(or Et3N) Et~NCH2CH2 (NEt2CH2CH2NEt2) n- -  

+ 
CH2CH2NEt2 (or NEt3) 

V 

The polymeric ammonium salt was characterized by 
NMR spectroscopy of the aqueous solution remaining 
after ether extract ion of the basic electrolysis mixture.  
In  the case of electrolyses in which LiC104 was used as 
the electrolyte, NMR spectra were r un  directly on the 
aqueous solution. In  the case of electrolyses in which 
Me4NC104 was used as the electrolyte, the te t ramethyl -  
ammonium cation was precipitated as the hexafluoro- 
phosphate salt prior to NMR analysis. Termina l  t r i -  
e thy lammonium groups were identified by comparing 
the shift of the methyl  tr iplet  relative to water. The salt 

+ 

Et~NCH2CH2NEt2 (prepared by the addition of N,N- 
diethylazir idinium perchlorate to a large excess of t r i -  
e thylamine)  was used as a standard. The separations 
from water  for the methyl  tr iplet  are 204 and 218 Hz 
respectively for the ammonium and neut ra l  amine  
function. The water  soluble product obtained upon ex- 
haustive electrolysis of N,N-diethylazi r id inium perch- 
lorate showed only a t r iplet  centered at 202 Hz. In  
addition, the expected quar te t  was observed (centered 

+ 
at 92 Hz upfield from H~O) for NCH2CI-I3 as well  as a 
singlet (85 Hz upfield from H20) for the in terna l  
methylenes.  

Electrolysis in acetonitrile (--1.8V to --1.gv ).--Elec- 
trolysis at controlled potential  of N,N-diethylazir i-  
d in ium perchlorate using ei ther  te t rae thyl  or te t ra-  
e thy lammonium perchlorate as the support ing elec- 
trolyte gave a variety of products. These included 
products of the p r imary  electrochemical process (i.e. 
t r iethylamine,  die thylamine and organo-mercury  com- 
pounds) as well  as products of subsequent  chemical 
reactions between the azir idinium salt and electro- 
chemically derived compounds. Again, as in the case 
of water, electrolysis on a preparat ive  scale resulted in 
diminished current  efficiencies as a result  of competi- 
tive chemical reactions. 

Evidence for the presence of radical intermediates  in 
the form of organo-mercury  compounds was obtained 
by the dithizone test (cf. Exper imenta l ) .  By analogy 
with other compounds which have been shown to un -  
dergo a one-electron reduct ion to a radical species 
which reacts wi th  the mercury  electrode (6, 7), it is as- 
sumed that  a similar organo-mercury  product  is also 
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formed here. Attempts to trap the die thylaminoethyl  
radical with known radical scavengers including sty-  
rene, butadiene,  or acrylonitr i le  were without  success. 
This is in contrast  to previous work which has shown 
that alkyl  radicals generated electrochemically from 
alkyl t r iphenylphosphonium or sulfonium salts add to 
styrene in addition to reacting with the mercury  elec- 
trode (6). In  addition, gas chromatographic analysis of 
the amine products showed no evidence of the com- 
pound expected from couplin~ of two die thylamino-  
ethyl radicals [i.e. Et2N (CH2) 4NEt2]. 

Gas chromatographic a n a l y s i s  of the total reaction 
mix ture  suggested that  a product was formed in barely  
detectable amounts  wbose re tent ion t ime was the same 
as that of succinonitri le possibly formed by the coup- 
ling of "CHeCN. Previously it has been shown (6, 7) 
that reduction of this radical  occurs more negat ively 
than --1.7V, and therefore the absence of significant 
amounts  of succinonitri le is expected. 

Discussion 
Aqueous  e lec t rochemis t ry . - -The  polarographic and 

coulometric data are consistent with one two-electron 
reduction of N,N-diethylazir idinium perchlorate (II) 
at ca. --1.5V in water  using a LiC104 electrolyte. 
Changing the electrolyte to Et4N C104 results in  an 
apparent  shift in hal f -wave of ca. --0.32V as well  as 
in removal  of the polarographic maximum,  

As ment ioned previously, the data obtained from 
bu lk  electrolyses were complicated by side chemical 
reactions in which products of the electrochemical re- 
action react chemically with the azir idinium salt to 
give nonactive product. The rates of such bimolecular  
chemical reactions were sufficiently depressed on a 
microscale so that reliable coulometric data could be 
obtained. 

Several factors point  to the conclusion that the first 
step in the reduct ion of II is addition of one elec- 
t ron followed by r ing opening to a radical in termediate  
which, in aqueous solutions, is reduced to a carbanion 
at the applied potential. The die thylaminoethyl  car- 
banion  thus formed may abstract a proton from water  
(or unreduced azir idinium salt) or undergo an e l imina-  
t ion to yield the die thylamine anion and ethylene. 

The step-wise na ture  of the reduct ion is demon-  
strated by the reduction of N,N-d imethy l -2-methy l -  
azi r idinium perchlorate (Table I) .  If a direct two- 
electron reduction were occurring ini t ia l ly or s imul tan-  
eous with r ing opening, the expected product  would be 
the more stable p r imary  anion (VI). A one-electron 
reduction followed by r ing opening would yield the 
more stable secondary radical  (VII).  Reduction of VII 
followed by protonation would give 1-dimethylamino-  
propane (Eq. [1]). 

(kH/kD) greater than one as a consequence of the 
greater s trength of the O-D bond (8). Although the 
isotopic enr ichment  in the electrolysis products of 
compounds previously reported to lead to products 
arising from hydrogen radical  abstraction from water  
were not investigated, it is l ikely that a similar anionic 
intermediate  ra ther  than radical intermediate  is in-  
volved, as has been reported (2-3). The known in-  
abil i ty of water  to quench radical  polymerizat ion as 
well as the unfavorable  energetics required in the 
homolytic cleavage of an OH bond relat ive to forming 
a CH bond (i.e. 118 kcal for H20 vs. 98 kcal for a CH 
bond) are also consistent with an anionic intermediate  
and serve to s t rengthen the a rgument  against  a radi-  
cal intermediate  being formed in aqueous solution. 

During the electrolysis of II a substant ia l  amount  of 
d ie thylamine was formed (Table I).  This, taken with 
the observation that  e thylene is formed, suggests that  
in the region of the electrode surface sufficiently an-  
hydrous conditions exist so that  prior to diffusion of 
the die thylaminoethyl  anion into the bulk  of the solu- 
tion el iminat ion occurs to give ethylene and the di- 
e thylamino anion. The formation of detectable amounts  
of d ie thylvinyl  amine fur ther  supports the a rgument  
that a sufficiently basic species exists at or near  the 
electrode surface to abstract a proton from unreduced 
azir idinium salt. The existence of an anhydrous  layer 
at the electrode surface dur ing  aqueous electrolysis 
using qua te rnary  ammonium electrolytes has been 
reported previously (9, 10). It thus appears that  
azir idinium salts behave in a similar fashion (i.e. to 
other ammonium salts) even to the extent  that an 
"anhydrous" electrode layer exists when they are elec- 
trolyzed in the presence of a l i th ium containing elec- 
trolyte. 

The following scheme is consistent with the aqueous 
electrolysis of azi r idinium salts (Eq. [2] ). 

Et Et 

\+/ Eli/2 E21/2 
/ N \  > [Et2N CH2CH2"] > 
g ~ + le + l e  

Et2N CH2CH~- E21/2 ~ Ell/2 

[2] 
Et Et 

Et.,NCH2CH:~- + H20 o r /  / ~  --> Et3N + O H -  

or/Et2N-CH----CH~ 
1) e l iminat ion 

.. ~, Et2NH + CH2=CH.~ 
2) H20 

Because of the chemical react ivi ty of azi r idinium salts, 
products formed ini t ia l ly via an electrochemical path-  
way accumulate in the cell dur ing  a bulk  electrolysis 
and subsequent ly  consume a portion of the azir idinium 
cation resul t ing in the observed decrease in current  
efficiency (Eq. [3]).  

H + 
Me Me Me~N-CH (Me) -CHa- -----> MezNCH (Me) 2 
\+/ ~ w 

N 

Me ~ �9 l e -  
M e 2 N - C H ~ - C H - C H a  -----> Me2N-CH2-CH2-CI-I~ 

H + 
VII 

The exclusive product obtained (Table I) upon elec- 
trolysis of N,N-dimethyl -2-methylaz i r id in ium per-  
chlorate was that corresponding to a one electron re-  
duction followed by r ing opening to a radical in-  
termediate (i.e. 1-dimethylaminopropane) .  

In  order to dist inguish between a radical  or anionic 
precursor of t r iethylamine,  an electrolysis of II was 
conducted in a 1/1 molar  mix ture  of D20 and H20, 
using t e t r ame thy lammonium perchlorate as the sup- 
port ing electrolyte. Analysis  of the isotopic enr ich-  
ment  in t r ie thylamine  by mass spectroscopy gave an 
isotope effect of 1 (i.e. Et3N/Et2NCH2CH2D). This is 
the value expected for anion protonation. Radical ab-  
straction would be expected to give an isotope effect 

Et Et Et Et \ + / / Et2N CH2CH2NEt2 \ +/ 

/k / n/N~ polymeric 
Et2NH ammonium 

salts 

Et~N ~ ~ [3] 
Et31~l CH2CH2NEt2 

Nonaqueous electrochemistry . - -Polarographic  and 
coulometric results indicate that  the reduction of N,N- 
diethylazir idinium perchlorate occurs in two one-elec-  
tron steps. The first reduction is diffusion controlled 
(Fig. 2) and occurs at approximately --1.5 to --1.65V 
(SCE) depending on the electrolyte whereas the second 
reduction step occurs in the region ca. --1.9 to --2.1V 
(SCE) and exhibits a large maximum.  The total dif- 
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fusion current  constant  (after the max imum)  of the 
combined waves appears to be concentrat ion depen- 
dent  (Fig. lb and 3) and is sensitive to the presence of 
proton donors (Fig. 3). It has been shown previously 
(6) that  such an event occurs when an anion formed 
in the second reduction step reacts with depolarizer 
diffusing to the dropping electrode and is consistent 
with the behavior observed in aqueous electrolyses in 
which d ie thylv inylamine  was detected in the products 
(Eq. [4]). Addit ion of phenol protonates the diethyl-  

Et Et 

}< 
Et2N CH2CH2- + -----> Et~N + Et2N-CH=CH2 

[4] 
aminoethyl  anion so that a l l ' o f  the azir idinium salt 
diffusing to the electrode is available for reduction. 
The net result  is to increase the total diffusion current .  

Numerous at tempts to isolate radical products (other 
than  organo-mercury  compounds) by  electrolyzing II 
at the first wave in the presence of known radical ac- 
ceptors (i.e. butadiene, styrene, and acrylonitr i le)  
were unsuccessful. However, the quali tat ive features 
(Fig. 4) of the cyclic vol tammogram (11) as well  as 
the detection of o rgano-mercury  products are evidence 
for the formation of radical  intermediates.  The ab- 
sence of radical coupling to give N,N,N',N'-tetra- 
e thy lbu tanediamine  (VIII) 

Et2N (CH2) 4NEt2 
VIII 

is surprising in view of the reported formation of bi- 
benzyl  in the electrolysis of t r imethy lbenzy lammonium 
salts (3). At present we have no explanat ion for this 
other than  to note that  dibenzylrnercury is thermal ly  
converted to bibenzyl  (12). As in the case of water, 
the formation of both die thylamine and t r ie thylamine 
was observed indicating the potential  control was not 
sufficient to prevent  part ial  reduction to the anion 
followed by el iminat ion or that radical abstraction by 
the d ie thylaminoethyl  radical from acetonitri le is oc- 
curring. As discussed above, possibly trace amounts  of 
succinonitri le were formed. 

The following scheme is consistent with azir idinium 
salt electrolyses in aprotic solvents (Eq. [5]) 

E t \  / E t  

> Et2N-CH2CH2" 
le 

E2z/2 
Et2N CH2CH2" ~ Et2N CH2CH~- 

le 

E21/2 < Ell/2 
[5] 

> [Et2NCH2CH2Hg']-~ [Et2N(CH2)2]2Hg 
I Hg 

Et2NCH2CH2. 

CH3CN> Et3N + �9 CH2CN or / -CH2CN 
/ 

Et2NCH2CH2- J 
I 
I1) e l iminat ion 

> CH2=CH2 + EteNH 
2) H + (solvent) 

Conclusions 
The shift in hal f -wave potential  of the second re- 

duction step with solvent is of pr ime importance and 
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resolves the question of the fate of alkyl radicals under  
varying  electrolysis conditions. The extreme shifts ob- 
served in this study are shown in Fig. lc. In  water  the 
radical (as R- or RHg.)  is reduced at a potential  as 
positive as or. more positive than that  required to 
form it initially. Changing to an aprotic solvent (di-  
methylformamide or acetonitrile) shifts the potential  
for the reduction of this radical to more negative 
values so that  two distinct electron transfers  occur. 

The product dis t r ibut ion obtained upon bulk  elec- 
trolysis of the azir idinium salts in aqueous solution is 
consistent with an anhydrous  region being present  at 
the electrode surface. In  view of this, it might  be ex- 
pected that  polarographic data obtained in aqueous 
and nonaqueous solutions would be ,the same. It is 
clear that they are not. This apparent  contradiction is 
resolved if one compares the changes occurring at an 
electrode under  conditions of micro- and macro-elec-  
trolysis. Polarographic cur ren t  densities are of a suf- 
ficiently small magni tude  such that the solution pH is 
main ta ined  at the electrode whereas under  the condi- 
tions of a bulk  electrolysis in which protons are in-  
volved, the higher current  densities result  in a highly 
basic electrode region. This is especially true when 
only a l imited amount  of water is available ini t ia l ly as 
a consequence of the presence of the ammonium salt. 
The observed effect under  aqueous conditions is a 
product dis t r ibut ion indicative of an anhydrous elec- 
trode region. 

Earl ier  work (2, 3) postulating reduction to a radical  
intermediate  in protic solvents followed by homolytic 
cleavage of an OH bond from the solvent to give the 
observed product is perhaps better  described in terms 
of a direct two electron reduction to an anionic frag-  
ment  which then reacts with the solvent. In aprotic 
solvents the reduction apparent ly  proceeds in the step- 
wise manne r  previously reported for similar reductive 
cleavages. 

Manuscript  submit ted Sept. 18, 1970; revised m a n u -  
script received ca. May 10, 1971. 

A n y  discussion of this paper will  appear in  a Dis- 
cussion Section to be published in the June  1972 
JOURNAL. 
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Adsorption of Thiourea and Derivatives at the 
In-Hg Electrolyte Interface 

R. Narayan' and Norman Hackerman *'2 
Department of Chemistry, The University of Texas at Austin, Austin, Texas 78712 

ABSTRACT 

The double layer capacitance and interracial  tension of polarized Hg, In, 
and In-Hg (10 to 60 mole percent  [m/o] In)  electrodes were measured in 
0.1M perchloric acid in a mix ture  of potassium chloride and hydrochloric acid 
(pH 1.6) and in the electrolytes containing thiourea and derivatives using the 
galvanostatic charging technique. Addit ion of thiourea increases the capaci- 
tance of the mercury  electrode over the whole range of potentials. With the 
In-Hg electrodes, thiourea addition depresses the capaci tance  over a range of 
anodic potentials and increases the values over a range of cathodic potentials. 
A pronounced hump in the capacitance curve is observed; the nature  of 
the hump and the depression of the capacitance are markedly  influenced by 
the presence of C1-. These results are interpreted in terms of a reorientat ion 
of the adsorbed species in the interface. Effects of subst i tuent  groups on the 
above behavior were investigated using S-methy l  isothiourea and te t ra-  
methyl  thiourea. 

The adsorption of thiourea from aqueous solutions 
at a mercury  electrode has been investigated recent ly 
by capacity measurements  (1) and tensammetr ic  
studies (2). Double layer capacity measurements  with 
a mercury  electrode in aqueous solutions containing 
thiourea have been very useful in the unders tanding of 
metal /solut ion interfaces. The results have been var i -  
ously interpreted by Parsons (3) and Devanathan  (4) ; 
the former invest igat ing the dielectric behavior of the 
inner  layer based on these results. Dutkiewicz and 
Parsons (5) studied the adsorption of thiourea from 
formamide at a mercury  electrode, and observed that 
a direct in terpreta t ion of the capacity curves is ra ther  
difficult. The present investigation was under taken  to 
study the influence of the mater ial  of the electrode on 
the adsorption behavior of thiourea. Amalgams of com- 
positions varying  from 0-60 m/o  can be easily prepared 
and handled. Butler (6,7) obtained electrocapillary 
curves for ind ium amalgams in 0.1M HC104 using the 
sessile drop method and double layer capacitances for 
the same system with a fast dropping amalgam elec- 
trode and a capacitance bridge. The In-Hg/0.1M HCIO4 
system behaves like an ideally polarizable system over 
a range of potentials and the characteristic capacitance 
"hump" is also seen with amalgams of higher con- 
centrat ion (40%). It was believed worthwhile  to obtain 
evidence by using the al ternat ive charging curve tech- 
nique and a hanging drop electrode, and to study ad- 
sorption characteristics at the interface. The use of a 
hanging drop electrode would also prove useful to 
achieve near  equi l ibr ium for any slow adsorption proc- 
esses. 

Experimental 
All chemicals were analytical  grade materials. The 

solutions were prepared using conductivi ty water. 
Support ing electrolyte solutions were treated with 
purified activated charcoal prior to use. The mercury  
was double distilled under  vacuum and indium was 
99.99% pure. The amalgams were prepared by adding 
the requisite amount  of ind ium to weighed quanti t ies 
of mercury  kept under  acidified water. The amalgams 
were stored in closed glass containers and kept in a 
Vacuum desiccator. 

The microelectrode was a hanging drop electrode, 
supplied b y  Metroohm Ins t ruments  and worked satis- 
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1 Presen t  address :  D e p a r t m e n t  of Chemis t ry ,  Ind ian  Ins t i tu te  of 
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3 P r e s e n t  address :  D e p a r t m e n t  of Chemis t ry ,  Rice Univers i ty ,  
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Key  words :  double layer  capaci tance,  hang ing  drop electrode, 

surface  orientat ion.  

factorily both with mercury  and with amalgams. The 
areas were checked from weight measurements  (as- 
suming the small  drop to be near ly a sphere) and 
capacitance measurements  for mercury  in 0.1M KC1. 
Agreement  between the two methods was satisfactory. 
The counterelectrode was a large cylindrical  p la t inum 
gauze. Attempts were also made to use indium rods as 
microelectrodes but  with only part ial  success. 

Cells were designed to accommodate a saturated 
calomel electrode with an in tervening  bridge of the 
exper imental  solution. A flat surface was incorporated 
into the main  body of the cell for observation of the 
meniscus in the electrocapillary measurements.  

Pure  hel ium was used for degassing in the capaci- 
tance measurements  and cylinder N2, after passing 
through a purification train, was used for degassing 
and main tenance  of pressure in the electrocapillary 
studies. 

Capacitance measurements  were made by the 
method developed earlier in this laboratory by Riney 
et al. (8). Potent ial  t ime curves were obtained on a 
Tektronix  oscilloscope 535A with a p lug- in  D type 
preamplifier and recorded using a Polaroid camera. 
The ini t ial  l inear  region (the first 5-10 ~sec in the po- 
tent ial  t ime trace) was used for calculations. 

Results 
Capacitance values for indium amalgam electrodes 

in 0.1M HC104 show satisfactory agreement  with those 
obtained by Butler  (7) who used an a-c bridge for his 
measurements.  Capacitance-potential  variat ions in 
KC1-HC1 are s imilar  to those in 0.1M HC104 but  the 
capacitance values are general ly higher. The hump is 
also observed in KC1-HC1 medium. Capacitance curves 
with addition of C1- ions to HC104 are similar to those 
in I-IC10~ but with larger capacitance values, signifi- 
cant ly  large with electrodes of higher amalgam con- 
centrat ion (greater than  20% amalgam concentrat ion) .  

Addit ion of thiourea results in a depression of the 
capacitance of the amalgam electrode over a range of 
potentials (Fig. 1 and 2), the range depending on amal-  
gam concentration. At cathodic potentials the capaci- 
tance increases to a value above that  in the supporting 
electrolyte and the t ransi t ion is marked by a rounded 
hump in the curves (Fig. 2). A sharp peak is observed 
when C1- ions are present  in small  quant i ty  (Fig. 3) 
and the depression in the capacitance at anodic poten- 
tials is also greater. This observation is restricted to 
electrodes with 20% or more of ind ium in the amalgam. 

In  a chloride solution, the influence of amalgam 
concentrat ion is even more marked;  sharp peaks being 
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Fig. 1. Capacity potential variations for 10 m/o indium amalgam 
in 0.1M HCIO4 with additions of thlourea and derivatives. O- -  
0.1M HCIO4, C)--0.0052M thiourea, [~--0.010SM thiourea, X ~  
0.0016M tetramethyl thiourea, A~0.0063M S-methyl isothiourea. 
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Fig. 3. Effects of additions of thiourea and CI-  on the double 
layer capacitance with 60 m/o indium amalgam in 0.1M HCIO~. 
[ ~ 0 . 1 M  HCIO4 + 0.0052M thiourea, t---0.1M HCIO4 + 
0.0052M thiourea + 0.01M HCI, A~0.1M HCI04 + 0.02]0M 
thiourea, G--0.1M HCIO~ + 0.0210M thiourea + 0.01M HCI. 
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Fig. 2. Capacity potential variations for 50 m/o indium amalgam 
in 0.1M HCIO4 with additions of thiourea and derivatives. O - -  
0.1M HCIO4, I-1~.0105M thiourea, O~ .0210M thiourea, X ~  
0.0016M tetramethyl thiourea. 

obta ined  ins tead of humps  wi th  25% or h igher  ama l -  
gams (Fig. 4, 5, and 6). E lec t rocap i l l a ry  studies (Fig. 
7) indicate  that  th iourea  and t e t r ame thy l  th iourea  are  
ve ry  s t rong ly  adsorbed and shift  the potent ia l  of zero 
charge (pzc) to more  ca thodic  potent ials .  The capaci -  
tance in the presence of t e t r ame thy l  th iourea  is de-  
creased over  a large range of potentials .  No sharp  
desorpt ion peaks  are observed (Fig. 1, 2, 4, and 5). Wi th  
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Fig. 4. Effect of additions of thiourea and derivatives on the 
double layer capacitance with 60 m/a indium amalgam in KC| + 
HCI. o--KCI + HCI. (pH ---- 1.6), O--KCL + HCI + 0.00S2M 
thlourea, A--KCI + HCI + 0.0063M S-methyl derivative, X ~  
KCI + HCI + 0.0016M tetramethyl derivative. 



1428 J. Electrochem. Sac.: ELECTROCHEMICAL SCIENCE September  1971 

180 

160 

140 

120 

IOO 

E 

80 14. 

~ 6o 

4 0  

20 

I, 

m m i �9 m 
0 0.2 0 4 0.6 0.8 1,0 LZ 

-E vs SCE (volts) 

Fig. 5. Double layer capacitance of 25 m/o indium amalgam in 
a solution of KCI + HCl (pH ---- 1.6) with additions of thioureo 
and derivatives, o--KC/  -Jr- HCI (pH ~ 1.6), []--0.0105M 
thiourea, G--0.0210M thiourea, X~-0.0016M tetramethyl thio- 
urea, A--0.0063M S-methyl isothiourea. 

S-methyl  isothiourea both capacitance (Fig. 1, 4, 5, and 
7) and interracial  tension values are lowered to a very 
small extent  over the whole range of potentials. 

Discussion 
The characteristic humps of capacitance curves are 

evident in the In-Hg/e lec t ro ly te  system. In 0.1M HC104 
the max imum of the hump occurs at approximately 
100 mV more anodic than the potential  of zero charge 
for mercury  and amalgams of 50 and 60 m/o  respec- 
tively. The charge qm is different for the three elec- 
trodes at this potential. Thus the processes causing the 
humps seem to be potent ial  dependent.  The hump is 
perhaps absent in the case of amalgams of lower con- 
centrations due to dissolution of ind ium from the 
amalgam at cathodic potentials. The pzc is known to be 
close to the potential  for reversible dissolution of in-  
dium in the concentrat ion range 1 to 20 m/o. 

Parsons (3) explained the  increased capacitance of 
mercury  electrodes in the presence of thiourea as being 
due to the constant  orientat ion of this species with the 
negative end of its dipole toward the mercury.  With 
the amalgam electrodes the capacitance is increased 
over a range of potentials in the presence of thiourea, 
probably resul t ing from a similar orientat ion of the 
dipole. However, the capacitance is lowered when the 
electrode is anodically polarized beyond a certain po- 
tential, the t ransi t ion being marked by a hump in the 
capacitance curve. 

The potential  range and height of this hump depend 
on the concentrat ion of the amalgam and, to a lesser 
extent, on the concentrat ion of thiourea. Electrocapil- 
lary studies by us indicate that the maxima of these 
humps for the higher concentrations occur at potentials 
practically coinciding with the respective pzc and that  
thiourea is strongly adsorbed in this region, as shown 
by a lowering of the interracial  tension. Thus these 
humps do not result  from a slow desorption of 
thiourea. 

The constant  or ientat ion of thiourea can be the 
result  of strong Hg-S interaction. The capacitance 
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Fig. 6. Double layer capacitance of 20 m/o indium amalgam in 
a solution of KCI + HCI (pH ---- 1.6) with additions of thiourea 
and derivatives, o- -KCI  -I- HCI (pH ---- 1.6), F-I--0.0105M thio- 
urea, Q---0.0210M thiourea. 
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being lowered below the values in the supporting elec- 
trolyte at anodic potentials is indicative of a change in 
the adsorption layer. Electrocapillary studies with in-  
dium amalgams (6, 9) show that the interracial com- 
position of indium increases with anodic polarization. 
Curves for lower concentrations of amalgams show 
that ind ium is even positively adsorbed at potentials 
anodic to the pzc. Such positive adsorption is observed 
for higher concentrat ions of amalgams (<10.3%) in 
the presence of bromide ions (9). Thiourea with its 
specific adsorptive character can exert  a similar in-  
fluence, increasing the interracial  concentrat ion of in-  
dium. Thus we expect with positive polarization an 
increased interact ion involving indium, possibly as an 
In-N + interaction. This in tu rn  should result  in re- 
orientation of the adsorbed species and hence a dif- 
ferent capacitance. With increasing positive polariza- 
t ion the state where all dipoles were oriented with S 
toward Hg will change to a state with more and more 
dipoles oriented with N + toward In, the transi t ion 
being marked  by a hump in the capacitance curves. 
Information,  at present  lacking, regarding complexes 
of thiourea will  prove useful in this context. We have 
to also consider relat ive changes in the electronegativi-  
ties of Hg and In and any compound formation as the 
interfacial  composition of In is increased. 

In  the presence of small  concentrations of CI- ,  sharp 
peaks are obtained instead of humps. In a solution 
with chloride as the only anion, addit ional peaks at 
more anodic potentials are seen. Further ,  the lowering 
of capacitance due to thiourea becomes greater and a 
flat region extending over 50 mV is obtained. The 
capacitance at more cathodic potentials (--1.0V) is not 
affected. Lastly, the formation of peaks instead of 
humps in the presence of C1- ions is seen only when 
the concentrat ions of indium exceed 20 m/o  in the 
amalgam. 

The electrocapillary studies showed that C1- is ad- 
sorbed from a solution of 0.1M HC104. The pzc is 
shifted cathodically to a small  extent  due to this ad- 
sorption. To some extent  C1- also increases the double 
layer capacitance of amalgam electrodes of composition 
exceeding 20 m/o  of indium. 

The calculations of Parsons (3) show that lateral 
interactions (repulsive) are very strong in the ad- 
sorbed layer containing thiourea dipoles. Hence if re-  
pulsive forces are considerable, then the adsorbed C1- 
ions act as bridges to reduce these forces, a more likely 
process with the positive ends of the dipoles oriented 
toward the metals. Addit ional  dipoles can thus be 
accommodated and a greater depression in capacitance 
would result, as observed. The process of reorientat ion 
may also take place readi ly over a short range of 
potentials leading to the sharp peaks ra ther  than 
humps. 

It is more difficult to unders tand  the critical com- 
position of 20 m/o  of indium in the amalgam to bring 
about the influence of the C1- ions. The adsorption of 
C t -  ion is obviously the result  of specific interact ion 
forces between the metal  and C1- and hence would 
depend on the interfacial  composition of the amalgam. 
Upon specific adsorption CI -  can indeed change the 
relative surface excess of In and may have an even 
greater influence in the presence of thiourea. One can 
fur ther  point  to a re levant  observat ion of Butler  (6). 
The negative surface excess or surface deficiency of 
ind ium passes through a max imum in 0.1M HC104 for 
all potentials at approximately 20 m/o  ind ium in the 
bulk  of the amalgam. F rumkin  (9), however, has in-  
dicated the necessity of keeping in mind  possibilities 
of compound formation, for example, InHg3 at 26 m/o  
In. 

A 10% amalgam electrode obviously behaves like a 
mercury  electrode. The adsorption of thiourea in -  
creases the capacitance over the entire ideally polariz- 
able region, and the increase is greater with increased 
adsorption or concentrat ion of thiourea. The dissolu- 
t ion of ind ium from this amalgam takes place at po- 

tentials more positive than approximately --0.65V and 
thiourea has some influence on this dissolution. The 
measurement  of the capacitance becomes less accurate 
at such positive potentials and hence curves extending 
over the same potential  range could not always be 
obtained. However, we observe from Fig. 2 and 3 that 
thiourea with its differential effects does not unduly  
affect the dissolution of indium from the amalgams 
with higher ind ium concentrations. Thus all the ar-  
guments  given are t ru ly  restricted to the ideally po- 
larizable region. In a pure ly  chloride medium (Fig. 4, 5, 
and 6) there is a gross change in the behavior  of in-  
dium of dissolution in the presence of thiourea, par-  
t icularly for the lower concentrat ion of amalgam (25% 
indium).  Fur ther  studies have to be made before offer- 
ing any explanation. 

Tetramethyl  thiourea, even in very small  concen- 
trations, adsorbs strongly at the Hg-solution and amal-  
gam-solut ion interface. From electrocapillary studies, 
the desorption potential  is taken to be about --1.0V. 
There is a considerable lowering of the interracial 
tension and, to a lesser extent, the capacitance. This 
behavior resembles most surfactants except that a de- 
pression peak is absent in the capacitance. Kumler  and 
Fahler  (10) report that symmetrical  substi tut ion of the 
four hydrogens in thiourea decreases the dipole mo-  
ment  because steric h indrance prevents occurrence of 
forms with separation of charges which would make 
an appreciable contr ibut ion to the structure. As com- 
pared with thiourea, the decreased dipole moment  
may be reflected in a lowering of the capacitance. Any 
increase of the thickness of the double layer due to 
adsorption will  also lead to a lowering. Steric factors 
appear to prevent  N+ to metal  interact ion so this de- 
r ivat ive is always adsorbed with the S adjacent  to the 
metal,  no reorientat ion being possible. Thus the ca- 
pacitance curves would be similar with both mercury  
and amalgam electrodes. Further ,  in the absence of 
reorientation, effects due to C1- are not expected. 

The weak adsorption of the S-methyl  derivative, as 
indicated by the very small lowering of capacitance 
and interracial  tensions, the near ly symmetrical  na ture  
of the electrocapillary curves, and the absence of any 
effect on the overvoltage for hydrogen discharge 
(thiourea and te t ramethyl  thiourea considerably re-  
duce this factor),  indicate that the mechanism of ad- 
sorption is different from that  of the other two. By 
blocking the - -S by a --CH3 group, it is l ikely that  
adsorption even at a mercury  solution interface is 
through the ni t rogen over the whole range of poten-  
tials and as a less dipolar species. Thus reorientat ion is 
unl ikely  and interact ion forces are reduced. Hence the 
presence of C1- will not br ing  about any great changes 
in the adsorption except as a competing species. 

More light can probably be shed on these forces of 
interact ion by similar measurements  using other met-  
als for electrodes and also electrochemical polarization 
techniques. One approach would be to study the cor- 
rosion inhibi t ion behavior  of thiourea and derivatives. 
Some such studies have been done (11). It  is known 
that  thiourea in small concentrat ions (1 to 3 mM) in-  
hibits corrosion but  that  it promotes the process when 
present in higher concentrations. Fur ther  invest iga-  
tions by one of us (RN) have shown that S-methyl  and 
S-benzyl  derivatives inhibi t  the corrosion of iron, the 
efficiency increasing with the concentrat ion .of the 
inhibi tor  (CE is 90% at 40 mM concentrat ion) .  
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Any discussion of this paper will  appear in  a Dis- 
cussion Section to be published in the June  1972 
~OURNAL. 
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The Low-Temperature Activity of Water 
in Concentrated KOH Solutions 

P. Bro* and H. Y. Kang* 

P. R. Mallory & Company, Inc., Laboratory ]or Physical Science, 
Northwest Industrial Park, Burlington, Massachusetts 01803 

ABSTRACT 

The vapor pressures of HeO-KOH solutions were measured manometr ica l ly  
between --40 ~ and 25~ for concentrat ions between 2M KOH and 15M KOH. 
The effect of the tempera ture  on the vapor pressure agreed with that  pre-  
dicted from the Clapeyron equation. An increase in the KOH concentrat ion 
decreased the vapor pressure. The logari thm of the relat ive activity of KOH 
increased almost l inearly with the KOH concentration, but  it changed little 
with temperature.  The data suggest that  KOH hydrates occur as solid phases 
in the low concentrat ion portion of the phase diagram. Fur thermore,  the 
existence of a eutectic point in the system was reflected in the properties of 
the solutions at temperatures  far above the eutectic point. 

The thermodynamic properties of concentrated 
potassium hydroxide solutions are of interest  because 
they affect the operation of alkal ine batteries. Water  
is consumed at metal  oxide cathodes with the forma- 
tion of hydroxyl  ions, e.g. 

H g O +  2e-  + H 2 0 - ~ H g + 2 O H -  

and, at low temperatures  in particular,  the kinetics of 
this reaction are affected by the activity of the water. 
The hydroxide formed at a zinc anode is in equi l ibr ium 
with water  

Zn(OH)2 ~ ZnO + H20 

and the state of the reaction product depends on the 
activity of the water. The activity of the potassium 
hydroxide is also of paramount  importance, but  that  
is not discussed here. Note that  we employ Zn(OH),,  
and ZnO to designate the zinc ion species present  in 
the system without  implying that  they are the species 
actual ly present (1). The reduction of water  by zinc, 
with the formation of hydrogen, is also of interest, but  
it is of less importance at low temperatures.  

There is a paucity of thermodynamic  data on the 
H20-KOH system at low temperatures.  The phase 
diagram of the H20-KOH system has been published 
(2), and its ut i l i ty  for the analysis of the performance 
of alkal ine batteries is well  recognized (3). Data are 
available on the activity of KOH in aqueous KOH 
solutions to concentrat ions of 4.0M KOH between 0 ~ 
and 35~ (4) and to 17.0M KOH between 0 ~ and 70~ 
(5). The activity of the water  in KOH-H20 solutions 
are available at 0~ (6) and 25~ (7), but  no activity 
data are available for temperatures  below 0~ which 
is a region of great interest  for ba t te ry  applications 
because of the severe low-tempera ture  l imitat ions on 

* Elect rochemical  Society Ac t ive  Member .  
K e y  words :  H~O-KOH system,  H ~ 0 - K O H - Z n 0  system, concen- 

t ra ted  electrolytes,  thermodynamic  properties,  l ow- t empera tu re  ac- 
t iv i ty ,  vapor pressure ,  hea t  of vapor izat ion,  G i b b s - D u h e m  equation,  
phase  d iagram,  eutect ic  behavior.  

bat tery performance. The act ivi ty of the water  in 
H20-KOH solutions is reported in this paper. 

Experimental Methods 
The activity of the water  in  the alkal ine solutions 

was determined by measur ing the vapor pressure of 
water  above the solutions using the all-glass high- 
vacuum apparatus shown schematically in Fig. 1. The 
system was evacuated with S1 closed and $2-$4 open. 
Then, the sample container  was connected to the 
vacuum line, the sample being located inside the low- 
temperature  chamber (Associated Testing Laboratories, 
Model No. SW-5101), and the solution was frozen in a 
l iquid ni t rogen trap. $4 was then closed and S1 opened. 
When the pressure had decreased to about 10 -5 mm 
Hg, S1 was closed and the sample warmed to room 
temperature.  The same procedure was repeated three 
times to remove residual gases from the solution. Then, 
S1 was closed, $4 opened, and the system brought  to 
about 10 -5 mm Hg. When the sample had reached the 
desired temperature,  as judged from the tempera ture  
of an identical sample container  located near  the 

LOW TEMP ROOM TEMPERATURE 
CHAMBER ~ S~___~,._ 

SI $2 VACUUM 
[ ~ ~ PUMPS 

TRAP 
~C.GAUGE 

SAMPLE 

MANOMETER 

Fig. I. Schematic diagram of apparatus. 
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shielded window of the low-tempera ture  chamber, $2 
was closed and S1 opened. The system was kept in 
this state unt i l  a constant  pressure was observed on 
the pressure gauges (NRC thermocouple gauge No. 
501 and a homemade Dubrovin  gauge reading to 0.10 
mm Hg). The gauges were calibrated using t r ip ly  dis- 
tilled water  in the sample container  instead of KOH 
solutions, and l i terature values (8) were used for the 
vapor pressure of ice and water. 

The low-tempera ture  chamber  main ta ined  the de- 
sired temperatures  wi th in  •176 and the sample 
temperatures  were read with liquid-filled the rmom-  
eters from a batch of thermometers  having a s tandard 
deviation of 1.5~ from an NBS certified temperature  
over the entire tempera ture  range. Replication of the 
pressure measurements  indicated a precision of _+0.11 
mm Hg at 10.0 mm Hg and • mm Hg at 0.300 
mm Hg. 

The potassium hydroxide solutions were prepared 
from Fisher Polypac 45.2% KOH solutions by dilution 
with t r iply distilled water. All  the solutions were 
stored under  argon atmospheres and all the solutions 
were prepared in argon-filled glove bags to el iminate 
CO~ contamination.  

Experimental Results 
The observed vapor pressures are given in Table I 

for the KOH-H20 system. The reported values were 
obtained on single-phase systems. At  low-tempera tures  
phase separations occurred with some of the solutions, 
but  since phase separation gives rise to changes in  the 
composition of the solutions the observed vapor pres-  
sures of the two-phase systems is of little interest,  
except as noted later. 

The values reported in Table I were obtained in the 
chronological sequence shown. There appears to be a 
good agreement  between the values obtained when the 
measurement  temperatures  were approached from 
above and from below and this agreement  is taken as 
evidence that  equi l ibr ium prevailed in the system. It 
may be seen that the vapor pressures decreased 
markedly  with a decrease in the tempera ture  and with 
an increase in the KOH concentration. 

Table I. Observed vapor pressure of H20-KOH solutions 

T, ~ P ,  m m  H g  T,  ~ P ,  m m  H g  

10.3 w / o  K O H  14.8 w / o  K O H  
2 .04M K O H  3 .08M K O H  

25 20.8 25 20.5 
11 8.40 12 9.00 
O 4.08 0 3.75 

- -  11 1.70 -- 11 1.75 
- -  9 1 . 7 8  - -  10 1.75 

1 4 .25 1 4.00 
12 9.50 14 10.5 
25 21 . I  25 20.5  

23 .0  w / o  K O H  30.3 w / o  K O H  
5.32M' K O H  7 .75M K O H  

25 17.2 25 13.5 
11 7.50 l 0  5.25 

0 3.00 -- 1 2 .25 
-- 11 1.25 -- 11 0.920 
- -21  0.630 - - 2 0  0.476 
- -31  0.230 - -32  0.161 
- - 3 1  0.230 - -41  0.068 
- - 2 2  0.500 - - 3 1  0.195 
- - 1 0  1.50 - -21  0 .450 

O 3.00 --  10 1.05 
9 6 .00 -- 1 2.25 

27 19.5 10 5.25 
25 13.3 

37.0  w / o  K O t t  45.2 w / o  K O H  
1O.SM K O H  14.7M K O t t  

25 9.35 25 4 .75 
11 3.45 10 1.65 

0 1.60 0 0.580 
-- 10 0.740 - 10 0.270 
- -21  0 .280 - 2 0  0.110 
- -31  0.135 - - 3 0  0,040 
- -41  0.050 - - 3 0  0,041 
-- 31 0.145 - 20 0,105 
--  20 0.340 --  10 0,250 

-- 9 0 .740 6 0,640 
1 1.70 10 1.70 

12 3.80 25 4.75 
26 9 .84 
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Table II. Least square constants and vapor pressures, H20-KOH 

K O H  conc  2 .04M 3.08M 5.32M 7.75M 10.5M 14.7M 
L o g  A* 21.67 21.34 21.52 21.29 20.36 22.79 
B,  ~  5546 5457 5564 5572 5423 6330 

T, ~ 
25 21.3 20.7 17.3 13.4 8.69 4.70 
20 15.5 15.1 12.6 9.71 6.37 3.27 
15 11.2 10.9 9.03 6.98 4.62 2.25 
10 7.95 7.82 6.42 4.96 3.31 1.53 

5 5.59 5.53 4.51 3.48 2.35 1.02 
0 3.88 3.86 3.12 2.41 1.64 0.673 

- -5  2.65 2.66 2.14 1.65 1.13 0.436 
- 10 1.79 1.81 1.44 I. 11 0.771 0.279 
-- 15 - -  1.21 0.955 0.736 0.517 0.175 
- -20  - -  - -  6.625 0.480 0.341 0.108 
- -25  - -  - -  0.400 0.308 0.222 0.065 
- -30  - -  - -  0.252 0.194 0.141 0.038 
- -35  -- -- -- 0.120 0.088 
--40 -- -- -- 0,073 0.054 -- 

* N a t u r a l  l o g a r i t h m ,  m m  Hg.  

In  order to facilitate the comparison of the data, the 
least square values were computed using the correla-  
t ion 

P = A exp (--B/T) [1] 

and the smoothed data are given in Table II together 
with the constants A and B. 

Discussion 
Our results may be compared with the values re- 

ported in the l i terature for the KOH-H~O solutions at 
25 ~ 20 ~ and 0~ no values were found in the l i tera-  
ture for lower temperatures.  The comparison is i l lus-  
t rated in Fig. 2. It  may be noted that the Kangro and 
Groeneveld (7) and the Dieterici (6) results were 
obtained by direct measurements  of the vapor pres-  
sures and the Kobayashi  (9) and the Robinson and 
Stokes (10) values were obtained by  calculation from 
emf measurements.  The lat ter  used the data of Harned 
and Cook (4) and of Akerlof  and Bender  (5). All  the 
25~ values from the l i terature are in good agreement. 
It may be seen that our data fall slightly below the 
l i terature values at 25~ for the more concentrated 
KOH solutions, but  otherwise they agree reasonably 
well. The 20~ data of Kangro  and  Groeneveld lie very 
close to their  25~ data, but  slightly below the 25~ 
points shown in Fig. 2. Our 20~ data likewise fall 
slightly below our 25~ data. They are not shown in 
Fig. 2 to avoid clut ter ing the graph. At 0~ our data 
lie a little fur ther  below the 25~ data points, as may 
be seen in Fig. 2, but  the 0~ water  act iv i ty-KOH 
concentrat ion curve general ly  follows the course of 
the 25~ curves. The data reported by Dieterici for 
0~ lie considerably above all the other values shown 
in Fig. 2 and may be considered, at least provisionally, 
to be in error. 

The consistency between the l i terature  values and 
our results lends support to the belief that  our results 
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Fig. 2. Comparison of vapor pressure data of H20-KOH solu- 
tions. 



1432 J. Electrochem. Sac.: E L E C T R O C H E M I C A L  S C I E N C E  S e p t e m b e r  1971 

Table III. Comparison of the vapor pressure of ice and of 
KOH-H20 solutions at the freezing points 

S o l u t i o n ,  Freezing Vapor pressure, m m  H g  
M K O H  poin t ,*  ~ S o l u t i o n  Ice** 

2 .04 - -9 .2  1.91 2.093 
3.08 -- 15.6 1.15 1.175 
5.32 - 34.0 0.172 0.187 
7.75 --60.6 - -  

10.5 -- 43.0  0.040 0.0684 
14.7 - 34.3 0.024 0,182 

Table IV. Heat of vaporization of water from alkaline solutions 

K O H ,  AHva~, 
m o l a l  eonc  k e a l / m o l e  

2.04 11.0 
3.08 10.8 
5.32 11.1 
7.75 11.1 

10.5 10.8 
14.7 12,6 

�9 F r o m  d a t a  of C o h e n - A d a d  a n d  M i c h a u d  (2).  
�9 * F r o m  ref .  (8) .  

at the lower temperatures  provide a rel iable set of 
values for the vapor pressure of the KOH solutions. 

The KOH-H20 phase diagram presented by Cohen- 
Adad and Michaud (2) indicates the formation of ice 
in solutions containing less than  30.9 w/o  (weight per 
cent) KOH and of KOH.5H20 in more concentrated 
solutions upon cooling. This being the case, it is to be 
expected that  the observed vapor pressure data should 
extrapolate to values close to bu t  slightly greater than  
those of pure ice and KOH.5H20, respectively, at the 
temperatures  reported to be the freezing points of the 
solutions. This comparison is made in Table III  for 
the KOH-H20 solutions. It  may be seen that the solu- 
tion vapor pressures are consistently lower than that  
of ice. In  the case of the 14.7M KOH solution it is 
known that  the solid phase is KOH.5H20 and its vapor 
pressure would be expected to be lower than that  of 
ice at the same temperature.  For the less concentrated 
solutions the exper imenta l  data indicate that  the solid 
phase in equi l ibr ium with the solutions, if ice, would 
have a greater water  activity than the solutions and 
this appears to be unreasonable.  The results suggest 
that the H20 is more strongly bound in the solutions 
than in ice at the same temperatures.  I t  follows that  
the solid phases may not be ice at all but  some hy-  
drates of KOH. Although the published KOH-H20 
phase diagram does not indicate any solid phases other 
than ice for the less concentrated solutions some work 
of O'Nan (11) indicates that  solid KOH hydrates  do 
indeed form in the less concentrated KOH-H20 solu- 
tions. This mat te r  is of some importance for the low- 
tempera ture  operation of alkaline cells where alkali  
depletion occurs in the anodes, and their operabil i ty 
depends on whether  pure ice forms or a more KOH- 
rich phase. The re levant  considerations have been dis- 
cussed by Gomis et al. (3). 

The vapor pressure correlation represented by Eq. 
[1] is the integrated form of the Clapeyron equation 
for an ideal vapor with neglect of the liquid volume, 
and we have 

AHvap - -  BR [2] 

(R is the gas constant)  

The exper imental  data gave the heats of vaporization 
shown in Table IV. It  was independent  of tempera ture  

between --40 ~ and 25~ and changes in the concen- 
t rat ion of KOH did not affect it perceptibly. The aver-  
age heat of vaporization was 11.2 kcal/mole.  This value 
may be compared with the l i terature  values of 10.4 
kcal /mole at 30~ and 10.7 kcal /mole  at 0~ (12) for 
the heat of vaporization of pure water. The good agree- 
ment  between the two sets of values suggests that  the 
water  is present in the alkaline solutions in the  same 
thermodynamic  state as it is in pure water, except 
for possible differences in its state of order. 

The vapor pressure of the H20-KOH solutions may 
be used to calculate the activity coefficient of the KOH 
by means of the Gibbs-Duhem equation. However, two 
problems arise which require that  the usual  in tegra-  
t ion p~th be replaced by a more appropriate choice. 
The Gibbs-Duhem equation is general ly  integrated by 
the use of the osmotic coefficient of the solution, and 
it is necessary to integrate from the state where  the 
osmotic coefficient approaches uni ty;  the s tandard 
state. At temperatures  below 0~ it is not possible to 
measure the vapor pressure of very dilute KOH solu- 
tions, since a phase change occurs, and the osmotic 
coefficient cannot be determined. Another  problem 
concerns the accuracy of the osmotic coefficients cal- 
culated from solution vapor pressures of dilute solu- 
tions. A t remendous error magnification occurs for 
dilute solutions, and vapor pressure data are not  suit-  
able for the calculation of electrolyte activity coeffi- 
cients for dilute solutions. The di lemma posed by the 
two problems can be resolved by  selecting an experi-  
menta l ly  accessible reference state. The choice of ref- 
erence state is quite arbitrary,  bu t  convenience dic- 
tates that the same reference state be used for all the 
temperatures  of interest. We selected, therefore, the 
eutectic composition as the reference state for the 
H20-KOH system, and integrat ion of the Gibbs-Duhem 
equation gives the activity of the KOH solution of any 
composition relative to the KOH activity of a solution 
at the same tempera ture  having the eutectic composi- 
tion. The relat ive activities are given in Table V, and 
the data available from the l i terature  have been in-  
cluded for comparison. No data are available at tem-  
peratures other than 25~ but  it may  be seen that our 
results agree well with the published data at 25~ 
Some discrepancies occur in the most dilute and the 
most concentrated solutions where  the vapor pressure 
measurements  are recognized to be a poor means for 
obta ining electrolyte activity data. 

Table V. Relative activity* of KOH in H20-KOH solutions 

25~ 
KOH l i t e r a t u r e  

M - - 4 0 ~  - - 3 0 ~  - - 2 0 ~  - - IO~  O~ IO~ 20~  2 5 ~  va lue**  

2 . . . .  0.029 0.036 0,048 0,i0 0.059 
3 -- -- -- 0.080 0.064 0,078 6,082 0.13 0.104 
4 - -  - -  0 .14 0 .16 0,13 0.14 0.15 0.17 0.179 
5 - -  0.25 0.25 0.26 0.23 0.24 0.23 0.26 0.275 
6 0.41 0.41 0.42 0.43 0.39 0.40 0.37 0.41 0.439 
7 0.65 0.66 0.66 0.65 0,64 0.62 0.62 0.64 0.648 
S 1,00 1 .00 1.00 1.00 1.O0 1.00 1.00 ] . 0 0  1.00 
9 1.5 1.5 1.4 1.5 1.6 1.5 1,5 1.6 1,40 

10 2.4 2.3 2.2 2.3 2.7 2.3 2.4 2.5 2 .06 
11 3.7 3.5 3.4 3.5 4.5 3.6 3.5 3.9 2 .85 
12 ~ 5.7 5.3 5.3 7.3 5.5 5.0 5.6 4.18 
13 ~ 0.6 9.0 8.2 11.4 8.3 7.0 7.9 5.50 
14 - -  19.7 19.3 15.8 18.6 12.6 10,4 10.9 7.35 

* R e l a t i v e  m e a n  m o l a l  a c t i v i t y  w i t h  r e f e r e n c e  to a n  8 .0M K O H  so lu t ion .  
"* R e f e r e n c e  (10) ,  r e c a l c u l a t e d  to 8M K O H  r e f e r e n c e  s ta te .  
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The good agreement  between our results and the 
published values at 25~ suggests that our results at 
the lower temperatures  provide a valid measure of the 
relat ive act ivi ty of KOH in aqueous solutions at the 
lower temperatures  as well. It may be noted that the 
KOH activity of the solutions increases very strongly 
with the KOH concentration. The logarithm of the re- 
lative activity increases almost l inearly with the KOH 
concentrat ion at all the temperatures  shown. The rate 
of increase appeared to be near ly  independent  of 
temperature.  

The Gibbs-Duhem equation was integrated via the 
term (M �9 P) ,  i.e., the product of the KOH concentra-  
tion and the vapor pressure, and it was observed that 
plots of (M �9 P) vs. M displayed well defined maxima, 
Table VI. All  the maxima occurred at the eutectic com- 
position of the H20-KOH system regardless of the 
solution temperature.  The maxima in these curves are 
equivalent  to inflection points in the chemical poten- 
tials of KOH at the eutectic composition of the solu- 
tions at the various temperatures.  Such inflection points 
are normal ly  associated with stabiIity regions, and it 
is interest ing that the stabilizing influences responsible 
for the formation of a eutectic point should be dis- 
cernible at temperatures  much above the eutectic 
temperature.  

It is well  known (13) that the concentrat ion of zinc 
oxide in electrolytically generated zincate solutions in 
H20-KOH have zinc oxide concentrations in excess of 
the reported equi l ibr ium values (14), and it was of 
interest  to examine the effect of the zinc oxide on the 
vapor pressure of the H~O-KOH solutions likely to 
occur in alkaline cells with zinc anodes. We prepared 
some H20-KOH-ZnO solutions with a ZnO concen- 
trat ion exceeding the equi l ibr ium values and measured 
their vapor pressures with the results shown in Table 
VII. It may be seen by comparing the results with the 
data in Table II that the addition of ZnO led to a de- 
crease of the vapor pressure of all the H20-KOH solu- 
tions at room temperature.  At lower temperatures  the 
same effect persisted but  only in the dilute KOH solu- 

Table VI. Eutectic precursor patterns in H20-KOH system* 

K O H ,  
M -40~ -30~ --20~ --10oC 0~C 10oc 20oc 25oc 

2 . . . .  8 , 4 0  16 .6  3 1 . 6  43 .2  
4 - -  - -  2 . 8 2  6 . 4 4  1 4 .4  28,S 5 5 . 6  76 ,4  
6 0 . 5 2 2  1 .41  3 . 4 9  8 . 1 0  17 .4  3 6 . 0  7 0 . 8  9 7 . 8  
8**  0 . 5 6 0  1 .51  3 . 7 4  8 .7 2  18 ,8  3 8 . 0  7 3 .6  1 0 4 . 8  

10 0 . 5 3 0  1 .45  3 . 6 4  8 . 4 0  17 .0  3 6 . 0  6 8 .0  94 .0  
12 - -  1 .21  3 . 0 7  7 . 2 0  1 3 ,8  3 1 .2  6 2 .4  85 .2  
1 4  - -  0 .81  1 .9 9  5 . 0 4  1 0 .5  2 5 . 2  5 1 . 8  7 2 , 8  

* P r o d u c t  o f  K O H  m o l a l i t y  a n d  s o l u t i o n  v a p o r  p r e s s u r e  i s  t a b u -  
f a t e d .  

** Eutectic  composit ion i s  8.0M K O H .  

Table VII. Least square constants and vapor pressures, 
H20-KOH-ZnO 

KOH c o n c  3 . 0 9 M  5 . 3 6 M  7 . 8 3 M  I O . 5 M  1 4 . 6 M  
Z n O ,  w / o  2 . 7 8  4 . 2 8  5 . 5 7  6 . 6 9  8 .0  

L o g  A* 21.24 20.65 20.60 19,80 19.29 
B, ~  5455 5337 5406 5290 5332 

Tj ~ 
25 
20 
15 
I0 
5 
0 

--5 
-- I0 
- -  15 
--20 
- -  25 
--30 
--35 
--40 

18 .8  1 5 .5  11 .7  7 .7 6  4 . 0 4  
13 .8  1 1 .4  8 . 5 8  5 .7 3  2 . 9 8  

9 . 9 6  8 . 3 2  6 . 2 3  4 . 1 9  2 . 1 7  
7 . 1 3  6 .0 0  4 . 4 7  3 .0 3  1 .57  
5 . 0 4  4 . 2 7  3 . 1 7  2 . 1 6  1 .12  
3,52 3.01 2.22 1.53 0.780 
2 . 4 2  2 . 0 9  1 .53  1 .06  0 . 5 4 6  
1 .65  1 .4 3  1 .05  0 .7 3 1  0 . 3 7 4  
1 .10  0 . 9 6 5  0 . 7 0 2  0 . 4 9 5  0 . 2 5 2  
- -  0 . 6 4 1  0 . 4 6 4  0 . 3 3 0  O. 168  
- -  0 . 4 1 9  0 . 3 0 2  0 , 2 1 6  0 . 1 1 0  
- -  0 . 2 6 9  0 . 1 9 3  0 , 1 4 0  0 , 0 7 1  
- -  - -  0 . 1 2 1  0 . 0 8 8  - -  
- -  - -  0 . 0 7 4  0 . 0 5 5  -- 

* N a t u r a l  l o g a r i t h m ,  m m  Hg. 

tions. As the temperature  decreased the vapor pres- 
sure of the H20-KOH-ZnO solutions approached that  
of the H20-KOH solutions with the same KOH concen- 
tration. In the most concentrated KOH solutions at low 
temperatures  the vapor pressure of the H20-KOH-ZnO 
solutions exceeded that of the H20-KOH solutions. 

Although the thermodynamic  state of the H20-KOH- 
ZnO solutions we used is undefined [see (1)],  the solu- 
tions are nevertheless of practical interest  in bat tery 
technology. As a first approximation, the activity of the 
water  in the H~O-KOH solutions may be used for the 
analysis of the behavior of both alkaline cells with 
cadmium anodes and alkaline cells with zinc anodes. 

Conclusions 
Manometric techniques were found to be satisfactory 

for the measurement  of the vapor pressure of potas- 
sium hydroxide solutions between --40 ~ and 25~ 

The vapor pressure of the solutions decreased mark-  
edly with the tempera ture  in accordance with the 
Clapeyron equation, and the experimental  data led to 
a heat of vaporization of water  of 11.2 kcal /mole for 
the H20-KOH solution between --40 ~ and 25~ The 
heat of vaporization was not affected noticeably by 
the concentration of the alkaline solutions. The vapor 
pressure decreased markedly with an increase in the 
KOH concentration, as expected. 

The vapor pressures of the solutions at their freezing 
points were less than those of pure ice. This is incon- 
sistent with the published phase diagrams which show 
solid ice to form in solutions less concentrated than 
8.0M KOH. It is thought that hydrates of KOH must be 
present rather than ice. 

The low-temperature activity coefficients of KOH 
cannot be calculated from the vapor pressure data by 
the Gibbs-Duhem equation since dilute solutions can- 
not be prepared at the low temperatures. Instead, the 
activities of KOH in the various solutions were calcu- 
lated relative to those of KOH solutions with the 
eutectic composition. The logarithm of the relative ac- 
tivity increased almost linearly with the KOH con- 
centration at all the temperatures, but it changed very 
little with temperature at constant composition. 

Inflection points were observed in the chemical po- 
tentials of the electrolyte expressed as a function of 
the KOH concentration at a constant temperature. The 
inflection points occurred at the eutectic composition of 
the system over the entire temperature range, and 
their existence indicated the presence of eutectic pre- 
cursor interactions in the system far above the eutectic 
temperature. 

The addition of ZnO to the aqueous KOH solutions 
changed their vapor pressures, but the changes were 
sufficiently small that as a first approximation the 
vapor pressure of the H20-KOH solutions may be used 
for the analysis of the behavior of alkaline ceils with 
zinc anodes as well as alkaline cells with cadmium 
anodes. 

Manuscript submitted Jan. 27, 1971; revised manu- 
script received April 26, 1971. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June 1972 
JOURNAL. 
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ABSTRACT 

The Levich theory of the rotat ing disk has been extended to the case of 
rotat ing spherical electrodes by means of a series expansion method. I t  is 
shown that the rate of mass t ransfer  near  the pole of rotation is the same as 
on a rotat ing disk. It decreases, however, in meridional  direction toward the 
equator. Results for a sphere or hemispherical  electrode can be summarized as 

Sh ---- 0.474 Re 1/2 Se 1/3 

Ilim ~- 0.474 nFC| 2/3 v -1/6 ~1/'~ 

where Sh and Re are the Sherwood and the Reynolds numbers  based on the 
sphere radius, and Sc is the Schmidt number .  

Study of the t ransport  process on a rotat ing spherical 
cap is of interest  to the electrochemist. In the first 
place it could provide an insight regarding the effect 
of surface curvature  on the rate of ionic t ransfer  to a 
rotat ing disk electrode (RDE). Second, such a study 
would extend the application of RDE to corrosion and 
high-ra te  metal  dissolution studies. The RDE is gener-  
ally made of a circular disk electrode mounted con- 
centrically on the surface of an electrically inert  ro- 
tat ing disk. Since theoretical considerations require 
the RDE to have a perfectly flat surface, the RDE made 
this way is always polished carefully un t i l  the central  
disk electrode becomes flush with the nonconductive 
surface. For high rate dissolution studies (such as in 
the case of electrochemical machining) ,  it is, however, 
extremely difficult to main ta in  a flat surface during 
the exper imental  runs, for the disk electrode made of 
the metal  being dissolved would recede from the sur-  
face of the RDE and subsequent ly  cause an i r regular  
feature on the surface of the disk. This surface ir-  
regulari ty would then generate secondary flows, which 
in tu rn  would in ter rupt  the hydrodynamic boundary  
layer over the rotat ing disk. The Levich theory (1, 2) 
is therefore no longer valid, and access to the quant i ta -  
tive study of reaction kinetics becomes impossible. 

One way to overcome the problem is to replace the 
disk electrode on the RDE with an electrode having a 
spherical surface as i l lustrated in Fig. 1. The electrode 
now has a spherical head fastened on one end of a 
rotat ing rod coated with nonconduct ing mater ial  and 
will be called a rotat ing spherical electrode (RSE). 
The advantage of this combinat ion is that  the spheri-  
cal head is less subject  to a change of surface geometry 
due to dissolution of electrode mater ia l  into the elec- 
trolyte; the problem associated with the induced sec- 
ondary  flows as in the case of RDE could therefore be 
minimized. 

Exper imental  investigation of l aminar  boundary  
layer flow induced by a sphere rotat ing in an infinite 
fluid has been performed by Kobashi  (3), Kreith, 
Roberts, Sull ivan,  and Sinha (4), and by Bowden and 
Lord (5). Using smoke and hot wire techniques, these 
investigators found that  the boundary  layer originates 
at the pole and develops with increasing thickness to- 
ward the equator. The fluid is d rawn in  toward the 

�9 Electrochemical Society A c t i v e  Member .  
Key  w o r d s :  t h e o r y  of mass  t r ans fe r ,  l i m i t i n g  c u r r e n t  d i s t r i b u t i o n ,  

rotating spheres. 

sphere along the axis of rotation, as shown in Fig. 1, 
and moves over the spherical surface toward the 
equator where a radial  outflow jet  is formed. Bowden 
and Lord's photographic study revealed that  the out- 
flow in the vicinity of the equator is confined to a very 
nar row zone, and the flow of the radial  je t  is laminar  
wi thin  a short distance from the sphere surface. For 
Reynolds numbers,  based on the sphere radius, of less 
than 1.25 x 104, the result  of t h e  s tudy by Krei th  et al. 
indicates that this outflow zone is less than 2 ~ lati tude 
in width. Theoretical analysis of this flow problem was 
first considered by  Howarth (6), who introduced ap- 
propriate boundary  layer equations and obtained an 
approximate solution by means of the K a r m a n - P o h l -  
hausen momentum integral  method. Owing to the l imi-  
tat ion of the boundary  layer assumptions, he was un-  
able to predict the outflow of fluid at the equator. De- 
spite this shortcoming, however, his model has been 
used successfully to predict the torque required to 
main ta in  a constant speed of rotat ion (5), and to de- 
scribe the velocity dis t r ibut ion and the thickness of 
the boundary  layer along the surface except in the 
vicini ty of the equator (4). Recently, Banks (7) and 
Manohar (8) have obtained the exact solution of 
Howarth 's  boundary  layer equations by means of 
numerica l  integrations with the help of digital com- 
puters. A second theoretical model is proposed by 
Nigam (9), who assumes that  the boundary  layer 
thickness is uniform over the sphere surface, and that 

T e f l o n ~  body 
I ~/J~l'~ I spherical 

I direction 

Fig. I. Rotating spherical electrode 
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where Sh and Re are the Sherwood and the Reynolds numbers  based on the 
sphere radius, and Sc is the Schmidt number .  

Study of the t ransport  process on a rotat ing spherical 
cap is of interest  to the electrochemist. In the first 
place it could provide an insight regarding the effect 
of surface curvature  on the rate of ionic t ransfer  to a 
rotat ing disk electrode (RDE). Second, such a study 
would extend the application of RDE to corrosion and 
high-ra te  metal  dissolution studies. The RDE is gener-  
ally made of a circular disk electrode mounted con- 
centrically on the surface of an electrically inert  ro- 
tat ing disk. Since theoretical considerations require 
the RDE to have a perfectly flat surface, the RDE made 
this way is always polished carefully un t i l  the central  
disk electrode becomes flush with the nonconductive 
surface. For high rate dissolution studies (such as in 
the case of electrochemical machining) ,  it is, however, 
extremely difficult to main ta in  a flat surface during 
the exper imental  runs, for the disk electrode made of 
the metal  being dissolved would recede from the sur-  
face of the RDE and subsequent ly  cause an i r regular  
feature on the surface of the disk. This surface ir-  
regulari ty would then generate secondary flows, which 
in tu rn  would in ter rupt  the hydrodynamic boundary  
layer over the rotat ing disk. The Levich theory (1, 2) 
is therefore no longer valid, and access to the quant i ta -  
tive study of reaction kinetics becomes impossible. 

One way to overcome the problem is to replace the 
disk electrode on the RDE with an electrode having a 
spherical surface as i l lustrated in Fig. 1. The electrode 
now has a spherical head fastened on one end of a 
rotat ing rod coated with nonconduct ing mater ial  and 
will be called a rotat ing spherical electrode (RSE). 
The advantage of this combinat ion is that  the spheri-  
cal head is less subject  to a change of surface geometry 
due to dissolution of electrode mater ia l  into the elec- 
trolyte; the problem associated with the induced sec- 
ondary  flows as in the case of RDE could therefore be 
minimized. 

Exper imental  investigation of l aminar  boundary  
layer flow induced by a sphere rotat ing in an infinite 
fluid has been performed by Kobashi  (3), Kreith, 
Roberts, Sull ivan,  and Sinha (4), and by Bowden and 
Lord (5). Using smoke and hot wire techniques, these 
investigators found that  the boundary  layer originates 
at the pole and develops with increasing thickness to- 
ward the equator. The fluid is d rawn in  toward the 
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sphere along the axis of rotation, as shown in Fig. 1, 
and moves over the spherical surface toward the 
equator where a radial  outflow jet  is formed. Bowden 
and Lord's photographic study revealed that  the out- 
flow in the vicinity of the equator is confined to a very 
nar row zone, and the flow of the radial  je t  is laminar  
wi thin  a short distance from the sphere surface. For 
Reynolds numbers,  based on the sphere radius, of less 
than 1.25 x 104, the result  of t h e  s tudy by Krei th  et al. 
indicates that this outflow zone is less than 2 ~ lati tude 
in width. Theoretical analysis of this flow problem was 
first considered by  Howarth (6), who introduced ap- 
propriate boundary  layer equations and obtained an 
approximate solution by means of the K a r m a n - P o h l -  
hausen momentum integral  method. Owing to the l imi-  
tat ion of the boundary  layer assumptions, he was un-  
able to predict the outflow of fluid at the equator. De- 
spite this shortcoming, however, his model has been 
used successfully to predict the torque required to 
main ta in  a constant speed of rotat ion (5), and to de- 
scribe the velocity dis t r ibut ion and the thickness of 
the boundary  layer along the surface except in the 
vicini ty of the equator (4). Recently, Banks (7) and 
Manohar (8) have obtained the exact solution of 
Howarth 's  boundary  layer equations by means of 
numerica l  integrations with the help of digital com- 
puters. A second theoretical model is proposed by 
Nigam (9), who assumes that  the boundary  layer 
thickness is uniform over the sphere surface, and that 
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Fig. I. Rotating spherical electrode 
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the assumption of the boundary  layer does not break 
down at the equator. Though Nigam is able to predict 
an outflow in the region between lati tude 54.75 ~ and 
the equator, his solutions have been repeatedly proved 
to be incorrect from both theoretical and phenom- 
enological points of view (4, 5, 8). 

The problem of heat t ransfer  from a rotat ing sphere 
has been studied exper imenta l ly  by Krei th  et al. (4) 
for Prand t l  numbers  between 0.024 and 217, and theo- 
retically by  Singh (10), Banks (11), and Baxter  and 
Davies (12). Singh's computat ion is t r ivial  because he 
employs Nigam's velocity result  in the analysis. Banks 
calculates the thermal  boundary  layer numer ica l ly  at 
P rand t l  numbers  equal to 0.7 and 1.0. Baxter  and 
Davies' s tudy is confined to high Prand t l  numbers ;  
they obtain an implicit approximate solution based on 
Howarth 's  approximate momen tum solutions. 

For the quant i ta t ive  application of RSE to the study 
of electrochemical processes, one requires knowledge 
regarding the na ture  of ionic t ransfer  on the spherical 
electrode. The object of this report  is to discuss in 
detail the theoretical background behind such a prob- 
lem. A mathematical  model based on Howarth 's  and 
Banks'  momen tum results will be described. It will  
be shown that, at high Schmidt numbers,  Levich's 
theory of the rotat ing disk electrode can be extended 
to the case of a rotat ing sphere by means of a series 
expansion method. 

Boundary layer equations.--In the following analysis 
we shall use spherical polar coordinates, r, ~, r with r 
measured radial ly  outward from the center of the 
sphere, 0 measured from the axis of rotation, and ~ the 
azimuth. The spherical electrode is assumed to be ro- 
tat ing at a sufficiently high speed to permit  application 
of the boundary  layer approximations,  and the motion 
of the fluid is assumed to be symmetr ical  about the 
axis of rotation. Also, the physical properties of the 
fluid will be assumed to be constant. Neglecting the 
effect of external  forces, the equations (4, 6, 11) of 
fluid motion and convective diffusion on a rotat ing 
spherical electrode of radius ro are given as 

Cont inui ty  

OVr 

Or 

0-momentum 

OVo Vo OVo 
Y~ d- 

Or ro O0 

c -momen tum 

Vr OV~ + ~ 
~r ro 0o 

Convective -diffusion 

Vr OC 
Or 

Boundary  conditions 

1 0 V o  cot0 
- - + - - ~ + ~ Y o : O  [1] 

ro O0 ro 

Vo -~ cot0 02Vo 
- -  - -  v ~ [ 2 ]  

ro Or 2 

V~ OV, V W ,  O~V, 
d- ~ cot0 : v ~ [3] 

ro 0r 2 

Vo OC O"-C 
~ : D [ 4 ]  

ro Oo Or" 

a t r = r o ,  V r = V o = O  

Vo : ro~ sin 8 
C =  Co 

atr--> ~ ,  V 0 = V ~ - - 0  
C----C~ 

[5] 

We may  normalize the above equations with the fol- 
lowing dimensionless variables and by expanding the 
dependent  variables in a power series of 0 

ro2W p 
R e - -  ., Sc : - -  [6] 

v D 

w ) 112 
= ~ - ,  ( r - t o )  [71 
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Vr = (vw) 1/2 {HI d- 82H3 d- 04H5 d- . . .}  [8] 

Vo = row {OF1 d- ~Fa d- 05F5 Jr . . .}  [9] 

V 0 = ro,~ {oG1 d- o~G3 d- 05G5 d- . . .}  [10] 

C = C~ 4- (Co -- C~) {,I~1 d- o2% d- 04r d- . . .}  [11] 

Here the dependent  variables Fi, G~, Hi, and ~i with 
i = 1, 2, 3 . . . .  , are functions of n only. Details of this 
lengthy subst i tut ion are i l lustrated in ref. (6) and 
(11) and will  not be discussed here. The results for the 
first two terms in the series expansions are 

Zeroth order equations 

Hi' d- 2F1 = 0 [12] 

HIFI' d- Fl"- -- G12 = FI" [13] 

H1GI' d- 2F1G1 = GI" [14] 

1 
H1~1' = - -  01" [15] 

Sc 

b.c. at~l = 0 ,  FI = H 1  = 0 ,  GI = r  = 1 
a t ~ / ~  ~ ,  F ~ = G I = r  f [16] 

First  order equations 

H3' + 4Fa -- (1/3)F1 = O [17] 

H1F~' d- H3FI' d- 4FIF3 -- 2GIG3 d- (1/3)G12 = Fa" [18] 

H1G.f d- H~GI" d- 4F1G3 d- 2FAG1 -- (1~3)FIG1 = Gz" 
[19] 

1 
H3r d- H1%' q- 2Flea "- ,I~" [20] 

Sc 

b.c. at ~ = 0, F3 = H : 3 = ~ 3  = 0 ,  G ~ =  - - 1 / 6 }  [21] 
at n-~ ~ ,  F3 = G3 = cI,3 : 0 

It  is seen that  the zeroth order equations are the 
same as the we l l -known transfer  problem on a ro- 
tat ing disk (2, 13). Thus, for small  values of ,I, we may 
immediately apply Cochran's result  (14), and write 
the zeroth order solutions for the velocity distr ibutions 
near  the spherical surface 

FI = a*l -- (1/2)~ 2 -- (b/3)~l a -- (b2/12)T| 4 d- . . .  [22] 

GI = 1 d- b~l d- (a/3)~ a d- (1/12) (ab -- 1)~ ~ d- �9 . .  [23] 

H1 = --an 2 d- (1/3)~ 3 d- (b /6) ' l  4 d- . . .  [24] 

The values of the constants, a and b, have been com- 
puted by a number  of investigators (14-17); the most 
accurate ones, however, are those of Rogers and Lance 
(17) 

a = 0.51023 ~. 
b = --0.61592 f [25] 

For large Schmidt numbers ,  the zeroth order diffusion 
solution is described by Levich's theory of the rotat ing 
disk (2, 18). Using the present  notation, it can be ex- 
pressed as 

f: r = 1 -- 0.62045 Sc 1/'a exp -- ~ " d~l [26] 

It  seems, therefore, that  with an addit ional term 
cl~aracterized by '~3, it is possible to extend the Levich 
theory to the case of a rotat ing spherical electrode. 
To find the function, r one needs information about 
the first order velocity distributions. However, no 
analyt ical  solution has been available in the l i tera- 
ture. In the next  section our analysis is started with 
an at tempt to develop appropriate expressions for the 
first order velocity distr ibutions near  the electrode 
surface. 

Series solution for the first order momen tum equa- 
tions.--Equations [17-19] describing the first order ve- 
locity distr ibutions are a set of linear, second order 
differential equations. An analyt ical  expression can 
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be made possible if we expand F~, G3, and H3 in a 
Taylor  series about ,1 -~ 0 

F3 = So + ~IS, + ~1212 + '|~]3 + ... [27] 

Ga = go + 'Ig, + 'l"g" + ,|:~g3 + . . .  [28] 

Ha ~ ho n u 71hl + ,l~h2 -]- ,l:~h3 -~- . . .  [29] 

Insert ing these expressions into Eq. [17]-[19], and 
making use of Eq. [21]-[24], leads to the following 
expressions for the first order veloci ty components 
near  the surface 

Fo ---- ]1~ + (1/3)vl 2 + (1/6) (b -- 2gl)~l :~ + . . .  [30] 

G3 = - -1/6 + gl'l + (1/6) (2fl -- a)~l :~ + . . .  [31] 

Ha ~ (a /6  --  211)1/2 -- (1/2),l a + . . .  [32] 

Here, h and gl are the values of the radial  veloci ty  
gradients contr ibuted by the first order  veloci ty com- 
ponents at the sphere surface. These values have been 
computed numer ica l ly  by Banks (7). His result  is 
given as 

~1 ~- --0.22129"[ 
g~ ---- 0.24765 f [33] 

Equations [30]-[33] can be used where  required for 
the appropriate  convection terms in the first order 
diffusion equation. 

M e t h o d  o f  so lu t i on  o f  t he  f i rs t  o r d e r  d i f ]us ion e q u a -  
t i o n . - - I n  this section we proceed with an analysis that 
could lead to simplification of the first order diffusion 
equation. An analytical  solution is then  given for the 
case of high Schmidt  numbers.  Since, for the t ransfer  
process occurring at high Schmidt  numbers,  the thick-  
ness of the concentrat ion boundary is much th inner  
than that  of the  momentum boundary layer, we would 
therefore  start  with stretching the mass t ransfer  do- 
main by introducing a new var iable  defined as 

Z : Sc~/3~ [34] 

Subst i tut ing the new var iable  into Eq. [20], and mak-  
ing use of Eq. [22], [24], a n d  [32] for the appropriate 
convection terms, we have 

d ~  d~3 d~r 
(a/6 - -  2f l )Z  2 -- aZ2 + 2aZ~,~ --  

d Z  d Z  dZ" 

= S c - 1 / ~  I ( 1 /2 ) Z~  dr ( 1 / 3 ) Z 3  --  d Z  + Z " ~  } 

+ 0 (Sc -'~/~) [35] 

We note that  the left  hand side of this equation is 
independent  of Sc, while the leading te rms  on the r ight  
va ry  inversely with the cube root of the Schmidt  num-  
ber. Thus, for the t ransfer  process occurring at large 
Schmidt  numbers,  we may  neglect  the r ight  hand side, 
and by replacing d r  with an expression evaluated 
from Eq. [26], Eq. [35] can now be simplified to 

d2r d~a 
- -  + aZ  2 --  2aZ~a 

dZ~ d Z  

= - -  0.62045 (a /6  --  2h)Z2e -(a/a)za [36] 

The boundary conditions are 

atZ---- 0,r = 0 
Z-~ oo, r ---- 0 f [37] 

A solution that  satisfies both Eq. [36] and [37] can be 
found as 

0.62045 
~3 --  - -  (a /6  --  2 f l ) Z e  -(a/3)z:~ [38] 

5a 

Subst i tut ing Eq. [26] and [38] into Eq. [11] we arr ive  
at a concentrat ion distr ibution over  the rotat ing 
spherical  electrode 
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C -- C| ~'z 
,l, -- - -  -- 1 -- 0.62045 ~o e- ta /~)z~dZ 

Co -- C~ 
+ 0.12833 o2Ze -Ca/s>z~ + . . .  [39] 

where  
Z ---- Sc  1/3 n = Sc  1/3 (w/v)1/2 (r - -  ro) 

To obtain a general ized expression for the rate of 
t ransport  process over  the electrode, we now define a 
mass t ransfer  coefficient, K, as 
N ---- average mass flux on the electrode surface 

~ 2 = ~ r o 2 s i n o d o d  r 

= K ( C o - -  C~) [40] 

Carrying out integrat ion for the denominator  and in- 
troducing the dimensionless variables,  the Sherwood 
number  defined as ( K r o / D )  can be evaluated f rom the 
following equat ion 

= _ - -  sinode 
Sh \ D / 1 - - c o s o  z o 

[41] 

Subst i tut ing Eq. [39] into Eq. [41] and carrying out 
the integration,  we obtain the dimensionless ra te  of 
t ransfer  to a spherical electrode having an active sur-  
face specified by the angle e 

S h  = Re l / 2Sc  1/3 

2(cos~ -- 1) + 2~sin0 -- 0Zcos0 ] 
0.62045 -- 0.12833 1 -- cos0 

[42] 

For  a hemispher ical  electrode, or a sphere whose entire 
surface is subject to the mass transfer,  we have  0 = 
z/2;  thus 

S h  = 0.474 Rel/2Sc */~ [43] 

In an excess support ing electrolyte,  the average cur-  
rent  density due to flux of mass to the electrode surface 
is related to the mass t ransfer  coefficient, K, by 

I ---- - -  n F N  = n F K ( C |  - -  Co) [44] 

Subst i tut ing this relat ion into Eq. [42], and rea r rang-  
ing the equation in dimensional  form, we have 

I : -  n F ( C ~  --  Co)D2/av-l /6wl/2 { 0.62045 

2(cos0 -- 1) + 20sin0 -- 02cos0 
- -  0.12833 ~ [45] 

1 -- cos8 

For  a sphere or a hemispher ical  electrode, 8 = =/2, 
and Eq. [45] becomes 

I ---- 0.474 nF(C| - -  C o ) D 2 / 3 v - l 1 6 w l / 2  [46] 

The l imit ing current  density may  be obtained by set- 
t ing Co -- 0 

Ilim -- 0.474 nFC| (for 0 = ~/2) [47] 

Discussion of Results 
The correlat ions given by Eq. [42]-[43] and [45]-[47] 

would allow one to est imate the ra te  of mass flux and 
the diffusion current  densi ty on a rotat ing spherical 
electrode. Essentially, these results represent  only the 
asymptotic behavior  of a t ransport  process occurring at 
large Schmidt  numbers,  and only the main  region 
solution that  disregards the boundary layer  eruption 
at the equator.  Here  we discuss some implications of 
the theory, par t icular ly  as they bear on the various 
simplifications made in obtaining the solution. 

The Sherwood number  given by Eq. [42] differs 
f rom that  of a rotat ing disk only by a correction func- 
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tion of ~. This implies that  the correlation is actually 
an extension of Levich's theory. It would, therefore, 
be of theoretical interest  to compare this rate of mass 
t ransfer  to that  of a rotat ing disk. From such a com- 
parison, one would also be able to gain an insight re- 
garding the effect of surface curvature  for the rotat ing 
disk experiment.  Using the present  notation, the Levich 
theory (1, 2) of t ransfer  on a rotat ing disk electrode 
can be expressed as 

ShD = 0.62045 Re  1/2 Sc 1/3 [48] 

The ratio of average mass flux on a spherical electrode 
to that on a disk electrode can be obtained by dividing 
Eq. [42] by Eq. [48] 

Sh  I r 2 e s i n e - - ~ 2 c o s e  1 
- - - -  = i--0.207~ --2 
ShD ID 1 - -  COS e 

[49] 

where the subscript, D, implies the process occurring at 
the disk electrode. Equat ion [49] is plotted in Fig. 2 as 
a solid curve. It is seen that the rate of t ransfer  at the 
pole (~ ---- 0) is the same as the disk electrode; how- 
ever, it decreases with increasing 6 toward the equator. 
In the polar region, the effect of curvature  is not sig- 
nificant; for 0 less than 0.7 (about 40 ~ the value of the 
Sherwood number  estimated from Levich's equation 
is only 5% greater than the value given by Eq. [42]. 
However, for a sphere or a hemispherical  electrode 
(e ---- ,~/2), the average rate is reduced to about 76% 
of the flux at the disk electrode. Also given in Fig. 2 
are the values of approximate calculations made by 
Baxter  and Davies (12); these are represented by the 
circular dots. Owing to the nature  of the equation used, 
these authors were not able to perform the calcula- 
tion for e ---- ~/2. In spite of the approximate nature,  
their values agree reasonably well  with the present 
analysis; the max imum deviation occurring at ~ ---- 1.4 
(80 ~ ) is only 2.5%. 

We now demonstrate that the solution is consistent 
with the notion that the concentrat ion boundary  layer 
is well wi thin  the hydrodynamic boundary  layer, and 
that the application of Taylor 's  series expansions for 
the first order velocity distr ibutions is valid for the 
case of large Schmidt numbers.  Using the Nernst  dif- 
fusion concept (19), the thickness of the concentrat ion 
boundary  layer can be defined as 

D(Co -- C~) 
5c = -- [50] 

Subst i tut ing Eq. [39] into Eq. [50] we have 

" ~  (sF 5c -- Sc -1/3 [51] 
1 -- 0.207~ 2 

Thus the thickness of the concentrat ion boundary  
layers varies from 1.6(v/,~)l/2Sc -1/~ at the pole to 
3.3(v/~)1/2Sc -1/3 near  the equator. The analysis of 
Cochran (13, 14), Banks (7), and Manohar (8) indi-  
cates that the thickness of the hydrodynamic boundary  
layer, bin, would vary  approximately from 4(p/w) 1/2 
at the pole to 10 (v/w)1/2 in the vicini ty of the equator. 
Thus 

6c 0.4 
[52] 

~m S c  1/3 

In a l iquid system, a typical value for the Schmidt 
number  is on the order of 1000; the concentrat ion 
boundary  layer is therefore about 20 times smaller. 

The flux of mass contr ibuted from the equatorial  
region itself has thus far been neglected. The fluid 
flow in the region is characterized by eruption of the 
boundary  layer into a swirling, flat radial jet. The 
velocity distr ibution in the jet  has not been resolved, 
and there is present ly  no knowledge of the na ture  of 
convective diffusion near the equator. However, the 

o -  ] I I t I l 1 I I I I _ 

= i 
q~ 

N 

g 

o 

~ - I  I I I I I I i -  
0"2 0"4 0"6 0 8  I '0  1.2 1"4 1"6 

8 (rod-) 

Fig. 2. Comparison with disk electrode. The solid line is the re- 
sult of this analysis, Eq. [49]. The circular dots are Baxter and 
Davies' approximate calculations [ref. (12)]. 

experimental  work performed by Krei th  and his as- 
sociates (4) has shown that  for Reynolds numbers  less 
than 1.25 x 104, this region occupies less than 2% of 
the total surface area over the sphere. The extrapola-  
tion of the main  region solution to the equatorial  re- 
gion would therefore not result  in a significant error. 
The ma x i mum discrepancy would be less than 2%. 
Another  factor that  deserves consideration is the effect 
of the second order term, ~5, in the series expansion 
for the concentrat ion profile, Eq. [11]. Banks (11) has 
computed numerica l ly  the thermal  boundary  layers for 
Prandt l  numbers  between 0.7 and 1.0. His results in-  
dicate that  the contr ibut ion of r to the local flux 
at the surface is about 0.5%. For practical applications 
this difference is negligible. Perhaps of greater im- 
portance is the effect of neglecting the higher order 
terms of S c - '  in obtaining the diffusion solution. The 
Levich theory that  has been used as the zeroth order 
solution for the rotat ing sphere is subject to an error 
on the order of Sc -1/3 (20). Also, as shown in Eq. [35], 
the first order solution is made possible only by drop- 
ping the leading correction terms that  vary  inversely 
with the 1/3 power of the Schmidt number .  We would 
therefore expect that  the result  given in this analysis 
is subject  to an error on the order of Sc-1/3; for a 
typical l iquid system with a Schmidt number  of 1000, 
this would be about 10%. 

Based on the above discussions, we may conclude 
that  the diffusion solution expressed in the forms of Eq. 
[42]-[43] and [45]-[47] should give a reasonably ac- 
curate estimate of the mass t ransfer  rate to the rotat ing 
sphere. For electrochemical applications, these equa- 
tions should provide access to the quant i ta t ive  study 
of diffusion coefficients and reaction kinetics of elec- 
trode processes. 

Manuscript  submit ted Nov. 4, 1970; revised m a n u -  
script received ca. April  28, 1971. 

Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1972 
JOURNAL.  

LIST OF SYMBOLS 
a dimensionless constant, 0.51023 
b dimensionless constant, --0.61592 
C concentrat ion of diffusion species, g -mole /cm 3 
D diffusivity, cm2/sec 
F Faraday constant, coulomb/g-equiv  
Fi dimensionless meridional  velocity components 

defined by Eq. [9] 
fl dimensionless constant, --0.22129 
Gi dimensionless azimuthal  velocity components de- 

fined by Eq. [10] 
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gz dimensionless constant, 0.24765 
Hi dimensionless radial velocity components de- 

fined by Eq. [8] 
I current  density, A / c m  2 
i dummy index, 1, 2, 3 , . . .  
K mass t ransfer  coefficient defined in Eq. [40], cm/  

sec 
N average rate of mass flux at the electrode surface, 

g -mole /cm 2 sec 
n number  of electrons t ransferred in electrochemi- 

cal reactions, g -equiv /g-mole  
r radial  coordinate, cm 
ro radius of spherical electrode, cm 
Re Reynolds number  defined as ro2w/v dimensionless 
Sc Schmidt number  defined as v/D, dimensionless 
Sh Sherwood number  defined as Kro/D, dimension-  

less 
V velocity components, cm/sec 
Z dimensionless radial distance defined as Scl/3~ 

Greek Symbols 
5 boundary  layer thickness, cm 
~1 dimensionless radial distance defined as (~/v) 1/2 

( r  - r o )  
lati tude coordinate, rad 

v kinematic viscosity, cm2/sec 
4, dimensionless concentrat ion defined as (C -- C~)/ 

( C o -  C~) 
�9 ~ dimensionless concentrat ion defined by Eq. [ I l l  
r azimuthal  coordinate, rad 
~, angular  velocity, rad/sec 

Subscripts 
c concentrat ion boundary  layer 
D transfer  process on a rotat ing disk 
lim l imit ing current  process 
m momentum boundary  layer 
o electrode surface 
r radial  component 
0 meridional  component 

azimuthal  component  
~r bulk  of fluid 

Superscripts 
differentiation with respect to 
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Techn call 

Induced Osteogenesis by Electrical Stimulation 
Didya D. Levy 

Bioengineering Division, Polytechnic Institute of Brooklyn, Brooklyn, New York 11201 

The abili ty of bone to act as a t ransducing element, 
convert ing a mechanical  deformation into an electrical 
signal, is probably in part  responsible for its remodel-  
ing capability. By monitor ing the voltage response of 
cortical bone to a mechanical  step deformation, Becker, 
Bassett, and Bachman (1), and Cochran (2) have pro- 
vided a means for quant i ta t ive ly  invest igat ing the 
remodeling system of bone. These response curves can 
be fitted to an equation containing two exponential 
terms of the form 

V o ( t )  " -  V p ( t )  [ K  -~ (1  - -  K )  e - t / r 2  - -  e - t / r 1 ]  

where Vo is the output voltage of the system when 
loaded by a step deformation, Vp the peak voltage, K a 
d-c mult ipl icat ive factor, and rz and z2 the system's 
two t ime constants. In order to ascertain the resonant  
frequency of the system, i.e. the frequency at which 
the system response would be maximal,  the fitted re-  
sponse curve must  first be t ransferred to the Laplace 
domain where it has the form 

Ke y  words:  bone growth,  elec t r ica l  s t imula t ion ,  in v ivo  studies.  

Vo(S) -- Vp(S) [K/S + (1 -- K ) / ( S  + ~2) 
-- 1 / ( S  + Zl)] 

The system's t ransfer  function, defined as 

Vo(S) 
H (S) =- 

v,(s) 
has the form 

A S + B  
H(S)  = 

S 2 + CS + D 

where A, B, C, and D are obtainable from analysis and, 
for the curve cited in (1), have the values 19.34, 0.677, 
20.69, and 13.84 respectively (3). Subst i tut ing for S 
and squaring both sides, one can plot the square of the 
t ransfer  function vs. frequency and arr ive at a fre- 
quency value for which the system transfer  function 
is a maximum. Figure 1 i l lustrates this maxima as oc- 
curr ing at a frequency of approximately 4.5 rad/sec 
(0.7 Hz). Inasmuch as previous investigators have 
demonstrated an osteogenic response to s t imulat ion by 
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Fig. 1. System transfer function plotted on log-log scales as a 
function of input frequency. The transfer function is maximum at 
an input frequency of 4.5 rad/sec (about 0.7 Hz). 

a d-c (voltage) source (4-6), an effort was made to 
determine if this response could be improved upon by 
use of a pulsed d-c cur ren t  source operating at this 
frequency. 

Experimental Techniques 
Init ial  at tempts at using a un i junc t ion  transistor 

oscillator as a pulsing source proved to be unsat is-  
factory pr imar i ly  owing to its relat ively large size. An 
astable mul t iv ibra tor  (AMV) was then designed to 
meet the size and rel iabi l i ty  requirements  imposed by 
surgical considerations. The circuit, shown schematical-  
ly in Fig. 2, was encapsulated first in a clear epoxy and 
then in a pharmaceutical  grade beeswax to minimize 
toxicological effects. The driving electrodes were Teflon 
coated p la t inum-i r id ium.  

In  each instance a pulsing source was used to drive 
a bone, a control device was implanted  in the contra-  
lateral  bone. Control units, similar to the pulsing units  
in both shape and weight, were of two basic types: 
passive and d.c. These control uni ts  were fabricated of 
the same materials  as were the pulsing units  and, in the 

c 

Vin + 

Q2 :ap) i 7out 

. o  

(taP)2 (tap) 3 

case of the d-c control, operated at the same voltage 
level as was reported in the l i terature by O'Connor 
(4), Bassett (6), and Lavine (7), viz. 1-1.4V. 

Because of their  relat ively small  size, several of these 
units  could be implanted in the rib cage and femurs of 
a subject dog. Thus 48 devices (12 passive, 6 d.c., and 
20 AMV's) were implanted in  eight dogs. A typical 
sterile procedure involved making  an incision above 
the target femur, dissecting away the under ly ing  fascia, 
and exposing the biceps femoris. The surgical plane 
between it and the under ly ing  vastus lateralis was 
uncovered permit t ing rapid access to the femur  with 
a m i n i mum of trauma. An incision was made through 
the periosteum and a high-speed dri l l  with a number  
57 bit was used to dril l  two holes through the cortex. 
EIectrodes, extending midway  into the lumen,  were 
seated in these holes and the entire un i t  was then an-  
chored to the bone with a surgical silk (00). After  a 
four-day recovery period, the dogs were re turned to 
their kennels  where they were then free to func-  
tion normally.  

Active st imulators contained Teflon coated cable 
leads that  were extended through the skin of the sub- 
ject dog and could be connected to an oscilloscope 
where its operating mode could be cont inuously moni-  
tored. Typically, the output  characteristics of a pulsing 
source, monitored in vivo, were such that  the uni t  
fired a rec tangular  d-c pulse at a rate of 0.5 Hz, a 
pulsewidth of 5 msec, and a delivered peak current  of 
approximately 1 mA. The total  potential  drop between 
the two electrodes was on the order of 1.1V and so 

Fig. 3. Photomicrograph, at approximately 40 diameters, of a 
longitudinal section of a rib 2-10 mm from the point of electrode 
insertion. This section shows no unusual cellular activity despite 
the proximity of the passive control. 

Fig. 2. A schematic representation of an AMV. The three taps 
were used to note potential drops across two portions of the circuit 
and, in so doing, provide information on the amount of energy 
delivered to the bone. The potential drop from paints 3 to 1 
(through the bone) is the difference between the drop from I to 2 
and fr6m 2 to 3. The current through the bone is equal to the 
drop from 2 to 3 divided by the known resistance R3. The prod- 
uct of these two values is approximately the energy input to the 
bone; total energy input being this value multiplied by the prod- 
uct of pulsewidth, firing rate, and total time in operation. 

Fig. 4a. A longitudinal section through a rib at X40 showing 
the cortex and a portion of the lumen. No cellular activity is evi- 
dent on the periosteal surface. There is, however, some activ- 
ity along a portion of the endosteal surface. 
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Fig. 4b. A longitudinal section through a rib at X40 (above, left) 
illustrating a "good" osteogenic reaction on the periosteal surface. 
At XI00 (above, right), the distribution of osteoblasts and the 
formation of new bone is clearly evident. This activity is seen in 
greater detail at X450 (left) where some osteoblasts have already 
become entrapped within the newly formed bone matrix and are 
presumably functioning as osteocytes. 

Fig. 5a. Photomicrographs at X40 (left) of a cross section through a femur driven by an AMV. The entire marrow space is filled with 
a dense mesh-like array of trabecula. This callus extended 5-6 cm in either direction from the point of stimulation. Detail at XIO0 
(right) illustrates the process of laying down more new bone, increasing the trabecula thickness, is proceeding at a rapid pace. 

the total  energy del ivered to the tissue during the two-  
week  durat ion of an exper iment  was approximate ly  
3.3W-sec. D-C voltage sources similar  to those cited 
previously del ivered approximate ly  144 W-sec during 
a like period. 

Results and  Conclusions 
The use of passive control devices established that  

no significant histological changes were  caused by the 
t rauma associated with dri l l ing through the cortices of 
bones and the subsequent  electrode emplacement  in 
these holes (Fig. 3) .  

In most instances where  a d-c device was used to 
st imulate bone, there  were  no gross changes visible 
on the outer  surface of the bone. There were, however,  
some changes in the mar row space that  were  charac-  
terized by variat ions in color and texture.  Microscopic 
observations indicated that  results were  not consistent 

and could not necessarily be correlated with  ei ther 
total energy input or implant  location. There was, 
though, a definite osteogenic response in every  in- 
stance that  a d-c device was used. These responses 
var ied from no apparent  response on ei ther the peri-  
osteal (outer) or endosteal  ( inner)  cortical  surface 
(Fig. 4a) to a considerable response on the periosteal  
surface and a good response in the medulla  (Fig. 4b). 

The response of bone to pulsed st imulat ion was con- 
sistent. Tissue reaction occurred in the central  lumen 
(Fig. 5a) and on both the periosteal  and endosteal sur-  
faces (Fig. 5b). Newly  formed bone appeared most 
often as a consequence of direct osteoblastic activity 
al though in several  instances new bone was noted as 
forming from a cart i lagenous precursor  (Fig. 6). 

A summary  of the tissue response evoked by a d-c 
source vis-a-vis a non-d-c  source in the contralateral  
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Fig. 5b. A cross section taken through a rib at X40 (above, left) 
after 2 weeks of stimulation. The mass of new bone formed 
along the periosteal surface has more than doubled the original 
cortical thickness. The section, shown in greater detail at Xi00 
(above, right) and X450 (left) illustrates how quickly the new 
matrix has developed. 

Fig. 6. Photomicrograph of a longitudinal section through a 
femur illustrating the development of a matrix containing both 
cartilagenous and bony regions. At 40 diameters (above, left) the 
cartilagenous region appears as a lightly stained area. The dis- 
tinction between chondroblast (cartilage producing cell) and os- 
teoblast (bone producing cell) is lost in the interface between 
the two regions (above, right). This transition zone in shown in 
greater detail at X450 (left). 

bone is offered in Table I. The cri terion for judging 
the qual i ta t ive  tissue response was based upon the 
total  area of newly  formed bone when s l ide-mounted 
samples were  analyzed. Of the five sets of data pre-  

sented in the table, there was only one instance of a 
considerable osteogenic response to d-c stimulation. In 
almost every  instance where  contra la tera l  sections 
were  compared, more bone was laid down in response 
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Table I. Response of contralateral bones to both d-c and 
pulsed stimulation 

Osci l -  Repe t i -  Pu l se  O p e r a t i n g  E n e r g y  
U n i t  l a to r  t ion  r a t e  w i d t h  t i m e  T issue  i n p u t  

l oca t ion  class  (Hz) (msec) (days) r e sponse  (W-sec) 

Rt.  8 r i b  d.c. -- -- 14 cons ide r ab l e  180 
Lt .  8 r i b  A M V  0.5 0.6 3 good  0.16 
Rt.  11 r ib  d,c. -- -- 14 m i n i m a l  144 
Lt .  11 r i b  AMV 0.48 1.7 7 good 1.1 
Lt .  12 r i b  d.c. -- -- 17 m i n i m a l  2160 
Rt.  12 r i b  AMV 0.45 1.5 17 cons ide r ab l e  0.57 
Rt. 9 r i b  d.c. -- -- 17 m i n i m a l  2160 
Lt.  9 r i b  A M V  0.5 1.5 17 cons ide r ab l e  0.64 
Lt .  f e m u r  d.c. -- -- l0  some 108 
Rt .  f e m u r  AMV 1.2 5 5 c o n s i d e r a b l e  0.22 

to pulsed s t imulat ion than to d-c s t imulat ion despite 
the fact that the total energy delivered to the bone by 
a d-c source was as much as 3800 times greater than 
the energy delivered by a pulsing source. Thus on the 
basis of data obtained dur ing these experiments,  it 
seems reasonable to conclude that a greater osteogenic 
response can be elicited by a pulsing source than by a 
d-c source. 
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Correction 
In the paper "A New Technique for Invest igat ing 

the Electrochemical Behavior of Electroless Plat ing 
Baths and the Mechanism of Electroless Nickel P la t -  
ing," by N. Feldstein and T. S. Lancsek which ap- 
peared on pp. 869-874 in  the June  1971 JOURNAL, 

Vol. 118, No. 6, on p. 872 the Tafel slope should read: 

naF dtni 

RT dE 

In  the paper "Concentrat ion Reversion in Potent io-  
static Electrode Kinetics," by C. A. Johnson, S. Barn-  
artt, and F. D. Glasser which appeared on pp. 576-580 

in the Apri l  1971 JOURNAL, u 118, No. 4, on p. 579 
the numerica l  listings in columns 11 and 12 of Table II 
were transposed. The table should read: 

Table II. Potentiostatic reactions exhibiting concentration reversion. Cylindrical electrodes 

Test Dz DB cz o CB o io, 
No. c m  2 sec-1 • 10 ~ m o l  cm -~ • 105 m A c m  ~2 ~ 7, m V  

1 1 

aXB akY 
u , m m  * ** tin. s ec  

A t  tm 

- -  UY UB i ~ t ~  

1 4 0.4 5 1 

2 4 0.4 5 1 
3 0.4 4 0,5 1 
4 0.4 4 1 1 

5 5 0.5 i0  1 

6 5 0,5 l0  1 

7 0.5 5 10 1 

8 0.5 5 5 0.5 

G r o u p  I :  F i r s t - o r d e r  r e a c t i o n s  (y = ~ = b = ~) 

1 0.5 10 0.1356 0.346 35.6 

1 0.5 40 0.2045 0.411 114. 
0.1 0.5 10 0.2 0.794 790, 

1 0.5 10 0.0827 0.384 16. 

G r o u p  I I :  R e a c t i o n s  second  o rde r  i n  Y (y = n = 2, b = p = 1) 

1 0.5 30 1.0 0.310 1200. 

3 0.25 20 0.1 0.475 29.6 

0.4 0.5 20 1.0 0,277 2070. 

3 0.75 30 0.1 0.224 16.3 

0.01327 0.324 0.279 

0.0914 2.31 0.268 

0.210 0.01729 0.313 
0.206 0.0415 0.273 

0.1791 4.27 0.182 

0.0797 2.08 0.252 

0.317 0.316 0.239 

0.414 0.416 0.229 

* Compare ~/Dy/DB -- 1 = 2.16. ** Compare ~/Da/Du -- 1 = 2.16. 
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ABSTRACT 

This paper reports  the effect of the concentrat ion of the complexing agent 
in an etching solution on the etch rate and surface morphology.  The {100} 
surface of germanium was etched in a solution of the basic composition 
X:H202:H20 in the volume ratio 1:1:4, where  X was tartaric,  acetic, citric, 
oxalic, HC1 and HF acids, and mannitol .  There  was no change in the shape or 
orientat ion of the etch figures with var ia t ion of the type or orientat ion of the 
complexants.  It was found that  the etch rate was a function of the concen- 
trat ion of the complexant  when the concentrat ion of the oxidizing agent was 
held constant. The variat ion in etch rates and activation energies wi th  the 
complexing agent concentration indicated that  the reactions are diffusion con- 
trolled. A model  is proposed for the crystal-solut ion interface which is con- 
sistent with the in terdependence of the etch rates and the complexing ratio of 
the germanium. 

The rapid development  of the solid-state device in-  
dustry in the decades of the  1950's and 60's was also 
accompanied by a mult i fold increase in the number  
and types of chemical  etchants and polishes available 
for the resul tant  modern  materials.  The etchants and 
polishes are used not only for defect characterizat ion 
and removing  damaged layers, but also for prepar ing 
surfaces for or ientat ion by optical goniometric tech- 
niques and thinning for transmission electron micros- 
copy. In the case of e lemental  semiconductors, almost 
every  etchant consists of two basic components and 
usually a third:  (a) an oxidizing agent to place the 
surface atoms in a state suitable for being taken into 
solution; (b) a complexing agent to take the species 
into solution; and (c) usually a modifier. On the 
basis of these functions, two major  etching systems 
have been developed for  germanium. One is based 
on the use of HNO3 as the oxidizing agent, and the 
second u s e s  H 2 0 2 .  The system Ge:HNO3:complexan t  
has been studied by several  invest igators in order to 
de termine  the etching mechanisms (1-4). An  example  
of a pol ish-etchant  in this system is CP-4A [HF: HNO3: 
acetic acid (3:5:3)] .  In this case both HF and acetic 
acid are reported to act as complexing agents. This 
system is character ized by high etch rates and act iva-  
tion energies, and var iable  induction periods making 
basic mechanism studies difficult. The system Ge :HF:  
H 2 0 2  has  also been studied by numerous approaches 
in order to de termine  the effects of various parameters  
on the etching characteristics. Two separate reaction 

* Electrochemical  Society Active Member.  
** Electrochemical  Society Student  Member.  
1Present  address: Autonetics Division of North Amer ican  Rock- 

well Corporation, A n a h e i m ,  California. 
~Present  address: College of Engineering,  Univers i ty  of South 

Carolina, Columbia, S.C. 29208. 
Also affiliated w i t h  the  Depar tmen t  of Geochemis t ry  and Min- 

eralogy. 
Key  words:  mechanism,  hydrogen  peroxide,  act ivation energy,  

morpilology, etch pits. 

schemes have been proposed for the oxidation processes 
in hydrogen peroxide solution. One is based on the 
oxidation of Ge to the d iva lent  state in the form of 
GeO and fur ther  oxidation to the te t rava len t  state 
(5-7), whereas  the second involves the formation of 
Ge(OH)2 + + at the surface and dissolution as H2GeO8 
(8, 9). Nei ther  of these react ion schemes has been able 
to ascribe a general  role to the complexing and oxidiz- 
ing agents in etching processes. Faust  (4) studied the 
reaction rates and the effect on the surface morphology 
of several  oxidizing and complexing agents common to 
the HNO3 and H202 etching systems. He found that  the 
oxidizing agent controlled the mode of attack, i.e. the 
initial development,  shape, and orientat ion of the etch 
figures, whereas  the rate  of at tack var ied with the type 
of complexing agent present  in the solution. Since the 
shape and orientat ion of the pits appeared to be con- 
stant for a given oxidizing agent, it was decided to 
examine  the var ia t ion of etching behavior  wi th  the 
type and concentrat ion of the complexing agents in the  
solution. 

Sample Preparation and Experimental Procedures 
The samples used in this study were  cut from an 

ingot of approximate ly  40 ohm-cm resist ivi ty wi th  the 
major  crystal lographic orientat ion paral le l  to the {100} 
planes. The samples were  cut into rectangles measur-  
ing approximate ly  12 mm x 6 mm x 3 mm in order to 
minimize  the effects of etch rates on the side areas 
with respect to those on the main face area. Af te r  
being cut on an abrasive string saw using a SiC slurry, 
the samples were  then lapped in a water  s lurry  of 5~ 
Alundum on a glass flat unti l  the surface was uni form-  
ly mat ted and the damaged mater ia l  f rom the cutt ing 
processes had been removed.  The samples were  then 
pre-e tched in the etchant  to be studied to remove  the 
damaged layer  produced by the mechanical  processes 
discussed above (3). 
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The base etchant used in this investigation was the 
Superoxol etch developed by Theurer  (10). The 
etchant has the following composition: 48% HF:30% 
H202:H20 in a volume ratio of 1: 1:4. The complexing 
agents used were oxalic, citric, acetic, tartaric, hydro-  
chloric, and hydrofluoric acids, and mannitol .  In each 
case the oxidizing agent was 30% H202. The reference 
state for the concentrat ion of the complexing agents 
was chosen to be a 0.75 molar  solution of oxalic acid. 
This concentrat ion was selected since oxalic acid is the 
least soluble of the above reagents in distilled water. 
A saturated solution at 15~ contains 0.75 moles of the 
acid per liter. The complexing agents were added in 
the ratio shown above, i.e. 1 part  of a 0.75M solution 
of oxalic: 1 part  of 30% H 2 0 2 : 4  parts of water. The 
chemicals used in the etchants were reagent grade and 
were prepared by dilution of saturated solutions at 
room temperature.  Distilled water  was used through-  
out the s tudy for dilutions, etchant  components, and 
washing of samples. The reagents were stored sepa- 
rately in polyethylene bottles unt i l  one hour before 
use. The etchant was then mixed in quanti t ies large 
enough for a complete run  and placed in the tempera-  
ture bath. Camp (6) found that solutions stored this 
way are stable for long periods of time; however, in 
this study they were used within 24 hr of mixing. 

The etching was carried out in a constant tempera-  
ture bath with the tempera ture  controlled to •176 
The etch rates were measured at five temperatures  
between room tempera ture  and 70~ The temperatures  
were read at the start and finish of each run;  in each 
system the reactions did not change the temperature  
of the solution more than one degree contigrade. Fresh 
solutions of the etchants were used for each run  and 
were allowed to equil ibrate thermal ly  with the bath 
before each run. The surface area of the sample to 
solut ion-volume ratio was approximately 2 cm2:600 ml. 

The variat ion in etch rate with mechanical  motion 
of the sample in the solution was minimized by rapid 
agitation of the sample in a perforated Teflon basket 
up and down in the beaker. It was found that the ratio 
increased with increased movement  of the sample, as 
would be expected, and leveled off at approximately 
three movements  per second over a distance of 3.5 cm. 
Teflon was used since some metal  ions present in other 
plastics catalytical ly decompose H202. 

Results and Discussion 
The etch rate data for the Ge:complexing agent: 

H202:H20 systems are shown in Fig. 1-6 as a function 
of the concentrat ion of the following complexing 
agents: oxalic acid, acetic acid, tartaric acid, citric 
acid, HC1, HF, and mannitol ,  respectively. The data 
shown are for the {100} surface. The reaction rates on 
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Fig. 1. Plot of the etch rates vs. rnolority of tar tar ic  acid and 
rnannitol in the etchant at 20~ The points on the right hand 
line ore for a saturated solution. 
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Fig. 2. Plot of the etch rates vs. molarity of oxalic acid, citric 
acid,HCI, HF, and acetic acid in the etchant at 20~ The points 
an the right hand line are for a saturated solution. 
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Fig. 3. Plot of the etch rates vs. molarity of tartaric acid and 
mannitol in the etchant at 40~ The points on the right hand 
line are for a saturated solution. 
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Fig. 4. Plot of the etch rates vs. molarity of oxalic acid, citric 
acid, HCI, HF, and acetic acid in the etchant at 40~ The points 
on the right hand line are for a saturated solution. 

the {110} and {111} surfaces were not measured since 
the relationship between the rates on the major  crys- 
tallographic surfaces have been thoroughly invest i-  
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Fig. 5. Plot of the etch rates vs .  molarity of tartaric acid and 
mannitol  in the etchant at  60~  The points on the right hand 
line are for a saturated solution. 
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Fig. 6. Plot of the etch rates vs. molarity of oxalic acid, citric 
acid, HCI, HF, and acetic acid in the etchant of 60~ The points 
on the right hand line are far a saturated solution. 

gated. Camp (6) has shown that in the system 
Ge:HF:H202:H20 plots of the etch rate as a function 
of 1/T for the three surfaces had similar slopes, but  
the {110} and {111) surfaces had slightly lower rates�9 
The rates shown in the plots are for 20 ~ 40 ~ and 60~ 
In general  the rates were measured at five tempera-  
tures between room temperature  and 60~ However, 
for simplicity, the complete data are not shown. 

Microscopic examinat ion of the surfaces showed that 
there was no variat ion in the shape or orientat ion of 
the etch figures between the types of complexing 
agents or over the range in concentrat ions as was 
predicted by Faust  (4). 

The most s tr iking feature of the plots of the etch 
rate as a function of the concentrat ion of the complex- 
ing agent is the leveling off of the rate between 0.3 
and 0.4M solutions at a given temperature  in the sys- 
tems containing tartaric acid and manni to l  and ap- 
proximately  0.7M in the oxalate, citrate, HC1, acetate, 
and HF systems. Several investigators have shown that 
in aqueous solutions with low pH values, tartaric acid 
reacts with germanium to form a complex with a 
ta r t ra te - to-Ge ratio of 1: 1. Using potentiometric t i t ra-  
tions and conductivi ty measurements  Pflugmacher and 
Rohrmann  (11) were able to show that  the complex 
formed in aqueous GeO2 solutions in a strong mona-  
basic acid contained one germanium to one hydroxy-  
acid molecule. In  aqueous solutions Gmelin  (12) sug- 

gests that GeO2 reacts with water as follows 

GeO2 + H20 ~ H2GeO~ (aq) [1] 

This suggests that the tar t rate  radical would then react 
with metagermanic acid. Using ion-exchange tech- 
niques Everest and Salmon (13) were able to confirm 
the presence of HGeO3- in low pH solutions when  GeO2 
was dissolved in water. Vartapet ian (14) suggested that  
a complex of the type GeO [O2CCH (OH) CH (OH) CO2H ] 
is formed in acid media, and was able to isolate the 
pyridine salt GeC4OTH4 in a crystal l ine form from the 
solution. The 1:1 complexing ratio was later verified 
by Vartapetian and Tchakir ian (15) and Mattock (16). 
In an etching system one would expect that  at a given 
concentration (since there is a 1:1 complexing ratio) 
when a state is reached where for every germanium 
atom dissolving there was one tar t rate  radical present 
at the crystal-solut ion interface, the etch rate would 
approach a constant value. This constant rate should 
not change if fur ther  amounts  of tartaric acid were 
present in the solution. Looking at Fig. 1, 3, and 5, we 
can see that  this behavior is observed. These rates, 
however, are significantly lower than those reported 
by Faust  (4) even though the activation energies at 
concentrations in this saturated range compare favor- 
ably with those reported in the same study. This ap- 
parent  increase in rate at the higher concentrations of 
tartaric acid might be related to the change in com- 
plexing ratio with increasing amounts  of acid re- 
ported by Everest  and Harr ison (17). They reported 
that in concentrated solutions the complexes formed 
were of the type GexTrz-1, where X ~ 5. 

The complexing ratio of manni to l  to monogermanic 
acid in very dilute solutions of low pH was reported to 
be 1:1 (18). Therefore we would expect the etch rate 
vs. concentrat ion curves to be in a form similar to 
those of tartaric acid. Looking at Fig. 1, 3, and 5, one 
can see that indeed this behavior  is observed. 

If the complexing ratio changed to a value of 2:1 
(complexant :Ge)  then one would expect the rate 
curves to level out at a higher concentrat ion of the 
complexant  in the solution. The curves for citric, oxalic, 
hydrochloric, hydrofluoric, and acetic acids all exhibit  
this behavior as can be seen in Fig. 2, 4, and 6. Citric 
acid was reported by Clark and Waddams (19) to 
complex germanium in a ratio of 2 citrates: 1 germani-  
um. Their  conclusions were based on conductivity, 
polarimetric, and pH measurements.  The chemistry of 
germanium in oxalic acid solutions has been studied 
by several investigators (20-24). The results of these 
studies show that the complex that is present  in the 
solution is highly dependent  on the pH of the solution 
and the oxalate concentration. Douvi]le et al. (23) con- 
cluded, from comparison of IR spectra of solutions con- 
taining germanium and oxalic acid with known oxalate 
complexes, that in acidic media the complexes are com- 
posed of te t ravalent  Ge. Other authors (20-22) have 
suggested that when germanium is in solutions con- 
taining compounds with two adjacent hydroxyl  or 
carbonyl  groups, the complexes take one of the follow- 
ing forms: H2Ge(C204)3; Ge(C204)2 or GeO(C204) �9 
xH20. More recent investigations by Everest (24) have 
indicated that in solutions of oxalate concentrations 
below a pH of 3, a complex of the type [GEO(C204)2] 2- 
forms; whereas in high oxalate concentrations, the 
complexes were of the type [Ge(C202)4] 2-. Johnson 
(25) has reported the existence of GeOC12. The ob- 
served rate data shown in Fig. 2, 4, and 6, indicate that  
this complexing ratio is reasonable for hydrochloric 
acid when compared to that  observed in the 1:1 and 
2:1 complexing ratios discussed above. Although it has 
not been possible to identify the fluoride complex of 
germanium in aqueous solutions, the etch rate data 
exhibit  the same behavior as the hydrochloric acid 
curves, suggesting that  the fluorine is complexed with 
the Ge in a ratio of 2: 1. If it is completely analogous 
to the chloride case, one might expect it to be in the 
form GeOF2. 
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Fig. 7. Plat of the activation energy vs. molarity of the corn- 
plexing agents in the etchant. 

The curves for acetic acid, Fig. 2, 4, and 6, leveled 
off between 0.7 and 0.8M, suggesting a complex with a 
ratio of 2: 1, although germanium-aceta te  complexes 
have not been reported in the li terature. Some difficulty 
was noted in this system in obtaining consistent rate 
data when using solutions that  were not fresh (i.e. 
older than 48 hr) .  

The etch rates presented in the data above are 
slightly lower than those presented by other invest i-  
gators working in similar systems. This variat ion is 
normal  in etch rate studies due to the numerous  fac- 
tors that can affect the rates such as surface area 
determination,  resistivity, dislocation density, degree 
of agitation, temperature  control and measurement,  
etc. The germanium crystals used in this study had an 
impur i ty  content of less than  1 ppm and the disloca- 
tion density was less than 50 per cm 2. Both of these 
are very  low and may  possibly be a major  factor to 
the lower rates. 

The activation energies determined from the etch 
rates are plotted as a function of concentrat ion in Fig. 
7 for the systems discussed above. In  each case the 
plots of the activation energy as a function of the 
concentrat ion leveled off at approximately the same 
concentrat ion as the rates did. Laidler (26) has sepa- 
rated the reaction mechanisms on solid surfaces for 
heterogeneous reactions into five consecutive steps: 

1. Volume diffusions of the reacting species to the 
surface. 

2. Adsorption of the species on the surface. 
3. Reaction on the surface. 
4. Desorption of the reaction products. 
5. Volume diffusion of the products from the surface. 

The activation energy calculated from comparison of 
the etch rates at two different temperatures  using the 
Arrhenius  equation is that  for the slowest step in the 
reaction sequence above. Abramson and King (27) 
have suggested that the general  l imit for the diffusion 
controlled reactions is 10 kcal /mole or less, between 
10 and 20 kcal /mole for the adsorption or desorption 
steps, and surface reactivi ty controlled reactions great-  
er than 25 kcal/mole.  All  of the activation energies 
calculated in this study are well within the range of 
diffusion controlled reactions. The sensitivity of the 
etch rate to the degree of agitation of the solution, 
along with the observed dependence of the etch rate 
on concentrat ion support the diffusion-controlled re- 
action mechanisms. 

It would be tempting to relate the variat ion in acti- 
vation energy at the lower concentrat ions of the corn- 

plexing agents to the na ture  of the activated com- 
plexes; however, the present  knowledge about the re- 
acting species and over-al l  chemistry of the solutions 
does not permit  this. Once the interface is "saturated," 
i.e. for every germanium that  is dissolved there is one 
or more (depending on the complexing ratio) com- 
plexing species present  at the interface, then the acti- 
vation energies observed can be used for purposes of 
comparison between systems and reaction mechanisms 
determined. It must  be remembered,  however, that the 
measured activation energies are "apparent"  (i.e. they 
are undoubtedly  a sum of several steps ra ther  than 
the actual activation energy for a single step.) 

It  is interest ing to note that  in the system 
Ge:HF:H202:H20 (Fig. 2, 4, and 6), there was no var i -  
ation in activation energy within  temperature  ranges 
as had been noted by Camp (6). Camp found that  the 
activation energy for the (100) surface in this system 
(using concentrated reagents) was approximately 13.6 
kcal /mole below room temperature,  whereas above 
room temperature  it was approximately 8.6 kcal/mole. 
This observation was verified in this study when  using 
48% HF and 30% H202; however, when  using dilute 
HF solutions the effect was not present. The activation 
energies reported by Camp for the upper  temperature  
region are in the same range as those determined in 
this study, therefore corroborating his suggestion that 
the reactions are diffusion controlled above 20~ 

Summary and Conclusions 
It has been found that  under  carefully controlled 

conditions, the etch rate of germanium in etchants 
composed of X:30% H202:H20 (1:1:4) (where X is 
HC1, HF, acetic, citric, oxalic, and tartaric acids, and 
manni to l )  is a funct ion of the complexing agent. 

The dependence of the etch rate on the st irr ing rate 
of the solution, the parabolic behavior of the etch rate 
as a function of concentration, and the range in values 
of activation energies for the reactions strongly indi-  
cate that the etching processes are diffusion controlled. 

Based on the results reported here and those by 
others, the following sequence for germanium etched in 
peroxide based solutions is suggested 

2H202 "-> H302 + -~- O 2 H -  [3] 

which provides the peroxide ion for the oxidation step 
with the holes coming from the valence band  of the 
germanium. 

Ge q- O2H- -F- H20 -~- 2e + -> Ge(OH)~ ++ ~ O H -  

surface [4] 

The hydroxyl  complex formed above then is desorbed 
from the surface and reacts with water  

Ge(OH)2 + + + H20 ~ H2GeOa(aq) + 2H + [5] 

solution 

to form metagermanic  acid. The metagermanic  acid 
then reacts with the complexant.  In  the case of hydro-  
chloric acid the reaction would be 

H2GeO3 ~- 2HCl ~ GeOCl2(aq) q- 2H20 [6] 

to form the germanium oxychloride species as the final 
reaction products. 

A model is proposed for the crystal-solut ion in ter -  
face whereby the etch rate of the mater ial  is a func-  
t ion of the concentrat ion (specifically the number  of 
complexing ions at the interface) of the complexing 
agent in the solution. The increase in rate of dissolu- 
t ion as the concentrat ion of the complexant  is in-  
creased is probably due to the increased availabi l i ty 
of reactants. The rate continues to increase parabolic-  
ally until ,  as in the case of a 1:1 complexing ratio, 
there is a complexing ion present at the crystal-solut ion 
interface for every germanium ion formed at the sur-  
face. In  the case of a 2:1 complexing ratio, the con- 
centrat ion at which the rate becomes constant  is just  
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twice that observed for a 1:1 complex. This model 
predicts then that  once this constant, or the "saturated" 
zone is reached, the rate will remain  constant  no mat-  
ter how much addit ional complexant  is present  in the 
solution. This behavior  was observed in the system~ 
studied. 

It is fur ther  suggested from the rate data that  the 
rate controll ing step is the diffusion of the final reac- 
tion products from the interface. 
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Ionic Conduction in Calcium Doped 
Polycrystalline Lithium Iodide 

Carl R. Schlaikjer* and Charles C. Liang* 
P. R. Mallory & Company, Inc., Laboratory for Physical Science, 

Northwest Industrial Park, Burlington, Massachusetts 01803 

ABSTRACT 

The ionic conductivi ty of polycrystal l ine l i th ium iodide containing 0 to 3% 
(mole) calcium iodide was studmd at temperatures  between --30 ~ and 130~ 
The conductivi ty increased l inear ly  with the concentrat ion of calcium iodide, 
and it was concluded that the introduction of calcium ions to the l i th ium 
iodide crystals induced Schottky defects. The activation energy for the ionic 
conduction process of 9.96 kcal /mole agreed well  with the value obtained by 
other investigators. The electronic conductivi ty of the calcium doped l i thium 
iodide polycrystals was negligible compared to the ionic conductivity.  

In view of the recent developments in high voltage 
solid-state bat tery  systems (1, 2), l i th ium iodide has 
received a great deal of at tention as a solid electrolyte 
material.  Its compatibil i ty with the intr insical ly  high 
voltage anode mater ial  l i thium, and the extremely low 
electronic conductivi ty of l i th ium iodide made it pos- 
sible to develop high voltage solid state bat tery sys- 
tems such as L i /L i I /AgI  (1,2).  The relat ively low 
ionic conductivi ty of l i th ium iodide electrolyte (10 -7 
ohm -1 cm -1 at 25~ made necessary the fabricatio~ 
of thin film, low capacity L i /L i I /AgI  cells in order to 
obtain useful current  densities. However, if the con- 
ductivi ty of l i th ium iodide could be increased sub- 
stantially, cells with higher capacity a n d  thicker elec- 
trolyte layers could be produced by the conventional  
fabrication techniques ra ther  than the vacuum deposi- 
t ion techniques as reported previously (1, 2). 

The formation of crystal defects in l i th ium halides 
by the addition of minute  quanti t ies of higher valent  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r a s :  S c n o t t K y  de fec t s ,  ion ic  c o n d u c t i v i t y ,  so l id  e l ec t ro ly t e s ,  

l i t h i u m  iod ide ,  c a l c i u m  iod ide .  

cations has been shown to increase the ionic conduc- 
t ivi ty (3). Magnesium doped l i th ium iodide was ex- 
amined recently by Jackson and Young (4) who 
studied the Schottky disorder in l i th ium iodide single 
crystals and observed an increase in the ionic con- 
ductivity. The present work was under taken  to study 
the conductivi ty of polycrystal l ine l i th ium iodide with 
the inclusion of various quanti t ies  of calcium iodide 
in the crystal structure.  

Experimental Techniques 
The preparation of anhydrous lithium iodide.--Fisher 

reagent  grade chemicals were used in the preparat ion 
of l i th ium iodide. Li th ium carbonate was prepared by 
adding a 20 mole per cent (m/o)  excess of ammonium 
bicarbonate solution to a l i th ium hydroxide solution. 
It was filtered and dried at 200 ~ C for several hours. 

Hydriodic acid was distilled under  an argon atmo- 
sphere. After  the distillation, the acid was treated with 
an excess of l i th ium carbonate through a long tube 
located at the top of the distillate flask. The carbon 
dioxide generated from the reaction and the argon gas 
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present in the flask protected the acid f rom the a tmo-  
sphere unti l  an excess of carbonate was added. 

Immedia te ly  after the excess of l i thium carbonate 
had been filtered, the l i thium iodide solution was 
placed in a vacuum oven and heated to 85~ unti l  
solid. The remaining wate r  in the crystals was re-  
moved by heat ing in a vacuum oven at 120~ over -  
night. The l i thium iodide was then t ransferred under  
dry carbon dioxide to a Vacuum Atmospheres  dry box 
(less than 15 ppm H20).  Analyses of the l i thium iodide 
showed that the iodide content  was as expected for 
anhydrous l i thium iodide, and no excess of alkali  was 
found in the sample. The l i thium iodide so prepared 
could be fused in the dry box wi thout  decomposition 
or discoloration. 

The preparation of calcium doped l i thium iodide.--  
Mallinckrodt  CaI2.2H20 was dehydrated by heating 
under  vacuum in an evacuated flask first at 100~ for 
several  hours then at 300~ for about 3 hr. The cal- 
c ium iodide was t ransferred to the drs' box in the 
flask. Analysis of the iodide present  showed that  it was 
anhydrous. 

A powder mix ture  of the anhydrous l i thium iodide 
and the anhydrous calcium iodide in a mole ratio of 
10 to 1 was blended, fused at 600~ quenched to 
ambient  temperature ,  and pulverized. This powder  
was used to prepare  fur ther  dilutions with l i thium 
iodide. Samples  of l i thium iodide containing 0.2 m / o  
to 3 m / o  of calcium iodide were  prepared from the 10 
to 1 stock by similar fusion and quenching processes. 

The conduct iv i ty  measuremen t s . - -The  calcium doped 
l i thium iodide samples were  pulverized in a Fisher 
mechanical  grinding apparatus  for 30 min and annealed 
at 150~ for 30 min. 

Pel let  samples were  prepared by pressing the powder 
in a 7/16" diameter  steel die under  a pressure of 66,500 
psi with l i thium electrodes incorporated on both sides 
of the pellet. Samples for the conductivi ty measure-  
ments  at different tempera tures  were  hermet ica l ly  
sealed in meta l -ceramic  cell cases and equil ibrated in 
a Tenney constant t empera ture  chamber  unti l  readings 
changed by no more than 2% over a ha l f -hour  period. 

Conduct ivi ty  measurements  were  made with  square 
wave excitat ion from 1 to 10 kHz of a bridge con- 
structed f rom Helipot precision potentiometers.  A 
Tektronix  Type E differential  preamplif ier  made pos- 
sible the application of only 3 mV peak to peak to the 
sample. The reproducibi l i ty  of measurements  was 
within •  

The determination of the lattice parameter . - -Debye-  
Scherrer  powder  pat terns of l i thium iodide containing 
various amounts  of calcium iodide were  obtained at 
room tempera ture  immedia te ly  after  annealing using 
conventional  techniques with CuK~ radiation. 

The lattice parameter  of each sample was obtained 
by the Nelson-Riley extrapolation.  The uncer ta inty  in 
the results was about • A precision camera 
was not used to reduce this uncer ta in ty  because of the 
ex t reme air sensit ivity of the samples. 

The characteristics of the electrochemical cel l . - -  
Mallinckrodt  silver iodide was used as the cathode 
material .  It was dried at 160~ for about 16 hr  before 
use. Metz fine silver powder  was used to form the 
cathode current  collector. Li th ium iodide containing 
calcium iodide was the electrolyte  mater ia l  and Foote 
l i thium ribbon was used as the anode. 

The L i / L i I ( C a I 2 ) / A g I  solid e lectrolyte  cells were  
fabricated by pressing the cathode current  collector, 
the cathode, the electrolyte,  and the anode in a 7/16 in. 
die under  a pressure of 66,500 psi. 

The cell voltages under  open circuit  and various 
discharge current  densities were measured by means 
of a Kei th ley  610B elect rometer  and recorded by a 
Varian 14A strip chart  recorder.  

Results 
The inclusion of calcium iodide caused a substantial  

increase in the conduct ivi ty  of the polycrystal l ine 

-o2o 
X 

T~ 6 
E 
o 

E 
ol 2 

2 
N 8  
t--- 

-'1 
D 
: ' 4  
O 

' ' ' ' I I 

0 

- ,c" 

b 

O (  , I I 

0 I 2 5 
CONCENTRATION OF Col 2 , m o l e %  

Fig. 1. The conductivity of lithium iodide as a function of the 
concentration of calcium iodide at 28 ~ • 0.5~ (a) Freshly an- 
nealed at 150~ for 30 min, (b) 500 hr after annealing, and (c) 
based on the calculated mobility of the cation vacancy. 

l i thium iodide. F igure  la  shows that  the conductivi ty 
of l i thium iodide increased l inearly with the concen- 
t ra t ion of calcium iodide up to 1 m/o.  An amount  of 
0.2 m / o  of calcium iodide increased the conduct ivi ty  at 
28 ~ +_ 0.5~ from 4.5 x 10 -7 ohm -1 cm -1 to 2.3 x 10 -6 
ohm -1 cm -1. As the concentrat ion of calcium iodide 
reached 1 m/o,  the conduct ivi ty  of the polycrystal l ine 
mat r ix  was as high as 1.2 x 10 -5 ohm -1 cm -1. 

It was found that  the conduct ivi ty  of l i thium iodide 
containing 0.4 m / o  or more calcium iodide decreased 
substantial ly as a function of t ime after annealing at 
150~ for 30 rain. It reached a constant value of about 
2.6 x 10 -6 o h m - '  cm -1 at 28 ~ • 0.5~ af ter  about 500 
hr  regardless of the initial calcium iodide concentration. 
The data of Fig. la  represent  the conductivi ty of the 
samples at 28 ~ ~_ 0.5~ measured as soon as possible 
after quenching from 150~ while those of Fig. lb 
represent  the conduct ivi ty  of the samples at 28 ~ • 0.5~ 
measured long after  quenching (at least 500 hr) ,  when 
no change in conduct ivi ty  wi th  t ime was noted. In each 
case, the reproducibi l i ty  of the measurement  was 
~2.5%. The change in ionic conduct ivi ty  with doping 
level  was calculated theoret ical ly  and the results are 
shown in Fig. lc. 

The above observation shows that  the samples con- 
taining 0.4 m / o  or more calcium iodide were  meta-  
stable immedia te ly  after the 150~ annealing process. 
This was also evident  from the fact that  the  conduc- 
t ivi ty measurements  at various tempera tures  of the 
metastable  sample were  not reproducible over  the 
t ime period required for the measurements  over  a 
t empera tu re  range of --30 ~ to 130~ after one 30 min 
annealing treatment .  However ,  the conduct ivi ty  mea-  
surements at various tempera tures  for samples con- 
taining 0.2 m / o  or less calcium iodide were  reproduc-  
ible (___2.5%) and independent  of time. Nevertheless,  
it was found that  reasonably reproducible conductivi ty 
measurements  for l i th ium iodide containing 0.4 m / o  or 
more calcium iodide could be obtained when the sam- 
ple was annealed at 150~ for 30 min then quenched 
to the predetermined tempera ture  before each mea-  
surement  at each temperature .  The results of these 
measurements  were  used to construct  the log ~ vs. 1/T 
plot shown by Fig. 2c. 

The activation energy of the conduction process for 
the polycrystal l ine l i thium iodide and the calcium 
doped l i thium iodide was determined over  the tem-  
perature  range of --30 ~ to 130~ Previous invest igators 
(3, 4) have shown that  the extrinsic conduction region 
for l i th ium iodide occurs at t empera tures  below 250~ 
Therefore,  the act ivation energy of 9.96 kcal /mole ,  de- 
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Fig. 2. The conductivity of lithium iodide containing calcium 
iodide as a function of temperature. Concentration of calcium 
iodide: (a) 0, (b) 0.2 m/o, (c) 1.0 m/o (the sample was annealed 
at 150~ for 30 min before each measurement). 

te rmined from the slopes of the log r vs. 1 / T  plots 
shown in Fig. 2, applied to the extrinsic conduction 
region. This result  is in excellent agreement  with the 
value of 0.43 eV or 9.93 kcal /mole obtained by Jackson 
and Young (4) for the magnesium doped l i thium iodide 
single crystals. 

The lattice parameters  of the samples are given in 
Fig. 3. It was noted that the uncer ta in ty  of the mea-  
surements  made the exact de terminat ion of the lattice 
parameter  ra ther  difficult. Nevertheless, the results 
suggested strongly that  wi thin  the solubil i ty limits of 
the calcium iodide in the polycrystal l ine l i th ium iodide, 
the lattice parameter  increased with the concentration 
of calcium iodide. 

The conductivi ty of l i th ium iodide containing 0.4 m/o  
or more calcium iodide decreased substant ia l ly  as a 
function of t ime after annealing.  It reached a constant 
value of about 2.6 x 10 -6 ohm -1 cm -1 at 28 ~ • 0.5~ 
after about 500 hr regardless of the ini t ial  calcium 
iodide concentration. It was found also that the rate 
of the decrease in conductivi ty was higher for the sam- 
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Fig. 3. The lattice parameter of lithium iodide as a function of 
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iodide as a function of time after annealing. Temperature: 28 ~ • 
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ple containing higher concentrat ion of calcium iodide 
as shown by Fig. 4. 

Li th ium-s i lver  iodide solid electrolyte cells with 
calcium doped l i thium iodide electrolytes exhibited an 
open circuit voltage of 2.1V which was expected from 
the Gibbs free energy change of the cell reaction (1, 5). 

Li -t- AgI -~ LiI -t- Ag 

Figure 5 shows the polarization curve of a Li /Li I  (0.2% 
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Fig. 5. The polarization curve of a typical Li/Lil (0.2 m/o Cal2) 
Agl solid electrolyte cell. Temperature: 28 ~ • 0.5~ thickness of 
the electrolyte: 0.04 cm, geometric surface area of the electrolyte: 
0.7 cm 2. 
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CaI2) /AgI  solid electrolyte ceil. The l inear i ty  of the 
polarization curve  indicated that  the voltage loss was 
of an ohmic nature  and the observed short  circuit  cur-  
rent  of 110 ~,A/cm~ was expected f rom the resistance 
of the electrolyte  layer  wi th  a measured  thickness of 
0.04 cm. 

Discussion 
As expected f rom the fact that  the inclusion of diva-  

lent calcium ions in the l i th ium iodide mat r ix  will  in- 
duce defects (6), the ionic conduct ivi ty  of l i thium 
iodide increased l inear ly  wi th  the concentrat ion of 
calcium iodide as shown by Fig. la. The fact that  the 
l inear i ty  of the conduct ivi ty  vs. concentrat ion plot ex-  
tended only to 1 m / o  of calcium iodide can be ex-  
plained by the saturat ion of calcium iodide in the poly-  
crystal l ine l i th ium iodide under  the exper imenta l  con- 
ditions. 

The uncer ta in ty  in the determinat ion of the lattice 
parameter  was ~0.003A which makes the exact  value 
uncertain by this amount. Nevertheless,  Fig. 3 gives 
an indication that  wi thin  the  solubil i ty limits of the 
calcium iodide in the polycrystal l ine l i th ium iodide, 
the lattice parameter  increased near ly  l inearly with 
the concentrat ion of calcium iodide as predicted by 
Vegard 's  law (7). 

The format ion of a solid solution be tween calcium 
iodide and l i thium iodide is evident  f rom the above 
exper imenta l  results. However ,  whe ther  the dissolution 
of calcium iodide in l i thium iodide formed a sub- 
st i tutional solution inducing Schottky defects or an 
interst i t ial  solution inducing Frenke l  defects needs to 
be discussed. It is known that  l i thium iodide forms a 
close packed, face centered cubic structure. Two types 
of voids exist in the lattice: te t rahedra l  voids and 
voids surrouding the l i thium ions (8). The radii  of the 
two types of voids are about 0.49A (i.e. 0.225 x 2.2A) 
and 0.29A (i.e. 0.13 x 2.2A), respectively. The empirical  
ionic radius of a calcium ion is 1.06A (9) which is 
too large to squeeze in these voids wi thout  seriously 
distorting the crystal  lattice. On the other  hand, the 
space occupied by the l i thium ion has a radius of about 
0.91A (8) which may be large enough for a calcium 
ion to replace the l i thium ion result ing in a slight in- 
crease in the latt ice parameter .  Therefore,  we bel ieve 
that  the inclusion of calcium ions in l i th ium iodide in- 
duces pr imar i ly  Schot tky defects and accordingly, the 
ionic conduction is due to the mobi l i ty  of cation va-  
cancies. This conclusion is in agreement  wi th  that  of 
Jackson and Young (4) who observed that  the inclu- 
sions of the divalent  magnesium ions in the l i thium 
iodide single crystals did not alter  the ionic conduction 
behavior  in the intrinsic region and concluded that  
Schot tky defects were  induced by the incorporated 
magnesium ions. Fur thermore ,  the agreement  be tween 
the act ivat ion energy of 9.96 kca l /mole  wi th  that  
determined by Jackson and Young (4) leads us to the 
conclusion that  the extrinsic conduction mechanism in 
the polycrystal l ine ma t r ix  is s imilar  to that  in the 
single crystals, namely,  that  the conduction is due to 
the mobi l i ty  of cation vacancies. 

The theoret ical  mobil i ty  of the cation vacancy ~ in 
the l i thium iodide crystals can be calculated from the 
fol lowing equation (6) 

4eaCh' exp -- k--V 

where  a represents  the distance between the nearest  
neighbor cation and anion, E the act ivation energy 
(which is equal  to the act ivat ion energy of the con- 
duction process in the extrinsic region) ,  v the lattice 
f requency whi le  e and kT have the usual significance. 
The vibrat ional  frequencies for l i th ium iodide have 
been calculated by Karo (11) and a single value of 

3.32 x 1013 sec -1 was selected to represent  the v ib ra -  
tional spectra. We have adopted Karo 's  value  of v for 
the calculat ion of ~. The mobil i ty  of the cation va-  
cancy in l i th ium iodide at 28~ calculated according to 
the above equation was 3 x 10 -7 cm2/sec-volt .  Whereas 
the exper imenta l  value of ~ at 28~ obtained f rom the 
slope of the conduct ivi ty  vs. the concentrat ion of cal- 
cium iodide in the l i thium iodide plot (Fig. la)  was 
4 x 10 7 cm2/sec . volt. The agreement  between the 
calculated value and the exper imenta l  value  was quite 
satisfactory. 

The decrease in the conduct ivi ty  wi th  time, of 
l i thium iodide containing 0.4 m / o  or more calcium 
iodide, shows that  the equi l ibr ium solubility of calcium 
iodide in l i thium iodide is probably less than 0.4 m / o  
at 28 ~ ~ 0.5~ Dur ing the 150~ anneal ing process, as 
much as 1 m / o  of calcium iodide can dissolve in l i thium 
iodide. As the tempera ture  decreases to 28 ~ ~ 0.5~ 
the excessive amount  precipitates to form a separate 
phase. However ,  the rate  of precipitat ion is ra ther  slow 
as may be seen f rom Fig. 4. Since the  conduct ivi ty  of 
polycrystal l ine l i thium iodide is direct ly  proport ional  
to the concentrat ion of the calcium iodide in the lattice, 
we could determine the equi l ibr ium solubility of cal-  
cium iodide in l i th ium iodide f rom Fig. lb  and a value 
of 0.23 ~ 0.03 m / o  at 28 ~ • 0.5~ was found. 

All  the L i -AgI  test cells with the various l i th ium 
iodide-calcium iodide electrolytes exhibi ted an open 
circuit  vol tage of 2.1V, which is expected f rom re le-  
vant  thermodynamic  data (1, 5), and this leads to the 
conclusion that  the electronic conduct ivi ty  of the cal- 
cium doped l i th ium iodide is negligible compared to its 
ionic conduct ivi ty  (10). The current  capabil i ty of test 
cells wi th  0.04 cm thick electrolyte  layers shown in Fig. 
5 indicated that  the cells had a pure ly  ohmic im- 
pedence and that  they  were  capable of del iver ing 
short circuit  currents  of 110 ~A/cm 2 at room tem-  
perature.  

Acknowledgment 
The authors are gra teful  to Drs. P. Bro, R. Selim, 

and Y. Shen for helpful  discussions concerning this 
work, and to Mr. S. Fantasia  for the Debye-Scher re r  
photographs. 

Manuscript  submit ted Nov. 4, 1970; revised manu-  
script received ca. Apri l  28, 1971. 

Any discussion of this paper will  appear  in a Dis- 
cussion Section to be published in the June  1972 
JOURNAL. 

REFERENCES 
1. C. C. Liang and P. Bro, This Journal, 116, 1322 

(1969). 
2. C. C. Liang, J. Epstein, and G. H. Boyle, ibid., 116, 

1452 (1969). 
3. Landolt-Bornstein,  "Zahlenwer te  und Funkt ionen,"  

Vol. 2, part  6, pp. 225-242, Springer,  Berl in 
(1959). 

4. B. J.  H. Jackson and D. A. Young, J. Phys. Chem. 
Solids, 30, 1973 (1969). 

5. W. M. Latimer,  "Oxidat ion Potent ials"  2nd ed., pp. 
190 and 329, Prent ice  Hall, Inc., Englewood 
Cliffs, N. J. (1961). 

6. D. W. Dreyfus and A. S. Nowick, J. Appl. Phys., 33, 
473 (1962). 

7. L. S. Darken and R. W. Gurry,  "Physical  Chemist ry  
of Metals," p. 76, McGraw-Hi l l  Book Co., New 
York (1953). 

8. L. V. Azaroff, " Int roduct ion to Solids," pp. 64-68, 
McGraw-Hi l l  Book Co., New York (1960). 

9. N. A. Lange, "Handbook of Chemistry,"  p. 108, 
McGraw-Hi l l  Book Co., New York (1956). 

10. D. O. Raleigh, Solid State Electrochemistry,  "Prog-  
ress in Solid State Chemistry,"  H. Reiss, Editor, 
Vol. 3, pp. 92-94, Pergamon Press, New York 
(1967). 

11. A. M. Karo, J. Chem. Phys., 31, 1489 (1959). 



Diffusion and Solubility of Yb" in CdS 
W. W. Anderson and H. J. Chang 

D e p a r t m e n t  of Electr ical  Engineer ing ,  Ohio S ta te  Univers i ty ,  Co lumbus ,  Ohio 43210 

ABSTRACT 

Diffusion studies were performed to determine  the tempera ture  and sulfur 
part ial  pressure dependence of Yb diffusion and solubili ty in CdS. Over  the 
t empera tu re  range of 930 ~ to 990~ and pressure range of 3.3-33 atm, 
the diffusion appears to consist of a saturated surface component  and a slow 
deep diffusing component.  The slow diffusing component  can be described by 
the approximate  relat ion 

D _~ 4 • 10 --~ Ps~ I12 e -1.s~lkr cm2/sec 

where  the sulfur part ial  pressure, Ps2, is measured in atmosphere and the 
act ivation energy for the process is AE = 1.85 eV. The surface concentrat ion 
(and hence solid solubili ty) of Yb 3 + obeyed the relat ion 

[Yb 3 + ] sat '~ Ps21/2 

These results suggest that the diffusion and solubil i ty of Yb a+ is de termined 
by the cadmium ion vacancy concentrat ion in CdS. 

Diffusion studies were  per formed to determine the 
tempera ture  and sulfur par t ia l  pressure dependence 
of Yb diffusion and solubil i ty in CdS. From these 
studies we hoped to obtain information on the in-  
corporation and diffusion mechanisms of the t r iva lent  
rare  earth ions in the CdS lattice. Sample  preparat ion 
and measurement  techniques were  identical to those 
used in a previous study (1) and are very  briefly re-  
v iewed here. 

Diffusion was f rom a saturated vapor  phase source 
of Yb metal  or Yb2S3. Since the crystal  surface is a 
one-phase, th ree-component  system, it is necessary to 
specify four intensive thermodynamic  variables. In 
these experiments,  the variables were  par t ia l  pressure 
of Yb(g)  or Yb2S~(g), part ial  pressure of $2, total  
pressure, and temperature .  The  pressure, Ps2, was 
determined by the quant i ty  of sulfur included in the 
evacuated diffusion ampoule. The total  pressure, PT, 
is essentially identical  to Ps2 for our range of sulfur 
pressures, 3.3 --~ Ps2 ~ 33 atm. The diffusant par t ia l  
pressure, PYb or PYb2S3 is the saturated vapor  pressure 
of the gas phase over  a l iquid Yb(1) or solid Yb2S3(s) 
source. From observations of a luminescent  flash when 
a diffusion ampoule containing metal l ic  Yb and S is 
heated and examinat ion of the solid yellowish residue 
after a diffusion run, it appears that  metall ic Yb is 
completely  converted to Yb2S3 before significant dif-  
fusion begins and the equi l ibr ium vapor  over  a 
Yb2S3 (s) is the source of Yb diffusing into CdS. 

The Yb concentrat ion as a function of depth was 
measured by the intensi ty  of Yb a+ photoluminescence 
as a function of depth f rom the surface. Hence, only 
the active Yb 3+ concentrat ion was measured which 
may differ from the total  Yb ~ + concentrat ion and cer-  
ta inly differs f rom the total  Yb concentration, espe- 
cially in regions of high concentration. 

The CdS crystals were  obtained from Eagle-Picher  
Industries, Inc. They were  undoped, ul t rahigh pur i ty  
grade, dark insulating, and photosensitive. The room 
tempera tu re  free electron concentrat ion was not mea-  
surable by standard Hal l  effect techniques so that  
n < 1011 cm -3. The crystals used in the previous study 
by Girton and Anderson were  character ized by a room 
tempera ture  free electron concentrat ion of n ---- 3.5 x 
1015 cm -a before diffusion (1). In both this and the pre-  
vious study, the crystals were  diffused wi thout  any 
equi l ibrat ion process such as firing in Cd or S vapor, 
i.e. the  diffusion was carr ied out on the as received 
material .  

Key words:  luminescence,  ra re  earths,  compound semiconductors.  

Results 
In Fig. 1, we show a typical plot of Yb a+ emission 

intensi ty as a function of depth from the diffused sur-  
face. The results of three different diffusion t imes are 
normalized and plotted on the one figure. The Yb 3+ 
concentrat ion (assumed to be proport ional  to Yb 3+ 
emission intensity) follows nei ther  a complementary  
error  function nor Gaussian distribution. (The de- 
par ture  f rom ideal behavior  near  the surface is more 
evident  on a plot of intensi ty vs. d / k / t ~ h a n  the inten-  
sity vs. d2/t  plot shown in Fig. 1. However ,  the surface 
saturat ion is easily seen f rom the first two plotted 
points of the 6 hr and 9 h r  diffusions.) F rom the 
exper imenta l  conditions, a complementary  er ror  func-  
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tion distr ibution was expected. There  are several  pos- 
sible reasons for the apparent  saturat ion of the concen- 
trat ion near  the surface including (a) concentrat ion 
quenching of Yb 3+ fluorescence (2), (b) out diffusion 
of Yb during quenching, (c) field-aided diffusion (3), 
(d) formation of diffusion barr ier  on surface, and 
(e) concentrat ion dependent  diffusion (4). The rela-  
t ive mer i t  of some of these possibilities are  discussed 
later. 

Diffusion coefficients were  obtained from the slope 
of the deep penetra t ing part  of the log intensi ty vs.  
d2 / t  curves as shown in Fig. 1. For  

d~ 
�9 > 4 D  [1]  

t 

this gives the correct value of D within 10% for the 
erfc distr ibution and is exact  for the Gaussian. The 
straight line drawn in Fig. 1 gives some preferent ia l  
weight  to data points in the central  port ion of the 
measured intensi ty range. The lowest emission inten-  
sity points were  subject to considerable (~50%)  mea-  
sured error. The highest emission intensi ty points were  
in the "non-normal"  surface saturat ion region. How-  
ever, diffusion coefficients determined f rom the slopes 
of lines drawn wi th  m a x i m u m  and min imum slopes 
as al lowed by the given data points do not va ry  by 
more  than 40%, i.e. the worst  case uncer ta in ty  in dif-  
fusion coefficient is D ---- (1.7 ~ 0.7) 10 -11 cm2/sec. 
From our t rea tment  of the data we bel ieve the actual 
uncer ta in ty  of measured values of diffusion coefficient 
is bet ter  than the worst  case value by at least a factor 
of two, i.e. D = D m  +_ 0.2 Dm where  Dm is the reported 
value of diffusion coefficient at a par t icular  t empera -  
ture and sulfur pressure. Al though a l imited range of 
tempera tures  and pressures were investigated, the de- 
pendence of D and [yb3 + ] sat on T and Ps2 was readily 
evident  as described in the following analysis. 

An Arrhenius  plot of the measured diffusion coeffi- 
cients is shown in Fig. 2. The results at each of three 
different sulfur vapor  pressures can be described 
fair ly wel l  by an activation energy of 1.85 eV. 

The diffusion coefficient as a function of $2 vapor  
pressure is shown in Fig. 3. At the two lower tem-  
peratures, 960 ~ and 930~ a very  strong pressure de- 
pendence is indicated, 

D ~ Ps20 .67  [2] 

The higher  t empera tu re  data used to determine the 
two points at 990~ was not too rel iable and so it is not 
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in CdS. 

possible to say with  cer ta inty that  there  is significant 
change in $2 pressure dependence at this h igher  t e m -  
perature.  A change in the dominant  mechanism de te r -  
mining charge neut ra l i ty  in the crystal  at the higher  
t empera ture  would produce a change in slope (5,6).  
However ,  on the basis of the l imited data obtained and 
exper imenta l  uncertaint ies  involved, it is reasonable to 
approximate  all of the data points by 

D ,~ Ps21/2 [3] 

and, for the crystals used in these exper iments  we find 
that  

D _~ 4 X 10 -4 Ps21/2 e -l '85/kT cm2/s ec [4] 

fits all of the data points obtained within  40%. The 
theoret ical  origin of proport ional  relat ion [3] wi l l  be 
given in the next  section. 

When the emission intensi ty is plot ted as a l inear 
function of distance from the surface ra ther  than as 
the distance squared in Fig. 1, the apparent  saturat ion 
of concentrat ion extends for an appreciable distance. 
If we take this saturated intensi ty (concentrat ion) as 
proport ional  to the m ax im um  solubili ty of Yb s+ in 
CdS, we find the results  shown in Fig. 4. The solubili ty 
is a strong function of sulfur pressure but  does not 
va ry  significantly wi th  temperature .  Again, consider-  
ing the exper imenta l  accuracy involved, the funct ional  
dependence of solubili ty is approximate ly  

[yb3+]sat ~, Ps21/2 [5] 
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Fig. 4. Sulfur pressure dependence of Yb ~+ surface concentra- 
tion in CdS. 
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Discussion 
The strong Ps2 dependence of Yb 3+ diffusion and 

solubili ty indicates a nat ive crystal  defect dominated 
incorporation and diffusion mechanism. Of the four 
simplest nat ive crystal defects, Cd and S vacancies and 
interstitials, vacancies in the Cd sublattice seem the 
most l ikely defect to enhance the solubil i ty and motion 
of a metal  ion with size and electronegativity com- 
parable  to the Cd 2+ ion (7). In  addition, there is good 
evidence for vacancy controlled self-diffusion of Cd 
in CdS under  excess sulfur  vapor pressure (8, 9). 

It has been suggested that  the dominant  nat ive de- 
fects in  CdS are Cd interst i t ials  and vacancies (10). 
The densi ty of neu t ra l  Cd vacancies at the diffusion 
temperature  is completely determined by the $2 pres-  
sure through the relat ion 

KF 
[VCd] -- - -  Ps2 i n  [6] 

KiKcds 

where the equi l ibr ium constants involved in Eq. [6] 
are defined by: 

KF = [VCd] [Cdi],  equi l ibr ium constant  for forma- 
tion of neut ra l  F renke l  pair  

KI = [Cdi]/Pcd, equi l ibr ium constant  for introduc-  
tion of neut ra l  Cd inters t i t ia l  

Kcds ~--- PcdPs21/2, equi l ibr ium constant  for subl ima-  
tion of CdS. 

The equi l ibr ium constant  for subl imation of CdS is 
quite well-established by theory and exper iment  (11) 
to be 

Kcds = 2 • 1O l~ e -a.as/kT atm a/2 [7] 

There is one reported determinat ion for Kx (5) 

KI ~ 1.32 • 1019 e -0"95/~T cm -3 atm -1 [8] 

and an estimate of KF (5) 

KF ~'~ 4 • 1044 e -5.38/kT cm--6 [9] 

In  this estimate, the enthalpy of Frenke l  pair  forma- 
tion is only bracketed wi thin  a 0.5 eV range and the 
pre-exponent ia l  factor may  be in error by a factor of 
10 • due to neglect of v ibra t ional  entropy associated 
with a vacancy and interst i t ial  (12). 

If diffusion is via neut ra l  Cd vacancies, VCd, the 
functional  form of Eq. [6] is adequate to explain the 
present results. However, this will  not account for the 
order of magni tude  difference in the present  values of 
D and those previously obtained on different samples 
of CdS (1). Normally, the density of singly and 
doubly charged vacancies exceed the density of neu-  
tral  vacancies 

[V'cd], [V"Cd] > [Vcd] 

and diffusion may proceed via these charged vacancies. 
In fact, diffusion of Cd in CdS has been found to be 
via  the doubly charged vacancy, V"Cd (9). If the charge 
neut ra l i ty  condition at the tempera ture  of diffusion is 
determined by a donor impur i ty  through the relat ion 

~, ~'~ ND ~ (other charged species) [10] 

then both charged vacancy concentrat ions wil l  also be 
proportional to Ps21/2 through the relations 

2ND 
[V'Cd] - -  e Eg-Eal/kT [VCd] [11] 

Nc 
and 

[V"cd] = ~ C  e2Es--EAI--EA2/kT [~YCd] [12] 

where Eg is the semiconductor band gap, EA1 and E ~  
are the first and second ionization energies of the Cd 
vacancy double acceptor defect and Nc is the conduc- 
tion band effective densi ty of states (13). Calculations 
show that  for Eq. [1O] to be valid under  our experi-  
menta l  conditions, ND "-~ 10 TM cm -3 and KF must  be at 
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least a factor of 10-~ smaller  than given by Eq. [9]. 
This is not too surpris ing since the corresponding pre-  
exponent ial  factor in CdTe is a factor of 10 - s  smaller 
than the simple estimate (12, 13) 

K F  "~ N 2 e -E~/kT [13] 

where N is the densi ty of lattice points on the Cd ion 
sublattice. 

A Cd ion vacancy density determined by Eq. [11] 
or [12] will  be quite sensitive to donor impur i ty  con- 
centration. A series of exper iments  reported by Wood- 
bury  (8) on the self-diffusion of Cd in CdS suggest a 
simple vacancy diffusion process with 

Dcd '~' [V'Cd] ~ ND [14] 

However, the exper imental  conditions were such that, 
dur ing diffusion 

[V'Cd] < [V"Cd] ~ ND 2 [15] 

and a funct ional  dependence of the diffusion coefficient 
of the form 

Dcd '~ ND 2 [16] 

might  have been expected. 
The impor tant  point of the above discussion is that  

metal  ion diffusion, if it proceeds by a simple charged 
vacancy process, is exper imenta l ly  and theoretical ly 
dependent  on chalcogen part ial  pressure and pre-exis t -  
ing impur i ty  concentrat ion in the crystal. As mem-  
tioned in the beginning of the paper, crystals from dif- 
ferent  sources were characterized by different free 
electron concentrat ions at room temperature.  Although 
the impurit ies and /o r  defects responsible for the ob- 
served electron concentrat ion are unknown,  different 
donor concentrat ions are to be expected. Thus, the dif- 
ference in results of the two investigations, carried out 
under  identical  laboratory conditions but  with crystals 
from different sources, are readi ly understandable.  

If charge neu t ra l i ty  at the diffusion temperature  is 
determined by some condit ion other than Eq. [10], 
charged nat ive defect concentrat ions will  general ly be 
less pressure dependent  than indicated by Eq. [11] and 
[12], i.e. 

[V'cd] -~ Ps~ 1/4 [17] 
if 

[V"cd] ~ [Cdi"] > >  (other charged species) [18] 

or a l ternat ively  
[V'Cd] '~' Ps21/a [19] 

and 
[V"Cd] -~ Ps21/6 [20] 

if 
n ~__ 2[Cdi"] > >  (other charged species) [21] 

Numerical  calculations indicate that  if Eq. [10] de- 
scribes the charge neut ra l i ty  condition over a certain 
tempera ture  and pressure range, then Eq. [21] will  
describe the charge neut ra l i ty  condition over the same 
pressure range but  at higher temperatures.  Although 
the l imited accuracy of the data from which Fig. 3 is 
constructed does not war ran t  firm conclusions, the 
indicated change in pressure dependence from the 930 ~ 
and 960~ curves to the 990~ curve is not unexpected. 

We now re tu rn  to the problem of nonideal  diffused 
concentrat ion profiles ment ioned in the Results. Since 
t h e - m a x i m u m  Yb 3+ emission in tensi ty  at the surface 
saturates at different levels depending on the sulfur  
pressure at which the samples were prepared, we do 
not believe this saturat ion is a Yb 3+ ion fluorescence 
concentrat ion quenching phenomena.  Fur thermore,  a 
n u m b e r  of experiments  on different rare earth ions in 
a var ie ty  of crystals has shown an onset of concentra-  
t ion quenching at the relat ively large value of 2 x 10 -~~ 
rare ear ths /cm 3 (2). Such a concentrat ion is two orders 
of magni tude  greater than the ma x i mum rare earth 
concentrat ion it has been possible to introduce into a 
CdS crystal (14). We therefore el iminate possibility 
(a) of the Results as a cause of the nonideal  concentra-  
t ion profiles. 
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The small values of Yb 3+ diffusion constants mea-  
sured el iminate the possibility of significant out dif- 
fusion of Yb 3+ dur ing  the rapid quenching of the sam- 
ples to room temperature  from the diffusion tempera-  
ture. Quench cooling t ime was typically 90 sec. We thus 
eliminate possibility (b) of the Results as a cause of 
the nonideal  concentrat ion profiles. 

Field aided diffusion, (c), is significant only when 
charge neut ra l i ty  is determined by the diffusing species 
and electrons or holes. However, the pressure depen- 
dence of solubili ty and diffusivity indicate a dominant  
concentrat ion of other charged crystal defects. Forma-  
tion of a diffusion barr ier  on the crystal surface, (d), 
such as an impermeable  oxide can not be ruled out 
although microscopic examinat ion of the surface 
showed no indication of a film. A concentrat ion de- 
pendent  diffusivity, (e), such as observed for Zn in 
GaAs (4) remains an open possibility. 

Conclusion 
The diffusion and solubili ty of Yb 3 + in CdS has been 

shown to depend on the defect s t ructure of the crystal. 
This defect s t ructure is determined by impurit ies in 
the as grown crystals and vapor pressure of crystal  
consti tuents dur ing diffusion annealing.  The pressure 
dependence of diffusion constant and solubili ty suggest 
that vacancies in the Cd sublattice are the controlling 
factor. For a crystal with a fixed (but  unknown)  im-  
pur i ty  concentration, it was possible to write a simple 
relationship, Eq. [4] for the pressure and tempera ture  
dependence of the deep diffusing component of the 
diffused impur i ty  concentration. 
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Time-Dependence of Zinc Diffusion in 
Gallium Arsenide under a Concentration Gradient 

C. H. Ting 
IBM Components Division, East Fishkill Facility, Hopewell Junction, New York 12533 

and G. L. Pearson 
Stanford University, Stanford, California 94305 

ABSTRACT 

The diffusion profiles of Zn in GaAs under  a concentrat ion gradient  have 
been determined as a function of diffusion time for diffusions at 600 ~ and 
750~ Pure radioactive Zn 65 is used as the diffusion source. It is found that  
local equi l ibr ium is not reached for these diffusions since the diffusion profiles 
can not be expressed in terms of a single variable x/~/~. When the diffusion 
depth is plotted against the square root of diffusion time, a l inear relat ion-  
ship is not obtained. The deviation from l inear relationship is found to be 
quite pronounced at lower diffusion temperatures,  and less so at higher dif- 
fusion temperatures.  These observations indicated that the diffusion process 
can not be described by Fick's second law (with a concent ra t ion-dependent  
effective diffusion coefficient, D). Under  this condition, the Bol tzmann-Matano 
analysis which has been used quite extensively to obtain values of the effec- 
tive diffusion coefficient of D from the diffusion profiles of Zn in GaAs is not 
valid. Results are discussed in terms of nonequi l ib r ium in the interst i t ia l-  
subst i tut ional  diffusion. Complications due to the presence of diffusion-induced 
defects are also described. 

Zinc diffusion in GaAs is anomalous in that the zinc 
concentrat ion profiles obtained under  concentrat ion 
gradient  diffusions from a constant vapor source do 

Key words: Boltzmann-Matano analysis, nonequilibriura intersti- 
t ial-substitutional diffusion, diffusion induced  defects .  

not obey a complementary  error function, but exhibit  
a ra ther  steep front (1, 2). The steep diffusion front 
indicates that  the effective diffusion coefficient is 
strongly concentrat ion-dependent .  The concentrat ion-  
dependent  diffusion coefficient is general ly interpreted 
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in terms of the interst i t ial  subst i tut ional  diffusion 
model (3-5) and can be obtained from the diffusion 
profiles through the Bol tzmann-Matano analysis (1, 2, 
5) if equi l ibr ium is reached. 

In  spite of the wide application of the Bol tzmann-  
Matano analysis for zinc diffusions in GaAs, no effort 
was made to check whether  equi l ibr ium is reached for 
diffusions under  a concentrat ion gradient. The possi- 
bil i ty of nonequi l ibr ium was discussed by Kendal l  (7), 
and also by Shaw and Showan (8). In  this work, we 
demonstrated by measur ing zinc profiles over a wide 
range of anneal ing t ime that equi l ibr ium is not 
reached at lower diffusing temperatures.  

Experimental Procedures 
High pur i ty  (99.9999%) radioactive Zn 65 was used as 

a diffusion source. The start ing mater ial  was single- 
crystal GaAs wafers oriented in the <111> direction 
(obtained from Monsanto Company) .  The diffusions 
were carried out in evacuated quartz ampoules at 600 ~ 
650 ~ and 750~ for various lengths of diffusion period. 
The quartz ampoules were cleaned in aqua regia, 
pumped down to a 10 -6 Torr  before being sealed off. A 
quartz plug was used in the ampoule to reduce the total 
volume to less than 1 cm 3. After  diffusion, the sam- 
ples were washed in dilute HC1 for 30 min  to remove 
any excess zinc on the surface, and were then cut into 
circular disks of 0.5 cm diameter. Diffusion profiles 
were obtained by measur ing the radioactivity of the 
removed layer, using the s tandard lapping, weighing, 
and counting procedure. 

For the diffusion temperatures  in this study, the 
Zn3As2 phase is present  in the Ga-As-Zn  te rnary  sys- 
tem (8). Under  this condition, the te rnary  liquid 
compositions are not on the pseudobinary line of Zn 
and GaAs, but  lie on the gal l ium-r ich side of the 
t e rnary  phase diagram (2, 8). The exper imental  pa- 
rameters for the 600 ~ 650 ~ and 750~ diffusions are 
summarized in Tables I, II, and III  respectively. 

Experimental Results 
The zinc concentrat ion profiles for the 600 ~ , 650 ~ , 

and 750~ diffusions are shown in Fig. 1, 2, and 3, 
respectively. For sample No. 1, the penetrat ion depth 
is ra ther  small; therefore, two sets of data points ob- 
tained from opposite sides of the sample were used to 
increase the accuracy in constructing the concentrat ion 
profile. 

The effective diffusion coefficient D of Zn in GaAs 
can be obtained from the concentrat ion profiles through 

Table I. Diffusion parameters for Zn in GaAs at 600~ 

S a m p l e  W e i g h t  (mg) A m p o u l e  Diffusion 
No. G a A s  Z n ~  v o l u m e  (era 3) t i m e  (hr) 

1 65.90 0.59 0.8 16 
2 45.56 0.40 0.7 64 
3 45.74 0.46 0.7 144 
4 47.22 0.70 0.8 360 

Table II. Diffusion parameters for Zn in GoAs at 650~ 

S a m p l e  W e i g h t  (mg) A m p o u l e  Diffusion 
No. G a A s  Z n  ~ v o l u m e  (cm s) t i m e  (hr) 

5 62.44 0.40 0.8 6 
6 85.50 0.34 0.6 24 
7 88.53 0.47 0.7 64 
8 88.89 0.57 0.85 144 
9 80.86 0.65 0.65 290 

Table III. Diffusion parameters for Zn in GaAs at 750~ 

S a m p l e  W e i g h t  (mg) A m p o u l e  Diffusion 
No. G a A s  Z n ~  v o l u m e  (cm 3) t i m e  (hr) 
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Fig. 1. Diffusion profiles of Zn in GaAs at 600~ Diffusion 
time: Sample No. 1 = 16 hr, No. 2 = 64 hr, No. 3 = 144 hr, 
No. 4 ---- 360 hr. 
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Fig. 2. Diffusion profiles of Zn in GaAs at 650~ Diffusion 
time: Sample No..5 ---- 6 h;, No. 6 - -  24 hr, No. 7 ~--_ 64 hr, No. 
8 ~- 144 hr, No. 9 ---- 290 hr. 
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Fig. 3. Diffusion profiles of Zn in GaAs at 750~ Diffusion 
time: Sample No. 10 ---- 1 hr, No. 11 ~ 3 hr, No. 12 ---- 6 hr, 
No. 13 = 12 hr, No. 14 ~ 25 hr. 

T=751 "C 
e SAMPLE # I 0  

�9 13 
�9 14 

l 0  85.60 1.28 0.6 1 
11 87.54 1.10 0.75 3 
12 87.87 0.87 0.75 6 
13 60.39 0.87 0.75 12 
14 60.78 0,86 0.6 25 

the Bol tzmann-Matano method. If D is only a function 
of zinc concentration, the diffusion equation in one- 
dimensional  form is given by Fick's second law 
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Oc ___O (_ Oc ) 
at O~c ~ [1] 

For diffusion in a semi-infini te media, this equat ion 
can be simplified by the Bol tzmann t ransformat ion 
k ---- x/~/t. In terms of the new variable  (k) Eq. [1] 
becomes 

) _ d c  [2] 
2 d~. d~. d~. 

Equat ion [2] can be integrated to give 

1 L c" xdc 

D - -  [3] 

Using Eq. [3], the value of D can be obtained from 
the concentrat ion profiles by evaluat ing the area under  
the profile and the concentrat ion gradient  at the point 
of interest. In  evaluat ing D, large errors are involved 
in de termining the slopes of the profiles, especially near  
the diffusion front  where  a large change in  concen- 
t ra t ion occurs in a ra ther  small distance. A method of 
improving the accuracy of the calculations near the ex- 
tremes of the concentrat ion range has been developed 
by Hall  (10). 

The value of D as a funct ion of zinc concentrat ion 
for the 600~ diffusions is obtained from the profiles 
shown in Fig. 1, us ing the technique developed by 
Hall. The results are shown in  Fig. 4. F igure  4 shows 
that different values of D, are obtained from profiles 
with different diffusion time. The values of D obtained 
by this method change not only with zinc concentra-  
tion but also with diffusion time. Therefore, the Boltz- 
mann-Matano  analysis does not give valid values of the 
effective diffusion coefficient. 

As indicated by Eq. [2], the diffusion equation can 
be expressed in terms of a single variable,  ~. = x/~/t. 
The concentration of the diffusant C, therefore, will 
change only with x/~/t,, but  not with respect to x and 
t separately�9 This would yield a fixed value of x /~ / t  
for a given concentrat ion level, regardless of the length 
of diffusion time. When the concentration profiles ob- 
ta ined for various diffusion time are plotted against 
the normalized distance x/~/~ all profiles should co- 
incide. Another  way to express the same condition is 
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Fig. 4. The effective diffusion coefficient of Zn in GaAs vs. 

Zn concentration at 600~ as obtained from Boltzmann-Matano 
analysis. 

September 1971 

to plot the diffusion depth (where concentrat ion is 
equal to a fixed level Cd) against  the square root of 
diffusion time (x/ t) ,  then a straight line through the 
origin should be obtained. 

The concentrat ion profiles for the 600~ diffusions 
shown in Fig. 1' are replotted as a function of nor-  
malized distance x/~/-F in Fig. 5. One can see clearly 
that  the profiles do not coincide.This indicates that  
the diffusion process discussed here cannot be de- 
scribed by Fick's second law, as given by Eq. [1]. The 
diffusion depth, obtained from the concentrat ion pro- 
file shown in Fig. 1 and 2, where zinc concentration is 
10 TM cm -3, is plotted against the square root of diffusion 
t ime in Fig. 6. It can be clearly seen that  a l inear  re-  
lationship is not obtained. 

The Xd vs. ~/t  curves in Fig. 6 can roughly be sepa- 
rated into two regions�9 In the first region (where dif- 
fusion t ime is relat ively short),  the data points seem 
to fit a straight l ine through the origin. For the second 
region (where diffusion time is relat ively long),  the 
data points seem to fit another  straight line which does 
not pass through the origin, i.e. 
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Fig�9 5�9 Diffusion profiles of Zn in GaAs at 600~ as a function of 
X 
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Fig�9 6. Diffusion depth vs, square root of diffusion time for 
Zn in GaAs for diffusions at 600 ~ 650 ~ and 750~ 
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Xd = S2 (X/~--- ~/~> [4] 
where $2 is the slope of the straight line, and to is the 
intercept of this straight line with the t ime axis. Figure 
6 indicates that the intercept to decreases rapidly as 
the diffusion tempera ture  is raised. At sufficiently high 
temperature,  to will  be so small  that  it will  be com- 
parable to or less than  the necessary wa rm-up  time of 
the diffusion sample. At this point, to can no longer be 
determined easily f rom the diffusion exper iment  and 
therefore can be ignored. Thus, the l inear  relationship 
between Xd and ~ / t -wi l l  be a l imit ing case for high- 
tempera ture  diffusions. 

Nonequilibriurn in Interstitial-Substitutional Diffusion 
The nonlinear relationship in the Xd VS. ~ / t  diagram, 

as shown in Fig. 6, cannot  be explained by manipu la t -  
ing the concent ra t ion-dependent  effective diffusion co- 
efficient, D. It is reasonable, therefore, that  some non-  
equi l ibr ium phenomena are responsible for this 
nonl inear  behavior. The qual i tat ive features of the 
nonequi l ib r ium diffusion can be understood in terms 
of the in ters t i t ia l -subst i tu t ional  model. 

In the l i terature,  the in ters t i t ia l -subst i tu t ional  dif- 
fusion model  has been used extensively to explain 
various exper imenta l  results of zinc diffusion in GaAs. 
However, local equi l ibr ium between the interst i t ial  
and subst i tut ional  species is always assumed to be 
valid whenever  this model is used (2, 4, 5, 10, 11). 
When an equi l ibr ium condition is not reached, one 
must  take the t ransi t ions between interst i t ial  and sub-  
s t i tut ional  zinc into consideration. Then Fick's law is 
no longer adequate to describe the diffusion process. 
The transit ions between interst i t ial  and subst i tut ional  
zinc can be described by the reaction 

kl 
Zni +r q- Vga---~ Zns -  q- (r-t-  1)e + [5] 

k, 

where kl and k2 are rate constant  for the reversible 
reactions. Under  this condition, the concentrat ions of 
interst i t ial  and subst i tut ional  zinc Ci and Cs can be 
described by the following equations 

OCi 02Ci 
= D i - -  - -  klCvCi -t- k2p(r+l)Cs [6a] 

Ot OX 2 

0C~ a2Cs 
= D s - - ~  + klCvCi -- k2p(r+l)Cs [6b] 

Ot 

where Di and Ds are the interst i t ial  and subst i tut ional  
zinc diffusion coefficients, respectively, Cv is the gal- 
l ium vacancy concentration, and p is the hole concen- 
tration. Equat ion [6a] simply states that  the rate of 
change in interst i t ial  zinc concentrat ion is equal  to the 
diffusion flux minus the amount  that  changed from 
interst i t ial  into subst i tut ional  positions, plus the 
amount  that  changed from substi t ional into interst i t ial  
positions. The constants kl and k2 are the t ransi t ional  
probabili t ies from interst i t ial  into subst i tut ional  posi- 
tions, and vice versa. Equat ion [6b] gives a similar 
expression for the rate of change in subst i tut ional  zinc. 

If the equi l ibr ium between interst i t ial  and substi-  
tut ional  zinc is reached dur ing the diffusion process, 
then the two t rans i t ional  terms in Eq. [6] will  just  
cancel each other, i.e. klCvCi = kzp(r+l)Cs. Under  this 
condition the two transi t ional  terms would disappear 
and Eq. [6] can be reduced to the form of Fick's second 
law, and the concentrat ion will  be a function of only 
x/~v/t. This corresponds to the extreme case that  the 
transi t ions between interst i t ial  and subst i tut ional  zinc 
can be considered as an instantaneous reaction. The 
other ext reme case is that  where the reaction by which 
the immobilized subst i tut ional  zinc is formed pro- 
ceeds very fast compared with the diffusion process. In  
this case, local equi l ibr ium can be assumed to exist 
between the interst i t ial  and subst i tut ional  zinc. Here 
aIso Eq. [6] can be reduced to the form of Fick's  second 
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law. Except for the two extreme cases out l ined above, 
the coupled diffusion Eq. [6] must  be used to describe 
the diffusion process of zinc in GaAs. The diffusion Eq. 
[6] cannot be reduced to a single variable by using a 
new variable k = x/~v~; therefore, a l inear  relat ionship 
between Xd and ~ is not expected in this case. 

Two time constants, Ti and T~, can be obtained from 
Eq. [6]. They are 

1 
T i - - - - -  the lifetime of interst i t ial  zinc be- 

klCv fore conversion into subst i tut ional  
zinc 

1 
Ts -- - -  -- the lifetime of subst i tut ional  zinc be- 

k2P r+I fore conversion into interst i t ial  zinc. 

At equi l ibr ium kiCvCi ~- k2pr+lCs, therefore, the ratio 
of the interst i t ial  and subst i tut ional  l ifetime is equal 
to the ratio of equi l ibr ium concentrat ion of these two 
species, i.e. T J T s  = C~/Cs. It has been estimated that  
the ratio CdCs is very small, usual ly  10 -5 or less (12) ; 
therefore, Ts is greater than  Ti by a factor of 10+5 o r  

more. The t ime constants Ti and Ts, generally, change 
exponent ia l ly  with temperature.  Since the t ime con- 
stant  increases rapidly as tempera ture  is lowered, the 
assumption that  equi l ibr ium between interst i t ial  and 
subst i tut ional  zinc is probably  good for a high diffu- 
sion temperature,  but  poor for a relat ively low diffu- 
sion temperature.  The above discussion agrees well  
with the qual i tat ive feature of the Xd VS. ~/ t  diagram, 
in that the deviation from the l inear  relationship is 
quite pronounced at lower diffusion temperatures  and 
less so at higher diffusion temperatures.  

Figure 6 shows that  the diffusion is slower for shal- 
low diffusions and more rapid for deeper diffusions. 
Two l imit ing cases can be used to i l lustrate this point. 
The first extreme case is for very  short diffusion times. 
If the diffusion t ime is so short that it is less than  the 
time constant  T2, then the transi t ions from interst i t ial  
to subst i tut ional  sites wil l  not be completed. Under  this 
condition, zinc diffuses as two separate streams, i.e. 
the interst i t ial  and substi tutional,  with negligible in ter -  
action between them. The measured concentrat ion pro-  
file is essentially the profile of subst i tut ional  zinc, since 
the interst i t ial  concentrat ion is so small. Therefore, 
this l imit ing case gives essential ly a subst i tut ional  dif- 
fusion characterized by its low diffusion constant. The 
other extreme case is for very long diffusion time. If 
the diffusion t ime is so long that  it is longer than the 
t ime constant  Ts, then local equi l ibr ium between the 
interst i t ial  and subst i tut ional  is maintained.  Under  
this condition, the diffusion is dominated by the t rans i -  
tions between the two species, which gives an effective 
diffusion coefficient. The value of D in this case is given 

0C~ 
by D : Di which is ra ther  large. From the above 

0Cs 
discussion, it is reasonable to expect the effective dif- 
fusion coefficient to increase with the diffusion t ime 
as the in ters t i t ia l -subst i tu t ional  equi l ibr ium is ap-  
proached. 

The discussion presented so far gives the correct 
qual i tat ive features observed in the Xd VS. ~J t  plot; 
however, no quant i ta t ive  agreement  is available at 
present. This is because the parameters  De, Ds, kl, and 
k2 used in Eq. [6] have not been determined by any 
measurements,  and the vacancy concentrat ion Cv may 
not be a constant. Therefore, wi thout  any  detailed 
knowledge on the atomic interact ion for zinc in GaAs, 
quant i ta t ive  agreement  between the nonequi l ibr ium 
inters t i t ia l -subst i tu t ional  model and the exper imental  
results cannot be obtained at present. 

Discussion 
The inters t i t ia l -subst i tu t ional  nonequi l ib r ium is not 

the only possible nonequi l ib r ium mechanism in the 
diffusion process. Other possible sources should not  be 
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overlooked. The most impor tant  complication is the 
presence of diffusion-induced defects. ,It has been 
shown beyond doubt that zinc diffusion under  a con- 
centrat ion gradient  generates induced defects (12-14) 
when pure zinc is used as a diffusion source and when 
the diffusion t ime is sufficiently long. For a very short 
diffusion time, usual ly no induced defects can be de- 
tected. It seems possible that the appearance of the in-  
duced dislocations is the cause for the nonl inear  be- 
havior in the Xd vs ~/t-plot. 

The induced dislocation represents a rapid diffusion 
path or a "diffusion pipe" for subst i tut ional  zinc; thus, 
the enhanced diffusion in the diffusion pipes may 
dominate the diffusion process (14). However, the as- 
sumption that  zinc diffusion in GaAs is dominated by 
enhanced subst i tut ional  diffusion in the induced de- 
fects has many  difficulties. A few of these difficulties 
are: 

(A) For diffusion runs  with relat ively short diffu- 
sion t ime (where the diffusion depth is in the first re- 
gion of the Xd vs. ~/ t  plot) the effect of enhanced dif- 
fusion in the induced dislocations is supposed to be 
negligible and normal  diffusion should result. How- 
ever, the effective diffusion coefficient obtained from 
shallow diffusion still shows concentrat ion dependence. 

(B) The value of the effective diffusion coefficient 
obtained from shallow diffusions is too large for sub-  
st i tutional diffusions. 

(C) The effective diffusion coefficient decreases with 
external  arsenic vapor pressure (5). This observation 
can be explained only in terms of the in ters t i t ia l -sub-  
st i tutional model. 

(D) Isoconcentration diffusion for the melt-doped 
sample generates little or no induced dislocations; yet 
the value of the effective coefficient is very large (12). 

In  view of the above-ment ioned difficulties and the 
excellent agreement  between the in ters t i t ia l -subst i tu-  
tional model and various exper imenta l  data of zinc 
diffusion in GaAs, it is reasonable to say that zinc 
diffusion in GaAs is not dominated by  the enhanced 
subst i tut ional  diffusion in the induced dislocations. If 
the contr ibut ion of interst i t ial  diffusion is reduced sig- 
nificantly, such as for diffusion under  very high ex- 
ternal  arsenic pressure, then the contr ibut ion due to 
the enhanced diffusion in dislocations may be im- 
portant.  

Although it is unl ikely  that  the  diffusion process is 
dominated by the enhanced subst i tut ional  diffusion in 
the induced defects, it is possible that the induced de- 
fects may produce a significant change in the in ter-  
stitial diffusion. For instance, the induced defects may 
increase the values o f  the interst i t ial  diffusion coeffi- 
cient or the ratio of interst i t ial  to subst i tut ional  zinc. 
Under  this condition, the effective diffusion coeffi- 

0Ci 
cient, D, given by D ----- Di -~C~-~' would be increased 

significantly in the region with induced defects so 
that the appearance of induced defects is responsible 
for the nonl inear  behavior  in the Xa vs. ~ t  relat ion-  
ship. This model also has its difficulties: 

(A) The value of D obtained from the samples with 
ful ly developed induced defects is not larger than the 
value of D obtained from isoconcentration diffusions in 
melt-doped samples where no induced defects were 
observed (12). 

(B) The value of D obtained from relat ively shallow 
diffusions has a weak concentrat ion dependence, as 
i l lustrated in Fig. 4, and also by Chang and Pearson 
(4). This is quite different from the C 2 dependence of 

D predicted from the equi l ibr ium inters t i t ia l -sub-  
st i tut ional  diffusion model. 

Even though it is difficult to explain the nonl inear i ty  
between Xd and ~ in terms of the induced defects 
alone, the fact that zinc diffusion does induce defects 
in GaAs should not be ignored. It is possible that the 
influence of the induced defects could be combined 
with the effects on nonequi l ib r ium in inters t i t ia l -  
subst i tut ional  diffusion. However, we cannot conjec- 
ture about such a complicated diffusion model without  
additional exper imental  data. 

Conclusions 
From the series of diffusions at 600 ~ 650 ~ and 750~ 

it is found that  equi l ibr ium is not reached for zinc in 
GaAs at- these temperatures.  This is demonstrated by 
the fact that  the diffusion profiles for various diffusion 
time at a fixed tempera ture  do not coincide when 
plotted against X / ~ / t  and also by the fact that  the 
diffusion depth Xd does not vary  l inear ly  with the 
square root of diffusion time. Under  this condition, the 
well  known Bol tzmann-Matano  analysis cannot be 
used to yield meaningful  values of effective diffusion 
coefficient D. This is i l lustrated by the fact that differ- 
ent values of D are obtained when the Bol tzmann-  
Matano analysis is applied to the diffusion profiles with 
different diffusion times. 

Quant i ta t ive  verification of nonequi l ib r ium in the 
inters t i t ia l -subst i tu t ional  diffusion model is impossible 
since no exper imental  data are available regarding 
the t ime constants involved in the in ters t i t ia l -subst i tu-  
t ional transitions. The fact that  the diffusion-induced 
defects are always observed in the long diffusion runs  
greatly increases the complications. 
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Vapor Growth of a Semiconductor Superlattice 
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ABSTRACT 

It has been predicted that  under  certain conditions a mul t i layer  sandwich 
structure consisting of a l ternat ing close-spaced layers of two Semiconductors 
of different energy gap will exhibit  in t r iguing transport  and optical prop- 
erties, including a negative resistance. This type of s tructure has been created 
with a specially designed vapor growth system, wherein the composition is 
made to al ternate many  times between GaAsl-xPx and GaAs l - ,P~  (0 ~ x < y) 
with a period as small  as l l0A. The presence of the repeti t ive s tructure has 
been confirmed by electron microscopy on cleaved and etched cross sections 
and by x - ray  diffraction. The uni formi ty  of spacing, as well as the period, is 
of prime importance. The effects of crystal orientation and reactant  gas com- 
position on this property are described. 

Esaki and Tsu (1) have proposed the concept of the 
superlattice negative conductance amplifier. Essential 
to this concept is a semiconductor s tructure into which 
is bui l t  a periodic variat ion of potential. That  is, if it is 
possible to create a s tructure in a monocrystal l ine semi- 
conductor where the potential  varies a few tenths of an 
electron volt in a periodic fashion and such that the 
period of the variat ion is less than the mean free path 
of the carriers, novel electrical and optical effects are 
predicted, the most str iking of which is that a negative 
resistance can be observed at relat ively low electric 
fields. The theoretical basis for this proposal is i l lus- 
trated in Fig. 1, which is a plot of energy vs. electron 
momentum in k-space. The discontinuity in the curve 
occurs at the edge of the first Bri l louin zone, corre- 
sponding to the normal  lattice periodicity. In the super-  
lattice device the addit ional periodicity of the super-  
imposed potential  subdivides the Bri l louin zone into 
so-called mini-zones with boundaries  inversely propor-  
t ional  to the superlattice spacing. The mini -zone  
boundaries  occur at much lower momen tum values and 
the associated forbidden energy gaps occur at lower 
energies. Just  as in the normal  Bri l louin zone, there is 
an inflection point in E vs. k in the mini-zone,  and an 
electron should decelerate upon increasing the applied 
potential  past this point, resul t ing in a negative dif- 
ferential  conductance. 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
Key  w o r d s :  g a l l i u m  a r sen ide  p h o s p h i d e ,  c rys ta l  g rowth ,  m u l t i -  

layers ,  s e m i c o n d u c t o r  devices .  

Figure 2 shows two methods by which the proposed 
periodic structure might be achieved. In the top dia- 
gram the same semiconductor is changed back and 
forth from n- type  to p-type, accompanied by the re-  
sul tant  movement  of the band edges, by rapidly chang-  
ing from an n - type  to a p- type dopant. A max imum 
potential  change in each band of close to the bandgap 
energy, Eg, is possible with this method. In the second 
method, with which this paper  is concerned, the doping 
is constant or near ly  so, but  the basic semiconductor 
mater ial  is changed. It al ternates between two different 
semiconductors with different energy gaps, Egl and Eg2. 
The i l lustrat ion shows the difference in forbidden gap 
energy, _~Eg, to be divided equally between the conduc- 
tion and valence bands, but  such does not have to be 
the case and in general  is not. Of the two methods, the 
second would be more stable against interdiffusion, 
since impurit ies have larger diffusion coefficients in 
general  than do alloy constituents.  

The structure produced by the alloy method is equi-  
valent  metal lurgical ly to a long-period one-dimensional  
superlattice (Fig. 3). Natural  superlattices (2) are 
thermodynamical ly  stable at some temperature,  where-  
as the artificial ones are not, but  this distinction has 
no bear ing on the present problem. Instead of an al ter-  
nat ion of lattice planes containing different atoms 
A B A B A . . . .  as in  the simplest type of one-d imen-  
sional superlattice, in the present  case there are n 
planes of A, m planes of B, n of A etc., where n 4- m is 
the number  of normal  uni t  cells with spacing a wi thin  
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Fig. 1. Schematic representation of energy-momentum relation- 
ship in (A) normal crystal; (B) superlattice. 
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a superlatt ice having period d. This is an idealized 
description, of course. In  any real case the t ransi t ion 
from A to B would occur across more than one atom 
layer, and varying  degrees of admixture  might  exist 
across the whole period. Calculations (1) show that  for 
most suitable pairs of semiconductors A and B, n + m  
should be of the order of 30; that  is, the superlatt ice 
spacing should be about 100-300A. The ampli tude of 
potential  variat ion wi thin  the per t inent  band, e.g., 
the conduction band for n - type  material,  should be a 
few tenths of an electron volt. Constancy of the lattice 
spacing across the superlatt ice is vi tal  to the exhibi t ing 
of the predicted properties. The superlatt ice period 
must  therefore be uniform to bet ter  than 5%, possibly 
even 1%. 

Exper imental  
We have chosen to at tempt to produce such a semi- 

conductor superlatt ice by the technique of epitaxial  
vapor growth, using the t e rnary  compound GaAsl-xPx. 
The value of x, which is the mole fraction of phos- 
phorus on group V sites and is therefore near ly  pro- 
portional to the potentials of the band edges, is made 
to oscillate between two values by varying the PH;3 
concentrat ion in the epitaxial  reactor. The period of 
a l ternat ion is a few hundred  angstroms. Thus in the 
idealized drawing of Fig. 3, mater ial  A would be GaAs, 
where x = 0, and B would be GaAsl-xPx with some 
max imum value of x, say x = 0.5. This could produce 
a max imum change in  bandgap of approximately 0.6 eV 
at room temperature.  The difference between the maxi -  
m u m  and m i n i m u m  values of x that can be realized is 
directly a measure of the ampli tude of the potential  
variation. The magni tude of this difference, ~x, is of 
more significance to the electrical behavior  than is the 
steepness of the gradient. Whether  a significant ~x can 
be bui l t  into and main ta ined  in the crystal at such 
close tolerances obviously depends critically on the 
extent  of interdiffusion of the P and As components 
both in  the gas phase and in the solid. Results thus far 
indicate that  nei ther  of these phenomena has occurred 
to any  serious degree. 

Figure 4 is a schematic of the epitaxial  s t ructure  in 
a form suitable for electrical testing. The substrate is 
(100)-oriented GaAs which is doped n- type  to about 
10 is carriers/cc. A layer  of GaAs doped with sulfur  is 
grown first, followed by the band of th in  a l ternat ing 
layers and then by another  uniform GaAs layer. The 
top and bottom GaAs layers provide ohmic contacts to 
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the superlattice. The superlatt ice port ion is not in ten-  
t ional ly doped. It turns  out to be n-type,  wi th  between 
1016 and 1017 carriers/cc. 

The vapor growth system is i l lustrated in  Fig. 5. It  is 
essentially a modification of the process described by 
Tiet jen and Amick (3). GaAs is obtained by  reacting 
AsH3 gas with GaC1 vapor produced by  chlorinat ion of 
Ga with HC1 gas at 900~ The substrate tempera ture  
is usual ly  about 760~ The system shown is unsat is-  
factory for producing the th in- layered  s tructures  be-  
cause of the relat ively large reaction zone volume in 
which AsH3 and PH3 will  mix by interdiffusion, pre-  
vent ing sharp separation in the crystal. To make the 
superlatt ice s tructure possible, a modification shown in 
Fig. 6 was introduced wherein an electromechanical  
valve served to send the PH3 stream al ternate ly  into 
the reaction mix tu re  or to vent  it from the system. 
Also, the diameter  of the reactor was constricted. By 
using nar row ID quartz tubing and relat ively high flows 
of carrier  He, it has been possible to achieve rapid in-  
jection of PH3 into the growth region. The rate of 
injection can be as fast as once a second, and gas veloci- 
ties as high as 5 m/sec are reached in  some parts 
of the system. Typical values of gas flow rates are: 
HC1, 10 cc/min;  ASH3, 10 cc/min;  PH3, 5 cc/min.  The 
sum total of all carrier  H2 flow rates was originally 
1000 cc/min.  In  a second modification to the system 
the total carrier gas flow was increased to 2000 cc/min, 
bu t  more impor tant ly  the diameter  of the substrate 
zone was decreased from 45 to 15 mm, the result  of the 

TO VENT 

(5 sccm) - -  5 

H2 
(200 sccm) 

COMBINED 
GAS FLOW 
(1000 sccm) 

- -  ~.--  H 2 (400 sccm) ~ " - - H C t  + H 2 (200sccm) 

~ _SUBSTRATE 
AND HOLDER 
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Table I. Effect of changes in reactor tube design on flow properties 

I I I  
I I I  C o n s t r i c t e d  

W i d e  C o n s t r i c t e d  u p p e r  a n d  
t u b e  u p p e r  p a r t  l o w e r  p a r t s  

Cmi,l 0 . 8 5  C,, 0 . 01  Co - -  
T 12 s e c  1.9 s e c  0 . 2 7  s e c  
7" - -  1.7 s e c  0 .055  s e c  

X m  i d 
C,.ia = C,~ erfc - -  

2VDt 

two changes being to increase gas velocity in the vicin-  
ity of the substrate by a factor of 18. 

A rough estimate of the expected effect of the modi-  
fications on the flow properties of the system is shown 
in Table I. The first parameter,  Cmla, is the result  of a 
simple complementary  error function diffusion calcula- 
tion, assuming two successive PI-I3-bearing and PHH3- 
free pulses of gas are effectively semi-infinite in ex- 
tent. C m i d  is the concentrat ion of PH3 at the point  
Xmid, which is midway between two successive pulses 
of PH3. Co is the init ial  max imum PH3 concentrat ion 
in the center of a PHz pulse. Since complete in ter-  
diffusion would result  only in increasing Cmid from 0 
to 1/2C0, the value of 0.85 Co given in the first column 
is physically impossible, showing that  diffusion would 
be far too great in the wide tube. T is the residence 
t ime of PH~ in the system between the solenoid valve 
and the substrate. The third parameter,  r, defined as 
4~/Dt/V, is a time constant  reflecting the two factors 
which pr imari ly  determine the sharpness of the gase- 
ous interface, namely  the diffusion length and the 
streaming velocity of the gas. From these three criteria 
it is seen that  a large improvement  is effected by con- 
stricting the upper part  of the reaction tube and a 
somewhat fur ther  one by cont inuing the constriction 
past the substrate position. 

Results 
Observation by electron microscopy is the most usual 

evaluat ive procedure applied to the grown layers. The 
wafer is first cleaved across the epitaxial  layers on a 
( i i0 )  cleavage face and etched for 15 sec in a 10:1:1 
H20:H202:HF solution. This brings out what  appears 
under  visual microscopy as a thin l ine parallel  to the 
substrate. A p la t inum-shaded carbon replica is then 
made of the cleaved and etched surface, and this is 
examined by transmission electron microscopy. 

Figure 7 shows the first a t tempted superlattice. A 
corrugated band  of near ly  paral lel  lines is clearly 

visible between the uniform GaAs layers at top and 
bottom. In some places where the edges are not in 
shadow it is possible to count the exact number  of 
al ternat ions which were attempted, namely  30. The 
wide layer just  above the superlatt ice is not a part  of 
it bu t  ra ther  an artifact of the growth procedure. The 
diagonal lines crossing the superlatt ice represent  the 
intersection of (111) stacking faults with the cleavage 
plane. It  can be seen that  the spacing is var iable  in 
this picture, and a more detailed study at several points 
along this band would reveal a slight decrease of the 
average spacing in the direction of growth. The aver-  
age spacing here is about 300A and was produced by 
inject ing the PH3 for 3 sec and then tu rn ing  it off for 
3 sec, repeating this procedure 30 times. The corruga- 
tions themselves are produced by preferential  etching, 
the GaAs layers etching faster than  the GaAsl-xP~. 

Scanning electron microscopy (SEM) is faster than 
the replica t ransmission method and offers the advan-  
tage that  it is possible to observe the specimen directly 
while maneuver ing  it into different positions, but  it 
lacks the high resolution of the replica method. A spe- 
cial adaptat ion of this type of examinat ion  is shown 
in Fig. 8. This is the double cleave technique, where 
after cleaving and etching the specimen it is cleaved 
again perpendicular  to the original cleaved surface, 
and the intersection is then observed by SEM. Figure 
8a i l lus t ra tes  clearly that  the whole superlatt ice area 
is raised above that  of the GaAs sandwiching it on 
both sides because the GaAs etched at a faster rate. 
The resolution of this microscope was not good enough 
to br ing out the individual  striations wi th in  this band. 
However, they  are visible in the second photograph, 
Fig. 8b, which depicts a superlatt ice with a much 
larger spacing, in this case about 2000A. It is not clear 
whether  the deep gouge at the right of the photograph 
represents a defect in the original growth or whether  
it is simply a cleavage phenomenon.  

Electron microscopic techniques are very useful to 
demonstrate  when  a superlatt ice has been successfully 
grown and to measure its period. However, they reveal 
very little about the ampli tude of the concentrat ion 
variation. It  is known that  relat ively small  concentra-  
tion inhomogeneities and other effects such as tem- 
perature fluctuations can produce strong etching ef- 
fects (4). Furthermore,  a substant ial  lattice strain 
must  be present  due to the approximately 2% differ- 
ence in lattice constants, and mismatch dislocations 
have been reported for this system (5). Strain and dis- 
tort ion of the lattice could be responsible for some of 

Fig. 7. Replica transmission electron micrograph of 300,~ super- Fig. 8. Scanning electron micrographs of doubly cleaved super- 
lattice structure, lattice structures, 
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the enhanced etching. Thus it was difficult to know 
whether  the observed var iat ion in etch rate corre- 
sponded to a change in phosphorus concentrat ion suffi- 
cient to produce the desired effects. Some attempts at 
measuring the concentrat ion profiles directly by count-  
ing neut ron-act iva ted  layers removed by RF sputter 
etching and by the ion microprobe resulted in failure, 
presumably  because removal  of parallel  layers only a 
few angstroms thick could not be accomplished. 

The most conclusive proof that  a nontr iv ia l  change 
in the phosphorus mole fraction actually exists wi th in  
the superlatt ice has been obtained by an x - ray  tech- 
nique. The x - r ay  measurements  were made by record- 
ing the in tensi ty  of (400) diffraction peaks from a type 
of sample that  differed from those previously described 
in that the top layer of GaAs was not grown. This form 
of specimen, which is more suitable also for certain 
electrical measurements,  allows the x- rays  to pene-  
trate directly into the superlattice. When very  thin 
layers of t w o  different crystal l ine substances are in ter-  
leaved together and when the successive layers are 
thin enough that many  of them can exhibit  s imul tane-  
ous and coherent x - ray  diffraction, the separate peaks 
characterizing the two individual  materials  will dis- 
appear and be replaced by an average reflection with 
which are associated satellite peaks, or side bands. Pre-  
vious work involving detection of satellites has always 
entailed na tu ra l ly  occurring superlatt ice crystals (2). 

Satell i te x - r ay  peaks have been observed for several 
of our specimens. Figure 9 shows the sharpest x - r ay  
spectrum that has been seen, indicating that this speci- 
men has the most perfect superlattice that  has been 
g r o w n  to date. The peak at 66.2 ~ is the (400) reflection 
from the GaAs substrate. The peak at 67.5 ~ is the same 
reflection from the inter leaved GaAsl-xPz layers. The 
satellite peaks are seen 0.5 ~ above and below this par-  
ent peak. Each of the peaks shows a spli t t ing due to 
the al and a2 components of the CuKa radiation. Both 
the presence of the satellites and the ~1-a2 resolution 
are indicative of the high degree of coherence of the 
superlattice. An analysis of this spectrum (6) has pre- 

dicted that  for this degree of sharpness to result, the 
period within the superlattice must  be constant  to 
bet ter  than 1% in this case. The high in tensi ty  (48% 
of that of the central  peak) of the right hand side peak 
is strong evidence for the existence of a significant 
ampli tude in the periodic phosphorus profile. The 
asymmetry  in the height of the two side bands and 
the fact that the central  peak position corresponds to 
a lattice constant smaller than expected for an un-  
strained combinat ion of 0 and 50% GaP layers are at- 
t r ibuted to an anisotropic stress distr ibution in the 
superlattice. 

Various al ternat ive hypotheses to account for the 
x - ray  diffraction effects have been considered. One 
such model is that several discrete layers of material,  
each of which is homogeneous within itself but  dis- 
t inct in composition from the others, give rise to 
separate diffraction peaks; another is that the satellite 
peaks are due to slightly misoriented segments. The 
experimental  observation that the angular  spacings be- 
tween satellite and parent  peaks vary regular ly  and 
inversely with the layer spacings, in accordance with 
simple Bragg diffraction theory, supports the assump- 
t ion of a superlattice as opposed to the fortuitous si tu-  
ations mentioned above as a l ternat ive hypotheses. 

Having demonstrated the feasibility of making a 
superlattice, there remains  the difficult task of per-  
fecting it to the point where it can meet the s tr ingent  
requirements  imposed by the device theory. This re- 
duces essentially to controll ing the growth rate so that 
the layers are flat, parallel, and equally spaced. Many 
cases have been seen that are far from the ideal, for 
example the defective growth shown in Fig. 10, which 
shows a sample with four successive superlattice bands. 
Note that these bands are nei ther  straight nor parallel. 
Since the growing interface obviously became rough 
before growth of the superlatt ice was begun, solution 
of this problem was equivalent  to that of avoiding 
growth pits in epitaxial layers. Effects of temperature  
and orientation on the phenomenon of surface pit t ing 
have been reported (7), but  nei ther  of these effects was 
found to be responsible for the nonplanar  epitaxy. The 
key to the problem turned  out to be an unsuspected 
variable, the flow rate of HC1. A min imum HC1 flow 
rate, and hence a m i n i mum GaC1 pressure in the re- 
actor, was found necessary in order to ensure surface 
planarity.  For (100) substrates and 750~176 the 
mi n i mum HC1 flow is 10 cc/min;  for higher tempera-  
tures and for ( l l l A )  substrates the rate must  be 
higher. 

Another  way to improve the flatness is by suitable 
choice of the orientation. In looking at the epitaxial 
growth at the edge of the wafer shown in Fig. 10 it 
was noted that, although many  kinks and jogs existed 
in the part  growing in the ~ 100~  direction, there was 

Fip. 10. Nonplanar growth on sample containing four supeHattice 
Fig. 9. X-ray spectrum from superlattice, showing satellite peaks bands. 
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Fig. 1 I. 200.~ superlattice with constant periodicity 

another direction in which facets formed and the 
superlatt ice layers were flat and parallel. It was de- 
termined that this was the <311> direction. Subse- 
quent  superlatt ice growth on a (311A)-oriented sub- 
strate verified that  the resul t ing layers were indeed 
very flat. 

By applying some of this knowledge it was possible 
to greatly improve the morphology of the growth. An 
example of one of the best layers is given in Fig. 11. 
The spacing here is about 200A. The layers are actually 
more parallel  than  they look because the corrugated 
surface is slightly mott led by the etching. The smallest 
spacing that has been resolved so far is l l0A, but this 
was not constant  across the whole superlattice. 

Electrical properties of these layers have been re- 
ported elsewhere (6). Very briefly they are the follow- 
ing. Foremost  is the fact that  the negative resistance 
has not yet  been observed. However, existence of an 
electrical as well  as a metal lurgical  superlattice, has 
been tenta t ive ly  concluded from measurements  of 
cathodoluminescence, capacitance vs. voltage at 4~ 
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and conductance vs. temperature.  Since a barr ier  height 
of only 60 meV, which is only 10% of the max imum 
possible bandgap change, was detected, it is concluded 
that most of the potential  oscillation exists in the 
valence band. Thus in order to realize the negative 
resistance properties it may  be necessary to exploit 
the capabil i ty of the system described here with p- type 
GaAsl-xPz or with another  semiconductor system. 
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High-Temperature Annealing of Oxidized Silicon Surfaces 
F. Montil lo I and P. Balk 

IBM Thomas J. Watson Research Center, Yorktown Heights, New Yo~'k 10598 

ABSTRACT 

The densities of fixed charge (Qox) and t rapping centers (Nss) on thermal ly  
oxidized silicon surfaces have been measured by the MOS capacitance tech- 
nique upon anneal ing in 02, N2, He, and vacuum at various temperatures  from 
600 ~ to ll00~ These surface characteristics are always determined by the 
conditions of the final h igh- tempera ture  process, except for Qox, which will 
never  increase in neut ra l  ambients.  In all atmospheres, higher anneal ing tem- 
peratures yield lower Qox values. It  was also found that  the Nss values are 
very  sensitive toward trace amounts  of water  in the h igh- tempera ture  ambient.  
They decrease for increasing water vapor pressure. Effects of other impuri t ies  
were not observed in this study. Based on saturat ion values and kinetic data 
a discussion is given of some models for both types of centers. 

The properties of oxidized silicon surfaces have been 
studied extensively dur ing  the past decade. The interest  
in this topic was strongly st imulated by the advent  of 
the field effect transistor. Two characteristics are of 
part icular  significance for their effects on the per-  
formance of this device: the tendency of both n -  and 
p- type silicon substrates to form n- type  surfaces upon 
oxidation, and the presence of t rapping states near  the 
semiconductor-oxide interface (1). Accordingly, sev- 

1 P r e s e n t  a d d r e s s :  I B M  C o m p o n e n t s  D i v i s i o n ,  E a s t  F i s h k i l l ,  N e w  
Y o r k  12524. 

K e y  w o r d s :  s u r f a c e  c h a r g e ,  i n t e r f a c e  s ta tes ,  C V - m e a s u r e m e n t s .  

eral workers in this field have investigated the condi- 
tions that  determine the amount  of positive surface 
or oxide charge (invoked to explain the excess of 
electrons occurring in n - type  space charge layers at 
silicon surfaces) and the density of surface t rapping 
states. 

Notwithstanding the fact that  these phenomena are 
well known, there is no general ly accepted physical 
model to account for the above characteristics. In  fact, 
three different models may be invoked to describe the 
observations: The first one distinguishes between fixed 
surface charge centers, located in the oxide, and in ter -  
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facial t rapping states (2). One must  also consider the 
possibility that both surface charge and t rapping states 
may be related to centers directly at the oxide-silicon 
interface (3). A third model allows only for centers in 
the oxide near  the interface, and considers t rapping 
states as induced by point  charges in the oxide (4). 
Although m a n y  workers assume that  the centers are 
related to vacancies in the oxide or at the interface, 
it has also been suggested that they are caused (2, 5) 
or stabilized by (6) impurities,  notably Na. 

With respect to the phenomenological  behavior  of 
the centers there is no complete clari ty either. It  has 
been reported that  upon oxidation in 02 to a given 
thickness, a larger oxide charge results for lower 
temperatures  (7), and that  at a given temperature  the 
amount  of charge is larger when  the rate of oxidation 
before te rminat ing  the process was larger (3, 6). An-  
neal ing in neut ra l  ambients,  like N2, will  under  certain 
conditions el iminate the charge, but  it is not certain 
whether  this wil l  happen for a wide range of tempera-  
tures (7) or only for the very  highest (6, 8). 

The density of t rapping states obtained upon oxida- 
t ion in O2 is strongly dependent  on the part ial  pressure 
of water  vapor in this ambient  (9, 10). For dryer  O2 
larger numbers  of states have been observed. The si tu-  
ation with regard to nonoxidizing atmospheres is less 
clear. It has been reported that  anneal ing  of clean 
samples at very  high temperatures  (e.g. l l00~ in 
neut ra l  ambients  wil l  e l iminate interface states (8). 
On the other hand, vacuum anneal ing  surpr is ingly 
results in an increase in the t rap densi ty  par t icular ly  
at higher temperatures  (10). Low tempera ture  anneal -  
ing (e.g. at 400~ in H2 (9, 11) or wet N2 (11) will 
completely el iminate  these centers. 

Both the amount  of oxide charge and the density of 
interface states obtained for O2 or N2 and He ambient  
anneal ing are dependent  on sample orientat ion (2, 6, 7, 
10, 12, 13). 

In  view of the uncer ta int ies  cited above, the present 
authors have at tempted to explore the different annea l -  
ing processes in a systematic fashion. In addition to a 
consistent set of data, some interest ing similarit ies and 
differences in behavior between the centers responsible 
for oxide charge and those giving rise to interface 
t rapping will be reported. Final ly,  we wil l  a t tempt to 
explain some apparent ly  contradictory observations 
described in the l i terature.  The convenient  MOS capac- 
itance technique made it possible to include a wide 
var ie ty  of conditions in the exper imental  investigation. 
However, for establishing detailed models for the 
studied effects more sophisticated approaches may be 
necessary. 

Experimental 
The samples used in this s tudy were 2 ohm-era (100) 

and (111) orientated, chemical ly-mechanical ly  polished 
Monsanto and Dow-Corning silicon wafers of both 
conductivi ty types. They were cleaned by r insing with 
organic solvents, HF, and distilled water, and oxidized 
at 1000 ~ or ll00~ general ly  to 1000A, in a rf  heated 
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silica tube (Fig. la)  or in a silica tube in a resistance 
heated furnace. The oxidation ambient  was either dry 
02 (water content  < 1 x 10 -2 Torr, as measured at the 
outlet of the tube) or 02 into which a predetermined 
higher amount  of water  vapor (general ly 6 x 10 -2 
Torr) had been injected. Water  vapor pressures were 
determined using a Panametr ics  A120~ conduction cell. 
Very clean oxide films were obtained by vapor etching 
in H2-HC1, followed by in situ oxidation in the rf 
heated tube (Fig. la ) .  Some of the films were stabilized 
by forming a phosphosilicate glass layer approximately 
100A thick, containing 4 mole per cent (m/o)  P205, 
on their  surface (14). 

Neutral  ambient  anneal ing  was done in hel ium or 
ni trogen in the temperature  range of 500 ~ to ll00~ 
The hel ium was dried through a trap filled with Linde 
13X molecular  sieve at l iquid ni t rogen temperature ,  
the ni t rogen through a molecular  sieve trap at room 
temperature.  These t reatments  and also vacuum an-  
neal ing (at 10 -6 Torr  and 500 ~ to 1000~ were carried 
out in very  similar rf heated quartz tubes (Fig. lb ) .  
The vacuum anneal ing tube was also used for anneal -  
ing in N2 ambients  below atmospheric pressure. These 
N2 ambients,  containing various water  vapor pres-  
sures, were obtained by bleeding dry N2 or N2, satu- 
rated at room temperature  with water  vapor, into the 
tube while pumping,  and by adjust ing the gas flow 
such that the desired total pressure was obtained. The 
samples were allowed to cool rapidly in the anneal ing 
ambient.  

The samples were evaluated using the MOS capac- 
itance or C-V technique (15) at room tempera ture  
and at liquid ni t rogen temperature,  for a measurement  
f requency of 1.5 Mc. To this end, a luminum dots were 
evaporated from a rf heated boron ni tr ide crucible 
onto the unheated substrates. As a measure of the 
interface state density their  number  Nss between the 
room tempera ture  and liquid ni t rogen tempera ture  
Fermi levels was used (10) 

Cox 
Nss ---- [VFB (room temp) - -  ~r B (liq N2 temp) ] 

q 
[1] 

where VFS is the flatband voltage and Cox the oxide 
capacitance, both obtained from the C-V plots. There 
is some uncer ta in ty  in the room tempera ture  V F B  

values, and consequently in Nss, since even at 1.5 Mc 
the interface state capacity may not be completely 
eliminated. The surface or oxide charge was obtained 
from the shift of the room tempera ture  C-V curves 
with respect to the theoretical curve for the proper 
resistivity and oxide thickness 

Qox -- Cox [VFB - -  VFB (theor.)]  [2] 

These C-V measurements  were made after a 5 min 
anneal  at 500~ which removes all interface states ob- 
servable by field effect measurements  (16) or by capac- 
itance measurements  according to Eq. [1]. It  should be 
noted that  the use of these operational definitions (1) 
and (2) for interface state densi ty and oxide charge 
allows a direct comparison with results obtained by 
other workers only for the la t ter  quanti ty.  For  in ter-  
face state densities such comparisons are necessarily 
qualitative, except for comparisons with the work of 
Brown and Gray (10), who first introduced the tech- 
nique adopted in this study. 

Results 
The exper imental  results obtained upon anneal ing 

of silicon substrates covered with "very clean," "regu- 
lar" or P205 stabilized oxide films were always quite 
similar. It was found from electrothermal stressing 
tests that  the "regular" oxides contained general ly not 
more than 5 x 10 l~ mobile species (presumably  Na 
ions) per  cm 2 whereas the mobile charge level for 
"very clean" films was typical ly half  this number  or 
less. The mobile Na content  in the stabilized films was 
below 1 x 10 TM per cm 2. These numbers  were not af- 
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fected by  the different anneal ing  treatments,  nor  did 
the outcome of such t rea tments  show any  correlation 
with variat ions in the low Na content  of the samples. 
For P205 doped oxides the possibility of phosphorus 
penetrat ion through the film strongly limited the maxi -  
m u m  feasible anneal ing times at the highest tempera-  
tures. The only difference between "regular" and "very 
clean" films was in an area unre la ted  to the subject of 
interest  for this paper. The incidence of defect break-  
down (17) was considerably lower in the lat ter  type 
of oxide film. 

Although the results obtained on n and p- type sub- 
strates always showed the same trends, the hrs~ values 
measured on n- type  samples tended to be somewhat 
larger than those for the other resistivity type. A 
simple explanat ion for this observation may be that  
the part  of the gap scanned, namely  that  between the 
room and liquid n i t rogen tempera ture  Fermi  levels, is 
somewhat larger for n - type  mater ia l  because of its 
lower carrier density at a given resistivity. 

The results did depend on the sample orientation: 
both Qox and Nss values are general ly  larger for (111) 
than for (100) surfaces. Our data here are in agree- 
ment  with those found in the l i terature.  

When a sample was subjected to a sequence of an-  
neal ing t reatments  in different ambients, the final 
values of Qox and Nss were those characteristic of the 
last high tempera ture  process. The behavior of Qox in 
neutra l  ambients  forms an exception, which wil l  be 
discussed later. 

Oxygen annealing.--When the anneal ing is carried 
out below the oxidation temperature,  both Qox and N,~ 
increase. The kinetics of the process is orientat ion de- 
pendent.  It may be seen in Fig. 2 that  for (111) oriented 
samples Qox passes through a max imum before obta in-  
ing its final value, whereas for (100) samples Qox in-  
creases monotonical ly  unt i l  it reaches its maximum.  
Here and in the following figures and tables each set 
of Nss and Qox values after a given t rea tment  was ob- 
tained on a different sample. N~s exhibits a similar 
behavior as Qox, and approximately the same amount  
of t ime is required for the change to take place. The 
rate of these processes depends not only on the anneal -  
ing temperature,  as expected, but  also on the thickness 
of the oxide film. For example, the t ime required to 
reach the max imum in the Qo~ curve for (111) oriented 
samples is proportional to the oxide thickness (18). 
This suggests that the diffusion of oxygen through the 
layer is the ra te -de te rmin ing  step in the process. In 
the times involved approximately one mono-molecular  
layer of oxide, and thus a completely new interface, 
is formed. 

The tempera ture  dependence of the saturat ion or 
equi l ibr ium values of Qox and Nss for (100) oriented 
samples is shown in  Fig. 3. These curves can be t ra -  
versed reversibly. Larger values were obtained for 
the (111) orientation. 

It was reported by Brown and Gray (10) that  the 
interface state density increases for decreasing water  
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content  of the oxygen dur ing the oxidation process 
down to 80 ppm of water  (60 x 10 -3 Tor t ) .  A similar  
relationship was found for most of the cases studied 
in the present  investigation (Table I) between oxida- 
tion at 5 x 10 -3 and 60 x 10-~ Torr. The effect of water  
vapor on Qox was very small  in the cases investigated, 
which were all in the low pressure range. 

Nz and He annealing.--Annealing in N2 and in He 
leads to the same results. However, in contrast to the 
results obtained for 02, it may be seen (Fig. 4) that  
in neut ra l  ambients  Nss and Qox do not  always change 
in the same direction. Specifically, Qox wil l  never  in-  
crease but  only remain  constant  or decrease upon an-  
neal ing in neut ra l  ambients,  whereas Nss may  change 
in both directions. Figure 5 shows the dependence of 
the decrease of Qox on time for different temperatures  
upon anneal ing of (111) oriented samples in  He. A 
high concentrat ion of oxide charge had first been in-  
duced in the surfaces by exposure to O2 at 600~ 
Though the number  of data points is ra ther  limited, 
an exponential  decay of the excess charge (towards 
the new saturat ion value) with t ime appears to give 
a good description of the kinetics. However, the oxide 
charge approaches a different final value for each 
temperature.  The activation energy for the rate con- 
stant  is ra ther  low (approximately  0.5 eV). The in-  

Table I. Effect of water vapor pressure in 
oxidation ambient on Nss and Oox 

Oxide g r o w t h  a t  
IO00"C in  0~ w i t h  N . .  Qox 

H~O p r e s s u r e  ( T o r r )  • l O - n  

5 x I0 ~ 6 1 
p < I O 0 >  60 x 10 -s 3 1 

5 X 10 ~ 25, 4 
p < l l l >  60 x 10 ~ 26 5 

5 • 10 ~ 11 1 
n < l O 0 >  60 • I 0  ~ 4 I 

5 • 10 -~ 33 4 
n < l l l >  60 • 10 -~ 20 5 
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increase in Qox is not possible. The values before annealing are 
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crease in Ns~ at 600~ in Fig. 4 follows a similar  rate  
law. The Qox values finally at tained in this process are 
given in Fig. 6 as a function of temperature .  They do 
not depend on the value before annealing, as long as 
that  va lue  was larger  than or equal  to the quasi-  
equi l ibr ium value for the annealing tempera ture  (as 
given by the declining curve in Fig. 6). The t ime re-  
quired for the reduct ion in Qox is dependent  on oxide 
thickness. An  increase in Qox is neve r  obtained during 
annealing in neutra l  ambients. 

The Nss data plotted in Fig. 7 demonstra te  that  the 
saturat ion value for this parameter  tends to be inde- 
pendent  of the  value before anneal ing in the t empera -  
ture range for which sufficient informat ion is avai lable  
(700 ~ to l l00~ The process thus appears to be r eve r -  
sible. At  the lowest t empera tu re  invest igated (500~ 
no change at all was observed f rom the initial value 
even after  many  hours. 

Vacuum annealing.--Vacuum anneal ing exper iments  
were  carr ied out only at or below 1000~ At  this 
t empera ture  oxide shorts would gradual ly  develop, 
which made electrical  measurements  more difficult. 
Our data (Fig. 8) indicate that  vacuum annealing in 
the 600 ~ to 1000~ tempera ture  range always results 
in an increase in Nss for samples prepared  by oxidation 
in O2 at 1000~ On the other  hand, such an increase 
was for N2 anneal ing obtained only in the lower  par t  
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of this t empera tu re  range (Fig. 4). The 1000~ vacuum 
annealing saturat ion values are in agreement  with 
Brown and Gray 's  data (10). As in N2, the approach 
of the saturation value  for Nss during vacuum anneal-  
ing at 600~ can be satisfactorily described as a first 
order reaction. However ,  the process appears to be 
somewhat  slower in vacuum. 

These effects are again demonstra ted in Table II, 
which also offers a comparison between the (111) and 
(100) surfaces. The trends are the same for both orien- 
tations, al though the Qox and Nss values are larger  for 
the (111) surface. The data also indicate that  the Qox 
values for N2 and vacuum anneal ing at a given tem-  
pera ture  are ve ry  similar, and become ve ry  small  for 
the (100) orientat ion at 1000~ 

Water vapor in neutra~ ambient  annealing.--The dif- 
ference between the N2 and vacuum anneal ing results 
at 1000~ is ra ther  unexpected,  since both ambients  
may be considered as nonreact ive  towards  the  SiO2-Si 
system. The qual i ta t ive revers ibi l i ty  of the N2 and 
vacuum anneal ing effects, shown in Table III, indicates 
that  in each case the system moved toward an equi l ib-  
r ium condition, characterist ic for the final ambient  to 
which the sample was exposed. This observation led to 
the suspicion that  some gaseous impur i ty  might  be 
responsible for the "N2 results." 

Measurement  of the water  content  of the N~ showed 
that  this quant i ty  is t empera ture  dependent  (Table 

Table II. Effect of annealing ambient and sample orientation at 600 ~ and 1000~ on Nss and Qox 

A f t e r  a n n e a l i n g  in  

O2(60 x 10 -~ T o r r  V a c u u m  V a c u u m  
S a m p l e  H 2 0  ) a t  1000~ a t  600~ N~ a t  600~ a t  1000~ N~ a t  1000~ 

N~, Qo~ N . .  Qox N~, Qox N~g Qox ,N,,,, Q o x  
X i 0 - ~  x I0  -:u X I0  -zt X I 0  -11 x I 0  - u  

p-<lO(~> 3 1 9 2 6 0.7 11 0.4 0.1 0.3 
p-<lll> 26 5 48 7 37 6 136 2 9 2 
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Table III. Effect of sequential N2 and vacuum annealing on Nss and Oox 

A f t e r  a n n e a l i n g  in  

V a c u u m  a t  1000~ N i t r o g e n  a t  1000~ 
O.~(60 x 1 0 ~  T o r r  N i t r o g e n  V a c u u m  a n d  n i t r o g e n  a n d  v a c u u m  

S a m p l e  H..O) a t  1000~ a t  1000~ a t  10C~~ a t  1000~ a t  1000~ 

x 10 -'n X I0  -11 • 10 -a* x 10 -1l X 10 -~1 

N < 1 1 1 >  20 5 8 4 135 3 8 3 46  1 
2 o h m - e r a  

Table IV. Observed water vapor pressures in N2 at various 
temperatures at exhaust of annealing furnace 

N2 f l o w r a t e  

T e m p e r -  2 l i t e r s / r a i n  0.25 l i t e r s / m i n  
a t u r e  (~ a t  1 a t m  a t  1 a r m  

25 0.1 x 10-  ~ T o r r  0.1 • 10 ~ T o r r  
600 0.4 x 10 "~ T o r r  5 • 1 0 ~  T o r t  
900 5 x 10 -3 T o r r  36 • 10 ~ T o r r  

1000 7 • 10 "~ T o r r  60 • 10 -'~ T o r r  

IV). At room tempera ture  it is very  low. The increase 
at high temperatures  must  be caused by diffusion of 
water  through the wall  of the quartz tube, since the 
water  content  of the N2 is inversely proport ional  to 
the flow rate of the gas. The non-negl ig ib le  oxidation 
rates of silicon in "dry Ar" at 850 ~ and 1000~ ob- 
served by Nakayama and Collins (19), were probably 
also caused by water  permeat ion through their  quartz 
furnace tube. A quant i ta t ive comparison of the water  
vapor pressures estimated from their  data ( they are 
in the range from 0.1 to 1 Torr) with those following 
from the data of Table IV is difficult because of the 
different geometries of the systems. 

Table V shows that indeed the N~ values correlate 
directly with the water  vapor pressure in the ambient,  
whereas any obvious relationship with the N2 pressure 
is lacking. Even at low water  content  of the ambient  
the surface characteristics are still very sensitive to 
the actual  value of the vapor pressure. These observa-  
tions explain at the same t ime the difference between 
the N2 and vacuum anneal ing results, discussed before. 
This difference is most pronounced at the highest t em-  
perature  (1000~ at which data are available for both 
cases. At 900~ the dependence of N~ on the water  
vapor pressure is considerably weaker (Table VI). 

Discussion 
The implications of the foregoing results for the 

construction of models for oxide charge and interface 
state centers is discussed next. All  such models are nec- 

Table V. Effect of water vapor pressure in neutral 

essarily tentative, but  they are useful in s t imulat ing 
discussion and fur ther  experimentat ion.  

Oxide charge cen ters . - -The  important  findings are: 
At a given tempera ture  and oxide thickness a distinct 
value of Qox is obtained in O2. This value is general ly 
lowered upon anneal ing in neut ra l  ambients  at the 
same temperature.  At higher temperatures  lower 
values are obtained. In  the pressure range investigated 
(i.e. below 10 -1 Torr) the water  content  of the ambi-  
ent is relat ively unimpor tant .  The rate at which the 
new Qox value is reached decreases with increasing 
oxide thickness. 

These observations are compatible with a model in 
which the oxide charge centers are defects in the oxide 
s tructure near  or at the oxide-silicon interface. Such 
a model has first been proposed by Revesz et al. (6). 
The concentrat ion of these centers would be deter-  
mined by a dynamic equi l ibr ium between the oxida- 
tion reaction, which disturbs the interfacial  region and 
leads to formation of oxide charge centers, and an an-  
nealing process, which tends to el iminate them. The 
orientat ion dependence of Qox indicates that  the charge 
must  be located at or near  the interface, since one 
does not expect that the entire SiO2 glass film would 
exhibit  substrate orientat ion dependent  properties. 
The exper imental  results do not allow very specific 
conclusions with regard to the na tu re  of the defects. 
However, it is possible that they involve hydroxyl  
groups (2). In  this case their  formation would require 
the presence of water  or hydroxyl  groups, whereas 
their removal  would be determined by the outdiffusion 
of such species. Such a model would be compatible with 
the observed thickness dependent  rate of decay of Qox 
in neut ra l  ambient  annealing.  

Recently Fowkes and Burgess (5, 20) have proposed 
that oxide charge may be caused by Na + ions, located 
in positively charged Si -O-Na centers introduced near  
the interface upon oxidation at in termediate  tempera-  
tures. Dur ing  oxidation at very  high temperatures,  and 
par t icular ly  dur ing neut ra l  ambient  annealing,  oxygen 
vacancies would form throughout  the oxide. These 
centers would readily t rap  electrons and immobilize 
Na + ions. However, from our finding that the mobile 

ambient annealing on Nss and Qox at 1000~ 

S u b s t r a t e  
A n n e a l i n g  a m b i e n t  (1000~ 

Ne f l o w r a t e  
p (111) H~O p r e s s u r e  Ne p r e s s u r e  ( l i t e r s / r a i n  
2 o h m - e r a ,  ( T o r r )  ( T o r r )  @ 1 a t m )  N , s  • 10 -11 

S u r f a c e  c h a r a c t e r i s t i c s  

Oox X 10-11 

O x i d i z e d  a t  1000~ B e f o r e  a n n e a l i n g  25  7 
I n  O~ w i t h  60 x 10-s < 1 0 - 6  V a c u u m  107 3 

T o r r  in  H~O 1 • 10 -~ 80 2 83 2 
2 x 10 -~ 0.1 58 
7 • l o ~  7co 2 - -  15 T 

60 X I0 -a 760 0.25 7 4 

Table VI. Effect of temperature and water vapor pressrue on Nss in neutral ambient annealing 

A n n e a l i n g  a m b i e n t  
S u b s t r a t e  900  ~ 1000 ~ 

N~ f l o w r a t e  
p (111) N~ p r e s s u r e  ( l i t e r s / m i n  H~O p r e s s u r e  HeO p r e s s u r e  
2 o h m - c m ,  (To r r )  @ 1 a t m )  (To r r )  Nss  x 10 -11 ( T o r r )  Nss X 10 -11 

O x i d i z e d  a t  1000~ B e f o r e  a n n e a l i n g  25 25 
I n  0 2  w i t h  60 • 10-3 V a c u u m  < 1 0  -6 64 < 1 0 - ~  107 

Torr of H20 80 2 0.6 • 10 -~ 43 i • 10 -3 83 
760 2 5 • 10 -3 35 7 • 10 -~ 15 
760 0.25 36 • 10 "a 25 60 • 10 -3 7 
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Na content  of the samples was not affected by anneal -  
ing, and that it was also low on surfaces with high Qox, 
it appears unl ikely  that  Na impuri t ies  were respon- 
sible for the charge in our experiments.  

Interlace states.--The observation that  new equil ib- 
r ium concentrat ions of oxide charge centers and inter-  
face states form in comparable times dur ing O2 an-  
neal ing suggests a s imilar i ty  in na ture  between the 
two types of centers. In  addition, their  orientat ion de- 
pendence is the same. 

Nonetheless, there are also some str iking differences 
in the anneal ing behavior  of the centers. During vac- 
uum anneal ing Qo~ and Nss may change in opposite di- 
rections, such that  Qox is v i r tua l ly  eliminated, whereas 
Nss becomes very  large. An outs tanding feature of the 
interface states is their  pronounced sensit ivity towards 
water  vapor in the anneal ing ambient,  even at very low 
concentrations. 

These observations are satisfactorily described by a 
simple model (9, 11) of the interface states as caused 
by chemically unsatura ted  silicon atoms at the in ter-  
face. Such centers would be able to react with water 
at elevated temperatures  under  formation of silanol 
groups 

I I 
- -S i  �9 -t- H20 --> - - S i - -  OH W H 

T I 
A somewhat comparable reaction of water  with in-  
trinsic defects in SiO2 was invoked by Weeks and Loll 
to explain their optical absorption and electron spin 
resonance data on bulk  silica (21). At high tempera-  
tures in vacuum one has to assume a breaking of the 
Si-OH bond, and release of water  vapor. The observed 
first order rate behavior  of the vacuum and N2 an-  
neal ing processes at 600~ is compatible with this 
model. On the basis of the assumptions made in the 
foregoing section, the oxide defects related to Qox 
would tend to disappear due to removal  of hydroxyl  
or water  vapor under  these exper imental  conditions, 
which would explain the opposite behavior  of the two 
types of centers. 

The model suggests that  a set of two states of differ- 
ent energies may be observed for each center as is 
indeed the case (19). It  also explains the high reac- 
t ivi ty of interface state centers towards H2 at low tem- 
peratures (200 ~ to 500~ They are completely el imi-  
nated in this ambient  in 1 hr  at temperatures  as low 
as 300~ most l ikely under  formation of silane groups 
(9) 

[ I 
---Si �9 -{- H2 ~ - - S i - - H  -t- H 

] I 
The observed l inear  pressure dependence of the rate of 
this reaction, which is not diffusion-limited, and its 
enhancement  in atomic hydrogen (22) would indeed 
be expected for the above model. Above 500~ H2 was 
found less and less effective with increasing tempera-  
ture  in removing interface states. This may reflect a 
decrease in stabil i ty of the Si-H bond at these higher 
temperatures  which has also been suggested by Kooi 
(2). 

As shown earlier, the Nss values upon O2 anneal ing 
are also sensitive toward the water  content of this 
ambient.  It is not clear if the decrease in saturat ion 
value with tempera ture  requires a similar explanat ion 
as the paral lel  decrease in  Qox. This decrease may  also 
be caused by the increase in the water  content  of the 
Oe with tempera ture  due to the increased permeabi l i ty  
of the quartz walls. 

Finally,  it may  be interest ing to note that very high 
interface state densities were observed on oxidized 
surfaces of germanium-doped  silicon samples (23). A 
substant ia l  fraction of these states could not be elimi- 

nated by low tempera ture  reaction with hydrogen. This 
behavior suggests that  in this case interracial  german-  
ium atoms of valency less than four may be responsible 
for the centers. Such oxygen deficiency is known to 
occur readily in bu lk  GeO2 (24). 

Conclusions 
The following conclusions may be drawn from the 

mater ia l  obtained in the present  investigation: 
Qox and Ns~ are in most cases a unique funct ion of 

time, tempera ture  and ambien t  in the last h igh- tem-  
pera ture  anneal ing step to which the specimen was 
exposed. A notable exception to this rule  is that  Qox 
never  increases dur ing neut ra l  ambient  annealing.  

Nss is very sensitive towards the water  content  of O., 
and neut ra l  anneal ing ambients  even at part ial  pres- 
sures well  below 10 -1 Torr. 

The amount  of mobile Na in samples with a low con- 
centrat ion of this impur i ty  is not affected by heating 
in clean O2 or neut ra l  ambients.  

Explanat ion of the present  data does not require  the 
assumption that  the occurrence of oxide charge and 
surface states are caused by Na. 

The centers correlat ing with N~s and Qox are distinct-  
ly different. 
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Growth of In. x, GaxP p-n Junctions by Liquid Phase Epitaxy 

B. W. Hakki 
Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 07974 

ABSTRACT 

Liquid phase epi taxy (LPE) has been used to grow layers of In<l-x)GaxP, 
in the range 0.4 < x < 0.8, on the Ga (111) surface of GaAs. After  an n - l aye r  
is grown, p-n  junct ions are made either by Zn diffusion or by LPE growth 
of a p- layer  from a Zn-doped liquid. The rate of deposition and the depen- 
dence of layer composition on charge composition are found to be consistent 
with l iquidus and solidus isotherms for the I n - G a - P  system obtained by a 
first-order calculation. 

In(1-x)GaxP is a mater ial  in which a max imum 
direct bandgap of 2.17 • 0.02 eV, at 300~ is ob- 
tained when the molar percentage of GaP is 63 • 2% 
(1). This makes the mater ia l  at tract ive as a potential ly 
efficient electroluminescent  source of visible light at 
wavelengths as short as 5900A. The te rnary  mater ial  
can be grown in bu lk  form (2), from solution (3), or 
by l iquid phase epitaxy (4, 5). The principal  objective 
of this paper is to relate exper imental  and theoretical 
results per ta ining to the LPE growth of In(1-x)GaxP. 
It also describes fabricat ion of p -n  junct ions by init ial  
LPE deposition of an n - l aye r  and subsequent  forma- 
t ion of a p-region either by Zn diffusion or by a 
second LPE deposition from a Zn-doped liquid. 

Growth Procedure 
The te rnary  alloy was prepared by l iquid phase epi- 

taxial  growth from an I n - G a - P  solution on a suitable 
substrate. The growth apparatus is shown schemati-  
cally in Fig. 1. The pyrolytic graphite growth vessel 
is contained in  an open silica tube under  a flow of 
hydrogen. Weighed amounts  of polycrystal l ine InP  and 
GaP were placed at the bottom of the well  containing 
the indium. The combined weights of InP  and GaP 
were held constant  at 0.14 times the weight of in-  
dium. 

After a p re l iminary  heating of the charge at 900~ 
for 15 min, a substrate was tipped on the melt  at g75~ 
and the temperature  lowered at 2~176 The 
tempera ture  in terval  over which deposition took 
place was varied from 25~176 depending on the de- 
sired thickness of the LPE layer. At the end of the cool- 
ing cycle the substrate was tipped off. Deposition was 
carried out on ~100~,  ~311~,  and ~ 1 1 1 )  oriented 
crystals of Si, InP, GaP, and GaAs. The crystal l ine 
quali ty of In(1-x)GaxP was poor for all substrates 
except ~111~  oriented GaAs. For the latter, bet ter  
results were obtained with the Ga face than  with the 
As face. The lattice constant  of GaAs is 5.65A, which 
matches that  of In0.sGa0.sP if V~gard's law is val id 
for the t e rnary  lattice constants. 

The growth on the GaAs substrate was usual ly  Te- 
doped. The ionized impur i ty  concentration, as deter-  
mined by Schottky barr ier  diode measurements,  was 
typically 5 x 1017 cm -3 at 300~ After  growth of the 
n- layer ,  p -n  junct ions were produced either by Zn 
diffusion or by LPE growth of a p-layer.  Zn diffusion 
was done by enclosing the n- layer ,  along with about 
50 mg of Zn3P2, in a sealed quartz ampoule whose 
volume was 25 cc. The residual  atmosphere was hydro-  
gen at 10 -2 Torr. The ampoule was then heated to 
700~ for periods of t ime ranging from 0.2 to 1.5 hr, 
depending on the junct ion  depth required. 

LPE growth of p- layers  was obtained by adding Zn 
to a charge and t ipping on an n- type  In l -xGaxP layer. 
The amount  of Zn added to the charge varied from 
0.03 to 0.3 a/o (atomic per cent).  Because of the high 

Key words:  diffusion, doping, efficiency-electroluminescent, elec- 
troluminescence, indium-gallium-phosphide, liquid phase epitaxy, 
liquidus isotherms,  p-n junctions, solidus isotherms, ternary. 

1469 

part ial  pressure of Zn and the use of an open- tube 
system, it was not possible to get an accurate measure 
of the segregation coefficient of Zn in the qua te rnary  
melt. There were, in adddition, several complicating 
aspects about the double LPE growth of p - n  junctions.  
First, it was necessary to match the t e rnary  composi- 
tion of the p- layer  with that  of the n- layer .  Fai lure  
to accomplish this could lead to a lattice mismatch at 
the p-n  interface. This lattice mismatch can be a po- 
tential  source of a high concentrat ion of nonradia t ive  
recombinat ion centers for the minor i ty  carriers. Sec- 
ond, the cooling t ime dur ing p-growth had to be short, 
in order to minimize indiffusion of Zn into the n- layer .  
Finally,  the thickness of the p- layer  had to be equal 
to or slightly larger than a minor i ty  carrier diffusion 
length. 

Based on these considerations, double LPE p - n  junc-  
tions were grown as follows: The n - layer  was grown 
by cooling from 875 ~ to 800~ The p-charge was 
matched in l iquidus composition to the n-charge. The 
p-charge was tipped at 805~176 i.e., 5~176 higher 
than the m i n i m u m  growth tempera ture  of the n- layer .  
This was done to produce some melt  back into the n -  
layer, and thereby improve the composition match 
between the n-  and p-regions. The p- layer  was grown 
by cooling over a certain tempera ture  interval  hT, 
which determined the thickness of this layer. 

Experimental Results 
Liquidus data at 850~ determine exper imental  

l iquidus data for In- r ich  compositions in the I n - G a - P  
system, mixtures  containing known amounts  of InP, 
GaP, and In were equil ibrated in a separate apparatus 
at 850~ for one-half  hour, after which the undis-  
solved compound was retracted from the melt  and 
weighed in order to measure by difference the amount  

TIPPING 

Fig. !. Liquid phase epltaxial growth vessel 
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that had gone into solution. The l iquidus point for the 
I n - P  b inary  system was obtained by using an I n P - I n  
mixture  containing more than  enough InP to saturate 
the liquid with P. From the weight loss of InP, the 
atom fraction of P in the b inary  l iquid at 850~ was 
found to be Xp ---- 0.085. 

In  de termining te rnary  l iquidus points, the amount  
of InP  used was small enough to dissolve completely 
into the solution, regardless of the ini t ial  amount  of 
GaP. (This indicates that the dissolution rate of InP  
in mol ten In  is so much greater than the rate for GaP 
that all the InP  dissolves before any appreciable 
amount  of GaP does. This kinetic difference, which 
makes it convenient  to use the present method for the 
l iquidus determinat ion,  may be due to the lower mel t -  
ing point of InP  compared to that  of GAP). When the 
ini t ial  amount  of GaP exceeded the quant i ty  required 
to saturate the melt  formed by dissolution of the InP, 
the difference in weight of the GaP before and after 
equi l ibrat ion could be used, together with the init ial  
weights of InP  and In, to calculate the values of Xca 
and Xe for the l iquidus composition. 

Figure 2 gives the exper imental  l iquidus data at 
850~ For low Xca and high Xp the error involved in 
est imating Xca was large. This was due to the fact that 
an In(1-z)GaxP layer formed on the surface of the 
GaP source dur ing equil ibration.  The thickness of 
such a layer became quite large for high Xp. Since 
this layer had to be removed in order to obtain the net 
weight loss of the GaP source, error was introduced 
by the etching process. 

Composition and thickness oS the LPE layers.--For 
the solid te rnary  deposition it was found that when 
the total weight of GaP and InP  in the source was held 
constant at 0.14 times the weight of the indium, the 
mole fraction of InP  in the source determined the 
composition of the epitaxial  deposit. An electron beam 
microprobe was used to measure the K~ and L~ line 
intensities and thereby deduce the In(1-x)GaxP com- 
position in the epitaxial  layer  (1). Such measurements  
indicated that  the mole fraction x in the deposit was 
equal, to wi thin  10%, to xc, the mole fraction of GaP 
used in the source, for the first and second runs on 
each charge. This was valid for the range of solid com- 
positions 0.4 < x < 0.8 investigated. For example, a 
source with x ---- 0.6 gave rise to a t e rnary  deposit that  
varied in composition from x = 0.66 at 875~ to x = 

.12 
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l (~ This work~'c~) 850"6 / I Z l X p  
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Fig. 2. Liquidus isotherms for the In-Ga-P system, wherein 
Xza -~- Xca -~- Xp ~ 1. The dashed lines give the change in 
composition of a melt as it is cooled. The experimental error is 
almost equal to the extent of the circle around each point. 
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Fig. 3. Composition of LPE deposit as a function of distance 
away from the substrate. 

0.58 at 800~ Figure 3 gives a plot of composition in 
this deposit as a funct ion of distance away from the 
substrate. The shift of composition toward InP  as the 
growth tempera ture  decreases is evident. The use of the 
slider in the growth process allowed the deposition to 
be terminated at a specific temperature,  typical ly 800~ 
This procedure was followed for the example given in 
Fig. 3. However, if during the t ipping-off process a 
residue of the melt  remained on the surface of the 
substrate, this residue continued to deposit material,  
of diminishing thickness, down to room temperature.  
The composition of the te rnary  that deposited out of 
the residue varied more rapidly as a function of 
distance than  indicated in Fig. 3 and approached 100% 
InP. 

Subsequent  r u n s  on the same charge led to a shift 
in composition of the LPE layer toward GaP (4). For 
example, a part icular  charge resulted in the deposition 
of Ino.47Ga0.~3P, InoA2Ga0.ssP, and In0.22Gao.TsP at the 
completion of the first, second, and third runs, re- 
spectively. The final tempera ture  of deposition in each 
run  of the sequence was 850~ 

In the direct bandgap In(1-x)GaxP, as in any  other 
direct bandgap semiconductor, in order to obtain 
efficient electroluminescence it is necessary to control 
accurately the depth of the p - n  junction.  This involves 
a compromise between the distance allowed the minor -  
i ty carriers to recombine radiatively,  which is of the 
order of a diffusion length, and the resul t ing strong 
optical absorption suffered by the near  band-edge 
emission. In the case of double epitaxial  growth of the 
p -n  junct ion the thickness of the LPE p- layer  and 
thus the junct ion depth was controlled by adjust ing the 
tempera ture  in terva l  aT over which growth took place. 
Figure 4 shows the thickness of the p-layer,  grown in 
the neighborhood of 800~ as a funct ion of • Inspec- 
tion revealed that  deposition took place not only on the 
substrate but  also on all of the external  surface of the 
I n - G a - P  melt, thus forming a r ight  circular cylinder 
whose height and diameter  were 0.5 and 0.64 cm, re-  
Spectively. The weight of the ind ium charge, result ing 
in the deposition shown in Fig. 4, was 1.1g. Therefore, 
if the average thickness of the deposit on the external  
surface of the melt  had the values shown in Fig. 4, 
then the rate of deposition at 800~ would be 5-7.5 x 
10 -5 cm s, per gram of charge, per ~ Although a 
separate study was not made for n - type  layers, it was 
found that  in general  the rate of deposition of n -doped  
mater ia l  was similar to that  described above for p- 
material.  
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Fig. 4. Thickness of LPE deposit at 800~ as a function of 
cooling interval for two compositions of In(1-x)GaxP. 

Impurity segregation and diI~usion.~For diffused 
structures, the depth of junct ion  could be controlled 
by adjust ing the diffusion coefficient and the diffusion 
time. The doping concentrat ion in the host n -LPE 
layer is ~ 5 x 101T cm -~. Hence, the p -n  junct ion  oc- 
curs at a point  where Nzn ~ 5 x 1017 cm -3. The junc-  
tion depth (d) in a number  of slices diffused at 700~ 
for different lengths of t ime (t) was measured by angle 
lapping a portion of each slice and etching in a 1:1 
mix ture  of HF and H202, in the presence of strong 
light, to reveal  the junction.  Values of the diffusion 
coefficient (D) for Zn were then calculated from the 
relationship D -- d2/4t. This expression assumes that  
D is independent  of concentration, so that the diffusing 
species exhibits an error function distribution. Al-  
though the diffusion of Zn in such compounds as GaAs 
and InSb is known to be strongly concentrat ion de- 
pendent,  in the absence of more detailed data for the 
t e rnary  alloys the values of D obtained by using the 
simple relationship should be useful. These values, 
measured at 700~ are shown in Fig. 5 as a function 
of the t e rna ry  composition. As the composition changes 
from In0 5Ga0.sP to Ino.3Gao.7P, the diffusion coefficient 
of Zn decreases from ~10 - l ~  cm2/sec to ~ 4  x 10 T M  

crn2/sec. The decrease in diffusion constant as the com- 
position shifts toward GaP is qual i ta t ively consistent 
with the lower diffusion coefficient of Zn in GaP, 
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Fig. 5. Diffusion coefficient of Zn into various compositions of 
In(1-x)GaxP. The diffusion temperature is 700~ and the Zn 
concentration at the p-n junction is ~ 5 X 1017 cm -3 .  
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for the liquid 

~1.3 x 10 -11 cm2/sec, as compared to that  in InP, 
~2  x 10 - s  cm2/sec at 700~ for similar Zn concentra-  
tions (6, 7). 

Among the n- type  dopants investigated, namely  Sn, 
Si, Pb, Se, and Te, the best luminescent  efficiencies 
were obtained by using Se and Te. The net ionized 
impurity concentration (ND -- I%TA) in the LPE n-layer 
is given in Fig. 6 as a function of the atom fraction of 
dopant, A, in the melt. This impurity concentration 
can be represented by the approximate relation 
( N D  - -  N A )  ~ 3 X 1021A c m  - 3 .  However, as seen in 
Fig. 6, for atom fractions of Si in the melt  of about 
2 x 10 -4, (ND -- NA) was much smaller  than  the value 
indicated by this relation, and varied by over an order 
of magni tude  along the surface of the deposit. This 
could be explained by a model whereby Si behaves as 
an amphoteric dopant, introducing a background of 
~5  x 1017 acceptors per cm ~, for the doping level  used. 
Therefore, for A < 2 x 10 -4, critical compensation 

would result  (4).~The lowest ionized net  impur i ty  
concentrat ion of undoped mater ia l  was in the 5 x 1015 
cm -3 range. 

First-order Calculations 
Liquidus and solidus isotherms in the In-Ga-P sys- 

tem.--The equations governing the equi l ibr ium be-  
tween the liquid and solid in the I n - G a - P  system can 
be wri t ten  in the simplified and approximate form (3) 

KInpXInp : "~pXInXp [1] 

KGapXGaP : "ypXGaXP [2] 

Xzn + XGa + Xp : 1 [3] 

and for the solid 
XInP JC XGaP : 1 [4] 

where KInP and KGaP are the proport ional i ty  constants 
governing the equi l ibr ium between solid and liquid, 
7P is the activity coefficient for P, Xi is the atom frac- 
tion of species i in the liquid, and Xij is the mole frac- 
tion of species ij in the solid. The activity coefficients 
of the various components in [1] and [2] were all set 
equal to unity,  except 7p. 1 

Equations [1]-[4] can be solved to obtain an equa-  
t ion for the l iquidus composition 

Z T h e  a s s u m p t i o n  t h a t  "~i~ = "yGa = 1 is n o t  s t r i c t l y  correct .  
S ince  Xln ~ 1, i t  is p r o b a b l y  safe to a s s u m e  "yi. ~ 1. H o w e v e r ,  t he  
I n - G a  b i n a r y  da t a  of M a c u r e t  at. (8) i n d i c a t e  t h a t  "yGa ~ 1.2, w h e n  
Xc.a < <  1. The  fac t  t h a t  in  t he  p r e s e n t  w o r k  good a g r e e m e n t  be-  
t w e e n  e x p e r i m e n t  and  c a l c u l a t i o n  can be  o b t a i n e d  by  a s s u m i n g  a l l  
a c t i v i t y  coeff ic ients  to be  u n i t y ,  e x c e p t  7 r ,  is s o m e w h a t  su rp r i s i ng .  
I t  is poss ib le  t h a t  a c a n c e l l a t i o n  process  t akes  p lace  in  Eq.  [1] a n d  
{2] w h i c h  reduces  t he  e r ro r  i n v o l v e d  in  m a k i n g  t h i s  a s sump t ion .  

I (~  ! I I I I I  I L I I I I , I I I  I [ I I 
l016 1017 1018 I019 IO 20 

(ND-N A) cm-5 

Fig. 6. Net ionized donor concentration (ND - -  NA) as a 
function of doping level in the melt. 
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KInp ~1 
Xln2 Jc XIn [ -- 1Jc XGa (1-~- ~Gap / j 

KInp gInP 
- ~ - - - - -  XGaKGaP (] -- Xca) ----- 0 [5] 

7P 

The act ivi ty  coefficient of P in the I n - G a - P  system at 
900~ has been measured by Panish (3) and is given 
by the empir ical  relat ions 

7P ---- exp (--  2.15Xca V=) [6] 

for 0 < Xca < 0.1 and 

7P ---- 0.61 exp (--  0.645XGa '/2) [7] 

for 0.1 < Xca < 1.0. 
From the b inary  data of Panish and Ar thur  (9), the 

values of KInP at 900 ~ 850 ~ and 800~ are 0.095, 0.07, 
and 0.04, respectively.  F rom the binary results of 
Thurmond (10, 7), the values of KcaP at 900 ~ 850 ~ and 
800~ are 2.16 x 10 -3 , 1.25 x 10 -3 , and 6.2 x 10 4, re-  
spectively. F rom these values and (5), l iquidus iso- 
therms can be calculated. The  calculated isotherms are 
shown in Fig. 2 for the tempera ture  range 900~176 
along with the exper imenta l  l iquidus points for 850~ 
The agreement  be tween the calculated curve at 850~ 
and the exper imenta l  results is adequate. 

Once the l iquidus composition has been calculated, 
the corresponding solid composition can be obtained 
through the use of ei ther  [1] or [2], in conjunction 
with  [4]. For  the purpose of the present  work, the 
re levant  curves are those of XGaP as  a function of Xp. 
These calculated curves are shown in Fig. 7 for 800 ~ 
900~ 

Change in composition.--It was observed exper i -  
menta l ly  (Fig. 3) that  there  was a shift in composition 
toward InP as the t empera tu re  of deposition decreased 
(1). This shift in composition can be explained on the 
basis of the l iquidus and solidus isotherms of Fig. 2 
and 7. To deduce the shift a graphical  method of 
analysis is used. For  example,  let the start ing tem-  
pera ture  be 880~ with  Xp ----- 0.067. F rom Fig. 2 and 7, 
respectively,  one obtains XG~ = 0.0185 and XG~P ---- 0.5. 
As the t empera tu re  is reduced to 870~ the point in the 
liquidus curve of Fig. 2 has to move  in a direction 
determined by the relat ion XGaP : (AXGa/AXp). The 
new liquidus equi l ibr ium point at 870~ is established 
at Xp = 0.0635 and XGa ---- 0.0168. The new solidus 
composition in equi l ibr ium with  this solution is XGap 
= 0.498, obtained from Fig. 7. This new GaP concen- 
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Fig. 7. Calculated solidus curves for Xc-aP vs. Xp and the ex- 
perimental curve obtained by cooling at 875~ the dashed lines 
give the change in composition of the deposit as the temperature 
is lowered. 

t rat ion establishes the slope in the ]iquidus diagram 
when the tempera ture  is lowered from 870 ~ to 860~ 
It is seen from Fig. 2 and 7 that  as the tempera ture  is 
progressively lowered,  the  solidus fract ion XGaP gradu-  
ally decreases. This is due to the depletion of the 
re la t ive ly  small  Ga content  ini t ial ly found in the 
solution. 

A series of calculated deposition loci are shown on 
the l iquidus and solidus curves of Fig. 2 and 7. It  is 
seen that  the compositional var ia t ion with  tempera ture  
is severe at low tempera tures  and InP- r ich  composi- 
tions. As long as XGaP ~ 0.4, and the min imum deposi- 
tion tempera ture  is above 820~ the change in com- 
position with tempera ture  is not ve ry  large. To com- 
pare the theoret ical ly  deduced deposition loci wi th  
exper iments  the l iquidus isotherms of Fig. 2 are used in 
conjunction with Eq. [8] to replot  the data of Fig. 3 
in terms of XGaP and temperature .  These data points 
are given in Fig. 7 and are in agreement  wi th  the 
graphical ly deduced curves. For  a different charge that  
gave a sl ightly higher  initial GaP concentrat ion of 
x ----- 0.65 at 880~ the exper imenta l ly  observed var ia-  
tion of x is depicted in Fig. 7 as a function of tempera-  
ture. Al though no theoret ical ly  deduced deposition 
curve is given for this init ial  composition, it is evi-  
dent from Fig. 7 that the exper imenta l  data are in 
general  qual i ta t ive  agreement  wi th  other  deposition 
loci. 

Rate of deposition.--The rate  of deposition of 
In(,-x)GaxP as a function of t empera ture  can be deter-  
mined from the results of Fig. 2 and 7. When the 
molecular  weights are taken into account, the rates of 
deposition by weight  of GaP and InP, as functions of 
t empera ture  T, can be evaluated in terms of OXp/OT, 
the t empera tu re  rate  of change of the phosphorus 
fraction in the mel t  for a par t icular  t empera tu re  and 
composition. For a density of te rnary  that  interpolates 
l inear ly  between those of InP and GaP, the volume 
rate of deposition is 

OV/OT (1 - -  0.31XGaP) OXp cm 3 
- -  -- 0.266 [8] 

Win (1 -- 0.14XGap) 0T g~ 

From [8] the rate of deposition of In0.3Gao.7P at 
800~ is 6.5 x 10 -5 cm3/g-~ and increases to 9 x 10 -5 
cm3/g-~ for In0.6Ga0,4P at the same temperature .  
These rates are in fair agreement  wi th  the exper i -  
menta l ly  observed rates of 5-7.5 x 10 -5 cm3/g-~ at 
these compositions and temperatures .  Similarly,  [8] 
gives rates of deposition of 1.2 x 10 -~ and 2.5 x 10 -'~ 
cm3/g-~ for GaP and InP, respectively,  at 800~ Ob- 
viously, all rates of deposition decrease below 800~ 
because of the deplet ion of phosphorus in the melt. 

Discussion 
The mechanics of the growth process can be under -  

stood on the fol lowing basis: If  the source were  all InP, 
then at 900~ an amount  of InP equal  to 0.14 t imes the 
In weight  would be required to saturate  the solution 
with P, corresponding to Xp ---- 0.106 given by the 
l iquidus curve  of Fig. 2. The deposit obtained would 
be InP. As the amount  of InP in the source is reduced 
and GaP is added to keep the total  weight  constant, 
the Xp der ived f rom InP is not enough to saturate the 
liquid. In this case all the  InP first dissolves and then 
enough GaP dissolves to produce a saturated solution 
of In W Ga + P. Equi l ibr ium is achieved between this 
solution and a thin layer of Inr which is ob- 
served to form on the GaP source. Upon cooling the 
solution, a te rnary  is deposited whose composition is 
p rede te rmined  by Xe, and therefore  by the mole frac-  
tion of InP in the source. Thus, the atom fraction of 
phosphorus, Xp, acts as the control l ing paramete r  in 
the growth process. Therefore  the layer composition is 
actual ly fixed by the ratio of initial weights  of InP in 
the source and the In. The weight  of GaP in the source 
does not affect the layer  composition as long as the 
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GaP available exceeds the amount  required to saturate 
the I n - G a - P  liquid. 

Addit ional  exper imenta l  observations concerning the 
growth process can now be explained. For instance, 
the shift in composition toward GaP dur ing successive 
runs on the same charge is due to a reduction of Xl, 
in the melt, which as seen from Fig. 7 increases Xoal, 
for a fixed tempera ture  of depositions. The Xp reduc- 
tion is due to two factors: (i) the depletion of the 
phosphorus during the growth process, and (ii) loss 
of phosphorus to the gas stream in the open- tube  sys- 
tem. 

Conclusion 
In~l-x)GaxP was grown in the range 0.4 ~ x ~ 0.8 by 

LPE on the Ga face of <111> oriented GaAs. The p -n  
junct ions were made either by Zn diffusion or by LPE 
growth of a p- layer  on top of the n- layer .  The results 
of first-order calculations of the solidus and l iquidus 
curves are in general  agreement  with exper imenta l  
observations. It is also possible to predict the shift in 
composition of the grown layer as the tempera ture  of 
deposition is lowered. Finally,  the calculated rate of 
deposition of In(1-x)GaxP is in fair agreement  with the 
exper imental ly  observed values. 
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Mass Spectrometric Studies of Vapor Phase Crystal Growth 
I. GaAsxPl-~ System (0 ~ x --~ 1) 

Vladimir S. Ban 
RCA Laboratories, Princeton, New Jersey 08540 

ABSTRACT 

A mass spectrometer has been coupled to an open tube vapor phase 
crystal growth apparatus in order to study vapor phase processes leading to the 
deposition of GaAsxPI-~ crystals. Examinat ion  of the HC1 transport  of gall ium 
showed that GaCIr was the main  t ranspor t ing species. It was found that  
vapor result ing from the thermal  decomposition of ASH3, PHi, and PH3-AsH~ 
mixtures  is very complex; dimers and te t ramers  of As and P, as well as var i -  
ous mixed species of the type AsxP:~j (x -P y ~ 2 or 4), were present  in the 
vapor phase. The reaction governing the deposition of GaAszPI-z  crystals was 
found to be 

1 1 
GaCl(g) ~ --Mz(g) ~ -~ H2(g) ---> GaM(s) ~ HCl(g) 

Z 

where M ---- As or P. It was established that the mixed As~Py species also 
readily participate in the deposition reaction. Significant deviations from 
thermochemical  equi l ibr ium were detected in the deposition system. The 
causes of these deviations and their influence on the deposition process are 
discussed. 

Open- tube  vapor t ransport  is now a widely used 
method for the preparat ion of epitaxial  layers of var i -  
ous I I I -V compounds and alloys. However, despite the 
significant practical success of this method, unders tand-  
ing of the fundamenta l  chemistry of the growth process 
is still incomplete. In order to gain such understanding,  
it is necessary to specifiy the species present in the 
vapor phase qual i tat ively and quant i ta t ively  (i.e. to 
find the composition of the vapor phase) ; to determine 
the dependence of the vapor composition on variables 
such as temperature,  flow rates, and input  concentra-  
tions of reacting gases; and thereby to identify the 
chemical reactions occurring in the vapor phase. 

Key words:  mass spect rometry ,  vapor phase deposition, GaAs~Pl-z 
alloys, epitaxial  growth,  chemical  kinetics, thermodynamics .  

In recent years several studies have discussed vapor 
phase processes leading to the deposition of GaAs 
(1-5). In  these articles the vapor phase was treated as 
a mul t icomponent  system for which the conditions of 
thermodynamic equi l ibr ium were calculated. Such 
t rea tment  should, in principle, provide the required 
informat ion about vapor composition and reactions in-  
volving the vapor phase. However, the thermodynamic 
calculations thus carried out necessarily required sev- 
eral basic assumptions. One had to assume that  chemi- 
cal equi l ibr ium is established throughout  the system 
(i.e. various kinetic effects are considered negligible);  
that  all thermochemical  data used in the calculations 
are correct; and that the assumed reactions indeed 
occur in the system. 
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The va]idity of these assumptions can be contested 
for several reasons. The open- tube  growth apparatus 
is a dynamic system in which steady-state conditions 
possibly deviat ing from equi l ibr ium conditions are to 
be expected. Fur ther ,  h igh- tempera ture  thermochemi-  
cal data are f requent ly  unre l iable  and contradictory. 
Finally,  reactions have been assumed knowing only 
the input  substances and the final product of the 
growth process. The exper imenta l  evidence which has 
been offered so far is based on the weight gain or the 
weight loss of the product and input  substances, re- 
spectively. Such evidence can yield only indirect in-  
formation about vapor phase reactions. 

In  view of the above, we decided to under take  a 
study which would give more direct information about 
the processes occurring in  the vapor phase. For  this 
purpose we coupled a mass spectrometer to a vapor 
phase crystal growth apparatus and studied the vapor 
phase under  various exper imental  conditions. With this 
exper imental  setup it was possible to determine the 
composition of the vapor phase and its dependence on 
tempera ture  and flow rates in the system, and also to 
identify reactions occurring in the vapor phase. 

The purpose of this paper  is to present  and discuss 
the results of these mass spectrometric studies of the 
vapor phase processes leading to the deposition of 
GaAsxPI-~ (0 ~ x ----- 1) crystals in growth systems 
using AsH3 and PH3 as sources of pnictide elements. 
In  particular,  we shall discuss the following topics: 

(a) HC1 transport  of gal l ium; 
(b) Thermal  decomposition of arsine, phosphine, 

and ars ine-phosphine mixtures;  
(c) Reactions responsible for the deposition of the 

GaAsxPI-= crystals; and 
(d) Deviations from chemical equi l ibr ium occurring 

in the system and reasons for these deviations. 

Experimental  
The essential parts of our exper imental  set-up, 

schematically shown in Fig. 1, were a Bendix MA-1 
time-of-fl ight mass spectrometer and an open- tube 
vapor growth system similar to the one first described 
by Tiet jen and  Amick (6). 

Sampl ing of the vapor phase was done by means of 
a quartz capillary, which was connected to the mass 
spectrometer by a 20 mm ID quartz tube. In this 
manne r  a pressure reduct ion from 1 atm (the pressure 
in the growth tube) to 10-5 Torr or less (the pressure 
in the mass spectrometer) was accomplished. The 
diameter of the capil lary was adjusted to give a maxi -  
m u m  conductance compatible with the pumping speed 
of the mass spectrometer pumps. 

This ad jus tment  was made by reducing the conduct-  
ance of a 1 cm long, 0.02 mm ID capillary by the in-  
sertion of a quartz fiber of a proper diameter  into the 
capillary. The intake of the capil lary was positioned 
directly in the growth tube. The distance between this 
intake and the mass spectrometer ion source was about 

TOF MASS 
SPECTROMETER 

VARIABLE EXHAUST\ 

BOAT i~ 
CONTAINING 

GALLIUM SAM PLING 
CAPILLARY 

QUARTZ BEARINGS (QUARTZ) 

Fig. 1. Schematic representation of the system mass spectrometer- 
vapor deposition apparatus. The position of the boat and the AsH3 
inlet is variable. 

12 cm. The capillary was main ta ined  at the tempera-  
ture of the sampled gas. 

In general, a capil lary inlet  system can introduce 
several sampling problems. The conductance of a capil- 
lary for a given gas is a function of the molecular 
weight and tempera ture  of the gas. This can lead to a 
mass discrimination effect, i.e. the ratio of part ial  pres- 
sures of gases with different molecular  weights is not 
the same on both sides of the capillary. The magni tude  
of this effect differs from system to system. We have 
calibrated our system by analyzing several gaseous 
mixtures  of known composition (e.g. 1:1 AsHs-PH:~ 
mixture,  air) .  We found that this effect was general ly 
small  (<10%).  Nevertheless, the correction factors were 
determined and applied in the determinat ion of abun-  
dances of various gaseous species in the AsH3-PH~ 
mixtures.  

Another  potential  source of trouble is the interaction 
of a sampled gas with the capil lary walls. However, in 
our case these walls were made of the same material  
as the growth tube and main ta ined  at the same tem- 
perature. Therefore no reaction different from those 
occurring in the growth tube would occur in the capil-  
lary. 

The molecular  beam, collimated by passing through 
the capillary, entered the ion source of the mass spec- 
trometer. Since a mean  free path at the pressure of 
10 -5 Torr  is much longer than the distance between 
the capil lary and the ion source, most molecules ar-  
rived at the source region without  undergoing any 
interactions after leaving the capillary. We therefore 
believe that the sample introduced into the mass 
spectrometer is representat ive of the vapor phase in 
the growth tube. 

There are three different zones in the vapor growth 
system. In the first zone (T ~ 750~ HC1 reacts with 
liquid gal l ium to form gaseous gall ium chloride. In 
the second zone (T -~ 850~ thermal  decomposition of 
arsine and phosphine takes place. In the third zone 
(T ~ 725~ gall ium chloride reacts with the vapor 
species containing group V elements, and the deposi- 
tion of GaAszPl-x  crystals occurs. The whole process 
has been described in more detail in Ref. (6). 

By varying  the tempera ture  profile and by moving 
the gal l ium-conta in ing quartz boat or the arsine (or 
phosphine) inlet  tube along the growth tube, we could 
simulate, in the vicini ty of the sampling capillary, 
conditions characteristic of any of the three zones. 
This permit ted us to s tudy processes occurring in all 
three zones. 

Temperature  measurements  were made with a ther-  
mocouple placed directly into the gas stream. It was 
found that  at flow rates used in our experiments,  the 
gas reached thermal  equi l ibr ium in 2 to 3 sec. Also, 
when  varying the temperature  profile, the tempera-  
ture situation was always checked with an in terna l  
thermocouple before the mass spectrometric experi-  
ments.  

By means of flow meters associated with the growth 
system we could vary  the concentrat ions and flow rates 
of the input  gases and consequently study the vapor 
phase processes under  a var ie ty  of conditions. The mass 
spectrometer reacted almost ins tantaneously  to changes 
in the growth tube. 

We also grew several GaAs crystals in order to 
demonstrate  that  the conditions in our  growth system 
were similar  to the conditions normal ly  present  in 
open- tube  growth systems. The crystal l ini ty  and the 
electrical properties of these crystals were similar to 
those of crystals prepared in s tandard systems, thus 
providing strong evidence that the conditions were also 
similar. 

Results 
HCI transport of gallium.--In our vapor growth 

system 1 l i t e r /min  of H2 mixed with 3 to 5 cm3/min 
of HC1 is passed over the quartz boat containing liquid 
gal l ium at a tempera ture  of about 750~ The mass 
spectrometric results show that  the following reaction 
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Fig. 2. Mole fraction (x) of HCI converted into GaCI at various 
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exper iments ,  the  ini t ia l  PRcl was kep t  constant  (i.e. 5.0 
x 10 -3 a tm) .  A s l ight ly  la rger  gal l ium boat  was used, 

- so tha t  25 cm 2 of Ga surface was exposed. Gas ve -  
locities corresponding to flows of 1, 2, and 3 l i t e r s /m in  
are  5, 10, and 15 cm/sec,  respect ively.  

Thermal decomposition of AsH3,PH3, and AsH3-PH3 
mixtures.--The second zone in the  growth  appara tus  
is no rma l ly  main ta ined  at 850 ~ In this  zone 1.2 l i t e r /  
min of H2 mixed  wi th  20 cm3/min of AsH~ (or PHs) 

- is in t roduced (PAsH3 = 1.6 X 10 -2 arm) ,  and the rmal  
decomposi t ion of these gases takes  place. The the rmal  

_ decomposi t ion can be descr ibed by  the fol lowing equa-  
t ion 

3c 
MH3(g) -> (1 --  x)MHs(g~ ~- (1 --  a) -~- l~(g)  

x 3 
-~- a -~ M2(g) -}" ~-  xH2(g) [2] 

where  MH3 = AsH3 or PH3, ~ = As4 or P4, M2 = As2 
or P2, x = mole  fract ion of MH3 decomposing, and 

= degree  of dissociat ion of M4 molecules.  At  T : 
850~ the values of x = 0.9 and a --  0.50 were  obta ined 
for the  case of PH3; in the  case of ASH.3 the corre-  
sponding numbers  were  0.99 and 0.45. 

The mole  fract ion ( 1 -  x)  of AsH3 and PH~ re-  
maining  undecomposed in the  t empera tu re  in terva l  
f rom 400 ~ to 850~ is g raphica l ly  shown in Fig. 4. 

We also s tudied the t he rma l  decomposi t ion of va r i -  
ous AsH.~-PH3 mixtures ,  ranging in composi t ion from 
10 to 80 volume per  cent  ASH3. The ini t ia l  to ta l  pa r t i a l  
pressure  of MH~ gases was kept  constant  at 1.6 x 10 -2 
arm. A ve ry  complex  vapor  resul ted  f rom the de-  
composit ion of these mixtures .  Besides the  no rma l ly  
present  As4, As2, P~, and P2 molecules, var ious  mixed  
species of the  type As~Py, where  x + y = 4 or 2, were  
also present  in amounts  comparab le  to the amounts  of 
nonmixed  species. Rela t ive  abundances  of var ious  non-  
mixed  and mixed  species across the  whole  range  
of AsH3-PH3 mix tures  are  given in Fig. 5a and 5b, 
respect ively.  The t r imer ic  molecules  (x  -t- y = 3) 
were  also detected but  on ly  in r e l a t i ve ly  smal l  
amounts.  

temperatures (Reaction [1] ) .  Pertinent parameters: flow rate = 
1 liter/min, gas velocity = 5 cm/sec, Ga surface area = 20 cm ~,, 
initial PHCl = 5.0 • 10 - 3  atm. 

occurs under  these condit ions 

xGa(i) ~ HCI(~) --> xGaCl(g) 
x 

+ (1 --  x)  HClcg) -~ -~H2(g) [1] 

where  x = mole fract ion of HC1 reacting.  
In  all  exper iments ,  ga l l ium monochlor ide  was the 

only gal l ium species observed.  The value  of x was 
found by  de te rmin ing  the  rat io  of the HC1 signals wi th  
and wi thout  ga l l ium in the  system. Under  typica l  
g rowth  condit ions the va lue  of x is about  0.80. The 
t empe ra tu r e  dependence  of x in the  range of 400 ~ to 
800~ is shown in Fig. 2. In  these exper iments  the 
ini t ia l  pa r t i a l  pressure  of HC1, PHCl, was 5.0 x 10 -3 
atm. The flow ra te  was 1 l i t e r /min ,  the  gas veloci ty  
was 5 cm/sec,  and about 20 cm 2 of Ga surface was ex-  
posed to the  gas. 

The dependence  of x on flow ra te  of the H2-HC1 
mix ture  over  the  ga l l ium is shown in Fig. 3. In these 

1 . 0 0 | 1 ~  ' ' ' - I[ Deposition reactions.--Perhaps the  most  impor tan t  
~ ~ . ~ . ,  ~ par t  of our  s tudy  was to p r o p e r l y  ident i fy  the  reac-  

.90  tions governing the deposi t ion of GaAsxPl -=  crystals .  

i ~ 0  t In  o rder  to collect the  necessary  da ta  the  t empera tu re  
profile was ad jus ted  in such a manne r  tha t  the  deposi -  

.80 " t ion took place  severa l  cent imeters  ups t ream from the  
sampl ing capi l lary.  Severa l  GaAs subst ra tes  no rma l ly  

~ used in the ep i tax ia l  g rowth  process were  posi t ioned in 
.70 the  deposi t ion zone, which was ma in ta ined  at  680 ~ to 

720~ The t empe ra tu r e  of the  cap i l l a ry  region was 

, ot 0 o l ,  
x .40~ 700~ 

o f t .20 .20 

. lO  I I I "lOI A;I~3 I 

0 I 2 3 4 400 500 600 700 800 900 
F L O W  R A T E  ( t / r a i n )  T ( ~  

Fig. 3. Mole fraction (x) of HCI converted into GoCI (Reaction Fig. 4. Mole fraction (! - -  x) of AsH3 and PH3 remaining 
[ I ] )  as a function of flow rate. Pertinent parameters: Ga surface undecomposed at various temperatures (Reaction [2 ] ) .  Initial 
area ~ 25 cm 2, initial PHCl = 5.0 • 10 - 3  ohm. PAsH3 or PPff3 = 1.6 • 10 - 2  atm, flow rate = 1.2 liter/min. 
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Fig. $. Relative abundances of vapor species resulting from the 
thermal decomposition of various PH3-AsH3 mixtures (initial 
PAsH3 -~- PPH3 ~ 1.6 X 10 - 2  atm, flow rate ~ 1.2 liter /min, 
T -~ 850~ 

somewhat  higher  in order  to prevent  clogging of the 
capillary. 

With this a r rangement  we could ident i fy  the gaseous 
products of the reaction. Since the incoming gaseous 
reactants  were  known from our studies of the Ga t rans-  
port and the the rmal  decomposition of MH3 gases, and 
the solid products were  also known, we were  able to 
specify the deposition reaction completely.  In the case 
of GaAs or GaP, the react ion was found to be 

1 1 
GaCl(g) q,- - -  Mz(g) q-- H2(g) ~--- GaM(s) -t- HCI(g) [3] 

z T 

where  M ~ As or P, and z = number  of M atoms in 

4 

' 0  

I1. 

P H 3  

L A s H 3  

O /  I I I I 
5 I0 15 20  

I N I T I A L  PMH3(I(53ATM) 

Fig. 6. Reduction of PGaC1 in the deposition reaction as a func- 
tion of the initial PMHz. Temperature of reacting zone was 680 ~ 
to 720~ flow rate ~- 2.2 liter/min. 

the react ing molecule. This reaction is different from 
the one most f requent ly  assumed to regulate  the dep- 
osition of GaAs, i.e. 

1 
3GaCl(g) + ~- AS4(g) ~ 2GaAs(s) + GaCl3(g) [4] 

Gaseous GaCI3 has not been detected in any of our ex- 
periments. 

The consumption of GaCl(g) in reaction [3] increases 
as the initial par t ia l  pressure of MH~ gases increases; 
this is graphical ly represented in Fig. 6, which shows 
the value of Pcacl af ter  the deposition at 680 ~ to 720~ 
for an initial PGacl ~ 5 x 10 -3 a tm and flow rate of 2.2 
l i ters /min.  Table I shows the decrease in percentages 
of various Asx, P.~I, and AsxPy species remaining after 
the deposition as a function of init ial  PGaCl. It  is im-  
portant  to note that  all  M-containing species, including 
the undecomposed fractions of AsI-I3 and PH3, react 
with GaClr and thus contr ibute  to the deposition of 
GaAsxPl-x.  (Reaction of the AsP species could not be 
followed due to the in terference of GaC1 and AsP mass 
peaks.) In these exper iments  the initial values of 
part ial  pressures P A s H 3  and P P H 3  w e r e  0.8 x 10 -2 atm. 
Again, the  deposition region was at 680 ~ to 720~ and 
the flow rate was 2.2 l i ters/rain.  

Table I. Percentages of various As- and P-containing vapor species 
remaining after GaAszPl-x deposition as a function of the 

initial PGaCI (T ---- 680~176 initial PAsH3 z PPH3 

: 0.8 X 10 - 2  atm, flow rate ---- 2.2 liter/min) 

I n i t i a l  PGacl 10 -3 a t m  
V a p o r  

spec ies  3.0 5.0 8.0 10.0 

P A s s  68 39 6 2 
P3As  73 44 12 S 
As~ 73 44 8 6 
P~As2 76 48 14 8 
Asz 82 51 14 8 
AsH~ 83 52 15 8 
P4 86 53 16 9 
P~ 82 60 22 11 
P I ~  90 70 31 16 
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Table II. Comparison of the observed partial pressures with the 
equilibrium partial pressures in the following systems 

(T ~_ 850~ PH2 ~ 1 arm): 
(A) Ga-HCI-H2, (B) AsHa-H2, (C) PH3-H2, (D) AsH3-PH3-H2 

Vapor P(observcd) P(e.uJ I ibr lu|n) Initial pressure, 
species  a tm a t m  a t m  

(A) 

(B) 

~C) 

,D) 

HC1 1.0 • I0 -~ 5.0 x I0 ~ ] 
GaCl 4.0 x 10 -~ 5.0 x 10 -3 

As~ 2.2 x I0 -3 3.9 x I0 -a "~ 
Ass 3.5 X 10 -~ 7.0 X 10-~ 
Asl-~ 1.5 x I0-* 1.0 x l0  s 

P~ 1.8 X i0 ~ 3.1 • I0 ~ "~ 
P~ 3 . 9  X 10 -3 1.7 X 10 -~ 
PI-h I . i  x I0 -~ 1.0 x I0 -~ 

As, Ass } ZPAs~ = 0.7 X I0 -~ ~PA,~ = 2.0 x 10 -3 
-% 

P ~  ~ ZPP~ = 0.7 x 10-3 ~P~ = 2.5 x lO-~ 
P2 J 
A s P  "~ N o t  c o n s i d e r e d  i n  
AsP A s 2 P ~ [  ZPAszP~, = 2.4 X 10-~ e q u i l i b r i u m  ca l -  
AsPs  J c u l a t i o n s  

PHCI = 5 . 0  X 1 0  -3 

PA,Ha = 1.6 X 10 -~ 

PPU 3 =  1.6 X 10-2 

PpH s ----- PA,II s = 0.8 X I0 -~ 

Discussion 
Studies of Ga t ransport  showed that the GaC1 is 

practically the only gall ium chloride present in the 
vapor phase. Furthermore,  it was observed that the 
conversion of HC1 is incomplete. The conversion effi- 
ciency drops with increase in flow rate and decrease in 
temperature.  Extrapolat ing to zero flow rate, one finds 
that  96% of HC1 would be converted at T ---- 800~ 
Using these data one can calculate the equi l ibr ium 
constant, and therefore the free energy of formation 
of GaCl at T = 1000~ AFf ~ 100o ---- --30.8 kcal/mole. 
This value is in good agreement  with the value cal- 
culated from Kirwan ' s  data (7): AFf ~ 100o ---- --31.7 
kcal/mole.  These results suggest that  GaCl(g) is the 
only stable chloride in the presence of l iquid Ga at the 
temperatures  main ta ined  in the growth system. GaClz 
could be present in negligible amounts  only, since at 
part ial  pressures of reactants which exist in our system 
the following reactions would be shifted strongly to the 
product side (7) 

GaC13(~) + 2Ga(1)-> 3GaCl(g) [5] 

GaCIs(g) + H2(g) ~ GaCl(g) q- 2HCI(g) [6] 

Reaction [6], however, could not be responsible for 
the HC1 present in our system; the replacement of H., 
by He as the carrier gas did not appreciably change 
the conversion efficiency of HC1. 

In Table II we compare part ial  pressures of species 
obtained from our mass spectrometric studies with 
part ial  pressures calculated by assuming that chemical 
equi l ibr ium has been established in the systems con- 
sidered. The equi l ibr ium part ial  pressures have been 
calculated using thermochemical  data collected in Ref. 
(7). The most obvious differences are the significantly 
higher part ial  pressures observed for HC1, ASH3, and 
P I t  as compared to values predicted by calculations. 
Also, the existence of the mixed AsxPy species could 
not have been predicted by calculations because no 
thermochemical  data for these species are available. 
The above results amply i l lustrate that  the actual 
si tuation in the vapor phase can be significantly more 
complex than the models designed on assumptions 
mentioned in the beginning of this paper. 

Our studies have found that the Reaction [3] governs 
the deposition of GaAsxPl-x crystals. This is in agree- 
ment  with the recently published results of Boucher 
and Hollan (5), who propose a similar reaction for 
the deposition of GaAs 

1 
2GaCl(g) q- -~- AS4(g) -[- H2(g) ~ 2GaAs(s) + 2HCI(g) [7] 

Our studies have further shown that the dimer mole- 
cules (As2 and P2), as well as the undecomposed MH3 
gases, react readily with GaCl(g). Thus they also con- 
tribute to the deposition of solid phases. 

Using data given in  Table I and Table II, one can 
assign the following individual  contr ibutions of var i -  
ous arsenic vapor species to GaAs deposition 

1 1 
GaCl(g) + -~ AS4(g) + ~- H2(g) ~ GaAs(s) + HCI(g) 

~55% of total GaAs deposited [8] 

1 1 
GaCl(g~ + -~ As2(g) -~- -~- H2(g) -~ GaAs(s) + HCl(g) 

~45% of total  GaAs deposited [9] 

GaCl(g) + AsH3(g) -~ GaAs(s) + H2(g) + HCI(g) 

<1% of total GaAs deposited [10] 

In the case of GaP, reactions equivalent  to [9] and 
[10] play somewhat larger roles. 

Table I indicates that  all vapor species containing 
group V elements react readily with GaCl(g). There 
are, however, some differences in react ivi ty  of these 
species. The react ivi ty is here defined as the percentage 
drop in concentrat ion of any  part icular  species with a 
given increase in init ial  PGacl. According to this defi- 
nition, the react ivi ty of the various species follows this 
order 

PAs3 > P3As ~ As4 > P2As2 > As2 

AsH3 ~ P4 > P2 > PH~ 

The difference in reactivity depends on Poacl and it 
diminishes at sufficiently high GaCl oversaturation. 
Under normal growth conditions when PGaCl : 3-5 X 
10 -3 atm, the range of differences in reactivity of 
various species is quite significant (see Table I). 

It has been observed previously in preparation of 
III-V alloys that the P/As ratio in the vapor phase is 
larger than the P/As ratio in the deposited solid phase 
(8); the lower reactivity of pure phosphorus species 
discovered in our experiments is in agreement with 
these observations. 

Deviations from thermodynamic equilibrium in 
open-tube systems are the next topic of discussion. 
There are two main reasons for these deviations: 

(a) Deviations can be caused by the relatively 
high flow rates which lead to flow pat terns  where  
some portion of the reactive gases does not come into 
contact with the desired surface; the dependence of 
HC1 conversion efficiency on flow rates i l lustrates this 
point. 

(b) Deviations can be caused by various kinetic 
effects, such as surface reactions and different react iv-  
ities of various vapor species; a discusison of these 
effects follows. 

Several recent  studies (5, 9, 10, 14) have shown 
that  the growth rate of GaAs does not increase mono-  
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tonically with the decrease in tempera ture  of the dep- 
osition zone, as one might  expect from thermodynamic  
arguments.  It was found exper imenta l ly  that  the 
growth rate peaks at a certain tempera ture  which is 
dependent  on the concentrat ion of input  substances, 
and then the growth rate decreases with the fur ther  
decrease in temperature.  The authors explain the ob- 
served effect by postulat ing the existence of a sur-  
face reaction on the substrate with an activation en-  
ergy of about 40 kcal/mole.  Thus the rate of this re- 
action decreases as the tempera ture  is reduced. 

Our data on the reactivi ty of various vapor species 
also indicate the importance of kinetics. If thermody-  
namics were the only factor governing the deposition 
process, the phosphorus species should have exhibited 
larger reactivity, since at 700~ GaP should be more 
readi ly deposited than GaAs. This follows from the fact 
that AFf~ of GaP is more negative than ~Ff~ 
of GaAs (7, 11, 12), and consequently, in this tempera-  
ture range, the free energy change of Reaction [3] is 
more negative when GaP is deposited. 

Our exper imental  data on reactivi ty of various vapor 
species contradict this thermodynamic  reasoning, i.e. 
the pure arsenic and the mixed species react more 
readily than the pure phosphorus species. Following 
the analogy with the reduction of deposition rate of 
GaAs discussed elsewhere (5, 9, 10, 14), one might  con- 
clude that kinetic effects associated with the surface re-  
action play a dominant  role at the temperature  of our 
experiments  (700~ The consequence is a reduction 
in the rate of deposition of the phosphide component. 

Another  possible consequence of different reactivities 
of various As~Py vapor species is the preferent ial  for- 
mat ion of certain solid phases in vapor grown 
GaAsxPl-x alloys. It was reported (13) that dur ing the 
preparat ion of graded GaAsxPI-x layers (x -- 0.7-1.0) 
compositions having As /P  ratios of 7/1 and 6/2 were 
more readily formed than others, although the As /P  
ratio in the vapor phase was varied at a uniform rate. 
The authors proposed anion ordering as a cause of this 
phenomenon.  Our data suggest that  differences in re- 
activity of vapor species could also influence the com- 
position of deposited layers. In the As-r ich vapor the 
very  reactive As4 and As3P species are highly abun-  
dant. The preferential  reaction of As4 + As3P (i.e. 
7 As: 1 P) and As~P + As3P (i.e. 6 As: 2 P) combina-  
tions would lead to the preferred As /P  ratios of 7/1 
and 6/2 observed in deposited layers. 

The importance of some other kinetic effects in the 
deposition of I I I -V compounds has been demonstrated 
elsewhere, e.g. in Shaw's work regarding the influence 
of the substrate crystallographic orientat ion on the 
growth rate of epitaxially deposited GaAs layers (14). 

The above discussion indicates that factors other 
than thermodynamic  considerations significantly in-  
fluence the deposition process, as well  as the composi- 
tion of the vapors in the analyzed systems. 

Thermodynamic  feasibility of a deposition process is 
a necessary but  not a sufficient condition for successful 
crystal growth from the vapor phase. A neglect of ki-  
netic factors leads to an oversimplified analysis of 
growth processes which does not proper ly  describe the 

actual s i tuat ion in an open tube crystal growth ap- 
paratus. 

Conclusions 
The main  conclusions from this work are: 
1. Gal l ium is t ransported only as GaC1, but  the con- 

version of HC1 into GaC1 is incomplete in these growth 
systems. 

2. The vapor resul t ing from the decomposition of 
AsH:~, PH3, and PH3-AsH3 mixtures  is very complex. 
Dimers and tetramers as well as various mixed species 
of the type AsxPy (x + y -~ 4 or 2) are present  in the 
vapor phase. 

3. The reaction governing the deposition of GaAs, 
GaP, or GaAsxPl-z  crystals is of the type 

1 1 
GaCl(g) q- --M~(~) -Jr -~-H2(g)~ GaM(s) q- HCIc~) 

Z 

4. All vapor species containing the group V ele- 
ments contribute to the deposition of solid phases, al- 
though their reactivities differ somewhat. 

5. Significant deviations from thermochemical equi- 
librium occur in vapor growth systems due to the 
high flow rates employed in these systems and due 'to 
the kinetic effects influencing the rate of deposition. 
These effects as well as the thermodynamics  of the 
given system should be jo int ly  considered when ex- 
amining the feasibili ty of crystal  growth from the 
vapor phase. 
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Thermodynamic Analysis of the Open-Tube Chemical 
Vapor Transport of ZnO Using the Zn-H20 Reaction 
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ABSTRACT 

A thermodynamic  analysis of the open- tube  chemical vapor t ransport  of 
ZnO using the reaction of Zn and H20 has been attempted, assuming a simple 
reaction mode] for Zn and H20 vapor phase species. Based on this analysis, 
computer  data have been der ived to show variat ion in ZnO vapor  phase con- 
tent  as a function of temperature ,  and reactor  Zn and H20 concentrations. The 
range of Zn reactor  pressures examined was from 0.00260-0.00013 atm with  
H20 pressures varying from 10-3-103 of these values over  a t empera ture  in- 
t e rva l  of 723~176 For the range of Zn pressures examined,  H20 pressures 
of 10-100X these values lead to vapor  phase concentrat ion curves most 
amenable  to precise exper imenta l  control. At  H20 pressures 10X those of Zn 
pressures part icularly,  h igh- tempera tu re  plateaus develop where  vapor  phase 
Zn content is re la t ively  t empera tu re  insensit ive and which look promis-  
ing as t ransient  ZnO source sites. Similar  plateaus do not exist at lower  tem-  
peratures  where  they might  have  value as tempera ture  insensit ive deposition 
sites. 

A var ie ty  of methods for the chemical  vapor  dep-  
osition of ZnO have been reported in the recent  
l i terature (1-7). A number  of these were  studied in 
the present work  but were  found deficient for a var ie ty  
of reasons. In some instances deposition rates were  too 
low. When 02 was admixed with Zn vapor phase spe- 
cies deposition was too abrupt. For some reactions 
sources of high pur i ty  reactants  were  not available. 
In others fai lure to obtain epi taxy was observed. One 
reaction subsequent ly  abandoned because of an in- 
abili ty on our part  to unders tand and control  severe 
at tack of the quar tz  containers showed some promise, 
and is wor th  mentioning, namely  the t ransport  of 
ZnO byH2, Eq. [1]. 

ZnO(s)  + Hz(v)  ~--~ Zn(v )  + H20(v )  [1] 

This reaction proceeds via a hot to cold process, and in 
theory can be modula ted  by t ransport  wi th  H2-He 
mixtures  and fur ther  modulated by injection of H20 
into the reaction zone where  deposition is desired. 
Thus, via use of this injection technique, the normal  
hot to cold mode can be changed so that  deposition may 
be effected at t empera tures  greater  than that  of the 
ZnO source. Unfor tunately ,  severe at tack of the quartz  
reaction tube and sample holder always occurred in 
the 600~176 region, with or wi thout  the use of water  
injection, necessitat ing constant equipment  replace-  
ment. Further ,  the unavai labi l i ty  of u l t ra -h igh  pur i ty  
ZnO and the explosion hazard inherent  in H2 systems 
coupled with  the "corrosion" phenomenon led us to 
seek another  method, despite some l imited success in 
obtaining epi taxy on sapphire basal plane substrates. 

The technique to be described below employs a Zn 
source, He as a carr ier  gas, and wa te r  vapor  as a re-  
action medium. In effect then, the react ion involved is 
the reverse  of the reaction shown in Eq. [1]. Unex-  
plainably, using this approach, Eq. [2], there  is no evi-  
dence of at tack 

He carr ier  
Zn (v )  + H20(v )  ~ J' ZnO(s)  + H2(v) [2] 

of the quar tz  reactor  at any t empera tu re  or concen- 
t rat ion studied, including the range  of compositions 
studied in the H2 t ransport  experiments.  In addition, 
considerable success (to be discussed in a different 
publication) in obtaining epi taxial  layers of ZnO on 
insulating substrates has been obtained thus far. The 

* Electrochemical Society Active Member. 
Key words: ZnO vapor transport,  thermodynamics,  vapor trans- 

port. 

present paper ~s concerned only with  a thermodynamic  
analysis of the system being studied. 

The reaction while basically hot to cold in nature  
can, if desired, be conducted in the fashion of a pyro-  
lytic reduction with  the deposition zone being hundreds 
of degrees higher  than the tempera tures  of the Zn and 
H20 sources. 

Exper imenta l ly ,  He is t ranspired over  a Zn bed at a 
defined tempera ture  at which the vapor  pressure of Zn 
is P'zn. Simultaneously,  He is t ranspired over  a water  
source where  the vapor  pressure  of H20 is P'H20. The 
reactants  are mixed  at a t empera tu re  T at which point 
the reaction depicted in Eq. [2] ensues. Ei ther  of two 
options may  then be exercised. The point of mixing 
may  be employed as a t ransi tory ZnO(s)  source for a 
ZnO hot to cold t ransport  down stream, or the sub- 
strates may be placed direct ly  in the mixing region for 
deposition there. 

Theoretical Analysis 
The symbols to be used in the fol lowing discussion 

are defined in the List of Symbols. 
The system contains the four components, Zn, H2, O, 

and He coexisting isobarically (at 1 a tm nominal ly)  in 
two phases. Consequently,  it possesses three degrees 
of freedom, i.e., the t empera tu re  and two composition 
variables. Once three  such quanti t ies  are specified, the 
system is uniquely defined. We can choose for the con- 
centrat ion variables  the component  mole ratios of Zn, 
X, and O, Y, introduced into the reactor  port ion of the 
system as defined by Eq. [3] and [4].1 

Pzn 
X =  

PHe t -4- Pzn -}- PO 
Pza -~- PH2 

-= [3] 
PIle -~- PZn -~- PH2 -]- PH20 -I- PH2 

Po 
Y =  

PHe t ~- P z n  "~ P o  
PIt20 -~- PH2 

= [4] 
PIle "~- Pzn -~- PH2 -[- PH20 -~" PH2 

The component  part ial  pressures are of course con- 
served via the actual species par t ia l  pressures, Px (for 
each mole of Zn or H20 reacted, a mole of H2 species 
is formed) .  

Since four vapor  phase species are assumed present,  
solution of their  par t ia l  pressures requires  simul-  

1 Appendix A presents  the rationale for Eq. [3] and [4]. 
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taneous solution of four independent  equations. In 
addition to Eq. [3] and [4] those chosen are 

PZn PH20 
K - [5] 

PH2 
and 

1 = PH2 + PI le  + PZn + PH20 [6 ]  

Equation [5] is the equi l ibr ium constant for Eq. [1] 
(the inverse of that  for Eq. [2]), and Eq. [6] represents  
the nominal  constant total  pressure constraint  in the 
open- tube  system. 

As a measure  of the equi l ibr ium state in the re-  
actor as a function of T, X, and Y, we  may  use the 
quant i ty  Z defined by 

Z = \ P I le  / X , Y , T  [ 7 ]  

Z represents the vapor  phase concentrat ion of the com- 
ponent  Zn present  as the species Zn (v) ,  referenced to 
the carr ier  gas and shows as a function of T the var i -  
at ion of Zn vapor  phase content, since the He is always 
confined to the vapor  phase. Z can be de termined  as a 
function of T for specified constant values of X and Y. 
For  example,  if we specify X and plot a family of 
curves, each curve  being at this one value of X and a 
different value of Y, this family  wi l l  comprise a set 
of univar iant  curves. By knowing the input value of Z, 
namely  Z', we can for each curve  determine  the ZnO 
precipi tat ion as a function of t empera tu re  by inspec- 
tion. This mat te r  is pursued fur ther  below. 

Solutions for Species Partial Pressures 
Employing Eq. [3], [4], [5], and [6], values for Pzn, 

PH20, PIle, and PH2 at equi l ibr ium can be obtained at 
specified values of X, Y, and T. 2 The t empera tu re  de- 
pendency of K referenced to a standard state of 1 atm 
is given by 

- -  12,300 
log K -- + 9.179 [8] 

T 

Specific data  for calculat ing Eq. [8] were  obtained 
from ref. (8) and (9). These are listed in Table I. 

Equat ions [3] and [4] may  be rewr i t t en  as Eq. [9] 
and [10] using Eq. [6] 

P z n  + PH2 
X = [9] 

1 + PH2 

PH20 + PH2 
Y -- [10] 

1 + PH2 

Solving Eq. [9] and [1O] for PH2, we obtain 

PZn - -  X 
PH2 -- [11] 

X - - 1  
and 

P H 2 0 - - Y  
P H 2 : "  [12] 

Y - -  1 
Therefore  

[13] 
P z n - -  X P H 2 0 - -  Y 

X - - 1  Y - - 1  
and 

Appendix  B describes how a useful  range  of X and Y values 
can be defined f rom known exper imenta l  parameters .  

Table I. Thermodynamic data used for calculating K 

Species Proper ty  Ref. and Page  No. 

AHf~ = -- 83.2 kcal /mole  (8) 280 
S~ = 10.4 cal /deg mole (8) 280 
AH~ = 30.9 kcal /mole  (8) 309 
S~ = 9.9 ca l /deg  mole (8) 280 
S~ = 38.45 ca l /deg  mole (9) 117 
AHfO(2~S~ = --57.8 kcal /mole  (8) 248 
S~ = 45.1 ea l /deg  mole (8) 248 
8~ = 31.2 cal /deg mole (8) 246 

ZnO (s) 
ZnO(s) 
Zn(s) 
Zn (s) 
Zn (v} 
H~O(v) 
H~O(v) 
H2(v) 

September  1971 

(PZn -- X) (Y -- 1) 
PH20 = + Y [14] 

( X -  1) 
and 

(PH20  - -  Y )  ( X  - -  1) 
PZn = + X [15] 

( Y -  1) 

We can substitute Eq. [14] and [11] into Eq. [5] to ob- 
tain pzn as a function of X, Y, and K, Eq. [16] 

p2zn ( Y - -  1) + p z n ( X - - Y - - K )  + K X = O  [16] 

F rom Eq. [15], [12], and [5], because of symmetry,  we 
can wri te  direct ly  

p2ii20 ( X  - -  I) + PH20 ( Y  - -  X - -  K )  .-1- KY = 0 [17] 

f rom which PH2O may be calculated. Once Pzn and PH20 
are known Eq. [5] may  be used to define PH2, Eq. [18] 

(solution to Eq. [16] ) (solution to Eq. [17] ) 
Pu2 = [18] 

K 

Finally,  P~e may  be obtained f rom Eq. [6]. 
Species par t ia l  pressures were  computer  calculated 

as described below using the fol lowing values of X, Y, 
and T: X = 2.60 x 10 -3 to X = 0.13 x 10 -3 in steps of 
0.13 x 10 -8 (this coincides to Pzn ---- 2 Torr  down to 
Pzn = 0.I Torr  in 0.1 Torr  increments) ;  Y = 103X to 
Y = 10-3X in steps of 10X (the value Y = 103X only 
provides physically meaningfu l  results for certain 
values of X to be discussed below; T ---- 723~ to 
T = 1473~ in 50 ~ steps. 

Having calculated species par t ia l  pressures for all 
values of the variables,  the data  were  used to ma-  
chine plot two types of graphs. In the first of these the 
quant i ty  Z, (PZn/PHe)R, which depicts the vapor  phase 
concentrat ion of the component  Zn present  as Zn 
species was plotted as a function of T. Thus, for each 
value of X, the value  of Y at a fixed ratio to X was 
determined.  This leads to seven families of curves, each 
family  at constant R, i.e., R = 0.001, 0.01, O.1, 1, 10, 100, 
1000. In the second type of graph, Z was calculated as 
a f (T)  for values of X which were  kept  constant whi le  
the seven values of Y re la t ive  to X were  varied. This 
data was normalized to the value  of Z for each curve 
at 1473~ i.e., ZT/Z1473o was plot ted as a $(T) for each 
of the seven curves (where  physically meaningful )  in 
each family. 

To obtain computer  solutions to Eq. [16], [17], [18], 
and [6], given the several  values of X, Y, and T (the 
la t ter  being used to define the values of K),  and to ac- 
quire the data for plott ing described above, the pro-  
gram was wr i t ten  in For t ran  IV. In the solutions of the 
quadrat ic  equations for Pzn and PH20, one of the roots 
of each was found to be physically meaningless and 
was discarded. The values PH2 and PIle were  then cal- 
culated as were  the ratios Z and ZT/Z147ao used for  
plotting. 

Plot t ing was accomplished using an IBM 1627 Plot ter  
Compatible  Sof tware  package which was called f rom 
the For t ran  program. Through the use of the software 
package, plot ter  output  was obtained concurrent ly  on 
an IBM 1627 Plot ter  and on a S t romberg  Carlson 4020 
Computer  Recorder.  

The program was run on a System/360 Model 91 
under  OS taking 47 sec of CPU t ime which included 
not only all  the calculations, but also the generat ion 
of all plots. 

Discussion of Results 
Figures  1-5 inclusive show the var ia t ion in Zn /He  

vapor phase concentrat ion as a function of T (~  
under  conditions of constant R. Because of the manner  
in which X and Y have been defined (see Appendix) ,  
they individual ly  represent  atmospheres of the com- 
ponents Zn and H20 present in the reactor  prior  to 
reaction. While  20 curves are possible in each of the 
families shown in Fig. 1-5, not all of these have physi-  
cal significance. Thus, in Fig. 1 (where  R = 0.001) 
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when the value of X achieves a value of 0.00091, the 
required value of u would be 0.91. Since the total 
pressure cannot exceed 1 atm, the required value of 
Y for the next  higher value of X (X =- 0.00104) would 
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violate the total pressure constraint.  Consequently,  only 
7 curves appear in  Fig. 1. In  the remaining  families, 20 
curves are present  in each. Figure  5 represent ing an R 
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tion first occurs. Qualitatively,  the results of such pre-  
l iminary  experiments  have shown the analysis to be 
valid to first order. In  addition, uti l izing the curves 
shown in Fig. 6-10, the relat ive amounts  of deposition 
expected at different temperatures  have been moni-  
tored in epitaxial growth studies on sapphire and mag- 
nesium spinel. These experiments  have also lent cre- 
dence to the val idi ty of the calculated data. 

It  is evident  that Eq. [1] and [2] represent  the 
identical equil ibrium. The fused quartz corrosion prob- 
lem experienced in a t tempting t ranspor t  of ZnO pow- 
der in an H2 or H2-He carrier gas has not been en-  

~E 
o 

~r 

c r 

1.00 

0.90' 

0.80 

0.70 

0 3 0  

1~2 

/ 
3 

X = 0.00260 

value of 10 does not provide exper imenta l ly  usable in-  
formation, since as might  have been anticipated, the 
miniscule concentrat ion of water  vapor employed, i.e., 
0.1 that of Zn introduced leads to only minor  var ia-  
tions of Zn vapor phase content  as a function of T 
above the Zn dewpoint  at each Zn concentration. At 
R values of 100 and 1000 no change in Zn vapor phase 
concentrat ion occurs in the temperature  interval  sur-  
veyed. Figures 1-4 show essentially monotonic var ia-  
tion of Zn /He  ratio with T. It might  be noted that  the 
greatest var ia t ion in Z occurs at the lowest value of 
R, a not unexpected result. At R ---- 0.1 and 1, the curves 
exhibit  plateaus which are potent ia l ly  useful for main-  
ta ining sources in  a non tempera tu re  sensitive envi ron-  
ment. Unfortunately,  these plateaus, par t icular ly  at 
the lower Zn concentrations, extend to relat ively low 
temperatures  and would restrict  the range of tem- 
peratures over which epitaxial  deposition conditions 
could be sought. Several  of the curves for R ---- 0.001 
and 0.01, Fig. 1 and 2, respectively, appear to represent  
a reasonable exper imental  compromise for uti l izing 
plateau regions for source control, while not sacrific- 
ing the tempera ture  range  for s tudying epitaxial  phe- 
nomena.  

Figures 6-10 show normalized data relative to Z at 
1473~ for several selected start ing Zn component  
part ial  presures. From these curves, the fraction of 
Zn precipitated at each tempera ture  is evident  by 
inspection. These curves enable est imation of the quan-  
t i ty of mater ia l  deposited, start ing with specified con- 
centrat ions and total flow rates into the reactor. 

The predicted occurrence of plateau regions in Fig. 
1-10 provides an excellent  quali tat ive tool for testing 
the val idi ty of the equi l ibr ium transport  model in ap- 
propriate concent ra t ion- tempera ture  regimes. After  es- 
tablishing source bed designs which result  in the de- 
velopment  of equi l ibr ium part ial  pressures in the 
effluents, the reactants can be mixed at elevated tem- 
peratures. The drop out of ZnO along a temperature  
gradient  can then be monitored in a l iner tube in the 
reactor to determine the temperature  at which deposi- 
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Fig. 6. Normalized vapor phase variation in Zn concentration as 
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countered in implement ing  the exper iment  via Eq. [2]. 
Ini t ia l ly  it was thought  that  this might  be due to the 
high hydrogen content  of the carr ier  gas s tream em- 
ployed in t ransport ing the ZnO from a powder  source 
via Eq. [1]. However ,  in H2-He mixtures  containing 
equivalent  H2/He ratios to those generated when  Zn 
and H20 react  in a He stream, similar  corrosion be- 
havior  was observed. The only conclusion that  appears 
to provide a reasonable explanat ion for the difference 
in behavior  of the two systems is that  the "high pur i ty"  
ZnO sources employed were  contaminated by some 
unknown agent not detected by emission spectroscopic 
techniques. 
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Fig. 10. Normalized vapor phase variation in Zn concentration 
as a function of T at X = 0.00013, Y = 1, 0.001X; 2, 0 .0 IX;  3, 
0.IX; 4, 1.0X; 5, IOX; 6, 100X; 7, 1000X. 

A P P E N D I X  A 
It is most convenient  to consider our analysis via the 

use of pressure values for components, i.e., Pzn, Po, PHe, 
PH2 and species pz,, pH20, pile, PH2. We know that  for 
each mole of Zn introduced and subsequent ly  con- 
sumed a mole of H2 is formed. Similarly,  for each mole 
of O introduced (as H20) and then consumed, a mole 
of H2 is formed. Thus, we can conserve the compo- 
nent  moles of Zn and O, mzn and too, respectively,  in 
terms of the species moles present  nzn, nil20, nil2, via 

mzn ---- nzn + nil2 [A-1] 

mo = nH2o -Jr nil2 [A-2] 

To conver t  these terms into pressures, we assume the 
applicabil i ty of the  ideal gas equat ion 

PV 
moles = [A-3] 

RT 
Therefore, 

PZnVIN (pzn  + pH2)VOUT 
- -  - -  [ A - 4 ]  

R T  R T  
o r  

PZnVIN = (pZn OF pH2)VOUT [ A - 5 ]  

where  VIN can be thought  of as the total  volume 
prior  to react ion which contains the component  mole., 
of Zn, mzn introduced, and in which its component  
pressure is Pzn, and where  Vogw is the total  vo lume 
after  reaction occurs in which the unreacted Zn and 
its product are contained. Unless we know the t e rm 
VOVT we cannot rewri te  Eq. [A- l ]  and [A-2] in terms 
of pressures alone. Suppose, however ,  we had chosen 
to define the ratio X where  X is given by 

mzn 
X ---- [A-6] 

m z n  oF mO oF mi le  t 

where  ~ZHe t represents the total number  of moles of 
He introduced into the reactor. Conserving the com- 
ponent moles specified, we  see that  

mzn 
X---- 

mZn oF m o  oF mi le  t 

fl, Zn oF nil2 
= [A-7] 

(nZn oF ni l2)  oF (nH20 oF nil2) oF ni le  t 
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Note that  if the P's are specified in atmospheres, the 
denominator  Pzn -]- Po -~- PHe t -~- 1 in our experiment ,  
since the Po te rm is der ived exclusively from the H20 
introduced, and the three  component pressures, Pzn -k, 
Po (from H20) and PHe t account ini t ial ly for the total  
pressure. 

Therefore,  

X = Pzn (dimensionless) 

(pzn -~ PH2)atm 
: [A-10] 

(pzn -t- 2pH2 --~ pH20 ~ pi le)atm 

Consequently,  f rom an exper imenta l  point of view, 
both X and an analogous expression for an O ratio, Y, 
where  Y is given by 

Po pH2o + prl~ 
Y__-- 

PlIe t -~- PZn -b Po pzn -~- 2pH2 ~- pile -~- pH20 

[A-11] 

are simply the part ial  pressures of Zn and water  (in 
atmospheres) introduced into the reactor  prior to re-  
action, but after dilution has occurred. 

pzn -~- 2pH2 "4- pH20 -b pile 

[A-9] 

A P P E N D I X  B 

Selection of X and Y Values 
Exper imental ly ,  the values of X and Y depend on 

the vapor  pressures of Zn and H20 at their  source sites, 
and on flow rates of the carr ier  gas through each 
source site. We can approach the problem in ei ther 
of two ways for convenience:  

1. We can choose the Zn and H20 source bed pres-  
sures by fixing the source bed temperatures ,  translate 
these pressures into a desired ratio of effective Zn/H20 
flow rates, R, and then determine  the required carr ier  
gas flows through each source bed (where  equi l ibr ium 
is always assumed to obtain) required to satisfy these 
boundaries. 

2. We can choose the flow rates of carr ier  gas 
through each source bed, and determine  the vapor  
pressures of Zn and H20 required to give specific 
values of X and Y ( therefore of R).  

Method 1 (Solving for the required He flow through 
the Zn source, Fne, and through the water source, F'Hc, 
given p'z,, P'~zo, and R) . - -At  the Zn source, since the 
total  pressure is 1 atm, the part ial  presures of Zn, p'z,, 
and He, p'He must  account for this total pressure. Since 
the He enters the Zn source at 1 arm and some defined 
flow rate  monitored at a meter  located prior to the 
source, the  Zn vaporizat ion must  be accompanied by 
an over-a l l  volume increase proport ional  to the Zn 
vapor  pressure. The net effect then imposed by the 
constant pressure constraint  is to increase the flow 
rate (referenced to room temperature ,  for example) ,  
so that  the effluent flow out of the Zn source, FI, is the 
sum of the input He flow rate, FHe, plus an effective 
Zn flow rate, Fzn, Eq. [B- l ]  

F1 : Fzn -b File [B- l ]  
since 

p'zn (Torr) �9 F1 
Fzn -- [B-2] 

760 T o r r / a t m  

We see that  the relat ionship be tween the effluent flow 
from the Zn bed, F1, and the He flow measured at a 

flOW meter  is 
FHe 760 

F1 = [B-3] 
760 -- p'zn (Torr)  

Subst i tut ing for F1 in Eq. [B-2], the value  shown in 
Eq. [B-3] yields 

p'zn (Torr) FHe 
Fzn = [B-4] 

760 -- p'zn (Torr) 

At the HeO source by an exact ly  analogous argument,  
we find that  

F'He 760 
F2 = [B-5] 

760 -- p'~2o (Torr) 

p'H20 (Torr)  F'He 
Fo ---- [B-6] 

760 -- p'H20 (Torr) 

Since effective component  flow rates are direct ly re-  
lated to the part ial  pressures of the unreacted com- 
ponents present, we may  rewri te  Eq. [3] and [4] ac- 
cording to 

Fzn Fzn 
X -- -- [B-7] 

Fzn -[- Fne -~ F'He -~- Fo F3 
and 

Fo Fo 
Y ___ _-- [B-8] 

Fzn -b FHe -~- F'He -~- Fo F3 

where  the various flow contributions refer  to the unre-  
acted components referenced to effective room tem-  
pera ture  flow rates. 

Let  us now define a new quant i ty  R given by 

X Fzn p'zn FHe [760 - -  p ' H 2 0  (Torr)  ] 
R -- -- -- [B-9] 

Y Fo p'n20 F'ne [760 -- p'Zn (Torr) ] 

If we fix values of p'zn and p'H2O as well  as F3, the 
ratio R becomes unique. Since. 

F3 ---- F1 q- F2 [B-1O] 

we can write  f rom Eq. [B-3] and its analog for the 
water  bed effluent flow rate Eq. [B-5] 

FHe 760 F'He 760 
F3 : -~ [B-11] 

760 -- p'zn (Torr) 760 -- p'H20 (Torr)  

Equations [B-11] and [B-9] may be solved simul-  
taneously for FHe and F'He to give Eq [B-12] and 
[B-13] 

F3R [760 -- p'zn (Torr ) ]  
FtIe : [B-12] 

760 [R + p'zn (Torr ) /p 'n2o (Torr ) ]  

F3 [760 -- p'H2O (Torr) ] p'zn (Torr)/p 'H2o (Torr) 
F'He ~- 

760 [R + p'zn (Torr)/p 'H2o (Torr) ] 

[B-13] 

Method 2 (Solving for p'zn and p'H20 given values 
for X, R, F~te, and F'ne . - -The output  of a computer  
analysis may be easily specified in terms of fixed values 
of X at different values of the ratio R. Since the values 
of p'zn and P'H2O needed to give these X and R values 
depend on what  flow rates of carr ier  gas are employed, 
the second method more near ly  approximates  the way 
an exper iment  might  be performed.  It is to be noted 
that  if X and R are both specified along with FHe and 
F'He, the value of Y is uniquely  determined,  therefore,  
p'zn and P ' H 2 0  a r e  also both uniquely determined.  

Subst i tut ing into Eq. [B-7] the values for Fzn and Fo 
given by Eq. [B-4] and [B-6] respectively,  X may be 
expressed in terms of p'zn (Torr) ,  p'n2o (Torr) ,  FHe, 
and F'He. 

Equation [B-9] gives R as a function of these same 
parameters.  Consequently,  the  expressions for X and 
R may be solved s imultaneously for p'zn and p,'H20 to 
give Eq. [B-14] and [B-15], respect ively  

760 FHe t CoR 
p'zn (Torr)  ---- [B-14] 

Flte t CoR "~ FHe (R -- Co) 

substi tuting for the m's and n's the result, Eq. [A-4], 
we obtain 

Pza VIN/RT 
X =  

(Pzn ~- Po -[- PHe t) VIN/RT 

(pzn -~- PH2)VOuT/RT 
---- [A-8] 

(pzn -Jr 2pn2 -[- pn20 ~ pile)VOuT/RT 

cancelling terms leads to 

Pzn pzn -b pH2 
X :  

Pzn "~- Po ~- PHe t 
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760 FHe t Co 
p'lv,.o (Torr) -- [B-15] 

File t Co ~- F'He (R  - -  Co) 

where Co ---- X / ( 1  -- X ) .  
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LIST OF SYMBOLS 
p'za partial  pressure of Zn at a Zn source external  to 

the reactor 
pz, equi l ibr ium par t ia l  pressure of the species Zn 

after reaction 
Pz,, part ial  pressure of the component  Zn in the re- 

actor, prior to reaction having occurred, refer-  
enced to room temperature  and 1 atm total pres- 
sure in the reactor 

Fza effective flow rate of the component Zn assumed 
present as the species Zn at the output of the Zn 
source 

X the ratio of Fzn, as defined above, to the total 
flow rate in the reactor prior to reaction, refer-  
enced to room tempera ture  

p'H20, pI-I2o, Po, Fo: analogs of the Zn terms defined 
above for the water  introduced into the system 

Y analog of the term X for the component  O which 
is derived from the water  introduced 

O F  Z n O  1485 

PH2 equi l ibr ium part ial  pressure of H2 after reaction 
has occurred 

R the ratio X / Y  . �9 the ratio Fzn/Fo 
FHe the flow of He into the Zn source referenced to 

room temperature  
F'He the flow of He into the water source referenced 

to room tempera ture  
File t FHe -~ r 'He  
pile equi lbr ium partial  pressure of He after reaction 

has occurred 
pile t total component  part ial  pressure of He introduced 

into the reactor prior to reaction, referenced to 
room temperature  

F1 the flow FZn -~- FHe emanat ing  from the Zn source 
F2 the flow Fo q- F'He emanat ing  from H20 source 
F3 the total flow in the reactor (F1 q- F2) prior to 

reaction, referenced to room tempera ture  
Z equi l ibr ium ratio pzn/pHe at specified X, Y, and T 

following reaction 
Z' the value Pzn/Plte t prior to reaction 
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ABSTRACT 

The phase equil ibria for the As-Sb~Ses-Se t e rnary  system were deter-  
mined by sealed system DTA and quench methods. The As2Se3-Sb2Se3 and 
As-Sb~Se3 t e rna ry  sections are true b inary  systems exhibi t ing simple eutectic 
behavior. The general  phase relationships are discussed and the l iquidus be- 
havior and liquid s tructure of the selenium rich part  of the te rnary  are t reated 
in detail. A nonregular  thermodynamic  solution model is used to describe 
the solution behavior and calculate the size of s t ructural  units  present in the 
t e rnary  liquid. A physical interpretat ion,  in terms of these s t ructural  units, 
is given for the observed incipient  l iquid immiscibili ty.  

The nonoxide glass forming chalcogenides are of 
great interest  because of their photoconductive and 
semiconductive properties. The preparat ion of these 
mul t icomponent  materials  in well-control led and char-  
acterized states requires the avai labi l i ty of accurate 
data concerning their l iquidus and subliquidus rela-  
tionships. 

Knowledge of the l iquidus relationships can be as 
important  for dealing with noncrysta l l ine  solids or 
glasses as for crystall ine solids. A great amount  of in-  
formation concerning the na ture  of a mul t icomponent  
glassy mater ia l  is available through the knowledge of 
the phase equil ibria of the system. The liquidus tem- 
perature is the ini t ial  point where supercooling of the 
melt  begins in order to realize the glassy state. Indeed 
it is the temperature  interval  between the l iquidus and 
the region ini t iat ing glass behavior, convenient ly  de- 
marked by the glass transition, which must  be t ra-  

Key words: As-Sb-Se system, phase diagram As-Sb-Se, liquid 
structure, chalcogenide glasses. 

versed by supercooling to realize the glassy state. The 
subliquidus and solidus relationships tell of the recta- 
stable and equi l ibr ium states to which a supercooled 
liquid or glass will t ry to relax with time. Finally,  sig- 
nificant insights concerning variat ions in the atomic 
arrangements  or molecular  associations of the melt  and 
the related glassy state can be realized by a detailed 
investigation of the behavior  of the l iquidus as a func-  
tion of composition. The l iquidus often reflects var ia-  
tions in molecular  associations or clustering in the 
liquid or glassy state which are not readi ly revealed 
by optical spectroscopy or x - r ay  radial  distr ibution 
techniques. 

The exper imental  determinat ion and in terpre ta t ion 
of the l iquidus behavior in the As-Sb-Se  t e rnary  sys- 
tem is the object of this study. A thermodynamic  
method is employed to estimate the size of l iquid 
species or associations in the melt. The thermody-  
namic approach is the inverse from the usual  method 
of in terpret ing discrepancies between exper imental  
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and theoretical l iquidus behavior  by nonideal  solu- 
tion corrections. Instead, liquid species or groupings 
of the l imit ing end member  structures are identified 
which can mix and form ideal solutions. These model 
mixtures  are then considered to reflect the molecular 
consti tution of the real mul t icomponent  liquid. 

The As-Sb-Se  t e rnary  is a very interest ing system 
for these considerations. A great deal of information 
exists concerning the crystal and l iquid structures of 
the impor tant  element  and compounds in the system, 
namely, Se, As.,Se3, and Sb2Se~. The liquid s tructure of 
Se exhibits a we l l -known tempera ture  dependent  r ing-  
l inear polymer chain equil ibria  (1-3), liquid As2Se3 is 
considered (4-6) to consist of aggregates of two di- 
mensional  AsSe3z2 l inked groupings, and liquid Sb2Se~ 
appears to be a loosely associated molecular  liquid of 
low viscosity. The Se-Sb2Se3 system as indicated by 
the l iquidus reported in the l i terature (7) shows a 
tendency for liquid immiscibility, reflecting marked 
differences in the liquid structures of Se and Sb,~Se:~. 
Thus, an investigation of the As-Sb-Se  te rnary  system 
assures the consideration of the mixing of liquid spe- 
cies which in their pure state exhibit  markedly  differ- 
ent behavior. A number  of different sections through 
this t e rnary  involves the analyses of solutions of widely 
different molecular  constitution. 

E x p e r i m e n t a l  
The mixtures  necessary for the phase equil ibria in-  

vestigation were prepared by reaction of Gallard 
Schlesinger 99.9999% pure e lemental  components in 
vacuum sealed silica glass ampoules at 650~ for 16 
hr in a rocking furnace. The reacted 50 gram samples 
were quenched in cold water  to assure homogeneity. 
The quenched products were glasses for compositions 
with less than 20 atomic per cent (a/o) Sb and more 
than 35 a/o Se. All  other compositions resulted in 
quenched mater ia l  which was either part ial ly or com- 
pletely crystalline. 

These prereacted mixtures  served as s tandard start-  
ing materials in all subsequent  DTA and quench runs. 
To check for possible inhomogeneities and weighing 
errors in these reacted mixtures,  they were all ana-  
lyzed by x - r ay  fluorescence. Calibrat ion standards for 
these analyses were made by two different techniques. 
The first method for s tandards preparat ion was identi-  
cal to that  used in reacting the original mixtures.  This 
was useful for compositions which quenched to a 
homogenous glass. The second method involved the 
mixing of As, Sb, and Se powders and subsequent  
pressing to theoretical density. These powders had to 
be sieved to a size smaller than 300 mesh to el iminate 
errors due to particle size. A check of all the mixtures  
indicated that they deviated no more than the ac- 
curacy of the measur ing technique (_1  a/o) from their 
nomina l  compositions. 

The phase equil ibria  were de termined by DTA and 
quench methods. Due to the volati l i ty of these mate-  
rials all the work had to be carried out by sealed sys- 
tem techniques. This required the prereacted mixtures  
to be crushed and packed into specially designed fused 
silica ampoules which were subsequent ly  used in DTA 
and quench experiments.  The thermal  analyses were 
carried out using a du Pont  Model 900 DTA. This data 
was checked by static equi l ibra t ion-quench methods to 
assure its accuracy and identify the phase fields. In the 
Sb,,Se~ poor portion of the As-Sb2Sea-Se ternary,  it 
was necessary to rely on quench data exclusively due 
to the high viscosities and slow reaction rates of these 
materials.  The phase assemblages present  in the quench 
runs  were analyzed by x - r ay  powder diffraction meth-  
ods. The added sensit ivity of the Debye-Scherrer  
method was employed to aid in the accurate locating 
of phase boundaries.  

Experimental Results 
The compilation by Hansen (7) gives three different 

versions of the phase diagram for the Se-Sb system. 
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In order to determine which of these versions most 
rel iably represents the system, a redeterminat ion has 
been carried out. Figure 1 contains the results of the 
present investigation. They are in good agreement  with 
the work of Par ravano  (8) [from Hansen (7)] except 
for the detailed shape of the liquidus defining the 
Sb2Se:~ W liquid phase field. The present investigation 
shows a more pronounced flattening of the liquidus 
indicating a stronger tendency towards liquid immis-  
cibility. 

Figures 2 and 3 represent  sections in the te rnary  
system which are true b inary  systems. The information 
contained in Fig. 1-3 combined with phase equil ibria  
data at compositions distr ibuted on a 5 a/o grid (As- 
Sb-Se basis) and the phase diagram for the Se-As 
b inary  system (5) were used to draw the l iquidus for 
the As-Sb2Se~-Se te rnary  system shown in Fig. 4. A 
number  of addit ional quench runs  were made in the 
region close to the Se-As b inary  in order to accurately 
locate the phase boundaries most of which were located 
in this region of the t e rnary  system. 

Analysis of Ternary Solution Behavior 

The exper imental  l iquidus curves will  be fitted to 
thermodynamic  model solutions in order to estimate 
the average size of the liquid species or associations in 
the As-Sb2Se:~-Se section of the t e rna ry  system. The 
Se-Sb2Se:~, As~Se3-Sb2Se3, and As4Se4-Sb2Se3 sections 
are analyzed in detail. All sections have Sb2Se~ as one 
end member,  and the l iquidus to be analyzed defines 
the phase field of Sb2Se~ W liquid which covers most 
of this part  of the t e rnary  system. 
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Thermodynamic considerations.--The basic t he rmo-  
dynamic  expressions used in this  analysis  a re  discussed 
in deta i l  in most the rmodynamic  texts  (9, 10). In  order  
to convey the a rgument  employed  to analyze the  l iq-  
uidus behavior ,  the  appropr ia te  the rmodynamic  re l a -  
t ionships wil l  be outl ined.  

The basis for all  analyses  of mul t icomponent  solution 
behavior  is the  Gibbs free energy express ion 

Gl=Eo+ CpdT-- T,,o ~ d T - -  kTln [1] 
IIni! 
i 

1487 

The re la t ionship  describes the  free energy  of a solu-  
tion, G], in te rms of the in te rna l  energy  of the  solution 
at  absolute  zero, Eo, the t empe ra tu r e  in tegrals  of the  
specific heat,  Cp, and the s tat is t ical  complexions of a 
system of N par t ic les  of i dist inct  species each present  
in ni numbers .  In  this express ion the  assumpt ion is 
made  tha t  the  pressure  volume product  is negl igible  
making  the enthalpy,  H, equal  to the in te rna l  energy,  
Eo. In addi t ion it is assumed tha t  a set of idea l ly  in te r -  
acting l iquid species can a lways  be defined. 

The Gibbs function expressed  in this manner  is com- 
p le te ly  capable  of represent ing  the free energy  of any 
solution. However  in pract ice ,  i ts  appl ica t ion  is not  
possib]e because of the lack  of Cp and Eo data.  This 
difficulty is gene ra l ly  c i rcumvented  by  making  a n u m -  
ber  of approx imat ions  to account for the unknown 
variables .  Indeed,  the t e rmino logy  used to descr ibe the  
the rmodynamic  na ture  of solutions has resul ted  from 
the type  of approx imat ions  applied.  

The approx imat ions  are made  in the fol lowing m a n -  
ner. The in te rna l  energy of the solution, Eo, can be 
represented  as the sum of two quanti t ies.  

Eo = U(X) ~- ~XiG% [2] 
i 

The first t e rm is genera l ly  a nonl inear  function of 
composit ion and the  second t e rm is the weighted  sum 
of the in terna l  energy of the  end members  in the i r  
l iquid states, Goli. The re la t ive  concentra t ion of the  i th 
species is defined by  Xi ---- ni/N. 

The same type  of approx imat ion  is made  for the  two 
specific heat  in tegrals  the  only difference being that  the  
nonl inear  t e rm is a function of composit ion and t em-  
perature .  
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T fr Cp 
5'0 CpdT-  T,,., 0 7 d T  : ~(x,r) -{- ~ X i ~ T l i  [ 3 ]  

i 

The quant i ty  GTIi is the energy of the ith end member  
obtained from the evaluat ion of the specific heat  in-  
tegrals. The second terms in Eq. [2] and [3] can be 
combined so that  

~ X i G n  = ~ X i G O l i - { -  ~ XiGTli  [4] 
i i i 

Consequently, Eq. [1] can be wri t ten  as 
J 

G1 = U ( X )  + f ( X , T )  + ~ Z i  Gu + R T  ~r X i l n  X, 
i i = l  

[5] 

The last te rm in Eq. [1] was t ransformed to the form 
in Eq. [5] by making the usual  application of Sterl ing's  
approximation. 

The free energy function expressed by Eq. [5] is the 
most general  form for a solution made up of j dis- 
t inct  components. The equations employed for the vari-  
ous solution types are obtained by making the follow- 
ing approximations:  

Ideal solution: U(X) ---- 0, f ( X , T )  = 0 
Regular solution: U (X)  :/= 0, f ( X , T )  = 0 
Subregular  or 

nonregular  solution: U (X)  -~ 0, ] (X ,T )  ~ 0 

Consequently,  for the ideal solution case Eq. [5] re-  
duces to a simple l inear combinat ion of the end mem-  
ber parameters.  In  the regular  solution case, this sim- 
ple form is no longer applicable because the in terna l  
energy, U ( X ) ,  is a nonl inear  function of composition. 
In  b inary  systems, this compositional dependence is 
approximated (10) by 

U (X) -- nXIX~ 

For ~ < 0, the solution shows a tendency for com- 
pound formation and for ~ > 0 there will  be a tend-  
ency for l iquid immiscibili ty.  

The third and most general  solution type is the sub-  
regular  (11) or nonregular  (12) solution. In  this case 
both the solution in terna l  energy and specific heat 
components contr ibute  energies which cannot be rep-  
resented by a combinat ion of end member  quantities. 
For simplicity the compositional and tempera ture  de- 
pendent  contr ibut ions in Eq. [5] can be combined in 
the following m a n n e r  

F(X,T) = U(X) + f(X,T) 

It is noted that except for the F(X,T) term Eq. [5] 
represents an ideal solution. The question to be asked 
is, what is the physical significance of F(X,T)? The 
answer has already been given in the name of the term, 
nonideal. The quantity F(X,T) accounts for the non- 
ideal behavior of the atoms in solution where they ex- 
hibit a tendency for the formation of cluster or 
"molecular" aggregates among like or unlike atoms. 

An equally valid way to consider the source of the 
nonideal term, FiX,T), is that the convenient concen- 
tration units employed to describe a solution often do 
not represent the nature of the molecular constitution 
of the liquid. In principal, it should be possible to re- 
define the concentration units of end members in such 
a way that the actual species present in the liquid are 
represented as end members and consequently, the 
property-composit ion relationships would be that  for 
an ideal solution. For such a solution, composed of 
complex species, the F ( X , T )  te rm wil l  be zero and 
Eq. [5] will  be reduced from the subregular  to the 
ideal case. In  choosing these "ideally" interact ing 
species the assumption is made that  such a set of 
species can be defined for any  system. 

These thermodynamic  considerations are applied to 
the in terpre ta t ion of the l iquidus temperatures  by re-  

lat ing free energy (G1 x~) of a l iquid of composition X i  1 

to the free energy (Gs i) of a coexisting solid end 
member  (i) which has precipitated from the liquid. 
The condition defining equi l ibr ium for this l iquidus 
composition is 

G l X ' - - G s i =  \ ~ / T 1  ( X i - -  1) [6] 

When Eq. [5] with F ( X , T )  set to zero is substi tuted 
into Eq. [6], the following is obtained (9, 13) 

( G I  i - -  G s i ) W l  : - -  R T l n X t  [7] 

where GI i is the free energy of the end member  l iquid 
i. The difference (G1 i -- Gs i) is s imply the free energy 
of fusion, ~Gf, for the pure precipitat ing end member  
i at any temperature.  The free energy of fusion is given 
by 

nGf = ~H~ 1 -- ~ff + dT -- T dT [8] 

where 

~Cp = Cp (liquid) -- Cp (solid) = a -}- bT -}- . . .  [9] 

and ~Hf is the heat of fusion and Tf is the melt ing 
temperature.  

The combinat ion of Eq. [7], [8], and [9] provides a 
general  equation for the l iquidus of a precipitat ing 
end member  in a mul t icomponent  solution. The re-  
strictions on its application require the precipitat ing 
end member  to melt  to a l iquid specie whose stoi- 
chiometry is identical to that of the end member  and 
concentrat ion units  are employed so that the liquid 
displays ideal behavior. 

Analyses . - -The  application of this method to analyze 
the consti tution of the liquid solution is straight for- 
ward. An ideal l iquidus is calculated for a part icular  
system with Eq. [7], [8], and [9]. Then the experi-  
menta l  l iquidus is t ransformed to a coordinate system 
whose end members  represent  the molecular  species 
which may be present in the liquid. If the ideal liq- 
uidus and the t ransformed experimental  l iquidus co- 
incide, a possible solution has been obtained. It is noted 
that  the ideal l iquidus will  always be numer ica l ly  
( X  vs. T) the same independent  of the section ana-  
lyzed in the mul t icomponent  system as long as the 
precipitat ing end member  is not changed (i.e. as long 
as ~He and • remain  constant and the end member  
l iquid specie does not vary  with composition or tem- 
perature) .  

The coordinate or concentrat ion t ransformat ion is 
carried out by a two-step process for the par t icular  
t e rnary  system under  consideration. The first t rans-  
formation changes the exper imental  As-Sb-Se  te rnary  
coordinate data into a convenient  AsuSev-Sb2Se3 b inary  
coordinate system employing Eq. [10]. 

u -- (u + v ) y '  
y : [10] 

u +  (5 -- u -- v ) y '  

The variable y' designates the an t imony concentration, 
y represents the SbeSe3 concentration, and u and v can 
assume any positive or zero value to define the section 
of interest. The second t ransformat ion involves going 
from this convenient  AsuSev-Sb2Sea b inary  section to 
a complex coordinate system represent ing the l iquid 
species. The equation for this t ransformation will be 
developed for each specific case. 

Three b inary  sections of the As-Sb-Se  te rnary  will 
now be analyzed in detail. All  of the sections have 
Sb2Se3 as a common end member.  Consequently all of 
the analyses will  use a common ideal l iquidus for the 
comparison. The fusion temperature  (Tf), the enthalpy 
of fusion (• and the 5Cp for Sb2Se3 used in the 
calculations are 612~ 12,970 cal /mole and 18.9 cal/deg 
mole, respectively (14). The specific heat difference 
for Sb2Se3 was estimated from enthalpy data in the 
tempera ture  region of the fusion temperature.  
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Fig. 5. Temperature dependence of the number average selenium 
chain length. 

The Se-SbeSe3 system.--In order to ascertain possible 
end member  species for the exper imental  l iquidus 
transformation,  evidence for the l imit ing molecular  
configurations in this system will be examined. Con- 
sideration of the temperature  dependence of the vis- 
cosity and the specific heat and the solubil i ty or lack 
of solubili ty of various forms of Se in CS2 has lead to 
the view that l iquid selenium consists of a dynamic 
equi l ibr ium between long polymer chains and eight- 
membered rings. The results of two different chain 
length calculations (2, 3) are shown in Fig. 5. The ab-  
solute magnitudes for the average chain lengths vary 
considerably between the two references but  the tem- 
perature dependences are in good agreement. 

The crystal s t ructure for Sb2Se3 (15) indicates the 
presence of well-defined layer  like chains with no ob- 
vious evidence for distinct wSbeSe3 molecules. The 
mel t ing of these crystals may  be envisioned as dis- 
ordering of the layers and a f ragmenta t ion of the 
chains into smaller  wSb2Se~ units. Observation of the 
Sb2Se3 melt  indicates that  it is a highly fluid liquid 
which cannot be readi ly  quenched into a glass. Based 
on this observation (we will  probably be small as- 
suming values such as 1, 2, 3, or perhaps 4. 

As a first approximation the l iquid species present  
in the Se rich part  of the Se-Sb2Se3 system will  be as- 
sumed to consist of Sea rings, Sez chains, and a specie 
having the Sb2Sez stoichiometry which will  be desig- 
nated by wSb2Se3. Figure 6 contains the results of two 
sets of calculations which t ransformed the experi-  
mental  l iquidus data for the b inary  system 

S e -  SbeSe3-~ ( R ) S e s -  ( 1 -  R ) S e z -  (w)Sb2Se~ 
[11] 

This t ransformation was carried out using Eq. [12] 

y / w  
X---- 

(i - y )  + + -- 

Z W 

[12] 

In this equation, the var iable  y designates the Sb2Sea 
concentration in the Se-Sb2Se3 coordinate system and 
X represents the concentrat ion of wSb2Se3 in the 
te rnary  system. The quant i ty  designated by X is iden-  
tical to the ideal l iquidus which was calculated using 
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Fig. 6. Liquid structure calculation results for the system Se- 
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Eq. [7]-[9].  The variable R represents the fraction of 
Se in the Se8 form, and Z is the chain length of the 
l inear  polymer molecules. In  these t ransformations the 
magni tude  of R and Z are those of Briegleb (1) and 
Eisenberg and Tobolsky (2) respectively. 

The results of the two transforms designated by open 
tr iangles and squares in Fig. 6 were computed for 
w : 1 (Sb2Se:0 and w ~ 2 (Sb4Se6) respectively. 
These calculations indicate that  addit ional  t ransforms 
using the same R and Z with other values of w would 
never  result  in a resonable fit between the t ransformed 
exper imental  and the ideal liquidus. 

A more realistic approach to this problem requires 
the differentiation between a solution which is con- 
centrated in Sb2Se3 and one which is dilute in Sb2Se.~ 
(Se rich).  If in the dilute solution case it is assumed 
that  the ratio of the rings to chains is the same as for 
pure selenium but  that the chain length as specified by 
Eisenberg and Tobolsky (2) or Keezer (3) is no longer 
valid, a magni tude  for Z can be calculated using Eq. 
[12] and the exper imental  l iquidus data. In  Fig. 5 the 
results of these calculations carried out for various 
values of w are plotted. It is noted that  the magni tude  
of Z for w -~ 2 (Sb4Se6) produces a curve whose tem- 
perature dependence is the same as the results of the 
previous workers (2, 3). On the basis of these chain-  
length temperature  dependencies, Sb4Se6 is considered 
to be the best choice for the an t imony triselenide 
specie. These observations suggest that  Sb additions 
are not directly involved in the selenium polymeriza-  
tion reaction; however, they are effective selenium 
consumers decreasing the amount  of selenium avail-  
able for chain formation and their  presence will  change 
the configurational entropy of the solution. A similar 
but not completely analogous behavior was found for 
arsenic in arsenic-sulfur  solutions (16). 

The liquidus curves calculated based on these con- 
siderations is shown in Fig. 7. The open tr iangles show 
the fit obtained if the t ransform by  Eq. [12] is carried 
out using the Briegleb (1) r ing-chain  concentrat ions 
(Re, the calculated chain length denoted by (be in 
Fig. 6, and the molecular  uni t  for w = 2 (i.e. Sb4Se6). 

The fit of the t ransformed data to the ideal l iquidus 
is good, as it should be because the calculations were 
circular in nature.  The exper imenta l  l iquidus data 
was used to determine the chain lengths and "Sb4Se6" 
molecule for the transformation.  At first it appears 
that no new information has been obtained, however 
this is not the case since these calculations have es- 
tablished that  Sb4Se6 is a reasonable choice for the 
average molecular uni t  to which Sb2Se3 melts. This 
specie will be employed for all of the computations in-  
volving Sb2Se3 in other sections of the t e rnary  system. 

The concentrated solution case, near  the Sb2Se3 end 
member,  is not near ly  as complicated as the dilute 
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Liquid structure calculation results for the system Se- 

solution case. ~As indicated by the solid circles of Fig. 7, 
the Se-Sb~Ses exper imental  l iquidus almost coincides 
with the ideal l iquidus in the Sb2Ses rich portion. From 
this start ing point, it was assumed that no Ses rings re- 
mained in these concentrated solutions, and that the 
liquid was composed of only two species Sez chains 
and wSb2Se3 aggregates: The open squares and circles 
of Fig. 7 show that  the best fit results in  liquid species 
where  the Se chain is either three or four atoms long 
and the second species is Sb4Se6. 
The AszSe3-SbzSe3 system.--It has been concluded 
from viscosity (4), glass t ransi t ion (5), infrared (6), 
and x - r ay  (17) studies that  As2Se3 glasses are com- 
posed of AsSe3/2 linkages forming AsmSe3m/2 aggregates 
or networks. This conclusion will  be applied to the 
interpreta t ion of this b inary  system by carrying out 
the following t ransformat ion 

As.~Ses -- Sb2Sea-> AsmSenm/2 - -  (w)Sb2Se3 [13] 
by 

y /w  
X = [14] 

( l - y )  -~ + y/w 

The variables X and y were identified in t ransforma-  
tion 12 and m is an integer which specifies the size of 
the arsenic tr iselenide aggregate. 

The t ransformat ion specified in Fig. 8 indicates that 
the best fit is for a l iquid solution where the w / m  ratio 
in Eq. [13] is one. Assuming the value of 2 for to the 
molecular  consti tution of the As2Se~-Sb2Se3 system in 
the 30 to 100 mole per cent (m/o)  Sb2Se3 range would 
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Fig. 8. Liquid structure calculation results for the system As~Se3- 
Sb2Se3. 

be a mix ture  of "average" species, of As2Se~ and 
Sb4Se~. 

The As4Se4-SbzSe3 section.--It is expected that  no 
As~Se4 species should exist in the liquid because As4Se4 
is an incongruent ly  melt ing compound (5). That  is to 
say, a l iquid with an Aso.~0Se0.s0 composition will  
probably be composed of liquid species other than those 
representat ive of the crystal l ine compound. This de- 
duction is supported by x - ray  analysis (17) of As4Se4 
glasses where it appears that AsSe~/2 dominates the 
short range order. Based on this knowledge, the fol- 
lowing t ransformat ion will  be employed 

As4Se4 - -  Sb2Se3--> As~Sep -- (w)Sb2Se3 -- Asz, [15] 

and carried out with Eq. [16] 

y /w  
X ---- [16] 

4 N 

to 

A large number of trial solutions determined the 
best fit to be a coordinate system having As3Seg/2, 
Sb4Se6 and As~ or As6 as end members.  These results are 
shown in Fig. 9. Of the three al ternate  sets of solutions 
given in Fig. 9, the last one (As3Seg/~-Sb~Se3-As) is 
discarded because the Sb2Se3 is not consistent with 
previous considerations. The other two sets are near ly 
identical except for a slight difference in the size of 
the As molecules. In comparison with these results, it 
is noted that  As4 is the predominant  molecular  species 
found in As vapor (18). Par t icu lar ly  for molecular 
substances, there are often strong similarities between 
liquid and vapor species hence the above species ap- 
pear reasonable. 

Discussion and Conclusion 
The results of the three sets of analyses of the ex- 

per imental  l iquidus curves are summarized in Table I. 
It becomes apparent  that  the incipient  l iquid immis-  
cibility in the Se-Sb2Se3 system is due to two types of 
l iquid solutions composed of different molecular  
species. In the selenium rich part  of the system, there 
is the temperature  dependent  equi l ibr ium mixture  of 
rings and chains in solution with a specie of an t imony 
triselenide. In the selenium poor part  of the system, the 
Ses rings are absent, and the liquid solution consists 
of very short selenium chains (Se3 or Se4) and an ant i -  
mony triselenide liquid species. Within  the assumptions 
made in the calculations, it is concluded that Sb4Se6 is 
the most probable average molecular  specie for the 
ant imony triselenide melt  for all  concentrations ana-  
lyzed. 

The results of the calculations on in situ liquids in 
the As2Se3-Sb2Se3 system indicate that the average 
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Table I. Possible liquid species from the thermodynamic analyses of the specified systems 
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Sys tem 

Liquid species 

D i l u t e  ( S b 2 S e 8  poor) Concentrated ( S b 2 S e 3  r i c h )  

Se - -  S b ~ S e s  
(1 - R ) S e .  - -  ( R ) S e s  - -  S b . S e ~  
z = 7 0 { 2 8 0 ~  ~ 5 ( 5 0 0 ~  

S e 3 n / 4  - -  S b n S e 3 n ] 2  ~ ---- 4 

J Sen - -  S b a S e 3 n / ~  

A s ~ S e 8  - -  S b ~ S e 8  A s n / 2 S e 3 n / 4  - -  S b n S e 3 n / 2  n = 4 

AssSeo/2 - -  S b 2 S e s  - -  A s  
A s 6 S e ~  - -  S b 2 S e s  AseSeo /2  - -  S b 4 S e o  - -  As~  

A s s S e g / ~  - -  S b 4 S e 6  - -  Aso  

l iquid species are As2Se3 and Sb4Se6. The high vis-  
cosity and easy quenchabi l i ty  of the  As2Se3 l iquid has 
been prev ious ly  re la ted  to a s t ruc ture  consist ing of 
aggregates  of AsSe3/2 l inked networks .  I t  would appear  
that  the  As2Sez species found in the  As~Se3-Sb2Se3 
system are  not consistent  wi th  such propert ies .  How-  
ever, it  should be noted tha t  the presen t  analysis  is 
only  va l id  for solutions wi th  apprec iab le  amounts  of 
Sb2Se3 present .  The phase  equi l ibr ia  work  car r ied  out 
in this  inves t igat ion has found tha t  the  addi t ion  of 
Sb2Se~ to As2Se3 has  a rad ica l  effect on the  viscosi ty of 
the mel t  and the crys ta l l iza t ion kinet ics  of As2Se3 
crystals .  Pure  AsaSe~ is ex t r eme ly  viscous and crysta ls  
grow ve ry  slowly, whereas  at  a composit ion of 20 m/o  
Sb2Se3, a glass wi l l  dev i t r i fy  qui te  read i ly  wi th  the 
r e l a t ive ly  r ap id  format ion  of As2Se3 crystals .  These 
observat ions  suppor t  the  presence of smal ler  or less 
associated As2Se3 species calcula ted for the  b ina ry  
system. 

The l iquid in the  As~Se3-Se-Sb2Se3 t e r n a r y  also has 
a t endency  towards  immisc ib i l i ty  as can be seen in the 
f lat tening of the  l iquidus  in Fig. 4. F rom the infor-  
mat ion  obta ined f rom the Se-Sb2Se3 and the As2Se3- 
Sb2Se3 systems, it  is possible to es t imate  the  type  of 
l iquid species present  in the  t e r n a r y  solutions. The 
proper t ies  of the selenium rich l iquid are st i l l  domi-  
na ted  by  the t empe ra tu r e  dependent  r ing-cha in  equi-  
l ibrium. This par t  of the system is made  up of Sez 
chains, Se8 rings, Sb~Se6 molecules,  and AsSe3/2 ne t -  
work  elements.  As the se lenium content  of the  l iquid 
decreases the  dominance  of the r ing-cha in  equi l ib r ium 
decreases and finally d isappears  resu l t ing  in a l iquid 
made up  of As2Se3, Sb4Se6, and possibly  Sez (z is smal l )  
depending on the composit ion of the liquid. 

The analysis  of the  As4Se4-Sb2Se3 section (Table  I) 
indicates  tha t  wi th  the except ion of composit ions near  
As4Se4 the system is composed of As3Seg/2, Sb4Se6, and 
As4 species. The presence of As4 is not  expected to 
have a s trong influence on the proper t ies  of the  l iquid 
because it is present  as a minor  const i tuent  in this  pa r -  
t icu lar  section. The molecular  const i tut ion of this  sec- 
t ion is qui te  s imi lar  to the  As2Se3-Sb2Se3 system, as 
indica ted  by  s imilar i t ies  in viscosi ty and crys ta l l iza t ion  
behavior .  
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ABSTRACT 

A high- tempera ture  hoop stress measurement  apparatus has been developed 
for r ing  specimens of CVD tungsten or other refractory metal  alloys. This 
apparatus has the advantage of being adaptable for h igh- tempera ture  tensile 
testing. Force is applied to a tapered cone which t ransmits  force to eight 
equal segments which press uni formly  on the inner  surface of the r ing speci- 
men. The specimen is heated by induct ion in either vacuum or a protective 
atmosphere. Equations are developed for stress and strain from hoop stress 
parameters.  Room tempera ture  hoop and tensile tests on a luminum,  copper, 
and brass specimens were compared to ascertain the role of friction in the 
hoop stress tests. For temperatures  up to 1400~ the effective friction co- 
efficient, ~, of the hoop testing apparatus was determined using CVD tungs ten  
in a similar manner .  Design details and the results of the elevated tempera-  
ture  tests on CVD tungsten  are discussed. 

In recent years there has been wide use of chemical 
vapor deposition (CVD) techniques to produce re- 
fractory metals and alloys. The most common CVD 
product has been th in-wal led  tubing. Standard  ten-  
sile specimens are very difficult to prepare from such 
tubing. 

Holman, Stiles, and Fung (1) have developed an 
apparatus for room temperature  tensile tests of CVD 
rings. However, the mechanical  behavior  of tubular  
CVD materials  at elevated temperatures  had not been 
evaluated heretofore. A high tempera ture  hoop stress 
measurement  apparatus was developed for this purpose 
and is described in this paper. This new apparatus has 
the addit ional advantage of being adaptable to high 
temperature  tensile testing. 

Apparatus 
Figure la  shows a schematic of the h igh- tempera-  

ture hoop stress apparatus. A downward force is ap- 
plied to a tapered graphite cone which t ransmits  force 
to eight equal segments that press out uni formly on 
the inner  surface of the r ing specimen put t ing the r ing 
into tension. These components are shown in Fig. lb. A 
hel ium gas atmosphere was used. Figure 2 shows a 
schematic of the high temperature  tensile test appa- 
ratus. The t ransformat ion from hoop testing to tensile 
testing requires that  only the support block and 
graphite cone be replaced by pull  rods and specimen 
grips. 

For descriptive purposes the apparatus is divided 
into the following parts: furnace chamber and heating 
system, load train, and tempera ture  measurement.  

Furnace chamber and heating system.--The furnace 
chamber is basically a 10 in. diameter  stainless steel 
pipe, 13 in. high with 3~ in. thick stainless steel flanges. 
A stainless steel plate is sealed with an O-r ing to the 
top flange on the chamber. Motion of the upper  pull  (or 
compression) rod is achieved through a stainless steel 
bellows. The pull  rod is a 15/16 in. diameter  stainless 
steel rod, 7 in. long. The bottom flange of the chamber 
is O-r ing sealed to a large stainless steel plate. A 2 in. 

Key words: deposition, hoop stress, high-temperature mechanical 
tests, chemical vapor deposition. 

long, 15/16 diameter stainless steel pul l  rod is welded 
to the bottom plate as shown in  Fig. 2. Two flanged 
openings are provided on opposite sides of the heating 
chamber. A Pyrex window facilitates observation (for 
temperature  measurement  with an optical pyrometer)  
as well as vacuum and/or  gas atmosphere introduction. 
The other flanged opening admits the induct ion coil. 
Water  cooled copper tubing is wound around the out- 
side and on the top of the furnace chamber. 

A tan ta lum susceptor, heated by induction, radiates 
heat to the specimen. The power supply is a 20 kW 
Lepel Induct ion generator with a f requency of ap- 
proximately  360,000 Hz. A 12:3 lead coil t ransformer  is 
placed between the output of the generator and the 
vacuum seal coaxial lead into the furnace chamber. A 
4- turn  copper tubing  coil with an inner  diameter of 3 
in. and a length of 1 in. was used for ring speci- 
mens. An inner  diameter of 11/4 in. and a length of 1 
in. was used for tensile specimens. The seamless tan ta -  
lum susceptor had a Vs in. sighting hole to permit  tem- 
perature measurement  by an optical pyrometer.  

Load train.--Hoop stress test apparatus.--The entire 
load t ra in  assembly is shown in Fig. la. The top of the 
stainless steel compression rod is threaded to the main  
compression rod. A ZrO2 post, 2 in. in diameter  and 
1 in. high, is placed between the end of the compres- 
sion rod and the top of the graphite cone to provide 
thermal  insulation. Eight equal split r ing graphite seg- 
ments  are set around the tapered cone; the angle of 
taper is 5 ~ Eight equal segments of a split ZrO2 r ing 
are placed between the graphite segments and the CVD 
ring specimen in order to prevent  any possible car- 
burizat ion reaction between the graphite and the CVD 
tungsten. A ZrO2 tube serves as a support for the two 
split rings, the specimen, and the cone. A typical CVD 
ring specimen is i l lustrated in Fig. 3b. 

Tensile test apparatus.--The entire load t ra in  assembly 
is i l lustrated in Fig. 2. The top and bottom stainless 
steel pull  rods are threaded into molybdenum alloy 
couplings. The latter are l inked to molybdenum alloy 
pin grips. A typical flat CVD tungs ten  tensile specimen 
is i l lustrated in Fig. 3a. 

1492 



Vol. 118, No. 9 CVD TUNGSTEN 1493 

! 
MOVING CROSSHEAD INSTRON MACHINE ) 

$ i!; ,!1 ~ COMPRESSION LOAD CELL 

I I 
I MOVING CROSSHEAD 

~,~ LOAD CELL 

LOAD CELL SU' PORT 
LOAO CE'L EXTENSION 

r ,NSTRONMACH,NE 1 

STAINLESS STEEL ROD 

Z ~  VACUUM 
PUMPS 

1L-INSTRON MACHINE "~--BASE PLATE BASE PLATE 
(a) Schematic of complete apparatus. 
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(b) Detail of split ring, cone and ring specimen. 

Fig. I. High-temperature hoop stress measurement apparatus. 

Temperature measurements.--Temperature measure-  
ments  were made with an optical pyrometer  calibrated 
by the National  Bureau of Standards.  An exper iment  
was performed to estimate the temperature  difference 
between an optical pyrometer  focused on the specimen 
and a tungs ten  5% rhen ium- tungs ten  26% rhen ium 
thermocouple placed near  the specimen. At 1400~ in 
a vacuum of 10 -5 Torr, a tempera ture  difference of 
25~ was detected. In all subsequent  tensile and hoop 
tests, the tempera ture  was measured by the optical 
pyrometer.  

Exper imental  
Sample preparation.--CVD tungsten  tubes of 1.5 in. 

inside diameter  and 0.050 in. wall  thickness and flat 

HIGH- 
FREQUENCY 
INDUCTION 
UNIT 

(a) 

Mo. 
- -  L- M~ SPLIT 
;ONNECTOR 

Mo. PULL ROD o 
o ~ -  SPECIMEN 
o PYREX WINDOW 
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~ COIL 

STEEL PIPE 

W.__ 'INSTRON MACHINE BASE PLATE BASE PLATE 
Fig. 2. High-temperature tensile testing apparatus 

RING 

L .... 2.250 

(a) 

. 0 5 0  

(a) (b) 

Fig. 3. Diagram of flat tensile (a) and thin-walled (b) speci- 
mens. 

0.040 in. thick strips of CVD tungsten were purchased 
from the San Fernando Laboratories of Fansteel  
Metallurgical Company. The deposition conditions and 
chemical composition are presented in Tables I and II. 

Ring specimens, 1/4 in. long, were cut using a lathe 
tool post gr inder  with a 0.020 in. thick silicon carbide 
cutoff wheel operating at approximately 7000 rpm. The 
CVD tungsten  tube was held in a soft collet. Gage 

Table I. The deposition conditions of CVD tungsten 

Gas  f low c c / m i n  

WF~ 950 
He 3800 
V a c u u m  1/= a t m o s p h e r e  
P r e h e a t e d  gas  t e m p e r a t u r e  675~ in a r g o n  
Depos i t ion  t i m e  A p p r o x .  3 h r  
S u b s t r a t e  304 s ta in less  s teel  
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Table II. Chemical analysis of CVD tungsten 

E l e m e n t  p p m  

C a r b o n  6.0 
F l u o r i n e  2.0 
H y d r o g e n  0.3 
O x y g e n  1.0 
Nitrogen < 1 . 0  
A l u m i n u m  4.0 
C o p p e r  N / D  3.5 
Iron 10.0 
N i c k e l  N/D 15.0 
S i l i con  10.0 

N / D  m e a n s  n o t  d e t e c t e d  a t  u n i t  o f  s e n s i t i v i t y  shown. 

length and pin  holes for flat tensile specimens were 
spark cut. Any  slight damage to the specimen caused 
by spark cutt ing (and tool post cutt ing) was removed 
by electro-polishing (20g N a O H +  980 cc distilled 
water) .  The electropolishing produced a reduction of 
thickness of approximately 0.002 in. 

Determination o] texture.--Textures of flat and th in-  
wall  tube CVD tungs ten  specimens were evaluated by 
the inverse pole figure x - r ay  technique (2, 3). A series 
of composite x - r ay  specimens were prepared from each 
of longitudinal ,  circumferential ,  outside and inside sec- 
tions of the tubes, as i l lustrated in Fig. 4. The speci- 
mens were cut in a Servomet Spark Machine and elec- 
tropolished. A G E  X-RD5 diffractometer was used to 
measure the diffracted intensities. Texture results are 
expressed in terms of texture  coefficients TC(hkl). 

Testing procedure.--With the load t ra in  and speci- 
men installed, the furnace chamber was evacuated, 
hel ium gas was admit ted to the chamber, the speci- 
men was slowly heated to the test tempera ture  and 
left at this temperature  for a period of 5 rain to es- 
tablish thermal  equil ibrium. Hoop stress and tensile 
tests were performed with an Instron Tensile Machine 
at a cross-head speed of 0.01 in. /min.  

Derivation of the Hoop Stress Equation 
If a downward force F is applied to the graphite 

cone, see Fig. lb, the conditions for equi l ibr ium require 

F = A1N1 (sin ~ + ~1 cos ~) [1] 

where As is the area of the tapered surface in contact 
with the split graphite ring, N~ is the normal  pressure 
on the tapered surface of the cone, ~ is the angle of 
taper, and ~1 is the friction coefficient between the 
graphite cone and the graphite split ring. 

Considering the split ring, the conditions for equi-  
l ibr ium require 

A2N2 = AIN1 (sin ~ + m cos ,~) [2] 

/ - -  Circumferential 

~ e c t i o n  

W////~J ~.~ ~ O u t s i d e  
~ ~_ . j  ~ / S e c t i o n  

Longitudinal 
Section 

Inside -J 
Section 

Circumferential Outside or 
Section inside Section 

Ir[il]llliitl]llilifllillll [ I 

Longitudinal Flat Tensile 
Section Sample 

Fig. 4. Section designations for thin-walled CVD tungsten tubes 
and typical composite samples. 

Pr  
�9 hoop= [5] 

t 

where ~ is the circumferent ial  stress, r is the in terna l  
radius of the r ing specimen, and t is the r ing  thickness, 
then the hoop stress is expressed by 

F [ (I --  ~2) cos ~, --  2~ sin ~] 
�9 hoop:  [0] 

2nht [sin a + ~ cos a] 

h being the height of the ring. Equat ion [6] has two 
unknowns,  ~hoop and ~ the friction coefficient. The fric- 
tion coefficient can be obtained from the following 
relation, assuming the tensile yield stress to equal the 
value of the hoop stress at yielding (See Appendix  A).  

- ( r  c o s a + 2 s i n a )  + [(2 s i n ~ +  ~/k c o s a ) 2 - - 4 c o s a ( r  sin ~ -- cos a)]t/2 
[7] 

where A., is the total area of the bottom of the split 
r ing and N2 is the normal  pressure on that area. Simi-  
larly, equi l ibr ium requires that  for the split ring, in the 
radial  direction 

ArP + A2N2~2 = A1N1 cos ~ -- A1Nlm sin ~ [3] 
where Ar is the inner  area of the r ing specimen, P is 
the pressure on the inner  surface of the ring, and ~2 is 
the friction coefficient between the split r ing  and the 
support  block. 

Dividing Eq. [1] by Eq. [3], using the fact that from 
Eq. [1] and [2] F = A2N2, and assuming that  m equals 
~2 l, then P is expressed by  

~ r  [ ( i  - -  ~2) c~ --  2~ sin'~ ] 
P = . . . . . .  [4] 

s i n a + ~ c o s a  

If Eq. [4] is substi tuted into the hoop stress equation 
1 T h i s  a s s u m p t i o n  w i l l  be  u n n e c e s s a r y  in  f u t u r e  w o r k  w h e r e  t h e  

s u p p o r t  b lock  wi l l  also be  g r a p h i t e  a n d  t h e  ZrO2 sp l i t  r i n g  w i l l  n o t  
be  in  c o n t a c t  w i t h  t h e  l a t t e r .  

B r a s s  1 50,200 26 
B r a s s  2 47,000 28 
B r a s s  3 46,000 28 
B r a s s  4 49,000 30 
B r a s s  5 46,000 28 
B r a s s  6 49,000 18 
B r a s s  7 49,000 32 
B r a s s  8 49,000 30 
AI  9 38,000 14 
AI  I0  39,000 I0  
Al  i i  38,000 13 
Al 12 38,000 11 
A1 13 38,000 11 
AI  14 38,000 10 
AI 15 37,000 12 
Cu  16 18,000 34 
Cu 17 17,000 28 
Cu 18 17,000 28 
Cu 19 17,000 30 

2 COS a 

Table III. Tensile data 

S p e c i m e n  0.2% y i e ld  To ta l  
M a t e r i a l  n u m b e r  s t r e s s  (psi)  s t r a i n  (%) 
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Table IV. Hoop stress data 

Specimen Thickness  of F 
Specimen he igh t  h specimen t k = Effect ive 
n u m b e r  Mater ia l  (inches) (inches) 2~ht  a (psi) a / k  

1 Cu 1/16 1/16 4281 17.000 3.97 0.174 
2 Cu 1/16 1/16 4586 17,000 3.70 0.193 
3 Cu 1/16 1/16 4586 17,000 3.70 0.193 
4 Cu 1/16 1/8 4687 17,000 3.62 0.193 
5 Cu 1/16 1/8 4484 17,000 3.80 0,184 
6 Cu 1/16 1/16 4512 17,000 3.76773 0.180 
7 Cu 1/16 1/8 4178 17,000 4.069 0.164 
8 A1 1/16 1/16 8356 38,000 4.55 0.145 
9 A1 1/16 1/16 7133 38,000 5.33 0.115 

10 AI 1/16 1/16 7948 38,000 4.78 6.135 
11 A1 1/16 1/8 7745 38,000 4.99 0.131 
12 AI 1/16 i / 8  7948 38,000 4.78 0.135 
13 A1 1/16 1/16 8560 38,000 4.439 0,146 
14 AI 1/16 1/8 7745 38,000 4.9064 0.123 
15 Brass  1/16 1/16 9172 48,900 5.23 6.119 
16 Brass  1/16 1/16 6968 48,000 5.35 6,115 
17 Brass  1/16 1/16 8560 48,000 5.607 0.104 
18 Brass  1/16 1/16 9375 48,000 5.12 9.120 
19 Brass  1/16 1/8 9273 48,000 5.1703 0.117 

Here k is F/2~ht and ~ is the yield stress, separately 
obtained from a tensile test. It  can be shown that  the 
strain is expressed by  

C f -  C i  
e -  - -  & r / r i  

Ci 

(vertical distance moved by cone) tan  
= [8] 

r i  

where Ci is the ini t ial  circumference, C~ is the final 
circumference, and vi is the init ial  radius of the r ing 
specimen. 

Experimental Results and Discussion 
Mechanical behavior at room temperature.--The re-  

lation between hoop stress and tensile stress has been 
studied with respect to the influence of friction at 
room temperature  for the metals a luminum, copper, 

Fig. 5. Typical grain structure of f lat  specimens (300X). (a) Grain diameter of first deposited surface: 6.8 x 10 -4  in. (b) Grain diam- 
eter 0.040 in. from first deposited surface: 1.1 x 10 - 3  in. 

Fig. 6. Typical grain structure of a ring specimen (300X). (a) Grain diameter of first deposited surface: 3.1 x 10 -4  in. (b) Grain diam- 
eter 0.050 in. from first deposited surface: 1.1 x 10 - 3  in. 



1496 J. Electrochem. Soc.: SOLID STATE SCIENCE September  1971 

2- , .4  q r-,-,,4-~ 
-6Z, I o,3/o,-~-82sI o,, 

1 2 3 / 1 3 3  

I - 0 . 4 _ J " ~  I I 2 2  

0.4_0 j x~ 
III 

(a) CIRCUMFERENTIAL 
SECTION 

. _ - - / ' - -  I-1.5 1 
OOi i o~3 o m  0 2 3 / o .  ._ 

. 

O 
- -  133 0 

122 i 
I -  

0 . 5 -0  - - /  \ J  (-9 Z hi 
E 

(b) LONGITUDINAL O3 
SECTION w 

.J 

i . 5 -2 -  7 / - I - I . 4  z hi 
0 0 ~ 0 1 1  hi 

.,2 1 
112 122 zQ 

Q 
III _1 

(d) INSIDE SECTION to >- 
i-- hi 
O3 
LL 
Lt. 
0 

N 
d 

001 /~011"~012 023 011 
/ /  = : : 

112 ~ t22 

III 
(c) OUTSIDE SECTION 

1.15-1.35 
OOI \ 0 ~ 0 2 3  011 %"/ - 

112 " ~  122 

Ill 

(e) FLAT C.V.D. TUNGSTEN 

Fig. 7. Inverse pole figures for flat and thin-wailed tube. (a) 
Circumferential section, (b) longitudinal section, (c) outside sec- 
tion, (d) inside section, (e) flat specimen. 

and brass. The tensile and hoop stress specimens were 
produced from the same plate for each metal. 

The cone, split ring, and support block were of 
stainless steel. The results of tensile tests for these 
metals are summarized in Table III. The 0.2% yield 
stress values for each metal  are self-consistent and 
reproducible. From tensile tests enumerated  in Table 
III, the average value of 0.2% offset yield stress for 
brass is 48,000 psi, for a luminum 38,000 psi, for copper 
17,000 psi. These values were substi tuted into Eq. [7] 
to obtain the effective friction coefficients for hoop 
stress measurements  at room temperature.  The effec- 
tive friction coefficients for these metals are sum- 
marized in Table IV. For copper it varies from 0.17 to 
0.19, for a luminum from 0.12 to 0.14, and for brass 
from 0.11 to 0.12. Thus, each metal  has a very con- 
sistent and reproducible effective friction coefficient 
value. Since these results indicated the feasibility of 
hoop stress measurement  at room temperature,  the 
technique was extended to temperatures  up to 1400~ 
for CVD tungsten.  

Mechanical behavior at elevated t empera tu re s . -  
Grain size and texture differences between the flat 
and th in-wal l  tube CVD tungsten were carefully noted 
since these could give mechanical  property differences. 
Figure 5 shows typical  flat specimen grain structures. 
The grain size of the first deposited surface was ap- 
proximately 6.8 x 10 -4 in. and 0.040 in. away from the 
first deposited surface the grain diameter became ap- 
proximately 1.1 x 10 -3 in. Figure 6 shows the grain 
s tructure of an as deposited CVD ring specimen. The 
first deposited surface grain diameter is approximately 
3.1 x 10 -4 in. and 0.050 in. away from the first deposited 
surface, the grain diameter  was approximately  1.1 x 
10 -3 in. The tube outside surface grain diameter  was 

20 I I 

0 ULTIMATE TENSILE STRENGTH 

15 

IO 

I I 
8OO IOOO 12OO 14OO 

TEMPERATURE ffC) 

Fig. 8. Temperature dependence of 0.2% yield and tensile 
strength of flat specimens. 

almost the same as the last deposited surface of the flat 
specimens. Texture  coefficients, TC(hkl), values for the 
various diffracting planes are plotted in s tandard 
stereographic tr iangles in Fig. 7. Contour lines include 
regions of similar TC values. 

Circumferential ,  longitudinal ,  outside and inside tube 
sections have {100) as the highest in tensi ty  and a 
<100> fiber axis exists along the length of the tube. 
These results are similar to earl ier  findings of others 
(4, 5). 

Figure 8 shows the temperature  dependence of the 
0.2% offset yield stress and the ul t imate tensile stress 
of flat specimens. The temperature  dependence of the 
elongation is shown in Fig. 9. The yield stress of 6,600 
psi at 1400~ and the elongation of 30% at 1400~ are 
in good agreement  with Taylor 's  (6) results. 

The 0.2% yield stress values were subst i tuted into 
Eq. [7] to obtain the friction coefficient ~ for hoop 
stress tests at each temperature.  The results are sum- 
marized in Table V. Figure  10 shows that  ~ decreases 
l inearly with increasing temperature.  Table VI shows 
that the strains calculated by Eq. [8] give very good 
agreement  with the actual measurements.  Appendix  A 
presents some background equations and discussion 
of friction between specimen and segments. 

Table V. Hoop stress data 

~r (Y.S. psi)  
T e m p e r -  f r o m  a 

a t u r e  (~ t ens i l e  t e s t  F (lb) k = F / 2 1 r h t  a / k  IL 

800 6,900 315 4013 2.39 0.28 
1000 8,500 240 3058 2.78 0.24 
1200 7,300 170 2166 3.37 0.19 
1400 6,600 120 1529 4.32 0.14 



Vol. 118, No. 9 

Table Vl. Comparison of measured and calculated values of 
hoop strain 

Cross -head  S t r a i n  ca lcu-  
T e m p e r -  To ta l  m e a s u r e d  t r a v e l  of lu ted  f rom 

a tu re  (*C) s t r a in  (%) i n s t r o n  (inches} Eq.  [8] (%} 

800 3.7 0.31 
1000 2.4 0.19 
1200 4.4 0,38 
1400 4.4 0.38 
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ing was invaluable.  The many  helpful  discussions wi th  
Dr. R. W. Haskell  are appreciated. 

Manuscript  submit ted Sept. 23, 1970; revised manu-  
script received ca. March 5, 1971. This was Paper  
384 RNP presented at the Los Angeles Meeting of t h e  
Society, May 11-15, 1970. 

3.6 Any  discussion of this paper will  appear in a Dis- 
2.2 cussion Section to be published in the J u n e  1972 
4.4 
4.4 J O U R N A L .  

APPENDIX A 

Clearly the hoop stress test described produces s e v e n  
straight unsupported chords in a r ing specimen, be-  
tween the eight ZrO2 segments. This raises several 
questions: (A) Can a 0.2% offset yield stress value 
from a tensile test be put into Eq. [7] to evaluate g? 
(B) What  influence does friction between the segments 

and the specimen have? (C) How valid is Eq. [8]? 
(A) If one calculates the change in circumference 

of a ring of radius 0.75 in. necessary to produce a 0.2% 
strain, the result  is 0.00094 in. If this is distr ibuted over 
the seven chords the individual  chord length or seg- 
ment  separation distance would be 0.000135 in. If some 
of the 0.2% strain is distr ibuted over supported speci- 
men lengths as well, then clearly the segment sepa- 
rat ion is even less significant. In either case the ten-  
sile stress and strain should be essentially the same at 
all locations around the circumference of a ring. 

(B) Frict ional  stress between the segments and the 
specimen should act on the inner  surface of the speci- 
men in a sense opposite to the tensile stress. Timo- 
shenko (7) showed that the circumferent ial  stress, r 
in a cyl inder of inner  radius a and outer radius b, sub- 
ject to in terna l  pressure Pi is 

a2pi ( b2 ) 
a0- -  b ~ a  2 1 - - - ~  [9] 

This stress is a ma x i mum on the inner  surface; how- 
ever, if b ~ 1.1a, then a0 max, exceeds a0 min by only 
10.5%. Thus one can assume a uniform stress equal to 
pia/(b-a) through the wall  thickness when b L 1.1a. 
This formula is the same as our Eq. [5]. In  our case 
a and t are approximately 0.75 in. and 0.050 in., respec- 
tively; so that we are well wi th in  this limit. However, 
if there is some unbalance  such that the applied tensile 
stress is higher at the inner  surface, then the direction 
of any segment-specimen friction should help remove 
the unbalance.  At plastic strains beyond the yield 
point seven straight chords should develop in the speci- 
men. In the specimen parts in contact with the seg- 
ments, the circumferent ial  frictional force should be 
A,.PgJ16, in which Ar and P are as defined in the text 
and #3 is the appropriate friction coefficient. The 16 
comes from considering each half of each of the eight 
segments. On the outer specimen surface the friction 
force is zero, so on the average the stress contr ibut ion 
on the ring cross-section from friction would be 
ArPgJ32. Thus in the unsupported regions the stress 
would be the ordinary hoop stress Pr / t ,  but  in the sup- 
ported sections the stress would be Pr/t -- ArP#3/32ht 
o r  

as = - - ~  1 32 [10] 

where the subscript s on ~ represents "supported." Thus 
beyond the yield point one may expect stress fluctua- 
tions from supported to unsupported regions of ap- 
proximately 6% if #3 ~ 0.3. This consideration need 
not be considered with regard to Eq. [7] for the reason 
given in i tem 1 above but  should be considered in the 
plastic range. 

(C) Despite the problem raised in i tem (B) above, 
Eq. [8] does seem to predict the values of elongation at 
fracture fairly well. Equat ion [8] should, however, 
only be regarded as a first approximation to the actual 
situation. 
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Thermodynamic Properties of Ternary Refractory Carbides 
I. Zirconium-Niobium-Carbon 

C. K. Jun and M. Hoch 
D e p a r t m e n t  o[ Mater ia ls  Science and MetatLurgica~ Engineer ing ,  Un ivers i t y  of Cincinnat i ,  Cincinnat i ,  Ohio 45221 

ABSTRACT 

The nonstoichiometry of z i rconium-niobium-carbide  with the sodium- 
chloride type structure, ZrxNbl-.~C~, was studied by measuring the activities of 
the components as a function of composition. Equations for the activities of 
the components as a function of composition were derived from statistical 
considerations, based on the pairwise interact ion energies between various 
components, Eli. 

1 
R T  lI1 ai " 

x(1 -- y) 
Ell I EiI -~ E221 

- -  E1 -~- T jr ( 1  - x) 2 El2 2 

1 
jr (1 - x ) y  (El3 -- E23) -- ~ y2E3s -- R T  In K1 (T) 

E22 ( E l l j r E 2 2  ) 
1 : E 2 + T  jr x2 E12-- R T l n a 2 .  ( 1 - -  x) ( 1 - -  y) 2 

1 
jr x y  (E23 -- E13) -- y y2E~ -- R T  In K2(T) 

( 1  - y )  
R T l n a 3  �9 - -  -- E3 Jr xE13 jr (1 -- x) E23 jr yE33 --  R T l n K 3 ( T )  

Y 

Subscript 1 refers to Zr, 2 to Nb, and 3 to C. The energy terms, (El2 -- 
(Eu jr E22)/2), (El3 -- E~3), and E33 were determined by measuring the var i -  
ation with composition of the ratio of the activities of the various components. 
The ratio of activities of the various components at one composition was de- 
termined in one experiment;  thus, the usual  errors in tempera ture  measure-  
ment  were eliminated. For this study a Bendix Time-of-Fl ight  Mass Spec- 
t rometer  was used. The samples were prepared by heating the required 
amounts  of oxides and graphite in a h igh-vacuum induction furnace. The 
meta l -meta l  interact ion energy 

[El2( E11E22 
- -  - - ~ - - j r - - ~ - ) ]  = 6 . 5 4 •  

is not much different from that  in the bcc metallic z i rconium-niobium system. 
The difference between the z i rconium-carbon and the n iob ium-carbon  inter-  
action energies (E13 -- E23) is l inearly dependent  on composition 

(E13 -- E2~) ---- (1.08 ___ 0.11) -- (6.15 • 0.44) x kcal /mole 

whereas E33, the carbon-carbon interact ion energy, can be expressed as 

E~ ~- 15.62 jr 9.37x -- 29.50x(1 -- x) kcal/mole.  

Space-age requirements  for h igh- tempera ture  mate-  
rials have created considerabIe interest  in meta l -car -  
bon systems pr imar i ly  because of their  high mel t ing 
temperatures  and hardnesses. A number  of the result-  
ing investigations have been concerned with the high- 
tempera ture  phase relationships in b inary  and te rnary  
systems of refractory t ransi t ion metals and carbon. 

Since the t ransi t ion metal  carbides exist over a wide 
range of homogeneity, it is necessary to know the ac- 
tivities (or part ial  molar  free energies) of the metal  
and carbon atoms as a funct ion of composition in order 
to predict thermodynamic  relations and investigate en-  
gineering applications. 

Key words:  carbides, zirconium, niobium, carbon, t he rmody-  
namics. 

Hoch et al (1-5) studied those carbides, nitrides, and 
oxides of the refractory metals which have a sodium- 
chloride type structure, and deduced from statistical 
considerations equations to determine the activities of 
the components in compounds which deviate from stoi- 
chiometry. 

The main  purpose of the present  investigation is to 
determine the relat ive activities of the components as 
a function of composition in the single-phase region 
of the t e rnary  carbide system, ZrzNbl-xC,.  

Theory 
In the single-phase region of the Zr -Nb-C system 

having a sodium-chloride type structure, the  metal  
sites are randomly filled with zirconium and niobium 
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atoms, whereas some of the nonmeta l  sites are empty. 
Depending on the ratio of zirconium atoms to n iobmm 
atoms and the fraction of the nonmeta l  sites which are 
empty, the composition of the mater ia l  can vary. The 
general  formula of this mater ia l  can be wri t ten:  
ZrxNbl-~C,  where 0 < x < 1, 0 < y < 1. 

From statistical considerations, the grand par t i t ion 
funct ion for this type of s t ructure is 

N: N! 
GPF 

Nil (N -- Nl) ! Nal (N -- N~) ! 

[alKl (T) ]N~ [a2K2 (T) ]N-N~ [asKs (T) ]N~ 

exp -- -~- NIEI .5 N2E2 Jr NsE~ 

N12 N22 Ns 2 
+ + + 

 lNs )] NIN2 Em .5 Eis + - E~ [i] 
Jr N N N 

where N is the number of available metal (and carbon) 
sites and Ni is the number of atoms of element i (sub- 
script 1 refers to Zr, 2 to Nb, 3 to C) ; ai is the absolute 
activity of each component in the crystal phase; 
Ki(T) is the contribution of an added atom to the par- 
tition function for the normal vibrational modes of the 
crystal; Ei is the energy required to bring an atom 
from its standard state into the sodium-chloride type 
lattice; and Eij is the pairwise interact ion energy. %he 
small number  of Schottky defects and Frenke l  dis- 
orders present in the metal  and nonmeta l  sublattlce 
can be neglected. 

By we l l -known  t rea tment  (6), the following equa-  
tions are obtained. 

(N -- N2) (N -- Ns) 
RT In al = RT In -- RT in KI (T) 

N 2 

N22 N32 N2 -- N22 E n  -- - -  E22 - -  ~ E83 
.5 E1 Jr 2N 2 2N 2 2N 2 

N2 z N2N3 N2N3 ] 
Jr ~ EI2 -5 N------ ~ EI3 N------ ~ E23 [2] 

RT In a2 : RT In 
(N -- Nl) (N -- ND 

N 2 
- -  RT In K2 (T) 

N2 -- NI2 E22 -- j~12 Ell 1V32 E33 
-5 E2 + 2N 2 2N 2 -- 2N--- ~ 

Ni 2 NIN3 NIN~ ] 
-5 ---~ El2 -~ N ~  E 2 3  N 2 EI3 [3] 

RT In as = RT In 
Ns 

N -- N3 
RT in Ks (T) 

N3 N1 N2 ] 
+ Es + + Els + -y- 

Introducing the equations 

NI -5 N2 = N 

N* 

N 

N2 
~=l--x 
N 

Ns 

N 
gives 

[4] 

1 
RT In al �9 : El 

x(1 - -  y) 

En E2s + + (1 -- x)y  EI3 
-5 (l--x) 2 El2 2 2 " ~ -  

1 
-- (1 -- x)y  E2s -- -~y2 Ess -- RT In KI (T)  

1 
RT lna2  �9 -----E~ 

(I - x) ( 1  - y) 

[ En E22] 
-5 X2 El2 - -  - -{ 2 

(i - y) 
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Y 

LS] 

1 
-- - - y 2 E ~  -- R T l n K z ( T )  [6] 

2 

-- E3 .5 y E33 -5 X El3 

+ (1 - -  x)E23 - -  RT l n K s ( T )  [7] 

Equations [5], [6], and [7] reduce to the b inary  
equations (1, 7) if either x or y are taken to be 0. By 
combining Eq. [5], [6], and [7], the following equa-  
tions are obtained 

al (1 - -  X) 
RT In . . . . .  El -- E2 

a~ x 

[ E n  E z 2 ]  1 
+ (1 -- 2x) El2 2 2 + ~- [En  -- E22] 

-5 y [Ela -- E~] -- RT in  

al y E n  
RTln  �9 : E1 -- Ea + - - - -  E13 

a 3 x(1 -- y)2 2 

+ ( I  - -  x) ( I  -5 Y) [El8 - -  E23] 

[ Ell  E22 ] ( y2 ) 
-5 (1 -- x) 2 E12 2 2 -- Y -5 "2-  Ess 

a2 y 
RT l n - -  �9 : E2 -- E~ + 

a3 (1 -- x) (1 -- y)2 

[ En E~2] 
+ x ( l + y )  [E23--Els ]  + x  2 E12 2 2 

( y2 ) K2(T) [10] 
- -  Y + T  Es3 - -RT ln  K3(T) 

When a Knudsen  cell at temperature  T~ is placed 
in a mass spectrometer, the fundamenta l  equation re-  
lat ing the part ial  pressure Pi of species i to the mea-  
sured ion current  Ii is 

KiPi --- l i t  [11] 

where  Ki is a constant  reflecting the physical and 
electromagnetic dimensions of the apparatus, the prob-  
abil i ty of formation of ions by electron bombardment ,  
and the sensitivity of the detector to these ions. 

A ratio of vapor pressures can thus be related to 

K1 (T) 
[81 

K2(T) 

K1 (T) 
- -  RT in  ~ [9] 

Ks(T) 

E2~ 
-- E2s 2 

current  intensit ies as follows 

Pi Kj Ii 
- -  - -  - - - - - C  

Pj Ki Ij 

where C = Kj/Ki. Since 

ai Pl poj 

aj Pj P~ 

Ii 
[12] 

Ij 

[13] 

E22 
.5 ~ Jr Xy E2~ -- Xy El3 
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the ratio of activities ai can be related to the ratio of 
current  intensities Ii 

( + ) +  + RT In a....~i = RT In /i RT in C RT In P ~  [14] 
aj Ij P% 

or 
aj lj 

RT in  : RT in  + Q 
aj I j  

where 
Po i 

Q = RT l n C  + R T l n - -  [16] 
P% 

From Eq. [8], [9], [i0], and [15], the energy terms 
in Eq. [5], [6], and [7] can be evaluated by measure-  
ments  of the intensi ty  ratios Ii/Ij as a funct ion of com- 
position. 

In  a mass spectrometer, ion intensit ies of various 
species can be measured at the same time; thus, the 
ratio of two activities can be obtained in one experi-  
ment. This is the great advantage of the present  t reat -  
ment.  In  all previous methods of measurement ,  the 
activity of a component has been obtained by measur-  
ing the pressure (or ion intensi ty)  of the alloy in one 
experiment  and that  of the pure  element  in another. 
At high temperatures,  though, it is difficult to obtain 
the same temperature  in two different experiments  be- 
cause even the tempera ture  determinat ion with an op- 
tical pyrometer  cannot be done better  than •176 As 
the pressure varies exponent ial ly  with temperature,  
an uncer ta in ty  of ___5~ in the temperature  measure-  
ments  can make the value of the derived activity very 
uncertain.  

In  the present exper imental  setup, the two activities 
are compared at the same temperature,  the value of 
which may be uncer ta in  to •176 However, since the 
activity of the components does not vary  much with 
temperature,  this uncer ta in ty  is of no great importance. 
Moreover, because only the variat ion of the intensi ty  
ratios with composition is required, equi l ibr ium is no 
longer necessary in the Knudsen  celt. If Langmui r  
conditions are present and the components have va-  
porization coefficients ai and ~j, the derived energy 
terms wil l  be correct even when ai ~= aj. The only re-  
qui rement  is that ai/~j is independent  of composition. 
This makes things much simpler than when equil ib-  
r ium had to be established in the cell before meaning-  
ful activities could be obtained. 

In  addition, the use of the grand part i t ion function 
and pairwise interact ion energies provides a more de- 
tailed description of the activities of the component  
and the behavior of a solution than the quasichemical 
model or the more conventional  polynomial  expres- 
sion for activities. Equations [5], [6], and [7] can be 
mult ipl ied out to show that the present representat ion 
is equivalent  to expressing the activity coefficient as a 
second order function of composition. The present  
interpretat ion also has the advantage that the coeffi- 
cient can be related to mechanical  properties (15). 

Previous Investigations 
Phase relationships.--The phase relationship in the 

b inary  z i rconium-carbon system has been reviewed by 
Storms (8). The ZrC/Zr  + ZrC boundary  is located at 
ZrC0.6~ and is invar ian t  in the tempera ture  region 
19000-3300~ and the ZrC/ZrC -}- C boundary  is lo- 
cated at ZrC0.96. 

The phase relationships in the Nb-C system have 
also been reviewed by Storms (8). The homogeneity 
limits of the monocarbide are at NbC0.?o and NbC0.99. 

The phase relationship of the Zr -Nb-C system was 
investigated by  Stecher, Benesovsky, Neckel, and 
Nowotny (9). They found that  the monocarbides 
formed a continuous series of solid solutions. At 
1700~ the lower l imit of monocarbide region on the 
zirconium side was at ZrC0.59 and at NbC0.72 on the 
niobium side. The lattice parameter  showed a very 
slight deviation from Vegard's law at the Nb-r ich  side 
when the carbon content  was y -- 0.67. 

J. Electrochem. Soc.: SOLID STATE SCIENCE September 1971 

The phase relationship in  the b inary  Zr-Nb metallic 
system is given by Elliott (10). 

Thermodynamic investigations.--Hoch (7) has 
evaluated the activities of Zr and C and Nb and C in 
the b inary  carbides with the NaC1 type s tructure and 
obtained the following results 

[15] For ZrCy 
1 

RT in  azr " - -  
1 - - y  

RT In ac �9 - -  
Y 

l - - y  

- -  ( 1 + - - 1 )  

_ (y2) (14 +- 1.5) kcal/mole [17] 

_ (35.2 -+- 4) -- (28 +_ 3) (1 -- y) 

+ 2.7 X 10-~Tkcal/mole [18J 

= - -  ( 0 . 0 5  _ 1 . 0 )  

_ (y)2 (7.6 _ 1.3) kcal /mole  

For NbCy 
1 

RT In aNb " 
1 - - y  

[19] 

1 - - y  
RT In ac �9 - -  -- (28.6 +_ 2.5) 

Y 

- -  (15.2 +_ 2.5) (1 -- y) + 0.4 X 10-3T kcal /mole [20] 

Though the data were deduced from exper imental  
results obtained at very high temperatures  (2500 ~ 
2700~ they give heats of formation comparable to 
calorimetric measurements  which are obtained at 
room temperature  (11). 

In the z i rconium-niobium b inary  metallic solution, 
which is hcc, Hoch (12) has derived from the phase 
diagram the metal  interact ion energy in the solid 
E12 -- (Ell/2 + E22/2) = 4.9 _ 0.3 kcal/mole. 

Equipment and Materials 
High-temperature, induction-heated, vacuum ]ur- 

nace.--A cylindrical,  water-cooled, vacuum chamber, 
6;4 in. ID and 12 in. high, was made out of copper. The 
power leads, copper tubing of {/4 in. diameter, enter  the 
chamber  through the rubber  glass compression seals 
and are connected to a copper work coil. The work coil 
is 12 turns  of '/~ in. diameter  copper tubing, 31/2 in. in 
length, 1 {/z in. ID, concentric with the heating chamber. 

The vacuum system, connected to the chamber  by a 
2 in. ID copper pipe, consists of a 2 in. Veeco CT-200 
brass cold trap, an N.R.C. H-4 -P  oil diffusion pump 
(Type 137), and a Welch Duo-Seal  mechanical  pump. 
The pressure is measured by a Veeco DG-2 cold cath- 
ode discharge gauge. 

A tungsten crucible was placed on a tripod of tung-  
sten rods in the center  of the work coil. The power 
source used to heat mater ial  in the crucible is a 20 
KW-Thermionic  generator ( Induct ion Heating Corpora- 
tion, Model i070) with an iron core, R.F. t ransformer  
(Taylor-Winfield Corporation, TD-74). 

X-ray di~raction unit and mass spectrometer.--A 
Norelco x- ray  diffraction un i t  and a Debye-Scherrer  
camera, with effective diameter  of 114.6 mm and 
nickel-fil tered copper K~ radiation, was used for taking 
x - r ay  diffraction pat terns  of the samples. 

A Bendix Time-of-Fl ight  Mass Spectrometer Model 
12-101 was used to analyze the vapors effusing from 
the Knudsen  cell. 

Materials.--Carbon powder of 99.9999% purity,  zir- 
conium dioxide powder of 99.9% purity,  and niobium 
pentoxide powder of 99.95% pur i ty  were obtained from 
Atomergic Chemetals Company, Division of Gallard 
Schlesinger Chemical Manufac tur ing  Corporation, 
Carle Place, New York. 

Experimental Procedure 
Preparation of samples.--NbCy.--Niobium pentoxide 

powder and carbon powder of desired compositions for 
NbC0.95, NbC0.9, and NbC0.s were mixed well  and 
pressed into cylindrical  pellets. Each pellet was then 
heated in the tungsten  crucible at high vacuum for 24 
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hr at 2260~ Afterwards  Debye-Scherrer  x - r ay  pow- 
der diffraction pat terns were taken which confirmed 
the sodium-chloride type structure. 
ZrC,.--Zirconium dioxide powder and carbon powder 
of desired compositions for ZrC0.95, ZrC0.9, and ZrC0.8 
were mixed well and pressed into cyl indrical  pellets. 
Each pellet was then heated in the tungsten  crucible 
at high vacuum for 24 hr at 1940~ As for NbC~, the 
fcc s t ructure  was subsequent ly  confirmed by x - r ay  
diffraction patterns. 
ZrxNbl-xC,j.--ZrCy powder and NbCy powder of de- 
sired compositions for ZrxNbl-xCy were mixed well, 
pressed into cylindrical  pellets, and heated in the tung-  
sten crucible of the high vacuum furnace for 50 hr at 
a tempera ture  of 2280~ As with the two b ina ry  car- 
bides, ZrC and NbC, the single phase of fcc s tructure 
was later  confirmed by x - r ay  diffraction patterns. 

One specimen of Zr0.sNb0.2C0.8 was submit ted to Le- 
doux and Company for analysis and 20 ppm of oxygen 
was reported indicat ing very little oxygen contamina-  
tion. 

Mass spectrometer operation.--In order to main ta in  
stable temperatures,  tungsten  Knudsen  cells with 0.629 
in. OD, 0.441 in. ID, and 0.562 in. height were used. The 
lids each had a 3/16 in. diam hole dril led into them. The 
samples were placed in a th in -wal led  tungsten  cup 
which fitted into the Knudsen  cell. Thus, the samples 
could not contaminate  the Knudsen  cell body. The rela-  
t ively large hole in the lid allowed a large fraction of 
the vapor to escape from the Knudsen  cell, and thus 
made experiments  possible at the relat ively low tem-  
pera ture  of 2340~ 

The Knudsen  cell power supply was operated at a 
constant  fi lament cur ren t  of 13.6A, and the bombard-  
ment  voltage was adjusted to get the required tem- 
perature.  A 15/1000 in. diam tungsten  wire was used for 
the heating filament because it was found to have a 
much longer life than  the 10/1000 in. diam recommend-  
ed by the manufacturer .  

When a new specimen is introduced into the K n u d -  
sen cell, it takes about  60-90 min  to reach 2340~ The 
tempera ture  was measured with an L&N disappearing 
filament, optical pyrometer  through a prism and a glass 
window, and then corrected for glass absorption and 
prism absorption. 

The in tensi ty  of Zr 9~ (na tura l  abundance  51.46%) 
was measured for zirconium. The in tens i ty  of Nb 93 
(na tura l  abundance  100%) and the in tensi ty  of C 12 
(98.89%) were measured for n iob ium and carbon. The 
measured in tensi ty  was corrected for the deviat ion 
from electrometer l inear i ty  by cal ibrat ing with Cu 63 
and Cu 65. 

Results and Discussion 
The nomina l  composition of the samples is given in 

Table I, along with the lattice parameter.  The lattice 
parameters  were determined using the Nelson-Riley 
extrapolat ion method (13) to an accuracy of +_0.001A. 

Table I also contains several  lattice parameters  
which were determined from data obtained after the 
vapor pressure measurements  had been carried out in  
the Knudsen  cell. With in  exper imenta l  error, these 
lattice parameters  agreed with those measured prior 
to the vapor pressure runs  indicat ing very small  com- 
position change. 

The exper imenta l  t empera ture  of 2340~ was chosen 
as the lowest tempera ture  which would give accurately 
reproducible intensit ies for the Zr, Nb, and C peaks. At 
lower temperatures  the danger  of surface depletion is 
much less because the activation energy for vaporiza- 
tion is larger than  the activation energy for diffusion. 
As a result  of this precaution, the vaporization rate 
was very low. At 2340~ Sample No. 3 lost only 3.5 
mg dur ing  8 hr heat ing in the Knudsen  cell. Less than  
2 hr were required to complete the mass spectrometric 
measurements  on each sample. 

In tens i ty  rations of Zr 9~ to Nb 93, Zr 90 to C TM, and Nb 9~ 
to C 12 were measured for all specimens and are given 
in Table II. For  each intensi ty  ratio in Table II, both 
were measured 10 to 12 times, and the average of the 
readings was used to calculate the ratio. 

Using 
Izr Izrgo 

= -- " C1 [21] 
INb INb93 

where  C1 is constant, Eq. [8] and [15] give 

RTln  lZrgO (1--  x) [ Eli -~- E22 ] 
- -  -- ( I - -  2x) E12 

/ N b 9 3  X 2 

1 
"~- ~- [Ell -- E22] -~" [El-- E2] q- y[EI3-- E23] 

K1 (T) 
- -  R T  i n  - -  Q - -  R T  In  C1 [ 2 2 ]  

K2(T) 

Plot t ing RT in IZr90/INb93 �9 (1 -- X)/X VS. (1 -- 2X), 
with y constant, (Fig. 1) shows a straight l ine relat ion-  

( En+E22 ) 
ship. Least squares analysis gives E12 2 

---- 6.54 _+ 0.27 kcal/mole,  which is included in Table III. 

( El2 E n  + E22 ) is the interact ion parameter  b e - 2  

tween the metal  atoms in the fcc metal  sublattice, and 
is of the same order of magni tude  as the 4.9 _ 3 kcal /  
mole reported for the bcc metall ic system (12). 

By reorganizing Eq. [22] and plott ing [ RT In 
Izrg0 

L IND93 

(l--x) ] _ ( E12 Ell"JoE22 ) (1 _ 2x) vs. 
x 2 

y with x constant, (El3 -- E2~) was calculated at var i -  
ous values of x. The results are presented in Table III, 
and Fig. 2 shows the l inear  var iat ion of E13 -- E2a 

Table I. Nominal composition and lattice parameter of samples 

ZrzNbl-~C~ La t t i ce  p a r a m e t e r  in  A 
x Y Befo re  exp.  A f t e r  exp.  L i t e r a t u r e  

0.5 0 .9  4 .578 4 .578 
0.141 0.9 4 .491 4.490 
0,856 0.9 4,666 

0.5 0.95 4.575 4.576 

0.2 0,95 4,512 
0.7 0.95 4 .624  

0.5 0.8 4,572 4 .572 
0.2 0.8 4 .493  4.491 
0.8 0.8 4.653 4.653 

0 0.9 4.467 
0 0.95 4.469 
0 0.8 4 ,451 

1 0 .9  4 .761 
1 0.95 4.699  
1 0.8 4 .700  

1 1 
O 1 

4 .696 (14) 
4.470 (14) 

kcallmole 

RTI n - -  ~ = . 

z~b93 O y = .S 

-2 

-3 

-4 

-S ~ Q 

i I I I I I I i I I I I I I l 
.B -.6 .4 -.2 0 .2 .4 .6 

(1 -2x)  

[ E11-{-E22 ] inZrxNbl-xCu Fig. 1. Evaluation of E12 - -  - ~  
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S a m p l e  No. 

I A  

I B  

1 

3 

4 

3A 

3B 

Table II. Ion intensity ratios 

IZr ~ IZr ~ ]Nb ~ 

INb ~ Ic TM I c~  

1.165 
0.840 
0.919 
0.510 
0.463 
0.441 
2.006 
2,320 
2.449 

31 0.846 
1.241 
1.003 
1.116 
1.255 
1.093 
0.937 
0.970 

32 0.744 
0.568 
0.667 
0.605 

33 2 . 5 8 5  
2.104 
1.820 

21 0.760 
0.807 

22 0.737 
O.595 
0.511 

23 1.260 
1.247 
1.186 

0.0346 
0.0329 
0.0376 
0.0346 
0.0376 
0.0365 
0.0356 
0.0343 
0.0295 
0.0280 
0.0318 

0.0221 
0.0232 
0.0189 

0.466 
0.444 
0.453 
0.403 
0.357 
0.385 
0.251 
0.203 
0.241 0.226 
0.210 
0.226 
0.221 

0.232 
0.258 
0.236 
0.216 

0.0154 
0.0243 
0.0232 

0.0253 
0.0333 
0.0345 
0.0269 
0.0285 
0.0260 

0.167 
0.163 
0.156 
0.208 

0.297 
0.164 
0.330 
0,208 
0.188 
0.202 

0.192 
0.208 
0.249 
0.199 

E33 
Meal/mole 

30 O Present Work 

�9 Hoch 7 

P r e s e n t  Work, extrapolated poi.t 

with composition. Least squares analysis gives E13 -- 
E23 ---- (1.08 ___ 0.11) -- (16.15 _ 0.44) x kcal/mole. 

From Eq. [9], [10], [15], [16], Eq. [23] and [24] are 
derived 

Izrg0 y [ E l l ]  
RT In ~ �9 -- El -- E3 -- El3 + -~--A 

Ic12 x(1 -- y)2 

+ (I-- x)(l + y)[E13--E~] 

[ E 1 1 i - E 2 2  ] ( ~ )  
+ (1 -- x) 2 El2 2 -- Y + E33 

K I ( T )  
- - R T l n . - -  R T l n C 2 - - Q  [ 2 3 ]  

Ka(T) 

14 

13 

-12 

+ l l  

_ *lO 

~a 

+6 

+s 

+4 

+~ 

+2 

+l 

I I I I I I I I I I 
.1 .2 .3 .4 .5 .6 7 .8 .9 1 

Fig. 2. Variation of (E13 - -  E23) as a function of x in ZrxNbl-xC u 

2o 

lo 

s 

0 

r l  

0 O 
0 

I I ,  I I I I I I I I 
+1 .2 ,~ .4 .5 .6 .7 .S ,9 ~ 0 

x 

Fig. 3. Variation of E33 as a function of component in ZrzNbi-xCu 

R T  In . - -  
-rNb93 Y 

I c12  ( 1  - -  X )  ( 1  - -  y ) 2  

E22 l 
---- E2-- E3-- E23 n u-2-A ~- x(l ~- y)[E23-- El3] 

y 2  

- 2 - 2 -  

K2 (T) 
- -  R T  l n  - -  R T  l n  C3  - -  Q [ 2 4 ]  

/4:3 (T) 
Plot t ing 

I z rg0  
R T  In - - -  

i c 1 2  

Y 
( 1  - -  x) (1 + y) [El3 -- E23] 

x(1  -- y)2 [ En+E22 ] 
- ( l - x )  '2 EI~ 2 

vs. [y-}-y2/2] gives the carbon-carbon interact ion 
energy, E33 varies as the composition of the sample 
changes. Its measured values are given in Table III. In  
addition, a value at x ---- 0.8 was obtained by  using 
Sample No. 33 and an interpolated value between 
Samples No. 4 and 1. This value is therefore less ac- 
curate than the others. 

In  Fig. 3, E3~ is plotted vs. composition. This shows 
the values for the b ina ry  systems, ZrC~ (x : 1, E3a ---- 
24.1 _ 2.1 kcal /mole)  and NbCy (x = 0, E33 = 15.5 
___ 3.6 kcal /mole) ,  to be in very good agreement  with 
values deduced by Hoch (7) (28 • 3 kcal /mole and 
15.2 • 2.5 kcal /mole) .  Star t ing from niobium carbide on 
the left, Es~ remains  almost constant  un t i l  Zr0.~Nb0.5C~ 
and then rapidly increases to its value for zirconium 
carbide. This data can be well  represented as a func-  
tion of composition by E33 : 15.62 + 9.37x --29.50x 
(1  - -  x) kcal/mole.  

The carbon interact ion energy in the t e rna ry  system 
can be looked upon as the interact ion energy of two 
types of carbon atoms: a carbon atom belonging to nio- 
b ium carbide and a carbon atom belonging to zirco- 
n ium carbide. Therefore, there are in the system three 

Table III. Calculated pairwise interaction energies in 
ZrxNbl -xC~ 

x fEla -- E ~ I  k c a l / m o l e  E ~  k c a l / m o l e  

1 24.12 _-~ 2.10 
0.8 20.38 
0.785 -- 11.69 +--- 2.32 
0.5 --6.83 • 2.43 11.17 ~ 1.47 
0.5 12.96 ~ 4.12 
0.180 --1.91 -~ 1.8 
0.171 13.72 ~- 1.77 
0 15.54 ~ 3.60 

(E~ -- Era) = (1,08 ~ 0.11} -- (16.15 • 0 .44 )x  k c a l / m o l e  
E ~  = 15.62 + 9.37 • --29.50(1 -- x ) x  k c a l / m o l e  ( En+E~2) 

El2 6.54 • 0.27 k c a l / m o l e  i n d e p e n d e n t  o f  corn- 
2 

pos i t i on  
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t ypes  of ca rbon-ca rbon  in terac t ion  energies:  (A) the 
energy  due  to two n iob ium-ca rbon  atoms, (B) the  
energy  due to two z i rconium-carbon  atoms, and (C) 
the energy  due to one z i rcon ium-carbon  and one nio- 
b ium-ca rbon  atom. 
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Thermodynamic Properties of Ternary Refractory Carbides 
II. Zirconium-Uranium-Carbon and Zirconium-Hafnium-Carbon 
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Department of Materials Science and Metallurgical Engineering, University of Cincinnati, Cincinnati, Ohio 45221 

ABSTRACT 

The the rmodynamic  proper t ies  of [ te rnary]  z i r con ium-uran ium-ca rb ide  
ZrxUI-xC,  and z i r con ium-hafn ium-ca rb ide  ZrxHfI-xCy both with  a sodium-  
chlor ide  t ype  s t ruc ture  were  s tudied using the t ime-of- f l ight  mass spec t rom-  
eter. The rat io  of the activi t ies of the  components  was measured  as a func-  
t ion of composit ion at  2440~ and from the var ia t ion  of the rat io  of act ivi t ies  
wi th  composition, the pai rwise  in teract ion energies  were  obtained.  In  the 

[ E11-}-E22 ] 
Z r - U - C  system, the  me ta l -me ta l  in terac t ion  energy,  E12 2 ' 

was found to be 6.7 • 0.6 kcal /mole ,  a value  close to that  obta ined in  the  
body-cen te red  cubic, z i r con ium-uran ium [metal l ic]  system. The difference 
be tween  the z i rcon ium-carbon  and u r a n i u m - c a r b o n  in terac t ion  energies,  
ElZ --  E2~ can be expressed as a function of composit ion by  the equat ion 

EI~ --  E23 : 8.5 • 0.05 --  [23.6 ~ 0.2]x in kca l /mole  

[ El i - t -E22 ] 
In the Z r -Hf -C  system, the  m e t a l - m e t a l  in terac t ion  energy,  El2 2 

was  found to be 1.9 +_ 0.3 kca l /mole ,  again a value  close to that  obta ined in 
the body-cen te red  cubic, z i r con ium-hafn ium [metall ic]  system. The difference 
be tween  the z i rconium-carbon  and ha fn ium-ca rbon  in teract ion energies,  
EI~ --  E~, can be expressed as a function of composit ion by  the equation 

E13 --  E23 = 9.8 ~_ 0.05 --  [7.5 ___ 0.2]x in kca l /mo le  

In ear l ie r  papers ,  Hoch et al. (1-7) repor ted  on 
studies of carbides, ni t r ides,  and oxides  of the  re-  
f rac tory  meta ls  wi th  sod ium-chlor ide  type  structures.  
F r o m  stat is t ical  considerat ions  they  deduced equations 
to de te rmine  the act ivi t ies  of the components  in these 
b ina ry  compounds which devia te  from stoichiometry.  
This work  was la te r  ex tended  to the t e rna ry  Z r - N b - C  
system (8). The purpose  of the  present  s tudy is to add 
the single phase regions of Z r - U - C  and Z r -Hf -C  to the 
systems invest igated.  The theory  has been descr ibed by  
Jun  and Hoch (8). 

Key words: carbides, zirconium, uranium, hafnium, carbon, ther- 
modynamics.  

Previous Investigations 
The phase  re la t ionships  in the Zr -C and Hf-C sys-  

tems have been rev iewed b y  Storms (9), and  the t h e r -  
modynamic  data  by  Hoch (1). The phase d iagram of 
the U-C system has also been summar ized  by  Storms 
(9), and the the rmodynamic  da ta  by  Hoch, Sjodahl ,  
and Juenke  (10). A phase d iag ram for the  Z r -U  system 
was developed by  El l io t t  (11), and la t t ice  pa ramete r s  
for Zr0.25U0.~sC were  given by  Adam, Harrison,  Riviere,  
and Thorpe (12). 

Fol lowing Hoch, the  act ivi t ies  of the components  as 
a function of composit ion can be represen ted  as 
In ZrC (1) 
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--= (1 _ 1) -- (14 _ 1.5)y 2 kcal /mole  

[1] 

- -  --(35.2-*-4) -- ( 2 8 •  (1 -- y) 

+ 2.7 • 10 -3Tkca l /mole  [2] 

-- --28.1 • 1.8 kcal/mole,  

0 < y < l  [3] 

-- (1 __+ 1) -- (7.5 ___ 4)y 2 kcal /mole 

[4] 

1 

l - - y  

l - - y  
RT In ac . . . .  (47 • 10) + (15 • 8) (1 -- y) 

Y 
+ 2 • 10-~T kcal /mole  [5] 

While in Zr-C and Nb-C, the high tempera ture  thermo-  
dynamic data give heats of formation comparable to 
calorimetric data (2), this is not the case in Hf-C 

A s s u m i n g  A H f  = AEf,  AHf ,  the heat of formation of 
HfC~ can be expressed as 

AHf : (1 • 1) -- (62 • 18)y % (7.5 • 4)y2 kcal /mole 
[6] 

This value is compared in Fig. 1 (AHr/y vs. composi- 
tion) with the values obtained by Mah (13), and Zhe- 
lankin  and Kutsev (14) using combustion calorimetry. 
At higher carbon content, the values are in good agree- 
ment.  At lower carbon content, however, the difference 
between the values calculated by Hoch (1), and mea-  
sured by Zhelankin  and Kutsev  (14) increases. One 
reason is that  Zhelankin and Kutsev 's  data show a 
large composition dependence indicat ing a very large 
pairwise interact ion energy. In fact a straight l ine 
through Zhelankin  and Kutsev 's  data in Fig. 1 gives 
for AHf 

AHf --~ -- l18y + 64y 2 kcal /mole  

This yield carbon pairwise interact ion energy, E3J2, 
of 64 kcal/mole,  which seems too high in relat ionship 
to the results in the other carbides as does a value of 
--118 kcal /mole  for (E3 + E23). 

Equipment and Materials 
The same equipment  used by J u n  and Hoch (8) was 

employed. Carbon powder of 99.9999%, zirconium oxide 
of 99.95%, u r an ium dioxide 99.9% and hafn ium oxide 
of 98.95% pur i ty  were obtained from Atomergic 
Chemetals Company, a division of Gal lard-Schles inger  
Chemical Manufactur ing Corporation, Carle Place, 
Long Island, New York. 
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Fig. 1. Heat of formation of Hf( :~  
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Experimental Procedure 
Preparation of samples.--ZrC~, HfC~, and UCy were 

prepared from the dioxide and carbon as described by 
J u n  and Hoch (8). The oxygen to metal  ratio in UO2 
was determined gravimetr ical ly  by oxidizing the ma-  
terial to U3Os, as described by Hoch and Momin (15). 
The t e rnary  carbides were also prepared as described 
b y J u n  and Hoch (8). To avoid any reaction with the 
atmosphere, the u ran ium carbides were handled under  
argon. 

Mass spectrometer operation.--Jun and Hoch (8) 
have described the use of the mass spectrometer. For 
carbon, the in tens i ty  of C TM (na tura l  abundance  
98.89%) was measured as the carbon peak. For ura-  
nium, the in tensi ty  of U 2~s (na tura l  abundance,  
99.274%) was measured. For zirconium, the in tens i ty  
of Zr 9~ (na tura l  abundance,  51.46%) was measured. 

There are four stable isotopes of hafnium;  Hf nv 
(18.5%), Hf 178 (27.1%), Hf 179 (13.8%), and t-If18o 
(35.2%). Since none is significantly larger than the 
others, the intensi ty  of all four isotopes was measured 
and converted into the values of Hf is~ using relat ive 
abundances.  The average of these values was used in 
the calculations. 

Results and Discussion 
The nominal  compositions of the samples, along with 

lattice parameters  are given in Tables I and II. The 
lattice parameters  were determined using the Nelson- 
Riley extrapolat ion method (16), and have an ac- 
curacy of • In  UC~ and ZrCy, these values agree 
well with the data given by Storms (9). 

The in tensi ty  ratios of Zr90/U2~S were measured 
for all Zr -U-C samples, and are given in Table III. 
For  each intensi ty  ratio reported both peaks were mea-  
sured four t imes and the average of the readings used 
to calculate the ratio. It  should also be noted that at 

Table h Hominal composition and lattice parameters of 
Z r z U z - x C ~  samples 

Composition 
Zr~UI-~C~ Latt ice 

x Y parameter ,  A 

0 0.90 4.955 
0.95 4.956 
1.00 4.961 
1.15 4.960 

0.25 0.90 4.894 
0.95 4.843 

0.50 0.90 4.825 
0.95 4.819 

0.75 0.90 4.761 
0'.95 4.748 

1 0.85 4.700 
0.90 4.702 
0.95 4.701 

Table II. Nominal composition and lattice parameters of 
Z r x H f l - x C y  samples 

Composition 
Zr=Hf1-=Cv Lat t ice 

x y pa ramete r ,  A 

0 0.82 4.633 
0.87 4.638 
0.96 4,640 

0.2 0.82 4.647 
0.87 4.651 
0.96 4.662 

0.5 0.82 4.665. 
0.87 4.669 
0.96 4.670 

0.8 0.82 4.684 
0.87 4.689 
0.99 4.891 

1.o 0.82 4.700 
0.87 4.700 
0.96 4.698 
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Table Ill. ion intensity ratios for Zr-U-C 

Sample 

~zr 90 

Iu2es 

Zro.7~Uo.~Co.9~ 2.160 
Zro.~Uo.~Co.~5 1.887 -~ 
Zro.~Uo.~Co.~ 1.364 

1.166 
Zro.,sUo. mCo..o 3.096 ,~1• 

2.372 
Zro.~Uo.~Co.~o 2.128  

1.949 
Zro,~sUo.~eCo..o 1.136 

1.026 

Table IV. Ion intensity ratios for Zr-Hf-C 

/90gr 190Zr 

S a m p l e  IH:  1so S a m p l e  I ~ i ~ e  

Zro.~Hfo.eCo.s~ 0 .7092 Zro.~Hfo.~Co.~e 2 .3674  
0 .6494  2 .0572  
0 .6562 2 .3624  
0 .6774  2 .3975  
0 .5322 2 .2002  

Zro.2Hfo.sCo,s7 0 .7039 2 .0869  
0 .7084  
0 .6408  Zro.sH~.2Co.s2 6 .0423 
0 .6127 7 .3629  
0.5351 6 .6756  
0 .5399  6 .7889 

Zro.2Hfo.sCo.~ 0 .7874 6 .7935 
0 .9847  Zro.sHfo.~Co.s~ 7 .5758 
0 .8425 
0.9211 5 .3999  
0 .5612 6 .5625 
0 .6309 5.5512 
0.5800 4 .2668 
0.6821 6 .0976 

Zro,sHfo.~Co.s2 1.7705 Zro.sHfo.~Co.~ 5 .9524 
1.8629 6 .1576 
1.9334 6.9735 
1.7947 7 .4349 
1 ,7039 8 .4746  
1.8549 

Zro.sHfo.~Co.s~ 2.8420 
3 .1319  
2 .7285  
2 .6344  
2 .4260  
2 .3488  
2 .1943  
2 .9041 

the experimental  temperature of 2440~ the evapora- 
tion rate is low in relation to the t ime needed for mea-  
surements so the results were not influenced by any 
change in composition. The intensity ratios of Zr9O/HflS0 
were l ikewise  measured for all Zr-Hf-C samples, and 
are given in Table IV. For this system the experiments  
were carried out at 2570~ 

To obtain the pairwise interaction energies, RT In 
Izrgo/Iv23s �9 (1 -- x ) / X  and RT In IZrgO/IHflSO " (1 --x)/x 
was plotted vs. (1 -- 2x) wi th  y constant as shown in 
Fig. 2 and 3. 

Straight lines drawn on the basis of a least squares 

[ E l l + E 2 2  ] = 6.7 + 0 .64kca l /  analysis  g ive  E,2 2 -- 
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Fig. 4. Variation of [El3 -- E23] with composition in ZrxHfl-xCy 
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Fig. 5. Variation of [E13 --  E~] with composition in ZrxUl-xCy 

E11+  E22 ] 
mole  in the Zr-U-C system, and E12 -- . 2 

= 1.86 kca l /mole  in the Zr-Hf-C system. These terms 
represent the interaction energies between the metal  
atoms in the fcc metal  sublattice. They are of the 
same order of magnitude as those for the bcc metall ic 
systems in U - Z r  4.4 + 0.2 kca l /mole  calculated f r o m  
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Table V. Calculated pairwise interaction energies 

J. Electrochem. Soc.: S O L I D  S T A T E  S C I E N C E  

Zr~H.f1-,C~ C o m p o s i t i o n  [ E ~  -- E ~ ]  k e a l / m o l e  

[EI.~ - ~/2 ( E n  + 

[E12 - V2 (E11 + 

0.2 7 . 9 ~ 5 . 8  
0.5 5 . 9 ~ 7 . 1  
0.8 3 . 2 ~ 2 . 1  

E ~ ) ]  = 1 . 8 6 ~  0 . 3 0 k c a l / m o l e  

0.25 +2.6 
0.5 --3.2 
0.75 --9.2 

E~)  ] = 6.72 ___ 0.64 k e a l / m o l e  

Zr~UI-~Cv 

the b inary  phase diagram using a method described 
elsewhere (17). 

Kubaschewski  (18, 19), assuming an ideal solution in 
Zr-Hf  b inary  alloys, calculated the solidus and the 
l iquidus curves for the Zr-Hf  phase diagram, and his 
results showed fair ly good agreement  with experi-  
menta l ly  determined phase relationships. This shows 
that  the Zr-Hf b inary  alloy is an ideal solution, and 
therefore, [E12 -- ~ ( E l I  + E22)] ~-~ 0 for the Zr-Hf  
bcc metallic solution. 

Using the method described earlier, the values of 
[El~ -- E23] in both systems were calculated for dif- 
ferent  values of x, and the results are given in Table 
III  as well as Fig. 4 and 5. Straight lines drawn on the 
basis of a least squares analysis give [El3 -- E23] = 
8.5 _ 0.05 -- [23.6 _ 0.2] x kcal /mole in the system 
Zr-U-C, and [El3 -- E~] = (9.6 -+- 0.8) -- (7.8 -4- 0.2)x 
kcal /mole in Zr-Hf-C.  The var ia t ion of [E13 -- E2~] 
with composition, which is the difference between the 
Zr-C and U-C bonds and the Zr-C and Hf-C bonds, 
will  be discussed in a later  paper (20). 

Thus, the te rnary  ZrxUl-xCy and ZrxHfl-xCy sys- 
tems behave quite s imilar ly  to the ZrxNbl-xC~ system 
(8). 
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Any discussion of this paper will  appear in a Discus- 
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Technical Notes 

Etch Rate Characterization of Silane Silicon Dioxide Films 
Lou Hall* 

Texas Instruments, Inc., Dallas, Texas 75222 

In  semiconductor manufactur ing,  it is necessary to 
process a var ie ty  of silicon dioxide films containing 
different impurit ies and different impur i ty  concentra-  
tions. The etch rate of oxide films is affected by the 
addition of impurities.  If their  distr ibution is such that 
reverse or vert ical  slopes are obtained, serious prob- 
lems such as open meta l  can result. Impuri t ies  can 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  i n s u l a t i o n ,  c h e m i c a l  v a p o r  d e p o s i t i o n ,  e t c h  r a t e .  

change both chemical and /or  the physical na ture  of 
the film. 

The recent use of chemical vapor deposition has pro- 
vided a technology which makes it possible to obtain 
favorable oxide profiles. Studies have been made of 
the effect of both boron and phosphorus doping on the 
etch rate  of silane silicon dioxide films. 

The system used for the deposition of the doped 
oxide films was the low tempera ture  oxidation of di- 
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Table I. 

% Dopant  in 
gas  s t r eam as Deposi t ion 
a funct ion  of t empe r -  E~ E2 

silane flow ature ,  ~ (A/sec)  (A/sec) E~/E~ 

1% B2H6 320 25.6 32.2 0.79 
2,5% B2I~ 320 19.1 22.9 0.84 

5% B~zI"Io 320 10.8 12,8 0.84 
10% B,zH~ 320 5.4 6.4 0,84 
0% B-,,H~ 320 29.5 32.9 0.90 
1% PHs 320 38.5 45.8 0.84 

2.5% PH3 320 39.2 46.3 0.85 
5% PHa 320 40.9 48.6 0.84 

10% PHa 320 42.8 50.9 0.84 

borane and silane, and phosphine and silane. The sys- 
tem was an RF heated production type unit.  The 
chemical reactions involved have been discussed by a 
number  of workers  (1-3). The oxide films were de- 
posited on 11/2 in. <111> silicon wafers that  were 
cleaned prior to use with H20-HNO3-H20. 

The etch used consisted of 91.2 weight per cent 
(w/o)  of 40 w/o ammon ium fluoride and 6.8 w/o  of 
49 w/o hydrogen fluoride. The etch tempera ture  was 
28~ (room tempera ture) .  The etch times were at 
fixed time increments  and the thicknesses of the oxide 
steps were measured by use of a Talystep I. Photo- 
resist was used as an etch mask. The amount  of dopant 
in the oxide film was not measured but  ra ther  the 
dopant was introduced into the reaction chamber  as a 
percentage of silane flow. The total  flow was about 6 
l i t e r s /min  with the 02 and si lane being 1% and 0.25% 
of the total  flow respectively. 

The results of the etch studies are given in Table I. 
Etch rates from 4 positions on each wafer were aver-  
aged to obtain the rate given in the table. The use of 
photoresist masking permit ted 4 etchings on the same 
wafer (Fig. 1). The spread in values was --~ ___2%. 
After E1 was obtained, oxide remained only in the cen- 
ter portion of the wafer (approximately 1/4 of the 
total  oxide area remained) .  E2 was obtained by mask-  
ing the wafer with photoresist so that  only the center 
portion of the remaining oxide could be etched (Fig. 2). 
The difference in etch rate El and etch rate E2 is 
ascribed to an increase in stress in  the remaining  oxide 
film. 

PHOTORESIST 

E1 E 1 

~ S i O  2 

v ~ Si 

Fig. la. Compression 

Fig. lb, Tension ~ iO 2 

Si 

Fig. 20. Compression 
E 2 

ESIST 

Si 

PHOTORESIST E 2 ~ Si 
Fig. 2b. Tension 

The etch rate of both boron and phosphorous doped 
silane oxide films are dependent  on dopant  concen- 
tration. The etch rate of the boron doped mater ia l  de- 
creases with increasing boron concentrat ion while the 
etch rate of the phosphorous doped mater ia l  increases 
with increasing phosphorous content  (4). However, the 
boron doped silane oxides are more sensitive to changes 
in doping than are the phosphorous-containing films. 
The decrease in etch rate with increasing boron over 
the range studied is in  agreement  with that  reported 
for other boron doped silicon dioxide films (5). 

Figure 1 shows the portion of the film etched to ob- 
tain El. The oxide film and the silicon substrate have 
different coefficients of thermal  expansion. Therefore, 
the wafer  can be in ei ther  compression or tension as 
shown in Fig. la  and lb. 

Once the outer portion of the oxide film is removed, 
the stress will  be redis t r ibuted and the stress in the 
remain ing  oxide will  increase. Exper iments  are in 
progress to determine the effect of stress on the etch 
rate independent  of other parameters.  

Figure 2 i l lustrates the portion of the film etched to 
obtain E2. When  the oxide films were masked so Et 
and E2 were obtained simultaneously,  E1 and Ee were 
equal. This is the expected result  when t he  chemical 
composition and stress remains  homogeneous across the 
oxide fihn. 

In  Table I the ratio El~E2 is of interest.  The boron-  
doped silane oxide is in compression while the phos- 
phorous doped and undoped silane oxide films are in 
tension (6). Thus, the increase in etch rate due to stress 
appears to be independent  of the type of stress. Also, 
the fact that the ratio El~E2 remains  constant  over the 
range studied may indicate the stress in the oxide film 
is influenced more by redis t r ibut ion of stress in the 
silicon than  by addit ion of impuri t ies  to the oxide. 

Two things obtained from Table I are that  the etch 
rate of oxide films are affected b o t h ' b y  addition of 
impurit ies and /o r  by stress. Thus, it is possible to have 
composite oxide films which wil l  provide a controlled 
etching profile. An  impor tant  area of application is 
mult i level  fabrication. 
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Effect of Thorium on Ce Phosphors 

Mary  V. Hof fman*  

Lighting Research Laboratory, General Electric Company, CLeveland, Ohio 44112 

The luminescent  propert ies  of Ce +s and Tb +~ acti-  
vat ion in the monazi te  structures LaPO4 and CePO4 
have been described and the energy t ransfer  f rom Ce + 3 
to Ce +3 and Ce +3 to Tb +3 in these and other  s t ructures  
have been established (1-3). Energy  t ransfer  also has 
been reported in which Ce +3 emission in YPO4 was 
sensitized by Th +4 (4). The work  repor ted  here shows 
the enhancement  of both Ce +~ and Tb +3 emission in 
the presence of Th +4 in the monazi te  structure,  in 
which the Th +4 does not have  a direct  role in the en- 
ergy t ransfer  in the u l t ravio le t  region. 

Experimental 
Two methods  of prepara t ion  were  used in these tests. 

Phosphors were  prepared f rom cer ium and lan thanum 
sources of 99.9% pur i ty  by co-precipi ta t ion of the  com- 
position f rom ni t ra te  solutions wi th  NaH2PO4-H20. 
When prepared from oxides of 99.999% purity,  the 
oxides were  mixed  with  (NH4)2HPO4 and fired ini t ia l ly  
at 300~ Final  firing for both methods  was 1000~ for 
several  hours. 

Spectra l  distr ibution curves, excitat ion data, and 
decay measurements  were  obtained by methods which 
have  been described previous ly  (5). Reflectance mea-  
surements  were  made on a Cary 14, using BaSO4 as a 
re ference  standard. 

Results 
The Ce +3 emission in CePO4 and LaPO4 matr ices  is 

a double band, peaking at 320 and 340 nm, resul t ing 
f rom the spli t t ing of the group state, 2F5/2 and 2F7/2 
(Fig. 1). Green  emisison is present  when  Tb +3 is in-  
corporated in CePO4, but is ve ry  weak in the LaPO4 
mat r ix  unless Ce +3 is also present.  

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  M e m b e r .  
K e y  w o r d s :  l a n t h a n u m  p h o s p h a t e ,  c e r i u m  p h o s p h a t e ,  l u m i n e s -  

cence, e n e r g y  t r ans f e r ,  t h o r i u m ,  phosphors. 
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Fig. 1. Emission spectra, LaPO4:Ce, 2537/~, excitation 
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Fig. 2. Intensity of peak height of Tb +3 and Ce +~ emission in 
Ceo.98-xThxTbo.o4P04 with increasing Th incorporation. 2537./~ 
excitation. 

In CePO4 and CePO4:Tb, the incorporat ion of Th 
in amounts  as low as 0.0005 moles per formula  resulted 
in enhancement  of both Ce +3 and Tb +~ emission, wi th  
the m a x i m u m  enhancement  reached at about 0.003 
moles of Th. Figure  2 shows the increased intensi ty of 
the Ce +3 and the Tb +3 emission wi th  Th +4 incorpora-  
t ion in Ce0.96-xThxTbo.04PO4. Figure  3 shows the 
effect of energy t ransfer  f rom Ce +3 ~ Tb +~ in 
Cel-xTb.rTh0.oosPO4. F igure  4 shows the effect of Th +4 
on the intensi ty of Ce +3 emission in Lal-xCexPO4, in 
which a similar  enhancement  is found. 

In order to de te rmine  the effect of ve ry  low con- 
centrat ions of Ce and Th, these matr ices  were  pre-  
pared f rom oxides listed as 99.999% purity,  but  even 
in these, t race amounts  of Ce +8 and Tb +8 were  detected 
in the unact ivated sample. The  emission intensities are 
shown in Table I and are compared to a sodium salicy- 
late s tandard with  a peak height  of 50. 

Exci ta t ion curves were  run  on the CePO4 and LaPO4 
matrices for Ce +3 and Tb +a emission, both wi th  and 

Table I. Emission intensities 

C o m p o s i t i o n  P e a k  h e i g h t  
( add i t ions )  P u r i t y  Ce+8 p e a k  Tb  +3 p e a k  

LaPO~ matrix 
None 5-9's 0.8 0.04 
0.01 T h  5-9 's  0.0 0.05 
0.04 T b  5-9 's  0.8 3.5 
0.04 Tb  + 0.01 Th  5-9 's  0.9 3,9 
0.04: Tb 3-9 's  1.8 14.5 
0.04 Tb  + 0.01 Ce 3-9 's  5.3 17 
0.04 T h  + 0.01 Ce + 0.01 T h  3-9 's  3.7 58 

CePO4 m a t r i x  
None  5-9 's  1.9 - -  
0.008 T h  5-9's I1 
0.04 Tb  5-9's 2 4 0  
0.04 Tb  r e d u c e d  5-9 's  0.9 146 
0.04 Tb + 0.008 T h  5-9's 4.7 240 
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Fig. 3. Intensity of peak height of Tb +3 and Ce +3 emission in 
Cel-xTbxTho.oosP04, showing effect of Ce +~ --> Th +:3 energy 
transfer. 2537A excitation. 
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Fig. 4. Effect of Th +4 on Ce +3 emission in Lat-=CexP04 
matrix. 2537~ excitation. 

without  Th +4. In CePO4: Tb, the excitat ion is identical  
for both Ce +3 and Tb +~ emission, wi th  no change 
found due to the presence of Th +4, The exci tat ion is 
that  of absorption into the 5d levels of Ce +z. 

In the LaPO4 matrix,  the lower concentrat ion of Ce 
permits  bet ter  resolution of the exci tat ion bands. The 
exci ta t ion of Ce +s (Fig. 5) shows the same transitions, 
absorbing in the 5d levels. The  exci tat ion of Tb +a in 
LaPO4 (Fig. 6) 'is into the 5d level  of Tb +z, below 215 
nm, wi th  very  l i t t le  exci tat ion occurring through the 
4f levels. The combinat ion of Ce +s and Tb +3 shows an 
enhancement  of the Tb +3 emission as a result  of the 
Ce +3 absorption and transfer,  wi th  the exci tat ion curve 
showing an addit ive effect over  the range of Ce +3 ab- 
sorption (Fig. 6). The excitat ion of the Ce +3 emission 
is diminished in the 200-220 nm range due to t ransfer  
into the 5d levels  of Tb +~ (Fig. 5). Exci ta t ion curves 
for both Ce +z and Tb +3 emission showed no change 
with  incorporat ion of Th +4 into the lattice. At 205 rim, 
the incorporat ion of Ce +8 resul ted in a two-fo ld  en-  

Lo95 T b o 4 Ce.o I P04 / ~ 

/ \ 

z / ~ / / \ \  

/ ', ,, / \', 

I I I I I I I I I I 
200 250 290 

WAVELENGTH , nm 

Fig. 5. Excitation spectra of Ce +~ emission in LAP04 matrix wlth 
and without Tb +3 present. 
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Fig. 6. Excitation spectra of Tb +3 emission in LAP04 matrix 
with and without presence of Ce +3. 

hancement  of the Tb +3 emission, and the presence of 
Th +4 increased this to three-fold.  The response under  
ca thode-ray  exci tat ion showed no visual  enhancement  
of Tb +3 emission by the presence of Ce +3 or Th +4, but  
the af terglow of the Tb +3 emission was grea t ly  in-  
creased wi th  Th +4, indicating that  in the very  high 
energy region, Th +4 enters into the energy transfer.  

The function of Th +4 in the enhancement  of both 
Ce +s and Tb +3 emission in the monazi te  lattice is not 
one of energy t ransfer  in the wave leng th  range above 
200 nm, but of valence control  of the cer ium ion. Dif-  
fuse reflectance curves run  on CePO4 show that  in 
Th+4-free  materials,  such as those prepared f rom 5-9's 
oxides, an absorption edge is present  in the  region of 
450 nm. When fired in a mildly  reducing atmosphere 
(Table I) or when Th +4 is incorporated, the absorption 
edge is shifted to about 370 nm and the emission is 
increased. Absorpt ion data  supplied by the  Amer ican  
Potash Company show that  ceric ammonium nitrate  
has an edge at about 440 nm, and that  cerous chloride 
has an edge at 370 rim. In LaPO4, the addition of ce- 
r ium gives an absorption at 475 nm, which is shifted 
to 370 nm wi th  Th § present  (Fig. 7). The presence 
of Tb + z does not result  in a change in absorption edge 
in this region. 

The enhancement  of emission intensi ty wi th  the 
presence of Th +4 occurs because of the removal  of 
Ce +4 ions in the lat t ice which provided an absorbing 
site for energy t ransfer red  f rom Ce +s. Decay mea-  
surements  on both Ce +s and Tb +3 emission show a de- 
crease in the decay t ime of Tb in the samples which 
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Fig. 7. Diffuse reflectance curves for LAP04 and CeP04 matrices 
showing shift in absorption edge with Th +4 addition. 

contain Ce +4 (Table II) .  The Ce decay times are all 
less than  the 10-9-sec l imitat ion of the ins t rument ,  ex- 
cept for CePO4:0.008 Th. This is the only mater ia l  
which does not have a second center  accepting energy 
from the lattice Ce +8, i.e., Ce+S-> Ce +~ or Ce+8-> Tb +3. 

These decay measurements  show that  an absorbing 
center exists in CePO4 prepared without  Th +4, and 
this center  correlates with the diffuse reflectance data 
indicating the presence of Ce +4. No evidence was found 
to correlate with the emission and excitation reported 
by  Awazu and Muto for Th +4 enhancement  of Ce +8 in 
YPO4. Incorporat ion of only Th into LaPO4 showed no 

Table II. Decay measurements 

Deca y  t ime  of emiss ion 

Composit ion Ce ~ ,  sec T b ~ ,  /~sec 

CePO~ < I0  -o - -  
CePO4:0 .008  Th,  0.04 Tb  < 1 0  -9 2.35 
CePO4:0 .94  Tb, a i r - f i r ed  < 1 0  -9 0.81 
CePO~: 0.04 Tb, reduced <10-0 2.22 
CePO~: 0.008 T h  10 -9 - -  

emission, nor  was any  other reference to Th absorption 
or emission levels in the ul t raviolet  region found in 
the l i terature.  

The incorporation of Th +4 in CePO4 (or LaPO4) im-  
plies that a defect s t ructure  such as Ce(M+4[~- l )PO4 
exists, with M +4 being Ce, Th, or Zr. The absorption 
data shows that when  M is Th and above about 0.001 
Th/Ce, all  of the cer ium is t r ivalent .  There does not  
appear to be a distr ibution of Ce +4 and Th +4 cations. 
This can possibly be a t t r ibuted to the size of the ions 
involved. The ionic radius of Th +4 is 1.02A, closer to 
Ce +s (1.O7A) than  is Ce +4 (0.94A). The effect of Th +4 
occurs with a very  low concentrat ion;  incorporation 
of 0.0005 moles Th per  Ce shows a significant change 
in both the absorption edge and the emission in tensi ty  
and 0.0030 is sufficient to optimize the in tensi ty  effect. 
This indicates a very  l imited solid solution of M +4 in 
the structure. 
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The Emission Colors of the Strontium 
Apatite Phosphor System 

R. C. Ropp *'1 

Westinghouse EZectric Corporation, BIoomt~eZd, New  Jersey 07003 

Although published studies of alkal ine earth apatite 
phosphors have been quite numerous  in the past, very 
little has been presented concerning the s t ront ium 
apatites activated by Sb +3 and Mn +~. This si tuation 
has perhaps arisen because of the great s imilari ty of 
the s t ront ium to the calcium system, despite the fact 
that both have been used commercially for some time, 
the former for color correction in blends and the lat ter  
as the major  component in fluorescent lamps. Never-  
theless, with the exception of the data given by Rim- 
bach (1), no other informat ion is to be found. Quirk 
(2) presented data on the color range spanned in the 
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calcium system. The color range spanned by the stron- 
t ium system is the subject of the present  contribution.  

Experimental 
Phosphors were prepared by  firing a mixture  of 

luminescence grade materials,  SrHPO4, SrCO3, SrF2, 
SrC12, Sb2Oa, and MnCO3, for 6 hr at 1150~ The for- 
mula t ion  employed was: Sr4.s0X0.96 (PO4)8.00: Sbz: Mny. 
This gives an apati te composition with a m i n i m u m  of 
Sr2P207 and antimonates,  the la t ter  not detectable by 
x - ray  powder diffraction analysis. Spectral  measure-  
ments  were made on an energy-corrected ins t rument ;  
x -y  tr ichromatic color coordinates of the phosphors 
were calculated employing a suitable program via a 
360 IBM computer, while those of the lamps were 
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de te rmined  exper imenta l ly .  The emission monochro-  
mator  of the  ins t rument  was ca l ib ra ted  in microwat ts ,  
for a given exci ta t ion density,  using a s tandard  lamp. 
A se l f -conta ined  in tegra tor  then  gave the in tegra ted  
band in tens i ty  d i rec t ly  in microwat ts .  

Results 
The emission band of Sb +~ in SrsF(PO4)~ consists of 

a b lue -g reen  band peak ing  at 498 nm, whereas  tha t  of 
Sb +~ in CasF(PO~)3 is a blue  band peaking  at  480 nm 
(2). The addi t ion of Mn +2 introduces a second band  at 
565 nm in SrsF(PO4)~ (see Fig. 1) whereas  the  in t ro-  
duct ion of chlor ide  to form mixed  apat i tes  r ap id ly  
shifts the color greener .  Most of this  informat ion is 
wel l  known to the  t r ade  but  perhaps  less wel l  known 
is the effect due to op t imum act iva tor  concentrat ion.  

The emission color of the  s t ron t ium apat i tes  is not 
an t imony  dependent  above  about  3.0 mole  pe r  cent 
(m/o)  Sb +3 per  mole  of apat i te .  Whereas  upwards  of 
16 m/o  of NIn +2 is r equ i red  to sa tura te  the  emission 
color in SrsF(PO4)~, i.e. to the  point  where  most  of the  
emission lies in the  Mn +2 emission band,  the  emission 
color becomes sa tu ra ted  in SrsCl(PO4)3 as low as 4 
m/o  Mn +2. This is i l lus t ra ted  in Fig. 1 and 2 for 
SrsF(PO4)a  and Fig. 3 for SrsCI(PO4)3. In  Fig. 2, the  
Sb +~ band in tens i ty  ( in tegra ted  as microwat t s )  de-  
creases a lmost  l inea r ly  as the  Mn +2 band in tens i ty  in-  
creases. These phenomena  place a l imi ta t ion  on the 
usable  formula t ions  ava i lab le  since high ch loroapa t i te  
composit ions can only  be employed  at  low Mn +2 con-  
cent ra t ions  or concentra t ion quenching wil l  be en-  
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Fig. 2. Comparison of total energy emitted by Sb +3 and Mn +2 
in strontium fluoroapatite. 

countered.  The upper ,  p rac t ica l  l imi t  is about  0.75 
C1/0.25 F, a l though composit ions at 0.875 C1/0.125 F 
were  inves t iga ted  to fill out the  data, despi te  the  ve ry  
low br ightnesses  usual ly  encountered.  

F igure  4 shows the t r i chromat ic  color coordinates  
ca lcula ted  for  the  composit ions indica ted  and  were  
obta ined  f rom the emission spec t ra  of the phosphors .  
In  Fig. 5, the  ac tual  colors of 40W fluorescent lamps,  
as de te rmined  exper imenta l ly ,  a re  shown. These colors 
span the complete  range  of commerc ia l  l amp  colors but  
are, in general ,  g reener  than  the corresponding cal-  
c ium ha lophosphate  compositions.  The d isp lacement  
of the  phosphor  colors (Fig. 4) as compared  to the  
l amp  color (Fig. 5) is most  ce r ta in ly  due to the  m e r -  
cury  arc color contr ibut ion,  as is  we l l  known.  Fo r  
comparison,  Table  I presents  l amp  br ightnesses  ob-  
served for  40T12 lamps, for  the  pure  f luoroapat i te  and 
a 50/50 F-Cl:Mn0.12 composition. Also given are  l amp 
br ightnesses  for coo l -whi te  de luxe  (CWX) and w a r m -  
whi te  de luxe  lamps  made  f rom these components.  By 
comparison wi th  known values  for l amps  made  f rom 
components  in the  calcium ha lophospha te  system h a v -  
ing equiva lent  compositions,  it  m a y  be concluded tha t  
the  s t ront ium halophosphates  a re  ve ry  close in efficien- 

.50F/.5OCL 
�9 LOOF 

~50 

! - . [ 2 5 F / . 8 7 5 C L  

aoMn �9 

.250 .300 .350 .400 450 
TRICHROMATIC COEFFICIENT, 

Fig. 4. Effect of composition on phosphor emission color (Sb +~ 
content - -  6.0 m/o). 
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Fig. 5. Strontium holophosphote compositions and lamp color 
data ($b + 3 content - -  6.0 m/o). 

cy to their calcium counterparts,  albeit somewhat 
greener in emission color. 

Conclusions 
There are a n u m b e r  of in teres t ing facts which can 

be deduced from the data presented in the color mea-  
surements.  First  of all, the bluest  phosphor is the pure  
fluorapatite. The addition of even a small  amount  of 
chloride serves to shift the color to a point  much 
greener. Thus, it is essential to prevent  any  contamina-  
t ion by chloride in order to produce the bluest  phos- 
phor. It can also be noted that  the color of the mixed 
apatites at zero manganese  content  is invar ian t  at all 
F/C1 ratios (see Fig. 4). (Note also that  the m i n i m u m  
amount  of chloride necessary to cause this shift has 
not been determined in this work) .  

A second deduction indicates that  the mixed apatites 
form a different set of loci than  the pure fluoroapatite. 
Although the pure fluoroapatite is b luer  than  any of 
the mixed apatites, the addit ion of Mn +2 to the fiuoro- 
apatite produces phosphors which are greener  than  any  
of the mixed phases. 

Table I. Lamp results for strontium halophosphate phosphors 
(containing 6 m/o Sb +3) 

L a m p  l u m e n s  
Color 0 hr  I00 hr  

Blue-green  2651 2558 
Yellow 3549 3322 
CWX 24'/1 2395 
W W X  2735 2691 

The third deduction which can be made shows that  
the greatest shift in color coordinates occurs at the 
lowest Mn +2 concentrations. Thus, if one should plot 
the shift in color vs. the Mn +~ content, i.e. d~:/d(Mn) 
vs. Mn +2, one would obtain a curve peaking at the 
very  low Mn +2 contents and tai l ing out at the higher  
concentrations. 

Perhaps the real value of the data presented in Fig. 
4 and 5, lies in being able to choose a composition hav-  
ing suitable emission characteristics for a given ap- 
plication. For example, if one wished to choose phos- 
phors to obtain a lamp close to 5500~ using a 
(Ca,Zn)3(PO4)e:Sn phosphor as one of the compo- 
nents, compositions such as SrsFo.v5Clo.~5(PO4)3:Sb: 
Mn0.ol or SrsFi.00 (PO4)3: Sb: Mn0.02 might be chosen. 
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Phosphorescence Decay of Calcium Oxide 
Activated by Yttrium 

L. M. Schwartz, J. M. Voutay-Poncet, and J. Janin 
Laborato ire  de Spec troscopic  et  de L u m i n e s c e n c e ,  Univers i t4  Claude Bernard ,  L y o n  I, 69-Vi l l eurbanne ,  France  

Long Duration Decay Theory 
This theory assumes the existence of a continuous 

trap depth dis tr ibut ion between two limits E, and E~ 
(1-8). F i rs t -order  kinetics are involved wi th  negligible 
retrapping. Under  these conditions, with the f requency 
factor assumed to be constant, the  luminescence in -  
tensity, at t ime t, is 

y:[m• (O) L = C PE exp (--PEt)  dt 

where PE is the probabi l i ty  for an electron to escape 
from a t rap 

PE -- S e x p  ( - - E / k T )  

mE (O) is the trap dis t r ibut ion funct ion when  the pow- 
der is excited unt i l  sa turat ion Occurs and C is  a con- 
stant. It  is assumed that  

mE(O) = A exp( - -SE)  (8, 9) (5 = constant)  

K e y  words :  phosphorescence,  CaO:Y,  traps,  decay  curves ,  ther -  
moluminescenee. 

The expression of L then becomes 

= i exp -- k--T- 

exp [--st exp (--E/kT) ] dE 

Let us set, = 5kT andu -- st exp(--E/kT) -- at. It 
follows 

- - A C k T  .fu ~2 
L _ set 1+~ 1 uc e x p ( - - u ) d u  

At fixed temperature,  we may  write: A C k T / s  c = Lo, 
then 

Lo ys 
U' exp ( - - u )  du  L -- t z+c 

The integral  may be expressed by  using the incomplete 
gamma funct ion 

Y: 7(1 + e, x )  = u c e x p ( - - u ) d u  
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Thus 
Lo 

L ---- ~ [ - ] ( 1  -}- e, ul)  - -  ,~ (1  -t- e, u 2 ) ]  
tl+c 

That is the in tensi ty  expression vs. t ime since ui = air 
(i = 1, 2) 

For  such a formula to be verified, four parameters  
must  be evaluated Lo, e, al, and a2. When at and a~ just  
as s are known, it is possible to compute the E~ and  E2 
level energies. 

Yet, the upper  expression general ly does not overlap 
the whole decay in terval  between 2 and 104 sec. It  is 
often necessary to consider the sum of two analogous 
expressions (9, 10), each of them would correspond to 
two different groups of traps responsible for the decay. 
Then it may be wr i t ten  

L = (Lo'/ t l+c){~,(1 + e'; al ' t )  - -  ~ ( i  + e'; co't)} 

+ (Lo" / t~+~"){7 (1  + r al"t) -- ~(1 + g'; a~"t) } 

A table of gamma functions was computed for the 
values 

--0.99~--e--~2 and  0 . 0 0 1 ~ x ~ 5  

Experimental Results 
The upper representat ion was extended to powder 

samples of y t t r ium-ac t iva ted  calcium oxide at various 
temperatures.  

For  each group of traps, approximative values for 
the parameters  are determined by s tudying the var ia-  
tions of the product L- t  ~+~'. That  is, a certain va lue  of 
g is chosen so that  the obtained curve gives the best 
representat ion of a gamma funct ion difference (convex 
curve with a very fiat max imum) .  After  an approxi-  
mat ive  value for ~' has been determined,  the curves of 
the functions L . t  ~+~" and ~(1 + d; a~'t) -- 7(1 + ~'; 
a2't) are plotted on the same graph for different values 
of ~1' and ~2' and with a suitable scale so that  they 
superpose each other. The trap dis tr ibut ion is charac- 
terized by the values of a~' and a2' giving the best 
superposition, possibly after retouching the precedent ly 
determined e' value. The constant Lo' is easily deduced 
from the curves. Figure 1 shows a logarithmic plot of 
the decay of CaO(Y) at --78~ The decay par t  be-  

t Ltarb.un.) 

tlsec.) 
;o ,d �9 ~o'~ t ~  

Fig. 1. Phosphorescence decay of CoO(Y) at - - 7 8 . 5 ~  , 
Experimental curve; -f-, calculated values from Eq. [1] .  

tween 80 and 4800 sec is approximately  a straight l ine; 
this gives immediately the values d and Lo':  Lo '  -- 3.59 
• 105 and d -- 0.25. 

As a result  of a2' equals zero whatever  t may  be and 
~(1 + ~', al ' t )  must  tend to its l imit  r ( 1  + e') as soon 
as t = 80 sec and this imposes ~l't _~ 0.5 and al '  ~ 0.06. 
The values calculated from the formula 

L' = ( 3 . 5 9 / t  1.25) ~ ( 1 . 2 5 ;  0.06t) 

coincide, with a good precision, with the exper imental  
values un t i l  t = 40 sec. For  2 < t < 40 sec, it is 
necessary that  another  t rap distr ibution occurs, which 
is determined by computing for each value of t, the in -  
tensi ty L "  = L --  L '  and studying the deformations of 
the curves L " . t  1+~" for different values of r The best 
coincidence with the exper imental  results takes place 
for r = --0.2. For this value of r the curve system is 
plotted on Fig. 2 and, last, we carry  az" = 0.5, a2" = 0.1. 
Then it is easy to determine L"  and the formula 

1.085 X i05 
L -- [7(0.8; 0.5t) -- 7(0.08; 0.1t)] 

to.s 
3.59 X 105 

-}- 7(1.25; O.06t) [I] 
t 1.25 

shows the decay of CaO(Y) at --78~ between 2 and 
4800 see, with an error of less than 8%. On Fig. I, the 
points represent  the calculated values from this rela-  
tion. 

The value of the f requency factor s is obtained from 
thermoluminescence curves of CaO(Y) samples i r-  
radiated by uv light at --196~ The curves show sev- 
eral peaks, about --90~ --50~ and room tempera-  
ture. The trap depths and s are determined either by 

L(arb.un.~ 

\ 
\ 

,- '~176 ~ %', 

'\\ \',,, 
'ix.),, 
\.~ k, 

\ 

\ 

/ 

~ 1'o 2'~ , ~ , e~  
Fig. 2. Curve system for CaO(Y) at - -78.5~ , Experimental 

curve L" �9 t~ - - - - ,  curve 7 (0.8, (~z"t) - -  ";, (0.8, c~"t) for 
a l"  = 0.5, ~ "  = 0.2; . - - ' ,  curve -/ (0.8, al"t)  - -  "y (0.8, 
ag."t) for a l"  = 0.5, ~2" = 0.1; . . . . .  , curve 7 (0.8, ai"t)  - -  
7 (0.8, a2"t) for a t"  = 0.2, c~" = 0.1. 
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vary ing  the hea t ing  ra te  (12) or by  Grossweiner ' s  or 
Ha lpe r in  and Braner ' s  methods  (13, 14). The mean  
va lue  of s is 109. Thus we deduce the  t rap  depths  cor-  
responding to the  a coefficients obta ined before.  The 
values  found are  0.36 eV for  al", 0.386 eV for ~2", and  
0.394 eV for ~1'. These resul ts  are  consistent  wi th  those 
given by  thermoluminescence:  0.32 eV for the  peak  at  
--90~ and 0.37 eV for the  one at  --50~ 

Other  exper iments  were  pe r fo rmed  at --196~ and 
25~ Thus, at 25~ an express ion s imi la r  to the  p re -  
vious one has been found which is va l id  be tween 10 
and 90,000 sec wi th  an e r ror  less than  10% and leads to 
t rap  depths  fa l l ing  be tween  0.55 and 0.84 eV when 
thermoluminescence  gives 0.57 eV 

2.50 X 105 
L -- [7(1.10; 0.5t) - -  7(1.10; 0.06t) ] t1.1o 

2.32 • 105 
+ -v (0.835; 0.0157t) 

t 0.s~5 

The coefficients at 25~ are  not deducible  f rom those 
of --78~ because the  decays correspond to two dif -  
ferent  thermoluminescence  peaks  be tween which there  
is no correlat ion.  

Likewise,  exper iments  pe r fo rmed  with  ga l l i um-ac -  
t iva ted  calcium oxide have  shown tha t  the  above 
method once again gave resul ts  consistent  wi th  those 
set up by  the usual  thermoluminescence  processes 
(10, 11). 

Conclusion 
The analysis  method  of phosphorescence decay 

curves wi th  the  help of the  incomplete  gamma func-  

t ions does make  i t  possible, by  using one or two ( three  
in cer ta in  cases) t r ap  d is t r ibut ions  to find an ex-  
pression of  the  in tens i ty  val id  f rom the  ea r ly  seconds 
af ter  the  exci ta t ion unt i l  the  end of the decay. 

Manuscr ip t  submi t ted  Apr i l  1, 1971; rev ised  m a n u -  
script  received ca. May 14, 1971. This was Paper  47 
presented  at the  Washington,  D. C., Meet ing of the  
Society, May 9-13, 1971. 

A n y  discussion of this paper  wi l l  appea r  in a Discus-  
sion Sect ion to be publ i shed  in the  June  1972 JOURNAL. 
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Photometallic Etching of Holograms 
P. J. Magill and C. A. Speicher 

IBM Systems Development Division, Endicott, New York 13760 

In recent  years,  var ious  techniques have been em-  
p loyed in the construct ion and repl icat ion of holo-  
grams. For  example ,  photoresists ,  b leached emulsions, 
and thermoplas t ics  (1) have  been used for  phase - type  
holograms, whereas  thin meta l l ic  films (2, 3) have been 
used for  a m p l i t u d e - t y p e  holograms.  More  recently,  the  
photoanodic  engrav ing  of  silicon (4) has been demon-  
s t ra ted  as a useful  technique for producing  thin, phase-  
type  holograms.  The present  note describes another  
novel  method for the fabr icat ion of holograms.  This 
method permi t s  the direct  fabr icat ion of holograms on 
metal l ic  films by  use of the photometa l l ic  process (5). 
Conceptual ly,  this  process could be used for the fabr i -  
cation of e i ther  phase-  or  a m p l i t u d e - t y p e  holograms.  
This would depend on the or ig inal  film thickness.  Fo r  
example,  a 200A film would  be used for an ampl i tude  
hologram whereas  a film of app rox ima te ly  5000A or 
grea ter  would provide  sufficient pa th  differences for a 
reflective, phase - type  hologram. This, of course, as-  
sumes tha t  p rope r  control  of the  photometa l l ic  process 
is possible. 

The photometal l ic  process is a method  for producing  
pa t te rns  by  the p re fe ren t ia l  e tching of surfaces. This 
process works  by  the photogenera t ion  of ma te r i a l  
which subsequent ly  reacts  wi th  the  surface. The work  
of Burgess and Schaefer  (5) demons t ra ted  etch rates  
of app rox ima te ly  100A/rain or g rea te r  and resolut ion 
capabi l i ty  of about  75 l ines /mm.  Al though  this process 
might  be useful  for microcircui t ry ,  its appl ica t ion  to 
ho lography is not  read i ly  apparen t  due to this l imi ted  
resolution. However ,  some recent  approaches  to image  
format ion  (6), which use phase - type  opt ica l  filters, do 

Key words" holography, photochemistry, thin films, etching. 

not requi re  the high ca r r i e r  f requency  tha t  is no r -  
ma l ly  associated wi th  holography.  The presen t  work  
was di rec ted  wi th  this in mind  and, consequently, only  
meta l l ic  films th ick  enough for  p h a s e - t y p e  reflect ive 
holograms were  uti l ized.  

Two metals  (copper  and Nichrome)  known to have 
been etched by  Burgess  and Schaefer ,  were  selected for  
this  study. The Ni -Cr  films (~1000A thick)  were  p re -  
pared  by  vacuum deposi t ion and the Cu films (~3000A 
thick)  by  r - f  sput ter ing.  S t anda rd  microscope slides 
were  used as subs t ra tes  which were  subjec ted  to a 
rout ine  cleaning procedure  pr io r  to p lacement  in  e i ther  
vacuum chamber .  In  the  case of the r - f  spu t te red  films, 
the  subs t ra tes  were  also cleaned by  a spu t t e r -e tch  
bombardment .  This was fol lowed by  deposi t ion in an 
argon a tmosphere  at 10-2 Torr  at a ra te  of about  600A/ 
rain. F i lms  p repa red  in this fashion genera l ly  exhibi t  
be t te r  adhesion than  do s imi lar  films p repa red  by  
evapora t ion  and, consequently,  shou ld  pe rmi t  a be t t e r  
eva lua t ion  of the  e tching process. 

The procedure  out l ined by  Burgess and Schaefer  for 
etching was fol lowed; the  meta l  film was coated wi th  
a po lymer  system and subsequent ly  exposed to the 
des i red  pat tern .  Since our p r i m a r y  in teres t  was in 
producing  a phase - type  hologram, we were  na tu r a l l y  
in teres ted  in the  g ray  scale pa t t e rns  that  could be 
obtained,  since this would  indicate  a re la t ionship  be -  
tween l ight  in tens i ty  and etch rates.  

In the case of Nichrome,  the solvent  used was 
me thy le thy lke tone  (MEK).  As prev ious ly  shown by 
Burgess and Schaefer,  no etching occurred dur ing  
exposure.  Etching did occur dur ing  pos t - i r r ad ia t ion  
t rea tment .  Some gray  scale capab i l i ty  was observed.  
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Fig. 2. Construction of a hologram by using the photometallic 
process. (a) Object, (b) reconstructed image. 

However, the results did not  seem to indicate any  di-  
rect  relat ionship between etch rates and the light 
intensity.  All fur ther  work was done using copper 
films. 

For copper films, a 0.1M solution of iodoform in 
methanol  was used as the photoetchant.  In  addition, 
2.5g of alcohol-soluble butyra te  (A.S.B.) 1 were dis- 
solved in 50 ml  of the 0.1M etchant. The copper films 
were dipped in the etchant  and allowed to dry, leav-  
ing a polymer and iodoform film about 0.25 mm thick. 
Slight etching of the copper occurred dur ing applica- 
tion of this etchant. The mul t i layer  s t ructure  of copper 
and iodoform plus A.S.B. was then exposed to an 
ul traviolet  light source for activation of the photode- 
composible iodoform. 

The exper imenta l  a r rangement  used to etch and 
therefore construct  holograms in the copper film is 
shown in Fig. 1. S tandard  holographic techniques were 
used for the construction and reconstruct ion of the 
hologram. The collimated output  of about 30 m W / c m  e 
from an argon laser operating at the 3511A wavelength  
was used for constructing the holograms. Interference 
between the reference beam and object beam resulted 
in . intensity variat ions of the ul t raviolet  light on the 
photodecomposable material .  The angle between the 
beams, about one degree, resulted in a spatial fre- 
quency of approximately  60 l ines/ram. The exposure 
times were about 60 rain. 

Figures 2a and 2b show the mask used as the object 
and the reconstructed image, respectively, from the 
etched copper film. The reconstruct ion was obtained 
by  reflecting a collimated beam from a He-Ne (6238A 
wavelength)  laser from the etched copper surface. 
The diffraction efficiency of this hologram was ap- 
proximately  1%. There was also a relat ively high level 
of background noise in the vicini ty of the reconstructed 
image. 

Subsequently,  a simple hologram (i.e., a diffraction 
grat ing) was made. This was done so the etching 
process could be evaluated. Talysurf2 measurements  
of this grat ing indicated that  the etch depth was not 
greater than 100A (the resolution of the Talysurf  in-  
s t rument) .  This seems contrary to the work of Burgess 
and Schaefer, who demonstrated gray scale capabil i ty 

1 Eas tman  Chemica l  Products ,  Inc., P.O. Box 431, Kingspor t ,  Ten-  
nessee 37662. 

=Regis te red  t rade  name,  Taylor ,  Taylor -Hobson  Ltd.,  S toughton 
Street,  Leicester ,  England.  

Fig. 3. Scanning electron micrograph (approx. 1700X) of a dif- 
fraction pattern etched in copper. 

and rel ief-height  variat ions that  were proport ional  to 
the density variations. Holograms observed in reflected 
light depend on the surface topology. Under  normal  
circumstances, the surface should have rel ief-height  
variat ions that  produce the proper phase variations. 
Since no such surface variat ions were measured, it is 
possible that an a l ternat ive  mechanism would explain 
the abil i ty to reconstruct  an image. 

The diffraction grat ing was examined by a scanning 
electron microscope (SEM). The results (Fig. 3) show 
etched lines (evidenced by  the faint  striations indi-  
cated by arrows) resul t ing from constructive in ter -  
ference at a spatial f requency of about 50 l i ters/ram. 
This surface modulat ion (i.e., the etched lines) pro- 
duced by the etching process appears to be fur ther  
modified by noise. This is probably  due to a nonun i -  
form etching which results in a relat ively nonspecular  
surface. 

The depth of modulat ion determines the diffraction 
efficiency. In  the case of the present  grating, low modu-  
lation depth seems apparent  when considering the 
work presented by J e nny  (7). He showed an SEM 
scan of a photopolymer diffracting grat ing (hologram).  
The striations that  are weak in Fig. 3 are clearly ob- 
served in his work. Although his gratings were not 
metallized surfaces, the s imilari ty of SEM pictures 
indicates preferent ia l  etching of the copper film. 

A copper film also was etched using a photographic 
step tablet  as a mask. Evaluat ion  by the SEM appeared 
to reveal  a difference in etch depths from step to step. 
However, the etching again is nonuni form and, in 
essence, leads to a different surface roughness for 
each step ra ther  than to discretely different and un i -  
form steps. Microscopic examinat ion  of this etched 
step tablet  did not clarify this point. For the most part, 
it seemed to indicate localized etching (discrete ra ther  
than  a cont inuum) ,  which might  be expected from the 
polymer  system. The size of the microscopic etched 
sites depended on the light intensi ty;  therefore, a var i -  
ation in surface roughness does exist from step to step. 

As a consequence of this var iat ion in surface rough-  
ness (dependent  on light exposure),  l ight reflected 
from an etched grat ing (or hologram) is par t ia l ly  
phase retarded and par t ia l ly  scattered. It  would seem 
that  the former provides for a reconstructed image 
as in a phase hologram. The depth of modula t ion  
(less than 100A) would indicate an expected effi- 
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ciency of less than  1%. The sca t tered  l ight  ar is ing 
from the  nonspecular  surface  would  seem to produce  
a noisy  and, consequently,  an inefficient hologram. I t  
is possible, however ,  tha t  this  scat tering,  if i t  were  
preferent ia l ,  could contr ibute  to a recons t ruc ted  image 
as in an ampl i tude  hologram. I t  is the re fore  conceivable  
tha t  a compound effect is cont r ibut ing  to the recon-  
s t ruc ted  image. 

The presen t  work  has shown tha t  the  photometa l l ic  
process could be used for the fabr ica t ion  of holograms.  
I t  has not, however ,  demons t ra ted  tha t  a phase  holo-  
g ram may  be made  dis t inct  from an ampl i tude  holo-  
gram. It  should be real ized tha t  a mul t i tude  of m a t e r i -  
als and, p resumably ,  a mul t i tude  of photoetchants  are 
at  one's disposal.  With  the p roper  combinat ion,  it  is 
reasonable  to expect  tha t  the  a t t a inment  of e i ther  form 
of hologram is possible. 
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Orientation Effects on the Electrical Properties 
of High Purity Epitaxial GaAs 

J. V. DiLorenzo* and A. E. Machala 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 07974 

Elect r ica l  proper t ies ,  g rowth  rate,  and surface 
morpho logy  of I I I - V  compound semiconductors  grown 
from the vapor  phase have  a marked  dependence  on 
the c rys ta l lographic  or ienta t ion  of the  subs t ra te  (1-8).  
The effects of subs t ra te  or ienta t ion  on the electr ical  
p roper t ies  of GaP have  been s tudied most ex tens ive ly  
(1-5).  These studies a re  concerned wi th  the  incorpora-  
t ion of de l ibe ra te ly  added impur i t ies  at high concentra-  
tions, a l though some work  has been done on the in-  
corpora t ion  of background  impur i t ies  into vapor  grown 
GaP (4, 5). Moest (6) and Wil l iams (7) have repor ted  
or ienta t ion  effects on ep i tax ia l  GaAs grown from the 
vapor  phase by  t r anspor t  of bu lk  GaAs with  hydrogen  
chloride gas. Blakeslee (9) has r epor t ed  var ia t ions  in 
the  e lect r ica l  p roper t ies  and growth  ra te  of GaAs films 
grown on subst ra tes  misor iented  off the  {100} and 
{111} by  as much as five degrees.  

We have observed tha t  the  pu r i ty  of GaAs ep i tax ia l  
layers  grown from the  vapor  using the AsC131Ga (sa tu-  
r a t ed  wi th  GaAs)!H2 technique (10) depends  p r imar i l y  
on three  parameters ;  subs t ra te  or ientat ion,  subs t ra te  
t empera tu re  (11), and AsCla mole  fract ion (12, 13). I t  
is the  purpose  of this  communicat ion  to repor t  sub-  
s t ra te  or ienta t ion  effects on the  incorpora t ion  of low-  
level  background  impuri t ies .  The remain ing  growth  
conditions, AsCla mole f ract ion and subs t ra te  t e m p e r a -  
ture, were  opt imized to y ie ld  high pur i ty  ep i tax ia l  
layers.  Elect ron mobil i t ies  up to 9820 cm2/V-sec and 
199,000 cm2/V-sec at  300~ and 77~ respect ively ,  
have been obtained.  

The films were  grown on {100}, 1 { l l l }A,  {211}A 
and B, and {311}A and B faces of semi- insula t ing ,  
Cr doped GaAs substrates.  Fo r  the  {211} and {111} 
orientat ions,  the  arsenic (B) or ga l l ium (A) face was 
revealed  by  chemical  e tching wi th  e i ther  a 2% Br2 
in CHsOH solut ion or  a 5HeSO4tH20]H~O2 solution. 

Chemical  e tching of subst ra tes  on the {311} or ien-  
ta t ion  d i sp layed  only  minor  differences in etching be-  
havior.  A definite identif icat ion of the  A and B faces of 

* Elec t rochemical  Society Act ive  Member .  
Key  words :  ga l l ium arsenide,  vapor  phase epi taxy,  orientation 

effects, electron mobility. 
1 Orientat ions  l isted as {100} for  convenience  are  actual ly 2* off 

{100} toward  {110}. 

{311} or ientat ions  was achieved f rom anomalous  x - r a y  
scat ter ing measurements  at  an absorpt ion  edge as out-  
l ined by Barns  et al. (14). 

Laye r s  were  deposi ted on as m a n y  as 4 subs t ra tes  of 
different  or ienta t ions  in a single run. Typica l  growth  
condit ions were  as follows: Ga source tempera ture ,  
820~ AsC18 mole fraction, 0.012-0.016; subs t ra te  t em-  
pe ra tu re  702~176 

Hal l  measurements  were  made  at  room t empera tu r e  
and at 77~ on "c lover- leaf"  samples  as descr ibed by 
van  der  Pauw (15). Car r i e r  concentrat ions  were  cal-  
culated f rom the  Hal l  da ta  based on layer  thicknesses  
obtained from measurements  of s ta ined angle  laps. 

In Table I, the  thickness  and growth  ra te  of ep i tax ia l  
films are  l is ted a long with  subs t ra te  or ientat ions.  Fo r  
this table  as wel l  as the  da ta  p resen ted  in Tables  II  and 
III, al l  the  or ientat ions  l is ted under  a given sample  
number  were  grown in the  same run.  These resul ts  
show tha t  the o rde r  of decreas ing growth  ra te  is 

Table I. Film thickness and growth rate for various substrate 
orientations 

Thickness  Growth  ra te  
Sample  Orienta t ion (microns)  (microns / ra in)  

1 {100} (a) 10 0.17 
{211}A 40 0.66 

2 {100} 11 0.23 
{211}A 40 0.86 

3 {211}A 35 0.69 
{311}B 18 0.34 

4 {211}A 36 0.60 
{311}A 17 0.29 
{311}B 15 0.26 

5 {I00) 41 0.27 
(311}A 54 0,35 

6 {100} 47 0,26 
[311}B 35 0,19 

7 {100} 20 0,22 
{Ill}A 107 1.2 
{211}B 41 0.45 
{311}B 29 0.32 

8 {100} 69 0,36 
{211}B 117 0.62 

(~) All or ienta t ions  listed as (10O} are  actual ly 2 ~ off {100} towards  
~'llgL 
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Table II. Electrical properties of samples on various substrata 
orientations 

n ( c m  ~ )  x 10-1~ /L(cm2/V-sec)  
S a m p l e  O r i e n t a t i o n  3 0 0 ~  7 7 ~  300,~ 7 7 ~  

1 {i00} 2.40 2.44 6440 85,320 
{211}A 6.02 5.94 8270 88,920 

2 {I00} 0.821 0.806 8690 103,000 
{211}A 4.51 4.71 8800 10q,710 

3 {211}A 1.3 1.4 8640 !25,280 
{311}A 24.5 21.7 7750 45,180 

4 {211}A 2.5 2.3 7570 103,770 
{311}A 0.53 0.47 9820 144,000 
{311}B 33.0 27.0 7400 43,040 

5 {100} 0.43 0.40 8620 149,000 
{311}A 0.71 0.74 9040 152,000 

6 {I00} 1.0 0.I 8180 126,750 
{311}B 14.0 13.0 8180 70,920 

7 {100} 0.25 0.30 8820 181,030 
{ I I 1 } A  24.0 17.0 5520 34,220 
{211}B 54.0 22.0 7300 42,560 
{311}B 44.0 28.0 6700 49,330 

8 {100} 0.44 0.47 8850 199,000 
{211}B 17.0 15.0 7600 48,300 

N+§ 
Table III. Values of the compensation ratio, 

n 
for epitaxial films on various orientations 

N- 

n (cm-~) 
S a m p l e  O r i e n t a t i o n  a t  7 7 ~  

N * + N -  

1 {I00} 2.44 • 1014 7.0 
{211}A 5.94 x I0 I~ 3.0 

2 {I00} 8.1 x I0 TM II.0 
{211}A 4.7 x I0 I~ 2.5 

3 {211}A 1.4 • 101~ 4.7 
{311}B 2.17 • 10 l~ 3.0 

4 {211}A 2.3 • 1014 4.5 
{311}A 4.7 x I0 a3 8.0 
{311}B 2.7 x I0 aG 2.8 

5 {I00} 4.0 x 1013 9.0 
{311}A 7.4 x I0 TM 5.0 

6 {I00} 1.0 • I0 "3 ~.30.0 
{311}B 1.3 X I0 I~ 2.4 

7 {I00} 3.0 X i013 6.5 
{111}A 1.7 X I0 I~ 5.0 
{211}B 2.2 x 10 m 3.2 
{311}B 2.8 x 10 TM 2.2 

8 {100} 4.7 X 101~ 3.5 
{211}B 1.5 • 10 TM 3.0 

{III}A > {211}A > {211}B > {311}B ~ {311}A > 
{i00}. The growth rates obtained in this work at 
705~ are in fair agreement with those of Shaw (8) 
which were obtained at 750~ 

Table II lists the electrical properties of films grown 
on various orientations. Table III lists the compensation 
ratio, that is, the total number of ionized impurities, 
N + -~ N-, divided by the free-carrier concentration, 
n, determined from the transport calculations of Rode 
and Knight (16). 

The following is a summary of the major points 
evident from inspection of Tables II and III: 

(A) Carrier concentrations as low as 3 x 1013 cm -3 
and mobilities as high as 199,000 cm2/V-sec at 77~ 
[Sample 8, {100}] can be achieved. Room tempera- 
ture mobilities as high as 9820 cm2/V-sec have been 
obtained. 

(B) Carrier concentrations and total ionized-im- 
purities can vary more than two orders of magnitude 

between samples grown on different orientations 
[Samples 6 and 7 for example].  

(C) Growth on a plane 2 ~ off {100} toward {110} 
produces, in general, more highly compensated films 
than growth on {211} or {311} planes. 

(D) The growth rate of films on {311}A and B 
faces differ very little, even though the free carrier  
concentrations vary by two orders of magnitude. 

(E) The arsenic faces of {211} and {311} orienta- 
tions incorporate more impurities than the gallium 
faces. 

Wolfe et aL (17) have recent ly pointed out that  con- 
ducting inhomogeneities can cause anomalously high 
apparent  mobilities. To substantiate the present data, 
the dependence of mobility on magnetic field was in- 
vestigated for Sample 4 on {311}A, Sample 7 on 
{100}, and Sample 8 on {100}. The mobility varied 
from 9820-9400 cm2/V-sec with a field change from 
500-5000 gauss for Sample 4; from 182,200-181,000 cm2/ 
V-sec with a change of 410-820 gauss for Sample 7; and 
from 199,000-189,000 cm2/V-sec with a change from 
205-820 gauss for Sample 8. The decrease in mobility 
with increasing field demonstrates that these mobilities 
are real  and not anomalous. 

The influence of substrate orientation on the incor- 
poration of impurities is undergoing detailed study. 
Fur ther  results will be the subject of a forthcoming 
publication. 
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ABSTRACT 

Thermal  conduct ivi t ies  of four  types  of sealed, 20 A - h r  n i cke l - cadmium 
cells have been measured  pe rpend icu la r  to (x -d i rec t ion)  and pa ra l l e l  wi th  
(y-d i rec t ion)  the  plane of the  electrodes.  The average  conduct ivi t ies  for the  
discharged cells descr ibed are  about  0.0030 and 0.0065 ( c a l / c m 2 / s e c ) / ( C / c m )  
for these  x -  and y-di rec t ions ,  respect ively.  Thermal  res is tance ne twork  models  
give reasonable  quant i ta t ive  agreement  wi th  the kx measurements  using con- 
duc t iv i ty  values of 0.0019, 0.0016, and 0.0011 ( c a l / c m 2 / s e c ) / ( C / c m ) ,  de te r -  
mined in some p re l imina ry  exper iments ,  for the  wet ted  negat ive  and posi t ive 
electrodes and the separator ,  respect ively.  The the rma l  conduct iv i ty  of the 
cells is found to change ve ry  l i t t le  wi th  state of charge. 

A pauc i ty  of da ta  exists  in the publ i shed  l i t e ra tu re  
concerning expe r imen ta l ly  de te rmined  values  for the 
the rmal  conduct iv i ty  of p r i m a r y  a n d / o r  secondary  cells 
(1). Because of the  t he rma l  an iso t ropy of pr ismat ic  
aerospace cells, re l iab le  da ta  are  needed to calcula te  
hea t  balances and hea t  dissipat ion efficiencies for 
var ious  power  sys tem configurations for ea r th -o rb i t i ng  
and space vehicles. Thermal  resistance,  capacitance,  
and conduct iv i ty  values  a re  also impor tan t  in eva lua t -  
ing the the rmal  design of ba t te r ies  for o ther  than space 
applications.  

A research  p rog ram to improve  sealed, n i cke l - cad -  
mium cells for  the  U. S. A i r  Force  included the fol low- 
ing the rmal  conduct iv i ty  measurements .  Because of 
t e rmina l  connections at  the top and recessed case bot-  
toms on some cells, measurements  were  made  only  in 
two directions.  These two direct ions are  perpendicu la r  
to (x-d i rec t ion)  and pa ra l l e l  wi th  (y-d i rec t ion)  the 
plane of the  electrodes,  as shown in Fig. 1. The con- 
duct ivi t ies  measured  in these direct ions are re fe r red  to 
as kx and ky, respect ively.  Subsequent ly ,  t he rmal  re -  
sistance ne tworks  were  constructed,  represen ta t ive  of 
an ex te rna l  hea t  source and hea t  flow through  the 
cells in these directions,  in o rde r  tha t  the  observed 
conduct ivi t ies  could be cor re la ted  wi th  the  a r r ange -  
ment  and type  of components  compris ing the cells. 

Experimental 
Sealed n icke l - cadmium aerospace cells, having  a 

nominal  capaci ty  of 20 A-h r ,  f rom four manufac tu re r s  
were  s tudied.These cells were  given the identif icat ion 
of Types I through IV, depending on the manufac turer .  
Al l  the  cells were  pr i smat ic  in shape, Types I and II  
cells being ta l le r  and  th inner  than  Types I I I  and IV 
cells. Types I and II  cells and Types I I I  and IV cells had 
s imi lar  ove r -a l l  dimensions.  No cell  had  a th i rd  elec-  
trode. Types  I and II  cells had  the posi t ive t e rmina l  

* Electrochemical  Society Act ive  Member .  
Key  words:  t he rma l  conductivity,  n icke l -cadmium cells. 

elec t r ica l ly  insula ted  f rom the cell  case; Types  I I I  and 
IV cells had  both t e rmina l s  insula ted  f rom the cell  
case. The Type I I I  cell  had the adhesive tape, wi th  
which it was supplied,  r emoved  for the  t h e r m a l - c o n -  
duc t iv i ty  measurements .  Typica l  physical  charac te r i s -  
tics of the  four types  of cell  are  g iven in Table  I. 

Al l  the  cells had  prev ious ly  been subjec ted  to ca-  
pac i ty  and vol tage match ing  procedures  as pa r t  of an-  
o ther  inves t igat ion (2, 3). Subsequent ly ,  the  t he rma l  
conduct iv i ty  of the  sealed cells was de te rmined  af ter  
they  had been discharged and shorted.  

Thermal  conduct ivi t ies  of the discharged cells were  
measured  using the comparison technique,  whereby,  if 

z 

( Perpendicular to ~" "~'~ ~. 
electrodes) 

Y 

(Para~le| with 
electrodes) 

Fig. 1. Directions used to describe the thermal conductivity or 
resistance of sealed, prismatic cells. 
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Table I. Average physical characteristics of the four types of 20 A-hr nickel-cadmium cells 

1519 

Side - face  E n d - f a c e  R e c e s s e d  N u m b e r  of  N u m b e r  of  N u m b e r  of 
Cel l  d i m e n s i o n s ,  d i m e n s i o n s ,  c a s e  i n s u l a t e d  p o s i t i v e  n e g a t i v e  
t y p e  c m  c m  b o t t o m  t e r m i n a l s  e l e c t r o d e s  e l e c t r o d e s  

I 7.55 X 16.72 2.25 x 16.72 Yes 1 9 10 
I I  7.63 • 16.60 2.21 x 16.60 Yes 1 9 10 
III 8.15 X 12.10 3.73 X 12.10 N o  2 17 18 
I V  8.02 x 10.04 3.75 • 10.04 No  2 18 19 

the heat flow through the cell in  question and a ref-  
erence mater ia l  is main ta ined  constant, then  the tem-  
perature  drop across each is inversely proport ional  to 
the thermal  conductivi ty of each and directly pro- 
port ional  to the distance the heat flux traverses in 
each (4). Thus, if k2 is the thermal  conductivi ty of the 
cell of cross-sectional area A and thickness de, if kl is 
the thermal  conductivi ty of the reference material ,  also 
having a cross-sectional area A, but  of a thickness dl, 
and if the measured tempera ture  drop across the cell is 
-~T2 and that  across the reference mater ia l  is AT1 

k2 ~r~ d~ 
�9 - -  [ i ]  

kl ~T2 dl 
or 

~T1 d2 
k2 : kl �9 ~ [2] 

aT2 dl 

The reference mater ia l  chosen was Plexiglas acrylic 
sheet about 1.2 cm thick because this gave a reason- 
able tempera ture  differential, similar to that  across the 
cells. The thermal  conductivi ty of this reference ma-  
terial  was taken to be 0.492 x 10 -z (ca l /cm2/sec) /  
(C/cm) according to Specification ASTM D702. 

The exper imental  a r rangement  is shown schemati-  
cally in Fig. 2. Strip heaters encased in s i l icone-rubber  
electrical insulat ion were held firmly against a copper 
block, 2.5 cm thick, used to provide a un i formly  dis- 
t r ibuted heat  flux. The cell under  investigation was 
placed next  to the reference block, and the whole ap- 
paratus was clamped between two re ta ining plates us-  
ing 2 f t - lb  of torque. Plate A was fabricated from 
Plexiglas and Plate E was fabricated from a luminum 
to promote a more unidirect ional  heat flux through the 
components. The copper block, reference block, and 
retaining Plate  E, all  had grooves key-slot ted into 
them which were the exact depth and width of a 30- 
gauge copper-Constantan thermocouple. When inserted 
into the slots, the thermocouple 's  leads and junct ions 
were flush with the surface. The tempera ture  gradients 
could thus be calculated with precision, and good con- 
tact with both surfaces was assured. The junct ions 
were located at the centers of B, C, and E, where the 
heat flux was assumed most uniform. 

@ �9 

A B C 

| @ 

D E 

Fig. 2. Major components of the experimental apparatus used 
to measure thermal canductivities of cells. A, Plexiglas retaining 
plate; B, copper heating block; C, Plexiglas reference block; D, 
cell under investigation; E, aluminum heat sink/retaining plate; 

-> ~ , copper/Canstantan thermocouples; ~ )  , silicone- 
rubber-encased strip heaters. 

Because the cells did not have flat faces, good ther-  
mal  contact wi th  the various components of the  ap- 
paratus (low contact resistance) could not be assumed. 
Therefore, silicone vacuum grease, filled with pure 
a luminum powder to increase the thermal  conductivity,  
was used between components B, C, D, and E before 
they were bolted together. It  should be noted that  a 
separate set of components was fabricated for each cell 
so that the cross-sectional area of B, C, and D was the 
same for each part icular  measurement .  Because mea-  
surements  were taken in directions parallel  with and 
perpendicular  to the plane of the electrodes for each 
of the four types of cells, eight sets of apparatus com- 
penents  were necessary. 

The exper imental  procedure was as follows. The cell 
was removed from any re ta ining plates and wrappings 
and l ightly cleaned with a meta l  polish. Thorough de- 
greasing followed. The copper reference block and the 
a luminum re ta in ing plate were also polished and de- 
greased, while the Plexiglas components A and C and 
the thermocouples were just  cleaned and degreased. 
The apparatus was then assembled and bolted together 
to a 2 f t - lb  torque loading, as described previously. 
Excess, exuded grease was then removed, and the 
whole apparatus encapsulated with two layers of matted 
insulat ion and another of rigid Styrofoam 2.5 cm thick. 
The heat s ink / re ta in ing  plate outside surface was left 
exposed to the laboratory atmosphere but  shielded by 
the projecting Styrofoam to minimize the effects of 
draughts. 

The strip heater(s)  used power from the main  sup- 
ply by employing a Variac Autotransformer  to reduce 
the voltage to 10 to 20V. The thermocouples were 
shielded and the outputs fed to a Sargent  M-R re-  
corder. At the beginning of each experiment  the ther-  
mocouples were calibrated against each other using an 
ice bath as cold junction.  The heater  was then switched 
on and the apparatus allowed to come to the steady 
state. In  the steady state the cell temperatures  were 
about 32 ~ -+- 2~ (average of the thermocouple ( ' ~  and 
0 readings).  

Steady state was achieved in about 18 hr and was 
determined from invar ian t  thermai  gradients  across 
the cell and reference block. Accuracy of temperature  
measurement  was about _0.015~ The error in mea-  
suring the lengths of the hea t - t ransfer  path was esti- 
mated to be +--0.05 cm because of the rounded edges 
of the cell cases and the small  uncer ta in ty  of the dis- 
t r ibut ion of the vacuum grease between components. 
These length measurements  therefore probably deter-  
mine  the over-al l  accuracy of measurement .  The re-  
producibil i ty of the experiments,  which were repeated, 
was about +-5%. 

Results and Discussion 
The kx and k y  values obtained for the four types of 

20 A - h r  cells are summarized in  Table II. The ratio 
ky/kx is also given as a measure of the thermal  aniso- 
tropy of each cell. 

In  the x-direction,  the average conductivi ty value 
measured is 0.0044 ( ca l / cm2 / sec ) / (C /cm) - -he rea f t e r  
referred to as cgs units. The values for the Types I, II, 
and III  cells are similar and average 0.0030 cgs units,  
while the kx value for the Type IV cell is 2 to 3 t imes 
higher. The y-direct ion conductivities for the Types I, 
II, and III  cells are similar  to each other, with an aver-  
age value of 0.0065 cgs units. 
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Table II. Measured thermal conductivities of four types of nominal 
20 A-hr nickel-cadmium cells 

Table III. Selected values for some thermophysical properties of 
materials commonly used in nickel-cadmium cells and batteries 

Cel l  D i r e c t i o n  of  
type  h e a t  f low a 

T h e r m a l  con-  T h e r m a l  Specif ic  
d u c t i v i t y  (k).  Specif ic  hea t ,  c o n d u c t i v i t y ,  g r a v i t y  or 
( c a l / c m~/ s ec ) /  Ra t io  M a t e r i a l  c a l / g / C  cgs units  dens i t y ,  g / c m  ~a 

(C/cm) ky/kx 

I y - d i r e c t i o n  
x - d i r e c t i o n  

I I  y - d i r e c t i o n  
x - d i r e c t i o n  

III y - d i r e c t i o n  
x - d i r e c t i o n  

IV y - d i r e c t i o n  
x - d i r e c t i o n  

A c t i v e  m a t e r i a l s  
kr  = 0.0070 2.59 N i c k e l  0.11-0.13 0.152 8.90 
kx = 0.0027 N iO  - -  0.00225 7.45 
k r  = 0.0067 1,76 N i O - O H  ~0 .11  - -  
kx = 0.0038 NiO .xHeO ~ 0 , 1 4  0.08 4.10 
k r  = 0.0056 2.16 Ni(OH)2 - -  ~ 4.10 
kx = 0.0026 Ni2Oa.xH=O - -  - -  4.83 
kr  = - -  ~ C a d m i u m  0.055 0.23 8.64 
kx = 0.0086 CdO 0.081 - -  8.15 

Cd(OH)= --0.20 - -  4.79 
K O H  (30%) ~0 ,82  0.00135 1.30 

= See F ig .  I. 

Conductivities in the y-direction.--The reported 
values for ky for n icke l -cadmium cells range from 
0.0035 to 0.052 cgs units  (5-9, 17), there seemingly 
being no correlation between the A - h r  capacity of the 
cell and the conductivi ty value measured. Values ob- 
tained in this invest igat ion range from 0.0056 to 0.0070 
cgs units, and are higher by a factor of two than  the 
range of values reported with one except ion-- the  
value for the Type III  cell. Al though the va lue  given 
in  Table II for the Type III  cell is smaller  than the 
other values obtained, this is the average of measure-  
ments  on three different cells, the individual  results 
differing by less than  •  

Thermal-res is tance  ne twork  models were constructed 
for the four types of cell (14), and evaluated to pre-  
dict the ky values using the relationship 

RI : di/kiAi [3] 

where Ri is the thermal  resistance of the ith ne twork  
component.  Figure  3 shows a typical network,  in this 
instance for a Type II cell. Table III  lists conductivi ty 
data used in calculating the Ri's for the various cell 
components. These individual  component  resistances 
were summed in parallel  and series to obtain the over-  
all, apparent  thermal  resistance and  conduct ivi ty of 
each cell type. As shown in Fig. 3, the networks consist 
of the cell case and l in ing(s ) ,  where applicable, in 
series with the paral lel  combinat ion of the positive and 
negative electrodes and separator. This network in tu rn  
is in parallel  with the cell-case sides and top and bot-  
tom. It was difficult to determine the size of the gas 
gap between the  case and the separators/electrodes, so 
that  this ne twork  element  was neglected. Consequently, 
only semiquant i ta t ive  estimates were made (14) for the 

c I! case 
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( ~  ILumped ~ Lumped (~ 
~negotive',~ separaturs , 
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Gas gap i ( ~  
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Cell ( ~  
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Side 
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sides "~ '  

!Cell top 
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q 

Fig. 3. Thermal resistance network of a Type II cell in a direc- 
tion parallel with the electrodes (y-direction). 

Construct ional  and other materia ls  
S t a i n l e s s  s tee l  (304) 0.12 0.039 8.03 
M a g n e s i u m  0.245 0.376 1.74 
A l u m i n u m  0.22 0.535 2.70 
C o p p e r  0.092 0.940 8.96 
Brass  0.09 0.292 8.55 
L e a d  so lder  ~ 0 . 0 4  ~0 .060  
N y l o n  M0.40 ~0 .0006 ~ . 1 4  
B a k e l i t e  ~0 .37  ~0.001 ~ I . 1 5  
Cel lu lose  f i lms  ~0 .36  ~0 .0006 ~1 .27  
Po lyes t e r  f i lms  M0.43 ~0 .0005 ~1 .39  
Epox i e s  ~0 .40  ~0 .003  ~1.85 
Glass  ~ 0 . 2 0  ~0 .0029 ~ 2 . 3 0  
R a y o n  f i lms  ~0.35 ~0.0005 ~1 .20  
Asbes to s  ~0 .20  n0 ,0004  ~ 2 . 5 0  
A l u m i n a  0.175 ~0 .0044  3.65 
E lec t r i ca l  ce ramics  ~0 .20  ~0.0051 ~ 2 . 5 0  
A i r  (dry)  0.24 ~0.00006 ~0 .0012 

a I n c l u d e d  because  i t  is  u s e f u l  in  d e t e r m i n i n g  hea t  capacit ies  in 
t h e r m a l  r e s i s t ance - capac i t ance  mode l s .  

thermal  networks, and these gave the following order 
of ky values: I > II > III, which is in agreement  with 
the measured values given in Table II. 

The Type III cell exhibited the lowest measured 
conductivity, and is the only cell type with trapezoid- 
ally shaped electrodes. This electrode configuration 
leads to the highest thermal  resistance value for the 
electrode pack (network elements ( ~ ,  ( ~  and ~ )  in 
Fig. 2) of any cell type. In fact the ~-~lcu-fated theYmal 
resistances of the electrode packs were in the order 
III, IV > I, II. Thus, using Eq. [3], the estimated ap- 
parent  conductivities of the electrode packs vary  in 
the order I, II ~ III, IV, which is a similar order to that 
for the measured conductivit ies of the complete cells. 
The average ky value calculated for the four types of 
electrode pack is about 0.0234 cgs units, if an average ky 
value of 0.030 cgs uni ts  is assumed for both electrodes 
(based upon an 80% porous nickel plaque mater ia l ) .  
The k r value calculated for the Type I, 20 A-h r  cell 
electrode pack is about 0.0217 cgs units, which may be 
compared with a calculated value of 0.0233 cgs uni ts  
for the electrode pack of an 100 A-h r  cell from the 
same manufac ture r  (16). 

Conductivities in the x-direction.--The reported 
values for kx for n icke l -cadmium cells range from 
0.0016 to 0.0067 cgs uni ts  (5-9, 17), with an average 
value of about 0.0042 cgs units.  The measured values 
for the four types of 20 A-hr  cells range from 0.0026 to 
0.0086, with an average value of 0.0044 cgs units. Thus, 
for the direction perpendicular  to the p lane  of the 
electrodes, there is good quant i ta t ive  agreement  be- 
tween the values reported here and the values from 
the li terature.  A contr ibut ing factor to this bet ter  cor- 
relat ion could be the fact that  it is easier to measure the 
conductivi ty of the cell in this direction, because the 
compression on the cells exerted by the re ta ining 
plates in the apparatus forces the cell case and elec- 
trode pack together, giving better  thermal  contact. For  
the paral lel  measurements ,  with compression the 
thermal  contact could have been worsened or improved, 
depending on whether  the cell-case sides are convex 
or concave, respectively. 

Because of differences in  cell-case thickness, surface 
treatment ,  and possibly composition, it was thought  
that  if measurements  were made on the electrode packs 
alone (cells with the cell cases removed, but  not  the 
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Table IV. Measured thermal conductivities, kx', of four types of 
20 A-hr nickel-cadmium cells, with their cell cases removed 

T h e r m a l  c o n d u c t i v i t y ,  Ra t io  
Cel l  t ype  ( c a l / e m ~ / s e c ) / ( C / c m )  kx/kx' 

I kx" = 0.0020 1.38 
II  kx'  ~ 0.0016 2.37 
I I I  kx" ~ 0.0021 1.20 
IV kx" = 0.0032 2~9  

Table V. Calculated values for the thermal conductivity of 
four types of 20 A-hr nickel-cadmium cells 

T h e r m a l  c o n d u c t i v i t y ,  
( c a l / c m ~ / s e c ) / ( C / c m )  Ra t io  

Cel l  t ype  kz (w i th  case) kx' ( w i t h o u t  case} kx/kx" 

I 0.0032 0.0021 1.52 
I I  0.0025 0.0018 1.39 
I I I  0.0029 0.0019 1.53 
IV 0.0028 0.0024 1.17 

top containing the te rminal  fittings, etc.), then less 
spread in the exper imental  results  for the four types 
of cells might  be observed. The results of these kx' 
measurements,  made in the same way as for complete 
cells, are summarized in Table IV. 

The spread in  thermal  conduct ivi ty  values, kx', is 
much smaller, as anticipated, and the average value is 
0.0022 cgs units, compared with 0.0044 cgs uni ts  for 
the complete cells. Thus the parallel  heat t ransfer  
paths afforded by ,the cell cases effectively double the 
apparent  conductivi ty of the complete cells. 

Thermal  resistance network models were also set up 
to predict the kx values for the four types of cells. 
P re l iminary  measurements  made, using a Pyroceram 
9606 heat-flow meter  apparatus in an evacuable cham- 
ber (4), gave values of approximately 0.0019, 0.0016, 
and 0.0011 cgs uni ts  for the discharged, wetted nega- 
tive and positive electrodes, and wetted separator, re-  
spectively, from a Type II cell. Other thermophysical-  
property data used to evaluate the networks are in-  
cluded in Table III  which was compiled from hand-  
books and manufacturers '  l i terature (13). The resist- 
ance  networks set up were similar to that shown in 
Fig. 4 for a Type II cell. For  the Type I cell, no ele- 
ment  corresponding to~,the cell f l ining was interp.osed 
between the elements (~) and (,_3), and ~ and ~7) in 
Fig. 4. Evaluat ing the networks-for  the four typ~s of 
cells gave the calculated values shown in Table V. 
Both kx (with cell case) and kx' (without case) values 
were calculated, and the ratios kx/kx' are given for 
comparison with the ratios in Table IV. Quanti tat ively,  
reasonable agreement  exists between the values for kx' 
in Table V and in Table IV. The Type IV cell was pre-  
dicted to have the highest conductivity, and the Type 
II cell the lowest. This is substantiated by the measure-  
ments. Reasonable quant i ta t ive  agreement  also exists 
between the predicted values for kx in Table V and the 
measured values for kx in Table II, with the exception 
of the kx value for the Type IV cell. This Type IV cell 
conductivity anomaly has not been explained. 

Lumped Lumped 
Ce|l negative Lumped positive Cell 
case Lir(ipg plo!'es separators plates Lining case 

gS ' 

Cell c o s e , s i d e s ~  

0 
Cell case ,top 
and bottom 

GeneraL--When necessary, heat is normal ly  removed 
from a cell in the x-direction,  because the thermal  
anisotropy of the cell is normal ly  assumed to be small, 
and the cross-sectional area, Ax, available for heat 
dissipation is the largest. However, the above results 
suggest that  for some cell types the thermal  aniso- 
t ropy (a large ky/kx value) can be significant (see 
Table II) .  If the ratio of ky/kx far exceeds the ratio 
of cross-sectional areas Ax/Ay from which the heat is 
to be extracted, then consideration should be given to 
extract ing heat in the y-direction,  and not the x-d i rec-  
tion. 

In  this present  study, measurements  were not made 
in the z-direction. Intui t ively,  if ky is greater  than kx, 
then, because of the way in which the cells are con- 
structed, kz should also exceed kx. Baker e ta l .  (5) 
also make such an assumption, whereas Shair  e ta l .  
(7) cite earlier exper imental  work which gave a ratio 
of about 1:3:6 for kx:ky:kz, and Coggi (17) gives a 
ratio of about 4:9:11 for the kx:ky:kz conductivities. 
Thus, as discussed above, heat extract ion in the z-di-  
rection can be more efficient than in the x-direction.  
However, because of the terminals  and other fittings 
on the top of the cells, and  the presence of recessed 
case bottoms on some cells, the extraction of heat in 
the z-direction is usual ly not practical. 

In  the calculations described above to compute k s 
and kx values for the 20 A - h r  cells from thermal  re -  
sistance networks,  values of 0.0019, 0.0016, and 0.0011 
cgs units  were used for the conductivities of wetted, 
discharged negative electrodes, positive electrodes, and 
separator, respectively. These values are derived from 
some pre l iminary  measurements  reported in Ref. (4). 
If the measured value of the separator, 0.0011 cgs units, 
is taken in order to calculate the average conduc- 
t ivi ty of the electrodes from a Type II cell, then a 
value of 0.0017 cgs uni ts  is obtained. This calculated 
value is close to the average of the measured values 
of 0.0019 and 0.0016 cgs uni ts  for the Type II negative 
and positive electrodes, respectively. Conversely, if the 
measured conductivi ty values of the two types of elec- 
trode are subst i tuted into the ne twork  shown in Fig. 
4, a value of 0.0012 cgs uni ts  is obtained for the separa- 
tor material.  Consistency between the thermal  resist-  
ance ne twork  models for the x-direction,  and the sub-  
sequent conductivi ty measurements  is thus evident. 

Effect of state of charge.--The effect of state of 
charge on the thermal  conductivity,  kx, of a Type I 
and a Type III  cell was investigated. The cells were 
charged at a C/3 rate for 1.5 hr, and the conductivi ty 
was then measured, as previously described, while a 
trickle charge of 0.5A was flowing to main ta in  that  
state of charge. The cells were then charged at the C/3 
rate for a fur ther  1.5 hr, and put on the same trickle 
charge, while the conductivi ty was again measured. 
These conductivities are referred to as 50% and 100% 
state of charge conductivities, respectively. After  
charging, the cells were discharged at a C/2 rate, and 
the conductivi ty was measured with the cells shorted. 
The values obtained were taken as the 0% state 
of charge conductivities. The cells were taken through 
two of these charge-discharge cycles and the average 
increases in conductivi ty are given in Table VI. The 
conductivities are seen to increase in  approximately  a 
l inear  m a n n e r  wi th  increasing state of charge. To a 

Table VI. Thermal conductivity, kx, of a type ! and type |11 cell 
as a function of state of charge 

Sta t e  of  c h a r g e  Inc rease  i n  kx, pe r  cent~ 
pe r  cent  Type  I Cel l  Type  I I I  Cel l  

0 0 0 
80 8 6 

100 14 12 

= T a k e n  w i t h  r e fe rence  to  the  d i s c h a r g e d  c o n d u c t i v i t i e s  (0% s ta te  
of  charge) .  

Fig. 4. Thermal resistance network of a Type II cell in a di- 
rection perpendicular to the electrodes (x-direction). 



1522 J. Electrochem. Soc.: ELECTROCHEMICAL TECHNOLOGY September 1971 

first approximation,  the values given for the discharged 
state (0% charge) may  be used in performing thermal  
analyses, as these values are exper imenta l ly  easier to 
determine and, therefore, are probably more accurate. 

For an increase in the rmal  conductivi ty for a given 
cell (constant d and A in Eq. [3]) the thermal  re-  
sistance must  decrease. Intuit ively,  in a state of full 
charge, the negative electrode will contain a higher 
proport ion of metall ic cadmium than it will  in the dis- 
charged state; thus, this may  effectively lower the 
thermal  resistance of the negat ive electrodes, and 
hence the whole cell. Exper iments  on charged and 
discharged electrodes are necessary to verify this ex- 
pectation. 

Thermal design.--Based upon the results of this in-  
vestigation the following observations concerning ther-  
mal  design of cells and batteries may  be made. It  is 
important  to strive for the lowest thermal  resistance 
of all cell components. Because the separators and elec- 
trodes are pr imar i ly  chosen for their  chemical and 
electrochemical properties the the rmal  conductivities of 
these components in the x-direct ion are essentially 
fixed. However, the thermal  conductivi ty of the sepa- 
rator materials  may be increased by using the maxi -  
m u m  permissible amount  of electrolyte consistent with 
the constraints  imposed by the desired oxygen recom- 
binat ion rate wi thin  the cells (14). 

The var iable  which may be adjusted to lower the 
thermal  resistance of complete cells is the ratio of 
thickness to area, d/A. As Eq. [3] shows, R wil l  be 
minimized when d/A is made as small  as possible in 
the direction of max imum k. This cri terion implies 
that for large ky/kx ratios the cells should have as 
small  a y-d imens ion  as possible, and have a max i mum 
cross-sectional area through which the heat flow may  
traverse. 

For complete cells the two thermal  resistance net -  
work elements which may  be influenced directly are 
the cell l iners (electrically insulat ing the case from 
the electrodes) and the gas gaps between the edges of 
the electrodes and the cell case. These two network  
elements should have the lowest possible thermal  re-  
sistance in order to lower the  over-a l l  cell thermal  
resistance. This may be achieved by using thin l iners 
of high thermal  conductivity,  and by minimizing all 
gas gaps. The other impor tant  ne twork  element  which 
can be manipula ted  to reduce the over-al l  thermal  re- 
sistance of a cell is the cell case which is the only con- 
t inuous metallic conduction path in  any  direction. For 
other than thermal  design considerations (strength, 
corrosion resistance, and so on) the case is normal ly  
made of stainless steel, which is not  a high conduc- 
t iv i ty  metal. However, the apparent  conductivi ty of 
the cell case mater ia l  can be increased by plat ing the 
case with a high conduct ivi ty metal  such as silver (15), 
or by using heat extraction fins in  conjunct ion with 
the case mater ia l  (4, 15, 17). 

If the thermal  resistances of all the cell components, 
hence the over-al l  cell, are kept to a m i n i m u m  then 
temperature  gradients wi th in  a cell will  be minimized. 
Such small  tempera ture  gradients  should help to con- 
trol the diffusion of active materials,  and to prolong 
cell life. Also, lower thermal  resistances would result  
in lower cell operating temperatures,  which in most 
applications would also lead to prolonged life, because 
of a lower rate of physicochemical degradation of the 
cell components.  

In  the design and fabrication of a battery, a uniform 
cell- to-cell  tempera ture  is important .  Such uni formi ty  
enables a more efficient control and balanced operation 
to be achieved. If all cells do not reach end of charge 
or discharge at about the same time, excessive heat 
generation, thermal  runaway  or cell reversal  may oc- 
cur  in the nonuni form cells. In this respect, the effi- 
cient stacking of the cells, the choice of heat-dissipat-  
i n g  aids ( intercell  plates, heat  pipes, etc.), and the 
proper  choice and control of the hea t - s ink  tempera ture  

are impor tant  (16). The cell sides (x-direct ion)  are 
usual ly the most efficient external  surfaces for the ex- 
traction of in te rna l ly  generated heat (10), but  the 
present  s tudy has shown that  the cell end faces (y-d i -  
rection) should also be considered, when  the cell in-  
te rna l  configuration is such that no large gas gaps exist 
in this y-direction,  there is a high ky value, and the 
cross-sectional area for heat extract ion in this y-d i rec-  
t ion is large compared with the corresponding area for 
the x-direction.  

Conclusions 
The thermal  conductivities have been measured for 

four types of 20 A-h r  n icke l -cadmium cells in the dis- 
charged condition, with and without  their cell cases 
intact, and for two representat ive types of cell as a 
funct ion of state of charge. 

The average conductivi ty of a complete, discharged 
20 A - h r  celt in the x-di rect ion (kx, perpendicular  to 
plane of electrodes) is 0.0030 (ca l / cm2/sec ) / (C /cm)  
which may be compared with previously reported 
values of 0.0042, 0.0067, and 0.0020 (ca l /cm2/sec) /  
(C/cm) for 6, 6, and 12 A - h r  cells, respectively (5-6). 
On this basis, thermal  conduct ivi ty  is approximately 
independent  of A-h r  capacity of the cells, as indeed, it 
should be. Through the use of thermal  resistance net -  
works, differences in materials  and methods of fab-  
rication are used to explain the variat ions among the 
measurements  reported here. Different materials  and 
details of fabricat ion should also account for the re-  
ported differences for various size cells. 

~rhe average conduct ivi ty  of a complete cell in the 
y-direct ion (ky, paral lel  with plane of electrodes) is 
0.0065 (ca l / cm2/sec ) / (C /cm) ,  which may be compared 
with previously reported values of 0.052, 0.019, and 
0.041 (ca l / cm2/sec ) / (C /cm)  for the 6, 6, and 12 A - h r  
cells referred to in the preceding paragraph. Once 
again, on the basis of the present  data and the scant 
data published, the thermal  conductivi ty in this direc- 
tion appears to be essential ly independent  of cell size. 

The ratios of the two conductivities, (ky/kx), taken 
as a measure of the thermal  anisotropy of the cells, are 
always greater  than unity, and are similar to values 
reported previously for smaller  capacity cells. Heat 
extraction in the y-di rect ion may therefore be more 
efficient than  in the x-direct ion for certain cell con- 
figurations. 

Thermal-res is tance ne twork  models are able to 
quant i ta t ive ly  predict the kx values, if the values 
obtained in some pre l iminary  measurements  for the 
discharged negat ive  and positive electrodes and the 
separators are used. The values obtained are 0.0019, 
0.0016, and 0.0011 (cal/cm2/sec)/(C/cm), respectively. 
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Fuel Control in Methanol-Air 
and Formaldehyde-Air Fuel Cell Systems 

K. J. Cathro 
CSIRO, Division of Mineral Chemistry, P. O. Box 124, Port Melbourne, V/ctoria, 3207, Australia 

ABSTRACT 

Two types of fuel control units have been assembled and tested in conjunc- 
tion with formaldehyde-air  and methanol-air  fuel cells. One type was based 
on a continuous fuel analyzer, while the other employed a load sensing tech- 
nique. Both types gave satisfactory performance, and the advantages and dis- 
advantages of each are discussed. 

Fuel cell systems which employ a circulated aqueous 
electrolyte as a vehicle for bringing fuel to the anodes 
normally require some form of fuel control. This is 
necessary because there is usually a lower limit of fuel 
concentration below which anode performance falls off 
rapidly, while high concentrations lead to excessive 
loss of fuel by diffusion to the cathode with a conse- 
quent decrease in efficiency. If the cathode catalyst is 
also effective in promoting fuel oxidation, the oxidation 
of this diffused fuel could lead to overheating. 

The present work describes the development of a 
fuel control subsystem suitable for low-power (ap- 
proximately 50W) bat tery systems using either for- 
maldehyde or methanol as fuel, and a dilute sulfuric 
acid electrolyte. Since the battery may be used in an 
application requiring long-term unattended operation 
(e.g. for 1000-3000 hr) rel iabil i ty and adequate long 
term stabili ty of the fuel control is essential. A further 
complication arises when using formaldehyde. Com- 
mercial formaldehyde is stabilized against polymeriza-  

K e y  words :  fue l  cell, fuel  control ,  formaldehyde, methanol. 

tion by the addition of methanol and since formalde- 
hyde is oxidized preferentially,  the methanol builds up 
in the electrolyte, usually to an equilibrium level of 
about 0.5M. Further,  formic acid builds up in solution 
since it is less rapidly oxidized than formaldehyde and 
is a part ial  oxidation product. Therefore, any method 
used for formaldehyde concentration control must 
function in the presence of these other constituents. 
Since the bat tery output is small, no more than a few 
watts can be atlowed for controller operation. 

Several possible methods of fuel control w e r e  

studied. The first method considered employed a fuel 
addition rate proportional to bat tery current plus a 
constant allowance to cover nonfaradaic losses. This 
approach was initially dismissed as impractical, since 
a small error in the addition rate would lead to a 
cumulative error in fuel concentration. It was later re-  
considered and shown to be practical in those cases 
where there is a concentration-dependent loss of fuel 
as is described later. 

A second possibility was to use cell voltage as a 
measure of fuel concentration. Unfortunately, cell volt-  



1524 J. Electrochem. Soc.: ELECTROCHEMICAL TECHNOLOGY September  1971 

age is also affected by such factors as load current,  
temperature,  and the age of the cell. Although most of 
these other factors could be compensated, the aging 
effect is unpredictable.  Moreover, in the concentrat ion 
ranges of interest  the rate of change of cell voltage 
with fuel concentrat ion is small. Therefore, this method 
was discarded as unsatisfactory. 

If fuel concentrat ion could be monitored directly by 
a suitable analyzer,  the output  of this device could be 
used to control fuel addition. Since errors are not 
cumulative,  and since the range of fuel concentrat ion 
over which satisfactory operation of the fuel cell is 
obtained is relat ively wide, the' sensing device need 
not be very precise. It  was decided to develop a fuel 
concentrat ion sensing device. The output  of this would 
be compared to a suitable reference, and fuel added as 
required to main ta in  the desired concentration.  

Salathe et al. (1) in their  study of fuel control sys- 
tems for a hydrazine battery,  also describe systems 
depending on fuel concentrat ion moni tor ing or load 
sensing. They point out that  a load sensing system 
(described in their paper as electrolysis pumping)  is 
incapable of allowing for changes in nonelectrolytic 
consumption of fuel. Thus, the fuel concentrat ion must  
be biased towards the high side of the usable range  to 
prevent  system failure due to low fuel concentration. 
This causes a high fuel consumption compared to that  
obtained using the direct concentrat ion moni tor ing 
technique. Evans (2), in a paper describing the fuel 
feed control system for a hydrazine battery,  came to 
similar conclusions. 

The only methanol  control system described to date 
(3) used a concentrat ion sensing device. This consisted 
of a small  electrolytic cell, the anode of which was of 
platinized p la t inum covered with a membrane.  The 
membrane  ensured that  the anodic current  through the 
electrode was controlled by the  rate of diffusion of 
methanol  through the membrane,  thus avoiding errors 
due to change in activity of the p la t inum catalyst. A 
later  publicat ion (4) stated that  this approach has 
been changed, with programmed addition of methanol  
fuel being used, and the detector being used only as an 
override safety device. 

Control by Cyclic Yoltammetry 
A review of the physical properties of water - fue l -  

sulfuric acid solutions (i.e. such factors as viscosity, 
density, and surface tension) showed that  these would 
not have sufficient discrimination for use in fuel con- 
centrat ion analysis, even if some suitable low-power  
method of ins t rument ing  them could be devised. An 
electrochemical method was then sought. Est imation of 
the rate of diffusion of fuel through a membrane,  mea-  
sured by the anodic current  sustained by an enclosed 
anode, has been described (3). We were not able to 
at tain any degree of success with this method. In 
general, it was not possible to get reliable adhesion of 
available membrane  types to the indicator electrode, 
and response time would have been poor. The simple 
method of moni tor ing potent ial  at constant  current,  
as used in hydrazine batteries (1, 2), is not suitable 
because of the change in the sensing electrode catalytic 
activity with time. 

It was thought  that  electrode performance would be 
more stable if its potential  were periodically taken to a 
highly oxidizing value in order to destroy any par-  
t ial ly oxidized adsorbed species. This led to the use of 
cyclic vol tammetry.  Since the anodic oxidation of both 
methanol  and formaldehyde on p la t inum is not diffu- 
sion controlled (5), there will  be little effect of circu- 
lat ion rate on the current  peaks observed, and it will  
be possible to choose the voltage span such that  the 
electrode will  be driven to a highly positive potential  
- - a n d  hence c leaned- -dur ing  each cycle. Although 
such a system promised to be fair ly complex elec- 
t ronical ly it was decided to test it as described below. 

Prel iminary  exper imen t s . - -Pre l iminary  tests were 
made using a convent ional  three-electrode cell, the 
potential  of the sensing electrode (the anode) being 
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Fig. 1. Current-voltage curves. Curve (1) 0.86M methanol, (2) 
0.90M formaldehyde, (3) 1.2M formic acid in 0.SM H2SO4 at 60~ 
on a I cm 2 platinum foil electrode. Voltage sweep is positive 
going at 50 mV/sec. 
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Fig. 2. Current-voltage curve for formaldehyde, methanol, and 
formic acid. Electrolyte: (A) 0.5M formaldehyde, 0.SM H2SO4, 
60~ (B) As for (A), with 0.5 methanol and 0.SM formic acid; 
(C) As for (A) with 1M methanol and 1M formic acid. Electrode: 
0.04 cm 2 platinum bead. Sweep: 50 mV/sec, positive going. 

controlled by a potentiostat  which was in t u rn  pro- 
grammed by a waveform generator. Current-vol tage  
curves were recorded using either an X - Y  recorder or 
an oscilloscope in the X - Y  mode. The X (potential)  
axis was dr iven by  a voltage follower, and the Y (cur-  
rent)  axis measured the potential  drop across a suit-  
able resistor. Typical current-vol tage  curves are shown 
for the anodic oxidation of methanol,  formaldehyde, 
and formic acid in Fig. 1. The electrolyte in all cases 
was 0.5M sulfuric acid. 

The figure shows oxidation peaks which might  be 
useful for control purposes. The current  peak at 0.9V 
with methanol  (which is the only oxidizable compo- 
nent  in an operating methanol  bat tery)  is sufficiently 
well-defined for control. For a formaldehyde bat tery it 
is necessary to find if the presence of the expected 
concentrations of methanol  and formic acid affect the 
peak current.  Curves 1 and 2 also show that  although 
the peaks would overlap, the peak at ~ I .5V to R.H.E. 1 
in formaldehyde gives a much greater oxidation cur-  
rent  than either methanol  or formic acid. Thus it 
might be possible to get an approximate measure of 
the formaldehyde concentrat ion from the peak current  
observed at this potential. 

To check the possibility of determining formalde- 
hyde in the presence of the other two components cur-  
rent-vol tage curves were made on formaldehyde- 
methanol- formic  acid solutions. A typical result  is 
shown in Fig. 2. This shows clearly that  the presence 
of the other components depresses the formaldehyde 

1 A l l  p o t e n t i a l s  a r e  r e p o r t e d  w i t h  r e f e r e n c e  t o  a h y d r o g e n  e l e c -  
t r o d e  i n  t h e  s a m e  s o l u t i o n  ( R . H . E . )  u n l e s s  o t h e r w i s e  stated. 
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Table I. Relation between formaldehyde concentration and peak 
current 

Temperature:  60"C 
S w e e p  r a t e :  0.5 V / sec  

Other constituents:  methanol  and formic  acid, b o t h  1M 
Formaldehyde  concentration,  P e a k  c u r r e n t  a t  1.5V, 

M m A / c m  2 

nil 21.8 
0.I0 31.3 
0.24 42.0 
0.48 59.3 

Tab[e II. Effect of variation in methanol or formic acid 
concentration 

T e m p e r a t u r e :  60~ 
S w e e p  rate: 0.5 V / s e e  

Formaldehyde  concentration: 0.1M 
Methanol  Formic acid P e a k  c u r r e n t  

concen t r a t i on ,  conc e n t r a t i on ,  a t  1.5V, 
M M m A / s q  cm 

n i l  n i l  48.7 
1 n i l  38.8 

n f l  1 37.2 
1 1 31.3 

peak at ~ l .5V.  However, there is still a simple peak 
cur rent - formaldehyde  concentrat ion relationship, as 
shown in Table I. The effect of change in methanol  and 
formic acid concentrat ions on the magni tude  of the 
formaldehyde peak current  is shown in Table II. Al-  
though increasing the concentrat ion of these compo- 
nents  depresses the formaldehyde peak current  by 
20-35%, it seemed l ikely that their  concentrat ion in 
bat tery  electrolytes would not vary  widely, so that  
their presence would simply require  appropriate cali- 
brat ion of the controller setting. It  was thought then, 
that the peak current  at -t-1.5V could be used for for- 
maldehyde concentrat ion control, while for methanol  
the peak current  at W0.9V would be suitable. 

The effects of sweep waveform, frequency and elec- 
trolyte temperature  on the peak currents  were ex-  
amined. Figure 3 shows the effect of temperature,  and 
Fig. 4 that  of sweep rate on peak current.  Two wave-  
forms were tried also---sawtooth and isosceles triangle. 
There was little effect of the rate of sweep flyback on 
peak current  in the forward sweep direction, but  a 
t r iangular  sweep was adopted in case the rapid rate of 
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Fig. 3. Curve (A) effect of temperature on peak current for 
formaldehyde. Electrolyte: 0.50M formaldehyde, 0.SM H2SOG 
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oxide reduction occurring dur ing  a sawtooth flyback 
led to excessive electrode erosion (6). In  fact, such 
erosion did not prove to be a problem, but  the t r i -  
angular  sweep was used throughout  the bu lk  of the 
work. 

In  selecting an appropriate sweep rate, it is necessary 
to note that  increase in sweep rate increases peak cur-  
rent  and hence sensitivity, and speed of response. Very 
high rates tend to give a broad peak so a compromise 
rate of 1 V/sec was chosen. Thus, the operat ing fre- 
quency was 0.25 Hz for t r iangular  and 0.5 Hz for saw- 
tooth waveforms. It is also clear that  there is a great 
var iat ion in  peak current  with electrolyte temperature.  
Thus, if the fuel concentrat ion were correct at 70~ 
it would be increased 5.3 t imes at 35~ While some 
increase in fuel concentrat ion at low tempera ture  is 
desirable, this factor is much  too high, so some form of 
temperature  compensation is necessary. 

For long- term operation the peak currents  must  be 
stable with time. During an extended run  using meth-  
anol the peak current  increased for the first few 
sweeps reaching a fair ly steady value after about 20 
cycles. Thereafter  the value remained constant 
(+--15%) for a fur ther  1200 cycles, or 20 hr  at the 
sweep rate used. A run  of s imilar  dura t ion  using for-  
maldehyde wi th  formic acid and methanol  present  
showed a steady peak current  (+-16%) after the first 
0.25 hr of operation. 

The above tests were made using a 1 cm 2 p la t inum 
foil electrode or a small  bead fused onto the end of a 
short length of p la t inum wire (area 0.04 cm 2) in a 
conventional  three-electrode potentiostatic system. In  
order to simplify the cell design for use in an actual 
bat tery  system the reference electrode was omitted and 
the counterelectrode was made large (3 cm2), and of 
p la t inum black-P.T.F.E, hot pressed onto t an ta lum 
mesh. This was the cathode and acted as a hydrogen 
evolution electrode. Because of its large active area, the 
overpotential  was small  and did not vary  greatly with 
current  density in the range of interest. Thus it took 
up a potential  of approximately 0.08V to R.H.E. when  
in use. This was fur ther  stabilized by passing a small  
(3 mA) cathodic current  through the counterelectrode 
and a third auxi l iary electrode. This reduced the cur-  
rent  range to about 5:1 with the result  that  the poten-  
t ial  of the counterelectrode did not vary  by  more than  
approximately 30 mV. The sensing electrode consisted 
of a small p la t inum sphere fused onto the end of a 
short p la t inum wire, as described earlier. This a r range-  
ment  of a small  working electrode and a large depo- 
larized counterelectrode acting as a reference is simi- 
lar to ordinary polarographic practice, and works well  
if the ohmic potential  drop is small. This will be the 
case here as the solution resistance is low and the 
inter-electrode distance short. The wire from the 
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Fig. 5. Block diagram of control circuit for sensing electrode controller 

pla t inum bead electrode was sealed into a glass tube, 
after a suitable lead-wire  had been welded to the 
p la t inum wire. The other electrodes were supported 
by zirconium or n iobium rods. 

A zero to 2V negative going voltage was impressed 
on the counterelectrode, and the resul t ing current  
through the cell read off as the potent ial  drop across 
a low value resistor in series with the sensing elec- 
trode. This potent ial  drop was amplified, and the peak 
value in a selected potential  range (0.7-1.2V for meth-  
anol, 1.3-1.7V for formaldehyde) stored in a reservoir 
capacitor via a simple field effect t ransistor  switch and 
gating system. The voltage across the capacitor was 
read off by a source follower, fed to an electrolyte 
temperature  compensation circuit, and the output  of 
this was compared to a reference voltage. If it fell 
below the reference level the comparator  changed 
state, t u rn ing  on the re lay which controlled the fuel 
addit ion solenoid valve. Fuel  was added unt i l  the cur-  
ren t  at the indicator electrode rose above the desired 
value, when  the solenoid would shut  off wi th in  one 
cycle. Overshoot was minimized by  placing the fuel 
addit ion pipe close to the sensing electrode so that  the 
high local concentrat ion of fuel would cause the fuel 
valve to close earlier than  it otherwise would. In  an 
a l ternat ive  design, it was also arranged, as suggested 
by Evans (2), for the fuel valve to open on a 1.5 sec on 
--15 sec off cycle, ra ther  than  remain ing  on cont in-  
uously. A block diagram of the circuit is shown in Fig. 
5. 2 It  was energized by a regulated _6V and unregu-  
lated + 12V d-c supplies obtained from a d -c /d -c  con- 
verter.  Total power input  to the converter  was 2.1W, 
inclusive of power for level and tempera ture  control 
circuits. Use of a d -c /d -c  converter  effectively isolated 
the control circuit from the battery,  and prevented 
difficulties with stray currents  in the electrolyte which 
might  have occurred had the system been operated 
directly from the ba t te ry  output. 

The control system.--Control in a ]ormaldehyde bat- 
tery.--A sensing electrode was tested for stabil i ty by  

2 A f u l l  c i r c u i t  d i a g r a m  c a n  be  o b t a i n e d  by  w r i t i n g  to  t h e  a u t h o r .  

operat ing it for 2167 hr in a 0.3M formaldehyde, 2M 
sulfuric acid electrolyte, containing 0.3M formic acid 
and 0.5M methanol,  these concentrat ions being taken 
as typical of the s teady-state  levels achieved in  a 
formaldehyde-a i r  battery.  The electrodes were as de- 
scribed above, the sensing electrode had a geometric 
area of 0.086 cm 2 and a hydrogen adsorption area of 
0.11 cmU at the beginning  of the test. 

Using a circuit s imilar  to that  shown in Fig. 5, but  
modified to allow generat ion of a sawtooth ra ther  than  
a t r iangular  waveform, a 2V negat ive-going sweep was 
applied to the counterelectrode at a rate of 1 V/sec. 
The output  of the peak reading circuit  was recorded. 
From time to t ime the sensing electrode was wi th-  
drawn, the diameter  measured, and the surface area 
determined by hydrogen adsorption. After  1008 hr  the 
electrolyte was made 50 mg/ l i t e r  in  chloride (added as 
sodium chloride) and at 1296 hr a fresh electrolyte 
was made 50 mg/ l i t e r  in ferrous i ron (as ferrous sul-  
fate),  these being the most l ikely impuri t ies  that 
would be encountered in an actual  system. The sphere 
diameter  and surface area results are shown in  Table 
III, the ini t ial  and final outputs of the peak reading 
circuit are shown as a funct ion of formaldehyde con- 
centrat ion in Fig. 6, while the peak reader output  as a 
funct ion of t ime is presented in Fig. 7. It  is clear that  
there is some deteriorat ion in performance, par t icu-  
lar ly  after 1000 hr, when the impuri t ies  were added. 
However, bear ing in mind  that  fuel concentrat ion is 

Table Ill. Changes in electrode size with time 

T i m e ,  S p h e r e  d i a m e t e r ,  a H2 ads .  a r e a ,  
h r  m m  c m  s 

z e r o  1.15 0.11 
114 1.15 0.17 
501 1.10 0.38 

1000 1.12 0.27 
1296 1.12 0 .46 
2167  1.09 0 .45 

. U n c e r t a i n t y  a b o u t  0.02 m m .  
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not critical, the stabil i ty at tained might  well  be ade- 
quate. 

The electrode was not seriously attacked dur ing the 
run. Reference to Table III  shows a decrease in diam- 
eter of only about 6%, al though there was consider- 
able early surface roughening,  as shown by the in -  
creased hydrogen adsorption area. This roughening 
was confirmed by microscopic examination.  

The most impor tant  test  of any  fuel control un i t  is its 
performance as par t  of a total ba t te ry  system. Three 
formaldehyde-ai r  systems have been tested, the longest 
run  being for 2260 hr. This used a circuit of the type 
shown in  Fig. 5, and electrodes similar  to those used 
in the long- te rm pot test described above. It is clear 
from Fig. 8 that  fuel concentrat ion was held wi thin  
acceptable limits for 2200 hr, only fai l ing towards the 
end of the run, probably due to the electrolyte solu- 
t ion becoming heavi ly  contaminated with corrosion 
products due to attack on some stainless steel fittings. 
Figure 9 shows the shor t - te rm stabil i ty using pulsed 
addition in one case and continuous addition (unt i l  the 
required concentra t ion is reached) in the other. There  
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162W, the sulfuric acid concentration from I to 2M, the formic 
acid from 0.3 to 1.2M, and methanol from 0.2 to 0.5M. Electrolyte 
replaced with fresh at points (A). 
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system as for Fig. 8, with controller setting of 2.5 (arbitrary scale). 
Curve 1: Test begun after 114 hr operation. "Pulsed" (i.e. 1.5 sec 
on, 15 sac off) addition of fuel. Mean concentration 0.30M, rela- 
tive standard deviation 6.7%. Formic acid 1.04M, H2SO; 1.76M. 
Curve 2: Test begun after 161 hr operation. "Continuous" addition 
of fuel during addition period. Mean concentration 0.26M, relative 
standard deviation 10%. Formic acid 0.61M H2S04 1.63M. 

is no clear advantage in using pulsed addition. In  gen-  
eral the rel iabil i ty of the control system was good. The 
formaldehyde concentrat ions shown in Fig. 8 and 9 
were determined volumetr ical ly  on a small  al iquot of 
electrolyte. 

There were no failures in the electronic section of 
the system during the whole of the run  described, nor  
were any adjus tments  of such factors as sweep rate or 
d-c level required. The fuel addition solenoid valve 
required adjus tment  on several occasions, but  this 
may have been due to using a low-powered solenoid. 

Methanol battery.--The method described above was 
used to control methanol  concentrat ion in a sulfuric 
acid electrolyte. The peak current  at approximately 
0.9V was measured, but  there were no other circuit 
changes from the conditions described for formalde- 
hyde control. Since the absolute value of the peak 
current  density was less than  for formaldehyde the 
sensing electrode was changed to a small  strip of pla-  
t i num of approximately  0.25 cm 2, to give a similar 
total current .  There was no detectable bu i ld -up  of 
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part ial  oxidation products, and since the commercial  
methanol  used contained only a little water  as impur -  
ity, there was no complication from the presence of 
other oxidizable substances. Although this system 
therefore appeared simpler to deal with than  that  using 
formaldehyde, in practice control was not always satis- 
factory. Two long runs  were made, one on a small  six- 
cell battery, and the other on a twenty-ce l l  system, 
auxiliaries being mains-powered in both cases. With 
both uni ts  the methanol  concentrat ion would be kept 
wi thin  the desired limits for long periods of t ime (hun-  
dreds of hours),  then for no ascertainable reason the 
sensit ivity of the sensing electrode would alter, and 
the methanol  concentrat ion would change rapidly to a 
new level often causing either fuel s tarvat ion or over-  
heating. 

The cause of this erratic behavior of the sensing 
electrode could not be determined.  It  seemed con- 
sistent with an electrode poisoning, as heat ing the 
electrode to red heat restored its performance. How- 
ever, the sudden changes in sensit ivity occurred both 
with reagent-grade  and commercial  methanol,  and 
even dur ing a test in an all glass pot cell. Since it was 
not possible to remedy this behavior in the t ime avail-  
able an a l ternat ive  method of fuel control was tested. 

Faradaic Control 
In  principle, if the rate of fuel addition is exactly 

proportional to the current,  then the ini t ial  fuel con- 
centrat ion wil l  remain  constant. Unfor tunately ,  any 
errors in the control will  be cumulative,  so that  in  
practice the fuel concentrat ion would tend to either fall 
to zero or rise to an excessively high value. In  the 
methanol  bat tery  with which the uni t  was to be used, 
there were two addit ional processes uti l izing methanol  
apart  from the generation of useful external  current.  
These were the in ternal  shunt  current  due to electri-  
cal leakage between cells via a common electrolyte 
and the direct oxidation of methanol  at the air elec- 
trode. Leakage current  losses are small  and relat ively 
constant, but  the loss of methanol  by  diffusion to the 
cathode accounts for 25-50% of the fuel fed to the 
battery. While this is undesirable  from the efficiency 
point  of view it does provide a stabilizing influence on 
the fuel concentrat ion since the diffusion of methanol  
is proport ional  to concentrat ion in the electrolyte. 
Thus, if the control uni t  overadds slightly, the meth-  
anol concentrat ion will  rise, but  this will be counter-  
acted by an increased diffusion loss to the cathode. 
Providing that  the rate of addition is not too greatly 
in error, the fuel  concentrat ion will  equi l ibrate  at some 
value above the opt imum but  still wi thin  the working 
range of the battery.  To test this possibility a load 
sensing type of controller (called faradaic hereafter)  

was assembled and tested as part  of a methanol -a i r  
system. 

Since methanol  is completely oxidized to carbon 
dioxide on the fuel catalyst used (7), the corresponding 
rate of addition may be calculated using Faraday 's  
laws. The fuel lost to the cathode may be estimated 
from tests on small  single cells. I t  may be represented 
by the equation D ---- 0.013C (1-4-0.00071) 100.0127T, 
where  D is the diffusion rate in mM/cm 2, hr, C is the 
fuel concentrat ion in moles/l i ter ,  I the current  density 
in mA / c m 2, and T the electrolyte tempera ture  in ~ 
Shunt  current  losses are difficult to determine, but  the 
presence of carbon dioxide bubbles in the l iquid ducts 
minimizes such losses. In practice they are small  and 
can be assumed constant. Thus the fuel consumption 
rate, f, can be expressed by Eq. [1] 

f = a -t- b - t-ki  [1] 

where a and k are true constants, while b is inde-  
pendent  of the current  i, but  is a function of methanol  
concentrat ion and temperature.  For a definite concen- 
t rat ion and temperature  Eq. [1] can be simulated by a 
simple analog circuit. The output /vol tage of this sum- 
ming uni t  is fed to an integrator  which in t u rn  causes 
a comparator to change state when  the integrator  
output  voltage exceeds a reference value. The com- 
parator resets the integrator  and also operates a three-  
way solenoid valve via a relay driving circuit. During 
its "on" t ime (4 sec) the valve discharges a fixed vol- 
ume of methanol  to the electrolyte reservoir:  the 
meter ing volume is refilled dur ing the "off" period, 
which varies with current  but  is about 10 min  at nor-  
mal  load. A block diagram of the circuit is shown in 
Fig. 10. One point worthy of fur ther  discussion relates 
to the compensation necessary to main ta in  constant  
fuel concentrat ion with change in electrolyte tempera-  
ture. This can be achieved by variat ion of the voltage 
which represents the term (a ~- b) of Eq. [1], and a 
passive thermistor-control led circuit is adequate for 
this purpose. An uncompensated circuit has some ad- 
vantages however, for as the tempera ture  increases, 
the fuel concentrat ion will  tend to fall  because of 
greater diffusion to the cathode through the separator. 
This reduction will minimize the possibility of over- 
heating. There will  be no significant loss in bat tery 
performance as there is a marked increase in fuel 
electrode activity with temperature.  In  the opposite 
case of a decrease in electrolyte tempera ture  the fuel 
concentrat ion will rise, counteract ing the temperature  
fall, and minimizing loss in fuel electrode performance 
due to lower temperature.  

A faradaic type controller of the type outl ined above 
was constructed and used for fuel control on a 66-ce11, 
50W methanol  system. Since the simpler design, wi th-  
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Fig. 10. Block diagram of control circuit for faradaic controller 
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Fig. 11. Variation of methanol concentration with time. Record 
of fuel concentration in a 66-cell methanol system, for various 
controller settings, using a faradaic controller. During the period 
plotted the total battery load was varied from 19 to 110W, causing 
the temperature to vary between 42 ~ and 76~ No temperature 
compensation was used except between the points marked A-A. 
Points X show times at which fuet was added manually to the 
reservoir in order to adjust concentration rapidly. H2SO4 con- 
centration was between 1.5 and 2M. 

out t empera tu re  compensation,  was l ike ly  to be more  
sa t is factory  than  the t empera tu re -compensa t ed  unit,  
the sys tem assembled could be opera ted  e i ther  wi th  or 
wi thout  compensation.  This uni t  was powered  via  a 
d - c / d - c  conver ter  in o rde r  to obta in  e lect r ica l  isolation. 
The power  input  to the conver te r  was lW. The solenoid 
va lve  took 10W, but  its du ty  cycle was ve ry  low 
( typ ica l ly  0.7%), and the over -a l l  d ra in  on the ba t t e ry  
was negligible.  A plot  of fuel  concentra t ion (de te r -  
mined  by  gas ch romatography)  agains t  t ime is shown 
in Fig. 11 for various control  settings. I t  can be seen 
that  the  pe r fo rmance  of the  unit  is adequate.  

Comparison of  the Two Control lers 
Both types of control]er  have  worked  successful ly 

over  sufficient periods of t ime to prove  the i r  useful-  
ness. However ,  there  a re  some differences in charac-  
ter is t ics  which  are  wor thy  of comment.  

Power consumption.--The faradaic  type  uses far  less 
power  which  is impor tan t  for a smal l  ba t t e ry  system. 
However ,  the power  taken  by  both types  is sufficiently 
low to be acceptable.  

Reliability.NThe faradaic  type  has far  fewer  com- 
ponents  and does not  depend  on sensing e lec t rode  
stabi l i ty.  Therefore,  in the  e lec t ron ic /e lec t romechani -  
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cal sense it should be apprec iab ly  more  rel iable.  How-  
ever,  when  considered in the  contex t  of the  to ta l  sys-  
tem its cont inued good per formance  depends  on the re  
being no change in the  ove r - a l l  pa t t e rn  of fuel  usage 
(due for example  to e lec t ro ly te  leakage  or a deg rada -  
t ion in the  cell separa tors ) .  The direct  sensing type  is 
not affected by  changes in fuel  usage pa t te rn .  The 
tendency  is for fuel  consumpt ion to increase  wi th  the 
age of a ba t t e ry  sys tem so tha t  a fa rada ic  type  con- 
t ro l le r  is no rma l ly  set to give a h igher  than  op t imum 
concentra t ion ea r ly  in the  ba t t e ry  life. This improves  
the ove r -a l l  sys tem re l iabi l i ty ,  a t  the cost of r e d u c e d  
fuel  efficiency. 

Response to load changes.--The response of the  sens-  
ing e lect rode sys tem to load changes was dependent  
main ly  upon the t ime taken  by  deple ted  e lec t ro ly te  to 
reach  the sensor. In  the ba t t e ry  sys tem tested this 
t ime was app rox ima te ly  1 min. The faradaic  contro l ler  
is i nhe ren t ly  r ap id  in tha t  the  t ime cycle of fuel  add i -  
t ion is ad jus ted  f rom the ins tant  the load is changed. 
Due to the considerable  amount  of reserve  fuel  present  
in the  e lec t ro ly te  (at  least  30 min at  normal  load)  
these response t imes were  qui te  adequate.  

Response to control setting changes.--The sensing 
electrode type  responded rap id ly  to changes in the  
concentra t ion cont ro l  ad jus tmen t  t ak ing  app rox ima te ly  
1 min to complete  a concentra t ion increase  and 15 rain 
for a concentra t ion  decrease.  The fa rada ic  type  gave 
a slow approach to the  new concentrat ion;  typ ica l ly  i t  
took severa l  hours  for the new fuel  level  to stabilize. 

Cost.--Absolute cost figures are  difficult to prepare ,  
but  it  is p robab ly  wor th  observing tha t  the  faradaic  
sys tem contains only about  60% of the  number  of 
components  of the sensing e lect rode type,  and is easier  
to set up and check. I t  should therefore  be signif icantly 
less expensive.  

Manuscr ip t  submi t ted  Dec. 30, 1970; revised m a n u -  
script  received ca. Apr i l  4, 1971. 

A n y  discussion of this paper  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the  June  1972 JOURNAL. 
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Kinetics of the Thermal Decomposition of Aqueous 
Manganese(ll) Nitrate Solutions on Porous Tantalum 

P. K. Gallagher and D. W. Johnson, Jr. 
Bell Telephone Laboratories, Incorporated, Murray Hill, N e w  Jersey 07974 

ABSTRACT 

Porous tan ta lum electrodes were immersed in aqueous solutions of man-  
ganese(II )  ni t rate  and the kinetics of the thermal  decomposition of the 
adhering solution were determined, in situ. The rate laws for each of the 
stages in the decomposition were found to be different f rom those which best 
described the decomposition of the bulk solution. However, the activation 
energies were essentially the same as those for the bulk. The last stage of the 
decomposition, i.e., the decomposition of the intermediate  manganese( I I I )  
oxynitrate,  exhibited the same dependence on atmospheric moisture content  
as previously observed for the bulk  material.  The activation energy was re-  
duced about 12 kcaifmole by the presence of moisture and the pre-exponent ia l  
term of the Arrhenius  equation was lowered by about 106 sec -1. Surface area 
measurements  gave smaller values for samples decomposed in moist a tmo- 
spheres, and scanning electron micrographs indicated such surfaces were also 
more cont inuous and homogeneous. The decomposition occurred at lower 
temperatures  for subsequent  immersions. 

In the manufac ture  of metal  oxide capacitors a layer  
of semiconducting manganese( IV)  oxide is f requent ly  
used as the counterelectrode. Such a layer is general ly  
achieved by dipping the anodized metal  into an aque-  
ous solution of manganese  (II) ni t ra te  and subsequent ly  
heating this to decompose the adhering solution to 
the desired layer  of manganese  (IV) oxide. 

Previous work has determined both the stoichiom- 
etry of the various stages (1) and the kinetics of the 
decomposition of bulk  solution (2). The solution ini-  
t ial ly loses water  to form a glassy phase having the 
approximate composition Mn (NO3) 2 �9 2H20. This proc- 
ess follows the first-order rate law, kt  ---- - - l n  (1 -- ~), 
as would be expected. The quanti ty,  a, is the fraction 
reacted. 

At somewhat higher temperatures  anhydrous  man-  
ganese (II) ni t ra te  is formed which decomposes to give 
the very  t ransient  intermediate  manganese( I I I )  oxy- 
nitrate. The rate law which best described this step 
for the bu lk  sample is the Eroffev equation with n ---- 4, 
kt  ---- [ - - ln  (1 -- a)] 1/4. The in termediate  oxyni t ra te  
decomposes to form the desired manganese  (IV) oxide 
according to a contract ing area formula,  kt  = 1 -- 
(1 -- a) 1/2. A number  of rate laws fit this portion of 
the decomposition reasonably well. The contracting 
area equation given above gave the best general  fit to 
the data. 

In  this s tudy the kinetics of these decomposition re-  
actions are reinvestigated, in situ, rather  than using a 
drop of bu lk  solution. Isothermal  weight loss was fol- 
lowed in both moist and dry air. It was anticipated 
that the changes in geometry imposed on the solution 
by its adherence to and occlusion in the porous metal  
body would cer tainly change the rates and possibly 
change the mechanisms of the various steps in the 
thermal  decomposition. In  the actual  manufac ture  of 
these devices it is general ly  necessary to repeat the 
process a number  of times in order to build up a suit-  
able electrode. Therefore, the possible effects of this 
change in substrate are also evaluated. 

Experimental Procedures and Results 
Materials .--Aqueous manganese( I I )  n i t ra te  m a n u -  

factured by the Lehigh Valley Chemical Company 
(capacitor grade, density 1.65) was used. Results of 
emission spectrographic analysis of the oxide resul t ing 
from heating a portion of this solution to 250~ over-  
night  indicated magnes ium was present at the tenth  of 

K e y  w o r d s :  c a p a c i t o r  t echnology ,  mo i s tu re  cata lys is ,  

a weight per cent level and calcium, copper, and iron 
were present in 10-1O0 ppm amounts.  Three different 
concentrat ions of this solution were employed in the 
study. Dilutions were made with t r iply distilled water. 
Densities of these solutions were 1.645, 1.528, 1.449 
g /cm 3 at 25~ 

Type 601B tan ta lum electrodes were obtained from 
the Western Electric Company in both an anodized 
and unanodized condition. The anodized electrodes 
were anodized at a constant  cur ren t  of 2A to 30V then 
held at 30V for 3 hr. The electrolyte was 0.061M HNO3. 
The anodized electrodes were stored under  deionized 
water. These par t icular  anodes are cylinders about 4.6 
mm in height and  3.3 mm in diameter  having about 50 % 
porosity. Attached to each is a t an ta lum lead wire 0.1 
mm in diameter protruding about 13 mm. 

Isothermal weight  change. - -A Perk in -E lmer  thermo-  
balance was modified to give weight and tempera ture  
as a function of t ime (2,3). For these isothermal 
studies, only the weight portion was operated. The 
weight was averaged over predetermined constant  in-  
tervals of t ime and automatical ly punched on paper  
tape. Time intervals  ranged from 3-30 sec depending 
on the rate of weight loss. The tempera ture  of each 
exper iment  was determined by measur ing the control 
voltage of the Pe rk in -E lmer  UU-1 controller and com- 
par ing it with the calibration equation. This equation 
was based on the use of magnetic  s tandards as pre-  
viously described (3). The heat ing rate for the cali- 
brat ion exper iment  was 1.25~ 

The lead wire was bent  to form a convenient  hook 
with which to suspend the sample. The balance was 
tared to approximately 2 mg less than the basic weight 
of the anode. For tuna te ly  the control in manufac tur ing  
is sufficiently precise that  it was not necessary to re- 
adjust  the tare. Anodized samples were stored under  
water  and consequently they contained about 20 mg of 
excess water  in  the porous structure. In  the commercial  
processing they are heated to 135~ for 15 min  to dry 
them. This weight loss represented the first kinetic 
phase. Both wet  and dry  air were passed over the sam- 
ple at about 25 cc/min.  The input  gas was passed 
through a column of silica gel, and, if a wet atmo- 
sphere was desired, through a bubbler  which saturated 
the gas with water  vapor at room temperature.  

An init ial  sample weight was obtained as quickly 
as possible and then the tempera ture  was raised at a 
rate of approximately  320~ to a tempera ture  in 
the range of 110~176 The data acquisit ion uni t  was 
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started as soon as the UU-1 controller  reached the 
control point. Data was collected at this tempera ture  
unt i l  essentially constant  weight was reached at which 
time data taking was stopped and the sample cooled to 
room temperature.  

The dried anode was then dipped into the m a n -  
ganese(II)  n i t ra te  solution and kept below the surface 
for 1 min. Care was taken to avoid collection of the 
solution on the hang down wire from the balance. The 
tempera ture  was raised rapidly to 150~176 Data 
collection was again resumed to constant  weight. The 
tempera ture  was then raised to 250~ to obtain a final 
weight. 

The procedure was repeated s tar t ing with the dip in 
the aqueous solution of manganese (II) nitrate.  A total 
of three dips was general ly done with each sample, 
however, this was occasionally repeated as m a n y  as 
six times. On subsequent  dips it was usual ly found 
that  the reaction went  near ly  to completion in the 
110~176 range and did not require an in termediate  
temperature  between this and the final 250~ In  this 
manne r  there were three types of weight vs. t ime data 
determined for each anode. These corresponded to the 
loss of occluded storage water  in the anode, 110 ~ 
130~ the init ial  dehydrat ion step, 110~176 and the 
decomposition to manganese( IV)  oxide, 110~176 A 
few experiments  were performed using unanodized 
electrodes which had not been stored under  water  and 
consequently there was no ini t ial  water  loss for these 
samples. 

Computer analysis.--The weight  data on the tape 
was t ransferred to cards using a GE-635 computer. 
These data cards served as the input  for three stages 
of computer  processing. The first stage was to obtain a 
graphical output  of the weight as a funct ion time. 
Figure 1 is an example of such an output  for a sample 
run  in dry  air. Figure  l ( a )  shows the isothermal 
weight loss at 109~ associated with original  drying of 
the anodized sample; (b) at l l0~  corresponds to the 
dehydrat ion of the manganese( I I )  n i t ra te  solution 
from the first dip; (c) gives the weight loss data as- 
sociated with the decomposition of manganese( I I )  n i -  
t rate  to manganese( IV)  oxide at 153~ and (d) shows 
this combined dehydrat ion and decomposition step for 
the second dip. Plots of this type gave an over-al l  
view or check on the exper iment  and served too as 
the basis for the determinat ion of the ini t ial  and  final 
weights for each step. 

The second stage of data handl ing  consisted of 
uti l izing the ini t ial  and final weights for each step to 
determine values of a, the fraction reacted. The com- 
puter  having calculated the values of a for each point  
then plotted these to conform to the eighteen kinetic 
equations given in Table I. These equations were se- 
lected because of their  f requent  application to the de- 
composition of solids. Appropriate  equations were de- 
termined by visual  inspection of the computer  output  
plots for their l inearity.  As examples, the family of 
lines resul t ing from each of the over-al l  reactions for 
the ini t ia l  dip using the solution of density 1.449 g/cm 8 
are shown in Fig. 2-5. These data were taken using 
anodized electrodes in dry  air. 

It was f requent ly  disconcerting to find that no single 
equation was obviously best at this point. The choice 
of equation was then based on the exact degree of fit 

Table I. Kinetic equations used in computer analysis 

P o w e r  l aw  an n = 1/4, 1/3, 1/2, 1, and  2 
C o n t r a c t i n g  g e o m e t r y  1 -- (1 -- a)z/a n = 2 and  3 
E r o f e e v  [ - - i n  (1 -- e)]l/n n = I ,  3/2,  2, 3, and  4 
2D d i f fu s ion  con t ro l l ed  (1 -- ~) In (1 -- a) + 
3]:) d i f fus ion  con t ro l l ed  (1-2/3 e)  -- (1 -- a)~/a 
J a n d e r  [1 --  (1 --  a)~/~]~ 

P r o u t  T o m p k i n s  in  ( 1  _ ~  ) 

1 
S e c o n d  o r d e r  - -  - -  1 

1 - - a  
E x p o n e n t i a l  In (~ 

M n ( I I )  N I T R A T E  O N  T a  1531 
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Fig. 1. Weight as a function of time for the thermal decomposi- 
tion of aqueous manganese(ll) nitrate (d 25~ ----- 1.528 g/cm3). (a) 
Loss of occluded water, 109~ (b) dehydration of solution, 110~ 
1st dip; (c) decomposition of solution, 153~ 1st dip; (d) combined 
dehydration and decomposition of solution, 109~ 2nd dip. 

determined by the s tandard deviat ion arising from the 
computed fit of the data to a least squares straight l ine 
and calculation of k in the thi rd  stage of processing. 

The dehydrat ion process shown in Fig. 1 (b) and 3 
fit the contract ing geometry formula best for the ini t ial  
dip. General ly  the contract ing volume equation gave 
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better  fit than did the contract ing area form, however, 
it appears tha t  the opt imum value of n may be be tween 
2 and 3. Similar  behavior  had been observed in pre-  
vious work on iron (II) sulfate and the data was proc- 
essed using a program which plotted the s tandard de- 
viation as a function of nonintegra l  values of n in the 
contracting geometry equation (4). The opt imum value 
in the current  study was general ly 3.0 but  the observed 
t rend was toward 2.0 with increasing temperature,  de- 
creasing densi ty of solution, and the use of moist a tmo- 
spheres. 

After  the most l ikely kinetic equation or equations 
had been selected for each reaction the appropriate ex- 
per imenta l  data were reprocessed using a third pro- 
gram to fit the best straight lines using a least squares 
technique. The pr inted output  gave the best value of k 
and a s tandard deviat ion in terms of both F(~) and a. 
The s tandard deviation in a is used to determine which 
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Fig. $�9 - -  LB (1 - -  (~) vs. time for the second decomposition 
stage of aqueous manganese(ll)  nitrate ( d  2 5 ~  = 1.449 g /cm 3) in 
d ry  air, 1st dip: a, 154~ b, 174~ c, 193~ 

equation is most suitable for those cases where  sev- 
eral equations were considered�9 

A final program was devised to plot the values of 
log k vs .  the reciprocal of the absolute temperatures  
(Arrhenius  plot) and a least squares fit was made to 
determine the best straight line. The result ing acti- 
vat ion energies and pre-exponent ia l  terms were 
pr inted along with the plot. The values are listed in 
Table II for the solution having a density of 1.449. 
Figure 6 shows the family of Arrhenius  plots for the 
decomposition series in dry air for this same solution. 

As previously ment ioned the data can f requent ly  be 
fitted moderately well  by several equations. In  all cases 
the activation energies show very little var iat ion with 
choice of rate equation. The differences are reflected in 
the pre-exponent ia l  te rm and the activation energy is 
v i r tua l ly  independent  of the equation in accordance 
with the results of previous work (2). 

A H t  

Table II.  Values* of activation energy and pre-exponential from the Arrhenius equation k : Ae R T  

M n ( N O 3 ) ~ . 1 2 . 7 2 H ~ O  ~ M n ( N C h ) ~ . 2 H ~ O  
+ 1 0 . 7 2 H 2 0  

k t  = 1 - -  (1 - -  a )1 / 8  

A t m o s p h e r e  A H t  k e a l / m o l e  A s e c  -1 

M n ( N O s ) 2  -*  M n O N O s  M n O N O s  --* M n O ~  
+ N O ~  + N O ~  

k t  = a k t  = - - l n  (1 - -  a )  

A H t  k c a l / m o l e  A s e e  -1 A H t  k e a l / m o l e  A s e e  -1 

D r y  a i r  9 .3  0 .2  • 10 ~ 2 7 . 6  1 .9  • 10  n 2 8 . 7  2 .1  • 1 0  n 
W e t  N~ a i r  1 1 .3  2 . 9  • 1 0  s 3 0 . 8  2 .2  x 10 z4 1 6 . 4  7 .9  • 105 

* T h i s  d a t a  i s  f o r  t h e  i n i t i a l  d i p  i n  a q u e o u s  m a n g a n e s e  ( I I )  n i t r a t e  s o l u t i o n  ( d  ~ ~  = 1 . 4 4 9 ) .  
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Fig. 6, Arrhenius plots for the reaction of aqueous manganese(ll) 
nitrate (d 25~ = 1.449) in dry air, 1st dip: a, Ios~ of occluded 
water; b, dehydration; c, first decomposition stage; d, second 
decomposition stage. 

Surface area and scanning electron micrographs.-- 
The BET technique of ni t rogen absorption was used to 
determine the surface areas and a Pe rk in -E lmer  Sorp- 
tometer was employed. The unanodized and anodized 
t an ta lum had a surface area of 0.3 and 0.6 m2/g, re- 
spectively, prior to any  fur ther  t reatment .  After  im- 
mersion in the manganese( I I )  ni t ra te  solution and the 
completion of kinetic studies, a number  of anodes 
were randomly selected. Their surface areas were 
found to be 0.8-1.6 and 0.5-0.8 m2/g for those which 
had been studied in dry  and wet air, respectively. 

Figure 7 presents representat ive scanning electron 
micrographs showing both unanodized and anodized 
surfaces before the manganese  t reatment .  The surfaces 
after three dips and firings show that much of the orig- 
inal  void space has been filled. When fired in dry air 
the surfaces showed cracks and debris and a general ly 

Fig. 7. Scanning electron micrographs of the surface of tantalum 
anodes at various stages. 

more heterogeneous appearance than  those fired in 
moist air. 

Discussion 
The evaporation of the water, entrapped in the anode 

dur ing storage under  water, took place in a simple 
l inear  fashion. This could be determined directly from 
the weight loss curves in Fig. 1 (a) and 2. The im-  
plication of this behavior is that  the area of water  ex- 
posed to the atmosphere remained constant  dur ing the 
evaporat ion process. The average amount  of water  
ini t ia l ly  held in the porous anode is about  20 rag. This 
indicates that  the pores are essential ly filled to ca- 
pacity. It  seems very  un l ike ly  that  the total  surface 
area, i.e., in terna l  as well  as external,  would remain  
constant  during the entire weight loss period, there-  
fore, it is concluded that  the water  escapes only from 
the external  surface of the t an ta lum mass. The pores 
are constant ly  filled with either l iquid water or steam 
but  do not significantly effect the rate of weight loss. It  
is uncer ta in  whether  the actual process is simple vapor 
loss from the pore and thus the pore area at the surface 
is the critical factor or whether  some form of capil lary 
action is active and water evaporates from the entire 
external  anodized surface. The observed activation en-  
ergy in Fig. 6 is 6.1 kcal /mole  and the pre-exponent ia l  
constant  is 8.2 sec -z. 

The overlap of the three reactions complicates the 
t rea tment  of the data and introduces considerable un-  
cer ta inty to the exact values. The separation of a pro- 
gression of reactions, by redefining ini t ial  and final 
weights into a series of individual  decompositions, has 
been done in similar  studies (2, 4). It, nevertheless, is 
a highly idealized t rea tment  which assumes that  all of 
the intermediate  is formed before any of it begins to 
react. For this reason, the beginning of the first re-  
action and the end of the second were stressed in mak-  
ing a determinat ion of the rate law and constant. 

Beside the problem of overlapping reactions, there 
are several other difficulties associated wi th  the in ter -  
pretat ion of the kinetics. One of the major  ones con- 
cerns the nonideal  or uncontrol led na ture  of the sam- 
ple. There were no nicely sized fractions or pelletized 
samples to simplify the geometrical considerations. 
This is an at tempt to deal with a real si tuation and 
consequently the star t ing particle size and morphology 
was restricted to that  produced by the preceding 
evaporat ion or decomposition. Since several  kinetic ex-  
periments  were performed on the same sample, it 
meant  that  there  were some variat ions in the thermal  
history among the samples, The fact that  the data were 
f requent ly  fitted reasonably well by several kinetic 
equations also urges caution in the in terpre ta t ion of 
the kinetics in terms of a specific geometric mechanism. 
The individual  reaction steps will  be discussed with 
these basic considerations in mind.  

Calculations based on the weight gained dur ing the 
ini t ial  dip into the manganese( I I )  ni t ra te  solution in -  
dicate that  the pore s tructure is essentially filled for 
those samples which have been anodized and dried. 
The samples which were not anodized gained only 
10-30% as much dur ing  the ini t ial  dip as the anodized 
samples. Subsequent  dips were essentially the same. 
The anodized surface is apparent ly  wet more readily. 

The dehydrat ion of the adhering solution proved 
very  complex. Although the first-order equation was 
very markedy  superior for the description of the 
weight loss of the bulk  mater ia l  (2) the contracting 
volume best described the data for the ini t ial  dip in 
this work. The dehydrat ion of subsequent  dips re-  
verted to the first-order equat ion as shown in Table 
III. This along with the observations regarding the 
trends in the opt imum value  of n in the contracting 
geometry formula and the greatly reduced pickup of 
solution by the unanodized tanta lum,  suggest that  the 
wet tabi l i ty  of the t an ta lum by the manganese( I I )  
ni t ra te  solution is a critical factor. The increasing tem-  
perature, decreasing concentrat ion of moisture in the 
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Table III. Selected values of reaction rate constant 
for dehydration of manganese(ll) nitrate 

solution on tantalum anodes 

D i p  

d ~ M n N O ~  = 1 .528  g / c m  a, 1 2 9 ~  w e t  a i r  

k t  = 1 -- (1 -- a )  1/8 k t  : - - I n  (1 -- a}  

k • 10~ s e c  -z •  k • 10~ s e c  -z •  

1 10 .92  0 . 0 0 6  4 6 . 5 5  0 . 0 2 6  
2 11 .95  0 . 0 2 1  52 .21  0 . 0 0 4  
3 12 .13  0 . 0 2 4  53 .21  0 . 0 0 4  

atmosphere, and presence of an oxide layer would 
intui t ively  all lead to enhanced spreading of the solu- 
tion. If the solution remains  compacted in a droplet 
dur ing  the process, the volume would be more impor-  
tant  leading to a three dimensional  dependence of the 
rate while if it spread over the surface a one d imen-  
sional or l inear  dependence of the rate is reasonable. 
Finally,  if the exposed surface area remained con- 
stant  as in the studies on the bu lk  solution (2), then 
the rate should follow a first-order law. This appears 
to be true for subsequent  dips. For the ini t ial  dip, 
however, geometrical  conditions seem to prevail. Ac- 
tua l ly  the dependence should be combined with the 
first-order dependence which must  also be acting, but, 
in a less significant capacity (6). 

For tuna te ly  the activation energy is relat ively in-  
sensitive to the choice of kinetic equation (2) and the 
values given in  Table II hold well  for other concentra-  
tions. The values are not significantly different from 
those obtained for the bu lk  solution al though the op- 
t imum kinetic equation is different. 

Evaluat ion of the Arrhenius  parameters  for other 
than the first dip is deemed too tenuous to be of value. 
The surface area and thermal  history would vary sig- 
nificantly among the samples and it would be fortuitous 
if a straight line resulted. The actual rates, in general, 
went  through a m a x i m u m  as a funct ion of the number  
of dips for all  three stages of the decomposition. 

The second stage of the decomposition, i.e., that  
which forms the very t rans ient  oxyni t ra te  species, is 
best characterized by a simple l inear  rate law kt = 
but  the Erofeev equation with values of n from 1-2 
fitted almost as well. Again this is different from that  
observed for the bulk  solution which was best de- 
scribed by the Erofeev equation with n = 4 (2). The 
simple power law, however, fitted near ly  as well. There 
does not appear to be any  great dependence of the ac- 
t ivation energy on mois ture  content  of the atmosphere. 

In  contrast, the decomposition of manganese( I I I )  
oxyni t ra te  shows the same marked and complex de- 
pendence on moisture as observed for the bu lk  solution 
(2). The effects on the activation energy and pre-  
exponent ia l  are opposed so that there is actually a 
crossover in the relat ive rates dependent  on tempera-  
ture. The pre-exponent ia l  te rm is much smaller pre-  
sumably  due to a reduct ion in surface area arising from 
improved crystal l ini ty  and increased s inter ing in the 

presence of moisture. The reduced surface area and 
smoother surface, see Fig. 7, of the samples decom- 
posed in moist atmospheres are also consistent with 
this view. This reduces the reaction rate in the pres-  
ence of moisture. The improved crystal l ini ty  means 
that there is less energy stored in the product phase 
and consequently the activation energy is lower  and 
approaches the actual  thermodynamic  en tha lpy  of the 
reaction (5). This reduced energy of activation tends 
to increase the value of the rate constant  and thus op- 
poses the effect of the change in surface area. 

The selection of the appropriate rate law was least 
well defined for this reaction. The first-order equa-  
t ion was slightly bet ter  than  either the contract ing 
volume or area equation al though an intermediate  
value of n might have given the best fit. 

Conclusions 
There appear to be at least two deductions based 

on the observed rate which may be of value in the 
production of t an t a lum capacitors. First, the moisture 
content of the atmosphere has a decided effect on the 
rate and nature  of the decomposition, par t icular ly  the 
last stage. Moisture apparent ly  catalyses the decom- 
position and subsequent  ordering of the amorphous 
oxide. It  yields a surface which has a smoother, more 
homogeneous tex ture  and a bet ter  sealed or healed 
appearance. 

Second, the decomposition proceeds more rapidly for 
subsequent  dips than  it does for the init ial  dip. This 
is presumably  the result  of the increased surface area 
available for decomposition rather  than an auto- 
catalytic effect. Significant if not total weight loss can 
occur dur ing what  was previously thought  to be just  a 
dehydrat ion step. This could allow for substant ia l ly  re-  
duced firing schedules. 
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Epitaxial Growth of Doped Silicon Using an Iodine Cycle 
E. A.  T a f t *  
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ABSTRACT 

A process for the epitaxial  growth of doped silicon using an iodine cycle is 
described. Advantages  in simplicity of equipment  and in reproducibil i ty of 
the deposited silicon layer are at tained in a low-pressure  closed system with 
the silicon substrate positioned close to a silicon source. Doping concentra-  
tions from 101~ to 1020 cm -3 are readily at tained and growth rates exceeding 10 
~ /min  can be used. The effects of temperature,  tempera ture  gradient, and iodine 
pressure are discussed. The transport  efficiency of some dopants is presented. 

The reaction of iodine with silicon and works de- 
scribing the thermal  equi l ibr ium conditions have been 
summarized by Rolsten (1). Chemical t ranspor t  re-  
actions involving silicon and its volatile iodides has 
been well referenced to 1966 by Nitsche (2). There 
appears to be less interest  in  most of the t ranspor t  
systems today with the ready availabi l i ty of high- 
pur i ty  silane and of appropriate dopant  hydrides which 
can be decomposed at relat ively low temperatures.  De- 
composition of silane involves the handl ing  of large 
volumes of hydrogen in the deposition area of a sys- 
tem. Doping of the growing silicon involves other 
gaseous compounds, and as decomposition proceeds 
g a s  ratios change. Thus the regulat ion and mixing  of 
flowing gases becomes a p r imary  consideration. 

In  a closed system transport  rates were ini t ia l ly 
q u i t e  low (3) but  soon rose to quite acceptable values 
through the use of close-spaced geometries (4). En-  
hanced deposition rates at low total gas pressures in 
the system have been recognized by Kurba tov  et al. 
(5). Advantages  in simplicity of equipment  and in fix- 
ing of the doping of the deposited silicon layer may be 
at tained in a low-pressure closed system with the 
silicon substrate positioned close to a silicon source. 
This paper  describes such a system. The effects of t em-  
perature, tempera ture  gradient,  and iodine pressure on 
the growth of silicon are discussed. The t ransport  effi- 
ciency of some dopants is presented. 

Exper imental  
A typical apparatus,  an all-glass demountable  vac- 

uum system, is i l lustrated in Fig. 1. The silicon source 
and substrate  are separated by a quartz spacer, sup- 
ported on a quartz pedestal, and enclosed by a quartz 
tube through which optical pyrometer  readings can 
be made. The Viton "O" r ing seal requires no grease 
when used on polished glass surfaces. The iodine 
reservoir with its thermostated tempera ture  bath is 
sealed off by a magnet ical ly  manipu la ted  polished glass 
valve. A second glass valve allows the apparatus to be 
closed to the vacuum system. 

Transport  studies were first made using u in. thick 
silicon pieces 1 in. in diameter  for both sources and 
substrates. (Later studies used thin wafers for sub-  
strates, this variat ion is described under  Dopant Trans-  
fer Ratios.) These pieces allowed uni form temperatures  
across the diameter  to be obtained with induct ion heat-  
ing and permit ted direct optical pyrometer  readings 
on the sides of the silicon. The use of various quartz 
spacers and of positions of the rf  coil gave all needed 
adjus tments  in temperatures  and tempera ture  differ- 
ences. The iodine pressure was controlled by regulat -  
ing the tempera ture  over the solid or l iquid iodine. All  
other parts of the system were held at a tempera ture  
slightly higher than  that  of the iodine. 

In  a typical  deposition run, the system is evacuated 
to <10-5  Torr  with the walls heated. The silicon pieces 

* Electrochemical Society Active Member. 
Key words: gas transport, thin films, single crystal, closed sys- 

tem, temperature gradient system. 

are then raised to selected temperatures  by inductive 
coupling with the rf coil, and the iodine tempera ture  is 
adjusted. The valve to the pump is closed, and the one 
to the iodine is opened. The silicon temperatures  are 
checked as the iodine vapor now in the system changes 
the heat ing slightly. After  10 min  the valve to the 
iodine is closed, the one to the pump is opened, and 
the  rf power is tu rned  off. When the silicon pieces are 
removed, it is found that  silicon has been transported 
from the colder crystal and epitaxially deposited on the 
hotter crystal. 

Results 

Growth Rates 
The range of silicon temperatures  and iodine pres-  

sures studied is shown in Fig. 2. The data is presented 
as observed crystal  growth rate as a funct ion of iodine 
ambient  pressure for a series of source and substrate 
temperatures.  The ini t ia l  studies were made in the 
low-iodine pressure range of the 1150~176 source- 
substrate curve. [~ is uncorrected optical pyrometer  
reading in degrees centigrade measured on the Si sur-  
face through a quartz wall. Emissivity corrections for 
silicon can be made with the aid of Al len (6)].  The 
t ransport  rate is seen to increase with iodine pressure 
in this range and is also found to depend strongly on 
the temperature  differences between source and sub- 
strate. The rate  was found to decrease as the source- 
substrate spacing increased, up to at least 8 mm 
spacing. 

The effect of spacing was also investigated with sili- 
con temperatures  and iodine pressures fixed. Steps 
were cut on the silicon as shown in Fig. 3, making  it 
possible to determine the rate of deposition at three 
separation distances in a single run. This procedure 
tends to cancel effects that  are due to adjustments  or 
changes dur ing the run  in temperature  of the silicon 
pieces or in  iodine pressure. The results are shown in 
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Fig. i. System for transport of silicon in low-pressure iodine 
ambient. 
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Fig. 4. Thickness of the grown epitaxlal silicon layer with changes 
in source-substrate separation. Similar curves were obtained at 
iodine pressures of 0.4, !.0, 2.3, and 5.5 ram. 

Fig. 4 as a plot of re la t ive  thickness of epi taxial  growth, 
as determined by stacking fault  lengths (7), in arbi-  
t r a ry  units vs. separat ion of source and substrate. 
Similar  curves were  obtained for iodine pressures of 
0.4, 1.0, 2.3, or 5.5 mm. If plotted on an inverse spacing 
abscissa these curves were  l inear but did not all 
intersect  at zero. The  t ransport  is, therefore,  substan- 
t ia l ly  diffusion l imited at these tempera tures  wi th  the 
m ax imum deposition occurring where  the tempera ture  
gradient  is largest.  

These h igh- tempera ture ,  low-iodine pressure condi-  
tions readi ly  produced silicon with no polycrysta l l ine  
growth sites and stacking faults number ing  less than 
100 cm -~. The good crystal  growth was probably aided 
by the ra ther  obvious the rmal  cleaning of the silicon 
if the tempera tures  were  held for a few minutes  in 
vacuum. Evapora ted  silicon films became visible on 

the quartz  wal l  adjacent  to the substrate wi thin  these 
few minutes at the higher  tempera tures  (>1225~ em- 
ployed. For  the runs at these temperatures ,  the iodine 
was introduced before the rf  power  was raised to the 
final setting. These runs were  then made for t imes of 
greater  than 10 rain so that  the ini t ial  changes in tem-  
peratures  over  the first minute  were  not of much con- 
sequence. When the growth rates were  grea ter  than 
10 ~/min,  the crystal  perfect ion suffered if the sub- 
s t ra te-source tempera ture  differential  was not care- 
ful ly chosen in conjunction with  the iodine pressure. 

Going to the other  curves of Fig. 2, the silicon layer 
growth ra te  for iodine pressures below 10 m m  shows a 
definite peak at in termedia te  temperatures .  The deposi- 
tion rate increases rapidly  as the tempera ture  rises 
above 900~ and is greatest  in the 1000~176 range. 
At the higher  tempera tures  the t ransport  ra te  de- 
creases for the same source-substrate  t empera ture  
difference, as the iodide formation rate decreases with 
higher  source temperatures .  At higher  iodine pressures 
the tempera tures  for m a x i m u m  transport  rates are 
increased. 

Dopant Transfer Ratios 
In the initial study of epi taxial  growth, using large 

silicon pieces for t empera ture  measurements ,  the re-  
sist ivity of the grown layer  appeared to correlate di- 
rect ly with the resist ivi ty of the source silicon: the 
usual boron dopant was t ransported in the same ratio 
as the silicon host material .  An  ex tended  test  of dopant 
t ransport  in the all-glass system was under taken with 
several  series of doped crystals used as source silicon. 
Single-crys ta l  sources were  used in these tests to allow 
accurate dopant evaluations.  Substrate  heat ing was 
accomplished through radiat ion from silicon susceptors 
heated by rf  induction currents.  The substrates could 
not be observed for pyrometry .  Substrates  were  usu-  
ally 1 in. d iameter  etched silicon wafers  separated 
f rom the susceptor by a polished quartz  plate. A 40 rail 
thick quartz  spacer r ing supported the source silicon. 
The susceptor and source diameters  were  selected to 
be larger  than 1 in. so that  the substrate was essen- 
t ial ly enclosed by the heated areas. The system initial 
vacuum was less than 10 -5 Torr. Total  background 
pressure bui ld-up f rom outgassing during a reaction 
period of 15 min with  no iodine admit ted was less 
than 10 -3 Torr. F rom a given source crystal, a num-  
ber of films were  grown at selected tempera tures  of 
the substrate susceptor and of the source; several  iodine 
pressures were  utilized; film thicknesses were  varied. 
The resistivit ies of the grown films were  obtained with 
a four point probe. Normal ly  a "p" - type  film would 
be deposited on an "n" - type  substrate and vice versa. 
The thickness of the epi taxia l  layers  was determined 
from the observed length of stacking faulits on the 
(111) wafers (7). 

The data has been collected in Fig. 5 where  the do- 
pant concentrat ion of the epi taxial  deposit is plotted 
against the source dopant concentration. The concen- 
trat ion was obtained from the room tempera ture  re-  
sistivity (8). A large  number  of the data points are 
seen to fall on the for ty-f ive degree line which repre-  
sents a one to one t ransport  of impuri ty  wi th  silicon. 
Each point is the average of more  than three  films 
formed from a given source. In the initial stages of the 
experiment ,  each source was run unti l  the deposited 
film resistivit ies were  shown to be reproducible  to at 
least 10%. Fi lm growth rates of 0.3-5 ~ /min  were  ob- 
served as iodine pressures were  var ied  f rom 0.3 to 10 
Torr  and source tempera tures  were  var ied f rom 900 ~ 
to l l00~ Single-crys ta l  layers could be  obtained for 
all growth rates and iodine pressures used. Later  in 
the work  fewer  substrate wafers  for each source were  
processed as the t rend in the impur i ty  t ransport  be- 
came apparent.  Six dopant e lements  were  tried: B, P, 
and As appeared to t ransport  reproducibly;  Sb was 
quite  var iable  in t ransport  effectiveness, while  Ga and 
A1 seemed to t ransport  ve ry  l i t t le  if at all. 
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The data for boron in silicon was obtained for con- 
centrat ions from 1016 to 5 x 1020 atoms/cm 3. The indi-  
cation is for a one to one t ransport  over this ful l  range. 
However, near  the 2 x 1020 doping level, a separate 
study gave a t ranspor t  efficiency of only 60%. (This 
data was obtained by A. J. Yerman who used the same 
exper imental  system.) Several  sources in this high- 
concentrat ion range, including the one used by Yerman, 
showed t ranspor t  efficiencies of 75-100%. The deposi- 
tion rate of less than  0.2 ~ /min  selected by Yerman be- 
comes significant and is the end point in a plot of the 
decrease in  t ranspor t  efficiency with a decrease in sili- 
con film growth rate. This effect is clearly demon-  
strated in  phosphorus or arsenic transport .  

Phosphorus shows good t ransport  for source concen- 
trations below 10 TM atoms/cm 3. At greater concentra-  
tions not all  of the phosphorus transfers  with the sili- 
con from the source to the film. Variat ion of source or 
substrate temperature  or a change in iodine pressure 
did not  seem to affect the t ranspor t  efficiency di- 
rectly. The controll ing factor appears to be the growth 
rate. The upper  curve for phosphorus was obtained for 
growth rates of about 3 ~/min,  while the lower curve 
was obtained for growth at about 1 #/min.  

The data for arsenic at lower concentrat ion levels 
show the same 100% transport  efficiency as do those 
for phosphorus and boron, but  the t ransport  efficiency 
begins to fall off sooner with increased concentrations. 
Again, the upper  and lower curves were obtained for 
growth rates of about 3 and 1 #/min,  respectively. 

Transport  of an t imony in doped silicon occurs with 
low efficiencies. Using the same source under  essentially 
the same test conditions, variat ions of over 50% in re-  
sistivity from film to film, and even across the same film, 
were observed. With concentrat ions in the source of 
1019/cm3 only a few per  cent of this much an t imony  
could be found in a silicon epitaxial  layer. Of interest  
is the point 3Sb at 5 x 10 TM cm -3 source concentrat ion 
represent ing the third source used in the an t imony 
tests. Clearly this silicon crystal  was ini t ial ly mis-  
labeled, and it is arsenic doped, not an t imony doped. 
Of course, this became clear only after the completion 

of substant ia t ing work with an t imony  and with ar-  
senic. 

Several  at tempts to form gal l ium-doped epitaxial  
layers were unsuccessful. Sources containing greater 
than  10 TM cm -3 of gall ium rendered epitaxial  films 
which general ly probed "n" type with resistivities of 
several ohms-cm. The t ranspor t  efficiency is thus very 
small. Considering the lack of control in an t imony-  
doped films where  the efficiency of dopant t ransport  is 
not so small, no effort was expended in de termining the 
actual  value of the efficiency. In  the case of a luminum,  
only one l ightly doped source at 2 x 1016 cm -1 was 
available. But here again, as with gallium, the result ing 
epitaxial  films of silicon were several ohm-cm "n" 
type. The t ranspor t  efficiency of a luminum therefore is 
also small. 

Discussion 
The t ranspor t  data for boron, phosphorus, and arsenic 

in silicon appears to be quite reproducible, although 
a factor in the t ransport  efficiency for all  of these ele- 
ments  at a given source concentrat ion is the growth 
rate. Points  3As and 3P which are above the line of 
Fig. 5 by 80 and 30%, respectively, were caused by 
system contamination.  The experiments  immediate ly  
preceding these runs  used sources which were very 
heavily doped. Acid cleaning of only the quartz parts 
in the h igh- tempera ture  zone of the system was effec- 
tive in removing the residual  dopant  pickup by the 
growing layer. While the  t ranspor t  efficiency falls 
eventual ly  below 100% for all dopants studied, the 
concentrat ion of dopant  at which the decrease begins 
depends on the par t icular  dopant. It  appears that  this 
decrease in ant imony,  gallium, and a luminum occurs 
before useful concentrat ions are obtained. 

(It has been assumed that  all of the transported 
dopant is electrically active in the deposited crystal. 
An actual analysis of the impur i ty  content  of the de- 
posits was not made. However the deposits were single 
crystal  and as the source mater ia l  was also single crys- 
tal, the resist ivity comparisons seem justified.) 

The condition of the ini t ial  surface had a large effect 
on the uni formi ty  and perfection of the deposited layer. 
The usual  surface t r ea tmen t  was a 3:1 HNO3:HF 
chemical etch followed by a water  rinse. At 600X mag-  
nification the surface thus obtained appeared essen- 
t ially featureless. Square centimeter  areas could then 
be covered by silicon layers 20~ thick with the forma- 
tion of only very  small  r ipple marks  on the surface. 
Some silicon deposits had large concentrat ions (-,106 
cm 2) of stacking faults and nucleat ion sites of ~104 
cm 2. These nucleat ion sites were associated with mul t i -  
ple stacking faults but  otherwise were similar to 
widely described t r ipyramidal  faults (9). This type of 
deposit tended to occur at lower substrate  tempera-  
tures when combined with higher growth rates. The 
iodine pressure and the tempera ture  gradient  can be 
adjusted to minimize these crystal  defects. 

Contaminat ion of the substrate was occasionally 
troublesome. Carbide film formation especially in-  
hibited silicon growth. At the higher temperatures  
(>1200~ used, silicon carbide then becomes, in fact, 
a useful  mask mater ia l  against epitaxial  deposition. At 
these higher temperatures  the residual  surface oxide is 
reduced by the substrate to SiO which vaporizes leav-  
ing clean silicon to init iate the epitaxial  growth. Added 
hydrogen gas at these temperatures  apeared to be no 
more effective than the the rmal  etching in obta ining 
smooth growth layers. If small amounts  of hydrogen 
were left in the system dur ing  the deposition run, the 
t ransport  rate would decrease. The hydrogen did not 
appear to enter  into the reaction, but  only verified the 
fact that  the process rate in this par t  of the operating 
range is diffusion limited. Smal l  amounts  of argon also 
reduced the silicon growth rate. 

The uni formi ty  in thickness of the deposits was very 
good as observed stacking fault  lengths over the crys- 
tal  area tended to be constant. The resistivity, in gen-  
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eral, also was uni form over the wafer. A clean system 
using reagent  grade iodine would regular ly  produce 
epitaxial  layers with resistivities greater  than  50 ohm- 
cm. Deposits on crystal l ine surfaces near  (111), (100), 
or (110) orientat ions did not show any marked var ia-  
tions in growth rate or in the perfection of the epi- 
taxial  layer. 

A possible advantage of the closed system reaction 
in forming good crystal  at low temperatures  occurs 
with the kinetic exchange of silicon between source 
and substrate. The deposition or removal  of silicon is 
the net result  of par t ia l ly  balanced reactions at the 
opposed silicon surfaces. Par t icular ly  at low tempera-  
tures the rate of deposition is l imited in part  by the 
rate of decomposition of the iodide. The rate of forma- 
t ion of the volatile iodide remains  high as observed 
through weight losses from both source and substrate  
silicon. With high chemical reactivi ty at the substrate 
surface in addition to the thermal  energy, there is 
greater probabil i ty  that  silicon atoms deposited in posi- 
tions for poor epitaxial  growth wil l  be removed and 
redeposited in more favorable crystal l ine positions be-  
fore they are pinned by subsequent ly  deposited atoms. 

May (10) has used equi lbr ium assumptions to de- 
scribe the t ransport  for a small  region near  12O0~ 
silicon temperatures  and 1 mm iodine pressures. For 
temperatures  of 850~176 and total pressures near  10 
mm the expected action of an equi l ibr ium is toward a 
reversal in t ransport  direction; that  is, from the hotter 
to the colder silicon. The data of Fig. 2 do not fulfill 
this expectation, indicat ing that  the iodine ambient  
atmosphere has modified the reactions to always favor 
the t ransport  of silicon to the higher tempera ture  sub- 
strate. This modifying effect then gives the process a 
more readily controlled growth parameter  in the iodine 

pressure. The other pr imary  growth parameters  are 
substrate and source temperature.  Again these are 
easily controlled for opt imum deposition conditions. 
With the dopant  concentrat ion selected by the choice of 
source material,  the system remains  simple in concept, 
and epitaxial  silicon growth factors can be easily ad- 
justed. 
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Te&nica] Notes @ 
Detection of Metallic Impurities in Acid Zinc Plating Baths 

M. Maja and P. Spinelli 
Istituto di Elettrochimica e di Chimica Fisica, Politecnico di Torino, Torino, Italy 

The electrodeposition of zinc from sulfuric solutions 
containing impuri t ies  has in the past been the object of 
several investigations (1-8) carried out to determine 
the best working conditions of industr ia l  cells. In  our 
Inst i tute  the general  behavior  of impurit ies has been 
studied for a long time, and researches were developed 
par t icular ly  for nickel, cobalt, and germanium impur i -  
ties in electrolytic solutions for zinc and manganese 
electrodeposition. 

We found (9) that such impuri t ies  have an induct ion 
period before causing a reduction in current  efficiency. 
In  the case of zinc electrodeposition, for example, we 
observed that, at the beginning of electrolysis when 
nickel, cobalt, and germanium impuri t ies  are present, 
cur rent  efficiency has a value slightly lower than that  
found with pure solutions; after a period of induction, 
this value rapidly decreases to zero while the deposit 
dissolves into the electrolyte. The dissolution is so 
complete that the a luminum cathode is brought  back 
to its init ial  state and a new deposit can start. 

The formation and dissolution cycles of the deposit 
cause oscillations of the cathodic voltage if the electrol- 

Key words: electroplating, zinc plating, impurities in zinc plating. 

ysis current  is constant, while at constant  voltage they 
cause oscillations of the current .  

From analysis of the zinc and impur i ty  deposition 
and hydrogen evolution characteristic curves, we found 
that the phenomenon does not depend on the amount  of 
impur i ty  deposited together with zinc, but  on exten-  
sion of the surface-contaminated zones of the cathode, 
because hydrogen evolution occurs at those zones wi th  
a lower overvoltage. 

We also observed that zinc dissolution starts in  the 
pores of the deposit which are already present  at the 
beginning of electrolysis. The electrolyte in the pores is 
renewed with difficulty and the zinc ion concentrat ion 
decreases so that  the impuri t ies  are no longer covered 
with zinc as they are at the exposed surface of the 
cathode. 

During the last few years, the zinc electrodeposition 
indust ry  has felt the need for a device that  could 
signal with reasonable rapidi ty  when the impur i ty  con- 
centrat ion in the baths exceeded fixed limits in order to 
effect proper depurat ion in a short time. Many devices, 
general ly based on the corrosion rate of zinc deposited 
from impure solutions, have been proposed (11-13). 
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The s tudy  of the  above-desc r ibed  phenomena  sug-  
gested (10) a method  of control l ing the  pu r i t y  g rade  of 
the  e lect rolyte ,  which  is based on the de te rmina t ion  
of the  induct ion t ime preceding dissolut ion of the de-  
posit. Since the induct ion t ime not  only  depends  on the 
impur i t y  concentra t ion  bu t  also on the t empe ra tu r e  
and ac id i ty  of the electrolyte ,  i t  is possible to reduce 
the  t ime to a few minutes  by increas ing the t e m p e r a -  
ture  and decreasing the pH of the  solution. 

For  example ,  in the case of an indus t r ia l  zinc elec-  
t rodeposi t ion bath,  increas ing the sulfur ic  acid con- 
cen t ra t ion  up to 350 g / l i t e r  and e lec t rolyzing at a 
cur ren t  dens i ty  of 5 A / d m  2, at  a t empe ra tu r e  of 50~ 
by  measur ing  the cathodic vol tage  i t  was possible  in 
less than  20 rain to detect  as l i t t le  as 2 r ag / l i t e r  of 
nickel  and cobal t  and  20 ~g/ l i t e r  of germanium.  

Since the  phenomena  occurr ing in the  hollows of the 
deposi t  g rea t ly  affect cu r ren t  efficiency, we thought  of 
improv ing  the  ba th  control  method  by  mak ing  e lec-  
t rolys is  tests wi th  ho l low-shaped  cathodes.  

Research has been developed for tin, arsenic, bis-  
muth,  ant imony,  cobalt ,  nickel,  iron, copper,  ger -  
manium,  and cadmium in sulfur ic  solutions conta ining 
zinc at  var ious  pH's.  

Exper imenta l  Results 

Exper imen t s  were  car r ied  out deposi t ing zinc at 
constant  cur ren t  on the  in te rna l  surface of a hol low 
dr i l l ed  into an a luminum elec t rode  and measur ing  the 
cathodic vol tage  var ia t ions  wi th  time. The hollow, 3 
m m  wide and 22 m m  deep, was dr i l l ed  into an a lu -  
minum disk  whose remain ing  par t s  were  covered wi th  
PVC pa in t  0.25 m m  thick. 

The e lec t ro ly t ic  cell, containing the  hol lowed ca th-  
ode, a p l a t i num counterelect rode,  and a reference elec-  
trode, was  fed by a galvanosta t .  

To define the  behav ior  of the  hol lowed cathode, 
some in i t ia l  e lect rolys is  tests  wi th  pu re  solutions were  
made.  F igure  1 shows how the cathodic vol tage  var ies  
wi th  t ime,  e lec t ro lyzing a sulfur ic  acid solut ion (curve  
a) and a zinc sulfate  solut ion (curve  b) .  

F igure  2 shows the  cathodic vol tage  var ia t ions  vs. 
t ime for a zinc sulfate solut ion containing n ickel  im-  
pur i ty .  

The vol tage  osci l lat ions are caused by  the hydrogen  
bubbles  tha t  are  formed in the hol low and per iodica l ly  
released.  The f requency  of the osci l lat ions depends on 
the hydrogen  pa r t i a l  current ,  and thei r  ampl i tude  de-  
pends on the to ta l  character is t ic  curve for the reac-  
tions occurr ing  at  the  electrode;  in fact, the  ampl i -  
tudes a re  ve ry  different  according to the e lec t ro ly te  
composi t ion (curves  a and b in Fig. 1). 

When  impur i t i es  are  present ,  Fig. 2, the re  are  also 
oscil lat ions caused by  the format ion  and dissolution 
cycles of the  zinc deposit .  These osci l lat ions have  a 
f requency  g rea te r  than  tha t  found for  smooth cathodes 
under  the  same expe r imen ta l  conditions.  

The phenomenon,  as shown in Fig. 2, can be d iv ided  
into three  stages: 

z 

0~ / f L  
/ b 

11 mi,ute I 

TIME 

Fig. 1. Cathodic voltage vs. time of electrolysis for a hollowed 
aluminum electrode: (a) H2SO4 2N, T = 30~ i = 5 A/dm2; (b) 
H2SO4 2N, Zn + + 50 g/liter, T = 30~ i = 5 A/din ~. 
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Fig. 2. Cathodic voltage vs. time of electrolysis for a hollowed 
aluminum electrode: H2SO4 2N, Zn ++  50 g/liter, Ni ++  1 
mg/liter, T = 50~ i = 2 A/dm 2. 

(a) Regula r  e lectrolysis  wi th  a cathodic vol tage 
g rea te r  (in absolute  va lue)  than  the revers ib le  
zinc poten t ia l  

(b) Dissolution of the  deposi t  wi th  a cathodic vol t -  
age a l i t t le  lower  (in absolute  va lue)  than  the 
revers ib le  zinc poten t ia l  

(c) Hydrogen  evolut ion on a luminum wi th  a less 
negat ive  potent ia l  and a new polar iza t ion  of the  
cathode wi th  respect  to zinc. 

In  the  course of the  e lectrolysis  (s tage a) ,  the im-  
p u r i t y - c o n t a m i n a t e d  area  on the cathodic deposi t  en-  
larges  and the  ion zinc concentra t ion in the  hollow 
decreases.  The modifications of the  cathodic  surface 
and of the solut ion composit ion y ie ld  a change in the 
hydrogen  evolut ion and zinc deposi t ion pa r t i a l  char -  
acter is t ic  curves;  as the to ta l  cur ren t  is constant,  the  
pa r t i a l  zinc cur ren t  dens i ty  decreases and the cathodic 
vol tage  becomes less nega t ive  unt i l  the  revers ib le  zinc 
poten t ia l  is reached.  

Under  these conditions,  the  ent i re  e lectrolysis  cur -  
rent  is due to hydrogen  evolut ion and the zinc effi- 
c iency is zero. At  this  point,  the  corrosion of the  de-  
posit  begins and continues wi th  an au tos t imula t ing  
mechanism because  the impur i t ies  p rev ious ly  incor-  
pora ted  into the  deposi t  g r adua l ly  come to the  surface, 
fu r the r  increasing the con tamina ted  area  on which 
hydrogen  evolves (s tage b) .  

When  the zinc deposi t  dissolut ion has been com- 
pleted, hydrogen  evolves on a luminum and a new 
polar izat ion of the  cathode wi th  respect  to zinc begins  
(s tage c). 

Af te r  m a n y  format ion  and dissolut ion cycles of the 
zinc deposit ,  the  f requency  of the  cycles increases, 
showing tha t  the  a luminum cathode is g radua l ly  con- 
t amina ted  by  the impur i t ies  unt i l  zinc deposi t ion can 
no longer  occur. 

Fo r  ana ly t ica l  purposes,  i t  is convenient  to con-  
s ider  the  first cycle induct ion period, which  is gene ra l ly  
wel l  reproducible .  Such a period, as indica ted  before,  
depends  on t empera tu re ,  e lec t ro ly te  acidity,  and im-  
pu r i ty  concentrat ion.  Fo r  a solut ion containing 50 
g / l i t e r  of zinc, 10N sulfuric acid, i t  was possible to 
reproduce  the deposi t  fo rmat ion  and dissolution cycles 
down to a concentra t ion of 10 ~g/ l i te r  for germanium,  
100 ~,g/liter for nickel,  cobalt,  and ant imony,  10 m g /  
l i ter  for b ismuth,  copper,  and arsenic, and 20 m g / l i t e r  
for i ron and tin, Fig. 3. 

These results,  in agreement  wi th  indus t r ia l  e lec t ro-  
lyt ic  cell  pract ice,  show the poss ibi l i ty  of an impur i t y  
classification according to the  fol lowing dangerous  
effect decreasing order :  Ge, Sb, Ni, Co, Bi, Cu, As, Sn, 
Fe. 

In  a semi logar i thmic  diagram,  Fig. 4, p lo t t ing the  
induct ion t ime de te rmined  for an i m p u r i t y  concent ra-  
t ion of 40 m g / l i t e r  vs. hydrogen  overvol tage  corre-  
sponding to a cu r ren t  dens i ty  of 10 A / d m  ~ (15-16), i t  
can be seen tha t  for  many  impur i t ies  the  induct ion 
t ime  is a decreasing funct ion of hydrogen  overvoltage.  

This resu l t  does not  agree  comple te ly  wi th  o ther  
authors '  conclusions (14), but  confirms our  prev ious  
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Fig. 3. Effect of impurity concentration on the induction time: 
H2SO4 10N, Zn + + 50 g/liter, T = 50~ i = 2 A/dm 2. 
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Fig. 4. Relationship between the induction time and hydrogen 
overvoltage on various impurities: impurity concentration 40 
rag/liter, T ~ 50~ i ---- 1 A/dm 2. 

findings (10): the influence of the impur i t ies  on the  
cur ren t  efficiency is scarcely  due to the  impur i ty  dep-  
osition cur ren t  and depends  almost  exclus ively  on 
hydrogen  overvol tage  on the contamina ted  areas. 
Anomal ies  were  observed in the case of ge rman ium 
and iron; such anomalies  a re  p r o b a b l y  re la ted  to the  

s t ruc ture  of the impur i t y  in the deposit,  because h y -  
drogen overvol tage m a y  have,  correspondingly,  ve ry  
different  values.  

Exper iments  carr ied  out when  more  than  one im-  
pu r i ty  (Ge, Co, Ni) contamina tes  the  zinc solut ion at  
the same t ime have shown independent  behavior  of 
such impuri t ies ,  confirming our  previous  findings (10). 
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cussion Section to be  publ i shed  in the June  1972 
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Chemical Vapor Deposition of Arsenosilicate Glass: 
A One-Liquid-Source System 

J. W o n g  and M .  G h e z z o *  

General Electric Corporate Research and Development, Schenectady, New York  12301 

In  this note  the  chemical  vapor  deposi t ion of b ina ry  
arsenosi l icate  glasses in the  range 0-20% As203 from a 
one- l iqu id-source  system is described.  High deposi t ion 
ra tes  (500-900 A / m i n )  at  r e l a t ive ly  lower  subs t ra te  
t empera tu res  (300~176 are  the  main  advantages  of 
the  present  system over the so- fa r  repor ted  two-  
l iquid-source  systems such as: (a) TEOS1-AsC13-O2-N2 
(1-4);  (b) TEOS-AsC13-O2-Ar (2);  (c) TEOS-AsC]~- 
CO2-H2 (2);  (d) SiC14-AsCl~-CO2-H2 (2); and (e) 
TEOS-AsC13-N2 (3). P r e l i m i n a r y  resul ts  indicate  deft- 
n i te ly  that  the  heat  t r ea tmen t  character is t ics  of these 
b ina ry  glasses on sil icon subs t ra tes  at  e levated  t em-  
pera tu res  a re  s t rongly  dependent  on the As~O8 content  
in the  glass. 

The system consists of an a rgon-d i lu ted  mix tu r e  of 
silane, oxygen,  and arsenic t r ich lor ide  vapor  flowing 

* E l e c t r o c h e m i c a l  Society Active M e m b e r .  
K e y  w o r d s :  i n f r a r e d  s p e c t r u m ,  c o m p o s i t i o n  ca l i b r a t i on ,  n - d i f f u -  

zion sou rce .  
' T E O S  stands for tetraethoxysilane (C~IsO)~Si .  

over a heated silicon subs t ra te  suppor ted  b y  a mo lyb -  
denum pedes ta l  in a quar tz  ver t ica l  reactor  s imi lar  to 
the one employed by  Brown and Kennicot t  (5) for de-  
posi t ing b ina ry  borosi l ica te  glasses. A schematic  r ep re -  
sentat ion of the  flow system is shown in Fig. 1. The re -  
ac tant  gases and vapor  were  a l lowed to p r emix  and]or  
bypass  the reactor  whi le  the subs t ra te  was being hea ted  
to the desired t e m p e r a t u r e  in a pure  argon a tmosphere  
or at the  end of a deposi t ion run.  This procedure  as-  
sures un i formi ty  of gas composit ion throughout  the  
deposi t ion and avoids predepos i t ion  of pure  pyro ly t ic  
silica. 

The silane t a n k  ( f rom the Matheson Company)  con- 
ta ins  a ca l ibra ted  mix tu re  of 1% silane in argon. The 
use of this  d i lu ted  silane source e l iminates  dangers  
of explosion when  mixed  wi th  oxygen (6) and mea-  
surement  of ve ry  low flow ra tes  (which is the  case if 
an undi lu ted  si lane source is used) .  The subst ra tes  
for glass deposi t ion were  1 ohm-cm p - t y p e  (100) 
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Fig. 1. Schematic representation of the flow system for deposit- 
ing arsenosilicate glasses. 

oriented silicon wafers, 2.5 cm in diameter  obtained 
commercially. Pr ior  to deposition the wafers were 
treated with an etching solution 2 and rinsed in dis- 
tilled water. The total argon flow rate was set at 3500 
cc /min  and the 1% silane mix ture  flow rate at 230 
cc/min, which corresponds to 2.3 cc /min  of pure  silane. 
Exper iments  were performed with oxygen flow rates 
of 20 cc /min  and 95 cc/min. Argon was bubbled  
through arsenic trichloride at room tempera ture  [24~ 
at which AsCI~ has a vapor pressure of 10 mm Hg (7) ] 
with a flow ranging from 5 cc /min  to 500 cc/min. With 
these flow rates, oxygen was always in excess and 
AsCIi:Sil l4 ratios bracketed the stoichiometric ratio 
of 1.33 according to the following over-al l  reaction 

3Sill4 ~- 4AsC13 -I- 6 0 s  ~ 2As2Os -{- 3SIO2 -{- 12HC1 

The temperature  of deposition var ied f rom 300 ~ to 
500~ The glass deposition rate was found to depend 
on both the oxygen flow rate and the tempera ture  of 
the silicon substrate. With an oxygen flow rate of 20 
cc/min, the deposition rate varied between 100 and 
600 A / m i n  in the tempera ture  range 300 ~ to 500~ (Fig. 
2, curve a). With the oxygen flow rate  of 95 cc/min, 
the deposition rate increased to 550-900 A / m i n  in the 
same temperature  range (Fig. 2, curve b).  Using the 
TEOS-AsClz systems, however, the highest reported 
(1, 3) deposition rate for b inary  arsenosilicate glasses 
was of the order of 1.2 #/hr,  which corresponds to 
200 A/min ,  even at substrate temperatures  up to 700~ 

The infrared spectrum of a film of b inary  arsenosili-  
cate glass shows a relat ively intense absorption band 
at 930 cm -1 which is absent  in the corresponding spec- 
t rum in vitreous silica (bulk, pyrolyt ical ly or ther -  
mal ly  grown).  This band  has been identified as a 

C o n c .  H N O s : C o n c .  H F  = 3 : 1  b y  v o l u m e .  
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Fig. 2. Deposition rote vs. temperature of silicon substrate at 
constant flow rates of 1% Sill4, Ar into AsCI3, and Ar (230, 473, 
and 3500 respectively), and oxygen flow rate of 20 (curve a) and 
95 (curve b). All flow rates in cc/min. 

Fig. 3. Infrared spectra of binary arsenosilieate glass deposited 
at 450~ at constant flow rates of 1% Sill4, 02, and Ar (230, 95, 
and 3500 respectively), and at varying flow rates of Ar into AsCI3: 
(a) 5; (b) 10; (c) 20; (d) 40; and (e) 100. All flow rates in cc/min. 
Inset illustrates the base-line method of calculating IR ratios. 
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Fig. 4. Composition vs. ratio of absorbance of the As-O band 
at 930 cm -1  to that of Si-O band at 1060 cm -1  of as-deposited 
arsenosilicate glasses. 

stretching vibrat ion of arsenic-oxygen quasi-latt ices in 
the b inary  glass (4). Furthermore,  the absorbance of 
this band increases monotonical ly wi th  increase in 
mole per cent (m/o)  of arsenic oxide in the glass, as 
seen from Fig. 3. 

A calibration curve has been constructed by measur-  
ing the optical density ratio of the As-O absorption 
peak at 930 cm -1 to that  of the Si-O peak at 1060 cm -1 
and plott ing against the m/o  As2033 in the glass calcu- 
lated from the weight of the film and flame spectro- 
photometric analysis of silicon in the glass dissolved 
in a HF solution. The results are shown in Fig. 4. In  

s Trivalenee of the arsenic in all deposited glass was established 
by the bright yellow precipitate it formed with AgNO~ dissolved 
in a HF solution (8). Control experiments showed that pure AssOs 
and pure AseO~ gave a similar bright yellow and dirty brown pre- 
cipitate respectively with AgNO~ in I-IF solutions. 
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Fig. 5. Angle lapped sections of p-type (100) oriented I ohm-cm Si slice after arsenosilicate glass deposition and diffusion in argon 
at 1100~ Beveling ratio is 20:1. Mole per cent As203 in the as-deposited glasses are: (a) 13.5 (IR ratio ~ 0.50) and (b) 0.5 (IR ratio 
= 0.05). 

addit ion,  composit ion da ta  obta ined for the  atomic rat io  
of As and Si in the  glasses b y  x - r a y  microprobe  ana l -  
ysis  using e lementa l  silicon and high pu r i t y  GaAs  as 
s tandards,  having been conver ted  to m / o  As203 and are  
p lot ted  in Fig. 4. I t  can be seen that  good agreement  
is obta ined for  the  two independent  sets of chemical  
analyses  wi th in  1 m / o  As20~ or bet ter .  The  in f ra red  
spec t rum together  wi th  the  above ca l ibra t ion  curve can 
thus be used as a nondes t ruc t ive  means  de te rmin ing  
the composit ion of as -depos i ted  b ina ry  arsenosi l icate  
glass films. The IR rat io  method of de te rmin ing  com- 
posit ion has been discussed by  K e r n  and Helm (9) for 
borosi l icate glasses (but  no ca l ibra t ion  curve was 
given) .  Such a ca l ibra t ion  curve  has recen t ly  been re-  
por ted  from this l abo ra to ry  (10) for as -depos i ted  
b ina ry  borosi l icate  glass films in the  whole  composi-  
t ion range  obta ined  by  chemical  vapor  deposit ion.  

Af te r  film deposit ion,  the  wafers  were  hea ted  in an 
argon a tmosphere  (flow rate:  1 f t3/hr)  at l l00~ for 5 
hr. Glass damage was observed in glasses conta ining 
more  than  1 m / o  As20~ (IR rat io  ---- 0.08). Damage to 
the  glass occurs soon a f te r  in t roduct ion  of the  wafers  
into the  furnace,  as shown by heat ing smal l  por t ions  of 
the  wafers  hav ing  var ious  amounts  of AsuOs in the  
glass under  the  above condit ions for only  15 rain. 
When the glass is damaged,  the  diffusion front  appears  
i r r egu la r  and contains  deep  spikes, which  seem to r e -  
flect glass damage  on the :surface (Fig. 5a). Glasses 
containing less than  1 m / o  As2Os showed no damage  
dur ing  heat  t rea tment ;  the diffusion front  appears  
un i fo rmly  deep under  the ent i re  wafer ,  as de te rmined  
by  angle  lapping  and s taining methods  (Fig. 5b).  

F rom the junc t ion  depth  and the sheet  res i s t iv i ty  of 
the semiconductor  surface, measured  wi th  the  four 
point  probe  method,  calculat ions based on I rv in ' s  
curves (11) assuming a complementa ry  er ror  function 
d is t r ibut ion  show that  surface concentrat ions  of car -  
r iers  as high as 4 x 102~ per  cm s can be achieved with  
undamaged  glass samples.  

A deta i led s tudy  on the deposi t ion character is t ics  of 
these arsenosi l icate  glasses, the  na tu re  of glass damage  
at e levated heat  t r ea tmen t  tempera tures ,  and the  di f -  
fusion character is t ics  of As f rom the glass into silicon 
wil l  be pub l i shed  in a subsequent  article. 

Summary 
A one- l iqu id-source  chemical  sys tem for deposi t ing 

b ina ry  arsenosi l ica te  glasses is described.  Silane,  oxy-  
gen, and arsenic t r ich lor ide  are  the  reagents  used. Low 
deposi t ion t empera tu re  (300~176 and high dep-  
osition ra tes  (500-900 A / m i n )  a re  the main  advantages  
of this  sys tem over  the  corresponding two- l i qu id -  
source system based  on TEOS so-far  repor ted .  Glasses 
containing 0-20 m / o  As203 and h igher  have been p re -  
pared.  Af te r  diffusion at  high t e m p e r a t u r e  ( l l00~ in 
an argon atmosphere ,  surface concentra t ions  of car r ie rs  
as high as 4 x 1020 per  cm 3 were  obtained.  
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Polarization Behavior of Graphite in Sodium Chloride 
Solutions in the Presence and Absence of Ethylene 
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With  the genera l ly  p ro jec ted  ava i l ab i l i ty  of inexpen-  
sive electr ic  power  in the  near  future,  e lec t rosynthes is  
of new organic compounds  becomes increas ingly  more  
a t t r ac t ive  commercia l ly .  I t  has  recen t ly  been suggested 
tha t  (1), pa r t i a l  e l ec t ro -ox ida t ion  of low molecu la r  
weight  hydrocarbons ,  wi th  an a im to in t roduce  des i red  
funct ional  groups, could provide  an in teres t ing  avenue  
for explo i ta t ion  of the  commerc ia l  potent ia l i t ies  of the 
e lec t rosynthet ic  procedures .  In  this  connection, it  has 
been c la imed in the  pa ten t  l i t e ra tu re  (2), tha t  e thy lene  
can be pa r t i a l l y  oxidized to e thy lene  epoxide by  means  
of a g raph i te  anode in aqueous NaC1 solutions (pH 
ad jus ted  to 10.6) th rough  the fol lowing ove r -a l l  re -  
action 

H H 
\ / 

C----C 
/ \ 

H H 
e thy lene  

H H 
Anodiza t ion  in I I 

> H--C--C--H 

NaCl  I [ 
~ OH Cl 

j,~thylene chlorohydrin 
H H 

H - - C  C---H 

e thy lene  epoxide  

The scope of the w o r k  r epo r t ed  here  was to examine  
po ten t ios ta t ica l ly  and po ten t iodynamica l ly  the  po la r -  
izat ion behav ior  of g raphi te  in NaC1 solutions in the 
presence and absence of e thylene.  The  object  was to 
de l inea te  the  genera l  e lec t rode  kinet ic  fea tures  (3) of 
the  above electrosynthesis .  In par t icu lar ,  it  was sought 
to es tabl ish whe the r  e thy lene  is oxidized chemica l ly  
and homogeneous ly  by  the C I O -  produced anodical ly,  
as c la imed (2), or by  a heterogeneous  pa th  involving 
the oxidat ion  of e thy lene  on the e lec t rode  surface. The 
studies were  also ex tended  to explore  the  cathodic 
behavior  of g raph i te  in the NaC1 solution in the pres-  
ence and absence of e thylene.  

Experimental Section 
The fol lowing ins t ruments  were  employed  in this  

invest igat ion:  Tacussel  potent iostat ,  PRT 20-2B; Tacus-  
sel m i l l i ammer  Type  MAL 284; Tacussel  d ig i ta l  vol t -  
mete r  wi th  high input  impedance;  Honeywel l  X - Y  
recorder ,  Type  550M; Tacussel  funct ion generator ,  Type 
GSTP 2; Genera l  Radio decade res is tor  box; cons tant -  
cur ren t  d-c  power  supply  (Kepco) .  Convent ional  po-  
tentiostat ic ,  galvanostat ic ,  and po ten t iodynamic  c i r -  
cui t r ies  were  used (3).  

Measurements  were  car r ied  out in 3M sodium chlor-  
ide solutions ( "Baker  ana lyzed")  wi th  pH ad jus ted  to 
10.6 by  the  addi t ion  of sodium hyd rox ide  ("Elec t ro ly t ic  
P e l l e t s " h F i s h e r )  solution. Solut ions were  made  in 
deionized and doubly  dis t i l led water ,  both  dis t i l la t ions 
being over  a lka l ine  potass ium permanganate .  Work ing  
electrodes were  spectroscopic grade rods (Union Car-  
bide)  and were  moun ted  into hea t - sh r inkab l e  Teflon 
ma te r i a l  as descr ibed p rev ious ly  (4). Graph i t e  rod 
countere lec t rodes  and hydrogen  reference  electrodes 
were  employed.  The work ing  and the counterelect rodes  
were  tho rough ly  c leaned and degreased  in boi l ing 
t r ich loro-e thylene .  The p l a t in i zed -p la t inum electrodes 

* Electrochemical  Soc ie ty  A c t i v e  M e m b e r .  
K e y  w o r d s :  g r a p h i t e  electrode,  e lectrochemical  behavior of g r a p h -  

i te ,  electrosynthesis  on graphite,  anodic and cathodic polarization 
of graphite. 

for  the  reference  compar tmen t  were  c leaned before 
p la t in iza t ion  and were  r insed  severa l  t imes in doubly  
dis t i l led  wa te r  subsequent  to plat inizat ion.  A th ree -  
compar tmen t  P y r e x  glass cell  p rovided  wi th  solut ion-  
sealed stopcocks and var ious  gas inlets  and outlets  
(wi th  wa te r  bubble rs )  was used. The work ing  elec-  
t rodes were  car r ied  on the g round-g lass  sl iding tubes  
genera l ly  cal led " t ru -bo re"  tubing.  

Hydrogen  gas for  the  reference  e lect rode was "Elec-  
t rolyt ic ,  Grade  A" (Liquid Carbonic)  and was deoxy-  
genated by  passing over  a pa l l ad ium ca ta lys t  
("Deoxo")  and fu r the r  purif ied by  passage th rough  
ac t iva ted  charcoal  and ac t iva ted  alumina,  both  at  
l iquid n i t rogen tempera ture .  Hel ium gas for the w o r k -  
ing and counter  compar tmen t s  was the  pures t  ava i lab le  
grade  (Grade  A prov ided  by  Liquid  Carbonic)  and 
was deoxygena ted  over  copper  at  500~ A n y  res idual  
impur i t ies  in He were  p re sumab ly  r emoved  by  subse-  
quent  passage over  act ive charcoal  at  l iquid ni t rogen 
tempera ture .  The e thy lene  used was obta ined  from 
"Liquid  A i r  of Canada"  and was 98.5% pure.  E thylene  
was used wi thou t  fu r the r  purification. Al l  connections 
be tween the gas l ines and the e lec t ro ly t ic  cell  were  
made  by  means  of g lass - to -g lass  joints.  

Opt imum anodic pre-e lec t ro lys is ,  under  he l ium at- 
mosphere,  was conducted in solut ions in which anodic 
polar iza t ion  behav ior  was subsequen t ly  examined;  
s imi la r ly  cathodic p re -e lec t ro lys i s  of the  solutions was 
car r ied  out for the  inves t iga t ion  of the  cathodic po-  
la r iza t ion  behavior .  Both anodic and cathodic p re -  
e lect rolyses  were  car r ied  out in solut ions in which 
po ten t iodynamic  scanning  over  wide  ranges  of po ten-  
t ia ls  was done. 

In  the s t eady-s ta te  cu r r en t -po ten t i a l  re lat ionships,  
values  of the cur ren t  were  read  by  s topping 1 min  at  
eve ry  potential .  Genera l ly ,  qui te  s t eady  read ings  of 
the  cur ren t  were  obta ined af ter  about  20 sec. Al l  elec-  
t rode  potent ia ls  re fe r  to the  hydrogen  e lec t rode  in the  
same solution. 

Al l  exper imen t s  were  car r ied  out at  room t e m p e r a -  
ture  in solut ions thorough ly  s t i r red  by  bubbl ing  e i ther  
he l ium or ethylene,  depending on the type  of exper i -  
ment.  Al though  the previous  claims (2) to successful 
pa r t i a l  oxidat ion  of e thy lene  refer  to the  work  at  38~ 
our expe r imen t s  car r ied  out at  ca. 26~ would  be ex-  
pected to y ie ld  qua l i t a t ive ly  s imi lar  results .  This is be -  
cause such modera te  difference of t e m p e r a t u r e  (--12~ 
would, in general ,  affect only  the  ra te  of the  react ion 
and not the iden t i ty  of the  reac t ion  products  t h e m -  
selves. 

I t  m a y  be added  tha t  the  galvanosta t ic  a r r angemen t  
was used only dur ing  p re -e lec t ro lyses  in o rder  to pass 
the high cur ren ts  ( >  50 m A  cm-2)  needed,  wi th  the  
stopcock be tween  the work ing  and the counter  com- 
pa r tmen t s  being closed 

The e lec t rode  kinet ic  measurement s  were  supple-  
mented  by  appropr ia t e  p roduc t  analyses.  The presence 
of C 1 0 -  in the  anodized solutions in which  e thy lene  
was not bubb led  was es tabl ished by  means  of iodine 
t i t ra t ion  (5) and color imetr ic  methods  (6). The de tec-  
t ion of e thylene  glycol, fo rmed by  hydro lys i s  of e thy -  
lene epoxide,  was car r ied  out  by  V.P. c h r o m a t o g r a p h y  
using a column made  of P o r a p a k  Q. 

Results and Discussion 
The sodium chlor ide  solut ion was first anodized on 

the g raph i te  e lect rode by  comple te ly  isolat ing the  
work ing  compar tmen t  f rom the a tmosphere  and o ther  
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par ts  of the cell  and in the  absence of  e thylene  for 48 
hr  at  5 mA. I t  was observed that  the  solution became 
qui te  ye l lowish  p re sumab ly  owing to the dissolution of 
the anodical ly  evolved chlor ine  gas. The dissolved 
chlor ine  gas gives r ise to the  C10-  ions by  means  of the  
react ion (7) 

CI2 + 2 OH- ~- CI- + OCI- + H20 [i] 

The presence of OC1- was confirmed t i t r ime t r i ca l ly  
(5) and co lor imet r ica l ly  (6) as ment ioned  earl ier .  
When  the e thylene  was bubbled  subsequent ly  through 
this solution containing C10- ,  wi thout  the  concomitant  
passage of current ,  e thylene  glycol was formed thus 
confirming the previous  resul ts  (2),  namely,  chemical  
homogeneous react ion be tween  C10-  and C2H4 to form 
epoxide.  Essent ia l ly  the  same result ,  i.e. fo rmat ion  of 
e thy lene  glycol, was obta ined on the anodic polar iza-  
t ion of g raphi te  in the  NaC1 solution in the  presence of 
e thylene  bubbl ing  th rough  the work ing  compar tment .  
In  order  to examine  fu r the r  the possibi l i ty  of he te ro -  
geneous oxidat ion  of e thy lene  in the  l a t t e r  case, po-  
tent iostat ic  and po ten t iodynamic  studies were  car r ied  
out. Briefly, it  was observed tha t  presence of e thy lene  
does not a l te r  the  cur ren t  potent ia l  relations,  e i ther  
potent iosta t ic  or potent iodynamic ,  corresponding to the 
anodic polar iza t ion  of g raphi te  in NaC1 solutions. The 
detai ls  on these  resul ts  follow. 

In the  anodic polar izat ion studies in the  potent ia l  
range  be tween  1.1V and 2.0V approx imate ly ,  it  was 
observed tha t  subst i tut ion of hel ium by  e thylene  in 
the work ing  compar tmen t  did not  b r ing  about  a s ig-  
nificant change in the ra te  of the e lect rode react ion at  a 
given s t eady-s ta te  potential .  The plots of potent io-  
s ta t ica l ly  contro l led  s t eady-s ta te  potent ia ls  against  the 
cur ren t  density,  both  in the presence and absence of 
ethylene,  are  presented  in Fig. 1. In t roduct ion  of e thy l -  
ene does not resul t  in subs tant ia l  increase  or decrease 
of cur ren t  a t  a g iven potential ,  keep ing  in mind  the 
poor reproduc ib i l i ty  of the  s t eady-s ta te  cu r r en t -po t en -  
t ia l  re la t ionships  p robab ly  ar is ing f rom slow diffusion 
of chlor ine  into and out of the  g raph i te  e lectrode (8). 
The qual i ta t ive  conclusion d rawn  f rom Fig. 1, is con- 
firmed by  Fig. 2, in which i t  is observed tha t  the  
po ten t iodynamic  profiles are exac t ly  the  same in the  
presence and absence of ethylene.  In  Fig. 2, the  e lec-  
t rode  was scanned be tween  --1.2V and ~-l.9V respec-  
t ively,  and i t  was observed tha t  e thylene  has absolu te ly  
no effect on e i ther  the anodic or the  cathodic por t ion of 
the potent iodynamic  profile. Thus Fig. 2 would  then 
be consistent  wi th  Fig. 1 in which  no de tec table  
heterogeneous  oxidat ion of e thy lene  is indicated.  The 
cathodic,  on the  poten t ia l  scale, por t ion  of Fig. 2, is 

::] . . . . .  
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Fig. I. Steady-state (point-by-point) anodic polarization curves 
on graphite in 3M NaCI solutions in presence and absence of ethyl- 
ene. Electrode potentials, EH, expressed against the hydrogen elec- 
trode in the some solution. Within the range of experimental 
reproducibility, oxidation of ethylene is not indicated (also see 
Fig. 2). 
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Fig. 2. Repetitive potentiodynamic profiles (sweep rate, dVldt 
- -  0.3 V sec -1)  on graphite in 3M NaCI solutions in presence and 
absence of ethylene. Essentially same result is obtained in single 
sweep profiles triggered from a prior steady-state potential. Even 
though pseudo-faradaic peaks are not observed over a wide range 
of sweep speeds, high value of (adsorption?) pseudocapacitance, 

dt 
i X , ranging between ca. 1000-3000 /~F cm -'2 are observed. 

dV 
There is no evidence of oxidation or reduction of ethylene. 
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Fig. 3. Steady-state cathodic polarization of graphite in 3M 
NaCI solutions in presence and absence of ethylene. No reduction 
of ethylene is observed. 

confirmed by  Fig. 3, in which s t eady-s ta te  cu r ren t -  
potent ia l  re la t ionship  in the potent ia l  range  --0.4 and 
--0.8 are  a lmost  ident ica l  in the  presence and absence 
of e thylene.  I t  m a y  thus  be concluded tha t  the  hyd ro -  
gen evolut ion reac t ion  on the g raph i te  in NaC1 solu- 
tions is unaffected by  the presence of ethylene,  which 
p re sumab ly  is ne i ther  adsorbed nor reduced  (to C2H6) 
of these potentials .  I t  m a y  be added  tha t  cathodic 
reduct ion of e thylene  has been accomplished,  however ,  
on p l a t i num (9).  

In  addi t ion to the negat ive  conclusions, namely,  
e thy lene  is ne i ther  oxidized nor reduced on the  g raph-  
i te surface in NaC1 solutions at  room tempera tu re ,  
some posit ive aspects  of Fig. 1-3 m a y  also be dis-  
cussed here.  

In  Fig. 2 even though c lea r -cu t  peaks  indicat ive  of 
the  adsorpt ion  and desorpt ion of reac t ion  in te rmedia tes  
are  not  observed,  the  pseudocapaci tance  values  es-  
t ima ted  f rom the var ious  por t ions  of the  hysteresis  
range be tween  1000-3000 ~F cm -2  a pp rox ima te ly  wi th  
respect  to the  geometr ic  a rea  of the  electrode.  A l -  
though the rea l  a rea  of the  e lec t rode  is not  known, 
these capaci tance values  appear  to be h igher  than  the 
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double layer capacitance even when an appreciable 
value of the roughness factor is assumed. This would 
be consistent with the previous evidence on the sub-  
stantial  chemisorption of atomic chlorine on graphite 
dur ing anodic polarization in solutions containing 
chloride ions. This informat ion when combined with 
the general ly  high ( > >  30 mV) Tafel slopes in Fig. 1 
would suggest that the evolution C12 on graphite pro- 
ceeds by the steps 

"fast" 
CI- + C )C--C1+ e [2] 

"slow" 
C--CI+CI- >C+CI2+e [3] 

where C represents a site on the graphite electrode 
and C- C1 denotes a chlorine atom adsorbed on this 
site. It is assumed that the electrode coverage by C1 
atoms is high, i.e. 8 -~ 1. 

Similarly,  if it is assumed that  the high capacitance 
values in Fig. 2 at cathodic potentials also indicate 
some adsorption pseudocapacitance (10) and thence 
significant s teady-state  coverage by adsorbed hydro-  
gen, a radical- ion or atomic recombinat ion mechanism 
for the cathodic hydrogen evolution on graphite would 
be indicated. The Tafel slope observed (Fig. 3) is near  
2.3 X 2RT/F  which would tend to el iminate atomic 
recombinat ion as the possible mechanism. One may 
thus conclude the following steps for the evolution of 
hydrogen 

"fast" 
H20+ C+ e >C--H+ OH- [4] 

"slow" 
C--H+H20+ e >C+H2+ OH- [5] 

The radical-ion step suggested here would be quali- 
tatively consistent with the observed apparent ex- 
change current density (Fig. 3), high heat of sublima- 
tion and melting point of graphite, and, good chemi- 
sorptive properties of graphite. 

It may be added that in the potential range 1.IV to 
0V, virtually no current was observed except around 
0.95V at which a few microamperes were consistently 
noticed despite extended pre-electrolysis. This current 
must be attributed to an impurity redox reaction prob- 
ably associated with the reduction of traces of oxygen 
which might have been irreversibly taken up by the 

graphite electrode before introduct ion into the solution 
(11). In  any case the origin of this background current  
( <  8 ~A), which did not appear to affect the results 
in rest of potential  regions, could not be established. 

Although direct oxidation of ethylene on the elec- 
trode surface has not been observed to occur on graph-  
ite in this study or previously (2), there has been a 
report  (12) that  such a heterogeneous oxidation can 
proceed on some special catalytic surface prepared by 
incorporat ing Ag into a graphite anode. 
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ABSTRACT 

Li thium metal  was found to alloy with the other metals including noble 
metals in an organic electrolyte electrochemical cell: Li/1M LiC104 in pro-  
pylene carbonate /meta l  at ambient  tempera ture  with the evolution of elec- 
trical energy. The alloying occurred in many  organic electrolytes containing 
l i thium ions. Both the coulombic efficiency and the rate of alloying were found 
to be high. The alloys were gray to dark gray and brittle. Chemical and x - ray  
analysis indicated that  they were intermetal l ic  compounds. 

It was observed (1, 2) earlier in our laboratory that 
a cathodic chronopotentiogram in the organic electro- 
lyte consisting of 1M LiC104 in propylene carbonate 
consisted of several voltage plateaus prior to the l i th-  
ium deposition. I t  was postulated that  one of these 
plateaus might be due to the alloying of l i th ium with 
the substrate. In this paper, I wish to present  some ex- 
per imenta l  evidence to show that  l i thium undergoes 
spontaneous electrochemical alloying (SEA) at am- 
bient  temperature  with various metals including noble 
metals at appreciable rates in the organic electrolytes 
containing l i thium salts. The phenomenon results in the 
dissolution of the l i th ium anode and the simultaneous 
deposition and alloying of l i th ium on the metal  cathode, 
and the evolution of energy in a m a n n e r  similar to a 
pr imary  cell. 

Experimental 
Materials.--Propylene carbonate (PC) (Eastman 

Kodak) was vacuum distilled at 12O~ 1.2 m m  Hg. 
Anhydrous  LiC10~ was used as received from G. 
Fredrick Smith Company. The water  content of the 
electrolyte consisting of 1M LiC104 in PC was found to 
be 0.01% (volume).  The other organic solvents such as 
~-butyrolacetone, d imethyl  sulfoxide, N, N-dimethyl  
formamide, methyl  formate, te t rahydrofuran,  and 
acetonitri le were used as received. 

Electrodes.--The l i th ium anodes were made by 
pressing a rectangular  piece of l i th ium r ibbon (0.02 in. 
thick, Foote Mineral  Company Inc.) on the expanded 
stainless steel current  collector. The cathodes of the 
various metals such as Sn, Pb, A1, Au, Pt, Zn, Cd, Ag, 
Mg, Ti, Cu, and Ni were made by cutt ing out rectangu-  
lar pieces (2 x 2 cm) of metal  foil. The thicknesses of 
the available meta l  foils var ied from 0.005 to 0.01 in. 

Cell.--The cells were constructed by placing two 
l i thium anodes on each side of the metal  foil cathode 
with filter paper separators interposed between the 
electrodes. Two rectangular  Teflon blocks were placed 
on each side of the anodes and were tied with string 
to provide stack pressure. The assembly was then 
placed in a sealed glass jar  containing electrolyte (1M 

J Electrochemical Society Active Member .  
K e y  w o r d s :  p r o p y l e n e  carbonate, cathodic embrittlement, noble 

metals, l i t h i u m - m e t a l  a l loys ,  i n t e r m e t a l l i e  compounds. 

LiC104 in PC).  The electrical connections were made 
either by spot welding stainless steel tabs to the anode 
current  collectors and the cathode metal  or by means 
of alligator clips. Care was taken to ensure tha t  the 
points of contact were not wetted by the  electrolyte. 
All  the above operations were carried out in the dry 
box filled with dry  argon with a moisture content of 
less than  2 ppm. 

The cells were either directly shorted or were dis- 
charged through a known resistor. In  the latter case, 
the cell potential  was recorded as a funct ion of time. 

Spontaneous electrochemical alloying (SEA) and the 
determination of the alloy composition.--The cathodic 
alloying of the metal  cathodes with l i th ium started as 
soon as the external  circuit of cell [1] was completed 

Li/1M LiClO4-PC/metal  [1] 

The composition of the l i th ium metal  alloy was de- 
termined by dissolving the alloy in water  whereby the 
l i th ium reacted with water  to form LiOH and the 
metal  particles precipitated. The aqueous extract  was 
then t i trated with s tandard acid to determine the 
amount  of l i th ium present  in the metal. The t i trat ions 
were repeated after various periods of equi l ibrat ion of 
the alloy in water  to ensure that  most of the l i th ium 
reacted with water. 

X-ray di~raction of the SEA alloys.--The metal  foil 
cathodes (e.g., A1, Sn, Pb, etc.) tu rned  into a gray 
powder after shorting with the l i th ium anode in cell 
[1] for 8-10 hr. These powders (metal  l i th ium alloy) 
were filtered and thoroughly washed with the PC and 
then with te t rahydrofuran  and dried in the dry box. A 
portion of the powders which appeared free from any 
unal loyed metal  particles was then packed in a quartz 
capil lary in the dry  box and the opening of the capil-  
lary was closed with silicone grease. The capillaries 
were then removed from the dry box and were sealed 
with a flame. The x - r ay  diffraction of the alloys were 
carried out with these capillaries using Debye Scherrer 
Powder Camera (116.4 mm diameter)  with Norelco 
x - r ay  system (Cu Ks radiation, Ni filter). 

Results and Discussions 
The metals such as Sn, Pb, A1, Au, Pt, Zn, Cd, Ag, 

and Mg form gray or dark gray powder after short ing 
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with the l i th ium anode in cell [1] wi th in  periods of 
hours to days (at room temperature)  depending on the 
metal. This alloying does not occur in electrolytes con- 
ta ining te t ra lkyl  ammonium salts or salts which do 
not contain any  l i th ium ions. The phenomenon occurs 
in m a n y  organic solvents such as propylene carbonate, 
-y-butyrolacetone, d imethyl  sulfoxide, N, N-dimethyl  
formamide, methyl  formate, te t rahydrofuran,  aceto- 
nitrile. The short-circuit  ( through the ammeter)  cur-  
rent  densities obtained with several metal  cathodes 
(e.g., A1, Sn, Pb)  were of the order of several mi l l i -  
amperes per square cent imeter  at room temperature.  
The phenomenon occurs at lower temperatures  as long 
as the electrolyte remains  liquid. 

The phenomenon is strictly electrochemical. No al-  
loying or any other change on the electrodes were ob- 
served as long as the externa l  circuit of cell [1] was 
open. On closing the circuit, the anodic reaction was 
determined (weight loss) to be the dissolution of 
l i th ium 

L i ~  Li + + e [2] 

and the cathodic reaction was determined to be the 
deposition of l i th ium (weight gain, and chemical anal -  
ysis), and alloying 

xLi + + M + xe-~ LixM [3] 

The ini t ia l  open-circui t  voltages of all the cells were 
greater than a volt (Table I).  The high voltages are 
due to the presence of metal  oxides on the metal  cath- 
odes. The shorting of the cells could cause ini t ial  elec- 
trochemical reduction of the surface oxide of the 
metals. The open-circui t  voltage of the cells after the 
ini t ial  short circuit ing varied a great deal from metal  
to metal. The open-circui t  voltages of the cells also de- 
creased as the durat ion of short circuit ing increased. 

According to the Nernst  equation [4] 

RT aLl+ 
E = Eo -- 2.303 log [4] 

F aLl 

cell [ i]  is expected to exhibit  zero voltage under  the 
following conditions: (a) the absence of spurious re- 
actions such as solvent decomposition, and (b) the ac- 
t ivi ty  of the freshly deposited l i th ium on the cathode 
is unity. It was shown earl ier  (3) that  the solvent de- 
composition reactions did not occur on metal  substrates 
to any  measurable  extent  although it was a dominant  
reaction on a graphite substrate in a cell similar to 
[1]. However, the al loying of l i th ium with the metal  
caused the activity of Li(aLi) to be less than uni ty  on 
the metal  substrate  and hence, the metal  electrode 
assumed a positive potent ia l  compared to the l i th ium 

anode. The l i th ium deposition continued as long as the 
alloying continued. It  was found that  the alloying con- 
t inued with the metals such as Sn, Pb, A1, Au, Pt, Cd, 
Ag, and Mg unt i l  the brittle, powdery, dark  alloy fell 
off and lost electronic contact. 

Degree of alloying.--The metals  examined for the 
spontaneous electrochemical alloying fell in the fol- 
lowing two classes based on the degree of alloying as 
determined by the drastic change in  appearance and 
the charge t ransferred through the cell of type [1] due 
to electrochemical alloying: 

Class I: Metals which underwen t  changes in ap- 
pearance on alloying: Sn, Pb, A1, Au, Pt, Zn, Cd, Ag, 
and Mg. 

Class II: Metals which did not  undergo any signifi- 
cant change in appearance:  Ti, steel, stainles steel, Cu, 
and Ni. 

It is apparent  that  the class I metals wil l  be unsu i t -  
able as current  collector materials  for the l i th ium 
anode of the p r imary  and secondary organic electrolyte 
cells. 

Coulombic el~ciency.--The apparent  coulombic effi- 
ciency of the spontaneous electrochemical alloying was 
investigated by discharging the cells [1] through a 1 
kohm resistor and by moni tor ing the voltage as a 
funct ion of time. The vol tage- t ime curves of the var i -  
ous cells with the class I metals are shown in Fig. 1. 
The amount  of charge t ransferred through the ex- 
te rna l  circuit was calculated by integrat ing the areas 
under  the curves. The theoretical  amount  of l i th ium 
deposited on the cathode was calculated according to 
reaction [3]. The actual  amount  of l i th ium deposited 
in the metal  cathodes was determined by chemical 
analysis. The coulombic efficiency of alloying of the 
class I and class II metals is given in the Table I. The 
open-circui t  voltages of the cells and the ini t ial  volt-  
ages on constant  load discharge, which are not obvious 
from Fig. 1, are also given in Table I. 

The coulombic efficiency of the class I metals varied 
from 70 to 100%. The reasons for low electrochemical 
alloying efficiency for the metals  like Au, Pt, Zn may 
be: (a) the inefficient extraction of Li by water  t reat -  
ment  and (b) the oxide reduction. Normally, the frac- 
tion of the charge required for the oxide reduction is 
very small  compared to the total charge passed for 
alloying and, therefore, it cannot account for such low 
efficiency. The efficiency of extract ion of l i th ium by 
water  t rea tment  depends predominant ly  on the na tu re  
of the metal. For  example, with soft, low-mel t ing 
metals l ike Sn, the exothermic reaction of Li with 
water  disintegrated the alloy into LiOH and finely 
powdered Sn wi th in  a few minutes.  With Pb, the exo- 

Table I. Determination of coulombic efficiency of spontaneous 
electrochemical alloying (SEA) of various metals with lithium 

M e t a l  

Voltage Moles of 
i m m e -  L i  a h o y  
d i a t e l y  Cou-  based  on Moles  of  Cou-  

a f t e r  l o m b s  c h a r g e  L i  in  t he  l o m b i c  
Open  s h o r t i n g  passed  passed  a l l oy  f r o m  effi- 

c i r cu i t  t h r o u g h  t h r o u g h  ( theo-  c h e m i c a l  c iency ,  
voltage 1 k o l u n  1 k o h m  re t ica l )  ana ly s i s  %* 

S n  1.99 0.606 338.0 3.49 x 10 ~ 3.29 x 10 -4 94 
P b  2.45 1.006 447.0 4.64 • 10 ~ 4.69 x 10 ~ I01 
A1 2.44 0.091 506.0 5.25 x 10-3 4.84 • 10 -~ 92 
A u  2.77 0.413 249.0 2.58 • 10- 8 1.90 • 10 -~ 74 
1:'t 2.36 0.432 228.0 2.36 X 10-8 1.90 • 10 ~ 80 
Z n  2.44 0.732 119.0 1.23 • 10 -s 0.90 x 10- ~ 70 
Cd 2.47 1.356 94.0 9.70 x 10-4 9.01 • 10-4 93 
A g  3.03 0.410 73.0 7.60 x 10 ~4 6.92 • 10-4 91 
M g  1.25 0.026 43.0 4.40 • 10-~ 4.45 ~ 10 -4 101 
Ti 2.78 0.587 2.4 2.50 • 10 -~ O.fiO x 10 -6 20 
S T - L F a t  2 . 5 8  0.678 2.3 2.40 • 10- s 0.50 • 10- s 21 
S T - A F 1 2 t  2.83 0.410 2.2 2.30 x 10 ~ 0.50 • 10 -~ 22 
Cu 2.95 0.659 1.1 1.18 x 10-~ 0.50 • 10 ~ 42 
N i  2.47 0.530 0.9 1.O0 x 10~  0.50 x 10- 6 S0 

* The  c o u l o m b i c  eff iciency is de f ined  as  t he  eff ic iency of l i t h i u m  
d e p o s i t i o n  on the  ca thode  based  o n  t he  t o t a l  c h a r g e  pas sed  accord-  
i n g  to r eac t i on  [3]. 

t S T - L F a :  s t a in l e s s  s tee l  ~ S h i m  a s s o r t m e n t s  f r o m  P rec i s ion  S t ee l  
t ST-AF12 :  s tee l  J W a r e h o u s e  Inc.  
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Fig. I. Voltage-time curves of the cells [1] made with various 
metal cathodes and discharged with 1 kohm external load. 
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thermic  react ion caused the Pb  par t ic les  to s in ter  into 
porous Pb spheres.  Whereas,  wi th  high mel t ing  meta ls  
l ike P t  and Au, a l though the ini t ia l  react ion wi th  
wa te r  was qui te  vigorous, the  diffusion of Li  from the 
meta l  ma t r i x  to the solut ion was qui te  slow and the  
ex t rac t ion  might  be incomplete.  The low efficiency for  
the  class I I  meta ls  m a y  be due to both (a)  and (b) ,  as 
the ex ten t  of a l loying is so smal l  tha t  the  expe r imen ta l  
er rors  for the  ex t rac t ion  and t i t ra t ions  can be  ve ry  
large.  

Rate of alloying.--The re la t ive  ra te  of a l loying of 
the  var ious  class I meta ls  is d i rec t ly  p ropor t iona l  to 
the s t eady- s t a t e  cur ren t  flow through  the 1 kohm re -  
sistor from the cells [ I ] .  These cur ren ts  are  obta inable  
d i rec t ly  f rom the discharge curves  shown in Fig. 1 by  
replac ing  the  cell  vol tage units  to mi l l i ampere  cur ren t  
unit.  The apparen t  vol tage p la teaus  of the  discharge 
curves of Sn, Pb, and A u  might  not have any signifi- 
cance as the  e lectrodes in the  specific cells were  ve ry  
thin  and the a l loying caused complete  d is in tegra t ion of 
the  e lectrodes and the  consequent  loss of e lectronic  
contact. The vol tage  p la teaus  m a y  be due to a change 
in the  effective surface area  of the me ta l  cathodes. 
Based on the vol tage  m a x i m a  of Fig. 1 (af ter  60 hr  of 
discharge)  the  re la t ive  a l loying ra tes  of the  var ious  
meta ls  app rox ima te ly  fol low the i r  re la t ive  hardnesses,  
viz., the softer the  metal ,  the  h igher  the  rate.  

I t  is in teres t ing  to note  tha t  al l  the  class I meta l s  
except  Pb  and Cd exhibi t  the in i t ia l  vol tage  drop on 
discharge and the subsequent  vol tage  recovery  (Fig. 
1). This m a y  be due to the presence of oxide film which 
acts as a passive film, so to speak, to the e lec t rochemi-  
cal a l loying process. 

Lithium-metal alloy composition.--All the  class I 
meta ls  a re  known (4) to form one or  more  in t e r -  
metal l ic  compounds wi th  l i thium, whereas  the class II  
meta ls  do not. I t  appears  h ighly  probable  that  the  ob-  
served a l loying represents  s imply  the  e lec t rochemical  
format ion  of the me ta l - l i t h ium in termeta l l ic  com- 
pounds. Normal ly ,  these are  formed by  heat ing the 
meta l  and l i th ium at high tempera tures ,  whereas  here  
it is fo rmed at  room t empera tu re  spontaneous ly  with 
the evolut ion of e lec t r ica l  energy.  

The composit ion of the  l i t h ium-me ta l  al loys formed 
e lec t rochemical ly  was de te rmined  by  Chemical ana l -  
ysis and is given in Table  II. The known the rma l ly  
p repared  in te rmeta l l ic  compounds wi th  s imi lar  com- 
posit ions are  also given in the same table  for com- 
parison. I t  appears  tha t  the  e lec t rochemical ly  formed 
al loys are  ve ry  s imi lar  in composit ion to tha t  of the  
t he rma l ly  formed known in termeta l l ic  compounds.  The 
avai lab le  x - r a y  diffraction da ta  (5) on a specific in te r -  
meta l l ic  compound LiA1 are  compared  wi th  tha t  of the 
SEA l i t h i u m - a l u m i n u m  al loy in Table  III. I t  is ap-  
pa ren t  tha t  the  t h e r m a l l y  formed LiA1 is ident ical  to 
tha t  of the  a l loy made  by  the e lect rochemical  method 
descr ibed in this  paper .  The x - r a y  da ta  indicate  also 
the  presence of smal l  quant i t ies  of Li  (dA, 2.48) and 
A1 (dA, 2.33, 2.03, 0.978) in addi t ion to LiA1 in the  SEA 
alloy. 

Conclusions 
1. L i th ium me~al a l loys wi th  var ious  meta ls  such as 

Sn, Pb, A1, Au, Pt, Zn, Cd, Hg, and Mg e lec t rochemi-  
cal ly  at  ambien t  t e m p e r a t u r e  in organic e lec t ro ly tes  
containing l i th ium salt  producing  e lect r ica l  energy  in a 
cell  of the fol lowing t ype  

Li /1M LiClO4-PC/meta l  

2. The coulombic efficiency of the  spontaneous elec-  
t rochemical  a l loying (SEA) is genera l ly  high (80- 
100%). 

3. The a l loy composit ions are  s imi lar  to the composi-  
t ion of known t h e r m a l l y  p repa red  in termeta l l ic  com-  
pounds.  

Table II. Composition of the SEA alloys and the thermally 
prepared known intermetallic compounds 

S E A  a l loy  c o m p o s i t i o n  I n t e r m e t a l l i c  c o m p o u n d s  
W t  % At .  % S t o i c h i o m e t r y  S t o i c h i o m e t r y  R e f e r e n c e  

L i  9 74 
A u  91 26 Li~.~.,.Au Li3Au 6 
L i  5 60 
P t  95 40 L h P t 2  LiPt~* 6 
L i  10.2 77 
P b  89.8 23 L i s . s ,Pb  IAl0Pb8 4 
L i  18.8 47 
AI  81.2 53 Lio.sgA1 L i A l  4 
L i  14.6 74 
Sn  85.4 26 Li~.s6Sn LiTSn2 4 

* T h e  a v a i l a b l e  d a t a  on  t h i s  s y s t e m  is l i m i t e d .  T h i s  is  t h e  o n l y  i n -  
t e r m e t a l l i c  c o m p o u n d  r e p o r t e d .  

Table III. X-ray diffraction data on the SEA Li-AI alloy and the 
literature data on the thermally formed LiAI intermetallic 

compound 

LiA1 i n t e r m e t a l l i c  
S E A  Li-A1 a l loy  c o m p o u n d  (5) 

R e l a t i v e  R e l a t i v e  
dA i n t e n s i t y *  h k l  d A  i n t e n s i t y "  h k l  

3.67 S (IIi) 3.65 M (111) 
3.38 V V W  
2.48 W* 
2.33 W 
2.24 VS  (220) 2.26 S (220) 
2.03 Vv" 
1.905 M (311) 1.92 M (311) 
1.586 M ~ (400) 1.58 W (400) 
1.452 M-  (331) 1.46 W (331) 
1.433 V V W  
1.294 M (422) 1.30 S (422) 
1.220 W+ (333) (511) 1.22 M (333) (511) 
1.120 W+ (440) 1.12 M (440) 
1.075 W (531) 1.07 M (531) 
1.003 W (620) 1.01 M + (620) 
0.973 V W  (533) 0.969 V W  (533) 
0.928 W W  
0.918 V W  (444) 0.918 V W  (444) 
0.897 V W  0.889 M (553) (711) 
0.850 W (642) 0.849 VS  (642) 
0.824 V W  (553) (731) 0.827 S (553) (731) 

0.796 W (800) 
0.778 V W  (733) 

* VS,  v e r y  s t r ong ;  S, s t r o n g ;  M, m e d i u m ;  M § b e t w e e n  S a n d  M;  
M-,  less  t h a n  M+; W, w e a k ;  W+, b e t w e e n  W a n d  M - ;  W- ,  less  t h a n  
W+; VW,  v e r y  w e a k ;  V V W ,  v e r y  v e r y  w e a k .  

4. The x - r a y  diffract ion da ta  of the Li-A1 SEA al loy 
show this to be ident ica l  to the  t he rma l ly  p repa red  
in te rmeta l l ic  compound LiA1. 

5. The phenomenon appears  to be quite genera l  in 
na ture  and can be t e rmed  as cathodic embr i t t l emen t  of 
meta ls  in contras t  to the no rma l ly  expected  cathodic 
protect ion of metals .  

Manuscr ip t  submi t ted  Jan.  8, 1971; rev ised  m a n u -  
script  rece ived  ca. Apr i l  3, 1971. 

A n y  discussion of this  paper  wi l l  appear  in a Discus- 
sion Section to be publ i shed  in the June  1972 JOUa~AL. 
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Electrochemical Reduction of Oxygen in Carbonate 
and Carbonate-Halide Melts 

P. K. Lorenz *'1 and G. J. Janz* 

Rensselaer Polytechnic Institute, Troy, New York 12181 

ABSTRACT 

The e lect rochemical  reduct ion of 02 in mol ten  carbonates  occurs th rough  
two reactions:  

~/~02 4-- C02 + 2e ~ COs -~ [1] 
and 

1~02 + 2e z=~ 0 -2 [2] 

The onset of these two processes has been inves t iga ted  in mol ten  Li2COs, the  
t e r n a r y  eutectic (Li ,Na,K)/CO3, and the two b ina ry  eutectics, (LiC1,Li2COj) 
and (LiF,Li2COj).  Reaction [1] is found to s ta r t  at s l ight ly  negat ive  potent ia ls  
re la t ive  to the Au/O2,C02 reference  electrode and depends  on the supply  of 
CO~ from the melt .  The onset of react ion [2] occurs at more  negat ive  polar iza-  
tions; both are affected by  the solubi l i ty  of O2 in the melt .  The resul ts  for 
react ion [1] corre la te  wel l  wi th  the  the rmal  dissociation of carbonates  as a 
funct ion of t empera tu re  and mel t  composition. Reaction [2] appears  inhibi ted 
at lower  t empera tu re s  but  can be obta ined reproduc ib ly  if the  e lec t rode  is 
po ten t iodynamica l ly  cycled severa l  t imes th rough  the vol tage  sweep range; 
a t  e leva ted  t empera tu res  it  occurs readily.  The resul ts  are  examined  re la t ive  
to the differing v iewpoints  advanced re la t ive  to the  e lect rochemical  reduct ion 
of oxygen in such mol ten  electrolytes.  

The e lec t rochemical  reduct ion of mol ten  carbonates  
has received a t tent ion previously,  l a rge ly  by  the Rus-  
sian workers ,  and differing v iewpoints  exis t  as to the  
over -a l l  react ions and the e lect rode polar izat ion po-  
tentials.  The present  communicat ion repor ts  the  re -  
sults of po ten t iodynamic  studies on the  e lect rochemical  
reduct ion of oxygen and ca rbon-d iox ide -oxygen  mix -  
tures  in mol ten  Li2CO3 (m 618~ and in the  (Li, Na, 
K/CO3) t e r n a r y  eutect ic  (m 397~ A n  extension of 
these studies to two b ina ry  ca rbona te -ha l ide  eutectics, 
LiCl-Li2CO3 (m 500~ and LiF-Li2CO3 (m 608~ 
was also unde r t aken  and these resul ts  are  also re -  
ported.  

Experimental Results 
The electrolysis  cell  and anc i l la ry  appara tus  were  

those used in our  studies on the CO and (CO, CO2) 
electrodes and have  been  descr ibed e lsewhere  (1).  
Po ten t iodynamic  da ta  were  gained wi th  the  automat ic  
assembly,  consist ing of a vol tage p rogrammer ,  a po-  
tentiostat ,  and a dual  power  supply  (Duffers Model  600 
and 620, respec t ive ly) .  The reference  e lec t rode  was also 
descr ibed prev ious ly  (1) [ P t / ( C O ~  02 in 2:1 r a t io ) ] ,  
whereas  the  work ing  e lect rode was a gold wire  encased 
in two concentr ic  Py thagoras  porcela in  tubes.  By 
means  of the  la t te r  i t  was possible to suppress  the  
CO3 -2 ion dissociation react ion b y  main ta in ing  an 
a tmosphere  of C02 (except  dur ing  the  cu r ren t -vo l t age  
scans) above  the mel t  in contact  wi th  the  work ing  
electrode. When the  t ip of the  work ing  electrode con- 
tac ted  the  mol ten  e lectrolyte ,  measurements  were  
ini t iated.  

LizCOs.--The elect rochemical  reduct ion  was inves t i -  
gated in the  t empe ra tu r e  r ange  of 750~176 wi th  cur -  
r en t -vo l t age  scans and var ious  atmospheres .  I l lus t ra -  
t ive resul ts  a t  840~ wi th  02, COs, CO, and  A r  a tmo-  
spheres over  the  work ing  electrode are  in Fig. 1. The 
shape of the  cu r ren t -po ten t i a l  curve in the  presence of 
02 suggests two reduct ion mechanisms.  The ini t ia l  r e -  
duct ion cur ren t  u n d e r  1 arm of 02 m a y  be a t t r ibu ted  to 
the reduct ion  of both C02 and 02 to carbonate,  as p ro -  
posed by  S tepanov and Trunov (2) 

* Ele c tr oc he mic a l  Soc i e ty  Act ive  Member .  
*Present address: IBM, Components Division, Essex Junction, 

V e r m o n t  05452. 
K e y  words :  ca rbona tes ,  c a r b o n a t e - h a l i d e  mix tu re s ,  e lec tro lyses ,  

e l ec trochemica l  O~ reduc t ion ,  fu sed  salts. 

C02 + ~ 0 2  + 2e r COs -2 [1]  

whereas, at higher polarization potentials (0.5-0.6V) 
the  reduct ion of oxygen to oxide  sets in (2), viz. 

�89 + 2e ~ 0 -2  [2] 

If  there  is no 02 (or l i t t le  O2), this  02 reduct ion  cannot  
occur. The s t rong cur ren t  undoub ted ly  indicates  a 
high solubi l i ty  of oxygen in mol ten  Li2COj. In  the  ab-  
sence of CO2 in the  mixture ,  C03 -~ ion format ion  
process disappears .  Due to the differences in diffusivi-  
t ies of O2 and CO~ in the  e lec t ro ly te  the op t imum rat io  
of the  pa r t i a l  pressures  of CO2 to 02 is about  2.35 for  
react ion [1] to occur. 

(Li, Na, K/C03) ternary eutectic.--In Fig. 2 the  cur -  
r en t -vo l t age  scans in this e lect rolyte  are  shown. The 
increase of O2 solubi l i ty  in the  mel t  wi th  increasing 
t empera tu re  is c lear ly  apparent ,  i.e. the  currents  cor-  
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Fig. 1. Illustrative current-voltage scans of the working electrode 
(W.E.) vs. the Pt (C02/02) reference electrode in Li2CO3. 
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Fig. 2. Illustrative current-voltage scans of the working elec- 
trode (W.E.) vs. the Pt (C02/02) reference electrode in Li,Na,K/ 
COs. 

responding to oxygen-ox ide  reduct ion reaction, Eq. [2]. 
The resul ts  in Fig. 2 a re  under  condit ions where  the  
cur ren t -vo l t age  scans are  reproducible .  I t  was found 
tha t  above 680~ repea ted  cycl ing was not  necessary 
for reproducib le  results,  but  at  lower  t empera tures ,  e.g. 
560~ the oxygen  reduct ion process  a t ta ined  r ep ro -  
ducible  potent ia ls  (e.g., --0.6V) only af ter  recycl ing  
about  th ree  t imes. A t  440~ it  was not  possible to in-  
duce the  oxygen-ox ide  electroreduct ion,  Eq. [2], even 
wi th  repea ted  cycling. When  a 2:1 mol  rat io  of (CO2, 
02) was used r a the r  than  "02 only" over  the  work ing  
electrode,  the  cur ren t  a t t r ibu ted  to the oxygen-ox ide  
electroreduct ion,  Eq. [2], was smaller ,  whi le  the  ini t ia l  
cur ren t  ( a t t r ibu ted  to CO2, 02, carbonate  reduct ion re -  
action, e.g., Eq. [1] ) was larger .  

(Li/C[,  CO3) eutect ic . --The value  of the  reference 
e lect rode potent ia l  was found to shif t  to more  posi t ive 
values  (approx.  0.05V, at 800~ in this  electrolyte ,  
compared  wi th  i ts  use in mol ten  carbonates.  The cu r -  
r en t -vo l t age  scans at 670 ~ 770 ~ and 820~ in Fig. 3, 
show tha t  the currents  a re  re la t ive ly  h igher  in the  0.0 
to --0.6V region, and this cor re la tes  d i rec t ly  wi th  a 
more  pronounced the rma l  dissociat ion of C O 3  - 2  in this  
mol ten  mixture ,  which  increases the  concentra t ion of 
CO2 in react ion [1]. Increased 02 solubi l i ty  wi th  in-  
creasing t empera tu res  is mani fes ted  by  the increasing 
cur ren t  in the  region corresponding to react ion [2]. 

(Li/F, C03) eutect ic . - -Measurements  were  a t -  
t empted  at  800~ bu t  the  corrosion of the  Py thagoras  
tubing  and  baffles was too severe  for  raeaningful  r e -  
sults; measurements  were  l imi ted  to 720~ and the 
cur ren t -vo l t age  scans are  i l lus t ra ted  in Fig. 4. The 
re la t ive ly  grea te r  t he rma l  dissociation of the  carbonate  
in this mol ten  mix tu re  is evidenced th rough  the h igher  
cur rents  in the  0.0-0.4V region (cf. Eq. [1]).  The large 
currents  in the  --0.5- --1.0V region indicate  tha t  solu-  
b i l i ty  of O2 is r e la t ive ly  grea t  in such mixtures .  Re la -  
t ive  to the potent ia l  of the reference  electrode,  a smal l  
shift  to more  posi t ive values  was noted (i.e., approx.  
0.03V at 720~ 

Table I. Electrolysis of 
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Fig. 3. Illustrative current-voltage scans of the working elec- 
trode (W.E.) vs. the Pt (CO~/Os) reference electrode in Li/CI,COs. 
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Fig. 4. Illustrative current-voltage scans of the working elec- 
trode (W.E.) vs. the Pt (C02/02) reference electrode in Li/F,C03. 

Discussion 
The electrochemical reduction of oxygen in molten 

carbonates  has been inves t iga ted  p r i m a r i l y  b y  S t ep -  
ahoy and Trunov (2); Klevtsov,  Arkhyov ,  and S tep -  
anov (3); Paskov  and  Tyur ikov  (4); and Silakov,  
Tyur ikov,  and Vasi l is tov (5). Some aspects  of these are  
summar ized  in Table  I, and  it is seen tha t  there  a re  
differing v iewpoints  on e lec t rochemical  reduct ion  of 
oxygen in carbonate  electrolyses,  name ly  S tepanov 
et. aL favor ing two processes, the  reduct ion  of CO2 and 
O2 at  low polarizat ions,  Eq. [1], and the direct  r educ-  
t ion of 02 at  h igher  anodic polar izat ions  Eq. [2], 
whereas  Si lakov et aL propose  peroxide  at  low anodic 
polarizations and the onset of a C02 reduction at higher 
polarizat ions.  

Thermodynamica l ly ,  f rom the da ta  for Li2CO~, one 
m a y  calculate  the  reduct ion  potent ials ;  i t  is thus  found 
that the reduction of 02 and COs Eq. [1] is predicted 

molten carbonates 

Invest igat ion Exper imenta l  aspects Comments  

Stepanov and Trunov  (2) 

Klevtsov,  Arkhyov ,  and 
Stepanov (3) 

Paskov  and  Tyur ikov  (4) 

Silakov, Tyur ikov,  and 
VasiHstov (5) 

(Li,Na,K)/CO3 eutectic,  porous Ag 
electrode 

(Li,Na,K)/CO~ eutectic,  cyl indrical  
Pt  electrode 

(Li,Na)/COs. (Li,K)/CO~, Ag  wire  
electrode 

(Li,Na,K)/COs, (Li,Na)/COs, Li2COs, 
Pt and Pd electrodes to var ious  
degrees of air  oxidation prior  to 
electrolysis 

Support  the onset of react ion [1] in the low cathodic polarization 
regions; m a x i m u m  cur ren t  when  CO~/O2 ratio about  2/1. 

There  is a m a r k e d  increase in t w h e n  the top of the electrode cylin- 
der  is raised to pro t rude  about  5 m m  above the melt ;  the ra te  of 
react ion [1] is thus l imited by  gaseous diffusion th rough  the 
mel t /e lec t rode  meniscus interface.  

Support  the work  of Klev tsov  et  aL (3), ~.e., a sharp  increase in 
i when  the meniscus interface is increased. 

The  reaction a t  low potentials could be e l iminated by  extensive  
hea t ing  of electrode as p re t r ea tmen t ;  proposed tha t  anodtc polar-  
ization of the electrode (without  pr ior  heat  t rea tment )  produces 
a meta l  peroxide (MO2 + 2e- --~ M + O2-~), and at polarizations 
more  negat ive  than  --0.5, the reduct ion of CO2 to C or CO and  
carbonate  was  suggested. 
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feasible  at  potent ia ls  s l ight ly  negat ive  to the  reference  
electrode,  whereas  the  reduct ion of O2 to oxide Eq. [2] 
is not  feasible unt i l  potent ia ls  more  negat ive  than  
--0.3V at 840~ are reached.  Al though  the t h e r m o d y -  
namic da ta  for the mix tures  are insufficient for such 
exact  predict ions,  one m a y  assume tha t  the  predic t ions  
for Li2CO~ hold in first approx imat ion  for  t h e  t e rna ry  
carbonate  eutectic, and more  qua l i t a t ive ly  provide  
guidel ines for  the ca rbona te /ha l ide  mixtures .  The ex-  
pe r imen ta l  resul ts  for Li2CO3 and the  t e r n a r y  eutectic 
(in Fig. 1 and 2) a re  in accord wi th  the  theore t ica l ly  
pred ic ted  potent ia ls  and  suppor t  the  v iewpoin t  ad-  
vanced by  S tepanov et  al., namely  tha t  react ion [1] is 
the  process occurr ing in the  low cathodic polar izat ion 
region. The cu r ren t -vo l t age  curves  for CO2 and A r  arm 
over  the  work ing  e lec t rode  (Fig. 1) indicate  tha t  the  
CO2 and carbonate  reduct ions  occur wel l  outside the  
polar izat ion range  for the oxygen reduct ion reactions,  
and tha t  these appear  wel l  separated.  No changes in 
these cu r ren t -vo l t age  t races  were  observed if the  elec-  
t rode  was hea ted  in O2 pr ior  to the  electrolyses;  this  
contrasts  wi th  the  observat ions  of S i lakov et al., name-  
ly, tha t  the  react ion at  low polar izat ions  could be thus 
el iminated.  The test  e lect rodes  in the  work  of S i lakov 
et  al. (5) were  Pt  and Pd, and i t  fol lows f rom the 
present  resul ts  that  A u  does not show the same be-  
havior.  

I t  is also apparen t  at  h igher  t empera tu re s  and in an 
02 a tm tha t  the  CO2, 02 reduct ion Eq. [1] proceeds  
more  r ead i ly  as evidenced b y  the h igher  currents.  This 
is not unexpec ted  since the  t he rma l  dissociation of ca r -  
bonates  to CO2 is enhanced wi th  increas ing t e m p e r a -  
tures;  the increased ra te  is in accord wi th  CO2 being a 
l imit ing reactant .  The cu r ren t -vo l t age  t races for the 
LiC1, Li2CO3 and LiF,  Li2CO3 electrolysis  in Fig. 3 
and 4, respect ively,  provide  addi t ional  suppor t  for this 
observation.  The hal ide  ion is known to influence the  
the rmal  dissociation of carbonates,  the  greates t  effect 
being noted in LiF-Li2CO3 mix tures  (6), and the ob-  
served currents  are  in re la t ive  agreement  wi th  the  
t he rma l  dissociation to CO2 of the carbonate,  in the  
order  LiF, Li2COa > LiC1,Li~CO3 > (Li ,NaK)COz. 
Fur ther ,  dur ing  the  electrolysis  of the  t e rna ry  eutectic, 
if  a 2/1 mix tu re  of CO~/O2 was used over  the work ing  
electrode, the  cur ren t  at  lower  polar iza t ion  potent ia ls  
was greater ,  and  at  h igher  polarizat ions,  less, than  
wi th  only oxygen as the atmosphere.  The preceding 
observations,  a l though qual i ta t ive ,  are  firm support  for 
the  CO2, O2 reaction,  i.e., Eq. [1] 

C02 + �89 4- 2e ~ CO~ -2 [I] 

as the process in the low cathodic polarization region 
in the electrolysis of molten carbonates, and carbonate 
halide mixtures. 

At  the more  nega t ive  polarizations,  the  process ap-  
pears  to be the  direct  reduct ion  to the  oxide ion, i.e., 
Eq. [2] 

�89  -t- 2e ~--- O -2  [2] 

and at  lower  t empera tu re s  this  proceeds reproduc ib ly  
af ter  the  e lectrode is p o t e n t i o d y n a m i c a l l y  cycled sev-  
era l  times. As i l lus t ra ted  in Fig. 5, five successive cycles 
were  requ i red  to obta in  reproduc ib i l i ty  at  560~ The 
cur ren t  increase  accompanying  react ion [2] moves 
from a potent ia l  of --1.3V to the reproducib le  values  of 
--0.55V (Fig. 5, curves I, IV, and V, respec t ive ly) .  The 
potent ia ls  of about  --1.0V (curves II  and III, Fig. 5), 
correspond to the  reduct ion of CO2 (suppl ied f rom the 
t he rma l  dissociation of the  carbonate)  to C and CO3 -2, 
i.e. 

3CO2 + 4e ~ C + 2CO~ -2  [3] 

and  af ter  the onset of this  reaction, the  reduct ion  of 
O2 proceeded readi ly .  If the  inhibi t ion of the oxide re -  
duct ion reaction, Eq. [2], is due to an oxide layer  on 
the Au  electrode,  the  onset of the  carbon deposi t ion 
reaction,  Eq. [3], fo l lowed by  oxide  layer  a t t ack  

C 4- 3 0 - ~  -- 4e ~=2 C03-2 [4] 
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Fig. 5. Voltage-current scans of the working electrode (Au) vs. 
the Pt (C02 /02 )  reference electrode during the electrolysis of the 
(L i ,Na,K) /COa ternary eutectic at 560~ with 02 over the work- 
ing electrode. The electrode was cycled five times, and the traces 
ore illustrated as I-V, respectively. 

would account for the reproduc ib i l i ty  a t ta ined  in the  
O2 reduct ion reac t ion  (Eq. [2] and Fig. 5, curves  IV 
and V),  since the la t te r  proceeds e lec t rochemica l ly  
a ppa re n t l y  uninhibi ted,  on the clean A u  surface but  
not on a gold oxide  surface. At  700~ repe t i t ive  po ten-  
t iodynamic  cycl ing is no longer  necessary to obta in  re -  
p roduc ib i l i ty  for the  oxygen reduct ion  reaction. 

The cathodic deposi t ion of carbon in fused car -  
bonate  e lectrolyses  and the role of Li  salts  in such 
e lect rolytes  have been discussed e lsewhere  (7-10). In  
the  present  work  it is sufficient to note tha t  whi le  the  
cu r ren t -vo l t age  curves  show c lear ly  tha t  CO2 is r e -  
duced in e lectrolyses  of the  var ious  carbonates,  visual  
inspection (9) of the  e lectrode showed C on the  elec-  
t rode  at the  lower  t empera tu re s  only. Thermodynamic  
free energy considerat ions  predic t  tha t  the  s tab i l i ty  of 
C exceeds that  of CO below 7D0~ and tha t  above  this  
the  CO2 reduct ion to CO is favored  

2CO2 -I- 2e ~=~ CO 4- CO3 -2  [ 5 ]  

The difference in the  t h e r m o d y n a m i c a l l y  p red ic ted  
reduct ion potent ia ls  for react ions  (Eq.) [3] and [5], r e -  
spectively,  is <0.1V, and separa t ion  in this  t e m p e r a -  
ture  range  was not a t tempted.  Al though  the reduct ion 
products  were  not  inves t iga ted  in detail ,  i t  appears  tha t  
react ions  (Eq.) [3] and [5] a re  poss ibly  the  dominant  
processes cont r ibut ing  to the CO2 reduct ion  and  tha t  
t he rmodynamic  control  ( re la t ive  to C or CO end p r o d -  
ucts) was undoub ted ly  opera t ive  for  the  t empe ra tu r e  
range inves t iga ted  (440~176 

Inspect ion of the resul ts  for the  LiC1-Li2CO8 sys-  
tem shows the  suggest ion of two l imit ing cur ren ts  (Fig. 
3, 670 ~ and 770~ respec t ive ly) .  In  l ight  of the p reced-  
ing considerat ions,  i t  is significant to note tha t  these  
two are observed as expected when  react ion (Eq.) [1] 
occurs at s l ight ly  less negat ive  potent ia ls  than  reac t ion  
(Eq.) [2], and when react ion (Eq.) [2] is fol lowed by, 
say, react ion (Eq.) [3]. A fu r the r  result ,  namely  tha t  
for  e lectrolyses  under  CO2 or  A r  the  second l imit ing 
cur ren t  was not found, is addi t iona l  suppor t  for  the  
v iewpoints  advanced  above. 

Rela t ive  to the  two oxygen reduct ions  (react ions [1] 
and [2], respec t ive ly)  i t  was of in teres t  to examine  the  
t empe ra tu r e -dependence  of the electrolysis,  and the 
der ived  enthalpies  of activation,  summar ized  in Table 
II, are  f rom analyses  of the  log i vs.  1 /T  graphs  at  --0.4 
and  --0.7V, respect ively.  The en tha lpy  of ac t ivat ion for  
the  CO2, O2 reduct ion process (16 kcal)  is somewha t  
less than  direct  reduct ion of O2 (20 kca l ) .  The  en tha l -  
pies of ac t ivat ion for the  direct  reduct ion of O2 show 
only  minor  fluctuations for the different  solvents. The 
h indrance  of the  O2 reduction,  thus, m a y  be a t t r ibu ted  
to an e lec t rode  proper ty ,  such as the  pos tu la ted  oxide 
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Table II. Heats of activation for 02 reduction reactions 

R E D U C T I O N  O F  O X Y G E N  I N  C A R B O N A T E S  

Electrolysis Slope AHac t. 
solvent • 10-a k c a l / m o l e  

CO.~ + V~02 + 2 e ~  COs = 

(Li ,Na,K) ~CO3 4.0 18 -~- 1 
L i2Cfh  3.9- 15 ----- 1 
LiCI-Li~COs 3.5 16 +-- 1 

I~0~ + 2e ~ 0 = 

(Li,Na,K)2COs 4.6 21 • 1 
Li,.,CO~ 4.1 19 -~- 1 
LiCl-Li~CO3 4.4 20 ----- 1 

layer,  r a the r  than  a solvent  proper ty .  By comparison,  
the  enthalpies  of activation,  corresponding to CO2 and 
O2 reduct ion to carbonate  show var ia t ions  wi th  the 
different  solvents; the  precision of the values  p robab ly  
does not jus t i fy  conclusions other  than  tha t  this proc-  
ess is dependent  on the supply  of CO2 to the react ion 
zone. 
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Corrosion Inhibition Effects of Small-Sized Polymethyleneimine 
Kunitsugu Aramaki* 

Department of Engineering, Keio University at Hiyoshi, Yokohama, Japan 

ABSTRACT 

It  has been repor ted  that  the inhibi t ion effect of medium-s ized  po ly -  
methylene imines  on the corrosion of iron in HC1 solution is no tab ly  good, and 
tha t  this  effect is closely re la ted  to s train in the i r  rings. Inhibi t ion  mechanism 
of smal l -s ized  po lymethy lene imines  containing 2 to 5 me thy lene  groups was 
studied. Corrosion ra tes  of pure  i ron in HC1 solution were  de te rmined  by  
polar izat ion measurement .  Inhibi t ion efficiency of these imines decreases wi th  
increase in number  of me thy lene  groups. Because of decreasing wi th  increase 
in the  methy lene  number ,  the s t ra in  in the  imine r ing seems to be re la ted  to 
the  inhibi t ion effectiveness of these imines. F rom discussions of the corrosion 
inhibi t ion da ta  together  wi th  basic strength,  re la t ive  molecular  area,  and 
molecular  s t ructure  of these imines, and with  inf rared  spect ra  of react ion 
products  der ived  from these imines, it  is concluded tha t  the inhibi t ion effi- 
c iency of these imines does not depend on the =-electron bonding be tween  
meta l  and ni t rogen atom, as shown for med ium-s ized  ones. The high inhibi t ion 
effect of C2 and C~ imine is caused by  that  of po lymer  molecules  fo rmed  by  
the r ing-open ing  react ion of these imines. 

S t r u c t u r a l  e f fec ts  of  p o l y m e t h y l e n e i m i n e s , 1  

( r  containing four  to four teen methy lene  

groups on thei r  corrosion inhibi t ion have been s tudied 
by  Hacke rman  and his co -workers  (1-3).  The inhib i -  
t ion efficiency of medium-s ized  po lymethy lene imines  
wi th  9 to 12 methy lene  groups is m a r k e d l y  high, es- 
pec ia l ly  wi th  10, for iron corrosion in 6.1M HC1 solu-  
tion. This high efficiency is closely re la ted  to large 
s t ra in  in r ing of these cyclic imines. Because of the 
large s t ra in  in the  ring, angle of C-N-C bond in the  
imine r ing is near  120 ~ which means  sp 2 hybr id  orb i ta l  
geomet ry  in n i t rogen atom. This geomet ry  provides  

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
Key  words :  po l a r i z a t i on  s tudy ,  p o l y m e r i z e d  inh ib i to r ,  r i n g  s t ra in .  
1 T h e  t e r m  "cyc l i c  i m i n e "  a nd  " s e c o n d a r y  a m i n e "  are used  for  

!oo lyme thy l ene imine  a nd  s y m m e t r i c  d i a l k y l a m i n e  in t h i s  pape r  as 
are Cn i m i n e  a n d  Cn a m i n e ;  for  e x a m p l e ,  Ca i m i n e  for  t r i m e t h y l e n e -  
i m i n e  and  C~ a m i n e  fo r  d i e t h y l a m l n e .  

an unshared  ~-elect ron pair  on ni t rogen atom. I t  has 
been concluded that  the enhanced inhibi t ion effective- 
ness of med ium-s ized  po lymethy lene imines  is caused 
by  donat ion of the =-elect ron pair  on n i t rogen a tom to 
meta l  (3). 

There  also is a s t ra in  in r ing of smal l - s ized  po ly -  
methy lene imines  conta ining 2 to 4 methy lene  groups, 
and the s t ra in  of C2 and C~ imine is undoub ted ly  
s t ronger  than  of C10 imine (4). The angle of C-N-C 
bond in the smal l -s ized  r ing  is, however,  smal ler  than  
in C5 imine r ing which is free f rom the  strain,  whi le  
that  in the medium-s ized  one is larger .  

If  this s trong s t ra in  in C2 and Ca imine r ing improves  
corrosion inhibi tor  per formance  of po lyme thy lene -  
imine, the  enhanced efficiency of these cyclic imines 
would  be expected as shown in the  case of C10 imine. 
In o rder  to confirm effects of the  r ing s t ra in  on the  
corrosion inhibit ion,  compara t ive  s tudy on the effi- 
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ciency of po lymethy lene imines  wi th  2 to 5 me th -  
y lene  groups and of symmet r ic  secondary  amines, 
(Cn/,,Hn+I)2NH, with  2 to 6 carbon a toms was car r ied  
out. These differ in s t ruc ture  only in the presence of 
r ing closing bond and of two hydrogen  atoms. A m -  
monia  was also tested as both cyclic imine and sec- 
ondary  amine  wi thout  the methy lene  group. Some 
compounds which are  to be formed by  react ions  of 
these cyclic imines in the  corrosion envi ronment  were  
used as inhibi tors  for invest igat ing detai ls  of the  in-  
hibi t ion mechanism.  

Corrosion ra tes  were  de te rmined  on pure  i ron wire  
in 6.1M HC1 solut ion wi th  and wi thout  inhibi tors  at  
30*C by  polar izat ion measurement ,  by  volumetr ic  mea-  
surement  of evolved hydrogen,  and by  weight  loss 
measurement .  A p p r o x i m a t e  area  of meta l  surface cov- 
e red  by  each inhibi tor  molecule  in the  adsorbed posi-  
t ion was de te rmined  wi th  a r ranged  molecular  models. 
Basic s t rength  was also measured  to compare  the  ad -  
sorpt ion activi t ies of these inhibi tors  wi th  each others. 

Experimental 
Corrosion inhibitors.mTrimethyleneimine (C3 imine)  

was synthesized by  hydrogenolys is  of N ,N- t r ime thy l -  
ene -p - to luenesu l fonamide(5 )  which was p repared  by  
the react ion of p - to luenesu l fonamide  wi th  1,3-di- 
b romopropane (6 ) .  Hydroch lo r ide  of 2 -ch loroe thy l -  
amine and 3-chloropropylamine ,  t r i e thy lene te t ramine ,  
heptae thyleneoctamine ,  and t r i p ropy lene te t r amine  
were  also synthesized by  the usual  procedures.  These 
products  were  r epea ted ly  purified by  dis t i l la t ion or by  
recrystal l izat ion.  Absence of impur i t ies  was confirmed 
by  in f ra red  spec t romet ry  and b y  gas chromatography.  

E thy lene imine  (C.~ imine) ,  py r ro l id ine  (C4 imine) ,  
p iper id ine  (C5 imine) ,  ammonium chloride,  d ime thy l -  
amine hydrochlor ide ,  d ie thy lamine  hydrochlor ide ,  and 
d ip ropy lamine  were  obta ined as high grade  commercia l  
reagents  and also purif ied by  dis t i l la t ion or by  rec rys -  
ta l l izat ion before use. 

These inhibi tors  were  dissolved in constant  boil ing 
(107~ 6.1M HC1 solut ion which was p repa red  by  d i -  
lut ing analy t ica l  reagent  grade  solution. 

Corrosion rate measurements.--Corrosion rates  of 
pure  i ron wire  (99.89%,2 Mal l inckrodt  ana ly t ica l  r e -  
agent  grade,  0.36 m m  d iamete r )  were  de te rmined  in 
6.1M HC1 solution wi th  and wi thout  inhibi tor  at 30~ 
by  the three  kinds of measurements  in the  same m a n -  
ner  as prev ious ly  given in de ta i l  (2). 

The galvanosta t ic  polar izat ion was made  by  supp ly -  
ing cur ren t  wi th  a coiled p l a t inum wire,  a 90V ba t t e ry  
and a var iab le  resistor. Poten t ia l  of i ron electrode in 
the solution deae ra t ed  wi th  n i t rogen gas was measured  
by  using a sa tu ra ted  ca lomel  e lec t rode  and an elec-  
t rometer .  

The hydrogen  evolut ion measurement  was car r ied  
out  wi th  a gas bure t t e  for 4 hr  together  wi th  the weight  
loss determinat ion.  

Effect ively covered area  was de te rmined  by  a r -  
ranging f r amework  molecu la r  models  on a p lane  in an 
assumed conformat ion of the inhibi tor  molecule  ad -  
sorbed on the me ta l  by the  format ion  of a m e t a l - n i t r o -  
gen coordinate  bond. Chair  type  conformat ion was ap -  
pl ied to C~ imine, and ha l f - cha i r  t ype  to C4 imine. To 
keep a lky l  groups of secondary  amine apa r t  f rom the 
plane, the models  were  a r ranged  in gauche  conforma-  
tion for C-N bonds and in a s taggered one for C-C 
bonds. Detai ls  of this  measuremen t  have  also been 
shown (2). 

The pKa value  was de te rmined  by  t i t ra t ion  wi th  
HC104 in 50% d ie thy leneg lyco l -wa te r  solut ion at  30~ 
The pH of the  solution was fol lowed wi th  a glass elec-  
t rode  and a pH meter .  

In f ra red  absorpt ion  spec t rometr ic  analys is  of p r o d -  
ucts by  the  react ion of C2 or  C3 imine in 6.1M HC1 
solution was car r ied  out. The solutions of these imines 
at 0.1M concentra t ion were  dr ied  up at 30~ in a 
vacuum desiccator  containing concent ra ted  sulfuric  

'-' C, 0.03%; Mn, 0.04%; P, 0.602%; Si, 0.001%; S, 0.02%. 

acid ~nd sodium hyd rox ide  pel lets  separate ly .  Residual  
whi te  powder  was analyzed  on an in f ra red  absorpt ion 
spec t rometer  wi th  K B r  disk. 

Results 
Corrosion current ,  icorr ,  w a s  de te rmined  by  in tersec-  

t ion of ex t rapo la ted  anodic and cathodic Tafel  lines. 
The da ta  were  obta ined  in the  severa l  runs at each of 
the  inhibi tor  concentrat ions.  They  were  reproducib le  
within less than  --+4% except  the values  of C3 imine 
wi th  devia t ion  of about  -+30%. 

Corrosion cur ren ts  for the  cyclic imines are  shown 
in Fig. 1 as a function of the inhib i tor  concentrat ion.  
Fo r  smal l -s ized  imines,  icorr increases  wi th  increase  in 
the number  of me thy lene  groups. The polar izat ion 
curves for  these cyclic imines showed tha t  t hey  inhibi t  
both cathodic and anodic reac t ion  of pu re  i ron in the  
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hibitors ( � 9  with C4 imine (e) ,  and with C5 imine (A) at 0.01M. 
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acid solution and are more effective on the cathodic 
reaction than on the anodic one. Some typical  curves 
with and without  inhibitors are shown in  Fig. 2. Cor- 
rosion potential  was observed to shift toward less 
noble potential  wi thin  30 mV by the addition of these 
imines at the concentrat ion given in the experiment.  

Corrosion rates of iron wire in 6.1M HC1 solution 
with and without inhibitors at 30~ were also mea-  
sured by the hydrogen evolution and weight loss tech- 
nique. Reproducibil i ty of these rates was wi th in  --+4% 
with the exception for C3 imine. The hydrogen evolu- 
tion and weight loss data for these inhibitors are not 
shown here but  correspond well  to the corrosion rates 
calculated from the ~corr values, as for instance corro- 
sion rates measured by polarization, by hydrogen evo- 
lution, and by weight loss are 26,200, 22,800, and 22,000 
todd without inhibitors, and 11,600, 10,700, and 9960 
mdd with C5 imine, respectively. 

Corrosion currents  for secondary amines are shown 
in Fig. 3 together with that  for ammonia.  The data in-  
dicate a decrease of /corr with increase of the carbon 
number .  

The icorr values for 2-chloroethylamine,  3-chloropro- 
pylamine,  t r ie thylenetetramine,  heptaethyleneoctamine,  
and t r ipropylenete t ramine  are collectively shown in 
Fig. 4. The data are plotted v s .  the concentrat ion of 
ethyleneiraine unit, CH2CH2NH for t r ie thylenete t ra-  
mine  and heptaethyleneoctamine,  and of propylene-  
imine unit,  CH2CH2CH2NH for t r ipropylenetetramine.  
Tr ie thylenete t ramine  and heptaethyleneoctamine are 
good inhibitors, being better  than 2-chloroethylamine.  
A high inhibi t ion effectiveness of t r ipropylenete t ra-  
mine is also shown in the figure. 

The approximate area of metal  surface effectively 
covered per an inhibi tor  molecule was measured by  
using molecular  models. The ratio of the area of each 
inhibi tor  to the C5 imine area is defined here as the 
relative molecular  area and is shown in Table I. The 
larger area for C4 imine than  the value for C5 imine 
was determined because the r ing of C5 imine in the 
adsorbed position is perpendicular  to metal  surface 
while that of C4 imine seems to be kept almost paral -  
lel to the surface. The values of the relative molecular  
area for all  the other cyclic imines and secondary 
amines show linear increases with the number  of 
methylene  groups. 

The basic strengths of these imines and amines are 
also tabulated in Table I. These values correspond well  
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Fig. 5. Infrared spectrum of the reaction product derived from 
C2 imine. 

to those given previously (7). The pKa value for the 
series of cyclic imines decreases with increase in the 
number  of methylene  groups with the exception for a 
notably  lower value of Cs imine. There are little dif- 
ferences in the values for the series of secondary 
amines. 

The infrared absorption spectra of the products de- 
rived from C2 and C3 imine in the HC1 solution are re-  
spectively shown in  Fig. 5 and Fig. 6. Many frequencies 
of absorption bands in these spectra were observed to 
be inconsistent with those of C2 and Cs imine. 

Discussion 
For the series of cyclic imines, the order of inhibi t ion 

effectiveness is C2 > C3 > C4 > C5, while  Co < C2 < C4 
< C6 for the secondary amine series including am- 
monia as Co. Because the strain in the small  sized imine 
ring increases with decrease in the carbon number ,  the 
inhibi t ion of cyclic imines seems to be related to the 

Table I. pKa value and relative molecular area of cyclic imines 
and secondary amines 

Relative 
Inhibitor  pKa molecular area 

I I 
" 5  " 2  C2 imine 8.00 0.74 

C8 imine 11.18 0,94 
C4 imine 11,15 1.06 log concentration (M) co irnine lO.71 i.oo 
Co amine 9.14 0.37 

Fig. 3. Effect of secondary amines on corrosion current; n = C.~arnine 10.47 0.68 
C~ amine 10.51 1.01 

carbon number, c6 amine 10,48 1.43 
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Fig. 6. Infrared spectrum of the reaction product derived from 
C3 imine. 

s t ra in  in thei r  rings. The inhibi tor  efficiency increases 
wi th  the  r ing  s t ra in  for the  series of medium-s ized  
cyclic imines. This re la t ion  of the r ing s t ra in  or the  
C-N-C bond angle of medium-s ized  cyclic imines to 
the  inhibi t ion effectiveness has been concluded by  dis-  
cussing icorr da ta  via the  re la t ive  molecular  area, the  
basic s t rength  value,  and the molecular  s t ructure  (2). 
To e lucidate  the  re la t ion  be tween  the inhibi tor  effi- 
c iency and the  r ing  s t ra in  of smal l - s ized  cyclic imines,  
discussions in the same manner  as repor ted  for  me-  
d ium-s ized  ones were  also t r ied  in this  paper .  

F igure  7 shows log /~orr vs. re la t ive  molecular  area  
plots  for  cyclic imines and for secondary  amines  at  
0.01M of the inhibi tor  concentrat ion.  A l inear  re la t ion 
is seen in this figure for  secondary  amines, decreasing 
log ~corr with  the  increase of r e l a t ive  molecular  area. 
Ammonia  is here  assumed to be the  smal les t  cyclic 
imine and to have  no s t ra in  in the  ring. Al l  of sec- 
ondary  amines  are  also f ree  from the r ing s t ra in  as 
wel l  as C5 imine. A line which is d rawn  through the 
points  of Co imine (ammonia)  and C5 imine is t aken  
to be that  for the series of smal l -s ized  cyclic imines 
wi thout  the  s t ra in  in the i r  r ings because  of the  l inear  
re la t ion for secondary  amines. Corrosion cur ren t  de-  
viat ions of each point  for cyclic imines f rom this l ine 
were  measured  on the figure and plot ted  against  the 
pKa value in Fig. 8. The deviat ion,  A log icorr, means  
the  decrease of log ~corr due to the  r ing strain.  Because 
of a l inear  re la t ion of A log icorr to the  basic s t rength  
for medium-s ized  cyclic imines, as shown in Fig. 8, it  
has been concluded that  the r ing  s t ra in  plays  an im-  
por tan t  role  in the imine inhibi t ion (2). As can be 
seen in the figure, however ,  this  re la t ion  for smal l -  
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hibitor concentration; cyclic imine O ,  secondary amine A.  Num- 
ber indicates the carbon number. 
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Fig. 8. Relation of pKa to A log icorr for the series of medium- 
sized cyclic imines /k and of small-sized cyclic imines O -  Num- 
ber indicates the carbon number. 

sized cyclic imines disagrees  wi th  that  for med ium-  
sized ones. This resul t  suggests tha t  effect of the  r ing 
s t ra in  or the  C-N'-C bond angle of smal l - s ized  imine 
on its corrosion inhibi t ion is different  f rom tha t  of 
medium-s ized  one. 

In  considerat ion of ra te  constants  and equi l ibr ium 
constants  for  react ions  of cyclic compounds,  it  is p re -  
sumed that  there  is no poss ibi l i ty  of unshared  n-e lec-  
t rons on ni t rogen a tom of cyclic imines wi th  less than 
five methy lene  groups except  C4 imine (8). In the  
smal l  r ings of C2 and Cs imine, bond angle  s t ra in  is 
large  and has a p redominan t  effect. Since the  C-N-C 
bond angles in C2 and C3 imine r ing are  of orders  of 
6 0  ~ and 90 ~ sp 3 hyb r id  orb i ta l  geomet ry  of n i t rogen 
a tom (C-N-C angle 109~ ') is favored over  sp 2 geom- 
e t ry  (C-N-C angle  120~ which provides  unshared  
n-e lec t rons  on the n i t rogen atom. Therefore,  there  can 
be no n-e lec t ron  pair  on the  n i t rogen a tom in C2 and 
C3 imine ring. 

In  common r ings  of C4 and C5 imine, bond opposit ion 
s t ra in  caused by  repuls ion be tween  hydrogen  atoms 
seems to be of importance.  The C5 imine r ing in which 
hydrogen  a toms are  of s taggered  conformat ion remains  
sp 3 hybr id iza t ion  of n i t rogen atom. However ,  there  
seems to be the  bond opposi t ion s t ra in  in the  r ing of 
C4 imine, because of ecl ipsed conformat ion of hyd ro -  
gen atoms. To release this s train,  the sp 3 geomet ry  of 
n i t rogen a tom in C4 imine m a y  change to the  sp 2 h y -  
bridization,  since hydrogen  a toms around the  n i t rogen 
a tom are  the  s table  s taggered  conformat ion in the  
la t te r  hybridizat ion.  The effect of unshared  ~-elect rons  
on the inhibi tor  per formance  might  thus be  observed 
on ly  for  C4 imine. 

According to the above  discussion of the  bond op-  
posi t ion s t ra in  in the  imine ring, the  sp 3 geomet ry  of 
the ni t rogen a tom in py r ro l id in ium cation is bel ieved 
to be less s table  than  tha t  in p iper id in ium cation. The 
presence of the sp 2 n i t rogen geomet ry  should, t he re -  
fore, resul t  in a weake r  basic s t rength  of C4 imine than  
of C5 imine. The pKa va lue  of C4 imine, however ,  is 
l a rge r  as shown in Table L A s imi lar  evidence has 
been indica ted  in dissociat ion constant  da ta  of C4 and 
C5 imine - t r ime thy lbo rane  complex  (9). F r o m  these 
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facts the effect of sp 2 geometry on the C4 imine in-  
hibit ion is not taken to be predominant  over that  of 
the sp 3 geometry. 

The anodic polarization current  of iron electrode in 
HC1 solution is not notably decreased by the addition 
of medium-sized cyclic imines, as has been shown for 
C, imine (1). This can be explained by means  of 
chemical adsorption of these imines through formation 
of coordinate bond with their =-electrons to the anodic 
metal  surface. If C4 imine is adsorbed on iron surface 
via ~-electron bonding as well  as medium-sized imines, 
greater effect on anodic reaction than on cathodic re- 
action should be observed. The exper imental  results in 
Fig. 2 show that  difference in icorr values between C4 
and C~ imine rather  depends on that  in cathodic po- 
larization curves. This difference in cathodic polariza- 
t ion is probably caused by the enhanced basic s trength 
of C4 imine. Since the inhibi t ion effect of C4 imine on 
the anodic reaction is not significant, it is concluded 
that the ~-electron bonding between metal  and ni t ro-  
gen atom of C4 imine  is not impor tant  to its inhibi t ion 
effectiveness. 

i t  cannot  be explained in  terms of the relat ive mo-  
lecular area and pKa values that  C2 and C3 imine are 
better  inhibitors than  C4 and C5 imine. As ment ioned 
above, the Ce and C3 imine rings are highly strained 
but  have nothing to do with the ~-electron bonding ad- 
sorption on metal. Ring-opening reactions of these 
imines due to the high r ing strain are possible in the 
presence of proton (10). For example, C3 imine may 
be decomposed in the presence of hydrochloric acid, 
forming 3-chloropropylamine 

(CH2) 3 NH + HC1 ~ C1CH2CH~CH2NH2 
I I 

or polypropylenepolyamine 
I f 

m (CH2)8 NH -+ (CHsCH2CH2NH)m 
! I 

The infrared absorption spectrum of the product  by 
the reaction of C3 imine in 6.1M HC1 solution suggested 
the r ing-opening  reaction, because C-H bending band 
of C3 imine at 1340 cm-1 disappeared in the spectrum. 
As C-C1 stretching band was observed at about 780 
cm -1, the formation of 3-chloropropylamine is pre-  
sumable. Agreement  of absorption bands for Ca imine 
product  with those for hydrochloride of polypropylene-  
polyamine such as t r ipropylenete t ramine  was also 
found in this spectrum. It can be concluded from these 
data that  C3 imine is reacted with hydrochloric acid, 
resul t ing in forming mixtures  of 3-chloropropylamine 
and polypropylenepolyamine.  Although the presence of 
corroding iron in the acid solution is not taken into 
account in this experiment,  these r ing-opened products 
of C~ imine are bel ieved to act as inhibi tors  of iron 
corrosion. 

On the basis of this result, the corrosion inhibi t ion 
effects of some compounds which are possibly derived 
from Ca imine were determined.  The icorr value of t r i -  
propylenetetramine,  one of polypropylenepolyamine is 
lower than of Ca imine, while that of 3-chloropropyl-  
amine is higher as shown in Fig. 1 and Fig. 4. These 
data indicate that  the inhibi t ion effect of chlorinated 
amine is not impor tant  to the inhibi tor  performance of 
Cz imine. Again, Ca imine is not adsorbed on iron sur-  
face via ~-electron bonding. In fact, this imine ra ther  
decreases the cathodic polarization current,  the result  
being analogous to that of t r ipropylenetetramine.  The 
inhibi t ion efficiency of C3 imine is thus con.cluded to 
depend on the action of polymer molecules. The large 
deviation of ir values  for C~ imine  may  be related to 
the selective formation of polymerized or chlorinated 
product by the reaction of Ca imine in the HC1 solution. 
The formation of polymer inhibi tor  gives rise to a 
good inhibi t ion effectiveness, whereas that  of chlori- 
nated amine decreases the effect. No adsorption mech-  
anism of polymer inhibi tor  together with chlorinated 
one on iron surface was fur ther  amplified. 
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The C2 imine r ing is also easily opened in the HC1 
solution, because of the high strain in the ring, re-  
sult ing in the formation of chloroethylamine or poly- 
ethylenepolyamine.  For this imine, however, the po- 
lymerizat ion reaction may be predominant  over the 
addit ion reaction of hydrochloride. The infrared spec- 
t r u m  of the product  prepared by the reaction of C2 
imine in the HC1 solution, shown in Fig. 5, is ra ther  
similar to that of polyethylenepolyamine hydrochlo- 
ride, and no strong absorption band of C-C1 stretching 
frequency appears at 650-800 cm - I  region. 

The inhibi t ion efficiency of 2-chloroethylamine is 
too low to keep the sufficient inhibitor  performance of 
C_~ imine. The polymer molecules are effective inhibi -  
tors for iron corrosion in  the HC1 solution. I t  is rea-  
sonable, therefore, that  the high inhibi t ion effectiveness 
of C., imine is caused by the inhibi tor  action of the 
polymer molecules formed by the reaction of C2 imine 
in the solution. 

Many molecular  structures of the reaction products 
can be supposed in such the polymerizat ion of C2 imine. 
Two s t ra ight-chained polymers were chosen as typical  
ones in this  study. Ring-closing polymerizat ion is pos- 
sible to result  in forming rings containing more than  
6 members,  as 

! 1 

m (CH2) 2 NH -~ L(CH2CH2NH)~ 

The formation of medium sized r ing by means of the 
polymerizat ion of C2 imine cannot be expected, because 
large strain in this ring may interfere with the r ing-  
closing reaction. S ix-membered  polymer is not such a 
good inhibi tor  as C2 imine because/ tort  obtained in an 
addit ional exper iment  for piperazine (s ix-membered 
polymer) at 0.01M is 0.412 m A / c m  2. 

Conclusion 
From these discussions, it is concluded that  the in -  

hibi t ion effectiveness of C~_ and Ca imine for the iron 
corrosion in the HC1 solution depend on the formation 
of polymer molecules by the r ing-opening  reactions 
due to the high strain in their  rings. These polymers 
probably including s t ra ight-chain and large r ing com- 
pounds act as good corrosion inhibitors. This high 
effectiveness may arise from a markedly  enhanced 
stabil i ty of net  total  adsorption bonding in the polymer 
molecules, as in terpre ted by Annand,  Hurd, and 
Hackerman (11). 

C~ and C5 imine with little s train in their  rings are 
less effective on the inhibi t ion of iron corrosion. These 
common-sized cyclic imines seem to be main ly  adsorbed 
on cathodic area of metal  surface because of the high 
stabil i ty of their ammonium cations. There seems to be 
no strong adsorption of these imines on metal  by 
vi r tue  of the ~-electron bonding.  Fur the r  studies on 
the common-sized cyclic imines including precise dis- 
cussion of polarization curves, ni t rogen conformation, 
and steric h indrance  will  be needed for elucidating the 
inhibitor  mechanism. 
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An Ellipsometric Study of Chromium Passivation 
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ABSTRACT 

In situ el l ipsometry has been combined wi th  e lectrochemical  measurements  
to gain insight into the mechanism of passivation of chromium in pH 1.7 K2SO4 
solution. At  --410 mV vs. NHE a region of active dissolution at an apparent ly  
oxide-f ree  surface was observed. With an anodic potential  step to --360 mV, 
passivation occurs wi th  growth of less than IA of oxide film. This film is 
thicker  at more anodic potentials and probably consists of Cr-,O3. The mecha-  
nism of passivation most consistent with the exper imenta l  observations is 
that  of s imultaneous oxide format ion and meta l  dissolution, wi th  passivation 
result ing f rom formation of a monolayer  of film. 

Chromium exhibits  a ve ry  low dissolution current  
when passive and transmits  this p roper ty  to its alloys. 
Accordingly, numerous investigations into the cause of 
passivation of chromium have  been undertaken.  An ex-  
cellent survey of this work  is given by Gmelin (1) 
where  the differing views are well  summarized.  A 
number  of recent  studies concerned with passivation of 
chromium as wel l  as chromium alloys have been re-  
ported (2-20). 

In this work, e l l ipsometry has been applied in con- 
junction with  electrochemical  measurements  to give 
fu r the r  insight into the nature  and thickness of the film 
formed during the passivation process. In a ve ry  ear ly  
application of el l ipsometry,  Micheli (21) could not 
detect any difference be tween active and passive chro- 
mium surfaces and concluded that no film was present.  
More recently, Andreeva  (15) using in situ el l ipsom- 
e t ry  has observed increased thicknesses of the film at 
chromium with  application of ei ther  cathodic or 
anodic polarization. 

Experimental 
F, Ilipsometer.--An Ll19 Gaer tner  e l l ipsometer  wi th  a 

horizontal  plane of incidence was used in this study. 
The angle of incidence was 71.7 ~ (65.2 ~ outside the 
cell).  The quar te r  wave  plate  was kept fixed at 45 ~ ori- 
entation and was positioned between polarizer and 
electrochemical  cell. A 2W tungsten arc lamp (Sylvania  
TC 2) operated f rom a wel l - f i l tered 90 m A  d-c power  
supply was used as a source of light. The coll imation 
was effected by a project ion lens, the deviat ion from 
true collimation is expected to be less than 0.003 radian. 
A 3 mm aper ture  at the test surface was used. A 
photo transistor  (Motorola MRD 300) wi th  a current  to 
vol tage t ransducer  was used as a light detector. The 
voltage output  could ei ther  be read on a Kei th ley  elec- 
t rometer  or be fed direct ly  to a recorder.  The highly 
stable (0.1% fluctuation) tungsten lamp along with the 
phototransistor makes an ideal combinat ion for the 
study of transients. However ,  the phototransistor  suf-  
fers from a disadvantage as its dark current  is s t rongly 
affected by the variat ion in the tempera ture  of the sur-  
rounding, and thus should not be used for  long t r an -  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
1 P r e s e n t  a d d r e s s :  A m e s  C o m p a n y ,  Div .  Mi les  L a b o r a t o r i e s ,  Inc . ,  

E l k h a r t ,  I n d i a n a  46514. 
2 P r e s e n t  a d d r e s s :  D e p a r t m e n t  of  M e c h a n i c a l  E n g i n e e r i n g ,  I n d i a n  

I n s t i t u t e  of  T e c h n o l o g y ,  M a d r a s  36, Ind i a .  
K e y  w o r d s :  e l l i p s o m e t r y ,  p a s s i v i t y ,  c h r o m i u m ,  f i lm,  t h i n  f i lm.  

sients if  the tempera ture  is not  controlled. An in ter -  
ference filter (50A band width  around 5500A) was 
used just  before the detector. The el l ipsometer  rested 
on a 1 in. thick a luminum plate which was supported 
by a shock absorber, to minimize the effects of outside 
vibration. 

Ccll.--The ai r - t ight  cell was made of Teflon. For  the 
passage of light, ~ in. thick windows of synthetic 
quartz  (n ---- 1.460 at ~ ---- 5500A) were  held t ight ly  
against Viton o-rings, facing each other  and perpen-  
dicular  to the reflecting surface. Thus, the path of l ight 
through the windows was oblique. Connections to the 
cell were  made through Beckman fittings. Solution 
could be t ransported to the cell f rom a reservoir  of 
circulating, pre-e lec t ro lyzed n i t rogen-sa tura ted  solu- 
tion under  ni trogen atmosphere.  Electrolyte  could be 
drained and the cell washed wi th  conduct ivi ty  water  
or electrolyte  without  distr ibut ing the optical al ign- 
ment. 

Electrodes.--A zone-refined polycrystal l ine chro- 
mium loaf (purchased f rom Material  Research Corpo- 
rat ion)  was machined to a rod of cross-section 1.63 
cm 2. One end of it was ground and polished flat wi th  
different gredes of emery  and v-alumina.  At the other 
end, a stainless steel screw was used to make  con- 
nection with the external  circuit. The rod was fitted in 
a tapered threaded Teflon piece with a Viton o-r ing 
seal. This rod could be screwed into the  cell so that  
the reflecting face was in the vert ical  plane. 

A smooth pla t inum foil electrode sealed in a glass 
tube and separated f rom the solution by a fine fri t  was 
used as a counterelectrode.  A saturated calomel  elec- 
t rode was used as a reference electrode, and all poten-  
tials are reported with  respect  to normal  hydrogen 
electrode. The calomel electrode was positioned sev- 
eral  mi l l imeters  diagonally above the test electrode. 
The exper imenta l ly  determined IR drop at the highest 
current  used was less than 10 mV. 

Electrolyte.---All the solutions were  made f rom con- 
duct ivi ty  water.  The pH 1.7 H2SO4 -{- 0.5M K2SO4 solu- 
tion was pre-e lec t ro lyzed at 1.35V between plat inized 
plat inum gauze in an a tmosphere  of ni t rogen for at 
least 24 hr  before using it. 

Method of measurement.--Optical measurements  
were  made by the  method of equal  intensi ty settings 
as described by Archer  (22) The  .% and ~ values are 
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corrected for the oblique t raversal  of rays through the 
quartz windows (23). Details of the ell ipsometric tech- 
nique and method of in terpreta t ion are given in the 
l i tera ture  (22,24-28). Transient  measurements  were  
made by measurements  of intensi ty using an improved 
version (29) of the technique described ear l ier  (28, 30) 
ei ther applying potential  steps or switching from a 
constant potential  to constant current.  Measurements  
were  also made using l inear potent ial  sweep (31). 
Also measurements  were  made by potentiostat ing the 
electrode at various potentials and measuring _~ and r 
values. The current  is also measured simultaneously by 
a Kei th ley  electrometer .  

In s teady-state  measurements  -~ is measurable  to 
0.02 ~ and r to 0.01 ~ In the t ransient  measurements  
the changes in -~ and ~, are measurable  to bet ter  than 
___0.05 ~ . The reproducibi l i ty  of the reference values of 
-~ and ~ are within a range of 5 ~ in ~ and 7 ~ in r ob- 
served which are probably due to variat ions in surface 
roughness and orientation. 

Results and Discussion 
Current-potential relation.--1Vfeasurements are con- 

ducted potentiostat ically with a f reshly polished sur-  
face, which is ini t ia l ly  passive as no dissolution occurs 
if it is potentiostated at --400 mV, by varying the po- 
tential  in steps toward anodic values beginning at 
--760 mV. The variat ion of current  with potent ial  is 
shown in Fig. 1. As the potential  is made more anodic, 
the rate of hydrogen evolution decreases and a region 
of active dissolution commences at --500 mV. The 
anodic current  decreases sharply at ~ --385 mV, and 
a cathodic region is then observed. Over  the range 
--160 to +840 mV the current  density is less than 1 
~A/cm 2. 

The cathodic region between --360 and --60 mV is 
probably due to hydrogen evolut ion at the passive sur-  
face, as has been suggested by other  workers  (2, 9). 

The bare surface parameters.--Since the hydrogen 
evolution in the exper iment  described above produced 
bubbles which prevented  ell ipsometric measurements ,  
a special procedure was adapted to produce an active, 
bubble- f ree  surface. The electrode was potentiostated 
for about 1 sec at --760 mV (19) and then held at 
--410 mV. Ell ipsometric intensi ty measurements  
showed an increase in a while  the electrode was at 
--760 mV, but no steady value is obtained before bub- 
bles appear (after  several  seconds). At --410 mV after  
the brief reduct ion the dissolution current  increased 
slowly to a constant value  while  el l ipsometrical ly a 
large decrease in _~ occurred followed by an increase 
wi th  a final value which is 3 to 4 degrees higher  than 
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Fig. 1. Current-potential relation for chromium in pH 1.7 K2S04 
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Table I. Optical parameters reported for chromium 

R e f e r e n c e  n k ~ ~ C o m m e n t  

M i c h e l i  (21) 2.14 2 ,88 
Church i I1  (32) 3.14 4.17 

HI l l  a n d  W e a v e r  (33) 0.6 1.32 
K o s t y u k  a n d  S h k l y -  

a r e u s k i i  (34) 2.0 2.7 
2.5 3.9 

M c C r a e k i n  et aL (35) 3.235 4.426 
2.95 4.258 

This study 4.167 5.186 

86.90 28,35  
115,6 28.3  I n  a i r  w i t h  o x -  

ide .  
50.33 39.59 1500A f i lm 

82.56 28.71 k = 5500,  45~ 
103,41 29.96 )x = 5500, 400~ 
114.30 28.87 X = 5461 
110.61 29.28 
126.35 29.02 

that of the freshly polished electrode. During the same 
t rea tment  ~ decreases 0.1 to 0.2 degrees. 

An increase in -~ is characterist ic ei ther of the 
formation of a film with  a refract ive index less than 
that  of the medium (solution) or the removal  of a film 
of refract ive index higher  than that  of the medium. 
Since the formation of a thin stable film of low ref rac-  
t ive index, e.g. a gas, is unlikely, the increase in • was 
a t t r ibuted to the remova l  of the  passive film by re -  
duction at --760 mV (19) and dissolution at --410 mV. 
The surface remained bright  during the act ive dis- 
solution. It  should be noted that  the increase in • 
(equivalent  to 9-12A as calculated for Cr2Oa with  
n : 2.55) corresponds well  to the dissolution of the 
10-15A film repor ted  to form on chromium in air (15, 
32) and that  the exper imenta l  value of • is higher, in-  
dicative of a cleaner surface, than that  calculated for 
our conditions from data reported by other  workers  
(Table I).  

A calculation of the effect of the concentration gradi-  
ent of Cr + + + in the solution shows that  the change in 
refract ive  index near  the surface would  be about 
0.0002 units, which should be insignificant (a gradient  
of 0.2~ would produce an equal  change).  In addition, 
stirring, which would affect the concentrat ion gradient, 
has no effect on the measured a. 

The surface state at ta ined at --410 mV was used as 
an optical and electrochemical  reference state for the 
transient  measurements  and all optical calculations are 
based on the assumption that  no film is present  at 
--410 inV. It is not possible to prove that  the surface 
is indeed bare at this potential  al though the re la t ively  
free dissolution makes the presence of a film ap- 
proaching a monolayer  coverage unlikely. 

The film present.--The t ransient  (potential  step, gal- 
vanostatic, and potential  sweep) measurements  give 
similar l inear • plots which have an average slope 
de/d• of --0.100 __ 0.002. Using the exact  e l l ipsometry 
calculations for t ransparent  film (e.g. imaginary  part  
of refract ive index is zero),  a value of 2.54 _ 0.04 is 
obtained for the ref rac t ive  index. This value  is ve ry  
close to 2.55 repor ted  for Cr203 (36). Thus, it appears 
probable that  the film is Cr203, as has been suggested 
by other  workers  (8, 9, 15, 37-39). F rom calculations 
using the exact e l l ipsometry equations for nontrans-  
parent  films, the film must  have the real  part  of its 
refract ive index equal  to or lower  than 2.54. For re-  
f ract ive indices lower than 2.54 to fit the exper imenta l  
data, the films must be l ight-absorbing.  

As an approach toward l imit ing the number  of fits 
to the optical data for nontransparent  films, coulo- 
metric data is considered (Fig. 2). This data was taken 
f rom the anodic transients in the potent ial  region in 
which, in the steady state, the  metal  is passive and, in 
the transients  at constant current,  a l inear  change in 
delta with t ime was observed. No correction for pos- 
sible dissolution has been made with the presumption 
that  the  species produced does not  dissolve at a sig- 
nificant rate. F rom these measurements ,  a change of 
1.44 degrees in delta was found to correspond to a 
charge passed of one millicoulomb. By assuming a 
roughness factor (R) and a bulk density (assumed to 
be that  of the bulk mater ia l  wi th  no correction for sur-  
face effects) one can calculate a relat ion be tween 
thickness and delta and from this, using the el l ipsom- 



1560 J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE October 1971 

-3 

~ 2  

._= 

=_ 

0 

Fig. 2. The change of ~ from tre initial value (hA) as a function 
of change in galvanostatic oxidation transients. Curve A:2; B:4; 
C:6; D:8; and E:10 mA/cm 2. 

etry  equations, the film optical constants. As the 
roughness factor is an adjustable parameter ,  fits can be 
obtained for almost any desired value of the real  part  
of the refract ive  index (n).  

With roughness factor R, R ---- 1.7, and the bulk  den-  
sity of 5.21 g/cc  [Ref. (36)] for Cr203, a refract ive  
index of ~4.2 is required to fit the coulometric  th ick-  
ness and optical thickness (A). However ,  the dr 
slope for this value of n is more posit ive than --0.01 
which is incompatible wi th  the observed --0.10. 
Thus, a fit is not possible. 

A calculation for CrOOH using R = 1.7, d = 4.11 g/cc 
[Ref. (40)] requires  n to be 2.90 which is again In- 
compatible wi th  the optical measurements  [n = 2.0 
__ 0.1, Ref. (35)]. 

A fit for  ei ther Cr203 or CrOOH may be produced by 
varying the roughness factor taken. For  Cr203 a fit at 
n = 2.55 exists if  a roughness factor of 1.1 is taken;  
for CrOOH fits exist at n = 2.55 with R ---- 1.5, and at 
n = 2.0 -- 0.005 i wi th  R ---- 1.15. Thus, it is apparent  
that  coulometry  does not lead to a unique identifica- 
tion of the passive film. However ,  it is not possible to 
obtain fits for Cr(OH)3 [n -- 1.620, Ref. (40)] [d ---- 
3.12 g/cc, Ref. (40)] and CrO2 [d : 4.88 g/cc, Ref. 
(40) ] wi th  any value of roughness factor greater  than 
1.0, so that  they cannot be the passive film, a conclusion 
which is supported by the high solubil i ty of Cr(OH)3,  
[Ref. (40)] and the revers ible  potent ial  for format ion 
of CrO2 being very  anodic to the potent ial  of passiva-  
tion (9, 41). 

We conclude that  the passive film at chromium is 
most probably  Cr203, as supported by numerous  other  
workers  on passivity and a consistency with  the el l ip-  
sometric measurements .  

The film thickness required for passivation.--To de- 
te rmine  the min imum film thickness requi red  for 
passivation, potential  step measurements ,  s tar t ing f rom 
--410 mV, were  undertaken.  The init ial  current  at 
--410 mV was 1.0 x 10 -3 A / c m  2. With a step to --385 
mV the current  ini t ia l ly  increased, then during a 
period of 2 min decreased to 2 x 10 -4 A / c m  2. The 
change in ~ at 2 min  was 0.1 ~ At  longer t imes the 
current  remained constant while  the film thickness in-  
creased substantially.  Similarly,  wi th  a step f rom 
--410 to --360 mV, the current  af ter  2 rain reached a 
cathodic value  of 4 x 10 -5 A / c m  2 with  a change in h 
of 0.25 ~ . The onset of the cathodic current  requires  the 
v i r tua l  cessation of the anodic react ion and that  pas-  
sivation has occurred. The film thickness change (for 
n -- 2.54) for a 0.25 ~ change in ~ is O.8A. (For n of 2.0 
the thickness would be 0.7A, for n = 3.0 1.0A). In 
terms of charge this is equivalent  to 170 microcoulomb/  
cm 2 (using R = 1). Thus, it is apparent  that  a film of 

the order of a monolayer  is sufficient to cause passiva-  
tion of chromium. 

A very  similar resul t  has been obtained by F ranken-  
thal  (20) using Fe-24% Cr in 2N H2SO4. He reports  a 
film thickness of 360 microcoulomb/cm 2 determined 
by coulometry  at the potent ia l  of m a x i m u m  cathodic 
current.  

The role of dissolution in passivation.--A mechanism 
which has been proposed for film format ion at several  
metals  is the dissolut ion-precipi ta t ion mechanism (27, 
42). This mechanism suggests that  dissolution proceeds 
f ree ly  unti l  a saturat ion concentrat ion of ions is 
reached at the surface whereupon  film format ion pro-  
ceeds. Since the film formed has been shown to prob-  
ably contain Cr +++,  the saturat ion concentrat ion of 
Cr 3+ may  readi ly  be calculated f rom the solubil i ty 
product  data (41, 43) and is 0.3-0.9 moles / l i t e r  for the 
least soluble form of Cr203. A plot of ir 1/~ vs. i, where  
T is the t ime of init ial  film format ion as de termined  
f rom the t ime at which the first measurable  change in 
A occurred is l inear as predicted f rom theory  (44) 
(Fig. 3). It  should be noted that  the start ing condition 
wi th  chromium act ively dissolving is not that  required 
for the theoret ical  derivat ions (no dissolution before 
the current  is applied).  Apply ing  the theory  and using 
the slope and intercept  of the iT 1/2 vs. i plot to calculate 
the saturat ion solubil i ty of the precipi tat ing species, a 
value  of ~7  x 10 -4 moles / l i t e r  is obtained. This is sub- 
s tant ial ly lower than the saturat ion solubil i ty of Cr 3+ 
with  respect to Cr203 (41). The presence of the init ial  
concentrat ion gradient  of 0.01 M/ l i t e r  would, as a first 
approximation,  make  the precipi tat ion due to a change 
in concentrat ion of 7 x 10 -4 M/ l i t e r  or about 10%. It 
seems unl ikely  that  such a small  change would be suffi- 
ciently reproducible  to permit  measurements  or the 
a t ta inment  of a stable measurement  of active dissolu- 
tion. Thus, we conclude that  a dissolution precipitat ion 
mechanism is not fol lowed in chromium passivation. 

The exper imenta l  data is also consistent wi th  a con- 
stant value of iT of ~40 __ 80 mic rocou lomb/cm 2 for 
the amount  of chromium dissolved during ga lvano-  
static passivation transients  over  a current  range 1-25 
m A / c m  2 as obtained f rom the extrapolat ion of the 
l inear A-time region of the t ransient  to ~ equals zero 
(Fig. 2). This extrapola t ion presumes that  the charge 
not uti l ized in film formation corresponds to chromium 
dissolved in the solution. 

A second mechanism of film format ion which has 
been proposed (45-47) is the occurrence of dissolu- 
tion and film formation in paral le l  paths. In this type 
mechanism, the dissolution takes place at the surface 
not covered by the film. Al though numer ica l  relat ions 
be tween dissolution currents  and film coverage have 

28 

24 

~ 2 o  
C~ 

Z 
'E 16 
o 

~ 12 

< 8 .g 

4 

- f 
x x x 

I I I I I I 
0 I 2 3 4 5 6 7 

I mA/cm = 

Fig. 3. Plot of iTV2 VS. i for initial film formation during galvano- 
static passivation of chromium. 
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been proposed for the case of potentiostatic measure -  
ments  (46), in the case of chromium a quant i ta t ive  
correlation is difficult because the fairly rapid dis- 
solution process can lead to undercu t t ing  of the film 
and consequent  exposure of fresh surface. 

Qualitatively,  this mechanism would predict that  a 
significant amount  of dissolution would occur dur ing  
the passivation. For the case of equal rates of dissolu- 
t ion and oxide formation, somewhat less than  a mono-  
layer  of chromium would dissolve dur ing  the formation 
of a monolayer  of oxide. Since the rate of dissolution is 
exper imental ly  much faster than  the rate of oxide 
formation, even though less than a monolayer  of oxide 
is sufficient for passivation, it is not unreasonable  that  
the amount  of dissolution exper imenta l ly  observed 
(340 microcoulomb/cm~) could take place. 

The mechanism suggested by F ranken tha l  (20) for 
the passivation of i ron-chromium alloys by the block- 
age of k ink  sites does not seem plausible as passivation 
should occur at coverages of the order of 0.01% when 
all k ink  sites are blocked. As passivation is observed at 
about 30% coverage, this mechanism does not seem 
likely. 

Other mechanisms involving film t ransformat ion ap- 
parent ly  do not occur as no evidence for the formation 
of more than  one film was found. 

Thus, we conclude that  the most probable mecha-  
nism for chromium passivation is that  of oxide forma-  
tion and metal  dissolution reactions occurring s imul-  
taneously, with passivation resul t ing when  a monolayer  
(or possibly less) of oxide covers the surface. 

The mechanism of film growth . - -As  apparent  from 
the kinetic plots (Fig. 4 and 5), the kinetics of film 
growth do not obey either the direct or the inverse 
logarithmic law at all potentials. Similarly,  any  power 
(t 1/~, etc.) law is also not obeyed. This is not  sur-  
prising when  one considers that  the film thickness 
varies from zero to a few layers and most mecha-  
nisms proposed apply to continuous films of suffi- 
cient thickness so that  the interfaces and bulk  proc- 
esses may be differentiated. 

When insufficient film is present  to cause passiva- 
t ion (--410 < V < --360), the film growth continues 
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tial in potential staircase measurements (5 experiments). 

for a re la t ively long t ime (at least 15 min)  and a 
thick film is formed which from Fig. 6 may be esti- 
mated to be --100-120A. Since s imultaneous dissolution 
is occurring, the film present  must  not be a protective 
passive film. It would appear l ikely that  it must  be a 
porous film or incomplete monolayer  which permits  
active dissolution of the metal  below. At more anodic 
potentials, passivation occurs with the thick film re-  
maining.  

The thicker films present  at more anodic potentials 
show growth kinetics which occur over decades of 
t ime but  fit nei ther  the direct nor inverse logari thmic 
laws. 

The Difference between Potential Step, Linear Potential Sweep, 
Galvanostotic and Potential Staircase Results 

A comparison between galvanostatic, potential  step, 
and potential  sweep measurements  of a vs. potent ial  is 
made in Fig. 7 and 8. It is apparent  that the results are 
quite similar in t rend when the sweep rate, current,  or 
t ime are chosen to give approximately equivalent  con- 
ditions. 

With slow potential  sweep measurements,  Fig. 9, the 
changes in  a become substant ia l ly  greater  with the 
major  change occurring in the region --400 to --200 mV 
and near ly  paral lel  curves at more anodic potentials.  



1562 J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE October  1971 

4 - -  

3 -  

~o 2 -  

6 
x~  ~ 

-O.4 -0.2 

0 

G 

�9 O x X 

�9 x O X  
�9 0 
0 x 

o o 

G 
8 

x x 

x x 

I I I I I I 
O.O Q2 0.4 0,6 O.8 I.O 

V vs NHE 

Fig. 7. Dependence of bA on potential. �9 potential sweep at 
2 V/see, O galvanostatic at 2.5 mh/cm '2, X potential step at 0.1 
see. 

3 

d A  ~ 
,x 

2 - -  

A I 1 
. / 

I - -  x 

I I / x ]  I I 
-0.4 -0.2 0.0 02  

- / 
, / 

A p s  
," 7 • 

s / 7 • 
J , / 

x 

I I I I 
O.4 0.6 0.8 I.O 

V vs NHE 

Fig. 9. Dependence of 5A on potential in potential sweep meas- 
urements. A 0.01, - - - 0.05, - - -  0.5, x 5 V/sec. 

3 

2 

I 

X O  

-0.4 -02 

�9 o 
x ml 

X o 

�9 xo 

X O  

�9 xo 

x o 

o 

o 

x 

o 

x 

o 

x O  X 
o 

I I [ I I I 
OO 0.2 0 4  0.6 0.8 I.O 

V vs NHE 

Fig. 8. Dependence of 8A on potential. �9 potential sweep 0.75 
V/sec, O galvanostatic at I mA/cm 2, X potential step at 0.3 sec. 

In the potential  staircase measurements  which are 
equivalent  to a very slow potential  sweep, this t rend is 
even more pronounced, Fig. 6, with near ly  all the 
change in ~ occurring in the potential  region --410 to 
--380 mV. The changes in A in the potential  staircase 
measurements  are quite reproducible. The changes 
in ~, Fig. 10, are much less reproducible in magni tude 
although similar in trend. Such a large variat ion in 
would indicate that the film forms vary  in their  optical 
properties. Indeed, these films are dist inctly different 
from those formed in the t rans ient  measurements  in 
that they are visual ly apparent  as a white appearance 
of the electrode. As the films should not be visual ly 
resolvable since the change in ~ indicates that they are 
100-120A thick, they must  manifest  themselves through 
scattering of light. This can occur if the s imultaneous 
dissolution and film formation processes lead to the 
formation of inclusions of metal  in the film as has been 
suggested for nickel (48). Such heterogenous films 
have been treated theoret ical ly by Maxwell  Garnet t  
(49) and the calculations lead to values of optical con- 
stants which are not incompatible with those required 
to fit the exper imenta l  values of h and ~, 
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ABSTRACT 

Chromium was deposi ted from h e x a a m m i n e c h r o m i u m ( I I I )  formate  in 30 
mole per  cent ace t amide / fo rmamide  at cathode cur ren t  efficiencies up to 50%. 
The cur ren t  densi ty  range for op t imum pla t ing efficiency var ied  from 25 to 
150 m A / c m  2 depending on the chromic ion concentra t ion in the bath.  Aqua t ion  
of this chromic complex dur ing  electrolysis  takes  place at an apprec iable  ra te  
when the wa te r  content  exceeds 400 ppm and resul ts  in decreased pla t ing 
efficiency. There  was no corre la t ion be tween the effectiveness of br idging  
groups for e lectron t ransfer  be tween  chromous and chromic ion and the elec-  
t rodeposi t ion of chromium in the amide  solvent  system. The observed effective- 
ness of l igands for promot ing chromium deposi t ion was: S C N -  ~ NH.~ ~ C1- 
and N3- ~ H20. Sulfamic acid, boric acid, and sodium th iocyanate  were  effec- 
t ive in increasing plat ing efficiency at low concentrat ions;  it was also observed 
that  th iocyanate  lowered  the  chromium deposi t ion potent ial .  Chromium-n icke l  
al loys were  produced over  the ent i re  concentra t ion range  of 0-100% chromium 
by  the addi t ion of hexaamminen icke l  (II)  formate  to the  bath.  Al loy  composi-  
t ion was influenced more  by  e lec t ro ly te  composit ion and ba th  t e m p e r a t u r e  
than by cur ren t  density.  

Chromic acid baths  ca ta lyzed  wi th  sulfate ion are  
genera l ly  ut i l ized for e lect rodeposi t ing chromium. 
However,  these  baths  deposit  chromium only at low 
pla t ing efficiency, a re  unsui table  for alloy deposition, 

* Electrochemical  Society Active Member.  
K e y  words:  ch romium electrodeposition, nonaqueous  solvents, 

amides, nicke l -chromium alloys. 

and possess many  w e l l - know n  undes i rable  opera t ing  
characteris t ics .  In  addition, a more s table solvent  sys-  
tem than wa te r  is des i rable  in the  ba th  in o rder  to in-  
crease chromium pla t ing  efficiency. 

Deposit ion of chromium from aqueous t r iva len t  solu-  
tions was known as ea r ly  as 1853. Much of the  ear l ie r  
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work  (1) and some la ter  studies wi th  chromic sulfate  
solutions (2-4) have been reviewed.  Chromium dep-  
osition has also been repor ted  f rom chromic chlor ide  
dissolved in fo rmamide  (5), acetone (6, 7), and a 
mixed  d i m e t h y l f o r m a m i d e - w a t e r  e lec t ro ly te  (8). I t  
has  often been difficult to confirm resul ts  repor ted  in 
the  l i t e ra tu re  because insufficient detai ls  were  given 
for  p repar ing  the specific chromic complex  used. 

The present  authors  recent ly  repor ted  (9) that  
chromium can be e lec t rodeposi ted  f rom ammonium 
reineckate,  a NH4[Cr(NH3)~(SCN)4] .H20,  or  th io-  
cyana topen tamminechromium (III)  th iocyana te  to yie ld  
sa t is factory  chromium deposi ts  at  cur rent  efficiencies 
f rom 25 to 65%. However ,  the baths  are  uns table  d u r -  
ing prolonged electrolysis.  The purpose  of this inves t i -  
gat ion was to s tudy  the  role  of wa te r  and su l fur -  
conta ining l igands in the  deposi t ion reaction,  to de te r -  
mine  the  effect on chromium deposi t ion of b r idg ing  
l igands  known to faci l i ta te  e lec t ron t rans fe r  be tween  
chromic and chromous ions, to seek a sui table  organic 
solvent  wi th  grea te r  e lec t rochemical  s tab i l i ty  than  
formamide,  and to invest igate  the  feas ib i l i ty  of e lec t ro-  
deposi t ing chromium alloys. 

Experimental 
Apparatus and proeedures.--The appara tus  and 

procedures  descr ibed prev ious ly  (9) were  used in the 
presen t  invest igat ion.  P la t ing  efficiency (cathode cur -  
ren t  efficiency) was again obta ined from weight  de -  
t e rmina t ions  and expressed as per  cent of theoret ica l  
ca lcula ted  on a t r iva len t  basis. Exper iments  were  pe r -  
fo rmed wi th  60 ml  of 0.2M h e x a a m m i n e c h r o m i u m ( I I I )  
fo rmate  in an open electrolysis  cell  at  23~ and 25 
m A / c m  2 unless s tated otherwise.  P la t ing  exper iments  
at  low wate r  levels were  per formed  in a d ry  box and 
the wa te r  content  of the ba th  moni tored  by  t i t r a t ing  
al iquots  f rom the ba th  wi th  Kar l  Fischer  reagent  (10). 
Al loy  p la t ing  studies were  per formed  in a sealed, two-  
compar tmen t  e lectrolysis  cell using 100 ml  of e lec-  
t rolyte.  The e lec t ro ly te  was t rans fe r red  from the p la t -  
ing compar tmen t  to a s torage compar tmen t  b y  means  
of vacuum and d r y  ni t rogen before  the  cathodes were  
removed  for  weight  determinat ions .  This res t r ic ted  
wa te r  absorpt ion  f rom the ambien t  air  and improved  
al loy ba th  s tabi l i ty .  The composit ion of the al loy films 
was de te rmined  b y  e lec t ron microprobe  analysis  and, 
therefore,  the  per  cent  chromium and nickel  r epor ted  
are  surface values  ra the r  than the average  content  of 
the  bu lk  film. 

Materials--All of the  solvents  used in the  p la t ing  
ba ths  were  e i ther  reagent  grade or  the  highest  pu r i ty  
ava i lab le  commercia l ly .  The solvents  were  p redr i ed  
for severa l  of the  exper iments  by  passing them th rough  
a glass column packed  wi th  ac t iva ted  molecular  sieves. 
The  wa te r  content  of the  s tandard  30 m/o  (mole per  
cent)  a ce t amide / fo rmamide  solvent  was easi ly  reduced 
to less than  100 ppm by  this technique.  

H e x a a m m i n e c h r o m i u m ( I I I )  and hexaamminen icke l  
( I I )  complexes  were  p repa red  by  the methods  p re -  
sented in ref. (11). The anhydrous  chromic chlor ide  
for p repa r ing  the chromic complex  was purchased  
f rom Research Inorganic  Chemical  Company (Sun 
Valley,  Cal i fornia) .  H e x a a m m i n e c h r o m i u m ( I I I )  chlo-  
r ide  was conver ted  to the  formate  salt  by  first adding 
the s toichiometr ic  amount  of f reshly  p repared  s i lver  
carbonate  to an aqueous solut ion of the  complex.  An  
excess of formic acid was added  to des t roy  the ca rbo-  
na te  and the mix tu r e  was f i l tered th rough  a medium 
glass f r i t  to remove the s i lver  chlor ide  precipi ta te .  The 
f i l t rate  was then added to a large volume of acetone 
to prec ip i ta te  the  desired complex.  This complex was 
purif ied by  redissolving the  ma te r i a l  in me thy l  alcohol, 
reprec ip i ta t ing  with  acetone, and washing  wi th  e thyl  
alcohol and then acetone. The anhydrous  h e x a a m m i n e -  
c h r o m i u m ( I I I )  fo rmate  complex  was obta ined by  
equi l ib ra t ing  the complex wi th  phosphorous  pen tox ide  
in a sealed glass conta iner  for  severa l  weeks. Chloro-  
p e n t a a m m i n e c h r o m i u m ( I I I )  chlor ide  was obta ined as 

a byproduc t  f rom the hexaamminechromiurn  ( I I I )  syn-  
thesis. This compound was used as the  s ta r t ing  ma-  
te r ia l  for p repara t ion  of th iocyana topen taamminechro-  
m i u m ( I I I )  and az idopen taamminech romium( I I I )  com- 
plexes  by the procedures  out l ined in Gmel in  (12). 

Discussion of Plating Studies 
Chromium plating f rom acidopentaamminechromiu~ 

(IIl) complexes.--Plating studies wi th  ammonium 
re inecka te  and th iocyana topen taamminechromium(I I I )  
th iocyanate  indicate  that  th iocyanate  catalyzes  reduc-  
t ion of chromic ion in amide solvents (9),  but  the role 
of th iocyanate  in the p la t ing mechanism was not  e s -  
tab l i shed .  Skala  (13) found that  the  purpeo  complex, 
[Cr(NH3)sC1] C12, is sui table  for e lectrodeposi t ion of 
chromium in aqueous media  while  the  luteo complex,  
[Cr(NH3)8] Cl3, is not. The da ta  suggest  tha t  the more  
efficient e lec t roreduct ion  of chromic ion to the me ta l  
in the  presence of th iocyanate  m a y  be due to this 
l igand funct ioning as a br idging group for e lec t ron 
transfer .  

The effectiveness of var ious  b r idg ing  groups to fa -  
c i l i ta te  e lectron t ransfe r  be tween  chromous and 
chromic  ions (14) is 

B r -  _~ N3- > C1- > O H -  > F -  > N C S -  > H20 

The effectiveness of hal ides  as br idging  groups for 
e lectron t ransfer  be tween chromous ion and p e n t a a m -  
minechro rn ium(I I I )  ion has also been es tabl ished (15) 
and is in the order  

I -  > >  B r -  > C1- > >  F -  

Severa l  a c idopen taamminech romium( I I I )  complexes  
were  compared  to the he xa a mmine c h romium( I I I )  com- 
p lex  in o rder  to de te rmine  the influence of the electron 
br idging  group on chromium pla t ing  efficiency in the  
organic solvent  system. The hexamminechromium 
(II I )  complex provides  a good comparison because the 
coordinated  ammonia  is a r e l a t ive ly  poor br idging  
group for e lectron transfer .  

The ha l ide  salts  of the  pen taamminechromiurn  (III)  
and  h e x a a m m i n e c h r o m i u m ( I I I )  complexes  are  only  
s l ight ly  soluble  in 30 m / o  ace t amide / fo rmamide  and i t  
is necessary  to conver t  these complexes to o ther  salts 
for p la t ing  studies. The anion m a r k e d l y  influences the  
solubi l i ty  of metal l ic  salts  in organic solvents  and  those 
salts  which are  h igh ly  solvated and most difficult to 
p repa re  in the anhydrous  s tate  exhib i t  the highest  
solubil i t ies  (16). Ni t ra te  and  th iocyanate  sal ts  are  
no rma l ly  qui te  soluble in organic solvents  but  n i t ra te  
is more easi ly  e lec t roreduced than  chromic ion and 
th iocyanate  is of marg ina l  e lec t rochemical  s tab i l i ty  
(17). Perch lora tes  also yie ld  high solubil i t ies  and  are  
des i rable  because they  wil l  not  in terac t  wi th  the  am-  
mine chromic complexes  (18). However ,  the oxidizing 
ab i l i ty  of this  anion can crea te  a safety hazard,  pa r t i c -  
u la r ly  wi th  n i t rogen-coord ina ted  complexes (12). Fo r -  
mamide  is s imi lar  in solvent  proper t ies  to wa te r  (16) 
and ca rboxy la te  salts  offer the  best  poss ibi l i ty  for im-  
proved solubi l i ty  wi thout  in ter fer ing  side effects. Ace-  
ta te  and formate  yie ld  the requ i red  degree of so lubi l i ty  
for e lec t ropla t ing  studies, but  fo rmate  is the  p re fe r red  
salt  because be t te r  qua l i ty  deposits  a re  obta ined at 
s l ight ly  higher  p la t ing efficiencies. 

The resul ts  of the br idging  group exper iments  a re  
p resen ted  in Table  I. I t  is appa ren t  tha t  there  is no 
di rec t  cor re la t ion  be tween chromium pla t ing  efficiency 

Table I. Effect of bridging group on chromium plating efficiency 

I n i t i a l  p l a t i n g  
C h r o m i c  c o m p l e x  B r i d g i n g  g r o u p  e f f i c iency ,  % 

[ Cr  ( N I ~ )  5 S C N  ] (SCN) 2 S C N -  62 
[Cr{NHs)5  S C N ]  (HCO2~.~ S C N -  56 
[ Cr (NHs) ~ ] (HCO~2) 8 NH8 35 
[Cr  (NHs)~C1] (C2HsO~)2 C1- 11 
[Cr (NHs) 5 Ns] (HCO2) 2 N~- 14 
[Cr (NI-Is)5 Ns] (C~1802) ~ N3- I0 



O F  Cr A N D  N i - C r  1565 Vol. 118, No. 10 E L E C T R O D E P O S I T I O N  

and the  effectiveness of the  br idg ing  group for e lect ron 
t ransfe r  be tween  chromous and chromic ions. The 
the rmodynamic  s tab i l i ty  of the chromic complex  ap -  
pears  to be a more  impor t an t  considerat ion in e lec t ro-  
p la t ing  chromium than  kinet ic  effects in t roduced by  
the  br idg ing  groups. 

The t h iocyana topen taamminech romium( I I I )  complex 
yields  the  highest  chromium pla t ing  efficiency of the 
four complexes.  The formate  salt  produces  be t te r  
qual i ty  deposi ts  than  the  th iocyanate  salt  a l though 
at  s l ight ly  lower  efficiency. The ch lo ropen taammine-  
c h r o m i u m ( I I I )  complex  is too uns table  for p la t ing 
studies. Rapid  release of the coordinated  chlor ide  du r -  
ing e lectrolysis  produces  an insoluble  pen t aammine -  
c h r o m i u m ( I I I )  chloride.  The az idopentaamminechro-  
m i u m ( I I I )  complex deposits  chromium at the lowest  
efficiency in spite of the  fact tha t  azide is the  best  
e lect ron br idg ing  group. The formate  salt  of this  com-  
p lex  produces  be t te r  qual i ty  deposi ts  at  s l ight ly  h igher  
efficiency than  the  acetate  salt. The hexaamminech ro -  
mium (II I )  complex  deposi ts  the best  qual i ty  chromium 
films at  reasonable  (30-35%) p la t ing  efficiencies. 

Chromium plating from hexaamminechromium(III) 
]ormate.--Hexaamminechromium (III)  formate  (HAF 
chromium)  possesses the  fol lowing des i rable  p rope r -  
ties as a potent ia l  source of ch romium in the amide  
p la t ing  bath:  

1. Excel len t  so lubi l i ty  in the  organic solvent. 
2. The complex  is s table  to oxygen and modera t e ly  

s table to wa te r  (12). 
3. Low the rmodynamic  s tabi l i ty  of the complex pe r -  

mits  efficient meta l  deposi t ion at reasonable  potentials .  
4. React ion kinet ics  for me ta l  deposi t ion appear  

favorable .  
5. Chromous ca ta lyzed  decomposit ion of the complex 

is low because ammonia  is a poor e lect ron br idging  
group. 

6. The  ammonia  l igand is vola t i le  under  the p la t ing 
condit ions which e l iminates  accumula t ion  of a m m o -  
n ium salts in the  e lectrolyte .  

7. The formate  anion can be e lec t ro ly t ica l ly  oxi-  
dized to vola t i le  products  which reduce salt  accumu-  
la t ion and provide  a more  des i rable  anode react ion 
than  solvent  oxidat ion.  

The op t imum pla t ing pa ramete r s  and ba th  composi-  
t ion were  es tabl ished for the  H A F  chromium ba th  in 
o rder  to eva lua te  more  fu l ly  the  s tab i l i ty  and p rope r -  
t ies of this  complex dur ing  electrolysis.  

The effect of H A F  chromium concentra t ion on p l a t -  
ing efficiency is i l lus t ra ted  in Fig. 1. A l inear  depen-  
dence is observed up to a concentra t ion of 0.25M 
(molar )  and doubling the concentra t ion in this  range  
roughly  doubles  the p la t ing  efficiency. Chromium p la t -  
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Fig. 1. Chromium plating efficiency as a function of hexaammine- 
chromium(Ill) formate concentration. 
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Fig. 2. Effect of current density and Cr(lll) concentration on 
plating efficiency, 0.1M, G ;  0.2M, O; 0.4M, [-7; 0.78M, A .  

ing efficiency does not  increase subs tan t ia l ly  at  con- 
cent ra t ions  above 0.4M and the  m a x i m u m  pla t ing  
efficiency wi th  this complex is near  50%. 

The cur ren t  densi ty  for m a x i m u m  pla t ing  efficiency 
increases as the  H A F  chromium concentra t ion is in-  
creased (Fig. 2). A b roader  range  of cur ren t  densi ty  
for  pla t ing is observed at  the  h igher  concentra t ions  
and the ba th  exhibi ts  be t te r  covering and th rowing  
power.  The deposits  are  also somewhat  b r igh te r  and 
smoother  under  these conditions. The more  concen-  
t r a ted  baths  provide  improved  per formance  but  the  
0.2M HAF chromium bath  was p r imar i l y  invest igated 
in the  present  s tudy  in order  to minfmize the effort of 
synthesiz ing the H A F  complex.  

The pH of the  ba th  also affects the  ch romium pla t ing  
efficiency. The ba th  no rma l ly  buffers at a pH be tween  
9 and 10 due to the re lease  of large  quant i t ies  of am-  
monia  by the p la t ing reaction, i.e., Cr(NHa)6 +~ -t- 3 e -  
--> Cr ~ + 6NHa. Max imum pla t ing efficiency is ob-  
ta ined in this pH range.  Adjus t ing  the  pH to 7 or less 
wil l  d ras t ica l ly  reduce pla t ing efficiency because sol- 
vent  reduct ion occurs at  a lower  poten t ia l  and am-  
monium salts increase r a p id ly  in the bath.  Increas ing 
the ba th  pH above 10 produces  only a sl ight  decrease 
in p la t ing efficiency. 

The chromium pla t ing efficiency decreases as the 
t empera tu re  of the H A F  chromium bath  is increased.  
This pa rame te r  was not inves t iga ted  quan t i t a t ive ly  for 
this  system, but  a t empe ra tu r e  dependence  s imi lar  to 
the  t h ioc ya na tope n t a a mmine c h romium( I I I )  ba th  (9) is 
expected.  F o r m a m i d e  reduct ion proceeds  more  r ead i ly  
at  h igher  t empera tu res  and this is the  p r inc ipa l  reac-  
t ion occurr ing at  t empera tu re s  grea ter  t han  5O~ I t  
is es t imated  f rom the da ta  presented  in Fig. 9 (p la t ing 
per formed  at  32~ tha t  the  p la t ing efficiency de-  
creases by  0.7%/~ t e m p e r a t u r e  rise above  23~ 

P la t ing  studies wi th  th iocyana topen taamminechro -  
m i u m ( I I I )  and h e x a a m m i n e c h r o m i u m ( I I I )  show tha t  
th iocyanate  cata lyzes  ch romium deposition. However ,  
the  increase in p la t ing  efficiency is p robab ly  not  due 
to an e lec t ron br idging  effect and coordinat ion  of th io-  
cyana te  to the chromic ion is not required.  Sodium 
thiocyanate ,  sulfamic acid, and boric acid addi t ives  
to the  H A F  chromium ba th  al l  resul t  in a substant ia l  
increase  in ch romium pla t ing  efficiency at  low concen- 
t ra t ions  (Fig. 3). The sharp concentrat ion dependence  
wi th  the  sulfamic and boric acid addi t ives  is caused by  
a change in pH and can be e l imina ted  by  addi t ion  as 
the  a lka l i  me ta l  salts. The  lower  in i t ia l  p la t ing effi- 
c iency wi th  these two addi t ives  reflects a lower  pu r i ty  
of H A F  chromium. The complex  used in these tests  
was p repa red  by  a metha thes i s  react ion be tween  am-  
monium formate  and hexamminech romium (II I )  n i t r a te  
in l iquid ammonia  and i t  is difficult to e l iminate  n i -  
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Fig. 3. Influence of various additives on chromium plating effi- 
ciency. 

t r a te  contaminat ion  by  this method.  The addi t ives  are  
not  as effective in increasing pla t ing efficiency when  
added to more  concent ra ted  H A F  chromium baths  
(compare  Fig.  1 wi th  Fig.  7). 

Cur ren t -po ten t i a l  curves were  obta ined  on H A F  
chromium baths in an effort to es tabl ish the role of 
the  th iocyanate  addi t ive  in the p la t ing  mechanism. 
F igure  4 i l lus t ra tes  that  lower  potent ia ls  a re  requ i red  
for chromium pla t ing in the presence of thiocyanate .  
Chromium deposi t ion first occurs at  a potent ia l  of 
--1.16V (vs.  Ag/AgC1) wi th  th iocyanate  whi le  a po ten-  
t ia l  of --1.36V is requ i red  to ini t ia te  p la t ing wi thout  
thiocyanate .  Thiocyana te  also reduces  the p la t ing  po-  
ten t ia l  by  80 mV at 25 m A / c m  2 (the cur ren t  dens i ty  
for m a x i m u m  pla t ing  efficiency). 

The da ta  indicate  tha t  th iocyanate  also m a y  be in-  
creasing the overpoten t ia l  for  the solvent  reduct ion 
reaction. An a t t empt  was made  to measure  the  reduc-  
t ion potent ia l  of 30 m / o  ace t amide / fo rmamide  wi th  and 
wi thout  sodium thiocyanate.  The reduct ion potent ia l  
l is ted in the  l i t e ra tu re  (19) for  pure  fo rmamide  is 
--1.6V (E1/~ vs.  sa tu ra ted  calomel  e lec t rode) .  The re-  
duct ion potent ia l  measured  in the present  s tudy  is 
--1.69V (vs.  Ag/AgC1) for the solvent  and --1.78V for 
the  solvent  wi th  sodium th iocyanate  (Fig. 5). Con- 
s iderable  e r ror  m a y  have been in t roduced in obta in ing 
the reduct ion potent ia l  f rom the graphica l  in te rcept  
of the slopes of the two curves  because sharp l imi t ing 
cur ren ts  for  solvent  reduct ion  were  not  obtained.  
However,  the  da ta  suggest  tha t  th iocyanate  does in-  
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Fig. 5. Current-potential curves for the reduction of 30 m/o ace- 
tamlde/formamide. No additive, [7, and 0.02M NoSCH, O-  Cop- 
per cathode. 

crease the overpoten t ia l  for the  solvent  reduct ion r e -  
action. 

The pe r fo rmance  of the  H A F  chromium bath  was 
invest igated dur ing  prolonged electrolysis  in o rder  to 
eva lua te  ba th  s tabi l i ty .  Tests wi th  the  pe n t a a mmine -  
c h r o m i u m ( I I I )  complex indicate  that  ba th  de te r io ra -  
t ion occurs as a resul t  of aquat ion of the  chromic com- 
plex. The aquat ion ra te  of the hexaammine  complex is 
of the same order  of magni tude  as the  th iocyana to-  
pen taammine  complex (12) and, therefore,  de te r io ra -  
t ion in the  H A F  chromium bath  was also expected.  
F igure  6 i l lus t ra tes  the de te r iora t ion  observed when 
less than  12% of the  avai lab le  chromium is p la ted  f rom 
the bath.  Poorer  per formance  is obta ined  wi th  the  
more  concent ra ted  ba th  because addi t ional  wa te r  is 
added  with  the  HAF chromium complex.  The hex-  
a m m i n e c h r o m i u m ( I I I )  formate,  as synthesized,  was 
not anhydrous  but  contained f rom 1/2 to 1 mole of 
water,  i.e., Cr (NH~) 6 (HCO2) 2" 1/2-1 H20. Spec t ra l  ana l -  
ysis of the baths  af ter  e lectrolysis  indica ted  the  pres-  
ence of aquated chromic complexes.  

An improvement  in per formance  is observed when 
th iocyanate  is added  to the e lec t ro ly te  (Fig. 7). Bath  
de te r iora t ion  is not nea r ly  as rapid,  pa r t i cu l a r ly  in 
the case of the  more  concent ra ted  bath,  bu t  the de -  
crease in p la t ing efficiency dur ing  electrolysis  is s t i l l  
g rea te r  than can be accounted for  by deple t ion  of the 
chromic complex due to the  p la t ing reaction. The  im-  
proved ba th  s tab i l i ty  wi th  th iocyana te  is l a rge ly  a 

-4.00 

< 
"-~ -~.oo 

> -2.00 
O 

-1.00 

7O 

~ 60 

~ o  30 

2O 

| 

-- I I I I I 

2 4 6 8 10 12 

% DEPLETION OF Cr(III) COMPLEX 

Fig. 6. Deterioration of hexaamminechromium(lll) formate electro- 
lyte during electrolysis. A. 24-hr interruption of test. Electrolyte 
color change from amber to purple. B. 24-hr interruption of test. 
Initial concentration: 0.4M HAF chromium, O ;  0.2M HAF chrom. 
ium, [~. 



Vol. 118, No. I0 ELECTRODEPOSITION 

Z 

o 

70 

60 

50 

40 

30 

20 

10 

0 I 
0 2 

I I . I I 
4 6 8 10 12 

% DEPLETION OF Cr(III) COMPLEX 

Fig. 7. Deterioration of electrolyte during electrolysis. Initial 
concentration: 0.2FA Cr(IID complex -~- 0.02M NaSCN, A ;  0.dM 
Cr(lll) complex -I- 0.04M NaSCN, O .  

result  of a decrease in  the rate of the side reactions 
dur ing electrolysis. 

Thiocyanate reduces the rate of solvent reduct ion as 
a result  of the increased chromium plating efficiency. 
However, the reduct ion products of formamide are 
probably not too det r imenta l  to the bath because only 
hydrogen and volatile basic components are produced 
(19). The anode reactions appear to have more effect 
on chromium plat ing efficiency than  the cathode re-  
actions. The most desirable anode reaction for the HAF 
chromium bath is oxidation of formate, i.e., HCO2- -> 
CO2 t + H+ + 2e- .  Sparging carbon dioxide into the 
bath reduces the plat ing efficiency slightly and pro- 
duces a mi lky  cast to the chromium deposit, but  in -  
soluble products do not form in the presence of carbon 
dioxide and the plat ing characteristics of the bath are 
not drastically affected unless the sparging rate is 
sufficient to reduce the pH of the bath. The basic by-  
products l iberated at the cathode also neutral ize the 
acid generated by formate oxidation at the anode. 
The result  is that a pH of 9 to 10 is still main ta ined  
dur ing electrolysis with the formate salt of hexaam-  
minechromium (III)  ion. 

Formate  oxidation is not the only anode reaction 
that occurs in the HAF chromium bath. Plat ing tests 
with ammonium reineckate in  30 m/o  acetamide/  
formamide indicate improved bath  stabili ty with 
chromium rather  than p la t inum anodes. Formamide 
oxidation to cyanuric acid proceeds in good yield on 
p la t inum anodes (20) and therefore the poorer per-  
formance with p la t inum anodes probably results from 
the generat ion of cyanuric acid. Better  HAF chromium 
bath stabili ty is also observed with chromium rather  
than p la t inum anodes, but  chromium anodes are not 
completely inert  in the bath. Small  quanti t ies of hexa-  
va lent  (and lesser amounts  of t r ivalent)  chromium 
ions are produced dur ing prolonged electrolysis. Com- 
pletely insoluble anodes which catalyze formate, but  
not formamide, oxidation should improve bath sta- 
bility. 

The addition of thiocyanate to the HAF chromium 
bath provides other possible anode reactions. Oxidation 
of thiocyanate to sulfate occurs in the thiocyana-  
topen taamminechromium(I I I )  thiocyanate bath and 
produces the insoluble, pale orange, chromic sulfate 
salt (9). An insoluble yellow mater ia l  forms on the 
anode dur ing prolonged electrolysis of the HAF 
chromium bath with the thiocyanate additive. The ma-  
terial is pr imar i ly  an insoluble sulfate salt of the 
hexaamminechromium(I I I )  complex but  some thio-  
cyanogen may also be produced. The oxidation of 
thiocyanate is not  par t icular ly  deleterious to the bath 
and the net  result  is that  thiocyanate and hexaam-  
minechromium ( l i d  ions are consumed and must  be 
added to the bath  periodically. 

Thiocyanate addition to the HAF chromium bath is 
also desirable because anat ion 1 of the aquochromic 

1 S u b s t i t u t i o n  of  a n  a n i o n  fo r  w a t e r  i n  the coordination sphere. 
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complexes is possible. Anat ion of aquopentaammine-  
ch romium(I I I )  ion with thiocyanate occurs readily in  
acidic aqueous solutions (11). Thus, it is possible to 
convert  the aquochromic complexes, which are not 
suitable for efficient electroreduction, to the thio- 
cyanato derivatives, which are easily reduced. 

The HAF chromium bath  with thiocyanate addition 
is relat ively stable dur ing prolonged electrolysis when 
the concentrations of thiocyanate and hexaammine-  
chromium(I I I )  ion are main ta ined  wi th in  ra ther  na r -  
row limits (Fig. 8). However, some deteriorat ion is 
evident after 15% of the available chromium is plated 
from the bath. The blue color characteristic of hexa-  
aquochromic ion is observed in the bath at this point. 

The pr imary  cause of HAF chromium bath deterio- 
rat ion is aquat ion of the hexaamminechromium(I I I )  
complex. Figure 9 i l lustrates the effect of water  con- 
tent  on chromium plat ing efficiency. The init ial  plat-  
ing efficiencies are lower in these tests because the 
bath temperature  in the dry box is slightly higher than  
ambient.  Operat ing the bath  at 32~ does not notice- 
ably affect bath stability. Test I i l lustrates the decay 
in chromium plating efficiency during electrolysis 
without  drying the bath. The ini t ial  plat ing efficiency 
is near  22% at a water  content  of 2640 ppm. The de- 
cay in plat ing efficiency dur ing electrolysis is slightly 
greater  than the baths with lower water  contents. 
Reducing the water content  to 200 ppm increases the 
ini t ial  plating efficiency to 26% (tests II and IID.  The 
decay in plat ing efficiency dur ing electrolysis is a re- 
sult of a decrease in the concentrat ion of the chromic 
complex by the plating reaction (see Fig. 1). The bath 
is stable when  the water  content  of the bath is less 
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Fig. 9. Chromium plating efficiency at low water concentrations. 
Test I, [-7; test II, A ;  test III, Q .  Numbers denote ppm water. 
32~ A~-100-hr interruption of test. 
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than  400 ppm. W a t e r  concentra t ions  above 1000 ppm 
subs tan t ia l ly  reduce the  ini t ia l  chromium pla t ing ef-  
ficiency and resul t  in ba th  deter iorat ion.  

An  interes t ing effect is i l lus t ra ted  in test  III.  The 
chromium pla t ing  efficiency begins to increase af ter  
e lectrolysis  of the ba th  for severa l  hours  and the ba th  
color changes f rom orange to red. Spec t ra l  analysis  of 
the  ba th  indicates the presence of the  d i so lvo te t raam-  
minechromium (III)  ion (21). Replacement  of ammonia  
by  the solvent  ( formamide  or ace tamide)  in the  
chromic complex  is therefore  des i rable  because the 
weaker  complex formed is more  easi ly  e lec t rore-  
duced in this solvent  system. A hexasolvochro-  
m i u m ( I I I )  complex  should y ie ld  subs tan t ia l ly  h igher  
chromium pla t ing efficiency than the hexaammine -  
c h r o m i u m ( I I I )  complex and provide  a ba th  wi th  
fewer  side reactions. Addi t iona l  solvent  would be the 
only ma te r i a l  re leased into the ba th  by the pla t ing 
reaction. However,  the hexaso lvochromium(I I I )  com- 
p lex  is expected to be even more  suscept ible  to aqua-  
t ion than  the h e x a a m m i n e c h r o m i u m ( I I I )  complex.  

Aquat ion  of the  chromic complex and deter iora t ion  
of the H A F  chromium bath  can be e l iminated  by  op-  
erat ion at  low wate r  levels,  but  it  is difficult to ma in -  
ta in  concentrat ions  less than 400 ppm. Aquat ion  of 
chromic complexes proceeds at measurab le  rates even 
in the  ve ry  s table e thy lened iamine  complexes  (12). 
Therefore,  the only prac t ica l  way  to e l iminate  ba th  
de te r iora t ion  is by  e lec t roreduct ion of the aquated  
chromic complexes  formed and h igher  reduct ion po-  
tent ia ls  are  requi red  to accomplish this  efficiently. I t  
is not feasible to invest igate  potent ia ls  much grea te r  
than  --1.69V (vs. Ag/AgC1) in the present  solvent  sys-  
tem because fo rmamide  reduct ion occurs at  potent ia ls  
g rea te r  than  this value  and decreases the chromium 
pla t ing  efficiency. A solvent  system wi th  g rea te r  e lec-  
t rochemical  s tab i l i ty  is requi red  in o rder  to e l iminate  
the aquat ion problem.  

Chromium plating in other organic solvents.--For- 
mate  salts  a re  genera l ly  of l imited solubi l i ty  in or -  
ganic solvents and hexaamminechromium (III)  formate  
is insoluble  in most of the organic solvents which are 
more  s table than  fo rmamide  (Table I I ) .  Thiocyanato-  
pen taamminechromium (III)  th iocyanate  is only  s l ight ly  
more  soluble in these solvents  which  indicates  tha t  
the  anion is not the  p r i m a r y  factor  influencing solu-  
bil i ty.  A m m i n e c h r o m i u m ( I I I )  complexes  are  p rac -  
t ica l ly  insoluble in the e lec t rochemical ly  s table  organic  
solvents. 

A hexa fo rmamidoch romium( I I I )  complex might  
y ie ld  cons iderably  be t t e r  solubi l i ty  in these solvents. 
Fo rmamide  is s imi lar  in solvent  proper t ies  to w a t e r  
and hexaaquoch romium( I I I )  chlor ide and perch lora te  
are  quite soluble in many  of the s table solvents  (9). 
The fo rmamide  complex  would, however ,  be difficult 
to p repare  because i t  is not ve ry  stable.  A mixed  
f o r m a m i d o a m m i n e c h r o m i u m ( I I I )  complex  is easier  to 
synthesize and might  provide  the requ i red  solubil i ty.  

Dimethy l  sulfoxide and an ace tamide  mel t  are  the  
only re la t ive ly  stable solvents other  than  fo rmamide  

Table II. Solubility of hexaamminechromium(lll) formate 
in electrochemically stable organic solvents 

Solu- Solu- 
Solvent bilityt Solvent bility~ 

D i m e t h y l f o r m a m i d e  i T r i m e t h y l  p h o s p h a t e  i 
{DMF) 

D i m e t h y l a c e t a m i d e  i L i q u i d  a m m o n i a  i 
n - M e t h y l a c e t a m i d e  i, r e a c t s  E t h e r  i 
A c e t a m i d e *  s M e t h y l  f o r m a t e  i 
P r o p y l e n e  c a r b o n a t e  i P y r i d i n e  sp s 
T e t r a h y d r o f u r a n  i A c c t o n i t r i l e  i 
D i m e t h y l  s u l f o x i d e  sl s N i t r o m e t h a n e  i 
4 - B u t y r o l a c t o n e  sp  s D i m e t h y l m e t h y l  p h o s -  sp  s 

p h o n a t e  

* Melting point, 81~ 
t i, i n so lub le ;  sp  s,  s p a r i n g l y  soluble ;  sl  s, s l i g h t l y  so lub le ;  s,  

so luble .  

Table III. Electrolysis of hexaamminechromium(lll) formate 
in selected organic solvents 

Chromium 
Temper- plating Deposit 

Solvent ature, ~ efficiency, % appearance 

A c e t a m i d e  100 4 Meta l l i c .  b r i g h t  
80 10.5 Meta l l i c .  m a t t e  

50 m / o  A c e t a m i d e / D M F  22 67 Meta l l i c ,  m a t t e  
D i m e t h y l  s u l f o x i d e  22 1 Meta l l i c ,  bright 

in which the H A F  chromium complex is sufficiently 
soluble for e lec t ropla t ing  s tudies  (Table  I I I ) .  The 
d imethy l  sulfoxide ba th  deposits  b r igh t  ch romium at  
low pla t ing efficiency. Dimethy l  su l foxide  is not  suf-  
f iciently s table dur ing  prolonged electrolysis  and  the 
odor of su l fur -conta in ing  decomposi t ion products  is 
evident .  An ace tamide  mel t  provides  be t t e r  pe r -  
formance than  the  d imethy l  sulfoxide solvent  but  the 
chromium pla t ing  efficiency is low as a resul t  of the  
h igher  opera t ing  tempera tures .  

Ace tamide  is qui te  soluble in DMF at  room tem-  
pe ra tu re  and the H A F  chromium complex  read i ly  
dissolves in this  mix tu re  to y ie ld  s table solut ions at  
chromic ion concentra t ions  near  0.2M. P la t ing  studies 
in this  solvent  y ie ld  meta l l ic  deposi ts  at  p la t ing  ef-  
ficiencies near  65%. The ini t ia l  chromium pla t ing ef-  
ficiency in the  DMF mix tu re  is roughly  twice as grea t  
as tha t  obta ined  wi th  the  s t anda rd  f o r m a m i d e / a c e t -  
amide  solvent.  However ,  the ba th  is uns table  dur ing  
pro longed electrolysis  and insoluble  products  form. 
None of the o ther  solvent  systems tes ted are  as sat is-  
fac tory  as the  ace t amide / fo rmamide  structure.  

Alloy plating.--One of the pr inc ipa l  advantages  of a 
chromium pla t ing ba th  ut i l iz ing t r iva len t  chromium 
ra the r  than  chromic acid is tha t  a l loy deposi t ion is 
possible. A br ief  expe r imen ta l  p rog ram was unde r -  
t aken  in order  to demons t ra te  the feas ibi l i ty  of elec-  
t rodepos i t ing  chromium al loys f rom the  organic  
solvent  system. Nicke l -chromium al loy p la t ing  was in-  
ves t iga ted  in the present  s tudy p r i m a r i l y  because i t  
was repor ted  tha t  nickel  can be e lec t rodeposi ted  from 
hexaamminen icke l  (II)  b romide  dissolved in both form-  
amide  and ace tamide  (22). H e x a a m m i n e n i c k e l ( I I )  for-  
mate  (HAF nickel)  is therefore  a convenient  source of 
nickel  which can be added to the  s tandard  H A F  
chromium ba th  wi thout  in ter fer ing  with  the  chromium 
pla t ing  process. I t  should be r e l a t ive ly  s imple to de-  
posit  o ther  ch romium-me ta l  al loys as long as the a l loy-  
ing meta l  is more  easi ly e lec t roreduced than  he xaam-  
minechromium (III)  ion. 

A sui table  ba th  composit ion for p la t ing  n ickel -  
chromium films is 0.2M HAF chromium and 0.04M 
H A F  nickel  dissolved in 30 m/o  ace tamide / fo rmamide .  
The a l loy films in the present  tests were  e lec t rode-  
posi ted at a cur ren t  dens i ty  of 25 m A / c m  2 and at  
23~ unless o therwise  indicated.  Semibright ,  metal l ic  
deposi ts  are  obta ined  under  these condit ions wi th  a 
chromium content  near  85 %. 

The chromium content  in the al loy film can be  con- 
t ro l led  by  ad jus tment  of the ba th  tempera ture ,  H A F  
chromium and nickel  concentrat ions,  and cathode cur -  
rent  density.  Al loy  films were  p la ted  wi th  the  chro-  
mium content  va ry ing  f rom less than  1 to grea te r  than 
99% by  ad jus tment  of these three  var iables .  T e m p e r a -  
ture  is the most  sensi t ive and convenient  p a r a m e t e r  for  
control l ing the  composit ion of the  al loy film, bu t  more  
rap id  ba th  de te r iora t ion  occurs at  h igher  t empera tu res  
unless the  wa te r  content  is low (less than  400 p p m ) .  
Opera t ion  of the  ba th  at t empera tu re s  grea te r  than  
100~ would  s impl i fy  w a t e r  control  bu t  the  chro-  
mium content  of a l loy films p la ted  under  these con- 
dit ions is qui te  low (Table  IV) .  Evident ly ,  there  is no 
synergis t ic  effect on chromium pla t ing  efficiency in-  
duced by  the nickel  in the al loy p la t ing  bath.  

The effect of cur ren t  densi ty  on the composit ion of 
the  al loy film is i l lus t ra ted  in Fig. 10. The a l loy com- 
posi t ion does not change subs tan t ia l ly  in the cur ren t  
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Table IV. Influence of electrolyte temperature on composition of 
alloy films 

E L E C T R O D E P O S I T I O N  O F  C r  A N D  N i - C r  

T e m p e r -  Cathode cur ren t  F i lm th ick-  Chromium,  Nickel ,  
ature, ~ densi ty ,  mA/cm~ hess, /~ % % 

22 25 2.5 97 3 
22 25 4.5 94.6 5.4 

I00 25 4,5 0.25 99.75 
I00 12,5 2.4 0.04 g9.96 

dens i ty  range  f rom 12 to 37 mA/cmS (80-85% chro-  
mium and 15-20% nickel ) ,  but  the  deposi t  is p r ac -  
t i ca l ly  a l l  n ickel  at  cur ren t  densi t ies  less than  6 
m A / c m  2. The re la t ionship  be tween  the weight  de te r -  
minat ions  and film thickness  is as follows: 1 mg/cm~ 
is equiva lent  to 1.4~ of ch romium or 1.1# of nickel.  I t  
is appa ren t  from Fig. 10 tha t  a l loy films are  deposi ted 
at  reasonable  p la t ing  ra tes  in the cur ren t  dens i ty  
range y ie ld ing  nea r ly  constant  a l loy composition. 

The p la t ing  ra te  and  chromium content  of the  al loy 
film cont inuously  decreases dur ing  electrolysis  if no 
a t t empt  is made  to control  the wa te r  content  of the  
ba th  (see Fig. 11). The ba th  is no longer effective for 
a l loy p la t ing  af te r  r emova l  of app rox ima te ly  22% of 
the avai lable  meta l  by  plat ing.  Aquat ion  of the  me ta l -  
ammine  complexes is responsible  for the  ba th  de -  
ter iorat ion.  

Be t te r  pe r fo rmance  is observed if the wa te r  in take  
of the  ba th  is res t r ic ted  (Fig. 12). The pla t ing ra te  in-  
creases dur ing  the in i t ia l  s tages of p la t ing as the 
m e t a l - a m m i n e  complexes  a re  conver ted  to the  solvo-  
ammine  complexes.  However ,  the  p la t ing  ra te  begins 
to decrease af ter  app rox ima te ly  5% of the avai lab le  
meta l  is removed  from the ba th  by  plat ing.  The high 
ini t ia l  wa te r  content  of the ba th  (near  2500 ppm) r e -  
sults in subs tant ia l  aquat ion of the  meta l  complexes  
even when  addi t ional  wa te r  absorpt ion  is restr icted.  
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Fig. 10. Influence of current density on nickel-chromium alloy 
composition and deposition rate. 
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The ba th  is st i l l  effective for a l loy pla t ing af ter  19% of 
the avai lab le  meta l  has been p la ted  a l though the p la t -  
ing ra te  is cons iderably  lower.  The chromium content  
of the  al loy film is s tabi l izing near  40% under  these 
conditions. The  p la t ing  ra te  and chromium content  of 
the  a l loy films wi l l  level  off at  h igher  values  if the  
ba th  is dr ied  before seal ing it in the cell. 

The average  p la t ing  ra te  and chromium content  of  
the al loy film declines as thickness  increases (Fig. 13). 
This effect is not en t i re ly  a resul t  of ba th  de te r io ra -  
t ion due to aquat ion of the me t a l - a mmine  complexes.  
For  example ,  a 2~ a l loy  film was e lec t ropla ted  im-  
media te ly  af ter  p la t ing a 13~ film. The 13~ film p la ted  
at  a ra te  of only  3.5 mg/cm2/hr and the surface l aye r  
contained 62% chromium whi le  the 2~ film p la ted  at  
a ra te  of 7.1 mg /cm2/h r  and the surface layer  con-  
ta ined  85% chromium. This  effect may  be due to a de-  
crease  in the effective cu r ren t  dens i ty  as a resul t  of an 
increase in the  surface roughness  of the  subs t ra te  du r -  
ing plat ing.  Al loy  pla t ing under  potent ios ta t ic  condi-  
t ions r a the r  than  at  a constant  cur ren t  should e l iminate  
this  effect. 

The appearance  of the  a l loy films is s imi lar  to the  
chromium films deposi ted f rom the th iocyana topen-  
t a a m m i n e c h r o m i u m ( I I I )  th iocyanate  bath.  Thin films 
have a meta l l ic  lus ter  and are  semibright .  Thicker  
films, i.e., g rea te r  than  10#, have a ma t t e  appearance  
and some nodule  format ion  is evident .  A n  elect ron 
microprobe  analysis  indicates  tha t  n ickel  and chro-  
mium are  the only  const i tuents  present .  However ,  the  
analys is  was  not  sufficiently accurate  to de te rmine  low 
concentrat ions  of the  l ight  e lements  and there  m a y  be 
smal l  amounts  of hydrogen,  ni trogen,  and oxygen in 
the  electrodeposi ts  (9). F i lms  th icker  than  10g af -  
forded good protect ion for  copper  subs t ra tes  in ac-  
ce lera ted  corrosion tests ( immers ion in ammonium 
polysulf ide) .  This indicates  tha t  defects a re  not  con-  
t inuous th rough  the ent i re  coating thickness  and is an 
indicat ion of good coating integr i ty .  The adherence  of 
the  coating to copper  is good in tha t  the  coating wi l l  
surv ive  bend tests  th rough  angles grea te r  than  90 de-  
grees. 

Summary 
Chromium can be e lect rodeposi ted  f rom organic  

e lect rolytes  at  high cathode cur ren t  efficiencies (near  
50%). The pla t ing ba ths  consist of anhydrous  chromic 
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complexes  dissolved in amide  solvents. An e lec t ro ly te  
of h e x a a m m i n e c h r o m i u m ( I I I )  formate  in 30 m/o  acet-  
a m i d e / f o r m a m i d e  yields the most consistent  p la t ing 
results.  The op t imum h e x a a m m i n e c h r o m i u m ( I I I )  for-  
mate  concentra t ion in the  ba th  is 0.2-0.4M and m a x i -  
m u m  pla t ing  efficiency is obta ined by  opera t ing  the 
ba th  at  ambien t  t empe ra tu r e  (23~ in the  cur ren t  
dens i ty  range f rom 25 to 50 m A / c m  2. 

The ba th  is s table only at wate r  concentrat ions less 
than 400 ppm al though sa t is factory  pla t ing pe r fo rm-  
ance is obta ined  over  a per iod of severa l  days wi th  
wa te r  concentra t ions  as high as 2500 ppm (s teady-  
s ta te  value  under  ambien t  condit ions) .  In  the presence 
of water ,  aquat ion occurs and chromium is deposi ted 
at  lower  cathode current  efficiency f rom the resul t ing  
complexes.  Cathode cur ren t  efficiency is increased 
by  the addi t ion of smal l  concentrat ions of su l fur -  
containing compounds ( th iocyanate  or sulfamic acid) 
or boric acid. I t  was observed that  th iocyanate  re -  
duces the potent ia l  for chromium deposi t ion and may  
also increase the overpotent ia l  for amide  solvent  re -  
duction. 

Ligands  known to be effective e lec t ron br idging  
groups for the chromous /chromic  redox react ion are 

N s -  > Cl- > SCN- > H20 

Subst i tu t ion  of these l igands for an ammonia  group 
in the h e x a a m m i n e c h r o m i u m ( I I I )  complex  showed 
tha t  the i r  effectiveness for promot ing  chromium de-  
posit ion was 

S C N -  > NH3 > C1- and N3- > H20 

It  was concluded that  e lectron br idg ing  groups have 
ve ry  l i t t le  effect on the e lec t roreduct ion  of chromic 
ion and tha t  low the rmodynamic  s tab i l i ty  of the 
chromic complex is of g rea te r  impor tance  than kinet ic  
considerat ions.  

I t  was demons t ra ted  tha t  chromium alloys can be 
efficiently e lec t rodeposi ted  f rom organic electrolytes .  
I t  is possible to e lectrodeposi t  n i cke l -ch romium al loys 
by  addi t ion of h e x a a m m i n e n i c k e l ( I I )  formate  to the  
s t andard  chromium bath. The composit ion of the al loy 
can be var ied  over  the  ent i re  range  of 0-100% chro-  
mium by  proper  selection of the H A F  chromium and 
nickel  concentrat ions,  the ba th  tempera ture ,  and the 
p la t ing cur ren t  density.  The al loy deposits  exhibi t  
good adherence to copper  and acce le ra ted  corrosion 
tests  indicate good film integri ty .  Electron microprobe  
analysis  of the film indicates  that  nickel  and chromium 
are  the only meta l l ic  e lements  present .  

H e x a a m m i n e c h r o m i u m ( I I I )  formate  was found to 
exhibi t  l i t t le  or no so lubi l i ty  in a number  of organic 
solvents which have  good e lect rochemical  s tabi l i ty.  A 
th iocyanate  counter ion induced only s l ight ly  grea te r  
solubi l i ty  than  formate  ion and i t  was concluded that  

the anion was not  the p r i m a r y  factor  affecting solu- 
bili ty.  The former  compound was soluble  in d imethy l  
sulfoxide and in a c e t a mide /d ime thy l fo rma mide  but  
these e lect rolytes  exhib i ted  low pla t ing  efficiency and 
insoluble react ion products ,  respect ively .  

Acknowledgments 
The authors  g ra te fu l ly  wish to acknowledge  the 

many  he lpfu l  discussions wi th  Professor  James  H. 
Swinehart ,  Univers i ty  of Cal i fornia  (Davis) ,  concern-  
ing the  chemis t ry  of coordinat ion compounds.  

Manuscr ip t  submi t ted  Dec. 16, 1970; rev ised  manu-  
script  received ca. May 24, 1971. 

A n y  discussion of this paper  wil l  appear  in a Discus-  
sion Section to be publ ished in the June  1972 JOURNAL. 

REFERENCES 
1. C. J. Kasper ,  J. Res. Natl. Bur. Std., 40, 31 (1948). 
2. A. Brenner ,  "Electrodeposi t ion of Alloys,"  Vol. II, 

pp. 117-120, Academic  Press, New York (1963). 
3. L. Domnikov,  Metal Finishing, 64, (6), 107 (1966). 
4. M. R. Holmes et al., ibid., 65, (1), 87 (1967). 
5. R. D. Blue and F. C. Mathers,  Trans. Electrochem. 

Soc., 63, 231 (1933). 
6. Wol f ram Lampen  A. G., German  Pat.  237,014 

(1910). 
7. C. U. Chisholm, Trans. Inst. Metal Finishing, 47, 

134 (1969). 
8. N. R. Bharucha  and J. J. Ward,  Products Finishing, 

33, (4), 64 (1969). 
9. D. J. Levy  and W. R. Momyer ,  Plating, 57, 1125 

(1970). 
10. J. Mitchell ,  Jr .  and D. M. Smith,  "Aquamet ry , "  

pp. 65-102, Interscience Publishers ,  Inc., New 
York (1948). 

11. L. F. Audr ie th ,  "Inorganic Syntheses,"  Vol. III, pp. 
153-155 and 194-196, McGraw-Hi l l  Book Co., 
Inc., New York  (1950). 

12. Gmel ins  Handbuch  der  Anorganischen  Chemie, 
Chrom, T1 C, Sys tem No. 52, pp. 24-156, (1965). 

13. L. W. Skala,  U.S. Pa t  2,470,378 (1949). 
14. D. L. Ball  and E. L. King, J. Am.  Chem. Soc., 8@, 

1091 (1958). 
15. A. E. Ogard and H. Taube, ibid., 80, 1084 (1958). 
16. L. F. Audr i e th  and J. Kleinberg,  "Nonaqueous 

Solvents,"  pp. 45 and 145, John Wiley  & Sons, 
Inc., New York  (1953). 

17. A. J. deBethune  and N. A. Swendeman  Loud, 
"S tanda rd  Aqueous Electrode Potent ia ls  and 
Tempera tu re  Coefficients at 25~ '' Clifford A. 
Hampel ,  Ill. (1964). 

18. N. V. Duffy and J. E. Earley,  J. Am.  Chem. Soc., 89, 
2, 272 (1967). 

19. G. H. Brown and H. S. Hsiung, This Journal, 107, 
57 (1960). 

20. D. E. Couch, Electrochim. Acta, 9, 327 (1964). 
21. J. H. Swinehar t ,  Univers i ty  of Cal i fornia  (Davis) ,  

P r iva te  communicat ion.  
22. L. F. Yntema and L. F. Audr ie th ,  J. Am.  Chem. 

Soc., 52, 2693 (1930). 



The Structure of the Complexed Copper Species in 
Electroless Copper Plating Solutions 

L. N.  Schoenberg* 
Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 07974 

ABSTRACT 

The bonding mode of the copper ion in various formulations of a well-  
known electroless copper bath consisting of copper sulfate, sodium hydroxide, 
potassium sodium tartrate,  and formaldehyde has been determined by elec- 
t ron paramagnetic  resonance spectroscopy. Other ligands related to tar trate  in 
structure, but  with fewer potential bonding sites, were also studied. It was 
discovered that 2,3-butane diol, - -hydroxy  butyric  acid, malic acid, glycolic 
acid, and mandel ic  acid could be subst i tuted for tar t ra te  in an electroless 
copper bath, but  that  succinic acid, ~-hydroxy butyr ic  acid, and salicylic acid 
could not. The plating rate of copper- tar t rate  solutions as a function of pH 
was studied, and it was found that the max imum plating rate occurs at about 
pH 12.8. The structure of the copper complex is pH dependent  and is one factor 
affecting the deposition rate. 

Procedures for the electroless deposition of copper 
have been known for some time. Solutions suitable for 
this purpose general ly consist of a copper-containing 
salt, a complexing agent, a reducing agent, and a source 
of hydroxide ions. Various addit ional substances, such 
as br ightening agents and stabilizing agents, may also 
be incorporated. The role of the complexing agent in 
de termining impor tant  bath parameters  such as stabil-  
i ty and plating rate has not yet been well  investigated. 

The deposition of electroless copper can be consid- 
ered to consist of two half reactions, namely,  the re- 
duction of copper ions to copper metal  (cathodic re-  
action) and the oxidation of the reducing agent, 
general ly  formaldehyde to formic acid (anodic reac- 
t ion).  The catalytic surface main ly  affects the rate of 
the anodic half reaction (1). In  principle, it is possible 
to envision an alkaline electroless copper bath, con- 
sisting of a copper complex and a reducing agent, that 
is indefinitely stable in the absence of a catalytic sur-  
face and yet that in the presence of a catalytic surface 
plates very rapidly. To formulate  a bath of this type, 
an unders tanding of the bonding mode of the copper 
ion in such solutions is clearly of importance. 

Tar t ra te  is the most commonly used complexing 
agent in electroless copper baths (2) and was chosen 
for study because of its sui tabil i ty for investigation 
using the technique of electron paramagnetic  reso- 
nance. It fur ther  provided the opportuni ty  for gaining 
information about the na ture  of copper- tar trate  com- 
plexes, a field long investigated but  in a state of much 
confusion. The na tu re  of the copper complex both 
before and after the addition of reducing agent was of 
concern, as is made clear below. 

Copper Tar t ra te  Complexes 
A study of the mode of bonding between copper and 

the tar t ra te  anion is complicated by the many  con- 
ceivable bonding types that  can be envisioned. The 
several ionizable hydrogen atoms make complex for- 
mat ion very  pH dependent.  Figure 1 indicates several 
of the copper- tar t rate  complexes that  have been pro- 
posed at one time or another, most ly  in the early 
l i terature (3). Other structures can readi ly be en-  
visioned. Only two or three of the four positions in the 
first coordination sphere of copper have been indi-  
cated as filled. The other positions may be considered 
to be occupied by another  molecule of tar t rate  or by 
hydroxide ions. While the structures in which copper 
is bonded to two carbonyl  oxygens can be rejected 
tentat ively because of the unstable  seven-membered  
r ing which would be required, the other structures are 
sterically possible (4), In  addition, dimeric structures 
containing two copper atoms per molecule have been 
proposed and spectrophotometric evidence of their  

* E l ec t rochemica l  Soc ie ty  A c t i v e  Member .  
Key  w o r d s :  e lee t ro less  copper  p l a t i ng ,  copper  c o m p l e x  ions,  elec-  

t ron  p a r a m a g n e t i c  resonance .  

existence in 1 to 1 copper- tar t rate  solutions has been 
exposited (5). 

To determine which of the oxygens might  be bond-  
ing, it was decided to at tempt to form electroless cop- 
per baths using as chelating agents various model 
compounds related to tartaric acid. The structures of 
these model compounds are depicted in Fig. 2. 

The fact that the alcoholic oxygens can indeed par-  
ticipate in bonding if the pH is sufficiently high is 
evidenced by the successful use of 2,3 butane-dio l  in 
which coordination can take place only through al- 
coholic oxygens. Moreover the failure of succinic acid 
to coordinate indicates that where coordination through 
carbonyl  oxygens would involve a seven-membered  
ring, the alcoholic oxygens are essential. 

The fact that a -hydroxy butyric  acid could be used 
as a chelating agent while /~-hydroxy butyric  acid 
under  the same conditions could not is in accord with 
the tendency of copper to prefer a f ive-membered ring. 
As a result, certain structures in which an alcoholic 
oxygen and nonadjacent  carbonyl  oxygen are bonded 
to the copper atom may be considered as more remote 
possibilities. 

In  accord with the above facts, malic, mandelic, and 
glycolic acid, all of which have a carbonyl  group and 
an adjacent hydroxide group, can successfully chelate 
copper. Salicylic acid is unable  to form a copper com- 
plex under  the same conditions. The reason for this is 
apparent  from bond angle considerations. The relevant  
oxygen atoms are forced to remain  too far apart  to 
bond due to the rigidity of the benzene ring. 

H H 
I I 

- O O C -  C - C - C O 0 -  
1 

HO OH 
\ / 

Cu 
/ ",,, 

H H 
I I 

O O C -  C -  C - C O 0  

Cu 
/ \ 

H H 
I I 

O O C - C -  C -  CO0 

Ctl 
/ 

H H 
I I 

O O C -  C - C -  C O 0 -  

OH OH 
/ 

Cu 
/ \ 

H H 
I I 

O O C -  C -  C - C O O -  
l I 
OH OH 

Y 
Cu 

/ 

Fig. i. Several of the possible structures of the copper-tartrate 
anion. Only two or three of the four positions in the first coordina- 
tion sphere of copper have been indicated as filled. 
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FORM Cu COMPLEX 

H H 

HOOC- C -- (~- COOH 
I I 

HO OH 
TARTARIC ACID 

H H 
I I 

HO OH 
2 , 3 -  BUTANE DIOL 

H 

CH 3 CH 2 C - COOH 
i 

HO 
(Z-HYDROXY BUTYRIC ACID 

H 
I 

H OOC - CH 2 - C - COOH 
I 

HO 
MALIC ACID 

H O C H 2 C O O H  

GLYCOLIC ACID 

DO NOT FORM CU COMPLEX 

HOOC- CH;,-  CH2-  COOH 

SUCCINIC ACID 

H 
I 

CH 3 C -  C H 2 - C O O H  
I 
OH 

~-HYDROXY BUTYRIC ACID 

H 
I �9 c COOH � 9  
I ~ C O O H  HO 

MANDELIC ACID SALICYLIC ACID 

Fig. 2. Structures of the ligands used in the present work 

Electron P a r a m a g n e t i c  Resonance 
All of the electron paramagnet ic  resonance (EPR) 

spectra discussed below were obtained from frozen 
solutions. Therefore, a br ief  description of EPR as 
applied to frozen solutions is desirable. McGarvey (6) 
provides an unders tandable  and rigorous t rea tment  of 
the firm quan tum mechanical  base under ly ing  the in -  
terpretat ion of EPR spectra. He also discusses the in-  
terpretat ion of frozen solution spectra. 

Figure 3 depicts the spli t t ing of the spin energy 
states of an electron, first by a magnetic  field and 
second by  interact ion with the nuclear  magnetic  mo-  
ment  of the copper nucleus (I ---- 3/2).  Also given is 

t + ~  

m s  

/ 
// 

/ 

\x"" 
\ 

\ \  
\ 

mz Et, 

3 + ~-gBH + 3 +~ TA 

+ �89 +'~gBH + -~A 

_ I_.2 +-~ g,SH- -~-AI 

-- ~, +~ g,SH- ~A3 

/ /  
/ /  / 

/ / /  

% 
\% 

A M I : O  , A M s : - H  

E = h u : g B H  o + Am I 

5 - ~- CJ/~H -m- -~ A 

_ 1--2 ---~gBH + ~ A  

! - 2 gBH t + Z ---~-A 

+ 2 - - ~ A  

E ~ : g B H m S  + A m s m z  

Fig. 3. Splitting of the spin energy states of an electron, first 
by a magnetic field and second by interaction with the nuclear ( ' )  magnetic moment of the copper nucleus I = -~- . 

an approximate equation for the energy value of each 
level. The re levant  selection rules are that  AMz ---- 0 
and ~Ms = • Thus the four allowed transi t ions are 
those indicated by  arrows and the energy of the  four 
transit ions can be approximated by  

E = h~ -- g#Ho + Amz 

where g = gyromagnetic ratio, # = Bohr magneton,  
h = Planck's  constant, v ---- frequency, A ---- hyperfine 
coupling constant, and mz -- •  ___3/2. 

The parameters  which are characteristic of the 
species being measured are g and A. In  a nonsymmet r i -  
cal molecule g and A are anisotropic, and in the case 
of a te tragonal  molecule, g and A can be resolved into 
components paral lel  and perpendicular  to the magnetic  
field. If 0 is the angle be tween the magnetic  field and 
the Z axis, then  (7) 

g --" (gll  = cos2O --{- gl 9-~ singe) 
and 

A -- g-~ (Al[Sgll~COS~O -k A_Og.L2sin ~o) v= 

The spectra are obtained by  varying  the magnetic  
field s trength at a fixed frequency. The spectra are 
presented as the first derivat ive of the absorption 
curves vs. the magnetic  field, a method which enables 
greater  sensit ivity to be obtained. The parameters  g l l '  

g• and Air can readily be extracted from such spectra. 

A representat ive spectrum is depicted in Fig. 4 and the 
procedure for calculating the parameters  is indicated. 
D1 is the distance in mil l imeters  from the start  of the 
scan to the point midway  between the second and 
third peaks. D2 is the distance from the start of the 
scan to the midheight  point of the indicated line. Since 
all of the parameters  in the first equation are known 
except g ll and g• they can be calculated. A IT in gauss 

is dependent  on the distance between the second and 
third peaks (178 m m  ---- 1000 gauss). The values of the 
parameters  obtained from a frozen solution are average 
values for all of the bonds in the molecule under  study. 

The parameter  g is affected pr imar i ly  by the extent 
of splitt ing of the 3d energy levels by  the l igand field 
and by the magni tude  of spin-orbi t  coupling. The 
parameter  A is affected pr imar i ly  by the ratio of the 
nuclear  magnetic moment  to the nuclear  spin and by 
the electron spin densi ty  in  the immediate  vicini ty of 
the nucleus, i.e., the closeness of the electron to the 
nucleus (8). In  the present  study, possible structures 
were assigned on the basis of t rends  in  the values of 
these parameters.  

EPR Results and  Discussion 
Unti l  recently, no informat ion on the EPR spectra of 

alkal ine aqueous solutions of copper- tar t ra te  complexes 

TARTRATE BATH p H = 1 2 . 8  

�9 = 178mm= 1OOO GAUSS ,. 

~'O =9575 mc sec -1 

r 100000 ioooo  

All (GAUSS) x ~  Xgl l  X l O  6 
A l l ( cm-1 )  

3 X I O  t0  

Fig. 4. EPR spectrum of a copper-tartrate solution (pH = 12.8) 
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Fig. 5. Values of gil and All 
of copper-tartrate solutions as 
a function of pH. 

was available, al though single-crystal  measurements  
of the EPR parameters  of Cu 2+ in Rochelle salt had 
been reported (9). A recent  paper, however, presented 
EPR parameters  for 1 to 1 copper- tar tar ic  acid solu- 
tions at two pH levels (4.3 and 11.3) (1O). The present  
work has considered the entire range of pH from 5.2 
to 13.7 in  order to elucidate more ful ly this compli-  
cated system. 

The parameters  obtained from copper- tar t ra te  solu- 
tions as a function of pH are shown in Table I along 
with the results obtained from a very highly basic 
solution of copper sulfate in which the complexed cop- 
per must  be present  as the te t rahydroxocuprate  anion. 
The values of g ~1 and All as a funct ion of pH are plotted 

in Fig. 5. It  can be seen that  as the pH decreases, g ll 

increases and AII decreases. There is a j ump  at pH 12.0 

which can be a t t r ibuted to a change in bonding mode 
which will be subsequent ly  discussed. 

At pH 7.7 a spectrum characteristic of a dimer was 
obtained (Fig. 6). Its general  outl ine is in accord with 
the shape that  would be theoretical ly expected. Other 
examples of dimer  spectra may be found in ref. (11). 
In  the acidic pH range, the alcoholic hydrogen atoms 
are not ionized and different types of species arc pre-  
sent which were not considered fur ther  due to their 
inapplicabi l i ty  to electroless copper plating. 

No evidence of dimer formation was noted at high 
values of pH either in the solutions considered in Table 
I or in a solution ten times as concentrated (the con- 
centrat ion of practical electroless baths) .  This does not 
prove conclusively the nonexistence of dimers, but  

Table I. EPR parameters of copper-tartrate solutions 
from pH 5.2 to 13.7 

S a m p l e  p H  g A t g 0:2 
I1 1} J_ 

Cu(OH)4 ~- --~14 2.264 208 2.066 0.90 

Tartrate* 13.7 ~ 2.242 206 2.061 0.91 

J 2.257 c a .  195 
12.8 2.255 204 2.046 0.88 
12.3 2.253 204 2.045 0.88 
12.0 2.273 199 2.059 0.89 
11.8 2.284 185 2.047 0.86 
10.8 2.279 182 2.050 0.84 
10.4 2.279 182 2.051 0.84 

9.9 2.276 179.5 2.055 0.84 
7.7 - -  - -  - -  
5.2 2.321 167- ca. 2.058 0.85 

* O.O14IVI CuSO4-SH20. O.06M K N a  t a r t r a t e .  N a O H  to  i n d i c a t e d  pH. 
%cm -1 x 104 X --1. g , g _ 0.004. A -~ 6, a 2 - -  0.02. 

II I II 

only that if a dirner is present, the copper atoms are 
far enough apart so as not to interact with each other. 
It can be shown, however, that for no effect to be 
noticed the copper atoms must be about six or more 
Angstroms apart. Molecular models indicate that such 
a large separation between two copper atoms con- 
nected by a tartrate molecule is unlikely, but barely 
possible. 

At a pH of 13.7 two species were detected. Possible 
structural assignments will be discussed later. 

The value of the parameter  0:2 is a measure of the 
covalency of the copper-oxygen bond. Its value varies 
from 0.5 to 1.0. The tabulated values were calculated 
from the approximation (12) 

- -A 3 
~2 : + (gll -- 2.0023) % -~- ( g •  2.0023) + 0.04 

P 

where P defines the principal  value of A due to in te r -  
action between the copper ion nucleus and the un -  
paired electron. The value of P for Cu 2+ : 0.036 cm -1. 
The closer 0:2 is to unity, the more ionic is the corre- 
sponding bond (13). The t rend of the tabulated values 
is in accord with the expected trend, namely  that  the 
most ionic bonds are those in  which hydroxide ions 
are bonded to the copper. 

The postulated structures for the copper- tar t rate  
complexes as a funct ion of pH are depicted in Fig. 7. 
It  is reasonable to assume increased hydroxide coordi- 
nat ion with increasing pH. As ment ioned above, the 
decreasing value of 0:2 with decreasing n u m b e r  of co- 
ordinated hydroxides is in accord with the expected 
trend. As indicated in Fig. 7, the discontinui ty in the 
parameters  gll and All is a t t r ibuted to the coordina- 

tion of a second tar t ra te  anion. 
Support  for the theory that the change in bonding 

mode between pH 13.7 and 12.8 is between all hy-  
droxide coordination at the higher pH and  some car-  

TARTRATE p H = 7 . 7  

2 5 0 0  GAUSS _1 
t 

7/O = 9315 

f i 9 .  6. E~R spectrum ~ Q r solution ( p H  ~ 7.71 
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NO. OF 
p H COMPLEX BONDED OH'S (JI._.L All (XIO - 4  X- I )  (22 

, 4 -  Cu ( O H ) : -  4 2.264 208 .90 

.,L..._v ,=_._ K 

13- 

|2 -  
~ C u - O H  

I 
OH 

3 2.255 204 .88 

I I -  ~ C U I ~  2 2.279 182 .84 

IO- 

Table II. EPR parameters of copper-c~-hydroxy butyric acid and 
copper-butane-dial solutions 

Sample  pH g A f g ~ 
II I[ • 

a - O H - b u t y r i c *  13.0 { 2.260 193 2.283 180 2.045 0.85 

12.5 ~ 2.255 190 2.045 0.84 
L 2.289 181 

11.4 ~ 2.258 192 2.049 0.85 
2.275 185 t 

9.4 { 2.2562.277 192188 2.043 0.84 
Bu tane -d ia l*"  13.25 2.244 206 2.069 0.87 

* 0.014M CuSO4.5HeO. 0.23M 
ind ica ted  ]oH. 

** O.014M CIISO4.SH20. 0.78M 
pH.  

i'cm-Z X I0 ~ X - -1 .  

a - h y d r o x y b u t y r i c  acid.  NaOH to 

2,3 bu tanedio l .  N a O H  to indicated 

9 -  

8 -  
DIMER FORMATION . . . .  

-OOC 
I 

------ I ---- "OOC - C - C - COO- 
H -  C-OH I I 

I OH OH 
-OOC 

Fig. 7. EPR parameters and the proposed structures of copper- 
tartrate complexes as a function of pH. 

bonyl  coordination at the lower pH is found in the 
change in appearance of the g j_ region of the spectra 

(Fig. 8). Included for comparison is the spectrum of 
Cu-2,3 bu tane-d ia l  in which coordination must  be 
occurring through hydroxide groups. The spectral en-  
velopes of the g regions in all of the species in which 

J_ 
four hydroxides are coordinated are similar. All  of 
the Cu- tar t ra te  spectra between pH 9.9 and 12.8 have 
g regions similar to the right spectrum of Fig. 8 

which is at t r ibuted to the coordination of three hy-  
droxide groups. 

Table II presents the EPR parameters  obtained for 
various solutions using a-hydroxy butyr ic  acid and 2,3 
butane-dia l  as the complexing agents in place of tar-  
trate. In every instance two species were noted in the 
solutions containing ~-hydroxy butyr ic  acid. The spe- 
cies with the lower glr value is the major  component. 

A representat ive spectrum is shown in Fig. 9. 
It has not been possible to assign a s tructure to these 

two species with certainty. The g H and AII parameters  

of the minor i ty  species are in agreement  with those of 
the copper- tar t rate  species in which two molecules of 

CH3C- C-CH 3 I I 
HO OH 

CU \Cu / CU"OHI 

4 COORDINATED OH'S 3 COORDINATED OH'S 

Fig. 8. The g region of the EPR spectra of some of the com- 
.L 

plexes discussed in the present work. 

ta r t ra te  are bonded through the hydroxyl  and carbonyl  
oxygens. The g value of the major i ty  species is in 

[I 
accord with the value of the copper- tar t ra te  species 
with one molecule of tar t rate  and two hydroxide ions. 
However, the A and ~2 values of the a -hydroxy  bu -  

ll 
tyric acid species are somewhat low. Also there is no 
apparent  change in the relat ive concentrat ions of the 
two a-hydroxy  butyric  acid species with pH. 

With the thought that one of the species might be 
due to an impurity,  a -hydroxy  butyric  acid was ob- 
tained from another  manufacturer .  Two species with 
similar EPR parameters  to those ment ioned above were 
formed. In the absence of other evidence, then, the 
above-discussed assignments are the best that  can pre-  
sent ly  be made. 

There is no difficulty with the assignment  of struc- 
ture of the bu tane-d ia l  solution. Bonding can only 
occur through hydroxyl  oxygens and the EPR param-  
eters and the appearance of the g• region of the 

spectrum are in agreement  with this bonding mode. 
Exper iments  in varying the pH of the bu tane-d ia l  bath 
were not carried out, so the measured species may 
contain either one or two molecules of 2,3 butane-dia l .  

In Table III  are depicted the parameters  obtained 
before and after the addit ion of formaldehyde to a pH 
12.8 Cu- tar t ra te  solution (Cu 2+ ---- 0.014M, tar t ra te  
---- 0.06M). The formaldehyde was adjusted to pH 12.4 
before the addition and one part  by  volume of formal-  
dehyde to three parts by volume of Cu- ta r t ra te  were 
used. The final pH was approximately 12.7. Three 
measurements  were made at varying elapsed times 
before freezing of the sample. In  all cases there re-  
sulted a significant increase in g and a corresponding 

II 
decrease in A . This indicates very strongly that  the 

I[ 
formaldehyde, which in basic solution exists mostly as 

1000 GAUSS =" 

(Z-OH-BUTYRIC ACID p H = l t 4  

1,1 = 9510 

HO= 3 0 0 0  GAUSS 

Fig. 9. EPR spectrum of o copper-cz-hydroxy butyric acid solution 
(pH ---- i1.4). The lower curve is an amplification of the upper 
curve. 
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Table Ill. EPR parameters of various solutions before and 
after the addition of formaldehyde 

S a m p l e  p H  g A t g ~'~ 
I1 II • 

Tartrate"  12.8 2,255 204 2.046 0.88 
T a r t r a t e  + H C H O  

T i m e  a f t e r  m i x i n g  
I sec 2.291 189 2.058 0.88 

30 sec 2.286 186 2,055 0.86 
100 sec 2.288 189 2.056 0.87 

Cu(OH)4"~ ~--14 2.264 208 2.066 0.90 
C u ( O H ) ,  =- + H C H O  ~-13.5 2.267 202 2.060 0.88 

�9 0.014M CuSO4.SH20 ,  O.06M K N a  t a r t r a t e .  N a O H  to i n d i c a t e d  pH.  
tcm-Z x 104 x - I .  

0- 
/ 

the methylene  glycol anion H~C has entered the 
\ 

OH 
first coordination sphere of the copper ion. 

Moreover the new values of the parameters  are very 
close to those of the species (Fig. 7 and Table I) in 
which it is proposed that two hydroxyl  and two car- 
bonyl  oxygens are coordinated. It can be shown that  
formaldehyde cannot  directly compete with hydroxide 
ions for copper ion since the addition of formaldehyde 
to a te t rahydroxocuprate  solution resulted in no sig- 
nificant change in g II and A II (Table III) .  Therefore, it 

is highly l ikely that  the methylene  glycol anion is dis- 
placing the tar t rate  anion as one step in the electroless 
deposition process. 

The fact that  formaldehyde is indeed bonded to the 
copper can be substantiated by a consideration of the 
wavelengths of the maxima of the broad bands in the 
visible region of the absorption spectra. Upon the 
addition of 0.4M formaldehyde (pH 12.9) to a solution 
containing 0.02M copper sulfate and 0.4M potassium 
sodium tar t ra te  (pH also 12.9), the max imum is shifted 
from 670 to 660 m~. 

The position of this max imum in complexes of t r an-  
sition metals is commonly related to the stabili ty of the 
complex; a shift to lower wavelength (higher energy) 
indicat ing a more stable complex (14). Since the sta- 
bi l i ty  of the ta r t ra te- formaldehyde-hydroxide-copper  
complex is apparent ly  greater than  that of the tar t ra te-  
hydroxide-copper complex, it would appear that a 
solution of the former complex would be indefinitely 
stable were it not for the tendency of the oxidation of 
formaldehyde to occur catalyzed by random variables 
such as dust particles and scratches in the container. 

Plating Rate as a Function of pH 
It has previously been reported that  the pH of an 

electroless copper plat ing solution is the variable hav-  
ing the greatest effect on the deposition rate (15). 
Figures 10 and 11 are plots of the plat ing rate vs. pH 
obtained in the  present work using solutions contain-  
ing 0.02M CuSO4"5H20, 0.4M HCHO, and sufficient 
NaOII to obtain the desired pH. Pla t ing was carried 
out on p la t inum substrates. Solutions containing 0.4M 
(Fig. 10) and 0.1M (Fig. 11) potassium sodium tar t ra te  
were studied. In both cases maxima at about pH 12.8 
were obtained. 

Maxima in plat ing rate vs. pH curves were not ob- 
served by Saito (15) but  were observed by Okinaka 
at a somewhat higher pH (16). The electrochemical 
experiments  of Saito indicated that  both the anodic 
and cathodic half reactions are significantly affected by 
pH. 

Methylene glycol is a weak acid with a dissociation 
constant of 1.62 x 10 - la  at 23~ (17). The calculated 
per cent dissociation as a funct ion of pH is given in 
Table IV. 

When considered alone, the increase in concentrat ion 
of methylene  glycolate with pH would result  in an 
ever- increasing plat ing rate. However, the concentra-  

.9 

O.02M CUSo4"5H2 O 
.B 0.4M HCHO 

0.4M KNn TARTRATE 

.7 

.6 

.5 

.3 

.2 

.1 

O t I 
12 13 

pH 

Fig. 10. Plating rote vs. pH in a solution containing O.02M 
CuS04 �9 5H20, 0.4M HCHO, and 0.4M KNa turtrate. 

.9 

O.02M Cu SO4-5H2 0 
.8 0.4 M HCHO 

0.tM KNo TARTRATE 

,7 

.6 

1- 

:L .4 

.3 

.2 

.11 

12 13 

pH 

Fig. 11, Plating rate vs. pH in a solution containing O.02M 
CuS04 �9 5H20, 0.4M HCHO, and O.]M KNa tartrate. 

tion of hydroxide ions also increases with pH. At high 
pH's we have observed (Table III) that  copper ion 
has a greater affinity for hydroxide than  for methylene  
glycolate. Hence the m a x i m u m  in the plat ing rate may 
be due to a competition between the two coordinating 
species. 

The calculated concentrat ion of methylene  glycolate 
(from 0.4 moles of formaldehyde) and hydroxide are 
plotted as a function of pH in Fig. 12. A max imum 
in the plat ing rate in the vicini ty of pH 12.8 could be 
predicted since the curves begin to converge rapidly at 
this point. The effect of this is that  the concentrat ion 
of hydroxide becomes comparable to and finally greater 
than the concentrat ion of methylene  glycolate. There-  
fore hydroxide bonding to the copper ions becomes 
predominant .  

Table IV. Calculated per cent dissociation as function of pH 

p H  % D i s s o c i a t e d  

11 1.6 
12 13.9 
13 61,8 
14 94.2 



1576 J. Electrochem. Soe.: ELECTROCHEMICAL S C I E N C E  October 197I 

Kf ~ 

>- 
l- 

g, 

io-2 

O = HYDROXIDE CONCENTRATION 

: METHYLENE GLYCOLATE 
CONCENTRATION 

10-3 ~r , I J 
II 12 13 14 

pH 

Fig. 12. Calculated concentration of methylene glycolate (from 
0.4 moles of formaldehyde) and hydroxide as a function of pH. 

A second factor which may cause the maximum is 
the variation in structure of the copper species. As the 
structure changes from one containing one tartrate ion 
and two hydroxide ions per copper ion to one contain- 
ing two tartrate ions per copper ion (Fig. 7) steric 
hindrance may make it more difficult for methylene 
glycolate to enter the primary coordination sphere of 
the copper ion. 

Since the nature of the copper complex and there- 
fore the plating rate of an electroless bath changes 
with pH and since the pH of the bath changes with 

storage and during use, it is not surprising that prob- 
lems in the reproducible use of electroless copper baths 
are often encountered. We have also found that the ap- 
pearance of the deposits is pH dependent due to a 
change in the morphology of the copper deposit. De- 
tails of this and of the effect of certain additives are 
to be reported in a future publication. 
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Mechanism of the Electrocrystallization of Nickel 
and Cobalt in Acidic Solution 
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ABSTRACT 

This mechanism is studied by means of the analysis of the polarization 
characteristic and of the cathodic impedance. The results, obtained from an 
acidic solution of the Watts type, s trongly support  the hypothesis tha t  the 
cathodic reaction occurs in several steps probably involving an adion 
(MeOH)ads. In the case of nickel, the results can be accounted for by a 
mechanism implying two successive transfer reactions in which (NiOH)ads 
acts as an intermediate compound and not as a catalyst. The presence in the 
electrolyte of either sodium benzenesulfonate or 2-butyne 1,4-diol (two in- 
hibitors commonly used for the electrocrystallization of nicked specifically 
modifies the kinetic parameters  of t ransfer  reactions and diminishes the 
capacity of the electrochemical double-layer.  This capacity is defined thanks  
to a least-squares analysis of the cathodic impedance. 

It is accepted in recent years that the electrocrystal-  
lization of a polyvalent  metal  Me *+ occurs in several 
steps. More part icularly,  authors agree (1-6) that  an 
intermediate  MeOH adsorbed at the electrode is formed 
dur ing  the cathodic reaction of the electrolytic deposi- 
tion of nickel and cobalt in acidic medium. However, 
the electrochemical reactions leading to the metal  are 
still a mat ter  for discussion, and the intermediate  
(MeOH)ads is considered to be either a catalyst or a 
compound which is consumed at the electrode (7). In  
order to settle this problem, we have analyzed the 
cathodic polarization and the cathodic impedance dur -  
ing the electrocrystall ization of nickel and cobalt from 
an electrolytic solution of the Watts type. 

Fur thermore ,  using the two above-ment ioned meth-  
ods, we have been able to study the influence on the 
reaction mechanism of two compounds commonly em- 
ployed to inhibi t  the electrocrystall ization of nickel 
(sodium benzenesulfonate and 2-butyne  1,4-diol). It is 
well  known that  the presence, in the electrolyte of one 
of these organic compounds (which are representat ive 
of two types of inhibitors:  a lkal ine sulfonates and 
acetylenic alcohols) modifies, in a specific way, the 
state of the surface and the s tructure of the deposit 
(8). Moreover, organic compounds are adsorbed at the 
electrode, and this adsorption gives rise to a decrease 
of the electrochemical double- layer  capacity (9-11). 
The definition of this capacity is difficult when elec- 
trochemical reactions occur at the electrode (12). We 
tried to define it more accurately by calculating (by a 
least-squares computer  calculation) the elements of 
the equivalent  circuit of the cathodic impedance. 

Theoretical 
]n the present state of knowledge, authors accept 

the formation of an in termedia te  species, MeOH 
adsorbed at the electrode dur ing  the electrocrys- 
tallization of nickel and cobalt (1-6). The discharge 
arises from the ion (MeOH) + formed by the following 
chemical reaction 

Me 2+ d- H20 ~ ( M e O H )  + -I- H + 

This ion adsorbs according to the Transfer  Reaction [I] 

KI 
(MeOH) + -~ e -  ~ (MeOH)ads [I] 

KI '  

However, interpretat ions on what  occurs after this 
lat ter  step are divergent.  Different reactions lead- 

* Electrochemical  Society Act ive  Member.  
K e y  words:  polarization curve,  faradaic  impedance,  rota t ing-disk 

electrode, double- layer  capacity,  mult is tep mechanism,  coverage  re-  
laxation, inhibit ion.  

ing to the electrocrystall ization of the metal  are con- 
sidered (2-5). 

(MeOH)a& is a catalyst.--Heusler (2, 3) proposed a 
mechanism for the cathodic deposition of the iron 
group metals which is analogous to the catalytic 
mechanism he put forward for the anodic dissolution. 
Here, Reaction [I] is reversible, and the compound 
(MeOH)ads catalyzes the Transfer  Reaction [II] 

(MeOH) ads ~ (MeOH) + -I- 2e -  
K2 

(MeOH)ads -t- Me -t- O H -  [II] 

If MeOH is assumed to adsorb according to the Lang-  
mui r  isotherm and if the electrolysis current  I is not  
l imited by the convective diffusion t ranspor t  of the 
metal  ions toward the cathode, then current  I obeys 
Expression 1, established in the Appendix  

2FK1K2~ [MeOH + ] 2 
I = [1] 

K~ [MeOH + ] ~- KI'~ 

where F is the Faraday  and ~ the max imum number  
of (MeOH)ads species per surface unit ,  i.e. the maxi -  
mum superficial density of (MeOH)ads expressed in 
mole-cm -2. The electrochemical rate constants K~, K~', 
and K2 are assumed to follow TafeI's law 

Ki -- ki exp ( -  biV) [2] 

where  b~ = aiziF/RT, according to the previously used 
nomenclature  (12); ki, el, and ziF denote the pre-ex-  
ponent ia l  rate-constant ,  the cathodic t ransfer  coeffi- 
cient, and the number  of coulombs per mole involved 
in the cathodic reaction, respectively. 

According to Relation [1], the apparent  order of the 
over-a l l  deposition reaction, wi th  respect to the metal  
ions, must  be 2 near  the equi l ibr ium potential  
(KI[MeOH + ] < : ( K ( ~ ) ,  whereas it must  tend toward 
1 at high cathodic polarizations (KI[MeOH + ] ) ~  Kl'fl). 

(MeOH)a~ is an intermediate consumed at the elec- 
trode.--As in the case of the anodic dissolution of i ron 
(12) dur ing which (FeOH)ads desorbs according to 
the following process 

(FeOH)ads-> (FeOH) + ~- e -  

it can be considered that  the (MeOH)ads species is 
consumed at the electrode dur ing  electrocrystallization. 
In  the case of cobalt, Simonova and Rot inyan (4) pro-  
posed a mechanism in which (MeOH)ads is consumed 
dur ing  the Transfer  Reaction [III] 

Ks 
(MeOH) ads -~ (MeOH) + ~ 3 e -  > 2Me -~ 2 O H -  

[III] 

1577 
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This reaction, which entails the t ransfer  of 3 elec- 
trons, probably  is an over-al l  reaction occurring in 
several steps which cannot be distinguished. We there-  
fore shall take into account only Reactions [I] and [III] 
related by MeOH adsorbed according to the Langmui r  
isotherm. 

If ~ is the fraction of the cathodic surface covered 
by (MeOH)ads Reaction [I] will take place on the frac- 
tion (1 -- e), and Reaction [III] on the fraction ~. If 
Reaction [I] is supposedly irreversible (K1 > >  KI'), 
and if convective diffusion t ransport  is not the rate-  
determining step, the cur ren t -poten t ia l  relation can 
be wri t ten (see Appendix)  

4F [MeOH + ] K1K3~ 
I : [3] 

KI + K3~ 

In this case, the apparent order of the over-all re- 
action with respect to the metal ions is I, independent 
of the overpotential. 

If the partial currents 11 and I3, which correspond to 
Reactions [I] and [III] 

11 = 4FK1 [MeOH + ] [4] 

I3 = 4FK3fi[MeOH + ] [5] 

are introduced into Eq. [3], we obtain 

I ,  13 
Z - - -  [61 

11+13 

Analysis of the faradaic impedance.--If we super-  
impose a sinusoidal variat ion of low ampli tude and 
frequency f on the continuous polarization of the elec- 
trode, we can calculate the faradaic impedance Z I. Ac- 
cording to Heusler 's  mechanism, Z~ is induct ive what -  
ever the potential  is, and becomes a mere transfer  re-  
sistance when  the overpotential  tends toward an in-  
finite value (13). On the other hand, if (MeOH)sds is 
an in termediate  consumed at the electrode, this im-  
pedance can be either inductive or capacitive accord- 
ing to the potential  (5). 

A detailed calculation of the faradaic impedance 
of the electrode on which Reactions I l l  and [I l l ]  
evolve is given in the Appendix. This calculation leads 
to Eq. [7] 

1 I [ (313--I1)(b,--b3) ] 
: - -  b l +  3 b 3 +  [7] 

where ~ = 2~y 

According to this equation, if bl > b3, the reactive 
element  is an inductance for 313 > I1, and a capacity 
for 313 < I1. It is well  known that many  faradaic im- 
pedances present  such an inductance [ (12) and refer-  
ences therein] .  Equat ion [7] can be wri t ten  as 

1 1 1 1 1 

"Zf - -  Ri + = p + jL~ Rt + p(1 + j~T) [8] 

with the t ransfer  resistance 
4 

Rt -- [9] 
I (bl ~ 3b3) 

the faradaic resistance 

4 (I, + 13) 
p = [10] 

l (31s - -  11) (bl - -  b3) 

and the faradaic t ime-cons tant  

L 4~Y 
: ~ . - -  - -  [ 1 1 ]  

p II-'1-13 

Equation [8] shows that the faradaic impedance con- 
sists of the t ransfer  resistance Rt, set in paral lel  with 
the series connection of a resistance and a reactance. 

The representat ive schema of the electrode over-al l  
impedance, in the case of an induct ive faradaic ira- 

C 

Jl 
Re R t  I 

-- "wvvvvv~ JVV~ANV~ - = 

L 

Fig. l. Representative schema of the electrode impedance. Re = 
Resistance of the electrolyte. C = Capacity of the electrochemical 
double-layer. Rt - -  Transfer resistance, p = Faradaic resistance. 
L = Self-inductance. 

pedance, is given in Fig. 1. The resistance Re is that of 
the electrolyte; the capacity C, set in paral lel  with the 
faradaic impedance, is that  of the electrochemical 
double-layer.  If this capacity is independent  of fre- 
quency, this schema (Fig. 1) is an equivalent  circuit, 
and the electrode over-al l  impedance can be wr i t ten  as 

[�88 ], Z : Re + (1 -'~ jaJI :HF) "~ ' p(1 -{- j ~ )  [12] 

where THF = RtC = high frequency t ime-constant .  
This theoretical investigation reveals that  it is pos- 

sible to dist inguish between the two considered mecha-  
nisms by studying the influence of the metal  ion con- 
centrat ion and the cathodic potential  on the electrolysis 
current  I and the electrode impedance Z. 

Experimental 
Electrolytic solution and electrolysis cell.--In order to 

perform such a study, we chose an electrolyte of the 
Watts type, whose pH was constant. This solution is 
par t icular ly  suitable for it can (i) bear  high current  
densities, (ii) mainta in  a cathodic efficiency close to 
un i ty  for a large range of cu r ren t  densities, and (iii) 
allow the addition of organic compounds at relat ively 
high concentrations. A li ter of this solution contained 
300g of MeSO4, 7 H20, 35g of MeC12, 6 H20, and 40g of 
H3BO3, all these compounds being ul trapure.  

The organic compounds added to the electrolyte 
were two inhibitors of electrocrystallization: sodium 
benzenesulfonate (C6Hs-SO3Na) and 2-butyric 1,4-diol 
(CH2OH-C=C-CH2OH). ~ It is well known that these 
two types of compounds have a specific effect on the 
state of the surface of the nickel deposit, depending 
on the texture  of this deposit (8, 14). 

During the electrolysis, the solution was main ta ined  
at 50 ~ • 0.5~ by water  circulation. The soluble anode 
was a nickel (or cobalt) cyl inder  whose area was 
close to 1 dm 2. The reference electrode was immersed 
in the electrolyte, and consisted of two compartments  
separated by fritted-glass. The compartment  where 
the calomel electrode was immersed was filled with 
a KC1 saturated solution; the other one contained the 
electrolyte of the cell. 

Rotating disk eIectrode.--The metal  deposition oc- 
curred on the cross section of a copper cylinder;  this 
section, whose area (0.2 cm 2) was much smaller  than 
that  of the counterelectrode, was previously polished 
by emery paper (600 grade).  The disk electrode was 
dr iven either by an asynchronous motor or by a com- 
pressed air turbine.  Its rotat ion speed was sufficiently 
high so that the current  was independent  of the rota-  
t ion speed, i.e. of the convective diffusion t ranspor t  of 

1 The  p u r i t y  of these  two  c o m p o u n d s  was  checked  in  t he  " L a b -  
o r a t o i r e  de  C h i m i e  O r g a n i q u e  I de  la  S o r b o n n e , "  a n d  w e  w a n t  to  
expres s  he re  our  g r a t i t u d e  to C. Geo rgou l i s ,  D i rec to r  of t he  No. 138 
C.N.R.S. Resea rch  Team,  assoc ia ted  w i t h  the  U n i v e r s i t e  de  P a r i s  YI, 
for his help. 
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chemical species. This rotat ion speed was measured 
by an electronic stroboscope (15) and was stable to 
better  than 1%. 

Plotting of the polarization curve and vneasurement 
of the impedance.~The plott ing of the cathodic polar-  
ization curve and the measurement  of the impedance 
were carried out under  potentiostatic conditions. The 
cur ren t -poten t ia l  curve was corrected for ohmic drop. 
This term was determined by  an in ter ruptor  method 
(16), and from the h igh-f requency l imit  of the im-  
pedance. 

We can obtain the electrode impedance by super im- 
posing a sinusoidal potent ial  of low ampli tude on the 
continuous polarization potential.  Some of the results 
were achieved by means  of an impedance meter  and 
an electronic potentiostat  bui l t  in  our laboratory (17). 
Joining this method to that  of Lissajous, we were able 
to obtain the electrode impedance up to a f requency 
of about 0.1 Hz. However, when  the pH varies with 
t ime dur ing  the electrolysis, measurements  become 
more difficult at low frequencies. We performed them, 
in this case, by  means of a digital t ransfer  function 
analyzer  (Solartron, J M 1600 Type) connected to a 
potentiostat  which was bui l t  in our laboratory and 
which allowed measurements  of electrochemical im-  
pedances in a f requency range be tween 10 - s  Hz and 
50 kHz (18). 

Results and Discussion 
Study of the polarization curve.--During the electro- 

crystall ization of nickel, we studied the influences of 
the electrolyte pH and the meta l  ion concentrat ion on 
the polarization curve. Such a s tudy is more difficult 
in the case of cobalt because the pH varies with t ime 
dur ing electrocrystallization. However,  in this case, 
the cur ren t -poten t ia l  curve does not obey Tafel 's law 
at a pH of 4.2 ~ 0.2. As a mat ter  of fact, 0 log I/OV 
varies with the cathodic potential,  and this variat ion 
is in agreement  with a deposition mechanism implying 
several steps (6). 

In  the case of nickel, the cur ren t -poten t ia l  curve 
remains  the same when the electrolyte pH varies be-  
tween 3.5 and  5.6. At a fixed pH (=- 4.5), the ion meta l  
concentrat ion has an effect on the reaction rate, which 
is shown in Fig. 2. The concentrat ions c of Ni 2+, which 
correspond to curves 1 to 3, are 1.22M, 0.15M, and 
0.063M, respectively. When the concentrat ion of Ni 2+ 
decreases from 1.22M, Ni 2+ is progressively substi-  
tuted in the electrolyte by Na +, so that  the concen-  
trat ions of SO42- and C1- remain  constant  (5). At  high 
current  densities, the cur ren t -poten t ia l  curves have 
been discontinued either at a potent ial  (about --1.2V/ 
SCE) at which hydrogen evolution is no longer negl i -  
gible, or at a current  (about  150 mA) at which elec- 
trolysis conditions are no longer those for a steady- 
state. 

Within  the potential  range studied here, (i.e. be-  
tween --0.7 and --1.12V/SCE), the value of (0 log I /  
0 log c )v  is 1 ___8%, which shows that  the order of the 
reaction is one with respect to Ni ~+. 

Consequently,  Heusler 's  hypothesis (3) concerning 
an in termediate  NiOH acting as a catalyst must  be re-  
jected, since, according to Eq. [1], the order of the 
over-al l  reaction should decrease from 2 to I when 
the cathodic polarization increases. On the other hand, 
our exper imental  results s t rongly support the mecha-  
n ism put  forward by Simonova and Rot inyan  (4). 

To conform with Eq. [6], which must  be satisfied at 
each point  of the polarization curve, each polarization 
curve presented in Fig. 2 has two asymptotes, and all 
these asymptotes form a family of paral le l  straight 
lines, at -+-10%. When the cathodic polarization is low, 
the curve tends toward a straight l ine which repre-  
sents the var iat ion of current  I~ and whose slope is 
bl = 23V-L When the cathodic polarization is high, 
the asymptote represents the var ia t ion of current  Is 
and its slope is b3 = 8.5V-L 

Analysis of the cathodic impedance.~This analysis 

.100 / / f  
I i ~ x  
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t 

/ iy 0.1 I , Po ten t io lv is .  5 C lie (V)  

- 0 6  -0.7 -0 .8  -0.9 - I  -.1.1 -.1.2 

Fig. 2. Influence of the concentration (c) of Ni ~'+ on the steady- 
state current-potential curves corresponding to the electrocrystal- 
lization of nickel at a rotating disk electrode (area ~ 0.2 cm2). 
(pH ---- 4.50 ~ 0.05; temperature ---- 50 ~ _ 0.5~ X: Curve I 
where c ~ 1.22M and rotation speed = 2000 rpm; O :  Curve 2 
where c ~ 0.15M and rotation speed = 9500 rpm; 0 :  Curve 3 
where c = 0.063M and rotation speed ~--- 8000 rpm. The continu- 
ous line represents experimental curves and the dotted line repre- 
sents partial currents deduced from Eq. [4],  [5],  and [6].  A: 
I ---- 2 mA, V ~- --0.78 V/SCE; B: ! ---- 4 mA, V ~ --0.82 V /  
SCE. 

corroborates the results obtained from the plot t ing of 
the cur ren t -poten t ia l  curve. When the cathodic polari-  
zation exceeds a certain value (about  --0.96V/SCE, in 
the case of nickel) ,  the impedance is capacitive at all 
frequencies. On the contrary,  wi th in  the range  of low 
cathodic polarizations, the electrode impedance pre-  
sents an induct ive character at low frequencies. 

The impedance diagrams relat ive to the electrocrys- 
tall ization of nickel, represented in the complex plane 
(Z ---- R -- jG) on Fig. 3, correspond to this last range. 
They were obtained from the Watts  solution under  
the same polarization conditions as those of points A 
and B in Fig. 2. We checked on the two diagrams (A) 
and (B) that  the resistance obtained by extrapolat ing 
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Fig. 3. Complex impedance Z = R - -  J G corresponding to the 
electrocrystallization of nickel under the same conditions as for 
points A and B in Fig. 2. Frequencies are expressed in kHz. 
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Table II. Electrocrystallization of cobalt 

E x p e r i m e n t a l  v a l u e s  of  t h e  p a r a m e t e r s  o f  t h e  e l e c t r o d e  i m p e d a n c e  
u n d e r  t h e  s a m e  p o l a r i z a t i o n  c o n d i t i o n s  as  for  d i a g r a m s  1 a n d  2 in  
F ig .  4. N o t a t i o n s  a r e  t h e  s a m e  as  fo r  T a b l e  I .  

P o l a r i z a t i o n  c o n d i t i o n s  
Parameters 1 2 

0.2~ 

�9 ~ 0.1 

~ O. 

O~ 

"5 L 250  .Q~ 
?O<~  o .  . . . .  , . .  , 0 . 03  . . . .  

, ,  

Fig. 4. Complex impedance Z = R - -  } G corresponding to the 
electrocrystallization of cobalt, at o rotating-disk electrode (area 

0.2 cm2), from an electrolyte of the Watts type (cencentration 
of Co '2§ = 1.22M; pH "- 4.2 _ 0.2; temperature = 50 ~ 
0.5~ . O Curve 1: I = 3 mA, V --- --0.74 V/SCE; �9 Curve 2: 
I = 6 mA, V = --0.81 V/SCE. Frequencies are expressed in kHz. 

at zero f requency  is equal  to the  reverse  of the slope 
of the s t eady-s ta te  cu r ren t -po ten t i a l  curve which cor-  
responds to the points A and B in Fig. 2, respect ively .  
At  high frequencies,  the faradaic  impedance  is shunted  
by  the e lec t rochemical  doub le - l aye r  capacity,  and the 
electrode impedance  is reduced  to the  e lec t ro ly te  re -  
sistance Re. At  low frequencies,  in conformi ty  wi th  
the  schema in Fig. 1, the  impedance  has an induct ive  
character :  the  imag ina ry  component  G of Z becomes 
negative,  while  the rea l  component  /~ passes through 
a max imum.  

Dur ing  the  e lec t rocrys ta l l iza t ion  of cobalt,  the  same 
phenomenon is observed at  low cathodic polarizations.  
As an i l lustrat ion,  Fig. 4 shows the  d iagrams  obta ined  
f rom the  Wat ts  solution under  the  fol lowing polar iza-  
t ion condit ions:  I = 3 mA V : --0.74 V/SCE (d iagram 
1); I = 6 mA, V = --0.81 V/SCE (d i ag ram 2). 

Determination aS the electrochemical double-layer 
capacity.--In order  to define the concept of e lec t ro-  
chemical  doub le - l aye r  capaci ty  when an e lec t rocrys-  
ta l l izat ion process occurs at  the  electrode,  we  calcu-  
la ted b y  a least=squares method (19), the e lements  of 
the represen ta t ive  circuit  of the impedance  f rom ex-  
pe r imenta l  data. The confidence in te rva l  of the resul ts  
was ca lcula ted  on the  10% level  of significance. Al l  
calculat ions were  carr ied  out on a 360/75 IBM com- 
puter .  

A numer ica l  calculat ion shows that  we can account 
for our  expe r imen ta l  resul ts  b y  assuming the faradaic  
impedance  shunted by  a constant  capac i ty  C. Tables I 
and II  summar ize  the  values  of the  pa rame te r s  of Eq. 
[12] obta ined  under  the same polar izat ion condit ions 
as those in Fig. 3 (for nickel)  and in Fig. 4 (for cobal t ) ,  
respect ively.  Under  these  polar izat ion conditions, we 

Table I. Electrocrystallization of nickel 

E ~ p e r i m e n t a l  v a l u e s  of t h e  p a r a m e t e r s  of  t h e  e l e c t r o d e  i m p e d a n c e  
u n d e r  t h e  s a m e  p o l a r i z a t i o n  c o n d i t i o n s  as  f o r  p o i n t s  A a n d  B i n  
F ig .  2. 

Re = R e s i s t a n c e  of  t h e  e l e c t r o l y t e  
R~ = T r a n s f e r  r e s i s t a n c e  
V~F = H i g h  f r e q u e n c y  time-constant 

= F a r a d a i c  r e s i s t a n c e  
v = F a r a d a i e  t i m e - c o n s t a n t  

P o l a r i z a t i o n  c o n d i t i o n s  
P a r a m e t e r s  A B 

Re (ohm)  9.81 ___ 0.18 9.95 + 0.13 
R t  (ohm)  27 .0  "4" 0.5 14.3 "4- 0.3 
v~v (msee)  0 .444 _ 0.016 0.20~) _+ 0.007 
p (ohm) 112 -4- 43 68 • 22 
r (msec)  79 -~ 64 56 ----- 34 

Re (ohm) 10.43 ----- 0.28 10.36 ~ 0.27 
Rt  (ohm) 22.03 ----- 0.39 13.64-~ 0.34 
vm~ (msec )  0.584 ~ 0.015 0.372 ~ 0.011 
p ( o h m )  49.2 ~ 3.8 24.7 <-_ 2.1 
r (msec)  373 -~" 49  142 -~ 21 

verified no frequency dependence of the electrochemi- 
cal double-layer capacity C at high frequencies. Con- 
sequently, the concept of double-layer capacity can 

be used for the study of the action of organic inhibitors 
on the cathodic reaction. 

Influence of organic inhibitors on the cathodic re- 
action kinetics.--Analysis of the  impedance  shows tha t  
the  presence of e i ther  of the  two inhibi tors  s tudied 
here  causes a decrease,  bu t  no f requency  dependence 
of the e lec t rochemical  doub le - l aye r  capac i ty  C. For  
instance, in the  presence of 3.10-2M sodium benzene-  
sulfonate, this  capaci ty  changes f rom 70 to 45 # F / c m  2 
at a cur ren t  of 4 mA. S imi l a r l y  at 6 mA, the  addi t ion 
of 8.10-3M 2-bu tyne  1,4-dial leads to a capaci ty  C of 
50 # F / c m  ~. These resul ts  are  in agreement  wi th  those 
of the  l i t e ra tu re  (9-11). 

Not only do these inhibi tors  decrease the  capaci ty  C, 
but  they  also have  a considerable  influence on the 
kinet ic  pa rame te r s  of the  two Transfer  React ions [I]  
and [III]  as shown by  the cu r ren t -po ten t i a l  curve 
(Fig. 5). Curve 1 was obta ined  from the Wat t s  solution 

wi thout  inhibi tor  (concentra t ion ~ of Ni  2+ = 1.22M). 
It  can be seen (curve  2) tha t  the  addi t ion of 4.10-~M 
to 3.10-2M sodium benzenesulfonate  modifies ne i ther  
the  slopes bl and b3 of the two asymptotes  nor the  
pa r t i a l  cur ren t  Is, bu t  d iminishes  the  pa r t i a l  cur ren t  
[1 at  a given cathodic potent ial .  

On the other  hand, the  presence of 2 -bu tyne  1,4-dial 
(8.10-3M; curves 3 and 4, Fig. 5) diminishes both I1 
and b3. This is c lear ly  shown on curve 4. The presence 
of this  inhibi tor  also modifies the  pa rame te r s  of the  
impedance.  I t  shifts indeed, t oward  the  cathodic po-  
tentials,  the  l imi t  of the polar izat ion range  wi thin  
which  the  impedance  is inductive,  since this  induct ive 
charac te r  persists  when  the poten t ia l  is --1.10 V/SCE 
(5). Table  I I I  ga thers  together  the  values  of the e le-  
ments  of the equiva len t  c i rcui t  of t he  impedance  ob-  
ta ined under  the same polar iza t ion  condit ions as those 
of points  C, D, E, and F in Fig. 5 in the  presence of 
8.10-~M 2-bu tyne  1,4-dial in the  electrolyte.  At  these 
cathodic polarizat ions,  we can assume tha t  react ion 
[I] is i r revers ible ,  and  we can compare  the  exper i -  
men ta l  values of the  impedance  pa ramete r s  wi th  those 
tha t  are  ca lcula ted  f rom Eq. [9], [10], [11] and which 
are  shown in the last  column of Table  III. The value  
of p is assumed equal  to the  dens i ty  of the  nickel  
a toms in the  (111) plane (3.1 10 - s  mole  cm ~) which 
forms at the  me ta l  surface dur ing  the  g rowth  of c rys -  
tal l i tes .  There  is a good agreement  be tween  exper i -  
menta l  values  and calcula ted values,  except  for the  
t ime-cons tan t  T whose exper imen ta l  value  is sys tem-  
a t ica l ly  h igher  than  the  ca lcula ted  value.  These di f -  
ferences might  be due to the  fact that  the hypothesis  
of an adsorpt ion according to the  L a n g m u i r  i sotherm 
assumes a un i fo rmly  accessible surface for the  elec-  
trode, but  this  condit ion cannot  be satisfied wi th  a 
t ex tu red  deposit.  

Conclusion 
The shape of the polar iza t ion  curves obta ined  in the  

absence of any  convect ive diffusion t ranspor t ,  and the  
induct ive  charac te r  of the  impedance  at low f requen-  
cies lead  to the  conclusion tha t  the  e lec t rocrys ta l t iza-  
t ion of nickel  and cobalt  occurs in severa l  steps. By 
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Fig. 5. Influence of organic compounds on the steady-state 
current-potential curve in the case of the electrocrystallization of 
nickel (pH = 4.5; temperature = 50 ~ + 0.5~ at n rotating- 
disk electrode (area = 0.2 cm2). Curves 1, 2, and 3 are obtained 
with an electrolyte of the Watts type (concentration c of Ni 2+ = 
1.22M, rotation speed = 2000 rpm). For Curve 4: c = 0.15M. ro- 
tation speed = 9000 rpm. X Curve 1: without organic compound, 
�9 Curve 2: with 3 .10-2M sodium benzenesulfonate, O Curve 3 
and �9 Curve 4 with 8.10-3M 2-butyne 1,4-dial. The continuous 
line represents experimental curves and the dotted line repre- 
sents partial currents deduced from Eq. [4] ,  [5] ,  and [6] .  Polar- 
ization conditions for points C, D, E, and F are given in Table III. 

calculating the elements  of the equivalent  circuit of 
the cathodic impedance, we were able to define the 
capacity of the electrochemical double-layer,  which 

Table III. Electrocrystallization of nickel 

Comparison between experimental values and calculated values of 
the parameters of the electrode impedance. The polarization condi- 
tions are the same as for points C, D. E, and F in Fig. 5. 

C I = 6 m A  V = - - 0 . 9 5 V / S C E  
D I = 1 0 m A  V = --0.98 V/SCE 
E I = 20 m A  V = --1.03 V/SCE 
F I = 50 mA V = --I.I0 V/SCE 

T h e  v a l u e s  o f  t h e  p a r a m e t e r s  a r e  c a l c u l a t e d  f r o m  E q .  [ 9 ] ,  [ 1 0 ] ,  a n d  
[ 1 1 ] .  

Polarization E x p e r i m e n t a l  C a l c u l a t e d  
conditions Parameters values values 

C Re ( o h m )  9 . 7 8  -~- 0.25 * 
R t  ( o h m ]  1 6 .4  _ 0 .5  16 .7  
THF ( m s e e )  0 . 1 6 3  - -  0 . 0 1 1  * 
p ( o h m )  16 .4  - -  5 .5  15 .8  
~- ( m s e c ]  3 4 0  - -  l S 0  5 . 4  

D R e  ( o h m )  9 . 6 7  "~ 0 . 1 9  * 
R t  ( o h m )  9 .4  - -  0 . 3  10  
~'HF ( m s e c )  0 . 0 7 3  • 0 . 0 0 5  �9 
p ( o h m )  1 4 .5  _~ 4 10 .6  
7 ( m s e c )  2 3 . 5  -4- 8 4 ,1  

E R e  (ohm) 9 . 4 5  ~--- 0 . 1 9  * 
Rt (ohm) 4.87 _ 0.24 5 
THF ( m s e c )  0 . 0 4 3  • 0 . 0 0 6  * 
p ( o h m )  9 .1  "~- 2 . 5  6 . 4  
7 ( m s e c )  6 . 9  - -  3 . 4  2 . 7  

F R e  ( o h m )  9 .4 3  - -  0 . 6 7  * 
R t  ( o h m )  2 . 1 2  - -  0 . 0 8  2 
T H r  ( m s e c )  0 . 0 2 0 3  +-- 0 . 0 0 1 6  �9 
D ( o h m )  3 .7  ~ 1 .6  4 
T ( m s e c )  4 . 4  "~ 2 .2  1.2 

�9 N o t  c a l c u l a t e d .  
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showed no frequency dependence, and to separate this 
capacity from the faradaic impedance. Unfortunately, 
in the case of cobalt, we could not further investigate 
the mechanism of the electrocrystallization, since the 
current-potential curve varied with the pH. On the 
other hand, in the case of nickel, the experimental 
results support a faradaic process implying two suc- 
cessive reactions, during which (NiOH)ads acts as an 
intermediate consumed at the electrode and not as a 
catalyst. Furthermore, the presence in the electrolyte 
of organic inhibitors, such as sodium benzenesulfonate 
or 2-butyne 1,4-dial, not only diminishes the capacity 
of the electrochemical double-layer, but also specifical- 
ly modifies the rates of the two successive transfer 
reactions. 

We hope that these two methods can be generalized 
for the study of the electrocrystallization of other 
metals. The two methods described in this article have 
indeed already been used for the study of the electro- 
crystallization of copper in an acidic solution (20). 

Manuscript submitted Feb. 10, 1971; revised manu- 
script received June 2, 1971. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1972 JOURNAL. 

APPENDIX 
We give here a detailed calculation leading to Eq. 

[1], [3], and [7]. 

(MeOH)ads acts as a catalyst .--Supposing that  
(MeOH)sds species cover a fraction 0 of the cathodic 
surface, the forward reaction [I] wil l  take place on a 
fraction (1 -- 0), while the reverse reaction [I] and 
reaction [II] will  occur on a fraction 8 (21). Under  
s teady-state  conditions 

K1 (I -- 0) [MeOH +] : K1'/30 [13] 

Consequently 
K1 [MeOH+ ] 

s : [14] 
K1 [MeOH + ] -{- K I ' ~  

Reactions [I] and [II] lead to a current  I obeying Eq. 
[15] (see Ref. 21). 

I 
- -  : K1 (1 -- 0) [MeOH + ] -- Kl'fl0 + 2Ks~0 [MeOH + ] 
F 

[15] 

Combination of Eq. [14] and [15] leads to Eq. [1] 

[1] 
2F K1 K2/3 [MeOH+] 2 

I : [1] 
KI [MeOH +] + KI'  

MeOHads is an intermediate consumed at the elec- 
trode.--Reaction [I] (supposed here irreversible)  takes 
place on a fraction ( 1 -  0) of the cathodic surface, 
whereas Reaction [III] occurs on a fraction 0. 
Under  steady-state conditions 

K1 (I  -- 0) [MeOH +] : K8 ~a [MeOH + ] [16] 

Consequently 
K1 

s -- [17] 
KI -{- K8 fl 

Curren t  I is then given by Eq. [18] 

I 
- -  = K I  ( 1 - -  0)  [MeOH +] + 3 K s f l e [ M e O H  +] [18] 
F 

Equat ion [3] can be deduced from Eq. [17] and [18] 

4F [MeOH + ] K1 K3 
I : [3] 

Kt + K3~ 

According to Eq. [18], I is a function of o and V; the 
faradaic impedance Zs is consequently expressed by 

-- ~ : O-V/o ~ - / v  'AV [ 1 9 ]  
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These two par t i a l  different ials  can be calcula ted by  
different ia t ing Eq. [18] and using the va lue  of 0 given 
in Eq. [17] 

( O I ~  = - - F [ M e O H  +] KIK3fl 
~ - ] o  K I +  K3~ (bt + 3b~) [20] 

(Coefficients bl and b3 a re  defined in Eq. [2]) 

and ( O~)v=F[MeOH+] (3K3[3--Kl) [21] 

The dependence  of the  superficial  dens i ty  ~0 of 
(MeOH)ads wi th  t ime is given by  Eq. [22] 

do 
fl = K1 [MeOH +] (1 --  o) - -  K3 [MeOH +] n0 [22] 

dt 

Using the fol lowing re la t ion  d(,~o)/dt = j~ .~0 and the 
total  dif ferent ia l  of Eq. [22], we can obtain 

AO K 1  K 3  fl 
[MeOH + ] 

-~V K1 -}- K3 
b3 --  bl 

[23] 
j ~  ~ [MeOH + ] (K1 + K:~ ~) 

Equat ion [7] is r ead i ly  obtained by combining Eq. [19], 
[20], [21], and [23], and in t roducing the expressions 
of cur rents  I1, /3, and I given by Eq. [4], [5], and [6] 

[ (313--I1) (bl--b:~) ] 1 _ I bl -]- 3b3 -~ [7] 
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Enhancement of Liquid Film Heat Transfer 
by Electrolytic Gas Evolution 

R. B. MacMullin* 
R. B. MacMullin Associates, Niagara Falls, New York 14303 

and g. L. Mills and F. N. Ruehlen 
Phillips Petroleum Company, Bartlesville, Oklahoma 74003 

ABSTRACT 

A s tudy  has been made of heat  t ransfer  in th ree  types  of in t e rna l ly  cooled 
electrolyt ic  cells employing  a common nonaqueous electrolyte .  The hea t  t r ans -  
fer surfaces were  in par t  cathodic and evolved hydrogen  gas. The gas evolu-  
t ion was ut i l ized to promote  rapid  circulat ion of electrolyte .  By va ry ing  the 
re la t ive  areas  that  were  gas evolving and nongas evolving, the hea t  t ransfe r  
coefficients through the bath  side l iquid film in contact  wi th  these surfaces 
could be est imated.  The film coefficient is g rea t ly  enhanced by  e lect rolyt ic  gas 
evolut ion and is of the  order  of 2.5 to 3. F i lm coefficients appear  to fol low an 
exponent ia l  law, h = k �9 I n. Useful  appl ica t ion  of the effect for purposes  of 
cell design is pointed out. 

Most e lect rolyt ic  processes, as conducted in real  ceils, 
evolve surplus  hea t  which must  be diss ipated in one 
w a y  or another .  The sources of heat  a re  of two kinds:  
surplus  e lectr ical  energy and surplus  chemical  energy.  

Surplus electrical energy: The net  heat  Qe genera ted  
by  passage of the cur ren t  I is 

* E lec t rochemica l  Socie ty  Emer i tu s  Member .  
K e y  words :  l iquid  film hea t  t r ans fe r ,  e lec t ro ly t ic  gas evolut ion ,  

film coefficients, e lec t ro ly t ic  process ,  gas  lift,  h y d r o g e n  fluoride, 
po tass ium fluoride, p i lo t  p lant ,  e n h a n c e d  hea t  t r ans fe r ,  s ca l e -up  
self-cooling. 

Qe = VI -- ~ H  �9 I / F  

If V is the  ac tual  cell  voltage,  which  includes the  emf 
E, the  e lect rode overvoltages,  and  al l  o ther  in te rna l  IR 
drops;  I is the cur ren t  in k i loamperes ;  /xH is the  hea t  
absorbed for the  over -a l l  e lec t rode  react ion in k i lo-  
joules per  g ram equivalent ,  and 1 kj  = 0.239 kcal;  and 
F = 96.5 ki locoulombs per  g ram equivalent ;  then Qe 
is in ki lowatts ,  and 1 kW = 860 kca l /h r ,  or 3413 
Btu /hr .  
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Surplus chemical energy.--This is the algebraic sum 
of all the chemical reactions (other than  the electrode 
reactions) that also occur in the cell, e.g.: back reac- 
tions between anode and cathode products, and reac- 
tions between anode and /or  cathode products and 
other materials  ei ther existing in or introduced into 
the cell as feed. This algebraic sum Qc is usual ly  exo- 
thermic. 

In  order to achieve a s teady-state  cell temperature,  
the total  excess heat may be dissipated in  a n u m b e r  of 
ways: 

1. Positive difference in entha lpy  between product  
streams and feed streams. This includes phase changes, 
such as part ial  vaporization of feed streams, including 
the solvent. 

2. Loss of heat from cell to ambient  surroundings  
via convection and radiation. 

3. Forced rejection of heat from cell to coolants, 
general ly via in terna l  heat t ransfer  surfaces. 

Some large industr ia l  cells require no in te rna l  heat 
t ransfer  surfaces. In a diaphragm type chlor-alkal i  
cell, the excess I2R heat is balanced principal ly by the 
evaporat ion of water  which is evolved with the chlo- 
r ine and hydrogen. In  a mercury  type chlor-alkal i  
cell, the excess I2R is balanced pr incipal ly  by the in-  
creased enthalpy of the very large br ine  throughput.  

Some types of cells require indirect  cooling means, 
either in terna l  or external  to t h e  cell. If external ,  the 
electrolyte is recycled back to the cell. In  chlorate 
electrolysis, the electrode products NaOH and C12 are 
allowed to react to form NaC10~, and thus a large 
amount  of excess chemical energy is released as heat. 
Cells of both types ( in te rna l  and external  cooling 
coils) are in common use. 

Less common, but  of increasing importance,  are cells 
designed to carry out organic chemical syntheses by 
introducing organic feed streams which react with 
either or both of the electrode products as fast as they 
are formed. Halogenation of hydrocarbons at an anode 
can be conducted in this way, and even the subsequent  
hydrolysis of the halocarbons in the catholyte cham- 
ber, can also be conducted. The dissipation of heat in 
such operations can be a problem. 

Assuming the cell designer is faced with the problem 
of providing auxi l iary  cooling, he has the choice of: 

(a) Circulat ing the anolyte, the catholyte, or the 
common electrolyte if the cell is undivided,  through 
an external  heat exchanger and back to the cell. A 
pump is required. The engineer ing problems are many,  
and in some cases this turns  out to be a difficult or 
expensive solution to the problem. 

(b) Cooling the cell by providing in te rna l  heat 
exchangers. If gas is evolved at an electrode, the gas 
lift effect can be utilized for creating a strong circula- 
t ion of the electrolyte. By placing the heat exchanger 
opt imally with respect to the circulation, fair ly good 
heat t ransfer  can be realized. This solution dispenses 
wi th  the moving parts  (the pump)  ment ioned under  
(a). 

Under  (b) ,  the cell designer has still another  option: 
he might, for example, combine the separate functions 
of electrode and heat  transfer,  by cooling the electrode 
itself. This has two advantages:  

1. It cuts cost, since no separate heat exchanger 
is needed, and this also conserves space. 

2. The heat t ransfer  coefficient between bath 
and a heat  conducting surface is greatly enhanced if 
the surface is a gas-evolving electrode. 

The idea is not new. Many patented chlorate cells 
(4-8) employ water-cooled cathodes, these being hy-  
drogen evolving. In  all cases, the gas evolution is ut i l -  
ized to promote electrolyte circulation. The fact that  
gas evolution promotes heat t ransfer  is not new either 
and has been reported by several investigators (1, 2). 
The enhancement  factor of the film coefficient may be 
in the range of 2 to 3 times. 

The present  authors have designed and operated, on 
a pilot scale, a var ie ty  of cells having cooled cathodes. 
These cells were bui l t  for the purpose of carrying out 
f luorination of hydrocarbon gases. The excess heat re-  
lease was sufficiently large to create a major  problem 
in scale-up to industr ia l  size cells. Consequently,  the 
heat t ransfer  problem was studied in depth. The re-  
sults of this study confirm the high enhancement  factor 
for gas-evolving surfaces and has provided the basis 
for intel l igent  scale-up. 

Exper imenta l  
In  the experiments  to be described, the common 

electrolyte approximates the composition KF .2HF 
(anhydrous)  in l iquid form at a tempera ture  in  the 
range 93~176 The three cells used were of various 
shapes, rec tangular  and cylindrical,  and, with the ex- 
ception of the anodes, were fabricated ent i re ly  of car- 
bon steel. Electrolysis of the bath resulted in depletion 
of its HF content, which was replenished regular ly  to 
ma in ta in  constant  composition and operat ing bath 
levels. The electrodes were either paral lel  or concen- 
tric, and the anode-cathode gap was in the range of 
�89 to 1 in. Vertical height of electrodes ranged from 
12 to 24 in. in the active area. The n u m b e r  of electrode 
pairs per cell ranged from 1 to 5, and these were ar-  
ranged to take full benefit of the gas lift effect to 
promote circulation of electrolyte upward  in  the elec- 
trode gap. Return  paths for degassed electrolyte were 
provided, as i l lustrated in Fig. 1-3. 

During electrolysis, hydrogen gas (containing some 
HF vapor corresponding to the vapor pressure of the 
bath) was evolved at the cathodes. No gas whatever  
was discharged at the anode into the gap. The anode 
processes that  did take place are immater ia l  to this 
heat t ransfer  study. In  some cases the cathodes were 
water-cooled; in others cooled with boiling methanol.  
Noncathodic heat t ransfer  surfaces were cooled simi- 
larly. 

With a power supply of 1000A d.c. total, cathode 
current  density was varied over the range of 80 to 200 
A/f t  e. Current  efficiency was in all cases substant ia l ly  
100%. 

The cells were provided with numerous  thermocou- 
ples for tempera ture  measurement  of bath, coolant, 
and metal  wall  on cathodic heat t ransfer  surfaces. 
Coolant flow rates were accurately measured. In  some 
cases, fluid bath velocities were measured directly by 
means of a pitot tube. 

By varying  the percentage of the total  cooling sur-  
face that  was cathodic, the over-al l  heat  flux through 
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Fi lm coefficients on the coolant side, and thermal  
conductivi ty of the steel walls of the heat t ransfer  
surface could be readily estimated. From these, and 
the over-al l  coefficient, the film coefficients on the 
bath side were calculated. Both over-al l  U's and bath-  
side film coefficients were found to be a function of cell 
current .  Cell current,  of course, determines H2 gas 
evolution and indirectly, the bu lk  fluid velocity past 
the heat t ransfer  surface. Schematic diagrams of the 
three types of cell used are shown in  Fig. 1-3. 

Results 
Series / . - -Rectangular  Cell No. 1 contained five 

anode-cathode pairs. Cathodes of % in. OD tubing 
were wound into rectangular  coils, adjacent  coils 
touching. Cathodes were independent ly  water  cooled. 
These coils could serve either as gas evolving or non-  
gas evolving coolers. Results are summarized in Table 
I. 

Discussion.--1. Because these tubes touched, the areas 
used in calculating the U's are circumferential tube 
areas. It is possible that the effective area for heat 
transfer on the bath side is somewhat less, and the 
effective U's somewhat greater than shown in Table I. 
Effective current densities could also be somewhat 
higher for the same reason. 

2. In  any event, the enhancement  ratio R : he/hne 
is of the order 3.0. 

Series / / . - -Cyl indr ica l  Cell No. 2 contained four 
cylindrical  electrode pairs. One central  and four sur-  
rounding pipe downcomers provided for r e tu rn  circu- 
lat ion and addit ional  nongas evolving cooling surface. 
The central  cathode and the downcomers were cooled 
with boil ing methanol.  The cell was operated with all 
downcomers open. 

Series H/. - -Like  Series II, but  operated with the 
central  downcomer open, all others closed. 

The over-al l  U's at various cur ren t  levels are sum- 
marized in  Tables II and III  for Series II and III, re-  
spectively. 

Table I. Summary, cell No. I ,  Series I 

S u b s c r i p t  e, c a t h o d i c  (gas  e v o l v i n g ) ;  nc,  n o n c a t h o d i c  ( n o n g a s  e v o l v -  
i n g ) .  Al l  v a l u e s  of  U a n d  h r e f e r  to  b a t h - s i d e  a r e a s  ( g e o m e t r i c )  i n  
Btu/ f t  2, hr ,  ~ I ,  a m p e r e s ,  i, A / f t  s. A v e r a g e  b a t h  t e m p e r a t u r e ,  202~ 

T e s t  % 
No.  C a t h o d i c  I to U Uc Une he hne R 

3 0 460 79.4 35.10 35.10 42.60 
6 0 450 77.7 36.50 36.50 42.90 

A v e r a g e  '455 78.55 35.80 36.80 "42.75 
1 40 810 69.9 44.12 54.60 37.50 67.1 42.75 1.57 
2 60 940 81.1 66.20 96.80 36.80 150.0 42.75 3.51 
4 50 946 81.1 66.12 87.20 37.24 142.5 42.75 3 . 3 3  
5 50 740 63.8 59.41 82.60 36.20 126.5 42.75 2.95 
7 50 450 77.7 62.15 87.90 36.35 160.0 42.75 3.74 

A v e r a g e  74.72 59.80 81.60 36.82 129.2 42.75 3.02 

Table II. Summary, cell No. 2, Series II 

Cool ing  s u r f a c e  is  32.9% ca thod ic .  A l l  d o w n c o m e r s  open .  O v e r - a l l  
U r e f e r s  to  b a t h  s ide  a r e a  i n  Btu/ f t~ ,  h r ,  ~ I ,  a m p e r e s ,  ic, A / f t $  
on  c a t h o d e .  A v e r a g e  b a t h  t e m p e r a t u r e ,  207~ 

SECT-A-A 
Fig. 3. Cell No. 3. Insulation not shown 

T e s t  
No.  I le U I O . ~  K 

5 
8 

cathodic and noncathodic surfaces could be differenti- 9 
ated, al though these two paths for heat t ransfer  were 6 4 
in parallel. Although the cell bodies were thermal ly  3 
insulated, some heat was lost to the surroundings,  and 10 7 
this could be estimated with sufficient accuracy to per-  2 

11 mit fairly accurate estimates of the actual  heat t rans-  ll-A 
ferred through the cooling surfaces wi th in  the cell. ll-B 
See Appendix. 12 

950 184.5 62.61 10.56 5.93 
931 186.7 55.06 10.48 5.25 
931 186.7 53.75 10.48 6.25 
917 178.2 65.21 10.44 5.28 
855 166.0 62.18 10.20 6.09 
760 147.6 62.06 9.80 6.33 
760 147.6 56.63 9.80 5.78 
713 138.4 54.26 9.58 5.67 
665 129.1 58.68 9.35 6.27 
665 129.1 51.96 9.35 5.56 
570 110.7 57.86 8.87 6.52 
570 110.7 58.99 8.87 6.65 
475 92.3 39.49 8.35 4.73 
Average 5.780 • 0.465 
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Table III. Summary, cell No. 2, Series III 

Cooling surface is 49.4% c a t h o d i c .  D o w n c o m e r s :  c e n t e r  1 o p e n ;  
o t h e r  4 plugged. Over-all U refers to bath-side area, in Btu/ft 2, hr, 
~ I, amperes, i~. A/ft 2 o n  c a t h o d e .  Bath temperature T1, ~ as 
noted, 

T e s t  
No. T1 I ie U IO.~4 K 

1 205.5  950  184.5 75.40 10.56 7.14 
4 206.5 950  184.5 75.55 10.56 7.16 
5 206.9  950  184.5 68.49 10.56 6 .48 
6 228.5 950 184.5 73.61 10.56 6.97 
7 229.0  950  184.5 71.27 10.56 6.75 
8 228 .0  950  184.5 69.38 10.56 6.57 

12 230.0 950 184.5 73.04 10.56 6.92 
13 230 .0  950  184.5 73.70 10.56 6 .98 
14 229 .9  950 184.5 74.13 10.56 7.02 

9 230 .0  760 147.7 60.35 9 .80 6.16 
10 230.0  760 147.7 62.04 9.80 6.33 

2 205 ,0  712.8 138.4 84.94 9 .58 6.77 
11 229 ,4  570  110.7 73,04 8.88 8,23 

3 205.0  475  92 .3  64.94 8.33 7 .80  
A v e r a g e  8.945 -'- 0 .308 

D i s c u s s i o n . - - 1 .  On t h e  a s s u m p t i o n  t h a t  U is an  e x p o -  
nen t i a l  f u n c t i o n  of  I of  t h e  f o r m  

U = K �9 I" [I] 

the data for Series II was processed for a least square 
bes t  fit w h i c h  gave  K : 8 . 7 3 6  _ 0.892 a n d  n : 0.2808 
___ 0.1379. 

The  d a t a  fo r  Se r i e s  I I I  w a s  u n s u i t a b l e  fo r  a m e a n -  
ingfu l  r e g r e s s i o n  analys is ,  s ince  m o s t  of t h e  d a t a  w a s  
t a k e n  a t  950A, w i t h  insuf f ic ien t  d a t a  a t  l ow  a m p e r a g e .  

I n  Se r i e s  IV  a n d  V t h e r e  is a m p l e  e v i d e n c e  fo r  t h e  
e x p o n e n t i a l  re la t ion ,  w i t h  n : 0.344 a p p r o x i m a t e l y .  
We  h a v e  t h e r e f o r e  ca l cu l a t ed  t h e  K ' s  fo r  Se r i e s  II a n d  
III  on  th i s  basis,  as s h o w n  in  Tab le s  II  a n d  III.  The  
a v e r a g e  va lues  of  K a re  as fo l lows :  

Se r i e s  % Ca thod ic  K (n  = 0 . 3 4 4 )  

II  32.9 5.780 
I I I  4 9 . 4  6 . 9 4 5  

I f  C : t h e  f r a c t i o n  ca thodic ,  a n d  Kc a n d  Knc e q u a l  
t he  va lues  of K for  ca thod ic  a n d  n o n c a t h o d i c  c o n d i -  
t ions,  r e s p e c t i v e l y  

K - - - - C ' K e +  ( 1 - - C )  Knc [2] 

So lv ing  t h e  t w o  se ts  of d a t a  g ives  

Kc --- 1 0 . 5 3 5  

K n c  - -  3 . 4 5 5  

R .  - -  Kc/Knc  : 2 . 9 6  

w h e r e  R .  is t he  e n h a n c e m e n t  ra t io  of t h e  o v e r - a l l  
coeff icient  U. 

2. I t  is n o w  poss ib l e  to  r e - a n a l y z e  t h e  data ,  a s s i g n -  
ing  a ca l cu l a t ed  h e a t  f lux t h r o u g h  t h e  ca thod ic  a n d  
n o n c a t h o d i c  a r e a s  i n d e p e n d e n t l y .  Th i s  r e s u l t s  in  t h e  
fo l l owing  va lues  fo r  t h e  b a t h - s i d e  f i lm coeff ic ients  

h = k �9 10.344 

Cathod ic  kc av  1 5 . 3 8  

N o n c a t h o d i c  knc av  5 . 4 3  

Rh 2.83 

Thus ,  t h e  e n h a n c e m e n t  r a t io  fo r  t h e  b a t h  fi lm coeffi-  
c ient ,  R h = 2.83 as c o m p a r e d  to t h e  o v e r - a l l  e n h a n c e -  
m e n t  ra t io  R ,  ---- 2.96. This  con f i rms  t h e  k n o w n  fac t  
t h a t  t h e  b a t h  f i lm is t h e  c o n t r o l l i n g  f ac to r  in h e a t  
t r a n s f e r  in  t hese  cells.  

S e r i e s  I V . - - L a r g e  c y l i n d r i c a l  ce l l  No. 3 c o n t a i n e d  a 
s ing le  cy l i nd r i ca l  e l e c t r o d e  a s s e m b l y  a n d  f o u r  p e r i p h -  
e ra l  p i p e  d o w n c o m e r s  fo r  r e t u r n  c i r cu l a t i on  a n d  a d -  
d i t iona l  n o n g a s  e v o l v i n g  coo l ing  sur face .  The  cen t r a l  
c a t h o d e  a n d  t h e  d o w n c o m e r s  w e r e  cooled  w i t h  bo i l -  
ing  m e t h a n o l .  The  cel l  w a s  o p e r a t e d  w i t h  all  d o w n -  
c o m e r s  open.  

Table IV. Summary, cell No. 3, Series IV 

Cooling surface. 43 .15% c a t h o d i c .  A l l  d o w n c o m e r s  o p e n .  Over-all U 
r e f e r s  to t h e  bath-side area, Btu/ft2, hr, ~ I, amperes, ic, A/ft a on  
cathode. Bath temperature T, as noted, ~ 

Test U 
No. TI I ic U Log I Log U calc. 

7 219.7  900  224.5  68.83 2 .9542  1.8378 69.30 
6 210.7  800  199.6 66.11 2 .9031 1.8203 66 .20  
8 220.0  800 199.6 71.04 2 .9031 1,8515 66.20 
2 212 .0  700  174.7 60.35 2 .8451  1,7807 63.00 
5 210.0  700  174.7 63.47 2.8451 1.8026 63.00 
9 210.0  700 174.7 62.32 2 .8451  1.7946 63.00 

10 215 .0  700  174.7 62.58 2 .8451  1 .7964 63.00 
11 220.0 700 174.7 60.88 2 .8451 1.7845 63.00 
12 224.0  700 174.7 65.18 2 .8451  1.8141 63 .00  
33 219 .8  700 174.7 62.97 2 .8451 1.7991 63.00 

1 210.5 600  149.7 57.90 2 .7782 1.7627 59 .30  
32 210.8  600  149.7 57.62 2 .7782 1.7921 59.30 

3 210.0  500  124.8 54.82 2 .6990  1.7389 88.50 
31 211.0 500 124.8 53.58 2.6990 1.7290 55.50 
35 211.2  500 124.8 54.81 2 .6990  1 .7389 55.50 

4 211.0 400 99.9  51.78 2.6021 1.7142 50.90 
34 210.8  400  99.9  51.51 2 .6021 1 .7119 50.90 

E x t r a p .  210 (300)  (~6.2)  2 .4771 (1 .6646)  45 .67  

R e g r e s s i o n  a n a l y s i s  g i v e s  l o g  Ku = 0.72018 ~ 0.01267.  
K ,  = 5 .2500 +-- 0.155.  n.  = 0 .37933 +-- 0.02462.  
Best fit: U = 5.250./0.~ga. 

Table V. Summary, cell No. 3, Series V 

C o o l i n g  s u r f a c e .  80 .00% c a t h o d i c .  All downcomers plugged. Circula- 
tion in e l e c t r o d e  gap only. Over-all U refers to the hath-side area, 
Btu/ft 2, hr, ~ I, amperes, ic, A/ft ~ on cathode. Bath temperature, 
T, as noted, ~ 

T e s t  U 
No. T1 I ic U Log I Log U calc. 

6 217.9 600 149.7 80.3  2 .7782 1.9047 80.8 
2 211 .9  500  124.8 74.1 2 .6990  1.8698 73.8  
4 210.8  400  99.9  67.4  2 .8021 1.8237 66.2  
3 211.7 300 74.8 56.8  2 .4771 1.7543 57.4  

R e g r e s s i o n  a n a l y s i s  g i v e s  l o g  Ku = 0 .52967 -4- 0 .00690.  
K ,  = 3.386 + 0.054.  n = 0 .49626 - -  0 .03069.  
B e s t  fit: U = 3 .386 .1  o . ~ .  

S e r i e s  V . - - S i m i l a r  to Se r i e s  IV  b u t  w i t h  d o w n c o m -  
e r s  p lugged .  R e s t r i c t e d  c i r cu l a t i on  b o t h  w a y s  in  t h e  
gap  w a s  s t i l l  poss ib le  a n d  con f i rmed  b y  o b s e r v a t i o n .  

The  o v e r - a l l  U 's  a t  v a r i o u s  c u r r e n t  l eve l s  a r e  s u m -  
m a r i z e d  in  Tab les  IV a n d  V. 

D i s c u s s i o n . - - I n  Fig.  4, log U is p l o t t e d  ag a i n s t  log I, 
f o r  Se r i e s  IV a n d  V. A v e r a g e  v a l u e s  of  U at  each  v a l u e  
of  I a re  used.  The  s lopes  of t h e s e  l ines  g ive  n fo r  t h e  
e q u a t i o n  

U : K . I  n 

F o r  Se r i e s  IV, n = 0.379; fo r  Se r i e s  V, n = 0 . 4 9 6 .  

The  r e g r e s s i o n  l ine  v a l u e s  of  U, as r e a d  f r o m  Fig.  4, 
fo r  s e v e r a l  c u r r e n t s  a re  g i v e n  in  Tab le  VI.  

T h e s e  d a t a  a r e  p l o t t e d  in  Fig.  5. T h e  l ines  a r e  e x -  
t r a p o l a t e d  to 100% ca thod ic  c u r r e n t  to  g ive  va lues  
of Uc. W i t h  t h e s e  v a l u e s  of  Uc, t h e  h e a t  f lux on  t h e  
ca thod ic  cool ing  s u r f ace s  can  be  c a l c u l a t e d  fo r  Se r i e s  
V, a n d  h e n c e  t h e  b a t h  s ide  coefficients,  as fo l lows :  

I, a m p e r e s  300 4 0 0  5 0 0  6 0 0  

hc ( ca thod ic )  1 1 0 . 9  1 2 4 . 8  1 3 0 . 8  1 4 1 . 3  

A plo t  of  log hc vs .  log  I in  Fig.  6 g ives  t h e  r e l a t i o n  

h c :  kc " I n 

Table VI. Regression line values of U 

Series IV V Ue 
% Cathodic 43 .15% 80 .0% 100.0 

I 300  45.67 57 .40  63.7  
400  50 .90  66.18 74.5 
500 55 .50  73.84 83.8 
600  59.30 60.80 93.5 
700  63.00 87 .40  100.7 
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Fig 4. Over-all heat transfer 
coefficient U vs. current in cell 
No. 3. Series IV, 43.15% 
cathodic. Series V, 80.0% 
cathodic. 
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and with the best value of n ---- 0.344, the average value 
of kc is 15.68. 

The data of Series IV were then re-worked making  
various assumptions as to the value of R. The heat flux 
through the cathodic cooling surfaces for these values 
of R then  yielded the corresponding values of kc, the 
average values of which (for 19 runs)  were as follows: 

Assumed R 1.5 2.0 2.5 3.0 3.5 4.0 
Avg kc 12.10 13.91 15.31 16.50 17.48 18.30 
Avg knc 8.06 6.95 6.12 5.50 4.99 4.575 

A plot of this data is shown in Fig. 7. 
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Fig. 5. Over-all U for Series IV and V extrapolated to Uc at 
100% cathodic surface. 
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Fig. 6. Cell No. 3. Bath side film heat transfer coefficient hc in 
cathodic region. Equation of this line is he = 15.68 �9 I ~ 

Assuming that  the kc is the same for Series IV (un-  
restricted circulation) and Series V (restricted circu- 
lat ion),  and dependent  only on I0.s~t, then the kc of 
15.68 derived above, corresponds to an R value of 2.68 
for Series IV. Since this assumption may not be strictly 
accurate, we can say that  the enhancement  ratio for 
the 19 runs of Series IV was at least 2.68. 

Summary 
The pr imary  object of this paper was to present 

evidence that  electrolytic gas evolution enhances the 
l iquid film heat t ransfer  coefficient by a factor of the 
order of 2.5 to 3.5, depending on the rate of gas evo- 
lut ion in the gap. 

For purposes of design and scale-up, we have shown 
that  the over-al l  heat t ransfer  in a cell provided with 
a means of in te rna l  cooling, chiefly depends on two 
factors: the per cent of the total area that  is gas 
evolving, and the rate of gas evolution, which is pro- 
portional to current .  

Since the measurements  of the bath-side film coeffi- 
cients were made in several quite different types of 
cell and electrode geometries, it is worthwhi le  to see 
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R = h c / hnc  

Fig. 7. Series IV runs. Values of k in the equation h ~-~ k �9 i0.344 
for various assumed values of R = he/hnc. If ke ~-- 15.68, as in 
Series V, the most probable value of R for Series IV is 2.64. 



Vol .  118, No .  10 

Table Vii. Comparison of film coefficients in three different types 
of cell at the same current density, calculated from our data 

ic i s  c a t h o d i c  CUrren t  d e n s i t y ,  A/ f t% h is b a t h  f i l m  coeff ic ient ,  B t u /  
ft~, h r ,  ~ S u b s c r i p t  c, c a thod ic ,  g a s  e v o l v i n g ;  ne,  n o n c a t b o d i c ,  no  
g a s  e v o l v e d .  R is e n h a n c e m e n t  ra t io ,  hc/hnc. 

i t  = 203 ic = 101 .5  

Cell  No.  E l e c t r o d e s  C o o l a n t  hc h,,c R ~ hc h,.c R 

1 M u l t i p l e  W a t e r  181.5 60.0 3.02 
2 M u l t i p l e  C H a O H  167.3 59.2 2.83 
3 S i n g l e  CHaOI-I 163.0 61.7 2.64 

A v e r a g e  170.6 60.3 2.83 

LIQUID FILM HEAT TRANSFER 1587 

studied, the enhancement  ratio of the fluid film heat  
t ransfer  coefficient is in the range 2.5-3.0. 

2. Actual  film coefficients, ei ther gas evolving or 
nongas evolving, are affected by  fluid velocity in  the 
usual  predictable manner .  The gas lift  effect can be 
utilized to promote circulation, hence fluid velocity. 
Since the gas evolved is proport ional  to the current,  
the heat t ransfer  coefficients depend on the current  
exponential ly,  that is, h -~ k - I-. For the par t icular  

143.5 47.3 3.02 cells used in this study, n ~- 0.344 approximately.  
133.2 47.2 2.83 3. Self-cooling of electrodes appears to be an ec0- 
128.0 48.5 2.64 
134.9 47.7 2 .83 nomical way of cooling cells in te rna l ly  in those cases 

where cell cooling is necessary. 

Manuscript  submit ted Jan.  25, 1971; revised m a n u -  
script received ca. May 17, 1971. This was Paper  172 
presented at the Washington, D. C., Meeting of the 
Society, May 9-13, 1971. 

A ny  discussion of this paper  will  appear in a Discus- 
sion Section to be published in the June  1972 JOURNAL. 

APPENDIX 
For each run,  a careful  heat balance was made to 

determine the total heat generated wi thin  the cell. 
Call this Qi. It  involves seven items in  all. Let Q2 be 
the observed heat removed by the coolant. The dif- 
ference Q3 -- Q1 - Q~ is the heat lost to the sur round-  
ings. This is a small  number ,  around 1(}% of Qi. 

Qa was then apportioned to Q4, the loss from cell 
surfaces at bath tempera ture  to ambient,  and Qs, the 
loss from cell surfaces at coolant tempera ture  to ambi-  
ent, in  proport ion to area and .%T to ambient .  Only  Q5 
passes through the in terna l  heat t ransfer  surfaces. I t  
was usual ly less than 5% of Q1. 

The total heat passed by the total  heat t ransfer  sur-  
faces is Q6 ~ Q2 -t- Q~. The total flux is Q8 divided by 
zA. The over-al l  U -~ Q 6 / z A  �9 aT. The method of ap- 
port ioning the total heat flux through nc and c sur-  
faces is fully explained in the text. 
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how these coefficients compare. It is probably  best to 
make the comparison at some arb i t ra ry  current  densi-  
ties on the gas-evolving electrode, as shown in Table 
VII. The concordance is quite good. 

EfIect o] fluid veloci ty  on film coe f f i c i en t - -A  direct 
measurement  of velocity in the nongas evolving down-  
comers of No. 2 cell, dur ing  Series II  runs, at a cathode 
current  density of 194 A/ f t  2, indicated a max imum 
velocity along the center  l ine of a 5.5 in. ID pipe of 
1.40 ft/sec, which when corrected for velocity profile, 
gives an average velocity of about 1.1 ft/sec. 

The properties of the fluid were as follows: 

p ---- 118 lb/ft~ (known) 
---- 14.2 cp ~ 0.00955 lb/ f t -sec  : 34.4 l b / f t - h r  

(known)  
Cp ---- 0.685 (estimated) 
k _-- 0.14 (estimated) 

from which Re ---- 6230 and Pr  = 169. 
Using the Dit tus-Boelter  equat ion 

Nu ~- 0.023 Re 0.s Pr  ~ [4] 

h D / k  ~ 194.4 and h = 59.5 

This value of h is consistent with the hnc shown in 
Table VII, column 1. 

When the fluid velocities are not known, as in  the 
case of a proposed cell design, these velocities can 
usual ly  be calculated with sufficient accuracy. The 
principle involved (3) is to balance the gas lift head 
against the algebraic sum of the friction heads in the 
complete circuit  of the circulat ing electrolyte. 

Conclusions 
1. Heat t ransfer  from bulk  electrolyte to a metal  

cooling surface is great ly enhanced when the surface 
is a gas evolving electrode. For the par t icular  system 



Principles and Applications of A-C and D-C Rapid Polarography 
with Short Controlled Drop Times 
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ABSTRACT 

The techniques of a -c  and d -c  rap id  po l a rog raphy  employing  shor t  con- 
t rol led drop  t imes and fast  scan rates  of potent ia l  a re  discussed in detail .  
Pa r t i cu l a r  emphasis  is given to compar ing  the methods  wi th  convent iona l  
po la rography  in e lec t roana ly t ica l  applicat ions.  The shapes and ma in  charac-  
ter is t ics  of both a -c  and d -c  po la rograms  are  essent ia l ly  the  same as in con-  
vent ional  polarography.  A n y  differences encountered  genera l ly  ar ise  f rom 
the different  t ime scales of the two techniques.  Reversible,  quas i - revers ib le ,  and 
i r revers ib le  e lect rode processes a re  considered.  In  ana ly t ica l  applicat ions,  the  
rap id  methods  are  super ior  to convent ional  po la rography  because of the con- 
s iderable  t ime saving gained f rom the  fast scan ra tes  of potential .  The r ep ro -  
duc ib i l i ty  is also marg ina l ly  bet ter .  In  fundamenta l  studies, such as in the  
charac ter iza t ion  of e lec t rode  processes, rap id  po l a rog raphy  is also shown to 
be pa r t i cu l a r ly  useful. The  analogy of behavior  akin  to a s t r eaming  me rc u ry  
e lec t rode  is considered, as a re  o ther  phenomena  and character is t ics  in t roduced 
by  having  short  control led  drop  times. I t  is concluded tha t  the  technique could 
be g iven  wider  usage than  p resen t ly  accorded.  

O n e  o f  the  d isadvantages  of convent ional  po la rogra -  
phy  compared  wi th  o ther  ana ly t i ca l  methods  has a l -  
ways  been tha t  the na tu ra l  drop t imes of the d ropping  
m ercu ry  e lect rode ( D M E ) m u s u a l l y  be tween  2 and 8 
sec- -necess i ta te  r easonab ly  slow scan ra tes  of po ten-  
tial,  and the  t ime requ i red  for  recording  a po la rogram 
is cor respondingly  long. Scan ra tes  of potent ia l  mus t  
be slow for  two m a j o r  reasons:  (A)  to avoid  v io la t ing  
the  constant  po t en t i a l - cu r r en t  condit ions assumed for 
theore t ica l  purposes,  and  (B) to provide  a high degree 
of precis ion of measurement .  Each drop  represents  one 
da ta  point  on the cu r ren t -vo l t age  curve, and especial ly  
over  the  s teeply  r is ing por t ion  of a d-c  po la rog ram o r  
around  the  peak  or summi t  potent ia l  of an a-c  po la ro-  
gram, a large  number  of da ta  points  is necessary.  Ob-  
viously, the  fas ter  the scan rate,  the fewer  da ta  points  
on the g raph  and this resul ts  in a decrease  in precision.  
Thus, even if  the  theore t ica l  constant  po ten t i a l - cu r ren t  
r equ i r emen t  did not  need to be met, the re  would  st i l l  
be an excel len t  prac t ica l  reason w h y  the scan ra te  
cannot  be increased beyond wel l -def ined  l imits  when  
na tu ra l  drop t imes  are  used. 

In  e lec t roana ly t ica l  methods  wi th  s t a t ionary  elec-  
trodes, such as the  hanging  drop m e r c u r y  electrode,  
p la t inum electrode,  glassy carbon electrode,  etc., fast  
scan ra tes  of potent ia l  a re  used rout inely .  The theory  
for  s t a t iona ry  e lec t rode  v o l t a m m e t r y  includes t e rms  
for  the  scan ra te  of potent ia l  and so res t r ic t ion  given 
as (A) above for po l a rog raphy  does not  apply,  nor  
does tha t  g iven as (B) ,  because a cont inuous cu r r en t -  
vol tage curve  is obtained.  Simi lar ly ,  wi th  s t r eaming  
(mercury )  electrodes,  no res t r ic t ion  is placed on cur -  
r en t -vo l t age  curves.  However ,  a l though vo l tammet r ic  
methods  m a y  be used wi th  cons iderable  t ime saving, 
they  have  severa l  we l l - e s t ab l i shed  difficulties and  dis-  
advantages  compared  wi th  the  po la rographic  method  
(1).  Consequently,  the  d ropping  m e r c u r y  e lec t rode  
technique sti l l  r emains  in widespread  use, especia l ly  
in ana ly t ica l  studies,  and in most cases v o l t a m m e t r y  
is used only  when  the polarographic  method  is inap-  
plicable,  e.g., when the l a t t e r  is not  sufficiently sensi-  
t ive, does not  cover  sui table  po ten t ia l  range,  etc., or 
a l t e rna t ive ly  for  theore t ica l  or  o ther  reasons, whe re  
a s t a t ionary  or  s t reaming  elect rode should give differ-  
en t  resul ts  f rom a DME, i.e., involve  a different  p r o d -  
uct, d i f ferent  e lec t rode  mechanism.  

* Electrochemical Society AcUve Member. 
Key words: alternating and direct current rapid polarography. 

If, for the  polarographic  method,  t ime saving is re -  
qui red  th rough  shor tening of the  scan rate,  then  the 
only  rea l  poss ibi l i ty  is shor tening of the  drop  time. 
In  pr inc ip le  this  could be achieved by  using sui table  
glass capi l la r ies  and increased lengths  of me rc u ry  col-  
umns;  but  a much more convenient  method is to me-  
chanica l ly  knock or remove the me rc u ry  drop at  se-  
lected t ime  in te rva ls  to produce  a shor t  cont ro l led  
drop  t ime. This has been the p re fe r r ed  technique,  and 
the  one employed  here.  

In  the theore t ica l  or  phi losophical  sense the  drop  
t ime could be shor tened indefini te ly  unt i l  the  me rcu ry  
drops become so close toge ther  tha t  a s t reaming  mer -  
cury  electrode,  r a the r  than  a dropping  m e r c u r y  elec-  
t rode  is obtained.  Thus at some drop t ime or  range of 
drop times, a t rans i t ion  be tween  a DME and a s t r eam-  
ing e lec t rode  should be encountered.  The na tu re  of 
e lect rode processes and the phys ica l  character is t ics  of 
a shor t  drop  t ime DME itself  could also be expected 
to undergo cer ta in  t rans i t ions  as the drop t ime is de-  
creased.  

Var ious  fea tures  of shor t  control led  drop  t ime  d-c  
po la rography  have  been a l r eady  repor ted  in the  l i t e ra -  
ture  [see Ref. (1 ) -  (8),  for  instance] .  Re l a t i ve ly  l i t t le  
appl ica t ion  of the  r ap id  technique to a-c  po la rog raphy  
has been made  unt i l  recent ly ,  apa r t  f rom these l abora -  
tor ies  (9),  a l though recent  publ ica t ions  (8-11) show 
growing  interest .  

In  addi t ion  to the  obvious ones of t ime saving there  
a re  prac t ica l  advantages  in use of contro l led  drop 
times, if sufficiently short.  Therefore  expe r imen ta l  
findings on the so-cal led  " rap id"  a-c  and d -e  po la ro -  
graphic  methods  in the  d rop  t ime range  0.16 to 0.32 
see are  presented  cr i t ical ly .  In  par t icu lar ,  a d~tai led 
compar ison and discussion of advantages  re la t ive  to 
the  convent ional  po la rographic  method  are  given. 
However ,  the  out l ine  of work  based on resul ts  obta ined  
in these labora tor ies  over  a number  of yea r s  is de -  
l i be ra t e ly  comprehensive,  and includes an account of 
the  t rans i t ion  towards  s t r eaming  m e r c u r y  e lec t rode  
behavior ,  the  sensitivity of the  method  in the  a n a l y t i -  
cal sense and the changes in e lec t rode  processes r e l a -  
t ive to those obta ined  wi th  convent ional  po la rography .  

Experimental 
All  chemicals  used were  of r eagen t  g rade  pur i ty .  

A l l  measurements  were  made at  25~ unless o the r -  
wise stated.  Po la rograms  were  obta ined  using the 

I588 
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Metrohm Polarecord E 261. A-C polarography was 
carried out using the Metrohm A-C Modulator E 393 
with an applied a-c voltage of 10 mV, rms at 50 Hz. 
Rapid polarographic techniques with drop times be-  
tween 0.16 and 0.32 sec for both the a-c and d-c work  
were obtained using Metrohm Polarographie Stand 
E 354. The ohmic IR drop was compensated for in  the 
d-c polarography, using Metrohm IR Compensator 
E 446 and the tbree electrode polarographic method. 
No IR compensat ion was under t aken  in  the a-c polar-  
ography. 

Results and Discussion 
Recording, damping, and m a x i m u m  scan rates of po- 
tent ial . - -With conventional  a-c and d-c polarography 
scan rates of potent ial  are usual ly in the range 5-15 
min  per volt, depending on the drop time and accuracy 
of measurement  required. Because of the large cur-  
rent  fluctuations associated with each drop dur ing  the 
considerable period of growth, recorder damping is 
f requent ly  necessary, par t icular ly  with low concentra-  
tions of depolarizer, and with a-c polarography (12). 
The possibility of distort ion of the wave shape caused 
by damping must  always be considered; however, with 
slow scan rates of d-c potential  used with convent ional  
d-c and a-c polarography, distortion is usual ly not sig- 
nificant. 

In  the case of rapid polarography, with an extremely 
short drop time, very little t ime is available for growth 
of the mercury  drop. Hence current  fluctuations are 
small  and damping is completely unnecessary even 
with the lowest detectable concentrat ions of depolar-  
izer. Figure 1 shows this with respect to a-c and d-c 
polarography at low concentrations.  The removal  of 
the need for damping is an extremely convenient  fea- 
ture  of rapid polarography and facilitates ready mea-  
surements  with m i n i m u m  possibility of recorder dis- 
tortion. 

The recorder used in this work was an X-Y recorder 
with a response t ime of 1 sec for full scale deflection. 
This is by no means the fastest X-Y recorder available 

Fig. la. Rapid a-c polarogram of 2 x 10-5M rhodium(Ill) in 
O.02M NaBr/4M HCI04. Scan rate of d-c potential is O.5V per 
min. Zero damping is applied. 
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Fig. lb. Rapld-dc polarogram of same solution as in Fig. (lo), 
Scan rate of d-c potential is 1.0V per min. Zero damping is applied. 

but  it is a typical response t ime for use in polarographic 
studies and the same as that  used previously to con- 
sider the influence of scan rate and damping in  a-c 
polarography (12). For  rapid polarography, damping 
other than  that  inherent ly  present  in any recorder, is 
not used and damping is un l ike ly  to give rise to re-  
corder distortion, but  scan rate could. Recorder distor- 
t ion would cer tainly be encountered if di/dt  ~ re-  
sponse t ime of recorder. The equation of a reversible 
d-c wave is given by 

E = El/2 r + - - ~  In  i / [1] 

The equation for a reversible a-c wave, provided the 
a-c voltage is sufficiently small, can be expressed as 

E : El~2 r -~ - - ~  i n  • \ 

[2] 

where E = d-c potential  of the dropping mercury  
electrode, Ella r = reversible d-c hal f -wave potential, 
i and I are the direct and a l te rnat ing  current  respec- 
tively, and id and Ip are the l imit ing direct cur rent  and 
ma x i mum al ternat ing current  respectively. Other 
symbols are those used conventionally.  

The shape of both a-c and d-c polarograms is gov- 
erned by m a n y  variables. However,  the gradient  of 
current -vol tage  curves is in general  greatest for re-  
versible electrode processes where the steepness or 
gradient  is directly proport ional  to the number  of 
electrons involved in  the charge transfer.  Hence, in 
considering the ma x i mum possible scan rate at ta inable 
without  distortion of the wave, only equations for the 
reversible electrode process need be considered and 
these are the ones described by Eq. [1] and [2]. 

The ma x i mum scan rate recordable can therefore 
be calculated as follows. For d-c polarograms 
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d i  di  dE  di  
- -  = X = v [3]  
d t  dE  d t  d E  

where  d E / d t  = v,  the scan rate  of d-c potential.  The 
m ax imum value  of d i / d E  - -  ( d i / dE)max  occurs where  
i = ia/2. Calculat ing all~dE f rom Eq. [1] and subst i tut-  
ing i = id/2 into the expression gives 

Assuming id to be equal  to the full  scale of the re-  
corder, which is close to the condition usual ly em-  
ployed in exper imenta l  conditions, then at 25~ it fol-  
lows that  (d i / d t )max  : --9.74 n v  full  scale deflections 
per sec. Consequent ly  (d i / d t )max  will  be less than the 
response t ime of recorder  wi th  a full  scale deflection 
of 1 sec if --9.74 n v  ~ 1. That  is, provided the scan rate 
is less than  about 100/n mV per sec, no recorder  dis- 
tor t ion should be encountered in rapid d-c polarogra-  
phy. 

With a-c  polarography,  using the same calculation 
procedure,  it is found as shown previously (12) that  

(~ .~/ t )  max is approximate ly  0.4 i~ ( n F  ) v [5] 

and therefore  at 25~ ( d I / d t ) m a x  ~- 15.6 n v  full  scale 
deflections/sec, which wil l  be less than the response 
t ime of a recorder  wi th  a full  scale deflection of 1 sec, 
if 15.6 n v  ~ 1. Again, provided the scan rate is less 
than about 6 0 / n  mV per  sec, no recorder  distort ion 
should be encountered in rapid a-c  polarography.  

Exper imenta l ly ,  results were  found to be in excel-  
lent  agreement  wi th  this theoret ical  t reatment ,  and 
for n --~ 1, 2, or 3 it was found that  scan rates of up to 
30 mV per sec wi th  rapid d-c polarography and 20 mV 
per sec wi th  a-c polarography,  could be used wi thout  
any distortion. Fur thermore ,  scan rates of 50 mV per 
sec were  tr ied with  n = 1 [TI(I)  ~- e ~ TL(O)], and 
with  n : 3 [ In( I I I )  W 3e ~ I n ( O ) ] ;  wi th  the case of 
n : 3, distort ion was observed as theoret ica l ly  pre-  
dicted. Figure  2 shows rapid a-c polarograms for Tl  (I) 
(n : 1) in 1M NaC1 for various scan rates up to 50 
mV per  sec, and they can be seen to be of the same 
height. For  comparison, Fig. 3 shows the "apparent"  
peak height  of the In ( I I I )  (n --~ 3) electrode process 
at the same scan rates. The recorder  distortion at the 
highest  scan rates can be seen. 

In v iew of the above argument ,  if a normal  X-Y 
recorder  wi th  a full  scale deflection of 1 sec is to be 
used, the m a x i m u m  scan rate of d-c potential  that  
can be used satisfactorily is 20-30 mV per second if 
distort ion is to be avoided. With a drop t ime of 0.16 
sec this means that  approximate ly  5 to 8 mV is covered 
per drop, which is about  the min imum necessary if 

Fig. 2. Recording of a rapid a-c polarogram for the electrode 
process TI(I) -I- e ~ TI(O) in 1M NaCI at various scan rates of 
d-c potential. (Right to left) (a) 0.5 V/min (8,3 mV/sec), (b) 1.0 
V/min (16.7 mV/sec), (c) 2.0 V/rain (33.3 mV/sec), (d) 3.0 V/rain 
(50.0 mV/sec). Concentration of thallium(I) is 8 x 10-5M. 

Fig. 3. Recording of a rapid o-c polarogram for the electrode 
process In(Ill) ~ 3e ~- In(O) in 1M NaCI at various scan rates 
of d-c potential. (Left to right) (a) 0.5 V/min (8.3 mV/sec), (b) 
1.0 V/min (16.7 mV/sec), (c) 2.0 V/rain (33.3 mV/sec), (d) 3.0 
V/rain (50.0 mV/sec). 

marked  loss in precision, due to lack of data points, is 
to be avoided in recording a polarogram. Hence, in the 
practical  as wel l  as theoret ical  sense, there  is no ad- 
vantage  in using faster  response recorders  than the 
normal  X-Y type, unless even shorter  drop t imes than 
0.16 sec are used. With a scan rate  of 20 to 30 mV per 
sec, a complete a-c or d-c  polarogram can be recorded 
in about 10 sec. In these laboratories,  s lower speeds of 
d-c scan rate  are normal ly  used than this m ax imum 
value. In rout ine analysis, where  id and Ip values are 
the only parameters  of interest,  a scan ra te  of 1V per 
min is genera l ly  used. In e lectroanalyt ical  applications 
where  potential  needs to be measured,  the scan rate 
used is 0.5V per  min. These scan rates still allow com- 
plete polarograms to be recorded wel l  inside a minute, 
which is considerably faster than the convent ional  
polarographic method. However ,  scan rates of up to 3V 
per min were  used successfully when  a glass DME 
was used in re la t ive ly  concentrated glass corrosive 
hydrofluoric acid (10). 

R e p r o d u c i b i l i t y . - - W i t h  any technique, reproducibi l -  
i ty and precision of results are always of ex t reme im-  
portance. With the exper imenta l  a r rangement  used in 
these laboratories, working wi th  a scan ra te  of d-c 
potent ial  of 0.5V per  min, six research workers  ( in- 
cluding the author)  have always found that  the repro-  
ducibi l i ty of the d-c  id value is bet ter  than 0.5%, and 
that  of the a-c  Zp va lue  is be t te r  than 1%. This repor ted  
reproducibi l i ty  is based on at least six results  for each 
of more than 100 solutions. For  a ful l-scale deflection 
of 250 mm on the current  axis of the X - Y  recorder,  a 
range of 2 to 3 mm has been usual ly encountered wi th  
id values and 2 to 5 mm with  Ip values. Reproducibi l i ty  
of id and Ip values has been found to be marg ina l ly  
bet ter  than the convent ional  polarographic method, 
using a much slower scan ra te  of d-c potent ia l  (0.SV 
per 12 rain),  and a na tura l  drop t ime of be tween 2 and 
5 sec. 

Measurements  of the d-c E1/2 values and a-c summit  
or peak potentials,  Es, have been carr ied out on even 
more  systems by the same six workers.  At tempt ing  to 
read potentials to 0.2 mV, mean deviat ions for El/2 
have been found to be in the range 0.9 to 1.1 mV; a-c  
Es values on revers ible  systems have always been 
considerably superior, showing mean  deviat ions of 0.6 
to 0.8 mV. The reproducibi l i ty  of potential  parameters  
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as with current  parameters,  has always been found to 
be margina l ly  bet ter  with the rapid method, using 
controlled drop time, than with the conventional  
polarographic method. 

All results show conclusively that  the considerable 
t ime saving obtained with the rapid polarographic 
method is not gained at the expense of reproducibi l i ty  
or precision, as. is often the case when an at tempt  is 
made to increase the rate of measurement .  In fact, an 
improvement  in these vital  factors is observed, making 
the technique highly at tract ive from two points of 
view, viz., speed and reproducibili ty.  

Dependence of id and Ip on Various Parameters 

Dependence upon mercury  column height and drop 
t ime . - -Rapid  d-c polarography. - -The Ilkovic equation, 
id = k c n m  21~ t 1/6 D 11~-, where id is the l imit ing or diffu- 
sion current ,  k is a constant, c is the concentrat ion of 
depolarizer, n is the number  of electrons involved in 
the charge transfer,  m is the flow rate of mercury, t 
is the drop time, and D is the diffusion coefficient of 
the depolarizer, has been shown to be valid over drop 
times ranging from those used with the conventional  
DME down to the mill isecond region (3, 7). In  the 
drop time range of 0.16 to 0.32 sec, the predicted de- 
pendence of id on n, c, m, t, and D was found, and the 
val idi ty of the Ilkovic equation with short controlled 
drop times was confirmed. Thus, this equation can be 
used for discussion purposes in this and subsequent  
sections. 

As the Ilkovic equat ion is obeyed, it follows that  
increasing the mercury  column height at constant drop 
time increases the flow rate of mercury  and id in-  
creases accordingly. 

The dependence upon t 1/6 predicted by the Ilkovic 
equation would indicate that  the decrease in id, going 
from a drop time of 3 sec, say, in the conventional  
method, to t = 0.16 sec in the rapid method, would 
not be par t icular ly  large, because with t = 3 sec, t,/6 
= 1.2 sec 1/6, and with t = 0.16 sec, t 1/6 = 0.74 sec 1/6. At 
the shorter drop time of the rapid method, the value 
of m 2/3 is also decreased compared with the na tura l  
drop time. Over-all ,  the value of id with the rapid d-c 
method is therefore predicted to be slightly less for 
measurements  made with the same concentrat ion of 
depolarizer, and exper imenta l ly  this has been con- 
firmed on all systems measured. Increase in drop t ime 
at constant  mercury  column height over the drop times 
0.16, 0.20, 0.24, 0.28, and 0.32 sec also increases id, a s  

would be expected. 

Rapid a-c polarography. - -The value of Ip in a-c polar-  
ography is given by the expression 

Ip -- n2 F2 AC (~D) ~/2 AE ( 4 ) s i n  ~t'-I- 
4RT 

where A = area of electrode, ~ = angular  frequency, 
_~E = ampli tude of applied a l te rna t ing  potential, t '  = 
time. Other symbols are as used before. 

The area of the electrode, A, is proport ional  to 
m2/~t 2/~ and  wi th  na tura l  drop time this is a constant, 
independent  of mercury  column height. Thus Ip is de- 
pendent  only upon the part icular  capillary used with 
conventional  a-c polarography, and not the mercury  
column height. However, with rapid a-c polarography, 
dependence on column height is predicted because t 
is now a constant, and as the height of mercury  in -  
creases, m2/3t 2/3 increases and therefore Ip does also. 
In  fact, wi th  t a constant, a similar  dependence to d-c 
polarography should be found, and this is found ex- 
perimental ly.  

The a-c dependence on t 2/3 ra ther  than on t 1/8 as in 
d-c polarography would suggest that a-c currents  
found with the rapid polarographic method would be 
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substant ia l ly  less than with convent ional  a-c polarog- 
raphy. Taking the previous example of a drop time of 
3 sec in the convent ional  method, gives a value for t 2/3 
of 2.1 sec. By comparison, for a value of 0.16 sec in  
rapid polarography, t 2/3 ~ 0.29 sec. This calculation 
i l lustrates that  a marked difference in cur ren t  magni -  
tudes is expected. Experimental ly ,  in agreement  with 
theory, considerably lower currents  are observed with 
the short drop time of rapid a-c polarography, and 
this lowers the concentrat ion detection l imit  of the 
method compared with that  of the conventional  a-c 
method. Fur ther  discussion of this is given in the next  
section. 

Increase of drop time at constant  mercury  column 
height for the values 0.16, 0.20, 0.24, 0.28, and 0.32 sec 
increases A, and hence Ip increases with increasing 
drop t ime as would be expected. 

Dependence on concentration of depolarizer detec- 
tion l imi ts .mFigure  4 shows plots of id and of Ip vs. 
concentrat ion of depolarizer for rapid and conven-  
t ional polarography with both the a-c and d-c meth-  
ods. The electrode process considered is 

Sn ( I I )  + 2e ~-- Sn (amalgam) 

in 5M HC1, and it is reversible (13). 
In  general, l inear  a-c and d-c plots are observed 

with the rapid polarographic method when the cor- 
responding conventional  method gives l inear  plots. 
However, in certain circumstances where the short 
drop time of the rapid polarographic method causes 
alterations to the electrode process (see later) ,  it can 
be noted that  this analogy between the rapid and con- 
vent ional  method does not necessarily follow. 

The slightly lower currents  obtained with the rapid 
d-c method and the markedly  lower currents  of the 
rapid a-c method, compared with their  respective 
conventional  d-c and a-c counterparts,  are clearly i l-  
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Fig. 4. Comparison of analytically used calibration curves in 
rapid and conventional a-c and d-c polarography for the electrode 
process Sn(ll) -t- 2e ~.  Sn(O) in 5M HCI. (a) Ip vs. concentration 
of tin using conventional a-c polarography, (b) id vs. concentration 
of tin using conventional d-c polarography, (c) id vs. concentration 
of tin using rapid d-c polarography, (d) Ip vs. concentration of tin 
using rapid a-c polarography. 
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lustrated in Fig. 4, which also verifies graphical ly dis- 
cussion in the previous section on relat ive cur ren t  
magnitudes.  

The limit of concentrat ion detection of rapid d-c 
polarography in most cases has been found to be about  
10-SM, a level very  simiIar to that  for convent ional  
d-c polarography. In  rapid a-c polarography, the l imit  
of detection for reversible electrode processes has been 
found to be in the range 10 -5 to 5 X 10 -6, somewhat  
less than  the range 5 X 10 -6 to 10-6M found with a-c 
polarography. The slightly higher detection l imit  in 
rapid a-c polarography is considered to be almost en-  
t i rely a funct ion of the lower currents  associated with 
the short drop time. The lower detection l imit  in the 
a-c polarography was pr imar i ly  established by the 
double- layer  charging current ,  ra ther  than by noise, 
so the use of phase-sensi t ive a-c polarography, which 
discriminates against  the charging current ,  should en-  
able an improvement  in the detection l imit  reported 
above. 

Dependence  on o ther  v a r i a b I e s . - - T h e  other variables 
to be considered in the Ilkovic equation are n and D. 
Values of D do not vary  greatly with inorganic de- 
polarizers, and as id is proportional to D 1/2, little var ia-  
t ion from this term is observed from one system to 
another  in convent ional  polarography. Examinat ion  of 
reduction of Zn( I I ) ,  P b ( I I ) ,  Cu( I I ) ,  and Cd(I I )  in 
various electrolytes, with the same capil lary at the 
same mercury  column height showed that  id/C is ap-  
proximately  the same for all systems. Furthermore,  
the order of magni tude  of id/C for these systems was 
identical with that  obtained with convent ional  d-c 
polarography. 

Measurement  of id/C values for the group Bi ( I I I ) ,  
Rh( I I I ) ,  Sb ( I I I ) ,  I n ( I I I )  showed id/C values to be 
in general  sl ightly higher than for the group above, 
and for T/(I )  and U(VI)  [U(VI)  -t- e ~ U(V)]  the 
values were slightly lower. This t rend reflects the de- 
pendence of ia on n. 

For reversible a-c electrode processes, Ip is propor-  
t ional to n 2, and with the rapid a-c as well as with the 
convent ional  method, values of Ip /C are considerably 
greater  as n increases from 1 to 3. 

In  summary,  it can be seen that  the equations de- 
scribing each of id and Ip in terms of the various pa- 
rameters,  can be applied to the rapid polarographic 
method, with sufficient precision to enable successful 
predictions concerning the method and the shortened 
controlled drop time does not inval idate the main  fea- 
tures of polarographic theory. 

Influence of Rapid A-C and D-C Polarography on 
Various Electrode Processes 
Charge Transfer Rate Determining 

Because of the different t ime scale of the rapid 
polarographic method, an electrode process may  ex-  
hibit  different behavior from that observed with con- 
vent ional  d-c methods. Here, the simplest case is con- 
sidered where charge t ransfer  is considered as the rate 
de termining  step. 

Rever s ib l e  a-c  and d -c  e lec trode  p r o c e s s e s . - - A  re- 
versible d-c electrode process should have certain 
characteristics, including the following: (i) The cur-  
rent -vol tage  curve can be described by  the equat ion 

2.303RT id -- 
E = E1/2 -t- ~ log 

n F  i 

(ii) El/2 should be independent  of concentration, (i i i)  
E1/2 should be independent  of drop time. 

For an electrode process with an ext remely  large 
value of the heterogeneous charge t ransfer  rate con- 
stant, ks, (e.g. > 10 -1 sec -1) and for which the c o n -  

vent ional  d-c electrode process is ent i re ly  reversible, 
meet ing all the requi rements  listed above, then u n d e r  
rapid d-c polarographic conditions the current -vol tage  
curve has always been found to be fitted to a high d e -  
gree  of precision by the Heyrovsky-I lkovic  equation, 
given as condit ion (i) .  

The condition, that  E1/2 is independent  of concent ra-  
tion, is also obeyed by reversible d-c electrode proc- 
esses with rapid polarography. 

The third condition that  El~2 should be independent  
of drop t ime should theoretically mean  that  E,/2 ob- 
tained should be the same as wi th  convent ional  d-c 
polarography for reversible electrode processes. With 
extremely short drop times this was observed for cad- 
mium (7). However, with measurements  made on a 
large number  of systems, this has in fact not been 
strictly observed in all cases in this work, al though 
values are usual ly  wi th in  several millivolts,  and cer- 
ta in ly  always less than  10 mV. The small  discrepancy 
can be rationalized in several ways by considering 
some different conditions applying at a rapidly drop- 
ping mercury  electrode: 

(i) Depletion at the mercury  drop is l ikely to be 
encountered when drops are fal l ing in such rapid suc- 
cession. 

(ii)  Many of the measurements  have been made in 
halide and other solutions where adsorption phenom- 
ena are l ikely to be present. El/2 values reflect in part  
the state of the solution near  the electrode surface 
(double layer) as well  as the bulk, and at shorter drop 
times it has been shown that  adsorption phenomena 
are l ikely to be reduced (5-7, 14). Hence, slight dif- 
ferences in E1/2 may arise because of the slightly dif-  
ferent  state of the electrode surface or double layer at 
the extremely short drop times of the rapid method. 

(i i i)  Maxima present  in convent ional  d-c polarogra-  
phy are f requent ly  absent  or altered with rapid polar-  
ographic conditions (5, 7). Polarograms for reduction 
of Sn( I I )  [Ref. (13)] provide an example where  the 
ma x i mum is eliminated.  Maxima need not be removed, 
however, at the drop t ime used in  this work, as is 
shown by the work of Wolf (2). However, the point 
to be made is that  the measurement  of El/2 in the 
presence of maxima, al though reproducible, can be 
somewhat  a rb i t ra ry  as the value of id to be used is 
somewhat  uncertain.  Fur thermore ,  comparison of a 
value of E1/2 with that  obtained on a rapid polarogram 
with a different ma x i mum or no ma x i mum may be ex- 
pected to give slightly different E1/~ values. 

Delahay (15) has shown that  for convent ional  d-c 
polarography with normal  drop times, electrode proc- 
esses with ks values greater  than  2 X 10 -2 cm sec -1, 
give rise to reversible electrode processes. Obviously, 
with the much shorter drop times of the rapid polaro- 
graphic method, considerably higher ks values would 
be needed for the observation of a reversible electrode 
process. Zinc(I I )  reduct ion in various media  ap-  
proaches quite closely to being reversible with very 
long drop times. However, as the drop t ime decreases, 
the departure  of the electrode process from reversibi l -  
i ty becomes more severe (16). With rapid polarogra-  
phy the electrode process is quasi-reversible  (16, 17), 
and the nonrevers ibi l i ty  of the electrode process is ac- 
centuated markedly.  In  fact, any electrode process 
which shows even a slight depar ture  from d-c reversi-  
bi l i ty with convent ional  polarography will  be easily 
recognized as being quasi-reversible  on the t ime scale 
of rapid polarography. In  addit ion to zinc, cited as an 
example above, t i n ( I I )  reduct ion in  fluoride media 
(18) i l lustrates this clearly. 

As with d-c polarography, the t ime scale of rapid 
a-c polarography is less than  that  for convent ional  a-c 
polarography. For a highly reversible a-c electrode 
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process the rapid a-c polarogram has exactly the same 
shape and characteristics as the conventional  a-c 
polarogram (i.e. fits Eq. [2]).  Fur the rmore  Es is in -  
dependent  of concentrat ions of depolarizer, has a value 
very close to El~.,_, and is similar in magni tude  for both 
convent ional  and rapid a-c potarography. Any  depar-  
ture  from a-c reversibi l i ty  in the convent ional  method 
is also markedly  accentuated at short drop times, as 
shown with z inc(I I )  and t i n ( I I )  (16-18). 

Quasi-reversible and irreversible electrode processes. 
- - A s  with reversible electrode processes, quas i - re-  
versible and irreversible electrode processes exhibit  
the same features and are described by the same equa-  
tions for both rapid and convent ional  a-c and d-c 
polarography. The time scale is again different of 
course, and a quasi-reversible electrode process mea-  
sured by convent ional  methods may appear i r reversi-  
ble with short drop times. 

The quasi-reversible  electrode process in both a-c 
and d-c polarography is characterized by considerable 
drop time dependence. Hence, wave shapes and E1/2 
and Es can be substant ia l ly  al tered wi th  drop time. 
This contrast  to reversible electrode processes occurs 
because with nonrevers ible  electrode processes, kinetic 
terms are involved in determining many  polarographic 
parameters.  However, in the main, differences ob- 
served in rapid and conventional  d-c polarograms, are 
just  those expected because of different drop times. 

An irreversible electrode process can often be de- 
scribed in terms of the charge t ransfer  coefficient, ~, by 
the equat ion 

2.303RT id  - -  i 
E : El~2 -{- ~ log [6] 

~nF i 
where (1) 

R T  1.349 ksP/~ 
E l l 2  - :  E l / 2  r -]- In [7] 

n F  Dr2 

If a convent ional  d-c polarogram fits Eq. [6], then  
unless the short drop t ime induces a different electrode 
mechanism, the rapid d-c polarogram has also been 
found to closely follow this equation. However, as 
shown by Eq. [7], a considerable negative shift in E1/s 
is observed. This feature in fact enables the ready dis- 
t inct ion of nonrevers ible  and reversible electrode proc- 
esses. Fur thermore,  this feature certainly el iminates 
any possible ambigui ty  between, say, an irreversible 
electrode process with n = 1 and a ---- 0.5 fitting Eq. 
[6], and a reversible electrode process with n _-- 2 
being described by Eq. [1], both equations being 
identical with the set of parameters  given. Some typi -  
cal data to show the comparison of rapid and conven-  
t ional d-c polarograms for i r reversible  electrode proc- 
esses are given in Table I. 

For i r reversible  a-c electrode processes, Es is more 
negative than E1/2, and as for d-c polarography, the 
wave shape is independent  of ks (19). The difference 
between Es and E1/2 depends principal ly on ks, n, and a 
and Es is also related to drop t ime in a similar fashion 
to E1/2 (19). Hence with rapid a-c polarography, the 

behavior  on decreasing the drop t ime gives rise to a 
more negative Es value, the wave shape, however, re-  
mains  essentially unaltered.  Because both E1/2 and Es 
values for i rreversible electrode processes are gov- 
erned by the same drop t ime dependence, it could be 
anticipated that  the shifts in going from convent ional  
to rapid method would be v i r tua l ly  identical. Table I 
includes some typical  exper imental  data which verify 
this and other features of rapid a-c polarography for 
irreversible a-c electrode processes. 

Kinetically Controlled Electrode Processes--Analogy with 
A Streaming Mercury Electrode 

In reduction or oxidation of inorganic complexes (or 
organic compounds), the electrode process can occur 
via a wide variety of mechanisms. By way of example, 
rearrangement and/or dissociation of a complex could 
occur prior to the charge transfer, and if both the 
initial complex and rearranged or dissociated complex 
are electroactive, two kinetically controUed pathways 
may be available for the electrode process. 

It has been well established that a streaming mer- 
cury electrode can often discriminate between kineti- 
cally controlled and slow electrode processes. Thus, 
certain electrode processes observed with a dropping 
mercury electrode may not be apparent at a streaming 
mercury electrode. As mentioned in the introduction, 
a streaming mercury electrode can be considered as a 
rapidly dropping mercury electrode of extremely short 
drop time, and hence, as the drop time is shortened, 
the transition in behavior to that of a streaming mer- 
cury electrode should become apparent. 
This phenomenon has been observed recently in the 

studies of Cover and Connery (5) on the formaldehyde 
system and in studies by Bond, Heath, and Martin (20, 
21) on the polarographic behavior of some dithio- 
acetylacetone complexes. In the latter work, for exam- 
ple it was shown that the palladium complex, 
Pd(SacSac)2, in acetone, undergoes two reduction 
steps (21) : 

Pd(II) -b e-~ Pd(I) 

and Pd(I) -b e-~ Pd(O) 

The first reduction step, Pd(II) -~ Pd(I), is reversi- 
ble and identical using either the rapid or conventional 
polarographic method. The second reduction step, 
Pd(1) --> Pd(O), however, varies substantially with 
the different techniques. 

Figure 5 shows a comparison of rapid and conven- 
tional polarograms of Pd(SacSac)2. The d-c polaro- 
gram for the complex using conventional techniques 
shows three distinct waves, the height of the two more 
negative waves being equal to the first reversible 
Pd( I I )  --> P d ( I )  wave. The rapid polarogram, how- 
ever, shows only two reversible one-elect ron-reduct ion 
waves of equal height, corresponding to the consecu- 
t ive reduction Pd( I I )  --> P d ( I )  --> P d ( O ) .  Both these 
waves have the same E1/2 values and electrode charac- 
teristics as the first two waves of the convent ional  d-c 
polarogram. The third wave of the conventional  d-c 

Table I. Some typical data for irreversible electrode processes (a) 

Electrode process Medium 

H a l f  H a l f  
--Ezls (Ez/~ -- Eal,) --Ez/~ (Ezl4 -- E8/4) --Es w i d t h  - -E .  w i d t h  
rapid rapid cony. cony. rapid rapid cony. cony. 

V m V  V m V  V m V  V mV 

Ni  (II) + 2e H N i ( O )  1M NaC10~ 
N i ( I I )  + 2 e H N i ( O )  1 M N a F  
Co (LI) + 2e ,~ Co (O) 1M NaC10~ 
C o ( I I )  + 2 e ~ - C o ( O )  I M N a F  
Sb ( I I I ) +  3e ~- Sb  (O) 0.2M HCIO4 
M n  (II) + 2e H 1Vfn (O) 1M NaCl04  
M n ( I I )  + 2 e ~ - M n ( O )  IMNaF 
Fe  (II) + 2e ~- Fe  (O) 1M NaC10~ 
Fe  (II) + 2e ~.~ F e  (O) 1M N a F  

1.04 66-----4 1,03 66-----4 1.04 120___10 1.04 120-----10 
1.05 66---+4 1.05 66___4 1.06 1 2 0 _ 1 0  1.06 120---+10 
1.41 100--+5 1.35 100___5 1.46 205___20 1.43 1 9 5 + 2 0  
1.46 105--+-5 1.41 100--+5 1.50 220 -+20  1.48 220 -+20  
0.26 6 8 - + 2  - -  - -  0.27 110-+3  - -  - -  
1.49 4 0 - + 2  1.47 3 5 - + 2  1.49 8 0 - + 5  1.48 6 0 - + 5  
1.54 4 4 - + 2  1.52 54+__3 1.55 110-+-5 1.53 110--+5 
1.47 3 0 - + 5  1.40 7 6 - + 5  1.49 190~-20  1.47 2 0 0 - + 2 0  
1.51 100-+5  1.45 70-----3 1.55 200---+20 1.50 210--- + 2 0  

<~ A l l  p o t e n t i a l s  m e a s u r e d  r e l a t i v e  to  A g / A g C I  (5M NaCI) a t  25*C. 
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Pd(SacSac)~ nd(SocSo~)g 

\ 
\ 

~ fO 

-I 6 -14 -12 -1.0 - 0 8  -1.'~ -1.4 -12 -1"O - 0 8  
EDgE(volts v s  AglAgCI) 

Fig. 5. Comparison of rapid (/e/t) and conventional (right) po- 
larograms of Pd(SacSac)2 in acetone. Potential is relative to Ag/ 
AgCI (O.IM LiCI in acetone). Supporting electrolyte is 0.1M tetra- 
ethyl-ammonium perchlorate. 

polarogram,  not appear ing  on the r ap id  polarogram,  is 
therefore  an a l t e rna t ive  k ine t ica l ly  control led  reduc-  
t ion process for P d ( I )  -->Pd(O), and p re sumab ly  r e -  
sults f rom par t i a l  dissociat ion or  r e a r r angemen t  of a 
Pd  (I) complex,  the product  of the first e lect rode p roc -  
ess. With  the  much  shor ter  t ime scale of rap id  po la rog-  
raphy,  insufficient t ime is ava i lab le  to produce a de-  
tec table  concentra t ion or  the a l t e rna t ive  P d ( I )  com-  
plex, and hence only  the  two revers ib le  waves  are  
observed.  

This example  shows how rap id  po l a rog raphy  can be 
used as a power fu l  tool in e lec t rochemis t ry  for  the  
unders tand ing  of e lect rode processes, a l though to date 
it  has not  been used f requen t ly  in this  area.  

Determination of numbers  of electrons in consecu- 
tive electrode processes.--In the  previous  section, it  
was shown how rap id  po la rography  can be used in the 
s tudy of e lect rode mechanisms.  However ,  o ther  elec-  
t rochemical  appl icat ions  are also possible. 

When a number  of consecutive e lec t rode  processes 
are  observed f rom the one complex at  different  po ten-  
tials, and al l  are  diffusion controlled,  then according to 
the  I lkovic equation, the  ra t ios  of the  var ious  id values  
should be close to the  ra t io  of the numbers  of e lec-  
t rons involved in each e lect rode process. However ,  
wi th  the convent ional  method,  the  drop t ime is wel l  
known to be m a r k e d l y  potent ia l  dependent ,  as m a y  
be evidenced by  the so-cal led e lec t rocapi l la r i ty  curves  
(1) commonly  used to s tudy  e lect rode phenomena.  
Consequent ly  m2/3t 1/6 in the I lkovic equat ion is po-  
ten t ia l  dependent ,  and  rat ios  of id values  of two con- 
secutive e lect rode processes, separa ted  by a consider-  
able potent ia l  dependence,  may  give a comple te ly  false 
idea of the  re la t ive  numbers  of e lectrons in the respec-  
t ive e lec t rode  processes. By contrast ,  in the  r ap id  
polarographic  method, the  drop t ime is control led  and 
therefore  independent  of the  potential .  This e l iminates  
a var iab le  usua l ly  encountered  in polarography,  and 
this can be useful  in studies such as the  one now under  
considerat ion.  

F igure  6 shows a plot  of drop  t ime vs. potent ia l  
of the convent ional  method  in acetone, and Fig. 7 
shows a convent ional  d-c  po la rogram for reduct ion  
of the complex RuNOCI(SacSac)2.  In  acetone, two 
reduct ion steps wi th  ha l f -wave  potent ia ls  of --0.27 and 
--1.43V vs. AglAgC1 a re  observed.  The id values  a re  
obviously  qui te  different.  Table  II  shows the ra t ios  of 
id at  var ious  drop times. However ,  wi th  the  r ap id  
polarographic  method,  the  id values  a re  equal, show-  
ing s imply  and convenient ly  tha t  the  same number  of 
e lect rons  [ la te r  shown to be one (21)] a re  involved  
in both e lect rode processes. The difference in id values  
of the  two elect rode processes resul ted  solely f rom the  

- 2"0 -IO O IO 
Applied Potential 

Volt vs . Ag/Ag CI 

Fig. 6. Drop time vs. potential plot in acetone. Supporting elec- 
trolyte is 0.1M tetraethyl-ammonium perchlorate. 

Ru (Soc Sac )2 (NO) CI 

-1.8 -1'8 -1-4 -1.2 -1-0 -0"8 -0 ' 6  -0 '4  -0"2 0 '0 

EDM E (vo l t s  vs. Ag/AgCI ) 

Fig. 7. Conventional d-c polarogram of Ru(SacSac)2(NO)Ci in 
acetone. Supporting electrolyte is 0.1M tetraethyl-ammonium 
perchlorate. 

considerable  var ia t ion  of m2/3t 1/6 with  potent ia l ,  as 
shown by Fig. 6. The rap id  polarographic  method,  
however ,  quickly  es tabl ishes  tha t  var ia t ions  in id arise 
f rom this and shows tha t  the  same number  of elec- 
t rons is involved.  

F igure  8 shows a compar ison of r ap id  and conven-  
t ional  d-c  po la rograms  for reduct ion  of P t (SacSac )2  
in acetone. A considerable  difference in id values  of 

e 
the two elect rode processes P t ( I I )  --> P t ( I )  ~-> P t ( I )  

Table II. Some polarographic parameters obtained by rapid and 
conventional d-c polarography for the Ru(SacSac)2(NO)CI complex 

W a v e  A W a v e  B 

( E l l 4  - ( E I I ~  - -  
D r o p - t i m e  (a) --/~1/2 (b) E314) --Ell2 (b) E314) 

s ec  V m V  V m V  ~d ( A / B )  (~) 

3.78 0.258 60 1.428 60 0 .5i  
2.48 0.260 60 1.428 56 0.49 
2.12 0.260 56 1.432 56 0.56 
1,60 0.272 60 1.432 60 0.53 
1.18 0.265 60 1.432 56 0.58 
0.16(d) 0.276 56 1.424 60 1.00 

(a) M e a s u r e d  a t  E 1 / 2 .  
(b) P o t e n t i a l s  a r e  m e a s u r e d  r e l a t i v e  to A g / A g C I  [0 .1M LiC1 (ace -  

tone)  ]. 
(c) Ra t io  o f  d i f f u s i o n  current s .  
(~) R a p i d  p o l a r o g r a p h i c  m e t h o d .  
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Pt($acSoc) 2 ~i Sacsac)2 

I 

'l 

- 1 5  -14  ~12 - 1 0  - 0 8  
EDME(VOIt$ VS Ag/AgCI ) 

Fig. 8. Comparison of rapid (left) and conventional (right) d-c 
polarograms of Pt(SacSac)2 in acetone. Supporting electrolyte is 
0.1M tetraethylammonium perchlorate. 

is obvious with the conventional method, but as ex- 
pected, they are almost equal with the rapid polaro- 
graphic method, confirming simply and conveniently 
that equal numbers of electrons are involved in both 
electrode processes. 

That this use of the rapid polarographic method is 
possible, confirms again the earlier findings that  the 
Ilkovic equation can still be successfully used in ap- 
plications of polarography with drop times as short as 
0.16 sec. 

Other applications.--The fast scan rates permitted by 
the rapid polarographic method have allowed other 
applications of the technique in glass corrosive hydro-  
fluoric acid media (10, 18, 22, 23) and for the study of 
complexes formed in precipitating systems (24, 25) a s  

described elsewhere. 

Conclusion 
The above discussion and results have been pre-  

sented in an endeavor to demonstrate that the rapid 
polarographic method, with short controlled drop 
times, is an extremely useful electrochemical tech- 
nique. In analytical applications it is markedly su- 
perior to the conventional polarographic method, be- 
cause of the considerable time saving gained from the 
faster potential scan rates. Furthermore,  a slight in- 
crease in precision and reproducibil i ty is obtained. 
Thus, while maintaining all the advantages of having 

a dropping mercury electrode, the technique permits 
the use of routine and rapid polarographic methods on 
a time basis which is competitive with other methods. 

When used in conjunction with conventional polaro- 
graphic methods, rapid polarography can also be an 
extremely powerful tool in electrochemistry, and can 
often be successfully used to elucidate electrode proc- 
esses and to provide information not readily accessible 
by the conventional method. 

In the light of the above analytical and electrochemi- 
cal uses of the method, it  is concluded that the rapid 
polarographic method warrants  considerably wider 
use than presently accorded. 

Manuscript submitted Feb. 23, 1971; revised manu- 
script received ca. May 14, 1971. 

Any discussion of this paper  will  appear in a Discus- 
sion Section to be published in the June 1972 JOURNAL. 
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A Computer Controlled Capillary Electrometer 
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ABSTRACT 

A completely automatic capil lary electrometer controlled by an on- l ine  
digital minicomputer  is described. This ins t rument  is based on the m a x i m u m  
bubble  pressure principle and is not subject to the systematic errors of the 
classical L ippmann  electrometer in the presence of dilute solutions of weakly 
adsorbed electrolytes. Details of the interface hardware  and the necessary 
software are given. The ins t rument  is capable of producing very  high 
qual i ty  electrocapillary data comparable to that  which can be obtained with a 
capacitance bridge in the case of simple salt solutions and superior to bridge 
data in the case of the electrosorption of organic compounds which exhibit  
very high capacitance desorption peaks. 

The interfacial  tension (or interracial  free energy) ,  
~, is the most fundamenta l  property characterizing the 
equi l ibr ium state of the electrical double layer at an 
electrode-electrolyte interface. Precise knowledge of 
this property as a function of temperature,  pressure, 
electrode potential, and system composition permits  
all of the other thermodynamic  properties of the 
double layer such as excess charge density, qM, and 
relat ive surface excesses of system components, r's, to 
be calculated (1). In  the case of solid electrodes, no 
rel iable method has yet been devised for the direct 
measurement  of % although some recent progress has 
been reported by Beck (2). In  the case of l iquid metal  
electrodes, especially mercury,  direct measurements  of 
7 date back to the original work of L ippmann  (3) of 
near ly  a century  ago. The ins t rument  invented by 
L ippmann  for such measurements,  which he named 
the "capillary electrometer," and to which we shall 
refer as the "Lippmann electrometer," was based on 
the capillary rise principle (4). It was the principal  
ins t rument  used to s tudy the electrical double layer 
in the first half  of this century, and it has continued 
to be widely used al though probably differential capac- 
itance measurements  at dropping mercury  electrodes 
based on the principles first described by  Grahame 
(5) have been more often employed for high-precision 
double- layer  studies in recent years. 

It is t rue that  differential capacitance measurements,  
coupled with measurements  of the potential  of zero 
charge, can supply essentially all of the informat ion 
required for a complete thermodynamic  description of 
the electrical double layer in the presence of simple 
salt solutions. For  the case of such solutions, differ- 
ential  capacitance may  be said to provide a satisfac- 
tory substi tute for interracial  tension measurements.  
However, in the case of the adsorption of organic 
molecules at electrode surfaces this is not true. In the 
first place, recent  studies have shown (6, 7) that inte-  
gration of differential capacitance under  the very high 
desorption peaks characteristic of most organic sor- 
bates fails to yield the correct thermodynamic  value 
of the charge density even when the capacitance is 
extrapolated to zero frequency. Secondly, it appears 
now that  it is the rule, ra ther  than the exception, that  
the electrosorption of organic compounds is congruent  
nei ther  with respect to electrode potential, E, nor with 
respect to charge density, qM, i.e., that the so-called 
lateral  interact ion parameter  in the adsorption iso- 
therm is not a constant, but  ra ther  is a function either 
of E or of q~. When this is the case, there exist no 
known relationships which permit  calculation of frac- 
t ional surface coverage, 8, from charge densi ty-poten-  
t ial  curves. The known equations due to F r u m k i n  (8) 
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Key  words :  electrocapil lary,  in terracia l  tension, m a x i m u m  bub-  
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and to Parsons (9) which express ei ther qM a t  c o n -  
s t a n t  E or, al ternately,  E at constant  qM as l inear  func-  
tions of 8 are now known to be both the necessary (9) 
and the sufficient (7) conditions for congruence of 
e]ectrosorption with respect to electrode potential  or 
charge density, respectively. Thus, when  the electro- 
sorption is noncongruent ,  nei ther  of these relationships 
may be used to calculate 0. In  such cases it appears that  
the only valid way to obtain correct electrosorption 
isotherms is to measure the interracial  tension of the 
electrode directly. 

In  the past, near ly  all interracial  tension measure-  
ments  have been made with the L ippmann  electrom- 
eter. Unfortunately,  un t i l  quite recently it was not  
realized that this classical ins t rument  is subject, under  
certain conditions, to very serious systematic errors 
(10). As is t rue in the case of all types of capil lary 
rise measurements  (4), the L ippmann  electrometer is 
reliable only when  the contact angle at the three-  
phase boundary  (mercury-solut ion-glass)  inside the 
capil lary is constant  and preferably zero. When the 
contact angle is constant  as is true, for example, in 
the case of aqueous 0.1M NaC1, very  precise measure-  
ments  of ~ are possible with a L ippmann  electrometer 
(11). In the case of such solutions the only serious 
drawback of this ins t rument  is the extreme tedium 2 of 
using it. On the other hand, in the case of dilute solu- 
tions of weakly adsorbed electrolytes such as aqueous 
NaF solutions (10, 13, 14) a systematic negative e r r o r  
appears in the vicinity of and especially at potentials 
positive to the point of zero charge when the in ter -  
facial tension is measured with a L ippmann  electrom- 
eter. This systematic error is shown to be present  by 
comparison of the shape of the directly measured 
electrocapillary curve with that of the corresponding 
electrocapillary curve obtained by double integrat ion 
of the differential capacitance. Such systematic e r r o r s  

have also been observed in the case of dilute solutions 
of other electrolytes, including HC1 and KC1 solution 
(15, 16). As was first shown by Schiffrin (15) and 
later verified in this laboratory (14), the replacement  
of the L ippmann  electrometer by a capil lary electrom- 
eter based on the ma x i mum bubble  pressure (MBP) 
principle ent i rely el iminates this source of systematic 
error. Since the max imum bubble  pressure method is 
known to be independent  of contact angle (4), these 
results support the contention (10) that the source of 
the systematic error in the case of the L ippmann  elec- 
t rometer  is the development  of a finite and potential-  
dependent  contact angle at the three-phase boundary  
inside the capillary. 

~Recent ly  Conway  and Gordon (12) descr ibed a technique  to  
re l ieve  some of the t e d i u m  and s t ra in  o n  the  o p e r a t o r ' s  e y e s  by 
us ing  a television camera  focused th rough  a microscope to v i ew 
the meniscus  inside the capi l lary of the L i p p m a n n  e lec t rometer .  
With this modification, the operator  watches  a TV m o n i t o r  in s t ea d  
of h a v i n g  to peer  t h rough  the m i c r o s c o p e .  

1596 
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Fig. 1. Maximum bubble 
pressure apparatus. 

Because of the  systematic errors which may be 
present  in measurements  of - /w i th  the L ippmann  elec- 
trometer,  and because it is not always possible from 
the L ippmann  electrometer measurements  themselves 
to detect whether  or not these systematic errors are 
present  in the data, we believe that  a capil lary elec- 
t rometer  based on the m a x i m u m  bubble  pressure 
(MBP) method provides the most realistic solution to 
the problem. Moreover, it is much simpler to automate 
a capil lary electrometer based on the MBP principle 
than it would be to automate a L ippmann  electrometer. 

In  the present  paper we describe in detail the in-  
s t rumenta t ion  which has been developed in this labora-  
tory for a completely automatic capil lary electrometer 
based on the MBP principle. This electrometer is con- 
trolled by an on- l ine  digital  minicomputer .  The results 
of our experiments  with this ins t rument  indicate that 
the qual i ty  of the data it can yield, as determined by 
the agreement  of the charge densi ty-potent ia l  data 
obtained by differentiation of the electrocapillary curve 
with integrated differential capacitance data, is at 
least comparable to that  which can be obtained with 
a capacitance bridge. 

Exper imental  
General description of the instrument.--The maxi-  

mum bubble  pressure (MBP) apparatus (Fig. 1) con- 
sists of three main  components:  (a) the electrochemi- 
cal cell with its associated potentiostat,  (b) a gas 
pressure control and measurement  system, and (c) the 
bir th  detector circuit (14) which determines when  the 
max imum bubble  pressure has been achieved. This 
apparatus receives control signals from, and t ransmits  
informat ion to, the minicomputer  3 in a closed loop 
configuration. 

T h e  m i n i c o m p u t e r  u sed  in  t h i s  l a b o r a t o r y  is a D i g i t a l  E q u i p -  
m e n t  C o r p o r a t i o n  {DEC) Mode l  P D P - 8 / I .  I t  is e q u i p p e d  w i t h  an  
8K core (12 b i t  w o r d s ) ,  32K r a n d o m  access  m a g n e t i c  d i s k  (DF-  
32}, a h i g h  speed  p a p e r  t ape  r e a d e r - p u n c h  ( P C 8 / I ) ,  an  ASR-33  
te le type ,  a n a l o g - t o - d i g i t a l  c o n v e r t e r  (ADC-1) ,  and  a d d i t i o n a l  in -  
t e r f ace  b u i l t  in  t h i s  l a b o r a t o r y  f r o m  DEC d i g i t a l  log ic  m o d u l e s  
( F l i p - c h i p s ) .  

The MBP electrode is a fine capillary (I0 to 14~ 
internal radius) which is drawn, after thorough clean- 
ing, from 1 mm. ID borosilicate glass capillary tubing 
(6 mm OD). The capillary is bent into a U-shape (15) 
so that its orifice is directed upward. After being bent, 
the capillary is dewetted by sucking the vapor of 
dichlorodimethylsilane through it for approximately 
3 rain. 4 After the capillary is dewetted, its tip is recut 
as was recommended by Payne (17) for dropping elec- 
trodes. Figure 2 is a close-up photograph of an actual 
MBP capillary used in this study. The MBP capillary 
is sealed to a length of V4 in. OD glass tubing. It is 
connected to a mercury reservoir by means of a stain- 
less steel Swagelok union equipped with Teflon fer- 
rules. The electrode is inserted into one compartment 
of the two compartment cell via a Teflon 10/30 stan- 
dard taper thermometer adapter. The cell is provided 
with an outer jacket through which water from a 
thermostat is pumped. The auxiliary electrode is a 
mercury pool at the bottom of the same compartment 
into which the MBP electrode dips. The reference 
electrode dips into the other compartment of the cell. 
Figure 3 is a photograph of the assembled cell. 

The potentiostat (Fig. 1) is an operational amplifier 
circuit with an adder configuration for two voltage 
input signals (18). The potential controlling amplifier 
is a Philbrick P-85AU, and the voltage follower is 
Philbrick P-25AU. The d-c voltage input signal to the 
potentiostat comes from a 12-bit digital-to-analog 
(D/A) converter which is a part of the computer in- 
terface. The value of the d-c potential is determined 
by a program command (cf. section on software be- 
low). The other voltage input signal to the potentio- 
stat comes from a 10 kHz sine wave oscillator (18) 
which causes a controlled, 5 mV peak-peak a-c poten- 
tial to be superimposed on the d-c potent ial  of the 

A n  i m p o r t a n t  p r e c a u t i o n  in  the  use  of  d i c h l o r o d i m e t h y l s i l a n e  
v a p o r  as a d e w e t t i n g  a g e n t  fo r  c ap i l l a r i e s  is  to i n su re  t h a t  t he  
i n n e r  w a l l  of  t he  c a p i l l a r y  is f i rs t  w e t  w i t h  a m o n o l a y e r  of  wa te r .  
We h a v e  f o u n d  t h a t  a c o n v e n i e n t  w a y  to i n s u r e  th i s  c o n d i t i o n  is 
to d r a w  w a t e r  v a p o r  f r o m  a b o v e  a b e a k e r  o f  w a r m  w a t e r  t h r o u g h  
t he  c a p i l l a r y  fo r  a f ew  m i n u t e s  i m m e d i a t e l y  b e f o r e  d e w e t t i n g .  
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MBP electrode. This signal is required for the opera- 
tion of the bir th detector. The MBP electrode is con- 
nected to the summing point of the current  amplifier 
of the bir th  detector circuit (Fig. 1); it is therefore 
held at a v i r tual  ground potential.  

A detailed description of the bir th  detector has been 
published previously (14). It suffices here to say that 
this circuit detects the ins tant  in t ime when the mer -  
cury, under  slowly increasing pressure, has been 
pushed to the very tip of the up - tu rned  capil lary and 
has formed a protruding semidroplet or "bubble" 
whose surface has a m i n i m u m  radius of mean curva-  
ture, and which has jus t  started to expand. That  is, 
this circuit detects the ins tant  of "birth" of a mercury  
droplet at the tip of the capillary. The corresponding 
difference of pressure across the curved interface at 
the instant  when the mercury  droplet begins to ex- 
pand is the "maximum bubble  pressure," i.e., the max-  
imum pressure which can be exerted against the in ter -  
facial tension without  start ing a continual  flow of 
mercury. Except for the fact that  the fluid in the 
capil lary is mercury  instead of air, the exper iment  is 
exactly analogous to the max imum bubble  pressure 
measurement  of classical surface chemistry (4, 19), 
and, hence, the name. The max imum bubble  pressure, 
Ap, is, according to the Laplace equation (4, 19, 20), 
directly proportional to the interracial  tension, "v. Thus 

Ap = 27/r  [1] 

where r is the radius of mean  curvature5 of the sur-  
face of the prot ruding "bubble." 

When the max imum bubble  pressure has been 
reached, the bir th  detector produces a sharp voltage 
pulse which is t ransmit ted to the computer interface 
and serves to signal the computer  that it is t ime to 
record the pressure. 

The pressure, • is the sum of two components:  one 
due to the mercury  head above the tip of the capillary, 
the other due to ni t rogen gas pressure exerted on the 
mercury  in the reservoir (Fig. 1). The gas pressure is 
controlled by four solenoid actuated valves 6 which 
operate under  computer control by program command. 
Three of these solenoid valves control n i t rogen flow 
into the gas pressure system. The flow rate through 
each solenoid valve and into the system is determined 
by the setting of a needle valve T (Fig. 1). The gas 
pressure system contains a 2 liter ballast volume to 
smooth fluctuations dur ing  pressure increase. The 
fourth solenoid valve serves to bleed the gas pressure 
to atmospheric in order to stop the flow of mercury  
through the capil lary after each measurement  of the 
max imum bubble  pressure. 

I f  t h e  orif ice of  the  c a p i l l a r y  is p e r f e c t l y  c i rcu la r ,  the  pro- 
truding b u b b l e  o f  m e r c u r y  w i l l  be  a t r u e  h e m i s p h e r e ,  a n d  i t s  
r a d i u s  w i l l  be i den t i ca l  w i t h  t h a t  of  the  c a p i l l a r y  orifice. Th i s  
wou ld ,  of  course,  be the  m i n i m u m  r a d i u s  w h i c h  the  m e r c u r y  
su r face  cou ld  assume.  There fore ,  a c c o r d i n g  to Eq. [ I ] ,  the  cor re -  
s p o n d i n g  p re s su re  d i f fe rence  ~p across  the  c u r v e d  i n t e r f a c e  w i l l  
be  the  m a x i m u m  w h i c h  can be exe r t ed  i f  t he  i n t e r f ace  is to be  i n  
m e c h a n i c a l  e q u i l i b r i u m .  A n y  i n f i n i t e s i m a l  i nc rease  of  the  app l i ed  
p r e s su re  w i l l  cause  the  p r o t r u d i n g  h e m i s p h e r e  to b e g i n  to e x p a n d ,  
a n d  hence  ~ts r a d i u s  a n d  su r face  a rea  w i l l  s t a r t  to g row.  The  
b i r t h  de t ec to r  c i r c u i t  a c t u a l l y  de tec t s  t he  i n s t a n t  w h e n  the  su r -  
face s t a r t s  to expand .  

I f  the  orif ice of  the  c a p i l l a r y  is no t  a t r u e  circle ,  Eq. [1] is 
s t i l l  v a l i d  bu t  r is no longe r  the  r a d i u s  of  t he  cap i l l a ry .  R a t h e r  
r n o w  s t a n d s  fo r  t he  r a d i u s  of m e a n  c u r v a t u r e  (20) of  the  in -  
terface,  a n d  i t  is g2ven by t he  f o l l o w i n g  e q u a t i o n  

- -  = l /a  + [ 2 ]  

v R~ 

w h e r e  RI a n d  R~ arc the t w o  principal  radii  of  c u r v a t u r ~  o f  t he  
surface .  

e The  v a l v e s  used  are  Mode l  V52D2100 n o r m a l l y  closed,  2 -way,  
" b u b b l e  t i g h t "  v a l v e s  e q u i p p e d  w i t h  24V d-c  so l eno ids  m a n u f a c -  
t u r e d  by  S k i n n e r  Elec t r ic  V a l v e  D iv i s ion ,  N e w  Br i t a in ,  C o n n e c t i -  
cut .  The  p o w e r  for  a l l  f o u r  so leno ids  is p r o v i d e d  by  a s i n g l e  r e g u -  
l a ted  d-c p o w e r  supp ly ,  M o d e l  W-740, m a n u f a c t u r e d  by Wescom,  
Inc. ,  D o w n e r s  G r o v e ,  I l l ino is .  A s ing le  p o w e r  s u p p l y  is suf f ic ien t  
because  on ly  one  of  t he  so l eno id  v a l v e s  is  eve r  a c t u a t e d  a t  a n y  
g i v e n  t ime.  

7 The  need le  v a l v e s  fo r  the  fas t  and  m e d i u m  ra tes  of  p r e s s u r e  
inc rease  a re  m i n i a t u r e  f o r g e d  n e e d l e  v a l v e s  {Model 3212G4B),  
w h i l e  t he  v a l v e  for  the  s low f low ra te  is a m i c r o m e t e r  m e t e r i n g  
v a l v e  tMode l  2PY280),  a l l  of  w h i c h  are  m a n u f a c t u r e d  by Hoke,  
Inc. ,  Cressl~ill, N e w  Je r sey .  

Fig. 2. Close-up photograph of typical MBP electrode. Diameter 
of capillary at orifice is about 20~. 

Fig. 3. Assembled MBP cell. Left compartment contains MBP 
electrode. Right compartment contains salt bridge for reference 
electrode. Reference electrode is water jacketed calomel. Drop 
knocker is on left of photograph. 

The gas pressure is measured by  a pressure t rans-  
ducer (Fig. 1) which consists of a Lion Research 
Corporation (Newton, Massachusetts) Model DC-303 
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differential, capacitive pressure sensor coupled to a 
Model PM-100A sensor driver  and readout. The sensor, 
al though originally calibrated over a range  of 0-100 
mm Hg, is capable of being operated safely over a 
range of 0-200 m m  with no loss of precision. It  is over 
this la t ter  range that  the sensor is used in the MBP 
apparatus. One side of the pressure sensor is con- 
nected to the gas pressure system, and the other side 
is left open to the atmosphere. The PM-100A then out-  
puts an analog voltage which is the measure of the 
difference of pressure between the gas pressure system 
and the atmosphere. This analog voltage is then scaled 
by an operational  amplifier (Phi lbr ick Model 1700, 
chopper stabilized) before being input  to the A/D con- 
verter. The purpose of the scaling is to insure maxi -  
m u m  precision in the digital representat ion of the 
analog voltage. The pressure t ransducer  and scaling 
amplifier combinat ion is calibrated by connecting the 
pressure sensor to a separate, manua l ly  adjustable  gas 
pressure system. The pressure in this latter system is 
read on a wide bore mercury  manometer  with the aid 
of a cathetometer cal ibrated to 0.01 mm. The scaled 
analog voltage output  of the PM-100A is read to the 
nearest  0.1 mV with a Fluke  Model 8300A digital volt-  
meter. The table of calibration data (pressure vs.  volt-  
age) is then fitted to a least squares 4th degree poly- 
nomial  by digital computer  (CDC 6400), and the five 
coefficients of this best-fi t t ing calibration polynomial  
are then input  to the PDP-8 / I  computer and stored in 
its memory. During the measurement  of an electro- 
capil lary curve, the digitized, scaled analog voltage 
from the PM-100A corresponding to each individual  
measurement  of pressure is converted into a pressure 
by means of this calibration polynomial.  Our experi-  
ence indicates that  recal ibrat ion of the pressure t rans-  
ducer need not be done more often than once a month. 

Figure 4 is a block diagram of the complete, closed 
loop apparatus. The items on the right hand side of this 
diagram represent  the MBP apparatus, proper (cf. 
Fig. 1). The large double rectangle on the left repre-  
sents the computer. The items in the center of Fig. 4 
represent  the interface between the computer  and the 
exper imental  apparatus. The arrows in the figure in-  
dicate the direction of informat ion flow. 

I n t e r f a c e  h a r d w a r e . - - T h e  interface required for com- 
municat ion  between the MBP exper iment  and the com- 
puter  consists (Fig. 4) of three digi tal- to-analog 
(D/A) converters, four relay drivers, one positive in-  
put  converter, one bipolar output  converter, and an 
analog-to-digi tal  (A/D) converter. A complete list of 
all digital logic modules required is given in the 
Appendix.  Every discrete type of operation of each 
interface device requires one- th i rd  of a hardware  
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Fig. 5. Logic diagram for relay interface 

device selector module (W103) to decode the corre- 
sponding program command and t ransla te  it into a 
voltage pulse which init iates the interface device op- 
erat ion (21, 22). D / A  converters have only one type 
of operation, namely,  to convert  a b inary  number  ap- 
pearing in the accumulator  of the computer  into an 
analog voltage. Therefore, one W103 suffices for all 
three D/A's. Relay drivers require two device codes, 
one for energizing, the other for de-energizing the 
relay coils. Therefore, each relay dr iver  requires two- 
thirds of a W103. The A/D converter  requires three 
device codes, and, therefore, uses a whole W103 device 
selector module. 

One of the D / A  converters  is used to provide the 
d-c voltage input  signal to the potentiostat. The resolu- 
tion of this converter  is one part  in 4095. This means 
that the d-c potential  of the MBP electrode is con- 
trolled to bet ter  than  0.5 mV. The other two D/A 
converters are each 10-bit and are used only to oper- 
ate an X-Y plotter s so that  a graphical record of every 
measurement  is produced. The resolution of the plot 
is one part  in 1023. Examples of the plots obtained are 
shown in Fig. 11 and 13 below. 

Each of the four solenoid valves (Fig. 1 and 4) which 
control the pressure in  the gas pressure system is en-  
ergized or de-energized on program command by the 
action of a relay (Clare Model RP 3718-G75) through 
whose contacts the current  from the solenoid power 
supply 6 passes. Figure 5 shows the interface logic 
diagram for a relay. When the R-S flip-flop is in the 
"zero" state the re lay is de-energized and therefore 
the current  to the solenoid valve is cut off. When the 
flip-flop is changed to the "one" state the relay and, 
hence, the solenoid valve are energized. The device 
selector decodes the two program commands, "ener-  
gize" or "de-energize" (SET or RESET respectively, 
cf. Fig. 5), and translates  them into voltage pulses 
which cause the flip-flop to go to either the "one" or 
"zero" state. 

When the ma x i mum bubble  pressure has been 
achieved, the bir th  detector produces a sharp analog 
voltage pulse (14). This analog pulse must  be con- 
verted to the proper s tandard digital voltage level in 
order to interact  with the computer.  That  conversion 
is accomplished by a W510 positive input  converter.  
Figure 6 shows the logic diagram of the interface be-  
tween the bir th detector and the computer. When the 
positive voltage pulse from the bir th detector occurs, 
the WS10 switches (in 100 nsec) from ground to --3V. 
When this happens the R107 inver ter  applies a corre- 
sponding positive voltage level  change ( - -3V to 
ground) to the "set" input  of the R-S flip-flop which 
has previously been put  in the "zero" state by  a pro- 
gram command via the W103 device selector. This 
flip-flop serves the purpose of a "bir th detector flag" 
whose state is cont inual ly  tested by the computer  
which operates in a wait  loop (durat ion 60 ~sec) as 
the pressure is bui lding up in the gas pressure system 

s T h e  p l o t t e r  is  a H e w l e t t  P a c k a r d  M o d e l  7004A X-Y r e c o r d e r  
equipped with two Model 17171A d - c  p r e a m p l i f i e r s , :  o n e  M o d e l  
17173A null d e t e c t o r ,  a n d  o n e  M o d e l  17012B point p l o t t e r ,  
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Fig. 6. Logic diagram for birth detector interface 

pr ior  to b i r th  detection. When  b i r th  is detected by  the  
hardware ,  the  "one" output of this  flip-flop enables  one 
of the two inputs  of the  negated input  AND gate  
( R i l l ) ;  o therwise  this  input  is disabled.  A s ta tement  
in the wai t ing  loop, "skip  on b i r th  detect ion flag," then  
causes the  W103 device selector  to enable  the  o ther  in-  
put  of this  AND gate once each t ime around the w a i t -  
ing loop. If  b i r th  has been detected b y  the h a r d w a r e  
dur ing  a pass th rough  the wai t ing  loop, the  AND gate 
is enabled and outputs  a vol tage  level  which causes 
the  skip  bus of the  computer  to be dr iven  to ground. 
When the skip bus is d r iven  to ground, the computer  
skips the nex t  ins t ruct ion in the  p rog ram and enters  a 
rout ine  to store the cur ren t  va lue  of the gas pressure  
in memory .  

The analog vol tage f rom the  pressure  t ransducer  is 
conver ted  by  the  A / D  conver te r  (Fig. 4) to a d igi ta l  
number  at  the  beginning  of each occurrence of the  b i r th  
detect ion wai t ing  loop. The A / D  conver ter  used is a 
single channel,  12-bit DEC ADC-1 successive approx i -  
mat ion  type  conver te r  which  is equipped wi th  a 150 
nsec s a m p l e - a n d - h o l d  ampli f ier  (A400). (The analog 
vol tage range  of the  A / D  is ___5.000V.) In o rder  to 
achieve m a x i m u m  digi ta l  accuracy the  analog output  
of the pressure  t ransducer  is scaled to give a m a x i m u m  
output  vol tage  of --5.000V (Fig. 1). 

In  the  ea r ly  stages of deve lopment  of this ins t ru-  
ment  it  was observed tha t  occasional ly spurious low 

pressure  measurements  were  produced.  The cause of 
these  spurious measurements  was t raced  to the  fact  
that  sometimes the  me rc u ry  drople t  produced at the 
t ip of the cap i l l a ry  did  not  fa l l  off, hut  r a the r  sat over  
the  orifice of the  up tu rned  cap i l l a ry  (cf. Fig. 2). In  
order to preclude the  occurrence of such spurious 
pressure readings, a simple solenoid actuated drop- 
knocker was interfaced to the computer. After each 
MBP measurement this drop-knocker twice raps the 
capillary sharply, thereby insuring that no droplet is 
left sitting over the orifice to interfere with the next 
measurement. (The rapping rod of the drop-knocker 
can be seen in Fig. 3.) The interface used is a DEC 
W602 bipolar output converter (Fig. 4). The output 
of the W602 saturates an NPN transistor which, in 
turn, activates a silicon controlled rectifier. The SCR 
serves as a switch to discharge a 200 ~F capacitor, 
charged to 50V, through the solenoid coil of the drop- 
knocker. (Figure 7 is the logic diagram for the drop- 
knocker.) An alternative method of interfacing a 
drop-knocker would be to connect a solenoid driver 
(W040) directly to the drop-knocker solenoid. 

So#ware.--The computer program for the automatic 
capillary electrometer is designed to operate with a 
DEC PDP-8/I computer having a single 4K memory 
core [4096(decimal) 12-bit words] and one 32K ran- 
dom access magnetic disk (DF-32). The program 9 is 
written in the disk version, PALD, of the standard 
PDP-8 assembly language, PAL. This program, in its 
entirety, is too large to fit within the 4K memory and 
still to have room for the necessary data buffers. 
Therefore, in order to conserve the amount of memory 
actually occupied by the program at any one time, a 
disk overlay system is used. With this system, the 
program is divided into four parts: a main (or con- 
trolling) program which is resident in core at all 
times, and three overlay programs which are stored 
on the magnetic disk as system programs and which 
are called into core as they are required by the main 
program. Each overlay occupies the same portion of 
the memory as its predecessor. The idea of this pro- 
gramming system is illustrated in Fig. 8. In addition 

9 Listings of the assembly language program will be supplied 
upon request to the authors. 

Fig. 7. Drop knocker. (o) 
Logic diagram for interface. 
(b) Circuit diagram for drop 
knocker. 
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Fig. 8. General programming scheme 

to the main program, it is also necessary to have the 
software floating point package and the disk monitor 
permanently resident in core. The floating point pack- 
age contains all of the algorithms necessary for deci- 
mal arithmetic operations, and the disk monitor ac- 
tually accomplishes the transfer of overlay programs 
from the disk into core after receiving the relevant 
disk file name from the main program. Figure 9 is a 
block diagram of the core allocation map. The frac- 
tional area of each block in that diagram is equal to 
the fraction of the memory occupied by the designated 
entity. The numbers in parenthesis in the block dia- 
gram give the range of memory addresses used for 
each purpose. (These addresses are expressed in octal 
arithmetic.) 

The main program consists of subroutines for mes- 
sage writing on the teletype, plotting the electrocapil- 
lary curve on the on-line plotter, and overlay calling. 

MAIN PROGRAM 

10000 O - 1 1 7 7  a ) 

OVERLAY PROGRAM 

( 1200 e - 2177 e ) 

RAW A/D BUFFER (2200 s - 2 3 7 7  s) 

FLOATING ~" 3' BUFFER 

(2400s-3177  e ) 

FLOATING ~" ~BUFFER 
( 3 2 0 0 e - 5 7 7 7  s) 

FLOATING POINT 

SOFTWARE PACKAGE 

( 4 0 0 0  e -  6 7 7 7  a ) 

D I S K  SYSTEM MONITOR 

( 7 0 0 0 e - 7 7 7 7  e) 

Fig. 9. Core allocation map. The fractional area of each block 
in this diagram is equal to the fraction of the computer memory 
used for the designated purpose. Actual address limits of each 
block of core are given in octal arithmetic. 

In addition, it contains storage locations for various 
constants and variables required by the overlays. The 
actual control of the experiment is accomplished by 
the three overlays. As each overlay completes its task 
it returns control to a predetermined address in the 
main program (cf. Fig. 8). The main program then 
transmits the disk file name of the next overlay re- 
quired to the disk monitor, and the disk monitor 
transfers the new overlay program into the same 
block of core occupied by the previous overlay (cS. 
Fig. 9). 

The purpose of overlay 1 is to accept from the ex- 
perimenter, via the teletype, the necessary input pa- 
rameters for the performance of the experiment.- These 
parameters include: the capillary calibration constant 
used to convert pressure measurements into interfacial 
tensions; the head of mercury above the capillary tip; 
the head of solution above the capillary tip (used for 
back-pressure correction); the number of electrode 
potentials (E) at which the interracial tension ('~) 
is to be measured (maximum of 128 points per curve) ; 
the initial electrode potential; the potential increment 
between points; and the number of times the mea- 
surement of the complete electrocapillary curve is to 
be replicated. 

Overlay 2 actually runs the experiment. The flow 
diagram for this overlay is shown in Fig. 10. The first 
task of this overlay is to make a rough run through 
the electrocapillary curve which will serve as a guide 
for the subsequent high precision measurements. For 
this purpose, only the medium flow rate of gas into 
the gas pressure system is used (cf. Fig. 1 and 4). The 
flow diagram for the steps required to make the rough 
run are given in the left hand part of Fig. 10. At each 
potential the 12-bit digital equivalent of the analog 
voltage output of the pressure transducer produced by 
the A/D at the instant of birth detection (i.e., the 
maximum bubble pressure) is written in a memory 
buffer (denoted RAW A/D in Fig. 9). When the rough 
run through the electrocapillary curve has been com- 
pleted, the high precision electrocapillary measure- 
ments are then made following the logic in the middle 
and right hand portions of the flow diagram in Fig. 10 
starting at the point marked "A." In order to speed the 
measurements, the gas pressure is first increased 
rapidly using the fast flow valve (cf. Fig. 1 and 4). The 
A/D reading is checked continuously against the value 
which was stored at the same electrode potential in 
the RAW A/D buffer during the rough run. When the 
pressure is within 3 cm (Hg) of that required for 
birth detection during the rough run, the fast flow 
valve is closed and the medium flow valve is opened. 
The pressure is then increased at the medium flow rate 
until it is within 1.5 cm of the value stored during the 
rough run. At this time the medium flow valve is 
closed and the slow flow valve is opened. The pressure 
then increases very slowly until birth is detected. 
(In order to protect the A/D converter from receiving 
an analog voltage overload, a check is made to insure 
that the pressure has not exceeded 99% of full scale.) 
When birth is detected, indicating that the maximum 
bubble pressure has been achieved, the pressure in- 
crease is stopped and the current contents of the A/D 
register are stored in the same location in the RAW 
A/D buffer where the previous rough measurement 
had been stored. (The decision when to switch gas flow 
rates in the next repetition of the measurement will 
then be based on the value of the pressure stored in 
the RAW A/D buffer during the preceding high pre- 
cision run.) The value of the gas pressure is then 
floated using the floating point package. Then the head 
of mercury above the capillary tip is added and head 
of solution above the capillary tip (expressed in equiv- 
alent cm Hg) is subtracted, and the net value of the 
maximum bubble pressure is multiplied by the capil- 
lary calibration constant (cf. Eq. [1]) to obtain the 
interracial tension 7. The floating point decimal value 
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Fig. 10. Flow diagram for 
overlay program No. 2. 
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of the interfacial  tension is punched on high speed 
paper tape for a permanent  record and also typed by 
the teletype opposite the value of the electrode poten- 
tial. The floating b inary  version of 5" (expressed as 
three 12-bit words) is then stored in the floating buffer 
(denoted by FLOATING Zs" in Fig. 9). This buffer was 
filled ini t ia l ly  with zeros by overlay 1. On each sub- 
sequent high precision measurement  of 5" the new value 
is added to the sum of the previous ones. This is neces- 
sary in order to be able to calculate the average value 
of 5" at the completion of the experiment.  Similarly,  
the sum of the squares of the interracial  tensions are 
accumulated in the buffer denoted FLOATING zs" 2 in 
Fig. 9 to permit  later calculation of the s tandard devi-  
ation of 7 at each electrode potential. When the high 
precision measurement  of 5" at each E has been re-  
peated the desired number  of t imes (typically, five 
t imes),  overlay 2 re turns  control of the system to the 
main  program which then  causes overlay 3 to be 
brought  into core. 

The purpose of overlay 3 is to calculate the average 
value of 5' at each electrode potential. These values 
are typed out on the teletype, punched on high speed 
paper tape, and plotted on a graph. The s tandard 
deviation of ~, at each potent ial  is also typed on the 

teletype. If the relative s tandard deviat ion exceeds a 
predetermined amount  (e.g., one part  per thousand) 
the teletype also pr ints  the message "EXAMINE!" to 
alert  the exper imenter  to review the individual  values 
of 5' determined at the given potential  in order to 
identify a possible spurious measurement  for subse- 
quent  discard before proceeding with the thermody-  
namic analysis of the data. 

Results and Discussion 
Ca~ibration.--The computer-control led capil lary elec- 

t rometer  is calibrated using an electrolyte solution for 
which the absolute value of the interfacial  tension at 
the electrocapillary ma x i mum is known from an in-  
dependent  method of measurement ,  namely:  the ses- 
sile drop method. After  calibration, the performance 
of the ins t rument  was judged by  comparison of the 
values of the surface charge density, qM, ca]culated 
according to the L ippmann  equat ion (1) by differentia- 
tion of the electrocapillary curve with respect to elec- 
trode potential  with the corresponding values of qM 
obtained by integrat ion of the differential capacitance 
from the point of zero charge. 

The cal ibrat ion is based on the value, 426.2 __ 0.2 
dyne cm -~, of the interfacial  tension of mercury  in 
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Fig. 11. Typical calibration 
experiment. Solution is 0.05M 
Na2SO4. Each dot represents 
an individual determination of 
the maximum bubble pressure. 
This experiment was repeated 
five times. 

contact with 0.05M Na2SO4 at the electrocapillary 
max imum at 25~ determined by Smolders and Duyvis 
(23) by the sessile drop method in 1961. This deter-  
minat ion is general ly considered to be the most reliable 
absolute value of the interracial  tension of an ideal 
polarized mercury  electrode which is available. Figure  
11 shows the actual plot of the max imum bubble  pres- 
sure .~p (in cm Hg) v s .  electrode potential  which was 
produced in a cal ibrat ion experiment.  The measure-  
ments  were replicated five times (not counting the 
rough run) ,  and the small  scatter of the measurements  
can be seen from the graph�9 The average value of -~p 
at each of the 57 potentials was calculated and the 
data was smoothed on the CDC 6400 computer using 
the previously published (24) moving least squares 
technique wi th  the "runs  cutoff criterion�9 The value 
of -~p at the potent ial  of zero charge, Ez, was found by 
computer interpolation. The value, 426.2 dyne cm -1, 
was then assigned to ~p at Ez, and the cal ibrat ion con- 
stant was calculated. (The cal ibrat ion constant  mul t i -  
plied by ~p in cm Hg yields interracial  tension -y in 
dyne cm-1.) All values of ~p were then mult ipl ied by 
the calibration constant to obtain the ~,-E curve which 
was then  differentiated by the moving cubic fit rout ine 
(25) to obtain the charge densi ty-potent ia l  curve. We 
measured the differential capacitance of a dropping 
mercury  electrode in  the same solution using a General  
Radio Model 1615-A t ransformer  ra t io -a rm bridge, and 
we determined the potential  of zero charge by the 

s treaming electrode method of Grahame (26). (The 
potential  of the isolated s treaming electrode was mea-  
sured with a Fluke Model 8300A digital vol tmeter  as 
a function of pressure and in accordance with the 
recommendat ion of Grahame, the most negative value 
found was accepted as the value of Ez " Ez ~ --0.532V 
v s .  0.1M NaC1 calomel electrode.) The differential 
capacitance was integrated by digital computer  from 
Ez to obtain qM. The values of qM obtained by differ- 
ent iat ion of the electrocapillary curve were then com- 
pared at each elertrode potential  to the values of qM 
obtained by integrat ion of the differential capacitance 
curve�9 The results are i l lustrated in Fig. 12. For per-  
fect agreement  between the two methods of de termin-  
ing qM, the points would lie on the solid l ine of un i t  
slope. It  car~ be seen that  the actual agreement  is 
quite good. The points in the centers of the small  ovals 
are the actual exper imental  points. ( In order to make 
the exper imental  points clearly visible, the ovals are 
drawn with their  major  axes about three t imes larger 
than the s tandard deviation of the exper imental  er-  
ror.) The value of the s tandard deviation of the ex- 
per imental  error in the determinat ion of qM from the 
derivative of the electrocapillary curve ( taking the 
values of qM determined from integrat ion of the dif-  
ferent ial  capacitance as correct) was 0.12 ~coulomb 
cm-2;  the average value of the error was 0.03 ~coulomb 
cm-2. 
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Applications.--The apparatus has now been tested 
with a var ie ty  of salt solutions, and it is being used 

rout inely  in  this laboratory for measurements  of the 
electrocapillary curves of organic compounds in 
aqueous electrolyte solutions. Typical  results are 
shown in Fig. 13 for the electrosorption of 2-butanol  
on mercury  from aqueous 0.01M NaF. The points plot- 
ted in this figure are averages of five determinations�9 
The points shown on the curve represent  measure-  
ments  at each of 57 electrode potentials for the 0.01M 
NaF base electrolyte (top curve) and for 14 different 
concentrat ions of 2-butanol  ranging from 0.01 to 1.0M. 
It should be noted that  measurements  such as these 
could not  have been obtained at all with a classical 
L ippmann  electrometer because of the systematic er-  
rors to which that  ins t rument  is subject. ( In  the case 
of 0.01M NaF, the L ippmann  electrometer shows nega-  
tive errors slightly cathodic of the electrocapillary 
maximum, and these errors increase to more than 
10 dyne cm - I  on the anodic branch.) The time and 
labor required to make this set of measurements  was 
also very  much less than would have been needed to 
make an equal number  of measurements  with a Lipp- 
m a n n  electrometer even if it could have been safely 
used. The typical rates of pressure increase used with 
our ins t rument  are (el. Fig. 1 and  4): fast flow, 50 
m m  Hg/sec; medium flow, 7 mm Hg/sec; slow flow, 
0.7 mm Hg/sec. With these flow rates it requires ap- 
proximately 45 sec for the automatic electrometer to 
change the electrode potential, make the MBP mea-  
surement,  and record the measurement  on the tele- 
type, paper tape, and plotter. This means that three 
repetit ions of a 60 point electrocapillary curve requires 
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less than 3 hr. Since the operation of the experi-  
ment  is completely automatic after setting up, the 
exper iment  requires no at tent ion from the experi-  
menter.  The only work required from the experi-  
menter  is to prepare the solution and fill the cell, 
deaerate the solution, and enter  into the memory of 
the computer  via the teletype the necessary input  
parameters  as required by overlay 1. The computer 
then  starts the experiment ,  runs it the desired n u m b e r  
of times, and records the data. When  the measurements  
have been completed the electrocapillary data re-  
corded on high speed paper tape are t ransferred to 
magnetic tape and the thermodynamic  analysis is ac- 
complished on the large digital computer  l~ (CDC 
6400) using the previously published methods (24, 25). 

Minimal system requirements.--The minicomputer  
system employed in this laboratory makes the experi-  
ments  with the computer-control led capil lary elec- 
t rometer  very  convenient.  However, it should be 
pointed out that it would be quite feasible to construct 
a workable ins t rument  using a significantly less ex- 
pensive minicomputer  system having fewer per ipher-  
als, for example: a PDP-8 /E  with 4K core and no 
magnetic  disk or high speed paper tape reader-punch.  
For a computer system with no magnetic disk, the 
program could simply be split into three separate 
programs, each corresponding to one of the overlays 
described above. Program 1 would accept the input  
parameters  and punch them on low speed paper tape, 
i.e., on the teletype. Program 2 would read the tape 
produced by program 1, run  the exper iment  and punch 
out the results on low speed paper tape. Program 3 
would perform the same task as our overlay 3. The 
only difference in the practical operation of such a 
system and the one described in this paper would be 
that the operator would have to load each of the 
three programs manua l ly  using the b inary  loader. 
The same interface (cf. Fig. 4 and Appendix)  would, 
of course, be required, al though one could dispense 
with the on- l ine  plotter. Obviously, equivalent  min i -  
computers of other manufac turers  could also be used 
to construct this ins t rument .  

Conclusions 
The design of a completely automatic capil lary elec- 

t rometer  controlled by an on- l ine  digital minicom- 
puter  has been described. The performance of this 
ins t rument  has been evaluated, and it was found that  
the qual i ty  of the electrocapillary data it can produce 
is comparable to that which can be obtained with a 
capacitance bridge in the case of simple salt solutions. 
In  the case of solutions of organic neut ra l  compounds 
the results are superior to those obtained with a 
capacitance bridge (7). Because this ins t rument  is 
based on the m a x i m u m  bubble  pressure principle in-  
stead of the capil lary rise principle it is completely 
immune  from the systematic errors which render  a 
L ippmann  electrometer useless for measurements  in 
dilute solutions of weakly adsorbed electrolytes such 
as 0.01M NaF. The ins t rument  has been tested and is 
now being used rout inely  in this laboratory for the 
studies of the electrosorption of organic molecules at 
electrodes. 
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APPENDIX 
Table I is a list of the digital logic modules (DEC 

flip chips) used to construct the various interface 
components on the system described in this paper. 
The interface for this system is bui l t  from DEC 
"negative logic" ( - -3V and ground) discrete circuit 
component modules, i.e., R, A, and W series digital 
logic modules. In  order to aid in the selection of com- 
ponents for an interface based on "positive logic" 
(q-3V and ground) we also give the nearest  equiva-  
lents to our interface in terms of DEC M and A series 
integrated circuit digital logic modules. The number  
in parentheses immediate ly  preceding the logic module 
model number  is the number  of modules of the indi-  
cated type required. It  should be noted that the D /A  
converters also require a stable analog reference vol t-  
age source. We employ two Hewlett  Packard Model 
6215A power supplies for this purpose. The Model 
ADC-1 A/D converter  is purchased as a single pack- 
aged uni t  installed at the factory. 

Table I. List of digital logic modules 

Nega t ive  logic Pos i t ive  logic  
In t e r face  N u m b e r  modules  modules  

device  needed per  device  per  device  

12-bit D/A I (I) A605~ (I) M613 
(2) A604 (1/3) MI03 
(2) A601 (2) M206 
(6) 1:t202 
(1/3) W103 

10-bit D/A 2 (2) A604 (i) A618 
(2) A601 (1/3) MI03 
(5) 1:1202 
(1/3) W103 

Relay driver 4 (1/7) W051 (1/2) M040 
(1/4) 1:1204 (1/8) M203 
(2/3) W103 (2/3) MI03 

Bir th  detector  I (1/3) WS10 (1) MS01 
in te r face  (1/7) 1:1107 (1/8) M203 

(1/4"1 1:1204 (I/10l M133 
(1/3) 11111 (2/3) M103 
(2/3) W103 

Drop knocke r  1 ( 1/2) R302 (1/2) M302 
(1/3) W602 (1/12) M050 
(1/3) W103 (1/3) M103 

Plot control  1 (1/2) 1:1302 (1) M306 
(1/3) R i l l  (1/10) M133 
(1/2) 1:1202 (1/6) M207 
(1/3) WSlO (I) MS01 
(1/7) 1:1107 (2/3) M103 
(2/3) W103 
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Exchange in the Zn, Zincate, ZnO System 
T. P. Dirkse,* L. A. Vander Lugt,* and N. A. Hampson ~ 

Chemistry Department, Calvin College, Grand Rapids, Michigan 49506 

ABSTRACT 

The results of a radiochemical study of the system Z n / Z n ( I I ) ,  O H - / Z n O  
are presented. It is shown that the exchange of tagged Zn( I I )  between solid 
ZnO and zincate ion is slow and appears to be negligible in zincate solutions 
based on 30% KOH. Commercial  implications are discussed. At tempts  to 
study the charge t ransfer  reaction at a solid zinc electrode were unsuccessful 
due to the high parasitic corrosion rate. 

Although considerable progress has been made in  
unders tanding  the processes which occur at a solid 
zinc electrode in KOH solutions, some unset t led ques- 
tions still remain.  One of the reasons for this is that  
the na ture  of concentrated KOH solutions is not ful ly 
understood; the situation is fur ther  aggravated when  
zincate ion is present in the solution. 

Zincate solutions may be prepared by dissolving 
ZnO in aqueous KOH. Two complex ions have been 
identified in the solution Zn (OH)3 - ,  and Zn(OH)42-  
(1). It  is general ly agreed that the most common of 
these is Zn(OH)~ 2-  (2). A fur ther  complication with 
these solutions is the readiness with which "super-  
saturated" zincate solutions can be prepared, i.e. solu- 
tions in which the concentrat ion of the dissolved 
Zn( I I )  species is greater  (often by a factor of 2) than 
that  of solutions in equi l ibr ium with solid ZnO. Raman  
spectra (3, 4) and N.M.R. (5) have been used to study 
potassium zincate systems based on KOH solutions 
ranging from 4 to 15 m o l l  -1 and it has been concluded 
that  the only significant anion is the te t rahedral  
Zn(OH)42- .  In  more dilute solutions there were in-  
dications of "second coordination sphere" influences 
and indications of ion pair association. 

Of special interest  for power source applications and 
significance to the study of the zinc-alkali  electrode 
process is the electrolytic production of supersaturated 
zincate electrolytes by the anodic oxidation of zinc in 
KOH (6). Pract ical ly nothing is known about such 
solutions except that  the precipitate that  forms ex- 
t remely  slowly appears to be composed main ly  of ZnO. 
Above a certain concentrat ion of zincate the Zn( I I )  
appears to be electrochemically inactive (7). Raman  
spectra studies of supersaturated solutions indicate 
that above the equi l ibr ium solubil i ty l imit  Zn( I I )  
species are not present as Zn (OH)4 ~- (4). 

* Electrochemical  Society Act ive  Member .  
1Presen t  address:  Chemist ry  Depar tment .  Loughborough Uni-  

vers i ty  of Technology. Leicestershire.  England. 
Key words:  radioact ive zinc. zinc exchange,  alkaline system. 

zinc. zinc oxide, zincate. 

The process of discharge of zinc electrodes (dissolu- 
t ion of zinc) occurring in energy conversion devices 
general ly involves the ul t imate  production of ZnO 
as a solid phase. For the whole process, then, at least 
two exchange reactions occur involving Zn and Zn (II) 
species. These are: first, the charge t ransfer  reaction 
(exchange of electrons and ions between electrode and 
solut ion);  and second, the exchange between solution 
Zn( I I )  and lattice Zn ( I I )  in ZnO. 

The charge transfer  reaction has been investigated 
using electrochemical methods and in the case of the 
zinc amalgam electrode the results have been con- 
firmed using radiochemical techniques (8). Radio- 
chemical techniques appear to offer the only method 
of s tudying the solut ion/oxide exchange equil ibrium. 
Recently in this laboratory the exchange of Zn 65 be- 
tween soluble Zn( I I )  species in  7 mol ~-~ KOH and 
solid ZnO has been investigated. It  was reported in 
a pre l iminary  communicat ion (9) that  the rate of ex- 
change of Zn was so slow as to be vi r tual ly  undetect-  
able. 

In  this paper we present  the detailed results of the 
investigation concerning the exchange of Zn 65 between 
soluble Zn( I I )  species in electrolytes based on various 
concentrat ions of KOH and solid ZnO. We note the 
results of experiments  on the electrolytic production 
of ZnO through the in termediacy of supersaturated 
potassium zincate solutions and also the results of an 
at tempt  to follow the Z n / Z n ( I I )  exchange using the 
radiochemical technique. 

Experimental and Results 
Materials and general procedures.--The radioactive 

form of zinc used was Zn 65 available as carr ier-free  
Zn65Cl~. Radioactive zinc electrodes (1 c m x  1 cm) 
were prepared by electrodeposition onto p la t inum at 
a rate of 2 mA cm -2 from a dilute solution of Zn65C12. 
Zincate concentrat ions were determined by  t i t rat ion 
with EDTA, and samples (0.5 ml  or 1.5g) were used 
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for radioactive counting. All work was carried out at 
room temperature,  23 ~ _ I~ 

Zincate/solid ZnO exchange.--Each mixture  con- 
tained about 3g of undissolved ZnO, having a particle 
size of 0.3~,, suspended in 60 ml  of KOH solution (10, 
20, 30, and 45%) previously saturated with tagged 
ZnO. These mixtures  were agitated on a mechanical  
shaker. The results are shown in Fig. 1. The amount  
of exchange was followed by noting the decrease in 
count rate of the solution and by measur ing the uptake 
of Zn 65 by the solid ZnO. The la t ter  procedure was 
more inconvenient  because of the problems associated 
with the washing of the solid ZnO. 

In  the case of the 30% KOH solution, no exchange 
occurred dur ing  the exper imental  t ime period. In  the 
case of 10% and 20% KOH, a small amount  of ex- 
change occurred. This could not be ascertained from 
Fig. 1, but  was determined from the count rate of the 
solid ZnO at the end of the run. The "time infinity" 
values on Fig. 1 are calculated values based on the as- 
sumption of complete exchange. It  is clear that  in no 
case were these values approached on the present  t ime 
scale. 

The system based on 45% KOH did not show a 
change in radioactivity of solution with t ime wi th in  
the uncer ta in ty  limits inherent  in the radiometric 
counting. To check this, the amount  of undissolved 
ZnO in the system was increased to 12g. Figure 2 
shows the results; a small  but  significant amount  of 
exchange occurs. 

As a check on the results shown in Fig. 1, the solid 
was removed from each system at the completion of 
the experiments  and counted for radioactivity. The 
results are shown in Table I. For 30% KOH no ex- 
change has occurred, the solid ZnO being free of tag- 
ged Zn. For 10% KOH the ZnO shows pronounced 
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activity but  the 20% and 45% KOH systems exhibit  
only weak activity. 

Discharge of Zn into KOH saturated with tagged 
ZnO.--The electrolyte system consisted of KOH solu- 
tions saturated with tagged ZnO, zinc anodes, and 
cadmium oxide cathodes. As current  passes through 
the cell the zinc dissolves and the cathode is reduced 
to cadmium metal.  Charge was passed unt i l  a super-  
saturated solution of potassium zincate [2 to 3 t imes 
the equi l ibr ium concentrat ion of Z n ( I I ) ]  resulted. 
This was verified by EDTA analysis. The supersatu-  
rated solution was stored unt i l  a precipitate of ZnO 
was deposited. This required about 2 days for the first 
signs of solid deposition to appear. From t ime to t ime 
throughout  the precipitation period solution samples 
were removed, filtered, analyzed, and counted for 
radioactivity. In  the 35% KOH solution, the super-  
saturated solution contained 0.1 mole Zn ( I I ) .  At the 
end of the run, 2.4g of ZnO had precipitated. 

The results of these experiments  are given in Table 
II. The solution shows no change in the proport ion of 
the atoms of zinc which are tagged. 

Zincate/zinc metal exchange reaction.mTagged solid 
zinc electrodes were suspended in  untagged potassium 

Table I. Radioactivity of solid ZnO that had been in equilibrium 
with tagged zincate solutions of potassium zincate 

% K O H  ( c o u n t s / r a i n )  % E x c h a n g e  

10  185,000 ~ 1 0  
20 8,300 ~ 2  
30 2,080 0 
45 37,000 ~ 3  

Table II. Exchange in electrolytic zincate solutions 

Time, days 

10% K O H  35% K O H  45% K O H  
(counts/mole (counts/mole (counts/mole 

zincate) z i n c a t e )  z i n c a t e  ) 

0 2 2 , 4 0 0  1 7 4 0  5 7 6 0  
3 2 1 , 4 0 0  ~ m 
4 m ~ 5 7 9 0  
5 m 1 8 0 0  
8 2 1 , 4 0 0  
8 ~ 17"30 

11 2 1 , 6 0 0  ~ - -  
13 ~ 1780 - -  
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zincate solutions. The change in the radioactive count 
for the solution was measured from t ime to time. Fig-  
ure 3 shows the change in  radioactivi ty for a zincate 
solution based on 45% KOH and Fig. 4 shows similar 
data for a solution based on 35% KOH. The solution 
radioact ivi ty increased markedly.  Examina t ion  of the 
electrode at this point  revealed that  the zinc deposit 
had been corroded to such an extent  that  the p la t inum 
base had become exposed. Data are tabula ted  in Table 
III. Calculat ion of the rate of corrosion by measur ing 
the weight loss indicated a rate of 2 x 10-e tool hr  -1 
c m  --2. 

In  a fur ther  series of exper iments  wi th  solid elec- 
trodes, untagged zinc sheets were placed in tagged 
zincate solutions. Again no change in the radioactivi ty 
of the solution could be detected. 

Discussion 
The exchange between zincate and solid ZnO.---Satu- 

rated zincate electrolytes based on 30% KOH solutions 
in contact with ZnO exhibit  rates of exchange of Zn 

Table III. Zinc-zincate exchange in 35% KOH 
at room temperature 

S t a r t  o f  r u n  E n d  o f  r u n  

For 
c o m p l e t e  

e x c h a n g e  

nag (lOV cts/ rng (lOV cts/ (I(P cts/ 
Run Zn rain) g-1 Zn mln) g-~ rain) g-z 

1 77 1.45 39 1.33 8.8 
2 76 1.52 32 1.31 17.5 
3 85 1.24 31 1.39 5.7 
4 78 1.39 lS 1.35 4.5 

too small  to be measured in  the present  experiments.  
This effect may be an extension of the observation 
(9) that  the rate of exchange decreases with increase 
in the pH of the electrolyte. However, this is not 
substant ia ted by the results obtained in 10, 20, and 
45% KOH solutions. In  the 10% and 20% KOH solution 
a small  exchange rate was noted. In the 45% KOH 
system exchange was detected and confirmed only 
when  the surface/volume ratio had been considerably 
increased to enhance the radioactive changes occur- 
r ing  in  the electrolyte. 

No satisfactory theoretical  explanat ion has yet been 
developed to account for the behavior  of the ZnO/  
zincate system. The detection of a little exchange at 
the higher KOH concentrat ion is a fur ther  perplexing 
aspect. A possible explanat ion is that  below 30% KOH 
zincate ion is in some respect different from that  in 
zincate solutions based on KOH of concentrat ion 
greater than  30%. Fur the r  work in this area is u r -  
gent ly  required. 

The main  concomitant  of the present  work is that  
in s trongly alkal ine solutions of zincate, in  which en-  
ergy conversion devices are convent ional ly  operated, 
the mechanism cannot include any  step which assumes 
a rapid equi l ibr ium between zincate ion and solid zinc 
oxide. Such mechanisms apply in  the case of micro- 
porous zinc electrodes operat ing in low electrolyte 
volume to active mater ia l  rat io when  electrolyte effi- 
ciencies well in excess of 100% are readi ly achieved. 
The nonestabl ishment  of an equi l ibr ium between 
products (ZnO) and the electrolyte may explain why 
this system is not subject  to considerably more con- 
centrat ion polarization than  is general ly observed. 
The reduction of a ZnO-r ich  phase (discharged nega-  
tive) may well be expected to go by a solid phase 
"direct" reduct ion in the absence of a rapid Zn( I I )  
exchange between solution and ZnO. This la t ter  aspect 
may explain the high microporosity of such zinc nega-  
tive plates. The absence of a significant solution (or 
surface) diffusion step hinders  the development  of 
compact deposits on cycling (as occurs in the lead-acid 
ba t te ry  but  is far less marked  in  the zinc electrode in 
alkal i) .  

The production of supersaturated zincate solutions.-- 
The experiments  indicate that  Zn( I I )  produced elec- 
trochemically and zincate ion in solution are in  equi-  
l ibrium. There is evidence that  supersaturated solu- 
tions produced by dissolving ZnO in KOH contain two 
solution species (4) in which case it follows from the 
present exper iments  that  these two are themselves in 
equil ibrium. 

The zinc/zincate exchange reaction.--The results of 
the weight loss vs. t ime correlation, 2 x 10 -6 mol hr  -1 
cm -2, agrees very well with the reported rate of cor- 
rosion of zinc in  alkal ine solution in contact with the 
atmosphere (10). The result  of the exper iment  with 
the untagged zinc sheets that  no change in solution 
radioactivi ty occurs, fur ther  reinforces the idea that  
the exchange reaction at the Z n / Z n ( I I ) ,  O H -  in te r -  
phase cannot  be followed by radiochemical exper iment  
due to the spontaneous corrosion of zinc in the electro- 
lyte. The uptake of tagged zinc from solution in any  
case would be small  and the parasitic dissolution of 
the electrode due to local action is difficult to suppress 
and has the effect of obscuring any  atomic exchange. 
Carefully purified microelectrodes used in  u l t r apur i -  
fled systems are not feasible where  it is necessary to 
measure a significant reduction in  radioactivity. 
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Energetics of Single Ion Solvation in Nonaqueous 
Solvents and the Effects on Electrode Kinetics 

Mark Salomon 
U. S. Department of Transportation, Transportation Systems Center ,  Cambridge, Massachusetts 02142 

ABSTRACT 

Individual ionic energies of solvation are estimated for solvation in 
methano l  and in a 20% d i o x a n e - w a t e r  mixture .  As found in a p rev ious  paper  
(1), these solvat ion energies are  about  10 to 15 kca l /mole  la rger  (more  posi-  
t ive)  than  most  previous  est imates.  A de ta i led  discussion is p resented  on these 
differences. The medium effect is discussed in re la t ion to the kinet ics  at  elec-  
t rode surfaces and it is proposed, and demonstra ted ,  tha t  the  s tandard  chemical  
free energy of t ransfe r  of the  ac t iva ted  complex f rom wate r  to an organic 
solvent  is, effectively, zero. Based on this  assumption,  a new method  is p re -  
sented for the calculat ion of differences in surface potent ia ls  be tween  wa te r  
and an organic solvent.  

In  a previous  pape r  (1) i t  was proposed tha t  single 
ion solvat ion energies  can be es t imated  f rom the 
empir ica l  re la t ion  

d AG~ ----- cons t an t / r  --  2AGOsolv(RI) [1] 

In Eq. [1] hGOsolv(RI) is the solvat ion energy  of the  
reference  ion and dAGOconv is the  difference in conven-  
t ional  energies  of solvat ion be tween  a cation and anion 
of equal  ionic (crys ta l )  radius,  r. For  monovalen t  ions, 
the  convent ional  energies,  r e fe r red  to the  solvated 
proton,  are  given by  

AG~ +) = AG~ +) -- AG~ +) [2a] 

AG~ -- AG~ -) ~ AG%oIv(H + ) [2b] 

The constant term in Eq. [1] is therefore 

constant/r = hGOsolv(M +) -- AGOsolv(X -) [3] 

Izmailov (2) actually proposed the use of these rela- 
tions some 10 years prior to the present use. However 
Izmailov proposed that hGosolv (M + ) and aG~ (X-) 
are accurately described by a function in I/r or 1/ne 
(n is the principal quantum number of the lowest va- 
cant orbital of the ion) and that plots of AG~ +) 
and AG~ -) vs. 1/r should extrapolate to the 
same intercept; i.e. at 1/r = 0, the common intercept 
is AGosoI~(H+). There are several objections to this 
assumption. If it is correct, then it follows that the 
choice of crystal radii will seriously effect the extrap- 
olations as the intercepts will vary depending upon 
which set of radii are chosen (see below for numerical 
results). Also, this simple assumption regarding a 
common intercept is actually an acceptance of the 
Born equation. It is well established [see discussions 
in Ref. (1), (3-5)] that the leading electrostatic terms 
are really those for ion-dipole (1/r2), ion-quadrupole 
(1/r~) and dipole-dipole interactions (1/r~) in the first 

Key words: medium effects, solvent effects, single ion solvation 
energies,  electrode kinetics, surface potentials.  

solvat ion sphere.  Other  e lec t ros ta t ic  t e rms  such as ion-  
induced dipole (1/r~),  ion- induced  quadrupole  (1/rS) 
and other  mul t ipo le  in teract ions  are  difficult to t r ea t  
ana ly t i ca l ly  and are  often neglected as they  are  p rob -  
ab ly  quite small .  Nonelectrosta t ic  t e rms  such as those 
due to the London dispers ion forces, hydrogen  bonding,  
charge  t rans fe r  and  ~- and ; t -bonding requ i re  a quan-  
tum mechanical  approach for thei r  ana ly t ica l  t r e a t -  
ment  and i t  is h ighly  un l ike ly  tha t  a s imple 1/r plot, 
even if l inear,  would  y ie ld  an in te rcept  equal  to 
,-xG%olv(H+). In  genera l  (see be low) ,  the  1/r  plots of 
Eq. [2a] give higher  (more  posi t ive)  in tercepts  than  
those of Eq. [2b]. In  Izmai lov 's  w o r k s  (2) Eq. [2b] 
was used to obta in  the in te rcept  since th is  re la t ion  was  
found to be l inear  in 1/r  and the plot  for cat ions (Eq. 
[2a]) ,  which was not l inear,  was subjec ted  to a long 
ex t rapola t ion  to the in tercept  obta ined f rom the anion 
plot. In previous  work  (1) it  was found tha t  1/r plots  
of Eq. [2a] and [2b] were  l inear  (using more  recent  
t he rmodynamic  da ta  for  solvat ion energies)  and  tha t  
the  in tercepts  were  not  identical .  I t  was concluded 
that :  

(1) A l inear  re la t ion for AG~ vs. 1/r is s t r ic t ly  
empir ica l  and that  the in tercepts  contained res idual  
energet ic  te rms due to those forces which  have a 
h igher  order  dependence  than  1/r. The in te rcept  of 
the  1/r  plot  of Eq. [2a] can be represen ted  by  the 
s u m  1 

n - 1  

( i n t e r c e p t ) a - -  hGosolv(H +) q- ~ aJrn [4a] 

Simi lar ly ,  for Eq. [2b], the in tercept  of the  s imple 1/r 
plot  is 

lt--1 

( in tercept )~  = --  AGOsolv(H + ) W Z b~Irn [4b] 
j = l  

1Born charging is omitted from this sum since it is really a 
function of {r (ion) + 2r (solvent)}-1 as discussed elsewhere (4, S). 
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where n -- 2, 3, 4 . . . . . . . . . .  and aj and bj are con- 
stants which are not necessarily equal. 

(2) With the exception of the Born charging energy, 
all other electrostatic interactions are highly depen-  
dent upon s t ructural  properties; e.g. the number  of 
solvent molecules in the inner  solvation sphere and the 
a l ignment  of their multipoles with respect to the ra-  
dial direction of the ion. Both the enthalpy and 
entropy terms are very sensitive to these s t ructural  
parameters  (3-8) and a simple 1/r  dependence for 
these terms could not be considered valid. Free energy 
relations are, however, considerably simpler since 
much cancellat ion occurs between the enthalpy and 
entropy terms (1, 6, 9) and in this context we have 
proposed earlier (1) that  

l im {Z aj /r  n -- ~ b j r  n} ~ 0 [5] 
T - - ~  a 0  

Since the energies and enthalpies are not exact func-  
tions of l / r ,  there are no reasons to believe that  t h e  
individual  intercepts in  Eq. [4] are equal to 
~G~ These intercepts are dependent  upon 
the choice of crystal radii  used in the calculation and 
it is more valid to consider differences in conventional  
energies (i.e. Eq. [1] } since the difference in intercepts 
is independent  of the choice of radii  as long as the 
sum of the cation and anion values equal the observed 
value. The assumption that  the "neutral"  part  of the 
solvation energy or entha lpy  is s imply related to some 
funct ion of the ionic radius (e.g. r 2 or r 4) has proved 
to be a popular  approach in  evaluat ing these single ion 
contr ibut ions (1-3, 8, 10, 11). It  should be pointed out 
that  this procedure may be inval id if, as discussed by 
Noyes (12), these neut ra l  energies for the individual  
ions are more accurately related (identical) to the 
neut ra l  energies for an iso-electronic rare gas mole- 
cule. 

Data  and Results 
Table I lists conventional  free energies for various 

ions referred to the proton in  methanol  and in a 20% 
(by weight) d ioxane-water  mixture.  These data are 
based on the emf studies of Feakins  ct aL (15-17). 
Also included in this table are the reciprocals of the 
crystal  radii obtained from Ref. (13) and (14). Figures 
1 and 2 are plots of Eq. [1] for the 20% dioxane-water  
mix ture  using, respectively, Paul ing 's  radii  and Gou- 
ra ry  and Adrian 's  radii. Plots of Eq. [1] for methanol  
and water  have a similar appearance. The results for 
these three systems are summarized in Table II. For 
the aqueous system (1) the value of AG%olv(H +) based 
on Eq. [1] is identical  using ei ther  PauHng's or 
Gourary  and Adrian 's  radii. The fact that  ,XG%olv(H +) 
in the nonaqueous solvents are, very slightly, depen-  
dent  upon which set of radii  are used (to wi th in  _ 1 
kcal /mole)  is a t t r ibuted to the shorter range of l inear -  
i ty using the Gourary  and Adr ian  radii  which there-  
fore leads to a greater uncer ta in ty  in the extrapolat ion 
to r = oo. In  the discussions below, the results for the 

Table I. Conventional free energies and crystal radii ",b 

AG~ (ion) l/r 
Ion Methanol Dioxane/water G & A P 

Li§ 135.9 137.2 1,075 1.639 
Na+ 182.3 152.9 0.855 1,042 
K+ 180.9 180.4 0.671 0.752 
Rb+ 183.1 184.6 0.610 0.676 
Cs+ 188.5 186.6 0,546 0.602 
OH-  --365,3 0.885 c 
C1- --329.6 --334.8 0,610 0.553 
B r -  -- 323.9 --328.6 0,556 0,513 
I -  --317,5 --320.7 0,490 0,461 

a ,AG~ v a l u e s  are  in  k c a l / m o l e  a t  25~ based  on  m o l a r  u n i t s  a n d  
are  r e f e r r ed  to t he  s o l v a t e d  p ro ton ,  r i  v a l u e s  a re  in  A a n d  G & A 
re fe r s  to GOura ry  and  A d r i a n  (13) a n d  P to P a u l i n g  (14). 

b R e f e r r e d  to 1 a t m  at  25~ Note  t h a t  1 kca l  = 4.184 kJ.  
c ro l l -  o b t a i n e d  f r o m  Ref. (1). 
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Fig. 1. Plot of Eq. [1] for 20% dioxane-water mixture using the 
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Fig. 2. Plot of Eq. [ ! ]  for 20% dioxane-water mixture using the 
crystal ionic radii of Gourary and Adrian. 

nonaqueous systems based on Paul ing 's  radii  are com- 
pared with the aqueous data from Ref. (1). Table III  
summarizes the single ion solvation energies obtained 

Table II. Solvation energies for the proton in several solvents at 
25~ (molar units)* 

I n t e r c e p t s  f r o m  Eq. [2] AGo,o lv  (H+) 
S o l v e n t  Eq. [2a] Eq, [2b] Eq.  [2a] Eq. [2b] f r o m E q .  [1] 

W a t e r  --211.2 --265.9 --219.6 --251.5 --235.0 --235.0 
2 O % d i o x a n e  

in  w a t e r  --209.4 --263.9 --222.0 --248.2 --236.6 --235.9 
M e t h a n o l  - 2 0 3 . 3  --268.8 --219.1 --257.9 --236.1 --237.9 
R a d i i  f r om G & A  P G & A  P 

* A l l  en t r i e s  in  t h i s  t ab l e  a re  Jn k c a l / m o l e .  The  a q u e o u s  d a t a  
are  f r o m  Ref.  (1).  

Table IlL Single ion free energies of solvation at 25~ * 

- -AG' ,ozv  (ion) in  k c a l / m o l e  
S o l v e n t  20% 
ion  d i o x a n e  

H~0 �9 H:O~ H2Oo MeOH~ M e O H  ~ in  w a t e r  ~ 

H+ 235.0 238.0 251.1 237.9 253.0 235.9 
L i  + 97.8 117.0 114.6 102.0 116.0 98.7 
Na§ 72.4 96.0 89.7 75.6 93.0 73.0 
K+ 54.9 78.0 73.6 57.0 76.0 55.5 
R b  ~ 50.7 74.4 67.5 64.8 - -  51.3 
Cs + 46.7 64.0 60.8 49.4 60.5 47.3 
OH-  1 3 1 . 1  . . . .  129.4 
F -  128.7 113.9 
el -  100.3 770 842 917 710 979 
B r -  94.2 68.0 78,0 88.0 67.0 92.7 
I -  85.7 59.4 70.0 79.6 59.5 84.8 

* A l l  da t a  a re  based  on  P a u l i n g  r a d i i  a n d  o n  t h e  m o l a r  s c a l e  
excep t  those  of  I z m a i l o v  (2) w h i c h  a r e  b a s e d  o n  t h e  m o l a l  s c a l e .  
The  re fe rences  a r e :  

a (1), b (2), o (19)', ~ p r e s e n t  work .  
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Table IV. Single ion free energies of transfer from water to several 
organic solvents at 25~ 

AG~ (ion) in k c a l / m o l e *  
S o l v e n t  20% d i o x a n e  a 20% d i o x a n e f  
ion  M e O H  a MeOH ~ MeOH~ MeOH ~ M e O H  ~ i n  w a t e r  i n  w a t e r  

H* --2.9 --2.4 --2.0 --5.8 5.0 --0.9 --0.5 
Li§ --3.8 --3.2 I --6.7 1.0 --0.9 --0.2 
Na + --2.3 --2.3 --1.3 --5.9 3.0 --0.6 --0.2 
K + --1.9 --1.2 --1.2 --5.2 2.0 --0.6 --0.2 
R b  § --4.1 ~ --1.2 --6.4 5.4 --0.6 --0.1 
Cs + --2.7 ! --1.3 --5.5 3.6 --0.6 --0.1 
CI-  8.5 7.8 7.8 11.2 3.0 1.4 0.9 
B ~  8.2 2.6 7.3 10.6 1.5 0.7 
I -  6.1 0.8 6.2 9.7 --0.2 0.9 ~ 5  

* ALl d a t a  f r o m  lgef.  (10),  (15), (22) a n d  the  Dresent  w o r k  a r e  based  o n  m o l a r  u n i t s ;  r e m a i n i n g  d a t a  a re  based  o n  m o l a l  u n i t s .  T h e  
r e fe rences  a re :  

= P r e s e n t  work ,  b (15), o (10}, d (20), * (21), t (15) a n d  (22). 

by the author  and several other investigators. A more 
complete review is given elsewhere (18). It has been 
noted in Ref. (18) that if more recent values for 
•176 are used in the original  Izmailov method 
(2), then it is found (for water)  that  AG%olv(H +) = 
251.5 kcal/mole.  It has also been observed here and in 
Ref. (1) that  the cation plots of Eq. [2a] are l inear  
[there is curva ture  for this plot around the point  for 
Li § when the Gourary  and Adr ian  radii are used; 
Paul ing ' s  radii  lead to completely l inear  plots ( I ) ] .  
Latimer, Pitzer, and Slansky (19) added a small  con- 
stant  factor (the b-factor) of 0.10A to all anion radii  
and a large constant  factor of 0.85A to all cation radii 
to obtain l inear  plots of Eq. [2a] and [2b] such that  
they had a common intercept. These b-factors for 
water  have been reported to be as high as 0.42A for 
anions (23) and as low as 0.64A for cations (24). 

The medium effect for single ions is an impor tant  
factor in s tudying solvation behavior.  King (25) has 
given an  excellent  review on this subject  and Popovich 
(21) and Criss and Salomon (18) have reviewed some 
more recent developments  in this field. Feakins  et aI. 
(15-17, 22) have studied the alkali  metal  halides and 
acid halides in great detail and have proposed that  the 
s tandard chemical free energies of t ransfer  of ions 
from water  to pure methanol  or a methanol -wate r  
mixture  can be obtained from 

A G ~  ---- A G ~  + )  + k / r -  [6a] 
and from 

•176 -- AG~ - )  -- re~r+ [6b] 

Here AGot is the measured s tandard  chemical free 
energy of t ransfer  of the halogen acid HX or the meta l  
halide MX and k and m are constants. It  was found that  
the AGot(H +) values obtained from Eq. [6a] and [6b] 
were significantly different and average values were 
used. Popovych (21) has determined AGot(ion) values 
for the t ransfer  from water  to methanol  by assuming 
that  AGot(large cation) ---- _xGot(large anion) .  Alfenaar  
and DeLigny (10) suggested that  the extrapolations 
based on [6a] and [6b] could be improved by first cor- 
recting for the neut ra l  free energy of transfer,  AGOt.n, 
which is assumed to be a funct ion of r 2. They assume 
the applicable relat ions for the eva lua t ion  of ,AGot(H +) 
are 

AGot(HX) -- AGOt,o(X- ) _-- AGot(H+ ) 
% a / r -  + b/r2_ + c/r  3_ + . . . .  [Ta] 

A G ~  - - A G ~  + ) " l - A G ~  + ) : A G ~  + ) 

-- a/r+ + d/r2+ + e/tO+ + . . .  [7b] 

The quanti t ies  on the LHS of [7a] and [7b] are known  
and plotted vs. 1/r. The resul t ing curves were not 
l inear  and a long nonl inear  extrapolat ion was made 
to a common intercept.  The AGot(ion) values for the 
t ransfer  from water  to methanol  and to the 20% di- 
oxane-wate r  mix tu re  obtained from these various 
methods are given in Table IV. There is fair ly good 

agreement  between the present  values and those of 
Feakins  et al. The data of Alfenaar  and DeLigny are 
in moderate agreement  with these two sets of 
_xGot(ion) values but  Popovych's  results are markedly  
different. The s tandard real free energies of t ransfer  
which were measured by Case and Parsons (20) are 
discussed below. The negative AG%(cation) values 
indicate that methanol  is a stronger base than  is the 
water molecule in pure aqueous solutions. I t  has been 
suggested recent ly  (21) that  the reverse si tuat ion 
exists; i.e. that  the water  molecule in  pure water  is a 
stronger base than is the methanol  molecule in pure 
methanol.  The basis of this conclusion rests in the cal- 
culat ion of positive _xGot(cation) values. There are 
however several reasons why the positive -xG~ 
values of Popovych and Izmailov should be questioned 
(18, 26). Izmailov's results are based on a questionable 

extrapolation. Popovych has based his results on the 
assumption that  the free energies of t ransfer  of the 
t r i i soamylbu ty lammonium cation (TAB +) is equal  to 
that  for the te t raphenyl  boride anion (Ph4B-) .  The 
exper imenta l  free energies of t ransfer  were obtained 
main ly  from solubil i ty data. TAB + and Ph4B-  were 
chosen as reference ions because of the equal i ty  of the 
Stokes radii of these two ions in water  and methanol.  
Besides the fact that  the significance of Stokes radii  
are unclear  (8), it has also been pointed out (18) that  
solubil i ty measurements  for large organic salts are 
very difficult to perform and are subject to the follow- 
ing possible sources of error:  

1. The possible formation of ion pairs. 
2. The possible formation of crystal solvates. 
3. The possibility of complex ion formation. 
4. The possibili ty of micelle formation. 

Coetzee and Sharp (42) have recent ly found experi-  
menta l  (NMR) evidence showing that  there is indeed 
specific solvation effects with large reference ions and 
suggest caution in accepting them as ideal solutes. Emf 
measurements ,  which can easily be corrected for non-  
ideal behavior, therefore yield the most accurate 
AGot(salt) values [cf. (18), (27)]. Table V il lustrates 

Table V. Experimental AG~ (salt) values for HCI and KCI for the 
transfer from water to methanol and the sum 

AG~ +) + AG~ - )  at 25~ * 

AG~ (salt) 
( expe r i -  AG~ (M+) AGat (ion) Ref -  

Sa l t  m e n t a l )  + AG~ (X-) calc. f r o m  e rence  

5.36 1 / r  p l o t  15, 16, p 
HC1 5.36 (15, 16) 5.36 Refe rence  i on  21 

5.59 l / r  p lo t  2 

6.29 1 / r  p lo t  15, 16, p 
KCI  6.29 (15, 16) 5.29 Ref. ion  ( so lub i l i ty )  21 

4.09 1 / r  p lo t  2 

* AG~ v a l u e s  a re  in  k c a l / m o l e  based  on m o l a l  units;  re ference  
p i n d i c a t e s  p r e s e n t  resu l t s ,  
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the accuracies in the reported •  values by 
comparing the exper imental  value of _xGot(salt) with 
the same quant i ty  calculated from the sum of the in-  
dividual  -xGot(ion) values. 

Electrode Kinetics and the Medium Effect 
The medium effect has been applied to acid base be- 

havior  (25), s t ructural  properties (15, 16, 18, 20, 21) 
and to nucleophilic subst i tut ion reactions (28). Very 
few studies are concerned with cation subst i tut ion or 
t ransfer  reactions [cf. ref. (28)] and only one example 
dealing with the electrochemical proton t ransfer  reac- 
t ion in H20 and MeOH-H20 mixtures  has been re- 
ported (29). The relat ive rates of ion subst i tut ion or 
t ransfer  reactions is given by 

k%/k% : exp{[-~G~ -- ~ ~G%(r)]/RT} [8] 

In this relat ion k o is the specific rate constant  for 
water  (w) and some organic solvent (s);  AG~ is 
the s tandard chemical free energy of t ransfer  of the 
activated complex and AG%(r) is that  for a reactant  
ion or molecule. For  anion nucleophilic subst i tut ion 
reactions, the rates in dipolar aprotic solvents are 
typically 106 times greater  than they are in water  and 
this has been shown to be due, mainly,  to the large 
positive -~G~ values (28). If on the other hand, 
-xGot(ion) is negative, as they usual ly  are for the 
t ransfer  of small  cations from water  to most organic 
solvents (18, 28), then one might  "predict" that k~ 
will  be greater than  un i ty  since the reactant  would be 
in a lower f ree-energy state in the organic solvent. 
The fact that  the rates of solvent molecule exchange 
between bulk solution and the inner  solvation sphere 
of t ransi t ion metal  ions are orders of magni tude  faster 
in  pure water  than they are in methanol  or MeOH-H-20 
mixtures  has been offered as proof of this type of be-  
havior (18). In  the present  paper, the relative rates 
of cation transfer  at electrodes are considered. A gen- 
eral  electrode reaction involving the t ransfer  of ca- 
tions is 

Mh + + eM- ~ X ~ - - >  M M [9] 

where the subscripts h and M refer, respectively, to a 
hydrated  species and a species located on or in the 
metal  electrode. The ratio of s tandard exchange cur-  
rents for reaction [9] in  water and some organic sol- 
vent  is given by  (18, 29) 

io(w)/io(s ) -- exp{[~Got(~)  -- _~Got(M +) 
+ ( 1 - - 8 ) ( r 1 6 2 1 6 2  [10] 

In  Eq. [10], @ is the potential  at the outer Helmholz 
plane (specific adsorption is not considered here),  r is 
the absolute single electrode potential,  and ~ is the 
t ransfer  coefficient. Equat ion [10] is valid only if /~ 
has the same value in the two solvents under  consid- 
eration. It is also convenient  to define the following 
rate constant  ratio (30) 

io (w) lio (s) = k% (w) Ik~ (s) 
-- [kot(w)/kot(s)  ] exp {(1 -- ~) (~s -- Cw)F/RT} 

[11] 

where k% is the s tandard rate constant  and k~ is the 
s tandard rate constant corrected for double layer ef- 
fects and is often referred to as the t rue heterogeneous 
constant. There are several complicating factors in-  
volved in dealing with these relations. One problem 
is concerned with the potential  difference term ~ s -  
Cw. It is not valid to equate this te rm with the s tandard 
chemical free energy of t ransfer  of a single ion or ions 
as has been done previously (29). This potential  dif- 
ference term is however given exactly in terms of the 
s tandard real free energies of t ransfer  (18, 20, 27, 31); 
e.g. for the reversible hydrogen electrode in two sol- 
vents  we can wri te  

Aa~ +) ----AG~ +) + ( X s - - x w ) F  
= [r +) - - r  [12] 

where x is the surface potential  for the indicated sol- 
vent. In  this context it should be ment ioned that  meth-  
ods of arr iving at individual  ionic contr ibut ions to the 
s tandard chemical free energies of transfer,  ,_xGot(ion), 
based on the assumption that  an electrode reaction is 
independent  of the na ture  of the solvent are basically 
incorrect because of the neglect of these x terms. The 
x terms do not enter  into Eq. [8] as they cancel be-  
cause we are considering differences in free energies 
between the init ial  and activated states. Thus in order 
to be able to "predict" relat ive rates of electrochemical 
reactions, the x-potentials  or the s tandard real free 
energies must  be known. Another  critical quant i ty  in 
Eq. [8] and [10] is the free energy of t ransfer  of the 
activated complex. In  a previous paper (29) this term 
was adjusted empirical ly by use of the Born equa-  
tion. Parker  (28) has shown that  a reasonable assump- 
tion for some SN2 type reactions is AG~ -- 0 and 
below it is shown that  this assumption is satisfactory 
for electrochemical reactions. Since the x-potentials  
are important  quanti t ies  in these calculations, it is of 
interest  to present some discussion on their evaluation. 

Case and Parsons (20) have used Kenrick 's  method 
(32) to measure real free energy differences of ions 
between water  and several organic solvents. Some of 
their  results are included in Table IV. Only one paper 
(31) reports the measurement  of an individual  x value 
which is based on the assumption that  for very large 
hydrocarbon anions ( R - )  and cations (R+) ,  the fol- 
lowing relat ion holds 

l im JaR+ -- ~R-] ~ 2X [13] 

Here ~R is the real free energy of solvation of a hydro-  
carbon ion. In  this way the value of x for acetonitri le 
(AN) was estimated to be --0.10V at 25~ The nega-  
tive value of x corresponds to a surface orientat ion 
with the positive end of the solvent dipole (the hydro-  
carbon part of the molecule) directed towards the 
gas phase (31). From direct measurements  of the 
s tandard real free energy of t ransfer  of the Ag + ion 
from water to AN, Aa~ +) ---~ --10.1 kcal /mole 
(20), one can estimate xH2o using the reported values 
of -~Got(Ag +) which vary  from --3.1 to --7.5 kcal /  
mole (see 18, 28). From Eq. [12] we have 

X A N  - -  X H 2 0  ~-" --0.113 to --0.304V at 25~ [14a] 

and for XAN ---- --0.1V we have 

XHeO ~ 0.01 to 0.20V at 25~ [14b] 

There is good evidence to show that the surface po- 
tent ial  of water is about 0.1V (33-35) which is in good 
agreement  with the value estimated above and indi-  
cates that  the water  molecules at the solut ion-air  in -  
terface are preferent ia l ly  oriented with the oxygen 
atom in the gas phase. For methanol  the data in  
Table IV give XMeOH -- XH20 : --0.137V so that  
XMeOH is close to zero and is possibly negative indicat-  
ing that  the dipoles are directed with the hydrocarbon 
part  of the molecule directed towards the gas phase. 

We now have all the quant i t ies  required to predict 
the relative rates of proton discharge at mercury  
cathodes in water and in methanol  with the exception 
of -xGot(~). This quant i ty  can be empirical ly esti- 
mated by choosing an appropriate model of the acti- 
vated complex as has been done previously (29). This 
method is unsatisfactory because by using the acti- 
vated complex as a variable parameter,  we can ex- 
plain everything but  predict nothing (38). In  order 
to be able to predict relat ive rates of electrochemical 
reactions, it is proposed here that  .~Got(=fi) for the 
t ransfer  of large cationic activated complexes from 
water  to any organic or mixed organic-water  solvent 
is zero. To show that  this approximation at least holds 
for the proton discharge reaction at Hg cathodes in 
methanol  and water, we can use Eq. [10] to calculate 
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-%G~ as shown below. Fo r  this reaction,  we have 
the fol lowing inputs  to Eq. [10] at  25~ [see Ref. (29) 
for references  to the or iginal  l i t e ra ture ]  

io(W)/io(S) : 0.56 fl = 0.5 
hGot(H +) ---- --2.9 kca l /mo le  
(~bMeOH - -  ~bw)F = - - 5 . 9 8  kca l /mo le  
(~MeOH -- ~w) F = --0.44 kca l /mo le  

These da ta  al l  re fer  to the  molar  concentra t ion scale 
and making  the appropr ia t e  subst i tu t ions  into Eq. [10] 
gives h G o t ( ~ )  = --33.5 ca l /mole .  Consider ing the un-  
cer ta int ies  in the input  data, the  assumpt ion tha t  
~G~ (=/=) = 0 is ce r ta in ly  a good one. If  this is indica-  
t ive of genera l  behavior ,  then Eq. [10] simplifies to 

io(w)/io(s) = exp {[--AGOt(M +) -4- 
( i  -- 3) (~s -- ~w)F -l- 3(~s -- ~w)F]/RT} [15] 

Thus io(w)/io(s) can be estimated for any reaction 
providing enough free energy data are available. It is 
also interesting to note that Eq. [15] offers a new ap- 
proach to the calculation of the Xs -- Xw term. Consider 
the electrode reaction 

Li + -{- e-Hg~--Xr Li(Hg) [16] 

for which k~ ---- 0.02 cm/sec (36) and k~ 
-- 2.9 �9 10 -5 cm/sec (37). Taking ~ = 0.70 ___ 0.05 (36, 
37) and for the transfer of Li + from water to dimeth- 
ylsulfoxide we have hGot(Li +) = --6.0 kcal/mole 
(molar scale) (28), all data being reported for 25~ 
Making the appropriate substitutions into Eq. [ i i ]  
and [15], it is found that a~ +) -- aOw(Li +) 
--4.34 kcal/mole and from Eq. [12] it is found that 

XDMSO -- Xw ~ 0.072V at 25~ [17] 

Thus XDMSO is about 0.17V which indicates that at the 
liquid-air interface, the hydrocarbon part of the mole- 
cule is directed towards the bulk of solution and the 
thionyl (S = 0) group is directed towards the gas 
phase. 

Conclusions 
A n y  method  employing  a 1/r  ex t rapo la t ion  for  the  

evalua t ion  of single ion cont r ibut ions  to solvat ion en-  
ergies or energies  of t ransfe r  must  be caut iously  re-  
garded  because of the long ex t rapola t ions  involved.  
This is pa r t i cu la r ly  t rue  for nonl inear  ext rapola t ions .  
The use of reference  ions is also associated wi th  
severa l  difficulties as discussed above. Since de ta i led  
e lec t ros ta t i c -quan tum mechanica l  calculat ions  have  
not as ye t  given sa t i s fac tory  resul ts  [cf. (18)] for 
these ion-so lvent  and  so lvent -so lvent  in terac t ion  en-  
ergies, empir ica l  methods  st i l l  r epresen t  an impor t an t  
procedure  for the  evalua t ion  of hGo(ion)  values.  The 
empir ica l  method used here  and in Ref. (1) does at  
least  g ive  l inear  re la t ions  and  does not  make  the 
ques t ionable  assumpt ion  tha t  the  cat ion and anion 1/r  
plots  give ident ica l  in tercepts  at  r = oo. Consider ing 
single ion solvation, the only  quant i t ies  known with 
some degree  of confidence are the  s tandard  en t ropy  of 
solvat ion of the  pro ton  in wa te r  (4-6, 9, 39, 40); the  
s t anda rd  chemical  and real  free energies  of t ransfe r  
f rom wa te r  to methanol  solutions; and possibly  the  
sign of the surface potent ia l  of wa te r  (posi t ive)  and 
of  acetoni t r i le  (nega t ive) .  

Gurney ' s  aqueous value  of --  31.3 eu for  ,%S%o,v (H + ) 
(40) is genera l ly  accepted as the  most  re l iab le  one 
(4, 5, 9, 39). If  we t ake  as an upper  l imi t  values  of 

--260 kca l /mo le  for hH%oI~(H +) as ind ica ted  in 
severa l  recen t  works  (7, 11), then  this  requi res  tha t  
AG~ +) ~ --251 to --258 kca l /mo le  [cf. Ref. (5)] .  
Using Randles '  e l egan t ly  measured  value  of aaosolv(H+ ) 
---- --260 kca l /mo le  (41), then  f rom 

~~ : ~G%olv(H +) ~ FXH20 [18] 

we would  have to conclude tha t  XH2O is negat ive  

regard less  of the  source of AGOsolv (H +).  I t  is of course 
possible tha t  our es t imates  of XH20 above  are in e r ror  
and this  only serves to indicate  the  need for  addi t ional  
work  in this  area.  
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LIST O.F SYMBOLS 
~G~ S t a n d a r d  f ree  energy  of t r ans fe r  of an  ion 

f rom w a t e r  (w) to some organic  solvent  
( s )  

hGOsolv (X) S t a n d a r d  free energy  of solvat ion of spe-  
cies X (X m a y  be an ion or a sal t )  

• 1 7 6  S t anda rd  free energy  of t rans fe r  of an 
ac t iva ted  complex  f rom w a t e r  to an or -  
ganic solvent  

~GOconv Convent ional  s t andard  free energy  
io(y) Standa rd  exchange cu r ren t  dens i ty  in sol- 

vent  y 
ko a S t anda rd  e lect rochemical  ra te  constant  
kot Standa rd  e lec t rochemical  ra te  constant  

correc ted  for double  l aye r  effects 
~ o t ( i o n  ) S t anda rd  rea l  free energy  of t ransfe r  of 

an ion f rom w a t e r  to an organic  solvent  
ha%olv(X) S t a n d a r d  rea l  free energy  of solvat ion of 

species X 
x Surface  potent ia l  
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Solvation of Alkali Metal Perchlorates in Water 
Mark Saiomon z 

NASA,  Electronics Research Center, Cambridge, Massachusetts 02142 

ABSTRACT 

The crystal lattice energies and the energetics of solvation of the alkali  
metal  perchlorates are calculated from a combination of exper imental  and 
empirical  (theoretical) data. The results indicate that  the crystal radius of the 
perchlorate ion is 1.85A. The free energy and enthalpy of formation of gaseous 
C104- are also estimated. 

Perchlorates constitute an impor tant  class of salts 
for studies in solvation phenomena.  Despite the wide 
use of these salts, l i t t le is known about several im-  
portant  properties such as the crystal radius of the 
C104- ion, the lattice energies and enthalpies of the 
salts and the free energy and entha lpy  of formation 
of the gaseous C104- ion. In this paper, a method is 
discussed in which these properties may  be evaluated. 
In  this work only the alkali  metal  perchlorates are 
considered. 

Entropies of gaseous ions.--The relat ion between 
the lattice free energy and enthalpy is given by 

A G ~  - "  A H ~  - -  W ( Z  S~  - -  S~ [1] 

where S~ is the entropy of the gas phase species i, 
and S~ is the crystal entropy. All  thermodynamic  
properties considered in this paper refer to s tandard 
conditions of 298.150K and 1 atm. 

For monatomic gaseous ions only the t ranslat ional  
degrees of freedom contr ibute  to the entropy so that  

S~ ~-- R {5/2 ~ In (g (2nmkT)3/2V/Nh 3) } [2a] 

If the ground state of the electronic energy level is 
singly degenerate and there are no significant popula-  
tions of excited states then g : 1 and the above equa-  
tion reduces t o  

S~ ---- 25.930 ~- 6.8636 logloM, (cal/K.mole) [2b] 

In  these two equations M is the molecular  weight of 
the gaseous ion in g/atoms and all other terms have 
their  usual  significance. For polyatomic molecules or 

z Present  address: 78 Commonweal th  Park  West,  Newton,  Massa- 
chusetts 02159. 

K ey  words:  perchlorate  ion, crystal  lattice energies,  crystal  radii,  
solvation energies,  solvation enthalpies,  free energy  and enthalpy of 
formation.  

ions, rotat ional  and vibra t ional  contr ibut ions to the 
entropy are evaluated from (1) 

Si.rot ---: R {3/2 In T W 3/2 In I -- In ~} 
267.65 cal /K.mole [3] 

n 

Si.vib -- R ~ {x(e x -- 1) -1  _ In (1 -- e -x)}  [4] 
i 

Here I is the moment  of inert ia  in g-cm2; ~ is the 
symmetry  factor; x ~ hv/kT :- 1.4387 ~/T where ~ is 
in cm-1;  and n is the number  of vibrat ional  degrees 
of freedom for the polyatomic ion composed of N atoms 
(n ---- 3N -- 6 for a nonl inear  molecule).  For  the gase- 
ous perchlorate ion, ~----12 which corresponds to a 
regular  te t rahedron (1, 2) for which all three moments  
of inert ia  are identical so that  I ----- (8/3) m r 2 where 
m is the mass (amu) of the oxygen atom. Taking 

C1 
/ \ 

r---- 1.4A and the O O angle as 110 ~ (1,2) ,  then 
the fundamenta l  frequencies listed in Table I are ob- 
tained using the force constants k (stretch) ---- 8.24 and 
k (bend) ~-- 0.670 md/A.  

Lattice enthalpies and free energies.--Since lattice 
enthalpies or free energies cannot be measured for 
the perchlorates, other methods of est imating these 
quanti t ies  must  be sought. Our first a t tempt  involved 
the use of the empirical  equation (in kcal /mole)  

- -  AH~lat ~-~ [600/(r+ ~ r - ) ]  (1 -- 0 .4/(r+ -t- r - ) )  
[5] 

which is claimed (3) to be accurate to wi th in  1-2 
kcal/mole.  In Eq. [5], r+ and r -  are, respectively, the 
crystal  radii  of the cation and anion in A. The most 
accurate crystal radii  are believed [e.g. see Ref. (4) 



Vol. II8, No. 10 S O L V A T I O N  A N D  A L K A L I  M E T A L  P E R C H L O R A T E S  1615 

Table I. Properties of gaseous CIO4- and its (solid) salts* 

F o r  g a s e o u s  C10~- 

Proper ty  Value Salt  - - A G ' t  --AH~ S~ 

wl 935 LiCIO4 60.71 91.0 30.0 
w2(2) 462 NaC]O4 60.79 91.48 34.0 
ws(3) 1102 KCIO~ 71.79 102.80 36.1 
m4 (3) 628 
I x 10 ~o 138.84 
Sel, trans 39.64 
~=1, rot 19.85 
8"1, vtb 3.04 

* Reference  state is 298.15~ and 1 arm. 
0J uni ts  are  cm-~; n u m b e r  in paren thes i s  is the degeneracy .  
I uni ts  are  g - c m  2. 
S uni ts  are  eu (ea l /K.mole ) .  
hH  and  AG are  in kca l /mole ;  1 kcal  = 4.184 kJ .  

and (5)]  to be those of Goura ry  and Adr ian  (6). 
However  values  of r -  mus t  often be es t imated f rom 
" thermochemical"  data,  i.e. t hey  are  based on a theo-  
re t ica l  calculat ion such as the Meye r -Born -Made lung  
t r ea tmen t  in which r is usua l ly  de te rmined  from the 
repuls ive  potent ia l  (7, 8). On this basis the  crys ta l  
radius  of C104- has been found (9, 10) to equal  2.45A 
(average va lue) .  Accord ing  to Paul ing  (2), this rad ius  
has a va lue  of 2.0A. The use of Eq. [5] for any  of the 
a lkal i  me ta l  perch lora tes  does not y ie ld  consistent  
resul ts  wi th  e i ther  of these radi i  and it is concluded 
that  this  re la t ion is not  val id  for  the  salts  p resen t ly  
under  considerat ion (see be low) .  

Free Energies and Heats of Salvation 
In  our previous  work  (11) i t  was found tha t  the  

convent ional  en tha lp ies  of O H - ,  F - ,  C I - ,  B r -  and I -  
could be fit to a power  series by  the least  squares 
method,  i.e. (in kca l /mo le )  

hH~ = - -  223.47 
- -  1945.8/ ( r -  + 1.38)2 -{- 2304.9/(r - -  + 1.38)3 [6] 

Convent ional  enthalpies  and energies  for monovalen t  
anions are defined b y  

AH~ ( X - )  : ~ H ~  ( x - ,  absolute)  
+ hH~ +, absolute)  [7] 

AG~ -)  : AG~ - ,  absolute)  
-t- AG~ +, absolute)  [8] 

In  Eq. [6], the constant  1.38A corresponds to the  
rad ius  of the  wa te r  molecule  and the re la t ion for 
All~ was fit to a function in (1 / r  2 Jr 1 / r  3) since 
they  are  the  leading energet ic  t e rms  (11-13). In  p re -  
vious work  (11) i t  was pos tu la ted  tha t  the  leading  
te rm in the plot  of convent ional  free energies is tha t  
in 1/r and this  is shown in Fig. 1 (neglect,  for the  
moment ,  the  point  corresponding to C104-) .  The re l a -  
t ion for this  s t ra ight  line, in kcaI /mole ,  2 is 

hG~ : --  265.9 --  114.07/r-  (-*-0.5) [9] 

The in tercept  (--265.9) does not  represen t  the  abso-  
lu te  solvat ion energy of the  pro ton  since it s t i l l  con- 
ta ins  ma jo r  contr ibut ions  f rom ion-dipole ,  quadrupole ,  

2 1 kcal  = 4.184 kJ .  
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I/r 
Fig. 1. Plot of convention free energy of so]ration for anions vs. 

the reciprocal of the crystal radius. 

etc., in teract ions  (11), and Eq. [9] is therefore  s t r ic t ly  
empir ical .  The convent ional  te rms are  all  (except  for 
the  perch]orates)  expe r imen ta l ly  available.  The only  
expe r imen ta l  da ta  avai lab le  for a lka l i  meta l  pe r -  
chlorates  are  the  heats  of solut ion (14) and the solu-  
bi l i t ies  (15). The free energies  of solution for the  
mode ra t e ly  soluble K, Rb, and  Cs perch lora tes  can be 
obta ined f rom 

AG~ : --  2 RT l n ( m •  At• [10] 

where  In "y• is obta ined f rom the  Davies equat ion (16) 

ln~/• = --AmV=/(l+ml/2) + 0 . 3 A m  [11] 

The re la t ions  be tween the heats  and energies  of sol-  
r a t ion  and solut ion are  

A H ~  = A H ~  J r  AH~ [12] 

h G ~  = A G ~  t -~ AG~ [13] 

The calculat ions proceeded as follows. Values  of rClO4- 
were  assumed s tar t ing  f rom 1.2A up  to 3.0A and 
AH~ (C104-)  was ca lcula ted  from Eq. [6]. This 
resul t  was used to obta in  the  enthalpies  of solvat ion 
for the K, Rb, and  Cs sal ts  f rom 

AH~ (MC100 = AH~ (C104-)  
- -  AH~ (M +) [14] 

Values of all~ (M +) a re  180.1, 184.3, and 188.3 
kca l /mole ,  respect ively,  for M = K +, Rb +, and Cs + 
(11) (for M = Li  + and Na +, all~ = 137.2 and 
162.6). F rom these enthalpies  of solvation, the  la t t ice  
entha lp ies  were  ca lcula ted  using Eq. [13]. Adding  the  
en t ropy  te rms (cf. Table  I) the  la t t ice free energy is 
obta ined (Eq. [1]) and f inal ly the  f ree  energy  of sol-  
vat ion is obta ined f rom Eq. [13]. For  the  th ree  salts  
(K, Rb, Ca), the  value  for rcio4- which best  fit Eq. [9] 
is 1.85A and the point  for  C104- shown in Fig. 1 was 
obta ined in this  manner .  Using this va lue  of --326.08 
• 2.5 kca l /mole  for AG~ (C104-) ,  the  values  for 
the  Li  and Na salts  were  obta ined by  the add i t iv i ty  
requi rement .  The resul ts  are  shown in Table  II. Under  

Table II. Thermal Properties (molal units) of alkali metal perchlorates at 25~ 

(keal /mole)  

Salt  T/tsatb dH~ ~ AG~ r - -AH ' l a t  - A G ~  --AH~ --ACr~ 

LiCIO~ - -  --6.35 --9.5 198.7 (179.5) (205.0 -----0.1) (189.0 -- 2.5) 
NaCIO~ - -  3.32 -- 1.80 180.7 (161.7) (177.4 • 0.I) (163.5 -4- 2.2) 
KCIO~ 0.1491 12.20 2.40 169.7 150.8 157.5 148.4 
RbCIO~ 0.0849 13.56 3.04 163.9 145.1 150.4 142.0 
CsC10. 0.0688 13.25 3.29 156.6 138.4 143.4 135.1 

ffi Those values  g iven  in paren theses  w e r e  obta ined us ing  the  add i t iv i ty  requ i rement .  
Molali t ies of sa tu ra ted  solutions a re  f r o m  Ref.  (15). 
Ref. (14). 
C a l c u l a t e d  f r o m  Eq. [10]. 
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no condit ions did  Eq. [5] y ie ld  any  consistent  re la t ion 
be tween AH~ and AG~ The free energy  and 
en tha lpy  of format ion  of gaseous C104- is obta ined  
by  considering the cycle 

Ms + l/z C12,g + 202,g 

-- AG~ (crystal) / ~ a s e o u s  ions) 

__ AG~ t 

MCIO4 ) M+g +'CIO-..4 g 

where  the subscr ipts  g and s refer  to solid and gaseous 
species, respect ively.  
Hence 

_~G~ = -- AG~ q- hG~ 
--aG~ [15] 

and 

AH~ = _ All~ + AH~ 
--hH~ [16] 

Using the t abu la ted  values  for  the  heats  and energies  
of format ion  of the  crys ta ls  (17) for the  three  salts  
(K, Rb, Cs),  it  is found that  AG~ -- -36 .3  
___0.3 kca l /mole  and •176 = --56.3 ___ 0.2 
kca l /mole .  

Conclusions 
It  should be pointed out that  in the  es t imat ions  of 

the the rmal  proper t ies  of the perchlorates ,  the  choice 
of c rys ta l  rad i i  for  the anions O H - ,  F - ,  CI - ,  B r - ,  I -  
appear  to be crit ical.  The  radi i  of Goura ry  and Adr i an  
are  chosen because  they  appear  to be the  more  rea -  
sonable ones (4, 5, 19). I t  might  st i l l  be argued that  a 
r ead jus tmen t  of the  radi i  back  to the  or iginal  Paul ing  
values might  also produce val id  results.  This does not 
appear  to be the  case since those values  for AH~ 
calcula ted  via Eq. [5] based on e i ther  Paul ing ' s  rad i i  
(2) or those quoted by  Hal l iwe l l  and Nyberg  (3) st i l l  
give solvat ion energies  lower  by  10-25 kca l /mo le  than  
those shown in Table  II. 

One should also note tha t  the  present  method as-  
sumes tha t  those the rmodynamic  proper t ies  associated 
wi th  the  perch lora te  ion fol low the same empir ica l  
re la t ions  (Eq. [6] and [9]) der ived  for the ha l ide  
ions. Whether  this  is a val id  p rocedure  or not  cannot  

be de te rmined  at p resen t  but  this  assumpt ion  is not 
wi thout  precedence  (19). 

Manuscr ip t  submi t t ed  Jan.  11, 1971; rev ised  m a n u -  
script  received ca. June  3, 1971. 

A n y  discussion of this pape r  wi l l  appea r  in a Dis-  
cussion Sect ion to be publ i shed  in the  June  1972 
JOURNAL. 
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Techn ca]l Note @ 
The Charging of Cu in Organic Electrolytes 

Stuart G. Meibuhr* 
Electrochemistry Department, Research Laboratories, General Motors Corporation, Warren, Michigan 48090 

The advent  of high energy  dens i ty  ba t te r ies  has 
focused research  efforts on meta l  ha l ide  cathodes such 
as CuC12. This research has centered p r inc ipa l ly  on 
the  use of Lewis  acid solutes in p ropy lene  carbonate  
solvent.  Rao found (1) tha t  the  oxida t ion  of Cu meta l  
resu l ted  in soluble CuCI r a the r  than  the s l ight ly  
soluble CuC12. Eisenberg  et al. obtained (2) an io value  
of 3-6 x 10-5 A / c m  2 for  the  room t empera tu r e  r educ -  
t ion of CuC12 to Cu in the  same type  of Lewis  acid 
electrolytes .  

* Electrochemical Society Active Member. 
Key words: triethylene glycol dimethyl ether, triethylene glycol, 

polarization, cupric chloride, cuprous chloride film. 

The s tudy of CuC12 electrodes had  been in i t ia ted  in 
this  l abora to ry  by  using two types  of organic sol- 
vents:  one in which  the CuC12 was only  s l ight ly  sol-  
uble  (for example ,  p ropy lene  carbona te ) ,  and the  
o ther  ex t reme  in which the CuC12 was ve ry  soluble 
(for example ,  t r i e thy lene  glycol  d ime thy l  e ther  
[TEGDME]) .  In i t ia l  polar iza t ion  studies on porous 
CuC12 electrodes immersed  in 1M NaC104 solutions of 
TEGDME containing 0.5M CuCI~ showed tha t  the  
charging polar iza t ion  was unusua l ly  h i g h - - i n  the order  
of severa l  volts. No such high charging polar izat ion 
was observed in p ropy lene  carbonate.  The cause of the  
high polar izat ion was pos tu la ted  as due to the fo rma-  
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t ion of a h ighly  resist ive,  insoluble  film. The verif ica-  
t ion of tha t  pos tu la te  is the  subject  of this  note. 

The IR- f ree  and the IR- inc luded  charging po la r iza -  
t ion was measured  s imul taneous ly  wi th  a Kordesch-  
Marko  br idge  as a funct ion of t ime  at  a smooth Cu 
elect rode (1 cm 2) immersed  into e i ther  of two elec-  
t ro ly tes  made  f rom TEGDME or t r i e thy lene  glycol  
(TEG).  These e lect rolytes  both contained 1M NaC104, 
dr ied  as prev ious ly  descr ibed (3), and anhydrous  
CuC12. However ,  the  solubi l i ty  of CuC1 was different  
in each solution; CuC1 would  be an in t e rmed ia te  p rod-  
uct formed dur ing  the charging process (1). In  
TEGDME, the solubi l i ty  of CuC1 was found to be low 
whereas  in TEG, the  so lubi l i ty  was found to be high. 
A Cu wi re  reference  electrode was located 2 m m  from 
the work ing  Cu electrode.  Both solvents  were  vacuum 
dist i l led;  K a r l  F ischer  wa te r  analysis  showed tha t  
TEGDME had a wa te r  content  <20 ppm and TEG had 
a wa te r  content  ~100 ppm. 

The po ten t ia l - t ime  plots, which resul ted  f rom using 
the TEGDME solution, are shown in Fig. 1; curve A 
represen ts  the  / R - f r e e  da ta  and curve  B represen ts  
the  IR- inc luded  data.  Both sets of da ta  were  obta ined 
at  the  low cur ren t  dens i ty  of 0.25 m A / c m  2. Higher  
cur ren t  densi t ies  only  served to develop the high po la r -  
izat ion more  quickly.  The large  vol tage  difference be-  
tween  the  two curves  indicates  a large  IR loss tha t  
cannot  be a t t r ibu ted  s imply  to solut ion resistance.  The 
solution res is t iv i ty  was de te rmined  to be 275 ohm-cm;  
this value  corresponds to on ly  15 mV solution IR drop 
at  this  cur ren t  density.  Since CuC1 was prev ious ly  
found to be insoluble in this solution, i t  appears  h igh ly  
l ike ly  tha t  the  high polar iza t ion  was due to the  for-  
mat ion  of a h igh ly  resistive,  insoluble  film. Curve B 
exhibi ts  th ree  branches.  The t rans i t ion  t imes (~) cor-  
responding to the  first two branches  are ident ical  in 
length- -85  rain. These t imes each represen t  the pas -  
sage of 1.275 coulomb. If  one assumes that  the re  exists  
1 cha rge / s i t e  for  the  fcc Cu metal ,  the  number  of 
~,coulomb/cm 2 ---- 210. I f  one also assumes a surface 
roughness  factor  of 10, then T1 corresponds to the 
bui ldup of a film of about  600 layers  thick. Its compo- 
sition is pos tu la ted  as solvated CuC1. Since the  value  
for T2 is ident ica l  to the va lue  for T1, we  pos tu la te  tha t  
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Fig. 1. Potential-time plots for a Cu sheet electrode (vs. a Cu 
reference electrode) in a TEGDME-IM NaCIO4 -F 0.5M CuCI2 
solution at a constant charging current density of 0.25 mA/cm 2. 
Curve A,/R-free polarization; B,/R-included polarization. 
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Fig. 2. Potential-time plots for a Cu sheet electrode (vs. a Cu 
reference electrode) in a TEG-1M NaClO4 + 0.SM CuCI2 solution 
at a constant charging current density of 0.25 mA/crn 2. Curve A, 
/R-free polarization; B, /R-included polarization. 

T2 corresponds to the  conversion of C u ( I )  to insoluble 
C u ( I I ) .  The th ick  film was  eas i ly  seen wi th  the  naked  
eye when the  e lect rode was removed  from the e lect ro-  
lyte.  

The po ten t ia l - t ime  plots, which  resul ted  from using 
the TEG solution, are shown in Fig. 2. Note the  change 
in the vol tage scale f rom Fig. 1; the  two curves ca r ry  
the  same connotat ion as in Fig. 1. A much lower  IR- 
drop occurred dur ing  the charging of Cu in this  solu-  
t ion than  in TEGDME. The IR-d rop  ( the difference 
be tween  curves A and B) can be en t i r e ly  a t t r ibu ted  
to the  solution resis t ivi ty.  The low polar iza t ion  ob-  
ta ined  in TEG solutions suppor ted  the or ig inal  hypo-  
thesis that  a res is t ive film, p robab ly  CuC1 was formed 
in TEGDME, a solution in which CuC1 is soluble. 
Fur the rmore ,  no vis ible  film was  formed in TEG. 

No t rans i t ion  t imes  were  observed in the  TEG solu- 
tion, p robab ly  because the  in te rmedia te  product ,  CuC1, 
can migra te  a w a y  f rom the  e lec t rode  surface. In  
TEGDME, no such migra t ion  can occur because of i ts 
low solubil i ty.  

One explana t ion  for the  decrease in the  potent ia l  
va lues  (Fig. 2) at  t imes > 250 rain could be tha t  the  
reference  potent ia l  va lue  was  not  constant.  If  C u ( I )  
is formed in solution, the  Cu reference  poten t ia l  would  
change to reflect th is  concentra t ion change. The re f -  
erence potent ia l  would  no longer  be de te rmined  ex -  
c lus ively  by  the  Cu(0)  ~=~ Cu( I I )  react ion,  but  also 
by  the Cu(0)  ~ Cu( I )  and the Cu( I )  ~:~ C u ( I I )  r e -  
actions. This potent ia l  shif t  at  these long t imes  does 
not  affect the  conclusions made  regard ing  the film 
format ion  in TEGDME. The reason tha t  no such po-  
ten t ia l  decrease was observed in TEGDME solutions 
(Fig. 1) can be  due to two causes: (a) the  potent ia l  
decrease  was too smal l  to affect the  large  observed 
potential ,  or (b) no such potent ia l  shift  occurred be-  
cause Cu( I )  is not soluble in TEGDME solution. 

These da ta  show that :  (i) a th ick  resis t ive film 
forms dur ing  the  anodic charging of Cu in TEGDME 
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solution; (ii) the process of charging a Cu electrode 
proceeds stepwise in solvents in which the intermedi- 
ate product, CuC1, is insoluble. Similarly, it may also 
proceed stepwise in solvents in which CuC1 is soluble. 

Manuscript submitted May 20, 1971; revised manu- 
script received July  9, 1971. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June 1972 
JOURNAL. 
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ABSTRACT 

Amorphous  a luminum oxide films have been deposi ted on silicon subst ra tes  
by  decomposing a luminum t r ich lor ide  in an r f  induced glow discharge of 
oxygen.  Among  var ious  deposi t ion parameters ,  it  is shown tha t  the  reac tan t  
gas pressures  affect g rea t ly  the deposi t ion ra te  and the resu l tan t  film quali ty.  
The proper t ies  of these films such as in f ra red  transmission,  etch rate,  film 
s t ructure ,  resis t ivi ty,  die lectr ic  constant,  and dielectr ic  s t rength  a re  described.  
A l u m i n u m - a l u m i n u m  oxide-s i l icon (MAS) s t ructures  were  p repa red  and 
charac ter ized  by  the posi t ive values  of fiat band voltage,  d is tor t ion of C-V 
curves, and a large,  posi t ive shift  in fiat band  vol tage under  negat ive  bias at  
an e levated  t empera tu re .  The field effect e lect ron mobi l i ty  was as low as 70 
cm2/V �9 sec, whi le  it could be  improved  by the  anneal ing  at  a round 700~ or 
by  pu t t ing  a thin l ayer  of t h e r m a l l y  oxidized silicon dioxide be tween  the  
a luminum oxide and the silicon. 

In  the use of MOS t rans is tors  and high field devices, 
some l imi ta t ions  have  been recognized in the  use of 
silicon dioxide as a gate  insula tor  or a pass iva t ing  
medium. In par t icular ,  a t tent ion has been d rawn to the 
inab i l i ty  of the  oxide  to give posi t ive values  of th res -  
hold vol tage and to stop fast  diffusing a lka l i  metals .  
A l u m i n u m  oxide is one of the  mate r ia l s  that  has been 
inves t iga ted  in an a t t empt  to overcome these problems,  
and the  resul ts  concerning p repa ra t ion  and proper t ies  
of a luminum oxide films have been publ ished by  sev-  
eral  authors  using the react ion of an a luminum hal ide  
wi th  a hyd rogen -ca rbon  dioxide  mix tu re  at 900~ (1), 
t he rma l  decomposi t ion of an a luminum a lkoxide  at 
420~ (2), p lasma anodizat ion (3), react ive  spu t te r -  
ing (4), reac t ive  vacuum evapora t ion  (5), and r.f. 
spu t te r ing  (6). 

In  the present  study,  a luminum oxide films have 
been deposi ted by  decomposing a luminum t r ich lor ide  
in a radio  f requency  glow discharge of oxygen.  In  the  
glow discharge  deposit ion,  adheren t  films up to sev-  
eral  microns  can easi ly  be obta ined at f a i r ly  low depo-  
si t ion tempera tures ;  thus  the  technique  offers the  
poss ibi l i ty  of deposi t ing films on a wide var ie ty  of 
subs t ra te  mater ia ls .  A complete  unders tand ing  of dis-  
charge react ions  requi res  de ta i led  studies. Here, a 
semi -empi r ica l  approach has been taken  to opt imize 
growth  conditions,  and to eva lua te  the proper t ies  of 
a luminum oxide films deposi ted by  the r.f. glow dis-  
charge  method  for field effect devices. 

Experimental 
Deposition apparatus.--Figure 1 shows the genera l  

a r r angemen t  of the  appara tus ,  which  is s imi lar  to the  
one presented  by  Swann  et al. (7), differing in tha t  
the silicon subs t ra te  is grounded th rough  a p l a t i num-  
rhod ium (4: 1) susceptor  in o rder  to obta in  a l a rger  
deposi t ion rate.  A 400 kHz, 10 kW" radio  f requency  

Key words: dielectric, passivation. 
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genera tor ;  Model  MA-1003H (Kokusa i  Elec t r ic ) ,  is 
used to supply  energy  for both  the  chemical  react ion 
and subs t ra te  heat ing b y  means  of a radio  f requency  
coil sur rounding  a ver t i ca l  fused sil ica tube wi th  a 
d i ame te r  of about  60 ram. The susceptor  t e m p e r a t u r e  
is measured  by  an in f ra red  pyromete r :  Thermodot  
Model TD 7B ( In f ra red  Indus t r ies ) .  The pressure  of 
oxygen in the  reac tor  chamber  is control led  by  a l eak  
va lve  and moni to red  by  a P i r a n i  vacuum gauge. A l u m -  
inum t r ich lor ide  is p laced in an oxygen  s t ream and 
heated up to 70~176 to get  a pressure  necessary  
for the  deposi t ion of a luminum oxide. The vapor  p res -  
sure of a luminum t r ich lor ide  was es t imated  by  using 
the known vapor  pressure  curve (8). 

The glow discharge is sensi t ive to the shape and 
a r r angemen t  of the  me ta l  susceptor  and ea r th  line, and  
is l iable  to concentra te  on the sharpened  or  i r regu la r  
points  of meta ls  disposed in the  reactor  tube.  There-  

AICI 3 EVAPORATOR 

SUBSTRATE~ ~ - ~  H ~  
PLATINUM-RHODIUM ~/ '~ u._.ll 

~ IiL ~ PEDES,AL 
SILICA REACTION TUBE " ~ , ~ - , - J  PIRANI GAUGE 

~ INE 

COLD TRAP 
Fig. 1. Schematic of the glow discharge apparatus 
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fore, to get the glow discharge stable on the metal  
susceptor, the under  side of the susceptor and the 
earth line are carefully shielded by a silica tube. 

Fabrication and measurements.--Aluminum oxide 
films were deposited usual ly on (100) surfaces of p- or 
n - type  silicon slices of resistivity 30-50 and 3-7 ohm- 
cm. P- type  silicon slices of resistivity 3-7 ohm-cm 
were used for n -channe l  MAS or MAOS transistor  
fabrication. In  general, the oxide deposition is inde-  
pendent  of the silicon substrate resistivity. 

Because of the mobil i ty  problem encountered by 
a luminum oxide-silicon structures (see later) ,  a lumi-  
num oxide films were also deposited on silicon dioxide- 
silicon samples prepared by  thermal ly  oxidizing silicon 
in dry  oxygen at 1000~ The oxide thickness was up 
to 500A. Postdeposition heat  t rea tment  in N2, O2, and 
H2 have also been made. For the electric evaluat ion of 
the interface properties of a luminum oxide-silicon 
structure, MIS structures with a diameter  of 1 mm 
were prepared by evaporat ing a l u m i n u m  by the fila- 
ment  method using a metal  mask. 

The film thickness of a luminum oxide deposited on 
silicon was measured by observing the change in in-  
terference colors on the basis of the color chart made 
by interferometry for the a luminum oxide, similar to 
the one used for silicon dioxide (9). The infrared 
transmission curve was taken using a Model EPI-G2 
Hitachi infrared spectrophotometer. F i lm structure 
was determined by reflection electron diffraction and 
electron micrography. Electrical and interface proper-  
ties were studied by the MOS capacitance and con- 
ductance methods. Capacitance-voltage (C-V) mea-  
surements  were made in the dark at 1 MHz using a 
semiautomatic recording apparatus. The d-c bias 
sweep speed was controlled manua l ly  between about 
0.1 and 1 V/sec. The stabil i ty of the charge distr ibution 
was evaluated by applying positive and negative volt-  
ages to the gate ele~_trodes of samples at 250~ Field 
effect electron mobil i ty  was measured by constructing 
n -channe l  MAS and MAOS transistors with ring gates. 
The field effect electron mobil i ty and the threshold 
voltage (VTH) were obtained from the square- law 
characteristic of the transistors in the saturat ion region. 

Results and Discussions 
Growth rate.--In the glow discharge method, the dep- 

osition is dependent  on the vapor pressures of reac- 
tants, the temperature  of the substrate, the intensi ty  
and wave forms of discharge field, and the geometri-  
cal configuration inside the reaction chamber. The 
deposition is sensitive to the configuration of the sus- 
ceptor and the rf  coil, and the deposition rate is very 
low when the susceptor is set lower than the coil. It  
is suggested that, in order to obtain efficient deposition, 
the mixed reactant  gases should not be exposed to the 
glow discharge field before they come close to the sub- 
strate. In  the present study, therefore, the susceptor 
is always positioned higher than the coil. 

Assuming this configuration and with other param-  
eters fixed, the deposition rate of a luminum oxide 
films" is dependent  on the vapor pressure of oxygen 
and a luminum trichloride as shown in Fig. 2. When 
the temperature  of a luminum trichloride is lower than 
about 80~ the deposition rate is s trongly dependent  
on the temperature  of a luminum trichloride, that is, 
near ly  proport ional  to its vapor pressure. If, however, 
the temperature  of a luminum trichloride exceeds 80~ 
the deposition rate is almost independent  of the pres- 
sure of a luminum trichloride. It seems to indicate that, 
as far as a luminum trichloride is sufficiently supplied, 
the deposition rate is l imited by the ionization of oxy- 
gen which is main ly  determined by the oxygen pres- 
sure. 

The deposition rate is largest at the oxygen pressure 
of about 1 or 2 Torr, when  the vapor pressure of 
a luminum trichloride is held constant. As the oxygen 
pressure is made either lower or higher than 1-2 Torr, 
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Fig. 2. Deposition rate of AI203 as a function of pressure of 02 
and temperature of AICI3. RF voltage, 4 kV; substrate temperature, 
480~ 02 pressure: �9 3 Tort, �9 2 Tarr, Q 1 Tart, A 0.5 Torr. 
Vapor pressure of AICI3 is also shown as a function of temperature. 

the deposition rate decreases monotonically. This ten-  
dency can probably be interpreted by considering the 
degree of ionization of oxygen in the glow discharge 
field as a function of oxygen pressure. When the oxy- 
gen pressure exceeds about 3 Torr, the film thickness 
uni formi ty  becomes poor. The deposition rate is com- 
pletely independent  of the flow rate of oxygen into 
the reaction chamber  between I0 and 200 cc/min. 

The dependence of deposition rate on the substrate 
temperature  cannot be evaluated exactly because of 
the l imitat ion of the deposition apparatus. In  our 
apparatus, the substrate temperature  is controlled 
main ly  by the position of the rf coil and par t ly  by 
the rf voltage. The change of tempera ture  is always 
accompanied by the change of discharge field in  the 
reaction chamber. In  practice, however, the deposition 
rate does not seem to be strongly dependent  on the 
temperature,  and a fairly fast deposition rate can be 
obtained even at temperatures  as low as below 100~ 

The dependence of deposition rate on the intensi ty 
of discharge cannot be evaluated exactly for the same 
reason as ment ioned above because the coil supplies 
energy to both the susceptor and the gaseous reaction. 
Assuming, however, that the deposition is not so 
strongly dependent  on the temperature,  the deposition 
rate is found near ly  l inear ly  dependent  on the rf volt-  
age applied to the reaction chamber. This is analogous 
to the result  obtained for the rf sput ter ing (6). 

Film structure and composition.--Examination of the 
infrared transmission spectrum of the a luminum oxide 
films shows a broad absorption peak around 15#, as 
shown in Fig. 3, very similar to the one for a luminum 
oxide films obtained by the thermal  decomposition of 
a luminum triethoxide Al(OC2Hs)8. Electron diffrac- 
tion pat terns show that  a luminum oxide films are 
amorphous unless they are annealed at about 800~ 
or over. The a luminum oxide films are t ransparent  and 
visually very  smooth, but  electron micrographs show, 
as shown in Fig. 4, that  the surface of a luminum 
oxide films becomes uneven  as they are annealed at 
700 ~ or 800~ The crystall ization of a luminum oxide 
as evidenced by the electron diffraction pat tern may 
have some connection with the unevenness  of the film 
surface. But  the degree of crystall ization is considered 
low from the diffraction pattern, especially at 700~ 
so the phenomenon is main ly  a t t r ibuted to the film 
structure change due to something like vaporization 
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Fig. 4. Electron micrographs for AI203 films. AI203 films from 
left: as deposited at 400~ annealed at 700~ in N2 for 1 hr; 
annealed at 800~ in N2 far 1 hr. Magnification c a .  25,000X. 

or chemical reactions of some unknown  impurit ies in 
the film. 

Etch ra te . - -Etch rate studies have been made for the 
P-etch solution and for the conc phosphoric acid. As 
shown in Fig. 5, etch rates for the P-etch solution are 
normal ly  about 10 A/sec, and increases to over 100 
A/sac at lower rf voltages supplied dur ing deposition. 
The discharge becomes unstable  when the rf voltage is 
made a little lower than 2 kV in our apparatus, and the 
large etch rates of films deposited at lower rf voltages 
can be at t r ibuted to the insufficient intensi ty  of the dis- 
charge for obtaining dense films. If the vapor pressure 
( temperature)  of a luminum trichloride is as low as 
0.03 Torr (70~ dur ing deposition, the etch rate of 
the film is unusual ly  high, i.e. over 200 A/sac by the 
P-etch solution, though the reason is not clear. Post- 
deposition heat t rea tment  at 700~ in ni trogen for 1 
hr results in the slight reduction of the etch rate. Heat 
t rea tment  at temperatures  over 800~ makes the film 
almost insoluble in the P-etch solution. For the conc 
phosphoric acid, the etch rate is dependent  on the etch 
temperature  as shown in Fig. 6 for both a luminum 
oxide films deposited at 400~ and annealed at 700~ 
in ni trogen for 1 hr. For these films, fine pat terns can 
be etched by the phosphoric acid heated to around 
70~ using an ordinary  photoresist. Fi lms annealed at 
800~ for 20 rain are much slower in being etched by 
the phosphoric acid, i.e. at the rate of 10 A/sec at 85~ 
and 70 A/sec at 120~ 

Electr ical  p roper t i e s . - -E lec t r i ca l  properties of a lumi-  
num oxide films deposited by the  glow discharge 
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Fig. 6. Etch rate of AI203 in H3PO4 as a function of temperature. 
Curve I ,  as deposited (34 ~,/sec in P-etch solution); curve 2, an- 
nealed at 700~ in N2 for I hr (18 $,/sec in P-etch solution) 

method depend on deposition parameters,  especially 
on the vapor pressures of the reactant  gases. When the 
temperature  of a luminum trichloride is as high as 
l l0~ or the pressure of oxygen is lower than about 
0.5 Torr, deposited a luminum oxide films contain 
gra iny  spots and are electrically leaky, suggesting the 
incomplete reaction due to the insufficient oxygen 
concentration. Vapor pressures of about 2 Torr  for 
oxygen and about 0.3 Torr (90~ for a luminum tr i -  
chloride are most convenient ly  used for obtaining flat 
and good insulat ing films with moderate deposition 
rates. In  this condition, the dielectric constant  of the 
deposited film is normal ly  8.5, with a decrease to 
about 6 at lower rf  voltages, as shown in Fig. 5, prob-  
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Fig. 7. Typical MAS capacitance curves for 4000A AI203 films 
as a function of deposition rate. Deposition rate: curve 1, 255 ,~/ 
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ably related to the low film density (10), and the tan 
8 is about 0.01 at 1 MHz. The dielectric strength, as 
defined by 0.05 #A per a 1 m m  diameter  spot, is usual ly 
over 5 x 106 V/cm by film thickness around 4000A. 
The dielectric s trength is sl ightly affected by the 
anneal ing at 700~ but  serious degradation can be ob- 
served when the film is annealed at 800~ or over, 
probably due par t ly  to the crystall ization of a luminum 
oxide and to the content  of some unknown  impurit ies 
in the film. 

MIS Structures 
C-V measurements.--Figure 7 shows typical C-V 

curves for 4000A a luminum oxide films with the depo- 
sition rate as a parameter.  The films are deposited at 
480~ with an oxygen pressure 2 Torr and an a lumi-  
num trichloride temperature  90~ The deposition rate 
is in this case controlled main ly  by the rf voltage. The 
position of the rf coil is sl ightly moved to adjust  the 
deposition tempera ture  to 480~ The flat band voltage, 
VFB, is found positive in all cases, increasing with 
the deposition rate. The oxide charge as determined 
from the C-V curve is negative and found by the etch- 
ing experiment  to be located at or near the silicon- 
a luminum oxide interface. The VFB value is affected 
by the postdeposition annealing,  general ly increasing 
by the 700~ anneal ing process, but  reproducible data 
and interpretat ion could not be obtained. The distor- 
t ion in the C-V curves of a luminum oxide films indi-  
cates the presence of fast interface states, which in-  
creases with the deposition rate, or the rf voltage. The 
distortion is not e l iminated by anneal ing the films at 
700~ under  gas atmosphere N2, 02, or H2, and it is 
suggested that  the interface states were produced by 
the damage due to the glow discharge of oxygen. 
Hysteresis of the C-V curve is only slightly recog- 
nized, general ly  of the order of 0.1V. Only, the a lumi-  
n u m  oxide film deposited very slowly with an a lumi-  
n u m  trichloride temperature  as low as 70~ is found 
to show the unusua l ly  large hysteresis, though the 
reason is not yet  clear. 

Drift of the MAS structures under BT stress.--Figure 
8, curve 1 shows the VFB shift of the a luminum oxide 
film, deposited at 480~ under  bias applied at 250~ 
The VFB increases considerably unde r  the BT stress 
biased negative. Also, there is a tendency that  VFB 
increases (decreases) gradual ly  as the positive (nega- 
tive) bias is increased. Figure  8, curve 2 shows the 
VFB shift under  BT stress for the a luminum oxide film 
annealed at 700~ in ni t rogen for an hour. It  can be 
seen in the curve that  the tendency vanishes for VFB 
to shift positively (negatively) as the positive (nega- 
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Fig. 8. VFB shift under BT stress at 250~ for 15 min in air. 
Curve 1, as deposited; curve 2, annealed at 700~ in N2 for 1 hr. 

tive) bias is increased. This kind of instabi l i ty  can be 
at t r ibuted to the polarization effect, which was dis- 
cussed to be the main  cause of the instabi l i ty  ob- 
served in the a luminum oxide film deposited by the 
thermal  decomposition of a luminum triethoxide (11). 
From the fact that  VFB does not shift in  the negative 
direction under  the positive bias, the a luminum oxide 
film is free from the positive ion instabil i ty due to 
Na + ions and the like as observed in silicon dioxide 
films (12). The large positive increase of VFB under  
negative bias is observed also in the a luminum oxide 
film deposited by the thermal  decomposition of a lumi-  
n u m  isoproxide and annealed in oxygen at 700~ (13). 
As discussed in (13), this can probably be a t t r ibuted 
to some negat ively charged particles like O H -  ions, by 
the analogy of Na + ions in the silicon dioxide film, or 
electrons injected into the a luminum oxide from the 
gate metal. The instabi l i ty  of these films is i r rever-  
sible, that is, the VFB value once at tained by BT stress 
under  some finite bias remains  almost unchanged 
under  another BT stress test with less or zero bias. 
The authors found this kind of i rreversibi l i ty in the 
instabil i ty also in the silicon dioxide film deposited by 
the thermal  reaction of silane and oxygen, so it may 
probably be common to films deposited at low tem- 
peratures. The phenomenon resembles the t rapping 
instabi l i ty  found in vapor-deposited silicon nitr ide or 
silicon dioxide (14), but  the direction of VFB shift 
under  BT stress is opposite. It probably indicates the 
presence of deep t rapping centers for ions at the 
silicon-dielectric interface. 

The instabil i ty of V F B  under  negative bias is detect- 
ed even at the room temperature.  As shown in Fig. 9, 
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Fig. 9. Effect of repetitive voltage application up to 50V on MAS 
capacitance of the 3200A AI203 film at room temperature. 



Vol. 118, No. 10 A L U M I N U M  O X I D E  F I L M S  1623 

Table I. Characteristics of MAS and MAOS transistors, 
using AI203 films deposited at 480~ 

Heat treatment: 700~ N2, 1 hr 

H e a t  
Al.,O~ SiO2 t r e a t m e n t ,  T h r e s h o l d  cm~ V.sec 

th ickness ,  th ickness ,  No, 700~ vo l tage ,  E lec t ron  
A A. 1 h r  V m o b i l i t y ,  

3000 0 No 4.0 70 
3000 0 Yes 6.0 140 
3000 200 No 1.8 270 
3000 200 Yes 0.5 350 
3000 500 No 1.0 430 
3000 500 Yes 0.1 530 

the C-V curve of the a luminum oxide film deposited 
at 480~ is distorted after a large negative voltage 
(--50V) is applied to the film. The figure shows that 
the C-V curve traces quite the same path after ~50V 
is applied, and so the application of positive voltages 
does not produce such instabil i ty effects. 

Field e]~ect mobility of electrons.--N-channel MAS 
and MAOS transistors were fabricated by using 
a luminum oxide films as a gate insulator  to evaluate 
field effect mobil i ty of electrons in the channel  under  
the gate insulator. The transistors have the following 
dimensions: channel  length, 14#; channel  width (pe- 
r iphery) 540~. Substrate  resistivity is 3 to 7 ohm-cm 
for (100) surfaces of p- type silicon wafers. The result 
is summarized in Table I. 

The transistor having a luminum oxide as a gate in-  
sulator deposited directly onto the silicon surface at 
480~ has the electron mobil i ty  around 70 cm2/V-sec. 
Anneal ing of the film at 700~ for an hour results in 
the increase of the electron mobil i ty up to about 140 
cm2/V'sec. Transistors whose gate insulator  are made 
by depositing a luminum oxide on slightly thermal ly  
oxidized (up to 500A) silicon surface shows larger 
electron mobilities, up to 530 cm-~/V.sec after the an-  
neal ing at 700~ 

The authors found the same t rend in the electron 
mobil i ty when silicon dioxide films deposited by the 
decomposition of te traethoxysi lane Si(OC2H~)4 in the 
glow discharge of oxygen were used as gate insulators 
of the transistors. The low electron mobil i ty in the 
surface channel  can par t ly  be a t t r ibuted to the in t r in -  
sic na ture  of the a luminum oxide/silicon interface, but 
is main ly  due to the surface damage caused by the 
bombardment  of charged particles (15). The damage 
due to the bombardment  is evidenced by the fact that 
the thickness of silicon dioxide has influence on the 
magni tude  of the electron mobility. In  the a luminum 
oxide deposition process, the silicon dioxide/silicon 
interface can be influenced only by  the charged par-  
ticles' bombardment .  It  is known that  the surface 
damage caused by electron bombardment  is restored 
by the anneal ing at.500~ (15). So, in the glow dis- 
charge methods, the damage is caused main ly  by the 

bombardment  of ionized oxygen so that  it cannot be 
restored completely even by the anneal ing  at 700~ 

Conclus ions  
Decomposition of a luminum trichloride in the glow 

discharge of oxygen at moderately  low temperatures  
results in amorphous a luminum oxide films. Among 
various deposition parameters,  the reactant  gas pres- 
sures affect greatly the film deposition rate and the 
resul tant  film quality. At the oxygen presure of about 
2 Torr and the a luminum trichloride temperature  of 
about 90~ coherent, good insula t ing films are ob- 
tained at the deposition rate of a few hundred  A / m i n  
or over. The physical and electrical properties of these 
films compare favorably with those of films obtained 
by the thermal  decomposition of a luminum alkoxides. 
The MAS capacitance shows the positive value of flat 
band voltage, VVB, and a large positive shift of VFB 
under  negative bias at 250~ Distorted C-V curves in-  
dicate the presence of fast interface states, which can 
not be el iminated by the anneal ing up to 700~ MAS 
transistor characteristics show that  the field effect 
electron mobil i ty  is as low as 70 em2/V-sec, while it 
becomes much higher by the anneal ing at around 
70O~ or when a thin layer of thermal ly  oxidized sili- 
con dioxide is put between a luminum oxide and silicon. 

Manuscript  submit ted Feb. 1O, 1971; revised manu-  
script received May 17, 1971. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1972 JOURNAL. 
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Properties of Aluminum Oxide Films Obtained from 
Nitrous Oxide and Aluminum "l'rimethyl 

L. H. Hall* and W. C. Robinette* 
Texas Instruments, Inc., Dallas, Texas 75222 

ABSTRACT 

Aluminum oxide (both amorphous and ~-A1203) have been deposited from 
the reaction of a luminum t r imethy l  and nitrous oxide at 650~ The refract ive  
index is 1.75 m 0.02 and the dielectric constant is 8.5 • 0.3. Fi lms have a re-  
sistivity of 1014 ohm-cm at 106 V/cm. D-C cur ren t -vo l tage  characterist ics indi-  
cate a Poo le -Frenke l  model  of conduction similar  to that  for Si3N4 films. Turn  
on vol tage and MAOS capacitor fiat band vol tage stabil i ty of • at 300~ 
and 106 V / c m  has been attained. 

A number  of authors have  reported on pyrolyt ic  
a luminum oxide films prepared f rom organoaluminum 
compounds (1-3). This paper  deals wi th  films prepared 
f rom the react ion of nitrous oxide and t r ime thy l -  
aluminum. Electr ical  characteristics,  including d-c  
conduction and complex dielectric constant, and 
alumina-si l icon interface propert ies have  been studied 
as a function of applied electric field and tempera ture  
during measurement .  A luminum oxide was deposited 
on 4-8 ohm-cm, n-  and p- type  silicon substrates of 
several  different crystal  orientations. The film thick-  
ness was varied f rom 800 to 3800A. Fi lm thickness was 
measured using an el l ipsometer  wi th  ei ther a mercury  
arc source (L -- 5461A) or a laser source (L = 6328A). 
Electr ical  measurements  were  made on capacitor 
(MAS, MAOS) structures. Metal  (a luminum or gold) 
was evaporated on the a lumina surface and capacitor 
dots ranging in area f rom 5 x 10 -5 to 2 x 10 -2 cm 2 
were  photol i thographical ly  defined. 

Experimental 
The deposition systems used were  single slice and 

mult isl ice ver t ical  reactors. The a luminum t r imethyl  
vapor, and nitrous oxide, both diluted with  argon, 
were  t ransported in separate inlet tubes so that  the two 
gases are mixed  only after  ent ry  into the reactor  
chamber.  Al though several  different a luminum alkyls 
can be used, the t r imethyl  was chosen because it is 
a l iquid at room tempera tu re  and has a vapor  pressure 
of 8.4 mm Hg at 20~ Nitrous oxide was chosen as 
the source of oxygen since it is not an oxidizing agent  
and is only appreciably the rmal ly  decomposed at t em-  
peratures  of 600~ and greater.  The highest grade pur-  
i ty commercia l ly  avai lable for a luminum t r imethy l  
and nitrous oxide was used wi thout  fur ther  purifica- 
tion. A constant t empera tu re  chamber  was used to 
mainta in  a constant supply of a luminum tr imethyl .  
The deposition rate of the a luminum oxide films was 
controlled by l imit ing the amount  of reactant  gases 
enter ing the react ion chamber.  

The qual i ty  of the a luminum oxide films obtained 
is h ighly dependent  upon the a luminum t r imethy l  
react ing completely to give a luminum oxide. If  a fast 
deposition ra te  is used there  is general ly  a residue 
after  etching of the film. Also these films had poor 
electrical  properties. However ,  an interest ing aspect 
of such a process is that  the amount  of excess a lumi-  
num can be controlled, and this may  provide an in- 
terest ing material .  

Only a cursory examinat ion  of films which did not 
have a refract ive  index between 1.72 and 1.80 was 
made as the refract ive index is a ve ry  sensitive mea-  
surement  of the pur i ty  of deposited films. Electr ical  
propert ies of amorphous and ~-a luminum oxide films 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  c h e m i c a l  vapor deposition, d-e c o n d u c t i o n ,  i n su l a t i on .  

showed no difference as long as the ref rac t ive  index 
was the same. 

F i lm deposition tempera ture  was kept  be tween 
640 ~ and 660~ as this was about the lowest  t empera -  
ture  at which good electrical  films were  obtained with  
nitrous oxide. It was not desired to have  a h igh - t em-  
pera ture  process since a luminum oxide films become 
crystal l ine at high temperatures .  Also there  are a 
number  of good high t empera tu re  processes for a lumi-  
num oxide. A slow deposition rate, <75 A/rain,  gave 
7 -a luminum oxide films. Good amorphous films which 
etched at a uniform rate  in Bell  No. 2 were  obtained 
in the single slice vert ical  reactor.  This is a desirable 
proper ty  of oxide films which are to be used in semi-  
conductor processing. 

Results and Discussion 
D-C conduction.--Direct current  measurements  were  

made using a res i s tance-programmed Kepco ABC 1000 
vol tage supply and a Hewle t t -Packa rd  425-A micro-  
microammeter .  Data were  taken with  samples in slice 
form on an uni l luminated  probe stage with  a con- 
t rol led ambient  at t empera tures  between 250 ~ and 
575~ Current  measurements  were  taken after  a 
stabilization period of -- 5 rain after  field application. 
The percentage change in the current  values after  
this t ime period was small  ( - -  1%). 

A In I vs. Vvg plot at various tempera tures  for a 
representa t ive  h igh-res is t iv i ty  a lumina sample is 
shown in Fig. 1. F rom these data the high field con- 
ductance in the tempera ture  range 250~176 may  be 
expressed as 

i ~ io exp ( flVv2 - "I" ) 
kT [1] 

where  I is the measured current,  V the applied vol t -  
age, ~ and ,I, are constants to be explored, k is Boltz-  
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Fig. 1. AI203 d-c conduction for high resistivity material 
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Fig. 2. Zero voltage current intercept (li) vs. reciprocal tempera- 
ture. 

mann ' s  constant, T is the absolute temperature,  and Io 
is the extrapolated, zero voltage intercept. 

The activation energy at low fields, ,I,, is found to 
be 0.5 eV in Fig. 2 by extrapolat ing the curves in Fig. 
1 to the zero voltage intercept. This intercept  Io plotted 
vs. reciprocal temperature  yields ,I, from the l ine slope. 

Some samples deposited at other than ideal condi- 
tions exhibit  very high conduction levels indicating 
very low activation energies. Due to the nonohmic 
conduction characteristics resistivities wil l  be com- 
pared at a fixed field of 106 V/cm. Samples exhibit ing 
high conduction levels have resistivities in the 106-106 
ohm-cm range. Samples with activation energies of 
0.5 eV have a resistivity of 1.0 _ 0.1 x 1014 ohm-cm. 

None of the parameters  studied were found to be 
dependent  on electrode materials  used. 

ModeL--The d-c current -vol tage  characteristics of 
the a lumina  films investigated are analyzed in terms 
of the Poole-Frenkel  model of conduction discussed 
by Brown et aL (4) for silicon ni tr ide films. A bulk, 
electronic conduction mechanism is proposed with the 
mechanism being field-aided the rmal  ionization of 
t rapping levels in the film. The mechanism of Poole 
(5) and Frenke l  (6) has been used by m a n y  workers 
including Vermilyea (7) (ZrO2), Mead (8) (Ta205), 
Har tman  et al. (9) (SiO);  for Si3N4 in par t icular  
Brown et al. (4), Sze (10), Hu et al. (11), and Froh-  
man-Bentchkowsky and Lenzlinger (12). The reader 
is referred to reference (4) for a more complete discus- 
sion of the model than wil l  be given here. If an elec- 
t ron escapes a donor- l ike trap at an energy qU below 
the conduction band it is acted upon by both any 
external  voltage applied and the field produced by the 
ionized donor. The potential  dis t r ibut ion seen by the 
electron is shown in Fig. 3. The energy barr ier  is seen 
to be lowered by an amount  qAU. 

AUp.t = \ ~ / 

= 4--;72, d 

where U is the trap depth below the conductor band  
for Schottky or Poole-Frenkel  emission, ~ is the opti-  
cal dielectric constant, and d is the film thickness. 

The fact that  ~Us = AUp.f/2 due to image force 
effects is compensated for in the total conductivi ty ex- 
pression by a factor of 2. This factor arises from a sta- 
tistical description of electron populat ion above the 
donor- l ike centers, assuming that  at low tempera-  
tures all centers are filled (13). 

The conductivi ty of a film aris ing from Poole- 
Frenke l  emission was expressed by  Frenke l  (6) as 

--" O'o exp [ - -q  (Up.f - -  AUp.f)/2kT] 

However, if one assumes the electron deficiency of the 
donor- l ike centers to be greater than  the excited elec- 

POTENTIAL DISTRIBUTION 

l , 

F---x 

&Up_f =(q Vkrre d) I12 

Fig. 3. Potential distribution acting on an electron escaping a 
donor-like trap. 

t ron densi ty then 

---- ao exp [q (~/qV/s~ ~ d - -  Up-f)/kT] [2] 

The slope of a In I vs. V'/2 plot for this system would 
be twice as large as one for Schottky emission or the 
"normal" Poole-Frenkel  effect. Mott and Gurney  (14) 
have outl ined the statistical der ivat ion and point out 
that  this electron deficiency might  well  be expected in 
a mater ia l  which has an excess of metallic ions over 
its stoichiometric requirement .  This could easily be 
the case in the films investigated here. Similar  t reat -  
ments  have been reported by Mark and Har tman  (15) 
and Simmons (16). 

Application of model.--Equation [2] is of the same 
form as Eq. [1], wi th  

= [q3/~ e d] '/~ and ,I, = qUp-t 

To establish the model proposed here the slope of 
the current-vol tage  characteristics is shown vs. oxide 
thickness in Fig. 4 for thicknesses of 850-3800A. The 
slope of this plot is -- ~/2 as is predicted by the ( l / d )  1/~ 
dependence of the theoretical slope value. The dashed 
line is the l ine predicted by the Schottky or "normal" 
Poole-Frenkel  effect while the heavy l ine is calcu- 
lated using the proposed Poole-Frenkel  formulation.  

In Fig. 5 the current -vol tage  slope is plotted vs. 
temperature.  The higher tempera ture  points follow a 
line of slope --1 as is expected for the model. The 
deviation of the lower tempera ture  points from a l ine 
of slope --1 is not understood. A fitting of these data 
including Fowler-Nordheim conduction characteristics 
has not been possible. No study was made varying  the 
index of refraction to test the In I-V'/~ slope dependence 
on this parameter  (e ---- n2). 

Complex d/electric constant.--Dielectric data were 
obtained using a General  Radio 1615A capacitance 
bridge, G.R. nul l  detector, and a G.R. 1203-B funct ion 

I-V 1/2 PLOT SLOPE vs ALUMINA IHICKNESS 
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TEMPERATURE DEPENDENCE OF PROPOSED POOLE-FRENKEL SLOPE 
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Fig. 5. 1/T dependence of proposed Poole-Frenkel slope 

generator. Signal level was mainta ined at 100 mV and 
monitored with a Bal lent ine 861 a-e voltmeter.  Ca- 
pacitance-voltage measurements  were made using a 
Moseley 20-2A x-y  recorder, Boonton 71-A capacitance 
meter, Kepco ABC-1000 power supply, and a Hewlet t -  
Packard 3300A function generator. 

The real part, e', of the complex dielectric constant  
is equal  to 8.5 • 0.3, at 100 kHz, very near the re- 
ported value of 8.6 for a crystal l ine A1203 (17). A var i -  
ation of �9 between 7.7 and 9.2 was found for samples 
deposited at other than ideal temperatures  and flow 
conditions. 

The dielectric loss, �9 varies from 0.009 to 0.1, at 
100 kHz, but these values were found to be extremely 
dependent  on substrate surface preparation.  Localized 
surface imperfections and film imperfections as well  
as surface impuri t ies  prior to deposition might be ex- 
pected to contr ibute to the variat ion in �9 No t rend 
could be seen relat ing dielectric loss to capacitor area 
or part icular  substrate cleanup. The substrates were 
not vapor etched prior to a lumina  deposition. 

Surface electrical properties.--The silicon wafers 
were not etched in situ prior to silicon oxide growth or 
AI.,O:~ deposition, and again only films with A1203 re- 
fractive index of 1.75 were investigated. The well-  
known property of A1._,O3 to cause a tendency toward a 
more p- type surface on both n -  and p- type  silicon was 
verified with these films. N channel  enhancement  mode 
field effect devices on 5 ohm-cm silicon were con- 
structed. Tu rn -on  voltage and MAOS capacitor flat 
band voltage stabil i ty of _0.3V at a threshold voltage 
of §  at 300~ and 106 V/cm has been attained. MAS 
capacitors with similar stabil i ty were fabricated. 

Conclusions 
It has been demonstrated that a luminum t r imethyl  

and nitrous oxide can be used to chemically vapor de- 
posit a l uminum oxide films at 650~ of electrical 
qual i ty similar to that of films deposited from the 
a luminum chloride, carbon dioxide, and water  reaction 
at 900~ The films prepared by this technique have 
resistivities in the 1014 ohm-cm at 106 V/cm. However, 
they can also have resistivities in the 106-108 ohm-cm 
range if the films contain a high impur i ty  content. This 
is similar to data reported on films prepared by the 
low-tempera ture  pyrolysis of a luminum alkoxides. 

While it is impor tant  to accurately control the 
amount  of the a luminum t r imethyl  vapor and the oxy- 

g e n / a l u m i n u m  ratio to obtain high qual i ty  electrical 
films, this method is interest ing in that a controllable 
excess of a luminum in the a luminum oxide film may 
provide an interest ing mater ial  for some novel appli-  
cations in MOS technology. 

High-resist ivi ty a luminum oxide films prepared by 
the reaction of nitrous oxide and t r ime thy la luminum 
have been characterized as to d-c conduction, dielectric 
constant, and stabil i ty properties. 

Fi lms of 1014 ohm-cm resistivity at 106 V/cm have 
been found to exhibit  a "special" mechanism of con- 
duction previously reported for Si3N4 films (4). The 
applicabili ty of this model has been demonstrated by 
detailed study of the var iat ion of the magni tude  of 
the In I-VV~ slope expressed as 

Sp_f -- (q3/~ �9 d) '12/kT 

This slope value is found to be twice as large as that  
of the "normal" Poole-Frenkel  effect (6), thus im-  
plying a low-field thermal  activation energy equal to 
the energy barr ier  height for electron emission instead 
of 1/z of that  height. 

Stabi l i ty  of the flat band voltage for MAOS struc- 
tures and field-effect transistors is • at 106 V/cm 
and 300~ The dielectric constant  for high-resist ivi ty 
films is found to be 8.5 __+ 0.3. 
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Double Epitaxial Isolation Method for the Fabrication 
of Integrated Circuit Transistors 
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ABSTRACT 

A new fabr icat ion method is proposed which e l iminates  the isolat ion proc-  
ess by  in t roducing a p - t y p e  ep i tax ia l  l ayer  into the  I.C. fabr ica t ion  process. 
The typica l  values  of /~VCEO, BVcBo, and hfe of I.C. t rans is tors  made  by this 
new method are  6.5 ~ 10V, 16 ~ 18V, and 20 ~ 60, respect ively.  This new 
method is sui table  for the fabr icat ion of h igh-dens i ty  in tegra ted  circuits  in 
v iew of its s imple process and bet ter  t rans is tor  performance.  

In the  appl icat ion of convent ional  I.C. fabr icat ion 
methods  to L.S.I., l a t e ra l ly  spreading areas  occupied 
by  the isolation diffusion process are  a space l imit ing 
factor  to the fabr ica t ion  design. To improve  this ma t -  
ter, the C.D.I. (co l lec tor -wal l  diffusion isolation) 
method was proposed by  M u r p h y  and others  (1, 2). 
They used a p - t y p e  ep i tax ia l  l aye r  as the  base, 
and e l iminated  the isolat ion diffusion. However ,  there  
are  some difficulties in obtaining a high level  of t r an -  
sistor b reakdown  vol tage  and in control l ing the th ick-  
ness of the ep i tax ia l  layer.  The D.E.I. (double ep i tax ia l  
isolat ion) method,  which  has some advantages  in in-  
t egra ted  circui t  fabricat ion,  is proposed in this  paper .  

Fabrication Method 
A comparison of manufac tu r ing  processes be tween  

the D.E.I. method  and the  convent ional  method  is 
shown in Fig. 1. The D.E.I. method s tar ts  wi th  diffusion 
of n §  layers  into the p - t y p e  subst ra te  in those 
regions tha t  are  to hold the  finished transistors.  This 
step is ident ical  to the  convent ional  process. Next,  a 
2-3;~ p - t y p e  ep i tax ia l  l ayer  is grown, and fol lowed by  
an app rox ima te ly  2~ n - t y p e  ep i tax ia l  layer .  I t  should 
be emphasized that  this ep i tax ia l  g rowth  is one con- 
t inuous process. The change f rom p - t y p e  to n - type  is 
achieved by  ac t iva t ing  valves  in the gas feed l ine at 
the  appropr i a t e  t imes  dur ing  processing.  

Dur ing the hea t  cycles of ep i tax ia l  and base diffu- 
sion processing, there  is an autodiffusion f rom the 
n + - b u r i e d  l aye r  into the p - t y p e  ep i tax ia l  layer .  This 
conver ts  the  conduct iv i ty  type  of the  ep i tax ia l  layer  
above the  bur ied  layer  f rom p - t y p e  to n- type .  This 
inver ted  layer  acts as the  collector  of the  finished 
transistor .  

The p - t y p e  i m p u r i t y  diffusion of 3.0;~ in depth  is 
s imul taneous ly  appl ied  to the  base and isolat ion 
regions. The p - t y p e  diffused base ex tends  comple te ly  
th rough  the  n - e p i t a x i a l  layer ,  and then  the ac tual  
base-col lec tor  junct ion is in the inver ted  ep i tax ia l  
l ayer  where  the p - t y p e  ep i tax ia l  l aye r  has been con- 
ver ted  to n- type .  The regions of the p - t y p e  ep i tax ia l  
layer  not  over  the  n + - b u r i e d  layer  are  unaffected 
throughout  the  ent i re  process. Dur ing  the base diffu- 
sion, p - t y p e  isolat ion regions are  diffused th rough  the  
n - t y p e  ep i tax ia l  l ayer  and into the  p - t y p e  ep i tax ia l  
layer,  mak ing  the t rans is tor ' s  col lector  an isolated n-  
type  is land in a p - t y p e  sea. The t rans is tor  is com-  
p le ted  b y  s imul taneous ly  diffusing the  n + - e m i t t e r s  
and the n+-co l l ec to r  contacts. 

The D.E.I. method has m a n y  impor tan t  advantages,  
because in this  method  the isolat ion is pe r fo rmed  
s imul taneous ly  wi th  the  base diffusion. The isolat ion 
diffusion depth  is only  as deep as the  base. As shown 
in Fig. 2, both  the  isolat ion mask  a l ignment  and the 
isolat ion diffusion process are  e l imina ted  in the D.E.I. 
method.  Since i m p u r i t y  diffusion proceeds about  the 

Key words: isolation, 1.C. transistor, autodoping, epitaxial. 

same dis tance ve r t i ca l ly  and la tera l ly ,  the shal lower  
isolation diffusion yields  na r rower  isolat ion regions. 
Thus, each t rans is tor  takes  up less space. 

A comparison of chip sizes of the  Quad Nand circuits  
designed by  the D.E.I. method  with  those ut i l iz ing the 
convent ional  method  is shown in Fig. 3. As  is evident  
f rom this  figure, b y  using the D.E.L method  the chip 
size of the  circuit  is reduced  by  about  30%. 

Transis tors  made  by  the  D.E.I. method have com- 
pensated collector regions as a resul t  of auto diffusing 
the  n - t y p e  impur i t y  f rom the n + - b u r i e d  l aye r  into 
the p - t y p e  ep i tax ia l  layer .  Thus, it  was impor tan t  to 
invest igate  how the autodiffusion influences the char -  
acter is t ics  of transistors.  

A t  first, the  impur i ty  d is t r ibut ion  of the  autodiffu-  
sion layer  was s tudied in detail .  As shown in Fig. 4, 
the  p - t y p e  ep i tax ia l  l aye r  is grown upon an n - t y p e  
subs t ra te  wi th  localized n + - b u r i e d  layers,  and then  
the autodiffusion is b rought  about  by  hea t  t r ea tment  
for 1-8 hr  at 1215~ 

D.E.I. m e t h o d  Conveatiorml,tet~cl 

(1) N%uried layer diffusion (1) N*-buried layer diffusiort 

{.2) N.P-epitalial ktyerdqmsitioR {z)N-epitaxial layer delmsitio~ 

g//ll////////.I \ \ \ \ \ P  ) 

(3) B,~se ~ isoletion cliff~sio~ 1311sol~tio~ diff-sior~ 

"' I  P 
(~) Emitter diffusiort (~) Base diffusion 

(5)Emitter diffusion 

"1 

Fig. i. Comparison of manufacturing processes for the D.E.I. 
method and the conventional method. 

1627 



1628 J. Electrochem. Soc.: S O L I D  S T A T E  S C I E N C E  October  1971 

P - s a ~ r a t ~  
$ 

N%arid laver diffusion 
$ " (mask#l) 

N=P~epit~xial layer deposition 

B~eIsolation diffusion 
(mask#Z) 

Emitter diffuS=~mask'- #3 ) 
Contot;t window ope~incj . 

(mo.sk# M 

AI interconnection deposition 

AI ietercoaeection 
J, (ma~k#s) 

kl metali~ation 

Fig. 2. Flow charts of the D.E.I. 
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The p -n  junct ion  was observed by angle- lapping 
and stain-etching. Distances be tween the surface of 
the p- type epitaxial  layer  and the p -n  + junct ion  were 
measured. The exper imental  results are shown in Fig�9 
4, where the parameter  is the resistivity of p- type  
epitaxial  layer. The gradient  of these lines is about 
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Fig. 4. The relation between heat treatment time and auto- 
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of the n-type impurity from the n+-buried 

one-half,  so these exper imental  data show that  auto- 
diffusion from the n+ - bu r i e d  layer is approximately 
given as error function. 

Autocliffusion profiles of n - type  impur i ty  from the 
n+-buriecl  layer are shown in Fig. 5, where parameter  
H is the heat t rea tment  time. In this figure x ---- 0 is 
the interface between the n + - b u r i e d  layer and p- type 
epitaxial  layer before any heat t reatment .  The broken 
line in this figure is the impur i ty  profile of the base 
diffusion given as error function. The emit ter-base 
junct ions are given as a step junct ion  of 0.6# in  depth 
from the surface�9 

As is evident  from Fig. 5, with increasing heat  t reat-  
ment  time, the position of the base-collector junct ion 
is closer to that of the emit ter-base junction,  that  is, 
the base width decreases. Also the max imum inverse 
breakdown voltage of the base-collector junction, 
BVcBo, and the series resistance of the transistor, Rs, 
decrease. This means that  the current  gain of t ransis-  
tors becomes higher with increased heat t reatment .  
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Experiments and Results 
In  the D.E.I. method a high breakdown voltage of 

the base-collector junct ion is main ta ined  by control-  
ling the thickness of the p- type epitaxial  layer. Con- 
ditions for sample fabrication are summarized in Fig. 6. 

The relat ion between BVcBo and the heat t rea tment  
t ime is shown in Fig. 7. A heat t rea tment  t ime of zero 
means that autodiffusion from the n +-bur ied  layer to 
the p- type epitaxial  layer takes place only dur ing 
heat t rea tments  in  the epitaxial  growth (Dztz) and 
the base diffusion (Data). Inversion of the p- type layer 
into n- type  mater ia l  is essentially completed during 
epitaxial growth and base diffusion processes for 
sample TR-6, but  requires more than three addit ional 
hours of heat t rea tment  for sample TR-5 because of 
its thick p- type epitaxial  layer. The values of BVcso 
of TR-6 hardly vary  with heat t rea tment  time, since 
impur i ty  concentrat ions of base and collector regions 
are very  high (from 10 *7 to l0 TM cm-S) ,  while those 
of TR-5 vary  considerably, since the impur i ty  concen- 
trat ion densi ty is in the range of 10'~ to 10 *~ cm -s. 
The broken lines in this figure give calculated values 
of BVcso based on McKay's data (3). The assumptions 
in this case are that  the impur i ty  profile of the auto- 
diffusion layer  is given as error  function and the im-  
pur i ty  dis t r ibut ion at the base-collector junct ion is 
step-shaped. 

The structure of a transistor  in which the p- type 
epitaxial layer is e l iminated from the D.E.I. scheme is 
shown in Fig. 8. This fabrication method is tenta t ively  
named S.E.I. (single epitaxial  isolation). Transistors 
made by the S.E.I. method have lower breakdown 
voltages, from l l  to 15V in TR-6 and TR-5 substrates. 
Hence, it is evident  that the p- type  epitaxial  layer in 
the D.E.I. method plays a very impor tant  role in im-  
proving transistor breakdown voltage. 

Deposition 

Ntb~ried Icyer 
P-type epitcxid Icyer 
N-t~pe epitaxicd layer 

Hect treatment time 
B~.~e z isol=ti= diffusion 

SCruple number 

TR-S TI~-6 

Z.O-3.Olk~, ~.O-5.~/z! 2.O-3.Oilcm,18-Z.1,,~ 
O."/.(l.c=. iL~-2."//,. O.Sflc,~, 2.1~Z.4p- 
5, Z~,6,8 hrs. 0.I.Z.Zk G. $ hrs. 
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Fig. 6. Conditions of fabrication 
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Fig. 8. S.E.I. transistor structure (p-type epitaxial layer is elim- 
inated from D.E.I. structure). 
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The effect of heat t rea tment  t ime on/3 and BVcEo is 
shown in Fig. 9. Fabricat ion conditions of the samples 
for these experiments  are the same as for TR-6, and 
emit ter  diffusion time is kept constant  regardless of 
any heat t rea tment  time. With increased heat t reat -  
men t  time, ~ increases and BVcEo decreases to about 
5V. As mentioned before, these facts mean  that  with 
increased heat t rea tment  time, the base width is re-  
duced. Genera l ly  speaking, there is a relat ion between 
BVcEo, /3 and BVcBo of transistors as follows 

BVcBo 
BVCEO ~ - -  ~ --  2 to 6 [1] 

nVi 
Th broken lines in Fig. 9 give the values of BVcEo 
calculated from measured values of /3 and BVcBo for 
n : 3. These calculated values show good agreement  
with experiment.  

The relat ion between collector series resistance, Rs, 
and heat t rea tment  t ime for the D.E.I. method is rep- 
resented in Fig. 10. With increased heat t rea tment  time, 
as autodiffusion proceeds, the values of Rs become 
lower than those of transistors made by conventional  
methods. The series resistance, Rs, of I.C. transistors 
made by the D.E.I. method consists of four components 

Rs : n (RE § RN -t- Rcl + Rc2) [2] 

Here, n is a constant  coefficient, and RE and Rc, are 
resistances in the compensated region. 

If ps represents the mean value of sheet resistance 
in the compensated collector region, then the value of 
ps may  be estimated from the measured values of the 
Rs. The results are summarized in Fig. 11. The mean  
values of compensated collector region sheet resistance 
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Fig. 11. Estimated values of sheet resistance and impurity con- 
centration in the inverted collector layer. 

decrease from 5.7 x 103 ohm/square  to 2.5 x 103 ohm/  
square with increased heat t rea tment  time. If this 
compensated collector region consisted of only n - type  
impurity,  the impur i ty  concentrat ion in this layer 
would be from 1 to 2 x 1016 cm -~. 

Conclusion 
A comparison of the fundamenta l  characteristics of 

transistors made by various methods is shown in Fig. 
12. The first and third columns of this figure give a 
comparison of convent ional  I.C. transistors and the 
D.E.L I.C. transistors. Except for sl ightly lower values 
of breakdown voltage, the characteristics of D.E.I. 
transistors are quite similar  to conventional  ones. The 
value of •VCEO given in the top row is sufficient for 
logic circuits; they are normal ly  operated in the vicini-  
ty  of 6V. 

Storage t ime of the D.E.I. transistors is lower than 
that  of conventional  ones without gold-diffusion, be- 
cause the impur i ty  dis t r ibut ion in the collector pro- 

Description C=weatioaal 
mthod 

CDI 
method 

DEI 
method 

6.5 ~10 BVcEo (V) 8-~ 15 < S 
BVceo (v) /~0 ~ 60 10 18 
/gaorm~l 50 ~ 60 Z5-35 Z0 ~ 60 
Rs (~) 5Z 10 40 

inverse 0./~ ~ 0.5 Z.O ~ ~.5 

fT (ME) ?00 ISO0 

27~30 S t ~  time(r162 
Cc (PF) 11.5 

0.5~0.8 
250 

18-20 
16.5 

SEI 
method 
Z.q~5.~ 

11 ~12 
Z0-60 

S0 
1.Z ~ 1.6 

~O0 

36 

Fig. 12. A comparison of the characteristics of transistors made 
by various methods. 

duces a field that  sweeps stored charge out of the col- 
lector as the transistor  comes out of saturation. The 
fourth column of Fig. 12 shows the characteristics of 
transistors made by the S.E.I. process. It  is simpler, 
but  collector breakdown voltage tends to run  too low 
even for logic circuits. 

The second column of Fig. 12 presents character-  
istics of transistors with collector wall  diffusion isola- 
tion. Al though the breakdown voltage is higher than 
for a S.E.I. transistor, it is still margina l  even for 
s tandard logic circuits. 

In  both the single epitaxial  isolation and the collec- 
tor wall  diffusion methods, precise thickness control 
of an epitaxial layer  is an impor tant  problem. There 
is much less of a problem in double epitaxial  isolation 
transistors, because thickness can be adjusted by sub-  
sequent heat t reatment .  The D.E.I. method will  be 
suitable for the fabrication of higher density inte-  
grated circuits in view of its s impler processes and 
better t ransistor  performance. 
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ABSTRACT 

Light-emit t ing  diodes have been prepared by Zn diffusion to form p - n  
junct ions in Te-doped AlxGa l - x A s  layers grown by liquid phase epitaxy. When 
the growth process is in terrupted by a part ial  dissolution cycle, the external  
quan tum efficiencies for junct ions formed in the mater ial  grown after dis- 
solution are about five times greater than those obtained without  a dissolu- 
tion cycle. Efficiencies of about 1 x 10 -3 have been measured at about 6750A 
for uncoated diodes. Electron microprobe analysis shows that  in the regrown 
mater ia l  there is a sharp initial  drop in A1 concentration, after which the AI 
concentrat ion gradient  becomes considerably less than in layers grown without  
dissolution. In addition the dislocation density in the regrown layers is about 
a factor of two lower than in mater ial  grown without  dissolution. 

Efficient visible l ight emission has been obtained (1) 
from AlxGal-xAs p -n  junct ions  grown by the liquid 
phase epitaxial  (LPE) method. It  is impor tant  to de- 
velop a simple diffusion process as an al ternat ive tech- 
nique for making high efficiency AlxGal-xAs l ight-  
emit t ing diodes. This would make it possible to pre-  
pare p lanar  monolithic structures and therefore en-  
able the economical fabrication of high density mono- 
lithic arrays. Linden (2) has made diodes by Zn diffu- 
sions into AlxGal-xAs crystals grown by the LPE 
method, but  these diodes had very low quan tum effi- 
ciencies (about 10 -5 at 7000A). 

We have studied the diffusion of Zn into Al~Gat-xAS 
epitaxial  layers grown by the LPE method. By opti- 
mizing the diffusion processes and doping levels of 
the material,  slight improvements  of quan tum effi- 
ciency in diffused diodes have been achieved. More 
important ,  a substant ial  improvement  in efficiency has 
been obtained by using a dissolution cycle dur ing the 
LPE growth of the mater ia l  into which Zn is subse- 
quent ly  diffused to form the diodes. This cycle dis- 
solves a th in  surface layer  of the epitaxial  overgrowth 
prior to the regrowth of another  thin layer. In  order 
for the improvement  in efficiency to be realized, the 
p -n  junct ion  must  be formed in the regrown layer 
near  the region where the dissolution takes place. 

In  order to grow AlxGat-xAs crystals for diffusion 
studies the vertical  growth method described by Rup-  
precht et al. (1) was employed. N-type GaAs single 
crystals wi th  (100) or ientat ion were used as substrates. 
Te was added as the n-dopant .  A typical solution com- 
position is 20g Ga, 3g GaAs, 3 mg Te, and a variable  
amount  of A1 depending on the desired composition. 
The cooling cycle I shown in Fig. 1 was used to grow 
one epitaxial  layer. The solution was heated to 9550C 
and then cooled in contact with the GaAs substrate to 
about 860~ at a rate of about 0.4~ The AlAs 
concentrat ion of the epitaxial  layer was about  50 mole 
per cent (m/o)  at the interface with the substrate and 
about 25 m/o  at the surface. To prepare diodes, this 
layer, which was about  60-80 gm thick, was etched into 
five steps at about 6 ~m intervals  as depicted in the in-  
sert in Fig. 1, and Zn was diffused into the surface of 
these steps at 700~ for 30 min. The diffusion junct ion  
depth is about 3-5 gm. The externa l  quan tum efficien- 
cies and wavelengths of the diodes made from each 
step were measured at 300~ and the data are plotted 
as solid circles in Fig. 2. 

Cooling cycle II with a dissolution cycle dur ing the 
growth process, as shown in Fig. 1, was used to grow 

�9 Electrochemical Society Active Member. 
Key words: Al~Gal_xAs, liquid phase epitaxy (LPE), dissolution, 

regrowth, dil~usion, light-emitting diodes, III-V alloys. 

another AlxGa,-xAs n- type  epitaxial  layer. In  this 
case, the solution was first cooled at a rate of 0.4~ 
min  from 955 ~ to 900~ The tempera ture  was then  
raised five degrees to 905~ kept there for 5 min, and 
finally lowered to 860~ again at a rate of 0.4~ 
(This cooling cycle is the same as the one which 
Woodall et al. (1, 3) used to grow AlxGat-zAs p - n  
junct ions with high efficiencies, but  they added Zn 
dur ing the process to form the grown junctions.)  As 
before, the epitaxial  layer was etched into five steps, 
and Zn was diffused into the surfaces of the steps at 
700~ for 30 min. The diode results are shown by open 
circles in Fig. 2. In the region where dissolution had 
taken place, the diodes are substant ia l ly  more efficient 
than those made from the epitaxial  layer  grown by 
cooling cycle I. 
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In  order to confirm that  the dissolution cycle dur ing  
the LPE growth of the AlxGa,-xAs is responsible for 
the improvement  in the quan tum efficiency of diodes 
made by subsequent  diffusions, m a n y  addit ional layers 
using the same composition of solution but  different 
amounts  of A1 have been grown by using the cooling 
cycles III, IV, or V shown in Fig. 1. In cooling cycle 
III the solution was heated to 955~ and cooled at a 
rate of about 0.4~ to 900~ For layers grown 
with a dissolution cycle, after cooling to 900~ the 
temperature  was raised 5~ (cycle IV) or 10~ (cycle 
V). After 5 min  at the higher temperature,  the solution 
was cooled again to 900~ The ini t ial  concentrat ion of 
A1 in each of the solutions was different. The AlAs 
concentrat ion in the epitaxial  layers varied between 
50-54 m/o  at the interface with the substrate and be- 
tween 32-36 m/o  at the surface, and the total thickness 
of the layers was about 30-50 #m. Zn was subsequent ly  
diffused into the surface of these layers at 700~ for 
30 min. Figure 3 shows the external  quan tum efficien- 
cies of the AI=Gal-=As diffused diodes as a funct ion of 
the diode emission energy, both measured at 300~ 
Solid circles represent  the diodes made from layers 
grown by using cooling cycle III, and open circles 
represent  the diodes made from layers grown by using 
cooling cycles IV and V. The efficiency decreases as 
the wavelength decreases because the direct- indirect  
bandgap composition is approached. The efficiency of 
diodes made from mater ial  grown with a dissolution 
cycle is improved by a factor of about five, but  this 
value is about a factor two lower than  that  of the 
grown junct ions (1, 3). 

The electron microprobe has been used to measure 
the composition profiles of epitaxial  layers along the 
growth axis. The mole fraction of AlAs, x in 
Al~Gal-xAs, is plotted in Fig. 4 as a function of dis- 
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tance from the substrate for four representat ive lay-  
ers. Because of the high segregation constant  of A1 (3), 
the concentrat ion of A1 decreases with increasing dis- 
tance from the substrate. Curve A is a typical A1 pro- 
file of a layer which was grown by using cooling cycle 
III in Fig. 1. Curves B and C are typical  A1 profiles 
of layers grown by using 5 ~ and 10~ dissolution cy- 
cles, respectively, corresponding to cooling cycles IV 
and V in Fig. 1. I t  is apparent  that  consequences of 
dissolution on the mater ial  grown after this step are 
twofold: there is a sharp drop in A1 concentration, 
after which the rate of decrease of the A1 concentra-  
tion with distance is much smaller  than the rate of 
decrease prior to the dissolution cycle. An epitaxial  
layer with a 20~ dissolution cycle was grown and its 
profile (curve D) exhibits an even larger ini t ial  de- 
crease in A1 concentration. A kinetic effect must  be 
responsible for the observed composition profiles, since 
under  equi l ibr ium conditions dissolution and regrowth 
would not cause any change in the A1 concentrat ion 
profile. 

The two changes in the A1 concentrat ion profile are 
probably the major  factors which contr ibute  to the 
large increase in quan tum efficiency of diodes made 
from mater ial  grown with a dissolution cycle. The re- 
grown region is about 5 ~m thick. The diffused p -n  
junction, which is about 3-5 um deep, is normal ly  
located in the regrown region after the abrupt  drop 
in A1 concentration. Since the radiat ive recombinat ion 
occurs on the p-side of the junction,  the sudden de- 
crease in bandgap due to the drop in A1 concentration,  
which is about 0.02 eV for a 5~ dissolution step, may 
increase the radiative recombinat ion by enhancing 
the inject ion of electrons and confining the holes in the 
p-region. The result  would be similar to the effect ob- 
served in AlxGa,-~As-GaAs heterojunct ion lasers, 
where a marked decrease in  cur ren t  threshold is at-  
tained using the heterostructure to increase carrier 
confinement with suppression of the onset of hole in -  
jection (4-6). 

The diode efficiency may also be increased by the 
flattening of the A1 concentrat ion profile in  the re-  
grown region. Because of this change in profile, the 
A1 concentrat ion and therefore the average bandgap 
are greater in  this region (curves B, C, and D in Fig. 
4) than in the corresponding region grown without  a 
dissolution step (curve A in Fig. 4). This will  reduce 
the fraction of the light emitted at the junct ion which 
is absorbed by the regrown region. In  order to deter-  
mine the degree of improvement  one could expect 
from the flattening effect a rough estimate has been 
made of the degree to which the absorption is reduced. 
The photon energy emitted by AlzGal-xAs diodes is 
approximately 0.03 eV less than the bandgap at the 
junct ion  (7), and a 5~ dissolution step causes an in -  
crease of about 0.03 eV in the bandgap at the surface 
of the epitaxial  layer. On the basis of these values, 
together with the slope of the intrinsic absorption edge 
for direct bandgap mater ia l  such as GaAs and I nP  (8, 
9), the average absorption coefficient at the emitted 
wavelength was assumed to be 5 x 102 c m - '  for the re-  

grown region and 5 x 10 s cm -1 for the corresponding 
region grown without  a dissolution step. For a junc t ion  
depth of 3 gin, the absorption by the regrown region 
would then be about one-four th  that  of the region 
grown without  dissolution. Such a reduction would 
make a significant contr ibut ion to the increase of about 
a factor of 5 in diode efficiency obtained by using a 
dissolution cycle. 

The effect of the dissolution cycle on the dislocation 
density of the grown AlxGal-~As was also invest i-  
gated. Dislocations were observed by using the etehant  
described by Abrahams and Buioeehi (10) to etch 5 ~ 
angle- lapped surfaces which had been mechanical ly 
polished to a mirror  finish. The dislocation densi ty of 
the typical epitaxial  layer is of the order of 104-105 
cm -2, and it decreases by  about a factor of two in  the 
regrown region. The dislocation density may be re-  
duced in the regrown regions because the dissolution 
and wai t ing provides more t ime for establishing a 
bet ter  l iquid-solid interface. This reduct ion in  disloca- 
tion density may improve the qual i ty of devices pro- 
duced by subsequent  diffusions. 

In  conclusion, it was found that  the external  quan-  
tum efficiency of AlxGal-~As diodes made by Zn diffu- 
sion into layers which were regrown after a 5~176 
dissolution step is improved by about a factor of ap- 
proximately five. This may be at t r ibuted to the abrupt  
change of A1 concentrat ion so that  the inject ion of 
electrons into the p-side is enhanced, the leveling ef- 
fect of the A1 concentrat ion gradient  in the regrown 
region so that  the absorption of emitted light is re- 
duced, and the reduct ion in dislocation density. 
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Charge Injection in MAOS Systems 
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ABSTRACT 

A study of charge injection in metal-A120~-SiO2-silicon (MAOS) struc- 
tures has been made using the capacitance-voltage technique. Thin SiO2 films 
were grown thermal ly  on the Si substrates, whereas A1203 layers were ob- 
tained by pyrolytic deposition from A1Br3 in a NO-forming gas mixture.  
Independent  of the electrode material,  negative charge is introduced into 
the oxide system when a positive voltage is applied to the metal. With A1 
electrodes, the oxide also becomes negat ively charged under  negative bias. 
Only  for large negative voltages will a gradual  loss of negative charge occur, 
leading to a net positive oxide charge. Charge inject ion under  negat ive bias 
is not observed on 02 annealed Al_oO3 layers, or on samples with Au elec- 
trodes. The results are discussed in terms of a quali tat ive model. 

Charge storage in metal-Si~N4-SiO2-silicon (MNOS) 
structures has attracted considerable interest  since the 
late sixties because of its potential  for memory device 
application. For stressing voltages exceeding a thres-  
hold value carriers will, depending on the direction 
of the electric field, enter  or leave traps near  the 
Si3N~-SiO2 interface, thus changing the state of charge 
of the system, and thereby the threshold voltages of 
IGFET devices incorporat ing such double layers as 
gate insulators (1-7). Par t icular ly  for very thin SiO2 
layers (<30A),  when the charging takes place by 
direct tunne l ing  through this oxide film into the traps, 
these processes are quite fast. The field and time de- 
pendencies of the charging processes are determined 
by the trap energies and by the spatial distr ibution of 
the traps. These characteristics will  depend, in turn,  
on the method by which the layers were prepared. 
The somewhat different results obtained in ReL (5) 
and (6) (logarithmic increase in  induced charge with 
time under  electric stress vs. relat ively rapid satura-  
tion of the charging process) must  be related to details 
of the sample preparat ion process. 

The discovery of such charge storage behavior  in 
the MNOS system raises the question of similar effects 
occurring in sandwich structures with other insulators. 
Indeed, it has been reported recent ly  that  also in 
MAOS structures (A : A1203) with A1 electrodes the 
charge can be varied easily in an electric field. How- 
ever, here both positive and negative voltage stress 
tends to induce negative oxide charge. The behavior 
appears to be independent  of the method by which 
the A120~ film was obtained: reactive evaporation of 
A1 in O2 (8), pyrolysis of tr imethyl-A1 in O2 at 450~ 
(4) or of Al-isopropoxide in O2 at 420~ (9), pyrolysis 
of A1CI~ in CO.~-H2 at 850~ (10), or of A1Br3 in 
NO-H2-N2 at 900~ (11). Only for rf sputtered A1203 
films does the inject ion of negative charge under  nega-  
tive bias on the metal  appear to be absent (12). Al-  
though some authors (8, 10) have not ment ioned the 
occurrence of SiO2 in  their insulator  system, it ap- 
pears l ikely that  in all  cases a layer  of nat ive oxide 
was present on the silicon wafers used as substrates 
for A1203 deposition. 

In  the present study we have explored the mecha- 
nism of charging in MAOS systems with A120~ films 
prepared by h igh- tempera ture  pyrolysis of A1Brs in 
a NO-H2-N2 mixture.  It is shown that electron injec-  
t ion from the A1 electrode into the A1203 accounts 
for the introduct ion of negative charge under  negative 
voltages. The effects of the na ture  of the metal  elec- 
trode and of anneal ing the dielectric are demonstrated. 
A quali tat ive model is presented to explain the ob- 
servations. 

Presen t  address :  IBM Thomas  J.  Watson Research  Center,  P.O. 
Box 218, York town Heights ,  New York 10598. 

Key  words :  layered  insulators ,  charge  storage,  t r app ing  centers,  
CV measurements .  

Experimental 
Silicon substrates [1 and 10 ohm-cm p- and 1 ohm- 

cm n-type,  (100) oriented, chemical ly-mechanical ly  
polished Wacker material]  were cleaned in organic 
solvents, HNO3, and water. Immediate ly  after a final 
HF dip they were placed under  N2 flow in an rf heated 
oxidation and deposition apparatus. Very th in  SiO2 
films (<30A) were formed by oxidation at 900~ in 
forming gas (80% N,_,, 20% H2) with 2% NO (Deutsche 
l 'Air Liquide).  Thicker layers were obtained in O2 at 
the same temperature.  After  oxidation, A1203 films 
were deposited in the same apparatus and at the same 
tempera ture  from a 0.03% A1Br3 (Merck)-2% NO- 
forming gas mixture  (13) at a l inear  flow rate of 400 
cm min-1.  The deposition rate was about 80 A rain-1.  
Under  these conditions, polycrystal l ine films of 7- 
a lumina  with a grain size of 100-200A wil l  form (13). 
Capacitor structures were completed by  evaporat ion 
of metal  (A1 or Au) dots through a metal  mask, wi th-  
out heating the substrate. 

Ellipsometric SiO2 thickness determinat ions on a 
series of samples, oxidized in NO-forming gas by the 
same procedure as used for our s tandard thin SiO2 
films, yielded a value of 13 _ 3A. The layers formed 
in 02 were at least 40A, the thickness depending on 
oxidation time. Measurements of the capacitance- 
voltage characteristics of MAOS samples on n- type  
substrates with 13A SiO2 films and A1 electrodes indi-  
cated that  these were converted to p- type  after ex-  
posing them to a 900~ heat t rea tment  for an extra 
15 min period. This suggests that  A1 readi ly pene- 
trates the SiO2 layer, possibly convert ing it into an 
aluminosilicate. For this reason one should consider the 
SiO,, thickness value measured before A1203 deposi- 
tion only as a semiquant i ta t ive  indication of the thick- 
ness of the SiO2 layer  in the composite dielectric film. 
The A1._,O3 thickness was obtained from the capaci- 
tance of the system, using a value of 9.8 for the dielec- 
tric constant  (13). 

Pulses of various ampli tudes and lengths were ap- 
plied using a HP 214A pulse generator. For  pulse 
lengths ~ 1 sec the voltages were switched on and off 
manual ly .  The state of charging of a MAOS system 
was evaluated from its flatband voltage (VFB), ob- 
tained from a capacitance-voltage (CV) measurement  
(14), general ly  made at 3 Mc. An at tempt  was made 
to estimate the densi ty of interface states from the 
displacement of the CV curves between room temper-  
ature and liquid N2 tempera ture  (15). If such states 
occur, one expects a shift in negative direction for 
p- type  substrates at the low temperature,  and in posi- 
tive direction for n - type  samples. However, for sam- 
ples of both conductivi ty types an increase in ~TFB 
(by 0.1V to IV) was obtained. This displacement did 
not change upon electrically stressing the samples. We 
cannot explain this observation at the present  time. 
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Fig. 1. VFB shift under alternating pos. ( 0 )  and neg. ($ )  1 sec 
pulses of increasing amplitude (see arrows). Sample: AI- 
AI2Os(1300A)-SiO~ (13~)-Si [p-type, (100), 1 ohm-cm]. 

Nevertheless ,  it  appears  reasonable  to conclude tha t  
the in ter face  s tate  densi t ies  were  a lways  r e l a t ive ly  
smal l  ( app rox ima te ly  1011 cm -2 or less) ,  and tha t  the 
VFB values can thus be d i rec t ly  cor re la ted  wi th  the 
charge in the  oxide system. 

Results and Discussion 
Some character is t ic  fea tures  of the  charging be-  

havior  of a MAOS system wi th  A1 electrode are  i l lus-  
t r a t ed  in Fig. 1, which  shows the effect o n  VFB of a l -  
t e rna t ing  posi t ive and negat ive  pulses (pulse length:  
1 sec) appl ied  to the  me ta l  electrode.  Before  stressing, 
such capaci tors  exhib i t  a posi t ive VFB value, which 
implies  the  presence of negat ive  charge in the oxide 
system. Smal l  stressing pulses (<20V) do not change 
VFB, Increas ing the  pulse ampl i tude  beyond this thres-  
hold va lue  first leads  to an increase  in VFB both for 
posit ive and negat ive  pulses, independent  of the order  
of application.  Thus, in both cases the negat ive  charge 
in the  oxide increases. For  la rger  stresses, VFB c o n -  
t i n u e s  to r ise  under  posi t ive voltages,  but  decreases 
under  negat ive  voltages.  This suggests that  in the  l a t -  
te r  case a different  charging process becomes domi-  
nant.  When  apply ing  only vol tage pulses of the same 
sense to the sample,  one obtains curves which are  
qua l i ta t ive ly  s imi lar  to the dot ted  lines connecting the 
posit ive and negat ive  vol tage points.  A s i tuat ion where  
the posi t ive and negat ive  VFB shifts become of equal  
magni tude  for appl ied  voltages of opposi te  sign is 
only  approached for ve ry  large stresses. 

This point  is also apparen t  in Fig. 2 and 3, which 
show the t ime dependence  of the VFB shift  for large  
posit ive and negat ive  voltages,  obta ined on samples  
wi th  two different  SiO2 thicknesses.  The shifts wi th  
posi t ive vol tage are  roughly  logar i thmic  wi th  time, 
but  show a tendency  to saturate .  Their  dependence  
on oxide thickness  is re la t ive ly  small .  Under  negat ive  
stress two compet i t ive  processes appear  to de te rmine  
the shapes of the t ime dependence  curves:  first nega-  
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Fig. 3. Time dependence of VFB shift (AVFB) for various 
charging voltages. Sample: AI-AI203(1300~,)-SiO2(40.~)-Si [p-type, 
(100), 1 ohm<m]. 

t ive charge is in t roduced into the oxide, but  some-  
wha t  la ter  the negat ive  charge  content  of the  oxide 
sys tem appears  to decrease,  as seen f rom the  reversa l  
of the  direct ion of VFB shift.  The balance be tween  
these two processes tends to change in favor  of the  
second one for la rger  vol tages and th inner  oxides. 
This complex behavior  is only  observed for la rger  
negat ive  voltages. As repor ted  ear l ie r  (11), for vol t -  
ages jus t  above the  charging threshold,  VrB wil l  first 
increase but  then r ema in  constant.  Rather  s imilar  
charging character is t ics  were  observed at l iquid n i t ro-  
gen t empera tu re  when stressing such MAOS st ructures  
in the  enhancement  direction.  

A comparison of the  dependence  of VF~ on pulse 
ampl i tude  (pulse length:  1 sec) for two different  SiO2 
thicknesses,  both obtained by  oxidat ion of the  sub-  
s t ra te  in 02, is shown in Fig. 4. The da ta  for the 
th icker  composite  film have  been  normal ized  to 1400A, 
the thickness  of the  th inner  one, in o rder  to make  a 
direct  comparison of the  curves possible. I t  may  be 
seen that  tha t  threshold  for VFB change under  nega-  
t ive vol tage stress is not dependent  on the SiO2 th ick-  
ness. Such behavior  suggests tha t  this  in i t ia l  increase 
in VFB is de te rmined  by  charge  inject ion f rom the 
meta l  into the A12Os film. However ,  the subsequent  
decrease  for l a rger  negat ive  voltages, and the increase 
under  posit ive stress are  both affected by  the th ick-  
ness of the SiO2 film. F rom this, it  m a y  be concluded 
tha t  in the la t te r  two processes charge t ranspor t  into 
or across the SiO2 layer  takes  place. The weak  t em-  
pe ra tu re  dependence  appears  to indicate tha t  in both 
cases the r a t e -de t e rmin ing  step involves a tunnel ing  
process. 

F rom l i t e ra tu re  da ta  for the bandgap  of Si  (16), the 
ba r r i e r  energy  for holes be tween  Si and SiO2 (17), 
the bandgap  of SiO2 (18) and the electron affinity of 
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this mater ial  (19), the bandgap of A1203 (20), the 
work function of A1 (16), and the barr ier  energy for 
electrons between A1 and AltOs (21), the energy band 
diagram shown in Fig. 5a may be constructed for the 
A1-A1203-SiO2-Si system. Also indicated in this dia-  
gram are some trapping states, which occur in this 
material  in relat ively high densities compared to SiO2 
(22, 23). It must be stressed that such a diagram is 
necessarily tentative, since the data on the A1-A12Os 
barr ier  and those on the deeper traps most l ikely refer 
to amorphous material. 

The relat ively low threshold field (approximately 
3 x 106 V cm -1) suggests that  under negative bias 
electrons tunnel directly from the A1 electrode into 
the traps in the A1203 (Fig. 5b). In Fig. 5b-d, we made 
the assumption that the centers at approximately 1 eV 
below the A12Os conduction band play a dominant 
role in the charging effects, but  the possibility that 
deeper traps also participate cannot be excluded. In 
comparison, Fowler-Nordheim tunneling of 1011 eleC- 
trons cm -2 (this charge does not significantly affect 
the field across the oxide, thus permitt ing a simple 
calculation) in 10 -s  sec would require a field of ap- 
proximately 8 x 10 ~ V cm -1. This may be inferred from 
li terature data on tunneling from a deposited A1 elec- 
trode into an AI2Os film (24), taking into account the 
buil t - in field of the film. One would thus expect that 
this tunneling mode only occurred for the highest 
stressing voltages in our MAOS samples. The elec- 
trons will drift  further into the oxide via a field en- 
hanced thermal excitation (Poole-Frenkel  effect) or a 
field ionization mechanism, causing VFB to shift in 
positive direction. At  the same time, the accumulation 
of charge near the electrode reduces the local field at 
that interface, which results in a decreasing electron 
injection rate. Thus, for voltages lust above the thres- 
hold the VFB shift will saturate. At high voltages 
electron injection into the silicon, via tunneling into 
the SiO2 conduction band, will gradually become the 
dominant process (Fig. 5c). This causes a decrease in 
the negative oxide charge, and consequently in VFB, 
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Fig. 5. (a) Energy band diagram for MAOS structure (energies 
in eV); (b) charge injection under moderate negative bias; (c) 
charge drift and emission under large negative bias; (d) injection 
under positive bias. 

after the initial rise. The fact that VF]B attains nega- 
tive values implies that  the charge in the system has 
become positive. I t  is not possible to decide on the 
basis of the present data whether this means that  
positively charged centers are being created under 
application of negative voltages, or that such centers 
are always present in the films, but compensated by 
oppositely charged trapping states. 

For positive-stressing voltages and thick SiO2 layers 
(as exemplified by the capacitor with 73A SiO~ film in 
Fig. 4) Fowler-Nordheim tunneling of electrons into 
the SiO2 conduction band (Fig. 5d), followed by drift 
into the A120~ conduction band and subsequent t rap-  
ping, appears the only l ikely explanation of the data. 
The observed threshold voltage of approximately 55V 
is quite compatible with the value of nearly 50V, re-  
quired for tunneling of 1011 electrons in 10 -3 sec into 
the SiO~ conduction band, estimated from Lenzlinger 
and Snow's work (25). The threshold field for this 
type of injection should be independent of SiO2 thick- 
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ness, unless the SiO2 films exhibit different internal 
field distributions, caused by different charge distr i-  
butions before stressing. Such charge distributions may 
result from the before-mentioned A1 penetration, 
which will part icularly affect the behavior of the thin- 
ner SiO2 layers. It is not clear whether the smaller 
threshold values, obtained on samples with thinner 
SiO2 films, are caused by such a thickness dependence 
of the charge distribution, or that a new mechanism 
(direct tunneling into the traps) manifests itself in 
this case. Tsang et el. (26) have recently concluded 
that in a MAOS structure with A1 electrode, very thin 
(approximately 20A) SiO2 film, and A1203 film pre- 
pared from A1C13 in CO2-H2, charge injection at both 
electrodes takes place by direct tunneling for the 
appropriate direction of field. 

The above model implies that  electron injection at 
the metal electrode can be suppressed by previously 
filling the traps in the region of the A1203 film near 
the electrode. In this case a negative VFB shift should 
start immediately upon application of negative volt-  
ages larger than the threshold value. This conclusion 
is borne out by the data in Fig. 6, which shows the 
time dependence of the change in VFB under negative 
voltage after the A1203 traps had been part ial ly filled 
by application of a 1 sec pulse of -t-50V amplitude. The 
same effect is apparent in Fig. 7, which shows the 
hysteresis behavior of a MAOS sample for 1 sac pulses. 
Start ing with the application of negative pulses to the 
A1 electrode, one observes, as before, an initial rise 
in VFB, followed by a decrease for larger negative 
voltages. Returning in the opposite direction, VFB re- 
mains constant, until at the positive threshold of ap- 
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Fig. 6. Time dependence of VFB shift under negative bias after 
application of I sec -5 $0V pulse. Sample: AI-AI203(1300,~)- 
SiO2(40A)-Si [p-type, (100), 1 ohm-cm] 
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proximately +20V a steep increase begins. Traversing 
a complete counterclockwise loop, by varying the 
stressing voltage from positive to negative to positive 
again, the negative to positive re turn trace is again 
horizontal, and at the same VFB value as before. It 
will be clear that the shape of such hysteresis loops 
depends on the pulse length. 

Since tunneling probabilities depend exponentially 
on barr ier  heights, the electron injection rate from the 
metal  into the A1203 layer is only appreciable for 
electrode materials with a relatively low work func- 
tion. Figure 8 shows that indeed for MAOS systems 
with an Au electrode [vacuum work function: 4.7 eV 
for Au, 4.2 eV for A1 (16)] the hysteresis loop does 
not show the initial increase in VFB for negative pulses 
as was the case with A1 electrodes. In other respects 
the loop is rather  similar to that  for A1 electrodes. 

It is known (22) that  annealing alters the trap den- 
sity in AI~O~. Also, Kal ter  (27) has found that the 
negative charge in the thermal SiO2-high temperature 
pyrolytic A120~ composite layer system decreases dur-  
ing annealing in 02 at 900~ The change saturates in 
approximately 1 hr. It appears l ikely that the charge 
centers are of the same nature as the trapping states 
discussed above in explaining the memory behavior 
of MAOS systems. Since high temperature pyrolytic 
A1203 films are commonly grown under only marginal-  
ly oxidizing conditions such centers may be oxygen 
vacancies. It may be expected that  O2 annealing would 
reduce their concentration. 

For these reasons the effect of such annealing t reat-  
ment at 900~ on the charging of the oxide films was 
investigated. It was found that  the increase in VF~ 
under negative bias has already been considerably 
reduced after 15 min annealing, and has disappeared 
completely in 1 hr. The VFB hystersis loop in Fig. 9, 
obtained after 1 hr annealing, and measured with 1 sec 
pulses and A1 electrodes, shows this effect. Note also 
that the magnitude of the positive and negative thres-  
hold voltages for VFB shift have become quite com- 
parable. Larger  positive or negative pulses of equal 
magnitude yield VFB shifts of opposite sign, but of 
comparable magnitude. The data appear to support 
the contention that 02 annealing reduces the trap 
density in A120~, since the direct tunneling from A1 
into A1203 traps seems to be suppressed. In the case 
of O2-annealed samples very similar results are ob- 
tained with Au electrodes. 

Finally, it was observed quite generally on unan-  
nealed samples with A1 electrodes that the capaci- 
tance-voltage characteristic developed a step-l ike dis- 
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Fig. 9. Hysteresis behavior of MAOS capacitor with AI electrode. 
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1 sec). Sample: AI-AI203(1300.~)-SiO2(13.&)-Si [p-type, (100), 
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tort ion and a gradual  flattening of the steep part  in 
the curve dur ing the increase of VFB under  negative 
voltage stress. This distortion would gradual ly  disap- 
pear when the curves moved back (and VFB de- 
creased) at larger stressing times or upon application 
of positive voltages. Such effects were never  observed 
on samples with Au electrodes, or on O2-annealed 
structures. It appears l ikely that these distortions re- 
flect a nonuni form rate of change of the surface po- 
tent ia l  under  the electrode. This behavior could be 
caused by a vary ing  electron inject ion rate under  
negative bias, which may imply a nonuni form trap-  
ping center density across the surface. 

Conclusions 
The present  study confirms that negative charge 

builds up in MAOS systems with A1 electrodes under  
application of negat ive  voltages exceeding a certain 
threshold value. This behavior  is most l ikely caused 
by inject ion of electrons into traps in the A1203 film 
by direct tunne l ing  or possibly, at higher fields, also 
via Fowler-Nordheim tunne l ing  into the A120:~ con- 
duction band. Thus, it can be suppressed by using an 
electrode mater ial  with a larger work function, like 
Au. El iminat ion of oxide traps should have a similar 
effect. Since O2 annea l ing  probably results in a re-  
duced trap density, the absence of negative charge 
accumulat ion for a negat ively biased A1 electrode in 
O2-annealed samples tends to confirm this model. The 
model also implies that  the injected charge will  drift  
across the oxide by a Poole-Frenkel  mechanism or 
through field emission from the traps. 

Exchange of charge between the silicon and the 
composite oxide film takes place via Fowler-Nordheim 

tunne l ing  in the case of thick SiO2 films. For  very thin 
films our data do not allow us to decide between this 
mechanism and direct tunnel ing.  In  the thin SiO2 case 
the situation is complicated by the interdiffusion of 
the film constituents. The high dielectric constant of 
A1203 tends to enhance the field in the SiO2 layer, and 
thus yields relat ively low threshold fields for charge 
injection at the silicon. 

When operating under  conditions where charge in-  
jection from the metal  electrode is suppressed, the 
amount  of oxide charge changes roughly logari thmic- 
ally with time for both directions of voltage stress. 
This lack of distinctive saturat ion may  be undesirable  
for memory  device application. 
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Preparation and Properties of In Ga,_ As Single Crystals 
by Solution Growth Technique 
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ABSTRACT 

Single-crystal l ine InxGa~-~As layers were grown epi taxial ly on GaAs sub-  
strates by the solut ion-growth technique. X - r a y  microanalyses showed that  
the value of "x" obtained in InxGa1-~As was between 0.0 and 0.2. Hall  mea-  
surements  were made for undoped InxGa~-~As crystals as a funct ion of the 
composition x. The crystals were n- type  and their mobili t ies varied little as 
x increased from 0.0 to 0.2. Doping of some impurities,  such as Zn and Ge, 
was tried. Ge was found to be an amphoteric impur i ty  in the InxGal-xAs 
crystals, and a pn junct ion  could be made in one solut ion-growth cycle. 

Recently I I I -V te rnary  alloys have attracted much 
attention, because it is possible to change energy gaps 
or carrier mobilit ies by controll ing the mixing ratio of 
two te rmina l  compounds. In  the case of InAs-GaAs 
alloys, several at tract ive properties have been re- 
ported; e.g., coherent light emission with wavelengths 
between 0.84~ and 3.1~ (1) and thermoelectric proper-  
ties wi th  a high figure of meri t  (2). Moreover, in the 
devices for h igh-f requency and room-tempera ture  
operation, an In~Gal-~As crystal has a great advan-  
tage because it is possible to make a semiconductor 
with a higher electron mobil i ty  than GaAs and with 
a wider energy gap than InAs. 

Homogeneous, single-phase InxGal -zAs  alloys have 
been prepared by m a n y  investigators uti l izing several 
kinds of growth techniques; i.e., directional freezing 
(3), zone-level ing (4), vapor growth (5), Czochralski 
pul l ing (6), and solut ion-growth techniques (7). How- 
ever, a s ingle-crystal  InxGal-xAs alloy has been grown 
only ~vithin a l imited range of x, al though the vapor 
epitaxial  exper iments  (5) were successful throughout  
the ent i re  composition range. 

In  the present  work, InxGal-~As crystals were pre-  
pared by Nelson's solut ion-growth technique (8). The 
crystal l ine nature,  the composition ratio x, and the 
electrical properties of the grown crystals deposited on 
GaAs substrates were studied. Furthermore,  the im-  
puri t ies were doped into In~Gal-~As crystals, and the 
amphoteric properties of Ge therein were studied. 

Crystal Growth 
The solut ion-growth apparatus employed for this 

s tudy was based on the work of Nelson (8). The crys- 
tal growth was carried out in a graphite boat, which 
was placed in a H2 gas flow ( ~  2 l i t e r /min)  a tmo- 
sphere. The melt  consisted of solvent metals (In 
Ga, 500 rag) and of a GaAs polycrystal.  The solvent 
metals, In  and Ga, were six-9's pure. The GaAs poly- 
crystal was an undoped n- type  crystal with n ~ 10 ~7 
cm-a,  and its weight was heavy enough for the GaAs 
polycrystal  to become saturated in the solvent: i.e., 
110 mg at the max imum growth temperature ,  TM 
800~ and 60 mg at TM = 700~ The In  was etched 
in conc HC1, and Ga was etched in conc H.Br. The 
GaAs polycrystal  was etched in 2% Br2-methanol  
solution. The GaAs substrate was a semi- insula t ing  
crystal  with p = 10e-10s ohm-cm at room tempera ture  
or an n - type  wafer  with electron concentrat ion n --~ 
101T cm -s. Its dimension was 5 m m  x 5 mm x 0.5 mm, 
and its surface was usual ly  the ( l l l ) B  face. It  was 
polished with 0.3~ L inde -Alumina  powder and was 

I Present  address: Musashl  Works of Hitachi., Ltd.,  Kodal ra-shL 
Tokyo, Japan.  

Key words: liquid epitaxy, solution growth, lndiumz galliuml-z 
arsenic. 

chemically etched in a H~O + 3H~SO4 + H202 solution. 
In  the pre l iminary  stage of growth, the solvent and 

the GaAs polycrystal  were mixed by heat ing to TM. 
Then the GaAs substrate was set in a boat after the 
furnace was cooled to room temperature.  For the 
crystal  growth, the tempera ture  program as shown in 
Fig. 1 was adopted. The substrate was dipped in the 
melt  two minutes  after the furnace was heated up to 
TM, 700~ or 800~ One minu te  later, the tempera ture  
was lowered with the constant  cooling rate of l ~  
or 15~ and an In~GaL-~As crystal  began to grow 
on the substrate. At 400~ the melt  was removed from 
the grown layer by a quartz slider, and the boat was 
pulled out of the furnace. 

Crystalline Nature 
Crystal or ientat ion of the substrate surface affects 

the crystal l ine qual i ty of the grown layer. The surface 
of the grown layer was investigated through a micro- 
scope. Figure  2(a)  and (b) show the surfaces of the 
layers grown on (100) or (111) A substrate, respectively. 
The former surface was rough like corn and was poly-  
crystalline. The interface between the substrate and 
the grown layer was very  rough in this ease. The la t ter  
surface was terraced and easily broken into flakes. 
Hence, hereafter these substrates were not used, and 
only ( l l l ) B  substrates were used. Figure 3 demon-  
strates the surface pat terns of the layers which were 
grown on ( l l l ) B  substrates cooled at the rate of I~  
min  or 15~ from TM ( =  700~ in  solutions of 
various atomic ratios of In  to Ga. The atomic ratio of 
the solvent metals, In  to Ga, which hereafter  will be 
designated as AR, determined the surface patterns, the 
crystall ine qualities, and the x values of the grown 
InxGal-xAs layers. As shown in Fig. 3, when AR was 

dip 
2rain l 1rain ! 
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Time (rain.) 
Fig. 1. Temperature program for the crystal growth 

1 deg/min, 
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1639 
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Fig. 2. Surfaces of the layers grown on (a) (100) and (b) (111)A 
faces of GaAs substrates. 

smaller  than  1.0, wavy patterns, which are peculiar 
to solution-gro~vn crystals, were found. When AR was 
larger than  10, the surfaces were rough and dendritic. 
Besides the effects of AR, smaller  cooling rates and 
higher max imum growth temperatures  resulted in 
smoother surfaces, al though their  effects were much 
weaker than the effects of AR. As for the thickness d 
of the grown layer, it depended on TM; i.e., d is ~80~ 
for TM ~- 800~ and ,~40~ for TM -~ 700~ 

In order to clarify the crystal l ine qual i ty  of the 
grown layer, an electron diffraction study was per-  
formed. When AR was smaller  than  30, a spot pa t te rn  
as shown in Fig. 4 was observed, which indicated that  
the grown layer  was a single crystal  and had the 
(111) plane, the same orientat ion as that  of the GaAs 
substrate. When AR was over 30, a Debye-Scherrer  
r ing was observed, which revealed that  the grown 
layer  was polycrystall ine.  

The composition of the grown In~Gal-xAs layer  was 
studied by two methods; i.e., (a) using an X - r a y  
Micro-Analyzer  (X.M.A.) and (b) s tudying the photo- 

cur ren t - spec t rum of the pn  In~Gal-~As homojunc-  
t ion (9). In the first method, an electron beam micro- 
probe ( ~  2 ~ ~) scanned the cross section of the grown 
layer  at every 2~. One example of the X.M.A. data is 
shown in Fig. 5 for the layer  of AR = 10. From the 
data, the composition x in the grown layer was calcu- 
lated as shown in Fig. 6, and the growth parameters  
used were as follows: AR = 10, cooling rate  was I~  
min  or 15~ and TM was 700~ or 800~ It is 
observed from Fig. 6 that  the t ransi t ion of the com- 
position at the GaAs-In~Gal-xAs interface is almost 
abrupt  and that  x is almost constant  in the middle  of 
the layer and decreases to,yard the surface of the 
layer. In  addition, a faster cooling rate and a lower 
max imum growth tempera ture  (TM) give a larger x-  
value. This is because a long growth t ime and a higher 
TM result  in the deficiency of As in the solution which 
makes the x -va lue  low, as indicated in the phase dia- 
gram of InzGal-~As by Stringfellow and Greene (10). 
This is also the reason why the x -va lue  was so small 
in the grown crystal, even when the AR-va lue  was 
very large in the solution. 

In  the second method, a pn In~Gal-xA~. homojunc-  
t ion was prepared by  diffusing Zn into an undoped 
In~Gal -xAs-grown layer. The Zn diffusion process 
was performed at 700~ for 0.5-1 hr in a closed quartz 
ampoule with the As vapor pressure of 1 atm. The 
photocurrent  spectrum of the pn InzGal-~As homo- 
junct ion  had a sharp peak, as sho~vn later in this paper. 
From the wavelength of the peak, the band  gap, Eg, of 
the InxGa~-xAs layer was calculated. Then, x was 
deduced by assuming the l inear  relat ionship between 
E~ and x, al though this assumption is a l i t t le inaccu- 
rate (2). In  Table I, the obtained values of E a and  x 
were shown as a funct ion of AR. In the table, the x -  
values for AR = 10 have been derived from the X.M.A. 
s tudy shown in Fig. 6, while those for AR = 0.1, 1, 
20, and 30 (in the brackets) have been deduced ap- 
proximately  from this assumption. When AR was over 
30, the grown layer was found to be polycrystal l ine as 
ment ioned previously. Hence, the upper  l imit  of x in 
the present  growth technique is 0.2 for InzGal -zAs  
single crystal. 

The 5 ~ angle- lapped section of the interface be tween 
the ( l l l ) B  substrate and the grown InxGal-xAs layer 
was investigated after s taining it in a HF(50 cm3)~ - 
HNO3 (1 or 2 drops) solution. As shown in Fig. 7, the 
interface was flat. The flatness was independent  of 
the cooling rate, T•, and AR-value.  Fur thermore,  
to s tudy the crystal l ine imperfections at the interface 
and in the InxGal-~As layer, a ( l l l ) A  bevel- lapped 
section that  was at an angle of 70.5 ~ to the ( l l l ) B  
surface of the grown layer and 35.2 ~ to the (110) 
cleavage plane was etched in  a HF~3HNO3-t-2H20 
solution. Figure  8 shows the dis t r ibut ion of etch pits 
which appeared on the etched ( l l l ) A  face. There  were 
less etch pits in the grown layer than  in the substrate.  
It is evident,  therefore, that  the solut ion-grown 
InxGal-xAs layer had a lower dislocation density and 
a bet ter  crystal l ine qual i ty than  the GaAs substrate 
crystal. However, a great m a n y  etch pits were found 
at the interface. These etch pits may in part  result  
from the misfit dislocations which compensate the 
lattice mismatch between GaAs and InxGal-xAs,  as 
reported by Grenn ing  for GaAs-GaAs~Pl-x  hetero- 
epi taxy (11). 

Table I. Energy gaps and "x" values of the grown InxGal-xAs layers. Cooling rate was I deg/min 

A R  0 0.1 1 10 20 30 

T x  = 700~ Er (eV) 1.40 ~1.40 ~1.39 1.29 1.25 1.23 
x 0 (n0 )  (~0.01) 0.15 (0.18) (0.20) 

T x  = 800~ E~, (eV) 1.40 / / 1.30 1.26 1.23 
x 0 / / 0.11 (0.16) (0.20) 
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Fig. 3. Variations of the surfaces of the layers grown on (111)B substrates with the various In:Go 
atomic ratios in the solution. The maximum growth temperature, TM, was 700~ and cooling rate 
was 15 deg/min or I deg/min. 

Electrical  Properties 
The electrical  parameters  of the InxGal -xAs  layer 

grown on a semi- insulat ing GaAs substrate-- i .e . ,  r e -  
sistivity p, Hall  mobi l i ty  ,H and carr ier  concentrat ion 
n - - w e r e  obtained f rom Hal l  measurements  by the van 
der Pauw method at room tempera tu re  (12). The 
growth conditions were  as follows: T~ was 700~ and 
the  cooling ra te  "was 15~ or 1~ For  ac- 
curacy of measurements ,  some humps on the grown 
layers were  lapped off wi th  No. 4000 abrasive and 0.3, 
Linde-Alumina,  and then mechanica l -chemical  polish- 
ing was performed. For  the lead wires, 50 ~ r Au  wires 
were  spot-welded at four corners of the grown layer. 
The conduction type of the grown layers  was found to 
be n-type.  F igure  9 shows the results of electron mo-  
bil i ty ~H and electron concentrat ion n which have  been 
plotted as a function of AR. The electron concentra-  
tion n decreased with the increase of AR, while  ~H re-  
mained almost constant. Al though AR --  0-30 cor- 

responds to x ---- 0-0.2, ~u did not increase in this com- 
position range in spite of the expectat ion ment ioned 
previously. This is par t ia l ly  due to the impur i ty  com- 
pensation effect, as deduced f rom the decreasing elec-  
t ron concentrat ion with  the increase of AR. 

Impuri ty Doping 
Attempts were made to dope acceptor impurities, 

Zn or Ge (I0 rag, each), into the solution to obtain a 
p-type layer. When Zn was doped into the InzGat-xAs 
layer which was grown on an n-type GaAs (n ___ 1017 
cm-S), a p �9 InxGa1-~As-n �9 GaAs heterojunction was 
formed. Its photoresponse will be taken up later in 
this report .  

It  has been reported that  Si is an amphoter ic  im-  
pur i ty  in GaAs (13-15) and a pn junct ion can be made 
in the solut ion-grown GaAs layer  wi th  Si as the 
dopant on both p-  and n- type  sides of the junct ion 
(14). On the other  hand, a l though Ge is also an am-  
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Fig. 4. Electron diffraction pattern of the (111)B surface of 
InxGal-zAs-grown layer. T~ ~ 700~ AR---- 10, and cooling 
rate : -  15 deg/min. 

enter  an In site more  easily than enter  an As or a Ga 
site. It follows, therefore,  that  the increase of In 
atoms in In~Ga~-xAs makes Ge enter  a I I I -a tom site 
as a donor, resul t ing in an n - type  InxGa~-~As. How-  
ever, as the furnace t empera tu re  is lowered, the ar-  
senic vapor  pressure in the solution is reduced so much 
that  Ge substitutes as an acceptor into the arsenic site. 
Hence a p-InxGa~-xAs appeared at the end of the 
growth, and a pn junct ion was formed in the grown 
layer. 

When TM was lowered to 600~ a p - type  In~Ga~-zAs 
could be grown direct ly on the substrate by doping 
with Ge. Thus, by the proper  choice of Tin, a pn 
In~Ga~-xAs homojunct ion or a p �9 InxGa~-~As-n �9 GaAs 
heterojunct ion can be made. The photocurrent  spectra 
of both junctions are shown in Fig. 10 together  wi th  
the spectra of the Zn-doped p �9 In~Ga, -~As-n  �9 GaAs 
heterojunct ion and the Zn-diffused pn InzGa t -zAs  
homojunction.  The Ge-doped junct ions had larger  
photoresponses at wavelengths  ~ lg than Zn-doped 
junctions. This fact can be a t t r ibuted to deep Ge ac- 
ceptor levels, as observed in Si-doped GaAs pn junc-  
tions (15). 

photeric  impurity,  only a p - type  layer  can be obtained 
in the so lu t ion-grown Ge-doped GaAs (15, 16). How- 
ever, the present  work  revealed that  when Ge was 
doped into the InzGa~-xAs crystal, a pn junct ion ap- 
peared in the grown layer. Hence, the same effect as 
found upon doping Si in GaAs occurred upon doping 
Ge in InzGa~-~As. It has been suggested that for the 
solution growth of GaAs the arsenic vapor  pressure in 
the solution determines  which of the latt ice sites Si 
atoms or Ge atoms enter  (13, 14). If  Si atoms or Ge 
atoms enter  a Ga lat t ice site, an n- type  is obtained, 
and similar ly a p- type  GaAs is obtained when Si atoms 
or Ge atoms enter  an As latt ice site. Moreover,  as in-  
dicated by the present  study, the addition of In to 
GaAs can also control  the behavior  of Ge. As In has a 
larger  te t rahedra l  radius than Ga or As (17), Ge can 

Conclusion 
The epi taxial  growth of the InxGaz-xAs layer on a 

GaAs substrate was achieved by Nelson's solution 
growth. The solution consisted of In, Ga, and poly-  
crystal l ine GaAs. When AR ( In :Ga  atomic ratio) in 
the solution var ied from 0.0 to 30, s ingle-crystal l ine 
In~Ga~-~As of the composition x ranging f rom 0.0 to 
0.2 was grown. When x was over  0.2, the grown layer  
was polycrystall ine.  The same result  has been reported 
recent ly  by Antypas  (7), a l though the substrates used 
have (111)A faces of GaAs. In those cases, the x value  
was very  small  in the grown crystal  in comparison 
with the value of AR in the solution. This is due to the 
deficiency of As in the solution. 

The crystal l ine qual i ty  of the InzGal -~As-grown 
crystal  was found to be good from a microscopic ob- 

l i : i i t : :  : i ! : i i : :  I: : :  

i ~ !  i I i : i : : i  

-  ii  ij! i i i i i -  i .i _ _ ' i  i -:i I I 

Fig. 5. X.M.A. data of the InxGal-~As-grown layer when AR - -  10, cooling rate was 15 deg/min 
and TM ---- 800~ Scanning spot: 2 #r Scanning step: 2/~. 
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servat ion and an electron diffraction study. Moreover,  
etch pits distr ibution in the beve l - lapped  section re-  
vealed that  the number  of defects was smaller  in the 
grown layer than in the substrate. Hence, a good 
he te roepi taxy  was achieved. 

Hall  measurements  of the grown InxGat-xAs layers  
were  made, and the var ia t ions  of the electr ical  pa ram-  
eters, p, ~H, and n, as a function of AR were  studied. 
It was found that  an undoped InzGal -~As was of 
n-type,  whose electr ical  parameters  were  p ~ 10 -2 
ohm-cm, ~H = 4000-5000 cm2/V �9 sec, and n ___ 1017 
cm -3 at room tempera tu re  and did not va ry  much wi th  
the increase of AR. To increase the electron mobili ty,  
it is necessary to improve  the growth technique  so 
that a larger  x -va lue  can be achieved. 

Ge was found to be an amphoter ic  impur i ty  in the 
solut ion-grown InxGal-~As crystal.  By the proper  
choice of TM, the ]ayer containing a pn junct ion or a 
p - type  layer  was obtained by doping Ge. Moreover,  
it has been found that  by changing x, a p - type  or an 
n - type  layer  can be grown easily by doping a proper  
amount  of Ge. It  seems reasonable to suggest that  Ge 
tends to enter  into an In site and hence, x deter -  
mines into which site more Ge atoms enter,  a I I I - a tom 
site or a V-a tom site. The details of Ge-doped 
InxGal-~As wil l  be repor ted  later. 
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Analysis of Impurity Distribution in Homoepitaxial 
n on n Films of GaAs. II 

J. V. DiLorenzo* 
Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 07974 

ABSTRACT 

The na ture  and cause of a high-resis t ivi ty  region (i layer) at the in ter-  
face of n- type  GaAs on bulk n + GaAs have received the at tent ion of many  
workers in the field. Our previous investigations of impur i ty  distr ibutions of 
n + GaAs films on n + bulk  GaAs substrates by Direct Image Mass Analysis 
(DIMA) have correlated a high concentrat ion of silicon with a high- 
resistivity region at the interface. Fur ther  analysis of the impur i ty  dis- 
t r ibut ion in epitaxial layers grown on bulk  substrates and epitaxial layers 
grown on buffer layers (epitaxial layers doped to the mid-101~ cm -3 range) 
by vapor phase epi taxy and l iquid phase epitaxy have been performed. The 
main  conclusions of the present  analysis are: (A) The buffer layer is effec- 
tive in isolating the l ightly doped n layer from segregated impurit ies at the 
buffer-substrate  interface. (B) Group I and Group II elements have a great 
affinity for GaAs surfaces. (C) Pre l iminary  observations on impur i ty  "clus- 
ters" indicate that complicated impur i ty  interactions may be present in GaAs. 
(D) The occurrence of a high concentrat ion of silicon at the interface of 
epitaxial  GaAs is definitely established. 

We have recently reported (1) on the analysis of im-  
pur i ty  dis t r ibut ion of n on n + epitaxial  films of GaAs. 
The analysis was done using a Direct Image Mass Ana-  
lyzer (DIMA). These films contained high resistivity 
regions between the epitaxial film and substrate (2-5). 
This region, called the i layer, was found to contain 
the localized impurit ies potassium, lithium, chlorine, 
iron, and silicon. A correlation was obtained between 
a high localized concentrat ion of silicon at the in ter -  
face and the appearance of the i layer. 

In this paper we report on fur ther  analysis, using 
the DIMA, of the impur i ty  dis t r ibut ion of several films 
of epitaxial  GaAs doped in the mid-1015 cm -~ range 
grown by either vapor phase epi taxy (VPE) or liquid 
phase epitaxy (LPE).  These films were grown on 
either bulk  GaAs substrates or epitaxial  GaAs sub- 
strates (buffer layer) .  

The data obtained confirm the previous conclusions 
that silicon, as well  as other impurities, has a tendency 
to localize at the interface. In  addition, several films 
showed the appearance of impur i ty  "clusters," i.e. areas 
of high local concentrat ion of an impuri ty.  Definite 
correlations are obtained between absence or presence 
of impuri t ies  at the interface and the cleaning history 
of that  wafer. 

Experimental 
Growth procedures.--The VPE layers of GaAs were 

grown using the AsC13IGa (saturated with GaAs)IH2 
synthesis system (6). Details of the handl ing and 
cleaning procedures have been previously given (1). 
The buffer layers, that  is epitaxial  layers doped to the 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Me mber .  
Key  w o r d s :  m a s s  analys i s ,  ion  i m a g e  ana lys i s .  

5 x 101v-10 ts cm -3, and the l ightly doped layers were 
grown in a continuous fashion. The buffer was doped 
with sulfur  to the mid 1017 to 1018 cm -3 range. 

The LPE film, LA039, was grown using a dipping 
system which has been previously described (7). 

Substrates were either silicon, selenium, or te l lur ium 
doped boat grown or Czochralski grown ingots. 

Analytical technique.--The DIMA technique has 
been previously described (1). Briefly, it is worth not-  
ing the three types of information which are obtained 
from this technique. Ion images are obtained which 
show the lateral  distr ibution of a part icular  impur i ty  
and the continuous change in that dis t r ibut ion with 
depth (see Fig. 3-7). Secondly, in depth changes of the 
concentrat ion of a part icular  impur i ty  are read out 
as current  on the y-axis  and time, i.e. depth, on the 
x-axis  (see Fig. 1 and 2). Finally,  recorded mass 
spectra of elements from mass 1 through 70 at some 
depth greater  than  1~ into the film were obtained. 
This is useful as a quali tat ive chemical analysis for 
impuri t ies  located at that depth. 

Results 
Film properties.--The properties of the films are 

listed in Table I. The net  donor concentrat ion of the 
films, n, and of the i layer, hi, listed in Table I, were 
obtained by the continuous profiling technique de- 
scribed by Copeland (8). Two of the films (D185 and 
LA039), which were grown directly on bulk  substrates, 
have i layers (defined as [ ( n  -- ni)/n] • 100) ranging 
from 0-13% for D185 to 15-45% for LA039. 

Chemical anaIysis.--A total n u m b e r  of 39 craters 
(or "burns") ,  approximately 300~ in diameter  were 

Table I. Film properties 

E p i t a x i a l  
Buf fe r  l aye r  n ca r r i e r  n l  ca r r i e r  

Subs.  t h i c k n e s s  t h i c k n e s s  conc.  in  conc.  in  i 
d o p a n t  (microns)  (mic rons  f i lm (cm -e) l aye r  (cm ~ )  

[ ( n  - n,)/n] 
x IO0 

F i l m  
d o p a n t  

B u f f e r  
d o p a n t  

E 532 Si 5.9 6.5 3-4 x 10 ~ 
D 185 Si  None  2.7 1.5 x 1015 
K 21 Te 10.9 6.5 5 • 10 ~5 
D 203 Se 7.9 6.2 4-5 x 10 ~ 
J 70 S i  12.4 5.0 9 x 10 ~4 
B B  273( a~ U n k n o w n  None  39.5 ~ I 0  la 
L A  039 SrL None  7,9 2 x 1015 

3-4 x I0~5 
1.5-0.95 x 10 '5 

5 x 1015 
4-5 • 1015 

9 • I0 ~ 
U n k n o w n  

1.7-1.1 X 10 ~5 

0 
0-13% 

O 
0 
0 

15~45% 

U n d o p e d  
U n d o p e d  
U n d o p e d  
U n d o p e d  
U n d o p e d  
U n d o p e d  
U n d o p e d  

S u l f u r  

S u l f u r  
S u l f u r  
S u l f u r  

m 

(G) S a m p l e  g r o w n  u s i n g  the  H C 1 / G a / A s H s  sys tem.  
S o u r c e :  A. E. B lakes lee ,  I.B.M., Y o r k t o w n  He igh t s .  New York.  

1645 
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Table II. Impurities found in the samples and localized at the interface 

�9 (a) Impurities m film Impurities 
localized at 

Sample Si Cr Fe Mg Ca K Na AI C H CI Mn interface Comments 

K21 VPE + + + +D +D 4- + 4-D +D 4- Not looked for 
LA039 LPE + D + N + + + + D ~ D + N + + D Ca, A1, K A1 and Cr clusters, strong i 

layer l o c a l i z a t i o n  o f  Ca 
D185VPE +D +D +D +D § +D § § Na, K, Ca, Si High concentrations of Ha, 

Si at interface chelated 
and in situ etched 

JT0 VPE + I) + D 4- D 4- + 4- 4- + ~ + Na, Ca, K, Si High concentrations of iNa. 
K, Ca at interface. Not in 
situ etched 

E 5 3 2  V P E  + + D + D + 4- + e ~ + Ha High concentrations of Na 
in film, in situ etched 

BB273 VPE (AsHa) + D + D + + + 4- + + + Not looked for Very high concentrations o f  
Na and K in film 

D203 VPE + + + + + + + .~ -- Ha. Ca, K, Si Sample chelated and in situ 
e t c h e d  

(,o = Impurities were either found by a recorded MASS Spectrum (Mass 1--68} or Visual. 
F o r  visual observation: +D = found, diffuse in sample; +N = found, nonuniform; -- = not found but looked for; blank = not looked 

for. 

m a d e  b y  s p u t t e r i n g  w i t h  02  + . T h e  m i n i m u m  a v e r a g e  
n u m b e r  of  b u r n s  fo r  e a c h  s a m p l e  w a s  fou r .  

A l is t  of  i m p u r i t i e s  f o u n d  in  t h e  s a m p l e s  a t  t h e  
i n t e r f a c e  b e t w e e n  t h e  e p i t a x i a l  l a y e r  a n d  b u l k  s u b -  
s t r a t e  a r e  p r e s e n t e d  in  T a b l e  II .  T h e  i m p u r i t i e s  w e r e  
o b s e r v e d  e i t h e r  b y  r e c o r d i n g  a m a s s  s p e c t r u m  a t  a 
d e p t h  o f  a p p r o x i m a t e l y  2~ b e l o w  t h e  s u r f a c e  of  t h e  
f i lm o r  b y  o b s e r v i n g  t h e  i m p u r i t i e s  v i s u a l l y  b y  ion 
i m a g i n g .  I n  t h e  l a t t e r  ca se  t h e  i m p u r i t y  is e i t h e r  n o t e d  
b y  a D f o r  d i f fu se  in  t h e  f i lm o r  b y  a n  N f o r  n o n u n i -  
f o r m .  I n  a d d i t i o n ,  in  d e p t h  d i s t r i b u t i o n s  of  v a r i o u s  e le -  
m e n t s  w e r e  m a d e  as  o u t l i n e d  in  Ref .  (1 ) .  R e p r e s e n t a -  
t i ve  t r a c e s  of  t h e  in  d e p t h  d i s t r i b u t i o n  o f  v a r i o u s  i m -  
p u r i t i e s  a r e  s h o w n  in  F ig .  1 a n d  2. T h e  n u m e r i c a l  
sca le  o n  t h e  x - a x i s  of  e a c h  t r a c e  is t h e  sca le  o b t a i n e d  
b y  d i v i d i n g  t h e  t o t a l  c r a t e r  d e p t h  b y  t h e  t o t a l  t i m e  

of  b u r n .  E r r o r s  as  l a r g e  as  20% in  t h e  o p t i c a l  d e t e r m i -  
n a t i o n  of  t h e  c r a t e r  d e p t h  a r e  p o s s i b l e  (1 ) .  T h e  
v e r t i c a l  l ine  b e t w e e n  t h e  w o r d s  ep i  a n d  s u b s t r a t e  is t h e  
p o s i t i o n  of  t h e  i n t e r f a c e  as  d e t e r m i n e d  b y  a n g l e  l a p  
a n d  s t r a i n .  

I m p u r i t i e s  f o u n d . - - S i l i c o n  a n d  s o d i u m . - - I n  Fig .  lc  
t h e  s i l i con  s i g n a l  f r o m  s a m p l e  D185 is r e p r o d u c e d .  T h e  
a p p e a r a n c e  of  a l a r g e  s i l i con  s i g n a l  a t  4.5~, in  r e a s o n -  
a b l e  a g r e e m e n t  w i t h  t h e  i n t e r f a c e ,  is a p p a r e n t .  A s  
m e n t i o n e d  a b o v e ,  w e  b e l i e v e  t h e  e r r o r  in d e t e r m i n i n g  
t h e  c r a t e r  d e p t h  a c c o u n t s  f o r  t h e  d i s c r e p a n c y  b e t w e e n  
t h e  p e a k  a n d  i n t e r f a c e  pos i t i on .  N o t e  a l so  t h e  g r e a t e r  
s i g n a l  f o r  s i l i con  in  t h e  s u b s t r a t e  c o m p a r e d  to t h e  e p i -  
t a x i a l  f i lms.  B y  s i m i l a r  d e t e r m i n a t i o n s  s i l i con  s i g n a l s  
f o r  s a m p l e s  D185, D203, a n d  JT0 w e r e  o b s e r v e d  a t  t h e  
i n t e r f a c e .  F o r  s a m p l e s  D185, D203, E532, a n d  JT0, a 

Fig. I. Profiles of the sodium 
distribution (a) calcium distribu- 
tion (b) and silicon distribution 
(c) in sample D185. 

Fig. 2. Profile showing the 
sodium distribution in sample J70. 
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Fig. 3. Ion images from sodium (Na +) in samples D185 (a) and D203 (b) and calcium (Ca +) in sample J70 (cL 

Fig. 4. Ion images from (a) Si +, (b) SiO::-, and (c) SiO:~- in samples D185. 

high concentrat ion of sodium occurs at the epi-sub-  
strate or buffer-substrate  interface. The sodium con- 
centrat ion at the buffer-substrate  interface of sample 
E532 is lower relat ive to the other samples. 

Calcium.--A representa t ive  trace of the signal re-  
sulting from a localization of calcium at the interface 
of sample D185 is shown in Fig. lb. Sample E532 shows 
no calcium at the interface both by in depth analysis 
and ion image analysis (see Table  II) .  Sample  LA039 
shows the appearance of a high concentrat ion of cal- 
cium at the interface (~5~)  as well  as an area rich in 
calcium (~1.5~) below the surface. 

Ion image analysis.--As discussed previously (1), 
the ion images appearing from an impuri ty  localized at 
an interface appear as a white  "band" of new moon-  
like character,  defining the interface. Contrast  effects 
on the concave side of the ring are due to the substrate 
while those on the convex side are due to the film. 

In Fig. 3-5 ion images from various species located 
at the interface are presented. In Fig. 6 the appear-  
ance of " impur i ty  clusters" in sample LA039 is shown. 
Figure  7 shows the a luminum nonuni formi ty  in the 
substrate of sample J70. 

Table I I I .  

B e a k e r  In  s i tu  
Sample  e tch  e t ched  C h e l a t e d  

DI85  Yes Yes Yes  
D203 Yes  Yes  Yes  
E532 Yes Yes No 
JT0 Yes No No 

Discussion 
Our previous observations (1) of a high concentra-  

tion of silicon at the interface are fur ther  substantiated 
by the data shown in Fig. lc and Fig. 4 for sample 
D185. Definite confirmation was obtained that  the 
signal at mass 28 is Si + (and not CO + for example  
which has a mass 28). Oxygen sputter ing was used 
and images corresponding to the masses for Si +, SiO2-,  
and SiO.~- species were  obtained. (The compound 
negat ive ions SiO._,- and SiO3- are assumed to arise 
chemical ly from a Si -}- O2 reaction.) The ion images 
for these ions from sample D185 are shown in Fig. 4. 
The data clearly indicate that  silicon is the impur i ty  
present at the interface. 

We have observed a definite correlat ion between the 
cleaning history of a sample and impur i ty  localization. 
The complete cleaning details of the samples D185, 
D203, J70, and E532 are given in the Appendix.  The 
samples were  given ei ther  of the t rea tments  listed 
in Table III. The "chelat ion" step was per formed be-  
cause of prior  work  which suggested that  this was 
useful to remove  heavy  meta l  surface contaminat ion 
(4) (copper, iron, etc.). 

F rom the data in Fig. 1-7 and Table II, the following 
conclusions concerning the contaminat ion of elements 
at the interface for the samples were  reached 

D185 (Na,K,Ca) ----D203 (Na,K,Ca) 
> J70 (Na,K,Ca) > E532 (Na, low) 

It  seems clear  that  the introduct ion of the "chelat -  
ing" step great ly  increased the contaminat ion of Group 
I and II e lements  at the interface. This is despite ex-  
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Fig. 5. Ion images from iron 
(Fe +) and chlorine (C I - )  in 
sample D185. 

Fig. 6. Ion images from aluminum (AI +) (a), chromium (Cr*)  (b) (c) in sample LA039. 

tensive rinsing in 18 megohm-cm water after treatment. 
Also Ln situ etching greatly reduces the surface con- 
tamination as evidenced by the very clean interface 
of sample E532 compared to J70 (Table II and Fig. 3). 

However, photoluminescence data (9) indicates that 
the order of copper contamination in these samples is 

D185 < E532 < JT0 

Therefore, although we removed surface copper con- 
taminat ion by use of the chelation step, Group I and 
II e lement  contaminat ion was observed. 

As assumed, the buffer layer is effective in providing 
a protective layer between the bu lk  substrate and 

l ightly doped region for the impuri t ies  observed (see 
Fig. 2 for example). 

The iron image shown in Fig. 5 shows three inter- 
esting features: (A) The high concentration of iron 
in the substrate contrary to the manufacturer's claim 
(i0). (B) The localization of a high contamination of 
iron (white spot). (C) ]Buildup of iron at the inter- 
face. The cause of iron "clump" is not known. 

Although preliminary, the data presented in Fig. 6 
are quite interesting. Figure 6a shows aluminum ion 
images from sample LA039, while chromium images 
are shown in 6b and e. The results indicate that large 
(~i0-30~) "clusters" of aluminum or chromium rich 

Fig. 7. Ion images from alumi- 
num (AI § in substrate of sample 
J70. 
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areas are present. Note also the nonuni form dis t r ibu-  
t ion of chromium indicated by the nonuni form con- 
trast  in Fig. 6c. This data was obtained on only one 
sample, and the general i ty  of this nonhomogeneous 
dis tr ibut ion is not known.  

Also interest ing is the nonuni fo rmi ty  of a luminum in 
the substrate of sample J70. This substrate was grown 
by the Czochralski process and was tin-doped. Pre-  
sumably the impur i ty  striations arise from impur i ty  
segregation known to occur in  Czochralski crystals. 
Similar  to the observation made on iron above, a lumi-  
num was not indicated by the manufac turers  (11) as 
an impur i ty  present  in the ingot. 

Summary and Conclusions 
The cont inuing analysis of impur i ty  distr ibution in 

epitaxial GaAs have led to the following conclusions: 
(A) The occurrence of a high concentrat ion of silicon 
at the interface of epitaxial  GaAs is definitely estab- 
lished. (B) The "buffer" layer is effective in isolating 
the l ightly doped layer  from segregated impuri t ies  at 
the interface. (C) Group I and II elements have a great 
affinity for GaAs surfaces. (D) P re l imina ry  observa-  
tions on impur i ty  "clusters" suggest that complicated 
impur i ty  interactions may be present  in GaAs. 
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APPENDIX 
Preepi taxial  Cleaning Procedures of Substrates 

for Samples D185 and D203 
1. Boil in acetone 3 times. 
2. Boil in t r ichloroethylene 3 times. 
3. Boil in acetone 2 times. 
4. Boil in isopropanol 3 times. 
5. Rinse in 17-18 • 106 ohm-cm water  5 min. 
6. Etch in 5H2SO4: 1H20:1H202 for 2 min. 
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7. Rinse in 17-18 • l0 s ohm-cm water  for 15 min. 
8. Soak in 10% by weight solution of sodium ethyl-  

ene-diamine- te t raaceta te  at (pH = 7) for 45 rain. 
9. Rinse in rapidly flowing 17-18 X 106 ohm-cm water  

for 20 min. 
10. Immerse in isopropanol. 
11. Load into the reactor from isopropanol wet and dry 

in hydrogen. 
12. Etch in situ with HC1 removing 7-10~ of substrate. 

Preepitaxial  Cleaning Procedures of Substrates 
for Samples E532 and J70 

1. Acetone soak 5 min  (ultrasonic agitat ion).  
2. Cohben 1 boil for 3 min  (ultrasonic agitat ion).  
3. Rinse in methanol.  
4. Boil in methanol  3 min (ultrasonic agitat ion).  
5. Rinse in methanol  5 times. 
6. Soak 1 min  in concentrated HC1. 
7. Rinse in methanol  10 times. 
8. Etch 10 min. in 5H2SO4: 1H20: 1H202. 
9. Rinse in methanol  10 times. 

10. Store in Cohben. 
11. Load wet from Cohben. 

Sample E532 was then etched in situ in the reactor. 
The amount  of material  removed was unknown.  Sam- 
ple J70 was not given the in situ etch. 

i Cohben, Inc., Fairfield, New Jersey.  
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Phosphosilicate Glass Stabilization of MOS Structures 
L. H. Kaplan and M. E. Lowe 

IBM Components Division, East Fishkill Facility, Hopewell Junction, New York 12533 

ABSTRACT 

The flatband voltage and stabil i ty of metal-glass-oxide-si l icon (MGOS) 
systems were studied for phosphosilicate glass layers of varying thickness 
and composition. Thickness from 30 to 200A and compositions from l to 6 mole 
per cent (m/o)  P20~ were used with a total insulator  thickness of 500A. Elec- 
trical properties were measured after contaminat ion (before metall ization) of 
4 different levels of sodium ranging  from approximately l0 II to 1014/cm 2. The 
init ial  flatband voltage was found to be l inear  with both sodium contamina-  
tion and PSG thickness. The • shift (due to +10V bias at 200~ for 10 
min)  is a decreasing l inear function of the product of thickness and P205 
concentrat ion up to a value of (tpsG x M%) sufficient to trap all sodium. At 
higher PSG levels, the -~VEB increases. For  a desired level of Na protection, 
the th ickness- -mole  per cent product needed, can be determined by the figures 
supplied. 

The use of thin phosphosilicate glass (PSG) films to 
cover thermal ly  grown SiO2 layers on IGFET devices 
is well documented (1). Such films prevent  the drift  of 
cationic impurities,  e.g. sodium, and the resul tant  in-  

Key words:  flatband voltage,  f latband shift, sodium protection, 
MOSFET. 

stabil i ty in threshold voltage. The PSG layer  a c t s  a s  
a getter for Na + ions, removing them from the SiO2 
layer and acting as a bar r ie r  to their entrance from 
the ambient.  Although clean processing techniques 
tend to lower the Na + level greatly, the ever increas- 
ing performance requi rements  for microcircuits make 
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the use of stabilization system such as PSG almost 
mandatory.  

The use of PSG systems has certain inherent  l imita-  
tions. The films, when  of sufficient thickness and /or  
concentration, have exhibi ted polarization, which can 
itself increase threshold shifts (2, 3). Additionally,  it 
has been shown (4) that, while PSG prevents  migra-  
tion of Na + ions through the oxide (the amount  of 
Na + protection being dependent  on PSG thickness and 
phosphorus concentrat ion) ,  the addition of the PSG 
layer  causes an increase in the flatband vol tage (VFB), 
(negat ive) ,  corresponding to a decreased threshold 
voltage (positive) for N-channel  devices and to an in- 
creased negat ive VT for P-channe l  devices. 

For these reasons, it seemed appropriate  to invest i-  
gate the PSG system in an a t tempt  to optimize PSG 
propert ies  such that  both a min imum thermal  bias shift 
(-~VrB) and min imum flatband voltage might  be 
realized. 

Similar  investigations of PSG thickness and concen- 
trat ion have  been performed in the past (5, 6). How-  
ever, these studies were  concerned mainly  with P20~ 
concentrations above 4 m/o.  Consideration of the po- 
larization effects ment ioned above, as well  as of the in- 
creased demands for device stabil i ty necessitated by 
thinner  gate insulators, make it advisable to extend 
this range. 

Experimental  
A mat r ix  of PSG layers with varying thicknesses 

and P205 concentrations between 30 and 200A and 1-6 
m / o  for a total SiO., thickness of 500A was proposed 
for this study. Using a POC13 deposition system, con- 
siderable difficulty in obtaining all the desired PSG 
layers was encountered.  

The PSG layers used were  deposited on 500A SiO2 
layers, the rmal ly  grown in dry O2 on 2 ohm-cm, (100), 
p - type  Si wafers.  Deposit ion was per formed by bub-  
bling N.~ through POCI:r and subsequent  mixing with 
additional N2 and 02 at the furnace entrance. To 
achieve varying thickness and P.,O5 concentrations, 
such variables  as bubbler  t empera tu re  and deposition 
tempera ture  were  altered. A method of diluting the 
POC13 saturated N.~ at constant vo lume was also uti-  
lized. Concentrat ions as low as 4 ppm were  obtained 
by these methods. However ,  a l ter ing the POC13 con- 
centrat ion did not give predictable or reproducible re-  
sults. The most rel iable method for producing PSG 
layers of desired arb i t ra ry  concentrations was found to 
be by varying the t empera tu re  of the postdeposition 
anneal, whi le  keeping the deposition parameters  con- 
stant. Al though all desired levels of thickness and P.~O5 
concentrat ion were  not achieved, a sufficient number  
of samples was obtained for a val id  study. Proper t ies  
of the PSG layers in the 17 sets of samples used were  
obtained by the we l l -known  step etch technique (7) 
and are shown in Table I. 

To de termine  the effectiveness of the various PSG 
layers against Na + contamination, four  different Na + 
contaminat ion levels were  used for each PSG con- 
dition. The controlled contaminat ion of the wafers  was 

Table I. PSG properties of films used 

Thickness (A )  Mole  p e r  c e n t  P~O~ 

34 0.9 
39 1.5 
34 "Z .8 
54 1.8 
52 2.6 
50 3.9 
60 1.1 
67 1.5 
66 3.1 
65 .  3 . 8  
66  5 .3  
90 3.2 

106 1.8 
147 1.3 
162 6.5 
189 2.4 
19l  4.2 

achieved by vacuum evaporat ion of the residue f rom 
measured small volumes of dilute NaC1 solutions. The 
sodium levels were  determined by MOS measurements  
on unstabilized oxides contaminated at the same t ime 
as the exper imenta l  samples. All  samples were  meta l -  
Iized with  10,000A thick AI dots (using an e lect ron-  
beam heated source),  annealed in N2 at 400~ for 20 
min, and tested. VFB and • were  determined by 
CV measurements  before and after thermal  bias stress- 
ing for 10 min at 200~ with  the A1 electrode at +10V 
with respect to the Si substrate. 

Results and Discussion 
The behavior  of the sodium ions in S i O J P S G  sys- 

tems is complex (4, 5). It is beyond the scope of this 
paper to explore most of the effects involved.  The 
purpose here is to present a practical  report  of the 
variat ion of VFB and ~V~'B as functions of the PSG 
propert ies thickness and m / o  of P205, as well  as of the 
Na § contamination level. To this end, only such theory 
and only such models as will  enable one to recognize 
trends, as they exist, wil l  be presented. 

Flatband voltage.--Assuming that Qss --- 0 and that  
all charge is due to sodium, the expected flatband 
voltage may be arr ived at by starting with  the fol low- 
ing we l l -known relationships. 

- -  ~OEOX 

Qeff - (VFB - -  AWF) [1] 
fox 

Qeff ~- Qox -~- Q~s [2] 
and 

_fto~ tox -- x 
Qox = ~ o -t~ qoxdx [3] 

The final expression for VvB will  be determined by 
the functional  dependence of qox upon x. For the 
method of contaminat ion used in this work, it might  
be expected that all Na + is ini t ial ly concentrated near 
the me ta l -PSG interface, with essentially zero con- 
centrat ion elsewhere in the oxide. Since, in this case, 
X : to~, Qo~ reduces to zero and VFB -- • regard-  
less of sodium level  or PSG parameters.  However ,  ex-  
per imenta l ly  this was not found to be true. The flat- 
band voltage before stressing (but af ter  annealing at 
400~ was found in all cases to vary  l inearly with the 
concentrat ion of deposited sodium, when plotted on a 
log-log basis. F igure  1 shows some typical  examples  
for a var ie ty  of PSG thicknesses and concentrations. 
VvB is shown in Fig. 2 to vary  l inearly with PSG 
thickness at each contaminat ion level. 

It seems clear that  the functional  dependence of qox 
upon x hypothesized is incorrect.  If  the  Na + diffuses 
dur ing the 400~ postmetal l izat ion anneal, the dis- 
t r ibut ion may be assumed to consist of two parts. Be-  
cause of the get ter ing effect of the PSG, the Na + 
should be localized in this layer to a point at which 
all  avai lable t rapping sites are filled. Al though the 
t rapping process is recognized to be transient  and 

-VF8 
hnd~ 

5:~-~7~ O 52 2.a 

~Y'-2~O a 65 3 S 

lo I0 i 14 io I I  i(i 12 io I~ 
NN~ ,CM -2) 

Fig. 1. Typical curves of VFB VS. sodium concentration 
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Fig. 2. Initial flatband voltage vs. PSG thickness for four levels 
of contamination. 

merely  constitutes a s lowing-up of any  motion im-  
parted to the ions, at any given point  in time, some 
Na + will  be in a t rapped condition and some in a mo-  
bile condition. The data of Fig. 2 strongly imply that  
the Na + dis t r ibut ion in the PSG layer  is one of un i -  
form density. The increase of VFB with PSG thickness 
would rule out any major  accumulat ion of trapped 
Na + at the A1-PSG boundary,  since it indicates that 
thicker PSG layers have their  sodium distr ibuted 
closer to the Si/SiO~ interface, on the average. 

Any  sodium ions in excess of those required to fill 
traps wil l  be distr ibuted in the PSG and SiO.,. The 
exact na tu re  of this dis t r ibut ion is somewhat in doubt, 
since the radiochemical and neut ron  activation work 
(8, 9) done to establish such distr ibutions has been 
on much thicker oxide films. The simplest funct ional  
dependence which could be assumed is, of course, con- 
stancy. As shown below, this assumption leads to fairly 
good agreement  with the exper imenta l  data. It  might  
be noted in passing, that a l inear  dis t r ibut ion (qoxz, = 
A q- Bx) was also investigated and found to bear no 
relat ion to the experiment.  

Prior  to any electrochemical stressing, qox may be 
considered as being made up of two parts; the charge 
densities due to t rapped and mobile ions, respectively. 
For  the uni form dis t r ibut ion in  x indicated above 

f tox tax - -  X 
Q~ ~--= ,. O i0"~2 q~rNara dx 

f t ox  qNNat dx [4] tax X 

2ff ~"tox-- tPSG $oxtP S--------~ 

where the integrat ion limits for the last te rm (cor- 
responding to t rapped Na +) were changed to conform 
to the distr ibution of t rapped sodium in  the PSG. In -  
tegrating Eq. [4] and combining with Eq. [1] and [2], 
one obtains 

( NNat tPSG ) q tax NNam -a t- [5] 
VFB --  AWF 2eoeox tax 

By definition, NNam = NNa -- NNat. Substituting and 
rearranging 

[ ( t P S G )  ] 
VFe : AWF q tax NNa -l- - -  -- 1 NNat 

2eoeo~ fox 
[6] 

The n u m b e r  of Na + ions which can be t rapped by a 
PSG layer  (NNat) can  be simply calculated, under  the 
assumption that  all t raps are active, based upon the 
"nonbr idging oxygen" model advanced by Eldridge 
and Ker r  (5). The n u m b e r  of P O -  t rapping sites is 
calculated from the densi ty and m/o,  and thickness of 
the PSG. After  evaluat ing numer ica l  constants, the 
expression becomes 

NNat = 1.33 • I0 s0 tPSG m/o 

Substituting for NNat, as well as for numerical con- 

stants, and assuming an oxide thickness of 500A, one 
obtains, for the case where  the PSG is insufficient to 
trap all of the sodium 

VF. -- a W F  - -  1.053 X 10 -19 NNa 
-- (2.8 X 1OIatPSG - 1.4 X 108)tPsGm/O [7] 

If all the sodium is trapped, NNat = /VNa and Eq. [6] 
reduces to 

q t P S G / ~ r N a  

VFB ~--- A W F  -- [ 8 ]  

2eoeox 

As previously noted, Fig. 2 shows a l inear  relationship 
between VFB and tpsG. This is in direct agreement  
with Eq. [8], suggesting that, even for the highest 
levels of contamination,  all sodium has become asso- 
ciated with t rapping sites in the PSG. 

Without offering any fur ther  in terpre ta t ion  of the 
above data, it is quite clear that the VFB for systems 
containing PSG increases with PSG thickness for any 
given Na + level. This is in good agreement with pre- 
viously described findings (6). Further, it seems evi- 
dent from Fig. 3 that higher sodium concentrations 
produce higher initial fiatband voltages with any 
given thickness of PSG. 

Change in VFB with electrothermal stress.--Consid- 
eration of the "nonbr idging oxygen" model ment ioned 
earlier would seem to indicate a l inear  relat ion between 
aVFB and the product of PSG concentrat ion and thick- 
ness. Figure 4 shows the var iat ion observed experi-  
menta l ly  between these variables. Plots of AVrB against 
PSG concentrat ion or thickness separately produced 
no clear relationship. The plot of Fig. 4 is in semilog 
format to allow the wide range  of AVFB to be shown 
in a single plot. A l inear  format, however, shows that  
each curve (for a given contaminat ion level) has a 
decreasing l inear  region at low values of m / o  x tps<:, 
and a fiat or increasing region at higher values. 

The data described above are in agreement  with an 
extension of the t rea tment  used previously to predict 
VFB. This t rea tment  assumes that, for a given stress 
tempera ture  and electric field, some of the sodium 
associated with the PSG behaves as mobile sodium 
due to emission from the traps. For all practical pur -  
poses, therefore, the total  sodium content  may then 
be classified as either mobile or trapped. However, 
because of the emission process, only a fraction of the 
available traps will  contain "trapped" sodium. Since 
AVFB : VFB (after stressing) -- VFB (before stress- 
ing}, it is now necessary only to formulate  an expres- 
sion for VFB (after stressing).  For this, Eq. [4] must  
be modified by replacing its first te rm (corresponding 
to the mobile Na +) to account for all  mobile Na + 
being located at the interface. 

Thus, Qox : Qeff, which is defined as the charge 
which, if placed at the interface, would have the same 
effect as that  of the dis tr ibuted charge, qox. Since the 
real charge, qNNam, is now completely at the interface, 

. &,V F 

'519-520A tp~9 = 34,~ % = 0,9 
#244-247 90 3.2 

,g $521 _522A 66 3.~ 
o ~514-51~ 147 13 
�9 U28~-2S4 6O I.~ 

i 
IO I I  ~ 1o 13 io  14 I~176 (o,o~ 1012 

N N e  - N N o  t (CM -2) 

Fig. 3. Typical curves of ~IVFB VS. sodium concentration 
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Fig. 4. Variation of thermal bias flatband voltage shift with 
thickness x m/o P205. (Thickness measured in ,~,.) 

it is equal  to the mobile charge contr ibut ion to Qox. 
Then, analogous to Eq. [4] 

Qox (after stress) : q NNam 

~ tox tax -- X 
- -  q NNatdx [9] 

"}- tox-tpsG $oxtPSG 

Analogous t rea tment  to that of Eq. [5] and [6] gives 

VFB (after stress) = aWF 

q t ax  N N a  -}- 1 N N a t  [ 1 0 ]  
eoeox 2tax 

Subtract ing VFB (before stress), as obtained from Eq. 
[6], one obtains for the saturat ion shift on thermal  
bias stress 

q tax 
- -  AVFB : ~ (NNa -- NNat) 

2EOeOX 
: 1.053 X 10 -12 (NNa - -  ~ N a t )  [11] 

When the amount  of PSG is insufficient to trap all 
s o d i u m ,  NNat  : 1.33 x 1020 tpsc �9 m /o  �9 G where G is 
some fraction which accounts for all available traps 
not being permanent .  Therefore 

--AVFB : 1.05 X 10 -12 NNa -- 1.40 X I0 s " tPSG " m/o G 
[12] 

This predicts the l inear  decrease in hVFB with tPso 
m/o  shown in the data of Fig. 4. As predicted by Eq. 
[11], --AVFB was found, in each of the seventeen PSG 
types studied, to be l inear  with (~'Na -- NNat). Figure 
3 shows several typical log-log plots of this type for a 
var ie ty  of PSG characteristics. 

Conclusion 
The data presented allow the estimation of the degree 

of protection given by PSG films of various thickness/  
concentrat ion combinations against the deleterious 
effects of Na + contaminat ion levels which might  be 

experienced dur ing device fabrication. However, the 
sole criterion used here is the fiatband voltage shift 
under  bias of +10V (2 x 106 V/cm) at 200~ for 10 
min. No at tempt is made to correlate these shifts with 
in-use conditions. From Fig. 4, it appears that  sodium 
concentrat ions higher than  approximately 10Z2/cm 2 
create shifts of greater than 0.2V, regardless of the 
thickness and concentrat ion of the PSG used. For 
shifts as low as 0.1V, it would seem necessary to ma in -  
ta in  the Na + contaminat ion at 10n/cm 2. 

It is interest ing to consider the quant i ty  G, in t ro-  
duced in Eq. [12]. By rear rangement  of this equation, 
G may be expressed as follows 

AVFB -~- 1.05 X 10 -12 NNa 
G : [13] 

1.40 X l0 s tPSG m/o  

Values for G calculated in this way are plotted in Fig. 
5. The factor is evident ly  a funct ion of PSG parameters  
as well  as the Na + level and can have rather  low 
values. The range of G values calculated for PSG films 
in this work is from 0.0003 to near ly  unity.  Another  
independent  study in this laboratory shows the same 
effect (10). 

Even if more permanent  traps could be made avail-  
able so that  lower shifts could be obtained at high Na + 
density, the practical protection would still be l imited 
by consideration of ini t ial  VFB requirements.  While 
the AVFB was shown here to depend only on the prod- 
uct of tpsG and m/o, (neglecting polarization effects), 
the VFB is clearly seen (Fig. 2) to depend upon the 
thickness of PSG at a given Na + level. Figure 2 also 
demonstrates that the dependence grows more pro- 
nounced as the Na + concentrat ion is increased. It  is 
very likely, then, that the VFB thickness dependence 
is actually caused by sodium trapped in the PSG layer. 
In any event, the optimum configuration of PSG would 
seem to consist of the minimum thickness consistent 
with processing considerations and a concentration of 
P20~ sufficient to yield a (tpsG x m/o) product which 
will protect against the Na + level of interest. 

Finally, it should be noted that there are other 
modes of Na + contamination which might not be ex- 
pected to yield results equivalent to the ones quoted. 
Sodium contamination during device fabrication may 
arise from several sources, among which are: incorpo- 
ration during oxidation, contamination during photo- 
resist processing, and contamination due to handling 
between all premetal process steps. Clearly, no one 
controlled contamination process can be expected to 
simulate all of these mechanisms. The vacuum depo- 
sition of NaCI most closely resembles the modes of 
contamination due to photoresist and handling. Other 
methods, such as treatment with boiling NaCl solution, 
would be expected to give somewhat different results. 
It is believed that the method of contamination used 
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Fig. 5. Efficiency factor G vs. 1.5 x tPSG X m/o/NNa 
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here yields  the most accura te ly  control led  con tamina-  
tion levels  and is a good subst i tute  for the  to ta l  con- 
taminat ion  exper ienced  in I G F E T  processing. 

Manuscr ip t  submit ted  March 19, 1971; revised manu-  
script  received May 14, 1971. 

Any  discussion of this  paper  wi l l  appear  in a Discus-  
sion Section to be publ ished in the June  1972 JOURNAL. 

X 
tox 
t p s c  
q 
qox 

qoxm 
Qss 

Qox 

Qeff 
~o 
~ox 
• 
VFB 

SYMBOLS 
dis tance f rom the Si/SiO2 in ter face  in SiO., 
thickness of SiO2 q- PSG in cm 
thickness of PSG layer  in cm 
charge of e lect ron in coulombs 
charge dens i ty  in oxide  (both mobile  and 
t r apped)  (em -3) 
mobi le  charge densi ty  in oxide (cm-3)  
effective charge  due to states and charges other  
than Na + at the in terface  (cm -2) 
effective charge  due to d i s t r ibu ted  charge  in 
oxide (cm -2) 
Qox + Qss (cm -2) 
dielectr ic  constant  of vacuum 
dielectr ic  constant  of SiO2 
work  function difference be tween  AI and Si 
f la tband vol tage  

AVFB 

NNa 

NNam 
NNat 
G 

change in f latband vol tage  af ter  s tressing 10 
rain at § 10V at 200~ 
area  concentra t ion of Na + (mobi le  and  t r apped)  
(cm-2)  
area  concentra t ion of mobile  Na + (cm -2) 
area  concentra t ion of t r apped  Na + (cm -2) 
f ract ion of total  PSG t raps  which are  p e r m a -  
nent  at  a given T and F ie ld  
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The Chemical Polishing of Sapphire and MgAI Spinel 
A. Reisman,* M. Berkenblit,* J. Cuomo,* and S. A. Chan 

IBM Thomas J. Watson Research Center, Yorktown Heights, New York 10598 

ABSTRACT 

Based on air  anneal ing  studies at  1500~ it appears  that  bu lk  and surface 
mechanica l  damage  in sapphi re  and MgA1 spinel  (MgA1204) may  be grea t ly  
minimized.  Such annealed  surfaces can then be effectively pol ished chemical ly  
leaving essent ia l ly  featureless  surfaces. P reannea led  sapphi re  or ientat ions 
can be polished at 285~ in a 1:1 H2SO4:H3FO4 mix tu re  for 15 rain whi le  
MgA1 spinel  or ientat ions  may  be t rea ted  in a 3:1 H2SO~:H3PO4 mix tu re  at 
250~ for the same length of time. (111) MgAl spinel  and (1014) sapphire  
cannot  be chemical ly  pol ished by the procedures  descr ibed but  are  p r e sumab ly  
amenable  to remova l  of most surface and mechanica l  saw and polish induced 
bu lk  damage  via the h i g h - t e m p e r a t u r e  anneal ing  process. 

Sapphi re  and, more  recently,  MgA1 spinel  
(MgA1204) have been employed  ex tens ive ly  as s ingle-  
crys ta l  dielectr ic  subs t ra tes  for the ep i tax ia l  g rowth  
of a va r i e ty  of mater ia ls .  Wafers  of these dielectr ics  
are  ava i lab le  only in mechan ica l ly  polished form. 
Because of the  damage  in t roduced dur ing  mechanica l  
prepara t ion ,  a number  of l iquid-  and gas-phase  
t rea tments  have been appl ied  pr ior  to use to effect 
nonselect ive  e tching (chemical  pol ishing)  of the  sur -  
faces. Among  these a re  included mol ten  borax  (1-4),  
heated phosphoric  acid (2, 5-7),  mol ten  V205 (8), 
mol ten  lead fluoride (9), heated vaporous  sulfur  fluor- 
ides (10), hea ted  vaporous  f luor inated hydrocarbons  
(11), HC1-H2 at e leva ted  t empera tu re s  (12), and I-I2 
anneal ing  (2, 4, 5, 13, 14), among others. In fact, none 
of these approaches  has been too sa t is factory  for a 
va r ie ty  of reasons.  Mol ten  salt  approaches  are  cum-  
bersome, often are  somewhat  selective, and in common 
with  others  noted above are h igh ly  or ienta t ion  de-  
pendent .  The vapor -phase  etchants  are  quite o r ien ta -  
tion dependent  and somet imes exhib i t  low remova l  
rates. Hea ted  phosphoric  acid has shown some promise  
but  tends to leave insoluble residues behind. Fur ther ,  
because it dehydra tes  and polymerizes,  its chemical  
behavior  var ies  cont inuously  wi th  t ime at  t e mpe r -  

* Electrochemical Society Active Member. 
Key words: chemical polishing, sapphire chemical polishing, 

MgA1 spinel chemical polishing. 

ature.  H3PO4 is also somewhat  or ienta t ion  select ive 
and f requent ly  resul ts  in dense pit t ing.  H2 anneal ing 
exhibi ts  a vanishing low remova l  ra te  and was found 
by  us not  to e l iminate  pol ishing scratch damage when 
subjec ted  subsequent ly  to the l iqu id -phase  por t ion of 
the  polishing technique to be descr ibed below. Final ly ,  
where  some modicum of success might  be a t t r ibu ted  
to some of the  methods  ment ioned  above for sapphire ,  
thei r  app l icab i l i ty  to Mg spinel  is an unknown quan-  
ti ty. 

Experimental Procedure 
Sapphi re  and magnes ium spinel  wafers  were  ob-  

ta ined from Insaco Corpora t ion  (Quaker town,  Penn-  
sy lvania)  and Union Carbide Company (Crys ta l  P r o d -  
ucts Division, San Diego, Cal i fornia)  as 3/4 or  1 in. 
d iamete r  sawed, lapped,  and mechanica l ly  pol ished 
mate r ia l s  p repa red  f rom Czochra l sk i -grown ingots. 
Severa l  sapphire  wafers  cut  f rom v a p o r - g r o w n  ingots, 
obta ined f rom the Lexington  Labora tor ies  (Cam-  
bridge, Massachuset ts) ,  and mechan ica l ly  pol ished by  
Insaco were  also examined.  The nominal  sapphire  
or ientat ions  s tudied included (0001), (101-4), (11-00), 
(11-02), (112--6), and (112-0). X - r a y  analysis  showed 
these to be wi th in  1~ ~ of these  specified or ien ta -  
tions. Spinel  or ientat ions  examined  inc luded (111), 
(110), and (100) and were  wi th in  1~ ~ f rom the 
specified planes.  
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Wafers were rinsed ul trasonical ly in acetone and 
deionized water, then dried in a filtered ni t rogen 
stream. Microscopic examinat ion prior to fur ther  
t rea tment  showed the presence of a variable  number  
of random polishing scratches, the density being great-  
est at the wafer periphery. 

The polishing procedures developed are of two kinds, 
an anneal  in air at 1500~ and a wet chemical polish 
effected in the tempera ture  range 250~176 The air 
anneal  or the wet chemical technique may be utilized 
separately but  when possible (namely when  the wet 
chemical technique does not exhibit  orientation de- 
pendence) were found to provide the most useful 
surfaces for epi taxy when applied in sequence. The 
h igh- tempera ture  anneal  serves to remove most if 
not all surface and induced bulk  damage while the 
wet chemical technique removes retained surface de- 
bris and contaminants.  

Anneal ing  of the samples was conducted in air in 
a p la t inum wound resistance furnace using an Alun-  
dum furnace tube, Fig. 1. The samples were placed on 
a slab single-crystal  sapphire support and loaded into 
the furnace at 750~ The furnace tempera ture  was 
raised to I500~ and the samples were held at this 
temperature  for varying periods of time. They were 
examined microscopically for evidence of residual 
scratch damage, then subjected to chemical polishing 
which was useful for reveal ing r emnan t  bu lk  scratch 
damage. 

The wet chemical polishing t rea tment  involves non-  
selective etching of the sapphire or MgA1 spinel wafers 
in sulfuric-phosphoric acid mixtures  at 300~ or less. 
It was found that unl ike  the behavior of pure phos- 
phoric acid which tends to polymerize when heated to 
form a practically water  insoluble, extremely viscous 
fluid, H2SO4-H3PO4 mixtures  do not thicken or be- 
come water  insoluble. The H2SO4 appears to prevent  
degradation of the H3PO4. Equally impor tant  is the 
observation that with Hg.SO4-H3PO4 mixtures,  insol- 
uble residues do not form on the wafer surface nor is 
surface pit t ing a problem. While loss of H2SO4 does 
occur dur ing a polishing cycle, the amount  of vola- 
ti l ization is not great, due to the vapor pressure re- 
duction result ing from dilution with phosphoric acid. 
Polishing of sapphire and spinel was studied in the 
tempera ture  range 200~176 using various H2SO~/ 
H~PO4 ratios contained in a p la t inum crucible, with 
and without  wafer rotation. The wafers were held in 
a p la t inum basket. The apparatus employed is shown 
schematically in Fig. 2. In  all studies, Mall inckrodt 
85% H3PO4 Analyt ical  Reagent and Mallinckrodt Sul-  
furic Acid Transist  AR grade were employed. Fresh 
solutions were heated to temperature  slowly to allow 
the H3PO4 to lose its absorbed water  and highest vapor 
pressure water  of hydrat ion at ca. 185~ Polishing 
solutions were replaced after two polishing cycles in 
practice, although regenerat ion to a given volume with 
either a 3/1 or stronger H2SO~/H~PO4 mixture  ap- 
pears to enable addit ional cycles without  adverse ef- 
fect. 

Results and Discussion 
Removal rate studies.--Preliminary studies were 

conducted over the temperature  range 200~176 
where feasible, using pure sulfuric acid, su l fur ic /  
phosphoric acid volume ratios of 9/1, 3/1, 1/1, 1/3, and 

50" LONG 

Fig, 1. Schematic representation of annealing apparatus 

Fig. 2. Schematic representation of wet chemical polishing 
apparatus. 

pure phosphoric acid. Rotation rates of 0, 0.5, 10, and 
50 rpm were examined. In general, removal  }:ares 
were independent  of the rotation rates examined. 
Surface qual i ty was, however, dist inctly superior at 
the lower rotation rates and best when the samples 
were stationary. Table I tabulates all etching results 
obtained at 0.5 rpm. Figure 3 shows the variat ion of 
log {(0001) sapphire removal  rate} as a function of 
T 1 OK-1 for pure phosphoric acid in the temperature  
in terval  285~176 and for 9:1 H2SO4:H3PO4 mix-  
tures in the temperature  interval  250~176 (above 
300~ the evaporation rate of the H2SO4 became too 
great in the 9:1 mixture  to obtain reproducible re-  
sults).  Figure 4 shows the variat ion of log {(111), 
(110), and (100) magnesium spinel removal  rate} as 
a function of T -1 ~ -1 for 3:1 H2SO4:HsPO4 mixtures  

I000[ 

~" 100 
0 "l- 
::k 

n l  

n," 

_1  

W 

~ ] ~ {  9:1 H2SO 4 : H3P04 

i I I I I I I I 
1.30 1.40 1.50 1.60 1.70 1.80 1.90 2.00 

I /T  (OK) X 103 

Fig, 3. Variation of log {(0001) sapphire remora| rate} as a 
function of T - 1  [~ - 1  for 9:1 H2SO4:H3P04 and H,~P04. 
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Mater ia l  Orientation 

H:SO4:I-IaPO4 ratio 

Temp,  ~ H~,S O4 9:1 3:1 1:1 1:2 1:3 1:9 HaPO~ 

Sapphire (0001) 450 
400 
350 
300 
285 
285 
285 
285 
285 
285 Residue 
25O 
3OO 
30O 

(tO14) 285 
3OO 

(ff~) 325 
285 

(112"0) 285 
(11'~6) 285 
(1123) 285 
(0112) 285 
(11-24) 285 

Spinel (100) 285 
250 
200 

(111) 300 
285 
250 

(110) 285 
250 
250 
250 
250 
250 Residue 
3OO 

10.8 

2.0 
16.2 

6.4 

11.1 

45.0 
10.8 
1.0 

28.8 
12.6 

2.0 
30.3 

6.6 

9.0 

0.3 
0.9 

0.4 
0.4 
1.7 
1.3 
3.0 
1.2 

13.8 

7.8 

2.3 

7.5 

156.0 
63.0 
28.2 

9.9 
4.8 

8.'/ 

51.0 

in the t empera tu re  in terva l  200~176 Figure  5 
shows the var ia t ion in etch rate of (0001) sapphire at 
285 ~ and 300~ in different H2SO4:H3PO4 mixtures  
and (110) magnes ium spinel at 250~ in the same 
composition interval .  Data for other  sapphire ori-  
entations have not been plotted but can be obtained 
from Table I. 

It is to be noted that  removal  rate data for pure  sul-  
furic acid are not given. This is because the samples 
fol lowing such t rea tment  were  covered with  a heavy 
deposit and weight  gains occurred. 

From Fig. 3 and 4 it is seen that  l inear semilog plots 
were obtained which in general  exhibi t  somewhat  
different slopes. Such results  indicate that  the etching 
behavior  observed occurs in a surface l imit ing regime 
and is representa t ive  of chemical  ra ther  than diffusion 
l imit ing kinetics. This explains the independence of 
removal  rate  on rotation rate. Based on these data, the 
removal  rates of (0001) sapphire  in phosphoric acid 
and in a 9:1 H2SO~:H3PO4 mix tu re  as a function of 
t empera tu re  are given by Eq. [1] and [2], respect ively 

-- 3.472 X I0 ~ 
log R(0001)sapphire H~PO~ = ~- 6.968 [1] 

T[~ 

IOC 
\(Ho) 
,X X0 oo) 

(,,,)\ ~ 

n,. 

..J 

w 

I I 
1.60 1.70 1.80 1.90 2.00 2. I0 2.20 

I/T(~ x I03 

Fig. 4. Vodot ion  of log {(i11), (110), and (100) MgAI spinel 
removal rate} as a function of T - I [ ~  - 1  for 3:1 H2SO~:HaPO-~. 

log R(000 l ) s apph i r e  9:1 = 
5.050 X 103 

T[~ 
-{- 10.037 [2] 

The remova l  rates of (111), (110), and (100) MgA1 
spinel in a 3:1 H2SO4:H3PO4 mix tu re  as a function of 
T are given by Eq. [3]-[5],  respect ively 

-- 6.971 • 103 
log R(lll)spine[ 3:1 = -~ 13.658 [3] 

T[~ 

- -  5 . 5 2 4  X 103 
log R(u0)spinel 3:1 = -t- 11.350 [4] 

T[~ 

-- 5.103 • 103 
log R(100)spinel 3:1 = ~- 10.787 [5] 

T[~ 

In all instances R is the r emova l  ra te  in ~m/hr .  
F r o m  Fig. 5 it is seen that  the remova l  rate of (0001) 

sapphire increases wi th  increasing H2SO4 concentra-  
t ion and tends to level  off at high H2SO4 concentra-  
tions. However ,  (110) MgA1 spinel shows its m ax imum 
removal  rate in pure H3PO4 but does show a level ing 
off at high H2SO4 concentrations. These data indicate 
that  over  a ra ther  broad composition range the re-  
moval  rate is not too concentrat ion dependent.  

24.C 

~20.C -- 

w 12.C 
e,- 

8.C 

~ 4.0 
I1: 

O' 

H2S04 

VOLUME RATIO HzSO4:H3PO 4 
9:1 3:1 I:1 1:5 1:9 

I I F r [ 

(0001) SAPPHIRE 
o 300~ 

(O001) SAPPHIRE - o ~  
285 ~ 

(IIO)MgAI SPINEL ~ o  
250~ 

J [ I I J I J I J 
20 40 60 80 I00 

VOLUME % H3P04 

Fig. 5. Variation of removal rate with polishing solution composi- 
tion for (0001) sapphire and (110) MgAI spinel. 
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While the polishing of certain sapphire and spinel 
orientations could be effected reasonably well in pure 
phosphoric acid, pronounced pit t ing and residue for- 
mat ion were problems, as were the changes in the 
properties of the H3PO4 with continued heating. For 
sapphire, the best polishing was achieved at a 1: 1, 
tt2SO4:HsPO4 ratio at a tempera ture  of 285~ While 
somewhat higher temperatures  can be employed, 285~ 
provides a good practical working temperature  from 
the point of view of removal  rate and relat ively ]ow 
volati l i ty of H2SO4 from the mixture.  Neither pi t t ing 

nor residue formation is a problem. In  badly damaged 
wafers, chemical polishing alone requires the removal  
of a few mils of mater ia l  which can be accomplished 
with min imal  deterioration of surface planari ty .  How- 
ever, a certain degree of etch propagation of scratch 
damage may occur which necessitates too much re-  
moval, from a practical point of view, to completely 
el iminate all traces of damage. In  practice, when the 
chemical polishing alone was employed, only 0.5 mil  
was removed which left very  faint  traces of such 
scratch damage. 

Fig. 6. Polishing behavior of 
(0001) sapphire, 90 min at 
285~ (a) H3PO4, (b) 1:1 
H2SO~:H3PO4, (c) 3:1 H2SO4: 
H3PO4, (d) H2SO4. 

Fig. 7. Polishing behavior of 
MgAI spinel, 90 min, 3:1 
H2SO4:H3PO4. (a) (100) at 
250~ (b) (110) at 250~ (c) 
(111) at 250~ (d) (111) at 
300~ 
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Fig. 8. Effect of preanneal of 
(110) MgAI spinel at 1500~ 
on chemical polishing behavior. 
(a) No anneal, (b) I hr anneal, 
(c) 4 hr anneal. 

In Fig. 6a-d is shown the polishing behavior of 
(0001) sapphire. Figure 6a shows the effect of a 90 rain 
etch in pure phosphoric acid at 285~ Figure 6b shows 
a similar t ime- tempera ture  polish in a 1:1 mixture.  
Figure 6c shows the behavior under  the same condi- 
tions in a 3:1 H2SO4:H3PO4 mixture  and Fig. 6d shows 
the results of a like H2SO4 treatment .  Figure 6b is 
representat ive of a surface polished with the practical 
constraints mentioned.  While visual  damage is greatly 
minimized, as compared to pure phosphoric acid, or 
other H2SO4:H3PO4 compositions, the faint residual 
scratch evidence (real damage or etch propagated 
damage) ment ioned above is present. 

Of the other sapphire orientations examined, aside 
from the variat ion in removal  rate with orientat ion 
(see Table I),  all but  the (1014) could be polished 
successfully. The lat ter  could not be polished either 
because the etching was selective or because massive 
scratch damage was present. 

The behavior of MgA1 spinel was similar to that of 
sapphire except in detail. A 3:1 H2804:H3PO4 mixture  
at 250~ provided the best surfaces although the com- 
position range from 1:1-3:1 was quite adequate. In 
Fig. 7a-c the surfaces of (100), (110), and (111) spinel 
following 90 min t reatments  at 250~ in 3:1 mixtures  
are shown. Figure 7a shows a (100) surface and Fig. 
7b a (110) surface. Figure 7c shows the (111) surface, 
from which it is evident  that polishing could not be 
effected on this orientation. In Fig. 7d, the behavior 
of (111) spinel at 300~ in this same mixture  shows 
even greater selectivity. 

Annealing studies.--The effects of an anneal ing at 
1500~ in air on damage were studied by heating the 
wafers for different periods of time, then following 
this anneal ing by chemical polishing. The effects were 
quite dramatic and unexpected. For example, if a 
mechanical ly polished (110) spinel wafer is chemically 
polished (3:1 H2SO4:H3PO4, 250~ for only 15 min  
without a preanneal ,  the result ing surface, Fig. 8a, 
exhibits a very dense scratch pa t te rn  indicative of the 
region of heaviest damage. If such a wafer is annealed 
for 1 hr and then subjected to a 15 min  chemical polish, 
Fig. 8b, surfaces result  which exhibit  min imal  evidence 
of scratch damage. Finally,  if a 4 hr preanneal  is ap- 
plied followed by a 15 min  chemical polish, Fig. 8c, 
essentially featureless surfaces result. To allow for 
normal  variat ion in the degree of mechanical  damage, 
it was found adequate to anneal  for 2-4 hr periods 
before applying the 15 min  chemical polishing t reat -  

ment. Similarly, a marked improvement  was observed 
for the (100) spinel and the various sapphire orienta-  
tions examined in this study following a preanneal  in 
air at 1500~ and chemical polishing. Air  anneal ing 
does not effect the chemical polishing behavior of the 
different orientations. Both spinel and sapphire wafers 
prepared by this process have been used successfully 
for deposition of epitaxial  ZnO and Si. 

Similar  studies were conducted using vacuum an-  
neal ing at 1500~ While comparable results were ob- 
tained they were not quite as good as those obtained 
using the air anneal ing approach. 
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of Thin Films of Pyrolytically Deposited 
Borosilicate Glass by Infrared Absorption 
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ABSTRACT 

The compositions of thin films of pyrolyt ical ly  deposited borosilicate glass 
were  correlated with the infrared spectra of these films over  the entire com- 
position range. Al though the composition has been related to the ratio, R, of 
the B-O absorbance max imum at about 1300 cm -1 to the Si-O max imum at 
about 1050 cm -1, the relat ionship between R and composition was found to 
be dependent  on deposition conditions for glasses of more than about 30 m / o  
(mole per cent) 8203. Nevertheless,  if R" is defined to be the ratio of the areas 
of the B-O and Si-O bands, respectively,  the relat ionship between R' and mole 
fraction is independent  of t empera ture  and other deposition conditions. The 
composition dependence of the integrated intensity of these bands as well  as of 
film density and refract ive  index and the t empera tu re  dependence of com- 
position and deposition rate  were  determined also. 

The "IR peak rat io" R, the ratio of the absorbance 
peak of the B-O vibra t ional  band at about 1300 cm -1 
(,~7.5~) to that  of the Si-O band at about 1050 cm -1 
(---9.4~), has been correlated with  the composit ion of 
thin films of pyrolyt ical ly  deposited borosilicate glass 
(1, 2). The aim of the present  work  was to determine  
the relat ionship between R and composition with  ac- 
curacy greater  than had been achieved previously 
(2), to discover any dependence of this relat ionship on 
deposition conditions, and to extend this study to 
glasses of higher  boron concentration. 

Experimental 
Most glasses were  deposited on chemical ly etched 

10 ohm-cm silicon wafers  by pyrolytic oxidation of 
silane and diborane in ei ther  of two (geometr ical ly  
different) ver t ical  reactors as described by Brown 
and Kennicot t  (3). The rest  were  made in a horizon- 
tal Silox reactor. To keep glasses of more than about 
25 m/o  (mole per cent) B203 from absorbing water  
f rom the air, it was necessary to deposit a cover glass 
of 100-200A pure SiO2 on top of the usually about 
6000.& of the glass to be studied. 

The infrared spectra of these glasses were  deter-  
mined with  a Pe rk in -E lmer  Model 457 double-beam 
recording spectrophotometer  on the "fast" scan mode 
(2000, 1000 c m - ' / m i n )  with a slit setting of "N" (6). 
For samples with cover  glass, a wafer  of the same type 
and resist ivi ty covered wi th  100-200A pyrolyt ical ly  
deposited SiO2 was placed in the reference beam; the 
reference for uncovered samples was a bare wafer.  
The base line was drawn to correct  for oscillations due 
to in ter ference  of the thin films so that  the re la t ion-  
ships be tween  spectra and composition are general  
for glasses of different thicknesses. 

The thicknesses and refract ive  indices of these 
glasses were  de termined  wi th  a Gaer tner  el l ipsometer.  

Glasses were  deposited on circular wafers  approxi-  
mate ly  1 in. in diameter,  wi th  a deviat ion of about 
0.005 in. for a given wafer,  as measured with a mi-  
crometer .  The area of the film was taken to be the 
area of the wafer,  and the film volume to be the area 
t imes the thickness. 

Analysis 
The film was dissolved in dilute HF solution (50 

ml  50% HF/1  H20).  Boron was determined color imet-  
r ically by ext rac t ing  methylene  blue fluoroborate (4) 

Key words: borosilicate glass composition, IR peak ratio. 

with 1, 2-dichloroethane.  The amount  of boron in the 
glass film could be determined wi th in  ---+2% except  for 
glasses containing less than 5 ~g boron for which the 
uncer ta inty  was • ~g boron. The details of the 
boron analysis are presented elsewhere (5). 

Silicon was de termined  wi th  an Ins t rumenta t ion  
Laboratories  atomic absorbance spectrophotometer  
Model 153 in the range 0-40 +- 0.5 ~g si l icon/ml.  This 
amounted to about a 2% error  for most glasses. The 
silicon found was corrected for that  in the cover glass, 
if present. Excess silicon (presumably  etched f rom the 
wafer  itself) was found if the wafer  on which the 
glass was deposited were  left  in the dilute HF solution 
too long ( > 2  hr ) .  It took a m ax im um  of 5 min to 
etch the glass f rom the wafers  and no excess silicon 
could be detected f rom wafers left  in dilute HF  for 
< 10 min. 

The film weights of several  samples were  determined 
by weighing the wafer  before and after deposition of 
the glass (and again, as a check, af ter  removal  of the 
glass) using a Cahn recording electromicrobalance.  
The films were  found to weigh 500-700 • 15 ~g. 

The film weight  and the B203 mole  fraction N82o3 
were calculated f rom the results of the analyses as- 
suming boron and silicon to be present  as 8203 and 
SIO2, respectively.  It was found that  within exper i -  
menta l  error  (2.5%) the weight  thus calculated agreed 
with that  found by direct weighing. With the precision 
of the boron and silicon analyses given above, NB2oa 
was determined in the range 0-1.0 wi thin  • 0.005-0.02, 
the uncer ta inty  depending somewhat  on composition. 

Results and Discussion 
It was found that  the relat ionship between the IR 

peak ratio, R, and N~2o ~ was dependent  on t empera -  
ture and other  deposition conditions. In Fig. 1, R is 
shown as a function of NB2o3 for glasses grown in three  
different reactors at tempera tures  f rom 250 ~ to 500~ 
The 300 ~ 350 ~ and 375~ lines are drawn to represent  
results f rom glasses grown in (vert ical)  reactor  1 
only. The results f rom reactor 1 and (vert ical)  reactor  
2 (open symbols) indicate that  for a given R (or 
N82o3), R/NB2o3 decreases wi th  increasing deposition 
t empera tu re  in a given reactor. Also, the dependences 
of R on N82o3 for glasses grown in the different reac-  
tors at identical  tempera tures  are found to be in dis- 
agreement.  For instance, the results for R vs. NB2O3 
from reactor  1 at 350~ agree with  those f rom (Silox) 
reactor  3 at 450~ and wi th  those f rom reactor  2 at 
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Fig. 1. Infrared peak ratio R vs. B203 mole fraction NB203 for 

thin films of borosilicate glass pyrolytically deposited in vertical 
reactors 1 (closed symbols) and 2 (open symbols) of different 
geometry, and in horizontal Silox reactor 3 (half-filled symbols) 
at temperatures from 250 ~ to 500~ 

450~ > T > 400~ Thus, the relationship between 
NB2o3 and the infrared peak ratio is dependent  not 
only on tempera ture  but  also on other deposition con- 
ditions (presumably related to reactor geometry) .  Al-  
though this relationship may be employed to deter-  
mine the composition of borosilicate glasses from the 
infrared spectra, a cal ibrat ion curve (of R vs. NB2o3) 
must be generated for each glass reactor at each tem- 
perature (at least for glasses with NB2O3 > 0.3). 

However, the relationship between NB203 and R', 
the ratio of the integrated intensi ty  or area of the B-O 
band to that  of the Si-O band  was found to be inde-  
pendent  of deposition conditions. For  simplicity (since 
the spectrophotometer employed records absorbance 
logari thmically) the area of a band is approximated 
by the product of the peak intensi ty  in absorbance 
units  times the bandwid th  in cm -1 at half the peak 
height. In Fig. 2, this area ratio is shown as a function 
of mole fraction for the glasses whose peak ratios are 
shown in Fig. 1. The accuracy of the band area ap- 
proximat ion should be suspected since nei ther  band is 
symmetric.  Nevertheless, when several spectra were 
reptotted in l inear  absorbance units  and the band  areas 
determined with a planimeter ,  the results were found 
to agree with those shown in Fig. 2 with about the 
same precision. It  is concluded that employing this 
approximation of the integrated intensit ies introduces 
little error at least in results involving area ratios. 
Most of the scatter seen in Fig. 2 probably  results 
from stated imprecision of the chemical analysis. 

Although the composition of thin films of borosili-  
care glass may be determined from their  infrared ab-  
sorbance spectra and the plot of R' vs. NB2O3 shown in 
Fig. 2, R' must  approach infinity as NB2o3 approaches 
1.0. In  order to be able to correlate infrared results 

2.0 

R' 

3.0-- 

1.0 

T "C I REACT01R 
I Z 3 

250 + 
300 �9 
350 �9 v 
375 �9 
400 
450 
500 

I I i / 
13 

$ X 

x / x  

+ / � 9  

/ 
I 

o.I 
0 I ] I I 

0.2 0.3 0.4 0.5 0.6 

NBz03 

Fig. 2. Infrared band area ratio R' vs. B203 mole fraction NB2O3 
for thin films of borasilicate glass pyrolytically deposited in vertic.al 
reactors 1 (closed symbols) and 2 (open symbols) of different 
geometry, and in horizontal Silox reactor 3 (half-filled symbols) 
at temperatures from 250 ~ to 500~ 

with NB203 over the whole composition range, a quan-  
tity NR, is defined to be the area of the B-O band 
divided by the area of the B-O band  plus the area 
of the Si-O band. This "area fraction," corresponding 
in some sense to an "optical mole fraction," approaches 
0 and 1.0 as NB2O3 approaches these values, respec- 
tively. Simple algebra shows 

R n 

/V  R,  - -  
I + R "  

With an uncer ta in ty  of 0.01 absorbance in the peak 
heights and 5 cm-1 in the half-widths,  it is found that  
NR, may be determined over the range 0-1.0 to a pre-  
cision of bet ter  than  +--0.03, the uncer ta in ty  being 
largest for glasses near  the middle of the concentrat ion 
range. 

The composition of thin films of pyrolyt ical ly de- 
posited glass may be determined nondestruct ively 
from the infrared spectra of these films and from Fig. 
3, where the dependence of the infrared band area 
fraction NR, is shown as a function of the B203 mole 
fraction NB2O3. This cal ibrat ion curve is comprised of 
results on glasses deposited from 250 ~ to 500~ in three 
different reactors: two vert ical  and one horizontal, all 
of different geometries. 

A comparison of the results  shown in Fig. 2 with 
those shown in Fig. 1 suggests that, while the inte-  
grated intensit ies of the infrared bands are insensit ive 
to s t ructural  differences in glasses formed under  var i -  
ous deposition conditions, the peak intensit ies reflect 
(and, in fact evidence) these differences. It  is well  
known that  the integrated in tensi ty  is a more reliable 
measure of concentrat ion than  is the peak intensity.  
However, the fact that  the peak intensit ies depend on 
deposition conditions while the integrated intensit ies 
do not suggest (as indeed the data show) that  the 
shape of at least one of the bands  depends on deposi- 
t ion conditions. 
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Fig. 3. Infrared band area fraction NR, vs. B203 mole fraction 
NB20s for thin films of pyrolytically deposited borosilicote 9loss. 

The l inear absorption coefficient of a band may be 
calculated by dividing its peak height by the film 
thickness. This quant i ty  was found to be tempera ture  
dependent  for both the B-O and Si-O bands. However, 
like the area ratio, the integrated in tensi ty  is inde-  
pendent  of tempera ture  from 300 ~ to 375~ It should 
be pointed out that while quanti t ies  involving ratios 
of peak heights or areas such as R and R' are rela-  
t ively insensit ive to differences in spectrophotometer 
settings, the absolute values of peak heights or in te-  
grated intensit ies do depend on these settings. Thus 
absorbance coefficients reported here strictly apply 
only for the settings stated above. 

The integrated in tensi ty  of each major  band  nor-  
malized to 1~ of film is shown as a funct ion of B203 
mole fraction in Fig. 4. From the glass composition, 
the band areas and the plots in Fig. 4, the thickness of 
the film may  be determined.  Although the area of 
either band may be used to measure film thickness, 
that of the larger band - -wh ich  one this is depends on 
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Fig. 4. Integroted intensity normalized to |/L of film vs. B203 
mole fraction for the major B-O and Si-O obsorhonce bonds (at 
~ 1 3 0 0  and ~,~1050 cm -1 ,  respectively) in the horosillcote gloss 
spectrum. 

composit ion--gives more rel iable results. This method 
is at best precise to --+5% for 6000A of film making it 
about as accurate as using the interference colors. 
Nevertheless, it could be useful if thickness results did 
not accompany a spectrum or if the order of the color 
were not known. 

Thus, employing Fig. 3 and 4, the composition and 
thickness of th in  films of pyrolyt ical ly  deposited boro- 
silicate glass may be determined from their  spectra 
alone. 

The fact that the composition dependence of the 
integrated intensit ies is not l inear  suggests that  the 
absorbance per mole or atom (of B and Si) is not in-  
dependent  of composition. This effect is par t icular ly  
s tr iking in the case of the B-O band whose absorbance 
is apparent ly  greater  for a glass of 60-70 m/o  B203 
than for pure B203. This composition dependence as 
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Fig. 5. Density p (as deposited) vs. 
B2Oa mole fraction NB203 for thin films 
of barosilicate glass. 
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well as the temperature  (and composition) depen-  
dence of the band shapes ment ioned above and several 
other characteristics of the IR spectra of these glasses 
will  be considered fur ther  in a subsequent  publicat ion 
(6). 

From the film volume and weight, the densi ty p of 
the glass, as deposited, may be calculated. The densi-  
ties found are plotted as a function of NB2O3 in Fig. 5. 
It was found that  

p = 2.18 -- 0.48 NB203 "~- 0.1 

for glasses deposited from 300 ~ to 375~ The density 
of 2.18 obtained for pure SiO2 agrees with those found 
in the l i terature for bulk  glasses (7), while the value 
of 1.70 for 8203 is lower than those previously re-  
ported (7-9). The scatter in the results shown in Fig. 
5 is probably due largely to the uncer ta in ty  of the 
chemical analysis and to the as much as 5% variat ion 
in film thickness across a given wafer. 

The refractive index was found to be 1.46 ___ 0.01 for 
glasses as deposited from 300 ~ to 375~ and wi th in  
this exper imenta l  uncer ta in ty  to be independent  of 
concentrat ion and temperature  of deposition. This 
value agrees with those reported for SiO2 (7) and for 
B203 (9). 

The tempera ture  dependence of the glass growth 
rate and composition (for given gas flows) were found 
to be in agreement  with the results of Kern  and Helm 
(10). While the growth rate increases with tempera-  
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Fig. 7. B203 mole fraction vs. temperature for barosilicate glass 
deposited from a B2H6 to Sill4 flow rate ratio of 0.5. 

ture, reaches a max imum at 375~ and then decreases 
as shown in Fig. 6, NB~O3 increases continuously with 
temperature  as shown in Fig. 7 for glasses deposited 
from a B2H6 to Sill4 flow rate ratio of 0.5. Kern  and 
Helm's results indicate a leveling off of N82o3 with tem- 
perature at about 450 ~ The present  data are in agree- 
ment  with this conclusion. However, N82o3 apparent ly  
increases again for glasses grown from 450 ~ to 500~ 
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ABSTRACT 

The free energy of mixing of the solid solution of Li  in Ge has been mea-  
sured for 250~ --~ T --~ 420~ An equi l ibr ium method is used. Germanium 
samples are immersed in molten L i -Pb  alloys of known l i thium activity. 
Af ter  reaching equi l ibr ium the l i thium concentrat ion in the samples is mea-  
sured and the free energy of mixing is obtained from the l i thium activi ty 
and the concentration. The part ial  molar  heat  and ent ropy of l i th ium in the 
solid solution are given. 

Various techniques may  be used to measure the free 
energy of mixing in binary systems. These procedures 
have been described by Lewis and Randal l  (1) and 
some of the results obtained by different workers  for 
binary alloys have been collected by Hultgren,  Orr, 
Anderson, and Kelley (2). Few if any, of these pro- 
cedures are suitable in the case reported in this paper  
because the Li solubil i ty in Ge is small, about a few 
parts per million, and the l i thium diffusion coefficient 
is small at the low temperatures  under  consideration. 
In view of these restrictions a var iant  of an exist ing 
technique has been applied; l i thium is diffused into 
germanium from an externa l  phase consisting of a l iq-  
uid alloy with  known l i thium activity. Once equi l ib-  
r ium is reached the Li act ivi ty in the alloy equals that  
in the germanium. 

Ideal ly  Ge should be insoluble in the external  phase 
and vice versa. This r equ i rement  is approximated if 
lead is used as an externa l  phase because the solubili ty 
of Ge in Pb is small  [see, e.g., Thurmond and Kowal -  
chik (3)] and the diffusion coefficient of Pb in Ge is 
probably orders of magni tude  smaller  than that  of Li 
(4). L i -Sn  alloys were  used by Reiss and Ful le r  to 
diffuse Li into silicon (5); they were found unsuitable 
because the germanium solubil i ty in tin is too large 
(3). 

Once equi l ibr ium is established the l i thium concen- 
trations in the germanium and in the alloy have to be 
determined.  The l i th ium act ivi ty  in the alloy can be 
obtained f rom the L i -Pb  phase diagram. These data 
give the part ial  molar  free energy of Li in Ge and 
thence heat and entropy of mixing. 

Experimental Procedure 
Germanium samples were  cut f rom horizontal ly 

grown, s ingle-crysta l  mater ia l  containing approxi-  
mate ly  3 x 1014 cm -3 of gall ium. Samples  were  about 
2.7 cm long, 1.0 cm wide, and 0.13 cm thick. These 
pieces were  ground and etched; tin plating, using an 
alkaline bath, was found to faci l i tate wet t ing with  the 
L i -Pb  alloy. For  l i thium diffusion a germanium sam- 
ple and an adequate  amount  of al loy were  placed in 
the diffusion apparatus,  under  vacuum, and were  
heated to the desired equi l ibrat ion temperature .  Diffu- 
sion t imes were  chosen as follows: The t ime required 
to obtain a l i thium distr ibution uni form to wi th in  1% 
was computed, as outl ined in Appendix  A. This t ime 
in terval  is denoted by t0.Ol. Actual  diffusion t imes were  
substant ial ly longer than t0.01, assuring that  the Li 
distr ibution would be uni form to 1% or bet ter  in the 
germanium samples. Diffusion t imes and temperatures ,  
the parameters  to.o~, and other  per t inent  data are listed 
in Table I. 

1 W o r k  s u p p o r t e d  b y  the  G e r m a n i u m  I n f o r m a t i o n  C e n t e r .  
~ P r e s e n t  a d d r e s s :  R a y t h e o n  M a n u f a c t u r i n g  C o m p a n y ,  B e d f o r d ,  

M a s s a c h u s e t t s  01730. 
P r e s e n t  a d d r e s s :  R i c e  U n i v e r s i t y ,  H o u s t o n ,  T e x a s  77000. 

K e y  w o r d s :  a c t i v i t y  of  L i  i n  Ge ,  L i - P b  sy s t em,  L i  di f fus ion .  

At the end of the diffusion period the alloy was 
drained and kept for analysis; the sample was cleaned 
and mounted in a conduct ivi ty  measuring device. F rom 
the sample conductivi ty the l i thium concentrat ion was 
computed,  as outl ined in the next  section. 

The Li content  of the alloy was determined by dis- 
solving the alloy in Hg, extract ing Li wi th  water,  and 
t i t ra t ing the extract  with HC1. 

Data Reduction 
Li dissolves in Ge as a donor (6) hence the con- 

duction electron concentrat ion and the sample con- 
duct ivi ty  are functions of the l i thium concentration. 
Since our samples also contained gallium, an acceptor, 
we have to consider the fol lowing set of reactions 

L i ~ L i  + § e -  
§ § 

Ga,-~ G a -  § e + 

~r Jr 
Li+Ga - e+e  - 

[1] 

At the measuring tempera ture  of 60~ Ga and Li a r e  
almost ful ly ionized. The equi l ibr ium constant for the 
react ion Li + W G a -  ~- Li + G a -  has been evaluated 
by Reiss, Fuller,  and Morin (6) and the constant for 
the react ion e + -t- e -  .~ e + e -  has been determined by 
Morin and Malta (7). These data can be used to ob- 
tain concentrat ions of Li +, G a - ,  e § e - ,  and Li+Ga - ,  
all as functions of the total  l i thium concentration. 

The conduct ivi ty  ~ is given by 

= e (n #n § p/~p) [2] 

Here e is the electronic charge, n and p are concen- 
trat ions of electrons and holes, respectively,  and ~n 
and #p are the corresponding mobilities. Mobil i ty data 
are avai lable in the l i tera ture  (8) so that  ~ can be 
computed as a function of the l i thium concentration. 
This function is shown in Fig. 1. 

We should add here the diffusion of lead or tin into 
the sample can be neglected, as far  as the sample con- 
duct ivi ty is concerned. Lead and tin are Group IV 
elements  and are not expected to be electr ical ly active 

Table I. Diffusion parameters 

L i t h i u m  
L i t h i u m  con-  c o n c e n -  

Diff .  Dif f .  e e n t r a t i o n  in  t r a t i o n  t~.ob hr  
S a m p l e  t e m p ,  ~ t i m e ,  hr  s a m p l e ,  e m  -3 in  al loy ,  a / o  ( s e e  t e x t )  

P1  285 336 3.8 x 10 ~ 20.7 22 .0  
P2 250 360 1.02 • 10 '0 13,0 45.5 
P3  330 65 1.08 x 1013 13.5 9.96 
P4  360 66 8.0 • 10 Io 13,3 6.23 
P5 390 42 1.12 • 10 I~ 14.0 4.13 
P6 420 44 2.6 • 10 ~ 13.4 2.73 

1662 
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Fig. I. Sample conductivity r in function of the total dissolved 
lithium concentration at 60~ 

in Ge, i.e., they do not supply electrons or holes. As 
neutra l  impurities,  lead and tin atoms contr ibute to 
the scattering of charge carr iers  so that  the carr ier  
mobili t ies wil l  be at tenuated.  This effect is negligible 
because the depth of lead or tin diffusion is l ikely to 
be small. This question is examined in more detail  in 
Appendix  B. 

Activity of Li in Li-Pb Alloys 
The phase diagram of the L i -Pb  system has been 

de termined  by Grube and Klaiber  (9). In the range 
235~ ~ T ~ 327~ both solid and l iquid solutions are 
found at the Pb- r ich  end of the diagram. We assume 
that  both solutions are regular,  see e.g. Swalin  (10), 
and we wr i te  for the excess free energy of mix ing  

~ G m  xs,L ~-- ~AC L X A  L X c  L [3]  

AGm xs,s = ~AC S X A  S X c  S [4 ]  

Here X are atom fractions; subscripts A, B, and C 
refer  to Li, Ge and Pb, respect ively;  superscripts L 
and S refer  to l iquid and solid phases. The ~ are in ter-  
action parameters  (10). 

From [3] and [4] the part ial  molar  free energies of 
Li and Pb can be obtained. At  a given t empera tu re  the 
part ial  molar  free energy of Li at the l iquidus is equal  
to that  at the solidus, an analogous relat ion holds for 
Pb. These two conditions are used to obtain 12AC a and 
nAC s. The result  is 

~AC L = --2.69 k J / m o l e  [5] 

~'~AC S = WAC 0 ~- wAC 1 T [6 ]  

~AC ~ = 33.7 k J / m o l e  [7] 

~AC t = --56 J / m o l e  K ~ [8] 

The l iquidus and solidus calculated with these data 
fit the exper imenta l  results by Grube and Klaiber  
quite  well, as shown in Fig. 2. This shows, that  our as- 
sumption about the regular  character  of the solutions 
is consistent wi th  the exper imenta l  data. 

Results 
It  is convenient,  though not essential, to assume 

that  the solid solution of Li in Ge be regular.  In this 
case the par t ia l  molar  free energy of Li in Ge is 

• s = (i -- XAS) 2 ~'~AB S -~- RT In XA S -~ AGfA 
_~ E~AB s + R T  In XA s + AGfA [9]  

o ~ 

._c 

30(~ - -  

2 0 0  
30 

�9 . O 

I I 

I I I 
90 -TOO 

Atom ~ercent Pb 

Fig. 2. Lead-rich end of the lithium-lead phase diagram. The 
points indicate the results by Grube and Klaiber (9). The liquidus 
and the solidus have been calculated assuming solid and liquid 
solutions to be regular. 

Here we omit ted XA s in the first te rm because XA s 
10 -2 < <  1. The last terra is the free energy of fusion 
of Li at t empera tu re  T. For  the L i -Pb  alloy we have 

~GA L : ( 1  - -  XAL) 2 ~'~AC L "~ R T  In XA L [10] 

Equat ing -~GA L and .~GA s we obtain ~AB s. These data 
are shown in Fig. 3. 

A note should be added concerning the data at 285 ~ 
and 330~ The l i th ium concentrat ion in these samples 
has reached the saturat ion value as measured by 
Morin and Reiss (11). In this case 

~GA L ~ AGA s [11] 

and only an upper l imit  for ~AB s is obtained. 
It is interest ing to compare our results wi th  those 

obtained from the Li-Ge phase diagram. Pel l  (12) has 
calculated the l iquidus assuming the l iquid solution 
to be regular.  The solidus has been determined by 
Reiss, Fuller,  and Morin (6) and by Pel l  (12). These 
data  may be analyzed in the same fashion as those for 
the L i -Pb  phase diagram and ~AB S c a n  be obtained. 
The result  is also shown in Fig. 3, it is consistent wi th  
our measurements .  

6 0 - -  

4 0  

2 o  

ot 
2 0 0  

i I I -  I ~ [ �9 --  

I I I I I I I 
4 0 0  6 0 0  8 0 0  

Temperature in ~ 

1 0 0 0  

Fig. 3. Interaction parameter n s for the solid phase of the Ge-Li 
system. Points with T ~ 500~ were obtained from measurements 
reported in this paper; points with T ~ 500~ were computed from 
data by Pell (12). Dashed lines indicate the range of systematic 
errors; random errors are shown by error flags. 
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In the t empera tu re  range covered by our measure-  
ments IIAB s can be wr i t ten  as 

IIAB s : 59.6 k J / m o l e  -- 7.7 J / ( m o l e  ~ T [12] 

Equat ion [9] shows that  

I]AB s : A G A  xs 'L [13] 

Hence the part ial  molar  heat  of l i thium is 

AHA : 59.6 k J / m o l e  [14] 

and the excess par t ia l  molar  entropy 

ASA x~ = 7.7 J / ( m o l e  ~ [15] 

Manuscript  submitted Oct. 19, 1970; revised manu-  
script received Apri l  2, 1971. 

Any discussion of this paper wi l l  appear in a Discus- 
sion Section to be published in the June  1972 JOURNAL. 

A P P E N D I X  A 

Uthium Distribution 
The l i th ium distr ibution in the samples can be cal- 

culated by solving the diffusion equat ion with  appro-  
priate initial and boundary conditions (13). In our 
case the sample thickness a (a = 0.13 cm) is much less 
than its width b (b = 1.0 cm) or length c (c = 2.7 
cm),  so that  most of the l i thium reaches the sample 
interior  by diffusion in the x-direct ion.  (See Fig. 4). 
If we neglect  diffusion in y-  or z-direct ion we have 

OC 02C 
: D [16] 

Ot Ox 2 

Here C ( x ,  t)  is the l i th ium concentrat ion and D is the 
l i thium diffusion coefficient. The initial and boundary 
conditions are C ( x , O )  = 0; C(0, t) ---- C ( a , t )  : Co. 

It is apparent,  that  at all t imes during the diffusion 
cycle the lowest l i thium concentrat ion will  be found 
in the sample center, x : a/2. Solving the diffusion 
equation, we find for C (a/2, t)  

C(a /2 ,  t)  :-_ 

C o  - c o  e x p  - -  (2n -4- 1) 2 -- 
T 

[17] 

where  
a2 

T : [18] 
~2D 

The paramete r  t0.01 is defined as the t ime requi red  to 
obtain a l i th ium distr ibution which is uni form to 
within 1%. Thus. 

C(a /2 ,  to.01) : 0.99 Co [19] 

Subst i tut ing [19] into [17] and solving for t0.01 we get 

t0.ol : 4.85 �9 [20] 

Numerical  values of t0.01 are given in Table I; they 
were  obtained using the l i th ium diffusion coefficients 
de termined by Ful ler  and Severiens (14). 

A P P E N D I X  B 

Tin and Lead Impurities 
In this appendix we examine  the influence of lead 

and tin impuri t ies  upon the sample conductivity.  We 
consider tin first. 

Z 

X 

Fig. 4. Coordinate system 

_~), 

Table II. Tin diffusion 

S a m p l e  Uo, Eq. [21], cm A, Eq. [28] ~, Eq.  [27], cm 

P1 1.80 • lO-r 5062 4.69 X 10- 7 
P2 4.02 • 10- s 5816 1.06 X lO-V 
P3 4.40 • 1O-~ 4201 1.13 x 10-" 
P4 1.21 • 1O -~ 4459 3.13 x 10 ~ 
P5 2.42 • 10-6 4136 6.22 • 10 -~ 
P6 5.72 • 10-8 3339 1.45 • 10- G 

The solubil i ty of t in in germanium is large at the 
tempera tures  of interest:  X s n  ~--- 5 • 1020 cm -3 (15). 
The Sn diffusion coefficient in Ge, Dsn, does not seem 
to be known. It is unlikely, however,  that  this diffu- 
sion coefficient differs substant ial ly from that  of Lhe 
adjacent  elements,  Sb and In. 

At  the end of the diffusion cycle, the t in concentra-  
tion in the sample, Csn(U), at a depth u below the 
surface, is given by (13) 

Csn(u) = Csn(0) erfc 
U0 

[21] 
Uo = 2 ~/Dsn t- 

Here  Csn(0) is the Sn concentrat ion at the sample sur-  
face and t is the diffusion time. If we assume that  
the Sb diffusion coefficients reported by Ful ler  (16) 
hold for Sn too, then we can compute u0; the result  is 
given in Table II. 

Tin and lead act as neutral  impur i ty  scatterers in 
Ge; their  action is accounted by introducing a neutra l  
impur i ty  mobil i ty aN (8). For Sn and for electrons we 
have 

1 m* e3 1 L 
~'N = ~ - -  : [ 2 2 ]  

20 4:re-h3 Csn(U) C s n ( U )  
where  

L = 2.32 • 102~ (V sec m ) - i  [23] 

If we denote by ~0 the electron mobil i ty  in the ab- 
sence of tin, then the total mobi l i ty  ~ is given by (8) 

1 1 1 
- -  -- -4- [24] 

(u) ~ ~0 

Our measurements  depend on the average mobility, 
~av, which is essentially equal  to ~(u) averaged over  
the interval  0 ~ u ~ a/2 

2 f a / 2  
g~v ~-- - -  ~(u )  du [25] 

a ~'0 

It is convenient  to wr i te  

( % )  #av = #0 1 - [26] 
a 

Here  the parameter  5 may  be considered as the th ick-  
ness of an equivalent  layer wi th  zero mobility. Com- 
bining Eq. [21] to [26] we obtain 

~oo 2UO d v 
5 = u0 [2"/] 

1 + (A erfc v ) - i  
where  

A = # 0  Csn(0) [283 

The parameters  5 have been computed assuming 
Csn(0) = Xsn = 5 • 1020 cm-'~; the results are given 
in Table II. It is apparent  that  25/a is negligibly small, 
so that  in very  good approximat ion ~av ----" ~0. Similar  
results apply to the hole mobilities. 

The solubility of Pb in Ge is much smaller  than 
that  of Sn, X p b - - 6  • 1017 cm -3, so that  the role of 
this impur i ty  is negligible too. 
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Nonstoichiometric Disorder in Single Crystalline MnO 
N. G. Eror t and J. B. Wagner, Jr.* 

Department of Materials Science and Materials Researcl~ Center, 
The Technological Institute, Northwestern University, Evanston, Illinois 60201 

ABSTRACT 

The electrical conductivi ty of single crystal l ine manganous  oxide was in-  
vestigated over the temperature  range of 900~176 while in thermodynamic  
equi l ibr ium with oxygen part ial  pressures of 10-6-10 -2i atm. Results indicated 
that MnO may be either p- or n-type.  Slopes of 1/6 and -- 1/6 are obtained from 
the log ~ vs. log Po2 data for the p- and n - type  regions, respectively. Thermo-  
gravimetric  measurements  at thermodynamic equi l ibr ium support the evidence 
of the electron mobil i ty being much greater than  that  for electron holes in 
MnO. The enthalpies of formation of nonstoichiometric disorder and activated 
enthalpy of movement  of electron holes in p- type MnO were determined to be 
--18 and 12 kcal/mole,  respectively. The bandgap of MnO was calculated 
from the min ima  of the log ~ vs. log po2 data to be 52.8 kcal /mole  (2.3 eV). 

Davies and Richardson (1) investigated the non-  
stoichiometry of manganous  oxide at 1500 ~ 1575 ~ and 
1650~ as a function of oxygen part ial  pressure. The 
concentrat ion of excess oxygen was determined by 
chemical analysis for t r ivalent  manganese. Calcula- 
tions from the data of Davies and Richardson indicate 
that for large deviations from stoichiometry the m a n -  
ganese vacancy concentrat ion is proportional to Po21/6. 
For this oxygen pressure range the nonstoichiometric 
disorder may be described by 

1/2 02  ~ Oo  -~ VMn" "1L 2p [1] 

w h e r e  VMn" and p refer, respectively, to doubly ionized 
manganese  vacancies and electron holes. 

Marion and co-workers (2) found that polycrystal-  
line MnO may be either p- or n - type  on the basis of 
electrical conductivi ty measurements  as a function of 
oxygen part ial  pressure over the tempera ture  range  
900~176 Later  measurements  (3) at 1000~ of the 
electrical conductivi ty and Seebeck coefficient have 
been interpreted on the basis of _ 1/6 oxygen part ial  
pressure dependence due to doubly ionized manganese 
vacancies (Eq. [1]) for the p- type  region and Mn +2 
intersti t ials for the n - type  data. The metal  excess dis- 
order could be expressed by 

MnMn + Oo ~ Mni'" + 2n + 1/2 02 [2] 

where Mni'" denotes a manganese interstitial.  Ta nn -  
hauser and co-workers (4) have also determined that  
MnO may be either p- or n - type  at elevated tempera-  
tures. Electrical conductance, Seebeck effect, and 
thermogravimetr ic  measurements  on polycrystal l ine 
and single-crystal  samples over the temperature  range 
1100~176 have been in terpre ted on the basis of a 

* Electrochemical Society Active Member. 
i Present address: Oregon Graduate Center, Portland, Oregon 

97225. 
Key words: lattice defects, electronic conductivity, thermogravi- 

metry. 

predominant ly  metal  deficit compound wi th  the mo- 
bili ty of electrons much greater  than that for electron 
holes. This mobil i ty  ratio was later calculated to be 
approximately 50 at 943~ on the basis of Hall  effect 
measurements  on a MnO single crystal  (5). DeWit and 
Crevecoer (6, 7) have confirmed that the mobil i ty  of 
electrons is much greater than  that for electron holes 
at elevated temperatures  and report  a ratio of approxi-  
mately  1000 at l l00~ for polycrystal l ine MnO. 
Lacombe et al. (8) have measured the electrical con- 
duct ivi ty and Mn diffusion in MnO and conclude that  
the atomic defects associated with the p- and n - type  
regions are doubly ionized manganese  vacancies and 
t r ip ly  ionized manganese  interstitials,  respectively. 
Price and Wagner  (9), however, have reported Mn 
tracer diffusion data in single crystal l ine MnO that  
are in agreement  with a model of doubly ionized cation 
vacancies for describing nonstoichiometric MnO. 

Experimental 
The exper imental  technique has been described pre-  

viously (10) except that  an Ainsworth  semimicro 
vacuum recording balance for a 4g single crystal was 
also used for the thermogravimetr ic  measurements .  
See Table I for chemical analysis of the single crystals. 

Experimental Results and Discussion 
The electrical conductivi ty of single crystall ine MnO 

as a function of oxygen part ial  pressure derived from 
CO-CO2 mixtures  is shown in Fig. 1. As can be  clearly 
seen the electrical conductivi ty of single crystal l ine 
MnO can be either n -  or p- type over the temperature  
iange  900~176 The n-  to p- type transi t ions or 
min ima  in the isothermal log �9 vs. log Po2 plot are near  
the center  of the log Po2 vs. 1/T single-phase region 
and lie near a constant CO/CO2 ratio of unity.  Hed and 
Tannhauser  (4) found the same type of behavior 
at higher temperatures  and Marion and co-workers (2) 
report similar behavior  for polycrystal l ine MnO. 
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Table I. Analyses of MnO crystals (as-received boule) 

Analyt ical  Labora tory  " A "  
Impur i t y  Weight per  cent 

A l u m i n u m  0.005 
I ron  0.001 
Molybdenum 0.001 
Nickel 0.001 
Vanadium 0.001 
Chromium 0.0005 
Copper 0.0005 
Lead  0.0005 
Silicon 0.0005 
Silver  O.0001 

Table 11. Oxygen partial pressure dependence 
of the electrical conductivity 

Oxygen part ial  pressure d e p e n d e n c e  
of the electrical conduct ivi ty  

(with probable error)  
Tempera tu re ,  ~ p- type  n- type  

900 1/5.9 • 0.3 --1/5.40 • 0.05 
950 1/5.9 '----- 0.2 --1/6.14 ----- 0.07 

1000 1/5.7 • O.1 --1/5.92 --.+ 0.05 
1050 1/5,4 - -  0.2 -- 1/6,23 -~-- 0.05 
1100 1/5.2 ~ 0.1 --1/6.42 4" 0.02 
1150 1/5.4 ~ 0.2 --1/6.42 ~ 0.14 

As, Bi, Ca, Nb, Co, Cs, K, Li, Na, Hf, P, Rb, Sb, Sn, Ti, W, and Zr 
were  not d e t e c t e d .  

Analyt ical  Labora tory  "B"  
Ca, Co, Fe, Si, V, A1, Cr, Cu, Mo, Ni, Ag, and Pb all < 1 ppm weight  
[Ti = 0.001 weight  per  cent). 

The l inear p- type  log z vs. log Po2 data are l imited 
to approximately two decades of oxygen partial  pres- 
sure for each of the temperatures  investigated. A slope 
of approximately 1/6 is found at the lower tempera-  
tures and near ly  1/5 for the higher temperatures.  
These data are given in Table II together with the 
probable error. This oxygen part ial  pressure depen- 
dence suggests that the disorder may be described by 
an expression of the form of Eq. [1] for the lower 
temperatures  and by a t ransi t ion to an expression of 
the form 

1A 0 2  ~ O 0  "{- VMn'  "Jr P [3 ]  

for the higher temperatures  and oxygen part ial  pres- 
sures. 

The electronic conductivity, ~, may be expressed by 
(10, 11) 

[ _%Hf .~Hp] 
---- const, poe ','~ m exp m R T  R T  [4] 

where • denotes the enthalpy of dissolution of oxy- 
gen, m denotes the degree of ionization of the lattice 
defects, AH~ is the entha lpy  of motion of the electronic 
carriers, and the other terms have their usual signifi- 
cance. Arrhenius  plots for the electrical conductivity 
of p- type manganous oxide at constant oxygen partial  
pressures may be constructed from the data in Fig. 1. 
It is clear that  on]y three temperatures  correspond to 
any single oxygen partial  pressure for which the p- 
type conductivi ty is l inear  in Fig. 1. For this reason 
the l inear regions were extrapolated in order to pro- 
vide additional data points in constructing the Ar r -  

henius plots at constant  oxygen part ial  pressure. The 
log ~ vs. 1 /T  relationship for p - type  manganous  oxide 
at fixed oxygen part ial  pressures is given in Fig. 2 
where the data obtained by extrapolat ion of the l inear  
log r vs. log Po2 data has been denoted. The slopes of 
the Arrhenius  data in Fig. 2 result  in a value of 8 
kcal /mole for the sum, -~Hf~ + AHp. These data are 
given in Table III. The oxygen partial  pressures were 
obtained from CO/CO2 ratios and precise values for 
the oxygen part ial  pressure could only be obtained 
at temperatures  above 900~ It was not possible to 
obtain a constant concentrat ion of disorder by quench-  
ing (10, 11) manganous  oxide since even at 900~ the 
specimen was found to have equil ibrated as rapidly 
as a homogeneous CO/CO2 ratio could be established 
in the furnace reaction tube assembly. 

There was a departure from the l ineari ty of the log 
vs. log Po2 data for CO2/CO ratios greater than ap- 

proximately 200. Since the increase in electrical con- 
ductivi ty was identified with a specific CO2/CO ratio 
rather  than a part icular  oxygen part ial  pressure, it 
was possible to have a higher value of the electrical 
conductivi ty at tempera ture  T,, than at tempera ture  
T2, where Tt < T2. Similar  behavior at more elevated 
temperatures  can be interpreted from the data of Hed 
and Tannhauser  (4) for CO2/CO ratios greater than 
50. This behavior is not readily apparent  since the pub-  
lished data (4) are reported on the basis of CO2/CO 
values rather  than oxygen part ial  pressure. Hed and 
Tannhauser  (12) have interpreted our data on the basis 
of the decrease in concentrat ion of cation vacancies 
with increasing tempera ture  at constant oxygen pres-  
sure for the high oxygen compositions of MnO. The 
same behavior is also true for lower concentrat ions of 
nonstoichiometric disorder where the log r vs. log Po2 
data are linear. Bransky (13), on the other hand, has 
made thermogravimetr ic  measurements  and has found 

iO-Z 

Fig. 1. Oxygen partial pres- 
sure dependence of the electrical 
conductivity of MnO showing the 
minimum in conductivity. 
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Table Ill. Sum of the activation energies for defect formation and electrical conduction for MnO 
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AHf ~ 
�9 -I- AHp ~H~ ~ 

3 - -  (kcal )  
(kcal) 3 AH~ (keaD 

(p- type)  (p- type)  (p- type)  
(p robab le  (p robab le  (p robab le  

Po  2 error)  e r ror )  er ror)  

[ (Mea- 
s u r e d  

a c t i v a t i o n  
e n e r g y  

s u m ) / D  ] ? 
(kcal)  

(n- type)  
( 9 5 %  

conf idence  
level} 

10-9 
7 X 10-zo 

10-11 
2.5 x 10 -z3 

10-1T 
I O -:~ 
1 O- IQ 

7.0 + 0.3 
6.0 -4- 0.2 - - 5 . 9  ~ 0.6 

8,0 _ 0.4 
8.0 "4- 0.7 

B a n d g a p  
52.8 • 0 , 6  k c a l / m o l e  (2.3 eV) 

11,9 "+" 0.8* 
11.8 "+ 0,5** 

53.7 • 1.1 
52.4 -4- 1.3 
51.7 - -  0.8 

See tex t .  
* Ca lcu l a t ed  by  dif ference.  

** M o b i l i t y  data ,  see Fig .  5. 

a 1/4 power  oxygen par t ia l  pressure dependence with  
no break in the weight  charge data for p- type  MnO. 
Bransky's  data do not extend to COffCO ratios of 200, 
however.  

In the present study it was found that  there  were  
but small  weight  changes near the p- to n - type  transi-  
t ion and at 1000~ one had to increase the oxygen 
part ial  pressure by four decades before significant 
weight  changes were  apparent  (e.g., > 10 -3 mole  frac- 
tion).  The isothermal  weight  change data were  fitted 
to the integer, 2m, that  produced the best straight line 
as a function of po.~ ~'~m and extrapola ted to po2 '/2" 
---- 0 for an estimate of the "stoichiometric weight"  
(10). The weight  of the crystal  at 1000~ as a func- 
tion of poJ/~ is shown in Fig. 3. The similar i ty of Fig. 
3 and Fig. 1 for the p- type  electr ical  conduct ivi ty  at 
1000~ should be noted: both are l inear  over  the same 
oxygen part ial  pressure range. 

An oxygen part ial  pressure of 7 x 10 - lo  arm was 
selected for weight  change measurements  as a function 
of t empera ture  because of the necessity of an oxygen 
part ial  pressure to produce significant weight  changes 
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i 
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b 
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I 

.8 
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Fig. 2. Temperature dependence of the electrical conductivity 
of p-type MnO. The symbol, I~,  denotes data obtained by extrap- 
olation as explained in the text. 

and also intersect  l inear  electr ical  conduct iv i ty-oxygen 
part ial  pressure dependence data as shown in Fig. 1. 
The log [VMn"] VS. 1 /T  plot at an oxygen par t ia l  pres-  
sure of 7 x 10 - lo  a tm is shown in Fig. 4. The slope of 
Fig. 4 yields a value of --5.9 kca l /mole  for .~H: ~ The 
act ivated enthalpy of movement  of an electron hole, 
_~H,, is, therefore,  11.9 kcal /mole .  These data are given 
in Table III. 

The very  small  deviat ions f rom stoichiometry re -  
ported here are in agreement  wi th  the lower tempera-  
ture results of Hed and Tannhauser  (4). The immea-  
surably small  deviations found for the n- type  region, 
even when the sample was equi l ibrated with  essen- 
t ial ly pure CO, lends fur ther  support  to the higher  mo-  
bil i ty electrons as the source of the n - type  electr ical  
conductivity.  It is interest ing to note that  the para-  
bolic oxidation of manganese to manganese oxide is 
independent  of the oxygen part ial  pressure when the 
C O j C O  ratio is less than one (14) (n- type  region) .  
Price and Wagner  (9) on the other  hand have mea-  
sured the t racer  diffusion coefficient of Mn 54 in single 
crystal l ine MnO and did not observe any inflection in 
the diffusion data near  the p-  to n- type  transition. This 
result  (9) would indicate that  the concentrat ion of 
manganese vacancies is monotonical ly  decreasing as 
the oxygen part ial  pressure is lowered and remains as 
the predominant  nonstoichiometric  atomic disorder. 

4.06~ 
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E 
o 

4.06~ 

4 0 6 G  

Po2 (atm) o 

0 .00~ o, 0~5 .020 .0~5 .010 
116 116 

P02 (atm) 

Fig. 3. Oxygen partial pressure dependence of the weight of 
p-type MnO at 1000~ The values of the individual oxygen pres- 
sures are 7 x  10 - l o  , 7  x 10 - 1 1 , 7  x 10 -12 , 7  x 10 -13 , 7 x  10 -14 , 
and 7 x 10 -15 atm. 
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Fig. 4. Temperature dependence of the manganese vacancy con- 
centration in MnO at constant oxygen partial pressure of 7 x 10 - l ~  
atm. 

The the rmograv imet r ic  data may  be combined with  
the electr ical  conduct ivi ty  data in order  to calculate 
the mobi l i ty  of the electron holes. The mobil i ty  data 
may then be used to determine  the act ivat ion energy 
of motion of an electron hole. The mobili t ies of the 
electron holes at an oxygen par t ia l  pressure of 7 x 
10 -10 atm have been calculated on the basis of two 
electron holes for each cation vacancy (~p cc po21/~) 
and are given in Table III. The tempera ture  depen-  
dence of the mobi l i ty  of the electron holes is shown in 
Fig. 5 and the resul tant  act ivat ion energy for motion 
of an electron hole is calculated to be 11.8 kca l /mole  
(see Table I I I ) .  

The minima of the log a vs. log Po2 data may be used 
to de termine  the bandgap of MnO (15, 16). The log 
amin. data as a fuction of 1 /T  are shown in Fig. 6. The 
data in Fig. 6 yield an act ivation energy of 63.4 kca l /  
mole (2.8 eV). Others (15, 16) have approximated this 
to be the bandgap at 0~ but it is actual ly given by 

0 in O'min. --Eg 1 0 In #p 1 0 In ~n 

'O(RT) -1 -- T ~- 2 0 ( R T )  -1 + 2 0 ( R T )  -1 [5] 

Since the p - type  conduct ivi ty  has a significant energy 
te rm associated with the mobility, the correction is an 

4 x l O  ~ 

5• 
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u 

X 
\ 

I / T  (~ x 10 3 
.9 

Fig. 5. Temperature dependence of the mobility of electron 
holes in MnO. 
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Fig. 6. Temperature dependence of the minima in conductivity 
obtained from the log ~ vs.  log Po2- See Fig. 1. 

important  one. For  a calculated value  of [0 In # n ] /  
[O(RT)  -~] of --1.3 kca l /mole  at 10O0~ based on 
.~n oc ( k T ) - Y 2  and the measured value of [0 In tLp]/ 
[ O ( R T ) - I ]  of 11.9 kcal /mole ,  the bandgap for single 
crystal l ine MnO at 0~ is calculated to be 52.8 kca l /  
mole (2.3 eV). 

The electrical  conduct ivi ty  of n - type  manganous 
oxide was found to be proport ional  to the - -1 /6  power 
of the oxygen par t ia l  pressure der ived f rom CO/CO2 
mixtures  over  the tempera ture  range of 900~176 
These data are given in Table II. 

For  tempera tures  above 1000~ it was possible to 
employ CO/CO.~ ratios of 103 but at t empera tures  be-  
low 1000~ such large ratios resul ted in values of the 
electr ical  conduct ivi ty  that  were  insensit ive to the cal-  
culated oxygen part ial  pressure. When the t empera -  
ture  was kept constant and the CO/CO2 rat io  was de- 
creased after  the electr ical  conduct ivi ty  had been mea-  
sured in the region which was insensit ive to the oxy-  
gen part ial  pressure, it was found that  the electr ical  
conduct ivi ty  tended to remain  somewhat  insensit ive to 
changes in oxygen part ial  pressure. If, however ,  the 
t empera tu re  were  raised to 1000~ the electr ical  con- 
duct ivi ty  values were  found to correspond to the pre-  
vious data measured at 1O00~ This behavior  suggests 
the possibility of a phase change so the nonlinear,  
n - type  electrical  conduct ivi ty  has been deleted. 

It has been shown that  the mobi l i ty  of the electron 
is much greater  than that  for electron holes in MnO 
(5-7). This means that  the predominant  type of non- 
stoichiometric disorder is meta l  deficit at the p-  to 
n - type  transi t ion and for at least some range of the 
n - type  MnO. Simkovich (17) reports  that  carbon is 
a dopant in the ppm range in n - type  MnO that  has 
been equi l ibrated in CO/CO2 atmospheres and may, 
therefore,  contr ibute  to the n - type  electr ical  conduc- 
tivity. 

If the electrons responsible for the electronic con- 
duct ivi ty  result  f rom the intrinsic electronic equi-  
l ibria because of the decrease in electron holes, due to 
a decreasing cation vacancy concentration, then 
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r : ne#n 

= const. Po2- ,/2,~ exp 
m 

( 
- -  E r  Jr �9 O ( R T )  -1  

where  _~Hf,~ ~ is the enthalpy of formation of an ionized 
cation vacancy, Eg the intrinsic energy gap, and m, 
the mobi l i ty  of an electron. The log ~r vs. 1/T data for 
n - type  MnO are shown in Fig. 7. The sum, [ (-xHr,~ 

- -  Eg -- (0 in ~n) / (O(RT)- I )] ,  is 52.6 • 3.2 kca l /mole  
(see Table  III) while  the sum, [ E g +  (0 In # , ) /  
( M R T ) - ~ ) ]  is 51.5 • 0.6 kcal /mole.  •176 is then 

calculated to be zero, wi th in  the exper imenta l  error.  
If, on the e ther  hand, the electrons that  are re -  

sponsible for the n - type  electronic conduct ivi ty  are 
due to doubly ionized cation interst i t ials  then the mea-  
sured act ivat ion energy  for n - type  electronic conduc- 
tion may be represented by the sum, [(AHfn~ + 
(El/m) + (E2/m)], where  AHfn ~ is the entha!py of 
formation of a cation interst i t ia l  and E1 and E., are the 
first and second ionization energies, respectively,  of 
the quas i - f ree  electrons. The measured activation en-  
ergy sum is 52.6 __ 3.2 kca l /mole  (see Table III) and 
since m is equal  to 3 the sum, (AHfn ~ -{- E1 -{- E.,), is 
found to be 158 kca l /mole  (6.9 eV).  

Stoichiometr ic  compensat ion (18) of an acceptor do- 
pant such as Li + may  result  in the creation of meta l  
excess lattice disorder in MnO (the electronic dis- 
order  could still be p-type,  however ) .  This effect has 
probably  been observed for the case of Li-doped CoO 
(19). S imi lar  the rmograv imet r ic  and conduct ivi ty  
measurements  are needed on Li -doped MnO as a func-  
tion of Po2 and t empera tu re  in order  to est imate the 
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Fig. 7. Temperature dependence of the electrical conductivity of 
n-type MnO. 
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concentrat ion of interst i t ial  manganese  re la t ive  to the 
major i ty  latt ice defects, cation vacancies, in undoped 
MnO. 

We have assumed that  the electrical  conduct ivi ty  of 
manganous oxide is p r imar i ly  electronic. Employing 
the value of approximate ly  1.0 x 10 -9 cm2/sec for D* 
of the more mobile  ion Mn, f rom the diffusion data of 
Price and Wagner  (9) at 1032~ and an oxygen part ial  
pressure of 10 - n ,  an appropriate  electrical  conduc- 
t iv i ty  of 0.31 ( o h m - c m ) - l ,  and p of 4.6 x 10"'-', the 
t ransference number  of the more mobile ion may be 
calculated f rom the Nerns t -Eins te in  relation. The 
t ransference number  of the more mobile ion at 1032~ 
and an oxygen part ial  pressure of 10 -11 atm is found 
to be 8.3 x 10 -~ which indicates that  the electr ical  con- 
duct ivi ty  is pr imar i ly  electronic. 

Conclusions 
1. Manganous oxide was found to exist as ei ther p- 

or n - type  f rom electr ical  conduct ivi ty  measurements .  
2. The p- type  electr ical  conduct ivi ty  was found to be 

proport ional  to the 1/6 power of the oxygen part ial  
pressure. This oxygen par t ia l  pressure dependence 
suggests that the nonstoichiometric  disorder in p- type  
manganous oxide may be described by 

~O2 ~-- Oo + VMn" -t- 2p [7] 

3. The n- type  electr ical  conduct ivi ty  was determined 
to be proport ional  to the - -1 /6  power  of the oxygen 
par t ia l  pressure. The n- type  electr ical  conduct ivi ty  
was found to be consistent wi th  high mobil i ty  elec-  
trons and meta l  deficit atomic disorder. If  a portion of 
the n- type  electr ical  conduct ivi ty  is due to meta l  ex-  
cess atomic disorder then  

Mn,~ + Oo ~ Mni'" + 2n + I~O2 [8] 

could describe the nonstoichiometry.  
4. The sum of the entha lpy  of format ion of non-  

stoichiometric disorder and enthalpy of movement  of 
the electronic defect was de termined  for both p-  and 
n- type  manganous oxide. The enthalpy of formation of 
p - type  disorder and hence the entha lpy  of movemen t  
of the electron holes were  also determined.  See Table 
III. 

5. The bandgap of MnO was de termined  from the 
electr ical  conduct ivi ty  min ima  at the p -  to n - type  
transi t ion to be 52.8 kca l /mole  (2.3 eV).  

6. Thermograv imet r i c  measurements  indicated that  
the depar ture  f rom stoichiometry was small, ~3  x 
10 --3, at 1000~ and 7 x 10 -1~ atm oxygen part ial  pres-  
sure for p- type  manganous oxide and not detectable  
for n - type  manganous oxide. 

7. Mobilities of the electron holes were  calculated 
f rom the the rmograv imet r ic  and electrical  conduct ivi ty  
data at 7 x 10-10 atm oxygen par t ia l  pressure. 

8. The t ransference number  of the manganese ion at 
1032~ and 10 -11 a tm oxygen  par t ia l  pressure was cal-  
culated to be 8.3 x 10 -4. 
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Preparation of Beta-Rhombohedral Boron Whiskers 1 

Iqbal Ahmad and W. J. Heffernan 
Benet Research and Engineering Laboratories, U. S. Army  Watervliet Arsenal, Watervliet, New York 12189 

ABSTRACT 

Whiskers of be ta- rhombohedra l  boron have been prepared by the reduc- 
tion of BBr~ and BC13 with hydrogen, involving a vapor- l iquid-sol id  mecha-  
nism. The liquid forming impurit ies used were Au, Pt, Cu, and Ag. Gold was 
found to be the best. Opt imum conditions for the whisker growth were: for 
BBr3-1200~ 25:1 HffBBr3 molar ratio, and 100 cc /min  flow rate; for BC13- 
1300~ 1000:1 H2/BC13 molar  ratio, and 1000 cc /min  flow rate. Whiskers from 
BBr3 reduction were mostly circular in cross section, while those with BC13 
were predominant ly  faceted. 

In view of the current  interest  in be ta- rhombohedra l  
boron as an advanced s t ructural  material,  it was con- 
sidered of interest  to prepare it in the form of high- 
s trength f i lamentary single crystal whiskers. Two 
techniques were investigated: (A) Vaporization of 
e lemental  boron at high temperatures  (1800~176 
from BN crucibles, (B) Chemical vapor deposition 
(CVD) by the reduction of boron trihalides with 
hydrogen. With the first technique, whiskers 5-15~ in 
diam and up to 1 cm long with tensile strengths as 
high as 1.3 x 106 psi were obtained. The details of this 
work have already been published (1). Results ob- 
tained with the second technique are discussed in the 
present  paper. 

The formation of tetragonal  boron whiskers, 2-3 mm 
long and 0.1 mm wide, as a result  of the reduction of 
BC13 with H2 (H.,/BC13, molar ratio of 100: 1) over an 
induct ively heated (1300~176 boron rod have 
been described by Olempska et al. (2). Sitarik and 
Ellis (3) have reported growth of a lpha-rhombohedral  
boron whiskers by the reduction of BC13 with H2 
(1000~ HffBCI3 molar ratio of 1500: 1.4, and flow rate 
1.5 l i t e r /min)  on an amorphous boron substrate by 
a vapor- l iquid-sol id (VLS) mechanism (4). P l a t inum 
was used as the l iquid-forming impuri ty.  Some of the 
whiskers were 2 mm long and 25~ in diam. 

To the best of the authors '  knowledge, whiskers of 
beta- rhombohedral  boron prepared by CVD have not 
been reported in the l i terature.  

Experimental Details 
CVD-H2/BBr3.--In the init ial  studies, formation of 

boron whiskers by simple chemical vapor deposition 
was investigated. BBr3 was selected as a source of 
boron. As compared with BC13, it is relat ively easier 

The v iews  of the au thors  do not  purpor t  to reflect the  posi t ion 
of the D e p a r t m e n t  of the A r m y  or D e p a r t m e n t  of  Defense.  

Key  words :  whiskers ,  be t a - rhombohedra l  boron, vapor - l iqu id-  
solid, chemical  vapor deposition. 

to purify (5). Prior  to a t tempt ing whisker growth, 
rates of deposition of boron on resistively heated Ta 
strips at various molar  ratios (H2/BBr3) and flow 
rates were determined.  The apparatus is schematically 
i l lustrated in Fig. 1. Most of the runs  were made at 
1200~ as below this temperature,  alpha and tetrag- 
onal boron can also form. However, a number  of runs  
were also made at higher temperatures.  The tempera-  
ture  dependence of deposition rate at 12:1 molar ratio 
and 0.008 moles of B B r J c m  2 hour (total flow 100 cc/  
min)  flow rate is shown in Fig. 2. 

It is not proposed to give the details of the morphol-  
ogy of the deposits as a funct ion of various variables. 
The major  conclusions, however, were that  higher 
temperature,  higher molar  ratio (H2/BBr3), and 
higher flow rate encouraged needle growth. Reproduci-  
ble acicular growth of be ta- rhombohedra l  boron was 
observed under  the following conditions: temperature,  
1200~ H2/BBr3, 98: 1, flow rate, 400 cc/min.  

CVD-VLS:Hz/BBr3 (Au, Pt, Cu, Ag) . - -From the 
above series of exper iments  it became obvious that, 
to promote whisker growth, a catalytic mechanism 
such as that provided by vapor- l iquid-sol id  (4) was 
necessary. For the selection of l iquid- forming impur i -  
ties, the available phase diagrams were examined. 
Bates et al. (6), have studied the phase equil ibria  of 
Au-B, Pt-B, and Cu-B. Apparent ly  none of these sys- 
tems showed solid solubili ty of these elements in 
boron. Therefore, all  of them were considered to be 
promising as l iquid-forming impurities.  

A t an ta lum strip was first coated with boron at a 
relat ively low tempera ture  (900~176 Particles of 
gold (--100 mesh) were then sprinkled over the boron 
deposits, the temperature  of the strip was raised to 
1200~ and a gas mixture  of H2/BBr3 (12: 1) was al-  
lowed to flow at 200 cc/min. Whiskers were found to 
grow within  a minute  as shown in Fig. 3. Because of 
the low molar ratio, in some areas there was excessive 
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Fig. I. Apparatus for the deposition of boron from BBr3 -I- H.~ 

Fig. 3. Whiskers of beta-rhombohedral boron by VLS, Au, 1200~ 
(X120). 
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Fig. 2. Dependence of boron deposition rate with temperature. 
Molar ratio 25:1 and 0.008 mol/cm 2 hr flow rate. 

nucleat ion result ing in an "explosion" or "flower" ef- 
fect (Fig. 4). Sometimes there was a secondary Au 
deposition on whiskers from which more whiskers 
nucleated giving a Chris tmas- t ree- l ike  growth. All  of 
these whiskers were identified by x - r ay  diffraction as 
be ta- rhombohedra l  boron. 

In  some runs, Pt, Cu, and Ag particles (--100 mesh) 
were used. P la t inum gave encouraging results. How- 
ever, with Cu and Ag, cur ly- type  whiskers appeared 
and the growth was rough. Au was found to be the 
best. 

The steep temperature  gradient  normal  to the strip 
severely limited the length of these whiskers. To grow 
longer whiskers it was necessary to provide a better  
temperature  gradient. Consequently, the apparatus was 
redesigned as shown in Fig. 5. In  this apparatus, a 
graphite stick heater was used as a substrate. A 
Hoskin clamshel l- type furnace was placed around the 

Fig. 4. Flower effect due to multinucleation in the liquid 
globule (X120). 

H+ B Br 3 

/~IXTURE / 
RESISTANCE 

/ ~ FURNACE 
. . . . . . .  ~ / . . . . . . . . . . . . .  

?Y ....... I I  r - - /  / E,O 

I ~ / / / / / / / / / V A  

/ GRAP~ I ] / ? 
Lo  . . . . . . . . .  -" . . . . . . . . . .  \ 

WINDOW ~ T O  TRAP 

Fig. 5. Resistively heated graphite stick heater with clamshell 
furnace to provide shallow temperature gradient. 

tube containing the substrate assembly. Unfortunately,  
because of the radiat ion losses, this furnace did not 
reach temperatures  high enough to give the desired 
tempera ture  gradient  at 1200~ Although whiskers of 
be ta- rhombohedra l  boron with Au, Pt, and also Cu 
were obtained (Fig. 6a) in most cases they were not 
well-formed. At lower tempera ture  regions (950 ~ 
1000~ especially on the graphite leads, whiskers of 
tetragonal  boron formed with both Au and Cu (Fig. 
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Fig. 6. Morphology of boron 
whiskers formed in graphite stick 
heater apparatus. (a, left) A 
beta-rhombohedral boron whisker 
(X385). 

Fig. 6. Morphology of boron whiskers formed in graphite stick 
heater apparatus. (b, above left) A view of tetragonal boron 
whiskers formed on graphite leads (X120). (c, above right) 
Magnified view of (b). (d, left) Thread-like fibrous growth (X200). 

6b). These whiskers w e r e  round in cross section (Fig. 
6c) and had very  smooth surfaces. Sometimes,  ve ry  
long th read- l ike  fibers were  also observed (Fig. 6d). 
In these experiments ,  even though a graphi te  heater  
was used, no evidence of the format ion of B4C was 
noted. 

Finally,  an apparatus  shown in Fig. 7 was set up. 
In this apparatus a boron disk with  meta l  part icles 
sprinkled on it was positioned on a graphi te  base 
which, in turn, was placed in a graphi te  susceptor. In a 
few experiments ,  particles were  also placed on the 
graphi te  base. Due to the geometry  of the apparatus  
there  was a preferent ia l  deposition of boron at the gas 
entrance side; however ,  at the middle of the substrate 
the deposition was less. The boron disk was  positioned 
between these two regions to avoid excessive nuclea-  
tion. With this setup, whiskers  approaching 5 mm in 
length were  obtained. The major  observat ions were  as 
follows: 

(A) X - r a y  diffraction analysis showed that  the ma-  
jo r i ty  of the black whiskers  were  be ta - rhombohedra l  
boron. However ,  sometimes minor  amounts  of te t rago-  
nal boron were  also detected. 

(B) At l l00~ whiskers  were  observed only below 
100:1 molar  ratio. As the molar  ratio was decreased, 
the t ime of growth reduced. At 25: 1, the whiskers  grew 
within  1 rain. 

(C) The best whisker  growth was at 1200~ and a 
molar  ratio of 25:1 (Fig. 8). They were  predominant ly  
round in cross section. At  lower  tempera tures  they 
were  genera l ly  i l l - formed.  Occasionally, v e r y  fine 
s t raw-colored,  apparen t ly  t ransparen t  whiskers,  were  
also observed. X - r a y  diffraction analysis showed them 
to be predominant ly  B4C. 

Figure  9 is a t race of the microprobe analysis of the 
boron whisker  grown from plat inum, showing the con- 
centrat ion of p la t inum at the tip. Frequent ly ,  over -  
g rowth  was detected under  high magnification, even 
on the apparent ly  smooth surface of the boron whisker  
(Fig. 10). In one case a f rac tured  whisker  also showed 
a hollow core. The d iameter  of the whisker  was 35~ 
while  the core d iameter  was 25#. 

CVD-VLS:Hz/BCI3 (Au, Pt).--In spite of consider-  
able var ia t ion of the parameters  such as flow rates, 
molar  ratios, and the temperatures ,  the problem of the 
format ion of nonfaceted whiskers  could not be suc- 
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BORON WH[SKF..R GROWING APPARATUS 

FL.OWMETER 

_ , . . . ,  to + I-N 
/ ...... 1 / 2 , ,  .,, 

W U ~ 9  

Fig. 7. Apparatus for the growth of whiskers involving induction 
heating. 

Fig. 8. A view of whiskers formed at 1200~ Molar ratio 25:1 
and flow rate 1000 cc/min (XI20). 

Fig. 10. Overgrowth on an apparently smooth surface of o 
whisker (XIO,O00). 

ble than BBr3 at these temperatures  from which a 
bet ter  control of the growth of whiskers could be 
expected. Therefore, in another  series of experiments,  
BC13 instead of BBr3 was used. In  these runs  a re la-  
tive predominance of faceted whiskers was achieved. 
Whiskers of good qual i ty  (Fig. 11) were obtained at 
1300~ at a molar ratio of i000:1. 

Some runs were made without a boron disk. A 
graphite plate was used as a growth substrate. In these 
runs there was an evidence of very fine and long, ap- 
parently t ransparent ,  leader whiskers  with l iquid balls 
on their  heads. They formed wi th in  a few minutes.  
When extended times were used, such whiskers, when  
on the gas ent rance  side of the substrate, either thick- 
ened or developed an overgrowth of polyfaceted, well-  
formed crystals as shown in Fig. 12. This overgrowth 
sometimes looked like beads on a th in  string. Bushes 
of such whiskers without  overgrowth were also ob- 
served at the exit end of the carbon substrate,  as 
shown in Fig. 13. On x - r a y  diffraction they were found 
to be BTC. 

In  one experiment,  p la t inum was used in the form 
of a th in  wire as a l iquid-forming impuri ty.  While 
only a very  few whiskers  of boron were obtained, in 
the region where  the wire was positioned, golden- 

Fig. 9. Platinum distribution over tip of a whisker 

cessfully solved. I t  was felt that  circular cross secfion 
could have been due to the instabi l i ty  of the l iquid-  
solid interface, caused by the fast reduction of BBr3 
under  the conditions used. Thermodynamic considera- 
tions indicated that BC13 should be less easily reduci-  

Fig. 11. Boron whiskers grown at 1300~ 1000:1 ratio, 400 co/ 
min (X1200). 
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Fig. 12. Polyfaceted overgrowth on a leader whisker at t200~ 
(X120). 

Fig. 14. Golden-colored whiskers of platinum boride (X1000) 

Fig. 13. Bushes of leader whiskers grown at 1300~C, 500 cc/min, 
500:I ratio (X275). 

colored whiskers were formed (Fig. 14). Under  high 
magnification they appeared to be platelets and were 
identified as p la t inum boride. 

Discussion 
The main  objective of this s tudy was to produce 

beta- rhombohedra l  boron whiskers and characterize 
their  physical and mechanical  properties. The work 
reported here has shown the feasibil i ty of the prepara-  
t ion of these whiskers by CVD involving VLS mecha-  
nism. However, the qual i ty  and size of the whiskers 
achieved so far are not suitable for the purpose of 
characterization. 

It has already been ment ioned that, al though acicu- 
lar growth of boron was achieved from simple CVD, 
it was found necessary to employ a VLS mechanism 
for the promotion of proper whisker growth. However, 
with BBr3, apparent ly  because of the considerably 
negative free energy of reaction of H2 with BBr3 in 
the tempera ture  range of interest, it was not possible 
to establish a controlled whisker growth from the 
metal  particles. This is apparent  from the bushy 
growth obtained. Toward the gas entrance side there 
was invar iab ly  mul t inuclea t ion  from these particles. 

It is also clear that, under  the process conditions 
used, it was very difficult to control the tempera ture-  
and chemical-potent ial  gradients in the substrate re-  
gion. Some improvement  was achieved by the use of 
BC13 in that  more faceted whiskers  formed. However, 

the growth and qual i ty  of whiskers were still unsat is-  
factory. 

This study, nevertheless, confirmed that alpha- 
rhombohedral  and tetragonal  whiskers can be obtained 
at temperatures  below 1000~ At temperatures  of 
1100~ or higher, this technique yielded essentially 
be ta- rhombohedra l  boron. However, traces of tetrago- 
nal  were also observed. 

The formation of straw-colored boron carbide 
whiskers is noteworthy. The authors did not find any 
reference in the l i terature to a straw or orange-colored 
boron carbide phase. It appears that  this phase in very 
fine size is not opaque. Analogous to this is the exam- 
ple of SiC, which in thick section is opaque black, 
while its whiskers are t ransparent  and light green in 
color. 

The formation of the leader whiskers can possibly 
be explained as follows. In  the ini t ial  stages of heating, 
the molten metal  particles pick up some carbon from 
the carbon substrate. When the BC13 -~- H2 mixture  is 
introduced, the dissolved carbon reacts with boron 
formed on the surface of the mol ten metal, result ing 
in the nucleat ion of fine boron carbide whiskers. Such 
whiskers in the gas inlet  side then act as nucleat ion 
sites for the overgrowth of B, as s t ructura l ly  beta- 
rhombohedral  boron is very  similar  to B4C. In  the 
exi t -end side, boron in the reactants  is depleted and 
therefore no boron overgrowth occurs. In  the middle 
zone, boron whiskers form together with some B~C 
whiskers. 
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Technical[ Notes 

Magnetoelectret Effect in Shellac Wax 
P. K. C. Pillai, Kamlesh Jain, and V. K. Jain 

Department oJ Physics, Indian Institute of Technology, New DeLhi-29, India 

Eguchi (1) made the first thermoelectret  from a 
mix ture  of carnauba  wax, shellac wax, and beeswax. 
Many other workers studied the electret properties in 
different materials.  Recently Bhatnagar  (2) has de- 
veloped a magnetoelectret  by applying a magnetic field 
instead of an electric field. This new class of electrets 
also retains the surface charge for a very long time. 

Experimental 
In the present investigations, the powder of shellac 

wax was put  into a cavity of mica sheet 1 mm thick 
and 4 cm 2 in area. A solid slab of the mater ia l  was 
obtained in the mica holder by using the technique 
developed by Ja in  and Pil lai  (3) without  the applica- 
tion of the field. The sample was kept in a desiccator 
for some time, unt i l  it lost all the surface charges due 
to stripping. A heat ing system was also made to heat 
both faces of the sample, when it was kept between the 
two pole pieces of an electromagnet.  A thermocouple 
of copper constantan was fixed near  the face of the 
sample for recording the temperature.  The sample 
with the holder was mounted vert ical ly  between the 
pole pieces of the magnet,  and the "temperature of 

Key words: Electret, magnetoelectret, polarization. 

the sample was main ta ined  at 70~ (softening point) .  
The distance of the poles was reduced to 1 in. to get 

the ma x i mum magnetic  field. The sample was polar-  
ized by heat ing and cooling under  the same magnetic 
field strength. The magnetoelectret  that  was formed 
was taken out from the jig, and surface charge on both 
the surfaces was measured daily for about 28 days. 
The measurements  were taken with the help of a d-c 
amplifier and electrometer (Type 1230A, Serial No. 
1200) using a special measur ing device (4, 5). The 
sample was short circuited with metall ic foil after 
measurements  and was kept under  desiccated condi- 
tions for fur ther  studies. 

Results 
In  order to s tudy this effect in detail, three  series 

of samples were made wi th  var iat ion of polarizing 
time, temperature,  and field. 

In  the first case, a series of the magnetoelectrets  was 
made by applying a field of 4.75 kilo Gauss (kG) to 
12 kG at a fixed tempera ture  of 70~ for 75 min. From 
the surface charge decay characteristics (Fig. 1-3), it 
can be seen that  both nor th  and south faces of the 
electret show a pe rmanen t  positive surface charge, 
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Fig. 1. (top) Variation of sur- 
face charge density vs. time for 
shellac wax electret formed at 
12 kG/mm in 75 min polarizing 
time. 

Fig. 2. (bottom) Variation of 
surface charge density vs. time 
for shellac wax electret formed 
at 8.75 kG/mm in 75 min polar- 
izing time. 
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Fig. 3. (top) Variation of sur- 
face charge density vs. time for 
shellac wax electret formed at 
4.75 kG/mm in 75 min polarizing 
time. 

Fig. 4. (bottom) Variation of 
surface charge density vs. time 
for shellac wax electret formed 
at zero field in 75 min polariz- 
ing time. 
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which  decreases very  qu ick ly  in the initial  stage and 
then becomes constant. The final surface charges on 
the samples  of  this series increase wi th  an increase of 
the polarizing field. 

To confirm the presence of a magnetoelectret  effect, 
a sample  was  also made without  the application of a 
magnet ic  field under the same conditions. It w a s  found 
that the sample  showed some charges of l ow value  
due to the stripping and mold ing  (6, 7). But the 
charges were  not permanent  and decayed to zero (Fig. 
4) wi th in  a f e w  days time. 

Secondly,  the effect of polarizing t ime was  studied. 
The samples  were  made  by applying 10.5 kG at 70~ 
and the heating t ime was  varied from 15-60 min.  Each 
sample  was  a l lowed to cool down to room temperature 
in 30 min  under the magnet ic  field. It can be seen from 
the graphs (Fig. 5 and 6) that the surface charge in-  
creased wi th  the increase of polarizing t ime.  An in-  
crease in the final value  of the surface charge was  also 
found w i t h  an increase of  polarizing time. 

n'tlt~ 
O .25  . . . . . .  

In the next  case, the studies were  made  ~vith the 
change of polarizing temperature from 70~ to room 
temperature (22~ The samples  were  made  at 55~ 
and at 22~ and the characteristics are shown in Fig. 
6 and 7. It can be seen that at 55~ the final surface 
charge obtained is very  low in comparison wi th  the 
sample  made at 70~ The sample  prepared at room 
temperature did not show any surface charge from the 
very  beginning.  

Discussion 
The formation of the thermoelectret  (8) can be ex-  

plained on the basis of the contributions from differ- 
ent mechanisms  such as (A) spray charge, (B) ionic 
displacement,  (C) dipolar orientation, and (D) mo ld -  
ing and stripping charges. But these phenomena are 
inadequate to explain  the formation of a magnetoe lec-  
tret state in solid materials.  

In the present investigations,  the effect of spray 
charge is comple te ly  ruled out as the dielectric is not 
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Fig. 5. (top) Variation of sur- 

face charge density vs. time for 
shellac wax electret formed at J o., 
10.5 kG/mm in 45 min polariz- '~ 
ing time. v o.os 

Fig. 6. (bottom) Variation of 
surface charge density vs. time 
for shellac wax electret formed 
at 10.5 kG/mm in 75 min polariz- 
ing time. 
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being solidified under  an  electric field. The formation 
of magnetoelectrets may be due to the orientat ion of 
ionic charges or dipolar molecules or both which get 
frozen in the dielectric dur ing its solidification. 

The existence of polar molecules itself is insufficient 
to explain the development  of charge on the magneto-  
electret sample. But  how a magnet ic  field causes di-  
poles to orient in their  own direction is difficult to 
visualize. 

The possibili ty of forming the magnetoelectret  is 
confirmed by the results obtained by McMahon (9). 
He found that  when certain organic compounds solidi- 
fied in an electric field, the dielectric constant  of these 
compounds in the solid state becomes higher than  nor-  
mal. The increase in the constant  is isotropic and bears 
no relat ion to the direction of the field applied dur ing  
the solidification. But in the case of a magnetic field, 
an anisotropic change takes place in the value of the 
dielectric constant, causing it to be greater than  nor-  
mal  in the direction of the applied field and lower at 
r ight  angles to this direction. McMahon postulated this 
mechanism of orientat ion of the molecules through 
diamagnetic coupling with the field. Diamagnetic an-  
isotropy is observed in many  aromatic r ing compounds 
and according to Selwood (10), the principal  suscepti- 
bi l i ty is general ly  perpendicular  to the plane of the 
ring. Hence, in a magnetic  field such molecules should 
tend to orient  themselves so that  the plane of the 
r ings is paral lel  to the field and when the wax is 
solidified in a magnetic  field, the molecules tend to 
orient with an axis of highest polarization in the di- 
rection of magnetic field. 

Bhatnagar  (11) has also ment ioned that this ex- 
planat ion cannot directly be applied to the present  
case because the substance has an open chain struc-  
ture; but  according to Selwood, r ing s tructure is not 
a necessary prerequisi te for diamagnetic anisotropy, 
and chain compounds might  also possess this property. 
Selwood says in open chain compounds "containing 
few or no mult iple  bonds, the max imum diamagnetic 
susceptibil i ty corresponds to the greatest dimensions 
of the molecule." Thus it appears that  McMahon's ideas 
may  as well be extended to substances containing open 
chain compounds. 

Although the above theory explains the na ture  and 
magni tude  of the ini t ial  and final charges which ap- 
pear on the electret surface, it fails to give a proper 
explanat ion for the appearance of a positive surface 
charge on the surface of the sample facing the nor th  
pole of the magnet.  It can be due to the following two 

Fig. 7. Variation of surface 
charge density vs. time for shellac 
wax electret formed at 10.5 kG/ 
mm in 75 min polarizing time at 
55~ polarizing temperature. 
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reasons (5, 6). First, due to the s tr ipping after heat ing 
of the sample, positive charges were obtained on both 
the surfaces. Second, the dipoles oriented in the direc- 
t ion of the field in t u rn  at t ract  the excessive positive 
ions which are stuck on the surface when  the sample 
is solidified from the bulk  of the material .  These ions 
are bound due to the at tract ive force of dipoles. The 
observed surface charge on an electret may therefore 
be wr i t ten  as 

O'eff ~ O'D -~  o'i "~- O'm 

where O'eft ~- effective surface charge, aD ---- contri-  
bution of charge due to polar orientation, ai m com- 
ponent  due to ionic polarization, and ~m -- contr ibu-  
tion due to the molding and stripping. 

The magni tude  and na ture  of the effective charge 
depends of course, on the relative contr ibut ions of 
each one of these quanti t ies  and that  varies from 
mater ia l  to mater ia l  and also depends on the polariz-  
ing conditions under  which an electret is fabricated. 
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The Mechanism of the Emission Color Shift 
with Activator Concentration in Eu Activated Phosphors 

Lyuji Ozawa and Philip M. Jaffe 

Zen i th  Radio Corporation,  Chicago, Il l inois 60639 

The emission of Eu +3 activated phosphors usual ly  
results from three excited states, namely  '~D._, (blue- 
green),  5D1 (green-orange) ,  5D0 (red) and the emis- 
sion color shifts from yellow to red with an increase in 
activator concentrat ion (1-3) and /or  in the phosphor 
tempera ture  (4-6). 

In the case where the phosphor temperature  is held 
constant, the emission color shift as a function of ac- 
t ivator concentrat ion is due to the difference in con- 
centrat ion dependence curves of the ~D2, ~D1, and ~D, 
emissions in the Eu +3 spectrum. However, only the 
concentrat ion quenching mechanism of the 5D0 emis- 
sion is understood. The 5D0 emission intensi ty  depends 
on the concentrat ion of isolated single activator ions 
which in t u rn  depend on the crystal s t ructure of the 
host and the mole fraction of activator (7). For weakly 
absorbed direct photoexcitation, the 5Dn emission in-  
tensi ty per activator ion follows the equation 

Iob 
= (1 -- x)z [1] 

X 

where x is the activator concentrat ion and z the 
weighted number  of nearest  neighbor cation sites. 

Since the opt imum activator concentrat ion of the 5D1 
and ~D2 emissions from many  phosphors is around 0.01 
mole fraction, electrostatic mult ipolar  interact ion may 
be involved in the concentrat ion quenching. The 
quenching by mult ipolar  interact ion between rare 
earth ions has been studied by the change of decay 
t ime (8, 9). Van Uitert  (8) indicates that  the intensi ty  
of mult ipolar  interact ion can be also determined from 
the change of the emission intensi ty  from the emit t ing 
level which has mul t ipolar  interaction. The emission 
in tensi ty  per one activator ion follows the equation 

Iob/X = (1 + ~' (X) ~ -1 [2] 

where e -- 6, 8, or 10 for dipole-dipole, dipole-quad-  
rupole, quadrupole-quadrupole  interactions, respec- 
tively, and ~' is a constant  for each interact ion for a 
given host crystal. 

For strongly absorbed exciting radiation, however, 
the observed concentrat ion dependence curve, (Iob/X) 
vs. x,  deviates from the curves calculated by Eq. [1] 
and [2]. Equations [1] and [2] apply only to weakly 
absorbed exciting radiat ion used here (10). 

Experimental 
The Eu 8+ activated phosphors studied in this paper 

are (Yl-xEux)203, (Yl-xEux)202S, and Li(YI-xEuz)O2. 
The y t t r ium oxide and the europium oxide used were 
6N and 3N, respectively. The preparat ion of the phos- 
phors are reported in a previous publicat ion (10). 

The optical measurements  were made on 2 m m  thick 
powder samples, which were packed in planchettes. 
The concentrat ion dependence of selected emission 
lines was determined by measur ing their  intensities as 
a function of activator concentration. The emission 
spectra of (Yl-xEux)203 and Li(Yl-xEux)O2 phos- 
phors were obtained with the 365 nm radiat ion from a 
mercury  discharge lamp plus a Corning filter No. 7-54; 
for (Yl-xEtlx)202S, however, 395 nm radiat ion was 
used. 

Results and Discussion 
The concentrat ion dependence curves studied were 

classified according to the 5Dj emit t ing level. The 

Key  words :  luminescence ,  phosphors,  Eu +~ achvat ion ,  concen- 
t rat ion dependence.  

emission lines quenched in the order 5D2, 5D~, and 
finally 5D0 as the activator concentrat ion increased. 
This order was independent  of a change in either the 
exciting wavelengths or in the host. The relat ive in-  
tensities of the 5D2, 5D1, and 5Do emissions, however, 
were markedly  different for a given host. 

The I o J x  vs. x curves of the 5D0.2 emissions from 
(Yl-xEux)203 are shown in Fig. 1. The magni tude of 
the absorption coefficient was obtained by monitor ing 
the 5D0 emission because if the exchange interact ion 
only was involved the Iob/X VS. X curve of the 5D0 
emission would have followed Eq. [1] which applies 
for weakly absorbed exciting radiation. The data of 
the ~D0 emission below x = 0.1 in (Yl-xEux)203 fitted 
on the calculated curves as shown in Fig. 1. These re-  
sults indicate that below these activator concentrat ions 
Eq. [1] and [2] can apply to analysis of the experi-  
menta l  data. The Io~,/x data of the 5D1 and 5D2 emis- 
sions, over the activator concentrat ion range of 021 to 
0.1 mole fraction, fit on straight lines whose slopes are 
respectively 6/3 and 8/3 which indicate that  dipole- 
dipole and dipole-quadrupole interactions are involved 
in the concentrat ion quenching mechanism of the 5D1 
and 5D2 emissions, respectively. The same results were 
obtained with Li(Yl-xEux)O2 (10). The possible 
transi t ions involving the electrostatic mult ipolar  in ter -  
action of Eu +3 are 

Eu +~ (Excited) Eu +3 (Relaxed) 

5D2 -~ 5DI; ~g, --> 7F4 (Q - D) 

~Di -> 5Do: 'Fo --> 7F3 (D -- D) 

The dependence of the quenching, lq, upon the rate 
of transfer by electrostatic multipolar interaction is 
represented by the following equation (II) 

lq ---- A/(I -5 r -s) [3] 

where r is the distance between activator ions and A is 
a constant. 

16 2 

~ D o  
% "~k " ~  (1-x)9 

_ 

\ 
-3 

10 I I I 
3 -2 -1 

10 10 10 1 

x in (Yl_xEux)203 

Fig. 1. Concentration dependence curves (Iob/X vs. x) for 5Do, 
5D1, and 5D 2 emissions from (Yl-~.Eux)203 under 365 nm (4f e) 
excitation. 
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Fig. 2. Concentration dependence curves (lob vs. x) for 5Do, 5DI, 
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excitation Q) and 395 nm (4f 6 O) excitations. 
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Fig. 3. Concentration dependence curves (lob/X vs. x) for 

5D4 and 5D3 emissions from (Y1-xTbx)202S under 290 (f-d) 
excitation. 

The concentrat ion dependence curve of the 5D0 emis- 
sion from (Yl-xEux)202S phosphor under  the 395 nm 
exciting radiat ion (4f 6) had a positive deviation from 
the calculated curve, x(1 - - x )  TM, as shown in Fig. 2. 
Therefore the concentrat ion quenching mechanism of 
(Yl-xEuz)202S phosphor could not be exactly deter-  
mined from the exper imenta l  data. Eu +3 seems to be a 
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special case, however, since the IoJX vs. x curve of the 
5D4 Tb +~ in (Yl-xTbx)202S phosphor under  the 290 
(f-d) exciting radiation fitted on the calculated curve 
(1 -- x)12 and the slope of the Iob/X curve of the 5D3 
Tb +3 emission was 8/3 (see Fig. 3). Dipole-quadrupole 
interact ion was estimated as the concentrat ion quench-  
ing mechanism of the ~D3 Tb +3 emission. These results 
agreed with the results of the other Tb +3 activated 
phosphors (12). From the results of (Yl-xTbx)202S 
phosphor, it is believed that  in (Yl-xEuz)202S phos- 
phor other quenching mechanisms may also be in-  
volved. However, the behavior of the concentrat ion de- 
pendence curves of (YI-xEux)202S phosphor was 
qual i ta t ively similar to those of (Yl-xEux)203 and 
Li(YI-~Eux)O._, phosphors; i.e. the Eu +3 emission lines 
in the spectrum quenched in the order of 5D2, 5D1, and 
finally 5Do when the activator concentrat ion increased. 
Therefore, the dominant  mechanism of the concentra-  
t ion quenching of (Yl-xEux)202S phosphor may be 
similar to those of (Yl-~Eux) 203 and Li (Yl-xEuz)  O2 
phosphors. 

It is noted that  the degree of the color shift over the 
same concentrat ion range markedly  depends on the 
phosphor host; we l l -known  examples are white to 
orange to red with (YI-xEu~)202S, yellow to red 
with (Yl-xEuz)203, and very li t t le change with 
(Yl-xEux)VO4. These color shift differences originate 
from the relat ive amounts  of the 5D2, ~D~, and 5Do 
emissions at low activator concentrations. At low ac- 
t ivator concentrations, where Eu +3 _ Eu +8 interac-  
tions are unimportant ,  the 5D2 to 5D1, ~D1 to 5Do re-  
laxations and consequently the color shift are deter-  
mined by host interactions. A phosphor which has a 
large amount  of 5D2 or 5D1 emission at low concentra-  
tion will  show a large color shift as the activator con- 
centrat ion increases. Natural ly,  in order to study the 
color shift due to tempera ture  effects the activator 
concentrat ion should be very low, say, below 3 x 10 -~ 
mole fraction. 
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ABSTRACT 

A technique is described for prevent ing  electrical shorting resul t ing from 
the formation of CaLl2 alloy in thermal  cells employing a Ca anode and 
LiC1-KC1 electrolyte. The cell employed in this work was Ca/LiCI-KC1- 
CaCrOg/Fe. The method consists of immersing the Ca anode in an acetic 
acid solution, thereby forming a layer of 3Ca(CH3COO)2 �9 2CHaCOOH on the 
anode surface. This double salt decomposes to CaCO3 either prior to or at the 
beginning of the cell discharge. The resul t ing high concentrat ion of Ca + + at 
the anode-electrolyte interface retards the displacement by Ca of Li from 
the LiCI in the electrolyte. Cell and bat tery test results are given which 
demonstrate  the improvement  in performance resul t ing from application of 
this technique. 

A thermal  bat tery  is a p r imary  bat tery  whose cells 
contain an electrolyte which is solid and vi r tual ly  non-  
conductive at ambient  temperatures,  but  which be- 
comes highly conductive when  heated to temperatures  
above its mel t ing point. Because of its relat ively low 
mel t ing point, good thermal  stability, and high elec- 
trical conductivity, the l i th ium chloride-potassium 
chloride eutectic is the most commonly used thermal  
bat tery electrolyte. The anode most often selected, cal- 
cium, is chosen for its large negative reduction po- 
tential, low equivalent  weight, high mel t ing point, low 
polarization and ready availability. Unfor tunately ,  
calcium displaces l i th ium from the mol ten electrolyte 
as shown in Reaction [1] (1). 

352~ 
Ca(s) + 2Li + > Ca ++ + 2Li(1) [1] 

The molten l i thium in tu rn  reacts with addit ional cal- 
c ium according to Reaction [2] to form a ca lc ium-l i th-  
ium alloy of composition CaLi2 with a mel t ing point  of 
230~ (2) 

352~ 
Ca(s)  + 2Li(1) > CaLi2(1) [2] 

The presence of an excess of a molten metal  in a 
voltaic cell is obviously an undesirable  situation be-  
cause of the possibility of shorting. Electrical noise 
and cell degradation due to the CaLi2 alloy have long 
been major  problems in thermal  batteries (3). Al-  
though thermal  batteries can be overdesigned so as to 
be highly reliable, the unpredic table  na ture  of this 
alloy results in poor reproducibi l i ty  of performance 
especially with regard to activated bat tery  life. Pos- 
sible solutions to this problem are el iminat ion of the 
Ca anode and /o r  the LiC1 electrolyte. Unfor tunately ,  
the al ternat ive materials  often create more problems 
than they solve. Replacement  of a Ca anode with Mg, 
for example, usual ly  results in a reduced output volt-  
age for a given thermal  cell (1, 4). Unpubl ished re- 
sults from this laboratory show that between 450 ~ and 
600~ the output  voltage for the cell M/LiC1-KC1- 
CaCrO4/Fe is approximately 0.8V less for M :-  Mg 

K e y  words :  t h e r m a l  ba t ter ies ,  anodes ,  ca lc ium,  bat ter ies .  

than for M ---- Ca at cur rent  densities ranging from 
0.11 to 120 m A / c m  2. Substi tutes for the LiC1-KC1 
eutectic which possess the desirable combinat ion of 
electrolyte properties previously ment ioned for LiC1- 
KC1 have not been found. 

In the present  paper, a technique is described for 
chemically t reat ing the Ca anode such that CaLl2 alloy 
formation is no longer a significant problem. The proc- 
ess involves the production of a high concentrat ion 
of Ca + + ions at the anode-electrolyte interface, there-  
by greatly reducing the formation of Li (Reaction 
[1]). This is accomplished by depositing a layer of 
3Ca(CH3COO)2-2CH3COOH on the Ca anode through 
the reaction between Ca and acetic acid. The double 
salt u l t imately  thermal ly  decomposes to form CaCO3. 
The existence of these salts has been shown with the 
aid of x - ray  diffraction and thermogravimetr ic  anal-  
ysis. 

Experimental 
Materials.--All materials  used were of a grade 

equivalent  to that used in production thermal  batteries. 
Anodes were: rolled sheet Ca pressed on an iron back- 
ing, or Ca vapor deposited on the backing. 

The electrolyte consisted of reagent grade LiC1 and 
KC1 vacuum dried for 16 hr at 120~ mixed in the 
eutectic ratio (5), fused at 400~ cooled, and ground 
to a powder. 

Baker and Adamson (Allied Chemical) technical 
grade CaCrO~ was used as the cathodic depolarizer. 
Glacial acetic acid and acetone were both reagent  
grade. The cathode consisted of sheet iron. 

Procedures 
Calcium anodes used in the evaluat ion were of three 

types: control samples which had been cleaned with 
5 volume per cent (v/o)  HNO3 in acetone, anodes 
which were cleaned and then immersed for 180 sec in 
20 v/o CH3COOH in acetone and anodes which were 
cleaned and immersed for 60 sec in 25 v/o CH3COOH in 
acetone. All  three anode types were tested in single 
thermal  cell configurations and in  five-cell thermal  
batteries. 
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Anodes treated with other acetic acid concentrat ion-  
immersion time combinations, with acetic acid vapor 
and with acetic acid in Freon 113 (1,1,2 trichloro - 1,2,2 
tr if luoroethane),  were evaluated but  are not discussed 
here since these experiments  lead to results equivalent  
to those reported in this paper. 

Single cell tests.--The thermal  cell was of the type 
Ca/LiC1-KCl-CaCrO4/Fe. The over-al l  cell reaction is 
quite complex but  may be wr i t ten  in simplified form 
as 

3Ca -F 2CaCrO4-~ 5CaO H- Cr203 [3] 

The LiC1-KC1 eutectic electrolyte, the CaCrO4 cathod- 
ic depolarizer, and an iner t  silica binder  mater ial  
were mixed and pressed into a homogeneous pellet 
configuration. The binder  served to main ta in  the pellet 
dimensions even at temperatures  above the electrolyte 
mel t ing point. This depolar izer-electrolyte-binder  
(DEB) pellet was placed between a Ca anode and an 
Fe cathode to form a single cell. The cell was dis- 
charged by heating it between two electrically heated 
nickel platens from which the cell was electrically 
insulated. Constant platen temperatures  of 450 ~ 500 ~ 
550 ~ and 600~ were used in these investigations. 
These values are representat ive of actual temperatures  
experienced by cells inside an activated thermal  bat-  
tery dur ing  its operat ion (6). Cells were discharged 
through constant  resistance loads ranging in value 
from 2800 to 2 ohms, corresponding to approximate 
current  densities of 0.11 to 120 mA/cm 2. DEB pellets 
of various depolarizer, electrolyte, and binder  concen- 
trations were used in the tests. The single cell testing 
a r rangement  is shown in  Fig. 1. 

Dependent  variables measured included peak cell 
voltage under  load, cell capacity in amp �9 sec, the oc- 
currence of electrical noise and weight of CaLl2 alloy 
extruded from the Ca-DEB pellet interface. 
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Battery tests.--Calcium ~electrodes of each of the 
three types were also evaluated in five-cell thermal  
batteries. The five cells were stacked in series with 
the anode of one cell in contact with the cathode of 
the next  as shown in Fig. 2. Batteries were activated 
by means of an electrical match which ignited a zir-  
con ium-bar ium chromate fuze strip which in tu rn  
ignited i ron-potassium perchlorate heat -generat ing 
pellets. The heat -genera t ing  pellets contained an 
amount  of iron in excess of the stoichiometric mixture  
so that  they also served as the cathodes. The cell stack 
was surrounded with insulat ion and hermetically 
sealed in a th in  steel case. Batteries of this general 
type have been successfully used in the past to evalu-  
ate the effect of variables on performance (6). 

Batteries were tested at seven ambient  temperatures  
ranging from --54 ~ to 71~ Performance over this 
ambient  temperature  range is a common thermal  bat -  
tery requirement .  Batteries were activated and dis- 
charged with a high impedance load (approximately 
4 m A / c m  2) for 120 sec followed by a heavier load for 
the remainder  of the discharge. Approximate  current  
densities after the first 120 sec ranged from 16 to 155 
mA / c m 2. This type of discharge (high impedance load 
followed by a heavy load) is typical for thermal  bat -  
tery applications (3). If discharge rates are sufficiently 
high, much of the CaLi2 which forms will  be utilized 
electrochemically at the anode according to Reaction 
[4] 

CaLl2--> Ca +2 q- 2Li + q- 4e -  [4] 

Consequently,  under  very  l ight  loads (as employed 
dur ing the first 120 sec), the rate  of CaLi2 formation 
will be larger than  the rate of electrochemical uti l iza- 
tion, causing the shorting effects to be more pro- 
nounced. Voltage vs. t ime was monitored for each bat-  
tery; electrical noise was noted and batteries were 
disassembled after testing to allow measurement  of 
visible CaLl2 alloy. 

Results and Discussion 
Cell tests.--Typical cell test results are shown in 

Table I. Data at each condition represent  the average 
for at least three separate single cell discharges. These 
data show that  cells with treated anodes exhibi t  re-  
duced amounts  of extruded CaLi2 alloy and a cor- 
responding absence of electrical noise. With in  experi-  
menta l  error capacities of treated cells are equal to or 
greater  than capacities of cells with unt rea ted  anodes. 
This is par t icular ly  significant at 450~ where any 
effect of increased cell IR which might  be caused by 
the CaCO3 layer on the anode surface would be most 
severe. This effect probably  accounts for the differ- 
ences in peak voltages observed at 450~ No signifi- 
cant variat ion in peak voltage is observed at any other 
one temperature.  

Some discussion of the relat ionship between CaLi2 
alloy weight  and electrical noise is in order. The fact 
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Table I. Discharge data for single thermal cells with acetic acid treated calcium anodes 
Cell description: Ca/LiCI-KCI-CaCrO4/Fe 

October  1971 

A p p r o x i m a t e  
Ca t r e a t m e n t  c u r r e n t  Capacity  

Temp.  ( v / o  acet ic  (Reac t ion  d e n s i t y  Peak  v o l t a g e  to 2.0 V / c e l l  
(*C) acid)  t ime ,  sec) (mA-/cm21 iV) (A-sec) 

Weight  CaLi2 E lec t r i ca l  
e x t r u d e d  (rag) noise  

450 0 0 120 2.43 74 57 No 
450 20 180 120 2.33 140 2 No 
450 25 80 120 2.23 71 0 No  
500 0 0 0.11 2.88 >0 .6  43 Yes  
500 20 180 0.11 2.88 >0.6 15 No 
500 25 60 0.11 2.87 >0 .6  10 No 
550 0 0 60 2.60 278 60 No 
550 20 180 60 2.60 296 0 No 
600 0 0 0.11 2.91 0.06 85 Shorted 
600 20 180 0.11 2.89 0.47 55 No 
600 25 60 0.11 2.87 0.87 49 No 

that such a relationship does exist has been previously 
established (3). Also, in the present work it was pos- 
sible to visual ly observe in termi t ten t  and/or  perma-  
nent  shorting caused by the br idging of molten CaLi._, 
between anode and cathode. An inspection of dis- 
charged thermal  batteries fur ther  verified CaLi2 alloy 
as the cause of electrical noise. However, a quant i ta -  
tive correlation between alloy weight and electrical 
noise is not possible for two major  reasons. First, the 
weight of extruded CaLi2 alloy can be determined 
only semiquant i ta t ive ly  at best. The complete separa- 
t ion of the alloy from impuri t ies  (e.g. electrolyte, 
depolarizer, reaction products, etc.) is v i r tua l ly  im-  
possible. Furthermore,  in cases of prolonged cell short- 
ing, the alloy often ignites, becoming part ial ly or com- 
pletely oxidized. Secondly, the na ture  of the extruded 
alloy is a funct ion of the anode t reatment .  With un -  
t reated anodes, the CaLi2 tends to form in a few very 
large globules. However, for anodes treated with 
acetic acid the alloy is extruded as many  very small 
droplets. Consequently, the likelihood of result ing 
shorting is far greater for the larger globules even 
though the total weight of extruded alloy could be 
less. 

Battery tests.--One of the difficulties associated with 
thermal  batteries has been the inabi l i ty  to make ac- 
curate estimates of ba t te ry  performance based on 
single cell data. Consequently,  it has been the practice 
in thermal  bat tery technology to use single cell tests 
pr imar i ly  for rough screening evaluations. Any  mate-  
rials or processes selected on this basis must  then be 
thoroughly tested in actual  batteries. Because the 
present  work has as its goal an anode for practical use 
in thermal  batteries, an extensive evaluat ion of anodes 
in batteries was under taken.  Representat ive data for 

batteries are shown in Tables II and III. Each set of 
data represents the average of results for at least two 
separate batteries. 

Table II shows discharge data as a funct ion of tem- 
perature for batteries with each of the three Ca types. 
Comparison of untreated anodes with Ca anodes im- 
mersed for 180 sec in 20 v/o  acetic acid and showed the 
following: treated anodes resulted in decreased weight 
of extruded alloy; a corresponding decrease in elec- 
trical noise was observed except at 71~ where both 
treated batteries were noisy while 7 of 10 untreated 
batteries exhibited noise; cell capacities were not sig- 
nificantly affected by the t reatment .  The results for 
batteries with anodes treated for 60 sec in 25 v/o  acetic 
acid show that: alloy weight was fur ther  decreased; 
noise was el iminated and cell capacity was decreased 
markedly  only at --54~ This loss of capacity is due 
to IR at the anode-DEB pellet  interface caused by  the 
CaCO3 layer on the Ca. The IR drop becomes signifi- 
cant for h igh-cur ren t  densities at low temperature.  

In  order to determine the ma x i mum current  density 
which the treated anodes can sustain without  large 
capacity losses, a comparison was made of test results 
at --54 ~ and 71~ for unt rea ted  and treated Ca at a 
var ie ty  of current  densities. The data are shown in 
Table III. 

From this table it can be noted that  the treated 
anodes result  in less CaLi2 extrusion with a corre- 
sponding decrease or, in these cases, absence of noise. 
For treated anodes peak voltages are low at --54~ for 
the higher current  densities (147 and 155 m A / c m  2) 
due to resistance of the deposited CaCO3 layer. Bat-  
tery capacity at 71~ is general ly  improved by the 
acetic acid t reatment .  Untreated anodes suffer losses 
due to in te rmi t ten t  or pe rmanen t  shorting and also 

Table II. Discharge data as a function of temperature and treatment conditions 
for thermal batteries with acetic acid treated calcium anodes 

Cell description: Ca/LiCI-KCI-CaCrO4/Fe 
Current density: First 120 sect4 mA/cm 2 

After 120 sec--155 mA/cm 2 

Ca t r e a t m e n t  C a p a c i t y  to P e r  cent  of  
(v /o  acet ic  (Reac t ion  t ime,  A m b i e n t  t emp.  1,0 V / c e l l  W e i g h t  CaLi2 b a t t e r i e s  w i t h  

acid) sec) (~ (A -sec)  e x t r u d e d  (rag) e l ec t r i ca l  no i se  

0 0 --54 207 27 20 
20 180 -- 54 105 0 0 
25 60 -- 54 95 0 0 

0 0 - -40  238 18 0 
20 180 - -40  198 0 0 
25 60 --40 181 0 0 

0 0 -- 18 253 16 0 
20 180 -- 18 201 0 0 
25 60 - -  18 199 0 0 

0 0 7 260 35 0 
20 180 7 242 13 0 
25 60 7 226 3 0 

0 0 52 257 52 50 
20 180 52 226 30 0 
25 60 52 226 13 0 

0 0 60 275 60 50 
20 180 60 298 21 0 
25 60 60 318 9 0 

O 0 71 150 62 70 
20 180 71 114 29 100 
25 60 71 147 13 0 
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Table III. Discharge data as a function of current density for thermal batteries 
with acetic acid treated calcium anodes 

Cell description : Ca/LiCI-KCI-CaCrO4/Fe 
Current density: First 120 sec---4 mA/cm 2 

After 120 sec--As shown 
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A p p r o x i m a t e  
c u r r e n t  

Ca t r e a t m e n t  d e n s i t y  Capac i ty  to 1.0 V / c e l l  W e i g h t  CaLi2 
(v /o  acet ic  ~Reaction a f t e r  120 sec q A . sect e x t r u d e d  (mg) 

acid) t ime-sec)  ( m A / c m  e) ~i - -54~ ~t 71~ ~ - 5 4 ~  (w71~ 

Per cent of 
ba t t e r i e s  w i t h  Peak  vol tage  
electrical  noise under  load 

6' --54 ~ @ 71~ @ --54~ ~'71~ 

O 0 155 207 150 27 62 
25 60 155 95 147 0 13 

0 0 147 267 0 25 106 
25 60 147 210 236 0 56 

0 0 140 230 115 48 51 
25 60 140 206 199 3 4 
0 0 116 277 201 32 62 

25 60 116 255 222 0 30 
0 0 53 178 83 18 67 

25 60 53 140 177 0 32 
O 0 16 76 71 16 35 

25 60 16 72 94 0 24 

because of loss of active anode mater ia l  due to extru-  
sion of CaLi2. Capacity for treated cells at --54~ is 
only slightly less than for untreated,  except at 155 
mA/cm 2 where the decrease becomes very significant. 
Thus, treated anodes can be utilized over the complete 
tempera ture  range --54 ~ to 71~ without  significant 
loss of capacity or peak voltage for current  densities 
less than ~150 m A / c m  2. 

Chemical reactions.--The chemistry of this t rea tment  
is explained with the help of thermogravimetr ic  anal -  
yses and x - r ay  diffraction identification of compounds. 
The calcium anode and acetic acid react according to 
Reaction [5] 

3Ca q- 8CHjCOOH--> 3Ca(CHjCOO)2.2CHjCOOH 

-t- 3H2T [5] 

The double salt was identified by x-ray diffraction. 
The existence of this compound (3Ca(CH~COO)2. 
2CH3COOH) has been previously established (7). This 
material decomposes very slowly at room temperature 
and very rapidly above 170~ to form calcium acetate. 

Calcium acetate undergoes thermal decomposition 
at 400~176 to calcium carbonate (8) which is stable 
at the in terna l  bat tery operating temperatures.  Bat- 
teries may be assembled containing anodes coated 
with 3Ca(CHjCOO)2.2CHjCOOH or the anodes may 
be heated prior to assembly so that  either a 
Ca(CH3COO)2 or a CaCO8 coating exists. 

The first compound adheres well  to the calcium; 
however, the pressure generated within the bat tery 
due to the decomposition of the double salt dur ing 
bat tery activation may be undesirable.  In this case, 
the Ca(CHjCOO)2 or the CaCOs coated anodes could 
be employed, although adherence to the anode is only 
fair with Ca(CHjCOO)2 and poor with CaCOj. In any 
event, once the celI is activated thereby reaching tem-  
peratures in excess of 450~ the coating wil l  consist 
of CaCOs which is moderately  soluble in the LiC1-KC1 
eutectic electrolyte. (Rough measurements  in this 
laboratory show that  this solubili ty is approximately 
5g CaCOs/100g LiC1-KC1 eutectic at 550~ Thus, a 
relat ively high concentrat ion of Ca + + ions will  exist 
at the anode-electrolyte interface. This will  cause the 
equi l ibr ium in Reaction [1] to be shifted to the left, 
thereby retarding the formation of CaLi2 alloy (Re- 
action [2]). Attempts to accomplish this same effect 
by adding Ca + + ion (as CaC12 or CaCOj) to the elec- 
trolyte itself successfully reduced the rate of CaLi2 

20 70 11.90 12.35 
0 0 11.10 12.35 
0 lO0 11.90 
0 0 11.30 12.10 
0 0 11.'/5 11.50 
0 0 11.60 12.00 
0 50 12.55 12.40 
0 0 12.30 12.55 
0 IO0 12.95 12.20 
0 0 13.00 12.83 
0 50 13.25 13.48 
0 0 13,40 13.50 

formation; however, the mel t ing point of the electro- 
lyte was increased by this addition such that  the con- 
ductivi ty of the electrolyte and output of the cell were 
severely degraded. 

Conclusion 
This work demonstrates the practical improvements  

in thermal  batteries which resulted from reacting cal- 
cium anodes with acetic acid in a prescribed manner .  
The quant i ty  of extruded CaLi2 alloy was decreased, 
and the resul t ing electrical noise and shorting were 
vi r tual ly  eliminated. No significant det r imenta l  effect 
on cell capacity or voltage was noted except for dis- 
charges at 155 m A / c m  2 and --54~ The part icular  
acetic acid concentrat ion and reaction t ime necessary 
for application of the technique are dependent  upon 
the specific bat tery requirements.  The method has been 
successfully applied to several commercial thermal  
batteries (9) and should find application to future  
thermal  bat tery  requirements.  
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The Corrosion Behavior of Zn-22AI Alloy Sheet 
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ABSTRACT 

The corrosion behavior of three lots of annealed Zn-22A1 sheet mater ia l  
was compared with that of 380 a luminum die-casting alloy using four ac- 
celerated corrosion test environments :  100% relat ive humidi ty  at 120~ 100% 
relat ive humidi ty  at 120~ plus a trace of ammonia,  100% relative humidi ty  
at 120~ plus 100 ppm sulfur dioxide, and al ternate  immersion in 31/3% sodium 
chloride solution at room temperature.  Corrosion rates of the Zn-22A1 mate-  
rials as measured by weight change and metallographic evidence of subsur-  
face attack were considerably less than observed in the 380 a luminum die- 
casting alloy. In te rgranula r  attack was observed extending 2-4 mils beneath 
the surface in the Zn-22A1 mater ial  exposed to h igh-humidi ty  envi ronments  
except when sulfur  dioxide was present. In te rgranu la r  at tack appeared re-  
lated to the presence of a zinc-rich g ra in -boundary  phase. Although the 
corrosion behavior of Zn-22A1 mater ial  was not affected in most cases by ex- 
posure under  stress, one mater ia l  which was relat ively free of in te rgranular  
attack when exposed without stress developed cracks when exposed under  
stress. 

Zn-22A1 alloy sheet is present ly  being considered for 
use in applications where extensive forming is re-  
quired. When properly processed, this alloy shows 
superplastic behavior  and is readi ly formed into com- 
plex shapes (1, 2). After  forming, the alloy can be 
heat- t reated to a nonsuperplast ic  condition having at-  
tractive strength and creep resistance. The postform- 
ing hea t - t rea tment  is designed to produce a lamellar  
eutectoid microstructure composed of the two terminal  
solid-solution phases. [See ref. (3) for a recent discus- 
sion of the phase diagram of the a luminum-z inc  sys- 
tem.] 

The present  study was designed to examine the cor- 
rosion behavior of Zn-22A1 alloy sheet in this final 
heat- t reated condition. Since the alloy is expected to 
compete with a luminum die-cast components, at least 
in ini t ial  applications, the corrosion behavior was com- 
pared to that  of the 380 die-casting alloy (A1-8.5Si- 
3.5Cu). All  corrosion studies were conducted with ac- 
celerated-corrosion-test  procedures. 

Materials 
Sheet mater ial  at about 50 mil  thickness was used 

in this investigation. Three lots of mater ia l  were eval-  
uated, each of which had been processed somewhat 
differently. 

One lot of sheet mater ial  was processed by a com- 
mercial  supplier. - This sheet, referred to as direct-chil l  
material,  was cast as a 14-in.-thick direct-chil l  ingot, 
scalped heavily to remove high-zinc surface segre- 
gates, and rolled to sheet on a commercial  mill. 

The other two lots of sheet materials  were cast and 
fabricated to sheet in the laboratory. One lot, desig- 
nated as t i l t -mold  material,  was cast into a lY4-in.- 
thick preheated tilt mold and scalped to remove 62 
mils per side prior to rolling. The other lot, referred 
to as chi l l -mold material,  was cast into a lu  
eter copper ingot mold and processed to sheet without  
scalping. 

All three materials  were hot rolled in the high-  
tempera ture  single-phase field at about 650~ to an 
intermediate  thickness. A final cold reduction of about 
50% was used following quenching from the high- 
tempera ture  phase field. This t rea tment  placed the 
materials  in a superplastic state. Fol lowing this t reat -  
ment,  all materials  were heated to 650~ held ap-  
proximately  1 hr, and slow cooled at less than 30~ 

* E lec t rochemica l  Society Act ive  Member .  
K e y  words :  superp las t ie i ty ,  i n t e r g r a n u l a r  a t t ack ,  p i t t ing,  a l t e r -  

na te  ~mmersion,  h u m i d i t y  tests. 

min  to below 450~ to place the mater ia l  in  an opti- 
mum use condition. 

The direct-chil l  mater ial  showed evidence of alloy 
segregation in the central  region as shown in Fig. 1. 
Electron-probe studies showed this region to be high 
in zinc. Noticeable grain-size differences were appar-  
ent  among the three materials,  the direct-chil l  mate-  
rial  showing the largest grain size and the t i l t -mold 
mater ial  the finest. The coarseness of the lamellar  
eutectoid s tructure also varied among the three mate-  
rials. The direct-chil l  mater ial  appeared to have a 
coarser eutectoid s tructure than  the other two mate-  
rials. The eutectoid s tructure in this mater ia l  is shown 
in Fig. 2. The differences in eutectoid coarseness were  
a t t r ibuted to differences in the cooling rate following 
the 650~ anneal.  

The chemical composition of the three materials  is 
shown in Table I. The direct-chil l  mater ial  was of 
somewhat higher pur i ty  than the other two materials,  
and the chi l l -mold mater ial  was much lower in a lumi-  
num than desired: the in tended range was 21.5 to 22.5. 
Tensile properties of the three materials  shown in 
Table II indicated that  processing and compositional 
differences among these three materials  had a signifi- 
cant effect on strength and ductility. 

The 380 a luminum alloy samples exposed in the cor- 
rosion study for comparison purposes were obtained 

Fig. i. Microstructure of direct-chill Zn-22AI alloy sheet showing 
zinc-rich alloy segregation at the center of the sheet. 45X.  
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Table I. Composition of three Zn-22AI materials 

Mater ia l  
identif ication 

P e r  cent  by w e i g h t  

A1 Fe  Si Cu Mg 

Direct-chi l l  
Ti l t -mold  
ChiU-mold 

22.7 0.007 <=0.005 0.001 ~0.001 
22.1 0.049 0.04 0.005 ~0.001 
18.9 0.02 0.02 0.002 <=0.001 

Table II. Tensile properties of three Zn-22AI materials 

Tensi le  propert ies  of 50-rai l-thick sheet  

0.2% Offset Redue-  
y ie ld  U l t ima te  t ion 

Mater ia l  s t rength ,  s t rength ,  Elongation,  in 
identif icat ion psi  p~i % in 2 in. area, % 

Direct-chi l l  28,900 31,500 13 18 
Ti l t -mold 36,200 38,000 18 28 
Chil l-mold 29,200 30,300 16 16 

Fig. 2. Eutectoid structure in direct-chill alloy sheet adjacent to 
rolling surface. 540 X .  

from a th in -wa l l  commercial  die casting. Samples were 
cut from positions of the casting showing approxi-  
mately  50-mil thickness and exposed with the as-cast 
surface intact. The 380 alloy has a nomina l  composition 
of A1-8.5Si-3.5Cu and typical tension properties as 
die cast of: 

0.2% offset yield s t rength 24,000 psi 
u l t imate  tensile s t rength 48,000 psi 
elongation in 2 in. 3 % 

Corrosion-Test Procedures 
Four accelerated-corrosion test procedures were 

used to compare these materials :  
1. Continuous exposure to 100% relat ive humidi ty  at 

120~ 
2. Continuous exposure to 100% relat ive humidi ty  at 

120~ with a trace of ammonia  (1 ppm).  
3. Continuous exposure to 100% relat ive humid i ty  at 

120~ with 100 ppm sulfur  dioxide. 
4. Al te rna te  immersion in 31/2% sodium chloride 

solution (10 min  immersion followed by 50 rain drying 
in ambient  air) .  

Humidi ty  tests were conducted in cabinets meet ing 
Army-Navy-Aeronau t i ca l  Specification AN-H-31. Du-  
plicate samples measur ing  1 x 2 in. were cont inuously 
exposed for 100, 250, 500, and 1000 hr in each envi ron-  
men t  and examined for weight change, visual  appear-  
ance, and micros t ructura l  evidence of corrosion attack. 
Previous experience had shown that an adherent  film 
formed on those specimens exposed to 100% relat ive 
humidi ty  at 120~ However, as will  be noted later, 
some spalling occurred in humid air containing SO2 
and in 31/2% NaC1 solution. Because of the l imited 
amount  of material ,  replicate samples could not be 
removed at in termediate  exposure periods for descal- 

ing to determine weight loss. Nevertheless, the weight 
changes for spalling specimens did show trends and 
the data are reported for this purpose. 

The main  cri terion for evaluat ing corrosion perform- 
ance was a metal lographic examinat ion  of t ransverse 
cross sections (across the roll ing direction).  The ent i re  
periphery of the cross section was examined. Maxi-  
mum depth of pi t t ing or in te rgranu la r  attack was 
recorded. If selective at tack was observed, it was quite 
extensive. Only an occasional specimen exhibited an 
isolated area of selective attack. 

Some corrosion studies were performed under  stress. 
Cant i lever- loaded bend samples measur ing 6 x 1 x 0.05 
in. were loaded so as to produce measurable  creep 
dur ing the test and were exposed to selected high-  
humidi ty  environments .  U-bend  samples measuring 4 
x 0.5 x 0.05 in. were bent  over a 3/4-in.-diameter 
mandre l  and were exposed to a l ternate  immers ion in  
sodium chloride. The legs of the U-bend  specimens 
were pulled up parallel  using stainless steel nuts  and 
bolts inserted through holes at either end of the 
specimen. Teflon washers were used to insulate the 
nuts  and bolts from the specimens. The long axis of 
both types of specimens was paral lel  to the roll ing 
direction of the sheet. Both types of bent  beam speci- 
mens produced y ie ld-s t rength  stress levels in  the outer 
fibers on the tensile side of the specimens. 

Results 
The corrosion behavior  of the Zn-22A1 mater ia l  in  

100% relat ive humidi ty  at 120~ was not great ly af- 
fected by the presence of ammonia  as shown by the 
results after exposure in both env i ronments  in Table 
III. Exposure to these envi ronments  resulted in the 
formation of an adherent  gray film mott led with spots 
of white corrosion product. There  was l i t t le tendency 
for spalling in these materials.  A log-log plot of the 
weight -ga in  measurements  for the t i l t -mold  mater ial  
suggested that corrosion was following a cubic-ra te  
law. Based on the weight-gain  data, there did not ap- 

Table Ill. Corrosion behavior of Zn-22AI material in 100% relative humidity at 120~ 

M a x i m u m  
depth  of corrosion,  

mils, in 1000 hr  
Weigh t  gain,  m g / d m  2, in  

Mater ia l  A m m o n i a  Sur face  I n t e r g r a n u l a r  
identif icat ion p re sen t  100 h r  250 hr  500 hr  1000 h r  p i t t ing  a t tack  

Direct -chi l l  No 30 46 59 58 2 
Direct -chi l l  Yes 25 42 52 54 1 
Ti l t -mold  No 34 44 65 74 1.4 
Ti l t -mold  Yes 37 53 59 77 2 
Chi l l -mold Yes 30 41 44 50 0 
380 A1 alloy No 131 105 97 110 0 
380 A1 alloy Yes 100 116 124 125 0 

0 a 
0 
3 
4.2 
2.8 
3 
3 

a One area s h o w i n g  some  i n t e rg r anu l a r  a t tack  was  noted, bu t  i t  w a s  obvious ly  an  isolated occurrence.  
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Fig. 3. Intergranular attack in the Zn-22AI sheet (tilt-mold 
material) after exposure to 100% relative humidity for 1000 hr. 
345 •  

pear  to be a large difference in the rate  of corrosion 
among the three Zn-22A1 materials.  All  three were  
corroded to a lesser ex ten t  than the 380 a luminum 
alloy. 

Metal lographic examinat ion  of the corrosion sam- 
ples af ter  exposure  showed two distinct types of at-  
tack, surface pi t t ing and in te rgranula r  attack. The 
appearance of in te rgranula r  at tack in a Zn-22A1 mate -  
rial is shown in Fig. 3. Both types of at tack were  
localized and were  found under  areas showing obvious 
corrosion product  buildup. Measurements  of the maxi -  
mum depth of pit t ing and of in te rgranular  at tack after 
1000 hr of corrosion are presented in Table III. The 
t i l t -mold  and chi l l -mold  mater ia ls  showed severe in- 
t e rgranula r  attack, but there  was l i t t le evidence of this 
type of at tack in the d i rec t -chi l l  mater ia l  at the con- 
clusion of 1000 hr of exposure. The a luminum alloy 
also showed in te rgranula r  attack. Pi t t ing was about 
equal ly  severe in the direct-chi l l  and t i l t -mold  mate -  
rials, but was not observed in ei ther  the chi l l -mold 
mater ia l  or in the 380 a luminum alloy. 

Backscat ter  scanning electron microscope studies 
suggested that  in tergranular  at tack in the Zn-2zA1 
mater ia l  was related to the presence of a zinc-r ich 
g ra in -boundary  phase. This technique readi ly  dis- 

t inguishes be tween zinc-r ich and a luminum-r ich  
phases. The zinc-r ich phase fluoresces, appearing light 
in the micrographs,  while  the a luminum-r ich  phase 
remains dark. The appearance of the g ra in -boundary  
phase in the t i l t -mold  mater ia l  is compared with  that  
in the di rect -chi l l  mater ia l  in Fig. 4. The chi l l -mold  
mater ia l  also was found to contain a z inc-r ich grain-  
boundary  phase in the mater ia l  adjacent  to the sur-  
face. Zinc segregation in surface regions of these mate -  
rials apparentIy  occurred dur ing casting and was not 
complete ly  removed by scalping pr ior  to rol l ing to 
sheet. Low aluminum, such as present in the chil l-  
mold material ,  should have magnified this problem. 
The lesser depth of in te rgranular  at tack in chi l l -mold 
mater ia l  was a t t r ibuted to the form of the zinc-r ich 
g ra in -boundary  phase which, as shown in Fig. 5, was 
less continuous than that  observed in the t i l t -mold  
material .  

After  detection of in te rgranular  at tack in these ma-  
terials, samples of the di rect -chi l l  and the t i l t -mold  
mater ia ls  previously exposed for 1000 hr  in the 100% 
humidi ty  env i ronment  containing ammonia  were  re-  
tu rned  to the corrosive env i ronment  for an additional 
500 hr to provide a total  exposure  of 1500 hr  to de ter -  
mine if the depth of in te rgranular  penetra t ion would 
increase. Weight  gains after 1500 hr  were  62 and 80 
mg/dm",  respectively.  Metallographic examinat ion  of 
these samples showed in tergranular  at tack to .a  max i -  
mum depth of 4.4 mils in the t i l t -mold  material ,  not 
great ly  different than the 4.2-mil depth of pit t ing ob- 
served after  1000 hr. A few in te rgranular  penetrat ions 
were  noticed after  1500 hr, up to 3.2 mils deep, in one 
side of the d i rec t -chi l l  material .  Because of their  lo- 
calized nature,  it is suspected that  they  resul ted f rom 
a random high-zinc region ra ther  than f rom the in- 
creased exposure time. 

Cant i lever- loaded bend samples of the Zn-22A1 ma-  
terials were  stressed so as to produce measurable  creep 
during exposure and were  examined  after  1000 hr  of 
exposure to de termine  if stress accelerated in te rgranu-  
lar penetration.  Both the depth of pit t ing and the 
m a x i m u m  depth of in te rgranular  at tack tended to be 
lower  on the compression surface than on the tension 
surface, as shown in Table IV. Comparison with  the 
data in Table III shows that  stress did not increase the 
depth of in tergranular  attack in ei ther  the chi l l -mold  
or the t i l t -mold  material ,  but did result  in in te rgranu-  
lar at tack in the direct-chi l l  mater ia l  which, in un-  
stressed exposure, was re la t ive ly  free of in te rgranular  
attack. Measurements  of depth of pit t ing under  stress 
did not compare well  wi th  those made on unstressed 

Fig. 4. Back-scatter scanning electron micrographs showing grain-boundary phases near the surface of Zn-22AI material. Both samples 
exposed for 100 hr to a 100% relative humidity environment containing ammonia. (a, left) Zinc-rich (light) phase in tilt-mold material 
(note intergranular attack). 695 X .  (b, right) ALuminum-rich (dark) phase in direct-chill material. 695)<. 
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Table IV. Effect of stress on the corrosion behavior of Zn-22AI material 
exposed to lC0% relative humidity at 120~ 

M a x i m u m  d e p t h  of  corrosion penetrat ion  in I000 hr, mi l s  
Deflect ion,  

M a t e r i a l  A m m o n i a  in. ,  in  Sur face  pzt t ing  I n t e r g r a n u l a r  a t t a c k  
identif ication p r e s e n t  1000 h r  a Tens ion  s ide  C o m p r e s s i o n  s ide  Tens ion  s ide  C o m p r e s s i o n  s ide  

Direct -chi l l  No 0.43 1.0 0.8 1.1 0.5 
Yes  0.46 0.S 1.0 3.0 0 

T i l t - m o l d  A i r  t e s t  ~ 0.86 
No o.81 o o 3.5 2.4 
Yes  0.94 0.4 0 4.2 2.4 

C h i l l - m o l d  Yes 0.36 2.0 0 3.0 1.6 

a M a x i m u m  c a l c u l a t e d  (elast ic)  f iber  s t ress  in  b e n d i n g  was  2000 psi.  Deflect ion was  measured  at the tip of  a 5 - in . - long  c a n t i l e v e r  beam.  
b Exposed  at  120~ in  normal  laboratory air .  

samples. Based on one comparison, that  for t i l t -mold  
material ,  corrosion did not appear  to affect the creep 
rate. 

The corrosion product  developed on zinc-base mate -  
rials in a h igh-humid i ty  env i ronment  containing sulfur 
dioxide is water  soluble. As a result, as shown in Table 
V, the Zn-22A1 mater ia l  exposed to this env i ronment  
exhibi ted a loss in weight.  Pi t t ing was more severe in 
this env i ronment  than observed in h igh-humid i ty  en- 
v i ronments  free of sulfur dioxide. Based on depth of 
pitting, and on the weigh t  gain measured for the 380 
a luminum alloy, the sulfur d ioxide-conta ining en-  
v i ronment  was more corrosive than the other  high-  
humidi ty  environments .  However ,  no in te rgranular  at-  
tack was observed. 

The most corrosive env i ronment  examined was 
a l ternate  immers ion in a 31/~ % sodium chloride solu- 
t ion at room tempera tu re  as shown in Table  VI. Heavy  
corrosion deposits were  rapidly  developed, and spall-  
ing occurred ear ly  in the test series. The weight  gain 
exhibi ted by the 380 a luminum die-cast ing alloy was 
much greater  than that  observed in the two Zn-22A1 
materials.  Al though the difference was not large, the 
corrosion rate  appeared somewhat  greater  in the t i l t -  
mold than in the direct-chi l l  material .  Metal lographic 
measurements  suggested f rom 1 to 3 mils of general  
surface react ion occurred in the Zn-22A1 mater ia ls  
during 1000-hr a l t e rna te - immers ion  exposure. Nei ther  
Zn-22A1 mater ia l  showed in te rgranula r  at tack in al-  
te rna te  immersion, but  deep surface pit t ing was ob- 
served. Metal lographic examinat ion  of pits formed in 
Zn-22A1 mater ia l  showed some evidence of in te rgranu-  
lar penetrat ions along the per iphery  of the corrosion 
pit. As shown in Table VI, severe in tergranular  at tack 
was observed in the 380 a luminum alloy in this en-  
vironment .  

U-bend  samples of the di rect -chi l l  and t i l t -mold  
Zn-22A1 mater ia ls  were  also exposed to a l ternate  im- 
mersion in the 31/2% sodium-chlor ide  solution. The 
depth of surface pit t ing was less in the stressed con- 

dition, and no evidence of in te rgranular  at tack was 
observed as a result  of exposure  under  stress. 

Sheet mater ia l  f rom the direct-chi l l  ingot was also 
exposed to accelerated corrosion test  env i ronments  in 
the superplastic condition, that  is, prior  to the final 
anneal ing t reatment .  In all cases, the amount  of cor-  
rosion was less than that  observed with  annealed ma-  
ter ial  as indicated both by weight  gain and by visual  
appearance. 

C o n c l u s i o n s  

The conclusions resul t ing f rom these studies are as 
follows: 

1. Zn-22A1 sheet mater ia l  in the nonsuperplast ic  use 
condition showed considerably less corrosion in several  
accelerated corrosion tests than did 380 a luminum die- 
casting alloy. The corrosion envi ronments  were  100% 
humidity at 120~ including selected contaminants in 
two exposures, and alternate immersion in 31/z% so- 
dium-chloride solution. Alternate immersion was the 
most severe corrosion environment of those studied. 

2. Surface pitting and intergranular attack accom- 
panied corrosion. Intergranular attack was encoun- 
tered in two of the three high-humidity environments 
studied, but not in alternate immersion. Intergranular 
attack appeared to be related to the presence of a 
continuous zinc-rich grain-boundary phase. 

3. Stress did not increase the depth of intergranular 
attack in those materials showing this type of corro- 
sion in unstressed tests, but did result in some inter- 
granular attack in one Zn-22A1 material which was 
relatively free of this attack in unstressed tests. 

Table V. Corrosion behavior of Zn-22AI material in a 100% 
relative humidity environment containing 100 ppm sulfur dioxide 

M a x i m u m  d e p t h  of  
cor ros ion ,  mi ls ,  

in  1000 h r  

M a t e r i a l  W e i g h t  ga in ,  m g / d m  2, in  I n t e r -  
iden t i f i -  S u r f a c e  g r a n u l a r  
ca t ion  i00  h r  250 h r  500 h r  1000 hr p i t t ing  a t t a c k  

Direct-chill --21 --22 --23 --40 3.2 0 
Tilt-mold --11 --8.4 --5.7 --5.7 4.0 0 
380 A1 alloy 87 118 177 176 I0.0 0 

Table VI. Corrosion behavior of Zn-22AI materiM in alternate 
immersion in 3Vz% sodium chloride solution 

M a x i m u m  depth  of  
corros ion ,  mils ,  

in  1000 h r  

M a t e r i a l  W e i g h t  ga in ,  m g / d m  e, ~n I n t e r -  
iden t i f i -  S u r f a c e  g r a n u l a r  
ca t ion  100 h r  250 h r  500 h r  1000 h~- p i t t i n g  a t t a c k  

Direct-chill 73 51 251 957 12 0 
Tilt-mold 75 80 271 1700 8 0 
380 A1 a l loy  754 2250 3500 3510 10 >25  a 

Fig. 5. Back-scatter scanning electron micrograph of the chill- ,, Intergranular attack traversed the sample thickness in same 
mold material before corrosion exposure. 575 •  areas. 
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ABSTRACT 

A l u m i n u m  was e lect rodeposi ted  onto metal l ic  subs t ra tes  f rom a number  
of e lectrolytes  consist ing essent ia l ly  of an A1Br3 solute of commercia l  pur i ty  
and technical  g rade  a lky l  benzene solvents or solvent  mixtures .  1 Bright ,  fine- 
grained,  adheren t  a luminum coatings were  obta ined  at  cathode efficiencies 
of the o rder  of 70-85% and at anode efficiencies approaching  100%. Specific 
conductance of the e lect rolytes  was 1-3 x 10-3 ohm-1  cm-1  whi le  appl ied  po-  
tent ia ls  of 3-6V provided  cur ren t  densit ies of 10 m A / c m  2. The most effective 
solvents  were  those of the  e thylbenzene  family.  E thy lbenzene  solvents are  also 
effective in promot ing  pla t ing with  other  solvents  pa r t i cu la r ly  benzene, 
toluene, and xylene.  Technical  grade  solvents  in equ i l ib r ium wi th  a tmospher ic  
mois ture  were  successful ly employed  throughout  the tests. 

A l u m i n u m  is in m a n y  ways  almost  ideal  as a coating 
metal .  Whi le  its coherent  oxide film makes  it h ighly  
corrosion resistant ,  it  can be made  even more  res is t -  
ant  by  anodizing it wi th  coatings which may  be dyed 
to a t t rac t ive  shades of color. A l u m i n u m  is a ducti le  
meta l  wi th  good e lect r ica l  and the rma l  conduct ivi t ies  
yet, by  anodizing, a coating of h igher  insula t ing char -  
acterist ics  can be applied.  I t  is not  surprising,  the re -  
fore, tha t  m a n y  a t tempts  have  been made  to deposi t  
it  onto other  metals .  

The e lect rodeposi t ion of a luminum has proven  to be 
ex t r eme ly  difficult and only  l imited commerica l  suc- 
cess has been at tained.  The pr inc ipa l  reason is tha t  
a luminum,  because of its high posi t ion in the e lec t ro-  
mot ive  series, is not  eas i ly  deposi ted from aqueous 
solutions. Hydrogen  gas is evolved before the appl ied  
potent ia l  is sufficiently high to deposi t  a luminum.  

The we l l - known  Hal l  process for the product ion of 
metal l ic  a luminum avoids this p rob lem by ut i l iz ing 
a lumina  dissolved in mol ten  cryol i te  as the  e lectrolyte .  
S imi la r  fused-sa l t  procedures  have been devised for 
e lec t ropla t ing  a luminum by which  mol ten  a luminum 
salts, usua l ly  the  chlor ide  or the  bromide,  are  dis-  
solved in var ious  inorganic  and organic salts such as 
potass ium chloride,  sodium chloride,  and e thyl  py r id i -  
n ium bromide.  Molten salt  e lec t ropla t ing  has not, how-  
ever, found any  large  scale appl ica t ion  due, most 
l ikely,  to the complex i ty  of the  procedures  and to un-  
even p la t ing  quali ty.  

Some ear ly  inves t igators  c la imed tha t  a luminum 
could be deuosited f rom aqueous solutions (1-3). None 
of thei r  findings could be verified, however ,  and no 
aqueous process has ever  been successful. The analogy 
be tween  ammonia  and wa te r  led other  worke r s  (4) to 

* Electrochemical  Society Act ive  Member.  
Key  words:  a luminum,  deposition, organic electrolyte, electro- 

deposition. 
1 Patent  application filed (1970). 

a t t empt  to e lectrodeposi t  a luminum f rom l iquid am-  
monia. Again, no success was recorded f rom these 
systems. 

I t  was soon recognized tha t  mois ture  should be ab-  
sent for the  successful e lect rodeposi t ion of a luminum.  
It  was natural ,  then, to tu rn  to organic solvents  to 
provide  a sui table  room t empera tu r e  e lectrolyte .  

Invest igat ions  into a luminum electrodeposi t ion from 
organic e lec t ro ly tes  up to 1967 have been comprehen-  
s ively  rev iewed  by  Brenner  (5, 6). In  brief,  the sol- 
vents  and solutes employed  to date  can be classified 
as: 

Solutes:  (a) A l u m i n u m  halides.  
(b) A l u m i n u m  organo compounds.  

Solvents :  (a) E thy l  b romide  wi th  or wi thout  an 
aromat ic  (7-14). 

(b) Amino -a roma t i c  (15-17). 
(c) Ether  (18-27). 
(d) Amino or amide  wi th  or wi thout  

e ther  (28-31). 
(e) Aromat ic  (32-36). 

The most  successful  e lect rolytes  of each of these 
solvent groups are  shown in Table  I. Al l  solvents  and 
solutes used in the electrolytes ,  wi th  the  except ion of 
the technical  grade  xy lene  used by  Simanavic ius  were  
anhydrous  and reagent  grade.  

As is indica ted  in Table I the  e lect rolytes  have  been 
ex t r eme ly  react ive  (e thyl  b romide  e lec t ro ly tes) ,  in-  
f lammable  (e ther  and e therea l  e lec t ro ly tes) ,  ex t r eme-  
ly  sensi t ive to mois ture  or oxygen,  or the  p la t ing  
qual i ty  has been ra the r  poor. These d rawbacks  have 
p reven ted  prac t ica l  acceptance of the organic e lec t ro-  
lytes. 

I t  has been the object  of the  presen t  w o r k  to con- 
t inue the  search for prac t ica l  room t empera tu r e  elec-  
t ro ly tes  for the  deposi t ion of a luminum.  
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Table I. Summary of the most successful electrolytes based on previous solvent types 

Type Investigators Solvent Solute Results and comments 

Ethyl  b romide  Blue and Mathers  tl0, 12) Benzene A1Br3 
Xylene  
Ethyl bromide  A1Cla 

Amino-a romat ic  Wier and Hur ley  (15) Ethyl  pyrictinium A1Cla 
Bromide + toluene 

Eth er  

Amino-e the r  

Aromat ic  

Couch and Brenner (22) 

Menzies and Salt (31) 

Simanavicius and Levinskiene (35, 36) 

Diethyl  e ther  A1Cla 
LiI'I 

Butyl  amino ether  AICI~ 

O-m-and P xylene AIBrs 

G r a y  a l u m i n u m  deposits. Violent reac-  
tion dur ing  preparat ion.  HBr  evolution 
d u r i n g  electrolysis (18), 
Very conduct ive electrolyte but  v e r y  
sensit ive to mois ture  and oxygen.  U n -  
d e r g o e s  e l e c t r o l y t i c  d e c o m p o s i t i o n  (22). 
Deposits da rk  and  br i t t l e  (18), solvent  
expensive.  
Excel lent  a l u m i n u m  deposits. Electro- 
lyte undergoes  electrolytic decomposi-  
tion (5) a t  the anode. Too i n f l a m m a b l e  
for  industr ial  uses. 
Bath difficult to prepare.  S u b l i m a t i o n  
of the solute and complete  exclusion 
of mois ture  f rom the s o l v e n t  w a s  re-  
quired (31). 
Deposits were  dark  g ray  (36). H y d r o -  
g e n  evolution at the c a t h o d e .  

Criteria for Potential Electrolytes 
In choosing solvents potent ial ly useful for plat ing 

a luminum,  the two main  criteria considered were: the 
abi l i ty  of the solvent to dissolve an a luminum salt; 
and the abi l i ty  of the electrolyte to release a luminum 
from its ion dur ing electrolysis. 

The dissolution of an a luminum salt into an organic 
solvent will  take place through the formation of a 
mutua l  coordination bond between solvent and solute, 
i.e. the solute will act as a Lewis acid and the solvent 
as a Lewis base. Successful solvents wil l  likely, there-  
fore, be of this Lewis base type. 

On the other hand, the electrolyte must  be able to 
release a luminum from its ion dur ing electrolysis and 
thus, solvents which can be used successfully to plate 
a l u m i n u m  will  be those containing relat ively weak 
coordination centers (5), for example, the oxygen 
atom of an ether or the double bond of an aromatic 
hydrocarbon. Solvents  with more unsa tura ted  and 
hence stronger coordination centers such as ni t rogen 
or carbonyl  groups, will  form too stable an a luminum 
complex, and a luminum wil l  not be released from the 
complex upon electrolysis. 

Solvents which have no coordination ability, e.g. 
aliphatic hydrocarbons,  will  not, however, form suit-  
ably conductive solutions. 

The fact that  aromatic hydrocarbons have sui tably 
weak coordination centers and the evidence that some 
init ial  success had been obtained with xylene indi-  
cated that  an invest igat ion into alkyl benezene sol- 
vents would be in  a logical direction. The most suit-  
able solutes appeared to be the simplest, i.e. a luminum 
halides. 

The invest igat ion was centered upon finding prac- 
tical electrolytes, and for this reason technical  grade 
solvents and solutes were employed throughout  the 
work. 

Experimental 
The exper imental  invest igat ion was divided into two 

sections: (a) An exploratory program in which the 
suitabil i ty of a number  of types of electrolytes for 
a luminum electrodeposition was investigated. (b) A 
more detailed s tudy of two of the more effective elec- 
trolyte systems. 

Exploratory Investigation 
The exploratory invest igat ion focused upon b inary  

electrolytes consisting of an aromatic hydrocarbon 
and an a luminum halide, usual ly  a luminum bromide. 
If the b inary  electrolyte appeared to be promising, a 
more common and less expensive solvent, e.g. benzene 
or toluene was added to the electrolytes and its be-  
havior was tested. 

In  brief, the s tudy consisted of a series of experi-  
ments  in which a luminum was plated onto a copper 
cathode from an a luminum anode via the various ex- 
per imental  electrolytes. All  experiments  were carried 
out under  near  identical conditions so that  the behavior 
of the electrolytes could be directly compared. 

Apparatus.--The electrolytic cell consisted of a 180 
ml  electrolytic Pyrex  beaker  and a cover of t rans-  
parent  acrylic plastic (Fig. 1). The cover was ma-  
chined and an "O" r ing provided complete sealing of 
the cell. 

The anode was 1 m m  sheet a luminum in the form 
of a hollow cylinder 2 in. long and 1.27 in. ID, pro- 
vided with regular ly  spaced 0.2 in. holes at 1/4 in. in-  
tervals. An a luminum stem 5 in. long and Ya in. wide 
held the anode in the beaker  cover. A copper cathode 
7 in. long, 1/2 in. wide, and 0.5 mm thick was placed 
central ly  inside the anode. 

Potentials  applied dur ing electrolysis were measured 
by a high impedence "Tacusser '  (Solea, Lyon, France)  
electronic mil l ivol tmeter  Type 570AS, and currents  
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Fig. i. Electrolytic cell. A, dry argon inlet; B. argon outlet; C, 
acrylic plastic cover; D, electrical contacts; E, 180 ml electrolytic 
beaker; F, electrolyte; G, aluminum anode; H, copper cathode. 
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Table II. Summary of results of the exploratory investigation 

October I971 

Gas 
Solvents evolution Plating quality Results and comments 

Benzene --  Nonmetallic 
Bromobenzene - -  Nonmetallic 
Toluene None Poor 
Xylene H2 Fair 
Ethylbenzene None Very good 
Ethylbenzene-toluene (1:1) None Excellent 

Ethylbenzene-benzene (1:1) None Good 
Ethylbenzene-xylene (1:1) H2 Good 
Ethylbenzene-eymene (1:1) None Good 
Ethylbenzene-bromobenzene (1 : I) None Good 
Diethylbenzene None Very good 
Diethylbenzene-toluene (1:1) None Excellent 

Diethylbenzene-benzene (I:1) None Good 
Triethylbenzene None Fair 
Triethylbenzene-benzene (1:1) ~ Poor 
Trimethylbenzene (mesitylene) H2 Good 
Trimethylbenzene-benzene (1:1) H2 Fair 
Tetramethylbenzene (durene) 

20% in toluene H2 Good 
20% in benzene - -  No plating 

Isopropylbenzene None Good 
Isopropylbenzene-benzene (1:1) None Good 
Isopropylbenzene-toluene (1:1) None Good 
Me thylisopropYlbenz ene (cymene) ~ Poor 
Cymene-benzene - -  No plating 

w e r e  r e c o r d e d  o n  a c a l i b r a t e d  " T a c u s s e l "  m i l l i a m -  
m e t e r ,  T y p e  MAR298.  

Materials.--Copper c a t h o d e :  Co ld  r o l l e d  c o p p e r  shee t ,  
m a n u f a c t u r e d  to  SAET1 ( 9 9 . 9 + %  c o p p e r ) .  A l u m i n u m  
A n o d e :  A l c a n  a l u m i n u m  s h e e t  2S g r a d e  ( 9 9 + %  
a l u m i n u m ) .  A l u m i n u m  B r o m i d e :  A n h y d r o u s ,  t e c h n i -  
cal  g rade .  A l f a  I n o r g a n i c s  Inc.,  B e v e r l y ,  M a s s a c h u s e t t s .  
E t h y l b e n z e n e :  T e c h n i c a l  g rade .  M a t h e s o n ,  C o l e m a n  
a n d  Bell ,  N o r w o o d  ( C i n c i n n a t i ) ,  Ohio.  T o l u e n e :  C o m -  
m e r c i a l  g rade .  C h e m i c a l  d i v i s i o n  of  t h e  Esso  I m p e r i a l  
Oi l  C o m p a n y ,  M o n t r e a l .  B e n z e n e :  R e a g e n t  g rade .  
F i s h e r  Scient i f ic ,  M o n t r e a l .  D i e t h y l b e n z e n e ,  T r i e t h y l -  
b e n z e n e ,  T r i m e t h y l b e n z e n e ,  C u m e n e ,  D u r e n e ,  C y m e n e ,  
X y l e n e :  T e c h n i c a l  o r  p r a c t i c a l  g rade .  T h e  E a s t m a n  
O r g a n i c  C h e m i c a l s ,  R o c h e s t e r ,  N e w  York .  A r g o n :  
T e c h n i c a l  g rade ,  99.99% Ar ,  20 p p m  N2, 20 p p m  O2, 10 
p p m  H2, L ' A i r  L i q u i d e  C a n a d a  Lt~e.,  M o n t r e a l .  

Procedure.--The e l e c t r o l y t e  w a s  p r e p a r e d  b y  p l a c i n g  
50g of A1Br3 in  a d r i e d  e l ec t ro ly s i s  b e a k e r  f o l l o w e d  
i m m e d i a t e l y  b y  t h e  a d d i t i o n  of  70 m l  of  s o l v e n t  to  g ive  
a s o l u t i o n  of  a p p r o x i m a t e l y  25 m o l e  p e r  c e n t  ( m / o )  or  
45 w e i g h t  p e r  c e n t  ( w / o )  A1Brs  fo r  m o s t  e l ec t ro ly t e s .  
A T e f l o n - c o v e r e d  m a g n e t i c  b a r  w a s  p l a c e d  i n to  t h e  
b e a k e r ,  t h e  c o v e r  a n d  e l e c t r o d e s  w e r e  f i t ted,  a n d  a 
f low of  d r y  a r g o n  t h r o u g h  t h e  b e a k e r  w a s  s t a r t ed .  T h e  
s o l u t i o n  w a s  s t i r r e d  u n t i l  t h e  A1Brs  d i s so lved .  

C o n t r a r y  to t h e  e x p e r i e n c e  w i t h  t h e  p r e p a r a t i o n  of 
a n u m b e r  of p r e v i o u s  e l e c t r o l y t e s  (18) ,  no  v i o l e n t  r e -  

Only asphalt like mater2al plated. 
Only asphalt like material plated. 
Black deposits. 
Dark gray coatings. 
Cathode efficiency up to 80%. 
Improved electrolyte performance over 
ethylbenzene alone. 

Cathode efficiency up to 75%. 
Improved electrolyte performance over 
diethylbenzene alone. 

Low cathode efficiency (20%). 
Black coating. 
Cathode efficiency up to 75%. 

Durene is solid at room temperature. 

Black coating. 

a c t i o n s  o c c u r r e d  d u r i n g  p r e p a r a t i o n  a n d  no  coo l ing  
w as  r e q u i r e d .  

T h e  e l e c t r o d e p o s i t i o n  w a s  c a r r i e d  o u t  a t  10 m A / c m  ~ 
w i t h  3 -6V u s u a l l y  r e q u i r e d  to  p r o d u c e  t h i s  c u r r e n t  
dens i ty .  T h e  p l a t i n g  w a s  p e r f o r m e d  fo r  11/2 h r  w h i l e  
t h e  s o l u t i o n  w as  g e n t l y  s t i r r ed .  A f t e r  e l e c t ro l y s i s  t h e  
c o v e r  w as  r e m o v e d  a n d  t h e  e l e c t r o d e s  w e r e  i m m e r s e d  
in  a w a t e r  a n d  t h e n  a n  a c e t o n e  b a t h .  T h e  e l e c t r o d e s  
w e r e  w e i g h e d  b e f o r e  a n d  a f t e r  e a c h  e x p e r i m e n t .  

Operating conditions.--Conditions k e p t  c o n s t a n t  
d u r i n g  t h e  e x p l o r a t o r y  t e s t s  w e r e :  (A )  E l e c t r o d e s :  
I d e n t i c a l  e l e c t r o d e s  w e r e  u s e d  in  a l l  tests ,  i m m e r s e d  
to t h e  s a m e  d e p t h  in  t h e  e l ec t ro ly t e .  T h e  c o p p e r  
c a t h o d e s  w e r e  c l e a n e d  in  1/3  HNO3;  1/3  H3PO4; 1/3  
CH:~COOH b e f o r e  a l l  tests .  (B )  T h e  e l e c t r o l y t e  in  e a c h  
t e s t  w as  c o m p o s e d  of  45 w / o  A1Br3 a n d  55 w / o  so lven t .  
A p p r o x i m a t e l y  90 m l  of e l e c t r o l y t e  w e r e  u s e d  in e a c h  
test .  (C)  O p e r a t i n g  t e m p e r a t u r e :  25 ~ _+ 5~ (D)  Cop-  
p e r  c a t h o d e  i m m e r s i o n  a r ea :  10 • 0.5 c m  2. (E)  C u r -  
r e n t  d e n s i t y :  c a t h o d e  c u r r e n t  d e n s i t y  w a s  t h e  o p e r a t -  
ing  p a r a m e t e r  h e l d  c o n s t a n t  in  a l l  e x p l o r a t o r y  tes ts .  
T h e  c u r r e n t  d e n s i t y  w a s  10.0 _+ 0.1 m A / c m  2 b a s e d  u p o n  
t h e  i m m e r s i o n  a r e a  of t h e  c o p p e r  c a t h o d e  a t  t h e  be -  
g i n n i n g  of  e a c h  tes t .  

Results.--The r e s u l t s  of  t h e  e x p l o r a t o r y  t e s t s  a r e  
s u m m a r i z e d  in  T a b l e  II. T h e  a p p e a r a n c e  of  t h e  a l u m i -  
n u m  coa t i ngs  f r o m  se l ec t ed  e l e c t r o l y t e s  is s h o w n  in  
Fig. 2. T h e  t h i c k n e s s  of  t h e  a l u m i n u m  d ep o s i t  o n  t h e  
e t h y l b e n z e n e  s p e c i m e n  is 0.5 rail .  

Fig. 2. Appearance of alu- 
minum coatings from selected ex- 
ploratory electrolytes. 
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The plat ing performance recorded in Table II is 
qualitative, and it has been estimated on the basis of 
appearance of the coating, its adherence to the sub- 
strate, and the consistency of performance of the 
electrolyte. 

The tests clearly indicated that  solvents in the ethyl-  
benzene family are the most promising for a luminum 
plating. Pla t ing qual i ty has been the best with electro- 
lytes based upon ethylbenzene and diethylbenzene, 
and a major i ty  of electrolytes based on these solvents 
avoid gas evolution. Tests using al ternat ive metal  
substrates (mild steel, brass, plat inum, a luminum)  
were equal ly successful with these electrolytes. 

A l u m i n u m  chloride and a luminum iodide were also 
tested in the exploratory program but  both resulted 
in black deposits and cathode current  efficiencies of 
less than  20%. 

Detailed Study ot Systems: Ethylbenzene-Xylene-AIBr3 and 
Ethylbenzene - Toluene-AIBr3 

The ethylbenzene family of solvents was the most 
promising found during the exploratory exper iments  
and thus a detailed s tudy of e thylbenzene electrolytes 
was made. The main  factors considered were plat ing 
quality,  electrode efficiencies, and electrolyte conduc- 
tivity, while  the principal  variables were electrolyte 
usage time, A1Br3 concentration, and the effect of 
adding less costly solvents to e thylbenzene based 
electrolytes. 

Apparatus.--The apparatus in the detailed study 
was similar to that  in Fig. 1 with the exception that 
two flat a l uminum anodes (1�89 cm wide, 1 mm thick, 
and 18 cm long) were placed on either side of the 
copper cathode (1 cm wide, 0.5 mm thick, 18 cm long) 
through a Teflon cover. A 400 ml  electrolysis beaker 
was employed, the usual  electrolyte volume being 300 
ml. 

Conductivi ty determinat ions were made with a 
"Tacussel" direct reading conductimeter  Type CD7A 
(Solea, Lyon, France)  at a f requency of 5000 Hz 
using "Tacussel" conductivi ty cell CNI .01/G. A silver 
coulometer was placed in  series wi th  the a luminum 
cell for determinat ions  of electrode efficiencies. 

Operating conditions.--The standard conditions in 
the detailed study were: (A) Electrodes: identical 
electrodes were used in all the tests. (B) Operat ing 
temperature:  25 ~ ___ 5~ (C) Current  density: cathode 
current  density was the operating parameter  held 
constant in all tests at 10 • 0.1 m A / c m  2 based upon 
the immersion area of the cathode at the beginning 
of each test. (D) Pla t ing time: 11/2 hr  s tar t ing with 
a new copper cathode. A plat ing t ime of 1]/2 hr at 10 
mA/cm 2 with an anticipated 80% cathode efficiency 
would give an a luminum thickness of approximately 
0.0005 in. United States Mil i tary Specification MIL-C-  
23217A (ASG) 1963 indicates that  this thickness is 
the m i n i m u m  coverage necessary for good corrosion 
protection. 

The s tandard current  densi ty of 10 m A / c m  2 was 
chosen on the basis of a study (e lec t ro ly te :e thylben-  
zene-xylene 1: 1; 53.4 w/o  A1Br3) of cathode efficiency 
vs. current  density (Fig. 3). Each point in Fig. 3 rep-  
resents a separate test in which 0.15 A-h r  were passed 
start ing with a new copper cathode. As shown in Fig. 
3, cathode efficiency maximizes at a current  density of 
about 10 m A / c m  2. 

Results 
An example result  of the plat ing experiments  is 

shown in Fig. 4 for the system ethylbenzene-A1Br3. A 
graph of this type was obtained for each exper imental  
electrolyte. Each point on the electrode efficiency 
curves represents an exper iment  of lY2 hr at 10 m A /  
cm 2 star t ing with a new cathode, and thus the graphs 
i l lustrate the performance of the electrolyte (under  
s tandard plating conditions) for considerable times of 
usage. The tests in Fig. 4 for example represent  42 hr 
total electrolysis time. 
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Fig. ~1. Cathode efficiency as a function of current density; 
ethylbenzene xylene 1:1, AIBr3 53.4%. 
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Fig. 4. Electrode efficiencies and electrolyte conductance as a 
function of electricity passed through electrolyte; ethylbenzene- 
AIBr3 system. [ ]  Anode efficiency, A cathode efficiency, O 
specific conductance. 

In  common with all the electrolytes studied in detail, 
the anode efficiency is very near ly  100% with some 
scatter around this value. Cathode efficiency is much 
more variable,  however, and a "working up" period 
of 3-4 hr  is required before the cathode efficiency 
stabilizes, in this system, for example, at about 80% 
cathode efficiency. This "working up" period was not 
encountered in the case of the e thylbenzene- toluene 
electrolytes. The specific conductance of the electro- 
lytes also required an ini t ia l  period for stabilization. 
The performance of the electrolytes is summarized in 
Fig. 5-8. 

It is clear that  in terms of cathode efficiency the 
addition of e thylbenzene to toluene electrolytes mark -  
edly improves performance. Similar, though less pro- 
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100 

nounced behavior is obtained for the xylene electro- 
lytes. Figure 7 shows, however, that  there is some 
loss of electrolyte conductivi ty with the addition of 
ethylbenzene to toluene electrolytes. This means that  
the applied potential  must  be increased to main ta in  
current  density at a specific value. 

The most marked indication of the effect of e thyl-  
benzene was in plat ing qual i ty  from toluene electro- 
lytes. Figure 9 shows that with toluene alone a very 
thin black deposit is obtained. On the other hand, an 
e thylbenzene- toluene electrolyte produces an at trac-  

O 
D 
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8 
U 
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Fig. 8. Electrolyte conductance; ethylbenzene-xylene system 

tive whitish gray a luminum deposit at 75% cathode 
efficiency. Figure 10 shows a similar though less pro- 
nounced si tuation for xylene electrolytes. 

Comparison of the two systems indicates that  the 
e thylbenzene- to luene electrolytes are preferable on 
the basis of qual i ty of plat ing and the observation that  
hydrogen was evolved from each of the e thylbenzene-  
xylene electrolytes. Hydrogen evolution, though not 
as serious a problem as the evolution of HBr which 
had been obtained using ethyl bromide electrolytes, 
indicates a decomposition of the solvent, and places 
an upper  l imit  on possible cathode efficiencies. 

Plating quality.--The coherency of the a luminum 
coatings was tested by subjecting a n u m b e r  of a lumi-  
num plated samples to a bend test in which the a lumi-  
num plated samples were bent  90 ~ usual ly  about 20 
times, unt i l  failure. In all cases of plat ing from elec- 
trolytes containing ethylbenzene,  the copper cathode 
broke before the a luminum layer became detached. 
The photomicrograph in Fig. 11 fur ther  indicates the 
excellent  adhesion between the a luminum coating and 
the copper cathode (e lect rolyte :e thylbenzene- toluene 
1: 1, 45% A1Br3). The thickness of the deposit in Fig. 
11 is 0.5 rail. Other experiments  at somewhat lower 
current  efficiencies produced sound a luminum deposits 
of 2 mil  thickness. 

The grain size of the deposited a luminum (electro- 
ly te :e thy lbenzene- to luene  1: 1, 45% AIBr3) was anal -  
yzed by examining t ransmiss ion- type x - ray  diffrac- 
t ion spectra. The target  a luminum coating was sepa- 
rated from the copper cathode by sanding off one side 
of the electrode to expose the copper base, and by 
then dissolving the copper in concentrated nitric acid. 
The result ing a luminum slice 1 cm wide, 5 cm long, 
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Fig. 9. Appearance of alu- 
minum coatings; ethylbenzene- 
toluene system. 

Fig. 10, Appearance of alu- 
minum coatings; ethylbenzene- 
xylene system, 

and 0.013 m m  thick was exposed in a flat Phill ips x - ray  
camera. 

Figure  12 i l lustrates the resul tant  diffraction pat tern  
in which the a luminum lines are clearly shown. The 

Fig. 11. Photomicrograph of aluminum coating on copper, 
Magnification 500X. 

part ial ly continuous na tu re  of the lines indicates that 
the a luminum coatings are relat ively fine-grained, i.e. 
in the order of 10 -3 to 10 -4 cm grain diameter. A 
spectrographic analysis of some a luminum deposits 
(e lec t ro ly te :e thylbenzene- to luene  1: 1, 45% A1Br~) 
showed that  traces of metals more noble than a lumi-  
num present in the electrolyte were plated out on the 
first 2 or 3 cathodes. Subsequent  coatings were of 
equal or higher pur i ty  than  the anode material .  

Discussion 
Perhaps the most in teres t ing result  of the invest iga-  

tion has been that  solvents which contain moisture 
can be successfully used in the electrolytes. There is 
some evidence which indicates that water  is a benefi- 
cial component  of the electrolyte as was demonstrated 
by a study of the system e thylbenzene-xylene  1:4 
(45.4% A1Brs) wi th  the solvent in both anhydrous 
and hydrous form. 

In the hydrous case (technical grade in equi l ibr ium 
with the atmosphere) a good a luminum deposit was 
obtained at 5 applied volts. Attempts  to plate a lumi-  
num from the same solvent, after drying overnight  
with P~O.~ and redistillation, were not at all successful 
even after passing an electrical cur rent  for 20 hr. A 
reactive gas (presumably HBr) was evolved dur ing 
the anhydrous  experiment .  

The electrolyte was a dark  brown in the case of the 
moist solvent, while in the case of the dried solvent 



1694 J. Electrochem. Sot.: E L E C T R O C H E M I C A L  T E C H N O L O G Y  October  1971 

Fig. |2. Transmission x-ray diffraction spectrum from aluminum 
coating. 

the complex was a scar le t  color s imi lar  to tha t  re -  
por ted  by  Blue and Mathers  (12) for the benzene-  
e thy lb romide  A1Br3 system. 

In addi t ion the conduct iv i ty  of the  e lec t ro ly te  from 
the hydrous  solvent  was cons iderab ly  higher  (some 5 
t imes)  than that  of the  anhydrous  electrolyte ,  indi-  
cat ing tha t  the  presence of mois ture  improves  e lec t ro-  
ly te  conduct ivi ty.  

Mechanism of electrolysis.--Brown and Wal lace  (37) 
per formed  a series of vapor -p ressu re -compos i t ion -  
phase  studies for the  systems benzene-A1Br3 and 
toluene-A1Br3 from which they  de te rmined  the exis t -  
ence of compounds of the type  A12Br6.nArH, where  
A r H  represents  an aromat ic  hydrocarbon.  These 
authors  a t t r ibu ted  the conduct iv i ty  of anhydrous  or-  
ganic solutions of these compounds to the  format ion of 

complexes  

A12Br6-nArH-> (A12Brs.nArH) + -[- B r -  
(n complex)  

S imanavic ius  and Levinsk iene  proposed a complex 
s imilar  to the  n type  (36) and suggested tha t  the  
mechanism of reduct ion of a luminum from solution 
for the  sys tem xylene-A1Br3 involves the  react ion 

A1Brz'nC6H4(CH3)2 + -k 3 e -  -~ A1 o 

+ nC6H4(CH3)2 + 2 B r -  
(n- type  complex)  

The equivalent  anode react ion would  be the reverse  of 
the above equation.  

In  the present  work, the presence of mois ture  in the 
solutions resul ted in good a luminum pla t ing and solu- 
tions of r e la t ive ly  high conduct ivi ty.  I t  can be pos tu-  
la ted that  mois ture  in the system tends to displace 
bromine  f rom the a luminum ha l ide -a romat ic  com- 
pound due to the high affinity of O H -  for a luminum.  
For  the  case of e thy lbenzene  the complex format ion 
would be of the  type  

2 (A12Br6"C6HsC2Hs) -[- H20 --> 
(A12Br4OH'C~HsC2Hs) + -b B r -  
( H y d r o x y  ~ complex)  
-I- A12Br~- -t- (C6H~C.~HsH+) 

(~ complex)  

Thus, by this mechanism, the  wa te r  would  also act 
to form the ~ complex  p rev ious ly  r epor ted  (38, 39) to 
resul t  f rom the react ion of HBr  wi th  aromat ic  hyd ro -  
carbon-A1Br3 systems. 

I t  is clear, however ,  that  the quan t i ty  of mois ture  
present  in the solvent  is insufficient to produce  more  
than  a l imi ted  concentra t ion of h y d r o x y  ~ complexes  
and r complexes  in the  electrolytes .  

Faced  with  the  expe r imen ta l  resu l t  that. anhydrous  
solutions of e thy lbenzene -xy lene  (45.4% AIBr3) fa i led 
to pla te  a luminum whi le  hydrous  e lec t ro ly tes  were  
successful, it  appears  that  h y d r o x y  n and r complexes 
are  essential  to in i t ia te  the a luminum deposi t ion even 
though they  are  present  at low concentrat ion.  

The e lec t rodeposi t ion in the  presence of  mois ture  
would be 

C6HsC2H5H + -t- (A12Br4OH �9 C6HsC2Hs) + 
-b 6 e -  2A1 ~ -k 4 B r -  + H20 -k 2C6H~C2H5 

(Ethylbenzene)  

The anode react ion would  be the  reverse  of this  p roc-  
ess. 

The bel ief  tha t  the  complexes  formed from hydrous  
solvents  a re  different  f rom the anhydrous  zc complexes  
is re inforced by  the fact tha t  the color of complexes  
in the present  work  var ied  f rom brown to b lack  as 
opposed to the red  complexes  prev ious ly  repor ted  for 
anhydrous  e lect rolytes  (12, 37). F u r t h e r  work  has to 
be car r ied  out  to confirm this view. 

It  must  be emphasized,  however ,  tha t  a l though 
wa te r  is a des i rable  ingredien t  in the e lec t ro ly tes  to 
a cer ta in  level, an excess of wa te r  wi l l  resul t  in p re -  
c ipi ta t ion of the  a luminum from the solut ion as 
AI(OH)3,  thus comple te ly  des t roy ing  the capabi l i ty  
of the e lectrolyte .  

Value of the electrolytes.--It would  seem tha t  the 
e lect rolytes  presented  in this  p a p e r  are  ve ry  promis-  
ing, and that  they  wa r r an t  fu r the r  inves t igat ion on a 
la rger  scale. The pr inc ipa l  advantages  are  s impl ic i ty  
of p repara t ion  and cheapness  of the  solvents  ( techni-  
ca l -g rade )  along wi th  good p la t ing  characteris t ics .  In 
addit ion,  the best  e lect rolytes  (for example  e thy lben -  
zene- to luene  1:1, 50% A1Br~) give a un i form opera-  
t ion which is l a rge ly  unaffected by  changes in e lect ro-  
ly te  composi t ion or opera t ing  conditions.  

Future work.--Experimental  w o r k  to de te rmine  the 
most useful  types  of e lect rolytes  is cont inuing and 
studies of mechanism and e lec t rode  potent ia l  have 
been ini t iated.  Appl ica t ion  of the e lec t ro ly tes  to the  
e lec t rowinning  of a luminum is also under  inves t iga-  
tion. 

Conclusions 
(A) A number  of electrolytes ,  consist ing essent ia l ly  

of an A1Br3 solute and a lky lbenzene  solvents  or sol-  
vent  mix tures  were  deve loped  for the  e lec t rodeposi -  
t ion of a luminum onto metal l ic  substrates .  Solvents  of 
the  e thy lbenzene  fami ly  appear  to be the  most  useful  
for the  electrolytes .  

(B) Technical  g rade  solvents  and a luminum bro-  
mide  of commercia l  pur i ty  are  sui table  for the  e lec t ro-  
lytes. 

(C) Wate r  up to a cer ta in  level  is a des i rable  in-  
gredient  in the e lec t ro ly tes  as it  improves  e lec t ro ly te  
conduct ivi ty.  Technical  grade  solvents  in equi l ib r ium 
wi th  a tmospher ic  mois ture  are  good s ta r t ing  mater ia l s  
for the electrolytes .  

(D) Extens ive  studies of e thy lbenzene - to luene -  
A1Br3 e lec t ro ly tes  and e thylbenzene-xylene-A1Br3 
e lec t ro ly tes  have shown tha t  in both systems e thy l -  
benzene improves  e lec t ro ly te  s tab i l i ty  and p la t ing  pe r -  
formance.  
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Selective Electroless Metal Deposition Using 
Patterned Photo-Oxidation of Sn(ll) Sensitized Substrates 
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Western Electric Company, Engineering Research Center, Princeton, New Jersey 08540 

ABSTRACT 

Surface  deposi ts  containing hyd ra t ed  S n ( I I )  species a re  genera ted  when 
subst ra tes  a re  immersed  in s tannous chlor ide  solutions, and then r insed in 
water .  These deposits, af ter  a la te r  immers ion in an aqueous solut ion of PdC12, 
a re  capable  of ac t ivat ing electroless  p la t ing baths  to produce a meta l  de-  
posit  on the  substrate.  The Sn (II)  species, however,  can read i ly  be pho to -ox i -  
dized by  exposure  to u l t rav io le t  l ight  in air, y ie ld ing  S n ( I V )  and the reby  
des t roying  the  la tent  ca ta ly t ic  surface. Thus, selective electroless me ta l  de-  
posits on a va r ie ty  of subs t ra tes  may  be genera ted  by  exposure  th rough  an 
appropr ia te  mask.  

The genera t ion  of electroless  meta l  pho topa t te rns  on 
dielectr ic  subs t ra tes  using an addi t ive  process cal led 
photoselect ive  me ta l  deposi t ion (PSMD) was de-  
scr ibed in severa l  ea r l ie r  papers  (1-4).  Here we wish 
to presen t  a more  de ta i led  exp lana t ion  of the  process 
chemistry,  especia l ly  as i t  re la tes  to the  imaging capa-  
bi l i ty.  

PSMD combines convent ional  electroless  (chemical)  
p la t ing techniques (5, 6) wi th  a photochemical  imag-  
ing step; the  substrate ,  sensit ized wi th  a d iva len t  t in 
species and consequent ly  ca ta ly t ic  to a chemical  p la t -  
ing bath,  can be rendered  nonca ta ly t ic  by  exposure  to 
u l t rav io le t  radiat ion.  Thus, posi t ive images of a photo-  
mask  can be genera ted  on the substrate .  The p a t t e r n -  

Key words: pattern generation, photo-imaging, ultraviolet photo- 
chemistry. 

ing capabi l i ty  extends  to any  meta l  for which a useful  
electroless  p la t ing  ba th  is avai lable ;  the  presen t  list 
would  include Cu, Co, Pd, Ni, and Au. 

Me ta l -pa t t e rned  dielectr ics  have a va r i e ty  of cu r ren t  
uses, the  most  impor tan t  of which, in t e rms  of eco- 
nomic value,  is the  manufac tu re  of p r in ted  wir ing on 
a var ie ty  of both flexible and r igid substrates .  In  the 
cur ren t  production,  p r in ted  wi r ing  is p roduced  on 
Mylar,  epoxy-composi tes ,  phenolics,  or Kapton,  w i th  
copper as the  most  wide ly  used conductor.  The present  
p r in ted  wir ing  technology is, by and large, based on a 
"subt rac t ive"  process;  in i ts s imples t  form, a me ta l  foil 
is l amina ted  to the  substrate,  then se lect ively  removed  
by  an e tchant  to genera te  the  des i red  pat tern .  The 
meta l  regions to be re ta ined  are  pro tec ted  by  an etch 
res is tan t  photo or p r in ted  mask.  
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An addi t ive  process such as PSMD can provide  an 
a l t e rna t ive  approach,  useful  in a va r i e ty  of appl ica-  
t ions p rev ious ly  requi r ing  resist  and  etch procedures.  
Moreover,  in many  appl icat ions  a significant cost sav-  
ing is possible since the  cost of fabr ica t ing  the ini t ia l  
me ta l - subs t r a t e  l amina te  can be rep laced  by  a less 
expens ive  p la t ing  of the  PSMD pa t t e rn  to bui ld  up the 
conductor.  The PSMD process is appl icab le  to a wide 
va r i e ty  of f lexible and r ig id  subs t ra tes  and a broad  
range  of me ta l  deposi t ion systems. 

The Imaging Sequence 
Subs t ra tes  pa t t e rned  by  PSMD undergo the fo l low-  

ing basic steps, depicted schemat ica l ly  in Fig. 1: 
(1) Subs t ra te  P r e p a r a t i o n - - T h e  subs t ra te  is c leaned 

or e tched as requ i red  to produce a clean and we t t ab le  
surface. 

(2) Sens i t i za t ion - -A  l igh t - sens i t ive  l aye r  conta in-  
ing S n ( I I )  species is deposi ted on the surface. 

(3) Pho to -Oxida t ion  (La ten t  Image  F o r m a t i o n ) - -  
Subs t ra te  is uv- l igh t  exposed in air  through a mask.  
Exposed regions of the  sensi t izer  are rendered  inact ive  
by  photo-oxidat ion ,  whi le  the  unexposed regions r e -  
ta in  the i r  potent ia l  for subsequent  ac t ivat ion of e lec-  
t roless me ta l  deposit ion.  

(4) A c t i v a t i o n - - O n  immers ion  into a solut ion of di-  
lute  PdC12, the  unexposed regions of the  sensi t izer  

chemical ly  reduce pa l l ad ium ions to the  metal ,  thus 
covering the act ive sensi t izer  sites wi th  a micro- th in ,  
discontinuous pa l l ad ium deposit.  La t e r  this  deposi t  wi l l  
act to ca ta lyze  me ta l  deposit ion.  In  the  exposed r e -  
gions, no S n ( I I )  sites remain,  no pa l l ad ium meta l  
deposits,  and thus no meta l l iza t ion  can occur. 

(5) Meta l l iza t ion  The surface is meta l l ized  b y  im-  
mers ion  in an appropr ia t e  e lectroless  p la t ing  bath.  
When  v e r y  th ick deposi ts  a re  requi red ,  an  e lec t rop la t -  
ing s tep m a y  be added to increase  the  deposi t  th ick-  
ness. 

The PSMD process chemistry,  as we r epor t ed  ear l ie r  
(1-4),  fol lows the cur ren t  technology for  the  b lanke t  
coat ing of plast ics  (5, 6). Thus, we wil l  not  e labora te  
on this aspect  of the  process, but  wi l l  ins tead focus on 
how the l ight  act ive deposits  are  formed (sensi t iza-  
t ion) and discuss var ious  aspects  of the pho to - imag ing  
reaction.  Expe r imen ta l  deta i ls  r e la ted  to the  sensi t iza-  
t ion and image fo rmat ion  are  given in the  Appendix .  

Sensitization 
The meta l l i za t ion  of d ie lec t r ics  requi res  the  pres -  

ence of ca ta ly t ic  sites at  which the  reduct ion  of meta l  
ions f rom solut ion may  be r ead i ly  ini t ia ted.  Moreover,  
in useful  electroless  p la t ing  systems, the  deposition, 
once begun, must  be autoca ta ly t ic  so tha t  the  me ta l l i -  
zat ion m a y  continue af ter  overcoat ing  of the  catalyst .  

SCHEMATIC OF PSMD IMAGING SEQUENCE 

(I) SUBSTRATE 
P R E P A R A T I O N  

(2) S E N S I T I Z A T I O N  
:::::::::::::::::::::::::::::::::::::::::::::: 

MICROGRAM 
DEPOSIT 
CONTAINING 
Sn ('r'r) SPECIES 

Fig. !. Schematic of PSMD 
imaging sequence 

(:5) P H O T O - O X I D A T I O N  
( L A T E N T  IMAGE 

F O R M A T I O N )  

I I i''' 

:::::::::::::::::::::: :::::::i:i:i:i:i:i:.:t 

WHERE EXPOSED: Sn(TT) 

,~ . . I -  ULTRA- VIOLET 
LIGHT 

j ~-  MAS K 

hz,/ 
Sn(IV)  

O~ 

(4) A C T I V A T I O N  

XXXxxxx xxxxx~ ~'" Pd~ COATI NG 

EXPOSED REGIONS: Sn(TV) +pd('r'r)-..-.-~N.R. 

UNEXPOSED REGIONS: Sn(TM) -I-Pd('n') '~'~"Sn(l"v')+Pd ~ 

(5) METALLIZATION 

ELECTROLESS 
METAL DEPOSIT 
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The catalytic sites are usual ly  provided by pre-appl i -  
cation of a micro-deposit  of a suitable metal  referred 
to as the "activator." Pal ladium, gold, silver, and plat i-  
n u m  have proved useful as activators for electroless 
baths (5), pal ladium being by far the most widely  
used. 

The morphology of sensitizer deposits from solutions 
similar  to those used in PSMD (we cite a typical 
formulat ion below) has been reported by several  in-  
vestigators, e.g. Marton and Schlesinger (7), Sard (8), 
and Sewall  (9). Electron microscopy studies (8) show 
a typical sensitizer deposit to be composed of a par-  
t iculate mat ter  with the smallest resolvable particles 
10-20A in  diameter  and a tendency for these particles 
to agglomerate into clumps on the order of 50-100A 
in diameter. The surface coverage of the deposits is 
found to be on the order of 50% to 70%. The activator 
deposits were found (7, 8) to replicate the sensitizer, 
and in turn,  the depositing metal  replicates the acti- 
vator. The metal  deposit then grows outward to cover 
the substrate and build up the conductor. 

The generat ion of useful conductor deposits can be 
accomplished using a very wide variety of chemical 
formulat ions and process conditions, as is evident  in 
reviewing the l i terature (10). This lat i tude becomes 
somewhat narrowed, however, if the generat ion of 
images ra ther  than a blanket  substrate metal l izat ion 
is desired. In  PSMD, for example, the sensitizer de- 
posit uniformity,  and likewise its optical properties 
become important .  The result  is that  somewhat more 
careful a t tent ion must  be given to the process chem- 
istry and associated preparat ive procedures than is 
customary in the current  technology. 

A typical sensitizer solution (10g of reagent grade 
SnC12 �9 2H20 and 10 ml conc HC1 in a l i ter of water)  
is 0.044M in Sn( I I )  and 0.1M in HC1. The sensitizer 
deposit is formed by  a brief immersion of the substrate 
into this solution folIowed by a gentle r inse in  deion- 
ized water. This procedure generates an adherent  de- 
posit containing microgram/cm 2 quanti t ies L of both 
divalent  and te t ravalent  t in species. The te t ravalent  
t in  is the result  of air oxidation of the reagent  SnC12 �9 
2HsO plus oxidation of divalent  t in  in both the solu- 
t ion and in the sensitizer deposit. The structure of the 
sensitizer deposit has not yet been fully determined;  
on polyimide (du Pont  Kapton) ,  however, it appears 
quite similar (11) to colloids formed in the sensitizer 
solution on standing. For our purpose, we will consider 
the active sensitizer species as consisting of a hydrated 
stannous oxide. 

Our studies on the mechanics of the sensitization 
show that  the deposit is the result  of two distinct 
processes: (a) colloid formation in solution which is 
a consequence of air oxidation and hydrolysis of the 
divalent  t in  chloride, and (b) precipitation of soluble 
t in species from the l iquid layer adhering to the sub-  
strate due to the rapid pH increase dur ing the subse- 
quent  water  r inse (1, 2). The in ter re la t ion  of factors 
(a) and (b) and likewise the s t ructural  and chemical 
details of the generated sensitizer films depend very 
greatly on such solution factors as pH, concentration, 
and age. They also depend upon the substrate and its 
preparation, and finally on how the immersion and 
r insing process is executed. 

In  generat ing the t in  deposits, it is impor tant  that  
the aqueous sensitizer solution wets the substrate, 
otherwise a uni form sensitizer film wil l  not  be pro- 
duced. When the substrates are hydrophobic, special 
pre t rea tments  such as chemical etching may be avai l -  
able to render  the surface hydrophil ic and produce 
the desired wetting. An al ternat ive is the use of a new 
class of wet t ing promoters (12) which permit  the 
photosensitizer to be uni formly  deposited on vi r tual ly  
any surface. 

1 A n a l y t i c a l  d e t e r m i n a t i o n s  o f  t o t a l  t i n  w e i g h t  we re  m a d e  u s i n g  
x - r a y  f luorescence.  Th i s  m e t h o d  was  also used  to d e t e r m i n e  pa l -  
l ad ium.  

0.3 EFFECT OF UV LIGHT EXPOSURE 
, ON SENSITIZED QUARTZ 

~.~ 0.2 ~ . . ~ 5  m w / c m  = a t  253.7nm) 

*00 n- 
O ~'e 
~Oo, .fo 

0.0 
2:00 250 300 

k (rim) 

Fig. 2. Effect of uv light exposure on sensitized quartz (0.25 
mW/cm 2 at 253.7 nm). 

Photo-Oxidation (Latent Image Formation) 
The image generat ion involves photo-oxidat ion of 

the divalent  t in  components  of the sensitizer to their  
te t ravalent  state, thus render ing the substrate "non-  
catalytic" for metal l izat ion in those areas not shad- 
owed by the photomask. The model which we pro- 
posed in the preceding section, namely,  a photo-oxi-  
dation of Sn( I I )  plus galvanic reduct ion of pal ladium 
ions to the metal  by the remaining  Sn ( I I )  is supported 
by considerable exper imental  evidence which is pre-  
sented as follows: 

(A) Early observations of the uv absorption spec- 
t r um of the sensitizer deposits on quartz  (see Fig. 2) 
showed a systematic reduct ion in absorbance upon 
exposure. A similar behavior had been observed for 
dilute s tannous chloride solutions in ,~0.1M HC1. For 
these solutions, the uv absorption spectrum upon 
irradiat ion was found to approach that  of an equally 
concentrated stannic chloride-HC1 solution, indicating 
that  the effect of the light was a conversion of the 
Sn( I I )  species to Sn( IV) .  A similar conversion of 
Sn( I I )  in the sensitizer deposit was assumed, despite 
l ikely differences in the exact species involved. 

(B) More recent analyt ical  determinat ions  for 
Sn( I I )  in the sensitizer deposits on Kapton have been 
made using microcoulometry (13) and MSssbauer 
spectroscopy (11). Upon uv exposure in air, the frac- 
tion of Sn( I I )  was found to be systematical ly d imin-  
ished or even reduced to zero depending upon the 
extent  of exposure. A corresponding decrease in the 
pal ladium deposit 1 after activation of the exposed 
specimens was also observed. 

(C) Solutions found to be active for catalyzing 
metal l izat ion were also found to conta in  a detectable 
concentrat ion of Sn( I I )  (14). When solutions in which 
Sn ( I I )  was no longer detectable were used for sensi- 
tization, no metal  deposits could be generated. At the 
same time, the total t in  weight 1 in the deposit re-  
mained undiminished.  

(D) The MSssbauer spectra (11) show an essen- 
t ial ly quant i ta t ive  conversion of Sn ( I I )  to Sn( IV)  
after the sensitized substrate is immersed for 30 sec 
in the pal ladium chloride activator solution. Thus, the 
pal ladium is reduced by the Sn( I I )  ra ther  than 
merely  adsorbed, as has been suggested as an a l te rna-  
tive mechanism (15). 

(E) The presence of oxygen is required for imaging. 
Light exposure in argon, in wet and dry nitrogen, and 
in vacuum did not deactivate the sensitizer (on Kap-  
ton) .  The extent  of reaction (based on extent  of image 
development  at constant  l ight  exposure),  on the other 
hand, was found to be quite sensitive to the part ial  
pressure of the ambient  oxygen. 

We expect that  the basic imaging characteristics for 
a given weight and type of sensitizer deposit should be 
independent  of the substrate used. However, as we 
have already stated, the type and condit ion of the 
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Fig. 3. Relative image development vs. wavelength. Light intensity 
constant at 0.2 mW/cm 2. 

subs t ra te  surface can affect the na tu re  of the t in de-  
posit; thus potent ia l  subs t ra te  effects must  be taken  
into account in the discussion and evalua t ion  of the 
imaging. 

Thus far, we have made  PSMD images in copper  on 
severa l  substra tes :  Kapton,  quartz,  Mylar,  glass, and 
severa l  epoxy  mater ia ls .  Our  most  extens ive  eva lua -  
t ion of the imaging has been car r ied  out  on 2 and 3 
miI K a p t o n  which  was processed as descr ibed in the 
Appendix .  F o r  this  system, r ep resen ta t ive  opt ical  
p roper t ies  were  found as follows: 

(A) Rela t ive  Spec t ra l  Response, Fig. 3 - -These  re-  
sults are based on measurements  of the  l ight  energy  
requi red  at  each wave leng th  to produce ( approx i -  
mate ly)  comple te  image development .  

(B) Incident  Light  for Image  Development - -22  mi l -  
l i j ou le s / cm 2 at  254 nm, l ight  in tens i ty  at 0.2 mW/cm2. 
This energy is comparab le  to tha t  requ i red  by  K P R  
photoresist .  

(C) Light  In tens i ty  Dependence - -Ove r  the useful  
wave leng th  range,  the ex ten t  of image deve lopment  
was found to be nonl inear  wi th  respect  to the incident  
l ight  in tens i ty  (i.e. the  react ion does not  follow a pho-  
tographic  rec iproc i ty  l aw) .  The image deve lopment  
was found propor t iona l  to the nth  power  of l ight  in-  
tensi ty,  where  1/2 < n < 1, imply ing  that  the  photo-  
ac t iva ted  species par t i c ipa te  not only  in the  t in oxi-  
dation, but  also in one or more  side react ions which 
do not cont r ibute  to the image deve lopment  (16). 

Conclusion 
We have shown that  dielectr ic  subs t ra tes  sensi t ized 

wi th  S n ( I I )  species can be photo-oxid ized  by  uv l ight  
exposure,  and tha t  this  reac t ion  can be used for gen-  
era t ing electroless  me ta l  images. The process can be 
appl ied  to produce a va r i e ty  of components  such as 
p r in ted  wiring,  e lec t roformed meta l  piece, parts ,  fine 
meta l l ic  grids, photomasks.  The method of fabr ica t ion  
and the process chemis t ry  can be selected and ad jus ted  
to optimize each applicat ion.  Both batch and cont inu-  
ous processing appl icat ions  of this  process have been 
successful ly produced in our l abo ra to ry  (1-4).  

At  present,  the PSMD process technology is being 
r ap id ly  expanded  for use wi th  a wide var ie ty  of sub-  

s t ra tes  and pa t t e rn  configurations, devoted main ly  to 
the topic of p r in ted  wi r ing  applicat ions.  In  addit ion,  
basic studies of the  impor tan t  process steps are  being 
car r ied  out and  wi l l  be r epor ted  in the  nea r  future .  
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A P P E N D I X  
Experimental Procedures 1or Sensitization and Copper 

Imaging of Polyimide (Kapton) Substrates 

Sensitizer Solution: 10g SnC12 2H20 (Reagent  
Grade) ,  10 ml conc HCl / l i t e r  of deionized water .  

Activator Solution: 0.5g PdC12, 5 ml  conc HCl / l i t e r  
of deionized water .  

Substrate Preparation: Subs t ra te  etch in 10N NaOH, 
10 rain. Deionized wa te r  rinse, 10 rain. 

Sensitization: Immerse  in Sensi t izer  Solution, 3 min. 
Deionized wate r - r inse ,  5 m'in. Dry  in ni t rogen jet.  

Exposure: Useful uv l ight  sources: Low pressure  
Hg l amp  (essent ia l ly  monochromat ic  at  254 rim), high 
pressure  xenon arc for  cont inuum uv source. Photo-  
masks:  n ichrome on quartz.  

Activation: Immerse  in ac t iva tor  solution, 30 sec. 
Wa te r  rinse, one min. 

Metallization: Immerse  in p r o p r i e t a r y  electroless  
copper  1.5 to 15 rain as desired.  We have found a num-  
ber  of p r o p r i e t a r y  solutions to be sat isfactory,  among 
them are  solut ions marke t ed  by  Enthone, Photoci rcui ts  
and Shipley.  
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Electrochemical Delineation of Tungsten 
Films for Microelectronic Devices 
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ABSTRACT 

A process is described for del ineating high resolution pat terns  in tungsten  
films on semiconductor device wafers. The process is based on high-speed 
anodic dissolution in alkal ine ferr icyanide electrolyte of exposed tungsten on 
a photoresist masked wafer. Slow chemical etching in the same solution 
occurs s imultaneously with the electroetching to remove isolated residual  
areas of tungsten. The effects of important  process variables are discussed, and 
optimized conditions are presented. The process is capable of accurately de- 
fining pat terns in several-micrometer  thick tungsten  suitable for metal l iza-  
tion and intraconnect ion pat terns on transistor  and integrated circuit wafers 
The technique is also suitable for pa t tern ing tungsten and molybdenum foils. 
The capabil i ty and applicabil i ty of the process is i l lustrated with photomicro- 
graphs of representat ive devices. 

One of the steps in the fabricat ion of silicon inte-  
grated circuits is the formation of the metal  pat terns  
which serve to contact and int raconnect  both the ac- 
tive and passive elements of the circuits. A l u m i n u m  is 
used most f requent ly  for this purpose, but  tungsten 
offers several significant advantages. Chemical vapor 
deposition of tungs ten  films from tungsten hexafluo- 
ride for microelectronic device applications has been 
described recently by Shaw and Amick (1). The pres- 
ent paper is concerned with del ineating the high reso- 
lut ion pat terns required to make these films useful as 
a metal l izat ion system for modern microelectronic de- 
vice technology. 

Tungsten  can be etched with solutions of alkal ine 
potassium ferricyanide, ammonium persulfate, hot hy-  
drogen peroxide, or mixtures  of ni tr ic  acid and hydro-  
fluoric acid (2-4). Anodic dissolution of tungsten  in 
strong sodium hydroxide solution is used to etch 
tungs ten  wire  and to sharpen tungsten  probes (2). 
However, etching simply to remove mater ia l  or to 
polish the surface, and etching to delineate high pre- 
cision pat terns in films, are quite different problems. 

Originally, we delineated device metall izat ion pat-  
terns in tungsten  films by chemical etching techniques. 
Severe problems were encountered with photoresist 
undercut t ing,  poor pa t te rn  definition, and nonrepro-  
ducibil i ty of the etching. In the search for a better  
solution, we found that the anodic etching of tungsten  
films in caustic solutions can yield much bet ter  results 
than chemical etching. Development  and optimization 
of this approach led to the present  process which meets 
all normal  requi rements  for pa t te rn  del ineat ion in 
device metallizing. Transistor  and integrated circuit 
metal l izat ion pat terns in tungsten  films now compare 
favorably with the best pat terns  of s tandard a lumi-  
num films produced in factory processing. 

* Elec t rochemical  Society Act ive  Member .  
Key  words :  e tching,  metal l izat ion,  t ransis tors ,  in tegra ted  circuits,  

sealing.  

Description of the Process 
Figure 1 shows a schematic diagram of the electroly- 

sis circuit of the etching system. A photograph of the 
assembled laboratory apparatus with its associated 
equipment  is presented in Fig. 2. The etch solution, 
prepared by combining separate stock solutions of 
appropriate concentrations, consists of the following 
mixture  dissolved in deionized and distilled water:  

5 w/o (weight per cent) potassium hydroxide 
(KOH pellets, 85%, cp) 

5 w/o potassium ferr icyanide 
(K3Fe (CN) 6 crystals, cp) 

1 w/o  TergitoP nonionic XD surface active agent. 

The solution is vigorously agitated with a magnetic 
s t i rr ing rod dur ing  etching. A p la t inum sheet serves 
as the cathode. The tungsten-coated device wafer is 
first pat terned with a sui table photoresist, such as 
KTFR (Kodak Thin  Fi lm Resist) by s tandard tech- 
niques. It  is held in the reverse action tweezers shown 
in Fig. 3 so that the exposed anode contact touches the 
tungsten  film on the wafer. Before applying a poten- 
tial, the wafer is introduced into the electrolyte solu- 
tion unt i l  it is completely submerged. Immediate ly  
following introduct ion in the bath the current  density 
is adjusted to about 200 mA cm -2. The progress of 
etching is monitored with a mi l l iammeter  as indicated 
in Fig. 1. The dua l -channe l  cur ren t  and voltage chart  
recorder 2 shown in Fig. 2 is a useful optional acces- 
sory. When the electrolysis current  has dropped to 20- 
30% of its init ial  value, the wafer is pulled out of the 
bath and r insed in water. The wafer is released from 
the holder, dried by centr ifuging at low speed, and 
examined under  the microscope for completeness of 
pat tern  etching. Addit ional  etching is sometimes re-  
quired to remove incompletely etched spots of t ung-  
sten or to sharpen up the definition of some parts in 

1 Regis tered  T r a d e m a r k ,  Union Carbide Chemica l  Company.  
~e.g., Rect igraph |  Ester l ine Angus  I n s t r u m e n t  Company,  Inc.  
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Fig. !. Schematic of electrolysis circuit 

BDD-C supply (22.5V battery) RADCurrent recorder (optional) 
R~Variable resistor (500 ohms, W--Tungsten sample (anode) 

0.16A) P--Platinum sheet (cathode) 
A~Milliammeter M--Magnetic stirring bar 
V--Voltmeter E~Electrolyte solution 
T~lnsulated tweezer sample RvDVoltage recorder (optional) 

holder 

the pattern. This is readily accomplished by immers-  
ing the wafer in the electrolyte, which now serves as 
a slow chemical etch, for an addit ional  brief period of 
typical ly 5-10 sec with no potential  applied. The pho- 
toresist mask is next  stripped away with a suitable 
agent3 The wafer is r insed in 6N HC1 for several 
minutes  and finally in deionized and distilled water. 

Discussion 
Shortcomings of chemical etch techniques.--The pat-  

t e rn  delineation of tungsten  films is based on selective 
masking with photoresist followed by  removal  of the 
exposed film regions. Removal by chemical etching is 
possible, but  the definition of the resul t ing pat tern  is 
not sufficient for microelectronic circuit fabrication. 
The reason for this shortcoming lies main ly  in the 
relat ively poor adherence of the photopolymer resist 
films to the tungsten surface, result ing in undercut t ing  
with consequent degradation of the metal  pattern.  This 
si tuation is aggravated dur ing prolonged exposure to 
etchants, or by the high temperatures  required with 
chemical etchants that at tack tungsten  slowly. At -  
tempts to improve the resist adhesion by changing the 
photoresist and etch processes, or by modifying the 
tungs ten  surface prior to etching were unsatisfactory. 
For best results, etching time must  be minimized. In -  
creases in the temperature  and concentrat ion of the 
chemical etchants minimized this exposure t ime by 

:~Hot chromic-su l fu r ic  acid mix tu r e  is excel lent  for  this  purpose  
and does not  a t tack  the  tungsten.  Al terna t ive ly ,  less dangerous  
hot organic  photoresis t  r e m o v i n g  agents  can be used,  such as A-2O 
stripping solution, Electronic Grade ,  No. 2695 B a k e r  & Adamson.  

Fig. 2. Electroetching apparatus 
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COATING 

HERMETIC RUBBER 
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Fig. 3. Wafer holder and anode contact 

ANODE CONTACT CLIP 

~ S A M P L E  
ROD 

CONTACT 

speeding up the dissolution rate as expected, but  also 
increased the rate of at tack at the tungs ten /po lymer  
interface and made it difficult to stop the reaction pre-  
cisely on completion of the etching. 

Principle of electrolytic etch process.--For these 
reasons electrolytic etch methods with alkal ine and 
acid electrolytes were investigated as a means of in-  
creasing the etch rate and to make the etching process 
self-l imiting. However, a pure ly  electrochemical proc- 
ess would be difficult to use because completion of the 
pa t te rn  delineation would have to coincide with be- 
g inning film discontinuity.  Etching with a solution of 
a composition that  effects both electrochemical etching 
at a high rate and chemical etching at a low rate was 
therefore chosen as the basis of tungs ten  removal. 

Composition of the etch solution.--Strong caustic 
solutions containing ferr icyanide were found best for 
this dual etching process. They are effective both as 
electrolytes for the anodic oxidation and for the direct 
chemical dissolution of the tungsten.  Alkal ine  solu- 
tions are preferred over acids because of the greater 
solubili ty of tungsten  salts at high pH, and because 
tungs ten  surfaces become passivated less easily in 
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alkal ine media. Potassium hydroxide is preferable to 
sodium hydroxide from a s tandpoint  of device con- 
taminat ion.  Potassium ferricyanide also acts as an ef- 
fective electrode depolarizer. 

The addit ion of a suitable surface active agent was 
found beneficial. A low foaming, nonionic, water  solu- 
ble, and alkali  resistant  surfactant  compound which 
meets these requirements  was selected from the poly- 
alkylene glycol-ether  types. The presence of this agent 
was found to improve the uni formi ty  of the etching, 
to prevent  the formation of tungsten  islands, and to 
aid the electrolyte solution in wet t ing and penet ra t ing  
into the smallest recesses of the photoresist patterns.  
Concentrat ions of mix ture  components  were adjusted 
to yield a composite electrolytic plus chemical etch 
rate for opt imum pat te rn  etching. 

Apparatus.--The special holding fixture shown in 
Fig. 3 was designed to allow submerging the entire 
device wafer in the electrolytic etch bath  while  mak-  
ing a sealed, insulated e!ectrical contact between the 
tungsten  film and the anode. The tungs ten  area that  is 
covered by the tweezer contact, and that  consequently 
will  not be pat tern  etched, is typical ly a circular area 
of less than  z/s in. diameter.  For complete wafers this 
represents a very small  loss in device yield, especially 
since the contact can be located near  a wafer edge. 

The electroetching apparatus was designed to afford 
simple, fast and accurate control over the process. A 
dua l -channel  current  and voltage recorder with a 
chart speed of 6 in. m in -1  was used for accurately fol- 
lowing and recording the progress of the etching dur -  
ing development  of the process, but  the ins t rument  is 
not required for rout ine  etching applications. A dry 
cell or commercial  d-c regulated power supply can 
be used as an external  source of electromotive force. 

Etch rate as a function of current density and type 
of tungsten.--Initial etching parameters  were studied 
using smooth tungsten  foils whose edges and back- 
sides were masked, leaving exposed an area of 2.00 
cm 2 on one surface. A m i n i m u m  etch t ime of 100 sec 
was used and a m i n i m u m  quant i ty  of 25 mg of tung-  
sten was removed per test to ohtain reliable data. A 
fresh etch solution was used for each experiment.  The 
uni formi ty  of tungsten  removal  over the sample was 
monitored by thickness gauging, and the exact quan-  
t i ty of tungs ten  removed was determined by weighing 
on an analyt ical  microbalance. A plot of typical data 
showing the etch rate at 25~ as a funct ion of cur ren t  
density is presented in Fig. 4. The intersection of the 
l inear  curve with the abscissa at zero current  density 
represents  the chemical  etch rate in the same etch bath 
for the same st i r r ing conditions. The total etch rate  at 
25~ and at a current  density of 200 mA cm -2 (of ex- 
posed tungs ten  area) is 380 A-sec -1 of which 50 A-  
sec-1 is by  chemical dissolution. Electrochemical etch- 
ing at this current  density is thus approximately  87% 
by electrolytic action and 13% by chemical dissolution. 
The current  efficiency of oxidizing the tungs ten  metal  
to hexavalent  tungs ten  under  these conditions is prac-  
t ically 100%. It is also seen from Fig. 4 that the tung-  
sten foil and  the tungs ten  deposited by chemical vapor 
reaction (1) etched at the same rate. 

Smooth voltage and current  curves were obtained 
up to 250 mA cm -2. Higher current  densities led to 
instabil i t ies which appear to be caused by electrode 
polarization that, for the potassium ferr icyanide con- 
centrat ions used, becomes impor tan t  at this threshold 
value. A value of 200 mA cm -2 was therefore chosen 
as a practical and controllable current  density for the 
process. 

Etch rate as a function of stirring, temperature, elec- 
trode spacing, and electrolyte composition.--Vigorous 
st i rr ing is required to obtain reproducible etching. The 
positioning and spacing of the electrodes in the bath  
did not  appreciably affect the electrolysis current ,  nor 
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Fig. 4. Dissolution rate of tungsten foil and CVD film as o 
function of current density. Point at 0 mA cm - 2  is the chemical 
etch rate; the line shown represents the total of the chemical and 
the electrolytic etch rates. 

did changes of ___ 5~ from the normal  25 ~ bath tem- 
perature.  

The effects of bath  concentra t ion on the electrolysis 
current  and voltage stabil i ty were studied with con-  
centrat ions of double, one-hal f  and one- th i rd  of the 
concentrat ion normal ly  used. Increasing the concen- 
t ra t ion increased main ly  the chemical etch rate, 
whereas di lut ion by two-fold or more caused elec- 
trolysis instabil i ty.  

Termination of electroetching.--The approaching 
endpoint  of electrolytic etching is manifest  by the 
following changes: (a) an abrupt  drop in current  flow, 
(b) an abrupt  rise of voltage, (c) a visually observ- 
able clearing of the metal l izat ion pattern,  and (d) 
formation of oxygen bubbles  on the device wafer. The 
most readily monitored cri ter ion is the decrease of the 
current  flow as measured with the ammeter.  With the 
use of a strip chart  recorder the etching process can 
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Fig. 5. Voltage and current recording obtained during electro- 
etching a typical tungsten metallized device wafer. 
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Fig. 6. Test patterns for tungsten etching resolution. A. Original photoresist pattern on tungsten film; B. Chemically etched pattern; 
C. Electroetched pattern. 

be convenient ly  followed and traced for later refer-  
ence or analysis. A typical current  and voltage record- 
ing as a function of etching time obtained dur ing the 
pa t tern ing of a 6000A thick tungsten  film is presented 
in  Fig. 5. Etching proceeded at a uniform current  
density for 15 sec. The beginning decline of the current  
flow indicates that the cont inui ty  of the tungsten film 
is just  becoming disrupted, meaning that the etching 
of the individual  pat tern  parts is near ly  completed. It 
can be seen from the curve that the steep decline in 
the current  flow becomes less steep at abouL 50% of 
the full etch current .  For  opt imum pat tern resolution 
the best t ime to remove the wafer from the etch bath 
is at a value of 20-30% of the full  electrolysis current .  
However, very accurate t iming of the process is not 
necessary, since the "high-speed" electroetching stops 
automatical ly  when the pa t te rn  becomes discontinuous. 

Pattern resolution as a function of etching parame- 
ters.--The resolution of tungsten  pat terns obtained 
under  various process conditions was tested with tung-  
sten films of 5000A thickness deposited on oxidized 
silicon wafers by chemical vapor phase reaction (1). 
Precision test pat terns having lines and squares two, 
three, four, and five ten- thousandths  of one inch width 
were used with s tandard KTFR processing. The sur-  
factant in the etch solution was found to yield con- 
siderably cleaner patterns,  free of grainy, residual  
tungs ten  islands observed without  it. Photomicro-  
graphs of test pat terns processed by the electroetching 
process vs. samples processed by chemical etching in 
the same solution at 40~ are presented in Fig. 6 for 
comparison. 

Chemical surface cleaning of etched device w a f e r s . -  
Following removal from the alkal ine etch bath, the 
device wafer should be subjected to a thorough surface 
decontaminat ion t rea tment  designed to strip the pho- 
toresist layer and to remove adsorbed impur i ty  ions. 
The resist layer is removed by a suitable str ipping 
agent as described previously. Adsorbed ionic impur i -  
ties are removed by desorption in 6N HC1 for several 
minutes.  It was shown previously by radiochemical 
tracer analysis that t rea tment  with 6N HC1 effectively 
desorbs alkali  ions (5) and iron deposits (6) that are 
present  after etching. Handling, rinsing, drying, stor- 
ing, etc. of the wafers is best carried out by the tech- 
niques described in a separate paper on wafer cleaning 
(7). These t rea tments  leave the surface in a state suit-  
able for sealing with chemically vapor deposited sili- 
con dioxide (8, 9), silicate glasses (9, 11), silicon 
nitr ide (12), or any desirable combinat ion of these 
layers (12, 13). 

Applications 
The process has been applied for the del ineat ion of 

tungsten  films deposited on oxide-coated silicon device 
wafers, including discrete planar  transistors, power 
transistors, integrated circuits, and mul t i layer  cross- 
over structures. The thickness of the tungs ten  films 
was usual ly  in the 0.5-2 ~m range, but  films up to 5 
~m have been pat terned with excellent  resolution. 4 
Photographs of several representat ive devices are pre-  
sented to i l lustrate the capabil i ty of the pa t tern ing 
process. 

Figure  7 shows a 1 ~ in. d iameter  silicon wafer  with 
about 5000 tungsten-meta l l ized  planar  NPN transistors 
on 0.015 in. centers pat terned uni formly  over the en-  
tire wafer area by electroetching. An enlargement  of 

12 ~ m  th ick  f i lms h a v e  been  d e l i n e a t e d  by a t w o - s t e p  p h o t o -  
res is t  e tch  t echn ique ,  

Fig. 7. Electroetched wafer with tungsten metallized planar 
transistor. Small area scribed "R" shows unetched portion masked 
by sample holder; (area on left is a nonuniformity in the oxide); 
wafer contains about 5000 flip-chip transistors. 
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Fig. 8. Photomicrograph of flip-chip test transistor from wafer 
shown in Fig. 7. 

one transistor  from this wafer is rpresented in Fig. 8. 
The width of the emit ter  contact stripes of this experi-  
menta l  flip-chip transistor  is 0.0004 in. 

Figure 9 shows a photomicrograph of a high fre- 
quency power transistor  taken with a scanning elec- 
t ron microscope at an angle of 85 ~ at 1000-fold magni -  
fication. The 2.5-~m thick tungsten  stripes exhibit  ex- 
cellent definition and follow the relief contour of the 
device surface wi th  uniform thickness. 

Details wi thin  an area of an integrated circuit  chip 
metallized with 6000A of tungsten  are shown in Fig. 
10. The width of the narrowest  in t raconnect ion leads 
is 0.0005 in. 

Figure 11 finally shows a finished array of typical 
flip-chip integrated circuits metallized with tungsten  

Fig. 10. Photomicrograph of central area of an integrated circuit 
chip. The narrow intracennection tungsten stripes are 0,0005 in. 
wide. 

Fig. 9. Portion of a multiple contact power transistor examined 
by scanning electron microscopy at 1000X. The tungsten stripes 
are 2�89 thick. 

Fig. 11. Array of finished integrated circuits metallized with 
tungsten. Patterned by electroetching, sealed with silicon nitrlde, 
and provided with solder bumps for face-down bonding. The 
dimension of each IC is 0.050 by 0.055 in. 

and pat terned by electroetching. A h igh- tempera ture  
silicon ni t r ide film seals the device surface. Openings 
were etched through the silicon ni tr ide film to expose 
a circular area of the tungs ten  te rmina l  pads which 
were provided with a solderable interface metal  layer 
(14) and solder bumps. 

Photographs of a tungsten-meta l l ized and n i t r ide /  
glass sealed integrated circuit chip (12), of a cross- 
over pa t te rn  prepared using tungs ten  and vapor de- 
posited SiO2 (1), and of several "Decal" dielectric air 
isolated integrated circuits (15), all processed by the 
methods described, were presented in earlier publ i -  
cations. 

In  addit ion to the pr imary  objective of del ineat ing 
metall izat ion pat terns  for semiconductor microcircuits, 
the process has been applied to the pa t tern ing of tung-  
sten films of up to 12# thickness on glass and ceramic 
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Fig. 12. Line pattern etched in tungsten foil masked by offset 
printing. Dark lines are elevated metal of 0.005, 0.010, and 0.020 
in, width. White areas are etched tungsten (top picture) or 
background seen through the openings (bottom picture). 

substrates.  I t  has also been appl ied  to c rea t ing  pa t t e rns  
in tungsten foil. If  the pa t te rns  a re  r e l a t ive ly  large, 
the  photores is t  masking  techniques can be rep laced  
by  more economic offset pr in t ing  methods  (16) wi th  
e t ch - res i s t an t  p r in t ing  inks. Using this  technique,  l ines 
down to 0.005 in. wid th  and 0.0003 in. he ight  were  de-  
l ineated wi th  good resolut ion  and wi th  an etch fac tor  
of 1.0. These pa t te rns  were  also comple te ly  e tched 
th rough  0.001 in. foil as shown in the photographs  in 
Fig. 12. 

The same process of mask ing  and e lec t roetching is 
appl icab le  also to m o l y b d e n u m  foil. The dissolut ion 
ra te  of mo lybdenum elec t roetched at  200 m A  cm-2  is 
392 A-sec- I. 

Summary and Conclusions 
A process has been devised for accura te ly  de l inea t -  

ing pa t te rns  in tungs ten  films for microelect ronic  de -  
vice applicat ions.  I t  is based  on combined  chemical  
e tching and e lect rolyt ic  dissolution which proceeds 
r ap id ly  at  room tempera ture ,  a l lowing the photores is t  
mask  to r ema in  intact  dur ing  etching. The composi t ion 

of the  e tchant  was designed to yie ld  reproduc ib le  and 
smooth etching character is t ics  free of tungsten is land 
formation.  A special  wafer  holder  was designed to a l -  
low the device wafer  to be contacted to the  anode and 
submerged  dur ing the electroetching.  The process has 
been s tandard ized  to y ie ld  a chemical  etch ra te  of 50 
A/sec,  plus an e lect rolyt ic  etch ra te  of 330 A/sec  at  an 
op t imum cur ren t  dens i ty  of 200 m A c m  -2  exposed tung-  
s ten area.  The h igh- speed  e lec t ro ly t ic  e tching stops 
au tomat ica l ly  when  the pa t t e rn  becomes discontinuous.  

Resolut ion of the  tungsten pa t te rns  in films up to 
1~ thickness  are l imi ted  essent ia l ly  by  the resolut ion 
tha t  can be achieved in photoresis t  masking.  Lines of 
5~ wid th  can easi ly  be produced  w i th  res is t  films of 
5000A thickness.  F i lms  as th ick  as 12~ have  been pa t -  
t e rned  successfully.  

A pos t -e tch  chemical  t r ea tmen t  effect ively removes  
a lka l i  ions and t race  impur i t ies  f rom the device wafer  
surface, leaving the device surface in a condi t ion sui t -  
able for the  subsequent  h i g h - t e m p e r a t u r e  seal ing 
opera t ions  employing  vapor  deposi ted  sil icon ni t r ide,  
oxides, or si l icate glass layers .  

The process has been demons t ra t ed  to be appl icab le  
also for de l inea t ing  pa t te rns  in th ick  tungs ten  films 
deposi ted on glass and ceramic substrates ,  and for pa t -  
t e rn ing  foils of tungs ten  and mo lybdenum ut i l iz ing 
offset pr in t ing  techniques for masking.  

The pr incip le  of acce lera t ing  the dissolution of se- 
lec t ive ly  masked  films by e lec t ro ly t ic  act ion super im-  
posed on chemical  e tching appears  to be genera l ly  ap-  
p l icable  for a va r i e t y  of metals .  

Manuscr ip t  submi t ted  Dec. 28, 1970; rev ised  m a n u -  
scr ipt  received May 28, 1971. This was Pape r  71 pre -  
sented at the Washington,  D.C., Meeting of the  Society,  
May 9-13, 1971. 

A n y  discussion of this  paper  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the June  1972 JOURNAL. 
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the Electrolyte on Oxygen Reduction at 

Ferric Phthalocyanine-Catalyzed Graphite Electrode 
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Hemin and ferric phthalocyanine (FePc) were 
found to be good catalysts for oxygen reduct ion in  
saline solution and in blood (1-4), when a graphite or 
carbon was used as substrate  (2). The activity of 
FePc-catalyzed graphite for oxygen reduction ap- 
proached that  of platinized Pt  in 1M KOH (3). Plat i-  
num catalyst  or a p la t inum electrode is known to be 
sensitive to various impurities.  It  has been shown that 
simple cations (Ca ++, Sr ++, Ba + +) and anions (CI- ,  
B r - )  at a concentrat ion of 10 -4 ~ 10-~M significantly 
influence oxygen reduction at a p la t inum electrode 
(5). In this work, the influence of various additives in 
the electrolyte on oxygen reduct ion at FePc-catalyzed 
graphite electrodes was investigated. It is desirable to 
accumulate knowledge about what  kind of impurit ies 
would deactivate the FePc catalyst  for oxygen reduc- 
tion especially dur ing long- term operation in blood. 
Another  reason is a basic interest  in the interrela t ion 
of adsorption and electrode reaction rates. Unlike 
p la t inum catalysts (p la t inum black or platinized plati-  
num on an electrode surface),  FePc catalyst has a 
well-defined chemical structure, and the active center  
for oxygen reduct ion seems to be the iron atom in the 
molecule (2). Systematic data on the effect of various 
additives (anions, cations, complexing agents, etc.) 
would be meaningfu l  in order to clarify some aspects 
of the electrode reaction in relat ion to adsorption. 

Experimental 
In  our early work (1-4) isotonic saline solution 

(0.15M NaC1 + 0.05M potassium sodium phosphate 
buffer, pH 7.15) or 0.05M sodium acetate solution 
(NaAc) was used. Here, 0.5M NaAc (pH 7.0) was pri-  
mari ly  used as a base solution to provide a more de- 
sirable buffer action and to el iminate PO4 z and C1- 
which would be strongly adsorbed on the Fe atom of 
FePc. The 0.5M NaAc (pH 7.0) base solution was pre-  
pared by adding concentrated acetic acid to 0.5M 
NaAc. Whenever  0.05M or 2M NaAc solutions were 
used; the pH was adjusted to desired values by adding 
HAc or NaOH. 

Concentrated stock solutions of various additives (if 
possible 2M) were prepared and added to the base 
solution in concentrat ions of 0.01 to ,~ 0.1M. Since the 
i--E curve was relat ively sensitive to the pH of the 
solution, pH values of the solution after addition of 
the additives were measured. Unless otherwise noted, 
the pH remained 7.0 • 0.1. Reagent grade chemicals 
and conductivi ty water  were used throughout  the 
studies. 

A rota t ing  disk-r ing electrode technique was used 
in these studies (1). The disk electrode was made of 
a pyrolytic graphite and had an exposed surface of 
0.196 cm 2. The disk radius was 0.25 cm and the plat i-  

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
K e y  w o r d s :  o x y g e n  r e d u c t i o n ,  f e r r i c  p h t h a l o c y a n i n e - g r a p h i t e ,  

additives.  

num ring electrode had an inside radius of 0.277 cm 
and an outside radius of 0.360 cm. The collection effi- 
ciency measured exper imenta l ly  (N -- ir/ia, ir = r ing 
current,  id ---- disk current)  was approximately 0.39. 
FePc catalyst was applied on the surface of the pyro-  
lytic graphite disk electrode. The electrode was always 
rotated at 120 rpm while taking the i--E curves. The 
i--E curves were taken in oxygen (1 atm) saturated 
solutions at 23~ _+ I~ at a sweep rate of 0.12 V/rain. 
While sweeping the disk electrode potential  toward 
the negative direction, the current  at the r ing elec- 
trode was measured at +0.62V vs. SCE. At this poten-  
tial the H~O~ reaching the r ing electrode is oxidized 
to O2. Knowing  the collection efficiency, N, of the r ing 
electrode it is possible to calculate the fraction of the 
reaction current  producing the hydrogen peroxide in-  
termediate. The portion of the disk current  which pro-  
duces hydrogen peroxide is given approximately by 
iH2o2 = G/N where ir is the measured r ing current.  
This calculation neglects the electrochemical reduction 
of H202 on the disk electrode as well  as the possible 
self-decomposition of HeO2 in t ransi t  be tween the disk 
and ring electrode. 

Results and Discussion 
The main  purpose of this note is to present various 

exper imental  facts and point out the behavior  of var i -  
ous types of additives on oxygen reduction at a FePc 
catalyst  graphite electrode. Current  potential  (i--E) 
curves presented in this paper were selected from a 
large number  of experiments  as represent ing signifi- 
cant behavior. Most of the effects caused by the var i -  
ous additives on the i--E curve could be explained on 
the basis of adsorption on the catalyst surface. 

A tentat ive model for adsorption of various types of 
additives on the FePc catalyst  is useful when  in te r -  
pret ing the results. FePc is essentially a large hydro-  
carbon molecule except for the Fe and n i t rogen sites 
in the molecule. The hydrocarbon port ion (pyrols) 

O 

would adsorb CH~--C or CH~-CO2H, since it 
\ 

O -  
may attract  a methyl  group. Nitrogen atoms would 
preferent ia l ly  adsorb any metal  ions since ni t rogen can 
be an electron donor. Although in the FePc molecule, 
all  the electrons of the ni t rogen atom are used to bond 
with Fe, some at tract ion for other metal  ions can be 
expected. The central  Fe atom does have two free 
orbitals to accept any ligand, such as H20, CI- ,  B r - ,  
O H - : O 2 - - - R  (oxyacid),  etc. The FePc molecule re-  
quires one monovalent  anion to balance the formal 
charge. This may contr ibute  to the anion adsorption on 
the molecule. These three types of adsorption sites in 
FePc are shown pictorially in  Fig. 1. 
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Fig. 1. Adsorption on ferric phthalocyanine 

The nature  of the oxygen reduct ion process at the 
electrode must  also be considered. Oxygen is reduced 
by at least two kinds of e lectrochemical  reactions, one 
produces H202 in a two-e lec t ron  process and the other  
produces HeO in a four-e lec t ron  process 

0.2 -+- 2H + -t- 2 e -  --> H202 [1] 

O~ -F 4H + + 4 e -  --* 2H20 [2] 

Figure 2 shows the i - -E curves taken at a FePc-ca ta -  
lyzed graphi te  (FePc-Gr)  electrode and also at an un-  
catalyzed pyrolyt ic  graphi te  electrode in O2-saturated 
0.05M NaAc solutions (pH 6, 7, and 8). It  should be 
noted that  the FePc -Gr  electrode is far  bet ter  for oxy-  
gen reduct ion than is the uncatalyzed electrode. P rac -  
t ically no H.202 is produced at the F e P c - G r  electrode 
over  the pH range studied, while  at the uncatalyzed 
graphi te  electrode most of the  disk cur ren t  is due to 
an electrochemical  react ion producing H202 (Reaction 
[1]). At  the FePc -Gr  electrode, the oxygen reduct ion 
react ion approximated  a four-e lec t ron  process (Re- 
action [2]). In fact the cur ren t  value  in the pla teau 
(--0.3 ~ - -0 .6)  region of the i - -E curve  corresponds 
to the diffusion l imited current  for a four-e lec t ron  
reduct ion of dissolved 02 under  these rotat ional  con- 
ditions. With the rotat ing disk ring electrode, approxi-  
mate  values for the current  associated with  each reac-  
tion path can be obtained as well  as identification of 
a mechanism change. If  the oxygen reduct ion current  
decreases at a certain potent ial  with cer ta in  addit ives 
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Fig. 2. Current-potential curves for FePc-graphite, curves 1-3, 
and graphite, curves 4-6, electrodes in the following solutions: 
Curves 1,4--0.05M sodium acetate pH 6; Curves 2,5---0.05M sodi- 
um acetate pH 7; Curves 3,6--0.05M sodium acetate pH 8. 

there  are two possibilities. (A) The four -e lec t ron  
process changes to a two-e lec t ron  process due to the 
influence of the na ture  of the adsorption on the various 
react ion paths. (B) The same four-e lec t ron  process is 
taking place but a port ion of the electrode (or cata-  
lyst) surface is s imply blocked by the adsorbed mate -  
rial. If the first is the case, we should see an increase 
in the r ing current  and therefore,  an increase in the 
fraction of current  producing hydrogen peroxide.  If 
the second is the case, the ring current  should not in-  
crease. 

Two-s tep  i --E curves for oxygen reduct ion are very  
f requent ly  reported at various electrodes as the drop- 
ping mercury  (6), graphi te  (2), gold and other  elec-  
trodes. The first step is a t t r ibuted to the reduct ion of 
02 to H202 and the second step to the reduct ion of O~ 
to HeO. At the FePc -G r  electrode, two-s tep  i - -E 
curves of this type are obtained under  cer ta in  condi- 
tions. The i - -E curve  at pH 6 (curve 1, Fig. 2) has two 
steps, but  the first step disappears as the pH value  is 
increased (curves 2 and 3, Fig. 2). 

The pH effect shown in Fig. 2 can be explained by 
the dissociation of HAc and its adsorption. Let  us as- 
sume that  undissociated HAc does not have the abil i ty 
to complex or to be adsorbed on the Fe  sites of the 
FePc catalyst  as do A c -  ions formed by dissociation. 
In acetate solution having low pH values there  are 
more HAc molecules than dissociated A c -  ions. There -  
fore, A c -  adsorption is less; and the Fe sites of FePc  
have decreased blockage. But  at h igh pH values, the 
A c -  ion concentrat ion is high and the Fe sites may  be 
blocked by adsorption. Because of this si tuation at low 
pH, some oxygen reduct ion starts at more posit ive 
potentials and produces the first step in the curve. At  
more negat ive  potentials  all the  A c -  ions adsorbed on 
the Fe sites will  be detached because of the charge re-  
pulsion, and the Fe sites then become avai lable  to 
catalyze oxygen reduction. 

Figure  3 shows i - -E curves at F e P c - G r  and uncata-  
lyzed graphi te  electrodes in 0.05, 0.5, and 1.0M NaAc 
solutions. The height  of the first step (see curves  1, 2, 
and 3) increases wi th  increasing acetate concentrat ion 
from 0.05 to 1.0M. The current  value in the plateau 
region (--0.2 ~ --0.7 vs. SCE) of curves 1, 2, and 3 
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Fig. 3. Current-potential curves for FePc-graphite, curves 1-3, 
and graphite, curves 4-6, electrodes in solutions with increasing 
acetate concentration: Curves 1,4--0.05M sodium acetate pH 7; 
Curves 2,5--0.5M sodium acetate pH 7; Curves 3,6--1.0M 
sodium acetate pH 7. 
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Fig. 4. Current-potential curves for FePc-graphite electrodes in 
0.2M sodium phosphate, curves 1-3, and 0.2M sodium acetate 
solutions, curves 4-6: Curves i ,4 - -pH 5; Curves 2,5--pH 7; Curves 
3,6--pH 9. 

decreases wi th  increasing acetate concentration,  pre-  
sumably due to a decrease in oxygen solubility. 

Figure  4 shows i - - E  curves taken in 0.2M Na3PO4 
(pH 5, 7, and 9) and 0.2M NaAc (pH 5, 7, and 9) solu- 
tions at FePc -Gr  electrodes. It is interest ing to note 
that  the curves  in the phosphate solution shift toward  
the negat ive  direct ion by approximate ly  33 m V / p H  as 
the pH value increases, but  in the acetate solution 
some unusual  distort ions are seen at pH 7 and 9 (see 
curves  4, 5, and 6). This may  indicate that  at pH 7 
and 9 the acetate ion (0.2M) is adsorbed at the FePc 
electrode and hinders the O2 reduct ion in this region 
(+0.2 ~ 0V). Another  point to be noted is that  the 
plateau current  in the acetate  solution decreases wi th  
decreasing pH from 7 or 9 to 5 (see curves 4, 5, and 
6). It  was shown previously  (3) that  in 0.1N H.~SO4 
solution, the plateau cur ren t  of the i - - E  curve is ap- 
p rox imate ly  half the value associated with  the four-  
electron process. At pH 5, the behavior  of the FePc-  
Gr electrode is approximate ly  the same as that  in 0.1N 
H2SOi. In acid solution (0.1N or 1.0N H.~SO~), the ac- 
t iv i ty  of FePc for oxygen reduct ion deter iora ted  rap-  
idly (3). 

When i - - E  curves were  taken repea ted ly  at FePc-  
Gr electrodes, they were  reproducible  in most solutions 
indicating that  the catalyst  act ivi ty  remains  the same. 
In some solutions having pH values of 6 or less or in 
solutions containing cer ta in  anions e.g., PO~ ~ the shape 
of the curve  changed rapidly  because of deact ivat ion 
of the FePc-catalyst .  In 0.2M Na3PO4 solution, the 
repeated i - - E  curves are reproducible  at pH 9, but at 
pH 5 and 7, the electrode act ivi ty  deter iora ted  rapidly  
on repeated sweeps. 

Cyanide ions added to the acetate base solution 
great ly  h inder  the act ivi ty  of the FePc catalyst  for 
oxygen reduct ion as shown in Fig. 5. The i - - E  curve  
for oxygen reduct ion in C N - - c o n t a i n i n g  solution 
(curve 2) is ve ry  similar  to that  at a plain graphi te  
electrode. 

It is wel l  known that  the O2-carrying abil i ty of 
hemin  is lost when  cyanide ions are introduced in 
blood, since the C N -  ion is s trongly adsorbed on the 
Fe atom of hemin. The results  obtained here (Fig. 5) 
are analogous to the physiological  effect of cyanide. 
However ,  the poisoning of FePc catalyst  by C N -  is 
not pe rmanent  since, when  the electrode which had 
been operated in C N - - c o n t a i n i n g  solution was washed 
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Fig. 5. Current-potential curves for FePc-graphite electrode in 
sodium acetate solution with and without cyanide additive. Curve 
3 was taken after rinsing the electrode in Curve 2 with water: 
Curves 1,3--0.5M sodium acetate pH 7.0; Curves 2 ~ . 5 M  sodium 
acetate + 0.01M sodium cyanide pH 9.25. 

with water  and operated in a C N - - f r e e  solution, the 
poisoning effect disappeared almost complete ly  (see 
curve  3, Fig. 5). The inhibi t ive  effect of EDTA (0.01M) 
is considerable and quite similar  to that  of C N - .  How-  
ever, in this case the poison was more  permanent .  The 
electrode which was washed with  water  and tested in 
an EDTA-f ree  solution did not recover  its act ivi ty  
complete ly  as in the case of C N - .  The act ivi ty  of elec- 
trodes exposed to EDTA could be restored only af ter  
repeated rinsing wi th  water .  One explanat ion may  be 
that  the EDTA may remove  the Fe f rom the FePc com- 
plex causing an i r revers ib le  loss of activity.  

Cyanide ion and EDTA must  be at tached to the i ron 
atom of the FePc  catalyst. Their  abil i ty to form stable 
complexes wi th  iron is wel l  known. Therefore  these 
addit ives are expected to hinder  the oxygen reduct ion 
reaction. It is almost cer ta in  that  iron in the FePc is 
the site for the electrochemical  oxygen reduction, since 
among the various meta l  phthalocyanines tested, the 
catalyt ic act ivi ty  is highly dependent  on the kind of 
central  meta l  ion; the active order  among the active 
meta l  Pc's were  Fe ( I I I )  > Fe ( I I )  > Co > Cu, etc., 
(1). Increased peroxide format ion was noted for C N -  
and EDTA additives. Evident ly  they block the act ive 
sites of the iron for oxygen reduction. 

Figure  6 shows the effects of adding small  amounts 
of "Tr i ton  X-100" (a nonionic surface act ive agent-  
a lkylary l  polyether  alcohol),  pyridine, and quinoline. 
These addit ives are typical  mater ia ls  which inhibit  
oxygen reduct ion at the F e P c - G r  electrode. It  should 
be noted that, a l though the disk current  is great ly  re-  
duced in the presence of 0.002% quinoline (curve 4), 
the fract ion of the current  producing hydrogen per -  
oxide is not great ly  increased. This indicates that  the 
inhibit ion effect does not necessari ly change the oxy-  
gen reduct ion react ion f rom the four -e lec t ron  process 
to the two-e lec t ron  process. 

In contrast  to the behavior  of P O (  and C N -  the 
effect of SO4 = addition to 0.5M NaAc is only slight. 
Also the addit ion of C1- and B r -  to 0.5M NaAc solu-  
tion had lit t le effect on the over -a l l  behavior.  The 
slight decrease in the p la teau  current  was observed 
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Fig. 6. Current potential curves for FePc-graphite electrode in 
sodium acetate solution plus the following additives: Curve 1--  
0.SM sodium acetate pH 7.0; Curve 2--0.5M sodium acetate "1" 
0.01% "Triton X-100" pH 6.97; Curve 3--0.5M sodium acetate 
-t- 0.01% pyridine pH 7.1; Curve 4--0.5M sodium acetate Jr 
0.002% quinoline pH 7.1. 
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Fig. 7. Current-potential curves for FePc-graphite electrode in 
sodium acetate solution with and without magnesium additive: 
Curve 1--0.05M sodium acetate pH 7.0; Curve 2--0.05M sodium 
acetate -I- 0.1M magnesium nitrate pH 7.0; Curve 3--0.05M 
sodium acetate + 0.2M magnesium nitrate pH 7.0. 

perhaps due to decreasing oxygen solubility. The fol- 
lowing addit ives were  found to have pract ical ly  no 
effect on the i - - E  curves: Na oxalate  (0.01M, 0.02M), 
Na ta r t ra te  (0.01M, 0.1M), urea (0.01M, 0.1M), KNOa 
(0.01M, 1M). 

In solution containing only bromide  ion there  was 
l i t t le effect of pH on the i - - E  curves. B r -  ions must  be 
strongly adsorbed on Fe sites, since the Fe ( I I I ) -ha l ide  
complex is ve ry  stable. Such a B r -  adsorption should 
be influenced very  l i t t le  by a pH change in the solu- 
tion. However ,  when a certain negat ive potent ial  is 
imposed, the adsorbed B r -  on the Fe of FePc should 
be desorbed and consequently,  oxygen reduct ion 
should take place when  the potent ial  becomes suffi- 
cient ly negative.  

When a B r -  solution containing no acetate ion was 
used, the B r -  effect was considerably different from 
the effect of B r -  added to the 0.5M NaAc solution. In 
the bromide solution the pH effect is ve ry  small  in the 
pH range of 5-9, al though in acetate solution the i - - E  
curve  develops a pronounced second step at lower  pH 
values. 

The effect of d ivalent  posit ive ions is not clear. Add-  
ing Ca(NO3)2 (0.01M, 0.1M), and Sr(NO:3)2 (0.01M, 
0.1M) has no notable influence on the i - - E  curves. As 
shown in Fig. 7, addition of Mg + + produces a some- 
what  beneficial effect around +0.1 ,~ --0.1V, since the 
current  is larger  wi th  Mg + + addit ions than that  in 
0.05N NaAc solution. However ,  the cur ren t  decreases 
considerably as the potent ial  becomes more negative.  
At higher  A c -  concentrat ion the plateau current  is 
not depressed as much as in lower A c -  solutions. 

The only possible site for Mg + + adsorption is the 
ni t rogen atom of FePc. Let  us assume Mg + + ions are 
adsorbed on some N-sites. This adsorbed Mg + + would 
somehow promote oxygen reduct ion at the Fe-s i te  of 
FePc. When a more negat ive  potent ial  is applied (or 
the electrode is swept toward more negat ive  potential)  
Mg + + adsorption should be increased since the Mg + + 
is posi t ively charged. If hydra ted  Mg ++ ions would 
be adsorbed on two N-si tes  of FePc, oxygen  reduct ion 
may  be hindered physically since it is difficult for the 
O2 molecule to approach the Fe site because of steric 
hindrance.  This would account for the current  decrease 
shown in Fig. 7 (curves 2 and 3). 

The effect of Pb + + addit ion shown in Fig. 8 is quite 
s imilar  to that  of Mg + + in the potent ia l  range of .1.0.2 

0.1V, but the pla teau current  remains steady at 
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Fig. 8. Current-potential curves for FePc-graphite electrode in 
sodium acetate solution with and without lead additive: Curve 1--  
0.5M sodium acetate pH 7.0; Curve 2 ~ . 5 M  sodium acetate -I- 
0.01M lead nitrate pH 6.9. 

negat ive  potentials. This kind of beneficial action of 
Pb + + for oxygen reduct ion has been repor ted  prev i -  
ously using dropping mercury  electrode (6, 7) as wel l  
as various solid electrodes (8). 
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Electrical Resistivity of Magnet i te  Anodes 

R. Itai, M. Shibuya, T. Matsumura, and G. Ishi* 
The Japan Carlit Compa.~y, Limited, Shibukawa-shi, Gunma-ken, Japan 

Considerable progress has been made in qual i ty  and 
economy of magnet i te  anodes, and they are now used 
not only in t radi t ional  chlorate cells, but  also in such 
new fields as cathodic protection and electrodialysis. 

Electrolytic manufac ture  of sodium chlorate with 
magnet i te  anodes has been described in a previous 
paper (1). Since they have rela t ively high electrical 
resistance compared with graphite, this should be kept 
as low as possible through quali ty control. Much work 
has been done with regard to factors which govern 
electrical resistance of commercial magneti te  anodes. 
In  the present  paper, effects of composition, tempera-  
ture, and some additives on resistivity of cast magne-  
tite samples prepared from relat ively pure mill  scale, 
are described. 

Exper imenta l  
Composition of magnet i te  and its raw materials  may 

be expressed in terms of F e ( I I I ) / F e ( I I )  atomic ratios 
(AR).  Pure  magnet i te  corresponds to an AR of 2.00. 

Determination o] AR.--Dissolve a weighed portion 
of a sample in 12N H2SO4, t i trate it with 0.1N KMnO4 
which gives Fe ( I I ) .  Dissolve another portion in 8N 
HCI, add SnC12 to reduce any Fe 3+, oxidize the excess 
SnC12 with a saturated solution of HgC12, add MnSO~ 
and finally t i t rate it with 0.1N KMnO4 to obtain the 
total iron which gives Fe ( I I I )  by difference. 

Preparation of magnetite samples.--Mill scale of as 
high qual i ty as was available was melted under  con- 
ditions similar to the practical ones. Composition of 
the mil l  scale used throughout  is shown in Table I. 
Pur i ty  was much better  than  that  of hemati te  ore, a 
common raw mater ia l  for commercial  magnet i te  
anodes. The feed was a mix ture  of unoxidized and 
par t ly  oxidized mil l  scales in such a ratio as to give 
any target  AR value in the final product. 

Melting was carried out in a 15 kW resistor furnace. 
The melt  was poured into a red-hot  cast iron mold and 
was left cooling overnight  in an anneal ing furnace 
preheated above 800~ Samples, 15 m m  wide, 75 mm 
long, and 8 mm thick, were ground out of ingots. 

Electrical measurements.--A constant d-c current  
(10 to 200 mA) was led through a sample plated with 
Cu on both ends, and the voltage drop across a pair  
of silver knife edges on which it rested was measured 
by a potentiometer.  For measurements  at temperatures  
higher than 150~ a th in  silica tube, on which a pair  
of Cu wires were wound 30 m m  apart, pressed t ightly 
against  a sample, provided potentiometric  contacts. 
The uni t  was placed in a silica tube, 30 mm inner  diam, 

* Electrochemical  Society Act ive  Member .  
Key  words:  magnet i te  anodes, electrical resistivity, act ivat ion 

e n e r g y ,  a t o m i c  rat io ,  

Table I. Composition of mill scale used for casting magnetite 

SiOe AI~Os CaO MgO FeO Fe2Oa 

1.09% 0.93% 0.50% 0.13% 44.2% 53.5% 

inserted in a horizontal tube furnace with Ni-Cr  re-  
sistors and swept by a stream of CO2. 

Results and Discussion 
EI~ect of AR on resistivity.--Direct-current resist iv-  

ity, p, at 25~ of cast magnet i te  as a funct ion of AR, is 
shown in Fig. 1. The curve has a jump at AR = 2.0, 
corresponding to stoichiometric magneti te.  As AR 
passed the stoichiometric point  from the lower to the 
higher AR region, p increased 102-fold. The observed 
value of p at AR -=-- 2 was about five t imes as high as 
that reported for pure single crystals of Fe304 (2, 3). 
The difference might be explained by the fact (4) that  
conductivi ty of polycrystal l ine magnet i te  is 10-20% of 
that  of single crystals, and par t ly  by the presence of 
small  amounts  of impuri t ies  in our samples. 

From the practical point of view, it is obviously ad- 
vantageous to keep AR of the anode products as close 
to the value of 2 as possible but  never  in excess of it. 

E~ect of temperature.--Resistivity of samples with 
different AR's was measured between 2 ~ and 900~ 
and log p was plotted against 1/T as shown in Fig. 2, 
where T is absolute temperature .  Curves formed two 
groups, an upper  and a lower. The curves for AR ~ 2.0 
belonged to the latter. Below 300~ they roughly coin- 
cided with a curve reported for FeO1.07 (4). The dis- 
crepancy at AR = 2 of the observed from the reported 
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Fig. 1. Effect of the Fe(lll)/Fe(ll) atomic ratio (AR) on the 
electrical resistivity at 25~ of cast magnetite samples. 
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Fig. 2. Temperature dependence of the electrical 
resistivity of cast magnetite with various AR's, com- 
pared with that of 'y-FegO3, Fe304, and FeO: 1) AR - -  

2.72, 2) 2.44, 3) 2.11, 4) 1.03, 5) 1.97, (A) ~/-Fe203, 
(B) FeOz.oT, (C) Fe304 (see text). 
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curve (3) could be a t t r ibuted to the same reason as 
given above. The curves for A R  > 2 formed the upper  
group. A curve for a preparat ion of epitaxial ly grown 
7-Fe.~Oa (5) is also shown. Curves for ~-Fe.~O3 pre-  
sumably lie higher than  those for 7-Fe203 (6). Curves 
for those samples with which the measurements  ex- 
tended up to 900~ had a k ink at about 430~ 

Activation energy, E, for the low-tempera ture  part, 
showed a m in imum at the stoichiometric magneti te  
composition (Fig. 3). At this point, the temperature  
coefficient of resistivity at 25~ was about --0.2% per 
degree. The increase in E was much steeper towards 
the higher A R  region than towards the opposite. 

LLI 

0.1 

_ I I I I 

1 2 3 
A R  

Fig. 3. Activation energy for the low-temperature part of the 
resistivity curves as a function of AR. 
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Microscopic observations.--Five samples w i th  AR's 
f rom 1.04 up to 2.70 were inspected microscopically 
(Fig. 4 a-e) .  The samples with A R  = 1.04 and 2.70 
showed two distinct phases, whereas those with A R  = 
1.35, 2.00, and 2.29 showed a single phase. In  the A R  = 
1.04 sample, either wuest i te  or metall ic i ron appears 
as a separate phase, while in the A R  = 2.70 sample, 
maybe ~-Fe203 has segregated. In  view of the poor 
solubil i ty of wuest i te  or iron in magnet i te  (7), it is 
surprising that  those samples having A R ' s  well below 
the stoichiometric value were found to be uniform, 
even though they had been anealed dur ing preparation.  

E]Iec~ o f  a d d i t i v e s . - - T h e  commercial  magnet i te  
anodes contain certain amounts  of impurities,  such as 
silica, alumina,  and l ime (1). In  order to study the 

. : ,J 
a b c 

d e 
Fig. 4. Schematic representation of microscopic structures at 

various AR's (X269): (a) AR ~ 1.04, (b) 1.35, (c) 2.00, (d) 2.29, 
(e) 2.70. 
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Table II. Effect of additives on 
electrical resistivity of cast magnetite 

Group 

C o r r e -  
A d d i t i v e  sponding 

Corn-  Critical resistivity, No. o f  
pound % added A R  o h m - c m  p h a s e s  

N o n e  2.0 0.020 1 
"--I KNOB ~ 2.0 0.035 2 

I I  M g O  1 2.1 0.026 1 
3 2.2 0.033 1 

I I  C a O  1" 2.1 0.027 1 
I I  Z n O  5 2.2 0.035 1 

I I I  A12Os 1 1,9 0.025 1 
3 1.8 0.042 1 
5 1.7 0.075 1 

I V  SiO~ 1 2.0 0.030 2 
3 2.0 0.039 2 
5 2.0 0.045 2 

IV  TiO.o 2 1.8 0.028 2 
V F~O5 2 2.0 0,091 2 

* P r e p a r a t i o n  w a s  so d i f f icu l t  t h a t  o n l y  a f e w  s a m p l e s  w e r e  
a v a i l a b l e  fo r  m e a s u r e m e n t s .  

roles played by such impurities,  certain elements of 
Group I and V were added to the mil l  scale as the 
corresponding oxides, except for potassium where the 
ni t rate  was used. Electrical measurements  and micro- 
scopic observations were made on samples prepared 
as before. The critical AR at which the jump occurred, 
the associated value of p, and the number  of phases 
observed near  the critical value of AR are summarized 
in  Table II. Typical  examples of microscopic struc-  
tures where the number  of phases is one and two, re- 
spectively, are shown in Fig. 5a and b. 

Potassium gave little effect except that  it brought  
about a second phase. Elements of Group II caused 
more or less rises of the critical AR, that  is, some 
shifts towards the higher AR region, but  the corre- 
sponding changes in p were not substantial .  CaO made 
cast magnet i te  so fragile that  only a few pieces were 
available for measurements.  

With A1203, only one phase formed in samples, and 
the critical AR lowered. The increase in the corre- 
sponding p was a little more enhanced than those ob- 
served with the Group II oxides. 

Such changes in the critical values of AR may be 
postulated, at least qualitatively,  as follows. Group II 
oxides might  form corresponding spinels by joining 
with excess Fe203 wi th in  the lattice of AR ---- 2, caus- 
ing rises of the critical AR. Similarly,  a lumina  could 
combine with the interst i t ial  Fe 2+ to form FeA104, 
lowering the critical AR. 

This was no longer the case with SIO2, for it went  
into a separate phase, having  little influence on the 

121 

N , t~q  

b 

Fig. 5. Schematic representation of microscopic structures of 
magnetite containing additives (X269): (a) 5% AI~03, AR = 2.0, 
(b) 5% SiO2, AR = 1.9. 

conduction process. The gradual  increase in p as" the 
addition level increased may be taken as being caused 
by the increasingly silica-rich matrix.  P20~ behaved 
quite like SIO2. 

Addit ion of TiO2 was an intermediate  case. It caused 
two separate phases to exist, while a lowering of the 
critical AR cannot  be neglected. Par t ia l  solubil i ty of 
TiO., in magneti te  might  be a possible answer, but  no 
fur ther  discussion will  be at tempted here. 

Generally,  rises in the critical AR are favorable on 
account of conductivity, but  other factors, such as 
thermal  and mechanical  properties as well  as electro- 
chemical performance, should also be considered. 

Thus our resist ivity measurements  made on cast mil l  
scale magnet i te  provided useful guidelines for the 
manufac ture  of commercial ly acceptable magneti te  
anodes. 

Manuscript  submit ted Dec. 28, 1970; revised man-  
uscript received ca. March 26, 1971. This was Paper  
166 presented at the Washington, D.C., Meeting of the 
Society, May 9-13, 1971. 

Any  discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1972 JOURNAL. 
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Com  n ca : on 

Electric Conductivity of Carbon Black Suspensions 
in Molten Sulfur 

T.  K. Wiewiorowsk i  

Freeport Sulphur Company, A Division of Freeport Minerals Company, Belle Chasse, Louisiana 70037 

Molten sulfur  is a very  poor electrical conductor. In 
certain applications it would be desirable to increase 
its electrical conductivity. For  example, molten sulfur  

K e y  words: batteries, carbon black, c o n d u c t i v i t y - - e l e c t r i c ,  su l -  
f u r ,  s u s p e n s i o n s .  

is being considered as the cathode reactant  in sodium- 
sulfur  and l i th ium-sul fur  batteries, but  its low elec- 
trical conduct ivi ty  in these rechargeable batteries 
makes current  collection at the cathode a very  difficult 
task. The poor electric conduct ivi ty  of mol ten  sulfur  
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is undoubtedly  one of the major  technological barr iers  
in the successful commercial  developments of l i th ium-  
sulfur  and sodium-sulfur  batteries. In  an effort to 
overcome this problem, the electrical current  collec- 
tion system at the cathode in one prototype l i th ium-  
sulfur cell consisted of an elaborate metal  mesh to 
maximize its surface area and increase the current  
output  of the cell (1). Al though somewhat improved, 
this current  output  did not reach a sufficiently high 
level to render  the system suitable for practical appli-  
cations. Fur thermore,  the use of an extended metal  
mesh in the current  collection system of a bat tery 
significantly increases the weight of the bat tery  and 
consequently decreases its specific energy (energy per 
uni t  weight) .  

The performance of sodium-sulfur  and l i th ium-  
sulfur batteries can be greatly enhanced by increas- 
ing the electric conduct ivi ty  of the molten sulfur 
contained in the cathode compartments  of these bat-  
teries. It has been found that compositions of mat ter  
consisting of mol ten sulfur  and powderized carbon 
have electric conductivit ies substant ia l ly  higher than 
that  of pure mol ten sulfur. 

The concentrat ion of carbon used in preparing a 
par t icular  composition depends pr imar i ly  on the 
desired electrical conduct ivi ty  of the melt  and on the 
physical properties of the specific carbon employed, 
such as density, crystall inity,  particle size, and poros- 
ity. The carbon content  of the suspension may vary  
between 0.1% and 15% by weight. 

The preparat ion of ca rbon- in -su l fu r  suspensions can 
be accomplished by blending carbon powder into 
molten sulfur, while providing sufficient agitat ion to 
achieve un i fo rm dis t r ibut ion of the solid in the l iquid 
phase. Carbons consisting of small  porous particles 
form quite stable suspensions in molten sulfur and 
show little or no tendency to settle even after extended 
periods of time. This is impor tant  in applications 
where a uni form suspension is desired and where it is 
impractical  to provide mechanical  agitation in order to 
main ta in  such uni formi ty  of suspension. It was quite 
surprising to observe that such suspensions have con- 
ductivities several orders of magni tude  higher than 
that of pure molten sulfur, even though the carbon 
content  of these compositions was only in  the order of 
0.1%-15%. 

The physical properties of the suspension are 
strongly affected by the type and amount  of carbon it 
contains. For example, suspensions of powderized car- 
bon in molten sulfur  in which the carbon content  is 
below about 2% by weight have a fluidity similar to 
that of molten sulfur. In  the case of finely divided car- 
bons, these compositions gradual ly  acquire the con- 
sistency of a paste as the carbon content  is raised 
above about 2 %. 

A series of carbon black suspensions in molten sulfur 
was prepared and their  electrical conductivities deter-  
mined at 130~ using a direct cur rent  conductivi ty 
measur ing circuit  with a sensi t ivi ty of about 10 -7 
ohm -1 cm -1. The results obtained are shown in Table 
I. In all cases tested, the electrical conductivi ty of the 
suspensions was at least three orders of magni tude  
higher than the conduct ivi ty of mol ten sulfur, which 
is reported to be in the order of 5 x 10 - I I  ohm -1 
cm -1. Note that the suspension containing 2.0% of 
Vulcan XC-72R carbon black, manufac tured  by the 
Cabot Corporation, had a conduct ivi ty  in  the order of 
10 -1 ohm -1 cm -I .  In this case, the enhancement  in 
electrical conduct ivi ty  resul t ing from the presence of 
the carbon black in the mol ten sulfur  is about ten 
orders of magnitude.  

In another  experiment,  a 5% by weight suspension 
of Vulcan XC-72R carbon black in mol ten sulfur  was 

Table I. Electrical conductivity of carbon black 
suspensions in molten sulfur 

E l e c t r i c a l  
T r a d e  n a m e  of  c a r b o n  W e i g h t  c o n d u c t i v i t y  
b l a c k  m a n u f a c t u r e d  p e r  c e n t  of  of s u s p e n s i o n  
by the Cabot Corp. carbon black ohm-1  c m  -I 

V u l c a n  X C - 7 2 R  0.10 2 x 10 -~ 
V u l c a n  X C - 7 2 R  0.20 1.4 • 10 -o 
V u l c a n  X C - 7 2 R  0.30 3.2 x i0-~ 
V u l c a n  X C - 7 2 R  0.40 I . I  • 10- 6 
V u l c a n  X C - 7 2 R  0.S0 2.4 • 10-  '~ 
V u l c a n  X C - 7 2 R  0.75 1.0 • 10 -~ 
V u l c a n  X C - 7 2 R  1.0O 2.1 x 10 -6 
V u l c a n  X C - 7 2 R  1.25 3.2 x 10 -~ 
V u l c a n  X C - 7 2 R  1.50 5.2 • 10 -0 
V u l c a n  X C - 7 2 R  2.00 1.1 x 10 -I 
C a r b o l a c  1 0.58 5.6 x 10 -0 
C a r b o l a c  1 1.15 7.5 x 10 -5 
C a r b o l a c  1 2.28 1.2 • 10 -a 
C a r b o l a c  1 3.38 1.0 x 10 -~ 
V u l c a n  9 3.22 1.2 • 10 -6 
V u l c a n  9 4.25 2.4 x 10 -~ 
V u l c a n  9 5.26 1.4 x 10- 4 
V u l c a n  9 6.25 5.2 x 10-~ 
V u l c a n  9 9.90 5.9 x 10 -3 
V u l c a n  9 20.00 3.6 x 10 -1 

Table II. Electrical conductivity of 5% Vulcan XC-72R 
carbon black suspended in molten sulfur as a function of time 

T i m e  e l a p s e d  f r o m  E l e c t r i c a l  c o n d u c t i v i t y  
c o m m e n c e m e n t  of  of  s u s p e n s i o n  

t e s t  (days )  ( o h m  -1 c m - D  

0.2 2.9 
1.0 3.0 
2.0 3.1 
3.0 3.1 
6.0 3.9 
8.0 4.1 

10.0 4.1 

prepared by thoroughly mix ing  25g of carbon black 
into 475g of mol ten sulfur. The mixture,  contained in 
a glass beaker, was placed in a thermostat ical ly con- 
trolled oven and main ta ined  at 142~ without  agita- 
tion. In  order to evaluate the stabil i ty of the molten 
su l fur -carbon black suspension, conduct ivi ty  readings 
were obtained over a period of ten  days by immersing 
an electrical conductivi ty probe near  the bottom, in the 
center, and near  the surface of the suspension. The 
conductivity reading was not affected by  the location 
of the conductivi ty probe, indicat ing that no settling of 
the carbon black occurred. The results shown in Table 
II demonstrate  the excellent s tabil i ty of this suspen- 
sion. Throughout  the entire testing period the elec- 
trical conductivi ty of the suspension remained about 
ten orders of magni tude  higher than the reported con- 
ductivi ty of pure  mol ten sulfur. 

P re l iminary  tests in tended to compare the per- 
formance of ca rbon- in -su l fu r  suspensions with pure 
molten sulfur in a l i th ium-su l fu r  cell indicate that  the 
conductive suspensions wil l  facilitate considerable sim- 
plification of the cur ren t  collection system in l i th ium-  
sulfur  and sodium-sulfur  batteries. 
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The Adsorption and Reaction of Cyclic Olefins 
on a Fuel Cell Electrode 

H. J. Barger, Jr., G. W. Walker, and R. J. York 
Electrochemical Division, U. S. Army Mobility Equipment Research & Development Center, 

Fort Belvoir, Virginia 22060 

ABSTRACT 

The adsorption and reaction dur ing cathodic pulse of 1,2- and 2,3-dimethyl-  
cyclopentene and 1,2- and 2,3-dimethylcyclohexene were studied. The cis 
to trans ratios of the reduced hydrocarbon products were analyzed by gas 
chromatography. In view of the large difference in reduced isomer ratios 
obtained for the different size r ing systems, different modes of adsorption are 
postulated for each r ing system. A n-bonded, aromatic, adsorbed in termedia te  
is proposed for the dimethylcyclohexene system, since the cis/trans ratio is 
the same as that obtained upon pulsing an electrode which has been in con- 
tact with ortho-xylene. The cyclopentyl results are explained in terms of a 
less restricted adsorption geometry, with the relat ive thermodynamic  sta- 
bilities of the reduced isomers contr ibut ing extensively to the cis/trans ratio 
observed. 

The pr imary  purpose of this investigation is the 
s tudy of hydrocarbon adsorption at a fuel  cell electrode 
in order to elucidate the electrooxidation process. 

Brummer  (1) has shown that the oxidation process 
involves adsorption on the electrocatalyst, followed by 
the rapid formation of the intermediates  CH-~ and 
O-type, with the subsequent  slow oxidation of O-type 
to CO2 

Fast  Fast Slow 
Adsorption > CH-a > O-type > CO~ 

It has also been shown that the reaction must  occur 
by adsorption and that all intermediates  are adsorbed 
on the electrocatalyst (2). A method of s tudying the 
adsorption process was adopted whereby an evolved 
product would retain the essential geometrical fea- 
tures of the reactant  hydrocarbon. This method in-  
volved adsorption at fixed potential  followed by a 
galvanostatic cathodic pulse (3) with subsequent  t rap-  
ping of the reduced hydrocarbons.  

By proper choice of reactant,  one can conceivably 
obtain some insight into the adsorption geometry on 
the electrocatalyst. Dimethylcycloolefins, for example, 
may yield both cis- and trans-dimethylcycloalkanes 
upon cathodic pulse, and the cycloalkane isomer ratio 
allows speculation as to the mode of adsorption. The 
olefins, 1,2-dimethylcyclopentene, and 2,3-dimethyl-  
cyclopentene were chosen for this study for several 
reasons: (a) this type, or quite similar types, of mole-  
cule occurs in substant ial  concentrat ions in hydro-  
carbon fuels which fuel cells may ul t imately  be able 
to utilize; (b) the molecules have been extensively 
studied under  normal  heterogeneous catalysis condi- 
tions (4-6) so the effect of electrocatalyst potential  
could be determined;  and (c) the reduction products, 

Key words: fuel cell, hydrocarbon adsorption, hydrogenation, 
aromatization, ~r complex, cycloolefin, isomerization, electroredue- 
tion. 

cis- and trans-l,2-dimethylcycloalkanes, are readily 
separable by gas chromatography. 

Experimental 
The electrochemical cell and circui try used in this 

s tudy have been previously described (7). The circular 
working electrode was an LAA25 American Cyanamid 
type consisting of 25 mg / c m 2 p la t inum black bonded 
with 25% Teflon on a t an t a lum screen, and having a 
geometrical area of 20.2 cm ~. The counterelectrode was 
of the same mater ia l  bu t  wi th  an area approximately 
three times that  of the working electrode. Potentials  
were measured against the dynamic hydrogen elec- 
trode (8) which was typically 40 mV cathodic to the 
normal  hydrogen electrode in the same electrolyte. 
The electrolyte, 85% H3PO4, was main ta ined  at 120~ 
and contact to the reference electrode compar tment  
was effected through a Luggin capillary. Water  vapor 
losses from the electrolyte, due to the elevated work-  
ing temperature,  were replenished by passing humidi -  
fied inert  gas into the cell. Reactants  were introduced 
into the working electrode gas cavity in an argon 
stream by passing the inert  gas at a known flow rate 
through a heated saturator  containing the hydrocarbon 
of interest. The inert  gas was first passed through cop- 
per tu rn ings  heated to 425~ to remove traces of 
oxygen. 

Reactants 1 1,2-dimethylcyclohexene (12DMCH), 2,3- 
dimethylcyclohexene (23DMCH), 1,2-dimethylcyclo- 
pentene (12DMCP), and 2,3-dimethylcyclopentene 
(23DMCP) were used as received from K & K Labora-  
tories Inc. Baker  spectroquality ortho-xylene was also 
used as received. Gas chromatographic analysis of 
each reactant  showed them to be of 99% purity,  with 
no impur i ty  found in greater than 0.2% abundance.  

Reactants and products wi l l  be hereafter referred to by the 
abbreviations in parentheses.  

1713 
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Retention times of and ins t rument  sensitivities to the 
above reactants were determined before each run. 
Calibration of the ins t ruments  for the product  hydro-  
carbons was accomplished on known samples of cis- 
1,2-dimethylcyclohexane (cis-DMCH), trans-l,2-di- 
methylcyclohexane (trans-DMCH), cis-l ,2-dimethyl- 
cyclopentane (cis-DMCP), and trans-l ,2-dimethylcy- 
ctopentane (trans-DMCP) obtained from K & K 
Laboratories Inc. Separat ion and identification of the 
cyclohexyl derivatives were effected on three six-foot 
columns connected in series with a hel ium flow of 
32 cc /min  at l l0~ using a Hewlet t -Packard  5750 gas 
chromatograph. The column series consisted of a 
UCON LB-550X on Si l -O-Cel  firebrick column be-  
tween two squalane on diatomite columns. Separat ion 
and identification of the cyclopentyl  compounds were 
accomplished with a Perk in  Elmer 154D Vapor Frac-  
tometer on a six-foot squalane on diatomite column at 
62~ wi th  a carrier flow of 100 cc/min. All  reported 
ratios and percentages have been normalized accord- 
ing to the ins t rument  sensit ivi ty measurements.  

A potent ial  step technique (9) was used to prepare 
a reproducible electrocatalyst surface. 2 In order to 
oxidize the catalyst surface and any adsorbed impur i -  
ties, the working electrode was held at 1.35V unt i l  
the observed current  had decreased to 10 mA. Next 
the potential  was stepped cathodically to 0.05V for 
20 rain to reduce the catalyst oxide film formed at 
1.35V. The potential  was then stepped to the adsorp- 
tion potential  and the hydrocarbon reactant  was passed 
over the working electrode in the inert  gas stream 
for approximately 1 hr. Flows of 4.8 x 10 -6 moles /min  
for 12DMCH, 8.8 x 10 -6 moles /min  for ortho-xylene, 
and 1.4 x 10 -6 mo]es /min for I2DMCP were used. 
These flows derive from the equi l ibr ium vapor pres-  
sures of the hydrocarbons in the inert  gas stream 
which had passed over the reactants at 8 cc /min  and 
40~ The varying flows were offset by allowing the 
electrocatalyst sufficient reactant  contact t ime to 
achieve steady state. The contact t ime necessary to 
achieve steady state was determined by measur ing 
the charge accumulat ion with anodic, galvanostatic, 
charging curves. Steady-state  conditions were assumed 
when the electrocatalyst surface coverage became con- 
stant. The 60 rain contact time allowed more than 
enough time for each reactant  to achieve steady-state 
coverage. The long equi l ibrat ion time, although neces- 
sary to achieve steady state, does pre~ent ~ome com- 
plications. As the t ime of electrosorption increases, 
the possibility of competing reactions and adsorption 
site migrat ions also increases. Such effects might  tend 
to obscure the specific mechanism involved in the elec- 
trode reaction. However, the requi rement  to achieve 
reproducible electrode coverage before pulse necessi- 
tates the acceptance of the above factors. The lines and 
working electrode gas cavity were then swept with 
inert  gas for 30 rain. After  this time, gas chromato- 
graphic analysis revealed only trace amounts  of 
reactant  remained in the gas cavity. The working 
electrode was then galvanostatically cathodically 
pulsed at 1.0A and the resul t ing evolved hydrocarbons 
were t rapped in 2,2-dimethylbutane,  octane, or passed 
directly into the gas chromatograph. 

Results 
Dimethylcyclopentenes.--Table I shows the cis/trans 

(hereafter designated C/T) ratios obtained with 
12DMCP and 23DMCP as reactants. The close cor- 
respondence of results, independent  of cyclopentyl  re-  
actant, was not surprising since it was observed that an 
equi l ibr ium was established between 12DMCP and 
23DMCP upon passing one or the other over the elec- 
trocatalyst surface (Table I).  The a t ta inment  of an 
equi l ibr ium condition occurred with or without  a po- 
tent ial  applied to the working electrode. Isomerization, 
however, only occurred when the cycloolefin contacted 

2 T h e  cel l  g a s  c a v i t y  w a s  s w e p t  w i t h  an  i n e r t  g a s  a t  a f low r a t e  
of  8-10 c c / m i n  t h r o u g h o u t  t h e  p o t e n t i a l  s t ep  s e q u e n c e .  

Table I. Isomer ratios for 1,2- and 2,3-dimethylcyclopentene 
reactants 

D u r i n g  
0.05V 0.20V 0.80V" adso rp .  

Reactants (C /T)  (=) (C /T)  (a) (C /T)  (=) a t  O.30VCb) 

1 2 D M C P  0.46 0.51 0.53 7.78 
2 3 D M C P  0.48 0.49 0.51 7.53 

(= )Ra t io  of  c / s - l , 2 - d i m e t h y l c y c l o p e n t a n e  to  trans-l,2-dimethyl- 
c y c l o p e n t a n e .  

(b) R a t i o  of  1 , 2 - d i m e t h y l e y c l o p e n t e n e  to  2 , 3 - d i m e t h y l c y c l o p e n t e n e  
d u r i n g  r e a c t a n t  a d s o r p t i o n  a n d  b e f o r e  pu l se .  

Table II. Isomer ratios for dimethylcyclohexene and 
ortha-xylene 

During 
0.05V 0.30V 0.50V adso rp .  

R e a c t a n t s  (C /T)  (=) (C /T)  (a) (C /T)  (a) a t  0.30V tb) 

1 2 D M C H  1.12 2.21 2.47 2.48 
2 3 D M C H  1.17 2.18 2.53 2.44 
Ortho-xylene 1.51 2.20 2.54 - -  

(a) Ra t io  of  c / s - l , 2 - d i m e t h y l c y e l o h e x a n e  to  t r a n s - l , 2 - d i m e t h y l -  
c y c l o h e x a n e .  

(b~ Ra t io  of  1 , 2 - d i m e t h y l c y c l o h e x e n e  to 2 , 3 - d i m e t h y l c y e l o h e x e n e  
d u r i n g  r e a c t a n t  a d s o r p t i o n  a n d  b e f o r e  pulse .  

the working electrode, and was not a consequence of 
the elevated temperature.  The mean  C/T ratio obtained 
upon cathodically desorbing the cyclopentyl compounds 
from an electrode which had been held at a 0.30V ad- 
sorption potential  was 0.52 (cis = 1.25 x 10 - s  moles).~ 
Cyclopentane and methylcyclopentane were obtained 
along with c/s- and trans-DMCP upon cathodic pulse 
and accounted for approximately 15% of the total pulse 
products. Passage of either 12DMCP or 23DMCP over 
the working electrode under  potentiostatic conditions 
of 0.05V resulted in a mean C/T ratio of 0.47 (cis = 2.5 
x 10 - s  moles). The apparent ly  ra ther  small  potential  
dependence of the C/T ratio was supported by a mean  
ratio of 0.51 (c~s = 9.5 x 10 -9 moles) at an adsorption 
potential  of 0.20V. 

Although the study was continued at 0.50V, a com- 
peting reaction occurred at this more anodic adsorp- 
t ion potent ial  which interfered with the accuracy of 
the C/T data, therefore these results are not reported 
here. This reaction involved a one carbon expansion of 
the cyclopentyl  r ing and is under  fur ther  investigation 
(10). 

Dimethylcyclohexenes.--Table II lists the isomer 
ratios obtained with 12DMCH and 23DMCH as reac- 
tants. As with the cyclopentyl reactants, an equil ib-  
r ium was established between the 1,2- and 2,3-di- 
methylcycloolefin isomers upon passage of either 
isomer over the electrocatalyst surface. The isomer- 
ization required contact of the cycloolefins with the 
working electrode, with or without  an applied poten-  
tial. As a consequence of the equil ibrium, the C/T 
ratios obtained at the three potentials of interest  
(0.05V, 0.30V, and 0.50V) were independent  of cyclo- 
hexyl  reactant.  

In  contrast  to the cyclopentyl olefins, the C/T ratios 
obtained with 12DMCH and 23DMCH showed a high 
percentage of cis isomer upon cathodic desorption. 
Similar  results, low C/T from cycloDentyl reactants  
and high C/T from cyclohexyl reactants, have been 
previously observed during studies of the dimethyl-  
cyclohexene isomers and the dimethylcyclopentene 
isomers under  conditions of normal  heterogeneous 
catalysis (4, 11). At adsorption potentials of 0.30V 
and 0.50V, the mean  isomer ratio obtained was 2.2 
(cis = 2.9 x 10 -v  moles), respectively; whereas pass- 

a R e p o r t e d  q u a n t i t i e s  a r e  i n c l u d e d  to g i v e  o r d e r s  of  m a g n i t u d e  
on ly ,  s ince  t h e  to ta l  a m o u n t  of  p r o d u c t s  v a r i e d  as  t h e  e l e c t r o d e  
a g e d  a n d  u n d e r w e n t  c h a n g e s  in  s u r f a c e  a rea .  H o w e v e r ,  t h e  r e l a t i v e  
a m o u n t s  of  one  p r o d u c t  to  a n o t h e r  a r e  r e a s o n a b l y  cons t an t .  T h e  
e s t i m a t e d  e r r o r  f o r  a l l  r e p o r t e d  C / T  r a t i o s  is  5%. 
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Table III. Products occurring during adsorption and cathodic 
pulse of the 1,2- and 2,3-dimethylcyclohenes 

0.05V 

Dur ing  adsorption 
at  0.30V and 

0.50V(~) 

Af te r  cathodic 
pulse f rom ~ / -Pt "~, 

0.30V and 0.50V(b) 

Trans-DMCH 
Methylcyclohexane Pt 
Cyclohexane 
Ortho-~ylene ADSORPTION 

Cis-DMCH 12DMCtt 
Trans-DMCH 23DMCH 
Methylcyclohexane Or tho-xylcne 
Cyclohexane 
Ortho-xylene 

(e:, Traces  of  c/s-  and trans-l,2-dimethylcyclohexane. 
(b~ Trace  of  to luene.  

~ CH3 

! 
Pt 

RING DESORPTION 
AND 180 ~ ROTATION 

Pt Pt 

READSORPTION 

Fig. 1. Surface motion of intermediate 

ing e i ther  d imethy lcyc lohexene  isomer over  the 
e lec t roca ta lys t  po ten t ios ta ted  at  0.05V resul ted  in a 
C/T  ra t io  of 1.12. The hydrocarbon  products  obta ined 
dur ing  adsorpt ion  and af ter  cathodic pulse are  l is ted 
in Table  III. As wi th  the  cyc lopenty l  reactants ,  mono-  
subs t i tu ted  cycloa lkane  and cycloa lkane  were  obtained 
as pulse products  and  substant ia l  quant i t ies  (2-10%) 
of the aromat ic  compound, ortho-xylene, were ob-  
served both dur ing  adsorpt ion  and af ter  cathodic pulse 
at  al l  potent ia ls  studied. The format ion of ortho- 
xylene  f rom Y,2-dimethylcyclohexene has also been 
observed dur ing norma l  ca ta ly t ic  hydrogena t ion  on 
reduced p l a t inum oxide (11). 

Ortho-xylene.---Ortho-xylene was s tudied under  the 
same condit ions as 12DMCH and 23DMCH to de te r -  
mine the  effect of i ts hydrogena t ion  on the reduced 
isomer ra t ios  obta ined  wi th  cyclohexyl  reactants .  At  
0.05V, a potent ia l  at  which the e lec t roca ta lys t  sites 
should be covered by  a monolayer  of hydrogen  or be 
ac t ive ly  evolving hydrogen,  the aromat ic  reac tan t  
gave a h igher  C/T  ra t io  than  tha t  obta ined  wi th  cyclo-  
hexy l  reactants .  However ,  at  0.30V and 0.50V, the C/T 
rat ios obtained wi th  ortho-xylene as reac tan t  were  
in good agreement  wi th  those obta ined  af ter  react ion 
of the d imethylcyclohexenes .  

Discussion 
Although  unac t iva ted  olefins and aromat ic  hydro-  

carbons are  known to be difficult to reduce e lect ro-  
chemical ly  (12), several  invest igators  have repor ted  
reduct ions of these compounds at p l a t inum electrodes 
by  a va r i e ty  of e lect rochemical  methods  (13-15). Li t -  
t ie  is known, however,  about  the na tu re  of the adsorp-  
t ion process and adsorpt ion geometry.  The reduct ion 
of 12DMCP, 23DMCP, 12DMCH, and 23DMCH to thei r  
respect ive  cis- or trans-dimethylcycloalkane seemed 
at  first glance a s imple means  of s tudying the s tereo-  
chemical  aspects of e lectroreduct ion.  The products  
and reduced  isomer rat ios obtained indicate  that  the  
processes occurr ing at  the e lect rode are cons iderably  
more  compl ica ted  than  first imagined.  

Dimethylcyclopentenes.--The C/T  rat ios  obtained 
wi th  12DMCP or 23DMCP as reac tan ts  a re  not those 
expected if s imple cis addi t ion is to account for the 
mechanism of hydrogena t ion  dur ing cathodic desorp-  
tion. By cis addi t ion 12DMCP should give only  c/s 
product  whi le  23DMCP should give both cis- and 
trans-DMCP. If  the un l ike ly  assumption is made  that  
23DMCP gives only  the trans product  upon puls-  
ing, then f rom the 12DMCP/23DMCP equi l ib r ium 
va lue  a C/T  ra t io  of app rox ima te ly  seven would  be 
expected.  A p p a r e n t l y  the  C/T  rat io  is not solely de te r -  
mined  by  the cycloolefin equi l ibr ium,  but  is p robab ly  
also a consequence of the adsorpt ion geomet ry  of the  
in termedia te ,  and the the rmodynamic  s tabi l i t ies  of 
the reduced  isomers (16). 

To account for the  high trans i somer percentage,  the 
adsorpt ion  geomet ry  must  be such that  the molecular  
motions of the adsorbed in t e rmed ia te  are not too 
severe ly  hindered.  A mechanism such as that  shown 
in Fig. 1 could account for  the  trans isomer pe rcen t -  
age. Adsorp t ion  of the  d imethy lcyc lopen tene  reac tan t  

at  the double  bond and at  one of the me thy l  groups 
would  be the  first s tep of this  mechanism. The obser -  
vat ion of the deme thy la t ed  4 compounds,  me thy lcyc lo -  
pentane  and cyclopentane,  supports  the  impor tance  of 
e l ec t roca ta lys t -me thy l  group interact ions  dur ing the 
adsorpt ion  process. Such an in teract ion is not unex-  
pected since the  al lyl ic  posi t ions in olefins, which 
the methy l  groups occupy, a re  k n o w n  to possess a high 
degree of react iv i ty .  I t  has been pos tu la ted  tha t  ole-  
fin~ are  capable  of r evers ib ly  adsorbing by  loss of a 
hydrogen  a tom at  an a l lyl ic  posi t ion as a mechanism 
for cata lyt ic  deu te r ium exchange (17). The nex t  step 
of the  mechanism would  involve the  addi t ion  of 
hydrogen  to one end of the  double  bond fol lowed b y  
pa r t i a l  desorption,  involving only  the  ring, and sub-  
sequent  ro ta t ion of the r ing  180 ~ about  the  single bond 
be tween  the r ing  and the p l a t inum bound me thy l  
group. Final ly ,  readsorp t ion  of the  r ing  would  resul t  
in the p lane  of the molecule  or ig ina l ly  facing the 
e lec t roca ta lys t  now facing away. Hydrogena t ion  at 
this  t ime would  resul t  in the  trans i somer  due to the  
two hydrogen  addi t ions occurr ing from opposite sides 
of the  molecule.  

Siegel  and Smi th  (18) have proposed a mechanism 
for heterogeneous cata lyt ic  hydrogena t ion  of di-  
methylcycloolef ins  whereby  the migra t ion  of the dou-  
ble bond from the 1,2 to the 2,3 posi t ion fol lowed by  
complete  desorpt ion and ro ta t ion  of the  molecule  
would y ie ld  the  trans product .  This process could not 
account for the  h igh  percentage  of trans i somer ob-  
ta ined  in this  study.  Since thei r  mechanism is depen-  
dent  on the  cycloolefin equi l ibr ium, a reasonable  de -  
gree of corre la t ion  be tween  the C/T  and 12DMCP/ 
23DMCP ra t io s  would  be expected.  The mechanism 
proposed i n  t h i s  paper  does not  requi re  any depen-  
dence of the C/T  ra t io  on the d imethy lcyc lopen tene  
equi l ibr ium. Siegel  and Smith ' s  mechanism also differs 
f rom that  proposed here  in tha t  thei r  mechanism in-  
vokes complete  molecular  desorpt ion whereas  the  
proposed mechanism involves only pa r t i a l  desorpt ion 
wi th  re tent ion  of a m e t h y l - p l a t i n u m  bond. 

An  a l t e rna te  exp lana t ion  of the  observed  resul ts  
is tha t  the C/T  ra t io  is control led only by  the differ-  
ence  in act ivat ion energies  be tween  the react ion pa ths  
to the  respect ive  reduced  isomers  upon cathodic 
hydrogena t ion  of a common adsorbed in termedia te .  
As prev ious ly  stated, olefins are be l ieved to be capa-  
ble  of revers ib ly  adsorbing by  loss of a hydrogen  a tom 
at a react ive  a l ly l  carbon wi th  direct  format ion  of a 
3-carbon x-bonded  species (17). Fo rma t ion  of such 
an al lyl ic  n-bonded in termedia te ,  as shown in Fig. 2, 
would  not  only  provide  a facile p a t h w a y  for the  ob-  
served  cycloolefin isomerization,  but  also provides  the  
common in te rmedia te  necessary  to expla in  the  C/T  
rat ios on the basis of the the rmodynamic  s tabi l i t ies  
of the reduced  isomers. At  present  both a l te rna t ives  

4 T h e  demethyla t ion  process, a l though  not  of  major  concern 
herein,  might  proceed  via m e c h a n i s m s  similar to those  w h i c h  have  
been postulated to account  for f ragmenta t ion  in normal  alkanes 
(3, 7). However ,  mechanis t ic  interpreta t ions  based on demethyla t ion  
f ragments  would have  no significance, since it has been shown tha t  
C1-C~ f ragments  occur dur ing  the cathodic desorption of cyclohex- 
ane and benzene (23). Thus it would be impossible (unless isotopic 
label]ing were  used) to state wh e th e r  any  observed f ragments  were  
a resul t  of the dimethyleyeloolefin r ing  degradat ion  or  f rom de-  
methyla t ion  of  the  intact  ring. 
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Fig. 2. Allylic cyclopentyl intermediate 

appear equal ly  plausible. A study of the temperature  
dependence of the C/T ratio now underway may 
u l t imate ly  determine the proper mechanism. 

Dimethylcyclohexenes.--The C/T ratios obtained 
with 12DMCH and 23DMCH as reactants  again do not 
appear to correspond to those expected if cis addition 
is to account for the mechanism of hydrogenation.  
Only in the extreme case of 23DMCH giving all trans- 
DMCH isomer could the C/T ratio be explained on 
the basis of the 12DMCH/23DMCH equi l ibr ium ob- 
served dur ing adsorption. It  seems unlikely,  however, 
that  the 23DMCH adsorption geometry would be such 
as to make the cathodic hydrogenat ion stereospecific 
for the production of the trans isomer. 

The presence of methylcyclohexane and cyclo- 
hexane (Table III) suggests the importance of 
p l a t inum-methy l  interactions and that  the init ial  ad- 
sorption processes may be similar for both cyclopentyl 
and cyclohexyl reactants. If the proposed mechanism 
is to be applicable to both DMCP and DMCH reac- 
tants, the dimethylcyclohexene adsorption geometry 
must  be able to be modified from the cyclopentyl ad- 
sorption geometry in such a way that  desorption and 
rotat ion from the electrocatalyst surface is restricted. 
An increased interact ion of the r ing itself with the 
electrocatalyst could restrict its motion by effecting a 
stronger bond between the r ing and the active sur-  
face. Such restricted r ing motion could account for 
the higher cis percentages observed. In  contrast  to the 
DMCP results, the dimethylcyclohexene reactants 
give a C/T ratio which is markedly  dependent  on 
potential. The increase in the C/T ratio with more 
anodic potentials suggests that  as the catalyst becomes 
more "electron deficient," the r ing motion becomes 
more restricted. To account for this behavior the r ing 
would have to possess some nucleophilic, or "electron 
rich," character. 

The marked similari ty in results obtained for 
12DMCH, 23DMCH, and ortho-xylene suggests the 
existence of a common reaction path for both olefin 
and aromatic. I t  would then be required that  both 
systems pass through a common intermediate  while 
absorbed on the electrocatalyst. The formation of six 
individual  ca rbon-p la t inum sigma bonds from each 
r ing carbon to electrocatalyst sites hardly  seems l ikely 
due to the steric requirements  imposed on such a bond 
scheme. It also would seem doubtful  that an energet-  
ically favored system, such as the aromatic ortho- 
xylene, could find such a surface reaction thermo-  
dynamical ly  favorable. However an aromatic x-orbi tal  
interact ion with the catalyst  constitutes a distinct 
possibility. ~ complexes have been postulated for the 
interact ion of olefinic and aromatic hydrocarbons with 
a p la t inum surface by other investigators (17, 19, 20) 
for deuter ium exchange reactions. If the dimethyl-  
cyclohexenes adsorb by loss of a hydrogen atom from 
an allylic r ing carbon with direct formation of a 
n-bonded species (16), the achievement  of an ener-  
getically favored state, such as an aromatic system, 

~ [ ~  CHz 

~.~-L~J~CH ~ Z ! wt 
~ DEHYDROGENATION 

~- P't 

Fig. 3. Aromatic intermediate 

+ 
~HH3 

could provide the impetus to dehydrogenate the cyclo- 
hexyl  species. Figure 3 is a representat ion of the 
DMCH isomers and ortho-xylene reacting through a 
common ~ adsorbed aromatic intermediate  to form 
cis- and trans-l,2-dimethylcyclohexane isomers. Evi-  
dence that  such an aromatization is possible electro- 
chemically can be found in the work of Luksha and 
Weissman (21) on anodic oxidation of various hydro-  
carbons at a porous p la t inum black, Teflon electrode. 
They observed that  overpotential  data obtained for 
cyclohexyl olefins were not consistent with that  
obtained for other olefins. Instead the cyclohexyl ole- 
fin results were close to those obtained for aromatic 
species. Such a similari ty can be explained by dehy- 
drogenation of the cyclohexyl compounds under  
anodic conditions to aromatics, with a resul tant  be- 
havior more like aromatics than olefins (21). It  might  
then be expected that  under  more cathodic conditions 
aromatization might not  occur. This would explain 
the noncorrespondence of the C/T ratios of ortho- 
xylene, 12DMCH, and 23DMCH at 0.05V. Since the 
electrocatalyst would be "electron rich" at this poten- 
tial, there would be no driving force to form a 
~-electron cloud wi th in  the adsorbed species. The 
increased C/T ratio with increased anodic potential  
might  be expected for this type of intermediate,  since 
the electrocatalyst would show increased electrophil-  
icity as the potential  becomes more anodic. Thus a 
stronger interact ion would result  between the "elec- 
t ron deficient" catalyst  and the electron rich x-cloud 
of the aromatic intermediate ,  

Summary and Conclusions 
The following similarities between the dimethyl-  

cyclohexene isomers and ortho-xylene have been 
observed upon adsorption and reaction at a fuel cell 
electrode. With 12DMCH or 23D1VLCH as reactant,  
ortho-xylene was observed both dur ing adsorption 
and after cathodic pulse, suggesting a common reac-  
t ion path for both species, and that  the conversion from 
DMCH to the aromatic compound readily occurs. The 
C/T data obtained on cathodic pulse are v i r tua l ly  
identical for both cycloolefin and aromatic reactants, 
again suggesting a common reaction path. 

The differences in the data obtained for the DMCP 
isomers and the DMCH isomers clearly point to differ- 
ent  processes occurring for the two ring sizes. With 
cyclopentyl  olefins as reactants, the C/T ratio appears 
to be highly dependent  on the abi l i ty  of the adsorbed 
in termediate  to par t ia l ly  desorb and rotate about the 
bond connecting the r ing to the p la t inum bound 
methyl  group. The apparent  dr iving force is suggested 
to be the greater thermodynamic  stabil i ty of the 
trans-l,2-dimethylcyclopentane over the cis-isomer 
(16). 

The reduced product ratio obtained with the cyclo- 
hexyl  reactants  on the other hand  appears to be con- 
trolled by a more complex interact ion of the hydro-  
carbon with the electrocatalyst. Based on the s imilar i-  
ties observed between the dimethylcyclohexene and 
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ortho-xylene reduct ion products ,  the interact ion is 7. 
pos tu la ted  to be the format ion  of an aromat ic  n- 
bonded in te rmedia te  wi th  l i t t le  dependence  on the 8. 9. 
t he rmodynamic  s tab i l i ty  of the trans reduced isomer 10. 
over-the cis (22). 
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The Role of Passivity in the Mechanism of Stress-Corrosion 
Cracking and Metal Dissolution of 18Cr-8Ni Stainless Steels 

in Boiling Magnesium and Lithium Chlorides 
B. E. Wilde* 

U. S. Steel Corporation, Applied Research Laboratory, Monroeville, Pennsylvania 15146 

ABSTRACT 

Elect rochemical  polar iza t ion  measurements  conducted on A I S I  Type  304 
stainless steel  in boil ing l i th ium chloride have  shown tha t  the  a l loy exists  
in a stable state of passivity.  S imi la r  invest igat ions  in boi l ing magnes ium 
chlor ide  indicated a s table passive state, but  the  da ta  were  more  ambiguous 
than  the l i th ium chloride da ta  because of the effect of p i t t ing  corrosion. 
Control led potent ia l  corrosion studies and microchemical  analysis  in boil ing 
magnes ium and l i th ium chloride have indica ted  tha t  Type  304 stainless steel  
is in a passive state at  the potent ial  where  the  al loy cracks under  f ree ly  cor-  
roding conditions. Fur ther ,  cation pa r t i a l  cur ren t  dens i ty  curves  have  shown 
c lear ly  tha t  n ickel  enr ichment  does not  t ake  place in e i ther  cor rodent  a t  the 
corrosion potential .  The da ta  presented  s t rongly  suppor t  the  f i lm-rup ture  
model  (s l ip-s tep  dissolution) of crack init iat ion.  

Much effort has been expended  over  the last  25 
years  to e lucidate  the  mechanism of stress corrosion 
cracking (SCC) of austeni t ic  stainless steels in chlor-  
ide-conta in ing  envi ronments  (1-5).  These efforts have  
resul ted  in severa l  modeIs proposed to expla in  the  
in i t ia t ion and p ropaga t ion  stages of cracking and have  
been the subject  of severa l  recent  reviews (6, 7). Two 
of the  models  re ly  on the presence of a film on the 
surface of the corroding steel and in the advancing  
crack  tip, which subsequent ly  affects the  anodic dis-  
solut ion of the  metal .  

Champion (8) and Logan (1) suggest  tha t  local iza-  
t ion takes  place by  a rup tu re  of a film on the  surface 
where  s l ip-s tep  emergence  occurs because of disloca-  
t ion movement  under  plast ic  flow. Rap id  anodic dis-  
solut ion then  occurs on the bare  metal ,  fol lowed by  a 
ref i lming process tha t  stifles the  dissolution reaction.  

* Electrochemical Society Active Member .  
Keywords: electrode kinetics, anodic dissolution, cation partial 

current density, polarization and corrosion product films. 

The propaga t ion  stage is envisaged as a repe t i t ive  
repass iva t ion  and rup tu re  process at  the  crack tip. 
This model  has been cr i t ic ized by  var ious  workers  
who be l ieve  tha t  pass iva t ing  films are  not  l ike ly  to 
form on austeni t ic  steels in magnes ium chlor ide  
(9, 10). 

To overcome this criticism, Latanis ion and Staehle  
(6) have suggested that  nickel  enr ichment  may  occur 
and resul t  in a thin film of the  re la t ive  noble nickel,  
which  would  decelera te  anodic dissolution. They pro-  
pose tha t  in i t ia t ion and propaga t ion  then  t ake  place 
by  a s imi lar  film rup tu re  and format ion  mechanism 
as proposed by  Champion (8) and Logan (1). The 
nickel  enr ichment  concept, a l though not proven, finds 
suppor t  f rom the exper iments  of P icker ing  (11), who 
demons t ra ted  tha t  such noble meta l  enr ichment  can 
take  place  in cer ta in  SCC envi ronments  on C u / A u  
alloys, as a resul t  of p re fe ren t ia l  copper dissolution. 

Clearly,  f rom the v iewpoin t  of these two models, 
it  is essent ial  to es tabl ish whe the r  or not  a passive 
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Fig. 1. Schematic representation of the partial current and ap- 
plied current relationships possible for Type 304 stainless steel 
in MgCI2 and LiCI. 

film or  n icke l - r i ch  film forms on aus ten i t ic  steels ex-  
posed to concent ra ted  chlor ide solutions. In  an a t t empt  
to c lar i fy  these questions, Davis  and  Wi lde  (12) con- 
ducted e lect rochemical  measurements  on austeni t ic  
steels in boil ing magnes ium chloride and from t ran -  
sient polar izat ion studies concluded tha t  the  e lectrode 
kinet ic  behavior  of Type  304 stainless steel  was con- 
sistent  wi th  the  presence of a pass iva t ing  film at  
s teady state. These authors  demons t ra ted  tha t  the 
shapes of cyclic polar iza t ion  curves for this a l loy in 
boi l ing MgC12 were  ident ical  to those obta ined wi th  
the a l loy in an unambiguous  state of passivi ty;  namely  
when  exposed to oxygena ted  1M Na2SO~ acidified to 
pH 2 with  H2SO4 at 25~ 

If  the above in te rpre ta t ion  is correct,  the anodic 
and cathodic pa r t i a l  react ion rates  should be s imi lar  
to those depicted by  the dot ted  l ines in Fig. 1. F u r -  
ther,  the appl ied  cur ren t  polar izat ion behavior  should 
be, and indeed is, as tha t  represen ted  by  the solid 
lines in Fig. 1. Addi t iona l  c i rcumstan t ia l  suppor t  for 
this  in te rp re ta t ion  comes f rom the shape of the  po ten-  
t ia l  t rans ients  fol lowing immers ion  (9, 12), which are  
very  s imi lar  to those repor ted  e l sewhere  (13) for 
this  a l loy pass ivat ing  in ae ra ted  di lute  acid media.  

A possible method to unambiguous ly  establ ish the  
va l id i ty  of this  in te rpre ta t ion  is the  use of chemical  
analysis  fol lowing corrosion at a control led  potent ia l  
act ive to the corrosion potential ,  to demons t ra te  an 
active to passive t rans i t ion  in t e rms  of the cation 
pa r t i a l  cur rents  as suggested by  P icker ing  and Byrne  
(14). These authors  along wi th  Condit  et al. (15) have 
successful ly employed  this technique to construct  ca-  
t ion par t i a l  ra te  curves  for a l loy dissolution in room-  
t e m p e r a t u r e  electrolytes .  The present  communicat ion 
describes the  resul ts  of an a t t empt  to ex tend this 
technique to h igher  t empera tu res  and more  complex  
e lec t ro ly tes  along wi th  convent ional  polar izat ion 
studies to establ ish the  electrode kinetic  na tu re  of the 
surface of Type  304 stainless steel  in boil ing MgC12 
(150~ and boi l ing LiC1 (146~ 

Materials and Experimental Work 
The Type 304 stainless steel used in this  s tudy  had 

the chemical  composit ion shown in T~ble I. Specimens 
for e lect rochemical  polar izat ion studies were  ma-  
chined f rom ba r  stock af ter  anneal ing  at  1000~ for 

Table I. Chemical composition of the steel used 
in this investigation 

Composit ion ( w e i g h t  pe r  cent)  
C M n  P S Si  C u  N i  C r  Mo N 

0.052 1.25 0.023 0.018 0.52 0.08 9.75 18.8 0.36 0.036 

/ \ 
Hot Plate 1 Hot Plate 2 

Fig. 2. Schematic representation of controlled potential corrosion 
apparatus. 

30 min  and wa te r  quenching.  Cyl inders  (2 cm long by  
0.625 cm d iamete r )  were  dr i l l ed  and t apped  to fit a 
S t e rn -Makr ides  type  e lect rode ho lder  (16), and were  
ab raded  down to 600 gr i t  si l icon carb ide  finish, u l t r a -  
sonical ly  cleaned in a detergent ,  washed in dis t i l led 
wa te r  (7.63 megohm cm at 25~ and h o t - a i r - d r i e d  
pr ior  to use. 

Po la r iza t ion  exper iments  were  conducted wi th  the 
procedures  and equipment  descr ibed  e lsewhere  (17). 
Al l  e lectrode potent ia ls  are  expressed  agains t  the 
sa tu ra t ed  ca lomel  ha l f -ce l l  (SCE),  and  measured  v ia  
a L ugg in -H a be r  probe  (filled wi th  l iquid  a n d / o r  solid 
corrodent)  which  ex tended  f rom the  boi l ing flask to 
a beake r  at  room t empera tu r e  containing a SCE in 
e i ther  35% MgC12 or sa tu ra ted  LiC1 at  25~ No a t -  
t empt  was made  to correct  for Sore t  the rmal  potent ia l  
e r rors  (8) or those ar is ing f rom l iquid  junct ions  (18, 
19). 

Specimens for contro l led  potent ia l  studies were  cut  
out of 2 m m  th ick  sheet  s tock having  been hea t - t r ea t ed  
and su r f ace -p repa red  as above. For  m a x i m u m  ana ly t -  
ical  sensit ivity,  the paddle  specimens had  a nomina l  
surface area  of 20 to 30 cm 2. 

The magnes ium and l i th ium chlor ides  used in this 
s tudy  were  of reagen t  grade  qua l i ty  and were  p re -  
pa red  as follows: (A) 850g MgCI~ �9 6H20 were  added  
to 70 ml water ,  resul t ing  in a solution boi l ing at 150~ 
(B) A sa tura ted  solution of LiC1 was p r e p a r e d  wi th  
dis t i l led wa te r  at 25~ This solut ion boi led  at 146~ 

Control led  potent ia l  corrosion tests were  conducted 
in an appara tus  shown schemat ica l ly  in Fig. 2. The 
appara tus  was divided into two compar tments ,  sepa-  
ra ted  by  an e lect rolyt ic  br idge  containing fr i ts  at 
both  ends. By this faci l i ty  the ca tholyte  could be iso- 
la ted convenien t ly  to e l imina te  the effects of the  
chlor ine l ibera ted  in the anoly te  whi le  main ta in ing  
e lect rolyt ic  conductance.  The poros i ty  of the fri ts  was 
such tha t  app rox ima te ly  300 m A  could be passed 
th rough  the br idge  at  140 ~ to 150~ Samples  were  
exposed  for a sui table  per iod  of t ime to reach s teady  
state, and  a pp rox ima te ly  i00 ml  of ca tholy te  were  
removed  by  rap id  pour ing  into a convenient  beake r  
for  analysis.  

The precise ana ly t ica l  p rocedure  employed  is de-  
scr ibed in Append ix  1, but  the  fol lowing wil l  be 
given in the  in teres ts  of clar i ty.  The hot  ca tholyte  
sample  was carefu l ly  poured  into dis t i l led wa te r  I to 
a final volume of 500 ml  and cooled to room t empera -  
ture.  The cooled solut ion was t rans fe r red  to the  main  
par t  of the  cyclic ex t rac t ion  vessel  shown in Fig. 3. 
Af te r  addi t ion of ammonium pyro l id ine  di thio ca rba-  
mate,  the  complexes of iron, chromium, and n ickel  
were  prec ip i ta ted  by  ad jus tmen t  of the  p H  to 3.0, 
leaving  the salts of magnes ium and l i th ium in solu- 
tion. The  t rans i t ion  meta l  complexes were  then  ex -  
t rac ted  on a cont inuous 12 h r  recycle  basis  into 

1 Note  i t  is  e s sen t i a l  to pour the sample into water  to avoid sput- 
tering. 
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Fig. 4. Potentiodynamic cathodic polarization curves for Type 
304 stainless steel in boiling MgCI2. 

Fig. 3. Schematic representation of the continuous two-phase 
liquid extraction assembly used to extract Fe 2+, Ni 2+, and Cr 3+ 
from MgCIs and LiCI. 

methyl - i sobutyl  ketone. The organic extract  was 
evaporated down to almost dryness on a hot plate, 
then finally to dryness in a room tempera ture  circu- 
lat ing air cabinet. 2 The residue was oxidized with 
concentrated nitr ic acid three times, and evaporated 
to dryness to leave the ni t rate  salts of iron, chromium 
and nickel. These residues were dissolved in 5 ml  
concentrat ion HNO3 and diluted to a s tandard volume 
of 10 ml, thus effecting a concentrat ion factor of 10. 

The absorbance of the residue solutions was deter-  
mined by atomic absorption spectrometric techniques 
(20) and compared with a s tandard graph to obtain 
the concentrat ion of Fe, Cr, and Ni in the 10 ml  
aliquot. This lat ter  figure was equal to that  in the 
original 100 ml  sample, which was converted to cation 
part ial  current  densities as described in Appendix 2. 

Results and Discussion 
For simplicity of presentat ion the data will be 

developed and discussed in three sections: (A) polar-  
ization and analyt ical  exper iments  in boiling MgC12, 
(B) polarization and analyt ical  experiments  in boiling 
LiC1, and (C) a brief  review of how the present  data 
fit into current  mechanistic thinking.  

MgCl~--polarization studies.--Potentiodynamic an-  
odic polarization curves obtained for Type 304 s tain-  
less steel in this corrodent evidenced an acceleration 
of the pi t t ing observed at Ecorr. Potent iodynamic 
cathodic polarization curves are shown in Fig. 4 at 
various sweep speeds. In  all except the fastest sweep, 
a n  arrest  or inflection was observed around --0.750 
VscE. Recently Staehle et aL (21) have described the 
cathodic polarization behavior  of some Fe-Cr-Ni  
alloys in boi l ing MgCl~, where inflections and applied 
cur ren t  min ima  were noted dur ing  potent iodynamic 
polarization. These authors have suggested that  this 
behavior  is consistent with what  one would expect by 
cathodic polarization of a stable passive electrode, 
since {app should decrease at the passivation potential  
because of the dictates of the mixed potential  theory 
(22) 

= It w as  found essential  to adopt this procedure to avoid loss of  
the  c h r o m i u m  chelate  by  distillation. 

~app --- ~i red  -- Z~ox [i] 

w h e r e  ~,ired represents the sum of all the operative 
cathodic partial processes and similarly ;~iox represents 
the sum of the anodic reactions. 

Since no significant minima were observed, and a 
wide range of potential independent applied current 
was found at --0.750 VSCE, it must be assumed that 
the cathodic process has differing kinetics on the 
passive surface as compared with those on an active 
or nonpassive surface, and is not  in fact represented 
by the one reduction process as depicted in Fig. 1. 

A similar si tuation has been reported for the reduc-  
t ion of protons on an active and passive chromium 
surface. In  this lat ter  case Wilde and Hodge (23) have 
shown that one reduction curve (see Fig. 1) cannot 
be used to describe the electrode kinetic behavior  of 
chromium. Significant differences were reported in 
exchange current  density, Tafel slope, stoichiometric 
number  and activation energy for the hydrogen evolu- 
tion reaction. A typical  galvanostatic cathodic polar-  
ization curve on passive chromium is shown in Fig. 5, 
which is s imilar  to that  obtained on Type 304 stainless 
steel in boiling MgC12 as shown in Fig. 6. 

A possible reason for this behavior could be the 
changes in the t ransmission coefficient ~c, and ex- 
change current  density io(H2) when  polarizing a n  

ini t ia l ly passivated surface (which can support a l im-  
ited rate of proton reduction) to a si tuation where the 
passive film becomes unstable  and the surface shifts 
to an active state having a different ~c and/o(H2). 

To emphasize the existence of a passive state in 
MgC12, the 0.6 V/hr  sweep was reversed after pro- 
longed exposure at --1.0 VscE. As reported previously 

~ / E  :o. (passive) 
(i.~p=0) 

-04  =..__. i~ H2S0 ~ 

""--'o.~... "="~--o~ 25cH 2 SaM 

_ -05  ~ t minute points 

/ E  co~r (active) 
/(io~ 

. . . . . . . . . . . . . . . . .  e _  

-09 

"\ 
........ i ........ J ...... ,,I l ,i ..... i ......... 

10 100 1000 10,000 
i app ( ,u A/cm 2} 

Fig. 5. Galvanostatic cathodic polarization curve on passive 
chromium in In sulfuric acid. 
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Fig. 7. Cyclic petentiodynamic cathodic polarization curve for 
Pt in boiling MgCI2. 

(12) a second more active mixed  potent ia l  was noted 
at  --0.715 VscE. Since the  reverse  sweep was con- 
ducted at  60 V / h r  (a speed assumed to be fas ter  than  
the  repass iva t ion  kinet ics) ,  it  is thought  tha t  this 
l a t t e r  potent ia l  represents  the  corrosion potent ia l  of 
a film free surface. To ver i fy  tha t  this  behavior  was 
not  an expe r imen ta l  ar t i fact ,  a cyclic ca thod ic -po la r -  
ization expe r imen t  was conducted on a b r igh t  p la t inum 
electrode. These da ta  a re  shown in Fig. 7, whe re  
v i r tua l  complete  revers ib i l i ty  was observed wi th  both 
sweeps going th rough  the same mixed  potent ia l  in 
contras t  to the  behavior  of s tainless steel. 

Controlled potential corrosion studies.--Before the  
control led  potent ia l  corrosion tests, a series of syn-  
thet ic  s tandards  was put  th rough  the ana ly t ica l  p ro -  
cedure to assess the  efficiency of the  Fe, Cr, and Ni 
ex t rac t ion  f rom MgCI2. The resul ts  are  shown in Table  
II  a long wi th  equiva lent  da ta  for  LiC1. The s tandard  

Table Ih Check on analytical separation technique with 
synthetic standards 

Concentration Concentration 
added,/~g/lO tnl found, p.g/lO ml 

Sample  Fe  Cr Ni Fe Cr Ni  

Reagent  blank 0 0 0 <0.I  0 <0.I  
Synthet ic  standard I0 I0 I0 11.3 II I0 
100 ml MgCI= 0 0 0 146" 4" 24" 
100 m l  M g C l =  5 0  S 0  5 0  2 0 6  5 0  90 
I00  m l  L i C 1  0 0 0 9 *  6 *  6 "  
100 ml  LiC1 10 10 10 20 16 17 

" Residue analyzed after extract ing I00 m l  of MgCI~ and 7.dCl and 
expressed as total  Fe, Cr, and Ni in final 10 ml volume, 

solutions were  p repared  b y  sui table  di lut ion of a stock 
solution containing 1.000g of pure  Fe, Cr, and  Ni meta l  
dissolved in di lute  HNOs. Two significant facts are  
evident  f rom Table  II:  first, the  efficiency of recovery  
of pure  s tandards  was excehen t  for al l  three  ele-  
ments;  and  second, the impur i t y  content  of the  MgC12 
was r a the r  high, being equiva lent  to the  ant ic ipated  
level  of Fe, Cr, and Ni resul t ing  from corrosion. This 
factor, a l though decreas ing the  i n h e r e n t  sensi t iv i ty  
of the measurement ,  did not  affect the excel lent  r e -  
covery  efficiency of s tandards  added  to MgC12 at  the  
50 ~g level.  

The ra te  of dissolution of Type  804 stainless steel 
in boil ing MgC12 at  the  s t eady-s ta te  corrosion po ten-  
t ia l  was de te rmined  every  24 hr  to s teady state. These 
da ta  are  summar ized  in Fig. 8, f rom which i t  is c lear  
tha t  a s teady state dissolution ra te  was a t ta ined  af ter  
72 hr. Since i t  was essential  tha t  a s teady  s tate  be 
reached pr ior  to analysis  so as not  to encounter  effects 
resul t ing  f rom one or more  components  being involved 
in film formation,  al l  subsequent  analyses  were  con- 
ducted as follows. The  specimen was exposed at  a 
fixed potent ia l  for 72 hr, a f te r  which the corrodent  
was d iscarded and rep laced  by  a fresh batch for 24 hr, 
the l a t t e r  being analyzed for Fe, Cr, and Ni. 

Dur ing  exper iments  conducted at  potent ia ls  more  
negat ive  than  --0.600 VSCE, prec ip i ta t ion  of magnes ium 
hydrox ide  occurred as a resul t  of the  local increase in 
pH at the  me ta l / e l ec t ro ly t e  in terface  dur ing  prolonged 
hydrogen  ion reduction.  Typica l  examples  of this 
phenomenon are  shown in Fig. 9. Also of in teres t  in 
Fig. 9 is the  pronounced s t ress-corros ion cracking tha t  
took place  at the  sheared edges of the specimen exposed 
at Eeorr. However ,  a l though not  c lear  f rom Fig. 9, the  
ma jo r i ty  of the  a t t ack  at  Ecorr took the form of e lon-  
ga ted  pits  in the  midst  of appa ren t ly  untouched shiny 
br igh t  metal .  This behavior  s t rongly  resembles  the  
b reakdown  of pass iv i ty  observed on s imi lar  steels in 
chlor ide  media  at  lower  t empera tu re s  (24). The na tu re  
of the  deposits  shown in Fig. 9 varied,  wi th  the  appl ied  
poten t ia l  being loose and gelat inous at  --0.700 VSCE 
and becoming hard  and br i t t l e  at  --0.800 VscE and 
--0.900 VscE. Al though not c lear  f rom the figure, the  
covered area  increased m a r k e d l y  as the  appl ied  po ten-  
t ia l  became more negative.  

The resul ts  of the  control led potent ia l  tests  are  given 
in Table I I I  and summar ized  as cat ion pa r t i a l  cur ren t  
dens i ty  polar izat ion curves in Fig. 10. 

At  the s t eady-s ta te  corrosion potential ,  it  is evident  
tha t  a l though the  pa r t i a l  cu r ren t  dens i ty  for Ni 2+ is 
less than  tha t  for  Fe  2+, it  is never theless  grea te r  by  a 
factor  of th ree  than  the  pa r t i a l  cur ren t  dens i ty  for 
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Fig. 8. The change in dissolution rate with time for Type 304 
stainless steel at Ecorr in boiling MgCI~. 
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Fig. 9. Photograph of paddle 
specimens after exposure to 
boiling MgCI2. Note cracks and 
pits at Ecorr and Mg(OH)2 de- 
posit at potentials more active 
than --0.600 VscE. 

Cr a+. These findings are in conflict with the nickel-  
enr ichment  theory (6). Inspection of Fig. 10 indicates 
that a small, active-passive t ransi t ion occurs at --0.700 
VscE, which is shown better  in Fig. 11 where the sum 
of the cation part ial  cur rent  densities is plotted. This 
value of the passivation potential  is qual i ta t ively very 
close to the potential  where inflections were observed 
in the cathodic polarization curves (Fig. 4). In  Fig. 
11 a 200 mV wide passive range is shown at potential  
active to Ecorr, which translates into a pi t t ing situation 
at Ecorr presumably  due to the critical pi t t ing potential  
Ec being more active than  --0.355 VSCE. 

It is also of interest  from the point  of view of the 
mechanism of alloy dissolution to note the ratio at 
which the various components enter  solution. A general  
summary  is given in Fig. 12, where the dissolution 
fraction is calculated as the ratio of the cation part ial  
current  density to the total dissolution current  density. 
Two points of interest  emerge. First,  dur ing the process 
of passivation the dissolution fraction of Cr reaches 
a max imum at the passivation potential  (--0.700 VSCE) 
after which it progressively decreases as the passive 
film is formed to a value well  below the stoichiometric 
level for Cr. This behavior  s trongly suggests that  the 
Cr dissolution products are being incorporated into a 
passive film. Second, the dissolution fraction for nickel 
increases from the stoichiometric value at Ecorr, passes 
through a max imum at --0.420 VscE and then decreases 
to a potential  independent  va lue  (--0.600 t~ - -0 .900  
Vsc~) of approximately 4%. I t  is clear f rom this 

Table III. Results of controlled potential corrosion tests in 
boiling MgCI2 

Control  Part ial  current  density,  ~M ~ M+ + e 
potential,  p,A/cmS 

Vsc~ Fe Cr Ni / ~ / c m ~  

- - 0 . 3 5 5  ( E c o r r )  0.7:1 0 .034  0 .083  0 .827 
- -  0 .400  0 .32  0 .056  0 .093  0 .469  
- - 0 . 5 0 0  0.33 0.07 0 .06  0 .469  
- - 0 . 6 0 0  0.37 0 .12  0 .02  0 .510  
- -  0 .700  1.02 0 .600  0.07 1.69 
- - 0 . 8 0 0  0.51 0 .081 0 .028  0 .619  
--  0 .900  0.28 0 ,039 0.017 0 .336 

behavior  that although nickel enr ichment  occurs at 
active potentials, it does not at the steady-state cor- 
rosion potential.  Therefore, it must  be concluded that 
dur ing stress-corrosion cracking under  freely corrod- 
ing conditions, nickel  enr ichment  plays no role in the 
ini t iat ion of cracks. 

The dissolution fraction for Fe evidenced a m i n imum 
at the passivation potential, after which Fe entered 
the corrodent in a manne r  close to the stoichiometric 
factor in the alloy. At the corrosion potential, how- 
ever, (where pit t ing corrosion was observed} iron 
dissolves preferent ia l ly  while nickel  dissolves at the 
stoichiometric ra te  and chromium appears to be tied 
up in the passive film. 

It must  be pointed out that  the above data should 
be considered as semiquanti tat ive,  in view of the ex- 
per imenta l  problems caused by  magnes ium hydroxide 
precipitat ion and the relative high Fe, Cr, and Ni 
impur i ty  content  of the MgC12. In  the former case it 
was necessary to assume that the measured corrosion 
products resulted from the unfi lmed area as measured 
with a planimeter .  Implicit  in this lat ter  assumption 
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Fig. 10. Partial current dissolution curves for Fe ~+, Hi2+, and 
Cr 3+ from Type 304 stainless steel in boiling MgCI2. 
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Fig. 1|.  Total cation partial current density plot showing active- 

passive type behavior of Type 304 stainless steel in boiling MgCI2. 

is the  fact  tha t  the  NIg(OH)2 was  an effective ba r r i e r  
through which dissolution could not t ake  place. 

LiCl-polarization studies.--Essentially the same ex -  
per iments  that  were  conducted in boil ing MgCI~ were  
conducted in boil ing LiC1. I t  was fel t  that  since this  
l a t t e r  solution: (i) had  a soluble hydroxide ,  (ii) was 
inheren t ly  of be t te r  chemical  pur i ty  than MgC12, and 
(iii) caused cracking of Type  304 stainless steel  in a 
manne r  ident ical  to MgCI2 and in t imes almost  as 
short, exper iments  in this media  would  be less subject  
to the  ambigu i ty  encountered  in MgC12. A summary  
of the stress corrosion behavior  in both LiCI and MgC12 
is given in Table IV along with  typ ica l  cross-sect ion 
me ta l l og raphy  of cracks f rom both  solutions in Fig. 
13. Potent iosta t ic  anodic polar izat ion curves were  con- 
s t ruc ted  by  using 25 mV steps every  3 min af ter  an un -  
s tressed specimen had  reached  a s t eady-s ta te  cor ro-  

[ i ! Corrosion : 
| ' I / Potential ! 

. . . .  "= - - - i . . . . . . . . . . . . . . . . . . . . . . . . .  ! . . . . . . . .  "-" 

| ' ~ _  i Stoichiometric v 
-0.5 k !--= �9 .~=---" Chromium 
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S Nicke : on 
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Fig. 12. Component dissolution relationships far Type ]04 stain- 
less steel in boiling magnesium chloride. 

sion potential .  A typica l  curve is shown in Fig. 14, 
f rom which two points  of in teres t  emerge.  Firs t ,  un-  
l ike Type  304 stainless steel  in MgCl~, a wide  range  
of pass iv i ty  was observed.  Second, at  --0.360 VscE a 
dis t inct  cr i t ical  p i t t ing  potent ia l  (Ec) was noted. At  a 
more  noble poten t ia l  than  Ec r ap id  pi t t ing  of the 
specimen took place, as shown in Fig. 15. 

These la t te r  observat ions  were  of in teres t  f rom the 
v iewpoint  of recent  proposals  which  suggest  tha t  the 
s t ress-corrosion cracking of austenit ic  s tainless steels 
in chlor ide  med ia  resul ts  f rom hydrogen  embr i t t l e -  
ment  caused by  absorpt ion of hydrogen  into the  meta l  
via  proton discharge in pi ts  (25). Al though  it  is not 
possible to discount the  above mechanism dur ing  crack 
propagat ion,  it  is c lear  f rom Fig. 14 tha t  cracking 
in i t i a ted  at  potent ia ls  we l l  act ive to Ec [where  no 
p i t - in i t i a t ion  was possible (26)] and it mus t  be con- 

Fig. 13. Photomicrograph indicating similar nature of stress-corrosion cracks obtained on Type 304 stainless steel in MgCI2 (left) and 
LiCI (right). 
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Table IV. Stress corrosion cracking data in Type 304 
stainless steel in boiling MgCI2 and LiCI 

Time to failure* (hr) 

Corrodent  1 2 3 Mean 

MgCI= (BP 150~ 3.34 4.36 5.62 4.4 
LiCl (BP 146~ 11.55 15.36 21.3 16.1 

* Specimens stressed to 75% of the room t empera tu re  engineer ing  
yield s t rength  af ter  immers ion  in the hot  corrodent,  

c luded tha t  p i t t ing  corrosion is not  a p recursor  of 
c rack  init iat ion,  at  least  in boil ing LiC1. 

A typ ica l  galvanosta t ic  cathodic polar izat ion curve 
is shown in Fig. 16, w h e r e  each point  represents  less 
than  1 mV change in 15 min. I t  is of in teres t  to note 
the  influence of immers ion  t ime. Al though  the  s t eady-  
state corrosion potent ia l  was --0.495 VscE (a  condit ion 
where  one would  expect  film format ion  to be com- 
p le te) ,  the  kinet ics  of the  cathodic pa r t i a l  process 
were  decreased by  increasing the  immers ion  t ime from 
20 to 48 hr. Values of the Tafel  constant  increased 
from --0.087 V/decade  to --0.095 V/decade .  
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Fig. 14. Potentiostatic anodic polarization curve for Type 304 
stainless steel in lithium chloride solution boiling at 146~ 

Fig. 15. Macrophotograph of 
anodic polarization specimen 
showing passivity breakdown 
and pit-initiation. 
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Fig. 16. Galvanostutic cathodic polarization curves for Type 304 
stainless steel in boiling LiCI solution. 
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Fig. 17. Partial current dissolution curves for Fe 2+, Ni 2+, and 
Cr 3+ from Type 304 stainless steel in boiling LiCI. 

Poten t iodynamic  polar iza t ion  measurements  on Type  
304 stainless steel  in boil ing LiC1 at  1.5 V / h r  sweep 
speed did not  revea l  any  appl ied  cur ren t  min ima  nor  
the  inflections noted wi th  MgCI2, and essent ia l ly  dupl i -  
cated the curves  shown in Fig. 16. In  v iew of the  
obvious s tate  of pass iv i ty  (Fig. 14) i t  mus t  be con- 
c luded tha t  the  cathodic process is en t i r e ly  suppor ted  
on the passive film, and in this  respect  the  electronic 
conduct iv i ty  of the  passive film formed in LiC1 must  
be cons iderably  different  f rom tha t  fo rmed in MgC12 
[possibly because of the  incorpora t ion  of the  cat ion 
into the film (12)].  

Controlled potential corrosion studies.--The resul ts  of 
the  control led potent ia l  corrosion tests  in boil ing LiC1 
are  summar ized  in Table  V and Fig. 17. Unl ike  the  
s i tuat ion wi th  MgCI~ no evidence of an ac t ive-pass ive  
t rans i t ion  was observed,  indica t ing  tha t  Type  304 
stainless steel  in LiC1 is in a s table  pass ive  state even 
at  potent ia ls  as act ive as --0.900 VSCE. By  use of the  
da ta  shown in Fig. 17, the  component  dissolution rat ios  
were  ca lcula ted  as for MgC12 and are  presented  in 
Table  VI. 

Table V. Results of controlled potential corrosion tests in 
boiling LiCI 

Control Par t ia l  cu r ren t  density,  
potential ,  /zA/cm~ ~M ~ Ms+ + ne,  

Vsc~ Fe Cr Ni /zA/cm �9 

--0.490 (Ecorr) 0.07 0.056 0.023 0.148 
--0.600 0.055 0.048 0.014 0.117 
-- 0.650 0.083 0.040 0.010 0.113 
-- 0.750 0.035 0.032 0.014 0.018 
-- 0.850 0.025 0.017 0.012 0.054 



1724 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  N o v e m b e r  1971 

Table VI. Summary of cation dissolution 
fractions observed in boiling LiCI 

Contro l  
p o t e n t i a l ,  P e r c e n t a g e  d i s s o l u t i o n  f r a c t i o n  

Vses  Fe  Cr  Ni  

-- 0.490 46.2 31.5 22.2 
-- 0.600 47 41 12 
--0.650 56 35.5 8.5 
--0.750 43 39.5 17.5 
--0.850 47.4 37.9 14.2 

Mean  47.9 31.1 14.9 

In  contrast  to the trends observed in MgC12, the per-  
centage dissolution fractions for each cation were 
essentially constant  over the potent ial  range --0.400 
to --0.850 VSCE. Referring to the mean  values, it ap- 
pears that  both Cr and Ni are dissolving at a rate 
higher than  the stoichiometric level for the alloy. In  
addition, it would seem that  Fe in this case is involved 
in film formation, in contrast to the chromium in the 
case of MgC12. 

Mechanistic considerations.--The data presented in-  
dicate that  Type 304 stainless steel in  boil ing MgCI2 
and LiC1 exists in a stable state of electrochemical 
passivity. Fur thermore,  no evidence has been obtained 
to indicate that  nickel enr ichment  occurs on the steel 
surface under  freely corroding conditions. In  view of 
these facts it appears that  the ini t iat ion of stress cor- 
rosion cracks evolves from a passive film breakdown 
process. Although in boiling MgC12 pit t ing corrosion 
occurs in addition to cracking, it should not be con- 
cluded that  the film breakdown process that  leads to 
pit t ing is responsible for crack initiation. Evidence to 
support this point of view is presented in the boiling 
LiC1 experiments  where no pit t ing took place since 
Ec was more noble than  Ecorr. 

The model recently proposed by Staehle et al. (21) 
for crack ini t iat ion involving slip-step dissolution is 
consistent with the exper imental  data obtained in this 
study. The picture regarding the propagation mecha-  
nism is less clear; consequently, only a l imited review 
of the more impor tant  observations will be made. 

It is becoming well  established that  the evolution 
of hydrogen from a growing crack is a common 
observation (27, 28). This observation indicates that  
at least a part  of the cathodic part ial  process support-  
ing crack growth occurs wi th in  the confines of the 
crack. These data can be understood on the basis of 
the observations of Marek and Hochman (29) who 
have reported considerable acidification of the  corro- 
dent in the crack tip when Type 304 stainless steel 
was cracked in boiling MgC12. This acidification proc- 
ess presumably  occurs by a similar hydrolysis reaction 
to that described by  Brown et al. (30) dur ing crack 
propagation in high strength steels in sodium chloride, 
and allows proton reduct ion and hydrogen evolution 
t o  o c c u r .  

On the basis of the above evidence, it is not con- 
sidered l ikely that  the f i lm-rupture  model proposed for 
crack propagation by Champion (8) and Logan (1) is 
applicable because acid conditions at the crack tip 
would tend to destroy the passive film which has been 
shown to be stable on the surface at a bu lk  pH of 
3 to  4. 

Other authors have suggested that  crack propaga- 
t ion occurs as a result  of hydrogen absorption into the 
steel at the crack tip. Troiano and his school (31, 32) 
suggest that  crack growth occurs because of a t r iaxial  
decohesion phenomenon essentially identical to that 
proposed for crack growth in h igh-s t rength  steels. Un-  
fortunately,  this thesis as yet is not amenable  to direct 
proof. However, although the absorption of hydrogen 
into Type 304 stainless steel under  cathodic polariza- 
t ion in LiC1 at lower temperatures  has been demon-  
strated by electrochemical permeat ion exper iments  
(33), and also dur ing pit t ing corrosion of a n u m b e r  of 
stainless steels (34), it has not been established beyond 

doubt that a similar  absortion process occurs at 146 ~ to 
150~ under  freely corroding conditions. The answer 
to this lat ter  question rests in the relat ive magni tude  
of the tempera ture  coefficients of the absorpt ion-ra te  
constant  (35) and the Tafel recombinat ion rate con- 
stant (36), which to the best of the author 's  knowledge 
have not  been determined.  Another  hydrogen absorp- 
t ion model has been proposed by Vaughan and Phalen  
(37) who suggest that crack propagation involves the 
formation of an unstable  "hydride" phase under  strain, 
which subsequent ly  dissolves. However, there are sev- 
eral reported facts that  are difficult to rationalize on 
the basis of a "hydrogen embr i t t lement"  model. 

First, Davis (38) has conducted experiments  on 
stressed rol l -bonded specimens consisting of a suscepti- 
ble and a nonsusceptible steel in boil ing MgC12. He 
demonstrated that  crack propagation arrested at the 
interface, and changed to a lateral  dissolution mode of 
at tack along with severe crack blunting.  The only 
difference between the two steels was 0.177% Mo and 
0.014% P; the hydrogen diffusivity, corrosion rate, 
and corrosion potential  s were identical when  tested 
individual ly  in  boil ing MgC12. I t  does not seem rea-  
sonable in view of the very  similar  mechanical  prop- 
erties and hydrogen diffusivities of the  two steels that  
total crack arrest shohld occur if a bu lk  controlled 
crack propagation mechanism were operative. 

Second, the fact that  crack propagation can be ar-  
rested immediate ly  on application of a cathodic cur-  
rent  (a condition that may be expected to enhance 
hydrogen absorption) seems to preclude the applica- 
bi l i ty of crack growth by a "hydrogen embr i t t lement"  
mechanism. I t  seems more l ikely that  al though hydro-  
gen evolution and possibly absorption does occur dur -  
ing crack propagation, the basic mechanism of crack 
growth must  involve an electrochemical stage, to 
which hydrogen contributes little, if anything,  in the 
case of austenitic stainless steels. 

The author believes that  the mechano-chemical  
model proposed by Hoar and Hines (9) for crack 
propagation remains  the one most general ly  applicable. 
The acidification discussed previously would favor this 
la t ter  model since it is based on the concept that  de- 
forming film-free metal  (at the crack tip) dissolves 
more rapidly than nondeforming metal  because of the 
effective increase in the metal  exchange-current  den-  
sity result ing from surface disarray caused by disloca- 
t ion emergence (39, 40). 

Conclusion 
The following conclusions may  be drawn from the 

data presented. 
1. Electrochemical polarization measurements  on 

Type 304 stainless steel in boiling LiC1 have shown 
that the alloy exists in  a stable state of passivity. 

2. Controlled potential  corrosion studies and chemi- 
cal analyses in boiling MgC12 and LiC1 have confirmed 
that  Type 304 stainless steel is in a passive condition. 

3. Construction of cation par t ia l  cur rent  density 
curves has shown that  nickel enr ichment  does not oc- 
cur in the cracking or corrosion potent ial  in either 
MgC12 or LiC1. 

4. The data presented suggest that  the probable 
mechanism of stress corrosion cracking of Type 304 
stainless steel in boiling MgC12 and LiC1 is as follows: 
(a) passive film rupture  by a process of slip-step 
emergence. (b) crack propagation by a s t ra in assisted 
anodic dissolution process. The basic crack propagation 
mechanism may be assisted by corrodent acidification 
with crack tip and the presence of a pre-exis t ing sus- 
ceptible path caused by metal lurgical  factors such as 
dislocation structure. 
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A P P E N D I X  1 

1. Transfer  100 ml of the  hot  corrodent  to a beaker  
containing 300 ml  of dis t i l led water ,  t ak ing  grea t  care 
to avoid sput ter ing.  Mix the solution thoroughly  and 
cool to room tempera ture .  Care fu l ly  t ransfer  the con- 
tents  by  means  of a funnel  to the ext rac t ion  unit  
through the  center  tube. Rinse the beaker  wi th  a 
fur ther  100 ml of wa te r  and  add to the  extractor .  

2. Accura te ly  weigh lg  of ammonium pyro l id ine  di-  
th iocarbamate  (APDC) ,  s t i r  wi th  10 ml water ,  and add 
to the  ex t rac to r  via  the funnel.  Rinse out beaker  and 
add to extractor .  

3. St i r  ex t rac to r  s lowly wi th  magne t  and careful ly  
adjus t  pH to 3.0 wi th  10% HC1. 

4. A d d  185 ml  me thy l  i sobutyl  ketone (MIBK) care-  
fu l ly  down center  tube. About  100 ml  should over -  
flow into boil ing flask. 

5. At tach  condenser  and ext rac t  for  12 hr. 
6. Cool down and evapora te  off MIBK out of boil ing 

flask down to app rox ima te ly  25 ml. Evapora te  the re -  
main ing  25 ml  in a room t empera tu r e  fo rced-a i r  
cabinet.  

7. Add  10 ml  concentra ted HNO3 to res idue  and 
evapora te  to dryness.  Repeat  wi th  two more  port ions 
of HNO3. 

8. A d d  5 ml conc. HNO3, w a r m  and cool. Transfer  
quant i ta t ive ly  to a 10 ml  volumetr ic  flask, using dis-  
t i l led wa te r  for the  t ransfer .  

9. Read absorpt ion for Fe, Cr, and Ni using an 
atomic absorpt ion spec t rometer  and read  off concen- 
t ra t ion f rom a s t andard  curve. 

A P P E N D I X  2 

For  s impl ic i ty  we shall  consider the t rans la t ion  of 
M micrograms  Fe  obta ined by  analysis  into an equiva-  
lent  pa r t i a l  cur ren t  on the assumpt ion that  the  dis-  
solution react ion proceeds wi th  the format ion  of Fe  2+. 

Now 
96,500 coulombs - 27.93 • 106 ~gFe [i] 

thus M ~gFe are equiva lent  to 
M • 9.65 • 104 

coulombs [ii] 
27.93 • 106 

Since 1 coulomb --- 106 ~A • 1 sec, and since M ~gFe 
resul ted  f rom dissolut ion over  a 24 h r  per iod  (8.65 • 
104 sec),  the  pa r t i a l  cur ren t  requi red  to give the  above 
number  of coulombs is 

M • 9.65 • 104 • 106 
= M X 0.0399 #A [iii] 

27.93 X 10 -6 X 8.65 • 10 -4 

Since M ~gFe occurred by dissolution from a specimen 
of surface area Acre 2, then the Fe partial current 
density is simply 

M X 0.0399 
/~ , / cm 2 [iv] 

A 

In the case of the conversion of Cr and Ni analyses 
into partial currents, it was assumed that the dissolu- 
tion products were Cr 3+ and Ni 2+, thus requiring the 
use of 17.3 and 29.35, respectively, in the right hand 
portion of Eq. [i]. The factors to be used in Eq. [iv] 
are 0.0646 for Cr and 0.0381 for Ni. 
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Sectioning of Sputtered Tantalum Films 
by Anodic Oxide Growth in Fluoride Solutions 
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ABSTRACT 

The growth  of anodic oxides in fluoride solutions and the  subsequent  s t r ip -  
p ing away  of this oxide  has been used to section thin  Ta films. The mass  of 
t an t a lum removed  can be contro l led  e i ther  by  the  to ta l  charge  passed dur ing  
anodizat ion or by  the  anodizat ion voltage.  Control  by  the  charge  passed  is 
l imi ted  b y  the presence  of oxygen  in the  spu t te red  tan ta lum.  This effect ively 
makes  the anodizat ion cur ren t  efficiency grea te r  than  100%. Control  using 
the  anodizat ion vol tage  method  is l imi ted  by  a possible  difference in oxide  
g rowth  field for different  t an t a lum samples  and the  fact  tha t  the re  is an 
upper  l imi t  to the  usable  voltage.  This uppe r  l imi t  to the  anodizat ion vol tage  
depends  on the e lec t ro ly te  concentrat ion.  More  concent ra ted  solutions give a 
l inear  re la t ion  be tween  anodizat ion vol tage  and the  mass  of t an t a lum removed  
over  a l a rge r  vol tage  range  and is, therefore ,  more  useful  for sect ioning films. 
However ,  the  film th ickness  which  can be removed  is l imi ted  because the  
oxide  g rowth  becomes ve ry  nonun i fo rm at h igher  voltages.  

Anodic  oxida t ion  of t an t a lum in e lec t ro ly tes  con-  
ta ining fluoride ions resul ts  in an oxide  film which 
does not  adhere  wel l  to the t an t a lum and can be 
s t r ipped  eas i ly  f rom the  metal .  This p rope r ty  has been 
used to inves t iga te  diffusion near  the  surface in bu lk  
Ta (1). I t  can also be used to sect ion spu t te red  Ta so 
tha t  the  film proper t ies  m a y  be de te rmined  as a func-  
t ion of depth  into the  film. The var ia t ion  of res is t ivi ty ,  
t empera tu re  coefficient of resistance,  and oxygen con- 
tent  of spu t te red  Ta films has been ob ta ined  b y  anodi -  
zat ion in ci tr ic acid (2).  However ,  this  technique is 
res t r ic ted  to films up to 2000A thick. The method  of 
oxide  s t r ipping  is a s imple  and r ap id  technique and, 
subject  to cer ta in  l imitat ions,  is an accurate  method  
of removing  specific amounts  of t an t a lum from the 
surface of a film of any  thickness.  The purpose  of this 
paper  is to descr ibe the  technique of oxide  s t r ipping  
and to discuss the  l imi ta t ions  on the method.  

Experimental 
Tanta lum films were  spu t t e red  onto c leaned glass 

(Corning 7059) subs t ra tes  in a d -c  diode sput te r ing  
system. The films were  deposi ted at  3.5-4.5 kV. and 
0.5 m A / c m  2 in a dynamic  argon a tmosphere  at  a p res -  
sure  of app rox ima te ly  30 mTorr ,  the  deposi t ion ra te  
being about  200 A/ra in .  The films were  4000-5000A 
th ick  wi th  a res i s t iv i ty  of 170 to 250 #ohm cm, con- 
sistent  wi th  the i r  t e t r agona l  #-Ta s t ructure .  

F i lm areas  of app rox ima te ly  16 cm 2 were  anodized 
in solut ions of HF, BaF2, and  NH4F wi th  concent ra -  
t ions rang ing  f rom 0.01 to 1.0% b y  we igh t  us ing a 
p l a t inum foil  ca thode app rox ima te ly  1 in.2 in area.  
Unless o therwise  specified the  oxides  were  grown at  a 
constant  cu r ren t  dens i ty  of 1 m A / c m  2 in uns t i r r ed  so- 
lutions at  room tempera tu re .  

The  samples  were  we ighed  before  anodizing (ml ) ,  
af ter  anodizing (m2), and  af ter  r emova l  of the  oxide  
(m3) by  s t icking "scotch" t ape  to the  oxide  and s t r ip -  
ping. Weights  were  obta ined  to an accuracy  of 5 #g 
using a Met t l e r  microbalance .  Before  each weight  
measuremen t  the  sample  was r insed in t r i ch lo re thy lene  
and dr ied  in a n i t rogen jet .  

Before the  in i t ia l  anodization,  the  samples  were  
c leaned by  ul t rasonic  agi ta t ion  in a de te rgen t  solut ion 
fol lowed by  a deionized w a t e r  rinse. S a m p l e  a reas  
were  defined on th ree  sides b y  the subs t ra te  edge and 
on the four th  b y  a th ick  oxide  stop-off  grown in d i lu te  
ci tr ic acid using a Q-dope  t mask.  

Key words: tantalum, anodfc oxide, oxide stripping, fluoride elec- 
trolyte. 

1 M a n u f a c t u r e d  b y  G.  (7. Electronics. 

For  each anodizat ion step, the  mass  of t an ta lum 
s t r ipped  is given by  the  weight  difference r a l -  m3. 
The anodic film mass  is m2 --  m3 whi le  the  con t r ibu-  
t ion of e lements  incorpora ted  f rom the e lec t ro ly te  
dur ing  anodizing is m2 --  ml.  The  oxide thickness  was 
de te rmined  by  s t r ipping  only pa r t  of the  oxide f rom 
the t an t a lum and measur ing  the he ight  of the resu l t -  
an t  s tep using a Ta lysur f  (Tay lor  Hobson Model  4).  
The oxide g rowth  field was then  ca lcula ted  f rom the  
thickness  and the voltage.  

In  addi t ion  to the  spu t te red  Ta films, me ta l lu rg ica l  
g rade  Ta foil  was sect ioned in o rde r  to serve as a 
compar ison  to the  spu t t e red  films. 

Results 
Figure  1 shows the  var ia t ion  in the  mass  of t an t a lum 

(ml -- m3)/Q r emoved  per  uni t  charge  wi th  the  charge 
per  uni t  a rea  (Q/A)  passed th rough  the  anodizat ion 
cell. Curve  b is the  average  of values  ob ta ined  for  ap -  
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density. 
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proximately five anodization steps on each of ten  differ- 
ent samples. Samples were anodized in 0.01, 0.10, and 
0.50% solutions of NH4F and 0.01 and 0.12% solutions of 
BaF2 (0.12% is the solubil i ty l imit  of BaF~). In  some 
cases different solutions were used with the same sam- 
ple. Exper imenta l  values are shown in Fig. 1 for two 
samples; the shaded region represents the mean  range 
of values for all the different samples. No differences 
due to either the type or concentrat ion of the electro- 
lyte were observed. Curve a is the average of the ex- 
per imenta l  points obtained for anodization of t an ta lum 
foil in  0.01% HF and 0.12% BaF2. The former electro- 
lyte could not be used with the sputtered films because 
it etched the glass substrate. 

For the t an ta lum foil, ( m l -  m~)/Q is constant at 
375 #g/coulomb; whereas, the average value for sput-  
tered films is 398 ~g/coulomb. 

Figure 2 shows the mass of t an ta lum removed per 
uni t  area per  volt  of anodization, (mi -- m3) /A  V, 
plotted against the anodization voltage V. The anodi-  
zation voltage is the anode-cathode potential  less the 
ohmic voltage drop in the circuit, with no account 
being taken of the potential  differences across the 
various interfaces. Curve a is the average of the values 
obtained for the t an ta lum foil which was anodized in 
0.12% BaF2. Curve b is the average of the values ob- 
tained for sputtered films anodized in  all  electrolytes 
except the 0.01% solutions of NH4F and BaF2. The 
results for the 0.01% solutions of N I ~ F  and BaF2 are 
shown by curve c. Exper imenta l  points are shown for 
the same samples as in  Fig. 1; the shaded region indi -  
cates the range of values for sputtered film samples 
anodized in all  electrolytes except those of 0.01% con- 
centration. The value of ( m l -  m3)AV for bulk  tan-  
ta lum is 0.98 ~g/cm 2 volt. For sputtered films in 
stronger electrolytes the average value is 0.95 ~g/cm 2 
volt. The value for the sputtered films in the 0.01% 
electrolytes is 0.95 at V < 60 volts, but  it decreases 
rapidly with increasing "r 

Figure 3 shows the var iat ion in weight gain per uni t  
charge, ( m s -  ml) /Q,  on anodizing with the charge 
per uni t  area passed through the anodization cell. 
Curve a is the average of values for the t an ta lum foil 
anodized in 0.12% BaF2. Curve b is the average of the 
values for sputtered fi]ms anodized in all electrolytes 
except the 0.1 and 0.5% NI-I4F solutions; the average 
of the values for these two electrolytes is shown by 
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curve c. Exper imenta l  points are shown for the same 
samples as in Fig. 1; but  because of the small  weights 
being measured, there is considerably more scatter 
here. The shaded regions represent  the range of values 
for all  the sputtered film samples. For  all  cases, no 
dependence of (m2 -- ml) /Q  on Q/A was observed; bu t  
the values given by curves a, b, and c were 92, 83, and 
60 ~g/coulomb, respectively. 

D i s c u s s i o n  
Current efficiency.--If 100% current  efficiency is 

assumed, then the t an ta lum removal  rate calculated 
from Faraday 's  law is 375 ~g/coulomb for the Ta foil. 
Since/~-Ta contains about 7-15% oxygen (3) then the 
calculated t an ta lum removal  rate is between 388 and 
410 #g/coulomb for the sputtered films. These values 
agree with those shown in Fig. 1, thus the different 
values for bu lk  and sputtered Ta is due to the differ- 
ence in  their oxygen content. The differences between 
sputtered films is also probably  due to differences in 
oxygen content. 

There is a greater  var ia t ion between samples when  
the mass of t an ta lum removed per uni t  area per anodi-  
zation volt, ( m l -  ma)/AV,  is considered ra ther  than  
the mass removed per un i t  charge. The max imum 
variat ion in ( m i - - m s ) / A V  is ___6%, whereas the 
ma x i mum variat ion in  (rex -- ms)/Q is +_3%. Some of 
the var iat ion in (ml -- m3) /AV  might  be a t t r ibuted to 
different oxide growth fields for the different samples. 
It  has been observed that  the field can range from 6.33 
to 6.58 x 10 e V/cm for growth in dilute citric acid (3). 
The higher value for bu lk  t an t a lum shown in Fig.  2 is 
consistent with the lower oxide growth field observed 
for t an ta lum foil. The oxide thickness measurements  
made with the Talysurf  were  accurate to only +_5%; 
therefore, it could not be determined conclusively if 
the observed variat ions in the oxide growth field for 
anodization in dilute citric acid were carried over to 
oxide growth in fluoride solutions. Some of the var ia-  
tion between samples might  also be a t t r ibuted to the 
nonl inear  growth effects and discoloration effects 
which are discussed in subsequent  sections. 

Assuming 100% current  efficiency and that  the 
weight gain on anodizing is due solely to the uptake 
of oxygen, then  the value of (ms -- ml) /Q  should be 
83 #g/coulomb. Since fluoride is incorporated in the 
film the actual value of (m2 -- m l ) /Q  should be higher. 
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The value of 92 ~,g/coulomb for bu lk  t an ta lum (Fig. 3) 
can be explained on the basis of part  of the charge 
t ransfer  being caused by fluoride ions. The average 
value of 83 ~g/coulomb for the sputtered films, repre-  
sented by curve b in  Fig. S, indicates that very little 
fluorine is incorporated dur ing oxide growth on these 
films. It  is not  clear why  more fluorine should be in -  
corporated in  oxides grown on bulk  t an ta lum than 
on sputtered films. 

The very  low value of ( m 2 - m l ) / Q ,  shown by 
curve c in Fig. 3, is peculiar  to the 0.5 and 0.1% con- 
centrat ions of NH4F (but  not to the 0.01% concentra-  
t ion).  This low value cannot  be a t t r ibuted to a low 
current  efficiency, because then the same effect would 
be observed in the value of (ml -- m s ) / Q  (curve b in 
Fig. 1). Also, the solutions do not dissolve the sub-  
strate or t an ta lum unde r  conditions of no applied 
voltage. One possibility is that, on anodizing, some of 
the t an ta lum or the oxide passes into the electrolyte. 
This would result  in  a low value of (m2 -- m l ) / Q  but  
would not affect the value of (ml -- mz)/Q.  It  is per-  
haps significant that  the values of (ml - - m s ) l A Y  for 
0.5% NH4F were about 5% higher than for 0.1% NH4F 
and 0.12% BaF2. If part  of the oxide is being dissolved, 
the anodization voltage will  be reduced causing a high- 
er value of (ml -- m s ) / A V .  A mechanism for the dis- 
solution of the oxide is possible if it is assumed that  
some t an ta lum fluoride is formed, since tan ta lum fluo- 
ride is soluble in water. A similar effect might also 
occur in the other electrolytes. This possibly accounts 
for the difference between curve b in Fig. 3, and the 
value for bulk  t an ta lum in curve a. However, it still 
cannot  be explained why  the values of (m2 -- m l ) / Q  
should be higher for bu lk  t an ta lum nor why more 
concentrated solutions of NI-I4F are more effective in 
lowering (m2 -- ml)  /Q. 

Nonlinear anodization characteristics.mSome infor-  
mat ion on the anodization behavior  can be obtained 
from the vol tage- t ime (V- t )  curves dur ing the con- 
stant current  anodization. For all  0.01% fluoride solu- 
tions and current  densities between 0.1 and 5.0 mA / c m e, 
the V- t  plots for sputtered t an ta lum are l inear  to 
about 60V and then the voltage starts to increase 
faster with time. The sharply decreasing curve in Fig. 
2 is a result  of this. Since the amount  of t an ta lum 
removed is more closely proport ional  to the total 
charged passed, ( m l -  m s ) / A V  will  decrease when 
the voltage is increasing nonl inear ly  with time. The 
nonl inear  V- t  plots are a peculiari ty of the sputtered 
tan ta lum;  when  tested as high as 200V, bu lk  t an ta lum 
does not show this effect. 

Step height measurements  indicated that  the oxide 
growth field in the region of the l inear  V-t  plots is 
close to that  for oxide growth in di lute citric acid 
(i.e., about 6.4 x 106 V/cm at 1 mA/cm~).  The non-  
l inear  increase of voltage with t ime is not associated 
with a rapidly increasing oxide thickness but  is due 
to an increasing average oxide growth field. 

In  more concentrated fluoride solutions the l inear i ty  
of the V- t  plots is extended to higher voltages. At the 
higher voltages there is, however, a tendency for the 
voltage to increase at a sl ightly lower rate with time. 
This is possibly indicative of increased electronic leak-  
age. In  some of the samples, it was observed that  values 
of (ml - - m z ) / Q  decreased slightly at higher voltages. 
This would be expected for a lowered current  efficien- 
cy. In  solutions of 0:12% BaF~ and 0.1 and 0.5% NH4F, 
the V-t plots for sputtered films are l inear  to between 
130 and 140V. 

The region of l inear i ty  in the V- t  plots was sensit ive 
to the properties of the sputtered material .  For  ex-  
ample, t an t a lum which did not adhere well  to the 
glass substrate exhibi ted nonl inear  V-t  plots at much 
lower voltages. The V- t  plots were also sensitive to 
sample history. This wil l  be discussed under  Discolora- 
t ion effects. 

The V-t  curves are repeatable, even in the nonl inear  
region. For example, if an oxide is grown, stripped 

away, regrown, etc., several consecutive times, the 
V- t  plots are identical  for each growth stage. This re-  
peatabi l i ty  was unaffected by the absence or presence 
of a cleaning step after each oxide str ipping step. 
Thus, any  fluoride left on the t an ta lum surface after 
s tr ipping of the oxide seems to have no effect on the 
subsequent  anodization. However, there is evidence 
that  some fluoride remains  on the t an ta lum surface. 
Two samples which had been anodized in 0.12 and 
0.01% BaF2, respectively, and the oxide stripped away 
were then anodized in di lute citric acid. The sample 
which had been previously anodized in 0.01% BaFe 
produced a clear colored adherent  oxide, and the V-t  
plot was l inear  to at least 200V. This is what  is ob- 
served when a freshly sputtered film is anodized in 
citric acid. For the sample which had been previously 
anodized in 0.12% BaF2, the oxide was nonadheren t  
and discolored. The V- t  plot was nonl inear  above 80V. 
When a sample was given a simple swabbing with 
trichlorethylene, after str ipping of an oxide grown in 
0.12% BaF2, then the subsequent oxide growth in 
dilute citric acid exhibited V-t plots linear to a slight- 
ly higher voltage. The oxide was now more adherent 
(although still strippable). It was generally observed 
that oxides grown in the 0.01% fluoride solutions were 
more adherent than those grown in the concentrated 
solutions. 

Discoloration ef]ects.--The aforementioned repeata-  
bi l i ty of the V- t  plots holds t rue only if no discolora- 
tion of the t an t a lum occurs. The type and degree of 
this discoloration depends on electrolyte concentrat ion 
and the formation voltage. It  is also associated with 
the discoloration of the oxide. 

In all fluoride solutions wi th  concentrat ion of 0.1% 
or higher, and at voltages usual ly  about 150V, the 
oxide becomes covered with circular pat terns of dif- 
ferent colored spots. It also takes on a general ly 
splotchy and mottled appearance. In  spite of this, the 
V-t  plots are l inear  for the HF electrolytes. The stains 
left on the t an t a lum after removal  of the oxide have 
a brownish appearance, and they are of a permanent  
na ture  as subsequent  anodizations and strippings do 
not remove the stains. The V-t  plots become nonlinear,  
for all electrolytes except HF, at lower voltages when 
the t an ta lum becomes discolored. Figure 4 is an elec- 
t ron micrograph of the t an t a lum surface, and it shows 
that discoloration is associated with a pi t t ing of the 
surface. As indicated by the Talysurf,  the top surface 
of the oxide is covered with bumps. This suggests ac- 
celerated oxide growth in localized regions result ing in 
pits in the t an ta lum due to excessive t an ta lum con- 
sumption. Vermilyea (4), on anodizing bulk  Ta in a 
solution containing HF, found that  after a t ime the 
oxide tended to separate from the metal. This may be 
the cause of some of the discoloration noted here. 

Oxides grown in  0.01% fluoride solutions to high 
voltages develop a characteristic discoloration differ- 
ent from that of the more concentrated solutions. The 
oxide is smooth and uni form in appearance but  has a 
"milky" color. The sharpness of the interference colors 
is reduced. This type of discoloration does not  leave 
any  stains on the t an ta lum surface, but  examinat ion 
with an optical microscope in the dark  field mode in-  
dicated a very fine surface roughness on both the 
t an ta lum and the oxide. F igure  5 is an electron micro- 
graph of the t an t a lum surface and it shows a uni form 
distr ibut ion of very  small  bumps. These bumps are 
probably  associated with the fine oxide roughness 
which scatter the l ight and give the oxide its mi lky 
color. The causes of these surface roughness and dis- 
coloration effects are not  known.  

There is one other factor which can affect the V- t  
plots and that  is the presence of a thick thermal  oxide 
or an oxide formed in dilute citric acid. The effect of 
this ini t ial  oxide layer  is to extend the l inear i ty  of 
the V- t  plots to higher voltages and to prevent  oxide 
str ipping below a certain voltage. For example, with 
an ini t ial  50V oxide (formed in dilute citric acid) it is 
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Fig. 4. Electron micrograph of a two-stage carbon replica show- 
ing pitting of a Ta surface after anodizing to ~150 in 0.1% or 
stronger electrolytes. Latex sphere diameter, 880A. 

necessary to anodize to about 180V in 0.1% HF before 
the oxide can be stripped. This upper  voltage is lower 
for lower anodization current  densities. This phenom- 
enon might be useful  in sectioning films in larger in-  
crements than is feasible by using only a fluoride solu- 
tion. When using a straight fluoride solution, the larg-  
est feasible increment  is about 100V. Higher voltages 
can result  in discoloration and pit t ing of the tanta lum.  
The increment  could be doubled by growing an ini t ial  
adherent  oxide layer and subsequent ly  anodizing it 
in a fluoride solution. 

Conclusions 
Sputtered t an ta lum films can be sectioned by anodiz- 

ing in fluoride solutions and str ipping of the anodic 
oxide. The mass per uni t  area of t an ta lum removed 
can be controlled by either the formation voltage or 
the total charge passed dur ing anodization. The for- 
mat ion voltage is the more convenient  method to con- 
trol; the total charge passed method requires that  the 
sample area be carefully defined. However, the total 
charge passed method, in comparison to the voltage 
method, is a more precise measure of the mass of 
t an ta lum removed. Also the charge passed method is 
less dependent  on exper imental  conditions. The pres- 
ence of oxygen in the t an ta lum affects the amount  of 
t an ta lum removed as determined by the total charge 
passed. 

A suitable electrolyte is a saturated (0.12%) BaF2 
solution. The electrolyte concentrat ion is a major  fac- 

Fig. 5. Electron micrograph of a two-stage carbon replica show- 
ing bumps on a Ta surface after anodizing to high voltages in 
0.01% electrolytes. Latex sphere diameter, 880.~. 

tor in the str ipping technique. Solutions which are too 
dilute (d0.1%) result  in nonl inear  relations between 
the mass of t an ta lum removed and the formation volt-  
age, while solutions which are too concentrated 
(~0.1%) can result  in excessive discoloration and 
pit t ing of the t an ta lum surface at higher voltages. The 
anodization voltage should not exceed 100V as higher 
voltages result  in pi t t ing of the t an ta lum surface which 
can effect subsequent  anodizations. 

Acknowledgments  
The author would like to thank  W. D. Westwood 

and F. C. Livermore for reviewing the manuscr ip t  
and offering many  helpful  suggestions, and also L. E. 
Brosselard for preparat ion of the electron micrographs. 
This work was carried out under  contract to and on 
behalf  of Microsystems In te rna t iona l  Ltd. 

Manuscript  submit ted March 15, 1971; revised manu-  
script received June  10, 1971. 

Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1972 
JOURNAL. 

REFERENCES 
1. R. E. Pawel  and T. S. Lundy,  J. Appl. Phys., 35, 

435 (1964). 
2. F. C. Livermore, P. S. Wilcox, and W. D. Westwood, 

J. Vacuum Sci. Technol., 17th National Sym-  
posium, Washington (1970). 

3. P. S. Wilcox and W. D. Westwood, Can. J. Phys., 49, 
1543 (1971). 

4. D. A. Vermilyea, This Journal, 102, 207 (1955). 



Some Physical and Dielectric Properties 
of Hydrous Alumina Films 

Robert S. Alwitt ~ 

Research and Development Laboratories, Sprague Electric Company, North Adams, Massachusetts 01247 

ABSTRACT 

Properties of pseudoboehmite films, produced by the reaction of a lumi-  
num foil with boiling water, were studied by a variety of techniques. For 
reaction times of 1-30 rain the average film porosity decreased l inear ly  with 
increasing film weight. The surface area of freshly prepared films was similar  
to that  of a lumina  gel, but  decreased on aging in air. Aging in 1N NaNO~ in-  
hibited the area decrease. The series capacitance decreased on aging in air 
or n i t ra te  electrolyte. It  was determined that  with the sample immersed in 
electrolyte the measured dielectric properties were those of an inner  region 
impermeable  to electrolyte. This layer was not the same as a typical  barr ier  
oxide. The films exhibited a low frequency dielectric dispersion. From the 
temperature  dependence of the loss maxima the activation energy and relaxa-  
t ion t ime for the process were found to be 13.4 kcal /mole  and 6.2 x 10 -15 sec. 
These are in the range  found for other systems containing hydroxyl  chains or 
bound water. 

Films produced by the reaction of a luminum or 
a luminum oxide with water  are of importance in cor- 
rosion (1), the sealing of porous anodic oxides (2), 
and the manufac ture  of electrolytic capacitors (3). A 
recent paper by Vedder and Vermilyea (4) has greatly 
extended our knowledge of the formation and physical 
properties of these porous hydrous films. They ident i -  
fied the film produced by  reaction with boiling water  
as pseudoboehmite, a poorly crystallized oxide with a 
s tructure close to that of boehmite but  containing 
more hydroxyl  than corresponds to the formula 
A1OOH. The composition of the film will  vary, but  
reaction at 100~ has always been found to result  in 
an average water  content  of 27% (3, 5, 6). 

Some new data on film thickness and  surface area 
are presented here, but  the p r imary  purpose of this 
paper is to report on the dielectric properties of films 
produced by the reaction of a luminum with boiling 
water. This was of interest  to us because these films 
are often incorporated into the dielectric layer of 
electrolytic capacitors (3). There may  be more gen- 
eral interest  in the comparison of the dielectric prop- 
erties of this film with those of other materials  such 
as boehmite, ice, and silica gel. 

Procedure 
The hydrous films were grown on 99.99% A1 foil 

specimens that  had been cleaned by chemical polish- 
ing in a mixture  of 15 parts 70% HNO3 + 85 parts 
85% H~PO4 for 2 min at 85~ followed by a 10 min  
etch in 1N NaOH at room temperature.  The reaction 
with boiling, distilled deionized water  was in  Pyrex  
beakers fo r  times up to 30 min. For reaction times of 
3 min  or less, two samples were prepared consecutive- 
ly and then the water  discarded. For longer reaction 
times fresh water  was used with each sample. 

Series capacitance and RC were measured with a 
resistance ratio arm bridge. The max imum ampli tude 
of the a-c signal was 0.2V rms. A large capacitance 
(1300 ~f) was in series with the signal generator  to 
block the passage of d-c current  through the measur -  
ing cell. Two measur ing cell designs were used. For 
measurements  at a f requency of 120 Hz the foil sample 
was held equidistant  between two platinized elec- 
trodes spaced 7 m m  apart  and the gap was filled with 
electrolyte. With this cell, small  deviations in sample 
a l ignment  produced some measurement  errors at high-  
er frequencies (5-10 kHz). To el iminate  these errors, 
measurements  over a range of frequencies were made 

* Electrochemical  Society Act ive  Member .  
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oxide, physical properties, dielectric properties.  

with the foil sample separated from platinized elec- 
trodes by single sheets of 0.001 in. thick Benares paper. 
This is a paper commonly used in electrolytic capaci- 
tors. The assembly was held between glass slides and 
impregnated with electrolyte. A comparison of mea-  
surements  in the two cells showed that  no unique 
effects were introduced by  the paper (7). For  both 
cells the measur ing electrolyte was 5.9N NaNO3. Pre-  
l iminary  experiments  indicated no effect from dis- 
solved CO2 on dielectric properties, so all solutions 
were in equi l ibr ium with ambient  atmosphere. 

The weight of a luminum reacted at several immer-  
sion times was determined directly from the weight 
loss of metal  substrate. The hydrous film was stripped 
in  CrO3-H3PO4 solution at 85~ for 10 min  (5). 

F i lm thickness measurements  were made using 
a luminum evaporated on glass slides. After  evapora- 
tion, the slide was immersed in boiling water  for the 
required time, dried, and then  warmed sufficiently to 
melt  Apiezon wax rubbed across the surface at sev- 
eral places. After  the wax hardened, the slide was 
immersed in the CrO3-H3PO4 solution at 60~ for 30 
min  to dissolve the exposed hydrous film. At these 
conditions no undercut t ing  of the wax took place. The 
wax was then dissolved in warm toluene. The height 
of the oxide steps so produced was measured by  inter-  
ferometry using the method of fringes of equal  chro- 
matic order. 

Surface areas were determined from the amount  of 
N2 adsorbed from a 10% N2-90% He stream at l iquid 
N2 temperatures.  The change in  Ne content  of the gas 
stream passing over the sample was detected by  the 
change in thermal  conductivity. Areas were calcu- 
lated from the l inear  region of a s tandard BET plot 
over the range of N2 relative pressures 0.13-0.33. Prior  
to measurement ,  samples were outgassed in the N2-He 
stream at 85~ for 2 hr. To increase the total sample 
surface area the hydrous film was developed on heavi-  
ly etched foil normal ly  used in  electrolytic capacitors. 

Results and Discussion 
Physical properties.--The weight of a luminum re-  

acted at several immersion times is shown in Fig. 1. 
The crosses were calculated from the results reported 
by Vedder and Vermilyea (4) assuming 27% water  in 
the films. These authors report  significant inhibi t ion 
of film formation by impuri t ies  leached from Pyrex. 
Apparent ly  no such effects were encountered at the 
short reaction times used in our experiments,  except 
perhaps with a 30 rain boil. 

1730 
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Fig. 1. Weight of AI reacted, film thickness (L~), and porosity 
(I-I) of hydrous films from reaction of AI with boiling water. 
Weights determined with cleaned foil ( O ) ,  evaporated AI on foil 
(O) ,  and calculated from Fig. 18 of ref. 4 (-~). 

Measured film thicknesses are also recorded in Fig. 
1. Vedder and Vermilyea (4) reported thicknesses of 
0.3 and 0.5~ for films produced by reacting a luminum 
with boiling water  for 9 and 40 rain, respectively. They 
also found inhibi t ing effects from mater ia l  leached 
from glass slides from some suppliers. A comparison 
of their  values with the thicknesses in Fig. 1 suggests 
the absence of strong inhibi t ing effects in this work. 

The porosity of the film was calcuIated from the 
thicknesses, weights, and specific film density of 2.4 
g/cc (5). The decrease in porosity with increasing 
reaction t ime is shown in Fig. 1. The porosity de- 
creased l inear ly  with increasing film weight over the 
range covered. It  would be r isky to extrapolate this 
relationship to shorter or longer reaction times. 

The surface areas of three freshly prepared oxide 
films (3 min  reaction time) were in  the range 133-154 
m2/g. This is about one- thi rd  of the values reported 
for pseudoboehmite precipitates (8), but  wi thin  the 
range found for a lumina  gel and silica gel. Measure- 
ments  on one of these samples showed the area de- 
creased, on s tanding in air  at 25~ and 30% RH, to 
109 m2/g after 17 hr and 78 m~/g after 11 days. The 
surface area of hydrous a lumina  precipitate has been 
found to decrease s imilar ly (9). In  that  case, vacuum 
storage prevented the area decrease but  admission of 
water  vapor produced a rapid reduction. 

Because of changes in dielectric properties observed 
after aging in aqueous ni t ra te  solutions, it was of in-  
terest to see what  effect this t rea tment  had on surface 
area. Three samples, prepared as above, were im-  
mersed in 1N NaNO8 for 40 hr  at 25~ The surface 
areas were in the range 119-149 m~/g. Thus, immersion 
in this electrolyte inhibi ted the aging process respon- 
sible for the area decrease. It  might  be noted that  
ni t ra te  anion is not specifically adsorbed onto a lumi-  
num oxides. 

D/electr/c properties.--The series capacitance and 
resistance of a film grown during a 3-min immersion 
in boil ing water  and then aged in air at 25~ and 
30% RH for about 4 hr  are shown in Fig. 2. Measure-  
ments  were made in 0.044N NaNO~ (230 ohm-cm re-  
sistivity) and 5.9h r NaNO~ (10 ohm-cm).  Also shown 
are the properties of a film grown dur ing the aging 
period on a substrate that  had not been exposed to 
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Fig. 2. Dielectric properties of oxide films in NON03 electrolyte. 
Hydrous film grown during 3-min boil measured in 230 ohm-cm 
( O )  and 10 ohm-cm ( e )  solutions. Air-formed oxide measured 
in 10 ohm-cm solution (A) .  

boiling water. The a i r -grown film exhibits the l inear  
relationships usual ly  found with amorphous oxide d i -  
electric films (10) but  the hydrous film does not. 

The complex structure of the hydrous oxide made it 
necessary to establish what  features of the film were 
reflected i n  the dielectric properties. First, it can be 
noted that for these electrolyte concentrat ions the 
smallest diffuse double layer  capacitance would be 
about 10 ~f/cm 2 (11). This is much greater than any 
values measured in  this study. Thus, the observed 
capacitance is a property of the solid hydrous oxide. 

The portion of the hydrous film that  is permeable 
to electrolyte could contr ibute to Cs and Rs because of 
its colloidal properties (12), or it could contr ibute  to 
Rs alone because of the tortuous electrolyte paths 
through the film. In  both cases, Rs would be almost 
proportional to electrolyte resist ivity at low f requen-  
cies. This was not found to be so. Instead of a 20:1 
ratio, about the largest effect seen was a 15% differ- 
ence (Fig. 2b). In  some experiments  no difference was 
found in Rs measured in  the  two solutions. This indi -  
cates that  dielectric properties of the porous outer 
portion were not measured. The observed properties 
are those of a less permeable inner  region. Vedder and 
Vermilyea (4) showed the existence of such a region 
but  its thickness has not been established. 

This compact region is obviously not the same as a 
typical barr ier  oxide, nor does it contain a layer that  
is the same as the air-formed oxide. The evidence for 
the lat ter  point  is the higher capacitance of the hydrous 
film at low frequencies. The only s imi la r i ty  noted be-  
tween the hydrous and air - formed films was in the 
frequency dependence of Rs and Cs at low frequencies. 
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Fig. 3. Effect of aging on dielectric properties (120 Hz) of films 
produced in 3-rain boil. Aged in air ( G ) ,  0.044N NaNO3 (@), 
and vacuum (Z~). 

The real part G') and imaginary part (e") of the com- 
plex dielectric constant are 

e' = (d /A , r )  Cp [3] 

4 '  --- (d/Act) Cp tan  8 [4] 

where  d and A a re  the  dielectr ic  th ickness  and area  
and ~r is the  pe rmi t t i v i t y  of f ree  space. P lo ts  of Cp vs. 
log f and Cp tan  8 vs. log f are  the  usual  dispers ion 
curves  wi th  the ord ina te  mul t ip l i ed  by  a constant.  

Dispersion curves  of films produced dur ing  3- and 
30-min immers ions  in boil ing wa te r  and then aged for 
40 h r  in 1N NaNO~ at 25~ are  shown in Fig. 4. The 
lower  capaci tance for the  30-min film is p robab ly  the 
resul t  of a th icker  compact  region. According to Fig. 1 
the  poros i ty  of this  film is only  13% compared  wi th  
44% for the  3-min  film. An  interes t ing fea ture  of these 
resul ts  is the shift  in the  f requency  of the  m a x i m u m  
of Cp tan  5 (loss m a x i m u m ) .  

Dielectr ic  proper t ies  of films produced  in a 3-min  
boil  and then  aged 40 hr  in 1N NaNOs at  25~ were  
measured  at t empera tu res  down to --20~ in 5.9N 
NaNOs. The act ivat ion energy  (Ea) of the  re laxa t ion  
process responsible  for the  dielectr ic  dispers ion was 
ob ta ined  f rom the  slope of a plot  of log f~ax vs. 1 / T  
(Fig. 5), where  Sma~ is the  f requency  of the  loss m a x i -  

The capaci tance of hydrous  films decreased on aging 
in a i r  and  in aqueous solutions (Fig.  3). Vacuum 
storage p reven ted  this  change. The series resis tance 
was unchanged  in the  e lec t ro ly te  bu t  increased on 
aging in air. 

The changes in the air-aged sample could be ex- 
plained by a thickening of the inner compact region, 
although we have no knowledge that this occurred. 
Although there are some similarities between the 
changes of capacitance and surface area during aging, 
there is no exact parallel. This is not surprising since 
capacitance and surface area are properties of different 
portions of the hydrous oxide film. It might be noted 
that no changes in dielectric properties occurred on 
aging of anodic barrier films or air-formed oxides. 

Specimens were aged for 40 hr at 25~ in nitrate 
electrolytes of different composition. Any changes in 
dielectric properties were independent of solute con- 
centration (0.044-1.0N NaNOs), small changes in pH 
(5.1-7.2), or cation species (Na +, NI-LI +, I~NH +, 
I%N + ). 

The effect of a change of anion is shown in Table I. 
The ranges represent fifteen samples (1N NaNOs), six 
samples (0.044N NaNO3), and five samples (salicylate). 
The other results are the average for two specimens. 
The first six solutions listed had about the same effect 
on aging. Without more extensive tests it is not pos- 
sible to say whether acetate and formate were sig- 
nificantly different. Borate exerted a profound effect 
on dielectric properties and this will be the subject 
of another report. 

Dielectric dispersion curves were generated by cal- 
culating values for the parallel capacitance, Cp, and 
Cp tan 8 from the relations 

Cp = Cs/[l -F (tan 8)s] [I] 

t an  8 = 2 ~f Rs Cs [2] 

Table I. Effect of anion on capacitance of aged films 

Films produced by 3-rain immersion in boiling water. 
Aged 40-48 hr  at  25"C. Capaci tance at  120 Hz. 

Aging electrolyte PH C~,/~/cmS 

IN' sodium nitrate 6.0-6.2 2.3-3.6 
0.044~ sodium ni t ra te  6.0-6.2 2.3-3.7 
O.IN" sodium salicylate 6.3 2.6-3.8 
0.1N" sodium benzoate  6.3 3.0 
0.1N a m m o n i u m  ta r t ra te  6.0 2.4 
0.1N ammonium phosphate 6.5 2,3 
0.1N sodium acetate 6.2 2.1 
0.1N a m m o n i u m  fo rma te  6,4 2.0 
0.2N a m m o n i u m  borate  7.0 0.91 
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Fig. 4. Dielectric dispersion of well-aged films produced by 
immersion in boiling water for 3 rain ( e )  and 30 rain ( Q ) .  
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Fig. 5. Arrhenius plot for dielectric dispersion of well-aged 
films produced by immersion in boiling water for 3 rain. 
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Table II. Dielectric dispersion constants for several systems 

S O M E  P R O P E R T I E S  O F  H Y D R O U S  A1 F I L M S  

Ea 
S y s t e m  (kca l /mo le )  ro {see) Ref. 

P s e u d o b o e h m i t e  f i lm 13.4 6.2 x 10 -1~ Th i s  w o r k  
B o e h m i t e  15.6 1.5 x 10 -18 14 
Ice 13.2 5.3 • 10 -16 15 
~ 2  m o n o l a y e r s  H20  12,6 1.9 • 10 - ~  16 

o n  7 - a l u m i n a  
~ 4  m o n o l a y e r s  H~O 14.7" 4.8 x 10 -16 17 

on  a l u m i n a  
~1/2 m o n o l a y e r  H20 14.2 2.5 x 10 -16 18 

o n  s i l ica  ge l  
~ 1  m o n o l a y e r  H~O 11.3 5,9 x 10 - ~  18 

o n  s i l i ca  ge l  

* C a l c u l a t e d  f r o m  m a x i m a  in  Fig.  lb .  of  ref .  (17). 

m u m  at each t empe ra tu r e  (13). The value  of Ea was 
13.4 kca l /mole .  The re laxa t ion  t ime (~) is given by  
the express ion 

--  ~o exp (Ea/RT) [5] 

whe re  ~o is a constant  and T - (2 ~max) -1. The value  
of re was found to be 6.2 x 10 - i s  sec. 

These values  a re  close to those found for systems 
containing h y d r o x y l  chains or  an o rde red  wa te r  s t ruc-  
ture. Some examples  are  l is ted in Table  II. 

Mata  Ar jona  and F r ip i a t  (14) found that  the  low 
f requency dielectr ic  absorpt ion in boehmite  was p rob-  
ab ly  due to ion pa i r  defects  p ropaga t ing  along the OH 
chains. I t  is genera l ly  accepted tha t  the  low f requency 
re laxa t ion  process in ice is due to (he movement  
th rough  the la t t ice  of or ien ta t ional  defects  (B je r rum 
defects) aris ing f rom the rota t ion of a pro ton  about  
an oxygen posit ion (13). There is no genera l  agreement  
on the na tu re  of the  re laxa t ion  process responsible  for 
the  dielectr ic  d ispers ion of o rdered  wa te r  layers  on 
a lumina  and silica. Has ted  (19) has suggested that  
the process m a y  be s imi lar  to tha t  in ice. 

On the  basis of Ea and ~o values  i t  is not possible to 
choose be tween the above two mechanisms to account 
for the  re laxa t ion  process in pseudoboehmite .  Since 
pseudoboehmite  has a high concentrat ion of OH groups 
not constra ined to the  boehmite  lattice,  the s t ruc tura l  
factors  tha t  inhibi t  the  p ropaga t ion  of B j e r rum defects  
in boehmite  (14) m a y  not  be l imi t ing in pseudoboeh-  
mite. 

There  is also a th i rd  possibil i ty.  The poor  c rys ta l -  
l in i ty  of pseudoboehmite  and its p la te le t  s t ruc ture  
p robab ly  resul t  in a high dens i ty  of gra in  boundar ies  
in the  compact  inner  region of the  film. These could 
act as surfaces for  t e rmina t ion  of defect  propagat ion.  
A higher  charge  densi ty  in these regions would  p ro-  
duce a M a x w e l l - W a g n e r  effect (13). The va lue  of Ea 
would  stil l  be governed by  the process for  defect  p rop-  
agation, but  ~o would  depend on the proper t ies  and 
spat ia l  d is t r ibut ion  of gra in  boundaries .  
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Conclusions 
1. Pseudoboehmite  films undergo  aging processes 

l ike those exper ienced b y  a lumina  gels. 
2. The films have an impermeab le  inner  region 

which de te rmines  the dielectr ic  proper t ies  measured  
in aqueous electrolytes .  This region does not  contain 
a layer  wi th  the  same proper t ies  as the  ba r r i e r  por t ion 
of an a i r - fo rmed  oxide. 

3. The dielectr ic  p roper t ies  of the  film are  cha rac te r -  
istic of systems containing h y d r o x y l  chains  or bound 
water .  
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The Effect of Boric Acid on the Dielectric 
Properties of Hydrous Alumina Films 

Robert S. Alwitt* 
Research and Development Laboratories, Sprague Electric Company, North Adams, Massachusetts 01247 

ABSTRACT 

Aging hydrous a luminum oxide films in boric acid solutions accelerated 
the surface  area decrease and markedly  changed the dielectric properties of 
the films. The effect on dielectric properties could be removed by immersion 
in a borate-free electrolyte. The observations were accounted for by a model 
in which adsorbed borate anions increased the relaxat ion t ime of a Maxwell-  
Wagner  process occurring wi th in  a compact inner  region of the films. I t  was 
postulated that  borate anions penetrated to the interior  of the oxide by dif-  
fusion along platelet surfaces. Borate was the only anion found to exert  this 
part icular  effect on the hydrous oxide films. 

In  a previous paper we presented some informat ion 
on the properties of pseudoboehmite films grown on 
a luminum in boiling water  (1). It  was noted that  
these hydrous oxide films at tained a much lower ca- 
pacitance when immersed in a borate electrolyte than 
when immersed in other salt solutions. In  this paper 
we present  the results of an investigation of the ef- 
fect of borate species on some physical and dielectric 
properties of pseudoboehmite films. We th ink  these 
results are of intr insic  interest. In  addition, they are 
of practical importance because borate electrolytes 
are widely used for forming barr ier  anodic oxides on 
a luminum and as electrical contact in the measurement  
of dielectric properties. 

Experimental Procedure 
The general  procedures and materials  were the 

same as used previously (1). All  hydrous oxide films 
were produced by reacting a luminum foil with boil-  
ing water  for 3 min. Ini t ia l  work was done in solu- 
tions of 50 g/ l i ter  HaBO3 with NH4OH added to give 
a resistivity of 230 ohm-cm and a pH about 6.5. Sub-  
sequently, solutions of H3BOs were used containing 1N 
NaNO3 as support ing electrolyte and adjusted to pH 
6.1 _ 0.1 with NaOH and HNO3. 

Results 
Surface area and weight changes.--Hydrous oxide 

films aged in borate electrolytes for 40 hr at 25~ 
had about one-half  the specific surface area of films 
aged in n i t ra te  electrolytes. For example, samples 
aged in 1N NaNO~ -t- 0.2M HaBO8 had a specific area 
of 61 mS/g, and a specimen aged in 50 g/ l i ter  H3BO3 
had an area of 66 m2/g. This compares with 119-149 
me/g for films aged in 1N NaNOs (1). On subsequent  
aging in a ni t ra te  solution there was some increase in 
area of borate-aged samples. For example, the area of 
one of the above samples increased from 66 to 83 mVg 
after immersion for 40 hr  in 0.04N NaNO3. 

A sample aged in air for 11 days had a specific area 
of 78 m~/g (1). This is about  the same as the specific 
area of films aged in borate for 40 hr. This suggests 
that  the role of borate may  have been to accelerate 
aging to some final state. 

The weight change of samples aged for several days 
at 25~ was measured. Each foil specimen was coated 
with about 900 #g of hydrous oxide. Samples aged in 
ni t ra te  electrolyte gained 12-42 #g and those aged in 
borate gained 7-60 #g. The weight gain did not appear 
to be affected by the composition of the electrolyte. 
The reason for the gain is probably the incorporation 
of water  as pseudoboehmite aged to bayeri te  and gibb- 
site (2). 

* E l e c t r o c h e m i c a l  Soc i e ty  A c t i v e  M e m b e r .  
Key words: borate anions, boric acid, hydrous alumina film, 

pseudoboehmite, aluminum oxide, dielectric properties. 

Dielect~c proper t ies . - -With samples aged in ni t ra te  
solutions it  was found that  the dielectric properties 
measured were essentially those of a compact i nne r  
port ion of the film (1). With borate-aged samples this 
was also found to be the case, as indicated by a series 
resistance that was li t t le dependent  on measur ing 
electrolyte resistivity. For  example, NaNO~ was added 
to 25 g/ l i ter  H~BO8 to give solutions with resistivities 
of 17 and 230 ohm-cm; the series resistance of sam- 
ples in  these solutions differed by only 25%. 

The changes in  series capacitance and resistance on 
aging in a borate solution at 25~ are i l lustrated in 
Fig. 1. After  144 hr the sample was immersed in a 
n i t ra te  electrolyte. There was a rapid recovery of ca- 
pacitance and resistance to values typical  of "normal"  
aging. The reversible na ture  of this proper ty  is in con- 
trast  to the essential ly i rreversible change in surface 
area. This is another  indicat ion that  dielectric be- 
havior is determined in a portion of the film that  does 
not contr ibute  to specific surface area. 

Dispersion curves are shown in Fig. 2 for samples 
aged for 40 hr at 25~ in  solutions containing differ- 
ent concentrat ions of boric acid. The effect of increas- 
ing boric acid concentrat ion appeared to be to shift 
the curves to a lower f requency range. 
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Fig. I. Series capacitance and resistance (120 Hz) of hydroas 
oxide films during aging in 50 g/liter H3BO~ (O) ,  followed by 
aging in 4.4 x 10-2N NaNO3 (0) .  Typical results upon direct 
aging in 4.4 x 10-~N NaNO~ (A)  also shown. 
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Fig. 2. Dielectric dispersion of hydrous oxide films after aging 
in 1H NaNO3 containing 0.8M H3BO3 (C)), 0.1M H3BO3 (Z~), 
0.025M H3BO~ (I-I), and no H3BO3 (X). 

It  is sometimes possible to extract  information about 
the dielectric dispersion process from a Cole-Cole dia- 
gram, which is a plot of real part  vs. imaginary  par t  
of the complex dielectric constant, each point  obtained 
at a different f requency (3). The data obtained at dif-  
ferent  boric acid concentrat ions were treated in this 
fashion. The results are i l lustrated in Fig. 3 for the 
data of Fig. 2. The locus of these points did not fit a 
simple curve, such as a semicircle or circular arc. But  
Fig. 3 does relate the impor tant  informat ion that  the 
data obtained at all boric acid concentrations, and in 
the absence of borate, fall  on the same curve. This 
means that  a single dispersion equation describes the 
dielectric behavior  of these films, with the relaxat ion 
t ime (T) a function o f  boric acid concentration. The 
presence of boric acid did not al ter  the na ture  of the 
relaxat ion process responsible for dielectric dispersion, 
but  only increased the relaxat ion t ime for the process. 
The frequency at which max imum dielectric absorp- 
tion occurs is proport ional  to 1/~ (2~ fm~x = l / r ) .  The 
dependence of fmax on boric acid concentrat ion is 
shown in Fig. 4. 

Fur ther  evidence was obtained that  boric acid had 
no effect on the na ture  of the relaxat ion process. The 
activation energy for the dielectric relaxat ion process 
was determined from the tempera ture  dependence of 
fmax. Samples were aged 40 hr  at 25~ in 1N NaNO3 
containing 1.25 x 10-2M and 5.0 x 10-~M H3BO3, pH 
6.1. Dielectric properties were measured at several 
temperatures  in 5.9N NaNO3 adjusted to the same boric 
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Fig. 3. Cole-Cole plot of dielectric dispersion of films aged in 
1N NaNO3 containing boric acid. Same data and symbols as in 
Fig. 2. 
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Fig. 5. Arrhenius plot for dielectric dispersion of films aged 
in IN NaNO3 containing 1.25 x 10-2M H3BO3 (G) and 5.0 x 
10-2M H3BO3 (L~). 

acid concentrat ion and pH as the aging solution. The 
results are shown in Fig. 5. At both boric acid concen- 
trations the data could be fit by lines with a slope 
equivalent  to an activation energy of 13.8 kcal/mole.  
This is not significantly different from the value of 
13.4 kcal /mole obtained in  1N NaNO3 (1). Thus, 
boric acid had no effect on the activation energy of 
the re laxat ion process. 

In  IN NaNO3 the pH of the aging solution, over the 
nar row range pH 5-7, had no effect on the dielectric 
properties (1). This was not the case in  borate elec- 
trolytes. Samples were aged for 40 hr  at 25~ in 1N 
NaNOa Jr 0.03M H3BO3 adjusted to several pH values. 
The value of fmax decreased with increasing pH as 
shown in Table I. A similar shift in fmax with pH was 
observed in  0.1M H3BOs. 

Discussion 
In  a s tudy of the point  of zero charge (pzc) of 

pseudoboehmite (4) it was found that  in the presence 
of borate species the pzc was shifted to more acid 
values. The data were interpreted as evidence for the 

Table I. Effect of pH on/max 

pH /max (Hz) 

5,5 640 
6.0 150 
7.1 100 
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specific adsorption of borate anions, both the monomer  
B (OH)4-  and the cyclic t r imer  B~Oa (OH)4- .  

It  is very l ikely that  adsorption of borate species 
was the cause of the marked change of dielectric prop- 
erties in boric acid solutions. The species was desorbed 
readily in  nonborate  electrolytes, as judged by the 
reversible na ture  of the dielectric change (Fig. 1). If 
the effective adsorbed species was undissociated boric 
acid it would be expected that the surface would have 
become saturated at some concentrat ion less than, say, 
0.1M. No saturat ion behavior was observed, but  
ra ther  there was an increased dependence of ~max on 
boric acid concentrat ion at the highest concentrations. 
This suggests that  adsorbed borate anions caused the 
observed behavior. Boric acid is only weakly disso- 
ciated; for example, at O.2M H3BO~ and pH 6 there 
is less than  3% ionization. The effect of pH on ]max 
also supports the idea of anion adsorption controll ing 
the dielectric behavior. With increasing pH the anion 
concentrat ion increased and ~max decreased. 

There is no evidence that  surface charge had any 
effect on the measured dielectric properties. In  the 
earlier s tudy with ni t ra te  solutions (1) it was found 
that  vary ing  pH and ionic strength, both of which 
al ter  surface charge, had no effect. It  might  be noted 
that the electric field induced in the oxide by a layer 
of adsorbed charge would be expected to be too weak 
to account for more than a small  fraction of the ob- 
served effect [for example, see ref. (5)].  

There was no general  response to adsorbed anions. 
Phosphate and salicylate had no more effect than  ni -  
trate (1). Yet salicylate is adsorbed to about the same 
extent  as B (OH)4- ,  as judged by its effect on pzc (4). 

The premise that  adsorbed borate anions increase 
the relaxat ion t ime of a process occurring within an 
oxide layer many  atoms thick leads to interest ing 
consequences. First, there must  be some penetra t ion 
of the oxide by anions. Borate anions are not part icu-  
lar ly small  so any regions open to these ions must  
also be penetra ted by other species, ions such as n i -  
trate which do not affect dielectric properties. Thus, 
the action of borate is not to affect some in ternz l  elec- 
tric field but  must  be a localized s t ructural  effect. 

Pseudoboehmite films consist of thin platelets, less 
than 30OA thick, extending from the metal  surface 
(2). The platelet  boundaries  in the compact inner  re- 
gion can probably act as paths for easy diffusion into 
the oxide and are l ikely surfaces for anion penetration.  
It was previously suggested that  increased charge 
density on these surfaces could give rise to a Max- 
we/ l -Wagner  effect (1). Taking this into account leads 
to a model in which borate adsorbed on platelet sur-  
faces increases the re laxat ion t ime of the Maxwell-  
Wagner  effect. 

For a heterogeneous dielectric consisting of a non-  
conducting matr ix  containing conductive inclusions, 
the relaxat ion t ime will  increase if the dielectric con- 
stant of the inclusions is increased or if the conduc- 
t ivi ty of the inclusions is decreased (6). The re laxa-  
t ion t ime of the a lumina /bora te  system varied over 
two orders of magnitude,  so it seems more reasonable 
to assign the effect to a change in conductivity. 

'Progress falters at this point since the mechanism 
for conduction on the platelet surfaces is not known. 
Two structural  features that  may be impor tant  can be 
stated~ First, the surfaces of pseudoboehmite platelets 
probably have the fundamenta l  s tructure of the plane 
of OH groups in boehmite (2, 7). Second, the B-O bond 
distance in B (OH)4-  is given as 1.47A by Paul ing (8), 
so the OH-OH distance in this te t rahedral  ion is about 
2.42A. This compares with 2.47 • 0.07A for the OHO 
distance in boehmite (7). Thus, it is possible for 
B (OH)4-  to adsorb onto two adjacent  OH groups, pos- 

OH 
sibly by hydrogen bonding. Other te t rahedral  > B < o  H 

structures might also be bound in this fashion. 
Borate solutions are widely used as electrolytes for 

the formation of anodic barr ier  oxide films on a lumi-  
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Fig. 6. Correlation between fmax of pseudoboehmite films and 
pzc of pseudoboehmite suspensions. Each point obtained at a dif- 
ferent H3BO3 concentration. 

num. They are unsurpassed in  their abil i ty to form to 
high voltages without  breakdown occurring. Perhaps 
this is related to some unique surface properties pro- 
vided by borate adsorption. 

Based on results at 10-aM concentration, it is re-  
ported that boric acid does not inhibi t  the reaction of 
a luminum with water  (9). It is our experience, cor- 
roborated by studies of Randal l  and Bernard  (1O), that 
at higher concentrations of boric acid this reaction is 
inhibited, al though to a lesser extent  than with phos- 
phate. It  is significant that  at 1O-SM, boric acid does 
not yet affect the pzc (4) and has only a slight effect 
on fmax. This is too low a concentrat ion for judging the 
interact ion of boric acid with a luminum oxide. 

There is a str iking correlation between fmax of 
pseudoboehmite films and the pzc of pseudoboehmite 
suspensions. This is shown in Fig. 6. The data points 
are from Fig. 4 and the pzc corresponding to each boric 
acid concentrat ion is from Fig. 2 in ref. 4. The line is 
d rawn with a slope of one decade change in fmax per 
uni t  change in pzc. We interpret  this as indicating 
that the dielectric re laxat ion t ime and pzc have the 
same funct ional  dependence on the concentrat ion of 
adsorbed borate anions. 

Summary 
Adsorption of borate anions onto hydrous oxide films 

accelerated the surface area decrease dur ing aging and 
increased the relaxat ion t ime of the dielectric process 
in the compact inner  region. I t  was inferred that  the 
dielectric properties of pseudoboehmite films were 
governed by a Maxwel l -Wagner  effect and the ad-  
sorbed borate decreased the conductivi ty of oxide 
platelet surfaces. 
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Electrochemical and Structural 
Aspects of Gold Electrodeposition 

from Dilute Solutions by Direct Current 
H. Y. Cheh I and R. Sard* 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 07974 

ABSTRACT 

The e lect rochemical  and s t ruc tura l  aspects of gold deposi t ion f rom di lute  
cyanide,  citrate,  and phospha te -buf fe red  pla t ing solutions were  s tudied using 
ro ta t ing  disk electrodes.  Cur ren t -po ten t i a l  curves were  recorded ga lvano-  
s ta t ica l ly  for 0.005M Au solutions at  60~ and the morphology  of deposits  
app rox ima te ly  l~ thick, which corresponded to different  regions of t he  i -V 
curves,  was de te rmined  by  scanning e lect ron microscopy.  Transmission elec-  
t ron microscopy was used to e lucidate  the  ea r ly  stages of g rowth  (,~0.I~). 

The  cyanide system, which has an exchange cur ren t  dens i ty  of 0.82 m A / c m  2 
and a t rans fe r  coefficient of 0.7, showed the greates t  t endency  to form an out -  
wa rd  growth  morphology  consist ing of fine features  t e rmed  spikes. These fea-  
tures  are responsible  for the character is t ic  b rown appearance  of deposits  
p la ted  under  cer ta in  conditions. Increas ing current  densi ty  and decreasing 
rota t ion speed, in general ,  both favor  the format ion  of spikes which occurs over  
a glven range of potent ia l  (150 mV < NI < 300 mV) and not at a pa r t i cu la r  
concentra t ion of gold at the interface.  The spikes, which are  typ ica l ly  0.1- 
1.0~ in size and >10S/cm 2 in density,  were  also observed for deposits  f rom the  
c i t ra te  system and to a much lesser ex ten t  in the phosphate  system. At  low 
overpotent ials ,  a smooth, l ayer  t ype  of growth  is formed. 

The format ion  of the  var ious  morphologica l  fea tures  is governed by  the 
e lec t rode  potent ia l  below the l imit ing cur ren t  densi ty  and by  mass t ranspor t  
near  or above  l imit ing Current. 

The electrodeposi t ion of gold is an e x t r e m e l y  im-  
por tan t  aspect  of electronics technology. Among the 
factors responsible  for this deve lopment  a re  the fol-  
lowing beneficial  p roper t ies  of e lect rodeposi ted  gold: 
h igh pur i ty  and conductivi ty,  low porosi ty,  high cor-  
rosion resistance,  and the ab i l i ty  to form excel lent  
thermocompress ion  bonds. I t  is no tewor thy  tha t  the  
successful device appl icat ions  that  ut i l ize such p roper -  
t ies have  resul ted  p r i m a r i l y  f rom empir ica l  s tudies 
tha t  were  a imed  at  opt imizing specific systems to meet  
cer ta in  engineer ing requi rements  (1). Consequently,  
the re  is r e l a t ive ly  l i t t le  ava i lab le  informat ion  r e ga rd -  
ing the  e lec t rochemical  and mass t r anspor t  phenomena  
tha t  govern  gold deposition. Moreover,  the re la t ion-  
ships be tween  these phenomena  and the s t ruc ture  of 
the  resul t ing  gold deposits  have ye t  to be established.  
Such re la t ionships  are  obviously impor tan t  because 
of the  w e l l - k n o w n  fact  that  film proper t ies  are, in 
general ,  s t ruc ture  sensi t ive (2). 

The purpose  of the present  inves t igat ion is, the re -  
fore, to e lucidate  both the e lect rochemical  and s t ruc-  
tu ra l  aspects  of e lect rodeposi ted  gold. The approach 
taken  differs somewhat  from previous  studies of elec-  
t rocrys ta l l iza t ion  (3-5) in severa l  respects. Firs t ,  all 
exper imen t s  were  conducted on ro ta t ing  disk electrodes 
in order  to control  the  mass t rans fe r  character is t ics  of 
the system. Al though  the advantages  of the RDE are  
wel l  es tabl ished in many  fields of e lect rochemical  

* Elec t rochemical  Society Act ive  Member .  
1 P resen t  address :  D e p a r t m e n t  of Chemical  Eng inee r ing  and Ap-  

plied Chemis t ry ,  Columbia  Univers i ty ,  New York, N e w  York  10027. 
Key words:  electrodeposit ion,  gold, structure. 

research  (6, 7) and some s t ruc tu ra l  da ta  were  re-  
por ted  concerning the effects of addi t ion  agents  in 
Ni (8) and Cu (9) deposit ion,  it  appears  tha t  this 
method  has ye t  to be appl ied  to a de ta i led  s t ruc tura l  
s tudy  of e lect rocrysta l l izat ion.  Second, s t eady-s ta te  
exper iments  under  galvanosta t ic  condit ions were  car-  
r ied out in o rder  to more closely approx ima te  the  type  
of p la t ing car r ied  out in device applicat ions.  Another  
reason for  t ak ing  this approach  is tha t  the  scale on 
which  re levan t  physical  changes occurred in the gold 
systems s tudied was on the order  of 1~ or less. This 
prec luded  the use of in situ opt ica l  methods  (10) for 
s tudying  s t ructure .  

Unlike the  more  f requen t ly  s tudied systems for Cu 
and Ag deposition, r e l a t ive ly  l i t t le  is known about  
the mechanism of gold p la t ing  in var ious  p la t ing  
solutions. Maja  (11) s tudied both the the rmodynamic  
and e lect rochemical  kinet ic  behavior  of gold in 
cyanide  gold solutions. Adsorbed  A u ( C N ) 2 -  was 
suggested as a react ion in te rmedia te  for cathodic 
deposition. However ,  based on a recent  s tudy employ-  
ing fast scan techniques,  MacAr thu r  (12) has postu-  
la ted that  the  adsorbed in te rmedia te  species is AuCN. 
Polar iza t ion  curves of c i t ra te  gold solutions conta ining 
KAu(CN)2 ,  ci tr ic acid, and KOH to control  the pH 
were  obta ined by  Taran  et al. (13). No l imi t ing cur -  
ren t  was observed in acid medium.  This was a t t r ibu ted  
to the  onset of hydrogen  evolut ion before  reaching 
mass t ranspor t  l imi ta t ions  for gold deposition. S imi!ar  
behavior  was observed by  Cheh (14) and by  Visco (15). 

In  the  present  study,  polar izat ion measurements  
were  obtained for three  go ld -p la t ing  systems: cyanide,  
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Table I. Composition and properties* of plating solutions 

K i n e m a t i c  D i f f u s i v i t y  
v i s c o s i t y  of  A u ( C N ) = -  

g / l i t e r  M p H  ~, cm=/sec  D,  cm2/ sec  

1. C y a n i d e  g o l d  so lu -  
t ion**  

K A u ( C N ) 2  1.5 0.0052 10.8 0.00469 1.68 • 10-5 
K C N  35 0.54 

2. C i t r a t e  g o l d  so lu t ion  
K A u ( C N ) 2  1.3 0.0045 5.0 0.00518 1.67 x 10 -5 
( N I ~ )  = HCeI-IsOv 50 0.22 

3. P h o s p h a t e  g o l d  so-  
lu t ion  

K A u ( C N ) =  1.3 0.0045 
K~H PO4 120 0.69 7.5 0.00604 1.63 • 10- ~ 
KH~ PO4 30 0.22 

* P r o p e r t i e s  m e a s u r e d  a t  6O*C as r e p o r t e d  in  Ref .  (16). 
** T h i s  so lu t i on  w a s  t h e  one  n o r m a l l y  u s e d  f o r  go ld  p l a t i n g  e x p e -  

r i m e n t s  in  t h e  c y a n i d e  s y s t e m .  H o w e v e r ,  in  t h e  s t r u c t u r a l  s t u d y  one  
set  of  e x p e r i m e n t s  w a s  carr ied  ou t  i n  a s o l u t i o n  w i t h  t w i c e  t h e  g o l d  
c o n c e n t r a t i o n  (0.01M). 

citrate, and phosphate. These data were used as a 
guide to s tudy the s t ructural  aspects of electro- 
deposited gold which was accomplished by scanning 
and t ransmission electron microscopy. 

Experimental 
Electrochemical measurements.--Three dilute gold- 

plat ing solutions, of the type normal ly  used in a strike 
process (16), were used for these experiments.  The 
compositions of these solutions are given in Table I. 
Solutions were purged with ni t rogen gas in order to 
minimize oxygen concentration. The pH, kinematic  
viscosity, and diffusion coefficient of A u ( C N ) 2 -  for 
these solutions, which were reported previously by 
Cheh (16), are also included in Table I. 

Polarizat ion curves were obtained galvanostatically 
on a gold RDE at 60~ A copper cyl inder  of 0.635 cm 
diam was imbedded in an epoxy sleeve and gold- 
plated. A high-speed rotator2 was used to drive the 
electrode at known constant  speeds. A coil of p la t inum 
was used as the counterelectrode. A saturated calomel 
electrode was placed in the reference compar tment  
of the cell, which is i l lustrated in  Fig. 1. Constant  
currents  were applied by connecting a decade resist-  
ance box and a 45V bat tery  in series with the plat ing 
cell. The potential  between the cathode and the refer-  
ence electrode was measured and recorded on a Var ian 
Model G 22A recorder with an input  impedance of 
1 megohm at 10V span. 

Physical measurements.--A necessary requ i rement  
of any  s t ructural  s tudy involving metal  deposition 
under  a wide var ie ty  of conditions is that  the sub-  

=Supplied b y  P i n e  I n s t r u m e n t s  C o m p a n y ,  G r o v e  Ci ty ,  P e n n s y l -  
v a n i a .  

REFEF 
COME ~ Cu SHAFT 

~ DISK 

TEFLON CAP 

WATER JACKET 

Fig. 1. Schematic illustration of electrode assembly and plating 
cell. Inlet and outlet connections are not shown. 

strate surfaces must  be well  defined, reproducible, and 
rela t ively easy to prepare. These considerations led 
to the adoption of the following procedure for pre-  
par ing th in  Cu or Au disks with mi r ror -br igh t  sur-  
faces. First, films approximately  2000A thick of Cu 
(or Au) were thermal ly  evaporated onto clean glass 
slides (1 • 3 in.) at about 1000 A./min in a Varian 
PS10E vacuum system at ~ 1 • 10 -5 Torr. The 
metallized slides were then masked with Teflon tape 
(e.g., 3M Company No. 549) having 10 punched holes of 
8 mm diam. Copper disks, approximately  20~ thick, 
were then plated in an electrolyte consisting of 0.5M 
CuSO4 and H2SO4 at 6 mA/cm2 at room temperature.  
After  r insing in distilled water  and removing the tape, 
the disks were readily removed from the glass, dried 
in N2, and stored in a vacuum desiccator. Immediate ly  
prior to use, the substrates were immersed in a 20% 
HNO3 solution for a few seconds, rinsed, then placed 
on the electrode and secured with a Teflon screw cap 
as shown in Fig. 1. The mi r ro r -b r igh t  surface of the 
disk was wet at all t imes to minimize the probabil i ty  
of t rapping a gas bubble  at the surface when  the cell 
wag raised to immerse the rotat ing electrode. No 
at tempt  was made to exclude oxygen from the system 
in these experiments.  Current  densities were preset 
to give the desired value as soon as the substrate 
entered the electrolyte. 

In  addition to the type of plat ing system used 
(Table I) ,  the other variables considered were cur-  
rent  density and rotat ion speed. Under  most sets of 
conditions, two Cu substrates were plated for times 
which differed by an order of magni tude  in order to 
yield deposits with calculated thicknesses in the vicin-  
ity of 0.1 and 1.0~. The purpose of this was to determine 
whether  any s t ructural  changes occurred over this 
in terval  and to facilitate direct observations of the 
microstructure formed at the ear ly  stages (~0.1~) by 
t ransmission electron microscopy. Also, some experi-  
ments  were carried out on Au surfaces to determine 
whether  substrate effects could be detected on thicker 
films. 

Scanning electron microscopy (SEM, Cambridge 
Stereoscan) was used to characterize the surface 
morphology of all the deposits generated in this study. 
Small, pie-shaped specimens were cut f rom each disk 
and mounted, usual ly 6-8 on a holder, for observation 
at 45 ~ to the beam (21 kV, secondary electrons).  The 
magnification range from 20 to 20,000 was surveyed 
and representat ive micrographs were taken, usual ly 
at 10,000X and at least one other magnification, using 
the Y-direction correction accessory. Suitable speci- 
mens  for t ransmission microscopy were prepared by 
slowly dissolving the Cu substrate  in a chromic- 
sulfuric acid solution (17). After  r ins ing the thin 
gold deposits in distilled water  and absolute ethyl 
alcohol, these were examined at 100 kV by t ransmis-  
sion electron microscopy (TEM, Siemens Elmiskop) 
and selected-area electron diffraction. 

Thickness measurements  were carried out with a 
Betascope, DZ800 ins t rument  using a Prometh ium 
radioisotope that  was calibrated with NBS thickness 
standards. The precision of the readings was estimated 
to be wi th in  • 7 %. 

Reflectivity spectra over the range 4300-7500A were 
recorded with a Perk in  Elmer  Model 402 Spectro- 
photometer using the specular reflectance a t tachment  
with a 2-ram mask. These measurements  were carried 
out to determine whether  this relat ively simple 
macroscopic method, which was shown to be an 
effective means of characterizing electroless gold de- 
posits (18), can be correlated with the microscopic 
s t ructural  informat ion in a meaningfu l  way. 

Results and Discussion 
Electrochemical behavior.--Alkaline cyanide gold 

solution.--Polarization curves for the alkal ine cyanide 
gold solution at various rotat ional  speeds are shown 
in Fig. 2. Due to the large excess of C N -  in the solu- 
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Fig. 2. Polarization curves for cyanide gold solution 

tion, no anodic l imi t ing  cu r r en t  dens i ty  is observed.  
Wi th in  the  expe r imen ta l  uncer ta in ty ,  the  cathodic 
l imi t ing cur ren t  dens i ty  var ies  l inea r ly  wi th  the  
square  root  of ro ta t iona l  speed. The Volmer -Tafe l  
equat ion for the p resen t  sys tem can be expressed  as 

i = i o [ e x p  ( anF 

ex ( " [1] 

where  i is the  app l ied  cur ren t  density,  /o is the  ex-  
change cur ren t  dens i ty  for  the  deposi t ion process, il is 
the  l imi t ing cur ren t  dens i ty  for gold deposition, a is 
the t r ans fe r  coefficient, n is the  overpo ten t ia l  which is 
defined as the  difference be tween  the e lec t rode  po ten-  
t ia l  (Ec) and the  equi l ib r ium poten t ia l  (Eo), and n, F, 
R, and T have the i r  usual  meaning.  By di f ferent ia t ing 
Eq. [1] wi th  respect  to ~1 and le t t ing  both i and ~l ap-  
proach zero, an express ion for io can be  ob ta ined  

io = [2] 

- - +  
RT i~ 

The exchange  cur ren t  dens i ty  is found f rom the ex-  

pe r imen ta l  value  of i. ~-~o and Eq. [2] to be 0.82 

m A / c m  2. Based on the anodic por t ion  of Fig. 2, the  
t ransfe r  coefficient is found to be  0.7, which is in agree-  
ment  wi th  t h e  value  obta ined  f rom the  da ta  given in 
Ref. (11). According  to Maja, the  cathodic ra te  is p ro-  
por t iona l  to the  square  root  of A u ( C N ) 2 -  concent ra-  
tion. This dependence  would  lead  to an io va lue  of 0.89 
m A / c m  9- for  this  system. 

The over -a l l  react ion for gold deposi t ion in the  a lka -  
l ine cyanide  sys tem is 

Au(CN)2- + e-~Au + 2CN- [3] 

The standard heterogeneous rate constant, ks is calcu- 
lated from the following equation 

% : nFks Co~CR 2(*-~) [4] 

where  Co and Ca are  the  concentra t ions  of A u ( C N ) 2 -  
and C N - ,  respect ively .  F r o m  Eq.  [4], ks was found to 
be 3.9 x 10 -3 cm/sec.  

Citrate gold solution.--Reproducibility of polar izat ion 
measurement s  in the  c i t ra te  gold solut ion was in gen-  
e ra l  poor. Typica l  resu l t s  a re  shown in Fig. 3. I t  is 
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Fig. 3. Polarization curves for citrate gold solution 

-1 .0  

evident  tha t  no l imi t ing step for  gold deposit ion can 
be seen here  due to the  g radua l  onset of the  H2 evolu-  
t ion reaction.  However ,  the  l imit ing cur ren t  dens i ty  
for deposi t ion can be ca lcula ted  f rom the t r anspor t  
p roper t ies  of the  sys tem (16) and the fol lowing equa-  
t ion (19) 

0.554 nFD ~/3 v -1/6 op/2 Co 
it = [5] 

0.8934 -{- 0.316 (D/v) ~ 

where  D is the  diffusion coefficient of A u ( C N ) 2 - ,  v is 
the  k inemat ic  viscosi ty of the  solut ion and ~ is the ro-  
ta t ion speed. The values  3 were  found to be 5.2 m A / c m  2 
at  a ro ta t ion speed of 1520 r p m  and 4.1 m A / c m  2 at  870 
rpm.  It  was not  possible  to ex t rac t  kinet ic  pa rame te r s  
in this  system. 

Phosphate gold solution.--The resul ts  for  the  phosphate  
gold solut ion are  shown in Fig. 4. Wel l -def ined  l imi t -  
ing cur ren t  dens i ty  is observed  here.  The  values  at  
var ious  ro ta t ion speeds agree  wel l  wi th  those obta ined 
in an independent  s tudy  based on cur ren t  efficiency 
measurements  (14). I t  was not  possible to measure  the 
equ i l ib r ium potent ial ,  p r e s u m a b l y  due to the  smal l  
amount  of f ree  C N -  exis t ing in the  solution. Hence, 
no direct  expe r imen ta l  informat ion  on the  magni tude  
of io for this  sys tem can be obtained.  However ,  if the  
anodic por t ion of Eq. [1] is neglected then  the t rans fe r  
coefficient can be ca lcula ted  f rom the  cathodic por t ion  
of the Volmer -Tafe l  equat ion 

I-(' )1 - -RT in io 1 -  ~ 
E c - - E r :  ( 1 - - a ) n F  -~[ 

+ (Eo--E~) [6] 

A l l  c u r r e n t  d e n s i t i e s  a p p e a r i n g  in  the  t e x t  are ca thod ic ;  t h e r e -  
fo re  t he  n e g a t i v e  s i gn  w i l l b e  omi t t ed .  
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Fig. 4. Polarization curves for phosphate gold solution 

where Ec -- Er is the potential  difference between 
the cathode and the reference electrode. A plot of 
l n [ - - i / ( 1  -- i / i l ) ]  vs .  Ec --  Er is presented in Fig. 5. 
The Tafel slope is measured to be 0.101V and this pro- 
vides a value of 0.35 for the transfer coefficient. 

In contrast to the cyanide system, the pH of the 
phosphate buffered solution is such that nearly all  free 
cyanide is present as HCN. Hence, the electrode reac- 
tion can be written as 

A u ( C N ) ~ -  + 2H + + e -  ~ Au + 2HCN [7] 

The standard potential for this reaction is calculated 
to be 0.268V (vs.  SCE) at room temperature based on 
the known values (20) of the dissociation constant for 
HCN and E o for Eq. [3]. Fol lowing Delahay's treat- 
ment for irreversible i -V  characteristics (21), Eq. [6] 
can be rearranged to g ive  

R T  r it - -  i ] 
Ec -- In | J + E1/2 [8] 

(1 - . ) n F  - - - - ~  

where the ha l f -wave  potential  is g iven by 

R T  [ k~nFCo ] 
E1/2 : E ~  (1 a ) n F  in  - [9] 

This treatment yields the heterogeneous rate con- 
stant ks = 6 x 10 -11 cm/sec  based on the data in Fig. 
4 and 5 and the room temperature value of E o -- 0.268V. 
Since the value  of E ~ for Eq. [7] at 60~ is unknown,  
the rate constant must  be considered as an approxi-  
mate result. 

Phys i ca l  b e h a v i o r . - - A l k a l i n e  cyan ide  so lu t i on . - -Th i s  
system yielded the greatest variation in deposit ap- 
pearance, as surfaces ranged from bright ye l low to 
dark brown depending on plating conditions. Tables II 
and III list the actual conditions studied together with 
thickness data obtained by calculation (#c) based on 
100% current efficiency and by beta backscatter mea-  
surement ( ~ ) .  A brief discussion of these data is 
g iven in the Appendix.  Also listed in Tables II and III 
are reflectivity data (Rs) for these deposits. However,  
as discussed in the Appendix,  this type of measure-  
ment  is of l imited usefulness in the cyanide system. 

The SEM results in Fig. 6 il lustrate the changes in 
morphology due to increasing current density at 760 
rpm. The relat ively smooth-faceted deposit formed at 
0.63 m A / c m  2 (Fig. 6a) is ye l low-go ld  in color and has 
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Fig. 5. Plot of In [ - - i / ( 1  - -  i/i~)] vs. Ec - -  Er for phosphate 
system. 

a matte appearance. Increasing C.D. leads to the 
formation of outward growing features termed 
"spikes"; when  these become sufficiently large and 
dense (Fig. 6c and 6d), the deposits are dark brown. 
In between the regions where  these two types of de-  
posits are formed is a transitional structure (Fig. 6b) 
which occurs at about 1.6 m A / c m  2 for these conditions. 
Similar structural features were also noted for thin 
deposits (~0.1~);  however,  at this stage there was an 
increased tendency to form spikes, e.g., they  are evi-  
dent at 1.6 m A / c m  2 for these conditions. 

The same general behavior, i.e., the transition to 
spikes, occurred at all rotation speeds. For example, at 

Table II. Results for cyanide gold (O.O05M) system* 

i ,  
mA/ oJ, 
cm~ rpm t ,  min #~ /~ R ,  Structure** 

2.52 1520 8.5 1.0 0.44 0.49 I - ~  I I  
4.41 1520 4.1 1.1 0.85 0.19 I I  ~ I I I  
6.30 1520 3.3 1.3 0.95 0 I I I  
2.52 1430 7.0, 0.87 1.1, 0.11 0.67, 0.09 0.42, 0.75 I--> II ,  (E) I I I  
3.78 1430 5.0, 0.50 1.2, 0.12 0.92, 0.08 0.65, 0.48 II ,  (E) I I I  
5.67 1430 3.33, 0.33 1.2, 0.12 0.86, 0.08 0, 0.70 I I I  
0.63 760 60, 5.0 2.4, 0.20 2.0, 0.20 0, 0.93 Type  I, Fig. 

6a 
1.58 760 19.3, 2.0 1.9, 0.20 1.31, 0.12 0.16, 0.70 Type  II,  Fig. 

6b 
2.52 760 6.67, 0.67 1.1, 0.11 0.80, 0.06 0, 0.51 T y p e  I I I ,  Fig. 

6c 
3.78 760 5.0, 0.50 1.2, 0.12 0.92, 0.10 0, 0.6"/ Type  I I I ,  Fig. 

6d 
0.63 230 45, 4.5 1.8, 0.18 1.62, 0.15 0, 0.34 I 
1.26 230 25, 2.5 2.0, 0.20 1.86, 0.19 0.21.0.64 I, (E) I I  
2.52 230 15, 1.5 2.4, 0.24 2.30, 0.23 0, 0.24 I ~ II,  (E) I I I  

* All experiments with Cu substrates. 
** Structure type classified according to morphology of thick de- 

posits; E signifies early stage: Type I = flat, faceted surfaces; Type 
I I  = transition, mixed character; Type I I I =  outward growing 
spikes. 
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Table Ill. Results for cyanide gold (0.01M) system* 

1741 

ip 
mA/cmS e, rpm t, min /~c /L~ R, Structure** 

2.52 1520 7.5, 0.67 1.2, 0.11 1.3, 0.06 0.17, 0.81 I I I  
5.67 1520 3.33, 0.3 1.2, 0.11 1.2, 0.04 0, 0.57 I I I  
5.67 A 1520 3.33 1.2 1.04 0 I I I  
6.93 A 1520 2.73 1.2 1.14 0 T y p e  I I I .  F ig .  7a 
8.69 1520 2.17 1.2 1.12 0 T y p e  I I I ,  F ig .  7b 
9.99 1520 1.70 1.2 1.2 0 I I I  -~ IV ,  F ig .  7c 

11.91 1520 1.58, 0.14 1.2, 0.15 1.2, 0.13 0.80, 0.89 T y p e  IV,  F ig .  7d 
13.23 A 1520 1.58, 0.14 1.2, 0,15 12 0 V 

1.26 A 870 15.0 1.2 1.18 0.77 I 
2.52 A 870 7.5 1.2 1.17 0 I I  
3.78 A 870 5.0 1.2 1.13 0 I I I  

* Experiments with Au substrates denoted by A in column 1. 
** Structure Types I, II, III as defined in Table II; Type IV = smooth, very-fine grained deposit; Type V = particle growth, powder for- 

mation. 

h i g h e r  r p m  (1430-1520 r p m ) ,  t h e  t r ans i t i on  to spikes  
t akes  p lace  at 3-4 m A / c m ~ ;  and at  abou t  1.3 m A / c m ~ ,  
for  t h in  deposi ts  p l a t e d  at  230 rpm.  U n d e r  these  las t  
condit ions,  h o w e v e r ,  t h e  t h i cke r  depos i t s  d id  no t  e x -  
h ib i t  spikes.  

E x p e r i m e n t s  w e r e  ca r r i ed  ou t  in a m o r e  concen -  
t r a t ed  cyan ide  so lu t ion  (0.01M) to d e t e r m i n e  the  effect  
of su r face  concen t ra t ion .  A p p l i e d  C.D. v a l u e s  w e r e  
chosen  such  t h a t  t he  su r f ace  concen t r a t i on  of  
A u ( C N ) 2 -  was  iden t i ca l  to t ha t  in t he  d i lu te  solution.  
To ach i eve  these  condi t ions ,  t he  su r face  concen t r a t i on  
(C,.) was  ca l cu la t ed  f r o m  (19) 

0.554 n F D  2/s v -1/6 ~1/2 (Co --  Ce) 
i --  - -  [10] 

0.8934 -t- 0.316 (D/v )  0"3~ 

for  C.D. v a l u e s  used  w i t h  t h e  d i lu te  solut ion.  C o r r e -  
spond ing  C.D. v a l u e s  fo r  t h e  c o n c e n t r a t e d  solut ion 
(2 Co) w e r e  t h e n  ob ta ined  us ing  Eq. [10] w i t h  t he  ap -  
p rop r i a t e  ~ va lues  for  each  Co. 

I t  was  found  tha t  d i f fe ren t  s t ruc tu re s  w e r e  f o r m e d  
at e q u i v a l e n t  v a l u e s  of  Ce in t he  two  solut ions.  The  e x -  
p e r i m e n t a l  ev idence  for  th is  s t a t e m e n t  is p r e s e n t e d  in 
Fig. 7 and  the  resu l t s  a re  l i s ted  in Tab l e  III.  Each  
m i c r o g r a p h  in Fig. 7 should  be  c o m p a r e d  w i t h  t he  cor -  
r e s p o n d i n g  one  in Fig.  6 in  o rde r  to see t he  d i f fe ren t  
s t ruc tu res  f o r m e d  at e q u i v a l e n t  Ce v a l u e s  (0.0044M, 
0.003M, 0.0021M, and 0.0002M, r e s p e c t i v e l y  for  a - d ) .  

As  ind ica ted  in  T a b l e  III ,  t h e  t r an s i t i on  f r o m  a 
s m o o t h - f a c e t e d  t y p e  of g r o w t h  to sp iked  was  obse rved  
for  deposi ts  p l a t ed  at  870 rpm.  The  Ce va lues  for  these  
condi t ions  a re  0.009M for  the  smoo th  deposi t  f o r m e d  at  
1.26 m A / c m  2, 0.0075M for  the  t r a n s i t i o n a l  s t r u c t u r e  at  
2.52 m A / c m  ~, and 0.006M for  t h e  spikes  f o r m e d  at 3.78 
m A / c m  2. These  da t a  t o g e t h e r  w i t h  the  resu l t s  ob ta ined  
at 1520 r p m  p r o v i d e  add i t iona l  e v i d e n c e  tha t  t h e  su r -  
face  concen t r a t i on  of  gold  is no t  w h a t  d e t e r m i n e s  
wh ich  s t ruc tu re  forms.  A t  1520 rpm,  depos i t ion  at  2.52 
m A / c m  2 (Ce = 0.0082M) y ie lds  w e l l - d e f i n e d  sp ikes  
( s imi la r  to Fig.  7a) and  i n c r e a s n g  C.D. to 8.7 m A / c m  2 

Fig. 6. Morphology of deposits 
plated in cyanide system 
(0.005M) at 760 rpm. a, 0.63 
mA/cm2; b, 1.6 mA/cm~; c, 
2.5 mA/cm2; d, 3.8 mA/cm ~. 
Scanning electron microgrnphs, 
magnification bar represents |F 
in this and subsequent figures. 
10,O00X originally. 
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Fig. 7. Morphology of deposits 
plated in 0.01M Au(CN)2- solu- 
tion at 1520 rpm. Surface con- 
centrations are equivalent to 
corresponding deposits in Fig. 6. 
a, 6.9 mA/cm2; b, 8.7 mA/cm2; 
c, 10.0 mA/cm2; d, 11.9 mA/ 
cm 2. Scanning electron micro- 
graphs, 10,000X originally. 

causes very little change as the densi ty of spikes in -  
creases approximately twofold to 2 x 108/cm 2 (Fig. 7b). 
Fur ther  increases in C.D. result  in another  t ransi t ion 
(Fig. 7c) back to yel low-appear ing deposits with a 
very  fine grain size at about 12 m A / c m  2 (Fig. 7d), 
which is in the vicini ty of the l imit ing C.D. (Ce : 
0.0002M). Above this C.D. the formation of powderlike 
structures of the type discussed by  Ibl  (22) was ob- 
served, but  no systematic s tudy of the structures 
formed above it was carried out. 

It  appears on the basis of these results that  mor-  
phology is not determined pr imar i ly  by either the 
surface concentrat ion or C.D. Hence, it is instruct ive 
to consider whether  overpotential  is controlling the 
formation of the various structures. The smooth, fac- 
eted surfaces which formed at 0.63 m A / c m  2 in the 
dilute solution (Fig. 6a) and at 1.26 mA/cm 2 in the 
more concentrated one correspond to overpotentials of 
less than ~50 mV in magni tude  (Fig. 2). The t rans i -  
t ional structures (e.g. Fig. 6b) were formed in the 
region from --50 to --100 inV. Spikes (Fig. 6c, d 
and 7a, b) appeared over the potential  range from 
--150 to --300 mV. The previously ment ioned t rans i -  
tion to a f ine-grained type of deposit (Fig. 7d) oc- 

curred at higher potent ial  in the concentrated solution. 
The results obtained from the alkal ine cyanide sys- 

tem indicate that below it the formation of the differ- 
ent s tructures is governed by the potential  4 rather  
than by mass transport .  

Citrate solution.--The deposits plated in the citrate 
solution were in m a n y  respects similar to those ob- 
tained in the cyanide  system at low gold concentra-  
tion. Results are given in Table IV and the t rans i -  
t ion from fiat, faceted growth to the outward growing 
spikes is i l lustrated in Fig. 8 for deposits plated on 
gold substrates at 670 rpm. On Cu substrates similar 
results were obtained except that  the t ransi t ion re- 
gion, which occurs at 2.5 m A / c m  2 on Au (which cor- 
responds to ~, --0.75V according to Fig. 3), is dis- 
placed towards a lower value as these conditions yield 
a spiked structure like that in  Fig. 8c. When the ro- 
tat ion speed is increased to 1520 rpm at 2.5 m A / c m  2, 
a smooth, flat, f ine-grained surface similar to that  in 
Fig. 8a (1.26 m A / c m  2) is formed. It  is significant that  
ei ther way, i.e. increasing ~ (from 870 to 1520 rpm) 

P r e v i o u s  s t ud i e s  (23, 24) of  Cu  d e p o s i t i o n  on to  s t a t i o n a r y  s ing l e  
c r y s t a l  e l e c t r o d e s  h a v e  also s h o w n  t h a t  d i f f e r e n t  t y p e s  of  g r o w t h  
h a b i t  a r e  a s s o c i a t e d  w i t h  spec i f ic  r a n g e s  of  o v e r p o t e n t i a l .  

Table IV. Results for citrate gold system* 

i, m A / c m 2  w, r p m  t, m i n  ~c P,F ~Rm S t r u c t u r e * *  

2.52 1520 7.5, 0.67 1.2, 0.1 0.8, - -  0.75, 0.99 I,  (E) F ig .  9c, d 
5.04 1520 3.75, 0.33 1.2, 0.1 0.9, 0.06 0.27, 0.69 I I I  
1.26 870 15, 1.25 1.2, 0.1 0.6, 0.04 0.65, 0.85 I 
1.26 A 870 15 1.2 0.9 0.87 T y p e  I ,  F ig .  8a  
2.52 870 7.5, 0.67 1.2, 0.1 0.8, 0.07 0, 0.76 n -~ I I I  (E) F ig .  9a,  b 
2.52 A 870 7.5 1.2 0.93 0.85 T y p e  I I ,  F ig .  8b 
3.78 870 5.0, 0.5 1.2, 0.1 0,9, 0.08 O, 0.65 I I I  
3.78 A 870 0.5 1.2 1.0 0 T y p e  I I I ,  F ig .  8c 

* E x p e r i m e n t s  w i t h  A u  s u b s t r a t e s  d e n o t e d  b y  A in  c o l u m n  1. 
** S t r u c t u r e  T y p e s  I,  I I ,  I I I  as  d e f i n e d  i n  T a b l e  I I ;  E s ign i f i e s  e a r l y  s t age .  
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Fig. 8. Morphology of deposits plated in citrate system at 870 rpm. (Thickness, approximately 1~). a, 1.3 mA/cm~; b, 2.5 mA/cm~; 
c, 3.8 mA/cm ~. Scanning electron micrographs 10,000X originally. 

at constant  i (2.5 mA/cm2),  or decreasing i (from 2.5 
to 1.3 m A / c m  2) at constant  ~ (870 rpm) ,  which both 
correspond to a potential  decrease of about 60 mV in 
magnitude,  the same structure is obtained. This result  
is in agreement  with the previous discussion concern-  
ing the cyanide system. However, it must  be recog- 
nized that  increasing ~ or decreasing C.D. have sim- 
ilar qual i tat ive effects on mass transport.  Specifically, 
at 1520 rpm 2.5 m A / c m  2 corresponds to i~/2, whereas 
at 870 rpm 1.3 m A / c m  2 corresponds to i~/3. There-  
fore, the available data do not permit  a completely 
unambiguous  determinat ion of whether  potential  or 
mass t ransport  is the controll ing factor regarding the 
structures formed in this system. 

The same general  behavior  was also noted for the 
th inner  citrate deposits, except that the scale of s truc-  
tural  features is significantly reduced. Thus, for ex- 
ample, the th in  sample plated at 1.3 m A / c m  2 and 
870 rpm exhibited an ext remely  fine grained micro- 
s tructure consisting of crystal l i tes  approximately 300- 
500A in size (as determined by TEM using dark-field 
images) and other particles about twice as large which 
were present  on the surface. A two-fold increase in i 
led to the formation of spikes (Fig. 9a). The results 
obtained by TEM (Fig. 9b) indicate that  the spikes 
protrude from a fine-grained, thin, continuous layer of 
gold. The spikes, which appear dark in  t ransmission 
due to absorption, are seen to range from about 1000 

Fig. 9. Structure of thin de- 
posits ( ~  0.1~ thick) plated in 
citrate system at 2.5 mA/cm 2. 
a, 870 rpm. SEM: 10,000X; b, 
Same as a, TEM: 30,000X; c, 
1520 rpm, SEM: 10,000X; d, 
Same as c, TEM: 30,000X. 
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Table V. Results for phosphate gold system* 

i, mA/cm~ ~, r p m  t, rain /zo /~B R, Structure** 

2.52 A 1520 6.5 1.0 0.33 0.99 I 
4.41 A 1520 3.75 1.0 0.63 0.89 I 
6.30 A 1520 3.33 1.3 0.99 0.57 I 
2.52 1480 8.5, 0.67 1.0, 0.1 0.7, 0.06 0.67, 0.99 I 
4.72 1480 5.0, 0.50 1.5, 0.15 m 0.84, 0.99 I 
0.63 760 2.5 0.10 0.04 0.99 I, Fig. l l a  
1.26 760 40.0, 1.25 3.2, 0.1 1.7, 0.05 0.33, 0.96 I,  Fig. 10a, (E) Fig. l l b  
2.52 760 20.0, 0.67 3.2, 0.1 2.1, 0.00 0.23, 0.99 I 
3.62 760 5.0, 0.5 1.1, 0.1 0.9, 0.06 0.59, 0.73 I, (E) Fig. 11c 
4.41 760 5.0 1.4 1.1 0.49 II ,  Fig. lOb 
4.41 760 0.67 0.2 0.14 0.71 III ,  Fig. 10e, l i d  

* Experiments with Au substrates denoted by  A in column 1. 
** Structure Types  I, II, III as defined in Table II; E signifies early  stage. 

to 2500A in length  and number  about  2 X 109/cm 2. In -  
creasing i to 3.8 m A / c m  2 y ie lded  a s imi lar  s t ruc ture  
wi th  about  1.6 • 109 spikes per  cm 2 and these  range  
f rom 1000 to 4000A in length.  

The effect of increasing ro ta t ion  speed to 1520 r p m  
at 2.5 m A / c m  2 is shown in Fig.  9c. No spikes are  
formed;  ins tead the re  exists  a heterogeneous surface 
consist ing of r e l a t ive ly  la rge  (,~ 1~) regions of differ-  
ent  contras t  and an overgrowth  of smal l  par t ic les  
( ~  1000A). TEM resul ts  (Fig. 9d) show tha t  these  
large  regions are, in fact, A u  crys ta l l i tes  which ap-  
p a r e n t l y  copied the  surface s t ruc ture  of the  Cu sub-  
s t ra te  and preceded the par t i c le  nucleat ion.  A t  h igher  
C.D. (5 mA/cm2) ,  the t rans i t ion  to spikes was ob-  
served, but  the  l a rge-gra ined ,  in i t ia l  l aye r  was  qui te  
s imi lar  to Fig. 9d. I t  is also evident  f rom Fig. 9d (e.g. 
the  regions denoted  by  a r rows)  tha t  the  par t ic les  
nucleated p re fe ren t i a l ly  at  s t ruc tu ra l  defects  such as 
twin  faul ts  and gra in  boundaries .  These  resul ts  i n d i -  
c a t e  that  the  ini t ia l  deposi t ion onto Cu is r a the r  com- 
p lex  and consists of a subs t r a t e -domina ted  stage which 
resul ts  in an ep i tax ia l  5 l aye r  severa l  hundred  angstroms 
thick, fol lowed by  another  stage where  the  type  of 
growth  is contro l led  by  the deposi t ion conditions. This 
l a t t e r  s tage is of p r i m a r y  concern here;  the  ep i tax ia l  
s tage wil l  be the  subject  of a fu ture  paper .  

The changes in ref lect ivi ty (Rs) cor re la te  r easonab ly  
wel l  wi th  microscopic observat ions  and show, in add i -  
t ion to the  expected decreases  wi th  increas ing i, t, and 
decreas ing ~, tha t  at lower  cur ren t  densi t ies  (1.3 and 
2.5 mA/cm2)  th ick  deposi ts  p la ted  on Au  (Fig. 8a, b) 
are  even more  reflect ive than  the  th in  ones p l a t ed  on 
Cu. This effect is appa ren t ly  a consequence of an i n -  
c r e a s e d  surface roughness  which resul ts  in the l a t t e r  
case. I t  appears  tha t  the  change in ref lect ivi ty  is a 
ve ry  sensi t ive indica tor  of morphologica l  changes as 
the  fea tures  p ro t rud ing  f rom the surfaces in Fig. 9 are 
on the  order  of 10% of the  wavelength .  In  general ,  
for a given set of p la t ing  condit ions the  ref lect ivi ty  is 
g rea te r  for  samples  f rom the c i t ra te  sys tem than  for 
cor responding cyanide  samples.  

The fact that the initial stage of Au electrodeposition onto Cu 
substrates is epitaxial (i.e. in parallel orientation) has been re- 
ported prev ious ly  (25, 26) for other plating systems. 

Phosphate solution.--Deposits f rom the phosphate  
sys tem showed the  least  var ia t ion  over  the  range  of 
condit ions s tudied and tended to be more  reflective 
and ye l low than  the samples  f rom the other  systems. 
Results  a re  given in Table V. Thicker  deposi ts  (1-2~) 
a re  ma t t e  ye l low in appearance  due to the  smooth, 
faceted fea tures  present  on the i r  surfaces (Fig. 10a). 
As discussed in the Appendix ,  such surfaces show re -  
duced specular  refiectivity;  however ,  the  Rs values,  
in general ,  were  much  h igher  for deposi ts  f rom the  
phosphate  ba th  than  corresponding ones p la ted  i n  
the  c i t ra te  system. 

Increas ing C.D. appears  to cause a ref inement  i n  
the size of surface fea tures  and a s l ight  t endency  
towards  ou tward  growth  (Fig. 10b, 4.4 mA/cm2, 760 
rpm) .  The thin  deposi t  p la ted  under  these  s a m e  con- 
dit ions was the  only nonyel low appear ing  one observed 
in this  sys tem and Fig. 10c c lea r ly  shows the fo rma-  
t ion of spikes on the  surface. 

The factors responsible  for  the  g rea te r  t endency  for 
spikes to form at shor ter  times, which  was also noted 
prev ious ly  for the  other  systems, have not  been es-  
tab l i shed  conclusively.  One observat ion  which  appears  
to be re la ted  to this  phenomenon is tha t  the  po ten t ia l -  
t ime curves  (14) showed a m a x i m u m  (of approx i -  
ma te ly  200 mV in magni tude  above  the  s t eady-s ta te  
value)  at about  0.5 to 1 rain, which corresponds to 
the  conditions used for p repa r ing  the  th in  deposits.  
While  it  seems probable  tha t  this  r ise  in potent ia l  is 
associated wi th  the  energy  requ i red  for the  i n i t i a l  
stage of th ree -d imens iona l  gold nucleat ion,  no deta i led  
s tudy  of this effect was car r ied  out. 

Addi t iona l  informat ion  on the s t ruc ture  of thin 
deposi ts  was obta ined  by  TEM. Some br ight - f ie ld  
micrographs  showing the effect of C.D. at 760 rpm are 
shown in Fig. 11. At  low C.D. (0.63 m A / c m  2, Fig. l l a ) ,  
the  s t ructure  is seen to be essent ia l ly  a rep l ica  of the  
Cu subs t ra te  as the  r e l a t ive ly  large  crys ta l l i tes  (,-- 1~) 
wi th  numerous  twin  faul ts  were  also present  in evap-  
ora ted  Cu films. As C.D. is increased to 1.3 m A / c m  2 
the growth  centers  become more  apparen t  due to 
the  format ion  of thicker,  t h ree -d imens iona l  nuclei. 
These appear  as d a r k  g ray  and b lack  blotches about  
0.5~ across in Fig. l l b .  A s imi lar  s t ruc ture  was also 

Fig. 10. Morphology of deposits plated in phosphate system at 760 rpm. a, 1.3 mA/cm2; 1.7# thick, b, 4.4 mA/cm2; 1.1~ thick, c, 
4.4 mA/cm2; 0.14~ thick. Scanning electron micrographs, 20,O00X originally. 
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Fig. !1. Structure of thin de- 
posits ( ~  0.1# thick) plated in 
phosphate system at 760 rpm. a, 
0.63 mA/cm2; b, 1.3 mA/cm2; 
c, 3.6 mA/cm2; d, 4.4 mA/cm ~. 
Transmission electron micro- 
graphs, 30,000X originally. 

formed at 2.5 m A / c m  2. Dark-field images were used 
to aid in terpre ta t ion of these structures, i.e. to dif- 
ferentiate between absorption contrast  due to the 
thicker regions and diffraction contrast effects. In  the 
vicinity of iz, at 3.6 m A / c m  2 (Fig. 11c) spikes are 
present, and these become more numerous  and regu-  
lar at 4.4 m A / c m  2 (Fig. l l d ) .  Apparen t ly  the spikes 
do not form directly on the Cu substrates but  are 
supported by th in  (few hundred  angstroms) epitaxial  
Au layers which are whi te  in Fig. 11c, d as the pr imary  
contrast  here is due to absorption. Inspection of 
these and other similar micrographs indicates that  the 
spikes are general ly thin paral lelograms in cross sec- 
tion. Although they appear in some cases to have a 
par t icular  crystallographic orientation, and lie with 
their  long axes paral lel  to <110> directions in the 
epitaxial  Au layer, it was not possible to establish 
whether  such behavior  is general. Spikes were not  
formed when the rotat ion speed was increased by a 
factor of two at approximately this same deposition 
rate (4.7 mA/cm2),  which is consistent with the pre-  
vious discussion regarding the citrate and cyanide 
systems. 

Summary 
This study of the electrochemical and physical as- 

pects of gold deposition onto rotat ing disk electrodes 
has provided the following information. 

Polarization data for the alkaline cyanide system 
(0.005M) yield an exchange current  density of 0.82 
m A / c m  2 and a t ransfer  coefficient of 0.7. From these 
data ks was calculated to be 3.9 • 10 -3 cm/sec. This 
system showed the greatest tendency to form an out-  
ward growth morphology consisting of fine features 
termed spikes that  are responsible for the character-  
istic b rown appearance of deposits plated under  a 
wide var ie ty  of conditions. By electron microscopy it 
was observed that  the spikes are typical ly 0.1-1.0~ in 
size and > 10S/cm 2 in density. Increasing C.D. and 
decreasing w, in general,  both favor the formation of 
spikes which occurs over a given potential  range and 
not at a par t icular  concentrat ion of gold at the in -  
terface. At low overpotentials,  a smooth, layer  type 
of growth is formed. 

The citrate system gave the most irreproducible 
polarization results and did not show a well-defined 
l imit ing step for gold deposition due to the gradual  
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na tu re  of the  hydrogen  evolut ion reaction.  Deposi ts  
showed the  same genera l  s t ruc tu ra l  character is t ics  
as for the  cyanide  system, and  the fo rmat ion  of spikes 
also appears  most  l i ke ly  to be governed  by  the  po-  
ten t ia l  of the  reaction. 

Polar iza t ion  da ta  for the  phospha te  sys tem showed 
wel l -def ined  l imi t ing cur ren t  dens i ty  and gave a Tafel  
slope of 0.101V; however ,  the  insufficient quan t i ty  of 
C N -  in solut ion prec luded  de te rmina t ion  of io. Fo l -  
lowing Delahay ' s  t r ea tmen t  for i r revers ib le  e lect rode 
reactions,  the  ks va lue  for  this  sys tem was calcula ted 
to be 6 • 10 -11 cm/sec.  These deposi ts  were  more  
reflective and ye l low than  corresponding ones f rom 
the o ther  systems due to the  decreased tendency  to 
form spikes which  occurred only  in the v ic in i ty  of i~ 
for  thin deposi ts  (0.1~). The t rans i t ion  f rom spikes in 
thin deposi ts  to smoother  surfaces at  s teady  state, 
which  was observed for  a l l  th ree  sys tems in the po -  
ten t ia l  reg ion  where  the  t rans i t iona l  s t ructures  
formed, is associated wi th  the  m a x i m u m  in the  po-  
t en t i a l - t ime  curves.  

F ina l ly ,  b y  t ransmiss ion e lec t ron  microscopy it  was 
es tabl i shed  tha t  the  in i t ia l  s tage of deposi t ion is 
r a the r  complex  and consists of a subs t r a t e -domina ted  
s tage which  resul ts  in an ep i tax ia l  l aye r  severa l  hun-  
d red  angs t roms thick, fol lowed by  another  stage where  
three  d imensional  g rowth  occurs. A t  the  beginning  of 
this  stage, which is contro l led  by  the deposi t ion con- 
ditions, s t ruc tura l  defects such as twin  faul ts  and  gra in  
boundar ies  in the ep i tax ia l  l aye r  act as p re fe ren t i a l  
sites for nucleat ion.  

A c k n o w l e d g m e n t  
Thanks  are  due  to Y. Okinaka  fo r  his cr i t ical  r e -  

v iew of the  manuscr ip t  and to R. D. Heidenre ich  and 
G. W. K a m m l o t t  for  mak ing  the e lect ron microscope 
faci l i t ies  avai lable .  

Manuscr ip t  rece ived  June  18, 1971; revised manu-  
script  received ca. Ju ly  22, 1971. 

A n y  discussion of this  paper  wi l l  appear  in a Dis-  
cussion Sect ion to be publ ished in the  June  1972 
JOURNAL. 

A P P E N D I X  
Characterization oS gold deposits by spectrophotom- 

etry.--The purpose  of mak ing  ref lect ivi ty  measure-  
ments  on the  g01d deposi ts  genera ted  in this  s tudy  
was to de te rmine  whe the r  this  approach  would  fac i l -  
i ta te  more  quant i t a t ive  comparisons of the  different  
morphologies.  Spec t ra  were  recorded wi th  the  Pe rk in  
Elmer  Model  402 Spec t rophotomete r  which was used 
prev ious ly  to s tudy  electroless gold deposits  (18). 
Because of the smal l  sample  size, a 2 -mm circular  
mask  was inser ted in the  specular  reflectance a t -  
tachment .  The ins t rument  yields  plots of re la t ive  ab-  
sorbance vs. wave leng th  as i l lus t ra ted  in Fig. 12. 
These curves  correspond to the deposi ts  whose SEM 
resul ts  are  given in Fig. 6-10. The method  used to 
compare  spect ra  of this  t ype  was to de te rmine  the 
re la t ive  separa t ion  of each curve  f rom the specular  
gold reference  at  the a rb i t r a r i l y  selected va lue  of 
~. ---- 6500A. F rom this separat ion,  the Rs Values 
quoted in Tables I I -V  were  computed  as fract ions of 
the  value  for the  specular  gold reference  surface. A l -  
though the Rs values  appear  to cor re la te  reasonably  
wel l  wi th  deposi t  morpho logy  in most  cases, they  
should be considered as semiquant i t a t ive  da ta  for the  
fol lowing reasons. First ,  whi le  a single pa r ame te r  is 
sui table  for descr ibing the  separa t ion  of s imi la r ly  
shaped curves,  it  is evident  tha t  the  spectra  vb ta ined  
f rom the gold deposits  (Fig. 12) show both a d isplace-  
ment  and change in slope at  a given wavelength .  Sec-  
ond, a r e l a t i ve ly  la rge  n u m b e r  of surfaces (e.g. pa r -  
t i cu la r ly  those f rom the  cyanide  sys tem) had  a non-  
specular  or ma t t e  appearance ,  e i ther  orange or  b rown 
in color, and could not be measu]:ed as they  gave no de-  
tec table  signal. F inal ly ,  the Rs values  a re  sensi t ive 
not only to the  type  of s t ruc ture  formed, but  are sig- 
nif icantly affected by  subtle  fea tures  l ike gra in  size 
and the amount  of facet ing both of which va ry  wi th  
thickness.  Recent  evidence obta ined wi th  electroless 
gold deposits  (27) suggests tha t  most of these diffi- 
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cult ies can be overcome b y  measur ing  the to ta l  l ight  
reflected, i.e. diffuse plus  specular ,  using an in tegra t -  
ing sphere  (28). I t  appears  tha t  this approach can be 
appl ied  to a more  quant i t a t ive  s tudy  of gold deposits  
p rov ided  tha t  l a rge r  a rea  ( >  1 cm 2) samples  of equiv-  
a lent  th ickness  a re  compared. ,  

Some comments regarding ~hicknes8 data.--The ef-  
ficiency of gold p la t ing  was not  of ma jo r  in teres t  in 
this" work.  However ,  the thickness  da ta  (~c and #~ 
values)  presented  in Tables  I I -V  prov ide  suppor t  for 
the  fol lowing genera l iza t ions  regard ing  efficiency: (A) 
Fo r  al l  three  gold pla t ing systems (O.005M), efficiency 
increases from less than  50% at low C.D. to more  than  
80% in the region be low i~. (B) The more  concen- 
t ra ted  cyanide  sys tem (0.01M) showed a significant 
increase  in efficiency wi th  most  ~ / ~ c  va lues  in the  
r ange  f rom 0.95 to 1.0. 

Both of these resul ts  appea r  to be r e l a t ed  to  the 
effects of oxygen which, as ment ioned  previously,  was 
not exc luded f rom the  solut ion dur ing  these exper i -  
ments. This in te rp re ta t ion  is based on the excel len t  
agreement  be tween  the  present  resul ts  and a recen t ly  
comple ted  quant i t a t ive  e lec t rochemical  s tudy  (14) of 
the cur ren t  efficiency of gold deposi t ion in phosphate  
and c i t ra te  systems which were  ident ical  to those 
used in this  work.  The increased efficiencies noted  for 
the  more  concentra ted  cyanide  sys tem p robab ly  re -  
sult  f rom a sal t ing out effect which, in addi t ion to the 
h igher  cur rent  densi t ies  used, acts to fu r the r  diminish 
the  oxygen  reduct ion current .  

L IST  OF SYMBOLS 
Ce surface concentra t ion of Au  (CN)2 -  
Co bu lk  concentra t ion of A u  (CN) 2 -  
Ca concentra t ion of (CN) - 
D diffusion coefficient of A u  (CN) 2-  
Eo equi l ib r ium potent ia l  
Ec potent ia l  of work ing  electrode 
Er potent ia l  of re ference  e lec t rode  
F F a r a d a y ' s  constant  
i appl ied  cu r ren t  dens i ty  
iL l imit ing cur ren t  densi ty  for  gold deposi t ion 
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io exchange cur ren t  dens i ty  
k,  s tandard  heterogeneous ra te  constant  
n number  of e lectrons t r ans fe r red  
R gas constant  
Rs index of ref lect ivi ty  
T t empe ra tu r e  
t p la t ing t ime 
a t ransfe r  coefficient 

overpoten t ia l  
w ro ta t ion  speed 
v kinemat ic  viscosi ty of solution 
~c ca lcula ted  gold th ickness  in microns 
~ measured  gold thickness  by  be ta  backsca t te r  
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Electrochemistry of AIIoxan and Its N-Methyl Derivatives 
in Aqueous Solution 

Barbara H. Hansen 1 and Glenn Dryhurst 

Department of Chemistry, University of Oklahoma, Norman, Oklahoma 73069 

ABSTRACT 

Alloxan,  m e t h y l -  and d imethy l  a l loxan in aqueous solutions a re  r educed  
by  w a y  of th ree  processes. The first cathodic w a v e  (wave  Ia), appears  be -  
tween pH 0-8 and is a k ine t i ca l ly  control led two-elec t ron,  one-pro ton  reduc-  
tion to the respec t ive  d ia lur ic  acid anion. Dehydra t ion  of the reducib le  carbonyl  
site is the  kinet ic  factor. A second pH independent  k ine t ica l ly  control led re -  
duct ion wave  (wave  Ib) is observed for 1.0 mM solutions of me thy l -  and 
d imethy l  a l loxan and for 10.0 mM solutions of a l loxan be tween pH 0-3. The 
process involved is the  t ransfe r  of two electrons to p ro tona ted  a l loxan  
molecules,  again producing  the dia lur ic  acid anion. Wave  II, de tec ted  only in 
the  l imi ted  pH range of ca. 4.7-5.9, is a v i r tua l ly  pH independent ,  two-e lec t ron  
reduct ion  of the  hyd ra t ed  form of a l loxan to the d ia lur ic  acid dianion as the 
potent ia l  control l ing process. This s tudy indicates tha t  wave  II  is not  due to 
the  fu r the r  reduct ion  of dia lur ic  acid. Evidence is also given which refutes  
the  view that  a l loxaut in  exists  to a large degree  in aqueous solutions. 

Al loxan  is p roduced  upon e lec t rochemical  (1) and 
enzymat ic  (2, 3) oxidat ion  of uric acid  in weak ly  
acidic solution. Dimethy l  a l loxan i s  an e lect rochemical  
oxidat ion  product  of  theophyl l ine  (4) and caffeine (5). 
Methyl  a l loxan is an e lec t rooxidat ion  product  of theo-  
b romine  (5). Only  a l loxan  i tself  has been s tudied 
e lec t rochemical ly  (6, 7) and is repor ted  to show only  
two cathodic waves  at  the  d r o p p i n g m e r c u r y  electrode 
(DME).  The first wave  (occurr ing at  most  posi t ive 
potent ia ls)  has been shown to be a two-elec t ron,  one-  
proton reduct ion of a l loxan to the  anionic form of 
dia lur ic  acid in a k ine t ica l ly  control led  electrode reac-  
t ion (7).  The  react ion responsible  for  the  other  wave  
(wave  II)  tha t  occurs at  much more  negat ive  po ten-  

1 P r e s e n t  address :  D e p a r t m e n t  of Chemis t ry ,  A q u i n a s  College, 
G r a n d  Rapids ,  Mich igan  49506. 

K e y  w o r d s :  2 ,4 ,5 ,6- t r iexypyr imid ine ,  a l loxant in ,  d ia lur ic  acid.  

t ials  over  a ve ry  l imi ted  pH range  has not been 
p rope r ly  character ized,  a l though it  has been suggested 
tha t  i t  is due to fu r the r  reduct ion of the  wave  I 
product ,  d ia lur ic  acid, to barb i tu r ic  acid or to o ther  
more  h ighly  reduced  species (7). 

Considerat ion of the  s t ruc tures  of a l loxan  ( I ) ,  a l lox-  
an t in  ( I I ) ,  and dia lur ic  acid (III)  suggests that  a l lox-  

o 

H H H 

ant in  would  be the  most  p robab le  p r i m a r y  reduct ion 
product .  The l i tera ture ,  however ,  contains conflicting 



1748 J. Electrochem. Sot.:  E L E C T R O C H E M I C A L  S C I E N C E  November 1971 

reports on the stabil i ty of a l loxant in  (8-10). Struck 
and Elving (7) claim that  a l loxant in  is not appre-  
ciably dissociated in solution (to al loxan and dialuric 
acid) and that  it is polarographically active and gives 
rise to an anodic wave at the same E1/2 as that  of di-  
aluric acid, and a small  kinet ical ly controlled cathodic 
wave at the same E1/2 as that  of alloxan. I t  was also 
claimed to give only a very  small  cathodic wave at po- 
tentials corresponding to al loxan wave II (7). In  some 
recent work in this laboratory (4, 5) it become neces- 
sary to unders tand  the details of the electrochemistry 
of alloxan and its N-methy l  derivatives. It  became 
clear that  more study was necessary, first to clarify the 
involvement  of the methylated al loxantins in the 
polarographic reduction of the alloxans, second to 
ascertain the na ture  of the wave II process, and third 
to explain the process responsible for a fur ther  small  
wave which was observed at low pH. 

Experimental 
Chemicals.---~Dimethyl and methyl  al loxan were pre-  

pared according to the method of Fischer (11). A1- 
loxan was obtained from Nutr i t ional  Biochemicals, 
a l loxant in  from Eastman, and dialuric acid from 
Calbiochem. Buffer solutions had an ionic s trength 
of 0.5. Argon used for deoxygenation was equil ibrated 
with water. 

Apparatus.--Equipment employed for polarography, 
vol tammetry,  and coulometry has been described else- 
where (4, 5, 12-14, 16, 19), with the exception that  salt 
bridges in  the electrochemical cells were composed of 
agar-potassium sulfate. The reference electrode was a 
saturated mercurous sulfate [0.40V vs. SCE (15)] and 
the counterelectrode was a cylindrical  p la t inum gauze 
dipping in saturated potassium sulfate solution. All 
potentials are referred to the SCE at 25~ 

The DME had an M value of 1.375 mg sec -1 and 
t : 5.06 sec -1, at open circuit with h --~ 70 cm. 

The cell used for macroscale coulometric and 
preparat ive electrolysis contained three compartments  
and was adapted from that described previously (16), 
with the reference and counterelectrodes described 
above. All  compartments  were equipped with stoppers 
and bubblers  to ensure complete deoxygenation. 

Solutions.---Solutions of the alloxans were not stable 
so each test solution was made up in the desired buffer 
immediate ly  prior to use. Solutions used for the 
pH study were normal ly  about 1 mM in concentration. 

Determination o~ coulometric n-values.--General 
procedures employed for the determinat ion of coulo- 
metric n-va lues  are described elsewhere. In  most 
cases the electrolysis was considered complete when  
the quant i ty  of acid added into a t i t ra t ion coutometer 
(15) per un i t  t ime matched that  required for identical  
electrolysis of background solution. However, at the 
pH values where wave II is observed alloxan is very 
unstable. Electrolysis t ime was therefore limited to 
30 rain. The concentrat ion of the remaining al loxan 
was determined polarographically by comparison with 
a cal ibrat ion curve prepared as described below. 

Polarographic il - -  C curves at pH 4.9 to 5.1.--Two 
consecutive concentrat ion-decomposit ion studies were 
performed on each alloxan. Solutions of the respective 
alloxan were prepared (1.0 mM) in  pH 4.9 or pH 5.1 
McIlvaine buffer and 1, 2, 3, 4, and 5 ml aliquots 
immediate ly  t ransferred into volumetric flasks con- 
ta in ing the background solution giving a total 10 ml  
volume. The solutions were allowed to stand for 30 
rain. Immediate ly  after this period polarograms from 
--1.2 to --1.6V were obtained. The solutions were 
scanned in the order 0.1, 0.5, 0.2, 0.4, and 0.3 raM. 
Background current  at  the potential  of the l imit ing 
current  of wave II was obtained as the average from 
several background polarograms and was subtracted 
from the average l imit ing current  at each concentra-  
tion. 

UV spectrophotometric procedures.--Samples studied 
spectral ly had to be main ta ined  in  an oxygen-free 
environment .  All  flasks, cells, and pipettes were flushed 
with ni t rogen prior to use. Positive ni trogen pressure 
was used to t ransfer  solutions from pipettes. Solutions 
used for dilution of the reduct ion product solution or 
for dissolution of a l loxant in  and dialuric acid were 
also thoroughly deoxygenated. 

Alloxantin dissociation s tudy.--A solution, 0.2 mM 
in alloxantin,  was prepared in pH 4.7 acetate buffer 
as follows: a weighed quant i ty  of a l loxant in  was 
placed in a volumetr ic  flask which had been flushed 
with ni t rogen and a deoxygenated solution of buffer 
added. Dissolution was accomplished by heating in a 
water  bath (ca. 5 min)  while a steady stream of 
ni t rogen was passed through the solution. After  cool- 
ing, an air-free t ransfer  was made to the n i t rogen-  
filled polarographic cell, and polarograms from --1.2 
to --1.6V and then from +0.4 to --0.2V were recorded. 

Results and Discussion 
Aqueous solutions of methyl  and dimethyl  alloxan 

exhibit  three cathodic waves at the DME. Wave Ia 
(the most positive wave) occurs between pH 0-8 and 
0-7.1 for methyl  and dimethyl  al loxan respectively. 
Wave Ib appears between pH 0-3 and wave II between 
about pH 4.7-5.9 for both compounds. Above pH 4-5 
al loxan and its N-methy l  derivatives begin to decom- 
pose into the appropriate nonelectroactive alloxanic 
acids (Eq. [1]);  this reaction becomes rapid at pH 
7-8 (18). 

0 ~ ~ ~ ~-0 

f 

O 

0 ~'" I COOH 
OH [I] 

Waves Ia and Ib.--Methyl  and dimethyl  al loxan 
exhibit  waves Ia and Ib together between pH 0 (1M 
H2SO4, Fig. 1A) and pH 3. Above pH 3 wave Ib dis- 
appears (Fig. 1B). Wave Ia for both compounds shifts 
l inear ly  more negat ive with increasing pH, E1/2 

Fig. 1. Polarograms of dimethyl alloxan in A, 2M H2SO4; B, 
Mcllvaine buffer pH 3.7; C, Acetate buffer pH 4.3; D, Mcllvaine 
buffer pH 4.9. Concentration dimethyl alloxan A, 1.3 mM; B, 1.1 
raM; C, 1.1 mM; D, 1.5 mM. 
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= 0.10-0.033 pH for methyl  alloxan, and Ell2 --'= 0.10- 
0.036 pH for dimethyl  alloxan. These equations com- 
pare favorably with that  for the first wave of al loxan 
where E1/2 : 0.060-0.031 pH (7), and are in accord with 
that  expected for a reversible process involving two 
electrons and one proton. The diffusion current  con- 
stants (I : il/Cm2/3tl/6) for wave Ia of methyl  and 
dimethyl  al loxan are very  small. Between pH 0-5.9 the 
mean  diffusion current  constant for methyl  alloxan 
was 0.23 and for dimethyl  al loxan was 0.30. The l imit-  
ing current  for wave I ,  for both compounds was inde-  
pendent  of the corrected mercury  column height 
indicat ing that the electrode reaction was kinet ical ly 
controlled. A tempera ture  coefficient of 4.3% per ~ 
(methyl  al loxan) and 5.2% per ~ (dimethyl  al loxan)  
fur ther  confirmed the kinetic na ture  of the wave Ia 
process. 

Wave Ib is essentially pH independent  and occurs 
at --0.27 • 0.03V for methyl  alloxan and --0.34 
_+ 0.07V for dimethyl  alloxan. The l imit ing current  
for wave Ib decreases significantly as the pH ap- 
proaches 3. Above pH 3 wave Ib is not observed indi-  
cating that  the species reduced exists only at low pH. 
The diffusion current  constant  for wave Ib of methyl  
al loxan (0.10 between pH 0-2) is considerably smaller 
than for wave Ib Of dimethyl  al loxan (0.17 between 
pH 0-2). The temperature  coefficient of the l imit ing 
current  for wave Ib Of dimethyl  alloxan, 1.2% per ~ 
in chloride buffer pH 1.9, is smaller  than  that  expected 
for a kinetical ly controlled process. 

Polarograms of dimethyl  al loxan in McIlvaine 
buffers above pH 2.2 (Fig. 1B, D) and in acetate 
buffers pH 3.4-5.3 (Fig. 1C) indicate that the shape 
of the cur ren t -poten t ia l  curve for wave Ia at poten- 
tials immediate ly  more negative than the half -wave 
potential  differs between the two buffers. In McIlvaine 
buffers this region is more drawn out and the l imit ing 
current  is reached at  potentials approximately O.3V 
more negative than with acetate buffers. This effect 
does not constitute a second dist inguishable reduction 
wave. A similar phenomenon, i.e. a wave more drawn 
out than is general ly  expected, was reported (19) for 
parabanic  acid and its N-methyla ted  derivatives in 
McIlvaine buffers over a l imited pH range. This was 
explained as the reduct ion of phosphate complexes, 
the structures of which were also proposed, of the 
respective parabanic acid. The a r rangement  of car- 
bonyl  groups in dimethyl  al loxan is similar to those of 
the parabanic  acids and, therefore, analogous com- 
plexes are plausible for a dimethyl  al loxan phosphate 
interaction. The wave Ia reduction in McIlvaine buffer, 
pH --~ 2.9, may represent,  therefore, the reduction of 
both dehydrated dimethyl  al loxan and the dimethyl  
a l loxan-phosphate  complex. 

Wave / / . - -Wave  II of methyl  and dimethyl  altoxan 
can be observed between pH 4.7-5.9 and is comparable 
to wave II of al loxan (7). Accurate measurement  of 
the l imit ing current  is complicated by the decomposi- 
t ion of the alloxans to the appropriate alloxanic acid. 
However, the l imit ing current  appeared to be diffu- 
sion controlled as evidenced by its dependence on the 
corrected mercury  column height. The diffusion cur-  
rent  constant  for wave II of methyl  al loxan ranged 
from 3.8 at pH 4.7 to 1.7 at pH 5.9. For dimethyl  
al loxan over the same pH range the value changed 
from 2.6-1.6. The systematic decrease of the diffusion 
current  constant  with increasing pH reflects the in-  
creasing rate of decomposition of the alloxans to the 
alloxanic acids. Over approximately the same pH 
range al loxan itself gives an average diffusion current  
constant  for wave II of about 3.6 (7). 

The hal f -wave potential  for wave II of methyl  
al loxan (--1.46 +_ 0.01V) and dimethyl  al loxan (--1.41 
___ 0.01V) between pH 4.7-5.9 are pH independent .  
Between pH 4.6-6.6 wave II of al loxan is also v i r tua l ly  
pH independent  (--1.51 -4- 0.O2V) (7). 

Table I. Coulometric determination of the number of electrons 
involved in the reduction of aJloxan and n-methylated 

derivatives 

Supporting Controlled 
e l e c t r o l y t e  p H  p o t e n t i a l  ~t 

Dimethy l  al loxan 
W a v e  I 

I M  H O A c  2.3 - -0 .4  1.9 ca> 
W a v e  II 

Mcnvaine 4.9 -- 1.4 1.9 ~) 
Methyl alloxan 

Wave I 
1M H O A c  2.3 -- 0.4 1.9 <c) 

W a v e  II 
M c I l v a i n e  4.8 -- 1.50 1.6 (c) 

Alloxan 
W a v e  I (b) 

A c e t a t e  4.0 ~ 1.9 
W a v e  I I  

M c n v a i n e  4.8 -- 1.50 2.3(r 

ca) Mean of at least three determinations usually. Reproducibi l i ty 
of  data ~5%.  

(b) Values from work of Struck and Elving (7). 
(c) At pH values of about 5 the decomposition of the alloxans was 

quite rapid and the reproducibility of data was -~10~15%. 

Coulometry 
Data from coulometric determinat ions  of the n u m -  

ber  of electrons involved in the reduct ion of alloxan, 
methyl  alloxan, and dimethyl  al loxan at controlled 
potentials corresponding to waves I (includes Ia plus 
Ib in the ease of the methylated compounds) and II 
respectively are summarized in  Table I. Clearly, elec- 
trolysis of all alloxans at potentials corresponding to 
the crest of wave I results in  the t ransfer  of close to 
2 electrons per molecule reduced. Complete elec- 
trolysis was not  at tempted at potentials corresponding 
to wave II because the al loxan solutions were '  not 
sufficiently stable at the required pH. The period of 
the electrolysis was therefore l imited to 30 rain. The 
concentrat ion of the remain ing  parent  compound was 
determined polarographically (see Exper imenta l ) .  
Average coulometric n values of 2.3, 1.6, and 1.9 were 
obtained for alloxan, methyl  and dimethyl  al loxan 
respectively. 

Identification of Reduction Products 
It  is clear that both waves I and II of al loxan species 

involve 2e. Because of our greater  interest  in dimethyl  
alloxan, product  identification was l imited to this 
compound; analogous products were assumed from 
the other alloxans. 

Wave I . - -Polarography  of a 1M HOAc solution of 
reduced dimethyl  al loxan revealed the presence of a 
single large anodic wave, E1/2 : 0.01V (Fig 2). Dialu-  
ric acid shows analogous polarographic behavior  to 
this product (at tempts to prepare  dimethyl  dialuric 
acid in this laboratory were unsuccessful).  

Dialuric acid was isolated as a solid upon macro-  
scale reduction of al loxan (7); d imethyl  dialuric acid 
was not observed as a solid product  under  similar 
conditions upon reduction of dimethyl  alloxan. 

When aliquots of the electrolyzing solution were 
taken at in tervals  and examined spectrophotometric-  
ally a highly oxygen-sensi t ive species absorbing at 
kmax ---- 274 m~ was observed which increased in con- 
centrat ion as the electrolysis proceeded; upon expo- 
sure to air the absorbing species disappeared. Under  
the same solution conditions a l loxant in  and dialuric 
acid show similar  behavior, except that  the absorp- 
tion of the nonmethyla ted  species occurs at ~max : 271 
m~; only dialuric acid absorbs in these regions (20). 
Al loxant in  does not itself absorb; its apparent  ab-  
sorbing properties therefore arise as a result  of its 
disproportionation to al loxan and dialuric acid. The 
slight shift in the )~max value for the methyla ted  dia lu-  
ric acid is readily understood by  consideration of the 
spectra of methylated and nonmethyla ted  ureido 
species such as the uracils which show shifts of similar 
magni tudes  and direction (21). 
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Fig. 2. Polarogram of reduction product of dimethyl alloxan elec- 
trolyzed at - -0.4V (wave I) in IM  HOAc. Initial concentration 
dimethyl alloxan 1.0 mM. 

Polarographic  dissociat ion studies (7) have been 
repor ted  to show tha t  a l loxan t in  does not  exhib i t  
wave  II  in a height  comparab le  to tha t  observed  wi th  
a l loxan itself, hence suppor t ing  the view that  a l l oxan -  
t in  is not  h igh ly  dissociated. In  our  studies it  was 
found tha t  in acetate  buffer pH 4.7 a l loxant in  does 
show wave II  and that  i t  is a t  least  ten t imes the  
height  of wave  I. In o rde r  to obta in  sufficiently accu-  
ra te  measurements  of the cu r ren t  for waves  I and II  
of a l loxan t in  it was necessary to employ  a concent ra-  
t ion of at  least  0.2 raM, which  requ i red  warming  of 
the solut ion (under  a i r - f r ee  condit ions)  to achieve 
dissolution. These polarographic  and spect rophoto-  
met r ic  s tudies therefore  suppor t  the  view that  a l lox-  
an t in  is r ap id ly  dissociated in solut ion to give an 
equ imolar  mix tu re  of a l loxan  and dia lur ic  acid. 

Wave I I . - - P o l a r o g r a p h y  of the  produc t  of elec-  
t rolys is  of d ime thy l  a l loxan  in pH 5.1 McIlvaine  buffer 
at  potent ia ls  on the  crest  of wave  II  showed a we l l -  
fo rmed anodic wave  (E1/2 = --0.09V) (Fig. 3) which  
grew in he ight  as the  e lectrolysis  proceeded;  the  
height  for cathodic wave  II  cor respondingly  decreased.  
The two-e lec t ron  na ture  of the  wave  I I  process and 
the fact tha t  the Ell2 for its reduct ion  product  is 
ident ica l  wi th  tha t  f rom the wave  I reduct ion and 
for  wave  I~ i tself  (EI/2 = --0.09V in both cases) (Fig. 
3) suggests tha t  the  produc t  for wave  II  is ident ica l  
to tha t  f rom wave  I, i.e. d ime thy l  d ia lur ic  acid. That  
this is so is fu r the r  confirmed by  the suscept ib i l i ty  
of the  wave  I!  product  to air  oxidat ion  back  to 
d ime thy l  a l loxan  and its uv  absorpt ion spec t ra  (~.max 
= 276 m~),  which is in the  region expected for 
d ime thy l  dia lur ic  acid (for dia lur ic  acid at  the  same 
p H  ~max = 273 n ~ ) .  

Mechanism 
The ove r -a l l  e lec t rochemical  reduct ion  of al loxan,  

me thy l  and  d ime thy l  a l loxan  indicates  the  same n u m -  
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Fig. 3. Polarograms of A, 1.0 rnM dimethyl alloxan and B, reduc- 
tion product of 1.0 mM dimethyl alloxan after electrolysis at 
--1.40V (wave II). Background, Mcllvaine buffer pH 5.1. 

ber  of e lectrons for the i r  po larographic  waves  I and 
II, wi th  s imi lar  cur ren t  control l ing factors and  E1/~ 

- -  pH equations;  the basic po larographic  processes 
a re  hence essent ia l ly  ident ical  for al l  compounds.  

Wave Ia . - -The  kinet ic  s tep involved in wave  Ia is 
undoub ted ly  dehydra t ion  of the  ca rbonyl  group at  
C-5, a process wel l  charac te r ized  for severa l  r e la ted  
systems (6, 22) (Fig. 4) and for  a l loxan i tself  (6, 7). 
The El/2 --  pH re la t ionships  for al l  compounds (shift  
of ca. 30 mV per  pH uni t)  is in accord wi th  a two-  
electron, one-pro ton  revers ib le  process. Po l a rog raphy  
and cyclic v o l t a m m e t r y  of a l loxan at  a pyro ly t ic  
g raph i te  e lect rode suppor t  the  v iew tha t  the  process 
is v i r tua l ly  revers ib le  (Fig. 5). In  o rder  to observe  
the anodic peak  at  ca. --0.1V in Fig. 5 it  is only  neces-  
sary  to scan the first cathodic peak  at  Ep ---- --0.2V. A 
two-e lec t ron  reduct ion process is indica ted  by  coulom- 
etry,  and  the  product  is the  respect ive  d ia lur ic  acid. 
Accordinglyi  in suppor t  of the  mechanism of S t ruck  
and Elving (7) wave  Ia is a two-elec t ron,  one-pro ton  
reduct ion  of the a l loxan  (II, Fig. 4) to the  appropr ia te  
d ia lur ic  acid anion (III ,  Fig. 4). At  this s tage it is not  
possible to decide whe the r  a l loxant in  is the  p r ima ry  
product  of the  e lec t rochemical  reduct ion of a l loxan 
because of the  r ap id  dissociation of a l loxant in  in 
aqueous solution. These findings on the ex ten t  of 
dissociation are in accord wi th  those of Hil l  and 
Michael is  (9). 

Wave Ib . - -Wave  Ib is observed most d is t inc t ly  for 
d ime thy l  a l loxan;  i t  is cons iderab ly  smal le r  for me thy l  
a l loxan and, except  at  ve ry  high a l loxan concent ra-  
tions and ve ry  low pH, is not  no rma l ly  observed for 
a l loxan  itself. Wave  Ib for me thy l  and d imethy l  a l -  
loxan is under  kinetic  control  and  occurs at  a more  
negat ive  potent ia l  than  wave  Ia; its El/2 is essent ia l ly  
pH independent ,  and the  height  of the  wave  decreases 
wi th  increasing pH and d isappears  above pH ca. 3. I t  
is known tha t  a l loxans  form pro tona ted  species at  
ve ry  low pH (10, 20) and reduct ion  of  this  species no 
doubt  resul ts  in wave  Ib. Since both  waves  I~ and  Ib 
below pH 3 occur to the  posi t ive side of the  e lec t ro-  
cap i l l a ry  m a x i m u m  (i.e., the e lect rode is pos i t ive ly  
charged) ,  then  approach  of a cationic species towards  
the electrode would  be energet ica l ly  more  difficult 
than  approach of a neu t ra l  species, hence wave  Ib 
occurs at  more  negat ive  potent ia ls  than wave  Ia (23). 
The kinet ic  na tu re  of wave  Ib would  no rma l ly  be 
expected to resul t  in a t empe ra tu r e  coefficient of >5% 
per  ~ however ,  tha t  for  wave  Ib of d ime thy l  a l loxan 
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is much lower  (1.2% per  ~ at  pH 1.9). Previous  
studies of o ther  cationic acids (24, 25) has indica ted  
that  cationic acid dissociation constants  increase wi th  
increasing tempera ture ,  i.e. the concentra t ion of the 
cationic species is lower  at  40~ than  at  25~ (the 
t empera tu re s  employed  in this work  to evalua te  t em-  
pe ra tu re  coefficients). Thus, a l though the t e m p e r a t u r e  
coefficient of wave  Ib is of a magni tude  no rma l ly  asso- 
ciated wi th  a dif fusion-control led process, i t  ac tua l ly  
represents  a k ine t ica l ly  control led  process modified 
by  apprec iab le  changes in the solution concentra t ion 
of the e lect roact ive  species, i.e. the  d imethy l  or me thy l  
a l loxan cation. 

Thus, in o ther  words  a l loxan at  low pH exists 
p r imar i l y  in the  h y d r a t e d  form which is not  e lec t ro-  
act ive at  the  wave  Ia, Ib potentials .  I t  is p robab le  tha t  
an equi l ib r ium mix tu re  of p ro tona ted  and non-  
pro tona ted  hyd ra t ed  a l loxan exists (10, 20). Some 
a l loxan  however  exists  in the. dehydra t ed  form and 
again no doubt  an equi l ib r ium mix tu r e  of pro tona ted  
and nonpro tona ted  dehydra t ed  a l loxan  exists.  The 
nonpro tona ted  dehyd ra t ed  a l loxan  (II, Fig. 4) gives 
r ise to wave  Ia which  at  low pH is p r i m a r i l y  k ine t ic -  
a l ly  contro l led  by  the dehydra t ion  react ion (I -> II, 
Fig. 4) but  also no doubt  to a much lesser ex ten t  by  
the  depro tona t ion  reac t ion  (IV -> II, Fig. 4). Wave  Ib 
corresponds to reduct ion  of p ro tona ted  dehydra t ed  
a l loxan which again  is p r i m a r i l y  k ine t ica l ly  con- 
t ro l led  by  the dehydra t ion  react ion but  also possibly 
by  the pro tonat ion  react ion (II  -~ IV, Fig. 4). The 
behavior  of the  dehyd ra t ed  a l loxan  and its conjugate  
acid is po la rograph ica l ly  analogous to the  we l l -docu-  
mented  behavior  of polarographicaUy reducib le  weak  
acids (26), except  tha t  as a resul t  of the  e lectrode 
react ion occurr ing at  a pos i t ive ly  charged electrode 
and the  posi t ive charge  of the  acid the  re la t ive  po ten-  
t ials  of the  ac id  and its conjugate  base are  reversed.  
Thus no rma l ly  wi th  a neu t ra l  weak  acid (HA) and 
its conjugate  base ( A - )  reduct ion occurs at  a nega-  
t ive ly  charged  e lect rode so tha t  the conjugate  base 
( A - )  is reduced  at  more  negat ive  potent ia l  than  the 
acidic species. The mechanism for wave  Ib is presented  
in Fig. 4 where  the  s t ructure  of the  cationic form of 
a l loxan  (IV, Fig. 4) is wr i t t en  in a genera l  form. 

WAVE Ia. 
o o o 

R N "~'J~/OH -HzO ~L R - N ~  0 ~ R N ~  OH 

O L N  . ~ :  H ~+ H~,O O L  N 0 +H§ " : L N  0 
i i i 
R R R 

(1) ( I I )  ('m) 

WAVE Ib. 
0 0 H § 0 

R - N ~  O +H+ R - N ' ~  O n N ~  OH 

oJ... o - - . :  o,L.:J.o " "  " : , L .  o 
i i i 
R R R 

( I f )  (I~,) ('m) 

WAVE 'IT. 

0 0 0 

R-N ~) OH R-N OH SLOW 
0 O + Ze - ' ~ ' ~ 0  O'~N.~O +H'FAST , 0 0 

i i i 
R R R 

(I) (1 )  (m) 

Fig. 4. Proposed reaction pathways for the polarographic reduc- 
tion of the alloxans. I, hydrated alloxan; II, dehydrated alloxan; 
III, dialuric acid monoanion; IV, alloxan cation; V, dialuric acid 
dianion. 
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The cur ren t  for wave  Ib of me thy l  a l loxan  is much 
smal le r  than  tha t  for d ime thy l  alloxan. However ,  the  
induct ive  effect of an e lec t ron- re leas ing  subst i tuent ,  
such as --CHs, is similar,  a l though less pronounced,  
to a negat ive  charge on ni t rogen (21). Thus, a 
me thy la t ed  amide  carbonyl  is expected  to be a more  
favored  pro ton  acceptor  than  a nonmethy la ted  amide  
carbonyl .  I t  is thus expected tha t  d imethy l  a l loxan 
would  be a be t te r  proton acceptor,  or more  read i ly  
form an a l loxan cat ion than  methy l  al loxan.  This is 
reflected in the  magni tude  of the wave  Ib l imit ing 
currents .  In  the  case of unsubs t i tu ted  alloxan, the 
proton acceptor  proper t ies  are  the  least  of all  three  
compounds so tha t  even in 1M H2SO4 solut ion a 10 mM 
solution of a l loxan is requ i red  before wave  Ib can be 
observed.  

W a v e / / . - - T h e  magni tude  of the  polarographic  diffu- 
sion cur ren t  constant  and  coulomet ry  indicate  tha t  
wave  II  is a 2e process for all  a l loxan species. Po la r -  
og raphy  and spectra  indicate  tha t  the  electrolysis  
product  f rom d imethy l  a l loxan is ident ica l  to tha t  
produced f rom wave  I, i.e., dimethy l  d ia lur ic  acid. 
Cyclic v o l t a m m e t r y  indicates  tha t  the  wave  II  process 
is not  reversible.  The computed  ~na values  (26) for 
al l  th ree  a l loxans  (1.07 __ 0.01) and the v i r tua l  pH 
independence of wave  II  supports  the view tha t  i t  
involves a two-e lec t ron  po ten t ia l -con t ro l l ing  and 
over -a l l  t ransfe r  of e lect rons  to give the  dianion of 
dia lur ic  acid (V, Fig. 4). The only possible route  by  
which  this mechanism can proceed is by  reduct ion 
of the  hyd ra t ed  form of a l loxan  (I, Fig. 4), the  p r e -  
dominant  solut ion species. In  the case of al l  three  
compounds it is ve ry  un l ike ly  tha t  wave  II  is due to 
reduct ion of the  dia lur ic  acid as suggested by  S t ruck  
and Elving (7).  This  is so because not  only  is d ia lur ic  
acid not reduced  a t  the  wave  II  potent ia l  (or any  
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other  po ten t i a l ) ,  bu t  even if i t  was wave  II  should 
also be at  least  pa r t l y  under  kinetic  control. 

Dissociation of alloxantins in solution.-- In. v iew of 
the  dist inct  contradic t ion be tween  our s tudy of a l lox-  
an t in  and tha t  of ea r l ie r  worke r s  (7) a fu r the r  dis-  
cussion of the i r  da ta  and ours is presented.  

The former  worke r s  indicate  [Fig. 7, Ref. (7)]  tha t  
a 0.25 mM solution of a l loxant in  in pH 4.0 acetate  
buffer gives a lmost  exac t ly  one-ha l f  the  anodic cu r -  
rent  observed for a 0.5 mM solution of dia lur ic  acid and 
about  half  the cathodic cur ren t  (wave  I) observed 
for  a 0.5 mM solution of a l loxan;  the  ha l f -wave  poten-  
t ials  for a l l  waves  being essent ia l ly  identical .  The 
cathodic currents  for a l loxant in  and a l loxan (wave  I) 
are  under  kinetic  control.  This immed ia t e ly  suggests 
tha t  a l loxant in  is comple te ly  dissociated in aqueous 
solution, especial ly  so since i t  is ve ry  difficult to see 
an obvious w a y  that  the a l loxant in  process could be 
under  kinet ic  control.  The fact that  we detect  d ia lur ic  
acid spec t ra l ly  and via  i ts anodic polarographic  wave  
in solutions p repa red  f rom al loxant in,  and also tha t  
a l loxan wave  I I  can be observed po la rographica l ly  in 
such solutions at the  appropr ia te  pH, fur ther  supports  
the  view that  a l loxant in  is comple te ly  dissociated. 
S t ruck  and Elving (7) fur ther  a t t empted  to confirm 
the nondissociation of a l loxant in  b y  adding  large  
excesses of a l loxan to the  polarographic  solutions. If  
a l loxant in  were  pa r t i a l l y  dissociated or the  association 
constant  were  not too large,  then the excess a l loxan 
should have decreased the anodic wave  if  i t  was due 
to d ia lur ic  acid. The fact tha t  it  d id  not was taken  to 
infer  that  a l loxant in  was not dissociated at  all  to 
dia lur ic  acid. However ,  i t  is equal ly  plausible  to 
expla in  the  effect if the  dissociation constant  for a l lox-  
ant in  is ve ry  large  as our da ta  suggest. 
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The Electrochemical Behavior of Technetium and 
Iron Containing Technetium 

G. H. Cartledge 
Chemistry Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830 

ABSTRACT 

The e lec t rochemical  behavior  of pure  t echne t ium and iron containing 0.1 
weight  pe r  cent (w/o)  technet ium has been de te rmined  b y  polar izat ion in 
sulfuric  acid. Evolut ion of hydrogen  on technet ium has a Tafel  slope app rox i -  
ma t ing  --40 mV/decade .  At  overvol tages  noble  to the  hydrogen-evo lu t ion  
potential ,  oxidat ion  of technet ium or its surface oxides has a ra te  of ca. 10 '-6 
A / c m  2 unt i l  the  potent ia l  becomes high enough to form soluble per teehnic  
acid. The cur ren t  densi ty  then rises rapidly .  The presence of technet ium in 
i ron modifies the  e lect rochemical  behavior  because dissolution of i ron leads 
to enr ichment  of the  surface in res idual  technet ium.  This causes the  open-  
circuit  potent ia l  to ennoble,  wi th  lower ing of the  overvol tage  for evolut ion of 
hydrogen.  Pass ivat ion  is also rendered  more difficult and much less effective 
in lower ing the pass ive  corrosion cur ren t  density.  

Recent studies showed that  t echnet ium forms h y -  
drous oxides as surface films in which the e lement  ex-  
hibi ts  valencies of l-t-, 2%, 3 + ,  and 4-t-, as wel l  as 

K e y  words :  t echne t ium,  h y d r o g e n  evolut ion ,  polar iza t ion ,  pass iv-  
ity, i r on - t echne t ium,  e lec t rode  potent ia l ,  t e c h n e t i u m  oxides,  " u n -  
po la r izab i l i ty . "  

two hybr id  oxides Tc304 and Tc407. The compounds 
were  identif ied in both anodic polar izat ion of the  me ta l  
and cathodic reduct ion  of Tc(OH)4  deposi ted e lec t ro-  
ly t ica l ly  on the metal .  The measurements  led  to free 
energies  of format ion  for all  the  compounds (1). The 
present  paper  gives the resul ts  of studies of the  po-  
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lar izat ion of technet ium and of an iron al loy contain-  
ing 0.1% technetium. It  was found that  the contrast ing 
electrochemical  propert ies  of iron and technet ium give 
rise to some unusual  behavior  in polarization; the 
radioact iv i ty  of technet ium permits  a correlat ion of 
this behavior  wi th  the concentrat ion of technet ium in 
the surface dur ing anodic polarization. 

Experimental 
Materials.--The technet ium electrodes were  similar  

to those described in connection with  the the rmody-  
namic measurements  (1), namely,  a 0.72g r f -me l t ed  
pellet  and technet ium plated over  p la t inum or gold 
substrates. In addition, a swaged rod of pure technet ium 
was used as a check on the polarization. An iron master  
alloy was made by addit ion of 1 w / o  of technet ium 
powder  to pure  iron; this was then diluted to 0.1 w/o .  
The product  was machined  down to rods of 0.25 in. 
diameter,  cut into 1 cm lengths, and these were  tapped 
and threaded for a t tachment  to the insulated stainless 
steel electrode assembly. The electrodes were  then en-  
capsulated in quartz  tubes in vacuo and heat  t reated 
for 30 min at 700~ with air  cooling. The specimens 
remained in the capsules unti l  the beginning of the 
measurements .  (The author  is indebted to the Metals 
and Ceramics Division for prepara t ion  of the alloy elec- 
trodes, and especially to Mr. Carl  Koch for loan of a 
rod of pure  technetium.)  

Procedure.--Just  prior  to their  first use, technet ium 
electrodes were  ei ther  reduced in H~ at 425~ or 
cathodically polarized in 1N NaOH for 10 min at ca. 
0.5 A / c m  2. They were  then dipped into 12N HC1 for a 
few seconds, rinsed, and at once put into the cell. In 
certain exper iments  a second cathodic polarization 
fol lowed a complete cathodic and anodic series of 
measurements  without  in tervening t rea tment  of the 
electrode. The iron al loy electrodes were  first e lectro-  
polished in H3PO4:HNO3:CrO3 (80:20:excess) at ca. 
80~ t reated with 6N NH4OH containing H202 to con- 
ver t  superficial technet ium or its oxides to soluble am-  
monium pertechnetate,  then etched in 6N HC1 con- 
taining a l i t t le  H202, rinsed and at once t ransferred to 
the cell. This was an H cell holding 125 mI of e lectro-  
ly te  in each side. Hydrogen or hel ium purified by 
passage over  copper at 425~ was aspirated through 
the solution, and the electrolyte  could be renewed 
without  access of air. Polar izat ion was effected both 
galvanostat ical ly  f rom batteries and potentiostatically,  
as in (1). Potent ials  are expressed in mV refer red  to 
SCE. Measurements  were  made at 24~ 

Results 
Technet ium electrodes: cathodic polarization.--The 

anodic oxidation of hydrogen on a technet ium surface 
is so rapid that  cathodic polarizat ion curves  ra re ly  in-  
dicate Tafel  behavior  unti l  the current  density is great  
enough to be significantly affected by both IR and 
concentrat ion polarization. A for tunate  circumstance, 
however,  was the discovery that  this anodic process 
has a rate  which is approximate ly  independent  of the 
potent ial  over  a considerable range  of overvol tage  on 
both sides of the ~ -- 0 axis. This behavior  is shown in 
Fig. 1. Here, a p la t inum spiral was plated first wi th  
gold and then with  technet ium. The electrode was 
heated in hydrogen at 425~ to reduce any oxide in 
the film. The resul tant  electrode had a bright, s i lvery 
appearance. It was then polarized in 1N H2SO4 in an 
a tmosphere  of hydrogen. Polarizat ion covered the 
range of overvol tage  f rom --100 to +50 mV. It was 
found that application of an IR correction in the 10 -3 
decade (X's on the curve)  indicated a probable Tafel  
l ine which crossed the ~ ---- 0 axis at about 9 x 10 -5 
A / c m  2. Such a Tafel  was then tested on the posit ive 
side to eva lua te  the anodic current  density. The X's on 
the anodic side of Fig. 1 show that  this is between 9 x 
10 -5 and 1 x 10 -4 A / c m  2 and that  it varies little, if 
any, wi th  overvoltage.  An  average value of 9.5 x 10 -~ 
A / c m  2 was found to bring the measured cathodic cur-  
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Fig. 1. Cathodic and anodic polarization of technetium in 1N 
H2SO4 in hydrogen. Curves show the consistency of the cathodic 
Tafel line with the assumption of a constant anodic current dens- 
ity of 9.5 x 10 -5  A/cm 2. 

rent  densities precisely up to the Tafel  l ine indicated 
at h igher  current  densities. The points denoted by X's 
in the 10 -4 decade are calculated by application of this 
anodic correction. Concentrat ion polarizat ion is seen 
to begin at the highest negat ive  potentials.  This ap- 
proximate  constancy of the anodic oxidat ion of hydro-  
gen made it possible to utilize polarizat ion data in 
other  exper iments  wi th  equal  success. It may be noted 
that Joncich, Stewart ,  and Posey observed a similar 
constancy in the polarization of rhen ium (2). 

The assumption of a constant  anodic current  density 
at overvol tages  be tween 0 and --50 mV proved to be 
legi t imate  even in exper iments  in which hel ium was 
used as the purging gas. This c ircumstance arose f rom 
the fur ther  discovery that  hydrogen,  l iberated at high 
negat ive overvoltages,  is only slowly lost as the over -  
vol tage is decreased. (This wi l l  be i l lustrated later.) 
For  analyzing cathodic polarizat ion curves, therefore,  
the procedure was to look for a possible Tafel  l ine 
which would (A) paral le l  the polarizat ion curve  in 
the middle  of the 10 -8 decade and (B) cut the ~ ---- 0 
axis at such a current  density as would correct  the 
cathodic data in the lower  current  densities up to a 
Tafel  l ine consistent wi th  the higher  current  densities 
when applied as a constant anodic current  density. As 
a first approximation,  the sum of the IR and concen- 
trat ion polarization corrections may  be assumed to be 
proport ional  to the current  density in the upper  10 -3 
and lower 10 -2 decades. Then both the polarization 
correction, j x, and Tafel  slope may be est imated alge-  
braical ly from two equations of the form ( ~  -- j3x) -- 
( ~  -- j lx)  ---- --0.48T, in which  the subscript 3 refers  
to the overvol tage at a current  densi ty J3 that  is 3 times 
as large as that  at jl. T is the Tafel  slope in mV/decade,  
x is the correct ion factor in m V / m A - c m  -2, and n is in 
mV. The est imate obviously becomes more  exact  when 
applied in the region in which the corrections for both 
anodic current  and concentrat ion polarization are  as 
small  as possible, that  is, f rom the middle  of the 10 -3 
decade to that of the 10 -2 decade. The approximated  
Tafel  line wil l  usual ly have a slope that  is numer ica l ly  
too small, but  f rom its intersection on the  ~ = 0 axis 
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it may be determined by tr ial  what  small  shift in j + is 
needed to satisfy cri terion (B) above. 

Sixteen cathodic polarizations were conducted with 
the pellet or rod of technet ium and with technet ium 
plated over gold or p la t inum.  In two instances, a film 
of corrosion product was del iberately formed by leav-  
ing the electrode in  the cell overnight  in an atmosphere 
of helium. The resul t ing open-circui t  potential  was 
very  close to the reversible potential  of the Tc-TcOH 
couple (1) when  polarization was started. The curve 
in Fig. 1 is representat ive of 10 experiments  with ful ly 
reduced electrodes, the average Tafel slope being 
--41.2 __ 1.8 mV/decade (37 to 44). The two coated 
electrodes agreed in having a Tafel slope of --80 m V /  
decade. When a cathodic polarization followed an 
anodic polarization to some 100 mV noble to the H.E.V., 
the cathodic Tafel slope was in termediate  between these 
values (--47, --47, --48 mV/decade) .  By polarizing a 
given electrode both when  ful ly reduced and, af ter-  
wards, when some anodic film had been formed, it was 
found that  the correction for anodic current  is con- 
siderably reduced by formation of film. 

I t  is noteworthy that  the j + va lue  for the pellet elec- 
trode and for those in  which technet ium was plated 
over p la t inum was considerably larger than it was 
when a th in  layer  of technet ium was plated over gold 
(ca. 10 -3 vs. 10 -4 A/cm2).  For this reason, measure-  
ments  with the different types of electrodes gave Tafel 
lines which span about 70 mV in their  position on 
the axis of overvoltage. Although the absolute surface 
areas undoubtedly  differed somewhat from the esti- 
mated areas, this var iat ion could not  be sufficient to 
account for the observed span. A possible factor may 
be the fact that  p la t inum absorbs more hydrogen than 
does gold. Such an explanat ion would be consistent 
with other exper iments  in an atmosphere of helium. 
In  these, it was observed that  the current  density at a 
given negative overvoltage decreases if the electrode 
is left on open circuit  for some t ime and then polarized 
again at the same potential. The current  densi ty at 
this potential  can be raised by  holding the electrode at 
a higher negative potent ial  to recharge the electrode 
ful ly with hydrogen and then restoring the original  
potential. It thus appears that  the rate of the cathodic 
process is related to the concentrat ion of hydrogen in 
the electrode. (The necessity to use hel ium in polar-  
izations near  or noble to the H.E.V. arises from the fact 
that oxidation of technet ium begins in this region, al- 
though the current  densi ty is much lower than that for 
oxidation of hydrogen.) 

Technetium electrodes: anodic polarization.--As was 
shown before (1), technet ium forms a series of hydrous 
oxides as surface films when subjected to anodic po- 
larization, or when  Tc(OH)4 precipitated upon the 
metal  is reduced cathodically. The numerous  couples 
between the metal  and one of these oxides, or between 
two of the oxides, have normal  potentials, VH o, cover- 
ing the span between 0.031 and 0.768V. Anodic polar-  
ization therefore oxidizes both hydrogen, if present, 
and technet ium or its oxides. A fur ther  complication 
in anodic polarization is the slowness of the t rans i -  
tions between the several  couples formed by the in -  
soluble oxidation products, hence the results of an 
anodic polarization are highly dependent  upon the 
state of the electrode when  polarization is started. 

In  discussing the analysis of cathodic polarization 
curves above, Fig. 1 was used to i l lustrate the constant  
rate of oxidation of hydrogen from the technet ium sur-  
face on both sides of ~o. This behavior  is fur ther  ex-  
amined in experiments  represented by Fig. 2. Curves 
1 and 2 per ta in  to anodic scans at the rate of 48.3 mV /  
min, following cathodic polarization of the pellet elec- 
trode in 1N H2SO4 in hydrogen. After this init ial  po- 
larization, the open-circuit  potential  was --263 mV, or 
wi th in  3 mV of the calculated H.E.V. Hel ium then re-  
placed hydrogen before beginning  the scan at --400 
inV. Curve 1 shows that  the current  density fluctuated 
somewhat dur ing  the first part  of the experiment,  but  
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Fig. 2, Polarization of technetium electrodes in 1N H2SO4. 
Curve 1: Scan at 48.3 mV/min in helium after cathodic polariza- 
tion. Curve 2: Second scan after 20 rain on open circuit. Curve 3: 
Potentiostatic anodic polarization after holding potentials of 
--200 to 0 mV for 48 min to oxidize hydrogen. Curve 4: Cathodic 
polarization of electrode bearing film from curve 3. Curve 5: 
Anodic polarization following curve 4 and elimination of hydrogen 
at --100 and 0 mV (61 min). 

then remained  at 4.5 x 10 -4 A / c m  2 unt i l  the scan was 
discontinued at +450 mV. Dur ing  this in terva l  (17.6 
min) ,  the open-circui t  potent ial  ennobled only 2 mV, 
thus indicating that  the electrode still contained hy-  
drogen. 

The electrode was then left on open circuit  for 20 
min, dur ing  which t ime the potent ial  rose and was 
still r ising at --235 mV, when  the scan was repeated, 
beginning at --200 mV. The result  is shown in curve 2. 
The oxidation rate is an order of magni tude  lower, but  
as the succeeding exper iments  showed, more drastic 
t rea tment  is required to suppress the hydrogen reac- 
t ion completely. 

In  the measurements  represented by curve 3, the 
pellet electrode was given a rapid cathodic polarization 
(in hel ium),  and when the current  became anodic each 
potential  was main ta ined  potentiostat ically un t i l  an 
approximately constant  current  densi ty was realized. 
These times were 23 min  at --200 mV, 17 min  at --100 
mV, and 8 min  at 0 inV. Polarizat ion was then con- 
t inued to 800 mV. The valley in  the curve then fell at 
around 10 -6 A / c m  2. The great increase in the current  
densi ty beginning  at 400 mV corresponds to conversion 
of the oxide film into soluble HTcO4; it was observed 
in several similar experiments  always to begin in the 
vicini ty of 400 mV. (The normal  potent ial  of the 
Tc(OH)4-TcO4- couple, VH ~ is 0.738V, or 0.493V 
SCE.) The electrode was left in the cell overnight  on 
open circuit with hel ium passing. Upon renewing  the 
solution, the electrode potential  was found to be 249 
mV, or wi th in  3 mV of the reversible  potent ia l  of 
the Tc( I I - IV)  couple (1). 

The electrolyte from the anodic half  cell was ana-  
lyzed for pertechnic acid, HTcO4. For this purpose, an 
aliquot was treated with excess of BaCO3 to remove all 
solutes bu t  Ba (TcO4)2. A small aliquot of this solution 
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was evapora ted  on a counting p la te  for measuremen t  
of the be ta  act ivi ty.  The to ta l  solution contained 0.6 
mg of technet ium as a resul t  of the  oxidat ion.  

The  filmed elect rode was nex t  polar ized ca thodica l ly  
f rom 0 mV to --450 mV and back  to --300 mV, the  
resul ts  being shown in curve 4. This curve, when  cor-  
rected,  gives a Tafel  slope of --80 mV/decade ,  in 
agreement  wi th  the  resul t  for another  e lectrode b e a r -  
ing a corrosion film. The low ra te  of reduct ion of the  
film at  0 mV is c lear ly  seen, a l though the  t h e r m o d y -  
namic da ta  indicate  tha t  Tc(OH)4  should be  reduced  
at  this  potent ial .  

Fo l lowing  this cathodic polarizat ion,  the same elec-  
t rode  was  he ld  at  0 mV and --100 mV unt i l  the  cu r ren t  
densi ty  indicated subs tant ia l  e l iminat ion  of excess h y -  
drogen (13 rain at 0 mV, 40 min  at  --100 mV, and 8 
rain again  at  0 mV).  Anodic  polar izat ion from 100 mV 
now gave resul ts  (curve  5) in close agreement  wi th  
those of curve  3 for h igher  potentials .  

The results,  t aken  together,  show that  t echnet ium 
and its surface films are  oxidized wi th  a ra te  approx i -  
mat ing  10 -0 A / c m  2 over  a range of potent ia ls  f rom 
--200 to +400 mV; at  h igher  potentials ,  oxidat ion to 
HTcO4 occurs rapidly .  The tenac i ty  wi th  which hydro -  
gen is r e t a ined  in the  me ta l  is also shown, together  
wi th  the  fact  that  oxida t ion  of hydrogen  is essent ia l ly  
independent  of the poten t ia l  over  a wide range. 

The iron-technetium electrode.--The al loy e lect rodes  
were  polar ized in IN H2SO4 (pH 0.35) and a 1/V mix -  
ture  of H2SO4 and Na2SO4 at a pH of 2.7. The indica ted  
p re t r ea tmen t  gave as nea r ly  reproducib le  a surface as 
it  seemed possible to obtain,  since the  ini t ia l  cathodic 
polar izat ion of different  specimens gave closely agree-  
ing results.  F igu re  3, curve  1 shows the resul ts  for  two 
potent iostat ic  cathodic polar izat ions  ( O , [ ] ) .  Concen- 
t ra t ion polar izat ion becomes impor tan t  at  the  h igher  
cur ren t  densities,  but  a Tafel  l ine wi th  a slope of --110 
mV/decade  is appa ren t ly  indicated,  this being only 
s l ight ly  less, numer ica l ly ,  than  t ha t  no rma l ly  observed 
on pure  iron. The corrosion potent ia l ,  ca. --500 mV 
(SCE),  is app rox ima te ly  normal,  bu t  the  indica ted  
corrosion cur ren t  dens i ty  appears  to be s l igh t ly  h igher  
than  tha t  for  pu re  iron. Curve 1 is represen ta t ive  of 
numerous  measurements .  

When  potent iosta t ic  polar iza t ion  was car r ied  to po-  
tent ia ls  noble to the  corrosion potent ial ,  an anomalous  
anodic curve was a lways  obtained.  At  overvol tages  up 
to perhaps  + 50 mV, a m a x i m u m  cur ren t  was observed 
quickly  when the potent ia l  was shif ted to a more noble 
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value;  it  then decreased slowly. In t e rmi t t en t  measu re -  
ment  of the  open-c i rcu i t  potent ia l  showed tha t  this  
was shift ing in the  noble direct ion as anodic corro-  
sion proceeded,  hence, at  a fixed appl ied  potent ial ,  the  
overvol tage  decreased wi th  passage of current .  Curve 
2 in Fig. 3 shows the resul ts  for a typica l  electrode,  
the  app rox ima te ly  s tabi l ized cu r ren t  densi t ies  being 
plot ted  against  the appl ied  potential .  I t  is seen tha t  the  
e lectrode is almost  unpolar izab le  at  ca. --440 mV unt i l  
the  cur ren t  dens i ty  has r isen to the  order  of 10 -2 
A / c m  2. Af te r  anodic polar iza t ion  was t e rmina ted  at 
4.6 x 10-2 A / c m  2, cathodic polar izat ion in renewed  elec-  
t ro ly te  gave curve 3 . .The  open-c i rcu i t  potent ia l  had  
shif ted to --470 mV, as shown at  E'c, in Fig. 3. I t  m a y  
be seen tha t  the  cathodic Tafel  slope is not  s ignif icantly 
d iminished in this instance, bu t  tha t  the  overvol tage  
for a given ra te  of evolut ion of hydrogen  is about  70 
mV lower  than  i t  was for  the  f resh ly  p repa red  elec-  
trode. 

Examina t ion  of the  e lec t ro ly te  af ter  s imi lar  anodic 
polar izat ions showed tha t  l i t t le,  if any,  t echnet ium 
passed into solut ion (beta  count too smal l  to be s ta t i s -  
t ica l ly  significant) ,  a l though at cons iderab ly  more  
noble potent ials  surface technet ium can be oxidized 
to soluble per technic  acid, as was noted  previously.  
That  dissolution of i ron dur ing  anodic polar iza t ion  
left  technet ium to accumula te  on the surface was dem-  
ons t ra ted  analyt ica l ly .  I t  was found tha t  a 10-rain 
ext rac t ion  of the  e lect rode with  6N NH4OH containing 
H202 oxidized the superficial  t echnet ium to TcO4-,  the  
beta  ac t iv i ty  of which could be de te rmined  af te r  evapo-  
ra t ion of a smal l  a l iquot  on a count ing plate.  S imi la r  
t r ea tment  of electrodes was employed  to remove  ex -  
t rac tab le  technet ium before  the i r  first use. 

At  the  conclusion of the  successive polar izat ions 
represen ted  by  curves  1-3 in Fig. 3 (point  a) ,  such an 
analysis  showed the presence of 2.4 ~g of ex t rac tab le  
technet ium from 0.306 cm 2, which  corresponds to 4.7 x 
10 TM atoms per  cm 2. In the  or iginal  alloy, un i form dis-  
t r ibut ion  of technet ium would  correspond to the order  
of 10 TM atoms per  cm 2, hence the  shift  in the  corrosion 
potent ia l  dur ing  anodic polar izat ion is associated wi th  
an enr ichment  of the  surface layer  in the  a l loying e le-  
ment.  Since the highest  potent ia l  reached in the  anodic 
polar izat ion of Fig. 3 was 140 mV negat ive  to the re -  
versible  potent ia l  of the Tc-TcOH couple in 1N H2SO4 
(1), it  mus t  be  p resumed  tha t  the  meta l  r ema ined  in 
e lementa l  form. In numerous  exper iments ,  i t  was ob-  
served tha t  res idual  technet ium rose to the  order  of 
101e-101T a t o m s / c o  2 dur ing  typ ica l  anodic polarizat ions.  

In  view of the  ea r ly  d iscovery  of this  constant  
change in the  surface state, in la te r  exper iments ,  such 
as those represen ted  by  Fig. 3, the  open-c i rcu i t  po ten-  
t ia l  was measured,  in anodic polarizat ions,  jus t  p r io r  
to each change of the  potential .  In  this  way,  ambien t  
overvol tages  were  obta ined and used for the curves  in 
Fig. 4. The current  densi t ies  p lo t ted  a re  those read  
just  before  tak ing  the  open-c i rcu i t  po ten t ia l  and ra i s -  
ing the potential .  Curve (2~), in Fig. 4, represents  the  
same data  as those for curve 2 in Fig. 3. Comparison 
of the two curves  shows that,  whi le  the  cu r ren t  den-  
s i ty rose  f rom 10-3 to 10-9 A / c o  2, the  potent ia l  was 
raised by  16 mV, but  the overvol tage  increased b y  only 
4 mV. The "unpolar izab i l i ty"  depends  upon the ra te  at  
which the  potent ia l  is raised.  

Fo r  fu r the r  s tudy  of this  anodic effect, a f reshly  
c leaned electrode was polar ized ca thodica l ly  in 1N 
H2SO4, the first pa r t  of the  curve being shown, as 4 
in Fig. 4. The ent i re  curve was in close agreement  
wi th  curve 1 in Fig. 3. Upon complet ion of the  cathodic 
polarizat ion,  the  e lect rode was left  to corrode spon-  
taneous ly  in the  cell, wi th  he l ium passing.  Af te r  ca. 
16 hr, the  cell  solution was renewed and it was found 
that  the open-c i rcui t  po ten t ia l  had  shif ted f rom --504 
to --452 mV. An elect rode of pu re  i ron in the  same 
solut ion was at --500 mV. The al loy e lect rode was then  
polar ized anodica l ly  to a m a x i m u m  cur ren t  dens i ty  of 
16.3 m A / c m  2, dur ing  which t ime  the  open-c i rcui t  po-  
ten t ia l  r emained  essent ia l ly  constant  (--452 to --450 
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Fig. 4. Polarization of iron-technetium electrodes in 1N H2SO4 
under He, plotted as overvoltages. Curve 2~1: Data of curve 2 in 
Fig. 3 plotted as overvoltages against the measured ambient open- 
circuit potential. Curve 4: Portion of cathodic curve of a fresh 
electrode. Curve 5: Anodic curve for the same electrode after 
spontaneous corrosion for ca. 16 hr under He; x's calculated from 
subsequent cathodic curve 6. Curve 6: Repetition of cathodic polar- 
ization after anodic curve 5. Points on curves 5 and 6 were taken 
with both rising and falling potentials. 

mV).  The calculated overvoltages are therefore sig- 
nificant for a surface state already enriched in tech- 
ne t ium to somewhat less than 4.6 x 10 TM atoms/cm 2. 
(This was the value found after an addit ional anodic 
polarization in which a fur ther  slight ennobl ing of the 
corrosion potential  occurred.) 

The data for the ini t ial  anodic polarization of this 
electrode are given in curve 5 of Fig. 4. It is seen that 
there is no region of unpolar izabi l i ty  in this case, and 
that  the curve merges smoothly into the l inear  part  of 
curve (2~]) obtained after the open-circui t  potential  
had vi r tual ly  stabilized at the more noble value in the 
previous experiment.  

Polarization was next  cont inued into the region of 
cathodic potentials and back to the open-circui t  po- 
tential, with the results shown in curve 6 of Fig. 4. 
The apparent  Tafel slope is distinctly less than that  for 
the fresh electrode and indicates a substant ia l  increase 
in the corrosion current  density at the  ennobled corro- 
sion potential. On the anodic side, the curve repre-  
sented by x's is calculated from the extrapolated 
cathodic Tafel and shows that the electrode, after 
overnight  corrosion, is more polarizable than pure  iron, 
which normal ly  has a Tafel slope of %40 mV/decade.  
In  repeated experiments,  it was found that extraction 
of an anodically polarized electrode with ammoniacal  
peroxide caused a subsequent ly  measured cathodic po- 
larization curve to rever t  to that  of a freshly prepared 
electrode. Hence this t rea tment  effectively removes 
excess technet ium from the surface. 

On the right side of Fig. 3 the dashed curves repre-  
sent the Tafel lines for anodic polarization of pure 
iron and cathodic polarization of the pellet of tech- 
netium, respectively, in 1N H2SO4. It  is seen that, 
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Fig. $. Passivation (P) and activation (A) of iron-technetium 
electrodes in IN H2SO4, 24~ He. Curve 1: Anodic passivation at 
400-500 mV; (upper scale). Curve 2: Activation at 450 mV; (upper 
scale) Curve 3: Fast passivation at 2V and activation at ca. 450 
mV; (lower scale). 

ideally, a couple between the two electrodes should 
have a potential  of about --375 mV, if their  areas were 
equal and there were no concentrat ion polarization. 
Actually, concentrat ion polarization causes the curves 
to bend over considerably (Fig. 5, curve 1 and Fig. 1). 
Hence their  intersection would come at a lower local 
current  density than that  indicated by the dashed Tafel 
lines, bu t  in  the same region of potentials. This was 
verified experimental ly.  An  electrode of Armco mag-  
netic iron was directly shorted to the pellet in 1N 
H2SO4. The area of the iron electrode was 1.6 times 
that estimated for the pellet, but  the potent ial  of the 
couple came quickly to --372 mV. This figure is of in-  
terest in connection with the observation that  the 
usual  anodic polarizations caused the open-circui t  po- 
tent ial  to shift only to the region of --440 to --460 mV, 
al though subsequent  extract ion of the superficial tech- 
ne t ium indicated amounts  sufficient to form a complete 
layer 10-100 atoms or more in thickness. It  is there-  
fore apparent  that  the thin layer of technet ium on iron, 
if, indeed, the 1016-101~ a toms/cm ~ are coalesced into 
a t rue layer, is quite un l ike  the surface of bu lk  tech- 
ne t ium with respect to evolution of hydrogen. As was 
indicated previously for the technet ium electrodes 
plated over gold, the solubili ty of hydrogen in the 
metal  may be playing a role. 

Passivation.--When the i ron- techne t ium alloy was 
dipped into concentrated HNO~, the results were visu-  
ally the same as those observed with pure  iron. De- 
cided differences were found, however, in experiments  
on anodic polarization to high current  densities. Po- 
larization was effected potentiostat ically at 24~ in  1N 
sulfate solutions at pH 0.35 (1N H2SO4) and 2.70, with 
hel ium passing through the solution. To obtain high 
current  densities, the 0.25 in. electrodes were com- 
pletely encased in "shrinkable vinyl"  tubing and then 
a small  hole was drilled through the tubing  to expose 
the metal. For the two sets of measurements  repre-  
sented by Fig. 5, the holes had areas of 0.08 and 0.1 
cm 2, respectively. Before being polarized, the metal  
was prepared by successive t rea tment  with 6N NI-I4OH 
plus H202, 6N HC1 plus H202, and, finally, 12N HC1. 

In  none of several experiments  did the decrease in 
current  density indicative of passivation begin at the 
Flade potential  of iron at ei ther pH value. Figure 5 
shows the results of two representat ive experiments  in 
1N H2SO4. For curve 1, the active electrode was po- 
larized in  steps from --400 mV. The cur ren t  densi ty 
decreased slightly at 350 mV, fell sharply at 400 mV, 
and fur ther  to a steady value at 500 mV. The current  
density, 3 m A / c m  2, however, was much greater  than 
the 7 ~A/cm 2 observed with pure iron (3). The current  
density just  before passivation was approximately the 
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same as that  for iron. When the potential  was lowered 
slightly, the electrode remained "passive" down to 460 
mV, when activation and repassivation ocurred. At 450 
mV, the electrode activated sharply; the fur ther  po- 
larization to lower potentials is shown in curve 2. The 
electrode was darkened, presumably  by formation of 
oxidation products of technetium. 

To minimize effects arising from insoluble oxidation 
products, a freshly cleaned electrode was polarized at 
once to a potential  of 2V (not al lowing for the IR 
drop).  For 1.2 rain, the electrode drew the max imum 
anodic output  of the potentiostat  (490 mA/cm2).  Passi- 
vation was then indicated visually by evolution of oxy- 
gen and a drop of the current  density to 250 mA / c m 2. 
Also, excess technet ium on the surface was presum- 
ably oxidized to HTcO4. As shown in Fig. 5, curve 3, 
the current  density at 1.75V was 56 mA/cm ~. The po- 
tent ial  was then lowered to 750 mV in one step and the 
curve gives the subsequent  results. Instabi l i ty  at 530 
mV was followed by repassivation, which persisted 
to 450 mV. The two types of experiments  agree in 
showing that  active-passive transit ions occurred be- 
tween 450 and 500 mV, although the current  densities 
of 1-3 m A / c m  2 are too large to be considered as t ru ly  
passive in the usual  sense of the term. 

Discussion 
The electrochemistry of technet ium is chiefly char-  

acterized by  the broad span of potentials over which 
it is almost inactive. In Fig. 2, it is seen that el im- 
ination of hydrogen reduces the anodic current  density 
to the order of 10 -6 A / c m  ~, based on the estimated 
geometrical area. Consideration of roughness would 
certainly reduce this number  by a factor of 3 or, per-  
haps, more. The exchange current  for l iberat ion of 
hydrogen on the pellet electrode is similar to that  
on p la t inum (ca. 10 -3 A/cm~) in 1N H2SO4, so that  
the min imal  activity of the technet ium itself does not 
measurably  polarize the hydrogen electrode potential  
in an atmosphere of hydrogen. In  cathodic polariza- 
tion, the hydrogen overvoltage is less than it is on 
plat inum, the Tafel slope being ca. --40 mV/decade, 
ra ther  than --119 mV/decade. In  Ref. (2), a low value 
for the Tafel slope was reported also for rhenium,  
though it would seem that the exchange current  is 
considerably larger on technet ium than it is on rhen-  
ium. 

Figure  2 i l lustrated also the tenaci ty with which hy-  
drogen is retained by technetium. The assumption that 
anodic oxidation of hydrogen proceeds at an essen- 
t ial ly constant  rate over an appreciable range of po- 
tentials  is shown both in Fig. 2 and also in the anal-  
ysis of polarization curves, such as that given in Fig. 
1. This shows that the rate is at least par t ly  controlled 
by a slow diffusion process wi thin  this region of po- 
tentials. 

As shown previously (1), technet ium forms couples 
with its hydrous oxides as films for which reversible 
potentials can be determined. For the lowest valence 
state, we have: Tc ~- H20 -> TcOH + H + + e - ;  ~rH~ 
: 0.031V. This potential  was observed repeatedly in 
an atmosphere of helium, the compound TcOH with 
a free energy of formation of --56.0 kcal mole -1 being 
identified in couples both with the metal  itself and 
with the hydrous oxides formed at higher potentials. 
Potentials  in the range of VH ~ "- 0.01 to 0.02V were 
several t imes observed as brief halts in potent ia l - t ime 
curves on open circuit when hydrogen was being dis- 
placed by helium. Since the lowest couple potential  
for technet ium and its corrosion product is noble to 
the H.E.V., these cannot  be considered as corrosion 
potentials. In  the light of Fig. 2, they represent  pseudo- 
s tat ionary potentials of a hydrogen electrode on tech- 
ne t ium at a diminished activity of adsorbed hydrogen. 
As shown in (1), spontaneous ennobl ing of the poten- 
t ial  occurs slowly, presumably  as a radiolytic effect 
(4), and often with an easily recognizable hal t  when 
the potential  of the Tc(0-I)  couple is reached. 
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Figure 2 shows that  the rate of oxidation of TcOH 
and the other film components is less than  10 -6 A / c m  2 
unt i l  the potential  is high enough to produce soluble 
pertechnic acid. It  was observed fur ther  that  the metal  
remains  black at the most noble potentials shown in 
Fig. 2. It must  therefore be presumed that  under  these 
conditions metal  is oxidized more rapidly than the ox- 
ide film. 

The polarization measurements  show that  the 0.1% 
addition of technet ium to iron alters its cathodic be- 
havior and init ial  corrosion ra te  very little. Under  
spontaneous corrosion or anodic polarization, however, 
irreversible accumulat ion of excess technet ium on the 
surface reduces the overvoltage for l iberat ion of hy-  
drogen, with the consequent ennobl ing of the open- 
circuit potential. The apparent  "unpolarizabil i ty" dur -  
ing an init ial  anodic polarization is thus of different 
origin from that  observed in the presence of iodide 
ions and some other anions, in  which a reversible 
change in the extent  of adsorption of an inhibi t ing 
species occurs. 

It may be significant that, in the experiments  repre-  
sented by Fig. 3 and curve 6 of Fig. 4, determinat ion 
of extractable technet ium gave essentially equal 
amounts. The cathodic polarization curves had differ- 
ent slopes, however, and the open-circuit  potential  
had shifted in the noble direction by different amounts  
before cathodic polarization. The larger shift in the 
open-circui t  potential  coincided with the decrease in 
the numerical  value of the Tafel slope. Both observa- 
tions indicate that the surface of the electrode was 
more like that of pure technet ium in the experiment  
of Fig. 4. It  may  be inferred that  the difference arose 
from the fact that the technet ium accumulated in a 
slow spontaneous corrosion in this case, whereas it 
was bui l t  up rapidly at a polarized potential  in the 
other experiment.  This difference might  well  cause the 
anodic attack to be of different type or distr ibution 
in the two cases. 

That the presence of even low concentrations of 
technet ium interferes with the complete passivation 
of i ron need not be surprising, if it is noted that for- 
mation and oxidation of technet ium surface compounds 
are shown by Fig. 2 to increase rapidly just  above the 
potential  at which passivation of iron might  be ex- 
pected to occur. Previous work has shown that  even 
a considerable deposit of Tc(OH)4 on an iron surface 
is not, in itself, protective in the absence of inhibi t ing 
pertechnetate ions in solution (5), al though a very  
small amount,  in combinat ion wi th  the film of passive 
iron, facilitates the processes leading to passivation 
in the presence of the inhibi tor  (6). Thus, the fact 
that  the current  density is decreased by 4.5 orders of 
magni tude  in the passivation of i ron but  by only 2 
orders when 0.1% of technet ium is present  may well  
be a t t r ibutable  to continuous rup tur ing  of the film by 
formation and fur ther  oxidation of technet ium com- 
ponents in the surface. These processes, in effect, 
would introduce porosity into the film. Alternat ively,  
the oxidation of technet ium components  in the film 
may provide a mechanism by which electrons may be 
removed from the film more readi ly than by creation 
of electron holes in the ful ly oxidized film of iron, 
which was postulated to be the origin of real passiv- 
i ty (7). 
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Nonaqueous Electrochemistry of 1-Hydroxy-9,10-Anthraquinone 
and Its Conjugate Base 

Ivan Piljac' and Royce W. Murray *~'8 
Depar tmen t  of Chemistry, University of North Carolina, Chapel H~ll, North Carolina 27514 

ABSTRACT 

The e lect rochemical  behaviors  of 1 -hydroxy-9 ,10-an thraquinone  (HOAQ) 
and its conjugate  base ( O A Q - )  have been compared  in DMF and acetoni t r i le  
solvents, HOAQ is reduced  in two one-e lec t ron  steps to s table  anion rad ica l  
and dianion, whi le  O A Q -  reduces  in a single two-e lec t ron  wave  accompanied 
by  a monoprotonat ion  reaction.  Addi t ion  of phenol  as pro ton  source to DMF 
solutions of O A Q -  forms a he te roconjuga te  ac id -base  dimer,  ~ O H  �9 �9 �9 O A Q - .  
This complex  is r educed  at  a potent ia l  i n t e rmed ia te  be tween  tha t  of HOAQ 
and O A Q - ,  and in te rpre ta t ion  of its. react ion includes considerat ion of con- 
comitant  format ion  of~OOH �9 �9 �9 O ~ -  homoconjugate  dimer.  The conjugate  
base  O A Q -  is oxidizable  by a one-e lec t ron  react ion which is fol lowed by  
r ap id  hydrogen  a tom abst rac t ion  to y ie ld  HOAQ as product .  Combined th in -  
l aye r  spect roelec t rochemical  and coulometr ie  measurements  form an impor tan t  
supplement  to the convent ional  e lec t roana ly t ica l  methods  used in this  s tudy.  

A m o n g  the  extens ive  l i t e ra tu re  deal ing wi th  the 
e lec t rochemis t ry  of  quinones, there  a re  severa l  repor ts  
(1-5) which give data, in aprot ic  media,  on com- 
pounds  bear ing  h y d r o x y l  groups in posit ions con- 
ducive to hydrogen-bond ing  to quinone oxygen.  This 
hydrogen-bond ing  is expected  to stabil ize the quinone 
agains t  reduct ion.  A grea te r  hydrogen-bond ing  s tab i -  
l izat ion ensues, however,  in the  nega t ive ly  charged 
semiquinone product  of the charge t ransfe r  (2, 4). The 
ne t  exper imen ta l  resul t  observed for  such quinones is 
a po la rographic  El/2 for the first e lec t ron t rans fe r  s tep 
which  is cons iderab ly  more  posit ive than  the El/2 for 
the  analogous reduct ion  step for the  pa ren t  (unsub-  
s t i tu ted)  quinone. 

The presen t  s tudy  was under t aken  to compare  the 
cathodic e lec t rochemis t ry  of one such hydroxyquinone ,  
l : hydroxy-9 ,10-an th raqu inone ,  denoted HOAQ, wi th  
tha t  of its conjugate  base, denoted as O A Q - ,  in N,N- 
d i me thy l fo rmamide  and o ther  aprot ic  solvents.  The 
in t ramolecu la r  hydrogen-bond ing  effect is absent  in 
the O A Q -  conjugate  base. I t  was also of in teres t  to 
examine  the re la t ive  effects of added  proton donors 
on the HOAQ and O A Q -  e lec t rochemis t r ies  and to 
uti l ize in pa r t i cu la r  the  advantages  of combined thin 
layer  coulometr ic  and spect roelec t rochemical  exper i -  
ments  (6) to acquire  a de ta i led  pic ture  of the p ro tona-  
t ion steps which  might  accompany charge t ransfe r  in 
the aprot ic  and  added-p ro ton  situations.  Severa l  i n t e r -  
est ing effects came to l ight  under  this  deta i led  
scrutiny,  a novel  one of which is a demons t ra t ion  of 
par t ic ipa t ion  of homoconjugate  and he te roconjuga te  
ac id-base  d imers  in an e lec t rochemical  reaction. 

In  addi t ion to these cathodic studies, some data  on 
an oxidat ion  react ion of the phenola te  O A Q -  species 
are  presented.  

Experimental 
Chemicals.--Dimethylformamide (Baker  and A d a m -  

son, reagent  grade)  was purif ied according to B r u m -  
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1 Present  address: Labora tory  of  Inorganic  Chemistry ,  Faculty  of 

Technology, Univers i ty  of Zagreb,  Zagreb,  Yugoslavia. 
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K ey  words:  hydroxyan th raqu inone ,  acid-base dimers,  optically 
t r ansparen t  electrodes, spectroeleetroehemistry,  polarography.  

mer  (7) and was kept  under  ni trogen.  Al l  solution 
p repara t ions  and manipu la t ions  were  car r ied  out  in a 
d ry  ni t rogen atmosphere.  Acetoni t r i le  (Eas tman 
Spec t rograde)  was used as received.  P ropy l ene  car-  
bonate  (Eas tman Prac t ica l  Grade)  was purif ied and 
s tored as descr ibed ear l ie r  (8).  

1 -Hydroxyan th raqu inone  (Aldr ich  Chemical  Com- 
pany, Red Labe l )  was purif ied by  vacuum subl imat ion;  
its solutions were  ye l low in color. The t e t r a e thy l ammo-  
n ium sal t  of HOAQ was p repa red  by  adding a smal l  
excess of t e t r a e t h y l a m m o n i u m  hydrox ide  to a solution 
of HOAQ in e thyl  alcohol. The solution was boiled 
for severa l  minutes  and f i l tered th rough  a medium 
s intered glass f l i t .  The f i l t rate was evapora ted  almost  
to dryness,  and the crysta ls  fo rmed  were  collected 
and washed by  Soxhle t  ex t rac t ion  wi th  3% ethyl  
alcohol in d ie thy l  e ther  to remove  any t races  of paren t  
HOAQ. The washed  crys ta ls  we re  collected b y  fil- 
t ra t ion,  d r ied  in vacuo at 60~ for  severa l  hours,  and 
s tored in a d ry  a tmosphere .  E lementa l  analysis  of the 
b l ack -pu rp l e  t e t r a e t h y l a m m o n i u m  salt  showed that  it  
was a monohydra te :  (E t )4N+OAQ - . H 2 0 :  carbon, 
determ. 70.19 __+ 0.10%, theor.  71.1%; hydrogen,  
determ. 7.96 • 0.05%, theor. 7.81%; nitrogen,  determ. 
3.90%, theor. 3.77%; oxygen,  determ. 17.51 • 0.27%, 
theor. 17.25%. Potent iometr ic  t i t ra t ion  of this  salt,  
car r ied  out  in glacia l  acetic acid (9), indica ted  an 
equiva lent  weight  of 371 ( theore t ica l  371.22). The 
potent iometr ic  t i t ra t ion  involved addi t ion of an excess 
of s t andard  HC104 and back t i t r a t ion  wi th  sodium 
acetate.  The t e t r a m e t h y l a m m o n i u m  sal t  of HOAQ 
could be p repa red  by  the same procedure,  but  ele-  
menta l  analysis  of the  product  showed tha t  i t  was of 
unsa t i s fac tory  pur i ty .  

T e t r a e t h y l a m m o n i u m  hydrox ide  (Eas tman Organic  
Chemicals;  50% solut ion in w a t e r ) ,  phenol  (Baker  Re-  
agent  Grade) ,  and benzoic acid (Al l ied  Reagent  
Grade)  were  used as received.  Te t r ae thy l ammon ium 
perch lora te  (Eas tman Organic)  was recrys ta l l ized  
twice  f rom wate r  and dr ied  at  l l0~ 

Gas- l iqu id  chromatographic  analysis  of the  wate r  
concentra t ion in the  DMF solvent  gave a value  of 
0.040 m o l a r  as the  p robab le  wors t  case. The p rocedure  
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Fig. I. Optically transparent thin layer electrode assembly. A, 

50/~ Teflon spacer each side of minigrid; B, Solution inlet; C, 500 
lines/in, gold minigrid (area clear of spacer 1.58x0.9 cm); D, Light 
path; E, Bridge to reference electrode; F, Reference electrode 
compartment; G, Pt gauze auxiliary electrode; H, Epoxy cement. 

used was  s imi la r  to one repor ted  for  analysis  of p ro -  
pylene  carbonate  (10). 

Solut ions were  p repa red  under  n i t rogen fresh for 
each exper iment .  Solut ions of HOAQ are  stable;  those 
of O A Q -  are  s table (violet  color) if s tored under  
n i t rogen but  tend to decompose (to HOAQ) when 
exposed to air. 

Apparatus and procedure.--Figure 1 shows the 
opt ica l ly  t r anspa ren t  th in  l aye r  cell  assembly,  an 
e labora t ion  of an ea r l i e r  a r r angemen t  (6), employed 
in measurements  of coulometr ic  e lectrolysis  charges  
and product  spectra.  A gold min igr id  (500 l ines/ in . )  
was used in the  a l l -g lass  cell, which  had  an e lect rode 
a rea  of 1.58 x 0.9 cm and th in-so lu t ion  l aye r  th ick-  
ness of 114 • 1F, as measured  by  comparison to absorb-  
ances of both HOAQ and O A Q -  in a s tandard  500# 
spec t rophotometer  cell. Correct ion of the spectra l  
thickness,  for the  min igr id  e lectrode volume, gives a 
solut ion thickness of 112~ to be used for calculat ions 
wi th  coulometr ic  data. The e lect rode was opt ica l ly  
masked  down to a window of 1.5 x 4 m m  wi th  b lack  
tape, s l ight ly  smal ler  than  the opt ical  beam dimension 
of the Cary  Model  14 spec t rophotometer  employed  for 
spec t ra l  measurements .  The  sample  solut ion was 
t r ans fe r red  wi th  n i t rogen pressure  from the 10 ml  
volumet r ic  flask ( in which it had  been p repa red  and 
degassed wi th  p re sa tu ra t ed  n i t rogen)  th rough  glass 
tubing  (wi th  shr inkable  Teflon joints  at  b r eakage -  
prone points)  into the  thin l aye r  cell  mounted  in the  
Cary  compar tment .  The cell  was preflushed with  
ni t rogen before  the  ini t ia l  filling. I t  was found neces-  
sary, especia l ly  for ex tended  spectra l  observations,  
to inser t  a Teflon stopcock immed ia t e ly  ad jacent  to 
the in le t  tube of the  th in  l ayer  cell. This stopcock 
was closed af ter  filling the  cell  wi th  fresh solution to 
p reven t  any  sl ight  solution flow through the cell  

caused by  t e m p e r a t u r e  gradients  in the  closed solu- 
t ion system. Such gradients,  in the  absence of this 
precaution,  could cause slow and ar t i fac tua l  changes 
in the  thin l aye r  solution spectrum. The reference  
beam of the  spec t rophotometer  was passed through 
an ident ical  but  empty  thin l aye r  cell  made  wi th  500 
l ines/ in ,  gold minigr id .  The same thin layer  cell  sur-  
v ived  an ex tended  series of spect roelec t rochemical  
measurements .  

For  po la rographic  and cyclic vo l t ammet r i c  exper i -  
ments,  a previous  cell  (8) was modified so tha t  the  
sal t  b r idge  compar tmen t  be tween  the work ing  and 
reference  electrodes ex tended  as a cap i l l a ry  t ip 
t e rmina t ing  wi th in  1 m m  of the  work ing  electrode.  
This b r idge  compar tmen t  could be filled wi th  degassed 
solution; this solut ion and tha t  used in the  reference  
electrode compar tmen t  was ident ical  to the  sample  
solution under  s tudy.  An  SCE wi th  NaC1 filler e lec t ro-  
ly te  was employed  as re ference  electrode.  

The hanging  me rc u ry  drop e lect rode employed for  
cyclic v o l t a m m e t r y  was p r e p a r e d  according to Shain  
et  al. (1I ) .  Rota ted  P t  wi re  and s ta t ionary  P t  or  Au  
foil  or  wi re  e lectrodes were  p re t r ea t ed  as r ecom-  
mended  by Adams  (12). A P t  mesh served as aux i l i a ry  
e lec t rode  in al l  exper iments .  

The e lec t rochemical  ins t rumenta t ion  was based on 
a Ph i lb r i ck  Researches Model  K7-A10 opera t ional  
amplif ier  mani fo ld  using convent ional  passive c i r -  
cuitry.  Data  recording  was by  a Tek t ron ix  Model  564 
oscilloscope, a Model 1005 Beckman 10" Recorder,  
and  a H e w l e t t - P a c k a r d  Model 7004A X - Y  recorder .  
The m a x i m u m  cur ren t  was measured  in polarographic  
exper iments  and was mul t ip l i ed  by  the factor  6/7 
for  calculat ions  of po larographic  constants  Ia (13). 

Results and Discussion 

Electrochemistry of 1-hydroxy-9,10-anthraqui- 
none.--The resul ts  of a va r i e ty  of e lect rochemical  ex-  
per iments  on 1-hydroxy-9 ,10-an thraqu inone  (HOAQ) 
are summar ized  in Table I. The two reduct ion steps 
in DMF, CH~CN, and p ropy lene  carbonate  solvents, 
exemplif ied by  the polarographic  curve G of Fig. 2, 
are diffusion control led  by  polarographic  and chrono-  
amperomet r i c  cr i ter ia .  Both the  values of E1/2 for the  
two waves  and the i r  potent ia l  separa t ion  agree  wi th  
ear l ie r  polarographic  resul ts  in DMF (2 ,4) .  Cyclic 
v o l t a m m e t r y  of HOAQ in DMF at P t  and Au elec- 
t rodes  (Fig. 3, Curve 1) demons t ra tes  chemical  r e -  
vers ib i l i ty  of both  cathodic react ions th rough  sweep-  
r a t e - independen t  un i ty  peak  cur ren t  ratios. S imi la r  
resul ts  are  obta ined in CH~CN and p ropy lene  ca rbon-  
ate solvents. On a me rc u ry  e lect rode in DMF, the  
two cathodic waves  are  wel l  behaved,  but  the anodic 
cyclic vo l t ammet r i c  waves  are  "noisy" in a manne r  
h igh ly  reminiscent  of behavior  ascr ibed  in another  
sys tem to s t r eaming  effects (14). 

Table h Summary of electrochemical characteristics of 1-hydroxy-9,10-anthraquinone 
0.1M Et4NC104 e l ec t ro ly t e  

1st w a v e  2nd  w a v e  S o l v e n t  

P o l a r o g r a p h y  E1/2, vs.  SCE  -- 0.645V -- 1.26V DM"F 
Ia(.) 2.11 1.99 
0 .059/n  59 m V  62 m V  
E1/~, 'vs. SCE  - 0 . 7 7 V  - 1.20V CI%CN 
0 .059/n  59 m V  62 m V  
El/s, ~$. S ~  ~ 0.74V -- 1.20V P r o p y l e n e  ca rbona t e  
0,059/n 59 mV 01 mV 

Cyclic v o l t a m m e t r y  i~,(r 1.00 _ 0.05(b) 1.00 • 0.5 (~) D M F  
i~fc;/i~r~) 1.0 ce) 1.1-1.4(e) 

C h r o n o a m p e r o m e t r y ( ~ )  it~/~, .~A sect/"~ 4.58 + 0.12 9.4 ~_ 0.13 D M F  
T h i n  l a y e r  coulometry(*)  Qcath/~anod 0.97 0.99 D M F  

Qcath(D/Qcath(2) ~ 0.91 

(a) F r o m  (6/7) t~(max)/td~/erns/3C b. 
(b) On P t  o r  AU e lec t rodes ;  V = 0.1 to  1.0 V/sec .  
~) On  H g  e lec t rode ,  a n o d i c  w a v e  of  f i rs t  w a v e  is  " n o i s y , "  poss ib l e  s t r e a m i n g  effect, p r o p e r t i e s  of n e i t h e r  anod ic  w a v e  r e p r o d u c i b l y  cor-  

r e l a t a b l e  w i t h  p o t e n t i a l  sweep  rate .  V = 0.1 to  1.0 V/sec .  
(~) P o t e n t i a l  s teps  on H g  e lec t rode  to  --0.9V and  --1.6V r e s p e c t i v e l y ;  t i m e  seaIe 0.025-1.0 sec. [HOAQ] = 1.20 m i l l i m o l a r ,  
(s) Qcath/Qanod ra t ios  fo r  f o r w a r d - r e v e r s e  p o t e n t i a l  s t e p p i n g  0 t o - 0 . 9 V  a n d  --0.9V to --1.6V, r e spec t ive ly .  



1760 J. Electrochem. Sot.: ELECTROCHEMICAL SCIENCE November 197I 

• 
0 

E 
-D 

-t--; C'- 

L 

Z] 
u 

-0.4 -0.6 -0.8 -1.0 -1.2 -1.4 

V o l t s  vs. S.C.E. 
Fig. 2. Polarograms of 0.835 mM Et4N+OAQ - in 0.1M TEAP- 

DMF. Curve A, O A Q -  only; curve B, added [~}OH] = 0.26 rnM; 
curve C, [~OH]  ----- 0.38 raM; curve D, [~OH]  - -  0.67 raM; curve 
E, [~OH]  ~ 0.96 mM," curve F, [~OH]  ~ 1.20 mM; curve G, 
1.02 mM HOAQ only; curve H, 1.02 mM HOAQ with added [~OH]  
---- 0.78 raM. 
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Fig. 3. Cyclic voltammograms of HOAQ and O A Q -  (electrode 
areas and current scales differ for curves I and 2). Curve 1, 
HOAQ on Pt in DMF; curve 2, O A Q -  on Pt in DMF, -. first 
cycle , . . ,  second cycle. 

Thin layer potential step coulometry in DMF solvent 
(Au minigrid electrode) demonstrates that both 
HOAQ reduction steps involve single electrons. 
Spectra of both one- and two-electron products are 
stable in DMF over a one-hour observation period, 
and both charge and reactant spectra could be quan- 
t i tat ively recovered upon reverse potential stepping 
in the optically transparent thin layer cell. 

Thus, reduction of HOAQ in DMF solvent on Au 
and Pt electrodes yields stable one- and two-electron 
products 

HOAQ 4- e-* HOAQ ~ [I] 

HOAQ-' + e-* HOAQ z- [2] 

The absence of significant protonation accompany- 
ing the second reduction step, indicated by its chem- 
ical reversibility, is confirmed by other spectral results 
presented later. The apparent  slight polarographic 
irreversibi l i ty of Reaction [2] is probably then a 
charge transfer rate effect (15). 

Spectra of HOAQ, HOAQ% and HOAQ 2-  are pre-  
sented in Fig. 4; band positions and intensities are: 
HOAQ, 400 nm (~ ---- 5.28 x 103); H O A Q - ' ,  388 nm 
(e = 5.18 x 103), 462 n m  (e ---- 5.19 x 103),  540 nm 
(6 = 9.40 x 103); and HOAQ 2-,  462 nm (e = 1.58 
x 104), 544 n m  (e -- 2.97 x 103). 

Spectra of HOAQ and its one- and two-electron 
thin layer electrolysis products in CH3CN solvent are 
blue-shifted from those in DMF by 5-10 nm but are 
otherwise similar. The spectra of the cathodic products 
decay in intensity (shape unchanged) with a half-l ife 
of about one-half hour, and charge recovery is in- 
complete upon reverse potential stepping in the thin 
solution cell. In propylene carbonate solvent, fairly 
rapid changes in spectral intensity and shape are 
observed for both reaction products. Thus, while the 
one- and two-electron products of the quinone reduc- 
tion are stable in all three solvents on the time scale 
of cyclic voltammetry, on the slower thin layer elec- 
trolysis time scale, stabili ty is observed only in DMF 
solvent. This solvent is accordingly emphasized in 
subsequent experiments in this report. 

Cathodic electrochemistry of the conjugate base o5 
HOAQ.--Solutions of the tetraethylammonium salt, 
Et4N+OAQ - ,  of 1-hydroxy-9,10-anthraquinone ex- 
hibit a single cathodic wave at a potential somewhat 
more negative than the second of the two one-electron 
reactions of HOAQ. Figure 2, curve A, illustrates this 
wave in DMF solvent. Table II summarizes some data; 
the reaction is ra ther  irreversible. The pol~ro~raphic 
]d for the quinone salt reduction is 84% of the sum of 
I~'s for the two one-electron steps for HOAQ; that n 
equals two for OAQ-  reduction is confirmed by poten- 
tial step thin layer coulometry. 

The reduction of OAQ-  is accompanied by a quan- 
ti tative monoprotonation step: the stable product 
spectrum observed in the transparent  thin layer  cell 
is identical in band positions and intensities (~4%)  
to that of the two-electron product o~ HOAQ, itself, 
curve A, Fig. 4. The reaction is, thus, wri t ten 

OAQ- + HS + 2e ~ HOAQ s- + S- [3] 

wbere HS is the medium proton source. If Reaction [3] 

A 
I 

.8 f~ ] 
B~ ! / 

i i I o .6 i ! / 
,~ , ! i ;,\E 
ca / !i /, !, 

.4 f ~ , 

" \ ~  .." 'q /-- ,. ' , 7 ~ . A \  

".--.L'>I 
360 4 0 0  4 4 0  4 8 0  520 560  600  640  

WAVELENGTH, rim. 

Fig. 4. Thin layer cell spectra in O.]M TEAP-DMF. I ---- 114#. 
Curve A, 5.25 mM HOAQ at - -1.4V (HOAQ2-) ;  curve 8, 5.08 mM 
HOAQ plus 5.08 mM benzoic acid at --0.8 or - -1.4V (H2OAQ-) ;  
curve C, 5.08 mM HOAQ; curve D, 5.25 mM O A Q - ;  curve E, 5.08 
mM HOAQ at - -0.8V (HOAQ~).  
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Table II. Summary of cathodic electrochemistry of conjugate base 
of 1-hydroxy-gfl O-anthraquinone 

0.1M Et4NCIO4 e l e c t r o l y t e  

Propy lene  
D M F  C I ~ C N  carbonate  

Polarography E~/: -- 1.36~V -- 1 .27V - 1 .20V 
0 . 0 5 9 / n  50 m V  56 m V  55 m V  
Id 3.46 

R .P .E .  v o l t a m -  E~I~ -- 1 .36V 
m e t r y  0 . 0 5 9 / n  62 m V  

Chronoamper-  it~/'~, ~A see~/Z 17.47 
ometryr 

~a) Potent ia l  s tep - -0 .4V to - -1 .42V on H g  e l e c t r o d e ;  t i m e  scale 
0.02 to 1.6 sec.  [ O A Q - ]  = 1.83 mill imolar.  Electrode area is larger 
than that  of  a n a l o g o u s  e x p e r i m e n t  i n  T a b l e  I .  

occurs through an ECE sequence, the  protonat ion  ra te  
must  be high, inasmuch as no devia t ion  from diffusion 
control  could be detected by  e i ther  polarographic  or 
chronoamperomet r ic  cri ter ia .  

Pro tona t ion  also accompanies  the  two-e lec t ron  r e -  
duction of O A Q -  in CH3CN solvent,  and the HOAQ 'z- 
product  spec t rum undergoes  the  same slow decay of 
in tens i ty  as that  of HOAQ 2-  resul t ing f rom reduct ion 
of HOAQ in this  solvent.  

I t  is ev ident  tha t  the effect on the quinone reduct ion 
of removing  the  phenol ic  hydrogen  is considerable;  
the  E1/2 for the  first e lect ron step for O A Q -  in DMF 
lies at least  --0.72V negat ive  of tha t  of HOAQ. Severa l  
factors can cont r ibute  to this  in teres t ing  difference; 
they  are  the  differences in electronic subs t i tuent  
effects of the  - -OH and - - O -  groups, the in t ra -  
molecular  hydrogen-bond ing  presen t  in HOAQ and 
HOAQ% and the negat ive  charge of O A Q - .  Brodsky 
et al. (16) in a s tudy of subs t i tuent  effects for a series 
of 1-subst i tu ted  an thraquinones  in DMF, found a rea -  
sonable corre la t ion  of the  polarographic  El~2 of the 
first wave  wi th  Hammet t  am subst i tuent  constants.  
The - - O H  and - - O -  subs t i tuents  were  not  included 
in the i r  study.  Using am values of +0.12 and --0.71 
(17) for  the - -OH and - - O -  substi tuents ,  and tak ing  
account of apparen t  differences in junct ion potent ia ls  
(by  d i f ference-referencing  to our E1/2 of --0.84V for 
an thraqu inone  as compared  to theirs  of --0.97V), ap-  
p rox imate  El~2 values  of --0.83 and --1.15V, respec-  
t ively,  are  predic ted  for HOAQ and O A Q -  from this 
ear l ie r  corre la t ion  line. Our  measured  E1/2 for HOAQ 
(--0.64V) is more  posi t ive than this subs t i tuen t -based  
predict ion.  The difference is a t t r ibu tab le ,  f rom dis-  
cussions by  Peover  (2) and Jones and Spotswood (4), 
to hydrogen-bonding ,  the  nega t ive ly  charged  semi-  
quinone (HOAQ ~) being s tabi l ized to a g rea te r  ex tent  
than is the  pa ren t  HOAQ. The measured  E1/2 of O A Q -  
(--1.36V) is more  negat ive  than  pred ic ted  from the 
Hammet t  approach.  This l a t t e r  difference can be r e -  
garded as having the same origin as the  difference in 
reduct ion potent ia ls  of any  sequence of one-e lec t ron  
reduct ions  of a neu t ra l  quinone or aromat ic  hyd ro -  
carbon. The addi t ional  energy  requ i red  for the  second 
electron t ransfer  can be a t t r ibu ted  ma in ly  to the  
repuls ion energy of two electrons in the d inegat ive  
produc t  (18). In  the sense tha t  the O A Q -  reac tan t  
a l r eady  bears  a negat ive  charge  at  the  quinone reac-  
t ion center,  an addi t ional  energy r equ i remen t  is im-  
posed on its reduction.  

A second difference be tween  the HOAQ and O A Q -  
e lect rochemist r ies  is the s tab i l i ty  of the  mono-  and 
dinegat ive  charge t ransfe r  products  of HOAQ as com- 
pared  to the  immedia te  pro tona t ion  of the  charge 
t ransfe r  p roduc t  of O A Q - .  Assuming tha t  reduct ion 
of O A Q -  involves an ECE process, this  means  tha t  
the  OAQ~-' species exhibi ts  a h igher  basic i ty  than  
HOAQ ~ or HOAQ 2-.  This difference p robab ly  arises 
th rough  the  in t ramolecu la r  hydrogen  bonding s tab i -  
l izat ion of oxygen  sites in the  l a t t e r  two species. 

A number  of reoxida t ion  exper imen t s  were  car r ied  
out on the HOAQ 2-  solutions resul t ing from O A Q -  

reduct ion  in DMF. I t  would  be supposed tha t  these 
solutions would  exhib i t  the  same t w o - w a v e  oxida t ion  
pa t t e rn  as tha t  of a HOAQ 2-  solut ion de r ived  f rom 
HOAQ reduct ion.  This expecta t ion  is rea l ized only 
in par t .  A cyclic vo l t ammogram of O A Q -  on P t  (Fig. 
3, curve 2) or A u  in DMF displays,  fol lowing the 
cathodic peak, anodic waves  at  --  1.25, --0.76 ( smal l ) ,  
and --0.63V vs. SCE. The anodic wave  at  --1.25V bears 
nei ther  1:1 nor  1:2 peak  cur ren t  re la t ion  to i ts  cathodic 
wave  [ip~a~/ipcc) ~ 0.70]. I f  the  HOAQ 2-  produc t  of 
OAQ- reduct ion in DMF is reoxidized at  --0.8V in 
the th in  solut ion cell, the  spec t rum resul t ing is ma in ly  
that  of HOAQ ~ (bands at  388, 467,,and 540 nm) ,  but 
absorpt ion  at  568 nm c lear ly  shows the presence of 
tome O A Q - .  (Et4N+OAQ - absorbs  at  568 nm wi th  
E : 5.6 x 103). An  increasing propor t ion  of O A Q -  is 
observed upon pro longed electrolysis  at  this  potential .  
S tepping  fu r the r  to 0V conver ts  the  spec t rum to 
main ly  tha t  of O A Q - ,  wi th  a smal l  amount  of HOAQ 
evident  by  absorpt ipn  at  400 nm. A potent ia l  step 
d i rec t ly  to 0V fol lowing O A Q -  reduct ion at  --1.SV 
in i t ia l ly  y ie lds  ma in ly  HOAQ, bu t  this  spec t rum is 
s lowly  conver ted  to tha t  of O A Q -  upon ex tended  
electrolysis.  

These th in  l ayer  spectra l  resul ts  make  i t  c lear  tha t  
React ion [3] and the protonat ion  step it involves can 
be reversed  and provide  inspi ra t ion  for t he  fol lowing 
in te rp re ta t ion  of  the anodic cyclic vo l t ammet r i c  
waves. The anodic wave  at  --1.25V (Fig. 3, curve 2) 
must be composed of two over lapping  react ions:  a 
d i rec t  one-e lec t ron  oxidat ion  of HOAQ2-  to HOAQ ~ 
( reverse  of React ion [2]) and  an oxidat ion  of 
HOAQ 2-  accompanied by  depro tona t ion  and, con- 
sequently,  t r ans fe r  of a second elect ron to y ie ld  O A Q -  
( reverse  of React ion [3]) .  Hence, 1.00 ~ ipr162 

0.50. The subsequent  anodic waves  at  --0.76 and 
--0.63V are  those of HOAQ ~ oxidat ion  accompanied 
and not  accompanied,  respect ively,  by  a rap id  subse-  
quent  depro tona t ion  step. 

This pa t t e rn  of anodic events  is also observed  in 
CH3CN solvent,  but  the  deprotonat ion  step pe rmi t t ing  
the  reversa l  of React ion [3] is more  quant i t a t ive  than 
in DMF solvent.  Thus, the cyclic vo l t ammet r i c  
ip~a)/ip~c) for the  second wave  is nea r ly  un i ty  in this  
solvent,  and the two waves  due to HOAQ ~ oxidat ion  
(--0.9 and --0.7V) a r e  b a r e l y  percept ible .  The thin 
l aye r  oxidat ion (at 0V) of HOAQ 2-  obta ined  f rom 
O A Q -  reduct ion yields  a spec t rum only of O A Q - .  

It  is ev ident  tha t  the  expe r imen ta l  da ta  for HOAQ 2- 
oxidat ion  in both  DMF and CH3CN solvents  requi re  
that  the  base S -  resul t ing  f rom React ion [3] e i ther  
be a s table  species or  decompose to another  s table  
s t rong base. Exis tence and react ion par t ic ipa t ion  of 
such res idual  base products  has been genera l ly  dis-  
regarded  in organic e lect rochemical  studies in non-  
aqueous, unbuffered media.  The iden t i ty  of the  proton 
source HS in these exper imen t s  could not  be es tab-  
l ished wi th  cer ta in ty ;  f rom the  genera l  s imi la r i ty  of 
behavior  in two solvent  systems, it  seems l ike ly  tha t  
it  is e i ther  res idual  wa te r  impur i t y  or the  Et4N + 
cation, wi th  the React ion [3] reversa l  then  being 
caused by  hydrox ide  ion or t r i e thy lamine .  

Anodic electrochemistry of O A Q - . - - A  wel l -def ined  
anodic wave  is observed  for the  Et4N+OAQ - quinone 
salt  on Au  or P t  e lectrodes in a va r i e ty  of solvent  
media  (Table  I I I ) .  Ass ignment  of n ---- 1 to this  reac-  
t ion is made  c lear  by  thin layer  cou lomet ry  and by  
comparison of anodic and cathodic l imi t ing currents  
at the ro ta ted  P t  electrode.  Quant i t a t ive  match ing  
( in tens i ty  and wave leng th )  of th in  l aye r  spect ra  
c lear ly  show tha t  the  reac t ion  product  is the pa ren t  
acid species HOAQ. The react ion is fo rmula ted  as a 
one-e lec t ron  product ion of a neu t ra l  phenoxy l  rad ica l  
wi th  subsequent  hydrogen  a tom abs t rac t ion  

HD 
O A Q -  --  e---> [OAQ']  > HOAQ + [D']  [4] 

The ro ta ted  P t  e lect rode cu r ren t -po ten t i a l  curves  
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Table III. Summary of anodic electrochemistry of conjugate base 
of 1-hydroxyanthraquinene 

All results refer to rotated Pt electrode voltammetry 

Solvent  m e d i u m  Et/~ vs .  SCE 0.059/n t~(,~)/il(r162 

DMF; 0.1M Et~NC104 + 0.57~V 60 mV 0.46 
Propylene carbonate;  0.1M 

Et#NCIO4 + 0.51V 59 m V  0.50 
Methylene  chloride; 0.2M 

Bud~lC10~ + 0.54V 60 mV 
Dim et hoxye t hane  (DME) ; 

0.2M Bu~C10~ + 0.60V 64 mV 

(~) Ratio of  l imit ing R.P.E. current for OAQ- oxidation to l imit -  
ing current  for two-e lec tron  reduct ion of OAQ- on same R.P.E. 

for O A Q -  oxidat ion  have a revers ib le  shape (Table  
I I I ) ;  a s imi lar  resul t  has been given by  Vermil l ion  and 
Pea r l  (19) for  oxidat ion  of o ther  phenoxides.  This is 
c lear ly  a pseudorevers ib i l i ty ,  however .  Cyclic vo l t am-  
m e t r y  of the anodic O A Q -  wave  reveals  no corre-  
sponding cathodic peak  in any  solvent  a t  any  poten t ia l  
sweep ra te  examined;  the  cathodic potent ia l  sweep 
cycle shows only waves  for anodica l ly  genera ted  
HOAQ and f resh O A Q - .  Reconcil iat ion of the vo l t am-  
me t ry  and cyclic v o l t a m m e t r y  resul ts  requi res  tha t  the  
ra te  of the  hydrogen  a tom abs t rac t ion  reac t ion  be fast  
compared  to the  cyclic v o l t a m m e t r y  t ime scale but  
slow in comparison to the  ra te  of the p r i m a r y  charge  
t ransfer  step (20). 

The Et4N+OAQ - quinone salt  also exhibi ts  an 
anodic wave  at  a m e r c u r y  electrode;  this  was br ief ly  
examined.  In  p ropy lene  carbonate  solvent,  the anodic 
po la rographic  wave  has Eu2 : --0.12V vs. SCE, 
0.059/n = 60 mV, and a diffusion cur ren t  of magni tude  
0.46 as compared  to the  cathodic O A Q -  reaction.  In  
cyclic vo l tammet ry ,  the  anodic wave  has a cathodic 
coun te rpar t  of app rox ima te ly  equal  magni tude.  These 
da ta  indicate  a fa i r ly  revers ib le  o n e - e l e c t r o n / O A Q -  
format ion  of a me rcu ry  complex.  

E~ects of proton donors on cathodic electrochemistry 
o] OAQ-: Heteroconjugate acid-base dimers in elec- 
trochemistry.--The influence of two proton sources, 
benzoic acid and phenol,  on the  reduct ion  of thc 
Et4N+OAQ - quinone sal t  was s tudied in DMF solvent.  
Addi t ion  of benzoic acid gave the t r iv ia l  resul t  of 
immediate ,  quant i ta t ive  pro tonat ion  to yie ld  HOAQ. 
Addi t ion  of the w e a k e r  acid phenol  gave, on the  
o ther  hand, a r a the r  in teres t ing  and novel  result .  

As shown by curves  B - F  of Fig. 2, addi t ion of 
phenol  to O A Q -  solutions generates  two new cathodic 
waves, des ignated  I and II, ly ing at  potent ia ls  be tween  
those of  the  two cathodic waves  of the  pa ren t  acid 
HOAQ. These are  po la rograph ica l ly  diffusion con- 
t ro l led  react ions  (constant  /d/h'/~); diffusion control  
in wave  I was also ascer ta ined by  potent ia l  sweep 
ch ronoamperomet ry  (constant  ipI/vW). Although the 
poor ly  defined p la teau  of wave  II  makes  accurate  
measurements  difficult, waves  I and II  appear  to be 
of equal  magni tude.  The diffusion cur ren t  of wave  I 
is p ropor t iona l  to [~OH] ;  for  [ ~ O H ] / [ O A Q - ]  ---- 0.31, 
0.46, 0.63, 0.80, 0.98, and 1.15, idVBDOH] = 1.06, 1.23, 
1.15, 1.32, 1.08, and 1.25 ~ A . m M  -1, respect ively.  

The basis for unders tand ing  of these eTectrochemical 
resul ts  is found in spect ra  of p h e n o l - O A Q -  mix tu re s  
in DMF, examples  of which are shown in Fig. 5. A 
smal l  change in absorbance  at  400 nm occurs upon 
phenol  addition, and, for  [ ~ O H ] / [ O A Q - ]  ----- 2, it  
appears  tha t  a smal l  amount  of proton t ransfer  (to 
y ie ld  HOAQ) has p robab ly  taken  place. At  D~OH]/  
[ O A Q - ]  ~ 1, however,  the spectra l  changes are 
inconsis tent  wi th  a s imple proton transfer .  The or ig inal  
O A Q -  band at 568 nm undergoes  a pronounced blue 
shift  and a lower ing  of absorbance  which is much 
la rger  than  the absorbance change at  400 nm, and an 
isosbestic point  becomes obvious at 523 nm. These 
effects demons t ra te  tha t  in the  presence of phenol  an 
equi l ib r ium be tween  O A Q -  and another  species is 

hJ 
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Fig. 5. Spectra in 0.1M TEAP-DMF. I -- 51~/~. Curve A, 2.94 
mM OAQ-; curve B, 2.94 mM OAQ- plus 1.5 mM I~OH; curve C, 
2.94 mM, OAQ- plus 3.4 mM ~)OH; curve D, 2.94 mM OAQ- plus 
5.7 mM ~)OH; curve E, 2.93 mM HOAQ. 

established.  The new species in the  p h e n o l - O A Q -  
mix tu re s  must  be thei r  he teroconjugate  ac id-base  
d imer  

r  + O A Q -  ,~ ~ O H  �9 �9 �9 O A Q -  [6] 

An extens ive  l i t e ra tu re  has been developed by 
Kolthoff  and co -worke r s  and Coetzee (21-28) on in te r -  
actions of w e a k  acids wi th  the i r  conjugate  bases and 
wi th  other  bases in nonaqueous solvents  (homocon-  
juga te  and he teroconjugate  ac id-base  d imers ) .  F o r m a -  
t ion constants  have  been obta ined in both CH3CN and 
d imethy l su l fox ide  solvents;  they  are  l a rge r  in the 
fo rmer  solvent  where,  for instance,  the ~ O H  �9 �9 �9 ~ O -  
homoconjugate  has KfHA2--  = 11 x 10 8. Whi le  quan-  
t i ta t ive  d imer  studies do not  appear  to have been made  
in DMF solvent,  the  proper t ies  of this  solvent  are  suf-  
f iciently s imi lar  to those of CHaCN and DMSO tha t  
format ion  of ac id -base  d imers  in DMF can be ant ic i -  
pated.  By analogy wi th  the  da ta  in CH3CN solvent,  i t  
can also be ant ic ipa ted  that  an order  of d imer  s tab i l i ty  
~ O H . .  �9 Ot~-  > ~ O H "  "" O A Q -  > Q A O H " ' "  O A Q -  
should occur. Consis tent  wi th  this  o rder ing  is the  fact  
that,  in cont ras t  to ~OH,  O A Q -  mixtures ,  spect ra  and 
po la rograms  of H O A Q , O A Q -  mix tu res  in DMF show 
s t r ic t ly  addi t ive  re la t ions  be tween  HOAQ and O A Q -  
spectra l  bands  and polarographic  waves,  respect ively.  

Recognizing tha t  the  p h e n o l - O A Q -  mix tu re s  in 
DMF actua l ly  const i tute  mix tu re s  of O A Q -  and the 
d imer  ~ O H  . . . O A Q - ,  wave  I in the  po la rograms  of 
Fig. 2 must  cor respond to the  react ion 

~ O H . . .  O A Q -  + e-> [ ~ 0 " -  HOAQ] 2 -  
-~ HOAQ- '  + ~0- [7] 

Dissociat ion of the  d imer  charge  t ransfe r  p roduc t  
[~O �9 . �9 HOAQ] 2-  (OAQ 2-  should be a much s t ronger  
base than  ~ O - )  yields,  phenola te  ion, which  can 
in te rac t  wi th  unreduced  ~ O H  �9 �9 �9 O A Q -  d imer  to p ro -  
duce the  more  s table  ~ O H . . .  O r  d imer  

~ O H  �9 �9 �9 O A Q -  + ~ O -  -* ~ O H .  �9 - O ~ -  d- O A Q -  [8J 

These react ions  predic t  tha t  for [ ~ i O H ] / [ O A Q - ]  -~ 1, 
two phenol  species a re  requ i red  to effect a one-e lec t ron  
reduct ion of one O A Q -  species at  the potent ia l  of 
wave  I. The id I - -  [~OH] p ropor t iona l i ty  is, thus, ex-  
plained,  as is the  fact  tha t  for [ ~ O H ] / [ O A Q - ]  = 1.0, 
the cu r ren t  for wave  I is app rox ima te ly  one- four th  
(0.20) of that  of the  or iginal  two-e lec t ron  wave  for  
O A Q - .  This in te rp re ta t ion  of wave  I is confirmed wi th  
ce r t a in ty  by  thin l aye r  e lectrolysis  of an equimolar  
mix tu re  of phenol  and O A Q -  at --0.8V; the  product  
spec t rum is tha t  of an equ imolar  mix tu re  of HOAQ' -  
and O A Q - .  

The second polarographic  wave  (wave  I I )  caused by  
the  addi t ion of phenol  to O A Q -  solutions in DMF cor-  
responds to one-e lec t ron  reduct ion of the  one-ha l f  of 
the  or iginal  O A Q -  r ema in ing  af te r  React ions  [7] - [8] .  
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(Recall that  id' ~ /diD. The potential  for this reaction 
is less negative than that for normal  O A Q -  reduction 
owing to the presence of the proton source ~ O H  �9 �9 �9 
o~- 
O A Q -  + e---> [OAQ 2-]  ~ O H . . .  O~->-/HOAQ ~ +JZ~O- 

[9] 

Reaction ceases at the one-electron stage since Reac- 
tion [9] occurs at a potential  positive of that  required 
to reduce HOAQ ~. In  confirmation, th in - layer  elec- 
trolysis of an equimolar  mixture  of phenol and O A Q -  
at --1.0V gives a product  spectrum quant i ta t ively  
identical to that  of the HOAQ ~ species obtained from 
one-electron reduction of HOAQ (Fig. 4). 

The third wave in the pheno l -OAQ-  mixture  polaro- 
grams of Fig. 2 can be ascribed to overlapping reduc-  
tion of O A Q -  and HOAQ'~. (A part ial  spli t t ing is 
visible in curve D.) When [~9OH]/[OAQ-] ---- 1.0, this 
wave has El~2 equal to that of the second wave of 
HOAQ, as expected, and th in - layer  electrolysis at 

- -  1.4V gives the spectrum of HOAQ ~-. 
Th in - layer  reoxidation, at 0V, of pheno l -OAQ-  

mixtures  following reduction at --1.4V gives uni ty  
Qcath/Qanod charge ratios. A deprotonation similar to 
that discussed above for O A Q -  occurs (reverse of Re- 
action [3]), with ~ O -  in this case serving as the base 
~ - .  The O A Q -  spectrum reappears dur ing the th in-  
solution oxidation much more rapidly than was the 
case in the absence of phenol. 

The reduction of O A Q -  in DMF was also examined 
for fur ther  protonat ion of the two-electron reduction 
product (HOAQ2-) .  The th in-solut ion spectrum fol- 
lowing electrolysis at --1.4V for [ ~ O H ] / [ O A Q - ]  ----- 
2.0 corresponds to a new species with bands at 412 nm 
(e ---- 1.54 x 103 ) and 490 n m  (e = 4.48 x 10s). This 
spectrum is identical to that  observed for reduction 
of a 1:1 mixture  of HOAQ and benzoic acid at --1.4V 
(Fig. 4) and must  correspond to the diprotonated 
species H2OAQ-. Lit t le fur ther  spectral change could 
be discerned in  pheno l -OAQ-  mixtures  reduced at 
[ ~ O H ] / [ O A Q - ]  = 3.0. 

A series of experiments  on pheno l -OAQ-  mixtures  
paral lel ing those above was carried out in acetonitri le 
solvent. Spectral  changes similar to those of Fig. 5 
were noted, but  the spectra show that  in these mixtures  
significant direct protonation to form HOAQ ac- 
companies heteroconjugate dimer  formation even at 
[ ~ O H ] / [ O A Q - ]  < 1. Polarograms of pheno l -OAQ-  
mixtures  have split waves like those of Fig. 2, but  the 
wave separations are small, precluding quant i ta t ive  
studies. Thus, Reactions [6]-[9] can only be qual i ta-  
t ively surmised to occur in acetonitr i le solvent. 

The wave splitt ings caused by  acid-base dimer for- 
mations in these experiments  are, in a sense, ent i re ly  
analogous to nonaqueous t i t rat ion curve splittings such 
as those reported by  Harlow and Bruss (29). The pos- 
sibilities for dimer  part icipation in the numerous  
electrochemical experiments  in which proton sources 
have been added to nonaqueous solutions of organic 
compounds appear, however, to have gone unrecog- 
nized in the electrochemical l i terature.  The sole ex- 
ception is a report by  Fuj inaga,  Izutsu, and Takaoka 
(30) who explain a wave splitt ing of quinoline reduc-  
t ion in  DMF by phenol in terms of a "hydrogen bonded 
phenol-quinol ine  complex." Neither coulometry nor  
spectral data are given to support the interpretat ion,  
which may, unfortunately,  contain some error in its 
details owing to neglect of ~ O H  �9 �9 �9 O ~ -  formation. 

Although much fur ther  exper imentat ion will  be re- 
quired to completely characterize the role of acid-base 
dimer formation in electrochemical processes, several 
generalit ies appear probable at this point. First, dimer 
formation upon proton source addition will  be most 
common with basic samples and with proton sources 
whose conjugate bases have strength comparable to 
that  of the sample. Second, the reduction potential  for 
a sample involved in  dimerization will  lie between the 
reduction potentials of the completely protonated and 

nonprotonated forms of the sample. (From recent 
studies on phenols (31), a similar s ta tement  may  also 
apply to oxidations.) Third, even though a sample 
may not itself participate in dimer formation, forma- 
tion of species such as ~ O H  �9 �9 �9 O r  can complicate 
kinetic studies of anion radical protonat ion reactions. 
Last, the dimer formation event may provide a 
mechanist ical ly useful per turbat ion in the s tudy of 
organic electrode reactions; conversely, the electro- 
chemical properties of dimers may provide further  
insight into the chemistry of the dimers themselves. 

E]~ects oi proton donors on cathodic electrochemistry 
o] HOAQ.--The effects of added proton donors on se- 
quent ial  one-electron reductions of aromatic hydro-  
carbons and other substances have been reviewed by 
Peover (15). Mixtures of benzoic acid and 1-hydroxy-  
an thraquinone  in DMF exhibit  a classical Hoi j t ink (32) 
pa t te rn  of polarograms; the first reduction wave for 
HOAQ grows at the expense of the second as benzoic 
acid is added in increasing concentrations. The chemical 
step of the ECE reaction occurring in the first reduc-  
tion wave (protonation of HOAQ'- by  benzoic acid) 
appears to be essentially quanti tat ive,  as [~COOH]/  
[HOAQ] = 1.O is sufficient to replace completely the 
two one-electron waves with a single two-electron 
wave. [A similar  al terat ion of an thraquinone  polarog- 
raphy in DMF by benzoic acid (15) has been reported 
to require a threefold excess of the acid.] 

Spectra of thin layer electrolysis products parallel  
the polarographic results for benzoic acid-HOAQ mix-  
tures. The bands of HOAQ ~ resul t ing from reduction 
at --0.8V are, as benzoic acid is added, proport ionately 
replaced with those of the protonated two-electron 
product, H2OAQ- (whose spectrum at a [~COOH]/  
[HOAQ] = 1.O ratio is shown by curve B of Fig. 4). 
As noted earlier, an identical spectrum results from 
reduction of a [ ~ O H ] / [ O A Q - ]  ~ 2 mixture.  

Proton donors too weak to cause the ECE (Hoij t ink) 
reaction for a substance polarographically reduced in 
two one-electron steps are without  effect on the first 
one-electron wave but  often produce a shifting of the 
second wave to less negative potentials. This effect is 
usual ly interpreted as a post-electron transfer  pro- 
tonat ion of the product of the second reduction step. 
Such behavior is observed upon addition of phenol to 
HOAQ solutions in DMF solvent but  with the added 
feature that the second wave is not only shifted posi- 
t ively but  is also split into two waves. Figure 2, curve 
H shows the polarogram obtained for a somewhat less 
than equimolar  mixture  of phenol and  HOAQ; the 
more positive of the two new waves can be clearly 
seen here, and the second is poorly resolved from the 
second wave of the residual  excess of HOAQ. The poor 
definition of both new waves preclude accurate wave 
height measurements,  but they appear to be of equal 
height and to be proportional to the added phenol at 
less than equimolar  ratios. These results are again 
in terpretable  b y  reactions involving formation of the 
~DOH �9 �9 �9 O9)- homoconjugate dimer. Thus, in a 1/1 
mixture  of phenol and HOAQ, the wave at .~ --0.95V 
occurs from transfer  of the second electron, the wave 
being shifted by subsequent  protonation by ~ O H  

HOAQ ~- -}- J~OH -> H~OAQ- ~- ~ O -  [10] 

The O " ensuing formation of the homoconjugate J~OH �9 �9 �9 
a )gf-l~le means that only one-half  of the phenol is avail-  

as such for Reaction [10], and, in the 1/1 mix-  
ture, the wave at --0.95V is approximately one-half  
of the height of the original second-electron wave. The 
second of the new waves caused by phenol is the sarpe 
as Reaction [10] but  with the less acidic ~O H  �9 �9 �9 O,~9- 
acting as proton source, producing a smaller positive 
shift of reduction potential. We note finally that for- 
mat ion of a heteroconjugate ~Z~OH �9 . �9 HOAQ ~ follow- 
ing the first charge t ransfer  could provide an al ter-  
nat ive  interpreta t ion of these results. 
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An Experimental Study of Mass Transfer 
on a Rotating Spherical Electrode 

Der-Tau Chin* 
Electrochemistry Department, Research Laboratories, General Motors Corporation, Warren, Michigan 48090 

ABSTRACT 

Convect ive diffusion of e lect rolyt ic  ions to a ro ta t ing spher ica l  e lectrode 
has been inves t iga ted  expe r imen ta l ly  over  the range of Reynolds  numbers  
f rom 200 to 40,000, and Schmidt  numbers  be tween  920 and 37,000. The s tudy 
was car r ied  out by measur ing  the  l imit ing cur ren ts  for the reduct ions of f e r r i -  
cyanide  and t r i - iod ide  ions wi th  a p la t inum hemispher ica l  electrode.  The 
resul ts  confirm the  va l id i ty  of a mass t ransfer  t heo ry  repor ted  prev ious ly  for 
Reynolds  numbers  wi th in  the  range  200-15,000. At  Reynolds  numbers  above 
15,000, the flow becomes turbulent ,  and the ra te  of mass t ransfe r  var ies  wi th  
Re ~ The character is t ics  of fluid flow around  the  spher ica l  e lect rode were  
observed by  genera t ing  dyes e lec t rochemical ly  near  the  pole of rotat ion.  

In  a previous  paper  (1), the  ra t ionale  for the  use of a 
ro ta t ing  spherical  e lectrode (RSE) was described.  A 
mathemat i ca l  model  was formula ted  for the ra te  of 
ionic t ransfe r  to the spher ica l  e lect rode in the l amina r  
flow region. 

An  inherent  l imi ta t ion  of a ro ta t ing  disk e lect rode 
(RDE),  used in meta l  dissolution studies, is tha t  the 
disk would  recede into the  support  and upset  the  fluid 
flow characterist ics.  Consequently,  high ra te  dissolu-  
t ion react ions cannot  be s tudied prec ise ly  wi th  a RDE. 
The concept of a RSE is to replace the  centra l  d isk  
electrode on the RDE wi th  a spher ical  head electrode. 
The spher ical  head mere ly  reduces  in size dur ing meta l  

* Elect rochemical  Society Act ive  Member .  
Key  words :  convect ive  diffusion, l imi t ing  current .  

dissolution, and does not  a l te r  the flow character is t ics .  
Owing to this geometr ica l  advantage,  the  RSE has been 
proposed in this l abo ra to ry  as an ana ly t ica l  tool for our  
invest igat ions  into the mechanism of e lec t rochemical  
machining.  For  o ther  applications,  the  new technique 
could also be used to s tudy corrosion and h igh - r a t e  
e lect rodeposi t ion reactions.  

The present  s tudy was designed to check the t rans-  
fer  theory.  Reduct ions of fe r r icyan ide  and t r i - iod ide  
ions in the presence of excess suppor t ing  e lec t ro ly tes  
were  used for the invest igat ions.  Detai ls  of these elec-  
t rochemical  react ions and the i r  appl icat ions  to the 
mass t ransfer  studies have been repor ted  e lsewhere  
(2, 3). This paper  describes an expe r imen ta l  setup for 
the use of such an e lect rode as wel l  as the  resul ts  of  
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l imit ing current  measurements  over an extended range 
of exper imental  conditions. 

Experin~ental 
Spherical electrode.--The electrode used was a RSE 

having a replaceable p la t inum hemispherical  electrode. 
It was composed of three separate sections: a brass 
holder, an acrylic support, and a hemispherical  head 
electrode. Figure 1 shows the construction details. 

The acrylic support  was a cylindrical  rod, 2.5 cm "r 
diam and 8.2 cm long, having a 0.6 cm hole through 
the center. The lower end of the support  was threaded , ,['-7, i 
to accommodate the electrode. Its upper  end was ma-  L ~  m 
chined to fit t ightly into the brass holder. A neoprene  
gasket, 0.08 cm thick and 2.5 cm diam, was cemented I -  
to the lower end to prevent  leakage of electrolytes into 
the interior  of the RSE. 

The brass holder was made from a 2.5 cm diam rod. 
It  also had a central  through hole to accommodate a G- 
copper wire used as the electrical connection to the 
head electrode. Its upper  portion was precision ma-  
chined to a No. 1 Morse taper to fit snugly into the 
spindle shaft of a rota t ing assembly (Fig. 2). 

The electrode was electroplated with a layer  of - ~ -  
smooth plat inum, 0.003 cm thick. Three such electrodes 
were prepared for the study; the radii  of their hemi-  
spherical heads were 0.478, 0.645, and 0.772 cm. The 
electrical connection was made by soldering a copper 
wire to the tail end of each electrode. After  the elec- 
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Fig. 2. Schematic diagram of cell arrangement. C, slip-ring con- 
tacts; Ec, counterelectrode; Er, reference electrode; Es, rotating 
spherical electrode; G, glass jar; H, cell cover; L, Luggin capillary 
tube; P, pulley and belt; S, spindle shaft; T, thermometer. 

trode was screwed into the acrylic support, the wire 
would extend to the top port ion of the brass holder and 
was secured there with a set screw. The assembled 
RSE was approximately  16.5 cm long. 

Solutions.--The ferr icyanide electrolyte was com- 
posed of 0.01M potassium ferricyanide, 0.01M potas- 
sium ferroeyanide, and 2M sodium hydroxide. For the 
tr i- iodide system, a solution containing 0.002M iodine 
and 0.1M potassium iodide was used. All  the solutions 
were prepared by dissolving Baker analyzed chemicals 
in distilled water  without  fur ther  purification. Iodo- 
metric t i t rat ions were used to determine the concentra-  
tions of ferr icyanide and tr i- iodide ions. Dur ing  some 
of the exper imental  runs, sucrose was added to the 
tr i- iodide electrolyte to increase the solution viscosity 
and to decrease the diffusivity of t r i - iodide ion; this 
allowed a var iat ion in Schmidt numbers  ranging from 
920 to 37,000. The solution viscosity was measured with 
a fal l ing ball  viscosimeter. To determine the diffusivi- 
ties for ferr icyanide and tr i- iodide ions, a p la t inum 
rotat ing disk electrode (0.635 cm diam) was employed, 
and the diffusivity computat ion was performed ac- 
cording to Levich's disk equation (4). 

Cell arrangement.--Figure 2 is a schematic diagram 
of the cell ar rangement .  The cell was a Pyrex  bell jar,  
21.5 cm ID x 28 cm high. It  had a ground glass flange 
to fit against  the underside of an a luminum cell cover 
mounted  on an a l u m i n u m  frame. Connected to the 
bottom of the cell was a glass U-tube,  which allowed 
insert ion of an electric lead for the counterelectrode 
as well as a polyethylene tube for bubbl ing  of ni t rogen 
through the electrolyte. 



1766 J. E l e e t r o c h e m .  3oc.: E L E C T R O C H E M I C A L  S C I E N C E  November 1971 

A Gilman spindle assembly was at tached direct ly  to 
the a luminum frame and extended down into the cell. 
The spindle shaft had a tapered hole on the lower end 
to accommodate the RSE as shown in the figure. Elec-  
tr ical  contact to the RSE was made by two carbon 
brushes which were  spring loaded to ride on the 
rhodium-pla ted  surface of a brass s l ip-r ing mounted  
on the top of the spindle shaft. The whole spindle 
assembly was mounted eccentric to the center  of the 
cell. This a r rangement  was necessary in order  to avoid 
inducing swir l ing of the electrolyte  at high rotat ional  
speeds. 

A d-c motor  secured on a separate f r ame  was used to 
dr ive the rotat ing assembly. The connection be tween  
the pulleys on the motor  and the spindle shaft was 
provided by a rubber  t iming belt. A Co le -Pa rmer  4420 
electronic speed control ler  was used to control the 
speed of rotation. 

A p la t inum-pla ted  copper sheet, 4 X 4 cm, embedded 
in an epoxy block was used as the counterelectrode.  It  
was located at the bot tom of the cell. The reference 
electrode was a saturated calomel electrode placed in 
a Luggin tube. The tube was immersed in the electro-  
lyte. To avoid disturbing the flow characteristics,  the 
capi l lary tip was positioned at the downst ream side of 
the spherical  head as shown in Fig. 2. 

L i m i t i n g  c u r r e n t  m e a s u r e m e n t s . - - D i f f u s i o n - l i m i t e d  
currents  were  measured for the reduct ion of fer r icy-  
anide and t r i - iodide ions over  a speed range of 100- 
6000 rpm. All  the exper iments  were  performed at 
24 ~ • I~ For each run, the RSE was first cleaned 
wi th  methanol,  and was cathodically t reated at --1.SV 
for 2 min in a 2M NaOH solution followed by rinsing in 
distil led water.  The clean electrode was then t rans-  
fer red  quickly  into the cell, and installed on the 
spindle of the rota t ing assembly. 

The potential  of the RSE was controlled by a Magna 
4700M potentiostat.  The current  was measured  using a 
s tandard resistor and the voltage drop was measured 
with  a Kei th ley  610C electrometer.  A Magna 4510 l in-  
ear scan unit  and a Honeywel l  540 XYY'  recorder  were  
used in conjunction with the potentiostat.  For  each run, 
cur ren t /po ten t ia l  curves over  the entire ant icipated 
potent ial  range of interest  were  first plotted on the 
recorder  to de termine  the l imit ing current  range. A 
proper  potential  sett ing was then chosen for the po- 
tentiostat,  and the l imit ing current  readings were  made 
with  the e lec t rometer  at various rotat ional  speeds. 
Normally,  a potential  of --0.3V vs.  SCE was used for 
the reduction of ferr icyanide ion. For  the t r i - iodide  
system, the potent ial  set t ing var ied f rom 0 to --0.2V 
vs. SCE, depending upon the sucrose concentrations. 

Fig. 3. Photograph of the flow 
pattern around a hemispherical 
electrode rotating at a Reynolds 
number of 1300. 
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The reproducibi l i ty  of the measurements  was wi th in  
_ 5%. 26! 

To avoid a possible secondary reaction due to reduc-  24 
tion of dissolved oxygen, high pur i ty  ni t rogen was 
passed through the electrolyte before the start  of each 2z 
experiment.  The gas was presaturated with water  
vapor and iodine vapor by passing it through a solution 2 r 
of the same composition as the test electrolyte. During t s 
the run, a ni t rogen atmosphere was main ta ined  by 
passing the gas over the electrolyte. 16 

Flow observations.--The fluid flow around the spher- I l im 
ical head was visually examined by generat ing dyes (mA) 14 
electrochemically near  the pole of rotation. The dye 12 
generator  w~s a small  conical electrode, 0.026 cm diam- i c 
eter and 0.6 cm long, made from an AWG No. 10 copper 
wire, and was positioned about 0.3 cm below the RSE. 
The electrolyte used was a 2M sodium nitrate  solution 
containing 0.01% thymol  blue. When the conical elec- 6 
trode was made cathodic with respect to the counter-  
electrode located at the bottom of the cell, a blue 4 
stream was produced in the yellow electrolyte due to 2 
the increase in pH in the vicini ty of the conical elec- 
trode. In this way, the flow induced by the RSE was o 
made visible, and motion pictures of the flow pat tern  
were taken with the aid of light sources behind the 
cell. 

Results 
Flow of electrolytes.--Figure 3 is a photograph 

showing the dye movement  around the spherical elec- 
trode rotat ing at a Reynolds number  of 1300. It  was 
observed that  under  the laminar  condition, the fluid 
was d rawn in toward the spherical surface along the 
axis of rotation. From there, it was carried by the �9 
swir l ing motion toward the equator. In  the neighbor-  A 
hood of the equator, the flow bent  smoothly 90 ~ to- �9 
ward the radial  direction, and then moved along the 
support surface to the bulk  of the electrolyte. 

Limiting currents.--For the ferr icyanide system, the 
l imit ing currents  were measured with three different 
sizes of hemispherical  heads. The results are given in 
Fig. 4, where the current  is plotted against the square 
root of angular  velocity. The electrolytic concentrat ions 
as well  as the associated electrolyte properties are 
shown in the accompanying table. In  the low speed 
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Fig. 4. Limiting currents for reduction of ferricyanide 

ro C| x 103 v x 102 D x 106 
(cm) (mole/liter) (cm2/sec) (cm2/sec) 
0.772 8.53 ! .20 4.86 
0.645 9.61 1.28 4.98 
0.478 8.53 1.20 4.86 

, I ~ l , r ,  I , I , I ,  I ~ l ,  I ,  t ' l '  I '  
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Fig. 5. Effect of sucrose content on the limiting current for 
reduction of tri-iodide. A hemispherical electrode with a radius of 
0.772 cm was used for the measurements. 

Sucrose 
concentration C| x 103 ~ x 102 D x 106 
(mole/liter) (mole/liter) (cm2/sec) (cm2/sec) 

0 2.38 0.91 9.91 
0.84 2.34 1.65 4.47 
1.06 2.13 2.82 3.43 
1.58 2.22 6.20 1.69 

region, the data points for each electrode fall on a 
straight l ine passing through the origin as predicted by 
the t ransfer  theory (1). In  the high-speed region, a 
break point occurs for the large electrodes, beyond 
which there i s  another  l inear  portion with a larger 
slope. Presumably  the break point signifies the begin-  
n ing of the tu rbu len t  flow. The rotat ional  speed at 
which the break point occurs increases wi th  decreasing 
electrode size. For the 0.478 cm radius electrode, no 
break point was observed wi th in  the speed range in-  
vestigated. 

The tr i- iodide electrolyte was used pr imar i ly  for 
showing the effect of Schmidt numbers  on the t ransfer  
measurement .  The solution viscosity was increased by 
adding sucrose to the electrolyte. Figure 5 shows the 
results of l imit ing current  measurements  with a 0.772 
cm radius electrode for various sucrose concentrations. 
The accompanying table in the figure gives the elec- 
trolyte concentrat ions as well  as the solution viscosi- 
ties and the diffusivities of tr i- iodide ion. Again, a 
l inear  portion passing through the origin is obtained 
for all the electrolytes. The effect of viscosity is: (A) 
to increase the speed at which the break point  occurs, 
and (B) to decrease the diffusivity and, hence, the 
l imit ing current .  

Discussion 
As shown in a previous paper (1), the theory for 

mass t ransfer  to the hemispherical  electrode in  the 
l amina r  flow region is given by the following ex-  
pression 

Sh : 0.474 Re 1/~ Sc 1/8 [1] 

Here Sh is the Sherwood number  defined as Kro/D, 
Re is the Reynolds number  based upon the electrode 
radius, and Sc is the Schmidt number .  The mass 
t ransfer  cvefficient, K, is related to the l imit ing cur-  
rent, Ilim, by 

K = [2] 
AnFC| 

where A is the surface area of the electrode, and C= 
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Fig. 6. Comparison with mass 
transfer theory for the ferricy- 
anide data. 
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is the bulk  concentrat ion of the diffusing ion. Accord- 
ingly, a log-log plot of Sh/Sc 1/8 vs. Re would be ex-  
pected to be l inear  with a slope equal to Yz for the 
l imit ing current  results obtained in the laminar  region. 

Such plots are shown in Fig. 6 for the ferricyanide 
data, and in Fig. 7 for reduct ion of t r i - iodide ion. The 
exper imental  points are indicated by the symbols C), 
e ,  A, and l""l. The solid l ine is the theoretical predic-  
t ion given by Eq. [1]. The data replotted this way 
merge together into a single curve over the range of 
Reynolds numbers  from 200 to 40,000. For Reynolds 
numbers  less than  15,000, the data vary  with the one- 
half  power of Re, and the agreement  with theory is ap- 
parent. An analysis of the laminar  data gives an em- 
pirical proport ional  constant  of 0.47 • 0.02, as com- 
pared to the theoretical value of 0.474. 

Poorer agreement  is found for smaller  size electrodes 
as shown in Fig. 6, where the results with the 0.478 
and 0.645 cm electrodes lie about 7 % below the theoret-  
ical line. This discrepancy can probably be a t t r ibuted 
to an exper imental  uncer ta in ty  due to an edge effect 
imposed by the underside wall of the acrylic support. 
A close examinat ion of Fig. 3 reveals that  the flow 
beyond the equator of the hemispherical  electrode is 
not a free stream as in the case of a rota t ing sphere 
(5, 6). The flow characteristics near  the electrode edge 
would therefore deviate from the case considered in 
the theory. Ideally, a support having a radius equal to 
that  of the spherical head should be used. For practical 
purposes, this si tuation is difficult to maintain,  especi- 
al ly dur ing dissolution reactions. It  can be expected 
that the smaller  the electrode size as compared to the 

3 4 

support, the more apparent  wil l  be the edge effect. 
Presently,  the exact na ture  of this edge effect is not 
known;  fur ther  s tudy on this aspect seems to be neces- 
sary. 

Apart  from the above considerations, the agreement  
between the theory and the exper imental  results is 
reasonably good, judging from the 5% reproducibi l i ty  
for the measurements.  There is little doubt that  the 
theory is valid in  the laminar  flow region over the 
range of Schmidt numbers  reported in the present  
paper. 

Figures 6 and 7 show that  for Reynolds numbers  
larger than  15,000, the flow becomes turbulent ,  and the 
mass t ransfer  characteristics deviate from the l aminar  
theory. An analysis of the data wi thin  the range  of 
Reynolds numbers  from 15,000 to 40,000 reveals that 
the Sherwood n u m b e r  is proport ional  to Re ~ In te r -  
estingly, this 0.67 power coincides with the result  of an 
earlier heat t ransfer  measurement  from a rotat ing 
sphere (5). Since there are fewer data points available 
in this region, no definite conclusion can be made re-  
garding the Schmidt number  dependence for tu rbu len t  
flow. 

An exper imental  investigation of heat t ransfer  from 
a rotat ing sphere has been reported by Kreith, Robert, 
Sullivan, and Sinha (5) over the range of Prand t l  
numbers  from 0.024 to 217. These authors also sup- 
plemented their  experiments  with a theory (5, 7) de-  
r ived from Nigam's (8) incorrect velocity analysis. 
More elaborate thermal  boundary  layer computat ions 
have been performed by Banks (9) for P rand t l  n u m -  
bers equal to 0.7 and 1.0. Baxter  and Davies (10) re-  
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Fig. 8. Comparison with heat 
transfer results. The triangles 
are the Jimiting current data ob- 
tained in the laminar region 
(200 < Re < 15,000). The 
dots are the results of Kreith 
et al.'s heat transfer measure- 
ments. Banks" numerical com- 
putations are represented by 
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por ted  an approx ima te  theory  for t ransfe r  to a ro ta t ing  
spher ica l  cap at  large  P r a n d t l  n u m b e r s ;  however ,  ow-  
ing to the na tu re  of the  equat ions  used, these authors  
were  not able to ca r ry  out  computa t ions  for  the  cases 
of a hemispher ica l  cap or a sphere.  Since the  P r a n d t l  
and the Nussel t  numbers  of hea t  t ransfe r  are  analogous 
to the  Schmidt  and the Sherwood numbers ,  respec-  
t ively,  used for  the mass  t rans fe r  studies, i t  seems de-  
s i rable  to compare  the  resul ts  of the presen t  s tudy w i th  
those repor ted  previously.  Such a comparison is g iven 
in Fig. 8, where  Sh /Re  1/2 is p lo t ted  in a log- log fashion 
vs. the  Schmidt  number .  The solid t r iangles  a re  the  
present  l imi t ing cur ren t  resul ts  obta ined in the  l amina r  
region. The solid l ine is the theore t ica l  predic t ion  f rom 
Eq. [1]. Kre i th  et al.'s l amina r  da ta  are  ind ica ted  by  
the  dots, and the i r  theore t ica l  analysis  is shown as the  
dash-do t  curve. Banks '  resul ts  are  indica ted  by  the 
crosses. Also given in the figure is the ro ta t ing  disk 
theory  over  the  range  of Schmid t  numbers  as ca lcu-  
la ted by  Li t t  and Serad  (11) wi th  an analog computer .  

I t  is seen tha t  Kre i th  et al.'s theory  does not  cor re -  
la te  the  da ta  at  all;  Banks '  computat ion,  on the  o ther  
hand, fal ls  short  of the  heat  t ransfe r  measurement .  The 
ro ta t ing  disk theory  predic ts  a Sc 1/~ var ia t ion  at  large  
Schmidt  numbers ;  it  gives a t ransfer  ra te  32% too high 
for the  case of a sphere  or  a hemispher ica l  electrode.  
Only  the solid l ine  represen t ing  a 0.474 Sc 1/s depen-  
dence is capable  of fol lowing the expe r imen ta l  points  
over  the  ex tended  range  of Schmidt  numbers .  How-  
ever, Eq. [1] represents  only  the  asymptot ic  behav ior  
of the  t r anspor t  process occurr ing  at  la rge  Schmidt  
numbers ;  the  agreement  wi th  the  hea t  t ransfe r  da ta  at  
smal l  Sc m a y  s imply  be fortui tous.  

C o n c l u s i o n s  
In summary ,  convect ive diffusion on a ro ta t ing  hemi -  

spher ica l  e lect rode has been s tudied expe r imen ta l ly  
over  the  range  of Reynolds  numbers  f rom 200 to 
40,000, and Schmidt  numbers  be tween  920 and 37,000. 
At  Reynolds  numbers  below 15,000, the  theory  r epor t ed  
prev ious ly  (1) appears  to give a sa t i s fac tory  cor re la -  
t ion with  the  exper imen ta l  data. For  Reynolds  numbers  
la rger  than  15,000, the  flow becomes turbulent ,  and the  
ra te  of mass t ransfer  var ies  wi th  Re 0.67. 
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A n y  discussion of this  paper  wil l  appea r  in a Dis-  
cussion Section to be publ i shed  in the  June  1972 
JOURNAL. 

LIST OF SYMBOLS 
A surface area  of spher ical  electrode,  cm 2 
C| bu lk  concentra t ion of diffusing species, g - m o l e /  

cm 3 
D diffusivity, cm2/sec 
F F a r a d a y  constant,  c o u l o m b / g - e q u i v  
Il~m l imit ing current ,  A 
K mass  t ransfe r  coefficient, cm/sec  
n number  of e lectrons t r ans fe r red  in e lec t rochemi-  

cal reaction,  g - e q u i v / g - m o l e  
ro radius  of spher ical  electrode,  cm 
Re Reynolds  number ,  defined as ro2w/v, d imension-  

less 
Se Schmidt  number ,  defined as v/D, dimensionless  
Sh Sherwood number ,  defined as Kro/D,  d imension-  

less 
v k inemat ic  viscosity, cm2/sec 

angu la r  velocity,  r ad / see  
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Technical[ Note 

Interface Equilibrium Concentrations During Diffusion 
S.M. Hu* 

IBM Components Division, East Fishkill FaciLity, Hopewell Junction, New York 12~33 

In the l i terature (1) it has been shown that, dur ing  
the diffusion of a solute from a semi-infini te source 
into a semi-infinite sink, the interface concentrat ions 
of the solute in both phases are invar ian t  with time. 
This was proved under  the conditions that  the dif- 
fusivities Di and D2 in both phases are constant, and 
that  the segregation of the solute between the two 
phases is described by  C2,o -- kCl,o (where k is the 
segregation coefficient; C1 and C2 are the solute con- 
centrat ions in  the two phases, and the subscript 0 
denotes the interface x = 0), provided that  equil ib-  
r ium is established at the interface and that the in-  
terface is not moving dur ing diffusion. The lat ter  con- 
dition means that  there is no Ki rkendal l  effect. This 
assumption is general ly  reasonable for diffusions in 
semiconductors in which highest concentrat ions sel- 
dom exceed a few atomic per cent, and in which the 
vacancy pump effect is negligible (2). The purpose 
of this note is to point  out that  the t ime- invar iance  
of interface concentrations is still valid under  the 
more general  conditions that  Dz and D2 are respec- 
t ively functions of C~ and C2, and that  the equi l ibr ium 
between the two phases is described by C2,~ = f(Cl,o), 
where f is an arb i t ra ry  function. 

This aspect is of practical importance in, for ex- 
ample, the diffusion of a solute from a doped oxide 
into a semiconductor at high concentrations. For  gen- 
erality, we assume the ratio between the surface areas 
of the two phases to be r, which is not necessarily 
un i ty  except for the case of direct physical contact. 

In  the present  case the concentrations at the in ter -  
face in the two phases are nonarb i t r a ry  and must  be 
determined as a condition of self-consistency, although 
in cases of diffusion in one semi-infini te medium the 
surface concentrat ion is an arbi t rary  constant (or an 
arbi t rary  funct ion of t ime).  Hence, one may start  by 
assuming that the surface concentrat ions are t ime-  
invariant ,  and then prove that the result ing solution 
is consistent with the boundary  conditions including 
this assumption. Under  this assumption, one can ex- 
press the concentrat ions as functions of a single Boltz- 
mann  variable u = x/2~/t. The cont inui ty  equations 
can be wr i t ten  

dC2 d / dC~ \ 
~ 2 u  

_ [ d(Cs-C,)]  --2u d(Cs -- Cz) d Di [2] 

du du d u  

where Cs is the ini t ial  bu lk  concentrat ion in the source, 
and D1 is a funct ion of (Cs -- C1). The ini t ial  condi- 
tions are 

(Cs -- Cz) = Cs -- Cz,o, at u - = O  

=0, a s u - ~ - -  oo [3] 
and 

C2=C2,0, at u = 0  

=0, as u ~ - -  oo [4] 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  d i f fus ion ,  i n t e r f a c e  c o n c e n t r a t i o n s ,  s e g r e g a t i o n  co-  

ef f ic ient ,  v a r i a b l e  d i f f u s i v i t y .  

A solution to [1] is then obtainable from an i terative 
scheme (3) as 

[51 
One obtains a similar  expression for C1, or equivalent ly  
(Cs -- C1). At the interface, one has 

C2,o = I(Cl,o) [6] 

C2,o [ s D2-1exp ( -- S :  2uD2-1du ) du ] - l -= 

r(Cs -- Cl,o) [ S :  Dl - '  exp ( - -  S :  2UDl-l du ) d u  ] -1 

[7] 

The mass flows at the surfaces of the source and the 
sink are given by Eq. [7] since, from Eq. [5] 

0C2 ~ 1 dC2 o -jj _ ) 
X = 0  d'u, x = o  

= _  C2"_--~_~ [So~ D 2 - 1 e x p ( - - ~ 2 u D 2 - 1 d u ) d t ~ ]  -1 
2~ t  

[8] 
/ OC1 

and s imilar ly  for -- (Dz 

The definite integrals in Eq. [7] are independent  of 
u, and hence, invar ian t  with time. Since both Eq. [6] 
and [7], which together determine Cl,o and C2,o, do not 
contain u, CI,~ and Ce,o must  be invar ian t  with time. 
This in tu rn  upholds the original  assumption of Cl,o 
and C2,o being t ime- invar ian t  on which is based the 
application of Bol tzmann transformation.  

The solution of Eq. [6] and [7] requires the solu- 
tion of [5] and its companion expression for 
(Cs--CD, and vice-versa. Hence, the actual numer ica l  
scheme involves a two-level  iteration. For example, 
the first-level i terat ion involves searching C~,o; then 
one obtains C2,0 with Eq. [6]. This is followed by the 
second-level iteration, solving Eq. [5]. Fulf i l lment  of 
Eq. [7] is the cri terion for the first-level iteration. If 
the diffusivities in both media are constant, Eq. [7] 
reduces to 

C2,o/~/D2 = rCCs -- Cl,0)~/Dz [9] 

Cl.o and C2,0 are then obtainable from a straightfor-  
ward algebraic solution of Eq. [6] and [9]. In  the 
special case in which Eq. [6] reduces to C2,o = kCl,o 
which, in combinat ion with Eq. [9] 

Cl,o = rCs/(k ~/D,/Dz + r) [10] 

Manuscript  submit ted March 10, 1971; revised m a n u -  
script received ca. Ju ly  28, 1971. 

Any  discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1972 JOUm~AL. 
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Correction 
In the paper  "Reduct ion Mechanism of Th in -F i lm  

CuF2 Electrodes in P ropy lene  Carbonate  Electrolyte ,"  
by  Br ian  Burrows which  appeared  on pp. 1130-1132 in 
the Ju ly  1971 JOURNAL,  Vol. 118, No. 7, the expres -  
sion MHz cm -2 should read:  

m c  e m -  2 

for mi l l icoulomb per  square cent imeter .  This subs t i tu-  
t ion applies to both the text  and the table  headings  on 
pp. 1130 and 1131. 
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ABSTRACT 

Data are presented on the dissolution rates of SiO2 films in a var ie ty  of 
acidic fluoride solutions. It is shown that  the rate of dissolution is l inear ly  
dependent  on the concentrat ion of HF2-  and HF in relat ively dilute fluoride 
solutions. Both reactions have a similar temperature  dependence characterized 
by an activation energy of 9.1 and 8.1 kcal/mole,  respectively. The reaction 
with HF2-  is about four to five times as fast as that  with HF. Extrapolat ion 
to more concentrated solutions suggests that  higher polymeric species of the 
type HzFx+l-  may also be active in the dissolution process. Raman data in -  
dicates that no single product species is formed although the product spectrum 
is consistent with the presence of some SiF6 2-.  

The dissolution Of glasses by acidic fluoride solutions 
is probably one of the most familiar  of chemical re-  
actions. Nevertheless, the chemistry of this process has 
received very  little study. In recent years, this reaction 
has taken on new technological importance through 
its use in the manufac ture  of micro-minia ture  elec- 
tronic devices. Many different fluoride solutions, from 
concentrated HF to solutions highly buffered with 
NH4F, are being used for SiO2 dissolution through 
photoresist masks. Recently, Dey, Lundgren,  and Har -  
relI (1) reported on the tempera ture  and agitation 
dependence of the rate of SiO2 dissolution in one of 
the buffered HF solutions whose composition they 
failed to specify. It  is the purpose of this s tudy to 
determine what  species in solution may be responsible 
for the dissolution and how these depend on the for- 
mula t ion of the solution, i.e., to begin to elucidate the 
chemistry involved in the dissolution of SiO2 in acidic 
fluoride solutions. 

Experimental 
The SiO2 used in  this s tudy was in the form of thin 

films, ,~5000A thick, produced by the thermal  oxida- 
t ion of s ingle-crystal  silicon wafers. These were Mon- 
santo wafers (111) orientation, p-type,  ~-15 ohm cm. 
They were oxidized in an oxygen, water  vapor atmo- 
sphere (mole fraction H20 : 0.373) at ll00~ (These 
conditions are ment ioned here although the etch rate 
data does not appear to be par t icular ly  sensitive 
to the conditions of oxide formation.) 

The thickness of the oxide film was measured by an 
interference technique (2). The dissolution rates were 
calculated from the thickness changes which were 
found to be l inear  with t ime in all  cases. The dissolu- 
t ion rates were, in general, measured under  quiescent 
conditions although mild agitation has no measurable  
effect on the rates. 

Reagent grade chemicals were used in all cases. It  
was necessary to standardize the N I ~ F  stock solutions 
uti l izing an Orion fluoride electrode and Orion s tandard 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
I Present address: Micro-Bit Corporation, Lexington, Massachu- 

setts 02172. 
Key words: etching, buffered HF, photoetching. 

fluoride solutions. A hydrogen electrode was used for 
pH measurements  in these acidic fluoride solutions. 
Ja r re l -Ash  kindly  furnished the Raman spectrum of 
several solutions r un  on their Laser -Raman Spectro- 
photometer. 

Results and Discussion 
In  relat ively dilute fluoride solutions, the only sig- 

nificant species present  are related by Eq. [1] and [2]. 

KI[HF]  = [H +] [ F - ]  [1] 

K2[HF2-]  -- [HF] [ F - ]  [2] 

Farrer  and Rossotti (3) conclude that these are the 
only species present  up to at least one molar  fluoride. 
The constants, K1 and K2, have been determined many  
times [summarized in ref. (4) ]. The most recent values 
for 1M ionic s trength solutions and chloride media 
were reported by Mesmer and Baes (5) to be: 

25oC 60~ 

K1 ----- 1.30 • 10 -2 6.57 • 10 -4 
K2 ~ 0.104 3.66 • 10 -2 

Of course, these values will be a function of ionic 
strength and, therefore, cannot be used quantitatively 
in more concentrated media such as buffered fluoride 
etches, which are commonly 10 ~ 15M in fluoride. 
Nevertheless, it is instructive to consider how the con- 
centrations of the various species will depend on pH. 

Figure 1 is a plot of the calculated concentrations of 
HF and HF2-  for solutions of 15F total F -  as a func-  
tion of pH (or more precisely --logio [H + ]) ,  assuming 
the noted values of K1 and /~2  (6). The values on the 
ordinate are normalized to add up to 1.00, such that  
the fraction of free fluoride is the difference between 
1.00 and the sum of the two plotted values. It  is ap- 
parent  that  in the region of pH ~ 7 all of the fluoride 
exists as uncombined fluoride ion. As the pH is low- 
ered, the [HF2-]  begins to increase and reaches a 
m a x i m u m  in the region of pH 3. At the same time, HF 
becomes a significant species below a pH of 4 and  in-  
creases monotonical ly as the pH is fur ther  lowered. 
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Table I. Effect of varying the concentration of NH4F and HF on 
the apparent activation energy for the dissolution of Si02 

x x pH corre~nd;ng to 7:l 8~Ffered Etch 
\ / ENH4F j : IO.50F 
\ /  [HF] :s,s~ " 

x 

x 
\ 
x 

\ 
\ \  

\ \  
\ 

\ 
X\  

6 

Fig. I .  Mole fraction of fluoride as HF and HF2-,  calculated for 
15M total F - ,  and using the constants of Ref. (5). ( 
mole fraction of fluoride as HF; . . . . . . .  mole fraction of fluor- 
ide as HF2-).  

1oo oj 
5.0 

I I 7l J 2.5 5,o ,~ loo 
[NH4F] / CHC,~] 

Fig. 2. Dependence of apparent activation energy on the ratio 
of HH4F to HCI. 

The pH of one commonly used buffered H F  etchant  
composit ion is indica ted  on this figure. I t  is apparen t  
tha t  this  composi t ion would  contain only HF~-  and F -  
and ve ry  l i t t le  H F  if h igher  po lymer ic  species a re  not  
significant at these high concentrat ions.  

In  Table  I, the etch ra tes  and apparen t  act ivat ion 
energies in the  t empe ra tu r e  range  30~176 are  l is ted 
for a selection of solutions made  up  of var ious  amounts  
of NH4F and HF. The AEapp values  are  ca lcula ted  
f rom re la t ionship  [3] 

Rate  ---- A exp (AEapp/RT) [3] 

assuming no change in the  p re -exponen t i a l  factor  
which includes concentra t ion terms.  I t  is apparen t  
tha t  AEapp tends to increase  as the  rat io  of NH4F to 
HF is increased.  This suggests severa l  pa ra l l e l  react ion 
pa ths  of different  ac t iva t ion  energy.  

In o rder  to be able  to t rea t  the  ra te  da ta  more  quan-  
t i ta t ively ,  a series of solutions were  p repared  at a 
constant  va lue  of 1M ionic strength.  The ac id i ty  of 
these solutions was var ied  using HC1 and the fluoride 

S o l u t i o n  com- 
pos i t i on  (F) Etch rate 

AEapp.  a t  30~  
NI-L.F I-IF [NI -L .F] / [HF]  ( k c a l / m o l e )  (A/sec) 

0 I0.0 0 6.7 36,2 
2.00 1O.O 0.2 8.1 60,5 
1.00 2.50 0.4 8.2 15.0 
8.00 10.0 0.8 8.8 112 
8.00 2.50 3,2 10.3 19.4 

10.5 3.63 3.0 (7:1 bu f -  11.0 22.0 
fered H F )  

Dey et al. (I) ? ? 8.2 20 

content,  b y  including var ious  amounts  of NH4F or  
NHr Thus, the  condit ions of ref. (4) are  met  for  
these  solutions and the i r  values  of K1 and K2 can be 
used to ca lcula te  the var ious  concentrat ions.  The com- 
posi t ion and the ca lcula ted  values  of  the  concent ra-  
tions of the var ious  species a re  shown in Table  II. 

Again,  the apparen t  ac t ivat ion energy  for these solu- 
tions exhib i ted  a s imi lar  dependence  on the ra t io  of 
NI-I4F to H + (or  the  pH) .  This re la t ionship  is shown 
in Fig. 2. I t  is appa ren t  tha t  the  solutions wi th  the  
greates t  t empe ra tu r e  sensit ive ra tes  have  a composi-  
t ion wi th  a rat io  of NI-I4F to HC1 nea r  three.  

Al though the  solutions of Table  I I  do not  include 
one wi thout  added  acid, such solutions have been in-  
vest igated.  They  have  a pH of ~7,  and as can be  seen 
f rom Fig. 1, contain essent ia l ly  al l  f luoride in the  un-  
p ro tona ted  state. Such solutions exhib i t  essent ia l ly  zero 
ra te  of SiO2 dissolution, immed ia t e ly  a l lowing one to 
exclude f ree  fluoride as one of the  species respons ib le  
for the  dissolution. 

For  these solutions then, the  ra te  equat ion wi l l  have 
the  genera l  fo rm 

R ---- A [ H F ]  -5 B [ H F 2 - ]  -5 C [4] 

where  any of the  values  A, B, or C m a y  become zero 
if the da ta  so requires.  

A least  squares fit of the  dissolution ra te  da ta  to Eq. 
[4] y ie lded  the fol lowing values  for A, B, and C (wi th  
R in A/sec  and concentrat ions  in mola r i t y ) .  

Tempera ture ,  ~ A B C 

25 2.50 9.66 --0.14 
6 0  10.4 48.8 --  1.02 

The l inear  fit of the  ra te  da ta  to re la t ionship  [4] wi th  
these values  of the  constants  is shown in Fig. 3 and 4 
where  the  expe r imen ta l  ra tes  a re  p lo t ted  vs. A [ H F ]  
-5 B [ H F 2 - ] .  

In  general ,  these te rms  A and B wil l  contain  an 
exponent ia l  t empera tu re  dependence  and a p r e - e x -  
ponent ia l  term. The t empera tu re  dependence  is some-  
wha t  different  for each t e rm so tha t  the  over -a l l  con- 
cen t ra t ion  dependent  pa r t  of the  ra te  equat ion for 
di lute  fluoride solutions becomes as shown in Eq. [5]. 

R ( A / s e c )  - -  5.0 • 107 [HF2- ]  e - ~ I / R T  

+ 2.2 X 106 [HF] e ~2/RT-5 C(T)  [5] 

Table II. Composition and calculated concentrations of various species in 1M ionic strength fluoride solutions 

Composition (F) 

Calculated c o n c e n t r a t i o n s  C a l c u l a t e d  c o n c e n t r a t i o n s  
(M) x 10 ~ (M) x 10~ 
T = 25~ T = 6O~ 

[HCI] [NH4F] [NH4CI] [HF] [HF~-] [F-] [H +] 

SiO~ d i s s o l u t i o n  
r o t e  

( A / s e c - D  

[HF] [I-IF~-] [F-] [H +] T = 25~ T = 60~ 

0.100 0.864 0.100 13 87 677 0.0255 
0.200 0,768 0.200 41 159 409 0.129 
0.270 0.701 0.270 81 189 242 0.436 
0.300 0,672 0.300 109 191 182 0.778 
0,350 0.624 0.350 175 173 102 2.24 
0.400 0.576 0.400 266 128 49,4 7.01 
0.600 0.364 0.400 369 8 2.14 224 
0.800 0.192 0.200 190 0.74 0.405 609 
0.900 0.096 0.1OO 95 0.14 0.154 805 
0.450 0.240 0.560 234 3.2 1.42 213 
0.160 0.288 0.700 86 63 75.5 1.48 
0,250 ~384 0.600 164 83 52 4.10 

5 95 669 0.00508 0.739 3.00 
16 183 385 0.0296 1.452 7.34 
41 228 202 0.134 1.871 10.30 
63 236 136 0.306 2.068 10.60 

136 215 58.9 1.49 2.232 11.00 
240 155 23.2 6.81 1,971 10.55 
363 10 1.05 227 0.768 2.97 
189 1.05 0.204 610 0.266 0.820 
95 0.201 0.0775 805 0.088 0.240 

231 4.47 0.708 214 0.451 1.67 
62 87 51.1 0.80 0.901 4.58 

140 107 27.6 3.34 1.339 6.46 
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Fig. 3. Linear dependence of the dissolution rate of SiO2 at 
23~ on the plotted function of [HF2 - ]  and [HF].  
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Fig. 4. Linear dependence of the dissolution rate of SiO2 at 
60~ on the plotted function of [ H F 2 - ]  and [HF]. 

where 
C ( T )  ,,, 0.025 (T-292) 

~E1 = --9.1 X 108 
hE2---- --8.1 X 108 

It is now clear that  the change in apparent  activation 
energy with solution composition is in par t  a reflec- 
tion of the change in the constants K1 and K2 with tem-  
perature  which results in significant changes in [HF2-]  
and [HF] as can be seen from Table II. In  all cases, the 
[HF2-]  increases with temperature,  whereas [HF] de- 
creases for solutions containing relat ively large 
amounts  of HF2-  and remains  near ly  constant for the 
more highly acidic solutions. 

The fact that  the value of C is not zero is at first 
surprising, but  a much better  fit of the data is obtained 
with these small  but  nonzero values. It  might  be ex-  
pected that  as the concentrat ion is lowered, the con- 
centrat ion at the surface will  become significantly 
lower than bu lk  concentration, i.e., diffusion control 
becomes the case. This would result  in the extrapola-  
t ion of high concentrat ion rates intersecting the zero 
rate point at some small  but  nonzero concentration, as 
is observed. In  addition, as the tempera ture  is raised, 
the value of this intercept  should increase, as it does. 

A test of the val idi ty  of this relationship can be 
made by comparing calculated rates from it to measured 
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1 
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0 4 B 12 I6 20 24 2~ 
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Fig. 5. Dependence of the dissolution rate of SiO2 on the con- 
centration of HF ( calculated from Eq. [4] ,  using K1 
and K2 for 1M ionic strength; . . . .  experimental). 

rates in a slightly different system, namely,  solutions 
of various concentrat ions of HF. The same one molar  
ionic s trength values of K1 and K2 have been used 
to calculate the concentrat ions of HF and HF~-  from 
which the rates in Fig. 5 are derived. 

It is apparent  that  for the more dilute solutions, 
i.e., solutions <10M, the measured and calculated 
rates are at least qual i ta t ively  in agreement.  At high 
concentrat ions of HF, however, the rate of SiO~ dis- 
solution is significantly higher than would be pre-  
dicted on this model. This suggests that  other poly- 
meric species may become of importance in chemically 
at tacking the SiO2 surface in these concentrated so- 
lutions, although the change in the na ture  of the media 
and the concomitant  changes to be expected in  the 
values of K1 and K2 could, perhaps, be sufficient to 
account for this deviation. In  this connection, it is 
impor tant  to note that  the agreement  be tween the 
measured and calculated values is best near  1M ionic 
s t rength where the constants used wil l  have the correct 
values. Evidence for higher polymeric species in more 
concentrated HF has been provided by Jones and Pen-  
neman  (7). They found an infrared absorption at 
1820 cm -1 in solutions greater  than  6F in HF which is 
not due to HF2-  or HF and is not shifted in D20. 
The ion H2Fs- has been identified crystal lographical ly 
in the solid state (8), and some phase rule studies (9) 
have indicated the presence of H~F4- and H4Fs-.  The 
large positive deviat ion of the exper imenta l  rates from 
those calculated on the basis of dilute solution mea-  
surements  m a y  indicate that  these higher polymeric 
species have a high activity in the dissolution of SIO2. 

The over-al l  reaction is often assumed to involve the 
formation of hexafluorosilicate ion in solution. I t  is 
most l ikely a gross over-simplification to assume that  
this is the exclusive product since aqueous H~SiF6 
will itself dissolve up to 20 m/ o  (mole per cent) more 
SiO2 (10). It  has been proposed (11) that  a series of 
products of the form SiFi(OH2) k, where i -t- j + k ~ 8, 
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Table III. Roman spectrum of product species in 7:1 buffered HF 
(10.5F in NH4F, 3.5F in HF), 0-2500 cm -1 

A~' (cm~D Relative intensi ty 

183 Medium 
196 Shoulder 
288 Weak 
435 Weak 
656 Medium Weak 
832 Medium 
615 Weak 

1375 Medium 
1569 Medium 
1587 Medium 
1640 Very  Strong 
1700 Very Weak 
1733 Very Weak 
1865 Medium 
2010 Strong 
2073 Very Strong 
2115 Medium 
2363 Weak 
2422 Weak 
2452 Medium 

may form in the reaction of SiO2 with H2SiF6. This 
would also probably apply to the  solution of SiO2 in 
HF. 

A solution 10.5F in NH4F and 3.5F in HF (com- 
monly referred to as 7:1 buffered HF) was examined 
by Raman spectroscopy before and after dissolving 
SiO2 in it by exposing a one inch quartz disk in a 
500 cc volume of solution for two days. The solution 
which had  no SiO2 dissolved in it, exhibited no de- 
tectable absorptions in agreement with the work of 
Woodward and Tyrrel l  (12). The spectrum of the 
solution with the SiO2 dissolved in it is reported in 
Table III. A very large number of peaks are observed, 
indicating the presence of multiple product species. 
The medium intensity peak at 656 cm -1 coincides with 
the Raman absorption reported previously for hexa- 
fluorosilicate ion in aqueous solution (13) and may 
indicate its presence as one of the product species. 

Conclusions 
It has been shown that the dissolution rate of 

SiO2 in dilute acidic fluoride solutions depends on 
the concentration of HF2-  and HF, but not free fluo- 
ride. The rate of attack of HF2- is about four to five 

D I S S O L U T I O N  O F  SiO~ 1775 

times that of HF. The temperature dependence of the 
rate is similar for both species and is characterized by 
an activation energy of 9.1 and 8.1 kcal/mole, re-  
spectively. Quantitative characterization of the dis- 
solution of SiO2 in concentrated fluoride solutions must 
await the determination of the concentration depen- 
dence of the dissociation constants, Kt and K2, and 
identification of the role of higher polymeric species 
which are present in these solutions. 
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Oxidation and Temperature Cycling 
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ABSTRACT 

As pa r t  of a genera l  p rog ram to s tudy  the fundamenta l  oxida t ion  charac -  
ter is t ics  of a uranium-7.5 weight  per  cent (w/o)  niobium-2.5 w / o  z i rconium 
alloy, measurements  of the  f lexure  of th in  specimens react ing on one side were  
uti l ized to assess the  ex ten t  of stress genera t ion  dur ing  oxidat ion.  Dur ing  the 
ea r ly  s tages  of the  react ion at  700~ rap id  flexing of t he  specimens was ob- 
served. Because the  depth  or thickness  of the l ayer  involved in this  reac t ion  
was qui te  small,  the  stress wi th in  this  zone mus t  have been large  to account 
for the observed bending  stresses. The model  re la t ing  f lexure to a uni form 
stress in the  growing oxide film appeared  to be  appl icable  and led to film 
stress values  of the  o rder  of l0 t psi. When  the  oxidat ion  process was in te r -  
rupted,  the  high stresses then diss ipated r ap id ly  as the  reac t ion  slowed. This 
behavior  was analyzed in terms of a balance  be tween  stress genera t ion  and 
rel ief  in both the  oxide film and the subs t ra te  metal .  We also used f lexure 
measurements  dur ing  the rmal  cycl ing of these specimens to s tudy the  kinet ics  
of some of the  s t ruc tura l  t ransformat ions  exhib i ted  b y  this  alloy. The pres -  
ence of an  elastic stress g rad ien t  was found necessary  to promote  significant 
f lexure dur ing  the t ransformat ion  per iod  in these specimens,  suggest ing tha t  
shear  forces p l ay  an impor tan t  role in the  t ransformat ions ,  pa r t i cu l a r ly  those 
involving the  a" structure.  

The impor tance  of mechanical  effects on the over -a l l  
process of gaseous oxida t ion  is genera l ly  acknowledged  
to be la rge  for  a number  of metals .  Many  mani fes ta -  
t ions of these effects have been observed and the i r  in-  
fluence upon the over -a l l  oxidat ion  behavior  discussed. 
Thus, stress bui ldup and the response of both  the film 
and subs t ra te  meta l  to the  stresses a re  regarded  as im-  
por tan t  fea tures  in most  oxidat ion  processes and may  
be p r ima ry  factors in de te rmin ing  whe the r  or not  an 
oxide film wil l  be "protect ive."  

The techniques which have been used to obtain 
quant i ta t ive  da ta  on stress deve lopment  dur ing  ox ida -  
t ion have so far  been l imi ted  to x - r a y  methods (1), 
opt ical  methods  (2), and methods  which involve mea -  
surements  of the  macroscopic s t ra in  of the  oxide film 
and /o r  the substrate.  The l a t t e r  ca tegory  includes the  
"flexure" technique,  in which the curva ture  of a speci-  
men  reac t ing  on one side is measured.  The first ap -  
pl icat ion of this  p rocedure  to an oxidat ion  react ion 
was made by  Dankov and Churaev  (3) in 1950; va r i a -  
t ions of this  method have since been ut i l ized in high 
t empe ra tu r e  gaseous oxida t ion  studies of severa l  pure  
meta ls  (4-7) but  few al loy systems (4c, 8, 9). In  add i -  
tion, some inves t igators  have employed  different  types  
of measurements  of the  s t ra in  which  occurred as a 
resul t  of oxidat ion  in o rder  to obta in  da ta  f rom which  
to infer  a stress d is t r ibut ion  (10, 11). These resul ts  al l  
indicate tha t  significant, and in many  cases dominant ,  
stress systems and responses m a y  ar ise  dur ing  ox ida-  
tion. 

In  the present  paper  we wi l l  consider  the  f lexure be -  
havior  of a U-7.5 w / o  Nb-2.5 w / o  Zr  a l loy dur ing  
oxida t ion  at  700~ Dur ing  the  course of this  work  we 
also found tha t  the  a l loy  exhib i ted  some unusua l  
f lexure sequences upon t empera tu re  cycling. We wi l l  
discuss these in te rms of the  s t ruc ture  of the a l loy and 
the poss ibi l i ty  of ex tend ing  the uses of the  f lexure 
technique to the  s tudy  of s t ress-sens i t ive  t r ans fo rma-  
tions. 

Background Information 
The detai ls  of the  oxidat ion  character is t ics  of the  

a l loy  are  being publ ished e lsewhere  (12) and wi l l  not  
be  presented  here. However ,  i t  is useful  to furnish  a 
br ief  descr ipt ion of the  a l loy  and its oxidat ion  behavior  

* Electrochemical Society AcUve M e m b e r .  
K e y  words: ahoy oxidation, stresses in oxide f i lm,  u r a n i u m  a l l o y  

oxidation. 

in order  to provide su i tab le  background  for  our  in te r -  
p re ta t ion  of the  f lexure data. A more  complete  p ic ture  
is ava i lab le  in the  l i t e r a tu re  (12-16.) 

At  700~ this t e rna ry  a l loy has a single phase,  
body-cen te red -cub ic  s t ruc ture  (~) which m a y  be re -  
ta ined  wi th  minor  modification by  quenching. Aging 
of the  quenched mate r i a l  at  t empera tu re s  less than  
400~ yields  severa l  t rans i t ion  s t ructures ;  a t  t e m p e r a -  
tures  be tween  400~ and the  cr i t ica l  t empera ture ,  
about  650~ the equi l ib r ium phases a -~ ~3 appear  
(a is the  u r a n ium- r i c h  solid solution, 73 is n iob ium-  
r ich) .  The t i m e - t e m p e r a t u r e - t r a n s f o r m a t i o n  d iagram 
de te rmined  by  Dean (13) for  this  ma te r i a l  is shown 
in Fig. 1. The metas tab le  phases, o/s, 7o and ~" a l l  have 
s t ructures  closely re la ted  to the  pa ren t  7, and have 
essent ia l ly  the  same density.  Yake l  (14) has discussed 
these s t ructures  and descr ibed the  atomic displace-  
ments  necessary  for  the i r  formation.  The observed 
changes for  .~s and 7 ~ did  not  involve a chemical  or -  
dering.  

At  700~ wi th  oxygen  pressures  of a few microns,  
the  oxide films which form on the surface of e lec t ro-  
pol ished specimens dur ing  the ea r ly  stages of ox ida -  
t ion are  genera l ly  ve ry  uni form in thickness.  They con- 
sist ma in ly  of a compact,  co lumnar  UO~ m a t r i x  in 
which s t r ingers  of a metal l ic  n iob ium-r ich  phase  ex-  
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Fig. !. Time-temperature-transformation diagram for a uranium 
alloy containing 7.5 w/o Nb and 2.5 w/o Zr. [After Dean, Ref. 
(13)1. 
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tend normal  to the  me ta l  surface into the  oxide. The 
so lubi l i ty  of oxygen  in the  al loy is thought  to be quite 
low, as is the case for  pure  u ran ium (15). Similar ly ,  
g rowth  of the  oxide l aye r  is thought  to take  place p r i -  
m a r i l y  by  anion diffusion, p r o b a b l y  a ided by  the 
presence of a high dens i ty  of shor t  c i rcui t  paths.  

Experimental Procedure 
Specimens  in the  shape of 1 cm x 4 cm coupons were  

cut f rom 0.05 cm and 0.075 cm sheets  of arc-cast ,  hot -  
ro l led  alloy. They were  then  annea led  in vacuum for 
2 h r  at  800~ and quenched into ice wa te r  to re ta in  
the 7-bcc s tructure.  The specimens were  p repa red  by  
s t andard  meta l lu rg ica l  gr inding  techniques,  e lec t ro-  
pol ished in a 5% perchlor ic  ac id -methano l  solution, 
then vapor -coa ted  on one side wi th  a th in  (,~4000A) 
l aye r  of 3 Au-1  A1 (by  weight ) .  This m i x t u r e  has 
proved  v e r y  effective in pro tec t ing  this a l loy f rom 
oxida t ion  at  t empera tu re s  of at  least  700~ it  was 
also used wi th  appropr ia t e  caution for  a few exper i -  
ments  at  800~ and above. Specimens  were  mounted  
ve r t i ca l ly  in the appara tus ,  shown schemat ica l ly  in 
Fig. 2, by  a smal l  s ta in less-s tee l  vise so tha t  the  bot tom 
of a quar tz  fiber " t ransducer"  could be v iewed wi th  a 
ca thetometer .  The deflection of the  fiber is d i rec t ly  r e -  
la ted to the  cu rva tu re  of the  specimen. These deflec- 
t ion measurements  could be obta ined dur ing  the 
var ious  oxidat ion,  annealing,  and t empe ra tu r e  cycl ing 
exper imen t s  pe r fo rmed  in the appara tus .  The detai ls  
of the  appara tus ,  the  f lexure measurements ,  and p ro -  
cedures necessary  for the i r  in t e rp re ta t ion  have  been 
discussed prev ious ly  (7). 

Results and Discussion 
Stresses Generated During Oxidation 

The fact  that  a significant stress sys tem arises du r -  
ing the  oxida t ion  of this  a l loy was noted ea r ly  in the  
inves t igat ion when  it  was observed tha t  th in  speci-  
mens increased d rama t i ca l l y  in a rea  dur ing  oxidat ion.  
In  these exper iments  the  meta l  was undergoing  plastic 
deformat ion  most  p robab ly  as a resul t  of compress ive  
forces genera ted  in the  growing oxide and the asso- 
c ia ted tensi le  forces c rea ted  in the metal .  La t e ra l  ex-  
tensions of 40% were  not  unusual .  

In  o rder  to ascer ta in  the  condit ions under  which it 
would  be  possible to obta in  f lexure  measurements  and 
to test  the efficiency of the  pro tec t ive  layer ,  we oxi-  
dized a series of 1 x 4 x 0.05 cm al loy specimens at  700 ~ 
and 800~ at  oxygen pressures  up to 300~. Severa l  

Fig. 2. Schematic drawing of flexure apparatus 
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Fig. 3. U-7.5 w/o Nb-2.5 w/o Zr alloy specimens oxidized on 
top side at 800~ for the following times and oxygen pressures: 
5 min at 100~, 15 min at 100#, 1 hr at 100#, 2 hr at 150#, and 3 
hr at 200~. (Exposures of 8, 25, 100, 300, and 600~ hr, respec- 
tively.) 

mater ia l s  were  t r ied  as p ro tec t ive  layers  (combinat ions  
of A1, Au, and Ag) before choosing the Au-A1 mix tu re  
ment ioned above. At  these  tempera tures ,  oxida t ion  in-  
va r i ab ly  resul ted  in bending  of the  specimens, the  
bend ing  becoming qui te  severe  as oxidat ion  continued.  
Fig. 3 shows a series of such specimens oxidized at 
800~ The degree  of bending  of these specimens is, 
of course, much more  than  tha t  measured  in a typ ica l  
f lexure measu remen t  and is obviously  associated wi th  
considerable  plast ic  deformat ion  of  the  metal .  S imi la r  
behavior  has been repor ted  for ex tended  oxida t ion  of 
n iobium (7b).  

Flexure experiments.--Some of the typica l  charac -  
ter is t ics  of specimen flexure dur ing  the ea r ly  stages of 
oxida t ion  are  i l lus t ra ted  in Fig. 4, which  is a plot  of 
fiber deflection as a funct ion of t ime for a sequence of 
ox ida t ion /annea l  per iods  at  700~ The deflection was  
quite r ap id  as the  oxygen pressure  was increased up 
to about  20~ dur ing  the first oxygen cycle. The bending  
occurred such tha t  the oxidizing side was convex. 1 
Af te r  only  2.3 rain, the  specimen cu rva tu re  reached  the 
l imi t  measurab le  in our  appara tus ,  and the oxygen 
l eak  valve  was closed. As the  pressure  decreased,  the  
degree  of bending  was observed to decrease  qui te  
rapidly .  This cycle was repea ted  severa l  t imes and 
each t ime less oxygen  pressure  was requ i red  to in i t ia te  
comparab le  bending  rates.  

F o r  ideal  cy l indr ica l  bending, the  fiber deflection 
measured  in our appa ra tus  (7) is d i r ec t ly  re la ted  to 
the  degree  of cu rva tu re  of the  specimen (for smal l  cu r -  
va tures )  by  

LQ 
[1] 

P~ - -  2Z" 

where  Px "- rad ius  of cu rva tu re  in the  long dimension.  
L ---- specimen length, Q --  fiber length, and Z 
l a t e ra l  deflection of the end of the  fiber. For  al l  ex -  
pe r iments  r epor t ed  in the  presen t  paper ,  L --  4 cm 
and Q --  25 cm. I f  the  specimen deforms en t i re ly  
elast ical ly,  the  m a x i m u m  stress level  in the  me ta l  can 
be  app rox ima ted  2 by  the ideal  m a x i m u m  bending 
stress 

hE 
�9 s - -  --+ [2] 

2px 

where  h --  specimen thickness  and E --  Young's  
modulus  which, for  this  alloy, is thought  to be at  least  
5 x 10 e psi at  700~ (16). Thus, the  larges t  m a x i m u m  

1 F o r  c o n v e n i e n c e ,  w e  de f ine  " p o s i t i v e "  ( + ) f l e x u r e  as  t h a t  b e n d *  
ing  wh ich  increases the convex i ty  of t h e  o x i d i z e d  or  n o n p r o t e c t e d  
side of  t h e  s p e c i m e n .  

2 A correction is necessary  because of  the fact  that the neutral  
axis  is not  the s p e c i m e n  m i d p l a n e  for these oxidat ion exper iments .  
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Fig. 4. Flexure characteristics during oxidation/annealing ex- 
periment at 700~ Pressures listed above are maximum pressures 
reached during that part of cycle. Specimen thickness 0.041 cm; 
fiber length 25 cm. 

elastic bending stress obtained from the data of Fig. 4 
is about 6000 psi. Tensile data (16b) indicate a yield 
stress for the alloy of about 5000 to 6000 psi at 700~ 
However, the poor creep resistance of this alloy at this 
temperature,  plus the very  efficient stress generat ion 
mechanism operative dur ing oxidation, leads to non-  
elastic behavior  on the par t  of the alloy at a very early 
stage of oxidation. Caution must  therefore be exercised 
in  using the flexure data in calculations based on ideal 
elastic behavior. 

For these reasons we confine our a t tent ion to the 
first minute  of oxidation for the flexure curves shown 
in Fig. 4. The largest bending stress encountered is 
then only ~3000 psi, and the assumption that  elastic 
behavior predominated in the metal  seems more rea-  
sonable. In  this region of the flexure curve, the average 
stress in the oxide may then be calculated from the 
simple film stress equation (3, 7b, 9) 

1 h 
al = ~ ~ - -  [3] 

W 

where a t is the average stress in  an oxide film of 
thickness w, as is the max imum bending stress given 
in Eq. [2], and h is the specimen thickness. The equa-  
tion is accurate for h>>w. The oxide film formed 
in  1 min  at 700~ at a pressure of 20g is approximately 
0.5~ thick; Equat ion [3] then shows that  an average 
stress of about 800,000 psi compression must  exist in 
the film. Comparable results were obtained from sev- 
eral  similar experiments.  

The very rapid unbend ing  of the specimen dur ing 
the subsequent  vacuum annea l ing  periods came as 
something of a surprise. Indeed, the unbending  gen- 
eral ly commenced as the pressure was fa l l ing- -wel l  
before it  could reach its l imit ing value. While 
this deflection-time behavior  was reminiscent  of 
that  for t an ta lum and niobium under  similar condi-  
tions (7a) in which the redis t r ibut ion of oxygen in the 
metal  was controll ing the unbending,  the possibility 
that  the mechanisms are the same is remote. The low 
solubili ty of oxygen in this case, as well  as the very  
high diffusivity necessary to account for the rate of 
unbend ing  (greater than  10 -8 cm2/sec), s t rongly sug- 
gests a different reason for the observed behavior. 

An al ternate  mechanism is suggested by  the deflec- 
t ion data presented in Fig. 5. In  these experiments,  the 
specimens were oxidized to about the same total 
flexure at different rates by changing the oxygen pres-  
sure. The degree of unflexing upon subsequent  removal  
of the oxygen was found to depend very much upon 
the original flexing rate. These characteristics, coupled 
with the very high film stresses and m a x i m u m  bend-  
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Fig. 5. Flexure of U-Nb-Zr alloy during oxidation/annealing cy- 
cles at 700~ �9 Specimen thickness 0.052 cm, oxygen pressure 
100-200~ for about 20 sec; �9 specimen thickness 0.061 cm, nom- 
inal oxygen pressure 5#; O specimen thickness 0.061 cm, nominal 
oxygen pressure 2.5~. 

ing stresses which existed, pointed strongly to an in-  
teraction of elastic and plastic effects in both the oxide 
film and the metal  as a basis for a model which may 
be proposed as follows: (a) During the early stages of 
oxidation, the total s train energy remains  small, and 
elastic behavior  predominates  in the metal.  However, 
stresses in the oxide film quickly reach values in the 
range of 106 psi and some forms of stress-relief become 
operative. Dur ing  this part  of the process, a "steady 
state" exists between the s tress-generat ing and the 
stress-rel ieving mechanisms in the oxide film. (b) As 
the film thickness and, therefore, the total  s train en-  
ergy of the system increase, the m a x i m u m  bending 
stress in the specimen becomes sufficiently high for 
stress relief in the form of plastic flow or creep to be-  
gin in the metal. As oxidation continues, bending will  
likewise continue, perhaps even at an increasing rate 
because of the relat ively decreased resistance. (c) 
When the oxygen pressure is suddenly reduced, the 
means of s t ress-renewal  in the oxide film is w i thd rawn  
(or becomes slower),  the dynamic balance is broken, 
and the result  is a rapid decrease in the stress level in  
the oxide. The remain ing  elastic components of the 
bending stresses in the metal  react to the decreased 
stress level by part ial ly "unbending"  the specimen. 
This wil l  take place rapidly  as the effective stress in  
the oxide drops to a level where its rate of creep is 
negligible. (d) At 700~ creep in the metal  is expected 
to cont inue even at comparat ively low stress levels. 
Thus, for longer annea l ing  times the remain ing  elastic 
stress in the oxide might be expected to exert  its in-  
fluence, resul t ing in addit ional  flexure of the specimen 
at a rate governed essentially by creep of the  metal. 
An  example of this behavior  is shown in  Fig. 6 which 
shows some additional, but  ve ry  slow, flexure for long 
anneal ing times. 

The flexure behavior  of this alloy dur ing oxidation 
is therefore explained on two premises: first, there is 
a highly efficient s t ress-generat ion mechanism avail-  
able in the form of anion diffusion in the oxide coupled 
with a large oxide/metal  volume ratio. Second, we 
surmise that  for a given rate of stress generation, the 
relat ive rates of stress relief in  both oxide and meta l  
play an impor tant  role in de termining  the details of 
flexure in a given experiment.  

Flexure During Transformation 
While the flexure of the alloy specimens dur ing  the 

isothermal oxidation and annea l ing  exper iments  was 
reasonably self-consistent and reproducible, abnor-  
mal ly  large changes in the final specimen curvature  
were general ly  observed after the specimens were 
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Fig. 7. Flexure during thermal-cycling in vacuum for unoxidlzed 
( � 9  and preoxidized ( O )  specimens. Initial radius of curvature 
for oxidized specimen was approx. 10 cm. Both specimens originally 
furnace-cooled from 700~ 

cooled and removed from the flexure apparatus. These 
anomalous changes were larger than  those to be an-  
ticipated as a result  of differential thermal  contract ion 
and /or  differential t ransformat ion s t rain effects be- 
tween the metal  and the th in  oxide film. We therefore 
conducted a series of tempera ture-cycl ing  experiments  
in which these flexure effects were documented in de- 
tail. 

Temperature cycling.--Specimens were prepared for 
these experiments  as previously described, and several 
unoxidized ("blank")  specimens were tempera ture-  
cycled from 30 ~ to 700~ in vacuum (10 -6 Torr) in 
the flexure apparatus. These specimens exhibited only 
minor  bending effects over the complete tempera ture  
cycle regardless of the init ial  s t ructural  state of the 
specimen. Such behavior is shown in the "blank" run  
of Fig. 7 where a small  deflection was observed on 
heating at about 450~ a larger hump occurred on 
cooling star t ing at about 400~ Undoubtedly  such 
minor  effects could be a t t r ibuted to inhomogeneities in 
the specimen resul t ing in slightly different t ransforma-  
tion rates from one side to the other; if the t ransforma-  
tion were influenced by  a free surface, the protective 
Au-AI  coating on one side might  also exert  an effect. 

When a specimen was l ightly oxidized on one side 
at some stage of the experiment,  however, the sub-  
sequent flexure characteristics dur ing tempera ture  
cycling in vacuum were very  much different. Typical  
behavior for a furnace-cooled preoxidized specimen 
is shown in  Fig. 7 for direct comparison with the u n -  
oxidized sample. ( In this case the oxidation t rea tment  
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Fig. 8. Flexure during thermal cycling of oxidized and quenched 
allay specimen. Initial radius of curvature, po, after quench from 
700~ was approx. 10 cm. O First cycle (quenched condition). 
�9 Second cycle (slow-cooled condition). Approximate specimen 
curvatures corresponding to the deflection values are shown in the 
figure. 

consisted of 2.5 rain at 5~ 02 pressure at 700~ The 
radius of curva ture  after oxidation, computed from 
the fiber deflection, was about 21 cm. After  slow cool- 
ing it was measured directly as about 10 cm).  Upon 
heat ing at a rate of about 10~ the specimen u n -  
flexed as the tempera ture  was increased to 425 ~ 
flexed from 425 ~ to 550 ~ and finally very rapidly u n -  
flexed from 550 ~ to 650 ~ to approach a radius of cur-  
va ture  of 21.7 cm. As the specimen was cooled, flexing 
occurred slowly unt i l  400~ was reached; between 
400 ~ and 300~ the large increase in  flexure re turned  
the specimen v i r tua l ly  to its original shape. F rom the 
phase diagram and TTT curves (13) for this alloy, it 
appeared that  a good correlation existed between this 
flexure behavior and the s t ructural  t ransformat ion of 
the alloy, a For instance, referr ing to Dean's t ransfor-  
mat ion  curves in Fig. 1, it is apparent  that  the large 
flexure which occurred dur ing  the cooling cycle shown 
in Fig. 7 parallels the formation of a" from the matr ix  
~. ( In our apparatus,  cooling rates were sufficiently 
fast so that  only the d' t ransformat ion was involved.) 
On the other hand, the exact sequence of events dur -  
ing heating as the .~s,o and ~" phases revert  eventual ly  
to the h igh- tempera ture  7 phase is not so clear. 

Informat ion  which helped to correlate fur ther  the 
flexure and structure data was obtained by  making 
temperature-cycle  flexure exper iments  on specimens 
heat - t rea ted to yield different s tar t ing structures. For 
example, Fig. 8 and 9 i l lustrate  the flexure behavior  of 
specimens oxidized on one side, then heat t reated to 
yield .~s (quenched) and "~a + a ( isothermally t rans-  
formed) structures. While v i r tua l ly  identical  cooling 
curves were obtained in both cases, the flexure dur ing  
heat ing obviously depended upon the star t ing struc- 
tures. In  Fig. 8, the quenched specimen unflexed at a 
rapid rate dur ing heat ing to 400~ then exhibited a 
comparat ively large dip---bending then unbe nd ing - - a s  
the tempera ture  was increased to 700~ On the other 
hand, (in Fig. 9) the isothermally t ransformed speci- 
men  consisting of essentially equi l ibr ium ~3 + ~ did 
not show either the init ial  rapid rate of unbend ing  or 
the abrupt  reversal  at 400~ it did however, show 
the large degree of unbend ing  star t ing at about 600 ~ . 
It is significant that  quenched or t ransformed speci- 

a These  c u r v a t u r e  changes  we re  thought  to be l a r g e r  t h a n  those  
w h i c h  w o u l d  occur  as a r e s u l t  of a u n i f o r m  r e l a t i v e  d i l a t i o n  b e t w e e n  
t he  a l loy  and  t he  v e r y  t h i n  oxide  dur ing  t r a n s f o r m a t i o n .  Thus ,  in  
o rde r  fo r  a t r a n s f o r m a t i o n  to  in f luence  s ign i f i can t ly  t he  c u r v a t u r e  
of such  a spec imen ,  i t  m u s t  occur  " d i f f e r e n t l y "  on  one  s ide of t he  
s p e c i m e n  c o m p a r e d  to  t he  o ther .  I f  t he  f l exure  c h a n g e  is Der- 
m a n e n t ,  the  d i f f e rence  m u s t  be one  w h i c h  i n v o l v e s  " t e x t u r e "  or  
" e x t e n t "  of the  t r a n s f o r m a t i o n  r a t h e r  t h a n  " r a t e "  w h i c h  w o u l d  
r e s u l t  i n  f lex ing ,  t h e n  u n f l e x i n g ,  as t he  r eac t i on  w e n t  to  comp le t i on .  
Also,  a v o l u m e  or  shape  c h a n g e  m u s t  be i n v o l v e d  in  t he  t r a n s f o r -  
m a t i o n  to  p roduce  the  necessa ry  s t ra in .  S ince  t he  effect  was  no t  
o b s e r v e d  on a n n e a l e d ,  u n o x i d i z e d  spec imens ,  s o m e t h i n g  c o n n e c t e d  
w i t h  the  oxidat ion of t h e  s p e c i m e n s  on one side created the  con-  
d i t i o n  w h i c h  leads to this  di f ference .  
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Fig. 9. Flexure during thermal cycling of oxidized specimen iso- 
thermally transformed 4 hr at 500~ Initial curvature after cool- 
ing oxidized specimen was 8 cm. 0 Isothermal transformation 
cycle. �9 Isothermally transformed specimen. 

mens that  had not been preoxidized did not react in 
this manner  but  ra ther  behaved in the same way as 
the "blank run"  of Fig. 7. 

Summariz ing these data, the fewest flexure var ia-  
tions on heat ing occurred with the specimen with the 
fewest expected variat ions in structure. The structure 
of the isothermally t ransformed specimen appeared to 
remain  stable upon heating (Fig. 9) to about 600~ 
where we can associate this par t  of the flexure curve 
with the production of "v. Specimens having ini t ial  
s tructures consisting of the metastable  ~s (Fig. 7) or 
7 s,~ plus ~" (all furnace-cooled specimens) exhibited 
some intermediate  t ransformations which depended 
heavily upon the heating rate. Reactions producing =" 
or ~3 + a from either "v or ,p.o phases resulted in fur -  
ther  bending of an oxidized specimen, and vice versa. 
The increased rate of unflexing at low temperatures  
in the quenched specimen, for example, may have 
been associated with some intermediate  stage of the 
reaction, perhaps the formation of additional ~o. 

Superimposed on all these possible t ransformat ion 
effects is the differential thermal  contract ion be tween  
the oxide film and the metal. For these specimens, the 
addit ional  flexure from this source was small  because 
the oxide layer was general ly  quite th in  compared to 
the metal. However, the effect was measurable dur -  
ing heating and cooling in temperature  ranges where 
t ransformations did not interfere. This permit ted us to 
obtain estimates of both film and bending stress values 
which might  result. According to the bimetal  thermo-  
stat analysis of Timoshenko (17), a specimen oxidized 
on one side and typical of those under  consideration 
here might  be expected to .exhibit  max imum elastic 
bending stresses of 1500 psi or more, solely as a result  
of cooling or heating a few hundred  degrees. Stresses 
in the oxide film due to this source could approach 
35,000 psi. 

Isothermal trans]ormations.--With only slight modi-  
fications of the exper imental  procedures described 
above, we were able to use the flexure technique on 
preoxidized specimens to follow the isothermal t rans-  
formation kinetics of this alloy. Examples of the 
flexure at constant  tempera ture  due to the -y --> "vs -}- a 
and "vs -> a" t ransformations are shown in Fig. 10. The 
tempera ture  schedule is superposed on Dean's  TTT 
curves in the inset, and reasonable ag reement  is seen 
to exist between our data and those obtained by more 
conventional  techniques. Long-t ime isothermal t rans-  
formation experiments  of this sort did not result  in 
significant unbending  of the specimen, which indicated 
that a differential texture  or extent  of the t ransforma-  
t ion is involved in this flexure. 

Stress e~ects.--The i tem which is pr imari ly  re-  
sponsible for the difference in the t ransformat ion be-  
havior is thought to be the elastic stress gradient  which 
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Fig. 10. Flexure during isothermal transformation at 360~ and 
500~ for preoxidized specimens. Temperature schedule and time- 
temperature-transformation curves (13) shown in inset. 

exists in the specimens at the t ime of t ransformation.  
In  specimens which have been oxidized on one side, 
the resul t ing stress system includes substant ia l  bend-  
ing stresses; even if these are reduced to some degree 
by anneal ing periods in vacuum, the action of the 
forces of differential thermal  contraction alone could 
reestablish a significant stress gradient  across the 
specimen dur ing  cooling. 

The belief that  elastic stress effects, ra ther  than some 
other aspect of the oxidation treatment ,  were respon- 
sible for the observed t ransformat ion-f lexure  behavior 
was enforced by addit ional flexure measurements  on 
specimens in which elastic stress gradients were im-  
parted by strictly physical means. Unoxidized, unpro-  
tected specimens quenched from 800~ were de- 
formed in bending at room temperature  using an ad- 
justable metal  hose clamp to produce a uni form radius 
of curvature  in the desired range. Sufficient uni form 
plastic deformation was induced into these specimens 
so that  when they were released from the clamp, 
springback increased the radius of curvature  only to 
about that  value which had been observed in the oxida- 
tion experiments.  Of course, the residual elastic stress 
distr ibution here is not a completely l inear  ent i ty  such 
as a pure bending stress. However, elastic stress 
gradients do exist in these specimens which might  be 
expected to influence a stress-sensit ive t ransformation.  

The results of such an exper iment  with respect to the 
a" t ransformat ion are shown in Fig. 11. A mechanical ly  
deformed v-quenched specimen was heated in vacuum 
to 350~ flexing only slightly dur ing  the 25 min  heat-  
ing period. Held at this temperature,  flexure now oc- 
curred, decreasing the radius of curvature  of the speci- 
me n  from 12 cm to about 7 cm in  a short period of 
time. The behavior was practically the same as that  ob- 
served on specimens in which the original deformation 
was accomplished by oxidation and/or  by  differential 
thermal  contraction. This specimen was then  reheated 
to 800~ for 90 rain to reform the "v phase and to an-  
neal out the stresses left by the original room- tem-  
perature deformation. After quenching the specimen, 
the radius of curva ture  was found to be identical to 
that  observed before the ini t ial  heating, 12 cm. Thus, 
the strain, in this case differential strain, caused by the 
formation or removal  of the a" was completely re-  
versible. The curve shown by  the open circles in Fig. 
11 shows the flexure behavior  observed when the an-  
nealed specimen was reheated to 350 ~ and held for an 
extended period of time. No changes in  flexure were 
found. The absence of flexure changes for a specimen 
in a condition completely identical  to that  in the first 
cycle--except  for the presence of residual elastic stress 
gradients- - i s  significant. This behavior  indicates that  
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Fig. 11. Flexure of mechanically deformed specimen with initial 
radius of curvature of 12 cm. �9 ~,-quenched, deformed. O Same 
specimen, annealed 90 min at 800~ to relieve elastic stresses, "y- 
quenched; radius of curvature after quenching was 12 cm. Ap- 
proximate specimen curvatures corresponding to the deflection 
values are shown in the figure. 

the transformation is indeed affected by the presence 
of a stress gradient and strongly suggests that it takes 
place by a mechanism in which martensitic or shear 
processes play an important role. This is in accord with 
previous investigators (18) who have also concluded 
that shear transformation mechanisms are important 
in several uranium alloy systems. 

C o n c l u s i o n s  
The flexure technique was used to observe stress 

buildup during the oxidation of a uranium-7.5 w/o 
niobium-2.5 w/o zirconium alloy. These measurements 
indicated that the effective stress in the oxide film 
approaches 10e psi and were instrumental in the estab- 
lishment of a mechanism accounting for the stress 
generation and relief behavior. This model furnishes 
an important facet in the complete description of the 
oxidation process. 

The application of the flexure technique to the study 
of oxidation phenomena in an alloy system must be 
made with the realization that extraneous sources of 
flexure may be operative under certain conditions. 
Conversely, one may sometimes make use of flexure 
methods to investigate the nature of these "extraneous 
sources." For example, in this investigation we used 
such measurements to observe the kinetics of certain 
phase transformations in this alloy. The transforma- 
tions were subject to a flexure measurement because 
they proved to be sensitive to the elastic stress 
gradients which could be imposed by either oxidation 
or mechanical means. 
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Oxidation of Ni-Cr-AI Alloys Between 1000 ~ and 1200~ 
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ABSTRACT 

The oxidat ion  of N i - C r - A I  al loys in 0.1 a tm of oxygen has been s tudied at  
t empera tu res  of 1000 ~ 1100 ~ and 1200~ Twen ty -one  al loys wi th  va ry ing  
chromium [2-30 weight  per  cent ( w / o ) ]  and a luminum (1-9 w/o )  contents  
were  examined.  I t  was found tha t  all  of the al loys in i t ia l ly  unde rwen t  a per iod  
of t rans ien t  oxidat ion  before s t eady-s ta te  condit ions were  established.  The 
t rans ient  per iod of oxidat ion  usual ly  did not exceed 1 h r  and was cha rac te r -  
ized by  rap id  conversion of thin surface layers  of the  al loys to oxides wi th  the 
subsequent  format ion  of continuous layers  of one of the fol lowing oxides:  
NiO, Cr~O3, or  A1203. S t eady - s t a t e  condit ions were  es tabl ished wi th  the fo rma-  
tion of these continuous oxide layers,  and oxidat ion  occurred by  th ree  differ-  
ent mechanisms which were  charac ter ized  by  the  growth  of an  ex te rna l  l aye r  
of NiO over  a subscale  of Cr20~ and A1203, the  growth  of an ex te rna l  l aye r  
of Cr203 over  an A1203 subscale or the growth  of a continuous,  ex t e rna l  l aye r  
o f  A 1 2 0 3 .  

Nickel -base  supera l loys  are  cu r ren t ly  used in nu-  
merous  h i g h - t e m p e r a t u r e  appl icat ions  which  requ i re  
both mechanica l  s t rength  and oxidat ion  resistance.  
Vi r tua l ly  all  such alloys in use today  were  developed 
empi r ica l ly  through a judic ious  selection of s t r eng th -  
ening e lements  and e lements  r equ i red  for oxidat ion 
resistance. Elements  usual ly  added  to improve  me-  
chanical  p roper t ies  include Mo, W, Ta, and Nb through  
solid solution ha rden ing  and A1 and Ti via  format ion  
of a ~' prec ip i ta te  in a v -n icke l  mat r ix .  Carbon is used 
to improve  gra in  bounda ry  proper t ies  whi le  A1 and Cr 
are  included to develop oxida t ion  resistance.  Final ly ,  
e lements  such as y t t r i u m  (1) as wel l  as iner t  d is -  
persoids  (1, 2) have also been  found to improve  the 
oxidat ion  resis tance of alloys. In  o rder  to develop high 
s t r e n g t h  n icke l -base  al loys wi th  improved  oxidat ion  
resistance, it  is necessary  to de te rmine  the influence of 
these types  of e lements  upon oxidat ion  proper t ies .  
However ,  before  it is possible  to examine  the effect of 
different  e lements  on the oxidat ion behavior  of n ickel -  
base superal loys,  it  is essent ia l  to define the oxidat ion 
mechanisms for s impler  but  r e la ted  al loys such as 
Ni-Cr-A1 alloys. 

The rmodynamic  considerat ions  have shown tha t  
Cr203 and A1203 are  the  s table  oxide phases formed 
on Ni -Cr  and Ni-A1 alloys, respect ively,  whenever  
these al loys contain more  than  one par t  pe r  mil l ion of 
chromium (3) or a luminum (4). In  view of these con- 
ditions, Cr203 and A1208 should be the  pr inc ipa l  
products  formed on v i r t ua l ly  al l  oxidized N i - C r - A I  
alloys. Fur the rmore ,  since the equi l ibr ium constant  for 
the  fol lowing react ion is ve ry  smal l  (e.g. 3 x 10-1s 
at  l l00~ 1) 

A1203 ~- 2Cr (a l loy)  = Cr203 + 2Al (a l loy )  [1] 

A1203 should be the s table  oxide phase  formed on 
Ni-Cr-A1 al loys tha t  contain  more  than  1 ppm a lu-  
minum. For  example ,  when  the ac t iv i ty  of chromium 
and a luminum in the  a l loy is t aken  as 1 and 10-~ 
respect ively,  the  mole  fract ion of A1~O3 in the A120~- 
Cr203 solid solut ion is 0.9997. Prev ious  studies (6-9) 
on the oxida t ion  of Ni-Cr-A1 al loys show that  much 
more than  1 ppm a luminum is requ i red  to form an 
ex te rna l  A1203 scale on these al loys and i t  is apparen t  
tha t  o ther  pa rame te r s  in addi t ion  to the rmodynamic  
condit ions mus t  be considered when  discussing the  
oxidat ion  of such alloys. Al though some expe r imen ta l  
work  (6-0) has been accomplished,  a mechanis t ic  
descr ipt ion for the  oxidat ion  of Ni-Cr-A1 al loys is not  
avai lable.  The purpose  of the present  s tudy was to 
de te rmine  the oxida t ion  mechanisms of Ni-Cr-A1 
al loys at t empera tu res  be tween  1000 ~ and 1200~ 

K e y  w o r d s :  o x i d a t i o n ,  N i - C r - A 1  a l loys ,  m e c h a n i s m s .  
T h e r m o d y n a m i c  d a t a  obtained from Ref .  (5). 

Experimental 
The alloys l is ted in Table I were  p repa red  from 

h igh -pu r i t y  meta ls  b y  nonconsumably  arc mel t ing  and 
cast ing as 100g buttons.  These al loys were  then given 
a p re l imina ry  anneal ing  t r ea tmen t  in vacuum at 
1000~ for 48 hr  to p romote  homogenei ty .  Each but ton  
was cut  into a pp rox ima te ly  0.250 in. th ick  sections 
tha t  were  subsequent ly  co ld- ro l led  to 0.050 in. th ick-  
nesses and annea led  in vacuum at 1000~ for 48 hr  to 
provide  a twinned,  equiaxed  -~ matr ix .  Two of the  
alloys, Ni-10Cr-9A1 and Ni-30Cr-6A1, were  s tudied in 
the  cas t -annea led  condit ion due to difficulties en-  
countered  dur ing  cold-rol l ing.  Most of the  a l loys were  
single phase -y and the r ema inde r  exhib i ted  e i ther  two 
phase, 7 -t- ~' or th ree  phase 7 -}- ~' + aCr s t ructures  
in agreement  wi th  the N i 'C r -A1  phase d iag ram (10). 
Rec tangula r  specimens were  cut  f rom the  sheet  and 
but tons  to provide  surface areas  of app rox ima te ly  2.5 
cm 2. Al l  specimens were  pol ished th rough  600-grit  SiC 
abras ive  paper ,  u l t rasonica l ly  ag i ta ted  in e thy lene  t r i -  
chlor ide  and r insed wi th  e thyl  alcohol. 

The al loys were  i so thermal ly  oxidized at  t empera -  
tures  of 1000 ~ 1100 ~ and 1200~ in stat ic oxygen at  
0.1 atm. Oxidat ion  kinet ics  were  de te rmined  by  the  
we igh t -ga in  method  using an automat ic  vacuum micro-  
balance.  The specimens were  ra ised f rom the cold zone 
to the hot  zone of the  furnace  a f te r  oxygen had  been 
admi t ted  to the system. The expe r imen ta l  appara tus  
and procedure  have  been descr ibed  in a previous  paper  
(4) and wil l  not be included here.  

Table I. Composition of alloys 

A l l o y  w / o  w / o  P h a s e s  
designation c h r o m i u m  a l u m i n u m  present 

N i - S C r  4.9 - -  ~/ 
N i - 3 A l  - -  3.1 
N i - 2 C r - 4 A l  2.0 4.0 ,y 
N i - 2 C r - 6 A I  2.0 6.0 "7 
Ni -3Cr -6A1 3.0 6,0 ,y 
N i - 5 C r - I A I  5.1 1.0 '7 
N i - 5 C r - 3 A I  5.0 3.0 -/ 
Ni -SCr-4A1 5.0 4.0 -y 
Ni -5Cr -6A1 5.0 6.2 *f + ,~' 
N i - 5 C r - 9 A I  5.0 8.9 -r + ~ '  
N i - 1 0 C r - I A I  10.0 1.0 ~, 
N i - 1 0 C r - 2 A I  I0.0 2.0 ~/ 
Ni -10Cr-3A1 I0.0 3.1 3" 
Ni -10Cr-0A1 9.9 6.0 ~, + ,y" 
Ni -10Cr-9A1 1O.0 8.9 ,y + -y' 
N i - 1 5 C r - 6 A I  14.8 5.9 ~f + ~,' 
N i -20Cr -2A1  19.9 2.0 
N i - 2 0 C r - 3 A I  19.9 3.0 ~/ 
Ni-2OCr-4A1 19.9 4.0 ~, 
Ni -20Cr-6A1 19.8 5.9 '7 + ~,' 
N i -30Cr-2A1 30.0 2.0 ~, 
N i -30Cr -4A1  30.0 4.0 ~, + ~ C r  
Ni -30Cr-SA1 29.9 6.0 ~, + ~ '  + aCr 

Note: The impurity level  of all  a l loys  w a s  less than 0.4 w / o .  
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Upon completion of the kinetic measurements, the 
oxidized specimens were examined optically to evalu- 
ate their surface topography. Transverse sections of 
representative specimens were subsequently prepared 
by standard metallographic techniques and examined 
optically at high magnifications. Some of the oxidized 
specimens were studied with a Cambridge Microscan 
electron probe-microanalyzer to determine the dis- 
tributions of nickel, chromium and aluminum in the 
oxides and substrates in the same manner as described 
for nickel and chromium in a previous paper (3). 

Standard x - ray  diffraction techniques were em- 
ployed for phase identification of the oxidation prod- 
ucts. Oxides that did not spall during cooling were 
examined in situ. Spalled and extracted (10% Br- 
methanol) oxides were studied by the Debye-Scherrer  
method. Oxides formed during the initial period of 
oxidation, i.e. < 1 hr, were also extracted from selected 
specimens and examined by transmission electron 
microscopy with a Philips EM200 electron microscope. 

Results and Discussion 
The experimental results obtained for the oxidation 

of Ni-Cr-AI alloys in 0.1 atm of oxygen for 20 hr or 
more were found to fall into three distinct groups 
which correspond to three different oxidation mecha- 
nisms. The diagrams presented in Fig. 1 show the pro- 
posed compositional limits for these three oxidation 
mechanisms at 1000 ~ 1100 ~ and 1200~ Construction 
of these diagrams was accomplished by evaluation of 
the kinetic data and characterization of the oxides 
formed via optical and electron metallography, x-ray 
and electron diffraction and electron probe micro- 
analysis. Most of the surfaces of the alloys studied 
oxidized uniformly but a few alloys, with compositions 
close to the boundaries of the diagrams shown in Fig. 
l, oxidized nonuniformly and appeared to be oxidizing 
by different mechanisms on different portions of their 
surfaces. These latter alloys will  be referred to as 
transition alloys in the subsequent discussion. 
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Fig. |. Isothermal diagrams showing the compositional limits for the three oxidation mechanisms of Ni-Cr-AI alloys in 0.1 otto of oxy- 
gen at 1000 ~ 1100 ~ and 1200~ (I) An external scale of NiO and a subscale of chromium and/or aluminum oxides is formed. (11) An 
external layer of Cr203 and a subscale of AI203 is formed. (111) Only an external layer of AI2Os is formed. The data points in this 
diagram correspond to the compositions of the alloys studied. Solid squares, triangles and circles indicate alloys that conform to mechan- 
isms I, II, and III respectively. Open symbols represent alloy compositions where evidence for mechanisms on both sides of the boundaries 
were observed. 
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Group I alloys.raThe oxidat ion  kinet ics  for al l  a l loys 
wi th  composit ions corresponding to region I of Fig. 1 
even tua l ly  obeyed the parabol ic  ra te  law. Usua l ly  this  
ra te  law was fol lowed v i r tua l ly  f rom the  beginning of 
the  we igh t - inc rease  measurements  a l though in some 
cases conformance was not  evident  for up to 10 h r  
of oxidation.  Typical  resul ts  are presented  in Fig. 2. 
The parabol ic  ra te  constants  for  al loys in this  group 
were  a lways  about  an order  of magni tude  grea te r  than  
tha t  for pu re  nickel  oxidized under  the same condi-  
tions, Fig. 3. 

A photomicrograph  of a t ransverse  section th rough  
an oxidized specimen, typ ica l  of Group I, is shown in 
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Fig. 2. Typical oxidation data for Group I alloys. 
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Fig. 3. Temperature dependence of the parabolic rate constants 
obtained for the oxidation of a typical Group I alloy (Ni-5Cr-|AI),  
Group II alloys (Ni-20Cr-2AI, Ni-30Cr-2AI), and Group III alloys. 
Parabolic rate constants for the growth of NiO on pure nickel 
(3), Cr203 on Hi-30Cr (3), and AI203 on Ni-25AI (4) are included 
for comparison. 
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Fig. 4. Microstructure of Ni-2Cr-4AI after 20 hr of oxidation in 
0.1 otto of oxygen at 1000~ This structure is representative of 
oxidized Group I alloys. 

Fig. 4. A dense ex te rna l  scale is evident  above a zone 
of in te rna l  oxide precipi ta tes .  X - r a y  analysis  of in situ 
and ex t rac ted  oxides showed tha t  the  outer  scale was 
NiO whi le  the  subscale prec ip i ta te  was composed of a 
mix ture  of Cr20~, A1203, and Ni(Cr ,  A1)204. 

The resul ts  show tha t  n ickel  is oxidized ex te rna l ly  
to form a continuous scale w h e r e a s  a discontinuous 
subscale  of A120~ and Cr208 is developed by  the in-  
t e rna l  oxida t ion  of both  chromium and a luminum.  The 
oxidat ion  ra tes  of these al loys must  therefore  be 
contro l led  by  t r anspor t  th rough  the  NiO scale. The 
oxidat ion  rates  a re  g rea te r  than  tha t  for pure  n ickel  
p robab ly  because solution of chromium and a luminum 
from the a l loy increases the  ca t ion  vacancy  concent ra -  
t ion in the NiO scale (11). Fur the rmore ,  the  apparen t  
act ivat ion energy  obta ined f rom the  parabol ic  ra te  
constants  for these  al loys is g rea te r  t han  tha t  for pure  
nickel  since the  solubi l i ty  of ch romium (12) and 
p robab ly  a luminum in NiO increases  wi th  tempera ture .  

Group H alloys.--Typical weigh t -ga in  vs. t ime curves  
for al loys wi th  composit ions in region II  of Fig. 1 a re  
presented  in Fig. 5. The oxidat ion  kinet ics  for these 
al loys usua l ly  obeyed  the parabol ic  ra te  l aw and the 
parabol ic  ra te  constants  were  close to those for the 
growth  of Cr2Os on n icke l - ch romium al loys (3) as 
shown in Fig. 3. In  some exper iments  wi th  al loys in 
this group the oxida t ion  kinet ics  did  devia te  f rom the 
parabol ic  ra te  law. Occasional ly  the  ex te rna l  oxide 
scale would  crack  dur ing  i so thermal  oxida t ion  and 

A 

E 

8 

o aNi-3OCr-2AI 1200 C 

�9 Ni-3OCr-2AI 1100o0 

A Ni-20Cr-2Ai 1100o0 

6 P Ni.3OCr-2AI 1000 ~ 

Po2:O-1ATM 

4 

Z 

0 0 5 10 15 20 

Time(hr)  

Fig. 5. Typical oxidation data for Group II alloys 
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Fig. 6. Microstructure of Ni-20Cr-2AI after 21 hr of oxidation 
in 0.1 atm of oxygen at 1100~ This structure is representative 
of oxidized Group II alloys. 

the cracks would heal  upon subsequent  oxida t ion  as 
shown for two of the  curves p resen ted  in Fig. 5. In 
other  cases, the  ins tantaneous  parabol ic  ra te  constant  
decreased g radua l ly  wi th  the  oxidat ion  t ime and final 
values  were  found to be close to those for Group I I I  
al loys as can be seen in Fig. 3 for the  Ni-20Cr-2A1 
alloy. 

A cross-sect ional  v iew of the  micros t ruc ture  for a 
typical  specimen from this group is presented  in Fig. 

.6. X - r a y  analysis  of spalled, in situ, and ex t rac ted  
oxides  showed tha t  the  dense outer  scale was Cr203 
and the subscale p rec ip i ta te  was exc lus ive ly  A1203. 
Quant i ta t ive  composi t ional  da ta  obta ined f rom an ex-  
aminat ion  of this specimen wi th  the  e lect ron p robe-  
microana lyzer  (EPM) fu r the r  subs tant ia ted  the  p re -  
ceding oxide character izat ion.  For  this group of a l -  
loys, the  chromium and a luminum are  select ively ox-  
idized to form an ex te rna l  scale of Cr2Oa and an in-  
t e rna l  subscale  of A1203. The oxida t ion  ra te  is con- 
t ro l led  by  diffusion th rough  the a luminum-doped  
Cr2Oa scale. The specimens, whose oxidat ion  kinet ics  
did not  exac t ly  obey the parabol ic  ra te  law but  had 
a g radua l ly  decreasing parabol ic  ra te  constant,  were  
found to have semicont inuous Al~O3 scales beneath 
the  ex te rna l  Cr208 layers  which p robab ly  caused the 
s lower  oxidat ion  ra tes  of these alloys. 

The oxidat ion  kinet ics  for  this  group of al loys can 
be influenced by  fo rmat ion  of CrO8 gas v ia  the  fol-  
lowing react ion 

3 
Cr2Os (s) + ~-  02 (g) ---- 2CRO3 (g) [2] 

However,  even at  1200~ the effect of CrO3 forma-  
tion is negl igible  compared  to the weight  changes 
produced by  growth  of the  Cr~Os scale for the  ox ida-  
tion t imes used in the  presen t  exper iments  which was 
usual ly  20 hr. In  the  case of al loys in this  group 
where  the oxygen p ick  up is decreased due to the 
format ion  of a semicont inuous A12Os scale, as oc-  
cur red  dur ing  oxidat ion of some of the  Ni-20Cr-2A1 
specimens, weight  losses caused b y  the format ion  of 
CrOs are  not negl igible  and p robab ly  did affect the  
oxida t ion  kinet ics  for  these  specimens.  

Group III alloys.--Typical weigh t -ga in  vs. t ime 
curves for al loys wi th  composit ions corresponding to 
region I I I  are  presented  in Fig. 7. The oxidat ion k i -  
netics for al loys in this  group obeyed the parabol ic  
ra te  law v i r tua l ly  f rom the  beginning  of the  we igh t -  
increase  measurements .  The ra te  constants  were  sub-  
s tan t ia l ly  smal le r  than  those of the  previous  two 
groups and s imilar  to those for the  growth  of A1203 
on Ni-25A1 al loys as shown in Fig. 3. A .transverse sec- 
t ion th rough  an oxidized specimen, typ ica l  of this 
group, is shown in Fig. 8 where  only an ex te rna l  scale 
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Fig. 7. Typical oxidation data for Group III alloys 

Fig. 8. Microstructure of Ni-20Cr-4AI after 20 hr of oxidation 
in 0.1 arm of oxygen at 1200~ This structure is representative 
of oxidized Group III alloys. 

is evident .  This dense, continuous ex te rna l  scale did 
spall  f rom localized areas  dur ing  cooling. X - r a y  anal -  
ysis of spalled,  in situ, and ex t rac ted  oxides indicated 
that  the  scales formed on the surfaces of this  group 
of al loys consisted of only  A1203. Quant i ta t ive  EPM 
examina t ion  of this  specimen also confirmed that  the  
ex te rna l  scale was A1203 which  contained a smal l  
amount  of chromium in solution. The resul ts  obta ined 
for this  group of al loys show that  the  a luminum is 
se lect ively  oxidized and the oxidat ion  r a t e  is con- 
t ro l led  by  diffusion th rough  the ex te rna l  A1203 scale. 

Transient oxidation.--The oxidat ion  da ta  presented  
thus far  have been for the  oxidat ion  of al loys under  
s t eady-s ta te  condit ions where  v i r tua l ly  a l l  fea tures  
of the oxidat ion react ions are  independent  of t ime 
except  for the  thicknesses of the  oxide layers  which 
increased wi th  time. I t  was found that  before  s t eady-  
s ta te  condit ions were  established,  al l  of these al loys 
had a per iod of oxidat ion  where  the morpho logy  and 
composit ion of the  oxide layers  changed wi th  t ime.  
In addi t ion the  oxidat ion  kinet ics  did  not  conform to 
any simple ra te  law. Cha t topadhyay  and Wood (13) 
have  obtained s imi lar  resul ts  f rom studies on the oxi-  
dat ion of F e - C r  and Ni -Cr  al loys and have  re fe r red  
to this  type  of oxidat ion  as t rans ien t  oxida t ion  to d i f -  
ferent ia te  i t  f rom s t eady-s t a t e  oxidation,  i.e. oxida-  
t ion under  s t eady-s ta te  conditions. In  the  present  s tudy 
the dura t ion  of the  t rans ien t  oxidat ion  per iod  for 
most al loys was less than  1 h r  f rom the beginning of 
weight - increase  measurements  and t ransmiss ion e lec-  
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t ron microscopy was used to examine  the thin ex-  
t r ac ted  films tha t  were  formed.  The t rans i t ion  alloys, 
which were  defined previously ,  were  the  except ion 
since localized t rans ient  oxidat ion  occurred on these 
al loys for as long as 2(} h r  and these types  of ox ida -  
t ion s t ructures  could be s tudied wi th  convent ional  
th ick film techniques.  The resul ts  obta ined f rom ex-  
aminat ion  of the  micros t ruc tures  of oxidized t rans i t ion  
al loys were  ex t r eme ly  useful  in decipher ing the la t te r  
stages of the t rans ient  oxidat ion  process, in par t icular ,  
the  factors in te r re la t ing  the  th ree  mechanisms  ob-  
served for the  oxidat ion  of Ni-Cr-A1 al loys under  
s t eady-s ta te  conditions.  

To avoid  confusion, i t  is impor tan t  to emphasize  the  
difference' be tween  use of the te rms t rans ien t  ox ida -  
t ion and oxidized t rans i t ion  alloys. Trans ient  ox ida-  
t ion was observed on a l l  of the  al loys tha t  were  
studied, however ,  in the  case of the  t ransi t ion al loys 
localized t rans ient  oxidat ion  pers is ted  for ex t r eme ly  
long per iods  of t ime. F ina l ly ,  i t  should also be men-  
t ioned tha t  since t rans ien t  oxidat ion  is nonuni form 
and involves the  deve lopment  of cont inuous layers  of 
cer ta in  oxides as s t eady-s ta te  condit ions are  ap-  
proached,  i t  is not  possible to de te rmine  oxide  th ick-  
nesses at  which t rans ien t  oxidat ion  ceases and ox ida -  
t ion under  s t eady-s t a t e  condit ions begins.  

Transition alloys.--The oxidat ion  kinet ics  for the  
t rans i t ion  al loys did not  obey any simple ra te  law 
since the surfaces of these al loys d id  not  oxidize un i -  
fo rmly  as shown in Fig. 9 and 10 and the s t ruc ture  
of the  oxide scales changed wi th  the t ime of oxidation.  
In  view of this condit ion meaningfu l  da ta  was ob-  
ta ined p r inc ipa l ly  f rom examina t ion  of the  micro-  
s t ructures  of oxidized specimens. 

A photomicrograph  of a t ransverse  section th rough  
an oxidized specimen wi th  a composi t ion near  the 
bounda ry  be tween regions I and II  of Fig. 1 is shown 
in Fig. 9. The nonuni fo rmi ty  of the  oxidat ion  is ob-  
vious. In  this photomicrograph  one pa r t  of the  al loy 
has developed an ex te rna l  l ayer  of Cr203 wi th  in-  
t e rna l  A12Os par t ic les  (i.e. mechanism I I )  whereas  the  
other  has formed an ex te rna l  scale of NiO wi th  in-  
t e rna l  par t ic les  of both  Cr~O8 and A1203 (i.e. mech-  
anism I ) .  A t  the  bounda ry  be tween  these s t ruc tures  
the in te rna l  prec ip i ta tes  of Cr203 and A1203 par t ic les  
a re  observed to be continuous but  a luminum is st i l l  
oxidized in t e rna l ly  benea th  this  dup lex  scale. This 
shows tha t  the t rans i t ion  f rom mechanism I to II  
occurs when  the volume fract ion of in te rna l  AIeO3 and 
Cr203 par t ic les  is sufficient to es tabl ish  a continuous,  
duplex  oxide l aye r  beneath  the  NiO scale which sti l l  

Fig. 9. Nonuniform oxidation morphology of Ni-10Cr-IAI after 
20 hr of oxidation in 0.1 atm of oxygen at 1000~ A portion of 
the alloy has oxidized as a Group I alloy whereas the remainder 
has oxidized as a Group II alloy. 

Fig. 10 (a). Nonuniform oxidation morphology of Ni-5Cr-3AI 
after 20 hr of oxidation in 0.1 atm of oxygen at 1100~ A portion 
of the alloy has oxidized as a Group I alloy whereas the remainder 
has oxidized as a Group III alloy. 

Fig. 10 (h). This high magnification photomicrograph shows 
that a continuous layer of AI203 has formed beneath a duplex 
layer containing both Cry03 and AI203 in the region where the 
alloy has oxidized as a Group I alloy. 

allows sufficient diffusion of oxygen  into the  ahoy  to 
oxidize the  a luminum in te rna l ly .  

A t ransverse  sect ion of an oxidized specimen wi th  a 
composit ion near  the  b o u n d a r y  be tween  regions I and 
I I I  of Fig. 1 is shown in Fig.  10. Most of the  surface 
of this  specimen was covered wi th  a thin, ex t e rna l  
A12Os scale, however ,  numerous  mounds  of NiO were  
also evident  on the specimen surface. F igure  10(a) 
shows a typica l  n ickel  mound wi th  the  ex te rna l  A12Os 
scale at  the  edges. In  Fig. 10 (b) a cont inuous layer  of 
A1203 is seen to have  formed benea th  the  NiO mound  
at the  subscale front.  EPM resul ts  for this  specimen 
have  shown tha t  the  continuous layer  of oxide imme-  
d ia te ly  above the A1208 l a y e r  in Fig. 10 (b) contained 
both Al~O3 and Cr203. These resul ts  show tha t  the  
t rans i t ion  from mechanism I to I I I  occurs by  the for -  
mat ion  of a continuous, duplex  l aye r  of Cr203 and 
A1208 beneath  the  NiO scale which inhibi ts  the  diffu- 
sion of oxygen  into the  a l loy and the reby  permi t s  the  
deve lopment  of the  cont inuous  A1208 layer .  

Represen ta t ive  areas  of a t ransverse  section th rough  
an oxidized specimen typ ica l  of a l loy composit ions at  
the bounda ry  be tween  regions II  and I I I  of Fig. 1 are  
presented  in Fig. 11. I t  is ev ident  tha t  a continuous, 
ex t e rna l  l ayer  of Cr2Os is p resen t  on al l  of the  sec- 
tions, however,  the  morpho logy  of the  in te rna l  zone of 
A12Os is seen to v a r y  f rom coarse par t ic les  to a con- 
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Fig. !1. Oxidation morphology for three different areas of 
Ni-20Cr-3AI after 20 hr of oxidation in 0.1 arm of oxygen at 
1200~ These microstructures shaw the different stages for the 
transition from Group II to Group IIh (a) Formation of coarse, 
discontinuous AI203 particles beneath an external Cr203 scale. 
(b) The AI203 particles beneath the Cr203 scale are continu- 
ous. (c) No internal oxide particles are evident. The external 
layer is Cr203 at the oxide-gas interface and the internal 
layer is AI203 at the alloy-oxide interface. 

t inuous layer. This shows that  A12Oz particles beneath  
an ex te rna l  Cr203 layer  can coarsen and  grow la ter-  
ally to form a continuous A1203 layer. 

Thin film studies.--In order to examine the t rans ient  
oxidation of the alloys in which steady-state  conditions 
were established after short periods of oxidation (i.e. 
Group I, Group !I, and Group III  alloys), the thin 
oxide films formed on a Ni-15Cr-6A1 alloy after  1 rain, 
5 min, and 40 min  of oxidation at 1000~ in 0.1 atm of 
oxygen were extracted by dissolving the alloy in 10% 
Br-methanol  solution and examined with the electron 
microscope. Electron and x - r ay  diffraction indicated 
that after 1 min  of oxidation Ni(Cr,  A1)204, NiO, and 
Cr203 w e r e  present  on the surface of this alloy. The 
spinel phase was the major  phase. As the oxidation 
time was increased, the same oxide phases as well  as 
~-A120~ were detected bu t  evidence for the formation 
of layers in the film was observed, as shown in Fig. 12 

where an inner  layer  of oxide is visible below a crack 
in the outer oxide layer. During preparat ion of one 
specimen for examination,  this outer layer became 
delaminated as shown in Fig. 13. Comparison of the 
electron diffraction pat terns for the total oxide and 
the exposed inner  layer showed that  the inner  layer 
w a s  Cr203 containing small  particles of spinel whereas 
the outer layer was composed predominant ly  of NiO 
and spinel. It  was not possible to examine the thin 
films which developed on this alloy for oxidation times 
greater  than 40 min  since the thicknesses of these films 
were too large for t ransmission electron microscopy. 
However, the oxide layer that  was present  on this 
alloy under  steady-state conditions was predominant ly  
A1203, (i.e. similar  to that  shown in Fig. 8) and there-  
fore, in view of the results obtained from studies with 
the t ransi t ion alloys, it can be concluded that  an A1203 
layer forms beneath the inner  Cr203 layer  dur ing  the 
lat ter  stages of t rans ient  oxidation. 
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Fig. 12. Transmission micrograph of oxide scale formed on Ni- 
15Cr-6AI after 40 min in 0.1 arm of oxygen at 1000~ This scale 
appears to be composed of two layers of oxide. The outer layer 
has cracked and exposed the inner layer. (Arrows indicate matching 
surfaces of cracked outer layer.) 

The thin films formed on Ni-5Cr-6A1, Ni-10Cr-6A1, 
Ni-20Cr-6A1, and Ni-30Cr-6A1 alloys af te r  1 min of 
oxidat ion at 1000~ in 0.1 a tm of oxygen were  also ex-  

amined  wi th  the e lect ron microscope.  The oxide films 
obta ined f rom these al loys were  s imi lar  to those de- 
scribed for the Ni-15Cr-6A1 al loy except  tha t  the p ro -  
port ions of the  different  oxide phases in these  films 
var ied  wi th  the composit ions of the  alloys. Fo r  ex-  
ample, the  films f rom the Ni-30Cr-6A1 al loy contained 
much more Cr203 than  those ex t r ac t ed  f rom the  Ni -  
5Cr-6A1 alloy. 

Oxidation mechanisms for Ni-Cr-Al  alloys.--The re -  
sults obta ined f rom the oxidat ion  of Ni-Cr-A1 alloys 
show tha t  these al loys are  oxidized under  s t eady-s t a t e  
condit ions by  one of th ree  different  mechanisms and 
that  the  pa r t i cu la r  mechanism which prevai l s  for a 
specific a l loy is de te rmined  by  the  composit ion of the  
alloy. These oxidat ion  mechanisms are  a lways  p re -  
ceded by  a t rans ien t  oxida t ion  per iod  where  a thin 
surface layer  of the  al loy is conver ted  to oxide  wi th  
l i t t le  diffusion occurr ing in the  a l loy due to the  rap id  
up take  of oxygen by  the alloy. The l a t t e r  s tage of the  
t rans ient  oxidat ion per iod  is charac ter ized  by  the  de -  
ve lopment  of layers  of cer ta in  oxide phases  in the  
scale. The t rans ient  per iod of oxidat ion  is usua l ly  com- 
ple ted  af ter  about  1 h r  for most  Ni -Cr-A1 alloys. In  the 
case of al loys wi th  composit ions where  a t rans i t ion  in 
oxidat ion mechanisms occurs (i.e. boundar ies  in Fig. 
1) localized t rans ient  oxidat ion  has been observed af ter  
more  than  20 hr  of oxidation.  

Considering al l  of the  resul ts  tha t  have  been ob-  
ta ined  in the present  study, the fol lowing model  can be 
constructed to descr ibe the  oxidat ion of Ni-Cr-A1 a l -  
loys. At  the beginning of oxidat ion  of any  Ni-Cr-A1 
alloy, the r ap id  up take  of oxygen  converts  the  surface 
l aye r  of the  a l loy to oxide. As  i l lus t ra ted  in Fig. 14(a) ,  
this l aye r  is p redominan t ly  Ni(Cr,A1)204 and NiO, 
however,  the  composit ion of this  l ayer  is de te rmined  by  
the composit ion of the  alloy, since l i t t le  diffusion takes  
place in the a l loy and therefore  significant amounts  of 
Cr203 or  A1203 would  be present  on al loys wi th  suffi- 
c ient ly  high chromium or  a luminum contents.  

Fig. 13. Transmission micrographs and diffraction patterns of a different area of the oxide scale shown in Fig. 12. The area denoted 
by X is the inner oxide since the outer layer was delaminated. The diffraction patterns show that the inner layer is Cr20~ with small 
particles of Ni(Cr,AI)204 while the outer layer, Y, contains substantial amounts of NiO and Ni(Cr,AI)204 in addition to a small 
amount of Cr203. In view of the compositions of the two layers, the inner layer must have been in contact with the alloy substrate. 
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Fig. 14. Schematic diagram 
illustrating the oxidation mech- 
anisms for Hi-Cr-AI alloys. (a) 
Conversion of a thin alloy sur- 
face layer to oxide by rapid up- 
take of oxygen. The oxide 
phases formed are determined by 
the composition of the alloy. 
(b) Diffusion within the alloy 
results in the formation of a 
Cr2Os and AI203 subscale be- 
neath the external scale. (c) For 
alloys with low chromium and 
aluminum concentrations, the 
subscale cannot become contin- 
uous and HiO in the external 
scale predominates (Group I). 
(d) For alloys with higher chrom- 
ium and aluminum concentra- 
tions, the subscale becomes 
continuous but aluminum is still 
oxidized internally beneath this 
duplex internal oxide layer. (e) 
For alloys with smaller alumi- 
num concentrations, the alumi- 
num continues to be oxidized 
internally and the continuous 
duplex layer is enriched in 
chromium (Group II). (f) For al- 
loys with larger aluminum con- 
centrations, the AI203 subscale 
zone becomes continuous beneath 
the duplex oxide layer (Group 
(liD, 

S: Ni(Cr,AI)204 
e: Cr203 
O: AI203 

As the oxidat ion  react ion continues,  diffusional p roc-  
esses in the  a l loy begin  to affect the oxidat ion  reac-  
tion. Since the oxygen  ac t iv i ty  requ i red  to oxidize 
chromium and a luminum in the  a l loy is less than  tha t  
es tabl ished over  the a l loy by  the NiO or spinel  in the  
ex te rna l  scale, oxygen moves into the  al loy and p re -  
cipi tates  Cr203 and A1203 as i l lus t ra ted  in Fig. 14 (b) .  
The act iv i ty  of oxygen  requ i red  to oxidize the a lumi -  
num in the  a l loy is smal le r  than  tha t  r equ i r ed  to oxi-  
dize the  ch romium and the par t ic les  of A1208 therefore  
ex tend  deeper  into the  a l loy than  the  par t ic les  of 
Cr2Oz. If  the  combined volume fract ion s of p rec ip i ta ted  
Cr203 and A120~ par t ic les  is not  sufficient to res t r ic t  
the  movement  of oxygen  into the  alloy, as is the  case 
for Group I alloys, chromium and a luminum continue 
to be oxidized in te rna l ly  and form a discontinuous sub-  
scale of par t ic les  benea th  the  ex te rna l  scale. In  the 
ex te rna l  scale the  growth  of NiO is much fas ter  than  
that  of any  other  oxide phase  tha t  can be present  and 
NiO comple te ly  envelopes  the o ther  phases in the e x -  
t e rna l  scale as indica ted  in Fig. 14(c).  When  the NiO 
laye r  becomes v i r t ua l l y  continuous, the  oxidat ion  re -  

2 U s e  of  t h e  v o l u m e  f r a c t i o n  o f  p r e c i p i t a t e d  o x i d e s  in  o x i d a t i o n  
p r o c e s s e s  as d e v e l o p e d  b y  W a g n e r  (14) a n d  b y  R a p p  (15) h a s  b e e n  
d i s c u s s e d  i n  a p r e v i o u s  p a p e r  b y  t h e  a u t h o r s  (3). 

act ion proceeds under  s t eady-s t a t e  condit ions and is 
contro l led  by  t r anspor t  th rough  the  NiO laye r  (}.e. 
mechanism I ) .  The oxida t ion  ra tes  of al loys tha t  a re  
oxidized by  this mechanism are  grea te r  than  tha t  for 
pure  n ickel  p robab ly  because some chromium and a lu-  
m i n u m  are  dissolved in the  NiO which  increases  the  
cat ion vacancy  concentra t ion of  this  oxide. 

For  al loys where  the combined vo lume fract ion of 
p rec ip i ta ted  A1203 and Cr203 is sufficient to inhibi t  
the  movement  of oxygen f rom the  ex te rna l  scale 
into the alloy, as is the  case for Group II  and Group  
II I  alloys, diffusion of ch romium and a luminum f rom 
the in ter ior  of the  a l loy  resul ts  in the  prec ip i ta t ion  of 
addi t ional  Cr20~ and A1208 in the  subscale zone and a 
continuous layer  of Cr203 and A1203 par t ic les  is fo rmed 
beneath  the  ex te rna l  oxide layer  as shown in Fig. 
14 (d) .  The format ion  of this  continuous, duplex  layer  
of oxides fur ther  reduces the  flux of oxygen  into the  
a l loy since it establ ishes a lower  oxygen ac t iv i ty  over  
the  a l loy than that  es tabl ished by  the n icke l - r ich  ex -  
t e rna l  scale. Consequently,  the  vo lume fract ions of 
p rec ip i t a ted  Cr208 and AltOs are  increased to s t i l l  
l a rger  values.  F o r  the  Group  II  al loys the  flux of oxy -  
gen f rom the dup lex  scale into the  a l loy is st i l l  suffi- 
cient to oxidize the  a luminum in te rna l ly  but  not  the  
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chromium.  Chromium there fore  diffuses f rom the  a l loy  
through the duplex  scale to form Cr203 above the du-  
p lex  s c a l e  as  i l lus t ra ted  in Fig. 14(e) .  When  the Cr2Os 
scale becomes continuous, s t eady-s t a t e  condit ions have  
been achieved and the  oxidat ion  react ion is control led  
by  t r anspor t  of chromium through  the  layer  of Cr203 
(i.e. mechanism I I ) .  In  the  case of the Group I I I  alloys, 
the volume fract ion of p rec ip i t a ted  AlaOs is sufficient 
to form a cont inuous l aye r  benea th  the  duplex  zone as 
shown in Fig.  14(f).  S t eady - s t a t e  condit ions are  
reached when  the  A12Os l aye r  becomes cont inuous  and 
t h e  oxidat ion  react ion is control led  b y  t r anspor t  
th rough  the A1203 scale (i.e. mechanism I I I ) .  

I t  is impor tan t  to emphasize  tha t  the  t rans ien t  oxi -  
dat ion per iod  for most Ni-Cr-A1 al loys exists  for  less 
than 1 h r  and the  oxides tha t  a re  fo rmed  pr ior  to the 
format ion  of cont inuous Cr2Oz or A12Oa layers  on the 
Group II  and Group  I I I  al loys are  usua l ly  not  ev ident  
a f te r  20 h r  of  oxidat ion.  F r equen t l y  the  oxide  phases 
formed dur ing  the t rans ien t  per iod  of oxidat ion  could 
not be detected af ter  20 hr  and it appears  tha t  these  
oxides have  been dissolved in the  continuous Cr2Os 
or  A12Os layers  or  the i r  amounts  were  too smal l  to be 
detected.  F ina l ly ,  the nonuni form oxida t ion  of the  sur -  
faces of t h e  t rans i t ion  al loys indicates  tha t  when  the 
volume fract ions of p rec ip i ta ted  Cr203 and A12Oz 
achieve values  where  a t rans i t ion  f rom one mechanism 
to another  is imminent ,  local  differences in surface 
p repara t ion  or impur i t y  content  m a y  affect the  amount  
o f  prec ip i ta ted  oxides w h e r e b y  different  por t ions  of 
the al loy surface are  oxdized by  different  mechanisms.  
When  such condit ions exist,  localized t rans ien t  ox ida -  
tion wil l  cont inue unt i l  one of the  two oxidat ion  
mechanisms prevai ls .  

Summary and Concludinq Remarks 
The pa r t i cu la r  oxidat ion  mechan i sm by  which  a 

specific Ni-Cr-A1 al loy is oxidized is de te rmined  by  
the combined volume f rac t ion of Cr203 and A1203 p re -  
c ip i ta ted  wi th in  the alloy. Chromium al lows a cont inu-  
ous, ex te rna l  l aye r  of A12Os to be formed on Ni-Cr-A1 
al loys at  lower  a luminum concentra t ions  than  would  
be necessary if the  ch romium were  not  present  in the  
a l loy  (see Fig. 1) by  cont r ibu t ing  to the  volume f rac-  
t ion of p rec ip i ta ted  oxide which  reduces  the movemen t  
of oxygen  into the alloy. C. W a g n e r  has proposed such 
an effect for  chromium on the  select ive oxidat ion  of 
a luminum in Fe -Cr -A1  al loys (16). I t  is in teres t ing  to 
note that  a luminum promotes  the  format ion  of con- 

t inuous Cr203 layers  on some Ni-Cr-A1 al loys for s imi -  
l a r  reasons. 
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Growth of Semi-Insulating Cadmium Telluride 
Nanse R. Kyle 

Hughes Research Laboratories, Malibu, California 90265 

ABSTRACT 

A modified Br idgman  method  for growing cadmium te l lu r ide  is described.  
This method controls  the composit ion of the  melt ,  and thus the  solid, by  con-  
t ro l l ing the  pressure  of one of the  components  of cadmium te l lur ide  (CdTe) 
over  the  melt .  The theory  of equ i l ib r ium be tween  so l id - l iqu id -gas  for this  
sys tem indicates  tha t  the  l iquid acts only  as a t r ans fe r r ing  med ium be tween  
gas and solid. Thus the  system m a y  be t rea ted  as a gas-sol id  sys tem wi th  r e -  
spect to defect  chemist ry .  The synthesis  and purif icat ion of CdTe is descr ibed 
in detail ,  and empi r ica l  resul ts  for producing  large  single crys ta ls  a r e  given. 
Crysta ls  grown by this system are  compared  wi th  the defect  chemis t ry  p r e -  
sented by  de  Nobel. 

D. de Nobel  (1) has shown tha t  cadmium te l lu r ide  
(CdTe) can undergo s toichiometr ic  deviat ions,  and 
tha t  such changes in composi t ion a re  caused ma in ly  
by  la t t ice  defects which  de te rmine  the conduct iv i ty  

Key words: crystal growth, cadmium telluride, semi-insulating 
cadmium telluride, II-VI compound, radiation detector material, 
modified Bridgman crystal growth, optical modulator material. 

and type  of conduction. Since cadmium te l lu r ide  does 
show a devia t ion  f rom stoichiometry,  the const i tuents  
of the crys ta l  i tself  can act as impuri t ies .  F igure  1 is a 
schematic  phase d i a g ra m for a two-componen t  system 
A-B,  wi th  one compound AB showing devia t ion  f rom 
stoichiometry.  Fo r  each point  of the  l iquidus  the re  is a 
cor responding pressure  of the  volat i le  component .  If  a 
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Fig. 1. T-X diagram of the system A-B where compound near 
AB can solidify at other than exact stoichiometric ratio. 

specific vapor  pressure  of the component  is main ta ined  
over  the  melt ,  the  system has  a t endency  to r ema in  at  
the composi t ion corresponding to the  vapor  pressure  
applied.  As solidification takes  place, the segregat ion 
process tends  to make  the  mel t  more  and more  con- 
cen t ra ted  re l a t ive  to the  excess component  present .  
However ,  at this  point,  the  l iquid is no longer  in equi-  
l ib r ium wi th  the  vapor,  and a react ion be tween  the 
vapor  and mel t  sets in unt i l  equ i l ib r ium is again 
reached.  The end resul t  depends  on the  ra te  at  which 
the composit ion changes as a consequence of the segre-  
gation, as compared  wi th  the ra te  at  which a toms are  
t r ans fe r red  be tween  the  mel t  and the vapor.  Even-  
tual ly,  a s ta t ionary  state wi l l  be reached in which the 
crysta ls  a t ta in  a composi t ion be tween x '  and m. 

Because the  composit ion of CdTe is a function of the 
chemical  po ten t ia l  of one of the  components  when  
grown from the melt ,  it  is des i rab  e to grow the crys-  
tals  under  condit ions which  control  the  chemical  po-  
ten t ia l  of one of the  components .  This is accom- 
pl ished ut i l iz ing the  Br idgman  technique.  By e longa t -  
ing the  tube  so tha t  cadmium or t e l lu r ium can be 
p laced  high in the  tube where  its vapor  pressure  is con- 
t ro l led  by  a second furnace  opera t ing  signif icantly 
be low the c rys ta l  furnace  t empera tu re ,  the  proper t ies  
of the  compound can be de te rmined  by  the  pressure  
of one of the  components  above the melt .  Use of the  
e longated tube  is re fe r red  to as the  modified Br idgman  
sys tem or  technique.  This sys tem (i) controls  the  com- 
posi t ion of  the melt,  and consequent ly  the  solid, by  
control l ing the pressure  of one of the  components  of 
CdTe over  the  melt ;  (ii) stops decomposi t ion of the  
melt ;  and  (iii) fixes the  d is t r ibut ion  coefficients of the  
dopants.  

The t heo ry  of equi l ib r ium be tween  so l id - l iqu id -gas  
for this  system indicates  tha t  the  l iquid acts only  as 
a t r ans fe r r ing  med ium be tween  gas and solid; thus the 
system m a y  be t rea ted  as a gas-sol id  sys tem wi th  re -  
spect to defect  chemistry.  Cadmium te l lur ide  synthesis  
and purif icat ion are  also descr ibed in detail ,  and em-  
pi r ica l  resul ts  for producing  the large single crysta ls  
a re  given. Crys ta ls  grown b y  this sys tem are  compared  
with  the  defect  chemis t ry  presented  b y  de Nobel  (1). 

Exper imenta l  
Equipment.--The equipment  used for growing CdTe 

crysta ls  by  the  modified Br idgman  technique consists 
of a Marsha l l  mu l t i t apped  p l a t i n u m - w o u n d  furnace  
and a Marsha l l  mu l t i t apped  K a n t h a l - w o u n d  furnace,  
p lus  a power  supply  and a d igi ta l  t empe ra tu r e  con- 
t rol  uni t  for each furnace.  The c rys ta l  is lowered  out 
of the  furnace  on a meta l  suppor t  by a s c rew-dr iven  
appara tus  whose speed can be varied.  The t e m p e r a -  
ture  profile of the  furnace  is ad jus ted  by  control l ing 
the power  to each tap  on the furnace  by  a series of 
var iab le  au to t ransformers  and s tepdown t ransformers .  

Each au to t r ans fo rmer  is ad jus ted  ind iv idua l ly  unt i l  
the  des i red  profile is obtained.  A la rge  au to t r ans -  
former  than  can handle  the  power  of the  sys tem is 
used to raise or lower  the  t empe ra tu r e  profile. 

Purification.--Cadmium t e l lu r ide  has been syn the -  
sized by  many  processes, including the  reac t ion  of 
cadmium and t e l lu r ium prev ious ly  purif ied by  zone 
mel t ing or  subl imation,  fol lowed by  c rys ta l  growth,  
as  wel l  as purif icat ion of the  compound CdTe by  zone 
mel t ing.  Some cont roversy  exis ts  r egard ing  the p u r i -  
fication of te l lu r ium:  

1. Weidel  (2) de te rmined  that  dis t i l la t ion and 
zone refining were  unsat isfactory.  He  used t he rma l  
decomposi t ion of H~Te to obta in  pure  te l lur ium.  

2. Shvar t senau  (3) found tha t  zone mel t ing  of 
t e l lu r ium in quar tz  under  hydrogen  at  6 c m / h r  gave 
grea te r  than  99.999% pur i ty ,  a l though magnes ium and 
silicon were  not removed.  

3. B lakemore  (4) used severa l  hundred  zone 
passes th rough  t e l lu r ium to a t ta in  e x t r e me  pur i ty .  

Mul t ip le  dis t i l la t ion has been used by severa l  in-  
ves t igators  (3-7) wi th  and wi thout  zone refining: 

1. S i lvey  et  al. (8) found tha t  d is t i l la t ion is ve ry  
effective for  purif icat ion of cadmium. 

2. A leksandrov  and Verk in  (9) used 15 zone passes 
at  15 m m / h r  in agron. 

Based on the above informat ion  and because the 
segregat ion coefficients (1, 10-12) of most impur i t ies  
for so l id- l iqu id  purif icat ion (such as zone mel t ing)  
of CdTe are  of app rox ima te ly  0.5 (magnes ium ---- 1, 
a luminum > 1), purif icat ion by  subl imat ion of CdTe 
was chosen. Zone refining would  requ i re  tha t  the ma-  
te r ia l  be subjec ted  to a ve ry  large  number  of passes 
to remove  the impuri t ies .  This would  intensi fy  the  
contaminat ion  p rob lem because the  mel t  would  be in 
contact  wi th  the  conta iner  at  high t empera tu res  for 
ex tended  per iods  of time. Purif icat ion b y  sub l ima-  
t ion is rapid,  and less chance of conta iner  con tamina-  
tion exists; no mel t  is involved and subl imat ion t em-  
pera tu res  a re  low. In addit ion,  the  compound re -  
combines s to ichiometr ica l ly  according to the  equat ion 

1 
CdTe(s~ ~=~ Cd(s~ + ~- Te2(g~ 

Therefore, any excess cadmium or tellurium is effec- 
tively segregated because the vapor pressure of both 
cadmium and tellurium is much higher than that of 
CdTe. 

Purification by sublimation is based on a distribution 
equilibrium between the solid and gas phase. Impur- 
ities which are nonvolatile will be effectively segre- 
gated, and those which are volatile will be in equi- 
librium with the sublimate and condensate. Starting 
with the purest cadmium and tellurium available 
(99.9999% pure from Cominco), the components are 
reacted to form the compound CdTe and then sub- 
limed to purify it. This is a one-step process which 
takes place in a closed evacuated tube (Fig. 2). When 
this technique is used, the starting material may con- 
sist of the compound CdTe or the pure elements cad- 
mium and tellurium. In either case the material is 
placed in a long quartz tube which has been cleaned 
in electronic grade HF-HNO3, washed in continuously 
deionized water in a closed system, and coated with 
pyrolytic carbon. The acid cleaned tubes, as well as the 
pyrolytic carbon coated tubes are continuously washed 
in this system until needed. 

Once the tube is loaded, it is sealed off under a 
vacuum of 10 -s Torr. When using CdTe as the start- 
ing mater ia l ,  the  py ro ly t i ca l ly  coated tube  is p laced 
d i rec t ly  in the furnace  so tha t  the  CdTe is in the  flat 
zone of the  t empe ra tu r e  profile. The tube  is w i th -  
d rawn  f rom the  furnace  at app rox ima te ly  0.6 cm/hr .  
Excess cadmium or  t e l lu r ium (which has a h igher  
vapor  pressure  than  CdTe) collects in the  cool end of 
the  tube,  whi le  CdTe collects in a much hot te r  sec- 



1792 3. Electrochem. •oc.: SOLID STATE SCIENCE November 1971 

• 
MIXED 

(a) 

OR CdTe 

(b) 

EXCESS 
f ' C d  OR Te 
.,~SUBLIMED 

CdTe 

CdTe 

\o 
TEMPERATURE, ~ 

(c) (d) 

Fig. 2. Synthesis of CdTe and its purification by sublimation. 
(a) Cadmium and tellurium (or CdTe) are sealed in a pyrolytic 
carbon coated quartz tube and allowed to react. (b) The tube is 
lowered into the furnace. (c) The tube is slowly wi,thdrawn from the 
furnace. (d) Temperature profile. 

tion. Normal ly ,  two subl imat ions  a re  sufficient for 
purif icat ion of the  mater ia l .  

When  s tar t ing mate r ia l s  are  cadmium and te l lur ium, 
near  s toichiometr ic  amounts  are  sealed at  10 - s  Torr  
in a py ro ly t i ca l ly  coated quar tz  tube.  Ini t ia l ly ,  the  
tube  is pa r t i a l l y  lowered  into the  furnace  unt i l  the  
heat  is sufficient to s ta r t  the react ion be tween  cad-  
mium and te l lur ium.  The react ion is exothermic  and 
ve ry  rapid.  When  it stops, the  tube  is then  lowered  
comple te ly  into the  furnace  and w i t h d r a w n  at  ap -  
p rox ima te ly  0.6 cm/hr ,  as mentioned.  

For  a series of sublimations,  the tube  sizes are g rad -  
ua ted  so that  the  coalesced ma te r i a l  t rave ls  d i rec t ly  
f rom one tube  to another.  No a t t empt  is made  to clean 
the ma te r i a l  mechan ica l ly  or chemical ly.  This method 
also reduces the  poss ibi l i ty  of contaminat ion  by  min -  
imizing handling.  In  addit ion,  the  CdTe subl imate  is 
hea ted  in the subl imat ion  tube  under  a hydrogen  a t -  
mosphere  to remove  any  oxides  before  the  tube  is 
sealed under  vacuum. Removing the oxides prevents  
remova l  of the pyro ly t ic  coating th rough  react ion of 
the carbon with  the  oxides. If oxides a re  present ,  the 
quar tz  reacts  wi th  them, weaken ing  the walls.  (This 
has caused an implosion.)  In  addit ion,  the  CdTe is p re -  
vented f rom st icking to the  quar tz  tube.  I t  is im-  
por tan t  tha t  mol ten  ma te r i a l  in c rys ta l  g rowth  does 
not  come into contact  wi th  the quar tz  container,  since 
quar tz  has been found to be ve ry  soluble in CdTe and 
consequent ly  a source of contaminat ion.  I t  has also 
been  found that  in spite  of a heavy  coat ing of p y r o -  
lyt ic  carbon on the  usual  commercia l  quar tz  used for 
c rys ta l  growing,  this  coatinE did not  stop impur i t ies  
from coming through  from the quar tz  a l though it was 
cons iderab ly  reduced  to app rox ima te ly  20 ppma  (par ts  
per  mil l ion a tomic) .  Consequently,  synthet ic  quartz,  
which has the  lowest  i m p u r i t y  content  of any  ava i l -  
able  quartz,  is used to grow the  crystals .  

Mass spect rographic  analysis  (13) of crys ta ls  grown 
in synthet ic  quar tz  is t abu la ted  in Table  I. This is a 
typica l  i m p u r i t y  concentra t ion in pa r t s  pe r  mil l ion 
atomic for CdTe grown in synthet ic  quar tz  by  the 
modified Br idgman  technique.  Impur i t i es  not  shown 
were  not  detected,  and thus  have  concentra t ions  less 
than  0.1 ppma.  Silicon, phosphorus,  manganese,  iron, 
nickel,  copper,  cesium, thorium, and u ran ium can-  
not be detected because they  are  in te r fe red  wi th  by  
background  lines of t e l lu r ium and cadmium. Emis-  
sion spect rographic  analysis  was used to de te rmine  
the concentrat ions  of some of these elements,  a l -  
though giving only  an upper  limit.  

The resul ts  of va ry ing  the  cadmium pressure  above 
the  mel t  in commercia l  quar tz  containers  in o rder  to 
change the e lect r ica l  p roper t ies  of crysta ls  grown by 
the  modified Br idgman  process were  masked  b y  the 
impur i t ies  f rom the quartz.  Since beginning  the use 
of synthet ic  quartz,  the  change in e lect r ica l  p rope r -  

Table I. Mass spectrographic analysis of a recently grown CdTe 
crystal 

E l e m e n t  D e t e c t i o n  l i m i t  C o n c e n t r a t i o n  b 

H 0.1 1.0 
L i  0.002 N.D.  
C 0.01 0.67 
N 0.02 0.03 
O 0.02 0.20 
N a  0.003 1.6 
M g  0.01 N . D .  
A1 0,02 0.02 
C1 0.03 0.24 
Si  2 .0  N .D.  
Z n  0 , l  0.1 
S 0.3 N,D.  
CI 0.03 N.D.  
K 0.003 0.029 
C a  0.05 N . D .  
V 0.01 0.02 
C r  0.01 0.073 
R b  0.005 N.D.  
I n  0.05 N.D.  
Cs  0.007 N.D.  
P b  0.1 N .D.  
F e  a 0.1 N.D.  
C h  0.01 N .D.  
Se  0.05 N .D.  
I n  0.05 N .D.  
C u  = 1.00 <1.O 
Si  a 0.5 < 0 . 5  
P 0.2 < 0 . 2  

= E m i s s i o n  a n a l y s i s ,  
b N.D.  = n o t  d e t e c t e d .  

t ies has been observed as a funct ion of cadmium pres-  
sure and the  resul ts  have become reproducible .  

Modified Bridgman ~ s t e m . - - T b e  Br idgman  tech-  
nique for growing CdTe has the  advantages  of p ro -  
ducing uni form ingot  size and more  un i form dis t r i -  
but ion of impur i t ies  in the  direct ion t ransverse  to the  
direct ion of growth.  The main  d i sadvan tage  of the  or ig-  
inal  Br idgman  technique is tha t  if the mel t  is not 
s toichiometr ic  the  composit ion of the  mel t  changes 
cont inuously  as solidification takes  place, changing 
the  composit ion of the solid as i t  grows. The change in 
composit ion of the  mel t  affects the  e lec t r ica l  p rope r -  
t ies of the crys ta l  and causes the  segregat ion coeffi- 
cient of any  dopants  to change accordingly  (10). 

CdTe read i ly  dissociates at  high t empera tu res  ac-  
cording to the  equat ion 

1 
CdTe(1) ~ -  CdTe(s) -t- ~"  Te2(~) 

Therefore,  g rowth  of CdTe from the mel t  requires  a 
closed sys tem because  of the  dissociation and mass  
t r anspor t  which  occurs cons tant ly  th rough  the vapor  
phase to lower  t empe ra tu r e  regions.  The Br idgman  
method  can be used to g row CdTe; however ,  the  modi -  
fied Br idgman  method  permi t s  control  over  the  com- 
posit ion of the c rys ta l  and consequent ly  the electr ical  
parameters .  

In  the  modified Br idgman  technique,  the  tube is 
e longated (Fig. 3) so tha t  cadmium or t e l lu r ium can 
be placed in a r ese rvo i r  high in the  tube, where  the 

c ,  
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HIGH I I1~tl I TEMPERATURE I I~il I FURNACE I I 
CdTe/I I I  I 
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BRtDGMAN 

FURNACE TEMPERATURE 

SOLIDIFICATION 
TEMPERATURE 

Fig. 3. Schematic illustration of apparatus used in the modified 
Bridgman technique for growth of single crystals, together with the 
temperature profile. 
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vapor  pressure  can be control led  b y  a second furnace 
opera t ing  signif icant ly be low the  t empe ra tu r e  of the 
c rys ta l  furnace.  The pressure  of one of the  components  
above the mel t  effect ively stops, or at  least  minimizes,  
vapor iza t ion  of CdTe. Since this  p ressure  is he ld  con- 
stant, the  composit ion of the  mel t  and consequent ly  
tha t  of the c rys ta l  is he ld  constant.  (In practice,  the 
composit ion of the solid is de te rmined  by  the  com- 
posi t ion of the  so l id -mel t  interface,  which can be ap-  
p rec iab ly  different  f rom the average  mel t  composition. 
However ,  in this sys tem the so l id -me l t  in terface  is 
also theore t ica l ly  he ld  constant,  and thus  the  resul ts  
are  reproducible . )  In  addit ion,  because the  d is t r ibu-  
t ion coefficient of dopants  is a funct ion of the  com- 
ponent  pressure  (10), it  is also fixed. In  theory,  the re -  
fore, crys ta ls  of CdTe can be grown stoichiometr ical ly ,  
c admium- r i ch  or t e l lu r ium-r ich ,  s imply  by  changing 
the pressure  of one of the  components.  

Equilibrium between vapor and liquid.--In the mod-  
ified Br idgman  technique,  the  vapor  phase is in equi-  
l ib r ium wi th  the  l iquid phase, which in turn,  is in 
equi l ib r ium with  the  solid phase. I t  is necessary to 
assume a model  for the l iquid which is equiva lent  to 
the normal  c rys ta l l ine  model  of the solid. Two types  of 
models  a re  used. One m a y  be cal led the gas - l ike  and 
the other  the  c rys ta l - l ike  model. In  the  gas- l ike  model, 
the perfect  l iquid is assumed to consist of molecules  
and dissociation products  of the molecules. Ionizat ion 
m a y  occur, which leads to addi t ional  imperfect ions.  
In  the  c rys ta l - l ike  model,  the l iquid is r ega rded  as a 
crys ta l  wi th  an except iona l ly  large  concentrat ion of 
Scho t tky -Wagne r  or F r e n k e l - t y p e  defects. In t r ins ic  
exci ta t ion and ionizat ion are  assumed to t ake  place 
exac t ly  as in a solid. Sta t is t ical ly ,  both  models  are 
equivalent  and give the  same results .  

If  a is defined as a defect  in the  l iquid caused by 
addi t ion of Cdx (x indicates  an uncharged a tom in 
the l iquid)  and 8 is a defect  in the  l iquid caused by  the 
removal  of Cdx from the liquid, then 

for smal l  concentra t ions  of a 

[=] 
K, : ~ [1] 

Pod 
In addition 

for small concentrations of 8 

K2 : [8] [Pcd] [2] 

Under  these condit ions 

K : PCd PTe 1/2 [3] 
since 

1 
CdTe ~-- Cd(g) + --~ Te2(g~ 

Accord ing ly  
[~] [8] = K=. [4] 

or the  composit ion of the  l iquid is a funct ion of Pod, 

Equilibrium between liquid and solid.--In the equi -  
l i b r ium be tween  l iquid and solid, react ions are  needed  
to descr ibe  the t rans fe r  of a toms from one phase to 
another ,  as wel l  as imperfect ions  wi th in  each phase. 
Transfer  of electrons or ions need not  be considered 
because both phases remain  neutral .  If  such par t ic les  
are t ransfer red ,  e lectrons and ions a re  t r ans fe r red  in 
equal  concentrations,  so tha t  the  final react ions  m a y  
be  expressed in t e rms  of the  t rans fe r  of neu t r a l  a toms 
and vacancies.  

If  a is a defect  caused by  remova l  of a t e l lu r ium 
a tom f r o m  the solid and b is a defect  caused b y  re -  
moval  of a cadmium a tom from the solid, then 

MX(s) + p ~ Mx(1) -{- b 

where  Mxs and iYlxl are  un- ionized  atoms in the  solid 
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and the liquid, respect ively.  Fo r  smal l  concentrat ions  
of p and b 

b 
K3 ----- - -  [5] 

8 
In addi t ion 

and 

Tex(s) + = ~ Tex(l~ + a 

[a] 
K4 ---- [~i [6] 

[7] [a] [b] - -  Kab 

Using [4], [5], and [6] 

[a] [b] --  K3K4Ka~ -- Kab 

The above theory  was simplified by  assuming that :  (i) 
the l iquid is a lways  homogeneous;  (ii) diffusion in 
the solid is slow, and thus the composit ion of the solid 
does not change af ter  it  has grown from the l iquid;  
(iii) the gas phase equi l ib r ium CdTe(g) ~ Cd(g) -t- 
(1/2) Te2(g> is reached quickly,  wi th  CdTe molecules  
not present  in any signiticant amounts;  (iv) the  dis-  
t r ibut ion  coefficients are constants  which are  inde-  
pendent  of composition; and (v) the sol id- l iquid  dis-  
t r ibut ion  is ad jus ted  quickly.  In  the  modified Br idg-  
man system, the gas and solid phases are phys ica l ly  
separa ted  so tha t  the  l iquid phase essent ia l ly  acts as a 
communicat ion medium, since the l iquid phase compo- 
sition is de te rmined  by the pressure  of one of the CdTe 
components.  

Optimum growth conditions.---Optimum growth  con- 
dit ions for producing  large single crys ta ls  of CdTe 
(Fig. 4) were  de t e rmined  empi r ica l ly  by  evalua t ing  
growth  rate,  c rys ta l  rotat ion,  t empera tu re  gradients ,  
and crys ta l  size. Radioact ive  isotopes were  especial ly  
useful  in this eva lua t ion  because they  revea led  the  
shape of the  sol id- l iquid  in ter face  dur ing  growth.  

A p r i m a r y  p rob lem in growing  crys ta ls  f rom the 
mel t  is tha t  of main ta in ing  a shape convex (point ing in 
the  direct ion of g rowth)  or at  least  flat at  the  sol id-  
l iquid interface.  This convex shape is ob ta ined  when  
the hea t  flows ax ia l ly  f rom the mel t  (i.e., along the 
axis of growth)  ins tead of rad ia l ly .  The convex iso- 
t he rm formed under  these condit ions is considered 
ideal  for s ing le -c rys ta l  synthesis  f rom the  melt .  If  the 
so l id- l iquid  interface becomes concave because of r a -  
d ia l  hea t  flow, the  resu l tan t  cooling causes spurious 
nucleat ion.  Radio t racer  exper iments  indicate  tha t  our 
crysta ls  are  g rown wi th  a flat so l id- l iquid  interface.  In  
these exper iments  the  mel t  was doped wi th  rad io -  
active ind ium (which was de te rmined  to have a segre-  
gat ion coefficient of 0.51 • 0.04 unde r  1 a tm cad-  
mium) .  Under  normal  condit ions an i m p u r i t y  is segre-  

Fig. 4. Cadmium telluride crystals grown by the modified Bridg- 
man technique, showing crystallinity. 
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gated un i fo rmly  f rom the growing crystal ;  by  freezing 
in the  ind ium at the  so l id- l iqu id  in ter face  at  severa l  
points  along the growth  axis of the  crystal ,  the  shape 
of the  in ter face  could be de te rmined  b y  au torad iog-  
raphy.  

As a resul t  of these  exper iments ,  the  fol lowing con- 
di t ions for  s ing le -c rys ta l  g rowth  are  specified: 

1. A sharp  t e m p e r a t u r e  grad ien t  in the  growth  
zone is necessary  for  an axia l  flow of heat.  Crysta ls  
g rown th rough  a shal low grad ien t  were  i nva r i ab ly  
polycrys ta l l ine .  We use a m in imum grad ien t  at the 
mel t ing  point  of 20~ 

2. A flat profile is r equ i red  to minimize  the  rad ia l  
flow of hea t  and the rma l  convect ion in the  melt .  

3. S low growth  is necessary to avoid  rap id  cool-  
ing of the  surface, which  would  resul t  in a concave 
sol id- l iquid  interface.  The rma l  conduct iv i ty  is the  
dominant  factor  de te rmin ing  growth  rate.  Therefore,  
for  low the rma l  conduc t iwty  mater ia l ,  the growth  
must  be slow. For  CdTe, a concave shape was ob-  
ta ined  for growth  speeds much grea te r  than  0.50 cm/hr .  
At  speeds g rea te r  than  0.50 c m / h r  the  dislocation den-  
s i ty [de te rmined  using the method of Inoue et al. (14) 
except  that  a 10% volume solut ion of b romine  in 
methanol  was used to chemical ly  polish the  mate r ia l ]  
r ap id ly  goes into the  thousands  (Fig. 5). However ,  the 
ra te  which produces  the  least  number  of dislocations 
( in the  order  of 100/cm ~) is not the best  ra te  for p ro -  
ducing la rge  single crys ta ls  for the seeds tha t  form 
in i t ia l ly  propagate  l inea r ly  th rough  the c rys ta l  along 
the growth  axis, p roducing  m a n y  crystals .  The speed is 
too slow for one of the  growing planes  to dominate,  so 
tha t  la rge  areas  of a s ing le -c rys ta l  ma te r i a l  are  p ro-  
duced. As a compromise,  a speed of 0.25 to 0.50 c m /  
h r  is used. 

4. Large  crysta ls  of app rox ima te ly  2.5 cm d iamete r  
minimize  rad ia l  t empera tu re  fluctuations across the  
ingot  by  incorpora t ing  the proper t ies  of a la rge  mass. 

5. A large  meta l  hea t  s ink on the nose of the  crys-  
ta l  assists in the  axia l  flow of heat  wi th  subsequent  
s ta t is t ical  improvemen t  in the  number  of single c rys-  
tals, as compared  wi th  crys ta ls  g rown wi thout  the  hea t  
sink. 
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Table II. Nondoped CdTe crystals grown under component 
atmosphere 

E l e c t r o n  C a r r i e r  
C r y s t a l  A t m o -  P r e s s u r e ,  R e s i s t i v i t y ,  m o b i l i t y ,  c o n c e n -  

n u m b e r  s p h e r e  a r m  o h m - c m  T y p e  M t - r a t i o n ,  N h  

12 C d  1 107-10  s - -  - -  - -  
14  C d  1 105 - -  - -  - -  
16 C d  1 107 - -  - -  - -  
17  C d  1 10e -10  s ~ - -  - -  
I I  T e  0.32 7 5 - 1 3 0 0  P _ _  l 

9 5 7  1 .4  • 1 
5 Cd 2.6 4.6-1.7 n 997 3.8 • lO  ~G 

6. The c rys ta l  must  be ro ta ted  in a symmet r i ca l  
furnaces.  Rotat ion wi l l  smooth out  the  a s y m m e t r y  of 
the furnace  and also minimize  rad ia l  fluctuations. 

7. The so l id- l iquid  in terface  can become concave 
if the  mel t  t empe ra tu r e  is we l l  above the mel t ing  point  
of the  mater ia l .  A t empe ra tu r e  of 5~176 above  the 
mel t ing  point  is ideal  bu t  not  rigid.  

8. The pressure  oi one of the components  above the 
mel t  affects the crys ta l l in i ty .  In  par t icular ,  when  the 
cadmium pressure  was much above  or  be low 1 atm, the  
c rys ta l l in i ty  degenerated.  This m a y  be re la ted  to 
Lorenz 's  work  (15), which shows tha t  for  every  set 
of fixed component  pressures  there  a re  two points  
in phase-space  where  solid, l iquid, and vapor  are  in 
equi l ibr ium.  

Relationship of crucible geometry to crystallinity.-- 
In the  Br idgman  method  the  ma te r i a l  is in i t ia l ly  in 
the  l iquid state. As the  ma te r i a l  moves  th rough  the 
t empera tu re  gradient ,  chance nuclea t ion  takes  place 
in the t ip of the tube.  The~e is ~o guarantee  that  nu-  
c leat ion wil l  t ake  p lace  such tha t  a 100% single crysfal  
is formed each t ime. Seven different  configurations of 
quar tz  crucibles  were  tes ted to de te rmine  whe the r  the  
different  methods  of c rys ta l  nucleat ion and slopes of 
g rowth  had  any effect on the  c rys ta l l in i ty  of the ma te -  
rial.  Only  one of the  configurations offered any advan-  
tage in get t ing a single c rys ta l  start .  This shape was a 
bal l  which  grew into a neck constr ict ion then  expanded  
g radua l ly  into the  big tube.  

Deiect chemistry of cadmium telluride.--The equa-  
tions descr ibing the react ions  involv ing  the var ious  
imperfect ions  and the mass act ion re la t ions  resul t ing  
f rom it  a re  given by  de Nobel  (1);  t hey  are  used as a 
basis for  the fol lowing discussion. The types  of im-  
perfect ions  which appear  in the  solid and the manne r  
in which the i r  concentra t ion  var ies  wi th  the  p r e p a r a -  
t ion condit ions depend  on the  energy  levels of the  im-  
perfect ions  and the values  of the  constants  governing 
the  react ions involv ing  the  var ious  imperfect ions.  

Pure cadmium telluride.--When CdTe is p repa red  
under  high cadmium pressure,  cadmium is in t roduced 
into the crys ta l  at  in ters t i t ia l  sites (Cdi),  which  ionize 
and give rise to an equal  concentra t ion of Cdi + (cad-  
mium a tom which  has lost an electron)  and free elec-  
t rons  (n) .  1 Decreas ing the pressure  lowers  the  elec- 
t ron  concentrat ion,  un t i l  a t rans i t ion  poin t  is reached 
in which the  ma te r i a l  changes f rom n-  to p - type .  This 
occurs when (Vcd') : (Cdi ' )  where  (Vcd') is a cad-  
mium vacancy with  a negat ive  effective charge.  Upon 
fu r the r  reduct ion of the pressure,  cadmium vacancies 
(Vcd') dominate  and the ma te r i a l  becomes p- type .  2 
The area  of in teres t  for h igh- res i s t iv i ty  ma te r i a l  is 
where  (Vcd') : (Cdi ' ) .  This t rans i t ion  range  be tween  
n-  and p - t y p e  is theore t i ca l ly  ve ry  na r row  and thus 
is ve ry  sensi t ive to pressure  changes. 

Ingots  No. 12, 14, 16, and 17 (Table  I I )  were  grown 
under  a cadmium pressure  of 1 atm, which corresponds 
empi r i ca l ly  to the  t rans i t ion  region discussed above. 
Fo r  comparison,  ingots No. 5 and 11 were  grown under  

z H i g h  t e m p e r a t u r e  m e a s u r e m e n t s  b y  W h e l a n  a n d  S h a w  ( 1 6 ) ,  
S m i t h  (17)  a n d  Z a n i o  (18)  i n d i c a t e  t h a t  t h e  m a t e r i a l  i s  n - t y p e  d u e  
t o  t h e  p r e s e n c e  o f  a d o u b l y  i o n i z e d  n a t i v e  d o n o r  ( C d §  

H i g h - t e m p e r a t u r e  m e a s u r e m e n t s  b y  F .  T .  J .  S m i t h  i n d i c a t e  t h a t  
f o r  c o m p o s i t i o n s  c l o s e  t o  t e l l u r i u m  s a t u r a t i o n  t h e  e l e c t r i c a l  p r o p e r -  
t i e s  a r e  d o m i n a t e d  b y  f o r e i g n  i m p u r i t i e s  r a t h e r  t h a n  b y  n a t i v e  
d e f e c t s .  
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Table III. Indium-doped CdTe crystals grown under component atmosphere and quenched or slow-cooled 
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C a d m i u m  C a r r i e r  Q u e n c h  
Crystal R e s i s t i v i t y ,  I n d i u m ,  a t m o s p h e r e  c o n c e n -  E l e c t r o n  t e m p e r -  
n u m b e r  o h m - c m  atoms~era3 pressure ,  a t m  t r a t i on ,  Nh m o b i l i t y ,  ]~ a t u r e ,  ~ 

21 107 2.4 X 1017 1.0 ~ - -  > I 0 0 0  
22 106 2.5 x 1017 1,0 ~ N >10OO 
24 10 7 2.5 X I01~ 1.0 ~ N >IOOO 
25 I 0  ~ 5 • 1017 1.0 - -  - -  > I 0 0 0  
01 I 0  ~ 1.9 • 1O TM 2.1 ~ ~ > i 0 0 0  
23 0.93 2.5 • 10 '7 1.0 ~ < I O 0 0  
02 0.63 2 x lO TM 2.1 1,64 X 1017 ~ Slow-cooled 

a cadmium pressure of 2.6 atm and a te l lu r ium atmos- 
phere of 0.3 atm, respectively. All  crystals were slow- 
cooled to room tempera ture  during the growth process. 

Cadmium te l lur ide- indium.--When CdTe is doped 
with ind ium (a donor) and slowly cooled following 
solidification, the electrical properties of the crystal 
are determined predominant ly  by the amount  of in-  
dium put  in the crystal  and the pressure of one of 
the components of the compound. If CdTe is doped 
with indium and rapidly cooled (quenched) from high 
temperatures,  the electrical properties are no longer 
dominated by the ind ium content. 

In the quenching process under  an atmosphere of 
one of the components, it is assumed that all atomic 
positions of vacancies and foreign atoms remain  un-  
changed, while  only the electrons and holes are free 
to redistr ibute themselves over the crystal. Conse- 
quently,  quenching under  a high cadmium pressure 
would introduce cadmium intersti t ials as the dominant  
donor. As the pressure is lowered, the donor impur i ty  
( indium) becomes the dominant  electron supplier. This 
n- type  region ends at the cadmium pressure in which 
all electrons either recombine with holes or are 
trapped at deep-lying levels dur ing  the quenching 
process. The imperfections which trap electrons are 
thought to be Vcd' centers. 

As the cadmium pressure is lowered further,  the 
Vcd" (cadmium vacancy with effective charge of --2) 
functions as a trap for the holes dur ing  the quenching 
process. The ionization energy of these Vcd" levels 
is too large to give appreciable conduction at room 
temperature.  It  is not clear whether  these deep-lying 
energy levels consist of a double-negat ive  charged 
cadmium vacancy or associates of cadmium vacancies 
with donors (1, 19, 20). However, the result  is that  the 
t ransi t ion from n-  to p- type mater ia l  takes place over 
a wide range of atmospheres in which the crystal has 
an ext remely  high resist ivity (Table III) .  The range 
showing low resist ivity p- type  conduct ivi ty is never  
reached. Consequently, high-resis t ivi ty  mater ia l  is 
obtained by  this process without  extremely critical 
limits on cadmium pressure, tempera ture  of quench, 
rate of quench, or donor ( indium) concentration. It  
is obvious that  the h igh- tempera ture  equi l ibr ium 
state cannot  be completely quenched, especially in our 
crystals with diameters on the order of 2.5 cm. How- 
ever, the h igh- tempera ture  disorder is main ta ined  
well  enough that room-tempera ture  resistivities are 
reasonably reproducible. If the cooling takes place 
slowly or if the quench occurs at a temperature  that 
is too low, vacancies and foreign atoms are able to 
move to energetical ly more favorable positions; thus 
the Fermi  level is no longer near  the center  of the 
forbidden energy zone, and something less than high-  
resist ivity mater ia l  is formed. This is evident  in crys- 
tal 23, which was quenched at a lower tempera ture  
than the earlier ones. 

A quant i ta t ive  evaluat ion of quench tempera ture  vs. 
electrical properties was made on crystal  25 (Fig. 6) 
in order to show more precisely the effect of quenching 
on large ingots. This crystal weighed 139g and had a 
diameter  of 2.54 cm. The temperatures  indicated in 
Fig. 6 are those along the ingot before it was removed 
rapidly  from the furnace and allowed to air quench. 
The "distance, cm" gives the distance from the nose 
of the crystal that  rods were taken from slices at that 

point and of the thickness indicated. This is in good 
agreement  with the phase diagram (1) ,  which indi-  
cates that  indium-doped CdTe grown at a pressure of 
1 a tm should have high resistivity if it is quenched 
rapidly from 1000~ to room temperature.  

According to the phase diagram, if the pressure of 
cadmium is lowered sufficiently, the indium-doped 
CdTe can be slow-cooled to room temperature  and 
the result  wil l  still be high-resis t ivi ty  material .  It  
na tu ra l ly  followed that  high-resist ivi ty CdTe could 
be grown using the Br idgman process by adding an 
excess of te l lur ium to the melt  with the indium. How- 
ever, by  this method the composition of the l iquid is 
constant ly changing as solidification takes place. In -  
gots 32, 35, and 39 (Table IV) grown by this method 
were slow-cooled or quenched. Ingots 37 and 38, grown 
by the modified Br idgman method, yielded similar re-  
sults, as did ingot 34 which was solution grown (4:1 
Te to Cd by weight) .  

Resistivity of rods taken transverse to ingots.--The 
resist ivity of s ingle-crystal  rods from ingots grown 
under  various conditions (Table V) was measured as 
a function of distance along the rods (Fig. 7). These 
rods were cut perpendicular  to the growth axis of the 
crystal and had a cross-sectional area approximately 
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Table IV. Indium-doped CdTe crystals grown with an excess of Te or 
under cl Te otmopsb, ere, slow-cooled or quencb.ed 

C r y s t a l  I n d i u m ,  W e i g h t  W e i g h t  R e s i s t i v i t y ,  
n u m b e r  a t o m s / c m  s C d T e ,  g T e  ( a d d e d ) ,  g o h m - c m  M e t h o d  of g r o w t h  

39 3.6 • 10 t l  174.41 3.41 10 ~ S l o w - c o o l e d ,  B r i d g m a n  
35 1.7 • 10 lr  ]t35.54 2.68 l 0  s S l o w - c o o l e d ,  B r i d g m a n  
32 2.6 • 10 t7 122.68 2.39 l 0  s Q u e n c h e d ,  B r i d g m a n  
37 2.5 • 10 ~ 307.6 T e  a t m  = 0.84 a t rn  10s-109 S l o w - c o o l e d ,  B r i d g m a n  
38 2.5 • 10~7 294.2 T e  a t m  = 0.84 a t m  10~-107 S l o w - c o o l e d ,  B r i d g m a n  
34 7.8 x lO is 58.4 91.3 1{~ S l o w - c o o l e d ,  s o l u t i o n  

0.1 cm 2. They were cut from the ingots with a wire 
saw, polished in a 12% solution of b romine  in methyl  
alcohol, and ind ium-s i lver  electrical contacts made. 
CdTe polished in b romine-methy l  alcohol does not 
show any of the surface conduction that  has been ob- 
served with other polishing etchants. All  resistivity 
measurements  were made at room temperature  in the 
absence of light and are precise to ___20%. 

In  Fig. 7, the rods show a wide var iat ion in re-  
sistivity which at first glance may  indicate great in-  
homogeneity. But at this level, the change in carrier 
concentrat ion is extremely small. That  is, a small  
change in carrier  concentrat ion can change the resistiv- 
ity greatly. However, it is certain that  this variat ion 
is due to different cooling rates between crystals as 
well as along a crystal. No two crystals were exactly 
the same size in dimension; e.g., the weights varied 
from 150 to 300g. Also, the thickness of the quartz 
walls has a significant effect on the cooling rates. A 
more un i fo rm dis t r ibut ion was achieved by growing 
very small, penci l - l ike crystals, or by  heat - t rea t ing 
smalI volume pieces. However, since small crystals 
could not meet  the requirements  of the optical modu-  
lator, the emphasis has been on large crystals. 

Discussion 
The h igh- tempera ture  quenching results for CdTe 

doped with ind ium are in good agreement  with 
de Nobel's theory, especially considering that  the in-  
gots had diameters on the order of 2.5 cm and weighed 
approximately 300g. For the undoped crystals if they 
were pure, n - type  mater ia l  should be obtained at Pod 
,-~ 1 arm according to the phase diagram. Since high- 
resistivity mater ia l  is obtained at this pressure, it is 
obvious that  the mater ia l  is not real ly  pure bu t  that  
impurities are playing a role in  obtaining the high-  
resistivity ma te r i a l  

Even if the mater ial  was pure, it is near ly  impos- 
sible to grow a stoichiometric crystal with control of 
pressure since the pressure must  be adjusted with 
temperature  in order to stay on the stoichiometric 
line, if such conditions could be obtained in growing 
a crystal  which must  pass through a tempera ture  gra-  
dient. For example, ini t ia l ly  it would be easy to be 
in the high-resist ivi ty range for the cadmium pressure 
range is 1.1 arm wide at 1000~ As the temperature  
decreases to 700~ the stoichiometric l ine is only 1.28 
x 10 -3 atm wide. Thus a change in pressure of ___0.003 
atm at 700~ would change the resist ivi ty by a factor 
of 105 . Even for solution growth in excess te l lur ium at 
700~ high-resist ivi ty pure cadmium telluride would 
be difficult to grow as the PTe2 range is only 5 x 10 -6 
atm wide. On the other hand, a small  amount  of donor 
extends this range considerably. For  example, at 
1000~ the high-resist ivi ty range is PCd 0.36 to 4.3 

Table V. Conditions of growth for crystals in Fig. 7 

A t m o s p h e r e  
C r y s t a l  I n d i u m ,  a n d  pres- M e t h o d  os 
n u m b e r  a t o m s / e r a  ~ s u r e ,  a t m  c o o l i n g  

22 2.5 x 101~ Cd  1 Q u e n c h e d  
16 N o n e  Cd  1 S l o w - c o o l e d  

17 N o s e  N o n e  Cd  1 S l o w - c o o l e d  
17 T a i l  N o n e  Cd 1 S l o w - c o o l e d  

30 2.5 x 10~ Cd  1 Q u e n c h e d  
32 2.5 X 1017 T e  1 Q u e n c h e d  
29 2,5 x 10 l~ Cd 1 Q u e n c h e d  

atm and at 700~ any cadmium pressure between 1.9 
x 10 -3 to 4.1 x 10 -~ atm will  give high-resis t ivi ty  ma-  
terial. However, it would sublime before reaching 
10 -5 atm. Thus, for pure cadmium tel luride there is 
no appreciable pressure range that  will  produce a 
small number  of charge carriers. Whereas, for donor- 
doped CdTe there is a wide range in which the carrier 
concentrat ion is extremely low. For acceptor-doped 
material,  there occurs a change in conductivity from 
p- to n-type,  but  it also occurs without an appre-  
ciable width in which the charge carriers are very  
low. 

The modified Br idgman method was developed pr i -  
mar i ly  to grow high-resist ivi ty mater ia l  for gamma 
detectors and optical modulators. It  has been use- 
ful for growing mater ial  for the study of impact ion- 
ization (21) and superradiance (22) in CdTe where 
reproducibil i ty is important .  An  example of this is 
in Fig. 8 in which Pod ~--- 0.8 is plotted on a T-X dia- 
gram of the existence region. At this pressure the de- 
fect concentrat ion as a function of temperature  is 
given. If a donor is added to the melt, then the entire 
excess Te side becomes high resistivity. Reference to 
Fig. 8 also shows that  if solution growth takes place 
on the excess cadmium side or excess te l lur ium side, 
retrograde solubili ty takes place. Thus as the crystal 
cools after growth, cadmium or te l lu r ium atoms wilt 
have to precipitate out in the material.  We have no- 
ticed that CdTe grown from cadmium solutions, tel- 
lu r ium solutions, and from the melt  at 1 arm of cad- 
mium pressure differ in the cell constant. For cad- 
mium solution grown crystals a value of a -- 6.4794A 
was obtained. For te l lur ium solution, a = 6.4823A and 
for melt  growth at Pc~l = 1 atm, a = 6.4805A. 

Borsenberger  et at. (23) and Woodbury et at. (24) 
suggest that  the dominant  Te defect is an electrical 
neut ra l  interst i t ial  defect which correlates with our 
increase in lattice size. An  electrically neut ra l  Te 
atom could fit in an interst i t ial  site, causing an increase 
in cell size, easier than a negat ively charged Te atom 
which is much larger. An ant is t ructure  configuration 
does not seem very  logical in view of the difference 
in the atom sizes. Neither does the I -A  or S-A struc- 
ture  seem possible. For the cadmium-r ich  side it is 
general ly agreed by m a n y  authors that  the dominant  
defect is a cadmium interstit ial.  A method current ly  
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being inves t iga ted  is vapor  growth.  The S C d T e  - -  G 
line (Fig. 8) indicates  tha t  vapor  growth  takes place 
en t i re ly  in the  exis tence region and depending on the 
t empe ra tu r e  wi l l  approach stoichiometry.  This method  
e l iminates  the  h igh - t empera tu r e  l iquid phase,  and 
bypasses the  re t rograde  solubi l i ty  curve wi th  the  
added  bonus of being l ow- t empe ra tu r e  opera t iona l  
and se l f -pur i fying.  As wi th  any vapor  growth,  the  
greates t  p rob lem wi l l  be  to make  la rge  single crystals .  
For  gamma detector  use the  p rob lem is not  too se-  
vere, but  for the opt ical  modula to r  there  is much to 
be done. 
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Electrical Breakdown in Anodic Oxide 

Films on Zircaloy-2 

N. Ramasubramanian* and T. Trottier 
Chalk River Nuclear Laboratories, Atmnic Energy of Canada Limited, Chalk River, Ontario, Canada 

ABSTRACT 

In Zi rca loy-2 /anodic  oxide, 250 to 2500A th ick /go ld  structures,  three  types  
of e lectr ical  b r eakdown  character is t ics  have been observed. By comparing 
the b reakdown  character is t ics  of oxide  films grown on the  al loy in the  as- 
received condit ion and vacuum-cooled  or quenched f rom the /~ phase  condi-  
t ions (Widmanst~it ten and mar tens i t ic  type  structures,  respect ive ly)  it  was pos-  
sible to iden t i fy  the location of a ma jo r i t y  of the ini t ial  b r eakdown  spots wi th  
that  of a few of the  second-phase  part icles.  

A s tudy of e lectr ical  b r eakdown  in me ta l - i n su l a to r -  
me ta l  s t ruc tures  is compl imen ta ry  to e lectr ical  con-  
duct iv i ty  measurements .  By sui table  exper imen ta l  p ro -  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  Z i r c a l o y - 2 ,  a n o d i c  ox ide ,  s e c o n d - p h a s e  p a r t i c l e s ,  e l ec -  

t r i c a l  breakdown. 

cedures dist inct ion can be made  be tween  the p rop -  
er t ies  of weak  spots in the  insula tor  and those of the  
bu lk  (1). We have observed electr ical  switching in z i r -  
conia films, grown by  the rma l  and anodic means  o n  
zi rconium and a number  of its alloys.  Areas  of impur i t y  
and in te rmeta l l i c  prec ip i ta tes  have  been identif ied as 
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localized paths for electron conduction in  these oxide 
films (2). A study of the electrical b reakdown charac- 
teristics of these films was under t aken  to locate the 
weak spots present  and to unders tand  processes in -  
volved in the destruction and possible variat ions in 
behavior with changes in  the oxide thickness. The 
results obtained on Zircaloy-2 are presented here. 

Exper imenta l  
The hot-rol led Zircaloy-2 (Zr-l .5% Sn-0.1% Fe-0.1% 

Cr-0.05% Ni), i.e. as-received mater ial  was supplied by 
Wah Chang Corporation. Specimens 2 x 2 cm carry ing  
a short stem were cut from 0.1 cm thick sheets, me-  
chanically polished, pickled in a hydrofluoric-nitr ic 
acid mixture  and washed in water. Some samples were 
given a heat t rea tment  to produce different metal -  
lographic structures. These were either vacuum-cooled 
or water-quenched from the ~ phase to give Wid-  
manst~itten and martensi t ic  type structures, respec- 
tively. Details of the technique can be found in a paper 
by Holt (3). Following the heat t rea tment  the above 
procedure for surface preparat ion was followed. 

Anodic oxide films were grown in  saturated solutions 
of sodium nitr i te  and ammonium borate, 0.1% potas- 
s ium hydroxide and 1N potassium ni t ra te  solutions by 
fixed voltage anodization to various thicknesses. The 
max imum current  density dur ing a step was 1 m A / c m  2 
and the current  was allowed to decay to ~0.05 m A /  
cm 2. Oxygen evolution dur ing the various anodizing 
steps was more vigorous (visual observation) on the 
heat - t rea ted samples than on the as-received material .  
A growth constant  of 28 A/V was used for est imating 
the thicknesses (4). Gold counterelectrodes 3 and 6 
mm in diameter  and 1000-1500), thick were evaporated 

through masks; in  a single operat ion on four specimens 
at a t ime using a specimen to sourc~ distance of ~10 
cm. Each specimen carried a m i n i m u m  of four diodes. 
The diodes were tested in an evacuated, hel ium-fi l led 
tube and also in air on the stage of an optical micro- 
scope. The series resistance for measur ing the current  
varied in the 102 to 104 ohm range. Convent ional  elec- 
tronic equipment  (Keithley electrometers and a 
Moseley x-y  recorder) was used to trace the i • V 
curves and a Tektronix  oscilloscope, Type 564 to trace 
i • t characteristics. The breakdown areas were ex- 
amined on a scanning electron microscope. 

Results 
As-received Zircaloy-2.--Oxide films 250-2500A 

thick were tested. The d-c resistivities of these films 
were --~10 TM ohm-cm. Their  behavior  could be broadly 
classified into three categories. 

"Single-hole" breakdowns.--All the specimens tested 
(anodized to various voltages in the range 25-80V) 
showed "single-hole" breakdowns of the self-heal ing 
type (1), the first ones occurring at and above about 
15V. In Fig. 1, i • V curves obtained is a typical 
case are shown; for the sake of clari ty only a few of 
the tracings are included. The diode carrying a 50V 
(,--1400A) film was set up on the stage of an optical 
microscope. When the d-c voltage across the diode 
was gradual ly  increased, a sudden current  burs t  was 
observed at 37V and, simultaneously,  light emission 
spots were seen on the gold surface. Microscopic ex- 
aminat ion showed the spots to be "single-hole" break-  
downs where  gold, oxide, and some of the alloy had 
been evaporated. The average f requency of the first 
spots to appear was 10/cm 2. 

Fig. 1. Current bursts and in- 
crease in conductivity associated 
with "single-hole" breakdowns 
in Zircaloy-2/1400~ anodic ox- 
ide film, grown in KNO3/gold 
(0.27 cm2); tracing of x-y re- 

corder plots: a, atmospheric con- 
ditions; b and c, in vacuum at 
room temperature: d, in helium 
at 190~ and e and f, in 
helium at 80~ 
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As the applied voltage was increased addit ional  cur-  
rent  bursts associated with l ight emission spots were 
observed and the cur ren t  through the diode increased 
with the increasing number  of breakdowns.  The diode 
was then placed in the sample cell, evacuated and 
tested under  vacuum at room temperature ,  then filled 
with hel ium and tested at 190 and 80~ More break-  
downs occurred over the range of 15-45V. The follow- 
ing characteristics were observed, in general, regard-  
ing the breakdowns and current  bursts:  (i) dur ing  a 
period when  the applied voltage was being reduced 
current  bursts  and light emission still occurred, i.e. at 
lower voltages than  dur ing  the preceding period of 
increasing applied voltage; (ii) similarly, dur ing  
cathodic bias, breakdowns occurred at lower voltages 
than in the previous anodic step and vice versa and; 
(iii) the freshly produced breakdown spots spread in 
a radial  fashion around a previously formed one. 

The breakdown characteristics were all s imilar  
whether  the test was carried out in atmospheric condi-  
tions, in vacuum at room temperature,  or in hel ium at 
80~176 No effects of polari ty on the Zircaloy was 
found. The impedance of the diode was checked on a 
GR 1680A automatic capacitance bridge at various 
stages dur ing the testing. There were only small  de- 
creases in the capacitance readings, changing in the 
same fashion as the decrease in area of the gold elec- 
trode. The breakdowns were thus the self-healing "sin- 
gle-hole" type. 

The micrographs of the breakdown areas and oscil- 
loscope traces of the current  rise dur ing  the breakdown 
are shown in Fig. 2. The breakdowns were mostly of 
the same size, 25 #m in diameter, and the density after 
a cycle similar to that  in Fig. 1 was around 104/cm 2. 

That  a considerable amount  of Zircaloy is evaporated 
dur ing  a breakdown is clearly evident  from the scan-  
n ing electron micrograph showing the ruffled struc-  
ture of a light emission spot. The oscillogram was 
traced using a 560 ohm series resistance to measure the 
current .  It is readi ly seen that  the current  bursts in the 
recorder tracings in Fig. 1 do not  indicate the t rue  cur-  
~ent rises dur ing breakdowns. The poor response of 
the electrometer to the speed of the process responsible 
for the current  t ransients  results in a mere j i t ter  in  
recorder tracings. From the oscillogram a cur ren t  den-  
sity of 103 A/cm 2 dur ing light emission, can be esti- 
mated assuming the area of current  flow to be that  of 
the whole breakdown region, and that  the evaporated 
gold in that region was not destroyed (thus enabl ing 
the max imum current  to be traced).  The current  rise 
and the fall to near ly  half  the ma x i mum value oc- 
curred in a microsecond; a gradual  fall to 5% of maxi -  
mum occurred over 100 gsec. 
Delayed breakdown.- -Wi th  some diodes, carrying a 
40-80V anodic oxide film, only the leakage current  
flow was detected at 80 and 190~ when applied 
potentials of both polarities were increased to near  the 
forming voltage. Similar ly  at room tempera ture  a posi- 
t ive bias on the alloy to near  the forming voltage was 
without  any influence on the current  flow. Varying the 
t ime of holding at various applied voltages also did 
not result  in any changes. But  when the alloy was 
made negative to about 15V and held at that  potent ial  
for �89 to 2 min  current  bursts associated with the ap-  
pearance of a few light emission spots on the diode 
surface were noticed. The diode s imultaneously  be-  
came highly conducting. Breakdown areas had the 
same appearance as those shown in  Fig. 2. 

Fig. 2. Optical and scanning 
electron mlcrographs and cur- 
rent-time oscillograms of the 
single-hole breakdowns associ- 
ated with the current bursts in 
Fig. 1. (a) First breakdown 
spots, (b) after tracing curve f 
in Fig. 1, (c) scanning e|ectron 
micrograph of a breakdown and, 
(d) current transients during a 
breakdown. 
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Nondestructive breakdown.--This term is used to 
distinguish the current  bursts which were not  asso- 
ciated with any  detectable microscopic changes on the 
gold surface from those involving "single-hole" break-  
downs. The nondestruct ive breakdown was a chance 
occurrence and was detected only with a few diodes. 
In  the temperature  range of 80~176 these current  
bursts were observed at applied potentials of •  to 
10V. With oxide films <750A thick, the diodes in -  
var iably  were highly conducting subsequently.  The 
oscillograms of current  rise were similar to that  in 
Fig. 2 but  the currents  were two orders of magni tude  
less. 

A total of 150 diodes distr ibuted among 30 speci- 
mens were tested. The delayed type "single-hole" 
breakdowns were the most common; about 70% of the 
diodes exhibited this type. The nondestruct ive type of 
breakdown was a chance occurrence and was observed 
on ~10% of the diodes. 

Heat-treated specimens.--Almost all the t in  in  the 
alloy is in solid solution in a zirconium in the as-re-  
ceived material .  The alloying additions Fe, Cr, and Ni 
are precipitated as intermetal l ics  of zirconium and are 
distr ibuted uniformly through the alloy mat r ix  in 
sizes ranging from ~0.5-2.5 ~m in diameter. When 
the alloy is cooled in vacuum from the ~ phase (a 
nominal  rate of l l~  from 1050~ Widmanst~t ten 
morphology, with a paral lel  plate s t ructure  of a zir-  
conium containing mostly t in  in solid solution, is ob- 
tained. There is microsegregation of alloying additions; 
these are precipitated as intermetal l ics  in between the 
a platelets. On quenching  from the ~ phase a mar -  
tensitic type s tructure results in which t in as well  as 
the other alloying additions are in solution with no 
detectable microsegregation. An indication of a slight 
enr ichment  of i ron at the grain boundaries was noticed 
in the electron microprobe analysis (3, 5). 

In  the as-received mater ial  carbon, phosphorus, 
and silicon are present  in ppm quantities. These ele- 
ments  have very  low solubilities in both the a and 
phases of zirconium and probably  exist as second- 
phase precipitates. These impur i ty  precipitates, n u m -  
ber ing about 103/mm 3, are considered as the l ikely sites 
for nucleat ion of the a platelets (3). 

Vacuum-cooled specimens.--A total Of 30 diodes, the 
oxide thickness varying in the 1200-2500A range, were 
tested. They all exhibited the delayed type of b reak-  
down described previously. A typical  set of data, i • 
V curves and scanning electron micrograph of one of 
the first breakdowns associated with the current  bursts, 
is shown in Fig. 3. The potential  across the diode was 
measured by  direct connection to the oscilloscope's in -  
put;  sample impedance was obviously higher than that  
of the scope's amplifier input  and hence the larger 
current  flow. The diode was first tested at 80 ~ and 
190~ the Zircaloy was held for over 2 rain at various 
potentials up to _25V. Only the leakage current  was 
measured. Then tracings in Fig. 3 were made at room 
temperature,  the anodic bias being the first step. In  the 
13-19V region of negative bias on the alloy cur ren t  
bursts were observed following a wai t ing period of 
~l/z min  at 13V. The gold surface showed two types 
of changes subsequent  to the current  bursts  in the 
i • V tracing; a few darkened circular areas ~5  am 
in diameter  and a number  of isolated "single-hole" 
breakdowns. The "single-hole" breakdowns were all 
centered on the boundaries between the a platelets. 

The optical and scanning electron micrographs of the 
ini t ial  breakdowns in films of different thicknesses 
grown in 0.1% KOH solution are shown in Fig. 4. No 
variat ion of the breakdown voltage was found with 
changes in the anodizing voltage; all the init ial  break-  
downs occurred when the alloy was biased negative to 
18 • 2V. The frequency of occurrence of these was 
on the average 10/cm 2, same as that  obtained with the 
as-received material.  Isolated breakdowns were of the 
ordinary kind to be observed. The occurrence of a 
group of four or more breakdowns as shown in Fig. 4 

Fig. 3. Zircaloy-2 was vacuum cooled from the /~ phase (Wid- 
manstiltten morphology) and anodized to 80V in ammonium borate; 
current-voltage curves and scanning electron micrograph of one 
of the initial breakdowns when tested at atmospheric conditions. 

(a) was uncommon and these forming any regular  pat -  
terns was just  accidental. 

All  these init ial  breakdowns (excepting a few which 
were located at the intersections of two or more 
boundaries)  were centered on the boundaries  between 
the a platelets. 

The series resistance in the circuit influenced the 
occurrence or not of a breakdown. When this was of 
the order of a few hundred  ohms, breakdowns oc- 
curred. However, when  the resistance was ~ 2 K  ohm 
the diodes invar iably  switched to a high conductivi ty 
ON state without resul t ing in  any  detectable changes 
on the gold surface. On tu rn ing  the diodes OFF (high- 
impedance state) using a cur ren t  pulse, breakdown 
spots were seen, centered on the boundaries  between 
the a platelets. 

In  Fig. 5 scanning electron micrographs of vacuum-  
cooled samples in the pickled and anodized conditions 
are shown. Electrolytic anodization has resulted in  
the growth of porous oxide ridges along the a platelet  
boundaries.  Films grown in ni t r i te  solution showed 
extensive cracking along these oxide growths. How- 
ever, the entire area along a boundary  was not cov- 
ered by these porous oxide growths; there were some 
portions where the anodic oxide growth had a similar  
appearance to that  on the a platelet. The a platelet  
boundaries  housing the segregated mater ial  are sites 
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Fig. 4. Optical and scanning 
electron microgmphs of initial 
electrical breakdowns in Zirca- 
Ioy-2 (vacuum-cooled from the 
fl phase)--anodic oxide grown in 
0 . l ~  KOH so|ution--gold struc- 
tures; a, b, c and d~40, 50, 60, 
and 70V oxide fiSms. 

of heterogeneous oxide growth at lower anodizing 
voltages also is evident  from Fig. 4. 

Water-quenched specimens.--A typical  set of data 
for a Z-quenched sample tested at room tempera ture  
is shown in Fig. 6. After  a holding t ime of 15 sec at 
--14V on the alloy current  bursts  were observed. 
Microscopic examinat ion  showed "single-hole" break-  

downs with three out of a total  of four located at the 
prior ~ grain boundaries.  

With quenched samples a sensit ivity towards ni t r i te  
and ni t ra te  ions was noticed. The oxide films grown in 
NaNO2 and KNO3 solutions on these samples were 
highly heterogeneous with ridges of porous oxide 
growth. However, as in the case of as-received and 
vacuum-cooled samples, no specific correlation was 
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Fig. 5. Scanning electron mi- 
crographs of Zircaloy-2 vacuum- 
cooled from the F phase in (a) 
pickled and (b, c and d) ano- 
dized conditions; 80V films 
grown in (b) potassium hydrox- 
ide, (c) ammonium borate and, 
(d) sodium nitrite solutions. 

found between the type of breakdown and the anodiz- 
ing electrolyte used. 

Discussion 
Location of weak spots.--When the results obtained 

on the as-received and heat- t reated materials  are com- 
pared the advantages of using the Widmanst~itten and 
martensi t ic  type of structures for locating breakdown 
spots are obvious. In  the as-received samples, because 
the second phase intermetal l ic  and /or  impur i ty  pre-  
cipitates are uni formly  distr ibuted and the breakdown 
areas are an order of magni tude  larger in size (Fig. 7), 
it is difficult to identify the centers of t he  light emis- 
sion and breakdown spots. In the case of oxide films 
on vacuum-cooled samples, there is a clear and definite 
indication that the boundaries  between the ~ platelets 
are the location of first breakdowns.  These boundaries  
house the second phase precipitates segregated dur ing 
the nucleat ion and growth of the , platelets. 

The composition and behavior towards anodization 
of the second phase particles in vacuum-cooled samples 
are likely to be different from those of the pre-  
cipitates in the as-received material.  However, the ex- 
per imental  observations, that  the major i ty  of the 
breakdowns in as-received mater ial  is the same de- 
layed type as in the vacuum-cooled samples; that  
though the oxide films grown in ni t r i te  and n i t ra te  
solutions are porous their  breakdown characteristics 
are the same as those of the films grown in ammonium 
borate and potassium hydroxide; and that  no sys- 
tematic var iat ion of breakdown voltage with oxide 
thickness is found, indicate the existence of a common 
source of weak spots in all cases. Moreover, in the 
case of anodic oxide films grown on the as-received 
mater ial  it has been shown that  second phase pre-  

cipitates are sites of localized electrochemical activity 
(2). Therefore, it is reasonable to assume that  the con- 
clusion reached in the case of vacuum-cooled samples 
regarding the delayed type of breakdown would be ap- 
plicable to that  of the as-received mater ial  also. 

Areas of breakdown.--The intermetal l ic  particles in 
Zircaloy-2 are ei ther  Zr -Fe-Ni  or Zr -Fe-Cr  phases. 
Informat ion  on the solid solubil i ty of Fe, Ni, and Cr in 
zirconium oxide is not available and often the solu- 
bi l i ty  in a zirconium is assumed to be applicable to the 
oxide case (6). In  a detailed s tudy on the growth of 
anodic oxide films on zirconium and Zircaloy-2, the 
importance of the oxide formed on the intermetal l ic  
particles in determining the cur ren t  decay and leak-  
age rate was pointed out by Cox (7). However, details 
regarding the na ture  of the oxide films formed on these 
particles and the mechanism of their  growth are still 
largely in the speculative stage. 

It  is evident  from Fig. 5 that  thick porous oxide 
grows on the second phase particles in the a platelet  
boundaries dur ing wet anodization. These boundaries 
for the most part  are covered by such heterogeneous 
oxide growth. However, the average frequency of oc- 
currence of the init ial  breakdowns is found to be only 
~10 /cm 2. Therefore it is un l ike ly  that  these porous 
oxides are the sites of first breakdowns.  Moreover, in 
some exper iments  when  the applied voltage was 
gradual ly  increased the breakdowns occurring sub-  
sequent to the first ones were still  isolated and their  
propagation along a boundary  was not observed. Other 
than e l iminat ing the possibility that  the ini t ial  break-  
downs occur in  the pores of these oxide films, it is 
difficult at this stage, however, to correlate them with 
a specific type of oxide grown on the second-phase 
particles. 
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Fig. 6. /3 quenched Zircaloy-2 anodized in ammonium borate to 
80V and tested at room temperature; current-voltage curves and 
scanning electron micrograph of one of the breakdowns. 

Mechanism of breakdown.--The breakdown of these 
oxide films on the second phase precipitates is then 
considered to occur in two stages following the model 
suggested by Klein  (1). A conducting channel  is 
formed, which becomes thermal ly  unstable,  and t r ig-  
gers the breakdown by the discharge of the stored 
electrostatic energy. The "single-hole" and the non-  
destructive types of breakdown are obviously elec- 
tronic in origin because they occur at l iquid ni t rogen 
and higher temperatures.  The delayed breakdown does 
not occur at temperatures  <<300~  and is facilitated 
by a negative bias on the alloy. These characteristics 
and the necessity of a holding t ime indicate that an 
addit ional step of ionic migrat ion is involved prior to 
the conducting channel  formation. It  is not clear at 
present, where the former two types of breakdowns 
occur in the as-received material.  

Dur ing  "single-hole" breakdowns in silicon dioxide 
breakdown spot current  densities up to 10 TM A /cm 2 have 
been estimated by Kle in  (1). Therefore the low cur-  
rent  density of 10g A/cm 2 obtained in the present  s tudy 
might  be due to two causes, viz. (a) gold at the break-  
down site has par t ly  evaporated and only  par t  of the 
max imum current  at tained was recorded on the oscil- 
logram and (b) the area of current  flow at the ins tant  
of breakdown was smaller  than the area observed sub- 
sequently. However; the conductivi ty change observed 
here agrees with that  of Budenstein  and Hayes (8) 
who reported in the case of silicon monoxide a change 
by a factor of 1010. In  this invest igat ion a factor of 1011 

Fig. 7. Scanning electron micrographs of breakdowns in Zircaloy- 
2 (as-received material)--50V anodic oxide film grown in am- 
monium borate--gold structures. 

is calculated for the rise in conductivi ty at the break-  
down spot. 

Conclusions 
Three different types of electrical breakdown are ob- 

served in anodic oxide films on Zircaloy-2: "single- 
hole" type at 80~176 associated with l ight  emis- 
sion and evaporat ion of the gold electrode, oxide and 
alloy material ;  delayed type at 300~ the easy direc- 
tion is with the alloy negative;  nondestruct ive type at 
80~176 and low voltages, wi thout  any  evapora-  
tion of materials.  

In  oxide films grown on the as-received Zircaloy-2, 
more than 70% of the ini t ia l  breakdowns is of the de- 
layed type; these spots are identified with the location 
of a few of the second-phase precipitates in  the alloy. 

Acknowledgments  
The authors wish to express their  thanks to Mr. H. J. 

Arna l  for his assistance with the scanning electron 
microscope and Dr. B. Cox for his encouragement  and 
discussions. 



1804 J. Electrochem. Sot.: S O L I D  S T A T E  S C I E N C E  N o v e m b e r  197I 

Manuscr ip t  submi t ted  Feb.  8, 1971; rev ised  m a n u -  
scr ipt  received ca. J u l y  19, 1971. 

A n y  discussion of this  p a p e r  wi l l  appear  in a Dis-  
cussion Sect ion to be publ i shed  in the June  1972 
JOURNAL. 

REFERENCES 
1. N. Klein,  This Journal, 116, 963 (1969). 
2. N. Ramasubramanian ,  ibid., 116, 1237 (1969); 

AECL-3082, March, 1968. 

3. R. A. Holt, J. Nucl. Mater., 35, 322 (1970). 
4. N. Ramasubramanian ,  This Journal, 117, 947 (1970). 
5. R. A. Holt, P r iva t e  communicat ion.  
6. S. Nomura  and C. Akutsu,  "Zirconium and Its A l -  

loys", J. P. Pemsler ,  E. C. W. Pe r ryman ,  a n d  
W. W. Smeltzer ,  Editors,  p. 98 The Elec t rochemi-  
cal Society  Sof tbound Sympos ium Series, New 
York  (1966). 

7. B. Cox, This Journal, 117, 654 (1970). 
8. P. P. Budenste in  and P. J. Hayes,  J. Appl. Phys., 38, 

2837 (1967). 

The Chemical Polishing and Etch 
Pitting of Sapphire 
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ABSTRACT 

Three  dislocation etchants,  H3PO4, KOH, and KHSO4, and two chemical  
polishes, I-I3PO4 and Na2B40~ have been inves t iga ted  as to the i r  effective t em-  
pe ra tu re  and  or ienta t ion  ranges on sapphire.  In  addi t ion the  etchants  a re  
compared  for  effectiveness of d i s loca t ionp i t t i ng .  I t  is found tha t  the  best  p i t -  
t ing is obta ined wi th  KHSO4 on the {2110} plane,  and  KOH on the  (0001) 
plane.  

Sapphi re  (s ingle c rys ta l  a - a l u m i n u m  oxide)  is an 
impor tan t  and wide ly  used mate r i a l  in modern  tech-  
nology. Charac ter iza t ion  of its c rys ta l l ine  de fec t s - -  
in par t i cu la r  de te rmina t ion  of the dislocation s t ruc-  
t u r e - - i s  increas ingly  impor t an t  in electronic,  as wel l  
as mechanica l  applicat ions.  Fo r  those in teres ted  in 
observing the dislocation s t ruc ture  of sapphi re  by  
etch pit t ing,  its high res is tance to chemical  a t t ack  cre-  
ates some difficulties. Only  a few etchants  have been 
found which develop pi ts  at dislocation sites, and these 
funct ion only at  r a the r  high temperatures .  They are  
fu r the r  res t r ic ted  as to the i r  effective or ienta t ion  
range, a l though this has  been defined in only  one case 
(1). 

The best  known e tchant  for sapphi re  is phosphoric  
acid (H~PO4). Scheuple in  and Gibbs (1) found dis lo-  
cation pits for two types  of sapphi re  surface o r ien ta -  
t ions: wi th in  a few degrees of the basal  p lane (0001) 
at  320~ and in the  region of the  {1['01} to {11-02} 
planes  1 at 375~ Barber  and Tighe (2) found tha t  
pol ishing and etching in phosphor ic  acid were  h igh ly  
t empe ra tu r e  dependent ;  pol ishing for var ious  p lanes  
occurred about  50~ above the etching tempera ture .  
They also used hot concent ra ted  potass ium hydrox ide  
(KOH) for etching the basal  plane.  They observed 
tha t  wi th  both etchants  the dislocation s t ruc ture  was 
often incomple te ly  developed in subgra in  boundaries .  
Al fo rd  and Stephens  (3) used potass ium bisu l fa te  
(KHSO4) at  675~ to develop etch pi ts  on the basal  

b -  

(0001) and pr i smat ic  {2110} planes.  
A number  of chemical  polishes have been repor ted .  

Besides the above  ment ioned  phosphor ic  acid (2, 3), 
they  include borax  (4, 5) vanad ium pentoxide  (6), and 
potass ium a luminum fluoride (3). Again, appl icable  
or ienta t ion  ranges  are  not  wel l  defined. 

The present  work  compares  the  u t i l i ty  of the  above  
three  etches (H3PO4, KHSO4, and KOH) in examin ing  
the dislocat ion s t ruc ture  of sapphire,  as wel l  as de te r -  
min ing  thei r  effective or ienta t ion and t empera tu re  
ranges. In  addit ion,  the polishing ranges  of phosphor ic  
acid and borax  have  been invest igated.  

Experimental Methods 
Etching and pol ishing effects for  specific p lanes  

were  examined  on sect ioned rods or  o r ien ted  disks  ob-  

Key w o r d s :  aluminum oxide, s a p p h i r e ,  d i s l o c a t i o n ,  e t c h  p i t s .  
1 H e x a g o n a l  s t r u c t u r a l  u n i t  ce l l ,  a s  u s e d  i n  t h i s  p a p e r .  

ta ined  f rom Union Carbide  or  Hugo Ke l l e r  Company.  
Or ienta t ion  boundar ies  of etched or  pol ished regions 
were  de te rmined  by  comparison of opt ical  observat ions  
wi th  Laue  back-ref lec t ion x - r a y s  on 3/8 in. d iam spheres 
(obta ined f rom Insaco) .  Al though  this me thod  permi ts  
bounda ry  posi t ions to be defined to _+1 ~ there  a re  
two possible sources of variat ion.  Firs t ,  the  dist inct ion 
be tween  adequate  and inadequate  etching or pol ishing 
r e p r e s e n t s  a subjec t ive  judgment .  Second, the bound-  
a ry  posi t ion m a y  be a function of etching t ime and the 
procedure  employed.  To minimize  this l a t t e r  problem,  
al l  boundar ies  shown in this  s tudy  define areas  which 
appear  adequate ly  etched or pol ished af ter  p rehea t ing  
the  specimen in air  and immers ing  it in the reagent  
for  3 rain. Tempera tu res  were  measured  wi th  a 
ch romel -a lume l  thermocouple ,  and were  control led  to 
-+-5~ The handl ing of the var ious  reagents  is discussed 
in la te r  sections. 

With  r ega rd  to the  c rys t a l log raphy  of sapphire ,  the 
hexagona l  s t ruc tura l  uni t  cell  (7) (c/a----2.73) is used in 
this  paper .  Since the  sapphi re  la t t ice  has only threefo ld  
s y m m e t r y  (Laue class 3m),  some confusion is possible 
wi th  the use of hexagona l  indices. Therefore,  orienta~ 
t ion effects wi l l  be shown on s tereographic  t r iangles  
wi th  s t rong x - r a y  reflections m a r k e d  and indexed.  
This wi l l  d is t inguish be tween  planes,  such as (1012) 
and (1~02), which have  s imi lar  indices bu t  are  not  
ident ica l  as in the hexagonal  system. As a guide to the  
s tereographic  t r iangles,  some useful  i n t e rp lana r  angles, 
as ca lcula ted  f rom a computer  p rog ram (8), are  given 
in Table I. 

X - r a y  topography  was used as a check on the d is -  
locat ion etching. Good resolut ion was obta ined  on the 
(0001) surface wi th  the  Be rg -Bar r e t t  technique as 
descr ibed by N e w k i rk  (9). Wi th  Cr radiat ion,  the  
opera t ive  reflection on this case is {2116}. 

Table I. Selected interplanar angles for sapphire (c/a=2.73) 

( 0 0 0 1 )  (211-0) ( 1 0 1 2 )  

( 1 1 0 1 )  '/2.4" 3 4 . 4  ~ 55 .6  ~ 
( i1-04) 3 8 . 2  ~ - -  4 7 . 0  ~ 
(10"12) 57 .6" 4 3 . 0  ~ - -  
( 2 1 1 3 )  6 1 . 2  ~ 2 8 . 8  ~ - -  
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Sur face  Prepara t ion  
Mechanical poI~sh.--All  specimens obta ined for  this  

inves t igat ion had  been in i t ia l ly  mechanica l ly  pol ished 
in fine d iamond paste  to a sc ra tch- f ree  appearance .  
However ,  af ter  t r ea tmen t  wi th  one of the  e tchants  
(none of which  dissolve sapphi re  at  an apprec iab le  
ra te  at  e tching temperatures) ,  the  surface showed a 
h igh ly  scratched appearance.  This  effect has  been 
noted by  others  (6). Hockey (10) has shown tha t  
af ter  fine polishing, the  surface is h igh ly  d is tor ted  and 
has a high dislocation density.  A p p a r e n t l y  this  layer ,  
less than  1~ thick, can be dissolved by  the  hot  
e tchants  to expose a surface which shows the effects of 
previous  coarse gr inding and polishing. 

The s imples t  w a y  to e l iminate  this  effect is to vac-  
uum annea l  the  specimen at  about  1700~ for 2-3 hr. 
Some evapora t ion  occurs dur ing  this t rea tment ,  and 
the resul t ing  surface is sufficiently s t ra in  f ree  tha t  no 
scratch marks  develop dur ing  etching. Only  surfaces 
near  the  basa l  or ien ta t ion  are  inappropr i a t e  for this  
t rea tment ,  as they  tend  to develop pi ts  dur ing  evap-  
oration. 

Chemical polish.--The high t empe ra tu r e  anneal  de-  
scr ibed above  is inappropr i a t e  for exper iments  in-  
volving nonequi l ib r ium dislocation dis t r ibut ion.  In this  
case, and  also when  the ini t ia l  surface is not  smooth, 
it is necessary to use a chemical  pol ish which  re -  

1805 

Fig. 3. Orientations adequately etched by phosphoric acid in 
3 rain at 350 ~ and 420~ 

Fig. |. Areas polished by borax at 850~ (stippled). Hatched re- 
gions develop pits. 

Fig. 4. Etch pitting range for potassium bisulfate for 3 rain at 
550~ (shaded). 

Fig. 5. Areas satisfactorily etch pitted by potassium hydroxide 
Fig. 2. Polishing range of phosphoric acid at 350 ~ and 420~ in 3 rain at indicated temperatures. 
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Fig. 6. (0001) surface of sap- 
phire, etched 3 min in (a) phos- 
phoric acid at 325~ (b) potas- 
sium bisulfate at 500~ and 
(c) potassium hydroxide at 
350~ Polished in phosphoric 
acid between etches. 

moves mater ia l  at a moderate rate. For  most or ienta-  
tions (Fig. 1) good results can be obtained wi th  
molten sodium tetraborate,  Na2B407 (borax),  above 
800~ (5). The borax is mel ted in a p la t inum crucible. 

Material  adhering to the specimen after polishing is 
then dissolved in boil ing water, and any remain ing  
surface film can be removed in dilute HC1. The dissolu- 
t ion rate of sapphire in borax varies little with or ien-  
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Fig. 7. {2110} surface of sapphire, (a) etched 2 min in borax 
at 850~ (b) etched 6 rain in phosphoric acid at 400~ (c) etched 
3 rain in potassium bisulfate at 600~ 

tation, and the resul t ing  surface is microscopical ly  
smooth, except  for or ientat ions  where  p i t t ing  or rough-  
ness develops. These are  p r inc ipa l ly  the  area  near  
the  (0001) p lane  and a la rger  a rea  around the {2110} 
plane,  as shown in Fig. 1. 

For  pol ishing (0001) surfaces, one may  use concen- 
t ra ted  phosphoric  acid (85%) at  420~ (3). The ra te  
of a t tack  of this  acid is h igh ly  or ienta t ion  dependent .  
F igure  2 shows the or ienta t ion  range  of pol ished sur -  
faces at  420~ Remain ing  or ientat ions  show l i t t le  
evidence of a t tack  (except  for p i t t ing) .  Because r e -  

action products  m a y  adhere  s t rong ly  to the  surface at  
this tempera ture ,  the  specimen mus t  be v igorously  agi -  
tated.  Using a large  volume of acid (200-300 cc) 
for pol ishing is also he lpfu l  in this  respect.  Because of 
chemical  changes, f resh acid should be used for each 
t rea tment .  At  these t empera tu res  a P y r e x  b e a k e r  m a y  
be used, but  must  be changed f requen t ly  due to the  
slow a t t ack  of the  acid. Higher  t empera tu re s  might  
ex tend  the or ienta t ion  range  of pol ishing (2), bu t  
would  requi re  a forced-f low appara tus  such as tha t  
descr ibed in Ref. (11). 
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Dislocation Etchants 

We wi l l  descr ibe  here  the  or ien ta t ion  and t e m p e r a -  
ture  effects of the  th ree  etchants,  and the manne r  of 
the i r  use. In  the  nex t  section we  wil l  discuss the  
qual i ty  of  p i t t ing  at  var ious  orientat ions,  and  the  
u t i l i ty  of each e tchant  for de te rmin ing  the dislocat ion 
s t ructure .  

Phosphoric ac /d .mPi t t ing  wi th  this  etch is h igh ly  
t empe ra tu r e  dependent .  The basa l  p lane  etches at  
320~ Etching in an area  near  (1104) begins at  about  
335~ and as the  t e m p e r a t u r e  is increased,  t he  
etched region extends  towards  (1~01). The ex ten t  of 
the we l l - e t ched  areas  at  350~ and 420~ are  shown 
in Fig. 3. At  420~ the  basal  p lane  polishes (see p r e -  
ceding section) whereas  the  region a round  (li-04) i s  
s imply  overetched.  Longer  t imes  or h igher  t e m p e r a -  
tures  ex tend  the 420~ area  toward  (2110) (see Fig. 
7b).  The precaut ions  given in the  r emarks  on pol ishing 
apply  in using phosphoric  acid as an etch above 400~ 

Potassium bisulfate.--A r e l a t ive ly  easy etch to use, 
a smal l  amount  may  be mel ted  in a p l a t inum crucible,  
and renewed when  necessary  wi th  addi t ions  of sul-  
furic acid and KHSO4 whi le  cool. L i t t l e  genera l  dis-  
solut ion of the  sapphi re  is found wi th  this reagent .  
The ex ten t  of the e tched regions a round  the basal  and 
pr ismat ic  p lanes  at  550~ is shown in Fig. 4. Ade -  
quate e tching can be ob ta ined  at  this t empe ra tu r e  for 
both  orientat ions,  but  the  basa l  p lane  p i t t ing  is more  
easi ly  control led  at 500~ whi le  it  is he lpfu l  to go to 
600~ for the pr i smat ic  area. Boundar ies  of the  etched 
regions are  not  pa r t i cu la r ly  t empe ra tu r e  dependent .  

Potassium hydroxide.--This etch was p repa red  by  
adding KOH crys ta l s - to  a concent ra ted  aqueous solu-  
t ion unt i l  boil ing no longer  occurred at  350~ Etched 
regions observed wi th  this  concentra t ion of reagen t  
are  shown in Fig. 5. L i t t l e  etching is observed be low 
320~ However ,  the smal l  a rea  near  (2-1i3) which  
etches be low 300~ can be ve ry  useful,  since the  
axes  of m a n y  Verneu i l -g rown  boules fa l l  in this  r e -  
gion. Large  areas  suddenly  develop pits  a round  325~ 
but  in most of these the  pi ts  cannot  be identif ied wi th  
the dislocation s t ructure .  The except ion is the  area  
along (0001)-(1104),  where  sharp  t r i angu la r  pi ts  de-  
velop wel l  a round  335~ (see Fig. 6c), a l though they  
are  weak ly  developed even be low 320~ There  are  
two centers  to this  region where  the  pits  a re  equi la t -  
eral,  at (0001) and near  (1104). 

Etching-Comparison 
Although  dislocat ion e tchants  have  not  been  found 

for a subs tan t ia l  por t ion  of the  or ienta t ions  as shown 
by the s tereographic  t r iangles  of Fig. 3-5, the  a r e a s  
which can be etched a l low a de te rmina t ion  of the  
comple te  dis locat ion s t ruc ture  of most  crystals ,  and  the 
examina t ion  of any  potent ia l  slip plane.  Not  a l l  of the  
e tchants  are  equa l ly  good, however ,  and a compar ison  
of the  p i t t ing  on the basa l  and  pr i smat ic  planes,  where  
more  than  one e tchant  may  be employed,  is inst ruct ive.  

(O001).--All th ree  e tchants  develop dis locat ion pits 
on the  basa l  plane.  In Fig. 6, the  same areas  have  been 
etched wi th  each reagent  af ter  repolishing.  Both 
H3PO4 6(a)  and  KHSO4 6(b)  show areas  of incom- 
ple te  etching. This is pa r t i cu l a r ly  not iceable  in cer ta in  
sub-boundar ies ,  as has been observed prev ious ly  (2) 
for HzPO4. A subs tant ia l  improvemen t  is seen for KOH, 
Fig. 6 (c ) .  Here, pi t  size is much more  uniform, and 
most sub-boundar ies  a re  comple te ly  pi t ted.  Incom-  
ple te  etching is also found in the {1101}-{1104} area  for  
phosphoric  acid. I t  is possible tha t  this  is p a r t l y  an im-  
pu r i ty  effect, and might  not  be observed in sapphi re  of 
different  origin. Nevertheless ,  these da ta  indicate  tha t  
KOH would  b e  the  e tchant  of choice for  the  (0001)- 
(1]-04) or ienta t ion  range.  

{2110}.--Although borax  and phosphor ic  acid pi t  this  
plane, the  resul ts  a re  not en t i r e ly  sat isfactory,  as m a y  
be seen in Fig. 7. The borax  pits  7 (a) a re  shal low and 
poor ly  defined, whi le  the  phosphor ic  acid pits  7 (b) are  
e longated  and uneven in size. The c lear  super io r i ty  of 
potass ium bisulfa te  is shown in Fig. 7(c) .  No gaps 
show in the  sub-boundar ies ,  and pit  size is even more  
un i form than  for KOH on the  basa l  p lane  (Fig. 6c). 
Since a {2110} p lane  m a y  be found to in tersect  basal,  
pyramida l ,  and pr i smat ic  slip planes,  this  combinat ion  
of p lane  and e tchant  is r ecommended  where  only one 
surface is to be examined.  

Discussion and Conclusion 

The s imi la r i ty  of the  etching pa t t e rns  in Fig. 6 indi -  
cates tha t  these e tchants  produce  pits  only  at  dis loca-  
t ion sites. Repea ted  etching by  H3PO4 on the basal  
p lane and KHSO4 on the pr i smat ic  p lane  show no 
change in the  pi t  pa t t e rn  or  increase  in the  number  of 
pits. F ina l ly ,  a comparison of an x - r a y  topograph  of 
the basa l  surface wi th  the  etch pi t  pa t t e rn  produced  
by  KOH on the same area  in Fig. 8 shows a sa t i s fac tory  
correspondence.  Whe the r  all dis locat ion sites p i t  is 

Fig. 8. (0001) surface of sapphire; (e) Berg-Barret x-ray micrograph, {2"]16} reflection; (b) optical micrograph, etched 3 rain in KOH 
at 350~ 
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more  difficult to determine.  However ,  compar ing  Fig. 
6 and 7, i t  would  seem tha t  un i fo rmi ty  of pi t  size and 
cont inui ty  in the sub-boundar ies  are  good guides to an 
etchant's re l iabi l i ty .  F r o m  this point  of view, the  
dislocat ion s t ruc ture  of sapphi re  m a y  be accura te ly  
de te rmined  by  etch p i t t ing  wi th  potass ium hydrox ide  
on planes  in the range  (0O01)-{1T04}, and by  po tas -  
s ium bisulfa te  on planes  in the  v ic in i ty  of {2110}. 
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The Morphology of Electrolytic Breakdown 
Products in Anodic Films on Silicon 

J. Zahavi, I I. A. Blech, and J. Yahalom 

Department of Materials Engineering, Technion--IsraeZ Institute of Technology, Haifa, Israel 

ABSTRACT 

The local e lectrolyt ic  b reakdown  regions in p - t y p e  Si were  invest igated.  
Large  amounts  of br i t t le  ma te r i a l  in the form of hil ls  were  seen to form dur ing  
the breakdown.  The mate r i a l  is amorphous,  p robab ly  SiO2 �9 (H20)x.  The 
hil ls  are  severe ly  cracked and have a res idual  tensi le  stress. 

The morpho logy  and crys ta l l iza t ion  of anodic oxide 
films under  e lect rolyt ic  b r e a k d o w n  vol tage were  p r e -  
viously repor ted  for a luminum,  tan ta lum,  and t i -  
t an ium (1,2). I t  was found tha t  the  e lec t ro ly t ic  b r e a k -  
down of anodic films of a luminum and t an ta lum was 
associated wi th  crystal l izat ion,  whereas  in t i t an ium a 
c r a t e r - l i ke  morpho logy  wi th  a po lycrys ta l l ine  s t ruc-  
ture  was revea led  (1, 2). Vermi lyea  (3, 4) has found 
that  some crys ta l l iza t ion of t an t a lum anodic oxide  films 
is observable  af ter  cer ta in  periods, depending on the  
anodizing conditions. 

The s t ruc ture  and the  effect of e lect rolyt ic  b r e a k -  
down of anodic oxide films on silicon were  considered 
by  some authors  (5, 6). Schmidt  and Owen (5) found 
that  anodic films grown on silicon in phosphor ic  acid 
were  of th ree  types:  comple te ly  s t ructure less  non-  
porous films, films wi th  round  spots of increased film 
thickness  and films wi th  round  holes. Schmidt  and 
Michel  (6) found tha t  e lect rolyt ic  b r eakdown  of anodic 
oxide films in p - t y p e  silicon was associated wi th  severe 

t P r e s e n t  a d d r e s s :  D e p a r t m e n t  of  M e t a l l u r g y  a n d  M i n i n g  E n -  
g inee r3ng ,  U n i v e r s i t y  of Illinois, U r b a n a ,  I l l ino is ,  61801. 

Key  words:  e lectrolyt ic  breakdown,  breakdown,  silicon, silicon 
oxide .  

damage  to the  oxides, when  the vol tage s ta r ted  to 
osci l late  wi thout  r is ing any  fur ther .  The presen t  work  
is concerned wi th  the  morpho logy  and s t ruc ture  of 
anodic films on sil icon under  e lect rolyt ic  breakdown.  

Experimental Results 
A (111) oriented p-type silicon wafer (~0.015 

ohm-cm)  was anodized in 0.8% and 80% wt  H2SO4 
wi thout  s t i r r ing at a constant  cur ren t  dens i ty  of 20 
m A / c m  2. The  anodizing circui t  has been descr ibed p re -  
viously (7). In  the concent ra ted  solution, the  cell emf 
increased wi th  t ime, reached a va lue  of 52V in about  
10 sec, then d ropped  to 36V in another  10 sec, c l imbed 
s lowly  (24 sec) to 38V, af te r  which i t  r emained  sub-  
s tan t ia l ly  constant  (Fig. 1). 

The cell  emf in the d i lu te  solut ion can also be seen in 
Fig. 1. The forming emf increased qu ick ly  ( ~ 2  sec) 
to 22V and more  g radua l ly  to 7OV in 8 rain. Dur ing the  
next  12 min  it d ropped  to 45V and then  r ema ined  
almost  constant  wi th  a ve ry  s l ight  decrease.  No dis t inct  
b r e a k d o w n  vol tage could be defined. 

Anodizing for shor ter  per iods  than  the first b reak ing  
point  of the curve in Fig. 1 caused no apparen t  change  

8O 
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20  
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6C 

+J,  2(1 
0 1 

ELECTROLYTE: 80Xw/w  HAS04 1 
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Fig. 1. Cell voltage transients 
during anodizin 9. 
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Fig. 2. Optical micrograph of 
breakdown regions after 15 min 
anodization. (a) 0.8% H2SO~, 
(b) 80% H2S04. 

Fig. 3. Backscattered electron 
image of breakdown regions 
after 15 min anodization. (a) 
0.8% H2S04, (b) 80% H2S04. 

in the smooth na ture  of the film surface. However, 
anodizing for longer periods produced m a n y  areas of 
breakdown. 

Photomicrographs of anodic films formed for about 
15 min  in dilute and concentrated solutions are seen 
in Fig 2a and 2b respectively. The effect of breakdown 
in these films was the creation of hills, the size of 

which depended on the solution concentration. The 
typical diameter  of hills formed in the dilute solution 
was about 10~, while that  for the concentrated solution 
was about 100~. The heights, measured by adjust ing the 
focus of the objective lens, were 6~ and 10~ respectively. 
The anodic film thickness in the field was of the order 
of 0.1~. 
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Fig. 4. Scanning electron micrographs of region of breakdown after 15 min anodization. (a) 0.8% H2SO4, (b) 0.8% H2SO4, (c) 80% 
H2SO4, (d) 80% H2SO4 

The hills are typical ly round and their height de- 
creases gradual ly  from a central  summit.  The shape 
of the hills, formed in the dilute solution, can be seen 
in Fig. 3a, the backscattered electron image, obtained 
in the JEOL JXA-5 Microprobe. A better  view of the 
breakdown regions is provided by scanning electron 
micrographs, Fig. 4a and 4b. Figures 3 and 4 reveal 
severe cracks in the hills, b ranching  main ly  from the 
hill 's summit.  A layered structure is also observed at 
the base of the hills. The shape of the  hills, formed in 
the concentrated solution, is seen in the backscattered 
electron image, Fig. 3b, and in  the scanning electron 
micrographs, Fig. 4c and 4d. Tbe hills formed in the 
concentrated solution had severe cracks which have the 
appearance of "mud cracks." The white areas in Fig. 
3b are due to flaking of the breakdown product. 
Craters, typically 1-2~ deep, remain  in the under ly ing  
Si when the hills are chemically etched. 

The hill  mater ial  is probably thicker in the center of 
the hill, since most of the mater ial  remained attached 
to the Si in  spite of the severe cracking around it 
(Fig. 3b). This conclusion is confirmed by the absorbed 
electron image of the breakdown regions in di lute and 

concentrated solutions, Fig. 5a and 5b respectively. 
The thicker breakdown regions absorb more electrons 
than the sur rounding  film. The hil l  mater ia l  exhibits 
poor adhesion to the under ly ing  Si, since it could be 
easily removed by scraping it with a sharp tool. 

X - r a y  transmission topography furnishes fur ther  
evidence for the existence of mater ia l  in in t imate  con- 
tact with the Si inside the breakdown regions (Fig. 6). 
Diffraction contrast  is seen inside the breakdown re-  
gions. Such contrast can be brought  about if there is 
in t imate  contact between the hills and the substrate 
inside the breakdown region. The stresses in the hill  
are of a tensile na ture  as can be judged from the 
stronger x - r ay  in tensi ty  diffracted from the hil l  edge 
whose strain vector H is opposite to that  of the diffrac- 
tion vector g (g .H<0)  (8, 9) (Fig. 6). Since the mate-  
rial in the hills could be easily at tacked by 1:20 HF, 
x - r a y  topographs were also taken of the surface after 
the dissolution of the film. This revealed that  there are 
no residual stresses after removal  of the hills, which 
implies that  the stresses in the Si in the regions of 
breakdown are essentially elastic wi th in  the sensit iv- 
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Fig. 5. Absorbed electron 
image of breakdown regions 
after 15 min anodization. (a) 
0.8% H2SO4, (b) 80% H2SO4. 

Fig. 6. Transmission x-ray 
topograph of film after break- 
down in 80% H2SO4 (15 min 
anodizing). MoK~ radiation, ~" 
---- [220] pointing from right to 
left. 

ity range of the technique. X- ray  topography of films 
before breakdown showed no local stresses. 

Attempts  to detect a crystal l ine s tructure were done 
both by x - r ay  diffractometry of the film after break-  
down and by the powder method using the scrapings 
of the breakdown products. No sharp diffraction lines 
could be detected. Also, electron diffraction pat terns 

taken by grazing the summit  and the edge of the hills, 
were typical of an amorphous material.  

X- ray  microprobe analysis was done along the bright  
line shown in the backscattered electron image of the 
breakdown region in the concentrated solution (Fig. 7). 
In this image the region of breakdown is on the upper 
left side. The x - r ay  in tensi ty  records are shown in Fig. 
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Fig. 7. Backscattered electron image of a breakdown zone and 
the adjacent intact anodic film 80% H2SO4 (15 min anodizing). 

8. Above the background curve (a), the x - ray  Ks in-  
tensities are seen for oxygen, curve (b),  and silicon, 
curve (c). 

The x - r ay  images for oxygen and silicon for the 
area shown in Fig. 8 are given in Fig. 9a and 9b 
respectively. The fractured regions are characterized 
by a higher silicon content  (due to the under ly ing  
substrate wafer) while the breakdown product con- 
tains less silicon. 

An excess of oxygen was detected in the breakdown 
region over the normal  oxygen concentrat ion in SiO.2. 
This excess may be explained by the formation of the 
amorphous hydrated oxides SiOe-(H20)x in the re- 
gions of breakdown. 

Conclusions 
The morphology and composition of electrolytic 

breakdown products of anodic films was investigated. 
It is concluded that the breakdown region is comprised 
of a bri t t le  material,  probably amorphous SiO2" (H20)x. 
While previous evidence for the existence of water  in 
anodic oxide films was obtained in infrared absorption 
studies (10), the present  assumption about the c o r n -  

Fig. 8. Electron probe x-ray microanalysis along bright line in 
Fig. 7. 

(a) background 

(b) oxygen Ka 

(c) silicon Ka 

position can only be regarded as a hypothesis. The 
mater ia l  is severely cracked and does not adhere well  
to the Si. This mater ial  is under  residual tensile stress. 
The thickness of the breakdown regions is very large 
compared to the normal  anodic film volume. It  is pro- 
posed that the breakdown products form by a very 
rapid growth dur ing the local heating produced by the 
breakdown (11). 
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The Optical Properties of 
Mn in Calcium Halophosphate Phosphors 

F. M. Ryan 
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ABSTRACT 

A study of the optical properties of Mn +2 in commercial  halophosphate 
phosphors has revealed that the Mn +2 is located on four dist inguishable sites: 
on the simple Ca(I)  site, on the simple Ca(II )  site, on a Ca(II )  site adjacent  
to an an t imony-oxygen  pair, and on a Ca(II )  site adjacent  to a chlorine ion 
in those phosphors containing chlorine. The Mn +2 fluorescence that  results 
when the excitation is via energy t ransfer  from ant imony ions is p r imar i ly  
due to Mn +2 situated on a Ca(I)  site, with smaller  components due to Mrl +2 
located on the other sites observed. 

During the twenty  years that halophosphate phos- 
phors have been utilized in fluorescent lamps many  
improvements  have been made in their  performance. 
These improvements  have resulted in bet ter  main te -  
nance, higher efficiency, and an increased selection of 
different spectral distributions. The technique used in 
improving the phosphors has been essentially t r ial  and 
error guided by a sense of chemical intuit ion.  It cannot 
be contested that  this approach has been very  success- 
ful in  improving the phosphor. However, a basic un -  
ders tanding of many  of the details of the operation of 
the phosphor has been lacking. 

The difficulties in unders tanding the operation of the 
halophosphate phosphors have been due to the com- 
plexity of the halophosphate system. The commercial  
halophosphate phosphors form into the fluorapatite 
s t ructure which has the hexagonal  space group 
P63/m(C~a2). This is a complicated crystal s truc-  
ture with 42 atoms in the uni t  cell. In  pure cal- 
cium fluorophosphate there are two molecules of 
Cas(PO4)3F per uni t  cell, with two inequiva lent  sites 
for the Ca +2 ions. The Ca(I)  site has C3 point group 
symmet ry  with each calcium ion having six oxygen 
nearest  neighbors which form a twisted t r iangular  
pr ism about it. The Ca(II )  site has CIh point  group 
symmetry.  The Ca +2 ions on Ca(II )  sites are situated 
at the corners of equilateral  tr iangles with an F -  ion 
in the center. In  "cool white" (CW), a typical  com- 
mercial  halophosphate phosphor, various additives are 
introduced which complicate mat ters  even further.  A 
CW phosphor may be viewed as being calcium fluoro- 
phosphate with about 10% of the fluorine ions replaced 
by chlorine, 2% of the calcium ions by manganese, and 
an addit ional 1% by cadmium. An t imony  is believed to 
be incorporated as an an t imony-oxygen  pair replacing 
a ca lc ium(II )  ion and its adjoining fluorine ion (1-3). 
If this model is correct, an addit ional ~/~ % of the calci- 
um ions are replaced with ant imony and an addit ional  
2 ~ % of the fluorine ions by oxygen. 

In  the operation of this phosphor in a fluorescent 
lamp the an t imony absorbs the ul t raviolet  radiat ion 
present in the mercury  discharge. The an t imony either 

" E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  words: luminescence  s i tes ,  e n e r g y  t r a n s f e r ,  e x c i t a t i o n  spectra. 

fluoresces in the blue region of the visible spectrum or 
transfers energy to the manganese  ions. The m a n -  
ganese ions then fluoresce in the yellow. These gross 
features of the operation of the phosphor have been 
known for a long time. There have remained many  
mysteries, however, such as the mechanisms by which 
various phosphor additives cause wavelength shifts in 
the manganese  fluorescence. For example, the incor- 
poration of chlorine into calcium fluorophasphate shifts 
the manganese  fluorescence emission to longer wave-  
lengths (4). Several  explanat ions have been proposed 
to explain this shift. But ler  and Jerome (5) suggested 
that in  halophosphate phosphors the manganese  is 
located on the ca lc ium(II )  site which is adjacent  to 
the halogens. Replacing some fluorines with chlorine 
might  therefore shift the manganese  fluorescence. 
Nagy, Wollentin,  and Lui (6) ascribed the shift to a 
lattice distortion due to chlorine since the ionic size of 
chlorine is larger than the fluorine it replaces. John-  
son (7) proposed that  the manganese  emission shift 
with addition of chlorine is due to a shift in preferred 
location of manganese  from the calcium(I)  position in 
pure  fluorapatite to ca lc ium(II)  in the chloro-fluor- 
apatite. There has been no way to choose between 
models such as these since no informat ion on the 
precise locations and envi ronments  of manganese  in 
halophosphate phosphors was available. This informa-  
t ion could not be obtained because, in addition to the 
complicated apatite s t ructure and the incorporation of 
re la t ively large amounts  of antimony,  manganese,  cad- 
mium, and chlorine, only powders were available for 
study. 

After Johnson (8) succeeded in growing single crys- 
tals of calcium fluorophosphate it became possible to 
perform electron spin resonance measurements  of the 
Mn +2 to compare with the optical properties of the 
Mn +2. One could therefore ident ify specific envi ron-  
menta l  symmetr ies  for Mn +2. These could then  be cor- 
related with the optical spectra of Mn +2 at the various 
sites in the crystals. In a previous paper (9) we found 
that  in fluorapatite, manganese  is associated with at 
least four inequivalent  environments ;  the Ca(I)  site, 
the Ca(II )  site, and two similar to the (I) and (II) 
sites but  with "modified" environments .  We labeled 
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Table I. Composition of samples 

Sample Wt % Mn Wt % Sb Wt % C1 Wt % Cd M n ( I ) / Z M n  M n ( I I ) / Z M n  M n ( S b ) / Z M n  Mn(C1)/ZMn 

"10% M n "  FA.P 1.95 0 0 0 0.63 <0.37 0 0 
"Yel low halo"  1.67 0.87 <0.05 1.15 >0.8  <0.2 <0.05 0 
"Cool w h i t e "  0.75 0.63 0.59 0.99 >0,6  <0.1 <0.05 ~0.25 

these sites the Mn( I ) ,  Mn( I I ) ,  Mn( Im) ,  and M n ( I I m ) .  
The Mn( I ) ,  Mn( I I ) ,  and Mn( I Im)  all possessed dif- 
ferent optical properties that  could be distinguished 
readily from one another by means of their charac- 
teristic excitation and fluorescence spectra, and decay 
times. 

In  this work we have used the techniques and re-  
sults of our single-crystal  experiments  as a guide to 
unders tanding  the sites of manganese  and their  related 
optical properties in the more complicated system of 
the real phosphor. We find this approach to be very 
successful in explaining many  of the phenomena of 
manganese  in commercial  halophosphate phosphors. 

Samples 
While m a n y  different types of halophosphate phos- 

phors were studied, three part icular  samples i l lustrated 
all of the phenomena observed and form the nucleus 
of this paper. The first is a single crystal  of calcium 
fluorophosphate, fluorapatite, doped with manganese 
by pul l ing from a melt  containing 10% manganese. 
The optical properties of this crystal have been pre-  
viously reported (9). The other two samples are com- 
mercial  phosphors, a "yellow halo" (YH) and a "cool 
white" (CW), produced by the Westinghouse Lamp 
Division at Bloomfield, New Jersey. They were pre-  
pared by firing raw mixes of luminescent  grade cal- 
cium dibasic phosphate, calcium carbonate, calcium 
fluoride, ammonium chloride, cadmium carbonate, 
an t imony trioxide, and manganous  carbonate in an 
atmosphere of nitrogen. The YH was fired at 1130~ 
and the CW at 1180~ The principal  differences be- 
tween YH and CW are that the former contains no 
chlorine and has a higher manganese  concentrat ion 
than CW. Analyses were done by x - ray  fluorescence 
spectroscopy using a Norelco x - r ay  fluorescence spec- 
trometer.  The tungsten  target x - r ay  tube was powered 
at 50 kV-20 mA. For manganese, a vacuum was pulled 
in the sample and dispersing chambers to increase 
sensitivity. For ch lo r ine  determinations,  a PET crystal 
and flow counter  were used to disperse and detect the 
radiation. Chemical analyses of the samples are listed 
in Table L 

Experimental Techniques 
The optical excitation and fluorescence measure-  

ments  were performed at 1.8~ with the samples 
immersed in liquid hel ium below the L point to el imi-  
nate bubbling.  The optical excitation and fluorescence 
envelopes were narrowed slightly at 1.8~ compared 
to 300~ This made it easier to separate the contr ibu-  
tions to the excitation and fluorescence spectra from 
the various types of Mn +2 present  in the samples. 
Measurements  performed at 77 ~ and 300~ showed 
optical phenomena similar  to those occurring at 1.8~ 
so that  the conclusions we arr ive at concerning the 
behavior of Mn +2 in  our samples at 1.8~ apply to 77 ~ 
and 300~ as well. 

The powder phosphor samples presented an un-  
usual ly  difficult problem in measurement  technique, 
par t icular ly  in the measurement  of their excitation 
spectra. In  measur ing the excitation spectra of powders 
the strong diffuse reflectance of the excitation light 
into the fluorescence detector requires good rejection 
of the excitation wavelengths by the detector. Since the 
absorption of Mn + 2 is due to a forbidden t ransi t ion with 
an oscillator s trength of less than 10 -6 in calcium fluo- 
rophosphate (9), the ratio of excitation light intensi ty  to 
fluorescence intensi ty  was much higher than one com- 
monly  at tempts to measure in powders. In addition, 
due to the presence of several types of manganese  
centers, we found it necessary at times to excite and 

view at the same, or near ly  the same wavelength.  This 
required a discrimination of the excitation light com- 
pared to the fluorescence light that  could only be 
achieved by uti l izing t ime resolved spectroscopy and 
sampling only the slowly decaying after-glow of the 
Mn +2 ions ( ~ 8  msec for all species) and not the ex-  
citation light. 

Our time resolved spectra were obtained by using 
synchronous mechanical  choppers for exciting and 
viewing. A block diagram of the system we developed 
is shown on Fig. 1. Here the coupling between the 
reference chopper and the synchronous chopper is 
electrical ra ther  than the conventional  mechanical  
coupling. This allows a greater flexibility in the ar-  
rangement  of components. Under  our exper imental  
conditions this a r rangement  allowed no detectable ex- 
citation light to reach the fluorescence detector. This 
apparatus was used to obtain both the fluorescence and 
excitation spectra reported here. 

The precise identification of the wavelengths of sev- 
eral of the sharp excitation peaks shown on the figures 
(such as the peaks at 4009 and 4037A) was obtained by 
scanning a nar row wavelength range about these peaks 
at a much higher resolution than was used for obtain-  
ing the figures. 

Optical Properties of Mn +2 in a Commercial 
"Yellow Halo" (YH) Phosphor 

While we have studied the optical properties of 
manganese in  a wide selection of commercial halo- 
phosphate phosphors two part icular  phosphors, the 
"YH" and the "CW," i l lustrate all of the phenomena 
observed. The major  difference between the YH and 
CW phosphors is that the Ytt  contains no chlorine and 
therefore is a somewhat simpler system to study, even 
though YH contains more manganese than CW. 

l---'-----I I II I l'~]Excitation 
lO0 C P S Double i h . . . .  L g t  I xr: H Square H I/4Meter H Fillers 

I " "  I I  Ch~pper ] ~onochromator[ L 
,Ref. Gate 

Divider Sample 

I 
I Phase ] Fluorescence 

Shifter 

l l '   o,or Power , , I"I  Synchronous 
Amplifier I I  Chopper 

I 
lMonochromator I 

Electrometer I 

Fig. 1, Experimental arrangement for measuring the time re- 
solved excitation and fluorescence spectra. 
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Fig. 2. 1.8~ excitation spectra of a calcium fluorophosphate 
single crystal and a "yellow-halo" phosphor. 

Figure 2 shows the excitation spectrum of Mn +2 in 
YH along with the unpolarized excitation spectrum of 
Mn +2 in a single crystal of calcium fluorophosphate to 
which it is compared. In  the calcium fluorophosphate 
crystal  all of the resolved peaks shown are due to 
Mn( I )  except for the peak at 4009A which is due to 
Mn( I I ) .  The remainder  of the Mn( I I )  excitation lines 
are lost in  the Mn( I )  envelopes. To obtain these ex- 
citation spectra all slowly decaying luminescence (in 
the order of milliseconds) emitted between 5000 and 
8000A. was monitored. This wavelength range contains 
the fluorescences of all of the various Mn +2 types pres-  
ent in these samples. The Mn( I )  and Mn( I I )  identifica- 
tions are based on our previous single-crystal  work 
(9). This crystal contains a concentrat ion of 1.95 w/o  
(weight per cent) manganese  which is in the same 
range of concentrat ion as the phosphors measured 
which contained 1.67 and 0.75 w/o  for the YH and 
CW phosphors, respectively. I t  is therefore considered 
to be a good crystal for comparing excitation and 
fluorescence spectra with the phosphors as the l ine 
widths due to concentrat ion broadening would be 
similar. 

The YH phosphor contains cadmium and ant imony 
in addit ion to the manganese that  the calcium fluoro- 
phosphate crystal contains. It can be seen that  the 
crystal  and YH possess essentially identical excitation 
spectra, the only difference being the appearance of a 
new minor  excitation peak near  3425A which has been 
labeled Mn(Sb) .  The Mn +~ in the YH phosphor is 
therefore behaving almost exactly l ike the Mn +~ in 
the crystal. In  analogy to the crystal we therefore come 
to the following conclusions about the sites of Mn + 2 in 
YH: most of the Mn +2 is si tuated on the Mn(I)  site, 
wi th  a small  contr ibut ion on the Mn (II) site. An addi-  
t ional Mn +2 center  is observed in a re la t ively small 
amount,  Mn (Sb),  which is associated with the presence 
of an t imony in the phosphor. We term this center the 
"ant imony associated" manganese center. I t  is not  due 
to the presence of cadmium as we have prepared YH 
phosphors without  cadmium that  still show the pres- 
ence of this center. We feel that  it is due to m a n -  
ganese situated on a Mn( I I )  site with an an t imony  ion 
located on an adjacent Ca(II )  site. Arguments  sup- 
port ing this assignment  are presented later in the 
paper. An estimate of the relative occurrence of the 
various Mn + 2 species in YH is given in Table I. In our 
previous single-crystal  work such estimates were ob- 
tained from electron spin resonance measurements .  
Electron spin resonance measurements  were of little 
value in s tudying the Mn +2 in our powders since at 
these high manganese  concentrat ions the resonance 
lines are very broad (10). The powder estimates were 
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Fig. 3. 1.8~ fluorescence envelopes of the Mn(I) center in a 

calcium fluorophosphate single crystal, a "yellow halo/' and o 
"cool white" phosphor. 

therefore obtained by a comparison of the relat ive 
strengths of the excitation peaks of the various species 
of Mn +~ in our powders with the relative strengths of 
the excitation peaks of the various species of Mn +~ in 
single crystals of calcium fluorophosphate on which 
electron spin resonance measurements  had been made. 
The assumptions must  be made that  all species have 
identical quan tum efficiencies and that  the oscillator 
strength of a given Mn +2 center in the fiuorapatite 
crystals is the same as the comparable Mn +2 center in 
the phosphor. These assumptions introduce some u n -  
cer ta inty in the relat ive occurrence numbers  stated in  
Table I for the powders. 

The fluorescence envelopes of the Mn(I )  centers in 
the calcium fluorophosphate crystal and the YH phos- 
phor are shown in Fig. 3. They were obtained by 
pumping  at 4037A where  only the Mn(I )  species is 
strongly excited (9). The addition of cadmium and 
an t imony to calcium fluorophosphate has shifted the 
1.8~ Mn(I )  fluorescence envelope about 100A to 
longer wavelengths (the shift at 300~ is somewhat 
less). The Mn(Sb)  fluorescence envelope was too weak 
to measure accurately, although it was determined 
that  it fluoresces wi th  an envelope that  is shifted 
slightly to longer wavelengths than  the Mn( I )  en~ 
velope. 

Optical Properties of Mn +2 in a Commercial C W  
Phosphor 

Commercial  CW phosphors contain chlorine in addi- 
tion to all of the additives present  in the YH phosphor. 
The presence of the chlorine (which represents about 
10% of the total halogens) is found to create a new 
Mn +~ center associated with the presence of chlorine 
which we term the Mn (C1) center. Its excitat ion spec- 
t rum is shown on Fig. 4 and its fluorescence envelope 
on Fig. 5. This fluorescence was obtained by exciting 
at 5450A which pumps Mn(C1) but  not the other man-  
ganese types. The CW phosphor contains four easily 
identifiable types of Mn +2 centers. As they result  in 
somewhat different fluorescence envelopes it is pos- 
sible to accentuate the excitation spectra of the various 
centers by selectively viewing at certain fluorescence 
wavelengths.  In  Fig. 4 two excitation spectra are 
shown. The first excitat ion spectrum is that  which 
results when  viewing the fluorescence occurring at 
5500A. Viewing at 5500A accentuates the Mn( I )  and 
Mn( I I )  excitation peaks and so this excitation spec- 
t rum selectively displays the Mn(I )  and Mn( I I )  com- 
ponents. It may be seen that  this excitation spectrum is 
identical to that  observed in the fluorapatite crystal  in 
Fig. 2. The second excitation spectrum of Fig. 4 was 
obtained by viewing the fluorescence occurring at 
6000A which accentuates the Mn(C1) and Mn(Sb)  
components. Some Mn(I )  component  is still visible, 
however, as there is still a sizable 6000/k component  
to the Mn (I) fluorescence. 
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Fig. 4. 1.8~ excitation spectra of the Mn(I), Mn(ll), Mn(CI), 
and Mn(Sb) centers in a "cool white" phosphor. 
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Fig. 5. 1.8~ fluorescence envelopes of the Mn(I), Mn(ll), and 
Mn(CI) centers in a "cool white" phosphor along with the Mn +2 
fluorescence envelope that results when the excitation is due to 
transfer from antimony ions. 

On Fig. 5 the normalized fluorescence envelopes of 
the Mn( I ) ,  Mn( I I ) ,  and Mn(C1) centers in CW are 
shown along with the fluorescence envelope that re-  
sults when the an t imony  ions are pumped by 2537A 
radiat ion and the Mn +2 is excited by energy t ransfer  
from the ant imony.  From Fig. 5 it is seen that  the 
Mn +2 fluorescence envelope that  results when  energy 
is t ransferred from the an t imony ions may be made 
up by a suitable combinat ion of the various Mn +2 
types present  in the CW phosphor. On Fig. 6 we pre-  
sent the l inear  combinat ion of the three major  Mn +2 
components that  yields a composite envelope giving a 
"best fit" to the envelope result ing when excitat ion is 
via ant imony.  It occurs for approximately 70% Mn( I ) ,  
20% Mn, and 10% Mn( I I ) .  These component percent-  
ages lie wi thin  the probable error l imits of the relat ive 
absorption (excitation) strengths of the various 
species. This implies that  the various Mn +2 types re-  
ceive relative amounts  of energy from the an t imony  
ions that  do not differ greatly from their  relat ive 
absorption strengths dur ing excitat ion by external  
light. All  three species therefore are active in the 
funct ioning of the CW phosphor in a fluorescent light 
and contr ibute  to its composite manganese fluorescence 
envelope. 

Discussion 
The assignment of components in the optical spectra 

of our phosphor samples to Mn(I )  and Mn( I I )  was 
relat ively simple, as the Mn(I )  and Mn( I I )  excitat ion 
and fluorescence spectra in the phosphors closely re-  
sembled their  counterparts  in single crystals of cal- 
cium fluorophosphate. No Mn(Sb)  or Mn(C1) centers 
were present  in the calcium fluorophosphate crystals 
that we studied previously so that  models for these 
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Fig. 6. Linear combination of the Mn(I), Mn(ll), and Mn(CI) 
centers that gives a best fit to the composite Mn +2 envelope 
that results when the excitation is due to transfer from antimony 
ions at 1.8~ The combination is 70% Mn(I), 20% Mn(CI), and 
10% Mn(ll). 

centers must  be derived from more indirect  arguments.  
The models that  we propose for these two centers are 
therefore somewhat speculative and represent  what  we 
believe the centers to look like, ra ther  than  what  we 
can prove them to be. 

In  our previous single-crystal  work we found that  if 
our crystals were grown under  certain conditions (a 
deficiency of fluorine and /or  an excess of oxygen),  
defect centers would be formed along the halogen 
chains (9). These centers consisted of clusters of 
fluorine vacancies and oxygen ions subst i tut ional  for 
fluorine. They exhibited an at tract ive force on sub-  
st i tut ional  manganese  ions which caused nonrandom 
pairing, forming centers such as the one we termed 
the Mn (II) "modified," or Mn (IIm) center. Our model 
for this center  is that it consists of a manganese ion 
located on a Ca(II )  site immediate ly  adjacent  to an 
oxygen vacancy complex. No corresponding center due 
to pair ing of manganese ions located on Ca(I)  sites 
with the defect centers was observed to occur. This is 
undoubtedly  because the Ca(I)  site is much far ther  
away from the halogen chain than the Ca(I I )  site, 
and that an attractive force between the manganese  
ions and the defect centers would cause them to be 
located as closely together as possible, i.e., with the 
Mn on the Ca(II )  site. 

Another  observation we can make from the single- 
crystal data is that  the Mn( I )  and Mn( I I )  centers 
exhibit  no observable modifications in their  ESR or 
optical spectra due to the presence of the defects on the 
fluorine chains. Thus it appears that the excitation 
spectra of manganese  ions are practically unaffected by  
the presence of defects unless they occur at a nearest  
neighbor position. We are therefore led to expect that  
the Mn(C1) and Mn(Sb)  centers, which exhibi t  char-  
acteristic excitat ion spectra that differ significantly 
from the Mn( I )  and Mn( I I )  spectra, are formed by 
having a manganese  ion located adjacent  to the 
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chlorine ions and the an t imony-oxygen  complexes, 
respectively. 

Since the chlorine atoms would most probably  enter  
the lattice subst i tut ional ly  for fluorine, one expects 
that  in  the Mn(C1) center the manganese  ion is located 
o n  a Ca(II )  site adjacent  to a chlorine ion. The pres-  
ence of a manganese-chlor ine  at t ract ion analogous to 
that  found for the M n ( I I m )  center  may  be seen from 
the dis tr ibut ion of the various types of manganese  that  
occurs in CW. In  the CW phosphor about 70% of those 
Mn +~- ions located on Ca(II )  sites are Mn(C1) centers. 
Since only 10% of the fluorine ions are replaced by 
chlorine, a random distr ibut ion of manganese  a n d  
chlorine would predict that  only 10% of the manganese  
ions on Ca(II )  positions would be adjacent  to chlorine 
ions and form Mn (C1) centers, not 70%. 

Piper has reported on ESR measurements  of m a n -  
ganese in  single crystals of calcium fluorophosphate, 
chlorophosphate, and mixed fluorochlorophosphates 
that  lend support to our assignment  of the Mn(C1) 
center  to manganese on a Ca(I I )  p6sition adjacent  to a 
chlorine. In  his pure fluorophosphate crystals Piper  
observed only Mn( I )  centers and no Mn( I I )  centers. 
In  mixed crystals containing small  amounts  of chlorine 
he detected, in addition to Mn( I ) ,  a single type of 
Mn( I I )  associated with the presence of chlorine in the 
structure.  This observation is consistent with our  
model of the strong interact ion between manganese  
and chlorine ions that  gives rise to the formation of 
the Mn(C1) center. His fai lure to observe the Mn( I I )  
center in calcium fluorophosphate is consistent with 
our observation that at low manganese  it is incor- 
porated as Mn (I) .  

Strong evidence suggests that an t imony  ions enter  
the apatite s t ructure  as an t imony-oxygen  pairs, with 
the oxygen located on a halogen site and the ant imony 
on one of the three adjacent  Ca(II)  positions (1-3). 
We conclude that  the Mn(Sb)  center consists of a 
manganese  ion located on a Ca(II )  site adjacent to a 
an t imony-oxygen  complex. The Mn (Sb) center is such 
a minor  center in CW that  we are unable  to determine 
whether  the number  of Mn(Sb)  centers is greater than  
a random dis t r ibut ion of manganese  and an t imony  
would predict or not. 

The shift in  the emission envelope of the Mn(I )  
fluorescence to longer wavelengths as cadmium, an t i -  
mony, or chlorine are added to calcium fluorophosphate 
is probably because these ions cause dimensional  
changes to the fluorapatite lattice. Norita (12) has 
suggested that  the resul tant  change in the crystal field 
strength acting on the Mn +2 ions due to these d imen-  
sional changes would be expected to shift the Mn +2 
emission envelope. While this effect is cer tainly present  
we do not feel that  it is pr imar i ly  responsible for the 
emission shifts observed. We observe no corresponding 
shift in the excitation spectra of Mn( I )  in our phos- 
phors when  cadmium, antimony,  or chlorine are 
added: only a shift in the emission, Norita's model 
would predict a shift in  the excitation levels also due 
to the change in crystal field strength, par t icular ly  the 
broad excitation peak which corresponds to excitat ion 
to the fluorescence state. All of the shift appears after 
the Mn +2 ions are in their  excited state, al though a 
slight shift in the lowest lying excitat ion envelope 
with additives could easily be missed as the envelope 
is quite broad. That  is, a larger Stake's shift occurs to 
the Mn +2 ions when the various additives are present. 
We thus prefer to view the funct ioning of the addi-  
tives as "softening" the lattice and allowing larger 
Stake's shifts to occur. How this can happen may be 
seen from the following simple model. Figure 7 shows 
how a Stake's  shift is commonly pictured as occurring 
on an energy configuration-coordinate diagram. The 
ground and excited states of the ion are assumed to 

1 
be parabolic, E ~ - -  k Q~ where k is the lattice force 

2 
constant, and to couple to the lattice modes with terms 
V1 for the ground state and V2 for the excited state. 

V 2 2 
E~�89 k (Q--~-)- V2 

hu I =AE- ~ V 1 (V2-V I) 

| 
hv I hu 2 

t I 1 I 

V l / L K I  I 

1 
hv 2 =AF -- -~- V 2 (V 2- Vl) 

Vl 2 2 
�89 k(Q---~--) -z~-~ - 

Q=O 

Displacement Coordinate Q 

Fig. 7. Energy configuration-coordinate diagram for the Stake's 
shift observed in the phosphors. The symbols are defined in the 
text, 

The coupling to the lattice modes is assumed to yield 
an energy term that  is l inear  in  the lattice distortion 
so that  coupling terms in Q2 or higher are negligible. 
Adding this t e rm to the parabolic te rm we have 

1 
E ~ m k Q2 _ Q V  

2 

The Stoke's shift is then observed as the difference 
between the absorption and emission energies 

absorption 
1 

h V l  = ~ E  --  m V I ( V ~ - -  V l )  
k 

emission 
1 1 

h V 2 = ~ E - - - -  ( V 2 - - V I " ) 2 - - -  k ~ VI (V2 -- Vl) 

where ~E is the separation of the levels in the ab-  
sence of coupling to the lattice modes. The difference 
in energy between the absorption and emission is 

1 
thus the term, --~ [V2 -- V1] 2. If k is reduced (the 

lattice gets softer), hV2 shifts more than  hV1 by an 
amount  approximately equal to 

k 

where zik is the change in the lattice force constant. If 
Ak is negative then the shift is toward longer wave-  
lengths. In order for the absorption line to shift very 
li t t le (the location of the center of the lowest energy 
excitat ion envelope in this case) while the emission 
line shifts a much greater amount,  one requires that  
V1 is small  and that  V 2 / V 1  is large. It  is a reasonable 
assumption that  the excited state of the manganese  
ions would couple more strongly with many  of the 
lattice modes than does the ground state. The observa- 
tion of a Stoke's shift and the absence of a zero 
phonon line (9) already informs one that  the coupling 
terms V1 and V~ are considerably different. While 
admit tedly crude, this model does qual i ta t ively ex-  
plain the increased Stake's shift observed as addi-  
tives such as chlorine are incorporated into calcium 
fluorophosphate. 

Conclusions 
In  commercial  halophosphate phosphors, Mn +~ can 

find itself in four distinct environments :  on the simple 
Ca(I)  site, on the simple Ca( I I )  site, on a Ca( I I )  site 
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ad jacent  to an an t imony-oxygen  pair,  and on a Ca (II)  
site ad jacent  to a chlorine ion in those phosphors  con- 
ta ining chlorine.  In  the most commerc ia l ly  impor t an t  
phosphor  of the  group, CW, we find tha t  be tween  60 
and 70% of the  manganese  is present  as M n ( I ) ,  be -  
tween  5 and 10% as M n ( I I ) ,  be tween  1 and 5% as 
M n ( S b ) ,  and be tween  20 and 30% as Mn(C1).  The 
phosphor  functions in the fol lowing manne r  in the  
fluorescent lamp. The an t imony  ions absorb  the  2537A 
rad ia t ion  and e i ther  fluoresce or t rans fe r  energy  to 
Mn +~ ions. Most of the  Mn +2 fluorescence that  resul ts  
is due to M n ( I ) ,  wi th  smal ler  components  due to 
Mn(C1) and M n ( I I ) ,  and a ve ry  smal l  component  due 
to M n ( S b ) .  The fluorescence envelope of M n ( I )  in 
CW is at  longer  wave lengths  than  M n ( I )  in calcium 
fluorophosphate.  This Mn (I) envelope shift  is p r imar i l y  
responsible  for the  color shift  observed in the  CW 
phosphor  re la t ive  to calcium fluorophosphate.  The shift  
is not due to a red is t r ibu t ion  between the C a ( I )  and  
C a ( I I )  sites due to the  in t roduct ion  of Sb, Cd, and C1 
as Johnson proposed (7), nor due to the  format ion  of 
new Mn(C1) centers  as But ler  and Je rome  (5) p ro -  
posed, a l though the format ion  of Mn(C1) centers  does 
occur to some degree and does cause a sl ight  addi t ional  
wave leng th  shift  to the composite  Mn +~ fluorescence 
envelope. 
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The Effect of Rapid Cooling on Divalent Manganese 
Ions in Calcium Fluoro-Chlorophosphate Phosphors 

F. M. Ryan 
Westinghouse Research Laboratories, Pittsburgh, Pennsylvania 15235 

and F. M. Vodoklys* 
Westinghouse Lamp Division, Bloomfield, New Jersey 07003 

ABSTRACT 

Quenching exper imen t s  were  pe r fo rmed  on manganese -ac t iva ted  calcium 
f luoro-chlorophosphate  phosphors.  Changes in the opt ical  p roper t ies  of the  
manganese  ions due to quenching were  s tudied in order  to expla in  the m a n -  
ganese fluorescent envelope  shift  in quenched phosphors  repor ted  by  other  
workers .  We find that  quenching causes a change in the  neares t  halogen 
neighbors  of manganese  ions located on the so-cal led  " C a ( I I ) "  positions. In 
s lowly cooled phosphors  these ions have  most ly  chlor ine ions as neares t  ne igh-  
bors  whi le  in the  quenched phosphors  m a n y  of the chlor ine ions are replaced 
wi th  fluorine. I t  is shown tha t  this red is t r ibu t ion  wil l  produce  a shift  in the 
manganese  fluorescence envelope equal  in magn i tude  to tha t  expe r imen ta l ly  
observed.  

Apple  and Ish ler  (1) have observed tha t  if ch lor ine-  
conta ining calcium ha lophospha te  phosphors,  ac t iva ted  
by  an t imony  and manganese,  a re  cooled very  r ap id ly  
( f rom 600~176 to room tempera tu re ,  t ha t  the  
spectra l  d i s t r ibu t ion  of the  manganese  fluorescent 
emission shifts to s l ight ly  shor ter  wavelengths  whi le  
the  an t imony  emission is unchanged.  This effect was 
found to be revers ib le  upon anneal ing  and did not 
occur in calcium fluorophosphate.  They proposed two 
a l t e rna t ive  models  ,to expla in  this effect. One e x p l a n a -  
t ion involved a red i s t r ibu t ion  of manganese  among the  
var ious  sites it  m a y  occupy in these phosphors,  due to 
the  quenching. Since one would  expect  somewhat  d i f -  
ferent  emission wavelengths  for manganese  located on 

* Elect rochemical  Society Act ive  Member .  
Key  words :  quenching ,  luminescence, fluorescence, optical prop- 

erties, centers. 

different  sites a shift  in the  composite  emission en-  
velope could resul t  f rom such a redis t r ibut ion .  

Their  second model  involved changes in the  locat ion 
of the  chlor ine atoms in the crys ta l  s t ruc ture  of the  
phosphors  due to quenching.  I t  was  proposed tha t  a 
r ap id  cooling could freeze the  chlor ine atoms into a 
more  random a r r angemen t  than  the equi l ib r ium con-  
f igurat ion at low tempera tures .  

At  the  t ime they  publ i shed  the i r  paper ,  progress  in 
unders tand ing  the s t ruc tura l  and optical  p roper t ies  of 
the calcium ha lophosphate  phosphors  had  not  ye t  
reached the point  where  these models  could be tested.  
Since then, some progress  has been  achieved in charac -  
ter iz ing the s t ruc tu ra l  modifications tha t  exist,  the  
na tu re  of the  sites tha t  manganese  ions occupy in the  
calc ium ha lophosphate  phosphors,  and  the  opt ical  
p roper t ies  of the  manganese  ions on those sites. This 
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information has enabled us to conduct experiments  
which have clearly revealed the origin of the quench-  
ing effect. 

Background 
The pseudobinary system calcium fluorophosphate: 

calcium chlorophosphate includes almost all of the 
commercial ly impor tant  halophosphate lamp phos- 
phors. There are two structures known to exist in this 
system. Calcium fluorophosphate forms in the hex-  
agonal fluorapatite structure, space group P %/m 
(C6h2), with two molecules of Ca5 (PO4)~F per un i t  cell. 
There are two inequivalent  calcium ion sites in this 
structure. The Ca(I)  site has Ca point group symmetry  
with each calcium ion having six oxygen nearest  
neighbors which form a twisted t r iangular  prism about 
it. The Ca(I I )  site has Clh point  group symmetry  with 
each calcium ion situated at the corners of equilateral  
tr iangles with a fluorine ion in the center. These t r i -  
angles and hence the fluorine ions are located on 
reflection planes. The fluorine ions are at (0,0,1/4; 
0,0,3/4) positions in the uni t  cell as determined from 
precision x - r ay  structure measurements .  

Calcium chlorophosphate has two known crystallo- 
graphic modifications (2, 3). Above 200~ it exhibits 
the x - r ay  pat tern expected for a hexagonal  chlor- 
apatite s t ructure  with the same space group as the 
fluorapatite. It has been proposed (4) that the struc- 
ture of chlorapatite and fluorapatite differ, however; in 
par t icular  that  in chlorapati te the larger size of the 
chlorine ions relative to the fluorine ions causes them 
to be displaced from the reflection planes where they 
are located in the fluorapatite s t ructure  to positions 
midway between the reflection planes at (0,0,0; 0,0,1/2) 
positions. These positions also satisfy the symmetry  
requirements  of the hexagonal  apatite space group. 
A precise s t ructure  determinat ion has not been re-  
ported on the chlorapatite structure, which would 
yield more precise information on the positions of the 
chlorine ions. One can therefore only state from the 
type of x - ray  measurements  that have been performed, 
that  the positions of the chlorine atoms on the aver-  
age satisfy the symmetry  of the  hexagonal  apatite 
space group. Random displacements about either the 
(0,0,1/4; 0,0,3/4) or (0,0,0; 0,0,1/2) positions cannot be 
ruled out. 

Below 200~ calcium chlorophosphate exists in a 
monoc]inic form which appears to differ only slightly 
from a hexagonal  structure.  The monoclinic un i t  cell 
can be derived from a hexagonal  uni t  cell by doubling 
the length of one hexagonal  "a" axis. Viewing down 
the monoclinic "a" axis the chlorine atoms are thought 
to be displaced a l ternate ly  up and down along the 
"c" axis, although the magni tude  of the displacement 
has not been determined (3). It is the ordering of 
these displacements that  distinguishes the monoclinic 
phase from the hypothetical  disordered chlorapatite. 
Prener  (3) has pointed out that the monoclinic to 
hexagonal  phase t ransi t ion observed by x - r ay  tech- 
nique could be accomplished either by a simple dis- 
ordering of the al ternate chlorine displacements that 
exist in  the monoclinic form or by a rea r rangement  in  
which all chlorine positions are equivalent.  

This uncer ta in ty  in the positions of the chlorine 
atoms on a microscopic scale persists into the pseudo- 
b inary  system. It is known  that  compounds wi th  a 
fluorine to total halogen ratio of over 36% are "hex- 
agonal apatites" with no low tempera ture  t ransi t ion 
to the monoclinic phase (3), but  the exact positions of 
the chlorine atoms are not yet known. 

More per t inent  to this paper than s tructural  consid- 
erations is informat ion on the manganese  ions which 
are located in these structures. We have previously 
reported on electron spin resonance (ESR) measure-  
ments  of manganese in single crystals of calcium 
fluorophosphate (5). These measurements  were com- 
pared with optical measurements,  and we were able 
to identify the optical excitation and fluorescence 
spectra of manganese located on the Ca(I)  site, te rmed 
M n ( I ) ,  on the Ca(II )  site, termed Mn( I I ) ,  and on a 

Ca(II )  site adjacent  to an oxygen-vacancy complex, 
termed M n ( I I m ) .  In  a later paper (6) we extended 
these investigations to calcium fluoro-chlorophosphate 
phosphors containing manganese. No single crystals 
of the mixed fluoro-chlorophosphates were available to 
us so that  ESR measurements  could not be used to aid 
in the identification of the manganese  sites. The identi-  
fication of the Mn (I) and Mn (II) optical excitation and 
fluorescence spectra in the mixed halophosphates was 
accomplished through their  great s imilar i ty  to the 
optical excitation and fluorescence spectra of the cor- 
responding centers in calcium fluorophosphate. Two 
additional types of manganese  centers were observed 
to occur in the mixed fluoro-chlorophosphates; a 
Mn(C1) center which we identify as a manganese  ion 
located on a Ca( I I )  site immediate ly  adjacent  to a 
chlorine ion, and a Mn(Sb)  center which we identify 
as a manganese  ion located on a Ca(II )  site adjacent 
to a subst i tut ional  an t imony-oxygen  ion pair. The 
identification of these centers was accomplished 
through analogy to the Mn( I I m)  center in the fluoro- 
phosphates and by use of other indirect  evidence. We 
found that in the mixed fiuoro-chlorophosphates al- 
most all of the manganese  located on Ca(II )  sites was 
immediately adjacent  to chlorine [forming the 
Mn(C1) center] evidence of a strong manganese-  
chlorine attraction. 

A typical commercial  apatite phosphor is one called 
"cool white." It  is a calcium fluoro-chlorophosphor 
activated with both an t imony  and manganese. It  was 
found that  all of these manganese centers could re-  
ceive energy which was t ransferred from ant imony 
ions when  the "cool white" phosphor was excited with 
2537A radiation, and that  the manganese emission en-  
velope that  resulted was a composite of the various 
manganese  types present. 

In  view of the additional informat ion about the types 
of manganese sites in "cool white" it appeared worth-  
while to repeat some of Apple and Ishler 's  quenching 
experiments  to determine what  changes might  be in-  
duced in the various types of manganese centers, due 
to rapid cooling. A report on the results of these in -  
vestigations is the purpose of this paper. 

Experimental 
The "cool white" phosphor that  was used in our 

quenching experiments  was a commercial phosphor 
produced at the Westinghouse Lamp Division at 
Bloomfield, New Jersey. It  was prepared by firing a 
raw mix of luminescent  grade calcium dibasic phos- 
phate, calcium carbonate, calcium fluoride, ammonium 
chloride, cadmium carbonate, an t imony trioxide, and 
manganous  carbonate in an atmosphere of ni trogen at 
1180~ A chemical analysis of the minor  consti tuents 
in the fired mater ia l  showed it to contain by weight 
0.75% manganese, 0.63% antimony,  0.59% chlorine, 
and 0.99% cadmium. 

We found that  in order to obtain quenching effects 
comparable in magni tude  to those reported by Apple 
and Ishler it was necessary to cool our samples in 
t imes considerably shorter than 20 sec and from the 
highest temperatures  they reported. Our best results 
were obtained for samples contained in th in-wal led  
quartz tubes with a bore size of 3 mm and a wall  
thickness of 0.5 ram. To obtain an adequate sample 
volume these tubes were made as long as our furnace 
could accommodate. The samples were sealed in  one 
thi rd  atmosphere of argon at room tempera ture  and 
heated to 1150~ in 1 hr and kept at temperature  for 
1 hr. The tubes were quenched by quickly dumping 
them into a container  of water. No measurements  of 
temperatures  inside the tubes as a function of t ime 
after immersion were performed, but  the incandescent  
glow from the samples disappeared almost ins tant ly  
after immersion and all boiling ceased wi th in  about 2 
sec. We feel that  the mater ia l  at the center of the 
tubes reached a temperature  below 100~ in at most 
5 sec. Even at this fast quenching rate the  port ion of 
the phosphor immediate ly  adjacent to the quartz wall  
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showed a measurably greater quenching effect than 
the phosphor portion located at the very center of the 
tube where the cooling rate was lowest. 

Every attempt to quench unencapsulated phosphors 
directly into water resulted in some pink body colora- 
tion of our phosphors which reduced their efficiency 
measurably. This pink color has been ascribed by 
Rabatin and Gillooly to Mn +3 in calcium orthophos- 
phate, a second phase component often present in 
halophosphate phosphors (7). Since no such difficulty 
was reported by Apple and Ishler with their phosphors 
we surmise that their phosphors contained a smaller 
amount of calcium orthophosphate than ours. Possibly 
our unencapsulated phosphors lost enough chlorine 
during heating to induce the formation of the ortho- 
phosphate phase. 

All  of the excitation and most of the fluorescence 
measurements reported in this paper were obtained by 
directly exciting the manganese ions with external  
light rather  than via transfer from antimony ions. 
These spectra were obtained through the use of t ime- 
resolved spectroscopy, a technique which has been 
described in detail in a previous paper (6). The fluor- 
escence decay times of all manganese species reported 
here are essentially identical so that the relative 
strengths of their fluorescence and excitation spectra, 
obtained by time-resolved techniques, are equivalent 
to those obtained by the more standard d-c techniques. 
All spectra plotted on the figures are manganese con- 
centration limited in their  resolution. 

UV-induced depreciation of the quenched samples 
was studied by exposing powder plaques of the phos- 
phors to the radiation emitted by a mercury dis- 
charge lamp with a Suprasil quartz envelope, oper- 
ated under discharge conditions identical to those in a 
40W fluorescent lamp. The use of a Suprasil envelope 
for a mercury discharge lamp results in a much 
higher transmission of the 1849A mercury line than 
ordinary quartz so that  the radiation emitted from 
such a lamp closely resembled the energy distribution 
of radiation incident on the phosphor inside an ac- 
tual fluorescent lamp. The lamp and phosphor samples 
were located inside a sealed chamber provided with a 
constant flow of nitrogen gas to eliminate absorption 
of the uv radiation by oxygen. The phosphor samples 
were positioned so that  tl~e uv flux incident upon 
them was closely equal to the flux incident upon the 
phosphors in a 40W fluorescent lamp. The temperature 
of the phosphors during the irradiation was approxi-  
mately 30~ 

The samples were removed and their  quantum effi- 
ciency measured under 2537A excitation at various 
times during the depreciation exposure of 100 hr. 
These measurements were accurate to within •  

Results 
We will  discuss now the changes which occurred in 

the types of Mn +~ centers present in a sample of 
"cool white" phosphor after a quenching of the type 
described in the experimental section of this paper. 
Figure 1 shows the fluorescence envelopes of the sam- 
ple before and after the quenching. These envelopes 
were obtained by exciting the sample, kept at 30O~ 
with 2537A radiation. Time resolved spectroscopy was 
not used for obtaining these envelopes as a t ime re-  
solved fluorescence spectrum would reject the anti- 
mony emission component, since the antimony ions 
decay with a much faster decay time than the manga-  
nese ions (10 ~sec vs. 7 msec). The shift in the manga- 
nese fluorescence envelope after quenching of approxi-  
mately 40A to shorter wavelengths may be seen in 
Fig. 1. This shift is similar to that  reported by  Apple 
and Ishler in their experiments on "cool white." We 
found this shift to be reversible upon annealing as 
they also reported. 

The excitation spectra of the sample before and 
after quenching are shown in Fig. 2. Only selected 
regions of the excitation spectra are shown here in 
order to demonstrate the changes occurring due to the 

12~ I I '  I f = "  I I 
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8~ 

o 
.,C 

"211 

4000 4500 ~00 5500 6000 6500 
Wavelength, 

Fig. I. Fluorescence envelopes of quenched and normal "cool 
white" phosphors at 300~ Excitation is at 2537A. 

quenching. The two excitation spectra on the left hand 
side of the drawing show on an expanded wavelength 
scale the changes induced by quenching in the relative 
strengths of two important excitation peaks. The peak 
located at 4037A is the dominant sharp line in the 
excitation spectrum of manganese ions located on the 
Ca(I)  site, i.e. Mn(I ) .  The peak located at 400gA is 
the dominant sharp line in the excitation spectrum of 
manganese ions located on a Ca(II)  site adjacent to a 
fluorine ion, i.e. Mn(I I ) .  These two peaks are made to 
be of comparable height in these two spectra by 
monitoring the fluorescence at a selected wavelength 
(5350A) where both emissions are equally strong. This 
allows small changes in the ratio on Mn(II )  to Mn(I)  
due to quenching to be seen more readily than 
would be possible if nonselective fluorescence viewing 
were employed for obtaining the excitation spectra. 
Normally the Mn(II)  excitation peak is much weaker 
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Fig. 2. Excitation spectra of quenched and normal "cool white" 
phosphors at 77~ The growth in the number of Mn(ll) centers 
following quenching may be seen on the left hand side of Fig. 2 
and the decrease in the number of Mn(CI) centers on the right. 
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than the Mn(I )  peak. It  may be seen in Fig. 2 that  
quenching has increased the ratio of the Mn( I I )  to 
Mn(I )  but  that  the s t rength of the Mn( I )  excitation 
spectrum is unchanged.  This means that  the number  of 
Mn( I I )  ions in  the phosphor has increased upon 
quenching. 

The two excitation spectra shown on the r ight  hand 
side of Fig. 2 were obtained by selectively viewing the 
fluorescence emitted at 6000A. This choice of wave-  
length accentuates the fluorescence due to manganese  
ions located on Ca(II )  sites adjacent  to chlorine [the 
Mn(C1) center].  The dominant  sharp l ine of the 
Mn(C1) center  is located at 4050A compared to the 
Mn( I )  line at 4037A. It can be seen from the curves 
on the right hand side of Fig. 2 that  the Mn(C1) center  
has decreased upon quenching relat ive to the Mn( I )  
center. We thus find that  quenching both reduces the 
number  of manganese ions adjacent  to chlorine and 
increases the number  adjacent  to fluorine. The decrease 
in the number  of Mn (C1) centers is numer ica l ly  equal 
to the increase in the number  of the Mn( I I )  centers to 
wi th in  our estimated exper imental  accuracy of 10%. 
The Mn(Sb)  center is such a minor  center  that l i t t le 
can be said about the changes in its concentrat ion that  
might  occur due to quenching. 

By comparing the relat ive areas under  the excitation 
spectra of the three major  species of manganese we 
find that prior to quenching the manganese is dis- 
t r ibuted as about 7.5% Mn( I I ) ,  65% M n ( I ) ,  and 25% 
Mn(C1). After quenching, the dis tr ibut ion is changed 
to about 20% Mn( I I ) ,  65% M n ( I ) ,  and 12.5% Mn(CI) .  
From the known fluorescence spectra of each com- 
ponent  and these percentages we can calculate the 
shapes of the composite envelopes to be expected both 
before and after quenching. They, and the individual  
components are shown in Fig. 3. The calculated com- 
posite Mn +2 envelope shifts by approximately 40A to 
higher energy due to quenching. This is in good agree- 
ment  with the shift of the manganese  envelope ob-  
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Fig. 3. Fluorescence envelopes of the individual components and 
the composite envelopes for a "cool white" phosphor before and 
offer quenching. 

served for this sample shown in Fig. 1 and is an im-  
portant  confirmation of the val idi ty  of this t reatment .  
The small  Mn(Sb)  components  for both the quenched 
and normal  samples were ignored in preparing Fig. 3. 

Depreciation Results 
Apple and Ishler reported that  their  quenched cal- 

cium fluorochlorophosphate phosphors were more re-  
sistant to depreciation by 1850A irradiat ion than  their  
unquenched  phosphors. We have studied the depre-  
ciation of several samples of "cool white" quenched 
phosphor and compared the results with those ob- 
ta ined from normal  "cool white" phosphor to deter-  
mine  if our phosphors showed the same effect. We 
found that, wi th in  our exper imental  accuracy of ___2%, 
quenching had no measurable  effect on the deprecia- 
t ion rates of our phosphors up to our m a x i m u m  de- 
preciation t ime of 100 hr. The quan tum efficiencies of 
our quenched and unquenched  phosphors were ident i-  
cal before depreciation (al though the luminous  effi- 
ciencies of the quenched phosphors were slightly 
higher due to the manganese  envelope shift).  We con- 
clude that  the enhancement  in i r radiat ion resistance 
that  Apple and Ishler  observed in their  quenched sam- 
ples was due to a different mechanism than  that  re- 
sponsible for the manganese fluorescence shift, and 
that  the effect does not general ly  occur in quenched 
calcium halophosphate phosphors. 

Discussion and Conclusions 
The quenching induced shift in the composite m a n -  

ganese fluorescence envelope can be explained by a 
redis t r ibut ion of the manganese  ions over the various 
types of manganese centers present  before quenching. 
In  particular,  quenching has the net  effect of convert-  
ing some of the Mn(C1) centers into Mn( I I )  centers. 
Since the decrease in the n u m b e r  of Mn(C1) centers 
after quenching is numer ica l ly  matched by the growth 
of the Mn( I I )  centers, and no new manganese  center  
appears, one must  rule  out the formation of new types 
of manganese  centers due to quenching such as a cen- 
ter  where the chlorine ion is frozen into an in te r -  
mediate  position in the lattice as was proposed by 
Apple and Ishler. In  slowly cooled (normal)  "cool 
white" most of the manganese  ions situated on a Ca (II) 
position are adjacent  to a chlorine ion. This is due to 
a pair ing at tract ion between the manganese  and 
chlorine ions. At high temperatures  these pairs are 
broken up and the chlorine dis tr ibut ion is randomized. 
A rapid quench freezes in a more random distr ibut ion 
of chlorine than  occurs if the phosphor is allowed to 
cool slowly. 

Some details of this conversion from Mn(C1) to 
Mn( I I )  deserve fur ther  comment.  The center  that  we 
call Mn(C1) consists of a manganese  ion next  to a 
chlorine ion which has replaced a fluorine, but  we 
have not specified the next  nearest  halide. We have 
assumed that  this center has optical properties tha t  are 
not measurab ly  altered by the type of halogens lo- 
cated immedia te ly  above and below the chlorine ion. 
Because this is not strictly true, the dominant  sharp 
l ine in the excitation spectra of the Mn(C1) center, 
located at 4050A, is actual ly a very nar row envelope 
containing the sharp lines of all of the varieties of 
these Mn(C1) centers corresponding to the different 
a r rangements  of halogen next  nearest  neighbors. An 
analogous si tuation occurs for the Mn (II) center. 

A Mn(C1) center with a fluorine ion located directly 
above or below it along the "c" axis t ransforms into a 
Mn( I I )  center  by s imply shif t ing the halogens by one 
position up or down along the "c" axis. This model 
does not require  any  movement  or diffusion of the 
manganese  ions and the presence of halogen vacancies 
would allow such ar rangements  to occur at re la t ively 
low temperatures.  

In  addition to the shift in the manganese  emission 
envelope in the mixed chloro-fluorophosphates upon 
quenching, Apple and Ishler reported upon a similar 
shift after quenching calcium chlorophosphate phos- 



Vol. 118, No. 11 R A P I D  C O O L I N G  O N  D I V A L E N T  M A N G A N E S E  I O N S  1823 

phors  doped wi th  an t imony  and manganese.  A different  
mechanism must  be responsible  for this  shift  as these 
phosphors  contain no fluorine. In  o rder  to invest igate  
this  effect, we p repared  and quenched some calcium 
chlorophosphate  phosphors,  and did observe the  wave -  
length  shift  in the  manganese  fluorescence envelope 
that  Apple  and Ish ler  repor ted  for this phosphor  upon 
quenching. On the other  hand, exci ta t ion  spectra  t aken  
before  and af ter  the quenching revea led  l i t t le  change 
except  tha t  the  dominan t  sharp  l ine in the  manganese  
exci ta t ion  spec t rum of the unquenched  chlorophos-  
phate  phosphor  was located at  4055A while  in the  
quenched phosphor  it was located at 4060. 

No analysis  of this effect was possible because we 
had no background  informat ion  on the optical  p rop -  
er t ies  of the var ious  types  of manganese  present  in 
calcium chlorophosphate  phosphors. Such informat ion 
should prove to be much more  difficult to obtain in the 
chlorophosphate  sys tem than  in the  f luorophosphate 
sys tem due to its g rea te r  s t ruc tura l  complex i ty  and the 
l a rge r  number  of possible types  of manganese  sites. 
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Effects of the AsCI  Mole Fraction on the 
Incorporation of Germanium, Silicon, Selenium, and 
Sulfur into Vapor Grown Epitaxial Layers of GaAs 

J. V. DiLorenzo* and 6. E. Moore, Jr. 
Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 07974 

ABSTRACT 

The effect of the  AsCla mole  fract ion on the incorporat ion of germanium,  
silicon, selenium, and sulfur  in GaAs ep i tax ia l  layers  has been studied. The 
layers  were  grown by vapor  phase ep i t axy  (VPE) using the AsC13[Ga[H~ 
synthesis  system. Both room-  and l ow - t e mpe ra tu r e  Hal l  data  as wel l  as photo-  
luminescence spect ra  were  used to examine  the incorpora t ion  of the  impur i t ies  
into grown layers.  The resul ts  of these studies indicate  that  the incorporat ion 
of silicon and ge rman ium decreases wi th  increasing AsCla mole fraction,  and 
tha t  the  incorpora t ion  of sulfur  and selenium is l a rge ly  unaffected by  changes 
in the  AsCla mole  fraction. The resul ts  are  in te rp re ted  using a model  which 
proposes tha t  the  ma jo r  background  dopant  in this sys tem is silicon and that 
the  mole  fract ion effect is due to the  in teract ion of s table chlor ides  of silicon 
wi th  hydrogen  chloride in the  reactor.  A calculat ion of the  ac t iv i ty  of silicon 
as a function of the  hydrogen  chloride pressure  is presented.  The resuIts  com-  
pare  reasonably  wel l  wi th  the  expe r imen ta l  data.  

We have  recen t ly  r epor ted  the var ia t ion  of car r ie r  
concentra t ion with  the  AsCl~ mole  f ract ion (1) of 
undoped, p - t y p e  vapor  phase ep i tax ia l  (VPE) layers  
of GaAs. The layers  were  grown by  the AsCI~ I Ga ! H2 
chemical  vapor  deposi t ion system. The effect was or ig-  
ina l ly  r epor ted  by  Cairns and F a i r m a n  (2) for n - t y p e  
epi taxia l  layers  with res idual  background  doping p res -  
ent  in the ep i t ax ia l  reactor .  The effect observed by  
Cairns and F a i r m a n  has now been observed by various 
other  worke r s  as wel l  (3, 4). Cairns and F a i r m a n  (5) 
have also observed a var ia t ion  in car r ie r  dens i ty  wi th  
AsCI~ mole fract ion for ep i tax ia l  crys ta ls  doped wi th  
silicon by  t r anspor t  of silicon f rom the  ga l l ium source. 

In  this paper ,  we repor t  on the  dependence  of the 
incorpora t ion  of germanium,  silicon, selenium, and 
sulfur  into VPE GaAs on the AsClz mole fraction. 
The ca r r i e r  concentra t ion and mobi l i ty  of the doped 

* Electroehemiea!  Society  Ac t ive  Member .  
Key  words :  ga l l ium arsen ide  vapor  epi taxy,  i m p u r i t y  incorpora-  

tion, electron mobil i ty ,  photoluminescence.  

layers  were  de te rmined  as wel l  as the l o w - t e m p e r a -  
ture  photoluminescence spectra.  In  addition, the  
photoluminescence spectra  of severa l  silicon doped 
VPE GaAs samples  were  invest igated.  1 

An analysis  of these da ta  has led to the conclusion 
that  the  incorporat ion of the Group IV dopants,  si l i-  
con and germanium,  into the  ep i tax ia l  layers  depends  
s t rongly  on the AsCI~ mole fraction. On the o ther  
hand, the dependence  of the  incorpora t ion  of sulfur  
and se lenium on the AsC13 mole f ract ion was sub-  
s tan t ia l ly  different  in tha t  at  the h igher  doping levels 
the  concentra t ion of sulfur  and selenium (10 TM cm -3) 
is l a rge ly  unaffected by  the AsC13 mole  fraction. 

The resul ts  are in te rp re ted  using a model  which 
suggests tha t  the Group IV e lements  silicon and ger -  
manium,  having  s table  chlorides, can chemica l ly  in t e r -  
act wi th  HC1 present  in the  reactor.  On the other  hand, 
the  incorpora t ion  of sulfur  and selenium, which do 

These  samples  w e r e  k ind ly  f u r n i s h e d  by B. Cairns,  Fa i rch i ld  
Semiconductor ,  Research and Deve lopmen t  Labora tory .  
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Fig. I. Schematic diagram of 
the epitaxial deposition system. 
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not  have  s table  chlorides at  the  ep i tax ia l  growth  
temperatures ,  is unaffected by  the HC1 concentrat ion 
in the  reactor.  

Growth System and Procedures 
Epitaxia~ reactor.--A s tandard  AsC13 I Ga t H2 syn-  

thesis system (6) was used to grow epi tax ia l  crysta ls  
of GaAs substrates.  A schematic  d iagram of the epi-  
t ax ia l  reac tor  is shown in Fig. 1. 

The mate r ia l s  used for the construct ion of the sys-  
tem are indica ted  in the legend in Fig. 1. The reac tor  
tube, gal l ium boat, seed crys ta l  holder,  AsC13 input, 
and hydrogen  bypass  l ines were  constructed of high 
pur i ty  synthet ic  quartz.  Epi tax ia l  layers  were  doped 
in the 1015 to 1017 cm-~  range  reproduc ib ly  by  in t ro-  
duct ion of a mix tu re  of e i ther  GeH4, H2Se, or H2S in 
hydrogen  through  a var iab le  leak, d i lu t ing the mix -  
t a r e  fur ther  wi th  hydrogen  and passing i t  into the  
react ion zone. The concentrat ions of dopant  gas re la -  
t ive to hydrogen  present  in the supply  tanks were  5 
ppm for GeH4 I H2, 5 ppm H2Se I H2, and 1000 ppm for 
H 2 S  IH2.  

The main  reactor  tube,  boat, input  glassware,  sub-  
s t ra te  ho lder  and output  g lassware  were  cleaned with  
aqua regia  and given mul t ip le  rinses in 1.5 x 107 
ohm-cm deionized wa te r  pr ior  to assembly.  The ground 
joints  were  greased wi th  a min imum amount  of a 
f luorocarbon grease to ensure  a l eak - f r ee  seal. 

Starting materials and growth procedures.--Start- 
ing mater ia l s  used were  Ga (99.99999%, Eagle Picher  
Company)  ; AsCls (99.99999%, Mitsubishi  Metal  Mining 
Company)  and Pd-di f fused hydrogen.  The O~ contam-  
inat ion of the  hydrogen  was  measured  at  all  inputs  to 
the main  react ion tube  by  gas chromatography.  The 
fol lowing resul ts  were  obtained:  

Output  of Pd-dif fuser :  0.6 • 0.1 ppm O2. 
Input  to l iquid N~ cold t rap :  0.6 -+- 0.1 ppm Oz. 
AsC13 input  to furnace:  (0.9 to 2.0) • 0.2 ppm O2. 
H2 bypass  input:  (0.8 to 4.0) • 0.2 ppm O~. 
Dopant  input:  1.0 +__ 0.2 ppm O2. 

Subs t ra te  mate r i a l s  were  e i ther  ch romium doped, 
hos t -g rown,  semi- insu la t ing  (p > 108 ohm-cm at 
300~ GaAs, or te l lu r ium- ,  selenium-,  or s i l icon- 
doped, boa t -grown,  N + (p ~ 0.003 ohm-cm at 300~ 
GaAs. The subst ra tes  were  cut as 30 rail  th ick slices 
o r ien ta ted  2 ~ off {100} towards  {110}. Af t e r  cutting, the  
subs t ra tes  were  chemical ly  c leaned wi th  a 5H2SO4: 
H20:H202 etch, mechanica l ly  lapped, and finally chem-  
ica l ly  pol ished using Br2/CH3OH. 

Pr io r  to ep i tax ia l  g rowth  the subs t ra tes  were  de-  
greased in boil ing t r ichlore thylene,  r insed in acetone 
and given mul t ip le  rinses in hot  isopropanol.  Af te r  
degreasing,  the  subs t ra tes  were  etched for  2 rain in 
5H2SO4/H202/H20 at room t empera tu re  and r insed in 
deionized water .  Fol lowing the etch, the  subst ra tes  
were  soaked f rom 30 to 90 min in sodium e thylene-  
d iaminete t race ta te ,  a complexing  agent  for metals,  and 
r insed for app rox ima te ly  10 rain in running  deionized 
water .  

The mole  fract ion of AsCI~ was va r i ed  by  changing 
the re la t ive  amounts  of flow through  the bubble r  and 
H2 di lutent ,  main ta in ing  the to ta l  flow constant  as 
closely as possible ( ~  130 cm3/min) .  

Measurements and Results 
Growth parameters.--Ga/As ratio.--The m a r k e d  de-  

pendence of the  e lectr ical  p roper t ies  of the  epi tax ia l  
layers  on the AsC13 mole f ract ion discussed below 
could be due to a va ry ing  rat io  of Ga to As in the gas 
s t ream. Thus i t  was necessary to de te rmine  whe the r  
the  cohcentra t ion  of Ga re la t ive  to As in the  gas phase 
was constant  as the  concentra t ion of AsCI~ was  in-  
creased. 

A boat  wi th  a r emovab le  l iner  containing Ga sa tura-  
ted wi th  GaAs was inser ted into the furnace and 
posi t ioned at  the  normal  boat  position. AsC13 was 
passed into the reactor  under  flow condit ions s imilar  
to those of the growth  exper iments ,  and the weight  
loss of the ma te r i a l  f rom the l iner  was measured  to the 
neares t  0.1 mg to de te rmine  the t ranspor t  of Ga from 
the  boat.  

The t ranspor t  of AsCI~ was de te rmined  by  t rapp ing  
the H2/AsCI~ s t ream at 77~ and measur ing  the vol-  
ume of the  l iquid obta ined in a specified per iod of 
time. The flow through  the bubb le r  was 175 cm3/min, 
a pp rox ima te ly  the  highest  flow used in epi taxia t  
g rowth  (equiva lent  to an AsC13 mole  f ract ion of 
6 x 10-3).  I t  was found that  the bubble r  comple te ly  
sa tu ra t ed  the H2 gas wi th  AsCI~ (to wi th in  exper i -  
men ta l  e r ror  of measurement )  at  these conditions. 
Therefore,  it  was assumed tha t  complete  sa tura t ion  of 
the  }-I2 wi th  AsC13 occurred at  lower  flow ra tes  th rough  
the bubbler .  

The da ta  obtained on the  weight  loss of ma te r i a l  
f rom the boat  and the ca lcula ted  t r anspor t  ra t io  of Ga 
to As are  l is ted in Table  I. The da ta  c lear ly  indicate  
tha t  the  ra t io  of Ga to As, tha t  is, the ra t io  of the  
number  of moles of ga l l ium re la t ive  to the number  of 
moles  of arsenic t ranspor ted  to the deposi t ion zone, is 



Vol. 118, No. 11 AsCI~ M O L E  F R A C T I O N  1825 

Table I. Experimentally determined ratio of Ga to As for AsCI3 
mole fractions from 1.52X10 - 3  to 5.82 X 10 -3  

A s C h  
M o l e  M o l e s  Wt .  G a  

f r a c t i o n  A s C h / m i n  T e m p  (~ t r a n s -  G a / A s  
x I0 ~ • 10 ~ Ga p o r t e d  (g) ratio 

1.52 2.08 858 0.0820 1.88 
2 .50 3.98 858 0 .1513 1.82 
4.78 8.58 858 0.3471 1.93 
5.82 10.2 858 0.4223 1.84 

not changing significantly over the range of AsCI3 mole 
fractions used in these experiments.  

Since, in an epitaxial  growth system, the AsC13 mole 
fraction is the independent  variable, all data have been 
analyzed in terms of the AsCI~ mole fraction. 

Characteristics ,of the epitaxial layers.--The thick- 
ness, the carrier  concentration, and Hall  mobility, at 
room tempera ture  and at 77~ and the photolumines-  
cence of selected layers were measured in an effort to 
correlate characteristics of the grown layers with var i -  
ous growth parameters.  

Electrical measurements.--Germanium doped layers. 
- - I n  Table II the carrier concentrat ion and Hall mo-  
bil i ty a t  room tempera ture  and at 77~ the AsC13 mole 
fraction, and thickness of germanium-doped layers are 
listed. The var iat ion in the thicknesses of these layers 
resulted mainly  from different growth periods. We 
have observed (1) that  the growth rate varies only  by 
about 20-30% as the AsC13 mole fraction changes by as 
much as a factor of 6. This is consistent with the data 
of Cairns and Fa i rman  (2). 

The layers are divided into three groups. Group A 
was grown with a GeH4 mole fraction of 10 -~~ in the 
vapor. Groups B and C were grown by introducing 
GeH4 at mole fractions of 5 x  10 -1~ and 10 -9, respec- 
tively. The factor of ten change in the GeH4 mole frac- 
t ion produced a change in the carrier concentrat ion 
of approximately a factor of ten as well. Sample D 225 
was undoped and is characteristic of the background 
level present in the reactor at an AsCI~ mole fraction 
of 2 x 10-3 prior to the growth of Group C. 2 

The carrier  concentrat ion of the germanium-doped 
layers decreases as the AsC13 mole fraction increases. 
This is shown graphically in Fig. 2 where n as a func-  

T h e  r o o m  t e m p e r a t u r e  a n d  l i q u i d  n i t r o g e n  m o b i l i t i e s  of  s a m p l e  
D225 a r e  t y p i c a l  of  t h e  v a l u e s  o b t a i n e d  fo r  u n d o p e d  s a m p l e s  w i t h  
n ~ 0.6 -- 2 X 10 TM c m  ~ .  

1017 f ~ G e  DOPED 
~ 

L o 
1016 ~- ~ ~ 0  

O ~ ~  DOPED 

'E  o 1015 

1014 0 ~ U N D O P E D  

n=GeH 4 MOLE FRACTION ~ I0 -9 _ 
A= GeH4 MOLE FRACTION _~ 5xJ0-10 ~<> 

o=GeH 4 MOLE FRACTION ~ I0 -I0 

i01 I I I I I I 
2 3 4 5 6 7 8 

AsCI 3 MOLE FRACTION xlO 3 

Fig. 2. The carrier concentrat ion,  n,  of  ge rman ium-doped  and 
updoped epitaxial layers plotted against the AsCI3 mole fraction. 

t ion of the AsC13 mole fraction for germanium-doped  
layers is plotted. The rate of decrease for the most 
l ightly doped of the ge rman ium layers, Group A, is 
greater than  for Group B or C. 

Included also in  Fig. 2 is the dependence of the 
carrier concentrat ion of undoped layers on the AsCI~ 
mole fraction. This plot is representat ive of the type 
of variat ion we have observed although the curve can 
be displaced vert ical ly from reactor to reactor. 

Sulfur and selenium doped layers.--In Table III  the 
thickness, AsC13 mole fraction, carrier concentration, 
and Hall  mobil i ty at 300~ and at 77~ are listed for 
sulfur-doped layers while the same quanti t ies for sel- 
en ium-doped layers are contained in Table IV. The 
layers are divided into Groups D, E and F. Group D 
was grown at an H2S mole fraction of approximately 
10 -9 while Group E was grown at a mole fraction of 

Table II. Carrier concentration and mobility at 300~ and 77~ for Ge-doped layers 

[ M o l e  f r a c t i o n  GeH~ c o n s t a n t  a t  ~- 10 -~o f o r  G r o u p  A ,  5 x 10 -16 fo r  G r o u p  B, a n d  10 -9 f o r  G r o u p  C] 

Mole  
T h i c k n e s s  ~ rac t ion  n (300~ n (77~ / t (300~  /~(77~ 

S a m p l e  ( m i c r o n s )  x 10 ~ (cm ~ )  ( cm -~ ) ( cm~/V-sec )  ( cm2/V-sec )  

G r o u p  A 

D129  8.3 2.7 5 -6  ~ - -  [N § s u b s t r a t e  ] - -  
D133 5.9 3.6 3 -4  ~ [N* s u b s t r a t e  ] 
D134  5.0 1.2 1.67 • 10 ae 1.16"-• 1016 5 0 6 0  12~-00 
D135 6.2 1.5 5.0 • l 0  w 4.5 x I0  ~ 7160 26 ,400 
D136 6.5 2.5 5.38 • 10 ~ 4.54 • 1015 6911 28,782 

D137 5.9 3.5 (i)4.63 • l0 w o)3.80 • I0 ~ r/6220 26,906 
(~)4.2 X 10 ~ (~)3.38 • 10 TM \ 6 6 0 0  

D138 5.0 4.5 1.59 x 1035 1.57 • 1015 7062 34,024 
D139 4.7 6.0 3.2 x 101~ 3.2 X 1014 7600 55,817 

G r o u p  B 

D217  3.0 2.0 5.56 x 1010 4.08 x 10 ~6 4164 6,925 
D218 3.3 5.6 1.66 x 10 z~ 9 .60 x 10 TM 4764 17,372 

G r o u p  C 

D225"  2.0 2.0 6.1 • 1014 7.2 • 101~ 7630 55,185 
D227 (z)3.8 2.35 o)2.4 • I037 (1)2.0 x 1017 o)2727 a)3,011 

(2)4.1 (~)2.1 X 1017 (2) __ (2)3011 (~) __  
D228 7.8 4.00 8.82 • I016 6.93 x 10 TM 3433 5,209 
D229 9.2 5.9 7.4 x 1016 5.54 X 1016 3273 5,375 
]3230 8.3 7.7 4.4 X 10 TM 3.3 x 1016 4841 8,070 

(1) T w o  s e p a r a t e  a r e a s  of s a m p l e .  
(2) T w o  s e p a r a t e  a r e a s  of s amp le .  
* Undoped. 
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Table III. Carrier concentration and mobility at 300~ and 77~ for S-doped layers 

Mole 
Thickness fraction n (300~ n (77~ /L(300~ ~(77~ 

Sample (microns) x 103 (cm "~) (cm -~) (cm~/V-sec) (cm2/V-sec) 

Group D (a) 

D 1 8 1  5.3 2 .5  4 .10  X 10 TM 3.13 X 1Die 5075 8 ,910 
D 1 8 2  5.5 5.6 2.71 X 1018 1.98 X 10~6 5429 11,782 
D 1 9 1  2.9 6.8 5 .78  X 10 TM 4.51 x 10 TM 3411 5 ,322 
D 2 0 8  3.8 2.1 2 .62  • 1O TM 2.07 x 1016 4982  10,741 
D 2 0 9  7.7 6.8 3 .68 • 10 TM 2.56  x 1016 3880 10,206 

Group E (b) 

D 1 8 3  4.4 2.5 1.5 x 10 ae - -  N + s u b s t r a t e  - -  
D 1 8 4  6.0 5.6 5 x 10 ~ - -  N+ s u b s t r a t e  - -  
D 1 8 9  2.3 4.0 4 x 10 TM - -  N+ s u b s t r a t e  - -  
D 1 9 0  5.0 7.0 3 x I0  ~ N+ s u b s t r a t e  - -  
D 1 9 3  6.2 3.0 1.02 x 10 TM 8 . 2 4 x  1015 5133  16,343 

(a) = HeS input ~ 10 -~ mole f r a c t i o n .  
(b) = H~S input -- 5 x 10 -zo mole fraction. 

Table IV. Carrier concentration and mobility at 300~ and 77~ for Se-doped and undoped layers 

M o l e  
Thickness fraction n (300~ n (77~ /~(30O~ /L(77~ 

Sample (microns) x 10 a (era -~) (cm -~ ) (cm2/V-sec) (crab/V-see)  

G r o u p  F 
[Se-doped] 

D 1 6 5  5.9 2.5 2 .5 -4  • 10 ~ 
166 5.9 2 .5  5 .0 -9  x 1015 
167 5.6 2 .5  4 .5 -7  x 10 z~ 
168 5.9 2 .5  1 x 10 ae 
169 2.6 2.5 5 .75 x 10 as 
170 3.3 1.5 3.6 x 10 TM 

171 2 .9  3.5 1.14 x 10 TM 

172 3.5 4.5 7.48 x 1015 
173 6.5 2.5 1 x 10 TM 

174 3.5 5.7 1.6 x 10 TM 

G r o u p  G 
[undoped] 
(1) D 1 8 5  2.5 2.5 2 .0 -2 .5  • 10 m 
(6) n 2 1 0  6.6 2.8 0 .99-1 .1  • 101~ 
(7) D 2 1 1  11.3 2.8 1.3 • 1015 
(3) D188 4.8 4.0 5-6 x I0~4 
(5) D207 7.4 4.4  
(4) D 1 9 4  19.0 2.8 1 .1-1 .5  X 10 TM 

(2) D187 5.0 7.0 

- -  IN + substrate] - -  
- -  [ N+ substrate ] - -  
- -  [ N* substrate ] - -  
- -  [N+ substrate] - -  

5.50 X 10 z5 7165 33,800 
3.2 x 1016 6265  26 ,139  
1.17 x 10  ~ 6503 24 ,215  
6 .24  x 1015 6732 22 ,381  

- -  [N + substrate] - -  

1.1 x 1016 5000  10,137 

- -  [N* substrate] - -  
- -  [N+ substrate] - -  
- -  [N+ substrate ] - -  
- -  IN* substrate] 

1.35 x 1 0 -  43 ,393  
1.10 TM 7525* 44 ,000  

7700 
5.3~5 • 1013 64 ,783  

* Mobility obtained by magnetoresistance of microwave devices from two separate areas of sample. 

a p p r o x i m a t e l y  5 x 10-10. G r o u p  F w a s  g r o w n  at  an 
H2Se mole  f r a c t i o n  of a p p r o x i m a t e l y  5 x 10 - s .  

In  Fig. 3 t he  v a r i a t i o n  of  n w i t h  AsC13 mole  f r a c t i o n  
fo r  b o t h  g roups  of s u l f u r - d o p e d  l aye r s  a n d  fo r  s e l e n -  
i u m - d o p e d  l aye r s  is p r e s e n t e d .  F r o m  an  ana lys i s  of  t h e  
da t a  in  Tab les  III  a n d  IV a n d  Fig. 3, it  is a p p a r e n t  t h a t  
t h e  i n c o r p o r a t i o n  of su l fu r  a n d  s e l e n i u m  is m a r k e d l y  
d i f f e r en t  f r o m  t h a t  of g e r m a n i u m .  T h e r e  is l i t le  v a r i a -  
t ion  in t h e  dop ing  l eve l  w i t h  AsC13 m o l e  f r a c t i o n  for  
s u l f u r - d o p e d  l aye r s  h a v i n g  n _~ (2 to 5) x 1016 c m  - a  
ove r  an  AsC13 m o l e  f r a c t i o n  r a n g e  of  (2 to 7) x 1 0  - 3 .  

( G r o u p  D) .  O n l y  a s l igh t  d e c r e a s e  in dop ing  l eve l  w i t h  
AsC13 mole  f r a c t i on  w a s  o b s e r v e d  for  G r o u p  E. 

F o r  t h e  l aye r s  d o p e d  w i t h  se l en ium,  we  h a v e  ob -  
s e r v e d  s ca t t e r  in  the  v a l u e  of  n at  a g i v e n  m o l e  f r a c t i o n  
[see Fig.  3, n a t  a m o l e  f r a c t i on  of 2.5 x 10-3] .  This  
is due  to t he  i n s t ab i l i t y  of  a 5 p p m  H2Se/H2 s o u r c e  fo r  
doping .  F o r  e x a m p l e ,  t h e  c a r r i e r  c o n c e n t r a t i o n  ob -  
s e r v e d  at  a m o l e  f r ac t ion  of  2.5 x 10 -3  r a n g e d  o v e r  a 
f ac to r  of t h r e e  (see  Tab le  IV and  Fig.  2).  We  p r e s e n t  
t h e  da t a  fo r  s e l e n i u m - d o p e d  l aye r s  in o r d e r  to i n d i -  
ca te  t h e  t r e n d  of t he  v a r i a t i o n  of  s e l e n i u m  i n c o r p o r a -  
t ion  w i t h  AsC13 mole  f rac t ion .  T h e  c a r r i e r  c o n c e n t r a -  
t ion  of t h e s e  l aye r s  i nc r ea se s  s l i gh t ly  w i t h  i n c r e a s i n g  
AsC13 m o l e  f rac t ion .  L i k e  sulfur ,  t he  d e p e n d e n c e  of t h e  
i n c o r p o r a t i o n  of s e l e n i u m  on  the  AsC13 mole  f r a c t i o n  
is d i f f e r en t  f r o m  t h a t  of s i l icon or g e r m a n i u m .  

In  Fig. 4 t h e  c a r r i e r  mob i l i t i e s  a t  77~ vs. AsC13 m o l e  
f r a c t i o n  fo r  g e r m a n i u m - d o p e d  s a m p l e s  of  G r o u p s  A 
a n d  C, fo r  s u l f u r - d o p e d  s a m p l e s  of G r o u p  D a n d  for  
s e l e n i u m - d o p e d  s a m p l e s  are  p r e s e n t e d .  The  i n c r ea s e  
in  c a r r i e r  m o b i l i t y  of t h e  g e r m a n i u m - d o p e d  s a m p l e s  
co r r e l a t e s  w i t h  a dec r ea se  in t he  c a r r i e r  c o n c e n t r a t i o n  

as t he  AsC13 m o l e  f r a c t i o n  increases .  The  m o b i l i t y  of 
s u l f u r - d o p e d  s a m p l e s  is i n v a r i e n t  w i t h  t h e  AsC13 mole  
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fraction, whi le  the  mob i l i t y  of se len ium-doped  samples  
decreases wi th  increas ing AsCI~ mole  fraction. 

Photoluminescence 
The e lect r ica l  measurements  indicate  that  increasing 

the AsC18 mole  fract ion inhibi ts  the incorporat ion of 
e lec t r ica l ly  active centers  in the  Ge-  and S i -doped  
samples  bu t  has l i t t le  effect in the  Se-  and  S -doped  
crystals .  P h o t o l u m i n e s c e n c e  was used to iden t i fy  the 
opt ica l ly  act ive impur i t ies  in the crys ta ls  in an a t t empt  
to compare  thei r  behav ior  as a function of the AsCI~ 
mole f ract ion wi th  tha t  of the e lec t r ica l ly  active im-  
puri t ies .  

A typ ica l  l o w - t e m p e r a t u r e  photoluminescence spec- 
t rum of g e r m a n i u m - d o p e d  ep i tax ia l  GaAs is shown in 
Fig. 5. Three  peaks, occurr ing at 1.514, 1.480, and 1.444 
eV, are  r ead i ly  identif iable.  The smal l  r ise centered at  
about  1.356 eV is due to copper, which  is a common 

contaminant  in GaAs (1). This peak  was noted in only 
two of the samples  studied, and  the  copper  con tamina-  
tion is thought  to be insignificant.  

The 1.480 eV peak  arises from transi t ions  be tween  
the conduct ion band  and the Ge acceptors (7, 8) (B-A 
t ransi t ions) .  Since the  energy  gap (EG) for GaAs at 
10~ is 1.520 eV (9), the Ge acceptor  level  lies 40 meV 
above the valence band. The 1.444 eV peak  is the  first 
LO phonon repl ica  of the  Ge acceptor  peak  and occurs 
35 meV below the Ge acceptor  peak  [i.e. 76 meV from 
the valence band] ,  in good agreement  wi th  the  energy  
of the  LO phonon in GaAs (10). 

The h igher  energy  peak  at 1.514 eV m a y  be due to a 
va r i e ty  of processes. Since the  luminescent  energy is 
less than  EG by 6 meV, the  recombina t ion  does not  in-  
volve  b a n d - t o - b a n d  transi t ions.  There  are  two a l t e rna -  
t ive explana t ions  for  the na tu re  of the 1.514 eV peak:  
the  recombina t ion  m a y  be due to (I)  d o n o r - t o - v a l -  
ence band t rans i t ions  (D-B)  or  ( / / )  annih i la t ion  of 
exci tons bound to neu t ra l  or ionized donors (11). 

Thus the photoluminescence spec t rum consists of a 
h igh -ene rgy  peak  assumed to be due to sil icon or ger -  
man ium donors (depending on the dopant ) ,  an acceptor  
peak  (also associated with  the  ge rman ium dopant ) ,  
and its phonon replica.  No other  impuri t ies ,  aside 
f rom slight  amounts  of copper  in two of the  crystals ,  
appear  in significant amounts.  The s i l icon-doped sam-  
ples exhib i t  ident ical  spect ra  except  tha t  the  ge rma-  
n ium acceptor  peak  at 1.480 eV is rep laced  by  a peak  
at  1.490 eV associated wi th  sil icon acceptors (12). 

The above  resul ts  indicate  that  Ge and Si are  the 
only opt ica l ly  act ive impur i t ies  in the samples. The 
next  step is to re la te  the  intensi t ies  of the  photo-  
luminescence peaks  to the  concentra t ions  of Si and Ge. 
To do this we wi l l  assume tha t  these recombinat ion  
paths  exist:  ( /)  donor - to -va lence  band (D-B)  r ad ia -  
t ive recombina t ion  (the high energy peak  in Fig. 5); 
( / / )  conduct ion band to acceptor  (B-A)  r ad ia t ive  re-  
combinat ion  (the 1.480 eV peak  in Fig. 5); ( I I I )  all  
o ther  nonrad ia t ive  (NR) recombinat ions .  

The ra te  equat ion for the  valence band  then becomes 

P P P 
b = G  

"[;DB "l:c TNR 

P 
[1] 

TT 

where  P = free hole concentrat ion,  G ---- generat ion 
ra te  of free holes, "~DB and ~NR are  the  l i fe t imes for  
D-B and NR transi t ions,  T~ is the cap ture  t ime  for  the  
acceptors,  and TT is the  to ta l  l i fe t ime for the  minor i ty  
car r ie rs  (holes)  Assuming equi l ibr ium,  we have P = 
~TG. 

Fo r  D-B t ransi t ions  we can wr i t e  (13, 14) 

P TTG 
ID --- --" = T T G B N ~  [2] 

TDB "~DB 

where  B is the  mean  cap ture  coefficient and N~ rep re -  
sents the  number  of neu t ra l  donors. B depends upon 
the effective mass, index of refract ion,  act ivat ion 
energy,  recombinat ion  energy,  and t empe ra tu r e  (14). 
By holding the in tens i ty  of the  exci t ing radia t ion  and 
the t empera tu re  constant,  we can hold G and B con- 
stant.  Fur ther ,  since (15) 

NOD ~--- ND -- NA [3] 

for these temperatures, where ND ---- the total number 
of donors and NA = total number of acceptors, we can 
wr i t e  

ID ---~ ATT(ND -- NA) [4] 

Similarly, the rate equation for the acceptors will 
he 

P N+A 
N+A - -  --  - -  [5] 

"t" c TBA 
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where  N+A is the  number  of neu t ra l  acceptors  and 
�9 BA is the  l i fe t ime of B - A  transi t ions.  At  equ i l ib r ium 
we  have 

P N + a  
- -  - -  = IBA [6] 

"t'c TBA 

id T 

Tc can be wr i t t en  as (16) 

Tc - l  : eVthNA [7] 

where  0 is the  capture  cross section for  the  center  and 
Vth its t he rma l  velocity.  Both 0 and vta are  constants  
under  the  expe r imen ta l  condit ions and we have, com- 
bining Eq. [2], [6], and  [7] 

IBA = C'CTNA [8] 

Equat ions  [4] and [8] indicate tha t  if the  exper i -  
menta l  conditions, i.e. t empera ture ,  in tens i ty  of exci t -  
ing radiat ion,  etc., a re  held  constant  for a series of 
crystals ,  ID and IBA wil l  be p ropor t iona l  to ZT(ND --  
NA) and TrNA, respect ively.  I f  we make  the  fu r the r  
assumption tha t  TT is constant  for these crystals ,  we 
a r r ive  at  the  des i red  correspondence be tween  the in-  
tensi t ies  of the photoluminescence peaks  and the con- 
cent ra t ion  of the var ious  impuri t ies .  This last  assump-  
t ion implies  tha t  the l imit ing recombina t ion  process 
is unaffected by  changes in the  AsC13 mole  fraction.  
This would be t rue  if the  l imit ing process were  band-  
to -band  recombinat ion,  for example .  

F igure  6 i l lus t ra tes  the dependence  of the in tegra ted  
intensi t ies  of the  donor (/D) and acceptor  (IGe ---- /BA) 
peaks  in Ge-doped  GaAs  on the AsCla mole  fraction. 
The data  were  taken  under  ident ical  opt ical  and the r -  
mal  (10~ conditions. On the same graph the values 
for NA and ND for  the  same crysta ls  are  plotted,  using 
the resul ts  of Table  II  (17). The close corre la t ion of the 
e lectr ical  and optical  da ta  leads to severa l  conclusions: 
(A) the  assumption tha t  T w is a constant  for this  series 
appears  to be val id;  (B) the Gedonor to Geacceptor rat io  
is independent  of the  AsC13 mole  fract ion;  and (C) the  
total  number  of Ge atoms incorpora ted  decreases sha rp-  
ly  as the  AsC13 mole fract ion is increased.  

F igure  7 shows the  same data  for the  S i -doped  
samples. The S i -doped  samples  were  grown on N + 
subs t ra tes  and Hal l  da ta  could not  be taken.  Thus 
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n ---- ND - -  /~A is p lo t ted  wi th  ID and Isi. The conclu-  
sions are ident ica l  to those for Ga -doped  crystals .  

Discussion 
In the  discussion of these resul ts  i t  is most  useful  

to keep in mind  the  da ta  p resen ted  in Fig. 2-7. The 
conclusions which are  reached concerning the  incorpo-  
ra t ion  of germanium,  silicon, sulfur,  and  se lenium are  
summar ized  as follows: 

1. The incorpora t ion  of ge rman ium decreases  as the  
AsC13 mole  f ract ion increases. This is based on the 
decrease  of n wi th  AsC13 mole  f ract ion [Fig. 2], the  
increase in mobi l i ty  wi th  increas ing mole  fract ion 
[Fig. 4], and the decrease in in tegra ted  peak  intensi t ies  
of ge rman ium donors and acceptors  in layers  grown 
with  increasing mole  f ract ion [Fig. 6]. 

2. The incorpora t ion  of sil icon decreases wi th  in-  
creasing AsC13 mole  f ract ion [Fig. 7]. 

3. The dependence  of the  incorpora t ion  of sulfur  
and se lenium on the AsCla mole  f ract ion is subs tan-  
t i a l ly  different  f rom tha t  of ge rman ium or  silicon. The 
ca r r i e r  concentra t ion  of su l fu r -  and se l en ium-doped  
layers  remains  r e l a t i ve ly  constant  as the AsC13 mole  
fract ion increases [Fig. 3]. In  addit ion,  the  mobi l i ty  of 
these layers  does not  increase wi th  AsC13 mole  f ract ion 
[Fig. 4]. 

The significance of the  above  s ta tements ,  we  feel, 
is that  they  indicate  the  mechanism for the  mole  f rac-  
t ion effect observed in undoped  AsCls /Ga/H2 systems. 
The specific mechanism involves  the  in terac t ion  of 
the  var ious  impur i t ies  wi th  HC1 presen t  in the  system. 
Group  IV elements,  si l icon and  germanium,  have  s ta -  
ble  chlorides at  t empera tu re s  in the  v ic in i ty  of 800~ 
Group VI elements,  sulfur  and  selenium, have  only 
s table  hydr ides  unde r  reac tor  conditions.  We can 
represen t  a genera l  react ion be tween  a Group  IV ele-  
ment,  M, and HC1 in the  presence of H2 as fol lows 

(n --  2)H2(g)  -}- MClnH4-n(g)  <-> M(s )  - t - n H C l ( g )  

a t  PH2 = 1 arm 

aMPnHCZ 
K =  

PMClnH4--n 

K PMClnH4--n 

PnHCI 

where  n is an integer,  K is the  equ i l ib r ium constant  
and aM is the ac t iv i ty  of M ( s ) .  The effects of SIC12, 
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GeC12, etc. have been neglected.  Qual i ta t ive ly  we see 
tha t  the  ac t iv i ty  of M(s)  var ies  inverse ly  as PHCl to 
P4HCI for the  MC1H3 to MC14 compounds.  

This model  proposes tha t  in an undoped AsC18/Ga/H2 
sys tem exhib i t ing  an AsC13 effect, the ma jo r  back-  
ground dopant  is silicon, and that  the  degree  of silicon 
incorpora t ion  depends  s t rongly  on the HC1 pressure,  
which  is p ropor t iona l  to the  ihput  AsC13 mole  f ract ion 
XAscIz [i.e. PHc1 cc PAsC~ = XAsct3 PtotaI]. Using direct  
image  mass analysis  (18), we have  identif ied silicon as 
a ma jo r  contaminant  of layers  exhib i t ing  h igh- res i s t iv -  
i ty  regions (19-21) at  the  subs t r a t e -ep i t ax ia l  in te r -  
face. Sil icon has been identif ied as an impur i t y  in 
VPE films using photoluminescence (1, 12). Doping 
levels in undoped reactors  have  been repor ted  as high 
as 2 to 3 • 101e/cm ~ at  an AsC13 mole  fract ion of 

2 • 10 -a.  We have  observed levels  as high as 5 • 
101~ cm 3 at  the  same AsCla mole fraction. Therefore,  
it  is necessary to de te rmine  whe the r  sufficient concen-  
t ra t ions  of silicon hal ides  are  present  to expla in  doping 
levels of 10 TM to 1017 cm -3. 

The ma jo r  chemical  components  of the growth  sys-  
tem are:  H C I ( g ) /  H2(g ) /Ga(1 )  sa tu ra ted  wi th  G a A s /  
H 2 0 ( g ) / A s C l a ( g ) / S i O 2 ( s ) .  The react ions leading to 
the  format ion  and t r anspor t  of GaAs in this system are 
as follows: 

[1] AsC13(g) + 3 /2H2(g )  ~- -1 /4  As4(g) + 3HCl(g)  

[2] Ga(1) + 1 /4As4(g)  ~ G a A s ( s )  

[3] GaAs ( s )  + HCI(g)  ~:~ GaCl (g )  + 1/2 H2(g) 
+ 1 / 4  As4 (g) 

[4] Ga(1) + H C I ( g ) ~ G a C l ( g )  + 1/2H2 (g) 

therefore  for POAscl 3 = PAsCL3 ( input)  

P~ ___~ 3P~ (before  boat)  

PAs4 -- 1/4 P~ 

PHCl = 1/3 P~ (i.e. downs t ream of boat)  

Reaction [1] goes essent ia l ly  to complet ion  whi le  re -  
action [2] produces  a skin of GaAs over  the gal l ium 
source when  the  sa tura t ion  concentra t ion of arsenic in 
ga l l ium at 850~ is reached.  React ion [3] represents  
the over -a l l  react ion for both t ranspor t  of the  GaAs 
skin at 850~ and the deposi t ion react ion at  the  seed. 
Both of the react ions  [2] and [3] are  sensi t ive to the  
coupling of the  influent gas s t ream containing AsC13 
wi th  the  ga l l ium boat. I f  the  coupl ing is poor, the  skin 
of GaAs wil l  not be uniform and react ion [4] easi ly  
takes  place. Assuming a we l l - s a tu r a t ed  boat  and 

P~ ~-~ 5 X 10 -3 atm 
then 

PHCl(equilibrlum) ~ 5 X 10 -3 atm 

downstream of the boat. 
In the Appendix we have listed reactions between 

hydrogen, quartz, and HCI which lead to the formation 
of the volatile silicon compounds SiO, SiCIH3, SiCI2H2, 
SiCI3H, and SiCI4. The equations which are solved to 
obtain the pressures of these compounds are listed also. 
With the assumption that the hydrogen carrier gas is 
dry [POH20 ~ 5 • 10 -~ atm] we calculate the following 
pressures of volatile silicon compounds and water for 
P~ : 5 • 10-a a tm 

PHsO "- 1.3 • 10 -6 arm; Psic14 --  3.8 • 10 -9 a tm 

PSiC~H = 1.2 • I0 -9  a tm;  Pstc12H2 = 5.0 • 10 -9 a tm 

P s i c l ~  - -  6.3 • 10-~ arm 

and the pressure  of al l  chlorosi lanes  

�9 P s i c l ~  Psict4 = 6.4 • 10-v a tm 

Our calculations,  which neglect  POn2o and PH20 resu l t -  
ing f rom reac t ion  [ A - l ]  l is ted in the  Appendix ,  agree  
wel l  wi th  the  more  exact  calculat ions of Weiner  (22). 

AsC13 M O L E  F R A C T I O N  1829 

The ca lcula ted  level  of vola t i le  silicon in the  gas is 
app rox ima te ly  0.6 ppm. Since Poacl and PAs4 is ap-  
p rox ima te ly  1000 ppm, the  rat io  of Pvolatile silicon to 
PGa,As is app rox ima te ly  10 -3. This level  of silicon is 
sufficient to expla in  a doping level  in an undoped sys-  
tem of 10 TM to 1017 cm -3. I t  can be seen f rom Eq. [A-7] 
and [A-8] in the  Append ix  tha t  

1 
Pchlorosilanes cr 

P2H~O 

A calculat ion of this dependence  by  Weiner  (22) shows 
that  an input  H2 s t ream wi th  P~ ~ 5 ppm reduces  
the  silicon concentra t ion by  a factor  of 10 r e l a t i v e  to 
our assumption of P~ - -  0.5 ppm atm. This de-  
pendence on the poH2o can expla in  why  we have  ob-  
served in different  systems at  the same mole  f rac-  
t ion of _~1.5 X 10 -3 doping levels from (2 to 5) • 1017 
cm -3 to as low as 5 • 1014 cm -3 (23). Cairns and 
Fa i rman ' s  da ta  show n _~ (2 to 5) • 1016 cm -a  for an 
AsC13 mole f ract ion of 1.5 • 10 -3. 

In Fig. 8 we have plot ted the  ac t iv i ty  of silicon, asi, 
at 750~ as a funct ion of PHC1 downs t ream of the boat. 
This curve was obta ined in the fol lowing manner :  We 
assume tha t  the pressure  of al l  chlorosilanes,  
~Pchlorosilanes, by  wal l  react ions at  850~ equals  the  
pressure  of chlorosi lanes in equi l ib r ium at 750~ with  
H2, HCI, and Si at the  subs t ra te  interface.  

~Pchlorosilanes, f rom wal l  reactions,  850~ 
"-- Pchlorosilanes, in equi l ib r ium wi th  HC1, H2, Si 

~Pchlorosilanes, wal l  : (PSiCl4 + PSiC13H 
+ PSiC12H2 + PSiCIH3) 

asiP4HC1 asiP3Hc1 
~Pchlorosilanes = " - -  

Ksicl,  KSiCl3H 
asiP2HcI asiPHcl 

KSiC12H2 KSiCIH3 

~Pchlorosilanes 
= asi 

I PHCt 1 . . . .  P4HCI + P3HCI + P2HCI + 

KSiCl4 KSiCI3H Ksic12H2 KSiC1H3 

For  the curve plot ted  in Fig. 8, the HC1 pressure  is 
t aken  to be PHcl, neglect ing the product ion of HC1 
dur ing  the deposi t ion according to react ion [3]. The 

10 -4 . , l ~  1017 

n 6 o o }  t ,, ~ 
OR,ENTATION A-~ ~ ~N~ 

No+N A {IOO} DATA ~',E 

I 
I 

,0-7 [ ] I I Io '4 
0-4  10 -3 10 -2  

PHCI 

Fig. 8. The calculated Qctivity of silicon, osi, and selected ex- 
perimental carrier concentrations plotted against the pressure of 
HCI.  
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calculat ion indicates  tha t  the  ac t iv i ty  of silicon de-  
creases wi th  increasing PHcl. 

Also plot ted  in Fig. 8 are  the expe r imen ta l  ca r r ie r  
concentrat ions,  due to res idual  background  doping, for 

A P P E N D I X  
Reactions leading to the formation of volatile silicon 

compounds.--Wall react ions leading to the  product ion 
of volat i le  chlorosi lanes  in the  AsC13/Ga/H2 system 
are:  

~F ~ (Kca l /mo le )  850~ K(eq . )  850~ 

[A-1]  H2(g) + SiO2(s) - )  S iO(g)  + H20(g )  
[A-2]  3H2(g) + HCI(g)  + SiO2(s) --) SiC1H3(g) + 2H20(g)  
[A-3] 2H2(g) + 2HCI(g)  + SiO2(s) --) SiC12H2(g) + 2H20(g)  
[A-4] H2(g) + 3HCI(g)  + SiO2(s) -~ SiClaH(g)  + 2H20(g)  
[A-5] 4HCI(g)  + SiO2(s) "-> SiC14(g) + 2H20(g)  
and at the  boat  a re  
[A-6] 4Ga(1) + SiO2(s) --> Si (s )  + 2Ga20(g)  

samples  grown on the {100} orientat ion.  These curves 
were  p repa red  from our own unpubl i shed  exper imenta l  
resul ts  and f rom Cairns and Fa i rman ' s  or iginal  da ta  
(2). Cairns and F a i r m a n  have  ca lcu la ted  the to ta l  
ion ized- impur i ty  concentrat ion,  ND + NA, f rom 77~ 
Hal l  mobil i t ies.  In Fig. 8 we have plot ted  thei r  cal-  
cula ted  values of ND + NA as a function of the  AsCla 
mole  f ract ion (note that  PAscla ~ PHCl for  this p lo t ) .  
The slope of n vs. PHcI is s teeper  than  the ca lcula ted  
ac t iv i ty  of silicon as a funct ion of PHCl. The  slope of 
ND + NA is in be t t e r  ag reement  wi th  the  ca lcula ted  
curve. Since the  ac tual  silicon incorpora t ion  is cha r -  
acter ized b y  ND + NA and not ND -- NA (i.e. n) ,  the 
be t te r  corre la t ion is not surpris ing.  

The model  we have presented  is based en t i re ly  on 
equi l ib r ium the rmodynamic  calculations.  Clear ly,  there  
m a y  be kinet ic  effects opera t ive  as wel l  as or ienta t ion 
dependences  and g r o w t h - r a t e  dependences  (24). These 
effects are  p resen t ly  being invest igated.  

Conclusions 
The inves t igat ion of the dependence  of the incor-  

pora t ion of dopants  into GaAs on the AsC13 mole  f rac-  
t ion has lead to the  fol lowing conclusions: 

(A) The incorpora t ion  of sil icon and ge rman ium 
decreases as the AsC13 mole  f ract ion increases.  

(B) The incorpora t ion  of sulfur  and se lenium is 
l a rge ly  unaffected by  the AsC13 mole  fraction. 

(C) The behavior  of n wi th  AsC13 mole  fract ion 
for background  doping can be expla ined  by  assuming 
that  silicon is the  ma jo r  background  dopant  present  in 
the reactor .  

(D) The calcula ted vapor  pressure  of vola t i le  silicon 
compounds genera ted  by  react ions  be tween  HCI (g ) ,  
H2(g),  and SiO2(s) is sufficient to expla in  the  doping 
levels observed in undoped AsC13/Ga/H2 systems. 

(E) The calcula ted ac t iv i ty  of silicon in equi l ibr ium 
with  HC1, H2, and  chlorosi lanes at the subs t ra te  t em-  
pera tu re  decreases wi th  increasing HC1 pressure.  This 
decrease is in reasonable  agreement  wi th  the  observed  
expe r imen ta l  decrease in n and ND + NA wi th  AsCla 
mole  fraction. 
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480.2 3.9 • 10 - I6  
+80.5 2.0 • 10 -16 
+79.5 4.1 • 10 -1G 
+70.8 1.5 X 10 -14 
+56.5 9.8 • 10 -1~ 

+87.4 9.2 X 10 -18 

The genera ted  pressures  of H20 and chlorosilanes,  
PH2O and Pchlorosilanes, can be obta ined  by  solving the 
fol lowing equat ions  

[A-7] PH,,O --~ 2[PsicIH3 + Psicl2tt2 + PSiC13H + Psicl4] 
K(2)PHcI  K(3)P2HCl 

[A-8] PH2O -- 2 { 
P2H20 P2It2O 

K (4) P3~cI K (5) P4~cl ] 

+ P2H2 ~ -t p2H2 ~ J 
The above equat ions  assume: (i) Psio and PH20 from 

react ion [ A - l ]  are  small ,  (ii) tha t  the  contr ibut ion  of 
silicon f rom the boat  react ion [A-6] is small ,  and (iii) 
the  vapor  pressure  of wa te r  in the  input  hydrogen,  
P~ is less than  or equal  to 5 • 10 -7 atm. 
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ABSTRACT 

The te rnary  phase diagram for I n - G a - S b  has been determined experi-  
menta l ly  and has been verified by calculation. Liquidus compositions are mea-  
sured along several isotherms together with several solidus compositions on 
the pseudobinary phase diagram. For the calculation both liquid and solid a r e  
assumed to be nonideal.  The activity coefficients are calculated using a model 
with tempera ture  dependent  interact ion parameters.  

Several  mixed I I I -V semiconductor compounds have, 
because of their  band structures, cer tain advantages 
over the pure b inary  compounds. For example, the 
electronic properties of InxGa1-xSb are such that  
G u n n  microwave oscillations can be observed in this 
mater ia l  (1), while InSb and GaSb do not show this 
effect. InxGal-xSb has been grown by liquid phase 
epitaxy from a nonstoichiometric melt, where the Sb 
fraction in the liquid does not equal 0.5. The desired 
solid composition can be grown from either an I n - G a -  
rich or an Sb-r ich melt. Therefore, an unders tanding  
of the I n - G a - S b  te rnary  phase diagram is of major  im- 
portance in devising crystal growth procedures. 

We measured the compositions along isotherms in 
the I n - G a - S b  liquid and also calculated these iso- 
therms from thermodynamic  considerations. The com- 
puted isotherms tu rn  out to predict the l iquidus lines 
very well  and also give the solidus isotherms. The 
model for the calculations is based on the known data 
for the binaries In-Sb,  Ga-Sb, and InSb-GaSb.  Both 
liquid and solid are assumed to be nonideal  solutions, 
where an interact ion parameter ,  ~, is a measure for the 
departure  from ideality. Similar  calculations have been 
made for other I I I -V te rnary  alloys by Stringfellow 
and Green (2, 3), with a sl ightly different model and 
by Blom (4). 

Calculation 
The model for the calculation of the l iquidus and 

solidus isotherms, for which a detailed description is 
given in ref. (2, 3, 6), is based on the assumption that  
equi l ibr ium exists in the system; hence the chemical 
potentials in the liquid (~1) and solid (~s) phase are 
equal for both InSb and GaSb. For InSb, for example 

~SInSb(T) : /~11nsb(T) ----- #Iin(T ) + #Isb(T) 

The chemical potential for each element in the liquid 
phase can be related to its atomic fraction (Ni) and 
activity coefficient (7i). The chemical potential for the 
solid is related (5) to the changes in free energy which 
occur when heating the solid to its melting point, melt- 
ing it, and cooling it down to the original temperature 
T, resulting in a supercooled stoichiometric liquid. The 
final expression for InSb which has to be solved is 
(2, 3, 6) 

7In 7Sb 
7IaSbNIaSb --  4 NlnNsb 

7in st ,~Sb st 

exp [~Sfz~sb (TfznSb - -  T) /RT]  [2J 

where Nin, Nsb, and NInSb are the atomic (molecular)  
fractions of In, Sb, and InSb, and ~,,, 7Sb, and 7InSb 
their  respective activity coefficients, "Yin st and "YSb st the 
activity coefficients for In  and Sb in a stoichiometric 
In -Sb  melt, ~SfinSb the entropy of fusion :for InSb and 
TfInsb its mel t ing point. A similar relat ion can be wr i t -  
ten for GaSb. Let t ing the sum of the atomic fractions 
in the liquid and of the molecular  fractions in the solid 
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phase epitaxy. 

both be equal to unity,  the equations describing the 
solid and liquid compositions as a funct ion of tempera-  
ture can be solved numer ica l ly  provided that  the mel t -  
ing points, entropies of fusion, and activity coefficients 
are known parameters.  

It is the way in which the activity coefficients are 
determined that  can give rise to discrepancies between 
different models. Obviously, nei ther  the l iquid nor the 
solid in the te rnary  system are a priori ideal (7i ---- 1) 
because they genera l ly  are not ideal in the b inary  
compounds. Guggenheim (7) describes a lattice model 
wherein the interact ion between nearest  neighboring 
atoms is expressed in terms of the energy per atom 
and an interact ion energy (EAB), which is defined as 
the energy increase when  interchanging two unl ike  
neighboring atoms. An interact ion energy equal to zero 
leads to an ideal solution (7i ---- 1). 

For our calculations we assume a "zero order" ap- 
proximation in the Guggenheim (7) approach, which 
means that the atoms in the l iquid and the molecules 
in the solid are randomly  distr ibuted in spite of a 
nonzero energy of mixing. Lit t le would be gained in 
using a higher order approximation,  where no ran-  
domness in the dis tr ibut ion of the consti tuents is as- 
sumed, or taking also next  nearest  neighboring atoms 
or molecules into account, because the errors in t ro-  
duced in obta in ing the interact ion parameter  ~AB are 
relat ively large and of the same order of magni tude  
as the errors in the heat of fusion (AHf). The interac-  
tion parameter  dAB is the sum of all the interact ion en-  
ergies EAB. The interact ion parameter  is composition 
independent  but  is assumed, according to measure-  
ments  on m a n y  b inary  systems, to be l inear ly  de- 
pendent  on temperature.  

The activity coefficient for a b ina ry  system is given 
in terms of the interact ion parameter  as 

R T  In 7InSb ---- aInSb-GaSb NGaSb 2 [3] 

where aInSb-GaSb is the parameter  describing the in ter-  
action between InSb and GaSb molecules in the solid. 
For  the t e rnary  liquid the equivalent  expression for 
the In  activity coefficient, for example, is 

R T  In "]In "- aIn-SbNsb 2 ~- aIn-Ga~rGa 2 

"q- (aln-Sb -- aGa-Sb "q-aIa-Ga)NGaNSb [4] 

where ai.j represents the interact ion parameter  be-  
tween unl ike  atoms i and j. Again when EAB ---- 0 this 
results in an ideal solution (7 ---- 1). Values for aZn-Sb 
and aGa-Sb can be obtained from the b inary  phase 
diagrams of In -Sb  (8) and Ga-Sb (9) and are as- 
sumed to be l inear  functions of tempera ture  (5, 16). 
The interact ion parameter  ~Ia-aa has been measured 
by Macur et al. (13). 

The phase diagram for l iquid and solid, which can 
now be calculated, does not  give any informat ion 
about the b inary  eutectic in the t e rnary  system which 
is known from exper imental  data to exist. The eutec- 
tic composition at a certain tempera ture  is obtained 
from the crossover point  of the l iquidus line, described 
by Eq. [2], and the l iquidus l ine in the Sb region for 
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Table I. Parameters used in the calculations for the In-Ga-Sb 
ternary phase diagram 

'/'t (~ AZt (eu) a (cal /mole)  

In -Sb  ~ 796 (12) 14.34 (12) 8000-16,68T (~ 
G a - S b  j~ (Liquid) 985 (12) 15.81 (12) 6220-8.11T 
I n - G a  1066 (13) 
I n S b - G a S b  (Solid) 1500 (14) 
Sb  903 5.72 

t h e  s a m e  temperature.  In  the Sb region the isotherm 
c a n  be wr i t ten  a s  

"~sbNsb ---- exp [--  hSfsb(Tfsb -- T ) / R T ]  [5] 

w h e r e  ~S~sb and Tfsb are the entropy of fusion and 
mel t ing temperature,  respectively, for Sb. The activity 
coefficient 7Sb can be calculated as described in Eq. [4]. 

Experimental 
T h e  l iquidus isotherms were determined by a tech- 

nique similar to that  described by Hall (10). Essen- 
tially, the method consisted of submerging the end 
of a weighed bar  of GaSb into a mel t  of Ga: In: Sb of 
known composition and at a constant  t empera ture  
unt i l  saturat ion of the melt  was obtained (about 3-4 
hr) .  The bar  was then lifted from the melt  and from 
its weight loss the composition of the l iquid was 
determined for that temperature.  

The solidus line for the pseudobinary GaSb- InSb  
was also determined for two temperatures  by the 
technique described by Foster and Scardefield (11). 
In  this method crushed samples of GaSb and InSb are 
equil ibrated in the two phase region, i.e., between the 
solidus and liquidus curves for 2-3 weeks and then 
quenched in water. The samples were then sectioned 
and analyzed with an electron microprobe to deter-  
mine  the composition of the solid which was in equi-  
l ibr ium with the l iquid prior to quenching. 

Results and Discussion 
The parameters  needed for the calculation of the 

phase diagram for I n - G a - S b  are the entropies of 
fusion of InSb and GaSb, their mel t ing points, and 
the interact ion parameters  between the consti tuents 
in the liquid and in the solid. They can all be obtained 
from the l i terature and are given in Table I. The 
interact ion parameter  for the solid (14) is obtained 
by fitting the exper imental  data for the pseudobinary 
from Woolley and Lees (15). The value for ~InSb-OaSb 
is affected by the choice for the interact ion parameter  
for the pseudobinary l iquid (B 1) (14) or by aIn-Ga (the 
connection between these parameters  is described be- 
low). Because we use a different number  for aIn-Ga 
than Foster and Woods for their interact ion parameter  
in the pseudobinary liquid, their  value for O~InSb.GaSb 
cannot be ent i re ly  applicable for our calculation. How- 
ever, it is the only one available and, more important ,  
the fit we find in the t e rnary  phase diagram is such, as 
is pointed out later, that  we are confident that  ~InSb-GaSb 
---- 1500 gives a good description of the interact ion in 
the solid. 

The isotherms are calculated between 300 ~ and 675~ 
and are plotted, together with the exper imental  data, 
in Fig. 1. The dashed line represents the b inary  eutec- 
tic valley in the phase diagram and the calculated 
isotherms for higher Sb concentrat ions are plotted as 
well;  in this lat ter  region only Sb solidifies on cooling. 
At any point along the b inary  eutectic line there is 
immiscibi l i ty in  the solid, and thus In~Gal -zSb  and 
Sb solidify simultaneously.  

The endpoints of the b inary  eutectic l ine in Fig. 1 
can be compared to composition and tempera ture  with 
t h e  eutectic points in  the In -Sb  and Ga-Sb b ina ry  
phase diagrams. The agreement  for Ga-Sb is very 
good: 88% Sb at 590~ as exper imental  data (9) vs. 
89% Sb and 592~ for the calculated composition and 
eutectic temperature.  On the In -Sb  side of the phase 
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Fig. l.  Liquidus isotherms for the In-Ga-Sb ternary phase dia- 
gram. Solid lines: calculated curves; circles: our experimental 
data; I-1: ref. (8); x: ref. (9). 

diagram again the composition agreement  is good: 
69% Sb exper imental  (8) and 71% Sb as calculated 
concentration. There is in this case, however, a dis- 
crepancy in  the eutectic tempera ture  of near ly  20~ 
wi th  the published data; 476~ instead of 494~ (8). 

The agreement  in the entire phase diagram between 
the calculated and exper imental  isotherms is signifi- 
cant and shows that there is no need to adjust  any of 
the parameters.  This means that  the lattice model 
seems well  able to describe the interact ion between 
atoms and molecules in l iquid and solid and that  the 
zero order approximation where only nearest  neigh- 
bors are involved and a random distr ibut ion of the 
consti tuents is assumed, is adequate. We have to 
remember  that, while the agreement  between experi-  
ment  and the model is sufficient, the calculation is still 
an approximation. The tempera ture  dependence of the 
interact ion parameters  can be interpreted as due to 
an entropy contr ibut ion of the excess free energy of 
mixing. For the case that the whole temperature  de- 
pendence of ~ contr ibutes to the entropy term, it can 
be shown that T ASMex ~ AHMex, in contradiction with 
the model, which assumes only an enthalpy contr ibu-  
t ion to the excess free energy of mixing. The ap- 
parent  contradiction between experiment  and the pre-  
dictions by regular  or quasi-chemical  theories leads 
to the conclusion that  the present  theories do not give 
an accurate chemical description for the I I I -V semi- 
conductor systems, despite the significant agreement  
with exper imenta l  data. 

Figure 2 shows the calculated solidus isotherms, 
where the GaSb concentrations in the solid are plotted 
as a function of the Ga concentrat ions in the liquid. 
As might  be expected, the GaSb concentrat ion in the 
solid decreases at a fixed Ga fraction in the liquid 
when the temperature  increases, however, at high 
enough temperatures  this t rend reverses. We also 
notice a m i n i m u m  in the GaSb fraction at T > TfInsb 
which represents a point  along the pseudobinary.  The 
fact that  there exists no Ga fraction smaller than 0.08 
at 600~ can be understood from Fig. 1. 

The InSb-GaSb  pseudobinary phase diagram can be 
calculated as a special case from the te rnary  system, 
where the Sb fraction in the l iquid remains  constant  
at 0.5 and therefore in the solid also. The calculated 
pseudobinary is shown in  Fig. 3 and is compared with 
exper imenta l  data. The two exper imenta l  l iquidus 
points we determined are excellent fits to the cal- 
culated compositions, but  they differ from the data of 
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Fig. 2. Calculated solidus isotherms for the In-C,-a-Sb system. 
The GaSh fraction in the solid is plotted as a function of the Ga 
fraction in the liquid for four different temperatures. 

Woolley and Lees (15) by 0-5% in absolute composi- 
tion or 0-15~ in temperature.  Calculating the te rnary  
and the pseudobinary with the parameters  from Table 
I, it appears that the te rnary  ]iquidus isotherms (Fig. 
1) give a much better  fit with our exper imental  data 
than with the pseudobinary liquid as determined by 
Woolley and Lees (Fig. 3). On the other hand, a shift 
in the ds  such that  the calculated curve fits the pseudo- 
b inary  results in a poor fit in the ternary.  The conclu- 
sion from these contradictory exper imental  results 
appears to be that the thermal  analysis data (15) are 
not accurate enough. 

Subst i tu t ing in Eq. [2J for the pseudobinary case 
the expressions for the v's derived from Eq. [3]-[4] 
gives the following expressions, where NSb : 0.5 

NInsb exp [alnSb_GasbN2Gasb/RT] 
= 2 NIn exp [ASflnSD (TfinSb 

-- T) /RT]  exp[2 aln.GaN2oa/RT] [6] 
and 

Naasb exp [alnSb.GasbN2insb/RT] 
= 2 NGa exp [ASfGaSb (TfGaSb 

-- T ) / R T ]  exp [2 ain.GaN21n/RT] [7] 

It  seems that, according to these equations, the only 

7oo x - " ~ 1 6 2  
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Fig. 3. The InSb-GaSb pseudobinary phase diagram, O :  our 
data; I :  differential thermal analysis [ref. (15)]; x: ordinary 
thermal analysis [ref. (15)]; /k: x-ray measurements [ref. (15)]; 
I-I: [ref. (12)]. 
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solidification, thus proportional to the thickness of a liquid phase 
epitaxial layer, for several temperature ranges of growth. 

interact ion parameters  necessary to establish the 
pseudobinary are those for the solid and ~In-C,. This 
means that the pseudobinary liquid is independent  of 
the interact ion between In  and Sb and Ga and Sb. In 
general, the pseudobinary l iquid can in  first order be 
described by the interact ion between the two metals 
and is independent  of the group V element. Hence, the 
InSb-GaSb,  InAs-GaAs, and InP-,GaP pseudobinary 
liquids are all determined by one and the same inter-  
action parameter.  The I n P - G a P  pseudobinary has 
been calculated this way (4) and shows good agree- 
ment  with exper imental  data, while the InAs-GaAs 
system shows an agreement  for the l iquid within 15~ 
or 5% GaAs in absolute composition, while the solid 
fit is excellent. 

An impor tant  application of the knowledge of the 
I n - G a - S b  te rnary  phase diagram is in predicting con- 
ditions for l iquid phase epitaxial (LPE) growth. In  
general,  InxGa1-xSb can be grown from an In -Ga- r i ch  
or Sb-r ich solution. Growth from a metal - r ich solu- 
tion, however, will  result  in a smaller variat ion of 
the solid composition per uni t  thickness of the LPE 
layer. A calculation also shows that, when growing 
from an I n - G a  solution, there is for each solid com- 
position one temperature  range where the composition 
of the solid is practically invar ian t  along the growth 
axis. For a composition In0.~Gao.sSb the variat ion of 
the solid composition as a funct ion of the amount  of 
solidification, which is directly proportional to the 
thickness of the overgrowth layer, is plotted in Fig. 4 
for several temperature  ranges. This shows that for 
greatest homogeneity In0.2Ga0.sSb should be grown 
in a temperature  range of 500 ~ ~ C. 
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The In-Ga-P Ternary Phase Diagram and 
Its Application to Liquid Phase Epitaxial Growth 

G. M. Blom *'z 

IBM T. J. Watson Research Center, Yorktown Heights, New York 10598 

ABSTRACT 

From the  procedure  developed for comput ing the I n - G a - P  t e rna ry  phase 
d i ag ram the I n P - G a P  pseudobinary  phase d iag ram is generated.  The free 
energies for the  t e r n a r y  l iquid and pseudobinary  solid are ca lcula ted  as a 
function of composition, which establ ishes the  s tab i l i ty  of the  solid vs. the 
l iquid and shows on what  subs t ra te  l iqu id -phase  ep i tax ia l  g rowth  is possible. 
The composit ion var ia t ion  of an I n x G a l - x P  solid tha t  is deposi ted dur ing  cool- 
ing in l iquid phase epi tax ia l  g rowth  under  var ious  condit ions is calculated.  

The growth  of I I I -V  mixed  al loy systems (1-5) is 
considered to be impor tan t  because of possible ad-  
vantages  they  have over  the pure  b ina ry  compounds. 
For  example,  InxGaz-xP al loys offer the  potent ia l  of d i -  
rect  recombinat ion  (•  : 0) luminescence throughout  
the visible spec t rum almost  to the  green. The under -  
s tanding of the phase equi l ibr ia  in the me t a l - r i c h  
t e rna ry  systems is of pa r t i cu la r  in teres t  because the  
most efficient I I I -V  al loy devices have been grown by  
l iquid phase ep i t axy  (LPE)  from such solutions. 

Using the  model  which  is descr ibed b y  Guggenhe im 
(6) as the zero order  approximat ion,  and in t roducing 
t empera tu re  dependent  in teract ion parameters ,  the 
t e rna ry  l iquidus  and b ina ry  solidus phase d iagrams are  
calculated.  The appl icat ions  for LPE which can be 
der ived  f rom the knowledge  of the phase d iagrams  are  
emphasized. An analysis  of the  free energies of l iquid 
and solid as a funct ion of composit ion is given, which  
gives insight  into the  s tabi l i ty  and the behavior  of a 
subs t ra te  in the t e rna ry  I n - G a - P  liquid. Assuming 
equi l ibr ium, the  composit ion of the  l iquid and solid 
a re  calcula ted as a funct ion of t empe ra tu r e  and pred ic -  
tions are  given for the  composit ion var ia t ion  as a func-  
t ion of the thickness  of an InxGa l -xP  LPE layer .  

Calculation of the Phase Diagram 
Severa l  calculat ions for der iv ing  t e r n a r y  I I I -V  semi-  

conductor  phase d iagrams are  given in the l i t e r a tu re  
(3, 7-10). They are, as far  as the nonideal  behavior  is 
concerned,  essent ia l ly  based on the descr ipt ion given 
by  Guggenheim (6). I legems and Pearson  (7) and 
Mabbi t t  (10) de te rmine  the l iquidus ac t iv i ty  coefficient 
by  in t roducing t empera tu re  dependent  in teract ion 
parameters ,  but  they  assume the solid to be ideal, 
whi le  i t  can be expected  tha t  the  depa r tu re  f rom 
idea l i ty  in the solid, due to strain,  is l a rger  than in the  
liquid. S t r ingfe l low (9), in apply ing  the quas i - chemi -  
cal equi l ib r ium (QCE) model, adopted a nonideal  
l iquid  and solid. 

* Elec t rochemica l  Socie ty  Act ive  Member .  
Z P resen t  address :  Ph i l ips  Labora tor ies ,  345 S c a r b o r o u g h  Road, 

Briarc l i f f  Manor ,  N e w  York  10610. 
K e y  words :  t h e r m o d y n a m i c s ,  e lec t ro luminescence ,  pseudobinary. 

We use essent ia l ly  the  same model  and mathemat ica l  
descr ipt ion as I legems and Pearson  (7) wi th  the  ex-  
ception tha t  the solid is assumed to be nonideal  also. 
The l inear  t empera tu re  dependen t  in terac t ion  p a r a m -  
eters  are obta ined  f rom the b ina ry  systems (11-14). 
The ent ropies  of fusion and mel t ing  points  of InP and 
GaP are  wel l  known from the l i t e ra tu re  (12, 15, 16). 
Al l  pa ramete r s  are  l is ted in Table I. The agreement  
wi th  exper iment  for the  ca lcula ted  l iquidus  and solidus 
phase d iagrams is jus t  as good as S t r ingfe l low (9) ob-  
ta ins  wi th  the  more  compl ica ted  QCE model.  Thus the  
QCE t r ea tmen t  does not give a more  accurate  descr ip-  
t ion of the chemical  behavior  of the  consti tuents.  

The I n P - G a P  pseudobinary  phase d iagram can be 
calcula ted from the t e rna ry  system as a special  case, 
where  the  phosphorus  f rac t ion in the l iquid equals  0.5. 
The equations which descr ibe the  concentra t ion in 
l iquid and solid as a funct ion of t empe ra tu r e  are  

N I n P  exp[aInP-GapN2GaP/RT] 

2 N I n  e x p [ A S f l n P  ( T f I n p  

-- T) /RT] exp[2 aIn_caN2ca/RT] [1] 

and an equivalent  one where  In and Ga are  permuta ted .  
Ni denotes the respect ive  fract ions in l iquid and sblid, 
ASf inP  and Tfinp the en t ropy  of fusion and mel t ing  
point,  and ai-j r epresen ts  the in teract ion pa rame te r  be-  
tween the const i tuents  i and j. According  to Eq. [1] 
the in teract ion pa ramete r s  for the  b ina ry  systems I n - P  
and G a - P  do not  affect the  pseudobinary  phase  dia-  
gram. 

Table I. Parameters used in the calculations of the In-Ga-P 
ternary phase diagram 

Tf (~ hS~ (eu) a (cal /mole)  

I n - P  ~ 1341 (12) 14.7 (15) 0 (12) 
G a - P  ~ ( l i q u i d )  1758 (18) 16,0 (7900-7T) (11) 

/ 

I n - G a  J 1068 (14) 
I n P - G a P  (solid) ( - -681 + 2.79T) (13) 
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Fig. 1. InP-GaP calculated pseudobinary phase diagram. Q ,  
Foster and Scardefield (17) ; - - ,  Panish (3). 

The ca lcula ted  I n P - G a P  pseudob ina ry  is shown in 
Fig. 1 and is compared  wi th  the  expe r imen ta l  solidus 
curve f rom Fos te r  and Scardefield (17) and values  ob-  
ta ined  f rom ex t r apo la t ed  I n - G a - P  t e r n a r y  da ta  (3) for 
the  l iquid.  The  computed  solidus gives a perfect  fit 
wi th  the expe r imen ta l  compositions,  whi le  the  ca lcu-  
la ted l iquid l ine indicates  GaP fract ions which are  5 
m / o  (mole pe r  cent)  too high or a t e m p e r a t u r e  20~ 
too low. Adjus t ing  aIn.Ga to 2000 ca l /mo le  and increas ing 
the in terac t ion  p a r a m e t e r  for the  solid s l ight ly  by  80 
ca l /mole  resul ts  in an agreement  wi th  the exper i -  
men ta l  da ta  wi th in  the  expe r imen ta l  accuracy.  I t  is fel t  
that  it  is not  the  unce r t a in ty  in ~In-C~ obta ined  by  
Macur  et al. (14) which gives r ise  to the  d iscrepancy 
be tween  the expe r imen ta l  l iquidus  l ine and the one as 
ca lcula ted  and shown in Fig. 1, because the  fit is wi th in  
2 a /o  (atomic per  cent)  for the  rest  of the  t e rna ry  
system and becomes worse  in va ry ing  the respect ive  
o's. I t  might  be the appl ica t ion  of the lat t ice model  as 
descr ibed b y  Guggenhe im (6),  which  is quest ionable  
for  I I I - V  semiconductors.  This model  was o r ig ina l ly  
der ived  and appl ied  to organic mix tures  where  the 
t empe ra tu r e  var ia t ions  a re  much smal le r  than  for the  
I n - G a - P  system. 

Fos te r  and Woods (13) compared  the predic t ions  
given by  the QCE or zero order  approx ima t ion  t r ea t -  
ments  for severa l  I I I - V  pseudobinar ies  wi th  the ex-  
pe r imen ta l  results.  They  indica ted  tha t  the  re la t ive  
magni tude  of the en tha lpy  (AHMex) and en t ropy  
(~S~ex) t e rm in the excess f ree  energy  of mix ing  
(AFMex) a re  such tha t  in theo ry  AHMex ~ TASMex. This 
should mean  for the  in teract ion p a r a m e t e r  o, = a - -  b T ,  
which is d i rec t ly  r e l a t ed  to AFMex tha t  a > bT .  Ex-  
per imenta l ly ,  however ,  the  t e r n a r y  and pseudobinary  
can only be descr ibed wi th  an in terac t ion  p a r a m e t e r  
wi th  a < b T .  Hence there  exists  a ser ious contradict ion,  
for  the  expe r imen ta l l y  de t e rmined  excess free energy  
is nea r ly  en t i r e ly  an en t ropy  t e rm  (TASMex), whi le  
theory  predic ts  i t  should be m a i n l y  an en tha lpy  

Application to Liquid Phase Epitaxy 
A major  appl ica t ion  f rom the knowledge  of the  In -  

G a - P  phase d iagrams  for l iquid and solid is in p re -  
dict ing condit ions for LPE growth.  Only  phosphorus  
f ract ions smal le r  than  0.5 are  considered because only  
they  have any  cur ren t  appl ica t ion  because of the  
o therwise  ve ry  high vapor  pressures  involved.  

The cr i ter ia  for LPE growth  under  equi l ib r ium con- 
di t ions are  the  absence of misc ib i l i ty  gaps in solid and 
l iquid and the s tab i l i ty  of the solid in the  presence of 
the  l iquid. The exis tence of misc ib i l i ty  gaps comes 
s t r a i gh t fo rwa rd ly  f rom the calculat ions of the  iso-  
the rms  in the  I n - G a - P  system, when  no solut ion of the  
equat ions descr ib ing solid and l iquid is possible. The 
s tabi l i ty  of a solid, for example  a substrate ,  in a t e r -  
na ry  l iquid can be expressed in t e rms  of the i r  respec-  

t ive  free energies.  The f ree  energy  for  the  l iquid  
phase can be wr i t t en  as  

F 1 = #IInNi n -~ /zlGaNGa -I- #lpNp [2] 

and for  the  solid as  

F s .=/~slnP~in P -~ /zSoaP/~GaP [ 3 ]  

The atomic and molecu la r  f ract ions  (Ni) in l iquid and 
solid a re  obta ined  f rom the calcula t ion of the  phase  
diagram.  The  chemical  potent ia ls  a re  ob ta ined  f rom 
the  equiva len t  equat ions  der ived  by  I legems and P e a r -  
son (7). The entropies  of fusion for  the  pure  e le-  
ments,  needed  to calcula te  the  chemical  potent ia l  for 
the  pure  e lements  a re  ASfp = 1.9 eu, ASrIn - -  1.8 eu, 
and ASfGa --  4.4 eu ( 1 8 ) .  

Equi l ib r ium is es tabl i shed  when  the  f ree  ene rgy -  
composi t ion curves  of a solid and l iquid  phase  have  a 
common tangent  line. F igure  2 is a schemat ic  d iag ram 
of the  free energies  of the  t e r n a r y  I n - G a - P  l iquid and 
b ina ry  I n x G a l - x P  solid phases as a funct ion of composi-  
tion. A n y  solid in this  sys tem wi th  a h igher  f ree  
energy  than  for tha t  solid which  is in equ i l ib r ium wi th  
a specific l iquid composi t ion will ,  when  brought  into 
contact  wi th  tha t  l iquid, dissolve i so the rmal ly  in o rder  
t o  m i n i m i z e  the  free energy  of the  to ta l  s y s t e m  f rom 
this nonequi l ib r ium si tuat ion.  Fo r  the  same reason,  
i so thermal  c rys ta l  g rowth  wil l  occur i f  a solid wi th  a 
lower  free energy  is in t roduced into the  l iquid.  The 
difference in free energy  be tween  the  equ i l ib ra ted  
solid and new in t roduced  one is the dr iv ing  force for  
i so thermal  dissolving or c rys ta l  growth.  

The free energies  for l iquid and solid which  es tab-  
l ish equ i l ib r ium at 900~ ca lcula ted  according to 
Eq. [2] and [3], are  p lot ted  in Fig. 3, both as a funct ion 
of the  Ga fract ion in the  l iquid;  s imi lar  curves  exis t  
for o ther  t empera tures .  As expec ted  for equ i l ib r ium 
condit ions the  free energy for  the solid is smal le r  than  
tha t  for the l iquid at  each composit ion.  As is observed  
in Fig. 3 the  free energy  of pure  InP is a lways  h igher  
than  the solid which  is in equ i l ib r ium wi th  an I n - G a - P  
t e r n a r y  melt .  Accord ing ly  an InP  subs t ra te  will  tend 
to decompose in any  I n - G a - P  melt ,  whi le  a GaP  sub-  
s t r a te  is stable.  Approach ing  equ i l ib r ium dissolving is 
indeed expe r imen ta l l y  observed  af ter  exposure  of InP  
to an I n - G a - P  mel t  whi le  LPE of In=Gal -xP  on GaP  
subs t ra tes  has been done in m a n y  laborator ies .  When  
growing under  h igh ly  dynamic  conditions,  hence when  
equi l ib r ium condit ions m a y  be disregarded,  it  might  

S L 

P S 

Ga 

Fig. 2. Schematic diagram of the free energies for I!quid and 
solid as a function of their compositions. The dashed lines represent 
lowest common tangent lines. L = liquidus lines, S = solidus 
tines. 
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Fig. 3. Calculated free energies which establish equilibrium at 
900~ for the liquid and the solid phase both as a function of the 
Ga fraction in the liquid. Note that the free energy in the solid 
is not plotted as a function of the composition of the solid, but 
as a function of the composition of the liquid with which it is 
in equilibrium. 

be possible tha t  he tero junct ion  s t ructures  on "wrong"  
substrates,  as for  example  I n x G a l - x P  on an InP  sub-  
strate,  can be grown despi te  the  fact  tha t  the  differ-  
ence in free energy is large,  as is the re fore  the  dr iv ing  
force for  dissolving the substrate .  

Af te r  es tabl ishing the potent ia l  possibi l i t ies  for LPE 
of In~Gal-xP,  f rom the knowledge  of the  phase d ia -  
grams, the  p red ic ted  composit ion var ia t ion  of a depos-  
i ted LPE laye r  is descr ibed as a funct ion of the  growth  
tempera ture ,  assuming equi l ibr ium.  For  a mel t  conta in-  
ing 50 a /o  phosphorus,  this  is known  from the pseudo-  
b ina ry  phase diagram.  When  we grow f rom the In - r i ch  
corner  of the t e rna ry  system the P as wel l  as the  Ga 
atomic f ract ion in the  l iquid wi l l  decrease upon cooling 
because the  d is t r ibut ion  coefficient (Cs/Ct) is for both  
e lements  l a rger  than  unity.  F r o m  a numer ica l  calcula-  
t ion on the  phase d iag ram one can de te rmine  how, 
under  the rmodynamica l  equi l ib r ium conditions, the  
composit ion in l iquid and solid va ry  upon cooling and 
also how much of the  l iquid wil l  solidify. Using as an 
example ,  a f i r s t - to- f reeze  composit ion of Ino.3Ga0.7P, 
which is nea r ly  the  highest  Ga content  where  direct  
bandgap  e lect roluminescence is possible, we can com- 
pare  the changes in composit ion and the amount  of 
solidification (i.e., weight  percentage)  for var ious  t em-  
pe ra tu re  ranges  of c rys ta l  growth.  The resul ts  a re  
summar ized  in Table II. I t  is shown tha t  in equal  t em-  
pe ra tu re  changes (aT)  the  highest  s tar t ing growth  

Table II. Summary of the composition variation and temperature 
conditions to achieve an Ino.3Gao.7P crystal 

T (~ 1 - x W e i g h t  % G a  at. 
( s t a r t i n g  (a f t e r  cool-  so l id i -  f r a c t i o n  in  

growth t emp)  AT (~ i n g  AT~ f ica t ion  s t a r t i n g  l i q u i d  

1168 20 0.62 3.2 0.058 
5 0.68 0.8 

1000 20 0.66 1.4 0.053 
11 0.68 O.8 

900 20  0,68 0 .8  0 .045 

t empera ture ,  for  which we choose the pseudobinary ,  
provides  the larges t  amount  of crys ta l l iza t ion  and also 
the larges t  change in solid composit ion.  I t  is also shown 
that  for equal  percentages  of solidification, hence for 
equal  thicknesses  of a l iquid phase  ep i tax ia l  layer ,  the  
composit ion var ia t ion  in the  solid for var ious  s ta r t ing  
g rowth  t empera tu re s  is ve ry  smal l  and  can be ne -  
glected for p rac t ica l  LPE purposes.  This means  tha t  
the  ra t io  of the  amount  of crys ta l l iza t ion and composi-  
t ion var ia t ion  in the solid is nea r ly  independen t  of 
t empera ture .  For  prac t ica l  appl ica t ions  under  equi l ib-  
r ium condit ions there  are  cer ta in  advantages  in g row-  
ing at r e l a t ive ly  low tempera tures ,  whe re  the  same 
solid can be achieved in a l a rge r  cooling cycle  and at  
lower  phosphorus  pa r t i a l  vapor  pressures.  

In  Table II  a re  also shown the  Ga atomic fract ions in 
the  l iquid  pr ior  to growth.  I t  tu rns  out  tha t  the  Ga 
concentra t ion  is nea r ly  the  same in al l  th ree  cases to 
achieve a f i rs t - to-f reeze  GaP concentra t ion  of 70% in 
the solid. Hence when we replace  P by  In  i t  means  we 
can work  at lower  t e m p e r a t u r e  and grow equal ly  
homogeneous InxGa l -~P  crystals .  This charac ter iza t ion  
of a nea r ly  t e m p e r a t u r e  independent  Ga concentra t ion 
in the l iquid to achieve a cer ta in  GaP f rac t ion in the  
solid is not  res t r ic ted  to the  70% solid but  holds  over  a 
wide region in the  phase diagram.  
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The Effect of Trace Amounts of Water Vapor on 
Boron Doping in Epitaxially Grown Silicon 

J. Bloem* 
Semiconductor Development Laboratory, N. V. Philip~ Gloeilampenfabrieken, Nijmegen, Holland 

ABSTRACT 

It was found that  silicon epitaxy from silane (Sill4) can tolerate unexpect-  
edly high water  concentrat ions in the gas phase before deteriorat ion of the 
growing layer sets in. The extent  of boron doping f rom B2H6, however,  is 
shown to be strongly influenced by water  vapor concentrations in the ppm 
region. It is shown that HC1 gas at part ial  pressures greater than 10 - s  atm 
has a similar influence on the extent  of boron doping and that  it makes the 
system less susceptible to small variations in water  vapor concentrations. The 
results can be explained by consideration of the various gas phase equil ibria  
at or near  the silicon-gas interface. 

In  the epitaxial  growth of silicon layers it was dis- 
covered early that the presence of oxygen or water  
vapor has a det r imenta l  effect on the quali ty of the 
epitaxial  layers (1). In  doping the silicon layers, boron 
doping (using B2H6 as the doping agent) appeared to 
be a more difficult operation than doping with P, As, or 
Sb compounds. The water  content  of a well-purified 
gas was seen to lie in the order of 1 ppm or less (10 -6 
arm in the 1 atm open- tube  system used) ; this value is 
orders of magni tude higher than the B2H6 concentra-  
t ion of 10 - l ~  atm used in doping. Because the varying  
results in boron doping were thought to be explained 
by small  differences in the efficiency of the gas purifi- 
cation, by small  leaks in the gas-handl ing system, or 
by residual  moisture on the surface of the quartz re- 
actor, it Seemed appropriate to study the effect of trace 
amounts  of water vapor on boron incorporation. 

Experimental Procedure 
The horizontal, air-cooled epitaxial  reactor consisted 

of a quartz tube  80 cm in length, of rectangular  cross 
section (10 • 2.5 cm 2) into which a SiC-coated graph-  
ite susceptor (9.5 • 24 • 1.0 cm3)~was placed. The 
susceptor was loaded with 10 silicon' slices of 38 mm 
diam in two parallel  rows and was R.F.-heated. The 
main  gas stream for all runs was 75 liters hydrogen 
per rain. The silicon substrates were ( l l l ) - o r i e n t e d ,  
mechanical ly and chemically polished, with dislocation 
densities less than  50ff dislocations per  cm 2. The sur-  
face qual i ty of the slices was such that  under  normal  
conditions a heat t rea tment  prior to epitaxial growth 
of the slices in hydrogen at 1250~ for 15 min  was suffi- 
cient to obtain layers free of spikes and stacking 
faults. The resistivities of the epitaxial  layers were 
measured both by the four-point  probe technique (2) 
on reference slices of opposite resistivity types and 
by spreading resistance measurements  (3). When 
p- type  doping was studied, higher resistivity (about 
2 ohm-cm) n- type  substrates were placed on the sus- 
ceptor along with the low-resist ivi ty (0.007 ohm-cm) 
n- type  substrates. It appeared that  lower resistivities 
were the same on both types of substrates within the 
exper imental  error ( •  By t i l t ing the susceptor 
(1~ ' ) and slightly adjust ing the tempera ture  over 
the susceptor (leading edge about 20 ~ cooler than end 
section), depletion of the gas phase was counter-  
acted in such a way that both thickness and resistivity 
variat ions were minimized (___5% for thickness, --+15% 
for resist ivity).  Thickness and resist ivity values on 
slices 4 and 10 cm from the leading edge were taken to 
be representat ive for the run.  

The thickness of the grown layers was measured by 
the infrared interference technique (4). For the thick- 
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phase  doping,  surface reactions. 

ness measurements  layers grown on Sb-doped sub-  
strates (resistivity 0.007 ohm-cm) were  used. The 
thickness of the epitaxial  layers was monitored from 
10 to 20 ~m. Unless otherwise stated, the silicon growth 
rate was kept at about 1 ~ /min  (PsiH4 = 10 -3 a tm).  
The values from the IR interference technique were in 
accord with those obtained by the bevel  and stain 
method. The temperature  of the substrates was mea-  
sured with an optical pyrometer,  and the readings were 
corrected for the emissivity of silicon (5). 

The starting silane and diborane (4% Sill4 in  H2, 1% 
B2H6 in H2) were diluted with hydrogen to the wanted 
part ial  pressures using calibrated flowmeters. The 
water  vapor was obtained from an evaporat ion cell 
filled with water  at constant  tempera ture  (20~ By 
passing a small  hydrogen stream (0-100 cm s) over the 
surface of the liquid and mixing this with the main  
gas stream (75 l i te rs /min)  the water  vapor concentra-  
tion in H2 was varied from 0 to 50 ppm (0-50 X 10 -6 
a tm).  In  separate runs  analysis with a Beckmann 
moisture meter  showed the measured water  content  of 
the gas to be in good agreement  with the amount  
calculated from the vapor pressure of water. Epitaxial  
runs without  diborane doping were performed, and 
silicon layer resistivities higher than 20 ohm-cm, 
n-type,  were consistently obtained. On the addition of 
water  vapor the resist ivity remained on this level. Pro-  
longed anneal ing of the layers at 500~ shows the 
donor activity expected from the oxygen content  (6). 
The addition of HC1 showed the resistivity to decrease; 
for the highest HC1 concentrat ion (2 X 10 -~ atm) the 
resistivity dropped to 3 ohm-cm (1.6 • 1015 donors/  
cm3). Where necessary, corrections for this addit ional 
doping effect were applied. 

Experimental Results 
InfLuence of water vapor on silicon epitaxy.--Epi- 

taxial  runs  at 1150~ with increasing amounts  of water  
vapor showed that  up to 40 X 10 -6 atm of water  vapor 
in the gas did not cause stacking faults in the layers, 
provided that the slices were preheated for 15 min  
in hydrogen at 1250~ before the introduct ion of silane. 
For PH20 ~ l0 X 10 -6 atm small  pits become visible on 
the Si surface. This is an aftergrowth effect: when  the 
silane flow is te rminated  the freshly grown layer is 
etched slightly by the water  vapor present  in the hy-  
drogen. On fur ther  cooling, the formation of SiOe 
could be expected; this is not observed presumably  
because the cooling period is too short. For values of 
PH2O greater than  10 X 10 -6 atm the onset of gas phase 
reactions gave a brown deposit on the relat ively cold 
upper  wall  of the reactor. This deposit was accom- 
panied by a decrease in epitaxial  layer thickness; 
the far ther  the substrate from the leading edge of the 
susceptor, the greater the decrease. With PH20 = 40 >< 
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10 -6 arm, deposi t ion of sil icon was presen t  only  on 
the first row of silicon slices. 

Influence of water  vapor on boron doping.--In order  
to examine  the boron content  of the  grown layers  as 
a function of the  silicon growth  rate,  the par t ia l  p res -  
sure  of d iborane  (PB2H6) was kep t  constant  whereas  
PSiH4 and consequent ly  the  growth  r a t e  was varied.  
The  var ia t ion  of growth  ra te  wi th  PSiH4 is shown in Fig. 
1, and  the boron concentra t ion as a funct ion of g rowth  
ra te  is depic ted  in Fig. 2. The scat ter  in the  resul ts  
shown in Fig. 2 decreased cons iderab ly  af ter  checking 
the appa ra tus  for  minor  l eaks  and careful  d ry ing  of 
the  quar tz  tube  used. Subsequent  exper iments  then  
showed the  same behavior ,  i.e. no dis t inct  increase or 
decrease of the concentra t ion of boron incorpora ted  in 
the  layers  as long as PBoH6 is kep t  constant;  only  for  
the  highest  g rowth  ra tes  a s l ight  decrease  in boron 
concentra t ion  is found. 

The boron concentra t ion in the  layers  var ies  l inea r ly  
wi th  PB2H6 (Fig. 3). I f  the  wa te r  vapor  p ressure  is 
increased for  a f ixed va lue  of PB2H6 and PSiH4, a 
decreas ing boron concentra t ion  is found; this  effect 
occurs for  var ious  d iborane  concentra t ions  (Fig. 4). 
For  h igher  values  of PH2o the decrease  is p ropor t iona l  
to (pH20) ~ (Fig. 4). 

The boron concentra t ion in the  ep i tax ia l  layers  is 
t empe ra tu r e  dependent ;  con t r a ry  to the  findings for 
n - t y p e  dopants  (7) the  concent ra t ion  increases wi th  
increasing t empera tu re  (Fig. 5). There  is some indica-  
t ion of a decreas ing  influence of wa te r  wi th  increasing 
tempera ture .  
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Influence of HCl on boron dop/ng . - -The  in t roduct ion 
of HC1 in the  ep i tax ia l  reac tor  shows only a smal l  
influence on sil icon g rowth  ra te  (8) : a ra t io  PHCl/pSIH4 
of 1 reduces the  silicon g rowth  ra te  by  0.4% and a 
rat io  of 4 gives a reduct ion of 6%. The presence of 
HC1 also counteracts  the  incorpora t ion  of boron in 
the  growing silicon (9).1 The influence of the  in t roduc-  
t ion of HC1 on the acceptor  concentra t ion is pronounced 
if no wa te r  vapor  is added (Fig. 6, curve pH~O : 0). 
For  an HC1 concentra t ion g rea te r  than  10 -8 a tm (P~ci/  

This effect is used in obtaining pure  polycrystal l ine silicon by  
the pyrolysis of chlorosilanes. 
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Fig. 1. Growth rate of silicon as a function of the partial pressure 
of silane in the gas phase. 
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Fig. 2. Boron concentration in the epitaxial layers as a function 
of silicon growth rate (constant partial pressure of diborane in the 
system). 
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Fig. 3. Boron concentration in epitaxially grown layers vs. the 
diborane partial pressure introduced into the reactor. 
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Fig. 5. Temperature dependence of the boron concentration in 
epitaxial layers for a constant diborane concentration and various 
water vapor partial p~essure in the gas. 
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Fig. 6. Boron concentration in epitaxial silicon as a function of 
the amount of hydrochloric acid added in the gas phase, with the 
water vapor content as parameter. 

PSiH4 = 1) the  boron concentra t ion in the  grown layers  
is seen to decrease wi th  PHC[. 

Fo r  gas mix tures  containing H20, HCI, B2H6, and 
Sill4 in hydrogen  the resul t  is depicted in Fig. 6 and 7. 
At  low values  of PHCl the  influence of wa te r  vapor  is 
more  pronounced  than  at  h igher  va lues  of PHC]. 

Discussion 
In  this section the influence of w a t e r  and  h y d r o -  

chloric acid vapor  on the silicon growth  ra te  and on 
the boron doping wi l l  be t reated,  s ta r t ing  from possible  
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Fig. 7. Boron concentration in epitaxial silicon for a constant 
vapor pressure of diborane vs. the water vapor pressure, with the 
hydrochloric acid content as parameter. 

react ions  in the  gas-phase  and at  the gas-s i l icon in te r -  
face. F rom exis t ing thermochemica l  da ta  the p r e -  
dominant  reac t ion  products  can be inferred,  the  main  
object  being to re la te  the  var ia t ion  of the  boron con- 
cent ra t ion  in silicon to the  var ia t ions  in the  gas phase 
composition. I t  wi l l  be assumed tha t  the  react ions are  
surface catalyzed,  i.e. the  react ions  are thought  to p ro -  
ceed to equi l ibr ium,  the equ i l ib r ium constants  not  be -  
ing a l tered by  the presence of the  surface. 

Influence of water vapor on silicon epitaxy.--Two 
react ions on the silicon surface  are of importance,  viz. 

Si(s) + 2H~O(g) -- SiO2(s~ + 2Hs(s) 
K1 "- (pH20)-2 for PH2 "- 1 [1] 

Si(s) H- SiOz(s) = 2 SiO(g) 
K2 --  (Psio) ~ [2] 

and the combinat ion of [1] and  [2] 

Si(s) + H~O(g) = SiO(g) "F H~(g) 
Ks - -  PSiO/PH2o [3] 

If  equi l ib r ium [3] at  the  silicon surface is r eached  
sufficiently rapidly ,  the va lue  of K8 being about  30 at  
1400~ (10), then the equi l ib r ium vapor  pressure  of 
wa te r  near  the  surface wi l l  be  lower  than  in the  main  
gas phase. For  a dif fusion-control led reac t ion  ra te  the  
wate r  vapor  pressure  at  the  surface is reduced  by  a 
factor  Ks, assuming the  diffusion coefficients of HaO 
and SiO to be the  same. In  Fig. 8 w a t e r  and SiO vapor  
pressures  according to Eq [1] and  [2] are given (10), 
i.e. values  of K1-1/2 and K2'/2 as a funct ion of t e m p e r a -  
tu re  for PH2 --  1. In  the  regions I I  and III ,  fo rmat ion  of 
SiO~ is expected (Eq. [1] ) ;  whereas  in region I the  
silicon surface wi l l  be free f rom surface oxides. In  
region II, however ,  the  SiO2 formed on the surface 
reacts w i th  silicon to form vola t i le  SiO (Eq. [2]) and 
the  va lue  of PHeO at the  surface is reduced  be low the 
value  corresponding to the  lower  curve in Fig. 8 at  the  
t empe ra tu r e  studied. I t  is only  for wa te r  vapor  pres-  
sures h igher  than the  value  on the upper  curve (K2 F2) 
that  the  whole  surface wi l l  be covered by  SiO2, tha t  
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Fig. 8. Water vapor pressures that can be allowed in the gas 
phase growing epitaxial silicon layers. Curve 1 gives the water 
vapor pressures at the silicon surface in equilibrium with solid 
silicon dioxide as a function of temperature. Curve 2 gives the va- 
por pressure of silicon monoxide in equilibrium with solid silicon 
and silicon dioxide. Far water vapor pressures in region II the for- 
mation of volatile SiO prevents the formation of solid Si02 on the 
silicon surface. 

is, the actual  water  vapor pressure at the surface then 
has reached the critical value indicated by the lower 
curve. F rom reaction [1] it would be expected that  at 
1400~ water  vapor pressures greater than 4 ppm 
would cause the formation of SIO2. In  practice, with 
up to 50 ppm no deteriorat ion of the layers was ob- 
served because of reaction [2]. Epi taxy becomes im-  
possible, however, because of another  reason, i.e. ex- 
cessive gas phase reactions. 

Water  vapor can react  with silane in the gas phase 
or etch the silicon surface. In  both cases gaseous SiO 
is formed. It  is postulated that  this SiO diffuses into 
colder parts of the gas stream and decomposes accord- 
ing to 

2SiO = Si -{- SiO2 

As the vapor pressures of Si and SiO2 are low, the gas 
phase is easily supersaturated giving rise to gas phase 
nucleat ion of the corresponding compounds. Sub-  
sequent ly  decomposition of Sill4 occurs on the solid 
nuclei  leading to a serious depletion of silane in the 
gas phase. 

Boron doping . - - In  Fig. 2 it is shown that the boron 
concentrat ion in the epitaxial  layers does not depend 
on the silicon growth rate under  the prevai l ing con- 
ditions. 

The silicon growth ra te  is diffusion-controlled in 
the range of tempera tures  studied (8), but  for the 
incorporat ion of boron in  the growing layer diffusion 
control is not indicated, because otherwise increasing 
growth rates due to increasing concentrat ions of Sill4 
would give a decreasing boron concentration. The same 
number  of boron atoms has to be incorporated in 
increasingly thicker silicon layers. 

B2H6 is reported to decompose rapidly at elevated 
temperatures  into BH2 (11) and BH3 (12). This ex- 
plains the slope of the curve in Fig. 3, which is about 
unity. If B2H6 were stable, a slope of 0.5 would be 

expected. The incorporation of boron in silicon can be 
given as 

B2H6 = 2BHs (g) 
K4 = 7.0 at 1400~ (13) [4] 

BH3(g) : B (g )  -{- 3/2 Hs(g)  
Ks = 3.2 X 10 - s  at 1400~ (13) [5] 

B (g) : Bsl 
Ks [6] 

Bsi = B - m  + p 
K7 [7] 

The gas phase segregation coefficient of boron is best 
defined as the equilibrium constant of the reaction 
describing the incorporation of elernental boron in 
silicon giving ionized acceptor centers, s 

PB p nl 
. . . .  - -  [ 8 ]  

~B = [ B - ] s i  KsK~ KsK~ 

As the acceptor may be ass~ned to be fully ionized, 
and the value of p is equal to the intrinsic carrier 
concentration, ni at the temperature of the experiment, 
for B concentrations well below ni (approximately 
102o cm -s at 1400~ or 2 �9 10 -8 acceptors per Si atom), 
K7 is a constant giving the number density of states 
in the valence band of silicon. As the ambient pres- 
sure is unity, PB in Eq. [8] is equal to the mole ratio 
of boron in the gas phase close to the silicon surface. 
The concentration of acceptor centers in silicon will 
further be denoted by the symbol [B]. 

A practical segregation coefficient relates the con- 
centration of dopant in the system (PBsHB = Po) to the 
resulting acceptor concentration in the grown layer. 
With Eq. [4]-[7] we find, in the absence of water or 
HCI 

Po 1 1 
~'BzH6 - -  - -  - -  "YBH3 : ~B [9 ]  

[B] 2 2K~ 

In the gas phase B2H6 is dissociated completely into 
BHs, and therefore PBHs = 2 Po. 

Influence of water and HCI concentration on dop- 
ing.--If water  vapor and HC1 are present  in the gas 
phase, then reactions with the highly reactive boron 
hydrides can be expected. According to thermodynamic  
data (13), the most probable reaction products are 
BHO2, BCI, and BCIO. 

BH3 + 2H20 = BHO2 -{- 3H2 
K ~ 0 = 2 •  1011 a t l 400~  [10] 

BH3 -{- HC1 = BC1 -{- 2H2 
K11 "- 20 at 1400~ [11] 

BC1 + H20 = BC10 -{- H2 
K12 = 1.5 • 10 s at 1400~ [12] 

from [10] and [11] we obtain 

H2 + HBO2 -{- HCI = BC1 ~ 2H20 KIS : i0 - I~  
[13] 

moreover 

2 Po : PBH3 .gf_ PB ~- PBHO2 J r  PBClO J r  ~0'BCl [14] 

With Eq. [1]-[14] the resul t ing equi l ibr ium can be esti- 
mated for any  init ial  gas composition. As all equi l ibr ia  
are coupled it is sufficient to take one boron compound 
as the source of e lemental  boron in order to obtain 
the amount  of boron incorporated in the growing lay-  
ers. It is convenient  to select BH3. According to 
Brouwer (14), simple l inear  relations are obtained by 
spli t t ing Eq. [14] into a n u m b e r  of l imit ing cases; e.g. 

2The segregation coefficient is often defined as a= I ~ - )  / 
gas 

~--~--~ ) s o l i d ' o , - -  This definition is only meaningfu l  if B and Si are in- 

corporated in the same manner ;  o therwise  a depends on the value 
of PSIH~ and thus on the silicon g rowth  rate.  
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Fig. 9. Schematic representa- 
tion of the variation of the par- 
tial pressures of boron com- 
pounds in the gas phase as a 
function of the water and/or 
hydrochloric acid content of the 
gas: A = variation with p H 2 o  
for pHC! - -  0, B - -  variation 
with pHC1 for pH20 = 0, C - -  
variation with P]~20 for pHC! --- 
constant ( ~  Kl1-1) ,  and D - -  
variation with pHC1 for pH2O --" 
c o n s t a n t  ( >  KlO-  Y2). 

2Po = PBH3; 2po = PBHO2 in the presence of water  or 
2po = pacl if sufficient HC1 is present. In  doing this and 
int roducing the values in Eq. [10]-[13] the in terre la-  
tions can be depicted as in Fig. 9. The acceptor concen- 
trat ion in silicon is proport ional  to the value of PBH~. 
In  Fig. 9c and 9d it is seen that  PBHs is constant  for not 
too great values of Pn2o or PHCl- If BC10 would be 
present in greater  concentrat ions and a region 2po 
---- Psclo would appear, then in Fig. 9c the value of 
PBH3 would be decreasing with PH2O even in the low- 
water  vapor concentrat ion range. As this is not ap- 
parent  in Fig. 7, it is expected that  the value of K12 has 
to be lower than calculated. In  order to br ing the 
calculated and exper imental  results into accord, the 
value of K10 and Kl l  have to be taken higher than 
given with Eq. [10] and [11] together with a lower 
value of K12. These corrections are well  wi thin  the 
accuracy of the thermochemical  data (e.g. heat  of for- 
mat ion ot BH3 given as 25.5 ___ 10 kcal mole-1 (12) for 
BH2 as 48 _ 15 keal mole -1 (13).) In  total we expect 

2p. 
PBIt3 = [15] 

1 ~- K1oP~2o 2 ~ KnPHC[ 

By definition, "YBHa = PBH3/[B]; also, the actual water  
vapor pressure at the interface is lower than in the 
main  gas by a factor Ks. PHCl, however, will  have the 
same value at the interface and in the main  gas (8). 
Therefore 

2po 
[B] = [16] 

\ Ks + KllPHCl J 

The value of [B] can be t ransformed into a concen- 
t rat ion per cm 3 by mult ipl icat ion with 5 X 1022, the 
n u m b e r  of atoms per cm s of silicon. The experiments  

at 1150~ can then be explained with "YBH3 -- 1 O-a, 
K10 : 2 X 1013, K3 : 30, K n  : 103; with Eq. [9] we 
find 7B2ns ---- 5 X 10 -4. 

In  conclusion it can be stated that  the influence of 
varying amounts  of water  vapor and HC1 in the gas 
phase on the boron concentrat ion in the silicon can be 
explained semiquant i ta t ively  by  assuming the gas 
phase reactions to come to equi l ibr ium at the silicon 
interface. The main  features of the exper imental  re-  
sults are in accord with the predictions given in Fig. 9. 

Manuscript  submit ted Nov. 20, 1970; revised m a n u -  
script received April  12, 1971. This was Paper  374 
RNP presented at the Los Angeles Meeting of the 
Society, May 10-15, 1970. 

Any discussion of this paper  will appear in a Discus- 
sion Section to be published in the June  1972 JOURNAL. 
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Thick Epitaxial Films of Cubic ZnSe 
and ZnS by Vapor Phase Transport 

P. Vohl, W. R. Buchan, and J. E. Genthe 
I tek Corporation, Lexington, Massachusetts 02173 

ABSTRACT 

Films of cubic ZnSe and ZnS have been grown epitaxial ly on [100] ori-  
ented GaAs substrates by vapor phase t ranspor t  in flowing hydrogen. Thick- 
nesses up to 200 ~m over areas up to 5 cm 2 have been obtained. The ZnSe 
films are superior in crystal l ine qual i ty  to the ZnS films. The films exhibit  low 
birefr ingent  strain, good optical transmission, high resistivity, and ne a r - bu l k  
electro-optic constants. These properties make them suitable for use in in-  
formation storage devices utilizing the longi tudinal  l inear  electro-optic effect. 

The objective of this work was to produce cubic 
ZnSe and ZnS of qual i ty  suitable for use in electro- 
optic informat ion storage devices. These devices are 
designed to have a l aminar  s tructure for uti l ization of 
the longi tudinal  l inear  electro-optic effect in the spec- 
t ral  range of visible and near  ul t raviolet  light (1). 
For this mode of operation their geometrical specifica- 
t ion calls for an area at least 1 cm 2 oriented in the 
[100] direction and a film thickness sufficient to pre-  
vent  excessive current  flow at the required operating 
voltage. The operating requirements  for these devices 
impose quite s t r ingent  conditions on the properties of 
the film. The mater ia l  must  be free of optical defects 
and birefr ingent  strain. The intrinsic absorption edge 
must  be sharp and the resistivity high. Bulk  ZnSe 
and ZnS do not have the required properties. High re-  
sistivity bu lk  ZnSe is general ly  "strained and contains 
an undesirable  number  of twins and low angle grain 
boundaries.  The crystal  qual i ty of bulk  ZnS is even 
worse. This mater ia l  is characterized by stacking faults 
for a wide range of growth temperatures,  probably be-  
cause of a hexagonal  to cubic phase t ransi t ion which 
is reported to occur around 1020~ (2). Such structures 
const i tute optical defects and would degrade the elec- 
tro-optic performance of the device. Thus the requi re-  
ment  for uns t ra ined cubic phase mater ia l  imposes the 
condition of low tempera ture  growth for these com- 
pounds. This and the plate- l ike form of the device 
make epitaxial  film growth an attractive approach. 
Vapor phase growth methods for prepar ing epitaxial  
films of ZnSe and ZnS have been reported in the 
l i terature  (3-7). 

After considering possible substrates it was decided 
to t ry Si, Ge, and GaAs. In  a few pre l iminary  experi-  
ments  on growing ZnSe and ZnS, the best indications 
of epitaxy were obtained for films grown on GaAs. 
It was then concluded that  GaAs was more suitable 
for use as a substrate than either Si or Ge. 

In  this paper the procedure used for the growth of 
epitaxial  films of ZnSe and ZnS on GaAs by vapor 
t ransport  are outlined. The effects of different film 
growth parameters  on epitaxial  qual i ty  are described. 
The methods used to evaluate the crystal l ine properties 
of the films are listed along with the results obtained. 
Finally,  the results of optical absorption, electrical and 
electro-optic measurements  on these films are pre-  
sented. Concurrent ly  with using vapor phase growth 
methods, vacuum deposition of epitaxial  ZnS films was 
accomplished by M. E. Behrndt  and S. C. Moreno of 
these laboratories, with the same device objectives. 
Their  results are reported separately (8). 

Growth of Epitaxial Films 
Method.--The vapor t ransport  method used in this 

work is simple and highly efficient. Approximate ly  
1/3 to 1/2 of the source mater ial  lost by vaporization 

Key words: epitaxy, electro-optic effect, birefringent strain, film 
growth, II-VI semiconductors, single crystal. 

is deposited on the substrate.  A schematic design of 
the t ransport  chamber  incorporated into a modified 
Pensak furnace is shown in Fig. 1. A vert ical  quartz 
cyl inder ,--2 cm in diameter  by ~1  cm high is posi- 
t ioned on a flat source heater. The heater  consists of a 
notched ceramic disk wound with 0.018 in. p la t inum 
heater  wire. The source is placed on the heater  wi th in  
the quartz cylinder.  The cyl inder  has three supports 
upon which the substrate is placed, par t ia l ly  enclosing 
the t ransport  chamber.  

There is no separate substrate heater. The substrate 
is heated by convection from the source heater, and its 
temperature  is substant ia l ly  uni form because of the 
excellent  thermal  convection of the hydrogen carrier  
gas. The amount  of gas-vapor exchange between the 
ambient  env i ronment  and the inner  chamber  is varied 
by changing the length of the quartz supports. This 
spacing is general ly varied between 0.1 and 2.0 ram. 
A shelf in the cyl inder  acts as a baffle to deflect the 
direct vapor flow away from the outer edge of the sub- 
strate, so that in this region the vapor flow is parallel  
to the substrate, while at the center the flow remains  
near ly  perpendicular  to the substrate. A thermocouple 
is pressed against the back of the substrate. The t rans-  
port chamber  of Fig. 1 is placed inside a Pyrex  en-  
closure on a metal  base containing all the gas and 
electrical feedthroughs. Provisions exist for evacuating 
the chamber in order to operate at reduced pressure. 
The ambient  gas is normal ly  h igh-pur i ty  hydrogen al- 
though a dilute mix ture  of H2S in hydrogen has been 
tried. The hydrogen flows continuously.  

The ZnSe source is a wafer cut from a crystal grown 
in these laboratories (9). The ZnS source is Kodak 
I r t ran  II, a hot-pressed ZnS plate. It  is believed to 
contain some halide and metal  impurities. To remove 
any  apparent  dirt, the surface is cleaned by a dilute 
nitric acid etch and rinsed with distilled water. 

GaAs Thermocouple 
substrate ~_~ I I /- H2 flow 

Quartz - ' - - - -  \ 
..n_ r- - . . .~  ~ ~ Quartz I cyu ae ~ f ..r r  I 

1 em 

Source 1 
(~95o ~  T / / / / / / / / / / / / / / / / . ~  

S o u r e e _ ~ ' o '  ' o '  ' o '  ' o '  ' o '  ' o '  ' o '  I 
heater 

�9 2 e m  ~ 

Fig. 1. Schematic drawing of the vapor transport chamber for 
epitaxial growth of ZnSe and ZnS. 
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The substrates are [100] oriented single-crystal  
wafers of n -  or p-type,  commercial ly obtained, GaAs. 
This is the orientat ion which exhibits the longi tudinal  
l inear  electro-optic effect. The wafers are either me- 
chanically polished and then etched in methanol -bro-  
mine  solution or chemically polished. They are be-  
tween 0.010 and 0.020 in. thick. An optically reflecting 
scat ter-free surface is desirable, al though general ly 
some dust particles, scratches, and pits remain  after 
processing. 

The source and substrate are dried and installed in 
the furnace. Prior  to film deposition the furnace is 
evacuated and flushed with hydrogen. The desired hy-  
drogen pressure and flow rates are then established. 
Films have been grown at hydrogen pressures ranging 
from 50 Tor t  to 1 atm, but the best results were 
achieved at pressures between 100 and 300 Torr, and 
hydrogen flow rates around 10 cm3/min. The source 
heater  is raised to a tempera ture  of about 950~ The 
substrate tempera ture  is between 400 ~ and 500~ 
Under  these conditions the films grow at a rate which 
ranges between 3 and 5 ~,m/hr. Growth times are be- 
tween 25 and 40 hr to yield films between 75 and 200 
#m thick. The reaction is believed to be ZnX + H2 
Zn + H2X (where X ---- Se or S). The presence of the 
hydrogen is probably not impor tant  except possibly 
for serving as a reducing agent or as a carrier gas be- 
cause vapor t ransport  occurred at about the same rate 
in the presence of an iner t  gas. 

E~ect of growth conditions on epitaxial qual i ty . -  
Five ZnSe films followed by 30 ZnS films have been 
grown on (100) GaAs substrates. Both types of film 
have been grown to thicknesses of 200 ~m over areas 
up to 5 cm e. The epitaxial  qual i ty of the individual  
films was evaluated pr imar i ly  by means of micro- 
scopic studies of the film surfaces and of cleavage sec- 
tions. These studies were ini t ia l ly  checked against 
x - r ay  and electron diffraction results. 

Of the ZnSe films, the first was par t ly  epitaxial, and 
the fourth and fifth were completely epitaxial. The 
ini t ial  deposit of prat ical ly all the ZnS films is epi- 
taxial, but  as the thickness increases beyond about  
10 #m the tendency toward polycrystal l ine growth in-  
creases. Good reproducibi l i ty  of thick (~25 ~m) ZnS 
films of high crystall ine perfection has not yet  been 
achieved. Of the 30 ZnS films, about five were com- 
pletely epitaxial. About  20 were par t ly  epitaxial, with 
epitaxy always occurring in a r ing at the outer edge of 
the substrate, where the vapor flows fast and parallel  
to the substrate. The centers of these films contained 
polycrystal l ine pockets amid the epitaxial material.  
About  five ZnS films were main ly  polycrystall ine.  

During the experiments  on ZnS film deposition, a 
number  of growth parameters  were varied to deter-  
mine their  effect, if any, on the epitaxial  qual i ty of the 
films. The observations made are summarized in Table 
I. Of the parameters  listed, it was found that hydrogen 
pressure (c) hydrogen flow rate  (d), and especially 
chamber  geometry (g) could be varied to improve the 
qual i ty of the films. These results imply that the par-  
tial pressure and concentrat ion of the vapor species 
have a pronounced effect on epitaxy, and therefore 
that the degree of supersaturat ion is important.  Low 
supersaturat ion is general ly the desired condition for 
avoiding fast nucleat ion on the substrate of many  mis-  
aligned nuclei. The vapor pressure over the source 
material,  for a given tempera ture  distribution, H2 
pressure, and flow rate, is controlled main ly  by the 
pressure drop across the chamber  opening. This in 
tu rn  depends on the spacing as determined by the 
length of the quartz supports. With "large" spacing, 
enough vapor is carried out of the chamber  to make 
thick film growth very  inefficient. With v i r tual ly  no 
spacing, i.e., a closed chamber, the vapor pressure is 
apparent ly  sufficient to cause enough supersaturat ion 
at the substrate to prevent  epitaxial  growth. At some 
opt imum spacing (with the chamber geometry de- 
scribed this was about  1.0 mm) the vapor pressure es- 

Table I. Effects observed with variation of ZnS film growth 
parameters 

Condition or Effect  on 
Parameter  se t t ing  epi taxia l  qual i ty  

(a) Substrate prep- Etching No m a r k e d  ef fect  
aration Chemical polishing 

Outgassing 
(b) Substrate tern- 400~176 For a given ~hiekness, 

perature film surfaces are 
rougher  w i t h  in-  
crease in substrate 
t emperature  

(c) Hydrogen pres-  100-760 Tort L o w e r  pressure en- 
sure hances  ep i taxy  

(d) Hydrogen gow 1-I0 cm~/min Higher  f low rate en- 
rate hances  e p i t a x y  

(e) Growth rate 3-5 ~m/hr No marked effect  
(f) Cool down time 1-4 hr No marked effect  
(g) Chamber geom- The spacing  for Discussed in test 

etry vapor f low out  
of the transport  
chamber was va- 
ried by chang= 
ing the  l ength  
of the quartz 
supports  

tablished a low enough supersaturat ion to provide for 
epitaxy at a reasonably high growth rate. This might  
be the explanat ion for epi taxy occurring preferent ia l ly  
at the outer edge of the substrate where the degree of 
supersaturat ion is l ikely to be low because of the 
pressure drop in  this region. Polycrystal l ine defects 
increase with film thickness instead of "growing out," 
suggesting that  the amount  of supersaturat ion tends to 
increase with film thickness. However, no satisfactory 
explanat ion for this result  has been found. 

Evaluation of Crystall ine Properties 
X-ray and electron diffraction.--X-ray diffractom- 

eter traces showed strong reflections only from (100) 
planes. Laue back-reflection photographs were taken 
on films at least 75 ~,m thick. These reveaIed the four-  
fold symmet ry  as shown in Fig. 2 and 3 for ZnSe and 
ZnS, respectively. Electron diffraction pat terns  of the 
as-grown surface of a 70~m thick ZnS film are shown 
in Fig. 4a and 4b. 

Surface morphology.--Figures 5a and 5b are photo- 
micrographs of the as-grown surfaces of a ZnSe and 
ZnS film, respectively. 

Fig. 2. Laue reflection photographs of ZnSe film and [100] 
oriented GaAs substrate. The apparent rotation of the ZnSe was 
caused inadvertentty by sample rotation. 
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Fig. 3. Laue reflection photograph of ZnS film on [100] oriented 
GaAs substrate. Film thickness, 100 Fm. 

Fig. 4. Reflection electron diffraction of as-grown ZnS film on 
(100) GaAs. a) [100] direction, b) [110] direction at 45 ~ 

ZnSe.--The film is 75 ~m thick and was deposited at a 
substrate tempera ture  of 450~ The surface is char-  
acterized by growth pyramids. The four-fold symmetry  
of the (100) plane is quite apparent,  although a slight 
elongation of some of the growth pyramids has oc- 
curred. On other pyramids, extra planes of higher order 
are visible. The pyramids are formed by (110) planes 
which intersect the surface at (100) planes. Steps are 

Fig. 5. As-grown surfaces of epitaxial films. (a) 75 ~m thick 
ZnSe film characterized by four-fold growth pyramids. (b) 80 Fm 
thick ZnS film characterized by four-fold pits. 

visible on some of the sides; however, it could not be 
determined whether  or not they are spirals. The sur-  
face between the pyramids is fair ly smooth; the main  
features are very slight ripples which run  parallel  to 
the [110] direction. 

ZnS.--The film is 80 ~m thick and was deposited at a 
substrate temperature  of 430~ The surface is char-  
acterized by  pits of predominate ly  tetragonal  shape. 
Ideally, the pits are inverted growth pyramids and 
exhibit  the four-fold symmetry  of the (100) plane ob- 
servable in the photomicrographs, but  actually many  
of them are elongated and some are even rhombo- 
hedral  in shape. The two dark horizontal bands are 
"troughs" which grew from scratches in the surface 
of the GaAs substrate. The surfaces of ZnS films be- 
tween the pits are rougher than those of the ZnSe films. 
In general, the surfaces of ZnSe were smoother and 
the growth features more near ly  four-fold symmetric 
than those of ZnS for films of similar thickness grown 
under  similar conditions. 

Cleavage.--The epitaxial  films and the GaAs sub- 
strates can be cleaved along (110) planes. A photo- 
micrograph of an epitaxial  ZnS/GaAs  edge cleaved 
along a (110) plane is shown in Fig. 6. The film thick- 
ness of 80 ~m was measured by means of the calibrated 
eyepiece of the microscope. The junct ion is directly 
observable, since the epitaxial  film transmits  visible 
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Fig. 6. (i10) Cleavage edge of ZnS/GaAs. The ZnS film is 
brightened by microscope light transmitted through it. 

light. Cleavage lines and "broken out" positions of the 
edge are visible in the photomicrograph. The cleavage 
lines change direction as they cross the interface. 
Cleavage defects appear to be more numerous  in the 
top 40 ~m of the film. Beyond about 30 ~m from the 
substrate, t iny polycrystal l ine boundaries become ap- 
parent.  These seem to flare with increasing thickness, 
and eventual ly  form the pits which are characteristic 
of the surface morphology. It is speculated that the 
defects originate at the surface of the GaAs, are prop- 
agated through the film, flare with thickness, and 
eventual ly  tend to dominate the structure. Beyond 80 
~m the epitaxial  qual i ty of such films can be substan-  
t ial ly degraded. The 4% lattice mismatch at the in ter-  
face could subsequent ly  induce fiber growth to account 
for such defects. 

Cleavage surfaces of nonepitaxial  films are rough. 
The edges are jagged and not along (110) planes. They 
scatter light in contrast to the edges of smooth epitaxial  
films, which reflect light specularly. This effect pro- 
vides a convenient  test for epitaxy because of its good 
correlation with x - ray  and electron diffraction results. 
Cleaved (110) planes of epitaxial  films of ZnSe/GaAs 
are general ly smoother and contain fewer cleavage 
lines than those of ZnS/GaAs.  

Bire]ringent strain.--The films were fur ther  evalu-  
ated with a beam split t ing Glan-Thompson prism by 
viewing the reflected light from the GaAs/ZnS or 
GaAs/ZnSe interface after the top surface of the film 
was polished to an optical finish. This gives the optical 
equivalent  of viewing between crossed polarizers. Low 
birefr ingent  strain was readi ly observed in this man-  
ner, together with l ight scattered from point  defects 
at the top surface of the films. The bi refr ingent  strain 
in the films was compared with that  in a number  of 
na tura l ly  occurring cubic ZnS crystals in the form of 
~125 ~m thick wafers, most of which exhibited con- 
siderable strain. Almost all of the films showed less 
s train than even the best na tura l  crystals. Strain was 
lower in the ZnSe films than in  the ZnS films. The light 
scattering point defects are bel ieved to be polycrystal-  
line "columns" growing up through the film from the 
GaAs to the surface. 

Other Measurements on Epitaxial Films 
Optical absorption ol a ZnS film.--For this measure-  

ment  a ZnS film was separated from the GaAs sub- 
strate. This was accomplished by first polishing the 
top surface of the film and then etching away the GaAs 
with a solution of 2 ml  H20, 8 mg AgNOs, lg CrOs, and 
1 ml  HF (10), which leaves the ZnS intact. An optical 
absorption spectrum of the ZnS film at room tempera-  
ture is shown in  Fig. 7. It  compares quite well in the 
steepness of the absorption edge and in the t rans-  
mission at wavelengths beyond the edge with a spec- 
t rum obtained on high-puri ty ,  hexagonal  s ingle-crystal  
ZnS. 

Current-voltage characteristics of a ZnS fitm.--Cur- 
rent -vol tage  characteristics were measured on an un -  
polished 50 #m thick film of ZnS on a p- type  GaAs sub- 

Fig. 7. Optical absorption spectrum of ZnS film at room tem- 
perature. Inset shows ZnS film removed from the substrate. 

strate. A Ga- In  "point" contact was made to the ZnS, 
such that the area to thickness ratio was about 1 at 
the Ga- In  contact and much greater than  1 at the GaAs 
substrate. Positive and negative polarities were applied 
to the GaAs. Because of the small  contact area at one 
electrode compared to the ZnS film area, surface leak- 
age is considered to be negligible. The current  was 
recorded with a Cary electrometer. A large t ransient  
current  flows through the sample upon application of 
the voltage. It increases with increasing applied volt-  
age and consists of a polarization current  and an in -  
jected electron current.  Some of the injected electrons 
are subsequent ly  trapped. The t ransient  component of 
the electron current  is about an order of magni tude 
higher than the final s teady-state current.  The mea-  
surement  was made when the t rans ient  cu r r en t  was 
negligible, i.e., about half  an hour after the voltage 
was applied. 

Figure  8 is a plot of In I vs. In V. Below 400V the 
slope gradual ly changes from about 1 to about 9. The 
observed I -V characteristics may be due to space 
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Fig. 8. I-V characteristic of 50 #m thick ZBS film on p-type 
GaAs substrate. A 3 x 10 -3  cm 2 area Ga-ln contact is made to 
ZnS top surface. 
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charge l imited currents  or field-induced breakdown 
through hot carr ier  effects. 

Electro-optic measurements . - -The  ZnS and ZnSe 
epitaxial  films both showed the l inear  electro-optic 
effect (Pockels effect) characteristic of materials  with 
43 m symmetry.  

The electro-optic constants (r41) of one ZnSe and 
two ZnS films were determined by first measur ing the 

no 3 r41 
Pockels constant  k - -  - -  and then measur ing the 

refractive index, no, at the same wavelength,  L The 
Pockels constant  was found by using a calibrated 
electro-optic light modulator  (EOLM) between polar-  
izers in the same optical path as the film being mea-  
sured. The a r rangement  is shown in Fig. 9. The films 
were oriented so that  the plane of reflection coincided 
with the plane defined by  two of the cube (4-) axes, 
and the incident  light was l inear ly  polarized perpen-  
dicular to the plane of reflection [i.e., parallel  to one 
of the cube (4) axes]. The retardat ion introduced by 
applying a known voltage across the film was balanced 
by applying a voltage to the EOLM to introduce an 
equal but  opposite retardation.  The light intensi ty 
t ransmit ted  by the system is then 

I : Io s i n  2 x ( r l  -5 r ~ )  
[1] 

---- 0, when  r l  -5 r2 = 0, 1, 2 . . .  

where  Io is the incident  light in tensi ty  and r l  and r2 
are the retardat ions in the film and the EOLM, re -  
spectively. Thus, the photomult ipl ier  provided a signal 
for detecting the nul l  when  

r l  = r2 
i.e. 

2klV1 cos r = -- k2Y2 

kl : [2] 
2[V1] (V2)~ cos 

where kl, and V1 and k2, and V2 are the Pockels con- 
stants of and voltages applied to the film and the 
EOLM, respectively, (Vs)x is the full  wave voltage of 
the EOLM, and r is the angle of refraction in the film. 
The angle of incidence was 11 ~ for all the measure-  
ments  so that the angle r was about 4~/z~ the approxi-  
mat ion cos r ~ 1 was therefore made. The factor, 2, in 
the denominator  arises f rom the double pass of light 
through the film. 

The refractive index, no, of each film was found by 
measur ing Brewster 's  angle. The measurements  of the 
Pockels constants and the refractive indices were all 
made at 633 nm using a 1 mW He/Ne laser source. 
Voltages of either polari ty were applied. The current  
through the ZnSe film at 40V was 10-TA. For the ZnS 
samples the currents  were always less than 10-10A. 

ZnS 
Aperture~ Transn~=entt .GaAs 

Laser Polar - / ~ conducL't~ng 1 /  
(6328A) izer E O L M  | electrode~.~_ 

A p e r ~  

l a r i z e r  

P h o t o m u l U p l i e r  

Fig. 9. Schematic of optical arrangement for measuring phase 
retardation in epitaxial films. 

Since the ma x i mum value of VI was l imited to about 
100V by the thickness of the films, the ma x i mum value 
of r l  was of the order of 102. The optical system there-  
fore had an extinction ratio of 105 which gave distinct 
nul ls  when  balancing r l  and 1"2. 

Voltage across the film was applied between the 
GaAs substrate and a 2 mm diameter  t ransparent  con- 
ducting p la t inum electrode evaporated onto the pol- 
ished surface of the I I -VI  film. The GaAs/ZnS or 
GaAs/ZnSe interface acted as a reflector of about 5% 
efficiency which gave two light passes through the film 
and double the birefringence. A na tu ra l  crystal of cubic 
ZnS was also measured in the same way by using a 
layer of evaporated A1 as the" reflecting electrode. The 
polished surfaces of the films and of the na tu ra l  ZnS 
wafer were slightly nonpara l le l  so that  the relat ively 
strong reflection from the plat inized top surface was 
excluded by the apertures used. 

The results of the measurements  along with values 
for bu lk  crystals reported in the l i terature are listed 
in Table II. The figures for kl in column 4 are the 
average values obtained from Eq. [2] over the range 
of applied voltage given in column 3. There was no 
consistent difference between the values obtained with 
opposite polarities at the same voltage or with different 
voltages. For the samples studied, the refractive indices 
in column 5 were used to derive the values for r41 in 
column 6. The accuracy of the Pockels constants is 
•  and that of the refractive indices • The 
accuracy of r41 is therefore about ~-3%. 

The value of r4~ obtained for the na tura l  ZnS crystal 
agrees quite well  with that  given by Namba (12). The 
epitaxial  films all gave values for r41 slightly lower 
than the values for the bu lk  crystals al though the 
value for the ZnSe film is very  close to the bu lk  value. 
The values of r41 obtained for the ZnS films are re-  
spectively 92% and 83% of the value obtained for the 
natural-crystal .  The refractive indices of the films are 
about 98% of the values for the bu lk  crystals. 

The hal f -wave voltages calculated from the Pockels 
constants are 13-14 kV for the epitaxial  ZnS films, 
10 kV for the epitaxial  ZnSe film, and 11.3 kV for the 
na tura l  ZnS crystal. 

Conclusions 
GaAs was found to be the most suitable substrate 

for vapor deposition of [100] oriented cubic ZnSe and 
ZnS films. Epitaxial  films have been grown to thick- 
nesses of 200 gm over areas up to 5 em 2. With the 
ambient  hydrogen flow method employed, it was found 
that  the ambient  pressure and flow rates affect the 
epi taxy of the deposited films. The greatest effect on 
epitaxial  qual i ty  of the ZnS films was produced by 
the geometrical a r rangement  of the t ransport  chamber, 
which is apparent ly  impor tant  in controll ing the degree 
of supersaturat ion of the vapor species. The best 
epitaxy is in the ini t ia l ly deposited layers. With in-  
creasing thickness, polycrystal l ine pockets tend to 
form. The 4% lattice mismatch at the interface could 
be the origin of subsequent  fiber growth. The surfaces 
of the films are characterized by four-fold growth 
pyramids in the case of ZnSe and four-fold pits in the 
case of ZnS. It  has been concluded that  epitaxial  ZnSe 
films on GaAs are superior in crystal l ine qual i ty  to the 
ZnS films. 

Table II. Measured values of Pockels constant, refractive index, 
and electro-optic coefficient at 633 nm 

Sample  

Electro-optic  
coefficient, 

Volt-  Pockels  Refrac- Xkl 
Thick-  age constant,  t ive  ~41 ---- 

ness range k l  index,  no ~ 
(/~m) (V) (V-1.10 -5 ) no (10-~ m/V)  

ZnS/GaAs  40 20-100 3.85 2.30 2.00 
ZnS/GaAs  20 20-I00 3.63 2.33 1.82 
ZnS (natural)  400 20-200 4.44 2.35 2.16 
ZnS (bulk) - -  - -  - -  2.354 (11) 2.1 (12) 
ZnSe /GaAs  20 10-40 5.00 2.52 1.98 
ZnSe (bulk) - -  - -  - -  2.580 (13) 2.0 (14)[546 rim] 
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The opt ical  absorpt ion spec t rum of ep i tax ia l  ZnS 
films is s imi lar  to tha t  of bu lk  ZnS. Bi re f r ingent  s t ra in  
is far  less in these films than  in na tu ra l ly  occurr ing 
cubic ZnS. The res i s t iv i ty  of ZnSe films is a round  1021 
ohm-cm and tha t  of ZnS is g rea te r  than  1024 ohm-cm. 
The Pockels  constant  of the ZnS films is app rox ima te ly  
85% of the  va lue  for na tu ra l  ZnS crystals .  Fo r  the 
ZnSe films i t  is ve ry  close to tha t  repor ted  for bu lk  
ZnSe crystals .  
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Anneal Behavior of Cd Ion Implanted GaAs 
R. G. Hunsperger and E. D. Wolf 

Hughes Research Laboratories, Malibu, California 90265 

ABSTRACT 

The high t empe ra tu r e  anneal  behavior  of la t t ice  damage  produced  by  60 
keV Cd + ion implan ta t ion  of GaAs has been measured  for ~ 1 1 1 ~  subs t ra tes  
imp lan t ed  at  77 ~ and 300~ Measurements  of re la t ive  la t t ice  d i sorder  were  
made  by  the  Coates -Kikuchi  pa t t e rn  technique,  which  employs  a scanning 
e lect ron microscope. Damage  produced by  ion doses ~ 1014/cm2 was observed 
to anneal  g radua l ly  in the t e m p e r a t u r e  range  f rom about  400~176 There  
was no significant difference in the  anneal  behavior  of samples  implan ted  wi th  
the  subs t ra te  at 77~ and those implan ted  at room tempera ture .  Ha l l  measu re -  
ments  of surface ca r r i e r  concentrat ion,  average  mobil i ty ,  and sheet res i s t iv i ty  
in the  implan ted  layers  showed tha t  the  e lect r ica l  p roper t ies  fol low essent ia l ly  
the same t rends  as the damage  anneal  curves. Annea l ing  at app rox ima te ly  
800~ or h igher  was requi red  to obtain m a x i m u m  electr ical  ac t iv i ty  of the 
implan ted  ions and m a x i m u m  car r ie r  mobil i ty ,  a l though a p - t y p e  l aye r  could 
be produced by  anneal ing  at  t empera tu res  as low as 600~ Samples  im-  
p lan ted  with r e l a t ive ly  low ion dose (,-~101~/cm ~) exhib i ted  damage  anneal  
stages at t empera tu res  below 500~ bu t  st i l l  r equ i red  anneal ing  at 700~ or 
g rea te r  to produce  a measu rab le  p - t y p e  layer .  

Ion implan ta t ion  has been used to dope ga l l ium 
arsenide  wi th  both p -  and n - t y p e  dopants.  The elec-  
t r ica l  p roper t ies  of p - t y p e  layers  have  been repor ted  
for Zn (1-4),  Cd (2, 4), and C (5) implantat ions ,  
whi le  Se (6), Te (1), S (4, 5), and Si (5) have  been 
shown to form n - t y p e  layers.  In  general ,  implan ta t ion  
must  be pe r fo rmed  at  t empera tu re s  grea te r  than  400~ 
or must  be fol lowed by  anneal ing  at  such t empera tu re s  
to e l iminate  implan ta t ion -caused  la t t ice  damage and 
to cause implan ted  dopant  a toms to move  to e lec t r ica l ly  
act ive la t t ice  positions. The re la t ion  be tween  la t t ice  
damage anneal ing  and the e lect r ica l  p roper t ies  of 
implan ted  layers  depends  on a number  of var iab les  
inc luding ion type,  ion energy,  subs t ra te  t e m p e r a -  
tu re  dur ing  implanta t ion ,  ion dose, and dose rate.  
This paper  is concerned wi th  the  high t e m p e r a t u r e  
(~50O~ anneal  behav ior  of la t t ice  d isorder  produced 
by  60 keV Cd ion implan ta t ion  of GaAs at room tem-  
pe ra tu re  and its corre la t ion  wi th  the  e lect r ica l  p rope r -  
t ies of the  implan ted  layers ,  as p rev ious ly  repor ted  (4). 
The anneal  behavior  of doped layers  p roduced  by  im-  
p lan ta t ion  of 60 keV Cd ions into GaAs subs t ra tes  held  

Key words: Coates-Kikuchi analysis, lattice disorder, ~on-irn- 
plantation doping. 

at 77~ is also described,  wi th  respect  to both lat t ice 
damage  and e lect r ica l  p roper t ies  of the layers.  

Experimental 
The samples  were  p repa red  f rom ga l l ium arsenide 

~ 1 1 1 ~  or iented  (+_3 ~ wafers  a pp rox ima te ly  15 mils  
thick, wi th  the  "B" face etch pol ished in a solut ion of 
me thy l  alcohol and b romine  to remove  sawing and 
lapping  damage pr ior  to ion- implan ta t ion .  I o n - i m -  
p lan ta t ion  was per formed,  wi th  the  subs t ra tes  e i ther  
at room tempera tu re ,  or  at 77~ using a 60 kV m a g -  
ne t i ca l ly -mass - sepa ra t ed  Cd + ion beam. The subst ra tes  
were  t i l ted --,8 ~ off axis to minimize  ion channel ing  
effects. Ion dose ra te  was ,~10 -7 A / c m  ~. P r io r  to an-  
neal ing the samples  were  coated wi th  a sput te red  l aye r  
of SiOe about  200OA th ick  to p reven t  outdiffusion of 
dopant  a toms and decomposi t ion of the  GaAs. Annea l -  
ing was pe r fo rmed  in a n i t rogen a tmosphere .  

The p - t y p e  dopant  Cd was implan ted  into n - t y p e  
subst ra tes  so that  the  resul t ing  p - n  junct ion would  
provide  e lect r ica l  isolat ion of the  implan ted  layer  d u r -  
ing measurement .  Subs t ra te  background  i m p u r i t y  con- 
cent ra t ion  was a pp rox ima te ly  1 x 1016/cm ~. The elec-  
t r ical  character is t ics  of the  implan ted  layers  (sheet  
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resistivity #,, effective surface carrier concentrat ion 
N,, and effective mobil i ty #) were determined using 
the van  der Pauw-Hal l  measurement  technique (7). 
Square-shaped Hall  samples (approx. 4 mm on a side) 
were diced from the ion- implanted  substrate wafers 
prior to annealing.  All  Hall  measurements  were made 
at room temperature,  after the samples were quenched 
in air from whatever  temperature  at which they were 
annealed. The max imum possible error in the Hall 
measurements  is estimated to be approximately 10%. 
This max imum error could occur only in cases in which 
the sheet resist ivity is large (>104 ohm/[:]) and hence 
the Hall  voltage is difficult to measure because of 
background noise voltage. Otherwise the error is l im- 
ited to the accumulative ins t rument  error of approxi-  
mately 3%. 

The measurements  of implanta t ion-caused lattice 
disorder were made by  the "Coates-Kikuchi" pat tern 
technique, which employs a scanning electron micro- 
scope as the measur ing ins t rument .  This method is 
relat ively new, and hence a brief description of it is 
provided even though it has been described elsewhere 
(8-10). 

When a collimated, monochromatic beam of electrons 
enters a crystal at a well-defined angle with respect 
to the surface and the lattice, certain Bloch waves are 
excited in the crystal. The anisotropic backscattering 
of these coherent waves through single and mul t ip le  
events can be displayed as a funct ion of the incident  
beam angle by  uti l izing a collimated scanning electron 
beam and a sensitive detector to collect the high 
energy backscattered electrons (11). Figure 1 (top) is 
a schematic representat ion of the experimental  method 
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Fig. 1. Schematic diagram of Coates-Kikuchi pattern measure- 
ment technique. 

and Fig. 1 (bottom) is an idealized one-dimensional  
l ine scan or thogonal to  the (110) lattice planes. 

The ion- implanted  specimens were cleaned in HF 
to remove the surface oxide and were placed in the 
scanning electron microscope along with a clean non-  
implanted GaAs wafer which served as a reference 
standard. It  should be noted that  regions of the sam- 
ples that  were masked from the ion beam during im-  
planta t ion (by the spring clips that  held them in place 
in the apparatus) also served as nonimplanted  refer-  
ence areas. These areas were, of course, SiO2 coated 
and annealed along with the rest of the sample. Since 
the Coates-Kikuchi  pat terns for these areas were the 
same as that for the nonimplanted,  nonannealed  ref- 
erence standard, the heat t rea tment  can be ruled out 
as a possible source of lattice disorder. The relat ive 
backscattered electron intensities were recorded as 
i l lustrated in Fig. 2 [from Ref. (9)] using an annular  
semiconductor diode detector. The fractional change in 
intensi ty  (~I/hlref) across the 044 band  edge (line) 
was determined by dividing the change observed for 
an ion- implanted  sample hi  by the intensi ty  change for 
the reference sample ,~Iref. A Faraday cup was used to 
measure the beam current.  The beam current  was 
typically 1 x 10 - s  A and did not change between mea-  
surements  of the unknow n  and the standard, nor  were 
any other conditions allowed to vary  dur ing the mea-  
surements.  This fractional in tensi ty  change (hi/hirer) 
has been defined earl ier  (8) as the normalized pat tern 
qual i ty I*, and is a measure of the lattice perfection 
(or lack of). 

Results and Discussion 
The data shown in Fig. 3 give the anneal  behavior of 

implanta t ion-caused lattice disorder, as indicated by 
the parameter  I*, for implanta t ion performed with the 
substrate held at either room tempera ture  or 77~ 
(The data corresponding to samples implanted at room 
temperature  and annealed at 450~ or below have been 
previously published (9), but  are included for com- 
pleteness and to allow comparison with the data for 
samples implanted at 77~ For samples implanted 
with ion dose greater than 1 x 1014/cm ~ a gradual  
anneal ing of lattice disorder was observed in the tem- 
perature  range from about 400~176 with relat ively 
little addit ional  improvement  after heat t rea tment  at 
higher temperatures.  This same t rend was evident  in 
the electrical characteristics of the implanted layers, 
as shown by the resistivity data of Fig. 4. Hall mea-  
surements  could not be made for samples annealed 
below 600~ because there was not sufficient electrical 
activity to produce a p- type  region and resul tant  p -n  
junct ion to isolate the implanted layer  from the sub- 
strate. There was no significant difference in the anneal  
behavior  of samples implanted  with the substrate at 
77~ and those implanted at room temperature;  in 
this respect GaAs behaves differently from silicon. For 
example, a 60 keV Cd ion dose --~ 1014/cm 2 ex- 
ceeds the level required to form a region of satu- 
rated damage in the GaAs, as determined by 
Rutherford backscattering measurements  (13). Davies 
(14) has found that  silicon <111> oriented samples, 
implanted at 77~ with greater than the saturat ion 
dose of 200 keV boron, exhibit  an abrupt  anneal  stage 
at a tempera ture  several hundred  degrees below that  
required to cause the same change in resistivity in 
samples implanted at room tempera ture  with the same 
ion dose. Other authors (15, 16) have also reported 
what  appears to be damage-enhanced anneal ing in 
silicon. The difference between the anneal  behavior in 
these part icular  cases of ion- implanted  layers in GaAs 
and Si indicates that  reordering of the lattice depends 
not just  on the over-al l  degree of lattice damage but  
also on the part icular  lattice defects involved. Very 
little is known about the detailed na ture  of lattice 
defects created in either GaAs or Si by ion implan ta -  
tion. However, the different lattice structures of the 
two materials  can reasonably be expected to yield 
different defect types. For example, di-vacancies have 
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Fig. 3. N o r m a l i z e d  pat tern  qual i ty  I *  for  implanted  and annea led  
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Fig. 2. Coa tes -K ikuch l  pat terns for Cd + ion implanted  G a A s  

been identified in ion- implanted  Si (17), whi le  
vacancy-dopant  atom complexes appear  to form in 
GaAs (18, 19). 

It is interest ing to note f rom the data of Fig. 3 that  
even after annealing at 900~ complete recovery was 
not observed in any sample. There was always a resid-  
ual disorder, which was greater  for the samples im-  
planted with  larger  ion dose. F rom a practical  v iew-  
point it is thus desirable to avoid v e r y  large doses, for 
the largest  surface carr ier  concentrat ion that  could be 
produced in any sample after anneal ing at t empera-  
tures up to 900~ was approximate ly  1-2 x 1014/cm2, 
even in samples wi th  implanted ion doses as high as 
3 x 1015/cm 2. Implantat ion of more than 2 x 1014 ions/  
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Fig. 4. Dependence of  sheet resistivity on annea l  tempera ture  

cm 2 served only to reduce carr ier  mobi l i ty  and did not 
result  in increased carr ier  concentration, as shown by 
the data of Fig. 5 for the samples implanted at 77~ 
Similar  results were  obtained for samples implanted at 
room tempera tu re  (4). For  ion doses --~1014/cm ~ 100% 
electrical  act ivi ty of the implanted  ions was observed 
after  annealing at 800~ or higher. The upper  l imit  to 
the carr ier  concentrat ion seems to result  mere ly  from 
reaching the solubil i ty l imit  of Cd in GaAs, which 
Goldstein (20) has reported to be 2 x 1019/cm 8 for the 
case of diffusion at 900~ f rom a vapor  source. Angle  
section and stain measurements  have shown that  the 
p-type,  Cd implanted layer is approximate ly  0.1~ thick; 
thus the peak Cd ion concentrat ion per cm 3 is ~,1019/ 
cm 3 for a sample implanted with  1 x 1014 ions/cm 2. 
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Fig. 5. Dependence of carrier concentration and mobility on an- 
neal temperature. 

(The concentrat ion vs. depth profile for the im-  
planted ions is roughly Gauss ian ,  ra ther  than  being 
uniform.)  The exact na tu re  of the residual  lattice dis- 
order cannot be determined from the Coates-Kikuchi  
pat tern  analysis. However, t ransmission electron 
microscopy applied to 40-100 keV Ne implanted GaAs 
by Mazey and Nelson (21) has shown that  networks 
of small  dislocation loops remain  following anneal ing 
at 700~ It should be emphasized that the effect of 
residual lattice damage on the electrical properties 
(carrier concentrat ion and mobil i ty)  of samples im-  
planted with ~: 1 x 1014Cd+/cm2 and annealed at 
--~800~ is negligible (4). 

The anneal  behavior  of lattice damage in samples 
implanted with smaller ion dose than that  required to 
produce a layer  of saturated disorder is different from 
that  considered thus far for saturat ion doses. For ex- 
ample, referr ing again to the data of Fig. 3, the sam- 
ples implanted with 1.5 x 10 is Cd+/cm 2 exhibited 
almost complete recovery after anneal ing at only 
150~ Similar  results have been obtained by Weisen- 
berger, Picraux, and Vook (22), who observed that the 
lattice damage produced by implant ing  GaAs with low 
doses of either 140 keV Zn or 150 keV Xe (at 99 ~ and 
93~ respectively) was almost completely el iminated 
by anneal ing  at 125~ for 15 rain. I t  must  be empha-  
sized, however, that recovery of the lattice does not 
necessarily imply that  the implanted ions wil l  assume 
subst i tut ional  positions and become electrically active. 
In  the case of the samples implanted with 1.5 x 1013 
Cd+ /cm 2 it was necessary to perform anneal ing at 
700~ before a p - type  layer  was observed, and at 800~ 
before 100% of the implanted ions were electrically 
active (4). 

The samples implanted wi th  6 x 1013 Cd+ /cm 2 
(which is approximately the threshold for damage 
saturat ion in the case of room tempera ture  implan ta -  
t ion of 60 KeV Cd ions) exhibited a small  anneal  stage 
between 150 ~ and 250~ and a large anneal  stage be-  

Fig. 6. Coates-Kikuchi pattern for 6 x 10t~Cd+/cm 2 implanted 
GaAs after 300~ anneal. 

tween 400 ~ and 500~ separated by a range of anneal  
tempera ture  wi th in  which lattice disorder apparent ly  
remained unchanged (Fig. 3, 6 x 101Z/cm 2 dose anneal  
curve) .  The Coates-Kikuchi  pa t te rn  characteristic of 
this anneal  state (shown in  Fig. 6) is unusual  in that  
it shows high contrast  for the (220) bands bu t  very  
little fine detail, whereas heavi ly  damaged unannealed 
crystals or very  th in  amorphous films exhibi t  more 
general  over-al l  diffuseness with no enhanced principal  
direction scattering. This suggests par t ia l  anneal  with 
preferred order in the (110) directions, but  wi th  slight 
random misa l ignment  of the microscopic-damaged 
zones in other directions which destroys the long range 
order or fine detail  in the reciprocal lattice displays. 
A similar effect has been observed in certain instances 
for ion- implan ted  silicon (23). 

Summary 
Measurement  of the lattice disorder in  annealed,  60 

keV Cd + ion implanted GaAs by the Coates-Kikuchi  
pa t te rn  technique has shown that  damage produced by 
ion doses ~ 1014/cm 2 anneals  gradual ly  in the tempera-  
ture range from about 400~176 There is no signifi- 
cant difference in the anneal  behavior  of samples im- 
planted with the substrate at 77~ and those implanted 
at room temperature.  The damage in samples implanted 
with smaller ion doses anneals  at lower temperatures.  
However, complete recovery was not observed in any 
sample, even after anneal ing  at 900~ Hall  measure-  
ments  indicate that  ps, Ns, and g follow essentially the 
same trends as the damage anneal  curves. Annea l ing  
at approximately 800~ or higher is required in order 
to obtain ma x i mum electrical activity of the implanted 
ions, as well  as high mobility, al though a p- type  layer 
can be produced by anneal ing  at temperatures  as low 
as 600~ 
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The Elimination of Vacancy-Cluster Formation in 
Dislocation-Free Silicon Crystals 

A. J. R. de Kock 
Philips Research Laboratories, N. V. Philips" Gloeilampenfabrieken, Eindhoven, Netherlands 

ABSTRACT 

In d is loca t ion-f ree  silicon crys ta ls  g rown by  the f loat ing-zone technique 
vacancy clusters  a re  formed. The influence of c rys ta l  g rowth  condit ions on 
the c luster  format ion  is studied. Methods for the  p revent ion  of vacancy  cluster  
format ion  dur ing  growth,  based on a nuclea t ion  model, a re  discussed. In  crys-  
tals  g rown by  one of these methods  vacancy  c lus ters  could not  be detected.  

Up to now re la t ive ly  l i t t le  a t ten t ion  has been pa id  
to the  influence of point  defects  on the crys ta l  per fec-  
t ion of a s -g rown sil icon crystals .  The main  emphasis  
has been on the prevent ion  of the format ion  of dis loca-  
tions and i m p u r i t y  precipi ta tes .  Fo r  some t ime now it  
has been possible to grow silicon single crys ta ls  by 
f loat ing-zone techniques  in which  no p lanar  or  l ine de -  
fects a re  present.  Fur the rmore ,  because of the  high 
pu r i t y  of this  mater ia l ,  impur i t y  prec ip i ta t ion  wil l  not 
t ake  place.  

However ,  i t  has been r epor t ed  (1, 2) tha t  in dis loca-  
t ion- f ree  f loat ing-zone silicon crys ta ls  c lus ter ing of 
vacancies occurred,  leading to a poor  la t t ice perfection.  
P laske t t  (1) inves t iga ted  such crystals ,  grown in he-  
l ium, by  copper  decora t ion  and in f ra red  microscopy.  
The prec ip i ta tes  p resen t  a f te r  copper  diffusion were  a t -  
t r ibu ted  to vacancy  clusters  decora ted  wi th  copper.  
Abe and M a r u y a m a  (3) inves t iga ted  s imi lar  micro-  
defects  in d is locat ion-f ree  vacuum floating-zone silicon. 
They a t t r ibu ted  these defects to oxygen precipi ta t ion.  
However  an explana t ion  for oxygen  prec ip i ta t ion  in 
d is loca t ion-f ree  low oxygen-con ten t  silicon could not  
be given. De Kock  (2) ob ta ined  fu r the r  evidence tha t  
these defects  are  vacancy  clusters.  He de te rmined  the 
d is t r ibut ion  and concentra t ion  of the  vacancy clusters  
in commerc ia l  silicon crystals .  Two types  of vacancy 
clusters,  differing in size, were  found to be present .  A 
model  was p resen ted  which  e lucidates  both the fo rma-  
t ion and na tu re  of these defects. In  this  model  it  is as-  
sumed tha t  dur ing  cooling of the a s -g rown dislocation- 
free c rys ta l  vacancy -oxygen  complexes  are  formed ac t -  
ing as nucleat ion sites for the supersa tu ra ted  amount  
of vacancies.  Corbett ,  Watkins ,  and  McDonald (4) have 
found wi th  the i r  E.P.R. and in f ra red  spec t rometr ic  
studies of e l ec t ron - i r r ad ia t ed  silicon tha t  complexes  
of oxygen atoms and a vacancy  are  read i ly  formed. 
The t empe ra tu r e  % be low which these complexes  a re  
s table  depends  on the  number  (n)  of oxygen  a toms per  

K e y  words:  sil icon crystal  growth,  vacancy  clusters in Si, nu-  
cleation in Si, nucleation of point defects in Si. 

complex.  The A-cen te r  (n = 1) was found to be s table 
below 300~ The complex  wi th  n ---- 2 anneals  at about  
450~ whereas  the  complex  wi th  n : - 3  is p robab ly  
s table  be low 600~ I t  is known  (5) tha t  large  oxygen 
complexes  tak ing  the form of prec ip i ta tes  are  s table 
up to a t e m p e r a t u r e  of 1350~ App ly ing  the resul ts  
of Corbet t  et al. (4) to c rys ta l  growth  conditions,  the  
format ion  of s table  vacancy -oxygen  complexes  in di f -  
ferent  stages of the cooling procedure  can be expected.  
The  first s table  complexes  containing nl oxygen  atoms 
wil l  begin to form at about  T --  Tcl. This leads to the  
fo rmat ion  of large  clusters,  whereas  the  format ion  
be low Tcs ( <  Tel) of complexes  conta ining n2 ( <  nl)  
oxygen  a toms gives r ise to the  nucleat ion of smal ler  
vacancy  clusters.  Hencefor th  the  large  clusters  wi l l  be 
cal led A-c lus ters ,  the  smal l  ones B-clusters .  

In  the  presen t  paper  the  vacancy  cluster  d is t r ibut ion  
as re la ted  to the  c rys ta l  g rowth  condit ions is studied. 
In  pa r t i cu la r  i t  wi l l  be shown tha t  vacancy  cluster  for-  
mat ion  can be p reven ted  by  c r y s t a l - g r o w t h  methods  
which appa ren t ly  r e t a rd  the fo rmat ion  of vacancy-  
oxygen  complexes.  

Detection Methods 
Vacancy clusters  in silicon can be de tec ted  by  severa l  

techniques.  The p re fe ren t i a l  etching of polished sur -  
faces, using e.g. H F  (50%) : CrO3 (33% aqueous solu- 
t ion) = 1 : 2 reveals  vacancy  clusters  in the  form of 
etch pits. These etch pits  are  c lear ly  vis ible  under  a 
no rma l  l ight  microscope (2, 3, 6). In x - r a y  t ransmiss ion 
topographs  using the  no rma l  Lang  technique,  the r e l a -  
t ive ly  smal l  s t ra in  fields a round  the vacancy  clusters  
cause no de tec table  cont ras t  for most of the  crys ta ls  in-  
vest igated.  In  some cases only  an ex t r eme ly  weak  con- 
t ras t  pa t t e rn  was detected.  

A ve ry  sensi t ive detect ion method  (2) has been re-  
cen t ly  developed.  In  this  method  the vacancy clusters  
are  decora ted  wi th  copper.  This is done by  hea t ing  the 
sample  up to a t e m p e r a t u r e  of about  950~ for 30 min 
in an argon s t ream in which  copper  is evaporated,  fol-  



1852 J. Electrochem. Soc.: S O L I D  S T A T E  S C I E N C E  November  1971 

lowed by rapid cooling in  a n i t rogen-argon  flow. Sub-  
sequently the sample is etched in order to remove pos- 
sible copper precipitat ion on the surface. X- ray  t rans-  
mission topographs of the decorated sample are then 
made. The strain field around the decorated clusters is 
large enough to cause strong direct image contrast. 

Exper imenta l  Results of  N o r m a l  D is locat ion-Free  
Si l icon Crystals  

Dislocation-free silicon crystals were grown in pur i -  
fied argon (pressure of 1 atm) using the pedestal- 
pul l ing technique (7). The crystal  growth rates were 
between 1 and 3 mm/min .  Dislocations were el iminated 
by growing a thin neck at the beginning of the crystal 
(7, 8). Polycrystal l ine high-resist ive start ing mater ial  
was used. Phosphorus was added up to a concentrat ion 
of 10 TM at. cm -3. Figure 1 shows a detail of a preferen-  
t ial ly etched longi tudinal  section of such a crystal. The 
A-clusters give rise to the formation of etch pits lo- 
cated in a striated pattern.  The shape of the pat tern  
indicates that the vacancy-cluster  formation main ly  
occurs in th in  layers, being closely related to the solid- 
liquid interface present  dur ing growth. However in-  
vestigation in the transmission electron microscope 
of carbon replicas made of preferent ia l ly  etcl~ed sur-  
faces proved a similar dis t r ibut ion of very small va-  
cancy clusters (B-clusters) to be present, which could 
not be seen in the light microscope. These smal l  ones 
are also located in a striated pat tern  and are present  
in a higher concentrat ion than the larger clusters. 

The concentrat ion and actual distr ibution were de- 
termined by x - ray  topographs of copper-decorated 
slices. Figures 2, 3, and 4 show such topographs of 
longi tudinal  and cross-sectional slices, cut  from crys- 
tals with diameters between 23 and 25 mm. In  all 
topographs shown, MoKal radiat ion was used. The 
direct images of the decorated clusters, black on the 
original nuclear  plate, are visible on these photographs 
as white dots. The over-al l  bulk concentrat ion of the 
A-clusters  in  our crystals, as determined from these 
topographs, varied between 5.105 cm -3 and 5.106 cm -3. 
The concentrat ion in the layers containing the clusters 
is about one order higher. In  crystals grown in the 
( 1 1 1 >  and ~100~  direction under  identical conditions 
equal cluster concentrat ions were found. The previ-  
ously reported (2) dependence of cluster concentrat ion 
on orientat ion of the crystals grown by other ma nu -  
facturers probably originated from differences in 
growth conditions. The dope concentrat ion and the 
crystal growth rate had no influence on the defect 
density. 

In  contrast with crystals grown in the <100> direc- 
tion, dislocation-free crystals grown in the ( 1 1 1 ~  
direction have a noncircular  cross section (Fig. 3). This 

Fig. 2. (111) x-ray transmission topograph of a decorated longi- 
tudinal slice. Slice thickness: 2.4x10 - 2  cm. Crystal growth rate: 
I ram/rain. Growth direction : ~11 ! ~ .  

Fig. 3. (220) x-ray transmission topograph of a decorated cross- 
sectional slice. Slice thickness: 2.0x10 - 2  cm. Growth rate: 3 mm/ 
rain. Growth direction: ~ 1 1 1 ~ .  A-cluster concentration: 1.6x10 e 
cm-3. 

Fig. 1. Preferentially etched longitudinal section of a dislocation- 
free floating-zone silicon crystal. 

effect, which is related to the shape of the solid-l iquid 
interface during growth, was reported by Ciszek (9). 

The distr ibution of decorated clusters as present  in 
a longi tudinal  section of a crystal grown in  argon is 
schematically drawn in Fig. 5. The cluster concentra-  
t ion general ly  exhibits a m i n i m u m  in the central  area 
of the crystal. No A-clusters  are found in a crystal 
surface layer about 2 mm thick. In  some vacuum-  
grown crystals, received from other manufacturers ,  
this surface layer  was completely cluster-free. 

Discussion 
The striated cluster dis t r ibut ion can be explained 

with the aid of the described nucleat ion model. A 
periodic var iat ion in oxygen concentrat ion (rotat ional  
striations) caused by growth rate variat ions results 
in a very  pronounced variat ion in complex concentra-  
t ion [see (2)].  For crystals grown in argon A-clusters  
were absent in a surface layer of about 2 mm (see Fig. 
5). This is probably due to the vacancy sink action of 
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Fig. 4. (220) x-ray transmission topograph of a decorated cross- 
sectional slice. Slice thickness: 2.1x10 -2 cm. Growth rate: 1 ram/ 
rain. Growth direction: ~ I 0 0 ~ .  A-cluster concentration: 2.2xi06 
cm--3 .  
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the crystal surface. B-clusters are still present in this 
layer  indicat ing that  they form more readi ly than the 
A-defect. This is in agreement  with the fact that the 
over-al l  concentrat ion of B-clusters is several orders 
higher than that of the A- type  defect. The occasional 
absence of B-clusters in this region in vacuum-grown 
mater ial  may be caused by a lower oxygen concentra-  
tion in this area as a result  of evaporat ion of oxygen 
from the melt  in the form of SiO. This effect was found 
by Kaiser and Keck (10) for crucible-grown material.  
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Fig. 6. Temperature distribution in the crystal area where the 
formation of vacancy-oxygen complexes begins (region A). 

Two different processes combine to cause the min i -  
m u m  in the vacancy cluster concentrat ion in the cen-  
tral  part  of the crystal (Fig. 5). First, the rotat ional  
striations decrease in passing from the per iphery  to the 
interior  of the crystal  (11). Fur thermore ,  dur ing  cool- 
ing of the as-grown crystal  the first vacancy-oxygen 
complexes and consequently the first clusters will  be 
formed in region A (Fig. 6), where T drops below T~ 1 
first. On their  way  to the surface the excess vacancies 
from the crystal inter ior  will  nucleate here on clusters 
already formed or contr ibute  to the  format ion of new 
nucleat ion sites. Finally,  the tempera ture  over the en-  
tire cross section will  be below T~I and the resul t ing 
vacancy-cluster  dis t r ibut ion wil l  show a min imum in 
the crystal center. 

Prevention of Vacancy Clustering During Growth 
Vacancies in silicon are mobile below 150~ with 

migrat ion energies between 0.18 and 0.33 eV (12, 13). 
This means that  the excess vacancies present  dur ing  
cooling of the as-grown crystal should be able to dif- 
fuse out to the surface under  normal  growth conditions 
if no nucleat ion sites (vacancy-oxygen complexes) 
were formed. Therefore, the growth of vacancy cluster-  
free silicon should be possible as soon as complex 
formation is prevented.  In  principle, this can be 
achieved in several ways. One method could be based 
on reduct ion of the oxygen concentrat ion (Cox). This 
will  lead to a decrease in  the probabi l i ty  of complex 
formation. In  floating-zone silicon crystals Cox is gen-  
erally low (101s-1016 at. cm -s )  (14, 15). A fur ther  re- 
duction will require the use of ext remely  pure s tar t ing 
material  combined with very clean crystal  growth con- 
ditions (e.g. high vacuum) .  In  some crystals having 
slightly different values of Cox, as measured by  infrared 
absorption at 9# wavelength at low temperatures,  the 
lowest vacancy cluster concentrat ion was indeed found 
in crystals having  the lowest Cox. However, in addi- 
t ion to the average Cox, the probabi l i ty  of formation 
also depends great ly  on the periodic var iat ion in Co~ 
(2). A reduct ion of this periodic var iat ion wil l  de- 
crease the probabi l i ty  of formation. The growth rate 
should therefore be kept as constant as possible. 

In  the case of very  high oxygen concentrat ion the 
vacancy clustering becomes more complicated. In  dis- 
location-free crystals grown by the Czochralski method, 
usual ly containing large amounts  of oxygen and carbon, 
the formation of vacancy-oxygen complexes can also 
be expected. During cooling of the as-grown crystal, 
however, the mater ial  becomes supersaturated not only 
with vacancies but  also with oxygen and carbon. This 
will  lead to s imultaneous precipitat ion of vacancies, 
oxygen, and carbon. Besides homogeneous nucleat ion 
of the impurities, precipitat ion of oxygen and carbon 
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on the vacancy clusters is l ikely to occur. Indeed it 
is found that  in dislocation-free crucible-grown silicon 
crystals after anneal ing at 900~176 oxygen and 
carbon precipitate in a striated dis tr ibut ion similar  to 
that  found for vacancy clusters in floating zone mate-  
rial  (16, 17). Batavin (17) in par t icular  presented 
evidence that  vacancy clusters might act as nucleat ion 
sites for oxygen and carbon. The precipitates of oxy- 
gen and carbon in crystals containing dislocations 
were f o u n d  on the dislocations and randomly  dis- 
t r ibuted in the crystal (16). 

Another  method for prevent ing  vacancy c lus t e r ing  
dur ing  growth is based on a reduction of the complex 
formation rate. This can in principle be achieved by 
adding to the crystal an impuri ty,  which reacts with 
the oxygen atoms present. The oxygen- impur i ty  bonds 
formed may  lower the effective oxygen mobil i ty in 
the silicon lattice and therefore the vacancy-oxygen 
complex formation rate. If this effect is combined with 
a sufficiently fast growth rate (cooling rate) ,  not 
enough t ime wil l  be available for complex formation, 
giving the extremely mobile vacancies the oppor tuni ty  
to diffuse out to the crystal surface. To be bound to 
oxygen atoms this impur i ty  should have a strong af- 
finity to oxygen, while it should also possess a high 
diffusion coefficient in  silicon in  order to make a fast 
reaction with oxygen possible. An impur i ty  matching 
these conditions is hydrogen, which can be added to 
the crystal by growing the lat ter  in an  atmosphere 
containing hydrogen. 

Some evidence for an interact ion between oxygen 
and hydrogen in the silicon lattice was reported by  
Yukimoto, Hirano, and Sugioka (18, 19). Crystals pulled 
from the crucible in hydrogen atmosphere exhibited a 
lower inf rared absorption at 9~ compared with crystals 
pulled in argon. This was thought  to be due to the 
formation of oxygen-hydrogen complexes resul t ing in 
a reduction of the total number  of Si-O bonds. 

Fur the rmore  the diffusion coefficient of hydrogen 
in silicon is high (e.g. D : 1.70 • 10 -4 cm 2 sec -1 at 
1092~ as measured by van  Wier ingen and Warmoltz 
(20). 

The two methods described above for e l iminat ing 
vacancy clusters can, of course, be combined for opti- 
m u m  results. 

min, no A-clusters  were found whereas in the ent i re  
sample 107 B-clusters  were counted. In  all the crystals 
grown at this rate the A-clusters  were total ly el im- 
inated. This result  indicates that  hydrogen not only 
decreases the formation rate of vacancy-oxygen com- 
plexes but apparen t ly  also causes an incubat ion t ime 
for complex formation. A reproducible e l iminat ion of 
the B-clusters was found to be more difficult. This 
again proved that  B-defects are formed more readi ly 
than A-defects. In  some exper iments  the tempera ture  
gradients  in a l imited region near  the solid-l iquid in ter -  
face were reduced by application of a special rf coil 
construction, resul t ing in a decrease of the interface 
curvature.  General ly  this wil l  cause a decrease of the 
periodic var iat ion in growth rate. In  crystals grown 
in  Ar W 10% H2 at 3 m m / m i n  using such a coil, zero 
concentrat ions of both A- and B-clusters were ob- 
tained. In  Fig. 11 the cluster concentrat ion as a func-  
t ion of crystal growth rate is plotted. The formation of 
A- and B-clusters is prevented by growing at a rate 
of 3 mm/ mi n .  This indicates that  the incubat ion t ime 
for formation is of the same order for both defects. 

Experimental Results and Discussion of 
Vacancy Cluster Elimination 

A series of dislocation-free crystals were grown in 
the ~111~  direction by the pedestal pul l ing method 
in  an atmosphere of purified argon to which 10% hy-  
drogen had been added. The total pressure was 1 atm. 
High-resist ivi ty s tar t ing mater ial  was used with an 
oxygen concentrat ion below 1016 at. cm-~. The diame- 
ter of the crystals varied between 23 and 25 mm. In -  
creasing the growth rate and consequently the cooling 
rate of the crystal  resulted in a continuous decrease in 
vacancy cluster concentration. This is demonstrated 
with a series of x - r ay  topographs of decorated cross- 
sectional slices (Fig. 7-10). With a growth rate of 1 
m m / m i n  (Fig. 8), the cooling rate of a crystal surface 
layer is a l ready high enough to prevent  cluster forma- 
t ion in this area. In  the crystal  grown at 2 m m / m i n  
(Fig. 9) the B-clusters, usual ly  detectable with carbon 
replica techniques only (2), now become detectable 
by  copper decoration as well. The reason for this is 
threefold. Firstly, because of the low concentrat ion of 
A-clusters  (7 X 104 cm-~) ,  more copper is available 
for decoration of the B- type  defects. Secondly, the 
average B-cluster  concentrat ion is also reduced (3 • 
106 cm -z)  by several orders of magni tude  compared 
with mater ia l  grown in argon. Finally,  the B-clusters  
are probably  larger in this case because, as a result  of 
the low cluster concentration, they will  capture more 
excess vacancies per defect. In  the slice shown in Fig. 
10, which has been cut from a crystal grown at 3 m m /  

Fig. 7. (220) x-ray transmission topograph. Growth rate: 0.6 ram/ 
min. A-cluster concentration: 5x106 cm -~.  

Fig. 8. (220) x-ray transmission topograph. Growth rate: 1 mm/ 
min. A-cluster concentration: 8x105 cm -~.  
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Fig. 9. (220) x-ray transmission topograph. Growth rate: 2 mm/ 
min. A-cluster concentration: 7x104 cm -3.  

Fig. 11. Vacancy-cluster concentration as function of crystal 
growth rate. Atmosphere: argon + 10% hydrogen. 

Fig. 12. (111) x-ray transmission topograph of a longitudinal 
crystal section (dislocation-free). Hydrogen precipitation on the 
vacancy clusters. 

Fig. 10. (220) x-ray transmission topograph. Growth rate. 3 mm/ 
min. A-cluster concentration: 0. 

Crysta ls  wi th  var ious  phosphorus  dope concentra t ions  
(up to 1016 at. cm -3) were  grown. No influence of the  
dope on the e l iminat ion  of clusters  was found. 

As repor ted  by  Yoshimatsu,  Sugita,  and Yukimoto 
(21, 22, 19, 20), hydrogen  in sil icon can give rise to the  
format ion  of c rys ta l  defects. These defects  caused 
anomalous  etching effects and were  often de tec table  
in x - r a y  topographs.  Sugi ta  (22) found that  in his 
f loat ing-zone appara tus  at least  25% hydrogen  in the 
argon flow was necessary  to in t roduce  these  defects. 
We, however ,  found tha t  in our se t -up  prec ip i ta t ion  of 
hydrogen  in the in te r io r  of the  c rys ta l  occurred with  
as l i t t le  as 10% hydrogen.  This  caused anomalous  
etching effects. Dur ing  nonpre fe ren t ia l  etching, e.g. 
using HF-HNO~ etchants,  holes were  formed at  the  
sample  surface. The hydrogen  prec ip i ta t ion  grea t ly  de-  
pends on the crys ta l  perfec t ion  and the  rad ia l  t e m -  
pe ra tu re  gradient�9 In a c rys ta l  in which the rad ia l  
t empe ra tu r e  grad ien t  was en la rged  by  an Ar-H2 flow 
against  the growing crystal ,  the hydrogen  precipi tates ,  
formed in the centra l  pa r t  of the  crys ta l  were  large  

Fig. 13. (111) x-ray transmission topograph of a longitudinal 
crystal section. Hydrogen precipitation on the disclocation lines. 

enough to give contras t  in x - r a y  topographs.  The upper  
par t  of the c rys ta l  was d is loca t ion-f ree  and contained 
vacancy clusters  (growth  ra te  1 m m / m i n )  (Fig. 12), 
whi le  dislocations were  in t roduced in the  lower  par t  
(Fig. 13). The hydrogen  was found to prec ip i ta te  on 



1856 J. Electrochem. Soc.: S O L I D  S T A T E  S C I E N C E  N o v e m b e r  197I 

the vacancy clusters or on the dislocation lines. The 
strain fields around these precipitates were up to 100~ 
in diameter in this case. It proved possible to dissolve 
these precipitates again by anneal ing at 550~ for 
about 3 hr. However, in dislocation-free crystals grown 
under  such conditions that  vacancy clusters are not 
present, hydrogen precipitat ion could not be de- 
tected either by etching or by x - r ay  transmission 
topography. Obviously, if no crystal defects acting as 
nucleat ion sites for hydrogen are present, hydrogen 
diffuses out to the crystal surface. 
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Preparation of Hafnium-Tantalum Nitride Films 
by Reactive Alloy Sputtering 

L. D. Locker,* C. L. Naegele, 1 and F. Vratny* 
Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 07974 

ABSTRACT 

Thin films of ha fn ium nitr ide and t an ta lum ni tr ide with resistivities of 
1010 and 104 ohm-cm, respectively, have been deposited by rf ~ d-c reactive 
sputtering. By sput ter ing ha fn ium- tan ta lum mixtures  in pure ni trogen at 
7.0 x 10 -2 Torr, the complete range of resistivities is obtained, with a l inear 
increase between 105-109 ohm-cm, corresponding to a relat ive hafn ium con- 
tent  of 40-70%. For a fixed Hf :Ta  ratio, the resistivity, deposition rate, and 
ni trogen content  of the films depend on the pressure and substrate tem-  
perature. For pure t an ta lum a dini tr ide (TAN2) is deposited, but  for pure 
hafnium the dini tr ide has not been obtained. An alloy nitr ide containing 60% 
Hf can be represented by the formula Hf0.6Tao.4Nx, where x increases from 1.2 
to 1.4 as the substrate temperature  increases from 225 ~ to 400~ A sequence 
of reaction steps on the substrate surface is proposed to explain the deposi- 
tion rates observed in reactive sputtering. 

In  the d-c reactive sput ter ing of t an t a lum in ni t ro-  
gen, the t ransi t ion from tan ta lum to t an ta lum ni t r ide 
occurs as the ni t rogen pressure is increased from 10 -5 
to 10 -2 Torr. The phases Ta2N, TaN, and TaN2 have 
been reported previously (1-4). Corresponding in-  
creases in the resistivity of the films occur, with a 
max imum of 104 ohm-cm. Some of the same composi- 
t ional and electrical changes are known to occur with 
reactively sputtered hafn ium (5). High-resis t ivi ty  (i.e. 
104 ohm-cm) hafn ium nitr ide films have been pro- 
duced at 3.0 • 10 -2 Torr  by d-c reactive sput ter ing 
onto substrates heated to 350~ Table I shows that  in -  
creases in  resist ivity by more than  a factor of 107 are 
possible as the ni t rogen content  of the films increases. 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
1 P r e s e n t  add re s s :  Wes ton  Componen t s ,  Scranton, Pennsylvania 

18501. 
Key words: sputtering, thin films, hafnium nitride, t a n t a l u m  

n l t r ide .  

Our init ial  measurements  on hafn ium ni t r ide films, 
produced at 7.0X 10 -2 Torr by rf + d-c reactive sput-  
tering onto water-cooled substrates, revealed that the 
films have a resistivity greater than 1010 ohm-cm. Tan-  
ta lum ni tr ide films produced under  the lat ter  condi- 
tions show no change from the previously observed 
value of 104 ohm-cm. These results suggest the possi- 
bi l i ty of depositing stable th in  films with a resist ivity 
that  can be controlled over many  orders of magni tude  
by simply varying the t an ta lum to hafnium ratio. The 
method to prepare these alloy nitr ides in  a repro- 
ducible manner ,  and the measurement  of their  prop-  
erties are reported below. 

Experimental 
Film deposition was done by rf -{- d-c reactive sput-  

tering (6) in an oil diffusion pumped system, with a 
l iquid ni t rogen baffle, rout inely  capable of a pressure of 
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Table I. Properties of tantalum and hafnium nltrides formed by d-c reactive sputtering 

C h e m i c a l  N i t r o g e n  R e s i s t i v i t y  C r y s t a l  D e n s i t y  
f o r m u l a  p r e s s u r e  ( T o r t )  ( o h m - c m )  s t r u c t u r e  ( g / c m  3) Reference 

H f  < 2  x I0-~ (75-290) x 10 -e h c p  13.1 (5) 
a = 3.20 
e = 5.06 

H f N  3 X 10-4-3 x 10 -3 (95-520) x 10 "-6 fce 10.5-11.9 (5) 
a = 4,52 

H f N x  3 X 10--" 10 4 f cc  6.6 (5) 
a = 4.96 

Ta <~10 -5 100 • 10 -~ h c p  15.6 (1) 
a =  3.3 

Ta~N 1-5 • 10-~ 200 x 10 -6 h c p  (3) 
a = 3.05 
c = 4.gS 

TaN 10-~-10-~ 250 • 10 -e fcc (3) 
a = 4.28-4.48 

TaN~ 3.6 x l0  -2 f cc  (4) 
a = 5.02 

1.4-4.5 • 10 -~ 10 ~ f cc  7-9 (2) 
a = 4.98-5.09 

2 X 10 -8 Torr  prior to the start of each experiment.  The 
s imultaneous application of rf and d-c power to the 
cathode is an advantage in reactive sputtering. The rf  
increases the degree of ionization in the plasma, and 
prevents  the accumulat ion of an insulat ing layer on 
the cathode. The d-c component  is the major  source of 
the negative field at the cathode that  extracts ions 
from the plasma. The combined rf -t- d-c produces 
higher deposition rates, and enables a wider  range of 
sput ter ing parameters  to be investigated. 

The cathode potential  was --3.5 kV d-c with rf power 
supplied at approximately 3W/in. 2 of cathode area. The 
6 in. • 6 in. sputter ing cathode and the substrates were 
held vert ical ly at a separation of 3 in., as shown sche- 
matical ly in Fig. 1. The sputter ing system accom- 
modated square cathodes most easily. No difficulties 
were encountered due to power loss at the corners. In 
addition to the rf matching network, a filter consisting 
basically of an inductor  and capacitor separates the rf 
from the d-c component. 

A t an ta lum wire grid was placed approximately 1 in. 
from the substrates and held at ground potential.  The 
functions of the grid are to improve the uni formi ty  of 
electric fields near  the substrate, and to reduce the 
bombardment  of the substrate surface by ions and 
electrons generated in the glow discharge. In  the ex- 
periments  reported here at ni t rogen pressures of up to 
7.0 • 10 -2 Torr  the use of the grid improves the un i -  

L HEATED OR COOLED 
SUBSTRATE HOLDER 

3 ~  2. SU BSTRATES 

3. GRID 

L____J L I : 

TO :- 

Fig. 1. Apparatus for the deposition of hafnium-tantalum alloy 
nitrides by rf -J- d-c reactive sputtering. 

fortuity of the films. When the grid becomes coated 
with a resistive film it is no longer at ground potential, 
but  charges toward the potential  of a floating probe. 
The pat tern of such a coated grid has often been ob- 
served in the film deposited on the substrate. Thus, 
f requent  cleaning of the grid is required, or for small  
area substrates a hole may be cut in the grid without  
loss of uni formi ty  in the film. 

Table II lists the types of substrates that  were used 
dur ing  the course of the experiments,  the quanti t ies  
measured on each substrate, and the technique that  
was used. The substrate tempera ture  was regulated by 
either a water-cooled or resis tance-heated substrate 
holder. Tempera ture  measurements  were made with a 
p la t inum/p la t inum-10% rhodium thin-f i lm thermo-  
couple on a sapphire substrate mounted in the center  
of the substrate  holder. Since the presence of the ni t ro-  
gen discharge affected the thin-f i lm thermocouple emf, 
both the d-c and rf power were turned off for a short 
in terva l  while the readings were taken. The thin-f i lm 
thermocouple measurements  were not affected by the 
ni t r ide film that was being deposited over it. 

Preparation of HJ-Ta sputtering sources.--An im-  
por tant  factor in the deposition of un i form hafn ium-  
t an ta lum ni t r ide  films with reproducible properties is 
the preparat ion of the sput ter ing cathodes. In  previous 
investigations mul t icomponent  films have been pre-  
pared by s imultaneous sput ter ing of the consti tuents 
from independent  sources, from bulk  alloys, with com- 
posites formed by inlaying or overlaying r ibbons or 
wires of one component  on a plate of the other, or wi th  
small  particles made self-support ing by  powder metal -  
lurgical  techniques. The first two methods have the 
advantage that separate sources are not needed for 
each change in film composition. In  all p rev ious  reports 
d-c diode sput ter ing or pressures much lower than  
7.0 • 10-2 Torr  have been used. Therefore, previous 
results do not necessarily apply to rf + d-c reactive 
sputtering. Preferent ia l  sput ter ing of one component,  
preferent ia l  accommodation on the substrate, or selec- 
tive formation of a reaction product on the cathode, 
may  lead to poor reproducibi l i ty  and poor uni formi ty  
in reactive sputtering, but  may be no problem for 
d-c sput ter ing in argon. 

Table II. Experimental measurements 

M a t e r i a l  Q u a n t i t y  m e a s u r e d  Technique 

Sapphire F i l m  t h i c k n e s s  Taylor-Hobson 
T a l y s u r s  & T a l y s t c p  

P l a t i n u m  fo i l  D e n s i t y  W e i g h t  g a i n  
N i t r o g e n  c o n t e n t  M i c r o  K j e l d a h l  

Corning 7059 g l a s s  H f  a n d  T a  c o n t e n t  X - r a y  f l u o r e s c e n c e  
E l e c t r o n  microprobe 

N i t r o g e n  c o n t e n t  E l e c t r o n  microprobe 
R e s i s t i v i t y  P r o b e s  
S t r u c t u r e  X - r a y  diffraction 

O x i d i z e d  s i l i con  R e s i s t i v i t y  E l e c t r o n  b e a m  c h a r g i n g  
(8) 

SiO2 c o a t e d  Mo g r i d  S t r u c t u r e  E l e c t r o n  diffraction 
P t / P t - 1 0 %  R h  S u r f a c e  t e m p e r -  T h i n  f i lm  t h e r m o c o u p l e  

a t u r e  
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Fig. 2. Optical micrograph of 
hot-pressed sputtering cathode 
500 X. Composition: 57% Ta- 
43% Hf. 

For example, overlays have been used successfully 
for the deposition of Hf-Ta metal  alloys in argon at 
2.0 X 10 -2 Torr. The compositions of the films are 
proport ional  to the relat ive area of each component 
exposed to the discharge. However, deviations from the 
relat ive area ratio, and lack of reproducibi l i ty  are 
characteristics of the same Hf-Ta cathode when it is 
used in ni trogen at 7.0 X 10 -2 Torr. In  the lat ter  case 
a ni tr ide film deposits on both the strips and on the 
plate. The composition of the layer deposited on the 
substrate changes with time. The requi rement  for 
reproducible composition is ra ther  critical in the haf-  
n i u m - t a n t a l u m  nitr ide system, since the results pre-  
sented below show that  a change of 5% in the relat ive 
metal  content  can change the resistivity by one order 
of magni tude  in the range between 30-65% Hr. 

Hot-pressed sputter ing sources fabricated from Ta 
and Hf (2.5% Zr) powders require a new cathode for 
each composition, but  provide reproducibil i ty at least 
to within the limits of the exper imental  measurements  
of the resist ivity and composition. The 0.2 in. thick as- 
pressed disks are cut into 6 in. X 6 in. squares, and 
th inned by 0.05 in. by surface gr inding with a diamond 
abrasive. The cathodes have approximately 75% of the 
theoretical density. A metal lograph of the surface of a 
typical Hf-Ta cathode after etching in an HC1-HNO3- 
HF solution is shown in Fig. 2. The distr ibution of haf-  
n ium (dark) and t an ta lum (light) is evident. Regions 
of high porosity are also shown in Fig 2. Due to this 
topography it was necessary to sputter  a new target  
in argon in  order to outgas it sufficiently to pump the 
chamber to 2 X 10 -8 Torr. Subsequent  experiments  
could be done without  this argon presputter,  but  a 
short sput ter ing period was adopted as s tandard pro- 

cedure in all experiments.  In addition, a m i n i m u m  pre-  
sputter  period of 60 rain in ni t rogen under  the actual 
conditions of each exper iment  was used before opening 
the shutter  between the cathode and the substrate. 

Hot-pressed cathodes have been used to obtain all of 
the results described below, except of course for pure 
Ta and Hr. The reproducibi l i ty  for two sets of consecu- 
tive experiments  with the substrate at 250 ~ or 400~ 
respectively, is shown in Fig. 3 for the source composi- 
t ion 60% Hf-40% Ta. The data show that  for rf + d-c 
reactive sputter ing at a ni t rogen pressure of 7.0 X 
10 -2 Torr the resist ivi ty can be reproduced to one-half  
an order of magnitude,  with a confidence l imit  of 90%. 
Above approximately 65 weight per cent (w/o)  haf- 
n ium in  the Hf-Ta mix ture  the pressed plates are 
extremely brittle, and 6 in. X 6 in. cathodes have not 
been successfully fabricated by this method. Plasma 
spraying techniques are being evaluated and will  be 
reported on in the future. 

u~ 0 
IX IO IX 10 8 IX IO g 

RESISTIVITY, OHM-Cm 

Fig. 3. Reproducibility of resistivity for 60% Hf-40% Ta films Q, 
substrate at 250~ O ,  substrate at 400~ arrows indicate mean 
values. 
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Results 
In  all of the experiments  the power input  to the ioll 

target has been in tent ional ly  kept constant, and the 
15x 1(~ ~ TORR film properties measured as a funct ion of target  cam- 101o TOTAL 

position, gas mixture,  pressure, and substrate tempera-  
ture. The temperature  is shown below to be extremely 109 
impor tant  in the deposition process. Since power input  
has a large affect on substrate tempera ture  (7) the i08 
power was fixed. 

10 7 
Resistivity Measurements 

10 6 
Effects of composition.--The resistivity of the haf- 

n i u m - t a n t a l u m  ni t r ide films is shown in Fig. 4 as a ~ los 
funct ion of the hafn ium content. These results are o 
obtained using a water-cooled substrate  holder, with a ~ lo 4 -r- 
measured substrate tempera ture  of 250~ The. shape 
of the resistivity vs. composition curve is s imilar  with >- I~ 
heated substrates,  al though the values are lower for ~ to 2 
corresponding compositions. Changes that  occur with 
increasing amounts  of hafn ium are fur ther  emphasized ~ ~o 1 
by the increase in optical energy gap from 2.1 eV 
(100% Ta) to 3.8 eV (100% Hf). These values were m~ 
obtained by the same method used previously for lo-1 
highly ni t r ided t an ta lum films. (2) 

E~ects of nitrogen pressure.--Figure 5 shows the l~ 
effect of ni t rogen pressure on the resistivity of the 15~ 
films. The figure consists of three  parts; two with 
n i t rogen-argon  mixtures  and the third with pure ni t ro-  164 I z 
gen. In  pure ni t rogen the resist ivity decreases as the 
pressure increases. However, in the argon-ni t rogen o.ol o.~ ~ lo ~o 
mixtures  the resistivity increases as the ni t rogen par-  1~ 
tial pressure increases. 

i0 ! I 

I0 Io 

10 9 

108 

~-- 10 7 

IO 6 

10 5 

I() 4 

0 20 40 60 80 

Hf/(Ta+Hf)x lO0 

Fig. 4. Changesin resistivity with hafnium content 

RESISTIVITY vs COMPOSITION (HfyTal_yNx) 

SUBSTRATE TEMPERATURE 250~ 
NITROGEN PRESSURE 70X 10-3TORR 

I I I I 
I00 

1859 

4 3 % H f -  57% Ta 

65x1() 3 TORR 
TOTAL 

I I I I I I 

20 30 40 50 30 40 50 60 70 

NITROGEN+ ARGON ~l ~'=PURE NITROGEN4 

NITROGEN PRESSURE (MILLITORR) 

Fig. 5. Resistivity vs. nitrogen pressure 43% Hf-57% Ta. Sub- 
strate temperature 250~ 

At a total pressure of 1.5 X 10 -2 Torr  the increase 
in resistivity with increasing ni t rogen part ial  pressure 
is in contrast  to the plateau of constant  resist ivity 
(approx. 1.2 X 10 -8 ohm-cm) for react ively sputtered 
t an ta lum in the corresponding part ial  pressure range. 
For pure t an ta lum cathodes the product is TaN. For 
pure hafn ium cathodes sputtered in this pressure range 
there is a change from metall ic Hf to HfN. At 1 X I0 -4 
Torr the h a f n i u m - t a n t a l u m  alloy ni t r ide films have 
a metallic appearance. At 10 X 10 -8 Torr the films are 
green and t ransparent :  The resist ivi ty of the films is 
higher than  the values for either TaN or HfN. 

At a total pressure of 6.5 X 10-2 Torr  and a ni t rogen 
par t ia l  pressure of 1.5 X 10 -2  Torr  the film has the 
same appearance as the la t ter  one described above, 
but  the resist ivity is lower. This resist ivity decrease 
may be at t r ibuted to the higher substrate tempera ture  
at 6.5 • 10-2 Torr  than at a total pressure of 1.5 • 
10-~ Torr. The part ial  pressure range between 1.5 X 
10-2-4.5 X 10-2 Torr  is marked by a color change in 
the film from green to gold. Also, the dissolution rate 
in hydrofluoric acid is reduced sufficiently, relat ive to 
the mater ia l  prepared at lower pressures, that  the films 
can be removed from glass substrates by etching the 
glass away in hydrofluoric-ni tr ic  acid mixtures.  

In  pure ni t rogen between 3.0 X 10-2-7.0 • 10 -2 Torr  
the resist ivity decreases as the pressure is increased. 
Again, a per t inent  factor is that  as the ni t rogen pres-  
sure is increased, the substrate tempera ture  also in -  
creases, undoubted ly  due to increased current  in the 
discharge. At 3.5 X 10 -2  Torr  the substrate tempera-  
ture  is 150~ and increases by approximately 100~ 
when the ni t rogen pressure is increased to 7.0 X 10 -2 
Tort.  

E]fects of substrate temperature.--When the pressure 
is fixed at 7.0 X 10 -2 Torr and the substrate tem-  
perature is varied, the resist ivi ty decreases with in-  
creasing temperature.  The reproducibi l i ty  of the re- 
sults shown in Fig. 6 is poorer for the tempera ture  of 
125~ than  for the higher temperatures,  since with a 
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water-cooled substrate holder it is difficult to control 
the substrate tempera ture  at 125~ dur ing sputtering. 
On several samples resistivities of up to 10 ll ohm-cm 
have been measured by the electron beam method (8) 
for films containing 60% Hf, sput tered onto substrates 
at 125~ 

Deposition Rate vs. Sabstrate Temperature 
The deposition rate increases as the substrate tem-  

pera ture  increases from 125 ~ to 450~ In  this tem- 

Table III. Structure of Hf-Ta alloy nitrides 
43% Hf-57% Ta to 60% Hf-40% Ta 

Pressure 
(Torr) Crystal Similar 

Sputtering nitrogen argon lattice structure 

0.I x i0 ~ 15 x 10 -8 bcc Ta bcc Ta 
a = 3.43A 

1.0 x 10-8 15 • 10- a fcc TaN, HfN 
a = 4 . 4 0 A  

30 • I 0  - s  to 70 • I0 "~ 0 Not assigned May be mixture 
of TaNs and HfN 

Relat ive  
dbkt (A) in tens i ty  

3 . 9 3  m w  
2 . 8 5  s 
2 . 4 7  w 
2 . 3 0  v w  
2 . 0 3  m w  
1 . 9 2  m w  
1 . 7 4  m s  
1 . 4 8  v w  
1 . 4 2  m 
1 .33  v w  
1 . 2 0  v w  
1 . 0 8  v w  
0 . 9 7 8  w 
0 . 9 4 3  w v  

perature range the density decreases by approximately 
15%, and the cathode current  is constant to wi th in  10%. 
This is an indication that  the films are not porous, and 
that  the plasma density and cathode sput ter ing rate 
are not changed by increasing the substrate tempera-  
ture. If the rate of deposition (A/rain)  is plotted in the 
form of the Arrhenius  equation, as in Fig. 7, the slope 
gives an apparent  activation energy of approximately 
2 kcal /mole (0.09 eV/molecule) .  The increase in de- 
position rate with substrate temperature  suggests that  
the ni t r ide formation occurs at the substrate surface. 
The relat ively low activation energy may be associated 
with a sequence of reaction processes that  affect the 
over-al l  deposition rate. This is considered in more 
detail in the Discussion. 

Structure and Chemical Composition 
The results given in Table III may be compared to 

those summarized in Table I for the unal loyed nitrides 
prepared in previous studies by d-c reactive sputtering. 

Unalloyed Hf and Ta nitrides.--Tantalum nitr ide 
films containing no hafnium, prepared at 7.0 • 10 -2 
Torr  have a Ta :N atom ratio of 1:2. This TaN2 phase 
has the fcc s t ructure  reported previously (2, 4) and 
listed in Table I. Hafnium nitr ide films, containing no 
tantalum, have the same fcc diffraction pat tern,  wi th  a 
lattice parameter  slightly larger than the t an ta lum 
dinitride. In the hafn ium nitr ide case the x - r ay  diffrac- 
t ion pa t te rn  contains addit ional features a t t r ibuted to 
the HfN rocksalt structure. It has not been possible 
to produce a reactively sputtered hafn ium dini tr ide 
with the exper imental  conditions used thus far. 

Hy-Ta alloy nitrides.--At a ni t rogen part ial  pressure 
of 1 x 10 -4 Torr the alloy nitr ide is metallic, bu t  the 
uni t  cell dimension is larger than for bcc tanta lum.  At 
1 X 10 -3 Torr an fcc structure is obtained, which is 
similar to the TaN and HfN shown in Table I. Above 
1 • 10 -z  Torr there is no crystal l ine x - r ay  diffraction 
pattern.  The metal  to ni trogen atom ratio is still 1: 1. 

Transmission electron diffraction pat terns  have been 
obtained from samples deposited in pure nitrogen. The 
diffraction results show differences between the Hf-Ta 
ni tr ide (Hf~Tal-~N~ [1 < x - -  2]),  and the una l -  
loyed nitrides. However, there are no significant 
changes for compositions between 43% Hf-60% Hf 
when the substrate temperature  is varied between 
225~176 and the pressure is varied between 3.5 • 
10-2-7.0 X 10 -2  Torr. 

The diffraction data are summarized in  Table III. 
The lattice spacings cannot be indexed by  the single 
fcc lattice used for the unal loyed nitrides. Extra  lines 
appear at several positions of p r imary  extinctions. It  is 
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in teres t ing  tha t  the ex t r a  l ines can be  indexed as HfN. 
However ,  unt i l  addi t ional  exper imen t s  a re  completed  
no definite conclusions can be made  about  the  s t ruc-  
ture.  

The dens i ty  of films conta in ing 60% Hf, deposi ted at  
7.0 • 10 -~  Tor r  onto subs t ra tes  a t  225~ is 6.5 • 0.9 
g / cm s. The theore t ica l  dens i ty  of the  fcc TaN2 (a  
5.0A) latt ice,  wi th  al l  of the  t e t r ahed ra l  voids filled 
wi th  n i t rogen atoms is 6.66 g/cm~. 

The a l loy  n i t r ide  films p repa red  wi th  the subs t ra te  
at  225~ conta in  8.2 _ 1.4 w /o  ni trogen,  and app rox i -  
ma te ly  1 w / o  oxygen.  This cor responds  to x = 1.2 _ 
0.2 in a compound wi th  the  fo rmula  HfyTal-~Nx. As 
the subs t ra te  t empe ra tu r e  is increased,  the  Hf: Ta rat io  
remains  unchanged,  but  the  n i t rogen content  of the  
films increases. At  400~ the films conta in  approx i -  
ma te ly  10 w / o  N, corresponding to x = 1.4. Thus, the 
a l loy d in i t r ide  has not  been  produced.  

Discussion 

The wide  range of propert ies ,  s t ructures,  and com- 
posit ions obta ined by  sput te r ing  h a f n i u m - t a n t a l u m  
cathodes in n i t rogen is one example  of the  genera l  
usefulness of reac t ive  sput te r ing  of alloys. Fo r  some 
systems it  m a y  be difficult to obta in  sput te r ing  sources 
tha t  p roduce  films wi th  the same meta l  composi t ion 
as the s ta r t ing  mater ia l .  Assuming  tha t  sui table  sources 
can be fabr ica ted  b y  one of the  methods  descr ibed 
previously,  some genera l  conclusions can be made  f rom 
the resul ts  obta ined in this  s tudy in r ega rd  to chemical  
processes in react ive  sput te r ing  and the factors tha t  
most  s ignif icant ly affect the  ab i l i ty  to control  the  film 
propert ies .  

Substrate temperature and film quality.--The de-  
posi t ion ra te  (Fig. 7), chemical  composition, and r e -  
s is t ivi ty  (Fig. 6) of the  h a f n i u m - t a n t a l u m  al loy n i t r ide  
films are  functions of subs t ra te  t empera ture .  Other  
var iables  in the  sput te r ing  process, such as power  
input  and ni t rogen pressure  are  not  independent  va r i -  
ables since they  affect the  subs t ra te  tempera ture .  Thus, 
r eproduc ib i l i ty  of fi lm proper t ies  requi res  adequa te  
surface t empe ra tu r e  control.  In  addit ion,  thickness  
un i fo rmi ty  requi res  uni form the rma l  contact  be tween  
the subs t ra te  and the hea t  sink: 

The min imum reproduc ib i l i ty  of one-ha l f  an o rde r  
of magni tude  in the  res is t iv i ty  (Fig. 3) is a t t r ibu ted  
p r i m a r i l y  to the  precis ion of the subs t ra te  t empe ra tu r e  
control.  The th in-f i lm thermocouple  measurement s  in-  
dicate tha t  wi th  convent ional  subs t ra te  cooling the 
subs t ra te  t empera tu re  cannot  be sa t is fac tor i ly  ma in -  
ta ined  be low approx ima te ly  200~ under  the  condi-  
t ions of n i t rogen pressure  (7.0 • 10 -2 Torr)  and rf  
d-c  power  used. Local  t empera tu re s  m a y  be even 
higher.  The min imum t empera tu re  is l imi ted  by  the 
the rmal  contact  to the  hea t  sink. Even when the  sil icon 
subst ra tes  a re  held  wi th  ga l l i um- ind ium paste, the  
measured  t empera tu re  of 125~ p lo t ted  in Fig. 6 is 
at  best  a low es t imate  of the  local surface t empera tu re .  
At  125~ the  film thickness  un i formi ty  is poor. 

Unt i l  improved  methods  are  designed to control  
subs t ra te  t e m p e r a t u r e  dur ing  sput ter ing,  the  values  
r epor ted  in publ ished l i t e ra ture  mus t  be v iewed cr i -  
t ically.  

Rate processes in reactive sputtering.--At a n i t rogen 
pressure  of 7.0 • 10 -2 Torr  a n i t r ide  film forms on 
the sput te r ing  cathode. However ,  to in te rp re t  the in-  
crease in film growth  ra te  wi th  increasing tempera ture ,  
found in the  h a f n i u m - t a n t a l u m - n i t r o g e n  sys tem and 
also in other  studies of react ive  sput te r ing  (9, 10), i t  
must  be concluded tha t  the t ransfe r  of a n i t r ide  
th rough  the glow discharge and direct  nucleat ion and 
g rowth  of the  compound on the subs t ra te  does not 
occur. Rather ,  a sequence of s teps inc luding diffusion 
to the  substrate,  adsorption,  dissociation, and surface 
react ion on the subs t ra te  a re  the impor tan t  processes 
that  control  the  deposi t ion rate.  Al though  low ac t iva-  
t ion energies are  character is t ic  of d i f fus ion-control led 

processes, a r a t e - l imi t i ng  surface  reac t ion  could also 
exp la in  the  observed value  of 2 kca l /mole .  

For  example ,  if the sur face  reac t ion  is 

(Hf, Ta)s  + y N s ~  (Hf, Ta)Ny [1] 

whe re  (Hf, Ta)s  represents  the ha fn ium and t an t a lum 
on the surface considered he re  in combinat ion,  Ns is 
the  react ive  n i t rogen species on the surface, and (Hf, 
Ta)Ny is the  h a f n i u m - t a n t a l u m  ni t r ide  produc t  con- 
ta ining y a toms of n i t rogen pe r  me ta l  atom, then  the 
deposi t ion r a t e  can be represen ted  by  the equat ion 

R : k[N]8[Ta,  Hf ] ,  [2] 

whe re  s signifies a surface concentrat ion,  and  k is the  
reac t ion  ra te  constant.  A first o rder  process is assumed 
for s implici ty.  

If  the  s teps such as adsorpt ion  and dissociation, 
which precede the surface reaction,  occur r ap id ly  then 
the  surface species a re  in equ i l ib r ium wi th  the  vapor  
phase (g) .  

[N]~ 
= Kz [3] 

CN]g 

[Hf, Ta]~ 
= Kiz [4] 

[Hf, Ta] g 

A form of Eq. [2] sui table  for eva lua t ion  of the  ac t iva-  
t ion energy  of react ion [1] f rom the Ar rhen ius  plot  
(Fig. 7) is 

R : k (T)  [N]g[Hf, Ta]g KI (T)  K u ( T )  [5] 
and 

8 In R 8 In k 8 In KI 8 in  Kxx 
~- - -  -~ [6] 

"0(l /T)  --  O(1/T) O(1/T) O(1/T) 

Therefore,  the  measu red  ac t iva t ion  energy  g is r e la ted  
to the act ivat ion energy  for  the surface reac t ion  (E~), 
and to the heats  of adsorpt ion  (Hz and Hn)  of the re -  
ac tant  species 

E gs ~ Hz + Hn 
- -  : [7] 
R R 

Since the  chemisorp t ion  reac t ion  is exothermic  the  
measured  value  of E----2 kca l /mo le  is less than  E~. 
Values  of HI and HH are  difficult to es t imate  since they  
depend  on the  surface coverage,  [N]~ and [Hf, Ta]s. 
As the  surface t empe ra tu r e  increases,  the  concentra t ion 
of the  reac tan ts  decreases.  The re la t ive  changes in [N]~ 
and  [Hf, Ta]s m a y  account  for  the  fact  tha t  y increases 
wi th  t empera tu re .  This  is found expe r imen ta l l y  but  
neglected in the  formula t ion  of the  ra te  equations.  
Al te rna t ive ly ,  the adsorpt ion  of one of the  reac tan ts  
m a y  be the  ra te  l imi t ing  step, and reac t ion  [1] m a y  
be rapid.  This also could exp la in  the  observed  va lue  of 
E and the t e m p e r a t u r e  dependency  of y. In  e i ther  case 
a more  de ta i led  mechanism would  requi re  a calculat ion 
of the  concentra t ion  of reac tan t s  on the surface. How-  
ever,  the  da ta  do ver i fy  tha t  i t  is a process at  the  sub-  
s t ra te  surface tha t  is impor t an t  in reac t ive  sput ter ing.  

Conclusions 
React ive sput te r ing  of h a f n i u m - t a n t a l u m  al loys in 

n i t rogen  can produce  n i t r ide  films wi th  a res i s t iv i ty  
be tween  104-10 TM ohm-cm.  The control  of the  p r o p -  
er t ies  of these films depends  on control  of the var iab les  
(gas mixture ,  pressure,  subs t ra te  t empera tu re ,  etc.) 
in the sput te r ing  process. Reproduc ib i l i ty  of the re -  
s is t iv i ty  to wi th in  one-ha l f  an order  of magni tude  
be tween  104-1010 ohm-cm is easi ly  obtained.  

The subs t ra te  t empe ra tu r e  is especial ly  impor t an t  
in reac t ive  sput te r ing  but  is difficult to control  be low 
200 ~ C. The effect of subs t ra te  t e m p e r a t u r e  on the com-  
posit ion of the  films and on the deposi t ion ra te  is 
evidence tha t  the  subs t ra te  surface is the  locat ion of 
the  ra te  de te rmin ing  processes in th in  film deposi t ion 
by  react ive  sput ter ing.  
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Technical Notes 
, ,  

Cathodoluminescence of Alkaline Earth Thiosilicate Phosphors 
Frank J. Avella* 

Bayside Research Center, GTE Laboratories, Incorporated, Bayside, New York 11360 

In  1967 Kaldis et al. (1) reported that  cadmium thio- 
silicate Cd4SiS6 was capable of intrinsic and sensitized 
host luminescence but  it was not an effective host for 
activation by Eu. This paper deals with a group of 
thiosilicates which are effective as hosts for lumines-  
cent Eu 2 + and, in part, for Ce a+. These are the alkal ine 
earth orthothiosilicates having the formula M2SiS4, 
where  M ---- Mg, Ca, Sr, and Ba. Informat ion  is pre-  
sented on the synthesis and some of the physical, chem- 
ical, and cathodoluminescence properties of these phos- 
phors. 

Experimental 
Synthesis.--The alkal ine earth thiosilicate phosphors 

were synthesized by firing powder blends of the alka-  
l ine earth sulfide, lanthanide  sulfide, silicon, and sulfur  
in evacuated fused silica capsules. The blends were 
heated at 50~ to a max imum temperature  between 
800~176 and were held at such temperatures  for 
24 hr. Iner t ia l  cooling proceeded (approximately 100~ 
in the first hour, then 50~ to 300~ or lower be- 
fore the capsules were removed from the furnace. In 
some cases improved reactions resulted if the fired 
charge was mortared, re-encapsulated and retired using 
the same procedure. Compound formation was verified 
by comparison of x - ray  derived lattice parameters  with 
published values (2-4). 

The star t ing materials were luminescent  or reagent 
grade and were reacted in amounts  calculated to yield 
the formula M2-zLnxSiS4, where x ---- 0.005 or 0.01. 
Ordinar i ly  no charge compensator was included with 
Ce 3+. Considerable difficulty was encountered with 
synthesis reproducibi l i ty  and good chemical reactions 
were no guarantee of good phosphor performance. After  
experiments with the firing program, various formula-  
tions, capsule pressures, alkali  fluoride fluxes, use of an 
iodine t ransport  agent, pelletizing, argon backfill, and 
inclusion or exclusion of water  vapor, the only signifi- 
cant improvement  resulted when certain lots of alka-  
l ine earth sulfides were used as start ing materials.  The 
cause of their efficacy could not be at t r ibuted to their  
chemical pur i ty  and has not yet been determined. 
Samples of the Mg, Sr, and Ba compounds were pre-  
pared without  crystall ine secondary phases, but  

* Elect rochemical  Society Act ive  Member .  
Key  words :  ca thodoluminescence,  luminescence,  phosphor,  a lka-  

l ine ear th  thiosilicate,  ce r ium,  europium. 

Ca2SiS4 was always accompanied by a small  amount  of 
CaS. 

Mea~urements.--Cathodoluminescence measurements  
were made with a demountable  CRT operated at 12 kV 
with a beam current  of 1 mA on a s tandard TV raster 
compressed to 4 x 4 in. The phosphors were coated on 
1 x l in. conductive glass slides using normal  settling 
techniques;  however,  water  sensitive phosphors were 
settled in a nonaqueous medium. Each coated slide was 
baked in air at 400~ for 20 rain. The emission spectra 
were recorded in  terms of relat ive energy vs. wave-  
length by known methods. A 0.30 ~sec square pulse 
was used in measuring the decay times. 

Results and Discussion 
Physical and chemical properties.--Mg~SiS4 and 

Ca~SiS4 were reported by Rocktaschel et al. (2) to have 
the orthorhombic olivine type crystal s tructure with 
space group I:)2hl6-Pnma. Ribes ct al. (3) assign the 
same space group to Ba2SiS4 and compare its s tructure 
to that of f~-K2SO4. Dumai l  et al. (4) place Sr2SiS4 in 
the monoclinic system with space group C2h2-P2z/m. 
Unl ike  their oxygen-dominated  homologs the Mg, Ca, 
and Sr orthothiosilicates are hygroscopic; in moist air 
Mg2SiS4 is the least stable and Sr2SiS4 the most stable. 
On the other hand, Ba2SiS4 is not hygroscopic nor 
does it appear to hydrolyze in water. X - r a y  examina-  
t ion of the phosphor-coated cathode ray test slides 
after the 400~ heat t rea tment  showed no evidence of 
decomposition of the Sr and Ba thiosilicates, although 
Dumail  et al. (2) had observed that  Ba2SiS4 begins to 
oxidize at 280~ However, it was found that the bake-  
out did par t ia l ly  decompose the Mg and Ca compounds 
so that  some MgS and addit ional  CaS were present  on 
their  respective test slides. When  activated with Eu 2+, 
the phosphors have the following body colors: Mg, 
orange; Ca, grayish yellow; Sr, greenish yellow; and 
Ba, light brown. With Ce a+ as the activator the Sr and 
Ba phosphors are gray and tan respectively. 

Luminescence.--All four thiosilicates were activated 
by Eu 2 +, but  activation with Ce 3 + was confirmed only 
for the Sr and Ba compounds. All  six phosphors re-  
spond to excitation by ul t raviolet  and cathode rays. 
The cathodoluminescence spectra for the Eu-act ivated 
phosphors are reproduced in Fig. 1, and the data are 
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Fig. 1. Cathodoluminescence spectra from M-2SiS4:Eu (intensi- 
ties not comparable). 

summarized in Table I. The emission bands are char-  
acteristic of 5d --> 4f Eu 2+ transitions. Their  shift to- 
ward shorter wavelength with increasing cation size 
would be consistent with expansion of the crystal  
lattice in an homologous isostructural  series, but  since 
only the Mg and Ca compounds form such a series, the 
correlation between spectral band  position and cation 
size cannot be extended to the Sr and Ba compounds. 
The weaker  bands peaking at 592 and 668 nm corre- 
spond to Eu 2+ emissions from the MgS and CaS im-  
pur i ty  phases . respect ively  as reported by Jaffe and 
Banks (5). The Sr and Ba thiosilicates are fairly effec- 
tive hosts for Eu 2+. The emissions from the Mg and Ca 
compounds are much weaker  and, since they also have 
impur i ty  components, their intensit ies are not given. 

Ce 3+ activation of the Sr and Ba thiosilicates pro- 
duces greenish blue and blue cathodoluminescence, re- 
spectively, having the spectra shown in Fig. 2. Both 
emissions have the two overlapping bands at t r ibuted 
to 5d -> 4f transit ions in the Ce ~+ ion. The secondary 
band peaks at about 476 n m  in Ba2SiS4: Ce, but  it is not 
easily resolvable in Sr2SiS4: Ce. In Table II the catho- 
doluminescence performance of these two phosphors is 
compared with that  of CaaA12SiOT:Ce, a P-16 type 
phosphor used as the blue component  in some flying- 

Table I. Cathodoluminescence data for M2SiS4:Eu 2+ 

E m i s s i o n  b a n d  L u m i n a n c e  
W i d t h  a t  h a l f  C h r o m a t i c i t y  r e l a t i v e  

M I! ),max(nm) height  (nm) c oo rd ina t e s  (x,y) to  P-1  (%) 

Mg 660 87 - -  
Ca 563 63 - -  - -  
S r  545 56 0.337, 0.626 53 
Ba  493 56 0.119, 0.439 20 

Table II. Cathodoluminescence data for M,~SiS4:Ce 3+ 

C h r o m a t i c i t y  
coo rd ina t e s  R e l a t i v e  Decay  (~sec) 

Phosphor Xm.z(nm) (x,y) l u m i n a n c e  e -1 Io 0.1Io 

Sr2SiS4:Ce 466 0.170, 0.259 Weak 0.08 0.5 
Ba2SiS4:Ce 442 0.161, 0.152 110 0.10 0.6 
Ca~AI~SiOT:Ce 400 0.163, 0.042 100 0.05 0.11 

/ V ' x  
BO zsIS4 :Ce . [  / ~ ~  

i / \ \  

550 400 450 500 550 600 
WAVELENGTH (rim) 

Fig. 2. Cathodoluminescence spectra from M2SiS4:Ce (intensi- 
ties not comparable). 

spot scanner tubes. The Sr2SiS4:Ce emission is very 
weak. The emissions from Ba2SiS4: Ce and Ca~AI2SiOT: 
Ce have similar values of luminance;  the latter is ac- 
tual ly  more efficient but  it emits in a region of lower eye 
sensitivity. The Sr and Ba thiosilicates have similar 
nonexponent ia l  decay characteristics. The decay times 
are longer than those recorded for Ca~A12SiOv: Ce by a 
factor of 2 at e-lIo and of 5 at 0.1 Io. This indicates not 
only a slower init ial  decay process but  also a longer 
low-level  persistence in the thiosilicates; 0.01 Io is 
reached in tens of microseconds. This is not unl ike  
the situation with CaS: Ce where  Lehmann  and Ryan 
(6) at t r ibute the relat ively slow Ce s+ decay to host 
t rapping levels. 

In  summary,  M2SiS4 compounds are par t icular ly  
effective as hosts for Eu 2 + when  M H = Sr and Ba and 
for Ce 3+ where M = Ba. The Ce 3+ decay was found 
to be slow relat ive to a P-16 phosphor. 
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The Use of Metalorganics in the Preparation of 
Semiconductor Materials 

IV. The Nitrides of Aluminum and Gallium 
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Autonetics Division of North American Rockwel~ Corporation, Anaheim, California 92803 

The use of meta lorgan ic  compounds in the  p r e p -  
ara t ion of I I I -V  (1-7) and I I -VI  (8) semiconductor  
compounds has  p rompted  addi t iona l  s tudies in our  
labora tor ies  to ex tend the scope of the process to in-  
c lude ni t r ides  of a luminum and gal l ium, wide band-  
gap mate r ia l s  in which  considerable  in teres t  has been 
genera ted  recently.  As w i d e - b a n d g a p  semiconductors,  
the ni t r ides  can be considered,  for example ,  for the 
fabr icat ion of semiconductor  devices that  d isp lay  h igh-  
t empe ra tu r e  s tabi l i ty;  and in combinat ion wi th  other  
piezoelectr ic  mate r ia l s  and insula tors  they  are  acoust i -  
ca l ly  useful  in w i d e - b a n d  h igh-capac i ty  s ignal  and 
da ta  processing (9). A l u m i n u m  ni t r ide  (A1N) is also a 
r e f rac to ry  e lec t r ica l ly  insula t ing ma te r i a l  tha t  can be 
used as both insulat ing layer  and diffusion mask  for 
other  semiconductor  mate r ia l s  and devices. Gal l ium 
n i t r ide  (GaN) is t r anspa ren t  to vis ible  radia t ion;  and 
because of its bandgap,  it  has potent ia l  use for optical  
devices which wil l  opera te  in the visible region. 

Various  methods  have  been r epor t ed  for p repar ing  
s ing le -c rys ta l  films of these n i t r ide  mater ia ls .  These 
include react ive  sput te r ing  (10), gaseous discharge 
(11-13), and chemical  vapor  deposi t ion (CVD) (14- 
19). The l a t t e r  method has been used more  ex tens ive ly  
for film p repara t ion  and has produced  s ing le -c rys ta l  
A1N films on a number  of s ing le -c rys ta l  subs t ra tes  such 
as Si  (14), ~-SiC (16, 17), and a-A120~ (13). S ingle-  
c rys ta l  GaN growth  has also been repor ted  on a-A1203 
subs t ra tes  (12, 15, 18), ( l l l ) - o r i e n t e d  GaAs  (12), and 
(0001)a-SiC (18, 19). 

Most CVD processes for the  format ion  of s ing le -c rys -  
ta l  n i t r ides  use a hydrogen  hal ide  to provide  t r anspor t  
of reactants  (15) a n d / o r  the ha l ide  is a ma jo r  b yp rod -  
uct of the react ion that  produces  the pa r t i cu la r  n i t r ide  
(14, 16, 18, 19). The presence of a ha l ide  may  set a 
definite l imi ta t ion  on the  pu r i t y  of the  film, for the  sub-  
s t ra te  on which the film is formed m a y  be chemica l ly  
reac t ive  wi th  the  hydrogen  halides. This could in t ro-  
duce impur i t ies  into the  gaseous a tmosphere  which 
m a y  be incorpora ted  into the  growing film. 

Ideal ly ,  therefore,  one would  prefe r  a process for 
n i t r ide  format ion  tha t  (a) is f ree  of any  hal ide;  (b) 
uses an appara tus  for g rowth  tha t  is compat ib le  wi th  
exis t ing commerc ia l - type  appara tus  for e lementa l  
semiconductor  formation;  and  (c) requi res  only  one 
hot  t empera tu re  zone for deposit ion.  The appa ra tus  
and techniques meet ing  these  cr i ter ia  and used for  the  
n i t r ide  film format ion  descr ibed here  are  s imi lar  to 
those which have been prev ious ly  descr ibed (2, 8). 

GaN and A1N were  formed by  mix ing  the appro-  
pr ia te  methy l  der iva t ives  of the  elements,  name ly  t r i -  
me thy lga l l i um (TMG) and t r ime thy l a luminum 
(TMA),  respect ively,  wi th  excess ammonia  (NI-Is) 
and decomposing the mix tu re  or the addi t ion product  
at  the  subs t ra te  which  was hea ted  to a sufficiently high 
t empera tu re  to form the corresponding ni tr ide.  Pd -  
purif ied H2 was used as the  car r ie r  gas in both i n -  
s tances .  

Tempera tu re  readings,  obta ined using an optical  
pyrometer ,  were  made  d i rec t ly  on the  S iC-covered  C 
pedestal ,  and a re  uncorrec ted  for  emissivi ty.  The 
~-A1203 and Czochralski  spinel  (MgA1204) subs t ra tes  

* Electrochemical  Society Active Member,  
K e y  words:  crystal  growth,  heteroepi taxy,  films, insulat ing sub~ 

strates, chemical  vapor  deposition. 

were mechan ica l ly  pol ished to provide  a r e la t ive ly  
scra tch- f ree  surface as v iewed wi th  an opt ical  micro-  
scope at  400X magnification,  and  were  t r ea ted  in I-I~ 
(~1150~ for MgAI204 or ~1250~ for a-A1203) for  
about  15 rain before  film growth.  Mechanical ly  pol ished 
Si  was given a l ight  etch in a mix tu re  of 2 par t s  of HF, 
9 par t s  of HHNO~, and 4 par t s  of HAc, r insed wi th  de-  
ionized H20 and methanol ,  and hea ted  for  15 min in H2 
at  1250~ to remove  surface oxides.  The a-SiC sub-  
s t ra te  used was a f lux-grown basa l -p lane  platelet .  

Back-ref lec t ion Laue  x - r a y  pat terns ,  reflection elec-  
t ron  diffraction techniques,  a n d / o r  fu l l -c i rc le  x - r a y  
diffraction analysis  were  used to es tabl ish the repor ted  
or ienta t ion  re la t ionships  be tween  the ep i tax ia l  film 
and the  substrate .  

AI1V growth . - -S to ich iomet r i c  amounts  of t r ime thy l -  
a luminum (TMA) and NHs react  at room t empera tu r e  
(r.t .) to form the  solid addi t ion  compound (CH3)3AI: 
NH3. The react ion has been s tudied by  Wiberg  and Bolz 
(20). Our  s tudies  demons t ra te  tha t  at  h igh t e m p e r a -  
tures  complete  dea lky la t ion  of the addi t ion  compound 
occurs to form A1N. The over -a l l  react ions  m a y  be ex -  
pressed as in Eq. [1] and  [2] 

(CH3)6A12(g) + 2NH3(g) ) 2(CH~)sAI:NHs(s) [1] 
r.t. 

(CH3) sAl: NI-I3(s) ) A1N(s) + 3CI-I4(g) [2] 
, ~1200~  

However ,  the  format ion  of A lN  occurs by  a s tepwise 
process, wi th  a mole  of CH4 being re leased at  about  
60~ a second mole  at  ~160~ (20), and  the  f inal  
mole of CH4 at some higher  t empera ture .  Because 
the rmal  rad ia t ion  f rom the rf  hea ted  pedes ta l  at  the 
deposi t ion t empe ra tu r e  could cause the  format ion  of 
A1N powder  at  a finite dis tance f rom the substrate ,  ex -  
pe r imenta l  condit ions mus t  be carefu l ly  cont ro l led  to 
avoid  such formation;  otherwise,  the  p o w d e r  could 
impede  ep i t axy  a n d / o r  contamina te  the film. There-  
fore, it  was found p re fe rab le  to use a ver t ica l  reactor  
conta ining a coaxia l  center  tube,  mix ing  the  reac tan ts  
in the upper  neck of the center  tube,  and then d i rec t -  
ing the addi t ion compound plus NHs to the  hea ted  sub-  
s t ra te  wi th  a r e l a t ive ly  high total  H2-carr ier  flow rate.  

Af te r  a 15 rain h i g h - t e m p e r a t u r e  H2 etch of the  sub-  
s t ra te  surface, the  subs t ra te  t e m p e r a t u r e  was s tabi l ized 
for ep i tax ia l  g rowth  (~1200~ and NH3 flow (~1750 
ccpm) was star ted.  A few minutes  l a te r  TMA vapor  
was t ranspor ted  to the reac tor  by  bubbl ing  H2 at  25-100 
ccpm through  the l iquid TMA (s tored at  ~30~ and 
an addi t ional  6-8 lpm of H2 were  then  added to "push" 
the  addi t ion compound to the  substrate .  Growth  ra tes  
were  typ ica l ly  1-7 ~m/hr .  These condit ions were  found 
sufficient for the  growth  of ep i t ax ia l  films on Si, a-SiC, 
a-A12Oa, and MgA1204. The growth  of /k in  o n  
MgA1204[ ( l l20 )A1N/ / ( l l0 )MgA1204]  was not  as r e -  
p roducib le  as g rowth  on a-A120~, p r o b a b l y  due to the  
ins tabi l i ty  of MgAl~O4 to H2 at  the  growth  t e m p e r a -  
ture  employed.  Crys ta l lographic  or ienta t ion  re la t ion-  
ships for g rowth  on ~-A1208 are  summar ized  in Table I. 

F i lm  thickness  un i fo rmi ty  and g rowth  r a t e  were  
d i rec t ly  re la ted  to reactor  geometry ;  a center  tube re -  
sul ted  in films wi th  a concentr ic  r ing  configuration, 
wi th  th icker  g rowth  occurr ing  at  the center  of the  
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Table I. AIN/AI~O3 crystallographic orientation relationsMps 

(O001)A1N//(OOO1)AI~Oa; [ 1210 ] A1N//([100] A12Os 
(I~0) AIN//(0112) AlsOs; [ 0001 ]AIN// [ 01"i 1 ] Al~O~ 
(0001) AI-N//(11"2"0) AlsOs; [12 I0 ]AIN// [i I00 ] AlsOs 
(0001)AIN//(111) Si; [1210]AIN//['I10]Si 

ring. Crazing of the  A1N film was  observed to begin  at 
about  the  th i rd  f r inge of growth  (i.e. at a thickness  of 
~0.4 ~m) on Si  and to ex tend  into the  th icker  areas  
of growth.  A typ ica l  "crazing pa t t e rn"  s t ruc ture  is de-  
p ic ted  in Fig. 1. 

In the th inner  growth  areas  it was sometimes possible 
to find evidence of the  ea r ly  stages of A1N growth. The 
t r i angu la r  s t ruc ture  depic ted  in Fig. 2 was obtained on 
(111) Si. 

The as -g rown A1N films have  inva r i ab ly  demon-  
s t ra ted insula t ing propert ies .  Resist ivi t ies  appear  to 
be on the order  of 105 ohm-cm or above. Reflection 
electron diffraction pa t te rns  for  the  single c rys ta l  
film have  been ve ry  wel l  defined. The film qual i ty  was 
fu r the r  subs tan t ia ted  by  the excel lent  resul ts  obta ined 
dur ing  surface acoustic wave  studies using some of the 
films on a-Al~O3 (21). 

GaN growth.--By subst i tu t ing t r ime thy lga] l ium 
(TMG) for TMA and pyro lyz ing  TMG-NH3 mix tu res  
on wafers  of a-A1203 and a-SiC hea ted  to 925~176 
s ing le -c rys ta l  films of GaN were  formed. The surface 
s t ructures  of (0001)GaN obta ined on basa l -p l ane  a-SiC 
and a-A1208 are  depic ted  in Fig. 3. The or ienta t ion 
re la t ionships  which have  been de te rmined  for a-A1203 
are  indica ted  in Table II. Growth  ra tes  approaching  0.1 
~m/min  were  adequa te  for the growth  of ep i tax ia l  
films. Total  flow ra tes  of , ,3  ]pm were  used in these 
exper iments .  

A n  undoped  6 ~m- th ick  whi te  film grown at  930~ 
was n - t y p e  wi th  a ca r r i e r  concentra t ion above 1019 
cm -z  and a mobi l i ty  ~60 cm2/V-sec, as measured  with  
the  Van der  Pauw technique (22). F u r t h e r  studies are 
necessary to de te rmine  if the  low mobi l i ty  is a char -  
acterist ic of the  process. 

F i lms  grown at  910~ possessed a ye l low cast; and at 
700~ r edd i sh -b rown  h igh- res i s t iv i ty  films were  ob-  
tained.  These films were  e x t r e m e l y  res is tant  to acids 

Fig. I. AIN growth features on (111)silicon 

and bases but  could be des t royed b y  hea t ing  in Ha to 
1050~ and above, which left  a res idue  of wha t  seemed 
to be Ga meta l  drople ts  on the  surface of the  sub-  
strate.  The films formed at  700~ p resumab ly  conta ined 
in te rmedia te  unpyro lyzed  [ C - H - G a - N ]  polymers,  
formed in the react ion be tween  TMG and NHs. 

Some ra the r  in teres t ing  c rys ta l lographic  s t ructures  
have been observed dur ing  these studies of GaN growth  

Fig. 2. An early stage for AIN 
growth on (! 11)silicon. 
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Fig. 3. GaN growth features on basal plane; (a, left) =-SIC; (b, right) a-AI20~ 

Fig. 4. Gall growth at substrote edges; (a) (0001)AI203; (b) (111)MgAI204 
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Fig. 5. Two kinds of needle growth of GaN observed during studies 

on insulators.  GaN d isp layed  a s t rong tendency  to grow 
at the edges of subs t ra te  wafers  and to produce we l l -  
defined c rys ta l lographic  growth  steps. The growths  at  
the  edges of (00Ol)A120~ and ( l l l )MgA1204  are  re -  
corded in Fig. 4. A sl ight  b r e a k  in the  s t ep- l ike  growth  
morphology  of the crys ta l  can be observed at the edge 
(center  b lack  l ine)  of the  MgA1204 wafer .  

S tep-wise  growth  could also be observed  in r andom 
need le - type  crysta ls  which sometimes g rew ve ry  
rap id ly  at  the insula tor  surfaces. Two such s t ructures  
are shown in Fig. 5. Such crys ta l  g rowth  may  have oc- 
cur red  at a Ga drople t  which  acted as a nucleat ion site 
for vapor - l i qu id - so l id  (VLS)  growth.  

In summary ,  these feas ib i l i ty  exper iments  have  in-  
dicated that  the scope of the me ta l -o rgan ic  process for 
semiconductor  film format ion  can be ex tended  to in-  
clude the n i t r ides  of A1 and Ga. The  re la t ive  ease wi th  
which these compounds can be formed indicates tha t  
fu r ther  exper imenta t ion  could produce  addi t ional  im-  
por tan t  resul ts  in these and re la ted  cases. 
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Co nmun ca  on 

Revelation of Dislocations in (Hg, Cd)Te by an 
Etch Technique 

Sidney G. Parker* and Jack E. Pinnell 
Texas Instruments, Incorporated, Dallas, Texas 75222 

Etch techniques are f requent ly  used to show the 
presence of dislocations and their  number  (1). The 
(111) planes of mater ia l  such as (Hg,Cd)Te, which 
crystallizes in the cubic structure, readily reveal  the 
presence of dislocations as t r iangular  pits or hillocks 
when  etched with a suitable solution (2). Such an etch 
for HgxCdl-xTe has been discovered for values of x 
ranging from 0.85 to 0.60. 

The etch solution consisted of 15 parts of concen- 
trated HNO3, 15 parts of H20, 1 par t  of concentrated 
HC1 and 1 par t  of a 5% solution of Br2 in methanol.  
The surface to be etched was lapped to a moderately 
smooth finish with 3200 grit al though more polished 
surfaces were also used. The etching was performed at 
25~ for 5-10 min  with a dark film forming on the 
surface. This film was removed by a I-2 sec t rea tment  

* Electrochemical  Society Active Member.  
Key  ",words: I I -VI  materials ,  pseudobinary  compounds, l ow band- 

gap materials, crystalline imperfect ions,  preferent ia l  etching. 

wi th a 5% Br2-methanol  solution followed by a 
methanol  rinse. 

Typical etch pat terns are shown in Fig. 1 for opposite 
(111) planes. Because of the difficulty in obtaining 
large single crystals of HgxCd,-xTe we were unable  to 
determine which of the faces was the "A" or metal  
rich face. However, it can be seen that upon etching, 
one face developed t r iangular  hillocks or pits while the 
opposite face gave an i r regular  pattern.  Pits or hillocks 
denoting dislocations were found for orientations up to 
30 ~ off the {111), al though the greater the deviation 
from the (111) the less regular  Was the shape of the 
etch pits. The number  of dislocations in Hg0.s0Cd0.20Te 
grown by various techniques var ied from 1 >< 104 to 
5 X 106 per cm 2. 

As the Cd content  increased it was necessary to di- 
lute the etch solution wi th  H20 to obtain wel l  defined 
etch patterns. Longer etch periods were also required 

Fig. 1. Etch patterns developed on ( I l l )  faces of Hgo.sCdo.2Te. (a) Triangular pattern on one face. (b) Irregular pattern on the opposite 
face. Magnification 350X. 
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with  increasing Cd concentrations.  The etch was not 
eva lua ted  for composit ions other  than  for the  range 
stated above. Care was necessary not  to etch too long 
wi th  Br2-methanol  or  else the  etch figures developed 
by  the HNO3-HC1-Br2 etch would  be obl i terated.  If  
the  amount  of HC1 in the etch solution was too grea t  
only  i r regular ,  ove r -a l l  e tching occurred.  

Manuscr ip t  submi t ted  June  24, 1971. 

D I S L O C A T I O N S  I N  (Hg ,  Cd)  T e  1869 

A n y  discussion of this paper  wi l l  appear  in a Discus- 
sion Section to be publ ished in the  June  1972 JOURNAL. 
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ABSTRACT 

The electrode reactions involved in electrochemical machining (ECM) of 
mild steel in NaC103 were studied in a closed cell system at constant  current.  
The cathodic reaction is found to be essentially hydrogen evolution. At the 
anode, in addition to the metal  removal, significant ~mounts of oxygen are 
produced and the total anodic current  efficiency for Fe + + plus O2 formation is 
about 100%. Reduction of NaC103 to NaC1 dur ing ECM is caused by the 
chemical reaction between NaC103 and Fe + +. The exper imental  results con- 
cerning the anodic process are qual i tat ively explained by the presence of 
porous anodic oxide films. 

Because of its un ique  method of removing metal, 
electrochemical machining (ECM) has found increas- 
ing industr ia l  application in the last decade (1). For 
simplicity, ECM may be described as a controlled rapid 
anodic corrosion process. In  the process, metal  is re-  
moved anodically at cur rent  densities of the order of 10 
to 100 A/cm 2, and  the reaction products precipitate in 
the electrolyte as sludge. The sludge is carried away by 
a rapidly flowing stream of electrolyte. The electrolyte 
gap between the two electrodes often is very small  
(usual ly less than 1 mm) to reduce both wild cut t ing 
and ohmic heating. 

Recently a considerable amount  of effort has been 
expended in s tudying this process; however, many  
basic questions concerning ECM electrode mechanisms 
remain  unanswered.  Perhaps this can be a t t r ibuted to 
(1) the lack of general  basic knowledge concerning 
high current  density processes in the field of electro- 
chemistry and (2) the exper imental  difficulty in mea-  
suring /R-free  potentials of a high current  density 
process in which the electrolyte, mixed with sludge 
and gas, flows through a very nar row gap. 

In the present  work, ECM experiments  were carried 
out in a closed-cell system in order to obtain some 
general  knowledge concerning the anodic and cathodic 
reactions of this high current  density process. The 
possible reactions were determined by s tudying the 
changes of compositions of the electrolyte and the 
amounts  of hydrogen and oxygen generated and metal  
removed. The first system investigated was ECM of 
mild steel in NaC103 solutions because of the excellent 
ECM properties provided by NaC10~ (2). Further ,  it 
was hoped that this study could provide informat ion 
about the reduction of NaC108 to NaC1 dur ing ECM (3). 
All  exper iments  were conducted at cur rent  densities 
up to 47 A /cm 2 (or 300 A/in.2),  because it is this range 
of current  densi ty in which we are ma in ly  interested. 

Experimental Procedure 
Closed ECM Cell 

Figure 1 shows the a r rangement  of the closed-cell 
unit.  The cell was made main ly  of glass. A 25 cm mild 

* Electrochemical  Society Act ive  Member.  
K ey  words:  e lectrochemical  mach in ing  (ECM), NaCIO~, cur ren t  

efl~iciency, oxide films. 

steel (1020) tube (0.645 cm OD and 0.462 cm ID) was 
used as the anode (workpiece) with one end facing a 
brass or p la t inum disk (0.953 cm diameter)  which 
served as the cathode (tool). The steel tube passed 
through the wall  of the cell through a hydraul ical ly  
sealing rubber  O-ring. Outside the cell, the tube was 
attached to a threaded collet dr iv ing system actuated 
by a revolving nut  in a sprocket. This a r rangement  
provided different constant  feed rates controlled by 
means of a constant speed motor and sprockets of dif- 
ferent  sizes. 

The electrolyte was circulated by a polyethylene 
centr ifugal  pump at a flow rate of about 2 l i ters /min.  
After flowing through the steel tube, the electrolyte 
directly impinged upon the cathode and then drained 
to the electrolyte reservoir through two channels. The 
electrolyte reservoir had a capacity of 800 cm 3. The 
temperature  of the electrolyte in the reservoir  was 
main ta ined  at 27 ~ _ 2~ by a water  jacket. 

Experiments  were conducted at different constant  
currents.  The apparent  current  densities given in this 
report were based on the cross-sectional area of the 
tube  wall  (0.159 cm2). The gap between the two elec- 
trodes was main ta ined  approximately constant  at 0.08 
cm by using a proper feed rate which was determined 
by trial  and error. The change ~f the electrolyte gap 
was followed by the variat ion of the applied cell volt-  
age. The electrical current,  controlled manual ly ,  was 
drawn from a Mallory, Model VA400, power supply. 
The current  and the applied potential  were measured 
by a Weston ammeter  (Model 901) and a Sensit ive 
vol tmeter  (Model C), respectively. A General  Motors 
Research-made coulometer was used to measure the 
total applied charge. The electrical circuit of the cell, 
the anode driving system, and an electrical t imer  were 
all controlled by one switch. Exper iments  were  ter-  
minated  when the total  charge reached 2500 or 7000 
coulombs. 

Preparation and Sampling 
For each experiment,  the steel tube was degreased 

with detergent, polished with a 600-grit wet gr inding 
paper, r insed with distilled water, and dried with 
acetone. After the experiment,  the tube was washed in 
distilled water  and dried. The loss in weight of the tube 

1870 
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Fig. 1. (a) The closed ECM cell 
unit and (b) cell fixture. A, tube 
anode; C, potted cathode; D, anode 
driving system; F, cell fixture; G, 
electrolyte gap; I, air or nitrogen in- 
let; O, gas outlet to the analysis sys- 
tem; P, pump; R, electrolyte reservoir; 
W, water jacket; Y, electrolyte fill. 

F R O M _ _ . _  _ _ 

\ \  

- / / / _  
m 

C 

T O  Y 

Fig. lc. Schematic diagram of the closed cell. S, stopcock; T, 
thermometer; other designations as in Fig. l(a) and (b). 

due to ECM was measured to determine the amount  
of metal  removed. The cathode was also washed in 
distilled water  for each run. The original surface was 
polished with a 600-grit wet gr inding paper. 

The electrolyte for each run  was freshly prepared. 
Distilled water  was used for making the solution. The 
NaC103 used analyzed 99.5% with NaC1 content  about 
0.02%. All  other chemicals employed were of reagent  
grade. A sample of each new electrolyte was taken for 
chemical analysis. After  a run, the mixture  of sludge 
and electrolyte was collected and filtered through 
Whatman  No. 50 filter paper. The sludge was fur ther  
washed with distilled water  (about 900 cc) which had 

been previously used to wash the cell. The volumes of 
the electrolyte filtrate and the washing solution were 
measured before the chemical analyses were made. The 
concentrations of i ron and sodium in the sludge were 
determined after the sludge was dried overnight  in  an 
oven at 100~ Since the average amount  of sodium in 
the sludge was found to be less than 1%, the washing 
process used in this work is believed to be adequate. 
All  chemical analyses were carried out by the Chemis- 
t ry  Depar tment  of General  Motors Research. 

Cell Atmospheres and Gaseous Products 
Experiments  were conducted in two different cell 

atmospheres: air or nitrogen. The reason for using a 
ni t rogen atmosphere is the capabil i ty of detecting, in  
addition to hydrogen, any possible oxygen generated 
a t  the anode dur ing  ECM. The inlet  flow rate of air or 
ni trogen to the cell system was about 4 l i ters/hr .  Be- 
fore entering the cell, the gas was at least par t ia l ly  
saturated with water  vapor by bubbl ing  through a dis- 
tilled water column. The pressure of the cell atmo- 
sphere was mainta ined at about 25 cm H20 below 1 atm 
for air 1 and 25 cm H20 above 1 atm for nitrogen. After  
leaving the cell, the gas was bubbled  through a column 
of 500 g/ l i ter  KI  solution to remove any  chlorine. 2 The 
gas then fur ther  passed through columns of concen- 
trated H2SO4 solution, CO2 absorbent, anhydrous  CaSO4 
and anhydrous  Ba(CtO4)2 for removing any H20 and 
CO2 before it entered the apparatus for quant i ta t ive  
determinat ion of hydrogen and oxygen. 

For experiments  in air atmospheres, only the hydro-  
gen was determined. A Sargent-Welch gas pur i fying 
furnace, operated at 450~ was used to collect the 
hydrogen by reacting with copper oxide (CuO) t u rn -  
ings in a Vycor high silica glass tube. The water  pro- 
duced by the reaction was then collected by anhydrous  
Ba(C104)2, and the amount  of the hydrogen formed 
dur ing ECM was determined by the weight change of 
the anhydrous Ba (C104) 2. 

When using a ni t rogen atmosphere, two Sargent-  
Welch gas purifying furnaces at 450~ were employed. 
The first was filled with pure copper turnings,  3 and 
the second, with copper oxide turnings.  In the 
first furnace, oxygen oxidized copper to copper oxide, 
which was then immediate ly  reduced by the hydrogen 

Because  a i r  was  i n t r o d u c e d  i n t o  t he  cel l  b y  c o n n e c t i n g  t he  o u t -  
le t  of  the  gas  ana ly s i s  s y s t e m  to a v a c u u m  l ine,  

-~ The  a m o u n t  of chIor ine  in  t he  gas s t r e a m  was  d e t e r m i n e d  b y  
the  change  of  I,~ c o n c e n t r a t i o n  i n  the  K I  so lu t ion .  

3 The  p u r e  copper  t u r n i n g s  w e r e  o b t a i n e d  by  pa s s ing  h y d r o g e n  
t h r o u g h  the  f u r n a c e  a t  450~ fo r  a b o u t  80 ra in  be fore  the  ECM 
e x p e r i m e n t .  
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present. The remaining hydrogen in the gas s t ream 
was removed in the second furnace by copper oxide. 
The water  formed in the two furnaces was collected by 
two different anhydrous Ba (C104)~ columns. The water  
collected f rom the first furnace was used to calculate 
the amount  of oxygen generated at the anode, and the 
total water  f rom the two furnaces was used to deter -  
mine the amount  of hydrogen formed. Before an ex-  
per iment  was started, the cell system was purged with  
ni trogen for about 3 to 4 hr, wi th  electrolyte  circulat-  
ing, to remove  any possible oxygen in the system. 

Af ter  ECM, the cell system was always purged with 
the appropriate  gas for about 2 to 3 hr to collect any 
gaseous products dissolved in the electrolyte.  

The accuracy of the above method for the deter-  
minat ion of oxygen was checked by electrolyzing water  
in a 15% NaOH solution in the closed-ceil  system. A 
pla t inum disk was used as the cathode, and the anode 
was made of a pal ladium tube. Exper iments  were  con- 
ducted at a current  density of less than 0.3 A/cm~ ~or 
a total applied charge of 350 coulombs. For  exper i -  
ments in a ni t rogen atmosphere ( the inlet  flow rate  
also at 4 l i t e r s /h r ) ,  only about 92% of the oxygen was 
recovered. This may be due to incomplete  mix ing  be- 
tween oxygen and hydrogen in the gas s tream since, 
af ter  experiments ,  a small  amount  of copper oxide 
(gray color) was found in the glass tube. However ,  
when a small  additional amount  of hydrogen (less than 
10%) was added to the ni t rogen stream, such a phe-  
nomenon was not observed and almost 100% of the 
oxygen was accounted for. Since an excess amount  of 
hydrogen was always present  in the gas s tream during 
ECM in NaC1Os solutions (see Tables I and II) and also 

since no copper oxide was observed after  the ECM ex-  
periments,  it is bel ieved that  the method used in this 
work for determining oxygen should be quite accurate. 

Results 
The results of s tudying ECM of mild steel in NaC10~ 

are shown in Tables I and II for exper iments  in air 
and nitrogen, respectively.  The amount  of iron removal  
was determined by the weight  loss of the anode as- 
suming 100% iron in the 1020 mild  steel. The amount  of 
iron in the sludge was about 5% lower  than the anode 
weight  loss since there  was a loss of sludge during the 
process of collection. The current  efficiency for iron 
remova l  was calculated on the basis of the react ion 

Fe->  Fe ++ + 2 e -  [1] 

Because of low concentrat ions of sodium chloride, 
the average er ror  for the values of sodium chloride 
formation, shown in Tables I and II, was est imated to 
be about 5%. The error  was larger  when the value was 
0.002 mole or less. The amount  of NaC1Os reduced after  
ECM could not be determined due to the l imitat ion of 
accuracy in chemical  analysis (impossible to determine 
accurately a small difference between two large num-  
bers).  

NaC10~ was not observed in the electrolyte  after  
ECM (infrared spect rophotometry) .  No exper iment  in 
2M NaC10~ at 26 A / c m  2 was per formed  because no 
comparable  feed rate  could be achieved. 

For  convenience in discussion, the relat ionship be- 
tween the current  efficiency for iron remova l  and cur-  
rent  density at different NaC1Os concentrat ions is given 

Table 1. Results of studying ECM in NaCIO~ electrolyte and air atmosphere 

I r o n  r e m o v a l  

~.~ ~ 

Run ~ o Ca thode  passed  (mole) r ~  U 
NaC1 p H  change  

f o r m a t i o n  
(mole)  Fe /NaCI**  F r o m  To 

A1 4.5 Brass  47 2500 98.2 0.009687 74.8 - -  - -  7.7 7.4 
A2 4.5 P t  47 2500 98.1 0.01045 80.7 - 3  0.00180 5.8 - -  - -  
A3 4.5 Brass  47 7000 96.7 0.03006 82.9 5 0.00610 4.9 - -  - -  
A 4  4,5 P t  47 7000 99.3 0.02850 78.6 8 0,00547 5,2 8.1 6.1 
A 5  4.5 Brass  26 2500 99,0 0.00759 58.6 - -  - -  7.9 6.5 
A6 4.5 P t  26 2500 99.0 0.00786 60,7 - 3  0.00167 4.7 7.3 6.3 
A7 4.5 Brass  26 7000 99.8 0.02273 62.7 6 0.00415 5.5 8.5 6.3 
A8 4,5 P t  26 7000 98.6 0.02496 68.8 9 0.00459 5.4 8.1 5.7 
A9 2.0 Brass  47 2500 98.7 0.00782 60.4 1 0.00149 5.3 7.9 6.4 
A10  2.0 Brass  47 7000 99.9 0.02432 67.1 3 0.00451 5.4 7.5 5.2 
A l l  2.0 Brass  37 2500 98.3 0.00600 46.3 1 0.00102 5.9 7.0 6.0 
A12 2.0 Brass  37 7000 100.9 0.02167 59.7 1 0.00392 5.5 7.4 6.8 

* No NaC104 was  d e t e c t e d  a f t e r  ECM. 
** Mola r  ratio of Fe  r e m o v e d  to  NaC1 formed,  

Table II. Results of studying ECM in NaCIOs electrolyte and nitrogen atmosphere (brass cathode) 

ic~u:l 

N1 
N2 
N3 
N4 
N5 
N6 
N7 

~ Iron remova l  

~) ~ ~ C o u l o m b s  H~ ~ ~ .~  $ ~ 
(mole)  {9 o E~ o O  {J 

4.5 47 7000 98.6 24.8 0.02850 78.6 103.4 l 0  
4.5 37 7000 97.2 27.4 0.02632 72.6 100.0 11 
4.5 26 7000 98.8 35.3 0.02332 64.3 99.6 8 
4.5 12 7000 100.1 57.9 0.01513 41.7 99.6 3 
2.0 47 7000 98.7 37.5 0.02299 63.4 100.9 4 
2.0 37 7000 98.1 39.5 0.02212 61.0 100.5 3 
2.0 12 7000 101,2 80,8 0.60694 19.1 99.9 0 

Average :  �9 98.9t  ___ 0 ,S t t  100.-~6 • 1 .0 t t  

NaC1 
format ion  

(moIe) 

0.00548 
0.00480 
0.00403 
0.00265 
0.00415 
~00381 
0.00118 

p H  change  
Fe/NaCI** F r o m  To 

5.2 8.4 5.7 
5.5 8.2 6.7 
5.8 7.8 6.8 
5.7 8.2 7.2 
5.5 6.2 5.8 
5.8 6.4 6.2 
5.9 6,5 6.2 
5 .5 t~O.3 t t  

* No NaCIO~ w a s  detec ted  after EC1VI. 
* *  Molar ratio of Fe  r e m o v e d  to NaC1 formed.  

t Inc lud ing  the  results  g iven  in Table I. 
t t  Standard deviat ion.  
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Fig. 2. Relationship between current efficiency for iron removal 
and current density (brass cathode, 7000 coulomb). � 9  �9 
4.5M NaCIO3; A ,  �9 ---- 2.0M NaCIO3; open symbols for nitrogen 
atmosphere; filled symbols for air atmosphere. 

Fig. 3. The tube end finishes obtained by ECM. A, active-cutting 
region; P, film-protected region, P1, well-film-protected region; 
P2, less-film-protected region, 

in Fig. 2. The data used are from the experiments  using 
a brass cathode with a total applied charge of 7000 
coulombs. 

Tube end finishes obtained with NaC103 solutions are 
shown in Fig. 3 in which the finish obtained with 
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Fig. 4. The effect of CIO4- ions on ECM in a 3M NaClO3 solu- 
tion. (37 A/cm 2. 2500 coulomb). 

NaC1 solution (4) is also included for comparison. The 
results of introducing NaC104 into a 3M NaC103 solu- 
t ion at 37 A /cm 2 are summarized in Fig. 4. 

Discussion 
ECM Reactions in NaClOa 

By comparing the data in Tables I and II (some of 
them are plotted in Fig. 2), no apparent  difference is 
observed between the results obtained in air and ni t ro-  
gen atmospheres. Also, it is seen that the cathodic reac- 
tion of ECM in NaC103 solutions is essentially hydrogen 
evolution. The amount  of hydrogen formed, as shown 
in Table I, is not altered by using different metals 
such as brass and p la t inum as the cathode. The re-  
sults given in Table II indicate that, in  addition to the 
metal  dissolution, oxygen is also produced at the 
anode during ECM in NaC103. Since the total anodic 
current  efficiency for 02 and Fe ++ formations is so 
close to 100%, it seems that  i ron is main ly  dissolved as 
ferrous ion at the anode. 

The formation of NaC1 (or the reduction of NaC103) 
during ECM is probably caused by the following 
chemical reaction 

6Fe ++ q- NaC10~ -F 3H20--> 6Fe +++ -F NaC1 q- 6 O H -  
[2] 

A small portion of chlorate is also reduced to chlorine 
but  the amount  is very small  compared to chloride. 

Having in mind  the error in determinat ion of the 
chloride concentration, the results of the present  work 
may not show any definite influence of various operat-  
ing conditions on the value of the molar  ratio of 
iron removed to NaC1 formed. However, the average 
value of 5.5 given in Table II is cer tainly lower than 
the value of 6 according to Eq. [2]. At present  no satis- 
factory explanat ion can be given. Nevertheless, based 
on the average current  efficiencies given in Table II, 
one might speculate about the following "possible" 
reasons for the excess chloride generation. The average 
efficiency of 98.9% for hydrogen generation in NaC103 
is slightly lower than  the 100.2% efficiency for both the 
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NaCI and NaC104 systems (4). It  is possible that  a 
very  small amount  of chlorate is reduced at the cath- 
ode. On the other hand, the average total current  effi- 
ciency for 02 and Fe + + formations is slightly higher 
than  100%. Some iron may be chemically oxidized by 
chlorate. Since both cur ren t  efficiencies ment ioned 
above are very  close to 100%, a solid conclusion can- 
not be drawn. 

Tables I and II show that  the pH of the electrolyte 
decreases to a neut ra l  value after ECM. This should 
result  from a saturated Fe (OH)3 solution. During ECM 
in NaC103 a r ed -b rown  sludge was always observed 
even when the cell was operated in a ni t rogen atmo- 
sphere. The sludge in solution was nonmagnetic.  

Effect of Passivity on ECM 
Before discussing the results fur ther  one may take a 

look at the typical tube end finishes obtained with NaC1 
and NaC10~ solutions in Fig. 3a and 3b. The dif- 
ference between the finishes obtained with NaC1 and 
NaC10~ is apparent.  NaC103 gives not only better  di- 
mensional  control (less wild cutt ing which is indicated 
by the distance from the tube end over which a re- 
duction of the tube OD has occurred) but  also a 
brighter  surface at the tip of the tube. For the sake of 
convenience, names are given to the various regions 
of the finishes in Fig. 3a and 3b. The act ive-cut t ing re-  
gion is represented by A, and P represents the film 4- 
protected (from wild cutt ing) region in which P1 and 
P2 stand for the well-  and the less-film-protected re-  
gions, respectively, l i t  should be noted that region P2 
sometimes becomes less apparent  at a certain site of 
the finish (see Fig. 4a for example) .  This is believed to 
be caused by the nonuni form electrolyte flow and the 
presence of gases in the solution.] 

Hoare and his co-workers (3, 5, 6) have suggested 
that the good dimensional  control obtained with ECM 
is associated with the presence of a protective and 
relat ively thick iron oxide film at the outside of the 
act ive-cut t ing region. In  the case of NaC103, an even 
bet ter  control  is obtained because of the sharp change 
of the polarization curve from the passive to the t rans-  
passive state. In  NaC1, since no such film is present 
(6), the act ive-cut t ing region is considerably larger 
than that in NaC10~ (see Fig. 3a and 3b). The main  
consti tuent of the iron oxide film is probably a cubic 
oxide which is either 7-Fe203 or Fe304 or both (3, 7, 8). 
In  a recent s tudy of current  t rans ient  on a rotat ing 
electrode, Chin (9) suggested that  the iron oxide film 
in NaC103 is porous and its thickness at the passive 
state is of the order of 1000A. 

Recently, Hoare, Mao, and Wallace (10) reported 
that  the bright  surface finish at the act ive-cut t ing 
region in  NaC10~ is related to the effect of electro- 
polishing. A thin, uniform, and porous oxide film is 
present  even in the act ive-cut t ing region, and the 
polishing effect is achieved because ferrous ions have 
to pass through the randomly  distr ibuted pores. The 
thickness of the film for polishing is of the order of 10 
to 100A (11). 

The phenomena of the passivity of copper in KNOs 
and K2SO4 have been observed by Landolt,  Muller, and 
Tobias (13) at actual  ECM conditions. They found that  
the onset of passivation occurs at the max imum pos- 
sible mass t ransfer  ra te  (convective diffusion) of dis- 
solution products, so it depends on electrolyte flow 
rate and current  density. As for convent ional  low 
cur ren t  density processes, they also report  that  etched 
surfaces result  from active dissolution and pit ted or 
br ight  surfaces from transpassive dissolution. 

Porous Film Model 
In  this report, the results concerning the anodic 

process for ECM of steel in NaC103 wil l  be qual i ta-  
t ively explained by the presence of oxide films. The 
film is assumed to be porous. The pores are relat ively 
small  and randomly  distributed. The oxide film is 

4 The anodic ox ide  film wil l  be discussed later. 

considered as a barr ier  layer  for the t ranspor t  of the 
reaction product, ferrous ion, thus slowing down the 
rate of i ron dissolution. The degree of the slowing- 
down (or polarization) depends on the thickness of the 
film.5 

Perhaps it should be noted that  the concept of s m a l l  
"pores" ment ioned above is somewhat paral lel  to that  
of "contaminated oxides" proposed by  Hoar and his 
co-workers (12). In  that  work the thin, compact films 
for polishing are suggested to be not pure oxides but  
oxides contaminated with significant amounts  of the 
anions from the solution, because oxides themselves 
have very low ionic conduct ivi ty  at room tempera-  
ture. During ECM, iron is dissolved at a very  high 
rate, hence the film has to be porous (or highly "con- 
taminated"  with not only the anions of the electrolyte 
but  also water  molecules) in order to allow the cations 
to pass through it rapidly. 

During ECM of steel in NaC103 solutions, because of 
the s lowing-down of the metal  dissolution by the 
presence of the film, a par t  of the current  is used for 
oxygen generat ion instead of for metal  removal  
(Table II) .  The reaction of oxygen generat ion may be 
wr i t ten  as  

2 H 2 0 ~  O2-~ 4H + -t- 4e -  [3] 

In  the case of NaCI, since the protective film is not 
present  dur ing  ECM, oxygen generat ion is not  ob- 
served and the current  efficiency for i ron removal  is 
significantly higher (about 94 to 99%) (4). 

In Table II, it is seen that  the cur ren t  used for oxy- 
gen generat ion increases as the current  density de- 
creases. At 12 A / c m  2, the major  anodic reaction be-  
comes oxygen generation. From these results it is rea-  
sonable to suggest that  at the beginning  of the t rans-  
passive state the current  is ma in ly  consumed in oxy- 
gen evolution. According to reported data (6, 9), the 
t ransi t ion from the passive to the transpassive state 
in NaC103 occurs at a current  density of the order of 
1 m A / c m  2 and at a potent ial  of about 1.4 to 1.6V vs. 
NHE (which is also the potent ial  range where  it is 
possible for Eq. [3] to take place).  Hoare (6) also 
found by using a constant  current  s tr ipping pulse 
technique that  a large amount  of anodic oxide is re- 
moved when the potent ial  is increased to the t rans-  
passive state. If this film removal  is assumed to be 
main ly  caused by  the oxygen generat ion (because films 
are pushed away by the oxygen gas), then the oxygen 
should not all be formed at the exterior surface of the 
film. Therefore, the oxide films in NaC103 are likely to 
be porous and not very electronically conductive. 

Effect of Potential on Passivity 
The results in Fig. 2 show that  cur ren t  efficiency for 

i ron removal  increases with cur ren t  density. This im-  
plies that  the oxide films are reduced in  thickness as 
the potential  increases, since the degree of the slowing- 
down of iron dissolution is assumed to depend on the 
film thickness. The effect of potential  on the re-  
duction or breakdown of anodic film has been dis- 
cussed in the l i terature (12, 14) al though the reason 
for such an effect is still not clear. Hoar (15) recent ly  
proposed, in addit ion to the anion penetra t ion model, e 
a new "mechanical" mechanism wherein  the film 
breakdown is caused by  the repulsive forces between 
the adsorbed anions at the f i lm/solution interface. Ac- 
cording to this model, the film could be more easily 
dissolved as the potent ia l  increases because more 
C10~- ions are adsorbed. Perhaps, at actual  ECM con- 
ditions, the influence of pH should also be considered. 
F rom a thermodynamic  viewpoint,  Pourbaix  (16) has 
shown that  the passivation properties s t rongly depend 
on pH and potential.  Iron oxide general ly  becomes 
more soluble at low pH. Dur ing  ECM in  NaC10~, be-  

5For  s implici ty ,  the effect  of changing film structure by the 
influence of potential  is not  discussed in this report. 

6 The breakdown of passivity is caused by anion penetration 
which  ma kes  the film highly  "contaminated" and ionical ly  con-  
dueUve (12). 
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cause of the rap id  format ion  of oxygen  (and ferrous 
or ferr ic  hydroxide)  at (and near )  the anode, the pH 
of the solut ion near  the  anode should be lower  than  
tha t  of the  bu lk  solution. The pH fur ther  decreases 
as the  cur ren t  increases if the  e lec t ro ly te  flow rate  is 
not changed.  Hence, the film could be more easi ly dis-  
solved at  a h igher  cur ren t  density.  The reduct ion of 
film thickness  m a y  also be a t t r ibu ted  to the force ex-  
e r t ed  on the film by the rap id  meta l  r emova l  and by  
the fo rmat ion  of gaseous oxygen  as well.  

The effect of potent ia l  on the film thickness  m a y  
become more  evident  by  compar ing  the finishes shown 
in Fig. 3b and 3c. I t  is clear  tha t  the degrees  of 
both br ightness  of the cut t ing surface and wild  cut t ing 
for 12 A / c m  2 are  less than  those for 47 A / c m  2. This is 
bel ieved to be caused by  the presence of r e l a t ive ly  
th icker  films at a lower  potential .  The films are  g rad-  
ua l ly  reduced  in th ickness  when the potent ia l  in-  
creases. Therefore,  a b r igh te r  ac t ive-cu t t ing  surface 
and la rger  wi ld  cut t ing are  observed at  a h igher  po-  
tential .  Such phenomena  have  prev ious ly  been ob-  
served at Genera l  Motors Research (17). 

Since the surface finish of the  less - f i lm-pro tec ted  
region (P2) in Fig. 3b is ve ry  s imi lar  to tha t  of the 
cu t t ing  region in Fig. 3c, the P2 region should also 
be in the  t ranspass ive  state. The wel l - f i lm-pro tec ted  
region (Pz) is in the  passive s tate  due to the fu r the r  
decrease of potent ia l  caused by  a longer  solut ion pa th  
to the cathode. (5, 6). Because of the  sharp change 
f rom the passive to the t ranspass ive  s tate  in NaC103, 
the  pass iv i ty  of i ron at  the  bounda ry  be tween . the  two 
states is ve ry  sensit ive to the flow pa t t e rn  of the elec- 
t ro lyte ;  especial ly  when significant amounts  of gases 
are  present  in the  solution. Re la t ive ly  smal l  changes 
in the  IR of the solution pa th  by  any nonuni form flow 
can lead to an uneven meta l  r emova l  at the  bounda ry  
(see Fig. 3b, 3c, and 3d).  

I t  should be noted tha t  the  cur ren t  efficiencies for 
oxygen genera t ion  as wel l  as for i ron r emova l  given 
in  this  r epor t  r epresen t  only the  average  values;  the 
ac tual  cur ren t  efficiency for oxygen genera t ion  (or 
i ron remova l )  should be h igher  (or lower)  in the  less-  
f i lm-protec ted  region because the  film there  is sup-  
posed to be th icker  than  at the  ac t ive -cu t t ing  region. 
One also should recognize tha t  the t rue  average  cur -  
rent  dens i ty  in this  work  is lower  than  the appa ren t  
cur ren t  dens i ty  due to the  wi ld  cutting. 

Ef/ect o/Electrolyte on Passivity 
The ECM proper t ies  of var ious  oxidizing e lect rolytes  

have been discussed in the  l i t e ra tu re  (5, 6, 10). In the 
case of NaC103, Chin (9) and LaBoda  and Hoare  (18) 
found tha t  pass iv i ty  of i ron increases  wi th  the con- 
cent ra t ion  of NaC103. In  order  to s tudy  the  effect of 
the NaC10~ concentrat ion on ECM, exper iments  were  
car r ied  out  in 3M NaC10~ solution wi th  var ious  add i -  
t ional  amounts  of NaC104 (0 to 0.5M). The purpose  of 
in t roducing NaC104, a r e l a t ive ly  s table  compound, is 
to reduce  the  effective concentra t ion of NaC10~ (or 
the  oxidizing power  of NaC10~), a l though C104- has 
also been found to possess cer ta in  f i lm-rup tur ing  
power  (19). I f  the  f i lm- rup tu r ing  power  of C104- is 
assumed to be negl ig ib le  at  low concentra t ions  of 
NaC104 (say  less than  0.25M),~ then the resul ts  shown 
in Fig. 4 indicate  tha t  the  oxide  films are  indeed af-  
fected by  the effective concentra t ion of NaC10~. Be-  
cause of the  decrease  of passivi ty,  the  cur ren t  effi- 
ciency, wi ld  cutting, and  br ightness  increase  wi th  the  
NaC104 concentrat ion.  However ,  when the NaC104 con- 
cent ra t ion  fu r the r  increases  (h igher  than  0.25M), 
p i t ted  surfaces in both f i lm-pro tec ted  and ac t ive-cut t ing  
regions are observed.  Apparen t ly ,  this is caused by  
nonuni form oxide films resul t ing  f rom the "mechani -  
cal" film b reakdown  by  C104- ions (15). Severe  gra in  
b o u n d a r y  a t tacks  at  h igh concentra t ion  of NaCIO4 at 

There  is no real  a r g u m e n t  to suppor t  this  assumpt ion  except  
that a pitted surface was not observed when the NaCIO4 concentra- 
tion was less than 0.25M. 

point  (c) lead to the cur ren t  efficiency for iron re -  
moval  h igher  than  100 %. 

According to the  above argument ,  the pass iv i ty  of 
i ron dur ing  ECM in NaC103 would  be expected  to be 
propor t iona l  to the  concentra t ion of the  e lectrolyte .  
However ,  the  resul ts  summar ized  in Fig. 2 show jus t  
the opposite effect, where  the  cur ren t  efficiency for 
iron r emova l  increases  wi th  the  NaC1Os concentrat ion.  
This may  be a t t r ibu ted  to the  fol lowing reasons:  

1. The reac t ion  2H20 --> 4H + + O2 -}- 4 e -  (Eq. 
[3]) has to be p receded  by  the  adsorpt ion  of wa te r  
molecules on the anode surface. The increase  in elec-  
t ro ly te  concentra t ion  is expected to h inder  the  process 
of oxygen evolut ion due to the  r ep lacement  of adsorbed 
wa te r  by adsorbed anions, s 

2. Because of the increase of NaC1Oa concentrat ion,  
more  C103- is present  in the  fiIm. Hence, the film is 
more  ionical ly  conduct ive  at  a h igher  concentra t ion of 
NaCIO3 (12). 

At  low concentra t ions  of NaC103, since the  cur ren t  
is ma in ly  consumed in oxygen  evolution,  b r igh t  su r -  
face finishes and la rge  wi ld  cut t ing are  genera l ly  not  
obta ined (17) (see Fig. 3d) .  

As shown in Table I, the  cu r r en t  efficiencies for i ron 
remova l  are  not  affected b y  the amount  of the  appl ied  
charge at 4.5M NaC103 (a l though there  is a s l ight  d i f -  
ference at  26 A/cm2) ,  but  there  is qui te  a difference 
be tween  the efficiencies for 2500 and 7000 coulombs at  
2M NaC103. This may  be caused by  the increase in 
C1- ion concentrat ion.  The effect of C1- ion on the  
oxide film b reakdown  (12, 15) is more  appa ren t  at  low 
concentrat ions  of NaC103. 

Conclusions 
In view of the  resul ts  of the  present  work,  i t  is ap -  

pa ren t  tha t  the  anodic process of ECM of steel  in 
NaC1Oa is ve ry  compl ica ted  due to the  presence of 
porous oxide  films. Unl ike  the  copper  sys tem (13), 
the  i ron oxide film is present  on the anode over  a wide  
range  of opera t ing  condit ions and the film is p robab ly  
reduced in th ickness  as the  potent ia l  increases. Signifi-  
cant  amounts  of oxygen  are  observed dur ing  ECM. The 
oxygen format ion  increases wi th  the decreases  of po-  
ten t ia l  and e lec t ro ly te  concentrat ion,  and  i t  f inal ly 
becomes the main  anodic react ion when  the cur ren t  
densi ty  is lower  than  12 A / c m  ~. The cathodic react ion 
is essent ia l ly  hydrogen generat ion.  Reduct ion of 
NaC10~ to NaC1 dur ing  ECM is due to the  chemical  
react ion be tween  NaC10~ and Fe  + +, the  anodic p rod -  
uct  of iron removal .  
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ECM Study in a Closed-Cell System 
Ih NaCl, NaCl04, and NaNO 

Kao-Wen Mao* 
Electrochemistry Department, Research Laboratories, General Motors Corporation, Warren, Michigan 48090 

ABSTRACT 

Elect rochemical  machin ing  (ECM) of mi ld  steel in NaC1, NaC104, and 
NaNO3 solutions was s tudied in a c losed-cel l  system. The anodic processes a re  
found to be different  in the var ious  solutions. In  NaC1, the  anodic reac t ion  is 
essent ia l ly  i ron dissolution. In NaNOs, however ,  most  of the  cur ren t  is ex-  
pended  for oxygen genera t ion  due to the presence of an e lec t ronica l ly  conduc-  
t ive oxide film. A smal l  amount  of oxygen  (less than  app rox ima te ly  10% of 
the  cur ren t )  is observed  in the  NaC104 system. The cathodic react ion in both 
NaC1 and NaC104 solutions is hydrogen  evolution.  In  the case of NaNO3, l i t t le  
or no hydrogen  is o b s e r v e d - - t h e  cur ren t  is ma in ly  consumed in reducing  NOB- 
ions. 

In  previous  work, the  e lect rochemical  machin ing  
(ECM) of mi ld  steel  in NaC10~ has been s tudied in a 
c losed-cel l  system (1). F rom the  resul ts  of tha t  work,  it  
is be l ieved tha t  more  genera l  knowledge  concerning 
ECM electrode mechanisms can be ob ta ined  by  ex tend-  
ing the  s tudy to other  e lect rolyte  sys tems wi th  di f -  
ferent  oxidizing powers.  Hence, NaC1, NaC104, and  
NaNO3 were  selected for this  work. I t  was expected tha t  
the  resul ts  would  p rov ide  a be t te r  unders tand ing  of the 
effect of the  e lec t ro ly te  on the  ECM process. 

Experimental Procedure 
The c losed-cel l  system, expe r imen ta l  procedures  and 

conditions, and sampl ing  techniques are  ident ical  to 
those descr ibed in the previous  paper  (1). Reagent  
grade chemicals  were  used for a l l  exper iments .  Chemi-  
cal analyses  were  car r ied  out by  the  Chemis t ry  De-  
pa r tmen t  of Genera l  Motors  Research.  

The methods  of col lect ing hydrogen  and oxygen  for 
the NaC1 and NaC104 systems are  the  same as those 
used for NaC103 (1). Minor  changes were  made  in the  
case of NaNO3 since l i t t le  or  no hydrogen  was formed 
dur ing  ECM in NaNO3. 

The exper iments  using NaNO3 were  conducted in a 
n i t rogen a tmosphere  only in order  to concentra te  on 
the  s tudy  of oxygen  generat ion.  However ,  the proce-  
dure  of col lect ing any  hydrogen  presen t  w a s  st i l l  
car r ied  out for  each run. Thus, the  gas, a f te r  l eav ing  
the ECM cell  unit,  was first bubb led  th rough  a 20% 
sulfuric  acid solut ion for removing  any ammonia  as 
wel l  as wa te r  vapor  f rom the  gas stream. Then the gas 
was fu r the r  d r ied  by  passing it th rough  anhydrous  
CaSO4 and anhydrous  Ba(C104)2 before enter ing  two 
ser ia l ly  connected Sa rgen t -Welch  gas pur i fy ing  fu r -  
naces. The Vycor  glass tubes used in these furnaces  
were  filled wi th  pu re  copper  and copper  oxide  (CuO) 
turnings,  respect ively.  A n y  wa te r  collected by  anhy-  
drous Ba (C104)2 as effluent f rom the  two furnaces was 
used in the  de te rmina t ion  of  the amount  of hydrogen  
formed. 1 Then, af ter  the exper iment ,  hydrogen  was in -  

* Elec t rochemica l  Socie ty  Act ive  Member .  
K e y  w o r d s :  e l e c t r o c h e m i c a l  m a c h i n i n g  (ECM), NaC1, NaClO~, 

NaNO~, c u r r e n t  efficiency, oxide  films. 
* A c t u a l  r e s u l t s  s h o w e d  t h a t  t h e  s e c o n d  f u r n a c e  w a s  n o t  n e c e s -  

s a r y  b e c a u s e  al l  h y d r o g e n  w a s  r e m o v e d  b y  r e a c t i n g  w i t h  o x y g e n  
i n  t h e  f irst  f u r n a c e .  

t roduced into the  first furnace  to reduce  the  copper  
oxide which  was formed by  the react ion be tween  the 
oxygen  and the copper  turnings.  The  amount  of o x y -  
gen genera t ion  was then de te rmined  by  the sum of the 
wate r  col lected af ter  the first furnace  ( inc luding the  
wate r  used in de te rmin ing  the amount  of hydrogen  
fo rmed) .  

Results 
The expe r imen ta l  resul ts  obta ined  by  ECM of mi ld  

steel  in NaCI, NaC104, and NaNOs are  summar ized  "in 
Tables I, II, and III, respect ively .  F igure  1 shows the 
tube  end finish obta ined  wi th  4.5M NaNO~ at 47 A / c m  2. 

The amount  of i ron removed  was de te rmined  by  the 
weight  loss of the  mi ld  steel  tube,  which was used as 
the anode, assuming 100% iron in 1020 mi ld  steel, and 
the cur ren t  efficiency for i ron r emova l  was ca lcula ted  
by  the assumpt ion  tha t  iron was dissolved as fe r rous  
ion at  the  anode. The  appa ren t  cur ren t  densi t ies  we re  
based on the cross-sect ional  a rea  (0.159 cm 2) of the 
tube  wall .  

In  the NaNO3 system, l i t t le  or  no hydrogen  was  
collected. However ,  significant amounts  of ammonia ,  
hydroxylamine ,  and n i t r i te  were  found in the  NaNOs 
solutions af ter  ECM. At  present,  the  concent ra t ion  of 
these react ion products  cannot  be  de te rmined  accur-  
a te ly  due to the  compl ica ted  in terac t ions  among the 
var ious  species present .  Hence, no quan t i t a t ive  resul t  
is g iven in this r epor t  concerning the cathodic reac t ion  
species formed in NaNO3. 

Discussion 
ECM in NaCI Electrolytes 

The resul ts  in Table  I show tha t  dur ing  ECM in 
NaC1 solutions the  cur ren t  is ma in ly  consumed in i ron 
dissolution.  Fur the r ,  the  cu r ren t  efficiency for  i ron  r e -  
moval  is not  affected g rea t ly  by  the appl ied  cur ren t  
dens i ty  or  the e lec t ro ly te  concentrat ion.  These resul ts  
ce r ta in ly  indicate  tha t  the  anodic process in NaC1 is 
much s impler  than  in oxidizing e lec t ro ly tes  such as 
NaC103 (1) for example .  Because the  pro tec t ive  ox ide  
film is not  present  in NaC1 solutions dur ing  ECM (2), 
the  cur ren t  is not  consumed in oxygen  genera t ion  at 
r e l a t ive ly  low cur ren t  densities, and good dimensional  
control  and  b r igh t  surface finish are not ab le  to be 
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t ive oxide film. A smal l  amount  of oxygen  (less than  app rox ima te ly  10% of 
the  cur ren t )  is observed  in the  NaC104 system. The cathodic react ion in both 
NaC1 and NaC104 solutions is hydrogen  evolution.  In  the case of NaNO3, l i t t le  
or no hydrogen  is o b s e r v e d - - t h e  cur ren t  is ma in ly  consumed in reducing  NOB- 
ions. 

In  previous  work, the  e lect rochemical  machin ing  
(ECM) of mi ld  steel  in NaC10~ has been s tudied in a 
c losed-cel l  system (1). F rom the  resul ts  of tha t  work,  it  
is be l ieved tha t  more  genera l  knowledge  concerning 
ECM electrode mechanisms can be ob ta ined  by  ex tend-  
ing the  s tudy to other  e lect rolyte  sys tems wi th  di f -  
ferent  oxidizing powers.  Hence, NaC1, NaC104, and  
NaNO3 were  selected for this  work. I t  was expected tha t  
the  resul ts  would  p rov ide  a be t te r  unders tand ing  of the 
effect of the  e lec t ro ly te  on the  ECM process. 

Experimental Procedure 
The c losed-cel l  system, expe r imen ta l  procedures  and 

conditions, and sampl ing  techniques are  ident ical  to 
those descr ibed in the previous  paper  (1). Reagent  
grade chemicals  were  used for a l l  exper iments .  Chemi-  
cal analyses  were  car r ied  out by  the  Chemis t ry  De-  
pa r tmen t  of Genera l  Motors  Research.  

The methods  of col lect ing hydrogen  and oxygen  for 
the NaC1 and NaC104 systems are  the  same as those 
used for NaC103 (1). Minor  changes were  made  in the  
case of NaNO3 since l i t t le  or  no hydrogen  was formed 
dur ing  ECM in NaNO3. 

The exper iments  using NaNO3 were  conducted in a 
n i t rogen a tmosphere  only in order  to concentra te  on 
the  s tudy  of oxygen  generat ion.  However ,  the proce-  
dure  of col lect ing any  hydrogen  presen t  w a s  st i l l  
car r ied  out for  each run. Thus, the  gas, a f te r  l eav ing  
the ECM cell  unit,  was first bubb led  th rough  a 20% 
sulfuric  acid solut ion for removing  any ammonia  as 
wel l  as wa te r  vapor  f rom the  gas stream. Then the gas 
was fu r the r  d r ied  by  passing it th rough  anhydrous  
CaSO4 and anhydrous  Ba(C104)2 before enter ing  two 
ser ia l ly  connected Sa rgen t -Welch  gas pur i fy ing  fu r -  
naces. The Vycor  glass tubes used in these furnaces  
were  filled wi th  pu re  copper  and copper  oxide  (CuO) 
turnings,  respect ively.  A n y  wa te r  collected by  anhy-  
drous Ba (C104)2 as effluent f rom the  two furnaces was 
used in the  de te rmina t ion  of  the amount  of hydrogen  
formed. 1 Then, af ter  the exper iment ,  hydrogen  was in -  

* Elec t rochemica l  Socie ty  Act ive  Member .  
K e y  w o r d s :  e l e c t r o c h e m i c a l  m a c h i n i n g  (ECM), NaC1, NaClO~, 

NaNO~, c u r r e n t  efficiency, oxide  films. 
* A c t u a l  r e s u l t s  s h o w e d  t h a t  t h e  s e c o n d  f u r n a c e  w a s  n o t  n e c e s -  

s a r y  b e c a u s e  al l  h y d r o g e n  w a s  r e m o v e d  b y  r e a c t i n g  w i t h  o x y g e n  
i n  t h e  f irst  f u r n a c e .  

t roduced into the  first furnace  to reduce  the  copper  
oxide which  was formed by  the react ion be tween  the 
oxygen  and the copper  turnings.  The  amount  of o x y -  
gen genera t ion  was then de te rmined  by  the sum of the 
wate r  col lected af ter  the first furnace  ( inc luding the  
wate r  used in de te rmin ing  the amount  of hydrogen  
fo rmed) .  

Results 
The expe r imen ta l  resul ts  obta ined  by  ECM of mi ld  

steel  in NaCI, NaC104, and NaNOs are  summar ized  "in 
Tables I, II, and III, respect ively .  F igure  1 shows the 
tube  end finish obta ined  wi th  4.5M NaNO~ at 47 A / c m  2. 

The amount  of i ron removed  was de te rmined  by  the 
weight  loss of the  mi ld  steel  tube,  which was used as 
the anode, assuming 100% iron in 1020 mi ld  steel, and 
the cur ren t  efficiency for i ron r emova l  was ca lcula ted  
by  the assumpt ion  tha t  iron was dissolved as fe r rous  
ion at  the  anode. The  appa ren t  cur ren t  densi t ies  we re  
based on the cross-sect ional  a rea  (0.159 cm 2) of the 
tube  wall .  

In  the NaNO3 system, l i t t le  or  no hydrogen  was  
collected. However ,  significant amounts  of ammonia ,  
hydroxylamine ,  and n i t r i te  were  found in the  NaNOs 
solutions af ter  ECM. At  present,  the  concent ra t ion  of 
these react ion products  cannot  be  de te rmined  accur-  
a te ly  due to the  compl ica ted  in terac t ions  among the 
var ious  species present .  Hence, no quan t i t a t ive  resul t  
is g iven in this r epor t  concerning the cathodic reac t ion  
species formed in NaNO3. 

Discussion 
ECM in NaCI Electrolytes 

The resul ts  in Table  I show tha t  dur ing  ECM in 
NaC1 solutions the  cur ren t  is ma in ly  consumed in i ron 
dissolution.  Fur the r ,  the  cu r ren t  efficiency for  i ron  r e -  
moval  is not  affected g rea t ly  by  the appl ied  cur ren t  
dens i ty  or  the e lec t ro ly te  concentrat ion.  These resul ts  
ce r ta in ly  indicate  tha t  the  anodic process in NaC1 is 
much s impler  than  in oxidizing e lec t ro ly tes  such as 
NaC103 (1) for example .  Because the  pro tec t ive  ox ide  
film is not  present  in NaC1 solutions dur ing  ECM (2), 
the  cur ren t  is not  consumed in oxygen  genera t ion  at 
r e l a t ive ly  low cur ren t  densities, and good dimensional  
control  and  b r igh t  surface finish are not ab le  to be 
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Table 1. Results of studying ECM in NaCI electrolyte (brass cathode) 

1877 

~ ~ ~ I ron  removal  

Cell ~ o Coulombs ~ ~ A m o u n t  efficiency 
Run atmosphere  Z ~ ~ ~ passed {9 ~ (mole) (%) 

PH change 

From To 

CLI* Ai r  4.5 47 7000 100.8 0.03425 94.4 5.6 9.8 
CL2* Air  4.5 37 7000 100.6 0.03464 95.5 - -  
CL3* Ai r  4.5 26 7000 101.2 0.03590 99.0 8.6 9.7 
CL4* * Nitrogen 4.5 62 7000 98.3 0.03405 93.9 6.1 10.0 
CLS** Nitrogen 4.5 47 7000 101,2 0.03444 95.0 6.2 I0,0 
CL6** Nitrogen 4.5 26 7000 100.1 0.03556 98.0 5.7 i0.0 
CL7** Nitrogen 2.0 62 7000 98.7 0.03518 97.0 6.7 10.0 
CL8** Nitrogen 2.0 47 7000 100.5 0.03569 98.4 6.0 10.0 

Average-100.2 • 1,0~ 

* No chlorine was  observed dur ing  ECM. 
** No oxygen  or  chlorine was  observed dur ing  ECM. 

S tandard  deviation. 

Table II. Results of studying ECM in NaCI04 electrolyte (brass cathode) 

~ ~ ~ ~ ~ ~ Iron r emova l  
~ 0 r~,O 

- 

Run* a tmosphere  ~ o ~ ~ ~ ~ ~ Amount(mole) ~ E~O~ formatiOn(mole) 

z pH change 

From To 

PC1 Air  4.5 47 7000 99.1 - -  0.03232 89.1 - -  0.00132 
PC2 Air  4.5 26 7000 100,4 - -  0.03288 90.7 - -  0.00110 
PC3 Nitrogen 4.5 47 7000 99.9 5.8 0.03270 90.2 96.0 0.00214 
PC4 Nitrogen 4.5 26 7000 100.4 3.8 0.03319 91.5 95.3 0.00200 
PC8 Nitrogen 2.0 47 7000 100.5 8.0 0.03162 87.2 95.2 0,00141 
PC8 Nitrogen 2.0 26 7000 100.6 4.9 0.93317 91.5 96.4 0.00143 

Average :  100.2"~ 0.6~ 

24.5 5.7 9.9 
29.9 5.9 9.6 
15.1 5.4 8.4 
16.6 5.3 8.4 
22.6 5.6 9.2 
23.2 5.9 9.3 

* No chlorine was observed dur ing  ECM. 
** Molar rat io of Fe r e move d  to NaC1 formed.  

S tandard  deviation.  

Table III. Results of studying ECM in NAN03 electrolyte and nitrogen atmosphere 

~ ~ ~ ~ ~ ~ Iron r emova l  

~ ~ Coulombs ~ ~ Amoun t  ~'FJ 
Run Z ~ Cathode ~ passed ~ (mole) ~ 

~ o +  ~ +  

o e , ~  
~QJe~ !0H change 

From To 

NAI* 4.5 Pt  47 7000 1.1 54.7 0.01205 33.2 87.9 
NA2** 4.5 Brass 47 7000 0 55.9 0.01198 33.0 88.9 
NA3** 4.5 Brass 26 7000 0 50.6 0.01334 36.8 87.4 
NA4** 4.5 Brass 12 7000 0 96.4 0.00070 1.9 98.3 
NA5* 2.0 Pt 47 7000 11.6 83.7 0.00424 11.7 95.4 
NA6** 2.0 Brass 47 7000 0 84.5 0.00418 11.5 96.0 
NA7** 2.0 Brass 26 7000 0 96.9 0.00097 2.7 99.6 

5.3 
6.3 
6.2 
5.7 
6.0 
6.1 
6.1 

11.4 
11.3 
11.2 
11.8 
11.4 
11.4 
11.5 

* Ammonia ,  nitr i te,  and  re la t ively  small  amount  of hydroxy lamine  were  observed af ter  ECM. 
** Ammonia ,  hydroxylamine ,  and ni t r i te  we re  observed af ter  ECM. 

obtained [see Fig. 3 of Ref. (1)].  In  order to have 
proper dimensional  control with NaC1, ECM has to be 
conducted in a dilute solution at quite a low current  
density (4). 

The slight decrease in the current  efficiency for i ron 
removal  with the increase in current  density (Table I) 
may  result  from the generat ion of oxygen due to the 
increase of polarization of the metal  dissolution proc- 
ess. In  this study oxygen was not observed, but  it 
might  have been consumed in oxidizing some of the 
ferrous product. 

Although the current  efficiency for iron removal  in  
2M NaC1 is slightly higher than  that  in  4.5M NaC1, ~ 
the results certainly indicate that  the current  efficiency 
is not seriously affected by the concentrat ion of chlor-  
ide ion. 

At the cathode, hydrogen evolution is l ikely to be the 
only reaction taking place dur ing ECM since the aver-  
age current  efficiency for hydrogen generat ion is so 
close to 100%. 

This m a y  be due  to the  effect of polarization caused by  the ad- 
sorption of anions (5). 
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Fig. 1. The tube end finish obtained with 4.5M NaNO3 at 47 
A/cm 2. (a) and (b) are opposite sides of the same tube end. 

The final pH of 10 of the NaC1 solutions indicates  
tha t  the  solutions are  sa tu ra ted  wi th  Fe (OH)2  af ter  
ECM. The color of the  s ludge was greenish-black .  The 
wet  s ludge f rom a cell  opera ted  in an air  a tmosphere  
was found to be pa r t l y  magnetic,  whi le  the  sludge 
obta ined under  a n i t rogen a tmosphere  appeared  to be  
nonmagnetic .  Apparen t ly ,  in the former  system a sig- 
nificant amount  of Fe304 was formed by  the react ion 
be tween the fer rous  hydrox ide  and dissolved oxygen 
f rom the air. 

ECM in NaCI04 Electrolytes 
Since the  average  cur ren t  efficiencies for hydrogen  

genera t ion  in NaC104 and NaC1 solutions are  the  same 
(see Tables  I and  I I ) ,  i t  is l ike ly  tha t  hydrogen  evolu-  
t ion is also the only  cathodic react ion for ECM in 
NaC104. 

According to the resul ts  in Table II, some C104- 
ions are  reduced  to chloride, but  the amount  of chlor ide  
formed is s ignif icantly lower  than  tha t  in NaC103 (1). 
The chloride format ion  is p robab ly  due to the  reac t ion  
be tween  ferrous  hydrox ide  and perchlorate .  However ,  
since the color of the  sludge was a lways  found to be 
g reen i sh-b lack  and, fur thermore ,  since the  final pH of 
the e lec t ro ly tes  r emained  in the range  for a sa tu ra ted  
solution of  Fe(OH)2,  it  is not l ike ly  tha t  fer r ic  h y d r o x -  
ide is formed. Because the  wet  sludge for both  a i r  and 
ni t rogen a tmospheres  was found to be magnetic,  i t  is 
be l ieved tha t  Fe804 is the product  of the  reaction.  

F r o m  the above discussion, NaC104 appa ren t l y  is a 
more  s table  species than  NaC1Oa. Because the  pe r -  
chlorate  ion is r e l a t ive ly  s table  and also possesses cer -  
ta in  f i lm- rup tu r ing  powers  (6), one would  expect  tha t  
the  oxide film in NaC104 should be weaker  and less 
uni form than  tha t  in NaC1Oa. Indeed, this  was shown 
by  Hoare, Mao and Wal lace  (3). They found tha t  in 
NaC104 the oxide film is almost  comple te ly  removed  
at  the  beginning  of the +transpassive state. Hence, a 
bright,  pol ished surface is not observed in the cut t ing-  
region, and, fur thermore ,  the surface of the f i lm-pro-  
tected area  is p i t ted  due to the  nonuni formi ty  of  the 
films. However ,  because of the sharp t rans i t ion  f rom 
the  passive to the t ranspass ive  state, the d imensional  
control  ob ta ined  wi th  NaC104 is found to be s imi la r  to 
tha t  observed in NaC103. 

In  Table  II, i t  is also seen tha t  a smal l  amount  of 
oxygen  is p roduced  dur ing  ECM in NaC104. This m a y  
indicate  tha t  some res idual  oxide films are  st i l l  p resen t  
in the  t ranspass ive  state. Pe rhaps  because of these 
res idual  films the  surface finish wi th  NaCIO4 is s ig-  
nif icant ly different  f rom tha t  wi th  NaC1 [see Fig. 4 of 
Ref. (3)] .  The presence of such films appa ren t ly  is not 
affected by  the potent ia l  and the NaC104 concentra t ion 
since the  cur ren t  efficiency for i ron r emova l  is a lmost  
constant  (about  90%) in the  range  used in this  s tudy.  

That  the to ta l  anodic cur ren t  efficiency for Fe + + 
and O2 format ions  is lower  than  100% may  indicate  
tha t  some oxygen is used in oxidizing the fer rous  
product .  

ECM in NoNO~ Elearolytes 
In Table I I I  it  is seen tha t  hydrogen  is not  fo rmed  at  

a brass  cathode dur ing  ECM in NaNO~. The smal l  
amount  of hydrogen  formed at p la t inum in the  same 
e lec t ro ly te  is a t t r ibu ted  to the  r e l a t ive ly  low hydrogen  
overvol tage  on pla t inum.  The  hydrogen  evolut ion at a 
copper  cathode in KNO~ has been s tudied b y  Landol t  
and his co -worke r s  (7) at  h igher  cur ren t  densi t ies  (in 
the  range  of 50 to 150 A/cm2) ,  3 and the amount  of 
hydrogen  evolved was found to be much less than  in 
KC1. Since, in this  work,  ammonia,  hydroxylamine ,  and 
n i t r i t e  were  detected in NaNO3 elec t ro ly tes  a f te r  ECM, 
n i t ra te  is appa ren t ly  reduced at  the cathode. The cur-  
ren t  efficiency for the  reduct ion of n i t ra te  is l ike ly  to 
be affected not on ly  by  the cathode ma te r i a l  but  by  the  
potent ia l  as well.  (The e lect rolyt ic  reduct ion  of n i t ra te  
at var ious  meta ls  has been inves t iga ted  by  Tafel  and 
others  (8) a t  convent ional  low cur ren t  densit ies.)  Be-  
cause of the  format ion  of ammonia ,  the final pH of the  
e lec t ro ly te  is s ignif icantly h igher  than  i t  is in o ther  
systems. 

In  comparison wi th  NaC103 (1), the  cur ren t  effi- 
c iency for i ron r emova l  in NaNO8 is s ignif icant ly low. 
This m a y  indicate  tha t  the  oxide film in NaNO~ is less 
porous than  in NaC10~. Dur ing  ECM in NaNO3 most  
of the  cur ren t  is ac tua l ly  consumed in oxygen  genera-  
tion. The cur ren t  efficiency for  oxygen genera t ion  is 
nea r ly  100% at cur ren t  densi t ies  below 12 A / c m  2. Ac-  
cording to Hoare ' s  s tudy  (2), only  a r e l a t ive ly  smal l  
amount  of oxide film is removed  at  the  beginning of 
the  t ranspass ive  state (at  1.5V vs. NHE and 10 m A /  
cm2). Since the film is not removed  to any  considerable  
ex ten t  b y  the oxygen evolution, it  is l ike ly  tha t  the 
oxide film in NaNOa is e lec t ronica l ly  conductive---thus,  
oxygen can be formed at  the  f i lm/solut ion interface.  
The electronic resistance of the i ron oxide  film formed 
in HNOs has been s tudied by  Vet te r  (9) and was found 
to be ve ry  low. 

F igure  1 shows tha t  the  tube end is not un i fo rmly  
machined  with  4.5M NaNO3 at 47 A / c m  2. This nonuni -  
form cut t ing is bel ieved to be caused by  the massive 
oxygen genera t ion  which could lead to a nonuni form 
coverage of the anode surface wi th  the  oxygen gas if 
t he  e lect rolyte  flow is not  sufficiently fast and uniform. 
More uni form cut t ing was observed as cur ren t  de -  
creased. Because of the  low meta l  r emova l  ra te  in 
NaNOa solutions, i t  is not  possible to give any mean ing-  
ful comparison about  the d imensional  control  be tween  
NaNO~ and NaC103. The surface finishes obta ined  wi th  
NaNO3 genera l ly  a re  less b r igh t  than  those machined in 
NaC10~. 

The resul ts  in Table  I I I  show that  the  cur ren t  effi- 
ciency for i ron r emova l  in NaNO3 increases wi th  the  
e lec t ro ly te  concentra t ion and wi th  the  cur ren t  densi ty  4 
s imi lar  to the  resul ts  found for the NaC103 system. 
P r o b a b l y  these phenomena  also can be expla ined  by  
the a rguments  given in the previous  repor t  (1).  

The total  anodic cur ren t  efficiency for Fe  + + and O2 
format ions  given in Table I I I  is lower  than  100% 
(especia l ly  at  high cur ren t  densi t ies) .  This m a y  in-  
dicate tha t  e i ther  some i ron  is dissolved as ferr ic  ion 
or that  some oxygen is consumed in oxidiz ing the 
fer rous  product .  Dur ing  ECM, a r e d - b r o w n  sludge of 
ferr ic  hydrox ide  was a lways  observed and the wet  
s ludge was nonmagnetic.~ 

Conclusions 
From the resul ts  of this work  [ including the previous  

s tudy  of ECM in NaC10~ (1)] ,  i t  is appa ren t  tha t  the  
ECM anodic process var ies  wi th  the electrolyte .  In  
oxidiz ing electrolytes ,  the  ECM per formance  is closely 

3 I t  s h o u l d  be  no ted  t h a t  in  t h i s  w o r k  t he  apparent  cathodic  cur -  
r e n t  d e n s i t i e s  are  a c t u a l l y  l o w e r  t h a n  t he  v a l u e s  g iven  in T a b l e s  I, 
I I ,  or  n !  due  to the  larger cathode  area (0,713 c m  ~ c o m p a r e d  w i t h  
0,159 c m  ~ for anode} .  

4 The  s l i g h t  decrease  of  the  eff ic iency in  4.5M NaNO~ solutions 
w h e n  c u r r e n t  d e n s i t y  v a r i e s  f r o m  26 to 47 A / c m  ~ p r e s u m a b l y  is 
caused  b y  t he  n o n u n i f o r m  c u t t i n g  due  to a h i g h e r  ra te  of  o x y g e n  
e v o l u t i o n .  

I t  s h o u l d  be no ted  that  nitrate  also can ox id ize  ferrous h y d r o x i d e  
but  the  product  is FesO+ (10). 
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re la ted  to the  s t ructure  of the oxide film formed on the 
anode. For  good ECM performance,  the oxide  film 
probab ly  has to be compact,  uniform, porous, and 
p re fe rab ly  th in  at the cut t ing surface; i.e., the film in 
NaC103 solutions. Oxygen  format ion  is genera l ly  ob- 
se rved  when  the oxide film is present .  In  NaNO3 most 
of the  cur ren t  is consumed in oxygen genera t ion  in-  
s tead of i ron removal .  This seems to be caused by  the 
presence of an e lec t ronica l ly  conduct ive  film. The 
anodic reac t ion  in NaC1 is ma in ly  i ron dissolution due 
to the  absence of the oxide film. 

The cathodic react ion in NaC1, NaCIO4 as wel l  as 
NaC103 (1) is essent ia l ly  hydrogen  evolution.  In 
NaNO3, however ,  n i t ra te  is reduced to ammonia,  h y -  
d roxylamine ,  and n i t r i te  at the cathode, and l i t t le  or 
no hydrogen  is formed.  

Acknowledgment 
The au thor  wishes to t hank  Dr. J. P. Hoare  of the  

Elec t rochemis t ry  Depar tment ,  Genera l  Motors Re-  
search Laborator ies ,  for  helpful  discussions and is also 
gra tefu l  to R. B. Loranger,  H. E. Vergosen, Dr. J. L. 
Johnson,  and the other  members  of the  Chemis t ry  De-  
pa r tmen t  who car r ied  out the chemical  analyses.  

Manuscr ip t  submi t ted  Apr i l  5, 1971; revised m a n u -  
script  received ca. June  28, 1971. 

Any  discussion of this paper  wi l l  appear  in a Discus-  
sion Sect ion to be pub l i shed  in the  June  1972 JOURNAL. 

REFERENCES 
1. K. W. Mao, This Journal, 118, 1870 (1971). 
2. J. P. Hoare, ibid., 117, 142 (1970). 
3. J. P. Hoare,  K. W. Mao, and A. J. Wallace,  Jr.,  

Corrosion, 27, 211 (1971). 
4. A. E. Debar r  and D. A. Oliver,  "Elec t rochemical  

Machining,"  Amer ican  Elsevier,  New York  
(1968). 

5. N. D. Tomashov and L. P. Vershinina,  Electrochim. 
Acta, 15, 501 (1970). 

6. T. P. Hoar, Trans. Faraday Soc., 45, 683 (1949). 
7. D. Landolt ,  R. Acosta, R. H. Muller,  and C. W. 

Tobias, This JournaL, 117, 839 (1970). 
8. J. W. Mellor,  "A Comprehens ive  Treat ise  on Ino r -  

ganic and Theore t ica l  Chemistry ,"  Vol. VIII,  
Longmans,  Green  and Co., New York  (1928); S. 
Glasstone, "An In t roduct ion  to Elec t rochemis-  
t ry,"  D. Van Nostrand,  Princeton,  N. J. (1962); 
W. M. Lat imer ,  "Oxidat ion  Potent ia ls ,"  P ren t i ce -  
Hall,  New York  (1952). 

9. K. J. Vetter,  "Elec t rochemical  Kinetics ,"  Academic  
Press,  New York  (1967). 

10. S. H. Carsley,  J. Phys. Chem., 34, 178 (1930). 



JOURNAL OF THE ELECTROCHEMICAL SOCIETY 

E L E C T R O C H E M I C A L  

S C I E N C E  

The Effect of Liquid Configuration in Porous Gas Electrodes 
T. Katan* and E. A. Grens II *.I 

Lockheed  Palo Alto Research Laboratory, Palo Alto, Calilorn~a 94304 

ABSTRACT 

The influence of differential pressure on electrode activity was measured 
for  oxygen cathodes made up of beds of uniform silver spheres (156 ~m diam- 
eter) .  The extent  and na ture  of this dependence could be explained through 
use of the concept of pendular  and funicular  liquid configuration in the pore 
space of the electrode. 

The  p e r f o r m a n c e  of a porous gas electrode is de- 
pendent  n o t  o n l y  on  its pore s tructure but  also on the 
conf igurat ion  of t h e  gas-l iquid interfaces wi th in  the 
pores. Thus the differential pressure established across 
a n  e l ec trode  has  been found by many  investigations 
to be  an  i m p o r t a n t  influence (1-7). Explanat ions pre-  
sented for differential pressure effects have been based 
a lmos t  e n t i r e l y  on the dis tr ibut ion between gas and 
l iquid filled pores that  is found in electrodes with 
wide ranges of pore size dis tr ibut ion (2, 8, 9). Such 
theor ies  cannot  explain the behavior of electrodes 
whose pores are all much the same size, al though 
very significant differential pressure effects are also 
o b s e r v e d  for these  electrodes. 

In  gas electrodes wi th  a nar row pore size range 
( s ing le  porosity electrode) the electrochemical reac- 
t ion m u s t  occur pr imar i ly  under  a th in  film of elec- 
trolyte on  t h e  pore walls, the so-called supermeniscus 
film (10-13). In  addition ionic current  t ransport  must  
proceed  a long  electrolyte paths on these walls. For 
condi t ions  where li t t le or no electrolyte is present  in  
the  gas  e l ec trode  except in  the form of thin films it 
has  b e e n  f o u n d  that  the performance is scarcely af- 
fected by  changes in differential pressure and that  
pred ic t ions  of overpotential  behavior  based on a simple 
f i lm m e c h a n i s m  are  quite adequate (6, 14). However, 
when  considerable addit ional electrolyte is present  in 
t h e  pores, performance deviates considerably from 
such predictions, and the influence of l iquid configura- 
t ion assumes great importance. 

Several  investigators have reported strong depen-  
dence in  the performance of single porosity gas elec- 
trodes on differential pressure. Some of the electrodes 
u s e d  by Burshte in  et al. (their electrode numbers  13- 
15) in  their  ear ly studies of s t ructural  effects in porous 
gas  electrodes had essentially a un i form pore size (2). 
The current  density produced by these electrodes at 
c ons tant  overpotential  showed a distinct max im um at 
dif ferent ia l  pressures on the order of 100 mm Hg for 
pores with effective radii in the range of 5-10 ~m. 
Ksenzhek later  reported addit ional observations of 
such behavior  for electrodes with apparent ly  nar row 
pore size distr ibutions (4). 

In 1968 Lindst rom made a reveal ing study of single 
porosity gas electrodes in  which he not only observed 
m a x i m a  in electrochemical activity at par t icular  dif- 
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ferential  pressures but  also correlated this effect with 
measured changes in the resistance of the electrolyte 
"film network" in  the pores of the electrode (5). He 
fur ther  related this behavior to independent  measure-  
ments  of effective~ electrode parameters  including 
mean pore diameter, film thickness, and pore and film 
tortuosity factors. Lindst rom also noted, and qual i ta-  
t ively explained, marked hysteresis effects in  the re- 
sponse of electrode activity, l iquid penetration,  and 
film network  resistance to changes in differential pres-  
sure. The work elucidated many  aspects of the influ- 
ence of differential pressure on electrode activity for 
single porosity electrodes, in terms of measured 
response of "film network" resistance to differential 
pressure changes. 

Lindholm and Edwardsson also observed drastic 
changes in "film" conductivi ty in the region of dif- 
ferential  pressure coinciding approximately to maxi -  
mum electrode activity in a porous oxygen electrode 
composed of silver electrocatalyst particles (16). The 
mechanism by which changes in differential pressure 
across a porous body affect the conductivi ty of l iquid 
electrolyte paths in the pore space is thus of consider- 
able interest;  it can serve as a basis for the under -  
s tanding of many  features in the behavior  of single 
porosity gas electrodes. Earl ier  work on other porous 
systems can provide valuable insight into this mecha- 
nism. 

Over forty years ago Haines observed a var iat ion of 
the conduct ivi ty  in damp soils with moisture content  
very similar  to tha t  found in porous electrodes with 
differential pressure (17). The soils he studied were 
porous materials quite similar to many  electrodes with 
a single scale of porosity. Therefore the models that  
he used relat ing liquid content, l iquid configuration 
in the pores, conductivity, and gas-l iquid differential 
pressure can be considered for the in terpre ta t ion of 
gas electrode behavior. 

Haines, and other investigators in his field, based 
their  theories upon an "ideal" soil composed of a regu-  
lar  packing of un i form spherical particles (17-21). 
They discussed two essentially different states of l iquid 
configuration in these porous beds: a "pendular"  state 
at low moisture contents in  which the l iquid exists as 
isolated annu la r  rings, or "disks," around the contact 
points between spheres; and a "funicular"  state  at 
higher moisture contents in which these disks have 
reached such size that  they contact each other and  
form continuous paths through the bed. Haines a n -  

2 Determined from exterior measurements. 
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alyzed the relat ion between gas-l iquid differential 
pressure and moisture content  of the bed, at least in 
the pendular  state, and calculated pressures at which 
l iquid content  should be sufficient for t ransi t ion to the 
funicular  state in regular  beds of uniform spheres (21). 
More recent ly Harris  and Morrow have shown that  
the pendular  moisture contents of random packings 
of uni form spheres are close to those expected in reg- 
ular  packings at the same gas-l iquid differential pres-  
sures (22). 

These concepts are potential ly very  useful in de- 
scription of the funct ioning of all single porosity gas 
electrodes. However, their  val idi ty in  this use can only 
be confirmed on the basis of situations where they 
yield quant i ta t ive predictions that can be compared 
with exper imental  observations. The logical choice for 
such comparison is the porous gas electrode composed 
of a bed of uniform spherical particles. We have 
studied the performance of well-characterized oxy- 
gen cathodes of this type over ranges of differential 
pressure including the expected pendula r - fun icu la r  
state transition. 

Experimental 
In  these studies oxygen was reduced at porous silver 

cathodes in 13.5M KOH at 95.0~ The a r rangement  
of the test electrode and  the reference cell in  the elec- 
trolyte resembles that  employed in a previous inves-  
t igation (14). It  is shown in Fig. 1 and is described in 
more detail elsewhere (15). The test electrode, 1.3 cm 
in diameter, consists of a bed of silver spheres of un i -  
form size which rests on a relat ively th in  silver mesh 
(4.2 ~m thick) sealed across the end of a Pyrex  tube. 
This silver mesh at the lower side of the bed is in  con- 
tact with the electrolyte while the upper surface of 
the bed is exposed to the gas phase. Electrical contact 
to the spheres is established through the mesh. The 
bed of spheres has uniform thickness and acts as the 
cathode for electrochemical reduction of oxygen. A 
differential pressure of oxygen is applied across the 
electrode at preselected values to change the extent  
of electrolyte infil tration into the bed. 

Three sizes of silver spheres were used, having 
average diameters of 156, 54, and 14 ~m. Before use, 
these spheres were thoroughly washed in concentrated 
aqueous ammonia  to remove traces of silver oxides. 
The spheres were then washed with water  and with 
methanol  before drying in air  at l l0~  for 1 hr. This 
t rea tment  assured reproducible electrode kinetics and 
minimized electrical resistance at contacts between 
spheres. Specific resist ivity was always less than 0.74 

07 
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Mechonisn 

Hydrogen 
Referenc~ 

Fig. 1. Arrangement of experimental oxygen cathode 

ohm-cm in electrodes composed of loosely packed 
sphere beds that  were treated in this manner .  

The test electrodes were bui l t  up to their  final thick- 
ness by repeated addition of spheres. The spheres were 
brought  to the temperature  of the electrode and then 
were added to the top of the bed. Thickness of the 
electrodes was determined from the known density 
of the sphere packing, the cross sectional area of the 
bed, and the mass of the spheres added. In  a few cases 
direct observations could be made of the thickness 
with a microscope; these showed that  the actual thick- 
ness was wi th in  10% of that  calculated and that  thick- 
ness was quite uniform across the electrode, deviat ing 
by less than --+2% from the average value. 

Studies of the test electrodes were conducted under  
galvanostatic conditions. These electrodes were con- 
nected, by means of the silver mesh, as cathodes, and 
current  was supplied from a constant  current  source, 
an Electronics Measurement,  Inc., Model C612 power 
supply. The circuit  was completed through a counter-  
electrode of smooth p la t inum foil placed below the 
test electrode. Electrode current  was measured by a 
Greibach Model 500 ammeter  placed in series with the 
cathode. Electrode potential  was determined with re-  
spect to a hydrogen (on platinized p la t inum)  electrode 
operating in  cell electrolyte. This reference electrode 
was located in a separate cell with a Luggin capil lary 
tube leading from this reference cell to a point  about 
1.5 mm from the edge of the silver mesh of the test 
electrode. Potent ia l  of the test electrode vs. this ref-  
erence cell was recorded with a Sargent  MR poten- 
tiometer. All  electrode potentials in this paper are re-  
ferred to this hydrogen reference electrode (HRE).  

Electrodes were formed under  a differential oxygen 
pressure of 25 cm of water  by successive additions of 
spheres. After  each incremental  addition of spheres, 
the current -potent ia l  relationships were determined 
over the cathodic range from the open-circui t  poten-  
tial of about 1035 mV down to 600 mV (vs. HRE). The 
system was allowed to reach steady state at each of 
the several current  values before potential  measure-  
ments  were recorded. When an electrode thickness of 
1700 ~m had been obtained, the differential oxygen 
pressure was lowered by increments  of approximately 
2.5 cm of water  to 5 cm of water  and then similar ly 
raised to about 80 cm of water;  at none of these dif- 
ferential  pressures did gas bubbl ing  through the elec- 
trode occur. After  each differential pressure change, 
a cur ren t -po ten t ia l  curve was again determined. The 
series of current -potent ia l  curves obtained in this 
manne r  constituted the basic data used in this study. 

Results and Discussion 
For this invest igat ion the effect of differential pres-  

sure across the electrode on the activity of the elec- 
trode has been of p r imary  concern. Thus, it was de- 
sirable that  other effects on electrode performance be 
minimized so that  those a t t r ibutable  to differential 
pressure var iat ion could be studied. The effect of tem- 
perature was el iminated by careful thermostat ing and 
that of oxygen flow past the electrode by  main ta in ing  
a constant  flow of 15 cm ~ min  -~. However, no effect 
caused by changes in oxygen flow rate was observed 
when the rate was varied from 2 to 50 cm 3 rain-1.  
Electrode thickness was also held constant, and more-  
over was established at a large enough value so that  
any fur ther  increases in thickness had very  little 
effect on electrode performance. The observable effects 
of differential pressure variat ions are enhanced by 
use of an electrode thickness somewhat greater  than 
the ma x i mum for which the whole electrode can 
effectively contr ibute  to the electrochemical reaction. 

The a t ta inment  of sufficient electrode thickness was 
assessed by comparisons of electrode performances 
after  incrementa l  increases in the thickness of an elec- 
trode with spheres having a 156 ~m diameter, at a 
differential pressure of 25 cm of water. Typically, it  
was found that  beyond a thickness of 1000 ~m rela-  
t ively l i t t le or no change resulted for fur ther  in-  
creases up to 4000 ~m, as indicated in Fig. 2. This ob- 
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Fig. 2. Effect of electrode thickness on activity of oxygen 
cathode (156 #m silver spheres). Potential 500 mV (vs. HRE). Dif- 
ferential pressure 25 cm of water. 

servation, s imilar  to results reported earlier (14), in-  
dicated that  the selected constant  electrode thickness 
of 1700 ~m for this s tudy was sufficiently large to 
allow meaningfu l  observations of the effects of differ- 
ential  pressure variation. 

Under  the conditions described above it was possible 
to isolate the effects of differential pressure var iat ion 
on electrode performance. The effects were invest i -  
gated for an electrode composed of 156 ~m silver 
spheres in  a bed 1700 #m thick. The activity of this 
electrode, expressed as current  density at several fixed 
potentials v s .  the HRE, is shown as a funct ion of dif- 
ferential  pressure in Fig. 3 The upper  curves (Fig. 3a) 
represent  the performance at decreasing differential 
pressure while the lower curves (Fig. 3b) are for 
increasing differential pressure. A pronounced hys-  
teresis effect is present, as is shown more clearly for 
the case of 500 mV in Fig. 4. This curve would be re-  
traced, except for some change in the decreasing 
pressure branch above 15 cm of water, on repeated 
cycling of differential pressure. For either increasing 
o r  decreasing differential pressure electrode activity 
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Fig. 3. Effect of differential pressure on activity of oxygen 
cathode (156 ~m silver spheres). Electrode thickness 1700 ~m. (a) 
Behavior for decreasing differential pressure. (b) Behavior for in- 
creasing differential pressure. 
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Fig. 4. Hysteresis in effect of differential pressure on activity 
of oxygen cathode (156 /~m silver spheres). Potential 500 mY (vs. 
HRE). Electrode thickness 1700/~m. 

attains a pronounced ma x i mum at a certain charac- 
teristic differential pressure that  is independent  of 
electrode potential. No mat ter  which way the pressure 
is being changed, the drop in act ivi ty after passing 
the max imum is steeper than the rise in activity on 
approach to the maximum.  This type of behavior  has 
been previously reported for porous hydrogen elec- 
trodes (2), and, more recently, for porous oxygen 
electrodes (5, 6, 16). 

The na tu re  of the response of electrode activity to 
changes in  differential pressure clearly indicates that  
it is associated wi th  the penet ra t ion  of l iquid into 
pores and its expulsion from them. Characteristically, 
as differential pressure decreases l iquid enters the 
pores, and as differential pressure increases it is dis- 
placed. However, not all of the infil trated l iquid can 
be expelled; there is a certain amount  retained be-  
cause of the configuration of the pore space. A mean-  
ingful  description of the mechanism of this l iquid 
infil tration and expulsion is not possible wi th  the com- 
plex porous media usual ly employed as fuel cell elec- 
trodes. However considerable simplification in con- 
figuration results with these sphere-bed electrodes. 
An analysis of the liquid penetra t ion cycle for the 
re la t ively simple geometry represented by sphere 
packings can be made on the basis of the concept of 
pendular  and funicular  l iquid configurations cited 
earlier. 

When an electrode is ini t ia l ly formed at a relat ively 
high differential pressure, the only l iquid that  can be 
present in the bed is in thin supermeniscus films, which 
have been previously observed and described (10-13), 
and in the isolated bodies or disks of l iquid that  col- 
lect at the sphere- to-sphere contacts as shown in Fig. 
5a. This is the pendular  state described by Haines. For  
this state electrochemical reaction beneath the film 
on the metal  is l imited to regions near  the bulk  elec- 
trolyte side of the electrode, because ionic t ransport  
must  occur through the th in  film, which presents a very 
high resistance. 

As differential pressure is decreased more liquid 
enters the bed by  capil lary action. Then the l iquid 
disks, which were ini t ia l ly  isolated from each other, 
are enlarged by the enter ing l iquid and eventual ly  
come into contact with each other so that  paths of 
l iquid much thicker than  the previously exist ing film 
paths are formed throughout  the sphere bed. This is 
the funicular  state. It  is characterized by an in tercon-  
nected network of l iquid "filaments" formed by  co- 
alescence of the liquid disks at sphere- to-sphere con- 
tacts. When liquid disks first come into contact consid- 
erable areas of th in  film on the spheres still remain.  
The system of l iquid filaments provides low resistance 
paths for ionic current  to these areas of supermeniscus 
film still covering a large part  of each sphere Since 
these films are in contact with a connected gas phase 
this is a si tuation where large regions wi th in  the 
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Fig. 5. (a) Configuration of electrolyte disk at the contact of 
two spheres. (b) Triad sphere arrangement with e|ectrolyte disks 
at the condition of pendular to funicular transition. 

porous electrode are subject to conditions favorable 
to the electrochemical reaction. Decreasing differential 
pressure thus leads to increasing electrode activity as 
the network of l iquid filaments is formed. This can be 
observed down to 16 cm of water  in Fig. 3a. 

With fur ther  reduct ion in differential pressure more 
l iquid enters  the electrode and the areas of sphere 
surface that  are covered only with th in  film become 
reduced in size. Diffusion of oxygen gas to reaction 
sites on the sphere surfaces must  then be through in-  
creasingly thicker electrolyte layers, and this process 
eventual ly  becomes rate limiting. Performance  then 
decreases as seen for lower differential pressures in 
Fig. 3a. With still fur ther  reductions in differential 
pressure, the pores of the sphere bed would become 
completely flooded, supermeniscus film areas would 
be lost, and, eventually,  the continuous network of 
gas channels  in  the sphere bed would be disrupted 
and replaced by bubbles  of gas entrapped by liquid. 
A saturat ion state would be formed (19, 21). This 
state would result  in a drastic suppression of electrode 
activity. 

When differential pressure is increased from the 
saturat ion state a continuous interconnected ne twork  
of gas channels  is again established. Improvement  in 
electrode activity occurs as areas on the spheres be-  
come again covered only with films and thus readily 
accessible to the gas phase Fur the r  increases in differ- 
ential  pressure cause more l iquid to be expelled from 
the porous s tructure unt i l  the continuous funicular  
l iquid ne twork  is ruptured,  whereupon ionic t rans-  
port through thin film to sites of electrochemical re-  
action inside and throughout  the sphere bed is severely 
restricted, and performance decreases as shown in 
Fig. 3b. After  rupture  of the funicular  l iquid paths, 
isolated pendular  bodies of l iquid remain  as enlarged 
disks of l iquid around sphere- to-sphere contacts in 
varying  amounts  depending on the differential pres-  
sure. It  would appear that  such pendular  l iquid may  
be expelled at sufficiently high differential pressures 
via bulk  l iquid t ranspor t  through the supermeniscus 
film. Once the funicular  paths are severed, however, 
fur ther  increases in pressure do not appreciably affect 
the thickness or the ionic resistance of the super-  
meniscus film, and the increasing supermeniscus film 
area cannot  be effectively utilized since gas t ranspor t  
is no longer limiting. Performance then remains  re la-  

t ively unchanged,  leveling off as shown in Fig. 3 and 4 
for the highest pressures. 

This in terpre ta t ion  of electrolyte configuration based 
on the pendula r - fun icu la r  models leads to an explana-  
t ion of the observed effects of differential pressure in 
electrodes with a single scale of porosity. For  too high 
a differential presure, funicular  paths are not  formed 
and ionic t ranspor t  wi thin  the supermeniscus film is 
l imiting. For too low a differential pressure insufficient 
film area remains  and diffusive t ransport  of dissolved 
gas to the site of electrochemical reaction at the solid 
surface limits electrode activity. These observations 
are in agreement  with exper imental  results obtained 
in this study. It  can be concluded that  the most favor-  
able l iquid configuration for obtaining high electro- 
chemical performance for any electrode similar  to the 
sphere bed electrodes considered here is the funicular  
state that  exists just  before a funicular  to pendular  
t ransi t ion or just  after a pendular  to funicular  t rans i -  
tion, that  is, at a differential pressure which sustains 
a funicular  state but  which is not far removed from 
that  for the pendular  state. In  this condition the super-  
meniscus film area, and its boundary  with meniscus 
regions, are at a ma x i mum consistent with the exis- 
tence of low resistance paths for ionic transport ,  and 
a connected gas phase system exists throughout  the 
electrode. 

When the na ture  of the hysteresis effect in  electrode 
activity is examined, it is found that  the peak in elec- 
trode performance,  shown in Fig. 3 and 4, is higher 
and displaced toward higher pressures for the case of 
increasing differential pressure. This effect is a t t r i -  
buted to the typical differences in liquid holdup that 
occur for decreasing and increasing differential pres- 
sure in these systems (21). The l iquid disks at sphere- 
to-sphere contacts can grow, on decreasing differential 
pressure, only by liquid t ransport  through the super-  
meniscus film (or through the gas phase) un t i l  fila- 
ments  are formed. This l iquid t ranspor t  is difficult, 
and what  would be stable or equi l ibr ium l iquid con- 
figurations may not be obtained in any reasonable 
time. In  effect a metastable l iquid configuration, con- 
ta in ing less l iquid than  the stable configuration, is 
established at any  differential pressure, and the pres- 
sure for t ransi t ion to the funicular  state is shifted to a 
lower value. Moreover, the funicular  configuration that  
is achieved may be expected to be deficient in connec- 
tions to some film areas and thus have a relat ively low 
activity maximum.  Once l iquid paths in the bed are 
established at low differential pressures, increasing 
the differential pressure encounters  difficulty in re-  
ducing all l iquid regions to their  equi l ibr ium state. 
Again a rnetastable condition exists which now shifts 
the t ransi t ion to the pendular  state to higher  differen- 
tial pressures. In  addition a more extensive ne twork  
of filaments will  exist than  did for decreasing pres- 
sure, and a higher peak is observed in accord with the 
preceding discussion. The differential pressure for ob- 
ta in ing  max imum performance is thus different for 
decreasing and increasing differential pressure, being 
shifted to higher values for increasing pressure, as 
shown in Fig. 4. 

The pendula r - fun icu la r  in terpre ta t ion just  described 
yields a quant i ta t ive  prediction for the differential 
pressure at which a max imum in activity occurs, as in  
Fig. 3b, when l iquid is being displaced from a sphere 
bed electrode (increasing differential pressure) .  In  the 
pendular  state, a local pressure difference exists across 
the gas-l iquid surface of the l iquid disks at the points 
of contact of the spheres because of the two radii  of 
curva ture  which define the surface of the liquid. These 
disks have a well-defined geometry that is simple 
enough to allow a determinat ion of the local pressure 
difference across the gas- l iquid interface. The liquid 
disks are just  large enough to touch each other at the 
pendular  to funicular  state transit ion.  Then the liquid 
in all disks is connected to the bulk  liquid electrolyte 
at the electrolyte side of the bed and will  be at l iquid 
side pressure. The local pressure difference across the 
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surface of the l iquid disks must  then be very  nearly 
equal  to the gross pressure difference across the bed 
at pendular  to funicular  transition. According to the 
preceding discussions, this differential  pressure should 
correspond to that  which yields a max imum in elec- 
trode performance on increasing differential  pressures. 

F rom the  t rea tments  of Haines and Fisher  (19-21) 
the differential  pressure for funicular -pendular  t ransi-  
t ion in a sphere bed f rom which l iquid is being ex-  
pelled can be found in terms of the surface tension of 
the l iquid and the radius of the spheres. Essentially, 
it is assumed that  l iquid films exist on the spheres. The 
pressure difference across the meniscus of l iquid held 
at the contact  be tween two spheres has an equi l ibr ium 
value which  depends on the angle, r subtended at the 
sphere center  by the radii  to the point of contact be- 
tween  spheres and to the (ideal) contact point of the 
meniscus wi th  the sphere. An expression for this de- 
pendence can be der ived from the equation of Laplace 
and Young and the given geometry  (18). 

(1 + tan r  (1 -- 2tan r  
P = [i] 

a 2 tan ~ r  

Here, 6 is the surface tension of the l iquid and a is the 
sphere radius. For  a sphere bed containing a large 
fract ion of spheres that  are in contact wi th  at least 
two other spheres that  are also in mutual  contact, that  
is, forming a tr iad of three  spheres as shown in Fig. 5b, 
a pendular  to funicular  t ransi t ion takes place when 

_-- 30 ~ Then local pressure difference across the 
meniscus is 

P = 4 . 1 -  [2] 
a 

Each sphere has approximate ly  eight nearest  neigh-  
bors in contact  in the randomly packed sphere bed of 
this study, as est imated from the measured fract ional  
void volume of 0.41 with  a correspondence method 
suggested by Smith  (23). For  such a packing arrange-  
ment  most spheres must  be involved in several  " t r iad" 
arrangements ,  which in turn form a ne twork  of touch- 
ing triads throughout  the sphere bed; this ne twork  
serves as the basis for the paths of filaments of l iquid 
in the funicular  state. Thus, the differential pressure 
for a pendular  to funicular  or a funicular  to pendular  
transi t ion can be calculated for the bed of 156 ~m 
spheres. This requires  a value for the surface tension 
of the electrolyte,  which was determined by compari-  
sons of the bubble  pressure for a f r i t ted glass disk in 
water  at 25.0~ and in 13.5M KOH at 95.0~ the 
surface tension of the 13.5M KOH at 95.0~ was 
found to be 90 _+ 1 dyne cm-1. 

For  a 156 ~m sphere bed, Eq. [2] gives a funicular  
to pendular  differential  pressure of 48 cm of water.  
This can be compared with the differential  pressures 
of 40 to 43 cm of water  that  were  observed for maxi -  
m u m  electrode act ivi ty  on increasing differential  pres- 
sure in Fig. 3 and 4. The increasing pressure branch 
is the proper  one for comparison because electrolyte 
t ransport  is not inhibited on this branch unti l  after the 
transition. In v iew of the imperfect ions in the packing 
model  for the sphere bed, this is a good agreement  
indeed. The result  not only serves to support  the va-  
l idi ty of a theory  for electrode performance based on 
the  concept of pendular  and funicular  configurations, 
but it also substantiates the interpretat ions we have 
offered above for the observed dependence of elec- 
t rode act ivi ty  on differential  pressure. Fur thermore ,  
f rom Eq. [1] it can be seen that  a change of only 5 ~ 
in the angle ~ causes a change in the calculated differ- 
ential  pressure for pendular - funicular  t ransi t ion by 
almost a factor  of two. This indicates that the l iquid 
configuration at sphere contacts and the a r rangement  
in " t r iads" must  be ve ry  close to wha t  we supposed. 
This quant i ta t ive  agreement  thus confirms both the 
existence and nature  of the pendular  and funicular  
states and the continuous ne twork  of triads of spheres 
in mutua l  contact  which maintains  the la t ter  state. 

It fur ther  confirms that  peak electrochemical  activity 
in a porous electrode with  pores in a single size range 
occurs at the pendular - funicular  transit ion of l iquid 
configuration in the pores. 

A fur ther  verification of this in terpreta t ion was ob- 
tained f rom additional exper iments  conducted with  
electrodes composed of si lver spheres 54 ~m in diam- 
eter. In these electrodes a thin layer  of spheres 14 ~m 
in diameter  was first placed on the mesh to allow the 
a t ta inment  of significantly higher  gas pressures wi th-  
out bubbling through the electrode. The fine and coarse 
layers were  400 and 1300 ~m thick, respectively.  The 
effect of differential  pressure on the performance of 
this 54 ~m sphere bed electrode is shown in Fig. 6. As 
differential  pressure is increased, l i t t le improvement  
in performance occurs unti l  60 cm of water  is attained. 
Then a sharp improvement  is noted, wi th  the per fo rm-  
ance eventual ly  at taining 125 mA cm -2 for 0.5V v s .  

HRE at 90 cm of water.  Higher  differential pressures 
could not be examined because of l imitat ions of the 
apparatus. No peak was observed in the pressure range 
studied; it c lear ly  lies at a higher  differential pressure 
than 90 cm of water.  Equat ion [2] would indicate that  
the funicular  to pendular  transit ion should be expected 
at 139 cm of water.  These results are very  l imited in 
scope but  they nevertheless  demonstrate  the shift of 
the electrode act ivi ty  m ax im um  to higher  differential 
pressures for the smaller  spheres that  would be ex-  
pected from the interpreta t ion offered here, as wel l  
as the improved act ivi ty associated with  the higher  
specific surface area of the smaller  spheres. 

Indirect  evidence for the importance of the pendular  
to funicular  t ransi t ion in fuel cell electrodes can also 
be obtained by comparison of the work  of Lindholm 
and Edwardsson (16) with that  of Haines (17), wi th  
respect to the effective conduct ivi ty  of l iquid paths in 
porous media under  par t ia l ly  flooded conditions. 
Haines studied the relat ionship of conduct ivi ty  changes 
to the transi t ion between the pendular  and funicular  
regimes, while  Lindholm and Edwardsson related the 
conductivi ty to electrode performance.  In both cases 
examinat ion  of the conductivi ty as a funct ion of dif-  
ferent ia l  pressure reveals  a near  l inear decrease in 
conduct ivi ty  with increasing differential  pressure (or 
decreasing l iquid content) unti l  a fair ly pronounced 
change (decrease) in the slope of the relat ionship is 
encountered;  Haines ascribes this change in slope to 
the transit ion between the funicular  and pendular  
regimes. F rom Lindholm and Edwardsson's  work  it 
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can be seen tha t  the same slope change corresponds 
ve ry  nea r ly  to the  different ia l  pressure  at  which  m a x i -  
mum electrode ac t iv i ty  (cur ren t  densi ty)  is observed.  

Local  m a x i m a  in e lect rode act iv i ty  were  also seen 
in the work  of Golovkin  et al. for e lectrodes composed 
of spher ica l  par t ic les  at different ial  pressures  consis-  
tent  wi th  the  pendu la r - fun icu la r  t rans i t ion  for the  
sphere sizes involved (7). However  these worke r s  
found fu r the r  increases in act ivi ty  at  much h igher  
different ial  pressures  (perhaps  because of the ac t iv i ty  
of a significant "sealing layer"  of much finer par t ic les)  ; 
they  offer a t heo ry  based on l iquid ho ld -up  in sys tem-  
atic distort ions of regula r  packing  configurations. 

Addi t iona l  evidence for the  pendu la r  and funicular  
type  of l iquid configuration may  be found in the  da ta  
r epor ted  by  Linds t rom (5). Al though his e lectrodes 
were  f rom par t ic les  of i r r egu la r  shape, at  least  these 
par t ic les  had a reasonably  un i form size. A comparison 
of Linds t rom's  l iquid pa th  resistance and e lect rode 
ac t iv i ty  curves given as functions of different ial  p res -  
sure again shows a max imum in ac t iv i ty  closely asso- 
ciated wi th  a change in slope in the resis tance (and 
thus  conduct iv i ty)  relat ionship.  These resul ts  also 
demons t ra te  a m a r k e d  hysteresis  in both the  e lect rode 
act iv i ty  and resistance behavior  wi th  increase and 
subsequent  decrease in the  different ial  pressure.  These 
resul ts  of L inds t rom not  only  corrobora te  the in te r -  
p re ta t ion  offered here but  also indicate  a possibly 
more  genera l  appl ica t ion  of the  pendu la r - fun icu la r  
model  to s in tered e lect rode s t ructures  of par t ic les  of 
i r regu la r  shape. 

Conclusions 
The present  studies have shown tha t  the concept of 

pendula r  and funicular  l iquid configurations in s imple 
porous media  can be ve ry  useful  in expla in ing  the be -  
havior  of gas electrodes wi th  a na r row range  of pore  
size. This concept was developed much ear l ie r  in the 
studies of proper t ies  of soils, but  has not been he re -  
tofore appl ied  to e lectrode systems. The existence of 
these two states, and the t rans i t ion  be tween  them, 
accounts for  the  dependence of e lect rode act iv i ty  on 
different ia l  pressure  across the e lec t rode  for oxygen 
cathodes composed of beds of uni form small  spheres.  
Thus this  concept can provide  an improved  under -  
s tanding of the  t r anspor t  phenomena  opera t ive  in these  
electrodes,  which can be of value in deve lopment  of 
more effective s tructures.  
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A Secondary, Nonaqueous Solvent Battery 
John S. Dunning,* William H. Tiedemann,* Limin Hsueh,** and Douglas N. Bennion** 
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University o] California, Los Angeles, Calilornia 90024 

ABSTRACT 

The feas ibi l i ty  of a room- tempera tu re ,  nonaqueous organic solvent,  e lec-  
t rochemical  cell tha t  can del iver  10 m A / c m  2 at  4V has been demonstra ted .  The 
cell consists of a l i th ium negative,  a g raph i te  compound posit ive electrode,  and 
a l i th ium pe rch lo ra t e -d ime thy l  sulfite e lec t ro ly te  solution. The cell  develops 
an open-c i rcu i t  potent ia l  of app rox ima te ly  4.5V. A p p a r e n t l y  the l i th ium pe r -  
ch lo ra t e -d ime thy l  sulfite e lec t ro ly te  undergoes  no or  least  s low oxida t ion  or r e -  
duct ion wi th in  a 4.5V range.  

To date, the  m a x i m u m  charge s torage has been 90 coulombs/g  of graphi te .  
Cycles of 1 hr  charge and 1 hr  discharge at about  3 m-A/cm 2 have been re -  
pea ted  up to 33 times. Fa i lu re  was appa ren t ly  due to overcharging  and 
graphi te  disintegrat ion.  On wet  stand, from 25 to 50% of the cell  capaci ty  is 
lost over  one day. 

Dimethy l  sulfite, (CH~O)2SO, has been shown to be a 
po ten t ia l ly  useful  solvent  for appl icat ion to ba t te r ies  
(1). Whi le  using graphi te  as a posi t ive e lectrode in 

* Electrochemical  Society Student  Associate Member.  
** Electrochemical  Society Act ive  Member .  
Key  words:  batteries,  nonaqueous  solvents, l i thium perchlorate, 

dimethyl  sulfite, graphite ,  lamel lar  compounds of graphite. 

l i th ium t r i f luoromethanesu l fona te -d imethy l  sulfite 
solutions, a 4.3-4.8V open-c i rcu i t  potent ia l  vs. l i th ium 
meta l  was r epea ted ly  observed (2). Brenner  (3) has 
recen t ly  repor ted  s imilar  observat ions  and suggests a 
f luor ine-containing compound as the  active oxidizing 
agent. Observat ions  on cells of the  type  Li/(CH~O)2SO, 
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LiC104/graphite are reported here and observed 
changes in performance after subst i tut ing different 
salts, solvent, and graphites are described. 

Experimentol 
Materials.--Dimethyl sulfite was purchased from 

Eastman Kodak Company. It  was fur ther  purified by 
agitat ion with Linde A molecular  sieves and subsequent  
vacuum disti l lat ion in a packed column at 53~ and 5.7 
mm Hg pressure. The water  content  was 50 __ 10 ppm 
as determined by  Kar l  Fischer t i tration. 

Anhydrous  LiC104 was purchased from G. F. Smith 
Chemical Company. It  was heated in a vacuum at 105~ 
or used without  fur ther  t reatment .  Performance of the 
experiments  seemed independent  of the heating step. 
Kar l  Fischer t i t rat ion of solutions of dimethyl  sulfite 
and LiC104 indicated the as-received "anhydrous" 
LiC104 contained 1 H20 per 10 LiC104 molecules. The 
heat ing step, as performed on as-received material,  
only reduced the water  by a factor of one-half  to one- 
third. 

The LiCFsSOs salt was prepared by  reacting 
BaCFsSO8 (provided by 3M Company) with H2SO4 and 
by neutra l iz ing the resul t ing aqueous solution with 
LiOH. The LiCF3SOs was twice recrystall ized from 
acetone and vacuum dried at l l0~  for 48 hr. Resulting 
solutions with d imethyl  sulfite did not show appreci- 
able increase in water  content  above 50 ppm. 

The LiBF4 was purchased from Foote Mineral  Com- 
pany. It  was vacuum dried at l l0~  for 48 hr. Result ing 
solutions with d imethyl  sulfite showed high (order of 
1000 ppm) water  content. 

Li th ium r ibbon packed in argon was purchased from 
Foote Mineral  Company and used as received. 

Five types of graphite were used: Great  Lakes Car- 
bon Company grade R-1 nuclear  reactor grade graphite 
of densi ty 1.68 g/cmZ, Union Carbide pyrolytic graphite 
carbon paper (PGCP) of density 0.471 g /cm 8, Union 
Carbide graphite foil (GRAFOIL) of density 0.836 g/  
cm ~, Super Temp Company (Santa Fe Springs, Cali- 
fornia) reinforced pyrolytic graphite (RPG) of density 
1.62 g /cm ~, and Super Temp Company annealed pyro-  
lytic graphite of densi ty 2.24 g/cm z. The RPG was most 
extensively tested. It  is a porous, carbon matr ix  
throughout  on which small  crystalli tes of pyrolytic 
graphite are deposited. The Super Temp Handbook (4) 
indicates that  80% of the pores are 18-35~ in diameter. 
The available in te rna l  surface area is est imated as 500 
cm -1. The weight  of the mater ial  is about 94% pyro-  
lytic graphite. Fu r the r  informat ion is available in the 
Super Temp Engineer ing Handbook (4). 

Apparatus.--Experiments were performed in an ar-  
gon-filled Vacuum Atmosphere Corporation glove box 
Model HE-243-2 DRI-LAB equipped with an HE-493 
DRI-TRAIN containing molecular  sieves for water  re- 
moval and Dow Q1 (supported copper) for oxygen re- 
moval  and an HE-593 t i t an ium sponge furnace operat- 
ing at 800~ for ni t rogen removal. Impur i ty  levels of 
(h, N~, and H20 were between 1 and 10 ppm as esti- 
mated from observation of a tungsten  light bulb fila- 
ment  life of one day or more and the rate of formation 
of an oxide or ni t r ide film on molten sodium or li thium. 
The tempera ture  in the glove box was main ta ined  at 
30 ~ ~- loC. 

The test cell is shown in Fig. 1. The lower, test sec- 
t ion of the cell is 3.5 x 4.0 x 0.3 cm. The separator was 
nonwoven polypropylene cloth (The Kendal l  Com- 
pany) .  Contact to the graphite electrode was by a plati-  
n u m  wire wrapped t ight ly through a hole in the graph- 
ite. 

Galvanostatic charging and discharging was accom- 
plished by means of a Heathkit  Model IP-32 Regulated 
Power Supply in series with a Clarostat Model 240-C 
power decade resistance box. Cell voltages were mea-  
sured by  a Kei thley 610B electrometer coupled with a 
Sargent  Model SR chart  recorder. Cell current  was 
measured with a Simpson Model 267 vo l t -ohm-mi l l i -  
ammeter .  
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Fig. 1. Test cell 

The cells were assembled in the dry  box in the dis- 
charged state. The electrolyte solution was dimethyl  
sulfite saturated with l i th ium perchlorate. The satura-  
tion concentrat ion of l i th ium perchlorate in dimethyl  
sulfite has not yet  been precisely determined. However, 
a tentat ive value of 1.73 mole /kg  of solution at 23~ 
was measured. Excess l i th ium perchlorate was in the 
bottom of the cell. Constant  cur ren t  was passed 
through the cell with the graphite electrode attached 
to the positive te rmina l  of the power supply. Various 
t ime periods and rates of charging were used. The 
open-circui t  potent ial  was observed, and the cell po- 
tential  vs. t ime was recorded dur ing discharge with the 
electrodes connected across various size resistances. 
Once the approximate coulombic capacity was estab- 
lished, a t iming circuit was used which switched the 
cell automatical ly from the charging circuit to the dis- 
charging circuit at fixed intervals,  general ly  1 or 2 hr  
charge followed by 1 or 2 hr  discharge through con- 
stant  resistance at 2 or 3 m A / c m  2. The cell potential  
was recorded dur ing the cycling. Cycling was termi-  
nated when shorting across the cell electrodes began to 
occur. General ly  the substrate for l i th ium deposition 
was a sheet of l i th ium metal.  However, copper, a lumi-  
num, and RPG were also tested as possible negative 
electrode substrates. The solvent was general ly di- 
methyl  sulfite, but  propylenecarbonate  and dimethyl  
sulfoxide were also tested. L i th ium perchlorate was 
general ly used as the electrolyte, but  l i th ium trifiuoro- 
methanesulfonate,  l i th ium tetrafluoroborate, l i th ium 
nitrate,  and l i th ium thiocyanate were subst i tuted for 
the l i th ium perchlorate in a series of tests. Various 
graphites as ment ioned above were used as positive 
electrodes in addit ion to some amorphous carbons. 

Results 
Cell tests.--Using an RPG positive electrode of 5 

cm~ geometric area, a series of 20 mi n  galvanostatic 
charge-discharge runs  were made. Cell voltage was 
recorded as a function of t ime for currents  of 2 m A /  
cm ~. A typical  result  is shown in  Fig. 2. Both charge 
and discharge curves are quite flat. A sharp break 
downward in the discharge curve occurs at 3.8V. Open-  
circuit  potential  is approximately 4.4V with the major -  
ity of the discharge above 4.0V. Coulombic efficiencies 
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Fig. 2. Typical charge-discharge cycle Li/DMSU, LiCIO4/RPG 
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increased dur ing  t h e  first seven cycles as follows: 56%, 
73%, 87%, 87%, 89%, 95%, and 90%. 

After  a 17.5 hr  charge at 1 m A / c m  2, the open-circui t  
potential  was 4.55V and stable during a wait ing period 
of about an hour. A discharge of 2 m A / c m  2 was carried 
out for 10 min. Then a 10 m A / c m  2 (based on geometric 
area of RPG electrode) discharge was carried out for 
30 min  to a cutoff potential  of 2.5V. Open-circui t  cell 
potential  quickly (within a second or so) re tu rned  to 
4.3V and remained stable for 3 hr. This was followed 
by a 30 min discharge at 2 m A / c m  2 with cell potential  
above 3.5V. A brief short circuit through the ammeter  
gave 70 m A / c m  2 for 1 or 2 sec. 

The electrolyte solution remained clear dur ing this 
test. No bubbl ing  was observed at the graphite elec- 
trode. A few small bubbles  were observed at the l i th-  
ium electrode. 

The RPG electrode had swollen about 30% during 
charging. The swelling did not diminish on discharge. 

In  a later charge-discharge cycle (after 26 days of 
storage out of the electrolyte solution) the RPG elec- 
trode was charged for 11 hr at 5 mA ( ~  1 mA/cm2).  
A short circuit through the ammeter  gave 620 mA 
( ~  120 m A / c m  ~) for 2 or 3 see. It was next  discharged 
for 4 hr at l0 mA ( ~  2 m A / c m  2) to a 3.5V cutoff poten-  
tial. Following this test, a long plateau (several hours) 
was observed at 2.5-2.0V cell potential  at about 2 
m A / c m  2. This low voltage plateau was not investigated 
further.  

Using a l i th ium wire  reference electrode it was de- 
te rmined that  the decrease in cell potential  at the end 
of a discharge (see Fig. 2) occurs almost ent i re ly  at the 
graphite electrode. This is expected since there is ex-  
cess l i th ium at the negative electrode. 

No l i thium dendri tes were observed except when the 
l i th ium perchlorate concentrat ion was below satura-  
tion. 

Cycle tests.--Two long- te rm cycle tests were run,  
each lasting several days. For the first test, an RPG 
electrode 4.67 x 1.82 x 0.106 cm weighing 1.4535g was 
used. The cycles were a 1 hr charge followed by 1 hr 
discharge. A typical cycle is shown in Fig. 3. The size 
of resistance in the discharge circuit was such as to pre-  
vent  a rapid fall in the cell potent ial  at the end of an 
hour. An arb i t ra ry  cutoff potential  of 4.0V was used. 
As shown in  Fig. 2, very  l i t t le addit ional  capacity is 
realized by  using a 3.2V cutoff potential.  For  the first 
12 cycles, charging took place at about 0.6 m A / c m  2 
followed by discharge at approximately 0.48 mA/cm~. 
Cycles 13-16 were at about 1.2 m A / c m  2 on charge and 
discharge. Cycles 17-26 were at about 2.2 m A / c m  2 
charge and 1.5 m A / c m  2 discharge. The 27th cycle was 
increased to a 2 hr  charge followed by a 2 hr discharge. 
However, on the 24th cycle minor  jumps in potential  
began to occur, apparent ly  caused by  temporary or 
in te rmi t ten t  shorts. After  30 rain of discharge on the 
27th cycle the "shorting" became so severe that  the 
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Fig. 3. Typical charge-discharge cycle, Li/DMSU, LiCIO4/RPG 
23rd cycle. Geometric area ~ 17 cm 2 (,~62 coulombs/g of RPG). 

test was terminated.  Coulombic efficiency, coulombs 
in divided by coulombs out, general ly  varied between 
0.66 and 0.9 for these cycles. No charge seemed to be 
bui lding up on the positive electrode as shown by rapid 
decrease in cell potential  if discharge t ime was 
lengthened. 

At the end of the r un  it was observed that  the elec- 
trolyte solution was a cloudy green color caused by a 
jel lyl ike suspension. About  half  of the solid l i thium 
perchlorate ini t ia l ly at the bottom of the cell was still 
there. On top of the l i th ium perchlorate was a thick 
( ~  1 cm) layer of carbon powder which apparent ly  
caused the shorting. The RPG electrode was "intact" 
but  had a leached appearance. The l i thium reference 
electrode was discolored black, par t icular ly  near  the 
solut ion-argon interface. A few bubbles  were trapped 
in the cell. There were no salt crystals on or near  the 
graphite electrode. The l i th ium electrode was still 
pliable but  black in color on the side facing the RPG 
electrode. The l i th ium was covered with what  appeared 
to be salt crystals as was the nonwoven polypropylene 
cloth separator on the side toward the li thium. No 
l i th ium dendrites were observed. The polypropylene 
separator showed no degradation. 

A second, similar cycle test yielded 33 cycles and was 
general ly  run  at about 3 m A / c m  2. No significant per- 
formance differences were noted. 

Coulombic capacity.--Various graphite positives were 
tested and effective charge storage capacity evaluated. 
The results are shown in Fig. 4. In  these tests the dis- 
charge took place immediate ly  after the charge. For the 
three types of graphite tested, the amount  of charge 
recovered was independent  of the amount  of charge 
inserted after the charging passes about 90 coulombs/g. 

If a cell is charged and then allowed to stand wet for 
one day, 25-50% of the charge original ly inserted can 
no longer be recovered on discharge. 
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Fig. 4. Charge input and output for Li/LiClO4:DMSU/graphite 
cell. 
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Swelling direction.--Tests on pyrolytic graphite 
chips have shown that  swelling takes place along the 
"c" direction of the graphite. This swelling was not 
reversible on discharge. 

Substitution of materials.--Lithium tr if luoromethane 
sulfonate gave approximately the same performance as 
l i th ium perchlorate. Li th ium tetrafluoroborate gave a 
stable open-circui t  potential, about 4.6V, but  the 
capacity of the RPG electrode using this salt was only 
about 10-15 coulombs/g. The charging potential  when 
using l i th ium tetrafluoroborate was about 0.1-0.2V 
higher than when using l i thium perchlorate as the 
electrolyte. Tests using l i thium ni t ra te  and l i thium 
thiocyanate did not show stable, high open-circuit  
potentials and no significant coulombic capacity was 
observed when discharge was attempted. The following 
salts were too insoluble in dimethyl  sulfite to yield 
any meaningful  results: LiBO2, LieCOs, LiC1, Li2SiO3, 
LiPO3, Li2SO4, Li20, and Li202. 

In  addition to the graphites already described, Great 
Lakes nuclear  reactor grade R-1 graphite was tested. 
These were essentially blocks of material  about the 
same size as the RPG electrodes. The R-1 gave stable 
cell potentials of about 4.5V. However, the graphite 
tended to slough off at the surface and crack if charged 
for more than 1 hr at 10 m A / c m  2. Various types of 
carbons were also tested, for example, Union Carbide 
gas fuel cell electrodes. None of the amorphous car- 
bons gave stable open-circui t  potentials or appreciable 
discharge capacities. 

Various substrates were used for l i th ium deposition 
at the negative electrode. In  general, the graphite 
electrodes were being studied. Thus, using l i thium as 
the negative electrode substrate provided excess 
l i th ium capacity and insured that  the l i thium electrode 
was not capacity limiting. However, copper seems to 
work well  as a substrate. A l u m i n u m  forms an alloy 
or compound with l i th ium and lowers the cell poten- 
tial about 0.3V. Ini t ia l  rates of charge and discharge 
using a luminum substrates indicated that the negative 
electrode overpotentials were small compared with the 
positive electrode. However, the negative electrode 
became capacity l imit ing and the a luminum became 
brittle, warped, and broke up after a few cycles. When 
RPG was used as the negative electrode substrate, it 
performed as a l i th ium electrode. There was no appre- 
ciable under -  or overpotential  on charging as deter-  
mined using a l i th ium wire reference electrode. The 
cell was capacity l imited on discharge by the negative 
electrode. The RPG did not change dimension. Based 
on these rather  simple tests it did not appear that  any 
l i th ium intercalat ion compound was being formed 
with the graphite. 

Wood fiber paper bat tery  separators and nylon cloth 
were tr ied as separator materials.  They both dis- 
integrated after a day or so in the d imethyl  sulfite 
solutions. The nylon was very poor. 

Propylene  carbonate was substi tuted for dimethyl  
sulfite in a test and essentially the same results were 
achieved with regard to charge and discharge curves 
and open-circui t  potential. When dimethyl  sulfoxide 
was tried, however, the cell performance was not good. 
A stable open-circui t  potential  was not established and 
no  appreciable discharge capacity was realized. Sim- 
ilarly, n -n i t rosodimethylamine  was not a successful 
solvent. 

Lithium electrolyte solution stability.--Only pre- 
l iminary  tests of the stabili ty of l i th ium in dimethyl  
sulfite have been made to date. A white  precipitate is 
observed to form on l i th ium when immersed in l i th ium 
perchlorate-dimethyl  sulfoxide solutions. The amount  
of precipitate produced is proportional to the amount  
of water  in  the solution. The reaction apparent ly  ceases 
when water  content  is below 5 ppm. The precipitate, 
when  washed and dissolved in water, gives a near  
neut ra l  pH. 

Discussion 
The phenomenon of an expanding graphite anode 

has been known since 1841 (5). This has been explained 
as the formation of an electrochemical lamellar  com- 
pound of graphite. That  is, anions are incorporated 
into the in terp lanar  spaces in the graphite structure to 
provide electroneutral i ty  as the graphite is oxidized 
to a "macrocation" by the application of an anodic 
current.  Such compounds have been studied in some 
depth since the mid-1930's (6-9). The similarities in 
the formation procedure and dimensional  changes sug- 
gest that a lamellar  compound of graphite may be in-  
volved in the positive electrode reaction in the Li /  
(CH30)2SO, LiC104/graphite system. However, there 
are some differences between the behavior  of the non-  
aqueous, aprotic system reported here and the acid 
systems. They are: 

I) Absence of color change. Graphite compounds 
prepared in this laboratory by electrochemical oxida- 
tion of pyrolytic graphite in HC104 and H2SO4 have a 
metallic blue color, as reported by other investigators 
(9). The l i thium perchlorate-dimethyl  sulfite solutions 
do not yield a blue-colored graphite product. The 
graphite remains  black. 

II) Unlimited expansion of graphite. Lamellar  com- 
pounds of graphite prepared from pure acid media 
expand along the "c" direction to an extent  l imited by 
the formation of the final stage (most concentrated 
in anionic species). The tests conducted in l i thium 
perehlorate-dimethyl  sulfite show unl imi ted  expansion 
as the charging process proceeds. No clearly observable 
final stage was found. 

III) Absence of detectable stage formation. Previous 
workers in acid media have observed stepwise changes 
in the potential  of a graphite anode at constant cur -  
rent  (10). Presumably,  these correspond to various 
stages of compound formation as different combinations 
of in terp laner  spaces in the graphite are occupied. No 
such changes in the potential  of a graphite anode in 
nonaqueous media vs. either a l i th ium electrode or a 
si lver-si lver perchlorate reference electrode have been 
observed. 

If a simple lamellar  compound of graphite is formed 
in the dimethyl  sulf i te-l i thium perchlorate solutions, 
one possible reaction characterization would be 

nC + CIO4- ---- C,CIO4 + e -  

The results shown in Fig. 4 indicate a maximum charge 
storage capacity of about 90 coulombs/g of graphite. 
This corresponds to 89 carbon atoms, on the average, 
per anion using the above relationship. Ratios as low 
as 6-24 carbon atoms per anion have been observed 
for some acid media (9). The possible specific energy 
for such a system is critically dependent  upon the value 
of n in the above relationship. Present  results project 
to a specific energy of 20-45 Whr /kg  of ba t te ry  with n 
equal to 89. 

Using nongraphit ic  carbons, the cell characterized by 
a 4.5V stable open-circui t  potential  does not form. 
Other workers have found (10, 11) that  wel l-ordered 
graphites (characterized by negative tempera ture  co- 
efficients of electrical conductivity) are necessary for 
proper compound formation. The graphites used in this 
study were not of such perfect crystal l ine nature  but  
were commercial grades. 

The similar performances for the three an ions - -  
perchlorate, tr if luoromethanesulfonate,  and tetrafluoro- 
bora te - - in  addition to similar performances between 
dimethyl  sulfite and propylenecarbonate  solvents sug- 
gest that the positive electrode reaction is not specific 
to the part icular  anion or solvent. This suggests that  
the simple lamel lar  compound of graphite formation 
or a similar reaction gives the correct over-al l  stoi- 
chiometry. Comparing anions that  work with those that  
do not work suggests that  the l i th ium salt of the anion 
must  be soluble in the solvent to be used and the acid 
of the anion should be a very strong acid. The fact 
that stable open-circuit  potentials of 4.5V, loss of only 
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50% capaci ty  on s torage for one day,  and  cycle life of 
up to 33 2-hr  cycles a re  observed  suggests that  the 
d imethy l  sul f i te- l i th ium perch lora te  solut ion is at  least  
marg ina l ly  s table  to oxidat ion  and reduct ion over  a 
4.5V range  re la t ive  to l i thium. 
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ABSTRACT 

The na tu re  and character is t ics  of the  overpoten t ia l  in cells  of the  type  

Ar-O2, H2-H20, or CO-CO2/ZrO2-CaO/O2 

were  de te rmined  f rom 700 ~ to l l00~ over  a wide range of oxygen pressures.  
Porous Pt  b lack  electrodes were  deposi ted on imperv ious  ZrOs + 10 m / o  
(mole per  cent)  CaO tubes. Almost  pure  res is tance polar iza t ion  is observed 
when Ar-O2 or H2-H20 mix tures  are  present  at  the  anode. However ,  for Ar-O2 
mix tu res  d i lu te  in O2 at the  cathode, diffusion overpoten t ia l  r ead i ly  appears  
and l imi t ing cur ren t s  a re  even tua l ly  reached.  Limi t ing  currents ,  p ropor t iona l  
to Po2, a re  contro l led  by  the  diffusion of gaseous oxygen  in the  pores  of the  P t  
electrode.  Based on the  present  resul ts  and adsorpt ion  data,  a mechanism is 
proposed for  the  cathode reaction. For  CO-CO2 mixtures ,  t rans i t ion  overpo-  
ten t ia l  associated wi th  the  react ion COs + 2e ~ CO + O = is observed.  The 
t rans i t ion  factor  is about  0.5 and exchange cur ren t  densi t ies  a re  in the v ic in i ty  
of 1 m A / c m  2. Equat ions  re la t ing  exchange cur ren t  dens i ty  to Pco, Pco2, and 
the amount  of CO adsorbed  on the e lec t ro ly te  a r e  de r ived  and compared  wi th  
the  exper imen ta l  results.  I t  is concluded tha t  e i ther  gaseous or  adsorbed  CO 
and gaseous CO2 are  d i rec t ly  involved in the  e lec t rochemical  step of the  
reaction.  

Solid oxide e lect rolytes  can be used in the  const ruc-  
t ion of h i g h - t e m p e r a t u r e  fuel  cells. Only  ZrO2-based 
e lect rolytes  a re  su i tab le  since they  possess r e l a t ive ly  
high ionic conduct ivi t ies  and exhibi t  v i r tua l ly  pure  
oxygen- ion  conduct ion be tween  oxygen pressures  of 
1 and  10 -20 a tm at 1000~ (1).  

The overpoten t ia l  behavior  of such cells is of in te r -  
est f rom both theore t ica l  and prac t ica l  viewpoints .  
Nevertheless ,  only  a l imi ted  amount  of research  has 
been done in this  a rea  and there  is considerable  dis-  
agreement  among the ava i lab le  resul ts  on the overpo-  
ten t ia l  at  meta l  or  oxide  electrodes in contact  w i th  
ZrO2-based electrolytes  and e i ther  O2-inert  gas (2-11), 
H2-H20 (12-19), or CO-COs (2, 6, 13, 14, 17, 20-23) 
mixtures .  

Diffusion overpoten t ia l  is genera l ly  observed wi th  
O2-inert gas mix tu res  at the  cathode, but  the r a t e - d e -  
te rmining  step of the  over -a l l  cathode react ion has 
been  concluded to be the  diffusion of oxygen  atoms in 
the adsorbed phase at  810~ (3) and  th rough  the Pt  
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electrode at  560~ (9, 10), mass  t r anspor t  in the  gas 
phase at  1000~ (6, 7), and e i ther  the  dissociat ion of 
oxygen  molecules  or the  e lect ron t rans fe r  step at  400 ~ 
800~ (8). A t  high appl ied  potent ials ,  e i ther  oxygen 
t ransfe r  into the  e lec t ro ly te  (9, 10) or electronic con- 
duct ion in the  e lec t ro ly te  (10) can be ra te - l imi t ing .  
Unspecified overpoten t ia l  has been repor ted  at  the  
anode (3-5).  

Even in a tmospheres  of oxygen  (6, 8, 18, 24-26) and 
air (4 ,6 ,9) ,  overpo ten t ia l  has been detected at  the  
e lect rodes  and a t t r ibu ted  to slow diffusion processes at  
560~176 (4, 6, 9), P t -O  interact ions  at  600~176 
(24), a slow elect rochemical  step at 900~176 (25), 
and a constr ict ion res is tance at  650~176 (26). In  the 
la t te r  case, the Ag  cathode was only ac t ive  at  discrete  
spots which necessi ta ted regions of high cur ren t  den-  
si ty in the  e lectrolyte .  However ,  in o ther  invest igat ions,  
significant overpoten t ia l  at  h igh oxygen  pressures  has 
not been observed (2, 5, 11, 15). Impedance  measu re -  
ments  have both suppor ted  (8, 25, 27, 28) and refu ted  
(29) the  exis tence of overpoten t ia l  in oxygen  and air. 
Likewise,  for H2-H20 mixtures ,  the  possibi l i ty  of over -  
potent ia l  at the anode f rom 600~176 has been both 
confirmed (15, 18, 19) and denied (12-14, 16, 17). 

In  the  case of CO-CO2 mixtures ,  diffusion overpoten-  
t ial  (6, 13, 20, 21, 23), t rans i t ion  overpo ten t ia l  (20, 21), 
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and reaction overpotential  (20) at 800~176 have 
all been reported. Tafel behavior  is often followed 
(2, 6, 14, 20, 21) although, except in two studies (20, 22), 
mechanisms have not been given to account for the 
results. There is serious disagreement concerning the 
value of the t ransi t ion factor (2, 14, 20) and the in-  
fluence of gas composition on overpotential  (13, 14, 20, 
21). Nickel anodes complicate the analysis due to the 
formation of NiO (30-32). 

The above inconsistencies reflect, in part, the im- 
portant  influence of the electrode on overpotential  
when gas mixtures  are in contact with solid electro- 
lytes. Its composition, structure, and porosity must  
often be carefully controlled to obtain reproducible re-  
sults. Electrode s t ructure  has recently been shown to 
be a highly significant variable (10). 

To help resolve these discrepancies, current -potent ia l  
characteristics of porous Pt  electrodes in contact with 
ZrO2-CaO electrolytes were determined at 700~176 
over a wide range of oxygen pressures which were 
controlled by Ar-O2 (1 to 10 -0 a tm),  CO-CO2 (10 - s  to 
10 -21 a tm),  and H2-H20 (10 -20 to 10 -23 arm) mixtures.  
The curves were analyzed to separate the contr ibut ions 
from various types of overpotentiah Mechanisms are 
proposed for the electrode reactions in Ar-O2 and 
CO-C02 mixtures.  

Exper imenta l  
The solid electrolytes were impervious ZrO2 W 10 

m/o  CaO tubes, closed flat at one end. They exhibited 
excellent stabil i ty when  cycled between 700 ~ and 
l l00~ for two months since their resistances remained 
unchanged. The closed ends of the tubes were plat i-  
nized on both sides by applying drops of a 1:1 mix ture  
of a 3-5% chloroplatinic acid solution and formalde- 
hyde solution to the faces which were then heated to 
600~176 This procedure, repeated twice for each 
face, resulted in adherent, porous, f ine-grained Pt 
black deposits. 

As i l lustrated in Fig. 1, a 24-in. long electrolyte tube 
with an ID of 9.5 m m  and OD of 13.5 mm was placed 
inside a quartz tube wi th  an ID of 15.5 mm and OD of 

19 mm which had been made as flat as possible on the 
bottom. The 6.5-ram a lumina  rod inside the electrolyte 
tube contained two 1.5-ram holes which served to hold 
a 20-mil Pt  lead wire and t ransport  gas into the cell. 
Small  slits were cut into the bottom of this rod to 
facilitate the gas flow. To minimize contact resistance, 
three springs located at 120 ~ intervals  around the top 
of the cell held the circles of 45-mesh Pt  gauze (18 
mils thick) f irmly against the plat inized surfaces of 
the electrolyte. Irregulari t ies  in these surfaces and the 
inside of the bottom of the quartz tube  rendered com- 
plete e l iminat ion of contact resistance difficult. The 
lower two Tygon tubing seals kept the pressure ap- 
proximately constant  despite expansion and contraction 
of the ceramic components dur ing tempera ture  cycling. 

Generally,  the purified and preanalyzed gas mixtures  
were passed into the outer compartment.  The 6-in. long 
quartz preheat ing chamber with an ID of 10 mm, 
which contained pieces of 1-mil Pt  foil, enabled high 
flow rates to be used without  cooling the cell. The 
constriction at the top of the preheat ing chamber  was 
made to give the quartz tube added mechanical  
strength. Oxygen flowed through the inner  P t  gauze to 
form the reference electrode. All of the gases were 
passed at 1 atm total pressure. Tempera ture  measure-  
ments  were taken with a Pt-Pt~-13% Rh thermocouple 
welded to the outer Pt  gauze. 

Potentials were applied to the cell using a circuit 
consisting of a rectifier and several var iable  resistors. 
Potent ia l  and cu r ren t  readings were taken with a 
Weston d-c voltmeter  and mil l iammeter .  Upon in ter -  
rupt ing the circuit, the cell potential  could be recorded 
quickly and accurately with a Radiometer Universal  
pH meter. Al te rna t ing-cur ren t  resistance measure-  
ments  were made with a conductivi ty bridge equipped 
with an oscilloscope detector which was supplied by 
Industr ia l  Ins t ruments  (Model RC-18). 

Initially, the cells were heated to l l00~ for several 
hours to reduce contact resistance and par t ia l ly  sinter 
the Pt  black deposits. Reproducible overpotential  and 
resistance results upon tempera ture  cycling could then 
be obtained. 
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Fig. I .  Cell design for overpotential measurements 

Results and  Discussion 

Close agreement  between measured and theoretical 
emf values (___0.5%) verified the pure ionic conduc- 
t ivi ty of the electrolyte tubes and the reversibi l i ty  of 
the electrodes. Usually, the electrolytes had a-c resist- 
ances measured at 3000 Hz of about 1000, 180, 40, and 
20 ohms at 700 ~ 850 ~ 1000 ~ and ll00~ respectively. 
Occasionally, values which were 15-20% lower than 
these were found. 

Gas flow rates are reported as room-tempera ture  
l inear  speeds based on an approximate area of 0.5 cm 2 
for the inlet  tube  immediate ly  below the outer  Pt  
electrode. High flow rates were used to minimize both 
concentrat ion effects and the influence of oxygen reach- 
ing the outer electrode from the reference electrode 
because of slight porosity and electronic conduct ivi ty 
in the solid electrolyte. Current  densities are based on 
the geometric area of the outer electrode (1.0 cm2). 

Overpotential  measurements  were not influenced by 
the previous history of the cell. The electrodes were 
sufficiently porous to resist any  significant changes in 
their s t ructure even when treated anodically at high 
current  densities. 

Ar-O2 mixtures.--Current-potential characteristics 
for 02 and Ar-O2 mixtures  at 1000~ are shown in Fig. 
2. For the Ar-O2 mixtures,  each curve was shifted to 
pass through the origin by subtract ing the appropriate 
emf from the applied potential. 

An important  feature of Fig. 2 is that, when pure 
oxygen is present  at both electrodes, only resistance 
polarization is observed. The slope of the 02 line, cor- 
responding to the d-c resistance, is v i r tua l ly  identical to 
the a-c resistance of the electrolyte. This agreement  
was checked to 250 m A / c m  2 at 1000~ and to 400 m A /  
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Fig. 2. Anode and cathode 
characteristics for 02 and Ar-O9 
mixtures at lO00~ 
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cm 2 at llOO~ Therefore, the reference Pt,O2 electrode 
is nonpolarizable and any overpotential  can be at-  
t r ibuted to the gas mixtures  at the outer Pt  electrode. 

Anodic overpotenial  is quite low even for Ar-O2 
mixtures  dilute in O2. At  high current  densities, the 
slopes of the lines approximate the a-c resistance of 
the electrolyte since resistance polarization predomi-  
nates. 

However, cathodic overpotential  in the presence of 
Ar-O2 mixtures  is very  high and increases markedly  as 
the oxygen concentrat ion decreases. A tendency to- 
wards l imit ing currents  followed by breakdown of the 
oxide electrolyte at high applied potentials is apparent  
in Fig. 2. These features are also evident  at 700 ~ and 
850~ from the curves in  Fig. 3 which again have been 
shifted, when  necessary, to pass through the origin. 
Only resistance polarization was detected with pure 
oxygen at the cathode. In  the breakdown region, the 
currents  increased slowly with t ime and were recorded 
after the applied potential  had been held constant  for 5 
rain. If sufficient t ime was allowed, these currents  be-  
came constant. Breakdown general ly  occurred when 
the overpotential  exceeded 1.9, 1.7, 1.6, and 1.SV at 
700 ~ 850 ~ 1000 ~ and ll00~ respectively. It did not 
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Fig. 3. Cathode characteristics for 02 and Ar-02 mixtures at 

700 ~ and 850~ 

lead to any  irreversible changes in the electrolyte tubes. 
Larger currents  can cause destabilization of cubic zir- 
conia leading to cracking (11, 33) and an increase in 
the resistance of the ceramic electrolytes (33). 

The over-al l  cathode reaction which involves three 
phases is 

02,g -t- 4e ~ 2 0 = [1] 

whereby oxygen gas combines with electrons in the 
electrode to form oxygen ions in the electrolyte. If in-  
sufficient oxygen is available due to slow diffusion, ad- 
sorption, or dissociation processes near  the electrode- 
electrolyte interface, concentrat ion overpotential  will  
be observed and l imit ing currents  should be realized 
when  the oxygen activity at the surface of the electro- 
lyte becomes negligible with respect to the oxygen ac- 
t ivi ty in the bu lk  of the gas phase. At high applied po- 
tentials, the surface oxygen activity becomes low 
enough to par t ia l ly  reduce the electrolyte result ing in 
n- type  conductivity. The current  increases since a di- 
rect electron exchange between the electrode and elec- 
trolyte can now occur (3, 9, 10, 34). While the reduced 
zone slowly spreads towards the anode (34, 35) during 
which time more O = ions migrate  from the cathode 
side of the electrolyte than  are produced via reaction 
[1], the current  continues to increase. Accordingly, the 
apparent  breakdown voltage wil l  be somewhat  de- 
pendent  upon the loading rate, par t icular ly  when  the 
electrolyte resistance is high. Conditions favoring 
breakdown of an  oxide electrolyte are low oxygen 
pressures at the cathode, high current  densities, and 
high temperatures.  

A more detailed s tudy of the l imit ing currents  was 
carried out (smaller  applied potent ial  increments)  as 
indicated by  the results in  Fig. 4. The combinat ion of 
l imit ing currents  and electrolyte breakdown makes the 
curves similar in appearance to polarographic waves. 
Plateaus were not reached when applied potentials ex- 
ceeding 2V were required, i.e., at low temperatures  be-  
cause of the high resistance of the electrolyte. This is, 
perhaps, an  indication of the inhomogeneous na ture  of 
the cathode-electrolyte interface. In  regions where  
the Pt  black deposit is very  porous, the oxygen activity 
at the surface of the electrolyte could still be appre-  
ciable whereas, in  regions where dense P t  particles 
shield the electrolyte from oxygen, it could be low 
enough to cause some reduction of the electrolyte. 

Regarding the na ture  of the overpotential,  it should 
be noted that  the ini t ial  slopes of the curves in Fig. 2-4 
for Ar-O2 mixtures  [ (dE/di)i=0] were higher  than  the 
corresponding a-c resistance, e.g., about 5 and 50% 
higher at 1000~ for 0.58% and 0.038% O2, respectively. 
This difference can be explained by an analysis of Fig. 
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dilute in Oe at the cathode. 

5 which is considered to represent  the equivalent  cir- 
cuit for a polycrystal l ine ionic conductor in either a 
conductivi ty or electrochemical cell (see the caption 

CD CG 

(a) at low frequencies 

R B 

CD 

(RF)t J 
- - ~ A M  

R B 

(b) at high frequencies 
Fig. 5. Equivalent circuit diagram for a polycrystolline ionic 

conductor in a conductivity or electrochemical cell. Only one elec- 
trode-electrolyte interface is shown: CD, double-layer capacitance; 
(CF)c and (RF)c, Faraday capacitance and resistance, respectively, 
resulting from concentration overpotential (slow mass transport or 
chemical reaction); (RF)t, Faraday resistance resulting from 
transition overpotential (slow electrochemical reaction); Co, and 
RG, grain boundary capacitance and resistance, respectively, due 
to grain boundaries, inter-particle contacts, and free surfaces 
within the sintered polycrystalline electrolyte; RB, bulk electrolyte 
resistance (includes contact resistance between the electrode and 
electrolyte). 

for mean ing  of symbols) .  Both (CF)c and (RF)c d e -  
crease as the frequency increases wherea~ (RF)t  is in -  
dependent  of frequency. At high frequencies, (RF)e is 
"shorted-out" by (CF)c which, in turn,  has a negli-  
gible reactance compared to the resistance of (RF)t. A 
similar si tuation exists for CG, RG, and RB. The value 
of (RF)t can be determined by  extrapolat ing a plot of 
the total Faraday  resistance vs. f -1/~ where f is the 
measur ing f requency to ]-1/3 = 0 (29). At  very  high 
frequencies, the cur ren t  through (Rr ) t  is shunted 
through CD. Hence, three possibilities for the total 
resistance, RT, can be distinguished: 

I. R T I :  (RF)c -~- (RF)t'~- RG-{- RB (~--~0) 

2. RT : (RF)t'~- RB ( S ~  0) 

3. RT : -  RB (S "~ o0 ) 

From the present  results, Rd-c : Ra*r in pure oxygen 
where Rd~ is the d-c resistance (RT at f = 0 and i : 0) 
and Ra~ is the a-c resistance (RT at ~f : 3000 Hz). The 
measur ing frequency of 3000 Hz was high enough for 
case 3 to apply because Ra-c was independent  of oxy-  
gen pressure cont rary  to the expected behavior  of 
(RF)c and (RF)t, ~a-c was unaffected by increasing the 
frequency to 10,000 Hz, and, assuming CD : 100 ~F/  
cm 2 (8), its reactance at 3000 Hz is only 0.5 ohm mean-  
ing that  CD would serve as an effective current  shunt  
for (RF)t if (RF)t were appreciable. Therefore, in pure 
oxygen, (RF)e, (RF)t, and RG ~ 0. 

As mentioned,  however, Rd~ ~ Ra~ in Ar-O2 mix-  
tures. Since RG is independent  of oxygen pressure, 
RG "- 0. Consider (RF) t. For an electrochemical reac- 
t ion involving only oxygen species 

io oc 0o 1 - -  (1 - Co) - [~] 

where io is the exchange current  density, a is the t r an -  
sition factor or t ransfer  coefficient, and eo and 1 -  ~o 
are the fractions of electrochemically active sites which 
are occupied by adsorbed oxygen atoms and which are 
free, respectively (see Eq. [19]). Consequently, for a = 
0.5, io is a m a x i m u m  at eo = 0.5. Oxygen atoms are 
strongly chemisorbed on Pt and ZrO~. For the reaction 

O2,s "-> 2 0 ~ d  [3] 

at 25~ AH~ on Pt  black : --60 kcal /mole  (36) 
where the s tandard states are O2.g at 1 arm and Oad at 
0o : 0.5. Chemisorption ceases after one monolayer  is 
formed (36, 37) and the adsorbed atoms are mobile 
(36). Desorption was not observed when Pt  was heated 
to 840~ at Po2 : 10 -1~ arm (38). At 400~176 AHad 
(integral  heat) on ZrO2 powder ~ --80 kcal /mole (39). 
It was not  determined whether  the adsorbed atoms 
are mobile or localized. Adsorption proceeds with ac- 
t ivation energies of zero for Pt  (38, 40) and 58 kcal /  
mole for ZrO2 (39). To estimate the amount  of adsorp- 
tion at high temperatures,  consider AG~ at 1000~ for 
reaction [3]. At 1000~ S~ : 60.2 ca l /mole -~  (41). 
If the adsorbed species is very  mobile, it  can be roughly 
approximated to be a two-dimensional  gas. Since the 
adsorbed oxygen concentrat ion ,-5 x 1014 atoms/cm 2 
(Oo : 0.5), an expression for the t ransla t ional  entropy 
of a two-dimensional  ideal gas (42) gives SoO~d : 18.3 
cal /g a tom-~ at 1000~ The vibrat ional  contribution,  
which is small  (42), and any  change in  the entropy of 
the adsorbent will  be neglected. Thus, AS%d : ~23.6 
ca l /mole -~  for reaction [3]. Assuming AH~ : --60 
kcal /mole yields AG~ = --30 kcal /mole at 1000~ 
Therefore, 0o "- 1 at Po2 : 1 arm and eo : 0.5 at 
Po2 ~ 10-~ atm. Referr ing to Eq. [2], it is now evident  
that  io will  increase and, therefore, (~V)t wil l  de- 
crease as the oxygen pressure decreases at high oxy- 
gen pressures. Accordingly, in Ar-O2 mixtures,  (RF)t 

0 and 
Rd-~ = (RF)~ + lq~ [4] 

Low transi t ion overpotential  in stabilized zirconia 
cells is supported by investigators who have reported 
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that,  at  1000~ io ---- 100 to >1000 m A / c m  2 at  solid 
electrodes (43) and 600 m A / c m  2 at  l iquid electrodes 
(44). Bauer le  (8) recen t ly  suggested the  possibi l i ty  of 
a slow elect ron t ransfer  s tep at  400~176 As the re -  
sistance to the  e lect rode react ion had  a high act ivat ion 
energy  (2-2.5 eV),  i t  could be  negl ig ib le  at  h igh t em-  
peratures .  The act ivat ion energy for the  resistance of 
the  e lectrolytes  used here  was de te rmined  to be 1.1 eV. 

F r o m  Eq. [4], concentra t ion overpoten t ia l  is solely 
responsible  for  the  devia t ions  f rom ideal  behavior  
( R d - c  : R a - c )  in Fig. 2-4. Assuming  for the moment  
that  this overpoten t ia l  arises f rom a slow diffusion 
process, the  diffusion overpotent ia l ,  ~d, can be s imply  
calcula ted f rom the re la t ionship  

11d --" E -- Erev -- IRa-c [5] 

where  E is the  appl ied  potential ,  Erev is the  revers ib le  
potent ia l  (I  = 0), and  I is the  current .  Equat ion [5] 
was verified by  noting that,  upon opening the circuit,  
the  overpoten t ia l  did not  decay r ap id ly  and was ini -  
t ia l ly  equal  to the to ta l  overpotent ia l .  Based on Fick 's  
first law, diffusion overpoten t ia l  can be expressed as 

RT it 
r i d - - '  ' l n - -  [ 6 ]  

n F  i ~ -  1 

where  n is the  number  of e lect rons  associated wi th  the  
s low diffusing species tha t  a re  involved  in the e lect rode 
react ion and i~ is the  l imi t ing  cur ren t  density.  The plot  
in Fig. 6, based on the  da ta  in Fig. 4 at  1000~ indi -  
cates tha t  n ---- 4. The points are  less accurate  when  
~d > 0.1V (the theoret ica l  slope for n = 4 is 0.063V). 
Thus oxygen molecules,  r a the r  than  atoms, a re  in-  
volved in the  r a t e -de t e rmin ing  step. Fu r the r  verif ica-  
t ion comes f rom Fig. 7 which shows tha t  the  l imi t ing 
cur ren t  dens i ty  is d i r ec t ly  propor t ional  to the oxygen 
pressure.  These resul ts  suppor t  the  poss ibi l i ty  of a 
"po la rographic- l ike"  technique to analyze  gas mix tures  
for oxygen (45). However ,  l imi t ing currents  were  not 
ve ry  reproducib le  from run  to run since they  a re  qui te  
sensi t ive to the  poros i ty  and s t ruc ture  of the  cathode. 
They  increased somewhat  wi th  increasing flow rate.  

Since i~ cc Po2, subst i tu t ing Eq. [6] into Eq. [5] gives 

( OE ~ = k P o ~ - l +  Ra-c [7] 
R d - c :  Y/I=O 

where  k is a constant.  Compar ing  Eq. [4] and [7] re -  
sults in 

(RF)c : kPo2 -1 [8] 
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Fig. 6. Diffusion overpotential with Ar-O2 mixtures at the 
cathode at 1000~ 

December 1971 

25 i i i i i 
/ 

CELL: (--) Ar-O2/ZrO2-CaO/O z (Jr) / :  
FLOW RATE=12Acm/sec ot 25"C . C . /  /o" 

2 o  - 

g 
�9 -- 10 APPROXIMATE- 

0.1 0.2 0.3 0.4 0.5 0.6 
%0 2 in Ar 

Fig. 7. Limiting current densities with Ar-O2 mixtures at the 
cathode. 

The quan t i ty  (RF)c obeyed  Eq. [8] and decreased 
s l ight ly  wi th  increas ing tempera ture .  

S teps  in the  cathode react ion involv ing  oxygen 
molecules include gas diffusion in the  e lec t rode  pores 
and surface diffusion along the  e lec t rode  and e lec t ro-  
lyte.  Also, the  poss ib i l i ty  of e i ther  slow adsorpt ion  or  
dissociation of oxygen  molecules  leading  to react ion 
overpoten t ia l  has not  been el iminated.  The fact that  
the l imit ing currents  depended on the gas flow rate  
supports  diffusion and convection in the  gas phase as the 
slow step. Limi t ing  cur ren t s  increase wi th  t empera tu re  
(Fig. 7) in accordance wi th  fas ter  diffusion of oxygen 

molecules.  
An  ear l ie r  s tudy  on e lect rode processes in s tabi l ized 

zirconia cells indica ted  tha t  i~ oc po~l/~ at  810~ (3). 
Such behavior  could be a t t r ibu ted  to slow diffusion of 
oxygen  atoms through  the e lec t rode  or  along the elec-  
t rode  and electrolyte .  The advantage  of porous elec- 
t rodes in provid ing  oxygen  wi th  easier  access to the  
e lec t ro ly te  is apparent .  Cont ra ry  to the present  results ,  
the plot  did not pass through the origin (3). This was 
a t t r ibu ted  to a compet ing direct  e lectron exchange re-  
action, necessi tat ing n - t y p e  conduct iv i ty  in the  e lec t ro-  
lyte.  However ,  the  l imi t ing currents  appeared  at  E < 
1V corresponding to Po2 > 10-19 a tm at 810~ Even 
at Po2 : 10 -19 atm, te < 10 -4  where  te is the  electronic 
t r anspor t  number  (1). 

In  conclusion, react ion [1] is considered to occur via 
the  fol lowing mechanism:  

O2.g(in bu lk)  -> O~,g(in P t  pores)  [ l a ]  

O2,g (in P t  pores) ~ O2,ad (on P t )  [ lb]  

O2,ad (on P t )  r O2.ad (near  tpb)  [ lc]  

O2,ad(near tpb)  ~ 2 Oad(near  tpb)  [ ld ]  

2 Oad(near tpb)  ~ 2 Oad(at ers)  [ le]  

2 0 a d ( a t  ers) + 2 V o " ~ 2  Oo + 4h" [ l f ]  

4h" + 4e" ~ 0 [ lg]  

In  this  sequence, tpb  means  th ree -phase  bounda ry  
(l ines of contact  whe re  the  electrode,  e lectrolyte ,  and 

gas phases mee t ) ,  ers means  e lec t rochemical  reac t ion  
site, Vo'" is a doubly- ion ized  oxygen vacancy,  Oo is an 
oxygen ion on a normal  la t t ice  site, h'  is an e lect ron 
hole in the electrolyte ,  and e' is an excess e lect ron in 
the  electrode. Step [ la ]  is r a te -con t ro l l ing  and involves 
the  interdiffusion of oxygen and argon in the  pores  of 
the electrode deposi ted on the solid electrolyte .  If  
s imply  the  collision ra te  of oxygen  gas wi th  the  elec-  
t rode was ra te - l imi t ing ,  kinet ic  theo ry  predicts  tha t  
it ~ 105 m A / c m  2 at  Po2 = 10-3 a tm and 1000~ for  an 
adsorpt ion efficiency of unity.  Also, the  gas flow ra te  
would have a negl igible  effect. 



Vol.  118, No.  12 O V E R P O T E N T I A L  B E H A V I O R  1895 

Oxygen molecules are then physically adsorbed onto 
a layer of chemisorbed oxygen atoms covering the elec- 
trode (step [ lb]  ). Some direct access of the gas to the 
electrolyte via Pt  channels  is cer ta inly possible in 
which case it revers ibly adsorbs as mobile Os-  ions 
which can later  dissociate to atomic oxygen (46). Since 
oxygen molecules are not as strongly adsorbed as oxy-  
gen atoms [hHad of O2 on Pt  ~ --17 kcal /mole  at 200 ~ 
400~ (40)], surface diffusion of oxygen molecules to 
the vic ini ty  of a three-phase boundary  (step [ lc])  un -  
doubtedly precedes dissociation (step [ l d ] ) .  Subse-  
quently,  oxygen atoms diffuse relat ively short dis- 
tances along the surface of the electrode and electro- 
lyte and through the electrode to electrochemical re-  
action sites at the surface of the electrolyte (step [le] ). 
Adsorbed atoms must  enter  the electrolyte (step [If] ) 
near  a P t  particle so tha t  electron holes can be neu -  
tralized quickly (step [ lg ] ) .  Stabilized zirconia elec- 
trolytes wil l  not  support  high concentrat ions of elec- 
t ron holes, even at oxygen pressures near  1 atm (1). 
Consequently, three-phase boundaries  are required to 
minimize diffusion path lengths for oxygen atoms and 
to maximize the electrochemically active area at the 
electrolyte surface. The electrochemical step could also 
occur as follows: 

1.6 

1.4 

1.2 

1.0 

0.6 

0.4 

0.2 

2Vo'" 4- 4e' ~,~ 2Vo [ lf ' ]  

2 Oad(at ers) + 2 V o ~  2 00  [lg ']  

Electrons are t ransferred across the electrode-electro- 
lyte interface (step [ I f ' ] ) .  If step [lg ']  occurs at the 
gas-electrolyte interface, neu t ra l  oxygen vacancies, Vo, 
are obliged to migrate  through the electrolyte. Since 
ionic migrat ion is relat ively slow, the importance of 
three-phase boundaries  is again evident. Several  au-  
thors have emphasized the necessity of main ta in ing  as 
much three-phase contact as possible in cells with solid 
electrodes and oxide electrolytes (3, 4, 9, 47). 

Overpotential  at the anode (Fig. 2) was most l ikely 
observed because either step [ ld]  or [ la]  is slow going 
to the left resul t ing in reaction or diffusion overpoten- 
tial, respectively. An  activation energy of about 90 
kcal /mole is required to combine oxygen atoms ad- 
sorbed on ZrO2 (39). 

Some open-circuit  i r reversibi l i ty  of the electrode was 
noted for Ar-O2 mixtures  very di lute in O2 (,~1 ppm),  
i.e., the thermodynamic  emf was established very 
slowly upon passing such mixtures  into the system. At 
low oxygen contents, equi l ibr ium between the gas and 
strongly adsorbed oxygen atoms (~1  monolayer)  must  
be achieved. Step [ ld]  is probably slow to the left 
and the gas has a low capacity to chemically remove 
previously adsorbed species. Overpotential  might  be 
expected since the concentrat ion of adsorbed oxygen 
molecules is very  low (8). Accordingly, more oxygen 
atom diffusion (step [ le ] )  will  be required. 

Hz-H20 mixtures . - - Included in  the discharge curves 
presented in Fig. 8 are results for two H2-H20 mixtures  
at the anode at 1000~ The more dilute mix ture  con- 
tained less than 50 ppm HsO, bu t  emf measurements  
indicated that  this was the concentrat ion at the elec- 
trode-electrolyte interface. Oxygen arrives from the 
reference electrode compar tment  due to slight permea-  
bi l i ty of the electrolyte caused by electronic conduc- 
tivity. Its influence was minimized by using a high flow 
rate at the anode. Also, as the cell potential  decreases, 
electronic current  in the electrolyte decreases (48). 
With H2 as fuel, the cell discharges reversibly. The 
slopes of the curves (E < 1.0V) approximate the a-c 
resistance of the electrolyte. Overpotent ial  decay char-  
acteristics revealed the presence of a small  amount  of 
concentrat ion overpotential  which was especially sig- 
nificant at low current  densities and arose because of a 
bui ldup of H20 at the anode. 

CO-COz mixtures . - -Marked overpotential  is evident  
in Fig. 8 with CO-COs mixtures  at the anode. It  was 
par t icular ly  significant (with respect to resistance po- 
larization) at low current  densities and l imit ing cur-  

00 5 10 15 20 25 30 
i(rnA/cm 2) 

Fig. 8. Fuel cell discharge curves at 1000 ~ and 1100~ 

rents were not approached, even when 200 mA/cm 2 at 
1000~ and 300 mA/crn 2 at 1100~ were passed through 
the cell with the fuel electrode positive--characteristics 
of transition overpotential. Diffusion overpotential 
complicates the behavior of the 0.016% and 0.77% CO 
compositions. Enough CO was not available to main- 
tain the anode reaction. For these gases, a weak de- 
pendence of current on flow rate was noted. 

Transition or charge-transfer overpotential, ~t, was 
calculated from the equation 

~[t : E r e v  - -  E - -  I R a - c  - -  l id  [ 9 ]  

where E is the cell potential.  Small  nd contr ibut ions 
(<0.05V) were determined from cell potent ial  mea-  
surements  immediate ly  after in te r rupt ing  the current  
(rid decayed much slower than  ~t). 
Transition overpotential can be expressed by the 

Tafel equation 
RT RT 

~t -- - -  In/o 4- In i [10] 
anF anF 

where n is the number  of electrons involved in  the slow 
transi t ion step. This equation applies when  the rate of 
the reverse reaction is negligible compared to that  of 
the forward reaction. A Tafel plot for the 0.21% CO2 
mixture  at 1100~ is shown in Fig. 9. No carbon dep- 
osition at the anode was observed with this mix ture  
[carbon is thermodynamica l ly  stable below 1112~ 
(41) ]. From the slope, ~n ~ 1, i.e., a ,.~ 0.5 and n : 2 
(the theoretical slope for an : 1 at l l00~ is 0.272V). 
From an extrapolat ion to ~t : 0, io = 0.6 rnA/cm 2. 

To study the cathode reaction and enable  the be-  
havior of CO-CO2 mixtures  dilute in CO to be more 
readily analyzed, the curves in Fig. 10 were obtained. 
Reversible potentials have been subtracted from ap- 
plied potentials so that  all  the curves pass through the 
origin. Points below 3V at 700~ have been omitted. 
Breakdown of the electrolyte is evident  at 700 ~ and 
850~ and appears at lower applied potent ia ls  as the 
CO2 concentrat ion decreases. Transi t ion overpoten-  
t ial  was determined wi th  an expression similar to Eq. 
[5]. Again, small  lid contr ibut ions (<0.1V) were sub-  
tracted. Tafel plots for six curves in Fig. 10 are pre-  
sented in Fig. 11. When ~lt ~ 0.2V, the points deviate to 
the left of the lines since the rate  of the reverse re-  
action cannot  be neglected. In  every case, an ~ 1 
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Fig. 10. Cathode characteristics for CO-CO2 mixtures 

(a = 0.46-0.52). Exchange current  densities range be-  
tween 0.1 and 1.6 mA/cm~. They increase as either 
tempera ture  or the CO concentrat ion increases. Be- 
cause of the large IRa.c drop at ?00~ accurate deter-  
minat ion  of ~lt was difficult. Tafel plots indicated that  
/o ,-- 0.05 and 0.15 m A / c m  2 for the 0.016% and 0.77% 
CO compositions, respectively. Nevertheless, the a-c re-  
sistance of the electrolyte did not influence the Tafel 
parameters,  e.g., values for io at 1000~ of 1.1 m A / c m  2 
for 0.77% CO and 1.3 .mA/cm 2 for 0.89% CO were 
determined with a-c resistances of 40 and 95 ohms, 
respectively. 

0.7 ~ i i i i 

CELL: (-) CO -CO 2 IZr Oz-CaOIOz(-I-) / 
0.6 CATHODE REACTION: COz+2e-~CO+O" 

(1)0.016 '/, CO - 850"C a /  f ~ .  0.5 
(2)0.016 '/. CO -1000'C / 
(3)0.016 "I. CO - 1100'C / 
(4)0.77 "/. CO- 850'C / M 

0.4 (5) 0.77 */J CO-1000"C M 7 ,,,o,,.,.co_,,oo.c S / z  

0.2 

2-  ^ , , , , , - /  ( s p /  
�9 ~W / e/ 

FlOg i o I "  /##1 # #l(b~ 
0.1 ~ j ,  s /  ~ , / /C / /  - o / /  /1  

j i  0 11  # / / /  1#  
o , "  / / / o  , , l # ## # / 

s s I s  # l 
0 I I I  I I I I I I I 
-12 -(~8 -0A 0 0.4 0.6 1.2 t6 2.0 

LOG i (mAitre z) 

Fig. 11. Tafel plots for CO-CO2 mixtures dilute in CO at tee 
cathode. 

$ 

,Gt 

/ 

/ /  'ix 
-., / \ 

I 
Oad + 2e  

( I - a ) z F  

AG ' 

J 
g 

O = 

DISTANCE F R O M  E L E C T R O D E  

Fig. 12. Free energy profiles at the surface of an oxide electro- 
lyte: - -  chemical free energy before any charge is transferred 
across the energy barrier, . . . . .  electrochemical free energy at 
equilibrium; a, transition factor, i.e., the fraction of the distance 
across the Helmholtz double layer where the transition state is 
located; z, valence of the ions crossing the barrier; r electrode 
potential with respect to the bulk of the oxide electrolyte; AGI* 
and AGII*, chemical free energies of activation from the initial 
state (I) and the final state (11) to the transition state, respec- 
tively. The pre-electrode state and state II (r ---- 0) ore often 
equivalent if the potential drop in the diffuse double layer can be 
neglected---o reasonable assumption for solid ionic conductors. 

Regarding the mechanism of the electrode reaction 
in CO-CO2 mixtures,  the electrochemical equil ibria in 
an oxide electrolyte cell involve the transfer  of oxygen 
across the gas-electrolyte or electrode-electrolyte in-  
terface according to 

Oad 21- 2e ~ O = [11] 

Oxygen passes through an energy barr ier  or t ransi t ion 
state as schematically d rawn in Fig. 12 (symbols are 
explained in the caption).  In  this example, electro- 
chemical equi l ibr ium is established after a sufficient 
n u m b e r  of O= ions have left the electrolyte to equalize 
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the free energies  of states  I and II. Consequently,  the  
double l aye r  consists of e lectrons in the  e lect rode fac- 
ing doubly  ionized oxygen  vacancies at  the  surface of 
the  electrolyte ,  r is negative,  and  z = --2. Natura l ly ,  
for the the rmodynamic  e lec t rode  potent ia l  to be es- 
tabl ished,  adsorbed  oxygen  a toms mus t  be in equi l ib-  
r ium wi th  the  gas phase.  

The equ i l ib r ium given by  Eq. [11] and depic ted  in 
Fig. 12 (dashed curve)  is more  ful ly  expressed as 

Oad "3C VO'" -~- 2 e ' ~ O o  [12] 

which represents  the  ove r -a l l  e lec t rochemical  equi l ib-  
r ium when  only oxygen  species par t ic ipate .  The re -  
vers ib le  e lect rode potent ia l ,  r is 

RT Oo[Vo"] 
~rev ~" ~ bO -~- in [13] 

2 F  [ O o ]  (1 - -  So) 

where  r is the  s t anda rd  electrode potential .  I t  in -  
cludes ac t iv i ty  coefficients which are  assumed to be 
constant,  i.e.~ adsorpt ion  is assumed to follow a L a n g -  
mui r  isotherm. Adsorbed  species o ther  than  oxygen 
atoms occupying e lec t rochemica l ly  act ive sites would  
s imply  make  the f ract ion of free sites 1 --  So - -  st where  
st is the  to ta l  f ract ion of the  sites occupied by  the  addi -  
t ional  species. Based on absolute  r eac t ion - ra t e  theory,  

the  cur ren t  in the  fo rward  (cathodic)  direct ion,- i ,  is 

= klSo[Vo"]  exp [ - -  ( A G I  ~  - -  azFr [14] 

where  kl  includes  nF,  a t ransmiss ion coefficient, and 
the v ib ra t ion  f requency  of the  ac t iva ted  species 
(kT/h), and hGi ~ is the  s tandard  chemical  free en-  
e rgy  of ac t ivat ion f rom s ta te  I to the  t rans i t ion  state. 
S imi l a r ly  

~ - :  k2[Oo] (1 --  So) exp [ - -  (AGn ~ W (1 --  a)zFr 
[15] 

When the revers ib le  potent ia l  is es tabl ished (r = Crew) 

= z = is [16] 

Subs t i tu t ing  Eq. [13] and [16] into Eq. [14] and reca l l -  
ing tha t  z ---- --2 gives 

is "- k~so[Vo"] exp [ - - (AGff*  --  ,~zFr 

( .  [O~ ( - - ~ 1  = 0-~ a ) [17] 

Oo~[Vo"]a 
Therefore  

/o - -  k 3 [ V o " ] l - a [ O o ] a 0 o  l - a ( 1  - -  So) a [18] 

An ident ica l  equat ion is der ived  upon subst i tu t ing Eq. 
[13] and [16] into Eq. [15]. F o r  a ~ 0.5, is increases  as 
the  e lec t ro ly te  vacancy  concentra t ion increases ( the 
fract ion of vacant  sites is a lways  less than  0.5). For  a 
given e lec t ro ly te  composi t ion 

is = k d o l - a ( 1  - -  0o) a [19] 

Equat ion [19] s .emiquant i ta t ively describes the r e l a -  
t ionship be tween  is and So. Because of the  s impl i fy ing  
assumpt ion tha t  adsorpt ion  obeys a Langmui r  isotherm, 
k4 cannot  be r ega rded  as constant  over  the  ent i re  range  
0 ~ So < 1, but  m a y  be app rox ima te ly  constant  if 
0o < 0.1 or 0o > 0.9. 

At  the  Pt, CO-CO2 electrode,  the  ove r -a l l  equ i l ib r ium 
is 

CO2.g + 2e r  COg + O = [20] 

Excluding  diffusion processes which  were  found to be 
re la t ive ly  rapid,  a possible mechanism f o r  the  elec-  
t rode  reac t ion  is 

CO2,g ~--- COg -}- Sad  [2Oa] 

Oad -~- 2e ~ 0 = [2Ob] 

whe reby  atomic oxygen  is adsorbed  on e i ther  the elec-  
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t rode  or e lec t ro ly te  in step [20a] and diffuses, if neces-  
sary, to e lec t rochemical ly  act ive sites to par t ic ipa te  in 
s tep [20b]. Nevertheless ,  s tep [20a] mus t  occur near  
th ree -phase  boundar ies  since the  flux of adsorbed oxy-  
gen wil l  be ve ry  low at the  low oxygen  pressures  under  
considerat ion.  S tudies  of the  oxida t ion  of CO on P t  
(40, 49, 50) have  shown tha t  s tep [20a] is qui te  rapid.  
A s imi lar  react ion involving COad on P t  (50) or Thos  
(51), a f luor i te - type  oxide  s imi lar  to s tabi l ized Zros ,  is 
less p robab le  since CO is s t rongly  chernisorbed. Fo r  the  
react ion 

COg-~ COad [21] 

at  25~ AHad on P t  = --48 kca l /mole  (38, 52) and on 
ThO~ ---- --17 kca l /mo le  (51) at  low coverage.  On both 
P t  (38, 50) and Thos  (51), the  process is v i r t ua l ly  non-  
act ivated.  Consequently,  chemisorbed CO might  only  
serve  to block react ion sites. This a rgument  does not  
prec lude  the  possibi l i ty  of CO phys ica l ly  adsorbing 
onto chemisorbed oxygen  atoms. Carbon dioxide is not 
adsorbed on Pt  at 25~176 (53, 54) or  on ThOz above 
600~ (55). 

In  the preceding sequence, i f  step [20b] is slow, 
t rans i t ion  overpo ten t ia l  w i l l  be observed and the  dis-  
cussion based on Fig. 12 w i l l  apply.  Equat ion  [19] s im-  
p ly  becomes 

/o = k d o l - a ( 1  - -  Oco) a [22] 

In CO-COs mixtures ,  0co > >  eo and, therefore,  the  
f ract ion of free sites ,~1 --  0co. S tep  [20a] wi l l  be in 
equi l ib r ium and its equ i l ib r ium constant  is 

Pco#o 
K = [23]  

Pco2(l - -  Oco) 

Rearranging Eq. [23] and substituting into Eq. [22] 
yie lds  

/o = k~(1 - -  #co) z ~ Pcog. ~ ~ l - a  / [24] 

Cont r a ry  to the  resul ts  of this  invest igat ion and two 
o ther  studies (14, 21), Eq. [24] predic ts  t h a t / o  cont inu-  
ously decreases as the  CO/CO2 ra t io  increases. F rom 
Fig. 9 and 11, is -~ 0.5 m A / c m  2 for  0.02% and 99.79% 
CO at ll0O~ 

Step [20a] has been suggested as the  r a t e - d e t e r m i n -  
ing process (20). React ion overpotent ia l ,  nr, would  ap-  
pear  due to an accumulat ion or deple t ion  of adsorbed 
oxygen  at  the  e lec t ro ly te  surface. Since  s tep [20b] wi l l  
be in equi l ibr ium,  then, f rom Eq. [13] 

RT 0o(1 - -  O0,rev) 
nr - -  i n  [25] 

2 F  00,rev(1 - -  80) 

where  0o.rev and 1 --  So.rev are  the  fract ions of ava i lab le  
act ive sites occupied by  adsorbed  oxygen  atoms and 
free, respect ively,  at the revers ib le  po ten t ia l  ( i  = 0) 
and So and 1 --  So a re  the  corresponding fract ions at  
cu r ren t  dens i ty  i. A re la t ionship  be tween  ~r and i for a 
given CO-CO2 mix tu re  is requ i red  and, therefore,  Sco 
is constant  ( react ion [21] is in equ i l ib r ium) .  A n y  de-  
pendence of adsorpt ion on potent ia l  is assumed to be 
negligible.  Adsorbed  CO serves only to block a con- 
s tant  number  of chemical ly  act ive sites and, conse- 
quently,  0o is based  here  on the number  of ava i lab le  
act ive sites, r a the r  than  the  to ta l  n u m b e r  of act ive sites. 

The ne t  cu r ren t  dens i ty  resul t ing  f rom step [20a] is 

i = kB(1 --  0o) - -  kTOo [26] 

In  Eq. [26], i = 2Fv where  v is the  ne t  veloci ty  of re -  
act ion [20a]. Cathodic cur ren t  is positive. Condit ions 
are  chosen so tha t  Pco and Pco2 are  unaf fec ted  by  cur -  
rent.  A t  equi l ibr ium,  i - -  0 meaning  tha t  

is = k6(1 - -  So,rev) - -  k7So,rev [27] 

In this  sense, /o----2Fro where  Vo is the  react ion ex -  
change velocity.  Inser t ing  Eq. [27] into Eq. [26] gives 

(0o) 
i = i o  - - ' L o  ~ [28] 

1-- SO,rev SO,rev 
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Rear ranging  Eq. [28] and subst i tu t ing into Eq. [25] 
leads to 

RT 1 
*It= In I--So . [29] 

2F io 1 ~ 00,rev 

or, a l t e rna t ive ly  

1 +  
RT In So [30] 

Regarding anodic overpotential, if oxygen atoms are 
weakly adsorbed (0O.rev << 1), Eq. [29] predicts that, 
at current densities low enough so that 0o << 1 but 
high enough so that ]i[ >>/o 

nr = in  --  [31] 
2F T 

That  is, Tafel  behavior  wi l l  be observed.  The react ion 
overpotent ia l  wi l l  be charac ter ized  by  the appearance  
of a l imit ing cur ren t  when  So = 1. F r o m  Eq. [26] and 
[27] 

4o 
i~ = [32] 

00,rev 

For  s trong adsorpt ion (00,00,rev ~ 1) ,  Eq. [30] and [32] 
give 

RT il 
~lr : ~ In ~ [33]  

2F 4 z -  i 

Cathodic overpoten t ia l  and w e a k  adsorpt ion  (0o,So,r~ 
< <  1) lead to an expression opposi te  in sign to Eq. 
[33] f rom a considerat ion of Eq. [26], [27], and [29]. 
According to Eq. [30], condit ions of s t rong adsorpt ion  
(00,rev ~ 1) and cur ren t  densit ies such tha t  0o ~ 1 but  

i > > / o  produce  
RT i 

~r = - -  ~ i n  ~ [34] 
2F 4o 

F r o m  Eq. [26] and [27], a l imi t ing cur ren t  densi ty  
given by 

~o 
4~ = [35]  

1 -- 00,rev 

wil l  be observed when  0o = 0. 
Consequently,  react ion overpoten t ia l  resul t ing from 

step [20a] being slow (20) exhibi ts  Tafel  behavior  for 
anodic currents  if oxygen adsorpt ion is weak  and for 
cathodic currents  if oxygen adsorpt ion is strong. Never -  
theless, the present  resul ts  rule  out this possibil i ty.  In 
the  first place, Eq. [31] and [34] indicate  tha t  the  Tafel  
slopes would  be ha l f  those observed (Fig. 9 and 11). 
Secondly,  as a l r eady  mentioned,  no evidence of l imi t -  
ing currents  could be advanced.  

Both react ions  [20a] and [20b] have now been e l imi-  
na ted  as r a t e - l imi t ing  steps and, necessari ly,  the  
mechanism they  represent  must  be discarded.  

Consider  react ion [20] to occur as a single step, i.e., 
[20a] and [20b] are  not  independent .  I t  can be ful ly  
expressed  as 

CO2,g -t- Vo'" + 2e' ~ COg + Oo [36] 

In this  mechanism, CO and CO2 par t ic ipa te  d i rec t ly  
in the e lect rochemical  step of the  react ion at the gas-  
e lec t ro ly te  interface.  Natura l ly ,  f ree act ive sites at the  
e lec t ro ly te  surface are  requi red  to effect this reaction. 
As three  phases are  involved,  react ion [36] must  ac-  
tua l ly  occur as follows 

Vo'" q- 2e' ~ Vo [36a] 

CO2,g "~ VO ~-  COg Jc Oo [36b] 

At  the  low oxygen pressures  imposed by  CO-CO2 mix -  
tures, excess electrons could migra te  th rough  the e lec-  
t ro ly te  f rom the e lec t rode-e lec t ro ly te  in terface  to the  
gas -e lec t ro ly te  interface pr ior  to step [36a]. A l t e r n a -  
t ively,  step [36a] could t ake  place at  the  e lec t rode-e lec-  
t ro ly te  in ter face  mak ing  neu t ra l  oxygen  vacancies the 

migra t ing  species. Since the  excess e lec t ron concent ra-  
t ion in the  e lec t ro ly te  is low (re < 10 -3 at  Po2 = 10-16 
a tm and 1000~ and the ionic conduct iv i ty  is also low 
(3.8 x 10 -2  ohm -1 cm -1 at  1000~ it  is advantageous  
for the. s teps to proceed near  t h r ee -phase  boundaries .  

Fo r  react ion [36] 
RT Pco2 

~brev = ~b ~ "~ - I n  ~ [37] 
2 F  P c o  

where  [Vo"] and [Oo], which  are  v i r t ua l ly  constant,  
have been included in ~o. Considerat ion of Fig. 12 and 
ra te  theory  gives 

~---- ksPco2(1 --  0co) exp [ - -  (AGf* --  azF~) /RT]  [38] 

A s imi lar  express ion can be wr i t t en  for ~. At  equi l ib-  
.-> 

rium, i = io and r = ~brev. Substituting Eq. [37] into Eq. 
[38] yields 

io = ks (1 -- 0co) Pcos 1-aPcoa [39] 

This relationship successfully explains the overpoten- 
tial behavior in CO-CO~ mixtures. Since 0co is un- 
doubtedly quite large (except when Pco is very low) 
and, therefore, relatively insensitive to gas composition, 
the Pco21-aPco a factor will predominate. Accordingly, 
because a ,~ 0.5, /o should be a maximum near 50% 
CO. From the data in Fig. 8 and 11 at 1000~ is 0.25, 
1.1, ,~3, and ~0.6 mA/cm 2 for 0.016%, 0.77%, 50~/d, and 
98.9% CO, respectively. In partial support of these data, 
minimum overpotential was recently observed at 
50-70% CO (21), while Zahradnik (22) has shown that 
earlier results (14) exhibited a trend towards maxi- 
mum exchange current densities at 50% CO. However, 
Eq. [39] indicates that the maximum should occur 
below 50% CO. This is consistent with the finding that 
exchange current densities are somewhat higher for 
mixtures dilute in CO than for those dilute in CO2, e.g., 
by using Eq. [39] when necessary to interpolate the 
data in Fig. 8, 9, and 11 (assuming Oco ,~ constant over 
narrow gas composition ranges), io = 1.2 mA/cm 2 
for 1% CO and 0.6 mA/cm 2 for 1% CO2 at 1000~ and 
/o = 1.0 mA/cm 2 for 0.2% CO and 0.6 mA/cm s for 0.2% 
CO2 at 1100~ 

Physically, the mechanism described by reaction [20] 
or [36] involves direct impingement of gas molecules 
on the surface of the oxide electrolyte (any gOad will 
undoubtedly block the otherwise most active sites). 
Porous electrodes permitting a considerable amount of 
gas-electrolyte contact are desirable. For instance, in 
the anode reaction, carbon atoms in CO collide with O = 
ions at the electrolyte surface to form gaseous CO2 and 
neutral oxygen vacancies in the electrolyte. In ZrO2, O = 
ions are about one and a half times as large (I) and 
twice as numerous as Zr 4+ ions and, therefore, occupy 
most of the surface area. 

The possibility of direct involvement of COad in 
the electrochemical reaction cannot be overlooked, i.e., 
reactions [20] and [21] could occur in series rather 
than in parallel. Accordingly 

CO2,g -~ 2e ~ COad q- O = [40] 

Since an express ion for /~ ident ica l  to Eq. [39] can be 
der ived  for react ion [40], a dis t inct ion cannot  be made 
as to whe the r  COg or COad par t ic ipa tes  in the e lec t ro-  
chemical  step. If  ZrO2 adsorbs  CO via  carbon atoms 
l inking  to O = ions as r epor ted  for ThO2 (55), COad 
wil l  be favorab ly  located to effect react ion [40]. 

Equat ion [39] indicates  tha t  the  exchange cur ren t  
dens i ty  depends  on the number  of free sites. One 
reason for lower  exchange  cur ren t  densi t ies  (higher  
overpotent ia l )  in CO-CO2 mix tures  than  in H2-H~O 
mix tures  (Fig. 8) is that ,  general ly ,  Oco > 0H. Fo r  ex-  
ample,  at  low coverage and 25~ AHad Of H a toms on 
P t  N --15 kca l /mo le  H2 (38,56) compared  to --48 
kca l /mo le  for CO (38, 52) and  P t  p re fe ren t ia l ly  ad-  
sorbs CO from CO-H2 mix tu res  (57). Ano the r  reason 
is the  presence of h igher  energy ba r r i e r s  (Fig. 12) to 
impede  the e lect rochemical  reaction.  
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Conclusions 
To s tudy  overpoten t ia l  in oxide  e lec t ro ly te  fuel  cells, 

the  Pt,O2 elect rode serves  as an excel lent  re fe rence  
electrode over  a wide range  of t empe ra tu r e  and cur -  
rent  density.  Sufficiently porous electrodes enable  the 
cathode react ion in Ar-O2 mix tu res  to be solely l imi ted  
by  the diffusion of gaseous oxygen in the e lect rode 
pores  f rom 850 ~ to l l00~ Limi t ing  current  densit ies 
are  d i rec t ly  propor t iona l  to oxygen pressure.  Al though 
overpoten t ia l  is essent ia l ly  absent  for  H2-H20 mix -  
tures, CO-CO2 mix tu res  cause the  appearance  of 
marked  t rans i t ion  overpoten t ia l  at  700 ~ to l l00~ The 
t ransi t ion factor  is about  0.5 and exchange cur ren t  den-  
sities, which  increase wi th  increasing tempera ture ,  
va ry  be tween  about  0.05 and 3 m A / c m  2. The m a x i m u m  
exchange cur ren t  dens i ty  is expected for a gas mix -  
tu re  containing somewhat  less than  50% CO. Gaseous 
or adsorbed CO and gaseous COs par t i c ipa te  d i rec t ly  in 
the  e lect rochemical  step of the  e lec t rode  reaction. 
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LIST OF SYMBOLS 
CD doub le - l aye r  capaci tance 
(CF)~ F a r a d a y  capaci tance resul t ing  f rom concentra-  

t ion overpoten t ia l  
CG gra in  boundary  capaci tance 
CO,d chemisorbed CO molecule  
E appl ied  potent ia l  or cell  potent ia l  
Erev revers ib le  potent ia l  (emf) 
e' excess e lect ron 
f f requency  
~G* chemical  free energy of act ivat ion 
~'Gad free energy  of adsorpt ion 
hHad en tha lpy  of adsorpt ion 
h" e lect ron hole 
I cur ren t  
i cur rent  densi ty  
it l imi t ing cur ren t  densi ty  
io exchange cur ren t  densi ty  
k constant  
n number  of electrons associated wi th  the r a t e -  

l imi t ing step of an electrode react ion 
Oo O = ion on a no rma l  la t t ice  si te 
Oad ehemisorbed oxygen a tom 
O~.ad phys ica l ly  adsorbed oxygen molecule  
RB bu lk  e lec t ro ly te  resistance 
(RF)c F a r a d a y  resistance resul t ing  f rom concent ra-  

t ion overpoten t ia l  
(RF)t F a r a d a y  resis tance resul t ing  f rom t ransi t ion 

overpoten t ia l  
RG grain  bounda ry  resistance 
RT to ta l  res is tance 
Ra-c a-c  resistance at  3000 Hz 
Rd-c d-c  resis tance at zero cur ren t  
ASad en t ropy  of adsorpt ion  
te electronic t r anspor t  number  
Vo neu t ra l  oxygen  vacancy  
Vo" doubly- ion ized  oxygen  vacancy  
z valence 
a t ransi t ion factor  or t ransfer  coefficient 
lid diffusion overpoten t ia l  
~r reac t ion  overpoten t ia l  
~t t rans i t ion  overpoten t ia l  
ej f ract ion of active sites occupied b y  adsorbed 

species j 
ej.rev fract ion of act ive sites occupied b y  adsorbed 

species j at  the  revers ib le  potent ia l  
e lectrode potent ia l  wi th  respect  to the  bu lk  of 
the oxide e lec t ro ly te  

~brev revers ib le  e lectrode poten t ia l  
~o s tandard  e lect rode potent ia l  
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A Practical Assessment of Recent Transition-State 
Theories for the Electrical Conductance of 

Molten Salts 
F. W. Dampier *'1 and G. J. Janz* 

Rensselaer Polytechnic Institute, Department o~ Chemistry, Troy, New York 12181 

ABSTRACT 

The modificat ion of the  Cohen-Turnbu l l  and A d a m s - G i b b s  theor ies  by  
Angel l  for equivalent  conductance in mol ten  salts  is br ief ly  reviewed.  The 
equivalent  conductance da ta  for some hal ide and n i t ra te  mel ts  is examined  to 
de te rmine  the degree  to which the non-Ar rhen ius  behavior  predic ted  by  the 
Cohen-Turnbul l  theory  occurs. The appl icat ion of these t rans i t ion-s ta te  theo-  
ries for the  descr ip t ion  of the t r anspor t  p roper t ies  of mol ten  salts  is evaluated.  
The poss ibi l i ty  of using the glass t rans i t ion  t empe ra tu r e  as the  basis for  a cor-  
responding t empera tu re  scale for c rys ta l l iz ing  salts appears  remote.  

The presen t  discussion is l imi ted  to pure  stoichio- 
met r ic  ionic compounds in the  mol ten  state. Since a 
mol ten  salt  m a y  be r ega rded  as a h igh ly  d isordered  
lattice,  wi th  a large  number  of t e m p e r a t u r e - i n d e p e n d -  
ent  defects, it  has been proposed  by  var ious  inves t iga-  
tors, no tab ly  Bloom and Heyman  (1), tha t  the var ia t ion  
of e lectr ical  conductance wi th  T is governed en t i re ly  
b y  an act ivat ion energy,  E, much as for these com-  
pounds  in the  crys ta l l ine  s ta te  whe re  the  ionic con- 
ductance is a t t r ibu ted  to la t t ice  defects  and the mig ra -  
t ion of ions via  vacant  sites in the  c rys ta l  lattice. In  
another  approach,  Bockris,  Crook, Bloom, and Rich-  
ards  (2) der ive  an express ion for the  e lec t r ica l  con- 
ductance  using the hole model  for  ionic salts  in the  
mol ten  s tate  and the t rans i t ion-s ta te  theory  of reac-  
t ion rates;  the expression shows reasonable  accord wi th  
expe r imen ta l  results,  especia l ly  f rom the Group IA 
compounds.  Mol:e recen t ly  two addi t iona l  expressions 
have  been advanced  by  Angel l  (3, 4), both  based on 
t rans i t ion-s ta te  models, one s tar t ing wi th  the l iquid-  
s tate theory  of Cohen and Turnbul l  (5), and the other, 
wi th  that  of Adams  and Gibbs (6). The approaches  by  
Bloom (1), Bockris  (3), S t i l l inger  (7), and  others  a re  
adequa te ly  considered e lsewhere  (8-10);  in this  com- 
munica t ion  the  resul ts  of  an eva lua t ion  of the  two 
more  recent  t rans i t ion-s ta te  based expressions,  as ad-  
vanced b y  Angel l ,  a re  repor ted .  

The Free-Volume (Cohen-Turnbull) Model 
Angel l  (3) had  in te rp re ted  t r anspor t  p roper t ies  in 

ionic l iquids using a model  based  on the concepts of 
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the f ree -vo lume theory  for t ranspor t  in liquids, as 
der ived  by  Cohen and Turnbul l  (4). Al though diffu- 
sion was the t r anspor t  p rope r ty  considered by  Cohen 
and Turnbull ,  the  mode l  can be genera l ized  to include 
e lec t r ica l  conductance  or viscosity.  

According to this model  a par t ic le  of a l iquid m a y  
undergo diffusive d isp lacement  when  a void  above  a 
cer ta in  cr i t ica l  size appears  ad jacen t  to it. The voids 
a re  considered to arise f rom the  random the rma l  r e -  
d is t r ibut ion  of free volume in the  l iquid  s tructure.  The 
p robab i l i ty  of occurrence of such a void ad jacent  to a 
given par t ic le  was shown to be an exponent ia l  funct ion 
of the  ra t io  of the  cr i t ical  void volume to the  to ta l  free 
volume, and an expression for  the  diffusion coefficient 
was derived.  

D : gau (--~v*/vf) [1] 

where  g is a geometr ic  factor  given the va lue  of 1/6; 
a, the  j ump  distance;  u, the gas kinet ic  veloci ty  of the  
par t ic le ;  ~, an over lap  factor  for free volume;  v*, the 
cr i t ical  void volume;  and vf, the  to ta l  free volume. 

This expression,  using known molecu la r  constants  
and assumptions  regard ing  the f ree  vo lume and its 
re la t ion  to To, reduces  to 

D : AT  1/~ exp ( - - k / T  --To) [2] 

where  A and k are  constants.  Differentiat ing,  one ob- 
ta ins  

d In D 
-- T/2 -- k ( T / T - - T o )  2 [3J 

d (1/T) 

The convent ional  Ar rhen ius  ac t iva t ion  energy  for  d i f -  
fusion is given b y  

D = A exp (--ED/RT) [4] 
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A s imi lar  different ia t ion wi th  respect  to 1 / T  gives 

d l n  D 
- -  ~ -- E D / R  [5] 
d ( 1 / T )  

Combining Eq. [3] and  [5], one obtains 

d In D 
ED/R  1/zT -- k ( T / T  To) 2 [6] 

d ( l / T )  ! 

Equat ion [6] predic ts  tha t  if the Cohen and Turnbu l l  
model  is valid,  (ED - - � 8 9  should be a l inear  func-  
t ion of ( T / T  -- To) 2, which passes th rough  the origin. 
A test  could also be made  of the  l inear i ty  of a plot  of 
in D / T  1/2 vs. 1 / ( T ' - - T o ) ;  this, however ,  is a less 
s t r ingent  test  of the  t empera tu re  dependence.  

In  order  to test  the  t empe ra tu r e  dependence  using 
Eq. [6], accurate  diffusion data  are  needed. Since elec-  
t r i ca l  conductance can be measured  more  accura te ly  
than diffusion, the  t empe ra tu r e  dependence  of con- 
ductance was corrected to correspond to tha t  for a 
diffusion process by  the  re la t ion ED : EA -~ RT.  The 
la t te r  expression fol lows f rom the Nerns t -Eins te in  r e -  
lation, if one assumes very  nea r ly  equal  or  m a r k e d l y  
differing values  for  the conductance act ivat ion energies  
of the  anionic and cationic species in the  melt .  Thus, 
according to t h e  f r ee -vo lume  (Cohen-Turnbu l l )  model  
the  correc ted  act ivat ion energy for equivalent  con-  
ductance (EA + �89 R T )  should be a l inear  function of 
( T / T  -- To) 2. 

The Configu rational- Entropy (Adams-Gibbs) Theory 
The A d a m s - G i b b s  theory  (6) has been developed 

f rom a successful s ta t is t ical  mechanica l  theory  of chain 
po lymer  l iquids at  high par t ic le  densi t ies  (11), which 
has been genera l ized  to include nonpolymeric  liquids. 
According to this theory,  the  t rans la t iona l  motion of 
a given molecule  occurs by  a mechanism in which the 
cooperat ive  r ea r r angemen t  of a group of molecules  
need not be specified. Ra ther  i t  is the  min imum size of 
the  coopera t ive ly  r ea r rang ing  groups which de te rmines  
the  t empe ra tu r e  dependence  of the  t rans la t iona l  proc-  
ess. The min imum size of the  coopera t ive ly  r ea r rang ing  
group can be obtained in te rms of the macroscopic 
configurat ional  en t ropy  if the  assumpt ion is made  that  
the coopera t ive ly  r ea r rang ing  groups do not  in terac t  
significantly. On this basis Angel l  (4) has shown tha t  
the e lectr ical  conductance is p ropor t iona l  to the  t r ans i -  
t ion p robab i l i ty  

hToc~(T) ___ A exp AC,( 'T 

: A exp ( k ) [7] 
T --  To 

[8] 

where  

C =  
R/N 

and ~Cp is the  difference in glassy and l iquid s tate  
specific heats;  h~, the  potent ia l  energy  h inder ing  the 
cooperat ive r ea r rangement ;  So*, the  configurat ional  en-  
t r o p y  of the  cr i t ica l -s ize  cooperat ive  region; and R / N  
the  Bol tzmann constant.  

A comparison of the  expressions for the t empe ra tu r e  
dependence  of diffusion f rom the  Cohen and Turnbul l  
(Eq. t2])  and Adams-Gibbs  (Eq. [7]) theories shows 
the  same exponent ia l  t empera tu re  dependence  on 
( 1 / T  -- To). But in the  deve lopment  of the  Adams-  
Gibbs theory  (6) the  f requency factor  A was assumed 
to be negl ig ib ly  dependent  on the  t empe ra tu r e  and was 
not comple te ly  evaluated.  S ince  the  t empera tu re  de -  
pendence of the Adams-Gibbs  expression has not  been 
comple te ly  developed i t  is cus tomary  (4) to test  the 
va l id i ty  of the  t empera tu re  dependence  of this  theory  
using the technique developed for the f ree -vo lume 
model, tha t  is, f rom a test  of the  l inear i ty  of a plot  of 
(E + � 8 9  as a funct ion of ( T / T - -  To) 2. 
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The Physical Significance of the Temperature To 
According to the  Cohen and Turnbul l  theory,  the  

t empera tu re  To (Eq. [2]) is the  t empera tu re  at  which  
"free volume" begins to appear .  Some evidence has 
been .advanced for  using values  of the  glass t rans i t ion  
t e m p e r a t u r e  for To. Thus, Angel l  (3) has r epor ted  a 
value  of To of 316~ for the  38.1% Ca(NO3)~ composi-  
t ion of the  mix tu r e  of (Ca(NO3)2, KNOz) and this  
compares  f avo rab ly  wi th  the  va lue  of 329~ found  by  
Dietzel  and Poegel  (12) for  the  glass t rans i t ion  t em-  
perature .  

The Adams-Gibbs  theory  considers To as the t em-  
pe ra tu re  at  which the configurat ional  en t ropy  of the  
l iquid becomes zero. This in te rpre ta t ion  of To der ives  
f rom the s tat is t ical  mechanical  analysis  r a the r  than  as 
the  assumpt ion in t roduced b y  Cohen and Turnbul l .  
Regardless  of the differing in te rpre ta t ions  of the  phys -  
ical meaning  of To, it  is numer ica ly  eva lua ted  b y  an 
empi r ica l  approach,  namely  it is the  value  which gives 
a l inear  slope when (E + 1/~RT) is p lo t ted  as a func-  
t ion of ( T / T  -- To) 2. 

The f requent  designat ion of  To as the glass t rans i t ion  
t empera tu re  tends to imply  tha t  theories employing  
this  p a r a m e t e r  can only be appl ied  to noncrys ta l l iz ing  
liquids. This is not  the case since the A d a m s - G i b b s  
theory  is qui te  general ;  also the success of Eq. [2] for  
a va r ie ty  of ionic l iquids (e.g. KNO~; LiC1-KC1, eut.; 
PbC12-AgC1) is f u r t h e r  suppor t  for the  genera l  na tu re  
of the equations based on this approach.  

The Temperature Dependence of Equivalent 
Conductance 

The degree to which  the A d a m s - G i b b s  theory  can be 
appl ied  to mol ten  salts  wi l l  depend  on the size of the  
deviat ions of equivalent  conductance f rom classical 
"Arrhen ius  behavior ."  The deviat ions f rom a l inear  
dependence  of In A vs. 1 / T  are  dependent  on how far  
the exper imen ta l  t empe ra tu r e  range  is removed  from 
To. For  example,  if the t empera tu re s  a re  in the range of 
3To to 4To (i.e. 650~176 if To is about  room t em-  
pe ra tu re )  the  apparen t  Ar rhen ius  act ivat ion energy  
would  change only by  15%, whereas  for  t empera tu re s  
in the  range  1.5To to 2.0To, the var ia t ion  would  be 
130%. 

Angel l  has successfully appl ied  the Cohen-Turnbu l l  
theory  to a number  of g lass - forming  n i t ra te  melts  (3) ; 
for these mel ts  the  expe r imen ta l  t empera tu re  r ange  is 
sufficiently close to To so tha t  the  deviat ions f rom 
Arrhen ius  t e m p e r a t u r e  dependence  are  l a rge  enough 
for To to be ca lcula ted  wi th  reasonable  precision. But  
for melts  which  crys ta l l ize  [e.g. the m a j o r i t y  of the  
174 s ingle-sa l t  mel ts  considered in the  NSRDS cri t ical  
compila t ion (13)],  Angel l  p red ic ted  (3) tha t  To cannot  
be es tabl ished precise ly  due to the  present  expe r imen-  
tal  uncer ta in ty .  Since the appl ica t ion  of the  Cohen-  
Turnbul l  and A d a m s - G i b b s  concepts to crysta l l iz ing 
mel ts  is of considerable  interest ,  i t  was decided to test  
the precis ion of the  Ar rhen ius  equat ion for  e lect r ica l  
conductance for  a number  of ha l ide  and n i t r a t e  s ingle-  
sal t  melts. For  this purpose, the  NSRDS cri t ical  com- 
pi la t ion of equiva len t  conductance da ta  (13) provided  
a unique  source of exper imen ta l  values  and s ta t is t ical  
information.  The calculat ions and resul ts  of this  s tudy  
are as follows. 

Calculat ions and resu l t s . - -One  measure  of the  devia -  
t ion of equivalent  conductance f rom Ar rhen ius  be -  
hav ior  is the  precis ion of the  exponent ia l  least  squares 
equation. The precisions for  a l imi ted  selection of 
hal ides  and n i t ra tes  obta ined  f rom the NSRDS com-  
pi la t ion (13) are  in Table I. F r o m  a compar ison of  these 
precisions wi th  the  es t imated  accuracies for the  con- 
ductance of these salts  (KCl, 0.6%; RbCl, 3.5%) i t  
could be concluded tha t  the  equiva lent  conductance is 
adequa te ly  and prec ise ly  represen ted  by  the  Ar rhen ius  
relat ion.  However ,  a more  de ta i led  considera t ion  of the  
conductance da ta  reveals  tha t  the  precis ion of  the ex -  
pe r imen ta l  measurements  as a funct ion of temperature 
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Table I. Precisions for the recommended* exponential 
equations for equivalent conductance 

S a l t  % P r e c i s i o n  Sa l t  % P r e c i s i o n  

L i C l  0.048 L i I  0.68 
NaCI  0.057 NaI  0.0085 
KCI  0,092 K I  0.68 
RbC1 0,19 RbI  0,45 
CsCI 0.26 CsI 0.48 
AgC1 0,21 LiNO3 0.095 
T1C1 0.43 NaNO3 0.028 
L i B r  0.17 KNO3 0.14 
N a B r  0.12 RbNOs 0,57 
K B r  0.53 CsNO.~ 0,019 
R b B r  0.91 AgNO3 0.45 
CsBr 0.42 T1NO3 0.35 

* Tab le  177 (Ref. 13). 

is cons iderab ly  smal le r  t han  the es t imated  accuracy;  
fur ther ,  sys temat ic  devia t ions  f rom exponent ia l  be -  
havior  exist  for most mol ten  salts. Al though  severa l  
s tudies of the same salt  [cf. KC1, Ref. (13)] often differ 
in the  absolute  amount  of the  values  found for the  
specific conductance,  the  t empe ra tu r e  dependence  of 
the  var ious  invest igat ions  often tend  to agree more  
closely. 

An  inspect ion of the  res iduals  (Acalc - -  A e x p ) ,  gives 
a be t te r  indicat ion of  the  na tu re  of the  devia t ions  f rom 
Arrhen ius  behavior  than  the precision. Pa r t i a l  l ists 
of the res iduals  for CsC1 and NaNO3 are  given in Table  
II. I t  should be noted tha t  the  res iduals  a re  not  of r a n -  
dom size and sign as would  be expected if an adequa te  
fit to an exponent ia l  equat ion had  been obtained;  the  
res iduals  a re  large  and posi t ive near  the mel t ing  point, 
and  as the  t e m p e r a t u r e  increases, the  res iduals  de-  
crease and become negative,  pass th rough  a negat ive  
maxima,  then  increase  and become posi t ive again. 
Such systemat ic  behavior  of  the  res iduals  is charac-  
ter is t ic  of the  exponent ia l  least  squares equations for 
the  m a j o r i t y  of some 174 s ingle-sa l t  mel t s  (13). This 
un i form depa r tu re  f rom exponent ia l  behavior  also in-  
dicates tha t  some funct ion other  than  the cus tomary  
Ar rhen ius  equat ion would  p robab ly  give a more  exact  
fit for  equ iva len t  conductance. There  is, thus, good 
evidence to suggest  tha t  the t e m p e r a t u r e  dependence  
of equiva len t  conductance can be expressed as a func-  
t ion of ( T / T  --  To) 2 as has been suggested b y  Angell .  

In  a number  of cases the exper imen ta l  da ta  selected 
as the basis for  the  NSRDS equiva lent  conductance 
equat ion is not  en t i re ly  sa t i s fac tory  for an analysis  of 
the devia t ions  f rom Ar rhen ius  behavior .  Often the  
specific conductance da ta  f rom two inves t igators  has 
been combined (e.g. as for salts such as LiC1, NaNO3, 
and KNO3) in order  to have an equat ion which  is va l id  

Table II. Deviations of equivalent conductance from the 
NSRDS recommended exponential least squares equation 

r = (AcAI~ -- Aezp) 
T ~  A r r% 

CsCI 

NaNO8 

940 71.0 0.434 0.61 
950 73.2 0.29 0.40 
960 75.45 0.17 0.26 
970 77.7 0.065 0.084 
960 79.95 -- 0.024 -- 0.030 
990 82.15 0,099 0.12 

1000 84.4 --0.16 --0.19 
1020 88.8 -- 0.24 -- 0.27 
1050 95.5 -- 0,27 -- 0.28 
1080 100.2 --0.19 --0.19 
1110 108.7 - -0 .030 --0,027 
1140 115.3 0.20 0.17 
1160 119.8 0.39 0.33 
1170 122.0 0.50 0.41 

580 43.3 0.032 0.074 
590 45.4 0.0053 0.011 
600 47.6 --0.011 --0.023 
610 49.7 --0.019 --0.038 
620 51.9 --0.020 --0.038 
630 54.1 -- 0,016 -- 0.030 
640 56.3 -- O.OlO -- 0.018 
690 67.6 0.17 0.025* 

* A v a l u e  is a n  e x t r a p o l a t e d  va lue .  

over  as la rge  a t e m p e r a t u r e  range  as possible.  F o r  some 
salts the  specific conductance has only been measured  
at  t empera tu re s  fa r  above the mel t ing  point  (e.g. 
LiNO3 mp 527~ the lowest  conductance measuremen t  
is 558~ In o the r  cases (e.g. CsC1) the  specific con- 
ductance  has only been measured  eve ry  20 or  30 
degrees, and this makes  a precise  s tudy  of t e m p e r a t u r e  
dependence  difficult. Conductance measurements  near  
the  mel t ing  point  a re  f r equen t ly  er ra t ic  (e.g. LiC1) 
and owing to a va r i e ty  of e xpe r ime n t a l  problems,  i t  is 
f r equen t ly  difficult to d is t inguish genuine  i r r egu l a r i -  
t ies  in conductance behav io r  and "expe r imen ta l "  i r -  
regular i t ies .  

To obta in  an es t imate  of the  degree  to which  the  
devia t ions  f rom Ar rhen ius  behavior  affect the  ac t iva-  
t ion energy  for  equiva lent  conductance,  an exponent ia l  
least  squares analysis  of the  first th ree  t abu la t ed  values  
near  the  mel t ing  point  was car r ied  out. A compar ison 
of these ac t iva t ion  energies  ( low t empera tu r e  region)  
wi th  those for the  complete  t empera tu re  range  is in 
Table III. The values  of equiva len t  conductance used 
for the  least  squares calculat ions  in both cases were  
the  values  t abu l a t ed  in the  NSRDS compi la t ion  (13). 
Inspect ion of Table I I I  shows tha t  not  only  does the  
act ivat ion ene rgy  change the grea tes t  amount  for  the  
heavie r  a lka l i  meta l  chlor ides  bu t  the  act ivat ion 
energies  for l i th ium and sodium chlor ide  decrease near  
the  mel t ing  point  r a the r  than  increase as is the  case 
for the o ther  chlorides,  KNO3 and AgNO3 (Tables  IV 
and V).  This decrease in the  ac t iva t ion  energy raises 
a fu r the r  problem;  a posi t ive va lue  for To, the  glass 
t rans i t ion  tempera ture ,  can be obta ined  only  if the  
act ivat ion energy  increases as  the mel t ing  point  is 
approached.  

The act ivat ion energies  in Table  I I I  should be  ac-  
cepted wi th  some reservat ions;  s l ight  var ia t ions  of the  
act ivat ion energy  a re  l ike ly  to resul t  when  l imi ted  
t empera tu re  ranges  are  considered due to the  exper i -  
men ta l  scat ter  of the  points.  The difference be tween  
the act ivat ion energies  for the  two t empe ra tu r e  ranges  
is also influenced by  the nearness  of the lowest  expe r i -  
menta l  conductance value  to the mel t ing  point, and  the 
over -a l l  span of the  comple te  range of the measure -  
ments  (LiC1, 140~ NaC1, 310~ 

An  a l t e rna te  approach  to gain the  change of the  
act ivat ion energy wi th  t empe ra tu r e  is the  solution of 
two s imul taneous  exponent ia l  equations,  using the 
values  of ad jacent  points. The equiva lent  conductance 
values,  for this  purpose,  were  ca lcula ted  f rom the 
specific conductance values  at the  exper imen ta l  t em-  
pe ra tu res  wi thout  employing  the least  squares  equa-  
t ions for specific conductance.  2 The dens i ty  values  
employed  in these calculat ions were  obta ined  f rom the 
l inear  t empera tu re  dens i ty  equations (13): The values  
of the  act ivat ion energy  obta ined f rom the solut ion of 
the s imul taneous  equations,  the  exponent ia l  least  
squares  equat ion for  the  t abu la t ed  equiva len t  con- 
ductance values  and the  res iduals  for LiCl, CsC1, 
KNO3, and AgNO3 are  in Tables  IV and V. 

The act ivat ion energies  for  LiC1, in Table  IV, a re  
seen to increase; this  is in cont ras t  to Table I I I  where  a 

2 The  d i r e c t  c a l cu l a t i on  of  e q u i v a l e n t  c o n d u c t a n c e  f r o m  the  ex-  
p e r i m e n t a l  specif ic  c o n d u c t a n c e  v a l u e s  is  neces sa ry  i n  o rde r  to  
a v o i d  t he  a v e r a g i n g  effect  of  t h e  leas t  s q u a r e s  equa t ion .  

Table Ill. A comparison of the activation energy EA for the 
complete experimental temperature range with EA calculated 

from the three lowest temperatures 

% 
Sa l t  E^ comple t e  T range*  E^ f i rs t  t h r ee  poin ts*  c h a n g e  

LiC1 2015 (910-1050~ 1968 (910-930~ --2.3 
NaC1 2990 (1060-1290~ 2927 (1080-11O0~ --2.1 
KC1 3415 (1060-1200~ 3519 (1060-1080~ 3.0 
RbC1 4401 (990-1200~ 4599 (990-1010~ 4.3 
CsC1 5110 (940-1170~ 5450 (940-960~ 6.3 

* The  e q u i v a l e n t  conduc t ance  v a l u e s  e m p l o y e d  w e r e  ca l cu l a t ed  
using t h e  N S R D S  bes t  e q u a t i o n s  fo r  specific conductance and dens- 
ity [see Ref .  (13)].  
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Table IV. The activation energy for equivalent conductance 
for some alkali chlorides and nitrates* Table VI. Values of - -  obtained for several values 

T --To 
of To for KN03 and AgN03 

R e s i d u a l  
(Acalc -- Aexp) A c t i v a t i o n  

T ' K  A r r %  e n e r g y  

LiC1 A = 632.939 e x p  ( - -2425 .0 /RT)  

896.0 161.28 0.833 0.52 KNOB: 
907.6 165.64 --0.676 --0.$1 3643.6 
917.1 167.97 --0.696 --0.41 2075.9 675.6 
941.0 172.49 0.534 0.31 1907.7 663.2 

651.5 
CsCl  A = l 1 4 7 . 0 6 e x p  (--5192.68/RT) 640.9 

631.2 
926.5 68.29 0.0389 0,055 617.6 
962.2 75.98 --0.113 --0.15 5293.8 P r e c i ~ o n :  
985.6 80.84 0.0747 0.092 4998.3 

K N O s t  A = 809.19 exp ( - - 3 8 4 9 . 2 3 / R T )  A g N O a :  

488.2 
609.2 33.57 0.0866 0.26 498.2 
626.1 39.70 --0.0342 --0.093 4006.5 508.2 
636.3 38.58 --0.0496 --0.13 3880.3 518.2 
644.5 41.12 -- 0.0657 --0.16 3889.0 528.2 
658.6 42.75 --0.0293 --0.069 3792.2 538.2 
667.8 44.50 --0.0137 --0.031 3816.0 548,2 
683.9 47.52 0.108 0.23 3701.0 558.2 

P r e c i s i o n :  

* Calculated directly from the experimental K values without us- 
ing the least squares equation for specific conductance. 

t The specific conductance results of Angell (14) were used to 
calculate A [see Ref. (13)]. 

Table V. The activation energy for the equivalent conductance 
of silver nitrate*,; 

A r r h e n i u s  
(Acalc -- Aexp) activation 

T ~  A r r % e n e r g y  

483.2 28.34 0.374 1.32 
493.2 30.39 1,140 0.46 3250 
503.2 32.41 --0.0282 -- 0.087 3150 
513.2 34.44 - -0 .172 - -0 .50  3070 
523.2 36.44 --0,256 - - ~ 7 1  2950 
533.2 38,40 - -0 .270 --0.71 2890 
543.2 40.37 --0.266 - -0 .66  2840 
553.2 42.31 --0.208 --0.49 2760 
563.2 44.26 --0,135 --0.31 2710 
573.2 46.18 --0.0120 --0.026 2710 
583.2 48.10 0.131 0.27 2690 
693.2 50.04 0.272 0.54 2690 
603.2 51.94 0.470 0.91 

* T h e  r e s i d u a l s  are  f r o m  t h e  l eas t  s q u a r e s  e q u a t i o n  A = 591.10 
e x p  ( - - 2 9 0 4 . 0 / R T ) ,  ~ = 0,265 (0 .65%).  

T h e  a c t i v a t i o n  e n e r g i e s  a n d  e q u i v a l e n t  c o n d u c t a n c e s  a r e  t h o s e  
of  S p o o n e r  a n d  W e t m o r e  [ see  Ref .  (13), T a b l e  121, p, 90]. 

decrease of --2.3% was observed near  the melt ing 
point. The increase of the activation energy for the 
lowest equivalent  conductance value for LiC1 (896.0~ 
is quite dramatic (80%) and most certainly is the re-  
sult of an exper imental  error. The largest deviations 
from Arrhenius  temperature  dependence are those 
noted for silver ni t rate  (Table V). The deviations for 
silver ni t ra te  are more than double the deviations for 
potassium ni t ra te  and cesium chloride. 

The Glass Transition Temperature for Molten Salts 
An assessment of the theoretical value of the glass 

t ransi t ion temperature,  To, for crystallizing molten 
salts requires a quantat ive  evaluat ion of the precision 
of the calculation of To from exper imental  equivalent  
conductance data. Precise values of To are especially 
necessary if To is to be considered as the basis of a 
Corresponding Temperature  Scale for molten salts. 
Since the glass t ransi t ion temperature  can be deter-  
mined most accurately for systems where the devia- 
tions from Arrhenius  behavior for equivalent  conduct-  
ance are large, silver ni t ra te  and potassium ni t ra te  
were selected for fur ther  consideration. 

In  Table VI the l inear i ty  of the corrected activa- 
tion energy (Ecorr = E^ W Y2RT)  as a function of ( T /  
T -- To) 2 has been evaluated using a l inear  least 
squares analysis. The precisions of the l inear  equa- 
tions are given for various values of To for KNO3 and 
AgNO3. The values of the activation energy in these 
calculations are f rom Tables IV and  V. The tempera-  

r m 

T ~  E . . . .  ca l  ( T - - ~ T ' T o  )B ( T - - - ~ ' ~ - o  ) 

3735 
3645 
3575 
3465 
3415 
3376 
3345 
3315 

To = 237 To ~- 250 

4372,5 2.3719 2.5189 
4475.0 2.4213 2.5770 
4439.6 2,4702 2.6462 
4525.8 2.5178 2.8881 
4507,8 2,5639 2.7417 
4620.2 2.6331 2.8227 

36,5 (0.81%) 38.3 (0.85%) 

To = 220 To = 250 To = 270 To = 300 

3.3134 4.2006 5.0060 6.7291 
3.2069 4.0291 4.7662 6.3183 
3.1094 3.8740 4.5518 5.9581 
3.0199 3.7332 4.3590 5.6397 
2.9372 3.6048 4.1850 5.3575 
2.8608 3.4873 4.0269 5.1051 
2.7900 3,3797 3.8829 4.S783 
2.7241 3.2803 3.5040 4.6737 

24.6 (0.71%) 22.9 (0.66%) 41.7 (1.2%) 19.8 (0.87%) 

ture  given in the first column of Table VI is the aver-  
age tempera ture  of the two equivalent  conductance 
values used to calculate the activation energy. 

The equivalent  conductance data employed for the 
KNO3 calculations are from the measurements  by 
Angel l  (14). Using this data Angell  (3) computed a 
glass t ransi t ion temperature  To ---- 237~ In order to 
test the effect of a change in To on the l inear i ty  of the 
relationship, the value To = 250~ was selected for 
KNO3 and the precision of the best fit was found to 
change from 0.81 to 0.85%. 

A value for the glass t ransi t ion temperature  for 
AgNO3 was selected by ini t ia l ly testing the values 
at 220 ~ 250 ~ 270 ~ and 300~ in order to determine the 
best l inear  relat ionship between the Ecorr and ( T / T  --  
To) 2. The value of 300~ (the best fit), thus, could not  
be found without  such a least squares calculation. A 
visual  inspection of the graphs of Ecorr as a funct ion of 
( T / T  - -  To) 2 for 220 ~ 250 ~ , and  300~ reveals very 

little difference in l inear i ty  among the three tempera-  
tures. It appears that the actual value of To is not a 
critical consideration for AgNO3; a variat ion of about 
30 degrees in the value of To is possible without  sig- 
nificantly affecting the graphical analysis. 

In  order to determine values of To to wi th in  _+1 ~ a 
computer  program for an i terative procedure together 
with a l inear  least squares analysis would be one ap- 
proach for the selection of To. Although a value of To 
could be found which would minimize the precision, 
the selection of such a glass t ransi t ion temperature  
would be the result  of an arbi t rary  interpolat ion since 
the convergence is rather  gradual  (e.g. AgNO3). 

In  Fig. 1 and 2, the var iat ion of Ecorr as a func-  
t ion of ( T / T  --  To) 2 is i l lustrated for KNO3 (To = 
237~ and AgNO3 (To = 300~ The deviations for 
KNO3 seem relat ively greater than for AgNO3 (even 
though the precisions indicate otherwise) as a result  
of the smaller  total change in  the activation energy. 

An Evaluation of the Cohen-Turnbull and 
Adams-Gibbs Based Transition-State Theories 

The major  achievement of the Cohen-Turnbul l  theory 
is the precise description it gives for the temperature  
dependence of equivalent  conductance. Whereas the 
Arrhenius  expression is in error by about 8% for the 
activation energy of AgNO3, the Cohen-Turnbul l  
theory predicts the var iat ion of the act ivat ion energy 
with a precision of about 0.5%. The glass t ransi t ion 
temperature,  although difficult to determine exactly, 
is physically more meaningful  than a fitting parameter.  
The To parameter  gained theoretical support through 
the Adams-Gibbs  theory, and this model has been sub-  
stantiated by exper imental  results for glass-forming 
melts. 
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Fig. 1. The temperature dependence of Ecorr of KNO3. (The 

value of 273~ was used for To.) 

Considering the difficulties encountered in the cal- 
culation of precise values of To for AgNO3 and KNO3 
the possibilities of using the glass transition tempera- 
ture as the basis for a Corresponding Temperature 
Scale for crystallizing molten salts appear to be re- 
mote. It will be much more difficult to obtain precise 
values of To for the alkali halides than for AgNO3 and 
KNO3 because the halides exhibit significantly smaller 
departures from Arrhenius behavior than do the ni- 
trates. There seems to be little possibility that an im- 
provement in the accuracy and the precision of the 
measurement of equivalent conductance by several 
orders of magnitude would produce any improvement. 

Although values of the activation energy, E, and the 
frequency factor, A, can be calculated (3) from k n o w n  
molecular constants for molten salts by the Cohen- 
Turnbull theory, close agreement between the theoreti- 
cal and experimental values has not been obtained. 
Further developments of transition-state models can be 
expected to give more precise values for the absolute 
magnitude of the activation energy for equivalent con-  
ductance. It is evident that additional measurements 
of the transport properties for glassy molten salt sys- 
tems and binary molten salt systems exhibiting deep 
eutectics are needed to advance the transition-state 
models. Accurate equivalent conductance measure- 
ments in the molten state but pear the melting points 
of a variety of ionic compounds is another area in 
need of much attention for this purpose. 
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ABSTRACT 

The behavior of MoO3 as positive electrode material  in organic solvent 
batteries has been investigated. This oxide in LiA1C14-BL solutions shows low 
solubility and satisfactory polarization behavior. Micropolarization tests showed 
the reversibil i ty of the redox process of MoOs in the considered electrolyte. 
From the voltage sweep curve a charge-discharge efficiency of about 100% 
could be deduced. Discharges at 0.5, 1.0, and 2.0 mA/cm 2 of cells Li/LiA1C14- 
BL/MoO3,C indicated a good cathodic efficiency if a two-electron process is 
hypothesized. MoOs positive electrodes, showing a lower polarization and 
supplying more practical specific energy, behave better than analogous AgO 
electrodes in LiAIC14-BL. 

The latest researches in the field of high-energy 
nonaqueous batteries have been mainly directed to 
the study of electrochemically active cathode materials 
characterized by redox reversibil i ty and low solubili- 
ty. Some new electrode materials have been recently 
proposed in place of the ones used most so far, i.e. 
the Cu, Ni, and Ag halides. A number of these ma- 
terials, the performances of which are often not well 
known, have been reported in a series of patents. These 
patents have been recently reviewed by Jasinski (1), 
with attention mainly focused on some oxides (Bi203, 
CuO, CrOz, and AgO) which have been claimed to be 
useful for the development of secondary cells. 

The use of oxides as positive electrodes could be 
part icular ly convenient because of their generally low 
solubility. According to Braeuer (2), however, only 
AgO seems to behave satisfactorily as a cathode in 
organic electrolytes. The good behavior of AgO for 
secondary bat tery applications has been confirmed by 
the studies performed by Shaw on several electrode- 
nonaqueous electrolyte systems (3). In particular, this 
author recommended the system AgO in butyrolactone 
(BL) -- LiC1 -b A1Cls. 

On the other hand, AgO is not characterized by high 
values of the utilization coefficient (2) and is quite 
an expensive substance. In this work, the electrochemi- 
cal behavior Of MOO3, a natural ly occurring and inex- 
pensive oxide, has been considered with the aim of 
finding a positive material  of better  electrochemical 
and practical characteristics than AgO. It has to be 
noted that  so far MoOs has never been studied elec- 
trochemically in nonaqueous electrolytes; it has only 
been investigated as a cathode material  in KOH aq- 
ueous solutions (4). 

The low solul~ility of MoO~ in organic solvents and 
its abili ty to be electrochemically reduced at the usual 
current densities employed in nonaqueous batteries 
were first ascertained. The results encouraged a de- 
tailed study of the electrochemical properties of MoOR 
in organic solvents and of its use as an electrode in a 
nonaqueous battery. Considering that  AgO behaves re-  
versibly in LiA1C14-BL (3), this organic electrolyte 
was also chosen for the present investigation. 

Experimental 
Materials.--High puri ty  BL (Merck LAB product) 

was shaken and stored in the presence of Li in order 
to eliminate hydroxilate impurities. After this t reat-  

i Gruppo  "Elet t rol i t i  e Processi Elettrochimici" del C.N.R. 
Key words: nonaqueous batteries, MoOs, l i th ium.  

ment, the water  content in BL, determined by dead 
stop end point t i t rat ion with the Kar l  Fischer solution, 
was less than 20 ppm. 

LiA1C14 was prepared by melting equimolar amounts 
of anhydrous LiC1 and A1C13 at 200~ under dry  N2, 
according to the method described by Rao (5). Solu- 
tions in BL of the salt prepared with this method are 
completely stable in the absence of moisture showing 
no change of their pale yellow color with time. When 
left in the air, these solutions tend instead slowly to gel. 

MoO3 (Carlo Erba RP product),  AgO (BDH pro-  
duct) and graphite (Southwestern 1651) were used as 
received (after drying).  

The Li ribbon used for the negative electrodes 
(99.9%, 15 mil, Alfa Inorganics product) was used as 
received. 

All the chemical manipulations were performed 
in a dry box under argon atmosphere, the only excep- 
tion being the preparation of the positive electrode. 

Apparatus and technique and specific conductivity.-  
The specific conductivity, x, of LiA1C14-BL solutions 
was measured, at 25~177176 with a PR 9501 Philips 
bridge employing a conductivity cell having a constant 
of 0.5027 cm -1. A starting solution of 25g of LiA1C14 
in 100g of BL was progressively diluted and the cor- 
responding specific conductivities were measured after 
thermal equilibration. The x values are reported in 
Table I. 

Solubilities.--Mo03 was equilibrated at 18~ for six 
days in a stirred solution of LiA1Cll in BL (0.92M). 
An aliquot of the supernatant solution was then col- 
lected and the MoO3 solubility calculated by deter-  
mining the Mo vl content spectrophotometrica!ly with 
a Bausch-Lomb apparatus, operating at 475 rn~. The 
color was previously developed by reaction of Mo w 
with NIq-4CNS and SnC12. The solubility in the same 
solution of a MoOs-graphite electrode, submitted to six 
charge-discharge cycles, was determined with the same 
technique. 

Table I. Specific conductivity at 25~ of LiAICI4 in BL 

c (g/lOOg solvent) x-lO s (ohm-1 cra-D 

4.31 5.40 
7.50 "/.70 

11.2 9.82 
12.8 10.1 
16.8 10.6 
25.6 9.92 

1905 
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Preparation of the positive electrode.--Because of 
the  nonconduct ive na tu re  of MOO3, a sufficient amount  
of g raph i te  was added  to the  cathodic mix tu re  in o rder  
to avoid excessive polar izat ion and low values  of the  
cathodic efficiency. As the amount  of g raphi te  was in-  
creased f rom 10 to 30% a corresponding improvemen t  
of the  cell  pe r formance  was observed.  Fo r  content  
h igher  than  30%, no fu r the r  var ia t ion  was observed.  
The e lect rode per formance  was nega t ive ly  influenced 
by  the  addi t ion  of a b inder  (such as po lye thy lene )  and  
by  the dissolution of the  cathodic mix tu re  in toluene 
and successive spreading  of i t  on the  meta l  support .  

The d ry  cathodic m ix tu r e  (70% MoO3 and 30% 
graphi te )  was pressed on a Cu net  at  3000 k g / c m  2 in 
order  to obta in  sa t i s fac tory  adherence.  Af t e r  discharge 
(1-2 days)  the  above-descr ibed  e lect rodes  showed a 
good appearance.  Nevertheless ,  af ter  an ac t iva ted  s tor -  
age of 40 days  (cycl ing test)  the  e lectrodes revea led  
some deter iorat ion.  

The AgO electrode was p repa red  in a s imi lar  way,  
employ ing  a Cu net, e lec t ro ly t ica l ly  s i lver -p la ted ,  as 
support .  

X-ray analysis.--The x - r a y  powder  pa t te rns  were  
obta ined using CuKa radia t ion  fi l tered by  nickel.  The 
samples were  analyzed unde r  vacuum for 5 hr  wi th  
the Debye -Sche r r e r  method.  

Macro- and m{cropolarizations.--These exper iments  
were  pe r fo rmed  in a Type  494 AMEL cell, uisng a Li 
sheet  as countere lec t rode  and a Li  rod  as re fe rence  
electrode, the  la t te r  being separa ted  f rom the work ing  
e lect rode by  a Luggin  capi l lary .  The oxide  work ing  
electrode, p repa red  as descr ibed above, and the  Li 
countere lec t rode had  the  same dimensions (1.8 x 
2.3 cm).  Macropolar iza t ion tests were  also pe r fo rmed  
on the AgO elec t rode  for  comparison purposes.  

Cyclic voltammetry.--The same cell  and electrodes 
employed  for  the  polar izat ion measurements  were  also 
used for cyclic Voltammetry,  which  was carr ied  out  by  
the  Electroscan Beckman 30, at  a potent ia l  scanning 
ra te  of 20 mV/sec.  

Cell assembly and discharge curves.--The posit ive 
electrode, consist ing of about  0.4g of the  MoO3-graph-  
i te  m ix tu r e  (46 mg/cm2),  was sandwiched be tween 
two l i th ium electrodes.  Anodes  and cathode had  the 
same dimensions (4.3 cm 2 for each s ide) .  A double 
l ayer  of 0.38 m m  th ick  glass fiber [ type  P a p e r - H u r l b u l t  
934 AH, descr ibed by  Boden (6)]  was used as elec-  
t rode separators .  A n  excess of LiA1C14-BL solution 
(12-14% by  weight,  tha t  is 0.9-1.0M) was employed.  

The discharge curves at  cur ren t  densi t ies  0.5, 1.0, 
and  2.0 m A / c m  2, respect ively,  were  per formed  at  25~ 
usua l ly  wi thout  in ter rupt ion,  to 1.0V cutoff  (90% dis-  
charge dep th ) .  No apprec iab le  change  in the  p e r f o r m -  
ances was detected even when  the d ischarge  was in-  
t e r rup ted  overnight .  

Cycling test--It was pe r fo rmed  on the cell  tha t  had  
been prev ious ly  submi t ted  to an ini t ia l  d ischarge at 
2.0 m A / c m  2 (see Fig. 4). Th i r ty  cycles over  40 days  were  
car r ied  out  a t  25~ the  charge cur ren t  dens i ty  va r ied  
be tween  0.5 and 2.0 m_A/cm2; the  discharge cur ren t  den-  
s i ty  was 1 m A / c m  2. The vol tage var ied  be tween  1.0V at  
the  end of the  discharge and 3.6V at the  end of the 
charge.  

Potentiometric titration oi C l - . - - V a r i a t i o n s  in the  
C1- content  of the  solutions were  de te rmined  by  po-  
ten t iometr ic  t i t ra t ions.  The appara tus  employed  was 
the Electroscan Beckman  30 and the  e lect rodes  were  
s i lver  as indica tor  and sa tu ra ted  calomel  as reference.  
Direct  and ana ly t ica l  (der iva t ive)  methods  for  locat ing 
the  end point  of the t i t ra t ion  were  employed.  

Results and Discussion 
MoO3 preliminary t e s t . - -The  m a x i m u m  in the  spe-  

cific conduct iv i ty  for  LiA1C14-BL solutions was 
10.6x10 - s  ohm -1 cm -1 (see Table  I ) .  This va lue  is 
grea ter  than tha t  observed for solutions of the  same 

sal t  in p ropy lene  carbonate  which is 6.6x10 -3 ohm -1 
cm - I  (7). 

The  capabi l i ty  of MoO3 to be e lec t rochemical ly  re-  
duced in a LiA1C14-BL solution, wi thout  excessive 
polarizat ion,  is shown in Fig. 1. The comparison wi th  
the AgO behavior  shows the  be t t e r  per formances  of 
MOO3. 

The solubi l i ty  of MoO3 in LiA1C14-BL (0.92M) was 
5x10-4M, a value  which should ensure  a sa t is factory  
shel f - l i fe  to ba t te r ies  using MoOs as the  posi t ive elec-  
trode. 

On the basis of these promis ing results,  the  revers i -  
b i l i ty  of MoOs e lect rodes  was then  inves t iga ted  by  the 
micropolar iza t ion test  (Fig. 2). The cathodic s t ra ight  
l ine lies on the prolongat ion o f  the  anodic one, and no 
apprec iab le  hysteresis  can be observed,  showing tha t  
the e lect rode can be considered to be  revers ible .  The 
possibi l i ty  of cycl ing the copper  gr id  was exc luded  by  
replac ing i t  wi th  a gold grid and observing tha t  the 
micropolar iza t ion curve remained  unchanged.  

F u r t h e r  inves t igat ion by  cyclic v o l t a m m e t r y  evi -  
denced a cathodic and an anodic peak  in the potent ia l  
range  f rom 1.0 to 3.8V, as shown in Fig. 3. This resul t  
seems to indicate  a unis tep  na tu re  for the  redox proc-  
ess of MoOs. A comparison be tween  the anodic and 
cathodic peak  areas  shows tha t  the  charge-d ischarge  
efficiency can be pos tu la ted  to be  nea r ly  100% in op-  
t imum opera t ing  conditions. 

Discharge behavior.---Since the  above-desc r ibed  re-  
sults indicated MoO3 as a feasible e lect rode mate r i a l  
in nonaqueous solvents,  i t  fo rmed the cell  

Li/LiA1C14-BL/MoOs,C [ 1 ] 

The open circui t  vol tage (OCV) of cell  [1] is in-  
i t i a l ly  2.8-2.9V and s lowly stabil izes at  about  2.7V. 
This is p robab ly  due to the  deac t iva t ion  of cer ta in  im-  
pur i t ies  a n d / o r  to the  react ion be tween  the  copper  
gr id  and the cathodic mixture .  Using a gold grid, the  
OCV tended to be  more  stable.  

The background  ac t iv i ty  of the  g raph i te  employed  
in the p repara t ion  of the  cathode was eva lua ted  sepa-  
r a t e ly  in a cell  containing only g raph i te  as the  cathode 
ma te r i a l  and  discharged at  1 m A / c m  2. I ts  resul ts  were  
quite low, being only  the  2% of the  to ta l  de l ivered  
capacity.  

The discharge curves  for cell  [1] a re  r epor t ed  at  
var ious  cur ren t  densi t ies  in Fig. 4. 

The d ischarge  process of cell  [1] is not  comple te ly  
clear,  and i t  seems to be more  compl ica ted  than  the 
s imple format ion  of lower  Mo oxides  (MOO2, Mo2OD 
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and Li20. In fact, from the known values of AG for 
Li20 (--133.8 kcal/mol), MoO2 (--121.6 kcal/mol), 
and MoO8 (--161.9 kcal/mol) and that one estimated 
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Fig 3. Cyclic voltammetry of a MoO~ electrode in LiAICI4-BL 
O.9M. Electrode surface 1.8 cm X 2.3 cm. Scanning rate 20 mV/ 
sec. 

for Mo205 (--284 keal/mol) (8), it is possible to ob- 
tain for the formation of these lower Mo oxides Eo 
values of about 2.0V. These values are definitely lower 
than those experimentally observed for cell [1], and 
the difference can be ascribed only to a minimum ex- 
tent to impurities contained in the positive electrode 
mixtures. In fact, the load voltage remains above the 
value corresponding to the formation of Mo TM or MoV 
oxides for a long time, and a large percentage of the 
total cell capacity is furnished during this time. 

It is worthwhile to note that similar behavior 
has been shown by other oxides in organic electrolytes. 
In fact, batteries having as cathode: (a) AgO in 
KAsFe-propylencarbonate (PC) (9), LiC104-methyl 
formate and LiCIO4-PC (2); (b) MnO~ in KAsF6-PC 
(9); (c) CuO in LiC104-tetrahydrofurane and LiC104- 
PC (10), show both OCV and load voltages higher than 
those obtainable from thermodynamic data. Therefore, 
careful study of the mechanism of the oxides' reduc- 
tion is necessary. 

The participation of the electrolyte in positive elec- 
trode processes seems to be possible, especially for 
electrolytes containing PF6- or A1C14- or BF4- anions, 
for which the acceptance and release of halide ions 
has been hypothesized (3, 7). For instance, the cycling 
behavior of AgO in LiA1C14-BL (3) is probably due to 
the reduction of the starting material to Ag, followed 
by anodic oxidation of Ag to AgC1 which is then cycled. 

The participation of chloride ions in the processes 
occurring at the MoO3 electrode in LiA1CI4-BL has 
also been investigated. An attempt to identify by x-ray 
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Fig. 4. Discharge curves at 
25~ and at various current 
densities. For curves 1, 2, and 3 
(MOO3) C.D. are 0.5, 1.0 and 
2.0 rnA/cm 2 respectively; for 
curve 4 (AGO) C.D. is 1.0 mA/ 
cm 2. Cells of curves 1, 2, and 3 
contain 0.27, 0.28, and 0.32g 
MoO~ respectively. Cell of curve 
4 contains 0.26g AgO. 



1908 J. Electrochem. Soe.: ELECTROCHEMICAL SCIENCE December 1971 

analysis  the  format ion  of compounds involving C1- 
ions on the e lec t rode  has not  been successful, since the  
difference be tween  the spec t ra  of a b l ank  formed by  
MoO3 -t- g raph i te  and those of the  e lec t rode  mate r i a l  
a f te r  d ischarge and cycl ing was not  so m a r k e d  as to 
make  a re l iab le  identif icat ion of formed compounds 
possible. 

On the  o ther  hand, a var ia t ion  in the  C1- content  of 
the  solut ion af ter  d ischarge was detected.  This va r i a -  
t ion ( , , 5 % )  was of the  o rder  expected  on the basis  of 
the amount  of cur ren t  passed th rough  the cell. Thus, 
the par t ic ipa t ion  of C1- ions in the  e lect rode discharge 
reaction,  p robab ly  th rough  the format ion  of Mo oxy -  
chlorides,  seems to be possible. No fur ther  C1- de -  
crease was detected,  however ,  in the  solution of a 
charged cell  which had been submi t ted  to six cycles. 
Fu r the rmore ,  the  solubi l i ty  of the  posi t ive  e lec t rode  in 
LiA1C14-BL (0.92M), checked af ter  six cycles (wi th  the  
cell  in the  charged  s ta te) ,  was equal  to tha t  of the  
MoOs powder .  These resul ts  seem to prove  the  r e s to ra -  
tion, on charging,  of the  oxide on the posi t ive elec-  
trode. 

Wha teve r  the  react ion mechanism is, a monoelect ron 
cell  react ion has to be excluded,  because it would  lead 
to MoOs coulombic efficiency h igher  than  100 %. A two-  
e lect ron to ta l  process, to which  a theore t ica l  capaci ty  
of 0.37 A h r / g  corresponds,  seems to be more  probable .  
On the basis of this assumption the  cathodic efficiency 
is qui te  sa t is factory  for the  different  discharge ra tes  
(see Table  I I ) .  

The cell  containing MoO3 is character ized by  h igher  
values  of vol tage  and of energy  for weight  of the  ca th-  
ode ma te r i a l  than  the cell  opera t ing  wi th  AgO under  
the  same d ischarge  condit ions as expected  by  the t rend  
of the  polar izat ion curves.  

The AgO discharge also seems to occur in one step 
as indica ted  by  the discharge curve of Fig. 4. The single 
s tep reduct ion  of AgO has been also observed,  for ex-  
ample,  in K A s F , - P C  (9) and  in aqueous KOH at a 
s imi lar  cur ren t  dens i ty  (11). 

Cycling behavior.--A cell  submi t t ed  to an in i t ia l  
d ischarge at  2 m A / c m  s was charged  and discharged 
for 30 cycles, dur ing  which  the cycl ing efficiency was  
almost  constant  wi th  t ime at  the  mean  value  of 61% 
(C/14 rate,  1.9V cutoff, 90% depth  of d ischarge) .  Dur -  
ing this test  a cont inuous increase of the  in te rna l  r e -  
sistance of the  cell  was observed,  p robab ly  due to a 
cer ta in  de te r iora t ion  of the  cathode. Consequent ly  the  
ampere -hour s  accepted by  the cell  up to the  m a x i m u m  
vol tage (3.6V) and then  suppl ied  dur ing  the d ischarge  
were  decreas ing accordingly.  

When a cell  was lef t  charged overnight ,  i ts  charge-  
discharge efficiency was  somewhat  reduced due to the  
lower ing  of both  OCV and vol tage  on load. In  ve ry  

Table II. Cell characteristics 

C u r r e n t  dens i ty  W h r / g  C a t h o d i c  
( m A / c m  s) ox ide  RateC~) efficiency~-) 

0.5 0.52 C/23 66 
1.0 0.55 C/12 66 
2.0 0.38 C/7 55 
1.0 (AGO) 0.40 C/12 56 

~a) B a s e d  o n  a t w o - e l e c t r o n  reduc t ion .  

few cases, however ,  was the efficiency lower  than  50 %. 
By  visual  examina t ion  of the  cel l  af ter  the cycl ing 

test, an apprec iab le  decomposi t ion of the  e lec t ro ly te  
could be excluded,  whi le  the  expected format ion  of 
dendr i tes  on the Li  e lect rode and a cer ta in  physical  
de ter iora t ion  of the MoO3 e lec t rode  were  noticed. Using 
gold ins tead of copper  as the  grid, the  e lect rode showed 
a be t t e r  appearance  af ter  cycling. Fu r the rmore ,  the  
charge-d i scharge  efficiency was higher,  especia l ly  a f te r  
overnight  standing.  This confirms the evidence of a 
cer ta in  reac t iv i ty  oi~the copper  gr id  wi th  the  cathode 
mater ia l .  

The t e rm of 40 days  adopted for the  cycl ing test  is 
the  first evidence of the  ac t iva ted  s torage capabi l i ty  of 
the  cells containing MoO3 as cathode. However ,  one 
cannot  exc lude  the  poss ib i l i ty  tha t  a so lubi l i ty  va lue  
of 5x10-4M can crea te  some problems on longer  
ac t iva ted  s tand periods.  

Conclusions 
The relatively low value of solubility and of polari- 

zation make MoO3 suitable as cathode material for 
high-energy nonaqueous batteries. Furthermore, since 
the MoOa reduction process is reversible, the construc- 
tion of secondary cells is possible. Satisfactory charge- 
discharge efficiency and storage capability are other 
favorable features of these cells. 

The electrochemical properties of MoO8 are better in 
comparison with those of AgO considered so far the 
most efficient oxide for nonaqueous batteries. This 
stimulates a detailed research on the performances of 
other insoluble oxides suitable for high-energy non- 
aqueous batteries. 
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ABSTRACT 

The anodic dissolution of tungsten was studied in H2SO4-K2SO4 solutions 
(pH -- --2 to 2.5) and K2SO4-K2CO3-KOH solutions (pH = 11.5 to 14.5) at 
25~ Faradaic efficiency studies in basic solutions showed the metal to be 
oxidized to the +6 state. In acid solutions, a thick protective film of yellow 
WO3 was formed. Polarization curves possessed linear Tafel regions (slope 
~ 2.3 RT/F) at potentials slightly more positive than the rest potentials. An 
anodic dissolution mechanism is proposed which involves a surface film of 
W205 that is further oxidized to WO3 and dissolves by hydrolyzation. 

Tungsten (1) is one of the so-called "valve metals" 
which are dist inguished by their abi l i ty  to form highly 
protective oxide films upon anodic polarization in many  
aqueous media. Studies of its electrochemical behavior  
have appeared inf requent ly  in the l i terature for over 
100 years. A bibliography and brief review of much of 
the early work appears in a paper by Koerner  (2). 
Koerner  also reported extensive open-circui t  potential  
measurements  of the W electrode and observations of 
its anodic behavior  in various acids and bases. The 
potentials were dependent  on the type of W used, the 
electrolyte pH, and also showed some variat ion with 
the na ture  of the electrolyte. The former dependence 
was at t r ibuted to the presence of appreciable oxides in 
the metal  and the lat ter  to the effect of specific ions o n  
the solubil i ty of the dissolved W species, pr imari ly  
W(OH)6. This compound was believed to break down 
to tungstic cations in acidic electrolytes and anions in 
basic. Upon commencing polarization in acid electro- 
lytes, films were formed on the W surface whose c o l o r  
changed through a definite sequence. These colors were 
associated with tungs ten  oxides of progressively higher 
oxygen content, i.e. 

W "~ W02 --> W205 ''> W 4 0 1 1  
(brown) (blue) (blue) 

"> W5014 -'> " ' "  ' - - >  WO3 [i] 
(green) (yellow) 

The passiveness of W in acids was attributed to low 
solubilities of the oxides in this media and the active- 
ness in bases to high solubilities. A valence of +6 was 
determined for W dissolving in NH4OH-NH4CI solu- 
tions. 

Pitman and Hamby (3) noted intense interference 
colors on W resulting from anodic polishing. They sub- 
sequently studied the growth of the oxide, and among 
other properties, reported it to have a density and 
dielectric constant of 6.8 g/cm 2 and 41.7, respectively. 
A steady-state growth relation between current and 
thickness was given for 0.1N H2SO4 at 25~ It is in-  
teresting to note the sequence of colors reported by 
Koerner  for the formation of the various oxides (Eq. 
[1]) is similar to the sequence of interference colors 
caused by thickening of t ransparent  oxide films (4). 

Thompson and Rice (5) studied the anodic and 
cathodic behavior of W in KOH solutions. During 
anodic dissolution, near  100% current  efficiencies were 
found for the oxidation to the W-VI state, even though 
extremely high polarization (20-100V) occurred in 
many  cases. The break in the polarization curves where 
the overvoltage rapidly increased was dependent  o n  
both C.D. and Coil- .  

E1 Wakkad et al. (6), studied the behavior  of W in 
various buffer solutions. They found the potentials of 

* Electrochemical Society Active Member. 
Key words: tungsten, anodic dissolution, corrosion. 

massive W and powdered W-WO3 electrodes to cor- 
respond closely. A discontinui ty in  the E-pH relation 
was noted at pH's 4 - 6 .  It  was proposed that  the p o t e n -  
t i a l s  in  neut ra l  and basic solutions were controlled by 
the reaction 

W~O5 + 2H20 = WO~ + WO4 -2 + 4H + + 2e [2] 

The discontinui ty was a t t r ibuted to an incompleteness 
of the reduction portion of the reaction (Eq. [2]) i n  
acid solution with tungsten  blue (W3Os or W4On) 
being the product ra ther  than  W205. The effect of pH 
o n  potential  (0E/0pH) as shown in various plots was 
ca. 50 inV. It  was proposed that  W dissolves as WO4 -2 
in strong bases and WO2 +2 in strong acids. 

Besson and Drautzburg  (7) have also reported a 
study of the anodie dissolution of W in various elec- 
trolytes. The oxidation of W was found to proceed 
quant i ta t ive ly  to the + 6  state. Agitat ion of the elec- 
trolyte displaced the Tafel curves. Tafel slopes were 
reported for both acidic and basic electrolytes that  
ranged from 55 to 150 mV. 

The present s tudy was under taken  in  an at tempt  to 
establish a more detailed anodic dissolution mecha-  
nism for W. It was also of interest  to see if a mecha-  
nism recent ly proposed for Mo 8, a chemically similar 
metal, would be applicable. 

Experimental 
The tungs ten  anodes were prepared from cylindrical  

specimens cut from a rod of 0.75 in. diameter. 1 They 
were polished on gr inding paper down to 600 grit, 
cleaned in distilled water  with ultrasonic agitation, 
r insed with distilled water  and acetone, dried, and 
then mounted  in a Teflon holder. All  solutions em- 
ployed analyt ical  grade chemicals and distilled water. 
The electrolyses were carried out in  an H-cell  con- 
ta ining approximately 300 ml  of electrolyte at 25.0 ~ _ 
0.1~ Prepurified ni t rogen was bubbled  through the 
electrolyte to purge air from the system and for stir-  
ring. The reference electrodes were Hg/Hg2SO~ (1N 
H2SO4) for acidic and Hg/Hg~C12 (1N KC1) for basic 
electrolytes. A salt bridge of the same electrolyte as in 
t h e  electrolysis cell was used to prevent  contaminat ion 
by the reference electrode. All  potentials are reported 
vs. the s tandard  hydrogen electrode (SHE) at 25~ 

Results 
Self-dissolution experiments  were carried out ini-  

t ial ly with the W anodes kept in the cell at open-circui t  
for 24 hr. No detectable weight gains or losses were 
noted except for 1N and 3N KOH. In  these lat ter  elec- 
trolytes, an anode with an exposed area of 2.84 cm 2 lost 
approximately 5 mg dur ing the 24-hr period. 

1 Electronic Space Products, Inc., 4N grade (99.99% purity). Typ- 
ical analysis (ppm): Ca 10, Cu <10, Mg <10, Mo <50,  Si <50,  Cb 
<10, Fe <20,  Mn 10, Ni <30,  Ti <10.  

1 9 0 9  
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Fig. 1. Anodic polarization of tungsten in aqueous solutions at 
25~ O ,  pH - -  --2.0; A ,  pH "- --0.5; ~ ,  pH ---- 0.38; [-1, 
pH ---- 1.5; O, pH : 2.5; @, pH = 11.5; A ,  pH = 12.7; V ,  
pH ---- 13.6, I ,  pH - -  14.5. 

Polarization measurements . - -The  anodic polarization 
behavior (steady state) for W was determined poten-  
tiostatically in  acidic and basic electrolytes and is i l lus-  
t rated in Fig. 1. The curves contain l inear  (Tafel) sec- 
tions in the potential  region just  above the rest poten-  
tials. Both the Tafel slopes and the rest potentials are 
tabulated in Table I. In  the acid electrolytes, the active 
dissolution regions were quite small  and l imit ing cur-  
rents of 10-5-10 -4 A.cm 2 were reached at relat ively 
low overpotentials.  Visible oxygen evolution com- 
menced from the anode at potentials of 1.3-2.0V. A 
lemon-yel low film was formed on the electrode dur ing 
polarization and was identified by  x - r ay  analysis as 
WO3. A high-voltage power supply in  a galvanostatic 
a r rangement  was used to polarize the W anode in 3N 
H2SO4 at C.D.'s greater  than  the l imit ing values m e n -  
tioned above. The results are shown in Fig. 2. The yel-  
low surface film thickened visibly and oxygen was 
evolved vigorously. At the higher C.D.'s, the potential  
cont inual ly  fluctuated by 5-10V. 

Table I. Rest potentials and Tafel slopes for the onodic 
dissolution of tungsten at 25~ 

R e s t  T a f e l  
p o t e n t i a l ,  slope,  

Electrolyte p H  vo l t s  (SHE)  volts  

1O.ON H~SO~ -- 2 0.29 0.060 
3.0N H2SO4 -- 0.5 0.28 0.060 
1.0N H2SO,  0.38 0.27 0.058 
0.24N H~=SO4 + 1.5 0.235 0.065 

0.76N K s S O ,  
0.1N H~.AO4 + 2.5 0.22 0.058 

0.9N K=SO, 
1.0N K~COs 11.5 -- 0.38 0.072 
0 .1N K O H  + 12.7 --0.41 0.060 

0.9N KsSOr 
1.0N K O H  13.6 -- 0.42 0.060 
3 .0N K O H  14.5 -- 0,47 0.058 
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Fig. 2, Anodic polarization (galvanostatic) of tungsten in 3N 
H2S04 at 25~ 

Valence measurements . - -The  results of the valence 
determinat ions  in  both acidic and basic media are 
shown in Table II. In  the acidic media, oxygen could 
be seen evolving at all but  the lowest current  densities. 
The smallness of the l imit ing currents  precluded an ac- 
curate de terminat ion  of the oxidation state of the dis- 
solving W ions in  the active dissolution region. The 
weight loss for a C.D. of 10 -4 A .cm 2 (which occurred 
over a period of several days) corresponded to a W 
valence (oxidation state) of 22. Apparent ly  oxygen 
was also being produced at this C.D., but  at such a low 
rate that  it dissolved without  bubble  formation. It  
should be noted, though, that  significant weight losses 
of the metal  occurred even dur ing vis ib le  oxygen 
evolution at high C.D.'s. (For example, at 0.050 A. 
cm -2, Table II  shows that  ca. 14% of the anodic cur-  
rent  is accounted for by W dissolution.) This and the 
absence of a decrease in C.D. with increasing potential  
above the active dissolution region indicates the ab-  
sence of t rue anodic passivation. 

Table II. Coulombic data for the anodic dissolution of tungsten 
at 25~ 

Weight- loss  
Current A p p a r -  Eff i -  

T i m e ,  d e n s i t y , "  Exp t . ,  Cal., ent  c iency,  
Electrolyte  sec A . c m  -s g g v a l e n c e  % 

I N  H~SO4 554,400 0,0001 0,01334 0.0500 
554,400 0,001 0.01278 0.0500 

18,480 0.003 0.01014 0.0500 
18,460 0,003 0.01060 0.0500 

5,543 0.010 0.00974 0.0500 
11,086 0.010 0.01870 0.1000 

1,664 0.050 0.01143 0.0750 
1,109 0.050 0.00688 0.0500 

0 .1N K O H  + 27,720 0,002 0.04995 0.0500 
0.9N K~SO4 27,720 0.002 0.05025 0.0500 

1N K O H  27,720 0.002 0.05134 0.0500 
55,440 0.002 0.10224 0.1000 

5,543 0.010 0.04963 0.0500 
5,543 0,010 0.04929 0.0500 
1,109 0.050 0.05033 0.0500 
2,218 0.050 0.10182 0.1000 

3N K O H  5,543 0.010 0.05042 0.0500 
11,086 0.010 0.10160 0 . I000  

6.00 
5.97 
5.86 
5.85 
6.04 
6.07 
5.97 
5.89 
5.95 
5.91 

26.6t  
25.4 
20.3 
21.2 
19.5 
18.7 
15,2 
13,8 

* A r e a  of  t h e  e l e c t r o d e  = 2.84 c m  s. 
t Coulombic  efficiency based on W-VI  oxidat ion s t a t e .  
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The oxidation state of W species entering into solu- 
t ion in basic electrolytes is very close to -56 wi thin  
exper imental  error. It  appears to be independent  of 
both pH and C.D., and is in agreement  with values 
reported by other investigators. 

D i s c u s s i o n  

In alkal ine media, the apparent  valence data indicate 
that tungsten  goes into solution according to the over-  
all  reaction 

W-* W-VI  -5 6e [3] 

Qualitat ive tests of the anolytes showed the presence 
of WO4 -2 as expected from the absence of color and 
in accord with thermodynamic  data indicating it to  be 
a stable ion at these conditions (9-11). In  acid media, 
the yellow film formed on the electrode surface and 
identified as WO3 also indicated that  oxidation re- 
sulted in the -56 state. The formation of this oxide, 
which is both re la t ively insoluble and nonconductive,  
explains the small po ten t ia l - independent  currents  that  
were observed. The tact that  W dissolved over the en-  
tire potential  region (Tafel, l imit ing current,  and oxy- 
gen evolution) is evidence of a slight solubili ty of the 
oxide. Also, the absence of pi t t ing indicated the film to 
be nonporous. Thus, the dissolution is probably accom- 
plished through a hydrat ion reaction to form WOa- 
H20 (or tungstic acid H2WO4). These observations (as 
well  as the s imultaneous o.e. at relat ively low over- 
potentials) would appear to preclude in terpret ing the 
behavior of W in this media simply in terms of va lve-  
action. In  the rigorous sense, valve-act ion "is the ten-  
dency to form a protective high-resistance oxide film 
on anodic polarization to the exclusion of all other 
electrode processes" (1). 

The open-circuit  "rest" potentials of the W electrode 
(shown in Fig. 3) are a function of pH. The value 
OVrest/OPH "~ 0.059V = 2.3 R T / F ,  indicates a 1:1 ratio 
of H + to electrons in the electrochemical step that  is 
controll ing the rest potential.  As also seen  in Fig. 3, the 
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Fig. 3. Comparison of the measured "open-circuit" potentials of 
the tungsten electrode with the thermodynamic values for various 
tungsten-water reactions at 25~ (O, experimental date; 
Eq. [ 8 ] ) .  
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measured values do not correspond to any  of the rela-  
tions for various W-H20 equil ibr ia  that  are available 
from the l i terature (12, 13). They agree reasonably 
well  with the values reported by E1 Wakkad et al. (6), 
but  not with the pH effect from his proposed reaction 
(Eq. [2] ). The slight solubili ty of WO3 as well as pre-  
vious findings regarding Me s, a chemically similar 
metal, suggest an equi l ibr ium between W205 and WO3" 
H20 as a possibility, i.e. 

WzO~ ( s ) -5 3H20 (aq) ~ 2WO~. H20 (s) 
-5 2H + (aq) -5 2e [4] 

Data are not available per ta in ing to the s tandard 
free energy of formation of WOs-H20, but  an approxi-  
mate value can be obtained by est imating the free en-  
ergy change, i.e. AG~ for the following reaction 

WOn(s) -5 H20(aq)  -~ WOa'H20(S) [5] 

An  examinat ion of the data for a large number  of 
monohydrated compounds of compositions MOx-H20, 
H2MOu, and M(OH)2 shows that  the free energy 
changes for the reactions of the oxides with water  are 
usual ly wi thin  the limits of _ 10 kcal. For compounds 
normal ly  found in the hydrated form (e.g. CrOa, MgO, 
MnO),  -- 10 ~ AG~ ( 0 kcal, while for compounds 
normal ly  found in the anhydrous  form (e.g. TeO~, 
GeO2, SIO2), 0 ~ AG~ ~ 10 kcal. Since anhydrous  
WOn is reported to be the normal ly  stable form, its 
free energy of hydrat ion should be positive and can 
be estimated to be 5-10 kcal. For the following calcula- 
tions, 7.5 _+ 2.5 kcal will  be used. Thus 

AG~ WOa.H20 = AG~ WO3 -5 AG~ H20 -5 hG~ [6] 
= --182,740 -5 (--56,690) -5 (7,500 • 2,500) 
= --231,930 __. 2,500 ca1 

The corresponding AG ~ for Eq. [4] is 

AG ~ = 2 AG~ WO3.H20 --  AG~ W2O5 --  3 AG~ H20 [7] 
= 2 (--231,930 -+- 2,500) -- (--306,900) 

- -  3 (--56,690) 
= 13,100 _ 5,000 cal 

The Nernst  relationship for this reaction i@ 

E = (0.3 __. 0.1) -- (2.3 RT/F)  log (1/al l+)  
[8] 

= (0 .3  _ 0 . 1 )  - -  0.059 pH 

The band (area between long dashed lines) represent-  
ing Eq. [8] on Fig. 3 includes all the exper imental  rest 
potentials. A best-fit l ine through the points yields a 
free energy change for Eq. [5] of + 8  kcal. 

With the above information, the anodic dissolution of 
W can be described qual i ta t ively as follows: 

(A) When placed in solution, the W electrode very 
rapidly forms a film of approximate composition W205 
that  completely covers the metal  surface. Fur ther  spon- 
taneous reaction (corrosion or self-dissolution) ceases 
except at relat ively high pH's where W~O5 is soluble. 

(B) Upon polarization, the appreciable conductivi ty 
of W2Os allows fur ther  electrochemical oxidation to 
WOn. 

(C) The salvation of WO3 is accomplished by hydra-  
t ion to WO3.H20 (or HuWO4) which has a very low 
conductivity, is only slightly soluble in acids, and is 
appreciably soluble in bases. 

(D) The l imit ing (potential  independent)  curves in 
acidic electrolytes can be a t t r ibuted to an insulat ing 
layer of WOn which accumulates due to its low solu- 
bility. The absence of a l imit ing current  in basic elec- 
trolytes is due to the solubil i ty of WO3 in these media. 

(E) The rapid complete coverage of the metal  sur-  
face by W20~ indicates the experimental  kinetic pa ram-  
eters are associated with its fur ther  oxidation (8). The 
Tafel slope of ~60 mV is thus associated with a chemi- 

i For reduction potential. 
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cal r a t e - d e t e r m i n i n g  step subsequent  to the first e lec-  
t ron  t rans fe r  f rom W205. The pH effect indicates  the  
product ion  of hydrogen  ions (or the i r  equiva lent )  pr ior  
to the r.d.s. 

Express ing  the  above  in equat ion  form gives 

2 W ( s )  + 5 H20(aq) ~ W2Os(s) + 10 H+(aq) + 10e 
[9] 

W.~Os(s) -I-HzO(aq) = W2OsOH(s) -}-H + (aq) + e 
[10a] 

a n d / o r  

W205(s)  + O H -  (aq)  -- W~O~OH(s) + e [10b] 
r.d.s. 

W 2 O s O H ( s )  --~ W 2 O s ( s )  , ) W s O 5 - O H - W 2 0 5 ( s )  
[11] 

W2Os-OH-W2Os(s) "~ W2Os-O-W205 (s) 
+ H  + (aq) + e  [12] 

W2Os-O-W2Os(s) ~ "'" ~ 2 WOs (s) + W205(s) 
[13] 

WO3(s) + H20(aq) -* H2WO4(s) [14] 

H2WO4(s) ~ H + (aq) + HWO4- (aq) [15a] 3 

and/or 

H2WO4(s) + 2 OH- (aq) --> 2 H20 (aq) + WO4 -2 (aq) 
[15b] 

This scheme is s imi lar  to the  one proposed  prev ious ly  
for Mo s which  also incorpora ted  oxygen -b r idged  com- 
pounds. Such W compounds  (W205, W4Oll, etc.) are  
known to exis t  (11). I t  thus  appears  tha t  the  chemi-  
cal ly  s imi lar  meta ls  Mo and W dissolve anodica l ly  in a 
s imi lar  manner .  
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The Anodic Oxidation of Titanium Carbide 
R. D. Cowling and H. E. Hintermann* 

Laboratoire Suisse de Recherches Horlog~res, Neuchdtel, SwiSzerland 

ABSTRACT 

The anodic dissolution of t i t an ium carbide  in 2N H~SO4 has been examined  
by  coulometr ic  exper imen t s  and by  the  appl ica t ion  of a ro ta t ing r ing -d i sk  
electrode. The l a t t e r  technique  has shown tha t  the  dissolution proceeds  
th rough  the in te rmedia te  fo rmat ion  of Ti ( I I I )  ions, which  undergo  immedia te  
oxidat ion  to T i ( IV)  at  the  e lect rode surface. 

The anodic behavior  of t i t an ium carbide  in sulfuric  
acid solut ion has  been descr ibed in a previous  paper  
(1). Dissolution begins at  about  0 .8V(SHE),I  and  p ro -  
duces Ti (IV) ions, CO, and CO2. Unsuccessful  a t t empts  
were  made to de tec t  t r i va l en t  t i t an ium in the  n i t rogen-  
sa tu ra ted  solution. The fo rmat ion  of T i ( I I I )  in the  
dissolut ion reac t ion  cannot  be ru l ed  out, however ,  
s ince once formed it  would  be r ap id ly  oxidized to 
T i ( IV)  at  the  poten t ia l  of the corroding electrode.  
The aim of the  present  s tudy  was to invest igate  the  
anodic oxidat ion  of TiC more  fu l ly  than  had  been 
prev ious ly  possible.  Pure,  s ingle  c rys ta l  ca rb ide  was  
used ins tead of the  vapor -depos i t ed  ma te r i a l  on which  
ear l ie r  w o r k  (1) had  been based. In  par t icular ,  the  

* Electrochemical  Soc ie ty  Act ive  Member.  
K e y  words:  corrosion, dissolution, coulometry,  rotat ing r ing-disk 

electrode.  
1 All potentials reported in this paper are re fe r red  to the s tandard  

hydrogen electrode.  

occurrence  of T i ( I I I )  was examined.  Two techniques  
were  employed.  Firs t ,  the  dissolut ion was s tudied 
coulometr ical ly .  

Assuming  tha t  the  ne t  reac t ion  is one of the  fol-  
lowing 

TiC + H20 = Ti s+ + CO -{- 2H + + 5 e -  [1] 

TiC + 2H20 = Ti 3+ -{- CO2 -{- 4H + -{- 7 e -  [2] 

TiC + 2H20 = TiO 2+ + CO -{- 4H + -{- 6 e -  [3] 

TiC + 3H20 = TiO 2+ + CO~ -{- 6H + -t- 8 e -  [4] 

which account for the  fact  t ha t  both  CO and CO2, but  
no o ther  gases, a re  produced  dur ing  anodic dissolution, 
the  n u m b e r  of electrons,  z, associated wi th  the  stoi-  
chiometr ic  equat ion is then  5 ~ z ~ 8, and  is unique 
for each equation.  The va lue  of z m a y  be obta ined  
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experimental ly.  Assuming 100% anodic current  effi- 
ciency, and that  the carbide is stoichiometric, z is 
given by 

47.9 q 
z = �9 -- [5] 

F 

where q coulombs results in ~ grams of t i t an ium pass- 
ing into the solution. 

The second technique was to construct a rotat ing 
r ing-disk  electrode whose disk was a single crystal 
of TiC. A p la t inum ring was used to detect any  Ti 3 + 
produced dur ing  anodic dissolution of the disk. 

I l 

A COLLECTOR 

B INSULATED COPPER 
WIRE 

C BRASS TUBE 

D PLATINUM 

E Ti C 

Experimental 
Small  single crystals of t i t an ium carbide were k indly  

donated by Dr. G. E. Hollox, Brown Boveri Research 
Center, Baden, Switzerland. These were chips from 
larger crystals which had been grown from sintered 
carbide, and whose stoichiometry was given as 
TiC0.9~• They contained no free carbon. 

In  making  an electrode from such a crystal, the 
solderabil i ty problem was first overcome by vacuum 
depositing a layer of chromium onto the surface, fol- 
lowed by a layer of copper, each about 1000A thick. 
The copper was then bui l t  up galvanical ly to form a 
solderable contact to a copper wire, and the area com- 
prising the joint  was then embedded in a hard setting 
resin, stable in dilute acid solutions. An  electrode 
thus produced had roughly the same form as a con- 
vent ional  wire electrode fused in glass, i.e. the solu- 
tion was in contact with different crystal  surfaces of 
the carbide at the same time. This was a simpler 
a r rangement  than  mount ing  an electrode such that  
only a given plane contacted the solution, and was 
justified by the observation that the [100] and [110] 
faces of t i tan ium carbide showed the same dissolution 
kinetics. Before use, the electrode was cleaned of any 
copper and chromium on the surface by anodic str ip- 
ping in sulfuric acid. 

For certain potentiostatic experiments,  the quant i ty  
of electricity passed was measured directly with an 
electronic coulometer. This was designed to integrate 
small  currents,  of the order of 100 ~A, where the con- 
ventional  silver coulometer is t ime consuming and 
can function with less than  100% current  efficiency. 
The voltage drop across a 100 ohm resistance, placed 
in the counterelectrode lead of the potentiostat, was 
amplified and then converted into a pulse signal whose 
frequency was proportional to the current  which was 
being measured. The pulses were then summed with 
a f requency counter over any desired period of time, 
and the total count, with the introduct ion of a single 
cal ibrat ion factor, gave a direct value for the number  
of coulombs which had passed. The ins t rument  was 
calibrated to give 1000 Hz at 500 #A. At this current ,  
a precision of about 0.1% was obtained, falling to 1% 
(•  count) at 50 ~A. A second range gave a precision 
of about 0.1% at 1.5 mA. Between 50 ~A and 1.5 mA, 
the precision was better  than 1%. 

Because of the impossibil i ty of machining single 
crystals of TiC, the construction of the RRDE posed 
some problems. Eventua l ly  it was made in three 
separate parts, the ring, disk, and body sections (Fig. 
1), which were then press-fitted together as shown 
in the figure. The disk section was constructed by first 
gr inding a crystal into the form of a regular  cylinder, 
diameter  6.7 m m  and thickness about 2 mm. A stainless 
steel cylinder, diameter  6.7 mm and thickness 5 mm, was 
then stuck onto the back of this, using Araldite resin. 
The piece was then mounted in Plexiglas, using a 
s tandard metal lurgical  press, and the outside diameter  
turned to 7.4 mm. A hole of diameter  3 mm was then 
drilled through to the back surface of the carbide, and 
the Araldi te  at the bottom of the hole scraped away. 
For the r ing section, a cylinder of brass was ma-  
chined to an external  diameter  of 8.4 mm and an in ter-  
nal  diameter  of 7.4 mm. To this was brazed a disk of 

I~  BRASS 
I~ STAINLESS STEEL 
[ ]  PLEXIGLASS 

E 
Fig. !. Rotating ring-disk electrode 

plat inum, which was then machined to the same in-  
ternal  and external  diameter  as the cylinder.  The 
brass tube was then cut to a length of 7 mm, and the 
piece mounted in Plexiglas and the OD turned  to 
13.5 ram. A fine insulated copper wire, soldered to the 
top edge of the cylinder, served as the eventual  
contact for the r ing electrode. This passed through a 
small  brass tube attached to, but  insulated from, the 
main  body of the electrode, and was fixed to a stainless 
steel collector ring. The steel body of the electrode was 
also mounted in Plexiglas, and the three sections were 
fitted together as shown. Contact to the disk was made 
by a pin, pressed against the back surface by a spring 
which was in t u rn  connected through the drive shaft 
to the  potentiostat. The disk diameter  was 6.70 mm and 
the in terna l  and external  diameters of the r ing were 
7.40 and 8.40 mm respectively. The complete rotat ing 
disk assembly has been described elsewhere (2). Other 
exper imental  details have been described in an earlier 
paper (1). 

Results 
Coulometric experiments.--In order to determine 

whether  the dissolution of t i t an ium carbide can be 
represented by any  one of Eq. [1]-[4],  a known 
anodic charge was passed through the electrode, 
under  both galvanostatic and potentiostatic condi- 
tions, and the solution subsequent ly  analyzed for 
t i t an ium by spectrophotometry, z was then calculated 
by Eq. [5]. 

A constant anodic current  of 1 mA was passed 
through an electrode of area approximately 0.5 cm 2 
in 2/V HeSO4 saturated with ni t rogen Dur ing  dissolu- 
tion, the potential  of the electrode was 1.01V. The 
mean  value of z, obtained from several experiments  
on t h e  same electrode, was 6.5 • 0.1. However, other 
electrodes gave different results, suggesting that  z 
varied with current  density or, more precisely, with 
the potential  of the corroding electrode. This was in -  
vestigated by  repeat ing the exper iments  under  
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potentiostatic conditions. The current  was then in-  
tegrated with the electronic coulometer described 
above. At the end of each exper iment  the solution 
was analyzed for t i tanium. By repeating at different 
potentials, the value of z was obtained as a funct ion 
of E. The results are shown in  Fig. 3A. Below 0.97V, 
z ~ 7 but  above this potential,  z steadily decreases. 

Dur ing  dissolution of TiC both CO and CO2 are 
produced. Potentiostatic experiments  showed that  as 
E increases the corrosion produces progressively more 
CO and less CO2. 

The spectrophotometric analysis of t i tan ium is based 
on the yellow complex which is formed between 
t i t an ium ions and H202. When t i t an ium carbide under -  
goes anodic dissolution in 2N H2SO4 containing I-I202, 
the solution bec'omes progressively, more yellow as 
the concentrat ion of t i t an ium increases. By moni tor-  
ing the absorbance of the solution, z can be calculated 
coulometrically. This provides a convenient  method for 
checking the values of z reported above. A constant  
anodic current  was passed through a TiC electrode in 
a solution containing 50 ml of 2N H2SO4 and 1O ml 
of 3% H202. The absorbance of the solution was 
measured at ha l f -hour ly  intervals  and plotted as a 
function of time. A l inear relationship was obtained, 
from the slope of which z was calculated. This was 
repeated at different currents. The results are shown 
in Fig. 2. From seven such experiments  a value of z 
---- 4.98 • 0.05 was obtained, which suggests that  in 
the presence of H~O2 the anodic dissolution of TiC 
proceeds by Eq. [1] only. However, analysis of the 
gaseous corrosion products showed that  both CO and 
CO2 are formed. An  explanat ion of this, and of the 
constancy of z in  this solution, is proposed below. 

As a confirmation of the effect of H20~, the dissolu- 
tion of TiC was studied in a solution of the same 
composition under  potentiostatic conditions; z was 
measured as a function of potential. The results shown 
in Fig. 3B confirm the value of z = 5 for potentials less 
than about 1V. Above this, s imultaneous oxidation of 
the H202 begins, with a consequent  lowering of the 
current  efficiency for carbide dissolution. Calculated 
values of z therefore become greater. 

Rotating ring-disk electrode.--The electrode de- 
scribed above was used to determine whether  Ti s+ is 
produced as an unstable  in termediate  in the anodic 
oxidation of TiC. The electrode was rotated at 50 rpm 
in 2N H2SO4 saturated with nitrogen. A constant  po- 
tential  of 1.15V was applied to the ring, and the r ing 
current  iR was recorded while the disk current  iD was 
zero. When iR was steady, a constant  anodic current  of 
200 #A was passed through the disk, which adopted a 
potential  of about 1V. The instant  that  the disk cur-  
rent  was switched on, the r ing current  rose. When iD 
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Fig. 2. Spectrophotometric analysis of titanium during constant 
current charging of TiC in 50 ml of 2N H2SO4 -I- 10 ml of 3% 
H202. 
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IR, on potential. 

was switched off, iR fell back to its original  value. The 
absolute value of iR was very  small, less than 0.1 ~A 
(corresponding to 1 ~A cm-2) .  A potent ial  of 1.10V was 
then applied to the r ing with iD still zero, to establish 
a new residual r ing current .  When this was stable, the 
disk current  was switched on and iR immediate ly  rose. 
This sequence was repeated at several potentials. Fig-  
ure 4 shows the effect of iD on iR at three r ing  poten-  
tials. Values of iR were so small  that  it was not possible 
to correlate them with values of iD and with the rota-  
tion speed of the electrode. When the residual  r i n g  
current  and the increase, 8iR, which occurred when  the 
disk was switched on were plotted against r ing  poten-  
tial, the relationships shown in  Fig. 5 were found. 
These two figures are discussed below. 
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Fig. 6. Tafel curves for the dissolution of TiC in H2S04 solu- 
tions. 

Tafel curves for the dissolution reaction.--Figure 6 
shows Tafel curves obtained in various concentrat ions 
of H2804. A high degree of reproducibil i ty was ob- 
tained, and the slope of 0.073V/decade was the same in 
each solution. 

Discussion 
The results obtained with the RRDE clearly show 

(Fig. 4) that dissolution of the TiC disk produces a 
species which is then oxidized at the ring. When these 
results are plotted in the form shown in Fig. 5, two 
interest ing features appear. First, the residual  r ing 
current  (iR when iD ---- 0) plotted against r ing potential  
passes through zero at 0.89V. This potential  is in close 
agreement  with the equi l ibr ium potential  for the P t /  
PtO system reported by Hoare (3), who gave a value 
of 0.88V in the same solution as that used in the present  
work. When iD =/= 0, the total r ing current  therefore 
contains.a contr ibut ion due to p la t inum oxidation, plus 
an addit ional part  due to an oxidizable species pro- 
duced by  the dissolution of the disk. The second feature 
is that values of ~il~ are independent  of potential. Ab-  
solute values are only about  0.01 ~A. This is, however, 
precisely the order of magni tude  which would be ex-  
pected for the oxidation of an unstable  Ti ( I I I )  in ter -  
mediate. From Pourbaix  (4), the equi l ibr ium poten- 
tial for the redox couple Ti3+/TiO 2+ at pH ---- 0 and at 
TiOe+/Ti 8+ ---- 1 is about 0.16V. Since the potential  of 
the TiC disk is above 0.8V dur ing its dissolution, 
Ti (III) would undergo immediate  oxidation at the disk, 
and only a very  small  fraction would be expected to 
reach the ring. This can be evaluated from the pres-  
ent results. The collection efficiency for the electrode 
used here is 0.27, from the tabulated values of Albery  
and Bruckenste in  (5). If the dissolution of the disk 
ini t ia l ly  produces Ti 8+, for which the stoichiometric 
reaction may  involve 5 electrons (which wil l  be dis- 
cussed below),  a current  of 200 ~A at the disk should 
give rise to a ring cur ren t  of 10.8 #A. Since the ob- 
served values of 8JR were about 0.01 #A, only about 
0.1% of the T i ( I I I )  produced at the disk was able to 
leave the surface before being oxidized to Ti (IV). The 
Ti ( I I I )  which reaches the r ing is oxidized at the 
l imit ing current .  This is in good agreement  with re-  
cent work on the corrosion of t i t an ium (6), in which a 
similar l imit ing cur ren t  was found for the oxidation 
of Ti 3 + to Ti 4 +. 

The results of the coulometric experiments  can be 
explained as follows. In  the absence of H202, the effect 
of which wil l  be discussed below, z ~ 7 at potentials 
below 0.97V (Fig. 3A). Both CO and CO2 are pro- 
duced in  approximately equal quantities.  The reaction 
therefore clearly follows two paths simultaneously,  
those represented by Eq. [3] and [4], wi th  Ti ( I I I )  oc- 
curr ing as an uns tab le  intermediate.  The mean  value 
of z for these two reactions is thus about 7, as ob- 
served. At higher potentials, z decreases and a pro- 
gressive increase in the amount  of CO produced was 
observed. That  is, the reaction favors Eq. [3]. I t  would 
appear to be contradictory, that  as the potential  is 
made more anodic the lower oxide of carbon is favored. 
This can only be so if CO2 is formed by the oxidation 
of CO adsorbed on the electrode surface, and which 
undergoes progressive desorption above 0.97V. The 
work of Gi lman (7) in fact shows that  this is quite 
possible. He studied the adsorption of CO on a plat i-  
n u m  electrode in 1N HC104, and observed that  it was 
adsorbed up to 0.90V (against  a hydrogen electrode in 
the same solution) but  that  above this potential  the 
surface coverage of CO decreased rapidly. Therefore 
the dissolution of TiC produces Ti 3 + and CO as init ial  
products, the Ti 3+ undergoing immediate  oxidation at 
the electrode surface while the CO may either desorb 
or be oxidized to CO2. As the potential  increases, the 
desorption reaction is favored. 

This explanat ion for the potential  dependence of z 
also accounts for the fact that  constant current  experi-  
ments  gave values of z which were general ly  non-  
integer and which apparent ly  depended on the current  
density. Thus there is good agreement  between the 
observed potential  (1.01V) dur ing the galvanostatic ex- 
per iment  reported above, and that  expected from Fig. 
3A for z ---- 6.5 (1.02V). 

In  the presence of H202 the dissolution of TiC pro- 
duces both CO and CO2, bu t  z is constant  at 5. This in 
fact affords fur ther  evidence for the in termediate  for- 
mat ion of Ti (III) .  The ini t ial  reaction may  be repre-  
sented by Eq. [1], for which z ---- 5, producing Ti ( I I I )  
and CO as discussed above. The oxidation potential  of 
H202 is, however, higher than  the electrode potential.  
Therefore oxidation of T i ( I I I ) ,  and of adsorbed CO to 
COe, by H202 in the double layer occurs at a greater 
rate than electrochemical oxidation. This may be repre-  
sented by 

TiC -{-~I-I20 ---- Ti 3 + -5 COads -5 2H + -5 5e-  

COads -- CO 

COads + H20~ = CO2 + H~O 

Ti 3 + -5 H202 ---- yellow complex. 

Thus both CO and CO2 are formed while z remains 
constant at 5. 

The Tafel slope of 0.073V/decade gives nfl ---- 0.81, 
where n is the number of electrons involved in the rate- 
determining step and fl is the anodic transfer coeffi- 
cient. Since the dissolution is a completely irreversible 
reaction, the absolute value of the overvoltage, % is 
not known and the lines of Fig. 6 cannot be extrapo- 
lated to ~1 ---- 0 to obtain an exchange current density. 
Whether the R.D. step is a one-electron reaction with 

---- 0.81, or a two-electron transfer with fl = 0.40, 
cannot be determined from the present work, and con- 
sequently this step cannot be identified. 

Manuscript  submit ted Nov. 20, 1970; revised manu-  
script received ca. Ju ly  7, 1971. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1972 
JOURNAL. 
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Electrodeposition of Resins at Soluble Metal Anodes 
Sidney L. Phillips *.1 and Eugene P. Damm, Jr. 

Systems Development Division, Internationa~ Business Machines Corporation, Poughkeepsie, New York  12602 

ABSTRACT 

The e lect rodeposi t ion of d ispersed organic po lymers  onto soluble meta l  
anodes is t rea ted  in t e rms  of the  diffusion of meta l  ions th rough  the  film as 
the  r a t e - d e t e r m i n i n g  step. Diffusion cont ro l  of the  cur ren t  was shown by  the 
l inear i ty  of plots  of cu r ren t  vs. t -1/2. Equat ions were  der ived  which re la te  the 
ins tantaneous  film thickness  and ra te  of film growth  as funct ions of t ime. Ex-  
per iments  carr ied  out in an aqueous dispers ion gave resul ts  in agreement  wi th  
theore t ica l  predict ions.  The expe r imen ta l  resul ts  do not  suppor t  the  ohmic 
equat ion which has been proposed to account for the  falloff in cur ren t  w i th  
time. 

Elect rodeposi t ion of resins from aqueous dispersions 
has appl ica t ion  to coat ing of meta l l ic  objects  by  organic 
films (1-6).  The deposi t ion process consists of a num-  
ber  of steps, which m a y  include diffusion and migra t ion  
of cations, anions, and water ,  floeculation and compac-  
t ion of the  dispersed resin onto the  anode, and ox ida-  
t ion of a funct ional  group on the  resin.  I t  is genera l ly  
agreed  tha t  fiocculation of the  resin is caused by  me ta l -  
lic ions genera ted  at  the  anode (2, 5). 

In  the  present  work,  we repor t  the  resul ts  of a s tudy 
focused p r imar i l y  on der iv ing  equations which can be 
used to pred ic t  deposi t ion rates  and the dependence  of 
film thickness  on p la t ing  time. Included also is a s tudy 
of the effect of appl ied  vol tage  on the cur ren t  and film 
thickness,  and an a l te rna te  explana t ion  for the fal l  off 
in p la t ing  cur ren t  wi th  t ime, which  has been observed 
b y  others  (8-10). 

Theory 
In ag reemen t  wi th  o ther  workers ,  we assume tha t  

deposi t ion of resins at  soluble me ta l  anodes proceeds 
via a mechanism involving e lec t rochemical  flocculation. 
Af te r  format ion  of the ini t ia l  film (5), meta l  ions 
formed at  the  e lec t rode-f i lm interface  must  pass 
th rough  the growing organic l ayer  to the f i lm-disper -  
sion in ter face  so tha t  fiocculation m a y  continue. One 
mode of mass  t ransfe r  of meta l  ions f rom the  anode 
th rough  the film is by  diffusion. 

If  the  mode of mass t ransfe r  of meta l  ions th rough  
the film is b y  F ick ian  diffusion, c u r r e n t - t i m e  curves  
wi l l  show a typica l  shape such tha t  a plot  of fa radaic  
cur ren t  vs. the  rec iprocal  of the square  root  of t ime 
yields  a s t ra ight  l ine (14). Plots  were  const ructed ac-  
cording to this  re la t ionship  using publ ished da ta  for  
three  d i f ferent  d i spers ion-e lec t rode  systems (8-10),  
and  are  shown in Fig. 1. As can be seen, s t ra ight  l ines 
are  obta ined  in each case, showing diffusion control  
over  these t ime  ranges.  On this basis, we wil l  assume 
tha t  the  l imi t ing s tep in the  deposi t ion of a concen-  
t ra ted  suspension at  soluble meta l  anodes is diffusion 
of the  me ta l  ion th rough  the  organic  film to de r ive  an  
equat ion re la t ing  the  film thickness  as a funct ion of 
t ime. 

Film thickness controlled by metal di~usion.--The 
organic film in i t ia l ly  formed is assumed free of meta l  
ions (5) so tha t  at  the s ta r t  of the  exper imen t  we wr i te  
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1Present  address:  Systems D e v e l o p m e n t  Division,  I n t e r n a t i o n a l  

Bus iness  Machines  Corpora t ion ,  M o n t e r e y  and Cottle Roads,  San  
Jose,  Ca l i fo rn ia  59114. 

Key  words:  e lectrophoret ic  deposition, eleetroplating,  dispersions,  
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t=O, O>x--l: Co=O [13 

Here, t is the  time, x is the  l inear  distance wi th in  the  
film, I is the  film thickness,  and Co is the  concentra t ion 
of me ta l  ion wi th in  the  film. 

As boundary  conditions, we prescr ibe  

t > O ,  x = O :  C o = C * o  [2] 

x=~: Co----O [3] 

( 8 C o )  dZ 
Do \-~-'x = M dr-- [4] 
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Fig. 1. Current vs. t- l~=: Curve A. Sumner, tin anode, oleo- 
resinous lacquer emulsion. Curve B. Finn and Mell, iron anode, 
acrylic copolymer emulsion. Curve C. LeBras, iron anode, poly- 
corboxylic acid polymer. 
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dl 

dt 

For  smal l  

In  Eq. [2], C*o is the  concentra t ion  of meta l  ion at  
the  e lec t rode-f i lm interface,  w i th  the  va lue  o f  C*o 
de te rmined  by  the solubi l i ty  of the  meta l  ion in the  
med ium (7). In  Eq. [3], the  concentra t ion of meta l  
ions at  the  f i lm-dispers ion interface  is set equal  to zero 
(4, 8), whi le  in Eq. [4], the  flux of me ta l  ions at  this  
in terface  is equated to the  ra te  of g rowth  of the film. 
In  this last  equation, M represents  the  concentra t ion 
of meta l  wi th in  the  film, and Do is the  diffusion coeffi- 
cient of the  meta l  ion wi th in  the  wet  film. Deposi t ion 
occurs as meta l  ions a r r ive  at  the  f i lm-dispers ion in te r -  
face by  a diffusional process, so tha t  Fick 's  second law 
m a y  be applied.  Fo r  a p l ana r  e lect rode 

0Co 02Co 
, = D o  [5] 

Ot Ox2 

Equat ions  [1]- [5] ,  r ep resen t ing  diffusion wi th  a mov-  
ing boundary ,  m a y  be solved by  methods  analogous to 
those used in the comparable  cases of the  freezing of 
wa te r  (11) or me ta l - t a rn i sh ing  react ion (12, 13). 

In  te rms of the measured  parameters ,  the  solut ion is 

C*o/M ---- ~/~ ,~ exp(a2) e f t ( a )  [6] 
where  

l 2 So a a - -  _ _  and erf (=)  = e - y =  dy [7] 
2VDot 

For  smal l  va lues  of the  argument ,  er f (~)  is expanded  
in the series 

2 [ ~  a ~ a s  a~ ] 

V :  - -  + "'" 3 5.2~ 7.3! 

so tha t  for th in  films or long times, C*o/M = 2c~. In  
this ease, the re la t ion  be tween film thickness  and coat-  
ing t ime m a y  be wr i t t en  in the form 

1 = ~r Do C*o t /M [8] 

and the film thickness increases as the square root  of 
time. 

The comparable  expression for the  ra te  of increase 
in film thickness wi th  t ime is 

2 C * o D o { ~ e x p ( - - a ~ )  } [9] 

M~/~l  erf(~)  

dl  C*o Do 
- -  - -  [10]  

dt Ml 

where  in tegra t ion  of Eq. [10] y ie lds  Eq. [8]. As can 
be seen in Eq. [9] or [10], the  ra te  of film growth  falls  
off wi th  increasing film thickness.  

In  the present  work,  Eq. [8] was appl ied  to depos i -  
t ion of mix tures  of poly te t ra f luoroe thylene  and acry lo-  
n i t r i l e /bu tad iene  copolymer  at  copper  anodes (3). 

Experiment  
A programmable  t rans is tor  power  supply2 was used 

as the vol tage  source. In  practice,  the vol tage output  
was appl ied  d i rec t ly  to the  two e lec t rodes  so tha t  the  
exper iments  were conducted under  condit ions of con- 
s tant  appl ied  voltage. The cathode was a 250 ml  capac-  
i ty  s tainless  steel  beaker ,  whi le  the  anodes were  p re -  
pared  f rom 1 • 2 in. copper strips.  P r io r  to use, the  
s t r ips  we re  covered wi th  an insoluble polymer ic  coat-  
ing using photoengraving  techniques so tha t  only  a 
0.218 • 0.312 in. rec tangle  of copper  was exposed. For  
exper imen t s  where  the  cur ren t  was monitored,  a 
decade-box  load res is tor  was  p laced  in the cu r ren t -  
ca r ry ing  loop and the resul t ing vol tage  drop was fol-  
lowed using a Sargent  Model  SR recorder .  3 

E l e c t r o n i c  M e a s u r e m e n t s  C o m p a n y ,  M o d e l  2 1 4  A M ,  E a t o n t o w n ,  
N e w  J e r s e y .  

s E .  H .  S a r g e n t  C o m p a n y ,  C h i c a g o ,  I l l i n o i s .  
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Fig. 2. Plots of faradaic current obtained on anodic dissolution 
of copper vs. t-v=. Electrode area 0.37 cm 2. Weight per cent ratio 
of polytetrafluoroethylene to acrylonitrile/butadiene copolymer: A, 
51.1/0; B, 36.6/16.4; C, 24.4/24.6; D, 18.3/28.0; E, 12.2/32.0; F, 
0/41.1. 

Both of the  dispersions were  p rop r i e t a ry  and were  
used as received.  The poly te t raf luoroethylene  was E. I. 
du Pont  Teflon 30B containing 61.1 weight  pe r  cent 
(w/o)  solids; the  ac ry lon i t r i l e /bu tad iene  copolymer  
was B. F. Goodr ich  Hyca r  1561, containing 41.1 w / o  
solids. The dispersions were  not  s t i r red  dur ing  the 
deposi t ion process. 

The  electrodes were  c leaned with  t r ich loroe thylene ,  
fol lowed by  de te rgent  and wa te r  r ins ing before  i m m e r -  
sion in the dispersion. The  two electrodes were  then  
connected to the  power  supply,  and  the des i red  vol tage  
appl ied  for a specific length  of t ime. Usually,  the  t ime 
was measured  wi th  a stop watch,  but  for exper iments  
of less than  ten  seconds dura t ion  a r epea t  cycle  t imer  4 
was used to app ly  the  voltage. 

Af te r  complet ion of deposit ion,  the coated anode was 
removed  from the dispersion and r insed in dist i l led 
wate r  to remove  any ma te r i a l  which clung to the  
organic film. The coated anode was then  dr ied  under  
ambien t  condit ions for 2 h r  and placed in a forced-f low 
air  oven at  105~ for 10-15 hr.  Measurements  of the 
film thickness  were  made wi th  e i ther  a micrometer  or 
under  magnif icat ion using a Nikon Model C Shadow-  
graph.  

Results and Discussion 
Typical  plots  of the  faradaic  cur ren t  vs. t- ' l ,  for  

var ious  weight  ra t ios  of the  two dispersed substances 
are  shown in Fig. 2. As can be seen, the expected l inear  
plots  are  obta ined in al l  the  exper iments  where  po ly -  
te t raf luoroethylene  is present .  

For  the  ac ry lon i t r i l e /bu tad iene  copolymer,  the  cu r -  
rent  fell  r ap id ly  to a constant  value,  and this behavior  
is reflected by  a change in slope of the l inear  plot. The 

4 G .  C .  W i l s o n  & C o m p a n y ,  C h a t h a m ,  N e w  J e r s e y .  
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plots  shown in Fig. 2 have not been correc ted  for  
charging cur ren t  or res idual  cur ren t  effects such as 
evolut ion of oxygen  (2, 8). Assuming  tha t  evolut ion of 
oxygen cont r ibutes  a constant  fa rada ic  component  to 
the over -a l l  cu r ren t  at  a soluble e lect rode such as cop- 
per, plots such as those shown in Fig. 2 should be ob-  
ta ined;  tha t  is, the  plots  should be l inear,  but  wi th  a 
posi t ive intercept .  

On the basis of these plots,  we conclude tha t  passage 
of copper  ions th rough  the  po lymer  film is p r i m a r i l y  
control led  by  a diffusional process descr ibable  in te rms 
of Eq. [6] and  [8]. Superposed  on the anodic copper  
dissolut ion cu r ren t  is a contr ibut ion  f rom oxidat ion  of 
the  medium,  as wel l  as a smal le r  flow of nonfaradaic  
charging cur ren t  caused b y  a change in the  capaci tance 
of the  growing organic film. 

Variation in fi~m thickness with time.--According to 
Eq. [8], the ins tantaneous  film thickness  is p ropor t iona l  
to the square  root  of t ime. This re la t ionship  was tes ted 
for severa l  dispersions,  and  a typica l  l inear  plot  ob-  
ta ined  f rom a mix tu re  of poly te t ra f luoroe thylene  and 
ac ry lon i t r i l e /bu tad iene  is shown in Fig. 3. The da ta  
for the  plot  shown in Fig. 3 were  obta ined  at  an ap -  
p l ied  vol tage of 20V, but, as discussed below, h igher  
or lower  vol tages  did not  necessar i ly  affect the  film 
thickness  significantly.  

Effect o~ applied voltage.--Other worke r s  (4, 8) have  
accounted for the  fa l l  off in fa radaic  cur ren t  dur ing  
an e lec t rophoret ic  deposi t ion process by  noting tha t  
the  res is tance of the growing  organic film increases,  
and  therefore  the  cu r r en t  mus t  decrease  according to 
the ohmic relat ion,  I = V/ (RF + R). In this  equation,  
I is the current ,  V is the appl ied  voltage,  RE is the  
t ime-dependen t  film resistance,  and R is the constant  
resis tance of the  d ispersed phase. Note tha t  this  r e l a -  
t ion also predic ts  an increase in cur ren t  wi th  increasing 
appl ied  voltage.  

In  the present  work,  the  app l i cab i l i ty  of the  ohmic 
equat ion was tes ted by  deposi t ing Tef lon-Hycar  organic 
films onto p l ana r  copper  e lectrodes at  var ious  appl ied  
voltages.  The c u r r e n t - t i m e  behavior  was recorded for  
those exper iments ,  and typ ica l  curves are  shown in Fig. 
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Fig. 4. Current-time curves obtained at various applied voltages 
for same dispersion composition as in Fig. 2. Applied voltages: 
A, i.5; B, 2.0; C, 2.5; D, 3.0; E, 3.5; F, 4.0; G, 5.0; H, ]0-100V. 

4. Only  curves  obta ined  at  appl ied  vol tages in the  
range  I0-100V gave s t ra ight  l ines over  the  ent i re  t ime 
in te rva l  when  the cur ren t  was p lo t ted  as a funct ion of 
t-'/2, so tha t  the  dissolut ion of copper  is diffusion- 
l imi ted  at  a l l  t imes on ly  over  this  range.  However ,  the  
faradaic  cur ren ts  for  curves  C-G are  h igher  at  long 
t imes than  the cor responding  curves  obta ined  at  vol t -  
ages exceeding  10V, indica t ing  tha t  th ick  films may  
st i l l  be obtained.  This is because the  film thickness  de -  
pends on the  quan t i t y  of me ta l  ions which  flowed 
th rough  the  film, so tha t  the  impor t an t  factor  to con- 
s ider  is the  in tegra l  of the  cur ren t  over  the  t ime of the 
expe r imen t  which y ie lds  the  number  of coulombs. 

Data  re la t ing  film thickness  to the  appl ied  vol tage  
are  given in Table  I and, as can be seen, there  is no 
apprec iab le  change in film thickness  over  the  range  3- 
100V. Thus, the da ta  in this  tab le  and the  ident ical  
c u r r e n t - t ime  curves  obta ined  at  vol tages be tween  10 
and 100V do not  suppor t  the  ohmic re la t ion  for  this  
dispers ion system. 

Conclusion 
We conclude tha t  the  r a t e - d e t e r m i n i n g  step in the  

deposi t ion of the  po lymers  inves t iga ted  here  is sa t i s -  

Table I. Effect of voltage on film thickness 

Dispersions composed  of 60 w / o  Teflon 30B and  40 w / o  H y e a r  1 5 6 1 ,  
Coating t ime,  48 sec; planar copper e lectrode area, 0,44 cm~; dis- 
persed m e d i u m  resistance,  300 ohms.  

Appl ied  F i l m  th ick-  
voltage,  (V) ness,* (cm) 

2.0 0.010"" 
2.5 0.014 . e  
S.O 0.018 
4.0 0.020 
S.O 0.019 
6.25 0,017 

12.5 0.020 
25.0 0.017 
50.0 0,016 
75.0 0.017 

100.0 0.010 

* Dr i ed  in  a forced-f low a i r  oven for  2-4 hr prior to  m e a s u r e m e n t .  
** Nonun i fo rm  thickness ,  Nomina l  va lue  given.  
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fac tor i ly  descr ibed by  Eq. [6] and [8]. However ,  these  
equat ions a p p l y  when  the meta l  ion is free to diffuse 
th rough  the organic film. When  the dispers ion has a 
high resistance,  as in the case of a nonaqueous medium, 
Eq. [6] and [8] do not  hold  and the film bui ldup  m a y  
follow the re la t ionships  der ived  by  Hamake r  (12), 
and Hill,  Lovering,  and Rees (13). The impor tan t  
character is t ic  which deposi ted resins must  have to fol-  
low Fick 's  law is p robab ly  inclusion of a subs tant ia l  
amount  of wa te r  in the  deposit,  so tha t  meta l  ions can 
diffuse th rough  the film. 

Manuscr ip t  submi t ted  Jan.  11, 1971; revised m a n u -  
script  received ca. Aug. 10, 1971. This was Pape r  206 
presented  at  the At lant ic  City Meet ing of the  Society, 
Oct. 4-8, 1970. 

Any  discussion of this  paper  wi l l  appear  in a Dis-  
cussion Section to be publ ished in the June  1972 
JOURNAL.  
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Correlations between the Kinetics of Electrolytic 
Dissolution and Deposition of Iron 

I. The Anodic Dissolution of Iron 

F. Hilbert, z Y. Miyoshi, 2 G. Eichkorn, and W. J. Lorenz~ 

Department oS Electrochemistry, University of Karlsruhe, Karlsruhe, Germany 

ABSTRACT 

A synopsis of exper imen ta l  resul ts  on the  anodic dissolution of i ron is given. 
F rom these da ta  the existence of two different  react ion mechanisms is proved,  
of the  noncata lyzed (Bockris)  mechanism and of the  ca ta lyzed (Heusler)  
mechanism. The cur ren t  dens i ty -po ten t i a l  re la t ions  under  s t eady-s ta te  and 
nons teady-s ta te  condit ions are  given. An  atomist ic  model  of the two dissolution 
mechanisms is confirmed by  electron micrography.  I t  is shown tha t  a change 
be tween  react ion mechanisms can be brought  about  at  will .  Which  one of the  
two mechanisms is p redominan t  depends  on the surface ac t iv i ty  of the  i ron 
sample, which is de te rmined  by  the c rys ta l lographic  substructure .  This is 
shown by x - r a y  measurements ,  e lect rochemical  exper iments ,  and electron 
micrographs.  The exchange cur ren t  densit ies of the F e / F e  ++ e lec t rode  are  
ca lcula ted  and discussed. 

With  r ega rd  to the  indus t r ia l  use the  impor tance  of 
a deta i led  knowledge  about  the e lec t rochemical  and 
corrosion behavior  of the  meta ls  of the  i ron group is 
obvious. However ,  invest igat ions  of the mechanisms of 
these m e t a l / m e t a l - i o n  e lect rodes  are  difficult, due to 
the grea t  number  of pa rame te r s  de te rmin ing  the elec-  
t rochemical  behavior :  charge t ransfe r  overvoltage,  
crys ta l l iza t ion overvol tage,  adsorpt ion  and desorpt ion  
of gases and o ther  surface active substances,  the for-  
mat ion  of in te rmedia te  react ion compounds,  complexa-  
t ion o f  the  me ta l  ions wi th  components  of the solution, 
pass ivat ion  phenomena,  the occurrence of two or more  
e lect rode react ions  at  the  same t ime (on corroding 
meta l s ) ,  etc. 

t E lec t rochemica l  Socie ty  Act ive  Member  through Deutsche  B u n -  
sen.  

1 P r e s e n t  addres s :  Inst i tute o f  A n o r g a n i c  Chemica l  Technology,  
Techn ica l  Un ive r s i ty ,  Graz ,  Austria. 

2 P r e s e n t  address :  Nippon  S tee l  Corpora t ion ,  Cen t r a l  Research 
Labora to r i e s ,  Fuch inobe ,  S a g a m i h a r a - s h i ,  K a n a g a w a ,  J a p a n .  

Key words:  corrosion; charge  t r a n s f e r  m e c h a n i s m  of iron; crys-  
tallographic subs t ruc tu re ,  influence on charge transfer; iron e lec -  
trode, e x c h a n g e  current  density of. 

For  solid meta ls  an impor tan t  influence of the surface 
ac t iv i ty  on the phase bounda ry  react ion i tself  is to be 
expected.  However ,  unt i l  now the expe r imen ta l  resul ts  
regard ing  this  dependence  are  ra the r  scarce. For  the r -  
modynamic  equi l ib r ia  the  ac t iv i ty  of pure  condensed 
phases is equal  to one by  definition. Fo r  kinet ic  phe-  
nomena this approx imat ion  is not valid. This has been 
known for a long t ime from invest igat ions  of ca ta ly t ic  
reactions.  Especia l ly  in the  case of heterogeneous reac-  
t ions of the  ca ta ly t ic  ac t ive  meta ls  of the i ron group 
an influence of the  surface ac t iv i ty  should be evident .  

Thorough invest igat ions into the  mechanisms of com- 
p l ica ted  m e t a l / m e t a l  ion electrodes are  possible only 
if a grea t  number  of de te rmin ing  pa rame te r s  can be 
e l imina ted  or held  constant.  For  this reason, in many  
exper iments  the  fol lowing model  system was used: 

High pu r i t y  metalS/acid  solution; free of oxygen, 
surface act ive substances,  and complex  

forming  compounds.  

a In our exper iments  the  purity wa s  bet ter  than 99.95% (I).  
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B y  using h i g h - p u r i t y  metal ,  one e l iminates  the  in-  
fluence of atomic d isorder  caused by  impur i t y  a toms 
and the absorpt ion  of hydrogen  into the  me ta l  is made  
negligible.  The kinet ics  of cathodic hydrogen  evolu-  
t ion are  re la t ive ly  wel l  known. Other  reactions,  e.g., 
cathodic reduct ion  of oxygen  or the  format ion  of sur -  
face covering compounds,  cannot  occur in this  medium.  
The necessary pur i ty  grade  of al l  reagents,  including 
water ,  is ve ry  high, owing to the  sens i t iv i ty  of the 
t rans i t ion  meta ls  to surface act ive substances.  To main -  
ta in  a high enough e lec t r ica l  conductance of the  solu-  
t ion and to s impl i fy  somewhat  the  s t ruc ture  of the  
e lectr ical  double  l ayer  a r e l a t ive ly  high concentra t ion 
of an iner t  e lec t ro ly te  is necessary.  I t  has been shown 
(1, 2), tha t  sulfate  and perch lora te  ions a re  not surface 
active on meta ls  6f the  i ron group; for  this  reason most 
of the exper iments  are  done in acid solutions of the  
sodium salts of these anions. 

Pa r t  I represen ts  ma in ly  a rev iew of the  presen t  
knowledge  about  the anodic dissolution of iron, a l -  
though some as ye t  unpubl i shed  resul ts  and in t e rp re t a -  
t ions are  included.  For  the first t ime in pr in t  appear  
the  expe r imen ta l  da ta  of the  section on Cold work ing  
of inact ive  samples  and some of the  theore t ica l  in te r -  
pre ta t ions  in the  sections on React ion Mechanisms of 
Anodic  Dissolution, Kinet ic  Equations,  Atomis t ic  Model, 
and Exchange  Curren t  Dens i ty  of the F e / F e  + + Elec-  
trode. 

General Results 
Many papers  deal ing with  the  anodic dissolution of 

i ron have  been publ i shed  in the last  few yea r s  (1-58).  
Al l  authors  agree  that  the over -a l l  dissolution react ion 

F e -  ~ F e + +  W 2 e -  

shows no dependence  on the ferrous  i ron concent ra -  
tion, but  that  the react ion is s t imula ted  by  h y d r o x y l  
ions, even in h ighly  acidic solutions. This is shown by  
a posit ive e lec t rochemical  react ion order  re la t ing  to 
the pH of the  solution. At  first, a ca ta ly t ic  effect of the  
h y d r o x y l  ions in acid solutions seems ve ry  unl ikely .  
Because at  pH : 1 the  O H -  concentra t ion is about  
10 -13 moles / l i t e r  and one finds one O H -  ion /cm 2, ca l -  
culated for  a distance of 50A. This concentra t ion is 
ev ident ly  too low to influence the  reaction. However ,  
there  is the  possibi l i ty  of genera t ion  of O H -  ions from 
water  molecules  by  deprotonat ion.  A posi t ive surface 
charge and the tendency  of the t rans i t ion  meta ls  to 
form complexes  is assumed to be the  cause of this r e -  
action. A wa te r  dipole  w i l l  adsorb  on the surface wi th  
the  negat ive  oxygen di rec ted  against  the posi t ive metal .  
The energy for depro tona t ion  is suppl ied by  the resu l t -  
ing electr ical  energy and by  the energy  of the  specific 
adsorpt ion bond be tween meta l  and h y d r o x y l  ions. 

The grea t  number  of exper imen ta l  resul ts  led main ly  
to two theories  about  the  anodic dissolution mechanism 
of pure  iron, worked  out by  Heusler  (17-22) and Bock-  
ris (24-26). Both authors  also inves t iga ted  the cathodic 
deposi t ion react ion in o rder  to prove  thei r  theories.  For  

some t ime it seemed impossible  to find an explana t ion  
for the  different  results .  So the worke r s  seemed to fal l  
into two groups proving  e i ther  the  one or  the  other  
theory.  Recent ly  it could be shown tha t  both  the  p ro -  
posed mechanisms can occur (1, 28, 49-52). They de-  
pend on the subs t ruc ture  of the  solid. This means  tha t  
different  surface act ivi t ies  lead to different  react ion 
pa ths  for  the e lectrolyt ic  dissolut ion of iron. The in-  
fluence of c rys ta l  imperfect ions  on the react ion kinet ics  
was quan t i t a t ive ly  measured  in the  model  sys tem de-  
scr ibed above. 

Kinetic Parameters of Anodic Dissolution 
H i g h - p u r i t y  i ron wi th  very  low surface ac t iv i ty  is 

dissolved by  a noncata lyzed  mechanism, which  agrees 
wi th  the resul ts  of Bockris  (24-26), Ke l ly  (27), and 
others. Such a ma te r i a l  is p roduced  by  zone mel t ing  
or recrys ta l l iza t ion  under  high vacuum. Eviden t ly  
s ingle crysta ls  fol low the same mechanism.  

Highly  active mater ia l ,  tha t  is i ron wi th  a high 
dens i ty  of mul t id imens iona l  c rys ta l  imperfect ions,  dis-  
solves by  a ca ta lyzed  mechanism, which agrees  wi th  
resul ts  of Heusler  (17-22) and others. Such a ma te r i a l  
with high dens i ty  of crys ta l  dislocat ions and s t rong 
deformat ions  of the  crys ta l  la t t ice  can be produced  b y  
co ld -work ing  processes. 

The two different  sets of expe r imen ta l  da ta  obta ined 
in dissolution exper imen t s  wi th  these two mate r ia l s  are  
shown in Table  I (1, 28, 49-52). The r ep roduc ib i l i t y  is 
ve ry  good. The densi ty  of c rys ta l  imperfect ions  was 
de te rmined  by  x - r a y  measurements  (1, 28, 49-52). The 
theoret ica l  values  are  found from the  kinet ic  equat ions 
for the  two react ion paths  (see below, section on K i -  
netic Equat ions) .  The te rminus  nons teady-s t a t e  means  
that  the  resul ts  are  obta ined  by  galvanosta t ic  or po-  
tent iostat ic  pulse  measurements .  As can be seen, the  
agreement  be tween  expe r imen ta l  and theore t ica l  r e -  
sults is r a the r  good. The two mechanisms give different  
Tafel  slopes under  s t eady-s ta te  condit ions and different  
react ion orders  re la ted  to the  pH. Under  s t eady-s ta te  
condit ions the  difference of 10 mV be tween  Tafel  slopes 
is r a the r  small .  But precision measurements  show this 
difference beyond doubt.  The difference be tween  the 
react ion orders  is big enough and can be exac t ly  de -  
termined.  

Reaction Mechanisms of Anodic Dissolution 
Table II  shows the two proposed mechanisms of the 

anodic i ron dissolution (1, 17-28, 49-52). The  ma in  
difference is in the  r a t e - d e t e r m i n i n g  charge t ransfe r  
reaction. These mechanisms and the i r  dependence  on 
the me ta l - subs t ruc tu re  are  discussed in the  fol lowing 
section. At  the beginning in both cases a po ten t ia l  de-  
pendent  react ion sequence leads to the  format ion  of 
adsorbed (FeOH)ads. I t  is assumed, tha t  this  sequence 
is at equi l ib r ium (Eq. [1]).  

In  the case of the  noncata lyzed mechanism this se- 
quence is fol lowed by  the charge  t ransfe r  step. In  this 
r a t e -de t e rmin ing  par t  of the  reac t ion  FeOH + ions are  

Table I. Kinetic data of the 
b+,Fe : anodic Tafel  slope for the iron dissolution reaction. 
n.,~H = e l e c t r o c h e m i c a l  r e a c t i o n  o r d e r  r e l a t e d  to  p H .  
n+,Fe ++ ~ electrochemical reaction order related to  CFe+ § 

iron dissolution at T = 298~ 

Steady-state 
C a l c u l a t e d  E x p e r i m e n t a l  

Nonsteady-state 
C a l c u l a t e d  E x p e r i m e n t a l  

b+,Fe + 39,4 m V  
n+,~H + I 
n+,Fe ++ O 

b+,~e + 29.6  m V  
n+,pH § 2 
n+,Fe ++ O 

Noncatalyzed mechanism 

+ 40 • 2 m V  b'+,Fe 
+ 1 ~ 0.1 n'+,~H 

O nt+,Fe §247 

Catalyzed mechanism 

§ 30 • 2 m V  b'+,Fe 
+ 2 • 0.3 n'+,pH 

0 n'+,Fe ++ 

+ 40 m V  + 60 ~- 7 m V  
+ 0.5 + O.5 • O.l 

0 0 

+ 5 9 . 2 m V  + 6 0 •  Y m V  
+ 1  + 1 •  

0 O 
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Table !1. Mechanisms of iron dissolution 
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Fe + HsO ~.~ Fe(HsO)ad. [ la] 
Fe(HsO)ad. ~.~ Fe(OH-)ada + H+ [ lb]  
Fe(OH-)ad8 ~ (FeOH)ads + e- [Ic] 
Fe + ~ ~ (FeOH)ad. + H+ + e- [I]  

Noncatalyzed mechanism Catalyzed mechanism 

(FeOH)ads ~ FeOH + + e- [2] Fe + (FeOH)adJ ~ [Fe(FeOH)] [3] 
[Fe(FeOH)] + O H - ~  FeOH+ + (FeOH)ad~ + 2e-  

FeOH+ + H+ .~ Fe++.aq + H~O [5] 

[4] 

formed and pass the electrochemical double layer (Eq. 
[2]). 

In  the case of the catalyzed mechanism the first se- 
quence is followed by a second surface reaction (Eq. 
[3]).  In  this step a catalytic active surface compound 
is formed. We believe that  the formula [Fe(FeOH)]  is 
a possible schematic hypothesis for this compound. The 
formation of this surface catalyst is dependent  on the 
surface activity of the metal. Plausibly  the formation 
will  take place at kinks of the metal  crystal or at ad- 
atoms in their  vicinity. From these surface complexes 
the reaction products of the charge transfer  step (Eq. 
[4]) are formed. In  this ra te -de te rmin ing  step Fe + + 
ions pass the electrochemical double layer and form 
FeOH + complexes with O H -  ions. In  the course of this 
mechanism, the sequence Eq. [1] is a paral lel  electro- 
chemical reaction. The over-aU reaction after the start  
consists only of the steps Eq. [3], Eq. [4], and Eq. [5]. 

The noncatalyzed mechanism takes place if the equi-  
l ibr ium of Eq. [3] is shifted to the left by a very  low 
surface activity of the metal. If the surface activity is 
high, this equi l ibr ium is shifted to the right. Large 
amounts  of the surface catalyst are formed and the 
reaction follows the catalyzed mechanism. 

The succeeding reaction is the fast hydrolysis step 
(Eq. [5]), which is the same for both mechanisms. 

The noncatalyzed mechanism shows two consecutive 
charge t ransfer  reactions of one e lementary  charge 
unit.  On the other hand, the catalyzed mechanism has 
only one charge t ransfer  reaction, in which two ele- 
men ta ry  charge uni ts  are t ransported across the double 
layer. A reac t ion  of this last type is energetically 
ra ther  improbable.  However, the exper imenta l  results 
of the second type cannot  be explained in any  other 
way. Another  explanat ion of the different Tafel slopes 
could be the superposition of crystall ization overvolt-  
age. But  in  this case there exists no explanat ion for 
the large difference in reaction orders. For this reason 
we beleive that  the catalyzed mechanism is possible 
under  certain conditions: (i) a high density of crystal  
imperfections and therefore a high catalytic activity 
of the metal, and (ii) dissolution wi th in  a l imited range 
of the anodic polarization curve (compare with section 
on Exchange Current  Densi ty of the Fe /Fe  + + Elec- 
trode).  

Two things have to be pointed out at this stage: For 
the first, the scheme of the catalyzed mechanism is 
only hypothetical.  However, the react ion sequence cor- 
responds to the exper imenta l  results. For  the second, 
we think, the terms "catalyzed mechanism" and "non-  
catalyzed mechanism" are not very  suitable, al though 
their  use is common in the l i terature.  It  would be 
better  to term the charge t ransfer  reaction "catalyzed" 
and "noncatalyzed." 

Kinetic Equations 
Steady-state conditions.--For the mechanism with 

noncatalyzed charge t ransfer  one obtains from Eq. [1], 
[2], and [5] of Table II  the following cur ren t -poten t ia l  
relat ions (the zeta-potential  is assumed negligible) 

i : 2 �9 io,1 �9 io,2 

alFe ) 
il "-- kl �9 aFe " aH20 " exp \ - - - ~ -  

-- k-l" a(FeOH)ads " all+ �9 exp ~- [6] 

io,1 = kl * aFe �9 aH20 " exp \--'R-T 

: k - 1  " a(FeOH)ads " a t t +  " exp ] -~  [7]  

( a,F~l ) a._(FeOH)ads 
il :/o~1 [ A  �9 exp " - -~ ' -T"  -- B "- 

a(FeOH)ads 

with 
aFe all20 aH + 

A=~ �9 , B =  , ~ l = e - - ~ o  

aFe a~-H20 a'H+ 

a--i = equi l ibr ium activity of the species i at ~ = ~o 

and 
a2Fl] ) 

a(FeOH)ads 

- -  C �9 exp ( 
(1 )] 

\ 

with  

[9J 

aFeOH + C - -  - ~  

aFeOH + 

For a consecutive charge t ransfer  mechanism 

i = il -{- i2 [10] 

is always valid. Herewith  one gets from [8], [9], and 
[10] 

a(FeOH)ads 

a(FeOH)ads (alF~l)_~_io,2.e.exp((1--a2)F~l) 
i -- io,1" A" exp \ - - R - ~  R-T 

( a2F~l ~ e x p (  ( 1 - -  a l )F~ ) 
io,~ �9 exp \ - - ~ /  --  io,I �9 B �9 RT 

[11] 
Under steady-state conditions 

d a(FeOH)ads il ~2 
: ~ -- ~ : 0 [12] 

d t zlF z2F 

A �9 e x p  

That means ii =/2 and i = 2 h for zl ---- z2 = I. There- 
fore [8] = [9] and using [II] it follows that 

( (a1-l-a2)F11)RT B . C ' e x p ( - - ( 2 - - a , - - a s ) F ~ R T  ) 
[13] 

\ RT / + i ~  - - '  RT 
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As  shown above, sequence [1] is assumed to be fast, 
whi le  react ion [2] is r a t e  determining�9 That  means  tha t  

io,1 >> io,2 
and s impl i fy ing  [13] 

i -- 2. io,~ �9 exp 
RT 

--  C �9 exp ( 
& 

(I 

Equat ion  [14] represen ts  the cur ren t  dens i ty -ove rvo l t -  
age re la t ion  for the  mechanism wi th  noncata lyzed  
charge transfer�9 F rom [14] the  fol lowing kinet ic  da ta  
can be obta ined under  anodic polar iza t ion  (11 > >  O) 

b + , F e - - (  O n )  2.303 RT 
0 log  i + ab~i ( 1 + a2) F + 39.4 m V  

[15] 
(wi th  a2 = 0�9 T = 298~ 

( ologi+ ) 
: + 1 [16] n+.pH : 0 pH aj, E 

In the  case of the  mechanism wi th  ca ta lyzed  charge  
t ransfer  f rom [1], [3], [4], and  [5] one gets the  fol-  
lowing cur ren t  dens i ty -overvo l t age  re la t ionships  using 
the symbol  K for [Fe (FeOH)]  

i --  k4 �9 aK �9 aoH-- " exp  ~ / - -  k - 4  �9 a(FeOIt)ads 

"aFeOH+ " exp  ( 2(1-- a4)Fe ) [17] 
KT 

�9 ( 2 ~ F e o  
'to,4 : k 4  " aK �9 aOH-- �9 exp ~ ~ / : k - 4  

_ _ ( 
�9 a (FeOH)ads  " a F e O H +  " exp 

[ a K  aoH-  ( 2 ~ F n )  
i : i o , 4  - ~ . e x p  " ~ T  - 

aK aoH -- 

2(1 - -  ~)F~o 
[18] / 

RT 

- - C  

( 2 ( 1 - -  a4)F~ ) ] a(FeOH)ads �9 exp [19] 

a (FeOH)ads  R T  

aK �9 aOH-- ( 2 ~ F n  ) 
i +  ~__ io,4 . _ _ . e x p  ~ [20] 

aK �9 aoH-- -- " 

The act ivi t ies  of the  ca ta ly t ic  surface complex  are  
given f rom Eq. [3] 

aK aFe a(FeOH)ads 
- -  -- [21] 

aK aFe a(FeOH)ads 

In  this  case under  s t eady-s t a t e  condit ions i t  fol lows 
tha t  

d a ( F e 0 H ) a d s  ~I 
----0, z l : l  [22] 

d t - -  z l F  

The  combinat ion  of [22] and [8] leads  to 

_ -- - - "  exp [23] 
a(FeOH)ads  B 

The s t eady-s t a t e  cur ren t  dens i ty -overvo l t age  re l a -  
t ion for the mechanism wi th  ca ta lyzed  charge t rans fe r  
react ion is wr i t ten ,  us ing [20], [21], and  [23] and  Kw �9 
a H 2 0  = all+ �9 ~0H--  

i+ _~ io~4 �9 ( .exp( (1 -F 2~)FTI ) [24] 
RT 

From Eq. [24] one obtains  the  k inet ic  da ta  

( O n )  2.303 R T  
b + ,  F e  - - -  0 l~g  i+  ai,~t = (1 + 204)F "- -F 29.6 m V  

[25] 
(wi th  ~4 --  0.5 and T ---- 298~ 

( Ologi+ ) 
n+.~H = = + 2 [26] 

a p H  =j,e 
Nons teady-s ta te  c o n d i t i o n s . - - U n d e r  nons teady-s t a t e  

condit ions the  anodic pulse measurements  show a de -  
crease of the  overvol tage  or  an increase of the  cur ren t  
dens i ty  wi th  time. The osci l lographic curves  are  i l lus-  
t r a t ed  schemat ica l ly  in Fig. 1. The values  a f te r  charg-  
ing of the  double  l aye r  give a Tafel  slope of about  b'+ 
= -k 60 _ 7 mV at 25~ for both  dissolut ion mecha-  
nisms. 

These anodie t rans ients  and the nons teady-s ta te  Tafel  
slopes can be exp la ined  by  an increase of the  in-  
t e rmed ia te  ion concent ra t ion  (FeOH)ads in the  ease 
of the  unca ta lyzed  mechanism or  b y  an increase  of the  
ca ta lys t  [Fe (FeOH) ] in the case of the  ca ta lyzed  m e c h -  
anism.  In  o ther  words,  a f te r  the charging of the  double  
l aye r  the  s teady s ta te  of Eq. [12] or  [22] is not  im-  
med ia t e ly  reached.  

The quant i ta t ive  exp lana t ion  of the  nons teady-s ta te  
resul ts  is difficult in the case of a consecutive charge  
t ransfer  mechanism (nonca ta lyzed  charge t r ans fe r ) .  
P lonski  (59-61) has s tudied the ga lvanos ta t ic  t rans ients  
by  a ma themat i ca l  t r ea tment .  The theore t ica l  results ,  
obta ined  by  computer  calculat ions for a model  system, 
indicate  the  appearance  of "superpolar iza t ion"  unde r  
cer ta in  conditions.  But  the exper imen ta l  s t eady-s ta te  
and nons teady-s ta te  Tafel  slopes in a wide overpoten-  
t ia l  range  are  not  pred ic ted  by Plonski ' s  model.  Losev 
(62) has measured  the in te rmedia te  ion concentra t ion 
at  s teady  state and found a good ag reemen t  be tween  
theory  of consecutive charge t rans fe r  mechanism and 
expe r imen ta l  results.  Recent ly  we have given a very  
raw ma themat i ca l  approx ima t ion  to expla in  the  non-  
s t eady- s t a t e  Tafel  s lope (63)�9 But i t  is evident ,  that  
computer  calculat ions based on the theory  of P lonski  
should be s tudied more  exact ly .  

The measurab le  e lec t rochemical  react ion order  in the  
case of the  unca ta lyzed  mechanism 

(01ogi+)Opl_l 
' - -  + 0.5 [27] n + , p H  = : - - - :__  

a(FeOH)ads. a~E 

is only  a v i r tua l  value.  I t  is dependent  on the chosen 

I I 

a i ( 0 )  o i [ 0 )  

i j t t 
t=O t ' = O  

gal~ROstat~ potentio6tatlr 

Fig. i. Pulse measurements (schematic), ai = intermediate ion 
activity. 
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s ta t ionary  s ta r t ing  conditions,  which  de te rmine  the ac-  
t i v i ty  of (FeOH)ads (1, 50). 

Now considering the mechanism wi th  ca ta lyzed 
charge  t ransfe r  under  nons teady-s ta te  conditions,  one 
gets f rom Eq. [19] wi th  aK = aK = c o n s t .  

aOH-- 2a4F~ 

aOH- 

The cur ren t  dens i ty -overvo l t age  re la t ion  yie lds  the  
k ine t ic  da ta  

( Orl ) _ 2 . 3 0 3  R T  

b'+'Fe~ "alogi-----~ aOH--7~zOH- 2 a 4 F  

-t- 59.2 mV 
(with  a4 = 0.5; T = 298~ 

( ~ l o g i +  ) 
= + 1  

n '+ , ,H = aP'-H ak,c 

[29] 

[303 

Atomistic Model  
It  was shown by  x - r a y  invest igat ions  of the  ma te -  

rials, tha t  the  ca ta lyzed  mechanism only takes  place  
in the  case of high dens i ty  of mul t id imens iona l  c rys t a l  
imperfect ions  (1, 28, 49-52). Owing to the  s t rong 
deformat ions  of the  crys ta l  latt ice,  the  concentra t ion 
of act ive centers  on the surface is high, as wel l  as the  
degree of thei r  act ivi ty.  

If  the densi ty  of mul t id imens iona l  d isorder  is low, 
the  dissolut ion takes  place b y  the noncata lyzed  mech-  
anism. The surface of c rys ta l  gra ins  consists of planes  
of different  or ientat ion.  These planes  are  separa ted  by  
subgra in  boundar ies  tha t  a re  bui l t  up b y  crys ta l  dis-  
locations. Those dislocat ions are  act ive centers  for the  
in teres t ing  phase bounda ry  reaction.  The ac t iva t ion  
energy  for the format ion  of dissolution nuclei  on the 
nondis tu rbed  crys ta l  planes  is r e l a t ive ly  high. There-  
fore the  ra te  of dissolution due to nucleat ion f rom 
crys ta l  p lanes  wi l l  be low compared  wi th  the ove r -a l l  
dissolut ion rate,  which  is p re fe ren t i a l ly  given by  suc-  
cessive dissolution of whole  monolayers  of the  sub-  
grains.  On account of the high separa t ion  energy  of 
meta l  a toms f rom the la t t ice  the  concentra t ion  of 
ada toms wil l  be low. Al l  this  means  tha t  the format ion  
of the  surface ca ta lys t  complex,  which  needs adatoms 
or kinks,  wi l l  be v e r y  slow, and the ca ta lyzed  charge 
t ransfe r  react ion wil l  supply  only a ve ry  smal l  par t  
of the  current .  Subs tan t ia l  proof  for this  a tomist ic  
model  was found by  electron microscopy of e lec t ro-  
lyt icaUy etched iron surfaces (51). 

The ca ta lyzed  mechanism should  produce a ve ry  
rough surface, on account of a high dissolut ion ra te  
at  a grea t  number  of act ive centers.  This model  for  the  
dissolut ion of high act ive meta l  is shown in Fig. 2. The 
e lect ron mic rograph  of Fig. 3 shows the exper imen ta l  
resul t  in good agreement  wi th  the  model.  

The surface produced by  the nonca ta lyzed  mech-  
anism should be smooth, because on the s l ight ly  dis-  
o rdered  p lanes  one can expect  the  dissolut ion of more  
or  less a whole mon01ayer before the  next  nucleus is 
formed.  This is schemat ica l ly  d isp layed in Fig. 4. 

The micrograph  of a recrysta l l ized,  anodical ly  e tched 
iron sample  is shown in Fig. 5. I t  seems to prove  the 
theory.  

The mean d iamete r  of coherent  regions was est i -  
mated  f rom elect ron micrographs  and compared  wi th  
x - r a y  measurements .  Fo r  high act ive ma te r i a l  i t  is less 
than  1000A, whereas  for low ac t iv i ty  meta l  i t  is more  
than 10,000A. 

Changing the Dissolution Mechanism 
There  are  severa l  ways  to change the anodic dis-  

solution mechanism by changing the surface ac t iv i ty  
of the  sample  (1, 23, 49-52). 

| 

| 
/ / 

| 

| 

Fig. 2. Development of the surface profile during anodic dis- 
solution of a highly active iron (starting from an electropolished 
sample). O = dislocations; 1,2,3,4 = dependence on time. 

Fig. 3. Electron micrograph of an anodically etched iron with 
high surface activity, i+ = 50 �9 10 -3  A �9 cm -2, t ~ 300 sec, 
V = 9600 (9.6 mm ~ 1~). 

Recrystallization o] active sampIes.--The dens i ty  of 
c rys ta l  imperfect ions  decreases by  recrys ta l l iza t ion  
under  high vacuum. Table I I I  shows the dependence  
of the lat t ice deformat ions  of a h igh ly  active sample  on 
the anneal ing  tempera ture .  The da ta  a re  ca lcula ted  
f rom the l ine broadening  of x - r a y  measurements .  
Above a t empe ra tu r e  of about  700~ the la t t ice  defor -  
mat ions  p rac t i ca l ly  disappear ,  and  the  dens i ty  of co- 
he ren t  la t t ice  regions is d iminished more  than  two 
orders  of magni tude .  This means  tha t  the  number  of 
subgrains  and the dens i ty  of subgra in  boundar ies  de-  
creases. 

Table  IV shows the change of the  e lect rochemical  
kinet ic  da ta  tha t  is caused by  recrys ta l l i za t ion  of the  
i ron sample  at  different  tempera tures .  The h ighly  ac-  
t ive  s ta r t ing  sample  gives the  da ta  of the  ca ta lyzed 
mechanism. At  h igher  anneal ing  t empera tu re s  rec rys -  
ta l l ized samples  give the  da ta  of the  nonca ta lyzed  
mechanism. If  the samples  are  recrys ta l l ized  at  middle  
tempera tures ,  the re  is a superposi t ion of both  reac t ion  
mechanisms.  

Cold working of inactive samples.--Unpublished re -  
sults show tha t  a change f rom the noncata lyzed  to the  
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Fig. 4. Development of the surface profile during anodic dis- 
solution of a low activity iron (starting from an electropolished 
sample). 0 = dislocations; k -  = negative nuclei; 1,2,3 = 
dependence on time. 

Fig. 5. Electron micrograph of an anodically etched iron with 
low surface activity, i+  = 50 - 10 - 3  A �9 cm -2 ,  t = 300 sec, 
V = 9600 (9.6 mm A__ 1/~). 

Table IV. Kinetic data of the iron dissolution depending on the 
annealing temperature 

Anneal ing 
temperature, b'+,Fe 

*C b+,re [mY] [mY] n + , ~  n'+,pa 

- -  + 3 0  + 6 0  + 1 . 7 . . .  1.9 +1  
300 + 30  + 55 + 1.6 + 0 .97 
600 + 3 4 .  �9 . 35  + 5 5  + 1 . 4 3  +0 . " /5  
7 8 0  + 4 0  + 7 4  + 1 .05  + 0 . 4 1  
9 0 0  + 4 0  + 0 3  + 0 . 9 3  �9 �9 �9 1 . 0 8  + 0 . 4 5  

etc. Organic  inhibi tors  have  too large  molecu la r  sizes, 
but  the  surface active ha logenide  ions would  be su i t -  
able. Unfor tunate ly ,  ha logenides  change both  dissolu-  
t ion mechanisms to a th i rd  mechanism (1, 20-22, 37, 42, 
47, 48, 51). Expe r imen ta l l y  it is impossible  to decide 
if the  ca ta lyzed mechanism is first changed to the  non-  
ca ta lyzed  and only af ter  tha t  to the  ha logenide-  
inhibi ted mechanism,  or if the  inhib i ted  mechanism is 
d i rec t ly  reached.  

Blocking o~ low-activity surfaces by inhibitors.--The 
noncata lyzed mechanism is changed to the  ca ta lyzed  
mechanism if s l ight ly  d isordered  c rys ta l  planes  are  
covered wi th  inhibi tors  (51). In  these areas  la rge  in-  
h ibi tor  par t ic les  fit in much be t te r  than  a t t h e  c rys ta l  
imperfect ions (dislocations, semicrys ta l  s i tes) .  The 
blocking causes the  dissolut ion to t ake  place  p re fe ren -  
t i a l ly  at  the  r e l a t ive ly  few regions of heavy  disarray,  
fol lowing the reac t ion  pa th  of ca ta lyzed charge  t r ans -  
fer, whi le  the  noncata lyzed  mechanism is suppressed.  

The exper imen ta l  resul ts  w i th  the  inhibi tors  fl- 
naphthochinol ine  and o -phenan th ro l ine  are  shown in 
Fig. 7. The change of mechanism causes a change of 
the Tafel  slopes under  s t eady-s t a t e  conditions.  

F u r t h e r  proof  for the  theory  is found by  e lect ron 
microscopy (51). The atomist ic  model  leads to the  dis-  
solution scheme of Fig. 6, which  is in agreement  wi th  
the  rea l  surface profile af ter  anodic etching, as can be 
seen in Fig. 9. The micrograph  shows the  dissolut ion 
to t ake  place at  the  r e l a t ive ly  few gra in  boundar ies  
and dislocations. 

Exchange Current Density of the Fe/Fe + + Electrode 
In the  p resen t  paper  we have  t r ied  to calculate  ex-  

change cu r ren t  densi t ies  for  the  F e / F e  + +aq. e lect rode 
f rom l i t e ra tu re  da ta  and our  own results .  In  o rder  to 
make  comparisons  possible, a l l  da ta  were  s tandard ized  

cata lyzed mechanism can be brought  about  by  heavy  
cold work ing  (64). F igure  6 shows current  dens i ty -  
potent ia l  curves  of recrys ta l l ized  ma te r i a l  and of the  
same i ron af ter  heavy  mechanica l  deformat ion.  The 
change of mechanism is shown by  different  slopes of 
the Tafel  l ines under  s t eady-s ta te  conditions,  and by  
the correspondingly  different  e lec t rochemical  react ion 
orders  r e l a t ed  to the  pH. 

Blocking of active sur]aces by inhibitors.--In pr inc i -  
ple i t  should be possible to change the  ca ta lyzed to the 
uncata lyzed  mechanism in this  way.  Pract ica l ly ,  this  
possibi l i ty  cannot  be realized.  A b locking  effect is only  
possible if r e l a t ive ly  smal l  inhibi tor  par t ic les  are  used 
tha t  geomet r ica l ly  fit into the semicrys ta l  sites, steps, 

Table III. Data of the iron substructure depending on the 
annealing temperature, obtained by x-ray measurements 

Mean size of Relative dis- Density  of 
Annealing coherent scat- tortions of coherent scat- 

temperature, tering lattice the lattice tering lattice 
"C regions, G[A]  regions, s regions, N[cm-=] 

- -  1 , 3 4 0  7 .5  �9 1 0  "~ 5 . 8  �9 10  ~ 
3 5 0  1 , 0 7 0  4 .8  �9 1 0 - *  B .7  �9 10  o 
5 5 0  1 , 8 0 0  3 .7  �9 1 0 - *  3 .1  �9 10  ~ 
7 8 0  1 8 , 0 0 0  - -  3 �9 107 
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Fig. 6. Steady-state current density-potential curves of re- 
crystallized (2) and cold-worked (I)  iron. 
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Fig. 7. Steady-state and nonsteady-state 
current density-potential curves. Electrode: 
Ommet-iron, annealed at 900~ Electrolytes: 
1 ( 0 ) ,  0.SM H2SO4; 2 ( 0 ) ,  0.SM H2SO4 -Jf- 
10-2M o-phenantbroline; 3 (~7), 0.5M H9S04 

10-2M p-naphthochinoline. Nonsteady-state 
measurements ere marked by primes. 

to the conditions: pH = 0, aFe+ + = I. The second 
condition relates all exchange current densities to the 
standard potential of the iron electrode (Eo,H : --441 
mV). The calculated data are given in Table V. The 
agreement for each mechanism is good. However, it 
seems remarkable that the exchange current densities 
for catalyzed charge transfer are lower than those for 
noncatalyzed charge transfer. Our explanation is the 
following one: the noncatalyzed mechanism is ener- 
getically favored. Only at elevated anodic potentials 
and at highly active surfaces the catalyzed charge 
transfer will be predominant. The activation energy of 
this process depends much more on the potential. 
Therefore it becomes predominant at high anodic 
polarization. The over-all current density is always 
the sum of two terms 

i - -  ~noncatalyzed -'t- icatalyzed [31] 

The polarization curve consists of two regions: at nega- 
tive potentials the noncatalyzed charge transfer has 

| 
~( X x x x x x x X x x x ~ x X 

/ / / / /  . . . .  " 
/ / / , i / i , 
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Fig. 8. Development of the surface profile during anodic dis- 
solution of a low activity metal, covered with adsorbed inhibitor 
molecules. C) = dislocations; x = adsorbed inhibitor molecules; 
!,2,3 = dependence on time. 

Fig. 9. Electron micrograph of an anodically etched iron with 
low surface activity, covered by F-naphthochinoline molecules. 
i+  - -  50 �9 10 - 8  A �9 cm -2 ,  t = 300 sac, V = 9600 (9.6 mm 
1~). 

the greater reaction rate and the curve is determined 
by this process. At more positive potentials the rate 
of the catalyzed charge transfer is greater and the 
curve is determined by it. The intersection point of the 
two parts of the curve depends on the surface activity 
of the material The higher the activity, the greater the 
shifting of this potential to the negative side. In the 
case of highly active material, we only observe the 
second part of the curve, because the intersection po- 
tential is on the negative side of the corrosion potential. 

Table V. Exchange current densities of the Fe/Fe + + electrode 
I o g l o  o = l o g i o a t p H  = O a n d a F e  ++ = + I  

N o n c a t a l y z e d  mechanism C a t a l y z e d  m e c h a n i s m  

-- 8 .11  (24)  -- 1 0 . 2 8  ( i )  
--  8 .57  (24)  -- 1 2 . 5 0  (18)  
-- 8 .48  (1)  --  1 2 . 7 0  (15)  
-- 8 . 4 0  (27)  -- 12 .05  (41)  

-- 12 .28  (39)  
- -  1 1 . 8 0  ( 3 9 )  
- -  11.31 (40) 

l o g  io ~ R e f .  l o g  io o R e f .  
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Conclusions 
The experimental results show that the kinetics of 

anodic phase boundary reactions depend on the surface 
activity of the solid. For the iron electrode we hope to 
have proved, beyond doubt, that the anodic dissolution 
in aqueous solutions can follow two different mech- 
anisms. 

In the meantime our results about the iron electrode 
(1, 28, 49-52, 63, 64) have been confirmed by measure- 
ments of Nobe (65). Moreover, the same two mech- 
anisms seem to be valid for the anodic dissolution of 
cobalt and nickel (22, 39, 40, 66-?0). 

Manuscript submitted March 19, 1971; revised manu- 
script received July 27, 1971. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June 1972 
JOURNAL. 
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Correlations between the Kinetics of Electrolytic Dissolution 
and Deposition of Iron 

II. The Cathodic Deposition of Iron 

F. Hilbert, 1 Y. Miyoshi, ~ G. Eichkorn, and W. J. Lorenzt 
Department of Electrochemistry, University of Karlsruhe, Karlsruhe, Germany 

ABSTRACT 

The cathodic iron deposition reaction from acid solutions was studied. The 
part ial  current  densi ty-potent ia l  curves of the iron deposition were calculated 
by current  efficiency measurements.  The experiments  were carried out under  
steady-state and nonsteady-sta te  conditions at 25~ under  hydrogen atmo- 
sphere. Under  steady-state conditions a rotat ing gold disk electrode was used 
in order to el iminate the rise of pH in the vicini ty of the electrode surface. 
The results show two different reaction mechanisms depending on the pH at  
the electrode surface. At pH ~ 2.8 the kinetic data correspond to a noncatalyzed 
mechanism, while at pH ~ 2.8 a catalyzed mechanism takes place. The in-  
fluence of the surface pH on the mechanism is due to the different electro- 
chemical reaction orders related to the pH and the formation of hydrolysis 
products, which may be incorporated in the deposit. The calculated exchange 
c u r r e n t  densities of the Fe /Fe  + + electrode show that  the noncatalyzed mecha-  
nism is the normal  one. 

In  Par t  I we have shown that  results of i ron disso- 
lut ion experiments  lead to the hypothesis of two differ- 
ent reaction mechanisms. 

It  is to be expected that  a correlation exists between 
the mechanisms of anodic dissolution and cathodic 
deposition of iron. The probable form of such a corre- 
lat ion is a reversal  of the reaction sequences while 
the ra te -de te rmin ing  step for each mechanism remains  
the same. This being the case, we have a more pro- 
nounced difference between the electrochemical ki-  
netic data of the two reaction mechanisms. We invest i-  
gated the kinetics of the cathodic iron deposition in 
order to confirm this hypothesis. 

The cathodic deposition of metals  with negative 
standard potentials from aqueous solutions is relat ively 
difficult. This is due to the fact that  the reaction rate 
of the reduction of hydrogen ions as well  as that  of 
oxygen is higher than  that  of the metal  ion reduction. 

Under  such condit ion a nonnoble  metal  dissolves 
with hydrogen evolution, if the electrolyte is an acidic, 
oxygen-free, and nonoxidizing one. In  this case the 
reversible equi l ibr ium potential  of the meta l /meta l -  
ion electrode cannot be adjusted without external  cur-  
rent. The corrosion potential  will  then be obtained 
and lies between the equi l ibr ium potent ial  of hydrogen 
and that  of the meta l /meta l - ion  electrode. 

The value of the corrosion potential  is determined 
by the partial  current  densi ty-potent ia l  curves of the 
cathodic and the anodic processes. The reaction rate 
and sometimes the type of mechanism depend on the 
surface activity of the metal, which will then conse- 
quent ly  influence the corrosion potential. 

Fur ther  complications are caused by mass t ransport  
phenomena. For example, with increasing pH of th e  
electrolyte the l imit ing diffusion current  density of 
hydrogen evolution is reached at relat ively low values. 

The cathodic polarization of such a mixed electrode 
in  acidic, oxygen-free,  and  nonoxidizing solution leads 
at first only to hydrogen evolution. The cathodic metal  
deposition takes place at potentials that  are more neg- 
ative than  the equi l ibr ium potential  of the me ta l /  
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senges. 

~Present address: Institute of Anorganic Chemical Technology,  
Technical  Univers i ty ,  Graz, Austr ia .  
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metal - ion electrode. Now the total  cathodic current  
is the sum of the metal  deposition current  and of the 
hydrogen evolution current  

/ - , t o t a l  = i - - ,H+  q- i--.MeZ+ [1] 

In  this potential  range it is possible to s tudy the ki-  
netics of metal  deposition. 

Sometimes the complication due to mixed potentials 
can be avoided. This can be done by increasing the 
pH of the solution and thereby shifting the equi l ibr ium 
potential of the hydrogen electrode in  the negative 
direction. Under  the conditions 

eo,H2/H + - ~  e o , M e / M e  z + 

and 
io,H2/H + ~ ~o,Me/MeZ + 

the hydrogen evolution react ion may be neglected and 
the system can be considered practically as a simple 
meta l /meta l - ion  electrode. However, for a number  
of mixed electrodes these conditions cannot  be ful-  
filled, because (i) the equi l ibr ium potentials are too 
different, (ii) the exchange current  density of the 
meta l /meta l - ion  electrode is too low, or (iii) the 
metal  ions hydrolyze or precipitate before the neces- 
sary pH is reached. In  the case of the F e / F e  + + elec- 
trode all these points are valid. 

The simultaneous evolution of hydrogen has a pro-  
nounced influence on the properties of the deposited 
metal. Such a metal  shows higher hardness and  br i t t le-  
ness (1,2). If the l imit ing diffusion current  density 
of the hydrogen ions is reached, the pH of the cathode 
film rises. This rise may lead to the formation of 
hydrolysis products or even precipitates of the me t a l  
hydroxides, which can be incorporated in  the metal 
deposit. 

To carry out accurate measurements  on iron deposi- 
t ion the following requirements  should be taken into 
consideration. 

(I) The current  efficiency of metal  deposition has 
to be known. 

(II) The hydrogen ion concentrat ion in the cathode 
film has to be the same as in the bulk  of the solution. 

(III) The metal  ion must  not hydrolyze nei ther  in 
solution nor in the cathode film, forming precipitates. 

These requirements  were not fully taken into ac- 
count in  the previous l i terature  concerning the iron 
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deposition (3-13). Therefore the given results are not 
comparable. Especially the investigations of Dahms 
e t  al. (13) show that  precipitat ion of hydrolysis prod-  
ucts of Fe2+ ions at the electrode surface has a pro-  
nounced influence on the charge t ransfer  process of 
i ron deposition. Such a precipitat ion takes place, if 
the surface pH increases up to a value of about  pH _~ 5. 
Consequently, we examined the kinetics of iron deposi- 
t ion from acid solutions under  more exact conditions. 

-E 

Ecorr 
. . . . .  1 i 

, . . . . .  Q 

Experimental 
Steady-state  measurements .~For  kinetic studies an 

exact knowledge of diffusion phenomena is necessary. 
This was taken into account by using a rotat ing disk 
electrode for the steady-state measurements .  With in-  
creasing rotat ion rate the l imit ing diffusion current  
for hydrogen evolution will  rise. This leads to a larger 
potential range, in  which the cathodic hydrogen evo- 
lut ion is controlled by charge transfer.  In  this Tafel 
range, the pH is the same both in the double layer  as 
well  as in the bulk  of the electrolyte. Therefore, exact 
measurements  of cathodic iron deposition are only pos- 
sible in  this potential  range. 

Exper iments  dealing wi th  hydrogen evolution under  
s teady-state  conditions were carried out in system I 

rotat ing gold disk/1M Na2SO4 -t- x �9 HsSO4 

at pH values from 1.8 to 4.3. The results of these ex- 
per iments  enabled us to make some statements about 
mass t ranspor t  of protons in solutions of this type (14). 

The s imultaneous cathodic hydrogen evolution and 
iron deposition was studied in system II 

rotat ing gold disk/0.875M Na2SO4 -t- 0.1M FeSO4 
+ x .  H ~ S O ~  

at pH values from 1.8 to 3.8. 

The ionic s t rength is the same in both systems. For 
the determinat ion of the electrochemical reaction 
order 

(0 log l i--~Fe+ +1 / 0 log aFe+ +)pH,~ -- n--,Fe+ + 

the concentrat ion of both FeSO4 and Na2SO4 was var-  
ied in  such a way that the ionic s t rength was held 
constant  (at constant  pH of the solution).  

The l imi t ing  diffusion current  densities for the hy-  
drogen evolution reaction were assumed to be the 
same for both systems, because the ionic s trength is 
constant  and the support ing electrolyte concentrat ion 
is only slightly different. This assumption was proved 
exper imenta l ly  as is shown later. 

The steady-state  total  cur ren t  densi ty-potent ia l  
curves were measured potentiostatically. The measured 
curves correspond to the simultaneous reduction of 
Fe + + and H +. Using cur ren t  efficiency measurements  
it was possible to calculate the part ial  cur rent  densi ty-  
potential  curves for i ron deposition. The current  effi- 
ciency for i ron deposition was determined by potentio- 
static anodic str ipping (Fig. 1). At t ime t ---- 0 the 
potential  of the rotat ing gold disk was stepped up 
from the basis  potential  (no hydrogen evolution, no 
iron deposition) to the wanted cathodic one. After  the 
charging of the electrochemical double layer (the 
sharp current  peak in Fig. 1) the reduct ion of ferrous 
ions and protons sets in. The decrease of the current  
to a m in imum at t ime train and the increase up to t ime 
tl is believed to be due to the following facts: (i) the 
gold electrode will  be covered gradual ly  with iron, 
(ii) the exchange current  density of the hydrogen 
electrode is higher on gold than  on iron, and (i/i) 
crystall ization overvoltage. 

The current  efficiency is therefore not constant  in 
the range t ~ 0 to tl. The steady state is then reached 
at t ime t~. At t ime t2 the potential  is changed to the 
str ipping potential, which is 100-150 mV more positive 
than  the corrosion potential.  In  this range practically 
the whole current  is used for the anodic dissolution 

i _  total 

i 

0 1 r p . " ~  

I i I I 

0 tmin t 1 t 2 
t 

Fig. 1. Electrode potential e and the total current density 
/- . total as o function of time t (schematic). 

of iron. In tegrat ion of the cu r ren t - t ime  curves from 
t2 up to t, when the anodic cur ren t  falls to zero, gives 
the number  of coulombs Q2 corresponding to the 
amount  of i ron deposited. Under  the same experi-  
menta l  conditions the amount  of i ron deposited be- 
tween t ---- 0 and tl was measured and is denoted as 
Q1 (dashed lines in  Fig. 1). This allows the e l imina-  
t ion of the nonsteady-s ta te  at the beginning of the 
pulse. 

The part ial  cur rent  densi ty for s teady-state  cathodic 
iron deposition is given by  

Q 2  - Q~ 
I i - . F e +  + I - -  - -  [2 ]  

The part ial  current  density for hydrogen evolution, 
i-,H+, can be calculated using [1]. At  t ime tt the ro- 
ta t ing  disk is a l ready covered wi th  iron, and so the 
steady-state  data refer to i ron deposition on an iron 
substrate. The thickness of the iron deposits did not 
exceed 1 ~m. This ensured undis turbed  hydrodynamic 
conditions at the rotat ing disk. 

Nonsteady-state measurements . - -For nonsteady-  
state experiments  a stat ionary Armco- i ron  electrode 
was used. The electrolyte solutions were iden t ica l  In  
these experiments  galvanostatic pulse technique was 
applied. The potent ia l - t ime curves were recorded by 
oscilloscope. 

In  solutions of pH > 2.8 a diffusion overvoltage is 
superimposed on the charge t ransfer  overvoltage of 
hydrogen evolution (Fig, 2). The first plateau (curve 
1, Fig. 2) relates to charge t ransfer  overvoltage of 
hydrogen ion reduct ion on Armeo iron. The second 
plateau (curve 2, Fig. 2) corresponds to s imultaneous 
reduction of hydrogen and ferrous ions with relat ively 
high cur ren t  efficiency. Evaluat ion of cathodic t rans i -  
ents was done in  the following way:  for total  current  
densi ty-potent ia l  curves the potent ial  values of the 
second plateau were taken. Current  efficiency was cal- 
culated from the i �9 t value of the whole cathodic 
pulse wi thout  correction for the first plateau. Sepa- 
rate measurement  of current  efficiency for the first 
plateau is not possible, because the flowing charge is 
too small. The coulomb value of the first plateau was 
relat ively small  compared to the total  coulomb value 
and was neglected. In  most cases the calculated cur-  
rent  efficiency values were independent  of the pu]se 
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Fig. 2. Electrode potential-time curve under nonsteady-state 
golvanostatic conditions at pH ~ 2.8. Electrolyte: 0.1M FeSO4 -1- 
0.875M No2SO4, pH : 3.80 (T : 298~ i-,total - -  - -  1 
mA �9 cm -9.  Curve 1 ~ the first plateau, curve 2 ~ the first 
and the second plateau. 

dura t ion  except  for ve ry  shor t  pulses. I t  was  assumed 
that  the  pH values  in the cathode film were  constant  
af ter  reaching the second plateau.  

In  solutions of pH < 2.8 no super imposed  diffusion 
overvol tage was detected.  

The potent iosta t ic  s t r ipping  method is not  sui table  
for de te rmina t ion  of the  cur ren t  efficiency of i ron 
under  nons teady-s ta te  conditions.  Therefore  a ga lvano-  
static method was developed (15). 

Apparatus.--The electrolyt ic  cell  was made  f rom 
Pyrex  glass and contained about  300 cm ~ solution. Al l  
solut ions were  p repa red  f rom A.R. grade chemicals,  
conductance water ,  and h i g h - p u r i t y  sulfuric acid. The 
solutions were  deaera ted  by  the bubbl ing  of high 
pur i ty  hydrogen  gas for severa l  hours, They were  
p re -e lec t ro lyzed  at  a p la t inum cathode kept  at  po ten-  
t ials  not  sufficiently negat ive  to reduce fer rous  ions. 
The bubbl ing  of hydrogen  was cont inued dur ing  the 
exper iment .  

The countere lec t rode  was separa ted  from the bu lk  
of the  solut ion by  a glass f r i t  (Schott,  G4).  The 
countere lec t rode compar tmen t  was bubbled  dur ing  the 
exper imen t  wi th  h i g h - p u r i t y  hydrogen  gas to remove  
anodica l ly  formed oxygen.  

Ag/AgCl ,  KC1 (sa tura ted)  or  Hg/Hg~CI~, KC1 (sa t -  
u ra ted)  e lectrodes were  used as re fe rence  electrodes.  
The measured  potent ia ls  were  t r ans formed  a f t e rward  
to the  s tandard  hydrogen  scale. 

The  ro ta t ing  d isk  e lect rode used for  s t eady-s ta te  
measurements  consisted of gold and had  a d iamete r  
of 0.80 cm. The  ro ta t ing  speed was  a lways  145 rps. 
Before each exper imen t  the  gold disk was mechanica l ly  
polished, e lec t ro ly t ica l !y  degreased,  t r ea ted  wi th  con- 
cen t ra ted  acid, and ca re fu l ly  washed wi th  conductance 
water .  The s ta t ionary  Armco- i ron  electrodes used for  
nons teady-s ta te  measurements  were  e lec t ro ly t ica l ly  
pol ished and cleaned, fol lowing the p rocedure  d e -  
scr ibed e lsewhere  (16). 

For  potent iostat ic  exper iments  two Wenking  poten-  
t iostats  61 RS were  used. Galvanosta t ic  pulses  were  
produced  by  a mul t ichannel  pulse  genera tor  (17). This 
ins t rument  was used together  wi th  a Tek t ron ix  oscil lo- 
scope 549 wi th  Type  W p lug- in  unit. S ta t iona ry  po-  
tent ia ls  and pH were  measured  wi th  a K n i c k - p H - m V -  
vol tmeter  34/1. Glass electrodes for pH de te rmina t ion  
were  of the  Type 9255/12 f rom Schott, Mainz. Ca l ib ra -  
t ion of the glass electrodes was done wi th  buffer so-  
lut ions according to NBS data.  Exact  ad jus tmen t  of 
pH was made  wi th  sulfuric acid immedia te ly  before  
beginning  the measurements .  Cur ren t - t ime  curves  of 
the  s t eady-s ta te  exper iments  were  recorded  wi th  a 
Beckman 10-in. recorder .  

Al l  given potent ia l  values  a re  corrected for ohmic 
overvoltage.  Measurement  of ohmic drop  was  made  
by the galvanosta t ic  pulse technique. 

Results and Discussion 

Steady-state experi~ents.--The total current den- 
si ty-potent ial  curves and the current efficiency of i ron 
deposi t ion were  measured  potent iostat ical ly .  

The par t ia l  cur ren t  dens i ty -po ten t ia l  curves  were  
ca lcula ted  according to Eq. [1] and [2] for cathodic 
i ron  deposi t ion ( i- .Fe+ +) and for hydrogen  evolut ion 
( i _ ~ + ) .  The resul ts  a re  shown in Fig. 3 and  4 as a 
function of the  pH of the solution. At  pH < 2.8 one 
gets a s t eady-s ta te  Tafel  l ine  for  i ron deposi t ion wi th  
a slope of b-.Fe+ + : --  115 _ 5 mV (Fig. 3), whi le  
the  slope at  pH > 2.8 is b - , F e +  + ~ - -  39 • 5 mV 
(Fig. 4). 

The horizontal  l ines (id,H+) in Fig. 3 and 4 r ep re -  
sent  l imi t ing diffusion cur ren t  densi t ies  of the  hyd ro -  
gen evolut ion reaction, measured  in sys tem I ( i ron-  
free, see above) .  The curves of i - , n + ,  measured  in 
system II, become ident ical  to these l ines at high 
cathodic overvoltages.  This shows that  the  diffusion 
l imi t ing cur ren t  dens i ty  ia.H+ for  the  hydrogen  evo-  
lut ion react ion is the same in both systems. 

The curves for i ron deposi t ion i - - , F e +  + devia te  f rom 
the Tafel  l ines at  high cathodic overvol tage  as i - ,H+ 
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--> i d ,H- I - .  This can be seen in  Fig. 3 and 4. Here the 
pH of the cathode film is no longer the same as in  
the bulk of the solution. A rise of pH causes a rise of 
i - - , F e +  + on account of its pH dependence. 

Electrochemical reaction orders, re lat ing to the pH 
of the solution, are shown in  Fig. 5. In  solutions of 
pH < 2.8 one gets n--,pH ---- + 0.9 _ 0.1, whereas in 
solutions of pH > 2.8 the value n-,pH ---- -t- 2.0 • 0.1 
is found. 

The part ial  cur ren t  densi ty-potent ia l  curves of hy-  
drogen evolution and iron deposition at different fer- 
rous ion concentrat ions are shown in Fig. 6 and 7. 
Comparison to the curves of Fig. 3 and 4 shows that  
the Tafel slopes of iron deposition are independent  of 
the ferrous ion concentration. In  the range where  
i-.H+ becomes of the same magni tude  as id,H+, the 

curve of iron deposition again deviates from the Tafel 
line. 

Electrochemical reaction orders, relating to the fer- 
rous ion concentration, are shown in Fig. 8 and 9 for 
solutions of pH 2.33 and pH 3.80. At pH < 2.8 the re- 
action order is n- ,Fe++ -" 1.0 _ 0.1, whereas at pH 
> 2.8 the value is n--.Fe+ + = 1.6 _ 0.2. 

From the curves of Fig. 3, 4, 6, and 7 one can see 
that the hydrogen evolution reaction is not independ-  
ent of the iron deposition. First, the electrochemical 
reaction order of the hydrogen evolution reaction is 
higher than --1, which is the theoretical value at 
constant  zeta-potential .  And second, the part ial  cur-  
rent  densi ty i- ,H+ depends on the i ron concentration. 

Nonsteady-state experiments.--The total  cur rent  
densi ty-potent ia l  curves and the cur ren t  efficiency of 
iron deposition were measured by  the galvanostatic 
pulse technique. Par t ia l  cur rent  densi ty-potent ia l  
curves of iron deposition were calculated from these 
data. 

The exper imental  results at pH ---: 1.80 and pH ---- 
2.33 are shown in Fig. 10. The Tafel slope for iron 
deposition is b ' - , f e +  + : - -  120 • 10 mV. The electro- 
chemical react ion order n'-,~H = 0,85 • 0.1 is deter-  
mined from the relat ion between pH and i-,Fe+ +. 

Figure 11 demonstrates the data from measurements  
in solutions of pH ---- 3.30 and pH ---- 3.80. In  this pH 
range the slope of the nonsteady-s ta te  Tafel lines is 
b ' - , F e +  + - -  - -  6 5  • 5 mV, in spite of the difference 
of pH between the cathodic film and the bulk  of the 
solution (cf. section on Nonsteady-state  measure-  
ments) .  The constant  slope of the Tafel l ine shows 
that the pH at the electrode surface is more or less 
independent  of cur ren t  densi ty  over a certain range 
for a given electrolyte. The value of this surface pH 
seems to be influenced by the pH of the bu lk  solution, 
as can be seen from the different part ial  cur rent  den-  
s i ty-potent ial  curves i - F e + + .  Therefore an accurate 
determinat ion of the electrochemical reaction order 
n'-,pH in this pH range is not possible. 

Polarization curves at different ferrous ion concen- 
trations and at pH == 2.33 are presented in Fig. 12. 
From these data one can estimate the electrochemical 
reaction order n ' - - , F e +  + : 0 . 7  • 0.1. For solutions of 
pH > 2.8 the determinat ion of n J - - , f e  § + is not possible 
for the reasons given above. 

Kinetic Data of Iron Deposition 
The exper imental  results show the existence of two 

different mechanisms. Which kind of mechanism takes 
place depends on the pH value at the electrode sur-  

Fig. 5. Electrochemical reaction orders of 
iron deposition related to the pH. Electrolyte: 
0.1M FeSO4 -I- 0.875M Na2SO4 (T ---- 298~ 
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faces. Calculated and exper imenta l  values of the ki-  
netic data are shown in Table I. The calculated values 
are deduced from kinetic relations as~ will  be shown 
below (cf. section on Kinetic Equations) .  

At pH < 2.8 the exper imental  data fit to a simple 
reversal of the noncatalyzed mechanism of the anodic 
reaction (18). At pH > 2.8 a different mechanism is 
dominating, which is very  probably  a reversal  of the 
catalyzed mechanism (18). 

In the case of cathodic iron deposition there is a 
considerable difference between the kinet ic  data of 
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Fig. 9. Electrochemical reaction order of iron deposition related 

to CFe+ + at pH ---- 3.80 (T = 298~ 

the two reaction mechanisms. The influence of the sur-  
face pH on the type of mechanism is related to the 
different electrochemical reaction orders. Fur thermore,  
hydrolysis products of Fe + +aq are formed and in-  
corporated in  the deposit at higher pH values of the 
cathode film. Consequently,  the number  of mul t id i -  
mensional  crystal imperfections and lattice deforma- 
tions increase. Therefore the surface activity increases 
too, and the catalyzed mechanism is favored over the 
noncatalyzed one. 

Dahms et aL have shown that  precipitat ion of in-  
soluble hydrolysis products on the electrode surface 
(surface coverage near  1) leads to a sharp change of 
the deposition process (13). Such precipi tat ion can-  
not take place under  our exper imental  conditions, be-  
cause we have evaluated the data of the steady-state 
measurements  only up to cur ren t  density values: 
/ L , t o t a l / < / i d , H + / .  Under  this condit ion the surface 
pH is practically the same as in  the bu lk  of the so- 
lution. Fur thermore  the formation of insoluble hy-  
drolysis products in solution does not occur at the 
highest pH value (pH ---- 3.8) in this study. The con- 
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centration of soluble hydrolysis products (e.g. FeOH +) 
at the electrode surface is at equilibrium with the 
bulk concentration. This was taken into account in 
the following kinetic considerations. 

The crystallographic substructure of the metal de- 
posits is under investigation. 

M e c h a n i s m s  of the  C a t h o d i c  Iron Deposi t ion 3 
The noncatalyzed mechanism is a simple reversal 

of the corresponding anodic process, whereby the rate-  
determining step (i.e., Eq. [4]) is the same 

Fe++aq -}- H 2 0 ~  FeOH + + H + [3] 

FeOH + + e -  ~ (FeOH)ads [4] 

(FeOH)ads + H + + e - ~ F e  + HeO [5] 

Equation [3] is a fast chemical equilibrium reaction, 

a Cf. P a r t  I (18) ,  T a b l e  I. 

Y ['%3 
40 100 

0 

'E -2 u 

-3 

-& 

pH 
A 

/ s o i-,totol 

500 600 700 800 900 

-E H [mV3 

Fig. 1|. Total current density-potential curves of simultaneous 
deposition of iron and hydrogen and partial curves of iron deposi- 
tion depending on the pH. On the upper left side current effi- 
ciency curves of iron deposition. Galvanostatic nonsteady-state con- 
ditions. Electrolyte: 0.1M FeSO4 ~- 0.875M Na2SO4; pH = 3.30,  
3.80 (T = 298~ 

preceding the rate-determining charge transfer, Eq. 
[4]. The following electrochemical reaction step, Eq. 
[5], is also fast compared to [4]. 

The catalyzed mechanism seems also to be a re-  
versal of the corresponding anodic process. However,  
the formulation of the kinetics is only hypothetical, 
as we have pointed out earlier (18). The formation 
of the catalytic surface complex (possible formula 
[Fe (FeOH)] )  is believed to take place in a parallel 
reaction according Eq. [7]. The whole sequence may 
be wri t ten as follows 

Fe+ +aq + H~O ~ FeOH + + H + [3] 

[Fe(FeOH)]  + FeOH + + 2e -  
[Fe(FeOH)]  + Fe + O H -  [6] 

Parallel reaction 

Fe + FeOH + + e -  ~- [Fe(FeOH)] [7] 

The first step, Eq. [3], is the same as in the non- 
catalyzed mechanism. The rate-determining charge 
transfer is described by Eq. [6]. The formation of the 
catalytic surface complex Eq. [7], goes on parallel to 
the other steps and is considered to be relatively fast 
compared to [6]. 

Kinetic Equations 
Steady-state conditions.--The noncatalyzed mech-  

anism according to Eq. [3], [4], and [5] has the fol- 
lowing current  densi ty-overvoltage relation 

i=2io,4 ~ . e x p  RT 

- -  C .  exp < 
(1 a 4 )  1~1 

Equation [8] already has been derived in Par t  I, (18), 
Eq. [14], under the condition io,4 < <  io,~. The expres- 
sions for A, B, and C are 

aFe aH20 aH + aFeott + 
A= --, B= , C---- 

a'--Fe a--s20 all+ a--FeOH+ 

The expression C can be replaced by the following 
terms according to the chemical equilibrium [3] 

aFe+ + a H 2 0  a l l +  1 
C ---- ~ = D �9 -- [9] 

aFe+ + a--H2o att+ B 
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From Eq. [8] and [9] the  fol lowing kinet ic  da ta  for 
the cathodic process (n < <  0) are  obta ined 

b - , F e + +  : ( On ) 

0log  ]i--,fe++] aFeOH+,aFeOH + 

2.303 RT 
-- -- 118.3 m V  [i0] 

(1 -- =4)F 
with  =4 = 0.5 and T ~- 298~ 

( Ologli-'Fe++[. ) = +I [11] 
n- - ,pH ~ 0 pH abe 

( 0 1 o g [ i - - , F e + + '  ) 
n- ,Fe+ + = = -t- 1 [12] 

0 log aFe + + abe 

For  the ca ta lyzed  mechanism according to Eq. [3], 
[6], and [7] the  fol lowing cur ren t  dens i ty -overvo l tage  
re la t ion  is der ived  (K ---- [Fe (FeOH) ])  

( 2=6Fe ) 
i = k8 �9 aK �9 aFe �9 aOH-- " exp \ ~  

2(1 -- =6)F~ ) 
-- k - e  �9 aK �9 aFeOH+ " exp [13] 

RT 

A 2 a 6 F .  ] 
: "--" exp ( ~ .  

- .  C �9 exp [14] 
aK RT 

F o r  ~ << 0 o n e  c a n  w r i t e  

a K  ( 2 ( 1 - - a s ) F ~ )  
i--,Fe+ + ~ -- i0,6 ' -- " C �9 exp 

aK RT 
[15] 

Equat ion [14] is s imi lar  to Eq. [19] in Pa r t  I (18). 
The difference is due to the  formula t ion  of the  ca ta ly t ic  
action of the surface complex [ F e ( F e O H ) ] .  Anodica l ly  
the complex b reaks  up dur ing  the r a t e -de t e rmin ing  
charge t ransfer  step and is fo rmed again  by  a re la -  
t ive ly  fast topochemical  reac t ion  (Pa r t  I (18), Eq. [3] 
and [4]) .  By summat ion  of these two reac t ion  steps 
one gets the cathodic charge t ransfer  step, Eq. [6] of 
this  paper .  

For  the ca ta lyzed mechanism one has under  s t eady-  
state condit ions 

d aK 

dt 

The expression for iv is 

aK aTFVl 

aK 

i7 
z7 �9 F 

- -  - 0 [16] 

_ _ a F e .  C .  exp ( ( 1 - - a T ) F ~ )  ] 
aFe R T  

From Eq. [16] and [17] using [9] one can wr i te  

a K  __.D a F e  �9 exp - - - -  
aK  B aFe R T  

[17] 

[18]  

Table I. Kinetic data of the iron deposition at T ---- 298~ 

b-,Fe ++ = cathodic Tafel s lope  for  the iron deposition reaction 
n-,~H = electrochemical reaction order related to pH 
n-,Fe ++ = electrochemical reaction order related to CFe ++ 

Steady-state 
Calculated Experimental 

Nonsteady-state 
Calculated Experimental 

b - , F e  ++ 
n - , p H  
R - , F e  ++ 

b - , F e  ++ 
n - , p H  
n - , F e  ++ 

Noncatalyzed mechanism 

-- 118.3 mV -- 115 -- 5 mY b'-,Fe ++ 
+ 1 0.9 + 0.1 n'-,pH 
+ I l.O ~--- O.l n'-,Fe ++ 

Catalyzed mechanism 

--29.6 mV --39 • 5 mV b'-,Fe ++ 
+ 2 2.0 + 0.1 n'-,pH 
+ 2 1.6 ~ 0.2 n'-,Fe § 

-- 118.3 mV -- 120 -- I0 mV 
+ 1 +O.85 +-- 0.1 
+1 +0.7 -- 0.1 

--59.2 mV --65+---5 mY 
+1 ? 
+I ? 
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By subst i tu t ing [18] into [15] one gets 

aFe ( D ) 2  
/--,Fe + + ~ - -  i o , 6  " - " 

aFe 
( [1 -{- 2(1 --  a6) ]F~l 

R-2; ) [191 
4 e x p  

Equat ion [19] is the  cathodic s t eady-s t a t e  cur ren t  
dens i ty -overvo l tage  re la t ion  of the  ca ta lyzed  mecha-  
nism. F r o m  [19] one der ives  the  fol lowing kinet ic  
da ta  

b - ,Fe++  = ( O~l ~a 
0 log [ / - F e  + + [ i~i 

2.303 RT 
-- _--29.6mV [20] 

[I~-2 (1- -a6) ]F 
with a6 ---- 0.5 and T = 298~ 

( O l o g [ i - , F e + + ' )  
: - "  + 2 [21] 

n--'PH 0 pH ai,~ 

( ologli--,Fe++] )a 
n--,Fe+ + : : + 2 [22] 

0 log aFe + + i,~ 

Nonsteady-state conditions.--The noncata lyzed  mech-  
anism has ident ical  cur ren t  dens i ty -overvo l tage  re l a -  
t ions and kinet ic  da ta  under  s t eady-s ta te  and under  
nons teady-s ta te  conditions.  The fast  react ion step, Eq. 
[5], is at equi l ibr ium. 

Fo r  the  ca ta lyzed  mechanism one der ives  f rom Eq. 
[15] wi th  aK ---- aK : const, and  ~] < <  0 

( 2(1--a6) Fll ) 
/--,Fe + + --'~ -- /0,6 " C " exp  ~-~ [23] 

The nons teady-s ta te  cur ren t  dens i ty -overvo l t age  re l a -  
tion, Eq. [23], gives the fo l lowing kinet ic  da ta  

b- ,Fe++  --  ( On )a 
0 log [i-,Fe+ +[ i,~i, 

2.303 RT 
-- -- 59.2mV [24] 

2(1 -- ~6) F 

wi th  a6 = 0.5 and T = 298~ 

n' ( O Iogli--'Fe++l la 
--,~H -- -~ 3- 1 [25] 

0 pH i,E 

( 0 log [i-,Fe+ +, ) 
n'-Fe+ + --" . . . .  = -b 1 [26] 

0 log aFe + + abe 

Exchange Current  Density of the Fe /Fe  + +~q Electrode 
Exchange  cur ren t  densi t ies  were  ca lcu la ted  using 

s t eady-s ta te  exper imen ta l  data. As in P a r t  I (18) i t  
was necessary to s tandardize  to the  fol lowing condi-  
t ions 

p H - - 0  

aFe + + : 1, which is equiva lent  to eo = Eo 

( s t andard  poten t ia l ) .  

The s tandard ized  exchange  cur ren t  dens i ty  is wr i t t en  
as ie ~ 

The cathodic cur ren t  dens i ty  of i ron deposi t ion 
i- ,Fe+ + depends  on the ac t iv i ty  of fe r rous  ions aFe+ +. 
Therefore  the  exchange cur ren t  dens i ty  io is also de-  
penden t  on aFe+ +. 

The exchange cur ren t  dens i ty  is found graphica l ly  
or numer ica l ly  using the fol lowing equat ion 

log/o --  - -  {- log Ii-,Fe+ + l [27] 
~)--,Fe + + 

The equi l ib r ium potent ia l  eo is expressed  by  the 
Nernst  equat ion 

RT 
eo:Eo+-  l naFe++  [28] 

2F 
The re la t ions  be tween  io and pH, respec t ive ly  io and 

aFe+ +, are  der ived  f rom the  kinet ic  relat ions.  
In  the case of the  nonca ta lyzed  mechanism Eq. [8] 

and [9] lead to 

i o = 2 k - , 4 "  aFe++ " a H 2 0 " a H + - - I  

((l--~4)Fe~ [29 ] 
�9 exp  RT 

Using Eq. [28] one gets 

( 0 1 o g i o )  
O " - ~ - - . i , ~ o  [ 3 0 ]  

and 

= + 1  

( a l ~ 1 7 6  ) - - -{-0.75 [31] 

0 log aFe + + ai 

The resul t ing  exchange cur ren t  dens i ty  re la t ion  of 
the nonca ta lyzed  mechanism is 

log/o = log io ~ ~- pH -{- 0.75 log a'Fe+ + [32] 

The ident ical  der iva t ion  gives for the  ca ta lyzed mech-  
anism 

log io = log/o ~ -{- 2 pH -{- log aFe+ + [33] 

Calcula t ion of Co, /o, and io o requires  knowledge  of 
aFe+ +. Single  ion ac t iv i ty  coefficients of Fe  + + are  not  
ava i lab le  in the  l i te ra ture .  Therefore  the  fol lowing 
calculat ions are  r a the r  doubtful .  Nevertheless ,  fo l low- 
ing Bockris  et al. (6) we set 

~Fe + + = ~Ni% + = f• 

Tabu la t ed  va lues  of ~• give a mean  ac t iv i ty  co- 
efficient of Fe  ++ in 0.875M Na2SO4 -~- 0.1M FeSO4 
solution of 0.05. 

Using the  above value,  log io o was ca lcula ted  as 
- - 6 . 2 _  0.5 for the  noncata lyzed  mechanism and --14 
• 2 for the  ca ta lyzed mechanism,  respect ively.  The 
agreement  wi th  da ta  f rom the anodic dissolution proc-  
ess is not  sa t is factory  [cL P a r t  I (13)].  One of the  
reasons is p robab ly  the  assumpt ion  aFe --  1 in Eq. [23], 
which is only  a rough approx imat ion  in the  case of 
ca thodical ly  deposi ted metal .  Nevertheless ,  it  can be 
seen tha t  the  exchange cur ren t  dens i ty  of the  nonca ta -  
lyzed mechanism is severa l  orders  of magni tude  h igher  
than  tha t  of the ca ta lyzed mechanism.  This conclusion 
is not influenced by  the approx ima t ion  for ~Fe + +. A 
deta i led  discussion was given in Pa r t  I (18). 

As in the  anodic process the  cur ren t  dens i ty  of the 
i ron deposi t ion reac t ion  consists of two pa r t s  

i--,Fe + + ---- ~noncatalyzed ~- icatalyzed [34] 

In  the v ic in i ty  of the  equ i l ib r ium poten t ia l  the  first 
t e rm wil l  a lways  dominate.  Only  at  h igh p i t  of the  
cathode film and at  high overvol tage  the  second te rm 
may  become dominat ing.  

Conclusions 
From the exper imen ta l  da ta  i t  is shown tha t  the  

cathodic i ron deposi t ion takes  place  by  two different  
react ion mechanisms,  depending on the exper imen ta l  
conditions. These two mechanisms are  shown to be 
most p robab ly  a s imple reversa l  of the two mechanisms 
of the anodic i ron dissolution. 
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Transient Behavior during Electrodeposition 
onto a Metal Strip of High Ohmic Resistance 

Richard Alkire* 
Department of Chemical Engineering, University of Illinois, Urbana, Illinois 61801 

ABSTRACT 

Electrochemical deposition onto a thin metal  strip of high resistance can re-  
sult in a deposit of varying thickness along the strip if the electrode resistance 
is sufficiently large to cause a nonuniform reaction rate distribUtion. As dep- 
osition proceeds, the ohmic resistance of the strip decreases and thus t ran-  
sient behavior is observed. The transient thickening process is modeled by a 
one-dimensional pseudo steady-state method. The results i l lustrate how 
transient behavior during deposit growth depends upon the mass transfer, 
charge transfer, ohmic resistance, and geometric characteristics of the system. 
Conditions are discussed under which nonuniform deposits may be anticipated. 

In the fabrication of printed circuit boards, the de- 
position of the metal  circuit onto an insulating sub- 
strate is accomplished by electroless deposition of a 
thin metal  coating which is subsequently thickened by 
cathodic electrodeposition. The final deposit is usually 
not of uniform thickness, being somewhat thicker near 
the region of electrical contact employed during the 
cathodic thickening operation. In many cases the non- 
uniform reaction rate distribution which evidently pre-  
vails during growth may be pr imari ly  at tr ibuted to the 
high ohmic resistance of the thin electroless deposit. 
As the metal  film becomes thicker, its ohmic resistance 
decreases; eventually the deposition reaction takes 
place along the electrode surface at a rate which is 
essentially independent of the electrode thickness. The 
transient behavior of high resistance electrodes ob- 
served during thickening can be quite complicated 
since several competing effects come into play. Owing 
to the industrial  importance of the problem, the pres- 
ent study has been conducted in order to demonstrate 
some of the features which are characteristic of the 
process. The method of solution is not specifically re-  
stricted to the circuit board example; the results may 
be applied to other situations where the thickness of a 
resistive metal  strip is altered by electrochemical de- 
position or dissolution. 

* E lec t rochemica l  Socie ty  Act ive  Member .  
Key words: deposit, g r o w t h ,  n o n u n i f o r m ,  d i s t r ibu t ion .  

Several previous investigations have evaluated the 
current distribution along electrodes of high resistance 
under specific cases of operation, all in the steady state 
(1-7). These analyses have shown that the current and 
potential distributions along a resistive electrode can 
depend on ohmic resistance of the electrolytic solution 
and on the rate of sluggish charge-transfer reaction. 
Calculations were carried out by treating the electrode 
as a one-dimensional region along which electroche~ni- 
cal reaction takes place. To date, no theoretical analy-  
ses are known to be reported either on the effect of 
mass transport  restrictions on the current distribution, 
or on transient behavior observed during thickening 
of deposits on electrodes of high resistance. In the pres- 
ent study, conditions are ascertained under which a 
high electrode resistance may be anticipated to affect 
the reaction rate distribution along its surface. The 
theoretical model permits calculation of the transient 
current, potential, and surface concentration distr ibu- 
tions along the electrode, from which the deposit 
thickness distribution may be determined as a function 
of the extent of reaction. The study illustrates how the 
deposit thickness distribution depends on mass t rans-  
fer, charge transfer, and ohmic effects. 

Before proceeding, consideration should be given to 
the events which take place upon application of a 
cathodic potential to an electrode. Essentially three 
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electrochemical phenomena take place on time scales 
which are dist inctly different. First, the electrical 
double layer will  become charged very rapidly so that  
Faradaic cur ren t  will  pass through the electrode. Sec- 
ond, concentrat ion gradients will become established 
in the electrolytic solution near  the cathodic surface. 
Finally,  cathodic reaction wil l  cause gradual  thickening 
which will  reduce the ohmic resistance of the electrode 
and thus cause the reaction rate distr ibution to be- 
come more uniform. In  principle, the entire system will  
not achieve a steady state unt i l  the cathode becomes 
sufficiently thick that its ohmic resistance is negligible 
and the current  distr ibution is uniform. In  view of the 
different .time constants that  characterize the three 
processes, however, it is a very good approximation to 
claim that  the double layer and the diffusion layer  at-  
ta in  a pseudo steady state rapidly with respect to the 
time during which thickening takes place. In  the 
theory that  follows, it wil l  be assumed that  the cur-  
rent  dis t r ibut ion changes dur ing deposition at a rate 
that  is determined solely by the rate at which the 
thickening process occurs. 

Typically, electrodeposition will  involve a number  
of effects which are not taken into account in the 
t rea tment  that follows. For example, the pr imary  cur-  
rent  distr ibution may not be uniform, the mass t rans-  
fer process may be nonuniform, the deposit roughness 
may vary  during growth, or the ohmic resistance of 
the electrolytic solution may be appreciable. The pre-  
dictions made below may thus be applicable in some 
systems, bu t  certainly not in all. The principal  point, 
however, is that  the model presented below contains 
the essential features of many  practical problems and 
thus serves to refine one's intui t ion as well  as provide 
the foundation for a detailed pursui t  of more compli-  
cated situations. 

Formulation of the Mathematical Model 
Prior to the thickening treatment,  the electrode con- 

sists of a thin metal  strip of uniform thickness and of 
length I. Electrical contact is made to the thin strip 
along one edge ( z :  l) while the far edge ( z = 0 )  is 
insulated. A reference electrode is placed in the solu- 
tion near  the edge of the strip at which electrical con- 
tact is made. A constant potential  power supply pro- 
vides electrons to the th in  cathode at such a rate that  
the potential  difference between the electrical contact 
point and the reference electrode is main ta ined  at a 
constant value during electrolysis. 

Owing to the simple geometry and uniform st irr ing 
conditions which characterize the model electrolysis 
cell, the deposition reaction will proceed at different 
rates along the electrode surface only if the potential  
within the th in  metal  cathode varies along its length 
because of ohmic resistance. As deposition proceeds, 
the ohmic resistance of the electrode decreases, owing 
to thickening, and the current  distr ibution eventual ly  
becomes uniform. 

Because rigorous calculations are not necessary for a 
useful analysis of the system, several simplifying as- 
sumptions have been introduced: (I) The resistive 
electrode is a straight strip of uni t  width, having 
length I and an ini t ia l ly uniform thickness ao. The 
counterelectrode configuration is such that  the pr imary  
current  distr ibution along the cathode strip is un i -  
form. (II) The electrical double layer  and the mass 
t ransfer  diffusion layer  at tain steady-state conditions 
rapidly with respect to the rate at which the electrode 
thickness increases. (III) During the growth process, 
the cathode remains  thin with respect to distances over 
which significant variat ion in potential  takes place in 
the metal  phase, so that a one-dimensional  specification 
of the potential  in the electrode is sufficient. (IV) Only 
one electrode reaction occurs and the (reversible) re-  
action rate expression has the form given by Eq [3]. 
(V) The surface of the cathode deposit remains smooth 
during the course of thickening. (VI) The ohmic re-  
sistance of the electrolytic solution is negligible with 
respect to other resistances within the cell. That  is, the 
inequal i ty  

J F aoay 
- - < < I  @a 12~ 

must  be satisfied, where the symbols are as defined at 
the end of the text. (VII) The reactive cations arr ive 
at the electrode surface by diffusion but  not by migra-  
tion. The solution is sufficiently di lute that  concentra-  
tions may be used. (VIII) The electrolytic solution is 
st irred in such a way that the cations are un i formly  
accessible to the surface at all  points; the mass t ransfer  
rate is characterized by a mass t ransfer  coefficient. 

The resistance to passage of electrons through the 
electrode is governed by Ohm's law 

d~m (z,t) 
i(z,t)  ------r [1] 

dz 

The electronic current  in the metal  phase, i(z,t) ,  varies 
with position owing to the electrode reaction which 
acts as a s ink for the electrons in the electrode 

di (z,t) 1 
- -  - j ( z , t )  [2] 

dz a (z,t) 

The deposition reaction rate, j (z , t ) ,  varies along the 
electrode and is related to the metal  ion concentrat ion 
at the surface and to the potentials in both electrode 
and solution phases by the kinetic expression which 
characterizes the deposition reaction, assumed here to 
be of the Volmer form 

f anF (a -- 1) nF t e ~ ( z ' t )  cs(z,t) -RT v(z,t) 
j (z,t) = io c------~-- e 

[3] 

For cathodic reactions, both n (z,t) and j (z,t) are nega-  
tive. The exchange current  density in  Eq. [3] cor- 
responds to the bulk  concentrat ion of reactant  cation. 
The overpotential  ~(z,t) is the difference in potential  
between the electrode and the solution, outside the 
diffusion layer, dur ing  reaction, minus  the difference in 
potential  which exists under  equi l ibr ium conditions 
(8). Therefore the overpotential  ~l(z,t) is the sum of 
charge transfer  overpotential  plus concentrat ion over-  
potential. Since resistance effects in  the solution phase 
are negligible by assumption (VI), the potential  in the 
solution outside the diffusion layer is uni form and is 
denoted ~s ' .  Thus the overpotential  ~l(z,t) is defined as 

n(z,t) = [~m(z,t) -- ~ s ' ]  -- [~m e -- ~bse] [4] 

where the equi l ibr ium condition is denoted by super-  
script e. It is seen that  the overpotential  ~1 (z,t) varies 
with position along the electrode strip because the po- 
tent ial  in the metal  phase is not uniform. At this point 
it is convenient  to introduce the potential  at the cur-  
rent-feeder  end of the strip, , D i n  o .  Provided that  the 
reference electrode is positioned in the bu lk  electro- 
lyte, that is, beyond the diffusion layer, the applied po- 
tent ial  which is held constant  dur ing electrolysis may 
be related to the overpotential  ~1 (z,t) by 

[(~m �9 _ ~,o) _ (~bm e _ ~s~)] 

= [era �9 -~(z,t)] + [ ~ ( z , t )  -~,o] 

+ { [~ (z , r  - ~ss(z,t)] - [~m ~ - ~ ] }  [5] 

where ~bsS(z,t) is the potential  in the solution "just 
outside" the electrical double layer. The quant i ty  on 
the left side of Eq. [5] is the applied potential  which is 
held constant  dur ing electrolysis. The right  side of Eq. 
[5] i l lustrates that the applied potential  is counter-  
balanced by several overpotentials which develop 
within  the electrolysis cell owing to (a) ohmic losses 
(ha) in  the electrode, [~bm o --~bm(Z,t)]; (b) concen- 
trat ion overpotential  OIc) in the solution [~b,S(z,t) -- 
~so]; (c) charge t ransfer  overpotential  0Is) at the elec- 
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trode-solution interface, {[r -- Css(z,t)] -- 
[r e -- 0se]}. The concentrat ion overpotential  is re-  
lated to the concentrat ion difference across the diffusion 
layer by 

RT c s (z,t) 
r _ r = I n  ~ [6] 

n F  c b 

It  may be recognized that  the concentrat ion depen- 
dence of the exchange current  density has been ex- 
tracted and placed in  the exponent ia l  terms wi th in  the 
brackets of Eq. [3]. Thus, as noted previously, the ex-  
change current  density has the value which corre- 
sponds to the bu lk  concentrat ion of reactant, and the 
overpotential  ~(z,t) includes both charge- t ransfer  and 
concentrat ion overpotentials.  It  may be seen that  the 
ohmic, concentration, and charge t ransfer  overpoten- 
tials all  vary  with distance along the electrode and 
with t ime dur ing deposition. The sum of the three 
overpotentials, however, is constant  in accord with Eq. 
[5]. 

The local deposition rate, j (z,t), is also related to the 
concentrat ion difference across the diffusion layer 
through the mass t ransfer  coefficient which has a un i -  
form value a long  the ent i re  electrode 

j(z, t)  = - - n F k [ c  b -- cs(z,t) ] [7] 

Equations [1] through [7] may be combined in order 
to el iminate all variables except r  and a(z,t). 
Before report ing the result, it is convenient  to rewri te  
the problem in terms of dimensionless quanti t ies based 
on the following definitions: 

z 
Z - - m  

l 

MaRT 
T =  

p/2n2FS 

c s (z,t) 
C 8 ( Z , z )  - -  - -  

C b 

n F  
r = [ ~ ( z , t )  - Cmo] [8 ]  

RT 

n F  

R T  

j (z , t )  l 
J(Z,x) = . ~  

aei  �9 

a (z,t) 
A (Z,T) -- 

ao 

When the variables defined in Eq. [8] are introduced 
into the set of equations which describes the model, 
several dimensionless groupings of the system param-  
eters arise 

iol~F 

aoaRT 
kcbl2n2F2 

r = [9] 
aocRT 

ae ie lnF  
~(T) = 

aoaRT 

The parameter  ~ corresponds to the ratio of ohmic re-  
sistance to charge- t ransfer  resistance insofar as it con- 
tains the ratio of exchange current  density to elec- 
trode conductivity. Similarly,  the dimensionless pa- 
rameter  r denotes the ratio of ohmic resistance to mass 
t ransfer  resistance. 

Equations [1] through [7], which describe the model, 
may now be combined and wr i t ten  in  dimensionless 
form; the result  has the somewhat compact form 

1937 

F 
(Ate'm)' = ~ ~ e a ~ . ~ + ~ -  

L 

I + ~-- e (a-x)<r174 [10J 

1 + --~ e (~-1)(*~,+o~) 
r 

The symbol prime (') is used to denote differentiation 
with respect to the spatial variable Z. The left side of 
Eq. [10] represents the divergence of the potential 
gradient in the electrode phase. The right side is a 
net species generation term which is given by the 
pseudohomogeneous electrochemical reaction rate. The 
rate expression has both anodic and cathodic terms, 
the concentration dependence of the cathodic term hav- 
ing been reformulated by combination of Eq. [3] and 
[7] in view of Eq. [4]-[6]. The Appendix provides de- 
tails. 

Equation [10] has two unknown quantities, r 
and A (Z,z), and four independent parameters (ca, 6, r, 
and a). Provided that the deposit thickness distribution 
is known, Eq. [10] may be integrated with use of two 
boundary conditions. The conditions that correspond to 
the present model are (A) Current does not pass 
through the insulated end of the electrode 

r = 0 [11] 

(B) The potential at the contact end of the electrode, 
in the metal, is constant during electrolysis 

r = 0 [12] 

Once the potential and concentration distributions 
along the wire surface are known, the current dis- 
tribution may be calculated by 

J(Z,-() = m [ea(O,~+o~) _ Cse(a-1)(o~+o~)] [13] 

The deposit thickness distribution may be obtained 
by integration of the prevailing current distribution 
over the period of electrolysis 

A(Z , z )  = 1 + f~J~dx [14] 

The mathematical  model described above has ex-  
tended previously available t reatments  by accounting 
s imultaneously for both mass t ransfer  and charge 
t ransfer  overpotentials in addition to the ohmic losses 
associated with deposition onto electrodes of high re- 
sistance. Further ,  the model includes t rans ient  effects 
owing to pseudo steady-state thickening of the elec- 
trode. 

Method of Solution 
The solution of Eq. [10] was carried out on a digital 

computer with use of finite difference numer ica l  meth-  
ods. The timewise variat ion of the current  distr ibution 
was determined by al ternate solution of Eq. [10] and 
[14] at specified t ime steps. Firs t  Eq. [10] was inte-  
grated with the deposit thickness distr ibution set equal 
to the ini t ial  value (A ---- 1.0). Calculations were then 
carried out at specified t ime intervals  dur ing  the pseudo 
steady-state thickening process. After  one t ime interval  
the "initial" current  distribution, already in hand, was 
used to evaluate the thickness dis t r ibut ion via Eq. [14]. 
With use of these results, Eq. [10] was solved again 
and the sequence was repeated for as many  t ime in ter -  
vals as required. For the calculations reported in this 
s tudy it was found that  t ime intervals  that  were less 
than the value (0.05/~) yielded results which were es- 
sential ly independent  of the choice of t ime step. 

The numerica l  integrat ion of Eq. [10], which is 
nonl inear  and of second order, was accomplished by  
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first linearizing the equation and placing the results 
into finite difference form. The tridiagonal matrix was 
inverted (9) on an IBM 360 computer. The solution of 
the nonlinear equation was obtained by iteration on 
the approximate linear solution. 

Results and Discussion 
Calculations based on the preceding theoretical 

model have been conducted in order to illuminate sev- 
eral salient features of the process. All calculations 
have been carried out for cathodic deposition (nega- 
tive applied potentials) with use of a symmetric 
transfer coefficient (a ---- 0.5). The dimensionless 
parameters used in the following presentation should 
permit evaluation of a wide variety of actual systems. 

Consider first the situation which is attained shortly 
after application of potential. Both the double layer 
and the diffusion layer have developed to a pseudo 
steady-state condition, but the deposit thickness has 
not changed appreciably from its initially uniform 
value. This state is termed the "initial state" in the 
subsequent discussion. Figure 1 illustrates the values of 
the three overpotentials along the length of the elec- 
trode for a typical choice of parameters. It is seen that, 
at any point along the surface, the total of values of 
the three overpotentials equals the applied potential. 
At the electrical contact end of the electrode, ohmic 
losses in the metal phase are zero and the applied po- 
tential is "partitioned" between concentration and 
charge-transfer effects. Further along the electrode, 

- ~~ 

_J 
<{ 

Z 
hJ 
I -  
0 
rl 

LLI 
> 
0 

0 
1.0 

i i i 

0 

the ohmic resistance consumes an increased fraction of 
the total applied potential  so that  both charge- t ransfer  
and concentrat ion overpotentials are thereby reduced. 
Clearly the surface concentrat ion of reactants  is low- 
est near  the electrical contact, where concentrat ion 
overpotential  is greatest, and increases along the elec- 
trode. In  addition, the var ia t ion of charge- t ransfer  
overpotential  clearly indicates that  the reaction rate 
will be greatest near  the electrical contact and will de- 
crease along the electrode. Figure 2 shows some typical 
reaction rate distr ibutions along the cathode for several  
values o f ' ~ e  parameter  r. It  may be seen that  when 
the mass t ransfer  coefficient is large (large r ) ,  the re-  
action distr ibution depends on the parameter  ~: a small  
value of ~ indicates high electrode conductivi ty and 
thus a uniform current  distribution, whereas large 
values of ~ correspond to a nonuni form current  distri-  
bution. As the mass t ransfer  coefficient is reduced (de- 
creased r ) ,  the concentrat ion overpotential  wil l  be in -  
creased relat ive to the other overpotentials and the 
reaction rate dis t r ibut ion wil l  be forced to become more 
uniform along the electrode. For a sufficiently small  
mass t ransfer  coefficient, the reaction distr ibution is 
seen to be essentially uniform even though ~ has a large 
value. Thus the effect of mass t ransport  l imitat ions is 
to suppress the large reaction rate near  the electrical 
contact point  and thereby render  the reaction dis- 
t r ibut ion more uniform. 

The variat ion of total current  with applied potential  
is depicted in Fig. 3 for several values of ~ and r. In  the 
absence of mass t ransfer  resistance (large r ) ,  the 
"polarization" curves assume a Tafel- l ike shape. The 
effect of lowering r ( increasing the mass t ransfer  re-  
sistance) is to reduce the upper  value of cur ren t  which 
may be passed through the electrode. It  may  be seen 
that  at sufficiently small  values of r,  the curves in Fig. 
3 exhibit  a current  plateau which corresponds to the 
l imit ing current.  

Cont inuing with discussion of the "init ial  state" (be- 
fore appreciable thickening occurs), consider how the 
overpotential  distr ibutions depend on the parameters  
and r. Since the total of the three overpotentials equals 
the applied potential,  which is held constant  during 
electrolysis, the relat ive magni tude  of each may be i l-  
lustrated on an equi la tera l - t r iangle  graph as shown in 
Fig. 4. Each different point wi th in  the triangle, desig- 
nated as a par t i t ion point, corresponds to a different 
part i t ioning of the applied potential  among concen- 
tration, charge-transfer ,  and ohmic overpotentials.  For  
example, the par t i t ion point which corresponds to 
the insulated end of the electrode already depicted 

Z ,  D I S T A N C E  

Fig. 1. Overpotential partition distribution along a typical re- 
sitive electrode of uniform thickness (4 = 1, r - -  10, r " -  
- -3 .0) .  
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Fig. 2. The effect of mass transport limitations on the current 
density distribution along a resistive electrode of uniform thick- 
ness (~ ~ 10, r ~ - -3 .0) .  
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Fig. 3. Current-voltage curves for resistive electrodes of uniform 
thickness under various conditions of charge- and mass-transport 
restrictions. 
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Fig. 4. Overpotential partition at insulated end of a resistive 
electrode of uniform thickness under various operating conditions 
(r - -  - -3 .0) .  

in Fig. 1 (t = 1, r = 10) is located at point  A in Fig. 
4. The "part i t ion points" at the insulated end of other 
systems may  also be found in  Fig. 4 from the solid 
grid lines which are d rawn at various values of ~ and 
r.  Similarly,  the par t i t ion point  in Fig. 4 which cor- 
responds to the electrical contact end of the electrode 
of Fig. 1 is shown at point  B. I t  may  be realized that  
ohmic effects are always absent  at the current  feeder 
so that  the par t i t ion point  falls on the charge t ransfer -  
mass t ransfer  "binary"  base l ine at a position which is 
determined solely by the value of the ratio f / r .  The 
overpotential  par t i t ion dis tr ibut ion given in Fig. 1 cor- 
responds to the heavy dotted l ine which connects points 
A and B in Fig. 4. By comparing the dotted l ine with 
the corresponding intersection of grid points it is seen 
that the dotted l ine passes through the locus of points 
for which the ratio ~/r is constant. That  is, the applied 
potential  at any point  along an electrode surface is 
part i t ioned be tween charge- t ransfer  and concentra-  
tion overpotentials in accord with the value of t / r ,  in -  
dependent  of ohmic effects. The dashed lines in Fig. 4 
correspond to various lines of constant  t / r ,  as noted 
beneath the triangle. In  accord with the above obser-  
vations, the overpotential  part i t ion dis tr ibut ion along 
an electrode, prior to significant thickening, may be 
obtained by locating the end point  at the grid location 
which corresponds to the values of ~ and r, and then by 
following the dashed line of constant  $/r  to the ~s --  ~r 
base line. Although spatial dis tr ibut ions cannot be ob- 
tained, the method provides sufficient informat ion to 
estimate both the extent  to which ohmic effects wil l  be 
appreciable dur ing  thickening and the extent  to which 
concentrat ion polarization will  become significant once 
the ohmic resistance is relieved by thickening. Al ter -  
natively,  Fig. 4 may be used to choose deposition con- 
ditions under  which deposits of acceptable uni formi ty  
and appearance may be obtained. Although the axes of 
Fig. 4 are normalized by  the applied potential, the lo- 
cation of the grid lines depends on the value chosen for 
the applied potential;  an increase in  applied potential  
will  usual ly  enhance par t i t ioning into ohmic and con- 
centrat ion overpotentials at the expense of charge 
transfer overpotential.  

At this point, a numer ica l  example should be helpful  
in establishing some feeling for the matter.  Consider 
copper deposition from an acidified sulfate bath  for 
which approximate values of system parameters  would 
be n = 2, in -- 10-3 A/era 2, cb = 5 x 10 -4 mole /cm 3, 

= 5 x 105 ( o h m - c m ) - l ,  and T -- 300~ A typical  
electroless deposit thickness is an = 5 x 10-~ cm, and a 
typical circuit board dimension is I = 15 cm. The pa-  
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rameter  ~ thus has the value  0.7. In  the absence of mass 
t ransfer  effects, Fig. 4 indica tes ' tha t  for <~a = --3 (42 
mY applied potent ia l ) ,  up to 32% of the applied po- 
tent ial  will  be consumed by  ohmic losses in the elec- 
trode phase, so that  the current  dis t r ibut ion may be 
expected to be moderate ly  nonuniform.  For this sys- 
tem, the diffusion coefficient is about  7 x 10 -8 cm=/sec; 
if the diffusion layer is of thickness 5 x 10 -2  cm, the 
mass t ransfer  coefficient would be on the order of 
k = 7 x 10-e/5 x 10 -3  -- 1.4 x 10 -4 , so that  r 
would have the value of ten. Referring once again to 
Fig. 4, it is seen that  for r -- 10, concentrat ion over-  
potential  consumes only a small  portion of the applied 
potential. As a counterexample,  consider a circuit  
board of length [ = 1 cm but  with the same system pa-  
rameters  as above, so that  t ---- 3 x 10 -S and r = 4 x 
10 -2 . One concludes that  ohmic resistance effects in the 
electrode phase are negligible .and will  not contr ibute 
to a nonuni fo rm deposit. 

Now consider the t rans ient  behavior  which occurs 
dur ing  the thickening process. Figure 5 illustrates, for 
one set of parameters,  how cathodic deposition reduces 
the ohmic resistance of the electrode and thus renders 
the reaction rate dis t r ibut ion more uni form dur ing the 
course of electrolysis. Current  distr ibutions are shown 
for various average deposit thicknesses (A.D.T.) dur ing 
a tenfold thickening treatment .  The ini t ial  cur rent  dis- 
t r ibu t ion  (A.D.T. = 1.0) indicates that  the deposition 
rate at the contact end of the electrode is 2.2 t imes 
greater than  that  at the far end of the electrode. After 
tenfold thickening, however, the current  dis t r ibut ion is 
essentially uniform for the conditions indicated. As the 
ohmic restriction is thus relieved by thickening, both 
the concentrat ion and charge transfer  overpotentials  
increase, in relat ive proport ion to the ratio t / r .  Thus, 
dur ing thickening,  the par t i t ion point  which charac- 
terizes the insulated end of the electrode (such as 
Point  A in  Fig. 4) moves along a l ine of constant  t / r  
toward the ~c -- ~1s base line. At  a given applied poten-  
tial, the period of electrolysis dur ing  which the current  
dis t r ibut ion remains  nonuni fo rm clearly depends on 
the init ial  cur rent  distribution, i.e., on the values of 

and r.  
Dur ing  deposition the thickness of the cathodic de- 

posit increases at different rates along the electrode 
when  the "init ial" current  dis t r ibut ion is not uniform. 
Figure 6 i l lustrates several specific cases of t ransient  
behavior  which are observed dur ing  a tenfold thicken-  
ing operation (that  is, the final average deposit thick- 
ness is ten times the init ial  thickness).  The ordinate is 
the deposit thickness dis t r ibut ion which has been nor-  
malized by the average prevai l ing deposit thickness 
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Fig. 5. Current density distributions along a resistive electrode 
during tenfold thickening by cathodic deposition (t = 10, r = 
10, ca - -  - -  3.0). 
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1 + fo r J~d~ 

[15] 
1 + f j  ~dT 

Normal ized d is t r ibut ions  are  shown at  severa l  in te r -  
media te  stages dur ing the over -a l l  process. As a gen-  
era l  observation,  the calculat ions i l lus t ra te  tha t  the 
ini t ia l  deposi t  th ickness  d is t r ibut ion  (A.D.T. = 1) is 
uni form and tha t  the thickness  becomes more  or less 
nonuni form dur ing  the first moments  of deposition. 
Eventual ly ,  in accord wi th  Fig. 5, the  cur ren t  d i s t r ibu-  
t ion becomes uni form so tha t  th ickening takes  place 
uni formly  along the  electrode.  Thus the  normal ized  
deposit  thickness  d is t r ibut ion  at ta ins  a m a x i m u m  de-  
gree of nonuni formi ty ;  addi t ional  e lectrolysis  renders  
the deposi t  more  uniform. As shown in Fig. 6, the  
detai ls  of the  deposit  thickness d is t r ibut ions  and the 
t imes  at  which the m a x i m u m  nonuni formi ty  is a t -  
t a ined  depend on the value  of r.  When concentra t ion 
overpoten t ia l  prevai ls  along the ent i re  e lect rode 
(~/r  la rge) ,  then the cur ren t  d is t r ibut ion  is essent ia l ly  
un i form at the  onset of e lectrolysis  and remains  so du r -  
ing deposition. The bot tom graph of Fig. 6 (~ = 1O, 
r = 1, Ca ---- - -3)  indicates  tha t  a deposi t  ten t imes the  
or iginal  layer  wi l l  be of uni form thickness  wi th in  
___0.5%. On the other  hand, if the  ohmic resistance effect 
is large  and not  masked  by  severe  mass  t ranspor t  l imi-  
tations, then the deposi t  thickness  d is t r ibut ion  wil l  
pass through a h ighly  nonuni form configurat ion dur ing  
deposition. The middle  g raph  of Fig. 6 (F = 10) shows 
tha t  the final deposi t  thickness  wi l l  va ry  by  about  
•  For  r ---- 1O0 (upper  graph of Fig. 6), the  final 
deposit  at the  contact  end wil l  be over  twice as th ick 
as a t  the far  end. 

Conclusions 
The theore t ica l  model  presented  above is based on 

assumpt ions  tha t  na tu ra l ly  affect the  appl icab i l i ty  of 
the  ca lcula ted  results.  Thus whi le  the  foregoing p re -  
dict ions m a y  be appl icable  to many  deposi t ion sys-  
tems, they  cannot  be expected to app ly  to al l  such 
systems. Fo r  example,  if  a given system is charac-  
ter ized b y  a value  of ~ tha t  is small  wi th  respect  to 
unity,  one m a y  conclude tha t  ohmic resis tance effects 
in the e lect rode phase  are  negligible.  However ,  i t  
would  be unwise  to claim tha t  i t  thus fol lows tha t  the  
cur ren t  d is t r ibut ion  is therefore  uni form for every  sys-  
t em having a low va lue  of ~. The theoret ica l  model  
focuses on the role of e lect rode res is tance effects and 
is not in tended  to provide  deta i led informat ion in the 
absence of such effects. On the other  hand, it  m a y  be 
recognized tha t  severa l  of the assumptions,  such as 
(I) ,  (IV),  (VI) ,  and (VII I ) ,  may  be a l te red  to suit  
special  c i rcumstances wi thout  apprec iable  complica-  
t ion of the  genera l  calcula t ional  procedures.  

The resul ts  p resen ted  above find appl ica t ion  in the  
th ickening  of deposits  on insula t ing subs t ra tes  as, for  
example ,  dur ing  the manufac tu re  of p r in ted  c i rcui t  
boards.  Al though revers ib le  p la t ing  ba ths  pe rmi t  high 
cur ren t  densi t ies  and rap id  device throughput ,  de-  
posits wi l l  be nonuni form if the  electroless  unde r -  
coat is not  sufficiently thick. Since the  electroless de-  
posi t ion process is slow, an op t imum product ion ra te  
m a y  be ant ic ipa ted  which counterba lances  the  e lec t ro-  
less deposi t ion ra te  against  the  un i fo rmi ty  of the  
ca thodica l ly  th ickened product .  If  the  concentra t ion of 
reac t ing  ions is low, or if the ba th  is s t i r red  but  slowly, 
mass  t r anspor t  l imi ta t ions  m a y  set in which  r ende r  the  
cur ren t  dens i ty  d is t r ibut ion  uni form regard less  of k in -  
etic o r  ohmic effects. However ,  deposi t ion under  se- 
vere  mass t ransfe r  l imi ta t ions  can lead to "burned"  
deposi ts  which are  powdery  and loosely adherent .  If 
ohmic res is tance effects a re  apprec iab le  and are  not  
masked  by  mass t r anspor t  l imitat ions,  h igh ly  nonuni -  
form deposits  m a y  be obta ined dur ing  the ini t ia l  per iod 
of deposition. In all  cases of operat ion,  essent ia l ly  uni -  
form deposits  wi l l  be obtained upon ex tended  deposi-  
t ion af ter  the  ohmic resis tance of the  e lect rode is r e -  
l ieved by  thickening.  The common usage of a high 
current  dens i ty  "s t r ike"  p la t ing on the electroless  de-  
posit  m a y  not  necessar i ly  achieve the  in tended  goal of 
coat ing the  basis meta l  wi th  the  p la t ing meta l  and, in-  
deed, m a y  involve a h ighly  nonuni form deposit ion.  
The in t e rp lay  of the var ious  phenomena  tha t  de te r -  
mine  the  over -a l l  t rans ien t  th ickening process thus 
provides  insight  which is useful  t oward  improvemen t  
of the over -a l l  product ion  process. 
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A P P E N D I X  
Combinat ion of Eq. [1], [2], and [3] gives 

- - ~ z  = / o  e c b e  

[I6] 
In view of Eq. [4] and [5], and the definitions in Eq. 
[8], one may  rea r range  Eq. [16] to the  form 

(A~'m)' = ~{e ~(r162 --  C s e(=-1)(r162 )} [17] 

The dimensionless  surface concentrat ion,  C s, m a y  be 
found by  e l imina t ing  J f rom Eq. [7] and [13] 

r - -~ - c s e(~-1)(r162 J : - -  (C s - -  1) = {eaC~-+r ) 

[18] 
whence 

r 
C s = [19] 

1 + ---~e (a-1)(om+r 
F 

Subst i tu t ion  of Eq. [19] into Eq. [17] yields  Eq. [10]. 

NOMENCLATURE 
English Characters 
a Thickness of electrode, cm 
ae  Thickness of e lec t rode  at  e lect r ica l  contact  point, 

cm 
ao Thickness of e lect rode pr ior  to thickening,  cm 
A Thickness of electrode, a/ao, dimensionless  
c s Reactant  concentra t ion at  e lect rode surface, 

g - m o l e / c m  a 
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C s Reactant  concentra t ion at  e lect rode surface, c8/c b, 
dimensionless  

F F a r a d a y ' s  constant,  96,500 cou lomb/g -eq  
i Curren t  densi ty  in the  electrode,  A / c m  2 
ie  Curren t  dens i ty  in the  e lect rode at  the e lectr ical  

contact  point,  A / c m  2 
io Exchange  cur ren t  dens i ty  of the  e lect rode reac-  

t ion at  bu lk  concentrat ions,  A / c m  2 
j Local  react ion ra te  (cur ren t  densi ty)  along the 

e lect rode surface, A / c m  2 
J Local  reac t ion  ra te  ( cu r ren t  dens i ty)  a long the  

electrode,  j l /ae i  e, dimensionless  
k Mass t ransfe r  coefficient, cm/sec  
l Length  of electrode, cm 
M Atomic weight  of e lec t rode  metal ,  g / g - a t o m  
n Number  of electrons tak ing  pa r t  in e lec t rode  

reaction,  g - e q / g - m o l e  
R Gas constant,  8.31 j ou l e /g -mo le  ~ 
t Time, sec 
T Tempera ture ,  ~ 
y Distance be tween  reference e lect rode cap i l l a ry  

and surface of the res is t ive  cathode, cm 
z Spat ia l  var iab le  along electrode,  cm 
Z Spat ia l  va r iab le  along electrode,  z/Z,  dimension-  

less 

Greek Characters 
Transfer  coefficient in react ion ra te  expression,  
Eq. [3] 
Curren t  dens i ty  in the  e lec t rode  at  the e lect r ica l  
contact  end, aeielnF/aor dimensionless  

r Ratio of ohmic resis tance to mass  t ransfer  res i s t -  
ance, kcbDn2F2/aoaRT, dimensionless  

,1 Overpoten t ia l  as defined by  Eq. [4] 
~c Concentra t ion overpoten t ia l  in the  solution, 

[~s 8(z,t) -- C e ] , V  
~ Charge - t r ans fe r  overpoten t ia l  at  the e lec t rode-  

solut ion interface,  {[~bm(z,t) - -  CsS(z,t)] --  [#,,e 
- , 8 ~ ] } ,  v 

~a Ohmic overpoten t ia l  in the  e lec t rode  phase,  
[ r  _ r ], V 
Conduct iv i ty  of e lectrolyte ,  o h m - l - c m  -1 
Ratio of ohmic resis tance to charge  t r ans fe r  r e -  
sistance, iolenF/aor dimensionless  
Density of e lect rode metal ,  g / g - m o l e  
Conduct iv i ty  of meta l  electrode,  o h m - ~ - c m -  

r Time, M~RTt/pl~nZF 2, dimensionless  
r Potent ia l  in the  electrode,  V 
~bme Potent ia l  in the  e lect rode at  the  e lec t r ica l  con-  

tact  end, V 
r e Po ten t i a l  in the  e lec t rode  at  equi l ibr ium,  V 
Cs Potent ia l  in the  solution, V 
~s �9 Potent ia l  in the  solut ion at  the  e lec t r ica l  contact  

end of the cell, V 
r e Potent ia l  in the  solut ion at equi l ibr ium,  V 
~s s Potent ia l  in the  solut ion at  e lec t rode  surface, V 
Ca Appl ied  potential ,  nF [ ( r  e -- Cs e)  - -  ( ~ m  e - -  

r e) ]/RT, dimensionless  
r  Potent ia l  in the electrode,  nF(~m -- ~me) /RT,  

dimensionless  
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Phase Equilibria in Lithium-Chalcogen Systems 
I. Lithium-Selenium 

P. T. Cunningham, S. A. Johnson, and E. J. Cairns* 
Argonne  National Laboratory, Chemical Engineering Division, Argonne, Illinois 60439 

ABSTRACT 

The equi l ib r ium phase d iag ram of the  l i t h ium-se len ium system has been 
invest igated.  A misc ib i l i ty  gap extends  f rom 0.5 to 30.5 a /o  (a tom pe r  cent)  
l i t h ium above a monotect ic  t empe ra tu r e  of 350.1~ the cr i t ica l  t e m p e r a t u r e  is 
grea ter  than  800~ The only in te rmedia te  phase  found is Li2Se which mel ts  at  
1302~ 

Dur ing  the  last  severa l  yea r s  there  has been an in-  
creasing in teres t  in the  deve lopment  of high-specif ic-  
power,  h igh-spec i f ic -energy  secondary  cells based on 
a lkal i  me ta l -cha lcogen  couples (1, 2). To optimize the  
cell  design (especia l ly  the  cathode configuration) and 
to evalua te  cell performance,  i t  is necessary to unde r -  
s tand the  phase  equi l ibr ia  involved in these systems. 
The work  repor ted  here  was unde r t aken  to de te rmine  
the  phase d iag ram for the  condensed l i t h ium-se len ium 
system. 

The s tudy of  the phase  equi l ibr ia  in l i th iu in-cha lco-  
gen systems has here tofore  been ve ry  l imited.  The 
l i th ium-se len ium phase  d iag ram has not been p rev i -  
ously repor ted.  The only informat ion  avai lab le  is tha t  
l i th ium monoselenide,  Li2Se, has been p repa red  both 
in l iquid ammonia  (3, 4) and  by  the  reac t ion  of 
se lenium vapor  wi th  mol ten  l i th ium (5).  I t  has  been 

�9 Electrochemical Society Active Member .  
Key words: l i th ium,  se len ium,  l i t h ium selenide, cathode, phase 

equi l ibr ia .  

repor ted  to have  an ant if iuori te  s t ruc ture  (4, 5) wi th  
a la t t ice p a r a m e t e r  of 6.002A (5).  

Experimental 
Materials.--The se lenium used was a special  h igh-  

pu r i ty  (99.999 W %) grade  obta ined f rom Amer ican  
Smel t ing  and Refining Company,  South  Plainfield,  New 
Jersey.  The l i th ium was h i g h - p u r i t y  reac tor  grade 
(99.98%) obta ined f rom the Foote  Minera l  Company,  
Phi ladelphia ,  Pennsylvania .  Both e lements  were  used 
wi thout  fur ther  purification. The Li2Se was p repared  
in 5-10g batches  by  the reac t ion  of se lenium vapor  
wi th  mol ten  l i th ium in an appara tus  s imi lar  to tha t  
descr ibed by  Johns ton  and Heikes  (5). L i th ium was 
conta ined in a mo lybdenum boat  which  was placed in 
an evacuated  quar tz  vessel  toge ther  wi th  excess sele-  
n ium and hea ted  at  300~ for  two days.  The  Li2Se 
thus p repa red  had  a l ight  sa lmon color and produced  
ve ry  sharp x - r a y  powder  pa t t e rns  corresponding to an 
antif luori te  s t ruc ture  wi th  a la t t ice  p a r a m e t e r  of 
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Table I. Summary of thermal analysis data on the lithium-selenium system 
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O v e r - a l l  
composit ion Container Max Temperature  of t h e r m a l  
(a /o  L i  i n  Se) M e t h o d  a m a t e r i a l  t e m p  (~ effects  (~ ~ 

100.0 (Li) T A  Ta 220 180.5 
99.3 T A  Ta  210 180.5 
99.0 T A  Ta 220 180.6 
85,0 T A  347 S,S. b 1090 180.8 
68.7 (Li~Se) D T A  Nb b 1350 
66.7 (Li~Se) V i s u a l  N b  1350 
55.0 T A  Quar t z  400 319.8 349.3 
50.0 T A  Q u a r t z  400 220.0 351.7 
40.0 T A  Quar t z  400 220.0 351.8 
40.0 I )TA A1 b 575 218.0 352.0 
35,0 T A  Q u a r t z  b 615 220.3 347.0 
35.0 D T A  A1 b 500 218.0 352.6 
31.9 D T A  A1 b 415 219.0 354.0 
31.5 DTA A1 b 480 219.0 352.0 
20.0 T A  Quar t z  430 220.0 349.4 
10.0 T A  Quar t z  400 221,0 334.0 ~ 
10.0 T A  Quar t z  385 220.0 349.8 
10.0 T A  Q u a r t z  410 220.0 350.0 
10.0 TA Q u a r t z  b 706 198.0 ~ 342.0 ~ 
10.0 DTA A1 b 400 219.0 352.0 

7.5 T A  Quar t z  410 219.8 350.5 
5.0 T A  Quar t z  380 210,0 ~ 343.00 
5.0 T A  Q u a r t z  370 350.7 
4.0 T A  Quar t z  390 220.0 347.0 �9 
3.0 T A  Q u a r t z  420 219.8 341.5 ~ 
3.0 T A  Q u a r t z  400 220,3 346.6 ~ 
0.0 (Se) T A  Q u a r t z  400 220.2 

1302 ~-- 2 
1303 "~ 5 

a The methods  used  w e r e  h e a t i n g  or  coo l ing  c u r v e s  (TA),  w h e r e  r e p o r t e d  t e m p e r a t u r e s  are 
t h e r m a l  ana ly s i s  (DTA),  w h e r e  reported temperatures  are those of the intersecUon. 

b Sealed container. 
c Temperature  taken f r o m  a cooling curve  that had clearly undercoo led .  

those of  t h e r m a l  ar res ts ,  and differential 

6.0014 ___ 0.0004A, which is in good agreement  with the 
value previously reported (5). There was no indication 
of unreacted l i thium. Chemical analysis of portions of 
several Li2Se batches indicated an empirical  formula 
of Li~.05• Li2Se was mixed with the appropriate 
te rmina l  phase in a pur i f ied-hel ium-atmosphere  glove 
box (6) to obtain the desired over-a l l  composition for 
subsequent  experiments.  The samples were contained 
in quartz, a luminum, niobium, tantalum, and Type 347 
stainless steel, depending on the sample composition 
and the temperature  range covered. 

Apparatus and procedures.--The methods used in-  
cluded thermal  analysis (heating and cooling curves),  
differential thermal  analysis (DTA), chemical analysis, 
microscopy, and x - ray  diffraction. The DTA samples 
weighed about 80 mg and were contained in a luminum 
or n iobium capsules with press-fit caps of the same 
material.  Data were obtained with a du Pont  Model 
900 Differential Thermal  Analyzer  using a 5~ 
rate of tempera ture  change with powdered a lumina  as 
a reference mater ial  and a dynamic hel ium atmosphere 
The over-al l  accuracy of the apparatus, which was 
checked with NBS standard quartz and KNO3.1 was 
found to be _ I~ 

Heating and cooling curves were obtained for sam- 
ples weighing from 10 to 20g using a furnace well  
which was attached to the floor of a hel ium-atmosphere  
glove box (7). L i th ium-r ich  samples were contained in 
either t an ta lum or Type 347 stainless steel, whereas 
selenium-rich samples were contained in quartz. Vari-  
ation of sample composition because of selenium vapor-  
ization was negligible. The selenium-rich samples re-  
quired vigorous st i rr ing to prevent  severe undercool-  
ing. Temperatures  were measured with p la t inum vs. 
pla t inum-10% rhodium thermocouples for both types 
of thermal  analysis. The thermocouples were all fab- 
ricated of wire which had been calibrated against NBS 
pure tin (mp 231.88~ zinc (mp 419.58~ and alu-  
m inum (mp 660.0~ 

A molybdenum-wound  resistance furnace was em- 
ployed to observe the fusion of Li2Se. The samples, 
each about 0.2g, were placed in a n iobium crucible, 
which contained a black-body cavity, and were heated 
in an argon atmosphere. Temperature  was measured 
with a calibrated optical pyrometer,  and the occurrence 
of fusion was visual ly determined. 

1 T he  q u a r t z  a n d  KNO~ are  S R M  755 a n d  SRM 756, r e s p e c t i v e l y .  
They  are a v a i l a b l e  f r o m  the  Office of S t a n d a r d  Re fe r ence  Mate r ia l s ,  
National  B u r e a u  of  S t anda rds ,  W a s h i n g t o n ,  D. C. 20234. 

The samples used for microscopic examinat ion or 
chemical analysis were placed in  quartz ampules, 
evacuated, and sealed. The ampules were heated to 
600-800~ for about 1 hr and cooled to the desired tem- 
perature and held at that  temperature  for periods 
varying from several hours to several weeks. The 
samples were then quenched in l iquid ni t rogen and 
re turned to the hel ium-atmosphere  glove box where 
the ampules were carefully broken open and the sam- 
ples examined. Because Li2Se reacts rapidly with 
moisture in  the air, care was necessary in polishing 
samples for microscopic examinat ion outside the glove 
box. The samples were mounted  in Polylite (or in some 
cases Wood's metal)  and polished under  silicone oil. 
The polished surface was flooded with silicone oil and 
a cover glass was placed over the sample. The polished 
surface could then be e x a m i n e d  and photographed at 
leisure since the surface showed no sign of deteriora- 
tion for several hours. Informat ion on the n u m b e r  of 
phases present, their dis t r ibut ion wi th in  the sample, 
and their  relat ive amounts  is obtained by microscopy. 
Chemical analysis was performed on samples that  were 
mechanical ly separated in the glove box. In  most cases, 
l i thium was analyzed by flame photometry, and sele- 
n ium was obtained by difference. Several  checks in 
which selenium was also determined by  the s tandard 
potassium iodide method (8) confirmed the accuracy 
of this procedure ( _  5% of the l i th ium weight) .  

X- ray  diffraction powder photographs were obtained 
for a large number  of samples of various composition 
and thermal  history using a 114.6 mm Debye-Scherrer  
camera with CuKa radiation. 

Results and Discussion 
All exper imental  results are summarized in Fig. 1. 

The thermal  analysis results are listed in Table I. Four  
thermal  effects were observed. On the l i th ium-r ich  side 
of Li2Se, the only effect noted below 1000~ (the high- 
est tempera ture  at tained for this composition range) 
was at 180.5 ~ • 0.1~ which is also the mel t ing point 
of l i thium. The presence of Li2Se did not affect the 
l i thium melt ing point wi thin  the accuracy of these 
measurements.  The mel t ing point of Li2Se was ob- 
served to be 1302 ~ ___ 2~ using DTA and 1303 ~ +_. 5~ 
in the resistance furnace with optical observation. The 
excellent agreement  between these values is considered 
to be fortuitous considering the difficulty of accurate 
h igh- tempera ture  measurements .  The melt ing point of 
Li2Se is taken to be 1302 ~ _ 5~ 
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Fig. 1. Partial phase diagram of the lithium-selenium system. 
C), Thermal analysis; (~, differential thermal analysis; 0 ,  chemi- 
cal analysis; V ,  microscopic analysis: sample quenched from above 
the liquidus; A ,  microscopic analysis: sample quenched from 
below the liquidus. 

Table II. Summary of chemical analyses 

Temper~ 
a t u r e  

prior to Sample L i t h i u m  
quenching Component weight weight L i t h i u m  

(~ a n a l y z e d  (g) (g)s  (a/o) 

Thermal  effects in samples with over-al l  composi- 
tions on the se lenium-r ich side of Li2Se were observed 
at 220.0 ~ • 0.4~ and 350.1 ~ _ 2.0~ These tempera-  
tures are weighted averages where the weighting used 
is somewhat subjective. The indicated uncertaint ies  
show the variance of the data. The strong tendency for 
samples containing less than 20 a/o (atom per cent) 
l i th ium to undercool led to considerable scatter in the 
data. The 220~ effect is presumably  associated with 
the eutectic reaction L1 --> Li2Se(s) + selenium. The 
mel t ing point of selenium is f requent ly  reported to be 
217~ a value which appears to be in error. Our mea-  
sured value of 220.2 ~ for the selenium melt ing point 
is slightly higher than  the average eutectic temperature  
but  agrees wi th in  exper imenta l  uncer ta inty.  The 
350.1~ effect is associated with a monotectic type of 
reaction [L2 --> L1 + Li2Se(s), see Fig. 1]. 

The existence of a miscibil i ty gap was confirmed by 
quenching samples having an over-al l  composition in 
the range from 5 to 25 a/o l i th ium from temperatures  
above 350.1~ The quenched samples contained two 
easily dist inguishable zones. One of these was indis-  
t inguishable from selenium, whereas the other was 
black, dull, and granular ,  dist inctly salt-like. These 
two zones are associated with the separated l iquid 
phases L1 and L2, respectively (see Fig. 1). Samples 
quenched from 800~ still clearly contained these two 
zones. At temperatures  up to about  500~ the two 
liquid phases separated easily under  gravi ty wi th in  a 
few hours, with the se lenium-l ike  phase being more 
dense. Separation of the phases was also rapid above 
650~ but  the sal t- l ike phase was more dense. Between 
550 ~ and 650~ satisfactory separation was not 
achieved, even after many  days. The extent  of the 
miscibil i ty gap was determined by chemical analysis of 

700.0 L~ 0.4006 1.30 • 10 -2 27.6 
499.5 /-,i 0.2926 3.45 • 10- 4 1.32 
499.5 L2 0.5726 2.10 x 10- ~ 30.2 
492.0 I.~ 1.7303 7.27 • I0  --~ 33.3 
453.2 L~ 0.5053 1.77 x 10- ~ 29.2 
422.0 L1 0.7995 1.60 x 10- s 2.23 
422,0 L.~ 0.8230 3.00 X 10 -~ 30.1 
403.5 L t  0.4836 1.92 x 10 ~ 0.45 
403.5 L~ 0.5812 2.10 x 10- ~ 29.9 
364.0 L1 0.4213 2.00 X 10 -4 0.54 
364.0 L2 0.4550 1.80 x 10 -~ 31.9 
380,5 L2 0.7429 2.80 x 10-- ~ 30.8 
340.5 L1 0.6342 1.00 X 10 -4 0.18 
283.0 I 4  0.5431 2.40 x 10 4 0.50 
249.8 L1 0.4785 3.40 x 10 -'~ 0.80 

A n a l y t i c a l  u n c e r t a i n t y  is • of the lithium weight. 

the two zones. Results of the analyses are presented in 
Table II. Considerable care was taken in separating the 
two zones to prevent  cross-contaminat ion which would 
have led to an apparent  nar rowing of the miscibili ty 
gap. The results cer ta inly represent  a lower l imit on 
the extent  of immiscibil i ty and are probably  accurate 
to 1 a/o. Chemical analysis of the se lenium-l ike  zone 
in quenched samples was also used to determine the 
lower l iquidus (see Table II and Fig. 1). 

Thermal  effects associated with l iquidus crossings 
could not be observed. The upper  l iquidus was there-  
fore determined by microscopic examinat ion of 
quenched samples. Several samples, each differing in 
over-al l  composition by  about 1 a/o li thium, were pre-  
pared and equil ibrated at the same temperature  prior 
to quenching (see preceding section). The uncer ta in ty  
in  the absolute composition of these samples was 1 a /o  
lithium. Examinat ion  of samples held at temperature  
for various t ime periods indicated that  equil ibrat ion 
was complete after about 12 hr. In  those samples for 
which the composition was below the l iquidus at the 
equil ibrat ion temperature,  there were dendrit ic crystals 
as well as large, well-developed pr imary  crystals of 
Li2Se, whereas samples above the l iquidus prior to 
quenching contained only fine dendritic crystals. In  
this way the upper  l iquidus composition was closely 
bracketed at a number  of temperatures.  The results 
are shown by  the t r iangular  symbols in Fig. 1, with 
the apex-up orientat ion indicating that  the sample was 
below the l iquidus prior to quenching and the apex- 
down orientation indicating that  it was above the l iq- 
uidus prior to quenching. 

X - r a y  powder pat terns were taken on a large n u m -  
ber of samples of different over-al l  composition and 
thermal  history. In  all cases, the observed lines were 
accounted for by the te rminal  phases and Li2Se. The 
lattice constant  for Li2Se was 6.0014 • 0.0004A if sele- 
n ium was in excess and 6.0001 • 0.0004A if l i th ium was 
in excess. This difference suggests a narrow range of 
solid solution for the Li2Se intermediate  phase. 

The simple monotectic phase diagram which we have 
found for the region between Li2Se and selenium in-  
dicates a positive deviation from Raoult 's  law. This 
can be contrasted with other known alkali meta l -  
selenium systems (9) (Na-Se and K-Se) ,  in which 
several other se lenium-r ich intermediate  phases have 
been reported. Indeed, in the sodium-selenium system, 
in which the most se lenium-r ich phase is Na2Se6, there 
is no miscibili ty gap. In  the potass ium-selenium sys- 
tem a miscibili ty gap does appear between K.2Se5 (the 
most se lenium-r ich intermediate  phase) and selenium. 
It is of interest  to note that the l i th ium-se len ium sys- 
tem bears strong resemblance to the copper-selenium 
(10) and s i lver-selenium (9) systems. 

Several  aspects of the l i th ium-se len ium phase dia- 
gram bear directly on the design and operation of 
l i th ium-se len ium secondary cells. I t  is clear that  for 
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pract ica l  opera t ing  t empera tu re s  the  cell  product  wi l l  
be Li2Se and tha t  complete  convers ion of the cathode 
ma te r i a l  (selenium) to this  phase represen ts  the  m a x i -  
mum cell  capacity.  At  t empera tu re s  below the mono-  
tectic (350.1~ solid Li2Se wi l l  form in the cathode 
af ter  only  s l ight  d ischarge and its presence must  be 
carefu l ly  considered in cells designed to opera te  in this 
t empera tu re  region. At  t empera tu re s  above the mono-  
tectic, solid Li2Se wil l  not  form (under  equi l ibr ium 
condit ions)  unt i l  the  ca thode contains at  least  30.5 a /o  
l i thium, and cell  potent ia l  wi l l  be  constant  throughout  
most of the  d ischarge  up to this  point.  In  ac tual  cell  
operat ion,  considera t ion must  of course be given to 
none~ui l ib r ium phenomena,  react ion kinetics,  and pos-  
sible in te rac t ion  wi th  the  e lec t ro ly te  (11). F u r t h e r  
s tudy of these areas  is in progress.  

Addi t iona l  invest igat ion of the  l i th ium-se len ium sys- 
tem is needed, pa r t i cu l a r ly  at  h igher  tempera tures ,  to 
de te rmine  the cr i t ical  t empe ra tu r e  of the  misc ib i l i ty  
gap, and at  high l i th ium contents  to de te rmine  the 
l iquidus in the  region be tween  Li2Se and l i thium. 
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Very Dilute Solutions 

Marie-Claire Bellissent, Paul Gerard, Christian Longevialle, 
Maurice Meton, Michel Pich, and Genevieve Morand 
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ABSTRACT 

A br ief  his tor ical  account of the Hal l  effect in ve ry  di lu te  solut ions is given 
in which  the  in teres t  in Hal l  effect measurements  for the  knowledge  of e lec t ro-  
ly tes  is shown. Then a sys temat ic  examina t ion  is presented  of the  different  
paras i t ic  vol tages which are  l ike ly  to appear  in a Hal l  cell. The cr i ter ia  to 
which the exper imen ta l  setup must  conform to al low detect ion of the  Hal l  
vol tage are  defined. (This vol tage is f rom 0.1 to 1 ~V in our exper iments . )  Re-  
sults of measurements  in hydrochlor ic  and ni t r ic  acid solutions are  given con- 
f irming the theore t ica l  predict ions.  

When  an electr ic  field is appl ied  in the X direct ion 
of a conductor '  and  in the  Z direct ion of a magnet ic  
field, an electr ic  cur ren t  Iy flows in the  Y direct ion 
of the Car tes ian  sys tem of coordinates.  The ga lvano-  
magnet ic  measurements  a re  commonly  car r ied  out 
under  the  condit ion tha t  Iy : O. To sat isfy this, a 
t ransverse  field EH mus t  exist.  This Hal l  field takes  a 
value  such tha t  the  force on charge  carr iers  having  a 
cer ta in  "average"  veloci ty  is zero in the  crossed elec-  
t r i c  and magnet ic  fields. Let  Jx  be the  control  cur ren t  
density,  B the magnet ic  field, and  EH the Hal l  field. 
The Hal l  coefficient RH is then  defined by  the  re la t ion  

EH = RH �9 Jx  �9 B [1] 

I t  is usua l ly  most  convenient  to use pa ra l l e l ep iped-  
shaped specimens as shown in Fig. 1. I f  the length  of 

Key words: Hall effect, alternative current, alternative field. 
very dilute electrolyte solutions, HC1, HN08. 

the  specimen is 1~ the width  b, and  the th ickness  e, the  
Hal l  vol tage  produced  by  the car r ie rs  be tween  the 
two sides pe rpend icu la r  to OY is s imply  

~rH = EH " b [2] 

Since 1879, when Hal l  discovered the effect, many  
scientists  have t r ied  to observe  it in electrolytes .  The 
a t tempts  were  unsuccessful  (1) unt i l  1896 when  
Bagard  (2) r epor ted  a Hal l  effect of about  10-sV in 
SO4Cu solutions. Bagard ' s  work  was s t rongly  cri t icized 
b y  Flor io  (3), Chiavassa  (4), Moret to  (5), He i lb run  
(6), Delvalez (7), and Voigt (8), who expla ined  the 
difference be tween  the measured  va lue  of the  vol tage 
and the  theore t ica l  values  ca lcula ted  by  Donnan (9), 
Wind  (10), and  La rmor  (11) by  deformat ion  and 
corrosion of the  electrodes,  the i r  lack  of para l le l ism,  
convect ive mot ion of the fluid, and by  a concentra t ion 
emf. These two last  factors a re  s t rongly  dependent  on  
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the width of the cell placed in an insufficiently homo- 
geneous magnet ic  field. 

Measurements  taking these factors into account 
gave no reproducible results (12), as the signal was 
too weak (from 10 -1 to 1 ~V) to be detected by the 
measur ing devices available at that  time, and the 
exper imental  work on the Hall effect in  electrolytes 
was abandoned unt i l  1950. With better  exper imenta l  
means Evseev (13), Laforgue-Kantzer  (14), Muller  
(15), and Mergault  Pages-Nelson (16), working with 
d.c. found Hall  voltages in the tens of mil l ivolt  range. 
However, Trancong Khan  (17), Wendhausen  (18), and 
Holzapfel (19) showed that  these values are 1O 4 to 105 
times greater  than the expected Hall  effect. Picard 
(20) and Naiditch et al. (21), using an a-c technique, 
were able to obtain very  encouraging results. 

The theoretical work of Fr iedman  and his collab- 
orators renewed interest  in measur ing the Hall effect. 
As a mat ter  of fact, by comparing Hall  effect measure-  
ments  with those of electrical conductance in dilute 
solutions, F r iedman  (22-24) proposes that  it is possi- 
ble to determine whether  the fluctuating motions of 
the carriers in te rvene  in  the t ransport  properties on 
the macroscopic scale (such as electrical and Hall 
mobilities and conductances).  F r iedman  (22) cal- 
culated first the  electrical Hall mobili t ies of a carrier, 
whose dynamics obey the Langevin equation. Such a 
carrier is called a b rownon  and is characterized by a 
friction coefficient ~i and a mass mi. Later, in collab- 
oration with Ben-Naim (23) and Harris  (24), he tried 
to describe the nonbrownon case. In view of the diffi- 
culty in describing the dynamics of a carrier  not obey- 
ing Langevin 's  equation, F r iedman  and Ben-Naim 
supposed that  the motion still obeyed the Langevin 
law for short intervals, but  that the friction coefficient 
~i and the mass mi change in a random way between 
two sets of values, for instance, due to two different 
hydrat ion states of the brownon.  With this model, 
they obtained relat ive values of electrical and Hall 
mobili t ies different than those in the first case. This 
seems to prove that  the Hall  effect can be used to 
study fluctuations in the motion of the carrier. Pages- 
Nelson (25) reached the same conclusion by s tudying 
a model in which the cross-section of the ion-solvent  
collisions takes two weIl-defined values corresponding 
to two different hydrat ion states of the ion. 

In  the present paper we present  measurements,  with 
improved a-c technique, of the Hall  effect in very 
dilute solutions. 

Calculation of R .  a n d  V n  

Several  authors (26, 21, 19) used simplified theories 
of the Hall  effect applied to dilute electrolytes: all led 
to similar  expressions of RH ahd Vm i.e. 

RH : (1/nlezl)  �9 [ ( ~ 1  - -  # 2 ) / ( ~ I  -5  ~ 2 ) ]  [ 3 ]  
and 

VH : (~I -- ~2) EBb 

where nl  is the number  of ions of  the carrier per 
cubic meter;  e is the charge (1,6 �9 10 -19 A-sec ) ;  #1 is 
the mobi l i ty  of the carrier  i expressed in m2-sec -1 
�9 V - l ;  E the electric field in  V �9 m - l ;  B the magnetic  
field in  Weber �9 m-~-; and b the width  of the cell in m. 
RH is thus expressed in  mS-sec -1 �9 A - I  and VH in volts. 

Holtzapfel  (19) showed that  when  using d-c current, 
RH must  be corrected by two terms, one from diffusion 
and the other from polarization voltages due to volume 
charge and chemical reactions in the neighborhood of 
the electrodes. This last te rm is difficult to evaluate. 
Therefore a-e techniques are preferable. The values 
of RH and VH are very  small  (about  10 -1 to 1 ~V) in 
the case of dilute electrolytes, as the carr ier  mobilit ies 
are small. However, it is impor tant  to note that  the 
effect is greater if the difference between the mobil-  
ities is greater. This is why we began to work with 
HC1 and HNOs. The exper imenta l  device used to 
detect such a small  voltage must  satisfy several 
criteria. We show that  the use of an a l te rnat ing  cur-  
rent  of frequency ~1 and of a magnetic  field of fre- 
quency ~2 el iminates several problems due to stray 
voltages. 

Stray EMF's 
EMF's due to temperature gradients.---Such a gradi-  

ent gives rise to three galvanomagnet ic  and thermo-  
dynamic  effects: 

a. The Et t inghausen effect: VE ---- P I B , /e  

where P is the Et t inghausen coefficient, and e the 
thermoelectrical  power of the couple connecting the 
Hall  probes to a galvanometer.  

b. The Nernst  effect: VN = Q B b (dT/dl)  

where Q is the Nernst  coefficient and (dT/dl)  the 
temperature  gradient  of the specimen. 

c. The Righi-Leduc effect: VRL = Se B b ( dT/dl)  

where S is the Righi-Leduc coefficient. 
The Nernst  and Righi-Leduc emf depend only on 

•2, the frequency of the magnet ic  field, whereas the 
Hall and Et t inghausen emf depend on (~1 4- ~2) and 
(~1 -- ~2). One can thus el iminate  the Nernst  and 
Righi-Leduc effects by using frequency filtering mak-  
ing the measurements  at (~1 -5 ~2) and (w1 -- ~ ) .  

L indbergh  (27) calculated the Et t inghausen emf as 

VE ---- {PIoHo/2b} {exp [--  (wl -- ~,2)/~,o] cos (~1 -- ~s)t 
- -  exp [--  (~1 -5 ~2) /~o] cos (~1 -5 r 

,~o being a constant  inversely proport ional  to the 
specific heat of the specimen. In  order to render  the 
Et t inghausen effect negligible, it is sufficient to use 
frequencies ~1 and ~ such that  (~1 -5 ~2) and (~l 
-- me) > >  ~o. In  fact, the effect is negligible for fre-  
quencies above 5 Hz. 

EMF's due to permanent  and convective motions in 
the specimen.--At  every point  of the specimen, the 
mechanical  force per uni t  volume in the case of two 
charge carriers is 

F =  ( n l e z l v , - t - r ~ 2 e z 2 v 2 )  x B = J  x B 

Any inhomogenei ty  of magnetic  field or of current  
density, or of both, gives rise at each point to different 
densities of force which are not, as it is in solid speci- 
mens, balanced by in terna l  stress. The fluid is set into 
motion. The boundary  conditions imposed b y  the walls 
give rise to permanent  or convection motions. The 
energy per un i t  volume and t ime dissipated in  the 
fluid is equal to the product  of F and the local fluid 
velocity v, i.e., v �9 (J X B). Even if the current  
density is not strictly uniform in the cell, one can 
suppose that, at each point, it is proport ional  to the 
total cur rent  passing through the cell, so that  v at 
each point  is proport ional  to I. 
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a. v has a constant direction (permanent  motion).  
The power dissipated in the cell is proport ional  to I. 
These potential  differences vary, in this case, l inear ly  
with I and B. 

b. v varies from one point  to another  (convective 
motion).  Will iams (28) showed that  the stray potential  
differences follow a law which is no longer linear, bu t  
a related one. 

It  is not  easy to separate the Hall effect from the 
stray phenomena due to the liquid motions. Thus it 
becomes important  to minimize these motions. In order 
to do so, one has to have the current  density and 
magnetic  field uniform across the whole cell and re-  
duce the cell thickness to tens or, at most, hundreds  
of microns. Finally,  using a l ternat ing current  methods, 
one can reduce considerably the effects of the remain-  
ing causes of inhomogeneity.  

EMF's due to the Hall p robes . - -When  a current  Ix 
passes through a sample and when there is no mag-  
netic field, a potential  difference appears due to the 
actual impossibil i ty of placing the two probes on the 
same equipotential.  For  the cell in Fig. 1, the non-  
a l ignment  voltage is 

V N A  = I X  dl/a b e 

where dl is the lateral  displacement of the probes, and 
the conductance of the cell. This voltage may be 

quite impor tant  ( ranging about 1V in  the less favorable 
cases) with regard to VH; it is thus necessary to el im- 
inate it. The method of the two frequencies el iminates 
this parasitic voltage, which depends only on ~1. One 
must  point  out that, using a l ternat ing current  and 
field, we can determine the sign of the Hall voltage by 
comparing its phase to that  of a we l l -known sample. 
The method of the two frequencies el iminates the 
stray emf's that  we have mentioned. However it pro- 
duces at least two parasitic effects: 

a. The voltage due to the existence of eddy cur-  
rents in the cell. This is reduced by using a cell 10- 
1009 thick. 

b. The voltage induced by  the magnetic  induct ion 
in the Hall  probes 

VI = n (d~/dt )  

where n is the number  of loops (equal to one in this 
case), and 

---- S Bo sin ~2t 
so that 

V1 -- S Bo~2 cos ~2t 

(S is the area of the wires in the direction of B). This 
voltage is great, as it may be equal to 1.2 volts, when  
B : 1 tesla, S ---- 1 cm 2, and F = 74 Hz. It can be con- 
siderably reduced by the introduct ion of another loop 
in which the flux creates a voltage opposite in  phase 
to that  of the probe loop. Residual voltage is com- 
pensated by a filtering device that  is described later. 

Hall Cell 
The Hall  cell should be paral lelepiped-shaped so 

that  the effect is theoretically interpretable  and, as 
was shown by Isenberg, Russel, and Greene (29), five 
to six times longer than  wide. As a matter  of fact, let 
us suppose that the distr ibution of the electric current  
density is uniform in the X direction. If the sample is 
homogeneous, and if the magnetic  induction is con- 
stant, the Hall  field is uniform. But  if the length can-  
not  be regarded as great, the current  dis t r ibut ion 
depends on the relat ive dimensions of the three sides, 
and on those of the electrodes, with regard to those 
of the parallelepiped. If the electrode has almost the 
same direction as the side, it short-circuits the Hall 
effect. This disadvantage can be reduced by using a 
sample four, five, or six times longer than wide or 
thick, and placing the Hall  electrodes in the middle 
of the sample (see Fig. 2). On the other hand, in 
order to el iminate eddy currents, one must  use a cell 
ten  to hundreds  microns thick. 

/ 
E 1 

e 
i 
I 
I< 

~ 0 - 3  rn m 

5L 

p. 

5 2 

7 c r n  

\ 
E 2 

/ 
0 

-- O ~  

1 
1 
i 

N 

~A 

Fig. 2. Hall cell. S1 and $2 are Hall probes, E1 and E2 are cur- 
rent input electrodes, and A is the filling vessel. 

Exper imental  Device 
Measurement  c ircui t . - -The measurement  circuit 

shown in  Fig. 3 is made of four devices: (a) current  
generat ing device, (b) magnetic induct ion generat ing 
device, (c) device for separation and detection of the 
Hall voltage, and (d) device for measurement  and 
exploitation of the various parameters.  

Let us briefly recall the criteria they must  obey: 
(i) Current  and magnetic  induct ion are both al ter-  

nating, with different frequencies, higher than 5 Hz, 
in  order to el iminate the Nernst,  Ett inghausen,  Righi-  
Leduc, and nona l ignment  parasitic emf's. 

(ii) Magnetic induct ion must  be rigorously homo- 
geneous, and the dimension of the air gap must  be great 
with regard to those of the cell in  order to avoid per-  
manen t  and convective motions of the liquid. 

(iii) The measurement  must  be made as quickly as 
possible in order to prevent  the creation of concentra-  
t ion gradients  and convective motions of the liquid. 

( iv)  A ny  vibrat ions must  be carefully avoided. 
(v) The instal lat ion should be placed in  a room 

air conditioned at 20~ 

Current  generating dev ice . - -The  current  sent into the 
cell is emitted by a funct ion generator, as an un-  
damped s ine-wave or as a s ine-wave- t ra in ,  parallel  
or not to the magnetic  induction. The characteristics 
of this device are: 

band width _ 1% from 1 to 10,000 Hz 
_--+- 3% from 10 to 100 kHz 

stabili ty _ 0.5% of p-p  ampli tude 
distortion: less than 0.02 for 1 kHz 
amplifier gain: varying from 0 to 10 
amplifier output:  40V p-p 

0.05A for 0 - -  Zs ~ 38 ohms 

Magnetic induction generating dev ice . - -The  magnetic 
induct ion is produced by an a l ternat ing electromagnet 
whose poles are 14 cm long. The length of the air gap 
varies from 0.5 to 2.5 cm. It is placed in a resonant  
series circuit made of a power supply and a bat tery  
of condensers, and produces a ma x i mum field of 12,000 
gauss at 74.8 Hz and 17,000 gauss at 50 Hz, when the 
air gap is 2.5 cm long. More details about the design 
are to be found in  Pich's thesis (30). The field is 
homogeneous to 10 -4 on a surface greater than  100 
cm 2 and in the whole air gap so that  the electrolyte 
blade is ent i re ly  located in a homogeneous field. 

Separation and detection dev ice . - -The  problem is the 
extraction of a very  small  signal (about 10-TV) of 
well-defined frequency drowned in a background noise 
and mixed with a set of parasitic signals of 107 times 
greater ampli tude and of different frequencies. The 
filtering device is made of four different filters: rejec-  
tion filter, band filter, high-pass filter, and low-pass 
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filter. This device has an almost ins tantaneous response 
t ime (31). The signal is amplified by a straight band 
amplifier whose gain varies from 10 to 104 with incre-  
ments  of 10. It  is then  sent to a waveform analyzer  
which uses an efficient sampling and averaging tech- 
nique to extract  repet i t ive waveforms from noise. The 
analyzer  has a gain of 10, a t ime constant  varying from 
1 to 100 sec, and a band width at 1 db, vary ing  from 
1 to 12 Hz. The reference voltage controll ing the ana-  
lyzer is the same as ~he Hall  voltage. The extracted 
signal is converted and entered into a data acquisition 
system in  order to have a computer (IBM 1620) do the 
necessary computations. For  a more detailed theory 
of the waveform analyzer,  see Longevial le 's  thesis (32). 
To control the analyzer,  one has to apply a reference 
voltage with the same frequency as the Hall  voltage, 
the phase and ampli tude having any  values. It  is pro- 
duced by a Hall  effect in a semiconductor submit ted 
to the same magnetic  induct ion and to the same current  
as the sample. This voltage is much greater than  that  
in the electrolytes, and it is detected merely by a selec- 
tive amplifier. 

Device for measurement and evaluation of the various 
parameters.--Parameters to measure are: (a) electric 
current,  (b) magnetic  induction, (c) gain of the 
measurement  circuit and (d) Hall  voltage. A first 
measur ing device supplies a constant  reading of these 
values, while a second device records them i n the com- 
puter. 

Measuring device.--(a) C u r r e n t - - A s  there is no 
ground in the circuit, measurement  is made through 
an adaptat ion t ransformer  with un i ty  ratio whose 
secondary is closed by a resistance R. 

I : UR/R 

UR is the voltage at the terminals.  
(b) Magnetic f ield.--I t  is measured in the vicini ty 

of the cell wi th  an extra  flat coil of very  small  d imen-  
sions 

B "-" 102 U/f2 

where U is the voltage at the terminals  of the coil, and 
f2 is the magnetic  induct ion frequency. 

(c) Gain of the measur ing c i r c u i t - - T h e  reference 
voltage ment ioned in the section on Separat ion and 
detection device is used for this measurement .  This 

H A L L  

~ a u e e m e n F  

voltage is sent into a band filter and measured as UE. 
Then  it passes through a voltage divider reducing it 
to value Us close to that  of the Hall  voltage. The gain 
is 

G ---- Us/UE 

(d) Hall  tens ion . - -The  Hal l  signal from the detector 
is recorded by the first beam of a dual  beam oscillo- 
scope. The waveform analyzer  r amp is represented by 
the second beam and both are synchronized by the 
reference frequency. The voltage is measured by a 
digital vol tmeter  after stopping the signal scanning 
and reading the value recorded in  the detector memory. 

Data input system.--It is performed with: (a) an 
analogue detector which scans the different beams; (b) 
a digital vol tmeter  which sequences the beams; (c) a 
serial recorder, which converts the digital  voltmeter  
data in ASCII serial data; and (d) a teletypewriter ,  
which includes a typewriter ,  a tape-reader,  and a tape- 
punch. The reader controls data recording by means of 
a program tape. They appear in  a format which is 
compatible with the computer. 

Operating Technique and Experimental Results 
Let us briefly describe the Hall  cell. 
ffell.--The cells are made of epoxy that  can be 

tooled or moulded with very  great precision. Measure- 
ment  electrodes are p la t inum wires moulded in the 
epoxy so that  only a small  par t  of the wire  is in con- 
tact with the electrolyte. The current  input  electrodes 
are plates of stainless steel; they cover the whole 
section of the measurement  vessel (in order to assure 
a uniform current  d is t r ibut ion) ;  they can be moved 
and immersed in  the vessel. They are connected to 
the opening so that  the paral lelepiped is perfectly 
defined. Another  advantage of the vessel is that  losses 
are prevented and that  the electrolyte is isolated 
(Fig. 2). 

Operation.--Choice of frequencies.--We used a cur-  
rent  f requency of 303.4 Hz, which is high enough to 
avoid electrolysis and low enough to produce, together 
with the magnetic  induct ion frequency of 74.4 Hz, a 
Hall voltage of 229 and 377.8 Hz which are the values 
of the Hall  voltage frequency that  make  detection 
easier. 
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As a ma t t e r  of fact, in the  detect ion circuit,  r ight  
af ter  the  impedance  adapter ,  the  Hal l  signal  enters  
severa l  act ive and passive filters. I t  is then  necessary 
to have  a m a x i m u m  difference be tween  the f requency  
of the  Hal l  vol tage  and tha t  of the  nona l ignment  vo l t -  
age (which is the  same as the  cur ren t ' s )  in o rder  to 
weaken as much as possible this  paras i t ic  vol tage  which  
is the  most  impor tan t  one. Besides, b y  searching this  
m a x i m u m  weakening,  one e l iminates  the  vol tage  in-  
duced by  the  induct ion in the  Hal l  probes  loop, as the  
induct ion f requency  is more  than  two octaves h igher  
than  tha t  of the  current .  

Egectrolytes.--We used hydrochlor ic  and  ni t r ic  acid 
solutions whose concentrat ions  c va ry  f rom 10 -3 to 
10 -4  moles �9 l i te r  -1. The reproduc ib i l i ty  of the  resul ts  
depends  on the  careful  p repara t ion  of the  solutions and 
on the filling of the  cell. The solutions a re  p r epa red  in 
a dus t - f l ee  enclosure, a i r  condi t ioned at  20~ by  volu-  
met r ic  t i t ra t ion  f rom pure  products  dissolved in  de -  
minera l ized  w a t e r  whose res is t iv i ty  is h igher  than  20 
megohms/cm.  The  cells are  c leaned by  usual  methods,  
carefu l ly  rinsed, and  filled ve ry  s lowly wi th  a po ly -  
e thy lene  syr inge in o rder  to avoid bubbles.  

Adjustments on the measurement circuit.--Measure- 
ments  a re  made  at  the  229 Hz f requency  as the  re jec-  
t ion ra te  of paras i tes  is higher .  One must  set the  r e -  
ject ion ra te  ( remain ing  nona l ignment  tension must  be 
h igher  than  100 mV) ,  the  magnet ic  induct ion (ad jus t -  
ing the  no- load  cur ren t  condit ions of the  output  tubes  
and various pa rame te r s  of the  power  supply  dur ing  the  
exper imen t  in o rde r  to p reven t  any osci l lat ion of the  
a-c  electronic source) ,  and  the  Hal l  f requency  (by  
checking and, if necessary,  ad jus t ing  the Hal l  f re -  
quency wi th  respect  to the  reference  f requency) .  

Experimental procedure.--For a given concentrat ion,  it  
is the  following: the r insed  and filled cell  is pu t  on its 
s tand and the gain  is measured.  Then the  s tand is put  
in the  e lec t romagnet  a i r  gap so tha t  the  cell  is in the  
centra l  a rea  of magnet ic  induction.  When  the cur ren t  
and the induct ion are  set to the des i red  value,  the  
values  of each of the  pa rame te r s  a re  recorded on tape.  
Error calculations.--As RH---VH" dlIB, the  re la t ive  
e r ro r  is 

ARH/RIr --  AV~I/VH + a d / d  + h I / f  + AB/B 

The re la t ive  er rors  on VH and I a re  of two kinds:  

er rors  of read ing  and of testing. Fo r  VH both are  
equal  to 2 �9 10 -8. For  I the tes t ing e r ror  is negl igible  
wi th  respect  to read ing  e r ror  (10-3) .  The re la t ive  
e r ror  of B is less than  10 -3, and  tha t  of d is 4/60, so 
that  • 13.10 -3  for a g iven concentrat ion.  

Results 
The analysis  is made  by  two p rograms :  one puts  the  

exper imen ta l  values  in the  reques ted  format  and units, 
and computes  RH for each measurement ;  the  o ther  
calculates  mean  va lues  and root  mean  squares  for a 
given concentrat ion,  current ,  and induction.  

The resul ts  a re  represen ted  in Fig. 4 to 10 giving 
values  of RH (or VH) as functions of B, I, c, and e af ter  
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Fig. S. Variation of RH as a function of the magnetic field in 
HNO3 solutions of various concentrations. Each point represents 
the mean value of RH (obtained with 15 measurements). Each 
vertical bar is the root mean square. The horizontal line is ob- 
tained by Eq. [1] ,  [2] ,  and [3] .  
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Fig. 4. Variation of VH as a function of the magnetic field in 
HNO~ solutions of various concentrations. Each paint is a mean 
value. The line is best fit for the experimental results. 
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Eq. [1] ,  [2] ,  and [3] .  



Vol. 118, No. 12 HALL EFFECT IN VERY DILUTE SOLUTIONS 1949 

R H 

40x10 -6 

30x10 "6 

2 0 x l O  6 

10 x 10 .5 

I =0.5 mA 

e : 0 . 3  mm 

0 I , ~ I I , , ~ f I 

10-4 5x10 -4 10-3 (m oCe.1-1 ) 

Fig. 7. Variation of RH as a function of concentration in HN03 
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the mean value of RH (obtained with 15 measurements). Each 
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ing to Eq. [3 ] .  
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values. Each point represents the mean value of VH. Each bar is 
the root mean square. Measurements were very difficult when the 
current was less than 0.5 mA, as it proved difficult to keep it 
constant. That is the reason why the measurements are less nu- 
merous than for I ~- 0.5 mA. 

about 3000 measurements.  One can notice that, on the 
one hand, VH is proport ional  to B and  I to l /c.  On the 
other hand, RH has a constant  value, as B varies, for 
fixed I and c. Despite the exper imental  difficulties, 
these results confirm that  the device does measure the 
Hall  effect in dilute electrolytic solutions, since as 
shown in Fig. 4-10, the theoretical l ines are wi thin  the 
error l imits calculated from exper imental  results. 

We are now improving the device by increasing the 
gain and by using more sophisticated cells and a bet ter  
filling system. We cannot yet in terpret  the results ob- 
tained because of the restricted concentrat ion range  of 
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HCI solutions of various concentrations. Each point represents the 
mean value of RH (obtained with 15 measurements). Each vertical 
bar is the root mean square. The horizontal line is obtained from 
the relations [1] ,  [2 ] ,  and [3] .  
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Fig. 10. Variation of VH as a function of the magnetic field in 
HCI solutions of various concentrations. Each point represents the 
mean value of VH (obtained with 15 measurements). Each verti- 
cal bar is the root mean square. The lines are drawn according to 
Eq. [1 ] ,  [2 ] ,  and [3].  

the l imited n u m b e r  of electrolytes. However, the mea-  
surements  that  we are carrying out in acid, base, and 
neut ra l  solutions, with concentrat ions between 10 -4 
and 10 -2 mole �9 l i ter -1, should allow us to increase our 
knowledge of the t ransport  properties of di lute elec- 
trolytic solutions. 

Manuscript  submit ted Oct, 7, 1970; revised m a n u -  
script received Ju ly  7, 1971. 

A ny  discussion of this paper will appear in  a Dis- 
cussion Section to be published in the June  1972 
JOURNAL. 
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Technical Notes @ 
Quinones as Rechargeable and Regenerable Battery 

Cathode Materials 
H. AIt, 1 H. Binder, A. Ki~hling, and G. Sandstede 

Battelle-Institut e.V., FrankFurt (Ma~n), Germany 

Organic  cathode mater ia l s  inves t iga ted  in the past  as 
depolar izers  in bat ter ies  are  reduced i r r eve r s ib ly  and, 
therefore,  can only be used in p r i m a r y  cells (1). 
Quinones and hydroquinones  are, however,  known to 
act as comple te ly  revers ib le  redox couples, but  most  of 
the  quinones are  s l ight ly  soluble and pa r t ly  unstable  in 
e lec t ro ly te  solutions (2). In  order  to test the i r  s tab i l i ty  
electrochemical ly ,  we mixed  the quinones wi th  g raph-  
i t ized carbon in a weight  rat io of 1: 1. The powder  was 
put  be tween  two graphi te  fel t  disks 1 cm 2 in surface 
area  held together  by  two t an ta lum gauze str ips  in a 
P lexig las  holder.  The open-c i rcui t  vol tages measured  
in 2N H2804 are  ve ry  close to the  values  of the redox  
potent ia ls  measured  in alcoholic solutions. Dipheno-  
quinones, which have a potent ia l  of about  950 mV (vs. 
NHE) do not have the r equ i red  s tab i l i ty  in aqueous 
electrolyte. Only tetrachloro-p-benzoquinone (Chlor- 
anil) and tetramethyl-p-benzochinone (Duroquinone) 
have been found to be sufficiently insoluble and com- 
pletely stable. In 2N H2SO4 we measured open circuit 
potentials of 668 mV and 478 mV, respectively, whereas 
in 50% aqueous alcoholic solution equilibrium poten- 
tials of 664 mV and 480 mV have been found (2). 2 

In order to investigate the reversibility of the elec- 
trochemical reduction and oxidation a cyclic potentio- 
dynamic current voltage curve was measured (Fig. 1), 

1Presen t  address:  F a rbwe rke  Hoechst, Frankfur t /Main-H~chs t ,  
Germany. 

2 The measured open circuit potentials are the equilibrium redox 
potentials of solid electrodes and do not change when the ratio 
quinone/hydroquinone changes as long as a small amount of the 
second phase is present. 

Key words: cyclic voltammetry, rechargeable cathodes, regener- 
able cathodes, air cathodes, hydrogen peroxide cathodes, quinones. 

using chlorani l  as test  substance. As the vo l tage  de-  
creases, the  quinone is reduced to hydroquinone,  and  if 
the  vol tage increases the  hydroquinone  is oxidized. 
The two curves are  symmet r ica l  wi th  respect  to the  
open-c i rcui t  potential .  The oxidat ion  peak  and the 
reduct ion peak  are  both very  narrow,  indicat ing tha t  
polar izat ion is low. In addi t ion the  areas  enclosed by  
the two curves  and consequent ly  the charges  are  equal, 
indicat ing that  the react ion is comple te ly  revers ible .  
The amount  of charge t r ans fe r red  is consistent  wi th  
that  ca lcula ted f rom the quinone content,  which  points  
to a 100% ut i l izat ion of the quinone. The cyclic po-  
ten t iodynamic  curve can be reproduced  per iodica l ly ;  
this suggests tha t  there  is no decrease in capaci ty,  at 
least  up to the, say, 50 cycles measured.  

The galvanosta t ic  discharge curve (Fig. 2) at  a cur -  
rent  densi ty  of 60 mA/cm2 is a lmost  hor izonta l  up to a 
discharge depth  of 80%, the polar izat ion being as low 
as 40 mV. Even at a cur ren t  dens i ty  of 600 m A / c m  2 
which corresponds to the ex t r eme ly  unusual  discharge 
ra te  of 10C 3 there  is no b reakdown  of the  voltage.  The 
chlorani l  cathode can also be heavi ly  loaded at  low 
t empera tu res  (Fig. 3) wi thout  polar iza t ion  increasing 
drast ical ly.  

High currents  can also be dra ined  in salt  solutions. 
The open-c i rcui t  potent ia l  in zinc chlor ide  solut ion is 
about  400 mV (vs. NHE) according to the  pH of 4.8. 
In  the  case of ammonium chlor ide  solut ion i t  is only  
340 mV and thus is about  100 mV lower  than  the redox 

a IC corresponds to a 1 hr discharge rate (galvanostatic discharge 
of the theoretical Ahr-capacity in 1 hr). The unit of C is reciprocal 
with time so that 10C corresponds to 1/10 hr discharge rate. 
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Fig. 1. Cyclic potentiodynamic curve of a chloranil electrode in 
dilute sulfuric acid. 

potential  (3) expected from the theoretical pH de- 
pendence. 

Chloranil  cannot only be recharged electrically but  
also regenerated chemically by means of hydrogen 
peroxide. Figure  4 shows the discharge curves of chlor- 
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anil  in dilute sulfuric acid after different regenerat ion 
times. After  5 min  more than  half of the capacity is 
regained. Regenerat ion with oxygen (air) may  even be 
of greater importance. Normally,  hydroquinone  is not  
oxidized by oxygen, but  if in contact with a cata-  
lytically active mater ia l  it should be possible to oxidize 
hydroquinone to quinone with air or oxygen because 
the oxidation potential  of oxygen is higher than  that  of 
benzoquinones.  As active carbon is known  to be ca- 
pable of act ivating oxygen, we mixed chlorani l  a n d - -  
in another  investigation, du roqu inone - -wi th  Norit 
BRX active carbon which is electrically conductive. 

A hydrophobic electrode has to be produced from a 
mix ture  of this type because otherwise the air  does not  
reach the hydroquinone.  In  order to carry  out a simple 
test we used a hydrophobic fuel cell cathode as a sup- 
port for the active mass. This cathode is made of BRX 
carbon and PTFE with a PTFE backing. The qu inone /  
active carbon mix ture  was put  on the electrolyte side 
of the electrode, which was then covered with a graph-  
ite felt disk. The discharge curve is as close to horizon- 
tal as for chloranil, polarization being very low (Fig. 
5). The capacity is somewhat  higher than  expected 
from the amount  of duroquinone used. This is due to 
the fact that  the active carbon has a certain capacity 
because its surface can be par t ly  oxidized. Of course, 
dur ing the discharge measurements  air  was replaced 
by nitrogen. 

With  chloranil  the recovery t ime was greater  than in 
the case of duroquinone.  These results suggest tha t  the 
regenerat ion is governed by an electrochemical mech- 
anism. As the active mass was not hydrophobic, the 
hydroquinone was oxidized anodically,, the electrons 
flowing to the carbon of the support ing electrode 
where oxygen was cathodically reduced. 4 It seems pos- 
sible to decrease the recovery t ime for air regenerat ion 
by developing suitable electrodes. Regenerat ion with 
air is also possible in salt solutions. 

Besides their use as redox mater ia l  in  air  cathodes 
for in te rmi t ten t  operation, quinones can also be used as 
active mass in secondary batteries. The theoretical  
energy densi ty of two duroquinone/z inc  couples (pH ---- 
3) has been calculated: 

duroquinone/SO4~- /Zn 175 W h/ kg  

du roqu inone /C1- /Zn  190 Wh/kg  

These values compare favorably with the theoretical 
value of 165 W h/ kg  for the lead battery.  Moreover, 
re la t ively light materials  can be selected for the con- 
struct ion of the organic active mass. 

4 Accord ing  to the lower  oxidat ion potent ia l  of duroquinone  the  
potential  d i f ference  be tween  the  " o x y g e n  e lec t rode"  and  the  
"qu inone  e lec t rode"  is h ighe r  than  in  the  case of chlorani l ;  the re -  
fore, the  cur ren t  f lowing f rom the durohydroqu inone  to the  carbon 
of the  suppor t ing  electrode is h i g h e r  and  the  r ecove ry  t i m e  is  
shor ter  t han  wi th  ehloranil.  
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It  should also be noted tha t  quinones are  su i tab le  
mate r ia l s  for use as cathodes in high energy  secondary  
bat ter ies  wi th  organic electrolytes .  Thei r  pe r fo rmance  
is a t  least  the same as that  of heavy  meta l  hal ides;  
some represen ta t ives  a re  st i l l  super ior  because of the i r  
insolubil i ty .  Wi th  the  l i t h ium/ch lo ran i l  couple in p ro -  
py len  carbonate  we measured  an open-c i rcu i t  vol tage  
of 3.3V which d ropped  to 2.6V af ter  85% discharge.  
Complete  recharge  was possible (3). Po lymer ic  qui -  

nones should even be be t t e r  sui ted because of the i r  
h igher  capaci ty  and complete  insolubil i ty .  

Manuscr ip t  submi t t ed  May 17, 1971; revised m a n u -  
script  rece ived  ca. Aug. 20, 1971. 

A n y  discussion of this  pape r  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the  June  1972 
JOURNAL. 
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Adsorption of Cadmium Ions from KOH Solution 
at a Platinum Electrode 1 

S. Gilman* 
Power Sources Division, Electronic Components Laboratory, 

U. S. Army  Electronics Command, Fort Monmouth, New Jersey 07703 

and L. D. Sangermano 
General Electric Company, Schenectady, New York  12300 

Wagner (1) noted the degradation of the p la t inum-  
catalyzed oxygen electrode in an experimental  cad- 
mium-a i r  bat tery cell and suggested that  the effect 
might be due to the adsorption of cadmium ions. In 
this s tudy we verified the degradation effect and made 
some evaluat ion of the na ture  and  extent  of the ad-  
sorption process responsible for the degradation. 

Experimental 
Voltammetric measurements  were made using the 

electronic equipment  described previously (2). Mea- 
surements were made in  either Cell I or II. Cell I was 
fabricated of Pyrex  glass and was preferred for con- 
venience of use and provision for controlled mechani-  
cal stirring. It comprised a main  compartment  holding 
200 cc of solution in which was immersed electrode A 
or B, and a glass stirrer. The main  compartment  was 
separated from the counterelectrode compartment  by 
means of a porous glass disk and from the reference 
electrode compar tment  by means of a Luggin capillary 
and a closed glass stopcock. The counter  and reference 
electrodes were platinized p la t inum foils and a stream 
of pure hydrogen gas was allowed to impinge upon the 
reference electrode surface. Test electrodes A and B 
were prepared by anneal ing lengths of 0.030 in. d iam-  
eter C.P. grade p la t inum wire and sealing into glass 
tubing. The geometric areas of electrodes A and B were 
0.43 and 0.16 cm 2, respectively. 

Cell II was designed so that  the electrolyte would not 
be contacted by any mater ia l  other than  p la t inum (and 
less than 0.1 cm 2 of PTFE insulat ion for the test elec- 
trode). A small smooth p la t inum crucible served as 
both the counterelectrode and the container for the 
electrolyte. The test electrode was a length of 0.030 in. 
C.P. grade p la t inum wire annealed in a hydrogen flame 
and encased in heat -shr inkable  PTFE tubing, exposing 
0.21 cm 2 of geometric area. The reference electrode was 
a length of 0.1 in. ID p la t inum tubing platinized at the 
end immersed in the electrolyte and through which was 
passed a slow stream of a 1% hydrogen, 99% argon gas 
mixture.  Gas flow was discontinued before making a 
measurement  if a quiescent solution was desired, or 
continued if s t irr ing was desired. The reference elec- 
trode potent ial  (as measured against a convent ional  
hydrogen electrode was found to be highly repro- 
ducible and stable. Calculations revealed that  the 
charge associated with the oxidation of hydrogen from 
the approximately 10-SM solution of hydrogen gas 
(result ing from use of the dilute hydrogen reference 
electrode) was negligible and could contr ibute no sig- 
nificant error to the measured adsorption charges. The 

* Elect rochemical  Society Act ive  Member .  
1 The expe r imen ta l  port ion of this  w o r k  w a s  p e r f o r m e d  at  the  

N A S A  Electronics Research  Center,  Cambr idge ,  Mas s achuse t t s .  
Key  words :  ion adsorpt ion,  c admium,  p la t inum.  

pla t inum crucible was enclosed in a gas-t ight quartz 
vessel provided with a tapered ground quartz cap 
which served as the electrode support. A second inter-  
changeable cap held a reference electrode and a large 
platinized gettering electrode (2). For cleanup pur-  
poses, the getter electrode was a l ternat ively  dr iven to 
oxygen evolution, hydrogen evolution and back to 
oxygen evolution potentials in a portion of electrolyte, 
and then quickly t ransferred to the test vessel with 
the protection of the anodic film (2). The potential  was 
then adjusted to 0.06V and st i rr ing was provided by 
the reference gas jet. 

The 1N KOH electrolyte was prepared using A.R. 
grade KOH pellets and tr iply-dist i l led water  degassed 
by sparging with a steam of pure hel ium for over an 
hour. The solution was prepared in a p la t inum evapo- 
rat ing dish under  a hel ium atmosphere in a glove box. 
Cell II was opened (for electrolyte transfers and get- 
tering) only in the glove box. When ~equired, cadmium 
ions were added to the KOH solutions by introducing 
sufficient 0.01M cadmium perchlorate to make the solu- 
tion 10-QVL and then allowing at least several hours 
for excess cadmium perchlorate to precipitate out. 

Both Cells I and II  were thermostated at 30~ in an 
air bath. All potentials are referenced to that  of a 
reversible hydrogen electrode in equi l ibr ium with 1 
arm of hydrogen in 1N KOH. 

Results and Discussion 
Polarization curves ~or oxygen reduction.--These ex- 

per iments  were performed in Cell I using electrode A. 
The electrode potential  was programmed as previously 
(2) to regenerate a clean and reproducible surface. In  
the experiment  of Fig. 1, after the anodic pre t rea tment  
at 1.8 and 1.2V, the surface was reduced and exposed 
to possible adsorption of cadmium ions at potential  U 
for a t ime ~. The polarization curves were measured by 
applying a posit ive-going potential  sweep (speed, 0.1 
V/sec) and measur ing the resul t ing current.  Pure  oxy- 
gen was kept bubbl ing  through the electrolyte with 
addit ional vigorous st irr ing by means of the glass 
stirrer. 

In  the absence of dissolved cadmium, a single polari-  
zation curve was obtained for values of U between 0.1 
and 0.5V and for values of �9 between 0.1 and 1000 sec 
(viz., 10 sec trace on rhs of Fig. la ) .  That  curve exhibits 
strong dependence of current  upon potent ial  in the 
fractional mil l iampere  current  density range. A diffu- 
sional influence (curvature  toward the voltage axis) is 
apparent  at higher current  densities. An oscillatory 
l imit ing current  dependent  on the rotat ional  speed of 
the st irrer (the average l imit ing current  for the con- 
ditions of Fig. 1 is given by the horizontal dashed lines) 
is assumed to be diffusion-limited. In  the presence of 
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Fig. I. Polarization curves for electroreduction of oxygen in 1N 
KOH solution. The polarization curves were measured by applying 
a linear-potential-time sweep after the indicated electrode pre- 
treatment. The dashed curve was obtained in the absence of 
cadmium ions for U = 0.1 to 0.SV and ~ - -  0.1 to 1000 sec. The 
solid curves were obtained after the solution was saturated with 
cadmium ions. Electrode A was used in Cell I. The oxygen-satu- 
rated solution was mechanically stirred. 

dissolved cadmium, polar izat ion increased wi th  de-  
creasing U and increas ing T. In te rmedia te  curves  ex-  
hibi t  an inflection at  cur ren t  densi t ies  wel l  below the 
diffusion limit.  The inflection m a y  m a r k  a t ransi t ion 
be tween reduct ion of oxygen to peroxide  and to water ,  
as observed on some cata lys ts  o ther  than  P t  [e.g., Au, 
Ref. (3)] .  Re ta rda t ion  of oxygen  reduct ion  kinet ics  b y  
meta l  ions, no tab ly  the  a lka l ine  ions in acid solution, 
has been observed by  severa l  inves t igators  (4-6). 

Reference surface state of a platinum electrode.--The 
surface s tate  of a P t  e lect rode in KOH solution m a y  be 
probed convenien t ly  th rough  appl icat ion of a l inear  
po ten t i a l - t ime  sweep. In  the  exper iment  of Fig. 2, the 
potent ia l  sweep was appl ied  af ter  anodic t r ea tmen t  of 
the  e lect rode fol lowed b y  reduct ion for  1 sec at  0.06V. 
S t i r r ing  was discont inued dur ing  the l a t t e r  pa r t  of the  
p re t r ea tmen t  to minimize  convect ive diffusion of im-  
pur i t ies  to the electrode.  A complete  discussion of the  
p re t r ea tmen t  scheme appears  in Ref. (2). The t race 
obta ined  dur ing  the sweep of 1.SV is r a the r  s imilar  to 
that  obta ined in acid e lect rolytes  (7). Two closely 
spaced m a x i m a  appear  dur ing  the anodic sweep to ap-  
p rox ima te ly  0.4V. Vi r tua l ly  the  mi r ro r  image  of this  
por t ion of the  t race  was obta ined  dur ing  the cathodic 
sweep to complete  the s imi la r i ty  to the  hydrogen  ad -  
sorpt ion region observed in acid e lec t ro ly tes  (7). Above  
app rox ima te ly  0.8V, as in acid solutions, there  is a ve ry  
broad  oxidat ion  wave  t e rmina t ing  in oxygen gas evolu-  
t ion above app rox ima te ly  1.6V. The cor responding  r e -  
duct ion process  occurs at  m a r k e d l y  lower  potent ia ls  
(peak at  0.TV) and by  analogy to the  acid e lec t ro ly te  
system, m a y  be  assigned to reduct ion of  a film (ad-  
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Fig. 2. Current-voltage curves measured during application of a 
linear potential-tlme sweep. The 1N KOH solution was degassed 
with argon and the traces measured by applying triangular sweeps 
(different amplitudes) after the indicated pretreatment. 

sorbed oxygen  or oxide precursor )  fo rmed dur ing  the 
anodie sweep. Unl ike  the  s i tuat ion in acid electrolytes ,  
the re  is no double l ayer  region at  potent ia ls  in te rmedi -  
ate be tween  hydrogen  and oxygen adsorpt ion  dur ing  
the posi t ive going sweep. A p p r o x i m a t e l y  symmetr ica l  
cathodic currents  (above the hydrogen  adsorpt ion  
region)  m a y  be obta ined if the sweep is in t e r rup ted  at  
potent ia ls  below 0.SV. These cur ren ts  m a y  correspond 
to those occurr ing to a much smal le r  ex ten t  (be tween 
app rox ima te ly  0.6 and 0.8V) in acid solutions and as-  
c r ibed  by  BSld and Bre i te r  (8) to hyd roxy l  rad ica l  
adsorption.  

The effect of e lect rode p re t r ea tmen t  on the anodic 
sweep trace, was exp lored  in the  exper iments  of Fig. 
3. The potent ia l  sequence used was based on the p r in -  
ciples prev ious ly  (2) fo rmula ted  for  acid electrolytes .  
Employing  tha t  sequence, i t  was found tha t  any  p a r -  
t icular  t race  usua l ly  could be reproduced  to be t te r  than  
1% on the current  axis. F rom Fig. 3 i t  is ev ident  tha t  
the  t races  s tabi l ize somet ime be tween  10 and  100 sec. 
Two mechanisms could account for the  t ime var ia t ions:  
adsorpt ion of impur i t ies  f rom solution; and slow r e -  
duct ion of  the  surface. To test  for the  first possibil i ty,  
the exper iments  were  repea ted  wi th  s t i r r ing  and no 
effect was observed.  This would  seem to ru le  out  a 
t r anspor t - l imi t ed  impur i t y  adsorpt ion.  In  a second test,  
an a t t empt  was made  to get ter  impur i t ies  on a la rge  
area  plat inized p la t inum gauze e lec t rode  held at  0.06V 
overnight .  No effect of ge t ter ing  was observed,  a rgu ing  
against  the  possibi l i ty  of ac t iva t ion-cont ro l led  adsorp-  
t ion of impuri t ies .  

In  suppor t  of the second possibi l i ty  for  t i m e - d e p e n d -  
ence of the  e lect rode surface state, an exponent ia l ly  
decaying reduct ion cur ren t  could be measured,  where  
the cur ren t  r emained  grea te r  than  0.01 mA/cm2 for 
severa l  seconds. Addi t iona l  evidence tha t  t h e  v a r i a -  
t ions of Fig. 3 cor respond to slow reduct ion  of the  s u r -  
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Fig. 3. Time-dependence of the trace obtained during applica- 
tion of a linear anoclic sweep. The experiment was performed in 
Cell II with the solution degassed with an argon-H2 mixture. 

face, was obtained through measurement  of the anodic 
and cathodic charges in the hydrogen adsorption re-  
gion. The traces were measured as in  Fig. 2 with the 
potential  sweep extending from 0.06 to 0.5V. The time, 
T, at 0.06V was the variable  and the charges, Q, were 

obtained by integrat ing the total area under  the traces, 
using a planimeter .  The anodic and cathodic charges 
(corresponding main ly  to hydrogen dissolution and 
deposition, respectively) are plotted against  x in Fig. 4. 
It can be seen that  after approximately 10 sec, Q 
reaches a value that  is (within a few per cent average 
deviation) independent  of the direction of the poten- 
tial sweep and of stirring. At shorter times, the anodic 
charge decreases and the cathodic charge increases, as 
would be expected if there were a concomitant  reduc-  
tion (of the surface) process dur ing  z. If the t ime effect 
were due instead to adsorption of an impurity,  it 
would be expected that  both the anodic and cathodic 
values of Q would decrease with increasing z. It  may  
be noted that  the t ime effects of Fig. 3 are most str ik- 
ing in the hydrogen region where there is a tendency 
for the waves to shift to more anodic potentials with 
increasing r. The effect is less marked at lower values 
of the sweep speed, indicating that  the effect on hydro-  
gen adsorption is par t ly  a kinetic one. 

Although impur i ty  effects are not indicated by  the 
experiments  of Fig. 3, such effects were encountered 
in some of our other experiments.  S t i r r ing-dependent  
decreases of currents  in the hydrogen region and in -  
creases of currents  in  the oxygen region similar to 
those encountered in unpurif ied acid solutions (2) 
were observed when experiments  were performed with 
some exposure of the electrolyte to the atmosphere. If 
carbon dioxide (or carbonate) does not adsorb from 
alkaline solutions as reported by  Podlovchenko et aL 
(9) then it appears l ikely that other organic substances 
in the air may be troublesome. 

The effect of glass as a con taminan t  was tested by 
adding crushed Pyrex  glass to the Pt  crucible of Cell 
II. A small but  noticeable effect of glass was evident  
after only 10 sec. 

Hydrogen adsorption:--Assuming that  the anodic and 
cathodic waves (Fig. 2) obtained below 0.5V corre- 
spond to dissolution and deposition of hydrogen atoms, 
we may estimate the charge sQH, corresponding to 
monolayer  coverage of the surface with hydrogen 
atoms, as in acid electrolytes (2), from the cathodic 
sweep trace. For electrode B, sQH = 0.28 mi l l icoulomb/  
cm 2 suggesting a roughness factor of 1.3 if we assume 
(2) sQH = 0.21 mil l icoulomb/cm 2 corresponds to 
R.F. ---- 1. 

Adsorption of cadmium ions:---Our solutions of cad- 
mium ions were obtained by  allowing the hydrolysis 
of an excess of neu t ra l  cadmium perchlorate solution 
to come to equi l ibr ium in 1N KOH at 30~ Under  
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Fig. 5. T ime-dependence of the trace obtained during appl ica-  
t ion of a l inear anodic sweep in the presence and absence of dis- 
solved cadmium ions. 

these condit ions (but  5 ~ lower  in t empera tu re )  the  
to ta l  concentra t ion of b iva len t  cadmium should be 
8 x 10-SM according to Visco and Sonner  (10) or  
5 x 10-6M according to Ryan  et  al. (11). 

The potent ia l  sequence of Fig. 5 was selected to 
de te rmine  the  effect of cadmium ions on the anodic 
sweep trace. As shown above, a h igh ly  reproducib le  
surface is genera ted  dur ing  reduct ion of the  surface at  
0.06V, a l though complete  reduct ion of the  surface is 
not accomplished for ~ > ,-, 10 sec. Adsorp t ion  of 

cadmium occurs on the f reshly  (or  pa r t i a l ly )  r educed  
surface before  appl ica t ion  of the  potent ia l  sweep. A 
high (v = 100 V/sec)  va lue  of the  sweep speed was 
chosen so tha t  the  adsorpt ion  of cadmium ions dur ing  
the sweep was negligible.  The  dashed t races  were  ob-  
ta ined in IN KOH in the absence of cadmium and the 
solid t races  were  obta ined af ter  addi t ion of cadmium. 
It  is apparen t  tha t  cadmium ions cause a decrease  in 
hydrogen  adsorp t ion  and an increase  in the  charge 
flowing in the  "oxygen adsorpt ion"  region. S imi la r  ob-  
servat ions  were  made  b y  Bre i te r  (12) and b y  Bowles 
(13) for acid solutions containing copper  and tha l l ium 
ions, respect ively.  The decrease in hydrogen  adsorpt ion  
m a y  be a t t r ibu ted  to b lockage  of hydrogen  adsorpt ion  
sites by  adsorbed cadmium.  The increase, Qc~, of 
charge at  more  anodic potent ia ls  mus t  correspond to 
the  oxidat ion  of zero (adsorbed cadmium atoms) or 
monovalen t  (adsorbed eadmous ions) cadmium to 
dissolved b iva len t  cadmium. The present  exper iments  
cannot dis t inguish be tween  these  two possibili t ies,  but  
there  is evidence in suppor t  of the corresponding 
ada tom adsorpt ion for copper (12) and tha l l ium (13). 
For  adsorpt ion  at  0.06V, it is apparen t  f rom Fig. 5 tha t  
separa t ion  of QH (charge  corresponding to hydrogen  
adsorpt ion)  f rom QCd becomes difficult at  la rge  values  
of ~. This in t roduces  unce r t a in ty  only  for  adsorpt ion  
potent ia ls  < ~ 0.4V where  hydrogen  coverages are  
appreciable .  Values of Qcd were  approx ima ted  at  the  
lower  adsorpt ion  potent ia ls  by  in tegra t ing  from the 
point  a t  which  the t races in tersec ted  for the  cadmium-  
containing and cadmium-f ree  solutions (shaded a rea  
in Fig. 5). 

Values of QCd obta ined  over  a wide  range  of adsorp-  
t ion potent ia ls  and apparen t  s teady  state at  �9 _ 1000 
see, appear  in Fig. 6. Fo r  U > 0.45V, it was necessary 
to p re reduce  the  surface briefly at  0.3V as shown. If  
we make  the ten ta t ive  assumpt ion tha t  cadmium ad-  
sorbs as the  adatom and tha t  one cadmium ada tom 
occupies one hydrogen  adsorpt ion site, then a mono-  
l ayer  of cadmium adatoms would  correspond to Qcd ---- 
2 SQH or 2 x 0.28 ---- 0.56 mil l icoulomb/em% By tha t  
cri terion,  f rac t ional  surface coverage,  0cd, ranges  f rom 
0.25 to 0.2 over  the  range  U = 0.1 to 0.7. A t  the  low 
potent ia l  end, the  coverage rises s teeply  as w e  ap-  
proach the revers ib le  po ten t ia l  [ app rox ima te ly  --0.05V, 
according to Ref. (14)] for  cadmium meta l  deposit ion.  
At  the  high potent ia l  end, ~Cd drops  g radua l ly  to 0 as 
we  approach 1.2V. 

In te rp re ta t ion  of the  Qcd vs.  U plot  of Fig. 6 is d i f -  
ficult because of the complex i ty  of the  equi l ibr ia  be-  
tween the  dissolved ions and because  of the  in te rac -  
tions of the  P t  e lec t rode  wi th  the  e lec t ro ly te  in the  
absence of cadmium ions. Biva lent  cadmium might  be 
present  as Cd(OH)2,  C d ( O H ) 3 - ,  and C d ( O H ) 4 - -  in 
a lka l ine  solutions. Ryan  et al. (11) have suggested tha t  

Fig. 6. Dependence of the 
charge equivalent  of adsorbed 
cadmium upon the potential .  
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Cd(OH)3-  and C d ( O H ) 4 - -  predominate  for O H -  con- 
centrat ions greater than 0.5N while Visco and Sonner  
(10) argue that  C d ( O H ) 4 - -  is not  encountered even 
in 15N KOH. Adsorption of ei ther negative ion at the 
original valence would be expected to start  near  the 
zpc (zero point of charge) here estimated at 0.72V 
[based on zpc = --0.11 vs. N.H.E. at pI~I 11.2, Ref. 
(15) ] and to increase with increasing potential. The re- 
verse dependence of Qc~ upon U was actual ly found. 
Adsorption as the neut ra l  atom might  be expected to 
yield a semilogarithmic or l inear  (if heat of adsorp- 
tion decreases with coverage) dependence of Qcd upon 
U. This may be reflected at the low and high potential  
ends of Fig. 6. The arrest at in termediate  potentials 
may be due to a tendency to form a surface alloy of 
fixed composition. The decline of Qcd at high poten-  
tials may al ternat ively reflect a competit ion with an-  
odic film formation. 

Cadmium ion adsorption and electroreduction of oxy- 
gen.--From Fig. 6 we see that Qcd = 0 for U ~ 1.2V 
and hence Cd ion adsorption ought not to affect a 
p la t inum-cata lyzed oxygen electrode operat ing near  
the reversible potential  (1.23V). However, practical 
oxygen electrodes tend to operate at 0.9V or less, as 
in Wagner 's  exper iment  (1). Beginning at 0.9V, in the 
presence of dissolved cadmium, Ocd would tend to rise 
toward the in termediate  va lue  reflected by  Qcd in 
Fig. 6. That  coverage would cause a drop in voltage 
(increase in oxygen overvoltage) and an increased 
tendency to adsorb cadmium ions unt i l  the highest 
values of Qcd and the potential  of the counterelectrode 

is reached. This was actual ly observed in a laboratory 
cadmium-oxygen  bat tery  cell (1). 

Manuscript  submit ted Apri l  22, 1971; revised m a n u -  
script received Aug. 17, 1971. 

Any discussion of this paper  will appear in a Dis- 
cussion Section to be published in the June  1972 
JOURNAL. 
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Mass Transfer to a Rough Rotating Cylinder 
R. Kappesser, I. Cornet,* and R. Greif 

Department of Mechanical Engineering, University of California, Berkeley, California 94720 

There have been numerous  studies of mass t ransfer  
to rotat ing cylinders. In  particular,  Eisenberg, Tobias, 
and Wilke (1,2) reported that  the exper imental  re-  
sults for mass t ransfer  in  tu rbu len t  flow may be cor- 
related by 

Sh = 0.079 Re ~176 Sc ~ [1] 

This result  is in  agreement  with other studies of heat  
and mass t ransfer  to rotat ing cylinders (3-12). Note 
that the mass t ransfer  to smooth rotat ing cylinders 
is proport ional  to the angular  velocity raised to the 
0.7 power. 

Theodorsen and Regier determined the friction fac- 
tor for a smooth rotat ing cylinder in tu rbu len t  flow 
and the results were given by (13) 

1 / ~ / f ) 2 - =  -- 17.5 + 5.751og10 (Re~ / ] /2 j  [2] 

This may be accurately approximated over a range of 
Reynolds numbers  between 200 and 200,000 by the 
relation (1, 2) 

f/2 = 0.079 Re -~176 [3] 

which, when  used wi th  Eq. [1], results in a modified 
Chi l ton-Colburn  relat ion of the form 

Sh = (f/2) Re Sc ~ [4] 

Makrides, Hackerman, King, and others (14-16) re-  
port that the mass t ransfer  varies l inear ly  with the 
angular  velocity in certain cases of cylinder dissolu~ 
tion. Makrides and Hackerman (14) consider this re-  

* Electrochemical  Society Act ive  Member ,  
K ey  words:  friction factor,  surface roughness,  oxygen reduction,  

turbulent flow. 

sult to be due to the cylinders becoming rough during 
dissolution. This results in a friction factor which is 
independent  of the angular  velocity for values of the 
Reynolds number  greater than  a "critical Reynolds 
number ,"  Recrit (13). This value is obtained from the 
following approximate relat ion 

Recrit = (11.8 d/D 1.18 [5] 

where d is the cylinder diameter  and �9 is the charac- 
teristic roughness dimension. For Reynolds numbers  
greater than this Recrit, the friction factor was esti- 
mated to be given by 

f/2 = (1.25 + 5.76 log10 d/e) -2 [6] 

Thus, from Eq. [4] and [6], Makrides and Hackerman 
obtained (14), for the case of dissolving cylinders at 
Reynolds numbers  greater than  Recrit 

Sh/Re Sc ~ = ]/2 = (1.25 + 5.76 log10 d/e) -2 [7] 

Their  exper imental  data was in agreement  with Eq. 
[7]. 

Makrides and Hackerman (14) were the first to 
recognize and explain the impor tant  phenomena dis- 
cussed above. However, we note that their  use of a 
dissolving surface does introduce t ime variat ions in 
the surface roughness. This, coupled with the nonun i -  
formity of the surface, makes it difficult to characterize 
the scale of the surface roughness. 

Because of these considerations as well as the desire 
to extend the applicabil i ty of their  results to a wide 
range of Reynolds numbers  and roughnesses, we ut i -  
lized another mass t ransfer  system to s tudy this prob- 
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lem. Briefly, the apparatus (Fig. 1) consisted of an 
ins t rumented  ver t ica l ly  mounted nondissolving cyl-  
inder that  was rotated in an oxygenated 4% NaC1-H20 
solution. The mass flux of the oxygen to the cathodic 
cyl inder  surface was obtained from the mass t ransfer  
l imit ing current  for the react ion 

02 + 2 H20 Jr 4 e -  --> 4 O H -  [8] 

The anode was a platinized t i tanium cylindrical  
screen 20 cm in diameter  and 15 cm tall, concentric 
wi th  the rotat ing cyl inder  and at the same elevat ion as 
the metal  port ion of the cylinder.  Potentials  were  mea-  
sured with respect to a saturated calomel cell by 
means of a capi l lary probe and a high impedance vol t -  
meter .  Cathodic currents  were  measured by means of 
a mi l l iammeter .  Rotat ional  speeds were  measured by 
a magnet ic  pickup and electronic counter. The oxygen 
content  was measured by Winkler  analysis. Addit ional  
informat ion is available in Ref. (11) and (12). 

The test cylinders were  made of Monel wi th  plastic 
end pieces. The cylinders were  6.35 cm in diameter,  35 
cm long, wi th  a central  Monel portion 15.3 cm long. 
This resulted in a nominal  mass t ransfer  surface area 
of 304 cm 2, based on the 6.35 cm diameter  for a smooth 
cylinder.  Four  cylinders were  made. The first was a 
highly polished cyl inder  wi th  a surface roughness less 
than 3 X 10 -5 cm rms height. The remaining cyl inders  
had staggered diamond knurls  machined on their  sur-  
faces. 1 The knurls  had peak to val ley heights, E, of 
7.3 X 10 -2 cm (cylinder 2), 4.1 X 10 .2  cm (cyl inder  
3) and 1.52 X 10 -2  cm (cyl inder  4) giving d/~ ratios 
of 87, 156, and 416, respectively.  

Cathodic polarizat ion curves  were  obtained at sev-  
eral  rotat ional  speeds for the different cylinders.  A 

z Mone l  cy l inde r s ,  6.35 cm d i a m e t e r ,  we re  k n u r l e d  w i t h  D i a m o n d  
P a t t e r n  K n u r l s  of p i t c h :  coarse,  14; m e d i u m ,  21; fine, 33 l ines  pe r  
inch.  D e p t h  of k n u r l  was  r e g u l a t e d  by  p re s su re  on  t he  too l  ho lder .  
D e p t h  was  m e a s u r e d  b y  a v e r a g i n g  s e v e r a l  p e a k  top  to  v a l l e y  d e p t h  
d i ame te r s .  

typical set of these is shown in Fig. 2. No major  differ- 
ence was observed in the shapes of these curves in 
comparison with those resul t ing for the smooth cyl-  
inders. 

The  resul t ing mass t ransfer  data is presented in Fig. 
3. The tempera ture  of the system was 25 o • I~ Values 
of the mass diffusivity, D, and the kinematic  viscosity, 
m were  obtained by interpolat ion from the In te rna-  
t ional Critical Tables (17). The values were  D : 2.33 
X 10-5 cm2/sec and v = 9.3 X 10 -3 cm2/sec giving 
a Schmidt  number  of 400. Operat ing conditions are 
shown in Table I. 

To check the system a series of runs was carr ied out 
on a smooth cyl inder  and the resul t ing data is seen 
to be in excel lent  agreement  vcith the theoret ical  ex-  
pression, Eq. [1], (cf. Fig. 3). For  the rough cylinders 
the area used to evaluate  current  density is based on 
a diahLeter of 6.35 cm, as previously  noted. This is. 
consistent with Makrides and Hackerman  (14), and 
with Theodorsen and Regier  (13) in the presentat ion 
of their  friction factor data. 

F rom Fig. 3, it is seen that  for rough cylinders the 
mass t ransfer  varies l inear ly  wi th  Reynolds numbers  
for Re > Recrit. Fur thermore ,  there  is ve ry  good agree-  
ment  be tween the data and Eq. [7] for the different 
roughnesses tested. It should be noted that  the fr ic-  
t ion exper iments  of Theodorsen and Regier  (13) were  
carried out for sand-roughened surfaces while  for the 
present mass t ransfer  system the surface of the cyl-  

Table I. Operating conditions 

O-2 content, 
C y l i n d e r  d/e Per iod ,  sec l t P M  p p m  

S m o o t h  > 2  x 10 ~ 0.08 to 26 750 to  2.3 5 to  6 
F i n e  k n u r l  416 0.08 to  18.5 750 to  3.23 4 to  6.16 
M e d i u m  k n u r l  156 0.071 to  13.4 844 to 4.5 3.68 to 6.64 
Coarse  k n u r l  87 0.086 to 12.9 698 to  4.65 2.25 to 8.2 
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inder  was covered wi th  d i amond-shaped  knur ls  cor re-  
sponding to a sa tu ra ted  sand roughness  condition. 
Makr ides  and Hacke rman  state tha t  the  sa tu ra ted  con-  
dit ion also exists  for surfaces undergoing dissolution. 

For  completeness,  the  exper imen ta l  resul ts  have also 
been presented  in Fig. 4 wi th  an ordinate  of S h / ( R e  
Sc ~ or f/2 and the resul ts  are again compared  
with  Eq. [7]. Note tha t  in this form the resul ts  for 
Re > Recrit are independent  of the  Reynolds  number .  
Values of Recrit m a y  be  obta ined from the exper i -  
menta l  da ta  for  the  th ree  roughnesses  tested. The 
three  points are  presented  in Fig. 5 along wi th  the  
approx imate  relat ion,  Eq. [5]. 

In conclusion, the  mass t ransfer  to ro ta t ing cyl inders  
has been measured  over  a range  of Reynolds  numbers  
f rom 600 to 250,000 for surface roughnesses va ry ing  
from d/e equal  to 87 to a smooth surface. The resul ts  
were  cor re la ted  wi th  

Sh = ($/2) Re Sc ~ 

where  f is the fr ic t ion factor  for the appropr ia t e  
smooth or  rough cyl inder .  
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NOMENCLATURE 
AC difference in concentra t ion  of oxygen  be tween 

bu lk  of solution and meta l - f lu id  interface,  g 
equ iv / cm 3 

d diameter ,  cm 
f. f r ic t ion factor, dimensionless  
q mass flux at  wall,  g equiv/cm2/sec  
D diffusion coefficient, cm2/sec 

charac ter i s t ic  roughness,  cm 
angular  velocity,  r ad ians / sec  
k inemat ic  viscosity, cm2/sec 

Dimensionless Groups 
Sh Sherwood number ,  qd/(DhC) 
Re Reynolds  number ,  =d2/2v 
Sc Schmidt  number ,  v/D 
Recrit cr i t ica l  Reynolds  number ,  (11.8 d /D  1.1s 
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This Discussion Section includes discussion of papers appearing 
in the Journal  o1 The  Elec t rochemica l  Society, Col. 116, No. 1, 2, 
3, 4, a n d  6; J a n u a r y ,  F e b r u a r y ,  March ,  Apr i l ,  a n d  J u n e  1971. 

the microscopic situation would  seem to be needed in 
developing appropria te  theoret ical  t reatments.  

Electrochemical Studies in Liquid and Solid AgBr 
D. O. Raleigh and H. R. Crowe 

(pp. 79-86, Vol. 118, No. 1) 
R. D. A r m s t r o n g  a n d  T .  D i c k i n s o n 1 :  It is difficult 

to unders tand why  Rale igh and Crowe at t r ibute  the 
measured ~apacitance of the interface P t / A g B r  to an 
inner layer  effect whils t  continuing to a t t r ibute  the 
capacitance of the C / A g B r  interface to a diffuse layer  
effect. The inner  layer  capacitance, which arises f rom 
the finite size of ions, is a lways in series wi th  the dif- 
fuse layer, so that  it is the smallest  capaci tance of the 
combinat ion which is dominant.  Thus, if a diffuse layer  
capacity is impor tant  in one case ( C / A g B r ) ,  it is also 
l ikely to be impor tant  in another  ( P t / A g B r ) .  Our own 
opinion is that  in both cases the capacitance arises f rom 
an inner  layer  effect, the differences in magni tude  re-  
flecting different t rue contact areas; and we th ink that  
in fitting the measured  C - E  curve to the theoret ical  
one for C/AgBr ,  Raleigh 2 is unjustified in placing the 
theoret ical  C-E curve  at a par t icular  point on the E 
axis since this point was de termined  by a calculation 
of the absolute (s/c) potent ial  difference be tween Ag 
and AgBr. 

D. O. Raleigh: We did not a t t r ibute  the measured 
P t / A g B r  interface capacitance to an ideal inner layer,  
but  to a layer  of adsorbed Ag + and /o r  B r -  ions (de- 
pending on potential)  on the Pt  surface. In this in-  
stance, the simple series model  for the diffuse and 
compact layer  capacitances is inval id and large over -a l l  
capacitances may  result  s . Armst rong  and Dickinson are 
of course enti t led to their  own in terpre ta t ion of such 
data, and the simplicity of a pure ly  inner  layer  model  
is admit tedly  at tractive.  It  seems necessary, however ,  
to deal wi th  diffuse layer  capacitance in some manner,  
and the Gr imley-Mot t  model  4,5 seems reasonable. I 
have discussed this model  for ionic solids at some 
length in a recent  publicat ion 6. 

To be sure, the Gr imley-Mot t  est imate of the A g /  
AgBr  absolute electrode potential  may  be considerably 
in error, but  the C / A g B r  capacitance data 7 match the 
theoret ical  curve both in general  magni tude  and in 
re la t ive  invar iance  to the potential.  Dominance by an 
ideal inner layer  capacitance would requi re  the diffuse 
layer  capacitance to be compara t ive ly  large. The theory  
does not predict  this large a diffuse layer  capacitance 
anywhere  in the voltage range, regardless  of the as- 
s ignment  of the absolute electrode potentiah Our way  
o u t  of the d i lemma has been to suggest specific ion ad- 
sorption in the P t / A g B r  case. 

At  this point, it seems useful to state that  we are in-  
deed open to a l ternat ive  explanat ions and also to point 
out the dangers in carrying over  interface concepts de- 
veloped for aqueous systems (a pract ice in which we 
share some guil t ) .  The solid electrode-sol id e lectrolyte  
interface is physically unique in a number  of respects. 
In terface  models based on a detailed consideration of 

1 Electrochemistry Research Laboratories, Department of Physi- 
cal Chemistry, University of Newcastle-upon-Tyne, Newcastle- 
upon-Tyne, England. 

D. O. Raleigh, J. Phys. Chem., 70, 889 (1966}. 
8 R. Parsons, Electrode Double Layer, in "The Encyclopedia of 

Electrochemistry," C. A. Hampel, Editor, Reinhold Publishing Co., 
New York (1964). 

4 T. B. Grimley and N. F. Mott, Discussions Faraday Soe., 1, 3 
(1947). 

6 T. B. Grimley. Proc. Roy. Soc. (London), A201, 40 (1950). 
e D. O. Raleigh, Phys. Star. Sol. (a), 4, 215 (1971). 

D. O. Raleigh, J. Phys. Chem., 71, 1785 (1967). 

Anodic Dissolution of Beryllium in Anhydrous Media 

H. Aida, I. Epelboin, and M. Garreau 
(pp. 243-248, Vol. 118, No. 2) 

W .  J.  J a m e s  a n d  M .  E.  S t r a u m a n i s S :  The recent  ar t i -  
cle regarding the anodic dissolution of Be in anhydrous 
media by Aida et at., is most interest ing in that  it ap- 
pears to provide fur ther  proof that  the two concepts 
of " a n o m a l o u s "  dissolution, namely  the presence of 
t ransi tory species of uncommon valence or the "chunk 
effect" (film and /o r  meta l  spalling) are not incompat i -  
ble. 

The authors approach in a t t r ibut ing greater  s tabil i ty 
to Be + in a wa te r  solvent-poor  interface as opposed to 
the grea ter  stabil i ty of Be +2 in a wa te r  solvent-r ich,  
appears to us to be a reasonable one. Our disagree-  
ments wi th  proponents  of unusual  t ransi tory  ionic 
states as being responsible for the anomalous dissolu- 
tion behavior  of metals  have been based on the fact 
that  these studies were  carr ied out in di lute aqueous 
media. Thermodynamic  considerations of the stabili ty 
of ions such as Be +, A1 +, Zn +, Mg +, etc.  in aqueous 
solut ions v i r tua l ly  rules out the possibility of their  ex-  
istence at any measurable  distance f rom the anodic sur-  
face. This is not to say, of course, that  the anodic expul-  
sion of, e.g. Be, does not occur in two consecut ive  elec- 
tron discharges to form Be 2+. 

Consequently,  it is not surpris ing that  the a t tempts  
by several  invest igators  to detect direct ly  the existence 
of such unstable species at considerable  distances f rom 
the electrodes were  doomed to failure. 

Fur thermore ,  the undisputable  detection of such 
compara t ive ly  stable ions (for references  see the art icle 
under  discussion here)  as Cu + and In + can hard ly  be 
considered as verification that  anomalous dissolution of 
considerably more act ive metals  occurs as a conse- 
quence of format ion of uncommon t ransi tory  species. 

In their  discussion of the na tu re  of the Be surfaces, 
the authors state that  the appearance of a gray colora- 
tion on the surface or actual  identification of metal l ic  
particles in the anode region cannot be taken as in-  
disputable evidence of the chunk effect because the 
format ion of metal l ic  part icles may  always be at-  
t r ibuted to the react ion 2 Be + --> Be + + -~ Be $ 

Whereas  the concept of such a disproport ionate re -  
action is supported by knowledge  of other  more  noble 
metals  which undergo this reaction, e.g. Cu, there  is 
absolutely no evidence of direct  na ture  that  Be under -  
goes this react ion ei ther  in aqueous or anhydrous 
media. 

On the contrary,  exper imenta l  evidence suggests that  
this react ion is ve ry  unlikely,  taking into account the 
fai lure to detect Be + in aqueous solutions, the inabi l i ty  
to plate Be out of such solutions, the presence of de- 
format ion twins on the compara t ive ly  large Be-chunks  
and on the etched Be surfaces, indicating that  the 
former  ini t ial ly belonged to the solid Be piece. In fact, 
the process of de tachment  of Be platelets  f rom the Be 
substrate, dissolving in acids, could be observed opti-  
cally 9. 

s Graduate Center for Materials Research, University of Missouri- 
Rolla, Rolla, Missouri 65401. 

9 M. E. Straumanis and D. L. Mathis, J, Less-Common Metals, 4, 
213 (1962). 
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Similar  behavior  has been observed for A1, Mg, Zn, 
Cd, and Sn in acidic or aqueous salt solutionslO-lL If 
the same reasoning were applied to Zn to explain the 
presence of the gray to black coloration on its surface 
and the x - r ay  evidence of metallic particles in the 
anolyte, how can one explain why, when  the Zn surface 
is amalgamated,  no gray coloration is observed together 
with no metallic particles, and that  a valence state of 
two is obtained in the same electrolyteslS? Clearly, 
whereas in the first case Zn particles were detached 
from the bulk  dur ing  the dissolution, which resulted 
in a calculated ionic state less than  two, no such proc- 
ess could occur when the metal  was amalgamated,  since 
the Zn particles could not  penetra te  the Hg-surface 
layer and a valence of two, therefore, resulted. 

Furthermore,  we have also examined recent ly by 
SEM techniques Zn and Mg electrodes exhibi t ing sur-  
face films after anodic dissolution in  aqueous media and 
can state that  in all cases the microscopy confirms the 
source of the meta l - l ike  particles as arising from the 
electrode surface. 

The foregoing discussion is not mean t  to detract  from 
this excellent paper by  Aida et al. The authors have 
presented strong evidence for the existence of Be + in 
anhydrous  media. Fur the r  studies of this na ture  should 
go far in accounting on a more quant i ta t ive  and gen- 
eral basis for the apparent ly  anomalous behavior  of 
many  metals in both aqueous and anhydrous  media. 

H. Aida, I. Epelboin, and M. Garreau: We are pleased 
to see that  W. J. James and M. E. S t raumanis  agree 
that  anomalous anodic dissolution can be interpreted 
in terms of the two different basic concepts which have 
long been opposed in the l i terature.  The protracted dis- 
cussion on this topic, in which the editors of this Jour -  
nal  allowed us to take part  (Discussion Section of June  
1957 and June 1959), has been fruitful since it led to a 
better though still partial understanding of this diffi- 
cult problem. 

We think it necessary, however, to give further in- 
formation about certain points of our paper that 
seemed disputable to W. J. James and M. E. Straumanis. 

1.--First, we do not think that the transitory species 
of uncommon valency can only exist in anhydrous 
solutions. In our experiments, the absence of water 
in the electrolyte (O, 1 g/liter) highly favors the for- 
mation, near the anode, of a layer which is permeable 
to monovalent ions and almost impermeable to elec- 
trons. However, in certain cases, this layer can be par- 
tially formed in solutions richer in water. Thus, alu- 
minum dissolves with an apparent valency of about 
two in an alcoholic solution of LiCIO4 containing 100g 
of water  per liter, and this at anodic potentials suffi- 
ciently high to cause electrolytic polishing, which is 
incompatible  with the "chunk effect." 

2 . - -Concerning the chunk effect more part icularly,  
the main  point seems no longer to be whether  the dif- 
ferent  methods, either those cited by St raumanis  and 
James or ours, may reveal unambiguous ly  its existence. 
We agree with St raumanis  and James and admit  that  
this effect can occur under  various conditions; and we 
th ink that  efforts should henceforth focus on its in te r -  
pretat ion ra ther  than on its identification. This is what  
we are doing at the present  time, using the following 
new approaches: (a) study of the influence of changes 
in the crystal  s t ructure of the dissolved sample, caused 

lo H.  H.  U h l i g  a n d  R. K r u t e n a t ,  This Journal, 111, 1303 (1964). 
11M. E. S t r a u m a n i s  a n d  D. L.  Ma th i s ,  This 2ournal, 109, 434 

(1962). 
M. E. S t r a u m a n i s ,  J .  L .  Reed ,  a n d  W.  J .  J a m e s ,  This Jo u rn a l  

114, 885 (1967). 
13 j .  W. J o h n s o n ,  E. D e n g ,  S. C. La i ,  a n d  W. J .  J a m e s ,  This Jour-  

nal, 114, 424 (1967). 
1~ W. J .  J a m e s ,  M. E. S t r a u m a n i s ,  D. K.  B h a t i a ,  a n d  J .  W. J o h n -  

son,  This Journal, 109, 1996 (1962). 
~ M .  E. S t r a u m a n i s  a n d  D. K .  B h a t i a ,  'This Journal, 110, 857 

(1963). 
le M. E. S t r a u m a n i s  a n d  K .  P o u s h ,  This Journal, 112, 1185 (1965). 
I~M. E. S t r a u m a n i s  a n d  M. D u r r a ,  J .  Ino~gan. Chem., 5, 992 (1968). 
l s W .  J .  J a m e s  a n d  G. S t o n e r ,  J. Am.  Chem. Soc., 85, 1354 (1963). 

either by  various thermal  t rea tments  or by  replace- 
ment  of polycrystals by very  pure  single crystals; (b) 
kinetic study by modern  electrochemical methods. 

(a) The first results on crystal s t ructure effects show 
that the disintegrat ion of the metal  occurs at the level 
of the subgrains of the lattice. This might  be due to 
a phenomenon which would start  under  the influence 
of the very  small  differences in  the ret icular  energy 
which exist between the sites const i tut ing the bound-  
aries of dislocation of the crystal  subst ructure  and the 
unper tu rbed  parts of this crystal. 

(b) By improving the analysis  of the polarization 
curves (which have been roughly described in our 
paper) using a cur ren t  in te r rup t ion  method completed 
by electrochemical impedance measurements,  we re-  
cently showed that  the anodic potential  necessary to 
create the layer  in which Be + is stable was actual ly 
much lower than  the one predicted by curve c' in Fig. 
2. The cur ren t -po ten t ia l  curve, corrected for ohmic 
drop, shows a marked change in the slope at an anodic 
potent ial  of 1V as measured relat ive to an Ag/Ag + 
(0.2M) reference electrode. This change corresponds to 
the border  separat ing the potent ial  range wi th in  which 
Ne equals unity, and the surface is bright, from the 
range wi thin  which Ne differs from unity,  and the dis- 
solution is heterogeneous. Consequently,  the electric 
energy actual ly available at the anode wi th in  the field 
where the chunk effect is observed is not very high. 
Dissolution can occur rapidly only at the weakest parts 
of the metall ic lattice const i tuted by  the boundar ies  of 
dislocation. The surface of the anode is thus divided in 
two zones: the first one has a small  area (emergence 
of the dislocation boundaries)  where the current  den-  
sity is high; the second has a larger area bu t  scarcely 
contr ibutes to dissolution. The relat ive importance of 
the contr ibut ions of these zones depends on the poten- 
tial. Faradaic impedance diagrams obtained at these 
low potentials provide support  for this in terpre ta t ion 
since they show, at very  low frequencies, more than  
one t ime constant. 

3 . - -The fact that  bery l l ium cannot be plated out 
from the solutions we used is not in disagreement with 
the formation of stable Be + ions moving sufficiently far 
from the electrode to modify the faradaic yield of the 
dissolution. In  fact, this formation needs a min imal  
anodic potential  which is incompatible with the cath-  
odic reaction Be + -t- e ~ Be $ in the cases considered 
here. 

4.wAs for the results obtained with amalgams, we 
th ink  that  the canceling of the anomaly may be related 
to an easier adsorption of anions on solid surfaces than  
on liquid surfaces. This might be the r eason  why the 
quasi-crystal l ine anhydrous  layer cannot be formed. 
This in terpre ta t ion  is strongly supported by  our results  
on the anodic dissolution of gal l ium in LiC104 solutions 
in ethanol: with solid Ga (t = 25~ Ne ---- 1, whereas 
with liquid Ga (t = 35~ Ne ---- 3 TM. 

Crystal Structures of the Elements of the Periodic 
Table and the Mechanisms of Electrolytic Hydrogen 

Evolution Reaction 

A. K. Vijh (pp. 263-264, Vol. 118, No. 2) 

S. Trasatti20: Some points of Vijh's reasoning seem 
to be questionable. First  of all, Vijh divides the metals 
into two main  classes according to whether  or not  
the hydrogen evolution reaction (h.e.r.) proceeds wi th  
significant steady-state chemisorption of hydrogen. 
However, copper, silver, and gold are included by Vijh 
into the class of metals adsorbing hydrogen (Vijh's 
class II) ,  and in fact, this does not seem to be the case. 

19See M. G a r r e a u ,  Mdtaux, 544, 425 (1970). 
~OLaboratory of E l e c t r o c h e m i s t r y ,  U n i v e r s i t y  of  Mi l an ,  Mi l an ,  

I t a ly .  
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Similar  behavior  has been observed for A1, Mg, Zn, 
Cd, and Sn in acidic or aqueous salt solutionslO-lL If 
the same reasoning were applied to Zn to explain the 
presence of the gray to black coloration on its surface 
and the x - r ay  evidence of metallic particles in the 
anolyte, how can one explain why, when  the Zn surface 
is amalgamated,  no gray coloration is observed together 
with no metallic particles, and that  a valence state of 
two is obtained in the same electrolyteslS? Clearly, 
whereas in the first case Zn particles were detached 
from the bulk  dur ing  the dissolution, which resulted 
in a calculated ionic state less than  two, no such proc- 
ess could occur when the metal  was amalgamated,  since 
the Zn particles could not  penetra te  the Hg-surface 
layer and a valence of two, therefore, resulted. 

Furthermore,  we have also examined recent ly by 
SEM techniques Zn and Mg electrodes exhibi t ing sur-  
face films after anodic dissolution in  aqueous media and 
can state that  in all cases the microscopy confirms the 
source of the meta l - l ike  particles as arising from the 
electrode surface. 

The foregoing discussion is not mean t  to detract  from 
this excellent paper by  Aida et al. The authors have 
presented strong evidence for the existence of Be + in 
anhydrous  media. Fur the r  studies of this na ture  should 
go far in accounting on a more quant i ta t ive  and gen- 
eral basis for the apparent ly  anomalous behavior  of 
many  metals in both aqueous and anhydrous  media. 

H. Aida, I. Epelboin, and M. Garreau: We are pleased 
to see that  W. J. James and M. E. S t raumanis  agree 
that  anomalous anodic dissolution can be interpreted 
in terms of the two different basic concepts which have 
long been opposed in the l i terature.  The protracted dis- 
cussion on this topic, in which the editors of this Jour -  
nal  allowed us to take part  (Discussion Section of June  
1957 and June 1959), has been fruitful since it led to a 
better though still partial understanding of this diffi- 
cult problem. 

We think it necessary, however, to give further in- 
formation about certain points of our paper that 
seemed disputable to W. J. James and M. E. Straumanis. 

1.--First, we do not think that the transitory species 
of uncommon valency can only exist in anhydrous 
solutions. In our experiments, the absence of water 
in the electrolyte (O, 1 g/liter) highly favors the for- 
mation, near the anode, of a layer which is permeable 
to monovalent ions and almost impermeable to elec- 
trons. However, in certain cases, this layer can be par- 
tially formed in solutions richer in water. Thus, alu- 
minum dissolves with an apparent valency of about 
two in an alcoholic solution of LiCIO4 containing 100g 
of water  per liter, and this at anodic potentials suffi- 
ciently high to cause electrolytic polishing, which is 
incompatible  with the "chunk effect." 

2 . - -Concerning the chunk effect more part icularly,  
the main  point seems no longer to be whether  the dif- 
ferent  methods, either those cited by St raumanis  and 
James or ours, may reveal unambiguous ly  its existence. 
We agree with St raumanis  and James and admit  that  
this effect can occur under  various conditions; and we 
th ink that  efforts should henceforth focus on its in te r -  
pretat ion ra ther  than on its identification. This is what  
we are doing at the present  time, using the following 
new approaches: (a) study of the influence of changes 
in the crystal  s t ructure of the dissolved sample, caused 
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either by  various thermal  t rea tments  or by  replace- 
ment  of polycrystals by very  pure  single crystals; (b) 
kinetic study by modern  electrochemical methods. 

(a) The first results on crystal s t ructure effects show 
that the disintegrat ion of the metal  occurs at the level 
of the subgrains of the lattice. This might  be due to 
a phenomenon which would start  under  the influence 
of the very  small  differences in  the ret icular  energy 
which exist between the sites const i tut ing the bound-  
aries of dislocation of the crystal  subst ructure  and the 
unper tu rbed  parts of this crystal. 

(b) By improving the analysis  of the polarization 
curves (which have been roughly described in our 
paper) using a cur ren t  in te r rup t ion  method completed 
by electrochemical impedance measurements,  we re-  
cently showed that  the anodic potential  necessary to 
create the layer  in which Be + is stable was actual ly 
much lower than  the one predicted by curve c' in Fig. 
2. The cur ren t -po ten t ia l  curve, corrected for ohmic 
drop, shows a marked change in the slope at an anodic 
potent ial  of 1V as measured relat ive to an Ag/Ag + 
(0.2M) reference electrode. This change corresponds to 
the border  separat ing the potent ial  range wi th in  which 
Ne equals unity, and the surface is bright, from the 
range wi thin  which Ne differs from unity,  and the dis- 
solution is heterogeneous. Consequently,  the electric 
energy actual ly available at the anode wi th in  the field 
where the chunk effect is observed is not very high. 
Dissolution can occur rapidly only at the weakest parts 
of the metall ic lattice const i tuted by  the boundar ies  of 
dislocation. The surface of the anode is thus divided in 
two zones: the first one has a small  area (emergence 
of the dislocation boundaries)  where the current  den-  
sity is high; the second has a larger area bu t  scarcely 
contr ibutes to dissolution. The relat ive importance of 
the contr ibut ions of these zones depends on the poten- 
tial. Faradaic impedance diagrams obtained at these 
low potentials provide support  for this in terpre ta t ion 
since they show, at very  low frequencies, more than  
one t ime constant. 

3 . - -The fact that  bery l l ium cannot be plated out 
from the solutions we used is not in disagreement with 
the formation of stable Be + ions moving sufficiently far 
from the electrode to modify the faradaic yield of the 
dissolution. In  fact, this formation needs a min imal  
anodic potential  which is incompatible with the cath-  
odic reaction Be + -t- e ~ Be $ in the cases considered 
here. 

4.wAs for the results obtained with amalgams, we 
th ink  that  the canceling of the anomaly may be related 
to an easier adsorption of anions on solid surfaces than  
on liquid surfaces. This might be the r eason  why the 
quasi-crystal l ine anhydrous  layer cannot be formed. 
This in terpre ta t ion  is strongly supported by  our results  
on the anodic dissolution of gal l ium in LiC104 solutions 
in ethanol: with solid Ga (t = 25~ Ne ---- 1, whereas 
with liquid Ga (t = 35~ Ne ---- 3 TM. 

Crystal Structures of the Elements of the Periodic 
Table and the Mechanisms of Electrolytic Hydrogen 

Evolution Reaction 

A. K. Vijh (pp. 263-264, Vol. 118, No. 2) 

S. Trasatti20: Some points of Vijh's reasoning seem 
to be questionable. First  of all, Vijh divides the metals 
into two main  classes according to whether  or not  
the hydrogen evolution reaction (h.e.r.) proceeds wi th  
significant steady-state chemisorption of hydrogen. 
However, copper, silver, and gold are included by Vijh 
into the class of metals adsorbing hydrogen (Vijh's 
class II) ,  and in fact, this does not seem to be the case. 

19See M. G a r r e a u ,  Mdtaux, 544, 425 (1970). 
~OLaboratory of E l e c t r o c h e m i s t r y ,  U n i v e r s i t y  of  Mi l an ,  Mi l an ,  

I t a ly .  
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I t  is well  known  ~1 that  Cu adsorbs hydrogen from the 
gas phase only if its pur i ty  is unsatisfactory. No ad- 
sorption of hydrogen from the gas phase is known to 
occur also on Ag and Au. Electrochemically, copper ~2, 
silver ~, and gold ~ do not present  detectable amounts  
of hydrogen adsorbed on the surface during the h.e.r. 
However, if the metals are not especially pure, or are 
subjected to anodic-cathodic t reatments  ~224 (part icu-  
lar ly  Ag and Au) the exchange cur ren t  for h.e.r, may 
become even two orders of magni tude  higher, and 
atomic hydrogen usual ly appears on the metal  surface. 
Thus, Cu, Ag, and Au belong, in fact, to the group of 
metals not adsorbing hydrogen (Vijh's class I) .  

Manganese has been included by  Vijh into class I. 
This metal  is atypical in many  respects, but  not in 
respect to l iabil i ty to adsorb hydrogen. Mn chemi- 
sorbs hydrogen from the gas phase, though the experi-  
menta l  heat of the process seems to be comparatively 
low 21. This fact probably makes the detection of steady- 
state coverage during h.e.r, very difficult. On the other 
hand, data on h.e.r, are very scanty for Mn, so that  an 
accurate location of this metal  may appear difficult; 
but  other data 25 show that  manganese chemisorbs 
gases like all other t ransi t ion metals. Thus, I would 
suggest that  Mn be included in class II, though addi- 
t ional  evidence may be needed for that. At any rate, 
this point  is not as de te rminant  as that regarding Cu, 
Ag, and Au. 

If we now examine the new situation, we can realize 
that the analysis of the mechanism of the h.e.r, on the 
basis of the crystal l ine s tructure of metals does not  
seem to be relevant.  In  fact, typical metals cannot be 
separated from atypical metals (in Vijh's sense). On 
the other hand, the crystal l ine structure is a conse- 
quence of the int imate  electronic s tructure of elements. 
If we pay at tent ion to the electronic structure, we see 
that  the division of metals into two groups is now clear. 
Metals in class I are sp metals, while metals adsorbing 
hydrogen (class II) are t ransi t ion metals. No exception 
to this rule does exist. I would like to stress again 
that  the start ing point for the unders tanding  of the 
h.e.r, on metals is not the analysis of the crystal l ine 
structure, but  rather  the electronic theory of metals. 
It is surprising that  Vijh does not make any  specific 
reference to this point. He, for example, explains a 
high strength for the M-H bond with a high subl ima-  
tion heat of the metal  in  question. This is an observa- 
tion but  not an explanation. In  fact, a high sublimation 
heat is a consequence of a strong cohesion which in 
t u r n  can be explained on the basis of the electronic 
theory2e. 

The lack of any at tent ion to the band theory of 
metals is apparent ly  due somewhat to Vijh's com- 
plicated reasoning about the origin of the hydrogen 
chemisorption heat. I agree that  the adsorption of 
atomic hydrogen can occur also on sp metals. In  fact, 
from the band theory of metals 26 it is shown that  
chemisorption is possible whenever  the solid possesses 
unfilled bands and when the atom to be adsorbed has 
electrons to shear, or vice versa; but  for the extent  of 
adsorption to be detectable, factors are needed which 
undoubtedly  only t ransi t ion metals possess. Thus, gold 
and copper adsorb CO but  not hydrogen, though in any 
case the surface bond is weak 21 simply because in 
hydrogen adsorption there is a parallel  path (atomic 
recombinat ion)  which does not exist in the adsorption 
of CO. At any rate, the heat of adsorption of CO on 
Cu and Au is 9 kcal/mole,  while on t ransi t ion metals 
it goes from 153 on Ti to 42 on Ni 21. 

Using band- theory  concepts, we can at tempt to un -  
derstand, at least quali tatively,  the scale of M-H in ter -  

21 D. O. H a y w a r d  and  B. M. W. Trapnell ,  "Chemisorp t ion , "  But -  
tc rwor ths ,  London (1964). 

~ L .  I. Kr i sh ta l ik ,  " A d v a n c e s  in  Elec t rochemis t ry  and  Electro-  
chemical  Eng inee r ing , "  Vol. 7, p. 283, P. Delahay  and C. W. Tobias, 
Editors,  In tersc ience  Publ ishers ,  N e w  York  {1970). 

~ V .  I. Bys t rov  and L. I. Krisht~l ik ,  Elek t rokh imiya ,  3, 1345 
(1967). 

G. M. Schmid,  Electrochim.  Acta,  12, 449 (1967). 
S. Cerny  and V. Ponec, CataL Rev. ,  2, 249 (1968). 

'~ A. J .  Dekke r ,  "Solid State  Phys ic s , "  Macmil lan,  London (1965). 

action strength. F rom the discussion above, the out-  
s tanding factor is presumably  to be sought in the 
density of electronic states in the energy bands of the 
solid near  the Fermi  l eve l  Almost all properties of 
t ransi t ion metals are governed by  this factor, i.e. con- 
ductivity, electronic specific heat, para-  and ferro- 
magnetism, etc. The average density of states is of the 
order of twenty  times greater in the d -band  than in 
the s -band 27. In  principle, every process involving ex- 
change interact ion of electrons should thus be easier 
on d than sp metals. This is a quan tum-mechan ica l  
problem, and calculations by Horiuti  and Toya 2s seem 
to corroborate this fact. Qualitatively, we can easily 
correlate the M-H energy to the density of states. In  
t ransi t ion metals the density is high and the strength 
of the M-H bond is high. In  Cu, Ag, and Au, the d- 
bands are completely filled while  the s -band  is half-  
filled. The density of states is here lower than  in d- 
bands, bu t  still ra ther  high because the Fermi  surface 
is presumably  just  below the l imit  of the Bri l louin 
zone, in a position of ma x i mum density of states for 
this type of band. For these metals the s trength of the 
M-H bond is thus relat ively high, bu t  no chemisorp- 
tion can occur from H2 molecules because the energy 
of M-H is below 50 kcal/mole,  half the energy of dis- 
sociation of hydrogen molecules. Some trace of chemi- 
sorbed hydrogen can presumably  appear on these 
metals at very  high current  density dur ing h.e.r, due 
to kinetic reasons, but  this fact is of secondary im-  
portance and does not alter the terms of the problem. 
It is readily realized that these metals can be very 
sensitive to impurit ies which can introduce holes in 
the d-bands  so modifying deeply the electronic prop- 
erties of the solid. In  fact, the top of the d -band  is not 
too far from the Fermi  level. 

With one more electron added to the s -band  we go 
to Zn, Cd, and Hg. In  these metals the s-bands are 
completely filled and they are metallic conductors only 
because of an overlap of s and p-bands.  However, the 
Fermi level is here presumably  close to both the top 
of the s -band  and the bottom of the p-band.  Thus, the 
density of states is in this case very  low, and the M-H 
bond is expected to be very weak, as is in fact the 
case. If we go on to fill the p-band,  we expect the 
strength of the M-H bond to increase with increasing 
number  of electrons unt i l  the band is half  filled. How- 
ever, in this case it is difficult to apply the simple con- 
cepts of the band theory of metals for p-e lements  are 
not typical metals probably because of the strong 
orientat ion of their  atomic orbitals. Calculated ad- 
sorption heats strongly differ from exper imenta l  values 
of interact ion energy but, at any  rate, the s trength of 
the M-H bond appears to increase in the series T1 
Pb ~ B i ,  and In  ~ Sn ~ Sb 22. 

Many simple correlations between electronic and 
electrochemical properties 29 indicate that  the scale of 
general  chemical reactivi ty is the same as in electro- 
chemistry and catalysis, so that in any case the elec- 
tronic structure is the outs tanding factor which de- 
termines the behavior  of a solid. For the h.e.r, the 
present  author has recent ly found 29 that  all metals fall 
closely on a same straight line in a log io vs. work 
funct ion plot, provided the io, exchange currents  for 
sp metals be that relat ive to the positively charged 
surface. The io values for a negatively charged surface 
fall on another  straight l ine parallel  to the former. 
Since the M-H strength changes almost l inear ly  with 
work function, this indicates that  the ul t imate  effect 
is a "volcano" curve, for the dependence of log io on 
the heat of adsorption of hydrogen as predicted by 
Parsons 30 and found by  Krishtal ik  22. It  seems to me 
that the picture for the h.e.r, would be clearly depicted 
by this result. A higher s trength of the M-H bond de- 

c. Kittel ,  " E l e m e n t a r y  Solid State Phys ics , "  Wiley, New York  
(1962). 

~ J .  Hor iu t i  and T. Toya,  "Solid State  Sur face  Science,"  Vol, 1, 
M. Green,  Editor, Marcel  Dekke r ,  New York (1969). See also T. B. 
Gr imley ,  Proc. Phys .  Soc., (London) ,  92, 776 (1967). 

'-'9 S. Trasat t i ,  Chim. Ind. (Milan),  53, 364 (1971). 
3OR. Parsons ,  Trans. Faraday Soc., 54, 1053 (1958). 
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creases the activation energy for discharge and in-  
creases that  for the removal  of atomic hydrogen. This 
fact is readi ly  understood if use is made of the poten-  
tial energy curves 31,32. Since the M-H energy depends 
on the electronic structure, this u l t imate ly  governs the 
mechanism of h.e.r. The crystal l ine structure, as such, 
does not appear to have a p r imary  effect. I would like 
to emphasize the fact that  volcano-shaped curves have 
been obtained also in the field of catalysis a3, and the 
rat ionale behind them is well  known as Sabatier 's  
principle z~. 

It  is of interest  to note that  the wri ter  has also 
found 29 that  different relationships between potential  
of zero charge and work function exist for sp and t r an-  
sition metals, and the difference is to be sought in a 
restricted possibility of rotation of water  on the lat ter  
due to chemisorption phenomena.  The electronic struc-  
ture is again the outstanding factor. Close rel~tion- 
ships can be also found 29 between electronegativity in 
Paul ing 's  scale and work function, so that  if proper 
at tent ion is paid to the electronic s tructure of metals, 
the picture of their  electrochemical properties is less 
obscure than  would appear at first sight, though much 
still needs to be known. At  any rate, it must  be 
stressed that  progress in  electrochemistry is at this 
point possible only if the electronic s tructure of the 
electrode mater ia l  is correctly and re levant ly  taken 
into account. 

A. K. Vi]h: We appreciate Dr. Trasatti 's  keen interest  
in our paper. The various points he raises are, of 
course, very  per t inent  to the fundamenta l  unders tand-  
ing of the mechanisms of the hydrogen evolution re- 
action (h.e.r.) on metals, a subject  which constitutes 
the very foundations of modern electrode kinetic 
theory and electrocatalysis, in addition to its involve-  
men t  in all  sorts of applied electrochemical problems. 
Professor Trasatt i  has presented a ra ther  detailed dis- 
section of our paper and raised many  points which 
need much fur ther  discussion since the argument~ 
formulated in his analysis are not ent i re ly  sustained 
by a fur ther  s tudy of the issues he touches upon. For 
the sake of a systematic t rea tment  of the various 
matters  contained in his critique, it is best to classify 
them in some logical sequence first. Towards this goal, 
it is perhaps convenient  to classify his points into two 
broad classes, namely,  (A), and (B). 

(A) Facts, Pseudo-Facts, Experimental Observations-- 
Direct or Deduced 

This category main ly  concerns deduced or direct 
exper imental  observations with regard to the mecha-  
nisms of h.e.r, on Cu, Ag, Au, and Mn and the related 
vital  problem of steady-state coverage by adsorbed 
hydrogen on these metals dur ing the h.e.r. The three of 
these metals, namely,  Cu, Ag, and Au are no doubt 
border l ine cases as regards the strength of the M-H 
binding, as determined (or estimated) from the gas 
phase exper imental  data. The critically evaluated esti- 
mates of this M-H interact ion energy, as given by 
Ehrl ich 35 are: Cu-H, 56 kca l /mole-1 ;  Ag, 53 kcal /  
mo le - I ;  Au-H,  ,~50 kcal /mole -1. It  is clear, therefore, 
that chemisorption of hydrogen from the gas phase on 
these metals, at least on Cu and Ag, can give rise to a 
reckonable steady-state coverage al though these met-  
als can by no means be regarded as good adsorbents of 
hydrogen from the gas phase. However, dur ing the 
electrochemical evolution of hydrogen, a crucial factor 
is the presence of overpotential  which can give rise to 
a si tuation comparable to the presence of astronomi-  
cally high gas pressures with the result  that  direct ap- 
plication of the gas phase adsorption data (obtained 

~lB. E. C o n w a y  a n d  J .  O 'M.  B o c k r i s ,  Can. J, Chem. ,  35, 1124 
(1957). 

R.  P a r s o n s  a n d  J .  O 'M.  B o c k r i s ,  Trans. Faraday Soc., 47, 914 
(1951). 

3~A. A. B a l a d i n ,  Advan .  C a t a l y ~ ,  10, 120 (1958). 
~t M. B o u d a r t .  Chem.  Eng. I~rogr., 57, 33 (1961). 
~ G.  E h r l i c h  in  " P r o c .  T h i r d  C o n g r e s s  on  C a t a l y s i s , "  W. M. H.  

S a c h t l e r ,  C. G. A.  S c h u i t ,  a n d  P.  Z w i e t e r i n g ,  Ed i to r s ,  N o r t h - H o l l a n d  
(1965),  
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under  ordinary  pressures) is misleading. For example, 
as pointed out by Kita  36 in response to objections raised 
by Breiter 37 on lines similar to those contained in Tra-  
satti 's criticism, a cathodic overpotential  of 0.4V cor- 
responds to a very high pressure of ca. 1015 m m  Hg. 
Under  such conditions of applied overvoltage (which 
are equivalent  to enormously high pressures),  border-  
l ine cases like Cu, Ag, Au, etc., are undoubtedly  bound 
to be covered significantly by adsorbed hydrogen- -  
hence their inclusion in our class II is justified. That  
moderate values of overvoltage can indeed be equi-  
valent  to enormously high gas pressures, with the re- 
sul tant  formation of surface phases on electrode sur-  
faces which cannot  be ordinar i ly  formed or predicted 
thermodynamical ly ,  has been plausibly argued in de- 
tail by Vermilyea 38 in connection with the oxygen 
evolution reaction. Other previous calculations on these 
lines but  for the case of hydrogen evolution reaction 
have been given by Van Rysse]berghe ~9. 

As regards the case of Mn, Ehrlich claims, in agree- 
ment  with Trasatti,  that it chemisorbs molecular hy-  
drogen from the gas phase. Some recent pre l iminary  
electrochemical work in our laboratory involving t r an-  
sient studies such as potent iodynamic profiles, open 
circuit decays and charging curves, etc., gives no evi- 
dence, however, to support  s teady-state coverage on 
Mn dur ing the h.e.r. This electrochemical evidence, 
yet to be corroborated, by itself would not appear to be 
sufficient, however, to just i fy  inclusion of Mn along 
with "soft" metals in our class I. This is because we 
have concluded the presence of gold in class II (i.e. 
with the t ransi t ion metals and with radical- ion or 
atomic recombinat ion as the mechanism),  despite the 
fact that Schmid's 40 work indicates an absence of sig- 
nificant surface coverage by adsorbed hydrogen on gold 
during h.e.r. It  is fair  to add that  no exact measure-  
ments,  on the surface coverage on gold dur ing h.e.r., 
covering an extended potent ial  range, exist, as has 
been pointed out by Kuhn  and Byrne 41. Even Schmid's 
work, which covered only the potential  range,--0.3 to 
0.4V (h.e.) indicated ca. 8% coverage (20 ~C cm-2) .  
Furthermore,  Will  and Knor r  42 reported 3% coverage 
at the reversible potential. One is perhaps safe in con- 
cluding that at high cathodic potentials, gold is covered 
appreciably by adsorbed hydrogen. 

The foregoing evidence and comments show that 
Trasatt i 's  criticism was derived, unfor tunate ly ,  from 
the convenient  choice of data and from faul ty  reason- 
ing, especially, wi th  regard to the effect of overpoten- 
tial. I t  is conceded, however, that  the case of Mn, Cu, 
Ag, and Au is not completely clear-cut,  as far as direct 
experimental  evidence is concerned, with regard to 
coverage by chemisorbed hydrogen dur ing  steady-state 
h.e.r. 

There is a wide spectrum of indirect  evidence, how- 
ever, which is based on the mechanistic analysis of a 
large var ie ty  of exper imenta l ly  obtained electrochemi- 
cal criteria diagnostic of electrode reaction mechanisms, 
which tends to support our original classification, i.e., 
Mn with the soft metals (class I) and sustaining h.e.r. 
by an init ial  discharge mechanism; Au, Cu, and Ag 
with the t ransi t ion metals  (class II) on which either 
a radical- ion or an atomic recombinat ion mechanism 
is involved. This deduced evidence on these metals is 
summarized as follows: 

1. Copper--A complete consideration of the avai l -  
able exper imental  evidence has led Matthews 43 and 
Kita 36 to conclude that the h.e.r, proceeds on copper 
with a radical- ion mechanism. The electrocatalytic 
plots reported by the workers  86,43 place copper with 
the medium overpotential  metals. A radical- ion 

a6H. K i t a ,  This Journal,  113, 1095 (1966). 
s~ M. W. B r e i t e r ,  This Journal,  113, 1107 {1966). 
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creases the activation energy for discharge and in-  
creases that  for the removal  of atomic hydrogen. This 
fact is readi ly  understood if use is made of the poten-  
tial energy curves 31,32. Since the M-H energy depends 
on the electronic structure, this u l t imate ly  governs the 
mechanism of h.e.r. The crystal l ine structure, as such, 
does not appear to have a p r imary  effect. I would like 
to emphasize the fact that  volcano-shaped curves have 
been obtained also in the field of catalysis a3, and the 
rat ionale behind them is well  known as Sabatier 's  
principle z~. 

It  is of interest  to note that  the wri ter  has also 
found 29 that  different relationships between potential  
of zero charge and work function exist for sp and t r an-  
sition metals, and the difference is to be sought in a 
restricted possibility of rotation of water  on the lat ter  
due to chemisorption phenomena.  The electronic struc-  
ture is again the outstanding factor. Close rel~tion- 
ships can be also found 29 between electronegativity in 
Paul ing 's  scale and work function, so that  if proper 
at tent ion is paid to the electronic s tructure of metals, 
the picture of their  electrochemical properties is less 
obscure than  would appear at first sight, though much 
still needs to be known. At  any rate, it must  be 
stressed that  progress in  electrochemistry is at this 
point possible only if the electronic s tructure of the 
electrode mater ia l  is correctly and re levant ly  taken 
into account. 

A. K. Vi]h: We appreciate Dr. Trasatti 's  keen interest  
in our paper. The various points he raises are, of 
course, very  per t inent  to the fundamenta l  unders tand-  
ing of the mechanisms of the hydrogen evolution re- 
action (h.e.r.) on metals, a subject  which constitutes 
the very foundations of modern electrode kinetic 
theory and electrocatalysis, in addition to its involve-  
men t  in all  sorts of applied electrochemical problems. 
Professor Trasatt i  has presented a ra ther  detailed dis- 
section of our paper and raised many  points which 
need much fur ther  discussion since the argument~ 
formulated in his analysis are not ent i re ly  sustained 
by a fur ther  s tudy of the issues he touches upon. For 
the sake of a systematic t rea tment  of the various 
matters  contained in his critique, it is best to classify 
them in some logical sequence first. Towards this goal, 
it is perhaps convenient  to classify his points into two 
broad classes, namely,  (A), and (B). 

(A) Facts, Pseudo-Facts, Experimental Observations-- 
Direct or Deduced 

This category main ly  concerns deduced or direct 
exper imental  observations with regard to the mecha-  
nisms of h.e.r, on Cu, Ag, Au, and Mn and the related 
vital  problem of steady-state coverage by adsorbed 
hydrogen on these metals dur ing the h.e.r. The three of 
these metals, namely,  Cu, Ag, and Au are no doubt 
border l ine cases as regards the strength of the M-H 
binding, as determined (or estimated) from the gas 
phase exper imental  data. The critically evaluated esti- 
mates of this M-H interact ion energy, as given by 
Ehrl ich 35 are: Cu-H, 56 kca l /mole-1 ;  Ag, 53 kcal /  
mo le - I ;  Au-H,  ,~50 kcal /mole -1. It  is clear, therefore, 
that chemisorption of hydrogen from the gas phase on 
these metals, at least on Cu and Ag, can give rise to a 
reckonable steady-state coverage al though these met-  
als can by no means be regarded as good adsorbents of 
hydrogen from the gas phase. However, dur ing the 
electrochemical evolution of hydrogen, a crucial factor 
is the presence of overpotential  which can give rise to 
a si tuation comparable to the presence of astronomi-  
cally high gas pressures with the result  that  direct ap- 
plication of the gas phase adsorption data (obtained 
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under  ordinary  pressures) is misleading. For example, 
as pointed out by Kita  36 in response to objections raised 
by Breiter 37 on lines similar to those contained in Tra-  
satti 's criticism, a cathodic overpotential  of 0.4V cor- 
responds to a very high pressure of ca. 1015 m m  Hg. 
Under  such conditions of applied overvoltage (which 
are equivalent  to enormously high pressures),  border-  
l ine cases like Cu, Ag, Au, etc., are undoubtedly  bound 
to be covered significantly by adsorbed hydrogen- -  
hence their inclusion in our class II is justified. That  
moderate values of overvoltage can indeed be equi-  
valent  to enormously high gas pressures, with the re- 
sul tant  formation of surface phases on electrode sur-  
faces which cannot  be ordinar i ly  formed or predicted 
thermodynamical ly ,  has been plausibly argued in de- 
tail by Vermilyea 38 in connection with the oxygen 
evolution reaction. Other previous calculations on these 
lines but  for the case of hydrogen evolution reaction 
have been given by Van Rysse]berghe ~9. 

As regards the case of Mn, Ehrlich claims, in agree- 
ment  with Trasatti,  that it chemisorbs molecular hy-  
drogen from the gas phase. Some recent pre l iminary  
electrochemical work in our laboratory involving t r an-  
sient studies such as potent iodynamic profiles, open 
circuit decays and charging curves, etc., gives no evi- 
dence, however, to support  s teady-state coverage on 
Mn dur ing the h.e.r. This electrochemical evidence, 
yet to be corroborated, by itself would not appear to be 
sufficient, however, to just i fy  inclusion of Mn along 
with "soft" metals in our class I. This is because we 
have concluded the presence of gold in class II (i.e. 
with the t ransi t ion metals and with radical- ion or 
atomic recombinat ion as the mechanism),  despite the 
fact that Schmid's 40 work indicates an absence of sig- 
nificant surface coverage by adsorbed hydrogen on gold 
during h.e.r. It  is fair  to add that  no exact measure-  
ments,  on the surface coverage on gold dur ing h.e.r., 
covering an extended potent ial  range, exist, as has 
been pointed out by Kuhn  and Byrne 41. Even Schmid's 
work, which covered only the potential  range,--0.3 to 
0.4V (h.e.) indicated ca. 8% coverage (20 ~C cm-2) .  
Furthermore,  Will  and Knor r  42 reported 3% coverage 
at the reversible potential. One is perhaps safe in con- 
cluding that at high cathodic potentials, gold is covered 
appreciably by adsorbed hydrogen. 

The foregoing evidence and comments show that 
Trasatt i 's  criticism was derived, unfor tunate ly ,  from 
the convenient  choice of data and from faul ty  reason- 
ing, especially, wi th  regard to the effect of overpoten- 
tial. I t  is conceded, however, that  the case of Mn, Cu, 
Ag, and Au is not completely clear-cut,  as far as direct 
experimental  evidence is concerned, with regard to 
coverage by chemisorbed hydrogen dur ing  steady-state 
h.e.r. 

There is a wide spectrum of indirect  evidence, how- 
ever, which is based on the mechanistic analysis of a 
large var ie ty  of exper imenta l ly  obtained electrochemi- 
cal criteria diagnostic of electrode reaction mechanisms, 
which tends to support our original classification, i.e., 
Mn with the soft metals (class I) and sustaining h.e.r. 
by an init ial  discharge mechanism; Au, Cu, and Ag 
with the t ransi t ion metals  (class II) on which either 
a radical- ion or an atomic recombinat ion mechanism 
is involved. This deduced evidence on these metals is 
summarized as follows: 

1. Copper--A complete consideration of the avai l -  
able exper imental  evidence has led Matthews 43 and 
Kita 36 to conclude that the h.e.r, proceeds on copper 
with a radical- ion mechanism. The electrocatalytic 
plots reported by the workers  86,43 place copper with 
the medium overpotential  metals. A radical- ion 

a6H. K i t a ,  This Journal,  113, 1095 (1966). 
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mechanism means, of course, a significant steady-state 
coverage by adsorbed hydrogen dur ing  the h.e.r. Re- 
cent work of Bockris and Sr in ivasan  ~ involving H/D 
and H /T  isotope effects supports our  contentions con- 
clusively. 

Dr. Trasatt i  quotes Krishtal ik  45 on this point  in 
order to deduce mechanism for copper. Well, this is 
somewhat dangerous because Krishta l ik  failed to quote 
and discuss several key papers on the subject in  his 
review, as we have pointed out elsewhere 46. If one is 
t rying to deduce mechanism on the basis of all the 
significant and re levant  information, Krishtal ik 's  re- 
view (which is outs tanding in several other aspects) is 
not very helpful  since the coverage of l i terature  and 
viewpoints is quite incomplete in that  review. 

2. Gold--The  most recent work 41 and the critical 
analysis of the previous l i terature therein indicates 
that  h.e.r, proceeds on gold wi th  atomic recombinat ion 
as the ra te -de te rmin ing  step (r.d.s.) at low overpo- 
tentials and radical - ion as the r.d.s, at high overpo- 
tentials. Thus significant s teady-state  coverage by ad- 
sorbed hydrogen dur ing the h.e.r, must  again be in-  
evi tably deduced, al though it must  be conceded, in all 
fairness to the viewpoint  of Professor Trasatti, that  
direct evidence on the chemisorption of hydrogen on 
Au dur ing  the h.e.r, was not presented. Various elec- 
trocatalytic plots ~6"43 again place gold with medium 
overpotentiaI metals thus indicat ing a radical- ion 
mechanism. 

3. S i lver- -The  electrocatalytic plots of Matthews 43 
and Kita 36, based on the review of a lot of previous 
work, especially of Bockris, Conway, Delahay, Horiuti, 
and their  co-workers, assign a radical- ion mechanism 
to silver indicat ing thereby that  significant steady- 
state coverage by chemisorbed hydrogen dur ing 
steady-state h.e.r, on Ag is most likely. Also, clearly 
detectable amounts  of hydrogen coverage, although far 
from appreciable, have been reported in several elec- 
trochemical studies 45. This metal  would thus again be 
a borderl ine and a vexing case. 

4. Manganese--In the electrocatalytic plots of Mat-  
thews 43, Mn is grouped with the soft metals which 
would be consistent with the placement  of this metal  
in our class I. Some pre l iminary  work, yet to be cor- 
roborated, in our laboratory 47 indicates that  the h.e.r. 
proceeds on Mn with ini t ial  discharge as the r.d.s. This 
would again indicate that  h.e.r, occurs on this metal  
without  a significant coverage by chemisorbed hydro-  
gen in the steady state, as deduced previously 4s in the 
paper under  discussion. 

We have made no a t tempt  to present  all  the avai l -  
able exper imental  evidence on Mn, Ag, Au, and Cu in 
support of our opinions expressed here since that 
would make the present  note unnecessar i ly  lengthy. 
We have quoted, however, some of the key references 
on the subject in  which all the re levant  information is 
cited and discussed. 

One may therefore conclude that the original place- 
ment  48 of Cu, Ag, and Au in our class II and of Mn in 
our class I does not meri t  a revision at this time. I t  is 
conceded, however, that these cases are not completely 
clear-cut.  I t  is fur ther  stressed that  our classification 
of atypical (class I) and typical (class II) metals, in 
addition to involving some tenta t ive  aspects as regards 
the actual placement  of some metals, is also only em- 
pirical in na ture  at present. 

(B) Theoretical Interpretations 
The second aspect of Dr. Trasatt i 's  criticism involves 

several mat ters  of a theoretical na ture  which per ta in  
to the following broad points: 
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1. Electronic Effects in Chemisorption--Dr. Trasatt i  
states that  we have not considered electronic effects in 
chemisorption. In  fact, a majo~ point  of our  paper 4s 
was to stress, after  Ehrlich's  analysis ~5, that  the pre-  
eminent  position of d -bands  in  chemisorption original ly 
suggested by Dowden 49, and Dilke, Maxted, and Eley 50 
and uncri t ical ly  accepted by many  workers in the field 
of heterogeneous catalysis 51 and electrocatalysis ~2, is 
not always justified. The main  point  of these work-  
ers 49-59 was that  since t ransi t ion metals readi ly adsorb 
gases in general  whereas sp metals do not, the chemi- 
sorption requires specific interactions involving holes 
in the d-band.  This main  thesis is easily demolished 
when one considers that  this viewpoint  was based on 
exper imental  evidence on the adsorption of molecular  
gases and that  we now know that  sp metals  do not  
readi ly adsorb H2 from the gas phase because of ther-  
modynamic reasons: the chemical potential  of hydro-  
gen atoms bound as molecules in the gas phase is less 
than that of atoms bound to the solid surface of a s p  
metal. Chemisorption directly from the atomic gas can 
occur on nont rans i t ion  metals as pointed out previ-  
ously35.48 showing thereby that  holes in d-bands  are 
not necessarily needed for atoms to be chemisorbed 
on metals, for which one has only to create conditions 
in which the metals  are not required to break  the H - - H  
bond in the H2. 

As regards the second point  of Professor Trasatt i  
in this context, one needs to know whether  there is 
any correlat ion between % d-band  character  of metals 
(i.e., in those metals, of course, which show any d- 
band character at all because of sp hybridizat ion) and 
the exper imenta l ly  evaluated best possible estimates 
of M - - H  binding energy. As Ehrl ich 35 has indicated, 
there is no par t icular ly  strong dependence of M- -H  
interact ion energy on % d-band  character. The de- 
tailed results and related calculations on this mat ter  
in relat ion to the mechanism of the h.e.r, cannot be 
presented here since they constitute the subject of a 
thesis 5~ and a publicat ion 47 which will not  be ready 
for submission for some t ime yet. In  general, our re-  
sults support Ehrlich's viewpoint, as was also men-  
t ioned in a previous publication. 

2. Electrode Processes in Relation to Band Theory o] 
Sol ids--As has been pointed out by Boddy 54, a detailed 
analysis of electrode reaction exper imental  data on 
metals in terms of band theory of solids, as is fre- 
quent ly  done for the case of electrode processes on 
semiconductors and insulators, does not appear to be 
possible because of two fundamenta l  reasons. As a re- 
sult of rapid in te rband  transi t ions in metals, features 
characteristic of an electrode reaction involving ex-  
change of charge carriers with only one of the bands 
will not be observed on a given metal. Secondly, there 
is always a fairly high density of states near  the Fermi  
level in metals so that  the rate of the electrode reaction 
can never  be l imited by the sluggish or insufficient 
avai labi l i ty  of charge carriers from the solid side of 
the interface, as is observed in case of semiconductors 
where saturat ion effects can be observed. Although de- 
tailed, quant i ta t ive  discussion of electrode processes in 
terms of band theory of solids cannot be carried out for 
the aforementioned reasons, some interest ing qual i ta-  
t ive effects can, however, be pointed out as has been 
done by Dr. Trasatti.  He is right, of course, in stating 
that in general, a high density of states, as in t ransi t ion 
metals will  herald higher rates of (or easier) exchange 
of charge carriers in  all processes including chemisorp- 
t ion and electrode reactions. This is an obvious point  
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and is f requent ly  discussed in connection with ex- 
change of charge carriers across solid surfaces in gen- 
eral. For  example, this is the reason why exchange cur-  
rent  densities, for a given electrode reaction, are gen- 
eral ly higher on metals than on semiconductors (the 
case of in ject ion- type electrode reactions on non-  
metallic surfaces, which can at tain exchange current  
densities comparable to those of metals under  certain 
suitable conditions are excluded from this argument)  
or metals  covered by semiconducting films, e.g. oxides. 
This point has been discussed by Boddy and will  be 
fur ther  elaborated upon in our forthcoming book 55. The 
aspect of these mat ters  which is re levant  here is 
whether  such generalizations are applicable to the 
par t icular  case at hand, i.e. the h.e.r. To explore this 
matter  further,  we note that  in terms of Gerischer 's 
formulat ion 56,57 of Gurney 's  quan tum mechanical  
t rea tment  of electrode reactions, the rate of a cathodic 
reaction may be wr i t ten  as 53"58 

i -  = e ~ v -  ( E )  �9 D . z  ( E )  �9 I ( E  - -  EF,  el)  �9 

Dredox ] (EFredox - -  E ) d E  [1] 

where i -  is the cathodic rate (i.e. the current)  of a 
reduction of, e.g. a redox-type reaction; e is the elec- 
tronic charge; De~ and Dredox are the density of state 
functions for the electrode and the electrolyte, respec- 
tively; and, J ( E -  EF, el) and f ( E F r e d o x -  E) are the 
Fermi distr ibution functions for the electrode and the 
electrolyte, respectively; the term v-  (E) is the propor- 
t ionali ty factor which contains two terms: the fre- 
quency with which electrons arr ive at the electrode/ 
solution interface and the probabi l i ty  of tunne l ing  
through the potential  barr ier  at the interface. Now 
when the metal  electrode is covered by adsorbed inter-  
mediates, as during the h.e.r, on class II metals 4s, Des 
assumes smaller magnitudes and the magni tude  of this 
d iminut ion  cannot be readi ly evaluated. The presence 
of chemisorbed films can also lead to a decrease in 
the magni tude  of v - ( E )  again in a manne r  which is 
not readily evaluated. It  is clear, therefore, that  a 
simple quali tat ive picture in terms of density of states, 
as ment ioned by Dr. Trasatti, is not very helpful for the 
case of bonding reactions such as the h.e.r. Even for 
the nonbonding electrode reactions, problems associ- 
ated with the solvent adsorption can complicate the 
picture. That  this approach in terms of density of states 
in metals does not  lead one very far is also. emphasized 
by the fact that a calculation of exchange current  
densities for the h.e.r, for various metals, from a con- 
sideration of basic parameters  such as in Eq. [1], has 
not been attempted, not to our knowledge in any  case 
since we have never  encountered a table of exchange 
current  densities thus calculated. It  is clear therefore 
that Professor Trasatt i 's  repeated reference to the 
quan tum mechanical  t rea tment  in terms of band theory 
of metals as being preferable for the basic in terpre ta-  
tions of the h.e.r., does not help the reader unless he 
can come forward with a table of exchange current  
densities calculated from an equation such as Eq. [1]. 

In  this context, it is vital  to point  out that  the ap- 
proximate quan tum mechanical  calculations for the 
estimation of M - - H  binding energies, as have bee.n 
done by Eyring et al. 59, give results which are hope- 
lessly out of agreement  with the exper imental  values. 
For a fur ther  elaboration of this matter,  the reader is 
referred to Bond co. It  appears to be  a waste of t ime to 
at tempt exact quan tum mechanical  calculations of 
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M - - H  interact ion energies since, as has been concluded 
by Ehrl ich 61, such a calculation "from first principles 
is out of the question." 

3. Analogies Between Chemical Heterogeneous Ca- 
talysis and EIectrocatalysis---Such analogies, which Dr. 
Trasat t i  seems to emphasize ra ther  strongly have been 
well recognized for several years and no doubt are 
helpful  aids to interpretations.  If one must  refer to 
these analogies, however, one must  also immediately 
point out the dangers and l imitat ions involved in the 
loose and unqualified use of these analogies. Some of 
the serious qualifications which must  accompany such 
analogies and, again, are well known are briefly as 
follows: direct t ransfer  of informat ion from chemical 
catalysis to electrocatalysis must  take into account an 
addit ional  factor, namely,  the stabil i ty of the electrode 
surface under  conditions of electrochemical charge 
transfer62; high fields correspond to ext remely  high 
pressures of gases--hence any discussion of chemisorp- 
t ion must  be considered in this context as pointed out 
earlier; what  is the relevance of "clean" surface in the 
gas phase to electrode surface in solution? 

4. Relationship Between P.Z.C. and Work Functions 
of Metals--The correlation given by Professor Trasatt i  
between potentials of zero charge of metals and their 
work functions which suggests different behavior  for sp 
and d-metals  and which he at t r ibutes to different ori- 
entat ion of the water  molecule on these two types of 
metals, does not appear to be consistent with previous 
work of Frumkin ,  Antropov, Parsons and Bockris. 
Bockris and Argarde e4 have derived a l inear  correla- 
t ion between work  functions and p.z.c, for all  met-  
als62. 65. Previously a similar relat ionship was noted 
by Parsons 66 following earlier suggestion by  F r umkin  67 
that  the orientat ion of water  molecules is similar on a 
number  of metals. Detailed discussions of the qual i ta-  
tive aspects of these matters  have been recently given 
by Bockris and Reddy 6s. Although we are not aware 
of the current  unpubl i shed  opinions of the various lead- 
ing workers on this subject, it does appear that  Dr. 
Trasatti 's  views are not consistent with the published 
work of the most authori tat ive investigators in this 
area of electrochemistry. 

It  may be added parenthet ical ly  that  this part icular  
point raised by Professor Trasatt i  is not real ly  central  
to the contents of our  paper  under  discussion here. As 
regards his plea in  his closing remarks that  more a t ten-  
tion should be devoted to the role of properties of 
the solid in electrode reactions, we are in  complete 
agreement  with him. In  fact the point made by him is 
the main  theme and thesis of our forthcoming publica-  
t ion 5~. 

In  closing, it may be stated that  the points raised 
by Dr. Trasatt i  and discussed here need much fur ther  
investigation and discussion in order to resolve some 
important  issues on which only tenta t ive  conclusions 
can be made at present. There is no doubt about one 
question, however:  the fur ther  unders tanding  of elec- 
trode processes must  involve application of solid-state 
science in the in terpre ta t ion of electrochemical reac- 
tions. This has been f requent ly  stressed by Bockris 62" es 
and others 55. 
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Electrochemical Behavior of the Aluminum Electrode 
in Molten Salt Electrolytes 

B. S. Del Duca 
(pp. 405-411, Vol. 118, No. 3) 

R. P i o n t e l l i  and  U. Ducati69: T h e  s u i t a b i l i t y  of t h e  
sol id  A1 e l e c t r o d e s  as "sacr i f i c ia l  a n o d e s "  in  t h e  m o l t e n  
h a l i d e s  a p p e a r e d  a l r e a d y  e v i d e n t  f r o m  p r e v i o u s  w o r k  TM. 
T h e  p r a c t i c a l  w a n t  of  " e l e c t r o d e "  c o n t r i b u t i o n s  71 to 
t h e  m e a s u r a b l e  o v e r v o l t a g e s  o n  c a r e f u l l y  p r e p a r e d  
e l e c t r o d e s  w a s  also s t a t e d  TM. 

A c o n f i r m a t i o n  of t h e  l a s t  r e s u l t  is  g i v e n  also b y  
T r ~ m i l l o n  a n d  Letisse73; in  m o l t e n  NaA1C14 ( e v e n  
m i x e d  w i t h  NaC1 or  A1C13) t h e  c u r r e n t s  a t  r o t a t i n g  A1 
m i c r o e l e c t r o d e s  a r e  c o n t r o l l e d  o n l y  b y  t h e  d i f fus ion  of 
t h e  r e a c t i n g  spec ies  in  t h e  b a t h .  

De l  D u c a  d e n o u n c e s ,  on  t h e  c o n t r a r y ,  c o n s i d e r a b l e  
c o n t r i b u t i o n s  a s c r i b e d  to t h e  s u r f a c e  d i f fus ion  of a d -  
a t o m s  a n d  to t h e  c h a r g e  t r a n s f e r  TM, a n d  seems  to u n -  
d e r e s t i m a t e  t h e  i m p o r t a n c e  of  t h e  c o n c e n t r a t i o n - p o l a r -  
i za t ion  effects  TM a n d  t h e  d i f f icul ty  in  e l i m i n a t i n g  t h e m  
rad i ca l l y .  

As  a m a t t e r  of  fact ,  i n  t h e  m o l t e n  sa l t  e l e c t r o c h e m i s -  
t r y  t h e  c o n c e n t r a t i o n - p o l a r i z a t i o n  is o f t e n  r e s p o n s i b l e  
for  a m u c h  m o r e  s ign i f i can t  c o n t r i b u t i o n  to t h e  m e a -  
s u r a b l e  o v e r v o l t a g e s  t h a n  w h a t  is u s u a l l y  g r a n t e d .  I t  is 
i m p o r t a n t  p a r t i c u l a r l y  in  t h o s e  me l t s ,  s u c h  as t h e  A1 
ha l ides ,  i n  w h i c h  t h e  s o u r c e  of t he  ions  e x c h a n g e d  w i t h  
t h e  e l e c t r o d e s  a r e  c o m p l e x e s  TM. 

T h e s e  ef fec ts  a r e  qu i t e  a n a l o g o u s  for  sol id  ( a c t i v e )  
or  l i qu id  e l e c t r o d e s  a n d  t h e i r  d e p e n d e n c e  l a w s  v s .  

t e m p e r a t u r e ,  convec t i on ,  a n d  o t h e r  i n f luences  a r e  
pecul iarTL 

C o n s i d e r i n g  n o w  t h e  e x p e r i m e n t a l  t e c h n i q u e  fo l -  
l o w e d  b y  De l  Duca ,  i t  does  n o t  a p p e a r  s u i t a b l e  for  i m -  
p r o v i n g  t h e  k n o w l e d g e  a c t u a l l y  e x i s t i n g  in  t h i s  field. 
T h e  r e l e v a n t  p o i n t s  u p h o l d i n g  t h i s  o p i n i o n  a r e  t h e  
fo l l owing :  

(a.)  T h e  s u r f a c e  p r e p a r a t i o n  s y s t e m  is qu i t e  i n a d e -  
qua te .  U n d e r  t h e s e  c o n d i t i o n s  t h e  u n a v o i d a b l e  p e r -  
m a n e n c e  of ox ide  l a y e r s  o n  t h e  e l e c t r o d e  s u r f a c e  TM, also 
w h e n  p o r o u s  a n d  b y  c o n s e q u e n c e  no t  i n v o l v i n g  p a s s i v -  
i ty,  l e ads  to  s u b s t a n t i a l  i n c r e m e n t s  of t h e  c o n c e n t r a -  
t i o n - p o l a r i z a t i o n .  

M o r e o v e r  t h i s  occu r s  m u c h  s o o n e r  a n d  i t  b e c o m e s  
i m p o r t a n t  a t  a m u c h  l o w e r  a p p a r e n t  c.d., s i m u l a t i n g  
a n  e l e c t r o d e  o v e r v o l t a g e  a n d  a n  a p p a r e n t  e l e c t r o d e  ca -  
pac i t ance .  

(b . )  U n d e r  t h e s e  c o n d i t i o n s  t h e  s t i r r i n g  s y s t e m  
a d o p t e d  b y  ~Del Duca,  a n d  w h i c h  c a n  b e  c o n s i d e r e d  j u s t  
a p a l l i a t i v e  e v e n  if t h e  e l e c t r o d e  s u r f a c e s  a r e  ac t ive ,  
b e c o m e s  ineff ic ient .  T h e r e f o r e  t h e  p o t e n t i o s t a t i c  c u r -  
r e n t s  a r e  i n s e n s i t i v e  w i t h  r e s p e c t  to  t h i s  k i n d  of s t i r -  
r ing .  

T h e  a b o v e  conc l u s i ons  a r e  u p h e l d  also b y  t he  q u i t e  
e x c e p t i o n a l  r i s e - t i m e s  to t h e  s t e a d y  cond i t ion ,  o b s e r v e d  
b y  De l  D u c a  in  t h e  so ca l l ed  " t r a n s i e n t s . "  T h e y  cou ld  

e~ Institute of Physical Chemistry, Milan Polytechnic, Milan, 
Italy. 

~Oa) R. Piontelli, G. Sternheim, and M. Francini. Compt.  Rend.  
Acad. Sci. (Par/~), 242, 1301 (1956); J. Chem.  Phys. ,  24, 1113 
(1956) ; b) R. Piontelli, Ann.  N. Y .  Acad. Sci., 79, 1025 {1960) ; c) R. 

Piontelii, ELectrochim. Metal., l, 191 (1965). 
~lDefined, from the operational point of view, as the voltage 

given by a tensiometric cell formed by coupling the working elec- 
trode with a reference one of the same kind in the presence of the 
same electrolyte and in equilibrium for the electrode reaction, in 
respect of which the contribution is defined. 

72See also L. A. King. et al., quoted by Del Duca [Ref. (9) in 
the paper under discussionT. 

73J. Eleetroanal. Chem.,  17, 371 (19687. 
7, Both of them to be included in the electrode-reaction contribu- 

tion as defined above. 
7~Defined, from the operational point of view, as the voltage 

just after the current break, given by a tensiometric cell formed 
by the reference electrode utilized to define the electrode reaction 
contribution and a second one of the same kind in equilibrium 
with a bath region having the reference composition (See 2b) 

76 Interesting observations about this point are ascribed to Grube- 
Hantelmann, Z. Elektroehem. ,  48, 399, 469 (1942). 

7~ Of course all changes in the chemical bath composition involve, 
as a rule, also changes in the ohmic drop contributions to the mea- 
sured overvoltages. 

76 See Footnote 70 and: R. Piontelli, G. Sternheim, M. Francini, 
and R. Manocha, Rend.  Ist. Lombardo Sci. Let tere ,  90, 3 (19567. 

a lso e x p l a i n  t h e  d a t a  c o l l e c t e d  in  t he  T a b l e  III,  w h o s e  
i n t e r p r e t a t i o n ,  g i v e n  b y  De l  Duca,  a p p e a r s  to  be  h a r d l y  
a c c e p t a b l e  w h e n  t h e  in f luence  of t e m p e r a t u r e ,  b a t h  
compos i t i on ,  a n d  e l e c t r o d e  p o l a r i t y  o n  t h e  s o - c a l l e d  
e x c h a n g e  c u r r e n t  d e n s i t y  is cons ide red .  

(c.)  T h e  h a n g i n g  e l e c t r o d e  a r r a n g e m e n t  does  no t  
g r a n t  t h e  r e q u i r e d  d i s t r i b u t i o n  u n i f o r m i t y  of t h e  c.d. 
on  t h e  e l e c t r o d e  sur face ,  in  sp i t e  of  t h e  s p i r a l  s h a p e  
of t h e  c o u n t e r e l e c t r o d e .  T h i s  d i s t r i b u t i o n  var ies ,  m o r e -  
over ,  a c c o r d i n g  to t h e  v a l u e s  of  t h e  c i r c u l a t i n g  c u r r e n t  
i n t e n s i t y  a n d  also to t h e  t ime .  

(d . )  To f u l l y  e x p l o i t  t h e  g a l v a n o s t a t i c  c u r r e n t - p u l s e  
t e c h n i q u e ,  also t h e  o v e r v o l t a g e  v s .  t h e  t i m e  da ta ,  a f t e r  
t h e  c u r r e n t  b r e a k ,  c o n s t i t u t e s  a n  e s s e n t i a l  sou rce  of 
i n f o r m a t i o n  a n d  con t ro l ,  a p p a r e n t l y  i g n o r e d  in  t h i s  
r e s e a r c h .  

(e.)  T h e  u t i l i z a t i o n  of t h e  sol id  A1 as  t h e  r e f e r e n c e  
e lec t rode ,  a l t h o u g h  in  p r a c t i c e  i t  is a d m i s s i b l e ,  w o u l d  
a p p e a r  r a t h e r  q u e s t i o n a b l e  i f  a c c e p t i n g  t h e  conc lu s ions  
of t h e  d i s cus sed  r e s e a r c h .  

I n  conc lus ion ,  m o r e  r e c e n t  or  m o d e r n  s y s t e m s  do no t  
n e c e s s a r i l y  m e a n  m o r e  r e l i a b l e  s y s t e m s  a n d  w e  su spec t  
t h e  d e s c r i p t i o n  of t h e  A1 e l e c t r o d e  b e h a v i o r  in  m o l t e n  
ha l ides ,  g i v e n  b y  p r e v i o u s  w o r k s ,  is m u c h  m o r e  c o n -  
v i n c i n g  t h a n  t h e  one  a r i s i n g  f r o m  t h e  p a p e r  u n d e r  
d i scuss ion  he re .  

Engineering Applications of Current and Potential 
Distributions in Disk Electrode Systems 

L. Nanis and W. Kesse~man 
(pp. 454-461, Vol. ! 18, No. 3) 

$. Newman79:  N a n i s  a n d  K e s s e l m a n  h a v e  r e c e n t l y  
r a i s e d  t h e  q u e s t i o n  of t h e  de f in i t i on  of t h e  r e s i s t a n c e  
in  e l e c t r o d e  c o n f i g u r a t i o n s  w h e r e  t h e  p r i m a r y  p o t e n -  
t i a l  d i s t r i b u t i o n  does  no t  p r e v a i l  a n d  w h e r e ,  in s t ead ,  
s u r f a c e  a n d  c o n c e n t r a t i o n  o v e r p o t e n t i a l s  m u s t  exis t .  
T h e y  h a v e  g i v e n  a v a l i d  j u s t i f i c a t i o n  for  de f in ing  t h e  
r e s i s t a n c e  as a n  a v e r a g e  p o t e n t i a l  o v e r  t h e  s u r f a c e  of 
t h e  disk,  d i v i d e d  b y  t h e  t o t a l  c u r r e n t  to  t h e  disk .  

As  W a g n e r  6~ h a s  s t a t ed ,  t h e  t e r m  " e l e c t r i c a l  r e s i s t -  
a n c e "  is c o n f u s i n g  in  s i t u a t i o n s  w h e r e  t h e  p o t e n t i a l  
v a r i e s  a l o n g  t h e  b o u n d a r y  of t h e  e l e c t r o l y t i c  so lu t ion .  
T h e  p o t e n t i a l  of  t h e  e l e c t r o d e  is u n i f o r m .  T h e  o h m i c  
p o t e n t i a l  d rop ,  t h e  s u r f a c e  o v e r p o t e n t i a l ,  a n d  t h e  c o n -  
c e n t r a t i o n  o v e r p o t e n t i a l  v a r y  w i t h  p o s i t i o n  on  t h e  
e l e c t r o d e  in  such  a w a y  t h a t  t h e i r  s u m  is u n i f o r m .  
T h e r e  s h o u l d  b e  no  a m b i g u i t y  if  t h e s e  v a r i a t i o n s  a re  
d e s c r i b e d  in  de ta i l .  

I n  s u c h  a s i t ua t ion ,  N e w m a n  81 e m p h a s i z e d  t h e  o h m i c  
p o t e n t i a l  d r o p  a n d  t h e  c u r r e n t  d e n s i t y  to t h e  c e n t e r  
of a d i sk  e l ec t rode .  Thus ,  t h e  c u r r e n t - p o t e n t i a l  c u r v e  
w a s  c a l c u l a t e d  b y  a d d i n g  t h e  o h m i c  p o t e n t i a l  drop,  
a n d  c o n c e n t r a t i o n  a n d  s u r f a c e  o v e r p o t e n t i a l s  a t  t h i s  
poin t .  T h e  s a m e  o v e r - a l l  c u r v e  w o u l d  b e  o b t a i n e d  b y  
p e r f o r m i n g  t h e  a d d i t i o n  a t  t h e  edge  of t h e  d i sk  or  a t  
a n y  p o i n t  b e t w e e n  t h e  c e n t e r  a n d  t h e  edge.  E m p h a s i s  
was  p l a c e d  on  t h e  c e n t e r  of t h e  d i sk  in  p a r t  b e c a u s e  
t h e  c o n c e n t r a t i o n  a n d  s u r f a c e  o v e r p o t e n t i a l s  a t  t h a t  
p o i n t  a r e  eas i ly  c o m p u t e d  f r o m  t h e  loca l  c u r r e n t  
dens i ty .  

T h i s  o h m i c  p o t e n t i a l  d r o p  is not ,  of course ,  d i r e c t l y  
c o m p a r a b l e  to  t h e  a v e r a g e  r e s i s t ance .  I n  o r d e r  to  use  
t h e  a v e r a g e  r e s i s t ance ,  one  w o u l d  f i rs t  n e e d  to k n o w  
a t  w h a t  p o i n t  on  t h e  e l e c t r o d e  t h e  o h m i c  p o t e n t i a l  
d r o p  is g i v e n  b y  t h e  a v e r a g e  r e s i s t ance .  A t  t h i s  po in t ,  
h e  w o u l d  t h e n  n e e d  to k n o w  t h e  loca l  c u r r e n t  d e n s i t y  
a n d  t h e  loca l  s u r f a c e  c o n c e n t r a t i o n  in  o r d e r  to  ca l -  
c u l a t e  t h e  c o n c e n t r a t i o n  a n d  s u r f a c e  o v e r p o t e n t i a l s .  

N e w m a n  82 h a s  u s e d  a s i m p l e  e q u i v a l e n t  c i r cu i t  to  
d e s c r i b e  t h e  i m p e d a n c e  of a d i sk  e l e c t r o d e  s y s t e m  in  

Inorganic Materials Research Division, Lawrence Radiation 
Laboratory and the Department of Chemical Engineering, Uni- 
versity of California, Berkeley, California. 

so C. Wagner, This Journal,  99, 1-12 (1952). See especially p. 8. 
Slj. Newman, This Journal, 113, 1235-1241 (1966). 
sej. Newman, This Journal,  117, 198-203 (19707. 
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frequency dispersion in  capacity measurements.  The 
low-frequency limit, when  the interracial  impedance 
is purely capacitive, coincides with Nanis and Kessel- 
man 's  result  for uni form current  density, 4roKReff = 
1.08076. When faradaic reactions are involved, the 
value of the effective resistance in the equivalent  
circuit is different because it includes the impedance 
of the interface. Thus, the entire electrode system is 
used to define the effective impedance in this case. 

In  a later paper s3, Newman points out that, for the 
secondary dis tr ibut ion on a disk electrode, one can 
estimate the ohmic potential  drop from the total cur-  
rent  and the resistance for the p r imary  potential  dis- 
tr ibution.  The surface overpotential  obtained by sub- 
t ract ing this ohmic potential  from the electrode po- 
tent ial  can be associated, with li t t le error, with the 
average current  density. 

L. Nanis  and W. Kesselman:  Newman's  comments 
are helpful in clearing the way for the resolution of 
electrochemical concepts derived from field theory 
where confusion has unfor tuna te ly  arisen. Rather  than 
fur ther  compound already prevail ing misconceptions, 
some fundamenta l  concepts require restatement.  The 
Laplace equation 

~72~ = 0 [1] 

of ohmic drop compared with overpotential  is a con- 
cept basic to electrochemical engineering.  When com- 
bined as a comparat ive ratio, the importance of each 
type of potential  drop in determining cell current  is 
readily estimated. This ratio or dimensionless group 
is the famil iar  " throwing-power"  parameter  derived 
from electroplating methods. For a disk electrode of 
radius a, the ohmic resistance associated with pr imary  
current  dis t r ibut ion is given in  our Eq. [27] as 

1 
Rohm : 4Ka 

Considered as a circuit element, the possibly non-  
ohmic character of the electrode kinetics at the elec- 
t rode-electrolyte interface may be represented by 
the variat ion of overpotential  with respect to current  
density, IO~/OJI. The differential notat ion is, in  fact, 
a more general  definition of resistance. For the area 
of the disk, a v i r tual  interracial  resistance, Rint, may 

1 
be determined in ohm units  as ]O~/0JI - - .  The ratio ~a 2 
of interface resistance 

Rtnt I O~]14~a , I  O~ I 4 [3] = - - ;  

is more properly stated as (for one dimension) 

/ = 0 E21 

which emphasizes that  the smoothly varying functions 
which satisfy Eq. [1] possess no discontinuities. In  
particular,  Eq. [1] is in tended to apply wi thin  a do- 
main. It  is customary to assume that  conductivity, K, 
is independent  of position, thus considerably simplify- 
ing the mathematical  t reatment .  In  view of the con- 
fusion generated by  the (proper) omission of K in 
going from Eq. [2] to the more specialized version 
in Eq. [1], it is worth re-emphasizing the fact that 
Eq. [1] applies only wi th in  a domain and up to its 
boundaries.  Thus, it is correct to speak of an average 
potential  over the layer of electrolyte immediately 
adjacent  to the metal  electrode. Once Eq. [1] is solved, 
the current  density may be determined for any cross- 
section but  the layer next  to the metal  electrode is 
par t icular ly  convenient  for evaluat ing the total cur-  
rent.  

The considerations by Wagner  s~ of the definition 
of electrolyte resistance are at best incomplete. To 
be precise, he indicated that  definition of resistance 
required te rminal  faces to have uni form electrical po- 
tential,  since otherwise the concept of voltage across 
a conductor (electrolyte) is "meaningless." From this 
s ta tement  and subsequent  discussion, it is clear that  
Wagner  was considering a boundary  condit ion outside 
the domain  (electrolyte).  As Newman correctly indi-  
cates above, the potential  may vary  along the bound-  
ary of the electrolyte while the electrode is at uniform 
potential. As more a t tent ion has been devoted to field 
problems of electrochemical interest, the analyt ic  dif- 
ficulties have become more apparent,  par t icular ly  
since so-called "boundary  conditions of the third kind" 
of an unusual  na ture  are involved. In retrospect, how- 
ever, it seems reasonable that  a finite cell resistance 
associated with a constant  potential  boundary  must  
remain  finite when  constant  current  densi ty conditions 
are achieved. The concept of domain of applicabili ty 
is stressed in our paper (p. 456) and the Appendix 
which deals with the resistance of the non-isopotent ia l  
disk. 

In  view of the complexity of analytic methods for 
the solution of field problems, machine computat ion 
methods have proved useful. The relat ive magni tude 

J. N e w m a n ,  This Journal ,  117, 507-508 (1970). 

to electrolyte ohmic resistance contains the famil iar  
terms with a mult ipl icat ive constant  close to unity,  
i.e. 4/n. In  balancing the various potential  drops in 
po in t -by-po in t  computation,  the relative magni tude  
of each type may be anticipated by the magni tude  of 
the group in Eq. [3]. (The shift to higher resistance 
for constant  cur ren t  densi ty  conditions may be ignored 
for the purposes of order of magni tude  estimation.) 
In  order to prevent  fur ther  misunderstanding,  the 
following considerations are in order. When secondary 
current  dis t r ibut ion prevails, the electrode is consid- 
ered to have a uni form cur ren t  density. However, 
there is, likewise, a uniform overpotential  as a bound-  
ary condition. This condition (actually external  to 
the electrolyte domain) closely resembles the con- 
stant  potential  case. At this point, the t rue meaning 
of the comparison of ohmic effects in Eq. [3] is of 
importance. The sum of the individual  potential  terms 
is indeed constant, as indicated above by Newman, 
but  as near ly  constant  current  density conditions are 
approached, the slight differences in the near ly  simi- 
lar but  large overpotentials represents the radial  var i -  
ation of the ohmic potential  term. This var ia t ion is 
quite mild and is given in the paper as Eq. [30a] and 
is shown in Fig. 1 for 0 ~ r/a ~ 1. The entire devi-  
ation of local ohmic potential  from the average value 
is totally overshadowed by the overpotent ial  associ- 
ated with the constant  J condition. In  going from pri-  
mary  distr ibution,  with its theoretical infinity of J 
near  the edge of the disk, to uniform J, the ohmic d~op 
may be considered to be rearranged slightly as a 
funct ion of position. Our paper  has treated these ex- 
t reme l imit ing cases and has bounded the variat ion 
which occurs. The combinat ion of mixed features of 
t rue electrode resistance and local ohmic potential  
drop (i.e. center of disk) can serve no useful purpose 
since they are not directly comparable, as pointed out 
above. When used in conjunct ion with the recom- 
mendat ion of our  paper, i.e. large remote reversible 
counterelectrode ra ther  than remote probe, the aver-  
age resistance is directly measurable  and does not 
require knowledge of local parameters.  The association 
of the notion of resistance with a point is unfor tu-  
nate. Clearly from Eq. [27] or [34], the resistance 
becomes infinite as radius decreases. Resistance has 
meaning only for a finite size current  aper ture  in  the 
conducting domain. One does not need to know the 
point  on the electrode where the drop matches the 
average, nor is the local concentrat ion and J neces- 
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sary. One s imply  no longer  needs the t e m p o r a r y  con- 
cept  of local ohmic potent ia l  drop. One s imply  mea -  
sures the res is tance as a ma t t e r  of course, i.e. as the  
r ap id  drop (oscilloscope) of the  vo l t age - t ime  t race  
fol lowing cur ren t  in ter rupt ion.  

The ag reemen t  wi th  our resul t  found by  Newman 82 
in his impedance  calculat ions is grat i fying.  The low-  
f requency l imi t  for so-cal led  capaci t ive  impedance  
corresponds to a large  value  for the  group in Eq. [3]. 
Since the  charging of the  double  l aye r  is jus t  the es- 
t ab l i shment  of overpotent ial ,  the in terface  potent ia l  
drop predominates .  

In  his subsequent  paper ,  Newman s~ has approx imated  
the to ta l  d isk  resistance by  the lower  resis tance l imi t  
for p r i m a r y  cur ren t  density.  However ,  Eq. [5] of tha t  
paper  may  equa l ly  wel l  be represen ted  wi th in  the  
l imits  bounded by  our  Eq. [27] and the upper  l imi t  
in Eq. [34]. The m a x i m u m  error  caused by  fol lowing 
Newman ' s  procedure  is to underes t imate  the  t rue  
ohmic resis tance drop by  8%. Of course, the  error,  
while  possibly  small ,  is a t  var iance  wi th  s ta tements  
in Newman ' s  approach which main ta in  that,  inde-  
pendent  of the J d is t r ibut ion  preva i l ing  before  in te r -  
ruption,  the ohmic drop measured  by  in te r rup t ion  
corresponds to the  p r i m a r y  dis t r ibut ion.  In  t e rms  of 
exper imen ta l  practice,  since overpoten t ia l  requi res  
some finite t ime to be established,  the ohmic drop at  
the  switching on of constant  cur ren t  should be given 
by  the p r i m a r y  cur ren t  d i s t r ibu t ion  value.  As  the  
overpotent ia l  builds, the  same constant  cur ren t  exists  
in the  circuit,  bu t  the J d is t r ibut ion  adjus ts  to some 
s teady  value be tween  the p r imary  l imi t  and the un i -  
form secondary  d is t r ibut ion  limit .  The f inal ly la rge  
overpoten t ia l  is grea ter  than  the ohmic drop, in ac-  
cord wi th  Eq. [3]. However ,  the r ea r r angemen t  of 
the  field affects the average  domain potent ia l  in the  
e lect rode p lane  and the corresponding resis tance in-  
creases. Thus, the in te r rup t ion  IR  drop m a y  be as 
much as 8% grea te r  than  the ini t ia l  swi tch-on  IR  
drop. The reshaping  of the field, pa r t i cu l a r ly  close 
to the electrode,  d ras t ica l ly  affects the  local cur ren t  

J 
density,  which  var ies  as r162 > ~ > 1 at the edge 

J 
r---- a a n d a s  u < ~ <  1 at  the  center,  r---- 0. F i -  

nal ly,  it  should be ment ioned  tha t  there  is an aspect  
of prac t ica l  impor tance  which deserves at tent ion.  The 
concept of " t rans ient  cur ren t  d is t r ibut ion"  may  be in-  
t roduced for e lect rode systems where  nons teady-s ta te  
bounda ry  condit ions prevai l .  For  a s imple constant  
cur ren t  circuit, at  switch-on,  cur ren t  is used pr inc i -  
pa l ly  for  double  l ayer  charging,  wi th  red is t r ibu t ion  
to the  fa rada ic  process as t ime elapses. The impor tan t  
point  is tha t  cur ren t  d is t r ibut ion  computed  on the 
basis of the  s t eady-s ta te  ove rpo ten t i a l - cu r ren t  re la -  
t ion is inappropr i a t e  at  the s ta r t  of the  cur ren t  pass-  
age. I t  is thus impl ic i t  tha t  a l l  systems respond in i -  
t ia l ly  wi th  a p r i m a r y  cu r ren t  dis t r ibut ion,  a l though 
the d is t r ibut ion  m a y  smooth to be more uni form in 
a ma t t e r  of, e.g. milliseconds.  The impor tance  of this  
concept to areas  such as pulse  charging of ba t te r ies  
and reverse  cycle p la t ing is c lear  but  requires  both 
fu r the r  theore t ica l  and  expe r imen ta l  effort. 

The Thermodynamics and Electrode Kinetic Behavior 
of Nickel in Acid Solution in the Temperature Range 

25 ~ to 300~ 
R. L. Cowan and R. W. Staehle 
(pp. 557-568, Vol. 118, No. 4) 

D. Lewis84: Cowan and Staehle,  in the  paper  under  
discussion, have re fe r red  to some of m y  ear ly  work  

~ D e p a r t m e n t  of  I n o r g a n i c  C h e m i s t r y ,  T h e  R o y a l  I n s t i t u t e  of  
T e c h n o l o g y ,  S t o c k h o l m  70, S w e d e n ;  a n d  M a t e r i a l s  a n d  F u e l s  D e -  
p a r t m e n t ,  A B  A t o m e n e r g i ,  S t o c k h o l m  43, S w e d e n .  

Table I. Errors in estimates of the equilibrium constants of 
typical reactions due to neglecting heat capacity terms 

N u m b e r  of  l og  Tk 
" u n c o m p e n -  E s t i -  E s t i -  
s a t e d "  i o n s  R e a c t i o n  m a t e  i m a t e  2 

0 z/20~(g) + H.~(g) = H.~O(1) 0.17 0.0 
0 NH~* = H+ + N H s ( a q )  0.34 0.0 
1 A g C l ( s )  + e -  = A g ( s )  + C1- 1.50 3.21 
2 H~D = H+ + O H -  2.40 1.48 

on the the rmodynamics  of corrosion processes in aque-  
ous systems at  e leva ted  tempera tures ,  and  have  a t -  
t r ibu ted  to me some ve ry  inaccura te  da ta  on the  h y -  
d rogen-s i lve r  chloride,  s i lver  cell. However ,  nowhere  
in the r epor t  t hey  cite is this  cell  ment ioned,  let  alone 
any  ca lcula ted  or expe r imen ta l  values  given for its 
emf; and I have  not  obta ined  the resul ts  t hey  give 
in thei r  Table  I. 

In  l a te r  work,  descr ibed in a r epor t  8~ communica ted  
to S taehte  shor t ly  a f te r  i ts publicat ion,  I have  taken  
resul ts  for the  reduct ion  of s i lver  chlor ide  (and for 
some other  react ions)  to i l lus t ra te  observat ions  on 
methods  tha t  might  be used for es t imat ing  equi l ib r ium 
constants  (or e lect r ica l  pa ramete r s )  for react ions  in 
aqueous systems up to 374~ It  m a y  be useful  to 
summar ize  these observat ions  here.  

F igure  1 shows values  for the  equ i l ib r ium constant  
of the  react ion 

1 
AgCl ( s )  -y- ~ - H 2 ( g )  ~ - A g ( s )  + H + § C I -  (Ag 1) 

ca lcula ted  using: (a) the  Van ' t  Hoff isobar,  i.e. ne-  
glect ing al l  hea t  capacit ies;  (b) the  assumpt ion  tha t  
the  heat  capacit ies  of the  aqueous ions are  negligible;  
(e) es t imates  of the  hea t  capaci t ies  of the  aqueous 
ions obta ined on the basis of the  correspondence re -  
la t ions discovered b y  Criss and Cobble  86,87. I t  is seen 
that  the  somewhat  modified form of the  correspon-  
dence rela t ions used in m y  work  leads to resul ts  tha t  
a re  in excel lent  agreement  wi th  the corresponding 
values  obta ined  f rom the expe r imen ta l  s tudy repor ted  

s~ D. L e w i s ,  S t u d i e s  of  R e d o x  E q u i l i b r i a  a t  E l e v a t e d  T e m p e r a t u r e s .  
1. T h e  E s t i m a t i o n  of  E q u i l i b r i u m  C o n s t a n t s  a n d  S t a n d a r d  P o t e n -  
t i a l s  f o r  A q u e o u s  S y s t e m s  u p  to 374~ A B  A t o m e n e r g i ,  S t u d s v i k ,  
S w e d e n .  AE-377  (1969). 

C. M. Criss  a n d  J .  W. Cobble ,  J .  A m .  C h e m .  Soe. ,  86, 5385 
(1964). 

sTC. M. Criss  a n d  J .  W. Cobble ,  J .  A m .  C h e m .  $oe. ,  86, 5390 
(1964). 
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Fig. 1. The variation with temperature of the equilibrium con- 
stant for the electrochemical reduction of silver chloride. Values 
obtained from the experimental study by Greeley et a/. 88 ore 
indicated by open circles. 
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by  Gree ley ,  Smi th ,  S tough ton ,  and  L ie t zke  66. On  t h e  
o the r  hand,  at t he  h ighes t  t e m p e r a t u r e s  a s sumpt ion  
(b) leads  to v e r y  i naccu ra t e  resul ts ,  l ike  those  ca l -  
cu la t ed  by  C o w a n  and Staehle ,  w h i l e  the  V a n ' t  Hoff 
i sobar  leads  to e s t ima tes  tha t  w o u l d  be  m o r e  useful .  

A l t h o u g h  seve ra l  o the r  app roaches  to t he  p r o b -  
l e m  89,90 h a v e  been  shown  to g ive  good resu l t s  in 
specific cases, I, l ike  m a n y  o thers  w o r k i n g  in t he  field, 
a m  c o n v i n c e d  tha t  a t  p r e sen t  t he  Criss  and  Cobble  
co r r e spondence  r e l a t ions  l ead  to t h e  mos t  w i d e l y  use -  
ful  m e t h o d  for  e s t i m a t i n g  the  e q u i l i b r i u m  cons tan t s  
for  r eac t ions  in aqueous  sys tems  at  e l eva t ed  t e m p e r -  
a tures .  H o w e v e r ,  in some cases i t  m a y  st i l l  no t  be  
poss ible  to e s t ima te  the  ionic con t r ibu t ions  to t he  hea t  
capac i ty  of r eac t i on  and  i t  is use fu l  to cons ide r  the  
e r ro r s  t h a t  m a y  ar ise  f r o m  n e g l e c t i n g  them.  

Tab le  I of th is  discussion gives  some e x a m p l e s  of 
t h e  e r ro r s  ( log uni t s )  t ha t  can  be e x p e c t e d  in es t i -  
ma te s  of t he  e q u i l i b r i u m  cons tan t s  for  some typ ica l  
r eac t ions  at  350~ ob ta ined  in two  ways.  F i rs t ,  Es t i -  
ma te  1, l o g r k  has  been  ca l cu l a t ed  us ing  the  V a n ' t  Hoff 
isobar .  Secondly ,  E s t i m a t e  2, l o g r k  has  b e e n  ca l cu -  
l a ted  w i t h  on ly  the  h e a t  capac i t ies  of  ionic cons t i t u -  
ents  set equa l  to zero. The  resu l t s  ob ta ined  on t h e  
basis of the  Criss  and  Cobble  r e l a t ions  h a v e  b e e n  
t a k e n  to be  t he  co r r ec t  va lues  of t he  cons tan t s  and  
t h e  e r ro r s  shown  in t he  t ab le  a r e  t h e  d i f ferences  f r o m  
these  resul ts .  

Gene ra l l y ,  t he  e r r o r  i n t r o d u c e d  by  neg l ec t i ng  the  h e a t  
capac i t ies  of  ions can  be  e x p e c t e d  to increase  w i t h  
t h e  n u m b e r  of " u n c o m p e n s a t e d "  ions, i .e .  w h e n  t h e r e  
are  m o r e  ca t ions  or  an ions  a m o n g  the  r eac t an t s  t h a n  
a m o n g  the  products ,  or  conver se ly .  The  e r ro r  will ,  of 
course,  be  cons ide rab le  w h e n  an e l ec t rode  (ha l f - ce l l )  
r eac t ion  is b e i n g  cons idered ,  as i l l u s t r a t ed  by  the  r e -  
sul ts  for  t he  s i lve r  chlor ide ,  s i l ve r  e lec t rode :  t h e r m o -  
d y n a m i c  p a r a m e t e r s  for  the  e l ec t ron  be ing  ass imi la ted  
into  those  for  t he  h y d r o g e n - i o n .  H o w e v e r ,  w h e n  da ta  
for  c o n j u g a t e  e l ec t rode  reac t ions  are  c o m b i n e d  in t he  
e s t ima t ion  of e q u i l i b r i u m  cons tan t s  for  comple t e  ce l l  
r eac t ions  t he r e  wi l l  be  some cance l l a t ion  of er rors .  

T h e  e r ro r s  due  to neg l ec t i ng  the  hea t  capac i t ies  of 
cat ions a r e  oppos i te  in s ign to those  due  to an ions  and  
so t he r e  wi l l  also be  some cance l l a t i on  of e r ro r s  in 
t h e  case of reac t ions  l ike  t h e  ac id -base  d issocia t ion  
of wa te r .  H o w e v e r ,  in m a n y  such  cases t he  r e s u l t a n t  
m a y  st i l l  be la rge  because  the  e r ro r s  due  to cat ions  
m a y  dif fer  cons ide rab ly  in m a g n i t u d e  f r o m  those  due  
to anions.  V e r y  l a rge  e r ro r s  can  be  e x p e c t e d  w h e n  
h i g h l y  cha rged  ca t ions  or  su l fa te- ,  c a r b o n a t e -  or  phos-  
p h a t e - i o n s  a re  invo lved .  

F ina l ly ,  w i t h o u t  in a n y  w a y  de t r ac t i ng  f r o m  t h e  
w o r k  of  T o w n s e n d  91, one  m a y  n o t e  tha t  C o w a n  a~d 
S t a e h l e  are  also m i s t a k e n  in a t t r i b u t i n g  to h i m  p r i o r i t y  
in the  adop t ion  of t he  Criss  and  Cobble  m e t h o d  in 
connec t ion  w i t h  p o t e n t i a l - p H  d iagrams .  In  fact,  G a r -  
re l s  and Chr i s t  92 d r e w  a t t en t ion  to t he  m e t h o d  in th is  
connec t ion  and  Rob ins  and  his  c o - w o r k e r s  w e r e  t h e  
first to pub l i sh  e q u i l i b r i u m  d i a g r a m s  based  on i t  93,~, 
a l t hough  t h e r e  h a v e  p r o b a b l y  long been  m a n y  w h o  
h a v e  i n d e p e n d e n t l y  used  i t  in s imi l a r  w o r k  96,96. 

R, L. C o w a n  a n d  R. W, S taeh le :  D, Lewi s  is m i s t a k e n  
in a s suming  tha t  w e  h a v e  a t t r i b u t e d  to h i m  inaccu ra t e  
da ta  on the  H 2 - A g / A g C 1  cel l  in Tab le  I of ou r  paper .  
I n  fact,  w e  h a v e  a t t r i b u t e d  to h i m  an i naccu ra t e  

ssR. S. Greeley, W. T. Smith, Jr., R. W. Stoughton, and M. H. 
Lietzke, J. Phys.  Chem., 64, 652 (1960). 

89 G. B. Naumov and I. L. Khodakovskii, Dokl. Akad.  Nauk  SSSR,  
170, 886 (1966). 

H. C. Helgeson, J. Phys.  Chem.. 71, 3121 (1967). 
9~ H. E. Townsend, Jr., Corrosion Sci., 10, 343 (1970). 
~ZR. M. Garrels and C. L. Christ, "Solutions, Minerals, and 

Equilibria," Harper and Row, New York (1965). 
9SR. G. Biernat and R. G. Robins, Electrochim. Acta,  14, 801 

(1969). 
a~ B. W. Edenborough and R. G. Robins, Etee t rochim,  Acta, 14, 

1285 (1969). 
L L. Khodakovskii, Geokhimiya,  6, 57 (1969). 
V. Ashworth and P. J. Boden, Corrosion Sei., 10, 709 (1970). 

m e t h o d  for  ca l cu la t ing  the  s t a n d a r d  e lec t rode  p o t e n -  
t ia l  of h a l f - c e l l  r eac t ions  on the  s t a n d a r d  h y d r o g e n  
scale at  t e m p e r a t u r e s  o the r  t h a n  25~ As  the  g e n e r a l  
head ing  on our  Tab le  I c l e a r l y  states,  the  v a l u e s  for  
t h e  cel l  r eac t ion  w e r e  ca l cu la t ed  by  the  m e t h o d  r e -  
p o r t e d  in the  L e w i s  reference9T; i . e .  b y  a p p l y i n g  Eq. 
[2] in ou r  p a p e r  to the  H 2 - A g / A g C 1  ce l l  r eac t ion  w i t h  

t h e  as sumpt ion  tha t  t he  hea t  capac i t ies  of  t he  ionic 
species  (H + and  C 1 - )  a r e  zero.  The  second  c o l u m n  
h e a d i n g  in th is  t ab le  m i g h t  i m p l y  tha t  t he  da ta  w e r e  
ca l cu la t ed  by  Lewis  because  the  w o r d  " m e t h o d "  was  
lef t  off i m m e d i a t e l y  a f t e r  "Lewis . "  T h a t  th is  is a p roof  
r e a d i n g  or  t y p o g r a p h i c a l  e r r o r  can be  a s c e r t a i n e d  by 
no t ing  Tab le  I I  in  R. L. C o w a n ' s  d i s se r t a t ion  96. As a 
m a t t e r  of record,  R. L. C o w a n  w r o t e  to D. Lewi s  TM 

in October ,  1967 p o i n t i n g  out  t ha t  the  m e t h o d  r e f e r r e d  
to in F o o t n o t e  No. 85 d id  no t  a c c u r a t e l y  p red ic t  t h e  
e x p e r i m e n t a l  r esu l t s  of G r e e l e y  e t  a/. 99,1~176 for  t h e  
H2-Ag /AgC1  cel l  and  tha t  a n y  p o t e n t i a l - p H  d i a g r a m s  
ca lcu la t ed  for  e l e v a t e d  t e m p e r a t u r e s  by  t h a t  m e t h o d  
(such as those  r e p o r t e d  in Foo tno t e  No. 85 for  t he  F e -  
H 2 0  sys t em)  w e r e  p r o b a b l y  in e r ror .  Lewis ,  in a r e -  
t u r n  l e t t e r  l~ a c k n o w l e d g e d  this  point .  

In  r e g a r d  to t he  discussion 's  in i t i a l  c o m m e n t s  con-  
c e rn ing  his F o o t n o t e  No. 88, he  has  r e i t e r a t e d  p r e -  
c ise ly  the  po in t  w e  m a k e  in our  Tab le  I. (We had  
not  r e c e i v e d  this  r e f e r e n c e  un t i l  R. L. Cowan ' s  d i s se r -  
t a t ion  96 was  comple t e  and  the  first d ra f t  of our  
JOURNAL m a n u s c r i p t  was  comple te . )  

I t  should  be  no ted  tha t  in Criss  and  Cobble ' s  o r ig ina l  
pape r s  104-106 dea l ing  w i t h  ionic en t rop i e s  and  hea t  ca -  
pac i t ies  above  200~ the  va lues  ass igned  to the  p a r a m -  
e te r s  a and  b (Eq. [5] is in ou r  m a n u s c r i p t )  used to 
ca lcu la te  t he  e n t r o p y  and  the  h e a t  capac i ty  of ions 
a r e  based  on t h e  l inea r  e x t r a p o l a t i o n  of  the  25~176 
values .  In  fact  t h e y  do no t  e v e n  g ive  p a r a m e t e r s  fo r  
350~ Thus,  one  should  be v e r y  ca re fu l  in a s suming  
tha t  ca l cu la t ed  f r ee  e n e r g y  va lues  based  on the  Criss  
and  Cobble  m e t h o d  a re  abso lu t e ly  correct ,  as Lewi s  
implies ,  at  t e m p e r a t u r e s  above  200~ This  is e spec ia l ly  
t r u e  for  t he  350~ case. As m o r e  e x p e r i m e n t a l  da ta  
a r e  g e n e r a t e d  in the  a rea  of  t h e r m o d y n a m i c  p rope r t i e s  
of a q u e o u s  e l ec t ro ly t e s  at  t e m p e r a t u r e s  above  200~ 
the  Criss  and Cobble  p a r a m e t e r s  shou ld  b e c o m e  m o r e  
w e l l  known .  

F ina l ly ,  w h e n  we  a t t r i bu t ed  to T o w n s e n d  l~ the  first  
use of the  Criss  and  Cobble  m e t h o d  for  ca l cu la t ing  
E - p H  diagrams ,  we  d id  so on the  basis  t ha t  w e  had  
a p r e p r i n t  of  his  a r t i c l e  in  ea r ly  1968, a l t h o u g h  its 
e v e n t u a l  pub l i ca t ion  was  d e l a y e d  to 1970. 

A New Technique for Investigating the Electrochemical 
Behavior of Electroless Plating Baths and the 

Mechanism of Electroless Nickel Plating 
N. Feldstein and T. S. Lancsek (pp. 869-874, Vol. 118, No. 6) 

J.  p .  R a n d i n l O 8 :  T h e  c h e m i c a l  ( "e l ec t ro le s s" )  depos i -  
t ion of  n icke l  m a y  be cons ide red  as a m i x e d  po lye l ee -  
t rode  process  w h e r e i n  t he  anodie  pa r t i a l  process  is t h e  

D. Lewis, First Annual Report: The Thermodynamics  of Cor- 
rosion Processes, AB Atomenergi, Stockholm (1966). 

~R. L. Cowan, Ph.D. dissertation, The Ohio State University  
(1959). 

R. S. Greeley, W. T. Smith Jr., R. W, Stoughton, and M. H. 
Lietzke, J. Phys.  Chem., 64, 662 (1960). 

10o R. S. Greeley, Ph.D. dissertation, The University of Tennessee 
(1959). 

101 Personal communication, R. L. Cowan to D. LewiS, October, 
1967. 

lee Personal communication, D. Lewis  to R. L. Cowan, November,  
1967. 

lo8 D. Lewis, Studies of Redox Equilibria at Elevated Temper- 
atures. 1. The Estimation of Equilibrium Constants and Standard 
Potentials for Aqueous Systems up to 374~ A.B. Atomenergi ,  
Sweden,  AE-377 (1969). 

104 C. M. Criss and J. W. Cobble, J. Am. Chem. Soc., ~6, 5390 
(1964). 
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oxidat ion  of hypophosphi te  and  the cathodic pa r t i a l  
processes are: the nickel  deposit ion;  the  phosphorus  
deposit ion;  and the hydrogen  evolution.  This concept  
has been verif ied expe r imen ta l ly  for the  coppe r - fo rma l -  
dehyde  system lo9. Each process may  involve severa l  
steps among which one, at least, is a charge t ransfe r  
reaction.  Coupled chemical  react ions  m a y  precede or 
fol low the charge  t rans fe r  step. 

If  each of the pa r t i a l  cathodic cur ren t  densit ies (or 
depos i t ion  ra tes)  can be ca lcula ted  f rom exper imenta l  
data, the s t eady-s ta te  potent ia l  measured,  which is 
the  a lgebra ic  sum of each par t i a l  process, cannot  be 
der ived  f rom the da ta  presented  in the  paper  under  
discussion. If  a significant in te rp re ta t ion  is to be ex-  
t rac ted  f rom Fig. 5 and 6 in Fe lds te in  and Lancsek 's  
paper ,  the  correct  re la t ionship  be tween potent ia l  and  
cur ren t  densi t ies  should be used. 

For  a simplified sys tem wi th  only two dis t inct  pa r -  
t ia l  processes under  pure  act ivat ion control, each proc-  
ess having one r a t e -de t e rmin ing  charge  t ransfer  step, 
the measurab le  mixed  potent ia l  in the absence of ex-  
t e rna l ly  appl ied  cur ren t  is given by  no {(oo) 

Vm = In - -  
(~n~  + ~n~) F Q~ 

where:  

V m  

~a~ TLc : 

Qa, Q~ = 

Ia, Ic : 

[1] 

mixed  potent ia l  measured  
s y m m e t r y  factors of an@die and cathodic 
charge  t ransfe r  step 
number  of charges  t r ans fe r red  across the  
in te rphase  dur ing  the anodic or cathodic 
charge t ransfer  step 
factor  containing decomposi t ion f requency 
of ac t iva ted  complexes,  concentra t ions  of 
reactants ,  etc. as defined in Footnote  No. 
110 
exponent ia l  in tegrals  conta ining chemical  
potentials ,  as defined in Footnote  No. 110. 

The genera l  case can be simplified by  neglect ing 
reverse  react ions  in comparison wi th  fo rward  reac-  
tions, which are  the oxidat ion of the  reducing agent  
and reduct ion of the  metal l ic  ion. By noting tha t  the  
anodic and cathodic pa r t i a l  cur ren t  densi t ies  are equal  
at the mixed  potential ,  and assuming a Tafel  re la t ion 
for both pa r t i a l  reactions, one obtains 

( i o x )  "aenaF C~cncF 
In ~--" ( V m  - -  re ,a)  -~- - -  

Io,a RT RT 
( V m  - -  Ve,e) 

[2] 
where:  

io.a;io,c : an@die and cathodic exchange cur ren t  
densi t ies  

V~.a; Vex : equi l ib r ium potent ia l  for the  anodic and 
cathodic reactions.  

To s impl i fy  fu r the r  Eq. [2], i t  m a y  be assumed 
that  one of the  pa r t i a l  reactions, for example  the  
anodic oxidat ion  of hypophosphi te ,  de te rmines  p re -  
dominan t ly  the  ra te  of deposi t ion (for example ,  
n icke l ) ;  this  means  tha t  the anodic Tafel  l ine for this  
react ion has a much higher  slope than  the conjugate  
cathodic Tafel  line. In  this  pa r t i cu la r  case, the fol-  
lowing re la t ion  should be observed 

RT In (~o,c)i, Vm --~ ~ + V ~ , c  [3] 
acute F " io.a, " 

For  a g iven concentra t ion of oxidizing agent  (nickel  
ion),  Ve.c and RT/ar F are  constant ,  so tha t  Eq. [3] 
may  be wr i t t en  as 

1o~ M. P a u n o v i c ,  Plating, 55, 1151 {1968). 
no F. A. P o s e y ,  'This Journal, 106, 571 (1959). 

Vm ~ K1 in "io,a " + K2 [4] 

where  K1 and K2 are  constants.  I t  is wor thwhi l e  to 
note tha t  Eq. [4], descr ibing an approx imat ion  for a 
pa r t i cu la r  ease for two pa r t i a l  processes,  is not  a usual  
TafeI - l ike  relat ion.  To r igorous ly  t r ea t  the  process of 
chemical  deposi t ion of nickel,  which includes severa l  
par t ia l  cathodic processes of comparab le  rates, a more  
genera l  re la t ionship  should be used. 

Consequently,  the  in te rpre ta t ion  of resul ts  contained 
in Fig. 5 and 6 of the paper  under  discussion does not  
seem adequate  and the  complete  t r ea tmen t  of the po ly-  
e lect rode sys tem should be taken  into account to reach 
significant conclusions. The l i t e ra tu re  gives severa l  
t r ea tments  of polyelec t rode  systems n0-n3. S te rn  u3 de-  
scribes ideal  systems wi th  two and three  oxida t ion-  
reduct ion react ions  occurr ing s imultaneously.  The 
analysis,  whi le  containing severa l  s impl i fying assump-  
tions, shows the complex i ty  of polar izat ion measure -  
ments  and indicates  the ca re  which must  be taken  if 
such measurements  are  to be in te rp re ted  quant i ta t ive ly .  
The chemis t ry  of the  system must  be understood,  and 
the number  and magn i tude  of the  ra tes  of each indi-  
v idua l  oxidat ion  or reduct ion occurr ing dur ing  po la r i -  
zation should be known. S tern ' s  t r ea tmen t  shows tha t  
even ideal  polyelee t rode  systems can produce polar iza-  
t ion da ta  which m a y  be difficult to in terpre t .  Compli -  
cat ing factors such as he te rogenei ty  of the  e lectrode 
surface, changes of e lectrode area  wi th  t ime-f i lm for-  
mat ion  giving rise to a t ime effect, etc. would  resul t  in 
a system which  is beyond quant i t a t ive  descr ipt ion wi th  
the  presen t  knowledge  of the  eleetroless nickel  process. 

Wagner ' s  t r e a tmen t  TM predicts  exper imen ta l  methods 
tha t  a re  promis ing  for deciding whe the r  a chemical  or 
an e lect rochemical  mechanism prevai ls  for a pa r t i cu la r  
process. 

Fur the rmore ,  no ment ion  is made  in the paper  under  
discussion of an eventua l  diffusion control led  process 
which was c la imed to occur by  severa l  authorsllS-nL 
Moreover ,  if any  Tafel  re la t ion  applies  to the  s tudy 
under  discussion, the  correct  equat ion (for example  
for a cathodic process) 

dE - -RT  
_ - -  [5] 

d(In/) ~ n F  

has to be used and not that reported by the authors. 
The symbols in Eq. [5] have the same meaning as 
those used by Feldstein and Lancsek. 

The above discussion shows that Fig. 5 and 6 of the 
paper under discussion cannot be interpreted cor- 
rectly by using the usual Tafel relation. A relation 
taking into account the complexity of the system under 
investigation should be used. 

The following discussion will not take into account 
the restrictions concerning the interpretation of the 
deposition rate vs. the steady-state potentials described 
above. The disadvantages or advantages of the mech- 
anism proposed by the authors with respect to other 
mechanisms will not be discussed either. 
The modified hydride transfer mechanism proposed 

by Feldstein and Lanesek for the eleetroless nickel 
plating predicts that the oxidation of hypophosphite 
produces an hydride intermediate reacting with nickel 
(If) ion to give metallic nickel; with metaphosphite ion 
to give elementary phosphorus; and with a water mole- 
cule (or a proton in acidic media) to give molecular 
hydrogen. The three reactions are competitive, the 
first two give rise to the useful metallic deposit, 

111J. O'IV[. Bockris, "NIodern Aspects of Electrochemistry," P. 
253, A c a d e m i c  P r e s s ,  N e w  Y o r k  (1954). 

I~  M. S t e r n  a n d  A.  L.  G e a r y ,  This Journal, 104, 56 (1957). 
11a M. S t e r n ,  This J o u r n a l ,  104, 645 (1957). 
it~ C. W a g n e r ,  Elee[~roch~m. Aeta, 15, 987 (1970). 
us  j .  S. Sal lo ,  J .  I .  S w e n s o n ,  a n d  J .  M. C a r r ,  This J o u r n a l ,  109, 

389 (1962). 
11~ G.  Gu tze i t ,  Th~s Journal, 109, 1219 (1962). 
n7 C. H.  de  M i n j e r  a n d  A.  B r e n n e r ,  Plating, 44, 1297 (1957). 
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whereas the thi rd  one corresponds to the oxidation 
of hypophosphite without  s imultaneous reduction of 
any useful  element.  The main  characteristics of the 
process do not belong only to the mechanism pro- 
posed by Feldstein and Lancsek, but  also s tand for 
the other mechanisms previously advanced, namely  
the atomic hydrogen mechanism 118,zz9, the electro- 
chemical mechanism 119, the hydride t ransfer  mecha- 
nism 120, the mechanism involving hydrolyzed nickel 
with hydroxyl  ions TM, and others. By not taking into 
account reactions [1], [2], and [5] together (see Fig. 7), 
the authors neglect one of the three competit ive reac- 
tions, i.e. the hydrogen evolution accompanying the 
oxidation of hypophosphite without  s imultaneous re- 
duction of any useful element.  

The authors state that the relat ion 

d d d 
[H2] = ~-  [Ni] 4- 1.5~- [P] [6] 

d-~ 

was found to be in "excellent agreement  between the 
hydrogen measured and that  expected, based on the 
composition of the deposit." Equat ion [6] is valid 
only if all the hypophosphite oxidized is used to re-  
duce either Ni a+ or metaphosphite ion and none is 
lost through reactions [1], [2], and [5] together (see 
Fig. 7), which is very unl ikely  to be found with ordi- 
nary  bath compositions. 

Exper imenta l  data reported by Feldstein and Lanc-  
sek in Fig. 3 and Table III  for nickel deposition were 
used to calculate the efficiency defined as the molar  
ratio of the useful product formed to the hypophos- 
phite oxidized : 

2 N i - 5  3 P  

Ni -5 1.5 P -5 H2 total 

for the modified hydride transfer  mechanism, which 
was found to be between 0.89 and 0.94. Data in Fig. 
4 and Table IV (of the paper under  discussion) for 
the cobalt deposition give ratio between 0.63 and 0.79. 
Thus, reaction [5] in Fig. 7 can hardly  be neglected 
since in the above examples taken from Feldstein and 
Lancsek's data it represents  between 6% and 37% of 
the hypophosphite consumed. (As the hypophosphite 
consumed has not been determined, it has been cal- 
culated from the mechanism described in Fig. 7. I t  
can be seen that: H2PO2- oxidized = 2 Ni -5 3 P -5 H2 
from reaction [5] (Fig. 7) and Ha from reaction [5] = 
H2 total --  Ni -- 1.5 P;  hence, H2PO2- oxidized = Ni 
-F 1.5 P -5 Ha total, where  Ni, P and Ha represent  the 
molar amounts) .  

Typical hypophosphite uti l ization reported for a 
normal  industr ia l  p lant  gives molar  ratio of Ni plated 
to H2PO2- consumed of 0.33122, which corresponds to 
a ratio of useful products formed to oxidized hypo- 
phosphite of 0.82, assuming a phosphorus content  of 
8% and also for the modified hydride transfer  mech-  
anism. Laboratory experiments  usual ly  also fall into 
the same range of efficiencies, i.e. 0.76 to 0.92 in Foot-  
note No. 122. 

Reaction [5] in Fig. 7 is valid only  in alkal ine media. 
The corresponding react ion in the acidic media be- 
comes 

(X . . . . .  H) - -5 H + -> H2 -5 X [7] 

The proton concentrat ion increases as the pH de-  
creases and, therefore, causes the hydr ide-proton  com- 
binat ion reaction to occur more readily, which leaves 
a smaller  port ion of hydride ion to participate in the 
nickel (reaction [3], Fig. 7) or metaphosphite (reaction 
[6], Fig. 7) reduction reactions. This assumption has 

liSA. Brenne r  and G. E. Riddell, J. Res. Nat. Bur. Std., 37, 1 
(1946); Proe. Am.  Electroplater~' Soc., 33, lS {1946). 

lZgA. B r e n n e r  and G. E. Ridde]1, J. Res. Nat. Bur. Std., 39, 385 
(1947), Proc. Am.  Eleetroplaters" Soe., 34, 150 {1947). 

120 R. M. Lukes ,  Pla$ing, 51, 969 (1964). 
~ P. Cavallot t i  and  65. Salvago,  Electrochim. Metal., 3, 239 (1968). 
z~G. Gutzeit ,  Plating, 46, 1158, 1275, 1377 (1959); 47, 63 (1960). 

Table I. Effect of pH on the hypophosphite efficiency 
(from Footnote No. 123). 

HaPO~- efficiency 
2 Ni + 3P 

A v e r a g e  
pH H2PO2- 

5.6 0.94 
5.0 0,78 
4,4 0.62 
3.9 0,57 
2.9 0.15 

been verified exper imenta l ly  12~. Results taken from 
Footnote No. 123 and calculated according to the modi-  
fied hydride t ransfer  mechanism are summarized in 
Table I of this discussion. 

Modified hydride t ransfer  mechanism proposed by 
Feldstein and Lancsek gives higher efficiencies than 
the other mechanisms since the molar  ratio H2PO2-/P 
for the reaction giving rise to phosphorus is three for 
the modified hydride mechanism as compared to two 
for either the hydride t ransfer  mechanism 120 or the 
mechanism involving hydrolyzed nickeP 21, and 1.5 for 
the atomic hydrogen and the electrochemical mecha-  
nisms 118,119. In  hydride t ransfer  mechanisms and in 
the mechanism involving hydrolyzed nickel, every 
mole of nickel reduced corresponds to two moles of 
hypophosphite oxidized whereas the ratio Ni/H2PO2- 
is one for both the atomic hydrogen and electrochem- 
ical mechanisms. It  follows that  the modified hydride 
t ransfer  mechanism is the one which gives the higher 
hypophosphite efficiencies and, consequently, the lower 
ratio of hypophosphite oxidized according to reaction 
[5] (Fig. 7), i.e. without  s imultaneous reduction of any 
useful element.  

Nevertheless, the aforementioned hypophosphite 
efficiencies of which some have been calculated from 
Feldstein and Lancsek's results, prove that  the hy-  
dr ide-proton combinat ion reaction cannot be neglected 
as proposed by the authors since it has been shown 
that this reaction can be the most impor tant  in this 
system. Consequently, Eq. [6] is incorrect and should 
be replaced by 

d d d 
d-t" [H2 total] = ~-~ [Ni] -5 1.5 ~ [P] 

d 
-5 ~ [H2 from reaction [5]] [8] 

Equat ion [6] proposed by  Feldstein and Lancsek 
is very unfor tunate  since it could lead to mis in terpre-  
tat ions of the mechanism and to a false estimation of 
the efficiency of the process. 
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Dr. J. P. Randin  for his interest  and comments on 
our paper. In  the paper under  discussion, it has been 
demonstrated that  a Tafel- l ike behavior is obeyed 
for nickel (or cobalt) and phosphorus deposited from 
electroless plat ing baths. In  most of the cases, identical 
slopes have resulted in the log i vs.  E plots. The lat ter  
results were especially of significance and practical 
use since an a pr ior i  knowledge of such behavior  pro- 
vides a quick way for the estimation of the deposit 
composition under  varied conditions. As demonstrated 
in Fig. 7 of the text, and as referred to by Randin,  the 
deposition of nickel from hypophosphite-based solu- 
tions may be considered as a mixed polyelectrode 
process. In  such a process, the anodic process is the 
oxidation of hypophosphite (Fig. 7, reaction [ I ] )  and 

1~ j .  p. Randin  and H. E. H in t e rmann ,  Plating, 54, 523 (1967). 
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the  cathodic processes y ie ld  the  n ickel  and phosphorus  
deposi ted and hydrogen  evolved (Fig. 7, reac t ions  [3], 
[5], and [6], r espec t ive ly) .  The authors  a re  not aware  
of any  exis t ing publ icat ions  to date  in which  the N i -P  
deposi t ion was comple te ly  t rea ted  as a polye lec t rode  
system; p robab ly  due to the complex  na ture  of the 
reaction.  Randin  has suggested and out l ined in his dis-  
cussion tha t  a complete  t r ea tmen t  of a polyelec t rode  
system is in o rder  to fu r the r  in te rp re t  Fig. 5 and  6. 
The authors  a re  in agreement  wi th  Randin ' s  sugges-  
tion; such an inves t igat ion is in order  since it may  
provide  a be t te r  corre la t ion  be tween  the r epor ted  re -  
sults (Fig. 5 and 6) and a fundamenta l  model.  How-  
ever,  caut ion should be exercised in the  final i n t e rp re -  
ta t ion since the  analysis  proposed by  Randin  is not  
r igorous  and is genera l ly  simplif ied wi th  severa l  as-  
sumptions  made.  

As ment ioned  in the text ,  for the  var ious  nickel  
baths  used in the  s tudy (and not  for cobal t ) ,  a s impl i -  
fied express ion was found corre la t ing  the hydrogen  
to the  composi t ional  makeup  of the  deposi t  (Ni and 
P) .  Specifically, the fol lowing cor re la t ion  was fOund 
to app ly  

d d d 
d--t [H2] = ~ -  [Ni] + 1.5 ~ [P] El] 

and this resul t  leads to the  suggestion tha t  react ion 
[5] (Fig. 7) does not p l ay  a ma jo r  role for the  nickel  
baths  examined.  In  test ing the  above corre la t ion  it 
should be emphas ized  tha t  for the  case of the glycine 
bath,  analysis  of the  deposi t  was carr ied  out in this 
labora tory ;  however ,  the  hydrogen  evolut ion da ta  was 
t aken  from the w o r k  of Holbrook and Twist. In  this  
case, excel lent  agreement  in demons t ra t ing  the above 
corre la t ion  was achieved. In  the  case of electroless 
Co-P  deposition, as indica ted  in the  text ,  the molar  
rat io  of hydrogen  evolved to deposi ted cobal t  was 
found to be about  3: 1; this  ra t io  is cons iderably  grea ter  
than  corresponding values  found for N i - P - t y p e  sys-  
tems. Due to this  trend,  our Eq. [1] was specified by  
the au thor  to app ly  only  in the  nickel  cases. The a t -  
t empt  by  Randin  to extend the meaning  of this  cor re -  
la t ion beyond its in i t ia l  in tent  shows tha t  grea t  care 
mus t  be exercised in compar ing  baths  employing  dif -  
ferent  metals.  Nevertheless ,  it  is be l ieved tha t  the  
basic react ions descr ibed in Fig. 7 do apply  for cobal t  
as wel l  as for nickel  (despite  the  obviously different  
ra te  ra t ios) .  

F rom the modified hydr ide  mechanism proposed  by 
the authors  (Fig. 7) the authors  and Randin  real ized 
tha t  the  fol lowing corre la t ion may  app ly  

dEH2 PO2- ]  dENi] d i P ]  d[H2] * 
: 2 -{- 3 -{- ~ [ 2 a ]  

dt dt dt dt 

dEH2] * 
where ~ refers to the hydrogen evolved from re- 

dt 
action E5]. If indeed the contribution of reaction [5] is 
minor, the following simplified expression will result 

Table II 

M o l a r  W e i g h t  
c o n c e n t r a t i o n  r e c l a i m e d ( a )  ( rag)  

of  glycine N i  P 

Hypophosphite 
consumed (mmole) 

Experimental(~) Predicted(~) 

0 15.61 0.66 0.6 0.6 
0.01 34.02 2.55 1.5 1.4 
0.04 55.2'/ 2,20 2.4 2.1 
0.10 42.55 0.54 1.5 1.5 
0.30 33.65 0.52 1.4 1.2 

(a) D a t a  t a k e n  f r o m  t h e  t e x t .  
(b) D e t e r m i n e d  f r o m  f r e s h  b a t h s  

t h o s e  u s e d  in  t ex t .  
(c) Based upon Eq. [2b]. 

of  i d e n t i c a l  c o m p o s i t i o n s  to  

3 d[P] d[H2PO2-]2 d[Ni] -l- [2b] 

dt  dt  dt  

In order  to test  the appl icab i l i ty  of Eq. [2a] vs. [2b], 
p la t ing solutions were  ana lyzed  for the  hypophosphi te  
consumption.  This work  is in progress  and detai ls  
wi l l  be publ i shed  at  a la te r  date. However ,  Table  II  is 
provided  showing some p re l im ina ry  results.  

Examina t ion  of these resul ts  shows tha t  Eq. [2b] 
does app ly  and thus  the  contr ibut ions  of react ion [5] 
(Fig. 7) may  be considered negl igible  to a first ap -  
p rox imat ion  for the  n ickel  ba th  examined.  This t r end  
is consistent  wi th  the  simplif ied form of our  Eq. El] 
and thus  fu r the r  supports  the mechanism proposed 
in Fig. 7. 

The p la t ing  solutions chosen for the  present  inves t i -  
gat ion were, in most  cases, t aken  f rom the l i te ra ture .  
Whether  the  resul ts  of the  publ ished paper  a re  unique 
to these solutions or not, is not  obvious and wil l  r e -  
quire  fu r the r  invest igat ion.  However ,  some of the  con- 
dit ions suggested by  Randin  (Table  I) wi th  ba th ' s  pH 
below 4, are  not condit ions commonly  used in com- 
merc ia l  practice.  I t  should be poin ted  out tha t  i t  is 
the  in ter fac ia l  pH which  is the  impor tan t  pa r ame te r  
r a the r  than  bu lk  pH. in  al l  cases, the  in ter fac ia l  pH 
values  are  below bu lk  values.  Fur the rmore ,  opera t ing  
at bulk  pH values  be low 4, it  is reasonable  to an t ic i -  
pate the  occurrence of a new react ion which  etches 
some of the  deposi ted nickel,  t he reby  decreas ing the 
apparen t  efficiency of p la t ing  and increasing the  phos-  
phorus  content  in the  deposit .  Thus, the efficiency re -  
sults in Randin 's  Table  I m a y  be mis leading wi th  re -  
spect to the  basic mechanism tak ing  place. 

With  respect  to the choice of reac t ion  [6] (Fig. 7), i t  
should be noted tha t  severa l  o ther  react ions  for  the 
phosphorus format ion  were  proposed, in the l i te ra ture ,  
some of which requ i re  more  than  one mole  of hypo-  
phosphi te  oxidized per  mole  of phosphorus  deposited.  
In  this  respect  it  m a y  be helpful  to es tabl ish the  mech-  
anism and s to ichiometry  for the phosphorus  format ion  
in e lect rolyt ic  plat ing.  The knowledge  of phosphorus  
codeposi t ion in e lectrolyt ic  p la t ing  m a y  provide  a 
be t t e r  insight  to assist in the screening of the  var ious  
proposed react ions  for the  phosphorus  deposi t ion in 
electroless plat ing.  
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ABSTRACT 

The oxidation of TiSi2 was studied at temperatures  of 300~176 Wafers 
prepared using the techniques of powder meta l lurgy  had densities of 95 to 
98% of the theoretical value. On oxidation at temperatures  up to 600~ the 
polished wafers formed a protective, t i tania-si l ica glass. The rate data in-  
dicate a complex surface and diffusion-limited mechanism. Above 600~ the 
oxide consisted of an amorphous Si02 film with crystall ine islands of TiO~ 
(rut i le) .  From 1000~176 parabolic kinetics with an activation energy of 
21.3 kcal /mole were observed. These data are consistent with a model in 
which the ra te -de termining  step is the diffusion of oxygen through the silica 
film with the simultaneous diffusion of t i tan ium from the substrate to the 
islands of rut i le  growing on top of the amorphous silica. The protective na ture  
of the oxide appears to be due in part  to the abil i ty of t i t an ium to assume 
fourfold coordination and replace silicon in the growing silica film without  
disrupting the te t rahedral  network. 

In  recent years, there has been an  increasing de- 
mand  for s t ructural  materials  which can be used at 
temperatures  as high as 1300~ At the present  time, 
t an ta lum or co lumbium with a mixed silicide coating 
provide suitable s t ructural  and oxidation resistance 
for certain applications (1, 2). It  has been found that 
a simple coating of TaSi2 or CbSi2 does not provide 
sufficient oxidation protection (3). In  order to obtain 
a satisfactory coating, it is necessary to incorporate 
modifiers such as chromium, t i tanium, molybdenum,  
or vanad ium silicides into the coating layer  (4). In  
some of the more promising systems, the resul t ing 
protective layer consists mainly  of TiSi2 (5). 

Litt le work has been done on the oxidation behavior 
of bulk  TiSi2. Samsonov (6) describes the results of 
an exper iment  in which TiSi2 was heated to 1200~ 
over a 4 hr period. An adherent  oxide film was formed 
with a weight gain of only  0.3 mg/cm 2. The author  
speculates that the protective nature  of this film is 
due to the formation of an eutectic mix ture  of t i tan ium 
silicates. No indication was given of the sample qual-  
ity. The present study was under taken  to provide 
data and a mechanism for the oxidation of bulk TiSi2. 

Experimental 
The TiSi2 wafers used in this study were prepared 

using the techniques of powder metal lurgy.  The di- 
silicide was formed by the reaction of t i tan ium 
(99.9%) powder or sponge and silicon (99.99%) pow- 
der at 1000~ at a pressure of 10 -4 Torr. The reaction 
is quite exothermic and careful  control is required 
to prevent  mel t ing  of the reaction mass. Microscopic 
examinat ion  and x - ray  diffraction showed that  no 
oxide is formed dur ing  this process. The spongy prod- 

* Electrochemical  Society Act ive  Member.  
1 Present  address: Semiconductor  Research and Development  Lab-  

oratories, Texas  Ins t ruments ,  Inc., Dallas, Texas  75222. 
Key  words:  oxidation, t i t an ium silicides, silica, t i t an ium dioxide, 

diffusion. 

uct was ground in  a hardened steel vial, screened, and 
the --325 mesh mater ial  removed, washed with dilute 
HC1, and dried. Binder  was added and 1 in. diam 
wafers pressed in a hardened steel die at 5-10 tsi. 
Sample thickness was approximately 0.1 in. (0.25 cm).  

Densification of the compacted wafer was carried 
out in two stages. In  the presinter, the binder  was 
removed by heating slowly to 900~ in vacuum. Final  
s inter ing was carried out in a separate furnace at 
1375~176 and 5 x 10 -5 Torr for 15 min. The faces 
of the sintered disks were ground successively on 
diamond disks of medium, 30~, and 6~ coarseness. The 
ground wafers were lapped with 6~ and then 3~ dia-  
mond paste followed by a brief polish with 0.25~ 
alumina.  Prior  to oxidation, the lapped wafers were 
cleaned in boil ing organic solvents and water, followed 
by a quick dip in 10% HF in water. 

The oxidation experiments  were carried out in a 
vert ical  tube furnace. Tempera ture  var iat ion over a 
4 in. region in the center of the tube was less than 
5~ The oxidizing atmosphere was a mixture  of oxy- 
gen and argon flowing at 100 cc/min. The TiSi2 sam- 
ples were supported on a fused quartz holder and 
suspended from the top of the furnace. 

Oxidation rate data were obtained by  periodically 
removing the sample from the furnace and weighing 
on a microbalance with a sensit ivi ty of _2  #g. The 
structure of the growing oxide film was studied using 
scanning electron microscopy (SEM), x - r a y  diffrac- 
tion, and infrared spectroscopy. A Cambridge Stereo- 
scan Mark II was used in the emissive mode for the 
SEM work. X- ray  diffraction scans were made of the 
init ial  silicide surface and of the growing oxide film. 
The diffraction pat terns were obtained with a Norelco 
Geiger counter  x - r ay  spectrometer using CuK~ radia-  
tion. The surface of the wafer was usual ly  scanned by 
insert ing it directly in the sample holder, al though a 
number  of powder pat terns were also prepared by 

1973 



1974 J. Electrochem. •oc.: S O L I D  S T A T E  S C I E N C E  December 1971 

grinding the finished wafer. Several  powder pat terns  
were also obtained on the oxide film. 

A more detailed analysis of the amorphous region 
of the oxide film was performed by infrared spectro- 
scopy using a Pe rk in -E lmer  Micro Specular Reflec- 
tance Accessory in  conjunct ion  with a Pe rk in -E lmer  
621 Spectrophotometer.  The spectrum obtained was a 
2X absorption spectrum which can be compared with 
l i terature data on amorphous silica and glasses. 

Results 
Sample quality.--The theoretical densi ty  of TiSN. 

as determined by x - r ay  diffraction is 4.13 g/cm 3 (7). 
Typical values obtained in the present  study were 95- 
98% of the theoretical value. The surface qual i ty  of 
a polished and l ight ly etched wafer  is indicated in 
Fig. 1. In  addit ion to the TiSi2, a small  amount  of a 
second phase identified as silicon was present  at the 
grain boundaries.  A few small pits are also present, 
the major i ty  of them occurring in the silicon phase. 

Kinetic data.--The major  var iable  that  was consid- 
ered in the kinetic s tudy was temperature.  Unless 
otherwise indicated, the oxygen part ial  pressure of 
the gas phase was 0.2 atm although a l imited n u m b e r  
of experiments  used pure oxygen as the ambient.  In  
the ini t ial  phase of the study, al terat ion of the gas 
flow from 0 to 200 cc /min  produced no change in 
oxidation rate. 

Several  TiSi2 wafers were oxidized at 300~ in  order 
to establish the lower level of observable oxidation. 
After  20 hr at temperature,  a total  weight gain of 25 
~g was observed. After 320 hr, the weight increase was 
still only 112 ~g. 

Typical weight gain data  obtained at 600~ are 
shown in Fig. 2 where the square of the weight gain 
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Fig. 2. Rate data for TiSi2 oxidized at 600~ 

is plotted against t ime of oxidation. The considerable 
var iat ion in  the data is caused by  differences in sur-  
face quality. The greater the number  of pits and size 
of the silicon phase, the higher the oxidation rate. The 
lower curve is typical of the best quali ty wafers. 
When the samples were oxidized in pure oxygen, 
wi th in  exper imental  error, no difference in rate was 
found. At 800~ results s imilar  to those obtained at 
600~ were observed. Wi th in  exper imenta l  error, the 
magni tude  of the observed weight  gain for the first 
50 hr was the same as that  observed at 600~ Beyond 
50 hr, the weight gain at 800~ became greater. 

Typical rate data obtained at 1000~ are shown in 
Fig. 3. Again, var iat ion due to surface qual i ty  is evi- 
dent. In this case, however, straight lines are obtained 
when the square of the weight gain is plotted against  
time. Similar  straight l ines were obtained at 1200 ~ 
and 1300~ Parabolic rate constants were determined 
at oxygen pressures of 0.2 a tm and 1 atm. The con- 
stants for each r un  were obtained by the method of 
least squares and averaged over all  runs  at identical 
conditions. Only two short runs  were made at 1300~ 
The results are given in Table I. 

A summary  of the best  data for intrinsic TiSi2 is 
shown in Fig. 4. F rom the parabolic rate constants ob- 
ta ined at 1000~176 an  activation energy of 21.3 
kcal /mole was obtained. 

Character of the oxide film.--At 300~ no visible 
continuous oxide film was observed af ter  300 hr  at 
temperature.  A few, very small, isolated, multicolored 
crystal l ine areas were visible under  a l ight microscope. 
X - r a y  analysis indicated only the TiSi2 substrate 
which remained unchanged dur ing  the oxidation pc- 

Table I. Parabolic rate constant (mg/crn2)2/hr 

T e r n p ,  ~  Po~  = 0 .2  a t r n  P o  2 = 1 a r m  

1 0 0 0  3 . 5 2  • 0 . 7 7  x 10  -4 4 . 0 6  X 10-~ 
Fig. 1. Surface of polished and etched TiSi2 wafer 1200 8.72 • 1.48 x 10 -4 10.03 • 10 -4 

1 3 0 0  1 7 . 4  X 10  -4 
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riod. It is l ikely that  the observed weight increase is 
due to the oxidation of small  amounts  of impuri t ies  
such as iron and the formation of a thin, continuous 
silica layer. This is typical ly  observed with single 
crystal silicon using el l ipsometry (8), where, for ex- 
ample, 30A of SiO2 form on silicon s tanding at room 
temperature  for several hours. 

At 600~ a t ransparent  oxide film, exhibi t ing in ter -  
ference colors, was formed after one hour of oxida- 
tion. By incident  l ight microscopy, it was found that  

the over-al l  color was a b lend  of several color regions. 
Each of the different colors corresponded roughly in 
size and shape to the TiSi2 grain structure.  The oxide 
formed over the separate silicon phase showed the 
same interference color throughout  the specimen and 
from specimen to specimen. As the t ime of oxidation 
increased, the interference colors changed gradual ly  
un t i l  about 30 hr  after which li t t le change occurred. 
The color of the oxide on the silicon phase remained 
a tan  to pale brown through the course of a run. Light 
microscopy of the oxide film revealed no crystal l ine 
regions after 300 hr  of oxidation, bu t  after 800 hr, a 
number  of small, yellow crystalline" islands were found 
near  the holes or iginal ly  observed in the surface. 
X - r a y  analysis showed only  the TiSi2 with parameters  
constant  throughout  the oxidation period. 

Comparison of the infrared spectrum of the oxide 
with that  obtained for silicon dioxide thermal ly  grown 
on silicon provides considerable insight into the struc-  
ture  of the film. An extensive t ransmission infrared 
study of SiO2 on silicon has been reported by Pl iskin 
and Lehman (9). They found that  a dense, thermal ly  
grown SiO~ film with a thickness of 1 ~m had absorp- 
t ion peaks at 1093, 805, and 455 cm -z. The 1093 cm -1 
peak is a t t r ibuted to Si-O bond stretching and the 
455 cm -1 peak to Si-O-Si  bond bending. The exact 
na ture  of the other absorptions in unclear.  The posi- 
t ion and ha l f -wid th  of these absorptions, par t icular ly  
the Si-O v ibra t ion  at 1100 cm -1, is s trongly influenced 
by the s t ructure  of the SiO~. A decrease in the oxide 
density causes a shift to lower absorption frequencies 
and an increase in the peak half-width.  

The infrared spectrum of the oxide formed on TiSi2 
at 600~ has the characteristic absorption peaks of 
amorphous SiO2. However, the major  1100 cm - I  Si-O 
peak was shifted to a lower frequency as was the Si- 
O-Si bond bending at 435 c m - l :  The 800 cm -z peak 
appears to be in  the same position as when  found in 
dense, pure SiO2 films. Based on the work  of Zeitler 
and Brown (10), the observed absorption at 930 cm -1 
is probably due to a Ti -O-Si  vibrat ion [Zeitler and 
Brown (10), s tudying the inf rared  spectra of organic- 
t i tan ium-s i l icon compounds, reported an  absorption 
at 920-925 cm -1 which they at t r ibuted to a Ti-O-Si  
bond].  These data, plus the observed shift in the Si-O 
vibrat ion to a lower f requency indicates that  the oxide 
film at 600~ is not pure SiO2 but  a t i tania-si l ica glass. 

If a stoichiometric reaction occurred between the 
TiSi2 and oxygen, the oxide should contain two atoms 
of silicon to each atom of t i t an ium or 40 weight per 
cent (w/o)  t i tanium. The phase diagram for the SiO2- 
TiO2 system (11) indicates a ma x i mum solid solu- 
bi l i ty of about 10 w/o  in SiO2 at the eutectic t em-  
perature  of 1540~ The concentrat ion of t i tan ium in 
the glass formed on TiSi~ at 600~ was not determined, 
but  the mobil i ty  of the t i t an ium in  the oxide at 600~ 
is sufficiently low that  a supersaturated solution of 
t i t an ium in  SiO2 could be formed. Another  possibility 
is that  the oxide film contains approximately the 10 
w/o TiO2 solid solubili ty limit, with the remaining 
t i t an ium having reacted to form a lower silicide. Typi-  
cal reactions would be 

2 TiSi2 -}- 4 02 = TiO~ + 3 SiO2 -~- TiSi  

6 TiSi2 + 10 02 = TiO2 + 9 SiO2 + TisSi3 

where the TiO2 is in the form of a silica glass. The 
amount  of TisSi3 could be too small  to be observed 
by the x-ray.  

Oxidation at 800~ produced a significant change 
in the s tructure of the growing oxide film. In  the 
init ial  stage of oxidation, an amorphous film similar 
to that  obtained at 600~ was produced, bu t  the in -  
terference color was more uniform over the surface. 
However, after 3 hr, small  clumps of crystal l ine is- 
lands were observed situated on top of the amorphous 
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Fig. 5. Scanning electron micrographs of surface after oxidation 
at 800~ for 100 hr. 

phase. A scanning electron micrograph of the surface 
after oxidation for 10O hr  is shown in Fig. 5. Ex- 
aminat ion of a cleaved specimen in cross section 
showed that the crystal l ine region in  most cases is 
separated from the substrate by the amorphous layer. 
In  addition, as shown in Fig. 5, the outer region of 
the TiO2 appears to have made in t imate  contact with 
the amorphous phase. X- r ay  diffraction identified TiO2 
in the rut i le  form. The crystal l ine islands were gen- 
eral ly found at the phase boundary  of the TiSi2 and 
silicon phases, in part icular  where pits were present. 
As the oxidation t ime increased, more islands were 
formed while those formed earlier increased in size. 

The oxide film formed at 1000~ was similar to that 
obtained at 800~ X- ray  and metallographic studies 
indicated an amorphous matr ix  with crystal l ine islands 
of TiO2 (rut i le) .  The crystall ization occurred after 
only about 1 hr at reaction temperature  as compared 
to the 3-7 hr required at 800~ Most of the crystal-  
lization again occurred at the silicide grain boundaries.  
The TiO2 clumps were more numerous  and larger in 
size than those formed at 800~ for comparable oxida- 
t ion times. The infrared spectrum of the oxide is more 
typical of the spectra observed when silicon is oxidized. 
The absorption at 930 cm -1 caused by t i t an ium in  the 
oxide is no longer present  because TiO2 has crystal-  
lized out. The frequency of the Si-O band is now 1060 
cm -1. This value is still not as high as the 1090-1100 
cm -1 obtained for SiO2 on silicon, indicat ing a less 
pure or lower density oxide. 

At 12O0~ crystall ization of the TiO2 occurred wi thin  
0.5 hr at temperature.  The major  difference at this 

tempera ture  was that  ~-cristobalite was also identified 
by x - r a y  after 0.5 hr. After  30 hr, the crystal l ine ~- 
cristobalite regions could be observed with a light 
microscope in the amorphous SiO2 matrix.  The infra-  
red spectrum obtained at 1200~ shows amorphous 
SiO2 with addit ional  vibrat ions at 1190, 950, and 535 
cm -1. The peaks are very much sharper than  at lower 
temperatures,  indicat ing a denser structure,  bu t  the 
major  Si-O vibra t ion is found at 1060 cm -1 indicat ing 
that  the oxide is not as pure or dense as SiO~ grown 
on silicon. 

At  1350~ the character of the oxide film was con- 
siderably changed. No interference colors were ob- 
served; the sample was a dark, dull  gray covered with 
a glassy oxide which was thicker in the center of the 
sample. The wafer was distorted slightly. 

At each of the temperatures  studied, changing the 
oxygen partial  pressure from 0.2 to 1.0 atm had no 
observable effect on the s tructure of the oxide film. 

To explore the possible t i t an ium content  of the oxide 
grown on TiSi2, a brief s tudy was made of the x - r ay  
and infrared characteristics of the TiO2-Si(~2 system 
at elevated temperatures.  Pellets formed from TiO~ 
(ruti le)  and amorphous silica powders were fired at 
1550~ for 15 min  at 10-4 Torr. Cooling to below red 
heat was achieved in less than  2 min. When 10 w/o  
TiO~ was used, x - r a y  analysis of the glassy-blue sur-  
face indicated that  the mater ia l  was amorphous. The 
infrared spectrum obtained using the KBr pellet tech- 
nique was the same as that  of the SiO2 charged, with 
the exception of a broad absorption at 940 cm -1. When 
the concentrat ion of TiO~ was increased to 20 w/o, 
TiO2 was found in  the x - r ay  analysis. The infrared 
spectrum was similar to that  found for the 10 w/o  
TiO2 sample. The existence of a t rue glass in this sys- 
tem up to 10.8 w / o  t i tania has recent ly  been confirmed 
by Evans (12). 

Discussion 
EfJect of surface quality.--In order to obtain reliable 

oxidation rate data, it is necessary that  the sample sur-  
face be both chemically and physically clean. However, 
it is difficult to prepare wafers that  contain only a 
single compound and are free of macroscopic defects 
because there are three contiguous compounds (Ti~Si.~, 
TiSi, TiSi2) in the t i tanium-si l icon system (13). When 
preparing TiSi2, a small  amount  of a second phase is 
l ikely to be present. In  this study, a slight excess of the 
stoichiometric amount  of silicon was used in the prep-  
arat ion to offset any loss of silicon dur ing vacuum 
sinter ing and also to insure that  the second phase 
formed was silicon and not a lower silicide. In  general,  
the lower silicides oxidize much more rapidly and it 
was felt that  this would mask the TiSi2 oxidation rate. 
Several  wafers of TiSi and TisSi3 were fabricated and 
did show an oxidation rate which was an order of 
magni tude  greater than TiSi2. 

On the other hand, the presence of more than  3% 
silicon causes a large increase in the oxidation rate. 
This appears to be due to an increase in the number  
of pits on the surface, most of which are in  the silicon 
phase. During oxidation, these holes act as nucleat ion 
sites resul t ing in rapid localized oxidation. Neverthe-  
less, it is significant that  the physical and chemical  de- 
fects do not prevent  the formation of a protective oxide 
layer. 

Kinetics o] oxide growth.--Since the oxidation rate 
was independent  of gas velocity and since it was highly 
dependent  on film thickness, especially at low tempera-  
tures, it  appears that  some form of t ranspor t  of one 
or both of the reacting species through the oxide film 
is the ra te-control l ing step. 

The mechanism for the growth of the oxide film on 
TiSi2 at 1000~176 appears to be similar  to that  
observed for silicon. In a detailed study on the oxida- 
t ion of silicon, Deal and Grove (14) report  parabolic 
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kinet ics  for the  t empe ra tu r e  range  1000~176 
Ear l ie r  s tudies (15) had  shown tha t  the  r a t e -con t ro l -  
l ing step was the diffusion of oxygen  through  the 
oxide film. The precise atomist ic  mechanism is not  
known  al though the  rup tu re  of Si-O bond appears  to 
be required.  The act ivat ion energy  was measured  at 
28.5 kca l /mo le  (14) as compared  with  the value of 
21.3 kca l /mo le  observed here  for the  oxidat ion  of 
TiSi2. The weight  gained by  TiSi2 at  1000~ is app rox i -  
ma te ly  1.6 to 2.0 t imes  grea te r  than  tha t  observed for  
silicon oxidized a comparab le  t ime. If diffusion of 
oxygen  through  the SiO2 ma t r i x  is the ra te -con t ro l l ing  
step for  TiSi2 oxidation,  the  expected weight  gain 
would  be 1.5 t imes grea te r  than  for silicon because, 
assuming s toichiometr ic  oxidat ion,  1 a tom of t i t an ium 
is oxidized in addi t ion  to the  2 a toms  of silicon. As 
oxidat ion  of the  silicon occurs at  the  oxide-s i l ic ide  
interface,  the  t i t an ium diffuses th rough  the sil ica to 
the  gas-oxide  interface where  TiO2 c lumps are  formed. 

A number  of samples  wi th  m a n y  pits  in the  surface 
did not  exhib i t  parabol ic  behavior  in the  ini t ia l  few 
hours  of oxidat ion  at  1000~ Instead,  there  was ini t ia l  
rap id  oxida t ion  at  the  pits  because of the i r  h igher  
in ter rac ia l  energy.  As the  oxida t ion  proceeds, a ba r r i e r  
l ayer  of amorphous  SiO2 forms slowing down the  oxi-  
dat ion rate.  I t  is l ike ly  tha t  the  ra te  in the  localized 
region goes f rom sur face-cont ro l led  to diffusion- 
control led.  I t  is difficult to formula te  this resul t  m a t h -  
emat ica l ly  since the  area  involved in the changing 
kinet ics  is difficult to es t imate  as is the  t ime requ i red  
for  the  ba r r i e r  l ayer  to form. 

The kinet ic  da ta  at  600~ are  character ized by  a 
rap id  in i t ia l  ox ida t ion  ra te  fol lowed by  an ex t r eme ly  
low rate.  The var ia t ion  of the in ter ference  color wi th  
or ienta t ion of the under ly ing  TiSi2 grains indicates  
that  the  ra te  of oxidat ion  is a funct ion of c rys ta l  
or ientat ion.  This implies  tha t  in the  ini t ia l  period,  bu lk  
diffusion through the oxide is not  the ra te -cont ro l l ing  
step. However ,  the  da ta  cannot  be fitted to a l inear  
or combinat ion  l inea r -pa rabo l i c  mechanism.  A possible 
control l ing mechanism would  be combinat ion  of sur -  
face react ion and diffusion wi th  a var iab le  diffusivity. 
In  the  ini t ia l  phase, diffusion th rough  short  c i rcui t  
paths  in the oxide is rapid.  As the  t ime of oxidat ion  
increases, these pa ths  become g radua l ly  blocked and 
bu lk  diffusion becomes ra te  controll ing.  Since the dif-  
fusion ra te  th rough  a sil ica film at  600~ is small ,  the  
weight  increase  should drop off d ramat ica l ly .  This is 
wha t  is observed.  The mechanism that  could account 
for  a decrease  in the diffusivi ty m a y  be a pore  closure 
model  as descr ibed  by  Evans (16). Whi le  there  is no 
evidence indica t ing  pores in the  oxide, the  s tudy  of 
Ing et  al. (17), on the  s t ruc ture  of the oxide  film 
formed on silicon indicates  the  presence of micro-  
channels.  This type  of defect  would  be more  l ike ly  
to occur in the  impure  si l ica films formed on TiSi~ at  
low t empera tu re s  where  the  mobil i t ies  of the  a toms 
a re  quite low. The kinet ic  da ta  for oxidat ion  at  800~ 
show character is t ics  s imi lar  to those observed at  600~ 

Protective mechanism.DPolycrystalline MoSi2 is 
h igh ly  ox ida t ion- res i s t an t  at  high t empera tu res  (18), 
but  de te r iora tes  r ap id ly  in the 300~176 range  (19). 
This "pest" phenomenon has  been a t t r ibu ted  to the 
presence of MoO~ in this  range  and  its vola t i l iza t ion 
above  600 ~ C. Microcracks  in the  subs t ra te  are  also he ld  
to be responsible.  Since TiO2 is not  vola t i le  at  any 
fempera tu res  studied, the  p resen t  w o r k  on TiSi2 indi -  
cates tha t  a pro tec t ive  film can be formed even when  
both oxides are  present  and when  the surface has 
considerable  imperfect ions.  These resul ts  suggest  tha t  

whi le  the presence of cracks in the  sample  present  
h igh energy  nucleat ion sites which increase  the  reac-  
t ion rate,  the  compat ib i l i ty  of the oxides is a more  
fundamenta l  r equ i remen t  for the  format ion  of a p ro -  
tect ive oxide. The fact  tha t  TiO2 is pa r t i a l l y  soluble 
in SiO~ appears  to be quite significant. The ab i l i ty  
of t i t an ium to assume fourfold coordinat ion and re -  
place silicon in the  SiO2 ne twork  al lows a pro tec t ive  
t i tan ia-s i l ica  glass to be formed at  low t empera tu res  
and  increases the  compat ib i l i ty  of the  c rys ta l l ine  TiO~ 
and amorphous  SiO2 at  high tempera tures .  In  the  la t te r  
case, a dense, continuous t rans i t ion  region is most  
l ike ly  present  be tween  the  two oxides. By contrast ,  
the incompat ib i l i ty  of MoOs and SiC% m a y  be due  in 
par t  to the  excess charge of the  mo lybde num ion. 
Cons iderab ly  more  w o r k  is requ i red  to presen t  a 
c learer  picture of oxidat ion protec t ion  by  silicides. 
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The Kinetics and Morphological Development of 
the Oxide Scale on Nickel-Iron Alloys (0-25 w/o Fe) 

at 1000~ 
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ABSTRACT 

The oxidation kinetics were determined for nickel alloys containing 0-25 
w/o (weight per cent) iron in oxygen at 1000~ The kinetics, which were 
obtained for periods up to 100 hr, followed a parabolic relationship at long 
times. The parabolic rate constant  was obtained as a funct ion of alloy com- 
position; it increased in magni tude  with addition of i ron up to 5 w/o  and sub-  
sequently decreased to a value approximately equal to that  for pure  nickel. 
The external  scale on alloys containing up to 2 w/o  iron was v i r tual ly  single- 
phase nickel  oxide. All  other alloys exhibited scales consisting of an inner  
nickel oxide layer and an outer two-phase nickel oxide-spinel  layer. All alloys 
oxidized internal ly,  the in terna l  oxide being an i ron-nickel  spinel, Ni~Fe~-xO4. 
Iron preferent ial ly  concentrated in the oxide phases. There was a large degree 
of i ron depletion in the alloy towards the al loy/oxide interface where the iron 
concentrat ion was less than  1 w/o. A schematic model based on thermodynamic  
and diffusion properties is advanced to account for the observed variat ion of 
the parabolic constant  with alloy composition. 

A survey of the h igh- tempera ture  oxidation prop- 
erties of Fe~Ni alloys has been presented by Foley (1). 
Recently, Wulf  et al. (2) conducted an extensive in-  
vestigation into the oxidation characteristics of these 
alloys over the entire composition range in pure oxy- 
gen at 1000~ According to these authors Fe-Ni  al-  
loys can be divided into four major  types: alloys con- 
ta in ing  up to 2 w/o Ni which exhibit  scales similar to 
those found on iron; alloys containing approximately 
2-30 w/o  Ni which form scales devoid of wusti te  due to 
a large degree of nickel enr ichment  at the alloy/scale 
interface; alloys containing 30-75 w/o Ni which show 
formation of nickel  oxide in the scales, the oxidation 
kinetics being governed pr imar i ly  by the growth of a 
nickel containing spinel; and, alloys containing 75-100 
w/o Ni which exhibit  scales consisting of nickel oxide 
and spinel. All  alloys show nickel enr ichment  at the 
alloy/scale interface and, in addition, exhibit  subscale 
formation. Considerable recent informat ion is also 
available on the oxidation properties of i ron-r ich alloys 
in pure oxygen and  controlled atmospheres containing 
carbon dioxide and water  as oxidizing reactants  (3-14). 

Informat ion on the oxidation properties of nickel-  
rich alloys is not  extensive and the results  of kinetic 
studies have been nei ther  reproducible nor  of con- 
t inuous pa t te rn  (15). Accordingly, we have carried out 
a detailed invest igat ion of the oxidation kinetics of 
these alloys (0-25 w/o  Fe) at 1000~ in  conjunct ion 
wi th  examinat ion  of the composition, structure,  and the 
morphological development  of the oxide scales. 

Experimental 
Electrolytic i ron and nickel were used in preparat ion 

of the alloys. The compositions of the metals used are 
given in Table I. Port ions of each mater ia l  were ac- 
curately weighed to yield alloys nomina l ly  containing 
2,4,5,6,8,10,15,20, and 25 w/o  Fe. The actual alloy com- 
positions are given in Table II. The mel t ing operation 
was carried out in a nonconsumable  arc furnace with a 
tungsten  electrode and in an argon atmosphere. The 
samples were remelted to avoid long range segregation 
of the alloying elements. The buttons thus obtained 
were a l ternate ly  cold rolled and vacuum annealed for 

* Elec t rochemical  Society S tuden t  Associate Member .  
** Elect rochemical  Society Act ive  Member .  
1P re sen t  address :  J.  Roy Gordon Research Labora tory ,  The  In-  

te rna t ional  Nicke l  Company  of Canada  Ltd.,  Sher idan  Park ,  Clark-  
son, Ontario,  Canada.  

K e y  words :  nickel ,  n ickel - i ron  alloys, h i g h - t e m p e r a t u r e  ox ida-  
tion, nickel oxide, spinel.  

10 hr  to obtain sheets approximately  1 mm thick. The 
surfaces of each sheet were cleaned by abrasion. Speci- 
mens for oxidation tests were plates, 1 cm • 2 cm. 
These were batch annealed in vacuum at 1000~ for 
5 hr  and then  furnace-cooled to room temperature.  
This el iminated any  stress and short range segregation 
in the samples and allowed them to at ta in  an equi-  
l ibr ium grain size. The average grain diameter  was in 
the range 100-300~ which corresponds to ASTM stan-  
dard gra in  size No. 2. 

Prior  to oxidation, the specimens were metal lo-  
graphically polished by  abrasion. This type of surface 
preparat ion was found to give the most reproducible 
oxidation kinetics and the scales were more adherent  
to the metal  substrate as compared to electrochemical 
polishing. The plates were mounted  flat in bakeli te and 
polished through 240, 300, 400, and 600 grit  silicon car- 
bide papers using water  as lubricant,  followed by 
polishing on a wax lap impregnated with 15~ a lumina  
to obta in  a fiat surface. The final polishing was done 
with 6~ and 1~ diamond abrasive on wheels with kero- 
sene as lubricant .  The samples were cleaned with 
petroleum ether and stored under  acetone unt i l  re-  

Table I. Spectrochemical analyses of iron and nickel 
(in ppm) 

A1 Cd Cr Co Cu Fe Mg Mn Mo Si Ti ,V 

Fe tr nd tr nd 10 -- 30 tr tr 30 tr tr 
Ni 12 20 54 tr  28 55 4 nd  t r  15 t r  t r  

t r  = trace. 
nd= not detected. 

Table II. Compositions of the investigated alloys based 
upon wet chemical analyses for nickel and iron 

Nomina l  Actual  composition 
composi t ion w / o  Fe  w/o  Ni  

Ni-2% Fe 1.85 98.15 
Ni-4% Fe 4.5 95.5 
Ni-5% Fe  5.4 94.6 
Ni-6% Fe 6.6 93.4 
Ni-8% Fe 8.3 91.7 
Ni-10% Fe 10.4 89.6 
Ni-15% Fe 15.3 84.7 
Ni-20% Fe 20.3 79.7 
Ni-25% Fe 25.5 74.5 

1978 
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quired. Immediate ly  before an expe r imen ta l  test a 
specimen was dried, weighed to --+2 #g, and its surface 
area computed by measur ing the specimen dimensions 
with a micrometer.  The specimen was then cleaned in 
dilute sulfuric acid, r insed in distilled water, and dried 
in  acetone. 

The kinetics of the oxidation reaction were deter-  
mined by  means of a volumetric apparatus (16). A 
specimen was brought  to the reaction tempera ture  
under  a vacuum of 10 -5 Torr. The reaction was ini-  
t iated by admit t ing oxygen to the reaction cell and 
measur ing the t ime thereon. Precision of measurement  
corresponded to -+0.3 rag. High pur i ty  research grade 
oxygen was used as the reacting gas, the total impur i ty  
content  being less than 25 ppm. The oxidation reaction 
was carried out at 1000~ and 400 Tor t  pressure of 
oxygen. The tempera ture  of the quartz reaction cell 
was controlled wi thin  +_2.5~ After  reacting a speci- 
men for the desired interval,  the reaction was discon- 
t inued by  evacuating the reaction chamber  and allow- 
ing the specimens to cool by removal  of the furnace 
from around the reaction cell. 

Metallographic examination,  x - ray  diffraction, and 
electron microprobe techniques were used in invest i -  
gating morphology, structure, and compositions of a 
scale and the alloy substrate. The oxidized plates were 
cut into two pieces by a jeweller 's  saw: one-half  of the 
plate was used in x - r ay  diffraction and the other half  
mounted for metallographic and electron probe studies. 
Specimens were mounted  in room setting resin and 
kerosene was used as the lubr icant  throughout  the 
polishing operations. Specimens were polished on sili- 
con carbide papers 200 through 600 grit, then polished 
on a wax lap impregnated with 15~ alumina.  This pro- 
cedure resulted in the best re tent ion of oxide grains 
and in obtaining a flat surface. The final polishing was 
done with 6# and 1# diamond as abrasive on wheels 
with napless cloths. It  was necessary to etch the 
oxidized samples to reveal their  grain structure.  An 
aqueous etchant  containing 16.7 v/o  (volume per cent) 
of acetic acid and of hydrofluoric acid was used. Etch- 
ing was done electrolytically at 300 mA under  10-15V 
with stainless steel as the cathode for a period of 1 rain 
at 25~ The techniques for oxide phase identification 
by x- rays  and oxide and alloy compositions by the 
electron microprobe technique have been described in 
an earlier paper (17). 

Results 
Oxidation kinetics.--Typical oxidation curves for 

alloys containing 0-25% Fe are i l lustrated by the para-  
bolic plots in Fig. 1 and 2, (weight gain per uni t  area) 2 
vs. time. Although the period of oxidation was gen-  
eral ly 50 hr, several specimens were exposed up to 
100 hr. In  each case more than one sample was oxi- 
dized to check the reproducibi l i ty  of the kinetic curves, 
which was found to be wi th in  -+10%. 

Oxidation of pure nickel  was used as the basis of 
comparison for the kinetics. It was observed that  con- 
t inuous long time kinetics could be obtained for the 
alloys if careful metallographic preparat ion was fol- 
lowed. Parabolic kinetics were observed for pure 
nickel through the entire oxidation period. In  the case 
of the alloys containing up to 20 w/o  Fe an ini t ial  non-  
parabolic t rans ient  period of up to 15 hr was observed 
before onset of parabolic kinetics. The Ni-25 w/o  Fe 
alloy showed two stage kinetics, the ini t ial  stage ex-  
tending up to 45 hr  (Fig. 2). The parabolic rate con- 
stants are given in  Fig. 3. The oxidation rate of the 
alloys increases ini t ia l ly  upon addition of i ron and 
subsequent ly  decreases to a near ly  constant  value. 
Composition of the alloy which yields the m a x i m u m  
oxidation rate corresponds to Ni-5 w/o  Fe. 

Oxide morphology and composition.--Only two ox- 
ide phases were identified. These were nickel oxide 
with dissolved iron, FexNil-zO, and a spinel phase, 
NizFe3-zO4, of var iable  compositions. The external  
scale formed on the 2 w/o  Fe alloy consisted of nickel 
oxide with iron in solid solution. As i l lustrated by 
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the micrograph in Fig. 4a no spinel growth could 
be detected in the scale. Externa l  scales formed on 
the remain ing  alloys consisted of two layers: an  inner  
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Fig. 4. Scale and internal oxidation zone in Ni-Fe alloys: (a) shows a nickel oxide scale and spinal internal precipitate tar a 
Hi-2 w/o Fe ahoy oxidized for 51.5 hr, (200X); (b) shows duplex scale and internal oxidation zone for a Ni-8 w/o Fe alloy oxidized 
for 48.5 hr, (200)<). The external scale consists of an inner single-phase nickel oxide layer and an outer two-phase nickel oxide-spinel 
layer, the light precipitate phase in this latter layer being the spinel phase. The internal oxidation zone consists of spinel particles. 

nickel  oxide l aye r  and an outer  two-phase  layer  con- 
ta ining nickel  oxide and spinel. The commencement  
of spinel  g rowth  and the consequent  format ion  of the 
outer  two-phase  layer  was observed in the  scale on 
the a l loy containing 4 w / o  Fe. The spat ia l  densi ty  
of spinel phase  in the  scale increased wi th  increas-  
ing iron content  of the alloy. The composi t ion of 
this  spinel  was found to correspond app rox ima te ly  to 
that  of n ickel  ferri te ,  NiFe204. F igure  4b shows the 
dup lex  scale formed on an a l loy conta in ing  8 w / o  Fe  
oxidized for  48.5 hr. The re la t ive  posi t ion of the  spinel  
prec ip i ta t ion  zone shif ted inwards  wi th  increasing 
i ron content  of the  bulk  alloy. Grains  of spinel  s tar ted  
forming in the  scale on the 10 w/o  Fe al loy while  the  
scale on the 25 w/o  Fe  al loy consisted of an inner  
n ickel  oxide  layer  which shaded into a p redominan t ly  
spinel  l aye r  (Fig. 5). A cont inuous spinel  layer ,  how-  
ever, did not  form since nickel  oxide formed channels  
a round  the boundar ies  of the  spinel  grains.  This s t ruc-  
ture  agrees wi th  the observat ions  of Kennedy  et al. 
(15 ) .  

Electrolyt ic  etching of the scales revea led  tha t  
the gra in  s t ruc ture  of the  oxide formed on the Ni-2 
w /o  Fe al loy was co lumnar  wi th  smal l  equiaxed  gra ins  
at the a l loy /ox ide  interface (Fig. 6a). The scales on 
al loys conta ining 4 to 8 w /o  Fe  s t ruc tu ra l ly  consisted 
of th ree  zones (Fig. 6b).  A zone conta ining smal l  
equiaxed  grains, which exhib i ted  a r e m a r k a b l y  sharp 
boundary ,  ex is ted  at the  a l loy /ox ide  interface.  Beyond 
this  bounda ry  a zone of med ium sized elongated grains  
was observed up to the spinel  prec ip i ta tes  in the scale. 
Beyond the spinel  prec ip i ta tes  a zone of l a rger  col- 
umnar  grains  ex tending  up to the ox ide /gas  interface 
was observed (Fig. 6b).  The spinel  growths  main ly  
occurred at  the bounda ry  be tween  the outer  zone of 
co lumnar  grains  and the middle  zone of medium sized 
grains.  

Internal oxidation.--Internal oxidat ion  occurred in 
a l l  the al loys and the oxide was identif ied as a n ickel  
containing spinel,  NixFe3-xO4. The nickel  content  of 
the spinel appeared  to increase f rom the bu lk  al loy 
towards  the  a l l oy /ox ide  interface.  Only  a qua l i ta t ive  
analysis  of the  oxide composi t ion could be done with  
the  electron probe  due to the  ve ry  smal l  spinel pa r t i -  
cle size which ranged f rom a fract ion of a micron  to 
about  10~. The par t ic le  size appeared  to depend  on 

var iables  such as a l loy composit ion,  oxidat ion  t ime,  
and the dis tance of the prec ip i ta te  f rom the a l l oy /  
scale interface.  The al loy gra in  boundar ies  appeared  
to provide  p re fe ren t ia l  sites for the nucleat ion of the  
spinel  (Fig. 7a);  however ,  p re fe ren t ia l  pene t ra t ion  
of oxide  along the gra in  boundar ies  was not  observed 
(Fig. 7b).  

Fig. 5. Scale and internal oxidation zone in Ni-25 w/o Fe alloy 
oxidized for 61 hr (272X). The scale is of duplex structure con- 
sisting of an inner nickel oxide layer and an outer nickel oxide- 
spinel layer. The gap i .  the center of the micrograph separating 
the external scale from the alloy substrate is filled with the 
mounting plastic. Hickel oxide appears gray and the spinel wkite 
in the external scale. 
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Fig. 6. Scale and internal oxidation zone in Ni-Fe alloys: (a) shows the typical grain structure of nickel oxide scales on alloys contain- 
ing up to 2 w/o Fe (280X);  (b) shows the typical grain structure far nickel oxide and spinel in scales formed on alloys containing between 
4-8 w/o Fe (320• 

Fig. 7. Internal oxidation zones in Ni-Fe alloys in electrolytically etched condition: (a) is from a Ni.4 w/o Fe alloy specimen oxidized 
for 25.2 hr (200X);  (b) is from a Ni-6 w/a Fe alloy specimen oxidized for 47.5 hr (200X).  

Penet ra t ion  of the in terna l  oxidation zone and the 
size of the in te rna l  oxide particles increased wi th  time. 
Figure 8 shows a photomicrograph of the in terna l  oxi- 
dation zone in  an alloy containing 6 w/o Fe oxidized 
for 47.5 hr  which is typical  of this zone in all alloys. 
Since the solubili ty product for the spinel phase is 
large, there is no discontinuity in ei ther the concentra-  
t ion or its gradient  at the interface between the zone of 
in te rna l  oxidation, and the unoxidized alloy (18). Ac- 
cordingly, a sharp boundary  defining this zone does not 
exist. Its approximate penetra t ion as a function of t ime 
i l lustrated in Fig. 9 for various alloys shows that  the 
penetra t ion rate follows a parabolic dependence and 
that it is independent  of the bu lk  alloy composition. 
However, since the part icle density and size increased 
with increasing iron content  of the bu lk  alloy, the 
amount  of oxygen consumed in this zone also corre- 
spondingly increased. The rate constant  for the in te rna l  
oxidation zone as obtained from Fig. 8 is 3.7 X 10 - l ~  
cm2/sec. 

Surface topography and the crystallographic orienta- 
tion o5 the oxide scales.wThe topographies of the 
specimens at various oxidation stages indicated that  
the grain  boundaries  and defect sites on the alloy 
substrate act as preferent ial  growth sites for the ex-  
te rna l  oxide scale dur ing the ini t ial  stages (Fig. 10a). 
The small  crystalli tes ini t ial ly formed tended to co- 
alesce and grow, forming bigger grains with a terraced 
structure (Fig. 10b). The preferred orientat ion as 
shown by the x - r ay  diffraction measurements  was such 
that ~110> directions are parallel  to the oxide surface, 
The surface plane of the oxide scale was preferent ial ly  
{ill}. 

It was observed for slow growing nickel oxide on 
pure nickel that  its surface was smooth. As the oxida- 
t ion rate increased with increasing iron content, a te r -  
raced structure appeared and was pronounced for the 
fastest growing oxide on the 5 w/o Fe alloy. As the 
oxidation rate decreased with addition of i ron beyond 
5 w/o, the terraced structure became less pronounced. 
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Fig. 8. Internal oxidation zone in a Ni-6 w/o Fe alloy oxidized 
for 47.5 hr, unetchecl (400X).  

For slow growing nickel oxide on high iron content  
alloys, the surface was devoid of terraces as in the case 
of pure nickel. 

Physical properties of the scales.--None of the scales 
on the oxidized specimens showed any tendency of 
breakaway dur ing oxidation. The scales showed excel- 
lent  adherence and the oxidation kinetics followed 
continuous curves. Scales formed on some alloys, how- 
ever, showed a tendency to spall dur ing quenching;  the 
extent  of spalling depended on the alloy composition 
and also on the t ime of oxidation. The tendency to spall 
appeared to decrease with increasing scale thickness. 

The oxide scales formed on the alloys containing 
2-6 w/o Fe showed excellent thermal  shock resistance. 
Thus these scales were adherent  even after quenching. 
Scales formed on the alloys containing 8 and 10 w/o  
Fe adhered to the alloy substrate fair ly well  after 
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Fig. 9. Penetration of internal oxidation zone in Ni-Fe alloys 
containing 2-25 w/o Fe exposed at !000~ to oxygen at 400 Torr 
pressure. 

quenching. The scales formed on the 15 and 20 w/o  Fe 
alloys, showed considerable tendency to spall whereas 
the scale on the Ni-25 w/o Fe alloy showed good ad-  
herence and spalling resistance. 

The color of the nickel oxide scale was black at the 
oxide/gas interface and green at the al loy/oxide in ter -  
face. The oxide scale surface on alloys containing up to 
6 w/o Fe appeared black, glazy and with an orange peel 
texture. The surface of the oxide formed on alloys 
containing 8 and 10 w/o Fe showed dull  and glazy 
areas. The appearance of the alloys containing 15 and 
20 w/o  Fe was dull. The 25 w/o  Fe alloy showed a pro- 
nounced orange peel texture.  

Scales formed on alloys containing up to 6 w/o  Fe 
were relat ively compact. Porosity was main ly  observed 
at the al loy/oxide interface and it appeared to increase 
with increasing iron content  of the alloy. Data were 
obtained on the rate of the external  scale thickening by 
metallographic examinat ion  of specimens oxidized for 
different periods. Figures l l a  and l l b  show these 
curves for the alloys containing 2 and 4 w/o  Fe. In  the 
case of the first alloy, the thickening curve corresponds 
to the growth of a nickel oxide layer. The scale on the 
alloy containing 4 w/o  Fe was of duplex structure 
consisting of an inner  layer of nickel oxide and an 

Fig. 10. Topography of oxide scale formed on a Hi-5 w/o Fe alloy: (a) is from specimen oxidized for 25 min (400•  (b) is from speci- 
men oxidized for 18.5 hr (2000X). 
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Fig. 11. Parabolic plots for scale growth: (a) the nickel oxide 
scale on a Ni-2 w/o Fe alloy; (b) the individual layers of nickel 
oxide, nickel oxide-spinel and the total duplex scale formed on o 
Ni-4 w/o Fe alloy. 

outer  l ayer  composed of spinel  growths  in the  nickel  
oxide matr ix .  F igure  l l b  gives the  th ickening of the  
indiv idual  layers  as wel l  as tha t  of the to ta l  scale. 
I t  should be noted tha t  the  re la t ive  thicknesses  of the  
two layers  r ema in  constant  wi th  t ime.  

Iron and nickel distributions.--Several l ine scans 
were  made  for  i ron  and nickel  in the  a l loy  and oxide  

phases  in o rder  to qua l i t a t ive ly  de te rmine  the i r  d is -  
t r ibut ions.  A l ine scan for  i ron and nickel  in a Ni-8 
w / o  Fe  a l loy  oxidized for  53 hr. is shown in Fig. 12. 
These me ta l  profiles a re  typica l  for the  al loys in-  
vest igated,  except  tha t  the  a l loy containing 2 w /o  Fe  
did not  show spinel  format ion  in the  ex te rna l  scale. 
I t  was observed f rom these profiles tha t  i ron tends to 
p re fe ren t i a l ly  concentra te  in the  oxide  phases. Thus 
there  was a l a rge  degree  of i ron deplet ion in the  al loy 
towards  the  a l loy /ox ide  in ter face  wi th  a corresponding 
enr ichment  of nickel.  The iron content  of the  al loy at  
the  in terface  was sufficiently smal l  for s tabi l iza t ion of 
n ickel  oxide in the  ex te rna l  scale. Moreover,  i ron con- 
cent ra t ion  in the  inner  single phase l aye r  of the  scale 
increased towards  the  ox ide /gas  interface.  

D i s c u s s i o n  

To the authors '  knowledge,  i t  has not  been p re -  
v iously  es tabl ished tha t  cont inuous and reproduc ib le  
long t ime kinet ic  curves  could be obta ined  for h igh-  
n ickel  al loys in d r y  oxygen. The present  invest igat ion 
shows tha t  r eproduc ib le  and continuous curves can be 
obtained.  These findings should lead  to a theore t ica l  
analysis  for the oxida t ion  proper t ies  of N i - F e  alloys, 
and subsequent  formula t ion  of a mechanism for the i r  
oxidat ion  kinet ics  based upon diffusional propert ies .  

The resul ts  obta ined  in the  presen t  invest igat ion 
demons t ra ted  tha t  nickel  al loys containing up to 25 
w/o  Fe  follow parabol ic  oxidat ion  kinet ics  at  1000~ 
indicat ing tha t  diffusion is p robab ly  the  ra te  control -  
l ing mechanism. I t  is reasonable  to assume tha t  condi-  
t ions of ambipo la r  diffusion and local equ i l ib r ium at 
interfaces would  occur at  this  h igh tempera ture .  The 
condit ion of local equ i l ib r ium is not  satisfied, however ,  
unt i l  constancy of composit ion at  interfaces is at tained.  
Thus, parabol ic  oxidat ion  behavior  was not  found at  
shor t  times, and it was only approached  at  long times. 

Poros i ty  in the  oxide scales occurred ma in ly  at the  
ox ide / a l l oy  interface,  increasing wi th  increas ing i ron 
content  of the  bu lk  alloy. However ,  the poros i ty  was 
smal l  and the oxide scales were  essent ia l ly  compact.  
Accordingly,  one m a y  postu la te  a mechanism based on 
diffusion th rough  the different  phases since the over -a l l  
react ion kinet ics  and growth  of the  ind iv idua l  react ion 
product  layers  fol lowed a parabol ic  t ime dependence  
(Fig. 1, 2, 9, and  11). 

As noted ear l ier ,  an i ron-n icke l  spinel  is formed 
both in te rna l ly  and ex te rna l ly  dur ing  oxidat ion.  A 
spinel, r ich in iron, which  has a compara t ive ly  low 
solubi l i ty  product  is p rec ip i ta ted  wi th in  the  a l loy m a -  
tr ix.  This prec ip i ta t ion  is in fe r red  to be b rought  about  
by  oxygen  supersa tura t ion  crea ted  wi th in  the  al loy due 
to i ts high diffusivi ty  (19, 20). Prev ious  studies on the 

Fig. 12. Electron microprobe line scan 
for the distribution of iron and nickel in 
the alloy and oxide scale for a Ni-8 w/o 
Fe alloy oxidized for 53 hr at 1000~ and 
400 Tort oxygen pressure. The datum for 
the x-ray intensities is indicated by the 
solid line at the bottom of the scale. 
Note that the scale for iron is approxi- 
mately 10X that for nickel. The iron 
content of the alloy at the interface is 
less than 1 w/o. 
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Fig. 13. Schematic representa- 
tion of the scale and internal 
oxidation zone in nickel-iron 
alloys oxidized at I000~ in oxy- 
gen at 400 Torr pressure. 
i--unoxidized alloy 
II~internal oxidation zone con- 
taining spinel precipitates 
Ill--single-phase nickel oxide 
layer 
IV--two-phase nickel oxide- 
spinel layer 
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F e - N i - O  phase  d iag ram at 1000~ have  shown tha t  a 
n ickel  oxide phase containing i ron is s tabi l ized for  
al loys conta ining g rea te r  than  99 w / o  Ni (17). The 
e lect ron probe  resul ts  (Fig. 12) have shown that  i ron 
is in tens ive ly  dep le ted  in the  al loy ad jacen t  to the  
ex te rna l  scale. This deple t ion  resul ted  f rom format ion  
of i ron  containing spinel  prec ip i ta tes  in the  in te rna l  
oxidat ion  zone and dissolut ion of i ron into the  ex te rna l  
scale. The occurrence of n ickel  oxide  in the  scale ad j a -  
cent to the a l loy /ox ide  in ter face  is therefore  consistent  
wi th  the  phase diagram.  

The oxygen  ac t iv i ty  for these types  of spinels in-  
creases wi th  increas ing nickel  content.  In  fact, a spinel  
near  the  composi t ion NiFe~O4 can coexist  wi th  oxygen  
near  1 a tm pressure  (17, 21). The spinel  g rowths  
that  occur  wi th in  n ickel  oxide of the  ex te rna l  oxide 
layer  a re  high in n ickel  a l though quant i ta t ive  analysis  
could not  be car r ied  out due to the  smal l  size of the  
part icles.  I t  is suggested that  these par t ic les  coexis t ing 
with  n ickel  oxide  have not  been mere ly  car r ied  into 
the ex te rna l  oxide layer  f rom the zone of in te rna l  
oxidation.  Severa l  observat ions  m a y  be advanced  to 
suppor t  this  viewpoint .  F i rs t ly ,  spinel  par t ic les  could 
be detected almost  up to the a l l oy /ox ide  in ter face  
wi th in  the  a l loy  ma t r ix ;  however,  no spinel  par t ic les  
were  de tec ted  wi th in  the scale at  the  a l l oy /ox ide  i n t e r -  
face. Also, no inhomogenei t ies  to be associated wi th  the  
presence of spinel  growths  at  any  t ime were  ob-  
served wi th in  the  inner  l aye r  of the ex te rna l  scale. 
These findings indicate  that  spinel  was dissolved 
r ap id ly  at  the  n ickel  o x i d e / a l l o y  interface.  On the 
other  hand, the  spinel  prec ip i ta tes  in the  outer  l aye r  
of the  scale were  r e m a r k a b l y  stable.  Since they  did 
not show any  tendency  to dissolve in the  oxide matr ix ,  
spinel  would  appear  to exist  in local equ i l ib r ium wi th  
nickel  oxide. Secondly,  the  re la t ive  posi t ion of the  
two-phase  outer  l ayer  containing spinel  was fixed wi th  
t ime in the  ex te rna l  scale and the re la t ive  thickness  of 
this  l aye r  to the  to ta l  scale thickness  was constant  
(Fig. 11). This is not  expected  if spinel  p rec ip i ta tes  
a re  lef t  behind in the  oxide  l aye r  as the  a l loy interface  
recedes  inwards.  

A schemat ic  model  for  the oxidat ion  of the  al loys 
m a y  be advanced  based on the expe r imen ta l  resul ts  
and the above discussion. This model  is i l lus t ra ted  in 
Fig. 13 and is summar ized  as follows: 

1. I ron  tends to p re fe ren t i a l ly  concentra te  in the  
oxide phases  resul t ing in its deplet ion in the  alloy. In  
alI  the  a l loys containing up to 25 w / o  Fe the  shift  in the  
al loy composit ion at  the  a l l oy /ox ide  interface  is beyond  
the va lue  where  n ickel  oxide can coexis t  wi th  the  
al loy phase  (>99 w / o  Ni) .  Thus nickel  oxide  is only  
s tabi l ized ex te rna l ly  to the  a l loy /ox ide  interface.  For  
low i ron alloys (e.g. Ni-2 w/o  Fe) ,  the  ex te rna l  scale is 
v i r t ua l ly  s ing le -phase  n ickel  oxide. 

2. Spinel  occurs as a second phase  in an outer  l aye r  
of the  ex te rna l  scale for  al loys wi th  i ron contents  l a rger  
than  2 w/o.  The re la t ive  thickness  of the  two-phase  
outer  l aye r  conta ining spinel  and nickel  oxide increases 
wi th  increas ing iron content  of the bu lk  alloy. 
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3. The oxida t ion  ra tes  increase  wi th  increas ing iron 
content  of the  bu lk  a l loy unt i l  the  spinel  phase  begins 
to prec ip i ta te  in the  ex te rna l  scale in subs tant ia l  p ro -  
portion. Spinel  forms a high res is tance diffusion ba r -  
r i e r  since the diffusion ra tes  of cat ions in this  phase 
are  lower  than  in i ron doped nickel  oxide (22, 23). 
Spinel  in a scale becomes copious as the  i ron content  
of the  bu lk  a l loy is increased.  This resul ts  in blocking 
the diffusion of  cat ions and hence effective reduct ion  
in the cross section for diffusion. 

4. The amount  of in te rna l  oxide increases wi th  in-  
creasing i ron content  of the  bu lk  alloy. Spinel  p r e -  
c ipi ta tes  in the  zone of in te rna l  oxidat ion  m a y  b lock  
oxygen  and meta l  diffusion in the  a l loy (22). 

5. The double  b locking effect of spinel  in the  ex -  
t e rna l  scale and the  in te rna l  oxida t ion  zone effect ively 
reduces  the  oxida t ion  ra tes  for these alloys.  The diffu- 
sion fluxes in the  ex te rna l  scale and the al loy are  
coupled at the  a l l oy /ox ide  interface  and a res is tance to 
diffusion in any one phase would  reduce the  over -a l l  
flux and resul t  in reduct ion of the  oxidat ion  rate.  This 
coupled blocking effect to diffusion of reac tan t s  does 
not  change signif icantly over  the  al loy composi t ion 
range  10-25 w/o  Fe. 

The  pa r t i cu la r  shape of the  curve for the  parabol ic  
constant  vs. the  bu lk  a l loy composi t ion (Fig. 3) is 
the re fore  due to the  combined  effect of increas ing 
diffusivit ies of cat ions in n ickel  oxide wi th  increasing 
i ron concentra t ion and the  increas ing blocking effect of 
spinel  growths  in the  ex te rna l  scale and in te rna l  ox ida -  
t ion zone wi th  increas ing i ron  content  of the  bu lk  alloy. 
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Infrared Absorption of Chemical Vapor Deposited 
Borosilicate Glass Films 

E. A. Taft 
General Electric Research and Development Center, Schenectady, New York 12301 

ABSTRACT 

Diffusion sources of h igh-pur i ty  borosilicate films on silicon have been 
studied by infrared absorption over the full  range of glass compositions. The 
relative strengths of the B-O and Si-O bands in the mixed glasses can be used 
as a monitor  of the boron content  of the films. The B-O absorption bands for 
glasses of high boron content  show aging effects in moist air. 

Infrared absorption wil l  be shown to be a rapid, 
nondestruct ive test for boron concentrat ion in de- 
posited films of borosilicate glass. These films appear 
to be finding increasing use as diffusion sources for 
silicon processing (1-5). Older data on boron oxide 
glasses (6, 7) show the difficulty in removing water  
from the usual  boric acid star t ing material ,  but  dif- 
ferent  methods of preparat ion have shown infrared 
spectra to be characteristic of B2Os (8). The spectra 
of the fully hydrated oxide, B (OH)3, has been reason- 
ably well established (9, 10). This paper shows the 
strengths of infrared absorption bands for pure boro- 
silicate glass films of all compositions. Strong absorp- 
t ion due to the boron oxide in the film can be readi ly 
followed as the composition of the glass is changed. 

The ratio of the strongest bands of B-O and of Si-O 
is used to moni tor  the concentrat ion of boron oxide in 
the film. The effect of water  absorption in  the films 
is discussed. 

Experimental Procedure 
The reaction tube  was made of 2~/4 in. Pyrex  and 

gases flowed downward over substrates sit t ing on a 
resist ively heated substrate holder. The substrates 
were 1 in. wafers of 2 ohm-cm silicon. The holder 
temperature  was 320~ with argon carrier gas flow- 
ing at 4 CFH. One per cent silane in argon was nor-  
mal ly  used at 140 cmS/min for deposition of SiO~ films 
while oxygen was supplied at 20 cm~/min. A n  adjus t -  
able flow of 1 per cent  diborane in argon furnished the 
boron for the mixed oxide films. Growth rates de- 
pended on the gas ratios (5), bu t  typical rates were 
on the order of 500 A/min .  

The infrared absorption of 0.5-1;~ thick films was 
measured in t ransmission on a Pe rk in -E lmer  457 Gra t -  
ing Spectrophotometer. A clean silicon wafer was used 
in the reference beam. Thicknesses were observed by 
interference colors in reflection with occasional checks 
by eUipsometer measurements .  The index of refraction 
of the glasses did not va ry  much from the value for 
silica of 1.47. 

K e y  w o r d s :  w a t e r ,  b o r o n  di f fus ion  source ,  f i l m  s t a b i l i t y .  

Boron determinat ions were made on an Ins t rumen ta -  
t ion Labs 153 Atomic Absorption Spectrophotometer;  
a Cahn Electrobalance was used for weighing the films. 

Changes with t ime in the infrared absorption of films 
were observed under  various constant  humidi ty  con- 
ditions. 

Results 
Infrared absorption.--The exper imental ly  observed 

absorption coefficients of the principal  bands in pure 
silicon oxide and in pure amorphous boron oxide films 
formed at these low temperatures  are given in Fig. 1. 
The strongest band peak in SiO2 at 1070 cm -1 (9.4~) 
is about one- th i rd  smaller  than  that  found in a ther-  
mal ly  formed oxide, but  it  is slightly wider. Occa- 
sionally a small  amount  of hydrogen is seen in some 
films as is indicated by a broad weak absorption with 
absorption constant, ~ < 0.1 • 104 cm -1 at 3000-3640 
cm -z (3.3-2.75#) and a sharper weak band at 880 
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Fig. I .  The absorption coefficient of the major infrared bands 
in pure Si02 and in pure B203 pyrolytic films. 
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cm -1 (10.4t,) also with a < 0.1 X 104 cm-Z. The s t rong-  
est band  in B203 is the asymmetric  mode at 1260 c m -  
(11) (7.95#) with a peak absorption coefficient of 3.7 
• 104 cm -1 making it about  1�89 times as strong as 
the nearby  SiO~ band. The smaller  symmetr ic  band 
at 720 cm -1 (13.9#) (11) has an absorption coefficient 
of 5 X l0 s cm-~. Several  thicknesses of the same glass 
composition were employed to determine the back- 
ground absorption. 

In  the mixed glasses there is some interact ion of the 
boron and the silicon bonds wi th in  the oxygen lattice, 
but  the two oxide networks  do not great ly influence 
each other (12). Star t ing from pure SiO~, as one adds 
small  amounts  of diborane to the gas mixture  in mak-  
ing a glass film, weak bands of B-O begin to appear 
in addit ion to the normal  Si-O absorptions. These 
bands first appear at 1390 cm -1, 920 cm -1, and 670 
cm -z (7.2#, 10.9#, and 15.4~). With higher boron con- 
centrations, the stronger Si-O bands clearly broaden 
and shift sl ightly in peak position. Figure 2 shows the 
shape and in tens i ty  of the infrared absorption regions 
in a glass containing approximately 15 (mole per cent) 
m/o  of boron oxide. The arrows show the direction of 
the shifts in position and changes in in tens i ty  of the 
bands with increasing boron content. The Si-O peaks, 
of course, all  decrease with decreasing silica content. 
The 720 cm -~ (13.9#) symmetric  vibrat ional  mode of 
B-O does not ini t ia l ly  appear at low boron concentra-  
tions. Instead it seems to be replaced by bands at 920 
cm -1 (10.9#) and 670 cm -1 (15.0~). These bands in-  
crease to a max imum intensi ty  as indicated in Fig. 2, 
then decrease as the boron content  of the film con- 
t inues to increase. As these two bands disappear the 
720 cm -1 (13.9~) absorption band appears at very high 
boron compositions. To fur ther  i l lustrate the behavior  
of the infrared absorption in the mixed glasses, the 
approximate absorption coefficients of the six major  
bands in this boron-si l icate glass system are plotted in 
Fig. 3. The abscissa has been chosen as the ratio of 
the amount  of diborane gas to the amount  of diborane 
plus silane gas flowing through the reactor. The 15 
m/o  glass of Fig. 2 is found near  a gas ratio of 25%. 

Boron calibration.--As the B-O and Si-O absorp- 
tions remain  separate, although slightly interacting, 
the boron content  can be measured as a fraction of 
the silicon content  in the oxide lattice. Using the ratio 
of the 1340 cm-1  (7.45~) B-O peak absorption to the 
1070 cm-Z (9.4~) Si-O peak absorption, the sample 
thickness need not be determined in ar r iv ing at the 
glass composition. This ratio has been used by other 
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Fig. 2. Infrared bands appearing in a silicon oxide base glass 
containing approximately 15 m/o of boron oxide. The arrows in- 
dicate the direction of shift of the peaks with increasing boron 
oxide. 
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Fig. 3. Absorption coefficient of the major infrared bonds in 
borosilicate glasses. The abscissa is the per cent of diborane gas to 
diborane plus silane gas flowing to the reactor. 

workers with thin films (13-16). Fi lms of from 1/2 
to 1~ thickness and 300 ~g weight were prepared; the 
film weight was determined by difference weighings on 
the 200 mg silicon wafers. The films were dissolved in 
a 10% HF solution and a 10 ml sample was aspirated 
in the flame spectrometer. The cal ibrat ion of the boron 
content  was obtained from standard solutions of boric 
acid. The mole per cent of B~O3 in  the mixed glasses as 
a function of the infrared peak ratios is given in Fig. 
4. The scatter in the data comes mostly from the boron 
determinat ions by the flame spectrometer. The glass 
of Fig. 2 while having a preparat ion gas ratio of near ly  
25% B2H6 has about 15 m/o  B~O~ in the finished film. 

Water absorption.--Little change was noted in the 
glass of Fig. 2 after three days' exposure to room atmo- 
sphere. However, a pure boron oxide film even when 
covered with 2500A of SiO~ glass takes up a consider- 
able amount  of water  dur ing this same time. Without 
a cover, the pure boron oxide glass will show water  
absorption from the air wi thin  minutes  after exposure. 
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Fig. 4. A calibration of the m/o B203 in a borosilicate film 
against the infrared absorption peak ratio for the strongest B-O 
and Si-O bands at 1340 cm -1  and 1070 cm -1.  
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Fig. 5. Absorption coefficient of the infrared bands appearing 
in a highly hydrated B20z film. 

This change in the film is observed in  infrared absorp- 
t ion through the appearance of a number  of B-O and 
O-H bands. 

These new bands are identified with B(OH)8 (9, 
10); the approximate absorption coefficients of a hy-  
drated boron oxide film are given in Fig. 5. The prog- 
ress in the hydrat ion of a pure B203 film can be ob- 
served through the infrared absorption changes. First  
to appear are the strong O-H band at 3220 cm -z and 
a new B-O band at 1450 cm-1. These bands of 
B(OH)s  grow at the expense of the B-O bands of 
B20~ which retain their wavelength  positions. Also the 
new bands appear and increase in  s t rength with no 
change in wavelength.  These facts suggest that  the film 
is two-layered with B(OH)8 overlying the B203. Fu r -  
ther  hydrat ion adds the sharp band at 1325 cm -1, and 
the smaller  sharp bands at 2250 and 540 cm -z  develop 
last. 

I n  mixed B203-SiO2 glasses the changes that  take 
place in the film are slower. Observations of the stabil-  
i ty  of the films in controlled humid i ty  tests indicate 
that  water  is taken from the air and incorporated in 
the film. In  all deposited borosilicate glasses only a 
small absorption at 3570 cm -1 is originally observed- -  
presumably  caused by Si-O-H. Upon exposure of the 
glass to water  vapor this absorption increases and ab- 
sorption near  3340 cm -1 appears. Eventua l ly  the film 
exhibits a broad absorption beginning  at 3640 cm -1 
and ta i l ing out beyond 2900 cm-Z. This band can be 
removed by heating the film for an hour  at 400~ 

The main  B-O absorption band near  1340 cm -1 de- 
creases in ampli tude upon exposure to water  vapor. 
Heat ing the film at 400~ has no effect on this de- 
creased value. The decrease with t ime in the B-O 
absorption band  at two boron concentrat ions and at 
several relat ive humidit ies is shown in Fig. 6 and 7. 

From Fig. 6, for films containing about 30 m/o  B203, 
the infrared absorption ratio drops about 50% in two 
days at 50% relat ive humidity.  From Fig. 7, 25% B203 
films show a decrease of only 10% in two days at 50% 
relative humidity.  The water  sensit ivi ty of the films 
is thus s trongly dependent  on the B203 content. The 
drop in  the infrared ratios at 0% humidi ty  is, no 
doubt, p r imar i ly  caused by the short t ime exposures 
of the wafers to room air while measurements  were 
made. A film containing 20% B203 has been exposed 
to normal  laboratory atmosphere with relat ive humidi -  
ties varying from 30 to 60%. As seen in Fig. 8, the 
infrared ratio is still dropping after more than a year 's  
time. Also in  Fig. 8 is a 10% B20~ film which changes 
little with t ime even under  80% relat ive humidity.  

A very  rapid pickup of water  occurs in  borosilicate 
films of > 25% B203 content  when they are exposed 
to relat ive humidit ies of > 50%. Within  minutes  after 
exposure the O-H band of B(OH)~ appears at 3200 
c m - L  Often a visible haze appears on the wafer as 
the B(OH)s  is formed in the borosilicate glass. The 
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Fig. 6. The decrease with time of the B-O/Si-O infrared peak 
ratio for 30 m/o B203 in a borosilicate film exposed to various 
relative humidities in air. 
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Fig. 7. The decrease with time of the B-O/Si-O infrared peak 
ratio for 25 m/o B203 in a borosilicate film exposed to various 
relative humidities in air. 
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Fig. 8. The decrease with time of the B-O/Si-O infrared peak 
ratio of 20%, 14%, and 10% B~O8 borosilicate glass films ex- 
posed to various relative humidities in air. 

1450 cm - i  band of B(OH)a also appears, usual ly  as a 
shoulder on the nearby  B203 absorption peak. The 
sharper band at I180 cm - I  will also develop with 
time. Interes t ingly  enough, these B(OH)3 bands after 
ma x i mum development  with t ime will  decrease in 
ampli tude and essentially disappear. A film with this 
history is then not dist inguishable from another  film 
that  has not shown the t rans ient  B(OII)8 absorptions 
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Fig. 9. The change with time in the B-O-H absorbance of a 30 

m/o B203 borosilicate exposed to high relative humidity air. 

but  has, over  a much longer  per iod of time, also de-  
graded insofar  as the in f ra red  absorpt ion  of B-O is 
concerned.  The rise and decay of the  3200 cm - t  B - O - H  
band  in high boron content  films as a function of t ime 
is shown in Fig. 9 for  two films exposed to different  
re la t ive  humidi t ies .  Hea t ing  of the films wil l  remove  
the ve ry  broad  res idual  absorpt ion at  3640-3000 cm -1, 
whereupon  boron is no longer  detected as e i ther  B-O 
or  B-O-H.  However ,  a diffusion step read i ly  shows 
tha t  much of the boron remains  in the film p re sumab ly  
in a form which  is not in f ra red  active. 

Densified films (those which  have received a 1O min 
bake  in argon at  8O0~ are  character ized by  a de-  
crease in the  peak  ampl i tude  of the B-O absorpt ion  
and an increase  in the  S i -O peak.  The ra t io  of the 
peaks,  for the  same boron content  of the  film, drops 
some 30% depending on composit ion and the degree  
of hea t  t rea tment .  The B203 ca l ibra t ion  curve of Fig. 4, 
therefore,  cannot  be used for densified layers .  However ,  
the  hydra t ion  in a i r  of the  densified films appears  to 
be l i t t le  different  f rom tha t  of the as-depos i ted  glasses 
of the  same boron content .  Val le t ta  et al. (14) also 
observed the wa te r  sensit ivi ty.  

The borosi l icate  films of F i she r  (2) were  covered by  
3000A of SiO~. The densified films of K e r n  and Heim 
(15) were  considered s table  a l though the B203 content  
was s ta ted  to be 17%. Over  long per iods  of t ime, wa te r  
effects would  no doubt  be observed th rough  inf ra red  
absorpt ion  in these films. Fo r  short  periods,  the  wa te r  
up take  wi l l  be de layed  by  SiO2 glass over layers .  This 
modification is especia l ly  impor tan t  for borosi l icate  
glasses conta ining > 25% B203 (17). 1 

1 J.  W. S p r a g u e  uses  t h i n  S i02  cove r s  to  ge t  s h o r t - t e r m  s t ab i l i za -  
t i o n  o f  h i g h  b o r o n  c o n t e n t  f i lms.  

Conclusions 
Borosi l icate  films on silicon wafers  a re  r ead i ly  iden-  

tified as to boron content  using in f ra red  absorpt ion 
characteris t ics .  Once a ca l ibra t ion  has been made,  the  
rat io  of the B-O to the  Si-O absorpt ion  peak  gives the  
molecular  percentage  of B2Os in the  film (18).2 Wate r  
absorpt ion  at  high humidi t ies  in films containing > 25 
m/o  B~O3 is rapid,  but  the  p ickup ra te  can be con- 
t ro l led  in no rma l  usage b y  the use of th in  SiO2 glass 
cover layers.  
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Electrical Properties of Anodic Oxide Films of 
Ta, Nb, Zr, Ti, W, and V Formed by the 

Ion-Cathode Method 
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ABSTRACT 

Amorphous oxide films have been grown on Zr, Ti, W, Ta, Nb, and V by 
ionized gas anodization using the ion cathode as a source of negative ions. Fi lms 
were grown on each metal  at constant  current  to 175V followed by constant 
voltage for about 4 hr. Several  electrical and optical properties were measured 
for the anodic films produced on these refractory metals. Resistivities of the 
anodic oxide films on Zr, Ti, W, Ta, Nb, and V ranged from 1014 to 1017 ohm-cm. 
Breakdown voltages with the refractory metal  positive (gold contact negative) 
were of the order of 31V to l l l V .  Fi lm capacitances for these metals  varied be- 
tween 0.031 and 0.050 ~f/cm 2, and the dissipation factors averaged 0.015 for 
all the oxides except V which was 0.062. Thicknesses and refractive indices 
were obtained by ell ipsometry for anodic films on Ta and Nb. Fi lm thicknesses 
were respectively 0.61~ and 0.57~ for Ta and Nb whereas the refractive indices 
were 2.1 and 2.0. Dielectric constants  calculated from capacitance measure-  
ments  for these anodic films were 22 and 28, respectively. The properties of 
films prepared by the ion cathode method are compared with those produced 
by plasma and solution methods reported by others. 

The technique for ionized gas anodization utilizing 
an ion cathode as the source of negative charge carriers 
w a s  first devised and used at this laboratory for t an -  
ta lum (1). O'Hanlon (2) re-emphasized the basic dif- 
ferences between our apparatus and those of others. In  
this method, anodization occurs outside of the concen- 
trated ion plasma region so that  the electron and 
positive ion density in the gaseous electrolyte near  the 
anode is l imited while the relat ive negative ion con- 
centrat ion is increased, with the advantages that  anode 
temperatures  out of the main  discharge region are 
lower and film growth may be directly observed wi th-  
out the masking effects of a general  discharge. 

This paper reports an extension of the earl ier  work 
on t an ta lum (1) in which we at tempted to optimize the 
film growth cycle and to improve film properties such 
a s  breakdown potent ial  for th in  film applications in 
electronics. In  addition, ionized gas anodization using 
the ion cathode as a source of negative ions has been 
extended to Zr, Ti, W, Nb, and V metals. Plasma anodi-  
zations of some of these metals have been reported 
previously by others (2-5). Vra tny  (6) compared the 
properties of t an ta lum films obtained by vacuum tech- 
niques with those prepared in solution concluding that  
the lat ter  films were superior with respect to growth 
rate and dielectric strength, bu t  that  in other respects 
such as uni formi ty  of thickness and nonshort  yield, the 
g a s  phase films were very  promising. Plasma anodiza- 
tion results on t an ta lum and niobium by Lee et al. 
(4) stressed the analogy between gas and solution 
grown films, especially that  two layers form in plasma 
grown films just  as dur ing ordinary  solution anodiza- 
tion. They infer from this that  both metal  and oxygen 
ions are mobile in the solid phase during gas phase 
anodizations. Some other metals, for example V and 
Be, cannot be anodized i n  aqueous electrolytes because 
their oxidation products rapidly undergo dissolution. 
It  follows that  an al ternat ive way to grow an anodic 
film on these metals  would be in a nonaqueous media 
or by a plasma technique. In  1957, the growth of anodic 
oxide films on a series of metals including V in an 
aqueous boric ac id-ammonia  solution was studied by 
Johansen et al. (7). They concluded for V that  either 
an extremely porous film forms or that  the oxidation 

K e y  words :  th in  films, gas phase anodization, resistance, b r e a k -  
d o w n  vol tage,  capacitance. 

product is rapidly undergoing dissolutionl Young (8) 
has suggested that anodic oxide films on V would 
probably best be studied in par t ly  nonaqueous solu- 
tions. Keil and Salomon (9) found that uniform anodic 
V204 films can be grown on V in acetic acid-tetraborate 
solutions which contain small  quanti t ies  of water  and 
when  the current  densities exceed 450 #A/cm% To the 
best of our knowledge no previous work has been re-  
ported in the l i terature  on the vapor phase or plasma 
anodization of V, nor for Ti and W except for some 
unpubl ished data referred to by O'Hanlon for these 
lat ter  two elements (2). Successful p re l iminary  results 
for Ti have been ment ioned (10). We undertook this 
work in order to obtain films by the ion-cathode 
method with which to compare films obtained by other 
methods. Using techniques previously acquired with 
Ta (1), our hope was to apply the ion-cathode tech- 
nique to obtain oxide films possessing h igh-breakdown 
voltages, electrical resistances and capacitances with 
low dissipation factors on other Group 5 and some 
Group 4 and 6 metals. 

Experimental 
The metal  anodes were 99.5-99.8% pure except for 

Zr (98.0%). All of the metals, purchased in rod form 
with diameters of 2.4 cm, were cut to a length of 1.27 
cm for use as anodes. Only one face of the metal  disk 
was used in the anodization process. This surface was 
mechanical ly polished to a br ight  mirror- l ike  finish, 
washed in warm tap water, r insed with distilled water  
and spectrographic grade methanol,  and then dried 
with a s tream of dry nitrogen. The metal  disk was then 
mounted  in the anodization apparatus. The method of 
mount ing  and masking the anodes (Fig. 1) was de- 
scribed previously (11). The anodizations were carried 
out in an all metal, double base plate, u l t ra  high vac- 
uum system. Oxygen pressure was controlled by a 
variable leak. Details of the ion cathode have been de- 
scribed previously (1). 

Pr ior  to anodization the system was evacuated to 3 
X 10 -6 Torr  and then backfilled with oxygen and held~ 

at a pressure of 85 mil l iTorr  during the anodization 
process. The ion cathode current  was main ta ined  at 
80 mA by the application of approximately --800V. 
Anode temperature  was monitored using the thermo-  
couple a r rangement  shown in Fig. 1. Since it is some 
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Fig. I .  Method of mounting and masking the metal anode 

distance from the actual anode surface, the tempera-  
ture  measured by this thermocouple was checked 
against  that  of a thermocouple actually embedded in 
a hole dril led into the back of an anode to wi th in  
2 mm of the anode surface. The temperatures  mea-  
sured at both points were the same. Anode tempera-  
tures never  exceeded 105~ 

In  our earlier procedures (1) films were grown by 
anodizing at a constant  anode current  density to a 
preselected voltage at which point the anodization was 
stopped. This process produced films that  were clear 
and uniform but  with low breakdown voltages. In 
order to improve breakdown voltages, we experi-  
mented with extended film growth cycles. Being 
guided by our previous experiences in liquid phase 
anodization, we used the following cycle: the film 
growth potential  was increased to its max imum value 
(max. ---- 175V due to leakage around the anode mask) 
main ta in ing  a constant  current  densi ty as the film 
grew. This operation was followed by a period of four 
hours dur ing which the max imum potential  was ma in -  
tained while the leakage current  fell to values of 0.08, 
0.03, 0.08, 0.02, 0.09, and 0.15 mA for Zr, Ti, W, Ta, Nb, 
and V, respectively. Figure 2 shows an example of the 
growth cycle. This procedure resulted in improved 
breakdown voltages but  at the expense of poor film 
uniformity.  Anode current  densities over the range 
0.06-2.20 m A / c m  2 were investigated to determine the 
best growth conditions for a t ta inment  of uniform films. 
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Fig. 2. Typical voltage, current, time relationships during the 
film growth cycle; current is held constant at 1.10 mA/cm 2 until 
the voltage reaches 175V, voltage is then held constant while the 
current decreases to a minimum value. 

E 

1 . 2 . . ~  E 

I.- 
z 

o.8 w 
oc 
n,. 
D 

0.40 

At 1.10 m A / c m  2 acceptable uni formi ty  of oxide thick- 
nesses resulted. Fi lm uni formi ty  was monitored by 
observation of interference colors. The typical film ap- 
pears uniform in color indicat ing a uniform thickness 
across most of the surface of the specimen except for 
wi thin  approximately 3 mm of the anode edge. 

Using the above procedure, films grown on Ta, Ti, 
Zr, Nb, W, and V exhibited strong interference colors, 
and were firmly adherent.  Anodic films were grown 
on duplicate samples of each metal  under  identical 
conditions, and film resistance, capacitance, dissipation 
factor and breakdown voltage were measured. All 
measurements  were in air, at room temperature,  with 
the relat ive humidi ty  l imited to a max imum of 30%. 
After removal  and exposure to air, gold contacts were 
vapor deposited onto the film surface using a suitable 
mask. Silver contact paint  was then used to attach a 
copper wire to the gold contact. The contacts were 
circular, 0.021 cm 2 in area and arranged in a 3 row 
by 6 column array. Electrical properties of the anodic 
films could be measured through these contacts. The 
thickness and refractive index of the oxide films on Ta 
and Nb were measured using a Rudolph Ellipsometer. 
The dielectric constants of these films were calculated 
from capacitance measurements.  Fi lm resistance was 
measured using a Kei th ley  Model 610B electrometer. 
Three contacts per sample were measured, using a 
potential  of 4.0V, with the metal  anode at a positive 
potential  and the gold contact negative. Long polari-  
zation times were encountered during which the re-  
sistance increased with time. The mean final resistances 
are listed in Table I. The values reported are those 

Table I. Breakdown potentials, resistance, capacitance, and dissipation factors of 
oxide films formed an ion-cathode anodized metals 

R e a d i n g s  t a k e n  a t  r e l a t i v e  h u m i d i t y  of  30% o r  less.  ( S t a n d a r d  d e v i a t i o n  r e p r e s e n t s  68.27% c o n f i d e n c e  l imi t s . )  

Film capaci- Dissipation 
Film breakdown voltage, (volts) Film resistance tance at factor at 

w/metal potential w/metal potential (0.021 cm~ contact 1 kHz (#f/cm2) 1 kI-Iz 
p o s i t i v e  n e g a t i v e  a r ea )  ( o h m s )  A v g  of  A v g  of  

A n o d i z e d  A v g  of  12 R a n g e  of  A v g  of  4 R a n g e  of  A v g  of  6 R a n g e  of  r e a d i n g s  (No. r e a d i n g s  (No. 
m e t a l  r e a d i n g s  r e a d i n g s  r e a d i n g s  r e a d i n g s  r e a d i n g s  r e a d i n g s  of  con tac t s )  of con tac t s )  

Z r  111 ~ 39 57-180 95 ~ 29 63-124 (4.0 ----- 2.1) • 101~  1.8-8.0 x 101t 0.04 4" 0.002 0.013 +--- 0.001 
(17) (17) 

T i  8 3 ~ - 2 5  29-112 2 2 - ~ 5  16-29 (1 .7"+1 .7 )  • 1 0 1 5  0.04-4 • 10 m 0 . 0 3 6 •  0 . 0 1 4 •  
(19) (19) 

W 66 ~ 44 16-180 22 • 6 18-29 (1.4 _ 0.2) • 1 0 1 4  1.1-1.8 • 101t 0.046 +-- 0.001 0.012 4" 0..002 
(17) (17) 

Ta 50 ~ 15 12-63 22 ---~ 13 6-35 (5.3 ----- 3.8) X 10 TM 1.10-1.1 • 10 zl 0.031 ~ 0.001 0.016 • 0.001 
(20) (20) 

N b  49 - -  29 23-113 13 ~ 6 6-22.5 (2.6 + 1.4) • 10 m 1.3-5.3 • 10 ~s 0.041 • 0.003 0.016 • 0.001 
(21) (21) 

V 31 • 15 12-57 22 • 13 6-35 (5,4 • 5.0) x I0 n 0.I0-1.5 • I0 TM 0.050 -- 0.002 0.062 ~ 0,016 
(19) (19) 
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recorded 210 min  after the voltage was applied, by 
which time the resistance had stabilized. No at tempt 
was made to determine whether  or not this polariza- 
t ion was reversible by heating or by annealing.  It  
would be necessary to heat t an ta lum oxide, for exam- 
ple to greater than 500~ (12) for effective anneal ing  
in order to determine whether  the potentials were 
due to solid-state t ransi t ions or to a resistance polari-  
zation caused by semiconductor effects such as a low- 
ering of acceptor density. A General  Radio 716 C 
capacitance bridge was used to measure capacitance 
and dissipation factor at 1 kHz. Approximately  ten 
contacts per sample were measured and the mean  
capacitance and dissipation factor for each film is 
shown in  Table I. 

Fi lm breakdown voltage was determined by appli-  
cation of a d-c potential  to the sample and moni tor ing 
the current .  The procedure was to raise the voltage to 
a specific value while monitor ing the current.  If no 
current  could be observed after 30 sec, the circuit  was 
disconnected, the voltage raised by about 3-6V then 
the circuit  was closed again and the procedure re-  
peated. Breakdown was usual ly sharp and catastrophic, 
but  in some measurements  a significant leakage cur-  
rent  would begin to occur before breakdown. In these 
cases the voltage at which current  leakage reached 
0.01 ~A is reported as the breakdown voltage. This lat-  
ter procedure is similar to that used by Schwartz and 
Gresh (13) and Vromen and Klerer  (14). Self-heal ing 
breakdown would not be observed under  our experi-  
menta l  conditions because the RC t ime constant  of our 
circuit (the measur ing circuit incorporated a one meg- 
ohm resistor) was of the order of a millisecond while 
the characteristic t ime for self-heal ing is of the order 
of 1 ~sec. 

Results and Discussion 
Using the results of earlier workers (2-6), we pre-  

sumed that  the films reported here are oxides and 
amorphous. Nevertheless we searched for evidence of 
crystal l ini ty  in the films by  normal  x - ray  diffraction 
procedures and back-reflection techniques and by elec- 
t ron diffraction methods. These efforts failed to indi-  
cate any crystal l ine oxide. Low angle x - r ay  diffraction 
pat terns were broad and diffuse. Electron diffraction 
results were confusing due to space charge effects. 
Efforts to minimize these effects by depositing a thin 
carbon film on the anodized film surface were helpful, 
but  no pat tern  could be observed in any case. In  ad- 
dition, infrared absorption spectra in the range from 
4000 to 250 cm -1 by  the At tenuated  Total Reflectance 
method proved only that  the Nb films absorb at near  
800 cm -1 as did both pure Nb205 and NbO2 used as 
standards. Thus we can conclude only that  the films 
are either amorphous oxides or composed of very small  
crystallites. The space charge effects observed in the 
electron diffraction study and their  poor conduct ivi ty  
indicate that  the surfaces of the anodized films were of 
higher oxides of the metal. Lower oxides, e.g. TaO2, 
would possess extra "d" electrons, and hence they 
would be the more conductive oxides. This is not to 
say that  the anodic films are purely  higher oxides. 
Probably,  anodic oxide films of a metal, for example 
Ta, are a mixture  of Ta205 and TaO2 as well  as non-  
stoichiometric oxides. 

Breakdown voltages (Table I) were measured on 
two films, each having 6 contacts wi th  the metal  side 
of the anode disk held at a positive potential  and 2 
contacts with the metal  side negative. Breakdown volt-  
age was higher for the metal  positively charged for 
all the oxides (Table I) .  Several possible causes for 
this polar i ty  have been suggested such as differing 
work functions of the contact metal  (15), local in-  
homogeneities in the oxide, or the effects of moisture 
on conductivi ty in the anodic direction (13). The data 
in  Table I show that  high values of breakdown voltage 
and film resistance (corresponding to resistivities of 
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the order of 1017 ohm-cm, if film thicknesses are about 
0.6~) may be obtained by the ion-cathode method. The 
large scatter of b reakdown voltage measurements  was 
to be expected based upon the experiences of others 
(16). The fol low-up current  in breakdown as measured 
in this work probably augments  the init ial  melt ing and 
evaporat ion damage. Catastrophic breakdown was to 
be expected in view of the geometry and thickness of 
the electrodes, and the probable weak spots in the film 
aid in breakdown and contr ibute  to the scatter in the 
data. Breakdown strengths of the order of 1 • 106 V- 
cm -1 for ion-cathode grown films on Ta may be com- 
pared with the breakdown strengths of t an ta lum oxide 
films obtained by aqueous methods (14) and by usual  
plasma techniques (6, 13, 14). The breakdown 
strengths of vapor-anodized niobium oxide films are 
also comparable (17). The breakdown voltages in a 
forward (metal  positive) direction for oxide films 
grown on Zr, Ti, W, and V metals are 111, 83, 66, and 
31V, respectively. If we assume that  the thickness for 
each of these oxide films to be about 0.6~ then their 
breakdown strengths can be estimated accordingly. 
Breakdown strengths for plasma grown Zr oxide (5) 
and for vapor reaction Ti dioxide (18) are comparable 
to ours. 

Breakdown voltages and film resistances for tan- 
talum and niobium oxides appear to be greater than 
those obtained on vanadium oxide, while film capaci- 
tance and dissipation factor for vanadium oxide were 
greater. Higher resistances appear to be consistent with 
the bandgap energies obtained by spectroscopic means. 
Bandgap energies corresponding to the onset of elec- 
trical conduction are 3.72 eV for Ta205 (12), 3.03 eV for 
Nb205 (12) (19) compared to about 2.15 eV for V~O~ 
(19). For ZrO2 (12) and TiO2 (19) (20) the optical 
bandgap energies are 5.03 eV and 3.00 eV, respectively. 
However, because the films are probably a mixture of 
oxides, these data for higher oxides serve oniy to in- 
dicate the relative resistances of the films studied. For 
example, the anodic film of Ti may be a mixture of 
oxides including TiO2 since its resistivity and break- 
down voltage is higher than what would be expected 
on the basis of its optical bandgap. Similar data for 
W is unavailable. The dissipation factor of vanadium 
oxide was not only higher initially, but increased with 
time on standing. One V sample increased from 0.49 to 
0.92 after standing at a relative humidity of -~30% for 
168 hr at room temperature. This could be due to ab- 
sorption of water vapor by the oxide films. The other 
oxides increase in dissipation factors and capacitances 
with increasing relative humidity possibly also due to 
the adsorption of water into pores or flaws in the film. 
The changes are reversible. For example, in a sample 
of titanium oxide a large increase in relative humidity 
(from approximately 13% to 60%) caused the film 
capacitance to increase by 12% and the film dissipation 
factor to increase from 0.013 to 0.041 and decrease the 
same amount in dry atmosphere. Another indication of 
higher porosity may be the limiting current densities 
of the films, i.e. lower limiting current densities should 
correspond to a lower porosity. It is to be noted that V 
had the highest limiting current indicating that the film 
might possess a high porosity which may account for 
the higher dissipation factor and low resistance of the 
V film. 

The ellipsometric thickness and refractive index 
measurements of the anodic films for Ta and Nb are 
given in Table If. Computations were performed using 
a program obtained from the National Bureau of 
Standards (21). In order to measure film thickness by 
ellipsometry it is necessary to know the optical con- 
stants of the film free substrate. However most metals, 
Au being the only exception (22), are thermodynami- 
cally unstable in the presence of oxygen at room tem- 
perature, and it is difficult to have a film free surface 
at the outset. For example, Ta in air, is typically cov- 
ered by an oxide film about 70A thick which leads to 
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Table II. Film thickness and refractive index as determined by 
ellipsometry 

D i e l e c t r i c  c o n s t a n t  c a l c u l a t e d  f r o m  c a p a c i t a n c e  m e a s u r e m e n t .  V a l -  
u e s  a re  t h e  m e a n  f o r  t w o  f i lms  f o r m e d  u n d e r  i d e n t i c a l  condit ions  

on ion  c a t h o d e  a n o d i z e d  me ta l s .  

R e f r a c t i v e  D i e l e c t r i c  
F i l m  t h i c k -  i n d e x  a t  c o n s t a n t  

ness (~) 5461A at 25~ at 1 kHz 

T a n t a l u m  0.61 2.1 22 
N i o b i u m  0.57 2.0 28 

large errors in the determinat ion of the refractive in-  
dex and extinction coefficient of the Ta metal  base 
(23). The thickness and refractive index results for 
the films on Ta and Nb given in Table II are based 
upon the l i terature  values of the optical constants ob- 
ta ined by the curve fitting technique for Ta and Nb 
metals (23, 24). The values of refractive index, 2.1 
for t an ta lum oxide and 2.0 for n iobium oxide, are 
somewhat lower than  the values found in the l i terature 
for similar films prepared in an aqueous electrolyte. 
Kumagai  and Young report  2.26 for t an ta lum oxide 
(23) and Young and Zobel report 2.37 for n iobium 
oxide (24), both values being determined by ellip- 
sometry. Lee et al. (4) found that  oxides of Ta and Nb 
formed by gas anodization and ordinary anodization 
consisted of two layers with the layer closest to the 
metal  surface being richer in metal  atoms. The refrac- 
tive indices obtained by Lee et al. for Ta were 2.22 
for the inner  layer  and 1.89 for the outer layer. For 
Nb a value of 2.37 is found for the inner  and 2.15 for 
the outer layer. Our data are consistent with Lee and 
co-workers if we assume that our films are like his 
outer films but  that  more t ime for migrat ion of the 
ions has been allowed. The ionized gas oxide layer is 
probably richer in oxygen than inner  oxide layers. 

Anode glow was visible adjacent  to the entire sur-  
face of each metal  dur ing anodization. The intensi ty  of 
the glow seemed to remain constant  up to the maxi-  
mum voltage, but  noticeably decreased dur ing constant  
voltage anodization at 175V unt i l  at the l imit ing cur-  
rent, glow was either absent  or at most barely visible. 
Glow is associated with the rate of oxide formation (1, 
25). Although anode glow was visible over the wafer 
during anodization there was no evidence to indicate 
that film sputter ing had occurred. However, Jennings  
and McNeill (11), working with the very same ap- 
paratus reported here, have observed Au film sput ter-  
ing when the Au was biased positively with respect 
to the anode. They measured the sputter ing rate of the 
Au to a max imum bias of 200V and showed that  the 
Au sputter ing is due to negative oxygen ion bombard-  
ment. This observation with Au serves to indicate that  
the metals studied here may  also sputter  but  not by a 
significant amount.  

Finally,  the electrical properties of the anodic films 
formed in the ion cathode apparatus are consistent 
with those formed by other methods. 

Resistance measurements  given in Table I corre- 
spond to resistivities of the order of 1.40 X 1017, 5.95 X 
1017, 4.90 X 10 TM, 1.86 >< 10 TM, 9.1 X 1015, and 1.89 >< 1014 
ohm-cm for Zr, Ti, W, Ta, Nb, and V respectively, 
again assuming thicknesses to be 0.6~. These may  be 
compared to resistivities of plasma anodized Ta (4, 
6) and Nb (4, 24), vapor deposited Ti (18) and liq- 
uid phase oxide films of Ti (26), Ta (4), Nb (4), 
and oxides of vanadium (27). Capacitances and dissi- 
pation factors of the ion-cathode anodized metal  films 

may be compared to the data obtained with films of 
Zr (28, 29), Ti (18, 26), Ta (30), Nb (31) anodized 
in solution, and with vapor anodized films on Ta (6) by 
reactive sputtering. The data for anodized films by 
various methods show inconsistencies bu t  we can con- 
clude with cer ta inty that  films deposited by the ion- 
cathode method are at least comparable in desirable 
electrical properties to those of solution and normal  
plasma anodization. 
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Conduction in AI20  Films and Charge Storage in 
MAOS Structures 
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ABSTRACT 

The conduction characteristics of a luminum oxide films deposited by  rf 
sputter ing on silicon substrates and ranging from 400-600A in thickness were 
measured over a range of temperatures.  It  was found that  the current  t ransport  
is essentially bu lk  l imited and independent  of the film thickness, the electrode 
material,  and the polarity of the electrode. The three processes which affect 
the conduction through these films were found to be: Poole-Frenkel  emission, 
field ionization, and trap hopping. The various parameters  such as tempera-  
ture and gate electrode affecting the charge storage in MAOS memory  ele- 
ments, were investigated using an automatic measurement  set up and were re- 
lated to the conduction characteristics of the two insulat ing layers. The mem-  
ory elements consisted of 400-600A thick A1203 films deposited by rf  sputter ing 
on thermal ly  grown SiO2 layers 50A thick. The charging and memory  re ten-  
tion characteristics of the MAOS structure were also investigated. The effect of 
charge t ransport  across the silicon dioxide on the surface state densi ty at the 
Si-SiO2 interface was also observed. 

The possibility of using charge storage in a dielectric, 
which forms the gate insulator  of a field-effect t ransis-  
tor, in  memory applications has attracted considerable 
interest  and led to an intensive investigation of these 
structures. Most of the at tent ion has been focused on 
charge storage in MNOS (metal-si l icon n i t r ide- ther -  
mal ly  grown silicon dioxide-silicon) structures (1-11). 
The memory  effect is characterized by a shift in the 
f lat-band voltage of the MNOS capacitor under  applica- 
tion of a stress field above a certain threshold. This 
threshold field is typically 1-3 • 106 Vcm -1 and causes 
sizable tunne l ing  (3) or conduction (6), across the 
thin (20-300A) silicon dioxide layer. The shift in the 
f lat-band voltage is due to accumulat ion of charge in 
t rapping centers at the interface between the two 
dielectrics or in the silicon ni tr ide (3-5). The charge 
accumulat ion is semipermanent ,  and charge retent ion 
is l imited only by current  leakage across the dielec- 
trics. The stable charge storage at the silicon ni t r ide-  
silicon dioxide interface has led to the application of 
MNOS structures in al terable read-only  semiconductor 
memories and digital circuits with nonvolat i le  storage 
capabilities. 

The use of other dielectrics, like a luminum oxide in-  
stead of silicon nitride, has received relat ively li t t le 
attention. Nakanuma (12) reported the fabrication of 
a read-only  memory consisting of MAS (meta l -a lu-  
m inum oxide-silicon) FET's (field effect transistors) 
which exhibited threshold voltages alterable both elec- 
tr ically and by radiation. The a luminum oxide films in 
these devices were deposited by hydrolysis of A1C13 
at 850~ The charge storage was characterized by 
positive shifts in the threshold voltage which occurred 
independent ly  of the polari ty of the apptied stress bias, 
provided this bias was higher than  a critical value. 
This phenomenon was explained by Tsujide (13) as 
being due to electron injection and trapping in the 
a luminum oxide. The trapped electrons have an ex- 
t remely long lifetime, hence the good memory re ten-  
tion characteristics. 

MAOS (me ta l - a luminum oxide- thermal ly  grown 
silicon dioxide-silicon) structures using a luminum ox- 
ide films prepared by oxidation of t r imethyl  a luminum 
in an oxygen atmosphere at 450~ as well as a luminum 
oxide prepared by plasma oxidation of an a luminum 
film, exhibited a memory behavior which was charac- 
terized by positive and negative shifts in the f lat-band 
voltage for positive and negative applied stress bias 
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respectively. The devices, however, exhibited poor re- 
producibil i ty and high incidence of breakdown (4). 

MAOS structures, in which the AleO~ films were 
prepared from an A1 Br3-NO-H2 mixture,  exhibited 
positive f lat-band voltage shifts for positive applied 
stress bias; while for negat ive bias, the f la t -band volt-  
age shift was positive at low voltages and became 
negative as the stress bias increased (14). 

The object of this paper is to investigate the charge- 
storage properties of MAOS structures consisting of 
rf sputtered a luminum oxide films (15) deposited on 
a thin (50A) layer of thermal ly  grown silicon dioxide. 
The macroscopic model of the memory  element,  based 
on the differential conduction properties of the two 
insulators (6), is briefly reviewed here. The conduc- 
tion characteristics of rf sputtered A12Oz films are then 
investigated and related to the charge storage proper-  
ties of the MAOS structures. 

Theory 
Macroscopic model of the memory e~ect . - -A macro-  

scopic model which predicts the charging and dis- 
charging behavior of the MNOS capacitor s t ructure in 
terms of the f ield-dependent  conduction characteristics 
and geometry of the two insulators was developed by 
Frohman-Bentchkowsky (6). This model has been 
used to verify the exper imental  characteristics of 
MNOS memory devices. The general i ty of the model 
makes it useful for any two insulators of a rb i t ra ry  
thickness on an a rb i t ra ry  semiconductor, and it will  
be applied here to the MAOS structure. 

Quali tat ively the memory behavior  can be under -  
stood as follows. When a stress voltage, Vc, is applied 
across two insulat ing layers having different field- 
dependant  conductivities, particle currents  will  flow in 
both insulators. Charge accumulat ion at the insulators '  
interface will occur when the particle currents  in the 
two layers differ in magnitude.  The polari ty of the 
charge depends on the relative magni tude  of the two 
currents.  As charge builds up at the interface, the 
field in each layer will change such that  particle cur-  
rent  in the layer of high conduct ivi ty wil l  decrease 
while particle current  in the layer  of lower conduct iv-  
ity will  increase. Charge accumulat ion will  stop when 
the currents  become equal. When the applied voltage, 
Vc, is removed, the field due to the stored charge 
sheet will  cause the charge to leak off by a conduc- 
tion mechanism appropriate to the individual  insulat -  
ing layer. 

1993 
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The value of the two insulator  layer  s tructure as a 
memory device lies in the highly nonl inear  conductiv-  
ity with applied voltage of one of the two layers (in 
this case a luminum oxide). Because of this, charging 
(writ ing) can be accomplished rapidly with relat ively 
high applied voltages while the loss of the charge 
occurs very slowly at lower biases (during interroga-  
tion) or at zero bias (during storage). 

The equations describing the memory  behavior of 
the MAOS structure are 

Ko Eo -- ga  Ea = Q~/eo [1] 

Xo Eo -~- Za Ea = Vc  [2] 

0 
Jo (Vc, t) -- Ja (Vc, t) = - -  Q~ (Vc, t) [3] 

ot 

where Ko, Eo, Jo, Xo and Ka, Ea, Ja, Xa are the relative 
dielectric constants, electric fields, current  densities, 
and thicknesses of the silicon dioxide and the a lumi-  
num oxide layers respectively, eo is the permit t iv i ty  of 
free space. Qi is the charge stored at the two insulator  
interface and can be related to the f lat-band voltage 
Vfb of the MAOS structure by the equation 1 

Qss Qi 
Vsb - ~MS [4] 

Ct Ca 
in which 

Xa Xa 
C ~ - 1 =  , Co - 1 -  , C t - 1 - - - - C o - l + C a  -1 

Ka~o Ko~o 
[5] 

and where Ca, Co are the A1203, SiO2 capacitances per 
uni t  area respectively, CMS is the metal-semiconductor  
work function, and Qss is the fixed oxide charge at the 
Si-SiO2 interface. The data required to solve these 
equations are the dielectric constants and thicknesses 
of the two insulat ing layers as well as relationships 
describing the conduction mechanisms in each indi-  
vidual  layer. 

For thermal ly  grown SlOe films, 50A or thicker, the 
conduction mechanism was shown to be electrode l im-  
ited due to Fowler-Nordheim emission (16). This 
mechanism leads to an exponent ial  dependence of the 
current  density Jo on the electric field across the oxide 
Eo according to the following expression 

n b k T/Eo 
Ja ---- Bo Eo g exp (--  E1/Eo) [6] 

sin (nbkT/Eo) 

where T is the temperature  in ~ k is Bol tzmann's  
constant, and El, Bo, b are characteristic constants de- 
pending on the barr ier  height of the interface, i.e. de- 
pending on whether  inject ion occurs, in the part icular  
case under  consideration, from the silicon or the alu-  
m inum oxide. When the silicon dioxide thickness is 
reduced (below 50A), to a value at which direct t un -  
nel ing can occur, the following empirical  relat ion be-  
tween the oxide current  density and the applied field 
has been shown to apply (17) 

Jo = Bo' Eo 2 e x p -  (EI'/Eo) [7] 

where Bo' and El' are constants. 
A luminum oxide films prepared by hydrolysis of 

A1C13 (13) and decomposition of an a luminum t r i -  
methyl -n i t rous  oxide mixture  (18) exhibited bu lk-  
l imited conduction characteristics due to f ield-enhanced 
thermal  excitation of carriers from traps (Poole- 
Frenkel  effect). Duffy (19) reported that the conduc- 
t ion in a luminum oxide films prepared by thermal  de- 
composition of a luminum isopropoxide was controlled 
by the interfaces. Relat ively little informat ion is avail-  
able on the conduction characteristics of rf sputtered 
a luminum oxide films. These characteristics are investi-  
gated here in order to apply the macroscopic model 

1 This  equat ion  neglects  any possible contact potential  at  the in- 
terface be tween  the two dielectr ics  (15). 

described above and explain charge storage effects in 
the specific MAOS structures under  investigation. 

Experimental Techniques 
All of the electrical measurements  were carried out 

on MAS or MAOS capacitor structures fabricated on 
silicon substrates. The silicon used in this work was in 
the form of polished circular slices (Monsanto),  2.5 cm 
in diameter, prepared by the Czochralski method. The 
slices used were n - type  (phosphorus doped), (111) 
or ientat ion of approximately 10 and 0.01 ohm-cm re- 
sistivities. The high resistivity slices were used for 
charge storage studies and the low resistivity ones 
were used for investigations of the conduction charac- 
teristics of the a luminum oxide films. The polished sili- 
con wafers were degreased and cleaned thoroughly 
(20) prior to a luminum oxide deposition or silicon di- 
oxide growth. The silicon dioxide was grown at 90O~ 
in dry oxygen in  a horizontal  resis t ively-heated fur-  
nace provided with a quartz tube and a lumina  liner. 
The silicon dioxide was then annealed at the same tem- 
perature  in ni t rogen for 1O rain. Both the oxygen and 
ni trogen gases were obtained from liquid sources. The 
silicon dioxide films were grown, as thin as reproduci-  
bly possible, approximately 50A thick to reduce charg- 
ing times and voltages in the MAOS memory elements 
(11). The thickness of the SiO2 layer was measured 
using a spectrophotometric technique developed by 
Rand (21). 

The apparatus used for the deposition of a luminum 
oxide films by rf sput ter ing has been described pre- 
viously (15). The films were sputtered from a sintered 
a luminum oxide (99.97%) target 12.5 cm in diam and 
1 cm thick. Ultrahigh pur i ty  argon (99.999%) was 
used as the sput ter ing gas. The argon pressure was 
kept at 5-7 • 10 -3 Torr dur ing the run. At this sput-  
ter ing pressure a 3 cm target - to-subs t ra te  distance was 
found to be compatible with a self-sustained uniform 
discharge and satisfactory deposition rates. The sput-  
ter ing power density used was approximately  1.5 W /  
cm 2 resul t ing in a deposition rate of 30A/sec. The sub- 
strate tempera ture  did not exceed 200~ After deposi- 
tion, the a luminum oxide films were annealed in ni t ro-  
gen for 30 min at 300~ The heat t reatments  were 
restricted to a tempera ture  below 320~ because of the 
possible occurrence of the 7' phase of a luminum oxide 
above this tempera ture  (22). Th e A1203 film thickness 
was measured using a Talystep capable of __ 20A ac- 
curacy and ranged from 400 to 600A. 

The capacitor s tructures were completed by evap- 
orating a luminum or gold (99.999%) field plates, 1O00A 
thick, 500 ~m in diameter  over the dielectric through 
a mask. A l u m i n u m  was also evaporated on the bare 
back-side of the silicon for contact. The a luminum 
evaporations were carried out from a resist ively heated 
tungs ten  filament, and the gold was evaporated from a 
molybdenum boat. The vacuum during evaporation 
was kept below 10 -6 Torr. 

The conduction currents  through the A1203 films 
were measured with a Keithley 602 electrometer or a 
Keithley 413 A micro-microammeter .  All the electrical 
measurements  were carried out in vacuum ((O.1 Torr) 
and the temperature  was monitored using a copper- 
constantan thermocouple attached to the sample holder. 
Special care was taken to ensure that  conduction mea-  
surements  were made under  equi l ibr ium conditions. 

Characterization of charge storage effects involve 
measurements  of the shift in f lat-band voltage after 
each stress voltage is applied. In  order to speed-up the 
characterization of the MAOS structures, a system 
which stresses the capacitor, samples, and records the 
f lat-band voltage vs. stress voltage automatical ly was 
used and has been described in detail previously (23). 

The operation of the system is based on the fact that  
the f lat-band capacitance remains  constant  for the 
MAOS structure at any f lat-band voltage. The ap- 
paratus  is shown in block diagram form in Fig. 1. I t  
consists of a feedback system which can be operated in 
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Fig. I .  Block diagram of automatic flat-band vs. stress voltage 
measurement system. 

an open loop or stress (S) mode and a closed loop or 
in tegrat ing (I) mode. During the stress mode, a var i -  
able speed ramp generator  applies a stress voltage to 
both the MAOS capacitor Cx and a fixed capacitor set 
at the appropriate f lat-band capacitance value Csb. A 
differential capacitance comparator (Boonton 71 A) 
is used to measure the difference between C= and Csb 
and produces a signal proport ional  to that  difference. 
In the in tegrat ing mode, the ramp generator  is dis- 
connected and the loop is closed. The output  of the 
comparator is applied to the integrator,  whose output  
is in t u rn  applied as a bias voltage to the two capaci- 
tors. When the output  of the integrator  reaches the 
f lat-band voltage required to generate the correct flat- 
band capacitance, the output  of the comparator is re- 
duced to zero. Both the stress and the f lat-band volt-  
ages are then recorded on an XY plotter. By replacing 
the ramp generator  by a pulse generator, the system 
can be used to determine the f lat-band voltage after 
application of a single stress pulse. It  can also be used 
to monitor  the f la t -band voltage decay as a funct ion of 
time. 

The surface state density at the Si-SiO2 interface 
was obtained from low-frequency C-V curves mea-  
sured using the quasi-static technique as implemented 
by K u h n  (24). The method involves measurement  of 
the MAOS capacitor displacement current  densi ty Jc 
in response to a l inear  gate voltage ramp Vc = at 
where a is the ramp speed. The low frequency capaci- 
tance CLF is related to the displacement current  density 
by Je = a eLF. 

Results and Discussion 
Conduction in A1203 f i lms.--Figure 2 shows the typi-  

cal cur rent  density vs. square root of field for an A1- 
A12Os-Si s tructure at room temperature.  The Al(4- )  
and A1 ( - - )  curves refer to positive and negative a lu-  
m i n u m  electrodes. The two curves are almost identical 
and the slight difference in current  density can be at- 
t r ibuted to the presence of a thin layer of SiO2 un-  
derneath the A12Oz film (25).e Two regions can be dis- 
t inguished on the curves. At high electric fields, the 
current  varies exponent ia l ly  with the square root of 
the field and at low fields the characteristic is ohmic. 
Similar  results were obtained with Au electrodes de- 
posited on the A1203 films. In  general, the conduction 
characteristics were found to be independent  of film 
thickness (for thicknesses in the range 400-600A), elec- 
trode mater ia l  and polari ty of the electrodes. These 
results strongly suggest that the current  is bulk con- 
trolled ra ther  than electrode controlled. 

Figure 3 shows plots of the current  density vs. 1/T 
for two different fields for positive A1 electrode. At 
low temperatures  the current  density becomes near ly  
independent  of temperature.  3 At higher temperatures,  

In  s amp le s  u sed  fo r  c o n d u c t i o n  m e a s u r e m e n t s ,  spec ia l  care  was  
t a k e n  to m i n i m i z e  the  t h i c k n e s s  of  the  SiO2 l a y e r  p r e s e n t  on  t he  
si l icon s u b s t r a t e  p r i o r  to s p u t t e r i n g  of t h e  Al=Os layer ,  

z A t  these  l ow  t e m p e r a t u r e s ,  log  Ja e x h i b i t e d  a l i n e a r  d e p e n d e n c e  
on I/Ea. 
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, I , ,  , I ,  , , 
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Fig. 2. Current density vs. square root of applied field for a 
MAS structure. 
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Fig. 3. Current density vs. !000/T at two values of applied field 
for the same sample as in Fig. 2. 

the current  density exhibits a rapid increase. Based on 
these results and on the work of Mead (26) and Sze 
(27), the conduction current  density Ja in the a lumi-  
num oxide films can be a t t r ibuted to the sum of three 
contr ibutions all bulk  controlled 

Ja = Jal 4- Ja2 4- Ja3 [8] 
where 

Jal = C1 Eaexp (-- q r exp q/kT ([JEa) V2 [9] 
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Fig. 4. Flat-band voltage vs. stress voltage hysteresis at two 
different temperatures for e MAOS structure. 

Ja~ = C2 E,~ exp (--  EflE~) [10] 

Ja~ = C3 Ea exp (--  q C J k T )  [11] 

Current  density Jal is due to field enhanced thermal  
excitation of trapped electrons into the conduction 
band. This process is known as the Poole-Frenkel  ef- 
fect (26). In  Eq. [9] C1 is a constant, q is the elec- 
tronic charge, r is the barr ier  height, and ~ = q/~Ka Co. 
Current  density Ja2 is due to field ionization of trapped 
electrons, this is a tunne l ing  process essentially inde-  
pendent  of temperature.  Both C2 and E2 in Eq. [10] 
are constants (26). Current  density J ~  is due to the 
hopping of thermal ly  excited electrons from one iso- 
lated state to another  (26). This process results in 
ohmic characteristics. In  Eq. [11], C3 and ~ are con- 
stants. 

For the part icular  case i l lustrated in Fig. 2 and 3 for 
A1 ( + ) ,  the values of the constant terms in the current  
density equations were found to be as follows 

C1 : 1.2 • 10 -6 A/V cm 

C2 : 3 • 10 -1~ A/V 2 

C3 : 3 X 10 -13 A/V cm 

~ : 1.35 V 

E2 = 1 • 103 V/cm 

93 : 0.15 V 

f l : 1 . 6 7  • l0 - T V c m  

The value of ~ yields a self-consistent dynamic dielec- 
tric constant  Ka = 4.1 for a luminum oxide. This value 
lies between the static value for the dielectric constant 4 
8 and the optical dielectric constant  2.89 (28) for a lu-  
minum oxide, as expected for Poole-Frenkel  conduc- 
tion (26). 

The values of the constants were found to vary  
within a range of _ 10% for the various samples in-  
vestigated. The magni tude  of Ca measured for the rf 
sputtered films is close to the value of 1.3V reported 
by Tsujide (13) bu t  is much larger than  the value 
of 0.5V reported by Hall (18). 

In  general, the results, reported above, are similar 
to those obtained on Si3N4 films except that  the con- 
duction current  densities in the A1203 films are an 
order or two lower than  those observed in pyrolitic 
SiaN4 (27). It follows that  the charge storage charac- 
teristics of MAOS structures should be, qual i tat ively 
at least, s imilar  to those of MNOS structures. These 
characteristics are discussed in the next  section. 

Charge storage in M A O S  s tructures . - -A typical flat- 
band voltage vs. stress voltage hysteresis loop, mea-  
sured at room temperature  (300~ for a MAOS 
capacitor with gold gate electrode is shown in Fig. 4. 
The ini t ial  f la t-band voltage is Vsbo = --2.85V. K now -  

i M e a s u r e d  a t  1 M H z  u s i n g  a B o o n t o n  71  A c a p a c i t a n c e  m e t e r ,  

Si : n-type ;10 _O_-cm 
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AI203: 4OOX 
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I 
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Vfb (,V) 
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- 2 ,  

V fb_a j ~  
- 4 "  

Fig. 5. Flat-band voltage vs .  stress voltage hysteresis for a 
MAOS structure illustrating the effect of the gate electrode. 

ing the value of Qss ~'~ 4 • 1011 q/cm 2 (15), and ~bMs = 

--0.35V (20) as well  as the insulator  capacitances, Eq. 
[4] can be used to estimate the ini t ia l  charge Qi(0) 
stored at the A1208-SIO2 interface. For the part icular  
sample under  investigation Qi(0) was found to be 3.3 
• 1012 q/cm 2. This charge was positive for all  the 
samples investigated and ranged from 3 X 1012 to 3.5 
• 1012 q/cm 2. An  asymmetry  in the characteristics is 
observed in the figure. A larger negative than positive 
stress voltage is required to produce a fixed shift in 
Vsb. This asymmetry  can be explained by the fact that  
the barr ier  height for inject ion from the Si into the 
SiO~ under  positive stress voltage, is smaller than  the 
barr ier  height for inject ion from the A1203 into the 
SiO2 under  negative stress bias (6). Also shown in 
Fig. 4 is the hysteresis loop obtained on the same sam- 
ple at 98~ under  the same conditions. As expected, 
the f lat-band voltage at 98~ is lower than  that  at 
300~ since some of the impurit ies in the substrate 
are not ionized at low temperatures  thus reducing the 
fixed charge in the silicon depletion region. Under  
positive stress, the VSb vs. Vc characteristics are almost 
identical at the two temperatures. This is due to the 
fact that most of the charging occurs through the thin 
silicon dioxide layer and that the conduction through 
this layer is almost independent of temperature 5 (see 
Eq. [6]). The area of the high temperature loop is 
larger than that of the low temperature one; this is an 
indication that Q~ increases with increasing tempera- 
ture, as predicted by the theory, since the conductivity 
of the aluminum oxide film increases much faster than 
that of the silicon dioxide (6). 

The effect of the gate electrode on the hysteresis 
characteristics is i l lustrated in Fig. 5 for Au and A1 
electrodes. The magni tude  of the ini t ial  f la t-band volt-  
age is smaller  for Au than for A1 because of the dif- 
ference in  metal-semiconductor  work funct ion r 
The VSb vs. Vc curves under  positive stress voltage are 
almost identical since the charging depends mostly on 
inject ion from the Si into the SiOf. The f la t -band 
voltage characteristics under  negative stress are, how- 
ever, different for Au and A1 electrodes and this dif-  
ference cannot be explained by the macroscopic theory, 
since it predicts that  the characteristics should be inde-  
pendent  of the gate electrode provided the conduction 
through the a luminum oxide is bulk controlled. This 
difference can, however, be a t t r ibuted to electrode in-  
jection. At the very high fields encountered, inject ion 
from the a luminum electrode is quite plausible. In  

r b k T  
5 T h e  t e r m  ( T r b k T / E o ) / s i n  ~ i n  E q .  [ 6 ]  results in negligible 

Eo 
t e m p e r a t u r e  dependence. 
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Fig. 6. Charging characteristics of a MAOS structure for various 
positive pulse widths. 

the case of gold, this inject ion is transposed to much 
higher fields, due to the higher work funct ion of gold 
(as compared to a luminum)  (3), and is, therefore, 
ineffective. 

The MAOS structures exhibited positive and nega-  
tive saturat ion f lat-band voltages at which increasing 
the magni tude  of the stress voltage caused no fur ther  
increase in the amount  of stored charge. This max imum 
charge is of p r imary  importance in the operation of 
the memory  elements. For  typical samples with a 400A 
A1203 layer, a 50A SiO2 layer  and an A1 gate the maxi-  
mum values of the stored charge as estimated from 
Eq. [4] are approximately __ 6.5 • 10 TM q/cm 2. 

In  order to investigate the effect of pulse width and 
pulse ampli tude on the charge t ransfer  characteristics, 
the MAOS capacitor was first subjected to a large 
negative voltage typical ly --40V for 1 min. This volt-  
age was sufficient to cause saturat ion of the f lat-band 
voltage in the negative direction. A positive pulse of 
known ampli tude and durat ion was then applied and 
the corresponding f lat-band voltage was measured. 6 
After each positive pulse, the f lat-band voltage was 
re turned to its saturat ion value and the procedure re- 
peated. The resul t ing VSb vs. Vc characteristics are 
shown in Fig. 6. The same procedure was repeated for 
negative pulses. The f lat-band voltage in this case was 
first saturated in the positive direction prior to the 
application of the stress pulses. The Vsb vs. Vc charac- 
teristics for negative pulses are shown in Fig. 7. As 
seen from these curves, the f lat-band voltage and 
therefore the charge stored Q~ depend on both the ap-  
plied pulse voltage ampli tude and its duration. As the 
pulses become shorter, their ampli tude must  be in-  
creased to shift the f lat-band voltage by a given 
amount.  Furthermore,  the switching is asymmetr ic  in 
that negative pulses must  be larger than positive pulses 
for the same shift. Similar  observations have been 
reported on MNOS structures by Frohman-Ben tch-  
kowsky (6) and Wal lmark  (4) and are predicted by 
the macroscopic theory. 

The  f l a t -band  v o l t a g e  was  m e a s u r e d  I0  rain a f t e r  a p p l i c a t i o n  
of  t h e  pulse  to  a v o i d  the  fas t  i n i t i a l  d i scharge .  

AI Gate 

T : 300~ +ve Saturation fo._~r Vfb 

~ Pulse Width 

?1 

~b IV) 

-6 

-4 

--2 

I 0 
_8~0 f tJ -60 -40 -20 V c IV) 

Fig. 7. Charging characteristics of a MAOS structure for various 
negative pulse widths. 
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Fig. 8. Flat-band voltage vs. time illustrating charge retention 
characteristics of a MAOS structure. 

Of great importance to the practical application of 
MAOS memory structures is the long- term retent ion 
of the stored charge. This re tent ion was measured in 
the following manner .  The f lat-band voltage was first 
saturated in the negative direction and positive pulses 
of various ampli tude and 50 ~sec durat ion were ap-  
plied. The f lat-band voltage was then monitored as a 
function of t ime in  each case. Typical results are shown 
in Fig. 8. For this sample the ini t ial  f la t-band voltage 
was VSbo -~ --3.80V. A rapid rise in  Vsb was observed 
whenever  VSb was smaller than  Vsbo, while a rapid de- 
cay occurred whenever  Vsb was larger than  Vfbo. Most 
of the change occurred wi thin  the first 10 min  and the 
f lat-band voltage then reached an equi l ibr ium value 
over the next  60 rain. Any  fur ther  change in VSb , over 
a period of 72 hr, was observed to be less than 1%. ~ 
Similar  results have been observed in MNOS structures 
(3, 11), and the dominant  mechanism responsible for 
the ini t ial  loss of charge can be at t r ibuted to conduc- 
tion through the th in  SiO2 layer. 

The charge t ransfer  across the silicon dioxide and 
a luminum oxide was found to affect the surface state 
density at  the Si-SiO2 interface. This effect was ob- 

Charge  r e t e n t i o n  m e a s u r e m e n t s  w e r e  ca r r i ed  o u t  u n d e r  a v a c -  
u u m  of  l e s s  t h a n  O.1 Tor t .  
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Fig. 9. Low-frequency C-V characteristic of a MAOS structure 
prior to and after a shift in flat-band voltage. 

served by measur ing the low-frequency C-V charac- 
teristics of the MAOS capacitors after application of a 
stress voltage large enough to cause a change in the 
f lat-band voltage. The measurements  were carried out 
using the quasi-static technique which has the advan-  
tage of allowing the direct determinat ion of the sur-  
face state density independent ly  of the charge stored 
in the dielectrics. 

In order to obtain a quick estimate of the approxi-  
mate surface state density N'st near  midgap, the min i -  
mum value of the exper imental  low frequency capaci- 
tance C'LF per un i t  area can be related to N'st by the 
expression (30) 

Ct --  C'FL [ Ct C' 
- -  C ' L F  C'  [12] 

qN'st Ct --  C'LF Ct -}- sc 

where C'sc is the m i n i m u m  theoretical space charge 
capacitance (31) per uni t  area, Ct is the total  capaci- 
tance per uni t  area of the MAOS structure,  and the 
second term in the brackets in Eq. [12] is the m i n i m u m  
theoretical low frequency capacitance per uni t  area. 

Figure 9 shows the typical exper imental  low-fre-  
quency C-V characteristics before and after applica- 
tion of a stress voltage. As observed in the figure the 
min imum value of the low-frequency capacitance and 
therefore the surface state density at the Si-SiO2 in ter -  
face increase with a change in  the f la t -band voltage. In  
the case under  consideration, the surface state densi ty 
N'st, as obtained from Eq. [12], increased from 2.25 • 
1012 cm -2 to 2.7 • 1012 cm -2 after application of a 50 
~sec stress pulse with an ampli tude ~-30V which 
shifted the f lat-band voltage by approximately 2V. The 
change in surface state density was pe rmanen t  and was 
found to increase with increasing stress voltage, s This 
increase in surface-state density was observed in all 
the samples investigated and may affect the long term 
reliabil i ty of the MAOS memory elements. 

S u m m a r y  
The conduction in rf sputtered A1203 films deposited 

on silicon is bu lk  controlled and consists of three com- 
ponents  as in the case of pyrolytic Si3N4. At high tem-  
peratures and high fields, the current  is mainly  due to 
field enhanced thermal  excitation of carriers into the 
conduction band  (Poole-Frenkel  effect). At  low tem-  

s To a v o i d  f a s t  discharge currents  from affect ing the q u a s i - s t a t i c  
C-V measurements ,  the  plots w e r e  m a d e  60 ra in  a f t e r  s t ress  
occurred.  

peratures and high fields, the current  is main ly  due to 
field ionization of carriers into the conduction band  and 
at low fields and moderate temperatures  the current  is 
due to trap hopping. 

The MAOS structures investigated exhibit  charge 
storage and re tent ion characteristics which are very 
similar to those observed in MNOS memory  elements. 
Most of these characteristics can be explained in terms 
of the macroscopic theory developed by F rohman-  
Bentchkowsky (6). Two of the observed characteristics 
which cannot be explained using this theory, are the 
dependence of the f lat-band voltage vs. stress voltage 
hysteresis on the gate electrode and the increase in the 
surface state density after a change in f lat-band volt-  
age. 

The use of A1203 instead of SiaN4 in memory  ele- 
ments  is expected to have certain advantages. The 
dielectric constant  of A1203 (Ka -- 8) is larger than 
that of Si3N4 (Ks  -- 6.5), this causes a higher propor-  
t ion of the applied field to appear  ini t ia l ly across the 
SiO2 layer resul t ing in a large current  flow, which 
causes rapid accumulat ion of charge at the A1203-SIO., 
interface. Fur thermore,  the lower conductivi ty of A1203 
films at low fields as compared to Si3N4 films under 
similar conditions is expected to increase the memory  
retent ion time. 
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Random Substitution of Eu" for y3§ in Y O3:Eu 
H. Forest and G. Ban 

Zenith Radio Corporation, Chicago, Illinois 60639 

ABSTRACT 

This paper is an investigation of whether  t r ivalent  europium occupies the 
two inequivalent  y t t r ium sites (C2 and $6) in Y203 (C-form) randomly  or 
preferentially.  The distr ibution is found to be approximately random for con- 
centrat ions greater  than 1 atom per cent by comparing the ~Fo --> 5D1 reflection 
spectra of Y203: Eu 3+ and C-form Eu203 powders. From the uncer ta in ty  of the 
measurements,  an estimate is made for the ordering energy (~250 cm -1) 
which is the max imum difference in the energy of Eu 3 + located at the two sites. 

The crystal s t ructure  of C-form Y2Os contains two 
inequivalent  y t t r ium sites with symmetries  C2 and $6 
which are in the ratio of three-to-one,  respectively 
(see Fig. 1). In a previous paper (1), it has been shown 
that the nar row line emission and absorption spectra 
of Y20~:Eu 3+, a we l l -known red emit t ing television 
phosphor, are due to Eu 3+ situated at both sites. The 
different symmetry  of each site results in two spectrally 
inequivalent  and dist inguishable Eu 3+ centers. Table 
I lists the site assignments of the impor tant  Eu 3+ 
transitions. 

One interest ing question is whether  there is signifi- 
cant difference in the europium energy for either site 
(ordering energy) to produce a preferential  subst i tu-  
tion. For a random distr ibution the europium energies 
would be degenerate and, consequently, the subst i tu-  
tion would occur for each site with the same prob- 
ability. In  some related studies on Y~O3:Eu 3+ pre-  
pared by the oxalate procedure, it was found that  the 
distr ibution was unaffected by  anneal ing at tempera-  
tures between 100O~176 for several hours. Com- 
mercial ly prepared Y203:Eu 3 +, obtained from Sylvania,  
was found to have the same dis tr ibut ion as our phos- 
phors. It  seems at these firing temperatures  that  the 
ordering energy is small  and the europium substi tut ion 
is random, but  this is only suggestive wi thout  actual 
knowledge of the distribution. 

The present  s tudy was init iated in order to determine 
the distr ibution of Eu 3 + between the two y t t r ium sites 
in Y203: Eu 3+. Our results indicate that  the distr ibution 
can be determined from the relat ive intensit ies of the 

K e y  words :  d i s t r ibu t ion ,  s y m m e t r y  sites, o rde r ing .  

Table I. Site assignments for some Eu 3+ transitions in Y203:Eu 3+ 

Trans i t ion  W a v e l e n g t h  (A) 
C2 S6 

~Fo ~ 5I)2 4646.7 - -  
4649.1 
4669.4 
4675.8 
4678.6 

~Fo--~ 5Dl 5257.7 (2) 5237.5 (I )  
6272.3 (4) 5262.0  (3) 
5278.5 (5) 

~Fo ~ SDo 5804.5 - -  

7F1 ~ ~Do 6873.7 5823.0 
5934.5 5924.5* 
5996.0 

vF2 ~ ~Do 6112.9 -- 

" Resolved a t  78~ 

7F0 -~ 5Di absorption spectrum which consists of C2 
and S~ Eu 3+ lines. From reflection measurements  on 
powders, the relat ive intensities of the C2 spectrum 
(see Table I, l ines 2, 4, 5) to the $6 spectrum (lines 1, 
3) were found to be about the same as C-form from 
Eu203, where  the ratio must  be three-to-one,  indicat-  
ing a random distribution. 

Experimental 
The Y203:Eu 3§ phosphors were prepared b y  firing 

stoichiometric mixtures  of the respective oxalates for 
2 hr  at 600~ followed by 2 hr  at 1400~ under  an 02 
atmosphere. C-form Eu203 was also prepared from the 
oxalates, but  the firing temperature  was selected so 
that  no conversion to the higher temperature  B-form 
occurred. The sample of Eu203 was analyzed by x - ray  
to insure that  it was pure C-form with no trace of the 
high temperature  B-form. From reflection spectra, it 
was found that  commercial ly available Eu203 is a mix-  
ture  of the C and B forms, in which the C-form is the 
maj or constituent. 

Reflection measurements  were made on loosely 
packed powders in planchettes with a 1-meter  Jarre l l  
Ash grat ing monochromator  and a r ibbon filament in-  

c2 

$6 

C ) -  OXYGEN 

0 - CATION 
Fig. 1. C2 and $6 cation sites in C-form Y~03. The major dif- 

ference being the direction of the oxygen vacancies; it is along 
a body diagonal in $6 and a face diagonal in C2. 
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candescent lamp as the light source. The mono-  
chromator slit bandpass was set at 0.4A which is 20% 
of the ha l f -width  of the narrowest  l ine in the spectrum 
so that  there was no significant broadening introduced 
by the ins t rument .  An RCA 7265 photomult ipl ier  was 
used as the detector. The reflection spectra reported in 
this paper are direct single beam measurements  of the 
photomult ipl ier  current  vs.  wavelength.  No corrections 
were made for the response of the photomult ipl ier  or 
the spectral dis t r ibut ion of the lamp since these were 
found to be minor  for the nar row wavelength range of 
the ~F0 ~ 5D1 transit ion.  In  order to maximize the 
absorption relative to the scattered light, the optics 
were arranged so that the focused image of the mono-  
chromator slit and light source did not  superimpose 
on the phosphor, but  were displaced slightly in a direc- 
tion perpendicular  to the optical axis of the mono-  
chromator. In  this way the light enter ing the mono-  
chromator would undergo several reflections through 
the phosphor powder, thereby increasing the effective 
path length. 

Absorption spectra were also taken on a single 
crystal of Y203: Eu 3 + at room tempera ture  with a Cary 
14R spectrophotometer. The single crystal  was pre-  
pared by a flame fusion technique at the Lockheed 
Palo Alto Research Laboratory. 

Results 
The f ive- l ine ~Fo -> 5D~ absorption spectrum of 

Y203:5% (atom per cent) Eu 3+ single crystal  is 
shown in Fig. 2. The number  above each l ine corre- 
sponds to the symmetry  assignment  obtained from 
Table I. Figure 3 shows powder reflection spectra (ab- 
sorptions appear as stalagtites) over the same wave-  
length range for Y2Os with several practical Eu s+ 
concentrations, plus C-form Eu203. Although it is not 
obvious from the spectra, the amount  of absorption 
does increase with europium concentration. The ab-  
sorption due to Eu~O3 is shown to be less than  the 5% 
sample due to a scale change, but  actually it is much 
greater. No at tempt was made to make the reflection 
spectra quanti tat ive,  since only the ratio of the C2 to $6 
l ine intensities of each spectrum is impor tant  and will  
be compared. The lack of reproducible quant i ta t ive 
data is due to variat ions in the packing of the powders, 
which is of no consequence when taking ratios. 

A relative absorption spectrum was obtained for the 
5% powder by a po in t -by-poin t  inversion of the re- 
flection spectrum. The resul t ing spectrum has essen- 
t ial ly the same relat ive l ine intensities as the single- 
crystal spectrum (Fig. 2), which indicates that  the 
spectral corrections of the apparatus are minor.  The 
other reflection spectra in Fig. 3 are also expected to 
be similar to absorption spectra measured on single 
crystals. 

Discussion 
Before proceeding to the comparison of the reflection 

spectra, a brief discussion of diffuse reflection theory 
will  be necessary. Melamed (2) has calculated the 

I . - -  
Z 
LEt 
n,,'- 

n,.,- 
IJ_l 
.--I  a. 

203 : Eu I% 

I I I I I I 

_Y203 : Eu 2% 

I I I I I t I 

Y203 : Eu5% 

I I I I I I 

I-z,., Y203 : Eu 10~ 

_ j  - -  

2 ~  

0 

" r  

~ I L I 1 1  I I 

Y203 : Eu 20% 

F _..~/-~ 

~ 1 1  I I I I I I  I I I I I 
o o 

WAVELENGTH (~ } 
Fig. 3. 7Fo-->SDt reflection spectra for several concentrations 

of Y2Oa:Eu a+, including Eu203. 

z 
4O 

(3- 

~ 3 0  

,,, 20 
I,,,- 

LU 

,./N. 
5250 5240 5250 5260 5270 

WAVELENGTH 1~ ) 
5280 

Fig. 4. Relative absorption spectrum obtained by a point-by- 
point inversion of the reflection spectrum for Y203:Eu 3+ 5%. The 
ordinate is completely arbitrary and is labeled relative absorption 
only to qualitatively identify the spectrum. 
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Fig. 2. 7Fo.->SD 1 absorption spectrum measured on a single 
crystal (Y203:Eu 3+ 5%). The number above each line indicates 
the site assignment listed in Table I. 

diffuse reflectance of a powder t (for various indices 
of refraction) as a function of the unitless quant i ty  kl ,  
where k is the absorption coefficient in cm -1 and 1 is 
the particle diameter  in cm. A family of curves is very 
nicely shown in ref. (3). The curves show that  for a 
fixed particle diameter the diffuse reflectance does not 
vary  l inear ly  with absorption coefficient bu t  tends to 
saturate beyond k l  = 0.50. The saturat ion is more pro- 
nounced for higher values of the index of refraction. 
Therefore, when comparing line intensit ies of reflection 
spectra over a large concentrat ion range, as we are 
doing in this paper (k will  vary  by a factor of 100), it 
is impor tant  to consider to what  degree the reflectance 
nonl inear i ty  will  affect the spectra. 

From Melamed's curves the nonl inear i ty  of the re-  
flectance spectra over a fixed range of k depends on the 

�9 M e l a m e d ' s  m o d e l  i s  f o r  s p h e r i c a l  p a r t i c l e s .  
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Table II. Absorption coefficients (cm -z) of 7Fo-->sDz transition 

L i n e  No. Y2Oa:Eu a* 5% YeOs:Eu s+ 1% Eu~O~ 

1 0.033 0.0067 0,67 

2 0".064 0.013 1.3 

3 0.076 0.015 1.5 

4 0.092 0.018 1.8 

5 0.38 0.076 7.6 

magni tude of. k and is less for low values of k. This 
means that  lines 1 and 5 in Fig. 3 will  be affected least 
and most, respectively, by the nonlineari ty.  Table II 
lists the range of the absorption coefficients of the five 
lines (columns 3 and 4) which were obtained from the 
single-crystal  spectrum (column 2). The phosphor par-  
ticle size is about 5~ so that  kl for the strongest line, 5, 
varies from 3.8 x 10 -5 -- 3.8 x 10 -3 which places the 
data on a section of Malamed's curve where the non-  
l inear i ty  is low. However, examining Fig. 3, the rela-  
tive intensi ty  of line 5 does decrease slightly over the 
concentrat ion range indicating some nonl inear i ty  and 
therefore this l ine cannot  be used to determine the 
ratio. Lines 2 and 3 have about the same absorption 
coefficient, but, unfortunately,  they superimpose in  the 
E u 2 0 3  spectrum. This leaves lines 1 and 4 for the com- 
parison of the spectra and it will  be assumed that  their 
intensities are l inear  over the concentrat ion range. 

All of the spectra in Fig. 3 are similar and have 
essentially the same C2 to $6 l ine intensi ty  ratio (i.e., 
the ratio of l ine 4 to l ine 1 is 5.2 • 1.0) indicating that  
the distr ibution of europium in Y203: Eu 3+ is the same 
as in Eu2Os. This means that  the subst i tut ion of euro- 
pium for y t t r ium at either symmetry  site proceeds with 
approximately  equal probabil i ty  and is independent  of 
the europium concentration. 

The major  contr ibut ion to the uncer ta in ty  of the 
ratio (about 20%) is the determinat ion of the baseline 
which is somewhat a rb i t ra ry  and depends on the 
sample. There is no t rend for the ratio to decrease 
with increasing europium concentrat ion result ing from 
the nonl inear i ty  of l ine 4 so that  the assumption that  
the peak heights are l inear  with concentrat ion appears 
to be valid. 

However, there is a t rend for the ratios to follow a 
trapezoidal dependence on europium concentration, 
i.e., the ratio goes through a broad max imum at about  
20% Eu 3+ and is the same for 1% Eu 3 + and Eu203. 
This is probably due to the broadening of the spectra 
which, as is discussed below, follows a similar de- 
pendence on europium concentration. The broadening 
of the spectra contributes to the uncer ta in ty  of the 
ratio, since taking peak heights as a measure of the 
line in tensi ty  implicit ly assumes that  the width of the 
C2 and $6 lines have the same europium concentrat ion 
dependence, which may not be true. 

The above result  is semiquant i ta t ive  at best, how- 
ever, since the spectra are not identical and do show 
some gradual  variations with europium concentration. 
As the europium concentrat ion increases, the lines ap- 
pear broader  and shift by approximately 2A to shorter 
wavelengths.  As a result  of the l ine shifts and broad-  
ening, the doublet  at 5260A formed by lines 2 and 3 is 
not resolved above 10% europium. We believe these 
minor  variat ions in the spectra are due to crystal field 
effects ra ther  than changes in the europium dis t r ibu-  
tion for the following reason: since the atomic radius 
of Eu 3+ is 0.95A compared to 0.88A for Y~+, it is 
reasonable to expect some distortion of the crystal  
field by the substi tut ion of europium into the lattice. 
Recently, it has been shown that  the emissions from 
Eu 3+ and Pr  ~+ in several oxysulfides shift to shorter 
wavelengths as the ionic radius of the host cation i n -  

creases (4). In  effect, the si tuation is the same for 
Eu203 relat ive to Y203: Eu 3 +, since the ionic radius of 
europium is sl ightly larger than that  of yt t r ium. For 
Gd203:Eu ~+ where  the ionic radius of the europium 
and gadol inium are very  similar, the reflection spec- 
trum, while not shown, is found to be closer to Eu203 
than any  of the Y203: Eu 3 + spectra in  Fig. 3. 

The variat ion of the spectrum with ionic radius of 
the cation is also responsible for the Eu203 spectrum 
being narrower  than  the Y203:Eu a+ spectra above 5% 
Eu. The line broadening in the Y203:Eu ~+ spectra 
results from variat ions of the local crystal field about 
each europium due to the presence of europium in one 
or more of the nearest  neighbor y t t r ium positions. Only 
for Y203:Eu 3+ at low europium concentrations, where 
each europium is surrounded only by yt t r ium,  and for 
Eu203 are the europium symmetries  unique  and the 
spectra narrow. For intermediate  concentrations, the 
spectra are composites of sl ightly different spectra and, 
consequently, appear broadened. Therefore, since the 
reflection spectra of Y203:Eu a+ are similar  to Eu203 
except for minor  variat ions in the crystal field, it is 
concluded that the europium distr ibut ion between the 
two symmetry  sites is r andom and the C2 to $6 ratio 
is 3.0 ___ 0.6. 

From the uncer ta in ty  of the distribution, the maxi-  
m u m  energy difference between europium located at 
C2 and $6 sites can be calculated. The distr ibution be-  
tween the two sites (C2)/($6) is given by 

(C2) 
- -  - -  3 e  - A E / k T  [1] 

(Se) 
where AE is the ordering energy and kT is the thermal  
energy. The factor 3 enters  because there are three 
times as many  C2 sites as $6 sites. If (C2)/($6) is taken 
as 2.4 and 3.6, which represents the uncer ta in ty  ex- 
tremes of the distribution, then AE is ~___250 cm -1 for 
the 1400~ firing tempera ture  used to prepare the 
phosphors. In  Eq. [1], AE can be positive or negative 
depending on the relative stabilities of eu rop ium in the 
C2 or $6 y t t r ium sites, but  at high firing temperatures  
(>1000~ it is not possible to determine from the 
data which configuration is more stable. The ordering 
energy, which probably results from the distortion of 
the y t t r ium site by the presence of europium, is small 
enough to be insignificant when compared to the ther-  
mal  energy. At temperatures  about 500~ however, 
some ordering may be detected and indicate the rela-  
tive stabil i ty of each site. 

Conclusion 
It has been shown that  europium is distr ibuted 

randomly  between the C2 and $6 y t t r ium sites in Y208 
by comparing the reflection spectra with C-form Eu~O3. 
This is only t rue for the high temperatures  (>1000~ 
used to prepare the phosphors. At lower temperatures,  
however, some preferential  subst i tut ion may be pos- 
sible. 

Manuscript  submit ted Oct. 12, 1970; revised m a n u -  
script received June  30, 1971. This was Paper  46 pre-  
sented at the Los Angeles Meeting of the Society, May 
10-15, 1970. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1972 JOURNAL. 
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ABSTRACT 

The quasi-static technique is used to investigate the effect of processing 
parameters  on the surface-state density at the s i l icon- thermal ly  grown silicon 
dioxide interface. The determinat ion of the constant  required for the evalu-  
ation of surface potential  from equi l ibr ium C-V data is discussed. A rapid 
method of est imating the midgap density of surface states is also described. 
The dependence of surface-state density on substrate orientation, type of 
oxide growth, h igh- tempera ture  anneal ing in nitrogen, low-tempera ture  heat 
t rea tment  in forming gas, and temperature  of oxide growth are discussed. The 
interdependence between the fixed oxide charge and the surface-state density 
is also investigated. 

Several methods (1-4) have been developed for the 
extraction of surface-state properties at the Si-SiO2 
interface from measurements  of the electrical charac- 
teristics of MOS (metal-oxide-semiconductor)  capaci- 
tors. Among these is the integrat ion method (3) which 
can be used in conjunct ion with low-frequency,  ther-  
mal equi l ibr ium MOS capacitance-voltage data to ob- 
ta in  the surface-state densi ty  dis t r ibut ion in energy. 
A part icular  advantage of this method is that the sur-  
face potential  can be determined directly by a simple 
integrat ion of the experimental  results. Hence, the 
errors in  surface-state densities arising from inaccu- 
racies in doping or surface potential, or relat ing back 
to ideal curves, are greatly reduced. While not as ac- 
curate as the conductance method (4), the integrat ion 
method results in the determinat ion of surface-state 
densities over a wider region of the bandgap energy 
without  the need for complex conductance measure-  
ments. Errors are also minimized because no graphical 
differentiation of exper imental  results is required as 
in the differential (1) and temperature  (2) methods. 

The successful implementa t ion of any low-frequency,  
thermal  equi l ibr ium method is directly dependent  on 
whether  or not the bias and signal voltages are capable 
of creat ing and main ta in ing  the semiconductor inver -  
sion layer and the interface surface-state charges in 
complete thermal  equi l ibr ium at all times. Deviations 
from thermal  equil ibrium, which are commonly ob- 
served at low temperatures  or at high frequencies, 
would completely inval idate  any results based on the 
integrat ion method. 

The original implementa t ion of the integrat ion 
method (3) used a phase-lock, low-frequency a-c 
technique. The difficulty with this implementa t ion  is 
due to the presence of drift  in the phase sensitive 
detection system of the lock-in amplifier which in t ro-  
duces large errors in the output  signal and therefore 
in the calculated surface-state density. Furthermore,  
the low-frequency cutoff of the lock-in amplifier re-  
stricts the measurement  frequency used in this method 
to above 1.5 Hz. Such a frequency is often not sufli- 
ciently low to overcome the nonequi l ib r ium effects 
that are apparent  in samples having typical inversion 
layer  response times of the order of a second or more. 

A more desirable approach is to el iminate the in-  
stabilities associated with the lock-in amplifier and 
reduce the effective measur ing frequency ~, to such a 
point that  1/~, is much greater than the t ime constants 
of the inversion layer and the surface~state charges, 
thus ensur ing that thermal  equi l ibr ium conditions are 
satisfied. This has been achieved using the quasi-static 
technique. This technique was first suggested by 
Castagne (5, 6) and fur ther  investigated by Kuhn  (7). 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
K e y  w o r d s :  s i l icon,  pa s s iva t i on ,  s i l i con  d iox ide ,  semiconductors .  

It involves the measurement  of the C-V characteristics 
of MOS capacitors under  application of a very slow 
ramp bias voltage. This technique is ideally suited for 
surface-state measurements  on thermal ly  oxidized sili- 
con structures possessing moderate surface-state densi- 
ties. With a m i n i mum amount  of implementa t ion and 
data processing, the method leads to the de termina-  
tion of the density of states over a considerable range 
of surface potentials extending from heavy inversion 
to heavy accumulation, with a sensit ivity of about 10 TM 

states/cm2-eV for energies wi th in  0.25 eV of midgap. 
The basic equations used in conjunct ion with the 

quasi-static technique are briefly reviewed in this 
paper and part icular  emphasis is placed on the deter-  
minat ion  of the integrat ion constant  required for the 
evaluat ion of the surface potential  from equi l ibr ium 
C-V data. A rapid method of obtaining the approximate 
surface-state densi ty near  midgap is also described. 
The quasi-static technique is then used to investigate 
the effect of processing parameters  on the surface-state 
density at the Si-SiO2 interface. The effects of some 
of the processing parameters  investigated here have 
been previously reported using other techniques of 
surface-state measurement  which were restricted as to 
the energy range covered and the frequency of the 
measurement .  Both of these l imitat ions are minimized 
in the quasi-static technique. A correlation of the fixed 
oxide charge and the surface-state charge has been 
included, wherever  possible, in order to investigate 
any common origin for these two charges. The advan-  
tage of the quasi-static technique in such an invest i-  
gation is that  it determines directly the surface-state 
density independent ly  of the fixed oxide charge (7). 

Analysis 

The following analysis, due to Berglund (3), can be 
used to extract the surface potential  and the surface- 
state densi ty from the exper imenta l ly  determined low- 
frequency (LF) C-V data obtained under  thermal  
equi l ibr ium conditions. The exper imental  var iat ion of 
surface potential  ~s with respect to the oxide voltage 
Vo is given by 1 

: -- - -  1 [1] 
Csc + qNst CLF 

where Co is the oxide capacitance for un i t  area, Csc is 
the space charge capacitance per uni t  area, Nst is 
the density of surface states in cm-2-eV -1, q is the 
electronic charge, and CLF is the low-frequency,  equi-  
l ibr ium MOS capacitance per uni t  area. For  an ideal 
capacitor with no surface states, Eq. [1] reduces to 

1 The  sur face  p o t e n t i a l  ~b8 is g i v e n  b y  (EF -- E~)/q w h e r e  E~ and 
E~ are t he  F e r m i  a n d  i n t r i n s i c  e n e r g y  l eve l s  respect ive ly .  
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dq~s ) : Co 

(---~--~o r Cs~ 
[2] 

For a known substrate doping and oxide capacitance, 
Eq. [2] can be evaluated theoretically for any ~ .  The 
surface-state density can then be determined from the 
following equat ion 

d~s ) 

1 T 
Nst = - -  1 C~ [3] 

dq~s ) 

The surface potential  Cs(V~2) at any gate voltage 
Vo_~ can be determined wi th in  an additive constant  
q~(Vg~) from the integral  (3) 2 

fVge ( CLF 
Cs(V~D = ~v~ ,,1 ~ ) dVg + r [4] 

The method of evaluat ing the constant, suggested by 
Berglund (3), is to match the exper imental  and theo- 
retical dr curves in the accumulat ion region 
where the effect of surface states can be neglected. The 
matching points must  be judiciously chosen to give 
accurate results. If the matching is at tempted in a re-  
gion of heavy accumulat ion where Csc is very  large, 
then CLF "~ Co and the value of (dq~s/dVo)E becomes 
immeasurably  small  and is obscured by any error ACLF 
in the measured value of eLF. On the other hand, if 
matching is at tempted in the region of light accumula-  
tion (near  flat band) ,  C~c may be comparable to qNst 
and again error in ~s(Vgl) may result. Assuming that  
the error in determining ~ (Vgt) is to be limited to hr 
then the opt imum range of ~s useful for matching can 
be obtained by first solving the following equations for 
limits on Csc 

Cox fl A~s 
Csc (upper limit) : [5] 

2 (ACLF/CLF) 

2qNst 
Cs~ (lower l imit)  -- - -  [6] 

/3 ~ s  

where /~ = q/kT. 3 Once the limits on Csc are deter-  
mined from Eq. [5] and [6], the corresponding values 
of r can be determined for an n - type  semiconductor 
(in the heavy accumulat ion region) from (8) 

Csc ~ ~ exp [7] 
LDe 

where  LDe is the extrinsic Debye length and es is the 
semiconductor dielectric constant. The bulk  potential  
@5 is given by 

1 N 
,r = - -  :In ~ [8] 

,8 ni 
where N is the bulk  donor doping density and n~ is 
the intrinsic density. 

The surface-state dis t r ibut ion in energy in our in-  
vestigation is determined by a computer  program 4 
whose input  consists of the substrate doping density 
N, the oxide capacitance Co, and a po in t -by-po in t  eval-  
uat ion of the exper imental  LF capacitance-voltage 
characteristics. The program solves Eq. [1] and [2] for 
the exper imental  and theoretical values of d~JdVo, 
matches these two curves over the range of surface 
potentials obtained from Eq. [5], [6], and [7], and 

2 I d e a l l y ,  i f  Eq. [4] is  e v a l u a t e d  f r o m  h e a v y  a c c u m u l a t i o n  to  
h e a v y  i n v e r s i o n ,  the  i n t e g r a l  s h o u l d  g i v e  a v a l u e  fo r  Ca ( V g 2 )  -- 
~8(Vuz) e q u a l  t o ,  o r  s l i g h t l y  less t h a n ,  t he  b a n d g a p  energy .  A 
v a l u e  g r ea t e r  t h a n  the  e n e r g y  gap  i n d i c a t e s  t h a t  gross  n o n u n i -  
fo r tu i t i e s  are  p r e sen t  e i the r  in  t he  ox ide  or a t  the  o x i d e - s e m i c o n -  
duc to r  i n t e r f ace  and  the  ana ly s i s  can no l o n g e r  be a p p l i e d  (3). 

3 I n  Eq. [5], (ACLF/CLF) is  t he  e f fec t ive  accu racy  in  the  m e a -  
s u r e m e n t  of CLV. In  Eq. [6], t he  v a l u e  of Nst is  set  a t  10N ' , t ,  w h e r e  
N',t is  the  a p p r o x i m a t e  d e n s i t y  o f  s ta tes  nea r  m i d g a p  as d e t e r m i n e d  
f r o m  Eq. [10]. The  v a l u e  1O/V'at r e p r e s e n t s  a wor s t  case cond i t ion .  

A v a i l a b l e  on reques t .  

determines an average value for the additive constant  
q~s (Vgl). The surface state density Nst, as a function of 
q~s, is then obtained from Eq. [3]. 

Approximate Surface-State Density Near Midgap 
For qual i ty  control purposes, it is often sufficient to 

obtain a single value of the surface-state density, Nst, 
at some point such as the m i n i m u m  of the LF C-V 
characteristic and assume that this value is representa-  
tive of the effective density. 

Assuming a uniform surface-state density, the min-  
ima of the ideal (theoretical) and experimental  low- 
frequency C -  ~s characteristics [curves (a) and (b) 
respectively in Fig. 1] occur at the same value, ~'~, of 
surface potential  in the light inversion region near  
midgap. 5 The difference in the mi n i mum capacitance 
between the two curves can be directly related to the 
surface-state density, N'st. This observation allows the 
density of states near  midgap (where they are most 
effective as recombinat ion centers) to be evaluated 
using the following equations: 

The mi n i mum space charge capacitance C'sc is given 
by Eq. [9] 

�9 s [cosh (fl~b) ] '/= 
CPsc 

LDi 1 -b 0.542 (fl~bb) -- 0.0115 ('sq~b) 2 

for (M~b) < 2 1  [9] 

where LD~ is the intrinsic Debye length. From Eq. [1], 
the surface-state density N'st at the mi n i mum of the 
C -  ~ characteristic is then given by 

' [ C ' ] N' Co + C sc oC sc 
q s t - -  - - - - ' - -  C ' L F  C '  [10] 

Co-- C'LF Co+ sc 

where C'L~ is the mi n i mum low-frequency capacitance 
obtained from the exper imental  C-V or C -- ~s charac- 
teristic. The second term in the brackets in Eq. [10] is 
the mi n i mum theoretical low-frequency capacitance. 

In  general, the surface-state density is not uniform 
over the whole energy gap and the min ima  of the ideal 
and exper imental  C -  Cs curves will not coincide, as 
shown in Fig. 1. The value of surface-state density ob- 
tained from Eq. [10] then will  be in error. However, 
for typical MOS devices, the surface-state distr ibution 
is fairly constant  near  midgap and good accuracy 

( r .D,-c , ,  )~. 
5 V/, = 1/fl c o s h  -a , 
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Fig. I. Effect of uniform and nonuniform density of states on the 
C-~s characteristics. 
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(within _ 10%) can be obtained. The val idi ty of this 
method is i l lustrated in the following sections. 

Experimental Techniques 
The implementa t ion of the quasi-static technique 

used in this investigation is similar to the one de- 
scribed by K u h n  (7). I t  involves the measurement  of 
the MOS capacitor displacement current  density, Jc, 
in response to a l inear  gate-voltage ramp, Vg = at. The 
low-frequency capacitance, eLF, is related to the dis- 
placement  current  density by Je = aCLF. 

Measurements of surface-state densities at the Si- 
SiO~ interface were carried out on sui tably prepared 
MOS capacitors. The silicon used in this work was in 
the form of polished circular slices (Monsanto),  2.5 
cm in diameter, prepared by the Czochralski method. 
The dislocation count was specified to be less than 103 
cm -2. The slices used were n - type  (phosphorus 
doped), of both (100) and (111) orientation, having 
resistivities ranging from 3 to 10 ohm-cm. The polished 
silicon wafers were degreased and carefully cleaaed 
(10) prior to oxidation. 

Oxidation was general ly carried out immediately 
after cleaning. Dry or wet (95~ water)  oxides were 
grown in a resistively heated furnace provided with a 
quartz tube and an a lumina  liner. Both the ni t rogen 
and oxygen gases were derived from liquid sources. 
After oxidation and h igh- tempera ture  anneal ing (if 
necessary),  the slices were rapidly ( <  3 sec) quenched 
to room temperature.  Anneal ing  was carried out either 
at the oxidation temperature,  in the case of N2, or at 
450~ in the case of forming gas. The thickness of the 
films was measured using a Talystep capable of _ 20A 
accuracy. Typical oxide thicknesses used in this in-  
vestigation ranged from 800 to 1500A. 

The MOS structures were completed by evaporating 
a luminum (99.999%) field plates, 1000A thick, 500 ~m 
in diameter, over the oxide through a metal  mask. Alu-  
m inum was also evaporated on the bare back side of 
the silicon to produce an ohmic contact. The evapora-  
tions were carried out from a resist ively heated, pre-  
fired, tungsten  filament in a vacuum of 3 • 10 -~ Torr. 

After metallization, the over-al l  oxide quali ty was 
assessed by measuring the fixed oxide charge, Qss, and 
the mobile ionic charge, Qo, using high-f requency 
(HF) C-V measurements  and bias tempera ture  (BT) 
stress techniques. All of the samples investigated ex- 
hibited min imal  shift under  BT stress at 150~ + 10V 
for 10 min  indicating no ionic contamination.  The typi -  
cal values of Q~s observed ranged from 0.6 • 1011 to 
4 X 1011 cm -2, depending on the oxide growth and an-  
neal ing temperatures.  The HF C-V characteristics 
were also used to determine the effective substrate 
doping and the oxide capacitance. 

After assessing the densities of extraneous charges, 
the surface-state densi ty was determined. Figure 2 
shows a typical  C-V characteristic obtained at a bias 
sweep rate of 50 mV/sec. A factor of ten increase in 
the bias sweep rate resulted in negligible change in 
the C-V characteristics, indicating that  the ~required 
equi l ibr ium was obtained. For this part icular  sample, 
the matching of the exper imental  and theoretical d~s/ 
dVo was done for ~ between 0.375 and 0.430V, assum- 
ing A~s < kT/2q and ACLF/CLF -~- 0.01. The corre- 
sponding surface-state density is shown in Fig. 3. 

The usefulness of the approximate method of deter-  
mining  near  midgap surface-state densities was veri-  
fied for this sample. The value of N'st was 5.4 • 1010 
states/cm2-eV, which is within 10% of the midgap 
value of 6 • 1010 states/cm2-eV obtained from com- 
puter  calculations. For comparison purposes, some of 
the surface-state density plots in the next  section show 
the estimated Nst as obtained from Eq. [10]. In  most 
cases, good agreement  between N'st and the actual 
density of states was obtained. 

Experimental Results and Discussion 
A large number  of MOS samples were prepared and 

the dependence of surface-state densities on the fol- 
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Fig. 3. Surface-state density vs. surface potential for the sample 
shown in Fig. 2. 

lowing processing parameters  was investigated: (a) 
substrate orientat ion and type of oxide growth, ( b )  
h igh- tempera ture  anneal ing in nitrogen, (c) low- tem-  
perature  heat t rea tment  in forming gas, (d) tempera-  
ture of oxide growth and fixed oxide charge, Qss. 

The dependence of surface-state densities on orienta-  
tion of the silicon substrate was evaluated using both 
dry and wet oxides. The typical  surface-state densities 
obtained using dry oxides grown at l l00~ on (111) 
and (100) oriented slices are shown in Fig. 4 [curves 
(a) and (b)] .  As expected, the (100) plane shows the 
lowest over-al l  density of states. Similar  results were 
obtained using wet oxides, as shown in Fig. 4 [curves 
(c) and (d) ] ; however, in general  the density of states 
was lower for wet than for dry oxides. The lower 
density of states in wet oxides is a t t r ibuted to the 
annihi la t ion of states by rapidly migrat ing and highly 
active hydrogen species originat ing from the water  
vapor. These results are in general  agreement  with 
those obtained by Brown (2), Nicollian (4), and Ar-  
nold (11). 

The effect of ni t rogen anneal ing at l l00~ on dry-  
grown oxides was investigated for both (100) and 
(111) oriented slices. Whereas previous to anneal ing 
the densities of surface states were quite different on 
(100) and (111) slices, as shown in Fig. 4, after an-  
neal ing the densities were not only reduced consider- 
ably for both orientations bu t  also approached ap- 
proximately the same value near  midgap, as shown 
in Fig. 5 [curves (a), (b)] .  Furthermore,  the midgap 
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Fig. 5. Effect of N2 annealing on surface-state density in dry 
grown oxides (oxide growth temperature, 1100~ N2 anneal at 
1100~ for 30 min; oxide thickness ~ 1000A). 

densities observed were close to those obtained on un -  
annealed wet oxides of either orientation. However, 
the total density of states integrated over the bandgap 
was still lowest for wet, unannea led  oxides on (100) 
orientat ion slices. 

Nitrogen anneal ing was also observed to reduce the 
fixed oxide charge Qss (12) at the Si-SiO2 interface. 
This reduction is the result  of traps, induced by an-  
neal ing (13, 14), competing with the oxide-silicon in-  
terface for electrons donated by the ionic silicon. 6 
Trapped electrons effectively decrease the net fixed 
oxide charge Qss measured by the HF C-V technique. 

The effect of low- tempera ture  heat t rea tment  of ox- 
ides in forming gas (5% H2, 95% N2) at 450~ was 
also investigated by comparing the surface-state densi-  
ties observed on (100) oriented substrates under  the 

These t raps  are  also able to in terac t  w i th  sodium donor s i t e s  
by t r app ing  the sodium electrons and  hence localizing any  mobi le  
sodium ions. This  expla ins  the expe r imen ta l ly  observed  improve -  
men t  in s tabi l i ty  of sod ium-con tamina ted  samples  af ter  n i t rogen  
anneal ing,  a l though the total sod ium concentra t ion  in  the  sample  
r ema ined  fixed. 
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Fig. 6. Effect of annealing in forming gas (oxide growth tempera- 
ture, 1100~ oxide thickness ~___ 1000.~). (a) no anneal; (b) H2 
anneal, 450~ for 30 rain prior to metallization, (c) H2 anneal, 
450~ for 30 min after metallization; (d) N2 anneal, 1100~ for 
30 rain followed by H2 anneal, 450~ for 30 rain after metalliza- 
tion). 

following conditions: (a) wet grown oxide + a lumi-  
num metallization, (b) wet grown oxide + forming 
gas heat t rea tment  + a luminum metallization, (c) wet 
grown oxide + a luminum metal l izat ion + forming gas 
heat t reatment .  

Curves (a),  (b) and (c) in Fig. 6 show that  heat  
t rea tment  of wet  oxides in forming gas in the presence 
of a reactive metal  such as a luminum is the most ef- 
fective in reducing the surface-state density. The re-  
duction in surface-state densities after forming-gas 
heat t rea tment  is a t t r ibuted to adsorption of active 
hydrogen at the Si-SiO2 interface. The a luminum (15- 
17) causes a fur ther  reduct ion in surface-state density 
by reacting with water  adsorbed at the oxide surface 
dur ing the heat t reatment .  Hydrogen is released and 
migrates to the Si-SiO2 interface. This hydrogen 
(atomic or ionic) is thus available for bonding to any 
uncompensated bonds which are believed to be a pos- 
sible origin of fast states at tha t  interface. As the 
dangling bonds are saturated, the densi ty of fast states 
is reduced. It  has been postulated (18) that  ionic Si 
centers acting either as acceptor or donor states may  
be reduced according to the reaction 

Si + H ~ S i  -- H 

However, S i - -H  bonds are not stable at elevated tem- 
peratures. This explains why low-tempera ture  heat-  
t reatments  reduce the surface-state density even in 
wet -grown oxides where hydrogen is expected to be 
plentiful.  

Also shown in Fig. 6, curve (d), is the surface-state 
density for a dry oxide grown at l l00~ and subjected 
to a ni t rogen anneal  at the growth tempera ture  and 
then to a forming-gas anneal  at 450~ after a luminum 
metallization. This combinat ion of anneals  resulted in 
the lowest midgap surface-state density (6 • 10 l0 
c m - L e V  -1) as well  as the lowest fixed oxide charge 
(6 • 101~ cm -2) observed in this invest igat ion and 
appears to be the opt imum processing method of ob- 
ta ining both low oxide charge and low surface-state 
density. 

The effect of tempera ture  of oxidation on the sur-  
face-state density was also investigated using dry  ox- 
ides grown at 900% 1000% and l l00~ on (100) orien- 
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Fig. 7. Effect of dry oxide growth temperature on the surface 
state density (oxide thickness ~ 1GO0,~,; no anneal). 

ta ted  slices. The results,  shown in Fig. 7, indicate  no 
apprec iable  dependence  of surface states on growth  
tempera ture .  On the other  hand, the fixed oxide charge, 
Q~s, was observed to decrease wi th  increasing t empera -  
ture  of oxidat ion  in agreement  wi th  the  resul ts  of 
Deal  et al. (12). 

Goetzberger  et al. (19) have pos tu la ted  a common 
origin for the  fixed oxide charge and the sur face-s ta te  
charge. Evidence in favor  of this  pos tu la te  include:  

(a) the fact that  the sur face-s ta te  densi ty  and the 
surface charge  have the same crys ta l lographic  
dependence  as demons t ra ted  by  Arno ld  et al. 
(11), and 

(b) the resul ts  obta ined in this  invest igat ion wi th  
h igh - t empera tu r e  ni t rogen annea l ing  which re -  
duces both Qss and Nst. 

However ,  hydrogen  annealing,  as shown, reduces  the 
sur face-s ta te  dens i ty  wi thout  affecting the oxide 
charge. Similar ly ,  the  oxide growth  t empera tu re  ap-  
pears  to have l i t t le  affect on the  surface-s ta te  dens i ty  
while  reducing the oxide  charge. Hence, it  is evident  
tha t  some processing pa rame te r s  affect one charge 

wi thout  affecting the other. The lack  of a more  expl ic i t  
corre la t ion  be tween  the two charges suggests tha t  they  
m a y  not have a single common origin. I t  is perhaps  
possible tha t  two or more discrete mechanisms con- 
t r ibu te  to the  sur face-s ta te  density,  only one of which 
corre la tes  wi th  the  fixed oxide charge (11). 
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ABSTRACT 

Scanning electron microscopy and meta l lu rg ica l  sectioning were  combined 
to detect  defects and potent ia l  r e l i ab i l i ty  problems  at  crossovers and feed-  
throughs  in mul t i l eve l  circuits. The ex t r eme ly  large depth  of field of the  scan-  
ning e lect ron microscope pe rmi t t ed  "on-edge"  examina t ion  of the sample  sur -  
face topography,  whi le  meta l lu rg ica l  cross-sect ioning a l lowed examina t ion  of 
bur ied  layers.  This method is a ve ry  powerfu l  tool  for character iz ing mu l t i -  
level  in tegra ted  circuits. 

The advent  of large  scale in tegra t ion  (LSI)  has re -  
sul ted in electronic components  which  have consider-  
ab ly  grea te r  funct ional  capabi l i ty  than  the basic in-  
t eg ra ted  circuit.  Convent ional  in tegra ted  circuits  are  

* Elect rochemical  Society Act ive  Member .  
1 Presen t  address :  Bosch, A.G.,  Germany .  
K e y  words :  mul t i leve l  in terconnect ion defects,  LSI  (large scale 

in tegra t ion) ,  scanning  electron microscopy,  optical microscopy,  me t -  
al lography.  

the unit  cells of an LSI  ar ray ,  and they  are  in tercon-  
nected ut i l iz ing a mul t i leve l  system formed by  in te r -  
leaving layers  of meta l  and insulat ion over  the  basic 
in tegra ted  circuit.  Medium scale in tegra t ion  (MSI)  
lies in be tween  in tegra ted  circuits  and LSI  in com- 
plexi ty .  In  some cases, MSI can be achieved wi th  one 
level  of interconnection,  but  f requent ly ,  a two- leve l  
in terconnect ion system is employed.  In  o rder  to achieve 
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LSI, a mult i level  interconnect ion system is required. 
At the present  time, both two- and three- level  systems 
are employed. The demands on this technology are 
more severe than on convent ional  integrated circuit 
passivation and metal l izat ion technology, for mul t i -  
level interconnect ion requires both that  leads cross one 
another  and that  they feed through from one level to 
another. Crossovers are subject to both electrical 
shorts and opens, and interlevel  feedthroughs are sub- 
ject to electrical opens. Furthermore,  the added proc- 
essing problems of working with a mult i level  construc- 
tion can introduce mult i level  defects which are po- 
tent ial  rel iabi l i ty  problems. 

The purpose of this paper is to present  two of the 
methods employed in this invest igat ion and to discuss 
the defects which were identified and characterized 
using these techniques. Scanning electron microscopy 
of sample surfaces and optical microscopy of metal -  
lurgical sections were the two above-ment ioned tech- 
niques.. As is shown below, these two methods comple- 
ment  one another  and, when  they are used together, 
give a thorough characterization of the mul t i level  
structure. 

Experimental 
Scanning electron microscopy possesses distinct ad-  

vantages which can yield informat ion quickly and 
accurately. A major  advantage is that  direct examina-  
t ion of the sample surface is possible, and the depth 
perception and magnification are much greater than  
that  possible with the optical microscope. 

Pa t te rned  mult i level  s tructures are quite easy to 
examine in the scanning electron microscope. A par-  
t icular  advantage is the abi l i ty  to study a slice "on 
edge," which gives an excellent perspective when  
searching for mult i level  defects. This view is obtained 
by incl ining the slice at a very shallow angle (10 ~ to 
30 ~ ) to the pr imary  beam. Correspondingly, the sec- 
ondary electron detector is located normal  to the beam 
and at an 80~ ~ angle to the sample. Although fea- 
tures parallel  to the slice surface are greatly foreshort- 
ened in one direction, features normal  to the slice sur-  
face are seen at near ly  true size. Hence, the edges of 
pat terned metal  and the side walls of feedthroughs 
are seen clearly. These s t ructural  features cannot  be 
examined at high magnifications using conventional  
optical microscopy. In  this study, the SEM's emissive 
mode of operation was employed, uti l izing a CRT dis- 
play of secondary electrons produced by a 25 kV pri-  
mary  electron beam. Image contrast  is produced by 
differences in secondary electron emission from the 
sample. The resul tant  image has a remarkable  three-  
dimensional  quality, especially when  the sample is 
incl ined at an angle to the electron beam. 

The metallographic studies required considerable 
skill in sample preparation,  but  the results were 
equal ly rewarding.  Although the depth perception and 
resolution (0.1-0.2 ~m) of the optical microscope are 
less than  the SEM, a major  advantage is gained by an 
optical examinat ion of a cross-sectioned sample. Be- 
cause the different layers of thin films possessed dis- 
t inct  color and reflectivity differences, an optical ex- 
aminat ion of the metallographic section often yielded 
more informat ion than  an SEM examinat ion of the 
same cross-sectioned sample. 

The main  problem in sectioning mul t i layer  devices 
deposited on silicon is the ra ther  low mechanical  sta- 
bi l i ty of the different layers, which may be as thin 
as 1000A or less. Also the extreme difference in the 
hardness of the various materials  involved causes the 
formation of steps dur ing polishing. The optical micro- 
scope with its low depth of field cannot give clear pic- 
tures of the layers when  steps exist between them. Yet, 
the goal of a flat, highly polished surface with no me- 
chanical damage of the layers can be reached by the 
following technique: The sample is glued with the 
side carrying the devices to a glass plate; preferably,  
a thermoset t ing epoxy with a low viscosity in the un -  
cured state is used. I t  is impor tant  to avoid the en-  

t r apment  of bubbles dur ing mixing. The curing is done 
at elevated temperatures  to make a hard joint. This as- 
sembly is mounted  in a plastic block in such a way that 
the mult i layers  are cut in  the desired direction and 
plane. In  the grinding, lapping, and polishing process, 
extreme care is taken to avoid a mechanical  de- 
s truct ion o f  the various layers. Most of the different 
layers are visible in the optical microscope after pol- 
ishing, without  etching. I t  is well  known that  the etch 
rate of oxides deposited in different ways varies 
widely. So, a very slight oxide-etch can differentiate 
between different kinds of quartz. Now, the reflectiv- 
i ty of SiO2 is quite low, especially at an oxide-oil  in-  
terface when an oi l - immersion objective is used. 
Therefore, an extremely thin film of evaporated metal  
is used to increase the reflectivity of the oxide and 
make it visible. 

The major i ty  of the mult i level  structures presented 
in this paper employed Mo-Au metallization. A few 
examples of f i lament-evaporated A1 metall izat ion are 
presented as well. The insula t ing  oxides were pro- 
duced by RF sputter ing and silane vapor-phase dep- 
osition. 

Results and Discussion 
The following photomicrographs were  selected to 

i l lustrate the strength of the method of combining 
scanning electron microscopy and optical metal logra-  
phy for mult i level  characterization. Both defective 
and good crossover and feedthrough structures are 
presented. The examples given represent  nei ther  the 
f requency of defect occurrence nor do they show all 
types of defects, but  rather, they were selected because 
they were interest ing photomicrographs and verified 
the usefulness of these two characterization tools when  
used together. 

A schematic drawing of a mul t i level  crossover is 
given in Fig. 1. The first-level metals (Mo-Au-Mo) 
are deposited over the thermal  oxide (SiO2) which is 
grown on the Si substrate. After this first-level meta l -  
lization is pat terned by etching, insulat ing oxides (RF- 
sputtered and silane vapor-deposi t ion oxides) are de- 
posited over the entire wafer. Feedthrough holes to 
first-level metal  a~e etched in the insulat ing oxide at 
appropriate locations. Finally,  second-level metal l iza-  
t ion (Mo-Au) is deposited over the insulat ing oxide 
and through the feedthrough holes, and the second- 
level metal  is patterned. One defect sometimes ob- 
served is an electrical open in the second-level metal.  

Figure  2 presents SEM micrographs of defective 
crossovers with very thin, near ly  open metal  at the 
vertical edge of the step. Figure 2a represents A1 met-  
allization, and Fig. 2b represents Mo-Au metallization. 
The oxide-coated step runs  from the upper- lef t  to the 
lower-r ight  part  of each picture. The metal lurgical  
cross section, Fig. 3, clearly shows the th in  metal  at 
the vertical edge of the step, and it confirms the exis- 
tence of the defect suggested by the SEM inspection. 
The insulat ing oxides appear dark in the photomicro- 
graph because of their  low optical reflectivity. The top 
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Fig. 1. Schematic drawing ot a multilevel crossover 
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step wi th  no reduct ion  in thickness.  F igures  6a and 6b 
are  SEM micrographs  of good M o - A u  and A1 cross-  
overs, respect ively .  The sl ight  da rken ing  seen at  the  
edge of the  m e t a l - o x i d e  in ter face  is caused by  the  
charging of the  oxide by  the  e lec t ron beam. As  the 
beam sweeps over  the  oxide immed ia t e ly  ad jacen t  to 
the h igh ly  conduct ive  metal ,  a region of decreased  sec- 
ondary  e lec t ron emission results .  This effect can be 
t roublesome where  th ick  oxides a re  employed.  How-  
ever,  exce l len t  image  qua l i ty  can be  gained easi ly  by  
coating the ent i re  sample  wi th  a th in  l aye r  of evap-  
ora ted  Au  ( <  250A). 

A schematic  d rawing  of a mul t i l eve l  feed through is 
given in Fig. 7; the  f i rs t - level  meta l l i za t ion  and in-  
sula t ing oxide  are  produced  in the  same m a n n e r  as 
exp la ined  in Fig. 1 ( the mul t i l eve l  crossover) .  Holes 

Fig. 2Q. SEM micrograph of a defective AI crossover 
Fig. 3. Metallurgical cross section of a defective Mo-Au cross- 

aver.  

Fig. 2b. SEM microgroph of a defective Mo-Au crossover 

Mo layer  is ve ry  thin, and i t  is difficult to resolve in 
most  of the  figures. The bo t tom Mo laye r  shows much 
more  clearly.  A possible cause of the th in  crossover 
me ta l  is sugges ted  by  the  ver t ica l  appea rance  of the  
edge of the f i rs t - level  metal .  F igures  4 and 5 i l lus t ra te  
the steps t aken  to produce  a g rea t ly  improved  cross-  
over  s t ructure.  Tapered  Mo-Au-Mo coated wi th  an 
insula t ing oxide layer  is shown in Fig. 4. Note tha t  the  
insula t ing  oxide is c lear ly  seen in this  figure, as com- 
pared  to the  d a r k  appearing,  t r anspa ren t  oxide in Fig. 
3. This improvemen t  was achieved by  coating the cross 
section wi th  a ve ry  thin l aye r  of evapora ted  Ge to in-  
crease the  oxide  reflectivity.  F igu re  5 shows a final 
Mo-Au  crossover p roduced  by  t ape r ing  f i rs t - level  
metal .  Note the  second- leve l  me ta l  crosses over  the  

Fig. 4. Metallurgical cross section of tapered first-level Mo-Au 
metal coated with an insulating oxide. 

Fig. 5. Metallurgical cross section of a Mo-Au multilevel cross- 
over produced by proper edge-tapering of first-level metal. 
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Fig. 6a. SEM micrograph of a good Mo-Au crossover 

Fig. 8. Metallurgical cross section through a defective feed- 
through. An open circuit resulted because the feedthrough hole 
was not etched all the way through. 

Fig. 6b. SEM micrograph of a good AI crossover 

Fig. 9. (a, left) SEM micrograph of a defective Mo-Au feed- 
through showing hairline crack at the base of the feedthrough; (b, 
right) metallurgical cross section of a defective Mo-Au feed- 
through. Hairline crack is seen clearly. 

Fig. 7. Schematic drawing of a multilevel feedthrough 

are etched in the oxide to produce the feedthrough 
interconnection,  and the final metal  is deposited and 
patterned. Causes of electrical open circuits are shown 
in  the next  photomicrographs. Figure  8 is a meta l lu r -  
gical cross section through a feedthrough. The failure 

Fig. 10. Metallurgical cross section of a good Mo-Au multilevel 
feed-through produced by proper tapering of the feedthrough 
walls. 

to etch completely through the oxide is the obvious 
cause of the open circuit. I n  this case, scanning electron 
microscopy would not have indicated the defect. Figure 
9 i l lustrates a second type of feedthrough defect. Fig-  
ure 9a is a SEM photomicrograph showing an apparent  
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Fig. 11. SEM micrograph of a good Mo-Au feedthr 

hair l ine crack at the base of the vert ical  step of the 
Mo-Au feedthrough. Figure  9b is a cross section which 
confirms the presence of the hair l ine crack. The ver t i -  
cal sidewall of the oxide is l ikely to be the cause of 
the th in  metal. Figure  1O is a cross section of a Mo-Au 
feedthrough produced by proper processing steps. The 
th i rd- level  metal  connects to the second-level metal  
through a via hole etched in  the oxide. The two slopes 
seen in the oxide wall  are due to the difference in 
etch rates of the two oxides which compose the in-  
sulat ing layer. The top layer, made by silane deposi- 
tion, etches more rapidly than  the lower RF sputtered 
oxide layer. This feedthrough is excellent in quality, 

showing no reduct ion in metal  thickness at the step. 
Figure 11 is a SEM photomicrograph of the same type 
feedthrough, showing the Mo-Au crossing the tapered 
oxide wall  and connecting to the bottom of the feed- 
through. The sharp si lane-deposited oxide step runs  
from the upper  center to the lower r igh t -hand  portion 
of the micrograph. The shallow RF deposited oxide 
step is the lef t -hand port ion of the micrograph. 

Conclusion 
The combinat ion of scanning electron microscopy 

and metallographic sectioning provided an excellent 
method of characterizing mul t i level  defects. The "on- 
edge" examinat ion of mult i level  crossovers was par-  
t icular ly revealing, and the exact location of metal  
opens were readi ly determined. Likewise, defects on 
the vertical  walls of feedthroughs were quickly found. 
Optical microscopic data obtained from metallographic 
sections complemented the scanning electron micro- 
scope data. Defects in  both crossover and feedthrough 
structures were shown with equal clarity when  exam- 
ined in cross section. The locations of both shorts and 
opens have been observed by  optical microscopy. This 
investigation has resulted in an enhanced unders tand-  
ing of mult i level  defects. Once this knowledge has 
been gained, it is an easier job to bui ld higher rel iabi l-  
ity mul t i level  structures. 
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ABSTRACT 

The Brewster  angle has long been used to determine the index of refraction 
of nonabsorbing material .  Semiconductors and other absorbing materials  
exhibit  a nonzero m i n i m u m  at a "pseudo-Brewster" angle which depends 
on the wavelength of incident  l ight and the optical constants of the materials.  
Since semiconductor infrared optical constants are strongly dependent  on the 
carrier  density, the pseudo-Brewster  angle is an indication of this density. An 
infrared, optical constant model for semiconductors has been used to calculate 
calibration curves relat ing carrier  concentrat ion in silicon to the pseudo-Brew- 
ster angle for several wavelengths,  the range of carrier concentrat ions being 
l imited by the wavelength  employed. Exper imenta l  results for silicon are 
presented for a wavelength of 3.391 ~m. 

Optical techniques are very  attractive for character-  
izing semiconductor materials,  because they are both 
contactless and nondestructive.  Infrared interference 
and plasma resonance are two very good examples of 
techniques used to measure the properties of processed 
semiconductors. Infrared interference is used to deter-  
mine  the thickness of epitaxial  films. Plasma resonance 

* Elect rochemical  Society Act ive  Member .  
Key  words :  semiconductor  ca r r i e r  concentra t ion,  polarized in-  

f r a r e d  l ight,  silicon, B rews te r  angle,  p lasma resonance.  

is used to determine the carrier concentrat ion of semi- 
conductors. 

For plasma resonance, a spectrophotometer is used 
to measure the reflectivity at a fixed angle of incidence 
on the semiconductor sample while the wavelength of 
the reflected light is scanned. The wavelength of min i -  
mum reflectivity is related to semiconductor carrier 
concentrat ion by means of a cal ibrat ion curve (1). In  
this technique no absolute quanti t ies  need be mea-  
sured since only relat ive reflectivity is observed and 
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the wavelength corresponding to the reflectivity min i -  
mum determined. 

In the above two techniques, a reflectivity m i n i m u m  
is observed by scanning the wavelength for a fixed 
angle of incidence. If, on the other hand, the polarized 
reflectivity is measured as a function of the angle of 
incidence for one wavelength,  a m in imum will  again be 
observed. The angle at which this m i n i m u m  is ob- 
served, the pseudo-Brewster  angle, is related through 
the semiconductor optical constants to the carrier con- 
centrat ion of the material.  Figure 1 shows calculated 
reflectivity curves for n - type  silicon with an impur i ty  
concentrat ion of 1 X 10 TM c m  -~ at a wavelength of 
3.391 ~m. This wavelength is put out by a He-Ne laser 
with special resonator windows used in the experi-  
menta l  work presented. Rs, the reflectivity for l ight 
polarized with its electric vector perpendicular  to the 
plane of incidence, increases monotonical ly as the angle 
of incidence increases from 0 to 90 degrees. The parallel  
component  of reflectivity (Rp), exhibits a m in i mum at 
an angle related to the optical constants of the semi- 
conductor. 

The approximate expressions (2) for the parallel,  
Eq. [1], and perpendicular,  Eq. [2], components of 
l inearly polarized, reflected light as a funct ion of the 
angle of incidence are 

(ns + kS) cos20 -- 2ncos 0 + 1 
Rp(8) = [1] 

(n 2 Jr k s) COS 2 0 n u 2n cos o + 1 
and 

( n 2 + k 2 ) _ 2 n  c o s 0 + c o s  2e 
Rs(0) = [2] 

(n 2 + k  s) + 2 n c o s 0 + c o s  20 

100 

90 

80  

7O 

T 6o 

>- 
p 50 

P 
u 40  w 
_J 

" 50 

20  

10 

k= 3.591/~m 
n -  TYPE SILICON 
N=I  x 1019cm -5 

Po =6"9 x l O - 3 ~ - c m  

~p 

0 L 
0 10 20 50 40  50 60 70 80 90  

8 (degrees) - ~  

Fig. 1. Parallel and perpendicular reflectivity as a function of 
the angle of incidence at ;L = 3.39| /~m for n-type silicon; im- 
purity concentration N = I x 10 TM cm - 3 .  

where 8 = angle of incidence, n -- index of refraction, where 
and k = extinct ion coefficient. 

These approximations are valid for (n ~ + k s) > >  1, 
which is the case for semiconductors in the infrared 
region of the spectrum. Sett ing the derivative of 
Rp(0) with respect to cos 0 equal to zero, the m i n i m u m  
in the parallel  component  of reflectivity is found to 
occur at 

1 
cos sB -- 

(n2 Jr k2) V, 
or 

1 
OB = cos-* [3] 

(n  s + k~) '/~ and 

where 8B is defined as the pseudo-Brewster  angle. 
The Brewster  angle for nonabsorbing  mater ial  (3) 

(with a zero ext inct ion coefficient) is defined as the 
angle at which the paral lel  reflectivity Rp(8) goes to 
zero. For  an absorbing mater ial  such as a semiconduc- 
tor, with nonzero k, Rp(e) at tains a nonzero m i n i m u m  
at 0B, the pseudo-Brewster  angle. This angle is directly 
related to the optical constants of the mater ial  as 
shown in Eq. [3]. 

The free-carr ier  optical constant  theory for a semi- 
conductor derived by Schumann  and Phillips (4) can 
be used to relate the index of refraction n and the ex- 
t inct ion coefficient k at any wavelength to the impur -  
i ty concentrat ion of the material.  The results are 

1 [ K  L e2~'2NJ(D) ] '/2 

n = ~ / 2  4=~ ~oC2m* 

1 • 1 + e2k2NJ(D) s 
64~ 6 ~o ~ C6m . 4 K 4~ ~ ~oC ~ m* 

[4] 

I[ L k =  
e2~SNJ(D) ]'/~I-- 
4~2 ~oC 2 m* 

1_+ 

1 / ' ~  x9/2 e -x  dx 

J ( D )  = r (5 /2 )  *~0 x~ + D 

L(D)  = f ~  
x~ e - x d x  

L , 0  x S w D  

N2 e4 ~2po2 r (4) g 
D = 

4~2 C s m*2 

r (4 )  
g = - -  3 .39 

[ r ( 5 / 2 ) ] s  

eL 
KL = -  

co 

In  the above equations eL = lattice dielectric con- 
stant, eo = free space dielectric constant, r ( x )  e=effc- 
gamma function of x, C ---- speed of light, m* ---- 
tive mass, N ---- doping impur i ty  concentration, e --- 
electronic charge, ~. = wavelength of light, and po = 
d-c resistivity. 

Since these equations relate n and k to N and po and 
since SB is a funct ion of n and k, 8B can be used to 
determine the impur i ty  concentrat ion or resistivity of 
the semiconductor. In  the theoretical  curves presented 
in Fig. 1 through 8 for silicon, the calculations were 
made using I rvin ' s  (5) curves to relate po to N, an 
assumed value of 0.26 for the effective mass ratio for 
n - type  silicon, and a relat ive lattice dielectric constant  
EL = 11.7 (6). 

In  Fig. 1 the value of Rp(e) appears to go to zero on 
the 100% scale used in the plot. Figure 2, a logarithmic 
plot of the same Rp(8) curve, shows that  the reflec- 
t ivi ty  at tains a m i n i m u m  of 3.63 X 10-4% at a pseudo- 
Brewster  angle of 8B = 72.73 ~ The angular  width of 

1-t 
eS~6N4 po~g2 [L  ( D )  ] s 

6 ~  cos C6m,4 [ KL e~'2NJ (D) ] 2 
4~ 2 eoC ~ 'r~* J [5 ]  
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Fig. 2. Logarithm of parallel component of polarized reflectivity 
as a function of the angle of incidence at ;L ---- 3.391 /~m for n-type 
silicon; impurity concentration N = ! x 1019 cm - 3 .  

this min imum is A = 0.47 ~ a t  a value of Rp one order 
of magnitude greater than Rp(0B).  

Figure 3 shows a logarithmic plot of Rp(#) for n -  
t y p e  silicon with  N = 4 • 10 ~9 cm - s  using k = 3.391 
~m. F i g u r e  2 is superimposed for comparison. Note 
that all three parameters [0B, Rp (0B), a n d  A] that char- 
acterize the min imum change as concentration changes. 

Calibration curves relating the impurity  concentra- 
tion N and the pseudo-Brewster angle 0B, have been 
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Fig. 3. Logarithmic plot of Rp(O) at  ~. = 3.391 /~m for impurity 
concentrations of N = 4 x 10 z9 cm - 3  end N = 1 x 1019 cm - 3 .  
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Fig. 4. Pseudo-Brewster angle calibration curve (OB vs. N) for 
n-type silicon at ~L ---- 3.391 /~m. 

calculated using Eq. [3], [4], and 1"5]. Figure 4 shows 
the 0B vs. N calibration curve for n- type  silicon, and 
a wave length  ~ = 3.391 ~m. As the concentration de- 
creases, 0B approaches 73 ~ the value  for intrinsic si l i-  
con. At  higher concentrations 0B is very  sensit ive to 
changes in concentration; unfortunately,  for any angle 
less than 73 ~ concentration is not a s ingle-valued func-  
tion of 0B. For example,  in Fig. 4, a pseudo-Brewster 
angle of 68.0 could correspond to a concentration of 
either N = 1.45 X 102o cm -3 or N ---: 5.0 )< 1020 cm -3. 

Since the semiconductor infrared optical constants, 
expressed in Eq. [4] and [5], are strongly dependent 
on the wavelength  of light, the 0B VS. N calibration 
curves are also strongly dependent on wavelength.  A 
family  of calibration curves for n- type  silicon is shown 
in Fig. 5. Note that for short wavelengths,  the sensi-  
t iv i ty  of 0S to changes in concentration is great, but 
the range over which  it is single valued is small.  As 
wavelength  is increased, the sensit ivi ty  of this angle 
to changes in concentration decreases, but the range 
over which it is single valued in concentration in-  
creases. 

The fact that 0B is not single valued in N for angles 
less than 73 ~ can be resolved by measuring 0B at two 
wavelengths.  Alternately,  if the magnitude of Rp is 
measured as the angle of incidence is varied around 
0s, then observing either Rp(0B) or the width  A can 
resolve which N value is the correct one. Figure 6, 
showing calculated values  of Rp(0B), indicates that it 
is a strong function of N; hence an order of magnitude 
measurement  of Rp(0B) would  suffice. Figure 7 shows 
that A -- 02 -- 01 where  Rp(Ol) -- Rp(02) =- 1ORp(OB) is 
also a strong function of N. 

Another technique for determining the correct value  
of N where oB is double valued is to measure the mag-  
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Fig. 5. 013 calibration curves for n-type silicon at wavelengths of 
5, 10, 25, 50, and 100/~m. 
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Fig. 6. Parallel component of polarized reflectivity at on angle 
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ni tude  of ref lect ivi ty  of l ight  inc ident  a t  the  pseudo-  
Brews te r  angle, but  polar ized pe rpend icu la r  to the  
plane of incidence. This is done by  ro ta t ing  the p lane  
of polar iza t ion  whi le  at  the  pseudo-Brews te r  angle. 
F igu re  8 i l lus t ra tes  which of the  double  values  of OB 
is correct  for the  sample  concentra t ion (N) ,  using the  
pe rpend icu la r  ref lect ivi ty Rs (0B). Rs (OB), ca lcula ted  
from the  model  and the ca l ibra t ion  curve of 0B is p lo t -  
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Fig. 8. Perpendicular reflectivity at 8]3 vs. concentration and 
8B vs. N for n-type silicon at ~. = 3.391/~m. 
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Fig. 9. Schematic of experimental setup to determine #B 

ted  vs. N for  an  assumed ~ = 3.391 ~m. As an example  
a specimen wi th  0B measured  at  68 ~ would,  f rom Fig. 
8, cor respond to N --  1.45 X 1020 cm-3  or  N = 5.0 X 
1020 cm -3. Measurement  would  de te rmine  which  of the  
corresponding values  of Rs(eB), tha t  is, 57.5% or 70%, 
obta ins  for this  specimen, thus  de te rmin ing  N. 

A n  expe r imen ta l  setup to measure  the  polar ized r e -  
f lectivity and de te rmine  the pseudo-Brews te r  angle is 
shown schemat ica l ly  in Fig. 9. A Spec t ra -Phys ics  
He-Ne  laser  wi th  3.391 ~m wave leng th  p lane -po la r i zed  
output  served as the  l ight  source. The ref lect ivi ty was 
measured  wi th  a Golay  in f ra red  de tec tor  whi le  a 
Siemens di f f rac tometer  s imul taneous ly  var ied  the  
angles  of incidence and reflectance. An  X - Y  recorder  
(not  indica ted  in Fig. 9) was  used to plot  Rp vs. the  
angle of incidence. 

Af te r  or ien t ing  the  laser  for output  polar ized  pa ra l -  
lel  to the  p lane  of incidence of a test  wafer ,  the angle  
was scanned to locate the  ref lect ivi ty  minimum.  The 
polar iza t ion  was  ad jus ted  to min imize  the  ref iect ivi ty  
and the angle  was again  scanned. This procedure  was 
i t e ra ted  unt i l  the  ref lect ivi ty  could no longer  be re -  
duced. The test  wafe r  at  its PBA served as an ana lyzer  
for ad jus t ing  the polar iza t ion  of the  laser.  

Expe r imen ta l l y  de te rmined  0s for  severa l  n - t y p e  
silicon samples,  both  bu lk  and diffused wafers,  a re  
shown in Table  I; the  ca r r i e r  cpncentra t ion was de-  
t e rmined  f rom p lasma  resonance. The car r ie r  concen- 
t ra t ion  impl ied  by  the  measured  OB (shown in Table  I)  
was de te rmined  using the theore t ica l  ca l ibra t ion  curve  
of Fig. 4. F igure  10 is a plot  of the  ca r r i e r  concent ra-  
tions de te rmined  by  the two techniques.  A leas t - square  
l inear  regression analysis  y ie lded  the s t ra ight  l ine 
shown and a corre la t ion  coefficient of 0.992. 

The concentra t ions  der ived  f rom the PBA theore t ica l  
ca l ibra t ion  curve  fal l  below the p lasma resonance con- 
centrat ions.  The excel lent  corre la t ion implies  tha t  wi th  
the  correct  ca l ibra t ion  curve,  measuremen t  of P B A  
could be  used to de te rmine  N. The theore t ica l  model  
(4) used to calculate  the  ca l ibra t ion  curve assumes the  

Table I. Experimentally determined 0B for n-type silicon samples 
and the implied impurity concentration 

P l a s m a  r e s o n a n c e  Pseudo-Brewster  a n g l e  
N ( c m  ~ )  #B ( m e a s u r e d )  N ( c m  -9) ( f r o m  c u r v e )  

3.2 x 1010 72.75 8.0 x 10 TM 
8.2 x 10 TM 71.83 4.0 g 10 TM 
9.3 x 1019 71.70 5.0 x 10 TM 

6.8 • 10 TM 72.50 2.0 • 1019 
6.4 X 1019 72.50 2.8 x 1019 
6.3 X 102o 63.75 4.1 • 1020 
2.5 x 10 ~ 68.87 1.25 x 10 m 
2.8 X 10 ~o 68.00 1.5 • 102o 
2.07 X 10 m 69.50 1.1 X 102o 
1.2 X 10 ~~ 71.38 6.0 X 1019 
5.5 X 102o 64.88 4.3 X 10 ~~ 
1.1 x 102o 70.25 9.1 • 10 TM 

7.0 x 1020 66.75 4.9 • 10 ~o 
7.6 • 10 ~ 67.00 5.0 • 10 ~o 
7.5 x 1019 72.25 3.0 • 1019 
1.3 X 102~ 71.00 7.0 x 10 TM 
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Fig. 10. Plot of PBA-determined concentration vs.  concentration 
determined by plasma resonance. 

Conwell-Weisskopf scattering and Maxwel l -Bol tzmann 
statistics. Recent work (7) has shown that  while the 
model accurately predicts t rends in the optical con- 

D e c e m b e r  1971 

stants as a funct ion of concentrat ion and wavelength,  
the actual values are in error. A constant  value of ef- 
fective mass ratio was used in calculat ing the cal ibra-  
t ion curve al though effective mass is known to vary  
with concentration. For application of the PBA tech- 
nique at a part icular  wavelength an exper imental  cali- 
brat ion curve would have to be constructed. 

The PBA technique for determinat ion of carrier  con- 
centrat ion offers several advantages over plasma reso- 
nance. It  requires scanning the angle of incidence 
ra ther  than wavelength.  It  has a sharp min imum 
which is easy to read, and which becomes sharper as 
concentrat ion decreases (cf. Fig. 3). The lower l imit 
to the concentrat ion that  can be measured with PBA 
depends only on the wavelength  employed, the longer 
the wavelength the lower the detectable concentrat ion 
limit. The avai labi l i ty  of long wavelength infrared 
lasers as polarized light sources makes PBA attractive 
as an automated process moni tor ing technique. 

Manuscript  submit ted May 1, 1970; revised manu-  
script received ca. Ju ly  21, 1971. This was Paper  117 
presented at the Los Angeles Meeting of the Society, 
May 10-15, 1970. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the June  1972 
JOURNAL. 

REFERENCES 
1. P. A. Schumann,  Jr., Solid-State Technol., p. 50, 

( January  1970). 
2. O. S. Heavens, "Optical Propert ies  of Thin  Films," 

Dover Publicat ions (1965). 
3. J. D. Jackson, "Classical Electrodynamics," John 

Wiley & Sons, Inc., New York (1962). 
4. P. A. Schumann,  Jr. and R. P. Phillips, Solid State 

Electron., 10, 943 (1967). 
5. J. C. Irvin,  Bell System Tech. J., 41, 387 (1962). 
6. P. W. Chapman, O. T. Tufte, J. D. Zook, and D. 

Long, J. Appl. Phys., 34, 3291 (1963). 
7. P. A. Schumann,  Jr., W. A. Keenan,  A. H. Tong, 

H. H. Gegenwarth,  and C. P. Schneider, This Jour- 
nal, 118, 145 (1971). 

Partial Pressures in the Cd-Te and Zn-Te Systems 
R. F. Brebrick *.1 

Lincoln Laboratory, Massachusetts Institute oi Technology, Lexington, Massachusetts 02173 

ABSTRACT 

Par t ia l  pressures of Te2, Cd, and Zn have been determined to wi th in  10% 
for a number  of compositions in the Cd-Te and Zn-Te  systems by measur ing 
the optical density of the vapor phase between 1990 and 7000A. For Te-sa tu-  
rated CdTe(c) ,  the part ial  pressure of Te2, p~, reaches a ma x i mum value of 
0.188 atm near  915~ For Cd-saturated CdTe (c), Pod is wi th in  a few per cent 
of that  for pure Cd up to 840~ At the 1092~ melt ing point, pe :-  5.5(10 -~) 
and p c a =  0.65 atm. At 900~ the homogeneity range for CdTe(c)  is shown to 
lie wi th in  outer limits of 49.0 and 50.5 a/o (atom per cent) Te and hGf ~r 
by less than 150 ca l /g-a tom between either Cd-saturated or Te-saturated and 
congruent ly  subl iming CdTe(c) .  Liquidus temperatures  and the part ial  gram- 
atomic enthalpy and entropy are obtained for 55.0, 60.0, and 65.0 a/o Te melts. 
The l iquidus points confirm the presence of an inflection point  in the Te-r ich 
l iquidus and it is shown that this behavior  is due pr imar i ly  to the nonideal  
behavior  of the Cd activity coefficient. S imi l a r ly ,  Pzn for Zn-sa tura ted  ZnTe(c)  
has been determined to 900~ and Pe for the Te-satura ted ZnTe (c) to 1080~ 
The homogeneity range at 900~ is bracketed between outer l imits of 49.5 and 
50.5 a/o Te corresponding to a max imum variat ion of ~Gf of 190 ca l /g-a tom 
between either Zn-sa tura ted  or Te-saturated and congruent ly  subl iming 
ZnTe (c). 

The l iquidus l ine for CdTe has been determined by 
de Nobel (1), Kulwicki  (2), Lorenz (3), and recently 
by Steininger  et al. (4). The last three sets of data 

* Elect rochemical  Society Act ive  Member. 
1Presen t  address:  Meta l lu rgy  and Mater ia ls  Science, College of 

Engineer ing,  Marquet te  Univers i ty ,  Milwaukee,  Wisconsin 53233. 
Key words:  phase d iagram Cd-Te; the rmodynamic  proper t ies  
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agree to within 10~ on the Cd-rich side of 50 a/o 
(atom per cent) .  The last two agree to wi th in  20~ on 
the Te-r ich side but  are 10~ below the data of de 
Nobel and as much as 40~ below those of Kulwicki  
near  60 a/o Te. According to the last two de termina-  
tions, the Te-r ich l iquidus tempera ture  drops rapidly 
with increasing Te-content ,  being slightly concave out 
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to 60-65 a/o where an inflection point occurs. The 
l iquidus l ine is far removed from one calculated by 
assuming an ideal l iquid phase in equi l ibr ium with a 
compound CdTe(c) that  melts at 1092~ with a heat 
of fusion of 12.01 kcal/mole.  Par t ia l  pressures along 
the three-phase loop have been measured by de Nobel 
(1) and more extensively by Lorenz (3). Although the 
two determinat ions are in fair agreement  on the par-  
tial pressure of Cd, POd, along the Cd-rich leg of the 
loop, they are in poor agreement  for that  of Te~, P2, 
along the Te-r ich leg. Recently Hall  and conductivi ty 
measurements  (5) on single crystal CdTe as a function 
of tempera ture  and either Pod or P2 indicate, on the 
basis of a simple point-defect  model, that  the homo- 
geneity range for CdTe(c) includes, or is close to, the 
stoichiometric composition and is of the order of 10 -5 
a/o wide near  900~ However, no direct measurements  
in terms of atom per cent have been made for the 
outer limits wi thin  which the homogeneity range must  
fall. Therefore, no upper  bound has been placed on the 
var iat ion of the Gibbs free energy of formation of 
CdTe(c) across its homogeneity range. 

In  this paper  we report  the results of optical density 
measurements  which (i) give P2 along the Te-r ich leg 
of the three-phase loop up to the max imum melt ing 
point  of 1092~ (ii) give PCd along the Cd-rich leg up 
to 9O0~ (iii) place outer limits of 49.0 and 50.5 a /o  
Te on the homogeneity range, and (iv) give l iquidus 
temperatures  for 55.0, 60.0, and 65.0 a/o Te. We also 
report similar measurements  on ZnTe(c)  that  extend 
our earl ier  study (6). 

Exper imental  
The exper imental  details of the optical density mea-  

surements  between 1990 and 7000A have been exten-  
sively described in an earlier study (6) on ZnTe(c) .  
Essentially the exper iment  consists of measur ing the 
optical density, D = log Io/I, of the vapor in a silica 
optical ceil at a fixed temperature  whiIe a reservoir  of 
a condensed phase, located at the end of a sidearm to 
the optical cell, is held at one of a series of lower 
temperatures.  Since it was desired to determine pres- 
sures for reservoir temperatures  approaching ll00~ 
the optical cell was held fixed at l l00~ in some ex- 
periments,  as well as at 1000~ in others, and calibra- 
tion runs  with pure Te and with pure Cd had to be 
made at ll00~ For reservoir  temperatures  above 
920~ the Ag- l iner  used to he]p establish a uniform 
temperature  over the reservoir zone was replaced by 
one of stainless steel. The tempera ture  difference along 
the 5 cm reservoir zone was 2 ~176 or less in all mea-  
surements.  The reservoir  tempera ture  was taken as 
that  near the middle of the condensed phase in  the 
reservoir  zone and at the surface of the silica sidearm. 
It  was measured using a Pt, 13% Rh thermocouple 
and an ice junction.  The precision of measurement  was 
•176 and, judging from calibrations at the mel t ing 
point of Zn and Ag, the accuracy was better  than 
•176 The tempera ture  difference across a 2 cm long 
optical cell at l l00~ was under  10~ Both tempera-  
ture differences were constant  with t ime to wi th in  
O.5~ 

Spectroscopically pure e lements  (nominal  99.999% 
pure from Cominco American  Inc., Spokane, Washing-  
ton) were used to synthesize the samples by fusion. 
Generally,  the Cd and  Zn were first individual ly  
melted under  10 -6 Torr  vacuum, subjected to 600 Torr  
of H2 for 5-10 min  while molten, subjected to vacuum, 
and then quenched. In  synthesizing the Cd-Te and 
Zn-Te  samples, the elements were individual ly  
weighed to the nearest  0.1 mg to make a total near  
3g, loaded into a silica test- tube,  and outgassed for 
4 hr at 140~ and pressures below 10 -7 Torr. The 
sample was then sealed-off under  vacuum, reacted 
with a hand torch, annealed 40 hr at 900~ then 40 
hr at 530~ and quenched. The sample was removed 
from the silica test- tube,  ground to pass a 1 mm o p e n -  
ing, stainless steel sieve, and loaded into the carbon-  

coated sidearm of an optical cell. For five samples, 49.5 
a/o Te Zn-Te, 49.0, 55.0, 60.0, and 65.0 a/o Te Cd-Te, 
the elements were loaded directly into the carbon- 
coated sidearm of an optical cell without  pre-reaction. 
After  outgassing the loaded cell for 4 hr at 140~ and 
10 .7 Torr, it was sealed-off. Optical cells used in an 
earlier study and containing 40.0 and 55.0 a/o Te Zn-  
Te were used again here. The optical cells were gen- 
erally near 21 or 47 mm in optical path length (total 
length minus  the thickness of two plane parallel  
windows).  Windows that were 0.75 mm thick did not 
noticeably deform at l l00~ and total vapor pressures 
under  1 atm while 0.50 mm thick windows did deform 
over a period of 8-16 hr. 

Results 
Tellurium.--The quali tat ive features of the spec- 

t rum of Te2(g) at l l00~ are the same as at lower 
temperatures.  [The optical density for a 1000~ optical 
cell is shown between 3100 and 4500A in Fig. 2 of ref. 
(7) and between 2300 and 4000A in Fig. 1 of ref. (8).] 
Since in the present  s tudy P2 was in the 10 -8 to 1 a tm 
range, it  was determined from the relat ively weak ab-  
sorption in the visible. A Te2 band system extends from 
a min imum optical density near  3150A through a max-  
imum near  4100-5500A and beyond, depending on the 
value of P2. Vibronic bands are seen from 3870 to about 
4500A, the upper  l imit  moving toward longer wave-  
lengths with increasing part ial  pressure. The optical 
density at a number  of wavelengths and for a 22.1 
m m  optical path length at l l00~ is plotted in Fig. 1 
on a logarithmic scale against the reciprocal absolute 
tempera ture  of the Te(1) reservoir. The line without  
points and near  the middle of the figure gives the 
vapor pressure (9-11) of Te(1). The optical densities 
at 4357A, an absorption band maximum, and at 5000 
and 5500A, in apparent ly  structureless regions of the 
band system, have close to the same slope as the vapor 
pressure for optical densities greater than  0.1. When 
D4~57 ~ 0.1, the relat ion between optical density and 
part ial  pressure is 

P2 = 0.320 D4~57/L [1] 

where L is the optical path length in millimeters.  The 
optical densities at 2400 and 2800A shown in Fig. 1 are 
at wavelengths where  Cd(g) also absorbs. Except for 
two or three points, the straight lines in Fig. 1 fit the 
exper imental  points to bet ter  than  5% in optical den-  
sity. 

Cadmium.--Cd(g) has two prominent  absorption 
peaks, the stronger at 2287A, the weaker at 3257A. 
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Fig. 1. The optical density of Te2(g), D : log ( l~ at a 
number of wavelengths for a 22.1 mm optical path at 1100~ 
plotted on a logarithmic scale against the reciprocal absolute 
temperature of a pure Te(I) reservoir. The solid line without points 
gives the vapor pressure of Te(I) as read with the right hand 
ordinate. 
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Fig. 2. Optical density of Cd(g) at a number of wavelengths for 
a 22.1 mm optical path at 110{)~ plotted on a logarithmic scale 
against the reciprocal absolute temperature of a pure Cd(I) reser- 
voir. The squares are normalized values obtained from a 47.5 mm 
optical-path cell. The line without points gives the vapor pressure 
of Cd(I) as read with the right hand ordinate. 

With increasing pressure the 2287A peak broadens ex- 
tensively toward the red, as do the strongest peaks of 
Hg(g)  (12, 13) and Zn(g)  (6, 14). Figure 2 shows Dx 
for a 22.1 mm path at l l00~ plotted against the re-  
ciprocal absolute tempera ture  of the Cd(1) reservoir 
for a number  of wavelengths.  The line without  points 
shows the vapor pressure of Cd(1) (15, 16). For the 
10 -2 to 1 atm range of pressure shown, D~87 is much 
greater than the upper l imit  of measurement,  D ---- 2. 
In  the long wavelength tail  of this peak Dx, shown in 
Fig. 2 for k ---- 2400 and 2800A, has a slope close to 
twice that of the vapor pressure, consistent with the 
statistical theory of self-broadening (17). For these 
two wavelengths,  the plot also includes data obtained 
using an optical cell with a 47.5 mm path length and 
then normalized by mul t ip ly ing  by the factor (22.1/ 
47.5). The two sets of points are in good agreement,  
showing that  D depends l inear ly  on the path length. 
Only the optical densities from the 22.1 mm cell are 
shown for the 3257A peak. These are systematically 
larger than those obtained with a 47.5 mm cell after 
the lat ter  are mult ipl ied by (22.1/47.5). Thus D~z~7 
depends on a fractional power of the path length ra ther  
than  the first power. A similar  behavior w a s n o t e d  (6) 
for the strong 2138A Zn-l ine.  Such behavior is to be 
expected (18) when the optical densi ty at the peak of 
a nar row absorption l ine is measured, as is done here, 
using a spectral band-pass  greater than  the t rue half-  
width of the line. 

The values of D at the 3257 and 2138A peaks for 
Cd(g) a n d  Zn(g) ,  respectively, are sensitive to the 
spectrometer s l i t -width used and care was taken to 
hold these constant  at a given wavelength for each 
spectral scan. Although D3257 has approximately the 
same tempera ture  dependence as the vapor pressure 
of Cd(1), Fig. 2 itself was used to obtain Pod from the 
part ial  optical density of Cd(g) ,  as is explained in the 
next  section. Absorption of Cd(g) at 4357, 5000, and 
5500A is below 0.01 and negligible even at the highest 
values for Pod in Fig. 2. [The optical densi ty at the 
strongest, 2287A peak was used to determine Pod in a 
lower pressure range in an earlier study (19) on con- 
gruent ly  subl iming CdTe(c) using a 1000~ optical 
cell. The fact that  the measured values of Pcd and P2 
were in the ratio 2.00:1.00 attests to the accuracy at-  
tainable with this type of measurement  as well as to 
the accuracy of the vapor pressures of Cd(1) and 
Te(1).] 

Cadmium telluride.--For samples containing more 
than 50 a/o Te, the values of Dx, ~ ---- 4357, 5000, 5500A, 

had the same relative magni tudes  as observed with 
pure tel lurium. As ment ioned in the last section, the 
optical density due to Cd(g) is negligible at these 
wavelengths. Therefore, the observed value of D was 
mult ipl ied by the factor, 22.1/L, where L was the path 
length in millimeters,  and Fig. 1 was used to determine 
P2. Next the Te2 contr ibut ion to the optical density at 
2400 and 2800A, where Cd(g)  absorbs, was read from 
Fig. 1. The part ial  optical density of Cd(g) at each of 
these wavelengths was taken as the difference between 
the observed density and the Te2 contribution. (The 
partial  optical densi ty of Cd (g) at 3257A was taken as 
the difference between the observed optical density at 
3257A and an extrapolated value for the background at 
3257A that  was obtained by drawing a straight line 
tangent  to both sides of the peak on an optical densi ty-  
wavelength trace.) The value of Pcd corresponding to 
each of these part ial  optical densities was then read 
from Fig. 2. 

The values of P2 for samples containing more than 
50 a/o Te are plotted on a logarithmic scale against  the 
reciprocal absolute temperature  in Fig. 3. The upper 
line without  points gives the vapor pressure of Te(1), 
p~ the vapor being essentially all  Te2(g). The lower 
l ine without  points gives P2 for congruent ly  subl iming 
CdTe(c) from an earlier study (19). Values of P2 along 
the Te-r ich leg of the three-phase loop fall along a 
parabola- l ike curve that  approaches P~ at low tem- 
peratures, reaches a ma x i mum of 0,195 atm between 
918 ~ and 946~ and then falls rapidly with increasing 
temperature.  Near 946~ measurements  were taken 
with both 1100 ~ and 1000~ optical cells. The values 
obtained with the l l00~ cell are about 10% lower than  
those with the 1000~ cell, reaching a plateau of 0.180 
atm at 940~ Such a discrepancy could result  from a 
relative error of 4 ~ between the reservoir temperatures  
measured in the present calibration with a l l00~ cell 
and those measured in the calibration with a 1000~ 
ceil (7, 8). At any rate, it introduces an uncer ta in ty  of 
10% in the values reported here for the te l lur ium par-  
tial pressure. Since the values of P2 agree for 50.5 and 
55.0 a/o Te for 108/T ~-- 0.764 and since P2 for 50.5 a/o 
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Fig. 3. Partial pressure of Tes(g) in the Cd-Te system is plotted 
on a logarithmic scale against reciprocal absolute temperature. 
The vapor pressure of pure tellurium is given by the uppermost 
llne without points. The lowest line without points gives pTe2 ---- 
P2 for congruently subliming CdTe(c) from ref. (19). �9 55.0 a/o 
To, 1000~ cell; �9 55.0 a/o Te; C), �9 50.5 a/o Te all with 
1100~ cell. The inset in the upper right corner for o 55.0 a/o Te 
sample is described in the text. 
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Te drops rapidly  with increasing tempera ture  for 
103/T < 0.764, it appears that  50.5 a/o Te lies in the 
Te-r ich three-phase field and outside the homogeneity 
range of CdTe(c) .  Smoothed values of P2 along the 
Te-r ich leg are given in Table I as a funct ion of tem- 
perature.  The smoothed values agree with those ac- 
tua l ly  measured to wi th in  •  

The three, short l ine segments cut t ing the three-  
phase curve in  the upper  le f t -hand portion of Fig. 3 
give the p2-103/T relationship for liquids with the 
labeled compositions. The portions of these lines lying 
wi thin  the three-phase curve are for supercooled l iq- 
uids. The intersection of these lines with the three-  
phase curve gives l iquidus temperatures  for the cor- 
responding compositions, which are listed in Table II. 
(The 65.0 a /o  Te sample was run  with a 1000~ optical 
cell and the l iquidus temperature  is therefore taken at 
the intersection with the 1000oc data for the three-  
phase curve.) The lines are well  enough defined that  
the relative, part ial  gram-atomic  enthalpy and entropy 
of Te can be evaluated. These are also given in Table 
II. 

Measurements  on the 60.0 and 65.0 a /o  Te samples 
were made only with decreasing temperatures  and 
were not carried far enough to observe the t e rmina-  
t ion of supercooling. Such a te rminat ion  was observed 
with the 55.0 a/o Te sample as shown in the inset in 
Fig. 3, where D5500 (which is proport ional  to P2 with 
good accuracy) is plotted on a logarithmic scale against  
103/T on an expanded scale. The solid circles indicate 
points taken with increasing tempera ture  and show 
that  P2 decreases with increasing tempera ture  along 
the three-phase curve to the l iquidus temperature,  
after which it increases along a straight line. The open 
circles indicate points taken with decreasing tempera-  
ture. They show that  the melt  supercooled about 22 ~ 
before crystall ization of CdTe(c) commenced. At this 
time P2 rose abrupt ly  to a value on the three-phase 
curve (as indicated by the arrow) and there was a 
t ransient  increase in temperature.  Pr ior  to crystall iza- 
tion, P2 and T had been steady. 

At the highest temperatures,  Pcd was obtained along 
the Te-r ich leg of the three-phase curve as well  as P2. 
The pressure product, PcdP21/2, is plotted on a logari th-  
mic scale against the reciprocal absolute temperature  
in Fig. 4. The points near  the upper  end of the straight 
l ine are from the present  study. The circles indicate 
that  Pcd was obtained from the part ial  optical density 
of Cd at its 3257A peak, while the tr iangles indicate it 
was obtained from the part ial  optical density at 2400A. 
These two determinat ions  agree to wi th in  15%. The 
squares at low temperatures  along the lowest l ine are 
from an earl ier  s tudy (19). The present  results at the 
highest temperatures  agree well  with an extrapolat ion 
of the earlier results. The values of PCd in this range 

Table I. Partial pressures of Te2(g) and Cd(g) over Te-saturated 
CdTe(c) 

10~/T P~- 103/T P2 I Oa/T P2 PCa 
(~ (a tm) (~  -1) (a tm) (~  -1) (arm) (atm) 

1.07 0.017 0,81 0.180 0.755 0.60 
1.05 0.026 0,80 O. 160 0.748 0.042 0.19 
1.00 0.046 0.79 0.148 0.74 0.023 0.31 
0.95 0.082 0.78 0.125 0.735 0.012 0.48 
0.90 0.136 0,77 0.102 0.732 0.068 0.68 
0 . 8 5  0.188 0.764 0 . 0 8 8  0.731 0 . 0 5 6  -- 
0.83 0.188 0.76 0.075 - -  -- -- 

Table II. Liquidus points and partial molar quantities for 
Te-rich Cd-Te melts 

Te, a/o 55.0 60.0 65.0 100 
T~ (This  work )  1036 -4- 2 980 ~ 2 929 -4- 2 
T~ [Lorenz ,  ref.  (3)1 1042 977 925 
T~ [Steininger et  al., ref .  1027 g67 - -  - -  

(4)] 
hTe-I/=hTez (g, 1 arm);  ca l /g -  --11,500 --12,227 --11,660 --13,641 

atom 
STe-Y2S~ (g, 1 atm);  c a l /  --6.384 --7.854 --8.087 --10.797 

g-atom, deg 
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Fig. 4. Pressure product, PCdP21/2, for CdTe(c) plotted on a 
logarithmic scale against the reciprocal absolute temperature. 
O ,  pcd determined from the partial optical density of Cd(g) at 
3257,~,; Z~, PCd determined from the partial optical density at 
2400,~; I-1, ref. (19). 

are given in Table I. [At the mel t ing point  of 1092~ 
PCd ---- 0.65 atm and P2 = 5.5(10 -'3) atm.] However, at 
the lowest temperature,  103/T = 0.81, the pressure 
product obtained from the present  measurements  is 
high by a factor of three. It  can be shown (20) thermo-  
dynamically,  assuming only that  the vapor is ideal, 
that  at a given temperature,  PcdP21/2 is a max imum 
over a 50.00 a/o Te condensed phase. Since the present  
results near  103/T = 0.81 give the pressure product  
not only for Te-satura ted CdTe(c) ,  but  also for the 
60 a/o Te melt  in equi l ibr ium with it (Fig. 3), the pres- 
sure product should not be higher than observed for 
congruent ly  subl iming CdTe(c) .  We, therefore, con- 
clude that  the present  results at the lower tempera-  
tures are thermodynamica l ly  inconsistent  with those 
obtained earlier and we believe them to be incorrect. 
Most l ikely the error lies in the measurement  of POd 
when P2 is as much as five times larger. In  particular,  
we speculate that under  these circumstances our basic 
assumption is in  error; namely,  the total optical den-  
sity is a l inear  superposition of contr ibutions from 
Cd and Tee and does not  depend on any  terms of the 
form, (Pcd)m(p2) ". 

For 49.0 a/o Te, the only Cd-Te composition invest i-  
gated with less than 50 a/o Te, the optical densities at 
2500, 2800, and 2900A are plotted on a logari thmic scale 
against 103/T along the upper  three lines in Fig. 5. 
Also shown by the closed circles are data obtained with 
pure  Cd. At each wavelength the points for these two 
compositions agree up to 103/T ---- 0.90 (838~ within  
an exper imental  error of about +3%.  Therefore, at 
least up to this temperature,  49.0 a/o Te lies outside 
the CdTe(c) homogeneity range. At higher tempera-  
tures, D290o for the 49.0 a/o sample falls a little below 
that  for pure  Cd(1). Most likely, this means the 
Cd-rich l iquidus composition is depart ing enough from 
pure Cd to cause a detectable decrease in the value of 
PCd. The l ine without  points and near  the bottom of 
Fig. 5 gives the vapor pressure of Cd(1) and, up to 
103/T -- 0.90, also Pcd for Cd-saturated CdTe(c) .  The 
points along the straight l ine branching  away from the 
vapor pressure l ine at high temperatures  give Pcd for 
Cd-saturated CdTe(c)  and were obtained from D2900. 
At 103/T = 0.85, PCd -- 3.24 atm. At 10S/T = 0.902, 
Pod = 2.0 atm. 
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Fig. 5. Partial optical density of Cd(g) at the labeled wave- 
lengths plotted on a logarithmic scale against reciprocal absolute 
temperature along the upper four lines. Open circles are for 49.0 
a/o Te Cd-Te, closed circles for pure Cd(I). The line without 
points in the lower portion of the figures gives the vapor pressure 
of Cd(I). Paints are shown for PCd of the 49.0 a/o sample only 
where they differ by at least 3% from the vapor pressure line of 
Cd( I ) .  

Our first 49.0 a/o Te samples were prepared with 
as-received Cd and were pre-reacted and annealed 
before being loaded into the optical cell as described 
in the Exper imental  section. Optical density measure-  
ments  indicated that  although these samples were in  
the Cd-rich three-phase field at low temperatures  as 
expected, they entered the CdTe (c) homogeneity range 
at 600~176 It seemed l ikely that  Cd had been lost 
either through reaction with oxygen or perhaps as an 
unrecovered film on the synthesis tubes. (A 40 mg loss 
of Cd would change an ini t ia l ly  3g, 49.0 a/o Te sample 
to a 50.0 a/o sample.) Therefore, the sample on which 
the results of Fig. 5 are based was prepared from hy-  
drogen-reduced Cd, and the weighed elements were 
loaded directly into the optical cell wi thout  pre-reac-  
tion. The optical cell was mounted in the furnace and 
the Cd-Te heated to 833~ over a 4 hr  period. At 680 ~ 
and 833~ p2 (as indicated by D55o0) was on the Te-  
rich leg of the three-phase loop, i.e., was appropriate 
for Te-satura ted rather  than Cd-saturated CdTe. When 
the reservoir  temperature  was increased to 898~ the 
value of P2 ini t ia l ly increased, then started to de- 
crease. After  16 hr  at 898~ the value of P2 was too low 
to measure while PCd was near ly  equal to the vapor 
pressure of pure Cd. The runs giving the data of Fig. 5 
were then begun. The above observations show the 
kinetics of at least the last stages of the Cd-Te reaction 
are re la t ively slow, presumably  because unreacted 
l iquid Cd is effectively protected by a CdTe(c) film. 
They also indicate that  the surface portion of the 
sample, which establishes the par t ia l  pressures, was 
eventuaI ly  equilibrated, since it entered the Cd-rich 
field spontaneously after ini t ia l ly  being in the Te-r ich 
field. As discussed later, similar observations were 
made with the 49.5 a/o Te Zn-Te  sample. 

Zinc te l lur ide . - -The  values of P2 for Te-saturated 
ZnTe(c) ,  obtained from the optical density data for 
samples with 50.5 and 55.0 a/o Te, are plotted on a 
logarithmic scale against  IO~/T in Fig. 6. The value of 
Pzn was below our detectivity of about  10 -5 atm. The 
upper  l ine in Fig. 6 without  points gives the vapor 
pressure of Te (1). The lowest l ine gives p~ for ZnTe (c) 

~Oeo 

or .~ 'X '~p .~e 2 

~ ntly Subliming ZnTe 

o.o I i 
0.70 0.80 

1 0 3 / T  o K 

I I 
0 .90  1.00 

Fig. 6. Partial pressures of Tea(g) for Zn-Te samples with 50.5 
a/o Te (open symbols) and 55.0 a/o Te (closed symbols) are plotted 
on a logarithmic scale against the reciprocal absolute temperature. 
Circles, squares, and triangles indicate /~ was obtained from the 
optical density at 6000, 5500, and 5000.~, respectively. The lower 
line without points gives p2 for congruently subliming ZnTe(c) 
from ref. (6). 

in equi l ibr ium with a stoichiometric vapor (50 a/o) 
and is taken from an earlier study (6). In  the Discus- 
sion we argue that  this can be considered to be p2 for 
congruent ly  subl iming ZnTe(c) .  The exper imental  
points along the Te-r ich leg of the three-phase curve 
fall along two curves, the pressures obtained wi th  a 
I000~ optical cell being about 10-15% higher than 
those obtained with a 1100~ cell. (See the discussion 
on the similar discrepancy observed here with CdTe.) 
With increasing temperature  the three-phase curve 
starts to flatten out and lies increasingly below the 
vapor pressure l ine for pure Te. The points for the 50.5 
a/o Te sample (closed circles) are in close agreement  
with those for 55.0 a/o Te (open circles). Thus up to 
the highest tempera ture  measured, 1086~ the 50.5 a/o 
sample lies outside the homogeneity range of ZnTe (c). 
Smoothed values of Pz from the 1100~ cell data are 
given in Table III. Straight  l ine segments drawn 
through these smoothed values are wi th in  ___5% in pa 
of the actual exper imental  points. 

The values of Pzn for samples with 49.5, 40.0, and 0.00 
a/o Te are plotted on a logarithmic scale against 
10a/T in Fig. 7. (The value of Pz was below our level of 
detection of 10 -6 arm.) Up to the highest temperature  
of measurement ,  909~ the value of pzn agrees for all 
three sample compositions wi th in  an exper imental  
error of •  Thus up to this temperature  49.5 a/o Te 
lies outside the homogeneity range of ZnTe(c ) .  It is 
emphasized that  the coincidence of Pzn for the 49.5, 
40.0, and 0.00 a/o Te depends on the coincidence of the 
optical densities observed and does not depend on the 
accuracy of the vapor pressure values for pure  Zr~(1). 

Analogous to our observations with 49.0 a/o Te 
Cd-Te, 49.5 a/o Te Zn-Te  samples which had been pre-  
reacted and annealed before being placed in the optical 
cell appeared Zn-sa tura ted  at the lowest tempera-  
tures  as expected, bu t  entered the ZnTe(c)  homo- 
geneity range between 600 ~ and 700~ The behavior 
was different for a 49.5 a/o Te sample prepared by 
using Ha-reduced Zn and by loading the weighed ele- 
ments  directly into the optical cell. When this sample 
was first heated, the optical density of the vapor phase 
indicated the surface layers were Te-saturated even 
after 40 hr at 899~ and also after 2 hr at 985~ The 
temperature  was then raised to 1066~ After 20 rain 
the te l lur ium pressure started to drop slowly. After 16 

Table III. Partial pressure of Tea(g) over Te-saturated ZnTe(c) 

10~/T(=K -z) 0.95 0.90 0.85 0.80 0.78 0.76 0.74 0.735 
p~ (at*n). 0.089 0.160 0.26 0.53 0.64 0.73 0.82 0.85 
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Fig. 7. Partial pressure of Zn(g) for Zn-Te samples with 49.5 
a/o Te (open symbols), 40.0 a/o Te (closed symbols), and pure 
liquid Zn (straight line). Circles indicate Pzn was obtained from 
D;~ at 2400 and 2500,~, the two values agreeing within _.+ 2%. 
Inverted triangles give the common value (to within ~- 2%) of 
Pzn obtained from D;~ at 2300, 2400, and 2500~.. Triangles and 
squares give PZn as obtained from Dx at 2200 and 2150.~, respec- 
tively. 

hr, P2 was too low to measure. The reservoir tempera-  
ture was then lowered to 970~ the optical cell tem-  
perature  was lowered to 1000~ and measurements  
were taken with decreasing tempera ture  and are shown 
in Fig. 7. Analogous to the case for CdTe, it appears 
that  l iquid Zn is protected from complete reaction with 
Te by an adhering layer of ZnTe, even when the value 
of Pzn is well  over 1 atm. The spontaneous transi t ion 
of the surface layers of the sample from a composition 
in the Te-r ich three-phase field to one in the Zn-r ich  
field shows the lat ter  condit ion to be characteristic of 
equi l ibr ium for the 49.5 a/o Te sample. 

Comparison with Other  W o r k  and Further Discussion 
Cadmium te l lur ide . - -The values of 192 shown in Fig. 

3 for Te-saturated CdTe(c) are considerably below 
those reported by Lorenz (3), which range from 0.138 
a tm at 1092~ to 1.2 a tm at 1079~ (103/T = 0.740). 
The three values reported by de Nobel for 0.786 --~ 103/ 
T --~ 0.862 reach a max imum of 0.168 atm at the lowest 
temperature  but  are below ours by 9-50%. 

The three l iquidus points obtained here for CdTe are 
close to those of Lorenz and those of Steininger  et al. 
(4) as can be seen in Table II. Thus the l iquidus tem- 
peratures given by Kulwicki  (2) for this range of 
composition appear to be too high and the existence of 
an inflection point in the Te-r ich l iquidus is given 
support. 

The activity coefficient for Te was calculated along 
the Te-r ich l iquidus using the values of :192 in Table I 
and a smooth l iquidus curve through the combined 
points from the present  study, from the work of 
Lorenz, and from that  of Steininger  et at. The activity 
coefficient is already 0.80 at 60 a/o Te and is close to 
1.0 between 80 and 100 a/o Te. The activity coefficient 
for Cd along the Te-r ich l iquidus can be obtained from 
the measured values of P2 by taking PcdP21/2 ~ K ( T )  
as given by Eq. 8 of ref. (19) and shown here by the 
line in Fig. 4. This activity coefficient is 10 -2 at 57 a/o 
Te, 10 -8 at 78 a/o, and 2.4(10 -4) at 91 a/o. Thus the 
behavior  of Te in the mel t  is very  near ly  ideal between 
80 and 100 a/o Te while that  of Cd is far removed. 
Inspection of the "heat-of-fusion" l iquidus equation 
(21) shows that  it must  be this nonideal  behavior  of 
Cd that  is pr imar i ly  responsible for the unusua l  Te- 
rich liquidus. As can be calculated from the values in 
Table II, the excess enthalpy and entropy of Te are 

about comparable in  their contr ibutions toward reduc-  
ing the chemical potential  of Te in melts in the 55-65 
a/o Te range. At the ma x i mum melt ing point  of 1092~ 
both activity coefficients are 0.10. 

Medvedev et al. (22) have determined :192 over 
single crystals of CdTe by measur ing the optical den-  
sity at 4357A using an optical cell at 815~ From 
calibration experiments  on pure Te they obtained the 
relation, :192 = 0.304 D485r/L(mm).  [For this same pro- 
port ionali ty constant  we had obtained values of 0.254 
for a 755~ optical cell (11) and 0.320 for a 1000~ 
optical cell (8). Using our numbers  the product  of the 
proport ional i ty constant  and the reciprocal of the ab-  
solute optical cell tempera ture  times 108 is 0.247 for a 
755~ cell and 0.251 for a 1000~ cell, i.e., the product 
is constant  wi thin  exper imental  error. Thus in this 
temperature  range the dependence of the proport ion- 
al i ty constant on optical cell tempera ture  is essentially 
through the reciprocal dependence of Te2(g) concen- 
t rat ion on optical cell temperature,  the product of the 
probabil i ty  for the 4357A transi t ion and the fraction 
of Te2(g) molecules in the init ial  state for the 4357A 
transi t ion remaining  constant. Taking an average value 
of 0.249 for the product, we calculate the proport ion- 
ali ty constant  is 0.271 for a 815~ optical cell. The 
value found by Medvedev et al. is only 12% higher.] 
Their  values of P2 for a high resistivity, near  intrinsic 
crystal and for a strongly n - type  crystal are parallel  to 
our value of P2 for congruent ly  subliming CdTe (c) as 
shown in Fig. 3, but  are higher by factors of 2.4 and 4.6, 
respectively. They believe a discrepancy exists and 
at t r ibute it to our use of a coarse powder and /or  in-  
homogeneities in a powder whose physicochemical 
properties are ill-defined. In  disagreement, we see no 
obvious reason to conclude that  the two sets of data are 
necessarily inconsistent.  They mere ly  show that  the 
composition of our sample was more Cd-rich than that  
of either of the samples used by Medvedev et al. Fur -  
ther, the thermodynamic  state of our sample was well  
defined at the temperatures  of measurement  since it 
was shown exper imental ly  that  the relat ion Pcd : 2p2 
held. That  is, the sample was shown to possess the 
congruent ly  subl iming composition, a unique  composi- 
t ion at each temperature  even if unknow n  in terms 
of atomic per cent or net electron concentration. 

The present  measurements  allow upper  limits to be 
placed on the change in the Gibbs free energy of 
CdTe (c), ~Gt, in going from the congruent ly subliming 
composition to either that for Cd-saturat ion or that  for 
Te-saturat ion at a given temperature.  For  any  com- 
position wi thin  the homogeneity range 

AGf ~--- (1 -- x ) R T l n p c d +  ( x / 2 ) R T l n p ~  [2] 

The ratio of P2 for any two compositions can be related 
to that  for Pod by an integrat ion of the Gibbs-Duhem 
relation. Without  knowing the detailed dependence of 
either part ial  pressure on x, the integrat ion cannot be 
performed exactly. However, using the fact established 
here that 0.49 ~ x ~ 0.505, for all compositions wi th in  
the CdTe(c) homogeneity range, upper  and lower 
limits can be obtained for the integral  involved (7), 
giving the following inequalit ies 

1.041 In (P'cd/P"cd) ~ ~/2 In (P'2/P"2) 

0.9801 In (P'cd/P"Cd) [3] 

Thus, if the prime refers to Cd-saturat ion and the 
double prime to the congruent ly  subliming composi- 
tion, then the one unmeasured  part ial  pressure, P'2, can 
be bracketed by using Eq. [3]. Upper limits for the 
difference in ~Gf for these two compositions can then 
be calculated by  taking x'  = 0.490 and x" -~ 0.505. A 
similar procedure can be followed in comparing Te- 
saturated and congruent ly  subliming CdTe(c) ,  in 
which case P"cd for Te-saturated CdTe is the unknown  
part ial  pressure and is bracketed by using Eq. [3]. A 
ma x i mum value for the difference in hGr for con- 
gruent ly  subl iming and Te-saturated CdTe is then ob- 
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tained by taking x" ~ 0.490 for the former and x" -- 
0.505 for the latter. The result of both calculations is 
that at 900~ aGf for both Cd-saturated CdTe and for 
Te-saturated CdTe are within 150 cal /g-atom of that 
for congruently subliming CdTe(c).  Since the value 
of Pod drops by a factor of 20 in going from the Cd- 
saturated to the congruently subliming composition, 
this demonstrates the very large curvature in the de- 
pendence of ~Gf on x that  is customarily assumed for 
compounds with a narrow homogeneity range. 

Zinc telluride.--The lower line without points in 
Fig. 6 has been identified here as P2 for congruently 
subliming ZnTe(c).  Although it was shown (6) that 
this line gave P2 for the ZnTe(c) composition in equi- 
l ibrium with a stoichiometric vapor (50 a/o) ,  the 
steady state achieved on progressive sublimation with 
increasing temperature was characterized by a value of 
1.6 for the ratio, R -~ Pzn/P2, ra ther  than the value 
of 2.0 expected for congruent sublimation. The value 
for R was based on optical density calibrations with 
the pure elements which used published values for the 
vapor pressure of Te (9, 10) and those tabulated by 
Hultgren et al. (23) for Zn just above its melting point. 
Recently, precision measurements (24) of the vapor 
pressure of Zn just below its melting point have given 
values for P~ that are higher than those tabulated by 
Hultgren et al. At the melting point the discrepancy 
is 20% in P~ If it is assumed that the tabulated values 
of p~ are als0 low by 10-20% in the 420~176 tem- 
perature range, then the corrected value for R is in the 
range 1.98-2.16. Within the experimental error of _0.1 
in R, the steady state observed earlier with ZnTe(c) 
then corresponds to congruent sublimation. 

Since we have established that the homogeneity 
range for ZnTe (c) must be within the 49.5 to 50.5 a /o  
Te range, outer limits for the change in ~Gf with com- 
position can be calculated from the present part ial  
pressure measurements in the manner analogous to 
that used for CdTe(c) and discussed above. It is found 
that at 900~ the aGf values for both Zn-saturated and 
Te-saturated ZnTe are within 190 cal /g-atom of that  
for congruently subliming ZnTe(c).  In contrast, based 
on the measurements reported here, the chemical po- 
tential of Zn increases by 13,700 cal /g-atom in going 
from congruently subliming to Zn-saturated ZnTe(c) 
and the chemical potential of Te increases by 6300 
cal /g-atom in going from congruently subliming to Te- 
saturated ZnTe(c).  We, therefore, have experimental  
verification for an extremely strong curvature of the 
Gibbs free energy isotherm for ZnTe(c) as well as 
CdTe(c).  Finally, with the above outer limits for the 
ZnTe(c) homogeneity range, the standard Gibbs free 
energy for formation of ZnTe(c) given by Eq. 8 of 
ref. (19) is changed by less than 1% if the composition 
dependent term, C, is set equal to zero. 
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ABSTRACT 

Two types  of instabi l i t ies  are  considered.  F i r s t  a circui t  model  for a l ev i ta -  
t ion sys tem is used to form l inear ized equations for the  ver t ica l  motions  of 
suspended meta l  samples.  The basic induct ive- res i s t ive  c i rcui t  model  is d y -  
namica l ly  stable, but  capaci tance in the  circuit  of the  suppor t ing  coil can ac-  
count for the self-osci l la t ions of some pract ica l  levi ta t ion  setups. Next,  for  an 
ideal ized coil a r rangement ,  and in the case of negl igible  skin depth  wi th in  a 
suspended mol ten  samp.le, an upper  bound on the mass of the  sample  is de-  
duced. This resul t  is a s imple funct ion of the  meta l  densi ty  and surface tension, 
and of the  order  of 10g in favorable  instances. Since the  pu re ly  stat ic con- 
s iderat ions in this calculat ion yield an upper  mass l imi t  below wha t  some in-  
vest igators  have t r ied  to mel t  in levi ta t ion  exper iments ,  this  model  expla ins  
the rup tu re  of such drops  wi thout  resor t  to dynamic  models  of surface oscil-  
lations. 

Levi ta t ion  mel t ing  was  first p roposed  in 1923 by  
Muck (1). The basic apparatus ,  der ived  f rom a 
s imple t ransformer ,  uses a p r i m a r y  coil  but  subst i -  
tu tes  a conduct ing sample  for the  secondary.  An  a-c  
coil cur ren t  induces cur ren ts  wi th in  the  sample;  there  
is a corresponding ohmic dissipat ion and, if the  geom- 
e t ry  is asymmetr ic ,  a ne t  force be tween  coil and  sam-  
ple. Combining these effects a lev i ta t ion  mel t ing  sys-  
tem can supply  enough hea t  to mel t  a metal l ic  sample,  
whi le  the  resu l tan t  e lec t romagnet ic  force exac t ly  
balances  its weight,  and  no mechanica l  suppor t  is nec-  
essary.  

The coil a r r angemen t  used to suspend a sample  m a y  
be a s imple toroid,  shaped  l ike  a nozzle (2),  or in a 
case analogous to a magnet ic  m i r ro r  machine  in p lasma 
physics,  i t  m a y  consist of two coils---one below, a 
smal le r  one above, the  unequal  mmf ' s  being necessary 
to balance the weight  of the  sample  (3). Okress  and 
Wroughton  (4, 5), in par t icu lar ,  have  exper imented  
wi th  a number  of coil designs. F igure  1 shows some of 
the  possibili t ies.  

Levi ta t ion  mel t ing  has been found sui table  for cast-  
ing me ta l  but tons  for  hardness  and corrosion tests,  and 
for  meta l lograph ic  examina t ion  (2). An  impor tan t  ad -  
vantage  is tha t  meta l s  wi th  high mel t ing  points  m a y  
be mel ted  out  of contact  wi th  a crucible,  p revent ing  
contamina t ion  by  a r e f rac to ry  (2, 3).  To fu r the r  isolate  
a sample,  a pro tec t ive  a tmosphere  can be used a round  
reac t ive  specimens (2, 4, 5). The sys tem permi t s  the  
addi t ion of a l loying ingredients  whi le  a sample  is sus- 
pended,  and then provides  cont inuous agi ta t ion of the  
melt ,  insur ing a homogeneous ingot  (2, 3). 

In  ac tual  pract ice,  however,  lev i ta t ion  is easier  to 
achieve for solid than  for  mol ten  samples,  and ins ta-  
bi l i t ies can occur in e i ther  case. These unstable  s i tua-  
t ions can be  grouped rough ly  into th ree  classes, though 
combinat ions  of these mechanisms are cer ta in ly  possi-  
ble:  

(A) A la te ra l  dr i f t  of a sample, which  continues un -  
t i l  i t  is out  of the  influence of the  coils and  fa l l ing  (3- 
5). 

(B) A second gross ins tab i l i ty  of the  suspension, in 
which the ent i re  sample  commences a g rowing  ver t ica l  
oscillation, leading to i ts eventua l  ejection, most l ike ly  
s t ra ight  down th rough  the suppor t ing  coil (3, 6). 

(C) A phenomenon l imi ted  to the  l iquid state, or 
pe rhaps  to  semimol ten  samples, in which surface r ip -  
ples develop and cul iminate  in a rup tu re  of the  sus- 
pended  drop. The l iquid pours  down th rough  the  coil, 

1 P r e s e n t  add re s s :  A i r  Force  W e a p o n s  L a b o r a t o r y ,  A l b u q u e r q u e ,  
N e w  Mexico  87103. 

2 P r e s e n t  address :  W e s t i n g h o u s e  Resea rch  L a b o r a t o r y ,  Pittsburgh, 
P e n n s y l v a n i a  15230. 

Key words: electromagnetic levitations, s u r f a c e  s t a b i l i t y .  
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Fig. 1. Some experimental levitation coils; (a) used at 50 Hz by 

Mikel'son (3,6); (b) at 0.5 MHz by Weisberg (9); and (c) near 
10 KHz by Okress (4), (5). The latter two employ I/4 in. OD copper 
tubing for the coils. 
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usual ly  near  the axis where the induced current  in 
the sample vanishes (3, 4). 

The introduct ion of a restoring force towards the coil 
axis can prevent  lateral  drift. Several investigators (3, 
6, 7) have found that  a small  stabilizing coil positioned 
above a suspended sample, and carrying current  op- 
posite in direction to that  in the main  coil, effectively 
solves this problem. 

Remedies for the remaining  instabilities, and the 
fai lure mechanisms themselves, are not so well unde r -  
stood. Kirko and Mikel 'son (6) who have proposed a 
circuit model to explain vertical oscillation, conclude 
that  operation of a levitat ion system above a certain 
frequency of excitation leads to instabili ty,  but  later 
(3) successfully pass th is  l imit  with a h igh-f requency 
coil setup. 

There are quali tat ive theories for the rupture  of 
suspended liquid drops (3), bu t  no means of predicting 
quant i ta t ive ly  how large a mass may  be suspended in 
stable equil ibrium. Most experimenters  (3-5, 8) have 
noted such l imitat ions in mass for their  part icular  
apparatuses, and both Polonis (2) and Weisberg (9) 
have recorded the suspicion that  this l imita t ion should 
be implicit in the system, and some function of mass 
density and surface tension. 

This paper is concerned with supplying models for 
both unstable  vertical  oscillations of a suspended sam- 
ple, and for the max imum mass of a molten specimen 
in stable suspension. 

Vertical Stability ot a Suspension 
Like Kirko and  Mikel 'son (6) consider two coaxial 

inductors, one supported electromagnetically by the 
other, as a simple model for a levi tat ion system (see 
Fig. 2). The lower coil is stat ionary;  the upper  re-  
stricted, by the coil form, to vertical  motion. Reference 
directions are indicated. LI, /-,2, and M are self and 
mutua l  inductances, R1 and Re coil resistances, V the 
applied voltage, and Zo the equi l ibr ium co-ordinate of 
/.~. Write the circuit equation 

dI1 d 
L1 " ~ - - l - "  RlI1 -I- ~ t  (MI2) : V (t) [1] 

dis a 
L~---~- "b R212 -t- ~ t  (MID : 0 [2] 

M : Mo -- #(z  - zo) [3] 

where Mo is the mutua l  inductance of the two coils at 

their  equi l ibr ium separation Zo, and the geometric 
parameter  ~ specifies, to a l inear  approximation,  the 
change of M with z. ~ is positive. 

Next the equat ion of motion for the upper  coil may 
be wr i t t en  

d2z dz [ z dz ) 
m + r - -  = Fsus -- mg [4] 

dt~ at \ ' -d~ 
in terms of its mass m, some damping r, the gravi ta-  
t ional constant  g, and the electromagnetic force F~us. 
Assuming oscillations of the sample occur at f requen-  
cies much lower than that  of the excitation voltage, 
consider z and dz /d t  as constants in the electrical equa-  
tions. Using phasors V ( t )  = Re {V eJ'~t}, these may be 
solved for the currents  

V (R2 +/. ,2 #~) , . : [  ( 
(R~ + L~j , , )  (R2 + Lj~,) - -  Mj , ,  - -  # --:-.. / 

12 = 

dz 
[5] 

] 
[6] 

Now represent  the electromagnetic force of suspen- 
sion 

dz 
z ne {d,d  *} [7] ,.u.( 

with k a second geometric parameter.  The asterisk de- 
notes a complex conjugate. In  static equi l ibr ium 

Fsus(Zo, O) = m g  
k 

- -  -- V~ ~2 LsMo 
2 

[8] 
[R1R2 -- ~L1/~  -~- or2Mo2] 2 "t- [R1L2w "~- R2LI~o] 2 

and k is obviously negative for this equal i ty  to hold. 
Equat ion [8] shows the expected behavior  at f ie-  
quency extremes: Fsus --> 0 as ~ --> 0 and as w ~ ~ un -  
less there is perfect coupling, L1L2 = Mo 2, in  which 
case Fs,s remains  finite in the l imit  as ~ --> ~ .  

In the more general  dynamic case, the force expres- 
sion is 

( dz) 
k v2 ~ 2 ~ M  _ R2 ~ - ~ -  
2 

dz  

\ d t  / J  

[9] 

"Pc 

v (t) 
=O 

I 1 
L~ 

12 L 2, R2 

i , | z 0  
l J - -  

Since this formulat ion is valid, and pr incipal ly  of 
interest, for small  departures from equil ibrium, expand 
Fsus in a two-parameter  Taylor  series about the point  

z , - ~  = (zo, 0), and t runcate  the result  to exclude 

products of perturbations.  

z d z  
Fsus \ , - - ~  1 ~- Fsus(Zo, O) 

I dz 8Fsus aF~us + __ 

+ ( z -  Zo) - ~ -  ,o dt dz 

(zo,O) 

[lo3 

Fig. 2. The two coil circuit model of a levitation system Use Eq. [9] to evaluate 
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0Fsus 
dz 

dt 

f R2 -~- 

k 
~--~ v: 

(zo,O) L -}- (RIL2W "}- R2LI=) 2 J 

4Mo2 ~4L2 (RzL2 + R2L1) 

(RtR2 - -  ~02L~L2 + w2Mo2) 2 ~- (~1L2r "~- R2Llco) 2 
[ I I ]  

Since k < 0, this entire expression is negative. In  gen- 
eral, k is a function of z so OFsus/OZlr is not avail-  
able explicitly here. It  must  be obtained f rom a mea-  
sured or calculated force curve, such as that  in Fig. 3, 
obtained for a spherical sample and a simple toroid of 
N turns, modeled as a loop of vanishing cross section. 
Coil radius rc, and the separation distance zo of the 
sphere and coil centers are conveniently normalized 
with division by the sphere radius Rs. 

Substituting Eq. [10] into the equation of motion [4] 
yields 

T~ , 

0Fsus 
+ (z - Zo) - 

t I (zo,O ) J 

(zo,O) t 

---- 0 [12] 

OFsus 
Because of the sign associated with in Eq. 

dz 
0 "-~ (zo,O) 

[11], the coefficient of velocity is always positive. If  
OFsus [ 

< 0 as it is for zo/Rs beyond the peaks of 
OZ (Zo,0) 

the force curves in Fig. 3, the equilibrium at z = Zo is 
stable; otherwise it is unstable. The coefficient of veloc- 
ity in Eq. [12] does not change sign with increasing 
frequency, so this resistive-inductive model does not 

predict unstable motions where 0Fsus < 0 (10). 
OZ (zo,O) 

The introduction of a series capacitor C1 into the 
pr imary  modifies Eq. [5], [6], [9] and [11] as follows 

c~J 

~ 2 0  
t 

E 
t 

10 

g 

o 

,9 0 
0.5 1.0 1.5 2.0 

(sphere-coil separated)/(sphere radi us) Z o/R s 

Fig. 3. Force of suspension is plotted vs. the separation of sphere 
and coil centers for a skin depth Rs/32, and in descending order 
of force magnitudes for rc/Rs = !.50, 1.75, 2.00, 2.25, 2.50. The 
dotted line denotes the limit of stable suspension. 

aFsus 
is positive, self-oscillations occur and 

the suspension is unstable. This cer tainly cannot hap-  
R2 

pen for ~2 > CI(RIL2 -t- R2L1) ' but  the details of the 

f requency dependence of the damping coefficient are 
a function of the particular levitation circuit parame-  
ters. 

Note that  Eq. [12] specifies the undamped natural  
f requency of these oscillations as 

V 1 0Fsus I 
WMech = 

~-Z (Zo, 0) 

[13] 
! (R1R2--w2L1L2-]-w2M2"~-L2/CI--fl21 dz )-~- IR1L23wJcR2LljwJr23oJM~-~t Jc R2/C13~ I 

j2  --" [14] dz (I~IR2--w2L1L2-~-w2M2-~-L2/CI--~2( dz ) )JC (I~lL2~wJf-I~2Lljo2Jff2~eaM~-~-JcR2/eljw) 

z, dt 

_ ~ V2 
2 

[15] 

OFsus 

dt I + I-,2/C1 + /R1L2~o -{- R2Llo~ + 2o~M/~ dz R~ 
dt C1~ 

{ 4~L2M~176176 } 
k R2 -~- [ (R1R2 --  co2L1L2 --}- w2Mo 2 ~ L2/C1) 2 -Jr- (R2LIr -}- RiL2co - -  R2/Clw)2] 

[ (RIR2 -- ,$LI/-r + o,2Mo2 + I-r + (RI/-r + R2LIo, -- R2/CI~) z] 
[16] 

and, if CI is too small, the second term in the numera-  which should be considerably less than oJ for these 
tor may  be negative. If  the entire expression equations to be valid. O~Mech is, of course, a function of 
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the  choice of equi l ib r ium coordinate  Zo- -aga in  refer  to 
Fig. 3 for  an example .  

Levitation of a Molten Sample 
In  prac t ica l  appl icat ions  of lev i ta t ion  melt ing,  pe r -  

haps  the  most  significant r emain ing  unknown is the  
m a x i m u m  size of a mel t  for which stable suspension 
is possible. The l i t e ra tu re  contains qua l i ta t ive  dynamic  
theor ies  based on ins tabi l i t ies  of a conduct ing surface 
in a magnet ic  field, and subject  to per tu rba t ions  in 
shape (3, 6). This section shows tha t  an upper  mass  
l imi t  can be der ived  f rom pure ly  s tat ic  considerat ions,  
under  cer ta in  restr ict ions,  and tha t  this  mass  l imi t  is a 
function of the ra t io  plus of l iquid me ta l  mass  densi ty  
to surface tension. 

F i rs t  assume that  the skin depth  in a suspended 
meta l  sample  is sufficiently s m a l l - - t h e  f requency of 
exci ta t ion  is sufficiently large---so tha t  the  e lec t romag-  
netic force of suspension is concent ra ted  at the  surface 
of the  drop. This is ce r ta in ly  val id  for exper iments  
per formed  near  0.5 MHz (8, 9), and  is a good app rox i -  
mat ion  over  a cons iderable  range of lower  frequencies.  
Then the e lec t romagnet ic  force is the resu l tan t  of a 
magnet ic  pressure  dis t r ibut ion,  exer ted  on the surface 
of the  drop,  and d i rec ted  normal  to the surface at  each 
point.  The equat ion 

f t 1 
os dhi213/2 + )211/2 

BSrms 2as 
+ ~  =' - -S pgh [17] 

2~o b 

descr ibes  the surface of such a drop in the  coordinate  
sys tem of Fig. 4. b is the  rad ius  of cu rva tu re  at  the  top  
of the  drop, B~ms the local  magnet ic  field, and g the 
g rav i ta t iona l  accelerat ion.  In  equi l ibr ium,  the  drop has 
an axis of s y m m e t r y  in common wi th  the suppor t ing  
coil system. Equat ion  [17] is essent ia l ly  a p ressure  
balance:  the pressure  r ise th rough  the l iquid surface at  
any  height  is equated to this  same pressure  r ise th rough  
the top of the  drop-- -where  the  magnet ic  field is zero 
wi th  any ax i symmet r i c  coil s y s t e m - - p l u s  the  addi t ional  
pressure  of the  s tanding liquid. The expressions  in the  
la rge  bracke ts  a re  inverse  pr inc ipa l  rad i i  of cu rva tu re  
of the  l iquid surface (11). 

Equ i l ib r ium requi res  

Fsus :mg = 2~ [18] �9 " o 2~o ~ dh 

since the  surface tension in tegra ted  over  the  surface 
of the drop  cont r ibutes  no net  ver t ica l  force. 

r 
L 

> 

.,'$~__...-~.,~, / _Pointl 

~ t m e  of Force 

Fig. 4. Schematic of liquid drop supported by a single magnetic 
pressure impulse. 

No analy t ic  solut ion is known to Eq. [17] wi thout  the  
magnet ic  p ressure  term.  Bashfor th  and Adams  (11) 
considered numer ica l  solut ions to this  simplif ied ve r -  
sion in 1883. The complex i ty  of s imul taneous  e lec t ro-  
magnet ic  field and surface equat ion solutions may  be 
c i rcumvented  by  a second approximat ion .  Model a coil 
sys tem l ike the  one in Fig. l ( a )  wi th  a single wire  
loop, of negl igible  cross section, and posi t ion it a rb i -  
t r a r i l y  close to the  surface of the drop. Then the elec-  
t romagnet ic  force of suspension m a y  be modeled  as a 
del ta  function of force per  uni t  length  at  a single cross- 
sect ional  p o i n t - - t h e  point  of closest approach  of coil 
to d r o p - - a n d  the s i tuat ion is comple te ly  analagous  to 
the pu re ly  mechanica l  p rob lem of suppor t ing  a l iquid 
drop  wi th  a fine wi re  r ings tand  (see Fig. 4). 

Wi th  F the  force pe r  uni t  length  due to the r i n g - - a  
l inear  p r e s s u r e - - t h e  surface Eq. [17] m a y  be  wr i t t en  

d4 sin 4 2 pgh F 
d--S + - -  --  + - -  8 (S --  SI) ;F > 0 [19] 

r b ~S oS 

where  S is arc length  along the surface from the top of 
the  drop, 4 the  angle f rom the ver t ica l  to the ou tward  
surface normal  (4 = 0 a t  the  top of the  d rop) ,  and the  
subscr ip t  I denotes the  point  at  which  the ideal ized 
coil is located. Then the solut ion for S ~ $1 is ident ical  
to tha t  for  a sessile drop (11). In tegra t ing  Eq. [19] 
through the r ing  of force y ie lds  

4(SI +) -- 4 (S I - )  -- F/as [20] 

The effect of the suppor t  is to in t roduce  a discontinuous 
der iva t ive  to the  surface curve, and to bend the surface 
about  the  suppor t ing  loop. On the average,  the  l inear  
p ressure  is exe r t ed  along a l ine incl ined at  an angle 
m i d w a y  be tween  4 ($ I  +) and  4 ( $ I - )  since it must  
balance  the  surface tension forces at  the  point  of dis-  
continuity.  If  as ~ ~ ,  there  is no discontinunity.  

In  an ac tual  drop, wa iv ing  the assumption of infinite 
pressure  also e l iminates  the  d iscont inui ty  in 4, but  the  
surface should undergo a rap id  curva ture  ve ry  near  the  
coil. One conclusion remains  the same: a magnet ic  
p ressure  push on the surface of a suspended drop re-  
quires  the  surface to curve ou twards  f rom the axis  of 
symmet ry .  

F r o m  geometr ic  considerat ions  in Fig. 4 

Fsus (SI,F) = --2~rxF cos 4z 2r 

and 
~ 4~- > (n/2 4- F/2~s) [22] 

The uppe r  l imi t  is imposed by  the set of sessile drop 
solutions, the  lower  by  a r equ i remen t  tha t  Fsus > 0. 

Now consider  e x t r e ma  of Fsus(SI,F) with  respect  to 
F. At  F = FMAX, and 

FMAX sin_ 1 F~AX ~ ' 
4 x - = x +  2----~s 1 +  ~ /  

[23] 
the  ver t ica l  force a t ta ins  the m a x i m u m  va lue  

4 ~ r  FMAX ~ 2 
2~s / 

Fsus(ShFMAx) -- [24] 
~/1 -t- (F~Ax/2~s) s 

If  the  ver t ica l  force of the  r ing  is to suppor t  such a 
drop 

mg ---- Fsus (SI, F) ~ Fsus (SI, FMAX) [25] 

The na tu re  of this  force m a x i m u m  is evident  f rom Fig. 
4. A t  F -= 0, there  is no ver t ica l  force; as F is increased,  
so is Fsus, but  for l a rge r  and l a rge r  F, the  net  force on 
the  drop is appl ied  progress ive ly  nea re r  the  horizontal ,  
because of the  d iscont inui ty  it induces in the  surface 
direction;  consequent ly  Fsus decreases  towards  zero. 

Next  note tha t  the  weight  of the  ent i re  drop mus t  
exceed tha t  of the por t ion of the  drop above the r ing 
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Fig. 5. The maximum f l  for static equilibrium: The solid line is 
the result for an infinite series of magnetic pressure impulses, 
the dotted line for a single magnetic pressure ring. 

Table I. The minimum mass of a levitated molten metal 
at its melting point 

C a l c u l a t e d  Experimental 
E l e m e n t  m a s s ,  g m a s s e s  R e f e r e n c e s  

Ag 3.2 4.5 (8) 
AI  5.9 6, 10 (8), (4) 
Au 1.1 4.5 (8 L (9) 
Co 10.7 8-12 (8) 
Cr 9.1 8-12 (8) 
C u  5 .9  8 - 1 2  (8) 
Fe 11.4 near 5, 8-12 (2), (8) 
Ga 2.9 4.5 (9) 
I n  1.8 4.5 (9) 
M o  II �9  13.5 (8) 
N b  10.8 13.5 (8) 
N i  9.8 n e a r  5, 8 -12  (2 ) ,  (8) 
P b  1�9 less t h a n  4.5 (9)  
Pt S.l - -  
S b  1.1 4.8 (9) 
S n  1.9 - -  
T a  i0.1 -- 
T i  12.1 8, 8 -12  ( 2 ) ,  (8) 
W 10.3 ~ - -  
V 13.4  ~ - -  
Zn 8.1 8-12 (8) 

melted in levitation. The largest ent ry  of the calcu- 
lated masses is some 13g for vanadium. It should be 
noted that  the limitations, Eq. [27] and [28], can be 
temperature  sensitive, and do not  apply to only par-  
t ial ly molten samples, or to samples with surface crusts 
due to oxidation or cooling by radiation. 

of magnetic pressure---a quant i ty  avai lable  from sessile 
drop solutions which may be expressed parametr ical ly  
as 

pgV (fl, b,~z- ) < m g  [26] 

where ~ ----- pgb2/~s is the parameter  specifying the 
shape of a sessile drop (11). Combining this restriction 
with Eq. [24], [25], and sessile drop solutions produces 
a restriction/~ < Pmax(r This result  is plotted as a 
dotted l ine in Fig. 5. The larger r  permits  the larger 
8, and the ex t remum occurs at Ct- ----- 180 ~ where the 
max imum permissible ~ is about 3. For any given liquid 
metal, a restr ict ion on ~ is also a restriction on b. 

The two bounds on the weight of l iquid drop Eq. 
[25] and [26], in combinat ion with the information 
flmax (~bi-) in Fig. 5 yield numerica l  results 

pg or Volume < 6.5 " ~ /  [27] 

considered over the set of al lowable sessile drop solu- 
tions. 

The results, Eq. [25], are derived for a si tuation in 
which the magnetic pressure distr ibution is dist inctly 
localized on the surface of the suspended drop. 

To account for the distr ibuted magnetic pressure ex- 
pected in many  small scale practical experiments,  
where the sample is small  compared to the spatial ex- 
tent  of the support ing coil, some changes in this model 
are necessary. 

One expedient  is to model the magnetic  pressure dis- 
t r ibut ion with a sum of pressure impulses of the sort 
a lready described. Using an infinite sequence of such 
impulses, each applied at the same angle Cx- (available 
after the drop surface has "recovered" from the previ -  
ous impulse) leaves FMAX unchanged. Under  these con- 
ditions, the weight of a suspended drop may again be 
bounded 

; Volume < 11.2 [28] pg / \ " - - ~ /  

These are of the same form as Eq. [27] and again 
are ext rema over the set of permissible combinations 
of ~ and r The upper  curve in Fig. 5 is the modified 
value ~ma~ (r  

Table I summarizes the results of Eq. [28] for some 
metal  elements and compares these calculations with 
some exper imental  data on small  drops successfully 

C o n c l u s i o n s  
Instabili t ies resul t ing from vertical  motions of a 

suspended metal  sample should be a t t r ibuted to the 
presence of impedance-matching capacitors in the coil 
circuit, or to capacitance in the output  circuit of the 
power supply, ra ther  than to the resistive and induc-  
t ive circuit elements contr ibuted by the coil a r range-  
ment  and sample�9 Kirko and Mikerson (6) reach the 
contrary conclusion only after several sign inversions 
and ignoring portions of the derivatives, Eq. [11] and 
[16]. 

The twin  assumptions that: (A) a surface magnetic 
pressure distr ibution adequately accounts for the elec- 
tromagnetic field distr ibutions near  a suspended drop, 
and (B) the support ing coil is reasonably modeled as 
a loop of negligible cross section placed very near  the 
suspended sample require, for mechanical  equil ibrium, 
that a suspended liquid drop weigh less than  an amount  
specified by its par t icular  surface tension and density. 
A simple extension of this model, waiving the second 
assumption, leads to a similar formulat ion for this 
upper bound on the mass of a sample. The two versions 
are wi thin  a factor of two of one another,  and predict 
a mass l imit of the order of 10g or less for most metals 
considered. Further ,  there is enough accord with ex- 
per imental  data to conclude that requirements  of static 
equi l ibr ium are indeed responsible for the rupture,  
dur ing melting, of larger specimens. 

Manuscript  submitted Nov. 16, 1970; revised m a n u -  
script received June  7, 1971. 

Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1972 
JOURNAL. 
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Technical Notes @ 
Sensitivity of Cholesteric Films 

to Ultraviolet Exposure 
James Adams and Warner  Haas* 

X e r o x  Research Laboratories, Webster ,  N e w  York  14580 

The pi tch  of a m ix tu r e  of two or more  cholesterics 
can be expressed in t e rms  of an intr insic  p rope r ty  of 
each. The first insight  into this re la t ionship  was p ro-  
v ided  by  Fr iede l  (1), who demons t ra ted  tha t  in b ina ry  
mix tures  of one r i gh t -handed  and one l e f t -handed  con-  
st i tuent,  the re  was one ingredient  ra t io  for which the 
mix tu re  exhib i ted  nemat ic  propert ies .  Fur the rmore ,  for 
o ther  ra t ios  the  cholesteric possessed the  chi ra l i ty  of 
the dominan t  component.  Much later ,  Cano (2, 3) dem-  
ons t ra ted  tha t  in mix tures  of cer ta in  cholesterics  and 
nematics,  the  nemat ic  acted as a passive element,  and  
the influence of the  cholester ic  was essent ia l ly  l inear  
in  propor t ion  to i ts concentrat ion.  

Recent ly  (4),  i t  was shown tha t  the  pi tch of two 
or more  cholesterics can be expressed in te rms of the  
l inear  influence of consti tuents.  Thus, the  funct ional  
form of p i tch  vs. composi t ion is known for a wide 
var ie ty  of systems. In  another  recent  observat ion  (5), 
i t  was found that  there  is a s t rong connection be tween 
the sens i t iv i ty  of p i tch  to cer ta in  st imuli ,  such as t em-  
perature ,  and  the  sens i t iv i ty  of p i tch  to smal l  compo- 
si t ional  changes. In  fact, i t  is possible to t rea t  a var ie ty  
of pe r tu rba t ions  as if the i r  effect were  to change com- 
position. 

In  those cases where  the  funct ional  dependence  of 
pi tch on composit ion is known, i t  is possible to ca lcu-  
la te  the  funct ional  form for sensi t iv i ty  to st imulus.  We 
present  here  an expe r imen ta l  example  of this principle.  
In  this  case the  s t imulus  ac tua l ly  changes the  composi-  
t ion of the  cholesteric.  The effect s tudied involves the 
change in pi tch  of a cholesteric film resul t ing  from 
exposure  to u l t rav io le t  l ight  (6-9).  

Theory 
In  m a n y  mixed  systems it  has been shown tha t  the  

p i tch  of the  mixture ,  p, can be wr i t t en  as 1 

p = - -  [1] 
~aiOt 

where  ai is the  weight  pe r  cent  of  the  i th ingredien t  and 
0i is the  effective ro t a ry  power  (ERP) of the  ith ingre-  
d ient  (10). A n  example  of a sys tem which fol lows 
Eq. [I]  over  a wide  eomposi t ional  range is shown in 

* Elect rochemical  Society Act ive  Member .  
K e y  words :  l iquid crystals,  pitch,  effect ive ro ta ry  POWer. 
~ I n  th is  discussion we t r ea t  p i tch  as an  in t r ins ica l ly  posi t ive  

quant i ty  and  do not a t t e m p t  to prese rve  the  a lgebra ic  s ign in 
der ivat ives .  All calculations,  therefore ,  predic t  only the m a g n i t u d e  
of the  sys tem response to s t imulus  and  not  the  direction.  This  is  
indicated by the absolute value  signs. I t  is possible to solve this  
problem formal ly ;  however ,  the  a lgebra  is cumbe r some  a n d  w o u l d  
obscure the main thrust of this paper. 

Fig. 1. If  the  ind iv idua l  const i tuents  have  opposite 
chiral i ty ,  the a lgebra ic  signs of the  ERP's  must  be ap-  
p ropr ia t e ly  chosen. In  general ,  the  to ta l  different ial  
change in pitch, dp, resul t ing  f rom a change in com- 
posi t ion and, s imul taneously ,  a change in ERP caused 
by  a different ia l  st imulus,  ds, is 

o r  

=- z + 
Oai Os Ooi Os 

-~8 =P~ z o ~ + a i  
[, Os Os 

[2] 

[3] 

subject  to the  cons t ra in t  

Zal = 1 [4] 

A n  example  of a pe r tu rba t ion  which  changes com- 
posi t ion is exposure  to u l t r av io le t  rad ia t ion  or chemi-  
cal vapor  (8). In  this  case, the  OoJOs -- O. 

An example  of a pe r tu rba t ion  which  changes only 
ERP's  is heat;  in which  case, the Oai/Os = O. 

I t  is also possible to express  the  resul t  of, for  ex-  
ample,  a s t imulus which  changes only ERP 's  in te rms 
of an "effective" change in composition. Assume some 
different ia l  st imulus,  ds, ac tua l ly  changes only  ERP. 
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% BY WEIGHT OF CHOLESTERYL CHLORIDE IN 
O L E Y L  CHOLESTERYL CARBONATE 

Fig. !. Reciprocal pitch vs. composition in n binary system of 
oleyl cholesteryl carbonate and cholesteryl chloride. 
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Then 
[ 0oi 

If this is treated as a change in  composition instead, 
then  

I dp ZOi( Oa' "~"s = ~  ~ )er, l [6] 

Evidently,  
( 0o, ~ [ Oa, ~ 

•Oti X ' ~ ' /  ~- z0i k -~--S/elf [7] 

In the case of a two-component system Eq, [7] has a 
unique  solution (since a2 = 1 -- a l )  given by 

~-S e f t  (01 02) \'-~--"8 ~- (01 - -  02) aS / 
[8] 

Let us tu rn  now to the specific case of ul t raviolet  
exposure, in which it is known that  the actual com- 
position is altered. Assuming that  the l ight-sensi t ive 
molecule is the jth species, whenever  one of these mole- 
cules interacts with the light, it is destroyed and a new 
species [for example, the (j -{- 1) species] is created. 
Evidently,  

Oar 

Os 
where 

= kat [ - -  8~,~ -t- 8i,~+1] 

b a, b = 0 for a ~ b 
= 1 for a = b 

]9] 

and k is proport ional  to the probabi l i ty  of a conversion 
event. 

Subst i tu t ing into Eq. [3] with the condition that  
Oo.,/Os =- 0 yields 

-&s = tkps,j (0j+l - 0~)L [10] 

The significance of the terms in Eq. [10] is clear: a i 
determines the number  of sensitive molecules; (0j+l -- 
6j) gives the relat ive influences of old and new mole-  
cules; and p2 results from the form of Eq. [1]. If more 
than one species is created by the ultraviolet,  it is still 
possible to characterize the collective role of all  new 
molecules by a single ERP following arguments  in 
Ref. (10). We now present  exper imental  results which 
show close agreement  with Eq. [10]. 

Experimental 
The system chosen for s tudy consisted of b inary  mix-  

tures of cholesteryl nonanoate  (CN) and cholesteryl 
iodide (CI).  Chemicals were obtained from Eas tman 
Kodak and used as received. All  measurements  were 
performed at room temperature.  The compositional 
range varied from a = 25 to a ---- 74 where ~ is the 
per cent by weight of CI in a mix ture  of CI and CN. 
Pitch determinat ions were accomplished by dispersive 
reflection measurements  (11) using a relationship de- 
rived by  Fergason (12). Pitch vs. composition in un -  
exposed films is shown in Fig. 2. In  the region of a --~ 40 
this system is well  described by Eq. [1], whereas for 
a < 40 there is a deviation which becomes very  strong 
as a decreases. We believe this relates to the tendency 
toward smectic of the nonanoate- r ich  films. This par-  
t icular system is quite appropriate to our study since 
it offers a branch where Eq. [9] can be tested quant i ta -  
t ively and also a very anomalous branch which pro- 
duces both highly sensitive regions (a ~ 26) and highly 
insensit ive regions (a ~ 30). 

The consti tuents were heated together in a crucible 
to the isotropic point and thoroughly mixed. An ell ipt i-  
cal hole was cut in a two-rai l  Mylar spacer. The spacer 
was placed on a glass substrate and an amount  of 
l iquid crystal sufficient to fill the elliptical well  was 
deposited in the center of the well. A cover slip was 
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Fig. 2. Pitch vs. composition in a binary system of cholesteryl 
iodide and cho[esteryl nonanoate. 
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Fig. 3. Pitch vs. ultraviolet exposure in the region dp/da > 0 

then dragged across the top of the Mylar  several t imes 
producing a layer  of approximately uniform thickness. 
These films were sufficiently th in  to suppress the effect 
of thickness variation. Detailed absorption coefficient 
data were not taken; however, the effective coefficient 
was such that  films over about  4 mils in thickness 
began to show thickness effects, resul t ing in less total 
shift for a given exposure, and in addition, the pitch 
band was broadened. 

The two-mi l  films accorded a reproducibil i ty of the 
order of e = 0.1 where �9 ---- ~ / ~ ;  ~ was the pitch 
shift for a given exposure and 8~, the variation.  Fi lms 
were exposed to ul t raviole t  l ight produced by  a BH-6 
high-pressure,  short-arc mercury  lamp. Exposure was 
controlled by a shutter. 

The results for several different s tar t ing ratios are 
shown in Fig. 3. The sensit ivi ty is clearly a strong 
funct ion of composition. A comparison between experi-  
menta l  resul ts  and the predict ion of Eq. [10] is shown 
in Fig. 4. The agreement  is well  wi th in  exper imental  
error. Small  depletion effects were observed, pr inci -  
pally in the region dp/d~ < O. The results are shown 
in Fig. 5. In  this case exposure tends to reduce the 
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Fig. 4. Comparison of predicted and observed sensitivity 

choles teryl  iodide  content  of a film and s imul taneous ly  
shift  the film into a reg ion  in which it is less sensi t ive to 
subsequent  exposure.  This is due to the  shape of the  
curve  in Fig. 3, i.e. where  dp/da < O and d~p/da 2 > O. 
These two effects both  decrease  sensi t ivi ty.  However ,  
in the region dp/da > O, al though exposure  does de -  
plete choles teryl  iodide content,  the  film is shif ted into 
a more  sensi t ive composit ion area  and the  two effects 
tend  to compensate.  

S u m m a r y  
The response of p i tch  to a wide  va r i e ty  of s t imuli  in 

mixed  cholesteric systems can be p red ic ted  f rom com- 
posi t ional  data. I f  the  funct ional  form of p i tch  vs. com- 
posit ion for a pa r t i cu la r  sys tem is known, then  i t  is 
possible to quan t i t a t ive ly  ca lcula te  sensi t ivi ty.  I f  the  
funct ional  form is not  known, i t  is st i l l  possible to gain 
qual i ta t ive  informat ion  f rom the  shape of the  com- 
posi t ional  curves.  
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A n y  discussion of this paper  wi l l  appear  in a Dis-  
cussion Sect ion to be publ i shed  in the  June  1972 
J O U R N A L .  
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Characterization of CVD Molybdenum Thin Films 
A.H. EI-Hoshy 1 

General Electric Corporate Research and Development, Schenectady, New York  12301 

Presen t ly  use is being made  of CVD moly bde num 
thin  films as an essential  e lement  of wafe r  processing 
in the  manufac tu re  of semiconductor  field effect de-  

1 P r e s e n t  a d d r e s s :  I n t e g r a t e d  C i r c u i t s  P r o j e c t ,  G e n e r a l  E l ec t r i c  
C o m p a n y ,  E l e c t r o n i c s  P a r k ,  S y r a c u s e ,  N e w  Y o r k  13201. 

K e y  w o r d s :  t h i n  f i lm,  C V D  m o l y b d e n u m  on  s i l i con  d i o x i d e ,  grain 
s ize  a n d  o r i e n t a t i o n ,  r e s i s t a n c e  ra t io .  

vices (1). In  par t icu lar ,  the  amount  of boron diffused 
in the  channel  region of a field effect t rans is tor  m a y  be 
l a rge ly  de te rmined  by  the  thickness  of the  molybdenum 
film. Fo r  the  purpose  of process reproduc ib i l i ty  i t  is 
necessary to character ize  the  phys ica l  p roper t i e s  of 
chemical ly  vapor  deposi ted mo lybde num films. P r e v i -  
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ous work on the subject has not ful ly  explored the in -  
fluence of deposition parameters  on film properties 
(2, 3). 

Spark mass spectrometry and flame spectrophotom- 
etry have been used to trace certain elements in CVD 
Mo films (2, 4). The sensit ivi ty of both methods is in 
the ppm range. These quant i ta t ive  techniques are vital  
in detecting the presence of specific elements such as 
sodium as well  as potential  dopant  impuri t ies  in silicon. 
However, they are not suited for qual i ta t ive estimates 
of the over-al l  impur i ty  content, and they do not 
render  informat ion about the s t ructure  of the films. 

In  the present  work, three techniques for character-  
izing CVD Mo films are described. Transmission elec- 
t ron microscopy and x - r a y  diffraction reveal  details 
about the s t ructure  of the deposited metal  while re-  
sistance ratio measurements  give a relat ive estimate 
of the over-al l  purity.  

Experiment 
Polished silicon wafers of n - type  4 ohm-cm resist iv- 

i ty with a 900A thermal ly  grown oxide served as sub-  
strates for Mo deposition. The vapor deposition system 
used was supplied by  Applied Materials Technology 
Inc. with a rotat ing graphite  rf susceptor. Gaseous hy-  
drogen acts as a carrier  for MoC15; it also reaches the 
reaction chamber through a l ine that  bypasses the 
MoC15 source. I t  then reduces MoC15 according to the 
following reaction (2) 

MoCls + H2 -~ HC1 + Mo 

Deposition conditions were varied in the following 
manner .  Substrate  tempera ture  was controlled by the 
amount  of rf power fed into the graphite susceptor, 
while the deposition rate at a fixed temperature  was 
determined by the amount  of carr ier  hydrogen passed 
over the MoC15 source. Since the deposition tempera-  
ture  and the deposition rate are interdependent ,  the 
first set of samples had the substrate temperature  
varied while  the deposition rates were allowed to 
change accordingly. The second set of samples had a 
fixed deposition tempera ture  and a deposition rate con- 
trolled by the amount  of b]ecder hydrogen over the 
MoC15 source. Table I lists the different samples tested 
and their  corresponding deposition conditions. Three 
wafers were coated in each run.  F i lm thickness was 
measured by  a Tal lysurf  ins t rument  while resistivities 
were determined by a four-point  resistance probe. 

Table I. Deposition parameters and resistivities for the 
molybdenum films 

S u b s t r a t e  G r o w t h  
t e m p e r -  M o l y b d e n u m  r a t e ,  R e s i s t i v i t y ,  

R u n  No.  a t u r e ,  ~ t h i c k n e s s ,  A A / r a i n  ohm-era 

I s t  S e t  

229 500 2800 187 7.2 x 10 - a  
240 600 3700 247 7.0 x 10 -~ 
228  700 4300 226 6.75 • 10-~ 
241 800 2500 125 7.4 • 10 -e 

2 .~ S e t  
243 700 3050 87 7.56 x 10--e 
228 700 4300 226 6.75 x 10 -6 
244 700 2800 350 7.2 • 10 -e 

Transmission Electron Microscopy 
The as-deposited Mo films were etched by immersion 

in a solution of 95 lactic acid, 5 nitr ic acid, and 1 hydro-  
fluoric acid for t imes up to 90 sec. The films were then  
stripped from the wafers and mounted  for direct elec- 
t ron transmission microscopy. Figures 1 (a) and (b) are 
the micrographs obtained for samples 229 and 241 at 
75,000 magnification. Using the intercept  method on 
the micrographs, the grain surface area per uni t  vol- 
ume was determined for each sample (5). Figure  2 (a) 
shows the change in grain surface area per un i t  volume 
as a function of the deposition temperature.  Except for 
the sample deposited at 500~ which has smaller  
grains, the grain size remained  constant  as the tem- 
perature  was increased from 600 ~ to 800~ The var ia-  
tion in grain size with deposition rate at 700~ is 
shown in Fig. 2(b) .  The grain  size was not affected 
by the increase in deposition rate  from 87 to 226 A/  
min;  however, at a deposition rate  of 350 A / m i n  the 
grain size was smaller. The influence of sample thick- 
ness on grain size is given in Fig. 3 where four samples 
of different thicknesses were deposited at 640~ The 
var iat ion in grain size is ra ther  small  for the thickness 
range of 2300-5100A indicat ing that the observed 
changes in grain size as a function of deposition tem- 
perature and rate do not reflect a sample thickness 
effect. 

Grain  size expressed in surface area per uni t  volume 
is impor tant  for de termining the area available for 
grain boundary  diffusion. Since the ma x i mum variat ion 
in grain boundary  area was approximately  a factor of 
two, the area available for grain boundary  diffusion 
could not change by  more than  the ratios of the per im- 

Fig. l(a). Transmission elec- 
tron-micrograph for sample No. 
241.75,000X. 
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Fig. l(b). Transmission elec- 
tron micrograph for sample No. 
229. 75,000•  
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Fig. 2(a). Grain boundary area per unit volume and resistance 
ratio dependence on deposition temperature. 

eters for a given volume, i.e. the  flux of diffusants 
through grain boundaries  would not increase by more 
than a factor of two. This seems ra ther  small  and 
should not influence appreciably the amount  of dif- 
fusant through Mo films. 

Resistance Measurements 
Through a photoresist  procedure, resistance pat terns 

of 220 aspect ratio were  created in the Mo films on the 
oxidized silicon wafers. The wafers  were  then scribed 
to obtain separate resistor pellets. These in turn  were  
mounted on transistor  headers  and a luminum wires 
were  ul t rasonical ly bonded to join four pads on each 
resistor wi th  corresponding posts on the header. Two 
wires served as current  leads while  the remaining two 
served as voltage leads. The headers  were  then her -  
met ical ly  sealed and resistance measurements  were  
made using a stabilized current  source and a digital 
vol tmeter .  

Figures 2 (a) and (b) show the resistance measured 
at 373K divided by that  at 77.2K as a function of the 
deposition parameters.  Since previous measurements  
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Table II. Effect of deposition conditions on grain orientation 

S u b -  
s t r a t a  

T e m p e r -  G r o w t h  
a t u r e ,  r a t e ,  

R u n  No.  ~  A / r a i n  (110) (200) (211) (220) (310) 

A S T M  100 21 

1 s t  S e t  

229 500 187 100 42.7 
240 600 247 100 25.4 
228 700 226 100 53.0 
241 800 125 69.5 I00 

2 nd S e t  

243 700 87 61.5 lOO 
228 700 226 1OO 53.0 
244 700 350 27.5 100 

39 11 17 

m 

2.9 11.8 
4.1 6.1 
3.8 15.1 
- -  27 .8  

13.8 17 7.7 
- -  3.8 15.1 
- -  - -  12 .1  

(2, 6) indicate  tha t  the  contr ibut ion of surface sca t te r -  
ing to res i s t iv i ty  is qui te  small  for Mo films of severa l  
thousand angs t rom thickness  at  77.2K, the res is tance 
rat io  R37zK/RT7.2K can therefore  be d i rec t ly  compared  
wi th  bu lk  mater ia l .  The most  recen t ly  repor ted  va lue  
for  R873K/R77.2K for single c rys ta l  zone-ref ined Mo of 
99.999% pu r i t y  is 15.2 (7). The difference be tween  a 
m a x i m u m  value  of 5.85 obta ined for CVD Mo films and 
15.2 for bu lk  ma te r i a l  can be a t t r ibu ted  to the com- 
bined contr ibut ion  of in te rna l  s t ruc tura l  defects  and 
the presence of impuri t ies .  Al though  resis tance rat io  
measuremen t  does not  r ender  specific detai ls  about  
e i ther  composit ion or s t ructure ;  it  can stil l  serve as a 
means  for detect ing gross changes in the  CVD Mo films. 
The resis tance ra t io  can therefore  provide  a figure of 
mer i t  for the  ove r -a l l  qual i ty  of the  meta l  film, where  
the  h igher  the resis tance ra t io  the  less s t ruc tura l  de-  
fects and impur i t ies  present  in the  film. 

X-Ray Diffraction 
An x - r a y  di f f rac tometer  was used to examine  the 

t ex tu re  of the  CVD Mo films. The  effect of deposi t ion 
condit ions on gra in  or ienta t ion  is shown in Table II. 
The intensi t ies  are  normal ized  to the  s t rongest  reflec- 
t ion which is assigned a value  of 100. When  the  r e l a -  
t ive  intensi t ies  of reflections f rom the different  c rys ta l -  

lographic  p lanes  of CVD Mo films are  compared  wi th  
the ASTM (8) reference,  a pronounced  pre fe ren t ia l  
or ienta t ion of the  (200) p lanes  is quite apparent .  The 
re la t ive  intensi t ies  of the (110) and (200) reflections 
suggest  tha t  the  amount  of p re fe ren t ia l  or ienta t ion  
decreases as the  deposi t ion t empe ra tu r e  is increased 
f rom 500 ~ to 600~ It  then  seems to increase  wi th  t em-  
pe ra tu re  for the range  be tween  600 ~ and 800~ The 
dependence  of gra in  or ienta t ion  on deposi t ion ra te  
suggests a decrease  in p re fe ren t ia l  or ienta t ion  for the 
in te rmedia te  deposi t ion ra te  of 226 A /min .  

Summary 
Transmission e lect ron micrographs,  resis tance ratios, 

and x - r a y  diffract ion measurements  have been used 
to character ize  CVD Mo films for  a deposi t ion t empera -  
ture  range  f rom 500 ~ to 800~ and a deposi t ion rate  at  
700~ tha t  var ies  be tween  87 and 350 A/ra in .  
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Brief Con ln lun cadon, 
Growth and Crystallographic Identification 

of MAg41o Single Crystals 
M. R. Manning,* C. J. Venuto,* and D. P. Baden* 

ESB Incorporated, Research Center, Yardley, Pennsylvania 19067 

Compounds of the  type  MAg415 (M : K, NI-I4, or Rb) 
have recen t ly  aroused considerable  in teres t  due to 
thei r  unusua l ly  high ionic conduct ivi t ies  (1-3).  I t  is 
ve ry  des i rable  to possess large  single crysta ls  of these 
compounds for fundamenta l  phys ica l  studies. P r e v i -  
ously, these  mate r ia l s  have been produced by  diffusing 
the powdered  compounds MI and AgI  together  at  a 
t empera tu re  be tween  100~ and 200~ in the  correct  
molar  ra t io  (4). Mate r ia l  p roduced  by  this method was 
mos t ly  of the  form MAg415, but  it  d id  contain smal l  
amounts  of the  compounds MI, AgI,  and M2AgI3. A t -  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  s o l i d  e l e c t r o l y t e s ,  x - r a y  d i f f r ac t ion ,  so lu t ions ,  i o n i c  

c o n d u c t i v i t y .  

t empts  at growing la rge  single crys ta ls  by  diffusion 
were  unsuccessful,  p robab ly  because of the  d is rupt ive  
effects of the presence of these  impur i t ies  on the 
o rde r ly  r ea r r angemen t  of a toms in a c rys ta l  s tructure.  
Fusion at a t empe ra tu r e  above the eutect ic  points of 
the  compounds MAg415 (5, 6) also fa i led to produce  
single large crysta ls  in our labs for s imilar  reasons. 

Final ly ,  a method  involv ing  crys ta l l iza t ion f rom 
hydroiodic  acid was successful ly developed for g row-  
ing large  single crys ta ls  of these compounds.  Octa-  
hedra l  crys ta ls  have  been produced  ranging  in size 
f rom 3/8 to 1/2 in. in d iameter .  The technique descr ibed 
here in  overcomes the  two main  obstacles to thei r  suc- 
cessful g rowth  f rom solution. These a re  (a) ma in -  
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tenance of the correct relat ive concentrations of the 
cations incorporated into the s t ructure  of the desired 
compound and (b) re tent ion of the degree of super-  
saturat ion necessary for a reasonable growth rate 
while keeping to a m i n i m u m  the generat ion of extra 
seed crystals through spontaneous nucleation. It  is 
believed that this is the first t ime that  single crystals 
of any of the compounds MAGI5 have been successfully 
isolated from solution. 

Crystal  Growth 
During a series of at tempts to produce suitable sam- 

ples of the solid electrolytes MAg415 for electrochemi- 
cal and physical investigations, it was found that  ap- 
preciable quanti t ies of both AgI and MI (M : K, NH4, 
or Rb) were soluble in concentrated hydroiodic acid 
and that  each of these could be crystallized from the 
HI solution. On this basis, it was decided to utilize 
aqueous HI as the solvent in an at tempt to produce 
large single crystals of MAg415. 

Preparat ion of the large single crystals included 
several steps. First, 57% hydroiodic acid was heated to 
5O~ and to each gram of the warm acid, 0.805g AgI 
was added. Depending on the solid electrolyte desired, 
0.166g RbI, 0.124g KI, or 0.108g NH4I was added to the 
warm HI-AgI  solution. The final solution was then 
allowed to cool to 30~ 39~ or 35~ (for M = Rb, If, 
or NH4 respectively).  During the cooling, dendrit ic 
orthorhombic crystals of the formula M~AgI3 appeared 
(7). The solution was then allowed to evaporate slowly 
at a temperature  about 1 deg above the lowest tem- 
perature  at which the compound MAg415 is stable, i.e. 
27 ~ 36 ~ or 32 ~ for M ---- Rb, K, or NH4 respectively 
(3). During evaporation, the orthorhombic crystals 
continued to propagate unt i l  octahedral crystals began 
to appear, whereupon the solution was ready for pro- 
duction of the desired solid electrolyte crystals. At this 
point, most of the orthorhombic crystals were removed 
by coarse filtration, and the remainder  dissolved by 
warming the solution 3 ~ . The resul t ing solution wil l  be 
referred to as growing solution. 

The growing solution was then cooled at the rate of 
1 ~ every 12 hr. Octahedral seed crystals general ly be-  
gan to form within  the first few hours. At the end of 
36 hr, these seed crystals had at tained a size of 1/8 to 
3/16 in. They could then be separated from solution 
with the aid of Ke l -F  type plastic tweezers or by sim- 
ple filtration through spun Fiberglas matting. 

To minimize decomposition, the MAg415 crystals were 
quickly dried between two layers of asbestos cloth 
and stored over Drierite at 40~176 in an evacuated 
desiccator. 

An  individual  crystal prepared as described above 
could be mounted on a glass filament for fur ther  
growth if desired, as shown in Fig. 1. A glass "T" was 
suspended over the edges of a vial, 1 in. in diameter 
and 3 in. high, with the tip of the drawn glass filament 
heated to form a small  bead for mounting.  G. E. ad- 
hesive RTV-108 was used to hold the seed crystal to 
the glass bead. A Teflon disk was affixed to the filament 
as shown, to shield the growing crystal  from falling 
seeds which may form at the surface of the solution. A 
piece of Fiberglas mat t ing served as cover and evapo- 
rat ion shield. 

The vial was then filled with freshly prepared grow- 
ing solution, and the fi lament with attached crystal 
was lowered into it. The crystals grew to a diameter of 
3/8 to 1/z in. wi th in  2-3 weeks. The tempera ture  was 
held constant dur ing this period to wi thin  half a de- 
gree. Figure 2 shows a crystal of RbAg415 grown by the 
described procedure. 

It should also be noted that  crystals of the form 
MA~415 could only be grown when the concentrat ion of 
the M + ions was between 17.5 and 18.5% of the total 
cationic concentration, at the temperatures  used (270- 
40~ Below this composition range only AgI crystals 
would appear; above it crystals of M2AgI3 or MI would 
grow. It was also found that  below the temperatures  of 
27 ~ 36 ~ or 32~ for M = Rb, K, or NI~  respectively, 

Fig. 1. Photograph showing a single crystal of RbAg415 mounted 
on glass filament. 

Fig. 2. Photograph of a single crystal of RbAg415. Size of crystal 
can be seen by reference to the one centimeter scale placed 
alongside. 

no crystals of the type MAg415 could be formed. Indeed, 
when  previously prepared 3/8 in. diam crystals of these 
solid electrolytes were inserted in the appropriate 
growing solutions at temperatures  as l i t t le as one de- 
gree below those specified, they would be t ransformed 
within  a few hours via the reaction 

MAg4Is(s) ~ 1/2 M2AgI~(s) + 7/2 AgI(aq) 

It  was also found that  when  solutions containing re -  
agent grade HI without  the addition of HaPO4 as a 
preservative were used, molecular  iodine became en-  
trapped in the growing crystal. This free iodine, which 
colored the MAg415 crystals brown, could be removed, 
in the case of the Rb or K salt, by holding these crystals 
under  vacuum at 100~ for about one week. 

As an al ternate method, the growing solution could 
be prepared by uti l izing HI acid as sold commercial ly 
with 0.5 to 1.5% H3PO4 in it as a preservative. During 
preparat ion of the growing solution, it would tu rn  
brown with freed iodine but  this could be removed 
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E S B - s m a l l  B r a d l e y  a n d  
E S B - f u s e d  sa l t ,  s i ng l e  c r y s -  G r e e n e  

cooled & g r o u n d  tals ,  g r o u n d  o b s e r v e d  
( D i f f r a c t o m e t e r )  (F i lm)  ( F i l m )  C a l c ' d  B r a d l e y  a n d  G r e e n e  F i l m  ( p o w d e r )  11.15A 

E S B  F i l m  ( p o w d e r )  11.16A 
E S B  D i f f r a c t o m e t e r  ( p o w d e r )  11.23A 

hkl  d, A I / I1  d, A I d, A I d, A B r a d l e y  a n d  G r e e n e  S i n g l e  c r y s t a l  11.22A 
(110) 7.96 39 7.72 M 7.85 W 7.88 G e l l e r  S i n g l e  c r y s t a l  11.24A 

(221)(300) 3.75 47 3.70 MS 3,72 MS 
(310) 3.55 5 3.52 V W  3.52 V W  
(311) 3.39 100 3.35 S 3.36 S 
(222) 3.24 16 3.21 M W  3.21 W 

(321) 3.00 3 

(411)(330) 2.68 13 2.63 M W  2.63 W 
(331) 2.57 3 
(420) 2.51 5 2.50 V W  
(332) 2.39 13 2.38 M W  2.38 W 
(422) 2.29 13 2.28 M W  2.26 M W  

(800)(430) 2.24 18 2.23 M 2.23 M W  
(510) 2,20 39 2.19 S 2.19 S 

(511)(333) 2.16 5 2,15 W 2.15 V W  
(520)(422)  2,09 21 2,08 M S  2.07 M 

(521) 2.05 13 2,04 M 2.04 M W  
(440) 1.987 11 1.977 M W  1,97 W 

(522)(441) 1.959 5 1.949 M W  1.94 W 
(530)(433) 1.927 3 1.920 V W  

(531) 1.903 3 1.888 V W  
(600)(442) 1.873 5 1.868 V W  

(610) 1.846 5 1.839 V W  
(611)(532)  1.822 8 1.815 W 

(620) 1,779 3 
(621)(540) 1.757 8 1.749 M 

(443) 

6.44 
4.99 
4.55 
3,94 
3.72 
3.53 
3.36 
3.22 
3.09 
2.98 
2.79 
2.63 
2.56 
2.49 
2.38 
2.28 
2.23 
2.19 
2.15 
2.07 
2.04 
1.97 
1.94 

1.88 

by  holding the  solution at  96~ for 1-3 hr. The resul t ing  
s t r a w - y e l l o w  solut ion could then be used as before  
wi thout  impai r ing  c rys ta l  qual i ty .  Crysta ls  so p ro -  
duced a re  semi t ransparen t  and do not  exhib i t  the  
brownish  t inge character is t ic  of free iodine. Trans-  
parency  of the  growing solut ion also aids in moni tor ing  
of the  growth  process. 

Crystallographic Examination 

A number  of smal l  single crysta ls  of RbAg415 were  
cl~osen as represen ta t ive  specimens for c rys ta l lographic  
identification. These were  ground to a powder  for com- 
par i son  wi th  another  powdered  sample  p repa red  by  
fusing RbI  wi th  AgI  and subsequent  cooling. Both sam-  
ples were  observed under  the  polar iz ing microscope 

Author  M e t h o d  Uni t  cel l  

and de te rmined  to be opt ica l ly  isotropic and wi thout  
impuri t ies .  

X - r a y  diffract ion powder  da ta  for the  two samples  of 
RbAg415 a re  presented  in Table  I. They agree  wel l  wi th  
the  x - r a y  diffract ion da ta  publ i shed  by  Bra d l ey  and 
Greene  (2). The 3.00, 2.57, 2.50, and 1.888 reflections 
were  not  observed by  those  authors.  Their  equivalents ,  
however ,  were  ca lcula ted  b y - B r a d l e y  and Greene  and 
are  l is ted in the  last  column of Table I. A l l  the  l ines in 
the  ESB powder  pa t t e rn  using the  D e bye -S che re r  
method were  indexed  (column 1). The s t ruc ture  was 
de te rmined  to be cubic wi th  a uni t  cell  d imension of 
ao ---- l l .16A. A s l ight ly  l a rge r  uni t  cell  of ao ~- 11.23A 
was obta ined wi th  the d i f f rac tometer  method.  The 
former  unit  cell  size agrees  wi th  tha t  obta ined  f rom 
powder  da ta  by  Brad ley  and Greene,  whereas  the  
s l ight ly  la rger  cell  agrees wi th  single c rys ta l  da t a  ob-  
ta ined  by  Brad ley  and Greene  and by  Gel le r  (6) 
(Table  I I ) .  The sl ight  d i screpancy  is p robab ly  due to 

differences in x - r a y  method.  

Manuscr ip t  received June  24, 1971. 

A n y  discussion of this  paper  wi l l  appear  in a Dis-  
cussion Section to be publ ished in the  June  1972 
JOURNAL. 
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D I S C U S S I O N  

S E C T I O N  

This  D i s c u s s i o n  S e c t i o n  i n c l u d e s  d i s c u s s i o n  of  p a p e r s  a p p e a r i n g  
in  t h e  Journal  oi  The  Electrochemica~ Society,  Vol. 117, No.  12 a n d  
Vol.  118, No.  4, D e c e m b e r  1970 and Apri l  1971. 

On the Redistribution of Boron in the Diffused Layer 
During Thermal Oxidization 

J. s. T. Huang and L. C. Welliver (pp. 1577-1580, Vol. 117, No. 12) 
M. G. Buehle r l :  The purpose  of this  note is to indi-  

cate  tha t  Huang and Wel l ive r  have fai led to solve the  
p rob lem they  posed. The solut ion fails  because the  
bounda ry  condi t ion imposed on the diffusive flow at 
the  Si-SiO2 boundary ,  Eq. [6], has been appl ied  to jus t  
solut ion C2. This condit ion should be appl ied  to the  
to ta l  solut ion C ---- C1 W C2. An  example  of its fa i lure  
can be seen by  examining  the special  case, k ~ m. Fo r  
this  case, consider  an infini tesimal  g rowth  of the  oxide. 
I m p u r i t y  a toms f rom the  Si  jus t  conver ted  to SiO2 
sat isfy  the  impur i t y  demands  of the  oxide with  the  

1 T e x a s  I n s t r u m e n t s ,  Inc . ,  Dallas,  Texas.  

resul t  tha t  there  should be no diffusive flow at the  
Si-SiO2 boundary .  The solut ion for the  impur i t y  d is t r i -  
but ion in the  Si, Eq. [11], does not  sat isfy the  condi t ion 
of no diffusive flow at  the  Si-SiO2 bounda ry  for k : m. 

An  addi t ional  observat ion  is tha t  the solution, Eq. 
[11], does not  sat isfy the  diffusion equat ion because 
the  constant  A contains  a "square  root  of t ime"  term.  
To date, this p rob lem has only been solved numer i -  
cally,~ and a c losed- form solut ion is s t i l l  being sought. 

J. S. T. Huang and L. C. Well iver:  We would  l ike to 
t hank  Dr. Buehler  for his comment  on our  paper .  I t  
should have been pointed out  tha t  the  model  we p ro -  
posed for boron red is t r ibu t ion  is an approximat ion .  
The bounda ry  condition,  Eq. [6], is equiva len t  to the 
so-cal led rad ia t ion  bounda ry  condi t ion encountered  in 
hea t  conduct ion 3, i.e. 

2T.  K a t o  a n d  Y. N i s h i ,  J .  Appl .  Phys .  (Japan),  8, 377 (1964). 
8 H.  S. Carslaw and J .  C. J a e g e r ,  " C o n d u c t i o n  of  H e a t  i n  S o l i d s , "  

Clarendon Press,  Oxford,  Eng land  (1947). 



2034 J. EIectrochem. Soc.: SOLID STATE SCIENCE December 1971 

D OC ] 
"- K e(o#t) 

OX J o 

for which K is a constant. But in our case, K is a func- 
tion of t ime due to the parabolic growth rate  of ther -  
mal  oxides. This fact makes the solution of the diffu- 
sion equation quite intractable.  Even Kato and Nishi 4 
in their  numerical  calculation had to resort to the ap-  
proximation of K being a constant  wi thin  a finite t ime 
interval.  Essentially, our  approximation lies in  the solu- 
t ion of the second part, Eq. [7], which does not satisfy 
the diffusion equation but  does satisfy the init ial  and 
boundary  conditions. 

The condition, Eq. [6], does apply to the total solu- 
t ion C1 + C~, since C1 is approximately  a Gaussian dis- 

t r ibution,  the t e rm D 0C1 evaluated at X = 0 vanishes 
OX 

for all times. In  the special case for which k ---- m, Eq. 
[11] approaches a pure Gaussian dis tr ibut ion indicat-  
ing an impermeable  surface with no net  diffusive flow 
across the Si-SiO2 interface. 

We believe that  our approximate model is a good 
one, because it has been validated by extensive experi-  
menta l  results. Furthermore,  this model gives consid- 
erable physical insight into the redis tr ibut ion problem. 
We agree, however, with Dr. Buehler  that  a rigorous 
closed-form solution, if it exists, is still being sought. 

Gas Phase Etching of Silicon with Chlorine 
J. P. Dismukes and R. Ulmer (pp. 634-635, Vol. 118, No. 4) 

S. E. Craig, Jr.5: Dismukes and Ulmer, in their paper, 
discussed a new and interest ing technique for etching 
silicon with chlorine in a hel ium atmosphere. Their  
data are sufficient to prove that  the rate l imit ing step 
is the rate of diffusion of reaction products from the 
surface, or that  the reaction rate is mass t ransfer  con- 
trolled. 

For a mass t ransfer  controUed reaction, the gas phase 
concentrat ion at the gas-solid interface approaches the 
equi l ibr ium value. These equi l ibr ium concentrat ions 
can be calculated from the thermodynamic  data in  the 
JANAF tables 6. At equil ibrium, the concentrat ion of 
CI2 is essentially zero. The only impor tant  equi l ibr ium 
species are SIC12, SiCI4, and He. The concentrat ions 
of these species at the interface are related by the 
equi l ibr ium for the chemical reaction 

St(c) 4- S i C 1 4 ~ 2  SIC12 [1] 

A diffusion flux, J, for each of the species can be 
wr i t ten  in  terms of a mass t ranspor t  coefficient, k, and 
the difference between the inlet  mole fraction and 
equi l ibr ium mole fraction of the species 7 

Jcl2 : k ([C12] -- 0) [2] 

Jsicl4 = k (0 -- [SiCh]*)  [3] 

Jsicl2 ---- k (0 -- [SIC12] *) [4] 

where bracketed quanti t ies  represent  mole fractions 
of the indicated species,* indicates equi l ibr ium values, 
while unstarred quanti t ies represent  feed values. 

The total  diffusion flux of silicon containing species 
away from the gas-solid interface is related to the 
etching rate, r, by the mass balance equation 

rpc 
- -  (Jsicl2 - { -  Jsict~) [5] 

M 

where p~ = density of solid Si ~ 2.33 g/cm 3 and M 
molecular weight of Si -: 28 g/mole. A combination 
of Eq. [3], [4], and [5] yields the complete rate ex- 

a T. Kato and Y. Nishi, J. AppL Phys. (Japan), 3, 377 (1964). 
5 Arizona State University, Tempe, Arizona 85281. 
s D. R. S t u l l  et aL, J A N A F  T h e r m o c h e m i c a l  Tables ,  n o w  C h e m i c a l  

Co., C l e a r i n g  House  fo r  F e d e r a l  Sc ient i f ic  a n d  Techn ica l  I n f o r m a -  
t i on  (1965). 

7 Because all active species are present in dilute concentrations, 
the increase in gas phase moles is neglected. 
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Fig. 1. Etch rate as a function of equilibrium gas phase mole 

fraction of silicon containing species. The reaction temperature 
in degrees C and the feed mole per cent (m/o) CI2 are shown for 
each data point. Solid line represents the theory for a mass trans- 
fer controlled reaction. 

pression 8. 
M 

= - -  k [Si]* [6] 
pc 

where  [Si] * = [SiCl4]* + [SIC12]* 
Both k and [Si]* are functions of temperature.  To 

facilitate comparison of the data with the theory, both 
sides of Eq. [6] are mult ipl ied by ko/k  where ko is the 
mass t ransfer  coefficient computed at a s tandard refer-  
ence temperature,  To. 

Graetz type solutions to the combined diffusion and 
flow problem usual ly  give the Sherwood number ,  
kd/~) m as a function of a modified Graetz number, 
W/~)pL, where d and L are dimensions characteristic 
of the channel width and length, W is the molar flow 
rate of gas, ~) is the gas phase diffusivity and p = 
P/RT is the molar density of the gas. These Graetz 
solutions show that the Sherwood number is propor- 
tional to the cube root of the Graetz number in the 
range of flows normally encountered. Since ~) is pro- 
portional to the 3/2 power of temperature, and p is in- 
versely proportional to temperature, ko/k = (To~T)1/3. 

Equation [6] becomes 
Mko 

r (To~T) 1/8 = [Si]* [7] 
pc 

[Si] * was calculated for the various feed composi- 
tions and reaction temperatures used by Dismukes and 
Ulmer. To was taken as 900~ (1173~ A log-log plot 
of r (To~T) i/3 vs. [Si]* is presented in Fig. I. The data 
fit a straight line with a slope of 1 as the theory pre- 
dicts. 

From Fig. 1, Mko/pc is found to be 550 ~m/min. This 
yields ko = 7.65 X 10 -5 moles/sec-cm 2. If we take ~) 

3.24 cm2/sec, p = 1.04 (1O -5) moles/cm s and d = 2 
cm, the Sherwood number ,  kod/~)p = 4.6. This value is 
typical of what  one expects to find in a reactor of this 
type. 

Activation Energy: The apparent  activation energy, 
AEta, is obtained by taking logari thms of Eq. [7] and 
differentiating with respect to I /T.  

d In r RT  R d In [St] * 
AEta -- -- R - -  ---- - -  [8] 

The first term on the r ight  of Eq. [8] is the apparent  
activation energy due to the temperature  dependence 

s F o r  s impl i f i ca t ion ,  i t  i s  a s s u m e d  t h a t  t he  mass  t r a n s p o r t  co- 
eff icients  are the  s ame  fo r  a l l  species, 
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of diffusion. This represents  a small  contr ibut ion and 
has a value of approximately 0.8 kcal/mole.  

The second term on the r ight  of Eq. [8] is the ap- 
parent  act ivation energy due to the shift in equi l ibr ium 
with temperature.  For  dilute solution this te rm be- 
comes 

--Rdln [Si]* 

- - R  d l n K  
d ( l / T )  

4 1 
[Si]* /2[Si]*--[C12] ~" [C12]--[Si]*) d ( 1 )  

h H  o 
= [9] ( 4 _1 ) 

[Si]* 2[Si]* -- [C12] } [C12] [Si]* 

where K and AH o are the equi l ibr ium constant  and the 
heat of reaction for reaction Eq. [1]. 

At very  low temperatures  (T < 900~ SIC14 is the 
dominant  species at equi l ibr ium and [Si] * ----- [SIC14] 
- -  [C12]/2. At these low temperatures,  the equi l ibr ium 
apparent  activation energy is zero. The equi l ibr ium 
apparent  act ivation energy is also zero at very high 
temperatures  (T > mel t ing point) where SiCI2 is the 
dominant  species and [Si]* ~ [SiC12]* - -  [C12]. 

The max imum value of the equi l ibr ium apparent  ac- 
t ivat ion energy is obtained in the mid- range  tempera-  
tures (1000~ < T < l l00~ where half  the C12 is in 
SIC12 and half is in SIC14. Under  these conditions [Si] * 
---- 8A [C12] and the equi l ibr ium apparent  activation is 
~ H ~  = 8.7 kcal /mole  6. When this is added to the ap- 
parent  act ivation energy for diffusion, the total appar-  
ent activation energy of 9.5 kcal /mole is obtained. This 
is very close to the value of 10 kcal /mole reported in 
the paper under  discussion. 

This apparent  activation energy is not a "true" ac- 
t ivat ion energy but  ra ther  represents a shift in equi-  
l ibr ium with temperature.  The rate is faster at high 
temperatures  where SIC12 is the favored species than 
at low temperatures  where SIC14 is the favored species 
because SIC12 is a more efficient t ransporter  of silicon 
than is SiCl4 (per atom of C1). 

Conclus ion:  Since the mass t ransport  assumption 
correctly predicts all the t rends in the kinetic behavior  
and also predicts the value of the etching rate, we 
conclude that  the gross kinetics of etching Si with C12 
in He is indeed mass t ransfer  controlled. 

J. P. Dismukes 9 and F. W. Dittmanl~ We concur with 
Craig's conclusion that, in the etching of Si wi th  C12 
in He atmosphere n,  mass t ransfer  of C12 to and of a 
mixture  of SIC12 and SIC14 from the Si surface controls 
the rate of etching at a given temperature.  Craig also 
correctly points out that the temperature  dependence 
of the etch rate is related to a shift to the r ight  of the 
equi l ibr ium at the interface 

Si(s)  -]- S~C14(g) <-> 2SIC12 (g) [1] 

ra ther  than to a tempera ture  dependent  chemical ki-  
netic process at the interface n. However, two ~ddi- 
t ional comments are appropriate, the one with regard 

9 R C A  L a b o r a t o r i e s ,  P r i n c e t o n ,  N e w  J e r s e y  08540. 
lo D e p a r t m e n t  of  C h e m i c a l  E n g i n e e r i n g ,  B u t g e r s  U n i v e r s i t y ,  N e w  

B r u n s w i c k ,  N e w  J e r s e y  08903. 
11 j .  p .  D i s m u k e s  a n d  R.  U l m e r ,  This Journal, 118, 634 (1971). 

2035 

to the etching efficiency, which Craig did not discuss, 
and the other with regard to the preferred use of a 
Pohlhausen solution TM rather  than  a Graetz solution TM 

in the mass t ransfer  analysis. 
If mass t ransfer  is indeed the rate l imit ing step, it 

has to account for the small  observed efficiencies (2- 
4%) for reaction of C12 with Si n. Since the mass t rans-  
fer coefficient k can be more accurately calculated for 
C12 than for a mix ture  of SIC14 and SIC12, we have esti- 
mated the mass t ransfer  l imited rate of etching of Si 
by C12 using the relat ion 

(1 + ~) 
R = kAXcl~ ~ [2] 

2 

where R = etch rate in gram moles Si/sec, A = area 
of Si in cm 2, XCl2 = mean  unreacted mole fraction C12, 
and a, calculated from thermochemical  data, is the 
fraction of SIC14 converted to SIC12 in the reaction in 
Eq. [1] at equil ibrium. For l aminar  flow across a plate, 
the Pohlhausen relat ion TM, which relates the Sherwood 
number  to the product  of the square root of the Reyn-  
olds number  and the cube root of the Schmidt number  

p D -  - - - ~ - -  \ - ~ /  [3] 

was used to calculate k, where L ---- the length of the 
susceptor, v = the l inear  gas velocity, n ---- the gas vis- 
cosity, p = the molal density, and D ---- the diffusion 
coefficient. For 0.2%C12, the calculated k values are 
7.0 • 10 -5 at 900~ and 6.5 • 10 -5 at ll00~ and the 
calculated R values are 4.0 • 10 -7 at 900~ and 5.6 • 
10 -~ at ll00~ The exper imental  R values n,  3.7 • 
10 -7 at 900~ and 6.9 • 10 -7 at ll00~ show sufficient 
agreement  with the calculated values to indicate that  
the etching of Si by C12 is indeed mass t ransfer  con- 
trolled. 

A laminar  flow mass t ransfer  analysis using the 
Pohlhausen solution TM for a flat plate, ra ther  than  the 
Graetz solution Ia for a tube, employed by Craig, is 
more meaningfu l  for the actual  geometry of the silicon 
wafer, susceptor, and reactor, as was previously 
pointed out for epitaxial growth 15 of Si by hydrogen 
reduction of SIC14. For the Pohlhausen case, and taking 
a more accurate tempera ture  dependence of n and 9 TM, 

Craig's Eq. [7] becomes 
M k o  

r (To~T) o.44~ = [Si] * [4] 
pc 

A plot of this equation similar to Craig's Fig. 1 yields 
ko = 6.7 • 10 -5 for the mean  mass t ransfer  coefficient 
of the mixture  of SIC12 and SIC14 at 900~ compared 
to Craig's value of ko = 7.6 • 10 -~. For the present  
data, the difference between the Pohlhausen and Graetz 
solutions is not large, because the flow velocity was 
constant  and the parameters  of tempera ture  an~ C12 
concentrat ion did not vary  widely. However, the Pohl-  
hausen solution is the correct one for this type of re- 
actor geometry. 

E. P o h l h a u s e n ,  Z.A.M.M., 1, 115 (1921) ; C. O. B e n n e t t  a n d  J .  E. 
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ABSTRACT 
The anodic polarization curve of sul fur-bear ing iron was independent  of 

pH in both sulfuric and phosphoric acids, whereas that  of pure iron was in-  
fluenced by pH. This pH-dependence of the polarization of pure iron was sup- 
pressed when S H -  or S = ions were added to the acid. By the addit ion of a 
small  amount  of cola beverage or "blue dye" (which plays a role similar to the 
organic substance in  the cola beverage in the corrosion of iron) to the acid, 
anodic polarization of su l fur -bear ing  iron shifted in the more noble direction. 
A corrosion mechanism of sulfur-.bearing iron in  sulfuric acid and the inhib i t -  
ing action of cola beverage on su l fur -bear ing  iron are discussed. 

It is known that  addit ion of sulfur  to steel accelerates 
the corrosion rate in sulfuric acid (1) and hydrochloric 
acid (2). Recently, however, the corrosion resistance 
of steel in cola beverages was improved by alloying 
with sulfur (3). These two results imply that sulfur  in 
steel plays a different role in corrosion reactions in 
minera l  acids and cola beverages. 

In  this study, the effect of sulfur  on the pH depen-  
dence of i ron corrosion in both sulfuric acid and a cola 
beverage has been investigated and the role of sulfur 
in the corrosion of steel in the cola beverage is dis- 
cussed. 

Experimental 
The polarization curve was obtained with the rapid 

galvanostatic method (4) which makes it possible to 
obtain a polarization curve wi th in  a few seconds (ca. 
10-~ sec for each cur ren t  density) wi thout  changing 
the surface state of the specimens in a corrosion sys- 
tem. Figure 1 shows the circuit d iagram and the elec- 
trolytic cell used. 

Acid solutions were prepared from analyt ical  grade 
sulfuric acid and phosphoric acid. Coca Cola was used 
as the cola beverage. The blue dye test served as a cor- 
rosion testing method for est imating the corrosion be- 
havior of steel in cola beverages. In  this test, Bri l l iant  
Blue FCF (C. I. No. 42090) is used because it is ex- 
pected to play a role similar to the organic substance 
contained in cola beverage (5). These solutions were 
saturated with purified ni t rogen gas for more than  one 
day, and kept at 25~ dur ing  the test. 

Specimens were prepared as follows: (i) high fre-  
quency vacuum furnace melting, (ii) hot rol l ing or 
forging, (//i) machining,  (iv) degreasing and chemical 
polishing [H~PO4-H202], (v) heat t rea tment  700~ 
1 hr],  (vi) abrading with metallographic papers [0/2- 
0/4], (vii) chemical polishing [H3PO4-H~O2], (viii) 
acid pickling [1N HCl], and (ix) water  r inse and dry-  
ing with filter papers. 

Chemical composition of materials  used is listed in 
Table I. Electrolytic i ron was used in an immersion 

Key words: inhibition, polarization, cola. 

corrosion test, and Puron  was used for polarization 
measurement  in order to avoid the effect of small  
amount  of impurit ies on the polarization characteristic 
of iron. 

Results 
Effect of sulfur on the pH-dependence of polarization 

of iron.nTable II indicates weight loss exper iments  of 

r= r= r 4 rs rT~r= 
r;,o ~ 7 - - '  I,J=j,j, I 

D.S B 

S.C.E. "~-- • gai~ 

gaJ inlet 
Fig. I. Circuit diagram and electrolytic cell used for the rapid 

polarization method. A, electrolytic cell; B, current source (120V 
storage battery); D.S. dial switch; R.S., two way switch; E, synchro- 
scope (Tektronix Type 545A); a, working electrode; b, Luggin 
capillary; c, counterelectrode (Pt); S.C.E., saturated calomel elec- 
trode. 
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Table I. Chemical compositions of materials used 

C P S Si Mn Cu 

Elec. i r o n  
Puron  

0.002 0.004 0.003 0.020 <0.01 <0.005 
0,002 0.002 0.004 0.007 <0.01 <0.005 

Table II. Weight losses of iron in sulfuric acid and that in 
cola beverage (CO2 saturated, 25~ 

Immersion period: sulfuric acid 24 hr, cola beverage 48 hr 

Electrolyt ic  Sul fur -bear ing*  
i ron  (mg/cm=) i ron (mg/cm~) 

0.1N I-I2S O~t 1.40 8.57 
Cola 0.70 0.37 

* S = 0 . 0 5 % .  

the electrolytic iron and that  of the su l fur -bear ing  iron 
in sulfuric acid and the cola beverage�9 It is noted that  
the corrosion rate of iron was markedly  accelerated by 
addition of sulfur to iron in  sulfuric acid; on the other 
hand, it was significantly decreased in the cola bev-  
erage. 

Figure 2 shows the rapid polarization curves of 
Pu ron  in sulfuric acid. The pH values were adjusted 
to 1.O, 1.9, and 2.7 by  addit ion of sodium sulfate. As 
clearly shown in  Fig. 2, both anodic and cathodic po- 
larization curves were dependent  on the pH values in 
this region. On the other hand, in the case of the sulfur-  
bearing iron, it is shown that  anodic polarization curves 
were independent  of the pH values�9 Both anodic and 
cathodic polarization were decreased as shown in Fig. 
3. Similar  results were also obtained by the steady- 
state polarization method (s tat ionary-state  method).  

Since cola contains phosphoric acid, the anodic be- 
havior of i ron in an aqueous solution of phosphoric 
acid must  be considered. Polarization of iron in phos- 
phoric acid also indicated the same behavior  as in 
sulfuric acid. 

Effect ol Brilliant Blue dye on polarization charac- 
teristics ol iron in sulJuric acid.--In the case of Puron,  
there was no appreciable effect of the dye on anodic 
polarization. While in  the case of the su l fur -bear ing  
iron, anodic polarization increased by addit ion of Bri l -  
l iant  Blue dye (compare curves 1 and 2 wi th  curves 1' 
and 2' in Fig. 4, respectively),  and the pH-dependence 
appeared (see curves 1' and  2' in Fig. 4). Comparing 
curves 1' and 2' in  Fig. 4 with the curves for pH 1.0 
and for pH 2.7, respectively, it is noted that  anodic 
polarization of su l fur -bear ing  iron is greater than that  
of Puron. Curve 3 in Fig. 4 shows the polarization of 
the su l fur -bear ing  iron in sulfuric acid (pH 2.7) to 
which 20 ml / l i t e r  of cola beverage was added. 
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Fig. 2. Rapid polarization curves of Puron in sulfuric acid (N2 
saturated, 25~ 
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Fig. 3. Rapid polarization curves of sulfur-bearing iron in sul- 
furic acid (N~ saturated, 25~ 
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Fig. 4. Effect of Brilliant Blue FCF on anodic polarization of 
sulfur-bearing iron (N2 saturated, 25~ Lin~s 1,2; SO4 = solu- 
tion. Lines 1" 2'; SO4 = solution containing FCF (i.44 g/liter). 
Line 3:SO4 = solution (180 ml) containing cola beverage (20 ml). 

These results suggest that  some interact ion between 
sulfur  and the dyestuff occurs dur ing corrosion of iron. 

E~ect ol S H -  ions on polarization characteristics ol 
iron.--The results ment ioned above suggest that  the 
mechanism of the dissolution of the su l fur -bear ing  iron 
is somewhat different from that  of the sulfur-f ree  iron. 
It may be assumed that  the corrosion of i ron was prob- 
ably affected by the formation of S H -  ions dur ing the 
dissolution of su l fur -bear ing  iron. If this assumption is 
correct, the same behavior as the su l fur -bear ing  iron 
should be observed in a solution containing a small  
amount  of sodium sulfide (5 ppm) ,  even for the Puron. 
As expected, Pu ron  tended to behave in the same man-  
ner  as the su l fur -bear ing  iron in  the above solution 
(Fig. 3) showing no detectable pH dependence in  
anodic polarization as shown in Fig. 5. 

Discussion 
It  is well  known  that  the corrosion of i ron in  acid 

solution is accelerated by addit ion of sulfur  (1, 2, 6). 
Concerning the role of sulfur, several investigators (1, 
7-9) have suggested that  hydrogen sulfide produced 
by the dissolution of su l fur -bear ing  steel decreased 
anodic polarization and others (2) pointed out that 
sulfur  in  steel decreased cathodic polarization. 

However, none investigated the effect of sulfur on 
the pH dependence of iron dissolution. It  is empha-  
sized in this study that  the anodic polarization of iron 
becomes independent  of the pH of the solution when  
sulfur  is added to iron (Fig. 3). 
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Fig. 5. Effect of the addition of Na2S (5 ppm) on the rapid 
polarization curves of Puron in sulfuric acid (N2 saturated, 25~ 

This fact implies that  corrosion mechanism of sulfur-  
bearing iron is different than that  of iron which ex- 
hibits pH dependence. 

Reaction mechanisms of i ron dissolution in acid so- 
lut ion have been presented by several investigators 
(10-16). Typical ly 

Fe -t- O H -  ~ (FeOH)ads + e -  [1] 

Fe + O H -  + (FeOH)ads-> (FeOH) + 
+ (FeOH)ads + 2e -  [2] 

(FeOH) + + H + ~=~Fe + + -t- H20 [3] 

However, the dissolution reaction of su l fur -bear ing  
iron is difficult to explain by the above reaction mech-  
anism in which the adsorption of O H -  ions are in-  
volved, because anodic polarization of sul fur-bear ing 
iron does not show the pH dependence. If S H -  ions 
exist in the solution, they are expected to be more 
easily adsorbed than O H -  ions. Thus, a reaction proc- 
ess in which S H -  ions (instead of O H -  ions) take part  
is introduced in the dissolution mechanism of sulfur-  
bear ing iron. 

Accordingly, the following reaction process may be 
presented 

Fe -t- S H -  ~ (FeSH)ads ~ e -  [4] 

Fe + S H -  -t- (FeSH)ads ~, (FeSH) + 
(FeSH) ads ~- 2e -  [5] 

(FeSH) + ~- H + <-~-~ Fe ++ ~ H~S [6] 

Since the kinetic data are insufficient in this work, it 
is not clear whether  the dissolution mechanism m e n -  
tioned above is correct. However, this dissolution 
mechanism of su l fur -bear ing  iron is possible because 
the pH dependence does not appear in this mechanism. 

Another  impor tant  result  is that the anodic reaction 
of su l fur -bear ing  iron is inhibi ted by addit ion of blue 
dye to the solution (Fig. 4, curves 1' and 2'), and the 
pH dependence of anodic polarization was observed. 
These facts suggest that  there are some interactions 
between the dyestuff and the S H -  ions. 

The role of dyestuff can be explained as follows: As 
ment ioned above, S H -  ions are probably  more easily 
adsorbed on the iron surface than  O H -  ions. When the 
Bri l l iant  Blue dye is added to the solution, it interacts  
with S H -  ions and forms a complex compound. Thus, 
the dissolution of su l fur -bear ing  iron is inhibi ted due 
to the adsorbed Bri l l iant  Blue d y e - S H -  complex, as 
schematically represented in Fig. 6. Under  such condi-  
tions, O H -  ions contr ibute  to the anodic dissolution 
of iron. Accordingly, the pH dependence of anodic po- 
larizat ion appears in  su l fur -bear ing  iron when  dyestuff 
is added to the solution (Fig. 4, curves 1' and 2'). 

(a) (b) ( c )  

Fig. 6. Schematic representation of inhibition action of blue dye- 
stuff (Brilliant Blue FCF) to SH- ions. (a) Adsorption of OH-  ions 
in the dissolution process of pure iron, (b) adsorption of SH- 
ions in the dissolution process of sulfur-bearing iron, (c) inhibition 
action due to SH--blue dyestuff complex compound. 

Conclusion 
The corrosion rate of iron in cola beverage is de- 

creased by the addition of sulfur  to iron. 
Polarizat ion characteristics of i ron and su l fu r -bear -  

ing iron were measured in sulfuric acid, phosphoric 
acid, and the cola beverage to determine the effect 
of sulfur  on the corrosion behavior of iron. Results 
were summarized as follows: 

1. Polarizat ion curves of sulfur-free iron in  sulfuric 
or phosphoric acid, at pH values ranging from 1.0 to 
2.7, depended on the pH, while for su l fur -bear ing  iron, 
polarization curves were independent  of pH. 

2. When S H -  or S = ions were added to the acid, the 
polarization curves of iron were independent  of pH. 

3. Anodic polarization curves of the su l fur -bear ing  
iron shifted in the more noble direction, when Bri l l iant  
Blue dye was added to the acid. This effect also ap- 
peared when cola was added to the acid. 

4. A corrosion mechanism for su l fu r -bear ing  iron in 
acid is proposed which includes adsorption of S H -  
ions. 

5. Inhibi t ion action of cola on su l fur -bear ing  iron 
was considered to be due to adsorption of a S H - - b l u e  
dye complex. 

Manuscript  submit ted June  13, 1969; revised m a n u -  
script received Aug. 20, 1971. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the June  1972 
JOURNAL. 
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Dielectric Breakdown in Electrolytic Capacitors 

F. J. Burger* and J. C. Wu 
Sprague Electric ol Canada Ltd., Toronto 337, Ontario, Canada 

ABSTRACT 

Starting with the known but unexplained fact that high-voltage electrolytic 
capacitors need operating electrolytes of high resistivity, breakdown (spark- 
ing) voltages of aluminum and tantalum anodes have been examined. If inter- 
fering side reactions are eliminated, breakdown voltage increases linearly 
with the logarithm of electrolyte resistivity and is insensitive to variations 
in electrolyte composition and to changes in temperature between 65~ and 
95~ 

Guntherschulze and Betz, in their  c lass i c  on  electro- 
lytic capacitors (1), considered ionic concentrat ion of 
electrolytes to be the controll ing factor of s p a r k i n g  
voltage. They noted the l inear  dependence of sparking 
voltage on the logari thm of resist ivity of the electro- 
lyte. However, their  experiments  were l imited to aque-  
ous electrolytes and were done at or below room tem- 
perature which perhaps was not a good choice because 
anomalies in the formation process, e.g. etching, porous 
oxide formation and corrosion, are often experienced 
under  those conditions. Some of their  quant i ta t ive  find- 
ings are open to doubt (2). Perhaps the phenomenon 
of sparking in electrolytic capacitors is still not well 
understood because side reactions may intervene dur-  
ing the formation process, and thus obscure whatever  
relationships may exist between sparking voltage and 
other re levant  parameters.  The reactions on a luminum 
in the ethylene glycol/borate system are characterized 
by electrochemical oxidation of the solvent (3), by 
metal  corrosion and the appearance of a rust-colored 
solid corrosion product that  adheres to the a luminum 
substrate. However, as will be shown, special measures 
can be taken to suppress these side reactions, part icu-  
larly in  the case of a luminum,  with the result  that  a 
clear-cut  relationship of wide applicabil i ty emerges, 
l inking sparking voltages with the logari thm of elec- 
trolyte resistivity. 

Experimental Technique 
Constant  current  formations of foil specimens were 

carried out in a temperature-control led,  closed, reac- 
t ion vessel, watching the rate of voltage rise and noting 
the voltage at which the sound of sparking could be 
clearly heard for the first time (at which point  there 
occurs also an abrupt  slowdown in the rate of voltage 
rise). All  foil specimens, except when  otherwise stated, 
were 3 cm wide and 5 cm long, the lead being formed 
by an integral  central  tab, 0.4 cm wide and 5 cm long 
which emerged from one of the 3 cm edges of the foil. 
The a luminum specimens were cut from 99.99% pure 
foil, either plain (0.0090 cm thick) or etched (0.0070 
cm thick).  Before anodization, the samples were given 
a pre t rea tment  by immersing them first, at room tem- 
perature, in 1N NaOH solution, for 2 min  in the case 
of plain, and for 30 sec in the case of etched foil. This 
was followed by r ins ing in deionized water  and then 
in absolute methanol  before drying the specimens at 
l l0~ for about 5 min. In  the case of tantalum, plain 
capacitor grade, 0.0021 cm thick foil was used. The 
pre t rea tment  here consisted of degreasing by boiling 
in  tr ichloroethylene then air dry ing  the specimens, and 
after r insing them with deionized water, immersing 
them in 6N HNO~ at 75~ for 1 rnin. This was followed 
by another  rinse in deionized water, then absolute 
methanol,  and, finally, drying them at l l0~ for 5 rain. 
The apparatus in which the formations were carried 
out was a three-necked 250-ml Pyrex  distil lation flask 
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with a magnetic st irrer immersed in  a tempera ture-  
controlled s t i rred  b a t h  of glycerine. One of the t w o  
side necks of the flask held a thermometer,  the other 
held the cathode assembly. The cathode consisted of a 
piece of p la t inum foil 2 cm wide by 5 cm long by 0.005 
cm thick to which was welded the lead, a p la t inum 
wire of 0.08 cm diam. The wire was sealed into the 
glass stopper of the flask and brought  out to form the 
cathode terminal.  The anode was suspended from its 
own tab which was held in a clip made from p la t inum 
wire, the other end of the wire passed through a glass 
tube and a Teflon seal to the outside to make contact 
with the anode terminal.  The glass tube could be 
rotated and adjusted through a Teflon stopper sitting 
concentrical ly in, and  closing off, the glass stopper of 
the large central  neck of the flask. Care was taken 
to see that  the spec imen/p la t inum junct ion  was always 
well above the electrolyte level and was kept dry dur -  
ing the progress of an experiment.  

Details of the anodizing a nd  measuring procedures 
follows. After br inging the electrolyte to the required 
temperature,  the anodization was carried out at con- 
stant  current  densities of 0.5 mA / c m 2 in  the case of 
plain foil (a total current  of 15 mA) and 1.0 mA/cm 2 
for the etched foil. By means of a VTVlVl connected 
across the cell terminals,  the rise of voltage with t ime 
was followed and the voltage noted at which there 
was no fur ther  increase. The rate of rise for plain alu-  
m i num foil and the current  densities as stated was 
mostly about 12.5 V/min ;  with tantalum, it was about 
8.6 V/min.  With the electrolytes employed, two kinds 
of voltage l imitat ions were observed. O n e  kind was 
due to a side reaction taking over from the formation 
proper and resul t ing in the appearance of corrosion 
spots on the foil surface. The other kind was due to 
the breakdown of the barr ier  film and characterized 
by sparking and a sound that  was readily noted, espe- 
cially if the thermometer  bear ing stopper was raised 
to facilitate listening. The voltage at which a side re-  
action or breakdown occurred could be determined 
with an accuracy of about 5V. Attempts were also 
made to detect the sparking voltage by counting 
breakdown pulses electronically, bu t  this was aban-  
doned since it did not result  in any worthwhile  im-  
provement.  

In  order to determine the IR drop through the elec- 
trolyte, the cell constant of the anodization assembly 
was determined. This was done by  subst i tut ing for the 
usual  anode specimen a p la t inum foil electrode of the 
same shape and size and determining the impedance 
by an a-c (2.5 kHz) measurement ,  with electrolytes of 
known resistivity. The cell constant  was thus found 
to be 7 cm. Hence, for an electrolyte resistivity of 1000 
ohm-cm and using a total current  of 0.015A the IR 
drop amounted to about  2.1V. The sparking voltage as 
referred to throughout  this paper is defined as the volt-  
age, corrected for the IR drop in the electrolyte, at 
which the sound of sparking is first heard in a forma- 
t ion experiment,  the voltage being read by means of 
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a VTVM connected across the formation cell while the 
current  is main ta ined  at the ini t ial  value, e.g. 0.015A. 

Results and  Discussion 
Before discussing sparking voltage, some detailed 

results are given concerning side reactions. When 
a plain a luminum foil anode was anodized at 85~ at 
0.5 m A / c m  2 in an electrolyte consisting of a 32% by 
weight solution of ammonium pentaborate  in ethylene 
glycol (p 85~ ---- 110 ohm-cm) ,  a corrosion product 
formed on the surface of the foil at 280V and became 
plainly visible on main ta in ing  the current  at its ini t ial  
value for about 15 min. The point of onset of the cor- 
rosion reaction was revealed by a sudden reduct ion to 
almost zero in the rate of voltage rise from its former 
value of about 12.5 V/min .  The corrosion product was 
found to be dis tr ibuted over the foil surface in plugs 
associated with the roll ing marks  of the fo i l  

When etched foil was subst i tuted for plain a luminum 
foil, no corrosion occurred. Our belief is that  the cor- 
rosion originates with metallic impuri t ies  picked up 
and rolled into plain foil dur ing manufacture.  Thus it 
is possible to produce this k ind of corrosion at wil l  by 
del iberately contaminat ing either a pla in  or etched foil. 
For instance, if the foil is struck with a hardened steel 
punch so as to produce a well-defined impression, cor- 
rosion will  occur in  the struck port ion of the foil. If 
the foil is insulated against  direct impact by the in ter -  
position of another  th in  A1 foil between punch and 
specimen, no corrosion is observed. If a definite pat tern  
is scratched onto the foil surface with a sharp piece 
of glass, no corrosion is observed. But, if the scratches 
are contaminated by exposing them to CrO3 or KMnO4 
solution and heating them briefly to 100~ then r insing 
away the surplus after several minutes '  contact, cor- 
rosion becomes ev iden t  very soon after formation has 
reached a certain voltage. Both chromium and m a n -  
ganese compounds show a specific abil i ty to cause cor- 
rosion. Surprisingly,  no effect was observed following 
contaminat ion with iron or cQpper. However, at tempts 
to make  a positive identification of the contaminants  
normal ly  present  on the surface of plain foil have not 
been successful. 

We have found that  the corrosion causing side reac- 
tions can be suppressed by  small  additions of salicylic 
acid to the electrolyte, presumably  because the acid is 
ins t rumenta l  in removing corrosion centers by anodic 
etching dur ing the formation process. The efficacy of 
salicylic acid addit ion in  thus restoring proper forma- 
t ion conditions for a luminum can be demonstra ted in 
organic solvent as well  as in water-based electrolytes. 
If additions of salicylic acid are made in amounts  in-  
sufficient to give complete suppression of side reac-  
tions, then tree-l ike etch pat terns are seen to be formed 
on the foil surface as the result  of the corrosion reac- 
tion. Two typical  pat terns are shown in Fig. 1 and 2. 
Figure 1 is a photomicrograph of a portion of a plain 
A1 foil specimen (the actual field diameter  is 1.2 mm) 
that had been formed at 85~ at a current  density of 
0.5 mA/cm 2 to the l imit  possible (400V) and kept at 
that voltage for 37 rain dur ing which time the tree 
pa t te rn  developed. In  this case, the electrolyte was 
composed, in parts by weight, of 12 boric acid, 3.4 
t r ibutylamine,  88 ethylene glycol, and less than 0.1 
salicylic acid. When the salicylic acid content  was in-  
creased by a small  amount,  format ion proceeded to 
465V at which point  sparking occurred, but  nei ther  
corrosion nor tree formation. Figure 2 is a photograph 
taken of a 7 cm by 7 cm plain A1 foil specimen formed 
because of its larger size in a 500 ml resin reaction ja r  
at 85~ and 0.5 mA/cm 2 to the l imit ing voltage of 390V 
and kept at that  voltage for about 33 min dur ing which 
time the tree pa t te rn  developed. The electrolyte con- 
tained, in parts by weight, 12 boric acid, 2.5 am- 
monium pentaborate,  88 ethylene glycol, and less 
than  0.05 salicylic acid. Again, after the salicylic acid 
content  was raised slightly, formation proceeded to 
485V, where sparking was observed to take place, but  

Fig. 1. Photomicrograph of "tree" corrosion pattern on aluminum 
anode; field diameter: 1.2 ram. 

Fig. 2. Large "tree" corrosion pattern developed on aluminum 
anode specimen measuring 7 cm by 7 cm. 

no corrosion or tree formation. The characteristic tree 
pa t te rn  as well  as its association with the roll ing marks  
in the foil is clearly evident  from both illustrations. 
Somewhat similar, though possibly not as s t r ikingly 
characteristic, s t ructures have been reported as occur- 
r ing in similar circumstances as a result  of dielectric 
breakdown, in both a luminum and tan ta lum systems 
(3, 5). 

If side reactions are suppressed, formations can pro- 
ceed right up to the sparking voltage. Sparking volt-  
ages obtained by forming a luminum anodes with elec- 
trolytes A through I are recorded in Table I. 1 The 
sparking voltages listed have been corrected for IR 
drop. A plot of sparking voltages vs. log of resist ivi-  
ties is shown in  Fig. 3. The exper iments  were done at 
three different temperatures,  and the results are 
grouped accordingly. As will  be seen, the sparking 
voltage depends l inear ly  on the logari thm of resistiv- 
ity. The dependence can be represented by a single 
l ine obeying the empirical  equation 

Vsp : 123 log10 p + 147 

P H  v a l u e s  a r e  a s  m e a s u r e d  w i t h  a glass electrode. 
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Table I. Formation electrolytes for AI--composition, pH, resistivities, and sparking voltages 
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A B C D E F G H I 
Composition (Parts by weight) 

A m m o n i u m  pentabora te  25 15 10 0.6 5 2.5 I 0.5 
Dimethy l  a m m o n i u m  2.5 

pentaborate 
Boric acid 10 10 5 10 10 10 10 
Salicylic acid 0.24 0.18 0.14 0.02 0.1 0.08 0.01 0.06 0.02 
Water 10 94.6 
Ethylene glycol 65 75 80 85 87.5 5 89 89.6 
D ime thy l  f o r m a m i d e  92.5 

pH  5.1 4.1 4.1 5.3 4.1 4.1 7.6 4.0 3.8 

65~ Res i s t iv i ty  (ohm-cm) 250 300 330 470 760 1650 3060 
Vsp no preform 440 450 460 469 498 547 579 

600V p r e f o r m  475 504 523 
85~ Res is t iv i ty  (ohm-cm) 77 160 190 300 510 990 1030 1950 

Vsp no preform 380 420 430 450 479 518 518 566 

600V p r e f o r m  430 460 485 504 
95~ Res i s t iv i ty  (ohm-cm) 130 160 250 420 900 1600 

Vsp no preform 410 420 440 469 508 537 

Table II. Formation electrolytes for Ta---composition, pH, resistivities and sparking voltages (both at 85~ 

J K L M N o p 
Composit ion (Parts by  weight)  

Dimethy l  a m m o n i u m  pentaborate 8.6 4.66 2.5 0.86 
A m m o n i u m  Di hydrogen phosphate 0.05 0.05 0.05 0.005 
Phosphoric acid 0.1 0.03 0.01 
Water 99.9 99.97 99.99 
Ethylene glycol  16.3 9.3 5 1.63 
D imethy l  formamide  75.1 86 92,5 97.5 

pH 6.0 2.8 6.8 3.4 8.1 3.3 8.2 
Operating temperature: 85~ 

Resistivity (ohm-cm) 300 300 490 720 890 1700 3000 
Vsv 410 410 439 458 468 506 544 

where Vsp = sparking voltage, in volts 

and p = resistivity, in ohm-cm 

Slight deviations from the rule involving aqueous and 
some organic electrolytes may occur at or near  room 
temperature  owing to anomalies in the formation proc- 
ess, but  in all other cases exper imental  results follow 
the above equation irrespective of variat ions in elec- 
trolyte composition or temperature  wi thin  the range 
of 65~ to 95~ For example, it  will  be noted that of 
the a luminum electrolytes those bearing letters B, C, 
E, F, H, and I are based on ethylene glycol as the sol- 
vent, A on a mix ture  of ethylene glycol and water, D 
on water, and G on a mix ture  containing a major  
portion of dimethyl  formamide and a minor  portion 
of ethylene glycol. These electrolytes are typical  of a 
much larger group that  were found to confirm the 
val idi ty of the rule stated above.  From the examples 
listed in Table I and from Figure 3, the range of 
val idi ty of the straight l ine relationship is seen to be 
from 77 to 3000 ohm-cm, corresponding to a voltage 
range from about 380 to about 580V, respectively. With 
resistivities greater than 5000 ohm-cm, the sound of 
sparking is less distinct than  with the lower values 
and hence the measurement  of Vsp is somewhat more 
difficult and less accurate. However, the straight line 
relat ionship has been confirmed up to resistivities of 
50,000 ohm-cm, the corresponding Vsp being 720V. The 
results suggest that  the sparking voltage/resis t ivi ty 
relationship is of quite fundamenta l  nature.  Conse- 
quently, the exceptional location of points below or 
above the straight l ine whenever  it occurs should be 
taken to indicate an anomaly, either in respect to the 
anodizing process or to the composition or s t ructure of 
the anodic oxide. 

To test the effect of a pre-exis t ing oxide layer, ex- 
periments  were carried out with foils that  had been 
preformed. These were first anodized to 600V at 85~ 
and of 0.5 mA/cm 2. The formation was continued at 
the constant  voltage of 600V for 2 hr  in an electrolyte 
of suitable resistivity (e.g. one very similar to bu t  
containing less ammonium pentaborate  than electrolyte 

I of Table I) before determining their sparking volt-  
ages in the electrolyte (A, B, E, or F) .  The results of 
these experiments  are included in Fig. 3 for compari-  
son with those from a luminum anodes not so pre-  
formed. As can be seen, the sparking voltage of A1 foil 
preformed to 600V again follows a semilog relat ion-  
ship with electrolyte resistivity. It runs  at an angle to 
and above the s tandard line, merging into it at a n d  
near the 600V range. 

Finally,  results are given of anodization experiments  
done at 85~ with t an ta lum foil. Electrolyte part icu-  
lars are shown in Table II* and the plot of sparking 
voltages vs. log of electrolyte resistivities is shown in 
Fig. 3 for comparison with the a luminum results. Thus 
the t an ta lum results also follow a semilogari thmic re-  
lationship. The t an ta lum line is paral le l  to that of a lu-  
minum,  but  displaced downward  from it by about 40V. 
Hence, the voltage to which t an ta lum can be formed in 
a given electrolyte is always 40V below that  of a lu-  
minum. 

Attempts were also made to compare the behavior of 
other anodic metal  oxides such as n iobium and  zir-  
conium with that  of a luminum and tantalum, bu t  while 
general ly confirming the findings of Alwit t  and Vijh 

Jo gb"C L 
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Fig. 3. Sparking voltages (Vsp) vs.  logarithm of electrolyte re- 
sistivities (log p): AI foil; AI foil preformed to 600V; Ta foil. 
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(4) as to the  re la t ive  order  of spark ing  voltages, 
name ly  Vsp of A1 > Zr  > Ta > Nb, the  results  were  in-  
conclusive because of  the  scarc i ty  of sui table  e lec t ro-  
l y t e  systems for  Zr  and Nb which pe rmi t  f lawless 
anodic oxides to be formed over  an adequate  vol tage 
range.  

The in te rp re ta t ion  of the empir ica l  semilogar i thmic  
re la t ionship  be tween  spark ing  vol tage  and e lec t ro ly te  
res is t iv i ty  which  is charac ter ized  by an unexpec ted  
insens i t iv i ty  toward  t empe ra tu r e  changes presents  di f -  
ficulty. Guntherschulze  (1) t r ied  to l ink the  phenome-  
non wi th  the  e lect rochemical  potent ia l  which is a 
function of the  logar i thm of ion concentrat ion,  but  
this exp lana t ion  is not  acceptable  today.  Young's  as-  
sumpt ion  (2) tha t  the  b r eakdown  m a y  not  be a bu lk  
phenomenon but  m a y  be tak ing  place in e lec t ro ly te -  
filled fissures and flaws of the oxide is p robab ly  cor-  
rect.  However ,  i t  must  be admit ted  tha t  more  work  is 
needed before  an adequa te  theory  can be formulated.  

Manuscr ip t  rece ived  Jan.  11, 1971. This was Paper  
3 p resen ted  at  the Los Angeles  Meet ing of the  Society,  
May  10-15, 1970. 

A n y  discussion of this  paper  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the  June  1972 
JOURNAL. 
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ABSTRACT 

MSssbauer  spectroscopy has been used to s tudy  t i n ( I I )  sensi t izer  deposits  
formed on Kapton  films (du Pont  poly imide)  for use in the  r ecen t ly  repor ted  
photoselect ive  meta l  deposi t ion (PSMD) process. Combined wi th  previous  
results,  this  work  shows tha t  the  sensit izer  is p resen t  as a colloid in the  sensi-  
t izing ba th  and is adsorbed  on the subs t ra te  when  it  is dipped.  This ac t ivat ion 
mechanism would be expected to app ly  to o ther  insula t ing subs t ra tes  as well.  
The photosensi t ive  substance contains more  t e t r ava len t  t in than  divalent .  The 
d iva len t  t in is oxidized by  exposure  e i ther  to a i r  or  to the  Pd  act ivat ion bath.  
The photosensi t ive  compound is not  any  wel l  recognized t in  oxychlor ide  or  
hydroxide .  

This paper  presents  the  resul ts  of M6ssbauer mea -  
surements  on "t in oxide" sensi t izer  films as cu r ren t ly  
p r epa red  and used in the  Weste rn  Electr ic  Engineer -  
ing Research Center,  Princeton,  New Jersey,  (ERC) 
photoselect ive meta l  deposi t ion (PSMD) process (1-4).  
MSssbauer  spectroscopy (MS) is a r e la t ive ly  new and 
powerfu l  technique which can be used to s tudy chem-  
ical  s t ruc ture  and re la ted  propert ies .  The resul ts  p re -  
sented here  were  obta ined using typ ica l  PSMD sen-  
si t izer  deposits  fo rmed on Kap ton  (du  Pont  po ly imide)  
subs t ra tes  and supplement  o ther  sensi t izer  film re -  
search a l r eady  in progress  at ERC 4,5). 

This paper  is d iv ided  into two par ts :  The first pa r t  
briefly discusses the appl icat ions  of MS to the  s tudy of 
t in compounds and t in chemistry,  and also gives, in a 
h ighly  abbrev ia ted  fashion, the  techniques and detai ls  
of the PSMD process. The second section descr ibes  
the  resul ts  of the MSssbauer measurements  on typical  
photosensi t ive  layers  on Kap ton  films and discusses 
the  chemical  in te rmedia tes  involved in the sensi t iza-  
t ion and imaging.  In addition, the ma te r i a l  deposi ted 

Key words: M6ssbauer spectroscopy, eleetroless pIating, sensi- 
tization, photochemistry. 

on the Kap ton  film is shown to be s imi lar  to tha t  
present  as a colloid in the  solution before  dipping.  

We m a k e  no a t t empt  here  to develop a comprehen-  
sive discussion and in t roduct ion  to MS pr inciples  and 
techniques,  since a large  number  of books (6), j ou rna l  
articles,  and reviews (7) a re  a l r eady  avai lable .  How-  
eVer, we show some examples  to i l lus t ra te  the  appl i -  
cat ion of MS to a l r eady  we l l - cha rac te r i zed  t in com- 
pounds  to give an idea  of the  possibilities and l imi ta -  
t ions of the  technique.  The ove r -a l l  approach  used 
here, of ident i fy ing compounds by  dis t inct ive  spectra l  
pat terns,  is a we l l -es tab l i shed  one in m a n y  other  forms 
of spectroscopy. Fo r  this invest igat ion,  the fact  tha t  
MS is a r e l a t ive ly  insensi t ive technique ( in tha t  only  
the immedia te  sur roundings  of the  a tom being s tudied 
affect the  observed spec t rum)  is a definite advan tage  
as i t  makes  i t  possible to character ize  compounds  
which  have only ve ry  poor ly  ma in ta ined  long- range  
order.  Even h ighly  nonstoichiometr ic  and comple te ly  
"amorphous"  ma te r i a l  such as t in atoms frozen into 
solutions can be s tudied  convenient ly.  

The  da ta  a re  p resen ted  here  in the  fo rmat  which  has 
become s t andard  for MS, tha t  is, with  "veloci ty"  or  
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Doppler energy shift along a horizontal scale and 
"counts t ransmit ted" on the vert ical  scale, so that  
resonance absorption appears as a dip or a peak point-  
ing downward.  The observed lines have two significant 
parameters,  namely  their  intensities and their  posi- 
tions relat ive to the zero of velocity. In  all of the ex-  
per iments  shown, a source of te t ravalent  t in  (Sn T M  in 
BaSnOs) was used and all exper iments  were performed 
with source and absorber  at 78~ Standard  MS tech- 
niques described in  the l i tera ture  were used. Since a 
te t ravalent  t in  source was used, the isomer shift be-  
tween the source and te t ravalent  t in  in the absorber 
is relat ively small, so that  lines due to te t ravalent  t in  
in the absorber  appear near  zero velocity. The isomer 
shift between divalent  t in  and te t ravalent  t in  is ap- 
proximately 3-4 mm/sec  (8). Thus, lines in the regions 
near  4 mm/sec  can be identified as arising from di- 
valent  t in  compounds. In  both di- and te t ravalent  
compounds, the absorption line can be split into two 
components of roughly equal in tens i ty  by the quadru -  
pole spli t t ing of the nuclear  excited state level. This 
splitt ing tends to be much more pronounced for di- 
valent  t in  than for te t ravalent  tin, because the hy-  
bridization of 5s electrons into 5p orbitals in the di- 
valent  ion produces a relat ively large field gradient  
at the Sn n9 nucleus. Variations in the isomer shift are 
general ly a t t r ibuted to the effects of covalency or of 
sp hybridizat ion in the bonding of the t in  atom. 

Figure 1 shows spectra taken by us for a n u m b e r  of 
s tannous compounds which can be considered "well 
characterized." These compounds are closely related 
to those used in the PSMD process and their  spectra 
are shown pr imar i ly  to demonstrate some of the possi- 
bilities and l imitat ions of MS as applied to t in  chem- 
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I I Sn 4 (OH) e Cl. E 
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Fig. !. Observed spectra of three stannous compounds. The 
SnCI~.2H~O was Baker, reagent grade; the other two were made 
in our laboratory by standard preparative techniques. Note the 
existence of a line due to Sn 4+ in all samples. Line positions re- 
ported in ref. (9) for various well-characterized tin compounds 
are shown below the spectra. 
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istry. For all three compounds shown the presence of 
divalent  and te t ravalent  t in  is readily observed and 
relat ively small  amounts  of te t ravalent  t in  can be seen 
by this technique (note the trace of te t ravalent  im-  
pur i ty  in the figure). Since the spectrometer repeat-  
ability, resolution, and l ineari ty are substant ia l ly  bet-  
ter  than  0.01 mm/sec,  it is meaningful  to determine 
l ine positions to this order of accuracy even though 
the l inewidths are much broader.  Figure 1 also shows 
the expected l ine positions [ taken from a recent  pub -  
lication (9)] for a n u m b e r  of compounds re levant  to 
the PSMD process chemistry. It can be seen that  with 
proper data, the combinat ion of isomer shift and 
quadrupole spli t t ing provides a reasonably good basis 
for determining whether  two compounds are identical. 
Thus the unknow n  may be identified if its spectrum 
corresponds to that  of an already known compound. 
The compounds for which line positions are shown are 
all ra ther  similar, being oxychlorides, hydroxides, and 
hydrated oxides, yet the spectra are obviously distinct. 

The chemistry of the electroless metal l izat ion used 
in PSMD is similar to that used throughout  the pr inted 
circuit  industry.  When one considers this chemistry 
in detail, the interest  in s tudying the t in  oxides, hy-  
droxides, and hydroxychlorides is obvious. The sub-  
strate is dipped into a solution of t in  chloride in water  
and HC1, then rinsed in  water  and par t ly  dried. The 
sample is then placed in a dilute solution of pal ladium 
chloride in water  and HC1, and is subsequent ly  able to 
catalyze the deposition of copper from a electroless 
copper plat ing bath. Thus, it is a quite general  tech- 
nique for metall izing surfaces. The abil i ty to selec- 
t ively deposit comes from the fact that the sensitizer 
effectiveness for ini t iat ing electroless copper deposi- 
tion can be destroyed by exposing the sample to 
ul t raviolet  light before it is placed in the pal ladium 
bath. By the use of appropriate masking it is possible 
to metall ize in selected areas of the substrate and thus 
to make pr in ted wir ing boards and pr in ted  cables. 
Figure 2 shows the process as implemented  for the 
continuous production of pr in ted wir ing on flexible 
substrates. This technique has a number  of very  ob- 
vious advantages for making wir ing and cable. 

At the ini t ia t ion of our MSssbauer work, some 
important  aspects of the sensitization process were 
ra ther  speculative: e.g., the chemical s t ructure  of the 
deposit on the substrate, its changes at various stages 
in the process chemistry, and the relation, if any, be-  
tween the deposit and the contents of the sensitizer 
solution. In  addition, it was not known exactly how 
the uv exposure altered the sensitizer, though it was 
clear from earlier work (1-5) tha t  the imaging was in  
fact a l ight- induced t in  oxidation. The use of M5ss- 
bauer  spectroscopy on this problem offered the possi- 
bil i ty of reaching m a n y  of these problems, providing 
a more positive identification of the photosensitive 

AIR KN IFE- -~  

SURFACE . -J  
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RINSE 

EXPOSURE CYLINDER 
r--AND UV SOURCE 

ELECTROLESS_._/ ELECTROPLATE 
COPPER COPPER 

CONTINUOUS PHOTO PROCESSOR (SCHEMATIC) 

Fig. 2. Outline of the various steps in the PSMD production 
process [from ref. (4)]. 
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species, and clarifying the results of the earlier ERC 
experiments.  

The t in  bath  and rinse shown in Fig. 2 deposit on 
the substrate a thin layer of nomina l ly  divalent  t in  
compound. This compound, when immersed in the 
pal ladium chloride, reduces pal ladium ions to their  
metallic state. The Pd layer on the substrata serves 
as the catalytic site for deposition of electroless copper. 
Where the substrate has been exposed to uv light, how- 
ever, the divalent  t in  is converted to a te t ravalent  
compound which is unable  to reduce the pal ladium 
ions. Thus, at sites that  have been exposed, no pal la-  
d ium metal  is deposited and no copper plat ing occurs. 

In  the MS studies reported here, we have examined 
the sensitizer deposit at various stages in the imaging 
and metal l izat ion process to study the basic chemical 
processes. 

Exper imenta l  
Deposits on Kapton.--Speeimens were prepared by 

sensitizing 2 rail Kapton substrates using a solution 
containing 10g SnC12 �9 2H20 and 10 ml  conc HC1 per 
l i ter  of deionized water. 

Previous work (10) had shown that  the amount  
of t in  deposited and remaining  on the substrate after 
the rinse operation was only on the order of a few 
micrograms per  square centimeter. This is about 10,000 
times less mater ia l  than that  desirable for an absorber  
in  a t in  MS experiment;  typically layers containing 
from 10-50 mg of t in  per square cent imeter  are de- 
sirable. This problem was alleviated somewhat by  
making absorbers from as many  as 100 layers of Kap-  
ton foil. Each piece of Kapton was "sensitized" on both 
sides so that  there was an increase by 200X in the 
effective absorber thickness. This increase to the range 
of 0.1 to 1 mg of t in  per square cent imeter  made it 
possible to obtain reasonable spectra in about one or 
two days measur ing time. (In contrast, satisfactory 
spectra of compounds available in bulk, e.g., the spec- 
t ra  in Fig. 1, can be obtained in times from a few 
minutes  to an hour.) Thus, the small  amount  of t in  
deposited was not a severe l imitat ion in doing these 
experiments.  The absorbers were prepared by punch-  
ing �89 in. diameter  disks out of the Kapton specimens 
with a small  hand operated punch press and stacking 
these in a specially prepared absorber well. 

To prevent  possible sensitizer dehydrat ion under  
vacuum, specimens were first cooled to ,~120~ 
before pumpdown to 10-~ Torr, the pressure at which 
our MS measurements  were made. Those specimens 
designated as freshly prepared and unexposed were, 
after sensitization, cooled, pumped down, and mea-  
sured immediately to avoid air oxidation. The other 
specimens were stored under  ni trogen dur ing the t ime 
between their preparat ion and measurement.  

Results 
The spectra of the t in-sensi t ized Kapton foils at var -  

ious stages of processing are given in Fig. 3 and 4. 
Figure 3 shows the Kapton foil under  normal  process- 
ing procedures. An inspection of the figure shows im-  
mediately that the layer deposited by the sensitization 
process contains roughly1 two stannic ions for 
each stannous ion. We consider this deposit to consist 
of one substance, probably  amorphous, containing both 
di-  and te t ravalent  t in  ions ra ther  than a mix ture  of 
a s tannous compound with a stannic compound. This 
is not established here.2 

A careful examinat ion of the divalent  t in  l ine posi- 
tions shows that the divalent  lines do not correspond 
exactly with line positions expected for any of the 
oxychloride or hydroxide phases shown in Fig. 1. We 
have also been able to make two other distinct crys- 
tal l ine phases of oxychloride and hydroxide mater ia ls  

1 We  a s s u m e  t h r o u g h o u t  t h a t  t h e  " f  v a l u e "  ( r e co i l - f r e e  f r a c t i o n ,  
r e l a t e d  to  t h e  s t r e n g t h  of  t h e  M f s s b a u e r  ef fec t )  i s  t h e  s a m e  for 
b o t h  t h e  d i -  a n d  t c t r a v a l e n t  t i n  ions.  I t  is  d i f f icu l t  to d e t e r m i n e  
t h i s  r a t io ,  a n d  n o t  v e r y  s i g n i f i c a n t  f o r  t h e  i n t e r p r e t a t i o n  of  t h e  
da ta ,  w h i c h  is  d e p e n d e n t  p r i m a r i l y  on  t h e  r e l a t i v e  p r o p o r t i o n  of  di- 
valent  t i n  u n d e r  v a r i o u s  cond i t i ons ,  r a t h e r  t h a n  t h e  a b s o l u t e  2 + / 4  + 
ra t io .  

A m o r e  e x t e n d e d  discussion of  the colloid and so lu t i on  c h e m -  
i s t r y  is g i v e n  in  re f .  (11). 
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Fig. 3. Spectra of the tin layers on Kapton foil: (a), sensitized by 
tin bath and unexposed; (b), sensitized by tin bath and uv exposed; 
(c), sensitized by tin bath and then dipped in Pd solution. The 
relative amounts of di- and tetravalent tin can be estimated (see 
footnote 1) from the relative areas in the corresponding spectral 
lines. 

of divalent  t in  by precipitation from HC1 baths under  
slightly different conditions of pH. In  no case did the 
positions of the divalent  t in  lines in these well-defined 
compounds correspond to the positions of the divalent  
t in  lines observed in the mater ia l  deposited on the 
Kapton. This lends support to the idea that  the ma-  
terial  deposited on the Kapton is not s imply a micro- 
scopic mix ture  of already identified divalent  and te t ra-  
valent  t in  compounds. The identification of the sensi- 
tizing mater ial  is discussed fur ther  in the next  section 
and in ref. (11). 

The second fact that  is immediate ly  clear from the 
spectra in Fig. 3 is that exposure to uv light oxidizes 
essentially all of the divalent  t in  to te t ravalent  tin. We 
can estimate roughly (from the lack of noticeable ab- 
sorption in the region from 2-4 mm/sec)  that  no more 
than 10% of the divalent  t in  remains  after uv ex- 
posure. 

A third result  which is evident  from inspection of 
the spectra is that  when the sensitized t in  layer  is 
placed in the pal ladium bath, once again essentially 
all the divalent  t in  is eliminated. Measurements~ of 
t in  and pal ladium on Kapton prepared and processed 
as we describe here show that (a) the amount  of t in  
on the substrate is the same (,~10 ~g/cm e) before 
and after the pal ladium treatment,  and (b) the atomic 
ratio of t in  to pal ladium on the substrate after the 
pal ladium step (plus a water  rinse) is approximately 
3.8: 1. Within  the accuracy of the MSssbauer measure-  
ments, this shows that  the amount  of pal ladium picked 
up corresponds to the amount  of t in  oxidized. This sup- 
ports the picture of a redox reaction Sn 2+ + Pd ~+ 

8 U n p u b l i s h e d  x - r a y  f l uo r e sc e nc e  m e a s u r e m e n t s  f o r  p a l l a d i u m  
a n d  t i n  on  K a p t o n  w e r e  m a d e  b y  D.  A.  G r e e n ,  3. F.  D ' A m i c o ,  and  
M. A. De  A nge lo .  S t a n d a r d i z a t i o n  w a s  d o n e  b y  a t o m i c  a b s o r p t i o n  
spectroscopy.  
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Fig. 4. Spectra of tin layers on Kapton after processing delays: 
(a), freshly sensitized layer; (b), after exposure to room light (1.5 

hr each side, then kept in air for one week); (c), as in (b), but 
exposed to uv light just before the measurement; (d), as in (b), but 
after dipping in Pd solution. 

for one week does not change noticeably suggesting 
that  little or no pal ladium is deposited. This observa- 
tion is in accord with the known reduct ion in  the 
pal ladium deposit as the photosensitive layer ages in 
air. s A reasonable explanat ion for this might  be that  
the oxidation forms an impermeable  skin of some 
oxide or hydroxide on the surface of the sensitizer and 
prevents  access of the pal ladium ions to the remain-  
ing divalent  tin. 

Comparison o f  sensitizer vs. colloid spectra.--While 
the l ine positions for the sensitizer deposit do not 
match those of the identified compounds, they do 
closely match those obtained from MS measurements  
on colloid particles centrifuged from the sensitizer so- 
lutions. This result  suggests that the deposit on the 
Kapton is in  fact produced by adhesion of the colloid 
to the substrate at the t ime of immersion. 

The presence of the colloid in sensitizer solutions 
has already been noted (5), and accordingly, the 
model used to describe sensitization included a colloid 
contr ibut ion to the total deposit. [The other contr ibu-  
tion has been at t r ibuted (1-4) to the water  r inse and 
hydrolysis of the soluble in  species.] However, it was 
not possible to determine in the earlier results whether  
or not the substrate deposit was identical to, similar to, 
or perhaps quite different from the colloid species 
in the solution. In  Fig. 5 (a) we have replotted our re- 
sults for a fresh t in  deposit on Kapton and in Fig. 5 (b) 
we present the MSssbauer results for colloid particles 
which were centrifuged from a fresh (i.e., 2 hr old) 
s tandard t in  solution. This separation was made using 
a field of ll0,000G for 2 hr. (If the density of the 
colloid particles is 2 g/cc, particles > 60A diameter  are 
separated by ~his t reatment . )  Sard (13) has observed 
by electron microscopy the presence of particles of 
roughly this size range for deposits on evaporated 
carbon films from similar  solutions. In  Fig. 5(c) we 
show the spectrum obtained from measurements  on 
the products of precipitation filtered from the solution 
after very long times (~600 hr) .  The l ine positions in  
both Fig. 5(b) and (c) are identical to those found for 

Sn 4+ -F Pd, and excludes the possibility 4 that  the 
Pd is picked up by adsorption. 

Figure 3 shows the characteristics of the deposited 
layer at three critical points in the process: the sensi- 
tized layer, the exposed sensitized layer, and the layer 
treated with pal ladium solution. These samples were 
made under  essentially ideal conditions of processing: 
fresh bath, careful handling, and negligible t ime be-  
tween sensitization and the ul traviolet  and pal ladium 
treatments.  

Figure 4, in contrast, shows the effect on the photo- 
sensitive t in  layer of such factors as a delay in process- 
ing, exposure to room light, or air oxidation. Such fac- 
tors are known to alter the sensitizer's effectiveness 
for metallization. At the top of Fig. 4, the spectrum of 
the freshly sensitized Kapton foil is shown for refer-  
ence. The second spectrum in Fig. 4 shows a substan-  
tial but  far from complete oxidation of the divalent  
t in  as a result  of 11,2 hr exposure to room light on each 
side plus an addit ional one week period kept in the 
dark but  in  ordinary  laboratory air. It  can be 
seen that this exposure substant ial ly decreases, but  
does not completely remove, the divalent  t in  present  
in the sensitized layer. The result  of exposure to uv 
light after this air aging is shown in the third spec- 
t r um in Fig. 4. It can be seen that  the exposure to uv 
light after this air aging fur ther  decreases, but  does 
not completely el iminate the r ema in ing  divalent  tin. 5 
Figure 4d shows that  the spectrum of mater ial  dipped 
in the pal ladium solution after being exposed to air 

4 This  a l t e r n a t i v e  has  been  proposed ,  for  example ,  b y  G o l d i e  (12). 
5 Th i s  conc lus ion  a pp l i e s  w h e n  l i g h t  e x p o s u r e s  s u m c i e n t  t o  

reac t  f r e s h l y  sens i t i zed  specimens are  used. In  aged  s p e c i m e n s  l a rge  
o v e r e x p o s u r e s  are  r e q u i r e d  fo r  comple t e  reac t ion .  
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Fig. 5. (a), Fresh tin layer on Kapton; (b), precipitate obtained 
by centrifuging "standard tin" solution for 2 hr at 110,000G; (c), 
precipitate produced by aging solution 600 hr in contact with air. 
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the fresh Kap ton  deposits  in (a) ,  a l though the s tan-  
nous component  in (c) ,  as expected,  is g rea t ly  reduced.  

The da ta  of Fig. 5 suggest  tha t  the  subs t ra te  deposi t  
is in fact chemical ly  ident ica l  to the colloid species in 
the  solut ion at  the  t ime of subs t ra te  immersion.  As the  
solution ages, the s tannous component  in solut ion 
diminishes.  

If  the  solubi l i ty  products  6 for the  s tannous and 
stannic hydrox ides  are  used to es t imate  the respect ive  
equi l ib r ium tin concentrat ions  in solution, one finds 
that  at  pH ---- 1 the s tannous solubi l i ty  is at  least  5M, 
whi le  that  of the s tannic  compound is only  1O-4M. 
Thus it would  be reasonable  to expect  tha t  the  colloid 
is p r edominan t ly  due to the stannic species, wi th  the 
stannous ions incorpora ted  by  coprecipi ta t ion or  ad-  
sorpt ion onto the colloid (11). This analysis  is com-  
pa t ib le  wi th  the  resul ts  repor ted  here  and in ref. (5). 

Summary 
Sensi t izer  deposi ts  formed on Kapton  f rom fresh t in 

chlor ide  solutions contain roughly  twice as much t e t r a -  
va len t  t in as divalent .  The MSssbauer spec t rum of 
the  deposi ted layer  was d is t inc t ive ly  different  f rom 
that  of any  repor ted  oxide, hydroxide,  or oxychloride,  
and could not have ar isen f rom a s imple  mix tu r e  of 
such compounds.  

Specimens f reshly  sensi t ized with  fresh solutions 
when  exposed to uv light,  or immersed  in an acid 
pa l l ad ium chlor ide  solution, showed essent ia l ly  quan-  
t i ta t ive  conversion of the  d iva len t  t in component  to 
the t e t rava len t  form. On the other  hand, s imi lar  speci-  
mens aged in l abora to ry  l ight  and air  showed only a 
pa r t i a l  oxidat ion  of d iva len t  t in under  these t r ea t -  
ments.  A pos~b]e  explana t ion  is tha t  an impermeab le  
ba r r i e r  layer ,  which can inhibi t  the pho to-ox ida t ion  or 
the deposi t ion of pa l l ad ium ions, is fo rmed on s t and-  
ing. 

The sensi t izer  deposit  appears  ident ical  to the col- 
loid species present  in solut ion at the  t ime of subs t ra te  
immersion.  Thus the  adhesion of the colloid to the sub-  
s t ra te  appears  to be a significant source of sensi t iza-  
tion. This conclusion agrees wi th  models  previous ly  
proposed (2-5).  In addition, any deposit  due to wa te r  
r inse and hydro lys i s  of the  t in  in the  l iquid layer  ap -  
pears  to have  the same chemical  form. The sensi t iza-  

B These est imates represent  lower  limits because they  neglect  t h e  
c h l o r i d e  eomplexing.  Solubility products  used were  t a k e n  f r o m  
Lat imer  a n d  H i l d e b r a n d  (14). 

t ion mechanism descr ibed here  would  be expected  to 
work  for o ther  insula t ing subs t ra tes  as well,  a l though 
no direct  verif icat ion of this  has been done. 
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Calculations of Profitability in Electrolysis Installations 
Alfred Schmidt l 

Chemische Werke H~ls AG, Marl, Kreis Recklinghausen, Germany 

ABSTRACT 

Simple mathematical relationships, which can be used for all kinds of elec- 
trolysis installations, were derived by the methods of investment calculations. 
It is possible to calculate rapidly with these relations by means of a few 
characteristic numbers, the most economical current load of electrolysis cells, 
bus-bars, and electrodes, and to investigate the influence of the various cost 
factors on the optimum load, such as price of electric current, cell potential, 
cost of installation, lifetime, rate of interest on capital, and taxes on profits. 
The determination of the characteristic numbers and the use of the formulas 
are explained by means of examples of electrolytic chlorine production in mer- 
cury cells. 

Optimum Load of Electrolysis Cells 
In p lanning nonelect rochemical  ins ta l la t ions  as a 

rule  we use the  smal les t  possible number  of reactors  
of the  largest  possible  size to keep the ins ta l la t ion  costs 

1 After  r e t i r ement  active as c o n s u l t i n g  engineer.  Present  a d d r e s s :  
6241 Eppenhain/Ts ,  I m  Birkenfeld 12, West Germany .  

K ey  words:  economics, optimization, m e r c u r y  cel l .  

low. In order  not  to have too grea t  a loss of product ion 
when a reactor  b reaks  down, the  economic and opera t -  
ing op t imum ought to be at  about  2-4 reactors.  These 
considerat ions do not  prove to be correct  in the  con- 
s truct ion of e lectrolysis  instal lat ions,  because a min i -  
mum number  of product ion units  which  is far  l a rger  
than  the  numbers  ment ioned  above is needed for tech- 
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nical reasons (e.g. current  rectification, l imitat ion on 
the construction of larger electrolysis cells). 

The modern  development  of the silicon and ger- 
man ium rectifiers today permit  an economic rectifica- 
t ion of current,  even at potentials down to 100V. Even 
at these potentials a m in imum number  of 10-25 cells is 
still necessary in electrolytic processes which normal ly  
operate with cell potentials in the range of about 4-10V. 

In  electrolytic processes the level of production of 
an electrolysis cell depends only upon the magni tude  
of the current,  according to Faraday 's  law. Therefore, 
it must  be decided in p lann ing  whether  it is more eco- 
nomical  to produce the desired capacity with a smaller 
number  of cells at higher circuit currents  or with a 
larger number  at lower circuit currents.  In  the first 
case the instal lat ion costs of the cells are indeed 
smaller, but  the costs of specific current  consumption 
is higher. On the other hand  in the second case we 
at tain lower specific current  consumption with higher 
instal lat ion costs. Thus for a given level of production 
two al ternat ives are possible: 

Al ternat ive  1. Equal  current  densities and thus equal 
potentials and equal specific energy consumption with 
the supposition of equal current  efficiency~ The instal la-  
tion is equipped with a few larger cells at a higher 
circuit current  or with a larger number  of smaller  
cells at lower circuit current .  In  Al ternat ive  1, (see 
Fig. 1), the instal lat ion comprises a fewer number  of 
larger cells, as compared to the base case with equal 
current  density. The inves tment  costs of the cells wil l  
be less, but  the costs of the rectifier uni t  will  be higher. 

The most economical combinat ion wil l  be found by 
minimizing total costs of cells and rectifier instal la-  
tions. Above a certain m i n i m u m  plant  capacity, this 
general ly  leads to a choice of the fewest possible cells 
of the largest possible type. 

Al ternat ive  2. Different current  densities and thus 
different cell potentials and different specific energy 
consumption at the same current  efficiency. We use a 
smaller n u m b e r  of cells at higher current  density or 
a larger n u m b e r  at lower current  density. In  Al te rna-  
tive 2 (see Fig. 1), the instal lat ion comprises a fewer 
number  of cells of the same size, operating at a higher 
current  density as compared to the base case. In  this 
alternative,  total instal lat ion cost is indeed lower, but  
the continuous operating costs increase considerably at 
higher current  densities. 

The object of this paper is to find, for a desired 
capacity, the opt imum circuit cur rent  for a certain 
cell type and with it the number  of cells required. The 
object is not to derive the optimal physical size of the 
cell type, which i~ dependent  upon the desired produc- 
tion capacity and the l imit  of economic current  rec- 
tification. 

Chemical process reactors can be brought  to higher 
capacity wi th in  the permissible l imits with a relat ively 
small addit ional  consumption of energy (higher gas 
or l iquid pressure, larger heat -exchanger  surfaces, 
etc.). These instal lat ions as a rule  operate more eco- 
nomically, the higher they are loaded, i.e. the more we 
produce with the instal led capital. On the other hand, 
the higher load on electrolytic cells requires a higher 
cell potential  in electrolysis processes and thus a quite 
important  increase in the specific current  costs, so that  
the question concerning the economical opt imum of 
circuit cur rent  is here very much more difficult to 
determine. 

In  p lann ing  electrolysis instal lat ions the tendency 
today is to maximize the current  density in order to 
produce as much as possible with m i n i m u m  inves tment  
costs. In  these attempts, the economic point of view 
should not be disregarded. The designer is faced with 
the question where the opt imum current  load for the 
cells lies. Whether,  for example, it is more economical 
to at tain the desired production capacity with a smaller  
number  of cells at higher  cur ren t  density, or with a 
larger n u m b e r  of cells at lower current  density. In 

addition to this, the load for the bus-bars,  switches and 
for the electrodes must  be optimized. 

As a rule the profitability of an inves tment  is judged 
by the level of interest  on the invested capital or by 
the period of t ime in which the inves tment  is returned.  
In the present problem we are dealing with only a 
relative comparison of al ternat ives for the same m a n u -  
factured products at the same level of production and 
thus also with same proceeds for the products so that  
the proceeds could be disregarded here. In  the same 
way, all of the costs that do not change for the various 
al ternat ives can remain  outside of consideration. These 
are all of the costs, which arise from the manufac tu r -  
ing before and after electrolysis, and the costs wi thin  
the electrolysis stage which are independent  of the 
number  of cells. 

Several  authors have al ready concerned themselves 
with the problem of the opt imum design of electrolysis 
installat ions (1-7). In  the following, simple mathe-  
matical  relationships are developed. They shall help 
the designer to picture the optimal conditions of an 
electrolysis instal lat ion rapidly to himself by  means of 
a few characteristic numbers  (number  and load of the 
cells, cross section of the bus-bars  and the electrodes, 
etc.). These methods, like all inves tment  calculations, 
could only be evaluated as approximations, since it is 
impossible to predict price and technical developments 
for years ahead. However, the results give a valuable 
reference point for deciding how the instal lat ion should 
be designed under  the conditions which exist at the 
t ime of planning.  

In the present  method the optimal circuit current  
is determined, where for a given period of the invest-  
ment  return,  and for a fixed rate of interest, the sum 
of investments  including interests corresponds to the 
re turn  of the year ly  savings including interests (cash 
flow). The use of these methods remains limited to the 
p lanning  of a uniform installation. Thus, for example, 
the question of whether  it is more economical to load 
an existing instal lat ion higher or to establish a second 
new instal lat ion for a desired increased production, can 
be settled only from case to case on the basis of the 
existing situation. It  is also not  possible to consider 
with this method the in tent ion to increase the capacity 
at a later date because the resul t ing factors are un -  
known and can therefore not be taken into considera- 
t ion in the mathematical  derivations. In  this case the 
owner  of the plant  has to decide to what  extent  he will  
probably increase the capacity. If the probabi l i ty  is 
high, he has to decide if he will  calculate the optimum 
for the intended end-capacity.  If the probabi l i ty  is not 
high, he could decide to calculate the opt imum for the 
first capacity or for a certain higher per cent of the 
possible end-capacity.  

Example:  Fixed p lanned  capacity 
Possible demand in 
future  
Calculations for the 
opt imum load could 
be made for: 

100,000 tons /year  

200,000 tons /year  

100,000 tons/year  
150,000 tons /year  
200,000 tons /year  

The final decision is only in the hands of the owner 
and is his own risk. It  depends upon the probabili ty,  
the time, and to what  extent  the increase of the 
capacity will  occur. 

In  order to design an instal lat ion for the desired 
capacity, we must  first establish the size of cell (elec- 
trode surface). In  this example a size of cell is chosen 
[see Fig. 1, Al ternat ive  1] which permits operation in 
the lower potential  region where the current  rectifica- 
t ion is still economical at the desired production 
capacity, i.e. the fewest possible number  of cells of the 
largest possible size and used. The opt imum current  
density is then calculated for this type of cell. The 
result  of this calculation determines the number  of 
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G 
At~er~tive 2, I 

Fig. I. Distribution of production by number of cells and current 
load. 

Humber: 214 cells 14 cells 14 cells 
Load: IT amperes 2 IT amperes 2 IT amperes 
Electrode surface: S m2/cell 2 S m2/cell S m2/cell 

cells for the desired production capacity. In  the follow- 
ing derivat ion a few simplifying assumptions have 
been made which however, do not significantly influ- 
ence the result:  

(a) Cell resistance does not  change with the load 
(presuppositions: the same electrolyte temperature,  
the same electrolyte concentration, the same electrode 
distance, the same resistance of the current  conductors, 
etc.). 

(b) The current  efficiency remains unchanged. 
(c) With in  the range of loading the current  density 

and cell potential  are l inear ly  related. 
(d) The life t ime of the cells shall be independent  of 

the current  density. 
Not only the specific current  costs change at a given 
level of production with the number  of cells, but  also 
the repair  and operation costs. It  should fur ther  be 
considered that  the savings in current  costs a t ta ined 
by higher investment  costs are addit ional profits for the 
manufac ture r  and as such are subjected to taxation. 
F ina l ly  the inves tment  costs of the rectifier p lant  are 
higher at the same electrical capacity if the available 
current  intensi ty  shall be higher. 

For these various al ternatives corresponding deriva-  
t ions are developed in  stages as follows: (a) Only 
savings in electric current  are considered. (b) Savings 
in electric current,  repair  and operation costs are con- 
sidered. (c) Savings in electric current ,  repair  and 
operation costs, and taxes on profits are considered. 
(d) The influence of the rectifier costs upon the 
opt imum current  load is examined. 

Derivat ion of the  o p t i m u m  load under  consideration 
of  savings in c u r r e n t - - T h e  equation for the current  
costs of an electrolysis instal lat ion (Cr) at a current  
load, IT, polarization potential, Vp, the average specific 
resistance of the cells including the supply lines from 
the rectifier, Rr, time, t, current  price, PI, and the n u m -  
ber  of cells, N, is 

CI = (Vp -~- IT �9 R r )  �9 I T  " t " P I  " N �9 10 - 5  [1 ]  

At a constant- level  of production the cell amps are 
constant  

IT ' N : constant  = K, or N = K / I T  [2] 

accordingly 

CI : (Vp --~ IT " Rr) �9 t �9 K �9 Pf " 10 -5 [3] 

If the fixed amount  of cur ren t  cost is 

Fl  : V ~ "  t �9 K �9 F l  " 10 - 5  [4 ]  

and the factor of the varying  par t  of cost is 

b~ : Rr " t �9 K"  PI " 10 -5 [5] 
then 

Ci "- FI -t- bi " IT [6] 

In  this equation the fixed current  cost FI, is given by 
the polarization potential,  Vp. bl is defined by  the 

slope of this l ine (increasing current  costs with increas- 
ing current  load). In  case of inves tment  costs, YI, per 
cell the total inves tment  costs of an electrolysis are 

Y~ = YT " N [7] 

According to Eq. [2], it follows 

Yr  �9 K 
Yi = - -  [8] 

If the electrochemical equivalent  of the electrolysis 
product in  g / A - h r  is called e and the current  efficiency, 
U, the constant, K, for a production of MT tons/year  
product is calculated as follows 

U 
MT -- IT " t"  e . . . .  _hT �9 10 -6 [9] 

I00 
From Eq. [2] 

N --  K / I T  [10] 
and 

MT" 10-s 
K : [11] 

t . e . U  
follows. 

To determine the opt imum load, we calculate on one 
side the sum of the incremental  change in current  costs, 
when changing the circuit current ;  and on the other 
side the sum of the incrementa l  change in  investment  
costs, when changing the number  of cells. All  these 
costs include interest  in full  measure  for a t ime of n 
years. We can calculate the opt imum load, if these two 
sums have at tained the same amount,  as follows. 
Between two current  loads IT and IT d- hIT: 

1. the change in the current  costs CI, upon changing 
the current  load IT by hiT is 

hCl Fl + bl (IT ~ hIT) -- (Fl -J- bl " IT) 
: : bl [12] 

hIT hIT 

and 

2. the change in the expendi ture  for inves tment  Y~, 
with change of the current  load IT by hIT is 

A Y e _  1 ( yT " K yT " K ) _ yT" K 

hIT AIT IT IT-I- AIT IT �9 (IT ~ hIT) 
[13] 

The ratio in  the change of the current  costs to the 
change in the inves tment  costs is then 

ACt bl 
- -  = - -  " IT(IT "~- Air)  [14 ]  

AYi YT " K 

The increased inves tment  (Eq. [13]) is to be paid be- 
fore the instal lat ion 2 is set into operation and interest  
is paid in full  measure for 
its sum is 

~: AY~ AYI 

AIr Air  

this time. After  n q- 1 yr 

�9 Z (n+l) [15] 

The savings in current  (Eq. [12]) occurs annua l ly  3 and 
it is likewise charged with interest  correspondingly. 
After n years it amounts  to 

V "  AC, ACt Z - - -  1 
[16] k-t I 

hIT hIT Z -  1 

The capital is r e tu rned  when the two sums have at-  
tained the same amount  

ACt Z n --  1 AY~ 
: ~ �9 Z ( n + l )  

hIT Z -  1 AIT 

The result  i s  

s S i n c e  t h e  i n v e s t m e n t s  a r e  m a d e  b e f o r e  t h e  s a v i n g s  occur ,  in= 
t e r e s t  is paid on t h e m  f o r  a f u l l  y e a r  p r e v i o u s l y  in  the fol lowing 
c a l c u l a t i o n s .  T h i s  c o r r e s p o n d s  to  a c o n s t r u c t i o n  t i m e  of a b o u t  2 y r .  

s I t  i s  r e q u i r e d  l h a t  t h e  l e v e l  of  s a v i n g s  r e m a i n s  c o n s t a n t .  A c -  
c o r d i n g  to th i s ,  c h a n g e s  i n  cos ts  a r e  n o t  t a k e n  i n t o  c o n s i d e r a t i o n .  
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Table I. W-Values for various interest factors, Z and years, n 

n Z = 1 . 0 5 0  Z = 1 . 0 6 0  Z = 1 . 0 7 0  Z = 1 . 0 7 5  Z = 1 . 0 8 0  Z = 1,090 Z = 1 . 1 0 0  

6 0 . 2 4 3  0 . 2 5 2  0 . 2 6 1  0 . 2 6 6  0 . 2 7 0  0 . 2 8 0  0 . 2 9 0  
10 0 . 1 3 6  0 . 1 4 4  0 . 1 5 2  0 . 1 5 7  0 . 1 6 1  0 . 1 7 0  0 . 1 7 0  
15 0 .101  0 . 1 0 9  0 . 1 1 7  0 . 1 2 2  0 . 1 2 6  0 . 1 3 5  0 . 1 4 5  
2 0  0 . 0 8 4  0 . 0 9 2  0 . I 0 1  0 . 1 0 5  0 . I 1 0  0 . 1 1 9  0 . 1 2 9  
2 5  0.075 0.083 0.092 0.096 0.101 0.111 0.121 
30 0.068 0.077 0.086 0.091 0.096 0.106 0.117 

AC[ Z (n+l) ( Z -  1) 
: : W [17] 

hYi Z n - -  1 

Equat ion [17] cannot be simplified any fur ther  mathe-  
matically, and we must  therefore take the values for 
W = C J Y i  for various values from n and Z from tables 
or curves. Values of W for various rates of interest  are 
gives in Table I. 

By combination of Eq. [14] and [17] we obtain 

bz 
~ .  IT(IT + hiT) -- W [18] 

YT " K 

For a small  value of IT we obtain for the product 
IT �9 (IT + h/T) = IT 2 and with it the following rela-  
t ionship for the current  intensi ty  IT 

~ /  W ' y T ' K  
IT = [19] 

bz 

In  this derivation the factor bl, as the slope of the cur-  
rent  cost line, takes into consideration only the savings 
in current  costs with increasing investment,  or the in-  
creased costs of current  with decreasing investment.  
The personnel  and repair  costs, CT, have not previously 
been taken into account. They change with the invest-  
ment  (number  of ceils). The influence of taxes on profit 
shall also be considered in the next  sections. 

Derivation of the optimum current intensity under 
consideration of savings in current, repair and opera- 
tion costs.--The savings in current  obtained with a 
larger number  of cells are decreased by higher person- 
nel and repair  costs. The changes in these costs with 

the circuit current  depend upon the n u m b e r  of cells, N, 
and are given by  a hyperbolic function, like the invest-  
ments. 

Corresponding to Eq. [8] is 

CT �9 K 
CT = - -  [20] 

IT 

and according to Eq. [13] for the change of CT with IT 

~CT CT �9 K 

AIT IT (IT -]- AIT) 

In  Fig. 2 the instal lat ion costs, Yi, the current  costs, 
C1, the personnel  and repair  costs, CT, as well  as the 
current  costs minus  the personnel  and repair  costs 
(C1 -- CT) are plotted against the current  intensi ty for 
the calculation example given later. The shape of the 
curves show that  the factor bT for the current  costs 
modified by the personnel  and repair  costs is no longer 
constant like bz but  depends upon the current  load, IT 

CT " K 
bT : bz -- [21] 

IT(IT + hiT) 

Only at higher current  intensit ies (IT > 150,000A) the 
function, CT, (curve A) again approaches a straight 
line, so that bT is again approximately constant. 

If we insert  the equation for bT in place of bl in 
Eq. [19] we obtain 

~ /  K ( W .  YT "~ CT) 
IT = bI [22] 

I o,,~ 

2,5 0,3 

\ 

>', 

I 

l,O I 
2,5 $,0 ~',5 tO, O t2,5 IS,0 

Load in 10 3 A m p s /  m 2 

so ,ool ,sot  ool 2sol  oo' 

Fig. 2. The costs as function 
of current load. Curve G ,  cur- 
rent costs CI - -  F1 -F bz �9 IT; 
curve 17, current costs minus 
personnel and repair costs CI - -  
CT; curve A ,  investment costs 
Yi (including mercury); curve A ,  
personnel and repair costs CT. 

Load in 10 J Arnps 
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Fig. 3. Change in the optimum 
current load iT with the operat- 
ing time n Curve [ ]  IT calcu- 
lated by Eq. [22] for a 20 m 2 
cell. Curve 0 IT calculated by 
Eq, [26] for a 20 m 2 cell, 

& 

~ 10jO 

g 

g, 

l 5~0 

} -  r 

I0  

Yeor$ 
1 5  20 2 5  3 0  

F r o m  this s imple re la t ion  we can calculate  the  opt i -  
m u m  cur ren t  load wi th  a few character is t ic  numbers .  
As a ru le  in this  t ype  of calculat ion al l  of the  dimensions 
(K,yT,  bz, Z,CT) 4 will  be fixed so tha t  only  IT and n re -  
main  as variables .  The t imes  in which the invested 
capi ta l  is r e tu rned  may  be fixed by  the choice of n. The 
cur ren t  dens i ty  is p lo t ted  against  the  opera t ion  t ime  in 
Fig. 3, for the ca lcula ted  values  of examples  on page 
2051. The smal le r  n is chosen the h igher  is the cur ren t  
load, IT ( fewer  cells wi th  a smal le r  ins ta l la t ion  cost) .  

D e r i v a t i o n  o f  t he  o p t i m u m  c u r r e n t  d e n s i t y  u n d e r  
c o n s i d e r a t i o n  o f  s a v i n g s  in cur ren t ,  repair ,  a n d  o p e r a -  
t ion  cos ts  and  t a x e s  on  p r o f i t . - - I n  the  der iva t ion  of Eq. 
[19] and [22], it  has not  been t aken  into considerat ion 
tha t  the  savings of cur ren t  costs obta ined wi th  h igher  
inves tment  costs mus t  in genera l  be t axed  by  the c o r n -  

•/ K 
IT : hi(100 --  P)  (100 �9 W " yT -~ 

pany  as addi t ional  profit. In this  w a y  the  effective sav-  
ings in cur ren t  costs are  reduced  by  the amount  of 
taxes on profit. The slope bp of the resul t ing  cost curve 
is ca lcula ted  f rom bi with  deprecia t ion  ~i and a t ax  
r a t e  o f  P per  cent  5 

(bT --  ~.i) (I00 --  P)  
bp = 

I O 0  

I00 - -  P P 

= bT I0--------~ + ~i I"~0- [23] 

According to Eq. [13] the  deprecia t ion  ki of the incre-  
menta l  inves tment  for a deprec ia t ion  r a t e  of i % is 6 

If we  int roduce into Eq. [23] the t e rm for 

y r . K . i  

IT 2. 102 

CT " K 
b T  = b I  [21] and for ~i - -  [24] 

IT 2 
we obta in  

1 
b p -  (IT 2 �9 hi(100 --  P)  

100 �9 IT 2 

- -  CT " K ( 1 0 0  - -  P )  -~  Y T  " K �9 P �9 i �9 10 -2) 

According to the  re la t ion corresponding wi th  Eq. [19], 
we obtain 

W ' y T  " K  
b p - -  

IT 2 

F r o m  these two equations resul ts  for 

( I 0 0  - -  P )  C T  - -  P " Y T  " i " 10 - 2 )  [25] 

A~.i YT " K �9 i 

~IT IT( IT  ~ aIT) " 102 

YT"  K " i  
ki --  [24] 

IT2 �9 102 

4 Z a n d  n a r e  c o n t a i n e d  i n  W (see Eq.  [17]}. 
5 A c c o r d i n g  to t h e  " c a s h  f l o w "  m e t h o d  of  ca l cu la t ion ,  o n l y  t h e  

a m o u n t  of  b r  d e c r e a s e d  b y  t h e  d e p r e c i a t i o n  X~ i s  t a x e d ,  so t h a t  t h e  
a m o u n t  r e m a i n i n g  a f t e r  t h e  s u b t r a c t i o n  of  t h e  t a x e s  must again 
be  i n c r e a s e d  b y  t h e  d e p r e c i a t i o n  X~. 

6 H e r e  a l i n e a r  d e p r e c i a t i o n  i s  u s e d  to  s i m p l i f y  t h e  calculation. 

the h igher  the  circui t  current .  F igu re  4 shows, for a 
rectif ier  ins ta l la t ion  of 50 MW, how much these  costs 
depend on the circui t  current ,  IT. The plot ted  re la t ion  
is a s t ra ight  line, f rom which  the equat ion for  the  
ins ta l la t ion  costs, YE, m a y  be deducted  as 

Y E  - -  FE "~ bE " IT [27] 

The op t imum cur ren t  load  wi th  considera t ion  of the  
rectifier costs and the savings in cur ren t  corresponding 
to Eq. [19] is then 

At  a t ax  ra te  of P : 50% the equat ion simplifies to 

X/2 : IT = D---~- [ ( W  " YT + 0 . 5  (CT - -  Y T  " i " 10 -2)  ] [ 2 6 ]  

In  Eq. [25] and [26] the term, YT " W,  s tands for the 
in teres t  on the  whole  inves tment  capital ,  the  term, 
YT �9 i, for the deprecia t ion  of the  inves tment  capital .  
If  par ts  of the  inves tment  shall  not  be deprec ia ted  as 
for example  m e r c u r y  in a me rc u ry  cell  chlor ine plant ,  
then  YT in the term, yT " i, must  be decreased by  this 
pa r t  of the  investment .  

I n / t u e n c e  o f  t he  i n s t a l l a t i o n  cos ts  o f  t he  rec t i f i e r  
p l a n t . - - T h e  costs of a rect if ier  ins ta l la t ion  are  higher,  
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Fig. 4. Rectifier installation 
costs as function of current in- 
tensity for an installation of 
50 MW.  

• /  W . y r ' K  
zT= ~ u  bE [28] 

in w h i c h  case W �9 bE is the  p a r t  of  t he  v a r i a b l e  in -  
s ta l la t ion  costs for  t he  rec t i f ie r  pe r  year .  F i g u r e  4 ind i -  
cates  a v a l u e  of 5.37 fo r  bE. 

Use in practice and calculation examples.--Using 
these  r e l a t ions  in p rac t i ce  one  p roceeds  as fo l lows:  (a) 
L o o k  at t he  l a rges t  cel l  type,  w h i c h  can  be  used  for  t he  
i n t e n d e d  capaci ty ,  for  t he  l a rges t  t y p e  w i l l  n o r m a l l y  be  
t he  cheapes t ,  r e l a t ed  to its capaci ty .  T h e r e b y  cons ider  
the  lowes t  d i rec t  c u r r e n t  vo l t age  of  t he  rec t i f ie r  p lant .  
(b) D e t e r m i n e  al l  i tems,  n e e d e d  fo r  Eq.  [25] and  
[26] ( c o m p a r e  t he  f o l l o w i n g  e x a m p l e s )  and  ca lcu la te  
IT. (c) IT g ives  t h e  p roduc t i on  capac i ty  of  one  cell, 
so t h a t  one  can  ca lcu la te  t he  n u m b e r  of cel ls  r e q u i r e d  
for  the  des i r ed  p roduc t ion .  (d) I f  the  ca lcu la ted  op t i -  
m u m  c u r r e n t  i n t ens i t y  shou ld  be  too low or  too h igh  for  
the  chosen  cel l  e q u i p m e n t  (cel l  bo t tom,  bus -ba r s ,  etc.)  
one  m a y  change  YT (cel l  type,  equ ipmen t ,  etc.)  and 
r e p e a t  t he  calculaLion. 

The  p rac t i ca l  use  sha l l  be  s h o w n  on t h e  e x a m p l e  of  
a ch lo r ine  e lec t ro lys is  w i t h  a m a l g a m - c e l l s .  The  op t i -  
m u m  c u r r e n t  on c i r cu i t  of  an  ins ta l l a t ion  w i t h  a capac -  
i ty  of  60,000 tons  c h l o r i n e / y r  shal l  be  de t e rmined .  

T h e  p re t e s t ing  of th is  p ro j ec t  sha l l  h a v e  shown  tha t  
the  l owes t  l imi t  of t he  rec t i f ie r  vo l t age  is 150V. A t  th is  
po ten t i a l  an ins t a l l a t ion  of  30-60 cel ls  is n e e d e d  to r e a c h  
the  des i r ed  p roduc t i on  at c u r r e n t  in tens i t ies  of  90,000- 
150,000A. The  su i tab le  cel l  t y p e  for  t he  c u r r e n t  r ange  is 
t he  20 m2 cell.  I ts  a v e r a g e  e lec t r i ca l  r es i s tance  u n d e r  
o p e r a t i n g  condi t ions  i nc lud ing  al l  b u s - b a r  losses b e -  
g inn ing  f r o m  the  rect i f iers  sha l l  be  11.0 x 10 -6  o h m  for  
each  cell .  

Moreove r ,  t he  f o l l o w i n g  n u m b e r s  a re  used  for  t h e  
ca lcu la t ion :  

Ye = costs p e r  ce l l  = 0.065 �9 106 $7 
Ym = m e r c u r y  costs p e r  cel l  = 0.020 �9 106 $ 
YT ----- t o t a l  costs pe r  cel l  = 0.085 �9 106 $ 

T These  costs  p r o p o r t i o n a t e l y  cove r  a l l  costs  d e p e n d i n g  d i r ec t ly  
on the  n u m b e r  of cel ls  such  as bus -ba r s ,  p ipe  l ines ,  b u i l d i n g  of  the  
cell  room,  etc. 

t ---- 1 y e a r  8750 h o u r s  
U : c u r r e n t  eff iciency : 95% 
Rr ---- ohmic  res i s tance  of  the  ce l l  = 11.0 �9 10 . 6  o h m  
CT ----operat ion and  r e p a i r  costs 

pe r  cel l  : 3 �9 103 S / y e a r  
PI --  e l ec t r i ca l  p o w e r  pr ice  ---- 1 $/100 k W h  
K ---- 5.45 �9 106 

(Eq. [11] ) 
br ---- 5.28 $ (Eq. [5])  
Zi = r a t e  of  i n t e r e s t  ---- 7.5% 
Z ---- f ac to r  of  i n t e re s t  

100 + Z~ 
= = 1.075 

100 
P = t a x  on profi ts  __7_ 50 % 
i = d e p r e c i a t i o n / y e a r  = 5% 
n = yea r s  a f t e r  t he  s t a r tup  of  

the  p l an t  ---- 20 
W = f o r  Z = 1.075 and  n ---- 20 ----0.105 

Example to 1: A c c o r d i n g  to Eq.  [19], w e  ob ta in  

17,: ~ /  W ' y T ' K  - - ~ /  5.28 

---- IT ---- X/92 �9 l0 s = 96.000A 

Example to 2: A c c o r d i n g  to Eq.  [22], w e  ob ta in  

~ /  K(W �9 YT + B) 
IT = bI 

~ /  5.45 �9 106 (0.085 �9 106 �9 W + 3 �9 10 z) 

V 5.28 

__- ~/1.23 �9 101~ = l l l . 0 0 0 A  

Example to 3: A c c o r d i n g  to Eq.  [26], w e  ob t a in  

•/ 2K 
IT= ---~--/ [ ( W ' y T - { - 0 . 5  ( e T - - y e - i ' 1 0 - 2 ) ]  

~ /  10.9 �9 106 
= " 5--.2-8- ( W "  0.085- 106 + 0.5 (3 �9 103 --  0.065" 106. i "  10 -2  ) ---- ~/1.795 �9 101~ = 135.000A 

In  Tab l e  II  the  o p t i m u m  c u r r e n t  load  IT of the  20 m 2- 
ce l l  has  been  ca lcu la t ed  fo r  some o the r  v a l u e s  of n, 
acco rd ing ly  fo r  i and  W too. 

These  o p t i m u m  c u r r e n t  loads  a r e  t he  basis  of  t he  
ca lcu la t ion  for  t he  t h r ee  e x a m p l e s  of Tab l e  I I  for  a 
ch lo r ine  p roduc t i on  of  60,000 t o n s / y r  cove r ing  the  
va lues  a s sembled  in Tab l e  I I I  for  the  n u m b e r  of t he  
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Fig. 5. Optimum load as func- 
tion of current price. Curve O ,  
with rectifier costs; curve D ,  
without rectifier costs. 
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cells N required (columns 2, 7, and 12), their  produc- 
t ion in tons /month  chlorine (columns 3, 8, and 13), 
their  average cell potential  V (columns 4, 9, and 14), 
the direct current  total potential  (columns 5, 10, and 
15) and the specific current  consumption/100 kg chlo- 
r ine (columns 6, 11, and 16). 

Figure 5 represents the opt imum current  load for the 
values of the calculation Example 1 as a function of the 
current  price with and without  consideration of the 
instal lat ion costs of the rectifier. The course of both 
curves shows that  these costs have no big influence 
unless the current  prices are low. 

Discussion of the Results 
When examining  the influence of the various param-  

eters such as instal lat ion costs, mercury  price, cell re-  
sistance, operating lifetime, instal lat ion costs for the 
rectifier on the opt imum load by means of the deriva-  
tions, it can be said that  it fluctuates wi th in  compara-  
t ively nar row limits in the technical  and economic 
fields in question. 

Table II. The optimum current load IT as a function of the 
operating years n 

1 2 3 4 5 6 
n i W I r  IT I s  

( E x a m p l e  1) ( E x a m p l e  2) ( E x a m p l e  3) 
yea rs  % ~ K A  K A  K A  

5 20 0.266 153 162 191 
10 10 0.157 117.5 130 154.5 
20 5 0.105 96 111 135 
30 3.3 0.091 89.5 103.5 131 

The opt imum current  load is influenced considerably 
if we take into consideration the taxes on profit in the 
case of saved current  costs. The comparison of the 
course of the curves [] and C) in Fig. 3, shows that  for 
the chosen example the opt imum current  load rises by 
about 25,000A, corresponding to a rise of current  den-  
sity from 1200 to 1300 A/m% For a lifeteime of 20 yr 
for the installation, we equal 6800 A / m  ~, still con- 
siderably ur/der the load of 10,000 A / m  2. At a current  
price of 75r kWhr, this load increases to 7500 A / m  2 
and only at a price of 40r kWhr would we reach a 
specific load of 10,000 A / m  2. 

In  Eq. [19], [22], and [26] we can have at our dis- 
posal the two variables IT and n (n  is contained in W). 
The other items yz, i, K, CT, bl, and Z are to be re- 
garded as constant for a given installation. I t  is up to 
the company to define the t ime in which invested capi- 
tal should be re turned by the choice of n. In  this case 
it should be taken into account that  a short r e tu rn  
t ime is purchased at the expense of a higher current  
load IT, and with it higher specific costs. Also these 
higher current  costs occur throughout  the ent i re  life 
t ime of the installation. Therefore n should be chosen 
corresponding fo the entire life t ime of the installation, 
and n = 10-15 yr should come rather  close to the prac- 
tical situation. 

The values of Table II and Fig. 3 show that  with a 
re turn  t ime n > 15 yr  the opt imum current  load IT 
changes only slightly with n. 

Optimum Load of Bus-bars 
The opt imum load of bus-bars  is calculated by the 

somewhat simpler method of cost comparison since the 

Table ill. Planning values for the optimum loads of Table | l 

1 2 3 4 5 

I~ fo r  E x a m p l e  1 

N u m b e r  Prod .  Ce l l  To ta l  
of o~ C12 p a t e n -  p o t e n -  

n cel ls  p. cel l  t i a l  t i a l  

mt/  
yea r s  N m o n t h  V Vol t  

5 36 141.0 4.88 176 
10 47 108.0 4.49 210 
20 57 88.3 4.26 243 
30 61 82.4 4.19 255 

6 7 8 9 I0  I I  12 

IT fo r  E x a m p l e  2 

Specif ic  Specif ic  
con- Num- con- Num- 
sump- ber Prod. Cell Total sump- ber 
t i on  of of of C12 p a t e n -  p a t e n -  t i o n  of  of 

c u r r e n t  cel ls  p. cel l  t i a l  t i a l  c u r r e n t  cel ls  

k W h r /  mt/  k W h r /  
i00 kg N month V Volt i00 kg N 

387 34 149 4.98 170 395 29 
356 42 119 4.63 194 367 35 
338 49 102 4.42 217 351 41 
332 53 95 4.34 230 344 42 

13 14 15 16 

IT fo r  E x a m p l e  3 

Specif ic  
c o n -  

P r o d .  Cel l  To ta l  s u m p -  
o f  C12 p a t e n -  p a t e n -  t i o n  of 
p. cel l  t i a l  t i a l  c u r r e n t  

rot~ k W h r /  
m o n t h  V Vol t  100 k g  

175 5.30 154 421 
142 4.90 172 369 
124 4.69 192 374 
120 4.64 195 368 
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influence of taxes on profits is insignificant on the re -  
sult. The opt imum lies where the sum of the costs for 
the current  losses by ohmic resistance on the one hand, 
and the capital costs of the inves tment  for the bus-  
bars on the other hand, reach a min imum.  

This m i n i m u m  is found by  calculation if we repre-  
sent the costs for the current  losses fl (SB) and for the 
capital costs f2(Sn) as functions of the bus-bars  cross 
section SB differentiate both funct ions with respect to 
SB and set the sum of the differential quotients equal 
to 0 

d fl(SB) d$~(SB) 
+ -- 0 [29] 

d SB d SB 

The costs for the current  losses are 

CB : fl(SB) : IB 2 " RB " 
L 

SB 
�9 t �9 1 0  - z  �9 P x  �9 1 0  - 2  [ 3 0 ]  

The part  of the capital costs to be annua l ly  purchased 
for the bus-bars  (depreciation and interest)  depends 
on the depreciation period, (n) ,  and the interes t  factor, 
Z. It  corresponds to the value W (Table I) .  

The capital costs are 

Y B : f 2 ( S B )  : S B - L � 9  10 -3 � 9  [31] 

Differentiating Eq. [30] and [31] and setting the sum 
of the results = 0, we find for the specific load 

IB _ ] ~ " P s  " W 
= V A/ram2 [32]8 

SB R B  �9 t �9 P I  

Figure 6 shows the opt imum specific load for copper 
bus-bars  as a funct ion of bus-bars-pr ices  for various 
current  prices. 

Optimum Operating Time of Electrodes 
This calculation principle for the solution of optimi-  

zation problems in the electrolysis is also used to cal- 
culate the most favorable operating t ime of vert ical ly 
arranged electrodes consumed dur ing  the electrolysis. 
As a consequence of the decrease in the cross section 
of the electrodes, higher potential  losses occur. A con- 
dition for the following derivat ion is that  the gap be-  
tween anode and cathode is held near ly  constant  by 
continuous adjustment .  The consumption of graphite 

s As  W r e f e r s  to  one  y e a r  a c c o r d i n g  to  t h e  d e f i n i t i o n ,  t h e  n u m -  
b e r  of h r / y r  = 8750 m u s t  be  i n s e r t e d  f o r  t.  

t.$ 

/ 
Fig. 6. Specific bus-bar load 

as function of copper price at 
different current prices. 

L 
2,0 i 2,Z ~ 

anodes in a vert ical  mercury  chlorine cell with rotat ing 
cathodes serves as an example for these calculations. 

In  this cell the graphite anodes are placed facing 
the two sides of the vertical  rotat ing amalgamated 
iron cathode, as shown in cross section in Fig. 7. In  this 
cell type the anodes are arranged as shown in the 
upper  part  of the cell, in which the br ine  is electro- 
lyzed. The graphite anodes are adjusted every 2-3 days, 
to realize a near ly  constant  anode-cathode gap. Figure 
7 shows the a r rangement  with new anodes and par t ly  
consumed anodes wherein the cross section is decreased 
and the voltage drop in the anodes increased�9 

The longer the anodes are in operation, the smaller 
are the specific graphite costs and the higher the 
specific current  costs. From the economic point  of 
view the most favorable t ime for renewing the anodes 
comes when the sum of the specific graphite costs and 
the specific current  costs reaches a min imum.  Other 
influences on the cell with increasing operating time, 
such as the change in the current  efficiency etc. are 
not considered here. 

We find this cost m i n i mum by calculation when the 
specific current  costs/100 kg chlorine, il(tc),  and the 
specific graphite costs/100 kg chlorine, Js(tc) are rep-  
resented as a funct ion of the operating time, to, of the 
anodes. Both functions are differentiated with respect 
to tc and the sum of the differential quotients is set 
equal to 0 

+ + + + 

I 

i 
j g . - - - .  

I b - -  

. . . .  . . . . .  

Fig. 7. Electrodes 
in a vertical chlorine 
cell; left, with new 
anodes, right, with 
anodes which are part- 
ly consumed, a, Fixed 
graphite anode; b, ro- 
tating iron cathode. 
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Fig. 8. Optimum operating 
time of graphite anodes as 
function of the price of graphite 
and current. Curve O ,  100r 
100 kWhr; curve A,  125r 
kWhr. 
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dfI( tc)  df2(t~) 
- -  + - -  -- 0 [ 3 3 ]  

d tc d tc 

The  specific c u r r e n t  costs for  100 kg ch lo r ine  du r ing  
the  ope ra t i ng  t i m e  tc are  

IB �9 PI �9 720 
cI = f l  (to) - [Vc + (Vc + v)  

10 6 �9 m �9 tc 

+ ( V c + 2 v )  + . . . . . . .  ( V c + t c ' v ) ]  

IB �9 P ,  �9 360 
- -  ( 2 V c  + v �9 t c )  $ / 1 0 0 k g  C12 [ 3 4 ]  

106 �9 m 

The  specific g r a p h i t e  costs a re  

g �9 P c  �9 l0 
CG : f2 (to) --  $/100 kg C12 [35] 

m �9 tc �9 10 

Di f fe ren t i a t ing  t he se  two  equa t ions  w i t h  r e spec t  to tc 
we ob ta in  t h e  mos t  f a v o r a b l e  o p e r a t i n g  t i m e  in m o n t h s  

" t /  g " P C  " 105 
tc [ 3 6 ]  V IB �9 P s  �9 3 6  �9 v 

In  Fig. 8 t he r e  is g r a p h i c a l l y  r e p r e s e n t e d  the  opt i -  
m u m  o p e r a t i n g  t ime,  tc, as  a f unc t i on  of  t h e  g r a p h i t e  
costs at va r ious  c u r r e n t  p r ices  for  t h e  e x a m p l e  

m : 40 t o n s c h l o r i n e / m o n t h  
g ---- 1.5 tons  g r a p h i t e  
Vc : 4.5V 
IB ---- 45,000A 
v : 0.05V 
PI  = 1 and  1.25 $/100 k W h r  

F r o m  the  po in t  of v i e w  of m e c h a n i c a l  s tabi l i ty ,  t he  
o p e r a t i n g  t i m e  of  anodes  of  th is  t y p e  is abou t  9 to 10 
months .  A t  c u r r e n t  p r ices  be low  $1.25/100 kWhr ,  the  
p r ice  of g r a p h i t e  m u s t  be  b e l o w  $60/100 kg  to j u s t i f y  
r e m o v a l  be fo re  this  t ime.  A t  h i g h e r  g r a p h i t e  pr ices  
or  l o w e r  c u r r e n t  costs, the  o p t i m u m  ope ra t i ng  t i m e  is 
g r e a t e r  t h a n  the  o p e r a t i n g  t i m e  w h i c h  is t e c h n i c a l l y  
possible,  so tha t  the  anodes  can  be  c o n s u m e d  as far  as 
it  is t e chn i ca l l y  possible.  

Manusc r ip t  s u b m i t t e d  May 16, 1969; r ev i s ed  m a n u -  
sc r ip t  r e c e i v e d  ca. M a r c h  11, 1971. 

A n y  discuss ion of this  p a p e r  w i l l  a p p e a r  in a Dis -  
cuss ion Sec t ion  to be  pub l i shed  in the  J u n e  1972 
JOURNAL. 

T E C H N I C A L  S Y M B O L S  

O p t i m u m  Load  of Elec trolys is  Cells 
IT (A)  ---- C i rcu i t  c u r r e n t  of t he  e lec t ro lys i s  
t (hr )  : T i m e  
Vp (V) = Po la r i za t i on  po t en t i a l  
Rr ( o h m )  - - - -Average specific r e s i s t ance  of  one  

cel l  ( i nc lud ing  its share  of t h e  to ta l  
b u s - b a r  r e s i s t ance  b e g i n n i n g  f r o m  
the  rect i f ier )  

e ( g / A h r )  = E l e c t r o c h e m i c a l  e q u i v a l e n t  
U ( % ) = C u r r e n t  eff ic iency 
K ---- P r o d u c t i o n  cons tan t  (ce l l  a m p e r e s )  
MT (mtons )  : Q u a n t i t y  p r o d u c e d  
N : N u m b e r  of  cel ls  

O p t i m u m  Load of  Bus -bar s  
SB ( m m  2) = B u s - b a r  cross sec t ion  
IB (A)  - - ---Current  i n t ens i t y  of t h e  bus -ba r s  

or  e l ec t rodes  
RB ( o h m  �9 m m  2 �9 m -1)  : Specif ic  res i s tance  of t he  

b u s - b a r  m e t a l  
L (m)  = L e n g t h  of t he  b u s - b a r s  

( g / c m  s) : S p e c i f i c  w e i g h t  of  t he  b u s - b a r  
m e t a l  

O p t i m u m  Operat ing  T i m e  of Electrodes  

tc (mon ths )  : O p e r a t i n g  t i m e  of the  cel l  
Vc (V)  = To ta l  po ten t i a l  of  t h e  ce l l  
v (V) ---- A v e r a g e  po t en t i a l  inc rease  p e r  cel l  

and m o n t h  
m (mtons )  = Q u a n t i t y  p r o d u c e d  pe r  cel l  and 

m o n t h  
g (mtons )  ---- W e i g h t  of g r a p h i t e  anodes  pe r  cel l  

COST S Y M B O L S  

O p t i m u m  Load of  Elec tro lys is  Cells 
YT ($) : I n v e s t m e n t  cost  p e r  ce l l  
CT ($) = P e r s o n n e l  and  r e p a i r  costs p e r  c e l l /  

y e a r  as w e l l  as a l l  of  the  o the r  
o p e r a t i n g  costs w h i c h  d e p e n d  upon  
n u m b e r  of  cel ls  

FI  ($) ---- F i x e d  c u r r e n t  costs (see Eq.  [4]) 
Yi ($) ---- To ta l  i n v e s t m e n t  costs (Yr " N)  9 
CI ($) = To ta l  c u r r e n t  c o s t s / y e a r  
CT ($) = P e r s o n n e l  and  r e p a i r  c o s t s / y e a r  
YE ($) = I n v e s t m e n t  costs for  rec t i f ie r  
FE ( $ )  = F i x e d  sha re  of costs for  rec t i f ie r  
bl ($) ---- F a c t o r  for  t he  v a r i a b l e  cost  of cu r -  

r e n t  (see Eq.  [5])  

9 Including its share of the total  installed inves tmen t  costs of  
the complete cell house as building, cells, piping, bus-bars ,  
switches, ins t rumenta t ion ,  auxiliaries (e.g. m e r c u r y  in m e r c u r y  
chlorine plants ete.L but  wi thout  rectifier inves tment  costs (YE). 
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bT ($) = F a c t o r  for the variable current  
costs, including the personnel  and 
repair  costs, as well as all of the 
other operating costs which depend 
upon the cell 

bp ($) = Factor  for the variable current  
costs including the personnel  and 
repair  costs -5 taxes on profits 

bE ($) = Factor of the variable capital costs 
of the rectifier p lant  

= Rate of interest  
= Interest  factor 
= Period of t ime after the instal lat ion 

has been put into operation 
Z (~+1)  �9 ( Z  - -  1)  

W 
Z n -  1 

i ( % ) : Rate of depreciation 
ks ($) : Deprecia t ion/year  
P (%) : Taxes on profits 
Pl  ($/100 kWhr) : Direct cur rent  price 

Z~ (%) 
Z 
n Years 

O F  P R O F I T A B I L I T Y  2055 

Optimum Load of Bus-bars 
CB ($) = Current  costs for bus -ba r  losses 
YB ($) = Capital costs for bus-bars  
PB ($/100 kg) = Price for bus-bars  

Optimum Operating Time of Electrodes 
cz ($) ----Specific current  costs for 100 kg 

product 
c~ ($) ---- Specific graphite a n o d e  c o s t s  for 100 

kg product  
PG ($/100 kg) = Graphite  price 
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Technical No e @ 
Sodium Borohydride (NaBH4) Initiation of Electroless Plating 

Donald G. McBride and Gary P. Vlasak 
International Business Machines Corporation, Systems Development Division, Endicott, New York 13760 

The most widely used method for activating noncon-  
ductive materials  prior to electroless plat ing consists 
of an acid solution of SnC12 as a sensitizer and an acid 
solution of PdCI~ as an activator (1). This reaction is 
an oxidat ion-reduct ion as follows 

Sn + + -5 Pd + + --> Sn +4 -5 Pd ~ 

The th in  layer of deposited Pd acts as a catalyst and 
initiates electroless plating. A method of activation 
using a phosphorus system which forms an effective 
bond to the substrate has been reported (2). The rea-  
sons for investigating new methods of ini t iat ion were 
to obtain more complete metallic coverage, to improve 
adhesion of the metal  to the substrate, and to el iminate  
permanent  activation of the substrate with Pd. If a 
substrate on which a circuit has been provided is 
pe rmanen t ly  activated, it is difficult to selectively 
electroless plate the circui t ry  without  plat ing the total 
substrate. 

A system has been developed using NaBH4 (a strong 
reducing agent) which initiates metal  plat ing on non-  
conductors but  does not pe rmanen t ly  activate the sub- 
strate. The pr imary  cri terion used for evaluat ion of 
the electroless metal  deposits was adhesion. Electro- 
less Cu, Ni, and Co on ceramic were evaluated. A 
sinter ing process was used to improve adhesion of Cu 
to ceramic. In  addition, a comparison was made be-  
tween Cu to ceramic using the NaBH4 and sinter ing 
process vs. Cu to epoxy glass (laminated,  and plated 
using both the NaBH4 and SnC12-PdCI~ methods of 
ini t ia t ion) .  

Experimental Procedure 
Materials.--The substrates were ceramic- -Amer ican  

lava (96% alumina,  ,., 20 ~in. surface finish) and G-10 
epoxy glass. The ini t iat ion solutions were stannous 
chloride, SnC12 40 g/ l i ter  and HC1 40 cc/l i ter  at room 
temperature;  pal ladium chloride, PdC12 0.15 g/ l i ter  and 
HC1 10 cc/ l i ter  at room temperature;  and NaBH4 ---- 19 

K e y  words: electroless  p la t ing ,  nonconductor pla t ing ,  initiation by 
NaBI-]h. 

g/liter.  The plat ing solutions used were electroless Cu: 
copper sulfate, formaldehyde (37%), sodium potassium 
tartrate,  NaOH, sodium carbonate, at room tempera-  
ture, pH 11-12; electroless Ni: NiC12 30 g/li ter,  sodium 
hypophosphite 10 g/li ter,  ammonium citrate 65 g/l i ter ,  
ammonium chloride 50 g/l i ter,  at boil ing temperature,  
pH 3.0; electroless Co: cobalt chloride 75 g/li ter,  
sodium hypophosphite 25 g/li ter,  ammonium citrate 
163 g/li ter,  ammonium chloride 125 g/li ter,  0.1M 
sodium borohydride 125 g/li ter,  ammonium hydroxide 
125 g/li ter,  at boil ing temperature,  pH ,~ 9-10. 

Metallization.--The procedure for nonconductor  
metal l izat ion using NaBH4 is (a) clean the substrate in 
an alkal ine cleaner, (b) use deionized water  rinse, (c) 
30% (vol) HCI (37% wt) ,  and (d) repeat deionized 
water  rinse. Dip-coat the substrates in  0.5M NaBH4. 
Electroless plate first in a "sludge pot" and then in a 
fresh solution. Finally,  electrolytic plate 0.003 in Cu-Cu 
pyrophosphate. 

The sludge pot is a separate electroless plat ing solu- 
t ion which decomposes because of the dragged in 
NaBH4. 

A th in  layer of metal  should be plated onto the 
substrate in the sludge pot; then fur ther  plat ing should 
be done in a fresh solution. The more difficult a sub-  
strate is to plate, the greater the concentrat ion of 
NaBH4 required, but  the faster the sludge pot decom- 
poses. A n  al ternate  method has been developed that  
el iminates the sludge pot technique. Substrates are dip 
coated in 0.5M NaBH4 and subsequent ly  sprayed with 
the electroless plat ing solution or a 10% solution of 
NiCI2 or AuCI~. Then  they are placed in a s tandard 
electroless plat ing solution. 

The NaBH4 technique is not an activation of the 
substrate. It is just  an adsorption of a reducing agent 
onto the substrate which reduces metal  ions in solu- 
tion at the subs t ra te /p la t ing  solution interface. The 
metal  then deposits onto the nearby  substrate. If the 
NaBH4 is rinsed off, the substrate remains  unchanged 
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Table I. Comparison of adhesion of Cu,* Ni, and Co to ceramic 

Avg.  pull  S in te r ing  
Metal  s t r eng th  t emp  

Act iva t ion  deposi ted (lb/in. e) (~ 

SnC12-PdCl2 Cu 2060 None  
SnC12-PdCI2 Cu 2411 800 
NaBH~ Cu 1471 None 
NaBH~ Cu 2994 480 
NaBH~ Cu ~4244 600 
NaBHa Cu >4244 800 
NaBH4 Cu >4244 1000 
NaBH~ Ni 196 800 
NaBH~ Co 170 800 

* Accura te  adhesion data  of Cu to ce ramics  was  not  obta ined for  
t e m p e r a t u r e s  above 600~ because  the  ce ramic  broke  in  the  fixture.  
Therefore ,  a small  a rea  w a s  tested. 

Fig. 1. Copper studs (150 mil diam) 

and  electroless plat ing will  not  occurmthus,  no perma-  
nen t  act ivat ion occurs. 

The procedure for nonconductor  metal l izat ion using 
the SnC12-PdC12 system is (i) clean the substrates in 
an alkal ine cleanermdeionized water, 30% HC1, de- 
ionized water;  (ii) soak in SnC12 for 5 rain, and rinse 
well  with deionized water;  (iii) soak in  PdCI~ for 2 
min, and rinse well  with deionized water;  (iv) elec- 
troless plate; (v) electrolytic plate 0.003 in. Cu. 

Sintering to improve adhesion.--Copper metall ized 
ceramic substrates prepared by using both the NaBH4 
and SnC12-PdCI~ processes were sintered for 45 min  in 
an  argon atmosphere in  an at tempt  to improve ad-  
hesion. The sinter ing tempera ture  was varied from 
480~ to 1000~ to define the tempera ture  which 
yielded the opt imum adhesion. 

Electroless Ni and Co metallized ceramic substrates 
using the NaBH4 process were sintered at 800~ for 
45 min  in argon to compare their  adhesion with that  
obtained with Cu. 

Table II. Optimization of sintering temperature 

Sin t e r ing  t e m p e r a t u r e  Avg.  pull tes t  
(~ (grams)  

None 49 
500 78 
800 116 

1000 43 

Adhesion tes t . - -The adhesion of the metals  to the 
substrates was measured by  three tests: 0.150 in. diam 
stud pull  test (Fig. 1), 0.005 in. wire pull  test, and 
0.020 in. l ine peel test. 

Using photoli thographic and etching techniques, 0.150 
in. diam pads, 0.005 in. lines, and 0.020 in. lines 
were etched on the metall ized substrates. Then, a 0.150 
in. stud, a 0.005 in. wire, or 0.020 in. wire  was soldered 
to the Cu pad or l ine using 60/40 S n / P d  solder. Pul l  
testing was done on an Ins t ron  I tester at 90 ~ to the 
substrate. 

Ins t ron  Corporation.  
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Fig. 2a. Cu plated plus 
CuO plus substrate (not 
sintered). 
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Fig. 2b. Cu ploted plus 
CuO plus substrate (sin- 
tered). 

Metallurgical evaluation.--X-ray and elect ron probe  
analysis  was pe r fo rmed  on subst ra tes  meta l l ized  using 
the NaBH4 and s in ter ing  (800~ process in an a t t empt  
to de te rmine  the  mechanism of improved  adhesion. 

R e s u l t s  
Table I is a comparison of the  adhesion of Cu, Ni, 

and Co to ceramic as de te rmined  by  a 0.150 in. d iam 
dot  pul l  test. 

Table  I I  d isp lays  the  pul l  test  da ta  obta ined for  a 
0.005 in. wi re  soldered to a 0.005 in. Cu line, p r epa red  
using the NaBH4 method  of p la t ing in i t i a t i on  and sin-  
ter ing at  t empera tu res  500~176 

Elect ron probe  analys is  (Fig. 2a) indicates  tha t  p r io r  
to s inter ing Cu is app rox ima te ly  4~ into the  ceramic,  
at  the lef t  of the  interface.  The oxygen curve  is on an 
expanded  scale (100K) as opposed to Cu (10K). Thus, 
the  Cu and O coincidence does not  prove or  d isprove 
the presence of  CuO. The s l ight  peak  ( increased Cu) 
as the probe moves into the  in te r io r  of the  ceramic 
is p robab ly  an indicat ion of i r r egu la r  Cu because of 
the porous na tu re  of the  ceramic.  F igure  2b indicates  
tha t  a f te r  s inter ing the Cu has diffused away  from the 
in ter ior  of the ceramic, to the  r ight  of the interface.  
This more  ab rup t  junct ion  obta ined af te r  s inter ing is 
p robab ly  the  resul t  of physical  forces such as surface 
tension and stress relief,  which are  in opera t ion  at  the  
s in ter ing  t empe ra tu r e  (800~ 

A comparison was made  be tween  the adhesion of 
Cu to ceramic  using the NaBH4 and s in ter ing  at  800~ 

Table I I ! .  Adhesion of copper to ceramic vs .  copper to epoxy glass 

Avg.  peel 
Subs t r a t e  Ac t iva t ion  s t r e n g t h  (g) 

Ceramic  NaBH4 30-60 
Epoxy  glass NaBH4 20-30 
Epoxy  glass SnC12-PdCI2 50-70 
E p o x y  glass L a m i n a t e d  80-100 

method  and Cu to epoxy  glass ( laminated,  and  p la ted  
using both the  NaBH4 and SnC12-PdC12 methods  of 
in i t ia t ion) .  See Table  III. Adhesion was measured  us-  
ing a 0.020 in. l ine peel  test.  

Qua l i t a t ive ly  it has  been observed that  for  difficult 
to meta l l ize  substrates,  such as glazed ceramic,  more  
complete  coverage is obta ined  wi th  the  NaBH4 ini t ia-  
t ion than  wi th  the SnC12-PdC12 method of act ivat ion.  
Also, NaBH4 ini t ia t ion does not  p e r m a n e n t l y  act ivate  
the  surface as does SnC12-PdCI2. This point  is of con- 
s iderable  impor tance  when one desires to se lec t ive ly  
electroless  p la te  c i rcu i t ry  on a suhs t ra te  tha t  has p re -  
v ious ly  been act ivated.  

Discussion 
The ini t ia l  Cu p la te  onto ceramics using NaBH4 ini-  

t ia t ion appears  to be Cu which  immed ia t e ly  oxidizes 
into CuO f rom x - r a y  analysis.  Dur ing  sintering,  Cu 
appears  to diffuse into the ceramics.  See Fig. 3. I t  is 
known (3) tha t  severa l  pe r  cent  of CuO wi l  diffuse into 
var ious  glasses. 

The improved  adhesion m a y  be the  resul t  of some 
sha l low diffusion of CuO and Cu into the  glass and 
ceramic.  Also, a more  homogeneous  junct ion  resul ts  
(microprobe  analysis)  which  m a y  cause be t t e r  in te r -  
locking of the  Cu a round  the alumina.  Reduced stress 
in the  system should also lead to improved  adhesion. 

More recent  w o r k  indicates  tha t  the  adhesion ob-  
ta ined  wi th  the  NaBH4 and s inter ing method  is sub-  
s t ra te  dependent .  The difference obta ined  is p robab ly  
the  resul t  of the  different  impur i t i es  (glass, etc.) used 
as a binder .  F u r t h e r  inves t igat ion wil l  be necessary  to 
unders tand  the observed phenomenon.  

Conclusion 
A new method of electroless p la t ing ini t ia t ion has 

been developed using NaBH4. This method  y ie lds  more  
complete  coverage on difficult to meta l l ize  substrates ,  
does not p e r m a n e n t l y  act ivate  the  substrate ,  and leads  
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Fig. 3a. Ceramic (not sintered) (magnifica- 
tion: 1000X). 

Fig. 3b. Ceramic (sintered) (magnification: 
1000X). 

to improved  Cu to ceramic adhesion if the  Cu is s in-  
t e red  into the  ceramic at  800~ 

Manuscr ip t  submi t ted  May 20, 1971; revised manu-  
script  received ca. June  25, 1971. 

Any  discussion of this  paper  wil l  appear  in a Dis-  
cussion Section to be publ ished in the  June  1972 
JOURNAL. 
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D I S C U S S I O N  

S E C T I O N  O 
This Discussion Section includes discussion of the paper appearing 

in the Journa~ ol  The Electrochemica~ Society,  Vol. 117. No. 11, 
November 1970. 

Electrophoretic Deposition of Luminescent Materials 

P. F. Grosso, R. E. Rutherford, and D. E. Sargent 
(pp. 1456-1459, Vol. 117, No. I1) 

E. I. Szabo and S. L. Ger tsman:  In  the paper under  
discussion, the authors advocate the use of a mul t i -  
va lent  ion to charge suspended particulates,  since 
mill ing is claimed to have a deleterious effect on the 
light output  efficiency of the phosphors. 

While the authors acknowledge that  the introduct ion 
of an ionic component  results in a conductive suspen- 
sion, and hence, gassing, they a t tempt  to overcome the 
lat ter  by including an organic depolarizer in the liquid 
vehicle. 

We would comment,  that  while mil l ing does indeed 
induce electrophoretic mobil i ty  in practically any 
solid/l iquid combination, this is incidental,  and is the 
result  of the fresh, unoccupied sites generated. The 
deterioration in light output  efficiency is the result  of 
lattice distortion 

Since the sole requi rement  to induce electrophoretic 
mobil i ty  in any  suspended solid appears to be that  of 
offering the atmosphere (preferably a polar l iquid) an 
unoccupied site, this is easily accomplished by remov-  
ing the adsorbates from the surface. 

In  practice, heating the powders to 400~ at a modest 
vacuum of 10 -2 to 5 x 10 -~ mm mercury,  and holding 
there for 24-48 hr, was found sufficient. If the powders 
are to be stored for a time, backfilling wi th  an iner t  
gas, or main ta in ing  the contents in a sealed container  
can re ta in  the mobi l i ty  of the powders. 
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Report of the Electrolytic Industries for the Year 1970' 

Thomas C. Jeffery* 

PPG Industries, Industrial Chemical Division, Lake Charles, Louisiana 70601 

and L. C. Fuhrmeister* 

Monsanto, Enviro-Chem Systems, Incorporated, Chicago, Illinois 60600 

Chlorine-Caustic Soda 
I. P roduc t i on . - -Ano the r  record  high was set last  

yea r  wi th  the  product ion of chlor ine  reaching 9,710,- 
000 tons in the  Uni ted  States,  a 3.0% increase over  
product ion  in 1969. Canadian  product ion  was 852,500 
tons, down app rox ima te ly  4.1% from the preceding 
year.  Dur ing  the last  ten years  the  growth  ra te  in the 
U. S. has been about  8% and 11.5% in Canada  (1). 

F rom December  1, 1969, to December  1, 1970, U. S. 
da i ly  chlor ine  capac i ty  increased 800 tons to 29,002 
tons whi le  Canadian  capac i ty  r ema ined  constant  at 
2,631 tons. In  1970, U. S. producers  opera ted  at  92.6% 
of capaci ty,  whi le  Canadian  facil i t ies opera ted  at 
90.4%. 

A summary  of U. S. caustic soda capac i ty  by  pro-  
ducer  is shown below (2) : 

Producer  Capacity,  T /D  

Alcoa 529 
Allied 1,760 
D i a m o n d  S h a m r o c k  2.100 
Dow 10,000 
FMC 850 
G A F  510 
Goodr ich  330 
Hooker  1,820 
Kaiser  500 
Olin 1,630 
P e n n w a l t  990 
P P G  Indus t r ies  3,330 
Shell  275 
Stauffer  810 
Vulcan  470 
Wyandot te  1,780 
Pape r  Companies  716 
O t h e r  980 

T o t a l  29,620 

Reflecting the  shor t  supply  of caust ic  soda, pr ice 
increases were  announced on four separa te  occasions 
dur ing  the past  few months  (3-6).  List  prices for 50% 
and 73% now s tand at  $71/ton and $73/ton wi th  dry  
flake and beads at  $7/cwt.  Anhydrous  caustic is now 
avai lable  f rom P P G  and Dow in the  form of f ree -  
flowing beads.  These dus t - f ree  pr i l l s  have  been wel l  
received.  

A s u m m a r y  of Canadian  ch lo r -a lka l i  capaci ty  by  
producer  is shown below (7) : 

z This  repor t  is sponsored by the  Indus t r i a l  Electrolyt ic  Divis ion  
of  The Elec t rochemical  Society. While it is p r i m a r i l y  a s u m m a r y  
of product ion  and  deve lopmen t s  in the  ehlor-a lkal i  indus t ry ,  re-  
ports  of o the r  electrolyt ic  indus t r ies  a r e  included. 

The mate r i a l  p resen ted  here in  has  been ga thered  f r o m  m a n y  
sources, as noted in the  references ,  and  does not necessar i ly  repre-  
sent  the opinions of the authors .  

* Elec t rochemical  Society Ac t ive  Member .  

P roducer  
C a p a c i t y  1,000 tons /y r  

Chlorine Caust ic  

A l u m i n u m  Co. of  Canada  
Canadian  Indus t r ies  Ltd. 
Canso Chemicals  
Domta r  Group 
Dow Chemical  
Dryden  Chemical  
FMC Canada,  Ltd. 
Hooker  Chemical  
E. B. Eddy 
In te rprov inc ia l  Co-op. 
Marathon Pape r  Co. 
S tandard  Chemical ,  Ltd. 
Totals  

II. Expansions.  ( 8 - 1 0 ) -  
company and Type of 

Location cell 

29 34 
135 156 

18 21 
35 41 

394 455 
47 54 
36 40 

123 145 
8 9 

35 40 
13 14 
61 71 

925 1,080 

Capaci ty  Complet ion 
tons /day  d a t e  

Oxford  Pape r  Div. 
Ethyl  Corp. 
Rumford ,  Maine  
Dow Chemical  Co. 
P laquemine ,  La. 

A. Shutdown 
Sorensen 13 Augus t  1970 
Mercury  

Solvay V-200 December  1970 
Mercury  

B. Production started 
Uhde 220 F e b r u a r y  1971 
Mercury  

S t a n d a r d  C h e m i c a l  
Ltd.  

Beauharnois ,  
Quebec  

Stauffer  Chemical  Uhde  30m2 500 December  1970 
St. Gabriel ,  La. Mercury  

C. Building or planned 
Cow Chemical  Co. C o w  24,000 T / y r  Ear ly  1972 
Dallesport ,  Wash.  (Magnesium} Magnes ium,  

40,000 T / y r  
C12 

D o w  Chemica l  Co. Dow Expans ion  1971 
Freeport ,  Texas  D i a p h r a g m  Bldg. 
Dow Chemical  Co. Dow Moderniza-  1971-1972 
Midland, Mich. D i a p h r a g m  tion P lanned  
Hooker  Chemical  Hooker  S-4 120 1st Quar te r  

Corp. 1971 
Taft ,  La. 
Mobay Chemical  Co. HC1 200 Late  1971 
Cedar  Bayou.  Texas  Electrolysis,  

Uhde 
Nat ional  Lead Co. BASF 45,000 T / y r  Late  1971 
Grantsvi l le ,  Utah  Magnes ium 
P P G  Indust r ies ,  Inc. DeNora  500 3rd Quar te r  
Guayani l la ,  Puer to  Mercu ry  1971 

Rico 
P P G  Industr ies ,  Inc. P P G - D e N o r a  1,500 Not 
L a k e  Charles,  La. Bipolar  Announced  

III. N e w  deve lopments . - -A .  Metal anodes . - -Metal  
Anode Associates,  a jo int  ven ture  of Union Carbide  
Corpora t ion  and Enge lhard  Minerals  and  Chemicals  
Corporat ion,  was formed in March, 1970, to produce 
and m a r k e t  meta l  anodes. The company  combines 
Enge lhard ' s  years  of exper ience  producing  and proc-  
essing precious meta ls  with ~hose of Union Carbide  in 
anode design and e lec t ro ly t ic  operat ions.  Enge lhard  is 
supplying the product ion faci l i t ies  and Union Car -  

q 
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bide is serving as the  marke t ing  and technica l  service 
arm (11, 12). 

As of this report ,  a number  of ch lo r -a lka l i  p ro -  
ducers, both  domestic  and foreign, have been suppl ied 
with  meta l  anodes b y  MAA. 

Electrode Corporat ion,  a jo in t  ven ture  of DeNora  
and Diamond Shamrock,  continues as a leading sup-  
p l ier  of the  DSA for use in me rcu ry  cells. T i tan ium 
based anodes are  now being used in many  different  
types of me rcu ry  cells employing  cur ren t  densi t ies  
from 4 to 14 k A / m  2. 

Hooker  Chemical  Company  signed an agreement  
wi th  Electrode Corpora t ion  cover ing use of the  DSA 
in Hooker  cells. A new base assembly  adapts  this 
cell type  to use of the  DSA, e l iminat ing  the need of 
lead and asphal t  (13, 14). 
B. New cell  des igns . - -A  new d iaph ragm cell is being 
developed jo in t ly  be tween  P P G  Indus t r ies  and Oronzio 
DeNora using a b ipolar  configurat ion and meta l  anode. 
The low inves tment  per  da i ly  ton produced and lower  
opera t ing  cost wi l l  make  the new cell  a t t rac t ive  for 
large  chlor ine  p lants  and ins ta l la t ions  where  older  cell  
technology has  reduced profit  margins.  Elec t rode  e le-  
ments  can be assembled into ind iv idua l  cell  units tha t  
wi l l  produce up to 36 tons per  day, more  than  double  
the  capaci ty  of most large  mercu ry  cells now in opera -  
tions (15). P P G  wil l  m a r k e t  the cell  in the  U. S. and 
Canada, whi le  deNora  wil l  m a r k e t  th roughout  the  rest  
of the  world.  
C. Mercury . - -Consumpt ion ,  production,  and impor ts  
of me rcu ry  were  down in 1970. Decline in usage was 
due in par t  to the s lowed pace of the U. S. economy 
and the p rob lem of m e r c u r y  pollution.  Impor t s  were  
down 20% and mine  product ion  was down s l ight ly  to 
28,000 flasks (76 lb3 each) .  Cal i fornia  suppl ied 66% 
and Nevada  22% of domestic  product ion wi th  the  
balance spli t  be tween Alaska,  Arizona,  Idaho, Oregon, 
and Texas. The value  of p r i m a r y  product ion was est i -  
ma ted  at 11 mil l ion dol lars  (16). 

Canada furnished 80% of the  impor ted  mercury ;  
I taly,  7%; and Spain, 7%, down signif icantly because 
of lower demand.  The U. S. ra te  of du ty  on me rc u ry  
impor ts  d ropped  to $12.92/flask on J a n u a r y  1, 1970. 
The price pe r  flask was $410 in 1970 compared  to a 
$505 average  in 1969. GSA repor ted  that  only  703 flasks 
were  sold of 14,000 offered in J a n u a r y  and Congres-  
sional hear ings  were  cancel led on the bi l l  to authorize  
release of 73,000 flasks f rom stockpi le  surplus. Severa l  
factors have cont r ibu ted  to the mercu ry  price drop 
(17): 

1. Cont roversy  over  m e r c u r y  being a hea l th  hazard  
2. S ta te  of U. S. economy 
3. Massive new Canadian  product ion  

Severa l  years  ago m e r c u r y  product ion was near  
zero. As wor ld  prices for m e r c u r y  increased,  Canadian 
companies,  no tab ly  Cominco Ltd., were  encouraged to 
develop the i r  own plants.  Within  two years  product ion 
has zoomed to be tween 20,000 and 25,000 flasks a year.  
To guarantee  the i r  markets ,  they  signed long- t e rm 
contracts  guarantee ing  2-3% lower  prices than  U. S. 
quotes. This discounting c lear ly  he lped  pul l  down the 
m ercu ry  prices.  

The fol lowing is a b reakdown  of m e r c u r y  consump-  
tion (18, 19): 

Est imated 
76 lb. flasks 1969 1970 1974-75 

Agr icu l ture  2,689 2,700 2,660 
Catalysts 2,958 2,400 2,342 
Dental  preparat ions 3,053 2,000 3,795 
Electrical appara tus  18,650 18,000 22,700 
Chlorine and caustic* 20,720 16,000 22,840 
General  laboratory use 2,041 3,000 2,080 
Industr ial  and control ins t ruments  6,981 7,300 9,250 
Mildew-proofing paint  9,486 9,000 10,700 
Paper  and pulp 558 725 237 
Pharmaceut ica ls  724 650 658 
Other 11,144 7,625 6,187 
Total 79,104 70,000 63,500 

* Quantit ies for chlorine cell s tar tup included under  "O th e r "  
uses. 

Source: Bureau of Mines, CW estimates. 

No a t tempt  wi l l  be made  in the  l imi ted  space ava i l -  
able  here  to discuss the  me rc u ry  discharge p rob lem 
faced by  ch lo r - a lka l i  producers;  however ,  i t  is a safe 
guess to say that  app rox ima te ly  $1,000-$1,500/daily ton 
of chlor ine p roduced  has been spent  to reduce the 
amount  p rev ious ly  d ischarged to essent ia l ly  zero. Both 
in -p l an t  recycl ing  and effluent t r ea tmen t  have  been 
used extensively.  

Other Alkalis and Electrolytic Processes 
Caustic potash . - -Caus t i c  potash facil i t ies cu r ren t ly  

operable  in the U. S. a re  shown below (20) �9 

Capacity 
Producer  (short tons/yr)  

Allied Chemical  Co. 30,000* 
Syracuse,  N. Y. 

DiarPond Shamrock  Corp. 16,000 
Delaware  City, Del. 

Diamond Shamrock  Corp. 40,000 
Muscle Shoals, Ala. 

Hooker Chemical  Corp. 36,000" 
Niagara  Fails, N. Y. 

In ternat ional  Minerals and Chemical  Corp. 23,000* 
Niagara Falls, N. Y. 

Monsanto Co. 45,000 
Sauget,  Ill. 

Pennwal t  Corp. 25,000 
Calvert  City, Ky. 

PPG Industries,  Inc. 7,000 ~ 
Corpus Christi, Texas  

PPG Industries,  Inc. 8,000 
New Martinsville, W. Va. 

* Includes solid or flake production. 

P r e l i m i n a r y  product ion figures for caustic potash 
to ta l  app rox ima te ly  17,000 tons for 1970 (21). 

Dow Chemical  announced plans  to d ismant le  its 
10,000 t o n / y r  p lan t  at  P i t t sburg ,  California,  the only 
caustic potash p lant  on the  West  Coast (22). P P G  an-  
nounced a pr ice  increase on bu lk  45% grade  of $4/ ton 
to $4/cwt. effective J u l y  1, 1970. No changes were  
made  in d rummed  l iquid and d ry  caustic potash (23). 

Soda ash . - -Na t iona l  soda ash product ion in 1970 
was 2.6 mil l ion tons va lued  at $53.3 mill ion,  an in-  
crease of 4% in quan t i ty  and 5% in va lue  over  1969. 
The mines in Wyoming  suppl ied the bu lk  of the  total  
na t ional  output,  the  remain ing  amount  came from d ry  
lake beds in Cal i fornia  (24). The product ion of syn-  
thet ic  soda ash, l ight,  was 1,786,873 tons and synthetic,  
dense, was 2,477,490 tons (25). 

Domestic alkali  demand (25) . - -  

(I,000 Tons as NarD) 
Year NaOH Na2COa Total 

1960 4,734 5,196 9,930 
1965 6,420 6,143 12,563 
1969 8,645 6,674 15,519 
1970 9,075 6,626 15,701 
1975 12,450 7,300 19,750 

With cur ta i led  operat ions  in 1970 in A l u m i n u m  and 
Pulp  and Paper  Industr ies ,  increased ut i l iza t ion of 
caustic soda was gained at the expense  of soda ash 
which was down by 0.7% from 1969. 

The growth  ra te  of soda ash over  the  pas t  five yea r s  
has  averaged  1.5% annual ly .  In  1970, synthet ic  soda 
ash plants  exper ienced  problems  wi th  the  government  
c rackdown on pollution.  Consequent  reduct ions  in 
synthet ic  soda ash and the ove r -a l l  g rowth  is fore-  
casted at about 2%/yr .  

Year end pr ices  were  quoted at  $2.35 per  100 lb for 
l ight  and $2.40 for dense, and $1.65 and $1.80 respec-  
t ive ly  in car load lots, f.o.b, product ion  facil i ty.  

Sodium eh lo ra te . - -Fac i l i t i e s  for  the product ion of 
sodium chlorate  in the U. S. are  l is ted be low (26) : 
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Capaci ty  
Producer  (short tons/yr~ 

Amer ican  Potash  and Chemical  Corp. 23,500 
Hamil ton,  Miss. 

Amer i can  Potash  and Chemica l  Corp. 30,000 
Henderson,  Nev. 

B r u n s w i c k  Pulp  and Pape r  Co. 7,000 
Brunswick ,  Ga. 

Georgia-Paci f ic  Corp. 5,000 
Bel l ingham,  Wash. 

Hooker  Chemical  Corp. 55,000 
Columbus,  Miss. 

Hooker  Chemical  Corp. 15,500 
Niagara  Falls,  N. Y. 

Rcigel  Pape r  Corp. 4,000 
Butler,  Ala. 

Rcigel  Paper  Corp. 7,000 
Beigelwood,  N. C. 

Pacific Eng inee r ing  and  Product ion  Co. 6,000 
Henderson.  Nev.  

Penn-Ol in  Chemica l  Co. 31,000 
Calver t  City, Ky. 

Pennwa l t  Corp. 15,000 
Portland, Oreg. 

P P G  Indust r ies ,  Inc. 15,000 
Lake  Charles,  La. 

214,000 

Hooker Chemical is building a 45,000 TPY sodium 
chlorate plant  at Taft, Louisiana, with startup sched- 
uled in 1972. An  ent i rely new cell design wil l  be 
employed (27). 

The United States' production of sodium chlorate in 
1970 was approximately 201,000 tons (28). The ma-  
jori ty of production is consumed by the pulp and paper 
indust ry  for the generat ion of chlorine dioxide for 
paper bleaching. Cotton defoliation and railroad 
r ights-of-way cleaning account for most of the herbi-  
cide use while the production of perchlorates accounts 
for most of the balance. 

Olin raised the price of sodium chlorate $20/ton to 
$150/ton while PPG raised the published price $10/ton 
(29). 

Sodium.--The production of sodium metal  set a new 
al l - t ime high in 1970 of 171,220 tons (30, 31). This ex- 
ceeded 1969 production of 164,588 tons by 4% and the 
previous high of 165,000 tons set in 1966 by 3.7%. 

A dock strike in 1969 depressed sodium production 
result ing in  a depletion of stocks. This in tu rn  tended 
to increase 1970 production to replace stocks. Produc-  
tion was 10-12% higher dur ing the first six months of 
1970 than in the last half  of the year  when general  
economic conditions curtailed the purchase of gaso- 
line. 

Of the sodium produced, approximately 83% went  
to the manufac ture  of lead alkyls for gasoline addi- 
tives, 6% to the production of t i tan ium sponge, and 
11% for miscellaneous uses (peroxide, sodium hydride, 
descaling of metals, chemical and drug intermediates,  
and as a coolant for nuclear  power stations).  

Publ ic i ty  concerning air pollut ion resul t ing from 
lead additives in gasoline was of major  interest  in 
1970. A number  of articles discussed the problems 
(32-39). Considerable research is being done to find 
replacement  additives. The only real problem for its 
removal  is that it is not compatible with catalytic 
mufflers which the auto indus t ry  wants  to put on the 
motor vehicles. 

It appears that the oil indus t ry  is resigned to the 
fact that lead must  come out of gasoline. This means 
that  the 2.9% per year growth rate for lead additives 
(1960-1970) will  decline about 17%/yr  through 1975. 
Exports, which account for 9.7% of the gasoline addi- 
tives, are expected to hold steady (31). Over-all ,  it 
appears the sodium producers wil l  be forced to reduce 
production or find new uses for the metal  in the next  
few years. 

A l u m i n u m . - - O u t p u t  of pr imary  metal  was estimated 
at 3,950,000 tons and inventories at reduction plants 
were said to have increased (40). The U. S. was a net 
exporter  of a luminum products for the second con- 
secutive year. 

For the past 15 years, r e tu rn  on investment  for the 
three major  a luminum companies--Alcoa,  Reynolds, 
and Kaiser - -has  rarely gotten above 6%, Even so, 

companies have continued to expand to increase their 
per cent of the market  and have buil t  a long- term debt 
equaling 40-50% of total capitalization (41). This t rend 
was reversed somewhat in 1970 as some expansions 
were deferred, p lanned shutdowns brought  forward, 
and unscheduled outages by Hurr icane  Celia (Reyn-  
olds, Corpus Christi) and strikes (Alcoa, Kitimat,  
B.C.) were lengthened, all combining to restrict pro-  
duction. 

The price of p r imary  ingot was raised lr  b r ing-  
ing it to 29r and making a 3~ total increase since 
J a nua r y  1969 (42). Mill products, plate sheet, and ex- 
t ruded shapes average between 40-52r Justification 
for these price increases was explained by the over-al l  
a l uminum situation. Consumption in  the free world 
outside the U. S. was up 21%. In  Japan  consumption 
was up 33% over the 1968 level; in Germany  28%; in 
the European Economic Communi ty  as a whole, 24% 
(43). The use of a luminum in the U. S. is not declin- 

ing; it just  seems that  way when compared to the 
rapid growth rate of foreign markets.  

Approximately 66% of U. S. output is used by four 
industries: housing and mobile homes, 22%; t rans-  
portation, 20%; electrical goods, 13.2%; and packaging, 
10.2% (44). 

P r i m a r y  a l u m i n u m  producers  in the  U.S. (45) 

ICapaci ty  in 1,000 short  tons /yr)  
Ca- Pro jec ted  

paci ty  capaci ty 
Jan .  1, Sites of new being Dec. 31, 

1970 plant  projects  added 1973 

Alcoa 1,325 Warr iek ,  Ind.  
Alcoa, Tenn.  175 1,500 

Reynolds  935 Troutdale,  Ore 
Longv iew,  Wash, 40 975 

Kaise r  710 - -  0 710 
Anaconda  175 Sebree, Ky. 120 295 
Intalco 265 - -  265 
Orme t  240 - -  0 240 
H a r v e y  91 Cliffs, Wash. 100 191 
Nat iona l -Sou thwi re  7 Hawesvi l le ,  Ky. 173 180 
A m a x  0 Warrenton ,  Ore. 150 150 
Consolidated 140 - -  0 140 
Revere  0 Scottsboro, Ala. 112 112 
Eastalco 0 Freder ick ,  Md. 85* 95 
Noranda  0 New Madrid,  Mo. 75 75 
Gulf  Coast 0 L a k e  Charles,  La. 35 35 
Total  U.S. 3,888 12 Projec ts  1,065 4,953 

* F i r s t  potl ine ons t r eam Oct. 1970; second potl ine expected to 
be built  by 1974. 

Magnesium.--Product ion  of pr imary  magnesium in 
1970 totaled 112,007 tons, up 12.2% over 1969. Ship- 
ments  in 1970 were 118,693 tons, up only slightly from 
1969. Imports  for consumption in  1970 totaled 3,294 
tons. Exports of magnesium metal  and alloys in crude 
form and scrap, and in semi-fabricated forms were 
35,731 tons, 31% higher than in 1969 (46). 

Recovery of secondary magnesium was approxi-  
mate ly  15,000 tons. Magnesite, brucite, and olivine pro- 
duction continued at about the same level as in 1969 
(47). 

On March 4, 1970, the Office of Emergency Pre-  
paredness abolished the stockpile objective for mag-  
nesium, which totaled 114,722 tons on March 31, 1970. 
Under  authorization of Public Law 91-321, passed on 
Ju ly  10, 1970, the G.S.A. was authorized to sell 12,000 
tons of magnesium (47). 

Imports of refractory magnesium during the first ten 
months were 78,755 tons valued at $6,055,920. For the 
same period, imports of dead-burned  and grain mag-  
nes ium and periclase totaled 30,887 tons valued at 
$1,537,687 (47). 

Manganese.--Domestic  consumption of ore contain- 
ing 35% or more manganese was estimated at 2.2 mi l -  
lion short tons, approximately  equal to the level of 
consumption of the two preceding years. The only mine 
in the U. S. (Nancy-Tower  mine in Sacono County, 
N. M.) producing manganese ore containing 35% or 
more manganese, closed in October. Shipments  con- 
t inued to be made from inventory  (48). 
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Approximately  1.8 mil l ion tons of manganese  ore 
was imported from suppliers in Gabon and Brazil. 
Ferromanganese  was imported at a slightly lower rate 
than in 1969, p r imar i ly  from the Republic of South 
Africa and France. An  increase in ocean freight rates 
was reflected in  a price increase of ore containing 46 
to 48% manganese  from 49 to 53~/ton to 56 to 59C/ton. 

.Deepsea Ventures, Inc., a subsidiary of Tenneco, Inc., 
began pttlling manganese ore from the floor of the 
ocean, 150 miles off the coast of Florida, in 3,000 ft of 
water  (49). The presence of manganese-r ich  lumps or 
"nodules" scattered about on the ocean floor wait ing 
to be gathered may be a new, competitive source of 
manganese. Nickel, cobalt, and copper also occur with 
the manganese  in these nodules. Two, as yet un -  
answered, questions are: who owns rights to the ocean 
bottom and will  a method that works in 3,000 ft of 
water be feasible at depths of two to three miles of 
water where some of the richest deposits lie? 

Bery l l ium.- -Bery l  (a beryl l ium-aluminum-si l ica te)  
consumption leveled off in 1970 according to the Bu-  
reau of Mines and was about equal to the 6,000 tons re- 
ported for 1969. Actual  figures remain  classified due 
to the l imited number  of producers. 

Production was reported from Colorado, Maine, New 
Mexico, South Dakota, and Utah. Successful operation 
of the Spur  Mountain,  Utah ber t randi te  (another 
bery l l ium-a luminum-s i l ica te )  mine will  furnish  a 
domestic source for beryl l ium, assure a more stable 
supply, and encourage use of the metal  (50). 

Imports in 1970 declined from 1969 with 3,575 tons 
valued at $1.4 mill ion for 9 months. Midyear govern-  
ment  stockpile inventories contained 22,990 tons of 
beryl  (11% BeO equivalent) ,  7,387 tons of bery l l ium-  
copper master  alloy, and 229 tons of bery l l ium metal. 
Through June  the government  disposed of 1,481 short 
tons of beryl. In September,  545 tons of beryl  (5,500 
short tons of BeO) sold for $207,625. 

Kawecki Berylco Industries,  Inc. installed one of the 
world's largest isostatic presses for use in powdered 
bery l l ium and other metals at Hazelton, Pennsylvania .  
The press has a 24-inch diameter  by 96-inch long 
chamber capable of 80,000 psi and is expected to de- 
crease the cost of finished beryl l ium parts because less 
machining is required with resul tant  less scrap. 

Uses of beryl l ium in 1970 were the electronics in-  
d u s t r y - 3 5 % ,  transmission switchgear--25%, nuclear  
and space applications--20%, welding--10%, and other 
--10%. 

Chromium.--Chemical -grade  chromite sales for the 
first three quarters of the year totaled 184,000 tons 
while meta l lurgical -grade chromite shipments totaled 
126,000 tons. Domestic consumption was about the same 
as in 1969, with a 2% increase in  the metal lurgical  in-  
dust ry  offset by  a 6% decrease in use in the refractory 
indus t ry  (51). 

Imports of chromite totaled near ly  1.2 mil l ion tons 
dur ing the first 10 months, a 20% increase compared 
to the same period in 1969. GSA announced that no 
acceptable offers were received in response to its bid 
invitat ion for 803,000 tons of meta l lurgical -grade chro- 
mite stored at Nye, Montana. 

Metal lurgical-grade chromite prices rose for the 
fourth successive year as the United Nations economic 
sanctions against Southern  Rhodesia remained in 
effect. Rhodesia was one of the principal  suppliers of 
domestic requirements  prior to 1967. Domestic pro- 
duction of chromite was last reported in 1961. Pub -  
lished prices for Turkish chromite ore/ long ton, 3-1 
ratio, 48% Cr203, delivered Atlant ic  ports, increased 
from $47.50-$48.50 in 1970 to $55-$57 for 1971 delivery. 
Quoted prices for Russian chromite, 54-56% Cr~O~, 
4-1 ratio, was $55.10-$59.60/long ton. 

T i t an ium. - - In  1970, a total of 535,000 tons of tita- 
n ium were consumed in the U.S. I lmeni te  (Fe-Ti  ore) 
was the source for 416,000 tons while 119,000 tons were 
from ruti le  (94-95% TiO2 ore). Over 95% of the total 
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went  to nonmetal  uses, pr imar i ly  pigment. Approxi-  
mate ly  27,000 tons of t i t an ium from ruti le went  to 
t i t an ium metal  (52). 

M e t a l  p r o d u c t i o n  ( shor t  tons)  (53, 54) Consumption 

1969 % % 
T y p e  Class i f ied  1970 C h a n g e  1969 1970 Change 

S p o n g e  est, 19,500 est. 15,,000 -- 23 20,124 16,413 -- 19.2 
Ingot 28,490 24,728 -- 13.2 
Scrap 7,242 -- 4.3 

Imports  of t i t an ium sponge totaled 6,565 tons. Of 
this, 6,240 was for consumption, 72% from Japan,  17% 
from Russia, and 11% from the Uni ted Kingdom. Ex-  
ports of the metal  sponge and scrap were expected to 
reach 3,100 tons (55). Sponge producers include: Tita-  
n ium Metals Corp. of America, Henderson, Nevada; 
Reactive Metals, Inc., Astabula,  Ohio; and Oregon 
Metallurgical Corp., Albany,  Oregon. There are nine 
users of sponge, 14 of t i t an ium scrap and 15 of ingot. 

The demand for t i t an ium metal  was strong in the 
first three months of 1970, but  decreased due to cut-  
backs in the space and aircraft  industries. 

The General  Services Adminis t ra t ion  purchased 
3,100 tons of t i t an ium sponge dur ing the first six 
months, increasing their stockpile to 33,859 tons, 25% 
of which is substandard grade. 

Developments of interest  are as follows: 

1. Schlienger nonconsumable  electrode arc furnace 
2. Reactive Metals' new 60 in. wide alloy and pure 

t i tan ium sheet 
3. TMCA's stress f ree- -comple te ly  flat alloy plate in 

sizes to 10 x 35 ft 
4. Production of a 700 lb ball  for a valve by Ti-Line  

Domestic prices for t i t an ium sponge (99.3% pure) 
remained at $1.32/lb. Prices of the same grade from 
Japan  and the United Kingdom were quoted at $1.20- 
$1.25/lb. 

Li th ium.- -As  a result  of trade sanctions, domestic 
imports from Southern  Rhodesia were ni l  for the 
second consecutive year, and production of l i th ium 
minerals  and l i thium carbonate cont inued at a high 
rate. Processors of l i th ium raw materials  to l i thium 
pr imary  products were: Foote Mineral  Co., Sunbright ,  
Virginia, and Silver Peak, Nevada; American Potash 
and Chemical Corp., Trona, California; and Li th ium 
Corp. of America, Bessemer City, North Carolina. 

Impor tant  new uses of l i th ium in increasing amounts  
were the use of l i th ium carbonate by the a luminum 
indus t ry  and the increased use of l i th ium hypochlorite 
for bleaches and as a sanitizing agent for swimming 
pools. Other domestic uses include ceramics and glass, 
greases, welding and brazing fluxes, air condit ioning 
equipment,  rubber,  and pharmaceuticals  (56). 

L i th ium metal  was quoted at $8.18/lb in 1000 lb lots, 
which includes a 25r increase announced by Foote 
Mineral  on Apri l  1, 1970 (57). Li th ium carbonate in 
carload lots was priced at $0.52/lb and l i th ium chloride 
$0.87/lb. 

Copper .--The U. S. domestic copper indust ry  set 
new production records in 1970. Mine production was 
1.715 mill ion tons, up 11% over 1969. Smelter  output  
from domestic ores set a record at 1.606 mil l ion tons, 
up 3.8%. Refinery production was 1.514 MM tons from 
domestic ores, 0.238 MM from foreign ores to total 
1.752 MM tons from pr imary  plants. Secondary mate-  
rial production was 510,000 tons (58). 

There was a dramatic reversal  in copper markets  
from a short supply to a surplus situation. Consump- 
t ion of pr imary  refined copper was down from 1.683 
MM tons in 1969 to 1.597 MM tons in 1970, down 5.1%. 
Total refined consumption was off 4% to 2.06 MM tons. 
The price reflected the market  change. There was an 
increase in price in Apri l  followed by price reduc- 
tions in October and December. The changed supply 
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s i tuat ion led to the  r emova l  in Sep tember  of expor t  
controls  imposed in 1965. Consumption in the  second 
half  of 1970 was affected by  the genera l  s lowdown in 
business ac t iv i ty  and by  the Genera l  Motors  s tr ike 
(58, 59). 

Copper  stocks (refined) increased 151% to 98,000 
tons by  yea r  end. Impor t s  were  down s l ight ly  (465,893 
t o n s - l l  months  1970) and expor ts  increased s l ight ly  
(451,633 tons- I1  months  1976). Fabr ica to r s '  s tocks of 
copper  in a l l  forms increased f rom 502,000 to 522,000 
tons f rom the s ta r t  of the yea r  th rough  October  (58, 
59). 

The D u r a l  S ie r r i t a  mine  in Arizona,  owned by  Penn-  
zoil Uni ted  Corporation,  was dedica ted  in June  and 
achieved capaci ty  product ion of 65,000 tons of o r e / d a y  
in October  (58}. 

Hydrometa l lu rg ica l  processing (leaching, reduct ion)  
of sulfide ores may  soon compete  wi th  the conven-  
t ional  roast ing,  smel t ing reduct ion  and electro-refining.  
Economics appear  compet i t ive  or poss ibly  be t te r  and 
the sulfur  d ioxide  a i r  pol lut ion p rob lem is e l iminated.  
Severa l  smel te r  opera tors  are  under  fire by  an t i -po l lu -  
t ion crusades.  At  least  two processes for leaching and 
reduct ion are  being tested. Anaconda  is bu i ld ing  a 
mul t i -mi l l i on  dol lar  pi lot  p lant  in Tucson, Arizona, 
based on a pa ten t  owned by  Treadmi l l  Corporat ion.  
Sher i t t  Gordon Mines, Ltd. (Toronto, Ontar io)  is 
work ing  on another  process (60). 

The two- t i e r  pr ic ing  for copper  m a y  be gone. A 
cabinet  sub-commi t tee  appoin ted  by  Pres iden t  Nixon 
in January ,  decided the sys tem was not  just if ied and 
recommended  steps to end it. Subsequent ly ,  congres-  
sional  hear ings  were  held. In  the  meant ime,  the  sur-  
p lus  copper  s i tuat ion forced cuts in the  wor ld  price 
de te rmined  by  the  London Metal  Exchange.  The two-  
t ier  sys tem or ig ina ted  in 1964 when  the LME, as high 
as 90r at one point,  forced U. S. p roducers  to set 
a lower  pr ice  to p reven t  subs t i tu t ion  of o ther  metals .  
Copper  was a l located under  the  sys tem and some fab-  
r ica tors  were  unhappy.  Wi th  the  present  surplus  s i t -  
uation, pol i t ica l -economic p rob lems  a re  reduced.  U. S 
copper  prices were  at  53r wi th  wor ld  prices jus t  
under  50r (61). 

NickeL- -Nicke l  consumption,  excluding secondary  
nickel,  was  app rox ima te ly  320 mil l ion lb. Nickel  im-  
por ts  were  about  300 mil l ion lb wi th  domest ic  mine 
product ion  es t imated  at  18,000 tons of nickel  f rom 
la ter i te  ore. The yea r  was m a r k e d  b y  except iona l ly  
rap id  recovery  of the  indus t ry  f rom the severe  shor t -  
age caused by  the labor  s t r ike  in Canadian  mines in 
1969 (62). 

The f o u r - y e a r  shor tage of n ickel  is ending even 
though demand  is expected  to grow 7 - 8 % / y r  th rough  
1975. Wor ld  product ion of n ickel  totals  about  1 bi l l ion 
lb, s l ight ly  under  the es t imated  demand  of 1.05 bi l l ion 
lb. Stainless  steel  consumes app rox ima te ly  40% of 
the  wor ld ' s  nickel  product ion  (63). 

The n ickel  indus t ry  is v i r t ua l ly  unique  today  in tha t  
the  ma jo r  economies of the  West  a re  uncomfor tab ly  
dependen t  on the ou tput  of one company,  In te rna t iona l  
Nickel.  INCO produces  about  475 mil l ion lb annual ly ,  
more  than  half  of t ha t  consumed in the non -Commu-  
nist  world.  Falconbr idge ,  also based in Sudbury ,  has 
a capaci ty  of about  90 mil l ion lb and Societe '  Le 
Nickel  produces  88 mil l ion lb annua l ly  from the 
Is land of New Caledonia  in the  Wes te rn  Pacific (64). 
When  prices went  f rom 77s/4r in 1965 to $1.28 in 
1969, the  lower  g rade  l a te r i t e  ores became economical  
(65). 

Falconbr idge  is inves t ing  $195 mi l l ion  in a new 
p lan t  in the  Dominican  Republ ic  where  i t  is deve lop-  
ing new sources of ferronickel ,  a combinat ion  of n ickel  
and  iron, especia l ly  sui ted for  mak ing  stainless steel  
(66). 

Russia wi l l  not  be  a m a j o r  fac tor  in the  wor ld ' s  
n ickel  supply,  but  th rough  G r e g - G a r y  In te rna t iona l  
Corporat ion,  the  U. S. wi l l  impor t  about  5,000 tons 
annual ly .  By  i tself  this  represen ts  a 50% increase  in 

Soviet  expor ts  to the U. S. which  amounted  to only 
$52 mil l ion las t  y e a r  (67). 

The deve lopment  by  Uni ted  Ai rc ra f t  Research 
Labora tor ies  of a h igh - s t r eng th  nickel  based a l loy was 
announced wi th  a s t rength  th ree  t imes  tha t  of the  
wide ly  used superal loys.  The eutectic, a mix tu re  of 
t r in ickel  a luminide  and t r in icke l  columbium, was said 
to have tensi le  s t rength  of 140 thousand psi at  2,000~ 

Zinc . - -Uni ted  Sta tes  mine ou tput  of zinc in 1970 de-  
creased s l ight ly  over  1969, 546,772 tons vs. 553,124 tons, 
down 1.1% (68). Of 21 states repor t ing  production,  12 
regis tered  decreases and 9 showed increases re la t ive  
to 1969. Tennessee cont inued to be the  larges t  p ro -  
ducer  (69). 

Smel te r  product ion of zinc slab d ropped  by  150,000 
tons, f rom 1,111,150 tons in 1969 to 961,153 tons in 
1970, off 13.4%, reflecting the genera l  downward  t rend  
in indus t r ia l  act ivi ty.  Impor ts  of ores and concentrates  
d ropped  from 602,120 tons in 1969 to 525,757 tons in 
1970, off 12.3%. Impor t s  of slab zinc d ropped  from 
329,008 to 272,577 tons, down 17%. Expor ts  of zinc 
slab dropped  f rom 9,298 tons to 289 tons whi le  expor ts  
of zinc scrap increased 1,989 tons to 3,113 tons. 

Consumption of zinc was as ind ica ted  below: 

B a s e - r e c o v e r a b l e  (Tons)  
z inc  c o n t e n t  1969 1970 Change - - -% 

Zinc  s lab  1,368,323 1,164,622 - 14.8 
O r e s  126,712 118,400 - 6 . 6  
Zinc  b a s e  s c r a p  100,636 86,400 -- 14.2 
C o p p e r  b a s e  s c r a p  194,356 134,400 --30.8 
A I - M g  b a s e  s c r a p  7,083 6,000 --15.3 
T o t a l  1,797,110 1,509,822 -- 16.0 

The automobi le  industry ,  which n o r m a l l y  accounts 
for one - th i rd  of the to ta l  U. S. consumpt ion of zinc 
for die castings, ga lvanized steel, brass  and  bronze, 
and zinc oxide, had  its wors t  yea r  since 1962. App l i -  
ance manufacturers ,  the second la rges t  consumers  of 
zinc die  castings, and  the construct ion indus t ry  which 
uses most of the  galvanized steel, suffered sharp  losses 
in demand  and used subs tan t ia l ly  less zinc. Compar ing  
b road  use categories  for 1970 wi th  1969, galvanizing 
was down 5%, brass  and bronze 26%, z inc-base  al loys 
18%, rol led zinc 17%, o ther  uses 17% and zinc oxide 
was up 12%. Consumers  opera ted  p r inc ipa l ly  on a 
cur ren t  de l ive ry  basis as the i r  stocks were  reduced 
app rox ima te ly  15,000 tons dur ing  the  year.  

Genera l  Services  Admin i s t r a t ion  sales of zinc con- 
t inued th rough  the year  but  amounted  to only  25 tons, 
leaving  22,583 tons in the exis t ing disposal  au thor iza-  
tion. Sales to government  agencies amounted  to 20,049 
tons. The Commodi ty  Exchange  suspended t rad ing  in 
zinc effective December  4, 1970, as a resul t  of lack 
of activity.  When  buying  and  sel l ing in teres t  is r e -  
vived, t r ad ing  wi l l  be re inst i tuted.  

P r ime  wes te rn  zinc pr ice was reduced  �89162 in Augus t  
and was quoted at  15r at  yea r  end. The London 
Metal  Exchange  pr ice f luctuated th roughout  the  yea r  
and was 13�89162 at  year  end. Fore ign  producers  es- 
tabl ished a price of 13.93r on J a n u a r y  2, 1970, which 
cont inued th roughout  the  year .  

Electrical Energy 
U. S. genera t ion . - -The  repor ted  power  consumption 

for the Uni ted  Sta tes  reached  1,638,000,000 k i lowat t  
hours  (kWhr)  in 1970. The nat ion 's  e lectr ic  ut i l i t ies  
p roduced  1,530,000,000 kWhr ,  up 6.1% over 1969. P r i -  
va te  indust r ia l ,  s e l f -gene ra t ed  power  to ta led  108,- 
000,000 kWhr  in 1970 (70). 

Production by electric utilities (71) 
(Million-kWhr) 

T y p e  1969 1970 % Increase  

Coal  f i r ed  p l a n t s  706.0 709.1 0.4 
G a s  f i r ed  p l a n t s  333.0 389.5 11.0 
O i l  f i r ed  p l a n t s  137.0 180.9 32.0 
N u c l e a r  p l a n t s  13.9 21.8 56.8 
T o t a l - - F u e l  b u r n i n g  1,192.0 1.282.3 7.6 
H y d r o e l e c t r i c  250.2 247.3 -- 1.1 
T o t a l  1,442.2 1,529.6 6.1 
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Installed capacity--electrical utilities, kW (71) 
Type plant  1969 1970 % Increase 

Steam--e lec t r ic  a 246,297,381 265,493,023 7.6 
Hydroelectr ic  52,753,126 55,059,406 4.4 
In te rna l  combustion 4,205,114 4,320,661 2.6 
Gas turbine 10,093,724 15,460,183 43.9 
T o t a l  313,349,345 340,353,273 8.6 

a Includes nuclear  capaci ty  of 3,979,975 in 1969 and 6,493,206 in 
1970. 

Fuel consumed for power production (71) . - -  

1970 
Pre l iminary  1969 

Coal--mill ions of tons 322.36 310.64 
Oil--mill ions of Bbl 332.10 251.03 
Gas--bi lhons  of c u f t  3,894.0 3,487.6 
Coal and equivalent  of  o i l  and  gas  583.14 524.48 

millions of tons 
lb /kWhr  0.909 0.880 

Peak demands for electric utilities in the United 
States will  rise to 1,056,000,000 kW by 1990 and an-  
nua l  energy consumption will  exceed 5.8 t r i l l ion kWhr 
according to FPC forecasts. The forecast covers all 50 
states and are higher than  comparative estimates is- 
sued in 1964. The annua l  rate of growth is expected 
to vary  from a low of 6.2% in the northeast  region to 
a high of 8.4% in the south central  region. Indust r ia l  
use is the largest category, accounting for 41% of the 
total  na t ional  requ i rement  in  1965 and is expected to 
grow at an annua l  rate of 7%. The new forecast takes 
into account the expanding nat ional  income with 
greater purchasing power and includes greater al- 
lowances for growth in  air condit ioning and space 
heating requirements.  The following table shows the 
forecasts (72) : 

Forecast of electric utility power requirements 
by categories of use 1965-1990 (million kWhr) 

Actual  Est imated 
Category of use 1965 1970 1980 1990 

F a r m  26,974 36,718 60,471 96,790 
I r r igat ion and drainage 10,917 14,946 22,762 34,779 

pumping  
Residential (non farm)  255,281 381,262 758,849 1,416,623 
Commerc ia l  190,916 279,149 578,378 1,141,697 
Industr ia l  436,434 613,550 1,260,145 2,392,620 
Street  and h ighway  9,159 12,841 23,355 40,388 

lighting 
Electrified t ransportat ion 4,868 5,418 6,995 8,435 
Other  uses 33,004 48,280 106,350 216,242 
Losses and unac-  92,009 135,155 268,995 504,406 

counted for 
Total  1,059,579 1,527,319 3,086,300 5,652,160 

Tight fuel supplies are being strained by an en-  
vironment-conscious public. Electric utilities are being 
strained to meet  a demand growing by 12%/yr. Low 
sulfur  oil consumption increased by 35.7% in the last 
year. The indus t ry  burned  7.8 mil l ion more tons of 
coal than was excavated in  1969, the difference made 
up from stockpiles. The coal indus t ry  is re luctant  to 
put  money into new mines  which could be pre-empted 
by nuclear  energy in a few years. New technological 
advances are needed to meet  sulfur  and thermal  pol- 
lution regulations. Yet, research and development has 
a low priori ty in electrical ut i l i ty  budgeting, account- 
ing for 0.226% of operating revenues in 1969 (73). 

Gas turbines  may be an answer to the power crisis. 
Chlorine, magnesium, and a luminum producers are 
considering ways to switch out of the public ut i l i ty  
systems which lack reserve capacities (74). The Dow 
Chemical Company at Freeport,  Texas, will  have a 
portion of its power supplied by a 300,000 mW power 
plant  to be buil t  on adjacent  property by Salt  Grass 
Power, Inc. and will  incorporate the world's  largest 
and most efficient gas turbines  (75). The new Westing- 
house turbines  are about 96 ft long and provides 43,000 
kW plus feedwater  heat for boilers. The uni t  incor- 

porates gas and steam turbines.  Using the exhaust  gas 
heat to help make steam to drive the steam turbines 
increases the over-al l  efficiency of the tu rb ine -genera -  
tor from 25.5% to 79.3%. The instal la t ion costs roughly 
$95/kW. All is-Chalmers  has announced  it is getting 
back into the gas and steam turb ine  business to com- 
pete with Westinghouse and General  Electric. North 
American Turb ine  Corporation was organized in April  
1970, to manufac ture  and market  industr ia l  gas tu r -  
bines, and turb ine  powered generator, pump, and com- 
pressor packages for industr ia l  applications in the 
1100-3000 hp range (76). 

Nuclear power . - -Nuclear  power generat ing capacity 
in  1970 increased to 6,493,206 kW (up from 3,979,975 
in 1969) or 1.8% of the nat ional  electrical energy 
total  (77). These facilities produced 21,800,000,000 
kWhr of electricity in 1970. By 1980 nuclear  generat ing 
capacity is expected to be 150,000 Mwe. or near ly  25% 
of the nat ional  total  capacity (73). 

The growth rate of the atomic power segment of the 
nuclear  indus t ry  showed a sharp rebound in  1970 and 
all indicators point to a strong and viable future  (78). 
Nuclear plant  orders to date are as follows: 

Year Units o r d e r e d  

InstaHed 
c a p a c i t y  

Mwe. 

1970 14 14,836 
1969 7 7,225 
1968 16 14,791 
1967 31 25,941 
1966 20 16,306 
Thru 1965 27* 8,435 
Total 115" 87,064" 

* Includes 7 small  plants no longer in operat ion or used for ex- 
per imenta l  work.  

1. Twelve  of the 1970 ordered  plants will  be located adjacent  
to previously ordered  plants. 

2. Of the 108 plants in operation,  under  construction or  planned,  
the re  are 67 plant  sites in 26 states; 33 of the sites will  in -  
v o l v e  mult iple  units. 

3. Assume six years  to build a nuc lear  p lant  (79). 

The Atomic Industr ia l  Forum cited rising fossil fuel 
costs as a prime reason for the good showing of 
nuclear  power in 1970. The cost ot a nuclear  plant  
was about $40/kW more than fossil-fueled plant. How- 
ever, the cost of low sulfur  coal has increased from 
28r to 45C/million BTUs in recent years compared to 
a stable 20C/million BTUs for u ran ium fuels. The in-  
dustry still faces problems with radioactive and 
thermal  discharges and protracted l icensing proceed- 
ings. The first delay in  start-up,  due to contested l i-  
cense hearings which affected two plants, occurred in 
1970 (79). 

The AEC is carrying out over 50 separate projects 
in the field of env i ronmenta l  and health related re-  
search. They have also entered into 40 agreements 
with other agencies for related studies. A thermal  
effects facility is being buil t  at the Savannah  River 
plant. The AEC claims an unprecedented safety record 
that  there has not been a single radiat ion in ju ry  to 
the general  public or any  plant  employee. While  bio- 
logical risks and m a n y  other env i ronmenta l  factors 
may be largely unknown,  useful  informat ion on radi-  
ation is growing daily. 

There are 155,000 people in the U. S. who depend 
on atomic energy for their  livelihood. Government  
facilities employ 100,000 and private indus t ry  employs 
about 55,000. Most of these people are engaged in the 
manufacture,  design and engineering of nuclear  facil- 
ities. Approximate ly  3,000 ut i l i ty  employees are as- 
signed to the operation, maintenance,  and technical 
support  of power reactors. 

Allied Chemical and Gulf  Oil formed a par tnership 
for the recovery of nuclear  fuel. Al l ied-Gulf  Nuclear 
Services purchased 1,500 acres of land at Barnwell ,  
S.C., to build the recovery p lant  (80). This plant  was 
licensed to recover "spent" nuclear  fuel on December 
18, 1970, and is the nat ion 's  third such plant.  
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A science team at Pr ince ton  Univers i ty  c la ims they  
wil l  br idge the  technical  gap be tween  today ' s  fission 
and tomorrow's  fusion reactors.  Today 's  reactors  are  
based on fission react ion whereby  the nuclei  of a toms 
are  split.  They  consume fuel such as u ran ium U-235 
and create  unwan ted  rad ioac t ive  by-produc ts .  Fusion 
Ieactors  would  use energy  re leased  when  atomic nuclei  
(der ived  f rom a v i r tua l ly  l imit less  supply  of deu te -  
r ium) are  jo ined  together.  The process leaves  no 
radioac t ive  residue, but  would  requi re  hea t ing  the 
nuclei  to mil l ions  of degrees. Wi th in  a yea r  the  
researchers  hope to have  answers  to the basic ques-  
tions wi th  fusion reactors  producing  e lec t r ic i ty  fore-  
casted by  1980 (81). 

Manuscr ip t  received May 24, 1971. This r epor t  was  
presented  at  the Indus t r ia l  Electrolyt ic  Division 
Luncheon at  the Washington,  D.C., Meeting of the 
Society,  May 9-13, 1971. 

Any  discussion of this  r epor t  wi l l  appear  in a Discus- 
sion Section to be  publ i shed  in the  June  1972 JOURNAL. 
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